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ABSTRACT 

In biology, the function of a protein or an enzyme is implicitly defined by its 

structure. The efficiency of a catalyst is dictated by the defined structure and chemical 

nature of the molecule. Specific functional groups within proteins and small molecules 

empart specialized reactivity. Functional groups can also tune and modulate 

noncovalent interactions in proteins and small molecules, such as salt bridges, 

hydrogen bonding, and aromatic interactions. Understanding how a functional group 

influences chemical structure and reactivity is critical for designing de novo peptide-

based inhibitors, therapeutics, rationally designed proteins, catalysts, and 

supramolecular materials. 

While Nature has evolved a plethora of biological molecules with specific and 

reactive functional groups, the 20 natural amino acid side-chains have been limited by 

natural abundance and development of biosynthesis pathways. We sought to expand 

the “tool-box” of amino acid side-chains in proteins beyond the canonical amino acids, 

which provides access to side-chain groups with unique functions and reactivity. A 

practical methodology was developed for synthesizing peptides containing 4-

thiophenylalanine, the sulfur analogue of tyrosine. 4-Thiophenylalanine was 

synthesized within peptides on solid-phase using a copper-mediated cross-coupling 

reaction. 4-Thiophenylalanine was subjected to alkylation reactions and oxidation 

reactions to generate a variety of different functionalized derivatives. 4-

Thiophenylalanine or related derivatives can potentially be used for site-specific 
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labeling in proteins, as spectroscopic probes for sulfur oxidation state, for studying 

chalogen effects in proteins and peptides, and for modulating peptide structure. 

In addition, 4-thiophenylalanine was synthesized as an amino acid monomer, 

which provided detailed insights into the fundamental nature of S–H/ aromatic 

interactions. The strength and geometry of the intermolecular S–H/ aromatic 

interaction in 4-thiophenylalanine was characterized by solution and solid-state NMR, 

x-ray crystallography, and IR analysis. S–H/ aromatic interactions exhibited a 

distinctive geometry compared to cation/ interactions in crystal structures from the 

Cambridge Structural Database: the S–H bond was oriented towards the edge of the 

face of the aromatic ring rather than the centroid. In addition, the S–H/ interaction 

distances were often less than the sum of the van der Waals radii for carbon and 

hydrogen. ab initio calculations indicated that the interaction was stabilized by a 

molecular orbital interaction between the aromatic  and the S–H * orbitals. 

Noncovalent interactions were explored within model peptides to gain insights 

into the fundamental nature of C–H/ aromatic interactions. In proteins and peptides, 

prolines in the cis amide bond conformation are likely to be preceded by an aromatic 

amino acid. It has been suggested that the aromatic-cis-proline motif is stabilized by a 

C–H/ aromatic interaction between proline and the aromatic ring. With practical 

access to a variety of non-natural aromatic amino acids, the nature of the aromatic-cis-

proline C–H/ interaction was explored in more than 50 peptides of the model 

sequence Ac-TXPN-NH2 (where X = a substituted aromatic amino acid). Aromatic 

amino acids with electron-donating substituents increased the cis populations of the 

model peptides, with a significant upfield chemical shift in the proline H, suggesting 

a C– interaction. Selected peptides Ac-TXPN-NH2 were further examined in 
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organic solvents and characterized via vant Hoff analysis in order to understand the 

enthalpic and entropic contributions to aromatic-cis-proline conformations. Dipeptide 

motifs were further examined via solution NMR and x-ray crystallography. Extensive, 

C–H/ aromatic interactions with close contact distances were observed in the crystal 

structures of the dipeptides. The geometry and contact distances observed in the 

crystal structures of the aromatic-proline motifs suggested an orbital interaction 

between the aromatic  and the C–H * orbitals. The similar interaction geometry and 

contact distances between S–H/ and C–H/ aromatic interactions suggests that the 

→*X–H interaction is general in weakly polar X–H interactions. 

With the unique reactivity in 4-thiophenylalanine, and the increased acidity 

compared to cysteine or tyrosine, we sought to utilize this aromatic amino acid in the 

context of native chemical ligation reactions. Native chemical ligation forms a native 

amide bond with peptides containing N-terminal cysteine and peptides containing C-

terminal thioesters. Peptides containing 2-thiophenylalanine at the N-terminus were 

synthesized in a practical manner using a solid-phase cross-coupling reaction. The 

peptides containing 2-thiophenylalanine at the N-terminus reacted rapidly with a 

variety of peptides containing C-terminal thioesters. Native chemical ligation reactions 

mediated by 2-thiophenylalanine and were further applied for the rapid synthesis of 

modified proteins. Practical access to this novel amino acid provided unique insights 

into the mechanism of ligation reactions using aryl thiolated amino acids. 

With the development of practical methodologies for synthesizing a variety of 

aromatic amino acids within peptides, we have synthesized peptides and proteins with 

novel functionality and reactivity, and have explored the fundamental nature of 

noncovalent aromatic interactions in peptides and proteins. 
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Chapter 1 

SYNTHESIS OF PEPTIDES CONTAINING 4-THIOPHENYLALANINE AND 

RELATED SULFUR DERIVATIVES VIA A COPPER-MEDIATED CROSS-

COUPLING REACTION ON PEPTIDES ON SOLID-PHASE 

1.1 Introduction 

Biological processes involve complex pathways that include a concert of 

enzymes, reactive substrates, and conformational dynamics of proteins. Protein 

function is driven in part by local interactions and folding motifs that are dictated by 

the amino acid sequence. By examining the underlying chemical principles that 

influence local interactions in amino acids, and how these interactions impact the 

tertiary structure of proteins, we can gain greater insight into protein function and 

dysfunction. Furthermore, these fundamental principles of protein folding and 

dynamics enhances our ability to rationally design novel peptides and proteins for 

synthetic applications. Designed peptides and proteins with specific, defined structural 

preferences and reactivity have potential applications in therapeutics, materials 

science, and nanotechnology. 

The sulfur-containing amino acids, cysteine and methionine, are relatively 

uncommon in proteins, but can be crucial for protein structure and function.1-3 Many 

biological functions of proteins rely on the diverse and reactive roles of cysteine, 

which has been known to perform nucleophilic roles in catalysis, undergo post-

translational modifications, coordinate metal active sites, form structural disulfides for 

protein folding, and orchestrate cellular signaling via multiple oxidation states of 

sulfur.4-7 Much progress has been made in understanding how cysteine is modified 
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naturally in proteins, and how these modifications influence cellular signaling,4, 8 but 

there is still much to be understood about the more short-lived intermediates of 

cysteine.8-10 For example, it is known that cysteine sulfenic acids have dramatically 

different reactivity compared to cysteine, but how this oxidative modification 

influences its local interactions in proteins, how it alters cellular signaling events, and 

how its misregulation can cause diseases have yet to be fully established.8, 11, 12 In 

addition, cysteine is also widely used synthetically in biochemistry and materials 

science for tagging and modifying proteins with fluorophores, small molecules, 

synthetic protein domains, nanoparticles, and electrode surfaces.3, 13-15 With growing 

applications in therapeutics, nanotechnology, and materials science, protein 

modification and conjugation techniques must be continually improved, including the 

development of more novel chemical tools for site-selective modification of proteins. 

4-Thiophenylalanine, the sulfur analogue of tyrosine, was originally 

synthesized in 1912 with the anticipation that it might be found naturally in proteins.16 

It was proposed that since serine and amide bonds have natural sulfur-containing 

isosteres (cysteine and thioamides, respectively), then tyrosine might also have a 

similar sulfur isostere.16 Although 4-thiophenylalanine was never found as a naturally 

occurring amino acid, it introduced the concept that natural biomolecules can be 

synthesized, mimicked, altered, and engineered. In the way that cysteine is used for 

tagging and modifying proteins, 4-thiophenylalanine can potentially be incorporated 

into proteins and peptides for bioconjugation strategies. 4-Thiophenylalanine is the 

sulfur analogue of tyrosine, and it can therefore be utilized to probe the roles of 

tyrosine in proteins.17 Tyrosine is known to participate in non-covalent aromatic 

interactions in proteins, which can dictate protein folding, substrate recognition, or 
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enzyme activity,18, 19 and replacement of tyrosine with 4-thiophenylalanine can 

potentially strengthen or modulate these roles. However, previous reported syntheses 

of 4-thiophenylalanine require 6-9 synthetic steps, with approaches that utilize 

dangerous reagents (i.e. thionyl chloride), or other approaches that generate racemic 

mixtures of the amino acid product.16, 20-23 These difficult synthetic strategies have 

potentially hindered the broader application and characterization of this unique amino 

acid. Given the recent advancements in transition-metal-mediated cross-coupling 

methodologies, particularly for C–S bond formation,24-26 a more practical synthesis of 

4-thiophenylalanine was sought via a cross-coupling reaction on commercially 

available halogenated phenylalanine derivatives. 

1.1.1 Context of sulfur in biological systems 

The natural sulfur-containing amino acids, methionine and cysteine, were late 

additions into the genetic code: these amino acids were essentially non-existant in 

ancient proteins, but have increased in proteomic frequency during the course of 

evolution.1, 27, 28 Mutations involving cysteine are more commonly associated with 

genetic diseases in humans over other amino acids, implicating the biological 

significance of cysteine in chemical biology, physiology, and evolution.1, 29 The pKa of 

cysteine thiols can vary from 8.5 to 2.0, depending on solvent exposure or stabilizing 

effects from other amino acid side chains.1, 5 Cysteine thiolates are important 

biological nucleophiles and are closely involved in enzyme active-site mechanisms, 

even with its relatively low abundance in proteins. Cysteine residues have the second 

highest propensity to be involved in catalytic roles in enzymes after histidine,30 and 

catalytic cysteine residues tend to be highly conserved throughout enzyme classes.1, 31 

The specific functions of cysteine in catalytic roles are varied, including proteolysis, 
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protein ligation, metabolic pathways, and intein-mediated protein splicing.7, 32, 33 

Sulfur readily binds to metal ions such as Fe2+, Zn2+, Cd2+, or Cu+, and cysteine is 

often associated with coordinating metals within protein active sites.1 For example, 

cysteine sulfur atoms are integral components of iron-sulfur clusters, and the 

positioning of these clusters is crucial for efficient electron-transfer in redox-active 

enzymes. Cysteine also has the unique ability to undergo many post-translational 

modifications, including oxidation (sulfenate, sulfinate, sulfonate, and S-nitrosylated), 

disulfide formation (S-glutathionylation, symmetric cysteine disulfides), acylation 

(palmitoylation), alkylation (prenylation) as well as some less common enzymatic 

modifications such as phosphorylation, methylation, and ubquitination (Figure 1.1).5, 

34 These post-translational modifications of cysteine can be both functional and 

regulatory. 
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Figure 1.1 Cysteine and some of its biological post-translational modifications 

Cysteine functions in catalytic and regulatory roles in proteins. Cysteine residues are 

highly conserved, due to their biological importance in protein structure and function, 

even though they are relatively uncommon amino acids. 

Acyl transfer reactions involving cysteine occur ubiquitously throughout 

chemical biology (Figure 1.2): cysteine peptidases degrade proteins via acyl transfer 

through a catalytic cysteine residue;1, 2, 35 post-translational modifications on cysteine, 

including palmitoylation and ubquitination, proceed via nucleophilic attack of cysteine 

to form a thioester;1, 34 protein splicing and precursor peptide processing rely on acyl 

transfer reactions, with many examples through cysteine-thioester intermediates;36-38 

the primary function of Coenzyme A, a central cofactor in fatty acid metabolism and 
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numerous biosynthetic pathways, involves an acyl transfer reaction at cysteine.39, 40 

The diversity of these acyl transfer reactions, and the central role of cysteine in many 

of these mechanisms, underscores the biological significance of this amino acid. The 

mechanism of protein splicing through cysteine thiolates inspired a new strategic 

paradigm for the chemical synthesis of proteins, which will be discussed in greater 

detail in Chapter 4.36-38, 41 

 

 

Figure 1.2 Acyl transfer reaction involving nucleophilic cysteine 

Acyl transfer reactions occur throughout chemical biology, involving proteins, lipids, 

or cofactors. Cysteine catalyzes many of these reactions. “LG” refers to “leaving 

group.” 

The sulfur atom in cysteine can be oxidized to multiple oxidation states (Figure 

1.3), either enzymatically or as a result of oxidative stress.4 Cysteine sulfenates were 

initially viewed solely as reactive intermediates, but the importance of this post-

translational modification as a regulatory mechanism in proteins has recently been 

realized.5, 8 For example, oxidation of Cys797 to the sulfenate (but not to the disulfide) 

is known to increase kinase activity activity in epidermal growth factor receptor 

(EGFR),1, 42 and therefore cysteine oxidation to the sulfenate is crucial for regulating 

cellular growth and division through this tyrosine kinase receptor. Since sulfenic acids 

exhibit both nucleophilic and electrophilic roles, oxidation of cysteine to the sulfenate 

can dramatically alter its catalytic ability.5 Furthermore, cysteine sulfenates can be 
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used for site-selective tagging in proteins.43, 44 Oxidation of cysteine to the sulfinate or 

sulfonic acid will also change reactivity by substantially increasing its acidity, and this 

has been observed to affect metal-binding ability.5 Cysteine sulfinates can also 

potentially affect local conformation in proteins through hydrogen-bonding 

interactions, both with amino acid side-chains or in the peptide backbone. For proteins 

containing structural disulfides, oxidation of cysteine can be a rate-determining step in 

protein folding pathways.45, 46 As ubiquitous as protein phosphorylation, S-

glutathionylation of cysteine plays a major role in regulating redox-active proteins and 

associated cell-signaling cascades.5, 8 S-nitrosylation of cysteine is also an important 

post-translational modification that signals cellular responses to nitrosative (reaction 

with NO) and oxidative stress, which is particularly pertinent to NO signaling in 

cardiac physiology and heart disease.1, 47, 48  

In addition to the natural modifications in biological contexts, cysteine is also 

important in synthetic, non-natural modifications of peptides and proteins. Selective 

modification of proteins is possible with cysteine residues under mild conditions, even 

in the presence of other biologically reactive groups, such as amines or phenols.15 A 

plethora of biological reagents are commercially available for synthetic modification 

of cysteine, such as alkyl halides (e.g. iodoacetamides) or Michael acceptors (e.g. 

maleimides). Modifications to cysteine can also be performed using radical or 

photochemical “thiol-yne” or “thiol-ene” chemistries with alkynes or alkenes.49, 50 

Sequences of cysteines can also be used for site-selective tagging in proteins, such as 

the CCXXCC hairpin motif and FlAsH tags.51, 52 The types of modifications at 

cysteine are varied, and provide the ability to tag proteins with fluorophores, imaging 

agents, drug conjugates, or to design multi-domain protein conjugates or hybrid 
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protein-materials.13 Peptide “stapling,” or covalent attachment of synthetic protein 

domains can also be performed via oxidation of cysteine pairs to form disulfides 

(reversible) or through bis-alkylation of cysteine disulfides (irreversible).1, 15, 53 

 

Figure 1.3 Unique reactivity in different sulfur oxidation states of cysteine 

Oxidation at the sulfur atom in cysteine generates cysteine sulfenic acid, sulfinic acid, 

and sulfonic acid (indicated). The protonation state for each of these derivatives of 

cysteine has distinctive reactivity,54, 55 allowing for detection of specific sulfur 

oxidation states in proteins.10, 44, 55, 56 

The reactive, structural, and regulatory roles of sulfur in chemical biology have 

been widely studied for more than 100 years. Oxidation of sulfur-containing amino 

acids in proteins is both structural and regulatory: both nonspecifically in stress 

responses, and specifically as a concerted post-translational modification.1 Although 

much has been discovered about sulfur oxidation in biology, there is a need for new 
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tools to probe the dynamic roles of the less stable oxidation states of sulfur. Cysteine 

has been widely used as a versatile functional handle for protein modification, but 

there remains the possibility of cross-reactivity with other residues under mild 

conditions, and synthetic modification of cysteine is only site-selective if there is a 

single cysteine residue.51  

1.1.2 Synthesis of an aryl thiolated amino acid: 4-thiophenylalanine 

In 1912, with only early knowledge of protein composition and structure, 

researchers sought to synthesize and characterize the reactive properties of 4-

thiophenylalanine. Since serine and amide bonds were found to have natural sulfur 

isosteres (cysteine and thioamide bonds, respectively), it was speculated that tyrosine 

could potentially have a sulfur-containing analogue in Nature, and characterization of 

so-called “thiotyrosine” (Figure 1.4) would be necessary in the event it was ever 

found. This first reported synthesis of 4-thiophenylanine involved a 10-step synthesis 

via hydrolysis of a modified hydantoin (Figure 1.5),16 and suggested the possibility of 

designing and synthesizing non-natural amino acids for modulation of protein 

function, drawing on inspirations from naturally occurring biomolecules. This 

synthesis includes a number of potentially problematic steps, including aromatic 

nitration, tin reduction, diazotization, and thermal rearrangement steps. 
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Figure 1.4 Structure of cysteine, tyrosine, and 4-thiophenylalanine 

In the early 20th century, having found that serine had a natural sulfur-analogue, 

cysteine (a), researchers speculated that tyrosine (b) might have a natural sulfur 

analogue, 4-thiophenylalanine (c). 

a b c 
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Figure 1.5 Earliest reported synthesis of 4-thiophenylalanine in 191216  

“Thiotyrosine,” or 4-thiophenylalanine, was synthesized in order to characterize its 

chemical properties, in an effort to determine if it was naturally found in proteins. The 

researchers reported that it can be distinguished from tyrosine on reaction with sulfuric 

acid, where 4-thiophenylalanine and its disulfides produce a brilliant purple color. 

4-Thiophenylalanine has never been found in native proteins, and this 

synthesis was never subsequently utilized. In 1949, Eliot & Harington20 reported a 

new synthesis of 4-thiophenylalanine, in an attempt to discover novel bacteriostatic 

molecules based on amino acid analogues (Figure 1.6). This 10-step synthetic 

approach used somewhat milder reagents (though still requiring synthetic steps with 

red phosphorus or sodium), but still generated a racemic mixture of the 4-

thiophenylalanine product.  
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Figure 1.6 1949 synthesis of 4-thiophenylalanine20  

Analogues of amino acids were sought for bacteriostatic properties, and the sulfur 

analogue of tyrosine was resynthesized through a slightly shorter route. 

The synthesis was later improved by Colescott et al.21, 57 to a 3-step synthesis 

from potassium ethyl xanthate and p-diazobenzylacetamidomalonate, in order to 

further explore the potential for thiophenylalanine and related derivatives in bacterial 

growth inhibition. While this improved synthesis was much shorter and resulted in a 

higher product yield, this approach still generated racemic mixture of 4-

thiophenylalanine.21 
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The first enantiopure synthesis of L-4-thiophenylalanine, and its first 

application in peptides, was reported in 1983 by Escher and coworkers (Figure 1.7),22 

in order to examine structure-activity relationships with tyrosine analogues at residue 

4 in angiotensin II (DRVYVHPF). Based on these studies, the authors proposed that 

Tyr4 is involved in an aromatic interaction with angiotensin II receptor, since the 

electron-donating effects of aromatic substituents modulated activity.58 This synthetic 

route generated 4-thiophenylalanine as a a free L-amino acid in only 2 steps from 

commercially available L-phenylalanine, but required chlorosulfonic acid and tin 

reduction. The synthesized L-4-thiophenylalanine was readily protected for 

incorporation into peptides via Boc- solid-phase peptide synthesis (SPPS). The peptide 

containing 4-S(benzyl)-thio-L-phenylalanine was subjected to deprotection conditions 

in HF.58 HF is a dangerous and corrosive reagent that is necessary for cleavage and 

deprotection reactions in Boc- SPPS, and so the safer approach using Fmoc- SPPS is 

more widely utilized.59 Escher also suggested the utility of 4-thiophenylalanine for 

covalent attachment to solid supports via Michael addition or metal-complexation, and 

described its versatility in synthesizing a number of 4-thiophenylalanine derivatives 

for SAR studies of angiotensin II inhibitors.22  
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Figure 1.7 First reported synthesis of 4-thiol-L-phenylalanine22  

Prior syntheses of 4-thiophenylalanine would produce racemic mixtures of 4-thiol-D,L-

phenylalanine. Escher reported this synthesis to generate 4-thiol-L-phenylalanine, and 

incorporated it into peptides for SAR studies of angiotensin II analogues. The 

synthesized Boc-4-S(benzyl)-thio-L-phenylalanine was incorporated into peptides via 

Boc- solid-phase peptide synthesis, and the peptide was subjected to deprotection 

conditions in HF. 

Hobbs & Still60 reported a synthetic strategy for peptides containing 4-

thiophenylalanine via saponification of the xanthate species, which was obtained 

through reaction of the 4-diazonium-phenylalanine with potassium O-ethyl xanthate 

(Figure 1.8), similar to a synthesis reported by Colescott et al.21, 57 In this work, 

peptides containing 4-thiophenylalanine were used to generate biaryl-thioether 

analogues of a peptide macrocycle via a photo-initiated coupling reaction with an aryl 

iodide.60, 61 While this 3-step synthetic route is more practical than prior methods, it 

does not produce 4-thiophenylalanine in a form that is readily compatible with Fmoc- 

SPPS (where HF is not required).  
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Figure 1.8 Synthesis of 4-thiophenylalanine within a dipeptide  

A synthesis to generate thiophenylalanine initially demonstrated by Colescott et al.21, 

57 and later improved upon and utilized by Hobbs & Still.60 This work demonstrated a 

photo-initiated coupling reaction to form biaryl thioethers from iodo-tyrosine 

derivatives and 4-thiophenylalanine. 

Rajagopalan et al.23 noted the difficulty in prior synthetic approaches to 4-

thiophenylalanine, which “has undoubtedly hindered its preparation, inclusion into 

bioactive peptides and characterization.”23 Rajagopalan et al.23 reported a convenient 

synthesis of 4-thiophenylalanine using a palladium-catalyzed cross-coupling reaction 

with Boc-4-iodophenylalanine with tert-butyl mercaptan to generate the tert-butyl 

thioether of 4-thiophenylalanine (Figure 1.9). This method conveniently generated 

protected 4-thiophenylalanine in 1 step from a commercially available amino acid, and 

can be utilized directly for incorporation into peptides via Boc-SPPS. However, for 

incorporation into peptides using Fmoc- SPPS, the tert-butyl thioether can not be 

readily deprotected in solution to form 4-thiophenylalanine within peptides. 
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Figure 1.9 First reported synthesis of 4-thiol-L-phenylalanine via cross-

coupling methodology23  

Advances in metal-catalyzed cross-coupling reactions inspired this one-step synthesis 

of a 4-thiophenylalanine derivative. The product was isolated in 67% yield. 

Despite the synthetic limitations, 4-thiophenylalanine has been employed in 

the context of proteins and peptides. In 1997, 4-thiophenylalanine and similar amino 

acids were synthesized by DeGrado and coworkers62 to examine peptide and protein 

folding dynamics, where 4-thiophenylalanine disulfide was employed as an optical 

trigger release within a peptide. DeGrado and coworkers62 developed a protecting-

group strategy in order to incorporate 4-thiophenylalanine into peptides via Fmoc- 

SPPS (Figure 1.10), utilizing an extension of the synthesis developed by Escher and 

coworkers.22, 58 In this work, a helical peptide was designed with 4-thiophenylalanine 

incorporated at the N- and C-termini, which acted as a disulfide linker that prevented 

helix formation.62 The disulfide was photolyzed to form the thiyl radicals of 4-

thiophenylalanine, and early nucleation steps of helix formation could be studied. 

However, it was found that the unstable thiyl radical of 4-thiophenylalanine rapidly 

reformed the disulfide linkage, and helix-formation could not be studied using 4-

thiophenylalanine, and a different amino acid was utilized for this study. In 2011, 

Hecht and coworkers17, 63, 64 explored the nucleophilic role of tyrosine in DNA 

topoisomerase I by expressing different aromatic amino acids in place of Tyr274. 

Similar to DeGrado and coworkers,62 the Escher synthesis22, 58 was utilized to generate 
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4-thiophenylalanine as a protected form for expression into DNA topoisomerase I via 

modified aminoacyl tRNA.17, 63, 64 Compared to native tyrosine, the rate of DNA 

backbone cleavage was 30 times lower with the topoisomerase mutant containing 4-

thiophenylalanine, but the rate of DNA ligation was 3 times faster.17 In 2013, Rudolf 

& Poulter65 examined the substrate scope and enzyme promiscuity of tyrosine O-

prenyltransferase. Several canonical and non-natural aromatic amino acids, including 

4-thiophenylalanine, were subjected to prenylation by SirD. In this work, 4-

thiophenylalanine was synthesized via Boc-4-S(tert-butyl)-thiophenylalanine, 

described by Rajagopalan et al.,23, 65 and subsequent deprotection using concentrated 

HCl. In these approaches to 4-thiophenylalanine, harsh reaction conditions (i.e. 

chlorosulfonic acid, hydrofluoric acid, concentrated HCl) were necessary to generate 

the usable form of 4-thiophenylalanine, either for Fmoc- SPPS or for expression in 

proteins. 
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Figure 1.10 Synthesis of protected 4-thiophenylalanine for use in solid-phase 

peptide synthesis62  

Protecting groups to 4-thiophenylalanine for solid-phase peptide synthesis adds 

synthetic steps and decreases overall yield (30% from L-phenylalanine). Protected 4-

thiophenylalanine was incorporated into peptides via Fmoc-SPPS, and the thiol 

functional group was deprotected in the presence of HF. 

These synthetic strategies of 4-thiophenylalanine encompass a wide variety of 

applications across chemical biology and engineering. 4-Thiophenylalanine has been 

explored for potential antibiotic activity, for synthesizing analogues of peptide 

hormones for exploring roles of aromatic amino acids, for elucidation of nucleophilic 

roles of tyrosine in proteins, as a photolyzable release to examine protein folding 

kinetics, and was suggested for future use as a chemical “handle” for bioconjugation 

reactions in materials science. However, only two synthetic routes have been applied 

in recent years, which either require hazardous reagents or generate a thioether 

derivative that must be deprotected using corrosive reagents (i.e. hydrofluoric acid). 

This might be generally acceptable for expressing 4-thiophenylalanine in proteins, but 

use of this sulfur analogue of tyrosine in peptides and proteins has been relatively 

limited. A more practical, inexpensive, and safer approach to synthesize 4-

thiophenylalanine is required, ideally in a form that can be utilized for Fmoc- SPPS or 

for expression in proteins.  
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1.1.3 Transition-metal-mediated cross-coupling methodologies for the synthesis 

of aryl thiols 

Transition-metal-catalyzed cross-coupling methodologies have been well 

developed over the past 100 years for carbon–carbon and carbon–heteroatom bond 

formation.24, 25, 66-68 These reactions have been especially useful for coupling aryl 

halide and pseudo-halide substrates with nucleophilic coupling partners. This area of 

research has grown dramatically since the discovery and success of palladium-

catalyzed approaches.24, 69 In comparison to other heteroatoms, cross-coupling 

methodologies for C–S or C–Se bond formation have been developed only much more 

recently.26 In addition to their sensitivity to oxidation, sulfur and selenium 

nucleophiles are often avoided in transition-metal catalysis since they are prone to 

“poisoning” the catalysts.26 Given the versatility of aryl thiols in organic synthesis, 

numerous examples of cross-coupling reaction methodologies for generating aryl 

thiols and thioethers have emerged. These approaches and have been extensively 

reviewed.26, 70, 71   

The first palladium-catalyzed cross-coupling reaction for C–S bond formation 

was reported by Migita et al.72, 73 in 1978, which utilized aryl and alkyl thiolates as 

coupling partners for substituted aryl halides (Figure 1.11). During this time period, 

palladium-catalyzed cross-coupling methodologies had gained much attention among 

synthetic chemists, and researchers were working to explore the substrate scope of 

these reactions. Progress in exploring and optimizing carbon–carbon bond formation 

using these palladium-catalyzed reactions had already been underway since the 

ground-breaking work of Heck,74 Mizoroki,75 Julia,76 and others in the late 1960s and 

early 1970s.24, 69 However, carbon–heteroatom bond formation via palladium-catalysis 

was still in early stages of development. Prior to the report by Migita et al.,72, 73 Oka 
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and coworkers77 had already demonstrated that aryl nitriles could be synthesized via 

palladium-catalyzed cross-coupling with aryl halides and potassium cyanide. This 

work by Oka and coworkers77 had shown that nucleophilic anions could participate as 

coupling partners in palladium-catalyzed cross-coupling reactions. Migita et al.72, 73 

briefly explored the reaction mechanism of synthesizing aryl sulfides via palladium-

catalysis, and found that this reaction did not proceed in the absence of palladium(II); 

that the thiolate species reacted with an Ar–PdII–X intermediate, consistent with other 

palladium-catalyzed cross-coupling reactions; and that the reaction was not inhibited 

by the presence of p-dinitrobenzene, which suggested that the reaction did not proceed 

through an SRN1 mechanism.72, 73, 78 Since this work, the scope of palladium-catalyzed 

cross-coupling reactions for C–S bond formation has expanded to include other aryl 

substrates and sulfur-containing coupling partners.23, 79, 80 In 1996, Boc-protected 4-

iodophenylalanine was utilized used in a palladium-catalyzed cross-coupling reaction 

for generating aryl thioethers.23, 80 Typical for palladium-catalyzed approaches, 

individual reactions can be tailored and optimized for specific substrates through 

screening different palladium sources, ligands, bases, reaction temperatures, and 

solvents.26  
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Figure 1.11 General mechanism for palladium-catalyzed cross-coupling 

reactions for aryl C–S bond formation 

 

Although palladium-catalyzed cross-coupling reactions have drawn much 

attention in recent years, copper-mediated strategies have been extensively utilized in 

synthetic organic chemistry since the early 1900s.25, 26 Much of the inspiration for 

development of palladium catalysis originated from the copper-mediated approaches 

that were initially described by Ullmann in a series of papers at the beginning of the 

20th century.25, 66-68 Initially, Ullmann demonstrated aryl C–C bond formation in his 

synthesis of a biphenyl derivative by refluxing 2-nitro-bromobenzene in the presence 

of copper.68 In 1903, he synthesized a biaryl amine (C–N bond formation) by refluxing 

an aryl chloride in the presence of aniline and copper, and in 1904 he reported 

synthesis of a biphenyl ether derivative (C–O bond formation) from an aryl chloride 

and phenol using catalytic copper at high temperatures.66, 67 With the expense and air-

sensitivity of palladium sources and their ligands, and cases of substrates that are 

incompatible with palladium, many researchers have revisited these early reports in 

copper-mediated catalysis in search of alternatives to palladium for carbon–carbon and 

carbon–heteroatom bond formation.25, 26, 71, 81 The number of reports in copper-

mediated aryl C–S bond formation has grown considerably in the past few decades, in 
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part of a so-called “Renaissance” of Ullman-coupling, with major advancements in 

lower reaction temperatures and lower catalyst loading.82-88  

In light of these recent advancements in transition-metal-mediated cross-

coupling strategies in aryl C–S bond formation, and with the potential utility of 4-

thiophenylalanine in chemical biology, we sought to develop a practical approach to 

synthesize this amino acid via cross-coupling methodology. Palladium-catalyzed 

cross-coupling has been previously employed for synthesis of the Boc-protected 4-

S(tert-butyl)-thiophenylalanine,23 but this strategy was never applied to peptides. Boc-

4-S(tert-butyl)-thiophenylalanine23 is not practically compatible for incorporation into 

peptides, since deprotection of the tert-butyl thioether requires additional reagents that 

are not necessarily compatible with peptides. Copper-catalyzed approaches to aryl 

halide cross-coupling reactions generally have greater functional group tolerance, are 

less sensitive to the nature of the metal source, less sensitive to oxygen, and are less 

expensive and more readily available than palladium sources.25, 26 We describe 

development of a novel synthetic strategy, utilizing copper catalysis, in order to 

synthesize 4-thiophenylalanine and related derivatives for practical application in 

peptides. 

1.2 Results 

1.2.1 Initial screening of cross-coupling conditions with iodobenzene 

We sought to develop a transition-metal mediated cross-coupling approach to 

generate 4-thiophenylalanine in a form that can be readily utilized for Fmoc- SPPS. 

The work by Rajagolpalan et al.23 demonstrated that metal-mediated cross-coupling 

approaches can be used to form aryl-thiolated amino acids from Boc-4-
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iodophenylalanine. Rudolf & Poulter65 subjected Boc-4-S(tert-butyl)-thiophenyalanine 

to concentrated HCl to generate 4-thiophenylalanine as a free amino acid. In Fmoc- 

SPPS, the protected peptide is subjected to TFA to cleave the peptide from resin and 

removed side-chain protecting groups, but an S(tert-butyl) aryl thioether can not be 

readily deprotected (to form the aryl thiol) using standard TFA cleavage conditions. In 

contrast, by protecting 4-thiophenylalanine as a thioester, mild reductants can be used 

to deprotect the thiol following standard TFA deprotection reaction conditions. 

Combined, we sought to utilize a transition-metal-mediated cross-coupling reaction 

using 4-iodophenylalanine and a thioacid, such as thiolacetic acid, to generate 4-

thiophenylalanine with a thioester protecting group. 

In the synthesis described by Colescott et al.,21 4-thiophenylalanine was 

generated within a dipeptide, rather than as a protected amino acid. This synthetic 

strategy essentially utilized the peptide backbone as protecting groups on the amine 

and carboxylic acid. In a similar manner, we sought to develop reaction conditions to 

generate 4-thiophenylalanine within peptides, which would avoid reaction steps that 

are required to incorporate and remove protecting groups. In essence, a peptide 

containing 4-iodophenylalanine would act as the aryl halide reactant for cross-

coupling reactions with thioacids.  

Rajagolpalan’s23 work demonstrated the utility of palladium-catalyzed cross-

coupling approaches, but copper-catalyzed approaches for C–S bond formation have 

the advantage of being relatively air- and moisture-stable.82, 88, 89 An initial screen was 

conducted to examine different thiol reaction partners in copper-mediated cross-

coupling reactions. Thiols examined in this screen included tert-butyl mercaptan, 

thiophenol, and thiolacetic acid, which exhibit different acidities and different 
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potential reactivities. Iodobenzene was used to in place of 4-iodophenylalanine for the 

initial screen, and the resultant products of the cross-coupling reactions were analyzed 

via GC-MS to rapidly identify reaction products. The results of these initial screens 

are reported in Table 1.1.  

Table 1.1. Initial screening of the copper-catalyzed cross-coupling conditions 

using iodobenzene and different thiols 

Crude reaction products were evaluated via GC-MS. Peak identity was established via 

MS data. Product conversions were normalized relative to total peak integrations, and 

were calculated based on product formed (as PhSR). 
arefers to total cross-coupled products as PhSR, PhSPh, and PhSSPh. 

Entry Thiol Catalyst Base Solvent 
Temperature 

(°C) 

Reaction 

Duration 

Product 

Conversion 
Ref. 

1 t-BuSH 

20 mol% CuI                                              

2 eq. ethylene 

glycol 

2 eq. 

K2CO3 

tert-amyl 

alcohol 
100 23 h 12% 82 

2 PhSH 

20 mol% CuI                                              

2 eq. ethylene 

glycol 

2 eq. 

K2CO3 
isopropanol 80 23 h 77% 82 

3 AcSH 

20 mol% CuI                                              

2 eq. ethylene 

glycol 

2 eq. 

K2CO3 

tert-amyl 

alcohol 
100 21 h 10% 82 

4 t-BuSH 

10 mol% CuI                                             

20 mol% cis-1,2-

cyclohexanediol 

2 eq. 

K3PO4 
DMF 50 23 h <1% 89 

5 AcSH 

10 mol% CuI                                             

20 mol% cis-1,2-

cyclohexanediol 

2 eq. 

K3PO4 
DMF 50 23 h <1% 89 

6 t-BuSH 

10 mol% CuI                                             

20 mol% 1,10-

phenanthroline 

2 eq. 

DIPEA 
toluene 110 23 h <1% 88 

7 AcSH 

10 mol% CuI                                             

20 mol% 1,10-

phenanthroline 

2 eq. 

DIPEA 
toluene 110 23 h 47% (67%)a 88 



 25 

The data in Table 1.1 demonstrate that a copper-mediated cross-coupling 

approach between aryl iodides and thiolacetic acid is viable for to generate thioesters 

after appropriate reaction optimization. The ligand-free reaction conditions, similar to 

those described by Buchwald and coworkers,82 reacted efficiently with thiophenol 

(Table 1.1, entry 2), but were less successful for tert-butyl mercaptan and thiolacetic 

acid, even when utilizing higher reaction temperatures (Table 1.1, entries 1 and 3). 

The approach at lower reaction temperature described by Cook et al.,89 using 

cyclochexanediol as the ligand, was not successful for either tert-butyl mercaptan or 

thiolacetic acid (Table 1.1, entries 4 and 5). Using thiolacetic acid as the reaction 

substrate, the conditions described by Sawada et al.88 were the most successful (Table 

1.1, entry 7). However, using these reaction conditions (Table 1.1, entry 7), multiple 

reaction products were observed: S-phenyl thioacetate was generated as the major 

product, as well as the biaryl thioether and symmetric disulfides of thiophenol (Figure 

1.12). These products potentially resulted from deacetylation of the S-phenyl 

thioacetate product, and either subsequent oxidation of the resultant thiophenolate, or 

the resultant thiophenolate reacting with iodobenzene as a substrate in the cross-

coupling reaction (Figure 1.12). 
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Figure 1.12 Potential mechanisms for formation of the disulfide and thioether 

products during the cross-coupling reaction conditions 

GC-MS data of the crude reaction products (Table 1.1, entry 7) showed a mixture of 

aryl thiolated species. Thiolacetate can potentially react with the S-phenyl thioester 

product to generate thiophenolate. Thiophenolate can compete with thioacetate as the 

substrate for the copper-catalyzed cross-coupling conditions, generating the biaryl 

thioether product. Alternatively, thiophenolate can form disulfides in solution to 

generate the symmetric disulfide. The S-phenyl thioester and thiophenol disulfide 

products can be converted into the aryl thiol with reductive work-up conditions. 

Although the copper-catalyzed cross-coupling reaction conditions successfully 

formed S-phenyl thioacetate from iodobenzene and thiolacetic acid, the S-phenyl 

thioacetate product was prone to thiolysis during the reaction. The thiophenol product 

that resulted from thiolysis of S-phenyl thioacetate can oxidize to form disulfides, or 

compete with thioacetate as the thiol substrate in the cross-coupling reaction. In 

consideration of all products from the reaction (S-phenyl thioester, biaryl thioether, 

thiophenol disulfides), the overall reaction conversion with iodobenzene and 

thiolacetic acid was 67% using the conditions described by Sawada et al.88 (Table 1.1, 
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entry 7). These additional reaction products are important to consider in the overall 

conversion, because the disulfide reaction products can be converted to the aryl thiol 

after reductive work-up conditions. However, thiolysis of the S-phenyl thioacetate 

product must be suppressed during the reaction conditions, as to reduce potential 

formation of the biaryl thioether (which can not be converted to the aryl thiol). Having 

established initial cross-coupling conditions, a secondary screen was conducted to 

optimize the reaction conditions.88 The reaction conditions (Table 1.1, entry 7) were 

screened using different solvents and reaction temperatures, shown in Table 1.2. In 

anticipation of further optimization of the reaction conditions for peptides containing 

4-iodophenylalanine, solvents that can solubilize peptides were emphasized in this 

reaction screen. 
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Table 1.2. Optimization of the copper-mediated cross-coupling reaction 

conditions using iodobenzene and thiolacetic acid 

Crude reaction products were evaluated via GC-MS. Peak identity was established via 

MS data. Product conversions were normalized relative to total peak integrations. For 

formation of the biaryl ether product, it is assumed a reaction occurred between 

iodobenzene and thiophenol (resulting from thiolysis of S-phenyl thioacetate). For 

formation of the disulfide product, it is assumed an oxidation reaction occurred 

between two thiophenolates (resulting from thiolysis of S-phenyl thioacetate).  

Overall conversion refers to all cross-coupling reaction products. 

PhSAc = S-phenyl thioacetate 

PhSPh = biaryl thioether product 

 

Entry Solvent Temperature 

(°C) 

Reaction 

Duration 

PhSAc 

Yield 

PhSPh 

Yield 

Overall 

Conversion 

1 tert-amyl alcohol 80 21 h 0% 0% 0% 

2 tert-amyl alcohol 100 22 h 37% 0% 37% 

3 tert-amyl alcohol 110 21 h 37% 26% 84% 

4 tert-amyl alcohol 120 21 h 29% 38% 85% 

5 
10% H2O/tert-

amyl alcohol 
90 24 h 3% 0% 70% 

6 
20% H2O/tert-

amyl alcohol 
90 24 h 0% 0% 76% 

7 DMF 100 22 h 6% 18% 32% 

8 toluene 110 26 h 32% 10% 64% 

 

The copper-catalyzed cross-coupling reaction with iodobenzene and thiolacetic 

acid successfully generated the S-phenyl thioacetate product. Additional products 

were observed as a result of the copper-catalyzed cross-coupling reaction, which 

potentially resulted from the thiolysis of the S-phenyl thioacetate product. These 
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additional products included the biaryl thioether (PhSPh) and thiophenol disulfide 

(PhSSPh). In the context of generating peptides containing 4-thiophenylalanine, the 

corresponding biaryl thioether product could not be readily converted to 4-

thiophenylalanine. In addition, if the S-phenyl thioacetate product is prone to thiolysis 

during the reaction conditions, then the resultant thiophenol product can react as a 

potent nucleophile in the reaction. In the context of peptides as reaction substrates, a 

thiophenolate nucleophile can potentially react with side-chain functional groups. 

Therefore, conditions were identified with the highest reaction conversion to form the 

S-phenyl thioacetate with minimal side-products. 

In order to suppress potential thiolysis of the resultant S-phenyl thioacetate 

reaction product, reaction conditions were screened, including different reaction 

solvents and different reaction temperatures. The cross-coupling reaction conducted at 

80 °C generated no products, and only iodobenzene and reagents were observed 

(Table 1.2, entry 1). Conducting the cross-coupling reactions with iodobenzene in tert-

amyl alcohol at the highest reaction temperatures (110-120 °C) resulted in high 

reaction conversion (Table 1.2, entries 3 and 4), but also resulted in higher conversion 

to the biaryl thioether product (26-38% conversion). In reactions where water was 

used as a cosolvent in tert-amyl alcohol, most of the reaction conversion was in the 

form of thiophenol disulfides, indicating significant thiolysis in the presence of water. 

The cross-coupling reaction conducted in DMF resulted in overall reaction conversion 

that was comparable to a similar reaction conducted in tert-amyl alcohol (Table 1.2, 

entries 2 and 7). However, when DMF was used as a solvent for the cross-coupling 

reaction, a substantial component of the reaction conversion was in the form of the 

biaryl thioether (Table 1.2, entry 7). In contrast, when toluene was used as a reaction 
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solvent at higher reaction temperature, the conversion to the S-phenyl thioacetate 

product was comparable to a similar reaction conducted in tert-amyl alcohol, with 

lower conversion to the biaryl thioether (Table 1.2, entries 3 and 8).  

Combined, these data suggest that the optimal copper-mediated cross-coupling 

reaction conditions on iodobenzene utilize a non-polar solvent at higher reaction 

temperatures. No product formation was observed as a result of the reaction conducted 

at 80 °C, and significant disulfide formation was observed resulting from the cross-

coupling reaction conducted at 120 °C. Reaction conversion to generate the S-phenyl 

thioacetate product, rather than the disulfide or biaryl thioether, was improved on 

utilizing a non-polar solvent, rather than tert-amyl alcohol or DMF. In addition, 

anhydrous reaction conditions should be utilized, due to the fact that significant 

thiolysis of the S-phenyl thioacetate reaction product was observed in the presence of 

water (Table 1.2, entries 6 and 7). 

Having established reaction conditions for generating a thioester from 

iodobenzene and thiolacetic acid via a copper-catalyzed cross-coupling reaction, the 

potential for synthesizing 4-S(acetyl)-thiophenylalanine from 4-iodophenylalanine 

was explored. The optimal reaction conditions identified in this reaction screen on 

iodobenzene were further optimized for a peptide containing 4-iodophenylalanine. 

1.2.2 Optimization of copper-mediated cross-coupling reaction conditions for 

peptides containing 4-iodophenylalanine in solution phase 

Copper-catalyzed cross-coupling reaction conditions were established using 

iodobenzene for synthesizing S-phenyl thioacetate. This reaction is the first reported 

copper-mediated cross-coupling reaction between and aryl halide and thiolacetic acid. 

The conditions were further optimized for reaction with 4-iodophenylalanine within 



 31 

peptides. Solution phase synthesis of amino acids inherently involves consideration of 

protecting group strategies on the amine and carboxylic acid functional groups. Rather 

than adding synthetic steps for incorporating and removing protecting groups, we 

examined direct reaction on a peptide containing 4-iodophenylalanine, effectively 

using the peptide backbone to protect the amine and carboxylic acid. Using this 

synthetic strategy within peptides, synthesis of peptides containing 4-

thiophenylalanine will require less time and reagents than if the amino acid was 

independently synthesized for Fmoc-SPPS (Figure 1.13).  

 

Figure 1.13 Cross-coupling reaction on peptides containing 4-

iodophenylalanine 

(a) Synthesizing 4-thiophenylalanine for use in Fmoc- SPPS can require several 

protection/deprotection steps on the amine and the carboxylic acid, which requires 

additional time and reagents. (b) By incorporating the aryl halide functional group 

within a synthesized peptide, the peptide backbone acts as the “protecting groups,” 

and peptides containing 4-thiophenylalanine can be synthesized with fewer overall 

reaction purification steps. 

In order to evaluate the potential for a cross-coupling reaction strategy for the 

synthesis of peptides containing 4-thiophenylalanine, we synthesized a model peptide, 

Ac-TXPN-NH2, where X = 4-iodophenylalanine (4-I-Phe). This model peptide was 

chosen for three reasons: (1) Ac-TXPN-NH2 contains a variety of functional groups 

a 

b 



 32 

(Thr hydroxyl, Asn amide) and can be used to test the compatibility of an un-protected 

peptide substrate for the copper-mediated cross-coupling reaction conditions; (b) the 

peptide context Ac-TXPN-NH2 (where X = aromatic amino acid) has been well 

characterized by NMR,90-92 and comparison of the peptide products from the cross-

coupling reaction can be compared with published NMR data in order to determine the 

compatibility of the peptide with the copper-mediated cross-coupling reaction 

conditions; (c) substituents on aromatic amino acids are known to influence peptide 

structure (i.e. tyrosine v.s. phenylalanine),91, 93 and characterization of the Ac-TXPN-

NH2 containing 4-thiophenylalanine allows for the exploration of the functional 

effects of thiol oxidation and alkylation to control to peptide structure.5 Thus, the 

products of the cross-coupling reaction can be used directly to characterize the 

functional effects of sulfur oxidation on peptide structure. 

The copper-mediated cross-coupling reaction conditions were further 

optimized using the purified peptide Ac-T(4-I-Phe)PN-NH2, in place of iodobenzene. 

Solubility of the peptide, thiolacetic acid, and the copper catalyst is crucial for 

efficient reaction conversion. However, the reaction temperature must be 90-110 °C, 

as determined based on optimization of the reaction conditions with iodobenzene 

(Table 1.2). Solvents such as DMF or tert-amyl alcohol, polar solvents with high-

boiling points, were examined for the initial reaction screen with the peptide Ac-T(4-I-

Phe)PN-NH2. The reaction progress was monitored via RP-HPLC. The results of the 

initial reaction condition screen are shown in Table 1.3, and a representative reaction 

scheme and resultant chromatogram of the products of the reactions are shown in 

Figure 1.14. This solution-phase approach, if successful, would provide direct access 

to peptides containing 4-S(acetyl)-thiophenylalanine (4-SAc-Phe). 
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Table 1.3. Optimization of the copper-mediated cross-coupling reaction with 

the peptide Ac-T(4-I-Phe)PN-NH2 in solution 

Crude reaction products were evaluated via HPLC. Peak identity was established via 

ESI-MS. Product conversions were normalized relative to total peak integrations, and 

were calculated based on product conversion for desired product (as Ac-T(4-SAc-

Phe)PN-NH2) and as total products resulting from the cross-coupling reaction 

(including additional side-products) shown in parentheses.  

n.d. refers to “not determined” due to unidentifiable products of the reaction. 

 

Entry Base Solvent 

Reaction 

Duration 

Product 

Conversion 

1 1 M DIPEA DMF 18 h n.d. 

2 1 M DIPEA 
20% tert-Amyl 

alcohol in H2O 
9 h n.d. 

3 0.5 M Na2CO3 tert-Amyl alcohol 6 h 44% (59%) 

4 100 mM DIPEA tert-Amyl alcohol 6 h 15% (26%) 

5 0.5 M DIPEA tert-Amyl alcohol 6 h 11% (60%) 

6 1 M DIPEA tert-Amyl alcohol 6 h 22% (58%) 

7 1 M DIPEA tert-Amyl alcohol 3 h 36% (48%) 

8 1 M DIPEA tert-Amyl alcohol 9 h 14% (49%) 

9 1 M DIPEA tert-Amyl alcohol 11 h 29% (65%) 

10 1 M DIPEA tert-Amyl alcohol 24 h 0% (18%) 
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Figure 1.14 Representative HPLC chromatogram of the solution phase copper-

mediated cross-coupling on the peptide Ac-T(4-I-Phe)PN-NH2 

(a) Reaction scheme of solution phase copper-mediated cross-coupling conditions on 

Ac-T(4-I-Phe)PN-NH2 peptide (Table 1.3, entry 11); (b) analytical HPLC 

chromatogram (UV detection at 215 nm) of crude peptide products resulting from 

optimized copper-mediated cross-coupling conditions on Ac-T(4-I-Phe)PN-NH2 

(Table 1.3, entry 11), using a linear gradient of 0-45% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Peaks 

were identified via ESI-MS. 

“SM + 42 MW” refers to a product from the reaction that was consistent with the 

peptide Ac-T(4-I-Phe)PN-NH2 with an additional functional group of 42 mass units 

(identified via ESI-MS). This additional 42 mass units is consistent with an additional 

acetyl group on the peptide.   

“Product + 42 MW” refers to a product from the reaction that was consistent with the 

peptide Ac-T(4-SAc-Phe)PN-NH2 with an additional functional group of 42 mass 

units (identified via ESI-MS). This additional 42 mass units is consistent with an 

additional acetyl group on the peptide.  

 

a 

b 
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This copper-mediated cross-coupling reaction approach was successfully 

utilized for synthesizing the model peptide containing 4-S(acetyl)-thiophenylalanine 

from the peptide Ac-T(4-I-Phe)PN-NH2 in solution. The resultant peptide from the 

reaction, Ac-T(4-SAc-Phe)PN-NH2, was subjected to thiolysis reaction in solution 

using dithiothreitol (DTT) to generate the peptide Ac-T(4-SH-Phe)PN-NH2 (described 

in the next section, Chapter 1.2.3). However, additional side-products were identified 

as a result of this reaction (Figure 1.14b, 46.9 minutes and 51.7 minutes, respectively). 

Both of the reactant and product peptides, containing Ac-T(4-I-Phe)PN-NH2 or Ac-

T(4-SAc-Phe)PN-NH2, respectively, had associated side products that were consistent 

with an undesired product. The product masses (each respective mass +42 mass units) 

were suggestive of acetylation under the reaction conditions, potentially of the 

threonine hydroxyl, the asparagine carboxyamide, or the C-terminal carboxyamide.  

Two possibilities were considered: first, that the reaction conditions generated 

a reactive acylating agent, such as thiolacetic anhydride, which could react with the 

peptide to effect acetylation; second, acetylation could result from direct reaction of a 

peptide with the thioacetyl peptide product. In order to address these possibilities, the 

peptide Ac-T(4-I-Phe)PN-NH2 was subjected to the reaction conditions (Table 1.3, 

entry 6) but without any copper(I) iodide (Figure 1.15). These conditions generated a 

side-product that was consistent with acetylation on the peptide Ac-T(4-I-Phe)PN-NH2 

(determined via ESI-MS, Ac-T(4-I-Phe)PN-NH2 +42 mass units), and, as expected, 

did not generate any of the peptide Ac-T(4-SAc-Phe)PN-NH2 as a reaction product. 

These reaction products indicated that the reaction conditions caused these additional 

acetylated side-products, and did not result from inherent reaction with the product 

peptide Ac-T(4-SAc-Phe)PN-NH2. In addition, the peptide Ac-TYPN-NH2, which 
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contains no aryl halide as a reactant functional group, was also subjected to the 

copper-mediated cross-coupling conditions in the presence of copper(I) iodide (Figure 

1.16). Side-products were observed as a result of this reaction, consistent with 

acetylation on the peptide Ac-TYPN-NH2 at one or more functional groups (Figure 

1.16c). These side-products that resulted from the reaction conditions on the peptide 

Ac-TYPN-NH2, which had no aryl halide functional group, further indicated that the 

reaction conditions caused acetylation on the side-chain functional groups of the 

peptide. The reaction conditions potentially generate thiolacetic anhydride, which is a 

reactive acylating reagent (Figure 1.12).  

The reaction conditions were screened for the copper-mediated cross-coupling 

reactions on the peptide Ac-T(4-I-Phe)PN-NH2 as shown in Table 1.3. Multiple 

products were observed, and the results are shown as conversion to the desired peptide 

Ac-T(4-SAc-Phe)PN-NH2, and as overall conversion to products resulting from the 

cross-coupling reaction (shown in parentheses, Table 1.3). In reactions where DMF or 

20% H2O in tert-amyl alcohol were used as a solvent, the products did not result in 

significant reaction conversion to desired products (Table 1.3, entries 1 and 2), 

consistent with comparable reactions in the screens with iodobenzene (Table 1.2). 

Potentially, the presence of water in the solvents increased the potential for thiolysis of 

the desired peptide Ac-T(4-SAc-Phe)PN-NH2 and subsequent side reactions, similar to 

observations from the reaction screen with iodobenzene (Table 1.2, entries 6 and 7). 

The base was also screened during these reaction conditions, since the concentration 

or steric hindrance of the base can potentially play a role in the potential thiolysis and 

subsequent side-reactions. Products resulting from the side-reactions were suppressed 

by using 0.5 M Na2CO3 rather than DIPEA (Table 1.3, entry 3 vs. entry 5), but the risk 
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of epimerization of the peptide products makes this approach less ideal than using 

DIPEA. Interestingly, higher concentrations of DIPEA (Table 1.3, entries 4-6) resulted 

in a slightly higher percent conversion to the desired peptide Ac-T(4-SAc-Phe)PN-

NH2 over the thiolysis side products. Using cross-coupling reaction conditions with 1 

M DIPEA in tert-amyl alcohol, the highest conversion was reached after 9-11 hours of 

reaction time, but little product was recovered after 24 hours, and only thiolysis side-

products were observed. Based on this reaction screen, the optimal reaction conditions 

to generate the peptide Ac-T(4-SAc-Phe)PN-NH2 utilize 1 M DIPEA in tert-amyl 

alcohol for 9-11 hours. 
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Figure 1.15 Solution phase reaction on the peptide Ac-T(4-I-Phe)PN-NH2 in the 

absence of copper(I) iodide 

(a) Reaction scheme of solution phase reaction on the peptide Ac-T(4-I-Phe)PN-NH2 

in the absence of copper(I) iodide; (b) HPLC chromatogram of the resultant peptide 

products from the reaction conditions on the peptide Ac-T(4-I-Phe)PN-NH2 after 1 

hour; (c) HPLC chromatogram of the resultant peptide products from the reaction 

conditions on the peptide Ac-T(4-I-Phe)PN-NH2 after 6 hours. HPLC chromatograms 

where conducted using a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Peaks were identified 

via ESI-MS. 

“709 MW” refers to a product from the reaction that was consistent with the peptide 

Ac-T(4-I-Phe)PN-NH2 with an additional functional group of 65 mass units (identified 

via ESI-MS). This additional 65 mass units is consistent with an additional acetyl 

group on the peptide (as a sodium ion: 65 mass units = acetyl (42 mass units) + Na+ 

(23 mass units). 

 

a 

b 

c 
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Figure 1.16 Solution phase reaction on the peptide Ac-TYPN-NH2 

(a) Reaction scheme of the solution phase reaction conditions on the peptide Ac-

TYPN-NH2; (b) analytical HPLC chromatogram (UV detection at 215 nm) of the 

purified peptide Ac-TYPN-NH2; (c) HPLC chromatogram of the peptide products 

resulting from the reaction conditions on the peptide Ac-TYPN-NH2. HPLC 

chromatograms where conducted using a linear gradient of 0-45% buffer B (20% 

water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

Peaks were identified via ESI-MS. 

“599 MW” refers to a product from the reaction that was consistent with the peptide 

Ac-TYPN-NH2 with an additional functional group of 65 mass units. This additional 

65 mass units is consistent with an additional acetyl group on the peptide (as a sodium 

ion: 65 mass units = acetyl (42 mass units) + Na+ (23 mass units). 

“641 MW” refers to a product from the reaction that was consistent with the peptide 

Ac-TYPN-NH2 with an additional functional group of 107 mass units. This additional 

107 mass units is consistent with two additional acetyl groups on the peptide (as a 

sodium ion: 107 mass units = 2 × acetyl (42 mass units) + Na+ (23 mass units). 

a 

b 

c 
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The results above indicate that cross-coupling reaction to generate the peptide 

containing thiophenylalanine can be achieved. However, due to the observation of 

peptide acetylation under the reaction conditions, we next examined the possibility of 

utilizing the cross-coupling reaction approach on the protected peptide, by subjecting 

the synthesized peptide on solid phase to cross-coupling reaction conditions (Figure 

1.17). Use of this approach would protect reactive functional groups from potential 

side reaction with thiolacetic anhydride, potentially generating the desired peptide Ac-

T(4-SAc-Phe)PN-NH2 in high yield without side-reaction. 

1.2.3 Optimization of copper-mediated cross-coupling conditions for peptides 

containing 4-iodophenylalanine on solid phase 

The copper-mediated cross-coupling reaction on the peptide Ac-T(4-I-Phe)PN-

NH2 successfully synthesized the peptide Ac-T(4-SAc-Phe)PN-NH2. Reactions on 

peptides suggested that the reaction conditions caused acetylation reactions on the 

amino acid side-chains, unrelated to the cross-coupling reaction with 4-

iodophenylalanine and thiolacetic acid. Therefore, we examined the possibility of 

utilizing the protected peptide containing 4-iodophenylalanine on solid-phase as the 

cross-coupling reaction substrate. With this approach, the side-chain functional groups 

would be protected from potential side-reactions. 

In order to establish the synthesis of 4-thiophenylalanine within protected 

peptides solid-phase, the model peptide Ac-T(4-I-Phe)PN was synthesized on Rink 

amide resin. The threonine hydroxyl was protected as a tert-butyl ether, and the 

asparagine was protected as a trityl amide. The copper-mediated cross-coupling 

reaction conditions were screened using the resin-bound peptide containing 4-

iodophenylalanine, based on the reaction conditions that were optimized using the 
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peptide Ac-T(4-I-Phe)PN-NH2. In addition to tert-amyl alcohol, toluene was also 

examined as a solvent in the reaction screen, since it was the solvent utilized by 

Sawada in similar copper-catalyzed cross-coupling reactions with iodobenzene and 

thiobenzoic acid.88 Using the protected peptide, where the side chains were protected 

with protecting groups, and with the peptide bound to a polystyrene support, the 

requirement for a polar solvent for fully solubilizing the peptide was eliminated, and 

less polar solvents such as toluene could be utilized. Following the copper-mediated 

cross-coupling reaction on solid phase, the peptide products were subjected to 

cleavage and deprotection reaction using TFA, which removed all side-chain 

protecting groups. A representative reaction scheme and resultant chromatogram of 

reaction products is shown in Figure 1.17. 
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Table 1.4. Optimization of the copper-mediated cross-coupling reaction on 

the peptide Ac-T(4-I-Phe)PN-NH2 on solid phase 

Crude reaction products were evaluated via HPLC. Peak identity was established via 

ESI-MS. Product conversions were normalized relative to total peak integrations, and 

are calculated based on product conversion for desired product (as the peptide Ac-T(4-

SAc-Phe)PN-NH2) and as total products resulting from the cross-coupling reaction 

(including disulfide side-products) shown in parentheses. 

 

Entry Solvent Temperature (°C) Reaction Duration Product Conversion 

1 tert-Amyl alcohol 90 6 h 40% (45%) 

2 tert-Amyl alcohol 100 6 h 59% (69%) 

3 tert-Amyl alcohol 100 11 h 37% (85%) 

4 tert-Amyl alcohol 100 24 h 53% (90%) 

5 tert-Amyl alcohol 110 16 h 0% (99%) 

6 Toluene 100 18 h 57% (67%) 

7 Toluene 110 16 h 22% (99%) 
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Figure 1.17 Optimized conditions for copper-mediated cross-coupling reaction 

on the peptide Ac-T(4-I-Phe)PN-NH2 on solid phase 

(a) Optimized reaction scheme of solid phase copper-mediated cross-coupling 

conditions on the peptide Ac-T(4-I-Phe)PN-NH2; (b) analytical HPLC chromatogram 

(UV detection at 215 nm) of crude peptide products resulting from optimized copper-

mediated cross-coupling conditions on Ac-T(4-I-Phe)PN-NH2, and subsequent 

cleavage from resin, using a linear gradient of 0-45% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Peaks 

were identified via ESI-MS. 

These copper-mediated cross-coupling reactions on the protected peptide Ac-

T(4-I-Phe)PN on solid-phase successfully generated the peptides containing 

derivatives of 4-thiophenylalanine in high conversion. Two products were observed as 

a result of the cross-coupling reactions on solid phase: the desired peptide Ac-T(4-

SAc-Phe)PN-NH2 and the corresponding symmetric disulfide, which potentially 

resulted from thiolysis during the reaction. The reactions with iodobenzene indicated 

 

a 

b 
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that thiolysis of the S-phenyl thioacetate product during the reaction generated the 

thiophenolate, which could compete with the thiolacetic acid for the cross-coupling 

reaction, generating biaryl thioether products. Therefore, the ideal reaction conditions 

would generate high conversion of peptides containing 4-thiophenylalanine 

derivatives, with minimal conversion of the product to the disulfide by product. 

 For reactions that were conducted in tert-amyl alcohol, increasing the reaction 

temperature (from 90 °C to 100 °C and 110 °C) and reaction time (from 6 hours to 24 

hours) significantly improved the overall conversion to cross-coupled reaction 

products. Consistent with reactions with iodobenzene, the cross-coupling reaction on 

peptides on solid phase required high reaction temperatures, as product conversion 

was reduced if the reaction was conducted at 90 °C (Table 1.4, entry 1). In tert-amyl 

alcohol, the highest reaction conversion was obtained when the reaction was 

conducted at 110 °C (Table 1.4, entry 5). However, at high reaction temperature, the 

product conversion was mostly in the form of disulfides rather than the peptide 

containing 4-S(acetyl)-thiophenylalanine (Table 1.4, entries 5 and 7). These products 

indicate that thiolysis of the reaction product, the peptide Ac-T(4-SAc-Phe)PN-NH2, is 

more likely at higher reaction temperature. With toluene as the reaction solvent at 110 

°C (Table 1.4, entry 7), there was reduced potential for thiolysis of the peptide Ac-

T(4-SAc-Phe)PN-NH2, with overall reaction conversion nearly complete. No 

additional acetylation reactions on the peptide side-chains were observed as a result of 

the cross-coupling reactions with the peptide containing 4-iodophenylalanine on solid 

phase. 
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The copper-mediated cross-coupling reaction conditions can be used to 

efficiently generate peptides containing 4-S(acetyl)-thiophenylalanine and the 

corresponding disulfides on solid phase. Aryl thioethers can be converted into thiols, 

and disulfides can be reduced to thiols. Thus, both of the peptide products that resulted 

from the copper-mediated cross-coupling reaction on the peptide Ac-T(4-I-Phe)PN 

can be converted to the desired peptide containing 4-thiophenylalanine. In order to 

generate the peptide Ac-T(4-SH-Phe)PN-NH2, the cleaved, deprotected, crude 

peptides resulting from the cross-coupling reaction were subjected to solution-phase 

thiolysis and reduction using DTT under neutral or basic conditions (Figure 1.18). 

Alternatively, TCEP or sodium borohydride can be used to produce similar results, 

without requiring neutral or basic conditions.  
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Figure 1.18 Synthesis of the peptide Ac-T(4-SH-Phe)PN-NH2 via cross-coupling 

reaction on solid phase and subsequent thiolysis in solution 

(a) Reaction scheme of solid phase copper-mediated cross-coupling conditions on Ac-

T(4-I-Phe)PN-NH2 peptide followed by TFA cleavage from resin and solution phase 

reduction and thiolysis of the crude reaction products; (b) analytical HPLC 

chromatogram (UV detection at 215 nm) of crude peptide products resulting from 

optimized copper-mediated cross-coupling conditions on Ac-T(4-I-Phe)PN-NH2, and 

subsequent reaction with DTT (pH 7.2) after cleavage from resin, using a linear 

gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% 

water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 

mm × 250 mm, 100 Å pore). Peaks were identified via ESI-MS.  

DTTred and DTTox indicates dithiothreitol in reduced and oxidized forms, respectively. 

The peptide Ac-T(4-SH-Phe)PN-NH2 was cleanly synthesized after solution-

phase thiolysis and reduction reaction using the products that resulted from the 

copper-mediated cross-coupling reaction on the peptide containing 4-

iodophenylalanine on solid phase. This synthetic approach to peptides containing 4-

thiophenylalanine utilizes commercially available Fmoc-4-iodophenylalanine and 

inexpensive reagents (i.e. copper(I) iodide, thiolacetic acid, 1,10-phenanthroline). In 

a 

b 
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contrast to all other approaches to synthesize 4-thiophenylalanine,16, 20, 22, 23, 58 this 

synthetic strategy did not require a multi-step solution synthesis to prepare the 

protected amino acid for use in SPPS. Using this approach, a peptide containing 4-

thiophenylalanine can be synthesized in less than 24 hours with only one HPLC 

purification step, by using the protected peptide containing 4-iodophenylalanine and 

reaction on solid phase.  

The aim of this work was to generate peptides containing 4-thiophenylalanine 

in peptides in a practical manner using a copper-mediated cross-coupling approach. 

The reaction conditions shown in Figure 1.17 generated the peptides Ac-T(4-SAc-

Phe)PN-NH2 and corresponding disulfides in 99% conversion, which were both 

cleanly converted to Ac-T(4-SH-Phe)PN-NH2 in solution following the cross-coupling 

reaction. However, in some applications, it may be preferable to generate only the 

peptide containing 4-S(acetyl)-thiophenylalanine from the cross-coupling reaction on 

solid phase. The HPLC chromatogram representing the conditions that resulted in high 

conversion to the peptide Ac-T(4-SAc-Phe)PN-NH2, with the lowest conversion to the 

corresponding disulfides, is shown in Figure 1.19. 
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Figure 1.19 Optimized copper-mediated cross-coupling reaction to synthesize 

the peptide containing 4-S(acetyl)-thiophenylalanine with minimal disulfide 

formation 

(a) Optimized reaction scheme of solid phase copper-mediated cross-coupling 

conditions on the peptide Ac-T(4-I-Phe)PN-NH2; (b) analytical HPLC chromatogram 

(UV detection at 215 nm) of crude peptide products resulting from optimized copper-

mediated cross-coupling conditions on Ac-T(4-I-Phe)PN-NH2, and subsequent 

cleavage from resin, using a linear gradient of 0-45% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Peaks 

were identified via ESI-MS. 

These reaction conditions generated the peptide containing 4-S(acetyl)-

thiophenylalanine as the sole reaction product, and avoided thiolysis of the resultant 

peptide during the cross-coupling conditions. By conducting the cross-coupling 

reaction at a lower temperature, thiolysis of the peptide Ac-T(4-SAc-Phe)PN-NH2, 

and the  potential for side-chain reactivity, was suppressed during the cross-coupling 

reaction. However, the overall reaction conversion was only 57% from the peptide Ac-

 

a 

b 
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T(4-I-Phe)PN, compared to 99% overall reaction conversion resulting from a 

comparable reaction that was conducted at only 10 °C higher temperature (Table 1.4, 

entries 6 and 7). These reaction conditions shown in Figure 1.19 can be utilized in 

applications where thiolysis of the peptide could lead to additional side reactions, 

although this approach results in significantly reduced reaction conversion.  

The model peptide containing 4-thiophenylalanine was characterized via NMR 

at both protonation states (thiol, pH 4.0, and thiolate, pH 8.5, pKa determination 

described in Chapter 1.2.7). The model peptide that was used for solid-phase reaction 

screening contains a proline residue, which is known to undergo cis-trans isomerism. 

Both the cis and trans amide bond conformations are observed by NMR (Figure 1.20). 

The structural details of 4-thiophenylalanine within peptides will be further discussed 

in Chapter 3. 

The optimized copper-mediated cross-coupling reaction conditions generated 

the peptide Ac-T(4-SH-Phe)PN-NH2 in 99% conversion from the peptide Ac-T(4-I-

Phe)PN-NH2 on solid phase, after reaction with DTT in solution. Ac-TXPN-NH2 is a 

well-characterized tetrapeptide, and was a suitable model for optimizing the cross-

coupling reaction conditions. Longer peptides with bulky side chains have the 

potential to decrease the reaction efficiency due to steric crowding. Furthermore, some 

side-chain protecting groups may not be stable to the high reaction temperatures that 

were required for efficient reaction conversion. Therefore, additional screening was 

conducted in order to determine the compatibility of the optimized cross-coupling 

reaction conditions with other amino acid functional groups and longer peptides. 
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Figure 1.20 1H NMR spectrum of the amide region for the peptide Ac-

ThrXProAsn-NH2 containing 4-thiophenylalanine 

NMR spectrum for the peptide Ac-Thr(4-thiophenylalanine)ProAsn-NH2 at (a) pH 4.0 

and (b) pH 8.5. The sample contained 5 mM phosphate and 25 mM NaCl, and was 

measured in 90% H2O/10% D2O at 298 K. Amide peaks were identified by TOCSY 

spectrum. The aliphatic region is shown for pH 8.5, because rapid amide exchange at 

high pH obscures the amide peaks.  

1.2.4 Peptide substrate scope of the optimized solid-phase, copper-mediated 

cross-coupling reaction 

In order to determine the compatibility of the optimized cross-coupling 

reaction conditions with other side-chain functional groups, resins containing 

additional protected peptides with 4-iodophenylalanine were subjected to the copper-

mediated cross-coupling reaction with thiolacetic acid. A series of peptides were 

synthesized, representing all canonical amino acid functional groups, and included 

peptides with diverse structures and sequence lengths.  
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In order to evaluate the broader compatibility of the copper-mediated cross-

coupling reaction conditions on protected peptides on solid-phase, three additional 

peptides were synthesized on Rink amide resin and subjected to the optimized reaction 

conditions. The three peptides that were synthesized for this reaction scope included 

(where X = 4-iodophenylalanine) (1) the trp cage miniprotein (Ac-

NLXIQWLKDGGPSSGRPPPS-NH2), (2) a proline-rich peptide Ac-GPPXPPGY-

NH2, and (3) a peptide containing sensitive side-chain functional groups, Ac-

KKHMCX-NH2. The trp cage miniprotein was included in the peptide substrate scope 

because it contains many of the canonical amino acid functional groups. Furthermore, 

the trp cage miniprotein has been well characterized via NMR and CD as the subject 

of miniprotein stability and protein folding studies.94-96 Therefore, the product of the 

cross-coupling reaction, the Y3(4-SH-Phe) variant of the trp cage miniprotein, can be 

used to characterize the structural consequences of tyrosine versus 4-thiophenylalanine 

within a peptide. The peptide Ac-GPPXPPGY-NH2 was included in the reaction scope 

because a proline-rich sequence can potentially hinder the cross-coupling reaction 

efficiency, both due to the greater steric demand of proline and due to the possibility 

of formation of poly-proline helices in organic solvents.97-99 In addition, aromatic 

amino acids have been shown to influence local conformation of proline-rich 

sequences.100 The peptide Ac-GPP(4-SH-Phe)PPGY-NH2, and related derivatives of 

4-thiophenylalanine, can be used to evaluate the influence of this aryl thiolated amino 

acid on poly-proline structure. Peptides that contain amino acids that coordinate 

metals or are prone to oxidation, including cysteine, methionine, and histidine, may 

not be compatible with the cross-coupling conditions, given the use of stoichiometric 

copper(I) iodide in the reaction. Therefore, the peptide Ac-KKHMCX-NH2 was 
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included in the substrate reaction scope in order to address the potential for metal-

coordination, or oxidation, with these amino acids under the cross-coupling reaction 

conditions.  

In order to determine the compatibility of the copper-mediated cross-coupling 

reaction with a broader scope of amino acid side chains, the peptides described above 

were synthesized on Rink amide resin containing 4-iodophenylalanine. The protected 

peptides were subjected to the optimized copper-mediated cross-coupling reaction on 

solid phase. The amino acid protecting groups in this screen included: trityl amide 

(Gln, Asn), tert-butyl ether (Thr, Ser, Tyr), tert-butyl ester (Glu, Asp), Boc-carbamate 

(Lys), trityl thioether (Cys), and trityl imidazole (His); the tryptophan indole was not 

protected. In addition to evaluating the resultant peptides containing 4-

thiophenylalanine via HPLC and NMR, the Y3(4-SH-Phe) trp cage variant was 

characterized by CD (described in Chapter 1.2.6), in order to determine if the cross-

coupling reaction affected the structure of the peptide substrates in a manner that could 

not be observed by HPLC, ESI-MS, or NMR. All of the peptides were subjected to 

reaction with DTT to effect thioester thiolysis and to reduce disulfides following the 

cleavage and deprotection reaction (Figure 1.21). 
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Figure 1.21 Peptide scope of solid phase, copper-mediated cross-coupling 

reaction to generate peptides containing 4-thiophenylalanine 

a 

b 

c 

d 
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(a) Reaction scheme for the copper-mediated cross-coupling reactions on peptides 

containing 4-iodophenylalanine on solid phase. Analytical HPLC chromatograms (UV 

detection at 215 nm) of the crude peptide products resulting from the optimized 

copper-mediated cross-coupling reaction, and subsequent reaction with DTT (pH 7.2) 

in solution. Peaks were identified via ESI-MS. (b) HPLC chromatogram of the 

resultant products from the cross-coupling reaction on the Y3(4-I-Phe) trp-cage 

miniprotein using a linear gradient of 0-55% buffer B (20% water, 80% MeCN, 0.05% 

TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 80 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore); (c) HPLC 

chromatogram of the resultant products from the cross-coupling reaction on the 

peptide Ac-GPP(4-I-Phe)PPGY-NH2 using a linear gradient of 0-55% buffer B (20% 

water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore); 

(d) HPLC chromatogram of the resultant products from the cross-coupling reaction on 

the peptide Ac-KKHMC(4-I-Phe)-NH2 using a linear gradient of 0-70% buffer B 

(20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% 

TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å 

pore). 

The optimized solid-phase, copper-mediated, cross-coupling reaction exhibited 

excellent peptide substrate scope, based on this set of peptide sequences. The Y3(4-

SH-Phe) trp cage variant was generated via cross-coupling reaction in slightly lower 

conversion compared to Ac-TXPN-NH2, 67% from the peptide containing 4-

iodophenylalanine (Figure 1.21b). The peptide Ac-GPP(4-SH-Phe)PPGY-NH2 was 

cleanly generated in 98% conversion (Figure 1.21c). The peptide containing 

oxidation-sensitive side-chains, Ac-KKHMC(4-SH-Phe)-NH2, was generated in 90% 

conversion after solution phase reaction with DTT (Figure 1.21d). The cross-coupling 

reaction effectively generated 4-thiophenylalanine within peptides on a variety of 

peptide substrates. 

In the peptide containing oxidation-sensitive amino acids, Ac-KKHMCX-NH2, 

the cysteine thiol was protected as a trityl thioether, which is readily removed under 

the deprotection reaction conditions using TFA. However, it is not clear from the 
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resultant peptides shown in Figure 1.21d if the cysteine side-chain remained protected 

during the cross-coupling reaction. Potentially, the trityl protecting group on cysteine 

could be removed during the cross-coupling reaction, and the resultant thiol could 

react with thiolacetic anhydride, generating a cysteinyl thioacetate. Reaction with DTT 

in solution would remove the acetyl group and generate the cysteine thiol, rendering 

this potential side-reaction unobservable. In order to examine the potential for this side 

reaction on the trityl-protected cysteine side-chain, the peptide Ac-KKHMC(4-I-Phe) 

was subjected to cross-coupling reaction conditions in the absence of the copper 

catalyst (Figure 1.22). The resultant products of this reaction were not subjected to 

thiolysis after the cleavage and deprotection reaction with TFA. The expected product 

was Ac-KKHMC(4-I-Phe)-NH2, provided there was no reaction on the cysteinyl side 

chain under the reaction conditions. 
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Figure 1.22 Potential side reaction on the peptide containing trityl-protected 

cysteine as a result of the cross-coupling reaction conditions 

(a) Scheme of the reaction conditions on the peptide Ac-KKHMC(4-I-Phe)-NH2; (b) 

analytical HPLC chromatogram (UV detection at 215 nm) of the crude peptide 

products resulting from the reaction conditions after the peptide was subjected to 

cleavage and deprotection reaction using a linear gradient of 0-60% buffer B (20% 

water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

Peaks were identified via ESI-MS. 

“1006 MW” refers to a product with a mass of 1006 (idenfited via ESI-MS). This 

mass is consistent with the peptide Ac-KKHMC(4-I-Phe)-NH2 with an additional 43 

mass units, suggesting an additional acetyl group (Ac-KKHMC(4-I-Phe)-NH2 + Ac + 

H+). 

The peptide Ac-KKHMC(4-I-Phe)-NH2 that was subjected to cross-coupling 

reaction conditions, without any copper catalyst, on solid-phase resulted in a product 

that was consistent with the peptide containing an additional acetyl group. Potentially, 

the acetyl group is attached to the cysteinyl thiol, as a result of trityl deprotection 

under the reaction conditions and subsequent reaction with thiolacetic anhydride. This 

product containing a cysteinyl thioacetyl group can be converted to the thiol via 

reaction with DTT in solution. However, deprotection of a cysteine thiol is undesirable 

a 
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for some applications, including syntheses where the thiol-protecting groups on 

cysteine and 4-thiophenylalanine must be orthogonal. Therefore, the synthetic 

approach for generating peptides containing both 4-thiophenylalanine and cysteine 

would need to be revised.  

In order to examined the potential for generating of peptides containing 

orthogonal protecting groups on cysteine and 4-thiophenylalanine, the peptide Ac-

KKHMC(4-I-Phe) was synthesized with an alternative side-chain protecting group on 

cysteine. The cysteine thiol was protected as an S-tert-butyl thioether, and the peptide 

was subjected to the optimized copper-mediated cross-coupling reaction conditions 

(Figure 1.23). 
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Figure 1.23 Copper-mediated cross-coupling reaction on the peptide Ac-

KKHM(tert-butyl-Cys)(4-I-Phe) on solid phase 

(a) Optimized reaction scheme for copper-mediated cross-coupling conditions on the 

peptide Ac-KKHMC(tBu)(4-I-Phe) on solid phase; (b) analytical HPLC 

chromatogram (UV detection at 215 nm) of the crude peptide products resulting from 

the cross-coupling reaction, and subsequent reaction with DTT (pH 7.2) after cleavage 

from resin using a linear gradient of 0-75% buffer B (20% water, 80% MeCN, 0.05% 

TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Peaks were identified 

via ESI-MS. 

The peptide containing histidine, methionine, and S-tert-butyl-protected 

cysteine had no observed cross-reactivity under the copper-mediated cross-coupling 

reaction conditions, generating the peptide containing 4-thiophenylalanine in 90% 

conversion. Combined, these data indicate that the optimized copper-mediated cross-

coupling reaction is compatible with all canonical amino acid functional groups. 

Peptides up to 20 residues in length were synthesized with 4-thiophenylalanine in 

good conversion, suggesting reaction compatibility with diverse peptide sequences. 

The lower yield for the reaction on the trp cage miniprotein variant could be due to 
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“steric crowding” on the resin, or due to the proximity of the 4-iodophenylalanine to 

bulky, protected amino acid side chains (Trp, Ile, trityl-Gln). Potentially, a lower 

loading-capacity on the resin might improve the conversion for longer peptides. 

1.2.5 Thiol substrate scope of the optimized solid-phase, copper-mediated cross-

coupling reaction 

The synthesis of 4-S(acetyl)-thiophenylalanine within peptides from thiolacetic 

acid and peptides containing 4-iodophenylalanine is a practical approach for 

synthesizing 4-thiophenylalanine .However, a diverse range of thiol, thioester, and 

thioether products can also be generated using this solid-phase cross-coupling reaction 

approach. Biaryl ethers are found in some macrocyclic peptides as a result of oxidative 

coupling reactions with tyrosine.61 In the work by Escher and coworkers,58  4-

thiophenylalanine was alkylated with a variety of different thioether functional groups, 

and these products were utilized for structure-activity relationship analysis in 

angiotensin analogues. Thioether and thioester derivatives of 4-thiophenylalanine 

might be synthesized more directly by utilizing alternative thiols in the cross-coupling 

reaction with peptides containing 4-iodophenylalanine. 

In the initial screening reactions on iodobenzene, acidic thiols demonstrated 

increased reactivity for the cross-coupling reaction conditions, including thiophenol 

(Table 1.1). In order to examine the role of the acidity of the thiol in the copper-

mediated cross-coupling reaction, a series of mercaptans was screened using the 

optimized cross-coupling conditions on the peptide Ac-T(4-I-Phe)PN on solid phase. 

The products that resulted from the cross-coupling reactions were evaluated via 

analytical HPLC, and conversion was established via integration of the peaks in the 

HPLC chromatograms (Table 1.5).  
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Table 1.5. Thiol substrate scope of the cross-coupling reaction on resin-bound 

peptide Ac-T(4-I-Phe)PN-NH2 

Crude reaction products were evaluated via HPLC. Peak identity was established via 

ESI-MS. “Product conversion” refers strictly to the formation of the peptide 

containing 4-SR-Phe. Product conversions were normalized relative to total peak 

integrations. 

Conversions to total cross-coupled products, including disulfides, trisulfides, and 

tetrasulfide peptide products, are shown in the in parentheses. 

 

Entry Thiol Substrate 

Temperature 

(°C) 

Ac-T(4-SR-Phe)PN-NH2 

product conversion 

1 
 

110 22% (99%) 

2 
 

110 90% 

3 
 

110 2% 

4 
 

110 0% 

5 
 

100 21% (45%) 

6 

 

100 57% (67%) 

 

Alkyl thiols demonstrated minimal reactivity towards peptides containing 4-

iodophenylalanine on solid-phase in comparison to thiolacetic acid (Table 1.5, entries 

3 and 4). In contrast, thiophenol efficiently reacted with Ac-T(4-I-Phe)PN-NH2 to 
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generate the biaryl thioether product under these conditions (Table 1.5, entry 2). 

Thiobenzoic acid also exhibited efficient reactivity in the cross-coupling reaction, 

although this reaction generated an unusual mixture of products. Interestingly, 

products consistent with trisulfides (–S–S–S–) and tetrasulfides (–S –S–S–S–) were 

observed in the reaction with thiobenzoic acid and the peptide Ac-T(4-I-Phe)PN-NH2 

(identified via ESI-MS). From a mechanistic perspective, it is unclear how the tri-

sulfide and tetra-sulfide side-products form in the cross-coupling reaction utilizing 

thiobenzoic acid, or why these products were not observed for thiolacetic acid cross-

coupling reactions. Trisulfides were previously observed by Davis & coworkers101 in a 

reaction with sodium methanethiosulfonate and an alkyl halide, but the reaction 

mechanism for formation of this product was not explained. Further work on these 

reaction products would be necessary to fully characterize the trisulfide and 

tetrasulfide products and to establish a mechanism of formation. Collectively, these 

data indicate a requirement for a relatively acidic thiol for successful copper-mediated 

cross-coupling reaction under these conditions. 

The model peptides synthesized in significant yield from these reactions using 

different thiol substrates were characterized via NMR (Figures 1.24-1.26). The model 

peptide has a high propensity for adopting the cis-proline conformation, and so the 

two proline amide-bond rotamers of the peptide, cis proline and trans proline, are both 

observable by NMR. Structural analysis of these peptides will be further discussed in 

Chapter 3. 
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Figure 1.24 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S(acetyl)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 (where X = 

4-S(acetyl)-thiophenylalanine) at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by analogy to related peptides.  

Figure 1.25 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S(phenyl)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 (where X = 

4-S(phenyl)-thiophenylalanine) at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by analogy to related peptides.  
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Figure 1.26 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S(benzoyl)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 (where X = 

4-S(benzoyl)-thiophenylalanine) at pH 4.0. The sample contained 5 mM phosphate 

and 25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks 

were via TOCSY spectrum.  

1.2.6 Structural characterization of the 4-thiophenylalanine-containing trp cage 

miniprotein 

In Chapter 1.2.4, the Y3(4-SH-Phe) variant of the trp cage miniprotein was 

successfully generated via the copper-mediated cross-coupling reaction without side 

reactions. The trp cage miniprotein is a designed protein that is comprised of an -

helix and a polyproline helix linked by a short, flexible sequence of amino acids 

(Figure 1.27). The relatively short trp cage miniprotein exhibits remarkable structural 

stability, which is well characterized via circular dichroism (CD) and NMR.94, 95 The 

trp cage miniprotein was derived from exendin-4 (also Exenatide or Byetta), an FDA 

approved glp-1 agonist that is used in treatment of type 2 diabetes, originally isolated 

from Gila monster saliva.94, 102 Designed stabilized or modified variants of the trp cage 

miniprotein can potentially be used as templates or scaffolds for bioactive peptides.  

The folding and stability of the trp cage miniprotein have been extensively 

examined by solution, solid-phase, and computational techniques.94-96, 103 The small 

size of the trp cage miniprotein has led to its wide use in computational investigation 
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of protein folding pathways and mechanisms.104 With the extensive structural 

characterization of the trp cage miniprotein, it represents an ideal model for examining 

potential effects of the copper-mediated cross-coupling reaction on protein folding and 

stability. 

The stability of the trp cage is based, in part, upon non-covalent contacts 

surrounding Trp6 (Figure 1.27), which provides hydrophobic contacts for the proline 

residues on the adjacent helix (Pro18, Pro19) and for Tyr3 (highlighted in red, Figure 

1.27).105 The aromatic ring of Tyr3 participates in C–H/ interactions with Pro19.105 

Given the electronic nature of C–H/ interactions,91, 93, 106 the overall stability of the 

trp cage is potentially tunable by modulating the electronic effects in the aromatic ring 

at position 3. This possibility was explored using 4-thiophenylalanine, the sulfur 

analogue of tyrosine.  

In order to examine the structural implications of 4-thiophenylalanine and the 

copper-mediated cross-coupling reaction conditions on the trp cage miniprotein, the 

Y3(4-SH-Phe) trp cage variant was synthesized (Chapter 1.2.4) and characterized. 

Circular dichroism (CD) and thermal denaturation data were obtained for the Y3(4-

SH-Phe) trp cage variant, and compared to the “native” trp cage miniprotein 

containing Tyr3 (Figure 1.28, Table 1.6). 
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Figure 1.27 trp cage miniprotein 

Cartoon representation of the trp cage miniprotein (PDB ID: 1L2Y). Key residues for 

stability are shown as sticks. Aromatic side chains are shown as spheres. The Y3(4-

SH-Phe) trp cage miniprotein variant replaces Tyr3 with 4-thiophenylalanine (site 

shown in green). 
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Figure 1.28 Circular dichroism (CD) and thermal denaturation data of the trp 

cage miniprotein 

Circular dichroism of native trp cage miniprotein (red circles) and Y3(4-SH-Phe) trp 

cage miniprotein variant (blue squares). Closed figures indicate pH 4.0. Open figures 

indicate 7.0 or 8.5 (for native or modified trp cage, respectively). Samples were 

measured in 15 mM phosphate in the presence of TCEP (0.56 mM) to prevent 

disulfide formation. Concentrations of stock solutions of peptides containing 4-

thiophenylalanine were measured via Ellman’s test. All spectra were background 

subtracted. (a) CD spectra of peptides at 4 ˚C. A cartoon representation of the Y3(4-

SH-Phe) modified trp cage miniprotein is shown in the inset; (b) thermal denaturation 

data of the native trp cage miniprotein and the Y3(4-SH-Phe) variant at the indicated 

pH. 

a b 
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Table 1.6. Derived thermal denaturation and CD data for modified and 

native trp cage miniproteins 

Values were calculated from the plots shown in Figure 1.28. Samples were dissolved 

in 15 mM phosphate buffer at the indicated pH. Samples containing the Y3(4-SH-Phe) 

variant contained 0.56 mM TCEP to reduce disulfides. [ ] = mean residue ellipticity 

(deg cm2 dmol–1) at the indicated wavelength at 4 °C. Tm = melting temperature, 

determined using a slope for the 100% unfolded baseline (d[ ]222/dT) of –8.83 deg 

cm2 dmol–1/°C; and a slope for the 100% folded baseline (d[ ]222/dT) of 63.5 deg cm2 

dmol–1/°C, based on prior data for trp cage miniprotein variants.96   

aData obtained at 2 °C.96 

 

Residue at 

Position 3 

pH Tm, °C ], 222 nm ], 208 nm 

Tyr 4.0 43 -16000 -16200 

Tyr 7.0 39 -15600a -14400a 

4-SH-Phe 4.0 42 -14800 -17900 

4-S–-Phe 8.5 27 -13700 -19000 

 

The overall -helicity of the Y3(4-SH-Phe) trp cage variant is similar to the 

native trp cage under both acidic and neutral conditions. Notably, the pKa of 4-

thiophenylalanine was measured to be 6.4 (Chapter 1.2.7), and so it is mostly anionic 

under neutral and basic conditions. The trp cage and the Y3(4-SH-Phe) trp cage 

variant exhibit similar thermal stability at pH 4.0, where the thiol of 4-

thiophenylalanine is neutral, as is the tyrosine. In contrast, the thiolate form of the 

Y3(4-SH-Phe) trp cage variant is significantly less stable than the neutral form, or the 

native trp cage, as indicated by the lower Tm for the peptide with the thiolate. The 

decreased stability of the Y3(4-S–-Phe) trp cage variant is potentially due to a charge 

repulsion of the anionic sulfur atom and the  electrons of the tryptophan aromatic 

ring or the hydrophobic proline rings (Figure 1.27). The charge repulsion would 

Ac-NLXIQWLKDGGPSSGRPPPS-NH2 
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disrupt the hydrophobic core of the miniprotein and reduce the overall stability. These 

data suggest that replacement of the tyrosine residue at position 3 with its sulfur 

analogue introduces a structural “switch” for the stability of the trp cage miniprotein.  

1.2.7 UV-Vis and fluorescence spectroscopy characterization of 4-

thiophenylalanine within model peptides 

The fundamental chemical and spectral properties of 4-thiophenylalanine had 

not been characterized during any of the prior syntheses of this amino acid, 

emphasizing the importance of developing a practical approach to generate this amino 

acid. Having optimized a practical approach for the synthesis of peptides containing 4-

thiophenylalanine, the chemical and spectroscopic properties of this amino acid were 

examined. The acid dissociation constant of the thiol in 4-thiophenylalanine in 

aqueous conditions was measured by UV spectroscopy, with the UV spectra of both 

the neutral and anionic forms of 4-thiophenylalanine characterized (Figure 1.29). 
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Figure 1.29 UV spectroscopy and pKa determination of Ac-T(4-SH-Phe)PN-NH2 

UV spectra were measured in 50 mM phosphate in the presence of 100 µM DTT (to 

reduce disulfides). Peptide concentrations were 45-65 µM. Concentrations of stock 

solutions of peptides containing 4-thiophenylalanine determined via Ellman’s test. (a) 

Measured absorbance of the peptide Ac-T(4-SH-Phe)PN-NH2 at 243 nm (red) and 276 

nm (blue) under various pH conditions. The pKa was calculated based on a curve fit of 

pH-dependence on molar absorbance at 249 nm and 276 nm, following the above 

equations. Results from both calculations are shown; (b) UV spectra of the peptide 

Ac-T(4-SH-Phe)PN-NH2 at pH 4.0 (red, neutral, max 243 nm) and 8.5 (blue, anionic, 

max 276 nm). Error bars indicate standard error.  

The UV spectra of the peptide Ac-T(4-SH-Phe)PN-NH2 exhibited significant 

changes in the max and absorbance intensity upon shifting from neutral to anionic 

a b 
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forms, with a bathochromic shift in the max from 249 nm to 276 nm on increasing pH 

(Figure 1.29b). The observed increase in absorbance intensity and red shift in max on 

shifting from acidic to basic pH is consistent with auxochromes such as phenolic –OH 

or thiol –SH groups. The lone pairs of electrons in the thiolate form of 4-

thiophenylalanine stabilizes the * state, lowering the energy of the →* transition, 

resulting in a bathochromic shift of the max.
107 The increased area of electron 

delocalization upon deprotonaton of the aryl thiol also increases the molar extinction 

coefficient.107 The significant changes in the UV spectrum depending on the 

protonation state of 4-thiophenylalanine allowed for measurement of the pKa. 

The pKa of 4-thiophenylalanine was measured to be 6.4 in water (Figure 

1.29a), which is similar to the pKa of thiophenol (pKa 6.6).45, 108 In contrast to cysteine 

(pKa = 8.5109) or tyrosine (pKa = 10.1110), 4-thiophenylalanine is primarily anionic at 

physiological pH. The nucleophilic thiolate form of 4-thiophenylalanine is readily 

accessible for further modification under mildly acidic conditions (pH 4 or 5), which 

can be utilized for site-specific labeling orthogonal to cysteine.  

Given these significant changes in the UV spectrum upon deprotonation of 4-

thiophenylalanine, and the associated changes in the aromatic electronic properties, 

the fluorescence properties of this amino acid were also characterized (Figure 1.30). 
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Figure 1.30 Fluorescence properties of Ac-T(4-SH-Phe)PN-NH2 

Fluorescence excitation and emission and spectra of peptides measured in 50 mM 

phosphate at pH 4.0 (red circles) and pH 8.5 (blue squares). Peptide concentrations 

were 100 µM with 125 µM DTT (to reduce disulfides). Concentrations of peptides 

containing 4-thiophenylalanine were determined via Ellman’s test. Error bars indicate 

standard error. (a) Excitation spectra of Ac-T(4-SH-Phe)PN-NH2, with detection at 

400 nm; (b) emission spectra of Ac-T(4-SH-Phe)PN-NH2, with excitation at 295 nm. 

The anionic form of the peptide containing 4-thiophenylalanine exhibited 

fluorescence emission at 405 nm that was not observed in the neutral form. The 

fluorescence emission properties of 4-thiophenylalanine are not strong enough for 

utility in fluorescent labelling of proteins. Under similar conditions, tyrosine 

fluorescence emission at 300 nm was 500,000× stronger than the fluorescence 

emission for anionic 4-thiophenylalanine at 405 nm. However, the fluorescence 

emission and excitation observed in the anionic form of 4-thiophenylalanine indicate 

that the neutral and thiolate forms are electronically distinct, consistent with the 

observations in the UV absorbance spectra (Figure 1.29). The  orbitals of the 

aromatic ring in 4-thiophenylalanine are influenced by the protonation state of the 

a b 
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thiol, which can be utilized in applications that tune reactivity or structure.91  The 

potential applications for 4-thiophenylalanine for electronic control of protein 

structure will be further discussed in Chapter 3. 

1.2.8 Modification of peptides containing 4-thiophenylalanine via alkylation in 

solution phase 

Cysteine thiolates are commonly alkylated for protein tagging or modification, 

because cysteine can be site-selectively modified in the presence of lysine, tyrosine 

phenolates, or other reactive amino acid functional groups.49-52 4-Thiophenylalanine is 

more acidic than cysteine (pKa = 6.4 vs. 8.5, respectively), and could potentially be 

modified in a similar manner under more acidic conditions. Alkylation on the thiol of 

4-thiophenylalanine might influence the electron distribution of the aromatic ring, and 

thus influence the spectroscopic properties of this amino acid. Thioether derivatives of 

4-thiophenylalanine could be used to integrate novel functionality into proteins, 

including fluorophores, bioorthogonal handles, or photo-cleavable protecting groups.  

In order to explore the potential thioether derivatives that can be readily 

generated from peptides containing 4-thiophenylalanine, the model peptide Ac-T(4-

SH-Phe)PN-NH2 was subjected to a series of alkylation reactions in solution. In this 

manner, thioether derivatives of 4-thiophenylalanine were generated in one step from 

the purified peptide containing 4-thiophenylalanine (Figure 1.31). Alkylation reactions 

on the peptide Ac-T(4-SH-Phe)PN-NH2 included reaction with methyl iodide, allyl 

iodide, propargyl bromide, 2-nitrobenzyl bromide, and N-ethyl maleimide.  

A simple alkylation reaction was demonstrated with methyl iodide, generating 

an aromatic analogue of the methionine thioether (Figure 1.31b). Functional groups 

that can be used in bioorthogonal reactions were also incorporated via alkylation of the 
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peptide Ac-T(4-SH-Phe)PN-NH2, including an alkene functional group (substrate for 

olefin cross-metathesis reactions111-113 or thiol-ene reactions49, 114, 115) and an alkyne 

functional group (substrate for azide-alkyne click-chemistry116-118 and Sonogashira 

coupling reactions119). Reactive functional groups in proteins (i.e. tyrosine or cysteine) 

can be protected using a photo-cleavable mask, such as a 2-nitrobenzyl group, which 

can be inducibly “released” exposure to visible light.120-122 4-Thiophenylalanine can 

participate photo-initiated radical reactions,62 and therefore “photocaging” the reactive 

thiol may be useful for some applications. 4-Thiophenylalanine was subjected to an 

alkylation reaction with 2-nitrobenzyl bromide to generate a thioether that is expected 

to be cleaved upon exposure to intense 365 nm light.121 Thiols can also react as 

nucleophiles in Michael addition reactions with alkenes. 4-Thiophenylalanine was 

subjected to alkylation reaction with N(ethyl)maleimide (NEM) to demonstrate its 

utility as a nucleophile in Michael reactions (Figure 1.31f).  

Each of these alkylation reactions on the peptide Ac-T(4-SH-Phe)PN-NH2 

generated a novel derivative of 4-thiophenylalanine. These resultant peptides were 

characterized via NMR, and the amide regions for all peptides are shown in Figures 

1.32-1.36. The model peptide Ac-TXPN-NH2 can undergo cis-trans isomerism at 

proline, and both rotamers are observed via NMR. The structural influence of these 

derivatives of 4-thiophenylalanine on peptide structure will be discussed in greater 

detail in Chapter 3.  
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Figure 1.31 Alkylation reactions on the peptide Ac-T(4-SH-Phe)PN-NH2 in 

solution 

(a) Generalized reaction scheme for solution phase alkylation reactions on the peptide 

Ac-T(4-SH-Phe)PN-NH2. HPLC chromatograms of the products that resulted from the 

solution-phase alkylation reactions with Ac-T(4-SH-Phe)PN-NH2: (b) HPLC 

chromatogram of the reaction with excess methyl iodide at pH 8 (100 mM phosphate 

buffer) at room temperature for 1 hour to produce Ac-T(4-SMe-Phe)PN-NH2 using a 

linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A 

(98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 

column (4.6 mm × 250 mm, 100 Å pore); (c) HPLC chromatogram of the reaction 

with excess allyl iodide at pH 8 (100 mM phosphate buffer) at room temperature for 1 

hour to produce Ac-T(4-S-allyl-Phe)PN-NH2 using a linear gradient of 0-45% buffer 

B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% 

TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å 

pore); (d) HPLC chromatogram of the reaction with excess propargyl bromide at pH 8 

(100 mM phosphate buffer) at room temperature for 1 hour to produce Ac-T(4-S-

propargyl-Phe)PN-NH2 using a linear gradient of 0-45% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore); (e) HPLC 

chromatogram of the reaction with excess 2-nitrobenzyl bromide at pH 8 (100 mM 

phosphate buffer) at room temperature for 1 hour to produce Ac-T(4-S((2-NO2)Bn)-

Phe)PN-NH2 using a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore); (f) HPLC 

chromatogram of the reaction with excess (N-ethyl)maleimide at pH 8 (100 mM 

phosphate buffer) at room temperature for 1 hour to produce Ac-T(4-S((N-

ethyl)succinimide)-Phe)PN-NH2 using a linear gradient of 0-45% buffer B (20% 

water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

4-Thiophenylalanine was readily modified via alkylation reaction in one step 

using all alkylating reagents examined, including both alkyl halides and Michael 

acceptors, in solution under mildly basic conditions. These thioether derivatives of 4-

thiophenylalanine represent a range of versatile modifications that can be used in 

therapeutic or materials applications, including bioorthogonal conjugation reactions, 

photorelease/photo-uncaging reactions, methionine mimics, or protein labeling.  
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Figure 1.32 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S(methyl)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-Thr(4-S(methyl)-

thiophenylalanine)ProAsn-NH2 at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by TOCSY spectrum.  

Figure 1.33 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S-allyl-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-Thr(4-S-allyl-

thiophenylalanine)ProAsn-NH2 at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by TOCSY spectrum.  
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Figure 1.34 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S-propargyl-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-Thr(4-S-propargyl-

thiophenylalanine)ProAsn-NH2 at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by TOCSY spectrum.  

Figure 1.35 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S(2-nitrobenzyl)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-Thr(4-S(2-nitrobenzyl)-

thiophenylalanine)ProAsn-NH2 at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by analogy to similar spectra.  
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Figure 1.36 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S(N-ethyl succinimidyl)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-Thr(4-S(N-ethyl-succinimidyl)-

thiophenylalanine)ProAsn-NH2 at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by TOCSY spectrum. The purified sample is a mixture of diastereomers at 

the succinimdyl thioether (indicated). 

1.2.9 Comparative reactivity of peptides containing 4-thiophenylalanine for 

alkylation reaction in solution phase 

4-Thiophenylalanine could also potentially be used in concert with cysteine, 

given the difference in acidity between these two thiolated amino acids. The sulfur 

atom in cysteine serves as a functional handle for modification in proteins. The aryl 

thiol in 4-thiophenylalanine could potentially serve a similar role. An advantage of 

using cysteine for protein labelling is that it can be readily alkylated at pH 8. However, 

at this pH, cysteine can be only modestly selective in the presence of lysine amines, 

tyrosine phenolates or other reactive amino acid functional groups.51 Given that 4-

thiophenylalanine is more acidic than cysteine, 4-thiophenylalanine can potentially be 

used in similar alkylation reactions at a lower pH, with reactivity orthogonal to 

cysteine. Site-specific alkylation of 4-thiophenylalanine in the presence of cysteine 

residues could be applied for multiple, orthogonal modifications in proteins and 

biomolecules.  
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Maleimides are common functional groups for modification of cysteine, and 

were demonstrated to react efficiently with the model peptide containing 4-

thiophenylalanine in the previous section. In order to compare the relative reactivity of 

4-thiophenylalanine and cysteine for alkylation with a Michael accepter in water, two 

model peptides Ac-TXPN-NH2 (where X = 4-thiophenylalanine or cysteine) were 

synthesized. The reaction products of these competitive alkylation experiments were 

characterized via HPLC (Figure 1.37). Each peptide (100 M) was allowed to react, 

separately, in the presence of 0.5 equivalents of N-ethyl maleimide (NEM, 50 M) at 

pH 6.5, in order to evaluate reactivity of cysteine and 4-thiophenylalanine for this 

alkylating reagent (Figure 1.37a and 1.37b). The competitive alkylation reactions 

allowed for the reaction of both peptides in a single solution (200 M total peptide 

concentration, 100 M per peptide), with N-ethyl malemide (50 M) at pH 6.5, pH 

5.0, and pH 9.0 (Figure 1.37e, 1.37f, 1.37g, respectively). The competitive alkylation 

experiments determined whether 4-thiophenylalanine or cysteine was more reactive 

with the dilute alkylating reagent in solution, providing insight into relative reaction 

kinetics of alkylation (Figure 1.37). Approximate conversions of these alkylation 

reactions are shown in Table 1.7 (changes in molar extinction coefficient in NEM-

labeled products were not considered, and these conversions are approximate). 

   

a 
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Figure 1.37 Competitive alkylation reactions of model peptides containing 

b  
T(4-SH-Phe)PN 
NEM 
pH 6.5  

c  
TCPN 
NEM 
pH 6.5 

d  
TCPN +  
T(4-SH-Phe)PN 
coinjection 

e  
TCPN +  
T(4-SH-Phe)PN 
NEM 
pH 6.5  

 

f  
TCPN +  
T(4-SH-Phe)PN 
NEM 
pH 5.0 

 
g  
TCPN +  
T(4-SH-Phe)PN 
NEM 
pH 9.0  
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cysteine or 4-thiophenylalanine with N-ethyl maleimide (NEM) 

(a) General reaction scheme for competitive alkylation reaction between the peptides 

Ac-Thr(4-SH-Phe)ProAsn-NH2 (1) and Ac-ThrCysProAsn-NH2 (3) with NEM to yield 

the corresponding NEM-conjugated peptides (2 and 4, respectively). A buffered 

solution of the peptides (100 M each) was incubated with NEM (50 M) in the 

presence of TCEP (50 M) for 10 minutes at room temperature at the indicated pH; b) 

HPLC chromatogram of the alkylation reaction of Ac-Thr(4-SH-Phe)ProAsn-NH2 

(100 M) at pH 6.5; c) HPLC chromatogram of the alkylation reaction of Ac-

ThrCysProAsn-NH2 at pH 6.5; d) HPLC chromatogram of the coinjection of the 

peptides Ac-Thr(4-SH-Phe)ProAsn-NH2 and Ac-ThrCysProAsn-NH2; e) HPLC 

chromatogram of the alkylation reaction with the peptides Ac-ThrCysProAsn-NH2 and 

Ac-Thr(4-SH-Phe)ProAsn-NH2 at pH 6.5; f) HPLC chromatogram of the alkylation 

reaction with the peptides Ac-ThrCysProAsn-NH2 and Ac-Thr(4-SH-Phe)ProAsn-NH2 

at pH 5.0; g) HPLC chromatogram of the alkylation reaction with the peptides Ac-

ThrCysProAsn-NH2 and Ac-Thr(4-SH-Phe)ProAsn-NH2 at pH 9.0. 

Table 1.7. Approximate conversion for competitive alkylation reactions of 

model peptides containing cysteine or 4-thiophenylalanine with N-ethyl 

maleimide (NEM) 

Crude reaction products were evaluated via HPLC (Figure 1.37). Peak identity was 

established via ESI-MS. Product conversions were normalized relative to total peak 

integrations, and are calculated based on product conversion for NEM-modified 

product. Changes in molar extinction coefficient of the NEM-modified peptide 

products were not considered, and these conversions are only for relative comparison. 

Reaction conditions: 50 mM phosphate buffer in water, 50 M TCEP, and 50 M 

NEM. Reactions were allowed to incubate at room temperature for 10 minutes. 

Entry 

HPLC 

chromatogram Peptide (concentration) pH Conversion 

1 Figure 1.37b Ac-T(4-SH-Phe)PN-NH2 (100 M) 6.5 43% 

2 Figure 1.37c Ac-TCPN-NH2 (100 M) 6.5 59% 

3 Figure 1.37e 
Ac-T(4-SH-Phe)PN-NH2 (100 M) + 

Ac-TCPN-NH2 (100 M) 6.5 

25% 

5% 

4 Figure 1.37f 
Ac-T(4-SH-Phe)PN-NH2 (100 M) + 

Ac-TCPN-NH2 (100 M) 5.0 

28% 

0% 

5 Figure 1.37g 
Ac-T(4-SH-Phe)PN-NH2 (100 M) + 

Ac-TCPN-NH2 (100 M) 9.0 

13% 

14% 
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Each peptide containing either 4-thiophenylalanine or cysteine cleanly reacted 

with NEM at pH 6.5 (Figure 1.37a-c). In Figure 1.37b and Figure 1.37c, the peptides 

containing 4-thiophenylalanine and cysteine were separately incubated (100 M total 

peptide concentration) in a buffered solution with 0.5 equivalents of N-ethyl 

maleimide (NEM) for 10 minutes at pH 6.5 at room temperature. The diastereomers of 

the NEM-modified peptide Ac-TCPN-NH2 were visible as separate peaks by HPLC 

(Figure 1.37c). The expected diastereomeric products did not resolve under these 

HPLC with the reaction of NEM and the peptide Ac-T(4-SH-Phe)PN-NH2. Both 

reactions with 0.5 equivalents of NEM using the peptides containing either 4-

thiophenylalanine or cysteine resulted, expectedly, in approximately 43-59% 

approximate conversion at pH 6.5 in 10 minutes (Table 1.7, entries 1 and 2). 

For the competitive alkylation reactions, both peptides Ac-TCPN-NH2 or Ac-

T(4-SH-Phe)PN-NH2 (100 M each, 200 M total peptide concentration) were 

allowed to react with NEM (50 M), maintaining the same relative concentration of 

reactants as in the single peptide experiments. Through these experiments, the relative 

reactivity of cysteine and 4-thiophenylalanine for alkylation with NEM under different 

pH conditions was compared. At pH 6.5 and 5.0, the peptide containing 4-

thiophenylalanine exhibited significantly greater reactivity with NEM over the peptide 

containing cysteine (Table 1.7, entries 3 and 4). At pH 9.0, under conditions where 

both cysteine and 4-thiophenylalanine are mostly anionic, both peptides exhibited 

similar reactivity with NEM, generating nearly equal amounts of NEM-modified Ac-

TCPN-NH2 and Ac-T(4-SH-Phe)PN-NH2 (Table 1.7, entry 5). These competitive 

experiments demonstrate the potential utility of 4-thiophenylalanine for site-selective 
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alkylation reactions in the presence of cysteine, which can allow for orthogonal 

labelling of biomolecules in mildly acidic, aqueous conditions. 

1.2.10 Modification of peptides containing 4-thiophenylalanine via alkylation on 

peptides on solid-phase 

Solution alkylation reactions on 4-thiophenylalanine within peptides were 

demonstrated with a series of alkyl halides and Michael acceptors, demonstrating the 

versatility for modification of this amino acid. These alkylation reactions in solution 

were rapid, and generated the resultant thioether product in only one step with one 

purification from the peptide Ac-T(4-SH-Phe)PN-NH2. In some applications, it may 

be necessary to modify 4-thiophenylalanine on protected peptides, particularly in 

applications involving orthogonal protecting groups or modifications on both 4-

thiophenylalanine and cysteine. 4-Thiophenylalanine was demonstrated to react more 

efficiently with alkylating reagents than cysteine under mildly acidic conditions, but 

some thiol modifications may require greater site selectivity. Solid-phase alkylation 

reaction approaches were developed in order to alkylate 4-thiophenylalanine on 

protected peptides on solid phase (Figure 1.38). This approach specifically allows for 

the synthesis of S-alkylated peptides with a single HPLC purification step. 

In order to effect alkylation reactions on peptides containing 4-

thiophenylalanine on solid-phase, the protected peptide was subjected to solid-phase 

thiolysis reaction conditions following the copper-mediated cross-coupling reaction. 

Immediately following the thiolysis reaction conditions on the peptide on solid phase, 

the peptide was allowed to react with an alkylating reagent (allyl bromide) in the 

presence of base and reductants (to reduce disulfides). The resultant HPLC 

chromatograms are shown in Figure 1.38. 
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Figure 1.38 Optimized synthesis of the peptide containing 4-S-allyl-

thiophenylalanine via alkylation reaction on peptides on solid phase 

a 

b 

c 

d 
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Crude reaction products were analyzed via HPLC using a linear gradient of 0-45% 

buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 

0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 

100 Å pore). Products were characterized via ESI-MS. (a) Scheme for one-pot 

thiolysis/reduction reaction, followed by alkylation reaction on the peptide Ac-Thr(4-

SH-Phe)ProAsn-NH2 on solid-phase. The resin containing the peptide was used 

immediately after the solid-phase copper-mediated cross-coupling reaction, and 

contained a mixture of peptides containing 4-S(acetyl)-thiophenylalanine and the 

corresponding disulfide products; (b) HPLC chromatogram of the crude reaction 

products following the solid-phase copper-mediated cross-coupling reaction, and TFA 

cleavage and deprotection from resin; (c) HPLC chromatogram of the crude reaction 

products following the solid-phase deacetylation and reduction reaction on solid phase 

(reaction 1 in scheme, Figure 1.38a). Resin containing the peptide products was 

subjected to cleavage and deprotection reaction using TFA; (d) HPLC chromatogram 

of the crude reaction products following the solid-phase alkylation reaction with allyl 

iodide, following the copper-mediated cross-coupling and thiolysis reactions on solid 

phase. Resin containing the peptide products was subjected to cleavage and 

deprotection reaction using TFA. 

As proof-of-principle of solid-phase cross-coupling reaction and subsequent S-

alkylation, we examined the solid-phase synthesis of peptides containing an allyl 

functional group. The allyl group would introduce a bioorthogonal alkene handle into 

peptides, which can potentially be used for modification via substrate for olefin cross-

metathesis reactions111-113 or thiol-ene reactions.49, 114, 115 The optimized solid phase 

alkylation reaction conditions generated the peptide containing 4-S-allyl-

thiophenylalanine in 82% conversion from the peptide containing 4-iodophenylalanine 

(Figure 1.38d). Curiously, the resultant peptide products from the solid-phase 

deacetylation reaction were primarily symmetric disulfides, rather than the peptide 

containing 4-thiophenylalanine in reduced form. Iodine that was generated during the 

cross-coupling reaction, potentially still retained in the resin even after multiple 

washing steps, could potentially react with 4-thiophenylalanine on solid phase to form 

disulfides. In order to reduce 4-thiophenylalanine to allow for reaction with the 
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alkylating reagent, allyl iodide and triethylamine were immediately added to the 

protected peptide on solid phase following thiolysis. Immediate addition of the 

alkylating reagent was crucial for efficient synthesis of the peptide containing 4-S-

allyl-thiophenylalanine. With this one-pot reduction/alkylation method, 4-

thiophenylalanine was readily alkylated on the peptide on solid-phase, selective 

modification of 4-thiophenylalanine without undesired cysteine alkylation is possible. 

This approach is expected to be able to be modified for other solid phase reactions on 

4-thiophenylalanine. 

1.2.11 Aqueous olefin cross-metathesis reaction on a model peptide containing 4-

S-allyl-thiophenylalanine 

Alkene functional groups have been used for bioorthogonal reactions in small 

molecules, peptides and proteins, including thiol-ene reactions, olefin cross-metathesis 

reactions, Heck reactions, and Diels-Alder reactions.13, 51 The allyl functionality has 

been incorporated into proteins, both genetically and synthetically, for a variety of 

applications, including peptide stapling and synthesis of glycol-protein or protein-

protein conjugates.51, 123-129 Davis and coworkers111 have described the unique 

reactivity of allyl sulfides as substrates for olefin cross-metathesis in small molecules, 

peptides, and proteins (Figure 1.39). In this work, cysteine was modified to S-allyl-

cysteine in proteins, and a variety of terminal alkenes were conjugated to proteins 

under mild, aqueous conditions using the Hoveyda-Grubbs II ruthenium catalyst.111 In 

a subsequent paper, allyl sulfides and allyl selenides were both found to have 

enhanced reactivity for olefin-cross metathesis reactions over comparable O-allyl 

substrates, potentially due to additional coordination between the sulfur atom and the 

ruthenium in the catalyst.111, 112 S-allyl cysteine and Se-allyl selenocysteine have been 
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incorporated into proteins via alkylation reactions on expressed proteins,111, 112 but this 

method is not site-selective in proteins containing more than one cysteine residue. 

Attempts to incorporate allyl sulfides and allyl selenides using methionine-auxotrophic 

E. coli were unsuccessful.113 In his work demonstrating enhanced chalcogen reactivity 

in cross-metathesis reactions, Davis113 speculated that 4-S-allyl-thiophenylalanine 

could provide an opportunity for enhanced reactivity over allyl-cysteine. Furthermore, 

4-S-allyl-thiophenylalanine could be genetically incorporated into proteins via amber 

nonsense suppression, given the success with genetic incorporation of the oxygen-

analogue by Noren et al.130  

Having established a synthesis of peptides containing 4-S-allyl-

thiophenylalanine, conditions for olefin cross-metathesis reactions were examined 

using allyl alcohol (Figure 1.40, Figure 1.41, Table 1.8). The model peptide containing 

4-thiophenylalanine, Ac-T(4-SH-Phe)PN-NH2, was synthesized and subjected to 

alkylation reaction with allyl iodide, using either solid-phase or solution approaches, 

as described in previous sections. The purified peptide containing 4-S-allyl-

thiophenylalanine was subjected to cross-metathesis conditions similar to those 

described by Davis and coworkers.112, 113 Davis noted that high concentrations of 

MgCl2 were required for efficient reaction conversion.111 Therefore, this additive was 

also examined in cross-metathesis reactions on the peptide containing 4-S-allyl-

thiophenylalanine. 
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Figure 1.39 Generalized olefin cross-metathesis reactions for protein 

modification 

Davis and coworkers demonstrated that allyl sulfides, obtained via modification of 

exposed cysteine side-chains, have enhanced reactivity for olefin cross-metathesis 

reactions.15, 111-113, 126 Other allyl-functionalized amino acids, including allylglycine, 

O-allyl-tyrosine, and dehydroalanine, have also been used as substrates for olefin-

cross metathesis reactions. 
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Figure 1.40 Olefin cross-metathesis reactions of allyl alcohol with the peptide 

containing 4-S-allyl-thiophenylalanine 

a 

b 

c 
rt 

d 
37 °C 
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(a) Scheme for the olefin cross-metathesis reaction in solution on the peptide Ac-

Thr(4-S-allyl-Phe)ProAsn-NH2 in solution; (b) HPLC chromatogram of the purified 

reactant peptide, Ac-T(4-S-allyl-Phe)PN-NH2; (c) HPLC chromatogram of the crude  

reaction products following the cross-metathesis at room temperature; (d) HPLC 

chromatogram of the crude reaction products resulting from the cross-metathesis 

reaction at 37 °C. Crude reaction products were analyzed via HPLC using a linear 

gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% 

water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 

mm × 250 mm, 100 Å pore). Products were identified via ESI-MS are indicated. 

The additional products noted in panel (c) and (d) are the corresponding sulfoxides of 

the product (1) and starting material (2), respectively.  

Reaction conditions (see experimental section 1.4.9): Ac-Thr(4-S-allyl-Phe)ProAsn-

NH2 (approx. 1 mM) in phosphate buffer (50 mM, pH 8.0), with 30% tert-butanol, 

Hoveyda-Grubbs II catalyst (3.5 mM), allyl alcohol (177 mM). The resultant reaction 

was allowed to incubate for 2 h, either at room temperature or at 37 °C. 
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Figure 1.41 Olefin cross-metathesis reactions of allyl alcohol with the peptide 

containing 4-S-allyl-thiophenylalanine with MgCl2 as an additive 

a 

b 

c, 
rt 

d, 
37 °C 
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(a) Scheme for the olefin cross-metathesis reaction in solution on the peptide Ac-

Thr(4-S-allyl-Phe)ProAsn-NH2 in solution; (b) HPLC chromatogram of the purified 

reactant peptide, Ac-T(4-S-allyl-Phe)PN-NH2; (c) HPLC chromatogram of the crude  

reaction products following the cross-metathesis with 180 mM MgCl2 at room 

temperature; (d) HPLC chromatogram of the crude reaction products resulting from 

the cross-metathesis reaction with 180 mM MgCl2 at 37 °C. Crude reaction products 

were analyzed via HPLC using a linear gradient of 0-45% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Products 

were identified via ESI-MS are indicated. 

The additional products noted in panel (c) and (d) are the corresponding sulfoxides of 

the product (1) and starting material (2), respectively.  

Reaction conditions (see experimental section 1.4.9): Ac-Thr(4-S-allyl-Phe)ProAsn-

NH2 (approx. 1 mM) in phosphate buffer (50 mM, pH 8.0) containing with 180 mM 

MgCl2, with 30% tert-butanol, Hoveyda-Grubbs II catalyst (3.5 mM), allyl alcohol 

(177 mM). The resultant reaction was allowed to incubate for 2 h, either at room 

temperature or at 37 °C. 

Table 1.8. Olefin cross-metathesis reactions of allyl alcohol on the peptide Ac-

T(4-S-allyl-thiophenylalanine)PN-NH2 

Percent conversion from starting material was calculated via integration of the HPLC 

chromatograms shown in Figures 1.40 and 1.41. 

 

Entry Temperature Additive Product conversion 

1 room temperature none 69% 

2 37 °C none 61% 

3 room temperature 180 mM MgCl2 70% 

4 37 °C 180 mM MgCl2 64% 
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Peptides containing 4-S-allyl-thiophenylalanine reacted efficiently with allyl 

alcohol to generate the olefin cross-metathesis products, both in the presence and 

absence of MgCl2, and at both room temperature and 37 °C. Side products were 

observed associated with the sulfoxide of the reactant peptide and product peptide 

(Ac-T(4-S-allyl-Phe)PN-NH2 and Ac-T(4-S-(1-butenol)-Phe)PN-NH2, respectively). 

Formation of these side-products was lowest in the reaction conducted at 37 °C in the 

presence of 180 mM MgCl2 (Figure 1.41d). Davis and coworkers111 noted in their 

work with S-allyl cysteine that high concentrations of MgCl2 (>100 mM) were 

required for formation of the cross-metathesis product. However, for these cross-

metathesis reactions with peptides containing 4-thiophenylalanine, MgCl2 had little 

apparent effect on the reaction conversion (Table 1.8).  

With 4-S-allyl-thiophenylalanine, room temperature reactions generated higher 

reaction yields than reactions conducted at 37 °C, and the reactivity was comparable in 

either the presence or absence of Mg2+. In contrast, Davis and coworkers reported 

excellent yields using S-allyl-cysteine with allyl alcohol at room temperature, although 

other allyl substrates required reaction at 37 °C and high concentrations of Mg2+ (180 

mM).111, 112 Davis111, 112 speculated that the high concentration of Mg2+ was necessary 

to prevent unproductive chelation of the catalyst with amino acid side-chains. It is 

possible that the side-chains in the model peptide Ac-TXPN-NH2 are not especially 

prone to chelation of the catalyst, therefore eliminating the need for high 

concentrations of MgCl2. Alternatively, the enhanced reactivity of 4-S-allyl-

thiophenylalanine could abrogate the need for MgCl2. Davis and coworkers111-113 

discovered that S-allyl substrates are more reactive than O-allyl substrates for cross-
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metathesis reactions, and therefore 4-S-allyl-thiophenylalanine can be expected to 

have enhanced reactivity over 4-O-allyl-tyrosine in these bioconjugation reactions. 

The resultant peptide from the olefin cross-metathesis reaction, Ac-T(4-S-(1-

butenol)-Phe)PN-NH2, was characterized via 1H NMR (Figure 1.42). The peptide 

containing 4-S-(1-butenol)-thiophenylalanine can adopt the cis and trans 

conformations at proline, and both rotamers are observable via NMR. The structural 

implications of this amino acid will be further discussed in Chapter 3. 

 

Figure 1.42 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S-(1-butenol)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-Thr(4-S-(1-butenol)-

thiophenylalanine)ProAsn-NH2 at pH 4.0. The sample contained 5 mM phosphate and 

25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by analogy to similar peptides. 

1.2.12 Synthesis of peptides containing oxidized thioether derivatives of 4-

thiophenylalanine in solution phase 

Canonical amino acids are subject to posttranslational modification, including 

phosphorylation, methylation, and glycosylation. Sulfur oxidation, through multiple 

oxidation states, is a primary mechanism of posttranslational modification in cysteine 

and methionine.10 For both of these amino acids, oxidation can occur either via 

Asncis Thrcis 

Thrtrans Asntrans Xtrans 

Xcis 
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concerted enzymatic oxidation or as a result of non-specific oxidative stress.55, 131, 132 

Cysteine can be oxidized to form the sulfenate, sulfinate, or sulfonate, or can form 

symmetric or asymmetric disulfides (Figure 1.43).133 Methionine posttranslational 

modifications include oxidation to the sulfoxide and sulfone; sulfoxide formation 

introduces a new stereocenter at the sulfur atom. Methionine oxidation can act both as 

a general biological antioxidant in proteins, as an enzyme activation mechanism, and it 

may also influence structure of peptides and proteins.132 Chemical oxidation of 

methionine generates the diastereotopic sulfoxide, but enzymatic oxidation has been 

found to be stereospecific.131, 134  

Thiols are considered “soft” hydrogen bond donors, but the roles of sulfur in 

other non-covalent interactions (both as thiols and as thioethers) have gained more 

recent appreciation.7, 135-137 Methionine sulfur/ interactions were found to be a 

common motif in proteins that can potentially stabilize -helical or tertiary 

structures.135, 136 For example, a sulfur-aromatic interaction between Met56 and the 

FMN cofactor in flavodoxin has been suggested to modulate the redox potentials of 

this enzyme.138 Non-covalent interactions involving thiols and thioethers have also 

been examined in drug design.7 Potentially, the oxidation state of methionine can 

influence its non-covalent interactions, such as a sulfur-aromatic interaction between 

methionine and a tryptophan ring might be disrupted upon methionine oxidation. 

In aryl thioethers, the torsion angle of the thioether linkage can be affected by 

oxidation, which can invoke structural preferences and orientation of the ether linkage 

with respect to the aromatic ring. In order to examine how oxidation of 4-

thiophenylalanine thioethers could change the inherent structural preference of the 

associated alkylation, the torsion angles were obtained for aryl thioethers in crystal 
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structures in the Cambridge Structural Database (CSD) as a function of sulfur 

oxidation state. The torsion angle Caro–Caro–X–Csp3 was measured (X = O, S, SO, or 

SO2; Figure 1.44) with respect to the plane of the aromatic ring: 0° refers to an ether or 

thioether linkage that is coplanar with the aromatic ring; and 90° refers to an ether or 

thioether linkage that is orthogonal to the plane of the ring (Figure 1.44).  

 

Figure 1.43 Oxidative modifications of cysteine and methionine 

Oxidation of the sulfur-containing amino acids, either enzymatically or as a result of 

oxidative or nitrosative stress, have implications in cell signaling, enzyme activation, 

and reactivity of catalytic thiols.5, 8 Oxidiation of cysteine via reactive-oxygen-species 

(ROS) or reactive-nitrogen-species (RNS) generates several reversible intermediates, 

with the sulfonic acid being the stable end product. Each of the multiple oxidation 

states of sulfur can have distinct implications, including electronic, structural, or 

reactivity changes. 
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Figure 1.44 Conformational preferences about the aromatic Caro–Caro–X–Csp3 

torsion angle in crystal structures 

Histograms reflecting the torsion angles of Caro–Caro–X–Csp3 (X = O, S, S(O), or SO2) 

bonds in crystal structures in the Cambridge Structural Database. In ethers and 

thioethers, the ether linkage tends to be coplanar with the aromatic ring. In oxidized 

thioethers, for both sulfoxides and sulfones, most ether linkages tend to orient 

perpendicular to the plane of the aromatic ring. Details regarding the CSD search 

parameters are included in the Experimental Section.139 

Aryl thioethers and ethers exhibited coplanar orientation with the aromatic ring 

(0° < torsion < 20°), where aryl sulfoxides and sulfones were presented orthogonal to 

the plane of the ring (70° < torsion < 90°). The conformational preferences between 

thioethers and oxidized thioethers is striking: 82% and 84% of oxidized aryl thioethers 

crystal structures were orthogonal to the plane of the ring, while aryl ethers and 

thioethers were primarily coplanar with the aromatic ring (83% and 54%, 

respectively). Therefore, oxidation of an aryl thioether, such as 4-thiophenylalanine, 

can induce strong structural preferences on the presentation of the thioether linkage. 

Thioether derivatives of 4-thiophenylalanine could potentially be used in designed 

peptides and proteins to introduce new interactions or structural preferences via non-

covalent interactions. Alkylation of the sulfur atom in 4-thiophenylalanine could be 

used to attach a functional group on 4-thiophenylalanine. Moreover, subsequent 
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oxidation to the sulfoxide or sulfone could control the presentation of this functional 

group.  

In order to investigate this additional level of structural and functional control, 

protocols were established for oxidation of thioether derivatives of peptides containing 

4-thiophenylalanine. The model peptide Ac-TXPN-NH2 containing 4-S-methyl-

thiophenylalanine was oxidized to form the sulfoxide and sulfone derivatives in 

solution phase (Figure 1.45 and Figure 1.46).137 Both of these model Ac-TXPN-NH2 

peptides, containing either 4-S(methyl sulfoxide)-thiophenylalanine or 4-S(methyl 

sulfone)-thiophenylalanine, were characterized via NMR (Figures 1.47 and 1.48, 

respectively). The details of structural preferences in the peptide Ac-TXPN-NH2 

containing 4-S-methyl-thiophenylalanine sulfoxide or sulfone will be discussed in 

greater detail in Chapter 3. 
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Figure 1.45 Synthesis of 4-S-methyl(sulfoxide)-thiophenylalanine in a model 

peptide in solution 

(a) Scheme for oxidation reaction of the peptide Ac-Thr(4-SMe-Phe)ProAsn-NH2 in 

solution to generate the sulfoxide; (b) HPLC chromatogram of the crude reaction 

products of the reaction with excess sodium periodate in a solution of acetonitrile and 

water (3:5 v/v solution) for 24 hours at room temperature and the peptide Ac-Thr(4-

SMe-Phe)ProAsn-NH2 generate the sulfoxide derivative of 4-S-methyl-

thiophenylalanine using a linear gradient of 0-20% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Products identified via 

ESI-MS are indicated. This reaction generated a mixture of diastereomers that were 

inseparable by HPLC, as identified by NMR (Figure 1.47).  

 

a 

b 
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Figure 1.46 Synthesis of 4-S-methyl(sulfone)-thiophenylalanine in a model 

peptide in solution 

(a) Scheme for oxidation reaction of the peptide Ac-Thr(4-SMe-Phe)ProAsn-NH2 in 

solution to generate the sulfone; (b) HPLC chromatogram of the crude reaction 

products of the reaction with excess hydrogen peroxide in a solution of formic acid in 

water (86% solution) for 24 hours at room temperature and the peptide Ac-Thr(4-

SMe-Phe)ProAsn-NH2 generate the sulfone derivative of 4-S-methyl-

thiophenylalanine using isocratic buffer A (98% water, 2% MeCN, 0.06% TFA) for 20 

minutes, followed by a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A over 60 minutes on a Microsorb MV C18 column (4.6 mm × 

250 mm, 100 Å pore). Products identified via ESI-MS are indicated.  

 

a 

b 
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Figure 1.47 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S-methyl(sulfoxide)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 (where X = 

4-S-methyl(sulfoxide)-thiophenylalanine) at pH 4.0. The sample contained 5 mM 

phosphate and 25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. 

Amide peaks were identified by TOCSY spectrum. The NMR shows a mixture of 

diastereomeric mixture of sulfoxides. 

Figure 1.48 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S-methyl(sulfone)-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 (where X = 

4-S-methyl(sulfone)-thiophenylalanine) at pH 4.0. The sample contained 5 mM 

phosphate and 25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. 

Amide peaks were identified by analogy to related spectra. 
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Both the sulfoxide and sulfone derivatives of 4-S-methyl-thiophenylalanine 

were cleanly generated within the model peptide Ac-TXPN-NH2 in solution phase. In 

the synthesis of the sulfoxide, the oxidation reaction with sodium periodate generated 

a mixture of two inseparable diastereomers, as identified via 1H NMR (Figure 1.47). 

Oxidation of thioethers to form sulfoxides introduces a new chiral center on the sulfur 

atom. Chemical oxidation to the sulfoxide is not stereospecific in reaction at this site, 

in contrast to some enzymatic oxidations of methionine.132, 134 From the synthesized 

peptide containing 4-iodophenylalanine, these two distinct derivatives were 

synthesized in 4 steps with only three HPLC purification steps. This rapid approach 

demonstrates the practicality and versatility of the solid-phase cross-coupling reaction 

for generating derivatives of peptides containing 4-thiophenylalanine. 

1.2.13 Synthesis of peptides containing oxidized derivatives of 4-

thiophenylalanine in solution phase 

Oxidative modifications of cysteine are important posttranslational 

modifications in proteins and biomolecules which play significant roles in cellular 

signaling and activation of enzymes.5, 8 Cysteine can be oxidized to different oxidation 

states, including symmetric or asymmetric disulfides (e.g. glutathione disulfide), 

sulfenic acid (–SOH), sulfinic acid (–SO2H), and sulfonic acid (–SO3H) (Figures 1.1, 

1.3, and 1.43). Cysteine also reacts with nitric oxide to form the S-nitrosylated species 

(Figures 1.1 and 1.43). S-nitrosylated cysteine is involved in cellular signaling and 

oxidative/nitrosative stress responses.8, 10, 140, 141 As the oxidation state of sulfur 

changes, the charge on the sulfur atom decreases, which ultimately affects the 

reactivity of cysteine and the specific biological or catalytic roles of the thiol.4-6, 55 For 

example, oxidation of a thiolate to a sulfenic acid changes the sulfur atom from a 
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nucleophile to an electrophile (Figure 1.3).5 Chemical probes, such as dimedone, have 

been developed that harness the unique reactivity of oxidized sulfur species, and can 

selectively alkylate and ‘trap’ specific oxidation states of cysteine.10, 11, 142 As an aryl 

thiol, electronic perturbations on the thiol group of 4-thiophenylalanine would be 

reflected in changes in the electronic properties of the aromatic ring. These 

perturbations in electronic structure can be observed as a change in the UV spectrum 

or as a structural effect in a peptide. These properties can allow for 4-

thiophenylalanine to potentially function as a direct probe of sulfur oxidation state. In 

contrast to trapping techniques, 4-thiophenylalanine could potentially be used to 

directly probe dynamic, reversible oxidative processes in cells. The direct 

spectroscopic identification of a sulfenic acid or sulfinic acid intermediate, via 4-

thiophenylalanine, could provide insights into the consequences of oxidative 

posttranslational modifications of cysteine. To explore this possibility, several 

derivatives of 4-thiophenylalanine were synthesized with different oxidative 

modifications in the model peptide Ac-TXPN-NH2.  

The S-glutathionylated asymmetric disulfide of 4-thiophenylalanine can be 

generated via disulfide exchange with oxidized glutathione. However, this process is 

relatively slow without using large excesses of glutathione. Alternatively, an activated 

2-thiopyridyl disulfide derivative of 4-thiophenylalanine can be used for directed 

disulfide exchange reactions, where the 2-thiopyridyl leaving-group promotes 

disulfide exchange thiols, including glutathione.55, 143, 144 In order to characterize the 

electronic and structural properties of mixed disulfides of 4-thiophenylalanine, the 

model peptide Ac-TXPN-NH2 containing 4-thiophenylalanine was subjected to 
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disulfide formation with excess 2,2-thiopyridyl disulfide under basic conditions 

(Figure 1.49).  

 

Figure 1.49 Synthesis of the model peptide containing 4-S-S-(2-thiopyridyl) 

disulfide-thiophenylalanine in solution 

(a) Scheme for the reaction with 2,2-thiopyridyl disulfide and the peptide Ac-Thr(4-

SH-Phe)ProAsn-NH2 in solution at pH 8; (b) HPLC chromatogram of the crude 

reaction products resulting from the reaction with excess 2,2-thiopyridyl disulfide in 

pH 8 phosphate buffer (100 mM) for 2 hours at room temperature and the peptide Ac-

Thr(4-SH-Phe)ProAsn-NH2 generate the 2-thiopyridyl disulfide derivative of 4-

thiophenylalanine using a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Products identified via 

ESI-MS are indicated. 

The peptide containing 4-thiophenylalanine-successfully formed the 2-

thiopyridyl disulfide derivative of 4-thiophenylalanine within 1 hour. The product was 

isolated, and characterized via 1H NMR (shown at the end of this section, Figure 

a 

b 
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1.56). The details regarding the structural influence of the 2-thiopyridyl disulfide 

derivative of 4-thiophenylalanine will be discussed in Chapter 3. 

Next, the S-glutathionylated derivative of 4-thiophenylalanine was 

synthesized, in order to characterize the structural and spectroscopic properties that 

result from this post-translational modification. The isolated peptide Ac-TXPN-NH2 

containing the 2-thiopyridyl disulfide derivative of 4-thiophenylalanine was allowed to 

react with reduced glutathione in solution under basic conditions to generate the S-

glutathionylated disulfide derivative (Figure 1.50). 
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Figure 1.50 Synthesis of the model peptide containing 4-S-S-glutathione 

disulfide-thiophenylalanine in solution 

(a) Scheme for disulfide exchange reaction with reduced glutathione and the peptide 

Ac-Thr(4-S-S-(2-thiopyridyl) disulfide-Phe)ProAsn-NH2 in solution at pH 8; (b) 

HPLC chromatogram of the crude reaction products resulting from the reaction with 

excess glutathione (reduced) in phosphate buffer (pH 8) for 2 hours at room 

temperature and the peptide Ac-Thr(4-S-S-(2-thiopyridyl) disulfide-Phe)ProAsn-NH2 

generate the S-glutathione disulfide derivative of 4-thiophenylalanine using a linear 

gradient of 0-50% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% 

water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 

mm × 250 mm, 100 Å pore). Products identified via ESI-MS are indicated. 

The peptide containing the 2-thiopyridyl disulfide derivative of 4-

thiophenylalanine successfully formed the glutathionylated derivative of 4-

thiophenylalanine within 2 hours. The product was isolated, and characterized via 1H 

NMR (shown at the end of this section, Figure 1.57). The details regarding the 

structural influence of the 2-thiopyridyl disulfide derivative of 4-thiophenylalanine 

will be discussed in Chapter 3. 

a 

b 
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In addition to forming asymmetric disulfides, cysteine can be oxidized to the 

sulfenic acid, sulfinic acid, and sulfonic acid derivatives. Each of these oxidation 

states on sulfur induce unique reactivity (Figure 1.3) and structural consequences 

(Figure 1.44). In order to examine the structural and spectroscopic properties of these 

sulfur oxidation states of sulfur in the context of 4-thiophenylalanine, the model 

peptide containing 4-thiophenylalanine was subjected to oxidation reactions to 

generate the sulfinic acid and sulfonic acid derivatives. Attempts to generate and 

isolate the sulfenic acid were unsuccessful, potentially due to rapid reaction of the 

sulfenate with unreacted thiolates to form the symmetric disulfide. 

The sulfinic acid derivative of 4-thiophenylalanine was synthesized via 

oxidation reaction on the peptide Ac-T(4-SH-Phe)PN-NH2 with hypochlorite (Figure 

1.51). An alternative synthesis of the sulfinic acid was achieved via elimination of a 

sulfone derivative of 4-S(N-ethyl succinimide)-thiophenylalanine (Figure 1.52). 
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Figure 1.51 Synthesis of the model peptide containing 4-SO2
–-thiophenylalanine 

in solution using sodium hypochlorite 

(a) Scheme for the general oxidation reaction of Ac-T(4-SH-Phe)PN-NH2 using 

sodium hypochlorite; (b) HPLC chromatogram of the crude reaction products resulting 

from the reaction with sodium hypochlorite (11 M) in phosphate buffer (pH 6.0) for 

5 minutes at 4 °C and the peptide Ac-Thr(4-SMe-Phe)ProAsn-NH2 (27.5 M) 

generate the with the peptide containing 4-thiophenylalanine with sodium hypochlorite 

using isocratic buffer A (98% water, 2% MeCN, 0.05% TFA) for 20 minutes, 

followed by a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.06% 

TFA) in buffer A over 30 minutes on a Microsorb MV C18 column (4.6 mm × 250 

mm, 100 Å pore). Products identified via ESI-MS are indicated. 

The model peptide containing 4-thiophenylalanine was successfully oxidized 

in solution phase to generate the sulfinic acid derivative. Oxidation of the peptide 

containing 4-thiophenylalanine with sodium hypochlorite at pH 6 at 4 °C for 5 

minutes (Figure 1.51)145 resulted in a mixture of products including the sulfinic acid, 

a 

b 
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sulfonic acid, and the symmetric disulfide. The model peptide containing 4-

thiophenylalanine was allowed to react at pH 6 at 4 °C for 5 minutes in the absence of 

sodium hypochlorite, and no oxidation was observed. It is possible that the symmetric 

disulfides that resulted from the reaction with sodium hypochlorite and the peptide 

Ac-T(4-SH-Phe)PN-NH2 were generated via rapid reaction of the sulfenic acid with 

unreacted thiolates.  

In order to specifically synthesize the sulfinic acid of 4-thiophenylalanine, aa 

alternative synthetic route was developed where the peptide containing 4-SO2(N-ethyl 

succinimide)-thiophenylalanine was subjected to base-mediated elimination (Figure 

1.52).146 The model peptide containing 4-SO2(N-ethyl succinimde)-thiophenylalanine 

was generated via alkylation of the peptide Ac-T(4-SH-Phe)PN-NH2 with N-ethyl 

malelimide, and subsequent oxidation reaction using hydrogen peroxide as described 

in Chapter 1.2.12. 
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Figure 1.52 Synthesis of the model peptide containing 4-SO2
–-thiophenylalanine 

in solution via oxidation reaction of the S-succinimide derivative and subsequent 

elimination reaction 

(a) Scheme for the two-step selective synthesis of the peptide Ac-T(4-SO2
–-Phe)PN-

NH2 via base-mediated elimination of the peptide Ac-T(4-SO2(N-ethyl succinimide)-

Phe)PN-NH2, which was synthesized via oxidation reaction on the peptide Ac-T(4-

S(N-ethyl succinimide)-Phe)PN-NH2; (b) HPLC chromatogram of the crude reaction 

products resulting from the reaction with the peptide containing 4-S-(N-ethyl 

succinimide sulfone)-thiophenylalanine with excess hydrogen peroxide in a solution of 

formic acid in water (86% solution) for 24 hours at room temperature using isocratic 

buffer A for 10 minutes, followed by a linear gradient of 0-40% buffer B in buffer A 

over 40 minutes; (c) crude reaction products resulting from the base-catalyzed 

elimination reaction on the peptide Ac-T(4-SO2(N-ethyl succinimide)-Phe)PN-NH2 

with lithium hydroxide (10 mM solution in water) at room temperature for 1 h to 

generate the peptide Ac-T(4-SO2
–-Phe)PN-NH2 using a linear gradient of 0-45% 

buffer B in buffer A over 30 minutes. Products identified via ESI-MS are indicated. 

a 

c 

b 
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The sulfinic acid of 4-thiophenylalanine was synthesized selectively via base-

mediated elimination reaction on the peptide containing a sulfone derivative of 4-S-

(N-ethyl succinimide-thiophenylalanine. In contrast to the direct oxidation reaction 

using sodium hypochlorite on the peptide Ac-T(4-SH-Phe)PN-NH2, which resulted in 

a mixture of products, the sulfinic acid derivative of 4-thiophenylalanine was cleanly 

generated as the sole product of the base-mediated elimination reaction. With 

sufficient quantities of the sulfinic acid derivative of 4-thiophenylalanine generated by 

this synthetic route, the peptide Ac-T(4-SO2
–-Phe)PN-NH2 was characterized via 

NMR (shown at the end of this section, Figure 1.58). The details of structural 

preferences in the peptide Ac-T(4-SO2
–-Phe)PN-NH2 will be discussed in greater 

detail in Chapter 3. 

The highest oxidation state of cysteine is the sulfonic acid derivative (Figures 

1.3 and 1.43). In order to characterize the potential spectroscopic and structural 

properties of the sulfonic acid derivative in the context of 4-thiophenylalanine, the 

peptide containing 4-thiophenylalanine was subjected to oxidation reaction with 

methyltrioxorhenium (MTO). In contrast to the oxidation reaction on the peptide Ac-

T(4-SH-Phe)PN-NH2 using hypochlorite, MTO can selectively form sulfonates from 

disulfides in the presence of acetonitrile an hydrogen peroxide (Figure 1.53).147, 148  
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Figure 1.53 Synthesis of the model peptide containing 4-SO3
–-thiophenylalanine 

in solution with methyl trioxorhenium 

(a) Scheme for the oxidation reaction to generate the peptide Ac-Thr(4-SO3
–-

Phe)ProAsn-NH2 in solution; (b) HPLC chromatogram of the crude reaction products 

resulting from the reaction with the peptide containing 4-thiophenylalanine disulfide 

with methyltrioxorhenium (1.5 mg/mL solution in acetonitrile) in the presence of 

excess hydrogen peroxide (30% in water) in for 30 minutes at room temperature using 

isocratic buffer A (98% water, 2% MeCN, 0.06% TFA) for 20 minutes, followed by a 

linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

Products identified via ESI-MS are indicated.  

The reaction with MTO in the presence of acetonitrile and hydrogen peroxide 

on the peptide containing 4-thiophenylalanine disulfide selectively generated the 

sulfonic acid derivative. The sulfonic acid derivative represents the highest oxidation 

state of sulfur, and is the stable end-product of many oxidative pathways in post-

translational modifications of cysteine. Isolation of sufficient quantities of this 

derivative of 4-thiophenylalanine allowed for the characterization of the spectroscopic 

and structural properties resulting from this oxidation state of sulfur. The peptide Ac-

a 

b 
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T(4-SO3
–-Phe)PN-NH2 was characterized via 1H NMR (shown at the end of this 

section, Figure 1.59). The details of structural preferences in the peptide Ac-T(4-SO3
–-

Phe)PN-NH2 will be discussed in greater detail in Chapter 3. 

S-nitrosylation is another important posttranslational modification of cysteine 

that results from reaction with reactive-nitrogen species, and is implicated in cell 

signaling and cardiac disease.48 The S-nitrosylated derivative of the peptide containing 

4-thiophenylalanine was synthesized using nitrosonium tetrafluoroborate (Figure 

1.54).149 The product was identified via UV spectra and by ESI-MS, where a mixture 

of the S-nitrosylated and symmetric disulfide derivatives of 4-thiophenylalanine were 

observed. 
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Figure 1.54 Synthesis of the model peptide containing 4-S-NO-

thiophenylalanine in solution 

(a) Scheme for the S-nitrosylation reaction on the peptide Ac-Thr(4-SH-Phe)ProAsn-

NH2 in solution; (b) HPLC chromatogram of the crude reaction products resulting 

from the reaction with the peptide containing 4-thiophenylalanine with excess 

nitrosonium tetrafluoroborate in dry acetonitrile for 5 minutes at –78 °C using a linear 

gradient of 0-45% buffer B (20% water, 80% MeCN, 0.06% TFA) in buffer A (98% 

water, 2% MeCN, 0.06% TFA) over 15 minutes on a Microsorb MV C18 column (4.6 

mm × 250 mm, 100 Å pore). Products identified via ESI-MS are indicated.   

Synthesis of an S-nitrosylated derivative of 4-thiophenylalanine was 

successfully acheived within peptides in solution phase using nitrosonium 

tetrafluoroborate at –78 °C. The S-nitrosylated product was identified by flash-

freezing (in liquid nitrogen) of the sample from the HPLC, and immediate analysis via 

a 

b 

c 
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ESI-MS showed a mixture of the S-nitrosylated and symmetric disulfide derivatives of 

4-thiophenylalanine within the model peptide. Due to the instability of the S-

nitrosylated species at room temperature (and rapid disulfide formation), the product 

peptide Ac-T(4-SH-Phe)PN-NH2 was not characterized via 1H NMR. However, the 

UV spectrum of 4-S-NO-thiophenylalanine was detected via diode array on HPLC 

purification. The results from the diode array allow for qualitative comparisons of the 

max between the different oxidized species of 4-thiophenylalanine within peptides. 

In order to characterize the different spectroscopic properties of each sulfur 

oxidation state, the UV spectra for each of the described derivatives were obtained 

(Figure 1.55, Table 1.9). These derivatives of 4-thiophenylalanine represent the 

different oxidation states that occur as posttranslational modifications on cysteine. Due 

to the instability of the S-nitrosylated derivative under the conditions for obtaining a 

UV spectrum, only the qualitative spectrum from HPLC diode array is shown (Figure 

1.55b). The UV spectrum of the sulfonic acid derivative of 4-thiophenylalanine was 

also only obtained qualitatively via detection on diode array (Figure 1.55b). The 

spectroscopic properties for these derivatives of 4-thiophenylalanine are summarized 

in Table 1.9. 
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Figure 1.55 UV spectra for oxidized derivatives of 4-thiophenylalanine in the 

peptide Ac-TXPN-NH2 

a 

b 
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Red squares: Ac-T(4-SH-Phe)PN-NH2 at pH 4.0; blue circles: Ac-T(4-S–-Phe)PN-NH2 

at pH 8.5; green diamonds: Ac-T(4-SO2
–-Phe)PN-NH2 at pH 4.0; purple triangles: Ac-

T(4-S-S-glutathione disulfide-Phe)PN-NH2 at pH 4.0; orange squares: Ac-T(4-SO3
–-

Phe)PN-NH2 at pH 2; cyan circles: Ac-T(4-S-NO-Phe)PN-NH2.  

(a) Quantitative UV spectra for the model peptide containing derivatives of 4-

thiophenylalanine. Samples containing 4-thiophenylalanine were quantified using 

Ellman’s test; all other samples were quantified via NMR. Data represent an average 

of at least three trials. Error bars indicate standard error. 

(b) qualitative UV spectra for the model peptide containing derivatives of 4-

thiophenylalanine obtained from HPLC equipped with a diode array.  

Table 1.9. Summary of UV absorbance spectra for oxidized derivatives of 4-

thiophenylalanine in the peptide Ac-TXPN-NH2 

max of the absorbance and molar extinction coefficients () were derived from data 

shown in Figure 1.55a. 
aQualitative data obtained via HPLC chromatogram detected via diode array, shown in 

Figure 1.55b.  

Ac-T(4-X-Phe)PN-NH2 

X =  

max, 

nm 



 cm

-SH, pH 4.0 249 13060 ± 960 

-S–, pH 8.5 277 16540 ± 1680 

-S-S-glutathione disulfide, pH 4.0 241 10670 ± 1660 

-SO2
–, pH 4.0 225 

276 

11020 ± 170 

1430 ± 290 

-SO3
–, pH 2a 225a 

261a 

n.d.a 

-S-NOa 251a n.d.a 

 

The derivatives of 4-thiophenylalanine representing different oxidation states 

of sulfur exhibited distinctive spectroscopic signatures observed by UV. A significant 

red shift in the absorption max was observed on formation of the thiolate of 4-

thiophenylalanine, from 249 nm to 277 nm. The sulfinic acid and sulfonic acid 

derivatives of 4-thiophenylalanine exhibited intense absorption at 225 nm, with a 

weaker absorption at 276 nm or at 261 nm, respectively. The S-glutathionylated 
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derivatives of 4-thiophenylalanine exhibited intense absorption at 241 nm, with similar 

intensity to the thiol species. The peptide containing 4-S-NO-thiophenylalanine 

exhibited a characteristic UV spectrum, with a max at 251 nm. Combined, there was 

an apparent blue shift in the aromatic max with increasing oxidation state, as the sulfur 

atom becomes less negatively charged.  

With these distinctive shifts in the UV spectrum upon oxidation of the sulfur 

atom, 4-thiophenylalanine could potentially act as a direct spectroscopic probe for 

sulfur oxidation state. In contrast to current methods of detecting sulfur oxidation 

state,10 4-thiophenylalanine could potentially be used as a “real-time” direct probe of 

sulfur redox activity. 4-Thiophenylalanine, either incorporated into synthetic peptide 

sequences or expressed in proteins, could potentially be used for real-time imaging of 

the oxidative activity. Dramatic shifts were observed upon S-nitrosylation of the 

peptide containing 4-thiophenylalanine, with a unique max at 251 nm. This unique 

spectral property of this derivative can potentially be used for “real-time” imaging of 

S-nitrosylation events, which are implicated in cardiac and neurodegenerative 

diseases.48, 150, 151 



 119 

Figure 1.56 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S-S-(2-thiopyridyl) disulfide-thiophenylalanine  

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 containing 

4-S-S-(2-thiopyridyl) disulfide-thiophenylalanine at pH 4.0. The sample contained 5 

mM phosphate and 25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. 

Figure 1.57 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-S-S-glutathione disulfide-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 containing 

4-S-S-glutathione disulfide-thiophenylalanine at pH 4.0. The sample contained 5 mM 

phosphate and 25 mM NaCl, and was measured in 90% H2O/10% D2O at 298 K.  

Thrcis 

Thrtrans Asntrans 

Asncis 
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Figure 1.58 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-SO2
–-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 containing 

4-SO2
–-thiophenylalanine at pH 4.0. The sample contained 5 mM phosphate and 25 

mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by TOCSY spectrum.  

Figure 1.59 1H NMR spectrum of the amide region of the peptide Ac-

ThrXProAsn-NH2 containing 4-SO3
–-thiophenylalanine 

NMR spectrum of the amide region for the peptide Ac-ThrXProAsn-NH2 containing 

4-SO3
–-thiophenylalanine at pH 4.0. The sample contained 5 mM phosphate and 25 

mM NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by TOCSY spectrum.  

Asncis Thrcis 

Thrtrans 
Asntrans Xtrans/cis 

Asncis Thrcis 

Thrtrans 
Asntrans Xtrans/cis 
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1.2.14 Aqueous azide-alkyne 1,3-cycloaddition of a model peptide containing of 

4-S-propargyl-thiophenylalanine 

Alkyne groups, like alkene functional groups, have been widely utilized as 

conjugation substrates in bioorthogonal reactions in peptides and proteins.13, 51, 116 

Although it is defined as a class of rapid and selective reactions with broad substrate 

scope, the term “‘click’ chemistry” is most commonly associated with the copper-

catalyzed azide-alkyne cycloaddition that was independently described by Sharpless118 

and Meldal152 (Figure 1.60).116, 153, 154Alkyne functional groups react rapidly with 

azides, regarded as ‘click’ reactions. Sharpless defined ‘click’ chemistry as a class of 

reactions that “must be modular, wide in scope, give very high yields, generates only 

inoffensive byproducts that can be removed by nonchromatographic methods, and be 

stereoselective.”155 A plethora of azide- and alkyne- functionalized reagents are 

commercially available. These reactions proceed in both organic and aqueous 

solvents, at mild temperatures, and with copper or ruthenium, produce 1,4-

disubstituted or 1.5-disubstituted triazoles regioselectively.51, 116 Azide-alkyne ‘click’ 

reactions have been widely utilized in organic synthesis, in fluorescent labelling 

proteins and peptides, in synthesis of glycoprotein conjugates, in modular drug design, 

in bioactivity assays, in high-throughput screening applications, and for generation of 

cellular imaging agents.51, 116, 118, 156-158 
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Figure 1.60 Generalized copper-catalyzed azide-alkyne 1,3-dipolar cycloaddition 

Sharpless154 and Meldal152 independently demonstrated a copper-catalyzed azide-

alkyne 1,3-cycloaddition reaction that yields a 1,4-disubstituted triazole. These 

reactions only require mild temperatures and are compatible with organic and aqueous 

solvents. Small molecules and biomolecules with azide or alkyne functional groups 

are widely commercially available.  

A derivative of 4-thiophenylalanine was synthesized to contain a propargyl 

thioether functional group (Chapter 1.2.8) via alkylation reaction on solution. This 

amino acid contains a terminal alkyne as an aryl thioether, suggesting its application in 

azide-alkyne cycloadditions and other applications of alkynes (including Sonogoshira 

reactions with aryl iodides).119, 139, 159 In addition, as an aryl thioether, 4-S-propargyl-

thiophenylalanine could function as a locus for control of protein structure. Non-

covalent interactions involving electron rich aromatic rings are well known and 

utilized in designed peptides and proteins.18, 93, 160-163 The sulfur atom in thioethers, 

such as methionine, is also known to participate in non-covalent interactions.7, 135, 164-

166 Aryl thioethers have distinctive geometry that is often compared to oxygen-

containing ethers, but there are key differences (Figure 1.61). The C–S–C bond angle 

of a an aryl thioether is ~100°, in contrast to the more sp2-like bond angle for an aryl 

ether (~120°). Furthermore, aryl thioethers can be oxidized to sulfoxides and sulfones, 

which in crystal structures exhibits a structural preference about the aromatic C–C–S–

C torsion angle (Figure 1.44), changing the attached group from being mostly co-

planar to orthogonal to the aromatic ring.139 Oxidation of the sulfur atom in aryl 

thioethers induces a change in the conformational preference in the torsion angle of 
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the ether linkage. Therefore, oxidation of 4-S-propargyl-thiophenylalanine inherently 

affects the presentation of the propargyl functional group in a manner that is not 

possible (or enforced) by propargyl tyrosine.  

 

Figure 1.61 Conformational preferences about the aromatic Caro–Caro–X–Csp3 

torsion angle in crystal structures 

Aryl ethers and aryl thioethers exhibit unique structural preferences. The bond angles 

for Caro–X–Csp3 (X = O, S) are distinct. In crystal structures in the Cambridge 

Structural Database, it was found that the ether linkage tends to be coplanar with the 

aromatic ring. In contrast, for oxidized thioethers the alkyl group to oriented 

perpendicular to the plane of the aromatic ring. See Figure 1.44 for additional details. 

Given the potential role of 4-S-propargyl-thiophenylalanine derivatives as a 

means for conformational control of peptide structure, and as bioorthogonal “handles” 

in bioorthogonal reactions, we sought to examine utility of 4-thiophenylalanine 

derivatives in azide-alkyne 1,3-cycloaddition reactions. The model peptide containing 

4-S-propargyl-thiophenylalanine was synthesized via solution phase alkylation 

reaction of propargyl bromide with the peptide Ac-T(4-SH-Phe)PN-NH2, as described 

previously. The peptide containing 4-S-propargyl-thiophenylalanine was also oxidized 

in solution to generate the sulfone derivative. Both of these peptides containing 4-S-

propargyl-thiophenylalanine were subjected to copper-catalyzed 1,3-cycloaddition 

reaction with 4-azidoaniline to determine if oxidation of the sulfur atom affected 

reactivity (Figures 1.62 and 1.63).  
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Figure 1.62 Copper-catalyzed 1,3-cycloaddition reaction on the peptide 

containing 4-S-propargyl-thiophenylalanine with 4-azidoaniline 

a 

b 

c 

d 
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(a) Scheme for the ‘click’ reaction on the peptide Ac-Thr(4-S-propargyl-Phe)ProAsn-

NH2 in solution with 4-azidoaniline; (b) HPLC chromatogram of the purified peptide 

Ac-T(4-S-propargyl-Phe)PN-NH2; (c) HPLC chromatogram of the aqueous work-up 

of the peptide Ac-T(4-S-propargyl-Phe)PN-NH2 and reaction reagents, prior to the 

addition of 4-azidoaniline; (d) HPLC chromatogram of the aqueous work-up of the 

crude reaction with the peptide Ac-T(4-S-propargyl-Phe)PN-NH2 (70 M final 

concentration) with 4-azidoaniline (100 mM final concentration) after allowing to 

incubate at 37 °C for 5 minutes in the presence of copper(II) sulfate (0.9 mM final 

concentration), sodium ascorbate (50 mM final concentration), and 1,10-

phenanthroline (0.2 mM final concentration) in a solution of phosphate buffer (50 

mM, pH 7.5) with 2% DMSO. 

Crude reaction products were analyzed via HPLC using a linear gradient of 0-20% 

buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 

0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 

100 Å pore). Products identified via ESI-MS are indicated. 
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Figure 1.63 Copper-catalyzed 1,3-cycloaddition reaction on the peptide 

containing 4-SO2-propargyl-thiophenylalanine with 4-azidoaniline 

(a) Scheme for the ‘click’ reaction on the peptide Ac-Thr(4-SO2-propargyl-

Phe)ProAsn-NH2 in solution with 4-azidoaniline; (b) HPLC chromatogram of the 

purified peptide Ac-T(4-SO2-propargyl-Phe)PN-NH2; (c) HPLC chromatogram of the 

aqueous work-up of the crude reaction with the peptide Ac-T(4-SO2-propargyl-

Phe)PN-NH2 (70 M final concentration) with 4-azidoaniline (100 mM final 

concentration) after allowing to incubate at 37 °C for 5 minutes in the presence of 

copper(II) sulfate (0.9 mM final concentration), sodium ascorbate (50 mM final 

concentration), and 1,10-phenanthroline (0.2 mM final concentration) in a solution of 

phosphate buffer (50 mM, pH 7.5) with 2% DMSO. 

Crude reaction products were analyzed via HPLC using a linear gradient of 0-15% 

buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 

0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 

100 Å pore). Products identified via ESI-MS are indicated. 

a 

b 

c 
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The model peptides containing 4-S-propargyl-thiophenylalanine and the 

corresponding sulfone reacted rapidly under aqueous conditions with 4-azidoaniline to 

generate the triazole ‘click’ product. In the presence of copper(I), both 1,3-

cycloaddition reactions were complete within 5 minutes at 37 °C. Combined with the 

observed geometric preferences of aryl thioethers, sulfoxides, and sulfones in crystal 

structures, 4-S-propargyl-thiophenylalanine and its corresponding oxidized derivatives 

provide a bioorthogonal “handle” with distinctive structural control. The structural 

preferences induced by oxidized thioethers of 4-S-propargyl-thiophenylalanine are not 

possible with propargyl tyrosine derivatives. Notably, propargyl tyrosine has been 

incorporated into expressed proteins via cell-free protein expression for utility in 1,3-

cycloaddition bioorthogonal reactions.167 The ready expression of proteins containing 

propargyl tyrosine suggests that 4-S-propargyl-thiophenylalanine could potentially be 

expressed in proteins using similar protocols, providing a means for incorporating this 

bifunctional amino acid into proteins.  

1.3 Discussion 

4-Thiophenylalanine exhibits distinctive spectroscopic, reactive, and structural 

properties from its natural oxygen analogue, tyrosine. Despite diverse potential 

applications, 4-thiophenylalanine has only been synthesized in 6 examples over more 

than 100 years. Among these examples, 4-thiophenylalanine was utilized for studying 

initial reaction steps in protein folding, for SAR studies in angiotensin II analogues to 

investigate the roles of aromatic amino acids on structure, in DNA topoisomerase for 

examining the nucleophilic role of tyrosine, in photo-initiated radical reactions, and 

for bacteriostatic therapeutics.16, 17, 21, 23, 62, 168 The reported syntheses of 4-

thiophenylalanine generated an amino acid that could not be readily incorporated into 
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peptides without using harsh or dangerous reaction conditions, and these synthetic 

challenges potentially inhibited the broader application of 4-thiophenylalanine. We 

sought to develop an alternative synthetic strategy, inspired by copper-mediated cross-

coupling reaction approaches, to synthesize 4-thiophenylalanine within peptides. 

We described a strategy in which  commercially available Fmoc-4-

iodophenylalanine was incorporated into peptides via solid-phase peptide synthesis, 

and the resin containing the peptide was subjected to copper-mediated cross-coupling 

conditions with thiolacetic acid to generate peptides contatining 4-S(acetyl)-

phenylalanine.169 Following cleavage and deprotection reactions, the peptides were 

subjected to reduction and thiolysis reaction in solution using DTT. In this manner, 

peptides containing 4-thiophenylalanine were synthesized in high conversion from 

peptides containing 4-iodophenylalanine in less than 24 hours using inexpensive, air-

stable reagents, requiring only one purification of the resultant peptide. Earlier 

syntheses of 4-thiophenylalanine for incorporation into peptides required 6-9 synthetic 

steps in solution, generally incorporating a thiol protecting-group that would require 

harsh reaction conditions to remove from the peptide. In contrast, this solid-phase 

synthetic strategy was considerably less time-consuming and more practical in 

comparison to generating the protected amino acid for incorporation via solid-phase 

peptide synthesis. Using the solid-phase cross-coupling reaction, a series of peptides 

were synthesized containing 4-thiophenylalanine, including a proline-rich helix and a 

variant of the trp cage miniprotein. The cross-coupling reaction conditions were 

compatible with all canonical amino acid functional groups. Special consideration was 

required for peptides containing cysteine, where the trityl-protecting group was 

potentially unstable in the cross-coupling reaction conditions. In addition, this work 
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also represents the first reported copper-mediated cross-coupling reaction between an 

aryl halide and thiolacetic acid.  

The trp cage miniprotein is a well-established, stabilized 20 amino acid 

protein, and the structure and stability of the miniprotein is determined by non-

covalent interactions involving Trp6 and Tyr3 (Figure 1.27). The Y3(4-SH-Phe) 

variant of the trp cage miniprotein was synthesized using this copper-mediated cross-

coupling strategy. Incorporating 4-thiophenylalanine in place of tyrosine in the trp 

cage miniprotein effectively replaces the hydroxyl group with a thiol. Therefore, the 

Y3(4-SH-Phe) variant of the trp cage miniprotein can be used to study the chalcogen 

effects on structural stability. In neutral form, the Y3(4-SH-Phe) trp cage miniprotin 

exhibited both structural and thermal stability similar to that of the native (tyrosine) trp 

cage miniprotein.94-96, 103 These data demonstrate the compatibility of the cross-

coupling reaction developed with complex peptide synthesis. The thermal stability 

differed between the thiol and thiolate forms of the Y3(4-SH-Phe) trp cage 

miniprotein by approximately 15 °C (Figure 1.28b), with the thiolate form of the 

protein being less stable. This reduced stability in the anionic form could potentially 

be due to a charge repulsion between the thiolate and the aromatic ring in the 

tryptophan residue. Alternatively, the reduced stability could be due to unfavorable 

repulsion between the electron-rich aromatic ring of 4-thiophenylalanine and the 

tryptophan aromatic ring, or due to disruption of a hydrophobic interaction between 

tyrosine and proline rings (Figure 1.27). Practical incorporation of 4-thiophenylalanine 

into peptides allowed for further study on the structural effects of the sulfur analogue 

of tyrosine. Furthermore, 4-thiophenylalanine could potentially be used to modulate 

the stability and structure of proteins.  
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Due to the challenges in prior syntheses 4-thiophenylalanine, the spectral, 

structural, and reactive properties of this amino acid were not previously 

characterized. With a facile approach to synthesize 4-thiophenylalanine, we sought to 

fully characterize the unique properties of this aryl thiolated amino acid. The pKa of 4-

thiophenylalanine was measured to be 6.4 in water. 4-Thiophenylalanine is more 

acidic than cysteine (pKa  = 8.5109), which allows for site-selective alkylation reactions 

on 4-thiophenylalanine in the presence of cysteine under acidic conditions. The UV 

spectrum of 4-thiophenylalanine indicated dramatic changes in the aromatic ring 

between neutral and thiolate forms of this amino acid, as shown by a red shift of the 

max from acidic conditions (max = 243 nm) to basic conditions (max = 276 nm). 

These shifts in the UV spectra upon deprotonation of the thiol indicate significant 

shifts in the electronic distribution in the aromatic ring.  

4-Thiophenylalanine contains an acidic, nucleophilic thiol, which is mostly in 

the anionic thiolate form under neutral pH conditions. 4-Thiophenylalaine was readily 

modified within peptides in solution using a series of alkylating reactions, and an 

approach was developed for conducting alkylation reactions on peptides on solid 

phase. In a competitive alkylation reaction, a peptide containing 4-thiophenylalanine 

was selectively alkylated in the presence of cysteine at pH 5.0. This difference in 

reactivity between indicates that 4-thiophenylalanine can potentially be used for site-

selective modification in peptides and proteins containing cysteine. Several derivatives 

of 4-thiophenylalanine were synthesized via alkylation reactions, including the S-

methyl, S-allyl, S-propargyl, S-2-nitrobenzyl, and S-N-ethyl succinimide derivatives 

of 4-thiophenylalanine. The S-2-nitrobenzyl functionality effectively “masks” the thiol 

group, which could be selectively removed via intense exposure to 365 nm light.121 
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The S-allyl and S-propargyl derivative of 4-thiophenylalanine were further utilized for 

bioorthogonal ligation reactions, including olefin cross-metathesis reactions and 

copper(I) mediated azide-alkyne 1,3-cycloaddition reaction. The variety of these 

alkylation reactions demonstrates the versatility of 4-thiophenylalanine as a functional 

“handle.” With the enhanced acidity of 4-thiophenylalanine, or the ability to modify 

the thiol with bioorthogonal functional groups, this amino acid or related derivatives 

might be readily expressed in proteins via modified aminoacyl tRNA synthases17, 63 

and introduce a locus for site-selective modification in proteins. 

Cysteine and methionine oxidation are crucial post-translational modifications 

in cell signaling and enzyme activation and inactivation.5, 6, 10 With the unique spectral 

properties of 4-thiophenylalanine, we examined the potential spectroscopic signatures 

on different sulfur oxidation states of 4-thiophenylalanine. 4-Thiophenylalanine and 

alkylated variants were subjected to oxidation within peptides in solution to generate 

the sulfoxide, sulfone, asymmetric disulfides, sulfinic acid, sulfonic acid, and S-

nitrosylated derivatives of 4-thiophenylalanine within peptides. Distinctive changes in 

the UV absorbance were observed upon oxidation of the sulfur atom, indicating 4-

thiophenylalanine could potentially be used as a direct probe of sulfur oxidation state. 

Furthermore, the changes in the UV spectrum for the different sulfur oxidation states 

indicated unique changes in the electronic distribution in the aromatic ring, which can 

potentially modulate the strength non-covalent interactions with the aromatic ring of 

4-thiophenylalanine.7, 170 

The shifts in the UV spectrum and fluorescence emission spectrum in 4-

thiophenylalanine and related derivatives indicated that the molecular orbitals in the 

aromatic ring are sensitive to electronic changes on the sulfur atom. Aromatic 
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interactions in proteins are important for biological recognition, protein folding and 

stability, and are widely utilized in drug design.18, 93, 171 Modulation of aromatic 

electronics through substituent effects intrinsically effects the strength of aromatic 

interactions.91, 172 4-Thiophenylalanine and related derivatives provide a wide range of 

aromatic substituents that can dramatically shift the electronics of the aromatic ring, 

which can be utilized in designed proteins, peptides, or small molecule inhibitors.7, 161, 

173, 174 For example, if a tyrosine residue is known to participate in an aromatic 

interaction within a protein, replacing the tyrosine with 4-thiophenylalanine will affect 

this aromatic interaction, either strengthening or weakening it, or altering the 

geometric preference of the aromatic ring. Thioether derivatives of 4-

thiophenylalanine can also be utilized for tuning non-covalent interactions in place of 

methionine. In cases where thioethers are known to influence reactive properties of 

aromatic rings, such as the Met56-flavin interaction in flavodoxin,138 thioether and 

oxidized thioether derivatives of 4-thiophenylalanine can also be used to electronically 

modulate this reactivity. 

While 4-thiophenylalanine was never found naturally in proteins, as Johnson & 

Brautlecht16 originally hypothesized in 1912, but the sulfur analogue of tyrosine has 

provided insight and utility in proteins and peptides that is not possible with canonical 

cysteine or tyrosine. 4-Thiophenylalanine was previously utilized for applications in 

mechanistic enzymology, in SAR studies in peptides, in developing bacteriostatic 

small molecules, in protein folding studies.17, 21, 22, 58, 62 With development of a more 

practical approach to synthesize 4-thiophenylalanine, we obtained the spectral, 

reactive, and structural properties of this unique amino acid and related derivatives. 

With more practical access to peptides containing 4-thiophenylalanine, this amino acid 
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can be broadly utilized in protein modification, in studying aromatic interactions, in 

examining electronic effects of post-translational modification, in expressed proteins, 

and for synthesis of hybrid materials. Furthermore, the diverse derivatives of 4-

thiophenylalanine provided unique insights into the nature of aromatic interactions, 

which is discussed in greater detail in Chapters 2 and 3. 

1.4 Experimental 

1.4.1 Materials 

Fmoc-L-amino acids were purchased from Novabiochem (San Diego, CA), 

Bachem (San Carlos, CA), or Chem-Impex (Wood Dale, IL). Rink amide MBHA 

resin, Fmoc-4-iodo-L-phenylalanine, and diisopropylethylamine (DIPEA) were 

purchased from Chem-Impex. Acetic anhydride (Ac2O), trifluoroacetic acid (TFA), 

phenol, thioanisole, triisopropylsilane (TIS), sodium periodate (NaIO4), copper(I) 

iodide, 1,10-phenanthroline, thiolacetic acid, methyl iodide, 2-aminoethanethiol, 2,2’-

dithiodipyridine, lithium hydroxide, thiophenol, N-ethylmaleimide (NEM), 

nitrosonium tetrafluoroborate, and dithiothreitol (DTT) were purchased from Acros. 

Ethanedithiol (EDT) was purchased from Pfaltz & Bauer (Waterbury, CT). 

Methyltrioxorhenium (MTO) was purchased from Strem Chemicals (Newburyport, 

MA). Piperidine, Hoveyda-Grubbs catalyst (second generation), allyl iodide, and 2-

nitrobenzyl bromide were purchased from Aldrich. Tri(2-carboxyethyl)phosphine 

hydrochloride (TCEP) was purchased from Hampton Research (Aliso Viejo, CA). O-

(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was 

purchased from Senn Chemicals (San Diego, CA). Acetonitrile (MeCN), 

dimethylformamide (DMF), methylene chloride (CH2Cl2), methanol (MeOH), ether, 
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pyridine, tert-amyl alcohol, toluene, acetic acid, sodium chloride, sodium borohydride, 

magnesium sulfate, sodium hypochlorite, and hydrogen peroxide were purchased from 

Fisher. Deionized water was purified by a Millipore Synergy 185 water purification 

system with a Simpak2 cartridge. Solid-phase post-synthetic modification reactions 

were performed in capped disposable fritted columns (Image Molding), in disposable 

Eppendorf tubes (1.5 mL), or in glass vials (2 mL). All compounds were used as 

purchased with no additional purification. 

1.4.2 Peptide Synthesis and Characterization 

All peptides (0.1 or 0.25 mmol) were synthesized on a Rainin PS3 peptide 

synthesizer on Rink amide resin via standard Fmoc solid-phase peptide synthesis using 

HBTU as a coupling reagent. 60 minute coupling reactions were conducted with 4 

equivalents of Fmoc- amino acid and HBTU. 3 equivalents of amino acid were used 

for Fmoc-4-iodo-L-phenylalanine. All peptides contained an acetyl group at the N-

terminus and amide groups at the C-terminus. 

The resin containing peptides were subjected to cleavage and deprotection 

reaction conditions for 2-4 hours under standard conditions (90% TFA/5% TIS/5% 

H2O for Ac-TXPN, Ac-GPPXPPGY-NH2, and KKHMCX, where X is 4-

iodophenylalanine or 4-thiophenylalanine derivatives; 84% TFA/4% each of 

H2O/phenol/thioanisole/ethanedithiol for trp cage peptides). TFA was removed by 

evaporation under nitrogen. Peptides were precipitated with cold ether, and the 

resultant mixture was centrifuged. The ether was removed and the precipitate 

containing the peptide was dried. The peptides were dissolved in water or buffer, and 

then filtered using a 0.45 μm syringe filter. The peptides were purified, reaction 

conversion was determined, and peptide purity were determined using reverse phase 
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HPLC on a Vydac C18 semi-preparative column (250 × 10 mm, 5-10 µm particle, 300 

Å pore) or on a Varian Microsorb MV C18 analytical column (250 × 4.6 mm, 3-5 µm 

particle, 100 Å pore) using a linear gradient of buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA). Peptide purity was 

verified via reinjection on an analytical HPLC column. Peptides were characterized by 

ESI-MS (positive ion mode) on an LCQ Advantage (Finnigan) mass spectrometer. All 

purification conditions and observed masses of synthesized peptides are reported in 

Tables 1.10 and 1.11. 

Concentrations of peptides were determined by UV, where 4-

iodophenylalanine ε280 = 280 M–1 cm–1.175 Concentrations of peptides containing 4-

thiophenylalanine were determined via Ellman’s test, or by UV using measured molar 

extinction coefficients (ε280, pH 4.0 = 1440 M–1 cm–1, ε280, pH 5.0 = 2230 M–1 cm–1, or ε280, 

pH 8.5 = 15,600 M–1 cm–1, vide infra). 

Table 1.10. Purification and ESI-MS of peptides containing 4-

iodophenylalanine and corresponding reaction products 

 
Peptide HPLC 

Conditions 

Retention 

time 

(min) 

Expected 

Mass 

Observed 

Mass 

Ac-T(4-I-Phe)PN-NH2 60 minutes 

0-45% buffer B 

41.0 593.2 615.2 

(M+Na)+ 

Ac-T(4-SAc-Phe)PN-NH2 60 minutes 

0-45% buffer B 

41.0 593.2 615.2 

(M+Na)+ 

Ac-T(4-SBz-Phe)PN-NH2 60 minutes 

0-45% buffer B 

53.5 654.3 677.3 

(M+Na)+ 

Ac-T(4-SPh-Phe)PN-NH2 60 minutes 

0-45% buffer B 

52.6 626.3 627.1 

(M+H)+ 

Ac-T(4-S-allyl-Phe)PN-NH2 60 minutes 

0-45% buffer B 

44.4 590.3 591.0 

(M+H)+ 

Ac-T(4-SH-Phe)PN-NH2 60 minutes 

0-45% buffer B 

30.1 550.2 573.1 

(M+H)+ 
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Table 1.10 continued 
Ac-GPP(4-I-Phe)PPGY-NH2 80 minutes 

0-55% buffer B 

54.6 997.3 998.0 

(M+H)+ 

Ac-GPP(4-SH-Phe)PPGY-NH2 80 minutes 

0-55% buffer B 

49.0 903.4 904.1 

(M+H)+ 

     

Ac-KKHMC(4-I-Phe)-NH2 60 minutes 

0-70% buffer B 

36.3 959.3 480.8 

(M+2H)2+ 

Ac-KKHMCtBu(4-I-Phe)-NH2 60 minutes 

0-75% buffer B 

37.1 1015.4 508.9 

(M+2H)2+ 

Ac-KKHMC(4-SH-Phe)-NH2 60 minutes 

0-70% buffer B 

31.9 865.4 866.4 

(M+H)+ 

Ac-KKHMCtBu(4-SH-Phe)-NH2 60 minutes 

0-75% buffer B 

39.4 921.4 461.9 

(M+2H)2+ 

     

Native trp cage miniprotein 

Ac-NLYIQWLKDGGPSSGRPPPS-NH2 
80 minutes 

0-70% buffer B 

51.5 2209.1 1106.2 

(M+2H)2+ 

Y3(4-I-Phe) trp cage miniprotein 

Ac-NL(4-I-Phe)IQWLKDGGPSSGRPPPS-

NH2 

80 minutes 

0-70% buffer B 

67.1 2319.0 1160.9 

(M+2H)2+ 

Y3(4-SH-Phe) trp cage miniprotein 

Ac-NL(4-SH-Phe)IQWLKDGGPSSGRPPPS-

NH2 

80 minutes 

0-70% buffer B 

60.7 2225.1 1113.9 

(M+2H)2+ 

Table 1.11. Purification and ESI-MS of modified peptides containing 4-

thiophenylalanine 

 
Peptide HPLC 

Conditions 

Retention 

time 

(min) 

Expected 

Mass 

Observed 

Mass 

Ac-T(4-SMe-Phe)PN-NH2 60 minutes 

0-45% buffer B 

34.7 564.2 587.2 

(M+Na)+ 

Ac-T(4-S-allyl-Phe)PN-NH2 60 minutes 

0-45% buffer B 

43.0 590.3 613.2 

(M+Na)+ 

Ac-T(4-S(CH2CH=CHCH2OH)-Phe)PN-

NH2 

60 minutes 

0-45% buffer B 

34.2 620.3 621.0 

(M+H)+ 

Ac-T(4-S-propargyl-Phe)PN-NH2 60 minutes 

0-55% buffer B 

27.3 588.2 611.2 

(M+Na)+ 

Ac-T(4-S-propargyl-Phe)PN-NH2 

‘click’ product with 4-azidoaniline 

60 minutes 

0-20% buffer B 

48.5 722.3 745.4 

(M+Na)+ 

Ac-T(4-S(2-NO2Bn)-Phe)PN-NH2 60 minutes 

0-45% buffer B 

58.9 685.3 708.2 

(M+Na)+ 

Ac-T(4-S(NEM)-Phe)PN-NH2     

Ac-T(4-S-S-(2-thiopyridyl) disulfide-

Phe)PN-NH2 

60 minutes 

0-45% buffer B 

46.5 659.2 660.1 

(M+H)+ 

Ac-T(4-S-S-glutathione disulfide-Phe)PN-

NH2 

60 minutes 

0-50% buffer B 

26.5 855.3 856.1 

(M+H)+ 
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Table 1.11 continued 
Ac-T(4-S(O)Me-Phe)PN-NH2 60 minutes 

0-20% buffer B 

27.7 580.2 603.1 

(M+Na)+ 

Ac-T(4-SO2Me-Phe)PN-NH2 60 minutes 

0-15% buffer B 

36.3 596.2 619.1 

(M+Na)+ 

Ac-T(4-SO2(propargyl)-Phe)PN-NH2 30 minutes 

0-10% buffer B 

26.1 620.2 643.1 

(M+Na)+ 

Ac-T(4-SO2(propargyl)-Phe)PN-NH2 

‘click’ product with 4-azidoaniline 

60 minutes 

0-15% buffer B 

38.2 754.3 777.2 

(M+Na)+ 

Ac-T(4-SO2(NEM)-Phe)PN-NH2 10 minutes 

isocratic buffer A, 

then 30 minutes 

0-40% buffer B 

28.8 707.3 708 

(M+H)+ 

Ac-T(4-SO2
–-Phe)PN-NH2 30 minutes 

0-45% buffer B 

9.4 581.2 583.2 

(M+2H)+ 

Ac-T(4-SO3
–-Phe)PN-NH2 20 minutes 

isocratic buffer A, 

then 40 minutes 

0-45% buffer B 

9.2 598.2 599.1 

(M+H)+ 

Ac-T(4-SNO-Phe)PN-NH2 15 minutes 

0-45% buffer B 

13.8 579.2 580 

(M+H)+ 

 

1.4.3 Copper-mediated cross-coupling reaction on peptides in solution phase 

To the purified, lyophilized peptide containing 4-iodophenylalanine (1 µmol) 

was added tert-amyl alcohol (200 µL) and DIPEA (33 µL, 0.2 mmol). Copper(I) 

iodide (1.8 mg, 10 µmol), 1,10-phenanthroline (3.6 mg, 20 µmol), and thiolacetic acid 

were added (8.6 µL, 0.12 mmol) to the peptide in solution. The resultant mixture was 

sealed (either under air, or under nitrogen atmosphere, depending on the reaction 

conditions screened, Table 1.3), and then incubated on a heating block at 90 °C for 11 

h. The resultant mixture was allowed to cool to room temperature. Water was added to 

the mixture (200 µL). The aqueous layer was washed with ether, then filtered on a 

0.45 μm syringe filter to generate the peptide products. The resultant reaction products 

were characterized via direct injection on RP-HPLC. Additional peaks at tR 46.9 min 

(Figure 1.64) and tR 51.7 min (Figure 1.65) indicated undesired acetylation of the 

peptide during the solution phase reaction. 
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Figure 1.64 Mass spectrum of the product resulting from the cross-coupling 

reaction on the peptide containing 4-iodophenylalanine (49.6 min) 

See Figure 1.12. The observed mass is consistent with the peptide Ac-T(4-thioacetyl-

Phe)PN-NH2 with an additional acetyl goup and a sodium ion (peptide + Ac + Na+). 
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Figure 1.65  Mass spectrum of the product resulting from the cross-coupling 

reaction on the peptide containing 4-iodophenylalanine (51.7 min) 

See Figure 1.12. The observed mass is consistent with the peptide Ac-T(4-I-Phe)PN-

NH2 with an additional acetyl group and a sodium ion (peptide + Ac + Na+). 
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1.4.4 General copper-mediated cross-coupling reaction on peptides on solid 

phase 

The resin with the peptide containing 4-iodophenylalanine (10-15 mg, 7-10 

mol) was placed in a glass vial, and toluene (200 L) and DIPEA (33 L, 0.2 mmol) 

were added. Copper(I) iodide (1.8 mg, 10 mol) and 1,10-phenanthroline (3.6 mg, 20 

mol) were added to the solution containing the resin. Thiophenol (12.3 L, 0.12 

mmol), thiobenzoic acid (14.1 L, 0.12 mmol), or allyl mercaptan (9.6 L, 0.12 

mmol) was added to the mixture. The vial was sealed and the resultant mixture was 

stirred in an oil bath set to 110 °C for 16-18 h. For reactions using thiobenzoic acid, 

the reaction temperature was set to 100 °C. The reaction mixture was allowed to cool 

and the reagents were removed via filtrations. The resin was washed with DMF (4 mL 

× 4), CH2Cl2 (4 mL × 2), and MeOH (4 mL × 2) and dried with ether. The resin was 

subjected to cleavage and deprotection reaction conditions using TFA. The TFA was 

removed via evaporation with nitrogen gas, and the peptide products were precipitated 

in ether. The resultant mixture was centrifuged, and the ether was removed. The 

precipitate was dried. The precipitate was dissolved in water or buffer (50 mM 

phosphate in water, pH 4.0) and characterized directly via HPLC.  

1.4.5 General solution phase reduction of peptides containing 4-S(acetyl)-

thiophenylalanine to generate peptides containing 4-thiophenylalanine 

The resin containing the protected peptide with 4-S(acetyl)-thiophenylalanine 

was subjected to standard cleavage and deprotection reaction conditions with TFA. 

TFA was removed by evaporation, and the peptides were precipitated with ether. The 

resultant mixture was centrifuged, and the ether was removed. The precipitate 

contained a mixture of peptides with 4-S(acetyl)-thiophenyalalnine and the 

corresponding disulfides. To obtain the peptide containing 4-thiophenylalanine-
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containing, the crude, precipitated peptide products were dissolved in 1 M phosphate 

buffer (pH 7.2, 50 L). DTT was added (50 L of a 100 mM solution in water) and 

the mixture was incubated at room temperature for 1 h to generate the peptides 

containing 4-thiophenylalanine. 

1.4.6 General alkylation reactions on peptides in solution phase 

The purified and lyophilized peptide containing 4-thiophenylalanine (0.3-0.8 

mol) was dissolved in 100 mM phosphate buffer (pH 8.0, 100 L). The alkylating 

agent (methyl iodide, 1 L, 16 mol; allyl iodide, 1 L, 11 mol; a solution of 2-

nitrobenzyl bromide, 5 L, 11 mM solution in MeCN; or a solution of N-ethyl 

maleimide, 1.5 L, 50 mM solution in MeCN) was added and the mixture was 

subjected to incubation at room temperature for 1 h to produce the alkylated peptide 

product. Excess 2-aminoethanethiol (approximately 5 mg) was then added to quench 

residual alkyl halide.  

1.4.7 Competitive alkylation reactions on peptides in solution phase using N-

ethyl maleimide 

Stock solutions of peptides containing either 4-thiophenylalanine or cysteine 

were dissolved in water. Concentrations were determined via Ellman’s test. The 

appropriate volumes of solutions of either the peptide containing 4-thiophenylalanine 

and/or the peptide containing cysteine (13 nmol) were diluted into a solution of TCEP 

(50 M) in phosphate buffer (pH 6.5, 130 L, 50 mM). A solution of N-

ethylmaleimide (6.5 L of a 1 mM solution in water) was added to the peptide. The 

resultant solution was subjected to incubation at room temperature for 10 minutes to 

generate the peptide products. The resultant solutions were characterized directly via 
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HPLC, or were quenched with 1 mL of buffer A (98% water, 2% MeCN, 0.06% 

TFA). 

1.4.8 General alkylation reactions on peptides on solid phase 

The resin containing the protected peptide with 4-S(acetyl)-thiophenylalanine 

(5-10 mg, 3-7 µmol) was placed in a capped disposable fritted column and THF (3 

mL) was added. LiOH (7.2 mg, 300 mol), DTT (23.1 mg, 150 mol), ethanedithiol 

(25 µL, 300 mol), and thiophenol (31 µL, 300 mol) were added. The resultant 

mixture was agitated via rotary shaker at room temperature for 3 h. The solution was 

removed from resin, and then the resin was washed with MeOH (3 mL × 3). MeOH (3 

mL), NaBH4 (28.4 mg, 750 mol), triethylamine (200 µL, 1.43 mmol), and allyl 

iodide (69 µL, 750 mol) were added to the resin, and the resultant mixutre was 

stirred for 3 h at room temperature. The solution was removed from the resin, and then 

the resin was washed with MeOH (3 mL × 3) and dried with ether. The resin was 

subjected to cleavage and deprotection reaction conditions using TFA.  

1.4.9 Bioconjugation reaction in solution phase on peptides containing 4-S-allyl-

thiophenylalanine 

The purified and lyophilized peptide containing 4-(S-allyl)-thiophenylalanine 

(0.3-0.8 mol) was dissolved in phosphate buffer (50 mM, pH 8.0, 200 L). For 

reaction solutions with MgCl2, MgCl2·6H2O (10.5 mg, 52 mol) was added to the 

peptide dissolved in phosphate buffer. Hoveyda-Grubbs II catalyst (2.6 mg, 4.2 mol) 

was dissolved in tert-butanol (338 L), and the resultant solution was heated and 

mixed by vortexing until fully dissolved. The Hoveyda-Grubbs catalyst solution (86 

L) was added to the peptide. The resultant solution was mixed via vortex, and then 

sparged with nitrogen gas. Allyl alcohol (3.6 L, 53 mol) was added, and the mixture 
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was then incubated for 2 h, either at room temperature or at 37 °C, to generate the 

peptide containing 4-S-1-butenol-thiophenylalanine, as an inseparable mixture of E 

and Z alkene isomers, as observed by NMR. 

1.4.10 Oxidation reaction in solution phase to produce peptides containing 4-

S(O)methyl-thiophenylalanine 

To the purified peptide containing 4-S(methyl)-thiophenylalanine (0.3-0.8 

µmol), a solution of MeCN:H2O (3:5 v/v, 80 µL) was added. NaIO4 was then added 

(2.4 L of a 57 mM solution in water). The resultant mixture was stirred at room 

temperature for 24 h to generate the peptide containing 4-S(O)methyl-

thiophenylalanine as an inseparable mixture of sulfoxide diastereomers. These 

diastereomers were inseparable by HPLC, but were observable via NMR. 

1.4.11 General oxidation reaction to produce peptides containing sulfone 

derivatives of 4-thiophenylalanine in solution phase 

To the purified peptide containing either 4-S(methyl)-thiophenylalanine (0.3-

0.8 mol), 4-S(N-ethylsuccinimide)-thiophenylalanine (0.3-0.8 mol), or 4-S-

propargyl-thiophenylalanine (0.3-0.8 mol), a mixture of formic acid (90% in H2O, 1 

mL) was added. H2O2 was then added (30% in H2O, 200 L) and the mixture was 

stirred at room temperature for 24 h to produce the peptide containing the sulfone 

derivative of 4-thiophenylalanine. 

1.4.12 Oxidation reaction in solution phase to produce peptides containing 4-S-S-

(2-thiopyridyl) disulfide-thiophenylalanine disulfide 

The purified peptide containing 4-thiophenylalanine (0.3-0.8 mol) was 

dissolved in phosphate buffer (pH 8.0, 100 mM, 100 L). A solution of 2,2-

dithiodipyridine (100 mM in MeCN, 20 L) was added to the solution, and the 
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mixture was incubated at room temperature for 2 h to produce the peptide containing 

4-S-S-(2-thiopyridyl) disulfide-thiophenylalanine. 

1.4.13 Disulfide exchange reaction in solution phase to produce peptides 

containing 4-S-S-glutathione disulfide-thiophenylalanine disulfide 

The purified peptide containing 4-S-S-(2-thiopyridyl) disulfide-

thiophenylalanine (0.3-0.8 mol) was dissolved in phosphate buffer (pH 8.0, 100 mM, 

200 L). A solution of glutathione (reduced, 100 mM in water, 20 L) was added to 

the peptide. The mixture was incubated at room temperature for 2 h to generate the 

peptide containing 4-S-S-glutathione disulfide-thiophenylalanine disulfide. 

1.4.14 Nonspecific oxidation reaction to produce multiple oxidized species of 

peptides containing 4-thiophenylalanine in solution phase 

The purified peptide containing 4-thiophenylalanine (11 nmol) was dissolved 

in phosphate buffer (400 L, pH 6.0, 50 mM) and the resultant solution was chilled on 

ice. A chilled solution of sodium hypochlorite in phosphate buffer (400 L, 22 M 

NaOCl, 50 mM phosphate, pH 6.0) was added to the peptide, and the solution was 

mixed via pipette for 5 seconds. The solution was then incubated on ice for 5 minutes 

to generate peptides containing a mixture of disulfides, the sulfonic acid, and the 

sulfinic acid derivatives of 4-thiophenylalanine. 

1.4.15 Hydrolysis of a sulfone to selectively synthesize the peptide containing 4-

SO2
–-thiophenylalanine 

The purified peptide containing 4-SO2(N-ethyl succinimide)-thiophenylalanine 

(0.3-0.8 mol) was dissolved in a solution of 10 mM LiOH (100 L). The resultant 

solution was incubated at room temperature for 1 h to generate the peptide containing 

the sulfonic acid derivative of 4-thiophenylalanine. 
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1.4.16 Oxidation reaction in solution phase to produce peptides containing 4-

SO3
–-thiophenylalanine 

Peptide containing 4-thiophenylalanine disulfide was obtained either from 

cross-coupled crude products (described previously), or by dissolving the peptide 

containing purified 4-thiophenylalanine (0.3-0.8 mol) in phosphate buffer (pH 8.0, 

100 mM, 100 L) with iodine (0.5 mg) and incubating at room temperature for 1 h. To 

a solution of H2O2 (30% in water, 150 L) was added a solution of 

methyltrioxorhenium (MTO, 100 L of a 6 mM solution in MeCN). The mixture was 

vortexed and incubated at ambient temperature for 1 min. A solution of purified 

peptide Ac-T(4-S(disulfide)-Phe)PN-NH2 (0.1-0.4 mol) in MeCN (250 L) was 

added to the MTO mixture. The resultant solution was then incubated at ambient 

temperature for 30 min to produce peptide containing 4-SO3
–-thiophenylalanine. The 

peroxide was quenched with excess NaHSO4 (approximately 2 mg) and incubated at 

room temperature for 30 min. The reaction volume was reduced by evaporation of 

MeCN with nitrogen gas to reduce the volume to approximately 100 μL, and then 100 

μL of either phosphate buffer (100 mM, pH 4.0) or water was added.  

1.4.17 S-nitrosylation reaction in solution phase to produce peptides containing 

4-SNO-thiophenylalanine 

The purified peptide Ac-T(4-SH-Phe)PN-NH2 (10 nmol) was dissolved in dry 

acetonitrile (8 L) and the resultant solution was cooled to –78 °C in a bath of acetone 

and dry ice. Nitrosonium tetrafluoroborate was dissolved in dry acetonitrile (100 mM 

solution), and was cooled to –78 °C in a bath of acetone and dry ice. The solution of 

nitrosonium tetrafluoroborate in dry acetonitrile (2 L, 100 mM) was added to the 

solution containing the peptide, and the resultant solution was mixed via pipette for 10 

seconds. The solution was incubated at –78 °C in the bath of acetone and dry ice for 5 
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minutes to produce a mixture of the peptide containing the S-nitrosated derivative of 

the 4-thiophenylalanine and corresponding disulfides. The resultant reaction mixture 

was characterized via direct injection onto RP-HPLC. 

1.4.18 General azide-alkyne 1,3-cycloaddition reaction in solution phase on 

peptides containing 4-S-propargyl-thiophenylalanine 

The purified peptide containing either 4-S-propargyl-thiophenylalanine or 4-

SO2(propargyl)-thiophenylalanine (approximately 17 nmol; 70 M final 

concentration) was dissolved in phosphate buffer (250 L of 50 mM phosphate, pH 

7.5). To the peptide-containing solution, copper(II) sulfate (25 L of a 10 mM solution 

in water), sodium ascorbate (2.5 mg, 50 mM final concentration), and 1,10-

phenanthroline (5 µL of a 10 mM solution in DMSO) were added. To this solution 

was subsequently added 4-azidoaniline·HCl (4.5 mg; 100 mM final concentration), 

and the resultant solution was allowed to incubate at 37 °C for 5 minutes to produce 

the conjugated peptide. The crude solution was diluted with deionized water (300 L), 

and diethyl ether (1 mL) was added. After thorough mixing, the ether layer was 

removed via pipet, and CH2Cl2 (1 mL) was added. After thorough mixing, the aqueous 

layer was removed and filtered through a nylon filter (0.45 m). 

1.4.19 NMR Spectroscopy 

Peptides were dissolved in buffer containing 5 mM phosphate (pH 4.0 or as 

indicated), 25 mM NaCl, 90% H2O/10% D2O, and 100 µM TSP. 100 µM TCEP was 

added for peptides containing thiophenylalanine to prevent disulfide formation during 

NMR experiments. Peptide concentrations were 10 µM-200 M. NMR spectra were 

collected at 298 K on a Brüker AVN 600 MHz NMR spectrometer equipped with a 

triple resonance cryoprobe or a TXI probe. Spectra were internally referenced with 
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TSP. 1-D spectra were collected with a Brüker w5 watergate pulse sequence and a 

relaxation delay of 1.5-2 s. 2-D spectra were collected with a watergate TOCSY pulse 

sequence. 

Well-resolved peaks in the NMR spectra were integrated after baseline 

normalization. Ktrans/cis was calculated based on the average integrated ratios of 2-3 

pairs of peaks. In general, backbone amide peaks and/or Thr methyl peaks were used 

for integration. 

1.4.20 UV-Vis Spectroscopy and Measurement of pKa in Ac-T(4-SH-Phe)PN-NH2 

The purified peptide Ac-T(4-SH-Phe)PN-NH2 was dissolved in buffer 

containing 50 mM phosphate and 100 M DTT. Peptide concentrations were 45-65 

M. Absorbance spectra were collected on a Perkin-Elmer Lambda 25 UV-Vis 

spectrometer in a 1 cm cell. Absorbance spectra were collected from 310 nm to 220 

nm with a slit width of 1 nm. After each UV measurment, the pH of each sample was 

verified with a pH electrode (Mettler Toledo). After measurements, the absence of 

disulfide formation was confirmed via HPLC. Data were the average of at least three 

independent trials. Error bars are shown and indicate standard error. 

The pKa of 4-thiophenylalanine was measured via the pH dependence of the 

molar extinction coefficient at the λmax for the neutral and deprotonated forms (249 nm 

and 276 nm, respectively). The data were fit to Equation 1,176, 177 using a non-linear 

least squares fitting algorithm (Kaleidagraph, version 4.1.1, Synergy Software), where 

ε = observed molar extinction coefficient, pH = pH of the sample, pKa = acidity 

constant. 
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1.4.21 Fluorescence Emission and Excitation Spectra for Ac-T(4-SH-Phe)PN-

NH2 

Purified Ac-T(4-SH-Phe)PN-NH2 was dissolved in buffer containing 50 mM 

phosphate (pH 4.0 or 8.5). Peptide concentrations were 100 M with 125 M DTT. 

Fluorescence spectra were collected in a 1 cm quartz cell (Starna) on a Photon 

Technology International fluorescence spectrometer model QM-3/2003 with a CW 

source and a Hamamatsu R928 PMT. All slit widths were 3 nm. Excitation scans were 

from 250 nm to 450 nm, with emission detected at 400 nm. Emission scans were 

collected from 300 nm to 500 nm with excitation at 295 nm. Data were the average of 

at least three independent trials. Data were background-corrected but were not 

smoothed. Error bars are shown and indicate standard error. 

1.4.22 Circular Dichroism  

CD experiments were conducted using a solution of peptides (20-65 M) in 15 

mM sodium phosphate buffer (pH 4.0, 7.0, or 8.5). TCEP (0.56 mM) was added to 

solutions of trp cage peptides containing 4-thiophenylalanine to prevent disulfide 

formation. After the CD experiments, the absence of disulfides was confirmed via 

HPLC. CD spectra were recorded in a 1 mm pathlength cell on a Jasco model J-810 

spectropolarimeter. Thermal denaturation data were collected at 222 nm using a 

bandwidth of 4 nm. The temperature was increased in 1 ˚C intervals from 2 ˚C to 90 

˚C. Samples were allowed to equilibrate for 1 minute at each temperature prior to data 

collection. Data were collected with a 4 s response time. Tm data were smoothed using 

a 5-data-point smoothing window (KaleidaGraph 4.1.1); the smoothed data are shown 

in Figure 1.28. 
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Tm temperatures were determined using a slope for the 100% unfolded baseline 

(d[θ]222/dT) of –8.83 deg cm2 dmol-1/°C; and a slope for the 100% folded baseline 

(d[θ]222/dT) of +63.5 deg cm2 dmol-1/˚C, based on prior work on the trp cage 

miniprotein.96 

1.4.23 Cambridge Structural Database (CSD)  

The Cambridge Structural Database (version 5.36 + 3 updates, released in May 

2015) was searched for entries containing aryl ethers, aryl thioethers, aryl sulfoxides, 

or aryl sulfones (Ph–O–Csp3, Ph–S–Csp3, Ph–S(O)–Csp3, or Ph–SO2–Csp2, respectively). 

The release of the database used in the current study contained over 710,000 

molecules. Searches were set up and carried out using ConQuest (version 1.17 

Cambridge Crystallographic Data Centre, 2014).  

The search parameters for aryl ethers and aryl thioethers for each oxidation 

state of sulfur were defined as shown in Figure 1.66. The coordination number of 

sulfur was defined as indicated, and the coordination number of C (C1) was defined as 

4 in all queries. Sulfoxides were defined using the two different structures indicated, 

and the results were combined. Only error-free, non-disordered structures where R < 

0.10 were included, and powder pattern structures were excluded. 
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Figure 1.66 Defined structural parameters for the search query in the 

Cambridge Structural Database using Conquest 

The torsion angle indicated in red was measured for all structures. 

Torsion angles were measured for each structure obtained in the defined query 

(C3–C2–S–C1, as indicated in red in Figure 1.66, where C3 and C2 are aromatic 

carbons and C1 is the aliphatic carbon). The absolute value of the torsion angle was 

measured, and then a logical function was applied, where if the resultant torsion angle 

was greater than 90°, then 180° was subtracted from the torsion angle and the absolute 

value taken. Use of this logic function converts all torsion angles to a range of 0° to 

90°, where the S–C1 or O–C1 bond is measured as between being between planar or 

perpendicular to the aromatic ring (Figure 1.66). In addition, bond lengths (S–C1 or 

O–C1) and bond angles (C2–S–C1 or C2–O–C1) were accumulated for each of these 

queries. 
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Figure 1.67 Defined torsion angle measurements from CSD 

The absolute values of torsion angles obtained through ConQuest resulted in angles 

ranging from 180° to 0°. These torsion angles were converted using a logic function to 

range from 0°–90° to represent O–C or S–C bonds that were between the limiting 

cases of co-planar with the aromatic ring (left, torsion angle near 0°) or orthogonal to 

the aromatic ring (right, torsion angle near 90°). 
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Chapter 2 

INSIGHTS INTO S–H/ AROMATIC INTERACTIONS:  

STUDIES ON BOC-4-THIOL-L-PHENYLALANINE-TERT-BUTYL ESTER 

VIA IR SPECTROSCOPY, X-RAY CRYSTALLOGRAPHY, AND AB INITIO 

CALCULATIONS 

2.1 Introduction 

As described by George Whitesides, “many biological molecules and 

aggregates derive much of their unique structure and function from noncovalent 

interactions: that is, from hydrophobic and ionic interactions and hydrogen bonds.”178 

Whitesides was describing the nature of non-covalent interactions and the significant 

influence that numerous weak interactions can have on macromolecular structure. 

While protein structures are primarily driven to fold into active conformations through 

non-covalent interactions, including hydrogen bonding and formation of salt-bridges, 

there are more subtle and ubiquitous interactions that also play an important role.19, 179 

Our understanding of non-covalent interactions, particularly those involving 

aromatic groups, has undergone a renaissance over the past few decades. The 

paradigm for protein folding and non-covalent interactions that dictate conformation 

of organic molecules has been generally described by hydrogen bonding (a largely 

electrostatic interaction) or the hydrophobic effect (dispersive interactions).180 

Recently, interactions such as cation/,162, 181-184 n→*,185-187 and halogen-bonding (a 

type of n→* interaction)188, 189 have been added to the repertoire of non-covalent 

interactions that influence protein and molecular structure and surpramolecular 

assembly. These and related non-covalent interactions are described either through 

electrostatic effects or through favorable orbital interactions, where filled HOMOs 
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donate electron density to unfilled LUMOs. Individually, these interactions can 

contribute approximately 0.25-5 kcal mol–1 or more to the stability of biological and 

organic structures.181, 189, 190 With substantial loss of degrees of freedom upon protein 

folding, the entropic cost of forming the folded state must be compensated by the 

enthalpic stability provided by additive effects from multiple non-covalent 

interactions. 

Although hydrogen bonds have been well characterized and described for more 

than 80 years, a re-evaluation of the nature of hydrogen bonds is required, in light of 

more recent identification of numerous non-covalent interactions that are driven 

primarily by orbital interactions (some do not involve any hydrogen atoms!). 

Hydrogen bonds have been described as an interplay of electrostatic and dispersive 

forces: classical hydrogen bonds have a greater electrostatic component, and non-

conventional hydrogen bonds (often considered weaker) are driven by dispersive 

forces.190, 191 However, these non-conventional interactions have been observed to 

have geometric preferences in donor-acceptor orientation, which is not completely 

described by a large dispersive component.135, 189, 192 For example, halogens have been 

recognized to interact with electron-rich atoms or functional groups, which is not 

intuitive on first approximation.189 The nature of the interaction is donation of 

electrons from the electron-rich functional group to the * orbital of the halogen bond, 

which increases in size with larger halogen atoms (Figure 2.1).189 In the context of 

conventional hydrogen bonds, the orbital component of stability may have been 

previously overlooked because the electrostatic interaction is predominant, and weaker 

hydrogen bonds were regarded as “non-directional” driven by dispersion. However, in 

hydrogen bond-type interactions that do not have significant electrostatic stability, 
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such as those involving S–H, C–H, or aromatic rings, the favorable orbital overlap 

interactions are significant and implicate concerted geometry and stability, which 

dispersive interactions do not.193 With enhanced understanding of the fundamental 

driving energies of these more subtle, but directional, non-conventional interactions, 

these non-covalent interactions can be harnessed for rationally designed molecules, 

peptides, protein inhibitors, and supramolecular materials.  
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Figure 2.1 The halogen -hole: Non-covalent interactions via * interactions 

The * reveals a slightly electropositive surface potential on the end of the C–X bond, 

and the area of the “-hole” increases with larger halogens. The “-hole” allows the 

halogen atom to interact with electron-rich atoms or functional groups.7, 194 With 

increased understanding of these non-covalent interactions, the definition of hydrogen 

bonding “donor-acceptor” interactions should be re-evaluated. Calculations for 

molecular orbitals were conducted using GAMESS (RHF 3-21G),195 and visualized 

with MacMolPlt,196 contoured at 0.001, colorized +0.01 (red) to –0.01 (blue).196 (a) 

Calculated unoccupied orbital associated with the C–Cl bond in CF3Cl (*C–Cl); (b) 

calculated unoccupied orbital associated with the C–Br bond in CF3Br (*C–Br); (c) 

calculated unoccupied orbital associated with the C–I bond in CF3I (*C–I). 

2.1.1 The nature of hydrogen bonding and detection in biological molecules 

The importance of the hydrogen bond in biology cannot be understated. 

Hydrogen bonds as they are known today were discussed in some early cases at the 

beginning of the 1900s,197-201 but Linus Pauling’s chapter on “hydrogen bonds” in his 

1939 edition of The Nature of the Chemical Bond,180, 202 is regarded as the juncture 

that brought hydrogen bonding into mainstream chemical knowledge.203 In 1951, 

Pauling proposed the structures of an -helix and a pleated -sheet, based on 

backbone hydrogen bonding, and suggested that these repeating structures could be 

a) CF3Cl b) CF3Br c) CF3I 
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integral in globular proteins such as hemoglobin and myoglobin.204, 205 The formation 

of -helices, -sheets, and other secondary structural elements in proteins relies on 

intramolecular hydrogen bonding, and is known to be a primary driving force for 

protein folding.204-206 In addition to main-chain hydrogen bonding, side chain groups 

in proteins also undergo extensive hydrogen bonding interactions, with other side 

chains, peptide backbone structures, and substrates.206, 207 These local interactions play 

a major role in protein super secondary structure and tertiary structure.206, 207 Beyond 

protein folding, hydrogen bonding is also implicated in substrate recognition, in 

folding of RNA aptamers, in stability of the DNA double helix, substrate and inhibitor 

binding to proteins, therapeutic efficacy of drug molecules, in crystal engineering, and 

in designed catalysts. 

A “hydrogen bond,” defined fundamentally, is a favorable interaction between 

a hydrogen-bearing donor (D) and an acceptor group (A). The hydrogen atom can be 

viewed as “shared” between the donor and acceptor groups, and lengthening of the D–

H bond provides evidence of a hydrogen bond.203 Idealized, conventional hydrogen 

bonding is described as a linear, monodentate formation D–H··A, but the geometry, 

distances, strength, and nature of the donor and acceptor groups can vary substantially 

(Figure 2.2).203 The acceptor group (A) may be an electronegative atom, but, more 

generally, it can also be an electron-rich atom, bond, or system, such as a -bond or a 

lone pair of electrons.203 The strength of a hydrogen bond varies significantly, broadly 

between –0.5 and –45 kcal mol–1, depending on the orientation and nature of the donor 

and acceptor groups, and on external competing interactions (gas-phase hydrogen 

bonds are much stronger than hydrogen bonds in solution).190, 203  However, the vast 

majority of hydrogen bonds discussed here, those observed in solution in small 
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molecules and proteins involving main group elements, are less than –4 kcal mol-1.203 

The nature of a hydrogen bond is largely attributed to an interplay between 

electrostatic interactions and dispersive forces. Stronger hydrogen bonds are suggested 

to have a greater electrostatic driving force with minor dispersive interactions. In 

contrast, weaker hydrogen bonds are attributed to decreased electrostatic 

contributions, and are predominantly driven by dispersion.190 The distinguishing 

feature between hydrogen bonds and van der Waals interactions, as it has been 

described, is that hydrogen bonds are “directional” (where donors and acceptors align 

with specific geometry to maximize the interaction), while dispersive van der Waals 

interactions are “non-directional,” and the geometry between the interacting groups is 

less defined.190, 191 

 

Figure 2.2 Examples of conventional hydrogen bond interactions 

Idealized hydrogen bonds are linear with respect to the donor D–H··A acceptor 

groups, but the orientations and distances can vary depending on the nature of the 

donor and acceptor groups, and the competing interactions.203 

There are three primary experimental means of determining if a hydrogen bond 

interaction is present within a molecule: x-ray crystallography or neutron diffraction, 

IR spectroscopy, and NMR spectroscopy. These experimental observations can be 

corroborated with ab initio calculations on the compound of interest, or compared to 

database analysis of published crystallographic data (namely the Protein Data Bank, 
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and the Cambridge Structural Database).190, 203 Obtaining a solved crystal structure 

allows for direct measurement of bond lengths, interaction distances, and angles, and 

much of the discussion of hydrogen bonds and non-covalent interactions rely on 

observations in crystal structures. Indeed, Pauling referred to the hydrogen bonding 

interactions observed in crystal structures of amino acids in formulating his 

description of the structure of -helices, and this allowed for accurate approximations 

of the dimensions of 310-helices199, 204 However, a drawback associated with x-ray 

crystallographic data is that the donor D–H bond can often appear shorter in the solved 

crystal structure than it truly is, due to the fact that the electron density is displaced 

towards the donor atom rather than the hydrogen atom.190, 203 This apparent 

displacement of hydrogen atom location is due to the fact that x-ray crystallography 

determines electron density, of which hydrogen atoms intrinsically have less than all 

other atoms. In order to exclude this potential error in hydrogen atom location, 

hydrogen bonds can also be identified by measuring only the heavy atoms, the 

distance D··A,190, 203 but this measurement provides little information on the 

directionality and geometry of the hydrogen bond. For these reasons, neutron 

diffraction is currently the only means to determine accurate location of a hydrogen 

atom, and the direction of the D–H bond, within a molecular stucture.190, 203 

Early observations of hydrogen bonds, prior to advances in x-ray 

crystallography, relied on IR spectroscopy for characterization.200, 201 IR spectroscopy 

does not require a diffractable crystal, can be conducted on any phase of material 

(solid, liquid or gas), and is more definitive than x-ray crystallography in determining 

if a donor D–H bond participates in a hydrogen bond or not.190 IR spectroscopy 

measures bond vibrations, and is sensitive enough to detect subtle changes in the 
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vibrations pertaining to the donor D–H bond.190 If a donor D–H bond participates in a 

hydrogen bond, the D–H stretching frequency shifts to lower wavenumbers (“red 

shift”) and generally becomes more intense when compared to the un-bound D–H 

stretching frequency.208 Greater red shifts in the D–H stretching frequency can 

indicate a shorter H··A distance, suggesting a stronger interaction.208 Frequency shifts 

in bonds pertaining to the acceptor group are also sometimes observed, such as in 

carbonyl hydrogen-bond acceptors.208 In proteins, secondary structure can be 

approximated using amide bond vibrations, at 1650-1620 cm–1 and 1550-1520 cm–1, 

where -helices and -sheets have distinct vibration modes.209, 210 These vibrational 

signatures arise from the differences in hydrogen bonding patterns between these two 

different secondary structures.209 However, these amide stretching vibrations can be 

misleading, given the complexity of this region in the IR spectrum for proteins, and 

NMR spectroscopy is generally more reliable for identifying hydrogen bonds and 

assigning secondary structure.209 

1H NMR spectroscopy can be more sensitive than IR methods for identifying 

weak hydrogen bonds, and the observed hydrogen bond can be assigned to a specific 

residue in proteins.203 The chemical shift of a proton is directly related to the shielding 

effects induced by a proximal electronic field, such as a -bond, halogen atom, or 

aromatic ring. 1H NMR is especially useful for weaker hydrogen bonds, such as C–H 

or S–H bond donors, where the interactions are very weak and can be difficult to 

discern via IR methods.203 In 1950, Huggins et al. observed changes in the chemical 

shift of the chloroform proton when mixed with a cosolvent, either acetone or 

triethylamine, and calculated the strength of this interaction by the observed chemical 

shift change ().211, 212 Similar changes in the proton chemical shift were observed in 
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phenol derivatives with acetic acid.211, 212 These observations in the 1H NMR spectrum 

were consistent with expected shielding effects due to a hydrogen bond interaction, 

corroborated with known IR data at the time, and provided further general support in 

the theory of hydrogen bonding interactions.203, 211, 212 Chemical shifts also exhibit 

different degrees of temperature dependence between solvent exposed protons and 

protons that are engaged in an hydrogen bonding interaction.213 In addition to proton 

chemical shift changes and temperature dependence, deuterium exchange experiments 

can also be used to identify regions in proteins that participate in hydrogen bonding 

interactions.203 Protons engaged in a hydrogen bond, or protons that are not solvent 

exposed, will exchange with deuterated solvent more slowly, and can be identified 

directly via 1H NMR. Tamaoki et al. identified -helical residues in endothelin-1 

using this method.214 Both deuterium exchange and temperature-dependence of proton 

chemical shifts were used to identify hydrogen bonded residues for structure 

determination of the cyclic peptide varv F, and these data corroborated with the x-ray 

crystallography data that was obtained from this same peptide.215 Scalar coupling 

between 15N and a carbonyl carbon (across a protein hydrogen bond N–H··O=C) has 

also been used to identify hydrogen bonds by NMR without relying on proton signals 

(which there are many in proteins).216 

Discerning a “hydrogen bond” in a structure can be somewhat subjective. Use 

of the terms “weak” and “strong,” or “distant” and “close” contacts, do not have clear 

and universal definitions. Some of the “weaker” hydrogen bonds are less than 4 kcal 

mol–1, and have non-linear D–H··A geometry, but these “weak” donor-acceptor 

interactions can have significant influence on secondary structures in proteins. 

Depending on the energetic strength of the interaction, some may argue that the 
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weakest interactions are not hydrogen bonds at all, given the “lack of directionality,” 

and are more similar to dispersive van der Waals interactions rather than a true donor-

acceptor hydrogen bond.190, 191, 203 

2.1.2 Aromatic  bonds as hydrogen bond acceptors 

One of the ubiquitous hydrogen bond interactions in proteins and small 

molecules involves  bond acceptors, where the electron-rich  orbital in double or 

triple bonds acts as the acceptor for a donor D–H (Figure 2.3).190 One of the first 

reports on hydrogen bonding interactions involving aromatic  bonds was reported by 

Yoshida and Osawa,217 where phenolic O–H stretching frequencies were observed to 

shift in the presence of aromatic and heteroaromatic groups. Interest in aromatic 

interactions have increased in recent decades, as improvements in x-ray 

crystallography allowed for more complete identification of aromatic interactions, 

both in small molecules and in proteins, and as the roles of aromatic rings in non-

covalent interactions have become more apparent.18, 203, 218 In addition to small 

molecule compounds, the aromatic amino acids tyrosine, phenylalanine, and 

tryptophan have been found to impact peptide and protein structure and substrate 

recognition via aromatic hydrogen bonding interactions.18, 218  

Similar to hydrogen bonding interactions, cations can interact with the 

electron-rich faces of aromatic rings (Figure 2.3a). The cation/ interaction initially 

drew interest when it was discovered that K+ ions engaged in tight interactions with 

benzene in the gas phase.219 A charged ion was not expected to interact with a 

hydrophobic molecule such as benzene. The stability of this K+/benzene complex was 

attributed to the quadrupole moment of the benzene molecule, which interacts 

favorably with a cation.219 Kumpf & Dougherty,220 in studying the selectivity of 
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potassium ion channels, performed calculations for complexes of benzene with various 

cations, and found that only K+ interacted favorably as a 1:2 complex with benzene. 

Based on these calculations, a potential mechanism was proposed for how potassium 

channels are selective for specific ions, where the aromatic amino acids that line the 

potassium ion channel are selective for K+ via cation/ interactions.220 Although 

dispersive forces are known to play a role in these interactions,219 the electrostatic 

component is a much more dominant driving force in cation/ interactions.220, 221 With 

a greater electrostatic component to cation/ interactions, cations can be expected to 

align over the aromatic centroid where the greatest negative electrostatic potential is 

localized (Figure 2.3a).  
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Figure 2.3 Hydrogen bond interactions with aromatic rings 

Electron-rich groups can act as hydrogen bond acceptors, including aromatic rings. 

The electrostatic potential (a) shows an area of negative electrostatic potential (red, –

0.025) where hydrogen atoms can interact. The C-H bonds around the edges of the 

aromatic ring have positive electrostatic potential (blue +0.025), which can act as 

donors in hydrogen bonds. Hydrogen bonds with aromatic rings are also described as 

an interaction between the hydrogen atoms and the highest occupied molecular orbital 

(b). Calculations were conducted using GAMESS (RHF 6311-G),195 and visualized 

with MacMolPlt,196 contoured at 0.002 in the electrostatic potential map, and 0.025 for 

the molecular orbitals. 

As a -acceptor, conjugated aromatic rings can accept any traditional 

hydrogen-bearing donor group, such as O–H, N–H, S–H, or C–H. The face of the 

aromatic ring acts as an acceptor, but the C–H bonds at the edge of the aromatic rings 

a b 



 164 

are polarized and relatively electron-deficient, and can participate as hydrogen bond 

donors (Figure 2.3a).218, 222 The dual-modality of aromatic rings allows for aromatic 

rings to interact with each other through edge-to-face or slipped stacking interactions 

(Figure 2.3a).18, 161, 218 In 1990, Sanders & Hunter223 described the nature of aromatic-

aromatic interactions, with observations of slipped-stacking in porphyrins and other 

aromatic host-guest model systems, as a - attraction, stabilized by both electrostatic 

and van der Waals components. In fact, structural motifs in proteins rely on these 

aromatic-aromatic interactions, including the “aromatic box” found in nicotinic 

acetocholine receptors (Figure 2.4b).182, 224 An early analysis of crystal structures from 

the Protein Data Bank, Burley & Petsko (analyzing only 34 protein structures 

available at the time) observed, “the significance of the aromatic-aromatic interaction 

for protein structure stabilization is reflected in the strikingly high incidence of such 

groups: 80 percent of the aromatic pairs identified in proteins are involved in 

networks.”218 Furthermore, the importance of side chain-aromatic interactions in 

peptide structure stabilization was noted: “aromatic residues, and hence, aromatic 

pairs, are absent in regions where the polypeptide chain is disordered.”218 
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Figure 2.4 Interactions between aromatic rings223 

(a) Geometries of aromatic-aromatic interactions; (b) extensive aromatic-aromatic 

interactions within the receptor binding site of the nicotinic acetocholine receptor 

protein (PDB ID: 1L9B).224 In addition to acting as a -acceptor on the face of the 

aromatic ring, the C–H bonds at the edge of the aromatic ring can act as hydrogen 

bond donors. Interactions between aromatic rings have been found extensively in 

proteins, including the “aromatic box” motif.224 

2.1.3 Sulfur-aromatic interactions and their biological relevance 

In the context of other main-group hydrogen bond donors and acceptors, non-

covalent interactions based on sulfur are potentially the least understood. In 

crystallographic studies of X–H hydrogen bonds, both from the CSD and the PDB, the 

occurrence of sulfur is comparatively less than other main-group elements, limiting 

the analysis of trends in sulfur-interactions.225 In early literature describing the 

hydrogen bond, the hydrogen bonding ability of sulfur was only tentatively 

considered,226 but it has since been well established to play important roles in 

hydrogen bonding interactions.7, 227, 228 Similar to alcohols, thiols can act both as 

hydrogen bond donors or acceptors, and both exhibit similar behavior in hydrogen 

bonding. However, sulfur has ready access to d-orbitals which oxygen does not, and it 

is a “softer” acid or base in comparison to oxygen. For example, in comparing ethers 

a b 
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and thioethers, the C–S * orbitals are larger than the C–O * orbitals, which affects 

the ability of the thioether group to participate as a conventional hydrogen bond 

acceptor.7 The larger C–S * orbitals in this example allow for thioethers to 

participate in interactions that resemble “halogen-bonding,” which is not accessible for 

oxygen analogues.7  Furthermore, the bond angle C–O–H is approximately 109-120° 

(sp3 versus sp2), while the bond angle C–S–H is approximately 100°, which 

intrinsically affects the geometric preferences of hydrogen bonding involving alcohols 

and thiols, respectively. 

Thiol hydrogen bonds have been identified via 1H NMR spectroscopy, where 

self-association of alkyl thiols and aryl thiols was observed as a downfield chemical 

shift with increasing concentration.226, 229 As with other X–H hydrogen bonds, thiol S–

H hydrogen bonds are readily observed via IR spectroscopy as a red shift in the S–H 

stretching frequency. The thiol S–H stretching frequency is a comparatively weak 

signal, but few other frequencies are found near 2590-2540 cm–1, where most thiols 

are identified.208 In substituted benzene thiols, the stretching frequency S–H was 

observed to have a concentration- and temperature-dependent shift due to self-

association via S–H···S or S–H/ interactions.226, 230-232 Solvents were also observed to 

influence the S–H stretching frequency, as thiols can participate in hydrogen bonding 

interactions with benzene, acetone, ethers, acetonitrile and even chloroform.230, 233 

Boxer and coworkers233 examined N–H/ and S–H/ aromatic interactions through 

changes in the X–H stretching frequency with respect to aromatic solvents. With 

increasingly electron-rich aromatic solvents, the S–H stretching frequency in 

thiophenol was increasingly red shifted. The most substantial S–H red shift, –40 cm–1 

from carbon tetrachloride, was observed in hexamethylbenzene, the most electron-rich 
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aromatic solvent investigated.233 S–H/ aromatic interactions have also been identified 

by IR in solid samples, where a S–H stretch shift of –19 cm–1 was observed from a 

solution in chloroform to a microcrystalline sample in a KBr pellet. 234 

Numerous examples of sulfur-aromatic interactions have been discovered in 

proteins, encompassing methionine, cysteine, and cystine interactions with 

phenylalanine, tyrosine, and tryptophan.7, 173, 222, 228 Sulfur-aromatic interactions were 

conventionally thought to be driven by hydrophobic effects (involving Met) or weak 

electrostatic effects (involving Cys), but have been found to be stronger and more 

prevalent in proteins than these weak intermolecular forces can completely 

rationalize.7 Non-covalent interactions between methionine sulfur atoms and aromatic 

side-chains have been implicated in stabilizing -helices in proteins, with estimates 

between 1-3 kcal mol–1.135, 136 Viguera & Serrano235 found i,i+4 interactions between 

Cys or Met and Phe stabilized -helices within model peptides in water, with up to 2.0 

kcal mol–1 of stability for Phe-Cys interactions. A designed peptide containing a -turn 

was stabilized based on a sulfur-aromatic interaction between Met and Trp.236 Weaver 

et al.228 found that 39% of reduced cysteine residues in proteins in the PDB interacted 

with a phenylalanine aromatic ring. An earlier, broader PDB study showed that nearly 

half of the sulfur-containing amino acids (Met, Cys, and cysteine) interacted with an 

aromatic ring,173 suggestive of the importance of these interactions in protein folding. 

For example, a structurally and energetically significant Cys/Trp sulfur-aromatic 

interaction was found near the active site in the D2 dopamine receptor, which 

potentially plays a role in stabilizing the binding pocket.174 In the conserved 60s loop 

in flavodoxins, mutations to Met56 has been found to influence the redox potentials of 
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the flavin cofactor, potentially by effecting a sulfur-aromatic interaction with the 

flavin (Figure 2.5).138 

 

 

Figure 2.5 Sulfur-aromatic interaction in flavodoxin that influences the redox 

potential 

Oxidized flavodoxin from Clostridium beijerinckii (PDB ID: 5NLL).237 In 

flavodoxins, the 60s loop undergoes a conformational change upon reduction, where 

the amide bond between residues 57-58 switches from cis to trans. Residue 56 is 

typically Trp, Leu, or Met.138 In flavodoxins containing Met56, the midpoint potentials 

are less negative than other flavodoxins, which may be due to the presence of a sulfur-

aromatic interaction.138 

S–H/ aromatic interactions have been generally described as weaker versions 

of O–H/ interactions that may be largely driven by van der Waals interactions, and 

yet S–H/ interactions are found in numerous examples of small molecules and 

proteins, and can have significant consequences on structure and stability.7, 222, 227 In 

Biswal & Wategoankar’s analysis of S–H binding to indoles and benzene, compared 

to O–H, N–H and C–H, it was found that S–H/ aromatic interactions were the 
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strongest in comparison to other X–H/ aromatic interactions, and yet these 

interactions were driven almost completely by dispersion.164 In calculations performed 

by Zhou et al.238, it was found that an n→* interaction significantly stabilized S··O 

complexes, and it was suggested that Aro→* contributions can potentially stabilize 

S·· or S–H/ aromatic interactions. Given that S–H/ aromatic interactions can have 

subtle but powerful influences on protein structure and function, we sought to identify 

the nature of these interactions using 4-thiophenylalanine, the sulfur analogue of 

tyrosine. IR, NMR, and ab initio studies of non-covalent interactions with 4-

thiophenylalanine can complement the work on cysteine- and methionine-aromatic 

interactions, given that the sulfur atom has access to the electron-rich aromatic ring. 

Understanding the strength and geometry of S–H/ aromatic interactions involving 

aryl thiols can guide the usage of 4-thiophenylalanine and related derivatives in 

peptide and protein design, and provide fundamental insights into sulfur and thiol 

interactions. Given that methionine- and cysteine-aromatic interactions have been 

implicated in protein folding and function, we anticipate broad utility of 4-

thiophenylalanine within the context of rationally designed proteins. 

2.2 Results 

2.2.1 Solution phase synthesis of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

A copper-mediated cross-coupling reaction was previously developed for the 

practical synthesis of peptides containing 4-thiophenylalanine using commercially 

available 4-iodophenylalanine.169 Although this solid-phase synthesis is applicable to 

most peptides, the potential for side-chain deprotection of trityl groups and subsequent 

side reactions restricts the broader application of this approach. In order to avoid 
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potential issues with side-chain reactivity in resin-bound peptides, 4-thiophenylalanine 

can be synthesized as a protected amino acid for solid-phase peptide synthesis. 

Synthesis of 4-thiophenylalanine as a free amino acid in solution allows for 

incorporation into proteins via modified aminoacyl t-RNA synthases17 or auxotrophic 

bacteria. In order to generate 4-thiophenylalanine in solution, a synthetic strategy was 

developed based on the copper-catalyzed cross-coupling reaction on Boc-4-

iodophenylalanine (Figure 2.6). Protection of the carboxylic acid in Boc-4-iodo-L-

phenylalanine was necessary prior the copper-mediated reaction with thiolacetic acid. 

Due to the potential for disulfide formation in the presence of strong bases, such as 

those used for hydrolysis of a methyl ester, the use of base-labile protecting groups 

was not practical for removal after formation of the aryl thiol. Therefore, the 

carboxylic acid was protected as a tert-butyl ester because it is acid-labile. Using this 

protecting-group strategy, thiolysis of the thioacetyl group under acidic conditions 

should prevent significant formation of disulfides, and the tert-butyl ester can be 

hydrolyzed under acidic conditions to avoid disulfide formation. Boc-4-iodo-L-

phenylalanine was allowed to react with tert-butanol in the presence of 

dimethylaminopyridine (DMAP) to protect the carboxylic acid as a tert-butyl ester 

(Figure 2.7). 
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Figure 2.6 Synthetic strategy to obtain 4-thiophenylalanine 

From commercially available Boc-4-iodophenylalanine, the carboxylic acid was 

protected as a tert-butyl ester. This protected amino acid can be subjected to copper-

catalyzed cross-coupling conditions, similar to those described by Sawada.88 After 

thiolysis and global deprotection under acidic conditions, 4-thiophenylalanine can be 

used directly in expression, or can be Fmoc-protected for incorporation into peptides 

via solid-phase peptide synthesis. 

Figure 2.7 Initial synthesis of Boc-4-iodo-phenylalanine-tert-butyl ester 

The carboxylic acid was protected as a tert-butyl ester via tert-butanol in the presence 

of DMAP. This reaction generated reasonable yield on the first attempt, but complete 

racemization of the product was observed by chiral HPLC.  

Characterization of the Boc-4-iodophenylalanine-tert-butyl ester product via 

NMR and HRMS showed that the carboxylic acid was protected as a tert-butyl ester. 

However, chiral HPLC analysis of this product showed substantial racemization (23% 

ee, Figure 2.8). DMAP is known to cause racemization, particularly when used as a 

stoichiometric reagent. An alternative method for protecting the carboxylic acid as a 

tert-butyl ester was utilized (Figure 2.8)239 with a smaller quantity of DMAP (0.3 eq 

versus >1 eq). Characterization of the product obtained by the scheme in Figure 2.9 

showed retention of stereochemistry via chiral HPLC (Figure 2.10). The product yield 

of the alternative reaction scheme was also improved over the initial synthetic strategy 

(99% versus 73% product yield, respectively). 
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Figure 2.8 Chiral HPLC chromatogram of Boc-4-iodophenylalanine-tert-butyl 

ester product from the initial synthetic strategy 

Chiral HPLC analysis of showed substantial racemization (23% ee) of the product 

Boc-4-iodophenylalanine-tert-butyl ester obtained from the initial synthesis using 

stoichiometric DMAP. Analytical chiral HPLC chromatogram (UV detection at 254 

nm) of purified Boc-4-iodophenylalanine-tert-butyl ester using a mixture of isocratic 

20% isopropanol in hexanes over 30 minutes on a Daicel ChiralPak 1A column (250 × 

4.6 mm, 5 µm particle, 1.0 mL/min). 

D-isomer 

L-isomer 
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Figure 2.9 Optimized synthesis of Boc-4-iodo-L-phenylalanine-tert-butyl ester 

An alternative strategy was used to protect the carboxylic acid as a tert-butyl ester, 

using a smaller quantity of DMAP (0.3 eq) and Boc2O as an additional reagent. 

Reaction yields were also improved over the previous synthesis. 

Figure 2.10 Chiral HPLC chromatogram of Boc-4-iodo-L-phenylalanine-tert-

butyl ester using an alternative synthetic strategy 

Using a smaller quantity of DMAP (0.3 eq) and Boc2O as an additional reagent, chiral 

HPLC analysis showed that the Boc-4-iodo-L-phenylalanine-tert-butyl ester product 

retained enantiopurity (>98% ee). Analytical chiral HPLC chromatogram (UV 

detection at 254 nm) of purified Boc-4-iodo-L-phenylalanine-tert-butyl ester product 

using a mixture of isocratic 20% isopropanol in hexanes over 20 minutes on a Daicel 

ChiralPak 1A column (250 × 4.6 mm, 5 µm particle, 1.0 mL/min). 

Boc-4-iodo-L-phenylalanine-tert-butyl ester was subjected to the copper-

catalyzed cross-coupling reaction conditions with thiolacetic acid, similar to those 

described by Sawada88 (Figure 2.11), which were used in the initial reaction screening 

for the synthesis of peptides containing 4-thiophenylalanine (Chapter 1). The products 

that resulted from the cross-coupling reaction were a mixture of the thioacetyl product 

and corresponding disulfides, as identified by ESI-MS, consistent with observations in 

L-isomer 
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the cross-coupling reaction on resin-bound peptides and iodobenzene (Chapter 

1.2.1).169 To identify possible work-up conditions for thiolysis and reduction of the 

reaction products, 4-S(acetyl)-thiol-L-phenylalanine-tert-butyl ester and the 

corresponding disulfides were isolated and allowed to react with various reductants to 

produce Boc-4-thiol-L-phenylalanine-tert-butyl ester. Initial attempts using sodium 

methanethiolate for thiolysis followed by reduction with zinc dust were 

unsuccessful.240 However, reaction with methanethiolate followed by reduction using 

dithiothreitol was more successful (Figure 2.12), with the reduced thiol as the major 

reaction product observed by TLC. Characterization of the reaction product by LIFDI 

HRMS and 1H NMR confirmed the presence of a free thiol, rather than the symmetric 

disulfide. The thiol proton was clearly visible in the 1H NMR spectrum as a singlet at 

 3.41 ppm (Figure 2.13a). The aromatic region also differed for the thiol product in 

comparison to a sample of partially oxidized product (Figure 2.13b, mixture of 

disulfides and reduced thiol). Additional 13C NMR and 1H-13C HMBC NMR 

characterization was also completed for the reduced form of Boc-4-thiol-L-

phenylalanine-tert-butyl ester (shown in section 2.2.3, Figures 2.21 and 2.22). 

Detailed resonance assignments are included at the end of this chapter in section 2.4.4 

(Table 2.19). The Boc-4-thiol-L-phenylalanine-tert-butyl ester product crystallized 

during purification as colorless prisms from 20% ethyl acetate in hexanes, and 

characterization of these crystals will be further discussed in section 2.2.2. 
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Figure 2.11 Initial copper-catalyzed cross-coupling reaction with Boc-4-iodo-L-

phenylalanine-tert-butyl ester and thiolacetic acid 

The copper-catalyzed cross-coupling conditions described by Sawada88 were 

employed for this reaction, similar to the initial reaction conditions utilized with 

iodobenzene in Chapter 1.2.1. 

 

Figure 2.12 Thiolysis and reduction of isolated reaction products to produce 

Boc-4-thiol-L-phenylalanine-tert-butyl ester 

The products formed from the copper-catalyzed cross-coupling reaction were isolated 

from the crude reaction, and then combined as solution of Boc-4-S(acetyl)-thiol-L-

phenylalanine-tert-butyl ester and corresponding disulfides. After reaction these 

products were allowed to react with sodium methanethiolate, followed by reduction 

with dithiothreitol, the Boc-4-thiol-L-phenylalanine-tert-butyl ester product was 

acidified with 1 M HCl and extracted into ethyl acetates and purified by column 

chromatography. The purified product was verified by 1H NMR and LIFDI-HRMS to 

be fully reduced. 
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Figure 2.13 1H NMR Spectra of reduced and oxidized Boc-4-thiol-L-

phenylalanine-tert-butyl ester in CDCl3 
1H NMR spectra of Boc-4-thiol-L-phenylalanine-tert-butyl ester as (a) the reduced 

thiol and (b) as a mixture of thiol and symmetric disulfide. The sample shown in (b) 

was obtained by allowing air oxidation of a sample of (a) over several days. The thiol 

proton was clearly visible at 3.41 ppm. The aromatic region also differs between the 

purified thiol and the mixture of thiol and disulfides (respective insets). Combined 

with mass spectrometry data, the product was confirmed as the reduced thiol species, 

as opposed to symmetric disulfides. 

b 

SH 

NH H 

Boc CH3, 
t-Bu CH3 
 

Aromatic 

a 

H 
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Having confirmed that Boc-4-thiol-L-phenylalanine-tert-butyl ester can be 

obtained from the isolated products from the cross-coupling reaction, the work-up 

conditions were optimized so that the 4-thiophenylalanine product could be purified 

directly from the crude reaction mixture. Boc-4-iodo-L-phenylalanine-tert-butyl ester 

was subjected to copper-catalyzed cross-coupling reaction conditions in either toluene 

or tert-amyl alcohol, according to the scheme in Figure 2.14; both of these reactions 

generated a mixture of Boc-4-S(acetyl)-thiol-L-phenylalanine-tert-butyl ester and the 

corresponding disulfides. The crude reactions were filtered over celite and the solvent 

was removed. The crude residue from each cross-coupling reaction was then subjected 

to sodium methanethiolate and DTT (reaction in toluene) or DTT alone (reaction in 

tert-amyl alcohol). By TLC, both of these reductive work-up conditions cleanly 

generated the reduced Boc-4-thiol-L-phenylalanine-tert-butyl ester product. Based on 

these data, either toluene or tert-amyl alcohol can be used for the copper-catalyzed 

cross-coupling reaction, as was observed in the synthesis of peptides containing 4-

thiophenylalanine on solid phase (Chapter 1.2.3). Furthermore, it was established that 

DTT was sufficient to reduce the crude mixture of reaction products to Boc-4-thiol-L-

phenylalanine-tert-butyl ester.  
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Figure 2.14 Initial screen of conditions for one-pot thiolysis and reduction of 

reaction products from copper-catalyzed cross-coupling reaction on Boc-4-iodo-

L-phenylalanine-tert-butyl ester 

Two different conditions were compared in the cross-coupling reaction, where either 

toluene or tert-amyl alcohol were used as a solvent. Reaction conversion was similar 

as observed by TLC. The reaction mixtures were cooled and filtered over celite and 

the solvent was removed. Reaction A (cross-coupling reaction in toluene) was allowed 

to react with sodium methanethiolate and DTT in methanol for 30 minutes at room 

temperature. Reaction B (cross-coupling reaction in tert-amyl alcohol) was allowed to 

react with only DTT in methanol of 15 minutes at room temperature. Both of these 

reaction schemes generated a single product, observed by TLC, which corresponded to 

Boc-4-thiol-L-phenylalanine-tert-butyl ester.  

The optimized reaction conditions initially generated the thiol product in 68% 

yield, which decreased to 13-40% yield after multiple repurifications, although these 

product yields were inconsistent. The product isolated from this reaction sequence was 

a yellow oil rather than a colorless, crystalline material (see above). The 1H NMR and 

mass spectrometry data from the yellow oil were consistent with data obtained from 

the colorless, crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester product. It was 

proposed that the yellow color of the reaction product resulted from a charge transfer 

complex with iodine, where the iodine can potentially “leech” out of the reaction 

product over multiple repurifications over silica gel. The presence or absence of iodine 

from the reaction product can significantly affect the mass of the final product, 

depending on the extent of iodine removal, potentially resulting in very inconsistent 

isolated reaction yields. Various aryl thiols, sulfides, and disulfides have been 

previously examined as charge-transfer complexes with iodine, and the iodine charge-
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transfer complex with thiophenol was reported to have a UV max at 310 nm, 

consistent with the observed yellow color of the isolated Boc-4-thiol-L-phenylalanine-

tert-butyl ester.241 Based on similar charge-transfer complexes with thiols,241 it was 

proposed that the iodine associated with a lone pair of electrons on the sulfur atom, an 

n→* interaction, also known as a “ -hole” or halogen bonding interaction.193, 241-243 

In order to remove iodine from the proposed charge-transfer complex, which can 

potentially increase the likelihood of disulfide formation (via oxidation of the thiol 

with iodine) and obscure the accurate isolated yields from the cross-coupling reaction, 

the purified, yellow Boc-4-thiol-L-phenylalanine-tert-butyl ester product was 

precipitated as a white, crystalline solid from hexanes. Multiple cycles of precipitation 

from hexanes were required to obtain the total isolated yield of Boc-4-thiol-L-

phenylalanine-tert-butyl ester as a white solid (rather than as a yellow, oily charge-

transfer complex) from the purified reaction product. With the additional precipitation 

step after column purification, the isolated product yields from the copper-catalyzed 

cross-coupling reaction were consistently 30%.  

Reaction completion was verified by observed depletion of the Boc-4-iodo-L-

phenylalanine-tert-butyl ester starting material, both by TLC and 1H NMR of the 

crude reaction. The Boc- and tert-butyl ester methyl protons were observed in the 1H 

NMR of the crude reaction, suggesting that the low isolated reaction yields were not 

due to potential Boc- or tert-butyl ester deprotection during the reaction conditions. 

Hartwig has previously reported copper(I):1,10-phenanthroline:thiophenolate 

complexes in reactions with aryl thiols and aryl iodides, using conditions similar to the 

optimized cross-coupling reaction.244 Similar complexes were reported by Kaim, with 

observed aggregation of the complexes from solution.245 During the copper-catalyzed 
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cross-coupling reaction to produce Boc-4-thiol-L-phenylalanine-tert-butyl ester, large, 

black, needle-like crystals were observed to form on the sides of the reaction vial as 

the reaction progressed. These crystals were potentially insoluble complexes of the 

thiolate product with copper(I) and 1,10-phenanthroline, similar to those described by 

Hartwig.244 A possible structure of this copper(I):1,10-

phenanthroline:thiophenylalanine product complex is shown in Table 2.1, although 

multiple related species of this complex could have been present in the crude reaction 

products. In Hartwig’s work, the isolated copper(I):thiophenolate crystals were 

allowed to react with an excess of aryl iodides to drive the reaction to formation of the 

desired aryl thioether products.244 A similar strategy was utilized in an effort to 

improve the isolated product yield of Boc-4-thiol-L-phenylalanine-tert-butyl ester, 

where the crude cross-coupling reaction products were allowed to react with an excess 

of aryl thiolates or potential copper(I) ligands (Table 2.1). In this manner, the Boc-4-

thiol-L-phenylalanine-tert-butyl ester product can potentially be released from the 

copper(I) complex prior to the thiolysis and reduction step. Heating these reaction 

solutions, in order to mimic the metalation conditions during the cross-coupling 

reaction, was expected to break the copper-sulfur bonds or increase the rate of 

exchange with thiolates (or neocuprione) in solution. Work-up strategies on the crude 

reaction mixture using different thiolates or copper(I) ligands were screened for 

formation of Boc-4-thiol-L-phenylalanine-tert-butyl ester (Table 2.1). In addition to 

the work-up with excess thiols following the cross-coupling reaction, the amount of 

copper(I) catalyst was decreased to 10 mol%, which would reduce the overall 

formation of copper(I):1,10-phenanthroline:thiophenylalanine product complexes. 
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Table 2.1. Screening reaction conditions for the release of Boc-4-thiol-L-

phenylalanine-tert-butyl ester product from the possible copper(I) complex 

A crude reaction product mixture from the copper-catalyzed cross-coupling reaction 

was used to screen these work-up conditions, after verifying completion of the 

reaction by TLC. Following the reductive conditions described below, the products 

were isolated, either as Boc-4-thiol-L-phenylalanine-tert-butyl ester as a charge-

transfer complex with iodine, or as a mixture of the thiol and corresponding disulfides 

as charge-transfer complexes  

Abbreviations: 4-mercaptophenylacetic acid (MPAA), dithiothreitol (DTT), thiolacetic 

acid (AcSH), diisopropylethylamine (DIPEA), copper(I) iodide (CuI), potassium 

acetate (KOAc), tert-butanol (tert-BuOH).  

*"charge transfer product" refers to products isolated that were visually yellow and 

oily, indicating some unknown quantity of iodine still present in the sample. 

n.d. indicates “not determined” 

 

Entry 

Catalyst Loading                        

(2:1 1,10-phenanthroline:CuI)  

Treatment on Crude 

reaction products 

Charge transfer                     

product* yield                                                     

(both thiol and 

disulfide) 

Charge transfer 

product* yield 

(thiol only) 

1 25 mol% CuI 

2 eq DTT,                         

2 eq Cs2CO3                      

30 min at 60 °C in THF 

50% n.d. 

2 25 mol% CuI 

2 eq DTT,                          

2 eq Cs2CO3                     

2 eq KOAc                       

3 h at 60 °C in THF 

51% n.d. 

3 25 mol% CuI 

2 eq DTT,                          

2 eq Cs2CO3                     

5 eq 4-hydroxythiophenol                       

3 h at 60 °C in THF 

32% n.d. 
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Table 2.1 continued 

4 25 mol% CuI 

2 eq DTT,                         

2 eq Cs2CO3                      

5 eq MPAA                       

8 h at 60 °C in THF 

54% n.d. 

5 25 mol% CuI 

2 eq DTT,                         

1 eq neocuprione                    

4 eq MPAA                       

8 h at 110 °C in THF 

26% n.d. 

6 10 mol% CuI 

2 eq DTT,                         

2 eq Cs2CO3                       

30 min at rt in THF 

72% 33% 

7 10 mol% CuI 

1.5 eq DTT,                     

1.5 eq MPAA                       

1.5 eq Cs2CO3                       

2 h at 60 °C in THF 

n.d. 34% 

8 10 mol% CuI 

1.5 eq DTT,                     

1.5 eq MPAA                       

1.5 eq Cs2CO3                       

2 h at 110 °C in THF 

n.d. 31% 

9 10 mol% CuI 

1.5 eq DTT,                       

5 eq MPAA                       

2 eq Cs2CO3                       

3 h at 110 °C in t-BuOH 

n.d. 38% 

 

The isolated product yields were improved via reaction of the crude reaction 

products with excess aryl thiolates at elevated temperatures. Isolated reaction yields 

were improved by decreasing the amount of copper(I) catalyst (Table 2.1, entry 1 

versus entry 6), consistent with the proposed formation of copper(I):1,10-

phenanthroline:thiophenylalanine complexes. 4-Mercaptophenylacetic acid was 

selected as the aryl thiolate to compete with the Boc-4-thiol-L-phenylalanine-tert-butyl 

ester product for the copper(I) complex for two reasons: due to the relatively electron-

rich aromatic ring, which promotes the binding ability of the thiolate with the 

copper(I) complex; and due to its hydrophilicity, where the 4-mercaptophenylacetic 

acid and its copper(I) complex will retain on a normal phase silica gel column and 

allow for more efficient purification. 4-Hydroxythiophenol coeluted with the product, 

which complicated purification without improving the reaction yield. Neocuprione 

was not found to be effective at competing with the product for the copper(I) complex. 
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The optimized reaction conditions are described in detail in the experimental section 

(Chapter 2.4.5).  

The complications in the solution phase synthesis of Boc-4-thiol-L-

phenylalanine-tert-butyl ester demonstrated the utility and practicality of the solid 

phase approach to generate peptides containing 4-thiophenylalanine, described in 

Chapter 1. However, this solution-phase reaction sequence provides a novel synthetic 

route to obtain 4-thiophenylalanine as an amino acid, which can be deprotected for 

expression in proteins,17 or protected for incorporation into peptides via solid-phase 

peptide synthesis. Based on this synthesis, Fmoc-4-S(propargyl)-thiophenylalanine 

was generated and incorporated into model peptides as a site for bioorthogonal 

conjugation.139 In addition, the crystal structure of Boc-4-thiol-L-phenylalanine-tert-

butyl ester provided unique insight into the nature of S–H/ aromatic interactions. The 

crystal structure of this amino acid revealed a special geometry of non-covalent S–H/ 

aromatic interactions, which was further explored using solid state NMR, FT-IR, ab 

initio calculations, and comparison to other crystal structures in the CSD. 

2.2.2 Crystallography of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

Boc-4-thiol-L-phenylalanine-tert-butyl ester crystallized during column 

purification using 20% ethyl acetate in hexanes. The product crystallized as a clear, 

colorless, orthorhombic crystal, with approximate dimensions of 0.19 mm × 0.20 mm 

× 0.33 mm. The x-ray crystal structure was solved to 0.77 Å resolution. The hydrogen 

atoms were located for the thiol and carbamate hydrogens based on observable 

electron density (Figure 2.15), which provided reasonable approximation of the thiol 

bond length and trajectory (Figure 2.16, Figure 2.17, and Figure 2.18). 
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Figure 2.15 Electron density of crystalline Boc-4-thiol-L-phenylalanine-tert-

butyl ester  

The thiol hydrogen atom of Boc-4-thiol-L-phenylalanine-tert-butyl ester was located 

based on the observed electron density. Left: contours of 2Fo-Fc electron density map. 

The thiol S-H bond is within the plane of the contours. Green indicates electron 

density. Right: wireframe of 2Fo-Fc electron density map shown at 1 sigma.  

 

Figure 2.16 The crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

The thiol and carbamate hydrogen atoms of Boc-4-thiol-L-phenylalanine-tert-butyl 

ester were located based on the electron density map. Left: ORTEP diagram of Boc-4-

thiol-L-phenylalanine-tert-butyl ester with ellipsoids shown at 50% probability; right: 

relevant bond lengths and angles are shown in the schematic. 
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Figure 2.17 Geometry of an observed intermolecular S–H/ aromatic 

interaction in the crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

a 

b c 

d e 
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(a) The unit cell of Boc-4-thiol-L-phenylalanine-tert-butyl ester revealed an 

intermolecular S–H/ aromatic interaction. The thiol S–H bond did not engage in a 

conventional hydrogen bond with either available carbonyl oxygen or the ester lone 

pairs of electrons; (b) the intermolecular S–H/ aromatic interaction stabilized the 

crystal packing in a “herring bone” pattern; (c, d) viewing down the thiol S–H bond 

shows alignment towards an aromatic bond or carbon, rather than the aromatic 

centroid; (e) schematic representation of the interacting Boc-4-thiol-L-phenylalanine-

tert-butyl ester dimer and relevant intermolecular contact distances. Cmin indicates the 

nearest aromatic carbon to the thiol hydrogen atom, and centroid indicates the centroid 

of the aromatic ring. The distance from the thiol hydrogen to the aromatic ring carbon 

is less than the vdWr for carbon and hydrogen atoms (2.90 Å203). Both the thiol 

hydrogen and sulfur atoms are nearer to an aromatic ring carbon than the aromatic 

centroid. 

  The crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester revealed 

an intermolecular S–H/ aromatic interaction with exceptionally close contacts 

between the thiol S–H and the interacting aromatic ring carbons. It might be expected 

that the thiol would participate in a conventional hydrogen bond with one of the 

carbonyl oxygen atoms or with the ester oxygen atom, each with two lone pairs that 

are typical hydrogen bond acceptors. Instead, the thiol S–H bond appeared to interact 

preferentially with the aromatic ring, and stacked within the unit cell as a “herring 

bone” pattern (Figure 2.17b). The distance from the located hydrogen atom and the 

centroid of the aromatic ring was 2.90 Å, at the sum of the van der Waals distance 

(vdWr) for carbon and hydrogen.203 However, the thiol hydrogen atom was found to 

be closer to one of the carbons in the aromatic ring, at 2.71 Å, which is less than the 

vdWr for carbon and hydrogen. The alignment of the thiol bond was also more 

favorable with the aromatic carbon over the aromatic centroid, where the angle S–H–

Cmin (referring to the nearest aromatic carbon) was 159° and the angle S–H–centroid 

was 148°. Even with reasonable location of the hydrogen atom, x-ray crystallographic 

data does not provide an accurate location, due to the intrinsically low electron density 
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around a hydrogen atom. Location of the hydrogen atom based on the electron density 

map can bias the placement of the hydrogen nearer to the heavier atom, apparently 

shortening the bond length. The observed S–H bond length in the crystal structure was 

1.26 Å, significantly shorter than the known bond length, 1.338 Å.203 To correct for 

this heavy atom bias, the bond length was normalized to a standard length, placing the 

hydrogen at the appropriate location along the vector of the bond (Figure 2.18).203 

With the normalized S–H bond length, the contact between the thiol hydrogen atom 

and the nearest aromatic carbon is even closer, 2.63 Å. 

Figure 2.18 Geometry of the intermolecular S–H/ aromatic interaction in the 

crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester with a 

normalized thiol S–H bond length 

(a) The thiol S–H bond was normalized to 1.338 Å203 along the vector of the S–H 

bond to account for a heavy atom bias in the solved crystal structure; (b) schematic 

representation of the interacting Boc-4-thiol-L-phenylalanine-tert-butyl ester dimer 

and relevant intermolecular contact distances, with the adjusted position of the 

hydrogen atom. Cmin indicates the nearest aromatic carbon to the thiol hydrogen atom, 

and centroid indicates the centroid of the aromatic ring. 

In another effort to crystallize Boc-4-thiol-L-phenylalanine-tert-butyl ester, an 

alternative packing structure was observed after a sample was crystallized from 

b a 
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methanol over three days at room temperature (Figure 2.19). This crystal structure did 

not show evidence of a S–H/ interaction, and instead the thiol S–H bond participated 

in an intermolecular hydrogen bond with the Boc- carbonyl oxygen atom, a 

conventional hydrogen bond.190 However, this crystal structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester was found to be racemic, even though the mother liquor 

was measured to have 98% ee (verified via chiral HPLC analysis). It is plausible that 

these monoclinic, racemic crystals formed initially from a sample that contained trace 

D-amino acid, and the orthorhombic, enantiopure crystals formed more slowly, after 

the D-amino acid content has been removed from solution. Indeed, chiral analysis of 

the mother liquor from which the racemic crystals had formed was 98%ee, supporting 

this possibility. 

The intermolecular distances and angles for the thiol S–H bond to the two 

different acceptors, either the phenyl ring as in Figure 2.17 or the carbonyl oxygen 

atom as in Figure 2.19, are compared in Table 2.2. Measured bond lengths, angles, and 

torsions for both crystal forms of Boc-4-thiol-L-phenylalanine-tert-butyl ester are 

noted in Table 2.3, and compared to a known crystal structure of Boc-tyrosine methyl 

ester (CSD NIKZAK).246 
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Figure 2.19 Crystal structure of Boc-4-thiol-D,L-phenylalanine-tert-butyl ester 

The sample used for crystallization was 98% ee, but these centrosymmetric, 

monoclinic crystals were racemic and had a different crystal packing than enantiopure 

of Boc-4-thiol-L-phenylalanine-tert-butyl ester. (a) ORTEP diagram of Boc-4-thiol-

D,L-phenylalanine-tert-butyl ester with ellipsoids shown at 50% probability; (b) 

relevant bond lengths and angles are shown in the schematic. The thiol S–H bond 

length is unusually short; (c) the crystal packing showed an intermolecular S–H/O 

interaction. This intermolecular interaction contrasts from the observations in the 

enantiopure, orthorhombic crystals shown in Figure 2.15-2.18. 

a b 

c 

S–H··O distance = 2.38 Å 
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Table 2.2. Comparison of intermolecular S–H interactions in different crystal 

forms of Boc-4-thiolphenylalanine-tert-butyl ester 

Measured distances and angles were obtained from the crystal structures shown in 

Figure 2.17 & Figure 2.19. The comparison is between the acceptor of the S–H bond, 

either as the phenyl ring (Figure 2.17) or as the carbonyl oxygen atom (Figure 2.19). 

Cmin refers to the nearest aromatic carbon atom. 

 

Parameter 

Enantiopure 

S–H·· interaction 

Acceptor = phenyl ring 

Racemic 

S–H··O interaction 

Acceptor = carbonyl O 

S–H··A distance, Å 
To centroid: 2.90 

To Cmin: 2.71 
2.38 

S–H··A angle, ° 
To centroid: 147.9 

To Cmin: 159.2 
176.2 

S··A distance, Å 
To centroid: 4.02 

To Cmin: 3.91 
3.37 
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Table 2.3. Bond lengths, angles, and torsions in the crystal structure of Boc-4-

thiol-L-phenylalanine-tert-butyl ester and Boc-4-thiol-D,L-phenylalanine-tert-butyl 

ester 

Measured parameters were obtained from the crystal structure shown in Figure 2.17 & 

Figure 2.19. The measurements for Boc-tyrosine methyl ester are previously published 

(CSD NIKZAK).246 Hydrogen atoms are as reported in the CSD or as they were 

located in the x-ray crystal structure, and the S–H or O–H bond lengths are not 

normalized. 

 

Parameter 

Boc-4-thiol-L-

phenylalanine-tert-butyl 

ester 

X = S 

Boc-4-thiol-D,L-

phenylalanine-tert-

butyl ester 

X = S 

Boc-tyrosine 

methyl ester 

X = O 

C–X bond length, Å 1.77  1.78 1.37 

X–H bond length, Å 1.26 0.99 0.82 

C–X–H bond angle, ° 99.3 98.1 109.5 

C–C–X–H torsion angle, ° 1.77 26.9 6.50 

, ° -140.0 62.1 -71.3 

 , ° 173.2 -138.0 -7.7 

, ° -50.5 68.4 -67.1 

 

For the thiol that interacted with the carbonyl oxygen atom, the distance was 

shorter and alignment was more linear in comparison to the interaction observed with 

the thiol and phenyl ring. The increased electronegativity of the oxygen atom and 

greater electrostatic driving energy can account for this apparently stronger 

interaction. It is possible that additional interactions in the crystal packing of racemic 

Boc-4-thiolphenylalanine-tert-butyl ester stabilized the geometry and alignment of this 

S–H··O interaction, given that this interaction was only observed in racemic crystals.  

In all three cases, the X–H bond (where X = S or O) was shorter than standard 

bond lengths,203 which is not uncommon for x-ray crystallographic data. The C–S–H 
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bond angles for both forms of Boc-4-thiolphenylalanine-tert-butyl ester were typical 

of thiol bonds, which generally have tighter bond angles than their oxygen 

analogues.60 This aspect about hydroxyls and thiols is sometimes overlooked in 

considering protein crystal structures or designing protein variants involving cysteine 

and serine. Both serine and cysteine can participate in conventional hydrogen bonds 

and in aromatic interactions in proteins, but have very different geometric preferences 

and different preferences for acceptor groups (cysteine is more likely to participate in 

aromatic interactions over serine).247 

In the crystal structure of Boc-4-thiolphenylalanine-tert-butyl ester, 

intermolecular hydrogen bonds between the carbamate hydrogen and carbonyl oxygen 

atoms provide further stability in the crystal packing. Indeed, the enantiopure and 

racemic crystals have different overall crystal packing, and different intermolecular 

thiol interactions. The additional interactions observed in the crystal packing, which 

clearly influence the thiol hydrogen bond acceptors and geometry, can potentially 

obscure the fundamental nature of the thiol-aromatic interaction. In order to determine 

the energy and geometry of the S–H/ interaction, separate from additional 

interactions that stabilize the crystal packing in Boc-4-thiolphenylalanine-tert-butyl 

ester, p-thiocresol was crystallized and the structure was solved for comparison. p-

Thiocresol can be viewed as a truncation of 4-thiophenylalanine, where the carbamate, 

amide, and tert-butyl groups are removed. p-Thiocresol can orient freely and the 

crystal packing should represent the most favorable interactions and geometry. It was 

discovered that commercially available p-thiocresol was sold as diffractable crystals 

(Sigma-Aldrich), and the crystal structure was obtained directly from commercially 

available material without further recrystallization (Figure 2.20).  
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Figure 2.20 Crystal structure of p-thiocresol 

Diffractable crystals of p-thiocresol were obtained directly from commercially 

available material (Sigma-Aldrich). (a, b) The unit cell for p-thiocresol is shown along 

two different axes. The staggered, columnar arrangement (right) was potentially the 

source of the symmetry observed in the electron density map, which rendered the 

methyl and thiol substituents indistinguishable; (c) the ORTEP diagram of p-thiocresol 

with ellipsoids shown at 50% probability shows the centrosymmetric crystal structure, 

where the thiol group and methyl group were indistinguishable by electron density.  

Surprisingly, the space group of these p-thiocresol crystals was monoclinic, 

and the structure was centrosymmetric about the aromatic ring. It is possible that the 

columnar stacking of p-thiocresol in the crystal structure “blurred” the electron density 

a b 

c 
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around the methyl and thiol groups, rendering these two substituents indistinguishable 

by electron density. Alternatively, disorder and similar sterics allow either the methyl 

or the thiol group to exist in either position. Unfortunately, the thiol hydrogen could 

not be uniquely located, given this centrosymmetric structure of p-thiocresol, and 

comparison of the S–H/ interaction with Boc-4-thiol-L-phenylalanine-tert-butyl ester 

was not possible with p-thiocresol. 

Having observed these short, intermolecular contacts within Boc-4-thiol-L-

phenylalanine-tert-butyl ester, this amino acid provided a unique opportunity for 

detailed insights into the nature of S–H/ aromatic interactions, in addition to the 

potential applications for this amino acid in protein modification. The geometry and 

strength of the S–H/ interaction in Boc-4-thiol-L-phenylalanine-tert-butyl ester was 

further explored via NMR spectroscopy, FT-IR spectroscopy, and ab initio 

calculations, which are discussed in the following sections. 

2.2.3 NMR Characterization of Boc-4-thiol-L-phenylalanine-tert-butyl ester and 

p-thiocresol 

In 1H NMR spectroscopy, the chemical shift () of a proton signal is dependent 

on the shielding effects from the local chemical environment, with respect to induced 

magnetic fields. The chemical shift can change depending on solvent interactions and 

shielding effects from the local environment. 1H NMR spectra were obtained for Boc-

4-thiol-L-phenylalanine-tert-butyl ester in solvents that could potentially interact with 

the thiol proton, thereby changing the shielding effects and changing the observed 

chemical shift. Chloroform-d has the potential to weakly interact with the thiol sulfur 

via a C–D interaction or with the thiol sulfur via a halogen bond; benzene-d6 can 

potentially interact as an S–H/ or S/ aromatic interaction; methanol-d3 can interact 
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as a traditional hydrogen bond acceptor S–H··O. These proton chemical shifts for 

Boc-4-thiol-L-phenylalanine-tert-butyl ester were compared to p-thiocresol in the same 

solvents, and the summarized resonance assignments are in Table 2.4 and Table 2.5, 

respectively. 
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Table 2.4. 1H chemical shift assignments for Boc-4-thiol-L-phenylalanine-tert-

butyl ester as a function of solvent 

1H chemical shifts in CDCl3 were assigned based on 1H-13C-HMBC data (Figure 

2.22), and 1H chemical shifts in other solvents were assigned by analogy. The  with 

respect to the thiol resonance in CDCl3 were calculated.  

 

H# Group CDCl3 , ppm MeOH-d3 , ppm Benzene-d6  ppm 

1 
tert-butyl 

methyl 
1.41 1.30 1.22 

2 
tert-butyl 

methyl 
1.42 1.31 1.39 

3 H 4.41 4.09 4.58 

4 H 3.00 2.73 2.78 

5 H 3.00 2.88 2.90 

6 Carbamate 4.98 6.69 5.00 

7 CAro, ortho 7.20 6.99 6.80 

8 CAro, meta 7.04 7.10 6.88 

9 Thiol 3.41 4.00 2.97 

     

, ppm 0.00 +0.59 –0.44 
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Table 2.5. 1H chemical shift assignments for p-thiocresol as a function of 

solvent 

1H chemical shifts in CDCl3 were assigned based on 1H-13C-HSQC and 1H-13C-

HMBC spectra (Figures 2.24, 2.25), and 1H chemical shifts in other solvents were 

assigned by analogy. The  with respect to the thiol resonance in CDCl3 were 

calculated.  

 

H# Group CDCl3 , ppm MeOH-d3 , ppm Benzene-d6  ppm 

H1 Methyl 2.29 2.26 1.97 

H2 CAro, ortho 7.18 7.15 6.97 

H3 CAro, meta 7.04 7.03 6.73 

SH Thiol 3.37 4.03 3.03 

     

, ppm 0.00 +0.66 –0.34 

 

Based on prior IR studies on aryl thiols, chloroform is known to interact 

weakly with thiols, while benzene, acetone, and dioxane interact with thiols more 

strongly (observed as a greater red shift in the S–H stretch, see Chapter 2.2.4).230, 231 

Compared to chloroform, the chemical shift of the thiol proton was shifted downfield 

by 0.59-0.66 ppm in the presence of a polar solvent (in methanol-d3) for both p-

thiocresol and Boc-4-thiol-L-phenylalanine-tert-butyl ester. This downfield shift in the 

thiol proton chemical shift indicated a deshielding effect due to solvent interactions 

with methanol. IR studies indicated that benzene and substituted benzene derivatives 

interact strongly with aryl thiols, depending on the electron-donating ability of the 
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aromatic substituents.233 In contrast, the thiol proton resonance was shifted upfield by 

0.34-0.44 ppm in the presence of a benzene-d6 for both p-thiocresol and Boc-4-thiol-L-

phenylalanine-tert-butyl ester. An upfield chemical shift change in the thiol proton in 

the presence of benzene-d6 indicates a shielding effect from an aromatic ring. 

Aromatic solvents such as benzene are known to induce chemical shift changes upon 

interacting with specific protons, termed aromatic-solvent induced shift (ASIS).248 In 

general, the chemical shifts of a given compound are shifted upfield in benzene-d6 

compared to CDCl3. The ring current effects in aromatic rings causes a shielding 

effect on protons that are located above or below the plane of the aromatic ring, which 

shifts the proton resonance to a higher field upon interaction with the aromatic ring.248 

The differing chemical shifts of the thiol proton between benzene-d6 and methanol-d3 

suggest that the thiol interactions with benzene are fundamentally different from the 

interactions with conventional hydrogen bonding solvents. 

To gain further insight into the nature of the S–H/ interaction in crystalline 

Boc-4-thiol-L-phenylalanine-tert-butyl ester, solid-state NMR was used to determine 

the shielding effects on the aromatic ring and thiol proton in the crystal structure. 

Typical solid-state NMR produces broad, weak signals that are not useful for 

interpretation, due to anisotropy of the nuclei within a solid sample. Cross-polarization 

magic-angle spinning (CP-MAS) rotates the sample at high frequency (14 kHz) at 

54.74° with respect to the magnetic field, which reduces the anisotropy and sharpens 

the resultant signals. Carbon nuclei have less anisotropy in solid samples than protons, 

and CP-MAS NMR is more often used for obtaining 13C NMR spectra in solid 

samples. Comparisons of 13C NMR spectra of Boc-4-thiol-L-phenylalanine-tert-butyl 

ester in solution (CDCl3) and in crystalline form are shown in Figure 2.21. Resonance 
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assignments for Boc-4-thiol-L-phenylalanine-tert-butyl ester are shown in Table 2.6, 

based on correlations observed in solution 1H-13C HMBC NMR spectra (Figure 2.22). 

p-Thiocresol was also characterized using CP-MAS 13C NMR, and the comparisons of 

13C NMR spectra for p-thiocresol in solution (CDCl3) and in crystalline form are 

shown in Figure 2.23. Resonance assignments for p-thiocresol were based on 

correlations observed in solution 1H-13C HSQC NMR spectra and 1H-13C HMBC 

NMR spectra (Figure 2.24, Figure 2.25, and Table 2.7, respectively).  
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Figure 2.21 13C NMR spectra of Boc-4-thiol-L-phenylalanine-tert-butyl ester in 

crystals and in CDCl3 
13C NMR spectra of Boc-4-thiol-L-phenylalanine-tert-butyl ester via CP-MAS 13C 

NMR of the crystalline sample (top, blue) and in CDCl3 (bottom, black). 
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Figure 2.22 1H-13C HMBC NMR spectrum of Boc-4-thiol-L-phenylalanine-tert-

butyl ester in CDCl3 
1H-13C HMBC NMR spectra of Boc-4-thiol-L-phenylalanine-tert-butyl ester as the 

fully reduced thiol in CDCl3. The H protons and thiol proton have clear correlations 

in the aromatic region, which allowed for assignment of each aromatic carbon and 

aromatic proton. 
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Table 2.6. 13C Chemical shift assignments for Boc-4-thiol-L-phenylalanine-

tert-butyl ester 

13C chemical shifts in CDCl3 were assigned based on 1H-13C-HMBC data, and 

chemical shifts in solid state were assigned based on 13C-1H HETCOR experiments. 

 

 

 

C# Carbon CDCl3 , ppm Solid State , ppm , ppm 

C7 Carbonyl, tert-butyl ester 170.8 175.4 4.7 

C10 Carbonyl, Boc 155.0 156.3 1.3 

C3 CAro, ipso 134.0 135.1 1.1 

C4 CAro, ortho 130.3 131.4 1.2 

C5 CAro, meta 129.5 131.4 1.9 

C6 CAro, para 128.9 129.6 0.8 

C8 C, tert-butyl ester 82.2 82.2 0.0 

C11 C, Boc 79.7 80.4 0.7 

C1 C 54.7 58.9 4.3 

C2 C 37.9 36.0 –1.9 

C12 CH3, Boc 28.3 28.6 0.3 

C9 CH3, tert-butyl ester 28.0 28.6 0.6 
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Figure 2.23 13C NMR spectra of p-thiocresol in CDCl3 and in crystals 
13C NMR spectra of p-thiocresol via CP-MAS 13C NMR of the crystalline sample (top, 

blue) and in CDCl3 (bottom, black).  

*denotes spinning side-bands of the aromatic signals. 
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Figure 2.24 1H-13C HSQC NMR spectrum of p-thiocresol in CDCl3 
1H-13C HMBC NMR spectrum of p-thiocresol in CDCl3.  
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Figure 2.25 1H-13C HMBC NMR spectrum of p-thiocresol in CDCl3 
1H-13C HMBC NMR spectrum of p-thiocresol in CDCl3. The methyl protons and thiol 

proton have clear correlations in the aromatic region, which allowed for assignment of 

each aromatic carbon and aromatic proton. 
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Table 2.7. 13C Chemical shift assignments for p-thiocresol in solution and 

solid samples 

13C chemical shifts in CDCl3 were assigned based on 1H-13C-HSQC and 1H-13C-

HMBC data. 13C chemical shifts in crystalline material were assigned based on 13C-
1H-HETCOR spectra. 

C# Carbon CDCl3 , ppm Solid State , ppm , ppm 

C2 CAro, ipso 135.6 133.0 2.6 

C3 CAro, ortho 129.9 129.5 0.4 

C4 CAro, meta 129.8 128.3 1.5 

C5 CAro, para 126.6 126.8 –0.2 

C1 CH3 20.9 20.2 0.7 
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One of the most significant differences in the 13C NMR spectra in comparing 

the solution and crystalline forms of Boc-4-thiol-L-phenylalanine-tert-butyl ester was 

the chemical shift for the carbonyl carbon in the tert-butyl ester group ( = +4.7 

ppm). This chemical shift change was likely a result of the hydrogen-bonding 

interaction with the carbamate N–H, consistent with observations in the crystal 

structure. Changes in the 13C chemical shifts were also evident in the aromatic 

carbons, to a lesser extent ( 0.8-1.9 ppm), but the assignments in the crystalline 

sample for the aromatic carbons were not as reliable due to lower resolution, signal 

broadening, and spectral overlap. Interestingly, the 13C chemical shifts for C and C 

changed significantly ( = 4.3 ppm and –1.9 ppm, respectively). The reason for this 

change is less clear, as the crystal structure does not provide evidence for any 

particular interactions that would affect the shielding for these carbon atoms. 

Potentially, the chemical shift changes are as a result of 1 conformational restriction 

within the crystal structure, in comparison to free rotation about 1 in solution. 

Similar chemical shift changes were observed in the aromatic region of p-

thiocresol that were observed in Boc-4-thiol-L-phenylalanine-tert-butyl ester. The Cispo 

13C chemical shift was shifted downfield to a greater extent with p-thiocresol than for 

Boc-4-thiol-L-phenylalanine-tert-butyl ester ( 1.1 ppm vs 2.6 ppm, respectively). As 

noted, the spectral overlap and lower resolution of solid-state NMR spectra rendered 

the chemical shift assignments in the crystalline sample somewhat less reliable, and 

care must be taken in analysis of these signals.  

As described previously, obtaining the 1H NMR spectrum by solid-state NMR 

generally produces broad, poorly interpretable spectra. The use of Lee-Goldberg 13C-

1H HETCOR solid-state NMR249 can provide reasonable assignments in the 1H NMR 
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via a 2D NMR experiment. This HETCOR experiment reveals proton signals 

indirectly through the carbon signals, which allows for improved resolution of the 

proton resonances in solid samples. The intensity of the correlations depends on the 

distance between the coupled atoms, rather than through-bond correlations. 13C-1H 

HETCOR experiments were conducted on solid-state samples of Boc-4-thiol-L-

phenylalanine-tert-butyl ester with mixing times of 300 s or 1000 s (Figure 2.26 

and Figure 2.27, respectively). A HETCOR spectrum was also collected for p-

thiocresol with a 300 s mixing time (Figure 2.28). The chemical shift assignments for 

Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-thiocresol for samples in CDCl3 and 

in crystalline samples are given in Tables 2.8 and 2.9, respectively. 
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Figure 2.26 13C-1H-HETCOR spectrum of Boc-4-thiol-L-phenylalanine-tert-

butyl ester in crystal form 
13C-1H-HETCOR spectrum of the crystalline Boc-4-thiol-L-phenylalanine-tert-butyl 

ester was obtained via Lee-Goldberg CP-MAS solid-state NMR with a spinning rate 

of 14 kHz. The mixing time was 300 s. 

The downfield thiol proton, correlating with an aromatic carbon, is boxed. 
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Figure 2.27 13C-1H-HETCOR spectrum of Boc-4-thiol-L-phenylalanine-tert-

butyl ester in crystal form 
13C-1H-HETCOR spectrum of the crystalline Boc-4-thiol-L-phenylalanine-tert-butyl 

ester was obtained via Lee-Goldberg CP-MAS solid-state NMR with a spinning rate 

of 14 kHz. The mixing time was 1,000 s. The downfield thiol proton, correlating 

with an aromatic carbon and to a tert-butyl methyl group, is boxed. 
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Figure 2.28 13C-1H-HETCOR spectrum of p-thiocresol in crystal form 
13C-1H-HETCOR spectrum of the crystalline p-thiocresol was obtained via Lee-

Goldberg CP-MAS solid-state NMR with a spinning rate of 14 kHz. The mixing time 

was 300 s. The two thiol protons, interacting with both the aromatic carbons and the 

methyl carbon, are boxed. 
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Table 2.8. 1H chemical shift assignments for Boc-4-thiol-L-phenylalanine-tert-

butyl ester in solution and crystalline form 

1H chemical shifts in CDCl3 were assigned based on 1H-13C-HMBC data (Figure 

2.22), and 1H chemical shifts in the solid sample were taken directly from solid state 
13C-1H-HETCOR data. The  with respect to the resonances in CDCl3 were 

calculated.  

 

H# Group CDCl3 , ppm Solid-state , ppm  ppm 

1 
tert-butyl 

methyl 
1.4 1.7 0.3 

2 
tert-butyl 

methyl 
1.4 1.7 0.3 

3 H 4.4 4.6 0.2 

4 H 3.0 3.3 0.3 

6 Carbamate 5.0 7.4 2.4 

7 CAro, ortho 7.0 7.6 0.6 

8 CAro, meta 7.2 7.6 0.4 

9 Thiol 3.4 6.2 2.8 
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Table 2.9. 1H chemical shift assignments for p-thiocresol in ester in solution 

and crystalline form 

1H chemical shifts in CDCl3 were assigned based on 1H-13C-HMBC data (Figure 

2.25), and 1H chemical shifts in the solid sample were taken directly from solid state 
13C-1H-HETCOR data. The  with respect to the resonances in CDCl3 were 

calculated. 

 

 

Careful examination of both HETCOR spectra of the crystalline Boc-4-thiol-L-

phenyalanine-tert-butyl ester showed one peak at 6.2 ppm that was assigned to the 

thiol proton, significantly shifted downfield in comparison to the sample in chloroform 

( = +2.8 ppm). The carbamate proton was also significantly shifted downfield in the 

crystalline sample ( = +2.4 ppm compared to CDCl3), consistent with the hydrogen 

bonding interaction observed in the crystal structure of Boc-4-thiol-L-phenyalanine-

tert-butyl ester. Other protons were only marginally shifted in crystalline Boc-4-thiol-

L-phenyalanine-tert-butyl ester based on the HETCOR spectrum.  

Based on the HETCOR spectra, there appeared to be two different thiol 

hydrogen environments in crystalline p-thiocresol: one that interacts more strongly 

with the aromatic ring at 5.0 ppm (comparable to the resonance at 6.2 ppm Boc-4-

H# Group CDCl3 , ppm Solid-state , ppm  ppm 

H1 Methyl 2.3 2.4 0.1 

H2 CAro, ortho 7.2 7.1 –0.1 

H3 CAro, meta 7.0 7.1 0.1 

SH Thiol 3.4 5.0, 3.2 1.6,–0.2 
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thiol-L-phenyalanine-tert-butyl ester), and one that does not interact as strongly with 

the aromatic ring at 3.2 ppm. The two apparent thiol resonances, representing the 

“interacting” and “non-interacting” forms of the thiol proton in p-thiocresol, are 

observed in the HETCOR spectrum ( = 1.8 ppm).  

2.2.4 FT-IR Spectroscopy of Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-

thiocresol 

Vibrational spectroscopy, including FT-IR spectroscopy, characterizes the 

bending and stretching of chemical bonds in molecules. The fundamental thiol S–H 

stretching frequency (S–H) is generally 2600-2550 cm–1, depending the local 

environment and nature of thiol S–H bond interactions.203, 232 Few other vibrational 

frequencies are observed near the thiol frequency range, and so the S–H, although 

typically weak, can be distinguished from most other functional groups. The S–H is 

dependent on the concentration of the thiol compound in solution, as a result of self-

association either by S–H/ interactions or by S–H··S hydrogen bonding interactions 

at higher concentrations.230, 232 The S–H is also temperature dependent230 and solvent 

dependent, where polar protic or aromatic solvents cause a red shift in the S–H due to 

solvent interactions.231, 233 As the S–H decreases in frequency, the signal also typically 

sharpens and increases in intensity.232, 233  

Saggu et al.233 have previously examined the effect of aromatic solvents on the 

S–H of thiophenol using 12 different benzene derivatives with a range of electron-

donating substituents. In this work, the S–H of thiophenol red shifted in a predictable 

manner with increasingly electron-rich aromatic rings. The greatest red shift in S–H of 

thiophenol was in the presence of hexamethylbenzene, with a S–H of –40 cm–1 

relative to CCl4.
233  In addition, the intensity of the S–H signal increased with lower 
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frequencies. The work by Saggu et al.233 demonstrates that the S–H is strongly 

dependent on the aromatic electronic effects within the interacting aromatic ring. FT-

IR spectroscopy can also be used to examine S–H/ aromatic interactions in solid 

samples. Rozenberg et al.234 compared S–H in microcrystalline and solution samples 

of N-(o-hydroxyphenyl)-3-sulfanylmethylpyrrolidin-2-one, and found a substantial red 

shift (–19 cm–1) in the S–H between solid and solution forms, consistent with an S–

H/ aromatic interaction observed in the crystal structure. In a silylthiol compound 

with a crystallographically observed S–H/ interaction, Jabłońska et al.250 observed 

two distinct S–H bands in the solid-state FT-IR, separated by 31 cm–1, which was 

attributed to “interacting” and “non-interacting” forms of the the thiol group. 

Given the observations in the crystal structure and solid-state NMR spectra of 

Boc-4-thiol-L-phenylalanine-tert-butyl ester, it was expected that the S–H should 

exhibit a red shift in comparison of the crystalline sample with a solution sample. 

Analysis of solution and solid samples by FT-IR requires little additional equipment, 

unlike solution and solid NMR analysis (Chapter 2.2.3). In addition, the magnitude of 

the S–H red shift can provide a measure of interaction strength, both through 

comparison to calculated values and in comparison to numerous examples of thiol FT-

IR studies in the literature.230-234  

The FT-IR spectra were taken of crystalline samples of Boc-4-thiol-L-

phenylalanine-tert-butyl ester as a KBr pellet, and compared to solution samples of 

Boc-4-thiol-L-phenylalanine-tert-butyl ester. A series of solvents was included in this 

study, in order to examine the effect of different hydrogen bonding partners on the S–

H red shift and signal intensity. CCl4 and CHCl3 have limited interactions with thiols, 

and served as the bases for comparison to other solvents and co-solvents. Thiol 
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interactions with carbonyl and esters were examined (acetone and ethyl acetate), as 

well as cyclic ethers (THF) and alcohols (methanol). Solvents were prepared as 10% 

and 25% cosolvents in CCl4, or neat (for ethyl acetate and acetone). p-Thiocresol was 

also examined by FT-IT with the same solvents. All solution samples were taken with 

three independent trials and averaged after baseline correction using solutions of 200 

mM Boc-4-thiol-L-phenylalanine-tert-butyl ester or p-thiocresol.  

A summary of the IR data in different solvents, including thiol S–H max, 

absorbance intensity, the signal full-width at half-maximum, and the S–H red shift, is 

shown for Boc-4-thiol-L-phenylalanine-tert-butyl ester (Table 2.10) and p-thiocresol 

(Table 2.11). The absolute absorbance spectra for the thiol S–H stretching frequency 

in crystalline and in solution (25% cosolvents in CCl4) forms are shown for Boc-4-

thiol-L-phenylalanine-tert-butyl ester and p-thiocresol in Figure 2.29. The spectra for 

crystalline samples were normalized with respect to the max at 2925-2935 cm–1 to 

allow for direct comparison of the absolute intensities (solvent data all were collected 

at 200 mM sample concentration, but solid samples were based on arbitrary amounts 

of microcrystals). Absorbance spectra that were normalized with respect to the S–H 

Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-thiocresol are shown in Figure 2.30. 

Comparisons of the S–H in each cosolvent system at 10% or 25% in CCl4 (and neat, 

for acetone and ethyl acetate) for Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-

thiocresol are shown in Figure 2.31 and Figure 2.32, respectively. 
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Table 2.10. IR data for the S–H stretching frequency in Boc-4-thiol-L-

phenylalanine-tert-butyl ester 

The max, absorbance intensity, and full-width at half-maximum (FWHM) of the S–H 

stretching frequencies, and the max relative to max in CHCl3 were obtained from the 

IR spectra shown in Figure 2.31. Spectra were collected with 1 cm–1 resolution, and 

were background-subtracted, baseline-corrected, and averaged over at least three 

independent trials (except for the crystalline data). Errors in absorbance were less than 

10% unless indicated otherwise (shown in parentheses). 
aAbsolute intensity was normalized with respect to the max at 2925-2935 cm–1 in 25% 

acetone/CCl4. This approach was employed because the signal in the crystalline 

material was based on an arbitrary amount of solid, and can not be directly compared 

to solution samples (all at 200 mM). Normalization was conducted based on the C–H 

stretching frequency due to its similar signal intensity in all solution samples. This 

normalization allows direct comparison of the intensities of S–H in solution and in 

solid state. The absolute absorbance for the sample is shown in brackets. 

“n.d.” was not determined due to low solubility 

“br” indicates a broad signal either with a FWHM greater than 80 cm–1 or two 

apparently overlapping signals. 

 max, 

cm–1 
Intensity, 

Absorbance 

FWHM, 

cm–1 

max, 

cm–1 

Crystalline 2538 0.2315a  

[0.0956] 

18 –47 

CCl4 n.d  n.d. n.d. n.d  

CHCl3 2585 0.0037 21 0 

Ethyl Acetate 2566 0.0195 33 –19 

25% Ethyl Acetate in CCl4 2567 0.0084 37 –18 

10% Ethyl Acetate in CCl4 2569 0.0033 

(±0.0018) 

52 –16 

Acetone 2558 0.0200 55 –27 

25% Acetone in CCl4 2559 0.0088 

(±0.0019) 

49 –26 

10% Acetone in CCl4 2559 0.0052 

(±0.0018) 

57 –26 

25% MeOH in CCl4 2541 

2497 

0.0045 

0.0050 

brc –44 

–88 
10% MeOH in CCl4 2554 

2499 

0.0025 

0.0026 

brc –31 

–86 
25% THF in CCl4 2534 0.0057 75 –51 

10% THF in CCl4 2541 0.0034 brc –44 
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Table 2.11. IR data for the S–H stretching frequency in p-thiocresol  

The max, absorbance intensity, and full-width at half-maximum (FWHM) of the S–H 

stretching frequencies, and the max relative to max in CCl4 were obtained from the 

IR spectra shown in Figure 2.32. Spectra were collected with 1 cm–1 resolution, and 

were background-subtracted, baseline-corrected, and averaged over at least three 

independent trials (except for the crystalline data). Errors in absorbance were less than 

10%. 
aAbsolute intensity was normalized with respect to the max at 2925-2935 cm–1 in 25% 

acetone/CCl4. This approach was employed because the signal in the crystalline 

material was based on an arbitrary amount of solid, and can not be directly compared 

to solution samples (all at 200 mM). Normalization was conducted based on the C–H 

stretching frequency due to its similar signal intensity in all solution samples. This 

normalization allows direct comparison of the intensities of S–H in solution and in 

solid state. The absolute absorbance for the sample is shown in brackets. 

“n.d.” was not determined due to low solubility;  

“br” indicates a broad signal either with a FWHM greater than 80 cm–1 or two 

apparently overlapping signals. 

 
 max, 

cm–1 
Intensity, 

Absorbance 

FWHM, 

cm–1 

max, 

cm–1 

Crystalline 2563 0.0235a 

[0.0263] 

18 –23 

CCl4 2586 0.0022  25 0 

CHCl3 2585 0.0051  21 –1 

Ethyl Acetate 2567 0.0211  33 –19 

25% Ethyl Acetate in CCl4 2570 0.0093 35 –16 

10% Ethyl Acetate in CCl4 2571 0.0046 39 –15 

Acetone 2558 0.0267 55 –28 

25% Acetone in CCl4 2561 0.0105 52 –25 

10% Acetone in CCl4 2565 0.0055 55 –21 

25% MeOH in CCl4 2521 0.0062 brc –65 

10% MeOH in CCl4 2584 

2548 

2518 

0.0027 

0.0023 

0.0021 

brc –2 

–38 

–21 

25% THF in CCl4 2530 0.0082 69 –56 

10% THF in CCl4 2531 0.0036 brc –55 
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Figure 2.29 Comparison of the IR spectra of the S–H stretching frequency of 

Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-thiocresol.  

In the crystalline data, the max near 2928 cm–1 was normalized to the same absorbance 

as 25% acetone in CCl4. The S–H stretching frequencies in solid and solution samples 

of (a, c) Boc-4-thiol-L-phenylalanine-tert-butyl ester and (b, d) p-thiocresol. Charts c 

and d have the crystalline spectra omitted for clarity. Crystalline material (blue) was 

analyzed via pressed pellet method in anhydrous KBr. Solutions were prepared as 200 

mM solutions of compounds in the specified solvent (CCl4, black; CHCl3, red; 25% 

ethyl acetate/CCl4, orange; 25% acetone/CCl4, yellow; 25% THF/CCl4, light green; 

25% methanol/CCl4, dark green). Spectra were collected with 1 cm–1 resolution, and 

were background subtracted, baseline corrected, and averaged over at least three 

independent trials (except for the crystalline data). Additional data at different 

concentrations of cosolvents are shown in Figure 2.31, and are included in the 

appendix. 

 

a b 

c d 
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Figure 2.30 Normalized IR spectra of the S–H stretching frequency of Boc-4-

thiol-L-phenylalanine-tert-butyl ester and p-thiocresol.  

The normalized absorbance of the S–H stretching frequency for (a) Boc-4-thiol-L-

phenylalanine-tert-butyl ester and (b) p-thiocresol. Crystalline material (blue, b only) 

was analyzed via pressed pellet method in anhydrous KBr. Solutions were prepared as 

200 mM concentrations of Boc-4-thiol-L-phenylalanine-tert-butyl ester in the specified 

solvent (CHCl3, red; 25% ethyl acetate/CCl4, orange; 25% acetone/CCl4, yellow; 25% 

THF/CCl4, light green; 25% methanol/CCl4, dark green). Spectra were collected with 

1 cm–1 resolution, and were background subtracted, baseline corrected, and averaged 

over at least three independent trials (except for the crystalline data). Additional data 

at different concentrations of cosolvents are shown in Figure 2.31, and are included in 

the appendix. 

a b 
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Figure 2.31 Dependence of S–H signal intensity on cosolvent concentration for 

Boc-4-thiol-L-phenylalanine-tert-butyl ester 

b a 

c 

e f 

d 
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FT-IR spectra of the S–H stretching region of Boc-4-thiol-L-phenylalanine-tert-butyl 

ester (200 mM) in (a) CHCl3; (b) crystalline form; (c) ethyl acetate in CCl4 (green, 

100% ethyl acetate; red, 25% ethyl acetate; blue, 10% ethyl acetate); (d) acetone in 

CCl4 (green, 100% acetone; red, 25% acetone; blue, 10% acetone); (e) methanol in 

CCl4 (red, 25% methanol; blue, 10% methanol); or (e) THF in CCl4 (red, 25% THF; 

blue, 10% THF). Error bars indicate standard error. 
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b a 
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f e 
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Figure 2.32 Dependence of S–H signal intensity on cosolvent concentration for 

p-thiocresol 

FT-IR spectra of the S–H stretching region of p-thiocresol (200 mM) in (a) CCl4; (b) 

CHCl3; (c) crystalline form; or (d) ethyl acetate in CCl4 (green, 100% ethyl acetate; 

red, 25% ethyl acetate; blue, 10% ethyl acetate); (e) acetone in CCl4 (green, 100% 

acetone; red, 25% acetone; blue, 10% acetone); (f) methanol in CCl4 (red, 25% 

methanol; blue, 10% methanol); or (g) THF in CCl4 (red, 25% THF; blue, 10% THF). 

Error bars indicate standard error. 

 

The S–H stretching frequency is dependent upon hydrogen bonding or other 

non-covalent interactions, either with bulk solvent or as self-association, and is 

observed via FT-IR as a red shift in the S–H.231 Due to low solubility of Boc-4-thiol-L-

phenylalanine-tert-butyl ester in CCl4, data were compared to the S–H in CHCl3. 

Using p-thiocresol, the S–H in CCl4 and CHCl3 were found to be similar (S–H = –1 

cm–1). In both Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-thiocresol, solvent 

dependent red shifts were observed in the S–H, as CCl4 > CHCl3 > ethyl acetate/CCl4 

> acetone/CCl4 > THF/CCl4 > methanol/CCl4. For Boc-4-thiol-L-phenylalanine-tert-

butyl ester, the S–H was red shifted with the conventional hydrogen bond acceptors, in 

ethyl acetate/CCl4 (S–H = –16 to –19 cm–1) and acetone/CCl4 (S–H = –26 to –27 

cm–1). The S–H signal intensity also increased for solutions of ethyl acetate or acetone 

 
g 
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in CCl4. The largest red shifts in solution for Boc-4-thiol-L-phenylalanine-tert-butyl 

ester were observed in methanol/CCl4 (S–H = –31 to –88 cm–1), but these were 

observed as several, weak and broad signals. Similar broad and weak S–H signals 

were observed for solutions of THF/CCl4 (S–H = –44 to –51 cm–1). p-Thiocresol 

exhibited similar behavior to Boc-4-thiol-L-phenylalanine-tert-butyl ester in all 

solutions, although the red shift in S–H and signal intensities were generally less 

(Table 2.11). The S–H absorbance intensity was also dependent on the amount of 

interacting cosolvent. The low intensity and width of the S–H signals in the presence 

of methanol and THF suggest a different, disordered interaction with bulk solvent, 

while conventional hydrogen bond acceptors (carbonyl oxygen atoms) can interact 

more favorably with aryl thiols.  

Strikingly, the S–H for the crystalline Boc-4-thiol-L-phenylalanine-tert-butyl 

ester was –47 cm–1, greater than the observed red shift for p-thiocresol (S–H = –23 

cm–1). The observed red shift in Boc-4-thiol-L-phenylalanine-tert-butyl ester was also 

greater than thiophenol in hexamethylbenzene (S–H = –40 cm–1),233 or the red shift 

in the crystalline aryl thiol reported by Rozenberg (S–H = –19 cm–1).234 The 

crystalline samples were based on an arbitrary amount of material in a pressed KBr 

pellet, and the signal intensities cannot be directly compared against the solution data. 

In order to make appropriate comparisons between the signal intensities in different 

solvents and the crystalline samples, the data from the crystalline samples were 

normalized with respect to the max near 2928 cm–1 in 25% acetone/CCl4, and these 

data are shown in Figure 2.30. After normalization, the S–H signal intensity for the 

crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester was observed to increase more 

than 15-fold over the absorbance in CHCl3, while the S–H absorbance in the 
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crystalline p-thiocresol increased to an intensity similar to that observed in acetone or 

ethyl acetate. The red shift in the S–H for crystalline Boc-4-thiol-L-phenylalanine-tert-

butyl ester was greater than observed shifts in ethyl acetate or acetone, indicating that 

the thiol interaction with the aromatic ting in the solid state is both stronger and 

fundamentally distinct from interactions with carbonyl oxygen atoms in solution. The 

greater red shift and increase in absorbance intensity in the S–H for Boc-4-thiol-L-

phenylalanine-tert-butyl ester over p-thiocresol suggests a stronger interaction and a 

more well-defined crystalline structure, consistent with observations in x-ray crystal 

structures (Chapter 2.2.2) and NMR spectra (Chapter 2.2.3). 

In order to make comparisons for all solution and solid-state data, without 

normalization, the ratios of the S–H against the max near 1500 cm–1 were compared 

directly. A ring C–C “semi-circle” stretching vibration (C–C) in p-disubstituted 

aromatic rings absorbs in the range 1520-1480 cm–1,208 which should be consistent in 

intensity and max for all solvent mixtures and for crystalline samples. The max and 

absorbance intensity for the ring C–C stretching vibration, and the ratios of S–H/C–C 

for Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-thiocresol are shown in Table 

2.12 and Table 2.13, respectively. 
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Table 2.12. Relative absorbance intensities for Boc-4-thiol-L-phenylalanine-

tert-butyl ester 

The intensity of the S–H stretching frequency at max (2534-2586 cm–1) was compared 

to the intensity of the aromatic C–C frequency at max (1494-1497 cm–1). The max and 

absorbance intensities for  S–H and  C–C were obtained from the IR spectra shown in 

Figure 2.31 and data included in the appendix. Spectra were collected with 1 cm–1 

resolution, and were background-subtracted, baseline-corrected, and averaged over at 

least three independent trials (except for the crystalline data).  

“n.d.” was not determined due to low solubility 

“br” indicates a broad signal either with a FWHM greater than 80 cm–1 or two 

apparently overlapping signals. 

 

  
max, cm–1 Absorbance Intensity S–H Intensity 

S–H  C–C S–H  C–C C–C Intensity 

Crystalline 2538 1496 0.0956 0.0886 1.08 

CCl4 n.d. n.d. n.d. n.d. n.d. 

CHCl3 2585 1495 0.0038 0.4859 0.01 

Ethyl Acetate 2566 1497 0.0195 0.2908 0.07 

25% Ethyl Acetate in CCl4 2567 1495 0.0084 0.4079 0.02 

10% Ethyl Acetate in CCl4 2569 1494 0.0037 0.3775 0.01 

Acetone 2558 1497 0.0200 0.2588 0.08 

25% Acetone in CCl4 2559 1495 0.0088 0.3813 0.02 

10% Acetone in CCl4 2559 1495 0.0052 0.4397 0.01 

25% MeOH in CCl4 2497 1496 0.0050 0.2845 0.02 

25% THF in CCl4 2534 1495 0.0057 0.3694 0.02 

10% THF in CCl4 2541 1494 0.0034 0.4044 0.01 
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Table 2.13. Relative absorbance intensities for p-thiocresol 

The intensity of the S–H stretching frequency at max (2530-2586 cm–1) was compared 

to the intensity of the aromatic C–C frequency at max (1493-1496 cm–1). The max and 

absorbance intensities for  S–H and  C–C were obtained from the IR spectra shown in 

Figure 2.32 and data included in the appendix. Spectra were collected with 1 cm–1 

resolution, and were background-subtracted, baseline-corrected, and averaged over at 

least three independent trials (except for the crystalline data). 

“n.d.” was not determined due to low solubility 

“br” indicates a broad signal either with a FWHM greater than 80 cm–1 or two 

apparently overlapping signals. 

 

  
max, cm–1 Absorbance Intensity S–H Intensity 

S–H  C–C S–H  C–C C–C Intensity 

Crystalline 2563 1493 0.0263 0.1057 0.25 

CCl4 2586 1496 0.0022 0.1343 0.02 

CHCl3 2585 1495 0.0051 0.1826 0.03 

Ethyl Acetate 2567 1496 0.0211 0.1368 0.15 

25% Ethyl Acetate in CCl4 2570 1496 0.0093 0.1540 0.06 

10% Ethyl Acetate in CCl4 2571 1496 0.0046 0.1448 0.03 

Acetone 2558 1496 0.0267 0.1713 0.16 

25% Acetone in CCl4 2561 1496 0.0105 0.1465 0.07 

10% Acetone in CCl4 2565 1496 0.0055 0.1500 0.04 

25% MeOH in CCl4 2521 1496 0.0062 0.1402 0.04 

25% THF in CCl4 2530 1495 0.0082 0.1357 0.06 

10% THF in CCl4 2531 1496 0.0036 0.1349 0.03 

 

The C–C had a slight solvent dependence in Boc-4-thiol-L-phenylalanine-tert-

butyl ester, which was not observed in p-thiocresol. In Boc-4-thiol-L-phenylalanine-

tert-butyl ester, the C–C red shifted by up to –3 cm–1 in solution, and the crystalline 

C–C blue shifted 20 cm–1 relative to CHCl3. For p-thiocresol, the C–C did not vary 

significantly in solution, and the crystalline C–C red shifted –3 cm–1 relative to CCl4. 

Shifting in the aromatic C–C “semi-circle” stretching vibration to higher 
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wavenumbers can be attributed to more stretching or contracting of the aromatic 

substituents, in this case the thiol C–S bond.208 Kochi and coworkers251 noted that 

large cations positioned over an aromatic ring carbon invoked a “bending” of the 

aromatic ring as the interacting carbon became more tetrahedral in geometry; the 

observed blue shift in the C–C in crystalline Boc-4-thiol-L-phenylalanine-tert-butyl 

ester is potentially suggestive of a distortion of the aromatic ring. 

The absorbance intensity for the C–C did not vary significantly in p-thiocresol, 

although there was some intensity variation in the C–C for Boc-4-thiol-L-

phenylalanine-tert-butyl ester, potentially due to signal mixing with aromatic C–H 

bonds. Both of the crystalline samples showed a higher S–H/C–C ratio than solution 

samples, verifying the large absorbance intensities in the S–H for crystalline samples, 

and confirming the presence of a unique thiol-aromatic interaction. 

Taken together, the observation of a lower frequency in the S–H suggests a 

lowering in energy of the thiol bond, consistent with a non-covalent thiol interaction, 

whether it be hydrogen bonding or an aromatic interaction. Direct comparison of the 

S–H between the crystalline p-thiocresol and Boc-4-thiol-L-phenylalanine-tert-butyl 

ester indicates a more pronounced interaction in Boc-4-thiol-L-phenylalanine-tert-

butyl ester, consistent with the observations from the crystal structures and NMR data. 

The red shift in S–H was greater in crystalline samples than for solutions of 

acetone/CCl4 of ethyl acetate/CCl4, suggesting an interaction that is stronger or 

fundamentally distinct from a conventional thiol-carbonyl hydrogen bond (Figure 

2.19), and that a stronger interaction plays a role in the crystal structure. The S–H for 

crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester (2538 cm–1) compares to the 
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S–H thiophenol in a solution of hexamethylbenzene/CCl4 (2549 cm–1),233 consistent 

with an intermolecular S–H/ aromatic interaction. 

2.2.5 ab initio calculations on a minimized structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester 

Having observed an S–H/ aromatic interaction with carbon-oriented geometry 

in the x-ray crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester, and 

having observed significant shifts in the thiol proton via 1H NMR and in the S–H, stretch 

via FT-IR, we sought to gain further insight into the energetic contributions that drive 

this interaction via ab initio calculations. Thiol S–H/ aromatic interactions have been 

previously examined through DFT calculations and natural bond orbital (NBO) 

analysis, but these calculations have primarily focused on hydrogen sulfide, which can 

interact with aromatic rings in a bidentate manner, and inherently will interact with a 

different geometry than an thiol (R–S–H, R ≠ H).164, 252 Prior theoretical studies have 

examined the different binding modes of sulfur (which can act as either a donor or 

acceptor),253, 254 or have corroborated calculations with experimental IR data.234, 250, 255 

Biswal & Wategaonkar164 calculated the interactions of H2S with indole rings, and 

found that S–H/ interactions were preferred over the available N–H/S interactions. In 

addition, it found that S–H/ interactions were stronger than comparable X–H/ 

interactions, and attributed the increased strength to a greater dispersion component.164 

In fact, the term “dispersion-stabilized hydrogen bonds” was suggested to denote 

hydrogen bonds that are stabilized by dispersive forces as opposed to electrostatics, as 

the traditional term for a hydrogen bond implies.164  

In this study on Boc-4-thiol-L-phenylalanine-tert-butyl ester, the underlying 

electrostatic and favorable orbital overlap contributions to stabilizing the 
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intermolecular S–H/ aromatic interaction can be determined via NBO analysis.255, 256 

Experimental S–H stretching frequencies in crystalline and solution samples of Boc-4-

thiol-L-phenylalanine-tert-butyl ester can be compared to calculated S–H frequencies 

for given S–H bond lengths, which can provide an approximation for the S–H bond 

length in the x-ray crystal structure (see Chapter 2.2.2 regarding determination of thiol 

bond length in x-ray crystal structures. 

With the aid of our collaborators, Dr. Sudipta Sinha, Dr. Shi Bai, and Dr. 

Sandeep Patel, the energies of the thiol S–H were calculated and compared with the IR 

stretching frequencies that were measured experimentally. In order to identify the key 

energies that contribute to stabilization of the S–H/ aromatic interaction, and to 

reduce computational time, the crystal structure of Boc-4-thiol-L-phenylalanine-tert-

butyl ester was truncated for calculations, as shown in Figure 2.33. In the truncated 

dimer, there are two different thiol groups represented: one which actively interacts 

with the aromatic ring, and one that does not participate in any aromatic interaction. 

Comparing the calculated results of these two different thiol groups provides insights 

into the energetic components that drive S–H/ aromatic interactions. Furthermore, 

the charges for each atom in this dimer were calculated, as well as the natural bond 

orbitals (NBO) and associated energies. 
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Figure 2.33 Truncation of Boc-4-thiol-L-phenylalanine-tert-butyl ester for ab 

initio calculations 

Based on the atomic coordinates from the orthorhombic crystals of Boc-4-thiol-L-

phenylalanine-tert-butyl ester (left), a p-thiocresol dimer was generated for 

calculations (right). The two thiol groups are either “interacting” or “non-interacting” 

with respect to the aromatic ring, as indicated. 

Having observed a significant S–H between crystalline and solution Boc-4-

thiol-L-phenylalanine-tert-butyl ester (described in previous section), we sought to 

calculate the associated S–H bond lengths for these observed frequencies. The x-ray 

crystal structure showed an S–H bond length of 1.26 Å, shorter than the standard bond 

 
dS–centroid 
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length for thiols (1.338 Å).203 Since x-ray crystal structures are solved based on an 

electron density map, hydrogen atoms can be difficult to accurately locate due to low 

electron density. In cases where hydrogen atoms can be located, x-ray crystal 

structures generate models where polarized bonds appear shorter than their true nature, 

since the electron density of the bond is observed closer to the heavier atom.203 

Hydrogen atoms that participate in hydrogen bonds generally have longer bond 

lengths from the hydrogen-bearing bond, due to increased “sharing” of the proton 

between the two interacting heavy atoms.203  The S–H stretching frequency depends 

on the S–H bond length, and so the S–H can be calculated for a given bond length. 

These calculated S–H can be compared to observed S–H for solution and crystalline 

Boc-4-thiol-L-phenylalanine-tert-butyl ester, obtained via Ft-IR spectroscopy (Chapter 

2.2.4). With the aid of our collaborator, Dr. Shi Bai, the S–H bond lengths in the p-

thiocresol dimer (truncated Boc-4-thiol-L-phenylalanine-tert-butyl ester) were varied 

and the predicted S–H stretching frequency was calculated (Table 2.14). 
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Table 2.14. Dependence of the S–H stretching frequency on the S–H bond 

length in an S–H/ aromatic interaction  

The S–H bond length on the truncated p-thiocresol structure derived from the crystal 

structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester (Figure 2.33) was varied, and 

the corresponding S–H stretching frequency and intensity was calculated for each 

bond length. In order to represent the “interacting” and “non-interacting” modes of the 

thiol group, the calculations were performed on the p-thiocresol dimer and on the 

further isolated monomer structure, respectively. The computational method and basis 

set for each calculation is shown. 

Thiol 

structure 

S–H bond  

length, Å 

S–H 

stretching 

frequency, 

cm–1 Intensity method basis set 

m
o
n

o
m

er
  

(n
o
n

-i
n

te
ra

ct
in

g
) 

1.261 3319 0.95 B3LYP cc-pvtz 

1.338 2722 0.21 B3LYP cc-pvtz 

1.350 2641   B3LYP cc-pvtz 

1.360 2575 1.5 B3LYP cc-pvtz 

1.360 2584 2.1 TPSSh cc-pvtz 

1.375 2477 2.1 B3LYP cc-pvtz 

1.400 2311 2.7 B3LYP cc-pvtz 

d
im

er
  

(i
n

te
ra

ct
in

g
) 

1.261 3320 19.1 B3LYP cc-pvtz 

1.338 2714 29.5 B3LYP cc-pvtz 

1.350 2634 31.8 B3LYP cc-pvtz 

1.360 2568 33.8 B3LYP cc-pvtz 

1.360 2568 37.2 TPSSh cc-pvtz 

1.375 2470 37.2 B3LYP cc-pvtz 

1.400 2305 43.6 B3LYP cc-pvtz 

 

The observed S–H stretching frequency in crystalline Boc-4-thiol-L-

phenylalanine-tert-butyl ester (S–H 2538 cm–1) correlated to an S–H bond length of 

1.36 Å. Surprisingly, the thiol stretching frequency for Boc-4-thiol-L-phenylalanine-

tert-butyl ester dissolved in chloroform (S–H 2585 cm–1) also correlated to an S–H 

bond length bond length of approximately 1.36 Å. Both of these calculated S–H bond 
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lengths are longer than the crystallographically observed S–H bond length, 

demonstrating the importance of normalizing polarized bond lengths to standard 

values.203  

Longer S–H bonds correlated with lower S–H stretching frequencies, 

indicating that thiol hydrogen bonding (which can lengthen the S–H bond) is 

consistent with a red shift in the S–H. For a given S–H bond length, the calculated S–H 

red shift was greater in the p-thiocresol dimer compared to the monomer. The 

calculated intensities of the S–H were substantially greater in the dimer structure than 

the monomer, with a calculated 15-20-fold greater IR intensity in the interacting thiol 

over the non-interacting thiol. These calculations were consistent with observations in 

IR spectra, where the intensity of the S–H increased more than 15-fold between 

solution (in CHCl3) and crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester (Table 

2.10).  

Additional calculations were performed on the p-thiocresol dimer in order to 

examine the energetic contributions that stabilized the observed S–H/ aromatic 

interaction, with the aid of our collaborators Dr. Sudipta Sinha and Dr. Sandeep Patel. 

To determine the role of electrostatics in the observed S–H/ interaction, the atomic 

charges were calculated for each atom in the p-thiocresol dimer at various levels of 

theory (B3LYP and MP2) and using various basis sets (6-311+G(2d,p) and aug-cc-

vdz). The calculated atomic charges are listed in Table 2.15. To determine the extent 

of favorable molecular orbital overlap in the S–H/ interaction, the p-thiocresol dimer 

was also examined via NBO analysis. NBO analysis calculates the orbitals with the 

highest occupancy of electrons.257 These analyses allow for identification of the 

geometries and energetics of all bonding and anti-bonding orbitals, and the interaction 
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energies between these orbitals.257 NBO analysis has been utilized previously to 

identify orbital interactions involved in S–H/O interactions,255 molecular orbital 

contributions to “blue-shifted hydrogen bonds,258 orbital overlap contributions to 

ligand binding in acetocholinesterase via conventional and non-conventional hydrogen 

bonds,259 and in characterizing n→* orbital interactions that stabilize peptide 

backbone conformations.185-187 Indeed, a favorable orbital overlap interaction was 

observed in the p-thiocresol dimer between the S–H * orbital and an aromatic  

orbital (Figure 2.34). A summary of the stabilization energies due to electrostatics and 

orbital interactions for the p-thiocresol dimer is shown in Table 2.15. 
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Table 2.15. Calculated atomic charges on the p-thiocresol dimer 

Atomic charges of the p-thiocresol dimer were calculated at B3LYP and MP2 levels of 

theories using 6-311+G(2d,p) and aug-cc-pvdz basis sets, obtained from the CHELPG 

method. The atom numbers correspond to those shown in Figure 2.33. The thiol 

groups are highlighted in yellow. The data in bold represents the thiol group that is 

interacting with the aromatic ring. 

S.NO Atom # 

B3LYP MP2 

6-311+G 

(2d,p) 

aug-cc-

vdz 

6-311+G 

(2d,p) 

aug-cc-

pvdz 

1 C -0.213 -0.191 -0.204 -0.228 

2 C -0.339 -0.310 -0.323 -0.356 

3 S -0.344 -0.348 -0.345 -0.345 

4 S -0.287 -0.289 -0.291 -0.290 

5 C -0.218 -0.207 -0.215 -0.222 

6 C -0.226 -0.218 -0.217 -0.228 

7 C -0.119 -0.106 -0.105 -0.120 

8 C -0.108 -0.098 -0.099 -0.110 

9 C 0.094 0.093 0.079 0.087 

10 C 0.072 0.076 0.065 0.068 

11 C -0.077 -0.065 -0.063 -0.075 

12 C -0.011 -0.004 -0.002 -0.010 

13 C -0.303 -0.286 -0.298 -0.309 

14 C -0.359 -0.341 -0.356 -0.367 

15 C 0.254 0.242 0.246 0.257 

16 C 0.327 0.315 0.315 0.329 

17 H 0.121 0.115 0.121 0.126 

18 H 0.139 0.133 0.138 0.143 

19 H 0.095 0.087 0.087 0.095 

20 H 0.083 0.077 0.080 0.084 

21 H 0.151 0.141 0.147 0.153 

22 H 0.131 0.122 0.126 0.132 

23 H 0.141 0.129 0.138 0.145 

24 H 0.154 0.143 0.153 0.160 

25 H 0.051 0.044 0.048 0.055 

26 H 0.054 0.048 0.053 0.059 

27 H 0.059 0.054 0.058 0.064 

28 H 0.106 0.098 0.102 0.111 

29 H 0.071 0.062 0.066 0.076 

30 H 0.090 0.083 0.088 0.096 

31 H 0.209 0.206 0.206 0.213 

32 H 0.202 0.196 0.203 0.209 
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Figure 2.34 Favorable molecular orbital overlap that stabilizes the S–H/ 

interaction 

NBO analysis of the p-thiocresol dimer revealed a favorable interaction between the 

S–H * orbital and an aromatic  orbital. This interaction between the orbitals 

stabilized the S–H/ interaction. The interaction energy between these molecular 

orbitals, calculated using various basis sets, is included in Table 2.16 (0.70-1.45 kcal 

mol–1 interaction energy). 

 

 

*S–H 
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Table 2.16. Summary of electronic polarization, electrostatic interaction, and 

NBO analysis on the p-thiocresol dimer 

Calculations were performed on the p-thiocresol dimer at B3LYP and MP2 levels of 

theories using 6-311+G(2d,p) and aug-cc-pvdz basis sets. The “interacting” and “non-

interacting” thiol groups are shown in red and blue, respectively.  

*indicates the thiol group which is interacting with the aromatic ring. 

Δq  is the deviation of atomic charges from the p-thiocresol monomer and 

the calculated atomic charges from the crystal structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester. 

ΔΔq  is the difference of atomic charges between the “interacting” and “non-

interacting” thiol groups 

  is the energy due to the electrostatic interaction  

  is the interaction energy between donor NBO (  and acceptor NBO 

( ) 

‹Aro|*S–H › is the energy between the orbitals Aro and *S–H 

  is electron occupancy for the indicated orbitals 

 

S.NO 

B3LYP MP2 

6-311+G 

(2d,p) 

aug-cc-

pvdz 

6-311+G 

(2d,p) 

aug-cc-

pvdz 

Δq (e) 

*S 0.0656 0.0715 0.0598 0.0640 

*H -0.0211 -0.0263 -0.0094 -0.0254 

S 0.0083 0.0127 0.0053 0.0095 

H -0.0140 -0.0165 0.0061 -0.0215 

ΔΔq S (e) -0.057 -0.059 -0.054 -0.055 

ΔΔq H (e) 0.007 0.010 0.003 0.004 

ΔEel(kcal/mol) -0.866 -0.745 -1.07 -0.72 

 (kcal/mol) 0.70(0.75) 1.19 (1.26) 0.76 (0.80) 1.45 (1.52) 

‹Aro|*S–H› 0.1048 0.1261 0.1070 0.1064 

α 
*S–H 0.0075 0.0079 0.00524 0.0056 

Aro 1.690 1.691 1.685 1.685 
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Using all basis sets, there were only marginal differences in charge between 

the “interacting” and “non-interacting” thiol groups. The sulfur atoms in the 

“interacting” thiol were slightly more negatively charge than the “non-interacting” 

sulfur atom, while the charges on the hydrogen atoms were nearly identical between 

interacting and non-interacting thiol groups (Table 2.15, highlighted). These 

perturbations in charge distribution suggests a minimal role for a change in 

polarization and an induced dipole in the thiol bond with formation of the S–H/ 

interaction. The energy of stabilization due to electrostatics was calculated to be 0.72-

1.07 kcal mol-1 (Eel), depending on the basis set. Notably, these calculations are in the 

gas phase, which results in larger energetic magnitudes of electrostatic interactions. 

NBO analysis on the p-thiocresol dimer revealed a significant and favorable in-

phase orbital overlap interaction between the S–H * orbital and an aromatic  orbital 

(Figure 2.34). The energy of stabilization was calculated using second order 

perturbation theory (see experimental section), and the energies of the interaction 

between the two orbitals based on these calculations are shown in Table 2.16 as . 

These calculations indicate a significant stabilization of the S–H/ interaction as a 

result of a →* orbital interaction, calculated to be 0.70-1.45 kcal mol-1, depending 

on the basis set. 

Combined, these calculations on the p-thiocresol dimer indicate that the S–H/ 

aromatic interaction is stabilized both by electrostatics and orbital overlap 

contributions. The NBO analysis suggests that the orbital overlap between the S–H * 

and  orbitals is the primary stabilizing interaction, and predominates over 

electrostatic interactions, particularly when considered outside of the gas phase. The 

aromatic  orbitals are localized near carbon atoms and aromatic ring bonds, where 
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the greatest electrostatic potential is localized in the aromatic centroid. With an 

interaction that is driven by a favorable orbital overlap interaction, rather than driven 

by electrostatic effects, the interacting LUMO can be expected to orient towards the 

HOMO, in this case the S–H * towards the degenerate aromatic  orbitals at the edge 

of the aromatic ring face. These calculations are consistent with the crystallographic 

observation that the S–H bond interacted preferentially with the aromatic ring carbons 

over the aromatic centroid. 

2.2.6 Survey of the Cambridge Structural Database (CSD) for aromatic 

interactions 

The crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester showed an 

unexpected geometry of an S–H/ interaction, involving sub-van der Waals distances 

and near alignment of the S–H bond with an aromatic carbon. Most crystallographic 

and database analyses of X–H/ aromatic interactions determine geometry with 

respect to the aromatic centroid rather than individual aromatic carbons.161, 190, 203, 225, 

228 For an interaction that is driven primarily by electrostatic effects, the aromatic 

centroid is an appropriate reference for comparison. However, in hydrogen bonds that 

are driven by molecular orbital interactions, the aromatic centroid may not be the most 

appropriate reference for comparison, as the interaction is localized towards the  

molecular orbitals (which are centered on individual carbon atoms, not the centroid). 

Some studies of crystal structures in the Cambridge Structural Database (CSD) have 

examined centroid-oriented versus -oriented hydrogen bonds in C–H/ 

interactions,260, 261 but none have considered these geometric differences with thiol S–

H/ aromatic interactions. Potentially, carbon-oriented thiol S–H/ aromatic 

interactions are general in crystal structures, and can be distinguished from the 
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geometries in electrostatically driven interactions, such as cation/ aromatic 

interactions. 

In order to compare the geometries of S–H/ and cation/ aromatic 

interactions (representing interactions primarily stabilized by molecular orbital overlap 

or electrostatic effects, respectively), the CSD was subjected to a search for crystal 

structures that contained 6-membered aromatic rings with an interacting thiol or group 

I cation (Li+, Na+, or K+). Cation/ interactions have been well-established in both 

small molecules and proteins, and are driven primarily by electrostatic interactions.162, 

182, 183, 221, 262 Due to the significant electronic effects that stabilize cation/ 

interactions, the cations can be expected to localize near the aromatic centroid, where 

the region of negative electrostatic potential is greatest (Figure 2.35a). In contrast, our 

data on Boc-4-thiol-L-phenylalanine-tert-butyl ester suggests that thiol-aromatic 

interactions are driven by favorable aromatic →*S–H orbital interactions, and the 

thiol bond will be directed towards the aromatic carbons rather than the centroid 

(Figure 2.35b).  
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Figure 2.35 Distinct interaction geometries for cation/ and S-H/ aromatic 

interactions  

Interactions with aromatic rings that are driven by electrostatic effects or molecular 

orbital overlap can potentially have different modes of binding and geometric 

preferences. Calculations of electrostatic potential and molecular orbitals were 

conducted using GAMESS (6-311G),195 and visualized with MacMolPlt.196 (a) 

Cation/ interactions are driven by electrostatic effects, with a preference for the 

aromatic centroid. The surface is shown at a contour of 0.002, with negative and 

positive electrostatic potentials (–0.025 to +0.025) shown in red and blue, 

respectively; (b) the highest occupied molecular orbital of benzene, contoured at 0.02. 

Based on IR and x-ray crystallographic data on Boc-4-thiol-L-phenylalanine-tert-butyl 

ester, that the geometry of S–H/ interactions has directionality towards the aromatic 

ring carbons, given the favorable →*S–H molecular orbital interaction.   

We obtained crystal structures deposited in the CSD containing X/ aromatic 

interactions, where X is a group I cation (Li+, Na+, or K+, generally M+) or a thiol 

a b 

Centroid-oriented 
Predominantly electrostatic 

interaction 

Carbon-oriented 
Predominantly orbital 

interaction 
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group (Z–S–H, Z = non-hydrogen). Only cation/ or S-H/ interactions with 6-

membered aromatic rings were examined and compared. The crystal structures 

obtained from the CSD were based on the distance from the M+ or thiol sulfur atom to 

the centroid of the aromatic ring (dM+–centroid or dS–centroid respectively), which was 

generously defined as <4.80 Å. Hydrogen atoms cannot be reliably located from x-ray 

crystallographic data, due to the low electron density around hydrogen atoms, and so 

only heavy atoms were used for the initial search parameters.203  

For the crystal structures obtained in this initial search of the CSD, distance 

parameters were measured between the aromatic ring and the interacting atom (M+ or 

thiol H or S; generally, X) in order to compare geometries of cation/ and thiol/ 

aromatic interactions. The distances for comparison included: the distance from X to 

the nearest aromatic carbon (defined as dX–Cmin); the distance from X to the plane of 

the aromatic ring (dX–plane); and the distance from the aromatic centroid to the 

projection of X onto the plane of the aromatic ring (radius, r). The radius was 

calculated from dX–plane and dX–centroid via the Pythagorean theorem. For the thiol 

groups, measurements were also obtained for the angle S–H–centroid, the Z–S–H 

bond angle, and the S–H bond length. Graphical representations of the measured 

parameters are shown in Figure 2.36. 
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Figure 2.36 Comparison of geometries for cation/ and S–H/ interactions with 

aromatic rings 

From the crystal structures obtained from the CSD, distances were measured in order 

to compare cation/ and S–H/ aromatic interactions. Generally, the distances 

between the interacting atom (X) and the aromatic ring were measured. (a) 

Measurements obtained for cation/ aromatic interactions involving Li+, Na+, or K+ 

cations (generally, M+); (b) Measurements obtained for S–H/ interactions; only 

hydrogen atom measurements are shown in this figure, but sulfur atoms were 

measured in the same manner. Thiol groups could be bound to Z, which was any non-

hydrogen atom. 

X = Li+, Na+, or K+; thiol sulfur or hydrogen atom 

dX–Cmin: the distance from X to the nearest aromatic carbon  

dX–centroid: the distance from X to the centroid of the aromatic ring  

dX–plane: the normal distance from X to the plane of the aromatic ring 

r, radius: the distance from the aromatic centroid to the projection of X onto the plane 

of the aromatic ring, calculated as √(dX–centroid)
2–(dX–plane)

2 

The crystal structures of cation/ and S–H/ interactions from the CSD were 

parsed in order to compare interaction geometries for only thiol groups or cations that 

were closely interacting with the aromatic ring. The region for interaction was defined 

a 

b 
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as a “cylinder” in reference to the aromatic ring, where only structures where atom X 

was located within the defined cylinder were retained for further analysis (Figure 

2.37). The dimensions of the interaction region were specific to each interacting atom 

X. For M+ and thiol hydrogens, the base of the cylinder (restriction on r) was set to 2× 

the radius of an aromatic ring (r ≤ 3.00 Å). For thiol sulfur atoms, an additional 1.20 Å 

allowance was added to account for the S–H bond length (Sr ≤ 4.20 Å). The height of 

the cylinder (restriction on dX–plane) was defined as 1.25 × the sum of the van der 

Waals radii (vdWr) between atom X and carbon (Figure 2.37). Historically, an 

interaction distance that was less than the vdWr for the two interacting atoms was a 

criterion for identifying hydrogen bonds, but it has since been recognized that 

interactions can occur at longer distances than the vdWr.190 The cylinder restriction 

identified the closer contact distances in S–H/ and cation/ interactions, with 

interactions above the plane of the aromatic ring, either near ring carbons or the 

centroid, and allowed for close interactions outside of the plane of the ring (including 

“edge-on” interactions). The restrictions on the distances r and dplane for each 

interacting atom X are shown in Figure 2.37.  
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Figure 2.37 Identifying crystal structures obtained from the CSD with closely 

interacting cation/ or S–H/ aromatic interactions 

A region of interaction was defined as a cylinder based on the plane of the aromatic 

ring, in order to identify and compare only structures with close cation/ or S–H/ 

aromatic interactions. (a) Defined cylinder for cation/ interactions, where r ≤ 3.00 Å, 

and dplane ≤ 1.25 × the vdWr for carbon and the cation; (b) defined cylinder for S–

H/ interactions, where H r ≤ 3.00 Å, S r ≤ 4.20 Å, and dplane ≤ 1.25 × the vdWr for 

carbon and the atom S or H. 

vdWr for carbon and Li+, 2.30 Å203, 263  

vdWr for carbon and Na+, 2.65 Å203, 263 

vdWr for carbon and K+, 3.03 Å203, 263 

vdWr for carbon and hydrogen, 2.90 Å203  

vdWr for carbon and S, 3.50 Å203 

For the structural details that are provided by x-ray crystal structures, there are 

intrinsic limitations in structural information based on electron density. Hydrogen 

atoms cannot be accurately located via x-ray crystallography, and in many cases the 

hydrogen atom can only be modelled or estimated.203 Measurements in the crystal 

structure based on heavy atom location, including sulfur, are much more reliable than 

measurements with hydrogen atoms. Without knowing how the hydrogen atoms were 

located or resolved in the x-ray crystal structures from the CSD, the cylinder 

restriction was applied to crystal structures containing thiols, separately, in two ways: 

a b  
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either using the hydrogen atom as a reference, or the sulfur atom for reference, and 

these data were termed “sulfur reference” and “hydrogen reference,” respectively 

(Table 2.17). In general, the thiol hydrogen atom was used as a reference for the 

cylinder restriction for thiol structures, because it provides an approximation for the 

distance and directionality of the thiol S–H * orbital in S–H/ interactions. 

Due to the nature of x-ray crystallography with data collection of electron 

density maps, X–H bond lengths often appear shorter than their true nature. With little 

electron density around hydrogen atoms, the electrons in  bonds and heavy atoms are 

more resolved than hydrogen atoms, which biases the electron density map towards 

the heavier atoms in polarized bonds, and the bond appears shorter.203 To compensate 

for this bias, the bond lengths in the crystal structure can be normalized to standard 

bond lengths by moving the hydrogen atom to the appropriate position along the 

vector of the X–H bond. For all structures obtained from the CSD with identified 

thiol-aromatic interactions, two data sets of structures and measurements were 

analyzed separately: one with the reported coordinates for hydrogen atoms, and one 

with the hydrogen coordinates adjusted to normalize the S–H bond length to 1.338 

Å.203 Normalization of the S–H bonds and correction of the hydrogen atom 

coordinates were conducted using ConQuest. The crystal structures with normalized 

S–H bond lengths (termed “normalized”) were also limited to structures within the 

defined interaction region, the cylinder restriction on the radius and dplane for hydrogen 

and sulfur atoms. 

After identifying structures with close cation/ and S–H/ interactions using 

the “cylinder” restriction, the remaining crystal structures were manually examined 

and annotated for specific criteria that could potentially alter the geometry of the 
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cation/ or S–H/ interactions. Analysis for cation/ or S–H/ interactions were 

limited to included only 6-membered, isolated, aromatic rings. For example, structures 

where the aromatic ring was part of a polycyclic, conjugated system, such as 

naphthalene, were excluded from the study. However, structures where the aromatic 

ring was part of a complex macrocycle, such as in a cyclophane, were included for 

further analysis. Structures with carbanions within or adjacent to the interacting 

aromatic rings were also excluded from this analysis, since the addition of a negative 

charge within the aromatic ring could potentially bias the strength or geometry of the 

interaction. In thiol structures, only thiol S–H bonds directed towards the ring were 

included in the analysis (defined as (dS–plane – dH–plane) ≥ –0.10 Å), so that only S–H/ 

interactions were compared to cation/ interactions. Thiol S–H bonds directed away 

from the aromatic ring could potentially result from an S·· interaction, which was not 

part of the present study. Some thiol crystal structures from the CSD included 

tricoordinate, hypervalent sulfur atoms, or thiol S–H bond lengths and angles that 

were unreasonable (including thiol bond lengths 0.86 Å > S–H or S–H > 1.42 Å; thiol 

bond angles 80° > X–S–H or X–S–H > 120°), and these structures were also excluded 

from our analysis. Cation structures were also examined for unreasonable geometries. 

An interaction with a crown ether could potentially modulate the coordination sphere 

around the cation, or sterically affect an ideal cation/ interaction. Cations that 

interacted with both crown ethers and aromatic rings were annotated, but included in 

the present study. The complete list of all structures with annotations are included in 

the appendix. The number of resultant structures after each level of parsing are shown 

in Table 2.17. 



 250 

After the cylinder restriction and manual parsing of structures and entries, the 

measured distances dX–centroid and dX–Cmin were compared to identify geometric 

differences between cation/ and S–H/ aromatic interactions. The distances dX–Cmin 

or dX–centroid were compared to the vdWr for carbon and X, as this comparison 

identifies the frequency and localization of shorter contacts between aromatic rings 

and the interacting atom X. Statistics were also gathered for where dX–Cmin < dX–centroid, 

to determine the frequency where X interacts preferentially with ring carbons over the 

aromatic centroid. These data are included in Table 2.17, and are grouped by each 

interacting atom X and each level of parsing from the initial data sets from the CSD. 

Some x-ray crystal structures had multiple, non-redundant interactions within the same 

structure, and these are reported as “entries,” rather than “structures” in Table 2.17. 
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Table 2.17. Comparison of dX–centroid and dX–Cmin for cation/ and S–H/ 

interactions in crystal structures from the CSD 

Comparisons were made to identify whether cation/ and S–H/ aromatic interactions 

have centroid- or carbon-oriented geometries. Quantities of occurrences where the dX–

Cmin and dX–centroid distances were less than the vdWr for carbon and X, or where dX–

Cmin < dX–centroid. The percentage of the represented category is shown in parentheses. 

For all thiol structures, the dH–Cmin and dH–centroid distances were used for comparison 

(not dS–Cmin and dS–centroid). Quantities and statistics are shown after each level of 

parsing, where “cylinder restriction” indicates all structures where atom X was within 

a defined region of interaction (see description above, Figure 2.37), and where 

“manual parsing” indicates only structures that did not have unusual or potentially 

altered geometry due to external coordinating groups (see above description and 

experimental section). 

“H reference” and “S reference” refers to thiol structures where the hydrogen atom or 

sulfur atom was used for cylinder restrictions. 

“normalized” refers to thiol structures where the S–H bond was normalized to 1.338 

Å. 

 

X/ aromatic interaction Cylinder Restriction Manual Parsing 

  Structures Entries Structures Entries 

d
X

–
C

m
in

 <
  d

X
–
ce

n
tr

o
id
 

Li+ 28 (76%) 72 (83%) 17 (89%) 40 (93%) 

Na+ 48 (77%) 79 (75%) 36 (75%) 61 (77%) 

K+ 124 (57%) 227 (56%) 110 (57%) 201 (56%) 

Thiol H, H reference 99 (90%) 164 (90%) 68 (87%) 111 (87%) 

Thiol H, S reference 152 (93%) 378 (95%) 92 (90%) 186 (92%) 

Thiol H, normalized, H 

reference 
98 (88%) 158 (89%) 66 (85%) 106 (87%) 

Thiol H, normalized, S 

reference 
155 (92%) 386 (94%) 81 (91%) 199 (95%) 
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Table 2.17 continued 

d
 X

–
C

m
in

 <
 

v
d

W
r 

Li+ 14 (38%) 25 (29%) 7 (37%) 17 (40%) 

Na+ 5 (8%) 7 (7%) 4 (8%) 5 (6%) 

K+ 21 (10%) 35 (9%) 19 (10%) 32 (9%) 

Thiol H, H reference 58 (53%) 81 (45%) 45 (58%) 62 (49%) 

Thiol H, S reference 64 (39%) 89 (22%) 47 (46%) 65 (32%) 

Thiol H, normalized, H 

reference 
66 (59%) 98 (55%) 47 (60%) 71 (58%) 

Thiol H, normalized, S 

reference 
72 (43%) 106 (26%) 46 (52%) 62 (30%) 

d
X

–
ce

n
tr

o
id

 <
 

v
d

W
r 

Li+ 8 (22%) 14 (16%) 2 (11%) 3 (7%) 

Na+ 7 (11%) 11 (10%) 5 (10%) 7 (9%) 

K+ 43 (20%) 92 (22%) 38 (20%) 84 (23%) 

Thiol H, H reference 18 (16%) 28 (15%) 18 (23%) 27 (21%) 

Thiol H, S reference 18 (11%) 28 (7%) 18 (18%) 27 (13%) 

Thiol H, normalized, H 

reference 
24 (22%) 35 (20%) 24 (29%) 35 (20%) 

Thiol H, normalized, S 

reference 
24 (14%) 35 (9%) 18 (20%) 23 (11%) 

 

In order to determine whether the manual parsing parameters introduced 

unexpected biases in the data, the frequencies of occurrences between the entries 

included after the cylinder restriction and after the manual parsing were compared. For 

all interacting atoms investigated, M+ and thiol S and thiol H, there was generally 

good agreement in the statistics before and after the manual parsing restrictions. Given 

reasonable agreement in all categories of aromatic interactions, hereafter only the 

structures included after manual parsing are examined and analyzed. 

In more than 87% of the structures and entries, the thiol hydrogen atoms were 

nearer to the aromatic ring carbons than the aromatic centroid, regardless of how the 

data was parsed or normalized. In cation/ entries, most cations were also nearer to the 

aromatic ring carbons than to the aromatic centroid, with Li+ exhibiting the highest 
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frequency for centroid-oriented geometry (93%), followed by Na+ (77%) and K+ 

(56%). It was expected that all of the cations would exhibit centroid-oriented geometry 

where dX–Cmin > dX–centroid, suggesting strong electrostatic effects, and so observing 

these relatively high frequencies of carbon-oriented geometry along a periodic trend 

was intriguing. Based on these comparisons, Na+/ and K+/ aromatic interactions 

showed higher frequency of centroid-oriented geometry over Li+/ and S–H/ aromatic 

interactions, which have higher frequencies of carbon-oriented geometry. 

The vdWr for two interacting atoms was a threshold for identifying hydrogen 

bonds, where interaction distances that were less than the vdWr of the respective 

atoms (sub-vdWr) were considered to be hydrogen bonding.203 While interactions are 

known to occur at distances greater than the vdWr, this threshold can provide a cut-

off for identifying exceptionally close interaction distances, and providing insight into 

the nature of cation/ and S–H/ interactions as they become stronger.  

In entries representing the three different cation/ interactions, there was a 

lower frequency of sub-vdWr contact distances with aromatic rings than thiol 

hydrogen atoms, generally less than 10%, with two major exceptions. In Li+/ 

interactions, 40% of entries exhibited sub-vdWr distances with carbon-oriented 

contacts; in K+/ interactions, 23% of entries exhibited sub-vdWr distances with 

centroid-oriented contacts. These data suggest that while most cation/ interactions are 

not exceptionally close contacts, smaller cations exhibit close-contacts with aromatic 

ring carbons and large cations exhibit close-contacts with the aromatic centroid. This 

trend suggests different binding modes for different cations. A purely electrostatic 

interaction is insufficient to describe these trends with different interaction 

orientations for different cations. 
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S–H/ aromatic interactions had higher frequencies of sub-vdWr aromatic 

contacts that were carbon-oriented over centroid-oriented. Where thiol hydrogen 

atoms were identified within the defined region of interaction with the aromatic ring, 

49% of entries were carbon-oriented sub-vdWr distances, while only 21% of entries 

were centroid-oriented sub-vdWr distances. With normalizing S–H bond lengths, the 

frequency of close contacts between thiol hydrogens and aromatic carbons increased 

to 58% of entries (while the frequency of centroid-oriented sub-vdWr distances 

remained 20%). Overall, entries with S–H/ interactions had higher frequencies of 

sub-vdWr contact distances with aromatic rings than cation/ interactions, with a 

significantly higher percentage of entries with carbon-oriented geometry. The 

differing interaction geometry and higher frequency of close contacts with S–H/ 

interactions over cation/ interactions suggests fundamental differences in the nature 

of these associations, which cannot be attributed to differences in electrostatic effects. 

If an electrostatic interaction is so much stronger than a dispersive interaction, then 

how can thiol hydrogen atoms to interact with an aromatic ring at such close contact 

distances with such a defined orientation? 

In order to obtain further insights into the distinctive geometries of these 

aromatic interactions, the frequencies of the measured distances from crystal structures 

were compared via histograms. Based on the statistics in Table 2.17, it was expected 

that the distance dX–centroid for cation/ aromatic interactions would be normally 

distributed near the vdWr. For the distance dX–Cmin, it was hypothesized that thiol 

hydrogen interactions would be normally distributed at distances that were sub-

vdWr, while cation/ interactions would be normally distributed beyond the vdWr. 

The distributions of the radius distance can also reveal the orientation of the 
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interacting atom X with respect to the aromatic centroid, where shorter radius 

distances indicate closer alignment with the centroid. Carbon-oriented geometries 

should be distributed near 1.40 Å, indicating the interacting atom is oriented directly 

over the aromatic carbon atoms and bonds; centroid-oriented geometries should be 

distributed near 0 Å. Distributions of the distances dX–centroid, dX–Cmin, and radius for 

cation/ and S–H/ aromatic interactions are shown in Figures 2.38-2.40. The 

statistics for the distances dX–centroid, dX–Cmin, and radius for cation/ and S–H/ 

aromatic interactions are included in Table 2.18. 

The thiol data shown in the following histogram charts were restricted to the 

interacting region with reference to the hydrogen atom (the cylinder restriction was 

applied to the hydrogen atom, not the sulfur atom), and the S–H bond lengths were as 

published in the CSD (not normalized). Additional comparisons with S–H/ aromatic 

interactions, using the data sets with normalized S–H bond lengths or using the data 

sets where the region of interaction was defined by the sulfur atom, are shown later in 

this chapter and in the experimental section. 
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Figure 2.38 Distributions of the distance from the aromatic centroid to atom X 

for cation/ and S–H/ interactions (dX–centroid, X = Li+, Na+, K+, S, or H) 
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Histogram charts for the frequency of given distances from the aromatic centroid to 

the interacting atom X (X = Li+, Na+, K+, thiol S, thiol H) for cation/ and S–H/ 

aromatic interactions; (a) frequency of observed distances for dLi+-centroid; (b) frequency 

of observed distances for dNa+-centroid; (c) frequency of observed distances for dK+-centroid; 

(d) frequency of observed distances for dH-centroid, where the hydrogen atom was used 

as a reference for the cylinder restriction and the S–H bond length were not 

normalized; (e) frequency of observed distances for dS-centroid, where the hydrogen 

atom was used as a reference for the cylinder restriction; (f) scheme showing these 

parameters for cation/ and S–H/ interactions. 

The sum of the van der Waals radii (vdWr) for respective atoms are indicated in each 

chart. 

The data set includes only entries within the region of interaction (cylinder restriction) 

and were manual parsed (see p 96-97 for parsing criteria). 
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Figure 2.39 Distributions of the distance from the interacting atom X to the 

nearest aromatic carbon for cation/ and S–H/ interactions (dX–Cmin, X = Li+, 

Na+, K+, S, or H) 
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Histogram charts for the frequency of given distances from the interacting atom X (X 

= Li+, Na+, K+, thiol S, thiol H) to the nearest aromatic carbon for cation/ and S–H/ 

aromatic interactions; (a) frequency of observed distances for dLi+-Cmin; (b) frequency 

of observed distances for dNa+-Cmin; (c) frequency of observed distances for dK+-Cmin; (d) 

frequency of observed distances for dH-Cmin, where the hydrogen atom was used as a 

reference for the cylinder restriction and the S–H bond length were not normalized; (e) 

frequency of observed distances for dS-Cmin, where the hydrogen atom was used as a 

reference for the cylinder restriction; (f) scheme showing these parameters for cation/ 

and S–H/ interactions. 

The sum of the van der Waals radii (vdWr) for respective atoms are indicated in each 

chart. 

The data set includes only entries within the region of interaction (cylinder restriction) 

and were manual parsed (see p 96-97 for parsing criteria). 
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Figure 2.40 Distributions of the distance from the aromatic centroid to the 

projection of the interacting atom X within the plane of the aromatic ring 

(radius) for cation/ and S–H/ interactions (dX–Cmin, X = Li+, Na+, K+, S, or H) 
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Histogram charts for the frequency of given distances for the radius of the interacting 

atom X (X = Li+, Na+, K+, thiol S, thiol H) for cation/ and S–H/ aromatic 

interactions; the radius is defined as the distance from the aromatic centroid to the 

projection of the atom X onto the plane of the aromatic ring; (a) frequency of observed 

distances for Li+ r; (b) frequency of observed distances for Na+ r; (c) frequency of 

observed distances for K+ r; (d) frequency of observed distances for thiol hydrogen r, 

where the hydrogen atom was used as a reference for the cylinder restriction and the 

S–H bond length were not normalized; (e) frequency of observed distances for thiol 

sulfur r, where the hydrogen atom was used as a reference for the cylinder restriction; 

(f) scheme showing these parameters for cation/ and S–H/ interactions.  

The location of the ring carbon atom (r = 1.40 Å) is indicated as  in each chart. 

The data set includes only entries within the region of interaction (cylinder restriction) 

and were manual parsed (see p 96-97 for parsing criteria). 

C 
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Table 2.18. Statistics for geometry of cation/ and S–H/ interactions in crystal 

structures from the CSD 

Statistics for measured distances in cation/ and S–H/ aromatic interactions, 

including the distance from X to the aromatic centroid (dX–centroid), X to the nearest 

aromatic carbon (dX–Cmin), and the aromatic centroid to X projected to the plane of the 

aromatic ring (X r), where X = M+, thiol S, or thiol H.   

The sum of the van der Waals radii (vdWr) for respective atoms are indicated in each 

chart. 

The data set includes only entries within the region of interaction (cylinder restriction) 

and were manual parsed (see p 96-97 for parsing criteria). The statistics for the thiol 

hydrogen atom where the thiol S-H bond length is indicated at the bottom of the chart. 

N/A indicates no value 

X/ 

aromatic interaction 
Mean 

Standard 

Deviation 
Median Mode Minimum Maximum 

Li+ 

vdWr = 

2.30 Å 

dLi+–centroid, 

Å 
3.050 0.425 3.043 3.022 1.947 4.139 

dLi+–Cmin, Å 2.395 0.234 2.338 2.253 2.125 3.250 

Li+ r, Å 2.115 0.675 2.255 N/A 0.109 3.000 

Na+

vdWr = 

2.65 Å 

dNa+–centroid, 

Å 
3.440 0.468 3.538 3.944 2.469 4.172 

dNa+–Cmin, Å 3.002 0.217 2.967 2.969 2.618 3.400 

Na+ r, Å 1.849 0.944 2.233 N/A 0.000 2.995 

K+ 

vdWr = 

3.03 Å 

dK+–centroid, Å 3.407 0.408 3.321 2.853 2.781 4.192 

dK+–Cmin, Å 3.226 0.172 3.205 3.134 2.250 3.843 

K+ r, Å 1.221 0.934 0.938 0.000 0.000 2.976 

Thiol H 

vdWr = 

2.90 Å 

dH–centroid, Å 3.376 0.488 3.500 3.417 2.537 4.499 

dH–Cmin, Å 3.004 0.366 2.964 2.472 2.200 3.912 

H r, Å 1.863 0.782 1.887 1.884 0.174 2.987 

Thiol S 

vdWr = 

3.50 Å 

dS–centroid, Å 4.101 0.371 4.060 3.725 3.324 4.798 

dS–Cmin, Å 3.692 0.266 3.693 3.737 3.087 4.407 

S r, Å 1.976 1.000 2.133 N/A 0.082 3.828 

Normalized 

Thiol H 

vdWr = 

2.90 Å 

dH–centroid, Å 3.279 0.494 3.295 3.469 2.412 4.478 

dH–Cmin, Å 2.874 0.342 2.831 3.130 2.167 3.830 

H r, Å 1.722 0.795 1.749 N/A 0.000 2.999 
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In all cation/ and S–H/ aromatic interactions, the average distances from the 

aromatic centroid to the interacting atom were further than the vdWr. The 

distributions of dX–centroid distances were all generally distributed beyond the vdWr as 

well. The average distances from Li+ or thiol hydrogen atoms to the nearest aromatic 

ring carbon were near the vdWr for X and carbon. In contrast, average Na+ and K+ 

distances to the nearest carbon were much greater than the vdWr for X and carbon 

(13% or 6% longer than vdWr, respectively). These trends are consistent in 

comparing the histogram charts between M+ and thiol H distances dX–Cmin (Figure 

2.39), where Li+ and thiol hydrogen atoms are reasonably well distributed about the 

vdWr, while nearly all Na+ and K+ distances are greater than the vdWr. Consistent 

with the data shown in Table 2.17, Li+ cations and thiol hydrogen atoms are more 

likely to interact closely with aromatic ring carbons than larger cations. 

The radius r of the interacting atom X, X r, identifies the localization of the 

atom X relative to the centroid of the ring, regardless of the contact distance (see 

scheme, Figure 2.40f). For interactions that are driven by electrostatic effects, which 

were expected to localize near to the aromatic centroid, the radius would be shorter 

(indicating the atom is localized closer to the aromatic centroid). For interactions with 

carbon-oriented geometry, the radius would be expected to be near 1.4 Å, indicating 

the interacting atom is located nearer to the radius of a benzene ring. For cation/ 

aromatic interactions, the X r increased with smaller ionic radii of the cation. This 

periodic trend identified that K+ cations were distributed closer to the aromatic 

centroid (average K+ r = 1.22 Å), while Li+ cations were generally nearer to the 

outside of the aromatic ring (average Li+ r = 2.11 Å). 32% of entries with K+/ 

aromatic interactions had radius distances less than 0.5 Å, indicating that K+ cations 
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had a significant likelihood of localizing directly over the centroid of the aromatic 

ring. The thiol hydrogen and sulfur atom distributions over the aromatic ring (X r) 

were more dispersed (Figure 2.40 d and e, respectively). Thiol sulfur atoms had two 

localizations, either inside or outside of the radius of the benzene ring, and the 

hydrogen atoms did not have any particular localization over the plane of the aromatic 

ring. The mean and mode of the distance H r were 1.87 Å and 1.88 Å, respectively, 

which localized hydrogen atoms slightly outside of the radius of the aromatic ring, 

using the hydrogen atom coordinates that were reported in the CSD. 

Although the distance from a donor atom to the aromatic centroid is the 

general measure for strength of an aromatic interaction,190 these data suggest that the 

distance to the nearest aromatic ring carbon can be a more relevant parameter in some 

cases. When an interaction between an atom and an aromatic ring is weakly 

electrostatic, orbital interactions may compete or dominate, which can potentially 

draw the vector of the donor group to the edges of the aromatic ring face, and away 

from the aromatic centroid. With the standard model of centroid-oriented aromatic 

interactions, these carbon-oriented interactions may appear weaker and less directional 

than their true nature. 

While the histogram charts of X r shows localization of the interacting atoms 

over the plane of the aromatic ring, these charts do not distinguish between the closely 

interacting atoms and the longer-range interactions. To gain further insight into the 

fundamental differences in geometry between closely interacting cation/ and S–H/ 

interactions, the coordinates of each interacting atom, M+, thiol H, and thiol S, were 

compared relative to the centroid and to the plane of the aromatic ring (Figure 2.41). 

These comparisons identify where the interacting atoms were localized over the plane 
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of the ring, with consideration of the stronger interactions with closer contact distances 

to the aromatic ring. By correlating the distance dX–plane with respect to the distance X 

r, the X-axis represents the plane of the aromatic ring, and the origin represents the 

aromatic centroid (Figure 2.41f). The correlations between dX–plane and X r were 

compared to the threshold of “close” contacts, the vdWr for each respective atom X 

and carbon. The vdWr was projected as a circle where the origin was at the radius of 

benzene (r = 1.4 Å, dplane = 0.0 Å). The correlations for each cation/ and S–H/ 

aromatic interaction are shown in Figure 2.41. For comparison, the coordinates 

associated with the S–H/ aromatic interaction observed in the crystal structure of 

Boc-4-thiol-L-phenylalanine-tert-butyl ester are indicated in the charts.   
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Figure 2.41 Localization of interacting atoms with respect to the aromatic ring 

for cation/ and S-H/ aromatic interactions 
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The atomic coordinates of the interacting atom, X, are indicated with reference to the 

plane of the aromatic ring for cation/ and S–H/ aromatic interactions. The distance 

dX–plane is correlated against the distance X r (radius), where X = Li+, Na+, K+, thiol H, 

or thiol S. The X-axis represents the plane of the aromatic ring, and the origin 

represents the aromatic centroid. The location of aromatic centroid (  ) and ring 

carbons (C) are indicated within the plots, where C is located at 1.40 Å from the 

origin. The black line indicates the vdWr for carbon and the respective interacting 

atoms; points below the black line are less than the vdWr. (a) atomic coordinates of 

Li+ with respect to the aromatic ring; (b) atomic coordinates of Na+ with respect to the 

aromatic ring; (c) atomic coordinates of K+ with respect to the aromatic ring; (d) 

atomic coordinates of the thiol hydrogen atom with respect to the aromatic ring, (e) 

atomic coordinates of the thiol sulfur atom with respect to the aromatic ring, (f) 

scheme showing these parameters for cation/ and S–H/ interactions. 

The data set for S–H/ aromatic interactions used in these projections were restricted 

on the hydrogen atom (“cylinder restriction,” see experimental section and Figure 2.37 

for details) and manually parsed for geometric biases and anomalies; the S–H bond 

lengths were not normalized. 

The cyan data points that are indicated in the charts with thiol hydrogen and thiol 

sulfur coordinates indicate the coordinates for the crystal structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester. 

vdWr for carbon and Li+, 2.30 Å203, 263  

vdWr for carbon and Na+, 2.65 Å203, 263 

vdWr for carbon and K+, 3.03 Å203, 263 

vdWr for carbon and hydrogen, 2.90 Å203  

vdWr for carbon and S, 3.50 Å203 

Consistent with observations from the histogram charts and statistics on 

measured interaction distances, cation/ and S–H/ aromatic interactions exhibited 

distinctive geometric orientations with respect to the aromatic ring. Na+ and K+ cations 

did not interact as closely with the aromatic ring as thiols, with less than 10% of 

entries below the threshold of the vdWr for carbon and M+. Na+/ interactions did 

not appear to localize over the centroid or the aromatic ring carbon, and were 

generally dispersed over the plane of the aromatic ring (Figure 2.41b). A significant 

fraction of K+ cations localized over the aromatic centroid (32%, where K r < 0.5 Å), 

but only 4 of these entries with centroid-oriented geometry were at distances less than 
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the vdWr. Intriguingly, the Li+ cation/ aromatic interactions that were well outside 

of the radius of the aromatic ring were also some of the closest contacts (Figure 

2.41a). However, the small sample size of the data set for Li+/ aromatic interactions 

must be considered with these observed trends (43 entries). 

In contrast to the larger cation/ aromatic interactions of K+ or Na+, nearly half 

of the thiol hydrogen atoms interacted with the aromatic ring carbons at distances that 

were less than the vdWr for carbon and hydrogen (Figure 2.41d). Of the 20 shortest 

contact distances in S–H/ aromatic interactions (dH–Cmin), 6 entries were localized 

above the aromatic ring carbon (1.15 Å < H r < 1.65 Å). Four of these selected entries 

of S–H/ aromatic interactions are shown as examples in Figure 2.42. All of the thiol 

sulfur atoms with sub-vdWr contact distances with the aromatic ring were localized 

above the aromatic carbons and outside of the aromatic ring, potentially allowing for 

the thiol hydrogen and the aromatic ring to interact. The data set of S–H/ aromatic 

interactions used in this comparison was based on hydrogen atom coordinates reported 

in the CSD, and was manually parsed to exclude any thiol structures where the thiol 

hydrogen was directed away from the aromatic ring (an indication of S·· aromatic 

interactions). Based on these combined data, the S–H/ aromatic interactions have a 

greater tendency for carbon-oriented geometry with sub-vdWr contact distances, 

while large cation/ aromatic interactions were centroid-oriented at distances at or 

greater than the vdWr for carbon and the respective cations.  
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Figure 2.42 Close contacts in S–H/ aromatic interactions in crystal structures 

from the CSD 

Six of the 20 shortest S–H/ aromatic contacts in crystal structures from the CSD 

involve hydrogen atoms positioned over the aromatic ring carbon. Four of these 

crystal structures from the CSD with close S–H/ contacts are shown: (a) COLDEN; 

(b) GAGTUF; (c) YULZUA; (d) WANCIX. 

The vdWr for carbon and hydrogen is 2.90 Å.203 

Based on the observed favorable molecular orbital overlap interaction in the 

crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester (Figure 2.34), the 

close contact distances and carbon-oriented geometries in crystal structures with S–

H/ aromatic interactions from the CSD are also potentially due to an aromatic →* 
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thiol orbital overlap interaction. Determining the direction of the thiol S–H bond 

provides an approximation for where the S–H * orbital is localized, and the 

plausibility of an →* orbital overlap. If the close contacts in S–H/ aromatic 

interactions exhibit S–H bond directionality towards the aromatic ring carbon, then the 

aromatic →* thiol interaction is potentially general in S–H/ aromatic interactions. 

In order to examine this possibility, the vector of the S–H thiol bond was correlated 

with respect to the aromatic ring (Figure 2.43), based on the measurements S r, H r, 

dS–plane and dH–plane. The S–H thiol bond for each entry from the CSD is represented as 

a vector, where the arrow points along the trajectory of the thiol bond towards the 

hydrogen atom location, as reported in the CSD.  
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Figure 2.43 Direction of the thiol S–H bonds relative to the plane of the 

aromatic ring 

The vector of the thiol S–H bond can approximate the location of the * orbital in the 

context of the aromatic ring. The thiol S–H bond is represented as a vector, where the 

arrow points to the hydrogen atom location. The origin (  ) and edge (C) of the 

aromatic ring are indicated within the plots, where C is located at 1.40 Å from the 

origin. The red line indicates the sum of the van der Waals radii for carbon and 

hydrogen (2.90 Å), with the origin at (0, 1.4). 

Thiol hydrogen atoms are as reported in the CSD, using the hydrogen atom for 

reference in the cylinder restriction, and the data set was manually parsed (see 

experimental section and p. 96-97 for details). 

Left: Only thiol S–H bonds where dH–Cmin was greater than 2.90 Å (vdWr for carbon 

and hydrogen) 

Right: Only thiol S–H bonds where dH–Cmin was less than 2.90 Å (vdWr for carbon 

and hydrogen) 

C C 
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The geometric differences between the short and long range contacts in S–H/ 

aromatic interactions were quite clear from the vector diagrams: no discernible trend 

was observed for the long range contacts, and many of the close contacts were directed 

towards the aromatic ring carbon. The trend of carbon-directed, sub-vdWr distances 

for S–H/ aromatic interactions in crystal structures from the CSD strongly suggests 

that the molecular orbital overlap basis for interaction is general. 

As noted earlier in this section and others, the hydrogen atom location in x-ray 

crystal structures can be unreliable, due to the low electron density around hydrogen 

atoms and biasing for shorter X–H bond lengths towards the heavier atom.203 To 

correct for the bond length bias, it is generally advised that short X–H bond lengths 

should be normalized to a standard bond length, 1.338 Å for S–H bond.203 Histogram 

charts and comparisons between the atomic coordinates relative to the aromatic ring 

were also generated based on the data set containing S–H/ aromatic interactions with 

normalized S–H bond lengths. These comparisons are shown in Figure 2.44 and 2.45. 
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Figure 2.44 S–H/ interactions in the CSD with normalized S–H bond lengths: 

Histogram charts and correlation of atomic coordinates with respect to the 
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aromatic ring 

The thiol hydrogen atom coordinates were adjusted to that the S–H bond length was 

normalized to 1.338 Å along the vector of the S–H bond (normalization conducted 

using ConQuest).203 The hydrogen atom was used for reference in the cylinder 

restriction (dH–plane ≤ 3.63 Å, H r ≤ 3.00 Å). (a, b) Histogram charts for the frequency 

of distances from the aromatic centroid to the interacting atom (thiol H or thiol S, 

respectively); (c, d) Histogram charts for the frequency of distances from the 

interacting atom (thiol H or thiol S, respectively) to the nearest aromatic carbon atom; 

(e, f) the atomic coordinates of the interacting atom (thiol H or thiol S, respectively) 

are indicated with reference to the plane of the aromatic ring. The distance dX–plane is 

correlated against the distance X r (radius). The X-axis represents the plane of the 

aromatic ring, and the origin represents the aromatic centroid. The location of 

aromatic centroid (  ) and ring carbons (C) are indicated within the plots, where C is 

located at 1.40 Å from the origin. The black line indicates the vdWr for carbon and 

the respective interacting atoms; points below the black line are less than the vdWr. 

The data set for S–H/ aromatic interactions used in these projections were restricted 

on the hydrogen atom (“cylinder restriction,” see experimental section and Figure 2.37 

for details) and manually parsed for geometric biases and anomalies; the S–H bond 

lengths were normalized to 1.338 Å. 

vdWr for carbon and hydrogen, 2.90 Å203  

vdWr for carbon and S, 3.50 Å203 
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Figure 2.45 Direction of the normalized thiol S–H bonds relative to the plane of 

the aromatic ring  

S–H bond can approximate the location of the * orbital in the context of the aromatic 

ring. The thiol S–H bond is represented as a vector, where the arrow points to the 

hydrogen atom location. The origin (  ) and edge (C) of the aromatic ring are indicated 

within the plots, where C is located at 1.40 Å from the origin. The red line indicates 

the sum of the van der Waals radii for carbon and hydrogen (2.90 Å), with the origin 

at (0.0, 1.4). 

The coordinates of the thiol hydrogen atoms were adjusted so that the S–H bond 

length was 1.338 Å, and the data set was limited to the region of interaction using the 

hydrogen atom for reference in the cylinder restriction, and the data set was manually 

parsed (see section 2.4.10 for details). 

Left: Only thiol S–H bonds where dH–Cmin was greater than 2.90 Å (vdWr for carbon 

and hydrogen) 

Right: Only thiol S–H bonds where dH–Cmin was less than 2.90 Å (vdWr for carbon 

and hydrogen) 

C C 
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The trends in distributions and atomic coordinates relative to the plane of the 

aromatic ring were reasonably consistent between thiol structures with reported and 

normalized S–H bond lengths. For the data set where the S–H bond length was 

normalized, there were substantially more close contacts between hydrogen atoms and 

the aromatic ring. The mean distance dH–Cmin was 2.87 Å, less than the vdWr for 

carbon and hydrogen (Table 2.18), and the histogram plot of this distance dH–Cmin 

showed a high distribution of distances near or below the vdWr. In the diagrams 

representing the S–H bond as a vector over the plane of the aromatic ring, significantly 

more of the close contacts are carbon-oriented, including many examples of the longer 

range contacts at the vdWr threshold also exhibit carbon-directed geometry (Figure 

2.45).  

Taking into consideration the intrinsic bias of electron density maps towards 

heavy atoms, and normalization of the S–H bond length to standard values, there is a 

significant trend of carbon-oriented geometry in S–H/ aromatic interactions in crystal 

structures from the CSD. The carbon-oriented geometries are consistent with a general 

aromatic →* thiol molecular orbital overlap interaction that stabilizes the S–H/ 

interaction, consistent with our observations in the crystal structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester. The carbon-oriented geometries observed in S–H/ 

aromatic interactions are distinct from the centroid-oriented geometry for large 

cation/ aromatic interactions in crystal structures, potentially due to a greater 

electrostatic effect that stabilizes cation-aromatic interactions (which overwhelms any 

orbital interactions). Li+/ aromatic interactions also exhibited unique geometric 

preferences in comparison to large cation/ interactions, with many examples of sub-

vdWr distances that were carbon-oriented. Although Li+ cations are much smaller 
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than Na+ and K+, which decreases the favorable dispersive interactions, it is 

remarkable that these small cations were so frequently localized below the vdWr, 

and outside of the radius of the aromatic ring. The periodic trend from carbon-oriented 

to centroid-oriented cation/ aromatic interactions with increasing ionic radius 

suggests that additional factors may play a role in the nature and geometric 

preferences of these interactions, potentially attributed to the “hardness” or “softness” 

of the interacting cation (described further in Chapter 2.3.5). 

2.3 Discussion 

The nature of X–H/ interactions has been commonly described as an interplay 

of electrostatic and dispersive forces, which largely depend on the donor and acceptor 

atom electronegativity.190 However, dispersion does not account for the strength and 

directionality that is observed in non-conventional hydrogen bonds, such as halogen 

bonds or S–H/ interactions. S–H/ interactions have been likened to conventional 

hydrogen bonds, and thus compared to O–H/ or N–H/ interactions where the 

electrostatic driving force is much greater. However, if the nature of S–H/ 

interactions is fundamentally different than O–H/ or N–H/ interactions, then a 

different perspective may be necessary in considering these aromatic  interactions. 

This present study of the intermolecular interactions in Boc-4-thiol-L-phenylalanine-

tert-butyl ester provided insights into the underlying energy and fundamental driving 

forces of S–H/ aromatic interactions, and how these interactions provide unique 

opportunities in design applications. 
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2.3.1 Crystallographic observation of an intermolecular S–H/ aromatic 

interaction 

The x-ray crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester was 

solved to 0.77 Å resolution. Electron density around the thiol and carbamate nitrogen 

allowed for location of these hydrogen atoms (Figure 2.15). The bond thiol S–H bond 

length was calculated to be 1.26 Å, shorter than the standard S–H bond length, 1.338 

Å.203 The C–S–H bond angle was measured to be 99°, typical for thiols, with the thiol 

bond nearly co-planar with the aromatic ring (10° out of plane). Intermolecular 

hydrogen bonds were observed in the crystal structure, including the Boc- carbonyl 

oxygen with both the carbamate hydrogen and with an aromatic hydrogen (O··H 

distances 2.66 Å and 2.75 Å, respectively). Interestingly, the thiol group in Boc-4-

thiol-L-phenylalanine-tert-butyl ester did not participate in a conventional hydrogen 

bond interaction with either available carbonyl oxygen atom or the ester oxygen atom. 

The crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester revealed a 

close intermolecular contact between the thiol proton and an aromatic ring. Alignment 

of the thiol S–H bond towards the aromatic ring is considered “ideal” for an S–H/ 

interaction, with the assumption that the interaction is driven by electrostatic effects. 

In the crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester, the interaction 

of the thiol and the aromatic centroid was 2.90 Å, at the sum of the van der Waals 

radii (vdWr) for carbon and hydrogen atoms. The alignment of the thiol S–H bond 

with the aromatic centroid was 148°. However, we observed a closer interaction with 

an individual ring carbon, at a distance of 2.71 Å, well below the vdWr for carbon 

and hydrogen. The alignment of the thiol S–H bond with the ring carbon was also 

more linear at 159°. While linearity of an interaction is not a direct indicator of the 

strength of an interaction, some have suggested that linearity between a donor bond 
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and acceptor group is ideal geometry for hydrogen bonds.190, 225 In addition to the 

thiol-aromatic interaction, a close intermolecular interaction was also observed 

between one of the aromatic C–H bonds and an individual aromatic carbon atom 

(Figure 2.46a), at a distance of 2.84 Å. The combined S–H/ and C–H/ interactions 

in Boc-4-thiol-L-phenylalanine-tert-butyl ester allowed for an intermolecular, 

bidentate aromatic interaction (Figure 2.46), which stabilized the overall crystal 

packing within the unit cell. For both of the observed S–H and C–H/ aromatic 

interactions, there was a greater preference for interaction with the edge of the 

aromatic ring face over the centroid, suggesting a stronger interaction with the ring 

carbons. 
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Figure 2.46 Intermolecular aromatic interactions in Boc-4-thiol-L-

phenylalanine-tert-butyl ester 

The crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester revealed 

intermolecular X–H/ contacts between aromatic rings, with distances that were less 

than the vdWr for carbon and hydrogen. The alignment of the S–H and C–H bonds 

are directed towards individual aromatic ring carbon atoms, rather than the centroid of 

the aromatic ring. Perspectives between (a) and (b) are rotated about the y axis 90°. 

Due to intrinsic errors in hydrogen atom location from electron density maps, distance 

measurements between heavy atoms can be compared. Consistent with the 

observations with the hydrogen atom, the sulfur atom is more closely associated with 

the edge of the aromatic ring face over the aromatic centroid.  

As with any crystal structure obtained from x-ray diffraction data, there is 

intrinsic uncertainty about location of hydrogen atoms, which have low electron 

density. The crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester had some 

electron density around the sulfur atom that allowed for approximate location and 

directionality of the thiol S–H bond (as well as the carbamate amide hydrogen). 

However, the electron density is biased towards the heavier atom, and the calculated 

X–H bond lengths from x-ray diffraction generally appear shorter, particularly with 

a b 

90° 

S–H··Cmin = 2.71 Å 
C–H··Cmin = 2.84 Å 

S ··Cmin = 4.02 Å 
S··centroid = 3.91 Å 
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weaker hydrogen bonds.203 To account for this bias in x-ray crystallographic data, it is 

recommended that the calculated are normalized to a standard bond length, where the 

hydrogen atom is shifted along the vector of the bond to the appropriate location.203 

With correction of the thiol S–H bond length to 1.338 Å,203  the interaction between 

the thiol hydrogen atom and aromatic ring carbon is even closer, at 2.63 Å, while the 

distance of interaction with the aromatic centroid is nearly the same, at 2.85 Å (Figure 

2.18). Alternatively, comparisons between interactions with only heavy atoms can be 

examined, which excludes any error in directionality of the thiol S–H bond. The 

distance between the thiol sulfur atom and the aromatic centroid was measured to be 

4.02 Å, while the distance to the nearest aromatic carbon was shorter, 3.91 Å (Figure 

2.46). Combined, measurements for both calculated and normalized crystal structures 

showed a closer association between the thiol and the edge of the aromatic ring face 

rather than the centroid. 

The synthesis of Boc-4-thiol-L-phenylalanine-tert-butyl ester was also 

suggestive of unique interactions involving the thiol group. Boc-4-thiol-L-

phenylalanine-tert-butyl ester formed disulfides in solution over a few days when 

allowed to stand in air, but as a crystalline solid, could resist air oxidation for a few 

weeks. A close intermolecular contact in the solid, crystalline 4-thiophenylalanine 

involving the thiol proton could potentially stabilize the thiol against reaction with 

oxygen in the air. 

Desiraju & Steiner point out that hydrogen bond interactions with aromatic 

rings are more ambiguous in terms of the “acceptor.”190 It is generally followed that 

measurements and comparisons with X–H/ aromatic interactions are between the 

hydrogen atom and the aromatic centroid.190, 225, 228 Measurement and comparison of 
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distances between a hydrogen atom and an aromatic centroid are potentially accurate 

for interactions that are primarily driven by electrostatic interactions. Indeed Desiraju 

& Steiner190 described aromatic centroid-directed hydrogen bonds as “good hydrogen 

bond geometry,” while an almost linear O–H··Caro interaction, solved by neutron 

diffraction, was described as “more irritating geometry.” However, we observed close 

S–H/ aromatic interactions within the crystal structure that were not centroid-

oriented, with preferred geometry towards the edge of that aromatic ring face, at 

distances well below the vdWr for carbon and hydrogen. Potentially, alternative 

measurements and comparisons may be required for interactions that are not driven by 

electrostatic interactions, since the preferred geometry can be quite different. 

In order to examine the fundamental nature of S–H/ aromatic interactions, 

and to discern the underlying stabilizing features that dictate preferred geometries, 

Boc-4-thiol-L-phenylalanine-tert-butyl ester was further characterized as a model 

compound via NMR, FT-IR, and ab initio calculations. Characterization of Boc-4-

thiol-L-phenylalanine-tert-butyl ester through these methods can be used to determine 

the strength and fundamental nature of the S–H/ aromatic interaction. Preferred 

geometries of thiol-aromatic interactions were compared in crystal structure deposited 

in the CSD, and were compared to cation-aromatic interactions, where the electrostatic 

effects are much greater.  

2.3.2 Solution and solid-state NMR analysis of Boc-4-thiol-L-phenylalanine-tert-

butyl ester: A significant down-field chemical shift in the thiol proton in 

solid-state 

In the 1H NMR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester, the 

thiol proton was observed as a sharp singlet at 3.41 ppm in CDCl3. Proton chemical 

shifts are sensitive to solvent, particularly for hydrogens that can participate in 
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hydrogen bonds. In methanol-d3, a downfield chemical shift was observed in the thiol 

proton ( = +0.59-0.66 ppm) for both Boc-4-thiol-L-phenylalanine-tert-butyl ester 

and p-thiocresol, indicative of a deshielding effect from the bulk solvent (as a result of 

hydrogen bonding with methanol). Benzene and aromatic solvents are known to 

interact with aryl thiol protons, based on prior IR and 1H NMR studies. In benzene-d6, 

the thiol proton shifted upfield for both Boc-4-thiol-L-phenylalanine-tert-butyl ester 

and p-thiocresol ( = –0.34-0.44 ppm). An upfield chemical shift change is 

consistent with a shielding effect as a result of aromatic ring current effects,166, 248 

which can be distinctive from a conventional hydrogen bond. Having established the 

two different forms of interaction with the thiol proton via NMR, the nature of the 

interaction in the crystal structure was examined via solid state NMR. 

In the crystal structure of p-thiocresol, the thiol group was indistinguishable 

from the methyl group by electron density, and the thiol interaction was obscured. In 

the solid-state 13C-1H-HETCOR spectrum, two different chemical environments were 

observed for the thiol proton in p-thiocresol, at 3.2 ppm and 5.0 ppm. These two 

different environments can potentially result from two different modes of interaction, 

both “bound” (5.0 ppm) and “un-bound” (3.2 ppm) forms of the thiol proton. In the 

13C-1H-HETCOR spectrum of deuterated p-thiocresol, these peaks were not present, 

further validating the assignment that both of these resonances are due to the thiol 

proton.  

Examination of the 13C-1H-HETCOR spectrum of crystalline Boc-4-thiol-L-

phenylalanine-tert-butyl ester showed the thiol proton at 6.2 ppm. The thiol proton 

was significantly shifted downfield in comparison to the sample in CDCl3 ( = +2.8 

ppm), consistent with a relatively strong hydrogen bonding interaction. Downfield 
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chemical shifts can also result from changes in the acidity of the thiol proton due to 

changes in the electronics of the aromatic ring.166, 264 Downfield chemical shifts also 

result from deshielding effects from proximal aromatic rings, which are strongest 

when the proton is within the plane of the aromatic ring. The carbamate proton was 

also significantly shifted downfield ( = +2.4 ppm), consistent with the observed 

hydrogen bond in the crystal structure. Comparing all of the chemical shift changes in 

Boc-4-thiol-L-phenylalanine-tert-butyl ester between crystalline and solution samples, 

the most significant shifts involved the thiol, carbamate, and carbonyl carbons, which 

are consistent with the observed hydrogen-bonding interactions in the crystal structure 

(Figure 2.47). 
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Figure 2.47 Chemical shift differences in Boc-4-thiol-L-phenylalanine-tert-butyl 

ester between solid-state and solution NMR 

Chemical shift changes greater than 1.5 ppm between solid and solution NMR in Boc-

4-thiol-L-phenylalanine-tert-butyl ester. Distances and interactions are indicated where 

identified. 

Strikingly, the chemical shifts of the thiol protons were shifted downfield in 

the crystalline form compared to solution samples, in both p-thiocresol and Boc-4-

thiol-L-phenylalanine-tert-butyl ester. The solution data in benzene-d6 suggested that 

the thiol proton would shift slightly upfield (shielding effect) in the presence of 

aromatic interacting groups, but instead the interaction in the solid state deshielded the 

thiol proton. Aromatic groups can be deshielding if the interacting proton is in the 

plane of the aromatic ring, outside of the ring, directed towards the edge of the ring 

face, an edge-on interaction. Alternatively, the thiol proton could potentially have a 

different chemical shift due to changes in the energy levels of its own aromatic ring, 

resulting from participation in the intermolecular interaction.264 While the downfield 
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chemical shift change in the thiol proton within solid-state samples was significant and 

consistent with an hydrogen bonding interaction, potentially due to an aromatic 

interaction, identification of the fundamental nature of the thiol-aromatic interaction 

would require further studies via vibrational spectroscopy and ab initio calculations. 

2.3.3 Vibrational spectroscopy of the thiol S–H bond in solution and solid Boc-

4-thiol-L-phenylalanine-tert-butyl ester 

Hydrogen bonding interactions have been extensively studied via FT-IR, 

where the X–H bond stretching frequency is sensitive to the nature and strength of 

non-covalent interactions, either as self-association or with bulk solvent.208, 232-234 The 

extensive prior literature on thiol interactions by IR allows for ready comparison to 

published data on thiophenol, p-thiocresol, and solid samples containing thiols.230-234 

The S–H stretching frequency (S–H) occurs where there are few other vibrational 

frequencies (2590-2550 cm–1), and can be readily distinguished from other vibrations. 

The S–H can red shift substantially in the presence of interacting solvents, and the 

absorbance intensity generally increases with greater –S–H.208  

In order to examine the nature of the thiol interaction in Boc-4-thiol-L-

phenylalanine-tert-butyl ester, a series of solution samples were prepared using CCl4 

with cosolvents containing different hydrogen bonding partners, including carbonyl 

groups (acetone and ethyl acetate), an alcohol (methanol), or an ether (THF). Several 

solutions were prepared containing different amounts of cosolvent. These IR spectra 

for solution samples were compared against the IR spectrum of the crystalline Boc-4-

thiol-L-phenylalanine-tert-butyl ester in a pressed pellet of KBr. IR spectra for p-

thiocresol in solution and as crystalline samples were also obtained for comparison. 
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A direct correlation of the absorbance intensity of S–H was observed with 

respect to the amount of “interacting” cosolvent in CCl4 for both Boc-4-thiol-L-

phenylalanine-tert-butyl ester and p-thiocresol. The S–H red shifted significantly with 

all cosolvents, although the increase in S–H absorbance was only observed with ethyl 

acetate and acetone. The red shift in S–H for solutions of Boc-4-thiol-L-phenylalanine-

tert-butyl ester was –18 cm–1 in 25% ethyl acetate and –26 cm–1 in 25% acetone. p-

Thiocresol exhibited similar S–H in these solvents containing carbonyl groups (–16 

cm–1 in 25% ethyl acetate; –25 cm–1 in 25% acetone). The increased –S–H for 

solutions of acetone/CCl4 compared to solutions of ethyl acetate/CCl4 is potentially 

due to the increased dipole moment of the carbonyl in acetone, and a stronger S–H/O 

interaction. For both compounds, solutions in methanol/CCl4 and THF/CCl4 showed 

the lowest S–H, but the absorbance intensities were considerably lower and the signals 

were much broader, suggesting that the thiol interaction was not well defined. 

Interestingly, the aromatic C-C frequency at 1500 cm–1 blue shifted substantially (C–

C = 20 cm–1) in crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester, indicating an 

effect on “semi-circle” stretching in the aromatic ring. Not only is the thiol stretching 

frequency influenced by interaction with an aromatic ring, but the aromatic ring is also 

influenced by interaction with the thiol group. Interestingly, the IR spectrum of Boc-4-

thiol-L-phenylalanine-tert-butyl ester in CHCl3, which is known to interact favorably 

with aromatic rings via C–H/ interactions, also exhibited an additional blue-shifted 

band for this frequency. 

Crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester exhibited a substantial 

red shift in S–H (–47 cm–1 compared to CHCl3) with a 15-fold increase in absorbance 

intensity. Crystalline p-thiocresol also showed a significant red shift in S–H in 
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comparison to CCl4 (S–H = –22 cm–1). The increased red shift in S–H for crystalline 

Boc-4-thiol-L-phenylalanine-tert-butyl ester over p-thiocresol suggests a stronger and 

more well-defined interaction, consistent with observations from x-ray crystal 

structures and solid-state NMR data. The greater red shift in S–H for crystalline Boc-

4-thiol-L-phenylalanine-tert-butyl ester over solutions with acetone or ethyl acetate 

suggests a fundamentally distinct, and potentially stronger interaction.  

In the work by Saggu et al.,233 the greatest red shift in S–H for thiophenol was 

in the presence of hexamethylbenzene, with a S–H of –40 cm–1 relative to CCl4. Neat 

samples of thiophenol are reported to have a S–H stretch max at 2569 cm–1 (similar to 

crystalline p-thiocresol, S–H = 2563 cm–1), with a S–H of –22 cm–1 compared to 

dilute solutions in CCl4.
232 Between solution and solid forms of a compound 

containing an aryl thiolate, Rozenberg et al.234 observed a red shift in S–H of –19 cm–

1, consistent with formation of an S–H/ aromatic interaction in the crystal structure 

(Figure 2.48a). Jabłońska et al.250 observed two S–H in a crystalline silylthiol 

compound, ascribed to “interacting” and “non-interacting” forms of the thiol, 

separated by 31 cm–1 (Figure 2.48a). We observed a greater red shift in S–H (–47 cm–

1) between crystalline and solution Boc-4-thiol-L-phenylalanine-tert-butyl ester, 

consistent with a strong S–H/ aromatic interaction observed in the crystal structure 

(Figure 2.48c). 

 



 289 

Figure 2.48 S–H/ aromatic interactions observed via crystallography and FT-

IR 

Thiol S–H/ aromatic interactions in crystal structures with corresponding solid-state 

thiol S–H stretching frequency. (a) N-(o-hydroxyphenyl)-3-sulfanylmethylpyrrolidin-

2-one, viewed down the thiol S–H bond;234 (b) Tris(2,6-

diisopropylphenoxy)silanethiol, with two different thiol interaction modes shown in 

the crystal structure;250 (c) Boc-4-thiol-L-phenylalanine-tert-butyl ester (this work). 

c 

S–H = 2538 cm–1 

S–H = –47 cm–1 (vs. soln CHCl3) 
S–H··centroid = 2.90 Å 
S–H··Cmin = 2.71 Å 
 

a 

S–H = 2563 cm–1 

S–H = –19 cm–1 (vs. soln CHCl3) 
S–H··centroid = 2.54 Å 
S–H··Cmin = 2.78 Å 
 

b 

S–H = 2554 cm–1 

S–H = –31 cm–1  
       (vs. alternate crystal form) 
S–H··centroid = 2.74 Å 
S–H··Cmin = 2.73 Å 
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The experimentally observed differences in Boc-4-thiol-L-phenylalanine-tert-

butyl ester between solid and solution forms can be compared to calculated S–H using 

ab initio calculations. The S–H relates to a thiol S–H bond length (influenced by 

strong non-covalent interactions), which can be calculated and compared to the 

crystallographic observations. In addition, atomic charges and molecular orbitals can 

be calculated from the crystal structure, and an energy component analysis can be 

conducted on the observed S–H/ aromatic interaction in Boc-4-thiol-L-phenylalanine-

tert-butyl ester. 

2.3.4 ab initio calculations on Boc-4-thiol-L-phenylalanine-tert-butyl ester: an 

orbital overlap interaction stabilizes the intermolecular S–H/ aromatic 

interaction 

Both 1H NMR and FT-IR studies on Boc-4-thiol-L-phenylalanine-tert-butyl 

ester suggested that the crystal form was stabilized by an intermolecular interaction 

involving the thiol S–H bond, which differed from conventional hydrogen bond 

interactions. A significant downfield chemical shift was observed between solution 

(CHCl3) and solid-state 13C-1H-HETCOR spectrum ( 2.6 ppm), and a significant S–

H red shift (S–H = –47 cm–1) was observed via solid-state IR. For both NMR and FT-

IR experiments, Boc-4-thiol-L-phenylalanine-tert-butyl ester in the crystalline form 

exhibited greater shifts than any of the solvent effects examined, indicating a uniquely 

strong interaction. The S–H bond observed in the x-ray crystal structure was not 

oriented towards the aromatic centroid, but towards an individual aromatic ring 

carbon, suggesting that the S–H/ aromatic interaction was stabilized by an orbital 

overlap interaction between the thiol S–H * and the aromatic  orbitals.  

ab initio calculations have been used to characterize X–H/ aromatic 

interactions through calculation of atomic charges, geometry and energies of 
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molecular orbitals, and the overall energy of stabilizing interactions.164, 228, 265 

Computational studies on thiol interactions have examined the energies and geometry 

S-H/O=C interactions,255 S/ aromatic interactions,238 or H2S/ aromatic 

interactions.164, 254, 266, 267 While thiol interactions are often overlooked and considered 

weak and driven by dispersion, calculations have shown that the interaction between 

hydrogen sulfide and benzene is 2.85 kcal mol–1, similar in energy to the ammonia-

benzene interaction.254, 267 Notably, in calculations on hydrogen sulfide with indole or 

benzene rings, both hydrogen atoms are directed towards the aromatic ring, so that 

hydrogen sulfide interacts in a bidentate manner (increasing the overall stability of the 

complex).164, 252, 254 However, thiol S–H/ aromatic interactions have not been well 

characterized via ab initio calculations, and the unique geometry and strength 

observed in crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester provided an ideal 

model system for further computational study. 

The crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester was 

truncated to a p-thiocresol dimer, in order to save computational time, and the atomic 

charges and molecular orbitals were calculated using multiple basis sets with the aid of 

our collaborators, Dr. Sudipta Sinha and Dr. Sandeep Patel. Comparisons were made 

between the two thiol groups in the p-thiocresol dimer, where one thiol interacted with 

the aromatic ring, and the other did not (Figure 2.49). Natural bond orbital (NBO) 

analysis was conducted on the p-thiocresol dimer to identify the extent of orbital 

overlap between the * and the aromatic  orbitals (Figure 2.49). Indeed, a favorable 

overlap interaction was observed, with an interaction energy of 0.70-1.45 kcal mol–1 

(depending on the basis set used for calculation). The energy of interaction in vacuum 

due to electrostatics was calculated to be 0.72-1.07 kcal mol–1, less than the interaction 
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due to aromatic →S–H* interaction. These calculations indicate the observed 

intermolecular S–H/ aromatic interaction in the crystal structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester was primarily stabilized by a favorable orbital overlap 

interaction, which is consistent with observed alignment of the S–H bond towards an 

aromatic ring carbon atom (where the aromatic orbitals are localized).  
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Figure 2.49 A molecular orbital overlap interaction that stabilizes an 

intermolecular S–H/ aromatic interaction in crystalline Boc-4-thiol-L-

phenylalanine-tert-butyl ester 

Different views of the aromatic →* thiol interaction in the p-thiocresol dimer, a 

truncation of the x-ray crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester. 

(a,b) Different views of the p-thiocresol dimer used in calculations; (c,d) different 

views of the favorable orbital overlap interaction that stabilized the intermolecular 

interaction, calculated to have an interaction energy of 0.70-1.45 kcal mol–1 using 

various basis sets. 

Desiraju & Steiner state that hydrogen bonds are stronger and more idealized 

as an interaction D–H··A becomes more linear (where angle DHA approaches 

180°).191 They argue that with decreasing linearity of the hydrogen bond there is a 

decrease in the electrostatic component of the interaction, and the “hydrogen bond” 

a b 

“Non-interacting” thiol 

E→* = 1.45 kcal mol–1 

“Interacting” thiol 

c d 
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becomes a non-directional van der Waals interaction with increasing deviation from 

linearity.190, 191 The strength of the intermolecular S–H/ interaction in Boc-4-thiol-L-

phenylalanine-tert-butyl ester was quite significant, with an observed S–H = –47 cm–

1 between the solution and crystalline forms. In the crystal structure, the thiol S–H 

bond aligned more directly with an aromatic carbon, rather than the aromatic centroid. 

Desiraju & Steiner described carbon-oriented geometry of X–H/ interactions:190 

“In the structure of the trifluoroethanol 50, pairs of molecules are 

linked by mutual aromatic hydrogen bonds with a relatively well-

centred geometry…This can be considered as a good hydrogen bond 

geometry. A more irritating geometry is found in the low-

temperature neutron crystal structure of alkynol 51, where a 

hydroxyl group points almost linearly at an individual carbon atom 

of the acceptor group…” 

In these examples, the structure with “irritating” carbon-oriented geometry was 

confirmed via IR to be a rather strong interaction, with a  stretch of –61 cm–1. The 

calculations performed on these two structures, centered and off-centered geometries, 

showed that the centered geometry was energetically more favorable, and the off-

centered geometry was labelled as curiosity. The ab initio calculations on the thiol-

aromatic interaction in Boc-4-thiol-L-phenylalanine-tert-butyl ester supported the 

notion of a carbon-oriented interaction, as the interaction that stabilized the p-

thiocresol dimer was found to be predominantly molecular orbital interactions over 

electrostatic effects.  

In a PDB analysis of serine- and cysteine-aromatic interactions, the preferred 

orientations of phenylalanine aromatic rings were different between serine and 

cysteine,247 indicating different means of energetic stability. That is, serine O–H/ 

interactions are potentially driven by greater electrostatic effects, while cysteine S–

H/ interactions are potentially driven by molecular orbital interactions, which 
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manifests as distinctive geometric preferences between serine or cysteine and 

phenylalanine. The underlying energetic contributions that stabilize donor-acceptor 

interactions can have significant consequences in the geometry of interaction, which 

can be implicated in understanding protein folding and protein-protein interactions, in 

designing small molecule drugs, and in designing mutant enzymes with altered or 

enhanced functions. For example, designed small molecule protein inhibitors that 

interact through X–H/ aromatic interactions will have slightly different interaction 

geometries, depending on the relative contributions of electrostatic or molecular 

orbital effects through the X–H bond. These subtle differences in interaction geometry 

can affect the overall inhibitor binding energy and the efficacy of the inhibitor. In 

addition, the extent of molecular orbital overlap in aromatic →S–H* interactions 

can potentially affect the electron distribution of the aromatic ring, which can have 

consequences in chromophores or aromatic rings involved in electron transfer. 

Therefore, the roles that S–H, O–H, or N–H bonds play in modulating enzyme activity 

through X–H/ aromatic interactions can depend on the favorable molecular orbital 

overlap interactions. 

2.3.5 Comparison of interaction geometries in S–H/ and cation/ aromatic 

interactions in crystal structures from the CSD 

The x-ray crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

exhibited carbon-oriented geometry that was stabilized by an aromatic →* thiol 

orbital interaction. Our analysis of this crystal structure, and associated 

characterization in solution and in the solid state by FT-IR and NMR, is one example 

of a thiol-aromatic interaction with carbon-oriented geometry. In order to determine if 

our observations were general to all thiol-aromatic interactions, we searched for 
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crystal structures in the CSD containing S–H/ aromatic interactions and analyzed the 

distances and geometries of the interactions. In prior analyses of X–H/ aromatic 

interactions in crystal structures from the CSD and PDB,225, 228, 234 a close contact 

distance between the centroid of the aromatic ring and the interacting atom served as a 

basis for the presence, and strength, of an interaction. However, based on our 

observations of the S–H/ interaction in Boc-4-thiol-L-phenylalanine-tert-butyl ester, 

measurements and distances based on a centroid-oriented geometry may not be the 

most reasonable basis for determining interaction strength, particularly when 

electrostatic effects are not predominant. Nishio has previously examined the 

geometry of centroid-oriented versus carbon-oriented C–H/aromatic interactions in 

crystal structures,260, 261 but structural and geometric analysis in S–H/ aromatic 

interactions has never been established. 

Based on the model we developed to describe the observed geometry in the 

crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester, molecular orbital 

interactions predominate over electrostatic effects in S–H/ interactions, which 

manifests as a carbon-oriented geometry (where alignment for the orbital interaction is 

most favorable). A higher frequency of close-range contacts that are carbon-directed 

in S–H/ aromatic interactions in crystal structures from the CSD can support this 

hypothesis. In contrast, in interactions that are driven by electrostatic effects, such as 

the interaction between a cation and an aromatic ring, our model predicts that 

centroid-oriented geometry should be preferred because there is greater 

electronegative potential in the center of the aromatic ring rather than on the edges of 

the ring face (Figure 2.35). In our analysis of crystal structures from the CSD, the 

distances and measurements of S–H/ aromatic interactions (driven by molecular 
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orbital overlap) were compared to cation/ interactions (driven by electrostatic effects) 

to determine if the geometries differed between these two types of non-covalent 

interactions. 

The structural analysis of crystal structures from the CSD demonstrated that S–

H/ and Li+/ interactions exhibited carbon-oriented geometry, particularly in crystal 

structures with the closest contact distances. 49% of entries containing S–H/ 

aromatic interactions from the CSD had hydrogen-carbon distances that were less than 

the sum of the van der Waals radii (sub-vdWr), and this percentage is greater when 

the S–H bond length is corrected to a standard value203 (normalized, 58%). Li+/ 

interactions were localized outside of the aromatic ring, suggesting competitive 

interactions with other functional groups in the crystal structures. In contrast, K+/ 

interactions exhibited centroid-oriented geometry, and did not interact as closely with 

the aromatic ring as S–H/ interactions. While K+ has a significantly larger radius than 

Li+ or hydrogen, significantly fewer structures exhibited sub-vdWr distances 

between K+ and the aromatic ring, regardless of centroid- or carbon-oriented geometry 

(Figure 2.50). Although it was initially expected that most cations would be localized 

near the aromatic centroid, the trend for centroid-oriented geometry was periodic, K+ 

> Na+ > Li+, with a significant percentage of Li+/ interactions that were carbon-

directed (40% entries with dLi+–Cmin < vdWr for lithium and carbon). 
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Figure 2.50 Percent of distances centroid-directed and carbon-directed 

geometries that are sub-vdWr in cation/ and S–H/ interactions 

Frequency of entries in the CSD where the distance dX-centroid (blue) or dX-Cmin (red) are 

sub-vdWr (less than the sum of the van der Waals radii for carbon and the respective 

atom, X = Li+, Na+, K+, thiol hydrogen, or thiol sulfur). The data sets of CSD entries 

shown are after restricting entries to a region of interaction (using reported hydrogen 

atom coordinates as a reference for thiol structures) and after manual parsing.  

·Kochi and coworkers251 have previously examined the geometric preferences 

for cation/arene interactions using x-ray crystallography. In this work,251 alkali metals, 

Na+, K+, Rb+ and Cs+, were crystallized with hexakis(methoxymethyl)benzene, and 

the distance and localization of the cations were measured relative to the aromatic ring 

face. In these cation complexes, the C–O–C ethers coordinated the alkali metal over 

the plane of the aromatic ring. All cations studied oriented towards the aromatic ring, 

and the larger cations oriented with less favorable geometry to the ether lone pairs 

with greater geometric preference towards the aromatic ring. K+ cations were oriented 

over the aromatic centroid, while Rb+ and Cs+ cations interfaced with the aromatic 

ring over individual carbon atoms. The difference in binding geometry was described 

as “-modality” (centroid-oriented) or “-modality” (carbon oriented). 
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The observation of different geometric preferences for these alkali metal 

cation/ interactions can potentially be attributed to Pearson’s hard-soft acid-base 

theory (HSAB).268, 269 Atomic “hardness” is a trend of electron affinity and ionization 

potential, and relates to the energies of valence electrons and vacant orbitals, which 

describes trends in non-covalent interactions, ligand coordination to metals, and 

regioselectivity in nucleophilic substitution reactions.270, 271 “Hard” atoms have higher 

energy outer vacant orbitals (LUMO orbital) with lower energy valence electrons 

(HOMO orbital), and are more likely to interact with other “hard” atoms.269 “Soft” 

atoms have lower energy vacant orbitals with higher energy valence electrons, and are 

more likely to interact with other “soft” atoms. The “hardness” of an atom or 

functional group is calculated by (ionization potential – electron affinity)/2, or more 

generally (EHOMO - ELUMO)/2.269, 272 As a general trend, hard-hard or soft-soft 

associations are more stable than soft-hard or hard-soft interactions.269, 272 Softer atoms 

have greater flexibility in electron redistribution and orbital interactions may be more 

important for interaction, while electrostatic contributions are more important in 

reactivity and interactions for harder atoms.269, 270, 272 Alkene or aromatic  orbitals 

have higher energy occupied molecular orbitals than alkanes, and C=C bonds behave 

as “soft” functional groups.269 The chemical “softness” of aromatic rings, alkenes, 

nitriles, carbonyls, and alkynes is part of the explanation for why these functional 

groups are excellent for coordination with “softer” transition metals, such as Au+ or 

Pd+2.270 “Hard” acids, such as Fe+3 or Mg2+, coordinate preferentially with “hard” 

bases, such as hydroxides or ethers.270  Chemical “hardness” can also describe or 

predict the reactivity of functional groups in organic reaction mechanisms, such as 

stability of disulfides (soft-soft S–S bond) over sulfenyl esters (soft-hard S–O bond), 
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or the regioselectivity of nucleophiles with propiolactone (hard nucleophiles attack the 

carbonyl carbon, soft nucleophiles attack an alkyl carbon).271 

The chemical hardness of the alkali acids examined in this work progresses as 

Li+ > Na+ > K+, which correlates with the observed geometric preferences of cation/ 

interactions in crystal structures from the CSD. Aromatic rings are “soft” bases with 

higher energy occupied molecular orbitals, and will interact more favorably with 

“soft” acids according to HSAB theory. Li+ is a harder cation compared to Na+ and 

K+, and it may engage preferentially with competing “hard” functional groups (i.e. 

ether oxygen atoms). In the crystal structures analyzed with Li+/ aromatic 

interactions, 15 of the 19 structures (79%) involved a competing Li+··O ether 

interaction. K+/ interactions exhibited the highest percentage of centroid-oriented 

geometry (32% K+ located within a 0.5 Å radius of the aromatic centroid), while 

Na+/ interactions were dispersed over the plane of the ring. Both Na+ and K+ can 

interact more favorably with an aromatic ring, since they are softer acids than Li+, but 

the centroid-oriented geometry suggests that these cation/interactions are primarily 

driven by electrostatic effects. 

Kochi and coworkers’ observation of carbon-oriented aromatic interactions 

with softer alkali metals, Rb+ and Cs+,251 can also be rationalized with HSAB theory 

(Figure 2.51). The relatively “harder” cations will interact with aromatic rings with a 

greater electrostatic basis and “softer” cations interact with greater orbital effects. Na+ 

and K+ are comparatively harder acids than Rb+ and Cs+, and interact with the 

aromatic centroid because electrostatic effects are greater. The softer cations, Rb+ and 

Cs+
, interact with  molecular orbitals (manifesting as carbon-oriented geometry) 

because molecular orbital interactions predominate over electrostatic effects with 
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softer acids. Kochi and coworkers’ also observed that with increasing cationic radius, 

favorable interaction geometry with the ether oxygen atoms decreased,251 consistent 

with HSAB theory (ether oxygen atoms are “harder” bases than  orbitals 270). Indeed, 

while cation/ interactions involving alkali metals have been attributed to largely 

electrostatic interactions,183 our data indicates an orbital component that significantly 

effects the interaction geometry of these electrostatic interactions. 

 

Figure 2.51 Cation-aromatic interaction geometry depends on chemical 

“hardness” 

Our CSD analysis indicated centroid-oriented geometry with K+/ interactions, 

dispersed orientation with Na+/ interactions, and Li+/ interactions that were 

completely outside of the aromatic ring (Figure 2.40). Li+ cations are harder than Na+ 

and K+ cations, and potentially interact more favorably with harder bases, such as 

oxygen atoms. In contrast, softer cations can interact with aromatic rings (soft bases), 

but with geometry that depends on the relative “softness” of the cation. Kochi noted in 

crystal structures carbon-oriented geometries with Rb+ and Cs+/ interactions, and 

centroid-oriented geometry in K+/ interactions, with indeterminate directionality with 

Na+/ interactions.251  

As in cation/ aromatic interactions, our model suggests that X–H/ aromatic 

interactions may also have differing geometric preferences for aromatic interactions 

depending on the atom X. In the analysis of crystal structures from the CSD, we 
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observed a significant percentage of carbon-directed, close contact distances with S–

H/ aromatic interactions, in contrast to the traditional descriptions of “ideal” 

centroid-oriented X–H/ interactions.190, 225, 228 Carbon-oriented geometries of X–H/ 

interactions have been suggested in a few studies of the CSD and PDB,225, 247 but 

described as less “ideal” compared to centroid-oriented geometry.190, 273 Malone et 

al.225 characterized geometric preferences in X–H/ aromatic interactions, including X 

= O, N, and C, and noted that configurations with carbon-oriented geometries were 

among the most common. In crystal structures from the PDB, serine/ and cysteine/ 

interactions exhibit different interaction geometries with aromatic rings,247 potentially 

due to the differing directionality of O–H and S–H interactions. Nishio explored 

carbon-directed versus centroid-directed C–H/ aromatic interactions, and found that 

C–H bonds were directed towards the aromatic centroid rather than aromatic carbons, 

with many examples of sub-vdWr interaction distances.260, 261 Potentially, if the 

analysis completed by Nishio was expanded to other X–H/ interactions, the donor 

atom influence on carbon-oriented versus centroid-oriented geometry would become 

more apparent. For example, the differing geometric orientations between C–H and S–

H/ aromatic interactions could be due to the fact that C–H and S–H bonds would 

have different energies and volumes of the *X–H orbital, thus influencing the strength 

and directionality of these non-covalent interactions. 

A close contact distance between an atom and the aromatic centroid is the 

general standard for identifying the existence and strength of an aromatic 

interaction,190, 203 but the focus on centroid-oriented interactions has potentially biased 

analysis against alternative, more favorable geometries (i.e. carbon-oriented 

interactions). In the CSD analysis by Malone et al.225 on X–H/ aromatic interactions 
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in crystal structures, the search parameters excluded any structure where the X–H–

centroid angle was less than 150°, so that only structures with idealized alignment of 

the X–H bond and the centroid where characterized.225 Steiner states that linear, 

centroid-oriented X–H/ interactions are “ideal,”190 but the X–H–centroid angle 

restriction potentially excluded many relevant structures with alternative orientations 

from Malone’s study.225 For example, the crystal structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester would have been excluded from Malone’s study225 

(angle S–H–centroid = 147.9°), and the geometry of this interaction with close contact 

distances would have been completely disregarded.  

In the study by Malone et al.225, there were “too few” structures of S–H/ 

aromatic interactions “to be statistically significant,” but a carbon-oriented geometry 

was noted in the few examples that were analyzed. Specifically, Malone225 commented 

“S–H interactions all involve ring carbons rather than the centre, which may show a 

link between the nature of the donor heteroatom and the preference for the formation 

of a C–H···S interactions at the edge of the ring, or suggest that the d orbitals of sulfur 

are in some way involved in the interaction.” Our analysis of the CSD, with 127 

structures with S–H/ aromatic interactions, were consistent with Malone’s225 

tentative suggestion: we observed a higher percentage of carbon-oriented geometry 

over centroid-oriented geometry, particularly with the short-range contact distances 

between the thiol hydrogen and the aromatic ring (49% dH–Cmin < Å, 21% dH–

centroid < Å). Our observation of a periodic trend in cation/ aromatic interactions, 

predicted by HSAB theory, is consistent with orbital interactions influencing even 

strongly electrostatic interactions.  
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2.3.6 A new class of donor-acceptor interaction 

As noted in the previous section, the definition of a conventional hydrogen 

bond is described primarily as an electrostatic effect between a donor and acceptor 

atom or group, with minor contributions from other favorable interactions.203 The 

strength of a hydrogen bond is measured by the close proximity of the interacting 

groups, where closer distances between donors and acceptors represent stronger 

interactions.203 The proximity of interacting groups can be measured directly from a 

crystal structure, or as a shift in the stretching frequency of the X–H bond (via IR), or 

as a change in the chemical shift in the donor or acceptor (via NMR).203 To accurately 

measure interactions, it is crucial to identify the exact nature of the donor and acceptor 

groups; where the electron density is located and how it is donated to an acceptor. 

Identifying the donor and acceptor, and the energetic contributions that stabilize the 

interaction, provides insight into the preferred geometry for how the donor and 

acceptor groups will spatially interact. The subtle preferences in geometry between 

interacting groups can have significant consequences in orientation of protein-protein 

interfaces, small molecule interactions with a protein binding pocket, or therapeutic 

efficacy of designed drug molecules.  

The nature of the donor and acceptor groups in the context of aromatic 

interactions, particularly aromatic interactions involving sulfur, remains an open 

question.190, 191 Specifically, the nature of electron donation from aromatic rings has 

not been clearly defined, and this ambiguity prevents accurate measurements of donor-

acceptor interactions, and determination of interaction strength. As stated by Desiraju 

& Steiner on aromatic hydrogen bonds190: 
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 “A theoretical consensus model for the X–H···Ph hydrogen bond is 

yet to emerge. In particular, the bond geometry that represents the 

global energy minimum is still to be established. Earlier methods 

favoured the ideal ring centroid contact, whereas more recent 

computations prefer contacts to the centres of individual C–C 

bonds.” 

 

Interactions involving sulfur atoms, either as S–H/ or S··, are also incompletely 

understood in terms of the nature of the donor or acceptor groups. As recently 

described by Biswal, “the H-bond acceptor strength of Sulfur, directionality and the 

electrostatic/dispersive nature of SCHB [sulfur-centred hydrogen bonds] are still 

inconclusive and debatable.”254 S–H/ aromatic interactions have been likened to 

weaker versions of O–H/ interactions, due to decreased electrostatic effects,190 but 

recent evidence has demonstrated that sulfur-interactions can be significantly 

stabilizing. Biswal & Wategaonkar164 calculated H2S/indole interactions, and found 

that the strength of an S–H/ aromatic interaction was comparable or greater than 

similar C–H, N–H, or O–H/ interactions. The calculated red shift in the S–H 

stretching frequency was comparable to the red shift for the O–H bond, indicating 

similar interaction strength in spite of decreased electrostatic effects.164 For S–H/ 

aromatic interactions, the fundamental donor-acceptor interaction has never been 

completely described, and so the energy and geometric orientation of these 

interactions have not been well characterized. 

Identifying the nature of the donor and acceptor groups in S–H/ aromatic 

interactions can elucidate the nature of the interaction energy and determine the 

geometric preferences for these interactions. Our analysis of crystal structures from 

the CSD demonstrates that a significant percentage of S–H/ aromatic interactions 

have carbon-oriented geometry with contact distances below the sum of the van der 
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Waals distance (Figure 2.43), indicating that these interactions have directionality that 

can not be explained by dispersion. Our ab initio calculations on Boc-4-thiol-L-

phenylalanine-tert-butyl ester indicate a substantial stabilizing energy due to a 

favorable orbital overlap, indicating that the donor-acceptor interaction is aromatic 

→*S–H. With the understanding that S–H/ aromatic interactions are driven by 

favorable orbital overlap, and not electrostatic effects or dispersion, it would be 

expected that the vector of the thiol S–H bond would orient towards the aromatic ring 

carbons (where the  orbitals are located) rather than the centroid, consistent with our 

findings from the CSD. 

This model of aromatic interactions driven by a substantial orbital overlap 

energy can be extended to other X–H/ aromatic interactions, and can describe 

different preferred orientations. For example, an O–H bond is more polarized than an 

S–H bond, and the electrostatic effects predominate in O–H interactions. In contrast, 

the * orbital of an S–H bond is spatially different compared to O–H bonds (Figure 

2.52), and favorable orbital overlap is more important for S–H interactions. Based on 

this model, the O–H bonds can be expected to orient towards an aromatic centroid, or 

with an electronegative atom (i.e. a “hard” base). Due to the greater contribution of 

orbital alignment in S–H interactions, the S–H bonds can be expected to orient 

towards aromatic carbon bonds, or with a “soft” base. Notably, thiols can potentially 

engage in non-covalent interactions through a “-hole” on either end of the S–H bond 

(Figure 2.52). 
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Figure 2.52 Comparison of *X–H molecular orbitals in thiophenol and phenol 

Thiol and alcohol bonds have different molecular orbitals and electrostatic effects, 

which can have significant consequences for ideal geometry with interacting atoms or 

groups. Calculations for molecular orbitals were conducted using GAMESS (RHF 6-

31G),195 and visualized with MacMolPlt (contoured at 0.1).196 (a) Calculated 

unoccupied orbital associated with the S–H bond in thiophenol (*S–H). Note the two 

*S–H orbitals that can participate in interactions (S–H/ or S··); (b) calculated 

unoccupied orbital associated with the O–H bond in phenol (*O–H). 

Described in section 2.1.3, thiol-aromatic interactions have been implicated in 

stabilizing -helices and -sheets, functional activity of dopamine receptors, in 

modulating redox potentials in flavodoxin, and in the structure and activity of 

therapeutic molecules.7, 138, 174 Understanding the fundamental energy and geometric 

preferences of thiol-aromatic interactions can guide our design applications and 

elucidate the mechanisms of protein folding and function. The molecular orbital basis 

for S–H interactions also provides unique opportunities with thiol interactions that are 

not available with alcohol groups, since O–H groups can be expected to interact 

through greater electrostatic effects. The more significant contribution of orbital 

overlap effects in S–H/ interactions suggests that thiols can be utilized in modulating 

fluorescent properties or electron-transfer ability of aromatic rings, in a manner that 

may not be possible with O–H/ interactions. For example, the flavin cofactor in 

flavodoxin engages in a close S·· interaction with Met56 (Figure 2.5),138 and 

a b 
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mutating this methionine to a selenomethionine can potentially lower the redox 

potential of the flavin by influencing the electron distribution.274  

Based on this study of Boc-4-thiol-L-phenylalanine-tert-butyl ester, and the 

observation of an S–H/ aromatic interaction via x-ray crystallography, IR, NMR, and 

ab initio calculations, our results indicate that S–H/ interactions should not be 

regarded as weak or “non-directional,” but understood that they are driven by 

underlying fundamental forces that differ from the traditional definition of hydrogen 

bonds. Hydrogen bonds are conventionally described by an interplay of electrostatic 

and dispersive forces, where weaker hydrogen bonds are attributed to decreased 

electrostatic effects, and described as “non-directional.”190 Our data strongly suggest 

that S–H/ aromatic interactions are driven by a favorable aromatic →* thiol 

orbital overlap with the aromatic  molecular orbitals with an interaction energy that is 

comparable to other X–H/ interactions. ab initio calculations on Boc-4-thiol-L-

phenylalanine-tert-butyl ester showed up to 1.5 kcal mol–1 in stabilization due to the 

observed orbital overlap; the observed 1H NMR chemical shift changes and observed 

IR S–H frequency changes indicate significant hydrogen bonding effects upon 

formation of the intermolecular S–H/ interaction; the crystallographically observed 

geometry of carbon-oriented and close contact distances were consistent with thiol-

aromatic interactions in the CSD, suggesting the generality of this interaction 

geometry. Furthermore, our analysis of cation/ aromatic interactions suggests that 

orbital effects can influence interaction geometry in strongly electrostatic cation/ 

aromatic interactions. Potentially, the definition of hydrogen bonds and donor-

acceptor interactions should be re-evaluated as an interplay of orbital effects and 

electrostatic contributions. 
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2.4 Experimental 

2.4.1 Materials 

Boc-4-iodo-L-phenylalanine and di-tert-butyl dicarbonate (Boc2O) was 

purchased from Chem-Impex (Wood Dale, IL). 4-Dimethylaminopyridine (DMAP), 

and p-thiocresol were purchased from Sigma. N,N′-Diisopropylcarbodiimide (DIC), 

tert-butanol, Copper(I) iodide, and 1,10-phenanthroline, were purchased from Acros. 

Dithiothreitol (DTT) was purchased from Fisher. 4-Mercaptophenylacetic acid 

(MPAA) was purchased from Alfa Aesar. All solvents were purchased from Fisher. 

Thin layer chromatography was conducted using Silicycle glass-backed plates (silica 

gel, 250 µm, 60 Å, F254). Flash chromatography was performed using 230-400 mesh 

(32-63 µm, 60 Å) silica gel from Silicycle. 

2.4.2 Synthesis of Boc-4-iodo-D,L-phenylalanine-tert-butyl ester 

Boc-4-iodo-L-phenylalanine (500 mg, 1.28 mmol) and DMAP (187 mg, 1.53 

mmol) were placed in a glass vial (20 mL). CH2Cl2 (10 mL), DIC (200 L, 1.53 

mmol), and tert-butanol (150 L, 1.53 mmol) were added to the solution, and the 

solution was stirred at room temperature for 2 hours. After the reaction was complete, 

the mixture was added to water (50 mL), and the crude product was extracted with 

CH2Cl2 (50 mL × 3). The crude product was concentrated under reduced pressure, and 

then purified via column chromatography (0-1% methanol in CH2Cl2 (v/v)) to yield 

Boc-4-iodo-D,L-phenylalanine-tert-butyl ester (417 mg, 0.93 mmol) as a colorless oil 

in 73% yield. Enantiopurity was determined via chiral HPLC (23% ee). The 1H NMR 

and 13C NMR spectra of the resultant product corresponded with literature values.275 
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2.4.3 Synthesis of Boc-4-iodo-L-phenylalanine-tert-butyl ester 

Boc-4-iodo-L-phenylalanine (300 mg, 0.77 mmol) was dissolved in 

tetrahydrofuran (307 µL). Boc2O (434 mg, 1.99 mmol) and tert-butanol (1.23 mL) 

were added, and the mixture was warmed to 40 °C to allow reagents to completely 

dissolve. DMAP (28 mg, 0.23 mmol) was added, and the mixture was stirred at room 

temperature for 3 hours, or until the disappearance of starting material was observed 

via TLC. Dilute HCl (1 M, 20 mL) was added, and the product was extracted with 

CH2Cl2 (20 mL × 3). The combined organic layers were dried over sodium sulfate and 

filtered. The solvent was removed under reduced pressure. The crude product was 

purified via column chromatography (0-1% methanol in CH2Cl2 (v/v)) to yield Boc-4-

iodo-L-phenylalanine-tert-butyl ester (340 mg, 0.76 mmol) as a colorless oil in 99% 

yield. Retention of enantiopurity was verified via chiral HPLC (>98% ee). The 1H 

NMR and 13C NMR spectra of the resultant product corresponded with literature 

values.275 

2.4.4 Synthesis of Boc-4-thiol-L-phenylalanine-tert-butyl ester by reducing 

isolated cross-coupling reaction products 

A mixture of purified Boc-4-S(acetyl)-thiol-L-phenylalanine and corresponding 

disulfides (100 mg combined, approx. 0.286 mmol) was dissolved in methanol (2.86 

mL). Sodium methanethiolate (24 mg, 0.343 mmol) was added, and the solution was 

stirred at room temperature for 30 minutes under an atmosphere of nitrogen. DTT was 

added and stirred for 10 minutes. Dilute HCl (1 M, 30 mL) was added, and the product 

was extracted with ethyl acetate (20 mL × 3). The combined organic layers were dried 

over sodium sulfate and filtered. The solvent was removed under reduced pressure. 

The crude product was purified via column chromatography (0-30% ethyl acetate in 

hexanes (v/v)) to yield Boc-4-thiol-L-phenylalanine-tert-butyl ester. The product was 
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confirmed to be the reduced thiol via mass spectrum and 1H NMR (see Figure 2.13). 

HRMS (LIFDI-TOF) m/z: calcd for C36H52N2O8S2 353.1661, found 353.1673. 

Detailed resonance assignments are shown in Table 2.19. 

Table 2.19. NMR Resonance Assignments for Boc-4-thiol-L-phenylalanine-tert-

butyl ester 

A purified sample of crystalline Boc-4-thiol-L-phenylalanine-tert-butyl ester was 

dissolved in CDCl3 containing tetramethylsilane as an internal reference. 1H NMR 

resonances were assigned with the aid of COSY spectra. 13C NMR resonances were 

assigned with the aid of HMBC spectra. Refer to Chapter 2.2.3 for additional details. 

 

Atom # Assignment , ppm Multiplicity J coupling, Hz 

SH Thiol 3.41 s  

NH Carbamate 4.98 d 8.0 

H5 HAro, meta 7.20 d 8.1 

H4 HAro, ortho 7.04 d 8.1 

H1 H 4.41 ddd 7.7, 6.1, 6.1 

H2A, H2B H 3.00 ddd 13.8, 6.2, 6.0 

H12 Methyl, Boc 1.42 s  

H9 Methyl, tert-butyl ester 1.41 s  

 
Atom # Assignment , ppm 

C7 Carbonyl, tert-butyl ester 170.8 

C10 Carbonyl, Boc 155.0 

C3 CAro, ipso 134.0 

C5 CAro, meta 130.3 

C4 CAro, ortho 129.5 

C6 CAro, para 128.9 

C8 C, tert-butyl ester 82.2 

C11 C, Boc 79.7 

C1 C 54.7 

C2 C 37.9 

C12 CH3, Boc 28.3 

C9 CH3, tert-butyl ester 28.0 
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2.4.5 Optimized copper-mediated cross-coupling reaction on Boc-4-iodo-L-

phenylalanine-tert-butyl ester 

Boc-4-iodo-L-phenylalanine-tert-butyl ester (400 mg, 0.89 mmol), copper(I) 

iodide (17 mg, 89 mol), and 1,10-phenanthroline (32 mg, 180 mol) were placed in 

an oven-dried glass vial with a stir bar. Toluene (1.8 mL) and DIPEA (470 L, 2.7 

mmol) were added, and the mixture was stirred at room temperature under nitrogen for 

5 minutes. Thioacetic acid (128 L, 1.8 mmol) was added to the solution at room 

temperature, the vial was sealed, and the mixture was heated to 110 °C in an oil bath 

and stirred for 24 hours. During this time, the reaction darkened to a red-brown color 

as iodine was formed. The solution was cooled to room temperature, and the solvent 

was removed under reduced pressure. The crude residue was redissolved in tert-

butanol (1.8 mL), and 4-mercaptophenylacetic acid (MPAA, 150 mg, 0.89 mmol) was 

added. The reaction mixture was stirred at 110 °C for 6-9 hours. The solution was then 

cooled to room temperature, and DTT (150 mg, 0.97 mmol) and cesium carbonate 

(320 mg, 0.98 mmol) were added. This mixture was stirred at room temperature for 1 

hour. The crude mixture was diluted with ethyl acetate (10 mL) and added to dilute 

HCl (1 M, 20 mL). The crude product was extracted with ethyl acetate (25 mL × 3) 

and the combined organic layers were dried over Na2SO4. The solvent was removed 

under reduced pressure, and the crude product was redissolved in CH2Cl2. The product 

was purified via column chromatography (0-10% ethyl acetate in hexanes (v/v)) to 

yield Boc-4-thiol-L-phenylalanine-tert-butyl ester as a separable mixture of free thiol 

and disulfides.  

The disulfide products were recovered, and the solvent removed under reduced 

pressure. The resultant yellow oil was redissolved in THF (1.8 mL), and DTT (150 

mg, 0.97 mmol) and Cs2CO3 (320 mg, 0.98 mmol) were added. The solution was 
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stirred for 1 hour at room temperature. The crude mixture was diluted with ethyl 

acetate (10 mL) and added to dilute HCl (1 M, 20 mL). The crude product was 

extracted with ethyl acetate (25 mL × 3) and the combined organic layers were dried 

over Na2SO4. The solvent was removed under reduced pressure, and the crude product 

was redissolved in CH2Cl2. This additional Boc-4-thiol-L-phenylalanine-tert-butyl 

ester generated from recovered disulfide products was purified via column 

chromatography (0-10% ethyl acetate in hexanes (v/v)), and combined with the 

product isolated from the initial purification. 

The free thiol product was prone to form a charge transfer complex with 

residual iodine from the reaction, resulting in a yellow oil that rapidly formed 

disulfides. In order to disrupt the charge transfer complex and remove the iodine, the 

combined Boc-4-thiol-L-phenylalanine-tert-butyl ester was precipitated from hexanes, 

or recrystallized from 25% ethyl acetate in hexanes (v/v), and the white, crystalline 

solids were filtered. The product after reduction of recovered disulfides and removal 

of iodine was obtained in 30% yield (95 mg, 0.27 mmol).  
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Figure 2.53 Chiral HPLC chromatogram of Boc-4-thiol-L-phenylalanine-tert-

butyl ester 

ChiralPak 1A column, 250 × 4.6 mm, 5 m particle, 1.0 mL/min flow rate, isocratic 

10% isopropanol/hexanes). The peaks t 8.4 min and 14.4 min are D- and L-isomers of 

Boc-4-thiolphenylalanine-tert-butyl ester, respectively (94% ee). 

2.4.6 X-ray crystallography 

Orthorhombic, enantiopure crystals of Boc-4-thiol-L-phenylalanine-tert-butyl 

ester were obtained via slow evaporation at room temperature over one week of a 

solution of approximately 20 mg of Boc-4-thiol-L-phenylalanine-tert-butyl ester in 10 

mL 25% ethyl acetate in hexanes. Diffractable crystals of p-thiocresol were used 

directly from commercially available material (Sigma) without recrystallization. 

Crystallographic data was obtained with the assistance of Dr. Glenn P. A. Yap. 

The crystals were selected and mounted on plastic mesh using oil flash-cooled to the 

data collection temperature. Data were collected on a Bruker-AXS APEX II Duo CCD 

diffractometer with graphite-monochromated Mo–Kα radiation (λ = 0.71073 Å) for 

Boc-4-thiol-L-phenylalanine-tert-butyl ester and p-thiocresol. Unit cell parameters 

were obtained from 60 data frames, 0.3° ω, from three different sections of the Ewald 

sphere, and refined with the entire diffraction data set. The systematic absences in the 

data and the unit cell parameters were uniquely consistent to the reported space 

groups. The data sets were treated with absorption corrections based on redundant 

multiscan data.276 The structures were solved using direct methods and refined with 
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full-matrix, least-squares procedures on F2.277 The absolute structure parameter for 

Boc-4-thiol-L-phenylalanine-tert-butyl ester refined to nil indicating the true hand of 

the data had been determined. The compound molecule of p-thiocresol resides on an 

inversion center and the full molecule was refined at half-occupancy with symmetry 

related atoms treated with equal atomic displacement parameters and with a minimal 

DAMP value for convergence. All non-hydrogen atoms were refined with anisotropic 

displacement parameters. All hydrogen atoms were treated as idealized contributions. 

Scattering factors and anomalous dispersion coefficients are contained in the 

SHELXTL program library.277 Molecular graphics were generated using Mercury 

CSD.278 The crystallographic information files have been deposited as CCDC 1416010 

to 1416011. 

2.4.7 NMR Spectroscopy 

NMR spectra of solution samples were collected on a Brüker 400 MHz NMR 

spectrometer equipped with a cryogenic QNP probe or a Brüker 600 MHz NMR 

spectrometer equipped with a 5-mm Brüker SMART probe. Samples were dissolved 

in deuterated solvents purchased either from Acros or Cambridge Isotope 

Laboratories, Inc. (Tewksbury, MA).  

All solid-state NMR data were obtained with the assistance of Dr. Shi Bai. 13C 

CP/MAS experiments were conducted using a 4.0 mm HX or a 3.2 mm HCN solid-

state magic-angle-spinning (MAS) probe on a Bruker Avance III spectrometer 

operating at a proton Larmor frequency of 500.13 MHz. All spectra were obtained at 

298 ± 2 K and CP/MAS experiments were carried out with a sample spinning rate of 

10,000 ± 2 Hz with a 4 mm rotor or 14,000 ± 2 Hz with a 3.2 mm rotor. TPPM 

decoupling during CP/MAS data acquisition was provided by a 104.2-kHz proton 
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decoupling field. For CP/MAS spectra, the contact time was 3 ms. Solid-state 13C-1H 

HETCOR spectra were acquired with a 3.2 mm HCN MAS probe at a spinning rate of 

14,000 Hz. The mixing time was set to either 300 or 1000 sec. During the t1 

evolution period, proton homonuclear decoupling with the FSLG scheme was applied 

to enhance proton resolution.249  

All 13C chemical shifts were referenced externally via the resonance of 

adamantane at an isotropic chemical shift relative to tetramethylsilane (TMS) of 38.55 

ppm.  

Solid samples of p-thiocresol were used as purchased, consistent with the 

crystals used in X-ray diffraction and in obtaining the crystalline FT-IR spectrum. 

Solid samples of Boc-4-thiol-L-phenylalanine-tert-butyl ester were obtained by 

precipitation from hexanes, and the solids were filtered and dried. The solids were 

redissolved in 20% ethyl acetate in hexanes and the solution was warmed until all of 

the material had dissolved, and the sample was allowed to recrystallize. The sample 

appeared to contain a mixture of solids and crystals. 13C chemical shift assignments 

for p-thiocresol were obtained from HSQC experiments in CDCl3, and were compared 

by analogy to the chemical shifts observed in the solid-state NMR spectra. 13C 

chemical shift assignments for Boc-4-thiol-L-phenylalanine-tert-butyl ester were 

obtained directly from solid-state 13C-1H HETCOR spectra. 

2.4.8 FT-IR Spectroscopy 

All spectra (64 scans) were recorded on a Nicolet Magna-IR 750 FT-IR 

spectrometer equipped with a liquid nitrogen-cooled MCT/A detector at a spectral 

resolution of 1 cm–1. Solution samples were filled in a gas-tight IR cell (100 L 

volume) equipped with quartz windows, and contained 200 mM of Boc-4-thiol-L-
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phenylalanine-tert-butyl ester or p-thiocresol. p-Thiocresol was used as purchased 

without further purification (Sigma-Aldrich). Solvent spectra were subtracted from the 

sample spectra, and the baseline was manually corrected using the OMNIC FT-IR 

Software (Nicolet). Crystalline samples were measured using the pressed pellet 

method with anhydrous KBr. 

2.4.9 ab initio calculations 

All of the calculations were performed using the Gaussian 09 program 

package.279 To reduce calculation time, the crystal structure of Boc-4-thiol-L-

phenylalanine-tert-butyl ester was truncated to remove all atoms so that only the 

dimeric and monomeric p-thiocresol molecules remained (Figure 2.33). Dr. Shi Bai 

performed the calculations on the p-thiocresol dimer for the correlation between max 

and S–H bond length, and Dr. Sudipta Sinha performed all calculations for atomic 

charges and natural bond orbital (NBO) analysis. GAUSSVIEW was utilized for 

graphics preparation for this study.279 

The structure was optimized at B3LYP level of theory with 6-311+G(2d,p) 

basis set followed by the frequency calculations to ensure that all of the structures 

were the true minima. The atomic charges were computed using CHELPG (CHarges 

from Electrostatic Potentials using a Grid-based method) at both B3LYP and MP2 

level of theories for both crystal structure and optimized structures.280 The NBO 

analysis was performed using the NBO program available in the Gaussian 09 software 

at B3LYP and MP2 levels of theory using various basis sets for the experimental 

crystal structure of the molecule.256 The magnitude of the interaction energy, , 

between a donor NBO, , and an acceptor NBO, , can be estimated using the 

second order perturbation theory: 
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’ 

where i and j denote the donor and acceptor orbitals,  is the occupancy of 

bonding orbital,  and  correspond to their respective orbital energies, and  is the 

Fock operator respectively. 

2.4.10 Cambridge Structural Database (CSD) and Search Parameters 

A search was conducted on the Cambridge Structural Database (version 5.36, 

released in November, 2014) for entries containing non-bonded contacts between 

thiols (motif Z–S–H, Z = any non-hydrogen atom) or cations (Li+, Na+, or K+) and a 6-

membered aromatic ring containing only carbon atoms. The release of the database 

used in the current study contained over 710,000 molecules. Searches were conducted 

using ConQuest (version 1.17, Cambridge Crystallographic Data Centre, 2014).  

The initial search parameters placed restrictions on the distance between the 

aromatic-centroid and the interacting atom, either the thiol sulfur atom for thiol-

aromatic interactions or Li+, Na+, or K+ (generally, M+) for cation-aromatic 

interactions (Figure 2.54). Inter- and intramolecular contacts (2 bonds or more) were 

included within the search parameters. Only error-free, non-disordered structures 

where R < 0.10 were included in the search, and powder pattern structures were 

excluded. For cation-aromatic interactions, the range was defined as dM+–centroid ≤ 4.2 

Å. For thiol-aromatic interactions, the range was defined as dS–centroid ≤ 4.8 Å. The 

interacting 6-membered aromatic ring contained only carbon atoms, and 

heteroaromatic rings were excluded from this study. For thiol-aromatic interactions, 

two lists were generated with different coordinates for hydrogen atom location: one 

with coordinates as reported in the CSD, and one where the S–H bond was normalized 
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to 1.338 Å (the coordinates of the hydrogen atom were adjusted along the vector of the 

S–H bond).203 Data and statistics obtained from the thiol structures with fixed S–H 

bond lengths are indicated as “normalized” entries. 

 

Figure 2.54 Initial search parameters for cation/ and S–H/ interactions in the 

Cambridge Structural Database using Conquest.  

The initial search parameters on the CSD for thiol-aromatic and cation-aromatic 

interactions. dX–centroid is defined as the distance from the interacting atom to the 

aromatic centroid, where  M+ or thiol atom S. Aromatic rings were 6-membered, and 

heteroaromatic groups were excluded. The search parameters for cation- and S–H/ 

aromatic interactions are indicated. 

For all entries obtained from the initial search parameters, distances and bond 

angles were calculated. The measurements on the crystal structures included distances 

from the interacting atom (M+, thiol S, or thiol H, generally referred to as “X”) to the 

aromatic ring. The measurements included: dX–centroid, distance to the calculated 

centroid of the aromatic ring; dX–Cmin, the shortest distance from X to any aromatic 

carbon atom; and dplane, the normal distance from X to the plane of the aromatic ring 

(Figure 2.55). The radius (r) was defined as the distance from the aromatic centroid to 

the projection of X in the plane of the aromatic ring, and was calculated from 
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measured distances as . For the thiol entries, measurements were 

also obtained for the bond length S–H (range 0.86 Å-1.42 Å), for the Z–S–H bond 

angle (range 80°-120°), and for the angle S–H–centroid. Thiol structures that had S–H 

bond lengths or Z–S–H bond angles outside of these criteria were excluded.  
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Figure 2.55 Defined distances and measurements accumulated from crystal 

structures in the CSD within defined parameters  
dX–centroid refers to the distance between the atom X (where X = M+, S or H) and the 

centroid of the aromatic ring; dX–Cmin refers to the distance between the atom X (where 

X = M+, S or H) and the nearest carbon atom of the aromatic ring; dplane refers to the 

distance between the atom X (where X = M+, S or H) and the plane of the aromatic 

ring; r refers to the projected distance from atom M+, S, or H within the plane of the 

aromatic ring to the centroid, which was calculated from measured distances as 

; angle  refers to the bond angle Z–S–H, where Z is any non-

hydrogen atom; angle S–H–centroid refers to the intermolecular angle S–H···centroid, 

where the centroid is the center of the aromatic ring; angle S–H–Cmin refers to the 

intermolecular angle S–H···Cmin, where Cmin is the nearest aromatic carbon atom. 

In order to identify and study entries with close cation- or thiol-aromatic 

interactions, a geometric “cylinder” was defined with respect to the aromatic ring 

(Figure 2.37). Only entries with interacting atom coordinates within the defined 

cylinder were examined further. The base of the cylinder was defined by r ≤ 3.00 Å 

for M+ and thiol hydrogens. The size of the base was designed to be slightly larger 

than twice the radius of benzene. For thiol sulfur atoms, the base of the cylinder was 
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defined as r ≤ 4.20 Å, which was twice the radius of benzene (3.00 Å) and an 

additional 1.20 Å to account for the S–H bond. The height of the cylinder was defined 

for each X as dplane ≤ (1.25 × vdWr for carbon and X). The ionic radii for Li+, Na+, 

and K+ were defined as 0.60 Å, 0.95 Å, and 1.33 Å, respectively;263 the van der Waals 

radii for C, H, and S were defined as 1.70 Å, 1.20 Å, and 1.80 Å respectively.203, 263 

Using these definitions, the vdWr for C··Li+, C··Na+, C··K+, C··H, and C··S were 

defined as 2.30 Å, 2.65 Å, 3.03 Å, 2.90 Å, and 3.50 Å respectively.203, 263 The cylinder 

restrictions and defined distances used for this study are shown in Figure 2.37. 

After applying the cylinder restriction on the atomic coordinates of each M+, 

hydrogen, or sulfur atom, the individual structures were manually examined and 

annotated for features that could potentially effect the geometry of the cation- or thiol-

aromatic interaction. Aromatic rings that were part of a complex, conjugated, 

polycyclic system were excluded (i.e. naphthalene), while aromatic rings involved in 

larger marcocycles were included (i.e. cyclophanes). Aromatic rings or groups with 

carbanions were excluded, since this could cause an asymmetric distribution of 

electron density, and effect geometry of interaction. For thiol structures, only entries 

were the thiol bond was directed towards the aromatic ring were included (where dS–

plane was greater than dH–plane), as to only study S–H/ interactions (not S·· 

interactions). Thiol structures with sulfur atoms that were tri-coordinate or charged 

were excluded from this study, as this can significantly alter the strength and geometry 

of the thiol-aromatic interaction. Redundant measurements within a structure or 

structures with questionable features or geometry were excluded. Structures where M+ 

was also interacting with a crown ether were included from further study. The entries 

and structures obtained from the CSD, following the cylinder restrictions, are shown 
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in Tables 2.20-2.26. The entries where manually annotated with the following criteria: 

(A) polycyclic rings; (A1) complex macrocyclic rings; (B) carbanions within or 

adjacent to the interacting aromatic rings; (C) where thiol groups were “pointed away” 

from the plane of the aromatic ring (as defined by (dS–plane – dH–plane) ≥ –0.10 Å); (D) 

the thiol sulfur atom is apparently tri-coordinate or exceeding standard valency; (E) 

redundant structures or entries; (F) unusual structures; or (G) where M+ was 

interacting with a crown ether. The number of resultant structures after each level of 

parsing are shown in Table 2.20. 

The statistics, charts, and correlations in Chapter 2.2.6 focused on the thiol 

hydrogen interactions with aromatic rings in crystal structures from the CSD. As 

described above, the hydrogen atoms are generally not well resolved in x-ray crystal 

structures due intrinsically low electron density. While measuring contact distances 

between heavy atoms is more reliable and accurate from x-ray crystal structures, this 

heavy atom measurement can not distinguish between S–H/ and S·· aromatic 

interactions. For the thiol structural and geometric comparisons, the initial data set was 

parsed based on hydrogen atoms within a defined region of interaction (a cylinder 

based on the plane of the aromatic ring), for both modelled hydrogen atoms and 

“normalized” hydrogen atoms (where the hydrogen atom was re-positioned along the 

vector of the S–H bond so that the S–H bond length was set to a standard value, 1.338 

Å).203 In addition, the thiol data set was parsed based on the sulfur atoms within a 

defined region of interaction, since heavy atom location is more reliable that hydrogen 

atom location (these data sets were termed “sulfur restricted” for the cylinder 

restriction on the sulfur atom). The charts, correlations, and statistics for S–H/ 

aromatic interactions based on the sulfur restricted data sets (containing, separately, 
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CSD reported hydrogen atom locations and “normalized” hydrogen atom locations) 

were generally consistent with the hydrogen restricted data sets, and are shown in 

Figures 2.56 and 2.57. All of these data sets were manually parsed as described above. 
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Figure 2.56 S–H/ interactions in the CSD: reported S–H bond lengths using 

C C 
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the sulfur atom as a reference for cylinder restriction 

Plots of dX–centroid, dX–Cmin, and atomic coordinates of X with respect to the plane of the 

aromatic ring, where X = thiol H or thiol S. Thiol hydrogen atoms are as reported in 

the CSD, using the sulfur atom for reference in the cylinder restriction (Thiol S dplane ≤ 

4.38 Å, Thiol S r ≤ 4.20 Å), and hydrogens were not restricted. The black line 

indicates the sum of the van der Waals radii for carbon and the respective atoms or 

ions, where entries below the line are less than the sum of the van der Waals radii ( 

van der Waals radii for C and: Thiol H = 2.90 Å; Thiol S = 3.50 Å). 
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Figure 2.57 S–H/ interactions in the CSD: normalized S–H bond lengths using 

the sulfur atom as a reference for cylinder restriction. 

C C 
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Plots of dX–centroid, dX–Cmin, and atomic coordinates of X with respect to the plane of the 

aromatic ring, where X = thiol H or thiol S. Thiol hydrogen atoms were normalized to 

1.338 Å along the vector of the S-H bond,203 using the sulfur atom for reference in the 

cylinder restriction (Thiol S dplane ≤ 4.38 Å, Thiol S r ≤ 4.20 Å), and hydrogens were 

not restricted. The black line indicates the sum of the van der Waals radii for carbon 

and the respective atoms or ions, where entries below the line are less than the sum of 

the van der Waals radii ( van der Waals radii for C and: Thiol H = 2.90 Å; Thiol S = 

3.50 Å). 
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Table 2.20. Cation- and thiol-aromatic interactions obtained from the CSD 

database study 

The numbers of entries and structures identified after each level of restriction are 

reported. For thiol structures and entries, data was accumulated for the reported S-H 

bond and for normalizing all S–H bonds to be 1.338 Å (noted as “normalized” in the 

table). These entries were restricted based on a geometric “cylinder” that was defined 

based on the aromatic ring, and entries were retained for further study where the atom 

of interest (Li+, Na+, K+, thiol H, or thiol S) was within the defined “cylinder.” These 

entries were then manually examined and annotated with specific criteria (described 

above), and the “manual parsing” excludes entries fitting criteria A, B, C, D, E, and F 

(criteria A1 and G were included). 

 

 Initial Search Cylinder Restriction Manual Parsing 

 Structures Entries Structures Entries Structures Entries 

Li+ 82 198 37 87 19 43 

Na+ 99 153 62 105 48 79 

K+ 225 432 217 404 193 362 

X-SH 

H reference 
186 490 110 182 78 127 

X-SH 

S reference 
186 490 163 398 102 202 

X-SH, 

normalized, 

H reference 

186 490 111 178 79 122 

X-SH, 

normalized, 

S reference 

186 490 169 409 89 210 
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Chapter 3 

ELECTRONIC CONTROL OF PROLINE CIS-TRANS ISOMERISM VIA A 

C–H/ AROMATIC INTERACTION: INSIGHTS INTO THE NATURE OF C–

H/ INTERACTIONS 

3.1 Introduction 

Protein folding and functional conformations of enzymes are dictated by non-

covalent interactions among the amino acid side chains and peptide backbone. Nature 

has evolved a selection of amino acids that can tailor these non-covalent interactions 

in proteins and their substrates, and each amino acid has specific advantages or roles 

to play in dictating tertiary structure. Hydrophobic amino acids such as leucine and 

phenylalanine aid in collapse of the hydrophobic core of proteins, where self-

association of hydrophobic groups and exclusion of water overcomes some of the 

greatest entropic costs between unfolded and folded conformations of a given 

protein.207 However, hydrophobic effects are non-directional, and may not enforce the 

defined conformations that are necessary for substrate recognition and enzyme active 

sites. Local, enthalpically driven conformations sometimes preclude global protein 

folding, where secondary structures must form before the hydrophobic collapse of the 

protein.94, 179, 281 Defined protein structures are entropically costly with unfavorable 

loss of degrees of freedom, and enthalpically favorable interactions are necessary for 

fine-tuning protein structure. There are many non-covalent, enthalpically favorable 

interactions that Nature employs, including salt bridges, hydrogen bonding, and many 

other weak associations.160, 281 While these stabilizing interactions may only be worth 
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0-4 kcal mol–1 individually, but combined, can easily overcome the energetic cost of 

protein folding.  

There are many steps along the trajectory of protein folding, a major rate-

determining step involves cis-trans isomerism of proline in some proteins.282-284 

Proline plays a unique role in protein structure, as its cyclic nature invokes 

conformational restraint on its allowed dihedral angles. The conformational restriction 

in proline decreases the energy difference between trans and cis amide bond 

conformations, and the sterically unfavorable cis-amide bond conformation is much 

more accessible for proline.285, 286 Proline cis-trans isomerism is important for defining 

structures of loops and turns (cis-prolines are specifically involved in type VI -turn 

formation), or for coordinating a metal ion, or for switching between active and 

inactive forms of an enzyme.282, 287  

In surveys of protein crystal structures, aromatic amino acids are over-

represented immediately adjacent to cis-prolines, suggesting that aromatic residues 

may play a role in stabilizing cis-proline.285, 286 Numerous model peptide studies are 

consistent with the surveys of protein crystal structures.90, 288, 289 In one study, Ac-

TXPN-NH2 model peptides were studied via NMR for cis-populations of peptides 

containing various aromatic amino acids as position X.91 In this work, it was found 

that peptides containing tyrosine and tryptophan had higher cis-proline populations in 

comparison to peptides containing 4-nitrophenylalanine or 4-

trifluoromethylphenylalanine. In this manner, cis-trans isomerism of proline could be 

tuned or controlled via electronic substituent effects.91 

A C–H/ aromatic interaction resembles a conventional hydrogen bond, but 

with decreased polarization about the C–H bond, is comparatively weaker due to 
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decreased electrostatic driving energy.290 The energetic components that drive C–

H/interactions have not been well described, but they have been attributed to largely 

dispersive interactions, sometimes called van der Waals interactions or charge-transfer 

interactions.106 However, C–H/aromatic interactions have specific directionality that 

cannot be explained by dispersive van der Waals interactions,191 and additional 

energetic contributions must be stabilizing these weak noncovalent interactions.106 As 

stated by Desiraju & Steiner: “it is important to note that the grey area between 

hydrogen bonds and van der Waals interactions occurs in the region of the C–H··· 

interaction.”190 We hypothesize that C–H/ interactions stabilize aromatic-cis-proline 

motifs in peptides and proteins, where the interaction between the prolyl H and the 

electron-rich aromatic ring compensates for the entropic cost of forming the -turn 

motif. 

To examine this possibility, we aim to expand on prior work91 on aromatic-cis-

proline motifs in model peptides to determine the scope of electronic influence on 

proline cis-trans isomerism. With this expanded scope of aromatic amino acids, we 

will identify key, stabilized structures that will allow for in depth analysis of the 

aromatic-cis-proline interaction. We will characterize these key structures using 

thermodynamic analysis, linear free-energy relationships, and x-ray crystallography in 

order to gain insight into the fundamental nature of prolyl C–H/ aromatic 

interactions. In light of the S–H/ aromatic interaction work (described in detail in 

Chapter 2), we proposed that favorable orbital overlap interactions are a stabilizing 

feature in C–H/ aromatic interactions, suggesting a general mechanism for weak, 

non-covalent interactions, where electrostatic contributions are significantly 

decreased. With this general model for X–H/ aromatic interactions, we can use these 
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design principles to design stabilized -turn motifs for molecular recognition, or to 

synthesize novel biomaterials based on non-covalent supramolecular assembly.178, 291 

3.1.1 Cis-trans isomerism of proline in proteins 

In proteins and peptides, the amide bonds that link amino acids are either in 

trans ( = 180°) or cis ( = 0°) conformations, due to the partial double-bond nature 

of the amide bond.292 The trans amide bond conformation predominates for all amino 

acids, as steric clash between the C and C in adjoining amino acids renders the cis 

amide bond highly unfavorable (Figure 3.1a).293 Cis amide bonds are infrequent in 

proteins, where less than 0.05% of PDB crystal structures have a non-proline cis 

amide bond, but 5-6% of prolines are in the cis conformation, depending on the 

parameters for a given study.285, 286, 294 Based on these experimental statistics from 

protein crystal structures, the energetic difference between trans and cis conformations 

can be estimated: ~2 kcal mol–1 for Xaa-cis-Pro and ~5 kcal mol–1 for Xaa-cis-(non-

Pro).293 Proline is the only natural amino acid with a cyclic peptide backbone, which 

invokes conformational restriction in the pyrrolidyl ring. The trans and cis 

conformations are more similar for proline than for non-proline residues, both 

sterically and energetically (Figure 3.1b). Proline is noteworthy in that its equilibrium 

between cis and trans conformations is observable via NMR at room temperature in 

short peptides.285 However, cis-trans isomerism of proline is a rate-determining step in 

protein folding, such as in RNase A or the G3P coat protein in filamentous 

bacteriophages.295 Designated proline isomerase enzymes catalyze transitions between 

cis and trans conformers of proline, via stabilization of the transition state.283, 287 
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Figure 3.1 Cis-trans isomerism of amide bonds 

(a) Cis-trans isomerism between two non-proline residues; (b) cis-trans isomerism 

between a non-proline and proline amide bond. The trans conformation (left) 

predominates in all amino acids, due to unfavorable steric clash between C and C in 

the cis conformation (right). The cyclic nature of proline renders the trans 

conformation less favorable in comparison to other amino acids, due to steric clash 

between the C and C (b, left). With proline, the steric hindrance between cis and 

trans conformations are more similar than for other amino acids, rendering the cis 

conformation more energetically accessible. 

Values for G were calculated from statistics in PDB crystal structures293 for 

frequency of amino acid, although model peptide studies show slightly different 

calculated energies.296 

What then, fundamentally, causes a proline residue to be in the cis 

conformation? Is there a sequence dependence for cis-prolines, and what is the 

functional relevance for this conformation? Pal & Chakrabarti surveyed the Protein 

Databank (PDB) for cis-prolines in high resolution protein crystal structures, and 

found that cis-prolines were most likely to be preceded by either proline or an 

aromatic amino acid (Figure 3.2).285 These trends are generally consistent with other 

a 

b 
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analyses of the PDB, depending on the sample size and search parameters.286, 293, 297 

The residues that were least likely to precede a cis-proline were -branched amino 

acids.285 The higher occurrence of aromatic amino acids preceding cis-proline was 

attributed to a prolyl C–H/ aromatic interaction.285 In addition, non-prolyl cis amide 

bonds (<0.05% occurrence in protein crystal structures293, 298) have a higher likelihood 

of an aromatic residue preceding these cis-amino acids. These trends suggest that the 

same interactions that stabilize cis-prolines may also stabilize non-prolyl cis amide 

bonds (Figure 3.3).285 

Figure 3.2 Distribution of Xaa-cis-Pro amide bonds285  

Pal & Chakrabarti’s analysis of the PDB for cis-prolines in protein crystal structures 

(≤ 2.0 Å resolution).285 The frequency of amino acids preceding a cis-proline are 

shown, with the number of instances indicated for each residue. The three amino acids 

with highest frequency for preceding a cis-proline (Pro, Tyr, Trp) are highlighted. 

(Reprinted from Figure 2 of Pal, D.; Chakrabarti, P. Cis peptide bonds in proteins: 

residues involved, their conformations, interactions and locations, J. Mol. Biol, 1999, 

294, 271-288, with permission from Elsevier.) 
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Figure 3.3 Non-proline cis amide bonds with a preceding aromatic amino acid  

Examples of non-proline cis-amide bonds with a preceding aromatic amino acid. (a) 

Trp255-cis-Ser256 in hevamine enzyme, which exhibits lysozyme and chitinase 

activity (PDB ID: 2HVM);299 (b) Trp313-cis-Ser314 in endoglucanase from 

Clostridium thermocellum (PDB ID: 1CEC).300 Aromatic amino acids have a higher 

likelihood of preceding cis-amide bonds, either with proline or non-proline residues, 

suggesting that the aromatic ring may be involved in stabilizing the cis conformation. 

Note the C–H/ interactions in both structures. 

Proline cis-trans isomerism can be a rate-determining step in protein folding, 

and amide conformation of prolines can be the difference between active and inactive 

forms of an enzyme or receptor.282-284, 287 While proline cis-trans isomerism occurs 

spontaneously at room temperature within minutes, prolyl isomerases are enzymes that 

catalyze the transition between cis and trans isomerism in proline.283 Proline 

isomerases stabilize the transition state between cis and trans conformers of proline, 

thus paying the energetic cost of the transition.282, 301  

a b 
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There are numerous biologically relevant examples of the importance of 

proline cis-trans isomerism, which have been reviewed previously,282, 287, 295 including 

folding HIV-1 capsid protein and MS2 bacteriophage coat protein,5 metal binding in 

thioredoxin302 and mannose-binding proteins,303 RNase A activity,295 and amyloid 

fibril formation.304, 305 While cis amide bonds are disruptive to -helices, they are 

important in turn formation, specifically type VI -turns,306 which can dictate 

conformation of exposed recognition loops. In addition, Pin1 is a proline isomerase 

that is involved in numerous regulatory pathways, including transcription regulation, 

mitotic progression, and kinase and phosphatase activity.287 

Brazin et al. identified via NMR shift perturbation that the two modes of 

substrate binding in interleukin-2 tyrosine kinase (Itk) SH2 domain are dictated by a 

proline within a flexible loop (Figure 3.4).307 When Asn286-Pro287 is in the trans 

conformation, Itk SH2 favors binding to its phosphopeptide substrate.308 When 

Asn286-Pro287 is in the cis conformation, catalyzed by the prolyl isomerase 

cyclophilin A, it favors binding to the SH3 domain.307, 309 In this case, the 

conformation of a single proline residue affects the conformation of an exposed loop, 

which can interface between two different substrates, and proline cis-trans isomerism 

acts as a “switch” between the two binding modes.282, 307-309  



 

 338 

Figure 3.4 Cis-trans isomerism of Pro287 in Itk SH2 domain dictates 

substrate recognition  

Itk SH2 domain with Pro 287 in cis (green, PDB ID: 1LUK) and trans (cyan, PDB ID: 

1LUN) conformations. Pro287 (indicated) is part of a flexible loop region that is 

involved in substrate binding. Trans-Pro287 favors binding to the phosphopeptide 

substrate, and cis-Pro287 promotes docking with the SH3 domain.308, 309 

Proline residues also play roles in the structure of transmembrane helices,310 

and it has been suggested conformations of proline can function as a means of 

regulation in these membrane proteins.311 The 5-hydroxytryptamine type 3 (5-HT3) 

receptor is a pentameric gated-ion channel, which has been proposed to undergo a 

conformational change that allows ion permeation upon binding its substrate, 

serotonin.312-314 The nature of the conformational change upon substrate binding and 

channel “opening” is not completely clear, but Lummis et al. conducted voltage clamp 

studies on 5-HT3 receptor protein, and found ion channel permeability was dependent 

on mutations of a specific proline in the transmembrane helix domain.314 Pro308 is 

situated within a flexible loop that spans M2 and M3 helices in the transmembrane 

domain (Figure 3.5), which was thought to potentially act as a conformational 
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“hinge”.310, 313, 314 Mutations of Pro308 to cis-promoting non-natural proline analogues 

resulted in 5-HT3 receptor protein mutants that were highly active, in that they allowed 

ion permeation across a membrane that was essentially irreversible.314 In contrast, 

Pro308 mutations to trans-promoting analogues resulted in inactive mutants, where no 

ion permeation was observed across a membrane.314 
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Figure 3.5 Serotonin receptor gated ion channel function is dependent on 

proline cis-trans isomerism312-314  

The serotonin receptor protein is a pentameric (inset) gated ion channel (PDB ID: 

4PIR).315 One subunit of the pentamer is shown in blue. On binding to its substrates, 

the receptor undergoes a conformational change that allows for permeation of cations 

through the membrane. Pro308 (orange) is part of the flexible loop spanning helix M2 

(yellow) and helix M3 (green), and has been implicated in the “opening” and “closing 

of the ion channel. When Pro308 was mutated to trans-promoting proline analogues, 

ion flow across a membrane was completely inhibited in the presence of its substrate; 

when it was mutated to cis-promoting analogues, ion permeation across a membrane 

was highly active and partially irreversible.314 

With the enhanced ability of proline to undergo cis-trans isomerism, Nature 

has utilized this aspect as a conformational “switch” in numerous biological 

contexts.282, 287 Understanding the interactions that influence cis-trans isomerism of 
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proline would further our ability to rationally design proteins and biological materials. 

This can be particularly useful in modifying substrate recognition loops, or designing 

metal coordination spheres where proline is known to play a role in local structure. 

The over-representation of aromatic amino acids near cis-proline residues suggests 

that cis-prolines may be influenced by non-covalent aromatic interactions; Pal & 

Chakrabarti specifically suggested that C–H/ interactions may play a role.285, 286, 292, 

316 Studies on proline cis-trans isomerism in model peptides has elucidated some of the 

interactions between cis-prolines and nearby amino acids. 

3.1.2 Proline cis-trans isomerism in model peptides 

Numerous studies in model peptides have identified that cis-proline residues 

have a special propensity with aromatic amino acids. Reimer et al. examined cis-

proline propensity in model peptides Ac-AXPAK-NH2 and found higher cis 

populations in peptides where X = Gly, Pro, Tyr, and Trp.317 Yao, Dyson, & Wright 

examined -turn propensities in a series of peptides based on the biologically relevant 

fragment from influenza virus hemagglutinin.289, 318, 319 In this work, model peptides 

SXPYDV, SYPXDV, and SYPYXV were studied in aqueous conditions for -turn 

formation, as measured by % cis-proline content via NMR.289, 318 It was found that 

aromatic amino acids preceding or following proline increased the population of -

turn formation with a prolyl cis amide bond.289, 318 Wu & Raleigh288 examined GXPG 

model peptides, and observed the largest mole fractions of cis-prolines when X was 

tyrosine or tryptophan.  

From these model peptide studies, it had become apparent that cis-proline 

conformations were promoted by an adjacent aromatic amino acid, although aromatic 

amino acids more than 3 residues from proline disfavor cis-proline. Meng et al.90 
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examined tetrapeptide motifs, Ac-XYPZ-NH2, screening for cis propensity of peptides 

by varying the amino acids at i and i+3 positions across the -turn motif YP. For the 

amino acid preceding tyrosine (X), small, polar, or -branched amino acids (Thr, Cys, 

Val, and Gly) had greater cis populations, while aromatic amino acids at this position 

disfavored the cis-conformation.90 Potentially, a competitive aromatic-aromatic 

interaction between the side-chains of XY (X = aromatic amino acid) destabilized any 

favorable interactions between tyrosine and proline.90 Following proline, the opposite 

trend was apparent, where aromatic amino acids increased cis-populations, and small 

charged residues increased trans-populations (i.e. Gly, Glu).90 Ganguly et al. studied 

PPX tripeptides, and found that aromatic amino acids following Pro-Pro motifs 

enhanced cis populations, due to a C–H/ interaction between the aromatic side-

chain and Proi–2
320 

Aromatic amino acids immediately preceding or following proline increases 

the likelihood of cis conformation, both in proteins321, 322 and in model peptides.90, 289, 

318 However, these studies did not explore the nature of the aromatic-proline 

interaction itself. In order to investigate the underlying nature of the aromatic-cis-

proline interaction, Thomas et al.91 examined the cis-populations of tetrapeptides Ac-

TXPN-NH2, where X was a canonical or non-natural aromatic amino acid. Meng et 

al.90 identified the tetrapeptide Ac-TYPN-NH2 as having the highest cis-proline 

population, excluding proline or aromatic residues at the i or i+3 positions, and this 

peptide served as a basis for the study on the interaction in aromatic-cis-proline 

motifs. Thomas et al.91 examined substituent effects on cis-proline populations with 4-

substituted phenylalanine derivatives in the model peptide Ac-TXPN-NH2. The 

aromatic substituents represented a range of electron-withdrawing or electron-
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donating substituents on phenylalanine, and heterocyclic and non-aromatic amino 

acids. Electron-donating aromatic substituents increased cis-proline populations (i.e. 

4-aminophenylalanine, tyrosine phenolate), and electron-withdrawing aromatic 

substituents increased trans-proline populations (i.e. 4-nitrophenylalanine, 4-

trifluoromethylphenylalanine).91 A model was proposed for how aromatic amino acids 

preceding proline effected cis-trans isomerism (Figure 3.6).91 
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Figure 3.6 Electronic effects on proline cis-trans isomerism through aromatic 

substituents91  

Proline cis-trans isomerism was measured in model peptides Ac-TXPN-NH2 as 

Ktrans/cis, where X was an aromatic amino acid with substituent Z. The Ktrans/cis (a) of the 

peptides were measured via NMR. A direct correlation was observed between the 

Ktrans/cis of the peptide and the electron-donating ability (para) of the aromatic 

substituent. Electron-donating aromatic substituents had higher cis-proline populations 

(lower Ktrans/cis), and electron-withdrawing substituents had higher trans populations 

(higher Ktrans/cis). 

Thomas et al.91 observed a direct correlation between the cis-populations of 

peptides Ac-TXPN-NH2 and the electron-donating ability of the aromatic substituent 

in the amino acid X. This study in model peptides established an electronic influence 

on cis-trans isomerism of proline through an adjacent aromatic amino acid.91 Peptides 

containing non-aromatic amino acids, cyclohexylalanine and alanine, exhibited high 

populations of trans amide bonds, suggesting that the aromatic-cis-proline interaction 

was not stabilized by a purely hydrophobic effect.91 Furthermore, these data suggested 

that the aromatic-cis-proline conformation could be tuned and controlled via aromatic 

a b 
Z =   
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substituent effects. NMR data indicated close contact distances between the prolyl H 

and the aromatic ring in the peptide Ac-TWflpN-NH2 (flp = 2S,4S-fluoroproline),91 

suggestive of an aromatic C–H/ interaction.   

3.1.3 The nature of C–H/ interactions 

In protein crystal structures, Pal & Chakrabarti observed a specific interaction 

in aromatic-cis-proline motifs between the prolyl C–H bond and the aromatic C, 

suggesting a directionally defined C–H/ interaction.285 In the model studies by 

Thomas et al.,91 it was suggested that the -turn motif was stabilized by a proline C–

H/ aromatic interaction. With the sensitivity of the peptide structure to aromatic 

substituent effects, the peptide context Ac-TXPN-NH2 provides a unique model to 

observe, identify, and characterize C–H/ interactions in the context of proteins in 

water. Similar to S–H/ interactions (Chapter 2), C–H/ aromatic interactions are 

generally regarded as weak hydrogen bonds that are driven by dispersive 

interactions.190  

The C–H bonds are ubiquitous in proteins and small organic molecules, and 

can interact with  bonds in hydrogen bond-type interactions. Given the comparatively 

low electronegativity of carbon, C–H bonds are weakly polarized, and participate as a 

soft acid in non-covalent interactions.106 Non-covalent C–H/ interactions can dictate 

stereoselectivity of some reactions, and can influence conformations of inter-ligand 

interactions in organometallic complexes (Figure 3.7).106 The strength of an individual 

C–H/ interaction is typically 1 kcal mol–1 or less,106 but cooperativity of multiple 

interactions can contribute substantially to the stability of a molecule or protein 

(Figure 3.8).190 C–H/ interactions exhibit defined geometry and directionality, which 

is inconsistent with interactions that are purely hydrophobic or dispersive in nature.106  
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Figure 3.7 C–H/ aromatic interactions that stabilize conformations of 

complex small molecules323 

(a) An “edge-to-face” aryl C–H/ interaction (CSD identifier: PIWYEZ). Substituent 

effects were examined within the context of aryl esters to determine the strength of 

this aromatic intermolecular C–H/ interaction;324 (b) An aliphatic C–H/ interaction 

between ligands in a molybdenum complex. (CSD identifier: POMJUW).325 

 

 

a b 

3.05 Å 
2.78 Å 
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Figure 3.8 Extensive C–H/ aromatic interactions in mannose binding protein 

Multiple aromatic residues (orange) are involved in a network of C–H/ aromatic 

interactions that stabilize mannose binding protein. C–H/ aromatic interactions can 

be seen between Trp181 and cis-Pro186, shown in cyan. The proximity of cis-Pro186 

to the calcium (shown in spheres) and mannose (magenta) binding sites is also 

noteworthy, as the cis-Pro (stabilized by Trp181) is potentially requisite for binding 

(PDB ID: 1BCH).326  

C–H bonds, as hydrogen bond donors, became recognized along with other X–

H hydrogen bonds in the late 1930s, as the 1H NMR chemical shift and IR frequency 

of chloroform were known to shift upon interactions with different solvents (also see 

Chapter 2.1.1 and Chapter 2.1.2).190 Similar to S–H/ aromatic interactions, C–H/ 



 

 348 

aromatic interactions were initially identified by IR, where chloroform had an 

observable frequency shift in the presence of benzene, suggesting that the aromatic 

ring interacted with the C–H bond.327 Nature has harnessed C–H/ interactions for 

protein stability and substrate recognition in many proteins and biomolecules, and 

numerous examples have been reviewed in the literature.105, 160, 161, 222, 290, 328 For 

example, C–H/ aromatic interactions have been implicated in saccharide binding to a 

chemoreceptor in E. coli, where three C–H bonds are directed at a tryptophan aromatic 

ring (Figure 3.9a).105, 329 The heme group in horse hemoglobin is also coordinated by 

several C–H/ interactions (Figure 3.9b).330 The trp cage miniprotein is stabilized by 

cross-helix C–H/ aromatic interactions, as described in Chapter 1 (Figure 1.27). 
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Figure 3.9 Multiple C–H/ aromatic interactions involved in coordinating 

substrates and cofactors 

(a) -D-Glucose interacts with Trp 183 in D-galactose binding protein from E. coli 

(PDB ID: 2GBP).105, 329 The C–H··Caro distances are near or below the sum of the van 

der Waals radii for hydrogen and carbon (2.90 Å); (b) numerous aromatic amino acids 

are involved (orange) in C–H/ interactions are involved in the coordination sphere 

around a heme group (cyan) in hemoglobin (PDB ID: 2DHB).330 Several leucine 

residues in this region (not shown) have close contacts with the heme group, which 

may be argued as C–H/ aromatic interactions (or hydrophobic interactions). 

Given the prevalence of aromatic rings in proteins and DNA, understanding 

the mechanisms of aromatic interactions is crucial for understanding ligand binding, 

for analysis of SAR studies, and for designing small molecule and peptide-based 

inhibitors. Brandl et al.331 found that 50% of aromatic residues in crystal structures in 

the PDB were found to participate as “acceptors” in aromatic interactions, 

underscoring the importance of identifying underlying energetic features and structural 

consequences of C–H/ interactions. Based on the observed trends in proteins for 

aromatic-cis-proline motifs,285 and based on work by Thomas et al.91 we sought to 

further investigate the nature, strength, and scope of C–H/ interactions in peptide 

a bb  
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structure. We aim to identify the fundamental nature of C–H/ interactions by closely 

examining the aromatic-cis-proline interaction by 1H NMR, thermodynamic analysis, 

and crystallographic observations. Through this work, we will also evaluate the scope 

and breadth of electronic effects on cis-trans isomerism of proline, using an expanded 

set of aromatic amino acids with novel substituents.  

3.2 Results 

3.2.1 Synthesis of an expanded series of peptides Ac-TXPN-NH2 

The work by Thomas et al.91 demonstrated that the electron-donating ability of 

aromatic substituents influenced cis-amide bond populations of Ac-TXPN-NH2 model 

peptides (X = 4-substituted aromatic amino acid). In this work,91 it was suggested that 

the aromatic-cis-proline motif was stabilized by an interaction between the aromatic 

ring and the prolyl C–H bonds. We sought to characterize the scope and limitations of 

this aromatic-cis-prolyl interaction using non-natural aromatic amino acids. Building 

from the work completed by Thomas et al.,91 we expanded on the library of non-

canonical amino acids used in peptides Ac-TXPN-NH2 to encompass a broader range 

of aromatic substituents. In addition to electronic effects on cis-trans isomerism of 

proline, many of these non-natural aromatic amino acids introduce novel functionality 

or properties, potentially for bioconjugation or fluorescence applications. The 

electronic effects of non-natural aromatic substituents were quantified by measuring 

the equilibrium between cis and trans amide bond conformations (Ktrans/cis) via 1H 

NMR.91 The following sections (3.2.1.1 and 3.2.1.2) describe the synthesis of aromatic 

amino acids in the expanded library of peptides Ac-TXPN-NH2. NMR spectra of the 
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peptides, used for calculating the Ktrans/cis, are incorporated within these sections; a 

summary of the Ktrans/cis values are included in a table in Chapter 3.2.2 (Table 3.1). 

3.2.1.1 Synthesis of a series of peptides Ac-TXPN-NH2 (X = 4-substituted 

aromatic amino acid) 

3.2.1.1.1 Additional Ac-T(4-X-Phe)PN-NH2 peptides generated from 

commercially available aromatic amino acids 

In our expansion on the library of model peptides Ac-TXPN-NH2,
91 additional 

commercially available aromatic amino acids were incorporated via solid-phase 

peptide synthesis (where X = His, 4-fluorophenylalanine, 4-chlorophenylalanine, 4-

bromophenylalanine, and 4-cyanophenylalanine). The purification conditions for these 

peptides are described in the experimental section. The Ktrans/cis for each peptide was 

measured via 1H NMR (Figures 3.10-3.14). The equilibrium between cis and trans 

conformations (Ktrans/cis) was determined by measuring the ratios of 2 or 3 pairs of 

amide proton signals in the 1H NMR spectra (∫(trans signals)/∫(cis signals)).91  
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Figure 3.10 NMR Characterization of the peptide Ac-TXPN-NH2 (X = His) 
NMR spectrum of amide region for the peptide Ac-THPN-NH2 at (a) pH 4.0 and (b) 

pH 8.5. The sample contained 5 mM phosphate and 25 mM NaCl, and was measured 

90% H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. 

Xcis Thrcis Thrtrans Asntrans/cis Xtrans 
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Figure 3.11 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4-fluoro-

phenylalanine) 

NMR spectrum of amide region for the peptide Ac-T(4-fluoro-phenylalanine)PN-NH2 

pH 4.0. The sample contained 5 mM phosphate and 25 mM NaCl, and was measured 

90% H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. 

Figure 3.12 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4-

chloro-phenylalanine) 

NMR spectrum of amide region for the peptide Ac-T(4-chloro-phenylalanine)PN-NH2 

pH 4.0. The sample contained 5 mM phosphate and 25 mM NaCl, and was measured 

90% H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. 
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Figure 3.13 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4-

bromo-phenylalanine) 

NMR spectrum of amide region for the peptide Ac-T(4-bromo-phenylalanine)PN-NH2 

pH 4.0. The sample contained 5 mM phosphate and 25 mM NaCl, and was measured 

90% H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. 

Figure 3.14 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4-cyano-

phenylalanine) 

NMR spectrum of amide region for the peptide Ac-T(4-cyano-phenylalanine)PN-NH2 

pH 4.0. The sample contained 5 mM phosphate and 25 mM NaCl, and was measured 

90% H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. 

These additional aromatic amino acids, histidine, 4-fluorophenylalanine, 4-

chlorophenylalanine, 4-bromophenylalanine, and 4-cyanophenylalanine, were not 

previously characterized and quantified for aromatic electronic effects on proline cis-

trans isomerism. Notably, the peptide Ac-THPN-NH2 exhibited different cis and trans 
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populations depending on the protonation state of histidine (8% cis at pH 4; 15% cis at 

pH 8.5), suggesting that histidine can act as a structural “switch” for prolyl-amide 

bond conformation. These additional data provided important comparisons of the 

structural and electronic consequences of halogen substituents on aromatic rings, and 

the structural and electronic implications of histidine at different protonation states. 

3.2.1.1.2 Solid-phase synthesis of the peptide Ac-T(4-B(OH)2-Phe)PN-NH2 

The development of novel amino acids for bioconjugation reactions is a 

constantly evolving area of research, specifically for site-selective protein tagging and 

modification.51 As new organic reactions with broad substrate scope are developed, 

bioorganic chemists adapt these reactions and substrates to be compatible with 

proteins. Suzuki-Miyaura coupling reactions, palladium-catalyzed reactions between 

aryl boronates and aryl iodides to form biaryl linkages (Figure 3.15), have several 

examples in modifying organic molecules and peptides on solid phase,332 and have 

been more recently adapted and demonstrated for site-selective modification in 

proteins.333, 334 Schultz and coworkers335, 336 have developed effective strategies for 

genetic incorporation of 4-boronic acid-phenylalanine (4-B(OH)2-Phe) in Green 

Fluorescent Protein (GFP) as a “turn-on” sensor for oxidative conditions.335 GFP 

containing 4-B(OH)2-Phe was not fluorescent, but under oxidative conditions 4-

B(OH)2-Phe was converted to tyrosine, and GFP fluorescence was restored.335 Aryl 

boronates have also been utilized for conjugating diols and carbohydrates,337-339 and 4-

B(OH)2-Phe can have potential applications for designing peptide-based sensors for 

post-translational glyosylation reactions. 
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Figure 3.15 Generalized Suzuki-Miyaura coupling reaction 

The palladium-catalyzed formation of biaryl linkages from aryl halides and aryl 

boronates have been widely utilized in protein modification, surface chemistry, 

sensing applications, and in organic synthesis.332, 338-340 

Given the wide utility of aryl boronic acids for protein modification and for 

applications in biological sensors, we sought to characterize the aromatic electronic 

effects for charged and neutral 4-B(OH)2-Phe using the model peptide Ac-TXPN-NH2. 

In addition, the pKa of phenylboronic acid is 8.9,341 suggesting that 4-B(OH)2-Phe can 

function as a structural switch in the context of proline. The change in fluorescence 

properties in mutated GFP on replacing tyrosine with 4-B(OH)2-Phe is an indicator of 

significantly shifted aromatic electronics.335 4-B(OH)2-Phe has been synthesized 

previously, both in solution342 and via solid-phase peptide modification strategies.343 

We utilized a more practical solid-phase modification methodology that was 

previously developed,343 where resin-bound peptides containing commercially 

available 4-iodophenylalanine were subjected to palladium-mediated cross-coupling 

reaction with bos(pinacolato)diboron in order to generate the peptide Ac-T(4-B(OH)2-

Phe)PN-NH2 (Figure 3.16). 
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Figure 3.16 Synthesis of the peptide Ac-TXPN-NH2 (X = 4-B(OH)2-

phenylalanine) on solid phase 

(a) Scheme for the palladium-mediated cross-coupling reaction on Ac-T(4-

iodophenylalanine)PN-NH2 to generate the peptide containing 4-B(OH)2-Phe; (b) 

HPLC chromatogram of the crude reaction products resulting from the palladium-

mediated cross-coupling reaction on the peptide containing 4-iodophenylalanine using 

a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A 

(98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 

column (4.6 mm × 250 mm, 100 Å pore). Products identified via ESI-MS are 

indicated.  

The model peptide containing 4-B(OH)2-Phe was cleanly synthesized via 

modification of the peptide containing 4-iodophenylalanine on solid phase in 41% 

conversion with no side-products. The product and the starting material had identical 

molecular weights, and so the recovered product at 31 minutes (Figure 3.16b) was 

confirmed via NMR to be the peptide Ac-T(4-I-Phe)PN-NH2 via superposition with 

authentic Ac-T(4-B(OH)2-Phe)PN-NH2.  

 

a 
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The purified peptide Ac-T(4-B(OH)2-Phe)PN-NH2 was characterized via NMR 

under acidic and basic conditions to characterize both charged and neutral forms of 

this aromatic amino acid (Figure 3.17). The equilibrium between cis and trans 

conformations (Ktrans/cis) was measured from the 1H NMR spectra using amide signals. 

However, for the spectrum at pH 10, the Thr methyl signals, the acetyl methyl, and 

Thr H were used for calculations instead due to rapid exchange of the amide protons 

at pH > 6.5. 
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Figure 3.17 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4-

B(OH)2-phenylalanine) 

NMR spectrum of the amide region of the peptide Ac-T(4-B(OH)2-Phe)PN-NH2 at (a) 

pH 4 and (b) pH 10. The sample contained 5 mM phosphate and 25 mM NaCl, and 

was measured 90% H2O/10% D2O at 298 K. Amide peaks were identified by the 

TOCSY spectrum. The aliphatic region is shown for pH 10 (due to amide exchange at 

high pH, the amide proton signals are not observed). 

The peptide containing the boronate form of 4-B(OH)3
–-Phe had a slightly 

higher population of the cis conformation (Ktrans/cis = 2.4) over the boronic acid form of 

4-B(OH)2-Phe (Ktrans/cis = 3.5). It can be expected that boronate esters, such as those 

formed by boronates reacting with diols or carbohydrates, may affect electronic 

distribution of the aromatic ring, although other factors (changes in sterics and 

hydrophobic surface area) may dominate over the aromatic electronic effects. Peptides 
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containing 4-B(OH)2-Phe can potentially function as structural switches in response to 

changes in pH, presence of carbohydrates, or oxidative conditions. 

3.2.1.1.3 Solution phase synthesis of the peptide Ac-T(4-Pyridyl(N-oxide)-

Ala)PN-NH2 

The protonation state of aromatic substituents affects aromatic ring electronics, 

which manifests as a change in the Ktrans/cis in model peptides Ac-TXPN-NH2.
91 

Aromatic amino acids that induced substantial changes in the Ktrans/cis with changes in 

protonation state included 4-aminophenylalanine, 4-pyridyl alanine, histidine, and 

tyrosine.91 In the same sense that protonation state of aromatic substituents can 

influence the cis-population of peptides Ac-TXPN-NH2, the oxidation state of 

aromatic substituents can be expected to have significant structural consequences as 

well. Derivatives of 4-thiophenylalanine representing different oxidation states of 

sulfur exhibited substantially different UV spectra, indicating changes in the aromatic 

electronic properties (Chapter 1, Figure 1.55).169 4-Pyridyl alanine has different 

populations of cis-proline for protonated (Ktrans/cis = 5.7, ) and neutral forms (Ktrans/cis = 

7.6).91 Oxidation of 4-pyridyl alanine to form the N-oxide can significantly alter the 

electron distribution in the pyridyl ring, in turn affecting the relative population of cis-

prolines. The aromatic ring in pyridyl N-oxides is relatively electron deficient, and the 

4-pyridyl(N-oxide) alanine derivative was expected destabilize to the cis amide bond 

conformation, exhibited by a high Ktrans/cis in the model peptide Ac-TXPN-NH2. 

Pyridine rings are readily oxidized to form N-oxides,344-346 the peptide 

containing 4-pyridyl(N-oxide) alanine was readily generated within the synthesized 

peptide in solution following a previously established protocol.346 The peptide Ac-T(4-

pyridyl alanine)PN-NH2 was subjected to reaction with hydrogen peroxide in 
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acetonitrile to generate the peptide containing 4-pyridyl(N-oxide) alanine (Figure 

3.18). The product was verified via ESI-MS, and the Ktrans/cis for the peptide Ac-T(4-

pyridyl(N-oxide)-Ala)PN-NH2 was obtained via NMR (Figure 3.19).  

 

Figure 3.18 Synthesis of the peptide Ac-TXPN-NH2 (X = 4-pyridyl(N-oxide)-

alanine) in solution phase 

(a) Scheme for the reaction on the peptide Ac-T(4-pyridyl alanine)PN-NH2 to generate 

the peptide containing 4-pyridyl(N-oxide) alanine; (b) HPLC chromatogram of the 

products resulting from the crude reaction to generate the peptide Ac-T(4-pyridyl(N-

oxide) alanine)PN-NH2 using isocratic 100% buffer A (98% water, 2% MeCN, 0.06% 

TFA) for 20 minutes, followed by a linear gradient of 0-20% buffer B (20% water, 

80% MeCN, 0.05% TFA) in buffer A over 40 minutes on a Microsorb MV C18 

column (4.6 mm × 250 mm, 100 Å pore). Products identified via ESI-MS are 

indicated.  

 a 
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Figure 3.19 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4-

pyridyl(N-oxide) alanine).  

NMR spectrum of the amide region of the peptide Ac-T(4-Pyridyl(N-oxide)-Ala)PN-

NH2 at pH 4. The sample contained 5 mM phosphate and 25 mM NaCl, and was 

measured 90% H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY 

spectrum. 

The 4-pyridyl alanine amino acid can tune cis-trans isomerism of proline via 

two different modes of modification: via protonation or oxidation (N-oxide). Cis-trans 

isomerism of proline can be tightly controlled or inducibly switched upon changing 

pH conditions or upon oxidizing the peptide containing 4-pyridyl alanine. 4-Pyridyl-

alanine can potentially be utilized for designing peptide-based sensors for oxidative 

conditions, or designing peptide-based biomaterials that expand in morphology upon 

oxidation or protonation. 

3.2.1.1.4 Solid-phase synthesis of the peptide Ac-T(4-pyrrolidyl-Phe)PN-NH2 

Heterocycles containing nitrogen and sulfur are broadly employed in 

pharmaceutical compounds,347 and examination of heterocyclic systems can help 

provide insights into C–H/ interactions in medicinal chemistry applications. Given 

that nitrogen heterocycles were shown to have significant effects on aromatic rings 

through changes in protonation or oxidation state, we sought to characterize an 
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aromatic amino acid functionalized with a nitrogen a pyrrolidyl functionality, the most 

common 5-membered non-aromatic nitrogen heterocycle utilized in 

pharmaceuticals.347 Utilizing Buchwald-Hartwig methodologies in palladium-

catalyzed cross-coupling reactions with aryl halides and amines,24, 348-350 we developed 

a synthesis for peptides containing 4-pyrrolidyl-phenylalanine via cross-coupling 

reaction on solid-phase. Similar to the strategy employed for the synthesis of 4-

thiophenylalanine (described in Chapter 1), the resin-bound peptide Ac-TXPN-NH2 

containing a halogenated aromatic amino acid was subjected to cross-coupling 

reactions with pyrrolidine. Pyrrolidine was utilized for reaction development, but other 

secondary amines, such as pyrroles, could also potentially be incorporated as aromatic 

substituents within peptides using these approaches. 

Initial attempts to synthesize the peptide containing 4-pyrrolidyl-phenylalanine 

from the peptide containing 4-chlorophenylalanine or 4-iodophenylalanine were 

unsuccessful (using copper- and palladium-mediated methodologies).351, 352 However, 

the peptide containing 4-bromophenylalanine successfully generated 4-pyrrolidyl-

phenylalanine using pyrrolidine via a palladium-mediated cross-coupling approach on 

solid-phase.348 Epimerization was observed via HPLC for both the product peptide and 

reactant peptide when sodium tert-butoxide was used as a base in these cross-coupling 

reactions, as had been employed by Buchwald and coworkers.348 Other bases were 

screened in the cross-coupling reaction conditions in order to reduce epimerization of 

the peptide. Little or no product was observed when basic tertiary amines (DIPEA and 

DBU) were utilized in the pyrrolidine cross-coupling reaction. Cesium carbonate 

reactions generated the highest conversion to 4-pyrrolidyl-phenylalanine, but 

significant epimerization was observed when the reaction was conducted at 
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temperatures above 60 °C (Figure 3.20). The highest reaction conversion with the 

lowest epimerization was observed when the cross-coupling reaction was conducted at 

50 °C for 12 hours, and then at 60 °C for the final 8 hours of the reaction (Figure 

3.21).  

 

Figure 3.20 Initial synthesis of the peptide Ac-TXPN-NH2 (X = 4-pyrrolidyl-

phenylalanine) on solid phase 

(a) Scheme for the initial solid-phase palladium-mediated cross-coupling reaction on 

Ac-T(4-Br-Phe)PN-NH2 to generate the peptide containing 4-pyrrolidyl-

phenylalanine, where the reaction was conducted at 65 °C for 22 hours; (b) HPLC 

chromatogram of the crude reaction products resulting from the conditions shown in 

(a). The epimerization of the products and reactants is apparent as two peaks. HPLC 

chromatogram was obtained using a linear gradient of 0-20% buffer B (20% water, 

80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

Products identified via ESI-MS are indicated.  

“JohnPhos” refers to the phosphine ligand, (2-biphenyl)di-tert-butylphosphine348 
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Figure 3.21 Optimized synthesis of the peptide Ac-TXPN-NH2 (X = 4-

pyrrolidyl-phenylalanine) on solid phase 

(a) Scheme for the solid-phase palladium-mediated cross-coupling reaction on Ac-

T(4-Br-Phe)PN-NH2 to generate the peptide containing 4-pyrrolidyl-phenylalanine, 

where the reaction was conducted at 50 °C for the first 12 hours of the reaction, and 

then at 60 °C for the final 6 hours of the reaction; (b) HPLC chromatogram of the 

crude reaction products resulting from the reaction shown in (a) using a linear gradient 

of 0-35% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% 

MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 

mm, 100 Å pore). HPLC chromatogram was obtained using a linear gradient of 0-20% 

buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 

0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 

100 Å pore). 

Products identified via ESI-MS are indicated.  

“JohnPhos” refers to the phosphine ligand, (2-biphenyl)di-tert-butylphosphine348 

The model peptide Ac-TXPN-NH2 containing 4-pyrrolidyl-phenylalanine was 

generated in 73% conversion using the optimized palladium-mediated cross-coupling 

reaction on the resin-bound peptide containing 4-bromophenylalanine (Figure 3.21). 

Similar to the copper-mediated cross-coupling reaction described in Chapter 1, this 

 a 

b 
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palladium-mediated cross-coupling reaction generates a novel amino acid using no 

solution-phase chemistry or column purification. From one reaction on the synthesized 

peptide containing 4-bromophenylalanine, and one HPLC purification, the peptide 

containing 4-pyrrolidyl-phenylalanine was generated in a rapid, practical manner. 

With practical access to peptides containing the novel amino acid 4-pyrrolidyl-

phenylalanine, the spectral and fluorescent properties were characterized within the 

model peptide Ac-TXPN-NH2 (Figures 3.22 and 3.23).  
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Figure 3.22 UV-Vis spectra of the peptide Ac-T(4-pyrrolidyl-Phe)PN-NH2 
UV-Vis spectrum of the peptide Ac-T(4-pyrrolidyl-Phe)PN-NH2 at pH 7.2 (blue 

circles) and pH 2.5 (red squares). Error bars indicate standard error of at least three 

independent trials. 
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Figure 3.23 Fluorescence excitation and emission spectra of the peptide Ac-T(4-

pyrrolidyl-Phe)PN-NH2 

Fluorescence intensity of the peptides Ac-T(4-Pyrrolidyl-Phe)PN-NH2 at pH 7.2 (blue 

circles) and pH 2.5 (red squares) was compared to the peptide Ac-TYPN-NH2 (2) at 

pH 7.2 (green diamonds). All fluorescence spectra were obtained with 0.1 mM peptide 

and 5 mM phosphate buffer at the indicated pH. (a) Excitation spectra with 

fluorescence detection at 365 nm; (b) fluorescence emission with excitation at 265 nm; 

(c) fluorescence emission with excitation at 300 nm. Error bars indicate standard error 

of the mean of at least three independent trials. 
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4-Pyrrolidyl-phenylalanine exhibited a strong UV absorbance at 260 nm at pH 

7.2 which was not observed under acidic conditions (Figure 3.22). The significant shift 

in UV absorbance indicates that the aromatic electronics are distinctive depending on 

the protonation state of the nitrogen heterocycle. The fluorescence emission was also 

distinctive depending on the protonation state of the pyrrolidyl substituent. The 

fluorescent properties of the peptide containing 4-pyrrolidyl-phenylalanine were 

compared to the peptide containing tyrosine (Figure 3.23). When using 265 nm as the 

excitation wavelength (near the UV absorbance max for neutral 4-pyrrolidyl-

phenylalanine), a strong fluorescence emission was observed at 365 nm for the neutral 

species of 4-pyrrolidyl-phenylalanine, which was not observed in the protonated 

species of this amino acid. Excitation at 265 nm also resulted in a strong emission 

from the peptide containing tyrosine at 300 nm (Figure 3.23b). However, upon 

excitation at 300 nm, no fluorescence emission was observed from the peptide 

containing tyrosine, and a strong fluorescence emission was observed for the neutral 

species of 4-pyrrolidyl-phenylalanine only (Figure 3.23c). With these fluorescent 

properties, 4-pyrrolidyl-phenylalanine can potentially be used as a fluorescent label 

that is orthogonal to tyrosine under physiologically relevant conditions. In addition, 4-

pyrrolidyl-phenylalanine exhibited a strong, broad excitation bandwidth with emission 

detection at 365 nm. Excitation with a broader bandwidth can potentially generate a 

significantly brighter, pH-dependent fluorescence emission from this novel aromatic 

amino acid.  

The UV-Vis and fluorescence properties of 4-pyrrolidyl-phenylalanine indicate 

significant changes in the aromatic electronics that are depending on protonation state 

of the pyrrolidyl substituent. In addition to the changes in the optical properties, the 



 

 370 

aromatic electronic effects in 4-pyrrolidyl-phenylalanine were characterized through 

cis-trans isomerism in Ac-TXPN-NH2 peptides (Figure 3.24). 

 

Figure 3.24 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4-

pyrrolidyl-phenylalanine) 

NMR spectra for the peptide Ac-T(4-pyrrolidyl-Phe)PN-NH2 at (a) pH 2.5 of the 

amide region, and (b) pH 7.3 of the aliphatic region. The sample contained 5 mM 

phosphate and 25 mM NaCl, and was measured 90% H2O/10% D2O at 298 K. Amide 

peaks were identified by the TOCSY spectrum. The aliphatic region is shown for pH 

7.3 (due to amide exchange at high pH, the amide proton signals are not observed). 

The pyrrolidyl heterocycle is electron donating to the aromatic ring, with cis-

proline populations between 22%-29% depending on the protonation state of the 
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pyrrolidyl substituent. The Ktrans/cis values (protonated, 3.5; neutral, 2.5) are 

comparable to those observed for neutral tyrosine (3.2). 

3.2.1.1.5 Solid-phase synthesis of the peptide Ac-T(4-OSO2CF3-Phe)PN-NH2 

In the synthesis of the peptides containing 4-pyrrolidyl-phenylalanine and 4-

thiophenylalanine, transition-metal-mediated cross-coupling methodologies were 

applied to peptides containing a halogenated amino acid. However, it is not always 

possible to synthesize peptides containing halogenated amino acids for cross-coupling 

reactions. Aryl triflates are known to have similar reactivity to aryl halides, and they 

have been informally termed “pseudo-halides.”348 Aryl triflates can be prepared from 

phenols using triflic anhydride, which can be translated to convert a tyrosine hydroxyl 

to a triflate (4-OSO2CF3-Phe). An aryl triflate would functionalize tyrosine so that it 

would have similar reactivity to 4-bromophenylalanine or 4-iodophenylalanine,348 

which would allow for cross-coupling methodologies in peptides where halogenated 

amino acids can not be incorporated. The optimized reaction conditions for 

synthesizing peptides containing 4-OSO2CF3-Phe are shown in Figure 3.25. 
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Figure 3.25 Synthesis of the peptide Ac-TXPN-NH2 (X = 4-OSO2CF3-

phenylalanine) on solid phase 

(a) Scheme for the reaction on the protected peptide Ac-T(4-O(trityl)-tyrosine)PN-

NH2 to generate the peptide containing 4-OSO2CF3-phenylalanine; (b) HPLC 

chromatogram of the crude reaction products resulting from the reaction to generate 

the peptide containing 4-OSO2CF3-phenylalanine using a linear gradient of 0-45% 

buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 

0.06% TFA) over 30 minutes, followed by a linear gradient to 100% buffer B in buffer 

A over 5 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

Products identified via ESI-MS are indicated.  

1 indicates a product identified by ESI-MS that is consistent with the peptide Ac-

TYPN-NH2 with loss of a water molecule (mass – 18 MW). 

2 indicates a product identified by ESI-MS that is consistent with the peptide Ac-T(4-

OSO2CF3-Phe)PN-NH2 with loss of a water molecule (mass – 18 MW). 

Synthesis of the peptide containing 4-OSO2CF3-Phe was successfully achieved 

through reaction of the peptide containing tyrosine with triflic anhydride, followed by 

mild cleavage and deprotection conditions in the absence of water. Utilizing typical 

cleavage and deprotection conditions (room temperature for 3 hours in 90% TFA in 

the presence of scavengers) apparently yielded only starting material, as Ac-TYPN-

a 

b 
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NH2. When the cleavage conditions were modified, by decreasing the reaction 

temperature and duration and excluding water, the desired product was observed by 

HPLC (Figure 3.25). However, two additional side-products were observed among the 

reaction products: identified by ESI-MS, species consistent with elimination on the 

starting material (Ac-TYPN-NH2 – 18MW) and on the product (Ac-T(4-OSO2CF3-

Phe)PN-NH2  – 18) were observed. The loss of a water molecule from a peptide 

containing a serine or threonine can generally be attributed to -elimination. This -

elimination can potentially be due to triflic acid formation as the tyrosine hydroxyl 

reacts with triflic anhydride: the resulting acidic conditions can potentially hydrolyze 

the tert-butyl ester protection group on the threonine hydroxyl group. Triflic acid is 

able to catalyze E2 elimination in alcohols, and it possible that E2 elimination on 

threonine occurs in both the starting material Ac-TYPN-NH2 and the product Ac-T(4-

OSO2CF3-Phe))PN-NH2. Therefore, care should be exercised in application of this 

reaction chemistry to modifying peptides on solid phase. The Ktrans/cis for the product 

peptide Ac-T(4-OSO2CF3-Phe)PN-NH2 was characterized via NMR (Figures 3.26) in 

order to evaluate the aromatic electronic effect of this substituent.  
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Figure 3.26 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 4- 

OSO2CF3-Phe).  

NMR spectrum of amide region for the peptide Ac-T(4-OSO2CF3-Phe)PN-NH2 pH 4. 

The sample contained 5 mM phosphate and 25 mM NaCl, and was measured 90% 

H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. 

The Ktrans/cis for Ac-T(4-OSO2CF3-Phe)PN-NH2 was measured to be 4.5, which 

was consistent with the Ktrans/cis values that were identified for the peptides containing 

aryl halides, with 4-chlorophenylalanine, 4-bromophenylalanine, and 4-

iodophenylalanine (4.2, 4.6, and 4.3, respectively).91 These data demonstrate that aryl 

triflates and aryl halides have similar aromatic electronic properties. This synthesis 

demonstrates that a tyrosine amino acid can be converted on peptides on solid phase 

into 4-OSO2CF3-Phe, which furnishes the aryl ring with a reactive functional group 

that can potentially act as a substrate for transition-metal-catalyzed cross-coupling 

reactions. 

3.2.1.2 Synthesis of a series of peptides Ac-TXPN-NH2 (X = 3,4-disubstituted 

aromatic amino acid) 

Di-substituted aromatic amino acids occur naturally in proteins, including 3-

nitrotyrosine, 3-iodotyrosine, and 3,4-dihydroxyphenylalanine (DOPA), as a result of 

post-translational modifications.353, 354 These post-translational modifications of 
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tyrosine can impact tyrosine reactivity and interactions, which can have significant 

impacts in protein structure, and in physiology. For example, tyrosine nitration is a 

biomarker for cardiovascular diseases and neurodegenerative disorders, and occurs as 

a result of a reaction between tyrosine and reactive nitrogen species.141, 353, 355 Tyrosine 

nitration impacts the acidity, hydrogen bonding ability, spectral properties, metal-

coordination ability, and redox properties of tyrosine.353, 355 3-Iodotyrosine is a 

precursor to thyroid hormones,356 and the introduction of a halogen on an aromatic 

ring can have significant consequences in potential non-covalent interactions (i.e. 

halogen bonding).194, 357 However, the aromatic electronic consequences of these post-

translational modifications on tyrosine have not been characterized quantitatively.  

In the model peptide Ac-TXPN-NH2 (X = para-substituted phenylalanine), a 

direct correlation was observed between the Ktrans/cis of the peptide and the para for the 

aromatic substituent (Figure 3.6).91 Due to resonance and inductive effects in aromatic 

rings, the electron-donating ability of an aromatic substituent depends on the position 

of the substitution. Meta-substituents and para-substituents in aromatic rings have 

different contributions due to different resonance effects, and therefore have slightly 

different  values denoted as meta and para, respectively.358 The meta and para values 

for aromatic ring substituents are measured based on the change in the pKa for 

substituted benzoic acid derivatives, and have been reviewed extensively.358 In our 

expanded library of model peptides Ac-TXPN-NH2, we sought to characterize the 

combined aromatic electronic effects of di-substituted aromatic amino acids, which 

were not previously explored by Thomas et al.91  

In addition to natural modifications of tyrosine to 3,4-disubtituted aromatic 

amino acid derivatives, novel di-substituted aromatic amino acids were also 
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synthesized within model peptides Ac-TXPN-NH2. In particular, syntheses for 3-

amino-tyrosine and 3-mercapto-tyrosine were developed via modification of 

synthesized peptides (described in later sections). 

3.2.1.2.1 Synthesis and characterization of peptides Ac-TXPN-NH2 (X = 

commercially available 3,4-disubstituted aromatic amino acid) 

Tyrosine is subject to numerous post-translational modifications in proteins, 

and these modifications to the aromatic ring can impact the non-covalent interactions 

involving tyrosine. In addition to sulfation or phosphorylation on the phenolic -OH, 

tyrosine can be nitrated to form 3-nitrotyrosine (3-NO2-Tyr), iodinated to form 3-iodo-

tyrosine, or oxidized to form 3,4-dihydroxyphenylalanine (3-OH-Tyr).  

3-Nitrotyrosine (3-NO2-Tyr) and 3-iodotyrosine (3-I-Tyr) are both 

commercially available as Fmoc-protected amino acids. The model peptides Ac-

TXPN-NH2 containing 3-NO2-Tyr and 3-I-Tyr were synthesized using standard Fmoc- 

solid phase peptide synthetic approaches, protecting the tyrosine hydroxyl with an 

acetyl group via reaction with acetic anhydride during peptide synthesis on solid-phase 

(see experimental section). Following cleavage and deprotection reactions on the resin 

containing the peptides with the 3,4-disubstituted aromatic amino acids, the peptides 

were subjected to hydrolysis reaction conditions with LiOH in solution phase, 

generating the peptides Ac-T(3-NO2-Tyr)PN-NH2 and Ac-T(3-I-Tyr)PN-NH2. These 

peptides were characterized via 1H NMR to determine the structural implications of 

disubstituted aromatic amino acids on cis-trans isomerism of proline (Figures 3.27 and 

3.28). Both of the protonation states for the tyrosine hydroxyl were examined.  
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Figure 3.27 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 3-

nitrotyrosine).  

NMR spectra of the peptide Ac-T(3-NO2-Tyr)PN-NH2 at (a) pH 4 for the amide 

region, and (b) pH 11 for the aliphatic region. The sample contained 5 mM phosphate 

and 25 mM NaCl, and was measured 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by the TOCSY spectrum. The aliphatic region is shown for pH 11 (due to 

rapid amide exchange at high pH, the amide proton signals are not observed). 
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Figure 3.28 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 3-

iodotyrosine).  

NMR spectra of the peptide Ac-T(3-I-Tyr)PN-NH2 at (a) pH 4 for the amide region, 

and (b) pH 11 for the aliphatic region. The sample contained 5 mM phosphate and 25 

mM NaCl, and was measured 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by the TOCSY spectrum. The aliphatic region is shown for pH 11 (due to 

rapid amide exchange at high pH, the amide proton signals are not observed). 

In both of the peptides, Ac-T(3-NO2-Tyr)PN-NH2 and Ac-T(3-I-Tyr)PN-NH2, 

the cis population of the peptides increased with pH, and upon deprotonation of the 

para-substituent (tyrosine –OH). For the peptide Ac-T(3-NO2-Tyr)PN-NH2, the 

Ktrans/cis decreased from 6.5 to 3.1 on increasing the pH from 4 to pH 11, respectively. 

For the peptide Ac-T(3-I-Tyr)PN-NH2, the Ktrans/cis decreased from 3.7 to 1.9 on 

increasing the from pH 4 to pH 11, respectively. These trends are consistent with the 
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model proposed by Thomas et al., and the prior Ktrans/cis data for tyrosine and 

tyrosinate,91 where increased electron-donating ability of an aromatic substituent 

increases the cis-propensity of the peptide. The peptide containing 3-iodo-tyrosine 

exhibited increased cis-proline population in comparison to the peptide containing 3-

nitrotyrosine, consistent with the enhanced ability of halogens to activate an aromatic 

ring. 

3.2.1.2.2 Solution phase synthesis of the peptide Ac-T(3-OH-Tyr)PN-NH2 

In addition to its uses in treatment of Parkinson’s disease, 3,4-

dihydroxyphenylalanine (DOPA) has been found to be an important component in the 

proteins that mollusks produce for surface adhesion.354, 359, 360 Resulting from an 

oxidative post-translational modification of tyrosine, DOPA can undergo cross-

linking, and peptides containing DOPA have been explored in potential applications in 

materials science.354, 359, 360 However, the aromatic electronic effects of DOPA have 

not been fully characterized. Utilizing a previously established protocol,361 the purified 

peptide Ac-TYPN-NH2 was subjected to reaction with 2-iodoxybenzoic acid (IBX) to 

generate the peptide containing DOPA (Figure 3.29). With practical access to the 

model peptide containing DOPA, and the electronic and structural consequences of 

this oxidative modification were characterized via 1H NMR (Figure 3.30).  



 

 380 

Figure 3.29 Synthesis of the peptide Ac-TXPN-NH2 (X = 3,4-

dihydroxyphenylalanine) in solution phase 

(a) Scheme for the reaction on Ac-TYPN-NH2 with 2-iodoxybenzoic acid in solution 

to generate the peptide containing 3,4-dihydroxyphenylalanine; (b) HPLC 

chromatogram of the resultant crude reaction products that generated the peptide Ac-

T(3-OH-Tyr)PN-NH2 using a linear gradient of 0-15% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Products 

identified via ESI-MS are indicated.  
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Figure 3.30 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 3,4-

dihydroxyphenylalanine) 

NMR spectrum of amide region for the peptide Ac-T(3-OH-Tyr)PN-NH2 pH 4. The 

sample contained 5 mM phosphate and 25 mM NaCl, and was measured 90% 

H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. 

The model peptide containing DOPA was synthesized in one step from the 

synthesized peptide Ac-TYPN-NH2, with only one HPLC purification required. The 

Ktrans/cis of the peptide Ac-T(3-OH-Tyr)PN-NH2 was measured to be 2.5, with a higher 

cis population compared to tyrosine or other aromatic amino acids. Characterization of 

the peptide structure was attempted at higher pH, but the peptide containing DOPA 

degraded into multiple species, potentially due to oxidation of the peptide, metal 

chelation, or cross-linking and aggregation. The increased population of cis-proline in 

the peptide containing DOPA is suggestive of an activated aromatic ring. 

3.2.1.2.3 Solid-phase synthesis of the peptide Ac-T(3-NH2-Tyr)PN-NH2 

The peptide Ac-TXPN-NH2 containing 4-amino-phenylalanine was 

characterized via NMR previously, and this peptide exhibited significant structural and 

electronic changes that correlated with the protonation state of the aromatic amino 

substituent.91, 172 We sought to investigate the aromatic electronic effects of an amino 

substituent in concert with an aromatic hydroxyl substituent in the context of the 
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peptide Ac-TXPN-NH2. The amino acid 3-amino-tyrosine could potentially function 

as a structural “switch” with proline, with three distinct protonation states on this 

aromatic amino acid (Figure 3.33a). Hooker et al.362 demonstrated that 3-amino-

tyrosine can be site-selectively generated from a surface-exposed tyrosine residue 

within viral capsid proteins using nitrobenzenediazonium tetrafluoroborate, following 

reduction with sodium dithionite. In this work, the surface-exposed 3-amino-tyrosine 

residues were, upon oxidation, further able to react with dienophiles, yielding Diels-

Alder reaction products under mild oxidative conditions. This Diels-Alder reaction on 

oxidized 3-amino-tyrosine effectively functionalized the interior surface of a viral 

capsid protein, with potential applications in drug delivery.362 Wisastra et al. 

demonstrated that 3-nitrotyrosine could be reduced to 3-amino-tyrosine in proteins, 

and reacted with AlCl3 and salicylaldehyde to generate a fluorescent probe of tyrosine 

nitration.363 Potentially, the reactivity of 3-amino-tyrosine is permitted by the unique 

aromatic electron distribution, which allows for its reactivity with electron-rich 

groups. In order to further study the aromatic electronic effects of aryl amines, 3-

amino-tyrosine was synthesized within the model peptide Ac-TXPN-NH2 using two 

different synthetic approaches from purified peptides in solution: one from the peptide 

Ac-TYPN-NH2 using nitrobenzediazonium tetrafluoroborate and subsequent reduction 

reaction (Figure 3.31), and one from the peptide Ac-T(3-NO2-Tyr)PN-NH2 using 

sodium dithionite (Figure 3.32). 



 

 383 

Figure 3.31 Synthesis of the peptide Ac-TXPN-NH2 (X = 3-aminotyrosine) in 

solution phase from a peptide containing tyrosine 

(a) Scheme for the reaction on Ac-TYPN-NH2 with 4-nitrobenzenediazonium 

tetrafluoroborate to generate the peptide containing 3-aminotyrosine; (b) HPLC 

chromatogram of the crude reaction products resulting from the reaction with Ac-

TYPN-NH2 and 4-nitrobenzenediazonium tetrafluoroborate using a linear gradient of 

0-15% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% 

MeCN, 0.06% TFA) over 30 minutes on a Microsorb MV C18 column (4.6 mm × 250 

mm, 100 Å pore). Products identified via ESI-MS are indicated.  

 

a 

b 



 

 384 

Figure 3.32 Synthesis of the peptide Ac-TXPN-NH2 (X = 3-aminotyrosine) in 

solution phase from the peptide containing 3-nitrotyrosine 

(a) Scheme for the reaction on the peptide Ac-T(3-NO2-Tyr)PN-NH2 to generate the 

peptide containing 3-aminotyrosine; (b) HPLC chromatogram of the crude reaction 

products resulting from the reaction with the peptide Ac-T(3-NO2-Tyr)PN-NH2 and 

sodium dithionite using a linear gradient of 0-15% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 30 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Products identified via 

ESI-MS are indicated.  

Peptides containing 3-amino-tyrosine was successfully generated from purified 

peptides Ac-TXPN-NH2 in solution from two different synthetic strategies, requiring 

only one reaction and one HPLC purification (Figures 3.31-3.32). Utilizing a protocol 

similar to that employed by Hooker et al.,362 the peptide containing tyrosine was 

subjected to reaction with 4-nitrobenzenediazonium tetrafluoroborate to generate the 

diazo product. The peptide was subjected to sodium dithionite in solution in order to 

generate the peptide containing 3-amino-tyrosine.362 Alternatively, the peptide 

containing 3-amino-tyrosine was also generated in solution from the purified model 
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peptide containing 3-nitrotyrosine, by subjecting the peptide to sodium dithionite 

(Figure 3.32).363 Using these two approaches, 3-amino-tyrosine was successfully 

generated within synthesized peptides only one or two synthesis and purification steps. 

With the modified peptide Ac-T(3-NH2-Tyr)PN-NH2 in hand, the aromatic electronic 

effects of 3-amino-tyrosine were probed by examining cis-trans isomerism of proline 

(Figure 3.33). 
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Figure 3.33 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 3-

aminotyrosine)  
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NMR spectra of the amide region for (a) the peptide Ac-T(3-NH2-Tyr)PN-NH2 at (b) 

pH 2.5, (c) pH 7.2, and (d) 11.8. The samples contained 5 mM phosphate and 25 mM 

NaCl, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by the TOCSY spectrum. The aliphatic region is shown for pH 7.2 and 11.8, 

because rapid amide exchange at high pH obscures the amide peaks. Due to spectral 

overlap, the Thr H and Thr H peaks were also used to determine the Ktrans/cis. 

The Ktrans/cis of the peptide containing 3-amino-tyrosine decreased from 3.3 to 

1.6 with increasing pH (pH 2.5-11.8), indicating an increasing structural preference for 

the cis amide bond conformation. These data suggest that as the electron-richness of 

the aromatic ring increases (where both of the aromatic substituents become more 

electron-donating with increased pH), the intermolecular interaction with proline 

increases in stability. This stabilizing effect on the cis amide bond conformation is 

potentially due to a strengthened C–H/ aromatic interaction. However, over multiple 

trials with 3-amino-tyrosine, significant degradation of the peptide with increasing pH 

was observed, and the values of Ktrans/cis varied slightly. Multiple species are observed 

in the aliphatic region at pH 7.2 and 11.8, particularly near the acetyl and threonine H 

peaks, which were used for determining the Ktrans/cis when amide signals were too 

broad for reliable integration (due to rapid amide proton exchange under neutral and 

basic conditions). The Ktrans/cis was estimated at elevated pH based on the threonine H 

and H protons, identified by the TOCSY spectra, which were reasonably well 

resolved. However, the impurities from the degraded peptide may have affected the 

structural conformation in an unknown manner. This observed degradation may have 

been a result of oxidation of the aromatic ring, similar to that observed with DOPA 

and 3-mercaptotyrosine. 
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3.2.1.2.4 Solid-phase synthesis of the peptide Ac-T(3-SH-Tyr)PN-NH2 

With the utility and versatility of 4-thiophenylalanine described in Chapter 1, 

and with its unique structural effects discussed in Chapter 2, we envisioned that 3-

mercaptotyrosine could also provide special functional properties that would merit 

further investigation. DOPA is known to chelate metals, and 3-mercaptotyrosine is 

expected to act in a similar manner. Sulfur-containing amino acids bind to soft 

metals,1, 2 which are crucial for electron transfer and energy conversion mechanisms in 

metalloenzymes. 3-Mercaptotyrosine could potentially be used in designed peptides 

for modulating the coordination sphere around metals, such as tungsten or 

molybdenum, for performing difficult redox reactions, such as reduction of CO2.
364-366 

The novel amino acid 3-mercaptotyrosine was synthesized within the model 

peptide Ac-TXPN-NH2 using a similar solid-phase approach as described in Chapter 

1. 3-Iodotyrosine was incorporated into the model peptide Ac-TXPN-NH2 using 

standard Fmoc- solid-phase peptide synthesis, and the tyrosine hydroxyl was protected 

during synthesis using acetic anhydride (see experimental methods). The protected 

peptide on solid phase was subjected to the copper-mediated cross-coupling conditions 

that were optimized previously.169 The resin containing the peptide was subjected to 

cleavage and deprotection reactions using TFA. The peptide was subjected to DTT 

and LiOH in solution following the TFA cleavage and deprotection reactions, in order 

to reduce disulfides and hydrolyze the acetyl protecting groups (Figure 3.34). The UV-

Vis spectral properties of this novel aromatic amino acid were characterized, and the 

pKa of the thiol was measured via UV (Figure 3.35). 
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Figure 3.34 Synthesis of the peptide Ac-TXPN-NH2 (X = 3-mercaptotyrosine) 

on solid phase 

(a) Scheme for the solid-phase copper-mediated cross-coupling reaction on the peptide 

Ac-T(4-O(acetyl)-3-iodo-phenylalanine)PN-NH2 to generate the peptide containing 3-

mercaptotyrosine; (b) HPLC chromatogram of the crude reaction products resulting 

from the solid-phase cross-coupling reaction and subsequent reduction and hydrolysis 

reactions in solution to generate the peptide Ac-T(3-SH-Tyr)PN-NH2 using a linear 

gradient of 0-35% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% 

water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 

mm × 250 mm, 100 Å pore). Products identified via ESI-MS are indicated. “DTT” 

indicates oxidized dithiothreitol. 

 

 

a 

b 
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Figure 3.35 UV-Vis spectroscopy of the peptide Ac-T(3-SH-Tyr)PN-NH2 

(a) Absorbance spectra of the peptide Ac-T(3-SH-Tyr)PN-NH2 at pH 4.0 (thiol, red 

circles), pH 5.5 (green diamonds), and pH 7.0 (thiolate, blue squares). Data represent 

an average of at least 3 independent trials; (b) pH dependence of the molar extinction 

coefficient for the peptide Ac-T(3-SH-Tyr)PN-NH2 at 266 nm (blue squares) and 310 

nm (red circles). Peptide samples contained 100 mM phosphate at the indicated pH, 

and contained 1 mM TCEP to reduce disulfides. Error bars indicate standard error. 

The pKa was determined using Equations (2) and (3). 

The model peptide containing 3-mercaptotyrosine was synthesized in 77% 

conversion from 3-iodotyrosine on the protected peptide on solid-phase. Distinctive 

changes were observed in the UV spectrum of 3-mercaptotyrosoine with respect to the 

pH, which allowed for determination of the acid dissociation constant for this novel 

amino acid. The pKa was calculated to be 5.6, based on the UV absorbance at two 

different wavelengths with respect to pH (Figure 3.35b, and Equations 2 and 3). The 

a b 

310,thiolate10(pH – pKa) + 310,thiol

1 + 10(pH – pKa)

310 = 

266,thiolate10(pH – pKa) + 266,thiol

1 + 10(pH – pKa)

266 = Equation (2) pKa = 5.62 ± 0.09 

 

 

 

Equation (3) pKa = 5.63 ± 0.07 
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pKa of 3-mercaptotyrosine was less than that of 4-thiophenylalanine (pKa = 6.4),169 

potentially due to intramolecular hydrogen bonding with the tyrosine hydroxyl that 

can stabilize the thiolate.  

With substantial changes observed in the UV absorbance spectrum with 

changes in protonation state, the peptide containing 3-mercaptotyrosine was 

characterized via NMR (Figure 3.36). Upon increasing the pH to pH >9.0, significant 

degradation of the peptide was observed as multiple products formed, similar to 

observations with DOPA and 3-amino-tyrosine. 
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Figure 3.36 NMR Characterization of the peptide Ac-TXPN-NH2 (X = 3-

mercaptotyrosine) 

NMR spectra of amide region for the peptide Ac-T(3-SH-Tyr)PN-NH2 at (a) pH 2.5 

and (b) pH 7.2. The sample contained 5 mM phosphate and 25 mM NaCl, and 100 M 

TCEP, and was measured in 90% H2O/10% D2O at 298 K. Amide peaks were 

identified by the TOCSY spectrum. 

Similar to the observations in the peptide Ac-T(3-NH2-Tyr)PN-NH2, 3-

mercaptotyrosine exhibited differing cis-populations depending on the protonation 

state of the thiol group. With increasing the pH, the Ktrans/cis of the peptide Ac-T(3-SH-

Tyr)PN-NH2 decreased from 3.3 to 1.6, with higher cis population as more of the 

thiolate because deprotonated. Potentially, metal-binding on 3-mercaptotyrosine can 

affect the UV spectra and noncovalent interactions, due to a shift in the electron 

distribution in the aromatic ring upon interaction binding to a soft metal. 

Asncis Thrcis 

Thrtrans 
Asntrans Xtrans 

Xcis 

a 

b 

Thrcis 
Thrtrans 

Actrans 

Accis 
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3.2.2 Hammett correlations of the model peptides Ac-TXPN-NH2 

For all of the aromatic amino acids examined in the model peptide Ac-TXPN-

NH2, including those previously published,91 those discussed in Chapter 1,169 and 

those described in the previous sections, the relative populations of cis and trans amide 

bond conformations (Ktrans/cis) were determined via NMR. Thus, the aromatic 

electronic properties of these amino acids were probed and quantified using cis-trans 

isomerism of proline. It has been shown that the cis conformation of aromatic-proline 

motifs can be stabilized by an intermolecular proline C–H/ aromatic interaction, 

where electron-rich aromatic rings stabilize the cis conformation through an 

interaction with the proline H.91 Based on this model, the equilibrium between cis 

and trans conformations (Ktrans/cis) in aromatic-proline motifs is indicative of the nature 

of aromatic electronics of the amino acid.  

In addition to the peptides described in the previous sections, model peptides 

that were synthesized and characterized by Krista Thomas and Dr. Devan Naduthambi 

were included in these studies of comparisons and analyses of aromatic-cis-proline 

interactions, although the original data has been reanalyzed.91 A model peptide 

synthesized and characterized by Michael Scheuermann, Ac-T(4-OSO3
–-Phe)PN-NH2, 

was also included within these comparisons of aromatic-cis-proline interactions. All of 

the Ktrans/cis values measured for each peptide containing a 4-substituted aromatic 

amino acid are compiled in Table 3.1. The correlation of Ktrans/cis and Hammett 

parameters for each 4-substituted aromatic amino acid within the model peptide Ac-

TXPN-NH2 are shown in Figure 3.37. 
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Table 3.1. Ktrans/cis values for the peptides Ac-TXPN-NH2, where X = 4-

substituted amino acid 

The equilibrium between cis and trans conformations (Ktrans/cis) in the peptide Ac-

TXPN-NH2 was determined by measuring the ratios of 2 or 3 pairs of proton signals in 

the 1H NMR spectra (∫(trans signals)/∫(cis signals)). When possible, amide proton 

signals were used, but other peaks, including the acetyl methyl, threonine methyl, and 

threonine H, were also used for calculation in the event that amide signals could not 

be used due to spectral overlap or rapid amide exchange. The para and meta, when 

available, are included in the table.358  
aReported previously.139 

n.d. refers to “not determined” due to spectral overlap or broadened amide signals. 

Ac-TXPN-NH2, X = σpara σmeta Ktrans/cis 

ΔGtrans/cis, 

kcal mol-1 

3JN X-cis, 

Hz %cis pH 

His(H+) 

  

12.3 -1.49 8.2 8% 4 

4-Pyridyl(N-oxide)-Ala 

  

11.2 -1.43 8.1 8% 4 

4-Pyridyl(H+)-Ala 

  

11.2 -1.43 n.d. 8% 2.5 

F5-Phe 

  

6.7 -1.13 8.4 13% 4 

4-Pyridyl-Ala 

  

6.1 -1.07 n.d. 14% 7.2 

4-SO2Me-Phe 0.72 0.60 5.8 -1.04 7.2 15% 4 

His 

  

5.7 -1.03 n.d. 15% 8.5 

4-NO2-Phe 0.78 0.71 5.6 -1.02 7.4 15% 4 

4-NH3
+-Phe 0.60 0.86 5.5 -1.01 n.d. 15% 2.5 

4-S(N-ethyl succinimide)-Phe 

  

5.4 -1.00 n.d. 16% 4.0 

4-CN-Phe 0.66 0.56 5.3 -0.99 7.3 16% 4 

4-CF3-Phe 0.54 0.43 4.8 -0.93 n.d. 17% 4 

4-S(O)Me-Phe 0.49 0.52 4.7 -0.92 n.d. 18% 4 

4-Br-Phe 0.23 0.39 4.6 -0.90 n.d. 18% 4 

4-SO2-propargyl-Phea   4.5 -0.89 6.7 18% 4 

4-OSO2CF3-Phe 0.53 0.56 4.5 -0.89 n.d. 18% 4 

4-SO3
–-Phe 0.35 0.30 4.4 -0.88 n.d. 19% 4 

4-SBz-Phe 

  

4.3 -0.86 6.7 19% 4 

4-S(O)propargyl-Phea   4.3 -0.86 n.d. 19% 4 

4-I-Phe 0.18 0.35 4.3 -0.86 n.d. 19% 4 

4-Cl-Phe 0.23 0.37 4.2 -0.85 n.d. 19% 4 

4-S(2-nitrobenzyl)-Phe 

  

4.2 -0.85 6.9 19% 4 

4-SAc-Phe 0.44 0.39 4.2 -0.85 6.9 19% 4 

4-F-Phe 0.06 0.34 4.2 -0.85 7.0 19% 4 

4-OAc-Phe 0.44 0.39 3.9 -0.81 6.8 20% 4 

4-S-S-Glutathione-Phe 

  

3.9 -0.81 n.d. 20% 4 
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Table 3.1 continued 

4-SH-Phe 0.15 0.25 3.8 -0.79 6.6 21% 4 

4-SO2
–-Phe -0.05 -0.02 3.8 -0.79 n.d. 21% 4 

4-SPh-Phe 0.07 0.23 3.7 -0.77 6.4 21% 4 

4-SMe-Phe 0.00 0.15 3.6 -0.76 6.3 22% 4 

Phe 0.00 0.00 3.6 -0.76 6.3 22% 4 

4-Pyrrolidyl(H+)-Phe 

  

3.5 -0.74 6.6 22% 2.5 

4-SCH2CH=CHCH2OH-Phe 

  

3.5 -0.74 n.d. 22% 4 

4-B(OH)2-Phe 0.12 -0.01 3.5 -0.74 6.6 22% 4 

4-S-allyl-Phe 0.12 0.19 3.5 -0.74 6.5 22% 4 

4-S-propargyl-Phe 

  

3.2 -0.69 6.4 24% 4 

Tyr -0.37 0.12 3.2 -0.69 6.2 24% 4 

4-OPO3H–-Phe 0.00 0.29 3.1 -0.67 6.7 24% 4 

4-OPO3
3–-Phe 

  

3.0 -0.65 n.d. 25% 8.0 

4-OSO3
--Phe 

  

2.9 -0.63 6.8 26% 4 

4-NH2-Phe -0.66 -0.16 2.9 -0.63 n.d. 26% 6.5 

4-S-S(2-thiopyridyl)-Phe 

  

2.7 -0.59 n.d. 27% 4 

4-Pyrrolidyl-Phe 

  

2.5 -0.54 n.d. 29% 7.3 

4-B(OH)3
–-Phe -0.44 -0.48 2.4 -0.52 n.d. 29% 10 

4-S–-Phe -1.21 -0.36 2.3 -0.49 n.d. 30% 8.5 

Trp 

  

2.0 -0.41 5.6 33% 4 

4-O–-Phe -0.81 -0.47 1.9 -0.38 n.d. 34% 12 

Ala 

  

11.5 -1.45 5.4 8% 4 

Cha 

  

8.6 -1.27 6.9 10% 4 
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Figure 3.37 Hammett correlation with Ktrans/cis in model peptides Ac-TXPN-

NH2 

The Ktrans/cis values for neutral (red circles) and charged (blue squares) 4-substituted 

aromatic amino acids are shown. The log(Ktrans/cis) of each peptide is correlated with 

the Hammett constant (a, para; b, meta) for each substituent. Linear regressions are 

fitted to neutral substituents only. 

para correlation (a):  = 0.202 ± 0.022, R = 0.908 

meta correlation (b):  = 0.328 ± 0.031, R = 0.928 

It was previously observed by Thomas et al.91 that the cis population was 

increased in the model peptide Ac-TXPN-NH2 containing cyclohexylalanine (Cha) 

over the peptide containing canonical alanine (Ala Ktrans/cis = 11.5 versus Cha Ktrans/cis = 

8.5). The stabilization of the cis amide bond conformation in the peptide Ac-TXPN-

NH2 with Cha is potentially due to the increased hydrophobic surface area of 

cyclohexylalanine over alanine. However, the peptide Ac-TXPN-NH2 containing 

phenylalanine (Phe Ktrans/cis = 3.6) had a lower Ktrans/cis over cyclohexylalanine, even 

though the hydrophobic surface area is similar. The lower Ktrans/cis with phenylalanine 

indicates that the aromaticity of the 6-membered ring is more stabilizing to the cis 

conformation.91 The comparison between phenylalanine and cyclohexylalanine in 

aromatic-proline motifs demonstrates that the increased cis propensity of these 

b a 
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aromatic-proline motifs is not due to a simple hydrophobic effect or van der Waals 

interaction. 

A direct correlation was observed between the Hammett value of each 

aromatic substituent () and the Ktrans/cis of each model peptide Ac-TXPN-NH2 (Figure 

3.37), similar to that described by Thomas et al.91 The Hammett value for a given 

substituent is a measure of the “electron-donating ability” or activation of given 

substituent on an aromatic ring. Due to resonance effects within the aromatic ring, a 

given substituent activates the aromatic ring depending on the location of the 

substituent. To account for these differences, due to differences in resonance and 

inductive effects, Hammett values are given as para (for para substituents) or meta (for 

meta substituents).358 For example, the acidity of benzoic acid is affected depending 

on the location of a fluorine substituent relative to the carboxylic acid (3-

fluorobenzoic acid, pKa  = 3.87, 4-fluorobenzoic acid pKa  = 4.14).367 In a typical 

Hammett analyses, an equilibrium constant for a reaction is correlated to the para or 

meta for different aromatic substituents, in order to determine if the reaction is 

influenced by substituent effects. If a correlation is observed, the linear correlation is 

fit to equation 4, where  is a measure for how sensitive the reaction is to aromatic 

substituent effects.368 For the 4-substituted phenylalanine derivatives, both para and 

meta Hammett values exhibited excellent correlation (R > 0.90) for the Ktrans/cis of the 

model Ac-TXPN-NH2 peptides across a broad range of aromatic substituents. Outliers 

in the Hammett correlation tended to be charged aromatic substituents, such as 

protonated 4-aminophenylalanine or anionic 4-thiophenylalanine, indicating that 

electrostatic contributions can have additional effects on peptide structure outside of 

aromatic substituent effects. These correlations provide further evidence that a broad 
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range of aromatic amino acid substituents can exert concerted structural influence on 

cis-trans isomerism in the context of aromatic-proline motifs. 

 

    (4) 

 

In comparing the Hammett correlations between the Ktrans/cis and the para or 

meta in the model peptides Ac-TXPN-NH2, we observed better fit and a greater  

value when the Ktrans/cis data were fit to meta values (Figure 3.37b). Both the para and 

meta Hammett values represent inductive effects for a given substituent on an 

aromatic ring. However, para Hammett values have greater resonance effects than 

meta Hammett values.369 The greater correlation and greater sensitivity of the Ktrans/cis 

for the model peptide Ac-TXPN-NH2 on the meta value for a given aromatic 

substituent suggests that the inductive effects are more important than the resonance 

effects. 

The spin-spin coupling constant between the amide proton and the H proton 

can be determined via NMR, as the 3JN. The 3JN is directly related to the  torsion 

angle for amino acids in peptides and proteins, generally following the Karplus 

relationship in Equation 5: 

 

 3JN = 6.51 cos2– 1.76 cos + 1.60   (5) 

 

where 3JN is the measured coupling constant in hertz derived from the proton NMR 

spectrum, and  = | – 60° |.91, 370 The 3JN values for the aromatic amino acid in the 

peptides Ac-TXPN-NH2 are shown in Table 3.1. With increasing cis-population of the 

log
K

K0

= σρ 
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peptides and with more electron-donating aromatic substituents, the 3JN coupling 

constant decreases. The largest 3JN in this series of peptides Ac-TXPN-NH2 was 

measured for protonated histidine, at 8.2 Hz, which corresponds to a  torsion angle of 

–92°. The smallest 3JN was measured for the peptide Ac-TWPN-NH2 at 5.6 Hz, 

corresponding to a Trp  torsion angle of –71°. The idealized  torsion angle for 

residues preceding proline in type VIa1 -turns is –60°.289, 306 With increasingly 

electron-donating aromatic substituents, the smaller 3JN coupling constants for the 

residue preceding proline indicate that the peptide Ac-TXPN-NH2 approaches an 

idealized type VIa1 -turn with more electron-rich aromatic rings. 

With an established model that correlates the meta and para for given 

substituents to the measured Ktrans/cis within model peptides Ac-TXPN-NH2, the 

approximate Hammett values can be determined from the Ktrans/cis for substituents 

which have no established value. The aromatic effects from heteroaromatic and 

polycyclic rings can also be approximated from the measured Ktrans/cis. Table 3.2 

provides the calculated values for meta and para for all aromatic rings based on the 

model peptide Ac-TXPN-NH2.
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Table 3.2. Calculated Hammett values for aromatic substituents and 

heteroaromatic rings based on the measured Ktrans/cis for model peptides Ac-

TXPN-NH2 

The calculated para and meta values were determined based on the Hammett 

correlations and  values shown in Figure 3.37.  

 

Ac-TXPN-NH2, X = σpara σmeta Ktrans/cis 

His(H+) 2.58 1.76 12.3 

4-Pyridyl(N-oxide)-Ala 2.38 1.64 11.2 

4-Pyridyl(H+)-Ala 2.38 1.64 11.2 

F5-Phe 1.28 0.96 6.7 

4-Pyridyl-Ala 1.08 0.84 6.1 

His 0.93 0.75 5.7 

4-S-NEM-Phe 0.81 0.67 5.4 

4-SO2-propargyl-Phe 0.42 0.43 4.5 

4-SBz-Phe 0.32 0.37 4.3 

4-SO-propargyl-Phe 0.32 0.37 4.3 

4-S(2-nitrobenzyl)-Phe 0.27 0.34 4.2 

4-SSGlutathione-Phe 0.11 0.24 3.9 

4-Pyrrolidyl(H+)-Phe -0.12 0.10 3.5 

4-SCH2CH=CHCH2OH-Phe -0.12 0.10 3.5 

4-Spropargyl-Phe -0.31 -0.02 3.2 

4-OPO3
3–-Phe -0.45 -0.10 3.0 

4-OSO3
–-Phe -0.52 -0.15 2.9 

4-SSPyridyl-Phe -0.68 -0.24 2.7 

4-Pyrrolidyl-Phe -0.84 -0.34 2.5 

Trp -1.32 -0.64 2.0 

 

In order to examine the scope and limitations of the aromatic-cis-proline 

interaction, we quantified the aromatic electronic effects of di-substituted aromatic 

amino acids on cis-trans isomerism of proline. The Ktrans/cis values measured for each 

peptide Ac-TXPN-NH2 containing disubstituted aromatic amino acids are compiled in 

Table 3.3. The Hammett correlations for 3,4-substituted aromatic amino acids within 

the model peptide Ac-TXPN-NH2 are shown in Figure 3.38. 
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Table 3.3. Combined Ktrans/cis values for the peptide Ac-TXPN-NH2 where X = 

3,4-disubstituted phenylalanine 

The equilibrium between cis and trans conformations (Ktrans/cis) was determined by 

measuring the ratios of 2 or 3 pairs of proton signals in the 1H NMR spectra (∫(trans 

signals)/∫(cis signals)). When possible, amide proton signals were used, but other 

peaks, including the acetyl methyl, threonine methyl, and threonine H, were also 

used for calculation in the event that amide signals could not be used due to spectral 

overlap or rapid amide exchange. The para and meta, when available, are included in 

the table.358 Chemical shift data for the proline H were derived from TOCSY data. 

The meta for the 4-substituent. 

Ac-TXPN-NH2,  

3,4-Phe 
4-

substitutent  

σmeta 

3-

substitutent 

Ktrans/cis 

ΔGtrans/cis,  

kcal mol-1 

δ ProHα 

cis  

δ ProHα 

trans 4-X 3-X σmeta σpara 

OH NO2 0.12 0.71 0.78 6.5 -1.11 4.24 4.41 

OH NH3
+ 0.12 0.86 0.60 5.0 -0.95 3.95 4.41 

OH I 0.12 0.35 0.18 3.7 -0.77 3.87 4.42 

OH SH 0.12 0.25 0.15 3.3 -0.71 3.82 4.41 

OH H 0.12 0.00 0.00 3.2 -0.69 3.82 4.42 

OH NH2 0.12 -0.16 -0.66 2.9 -0.63 3.76 4.42 

OH OH 0.12 0.12 -0.37 2.5 -0.54 3.75 4.42 

OH S– 0.12 -0.36 -1.21 1.6 -0.28 3.73 4.42 

O– NO2 -0.47 0.71 0.78 3.1 -0.67 3.97 4.41 

O– I -0.47 0.35 0.18 1.9 -0.38 3.72 4.42 

O– H -0.47 0.00 0.00 1.9 -0.38 

  O– NH2 -0.47 -0.16 -0.66 1.6 -0.28 
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Figure 3.38 Hammett correlations of the Ktrans/cis in model peptides Ac-TXPN-

NH2, where X = 3,4-disubstituted aromatic amino acid 

b a 

c d 
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(a) The log(Ktrans/cis) of each peptide was correlated with the para Hammett constant 

for the 3-substituent in 3-substituted tyrosine derivatives within Ac-TXPN-NH2 model 

peptides. The tyrosine hydroxyl is either neutral (blue squares) or anionic (red circles); 

(b) The log(Ktrans/cis) of each peptide was correlated with the meta Hammett constant 

for the 3-substituent in 3-substituted tyrosine derivatives within Ac-TXPN-NH2 model 

peptides. The tyrosine hydroxyl is either neutral (blue squares) or anionic (red circles); 

(c) The log(Ktrans/cis) of each peptide is correlated with the combined Hammett constant 

 in 3,4-disubstituted aromatic amino acids within Ac-TXPN-NH2 model peptides. 

The combined Hammett constant  is additive between the para value of the 3-

substituent and the meta value of the 4-substituent. (d) The log(Ktrans/cis) of each 

peptide is correlated with the combined Hammett constant  in 3,4-disubstituted 

aromatic amino acids within Ac-TXPN-NH2 model peptides. The combined Hammett 

constant  is additive between the meta value of both the 3-substituent and the 4-

substituent.  

(a) neutral tyrosine correlation:  = 0.268 ± 0.034, R = 0.954 

(a) anionic tyrosine correlation:  = 0.194 ± 0.054, R = 0.930 

(b) neutral tyrosine correlation:  = 0.432 ± 0.035, R = 0.904 

(b) anionic tyrosine correlation:  = 0.261 ± 0.073, R = 0.606 

(c) Combined  correlation:  = 0.258 ± 0.065, R = 0.892 

(d) Combined meta correlation:  = 0.366 ± 0.046, R = 0.929 

With disubstituted aromatic amino acids, a correlation was observed for the 

Ktrans/cis of the model peptide Ac-TXPN-NH2 with the para value of the 3-substitutent 

of tyrosine (Figure 3.38a). In contrast, the meta value of the 3-substitutent of tyrosine 

was not as well correlated to the Ktrans/cis, particularly under conditions were tyrosine 

was anionic (Figure 3.38b). Substituent effects are known to be approximately 

additive,371 an approximate combined  value for 3,4-phenylalanine derivatives can be 

determined by the para and meta values of the respective substituents. The combined  

values (determined as 4-meta + 3-para in Figure 3.38c, or 4-meta + 3-meta in Figure 

3.38d) were found to have direct correlations with the Ktrans/cis of the model Ac-TXPN-

NH2 peptides, with both anionic and neutral forms of the tyrosine hydroxyl group. 

These correlations suggest that the resonance and inductive effects from the 3-
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substituents in disubstituted tyrosine derivatives are important for stabilizing the cis 

conformation of proline in model peptides Ac-TXPN-NH2. 

In addition to the observed aromatic substituent effects on on the cis 

population for the peptides Ac-TXPN-NH2, the proline H chemical shift between cis 

and trans conformations exhibited significant dependence on the aromatic substituents 

as well. By 1H-1H-TOCSY NMR spectra, a substantial upfield chemical shift was 

observed for the  cis-Pro H for peptides Ac-TXPN-NH2 containing electron-rich 

aromatic amino acids. In contrast, the chemical shift for trans-Pro H within peptides 

Ac-TXPN-NH2 was unchanged for all aromatic amino acids. Fundamentally, an 

upfield chemical shift in the proline H indicates a change in the local environment, 

potentially as an aromatic ring current effect.106, 370 The proline H chemical shifts for 

cis and trans conformations for the peptides Ac-TXPN-NH2 are compiled in Table 3.4. 

A direct correlation was observed between the chemical shift of the cis-proline H 

and the Ktrans/cis of the peptide (Figure 3.39). Furthermore, a direct correlation was also 

observed between the proline H and the meta value for 4-substituted aromatic amino 

acids (Figure 3.40). 
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Table 3.4. Proton chemical shifts for ProH for the peptides Ac-TXPN-NH2 

Proton chemical shifts for the proline H (as cis and trans conformations) were 

obtained via TOCSY spectra for some of the peptides Ac-TXPN-NH2. The para and 

meta, when available, are included in the table.358 

Ac-TXPN-NH2, X = σpara σmeta Ktrans/cis δ ProHαcis δ ProHαtrans 

His(H+) 

  

12.3 4.64 4.43 

4-Pyridyl(N-oxide)-Ala 

  

11.2 4.52 4.42 

4-Pyridyl(H+)-Ala 

  

11.2 

 

4.42 

4-Pyridyl-Ala 

  

6.1 4.26 4.44 

His     5.7 4.14 4.42 

4-NO2-Phe 0.78 0.71 5.6 4.18 4.43 

4-NH3
+-Phe 0.60 0.86 5.5 3.98 4.42 

4-CN-Phe 0.66 0.56 5.3 4.10 4.42 

4-CF3-Phe 0.54 0.43 4.8 4.01 4.42 

4-S(O)Me-Phe 0.49 0.52 4.7 3.98 4.43 

4-Br-Phe 0.23 0.39 4.6 4.00 4.42 

4-OSO2CF3-Phe 0.53 0.56 4.5 3.97 4.42 

4-SBz-Phe 

  

4.3 3.96 4.42 

4-I-Phe 0.18 0.35 4.3 3.97 4.41 

4-F-Phe 0.06 0.34 4.2 3.94 4.41 

4-Cl-Phe 0.23 0.37 4.2 3.99 4.42 

4-OAc-Phe 0.44 0.39 3.9 3.89 4.41 

4-SH-Phe 0.15 0.25 3.8 3.87 4.42 

4-SO3
–-Phe 0.35 0.30 4.4 3.90 4.42 

Phe 0.00 0.00 3.6 3.82 4.42 

4-SMe-Phe 0.00 0.15 3.6 3.87 4.41 

4-Pyrrolidyl(H+)-Phe 

  

3.5 3.82 4.41 

4-B(OH)2-Phe 0.12 -0.01 3.5 3.82 4.42 

4-S(propargyl)-Phe 

  

3.2 3.85 4.41 

Tyr -0.37 0.12 3.2 3.82 4.42 

4-OPO3H–-Phe 

  

3.1 3.82 4.41 

4-OPO3
3–-Phe 

  

3.0 3.84 4.42 

4-OSO3
–-Phe 

  

2.9 3.81 4.42 

4-NH2-Phe -0.66 -0.16 2.9 3.81 4.43 

4-Pyrrolidyl-Phe 

  

2.5 3.82 4.44 

4-B(OH)3
–-Phe -0.44 -0.48 2.4 3.64 4.42 

4-S–-Phe -1.21 -0.36 2.3 3.75 4.41 

Trp     2.0 3.45 4.43 

Ala 

  

11.5 4.65 4.43 

Cha 

  

8.6 4.52 4.41 
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Figure 3.39 Hammett correlation for the proton chemical shift of ProH in 

peptides Ac-TXPN-NH2 (where X = 4-substituted amino acid) 

The chemical shift () for proline H in cis (red circles) and trans (blue squares) 

conformations are compared against the Hammett constant (a, para; b, meta) for each 

aromatic substituent.  

para correlation with cis-ProH (a):  = 0.200 ± 0.035, R = 0.800 

para correlation with trans-ProH (a):  = 0.003 ± 0.004, R = 0.177 

meta correlation with cis-ProH (b):  = 0.323 ± 0.039, R = 0.890 

meta correlation with trans-ProH (b):  = 0.003 ± 0.003, R = 0.236

b a 
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Figure 3.40 Proton chemical shift for cis-ProH correlation with Ktrans/cis of Ac-

TXPN-NH2 model peptides (where X = amino acid) 

The chemical shift () for cis proline H for neutral (red circles) and charged (blue 

squares) aromatic substituents in model peptides Ac-TXPN-NH2 are correlated to the 

cis-population of the peptide. Non-aromatic amino acids (Ala or Cha) are shown as 

green diamonds.  

R = 0.967 for neutral substituents only. 

The aromatic substituent effects in the peptides Ac-TXPN-NH2 directly 

influence the local magnetic environment around the cis-Pro H, but not the trans-Pro 

H (Figure 3.39). Furthermore, the correlation between the Ktrans/cis for each peptide 

and the cis-proline H chemical shift demonstrates that the local magnetic 

environment around the proline H is directly related with the cis-propensity of the 

model peptides (Figure 3.40). For the Pro H in the cis conformation, the range of 

chemical shifts varied from protonated histidine, at 4.64 ppm, to tryptophan, at 3.45 

ppm. In contrast, Pro H in the trans conformation was consistently at 4.42 ± 0.01 

ppm for all peptides examined. These observations are consistent with prior examples 

of model peptides involving aromatic-cis-proline motifs.288, 318, 372 Combined, these 

data indicate that the backbone conformational preference of these aromatic-proline 
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motifs is directly influenced by the aromatic substituent effects in the aromatic amino 

acid, and a shielding interaction with the proline H is correlated with these 

conformational preferences.  

With the observed increase in cis-populations of the model peptides Ac-

TXPN-NH2 with electron-donating aromatic substituents, and the upfield chemical 

shifts in the cis-Pro H, the nature of this aromatic-cis-proline interaction demanded 

further insight. The Hammett correlation on the Ktrans/cis of the model peptides Ac-

TXPN-NH2 suggested that the cis conformation was stabilized by an electrostatic 

effect. The greater correlation Ktrans/cis with the aromatic substituent meta values 

suggests that the cis-conformation is influenced more by inductive effects rather than 

resonance effects, but this can not be established based on Hammett correlations 

alone. The role of hydrophobic effects, electrostatic effects, and potential orbital-

overlap interactions were addressed in further studies on these aromatic-cis-proline 

motifs, via solvent dependent studies, determination of thermodynamic parameters, 

and detailed examination of minimized aromatic-cis-proline dipeptides via x-ray 

crystallography, NBO analysis, and NMR. 

3.2.3 Solvent effects on proline cis-trans isomerism in the peptides Ac-TXPN-

NH2 

In comparing the model peptides Ac-TXPN-NH2 containing either alanine or 

cyclohexylalanine, the peptide containing cyclohexylalanine had increased cis-Pro 

population, suggesting that an increase in the hydrophobic surface area can play a role 

in stabilizing the cis-proline within aromatic-proline motifs. The face of the pyrrolidyl 

ring in proline is hydrophobic, and it can be expected to interact favorably with other 

hydrophobic surfaces. In order to determine the degree to which hydrophobic 
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contributions stabilize the cis-proline conformation, a selection of model peptides Ac-

TXPN-NH2 was examined in organic solvents, methanol and acetonitrile, and the 

Ktrans/cis was determined via NMR. 

If the aromatic-cis-proline interaction is driven by the hydrophobic effect, then 

the interaction should be weaker in the presence of organic solvents, resulting in a 

higher Ktrans/cis. In the context of a hydrophobic interaction, aromatic substituent effects 

would have little or no correlation with the cis-population of the peptides. In contrast, 

an electrostatic interaction will be enhanced in the presence of organic solvents, as 

competing interactions with bulk polar solvents decrease and intramolecular 

association of charged groups is favored. To examine these possibilities, and to 

elucidate the underlying nature of the aromatic-cis-proline interaction, a series of five 

model peptides Ac-TXPN-NH2 was selected, with 4-substituted aromatic amino acids 

representing a range of  values. The Ktrans/cis for each model peptide was measured 

via NMR in either 100% MeCN-d3 or 90% MeOH-d3/10% MeOD-d4, and the data 

was compared with previous results in 90% H2O/10% D2O (Table 3.5). MeOH-d3 was 

used so that the amide proton resonances could be used for calculating the Ktrans/cis of 

the model peptides. Correlations of the measured Ktrans/cis values with the Hammett 

values, para or meta, are shown in Figure 3.41. 
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Table 3.5. Ktrans/cis values for model peptides Ac-TXPN-NH2 in organic 

solvents 

The equilibrium between cis and trans conformations (Ktrans/cis) was determined by 

measuring the ratios of 2 or 3 pairs of proton signals in the 1H NMR spectra (∫(trans 

signals)/∫(cis signals)) in the indicated solvent. When possible, amide proton 

resonances were used, but other peaks, including threonine methyl protons, and 

threonine H or H, or aromatic protons were also used for calculation, where amide 

signals could not be used due to spectral overlap. The para and meta, when available, 

are included in the table.358 

   

90% H2O/ 

10% D2O 

90% MeOH-d3/ 

10% MeOD-d4 100% MeCN-d3 

Ac-TXPN-NH2,  

X = σpara σmeta Ktrans/cis 

G, kcal 

mol-1 Ktrans/cis 

G, kcal 

mol-1 Ktrans/cis 

G, kcal 

mol-1 

4-CN-Phe 0.66 0.56 5.3 -0.99 5.4 -1.00 4.1 -0.83 

4-SOMe-Phe 0.49 0.52 4.7 -0.92 3.2 -0.69 4.2 -0.85 

4-I-Phe 0.18 0.35 4.3 -0.86 3.0 -0.65 2.9 -0.63 

4-SMe-Phe 0.00 0.15 3.6 -0.76 2.6 -0.57 2.6 -0.57 

Phe 0.00 0.00 3.6 -0.76 2.2 -0.45 2.2 -0.47 

Tyr -0.37 0.12 3.2 -0.69 1.8 -0.33 2.2 -0.45 

Ala   11.5 -1.45 7.9 -1.22 5.8 -1.04 
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Figure 3.41 Solvent effects on the Ktrans/cis of model peptides Ac-TXPN-NH2 

(where X = 4-substituted amino acid) 
The Ktrans/cis was measured for selected model peptides in different solvents: 90% 

H2O/10% D2O (red circles), 90% MeOH-d3/10% MeOD-d4 (blue squares), or 100% 

MeCN-d3 (green diamonds). The log(Ktrans/cis) of each peptide is correlated with the 

Hammett constant (a, para; b, meta) for each aromatic substituent. 

para correlation in H2O/D2O (a):  = 0.218 ± 0.018, R = 0.986 

para correlation in MeOH/MeOD (a):  = 0.414 ± 0.076, R = 0.939 

para correlation in MeCN (a):  = 0.316 ± 0.061, R = 0.933 

meta correlation in H2O/D2O (b):  = 0.331 ± 0.069, R = 0.922 

meta correlation in MeOH/MeOD (b):  = 0.611 ± 0.186, R = 0.854 

meta correlation in MeCN (b):  = 0.533 ± 0.069, R = 0.968 

For most of the model peptides Ac-TXPN-NH2 examined, the aromatic-cis-

proline interaction was stabilized in the presence of organic solvent; the only 

exception was with 4-cyanophenylalanine, which was observed to have a slightly 

higher Ktrans/cis in methanol than in water. The aromatic-cis-proline interaction had a 

greater  value in both acetonitrile and methanol compared to water, indicating that 

aromatic substituent effects are more important in organic solvents. These data 

strongly suggest that the energetic stability of the aromatic-cis-proline interaction has 

a minimal contribution due to the hydrophobic effect. 

b a 
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However, it can be seen that the peptide Ac-TAPN-NH2 has an increased cis-

population in the presence of organic solvents as well, even in the absence of a 

stabilizing aromatic-cis-proline interaction. This increased cis population is potentially 

due to an enhancement of an i,i+3 intermolecular hydrogen bond between the carbonyl 

oxygen and the amide proton, typical of type VIa1 -turns.285 In organic solvents, 

conventional hydrogen bonding interactions that are stabilized by electrostatic effects 

are enhanced,203 for the same reasons outlined above. 

3.2.4 Effect of modified prolines: combined aromatic electronic and 

stereoelectronic effects in Ac-TXProxN-NH2 model peptides 

These studies on cis-trans isomerism of proline in model tetrapeptides Ac-

TXPN-NH2 (where X = aromatic amino acid) demonstrated that increasingly electron-

donating aromatic substituents stabilize the cis-proline conformation. Modification on 

prolines can also influence cis-trans isomerism via stereoelectronic effects.93, 98, 373-375 

Proline is a saturated amino acid that is uniquely cyclic through its own amide 

nitrogen, and the ring must “pucker” to accommodate its saturated cyclic structure 

(Figure 3.42). Control of the proline ring-pucker can influence the amide bond () and 

other main chain (, ) conformations.98, 285, 374, 375 Functional groups on proline, such 

as 4R-hydroxyproline, can dictate the ring “pucker” via hyperconjugative effects 

between the C–N * and C–H  orbitals, C–H  and C–X * orbitals, or C–H 

 and C–X * orbitals (X = 4-substituent on proline).373 The stereoelectronic control 

of proline ring-pucker through 4R- or 4S-substituents is known to stabilize polyproline 

helices or collagen.98 In general, when proline adopts an endo ring-pucker, it has a 

tendency for the cis amide bond conformation, due to restrictions about the and  

torsion angles.98, 285 4S-fluoroproline is known to promote the cis amide bond 
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conformation while 4R-hydroxyproline promotes the trans amide bond 

conformation.98, 374 We hypothesized that a tetrapeptide could be designed to have 

exceptional stability for the cis-conformation, based on the guiding principles of 

aromatic-cis-proline interactions and stereoelectronic control of proline ring pucker. 

With such a designed peptide, the aromatic-cis-proline can be stabilized and the nature 

of the prolyl C–H/ aromatic interaction could be studied in greater detail. 

 

Figure 3.42 Prolyl ring-pucker dictates influences proline amide bond 

conformation 

In prior work,373, 374 stereoelectronic control of the proline ring pucker, as either endo 

or exo, was demonstrated as a means for promoting cis or trans amide bond 

conformations in peptides. The ring pucker influences the allowed and disallowed 

amide bond conformations due to restrictions on the and  torsion angles.98, 285 

We synthesized a series of model peptides containing various aromatic amino 

acids and a modified proline (Prox), either 2S,4S-fluoroproline (4S-fluoroproline or 

flp) or 2S,4R-hydroxyproline (4R-hydroxyproline or Hyp). Using established 

protocols,374 4R-hydroxyproline was incorporated into peptides via Fmoc-solid-phase 

peptide synthesis, and 4S-fluoroproline was incorporated via solid-phase modification 

of peptides containing 4R-hydroxyproline. Peptides Ac-TXProxN-NH2 (where X = 4-
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substituted aromatic amino acid; Prox = Hyp or flp) were synthesized and 

characterized by Krista Thomas and Dr. Devan Naduthambi,91, 374 in addition to the 

peptides Ac-T(4-I-Phe)ProxN-NH2 and Ac-T(4-SH-Phe)ProxN-NH2 described below 

(Figures 3.43-3.45). The Ktrans/cis was measured for all Ac-TXProxN-NH2 peptides via 

NMR (Table 3.6). The peptides Ac-TXProxN-H were compared via Hammett 

correlation (Figure 3.46) between the peptides where Prox = 4R-hydroxyproline, 

proline, or 4S-fluoroproline. 
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Figure 3.43 Synthesis of the peptide Ac-T(4-SH-Phe)ProxAsn-NH2 (Prox = 4R-

hydroxyproline or 4S-fluoroproline) on solid-phase 

(a) Scheme for the copper-mediated cross-coupling reaction on the peptide Ac-T(4-I-

Phe)flpN-NH2 (using a previously established protocol374) to generate the peptide Ac-

T(4-SH-Phe)flpN-NH2; (b) HPLC chromatogram of the crude peptide Ac-T(4-I-

Phe)flpN-NH2 that resulted from the solid-phase modification reaction;374 (c) HPLC 

chromatogram of the crude peptide Ac-T(4-SH-Phe)flpN-NH2 that resulted from the 

copper-mediated cross-coupling reaction on solid phase. The reaction products were 

analyzed via HPLC using a linear gradient of 0-35% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). Products 

identified via ESI-MS are indicated.  

a 

b 

c 
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Figure 3.44 NMR Characterization of the peptide Ac-TXProxAsn-NH2 (X = 4-

iodophenylalanine) 

NMR spectrum of the amide region of the peptide Ac-T(4-I-Phe)flpAsn-NH2 at pH 4. 

The sample contained 5 mM phosphate and 25 mM NaCl, and was measured 90% 

H2O/10% D2O at 298 K. Amide peaks were identified by the TOCSY spectrum.   

Figure 3.45 NMR Characterization of the peptide Ac-TXflpAsn-NH2 (X = 4-

thiolphenylalanine) 

a 

Asncis Thrcis 

Thrtrans 
Asntrans 

Xtrans 

Xcis 

b 
Thrcis Thrtrans Actrans Accis 

Thrcis 

Thrtrans 

Asncis 

Asntrans Xtrans 

Xcis 
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NMR spectra of the peptide Ac-T(4-SH-Phe)flpAsn-NH2 at (a) pH 4.0 (amide region 

shown) and (b) pH 8.5 (aliphatic region shown). The sample contained 5 mM 

phosphate and 25 mM NaCl, and 100 M TCEP, and was measured in 90% H2O/10% 

D2O at 298 K. Amide peaks were identified by the TOCSY spectrum. Due to spectral 

overlap at pH 8.5, the integrations were taken from the TOCSY spectrum as volumes 

of proton resonances. 

Table 3.6. 1H NMR derived data for the peptides Ac-TXProxN-NH2 (Prox = 

Hyp or flp) 

The equilibrium between cis and trans conformations (Ktrans/cis) was determined by 

measuring the ratios of 2 or 3 pairs of proton signals in the 1H NMR spectra (∫(trans 

signals)/∫(cis signals)). When possible, amide proton signals were used, but other 

peaks, including the acetyl methyl, threonine methyl, and carboxamides were also 

used for calculation, in the event that amide signals could not be used due to spectral 

overlap or rapid amide exchange. Available meta are included in the table.358  

n.d. indicates “not determined” due to spectral overlap 

 

Ac-TXZN-NH2 

X(Z) = para meta Kcis/trans Ktrans/cis 3JN Xcis, Hz 

ΔGcis/trans, 

kcal mol-1 % cis 

Ala(Hyp)  

 

0.07 15.5 n.d. 1.62 6% 

4-NO2-Phe(Hyp) 0.78 0.71 0.11 9.5 n.d. 1.33 10% 

Tyr(Hyp) -0.37 0.12 0.12 8.5 7.6 1.27 11% 

Phe(Hyp) 0.00 0.00 0.15 6.6 7.3 1.12 13% 

Trp(Hyp)  

 

0.22 4.5 6.7 0.89 18% 

Ala(flp)  

 

0.18 5.5 n.d. 1.01 15% 

4-I-Phe(flp) 0.18 0.35 0.40 2.5 5.6 0.55 28% 

4-NH3
+-Phe(flp) 0.60 0.86 0.46 2.2 5.2 0.46 32% 

4-SH-Phe(flp) 0.15 0.25 0.49 2.1 5.5 0.42 33% 

Phe(flp) 0.00 0.00 0.54 1.9 5.0 0.37 35% 

Tyr(flp) -0.37 0.12 0.68 1.5 4.7 0.22 41% 

4-NH2-Phe(flp) -0.66 -0.16 0.91 1.2 n.d. 0.06 48% 

4-S–-Phe(flp) -1.21 -0.36 0.93 1.1 n.d. 0.05 48% 

Trp(flp)  

 

1.41 0.7 4.1 -0.20 58% 
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Figure 3.46 Hammett correlation for model peptides Ac-TXProxN-NH2 

Cis-trans isomerism of the model peptides Ac-TXProxN-NH2 was measured via 

NMR, where Prox was either 4R-hydroxyproline (Hyp, green diamonds), proline (red 

circles), or 4S-fluoroproline (blue squares). Hammett correlations are with respect to 

the (a) meta or (b) para of the aromatic substituent. Only aromatic amino acids with 

neutral substituents are shown. 

(a) 4R-hydroxyproline:  = 0.175; R = 0.836 

(a) proline:  = 0.305; R = 0.933 

(a) 4S-fluoroproline:  = 0.558; R = 0.871 

(b) 4R-hydroxyproline:  = 0.066; R = 0.489 

(b) proline:  = 0.191; R = 0.917 

(b) 4S-fluoroproline:  = 0.344; R = 0.970 

Consistent with prior observations in model tetrapeptides containing modified 

proline residues, lower Ktrans/cis values were observed for peptides containing 4S-

fluoroproline, and higher Ktrans/cis values for peptides containing 4R-hydroxyproline.374 

Within peptides Ac-TXProxN-NH2 containing either 4S-fluoroproline or 4R-

hydroxyproline, an increase in cis-population was observed with increasingly electron-

donating aromatic substituents, consistent with our studies in model tetrapeptides 

containing native proline (Table 3.1). These data demonstrate that modified proline 

residues provide additional ability to fine-tune proline conformation in designed 
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motifs, and can increase the range of conformational control over cis-trans isomerism 

of proline. The peptides exhibited different sensitivities to aromatic substituent effects, 

where the value  increased as Hyp < Pro < flp. The electron-donating ability of 4-

substituents on proline (such as in 4R-hydroxyproline or 4S-fluoroproline) is known to 

influence the “ring pucker” of the pyrrolidyl ring,373, 375 and the conformation of the 

pyrrolidyl ring can enhance the stability of the aromatic C–H/ interaction. The endo 

ring-pucker is favored for 4S-fluoroproline, which promotes the C–H/ interaction, 

and the peptides containing flp exhibit enhanced sensitivity to aromatic substituent 

effects. For peptides containing 4R-hydroxyproline, the exo ring pucker disfavors the 

C–H/ interaction, and the peptides containing Hyp are less sensitive to aromatic 

substituent effects. In addition, the 3JN coupling constants were generally smaller for 

peptides containing flp in comparison to Pro or Hyp, indicating  torsion angles that 

are closer to idealized type VIa1 -turns (Ac-TWflpN-NH2 3JN = 4.1 Hz, Trp  = –

59°).91, 289, 306, 370 Notably, with the use of 4S-fluoroproline in place of proline, the cis 

population of the peptide Ac-TWProxN-NH2 was increased to 58% from 33%, which 

became the basis for designing a stabilized aromatic-cis-proline motif. 

In order to more closely examine the fundamental nature of the aromatic-cis-

proline interaction, we sought to design a peptide that had exceptionally high 

population and stability for the cis-proline conformation. By decreasing the population 

of trans-proline conformation within model peptides, the NMR resonances become 

more enhanced for cis-proline conformation. The model tetrapeptide Ac-TWflpN-

NH2, with almost 60% cis population, allowed for examination of the solution 

structure of the aromatic-cis-proline motif by ROESY spectrum; the ROESY spectrum 

indicated a through-space interaction between the aromatic ring and the prolyl H.91 
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Based on this work and prior literature examples, we established the following 

guidelines for designing stabilized aromatic-cis-proline tetrapeptides: (1) electron-rich 

aromatic amino acids preceding proline have the highest populations of cis 

conformations, with tryptophan showing the lowest Ktrans/cis values;91 (2) modified 

prolines can further stabilize the cis conformation, when electron-withdrawing 

substituents are incorporated at the 4S position, such as 4S-fluoroproline (alternatively, 

sterically-demanding substituents at the 4R position will also increase the cis-

population);373, 374 and (3) aromatic amino acids following proline can also increase the 

cis population of a model tetrapeptide.90, 376 Based on these guidelines, we synthesized 

the model peptide Ac-TWflpF-NH2, which was expected to have a highly stabilized 

cis conformation, which would allow for further study on the nature of the aromatic-

cis-proline interaction. The 1H NMR characterization for this peptide is shown in 

Figures 3.47-3.50 and key resonance assignments are shown in Table 3.7. The 

synthetic strategy for this peptide is included in the experimental section. 
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Figure 3.47 1H NMR Characterization of the designed peptide Ac-TWflpF-NH2 
1H NMR spectrum of the aromatic/amide region of the peptide (a) Ac-TWflpF-NH2 at 

(b) 298 K and (c) 277 K. The sample contained 5 mM phosphate and 25 mM NaCl, 

and was measured in 90% H2O/10% D2O. Amide peaks were identified by the 

TOCSY. 

Phecis Thrcis 

Thrtrans 

Phetrans 

Trptrans 

Trpcis 

b 

Phecis Thrcis 

Thrtrans 
Phetrans 

Trptrans 

Trpcis 

c 

a 
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Figure 3.48 TOCSY spectrum of the designed peptide Ac-TWflpF-NH2 at 298 

K 
1H-1H TOCSY NMR spectrum of the peptide Ac-TWflpF-NH2 at 298 K. The sample 

contained 5 mM phosphate and 25 mM NaCl, and was measured in 90% H2O/10% 

D2O. 
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Figure 3.49 TOCSY spectrum of the designed peptide Ac-TWflpF-NH2 at 277 K 
1H-1H TOCSY NMR spectrum of the peptide Ac-TWflpF-NH2 at 277 K. The sample 

contained 5 mM phosphate and 25 mM NaCl, and was measured in 90% H2O/10% 

D2O. 
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Figure 3.50 Superposition of the TOCSY and ROESY spectra of the designed 

peptide Ac-TWflpF-NH2 at 277 K 

Superposition of the 1H-1H TOCSY NMR spectrum (red) and the ROESY spectrum 

(blue) of the peptide Ac-TWflpF-NH2 at 277 K. The sample contained 5 mM 

phosphate and 25 mM NaCl, and was measured in 90% H2O/10% D2O. 
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Table 3.7. 1H NMR resonance assignments for the peptide Ac-TWflpF-NH2 

Resonance assignments were obtained from the 1H NMR and TOCSY spectra at the 

indicated temperatures. The first table (a) shows key, non-prolyl resonance 

assignments, and the second table (b) shows 4S-fluoroproline resonance assignments. 

n.d. indicates “not determined” due to spectral overlap. 

  H H HN 

  trans cis trans cis trans cis 

298 K , ppm , ppm , ppm , ppm , ppm 3JN, Hz , ppm 3JN, Hz 

Thr 4.19 4.42 4.02 4.13 7.97 8.2 8.23 8.8 

Trp 4.95 3.82 3.21, 3.11 3.24, 3.14 8.36 6.9 8.67 3.4 

Phe 4.55 4.28 3.13, 2.87 3.18 7.35 7.7 8.62 7.1 

                  

277 K , ppm , ppm , ppm , ppm , ppm 3JN, Hz , ppm 3JN, Hz 

Thr 4.16 4.42 3.99 4.10 8.09 7.9 8.41 9.0 

Trp 4.94 3.81 3.23, 3.12 3.63, 3.12 8.52 7.4 8.86 2.2 

Phe 4.54 3.19 3.12, 2.90 3.19 7.65 7.0 8.80 7.4 

 

  H H H H 

  trans cis trans cis trans cis trans cis 

flp , ppm , ppm , ppm , ppm , ppm , ppm , ppm , ppm 

298 K 4.61 3.17 2.40, 2.30 1.96, 0.27 5.30 4.94 3.91, 3.74 n.d. 

277 K 4.63 3.06 2.45, 2.32 1.94, 0.13 5.34 4.77 3.97, 3.81 3.35 

 

a 

b 
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By utilizing the design principles that were established through this work and 

others,90, 91, 93, 373, 374 we synthesized and designed a tetrapeptide that had a higher 

population of cis-proline over trans-proline at 298 K (72% cis population, Ktrans/cis = 

0.39). The 3JN coupling constant can be used to approximate the dihedral angle  

using a parameterized Karplus equation for proteins.377 The measured Trp 3JN of 3.4 

Hz corresponded to a  torsion angle of approximately –54° at room temperature, and 

–41° at 277 K, nearly an idealized  torsion angle for a type VIa1 -turn.90, 285, 306 The 

Trp 3JN observed in Ac-TWflpF-NH2 is even smaller than Ac-TWflpN-NH2 (3.4 Hz 

vs. 4.2 Hz at 298 K),91 suggesting enhancement of the ordering and structure of the 

type VIa1 -turn.  

Between the cis and trans conformations in Ac-TWflpF-NH2, the amide proton 

resonances for phenylalanine were significantly different ( < 1.1 ppm). The trans 

amide proton for phenylalanine was significantly shifted upfield. This upfield 

chemical shift in the trans amide proton was consistent with other aromatic-proline-

aromatic motifs previously reported.90, 289 Potentially, the Phe amide proton may 

participate in roles that stabilize the trans conformation, such as interacting with the 

tryptophan aromatic ring.90 

An upfield chemical shift of more than 1.4 ppm was observed for the 4S-

fluoroproline H in the cis conformation over the trans conformation, at both 298 K 

and 277 K. This upfield chemical shift of the cis-prolyl H was also observed in the 

model tetrapeptides Ac-TXPN-NH2, and suggests an interaction with -orbitals from 

one of the aromatic rings. The flp H resonances between the cis and trans 

conformations were also significantly different. The chemical shifts for the 

diastereotopic flp H resonances in the trans conformation were similar ( < 0.2 
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ppm), at 2.40 ppm and 2.30 ppm. In contrast, the diastereotopic flp H resonances in 

the cis conformation were highly divergent and shifted upfield, separated by more than 

1.0 ppm (1.96 ppm and 0.27 ppm). These chemical shifts suggest that both the H and 

H in 4S-fluoroproline are involved in the aromatic-cis-proline interaction, potentially 

through an interaction with an aromatic ring. ROESY spectra were obtained for the 

peptide Ac-TWflpF-NH2 in order to identify which aromatic ring was interacting with 

flp Hand H. Although the ROESY spectrum did not indicate which aromatic ring 

was interacting with the H and H in 4S-fluoroproline in the peptide Ac-TWflpF-

NH2, prior data on the peptide Ac-TWflpN-NH2 indicated an interaction with the 

tryptophan aromatic ring.91 

However, the designed peptide Ac-TWflpF-NH2 had substantially greater 

hydrophobic surface area than the model tetrapeptides Ac-TXPN-NH2, and the cis-

conformation could potentially be stabilized by a hydrophobic effect rather than a 

prolyl C–H/ aromatic interaction. In this regard, the upfield chemical shifts in the 

prolyl H and H could potentially be an artifact of a hydrophobic interaction (where 

an aromatic ring still shields these protons, but is not a stabilizing interaction), rather 

than contributing to the stability of the cis-proline conformation. In order to 

definitively identify the contributions of hydrophobic interactions, backbone hydrogen 

bonding interactions, and C–H/ interactions to the overall stability of the aromatic-

cis-proline motif, the thermodynamic parameters of these model peptides would need 

to be determined. 
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3.2.5 Thermodynamics of stability of the aromatic-cis-proline motif in model 

tetrapeptides 

The enhanced stability of the aromatic-cis-proline motif in organic solvents 

suggested that the aromatic-proline interaction was not primarily driven by a 

hydrophobic effect. Interactions that are stabilized by a classical hydrophobic effect 

are entropically driven, while hydrogen-bond-like interactions are driven by a greater 

enthalphic component.203, 378 Therefore, determination of the enthalphic and entropic 

contributions in the aromatic-proline interaction can establish the fundamental nature 

of the noncovalent aromatic interactions.  

van′t Hoff analysis can be applied to measure the enthalpic and entropic 

contributions to an interaction.378 The equilibrium for an interaction is measured with 

respect to temperature, and the data are correlated on a van′t Hoff plot. The van′t Hoff 

plot correlates lnK with inverse temperature (1/T), and a linear fit of the data to the 

van′t Hoff equation determines the enthalpy (H) and entropy (S) of the interaction, 

assuming a constant heat capacity. The van′t Hoff equation is derived from free energy 

relationships, and applied here for cis-trans isomerism of proline in Equation 6:  

 

 

 

  

 

(6) 

 

where Ktrans/cis represents the equilibrium between the cis and trans conformations of 

the model peptide; H and S represent the enthalpy and entropy of the interaction, 

G =  − RT lnKeq 

G =  H − TS 

− RT lnKeq =  H − TS 

lnKeq =  −  
H

RT
+
S

R
 

ln Ktrans/cis =  −  
H

RT
+
S

R
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respectively; T represents a measured temperature, and R represents the universal gas 

constant.  

In this study, the temperature dependence of the Ktrans/cis within a selection of 

model tetrapeptides was examined. The selected peptides represented Ac-TXPN-NH2 

peptides containing non-aromatic and electron-rich and electron-poor aromatic amino 

acids. In addition, peptides containing 4S-fluoroproline were included to examine the 

thermodynamics of stabilized aromatic-cis-proline motifs (Ac-TWflpN-NH2 and Ac-

TWflpF-NH2). The van′t Hoff plots and summary of derived data are shown in Figure 

3.51 and Table 3.8.  
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Figure 3.51 van′t Hoff plots for selected peptides 

The temperature dependence of the equilibrium Ktrans/cis, measured via NMR, with 

respect to temperature in 90% H2O/10% D2O for selected peptides: Ac-TAPN-NH2 

(orange circles), Ac-TChaPN-NH2 (yellow circles), Ac-T(4-NO2-Phe)PN-NH2 (purple 

squares), Ac-TYPN-NH2 (red diamonds), Ac-TWPN-NH2 (blue triangles),91 Ac-

TWflpN-NH2 (green triangles),91 and Ac-TWflpF-NH2 (black squares). The data 

represent an average of at least 2 independent trials at each temperature. Error bars 

indicate standard error. 
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Table 3.8. Thermodynamic parameters for stability of cis-proline 

conformation in selected model peptides 

The data shown were derived from the van′t Hoff analyses shown in Figure 3.51, 

based on a linear fit to the temperature dependence of the Ktrans/cis for the given 

peptides. The data were derived from averages of at least 2 independent trials at each 

temperature. The data are shown as Kcis/trans, where greater values indicate higher 

populations of cis conformation (the inverse of Ktrans/cis). 

Gcis/trans
a, was calculated as Gcis/trans, 277 K = –RTln(Kcis/trans, 277 K) 

Gcis/trans
b, was calculated as Gcis/trans, 277 K = Hcis/trans – (277 K)·Scis/trans 

cData obtained at 298 K.90
 

Data for the peptides Ac-AYPN-NH2 and Ac-YYPN-NH2 were reported previously 

and are shown for comparison.90 Data for the peptides Ac-TWPN-NH2 and Ac-

TWflpN-NH2 were reported previously.91 

 

 
Peptide 

Kcis/trans 

at 277 K % cis 

ΔGcis/trans,
a 

kcal mol–1 

ΔHcis/trans, 

kcal mol–1 

ΔScis/trans, cal 

mol–1 K–1 

ΔGcis/trans,
b 

kcal mol–1 

YYPN90 0.15c 13%c +1.12c +1.01 –0.4 +1.13c 

AYPN90 0.27c 21%c +0.76c +0.22 –1.8 +0.72c 

TAPN 0.078 7%  +1.40  +0.55 ±0.093  –3.1 ±0.309  +1.40 

TChaPN 0.13 11%  +1.14  +0.49 ±0.139  –2.4 ±0.465  +1.17 

T(4-NO2-Phe)PN 0.15 13%  +1.03  +0.38 ±0.075  –2.4 ±0.251  +1.04 

TYPN 0.32 24% +0.62  +0.24 ±0.054  –1.4 ±0.178 +0.62 

TWPN91 0.57 36% +0.31  –0.28 ±0.044  –2.1 ±0.150 +0.31 

TWflpN91 1.8 64% –0.31  –2.04 ±0.079  –6.2 ±0.263 –0.32 

TWflpF 4.0 80% –0.76  –3.35 ±0.084  –9.3 ±0.280 –0.85 

 

The enthalpy and entropy of the aromatic-cis-proline interaction in water for 

each selected peptide was calculated from the linear van′t Hoff plot (Figure 3.51). An 

increasingly favorable enthalpic component was observed with increasing cis-

population of the selected peptides. Prior studies examining the enthalpic and entropic 

components of cis-trans isomerism in models containing proline have also shown 

favorable enthalpy for interaction, such as the peptides GYPG (H  = –0.65 kcal mol–

1), GWPG (H  = –0.75 kcal mol–1), Ac-FP-OMe (H  = –0.25 kcal mol–1), or Ac-

Pro-OMe (H  = –1.04 kcal mol–1).288, 372, 379 Peptides containing 4S-fluoroproline had 
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the greatest stability and the most favorable enthalpy for the cis conformation. The 

highly stabilized designed peptide Ac-TWflpF-NH2 exhibited a high population of cis-

proline and a favorable enthalpy for the interaction (H  = –3.35 kcal mol–1). In 

contrast, the calculated enthalpy for peptides containing alanine or cyclohexylalanine 

were +0.55 kcal mol–1
 and +0.49 kcal mol–1, respectively. In general, the enthalpy was 

increasingly favorable with greater cis-population, and the entropy became more 

unfavorable. This increase in unfavorable entropy can potentially be attributed to a 

weak enthalpy-entropy compensation,380 where the higher favorable enthalpy for a 

rigid conformation is offset by the loss of degrees of freedom and a greater entropic 

cost. 

The G for the cis-conformation was directly correlated with the Kcis/trans of the 

aromatic-cis-proline interaction. The G for this interaction can also be calculated 

from the measured H and S, which should agree with the G calculated from the 

Kcis/trans at a given temperature. The Gcis/trans at 277 K calculated via –RTlnKcis/trans and 

via (H – TS) are both shown in Table 3.8; the calculated Gcis/trans are nearly 

identical from both calculations for all peptides, which provides excellent validation of 

the measured values of H and S. These thermodynamic data directly establish that 

the aromatic-cis-proline interaction in these tetrapeptides is not stabilized by an 

entropy-driven, classical hydrophobic effect. An enthalpically driven aromatic-cis-

proline interaction is consistent with the electrostatic nature of this interaction, 

corroborating the previously discussed Hammett correlations and solvent effects.  

3.2.6 NMR characterization of minimized aromatic-cis-proline motifs 

The model tetrapeptides Ac-TXPN-NH2 were previously established as short 

peptides with a high population for cis-proline conformation, when X was an aromatic 
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amino acid.90, 91 These model tetrapeptides served as a basis for understanding the 

underlying stabilizing features of aromatic-cis-proline motifs. Increasingly electron-

donating aromatic substituents on the aromatic amino acid increased the population of 

cis amide bond conformation. With increasing cis population, a significant upfield 

chemical shift in the cis-proline H was observed. Based on the van′t Hoff analysis of 

these model tetrapeptides, it was established that the aromatic-cis-proline interaction 

was enthalpically driven, suggesting an electronic aromatic interaction. In this model 

tetrapeptide, the stability of the cis-proline conformation may also be due to an i,i+3 

backbone hydrogen bond between Thr C=O and Asn N–H, which is a defining feature 

in type VIa1 -turns involving cis-proline.285 The upfield chemical shift in the amide 

proton in phenylalanine in the peptide Ac-TWflpF-NH2 suggests interactions outside 

of the central C–H/ aromatic interactions. These additional interactions may 

influence or compete with the central aromatic-cis-proline C–H/ interaction. In order 

to study the fundamental nature of the core aromatic-cis-proline interaction, additional 

stabilizing effects from other amino acids would need to be excluded, and the central 

dipeptide motif would need to be more closely examined. 

In order to address these questions, minimal aromatic-proline motifs were 

synthesized: Ac-XPro-OMe and Ac-XPro-NHMe, where X was either Trp or Ala, 

shown in Figure 3.52. The Ktrans/cis of these dipeptides were measured via NMR to 

directly examine the structural influence of the tryptophan ring on proline cis-trans 

isomerism. The comparisons of the dipeptides containing a C-terminal methyl amide 

or methyl ester allowed for comparison of the aromatic-cis-proline interaction in the 

presence or absence of the i,i+3 backbone hydrogen bond (Figure 3.52a). van′t Hoff 

analysis was conducted on the four dipeptides in water, methanol, and chloroform 
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(Figures 3.53 and 3.54), in order to identify the enthalpic and entropic contributions to 

the stability of the cis conformation. The enthalpy and entropy of the aromatic-cis-

proline interaction was expected to vary as a function of solvent, depending on the 

relative hydrophobic contributions and the strength of hydrogen bonds as a function of 

solvent. The summary of derived H and S parameters for the series of dipeptides in 

various solvents are shown in Table 3.9. The H and S parameters for the 

tetrapeptides previously discussed are included in Table 3.9 for comparison. 
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Figure 3.52 Synthesis of minimized dipeptides Ac-AP-XMe and Ac-WP-XMe 

(where X = O or NH) 

(a) In order to examine the fundamental nature of the aromatic-cis-proline interaction, 

and to determine the role of the i,i+3 backbone hydrogen bond in stabilizing the cis-

proline conformation, a series of synthesized dipeptides were modified in solution 

using these protocols: (b) modification of the synthesized peptides Ac-AlaPro-OH or 

Ac-TrpPro-OH to generate the peptides containing a C-terminal methyl ester; (c) 

modification of the synthesized peptides Ac-AlaPro-OH or Ac-TrpPro-OH to generate 

the peptides containing a C-terminal methyl amide. The dipeptides containing a 

methyl amide are capable of forming a type VIa1 -turn with a backbone i,i+3 

hydrogen bond, while the dipeptides containing methyl esters are unable to form this 

intramolecular hydrogen bond. 

 

a 

b 

c 
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Figure 3.53 vant Hoff plots for Ac-WP-XMe in various solvents (X = O or NH) 

Ktrans/cis was measured for the Ac-WP-XMe dipeptides via NMR as a function of 

temperature in various solvents: 10% D2O/90% H2O (red circles), 10% MeOD-d4/90% 

MeOH-d3 (blue squares), and CDCl3 (green diamonds). Error bars indicate standard 

error of the mean from at least two independent trials. (a) van′t Hoff plot for Ac-WP-

NHMe and (b) Ac-WP-OMe. This study examined the enthalpic and entropic 

contributions to stabilize the cis-proline conformation in the presence and absence of 

an intramolecular hydrogen bond (with an intramolecular aromatic-proline 

interaction). 

 

a b 
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Figure 3.54 vant Hoff plots for Ac-AP-XMe in various solvents (X = O or NH) 

Ktrans/cis was measured for Ac-AP-XMe dipeptides via NMR as a function of 

temperature in various solvents: 10% D2O/90% H2O (red circles), 10% MeOD-d4/90% 

MeOH-d3 (blue squares), and CDCl3 (green diamonds). Error bars indicate standard 

error of the mean from at least two independent trials. (a) van′t Hoff plot for Ac-AP-

NHMe and (b) Ac-AP-OMe. This study examined the enthalpic and entropic 

contributions to stabilize the cis-proline conformation in the presence and absence of 

an intramolecular hydrogen bond (without an intramolecular aromatic-proline 

interaction). 

a b 
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Table 3.9. Summary of van′t Hoff analysis of dipeptides Ac-AP-XMe and Ac-

WP-XMe (X = O or NH) in water, methanol, and chloroform 

The data shown were derived from the van′t Hoff analyses shown in Figures 3.53 and 

3.54, based on a linear fit to the temperature dependence of the ln(Ktrans/cis) for the 

given peptides. The data are shown as Kcis/trans, where greater values indicate higher 

populations of cis conformation (the inverse of Ktrans/cis). 

Gcis/trans
a, was calculated as Gcis/trans, 277 K = –RTln(Kcis/trans, 277 K) 

  Peptide 

Kcis/trans  

277 K % cis 

ΔGcis/trans,
a  

kcal mol–1 

ΔHcis/trans,  

kcal mol–1 

ΔScis/trans,  

cal mol–1 K–1 

W
at

er
 

TAPN 0.078 7%  +1.40  +0.55 ±0.093  -3.05 ±0.309 

TChaPN 0.13 11%  +1.14  +0.49 ±0.075  -2.45 ±0.251 

T(4-NO2-Phe)PN 0.15 13%  +1.03  +0.38 ±0.075  -2.38 ±0.251 

TYPN 0.32 24% +0.62  +0.24 ±0.054  -1.39 ±0.178 

TWPN 0.57 36% +0.31  -0.28 ±0.044  -2.11 ±0.150 

TWflpN 1.8 64% -0.31  -2.04 ±0.079  -6.20 ±0.263 

TWflpF 4.0 80% -0.76  -3.35 ±0.084  -9.29 ±0.280 

Ac-AP-OMe 0.077 7% +1.41 +1.47 ±0.174 +0.33 ±0.580 

Ac-WP-OMe 0.35 26% +0.58 +0.47 ±0.093 -0.42 ±0.310 

Ac-AP-NHMe 0.16 13% +1.02 +1.28 ±0.114 +0.89 ±0.380 

Ac-WP-NHMe 0.81 45% +0.11 -0.60 ±0.141 -2.52 ±0.470 

              

M
et

h
an

o
l Ac-AP-OMe 0.10 9% +1.29 +1.13 ±0.146 -0.57 ±0.487 

Ac-WP-OMe 0.40 29% +0.50 +0.18 ±0.112 -1.16 ±0.378 

Ac-AP-NHMe 0.15 13% +1.05 +1.58 ±0.223 +1.92 ±0.754 

Ac-WP-NHMe 0.88 47% +0.07 -1.26 ±0.092 -4.79 ±0.307 

              

C
D

C
l 3

 Ac-AP-OMe 0.075 7% +1.43 +1.44 ±0.131 +0.10 ±0.436 

Ac-WP-OMe 0.25 20% +0.76 +0.43 ±0.202 -1.20 ±0.672 

Ac-AP-NHMe 0.30 23% +0.67 -0.83 ±0.074 -5.40 ±0.246 

Ac-WP-NHMe 0.60 37% +0.28 -1.06 ±0.106 -4.92 ±0.354 

 

The dipeptides containing the C-terminal methyl amide modification had 

consistently greater populations of cis-proline over the peptides with C-terminal 

methyl esters, indicating, as expected, that the i,i+3 backbone hydrogen bond 

significantly stabilizes the type VIa1 -turn (by definition285). In the organic solvent, 
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electrostatic interactions are enhanced because competing interactions with bulk 

solvent are reduced (in comparison to water). An enhancement of the enthalpic 

contribution for the cis-conformation was observed in chloroform, consistent with 

stabilizing the i,i+3 hydrogen bond in methyl amide dipeptides in chloroform. This 

stabilizing effect due to the backbone hydrogen bond is clearly observable in the 

dipeptide Ac-AP-NHMe, where there are few other driving interactions that could 

stabilize the cis conformation (note that favorable enthalpy with this dipeptide is only 

observed in chloroform). 

In general, the dipeptides containing tryptophan had consistently higher 

Kcis/trans values over peptides containing alanine, with more favorable enthalpy, 

indicating that the aromatic interaction plays a significant role in stabilizing the cis 

conformation. In all solvents examined, the H for cis-proline was more favorable by 

approximately 1 kcal mol–1 for the dipeptides WP over AP, regardless of the ability to 

form the i,i+3 backbone hydrogen bond. These thermodynamic parameters across 

multiple solvents demonstrates that the aromatic-proline interaction alone contributes 

approximately 1 kcal mol–1 of stability for the cis conformation. Similar to the model 

tetrapeptides in water, the dipeptides with higher Kcis/trans values also had the most 

favorable H, often with unfavorable S, regardless of solvent. This unfavorable 

entropy with more favorable enthalpy of interaction is consistent with the enthalpy-

entropy compensation phenomenon observed in tetrapeptides, discussed in section 

3.2.5. 

Having determined that the nature of the aromatic-cis-proline interaction in 

minimized dipeptides was enthalpy-driven, we sought to further explore the strength 

and limitations of this aromatic-cis-proline interaction in minimized dipeptides 
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containing 4S-fluoroproline. The model tetrapeptide studies showed that 4S-

fluoroproline increased the population of the cis conformation through stereoelectronic 

control of the proline ring-pucker.373 We synthesized a series of peptides containing 

the Trpflp motif with different C- and N-terminal functional groups (Figure 3.55), in 

order to study the aromatic-cis-proline interaction in highly stabilized, minimized 

sequences. It was expected that these highly stabilized aromatic-cis-proline structures 

could potentially be crystallized (discussed in detail in Chapter 3.2.7), given 

exceptional stability of the cis conformation in different solvents. The Ktrans/cis and 

chemical shift for the flp H in these Trpflp dipeptides were measured in different 

solvents, shown in Table 3.10. Comparisons to the dipeptides Ac-XP-OMe and Ac-

XP-NHMe and tetrapeptides containing tryptophan are included in Table 3.10. 
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Figure 3.55 Synthesis of minimized Trp-4S-fluoroproline dipeptides in solution 

In order to examine the fundamental nature of the aromatic-cis-proline interaction, a 

series of minimized dipeptides were synthesized in solution using these synthesis 

protocols. The dipeptide series included: (a) Boc-Trpflp-OMe, Boc-Trpflp-OH, Boc-

Trpflp-NHMe, Ac-Trpflp-OMe, and (b) Boc-TrpPro-OMe. 

 

a 

b 
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Table 3.10. NMR characterization of stabilized aromatic-cis-proline motifs in water, methanol, and chloroform 

The data were derived from solution NMR data of each peptide in the indicated solvent. Chemical shifts were identified via 

the TOCSY spectrum. All NMR data were obtained at 298 K. 

n.d. indicates “not determined” due to spectral overlap or broad signals. n.s. indicates “not soluble.”flp indicates 4S-

fluoroproline 

 
90% H2O/10% D2O 90% MeOH-d3/10% MeOD-d4 CDCl3 
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%
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Ac-TWPN-NH2 0.50 2.0 3.45 4.43 5.6 0.41 33% n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Ac-TWflpN-NH2 1.4 0.71 3.50 4.67 4.1 -0.20 58% n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Ac-TWflpF-NH2 2.6 0.39 3.17 4.61 3.4 -0.56 72% 3.2 0.31 3.28 n.d. 2.9 -0.69 76% n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Ac-AP-OMe 0.10 9.9 4.46 4.47 n.d. 1.36 9% 0.11 9.2 4.63 4.45 n.d. 1.32 10% 0.094 10.6 4.46 4.53 n.d. 1.40 9% 

Ac-AP-NHMe 0.18 5.7 4.51 4.34 n.d. 1.03 15% 0.19 5.3 n.d. n.d. n.d. 0.99 16% 0.26 3.9 4.53 4.29 n.d. 0.80 20% 

Ac-WP-OMe 0.36 2.8 3.65 4.43 7.8 0.61 26% 0.40 2.5 3.51 4.42 7.8 0.54 29% 0.27 3.7 3.43 4.49 7.0 0.77 21% 

Ac-WP-NHMe 0.78 1.3 3.32 4.33 n.d. 0.15 44% 0.78 1.3 3.31 4.34 4.1 0.15 44% 0.50 2.0 3.41 4.48 n.d. 0.41 33% 

Ac-Wflp-OMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.74 1.4 3.61 4.71 8.2 0.18 43% 0.82 1.2 3.42 4.81 7.6 0.12 45% 

Boc-WP-OMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.38 2.6 3.81 4.43 8.5 0.57 28% 0.29 3.4 3.45 4.50 8.7 0.72 23% 

Boc-Wflp-OMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.67 1.5 3.60 4.74 8.6 0.24 40% 0.84 1.2 3.42 4.80 8.3 0.10 46% 

Boc-Wflp-OH n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.48 2.1 3.45 4.66 n.d. 0.43 32% 0.67 1.5 3.34 4.78 7.9 0.24 40% 

Boc-Wflp-NHMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.9 0.52 3.29 4.54 n.d. -0.38 66% 1.8 0.56 3.25 4.68 6.1 -0.35 64% 
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In general, the dipeptides containing 4S-fluoroproline had lower Ktrans/cis values 

than comparable peptides containing proline, consistent with observations in the 

model tetrapeptide series and prior work with 4S-fluoroprolines.91, 373, 374 Boc-Trpflp-

NHMe dipeptide showed a greater population for the cis conformation over trans, 

which was the only dipeptide to attain this degree of stability (65% cis in chloroform 

and methanol). This highly stabilized conformation is due to a combination of a type 

VIa1 -turn intramolecular i,i+3 hydrogen bond, an intramolecular aromatic-proline 

interaction with an electron-rich indole ring, and the promotion of the cis 

conformation by stereoelectronic control of the prolyl ring pucker. While the 

hydrophobic surface area of the indole in tryptophan is greater than the benzene ring 

in phenylalanine, the substantial population of cis-proline in chloroform in all 

dipeptides (excluding Ac-AP-OMe) indicated that this aromatic-cis-proline interaction 

was not primarily driven by a hydrophobic interaction, consistent with our prior data 

in tetrapeptides and canonical dipeptides. A substantial upfield chemical shift in the 

cis-flp H was observed with increasing cis populations. The the dipeptide Boc-

Trpflp-NHMe, the flp H chemical shift difference between the cis and trans 

conformations was greater than 1.2 ppm at room temperature, independent of solvent. 

Furthermore, the NMR data for the dipeptides showed that the individual cis-prolyl 

H protons exhibit divergent chemical environment, and also demonstrated substantial 

upfield chemical shifts (Table 3.11).  
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Table 3.11. Upfield chemical shifts in prolyl H protons in dipeptides in water, methanol, and chloroform 

The data were derived from solution NMR data of each peptide in the indicated solvent. Chemical shifts were identified via 

TOCSY spectrum. All NMR data were taken at 298 K. “Pro H1” and “Pro H2” can refer to proline or 4S-fluoroproline 

chemical shifts, respectively. 

n.d. indicates “not determined” due to spectral overlap or broad signals.  

n.s. indicates “not soluble” 
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Ac-AP-OMe 0.10 2.29 2.02 2.22 1.90 0.27 0.32 0.11 2.03 1.96 2.29 2.17 0.07 0.12 0.094 2.24 2.03 1.24 0.84 0.21 0.40 

Ac-AP-NHMe 0.18 2.04 1.90 1.98 1.83 0.14 0.15 0.19 n.d. n.d. n.d. n.d. n.d. n.d. 0.34 2.16 1.91 1.92 1.79 0.25 0.13 

Ac-WP-OMe 0.36 2.22 1.89 1.44 1.15 0.33 0.29 0.40 2.18 1.87 1.34 0.97 0.31 0.37 0.27 2.17 1.88 1.33 0.88 0.29 0.45 

Ac-WP-NHMe 0.78 2.18 1.87 1.47 0.92 0.31 0.55 0.78 2.06 1.83 1.30 0.51 0.23 0.79 0.50 2.24 1.84 1.44 0.54 0.40 0.90 

Ac-Wflp-OMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.74 2.39 2.34 2.03 0.87 0.05 1.16 0.82 2.49 2.26 2.05 0.47 0.23 1.58 

Boc-WP-OMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.38 2.18 1.89 1.33 1.00 0.29 0.33 0.29 2.14 1.88 1.31 0.87 0.26 0.44 

Boc-Wflp-OMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.67 2.41 2.37 2.02 0.84 0.04 1.18 0.84 2.44 2.22 2.04 0.50 0.22 1.54 

Boc-Wflp-OH n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.48 2.46 2.37 2.11 0.85 0.09 1.26 0.67 2.56 2.24 2.07 0.51 0.32 1.56 

Boc-Wflp-NHMe n.s. n.s. n.s. n.s. n.s. n.s. n.s. 1.9 2.24 2.16 2.10 0.88 0.08 1.22 1.8 2.65 2.19 2.04 0.16 0.46 1.88 
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Similar to the prolyl H protons, the prolyl H protons were substantially 

shifted upfield with increasing cis-population, indicating that the H protons in the 

proline ring were also subject to a shielding effect as the cis conformation became 

more stable. In addition, the individual prolyl H protons exhibited divergent chemical 

shifts, indicative that each H proton in proline was subject to different chemical 

environments. In all Trpflp dipeptides, the  was more than 1.0 ppm between the two 

diastereotopic H protons in 4S-fluoroproline. The most divergent chemical shifts for 

flpH was observed for the peptide Boc-Trpflp-NHMe in chloroform, with a  of 

1.88 ppm. In contrast, the  between the two H protons was less than 0.5 ppm in the 

trans conformation for all dipeptides examined.  

The non-degeneracy of the diastereotopic prolyl H protons supports the 

hypothesis that the aromatic ring stacks over one face of the prolyl ring, where one 

prolyl H is more shielded than the other. Based on this model, the greater population 

of cis conformation in all peptides containing tryptophan is potentially due to an 

increased electronic surface area of interaction, rather than an increased hydrophobic 

surface area. With a larger area for aromatic interaction, multiple prolyl C–H bonds 

can potentially interact with the tryptophan ring, rather than only one C–H. The more 

favorable enthalpies of interaction that were observed in the tetrapeptides and 

dipeptides containing tryptophan may be due to one or multiple proline C–H/ 

aromatic interactions. The non-degeneracy of the cis-H protons in proline could also 

be partially due to the proximal a fluorine atom, although neither the trans-H protons 

nor the H protons exhibited this degree of divergent chemical shifts. The NMR data 

strongly indicate a favorable proline C–H/ aromatic interaction that stabilizes the cis 

amide bond conformation. 
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3.2.7 Crystallization of an aromatic-cis-proline motif: Direct observation of a 

proline C–H/ aromatic interaction 

With the NMR characterization of the minimized peptides showing a high 

stability of the aromatic-cis-proline motifs, broadly independent of solvent, we were 

confident that the fundamental nature of the proline C–H/ aromatic interaction could 

be more closely examined within these model peptides. The vant Hoff analyses 

indicated that the interaction was enthalpy-driven, consistent with a hydrogen-bond-

type interaction. Furthermore, the NMR data for the Trp-cis-flp motifs indicated that 

the interaction was not due to a backbone hydrogen bond, and that multiple proline C–

H bonds were involved in stabilizing the cis conformation. The nature of C–H/ 

aromatic interactions has been reviewed previously,105, 106, 190, 191, 260, 290 but the 

geometry and details of stabilizing components have not been completely understood. 

Specifically, the results obtained in Chapter 2 suggested that stabilizing aromatic → 

*X–H molecular orbital interactions could be general to X–H/ interactions. With the 

enhanced stability of the Trp-cis-flp motifs, we were encouraged that one or several of 

these minimal peptides could crystallize using appropriate conditions. Obtaining a 

crystal structure of these aromatic-cis-proline motifs could provide unique and 

detailed insights into the nature and geometry of C–H/ aromatic interactions.  

Initially, a series of tripeptides based on Trp-(2S,4S-(p-nitrobenzoyl)-

hydroxyproline)-X was synthesized. A 2S,4S-p-nitrobenzoyl substituent on proline 

was known to promote the endo ring pucker (promoting cis conformations), and could 

potentially aid in crystallization.381 In this peptide series, the i+1 amino acid was 

varied as phenylalanine, 4-bromophenylalanine, or 4-iodophenylalanine, and 

contained either a free acid C-terminus or C-terminal amine. The tripeptides that were 

based on Trp-(2S,4S-(p-nitrobenzoyl)-hydroxyproline)-Phe contained an N-terminal 4-
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bromobenzylamide. The use of aryl halides in the peptides can potentially aid in 

crystal packing interactions through halogen bonding interactions.382 Unfortunately, 

we observed limited crystallization from this initial series of peptides. Only one 

tripeptide from this series formed a diffractable crystal, Ac-Trp(2S,4S-p-nitrobenzoyl-

hydroxyproline)(4-bromophenylalanine)-NH2, from 60% methanol and chloroform, 

although only a low resolution structure was solved (Figure 3.56). 

 

Figure 3.56 X-ray crystal structure of Ac-Trp(2S,4S-p-nitrobenzoyl-

hydroxyproline)(4-bromophenylalanine)-NH2 

(a) Crystals were obtained via slow evaporation at room temperature over 3 weeks 

from a solution of 60% methanol in chloroform. (b) Crystal structure of the peptide 

Ac-Trp(2S,4S-p-nitrobenzoyl-hydroxyproline)(4-bromophenylalanine)-NH2. The 

structure was solved to 1.1 Å resolution.  

Although the crystal structure did not provide reliable measurements of an 

aromatic-cis-proline C–H/ interaction, the crystal structure of Ac-Trp(2S,4S-p-

nitrobenzoyl-hydroxyproline)(4-bromophenylalanine)-NH2 did provide guidance for 

designing more stabilized minimized aromatic-cis-proline motifs. The Trp-Pro amide 

a b 
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bond adopted an expected cis conformation ( = 4.7°), with a typical i,i+3 backbone 

hydrogen bond between the acetyl carbonyl and the 4-bromophenylalanine N–H bond, 

characteristic of type VIa1 -turns.90, 91 However, an aromatic-aromatic stacking 

interaction was observed between the p-nitrobenzoate group and 4-

bromophenylalanine. This interaction could potentially compete with the proline C–

H/ aromatic interaction with tryptophan. Although the p-nitrobenzoate was utilized 

both to promote the cis conformation via stereoelectronic control of the prolyl ring-

puckers, and to promote crystallization, this bulky group introduced undesired, 

competitive aromatic interactions. 

In place of a bulky aromatic substituent on hydroxyproline, a series of Trp-flp 

dipeptides was screened for crystallization. Similar to 2S,4S-p-nitrobenzoyl-

hydroxyproline, 4S-fluoroproline also provides stereoelectronic control over the prolyl 

ring-pucker and can promote the cis amide bond conformation.98 The minimal 

aromatic-cis-proline motifs containing 4S-fluoroproline exhibited stabilized cis-

conformations in solution as observed via NMR (described in Chapter 3.2.6). In 

addition, the tetrapeptides containing the Trp-flp motif also had especially high cis-

population (Chapter 3.2.4). In fact, all of the dipeptides containing the Trp-flp motif 

were successfully crystallized, which allowed for detailed examination of multiple 

perspectives of the proline C–H/ aromatic interaction via x-ray crystallography. The 

crystal structure for the peptide Ac-Trpflp-OMe is shown in Figure 3.57; the peptide 

Boc-Trpflp-OMe crystallized from a solution of 50% methanol and water at room 

temperature (Figure 3.58); the peptide Boc-Trpflp-OH crystallized from an NMR 

sample in CDCl3, where large crystals were observed within a few hours at room 

temperature (Figure 3.59); the peptide Boc-TrpPro-OMe crystallized from methanol 
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over 3 days at room temperature (Figure 3.60); the peptide Boc-Trpflp-NHMe 

crystallized via slow evaporation from CDCl3 (Figure 3.61). A summary of the data 

obtained from x-ray crystallography of this series of Trp-flp dipeptides, including 

measurements from the crystal structure and NMR characterization, are included in 

Table 3.12. 

 

Figure 3.57 X-ray crystal structure of the dipeptide Ac-Trpflp-OMe 

The crystal structure of the peptide Boc-Trpflp-OMe was solved to 0.77 Å resolution.  
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a b 

Figure 3.58 X-ray crystal structure of the dipeptide Boc-Trpflp-OMe 

(a) Crystals were obtained via slow evaporation at room temperature from a solution 

of 50% methanol in water (crystallization of the peptide was conducted by Dana 

Reigner); (b) crystal structure of the peptide Boc-Trpflp-OMe. The structure was 

solved to 0.80 Å resolution. This dipeptide exhibited a close intermolecular contact, 

with the form shown in Figure 3.64. 

Figure 3.59 X-ray crystal structure of the dipeptide Boc-TrpPro-OMe 

Crystals were obtained via slow evaporation at room temperature from a sample 

dissolved in methanol. The crystal structure of the peptide Boc-TrpPro-OMe was 

solved to 0.77 Å resolution. This dipeptide exhibited a close intermolecular contact, 

with the form shown in Figure 3.64. 
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Figure 3.60 X-ray crystal structure of the dipeptide Boc-Trpflp-OH 

(a) Crystals were obtained via slow evaporation at room temperature from an NMR 

sample in CDCl3; (b) crystal structure of the peptide Boc-Trpflp-OMe. The structure 

was solved to 0.77 Å resolution. This dipeptide exhibited a close intermolecular 

contact, with the form shown in Figure 3.64.  

Figure 3.61 X-ray crystal structure of the dipeptide Boc-Trpflp-NHMe 

(a) Crystals were obtained via slow evaporation at room temperature from a dissolved 

in CDCl3; (b) crystal structure of the peptide Boc-Trpflp-NHMe. The structure was 

solved to 0.75 Å resolution. This dipeptide exhibited close C–H/ aromatic 

intramolecular interactions. 

a b 

a b 
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Table 3.12. Summary of minimal aromatic-proline motifs: structural data 

from x-ray crystallography and NMR in solution.  

All of the peptides in the series of dipeptides containing the Trp-flp motif successfully 

crystallized and diffracted, which allowed for unique insights into the nature of C–H/ 

aromatic interactions that stabilize the cis amide bond conformation. Detailed NMR 

data for these dipeptides are described in Section 3.2.6, and the structures obtained via 

x-ray crystallography are shown in Figures 3.56-3.61.  
aThe 3JN coupling constant was difficult to discern due to spectral overlap, and the 

value shown is only an estimation. 

flp indicates 4S-fluoroproline 

4-PNB-hyp indicates 2S,4S-p-nitrobenzoyl-hydroxyproline 
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Ktrans/cis 0.35 2.9 0.8 0.75 2.1 0.49 

Kcis/trans 2.8 0.35 1.3 1.3 0.48 2.1 

% cis 74% 26% 56% 57% 32% 67% 

3JN, Hz 2.6 8.6 7.0 7.7 8.1 4.4a 

Gcis/trans kcal mol-1 -0.61 0.63 -0.13 -0.17 0.43 -0.42 

X-ray crystal  

measurements 
      

Resolution 1.10 0.77 0.77 0.80 0.77 0.75 

C–H/ contact 

inter- or intramolecular 
Intra- Inter- Inter- Inter- Inter- Intra- 

Trp  -85.3 -82.3 -71.1 -78.7 -83.4 -62.8 

Trp  143.0 147.1 150.8 147.3 151.7 137.2 

 4.7 173.8 164.2 173.4 170.2 11.1 

flp  -89.8 -66.6 -67.0 -67.0 -82.2 -92.5 

flp  15.4 -25.8 -10.8 -18.0 9.9 12.4 
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In spite of the high populations of cis-proline that were observed in solution 

with most of these dipeptides, only two peptides crystallized in the cis conformation, 

Ac-Trp(2S,4S-p-nitrobenzoyl-hydroxyproline)(4-bromophenylalanine)-NH2 (Figure 

3.56) and Boc-Trpflp-NHMe (Figure 3.61). The crystal structure of the peptide Boc-

Trpflp-NHMe revealed an exceptionally close contact between the 4S-fluoroproline 

H and the Trp indole ring (Figure 3.62). The 4S-fluoroproline H was located 2.62 Å 

from the 5-membered aromatic ring centroid with reasonable alignment of 

interaction190 (angle C–H··centroid = 147.1°). In light of the insights into the nature 

of S-H/ aromatic interactions described in Chapter 2, it is potentially more important 

to examine the distances to individual aromatic ring carbons (Figure 3.62). In fact, the 

4S-fluoroproline H participated in two intramolecular interactions with aromatic ring 

carbons at distances that were less than the sum of the van der Waals radii for carbon 

and hydrogen (2.90 Å): one distance at 2.58 Å (angle C–H··C = 167.8°), and another 

at 2.80 Å (angle C–H··C = 139.0°). In addition, one 4S-fluoroproline H proton and 

one H proton also interacted with the aromatic ring carbons at distances near 3.0 Å 

(Figure 3.62, indicated in right panel). Indeed, the upfield chemical shift in the cis-

proline H protons observed via solution NMR is consistent with the crystallographic 

observations, due to ring-current effects from the aromatic ring. The position of the 

interacting 4S-fluoroproline H proton is directly over the aromatic centroid of the 6-

membered ring in tryptophan (angle C–H··ring centroid = 149.6°), but the alignment 

of the C–H bond is toward a C–C bond in the ring (angle C–H··bond centroid = 

171.9°). The favorable alignment and close contact distances between the prolyl C–H 

bonds and the tryptophan aromatic ring carbons strongly suggests a stabilizing effect 

due to C–H/ aromatic interactions. 
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Figure 3.62 Intramolecular contacts in Boc-Trpflp-NHMe: Direct observation 

of an intramolecular C–H/ interaction between flp H and the tryptophan 

aromatic ring carbons 

Two perspectives on the crystal structure of Boc-Trpflp-NHMe. The C–H bond in 4S-

fluoroproline interacts closely with the aromatic ring carbons in tryptophan: 2.58 Å 

(angle C–H··C = 167.8°) and 2.80 Å (angle C–H··C = 139.0°). The distances from 

the flp H to the 5-membered ring centroid is 2.62 Å (angle C–H··centroid = 147.1°) 

and to the 6-membered ring centroid is 3.48 Å (angle C–H··centroid = 110.4°). In 

addition to the flp H, one flp H proton and one flp Hproton also engage in close 

intramolecular contacts (C–H··C ~ 3.0 Å) with aromatic ring carbons. 

The exceptionally close contacts between prolyl hydrogen atoms and aromatic 

carbon atoms in the crystal structure of Boc-TrpflpNHMe merited further examination 

via vant Hoff analysis. Temperature dependence of equilibrium of an interaction can 

be used to determine the enthalpic and entropic contributions to the interaction 

(Chapter 3.2.5 and 3.2.6). The Ktrans/cis was measured for the peptide Boc-Trpflp-

NHMe in methanol via 1H NMR (Figure 3.63), and these data were compared to a 

similar peptide in methanol, Ac-TrpPro-NHMe.  

C=O··H–N 
2.05 Å 

C··H–C 
2.58 Å 

C··H–C 
2.80 Å 

a b 
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Figure 3.63 van′t Hoff plots for Boc-Trpflp-NHMe and Ac-WP-NHMe in 

methanol 

The temperature dependence of the equilibrium Ktrans/cis, measured via NMR, with 

respect to temperature in 90% MeOH-d3/10% MeOD-d4 for Boc-Wflp-NHMe (red 

circles) and Ac-WP-NHMe (blue squares). The data represent an average of at least 2 

independent trials at each temperature. Error bars indicate standard error. 

H for Ac-WP-NHMe = –1.26 ± 0.092 kcal mol–1 

S Ac-WP-NHMe = –4.79 ± 0.307 cal mol–1 K–1 

H for Boc-Wflp-NHMe = –0.90 ± 0.092 kcal mol–1 

S Boc-Wflp-NHMe = –1.68 ± 0.307 cal mol–1 K–1 

In examining the temperature-dependent NMR for these dipeptides in 

methanol, the entropy is more favorable with Boc-Trpflp-NHMe than for Ac-TrpPro-

NHMe, while the enthalpy is slightly less favorable. However, the overall energy for 

the cis conformation is more favorable for Boc-Trpflp-NHMe (G277 K = –0.43 kcal 

mol–1) than for Ac-TrpPro-NHMe (G277 K = +0.07 kcal mol–1). Based on the vant 

Hoff analysis, the cis conformation is more stabilized in the peptide Boc-Trpflp-

NHMe in methanol due to a more favorable enthalpy of interaction, with less 

unfavorable entropy. 
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While only one dipeptide crystallized in the cis conformation, the dipeptides 

that crystallized in the trans conformation also revealed close contacts for 

intermolecular C–H/ aromatic interactions (Figure 3.64). The Trp-trans-proline 

motifs all crystallized with the same general structure of intermolecular interactions: 

the tryptophan indole N–H participated in an hydrogen bond with a carbonyl oxygen, 

and the prolyl C–H bonds interacted with the aromatic face of the tryptophan, with 

two or more C–H··Caro distances that were less than the sum of the van der Waals 

radii. For some of these intermolecular contacts between Trp-trans-proline motifs, C–

H··Naro interactions were also observed with contact distances that were below the 

sum of the van der Waals radii. Similarly, intermolecular C–H/ aromatic interactions 

were also observed in the dipeptide Boc-Trpflp-NHMe between the Boc-methyl C–H 

bonds and the tryptophan aromatic ring (Figure 3.64c). Not only are these C–H/ 

aromatic interactions important for stabilizing aromatic-cis-proline turn 

conformations, via intramolecular interactions, but they can also stabilize 

supramolecular structures via intermolecular interactions. These intermolecular 

interactions can potentially provide guiding principles for designing supramolecular 

assembled structures based on C–H/ aromatic interactions. 
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Figure 3.64 Extensive intermolecular C–H/ aromatic interactions at sub-van 

der Waals distances within minimal dipeptides 

Both cis and trans conformations of various Trp-flp and Trp-Pro motifs engaged in 

extensive intermolecular C–H/ aromatic interactions. The distances indicated 

represent the C–H··Caro distance measured from the solved crystal structures. (a) 

Crystal structure of Boc-Trpflp-OH. The intermolecular contact is between the prolyl 

ring and the tryptophan ring; (b) crystal structure of Boc-TrpPro-OMe. The 

intermolecular interaction is between the prolyl ring and tryptophan ring; (c) crystal 

structure of Boc-Trpflp-NHMe. One side of the aromatic ring interacts with the prolyl 

protons, and the other side of the aromatic ring interacts with a Boc-tert-butyl methyl 

group; (d) crystal structure of Boc-Trpflp-OMe. The intermolecular contact is between 

the prolyl ring and the tryptophan ring.  

The two peptides that crystallized in the cis conformation formed the requisite 

i,i+3 backbone hydrogen bond that is typical for type VIa1 -turns, indicating that this 

c 

2.68 Å 2.70 Å 

d 

2.86 Å 
2.56 Å 

a 

2.88 Å 2.67 Å 

b 

2.87 Å 
2.59 Å 
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hydrogen bond contributes substantially to the stability of the aromatic-cis-proline 

conformation. These observations in the crystal structures are consistent with the 

solution NMR data of WP and AP dipeptides. It can be hypothesized that the 

intramolecular proline C–H/ aromatic interaction provides favorable enthalpy of 

forming the -turn motif, compensating for the unfavorable entropy of the cis 

conformation, and stabilizing the backbone hydrogen bond. Alternatively, the 

hydrogen bond may be requisite to formation, but the intramolecular proline C–H/ 

aromatic interaction may provide additional enthalpic stability to lock the turn motif in 

place.  

In all of these crystal structures with the dipeptide Trp-flp motif, extensive 

inter- and intramolecular C–H/ aromatic interactions were observed at close contact 

distances between individual hydrogen and carbon atoms. Notably, in the closest 

interactions, the C–H bonds were directed concertedly towards individual aromatic 

ring carbons rather than toward either of the centroids of the tryptophan ring (Figures 

3.62 and 3.64). Indeed, many of the observed C–H··Caro distances were less than the 

sum of the van der Waals radii for carbon and hydrogen (2.90 Å). The geometry and 

distances observed between the flp H and tryptophan aromatic ring carbons (near 

linearity with aromatic ring carbons at sub-van der Waals distances) were reminiscent 

of the observations in the Boc-4-thiol-L-phenylalanine-tert-butyl ester crystal 

structure, described in detail in Chapter 2. Potentially, the orbital interaction 

aromatic→*S–H that was observed previously is a general stabilizing feature in X–H/ 

aromatic interactions.  
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3.3 Discussion 

In this work, proline cis-trans isomerism was utilized as a means to 

characterize aromatic interactions using the model peptide Ac-TXPN-NH2. Prior work 

had established the foundation for model peptide Ac-TXPN-NH2 to act as a direct 

probe of aromatic electronics through the influence of aromatic substituents on proline 

cis-trans isomerism.90, 91 This work encompassed a broader range of aromatic amino 

acids to identify the breadth and limitations of the aromatic-prolyl interaction, and 

provided further insights into the stabilizing contributions in the aromatic-cis-proline 

C–H/ interaction. Overall, more than 80 peptides were characterized in this analysis 

of aromatic-cis-proline interactions, through NMR characterization, thermodynamic 

analysis, and x-ray crystallography.91, 169, 373 Many of the aromatic amino acids used in 

this study were not commercially available or were novel, and practical synthetic 

methods to obtain the desired non-natural amino acids within synthesized peptides. 

3.3.1 Practical synthesis of novel aromatic amino acids with unique 

functionality and reactivity 

In addition to the structural control over cis-trans isomerism, the non-natural 

aromatic amino acids explored in this work also had unique reactive or spectral 

properties. While some of these amino acids were synthesized and characterized for 

their unique ability to control cis-trans isomerism of proline via aromatic electronic 

effects, these aromatic amino acids could be utilized in other applications, such as 

metal-coordination or fluorescent labeling. Synthetic methodologies were developed 

in order to obtain these novel aromatic amino acids within peptides in a practical 

manner. 

The pyrrolidyl group is commonly utilized in pharmaceutical compounds,347 

and we sought to quantitatively characterize the electronic properties of an aromatic 
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ring that contained a pyrrolidyl group. However, the novel amino acid 4-pyrrolidyl-

phenylalanine exhibited strong fluorescent properties, and has potential utility for 

incorporation into proteins as a pH-dependent fluorescent label. The reaction 

methodology that was developed for synthesizing 4-pyrrolidyl-phenylalanine could 

potentially be extended to other secondary amines, such as pyrroles, which further 

extends the utility of the palladium-mediated cross-coupling approach on solid phase.  

We expanded the application of the solid-phase copper-mediated cross-

coupling reaction to generate peptides containing 3-mercaptotyrosine, a novel amino 

acid with can potentially be used for metal binding. 4-Thiophenylalanine was shown 

to have unique reactivity, as described in Chapter 1, such as the ability to react with 

alkylation reagents orthogonal to cysteine under acidic conditions. For different 

oxidation states, 4-thiophenylalanine exhibited distinctive UV spectroscopic 

signatures, and ability to control the side-chain conformation (i.e. orientation of the 

propargyl thioether moiety through sulfur oxidation states). 3-Mercaptotyrosine is 

currently under additional investigation for coordinating molybdenum or other metals 

in order to perform difficult redox reactions, such as nitrogen reduction or carbon 

dioxide reduction.383  

The aryl triflate derivative of tyrosine was synthesized for electronic control of 

cis-trans isomerism of proline, and can potentially be used as an aryl halide for 

subsequent reactions. This practical methodology for synthesizing 4-OSO2CF3-

phenylalanine within peptides allows for tyrosine to be converted to a pseudohalide, 

which can act as a substrate in metal-mediated cross-coupling reactions. This synthetic 

approach inspired a synthetic approach to generate a disubstituted amino acid, 4-

(trifluoromethylsulfonyl),3-iodophenylalanine, which can be subjected to the copper-
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mediated cross-coupling reaction with thiolacetic acid to generate 3,4-

dithiolphenylalanine (Figure 3.65). We anticipate that this dithiolated aromatic amino 

acid can potentially coordinate soft metals for redox reactions, similar to bis-dithiol 

cofactors in nitrogenase enzymes.383-385 

 

Figure 3.65 Proposed synthesis of a bis-dithiolated amino acid using practical 

synthetic approaches 

The practical synthetic methodologies developed through this work can be utilized for 

generating novel di-substituted aromatic amino acids. In this potential synthesis, a bis-

dithiolated aromatic amino acid can be generated in 2 steps from synthesized peptides 

on solid-phase. Aromatic bis-dithiols can be utilized to coordinate metals to catalyze 

difficult redox reactions.364, 383-385 

3.3.2 Aromatic amino acids as a structural “switch” of proline conformation 

The nature of some of these aromatic amino acids that were examined in model 

peptides Ac-TXPN-NH2 allowed for inducible “switching” of the peptide structure. 

For example, the different protonation states of 4-amino-phenylalanine, tyrosine, and 

4-thiophenylalanine exhibited substantially different preferences for cis and trans 

conformations. Structural “switches” based on oxidation state of the aromatic 

substituent, such as 4-thiophenylalanine and derivatives such as the sulfinic acid and 

sulfonic acid, also exhibited unique populations of cis and trans conformations. These 

aromatic amino acids can be used as a “switch” between cis or trans proline 

conformations, inducing or disrupting -turn formation.  

Several of these potential structural “switches” were examined during this 

study, including aromatic amino acids that can induce different cis- or trans-amide 
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bond populations based on protonation state or oxidation state (Tabe 3.13). Changes in 

protonation state induced changes in the cis populations for the peptide containing 4-

amino-phenylalanine, 4-boronic acid-phenylalanine, and 4-pyrrolidyl-phenylalanine. 

The cis population can be shifted for the peptide containing 4-pyridyl-alanine upon 

either protonation or oxidation of the nitrogen atom. Canonical amino acids can also 

be used as structural switches that are sensitive to protonation state, such as tyrosine or 

histidine. Tyrosine acts as a substrate for post-translational modification in proteins, 

including phosphorylation, sulfation, nitration, iodination, and oxidation, and these 

modifications on tyrosine were characterized within the context of the model peptide 

Ac-TXPN-NH2 for changes in the cis-proline population. 4-Thiophenylalanine and its 

related derivatives induced changes in proline cis-trans isomerism based on a variety 

of different modifications on the sulfur atom. Upon deprotonation of the thiol group, 

4-thiophenylalanine increased the population of cis-proline in the model peptide Ac-

TXPN-NH2, and exhibited decreased cis-populations with higher sulfur oxidation 

states. Many of the oxidative modifications examined with 4-thiophenylalanine 

represent natural post-translational modifications on cysteine, including the sulfinic 

acid, sulfonic acid, S-glutathionylated disulfide. The thioether derivatives of 4-

thiophenylalanine, and their sulfoxides and sulfones, also induced changes in the cis-

proline populations of the model peptide Ac-TXPN-NH2. 3-Mercaptotyrosine also 

induced significant, pH-dependent changes in the cis-proline population within the 

model peptide. These inducible “switches” on proline cis-trans isomerism could be 

utilized for designing reactive biomaterials or peptide-based sensors. 
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Table 3.13. Selected peptides Ac-TXPN-NH2 with potential ability to act as a 

structural “switch” 

Complete list of peptides characterized in this study is included in Table 3.1. Gtrans/cis 

and %cis populations were derived from 1H NMR data for peptides Ac-TXPN-NH2, 

where X = aromatic amino acid. 
aindicates an amino acid that can modulate structure based on protonation state 
bindicates an amino acid that can modulate structure based on oxidation state 
cindicates an amino acid that can modulate structure based a post-translational 

modification 
dindicates an amino acid that can modulate structure based a photochemical reaction 

 Ac-TXPN-NH2, X = Ktrans/cis 

ΔGtrans/cis, 

kcal mol–1 %cis pH 

C
an

o
n

ic
al

 a
m

in
o

 a
ci

d
s 

His(H+)a 12.3 -1.49 8% 4 

Hisa 5.7 -1.03 15% 8.5 

Tyra,c 3.2 -0.69 24% 4 

4-O–-Phea 1.9 -0.38 34% 12 

4-OPO3H–-Phea,c 3.1 -0.67 24% 4 

4-OPO3
2–-Phea,c 3.0 -0.65 25% 8.0 

4-OSO3
–-Phec 2.9 -0.63 26% 4 

3-NO2-Tyra,c 6.5 -1.11 13% 4 

3-NO2-Tyra,c 3.1 -0.67 24% 9.5 

3-I-Tyrc 3.7 -0.77 21% 4 

3-OH-Tyrc 2.5 -0.54 29% 4 

N
o

n
-n

at
u

ra
l 

am
in

o
 a

ci
d

s 

4-Pyridyl(N-oxide)-Alab 11.2 -1.43 8% 4 

4-Pyridyl(H+)-Alaa 11.2 -1.43 8% 2.5 

4-Pyridyl-Alaa,b 6.1 -1.07 14% 7.2 

4-Pyrrolidyl(H+)-Phea 3.5 -0.74 22% 2.5 

4-Pyrrolidyl-Phea 2.5 -0.54 29% 7.3 

4-NH3
+-Phea 5.5 -1.01 15% 2.5 

4-NH2-Phea 2.9 -0.63 26% 6.5 

4-B(OH)2-Phea 3.5 -0.74 22% 4 

4-B(OH)3
–-Phea 2.4 -0.52 29% 10 

T
h

io
p

h
en

y
la

la
n

in
e 

d
er

iv
at

iv
es

 

4-SH-Phea,b,c 3.8 -0.79 21% 4 

4-S–-Phea,b,c 2.3 -0.49 30% 8.5 

4-S(2-nitrobenzyl)-Phed 4.2 -0.85 19% 4 

4-S-S-Glutathione-Pheb,c 3.9 -0.81 20% 4 

4-SO2
–-Pheb,c 3.8 -0.79 21% 4 

4-SO3
–-Pheb,c 4.4 -0.88 19% 4 
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Table 3.13 continued 

 

4-SMe-Phec 3.6 -0.76 22% 4 

4-S(O)Me-Phec 4.7 -0.92 18% 4 

4-SO2Me-Phec 5.8 -1.04 15% 4 

4-S-propargyl-Phec 3.2 -0.69 24% 4 

4-S(O)propargyl-Phec 4.3 -0.86 19% 4 

4-SO2-propargyl-Phec 4.5 -0.89 18% 4 

3-SH-Tyra 3.3 -0.71 23% 3 

3-S–-Tyra 1.6 -0.28 39% 7.5 

 

These inducible “switches” for cis-trans isomerism of proline were applied to 

proline-rich peptides that could adopt compact or extended conformations. In this 

work, model peptides Ac-GPPXPPGY-NH2 were synthesized containing different 

aromatic amino acids, and the conformational populations were examined via NMR. 

With electron-rich aromatic amino acids, multiple proline residues could interact with 

the aromatic ring to invoke a mixture of cis-populations, an overall compact 

structure.172 In contrast, with electron-poor aromatic amino acids, the trans 

conformation was stabilized, invoking an overall extended, polyproline helix II 

structure in these proline-rich peptides.172 In this manner, polyproline helix II 

formation was favored or disfavored based on the aromatic substituent effects. This 

work demonstrated that aromatic-cis-proline interactions could be used for designing 

responsive peptide materials, for example, proline-rich fibril polymers that can expand 

or contract under acidic or basic conditions. 
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Figure 3.66 Electronic control of polyproline helix stability through aromatic 

substituent effects172 

Electron-rich aromatic amino acids stabilize cis-proline conformations, which is 

unfavorable in polyproline II helices (left). In contrast, electron-poor aromatic amino 

acids stabilize trans-proline conformations, which is favored in polyproline II helices 

(right). Aromatic amino acids such as 4-amino-phenylalanine can act as inducible 

switches between rigid, ordered conformations and disordered conformations, due to 

differences in electron-donating ability of aromatic substituents based on protonation 

state. 

3.3.3 Aromatic substituent effects on cis-trans isomerism of proline: Linear-free 

energy relationships of the aromatic-cis-proline interaction 

In this work, model peptides Ac-TXPN-NH2 were synthesized with more than 

50 different amino acids at position X in order to examine the influence of 4-

substituted and 3,4-disubstituted aromatic amino acids on cis-trans isomerism of 

proline. A Hammett correlation was observed with the electron-donating ability of the 

aromatic substituents and the Ktrans/cis for each peptide.91 In addition to gaining further 

insights into the nature of C–H/ aromatic interactions in peptides and proteins, these 

Hammett correlations allowed for approximation of the  values in water for given 

aromatic substituents which do not have a reported  value. The meta and para values 

were calculated for aromatic substituents including 4-pyrrolidine, 4-sulfonate, and 

oxidized derivatives of thioethers based on the Hammett correlations for the peptides 



 

 466 

Ac-TXPN-NH2 (Table 3.2). The pseudo-meta and para values for heteroaromatic rings 

was also possible with these Hammett correlations, and so meta and para values were 

calculated for both protonation states of histidine, 4-pyridine, and for tryptophan in 

water (Table 3.2). These calculated  and pseudo- values could potentially be 

utilized in practice where aromatic electronic effects are important in water, such as in 

designing peptide or small-molecule therapeutics. 

Improved fit and a greater correlation constant () was observed for when the 

meta values were used for Hammett correlation ( = 0.33 for neutral substituents), 

rather than the para values ( = 0.20 for neutral substituents). In structure-activity 

relationship analysis, identifying a greater magnitude in the  value implies a greater 

sensitivity due to substituent effects.369 Fundamentally, the values for para and meta 

for an aromatic substituent are different: a para-substituent (para values) exerts both 

inductive and resonance effects, while a meta-substituent (meta values) exerts 

primarily inductive or field effects.358, 369 In essence, meta values for a given 

substituent represent an entirely inductive, through-space effect on the ‘reaction 

center’ in the context of aromatic rings.369, 386 In the Hammett correlations with the 

model peptides Ac-TXPN-NH2 (Figure 3.37), the greater  value when using meta 

values suggests that cis-trans isomerism of proline is more sensitive to inductive field 

effects rather than resonance effects.  

All of the model peptides Ac-TXPN-NH2, both using mono- and di-substituted 

phenylalanine derivatives, and regardless of charge or number of substituents, were fit 

to a common Hammett correlation based on this model of primarily inductive effects 

(Figure 3.67). The Hammett constant for the disubstituted aromatic amino acids were 

calculated by adding the meta for the 4-substituent to either the meta or para of the 3-
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substituent (Figure 3.67a and 3.67b, respectively). Both of these combined Hammett 

correlations exhibited excellent fit (R > 0.88). 

 

Figure 3.67 Combined Hammett correlation of Ktrans/cis in model peptides Ac-

TXPN-NH2, where X = aromatic amino acid 

The log(Ktrans/cis) of each model peptide is correlated with the  Hammett constant for 

the aromatic substituent within Ac-TXPN-NH2 model peptides. Both 4- and 3,4-

substituted aromatic amino acids are included, and both charged and neutral species 

are fit to the Hammett correlation.  

For 4-substituted amino acids, the meta was used 

(a) For 3,4-disubstituted amino acids, the combined  was computed from meta,4-

substituent + para,3-substituent; combined  correlation:  = 0.300 ± 0.019, R = 0.934 

(b) For 3,4-disubstituted amino acids, the combined  was computed from meta,4-

substituent + meta,3-substituent; combined  correlation:  = 0.357 ± 0.032, R = 0.882 

The combined Hammett correlation plots showed excellent fitness between the 

 value and the Ktrans/cis across a broad scope of aromatic substituents, regardless of 

charge or position on the aromatic ring. The  values for these plots (Figure 3.67) 

were meta for 4-substituted aromatic amino acids and meta,4-substituent+para,3-substituent for 

disubstituted aromatic amino acids, based on the concept that the “reaction center” 

a b 
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was focused at the aromatic ortho carbon. Greater influence with meta substituents 

implies a greater dependence on field induction, rather than resonance effects, 

although both play roles.387 While the proline C–H interaction geometry may have 

preferences towards the adjacent aromatic ortho carbons for steric reasons, the 

fundamental nature of C–H/ aromatic interactions that stabilize cis-proline demanded 

further explanation. The directed nature of proline C–H for specific carbons was 

reminiscent of the results obtained in Chapter 2, where S–H bonds were “directed” 

towards aromatic ring carbons due to favorable molecular orbital interactions. 

Utilizing cis-trans isomerism of proline as a probe, we aimed to study the nature of the 

prolyl C–H/ aromatic interaction and determine if the favorable molecular orbital 

interactions identified in S–H/ aromatic interactions are generalized. 

In addition to the inductive or resonance effects on an aromatic ring, aromatic 

substituents also perturb the frontier molecular orbitals within the aromatic ring. 

Perturbation of the  orbitals of the aromatic ring can have significant consequences in 

reactivity and noncovalent interactions.388 Molecular orbital calculations were 

conducted on phenol and thiophenol, and the two highest occupied molecular orbitals 

and calculated energies are shown (Figure 3.68). The sizes of the molecular orbitals 

were slightly different between these two benzene derivatives, which is particularly 

noticeable in comparing the localization of the molecular orbital at the carbon atom 

located opposite of the aromatic substituent (Figure 3.68, top panel, indicated). In 

addition, the energies of the orbitals differ between thiophenol and phenol (Figure 

3.68). In the context of noncovalent interactions involving  orbitals as electron-

donors, the substituent effects on the molecular orbitals of the aromatic ring can have 
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significant consequences on modulating the strengths of these noncovalent 

interactions. 

 

Figure 3.68 Calculated molecular orbitals for phenol and thiophenol 

Calculations for the two highest occupied molecular orbitals (HOMOs) were 

conducted using GAMESS (RHF 6-31G),195 and visualized with MacMolPlt 

(contoured at 0.05).196 The different aromatic substituents influence the size and 

energy of the molecular orbitals. The size and energy of the molecular orbitals can 

influence the noncovalent interactions that involve the benzene ring. 

In many of the peptides examined, a TOCSY spectrum was obtained during the 

NMR experiments, which allowed for more accurate determination of the chemical 

shift for the proline H in cis and trans conformations. With higher cis-proline 

populations and increasingly electron-donating aromatic substituents, the chemical 

shift for the cis-Pro H was shifted upfield, while the trans-Pro H chemical shift 

remained at 4.42 ppm (Table 3.4, Figure 3.39). In the peptide Ac-TWPN-NH2, with 

the greatest cis population for the tetrapeptide series Ac-TWPN-NH2, the cis-Pro H 

-0.142 a.u. -0.148 a.u. 

-0.176 a.u. -0.188 a.u. 

Thiol: para = 0.15 

 meta = 0.25 

Alcohol: para = -0.37 

     meta =  0.12 
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resonance was 0.98 ppm upfield from the trans-Pro H resonance. A similar effect 

was observed for the cis-Pro Hresonances, shown for the dipeptide series in water, 

methanol, and chloroform in Table 3.11. An upfield chemical shift implies a shielding 

effect from a local, induced magnetic field, which can result from a proximal electron-

rich atom or -orbital due to ring current effects.248, 370, 389 The observed upfield 

chemical shifts of the cis-prolyl H and H with increasing population of cis-proline 

suggested that these protons engage in hydrogen bonding behavior that stabilizes the 

cis conformation. Other studies in model peptides have also observed this upfield 

chemical shift in prolyl H, where aromatic amino acids were immediately adjacent to 

proline.289, 318 In studies on Ac-GXPG-NH2 model peptides by Wu & Raleigh,288 the 

trans-proline H resonance in GWPG was at 4.40 ppm, while cis-proline H was at 

3.47 ppm,288 consistent with our observations for the peptide Ac-TWPN-NH2. 

While the NMR data is strongly suggestive of a C–H/ aromatic interaction, 

the upfield chemical shift in the prolyl H could potentially be an artifact from 

another interaction (such as hydrophobic effects). In other words, if the aromatic-cis-

proline interaction is stabilized by a hydrophobic effect between proline and the 

aromatic ring, and the prolyl H will still be positioned near the aromatic ring, and an 

upfield chemical shift can still be observed due to aromatic ring current effects. In 

order to determine if the aromatic-cis-proline interaction was due to a hydrophobic 

effect or an aromatic interaction, we examined selected peptides in organic solvents. 

By examining the aromatic-cis-proline interaction in organic solvents, the 

intramolecular hydrophobic interactions are weakened due to competing interactions 

with bulk solvent. However, electrostatically-driven interactions such as hydrogen 

bonds are enhanced in organic solvents because of fewer competing interactions with 
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solvent. In the organic solvents acetonitrile and methanol, the tetrapeptides Ac-TXPN-

NH2 exhibited generally higher cis populations than observed in water, strongly 

suggesting that the stability of the cis conformation is not driven by a hydrophobic 

effect. The Hammett correlation constants () were greater in magnitude in organic 

solvents compared to water (Figure 3.41), suggesting that proline cis-trans isomerism 

is even more sensitive to aromatic substituent effects in organic solvents than in 

water.369  

The hydrophobic effect is a largely-entropically driven process with a small 

component of enthalpy compensation.18 Exclusion of water in non-polar media allows 

for more degrees of freedom, since inclusion of water requires entropically 

unfavorable ordered structures.18 In contrast, hydrogen bonds are largely enthalpy-

driven with a modestly unfavorable entropy, which is due to the loss of degrees of 

freedom for a favorable electrostatic interaction.203 Identifying the entropy and 

enthalpy of interaction can elucidate the underlying nature of interaction. Through 

van′t Hoff analyses examine an interaction as a function of temperature, which can 

determine the enthalpy and entropy of the interaction.369 Through van′t Hoff analyses 

of the model tetrapeptides in water, we determined the enthalpic and entropic 

contributions for the cis-proline conformation. The calculated H and S 

thermodynamic parameters were calculated for the model tetrapeptides, and an 

increasingly favorable enthalpy was correlated with increasing cis population and 

increasingly electron-donating aromatic substituents (Chapter 3.2.5). Wu & Raleigh288 

observed that more favorable enthalpies were observed for increasing cis populations 

of GXPG model peptides, particularly for tryptophan and tyrosine in water and in 

DMSO. In the tetrapeptides containing aromatic amino acids, a modest enthalpy-
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entropy compensation is observed (Figure 3.69), with a  value of 474 K.203 The 

tetrapeptides containing alanine and cyclohexylalanine appeared to be outliers in the 

context of the plot H = S, potentially suggesting a different mechanism for 

stabilization of the cis conformation. 

 

Figure 3.69 Enthalpy-entropy compensation in model tetrapeptides 

(a) The peptides designed to promote the cis-conformation have a strong enthalpic 

component that stabilizes the aromatic-cis-proline interaction. However, the entropy 

becomes more unfavorable with loss of degrees of freedom and increasingly ordered 

structures. (b) The peptides containing aromatic amino acids (red circles) exhibited 

typical enthalpy-entropy compensation, while non-aromatic peptides (blue squares) 

appeared to be outliers. The error bars are shown from linear fit of the van′t Hoff 

analysis (Table 3.8). 

a 

b 
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3.3.4 Designed peptides with increased stability for the cis conformation: A 

closer examination of the nature of C–H/ aromatic interactions 

With the design of the stabilized peptide, Ac-TWflpF-NH2, as part of the van′t 

Hoff analyses, we sought additional characterization of the tetrapeptide with the 

highest population of cis-proline in our studies (72% cis conformation in water at 

room temperature). NMR analysis revealed unique features in the peptide Ac-TWflpF-

NH2 that were distinctive from the other model tetrapeptides. By NMR, the prolyl H 

protons in the cis conformation exhibited divergent resonances, with more than a 1.5 

ppm chemical shift difference between the geminally coupled protons. In contrast, the 

chemical shift difference for the trans prolyl H protons was less than 0.15 ppm. The 

differences between the cis-prolyl H and trans-prolyl H protons indicates distinctive 

electronic environments surrounding the prolyl H protons between the cis and trans 

conformations. The prolyl H was also shifted substantially upfield in the peptide Ac-

TWflpF-NH2, consistent with the observations in the model peptides TXPN.  

The peptides containing tryptophan, both with natural and modified prolines, 

generally had the highest populations for cis-proline conformation, with the greatest 

enthalpic driving force for this interaction. The high population for cis conformation 

involving tryptophan-proline sequences has been observed in model peptides 

previously.90, 91, 288, 289, 318 In database analyses of the Protein Data Bank, the 

occurrence of tryptophan preceding cis-proline is often over-represented, when 

normalized for the relatively low abundance of tryptophan in proteins.285, 376 It can 

potentially be argued that proline interacts more favorably with tryptophan due to the 

increased hydrophobic surface area of the indole ring. However, we propose that the 

broader surface area for electronic interactions plays a substantial role.  
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The solution NMR data on the designed peptide Ac-TWflpF-NH2 indicated 

that both the prolyl H and H protons participated in interactions that stabilize the cis 

conformation. Interactions with both of these prolyl protons increases the overall 

energy of enthalpic stability, while being only moderately entropically costly. In 

essence, the larger electronic surface area of tryptophan allows for “polyvalency” of 

the participating prolyl protons.291, 390 Similar to glucose that can interact with 

tryptophan through three C–H/ aromatic interactions,105, 329 proline can also interact 

favorably with tryptophan through multiple C–H/ aromatic interactions. 

These observations of upfield chemical shifts in the trans-amide proton 

following proline were consistent with observations by Wu & Raleigh288 in GXPG 

model peptides: the Gly4 amide proton chemical shifts were at 7.91 ppm and 8.31 ppm 

for trans and cis conformations of the peptide GWPG, respectively. In model studies 

on dipeptides and modified prolines, Taylor et al.372 suggested that the trans 

conformation is stabilized by an hydrogen bonding interaction between the amide 

proton following proline and the carbonyl oxygen preceding proline. This hydrogen 

bonding interaction can cause a significant upfield chemical shift in the trans-Phe 

amide proton in Ac-TWflpF-NH2 ( Phe NHtrans = 7.65 ppm, Phe NHcis = 8.80 

ppm). This upfield chemical shift in the amide proton was also noted by Yao et al. in 

model peptides SYPXDV,289, 318 where aromatic amino acids at position X produced 

the greatest upfield chemical shifts in trans-amide protons. Aromatic amino acids 

following proline can promote the cis conformation, potentially by interacting with the 

prolyl face opposite of the aromatic-cis-proline interaction (Figure 3.70).90 However, 

aromatic amino acids may also stabilize the trans conformation via aromatic-stacking 

interactions or C–H/ interactions between the aromatic amino acids (Figure 3.70c). 
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Figure 3.70 Conformations of aromatic-proline-aromatic motifs 

(a) Tyr-cis-Pro-Tyr motif, with two C–H/ aromatic interactions that stabilize the turn 

motif: ProiC–H/Caro Tyri–1 at 2.69 Å and Tyri–1C–H/Caro Tyri+1 at 2.84 Å (PDB 

ID: 2RAU); (b) Tyr-cis-Pro-Tyr motif, with both aromatic amino acids participating in 

C–H/ interactions: ProiC–H/Caro Tyri–1 at 2.91 Å, ProiC–H/Caro Tyri–1 at 2.94 Å, 

and ProiC–H/Caro Tyri–1 at 2.80 Å (PDB ID: 1ADE); (c) Tyr-Pro-Trp motif (all trans 

amide bonds), stabilized by interactions between aromatic amino acids: Trpi+1C–

H/Caro Tyri–1 at 3.39 Å and Tyri–1Caro/Caro Trpi+1 at 3.76 Å (PDB ID: 3FX4). 

Incorporating Phe in the position following proline was designed to increase 

the cis-population90, 288 in order to study this conformation more thoroughly. While the 

Ac-TWflpF-NH2 peptide had the highest cis population in all tetrapeptides studied 

a 

c 

b 
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(Gcis/trans = –0.76 at 299 K in water), the phenylalanine residue clearly introduced 

competing interactions that stabilized the trans conformation. However, the i,i+3 

backbone hydrogen bond is still crucial for formation of type VIa1 -turns, and 

contributes a substantial enthalpic driving force for aromatic-cis-proline motifs. In 

order to avoid introducing interfering interactions to the central aromatic-cis-proline 

motif, and to separate the energetic contributions of the backbone hydrogen bond from 

the aromatic-proline interaction, minimized dipeptides were synthesized and 

characterized in order to interrogate the fundamental nature of the prolyl C–H/ 

aromatic interaction. Dipeptides Ac-AP and Ac-WP were synthesized containing 

either C-terminal methyl esters or C-terminal methyl amides. In order to determine the 

role of the backbone hydrogen bond, the peptides containing C-terminal methyl esters 

were compared against the peptides containing methyl amides. In order to determine 

the role of the prolyl C–H/ aromatic interaction, the peptides containing tryptophan 

were compared against the peptides containing alanine. This series of dipeptides was 

studied via vant Hoff analysis in different solvents, water, methanol, and chloroform, 

in order to identify the relative contribution of the hydrophobic effect on the cis-

proline conformation. As expected, in all dipeptides, the cis population was increased 

with formation of the backbone hydrogen bond (Table 3.14, XP-OMe vs. XP-NHMe), 

regardless of the solvent, as an enthalpically driven process. In contrast, a substantial 

increase in cis population was observed on formation of the aromatic-proline 

interaction, even in the absence of the backbone hydrogen bond Table 3.14, (AP-ZMe 

vs. WP-ZMe). In comparing the relative energies of the dipeptides AP vs. WP, the cis 

conformation was stabilized by 0.7-0.8 kcal mol–1 regardless of solvent in the absence 

of a backbone hydrogen bond (Table 3.14, AP-OMe vs. WP-OMe). Furthermore, the 
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enthalpy for the cis conformation is more favorable by 1 kcal mol–1, even though no 

backbone hydrogen bond is formed. These data strongly indicate that the aromatic-

proline C–H/ interaction significantly stabilizes the cis conformation, even when the 

i,i+3 backbone hydrogen bond is not formed. 

Table 3.14. Measured relative energies of minimized dipeptides: Energetic 

contributions on stabilizing the cis-proline conformation from the backbone 

hydrogen bond and the proline C–H/ aromatic interaction  

Data were derived from vant Hoff plots and associated calculations, described in 

section 3.2.6, Table 3.9. Gcis/trans was calculated from –RTlnKcis/trans at 277 K. Direct 

comparisons between dipeptides, examining relative contributions of the backbone 

hydrogen bond and the prolyl C–H/ aromatic interaction, are shown. 

 
AP-OMe vs. AP-NHMe WP-OMe vs. WP-NHMe 

 

Gcis/trans, 
kcal mol–1 

Hcis/trans, 
kcal mol–1 

Scis/trans, 
cal mol–1

 K–1

Gcis/trans, 
kcal mol–1 

Hcis/trans, 
kcal mol–1 

Scis/trans, 
cal mol–1 K–1

H2O –0.39 –0.19 +0.56 –0.47 –1.07 –2.10 

MeOH –0.24 +0.45 +2.49 –0.43 –1.44 –3.63 

CDCl3 –0.76 –2.27 –5.50 –0.48 –1.49 –3.72 

   

 

  

 

 
AP-OMe vs. WP-OMe AP-NHMe vs. WP-NHMe 

 

Gcis/trans, 
kcal mol–1 

Hcis/trans, 
kcal mol–1 

Scis/trans, 
cal mol–1

 K–1

Gcis/trans, 
kcal mol–1 

Hcis/trans, 
kcal mol–1 

Scis/trans, 
cal mol–1 K–1

H2O –0.83 –1.00 –0.75 –0.91 –1.88 –3.41 

MeOH –0.79 –0.95 –0.59 –0.98 –2.84 –6.71 

CDCl3 –0.67 –1.01 –1.30 –0.39 –0.23 +0.48 

 

Having established the enthalpic nature of the aromatic-cis-proline interaction 

with model tetrapeptides, we sought to design highly stabilized peptide motifs to 

directly study the geometry of the prolyl C–H/ aromatic interaction. By solution 

NMR, the enthalpy and entropy of interaction were studied, but examination of the 

geometry of the prolyl C–H/ aromatic interaction required crystallization of the 



 

 478 

stabilized aromatic-cis-proline motif. Our initial attempts focused on tripeptides Ac-

Trp(2S,4S-p-nitrobenzoyl-hydroxyproline)(4-X-Phe)-NH2 as the aromatic-Pro-

aromatic motif had shown enhanced cis-populations based on our studies on TWflpF 

and other work.90, 289, 318, 320, 376 (2S,4R-p-nitrobenzoyl)hydroxyproline is known to 

crystallize with an exo ring pucker on proline (promoting trans amide 

conformation),381 and so (2S,4S-p-nitrobenzoyl)hydroxyproline should crystallize with 

an endo ring pucker on proline (promoting cis amide conformation).373 The aromatic 

amino acid following proline was varied to include halogenated aromatic amino acids, 

with the expectation that bromine or iodine atoms could promote crystallization and 

aid in solution of the crystal structure. In this initial tripeptide series, only one peptide 

formed a diffractable crystal, Ac-Trp(2S,4S-p-nitrobenzoyl-hydroxyproline)(4-Br-

Phe)-NH2. However, the structure Ac-Trp(2S,4S-p-nitrobenzoyl-hydroxyproline)(4-

Br-Phe)-NH2 of was solved with numerous errors and relatively low resolution. While 

this tripeptide crystallized in the cis conformation, the aromatic interaction between 

the tryptophan indole ring and proline was weakened by a competing aromatic-

aromatic stacking interaction between 4-nitrobenzoate and 4-bromophenylalanine 

(Figure 3.56). This structure did not exhibit either a cis-proline-aromatic interaction 

(as described by Yao et al.289, 318) or an H-cis-proline aromatic interaction that is 

known to be the primary basis of increased cis amide bond in this motif (Figure 3.70). 

Based on the crystal structure of Ac-Trp(2S,4S-p-nitrobenzoyl-hydroxyproline)(4-Br-

Phe)-NH2, we redesigned the peptide series to a more concise motif, which more 

closely matched the dipeptide motifs that were studied via NMR. 

A series of dipeptides based on Trp-(4S-fluoroproline) was synthesized in 

solution, in an effort to crystallize the aromatic-cis-proline motif and directly observe 
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the geometry of the proline C–H/ aromatic interaction. 4S-Fluoroproline promotes cis 

amide conformations through stereoelectronic control of the proline ring-pucker, 

based on numerous prior studies.91, 98, 373-375 In addition, in order to reduce flexibility 

and increase rigidity, the tripeptide model was truncated to a simplified dipeptide. We 

successfully obtained several crystals from the series of dipeptides based on Boc-

Trpflp motifs. The only dipeptide that crystallized as the cis amide conformation 

contained a C-terminal methyl amide, which allowed for formation of the 

intramolecular hydrogen bond, a hallmark of type VIa1 -turns (N–H··O = 2.05 Å). 

The dipeptide Boc-Trpflp-NHMe exhibited spectacular intramolecular contacts 

between proline and the tryptophan indole ring that were consistent with NMR 

interpretations, specifically involving the prolyl C–H and one C–H and one C–H 

proton. The prolyl H was located near two aromatic indole carbons at distances less 

than the sum of the van der Waals radii for carbon and hydrogen (flpH··Caro = 2.80 

Å and 2.56 Å). We also observed excellent alignment of the angle flpC–H··Caro, 

with one angle at 167° and the other at 139°. The trajectory of the flpC–H bond 

was directed nearest to an aromatic ring carbon, and slightly outside of the aromatic 

ring face (Figure 3.71). 
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Figure 3.71 Prolyl H is directed towards the edge of the indole ring face. 

Viewing down the flpC–H bond from the crystal structure of Boc-Trpflp-NHMe 

(flpH is shown as a sphere), the near linear alignment to the aromatic ring carbons is 

apparent. The distances between the H hydrogens and the aromatic carbons are less 

than the sum of van der Waals radii for hydrogen and carbon. This is consistent with 

our observations for S–H/ aromatic interactions, discussed in Chapter 2, suggesting 

that prolyl C–H/ aromatic interactions may also be motivated by orbital interactions. 

Several other crystal structure were obtained within the Trpflp series, although 

all crystallized in the trans amide conformation (Boc-Trpflp-OH, Boc-Trpflp-OMe, 

Ac-Trpflp-OMe, and Boc-TrpPro-OMe). However, even the crystal structures of 

dipeptides in the trans conformation were also stabilized by prolyl C–H/ aromatic 

interactions, and we observed numerous intermolecular interactions that stabilized the 

overall crystal packing. A common feature in these dipeptide crystal structures with 

intermolecular interactions was the hydrogen bond between the indole N–H and the 

Boc carbonyl oxygen. Notably, this same Boc carbonyl oxygen acts as the electron 

donor in the intramolecular hydrogen bond with the methyl amide in the Boc-Trpflp-

NHMe crystal structure. These intermolecular flpC–H··Caro contact distances were 

near or less than the sum of the van der Waals radii for hydrogen and carbon atoms, 

a b 

flpH 
flpH 45° 
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involving prolyl H, H or H hydrogens (Figure 3.72). The alignment for all of these 

C–H/ aromatic interactions exhibited carbon-oriented geometry rather than centroid-

oriented geometry. Both the short contact distances and the directionality of the 

interacting C–H bonds towards the edge of the aromatic ring face that were observed 

in these crystal structures are strongly suggestive of an orbital interaction. 
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Figure 3.72 Prolyl C-H/ aromatic interactions with the tryptophan indole 

stabilize intermolecular interactions 

Boc-Trpflp-OH is shown with intermolecular C–H/ aromatic interactions. All of the 

dipeptides showed crystal packing similar to that in this structure. The prolyl H, one 

H, and one H all interact with the aromatic ring face of proline to stabilize this 

interaction. The prolyl H generally interacted with indole ring carbons at distances 

that were less than the sum of the van der Waals radii between carbon and hydrogen, 

and with carbon-oriented geometry (indicated with red arrows). 

The geometry of these intra- and inter-molecular prolyl C–H/ aromatic 

interactions, and the sub-van der Waals contact distances, were strikingly similar to 

the observations from the crystal structure of Boc-4-thiol-L-phenylalanine-tert-butyl 

ester, described in Chapter 2. In our studies of S–H/ aromatic interactions, we 

discovered a significant stabilizing energy due to the orbital overlap between the S–H 

90° 
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* and the  aromatic orbitals, similar to a very weak covalent bond. Given that both 

of these X–H/ aromatic interactions are considered non-conventional hydrogen bonds 

(particularly C–H, with lower bond polarization), there is the possibility that they are 

both driven by similar molecular orbital contributions. In this case, a →*C–H 

interaction may stabilize the observed inter- and intra-molecular aromatic-proline 

interactions (Figure 3.73). 

  

Figure 3.73 Potential orbital overlap interactions that stabilize prolyl C–H/ 

aromatic interactions 

Prolyl C–H/ aromatic interactions observed in the Trp-flp crystal structures suggest 

stabilizing contributions from →*C–H interactions, similar to the interactions 

discovered in Chapter 2. The HOMO  orbitals for an individual methyl-indole ring 

was calculated in GAMESS (RHF 6-31G),195 and aligned to crystal structures of (a) 

Boc-Trpflp-OMe and (b) Boc-Trpflp-NHMe in Avogadro (contoured at 0.02).  

b a 
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The possibility of orbital overlap component to C–H/ interactions has been 

very briefly discussed previously in the literature, but the nomenclature has been 

somewhat inconsistent. In general, C–H/ interactions have been largely attributed to 

electrostatic contributions.190, 225 In only one paper out of over 200 of his papers on 

this topic, Nishio discusses the orbital overlap contributions in the stability of C–H/ 

interactions,106 describing these contributions as “delocalization or charge transfer 

interactions.” In comparing C–H/ interactions to related hydrogen bonds, Nishio 

points out that “electrostatic stabilization decreases abruptly in the order OH/O > 

CH/O > C–H/. In contrast, the delocalization energy decreases only moderately in 

this order, and becomes most important in the C–H/ interaction.”106 Due to the 

increasing relative contribution of orbital overlap interactions in C–H/ interactions, it 

was noted that maximizing the integral orbital overlap between occupied ( HOMO) 

and unoccupied (C–H * LUMO) will play a role in the geometry of these 

interactions.106 Desiraju & Steiner190 use similar terminology to describe orbital 

contributions to weak hydrogen bonds: “charge transfer involves transfer of electrons 

from an occupied orbital of one molecule to the unoccupied orbitals of the other, and 

is therefore conceptually similar to covalency.” They describe strong and weak 

hydrogen bonds as a continuum between electrostatics forces and dispersive forces, 

where electrostatic, charge transfer interactions are stronger and more directional 

while dispersive/van der Waals forces are weaker and non-directional.190 Specifically 

commenting on C–H/ interactions in this same work,190 they state: “with falling C–H 

acidity, the hydrogen bond nature of C–H··Ph interactions becomes increasingly 

questionable. Although the interactions are still directional, that is they do not 
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represent van der Waals interactions, one could argue that a degree of long-range 

nature is not reached that would allow their classification as hydrogen bonds.”  

In our work, we observed an aromatic-cis-proline interaction with defined 

geometry that indicates an interaction that is more concerted than a dispersive van der 

Waals interaction. Biswal & Wategoankar164 specifically noted significant energetic 

contributions from orbital overlap →*S–H, describing this interaction as “charge 

delocalization,” and later called attention to this interaction as being distinct from 

classical hydrogen bonds. Further complicating discussion of these orbital interactions, 

they pose a concluding question: “what does one call these complexes which are 

stabilized entirely due to the dispersion interaction but do involve a hydrogen atom 

covalently bound to one atom and that interacts with another atom or group of atoms 

which are rich in electron density.”164 They tentatively suggest a new class of 

hydrogen bonds termed “dispersion-stabilized hydrogen bonds,”164 although we 

believe this is as much of a misnomer as “charge-transfer interaction” in reference to 

→*X–H orbital contributions. 

Deciphering the relative energetic contributions of these ubiquitious X–H/ 

interactions has unrealized importance. The nature and relative contributions that 

stabilize noncovalent interactions can have significant implications in the geometric 

preferences of two interacting molecules, as described in Chapter 2 in comparing 

cation/ and S–H/ interactions. Misidentification of the relative energetic 

contributions in non-covalent interactions can skew results obtained from database 

analyses. Malone et al.225 conducted a comprehensive database analysis on X–H/ 

interactions in crystal structures from the CSD, and identified many trends and 

geometries that furthered our understanding of X–H/ interactions in general. The 
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restrictive search parameters employed by Malone et al.225 focused on X–H bond 

approaches to aromatic centroids, where structures with angles X–H··centroid lower 

than 150° were excluded.225 These search parameters examined only centroid-oriented 

X–H/ interactions, either for practicality or with the assumption that X–H/ 

interactions are driven by electrostatic interactions (similar to cation/). It is 

noteworthy that the crystal structure Boc-Trpflp-NHMe would have been excluded 

from this study using these search parameters, and perhaps countless other related 

structures have been excluded from similar database analyses. In addition, 

inappropriate parameters for interactions would impact molecular modeling or 

calculations, by biasing against certain geometries which are actually stabilizing, with 

preference for geometries that represent electrostatically driven interactions. 

3.3.5 Aromatic-cis-proline interactions in proteins: Stabilization of the cis 

conformation due to a molecular orbital overlap 

With the understanding that prolyl C–H/ aromatic interactions are potentially 

motivated by an orbital overlap interaction with aromatic ring carbons (where 

degenerate  orbitals would be located), we conducted a search of the Protein Data 

Bank (PDB) to gain insights into the prevalence of these interactions in proteins. The 

analysis of the PDB was conducted and analyzed by Dr. Himal Ganguly as part of this 

study. In non-redundant chains from protein crystal structures (< 2.0 Å resolution), the 

distance from the Pro H to the aromatic centroid and to the nearest aromatic ring 

carbon was obtained. Both ring centroids were considered in the case of tryptophan. 

His-cis-Pro motifs were excluded because the protonation state of histidine, which is 

unknown in specific proteins, can have significant consequences on the strength of the 

C–H/ interaction. The results from Dr. Ganguly’s analysis are shown in Figure 3.74. 
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Figure 3.74 PDB analysis of aromatic-cis-proline motifs: Distances from Pro 

H to aromatic rings 

Occurrences of H-aromatic distances in aromatic-cis-proline motifs in proteins from 

the PDB. The red line indicates the distance H–centroid and the blue line indicates 

the shortest distance H–Caro (see description of dH–Cmin in Chapter 2). (a) Phe-cis-Pro 

and Tyr-cis-Pro motifs in proteins; (b) Trp-cis-Pro motifs in proteins. The distance to 

the 5-membered ring centroid or the 6-membered ring centroid are indicated. 

The vertical dashed line is at 2.90 Å, the sum of the van der Waals radii for carbon and 

hydrogen atoms. 

In this analysis of the PDB, 480 Phe-cis-Pro and Tyr-cis-Pro motifs were 

identified (combined) and 97 Trp-cis-Pro motifs were identified. In the majority of 

cases, the measured distances from ProH to individual aromatic carbons were less 

than the distance to the aromatic centroid, for both Phe/Tyr-cis-Pro and Trp-cis-Pro. 

More than 60% of structures showed a distance ProH–Caro that was less than the sum 

of the van der Waals radii for carbon and hydrogen. These data also suggest that the 

observed geometries within our crystallographic studies of Boc-Trpflp dipeptides are 

a 

b 
H–centroid distance 

Shortest H–Caro distance 
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more general to peptide and protein structures, implying that C–H/ orbital overlap 

interactions are important in protein secondary structure, folding, and function.  

 The geometry of the aromatic-cis-proline interaction in the crystal structure of 

Boc-Trpflp-NHMe and the crystal structures from the PDB indicated that the proline-

H/aromatic distances were often less than the sum of the van der Waals radii for 

carbon and hydrogen. The close distances of these C-H/ aromatic interactions are 

suggestive of a molecular orbital interaction, similar to the one observed in the crystal 

structure of Boc-4-thiol-L-phenylalanine-tert-butyl ester that was described in detail in 

Chapter 2. In order to investigate the possibility of a molecular orbital interaction that 

stabilizes the aromatic-cis-proline conformation, calculations were performed on 

dipeptide motifs from protein crystal structures (Figure 3.75). In all of the examples 

shown, with Phe-, Tyr-, or Trp-cis-proline interactions, an overlap between the proline 

C-H * and an aromatic  orbital was evident. 
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Figure 3.75 Calculated molecular orbitals in aromatic-cis-proline motifs from 

protein crystal structures from the PDB 

Calculations for the highest occupied molecular orbitals (HOMOs) were conducted 

using Spartan 06 (6-31G). (a) Phe631-Pro632, PDB ID: 3SXX; (b) Tyr206-Pro207, 

PDB ID: 4DB8; (c) Trp207-Pro208, PDB ID: 4KB1. 

In all three of these examples, an overlap between the C–H * orbital and the aromatic 

 orbital is apparent (indicated).   

Calculations conducted on aromatic-cis-proline motifs from protein crystal 

structures from the PDB suggest that a molecular orbital interaction →*C–H 

potentially contributes to the stability of the motif (indicated, Figure 3.75). The 

a b 

c 
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generality of carbon-directed geometry of C–H/ interactions in aromatic-cis-proline 

motifs in crystal structures from the PDB, similar to the carbon-directed geometry in 

the S–H/ interaction described in Chapter 2, suggests that aromatic interactions in 

proteins are potentially stabilized by molecular orbital interactions. The energy and 

geometry of aromatic interactions based on molecular orbital interactions can 

potentially affect design principles in the context of designing therapeutic protein 

inhibitors, or modeling protein-protein interactions. In structure-activity relationship 

analysis of small molecule libraries containing aromatic rings, aromatic susbtituent 

effects must be considered in the context of electrostatic interactions and molecular 

orbital interactions.  

In this work, we have determined that the nature of the C–H/ interaction 

which stabilizes aromatic-cis-proline type VIa1 -turns, is an enthalpically-driven 

interaction with close contact distances between the proline hydrogens and the 

aromatic ring carbons. In this work, several novel synthetic methods were developed 

in order to generate non-natural aromatic amino acids, many with unique reactive or 

spectroscopic properties. Crystallographic analysis of the peptide Boc-Trpflp-NHMe 

revealed the preference for carbon-oriented geometry in C–H/ interactions, and these 

geometric preferences were also found in the majority of aromatic-cis-proline motifs 

from protein crystal structures. Combined with our conclusions from Chapter 2, we 

propse that the molecular orbital interaction →*X–H is general and significant in X–

H/ aromatic interactions. 
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3.4 Experimental 

3.4.1 Materials 

Natural and non-natural Fmoc-L-amino acids, Boc-L-amino acids, and L-amino 

acids were purchased from Novabiochem (San Diego, CA), Bachem (San Carlos, CA), 

or Chem-Impex (Wood Dale, IL). Rink amide MBHA resin, diisopropylethylamine 

(DIPEA), (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate 

(PyBOP), and O-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) were purchased from Chem-Impex. Acetic anhydride 

(Ac2O), trifluoroacetic acid (TFA), phenol, thioanisole, triethylsilane (TES), 

triisopropylsilane (TIS), 5,5'-dithiobis(2-nitrobenzoic acid), bis(pinacolato)diboron, 

(2-biphenyl)di-tert-butylphosphine (JohnPhos), cesium carbonate (Cs2CO3), sodium 

hypochlorite (NaOCl), lithium hydroxide, N-ethylmaleimide (NEM), sodium 

hydrosulfite (Na2S2O4), triphenylmethyl chloride (Trt-Cl), diisopropyl 

azodicarboxylate (DIAD), trimethylsilyldiazomethane, copper(I) iodide, 1,10-

phenanthroline, thiolacetic acid, and 4-nitrobenzoic acid were purchased from Acros. 

Triflic anhydride, dithiothreitol (DTT), 1,1′-bis(diphenylphosphino)ferrocene, 

palladium(II) acetate (Pd(OAc)2), pyrrolidine, (diethyamino)sulfur trifluoride (DAST), 

acyl chloride, triphenylphosphine, 2-iodoxybenzoic acid (IBX), methylamine 

hydrochloride, and formic acid were purchased from Aldrich. All deuterated solvents 

were purchased either from Acros or Cambridge Isotopes (Tewksbury, MA). 

Acetonitrile (MeCN), dimethylformamide (DMF), methylene chloride (CH2Cl2), 

methanol (MeOH), ether, pyridine, hydrogen peroxide (30% solution in water), 

potassium acetate, and ethylenediaminetetraacetic acid (EDTA) were purchased from 

Fisher. Ethanedithiol (EDT) was purchased from Pfaltz & Bauer (Waterbury, CT). 
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Tri(2-carboxyethyl)phosphine hydrochloride (TCEP) was purchased from Hampton 

Research (Aliso Viejo, CA). 4-Nitrobenzenediazonium tetrafluoroborate was 

purchased from TCI America (Portland, OR). Deionized water was purified by a 

Millipore Synergy 185 water purification system with a Simpak2 cartridge. Solid-

phase post-synthetic modification reactions were performed in capped disposable 

fritted columns (Image Molding), or in glass vials (2 mL). All materials were used as 

purchased with no additional purification. PdCl2(dppf) was prepared as reported 

previously.391 

3.4.2 Peptide Synthesis and Characterization 

Peptides (0.1 or 0.25 mmol) were synthesized manually or on a Rainin PS3 

peptide synthesizer on Rink amide resin via standard Fmoc solid-phase peptide 

synthesis using HBTU as a coupling reagent. 60 minute coupling reactions were 

performed using 4 equivalents of Fmoc amino acid and HBTU. 3 equivalents were 

used for coupling reactions with non-canonical amino acids. All TXPN peptides 

contained N-terminal amides and C-terminal amides. 

The peptides were subjected to cleavage and deprotection reaction for 2-4 

hours under standard conditions (90% TFA/5% TIS/5% H2O or 84% TFA/4% each of 

H2O/phenol/thioanisole/ethanedithiol), unless otherwise indicated. The TFA was 

removed by evaporation under nitrogen. Peptides were precipitated from the mixture 

with cold ether, and the precipitate was dried. The peptides were dissolved in water or 

phosphate buffer, and then filtered using a 0.45 m syringe filter. The peptides were 

purified and the conversion and purity were determined using reverse phase HPLC on 

a Vydac C18 semi-preparative column (250 × 10 mm, 5-10 m particle, 300 Å pore) 

or on a Varian Microsorb MV C18 analytical column (250 × 4.6 mm, 3-5 m particle, 
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100 Å pore) using a linear gradient of buffer B (20% water, 80% MeCN, 0.05% TFA) 

in buffer A (98% water, 2% MeCN, 0.06% TFA), unless otherwise noted. Peptide 

purity was verified via reinjection on an analytical HPLC column. Peptides were 

characterized by ESI-MS (positive ion mode) on an LCQ Advantage (Finnigan) mass 

spectrometer, or on an LCMS 2020 (Shimadzu) mass spectrometer (positive or 

negative ion mode). Synthesis and NMR characterization of all peptides containing 4-

thiophenylalanine and related derivatives were described in Chapter 1. The peptides 

Ac-TWPN-NH2, Ac-T(4-CF3-Phe)PN-NH2, Ac-T(pentafluoro-Phe)PN-NH2, Ac-

TFflpN-NH2, Ac-TYflpN-NH2, Ac-TWflpN-NH2, Ac-TAflpN-NH2, Ac-T(4-NH2-

Phe)flpN-NH2, Ac-TFHypN-NH2, Ac-TYHypN-NH2, Ac-TWHypN-NH2, Ac-

TAHypN-NH2, and Ac-T(4-NO2-Phe)HypN-NH2 were purified by Krista Thomas or 

Dr. Devan Naduthambi, and conditions are reported elsewhere.91 The peptide Ac-T(4-

OSO3
–-Phe)PN-NH2 was prepared and purified by Michael Scheuermann, and the 

conditions are reported elsewhere.392  

Table 3.15. Purification and ESI-MS of peptides made from commercially 

available amino acids 

aPeptides were described previously,91 but were re-synthesized for these studies. 
Peptide HPLC Conditions Retention 

time (min) 

Expected 

Mass 

Observed 

Mass 

Ac-TFPN-NH2
a
 60 minutes 

0-20% buffer B 

30.2 518.3 541.1 

(M+Na)+ 

Ac-TYPN-NH2
a
 60 minutes 

0-20% buffer B 

22.8 534.2 557.3 

(M+H)+ 

Ac-THPN-NH2
a
 60 minutes 

0-35% buffer B 

10.2 508.2 509.3 

(M+H)+ 

Ac-TAPN-NH2
a
 60 minutes 

0-10% buffer B 

11.5 442.2 443.1 

(M+H)+ 

Ac-TChaPN-NH2
a
 60 minutes 

0-20% buffer B 

30.7 524.3 525.3 

(M+H)+ 

Ac-T(4-Pyridyl-Ala)PN-NH2
a
 60 minutes 

0-20% buffer B 

13.8 519.2 542.4 

(M+Na)+ 
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Table 3.15 continued 

Ac-T(4-NH2-Phe)PN-NH2
a
 60 minutes 

0-20% buffer B 

6.3 533.3 556.4 

(M+Na)+ 

Ac-T(4-NO2-Phe)PN-NH2
a
 60 minutes 

0-35% buffer B 

33.8 563.2 564.1 

(M+H)+ 

Ac-T(4-F-Phe)PN-NH2 60 minutes 

0-20% buffer B 

31.5 536.2 559.2 

(M+H)+ 

Ac-T(4-CN-Phe)PN-NH2 60 minutes 

0-20% buffer B 

40.7 543.2 544.3 

(M+H)+ 

Ac-T(4-Br-Phe)PN-NH2 60 minutes 

0-35% buffer B 

43.5 596.2 598.9 

(M+H)+ 

Ac-T(4-Cl-Phe)PN-NH2 60 minutes 

0-45% buffer B 

36.6 552.2 575.3 

(M+Na)+ 

3.4.3 Synthesis of novel aromatic amino acids via modification within peptides 

Ac-TXPN-NH2 

Peptide modification reactions were performed either on the peptides Ac-

TXPN on Rink amide resin (X = indicated commercially available amino acid), or in 

solution on the purified peptides Ac-TXPN-NH2. Peptides Ac-TXPN-NH2 containing 

4-thiophenylalanine and related derivatives were described in Chapter 1. The HPLC 

conditions, retention times, and ESI-MS data are summarized in Table 3.16. 

Table 3.16. Purification and ESI-MS of peptides with modified aromatic amino 

acids 

Peptide HPLC Conditions Retention 

time (min) 

Expected 

Mass 

Observed 

Mass 

Ac-T(4-B(OH)2-Phe)PN-NH2 60 minutes 

0-45% buffer B 

19.1 562.3 585.3 

(M+Na)+ 

Ac-T(4-Pyridyl(N-oxide)-Ala)PN-

NH2 

60 minutes, isocratic 

A for 20 minutes 

then 

0-20% buffer B over 

40 minutes 

15.0 535.2 536.2 

(M+H)+ 

Ac-T(4-pyrrolidyl-Phe)PN-NH2 60 minutes 

0-35% buffer B 

18.1 587.3 588.1 

(M+H)+ 

Ac-T(4-OSO2CF3-Phe)PN-NH2 30 minutes 

0-45% buffer B 

36.3 596.2 619.1 

(M+Na)+ 

Ac-T(4-OAc-Phe)PN-NH2 60 minutes 

0-15% buffer B 

38.4 576.3 577 

(M+H)+ 
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Table 3.16 continued 
Ac-T(3-I-Tyr)PN-NH2 60 minutes 

0-35% buffer B 

36.6 659.1 683.1 

(M+Na)+ 

Ac-T(3-NO2-Tyr)PN-NH2 60 minutes 

0-15% buffer B 

49.0 579.2 580.1 

(M+H)+ 

Ac-T(3-SH-Tyr)PN-NH2 60 minutes 

0-35% buffer B 

30.7 565.2 589.3 

(M+Na)+ 

Ac-T(3-NH2-Tyr)PN-NH2 30 minutes 

0-15% buffer B 

12.1 549.3 550 

(M+H)+ 

Ac-T(3-OH-Tyr)PN-NH2 60 minutes 

0-15% buffer B 

29.2 550.2 551 

(M+H)+ 

     

Ac-T(4-SH-Phe)flpN-NH2 60 minutes 

0-35% buffer B 

24.9 568.2 591.4 

(M+Na)+ 

Ac-TWflpF-NH2 60 minutes 

0-70% buffer B 

37.6 608.2 609.4 

(M+H)+ 

3.4.3.2 Solid-phase synthesis of the peptide Ac-T(4-B(OH)2-Phe)PN-NH2 

Potassium acetate (7.7 mg, 78 mol) was dissolved in DMSO (460 L) via 

sonication. The resin containing the peptide Ac-TXPN (where X = 4-

iodophenylalanine, 15-25 mg, 14-23 mol) was placed in a 2 mL glass vial. 

PdCl2(dppf) (1.7 mg, 2.3 mol), dppf (1.1 mg, 1.3 µmol), and bis(pinacolato) diboron 

(13.2 mg, 52 mol) were added to the resin. The mixture of potassium acetate in 

DMSO was added to the resin. The mixture was sparged briefly with nitrogen gas. The 

vial was sealed and the mixture was subjected to stirring in an oil bath at 80 °C for 24 

h. The reagents were removed from the resin by filtration. The resin was washed with 

DMF (4 mL × 3) and CH2Cl2 (4 mL × 2), and dried with ether. The resin containing 

the peptide was subjected to cleavage and deprotection reactions using standard 

conditions to generate the peptide Ac-T(4-B(OH)2-Phe)PN-NH2. The TFA was 

removed by evaporation under nitrogen. Peptide was precipitated from the mixture 

with cold ether, and the precipitate was dried. The peptide was dissolved in water or 

phosphate buffer, and then filtered using a 0.45 m syringe filter. The peptide was 

purified via HPLC using the conditions described in Table 3.16. 
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3.4.3.3 Solution phase synthesis of the peptide Ac-T(4-Pyridyl(N-oxide)-Ala)PN-

NH2 

The purified, lyophilized peptide Ac-TXPN-NH2 peptide (X = 4-

pyridylalanine, 0.3-0.8 mol) was dissolved in 20% acetonitrile in water (100 L) 

containing phosphate buffer (pH 7.2, 100 mM). The resultant solution was subjected 

to incubation at 75 ˚C on a heating block, and then H2O2 was added (30% in H2O, 30 

µL). The resultant reaction solution was allowed to incubate at 75 ˚C for 1 h to 

generate the peptide Ac-T(4-pyridyl(N-oxide)-Ala)PN-NH2. After the reaction was 

allowed to cool to room temperature, the peptide was purified directly from the 

resultant reaction solution via HPLC using the conditions described in Table 3.16. 

3.4.3.4 Solid-phase synthesis of the peptide Ac-T(4-pyrrolidyl-Phe)PN-NH2 

The resin containing the peptide Ac-TXPN (X = 4-bromophenylalanine, 15-25 

mg, 14-23 mol) was placed in a 2 mL glass vial. Palladium(II) acetate (1.1 mg, 5 

µmol), JohnPhos (6.0 mg, 20 mol), cesium carbonate (456 mg, 1.4 mmol), and THF 

(1 mL) were added to the resin in the vial. The mixture was sparged briefly with 

nitrogen gas, and pyrrolidine (99 L, 1.2 mmol) was added to the resultant mixture. 

The vial was sealed and the mixture was allowed to stir in an oil bath at 60 °C for 24 

h. The reagents were removed from the resin via filtration. The resin was washed with 

DMF (4 mL × 3), CH2Cl2 (4 mL × 2), and dried with ether. The resin was subjected to 

cleavage and deprotection reaction under standard conditions to generate the peptide 

Ac-T(4-pyrrolidyl-Phe)PN-NH2. The TFA was removed by evaporation under 

nitrogen. Peptide was precipitated from the mixture with cold ether, and the precipitate 

was dried. The peptide was dissolved in water or phosphate buffer, and then filtered 

using a 0.45 m syringe filter. The peptide was purified via HPLC using the 

conditions described in Table 3.16. 
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3.4.3.5 Solid-phase synthesis of the peptide Ac-T(4-OSO2CF3-Phe)PN-NH2 

The resin containing the peptide Ac-TYPN, (trityl-protected tyrosine, 0.3-0.8 

mol) was allowed to swell in DMF (4 mL) for 20 minutes, and then washed with 

DCM (4 mL × 4). The trityl protection on tyrosine was selectively removed from the 

peptide using a solution of TFA (2%) and TES (5%) in CH2Cl2 (3 mL × 2 min × 3), 

and then the resin was washed with CH2Cl2 (4 mL × 4). Pyridine (1.5 mL) was added 

to the resin and the resultant mixture was placed in an ice bath, and the mixture was 

allowed to chill to 4 °C. Triflic anhydride (75 L, 45 mol) was added dropwise to the 

resin, and the mixture was allowed to stir at 4 °C for 15 minutes. The reagents were 

removed from resin by filtration, and the resin was allowed to react with triflic 

anhydride in pyridine at 4 °C for an additional 15 minutes as described. The resin was 

then washed with CH2Cl2 (4 mL × 4) and then dried with ether. The resultant peptide 

Ac-T(4-OSO2CF3-Phe)PN-NH2 was subjected to cleavage and deprotection reaction 

on ice at 4 °C using 5% TIS in TFA for 1.5 h to generate the peptide. The TFA was 

removed by evaporation under nitrogen. Peptide was precipitated from the mixture 

with cold ether, and the precipitate was dried. The peptide was dissolved in water or 

phosphate buffer, and then filtered using a 0.45 m syringe filter. The peptide was 

purified via HPLC using the conditions described in Table 3.16. A major side product 

was observed via HPLC: tR 34.0 min, exp. 648.2, obs. 649.0 (M + H)+, which was 

consistent with a -elimination product of the peptide. 
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3.4.3.6 General solid phase acetylation reaction of Ac-T(3-Z-Tyr)PN-NH2 (X = 

H, I, NO2)  

The peptide Fmoc-(3-X-Tyr)PN-NH2 (X = H, I, or NO2) was synthesized on 

Rink amide resin via SPPS. Immediately following the coupling reaction with Fmoc-

(3-X-Tyr) and the peptide on resin, the resin was washed with DMF (3 mL × 3). The 

resin-bound peptide was subjected to reaction with a solution of 5% acetic anhydride 

in pyridine (3 mL × 5 min × 3). After this protection reaction, the peptide was 

synthesized using standard reaction conditions. The resin containing the synthesized 

peptide was subjected to cleavage and deprotection reaction using standard TFA 

conditions. The TFA was removed by evaporation under nitrogen. Peptide was 

precipitated from the mixture with cold ether, and the precipitate was dried. The 

peptide was dissolved in 10 mM LiOH in phosphate buffer (pH 4.0, 50 mM) allowed 

to incubate at room temperature for 30 minutes to generate the peptides containing 3-

substituted tyrosine. The solution containing the crude peptide was filtered using a 

0.45 m syringe filter. The peptide was purified via HPLC using the conditions 

described in Table 3.15, 3.16, or Table 3.17. 
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Table 3.17. Purification and ESI-MS of peptides with modified aromatic amino 

acids: 4-O(acetyl)-Tyr and derivatives 

 
Peptide HPLC 

Conditions 

Retention 

time 

(min) 

Expected 

Mass 

Observed 

Mass 

Ac-T(4-OAc-Tyr)PN-NH2 60 minutes 

0-15% buffer B 

38.4 576.3 577 

(M+H)+ 

Ac-T(3-I-Phe)PN-NH2 60 minutes 

0-35% buffer B 

36.6 659.1 683.1 

(M+Na)+ 

Ac-T(4-OAc, 3-NO2-Phe)PN-NH2 60 minutes 

0-15% buffer B 

49.0 579.2 580.1 

(M+Na)+ 

3.4.3.7 Solution phase synthesis of the peptide Ac-T(3-OH-Tyr)PN-NH2 

The purified, lyophilized peptide Ac-TYPN-NH2 (0.1 mmol) and 2-

iodoxybenzoic acid (IBX, 11.2 mg, 45% wt, 18 mol) were dissolved in THF (125 

L) while protected from light. The resultant solution was allowed to stir in the dark at 

room temperature for 1.5 h. Na2S2O4 (5.5 mg, 32 mol) was dissolved in water (125 

L) and the resultant solution was added to the solution containing the peptide. The 

resultant solution was allowed to stir at room temperature in the dark for 45 min to 

generate the peptide Ac-T(3-OH-Tyr)PN-NH2. The reaction was quenched with 

MeOH (10 L), the reaction solution was washed with ether (1 mL × 2), and the 

aqueous layer was filtered on a 0.45 m nylon syringe filter. The peptide was purified 

via HPLC using the conditions described in Table 3.16. 

3.4.3.8 Solution phase synthesis of the peptide Ac-T(3-NH2-Tyr)PN-NH2 

The purified, lyophilized peptide Ac-TYPN-NH2 was dissolved in phosphate 

buffer in water (100 L, pH 9.0, 100 mM) and placed on ice. To the peptide, 6.0 μL of 

a solution of 4-nitrobenzenediazonium tetrafluoroborate solution (130 mM in DMF) 

was added, and the solution was allowed to stir on ice for 15 minutes. The solution 

was neutralized to pH 7 using 1 M HCl, and then solid Na2S2O4 (10 mg, 57 mol) was 
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added to the resultant solution. The solution was allowed to stir at room temperature 

for 1 hour to generate the peptide Ac-T(3-NH2-Tyr)PN-NH2. The solution containing 

the crude peptide was filtered using a 0.45 m syringe filter. The peptide was purified 

via HPLC using the conditions described in Table 3.16. 

Alternately, the purified, lyophilized peptide Ac-T(3-NO2-Tyr)PN-NH2 was 

dissolved in phosphate buffer (100 L, pH 6.0, 100 mM). Solid Na2S2O4 (10 mg, 57 

mol) was added to the solution containing the peptide. The resultant solution was 

allowed to stir for 1 h at room temperature to generate the peptide Ac-T(3-NH2-

Tyr)PN-NH2. The solution containing the crude peptide was filtered using a 0.45 m 

syringe filter. The peptide was purified via HPLC using the conditions described in 

Table 3.16. 

3.4.3.9 Solid-phase synthesis of the peptide Ac-T(3-SH-Tyr)PN-NH2 

Following the previously developed copper-mediated cross-coupling reaction 

on solid phase,169 the resin containing the protected peptide Ac-T(3-I-Tyr)PN-NH2 

(the tyrosine hydroxyl was protected by an acetyl group as described above, 20-30 mg, 

7-10 mol) was placed in a glass vial. Toluene (400 L), DIPEA (66 L, 0.4 mmol), 

copper(I) iodide (3.6 mg, 20 mol), 1,10-phenanthroline (7.2 mg, 40 mol), and 

thiolacetic acid (34.0 L, 0.48 mol) were added to the resin sequentially. The vial 

was sealed and the mixture was allowed to stir in an oil bath at 110 °C for 16-18 h. 

The reagents were removed from the resin by filtration. The resin was washed with 

DMF (4 mL × 4), CH2Cl2 (4 mL × 2), and MeOH (4 mL × 2) and dried with ether. 

The resin was subjected to cleavage and deprotection reactions under standard 

conditions. The TFA was removed by evaporation under nitrogen. Peptide was 

precipitated from the mixture with cold ether, and the precipitate was dried. The 
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peptide was dissolved in a solution containing LiOH (10 mM) and DTT (25 mM) in 

phosphate buffer (pH 7.2, 50 mM) to generate the peptide Ac-T(3-SH-Tyr)PN-NH2. 

The resultant solution was filtered using a 0.45 m syringe filter. The peptide was 

purified via HPLC using the conditions described in Table 3.16. 
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3.4.3.10 General solid-phase reaction to generate peptides containing 4S-

fluoroproline (flp)374 

The peptide Fmoc-HypN-NH-Resin was synthesized on Rink amide resin 

using standard Fmoc- solid-phase peptide synthesis. In order to protect the 

hydroxyproline, 10 equivalents (2.5 mmol) of trityl chloride dissolved in 2 mL of 

CH2Cl2 were added to the resin. To the resin was added 8% DIPEA in DMF (2 mL), 

and the resultant mixture was allowed to agitate on a rotary shaker for 60 minutes at 

room temperature. The reagents were removed from the resin by filtration, and the 

resin was washed with DMF (4 mL × 4). The peptide was synthesized using standard 

Fmoc- solid-phase peptide synthesis. Following the peptide synthesis and acetylation 

reaction, the trityl group was selectively removed from the protected peptide by 

subjecting the resin to reaction with a solution of 5% triethylsilane (TES) and 2% TFA 

in CH2Cl2 (4 mL × 1 min × 3), and the resin was then washed with CH2Cl2 (4 mL × 3). 

A solution of 0.5 M DAST in anhydrous CH2Cl2 was added to the resin, and the 

resultant mixture was allowed to agitate on a rotary shaker at room temperature for 4 

h. The resin was washed with CH2Cl2 and MeOH, and dried with ether. The resin was 



 

 503 

subjected to cleavage and deprotection reactions under standard conditions. The TFA 

was removed by evaporation under nitrogen. Peptide was precipitated from the 

mixture with cold ether, and the precipitate was dried. The peptide was dissolved in 

water or phosphate buffer, and then filtered using a 0.45 m syringe filter. The peptide 

was purified via HPLC using the conditions described in Table 3.16. 

3.4.3.11 Solid-phase synthesis of the peptide Ac-T(4-SH-Phe)flpN-NH2 

The resin containing the protected peptide Ac-T(4-I-Phe)flpN-NH2 (20-30 mg, 

7-10 mol, synthesized using the general procedure described above) was placed in a 

glass vial. Toluene (400 L), DIPEA (66 L, 0.4 mmol), copper(I) iodide (3.6 mg, 20 

mol), 1,10-phenanthroline (7.2 mg, 40 mol), and thiolacetic acid (34.0 L, 0.48 

mol) were added to the resin sequentially. The vial was sealed, and the resultant 

mixture was allowed to stir in an oil bath at 110 °C for 16-18 h. The reagents were 

removed from resin by filtration. The resin was washed with DMF (4 mL × 4), CH2Cl2 

(4 mL × 2), and MeOH (4 mL × 2) and dried with ether. The resin was subjected to 

cleavage and deprotection reactions under standard conditions. The TFA was removed 

by evaporation under nitrogen. Peptide was precipitated from the mixture with cold 

ether, and the precipitate was dried. The precipitated peptide was subjected to reaction 

with a solution of DTT (25 mM) in phosphate buffer (pH 7.2, 50 mM) to generate the 

peptide Ac-T(4-SH-Phe)flpN-NH2. The solution containing the peptide was filtered 

using a 0.45 m syringe filter. The peptide was purified via HPLC using the 

conditions described in Table 3.16. 
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3.4.3.12 Modified solid-phase synthesis of the peptide Ac-TWflpF-NH2 

A protocol was developed for synthesis of the difficult peptide sequence, 

TWflpF. The peptide Fmoc-HypF-NH-Resin was synthesized via Fmoc- solid-phase 

peptide synthesis. A solution of 0.5 M DAST in anhydrous CH2Cl2 was added to the 

resin, and the resultant mixture was allowed to agitate on a rotary shaker at room 

temperature for 4 h. The reagents were removed from the resin by filtration. A 

solution of 0.5 M DAST in anhydrous CH2Cl2 was added to the resin, and the resultant 

mixture was allowed to agitate on a rotary shaker at room temperature for an 

additional 4 h. The reagents were removed from the resin by filtration. In order to 

protect the hydroxyproline, 10 equivalents (2.5 mmol) of trityl chloride dissolved in 2 

mL of CH2Cl2 were added to the resin. To the resin was added 8% DIPEA in DMF (2 

mL), and the resultant mixture was allowed to agitate on a rotary shaker for 60 

minutes at room temperature. The reagents were removed from the resin by filtration, 

and the resin was washed with DMF (4 mL × 4). The peptide was then synthesized 

using Fmoc solid-phase peptide synthesis. The resin was washed with DMF (4 mL × 

4), CH2Cl2 (4 mL × 2), and MeOH (4 mL × 2) and dried with ether. The resin was 

subjected to cleavage and deprotection reactions under standard conditions. The TFA 

was removed by evaporation under nitrogen. Peptide was precipitated from the 

mixture with cold ether, and the precipitate was dried to generate the peptide Ac-

TWflpF-NH2. The peptide was dissolved in phosphate buffer (pH 4) and the solution 

containing the peptide was filtered using a 0.45 m syringe filter. The peptide was 

purified via HPLC using the conditions described in Table 3.16. 

Attempts to subject the synthesized, protected peptide to the reaction with 

DAST were examined as described in Chapter 3.4.3.9, but the reaction proceeded with 
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low conversion, likely due to aromatic stacking of the Phe and Trp, which could 

sterically hinder the reaction site. 

3.4.3.13 General solid-phase synthesis of peptides containing 2S,4S-(p-

nitrobenzoyl)-hydroxyproline (4-PNB-hyp) 

The peptides were synthesized to contain trityl-protected hydroxyproline as 

described above (Chapter 3.4.3.9). Following the peptide synthesis and acetylation 

reaction, the trityl group was selectively removed from the protected peptide by 

subjecting the resin to reaction with a solution of 2% TFA and 5% triethylsilane (TES) 

in CH2Cl2 (4 mL × 1 min × 3), and the resin was then washed with CH2Cl2 (4 mL × 3). 

The resin was then placed in CH2Cl2 (2 mL), and triphenylphosphine (262 mg, 1 

mmol) and 4-nitrobenzoic acid (167 mg, 1 mmol) were added. The resultant mixture 

was allowed to chill on ice for 15 minutes. DIAD (197 L, 1 mmol) was added 

dropwise to the mixture under nitrogen. The reaction vessel was sealed under nitrogen. 

The resultant mixture was allowed to incubate on ice for 30 minutes, and then the 

mixture was allowed to agitate on a rotary shaker at room temperature for 18-24 h. 

The resin was washed with CH2Cl2, MeOH, and dried with ether. The resin was 

subjected to cleavage and deprotection reactions under standard conditions. The TFA 

was removed by evaporation under nitrogen. Peptide was precipitated from the 

mixture with cold ether, and the precipitate was dried. The peptide was dissolved in 

water or phosphate buffer, and then filtered using a 0.45 m syringe filter. The peptide 

was purified via HPLC. 

3.4.4 NMR Spectroscopy 

Purified, lyophilized peptides were dissolved in buffer containing 5 mM 

phosphate (pH 4.0 or as indicated), 25 mM NaCl, and 100 M TSP in 90% H2O/10% 
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D2O. The pH was adjusted as needed using dilute HCl (100 mM) or NaOH (100 mM). 

100 M TCEP was added to peptides containing thiophenylalanine to prevent 

disulfide formation. 100 M EDTA was added to peptides containing disubstituted 

aromatic amino acids to prevent potential metal binding. Peptide concentrations were 

10 M-200 M. NMR spectra were collected at 298 K on a Brüker AVN 600 MHz 

NMR spectrometer equipped with a triple resonance cryoprobe or a TXI probe. 

Spectra were internally referenced with TSP. 1-D spectra were collected with a Brüker 

w5 watergate pulse sequence and a relaxation delay of 1.7-2.0 s. 2-D spectra were 

collected with a watergate TOCSY pulse sequence. 

Well-resolved peaks in the NMR spectra were integrated after phasing and 

baseline correction. Ktrans/cis was calculated based on the average of integrated ratios of 

2-3 pairs of peaks. In general, backbone amide peaks and Thr methyl peaks were used 

for integration, but other pairs of resonances were used when amide peaks were too 

broad or obscured by spectral overlap.  

For NMR experiments in non-aqueous solvents, MeCN-d3, 90% MeOH-

d3/10% MeOD-d4 , or benzene-d6, trace TMS was added as an internal reference. 

NMR spectra were integrated after baseline normalization, and the Ktrans/cis was 

calculated based on the average integrated ratios of 2-3 pairs of peaks. Amide protons 

were used preferentially because they were generally well resolved and exhibit rapid 

relaxation, but when necessary, Thr methyl protons, N-terminal acetyl methyl protons, 

Thr H or H protons, or aromatic protons were used for integration. For vant Hoff 

analyses, 1H NMR spectra were collected after allowing the sample to equilibrate at 

each temperature for at least 20 minutes. The data represents the average of at least 

two independent trials unless otherwise indicated. 
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3.4.5 Fluorescence Spectroscopy 

The purified, lyophilized peptides Ac-T(4-pyrrolidyl-Phe)PN-NH2 or Ac-

TYPN-NH2 were dissolved in buffer containing 5 mM phosphate (pH 2.5 or 7.2). 

Samples contained 100 M of the peptide. Fluorescence spectra were collected in a 1 

cm quartz cell (Starna) on a Photon Technology International fluorescence 

spectrometer model QM-3/2003 with a CW source and a Hamamatsu R928 PMT. All 

slit widths were 3 nm. Excitation scans were obtained from 200 nm to 400 nm, with 

emission detection at 365 nm. Emission scans were obtained from 275 nm to 475 nm 

with excitation at 265 nm, or from 305 nm to 505 nm with excitation at 300 nm. Data 

were the average of at least three independent trials. Data were background-corrected 

but were not smoothed. Error bars are shown and indicate standard error. 

3.4.6 UV-Vis Spectroscopy 

The purified, lyophilized peptide Ac-T(4-pyrrolidyl-Phe)PN-NH2 was 

dissolved in buffer containing 50 mM phosphate; samples contained 250-75 M 

peptide, determined via NMR. The purified, lyophilized peptide Ac-T(3-SH-Tyr)PN-

NH2 was dissolved in buffer containing 50 mM phosphate and 1 mM TCEP; samples 

contained 45-65 M peptide, determined via Ellman’s test.109 Absorbance spectra 

were collected on a Perkin-Elmer Lambda 25 UV-Vis spectrometer in a 1 cm cell. 

Absorbance spectra were obtained from 400 nm to 220 nm with a slit width of 1 nm. 

After each measurement, the pH of each sample was verified with a pH electrode 

(Mettler Toledo), and the absence of disulfide formation was confirmed via HPLC 

reinjection. Data were the average of at least three independent trials. Error bars are 

shown and indicate standard error.  
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3.4.7 Synthesis of dipeptides in solution phase 

3.4.7.1 Synthesis of the dipeptide series Ac-AP-XMe and Ac-WP-XMe: X = O 

or NH 

The dipeptides based on Ac-AP or Ac-WP (0.15 mmol) were synthesized 

manually on 2-chlorotrityl resin via standard Fmoc solid-phase peptide synthesis using 

HBTU as a coupling reagent. 60 minute coupling reactions were performed with 3 

equivalents of Fmoc amino acid and HBTU. The peptides contained an acetyl group at 

the N-terminus, which was incorporated by subjecting the peptide on resin to a 

solution of DMF/2,6-lutidine/acetic anhydride (89/6/5 v/v/v) for 2 minutes (4 mL × 2). 

The resin was washed thoroughly with CH2Cl2. The resin containing the peptides were 

subjected to cleavage and deprotection reactions for 90 minutes using standard 

conditions (90% TFA/5% TIS/5% H2O). The TFA was removed via evaporation under 

nitrogen. The crude peptide products were precipitated using ether. The mixture was 

centrifuged, and the ether was removed. The precipitate was dried, and then dissolved 

in water (10 mL). The mixture was filtered, and the solution containing the peptide 

was lypophilized. 

Methyl ester modification at the C-terminus (to generate the peptides Ac-AP-

OMe or Ac-WP-OMe) was conducted in solution phase on the crude, dried precipitate 

containing the peptide from resin. The precipitate containing the peptide Ac-AP or Ac-

WP was dissolved in THF (500 L), and the solution was placed under a nitrogen 

atmosphere and chilled on ice. Trimethylsilyldiazomethane (0.5 mL) was added 

dropwise to the chilled solution via syringe, and the solution was allowed to stir while 

chilled on ice for 1 hour. The reaction was quenched by slowly adding drops (10 L) 

of acetic acid until the evolution of gases subsided. The resulting solution was diluted 
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with water (3 mL) and filtered. The crude peptides Ac-AP-OMe or Ac-WP-OMe were 

purified via HPLC. 

Methyl amide modification at the C-terminus (to generate the peptides Ac-AP-

NHMe or Ac-WP-NHMe) was conducted in solution phase on the crude, dried 

peptides from resin. The crude precipitate containing the peptide Ac-AP or Ac-WP 

was dissolved in 1,4-dioxane (350 L). DIPEA (49 L, 0.23 mmol) and PyBOP (86 

mg, 0.17 mmol) were added to the solution containing the peptide. The peptide was 

allowed to stir at room temperature for 30 minutes, and then chilled on ice. Separately, 

methylamine hydrochloride (MeNH2·HCl, 100 mg, 1.5 mmol) was dissolved in cold 

water (350 L) and placed on ice. LiOH (72 mg, 3.0 mmol) was added to the mixture, 

and the solution was maintained on ice in a closed container. The solution containing 

methylamine added to the chilled solution containing the peptide, and the resultant 

mixture was allowed to stir in a sealed container. The solution was allowed to warm to 

room temperature over 6 hours while stirring. After 6 hours, an additional volume of 

the chilled solution containing methylamine (10 equivalents) and LiOH (20 

equivalents) in chilled water (350 L) was prepared as described. The additional 

solution of methylamine was added to the solution containing the peptide. The 

resultant solution was allowed to stir in a sealed container at room temperature 

overnight. The solution containing the peptide was filtered and diluted in water. The 

crude peptides Ac-AP-NHMe or Ac-WP-NHMe were purified via HPLC. 

The peptides were purified using reverse phase HPLC on a Vydac C18 semi-

preparative column (250 × 10 mm, 5-10 m particle, 300 Å pore) or on a Varian 

Microsorb MV C18 analytical column (250 × 4.6 mm, 3-5 m particle, 100 Å pore) 

using a linear gradient of buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A 
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(98% water, 2% MeCN, 0.06% TFA). Peptide purity was verified via reinjection on an 

analytical HPLC column. Peptides were characterized by ESI-MS (positive ion mode) 

on an LCQ Advantage (Finnigan) mass spectrometer. 

Table 3.18. Purification and ESI-MS of dipeptides  

Peptide HPLC Conditions Retention 

time (min) 

Expected 

Mass 

Observed 

Mass 

Ac-AP-OMe 30 minutes, 

isocratic A for 10 

minutes then 

0-10% buffer B 

over 20 minutes 

25.5 242.1 243.0 

(M+H)+ 

Ac-AP-NHMe 40 minutes, 

isocratic A for 20 

minutes then 

0-5% buffer B over 

20 minutes 

(at 75% normal 

flow rate) 

18.9 241.1 242.2 

(M+H)+ 

Ac-WP-OMe 40 minutes 

15-65% buffer B 

17.6 357.2 358.1 

(M+H)+ 

Ac-WP-NHMe 30 minutes 

0-35% buffer B 

23.3 356.2 357.2 

(M+H)+ 

 

3.4.7.2 Synthesis of Boc-2S,4R-hydroxyproline 

2S,4R-Hydroxyproline (2.0 g, 15 mmol) and Boc2O (3.3 mg, 15 mmol) were 

dissolved in 1,4-dioxane (30 mL). A solution of NaOH (1.0 M, 30 mL) in water was 

added to the solution containing 2S,4R-hydroxyproline, and the resultant mixture was 

allowed to stir at room temperature for 18 hours, or until the starting material was 

depleted as observed via thin-layer chromatography. Dilute HCl (1 M, 40 mL) was 

added to the solution (pH 2), and the product was extracted into ethyl acetate (20 mL 

× 3). The organic layers were combined, and the solvent was removed under reduced 

pressure, generating Boc-2S,4R-hydroxyproline (2.9 g, 13 mmol) in 84% yield. The 
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crude product was used in the next step without further purification. The 1H NMR and 

13C NMR spectra of the resultant product corresponded with literature values.393 

3.4.7.3 Synthesis of Boc-2S,4R-hydroxyproline methyl ester 

Crude Boc-2S,4R-hydroxyproline (24.9 g, 108 mmol) was dissolved in acetone 

(1 L), and potassium carbonate was added (45.5 g, 329 mmol). Dimethyl sulfate (15.3 

mL, 161 mmol) was added to the mixture while the mixture was allowed to stir. The 

mixture heated to reflux and allowed to stir for 3 hours. The solvent was removed 

under reduced pressure, the crude residue was redissolved in ethyl acetate (200 mL × 

3). The organic layer was washed with water (200 mL × 3). The solvent was removed 

under reduced pressure. The crude product was purified via column chromatography 

(0 to 4% methanol in CH2Cl2 (v/v)) to yield Boc-2S,4R-hydroxyproline methyl ester 

(20 g, 82 mmol) as a colorless oil in 76% yield. The 1H NMR and 13C NMR spectra of 

the resultant product corresponded with literature values.393 

3.4.7.4 Synthesis of Boc-2S,4S-fluoroproline methyl ester 

Using a previously established protocol,375 purified Boc-2S,4R-hydroxyproline 

methyl ester (400 mg, 1.6 mmol) was dissolved in anhydrous CH2Cl2 (815 L), and 

the solution was placed under a nitrogen atmosphere. The solution was placed on ice 

and allowed to stir for 10 minutes. DAST (0.37 mL, 2.8 mmol) was added to the 

solution dropwise, and the resultant solution was allowed to stir on ice for 2 hours. 

The solution was then allowed to warm to room temperature, and then allowed to stir 

for an additional 16 hours at room temperature. DAST was quenched by adding a 

solution of saturated sodium bicarbonate (2 mL). When the evolution of gases had 

subsided, water (25 mL) was added to the resultant mixture, and the crude product was 
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extracted into CH2Cl2 (20 mL × 3). The solvent was removed under reduced pressure. 

The crude product was purified via column chromatography (0 to 30% ethyl acetate in 

hexanes (v/v)) to yield Boc-2S,4S-fluoroproline methyl ester (260 mg, 1.05 mmol) as a 

colorless oil in 64% yield. NMR spectra reflected a mixture of cis and trans proline 

rotamers (1:1 ratio, respectively). 1H NMR (600 MHz, CDCl3):  5.25 (d, J  3.8 Hz), 

5.17 (d, J  4.0 Hz) (sum of 5.25 ppm and 5.17 ppm resonances = 1H), 4.53 (d, J  9.7 

Hz), 4.42 (d, J  9.1 Hz) (sum of 4.53 ppm and 4.42 ppm resonances = 1H), 3.85-3.60 

(m), 3.74 (s) (sum of 3.74 ppm and 3.73 ppm resonances = 5H), 2.50-2.30 (m, 2H), 

1.48 (s), 1.43 (s) (sum of 1.48 ppm and 1.43 ppm resonances = 9H). 13C NMR (150.8 

MHz, CDCl3)  172.17, 171.81, 153.93, 153.5 6, 92.74, 91.67, 91.58, 90.50, 80.25, 

80.21, 57.55, 57.18, 53.20, 53.04, 52.87, 52.71, 37.40, 37.26, 36.56, 36.41, 28.27, 

28.15. 19F NMR (564.5 MHz, CDCl3)  -172.94, -173.25. ESI-MS m/z: [M] calcd for 

C11H18FNO4 247.1, found 270.0 (M + Na+). These data corresponded with literature 

values.375 

3.4.7.5 Synthesis of Boc-Trp-(2S,4S-fluoroproline) methyl ester 

Boc-2S,4S-fluoroproline methyl ester (1.5 g, 6.0 mmol) was dissolved in a 

solution of 10% TFA in CH2Cl2 (24 mL), and the solution was allowed to stir at room 

temperature for 3 hours, or until disappearance of starting material was observed via 

thin-layer chromatography. The solvent was removed under reduced pressure, and the 

crude product was redissolved in acetonitrile (12 mL). DIPEA was added to the 

mixture until the solution was at pH 8 (approximately 3 mL). Separately, Boc-Trp-OH 

(2.7 g, 7.0 mmol) and PyBOP (4.7 g, 7.0 mmol) were dissolved in a solution of 10% 

DIPEA in acetonitrile (12 mL), and the resultant solution was allowed to stir at room 

temperature for 30 minutes. The solution of Boc-Trp-OH and PyBOP was added to the 
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mixture of Boc-2S,4S-fluoroproline methyl ester, and then the resultant mixture was 

allowed to stir at room temperature for 24 hours. DIPEA was added as necessary 

during the reaction to maintain basic conditions (pH 8). Distilled water was added to 

the resultant reaction mixture (20 mL), and the crude product was extracted into ethyl 

acetate (20 mL × 3). The solvent was removed under reduced pressure. The crude 

product was purified via column chromatography (50 to 100% hexanes in ethyl acetate 

(v/v)) to yield Boc-Trp-(2S,4S-fluoroproline) methyl ester (780 mg, 1.8 mmol) as a 

white solid in 30% yield. NMR spectra reflected a mixture of cis and trans proline 

rotamers (1:1.2 ratio, respectively). 1H NMR (600 MHz, CDCl3):  8.46 (br s), 8.37 

(br s) (sum of 8.46 ppm and 8.37 ppm resonances = 1H), 7.70 (d, J  7.7 Hz), 7.50 (d, 

J  7.9 Hz), 7.35 (d, J  8.0 Hz), 7.32 (d, J  8.1 Hz), 7.20-7.13 (m), 7.09 (br s), 7.04 

(t,  J  7.4 Hz) (sum of 7.70 ppm, 7.50 ppm, 7.35 ppm, 7.32 ppm, 7.17 ppm, 7.09 

ppm, and 7.04 ppm resonances = 5H), 5.64 (d,  J  8.3 Hz), 5.32 (d,  J  8.5 Hz) (sum 

of 5.64 ppm and 5.32 ppm resonances = 1H), 5.09 (d,  J  52.3 Hz), 4.80 (d,  J  9.8 

Hz), 4.76-4.67 (m), 4.52-4.48 (m) (sum of 5.09 ppm, 4.72 ppm, and 4.50 ppm 

resonances = 2H), 3.80-3.61 (m), 3.72 (s), 3.63 (s) (sum of 3.72 ppm and 3.63 ppm 

resonances = 3H), 3.42 (d, J  9.1 Hz), 3.38-3.35 (m), 3.33-3.26 (m), 3.19-3.10 (m) 

(sum of 4.80 ppm, 3.70 ppm, 3.42 ppm, 3.36 ppm, 3.30 ppm, and 3.15 ppm 

resonances = 5H), 2.47-2.41 (m), 2.27-2.15 (m), 2.07-2.02 (m) (sum of 2.44 ppm and 

2.04 ppm resonances = 1H), 1.47 (s), 1.40 (s) (sum of 1.47 ppm and 1.40 ppm 

resonances = 9H), 0.56-0.44 (m) (sum of 2.22 ppm and 0.50 ppm resonances = 1H). 

13C NMR (150.8 MHz, CDCl3)  171.83, 171.64, 170.86, 155.41, 154.89, 136.10, 

136.95, 122.44, 121.94, 119.57, 119.53, 118.54, 111.27, 111.21, 111.16, 111.00, 

109.58, 92.62, 91.44, 90.82, 89.66, 79.82, 79.62, 57.24, 57.16, 54.08, 53.03, 52.99, 
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52.87, 52.82, 52.50, 52.43, 36.63, 36.49, 35.59, 35.44, 30.96, 28.62, 28.40, 28.35. 19F 

NMR (564.5 MHz, CDCl3)  -173.17, -173.70. ESI-MS m/z: [M] calcd for 

C22H28FN3O5 433.2, found 456.2 (M + Na+). 

3.4.7.6 Synthesis of Boc-Trp-(2S,4S-fluoroproline) 

Boc-Trp-(2S,4S-fluoroproline) methyl ester (200 mg, 0.46 mmol) was 

dissolved in 1,4-dioxane (0.92 mL). A solution of LiOH in water (0.75 mM, 0.92 mL) 

was added to the solution containing the dipeptide, and the resultant solution was 

allowed to stir at room temperature for 10 hours, or until disappearance of starting 

material was observed via thin-layer chromatography. Dilute HCl (1 M, 5 mL) was 

added to the mixture to reduce the pH to 2, and the crude product was extracted into 

ethyl acetate (10 mL × 3). The solvent was removed under reduced pressure. The 

crude product was purified via column chromatography (0 to 4% methanol in CH2Cl2 

(v/v)) to yield Boc-Trp-(2S,4S-fluoroproline)-OH (180 mg, 0.43 mmol) as a white 

solid in 93% yield. NMR spectra reflected a mixture of cis and trans proline rotamers 

(1:1.5 ratio, respectively). A polar cosolvent was required for NMR analysis due to the 

limited solubility of Boc-Trp-(2S,4S-fluoroproline) in CDCl3. The cosolvent 

broadened the proton resonances, particularly on the exchangeable amide and 

carbamate protons. 1H NMR (600 MHz, CDCl3 + EtOAc):  8.77 (br s), 8.72 (br s) 

(sum of 8.77 ppm and 8.72 ppm resonances = 0.3H), 7.66 (d, J  7.6 Hz), 7.49 (d, J  

7.6 Hz), 7.35-7.32 (m), 7.18-7.11 (m), 7.05 (t,  J  7.1 Hz) (sum of 7.66 ppm, 7.49 

ppm, 7.34 ppm, 7.15 ppm, 7.05 ppm = 5H), 5.81 (d,  J  7.9 Hz), 5.32 (br s) (sum of 

5.64 ppm and 5.32 ppm resonances = 0.3H), 5.10 (d,  J  52.1 Hz), 4.79 (d,  J  9.4 

Hz), 4.68 (br s), 4.48-4.47 (m) (sum of 5.10 ppm, 4.68 ppm, and 4.48 ppm resonances 

= 2H), 3.81 (dd,  J  35.0, 11.5 Hz), 3.81 (dd,  J  26.6, 14.2 Hz), 3.42-3.11 (m) (sum 
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of 4.79 ppm, 3.81 ppm, 3.66 ppm and 3.27 ppm = 5H), 2.60-2.55 (m), 2.32-2.19 (m), 

2.10-2.06 (m) (sum of 2.58 ppm and 2.07 ppm resonances = 1H), 1.45 (s), 1.41 (s) 

(sum of 1.45 ppm and 1.41 ppm resonances = 9H), 0.56-0.46 (m) (sum of 2.24 ppm 

and 0.51 ppm resonances = 1H). 13C NMR (150.8 MHz, CDCl3)  172.40, 172.09, 

171.80, 155.52, 155.32, 127.52, 127.19, 124.40, 123.50, 122.34, 121.78, 119.42, 

118.83, 118.20, 111.39, 111.20, 110.57, 108.51, 92.46, 91.27, 90.83, 89.67, 80.08, 

80.04, 57.64, 57.06, 54.12, 53.48, 53.31, 52.94, 52.52, 36.48, 36.34, 35.02, 34.92, 

30.76, 29.68, 28.32. 19F NMR (564.5 MHz, CDCl3)  -173.53, -173.84. ESI-MS m/z: 

[M] calcd for C21H26FN3O5 419.2, found 442.2 (M + Na+). 

3.4.7.7 Synthesis of Boc-Trp-(2S,4S-fluoroproline) methyl amide 

Boc-Trp-(2S,4S-fluoroproline) (80 mg, 0.19 mmol) and PyBOP (110 mg, 0.21 

mmol) were dissolved in a solution of 10% DIPEA in 1,4-dioxanes (450 L). The 

resultant solution was allowed to stir for 30 minutes at room temperature. Separately, 

methylamine hydrochloride (130 mg, 1.9 mmol) was added to a solution of LiOH in 

water (8.4 M, 450 L) and allowed to chill on ice. The neutralized solution of 

methylamine was added to the dipeptide in solution, and the resultant solution was 

allowed to stir in a sealed container at room temperature for 6 hours. An additional 10 

equivalents of chilled, neutralized methylamine solution were added to the reaction 

mixture, and the mixture was allowed to stir in a sealed container at room temperature 

for an additional 18 hours. Distilled water was added to the mixture (3.0 mL), and the 

crude product was extracted into ethyl acetate (10 mL × 3). The solvent was removed 

under reduced pressure. The crude product was purified via column chromatography 

(50 to 100% ethyl acetate in hexanes (v/v)) to yield Boc-Trp-(2S,4S-fluoroproline)-

methyl ester (50 mg, 0.12 mmol) as a white solid in 61% yield. NMR spectra reflected 
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a mixture of cis and trans proline rotamers (1.8:1 ratio, respectively). 1H NMR (600 

MHz, CDCl3):  8.98 (br s), 8.87 (br s) (sum of 8.98 ppm and 8.87 ppm resonances = 

1H), 7.73 (d, J  7.8 Hz), 7.65 (d, J  4.1 Hz), 7.45 (d, J  8.0 Hz), 7.39 (d, J  8.0 

Hz), 7.35 (d, J  8.2 Hz), 7.26 (t, J  7.1 Hz), 7.18-7.15 (m), 7.08 (d, J  2.1 Hz), 7.05 

(t, J  7.4 Hz) (sum of 7.73 ppm, 7.45 ppm, 7.39 ppm, 7.35 ppm, 7.26 ppm, 7.17 ppm, 

7.08 ppm, and 7.05 ppm resonances = 5H), 5.43 (d, J  4.1 Hz) (sum of 7.65 ppm and 

5.43 ppm resonances = 1H), 5.34 (d, J  8.3 Hz), 5.30 (d, J  6.1 Hz) (sum of 5.34 

ppm and 5.30 ppm resonances = 1H), 5.04 (d, J  52.1 Hz), 4.50 (dd, J  15.5, 8.1 

Hz), 4.68 (d, J  52.2 Hz) (sum of 5.04 ppm and 4.68 ppm resonances = 1H), 4.68 (d, 

J  9.9 Hz), 4.23 (m) (sum of 4.50 ppm and 4.23 ppm resonances = 1H), 3.92 (ddd, J 

 36.2, 12.4, 3.6 Hz), 3.61-3.44 (m), 3.33-3.19 (m), 3.13 (dd, J  13.6, 4.7 Hz) (sum of 

4.68 ppm, 3.92 ppm, 3.53 ppm, 3.43 ppm and 3.13 ppm resonances = 5H), 2.75 (d, J  

4.7 Hz), 2.65 (t, J  16.3 Hz), 2.45 (d, J  4.7 Hz) (sum of 2.75 ppm and 2.45 ppm 

resonances = 3H), 2.19 (t, J  15.5 Hz) (sum of 2.65 ppm and 2.19 ppm resonances = 

1H), 2.10-1.98 (m), 1.45 (s, 9H) 0.22-0.10 (m) (sum of 2.04 ppm, 0.16 ppm 

resonances = 1H). 13C NMR (150.8 MHz, CDCl3)  173.08, 172.80, 170.65, 170.54, 

155.86, 155.37, 136.26, 136.13, 126.93, 126.79, 123.71, 122.93, 122.70, 122.63, 

120.17, 119.61, 118.85, 118.51, 111.79, 111.49, 109.72, 92.56, 91.38, 91.10, 89.94, 

80.57, 80.34, 59.28, 58.74, 54.76, 54.23, 54.07, 53.84, 53.68, 52.41, 36.46, 36.32, 

34.90, 34.76, 29.25, 28.77, 28.37, 28.30, 26.38, 26.28. 19F NMR (564.5 MHz, CDCl3) 

 -173.98, -174.38. ESI-MS m/z: [M] calcd for C22H29FN4O4 433.2, found 456.2 (M 

+ Na+). 
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3.4.7.8 Synthesis of Boc-TrpPro methyl ester 

Proline methyl ester (HCl salt, 125 mg, 0.754 mmol) and LiOH (20 mg, 0.83 

mmol) were dissolved in acetonitrile (500 L). Boc-Trp-OH (300 mg, 0.986 mmol), 

PyBOP (513 mg, 0.987 mmol), and cesium carbonate (493 mg, 1.52 mmol) were 

dissolved in acetonitrile (1 mL). Both of the solutions containing each amino acid 

were stirred vigorously or sonicated until the reagents were fully dissolved. The 

solution containing proline methyl ester was added to the solution containing activated 

Boc-Trp-OH, and the resultant solution was allowed to stir for 24 hours at room 

temperature. Distilled water was added to the mixture (10 mL), and the crude product 

was extracted into ethyl acetate (10 mL × 3). The solvent was removed under reduced 

pressure. The crude product was purified via column chromatography (10 to 50% 

ethyl acetate in hexanes (v/v)) to yield Boc-TrpPro methyl ester (140 mg, 0.34 mmol) 

as a white solid in 45% yield. NMR spectra reflected a mixture of cis and trans proline 

rotamers (1:3.4 ratio, respectively). 1H NMR (400 MHz, CDCl3):  8.43 (br s), 8.39 

(br s) (sum of 8.43 ppm and 8.39 ppm resonances = 1H), 7.69 (d, J  7.7 Hz), 7.58 (d, 

J  7.9 Hz) (sum of 7.69 ppm and 7.58 ppm resonances = 1H), 7.35 (d, J  7.8 Hz), 

7.32 (d, J  7.6 Hz) (sum of 7.35 ppm and 7.32 ppm resonances = 1H), 7.19-7.06 (m, 

3H), 5.55 (d, J  8.7 Hz), 5.33 (d, J  8.6 Hz) (sum of 5.55 ppm and 5.33 ppm 

resonances = 1H), 4.78 (dd, J  14.7, 7.1 Hz, 1H), 4.50 (m, 1H), 3.71 (s), 3.64 (s) 

(sum of 3.71 ppm and 3.64 ppm resonances = 3H), 3.57-3.52 (m), 3.48-3.41 (m), 3.28-

3.22 (m), 3.18-3.11 (m) (sum of 3.55 ppm, 3.45 ppm, 3.25 ppm and 3.15 ppm 

resonances = 4H), 2.18-2.09 (m), 1.93-1.81 (m), 1.66-1.50 (m), 1.45 (s), 1.40 (s) (sum 

of 1.45 ppm and 1.40 ppm resonances = 9H), 0.91-0.83 (m) (sum of 2.14 ppm, 1.87 

ppm, 1.58 ppm and 0.87 ppm resonances = 4H). 13C NMR (100.6 MHz, CDCl3)  

172.69, 172.12, 171.49, 171.25, 155.39, 154.92, 136.07, 136.01, 127.91, 127.33, 
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123.88, 123.21, 122.29, 121.86, 119.62, 119.50, 119.04, 118.70, 111.20, 111.13, 

110.87, 109.90, 79.65, 79.52, 58.89, 58.81, 53.78, 52.74, 52.41, 52.27, 46.92, 46.17, 

30.79, 30.09, 29.08, 28.67, 28.43, 28.41, 24.94, 22.07. ESI-MS m/z: [M] calcd for 

C22H29N3O5 415.2, found 438.2 (M + Na+). 

3.4.7.9 Synthesis of Ac-Trp(2S,4S-fluoroproline) methyl ester 

Purified Boc-Trp(2S,4S-fluoroproline) methyl ester (55 mg, 0.13 mmol) was 

dissolved in 1,4-dioxane (0.64 mL). A solution of HCl in water (4 M, 0.64 mL) was 

added to the dipeptide, and the resultant solution was stirred at room temperature for 2 

hours, and then at 40 °C for 2 hours. Reaction completion was verified by observed 

depletion of Boc-Trp-(2S,4S-fluoroproline) methyl ester via thin-layer 

chromatography and NMR. The solvent was removed under reduced pressure, and the 

crude residue was redissolved in acetonitrile (1 mL). DIPEA was added dropwise until 

the solution was neutralized (pH 7-8). While stirring the solution containing 

Trp(2S,4S-fluoroproline) methyl ester, acetyl chloride (13.5 L, 0.19 mmol) was 

added to the solution, and the resultant solution was allowed to stir at room 

temperature for 3 hours, or until the disappearance of starting material was observed 

via thin-layer chromatography. Dilute HCl (1 M, 5 mL) was added to the solution, and 

the crude product was extracted into ethyl acetate (10 mL × 3). The solvent was 

removed under reduced pressure, and the crude residue was redissolved in 50% 

acetonitrile in water to yield Ac-Trp(2S,4S-fluoroproline) methyl ester. The peptide 

was purified using reverse phase HPLC on a Varian Microsorb MV C18 analytical 

column (250 × 4.6 mm, 3-5 m particle, 100 Å pore) using a linear gradient of 15-

65% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% 

MeCN, 0.06% TFA) over 60 minutes: tR 16.5 min, exp. 375.2, obs. 398.4 (M + Na)+. 
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NMR spectra reflected a mixture of cis and trans proline rotamers (1:1.2 ratio, 

respectively). 1H NMR (600 MHz, CDCl3):  8.16 (br s), 8.14 (br s) (sum of 8.16 ppm 

and 8.14 ppm resonances = 1H), 7.70 (d, J  7.8 Hz), 7.51 (d, J  7.9 Hz), 7.37 (d, J  

8.0 Hz), 7.35 (d, J  8.1 Hz), 7.31 (d, J  2.1 Hz), 7.21-7.14 (m), 7.07 (t,  J  7.8 Hz) 

(sum of 7.70 ppm, 7.51 ppm, 7.37 ppm, 7.35 ppm, 7.31 ppm, 7.18 ppm, and 7.07 ppm 

resonances = 5H), 6.64 (d,  J  7.6 Hz), 6.34 (d,  J  7.9 Hz) (sum of 6.64 ppm and 

6.34 ppm resonances = 1H), 5.14 (dt,  J  52.3, 3.8 Hz), 4.99 (dt,  J  7.9, 5.3 Hz), 

4.81 (d, J  9.8 Hz), 4.78-4.67 (m) (sum of 5.14 ppm, 4.99 ppm, and 4.72 ppm 

resonances = 2H), 3.86-3.62 (m), 3.76 (s), 3.63 (s) (sum of 3.76 ppm and 3.63 ppm 

resonances = 3H), 3.42-3.31 (m), 3.22 (dd, J  14.6, 5.2 Hz), 3.08 (dd, J  13.7, 11.0 

Hz) (sum of 4.81 ppm, 3.74 ppm, 3.37 ppm, 3.22 ppm, and 3.08 ppm resonances = 

5H), 2.52-2.46 (m), 2.32-2.21 (m), 2.08-2.03 (m) (sum of 2.49 ppm and 2.05 ppm 

resonances = 1H), 2.07 (s), 1.94 (s) (sum of 2.07 ppm and 1.94 ppm resonances = 3H), 

0.52-0.41 (m) (sum of 2.26 ppm and 0.47 ppm resonances = 1H). 13C NMR (150.8 

MHz, CDCl3)  171.53, 171.26, 170.68, 170.58, 170.00, 169.27, 136.04, 127.75, 

127.23, 124.14, 123.41, 122.62, 122.09, 119.74, 119.67, 118.99, 118.47, 111.28, 

111.17, 111.02, 109.35, 92.54, 91.35, 90.71, 89.55, 57.18, 57.17, 53.31, 53.15, 53.04, 

52.93, 52.89, 52.48, 51.30, 36.52, 36.38, 35.62, 35.48, 30.40, 28.23, 23.34, 23.12. 19F 

NMR (564.5 MHz, CDCl3)  -173.32, -173.68 
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Chapter 4 

SYNTHESIS OF 2-THIOPHENYLALANINE AND ITS APPLICATION INTO 

NATIVE CHEMICAL LIGATION OF PEPTIDES AND PROTEINS 

4.1 Introduction 

Advancements in cloning and transformation techniques have transformed the 

landscape of molecular biology over the past 50 years. The ability to incorporate non-

natural amino acids has broadened the genetic code, and the ability to incorporate 

amino acids with unique functionalities into proteins has revolutionized our ability to 

rationally engineer proteins and other biomolecules. However, there are limitations to 

the nature and size of the non-natural amino acids that can be expressed into proteins, 

depending on the specific technique utilized, thus limiting the scope of amino acids 

that can be studied and utilized in this manner.394, 395 Thus, the ability to synthesize 

proteins in a chemical manner is a crucial part of the general “toolbox” in molecular 

science. Indeed, our understanding about the structural, chemical, and biological 

consequences of protein phosphorylation and glycosylation has relied on the ability to 

site-selectively modify proteins, but new methods and techniques are required to 

broaden the scope for synthetic proteins.  

Peptides and small proteins can be chemically synthesized in a step-wise, 

sequence-specific manner from amino acids via Fmoc- or Boc- solid-phase peptide 

synthesis (SPPS). With this step-wise methodology, modified amino acids can be 

easily incorporated into a protein sequence, without the need for recombinant DNA or 

expression in cell cultures. Solid-phase peptide synthesis has provided tools for 
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studying residue effects on local protein conformations and the implications of post-

translational modifications on protein structure, but SPPS becomes much more 

difficult with peptides longer than 50 amino acids. While protein expression has 

become routine practice for larger peptides and proteins, it is difficult to incorporate 

site-specific modifications (such as glycosylation).394, 395 Chemical ligation, which 

combines protein expression and chemical synthetic methods, has been an active area 

of research over the past 50 years. A major advancement in the chemical ligation of 

proteins was pioneered by Dawson et al.396 where a 72-amino acid protein was 

synthesized completely in a chemical manner via “native chemical ligation” (NCL). 

NCL and related methodologies have allowed for the chemical synthesis and semi-

synthesis of proteins and peptides.394, 395 NCL is a practical means for synthesizing 

native proteins and modified proteins that contain large or bulky non-natural amino 

acids, which cannot be otherwise expressed into proteins. A recent “tour-de-force” of 

NCL was reported by Wang et al.,397, 398 which culminated in a ten-year effort to 

synthesize a single glycoform of human erythropoietin, a 166-amino acid protein 

containing 4 different oligosaccharide modifications. 

NCL relies on the nucleophilicity of thiolates to undergo acyl transfer reactions 

at physiological pH, which occurs widely in natural biological processes (i.e. acetyl 

Coenzyme A). NCL was initially developed as a chemical synthetic strategy using 

cysteine, but the synthesis and applications of other thiol-containing amino acids and 

functional auxiliaries have been developed for use in NCL since the early 2000s.399 

Combined with desulfurization reactions (e.g. desulfurization reaction on cysteine to 

generate alanine400), nearly any amino acid can be used for ligation of peptides and 

proteins, including valine, alanine, lysine, and phenylalanine, among others.399  
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Aromatic amino acids are crucial for protein folding, intermolecular protein-

protein interactions, and substrate recognition and binding.18 -Mercaptophenylalanine 

has been synthesized and demonstrated as a suitable means to ligate peptides and 

proteins using NCL with an aromatic amino acid, and can generate phenylalanine at 

the ligation site following a desulfurization reaction. However, -

mercaptophenylalanine was generated in 12% overall yield in 9 synthetic steps401, 402 

and has not been applied since it was first demonstrated for use in NCL in the mid-

2000s,401, 403 suggesting a need for an alternative strategy to synthesize a thiolated 

phenylalanine derivative. Given the practicality of the copper-mediated cross-coupling 

approach described in Chapter 1,169, 404 we sought to synthesize and apply 2-

thiophenylalanine for NCL of peptides and proteins. 2-Thiophenylalanine may also 

have unique advantages in NCL, given that aryl thiols are more acidic than alkyl 

thiols, and aryl thiolates are potentially more reactive than alkyl thiolates under mildly 

acidic conditions. The synthesis and application of 2-thiophenylalanine for NCL of 

model peptides and miniproteins is herein described.  

4.1.1 Chemical synthesis of peptides 

 One of the crucial advancements towards the total chemical synthesis of 

proteins was the development of solid-phase peptide synthesis (SPPS) by 

Merrifield.405, 406 By 1960, the synthesis of peptides and proteins was possible via 

solution phase, step-wise synthesis using carbodiimide coupling reagents and 

protected amino acids. By the time Merrifield introduced his solid-phase 

methodology, several peptides had been chemically synthesized using solution 

approaches, including vasopressin derivatives407-410 and oxytocin.411 However, the 
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numerous purification steps that were required for a solution-phase synthesis of a long 

peptide fragment undoubtedly limited broader applications of peptide synthesis.412  

In 1963, Merrifield reported the first step-wise synthesis of a peptide bound to 

a solid, polystyrene support (Figure 4.1).405 By immobilizing the peptide to a solid 

support, a simple washing procedure replaced the tedious purification and 

recrystallization steps that followed each amino acid coupling reaction in solution. The 

simplicity of SPPS allows for the automated peptide synthesis of peptides and 

proteins, and also allows for the practical incorporation of non-natural amino acids or 

the synthesis of small molecules and peptoids. After step-wise chemical synthesis, the 

full-length peptide can be released from the solid support via a cleavage reaction, and 

then the peptide is purified. In addition, the protected peptide can be subjected to 

additional chemistries for modifications, including C-terminal labelling or side-chain 

modifications. Many biologically active peptides and proteins have been synthesized 

using SPPS approaches derived from Merrifield’s work, including the total synthesis 

of ribonuclease A,413 both L- and D- variants of HIV-1 protease (99-amino acids),414 

the synthesis of the green fluorescent protein (238 residues),415 and countless other 

examples.394, 395, 412 
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Figure 4.1 Synthetic strategy of stepwise, solid-phase peptide synthesis 

Since it was initially proposed,405 SPPS has been improved through broader 

availability of amine and side-chain protecting groups, improved efficiency in the 

coupling and deprotection reactions, and development of solid supports with improved 

stability.  
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With the widespread development and application of SPPS techniques, much 

has been discovered regarding protein structure, peptide-based inhibitors in medicinal 

chemistry, and modes of biological action of post-translational modifications, but 

there are some limitations associated with SPPS. As a synthetic peptide increases in 

length on resin, there is considerable steric crowding within the resin support, which 

can potentially result in decreased efficiency of the coupling reactions, and an 

increased likelihood of significant impurities in the final peptide product.395 In 

peptides and proteins that are rich in aromatic amino acids or prolines, the problems 

associated with steric crowding on resin are more pronounced. With a step-wise 

approach on a long peptide, even the most efficient amino acid coupling reactions will 

ultimately result in a statistical accumulation of impurities that increases with peptide 

length (i.e. 98% coupling reaction efficiency over 45 amino acids = 40% overall 

yield).416 Some peptide sequences are more prone to reaction inefficiency, such as 

short segments of sterically hindered amino acids or proline-rich segments, which 

further increases the likelihood of low overall yield and difficult purification. With 

these limitations in step-wise chemical synthesis, SPPS is generally limited to 

applications involving peptides approximately 50-60 amino acids in length or less, 

considerably smaller than the majority of proteins.395, 416  

In order to chemically synthesize peptides and proteins that are longer than 50-

60 amino acids, techniques were sought and developed for ligation reactions of 

peptide fragments, which can be synthesized via SPPS and then “stitched” together 

using ligation reactions following synthesis and purification.417 Ideally, these peptide 

ligation reactions would be highly selective, would be orthogonal to biological 

functional groups, and would not introduce any large chemical linkers that could 
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potentially affect protein folding or dynamics. Numerous bioconjugation strategies 

have been introduced and reviewed using various synthetic methodologies.51, 133, 417-419  

In one example, Schnölzer & Kent420 reported a ligation methodology in the 

total synthesis of HIV-1 protease using a thioester in place of an amide bond. A 

thioester linkage is similar in length to a glycyl amide bond, and allows for bond 

rotation similar to amide bonds. In this work, two peptides of approximately 50 amino 

acids in length were synthesized via SPPS: HIV-11-50 containing a C-terminal 

thiocarboxylic acid, and HIV-153-99 containing an N-terminal bromoacetamide. The 

ligation reaction proceeded through nucleophilic attack of the thioacid on the 

methylene carbon to displace the bromide, uniting the two peptide fragments through a 

modified backbone (Figure 4.2).420 The ligation reaction between these two peptide 

fragments was complete in 3 hours, and the resultant protein had similar enzymatic 

activity to the native protein.420 It was noted that this “pseudo-peptide bond” could 

impact the hydrogen bonding capability of the full length protein at the ligation site, 

but it was not found to affect the activity or protein folding in this case.  
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Figure 4.2 Chemical ligation of proteins with a modified thioester backbone420 

In Schnölzer & Kent’s work, two peptide fragments were synthesized, one containing 

a C-terminal thioacarboxylic acid and the other containing an N-terminal 

bromoacetamide. Under neutral, aqueous conditions, the peptide fragments were 

ligated within 3 hours to form a full length, modified HIV-1 protease. At the ligation 

site, a glycine thioester is generated, where a sulfur atom replaces an amide N–H. The 

modified HIV-1 protease exhibited similar activity to the native protein. 

In order to incorporate potential hydrogen bond donors and acceptors into 

modified amide bonds, Rose421 reported a ligation strategy employing an oxime 

ligation reaction between peptide fragments to generate dendrimers nearly 20 kD in 

size. In this example, two peptide fragments containing either an N-terminal aminoxy 

moiety or an aldehyde were allowed to react under aqueous conditions to generate a 

peptide with an internal oxime in place of an amide bond (Figure 4.3). Although this 

reaction is slower than Kent’s chemical ligation approach (16 h vs. 3 h), thiol 

chemistry is completely avoided with Rose’s method,421 which can potentially form 

unreactive disulfides during the ligation reaction, and oxime formation is highly 

selective over imine formation or other potential products.  
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Figure 4.3 Synthesis of proteins with a via oxime ligation reaction421 

In Rose’s work, two peptide fragments were synthesized, one containing a C-terminal 

aldehyde and the other containing an N-terminal oxyamide. Under mildly acidic, 

aqueous conditions, the peptide fragments were ligated within 18 hours, with an oxime 

generated at the ligation site. 

Development of chemical ligation reactions for synthetic peptides allowed for 

the total synthesis of large bioactive proteins with site-specific modifications. Many 

other chemical ligation and bioconjugation methods have been reported and 
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extensively utilized, including Staudinger ligation, Huisgen [3 + 2] cycloaddition, 

Diels-Alder cycloaddition, olefin cross-metathesis reaction, thiol-ene and thiol-yne 

reaction, among others.51, 418, 422 These bioconjugation reactions can also be utilized 

for generating hybrid materials, such as electrode surfaces functionalized with proteins 

or protein-therapeutic conjugates.362, 418, 423-426 Although some of the unnatural linkers 

generated from the ligation reactions were well-tolerated within the protein target, this 

is not always be the case, and “traceless” ligation methods that generate a native amide 

bond have been sought for the chemical synthesis of proteins.  

4.1.2 Chemical synthesis of proteins via native chemical ligation 

One of the earliest reported traceless ligation approaches in peptides was 

described by Kemp and coworkers, termed as “thiol capture”.427, 428 Kemp et al.429 had 

reported amide bond formation via a template-assisted, intramolecular acyl transfer 

reaction (Figure 4.4), and highlighted the potential applications of this approach in 

peptide synthesis. It was noted that the reaction efficiency would be dictated by the 

“capture” of the peptide fragments, since entropic activation of the peptide fragments 

effectively replaced the need for carbonyl activation using carbodiimides.427 

Furthermore, cysteine presented a unique opportunity for extending “thiol capture” to 

ligation of peptides, where a cysteine can be “captured” as a disulfide or using an 

organomercury compound. However, these intramolecular acyl transfer reactions to 

form amide bonds were comparatively slow (requiring several hours to several 

days),427, 428 and these methods were seldom applied in peptides and proteins, 

predominantly due to the subsequent report of native chemical ligation. 
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Figure 4.4 Amide bond formation by “thiol-capture” strategy427-430 

Kemp and coworkers suggested the use of activated templates to assist amide bond 

formation.427-430 The concept was to entropically activate the peptide fragments to 

accelerate acyl transfer. This strategy ultimately guided development of native 

chemical ligation.396 
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Following inspiration from Kemp’s “thiol capture” strategy430 and the 

successful chemical ligation of HIV-1 protease (Figure 4.2), Dawson et al.396 

described a rapid, traceless ligation technique that required only an N-terminal 

cysteine and a thioester. This elegant strategy, termed “native chemical ligation” 

(NCL, for the “native” amide bond that is formed from the ligation reaction) derives 

principles from Kemp’s thiol-capture strategy, where cysteine is used to entropically 

activate an intramolecular acyl transfer reaction that forms an amide bond. Rather than 

“capture” the cysteine thiol with an intermediary template molecule, in NCL the 

cysteine thiolate reacts directly with a peptide containing a C-terminal thioester. 

Formation of the thioester intermediate entropically activates the amine to undergo 

S→N acyl transfer reaction, which releases the cysteine thiolate and forming the amide 

bond (Figure 4.5). The reaction conditions can be conducted at room temperature, and 

only a reductant is required to prevent disulfide formation between cysteine thiolates. 

In fact, it was found that including aryl thiol additives in the reaction significantly 

accelerated the ligation reaction rate.431, 432 NCL is a mild, chemoselective, and rapid 

methodology, and yields an amide bond at the ligation site, and was immediately 

applied to proteins (Dawson et al. used human interleukin-8 as a model to demonstrate 

NCL).396  
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Figure 4.5 Amide bond formation via native chemical ligation396 

This chemical ligation method relies on “thiol-capture” of the cysteine thiolate using a 

peptide containing a C-terminal thioester, which entropically activates the 

intermediate to undergo a 5-membered intramolecular acyl transfer reaction, releasing 

the cysteine thiolate and forming a native amide bond. 

Dawson et al.396 noted that the nature of the C-terminal thioester group, or 

more precisely the leaving group of the intermolecular acyl transfer reaction, impacted 

the rate of the ligation reaction. This aspect of NCL has been utilized for “kinetically 

controlled ligation,” where a cysteine thiolate will react with an aryl thioester faster 

than with an alkyl thioester. This difference in reactivity introduced a means for site-

selectivity in the presence of multiple thioesters, allowing for the convergent synthesis 
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of multiple peptide fragments (Figure 4.6). Using this approach, combined with 

masking cysteine residues as thiazolidines, Bang et al.433  synthesized the 46-amino 

acid protein, crambin, using six peptide fragments.  

Figure 4.6 Convergent synthesis of peptides using kinetically controlled 

ligation433 

Aryl thioesters have better leaving groups than alkyl thioesters, and are more reactive 

to S→N acyl transfer reaction with cysteine. In the presence of alkyl- and aryl-

thioesters, a cysteine thiolate will react preferentially with the aryl thiolate.This 

“kinetic control” of ligation reaction rate with thioester groups can be used for the 

convergent synthesis of multiple peptide or protein fragments. 
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4.1.3 Expressed protein ligation and semi-synthetic methodologies 

The simplicity of NCL resembles of the mechanism of protein splicing that has 

evolved in Nature. Protein splicing mechanisms are conserved throughout bacteria and 

eukaryotes, and function as a means of protein synthesis and regulation.36 An 

expressed gene may contain multiple protein fragments within a peptide fragment, a 

precursor protein. This precursor protein must be processed to excise internal peptide 

fragments (inteins), and this process ligates the flanking protein sequences (exteins) 

together as a native amide bond.38 In auto-processing precursor proteins, the intein 

region adopts a conformation that promotes their own excision from the precursor 

protein, and they require no external source for initiation (Figure 4.7). 
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Figure 4.7 Intein-mediated protein splicing, NCL reactions evolved in Nature 

Protein splicing occurs in bacteria and eukaryotes as a means of post-translational 

modification of proteins. The intein adopts a conformation that promotes excision and 

ligation of the exteins.38 
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In NCL, incorporation of an N-terminal cysteine in a peptide or protein via 

expression or SPPS is generally not difficult, but modifying a C-terminus of a peptide 

or protein with a thioester is much more challenging. In the early development of 

NCL, peptides containing C-terminal thioesters could be synthesized by chemical 

modification of the peptide, if the side chains were protected from the reaction, and no 

method had been presented for expression of proteins containing C-terminal thioesters. 

Muir and coworkers36, 434, 435 recognized that intein-mediated protein splicing 

presented an unique opportunity for the chemical synthesis of proteins via expression 

of proteins containing a C-terminal thioester group. By expressing a fusion protein 

containing an engineered intein, addition of an excess thiol could initiate excision of 

the intein (Figure 4.8), and form a protein with a C-terminal thioester.  

With this advancement, expressed proteins could be used in NCL on either 

side of the ligation site, paving the way for semi-synthesis of proteins and protein 

hybrid materials. Muir et al. initially demonstrated expressed protein ligation (EPL) 

for the semi-synthesis of a modified 50 kDa C-terminal Src kinase (Csk). Csk 

catalyzes phosphorylation of a tyrosine in Src kinase, which initiates a conformational 

change and an interdomain association. The structure of Csk resembles its Src kinase 

substrates, but does not contain the C-terminal region with the phosphorylation site.434 

Muir et al.434 examined the conformational effects of adding the phosphorylated C-

terminal peptide “tail” to Csk, in order to determine if this modified Csk could 

undergo the same conformational changes as phosphorylated Src kinases.434 Protein 

expression of a modified Crk domain would not allow for site-selective 

phosphorylation, and automated peptide synthesis of Csk containing a C-terminal 

phosphotyrosine would be impossible, given the size of the kinase and the location of 
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the post-translational modification at the C-terminus. To overcome this synthetic 

challenge, the C-terminal peptide fragment was chemically synthesized containing an 

the phosphotyrosine and an N-terminal cysteine. Csk was expressed as a fusion protein 

with an engineered intein, and was modified to contain a C-terminal thioester as 

shown in Figure 4.8.434 The Csk containing a C-terminal thioester was then used as a 

substrate for NCL with the synthesized phosphopeptide containing an N-terminal 

cysteine (Figure 4.8). 
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Figure 4.8 Semi-synthesis of proteins via expressed protein ligation 

Deriving from intein-mediated protein splicing, Muir434 developed a methodology 

where an expressed protein can be chemically modified to contain a C-terminal 

thioester, after treatment of an intein-fusion protein with a thiol additive. This method 

allowed for semi-synthesis of proteins using NCL, where expressed proteins could be 

used on either side of the ligation site.  

EPL methodology has also been useful for synthesizing modified proteins 

where the modification is at the N-terminus, such as in histones. Histones are proteins 

that scaffold and organize DNA into chromatin and chromosomes, and the post-

translational modifications of histones are thought to influence protein regulation by 
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mitigating access to DNA for transcription, replication, signaling transcription 

enzymes.436-438 Histones are structured as a core group of globular proteins that 

coordinate DNA, and contain a long N-terminal “tail” is less structured.438 Histones 

can be modified via phosphorylation, ubiquitination, and methylation, with more than 

60 modification sites identified, suggesting their importance in regulating transcription 

pathways.437, 438 With histones, a single post-translational modification can influence 

the modifications at other sites, which complicates mapping of individual 

modifications and understanding the cellular “histome”.436, 437 EPL has allowed for the 

practical semi-synthesis of histones with specific post-translational modifications near 

the C-terminus, such as residues that interface with DNA, in order to identify the 

structural and regulatory features of single post-translational modifications.437  

Muir and coworkers have utilized EPL and NCL methodologies to unravel 

some of the intricate details in histone post-translational modification, and this work a 

current area of research.36, 41, 121, 434, 439, 440 Since Muir reported this powerful 

methodology, harnessing protein splicing for chemical semi-synthesis of proteins, 

many researchers have utilized EPL and intein-based methods for synthesizing 

engineered proteins and peptides, including incorporation of synthetic -turn motifs 

into RNase A;441 generating synthetic mutants of sodium-potassium ion channels;442 

generating cyclic proteins,443 and numerous additional examples.41, 434, 440, 444 

4.1.4 Expansion of native chemical ligation to non-cysteine amino acids 

NCL was revolutionary for the synthesis of engineered proteins, but there still 

remained the requirement for a cysteine residue at the ligation site. Many proteins do 

not contain any cysteine residues, and some proteins may not be able to structurally or 

functionally tolerate a cysteine mutation. In addition, given that NCL proceeds less 
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efficiently at thioesters of proline or stereically hindered amino acids, not all cysteines 

are amenable to NCL reactions.445 Yan & Dawson400 demonstrated that cysteine can 

be desulfurized following NCL reaction, which generates alanine at the ligation site 

(Figure 4.9a). In this work, the cyclic peptide Microcin J25 was synthesized using 

NCL, and the thiol functionality on cysteine was removed via Pd/Al2O3 or Raney 

nickel.400 With desulfurization, the method of NCL was expanded beyond peptides 

and proteins containing cysteine. 

Given the harsh reaction conditions that are required for removal of cysteine 

thiols, milder desulfurization approaches were developed. Wan & Danishefsky446 

demonstrated that cysteine can be desulfurized within a glycopeptide using a water-

soluble radical initiator (VA-044) in the presence of TCEP. Without requiring Raney 

nickel or harsh hydrogenation reaction conditions, VA-044 desulfurization reactions 

are compatible with delicate peptide modifications.446 Wan & Danishefsky446 also 

demonstrated a variant of this strategy where selenocysteine was deselenized to form 

alanine using VA-044 and TCEP (Figure 4.9b). The development of mild 

desulfurization and deselenization methods established that NCL and EPL could be 

utilized in the absence of cysteine residues. 



 

 541 

Figure 4.9 Desulfurization and deselenization methods on cysteine and 

selenocysteine to generate alanine in peptides 

Pioneered by Yan & Dawson,400 peptides containing cysteine can be converted to 

alanine using desulfurization reactions. Deselenization approaches where 

demonstrated by Wan & Danishefsky,446 as a means to generate alanine at the ligation 

site without desulfurizing other cysteine residues. These methods have been applied to 

other thiol- and selenol-containing amino acids. 

The initial requirement of cysteine in a peptide or protein imposed an inherent 

barrier to the broader use of NCL in the synthesis of engineered proteins. Tam & 

Yu447 were some of the pioneers in extending NCL beyond the requirement for 

cysteine. Tam & Yu447 proposed “methionine ligation,” where the NCL reaction is 

mediated by an N-terminal homocysteine, which can be methylated after the ligation 

reaction to generate methionine at the ligation site. After the introduction of 

desulfurization and deselenization strategies,399, 400, 448 NCL reactions could be 

mediated by other non-natural thiolated amino acids. That is, non-natural amino acids 

containing a thiol could be incorporated into synthetic peptides or expressed proteins 

to mediate the NCL reaction, and could be subsequently desulfurized to generate 

almost any amino acid. The growing repertoire of thiolate amino acids that have been 

synthesized and utilized for NCL includes -mercaptophenylalanine,401-403 

penicillamine and -thiovaline,449, 450 -mercaptoleucine,451-mercaptothreonine,452 -

thiolysine and -thiolysine,453 and 4R-mercaptoproline,454 (Figure 4.10).399 Amino 

a 

b 
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acids containing selenols have also been synthesized for NCL reactions and 

subsequent deselenization with VA-044 and TCEP.399 Alternative functional group 

have also been demonstrated for mediating NCL reactions, including side-chains 

containing phosphorylations,455 o-hydroxythiophenols,456 and amidyl auxiliaries.457-460 

Although some of these thiolated amino acids are commercially available (4-

mercaptoproline; penicillamine, valine precursor), most of those shown in Figure 4.10 

require several synthetic steps, and generate the thiolated amino acid with low overall 

yield.  

 

Figure 4.10 Thiol- and selenol-modified amino acids for mediating NCL 

With the advent of desulfurization and deselenization methods, numerous thiolated or 

selenol-containing amino acids were synthesized and applied for NCL. This list of 

available amino acids is continually growing.399  
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Aromatic amino acids, including phenylalanine, are crucial residues for 

tailoring protein structure and molecular recognition via non-covalent interactions (see 

Chapters 2 and 3), and the development of NCL methodologies involving aromatic 

amino acids must be improved to enable further studies on these important amino 

acids.161, 403 -Mercaptophenylalanine and -selenophenylalanine have been 

demonstrated for application in NCL with model peptides and proteins, but these 

amino acids require 6-9 synthetic steps with an overall yield that is less than 6-12%, 

depending on the synthetic routes used.401-403, 461 Furthermore, NCL using -

mercaptophenylalanine is relatively slow (24 h), potentially due to the steric bulk and 

hydrophobicity of this aryl thiol.  

Given the need for more practical approaches to NCL at aromatic amino acids, 

and the practicality of synthesizing peptides containing 4-thiophenylalanine using 

solid-phase modification approaches,169, 404 we hypothesized that 2-thiophenylalanine 

at the N-terminus of a peptide could be utilized for NCL at phenylalanine. The copper-

mediated cross-coupling approach that was used to synthesize 4-thiolphenylalanine 

(described in Chapter 1) could be utilized for the synthesis of peptides containing N-

terminal 2-thiophenylalanine, using commercially available Boc-2-iodophenylalanine. 

This synthetic strategy on the protected peptide on solid-phase avoids the multiple, 

solution-phase synthetic steps required to generate the protected amino acid for 

incorporation via solid-phase peptide synthesis. With the increased acidity of 4-

thiophenylalanine relative to cysteine,169 we anticipated that 2-thiophenylalanine could 

potentially act as a nucleophile in NCL reactions under mildly acidic conditions. In 

addition to desulfurization of 2-thiophenylalanine to generate phenylalanine, 

derivatives of thiophenylalanine-mediated NCL could potentially be used to introduce 
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novel aromatic amino acids into peptides and proteins in a practical manner (i.e. 3-

mercaptotyrosine). We describe synthesis of peptides containing N-terminal 

thiophenylalanine, and demonstrate NCL reactions mediated by 2-thiophenylalanine-

mediated in model peptides, and applications into the chemical synthesis of proteins. 

4.2 Results 

Cysteine-mediated NCL reactions proceed through via a thioester exchange 

reaction between a peptide containing an N-terminal cysteine and a peptide containing 

a C-terminal thioester. The intermediate species entropically activates the N-terminus 

to undergo a rapid intramolecular S→N acyl transfer through a 5-membered reaction 

intermediate (Figure 4.5).396 The intramolecular S→N acyl transfer reaction has been 

known to proceed slowly through larger intermediates (15- and 16-membered).462 

With these mechanistic aspects about NCL in consideration, we sought to determine if 

NCL reactions could be mediated using an N-terminal thiophenylalanine in place of 

cysteine. A practical synthesis of peptides containing 4-thiophenylalanine was 

previously demonstrated using a copper-mediated cross-coupling reaction on resin-

bound peptides containing 4-iodophenylalanine,169 and this approach was utilized for 

synthesis of peptides containing N-terminal thiophenylalanine for NCL reactions. 

4.2.1 Initial synthesis of peptides containing N-terminal thiophenylalanine 

For our preliminary studies on NCL mediated by thiophenylalanine, we 

synthesized a series of model peptides containing Boc-iodophenylalanine at the N-

terminus. The position of the thiol group could have significant consequences on the 

ligation reaction rate, depending on the transition state for the intramolecular S→N 

acyl transfer to generate the amide bond. While cysteine-mediated ligation reactions 
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proceed through a 5-membered ring intermediate (Figure 4.5), larger intermediates 

have been demonstrated with some success.463 In order to determine the optimal 

position of the thiol group on the N-terminal thiophenylalanine, the series of model 

peptides were synthesized to contain 2-, 3-, or 4-iodophenylalanine (2-I-Phe, 3-I-Phe, 

or 4-I-Phe, respectively) at the N-terminus. The model peptide, XRAFS (X = 

iodophenylalanine), was selected because this and related sequences have been 

utilized in previous model peptide studies of NCL reactions.464 Boc-2-, 3-, and 4-

iodophenylalanine are all commercially available amino acids, and were readily 

incorporated at the N-terminus of the peptides on solid phase. The peptides containing 

Boc-iodophenylalanine were subjected to solid-phase copper-mediated cross-coupling 

conditions that were previously established (described in Chapter 1).169 All of these 

peptides containing N-terminal thiophenylalanine were successfully generated using 

the previously established cross-coupling reaction (Figure 4.11). However, the 

reaction on the peptide containing 2-iodophenylalanine resulted in an unexpected 

reaction product, which strongly suggested exceptional reactivity of this peptide for 

NCL reactions (Figure 4.12).  
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Figure 4.11 Synthesis of model peptides containing N-terminal 

thiophenylalanine via solid-phase cross-coupling reaction 

The reaction scheme for the cross-coupling reaction on the resin-bound peptides 

containing N-terminal iodophenylalanine, and subsequent reduction and thiolysis 

reactions in solution phase to generate the peptides containing N-terminal 

thiophenylalanine. The resultant peptides contained either 2-, 3-, or 4-

thiophenylalanine at the N-terminus.  
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Figure 4.12 Initial synthesis of a model peptide containing N-terminal 2-

thiophenylalanine via solid-phase cross-coupling reaction 

(a) Reaction scheme for the cross-coupling reaction on the resin-bound peptide 

containing 2-iodophenylalanine and subsequent reduction and thiolysis reactions in 

solution to generate the peptide (2-SH-Phe)RAFS-NH2; (b) HPLC chromatogram of 

the resultant peptide products from the cross-coupling reaction using a linear gradient 

of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% 

MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 

mm, 100 Å pore); (c) HPLC chromatogram of the resultant peptide products from the 

thiolysis and reduction reactions in solution using a linear gradient of 0-45% buffer B 

(20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% 

TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å 

pore). 

DTTred and DTTox indicate reduced and oxidized dithiothreitol, respectively. 

a 

b 

c 
DTTred 

DTTox 
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In the synthesis of a peptide containing N-terminal 2-thiophenylalanine (2-SH-

Phe), the major product observed from the cross-coupling reaction was Ac-(2-SH-

Phe)RAFS-NH2, which was confirmed by ESI-MS, NMR, and a positive result from 

Ellman’s test109 (indicating a free sulfhydryl group). The NMR spectrum of this 

resultant product (Figure 4.13) indicated the presence of an acetyl group, and five 

amide protons (not the expected four), indicating the peptide contained an N-terminal 

acetyl group. This product potentially resulted from an intramolecular S→N acyl 

transfer reaction between the free amine and thioacetyl peptide derivative (Figure 

4.14). In the context of the mechanism of NCL reaction, this result is completely 

expected: the acetyl modification on 2-thiophenylalanine bears the same electrophilic 

carbonyl group that is presented in NCL reactions with a good aryl thiolate leaving 

group, and the acyl transfer reaction proceeds through a 7-membered-ring reaction 

intermediate. 7-Membered-ring intramolecular S→N acyl transfer intermediates have 

been reported previously with NCL at homocysteine.447 
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Figure 4.13 1H NMR spectrum of the resultant product from the solid-phase 

cross coupling reaction on the peptide Boc-(2-I-Phe)RAFS 
1H NMR spectrum of the peptide Ac-(2-SH-Phe)RAFS-NH2 in 90% H2O/10% D2O 

with 5 mM phosphate buffer (pH 4), 25 mM NaCl, 0.1 mM TCEP, and 0.1 mM TSP. 

(a) amide region; (b) full spectrum. The singlet at 2.00 ppm (3H) is assigned to an 

acetyl CH3 group, and 5 amide doublets are present (compared to 4 amide peaks in the 

peptide (2-SH-Phe)RAFS-NH2). The large peak at 3.34 ppm is due to methanol. 

 

a 

b 
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Figure 4.14 Intramolecular acyl transfer mechanism of 2-thiophenylalanine 

Since the peptide is subjected to deprotection reaction conditions before thiolysis 

reaction conditions, a free amine can potentially react with the thioacetyl carbonyl on 

2-thioacetyl-phenylalanine, resulting in the peptide Ac-(2-SH-Phe)RAFS-NH2. These 

data indicate that 2-thiophenylalanine can undergo rapid and efficient intramolecular 

acyl transfer in NCL reactions. 

The observation of an intramolecular S→N acyl transfer reaction in the 

synthesis of a peptide containing 2-thiophenylalanine suggested that this amino acid 

can undergo rapid NCL reactions with thioester peptides. Formation of the S→N acyl 

transfer product peptide was complete in less than 5 minutes at room temperature. 

However, with the amine converted to an amide via an acetyl group, this peptide can 

not be used for NCL reactions. In order to synthesize the peptide containing 2-

thiophenylalanine at the N-terminus, the peptide would need to be subjected to the 

thiolysis reaction on solid-phase, prior to the TFA deprotection reaction, which 

removes the Boc-protecting group on the terminal amine, in order to prevent the acyl 

transfer reaction that reacts at the N-terminus. 

4.2.2 Optimized synthesis of a model peptide containing 2-thiophenylalanine via 

copper-mediated cross-coupling reaction on solid phase 

Conditions for the thiolysis reaction on peptides containing 4-S(acetyl)-

thiophenylalanine on solid-phase were described previously (Chapter 1.2.10).169 These 

reaction conditions were utilized to generate the peptide containing 2-
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thiophenylalanine at the N-terminus of the protected peptide on solid-phase. This 

synthetic strategy avoids the potential for an intramolecular S→N acyl transfer 

reaction between the N-terminus and the thioacetyl group (Figure 4.14). The HPLC 

chromatogram of the peptide products that resulted from this modified synthesis is 

shown in Figure 4.15. The peptide product containing 2-thiophenylalanine was 

confirmed via NMR (Figure 4.16, 4.17). 

 

Figure 4.15 Synthesis of a model peptides containing N-terminal 2-

thiophenylalanine via cross-coupling reaction and thiolysis on solid-phase 

(a) The reaction scheme for the cross-coupling reaction on the resin-bound peptide and 

subsequent reduction and thiolysis on solid phase to generate the protected peptide (2-

SH-Phe)RAFS-NH2; (b) HPLC chromatogram of the peptide products that resulted 

from the cross-coupling reaction and subsequent thiolysis reaction on solid-phase 

using a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in 

buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV 

C18 column (4.6 mm × 250 mm, 100 Å pore). 

No reductants were added to the crude peptide in solution, indicating that the acetyl 

group was removed from the thiol on solid phase (TFA cleavage conditions do not 

effect thiolysis). 

a 

b 
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Figure 4.16 1H NMR spectrum of the peptide (2-SH-Phe)RAFS-NH2 

(a) 1H NMR spectrum of the amide region for the peptide (2-SH-Phe)RAFS-NH2; (b) 
1H NMR spectrum for the peptide (2-SH-Phe)RAFS-NH2. The NMR sample 

contained in 10% D2O/90% H2O with 5 mM phosphate pH 4, 25 mM NaCl, 0.1 mM 

TCEP, and 0.1 mM TSP. 

c) 

b 

c 

a 

b 
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Figure 4.17 TOCSY spectrum of the peptide (2-SH-Phe)RAFS-NH2 

TOCSY spectrum for the peptide (2-SH-Phe)RAFS-NH2. The NMR sample contained 

in 10% D2O/90% H2O with 5 mM phosphate pH 4, 25 mM NaCl, 0.1 mM TCEP, and 

0.1 mM TSP. 

By subjecting the peptide to the solid-phase thiolysis conditions after the cross-

coupling reaction, the (2-SH-Phe)RAFS peptide was synthesized in 88% conversion in 

two steps from the peptide on solid phase. From completion of the peptide synthesis 

on resin, the peptide containing 2-thiophenylalanine can be generated within 24 hours 

with only one standard HPLC purification step. This solid-phase synthetic strategy 

significantly reduces the amount of time, reagents, and resources that would be needed 

for synthesizing the protected amino acid for incorporation via SPPS. 
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4.2.3 Retention of stereochemistry under cross-coupling conditions 

The copper-mediated cross-coupling conditions subject the protected peptide 

to high reaction temperatures and a high concentration of DIPEA. Under these 

reaction conditions, -epimerization on the peptide could potentially occur. Although 

epimerization was not observed in synthesis of 4-thiophenylalanine (Chapter 1), the 

possibility for epimerization was further evaluated for the model peptide containing 2-

thiophenylalanine at the N-terminus. The model peptide XRAFS was synthesized 

containing Boc-2-iodo-D-phenylalanine at the N-terminus, and the resin-bound, 

protected peptide was subjected to the copper-mediated cross-coupling conditions with 

thiolacetic acid as previously described. The chromatogram of the crude peptide 

products that resulted from the cross-coupling reaction on XRAFS (X = 2-iodo-D-

phenylalanine) is shown in Figure 4.18.  
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Figure 4.18 Synthesis of model peptides containing 2-thio-D-phenylalanine at 

the N-terminus 

b 

c 

d 

a 
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(a) Reaction scheme for the cross-coupling reaction on the resin-bound peptide and 

subsequent reduction and thiolysis in solution phase to produce the peptide (2-SH-D-

Phe)RAFS-NH2; (b) HPLC chromatogram of the coinjection of the purified peptides 

containing 2-iodophenylalanine at the N-terminus, both D- and L- variants; (c) HPLC 

chromatogram of the crude reaction products that resulted from the cross-coupling 

reaction on the peptide containing 2-iodo-D-phenylalanine on solid phase; (d) HPLC 

chromatogram of the coinjection of the purified peptide containing 2-

thiophenylalanine, both D- and L- variants. All chromatograms were conducted using a 

linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A 

(98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 

column (4.6 mm × 250 mm, 100 Å pore). 

Based on the synthesis of the peptide (2-SH-D-Phe)RAFS-NH2 and comparison 

via HPLC chromatograms of coinjection with material generated from the solid phase 

cross-coupling reaction and subsequent thiolysis reaction, there was no significant 

epimerization that resulted from the cross-coupling reaction on solid phase.  

4.2.4 Alternative synthesis of a model peptide containing 2-thiophenylalanine 

via solid-phase peptide synthesis with Boc-2-S(S-tert-butyl)-thiol-L-phenylalanine 

The copper-mediated cross-coupling conditions subject the protected peptide 

to high temperatures (100-110 °C) in the presence of high concentrations of DIPEA 

and thiolacetic acid for an extended period of time. These reaction conditions have the 

potential to remove side chain protecting groups, which could lead to side reactions in 

peptides that have delicate or reactive side-chain modifications, such as glycosylated 

amino acids. In order to avoid any potential side-reactions on the peptide as a result of 

the cross-coupling reaction conditions, an alternative synthetic strategy was developed 

to generate peptides containing 2-thiophenylalanine at the N-terminus. Solution 

synthesis of a Boc-protected 2-thiophenylalanine and incorporation into peptides via 

solid-phase peptide synthesis would avoid any potential side reactions that could occur 

during the cross-coupling reaction on solid phase. With development of a synthesis for 
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the Boc-protected 2-thiophenylalanine for use in SPPS, this amino acid could be more 

broadly utilized in the semi-synthesis of proteins.  

The synthetic strategy for synthesizing the protected Boc-2-thiophenylalanine 

is shown in Figure 4.19. The copper-catalyzed cross-coupling reaction was adapted for 

Boc-2-iodophenylalanine in solution phase. Ideally, the thiol functional group should 

have a protecting group that can be readily removed during or after the TFA cleavage 

and deprotection reaction conditions. Rather than using a sterically demanding 

S(trityl) group, the thiol can be protected as a disulfide for practical removal in 

solution with reductants such as DTT. Ragjapalan23 has demonstrated that Boc-4-

iodophenylalanine can be used directly as a substrate for palladium-catalyzed cross-

coupling conditions, without protecting the carboxylic acid. Utilizing a similar 

strategy, Boc-2-iodophenylalanine was used directly in the copper-catalyzed cross-

coupling reaction without protecting the carboxylic acid (Figure 4.19). However, the 

major products from this reaction were not the expected Boc-2-(S-acetyl)-

thiophenylalanine and corresponding disulfide products (Figure 4.20). 
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Figure 4.19 Initial synthetic strategy for Boc-2(S-tert-butyl disulfide)-thiol-L-

phenylalanine 

Utilizing commercially available Boc-2-iodophenylalanine directly, the copper-

catalyzed cross-coupling reaction can generate a mixture of Boc-2(S-acetyl)-

thiophenylalanine and the corresponding disulfides (observed in the model 

iodobenzene reaction, Chapter 1.2.1). Subsequent thiolysis reaction in the presence of 

excess tert-butyl mercaptan can generate the disulfide-protected Boc-2-

thiophenylalanine. This amino acid can be coupled to the N-terminus of a peptide via 

solid-phase peptide synthesis, and deprotection of the side chain can be effected on the 

crude peptide in solution using DTT. 

Figure 4.20 Reaction scheme for synthesis of the observed Boc-protected-3-

amino--thiochromanone 

Boc-2-iodophenylalanine was subjected to the copper-catalyzed cross-coupling 

conditions in solution, and the reaction resulted in a racemic, thiochromanone product 

(86% isolated yield). The product potentially resulted from an acyl transfer between 

the carboxylate the thioacetyl product. The resultant anhydride would increase the 

acidity of the -proton and increase likelihood of racemization at this position. The 

thiolate can undergo nucleophilic attack of the anhydride (inter- or intra-molecularly), 

releasing acetic acid and generating the Boc-protected-3-amino--thiochromanone. 

Racemization could also occur via -deprotection of the -thiochromanone. 
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The resultant Boc-protected 3-amino--thiochromanone is a unique and 

interesting building block for synthesis. This product was generated in 86% yield in 

one step from commercially available Boc-2-iodophenylalanine. However, chiral 

HPLC analysis of the thiochromanone product indicated that the product was racemic 

(Figure 4.21). The Boc-protected 3-amino--thiochromanone crystallized via slow 

evaporation from chloroform, and the crystal structure was obtained (Figure 4.22). 

The crystal structure confirmed the structure of this racemic product.  

 

Figure 4.21 Chiral HPLC chromatogram of the purified Boc-protected-3-

amino--thiochromanone 

Chiral HPLC analysis of showed complete racemization of the product Boc-protected-

3-amino--thiochromanone. Analytical chiral HPLC chromatogram (UV detection at 

254 nm) of purified Boc-protected-3-amino--thiochromanone using a mixture of 

isocratic 10% isopropanol in hexanes over 30 minutes on a Daicel ChiralPak 1A 

column (250 x 4.6 mm, 5 µm particle, 1.0 mL/min). 
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Figure 4.22 Crystal structure of the Boc-protected-3-amino--thiochromanone 

Boc-protected 3-amino--thiochromanone crystallized via slow evaporation from 

chloroform, and the crystal structure was obtained (0.75 Å resolution). This structure 

confirmed the identity of this synthesis product. 

The crystal structure of the Boc-protected-3-amino--thiochromanone product 

showed three molecules within the asymmetric unit. A short contact distance (2.83 Å) 

between the H proton and the carbonyl double bond was observed to stabilized the 

crystal packing, potentially as a result of a * molecular orbital interaction. 

Furthermore, the crystal packing of the thiochromanone is also stabilized by an 

intermolecular sulfur- interaction with the aryl thioether (S··centroid = 3.43 Å). The 

Boc-protected-3-amino--thiochromanone adopted an extended conformation in the 

crystal structure ((, ) = (–115°, –157°), (–133°, –161°), (–94°, –168°), based on the 

S stereoisomer).  

A synthetic strategy was developed to generate the Boc-protected amino acid 

with a disulfide-protected thiol using the racemic thiochromanone product. If the 

3.43 Å 

2.83 Å 
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cross-coupling reaction conditions were modified and optimized to generate 

enantiopure thiochromanone product, then this unique building block could be used in 

broader applications. The racemic 3-amino--thiochromanone was hydrolyzed with 

lithium hydroxide in the presence of excess tert-butyl 2-pyridyl disulfide, which 

generated Boc-2-S(S-tert-Butyl)-thiol-D,L-phenylalanine in 49% yield (Figure 4.23). 

This product also crystallized from chloroform, and the crystal structure was solved to 

0.68 Å resolution (Figure 4.24).  

 

Figure 4.23 Synthesis of Boc-2-S(S-tert-butyl)-thiol-D,L-phenylalanine via-

thiochromanone 

Base-catalyzed hydrolysis conditions with the Boc-3-amino--thiochromanone in the 

presence of excess tert-butyl 2-pyridyl disulfide cleanly generated Boc-2(2-S-tert-

butyl disulfide)-thiophenylalanine, which can be used to incorporate 2-

thiophenylalanine at the N-terminus of a peptide via solid-phase peptide-synthesis. 
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Figure 4.24 Crystal structure of Boc-2-S(S-tert-butyl)-thiol-D,L-phenylalanine. 

Boc-2-S(S-tert-Butyl)-thiol-D,L-phenylalanine, synthesized via hydrolysis of the 

racemic -thiochromanone product, was crystallized from chloroform and the crystal 

structure was obtained (0.68 Å). The crystal structure confirmed that the sample was 

racemic.  

Optimization of the cross-coupling reaction was attempted to increase the 

enantiopurity of the thiochromanone product. Reaction conditions were screened to 

determine the role of solvents (toluene, NMP, DMF, 1-butanol, tert-amyl alcohol, 

isopropanol, ethanol, methanol, acetonitrile, 1,4-dioxane), copper ligands (1,10-

phenanthroline, 1,2-cis-cyclohexanediol), the thiol source (thiolacetic acid, potassium 

thioacetate), the base (DIPEA, K3PO4, base-free), concentration of reagents, reaction 

temperatures, and reaction duration. Using conditions that included 1,10-

phenanthroline with 1.2 equivalents of DIPEA and 1.2 equivalents of thiolacetic acid 

in isopropanol at 80 °C for 4 hours, the resultant -thiochromanone product had 

increased enantiopurity (80% ee), but with a reduced reaction yield (approx. 70%). In 
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this case, alternative cross-coupling conditions (i.e. palladium-catalyzed23), which can 

be conducted at lower reaction temperatures, could potentially avoid the side-reactions 

that cause racemization of the product. Although the -thiochromanone is an 

interesting synthetic precursor, enantiopurity is requisite for most peptide and protein 

applications, and the synthesis of enantiopure Boc-2-S(S-tert-Butyl)-thiol-L-

phenylalanine was necessary for incorporation into peptides that can be used for NCL.  

Without established conditions that generated an enantiopure -

thiochromanone product, the synthetic strategy was revised. An alternative synthesis 

was developed in order to avoid formation of the 3-amino--thiochromanone product 

during the reaction conditions, with the carboxylic acid protected as a methyl ester. A 

methyl ester can be hydrolyzed in the presence of hydroxide to produce a carboxylic 

acid,139 which was similar to the final step in the -thiochromanone strategy. A methyl 

ester protection step was added into the synthetic sequence, which only added one 

additional reaction and column purification compared to the -thiochromanone 

synthetic strategy, while allowing product formation with high enantiopurity (Figure 

4.25). 
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Figure 4.25 Optimized synthesis of Boc-2(2-S-tert-butyl disulfide)-

thiophenylalanine 

Enantiopurity is maintained during the cross-coupling reaction when the carboxylic 

acid is protected as a methyl ester, avoiding formation of the -thiochromanone 

product. Thiolysis and generation of the asymmetric disulfide were conducted as a 

one-pot reaction from the cross-coupling reaction. The asymmetric disulfide product 

was hydrolyzed with LiOH to produce Boc-2(2-S-tert-butyl disulfide)-thio-L-

phenylalanine with retention of enantiopurity. 

This reaction sequence generated enantiopure Boc-2-S(S-tert-butyl)-thio-L-

phenylalanine in three steps from commercially available Boc-2-iodophenylalanine, 

requiring only two purification steps. Boc-2-S(S-tert-butyl)-thio-L-phenylalanine was 

used in SPPS with the peptide RAFS on resin using standard coupling reaction 

conditions (Figure 4.26). The model peptide was synthesized 2-thiophenylalanine at 

the N-terminus without subjecting the peptide to high temperatures that were required 

in the cross-coupling reaction conditions. The disulfide was readily reduced in 

solution using DTT. The resultant peptides (2-SH-Phe)RAFS-NH2 synthesized via 

solid phase cross-coupling reaction and via SPPS with Boc-2-S(S-tert-butyl)-thio-L-

phenylalanine, were verified to be identical by HPLC coinjection (Figure 4.26e) and 

by NMR spectroscopy (Figure 4.27). 
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Figure 4.26 Synthesis of the peptide (2-SH-Phe)RAFS-NH2 via SPPS with Boc-

2-S(S-tert-butyl)-thio-L-phenylalanine 

e 

a 

b 

c 

d 
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(a) Reaction scheme to synthesize the peptide (2-SH-Phe)RAFS-NH2 via SPPS using 

Boc-2-S(S-tert-butyl)-thio-L-phenylalanine; (b) HPLC chromatogram of the model 

peptide RAFS-NH2 prior to any reactions; (c) the HPLC chromatogram of the peptide 

products that resulted from the coupling reaction with Boc-2-S(S-tert-butyl)-thio-L-

phenylalanine; (d) the HPLC chromatogram that resulted from the reaction of the 

peptide products with DTT; (e) the HPLC chromatogram of the coinjection of the 

peptides (2-SH-Phe)RAFS-NH2 synthesized by two different strategies. All 

chromatographic steps were conducted using a linear gradient of 0-45% buffer B (20% 

water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

Products were identified via ESI-MS.  
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Figure 4.27 1H NMR spectra for the peptide (2-SH-Phe)RAFS-NH2 synthesized 

by two strategies 
1H NMR spectra of the peptide (2-SH-Phe)RAFS-NH2 in 90% H2O/10% D2O with 5 

mM phosphate pH 4, 25 mM NaCl, 0.1 mM TCEP, and 0.1 mM TSP. Blue: the 

peptide synthesized by SPPS using Boc-2-S(S-tert-butyl)-thiolphenylalanine; black: 

the peptide synthesized by the cross-coupling reaction on the peptide on solid phase 

(the peaks at 2.71 and 2.50 ppm are assigned to TCEP). (a) the amide and aromatic 

region; (b) and full spectra. 

a 

b 
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Using a 3-step synthesis, Boc-2-S(S-tert-butyl)-thio-L-phenylalanine was 

synthesized and incorporated into the model peptide, XRAFS. Following the cleavage 

and deprotection reaction from resin, and reduction in solution phase using DTT, the 

peptide (2-SH-Phe)RAFS-NH2 was cleanly synthesized without any exposure to 

elevated reaction temperatures. The model peptide containing 2-thiophenylalanine at 

the N-terminus was synthesized in two ways: by the cross-coupling reaction on the 

peptide on solid-phase and by the amide coupling reaction with Boc-2-S(S-tert-butyl)-

thio-L-phenylalanine. Both of the peptides (2-SH-Phe)RAFS-NH2 that were 

synthesized using two different methodologies were established to be identical via 1H 

NMR and coinjection on HPLC. The copper-mediated cross-coupling reaction 

methodology on solid phase generated the peptide with no silica column 

chromatography, but could potentially be associated with side reactions with amino 

acid chains within the protected peptide on solid phase. The methodology using SPPS 

with Boc-2-S(S-tert-butyl)-thio-L-phenylalanine does not have the same potential for 

side reactions as the cross-coupling reaction conditions, but requires a 3-step synthesis 

to generate the protected amino acid in 16% overall yield. Having established two 

different approaches to synthesizing peptides containing 2-thiophenylalanine at the N-

terminus, the reactivity of 2-thiophenylalanine for NCL reactions were examined in 

model peptides and proteins.  

4.2.5 UV-Vis characterization and pKa of peptides containing N-terminal 2-

thiophenylalanine 

As an aryl thiol, 4-thiophenylalanine is more acidic (pKa = 6.4) compared to 

cysteine (pKa ~ 8.5).169, 465 NCL reactions rely on the thiolate form of cysteine for the 

thioester exchange reaction to proceed.396 We hypothesized that 2-thiophenylalanine 
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would be more acidic than cysteine, which would allow it to react with thioesters 

under mildly acidic conditions. The pKa of the (2-SH-Phe)RAFS-NH2 peptide was 

measured via UV-Vis spectroscopy. A red shift was observed in the UV absorbance 

with increasing pH (Figure 4.28a). From these data, the pKa of 2-thiophenylalanine at 

the N-terminus of a peptide was measured by fitting the pH dependence of the molar 

extinction coefficient to Equation 6 (Figure 4.28). 



 

 570 

pKa = 5.05  0.08 (6) 

Figure 4.28 pKa Determination and UV Spectra of the peptide (2-SH-

Phe)RAFS-NH2 

UV Spectra were measured in aqueous buffered solutions (50 mM phosphate) in the 

presence of TCEP (1 mM) to prevent disulfide formation. Concentrations of stock 

solutions of the peptide (2-SH-Phe)RAFS-NH2 were measured via Ellman’s test.109 

Error bars indicate standard error. (a) UV spectra of the peptide (2-SH-Phe)RAFS-

NH2 at pH 3.0 (red, max 244 nm), pH 5.0 (green, max 270 nm), and 7.2 (blue, max 

270 nm); (b) pH dependence of the molar extinction coefficient of (2-SH-Phe)RAFS-

NH2 at 272 nm (blue squares). The pKa was calculated based on a curve fit of pH-

dependence on molar absorbance at 272 nm, following Equation 6.  

Interestingly, the pKa of 2-thiophenylalanine at the N-terminus of a peptide 

was considerably lower (pKa = 5.1) than the pKa for 4-thiophenylalanine within a 

peptide (pKa = 6.4). Potentially, the thiolate anion is stabilized by an intramolecular 

hydrogen bond or by a salt-bridge interaction with the N-terminal amine (Figure 4.29).  
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Figure 4.29 Potential stabilizing interaction between anionic 2-

thiophenylalanine and the N-terminal amine 

The measured pKa of 2-thiophenylalanine at the N-terminus of a peptide was lower 

than the pKa of 4-thiophenylalanine within a peptide.169 The amine at the N-terminus 

can potentially interact with the 2-thiophenylalanine thiolate, decreasing the thiolacid 

dissociation constant.  

At physiological pH, 2-thiophenylalanine at the N-terminus of a peptide is 

mostly anionic, and can act as a nucleophile in NCL reactions. The pKa of 2-

thiophenylalanine at the N-terminus of a peptide is slightly lower than selenocysteine 

(Sec pKa = 5.2). 466 Selenocysteine has been utilized for NCL reactions and in 

expressed protein ligation with many proteins and peptides.448, 467-469 Selenocysteine 

can act as a nucleophile in NCL reactions under mildly acidic conditions (e.g. pH 

5).468 The increased acidity of 2-thiophenylalanine can potentially allow for site-

selective NCL reactions in the presence of cysteines under mildly acidic conditions. 

4.2.6 Initial 2-thiophenylalanine-mediated native chemical ligation of a glycine-

containing thioester model peptide 

2-Thiophenylalanine was synthesized in a practical manner at the N-terminus 

of a peptide using either a solid-phase cross-coupling reaction approach, or by 

synthesizing the protected amino acid for incorporation via SPPS. In the initial 

synthesis of the peptide (2-SH-Phe)RAFS-NH2, a rapid intramolecular S→N acyl 

transfer reaction was observed between the amine at the N-terminus and the 2-

thioacetyl-phenylalanine (Chapter 4.2.1). This S→N acyl transfer reaction was 
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complete in less than 5 minutes, and the pH of the solution under these conditions was 

potentially slightly acidic, due to residual TFA in the peptide precipitate from the 

cleavage and deprotection reactions. The rapid reaction strongly suggested that the 

peptide (2-SH-Phe)RAFS-NH2 could rapidly react with peptides containing thioesters. 

We subjected the purified peptide (2-SH-Phe)RAFS-NH2 to ligation reaction 

conditions with a model peptide containing a thioester. Ac-LYRAX thioester peptides 

have been well studied as model peptides to demonstrate NCL reactions.401, 470, 471 In 

general, the peptides contain a C-terminal thioester that is air stable and provides a 

good leaving group for the thioester exchange reaction.396 Peptides containing S-

benzyl (-SBn) thioesters are reasonably air-stable, and can react with an aryl thiol 

additive in the ligation reaction conditions (such as thiophenol) to generate a more 

reactive thioester in situ.432, 470 Initially, the (2-SH-Phe)RAFS-NH2 peptide was 

subjected to ligation reaction conditions with the peptide Ac-LYRAG-SBn in the 

presence of excess thiophenol (Figure 4.30), which maintained reductive reaction 

conditions and generated the S-phenyl thioester (Ac-LYRAG-SPh) in situ, which 

contains a better leaving group for NCL reaction than Ac-LYRAG-SBn.  
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Figure 4.30 Ligation reactions between (2-SH-Phe)RAFS-NH2 and Ac-

LYRAG-SBn in the presence of thiophenol 

(a) Reaction scheme for the ligation reaction between the peptides (2-SH-Phe)RAFS-

NH2 and Ac-LYRAG-SBn; (b, c, d) HPLC chromatograms of the crude reaction 

products that resulted from the NCL reaction at indicated time points using a linear 

gradient of 20-80% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% 

water, 2% MeCN, 0.06% TFA) over 30 minutes on a Microsorb MV C18 column (4.6 

mm × 250 mm, 100 Å pore). Products were identified via ESI-MS. 

1 indicates the (2-SH-Phe)RAFS-NH2 peptide 

2 indicates the Ac-LYRAG-SBn peptide 

3 indicates the Ac-LYRAG-SPh peptide (generated in situ) 

4 indicates the Ac-LYRAG(2-SH-Phe)RAFS-NH2 ligation reaction product 

a 

b, t < 1 min 

c, t = 1 h 

d, t = 4.5 h 

1 

2 

1 

2 

3 

1 

2 
3 4 

PhSH 

PhSH 
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Thiophenol was included as an additive in the NCL reaction to react with the 

peptide Ac-LYRAG-SBn to generate Ac-LYRAG-SPh in situ, as thiophenolate is a 

better leaving group than benzyl thiolate, and to maintain reductive reaction conditions 

and prevent disulfide formation of the peptide (2-SH-Phe)RAFS-NH2.
432 After 1 hour 

of the ligation reaction with the peptides Ac-LYRAG-SBn and (2-SH-Phe)RAFS-NH2 

(Figure 4.30c), there was little formation of the ligation reaction product (Ac-

LYRAG(2-SH-Phe)RAFS-NH2, 4 in Figure 4.30) and an observable quantity of the 

peptide Ac-LYRAG-SPh (3 in Figure 4.30). After 4.5 hours of the ligation reaction 

(Figure 4.30d), more of the ligated product peptide was generated, while the amount 

of the peptide Ac-LYRAG-SPh was nearly the same as in 1 hour of ligation reaction 

(3 in Figure 4.30c and 4.30d). These results suggest that the rate of the ligation 

reaction was limited by the rate of formation of the peptide Ac-LYRAG-SPh, and was 

not limited by the reaction with the peptide containing 2-thiophenylalanine. In order to 

more accurately determine the relative reaction rates of peptides containing 2-

thiophenylalanine, the peptide containing the S-phenyl thioester was used directly in 

the ligation reaction. Using the peptide Ac-LYRAG-SPh directly in the ligation 

reaction avoids the rate-determining step for generating this substrate in situ. The (2-

SH-Phe)RAFS-NH2 peptide was subjected to ligation reaction conditions with the 

peptide Ac-LYRAG-SPh in the presence of excess thiophenol (Figure 4.31).
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Figure 4.31 Ligation reaction with the peptides (2-SH-Phe)RAFS-NH2 and Ac-

LYRAG-SPh in the presence of thiophenol 

(a) Reaction scheme for the ligation reaction with the peptides (2-SH-Phe)RAFS-NH2 

and Ac-LYRAG-SPh; (b) HPLC chromatogram of a coinjection representing the 

initial NCL reaction with an internal standard (2 mM phenol). The substrates were 

maintained under acidic conditions to prevent reaction; (c) HPLC chromatogram of 

the crude peptide products resulting from the NCL reaction after 5 minutes at 23 °C 

using a linear gradient of 15-65% buffer B (20% water, 80% MeCN, 0.05% TFA) in 

buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV 

C18 column (4.6 mm × 250 mm, 100 Å pore). 

The NCL reaction with the peptides (2-SH-Phe)RAFS-NH2 and Ac-LYRAG-

SPh was significantly faster than the NCL reaction using the peptide Ac-LYRAG-

a 

b 

c  
5 minutes 
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SBn. The NCL reaction was 62% complete within 5 minutes at 23 °C. These reaction 

conditions used lower concentrations of the reactant peptides (1.0-2.0 mM peptide) 

than are typically reported in the literature for comparable ligation reactions (~10 mM 

peptide containing -mercaptophenylalanine401).  

Thiol additives have been known to accelerate ligation reaction rates in studies 

with other model peptides.431 Peptides containing C-terminal thioesters are susceptible 

to hydrolysis, and thioesters that have better leaving groups for NCL reactions are also 

more sensitive to hydrolysis. Therefore, aryl thiol additives are primarily used to 

generate a more reactive peptide containing a thioester in situ. However, we did not 

observe significant hydrolysis of the peptide containing an S-phenyl thioester, 

provided the peptides were stored at -20 °C with minimal exposure to air. Given that 

the peptide containing the S-phenyl thioester was used directly, there was no need to 

include thiophenol as an additive. The TCEP included in the ligation reaction buffer 

should be sufficient to reduce disulfides. Therefore, in order to examine the role of 

thiophenolate in the ligation reaction mediated by 2-thiophenylalanine, the peptide (2-

SH-Phe)RAFS-NH2 was subjected to ligation reaction conditions with the peptide Ac-

LYRAG-SPh in the absence of thiol additives (Figure 4.32). 
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Figure 4.32 Ligation reaction with the peptides (2-SH-Phe)RAFS-NH2 and Ac-

LYRAG-SPh in the absence of thiol additives 

(a) Reaction scheme for the ligation reaction between the peptides (2-SH-Phe)RAFS-

NH2 and Ac-LYRAG-SPh in the absence of thiophenol; (b) HPLC chromatogram of a 

coinjection representing the initial NCL reaction with an internal standard (2 mM 

phenol). The substrates were maintained under acidic conditions to prevent reaction; 

(c) HPLC chromatogram of the crude peptide products resulting from the NCL 

reaction after 5 minutes at 23 °C without thiophenol using a linear gradient of 15-65% 

buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 

0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 

100 Å pore). 
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Surprisingly, the NCL reaction with the peptides (2-SH-Phe)RAFS-NH2 and 

Ac-LYRAG-SPh was nearly complete in 5 minutes without thiophenol as an additive. 

The ligation reaction mediated by 2-thiophenylalanine was faster in 5 minutes in the 

absence of thiol additives (>95% complete) than with thiophenol (62% complete). 

While thiol additives such as thiophenol or 4-mercaptophenylacetic acid are used to 

accelerate NCL reaction rates,431 NCL reactions that are mediated by 2-

thiophenylalanine are fundamentally different from NCL reactions that are mediated 

by alkyl thiols. In comparison to cysteine or related alkyl thiols, 2-thiophenylalanine 

has increased acidity, increased steric bulk, and proceeds through a 7-membered ring 

intermediate to generate the amide bond. These properties of 2-thiophenylalanine 

effects the reactivity of this amino acid, and affects the role of the thiol additives 

during the ligation reaction.  

The NCL reaction is initiated as 2-thiophenylalanine or cysteine undergoes 

nucleophilic attack on the peptide containing the S-phenyl thioester, and a thioester 

intermediate peptide is formed (Figure 4.33, k1). This reaction to form the thioester 

intermediate is reversible, and so the intermediate species can either: undergo an 

intramolecular S→N acyl transfer reaction to irreversibly form the ligation product 

(Figure 4.33, k3), or react with thiophenolate and regenerate the reactant peptides 

(Figure 4.33, k2). In NCL reactions that are mediated by cysteine, the irreversible 

intramolecular rearrangement to form the ligation product proceeds through a 5-

membered ring transition state, while NCL reactions mediated by 2-thiophenylalanine 

proceed through a 7-membered ring transition state. A 5-membered ring transition 

state is more favored than a 7-membered ring transition state, and so k3 is presumably 

faster for cysteine than for 2-thiophenylalanine (Figure 4.33). Furthermore, the leaving 
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group for k2 is different between NCL reactions mediated by cysteine or 2-

thiophenylalanine. In NCL reactions mediated by cysteine, an alkyl thiolate is the 

leaving group for k2, while an aryl thiolate is the leaving group for k2 in 2-

thiophenylalanine-mediated NCL reactions. Therefore, k2 is slower for cysteine-

mediated NCL reactions than for 2-thiophenylalanine-mediated NCL reactions. The 

reaction that proceeds through k2 is dependent on the concentration of thiophenolate, 

either as an additive or generated from the initial nucleophilic attack on the peptide 

containing the S-phenyl thioester (k1). In the presence of added thiophenolate, the 

overall NCL reaction is slowed due promotion of the reaction proceeding through k2 

(Le Chatelier’s principle). In essence, for 2-thiophenylalanine-mediated NCL the 

reversible step k2 is more rapid in comparison to cysteine-mediated NCL, and the 

irreversible step k3 is slower compared to cysteine. However, with the increased 

acidity of 2-thiophenylalanine compared to cysteine, under acidic pH conditions a 

larger mole fraction of 2-thiophenylalanine is anionic and available to react with an S-

phenyl thioester. Therefore, 2-thiophenylalanine could potentially react selectively 

over cysteine under acidic conditions, and this possibility is discussed further in 

section 4.2.8. 



 

 580 

Figure 4.33 Kinetics of the ligation reaction between cysteine or 2-

thiolphenylalanine and a thioester 

For NCL reactions mediated by cysteine (a), k3 > k2[RS–], where cysteine proceeds 

through a more favored 5-membered ring transition state to form the ligated product. 

In contrast, for NCL reactions mediated by 2-thiophenylalanine (b), the rate of k3 and 

k2[RS–] are nearly the same, as 2-thiophenylalanine proceeds through a less favored 7-

membered ring transition state. In addition, k2[RS–] is faster for 2-thiophenylalanine 

than for cysteine, since the aryl thiolate is a better leaving group than the alkyl 

thiolate. Therefore, the intermediate species B proceeds to C more rapidly for NCL 

reactions mediated by cysteine than for reactions mediated by 2-thiophenylalanine.  

At the time of this work, NCL reactions with aryl thiolated amino acids had not 

been accomplished, and so these mechanistic details were unique to 2-

thiophenylalanine. Practical access to 2-thiophenylalanine, either via solid-phase 

cross-coupling reaction on solid phase or via SPPS with the protected amino acid, has 

provided additional insights into the mechanism of NCL reactions. After initial 

submission but prior to publication of this work, Malins et al.472 has since reported 

similar mechanistic details with an aryl thiolated tryptophan, corroborating our 

observations.  



 

 581 

4.2.7 Substrate scope of 2-thiophenylalanine-mediated native chemical ligation 

with thioester peptides  

Having determined that thiol additives slow the overall reaction rate in the 

context of NCL reactions mediated by amino acids with aryl thiolates, we sought to 

examine the scope of the ligation reactions for peptides containing S-phenyl thioesters. 

The reaction efficiency can vary depending on the nature of the amino acid at the C-

terminus of the peptide containing the thioester.470 For example, the conformational 

flexibility and low steric hindrance of glycine at the C-terminus allows for enhanced 

reactivity of peptides containing glycine S-phenyl thioesters in NCL reactions. In 

contrast, peptides containing prolyl S-phenyl thioesters are known to be among the 

least efficient for NCL reactions.445 -Branched amino acids at the C-terminus of the 

peptide containing the thioester are generally significantly slower than glycine for 

NCL reactions.470  Side-chain groups that can potentially interact favorably with the 

thiolate can enhance the efficiency of NCL reactions.470 Intriguingly, aromatic amino 

acids at the C-terminus of the peptides containing thioesters have increased reactivity 

for NCL reactions over other hydrophobic amino acids,470 potentially via an S·· 

aromatic interaction between the cysteine thiolate and the aromatic amino acid 

(Chapter 2). 

In order to evaluate the efficiency and broader applicability of ligation 

reactions mediated by 2-thiophenylalanine, the scope of the peptides containing S-

phenyl thioesters was screened for non-glycine amino acids at the C-terminus. 

Hydrophobic, -branched, and sterically hindered amino acids were examined for 

ligation reaction efficiency using peptides Ac-LYRAZ-SPh (where where Z = Gly, 

Ala, Val, Leu, Phe, or Pro). The ligation reaction efficiency of these peptides Ac-

LYRAZ-SPh with the peptide (2-SH-Phe)RAFS-NH2 are shown in Table 4.1.  
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Table 4.1. Substrate scope of peptides Ac-LYRAZ-SPh in ligation reactions 

with (2-SH-Phe)RAFS-NH2.  

Ligation reaction conversion and efficiency were evaluated via HPLC. Product 

identity was established via ESI-MS. Product conversions were calculated based the 

depletion of the peptide containing S-phenyl thioester compared to an initial time-

point of the reaction or a representative coinjection. Peak integrations were normalized 

against an internal standard (2 mM phenol), and are averaged from at least two 

independent reactions.  

*Indicates an estimated conversion, since the amount of remaining thioester at the 

given time-point was too small to accurately calculate an integration. 

 

 

Entry Z = 

Ligation Reaction 

Duration 

Conversion to 

Ligated Peptide 

1 Gly 5 minutes 88% 

2 Ala 1 h 95% 

3 Leu 6 h 90% 

4 Val 1 h >95%* 

5 Phe 1 h 90% 

6 Pro 12 h 84% 

 

For all peptides examined, the ligation reactions employing 2-

thiophenylalanine resulted in higher yields in significantly less reaction time than 

similar ligation reactions reported in the literature (including thiolated tryptophan-

mediated NCL with peptides containing S-phenyl thioesters at the C-terminus).470, 472 

All of the ligation reactions using the peptides (2-SH-Phe)RAFS-NH2 and Ac-

LYRAZ-SPh proceeded rapidly at 23 °C in the absence of any thiol additives. Ligation 
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reactions with peptides containing branched amino acids at the C-terminus preceeded 

to near completion in 1-6 hours using (2-SH-Phe)RAFS-NH2 (Table 4.1, entries 3 and 

4). In the work by Malins et al.472 ligation reactions were examined with peptides 

containing aryl-thiolated tryptophan and peptides containing S-phenyl thioesters. 

Malins et al.472 observed 65% ligation reaction completion in 24 hours with the 

peptide containing phenylalanine-S-phenyl thioester, using 4 mM ligation reaction 

concentrations. In contrast, a similar reaction using 2-thiophenylalanine was 90% 

complete in only 1 hour using 1-2 mM peptide concentrations (Table 4.1, entry 5). For 

2-thiophenylalanine-mediated NCL reactions, the least efficient reaction was with the 

prolyl thioester peptide, which was 85% complete in 12 hours (Table 4.1, entry 6). 

Malins et al.472 reported 58% ligation reaction yield in 30 hours with a peptide 

containing a prolyl-S-phenyl thioester using a peptide containing an aryl-thiolated 

tryptophan. The NCL reactions with the peptide (2-SH-Phe)RAFS-NH2 proceeded 

efficiently and rapidly with a broad scope of peptides Ac-LYRAZ-SPh. 

The rapid ligation reaction rates with peptides containing 2-thiophenylalanine 

can potentially be attributed to the increased acidity of this amino acid. At pH 7, there 

is a larger mole fraction of 2-thiophenylalanine that is anionic than there is for 

cysteine, due to the higher pKa for cysteine (pKa = 8.5465) than for 2-thiophenylalanine 

pKa = 5.1, Chapter 4.2.5). The thiolate form is required for initiating the NCL reaction 

and formation of the thioester intermediate (Figure 4.33). With a larger mole fraction 

of anionic 2-thiophenylalanine at pH 7.2 (compared to cysteine), more of the aryl 

thiolated amino acid can react with peptides containing C-terminal thioesters. 

However, NCL reactions reported in the literature often have different thioester groups 
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(e.g. S-benzyl), higher reactant peptide concentrations, thiol additives, and different 

peptide sequences in comparison to those examined in the present study.431, 432, 445, 473 

4.2.8 Competitive native chemical ligation with other thiolated amino acids  

Prior examples of NCL reactions in the literature have different reactant 

peptide concentrations and different thioester functional groups, and these differences 

in reaction conditions and functional groups can have significant consequences on the 

ligation reaction efficiency (e.g. S-phenyl thioester vs. S-benzyl thioester, Chapter 

4.2.6). The ligation reactions that are mediated by 2-thiophenylalanine cannot be 

directly compared to the literature examples of cysteine-mediated NCL reactions, 

since few examples have been conducted in the absence of thiol additives. In order to 

compare the ligation reactions mediated by 2-thiophenylalanine with other thiolated 

amino acids, additional peptides XRAFS-NH2 were synthesized containing either 

cysteine or 2S,4R-mercaptoproline (Mpt) at the N-terminus (Figure 4.34a). Mpt is a 

thiolated amino acid that was expected to react with lower efficiency in NCL reactions 

in comparison to either cysteine or 2-thiophenylalanine, due to the conformational 

restriction on the secondary amine. These peptides XRAFS-NH2 were also compared 

for ligation reaction efficiency under mildly acidic conditions. It was expected that the 

increased acidity of 2-thiophenylalanine would allow for superior reactivity for NCL 

reactions compared to cysteine or Mpt under mildly acidic conditions. Competitive 

ligation reactions were conducted with the peptide Ac-LYRAA-SPh using peptides 

XRAFS-NH2, where X = 2-thiophenylalanine, cysteine, or 2S,4R-mercaptoproline 

(Figure 4.34). The peptides were subjected to ligation reaction conditions at pH 7.2, 

pH 5.0, or pH 4.0. The peptide containing Mpt was synthesized via modification of 

2S,4R-hydroxyproline on peptides on solid phase,373 discussed in Chapter 4.2.11.  
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Figure 4.34 Comparison of ligation reactions of the peptide Ac-LYRAA-SPh 

with the peptides XRAFS-NH2 (X = 2-SH-Phe, Cys, or Mpt)  

Competitive ligation reactions using peptides Ac-LYRAA-SPh and XRAFS-NH2, 

where is X either 2-thiophenylalanine (green squares), cysteine (blue circles), or 

2S,4R-mercaptoproline (red triangles). The peptides were subjected to ligation 

reactions conditions at different pH: pH 7.2 (open figures, thin solid line), pH 5.0 

(closed figures, thick solid line), or pH 4.0 (open figures, dashed line). (a) Reaction 

scheme for the competitive ligation reactions; (b) reaction conversion, calculated 

based on depletion of the peptide Ac-LYRAA-SPh evaluated by HPLC, compared to a 

representative coinjection. Peak integrations from the HPLC trance were normalized 

against an internal standard of 2 mM phenol). For the ligation reaction with CRAFS-

NH2 and Ac-LYRAA-SPh at pH 7.2, no Ac-LYRAA-SPh was observed after 5 

minutes. The lines are interpolations employed to guide the eye and do not represent a 

mathematical fit. 

The un-rearranged thioester intermediate (not containing an amide bond) was 

observed for ligation reactions with 2S,4R-mercaptoproline, and was included in the 

reaction conversion, although this species could potentially regenerate the reactant 

peptides.  

a 

b 
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Proline is the only cyclic natural amino acid containing a secondary amine, and 

it is widely known to be a difficult substrate for ligation reactions using peptides 

containing C-terminal prolyl-thioesters.445, 473 For the synthesis of peptides via NCL 

that are proline-rich,474 this decreased ligation reaction efficiency can be detrimental. 

As a means to conduct NCL reactions in peptides involving proline, Shang et al.454 

used peptides containing commercially available mercaptoproline at the N-terminus 

for NCL reactions, which generates proline after desulfurization. Shang et al.454 found 

that peptides containing 2S,4R-mercaptoproline reacted with aryl-ester peptides (85% 

ligation reaction in 2.5 h), while 2S,4S-mercaptoproline was relatively unreactive 

under the same condition (<5% ligation reaction in 28 h).454 In the work herein, 

peptides containing 2S,4R-mercaptoproline at the N-terminus were utilized as a 

control for ligation reactions compared to peptides containing cysteine and 2-

thiophenylalanine. 

At pH 7.2, the NCL reaction mediated by 2-thiophenylalanine proceeded 

efficiently at room temperature in the absence of thiol additives, but was the slowest 

compared to NCL reactions mediated by cysteine or Mpt. Within 5 minutes at room 

temperature at pH 7.2, no thioester peptide was observed in the NCL reaction with the 

peptide CRAFS-NH2. The NCL reaction efficiency of the peptides XRAFS-NH2 at pH 

7.2 was Cys > Mpt > 2-thiophenylalanine, with all reactions nearly complete within 1 

hour. While a larger mole fraction of 2-thiophenylalanine is deprotonated at pH 7.2 

compared to Mpt or cysteine, the relative reactivity of this amino acid at the N-

terminus of a peptide was not enhanced in NCL reactions. These results suggest that 

the 7-membered ring intermediate of 2-thiophenylalanine may hinder the overall NCL 

reaction rate, even though this amino acid is more acidic than cysteine or Mpt. 
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For the ligation reactions under acidic conditions using the peptide Ac-

LYRAA-SPh, the reactions using the peptide CRAFS-NH2 or (2-SH-Phe)RAFS-NH2 

proceeded with comparable overall rates, while the reaction using MptRAFS-NH2 was 

considerably slower. The ligation reactions mediated by cysteine or 2-

thiophenylalanine were nearing completion after 3 hours at pH 5.0 (Figure 4.34b). The 

reaction between the peptides Ac-LYRAA-SPh and MptRAFS-NH2 was more rapid 

than expected at pH 5.0, with 78% of the peptide Ac-LYRAA-SPh having reacted 

after 3 hours. However, this 78% reaction conversion was a result of the reaction 

between Ac-LYRAA-SPh and MptRAFS-NH2 to generate the non-rearranged 

thioester intermediate and not for formation of the final ligated peptide product. As 

can be seen in Figure 4.35, showing the HPLC chromatograms for the ligation reaction 

with Ac-LYRAA-SPh and MptRAFS-NH2 at pH 5, the product is mostly the thioester 

intermediate, with only a small fraction of the final, amide-bond-containing ligated 

product formed. These data indicate that the S→N acyl transfer reaction with 2S,4R-

mercaptoproline is considerably slower454 compared to cysteine- or 2-

thiophenylalanine, potentially as a result of a more hindered secondary amine.  

At pH 4.0, the differences in reactivity between the three different thiolated-

amino acids became more pronounced. As in the ligation reaction at pH 5.0, the 

reaction between MptRAFS-NH2 and LYRAA-SPh at pH 4.0 was slower, only 24% 

complete in 3 hours, with no observed formation of the final ligated product. In 

comparing the ligation reactions at pH 4.0 using CRAFS-NH2 or (2-SH-Phe)RAFS-

NH2, the cysteine-mediated ligation reaction was more complete in 1 hour, but the 

reaction with the peptide containing 2-thiophenylalanine was more complete after 3 

hours (56%) compared to cysteine (46%).  
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Figure 4.35 Ligation reaction using the peptides Ac-LYRAA-SPh and 

MptRAFS-NH2 at pH 5.0 

(a) Reaction scheme for the ligation reaction between the peptides MptRAFS-NH2 and 

Ac-LYRAA-SPh at pH 5.0; HPLC chromatograms of the ligation reaction after 5 

minutes (b), 1 hour (c), and 3 hours (d) between the peptides (4R-

mercaptoproline)RAFS-NH2 (19, 2.0 mM) and Ac-LYRAA-SPh (5, 0.5 mM) in 

ligation buffer (100 mM phosphate, pH 5.0, 20 mM TCEP) at 23 °C with an internal 

standard (phenol, 2 mM). The identity of the unrearranged thioester intermediate was 

verified via mass spectrometry, and via reinjection in water or ligation buffer, where 

this product had converted to the product of the ligation reaction. 

a 

b 

c 

d 
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In Figure 4.34, the “fraction ligated” is not representative of the ligation 

reaction conversion to the final product containing a native amide bond, but 

demonstrates that the reaction efficiency between Ac-LYRAA-SPh and MptRAFS-

NH2 was the slowest, compared to cysteine- or 2-thiophenylalanine-mediated NCL 

reactions. 2S,4R-Mercaptoproline is a conformationally restricted alkyl thiol, which 

proceeds through a 6-membered transition state with a secondary amine in the S→N 

acyl transfer reaction in NCL. Consistent with our observations, Shang et al.454 

reported that the thioester exchange reaction between the Mpt peptide and an O-ester 

N-peptide proceeded to 90% conversion within 10 minutes, and conversion to ligated 

product was complete in 85% yield in 2.5 hours. The steric and conformational 

restriction in 2S,4R-mercaptoproline potentially hindered the ability of its amine to 

undergo intramolecular nucleophilic attack on the thioester carbonyl. With the less 

hindered thiolates, it was hypothesized that the ligation reaction with the peptide 

containing 2-thiophenylalanine would be more efficient than cysteine-mediated 

reactions under acidic conditions, given that a larger mole fraction of 2-

thiophenylalanine is anionic (and reactive) under these conditions. However, with the 

peptide Ac-LYRAA-SPh at pH 5, both of the ligation reactions with CRAFS-NH2 and 

(2-SH-Phe)RAFS-NH2 were more that 90% complete in 3 hours. At pH 4, the ligation 

reaction with the peptide (2-SH-Phe)RAFS-NH2 was comparable to the reaction with 

the peptide with CRAFS-NH2, 56% and 46% complete, respectively. For the cysteine- 

and 2-thiophenylalanine-mediated ligation reactions, the final irreversible peptide 

product containing a native amide bond was observed as the major product, with only 

trace observed thioester intermediate.  



 

 590 

Combined, these data indicate that the increased acidity of 2-thiophenylalanine 

only marginally enhanced reactivity for NCL reactions compared to cysteine at pH 4. 

However, cysteine and 2-thiophenylalanine were competitive at pH 4 and 5, whereas 

cysteine was substantially more rapid at pH 7. The ring size of the transition state for 

the S→N acyl transfer reaction between cysteine and 2-thiophenylalanine did not have 

significant consequences on overall reactivity at lower pH, since ligation reactions 

with both of these thiolated amino acids comparably formed the ligated product 

containing an amide bond. The most significant impact on reactivity for NCL 

reactions was due to the steric and conformational restriction in the thiolated amino 

acid. 2S,4R-Mercaptoproline exhibited the least reactivity for NCL reactions, 

considering both the S→N acyl transfer reaction and the initial reaction with the 

peptide containing the thioester. Potentially, any enhancement in reactivity for NCL 

reactions with the 2-thiophenylalanine due to increased acidity were compensated by 

the steric hindrance of the aryl thiol. The steric bulk of the aryl thiolate in 2-

thiophenylalanine could have potentially “clashed” with the S-phenyl thioester in the 

initial reaction with the peptide Ac-LYRAA-SPh, effectively reducing its overall 

reactivity compared to cysteine-mediated NCL reactions.  

4.2.9 Synthesis of peptides containing 2S,4R-mercaptoproline via “proline 

editing” on solid phase 

In proteins, proline is involved in turn formation, activation and inactivation of 

proteins, protein folding, and substrate recognition.282-284, 286, 474, 475 The ability to 

conduct ligation reactions near proline residues in the semisynthesis of proteins is an 

unsolved problem in NCL, as peptides containing prolyl thioesters are widely known 

for their low reactivity in NCL reactions.445, 470 In order to avoid the low reactivity of 
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peptides containing prolyl thioesters, Shang et al.454 demonstrated the utility and 

application of commercially available 4-mercaptoproline to mediate NCL reactions. 

Shang et al.454 observed a substantial difference in reactivity for NCL reactions 

between peptides containing 2S,4R-mercaptoproline and peptides containing 2S,4S-

mercaptoproline, which was hypothesized due to their different ring puckers. Using 

2S,4R-mercaptoproline for NCL reaction with a peptide containing a thioester, the 

reaction was 85% complete in 2.5 hours. In contrast, 2S,4S-mercaptoproline exhibited 

little reactivity with a peptide containing a thioester, with less than 5% conversion to 

ligated peptide in 28 hours.454 While commercially available, the high cost of 2S,4R-

mercaptoproline can potentially inhibit its broader applications in NCL of peptides and 

proteins (Fmoc-2S,4R-mercapto(S-trityl)-proline, €330/1 g or $226/mmol, as of May 

2016, PolyPeptide Group, San Diego, CA). To overcome the cost and to increase 

accessibility of 2S,4R-mercaptoproline, we developed a convenient synthesis from 

inexpensive starting materials, utilizing the previously described proline-editing373, 374 

approach.  

2S,4R-Hydroxyproline has been previously modified on peptides on solid 

phase to generate peptides with a variety of proline derivatives with defined 

stereoselectivity and structural preferences, and is inexpensive (Fmoc-2S,4R-

hydroxyproline $1.27/mmol, as of May 2016, ChemImpex, Wood Dale, IL).373, 374 An 

approach to synthesize 4-mercaptoproline derivatives was described previously via 

Mitsunobu reaction with thiolacetic acid on peptides on solid-phase containing 

hydroxyproline.373 We developed an alternative strategy to synthesizing 2S,4R-

mercaptoproline in peptides, via an SN2 reaction with sodium thiolate and a peptide on 

solid-phase containing 2S,4S-bromoproline, which was synthesized on peptides on 
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solid phase using the proline editing methodology373, 374 (Figure 4.36). This synthetic 

approach was applied to incorporate 2S,4R-mercaptoproline at the N-terminus of the 

peptide XRAFS-NH2 for use in NCL reactions (Chapter 4.2.8). 

 

Figure 4.36 Solid-phase synthesis of peptides containing N-terminal 2S,4R-

mercaptoproline via proline editing 

Using proline editing, peptides containing 2S,4R-hydroxyproline can be modified 

using reactions on peptides on solid-phase. The protected peptide on solid phase 

containing 2S,4R-hydroxyproline was subjected to Mitsunobu reaction conditions with 

carbon tetrabromide to generate the peptide containing 2S,4S-bromoproline on solid 

phase. Subsequently, the peptide on solid phase containing 2S,4S-bromoproline was 

allowed to react with sodium thiolate, which generated the protected peptide on solid-

phase containing 2S,4R-mercaptoproline. 

The first reaction in this approach utilizes Mitsunobu reaction conditions with 

carbon tetrabromide on the resin-bound, protected peptide containing 2S,4R-

hydroxyproline. Boc-2S,4R-hydroxyproline was incorporated at the N-terminus of the 

XRAFS peptide via SPPS. This Mitsunobu reaction incorporates a bromide leaving 

group in place of the secondary alcohol, and inverts the stereocenter in 2S,4R-

hydroxyproline. In one step following solid-phase peptide synthesis, 2S,4R-

hydroxyproline was readily converted to 2S,4S-bromoproline within a peptide (Figure 

4.37).  
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Figure 4.37 Synthesis of peptides containing 2S,4S-bromoproline via solid-

phase Mitsunobu reaction 

(a) Reaction scheme for the Mitsunobu reaction to generate the protected peptide 

containing 2S,4S-bromoproline on solid phase; (b) HPLC chromatogram of the peptide 

HypRAFS-NH2 using a linear gradient of 0-20% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore); (c) HPLC 

chromatogram of the crude reaction products that result from the solid phase 

Mitsunobu reaction with carbon tetrabromide and the protected peptide containing 

2S,4R-hydroxyproline on solid phase using a linear gradient of 0-20% buffer B (20% 

water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

Halogens are excellent leaving groups in SN2 alkylation reactions, and these 

reactions proceed through inversion of stereochemistry. Addition of sodium thiolate to 

the peptide containing 2S,4S-bromoproline on solid phase substitutes a thiol group for 

the bromine atom and inverts the stereochemistry (Figure 4.38). A similar synthetic 

approach was utilized by Townsend et al. in synthesizing 4-selenoproline 

b 

c 

a 
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derivatives.476 The synthetic strategy developed here generated the peptide containing 

2S,4R-mercaptoproline in 59% conversion over two steps following solid phase 

peptide synthesis.  

Figure 4.38 Synthesis of peptides containing N-terminal 2S,4R-mercaptoproline 

on solid phase 

HPLC chromatogram of the crude peptide products that result from the SN2 reaction 

with sodium thiolate on the protected peptide containing 2S,4S-bromoproline on solid 

phase using a linear gradient of 0-20% buffer B (20% water, 80% MeCN, 0.05% TFA) 

in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV 

C18 column (4.6 mm × 250 mm, 100 Å pore). The crude reaction products were 

treated with DTT in solution phase to prevent disulfide formation. 

By utilizing the proline editing technique373, 374 on protected peptides on solid 

phase, peptides containing 2S,4R-mercaptoproline were readily synthesized in a 

practical, inexpensive manner. In two steps following solid-phase peptide synthesis, 

2S,4R-mercaptoproline was generated within a peptide in less than two days total 

reaction time at a considerably lower cost than purchasing the protected amino acid 

and considerably less time than the solution phase synthesis of this amino acid. 2S,4R-
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Hydroxyproline is an inexpensive, readily available amino acid, and through simple 

and efficient transformations on protected peptides on solid phase, can be elaborated 

to generate a variety of different proline derivatives.373 

4.2.10 Validation of non-racemization under the ligation reaction conditions  

During the NCL reactions, racemization of the amino acids at the ligation site 

has been suggested as a potential epimerization side product, given that amino acid 

coupling reagents can sometimes cause racemization via formation of an 

oxazolone.133, 470, 477, 478 Valine and phenylalanine are the amino acids most prone to 

racemization during coupling reactions.133, 464 In order to evaluate the possibility of 

epimerization occurring during the 2-thiophenylalanine-mediated ligation reactions, 

the D-valine and D-phenylalanine variants of the ligated peptide products were 

independently synthesized and characterized. These D-amino acid variants can be 

compared via HPLC coinjection and NMR spectroscopy against the products that form 

as a result of the ligation reactions between the peptides (2-SH-Phe)RAFS-NH2 and 

the corresponding peptide containing a C-terminal thioester. The peptides Ac-

LYRAZ(2-I-Phe)RAFS, where Z = D-Val or D-Phe, were synthesized via SPPS. The 

peptides containing 2-iodophenylalanine were subjected to the solid-phase cross-

coupling reaction to generate the peptides Ac-LYRAZ(2-SH-Phe)RAFS-NH2, where Z 

was D-Val or D-Phe. The purified products of the cross-coupling reaction were 

compared to the crude products that resulted from the corresponding ligation 

reactions. The comparison between the peptides Ac-LYRAZ(2-SH-Phe)RAFS-NH2, 

where Z = Val or D-Val, is shown in Figures 4.39 and 4.40. The comparison between 

the peptides Ac-LYRAZ(2-SH-Phe)RAFS-NH2, where Z = Phe or D-Phe, is shown in 

Figures 4.41 and 4.42. 
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Figure 4.39 Comparison of the crude products from the ligation reaction with 

Ac-LYRAV-SPh and (2-SH-Phe)RAFS-NH2 to the D-valine variant of the peptide 

Ac-LYRAV(2-SH-Phe)RAFS-NH2 

a 

b 

c 

d 

e 
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HPLC analysis was conducted using a linear gradient of 15-65% buffer B (20% water, 

80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). (a) 

Reaction scheme for the ligation reaction between the peptides (2-SH-Phe)RAFS-NH2 

and Ac-LYRAV-SPh; (b) Reaction scheme for the independent synthesis of the 

peptide Ac-LYRA(D-Val)(2-SH-Phe)RAFS-NH2; (c) HPLC chromatogram of the 

crude peptide products that resulted from the ligation reaction with the peptides (2-

SH-Phe)RAFS-NH2 and Ac-LYRAV-SPh after 5 minutes; (d) HPLC chromatogram 

of the crude peptide products that resulted from the ligation reaction with the peptides 

(2-SH-Phe)RAFS-NH2 and Ac-LYRAV-SPh after 6 hours; (e) HPLC chromatogram 

of the coinjection of the purified peptide product resulting from the ligation reaction 

with the independently synthesized D-amino acid variant. 
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Figure 4.40 Superposition of the 1H NMR spectra of the ligation reaction 

product peptide Ac-LYRAV(2-SH-Phe)RAFS-NH2 and the independently 

synthesized peptide Ac-LYRA(D-Val)(2-SH-Phe)RAFS-NH2  

Samples were obtained in 10% D2O/90% H2O with 5 mM phosphate pH 4, 25 mM 

NaCl, 0.1 mM TCEP, and 0.1 mM TSP. The ligation reaction product peptide Ac-

LYRAV(2-SH-Phe)RAFS-NH2 is shown in red; the independently synthesized peptide 

Ac-LYRA(D-Val)(2-SH-Phe)RAFS-NH2 is shown in blue. (a) Structure of the peptide 

product; (b) 1H NMR spectra of the amide region of the indicated peptides; (c) full 1H 

NMR spectra for the indicated peptides. 

 

a 

b 
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Figure 4.41 Comparison of the crude products from the ligation reaction with 

Ac-LYRAF-SPh and (2-SH-Phe)RAFS-NH2 to the D-phenylalanine variant of the 

peptide Ac-LYRAV(2-SH-Phe)RAFS-NH2 

a 

b 

c 

d 

e 
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HPLC analysis was conducted using a linear gradient of 15-65% buffer B (20% water, 

80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). (a) 

Reaction scheme for the ligation reaction between the peptides (2-SH-Phe)RAFS-NH2 

and Ac-LYRAF-SPh; (b) Reaction scheme for the independent synthesis of the 

peptide Ac-LYRA(D-Phe)(2-SH-Phe)RAFS-NH2; (c) HPLC chromatogram of the 

crude peptide products that resulted from the ligation reaction with the peptides (2-

SH-Phe)RAFS-NH2 and Ac-LYRAF-SPh after 5 minutes; (d) HPLC chromatogram of 

the crude peptide products that resulted from the ligation reaction with the peptides (2-

SH-Phe)RAFS-NH2 and Ac-LYRAF-SPh after 1 hour; (e) HPLC chromatogram of the 

coinjection of the purified peptide product resulting from the ligation reaction with the 

independently synthesized D-amino acid variant. 



 

 601 

Figure 4.42 Superposition of 1H NMR spectra of the ligation reaction product 

peptide Ac-LYRAF(2-SH-Phe)RAFS-NH2 and the independently synthesized 

peptide Ac-LYRA(D-Phe)(2-SH-Phe)RAFS-NH2  

Samples were obtained in 10% D2O/90% H2O with 5 mM phosphate pH 4, 25 mM 

NaCl, 0.1 mM TCEP, and 0.1 mM TSP. The ligation reaction product peptide Ac-

LYRAF(2-SH-Phe)RAFS-NH2 is shown in red; the independently synthesized peptide 

Ac-LYRA(D-Phe)(2-SH-Phe)RAFS-NH2 is shown in blue. (a) Structure of the peptide 

product; (b) 1H NMR spectra of the amide region of the indicated peptides; (c) full 1H 

NMR spectra for the indicated peptides. 

a 

b 
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Based on the HPLC coinjections and comparison of the 1H NMR spectra of the 

purified peptide products resulting from the ligation reaction and the independently 

synthesized D-amino acid variants, no significant epimerization was observed under 

the ligation reaction conditions. The HPLC chromatogram of the coinjected peptides 

shows a significant difference in the retention time between the native and D-amino 

acid variants (Figures 4.39e and 4.41e). Comparing the HPLC chromatograms of the 

purified peptides against the HPLC chromatogram of the crude ligation reactions 

shows no observable product that contained the D-amino acid variant (Figures 4.39d 

and 4.41d). In comparing the NMR spectra of the products that resulted from the 

ligation reactions to the independently synthesized D-amino acid variants, there does 

not appear to be any significant D-amino acid variant impurity in the products that 

result from the native chemical ligation reaction. 

4.2.11 Desulfurization of model peptides containing 2-thiophenylalanine to 

produce phenylalanine 

Following the ligation reaction, the thiol functional group must be removed via 

a desulfurization reaction to generate a canonical amino acid at the ligation site. Raney 

nickel and nickel boride are two common methods for desulfurization of thiol 

functionalities.399, 400 Metal-based approaches were initially used in the development 

of peptide desulfurization following NCL reactions (i.e. nickel boride, Raney nickel, 

Pd/Al2O3), but adsorption of the peptides on the metal surfaces can significantly 

impact the isolated yield, and so radical initiated methods have become more 

common.479 Danishefsky and coworkers have described a milder approach to 

desulfurization using a radical initiator VA-044 in the presence of TCEP, and this 

approach is applicable to thiols and selenols.399, 446  
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In order to generate phenylalanine at the ligation site, the peptides containing 

2-thiophenylalanine were subjected to desulfurization reaction conditions. Initial 

attempts to effect desulfurization on the peptides containing 2-thiophenylalanine using 

VA-044 were unsuccessful, and resulted in a mixture of products. Malins et al.472 also 

reported difficulty with desulfurization reactions using VA-044 on peptides containing 

2-thiol-tryptophan (with a thiol at the 2-position in the indole ring), attributed to a 

greater C–S bond strength in thiolated indoles. Employing the desulfurization reaction 

conditions that were utilized by Crich & Banerjee401 in desulfurization of peptides 

containing -mercaptophenylalanine, the ligated model peptides containing 2-

thiophenylalanine were subjected to desulfurization reaction using nickel boride 

(Figure 4.43). Desulfurization reaction conditions were demonstrated on the model 

peptides Ac-LYRAG(2-SH-Phe)RAFS-NH2 (Figure 4.44), Ac-LYRAA(2-SH-

Phe)RAFS-NH2 (Figure 4.45), and Ac-LYRAL(2-SH-Phe)RAFS-NH2 (Figure 4.46). 
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Figure 4.43 General scheme for desulfurization reaction of peptides containing 

2-thiophenylalanine 

The model peptides that resulted from the ligation reactions containing 2-

thiophenylalanine were subjected to desulfurization using nickel borohydride 

following standard protocols.401 

Z = Gly, Ala, Leu 
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Figure 4.44 Desulfurization reaction on the peptide Ac-LYRAG(2-SH-

Phe)RAFS-NH2 

(a) HPLC chromatogram of the purified peptide Ac-LYRAG(2-SH-Phe)RAFS-NH2 

that resulted from the ligation reaction; (b) HPLC chromatogram of the crude 

desulfurization reaction to generate the peptide Ac-LYRAGFRAFS-NH2; (c) HPLC 

chromatogram of the coinjection of the purified peptides Ac-LYRAG(2-SH-

Phe)RAFS-NH2 and Ac-LYRAGFRAFS-NH2, which was synthesized via ligation and 

desulfurization reactions. HPLC analysis was conducted using a linear gradient of 15-

65% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% 

MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 

mm, 100 Å pore). Products were identified via ESI-MS.  

a 

b 
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Figure 4.45 Desulfurization reaction on the peptide Ac-LYRAA(2-SH-

Phe)RAFS-NH2 

HPLC chromatogram of the crude desulfurization reaction to generate the peptide Ac-

LYRAAFRAFS-NH2. HPLC analysis was conducted using a linear gradient of 15-

65% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% 

MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 

mm, 100 Å pore). Products were identified via ESI-MS.  

Figure 4.46 Desulfurization reaction on the peptide Ac-LYRAL(2-SH-

Phe)RAFS-NH2 

HPLC chromatogram of the crude desulfurization reaction to generate the peptide Ac-

LYRALFRAFS-NH2. HPLC analysis was conducted using a linear gradient of 15-

65% buffer B (20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% 

MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 

mm, 100 Å pore). Products were identified via ESI-MS.  

Desulfurization reactions on the selected peptides containing 2-

thiophenylalanine, which were generated from ligation reactions, were accomplished 

via nickel borohydride, generated in situ from nickel(II) chloride and sodium 

borohydride.401 Although the desulfurization reactions were fast (20 minutes) and 
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cleanly resulted in peptides containing phenylalanine in place of 2-thiophenylalanine, 

there was a significant loss of peptide product from the nickel boride reaction for all 

peptides. The nickel boride forms as a solid catalyst, and after reaction with the 

peptide containing 2-thiophenylalanine, the solids are subjected to high concentrations 

of acid and the solids are filtered and removed. The desulfurization reaction relies on 

adsorption of the thiol to the nickel surface, and subsequent cleavage of the C–S 

bond.480, 481 It has previously been noted that metal-based desulfurization approaches 

in peptides result in low isolated yields, due to peptide aggregation and adsorption to 

metal surfaces.479 The aromatic nature of 2-thiophenylalanine potentially enhanced 

adsorption of the peptide to the nickel boride solids, through -backbonding, which 

could have resulted in low recovery of the peptide after desulfurization reaction. 

Malins et al.472 reported excellent isolated yields from the desulfurization reaction 

utilizing Pd/Al2O3 on peptides containing 2-thio-tryptophan (66% isolated yield). 

Potentially, desulfurization reaction on the peptides containing 2-thiophenylalanine 

utilizing Pd/Al2O3, as opposed to nickel boride, would result in improved isolated 

yields.    

4.2.12 Synthesis of a modified trp cage miniprotein containing 2-

thiophenylalanine for native chemical ligation reactions 

Having shown in model peptides that 2-thiophenylalanine can be used 

effectively for NCL reactions with peptides containing thioesters, and can be 

subsequently desulfurized to generate phenylalanine, we sought to synthesize a larger 

peptide containing 2-thiophenylalanine, to demonstrate its utility for NCL. The trp 

cage miniprotein and related variants are well characterized via NMR, and we have 

successfully utilized this protein in previous model studies for reactivity in the solid-
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phase cross-coupling reaction conditions (Chapter 1.2.4).94, 95, 169, 404 The trp cage 

miniprotein is 20-residue, highly stabilized motif that is comprised of an -helix and a 

polyproline helix (Figure 1.27). The trp cage miniprotein is a truncation from the 

peptide exendin-4, isolated from Gila monster saliva.94, 102 The 39-residue exendin-4 is 

not well structured in water, but the truncated trp cage is 95% folded in water, and has 

been widely utilized for protein folding studies in solution and by computational 

chemistry.94, 95 This stabilized peptide framework makes the trp cage miniprotein an 

ideal scaffold for studying the structural effects of post-translational modifications,482 

or as a scaffold for designing stabilized peptide-based therapeutics.102, 483 With the 

potential applications of trp cage variants for protein folding studies and for synthetic 

fusion proteins, we sought to demonstrate the utility of 2-thiophenylalanine-mediated 

NCL using the trp cage miniprotein.  

The trp cage miniprotein has a tyrosine at position 3, near the N-terminus.94 

We previously synthesized a variant of the trp cage miniprotein where Tyr3 was 

replaced with 4-thiophenylalanine, via solid-phase cross-coupling reaction with the 

peptide containing 4-iodophenylalanine (Chapter 1.2.4). Having previously 

demonstrated that the cross-coupling reaction did not affect the folding and stability of 

the trp cage miniprotein, and that a modified aromatic amino acid is well tolerated at 

position 3, Tyr3 was selected as the ligation site for incorporating 2-thiophenylalanine. 

Two peptides were synthesized via SPPS: Ac-NL-SPh (trp-cage1-2–SPh), and Boc-(2-

I-Phe)IQWLKDGGPSSGRPPPS (trp-cage3-20 containing 2-iodophenylalanine at the 

N-terminus) on Rink amide resin. The protected peptide trp-cage3-20 containing Boc-2-

iodophenylalanine at the N-terminus was subjected to the previously established cross-

coupling conditions on solid phase169 (Figure 4.47). 
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Figure 4.47 Synthesis of the peptide trp-cage3-20 containing 2-thiophenylalanine 

via cross-coupling reaction 

(a) Reaction scheme for cross-coupling reaction on the protected peptide and 

subsequent reduction and thiolysis on solid phase to generate the peptide trp-cage3-20 

containing 2-thiophenylalanine; (b) HPLC chromatogram of the peptide trp-cage3-20 

containing 2-iodophenylalanine using a linear gradient of 0-45% buffer B (20% water, 

80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore); (c) HPLC 

chromatogram of the crude peptide products that result from the solid-phase cross-

coupling reaction on the peptide trp-cage3-20 containing 2-iodophenylalanine and 

subsequent reaction with DTT in solution using a linear gradient of 0-45% buffer B 

(20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% 

TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å 

pore). The identity of the products were identified via ESI-MS. 

*A significant side-product was observed, with a molecular weight that was consistent 

with a peptide Ac-trp-cage4-20 (described below). 

a 

b 
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In addition to the trp-cage3-20 containing 2-thiophenylalanine, a substantial 

side-product was observed in the products that resulted from the copper-mediated 

cross-coupling reaction on the protected peptide trp-cage3-20 containing 2-

iodophenylalanine (denoted with an *, Figure 4.47c, tR = 53.4 min). The molecular 

weight of this side-product was less than the expected product mass (1818.9 vs. 

1956.0, respectively), suggesting that the peptide trp-cage3-20 had been truncated 

during the cross-coupling or thiolysis reaction on solid phase. The molecular weight of 

this side product was consistent with the peptide the peptide Ac-trp-cage4-20, where the 

phenylalanine residue at the N-terminus had been hydrolytically cleaved and an 

additional acetyl-group was attached to the peptide (Figure 4.48a). A product of this 

nature was not previously observed as a result of the cross-coupling reaction on solid 

phase to generate the peptide Y3(4-SH-Phe) trp cage (Chapter 1.2.4),169 or to generate 

the model peptides (2-SH-Phe)RAFS-NH2 (Chapter 4.2.2). The peptide Ac-trp-cage4-

20 was not observed prior to the cross-coupling reaction (Figure 4.47b), and can only 

result from the modification reactions on solid phase. NMR characterization of this 

product confirmed that the N-terminal phenylalanine was not present (only the 

tryptophan aromatic resonances were observed, Figure 4.48c, black box), and an 

additional acetyl group was present (Figure 4.48b, black arrow). 
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Figure 4.48 TOCSY NMR Spectra of the major side product that resulted from 

the solid phase cross-coupling reaction of the trp cage miniprotein 

(a) the proposed structure of the major side-product that resulted from the solid-phase 

cross-coupling reaction on the protected peptide trp-cage3-20 containing 2-

iodophenylalanine; (b) 1H NMR spectra of the major side product, proposed to be Ac-

trp-cage4-20. The resonance assigned to an acetyl CH3 is indicated at 2.05 ppm (black 

arrow); (c) TOCSY spectra of the major side product, proposed to be Ac-trp-cage4-20. 

In the aromatic region, only the tryptophan aromatic peaks are seen (black box), 

indicating that the N-terminal phenylalanine is not present (either as 2-iodo or 2-thio-

phenylalanine).The NMR sample was in 90% H2O/10% D2O with 5 mM phosphate 

pH 4, 25 mM NaCl, and 0.1 mM TSP.  

In the synthesized peptide, prior to any solid-phase modification reactions, a truncated 

product was not observed by HPLC (Figure 4.47b), so this product could potentially 

result from a side-reaction during the cross-coupling reaction with thiolacetic acid on 

the peptide on solid phase. 

Potentially, deprotection of one of the side-chain groups during the cross-

coupling reaction on the peptide at high temperature exposed a functional group that 

could proceed through an intramolecular S→N acyl transfer with the 2-thio(acetyl)-

phenylalanine at the N-terminus. Following an acyl transfer reaction from the 2-

thio(acetyl)-phenylalanine to a deprotected side chain, the resultant aryl thiolate could 

potentially proceed through an intramolecular S→N acyl transfer reaction with its own 

amide carbonyl, forming a Boc-protected-3-amino--thiochromanone product and a 

truncated, acylated peptide, Ac-trp-cage4-20 (Figure 4.48a). A similar proteolytic 

cleavage of an amide bond and formation of a thiolactone was previously observed 

with homocysteine-mediated NCL reactions,447 and was attributed to prolonged 

exposure to basic reaction conditions. 

However, the location of the acetyl group, and the side-chain that could have 

been deprotected during the cross-coupling reaction, was not definitively identified 

from the NMR spectrum. The reactive side chains that could potentially undergo 

intramolecular S→N acyl transfer include: the Lys8 amine, the Arg16 guanidine, and 
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the Gln5 carboxamide. These side-chains were protected as a Boc-carbamate (Lys8), 

as a guandino-Pbf (Arg16), and as a trityl amide (Gln5). Potentially, the Pbf group on 

Arg16 was cleaved during the cross-coupling reaction conditions and the guanidine 

could participate in an acyl transfer reaction,59 but this modification was not observed 

in the synthesis of the model peptide, XRAFS-NH2, which contains an arginine 

residue that is much closer to the 2-thiophenylalanine at the N-terminus. The arginine 

guanidino-group was consistent between the peptide Ac-trp-cage4-20 and an 

independently synthesized peptide Y3F trp cage, indicating that the arginine side-

chain was not irreversibly acetylated during the reaction. In the TOCSY spectrum of 

the peptide Ac-trp-cage4-20, a resonance at 7.52 ppm was assigned to the Lys8 NH, 

which was consistent with the chemical shift for lysine NH in the peptide Y3F trp 

cage (7.56 ppm), independently synthesized via SPPS. The multiplicity of the 

resonance assigned to Lys8 NH is broad from the 1H NMR spectrum of the peptide 

Ac-trp-cage4-20, which was consistent with a free amino group under acidic conditions 

(an NH-acetyl amide would appear as a triplet under these conditions). In addition, 

there was no evidence of deprotection of the lysine side-chain during the cross-

coupling reaction on the peptide Ac-KKHMC(4-I-Phe)-NH2 (Chapter 1.2.4). 

Combined, these data suggest that the acetyl group is not located on the Lys8 amine or 

the Arg16 guanidine.  

However, the trityl-protecting group previously exhibited sensitivity to the 

cross-coupling reaction conditions (deprotection of trityl-protected cysteine, Chapter 

1.2.4), and the Gln5 side-chain may have been deprotected during the reaction to 

generate the peptide containing 2-thiophenylalanine. If the Gln5 side-chain was 

deprotected during the cross-coupling reaction conditions, then the Gln5 side chain 
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could participate in an intramolecular S→N acyl transfer reaction with 2-thio(acetyl)-

phenylalanine, generating the N-acetyl imide product (Figure 4.48). The thiolate on 

2-thiophenylalanine could act as a nucleophile on its own amide bond, releasing the 

Boc-3-amino--thiochromanone product into solution and generating the peptide Ac-

trp-cage4-20 (Figure 4.49). Although the singlet proton from the acyl-imide on 

glutamine was not clearly identified in the 1H NMR or TOCSY spectra, this 

mechanism is the most plausible based on comparison to the NMR spectra of the 

peptides (2-SH-Phe)RAFS-NH2 and Y3F trp cage. To confirm the location of the acyl 

group and to confirm this proposed reaction mechanism, the potential side-product 

peptides would need to be independently synthesized and compared to the data shown 

in Figure 4.48.  

Described further in Chapter 4.2.14, a different protected peptide containing 

Boc-2-iodophenylalanine at the N-terminus was subjected to the solid-phase cross-

coupling reaction, and a similar corresponding product was also observed (with a 

molecular weight consistent with an additional acetyl group and truncation of the N-

terminal phenylalanine). This peptide contained an Asn at the i,i+2 position to the N-

terminal residue, which contained a trityl-protecting group. Combined, the side 

products observed in these two peptides, with the N-terminal motif Boc-(2-I-

Phe)XQ/N, suggests that a trityl-protected asparagine or glutamine is prone to 

deprotection during the reaction conditions, which can potentially react with 2-

S(acetyl)-phenylalanine at the N-terminus. 
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Figure 4.49 Proposed mechanism for formation of the peptide Ac-trp-cage4-20 

during the cross-coupling reaction on the protected peptide 

Under the cross-coupling reaction conditions on the protected peptide trp-cage3-20 

containing Boc-2-iodophenylalanine at the N-terminus, the trityl-protecting group on 

the Gln5 side-chain was removed (potentially by the presence of thiolacetic acid and 

high reaction temperatures). The resultant primary amide can undergo intramolecular 

S→N acyl transfer with the 2-S(acetyl)-thiophenylalanine at the N-terminus via a 15-

membered ring intermediate. Subsequently, the exposed thiolate on 2-

thiophenylalanine can undergo a 5-membered proteolytic cleavage reaction with its 

amide bond, similar to side reactions observed in homocysteine-mediated NCL 

reactions.447 This proteolytic cleavage reaction would produce the Boc-3-amino--

thiochromanone product and a truncated, acetylated variant of the trp cage C-peptide 

(Ac-trp-cage4-20), consistent with the major side-product observed in Figure 4.47c. 

Products of this nature were not observed as a result of the cross-coupling reaction on 

the model peptide (2-I-Phe)RAFS, but were observed as a result of the cross-coupling 

reaction on a similar peptide containing an i,i+2 asparagine (described in Chapter 

4.2.14). Furthermore, the Ac-trp-cage4-20 product was not observed under the ligation 

reaction conditions, suggesting that the proteolytic cleavage reaction only occurs at 

high temperatures. 
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In order to suppress formation of the Ac-trp-cage4-20 product, the cross-

coupling reaction conditions were modified. In order to avoid formation of the Ac-trp-

cage4-20 product, the reaction conditions would need to prevent trityl deprotection of 

the Gln5 side chain, and to prevent the subsequent proteolytic cleavage reaction. 

Reaction conditions were briefly screened to examine the role of the base (DIPEA), 

concentration of acidic reagent (thiolacetic acid), reaction time and temperature, and 

role of the solvent. The potential for acid-mediated trityl-deprotection suggested that 

the concentration of thiolacetic acid should be reduced. The previous observation of 

proteolysis under prolonged exposure to base in homocysteine-mediated NCL 

reactions447 suggested that the reaction conditions should have reduced reaction 

duration and reduced concentration of the base. In observing that the proteolytic 

cleavage did not occur at room temperature, it was proposed that the high reaction 

temperatures could play a role in the proteolytic cleavage reaction. The products 

resulting from the optimized conditions for the cross-coupling reaction on the peptide 

trp-cage3-20 containing 2-iodophenylalanine is shown in Figure 4.50c.  
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Figure 4.50 Optimized reaction conditions to produce the peptide trp-cage3-20 

containing 2-thiophenylalanine at the N-terminus 

(a) Reaction scheme for the cross-coupling reaction on the protected peptide trp-cage3-

20 containing 2-iodophenylalanine on solid phase; (b) HPLC chromatogram of the 

peptide trp-cage3-20 containing 2-iodophenylalanine and subsequent reaction with DTT 

in solution using a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% 

TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore); (c) HPLC 

chromatogram of the crude peptide products that result from the optimized solid-phase 

cross-coupling reaction on the peptide trp-cage3-20 containing 2-iodophenylalanine 

using a linear gradient of 0-45% buffer B (20% water, 80% MeCN, 0.05% TFA) in 

buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV 

C18 column (4.6 mm × 250 mm, 100 Å pore). 

*The Ac-trp-cage4-20 side-product was observed in lower quantities under the 

optimized reaction conditions. Formation of Ac-trp-cage4-20 was completely avoided if 

the reaction temperature was at 90 °C, but with very low conversion to the product 

peptide trp-cage3-20 containing 2-thiophenylalanine. 

a 

b 
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In the initial syntheses of the peptides (2-SH-Phe)RAFS-NH2 and trp-cage3-20 

containing 2-thiophenylalanine using the solid-phase cross-coupling reaction 

conditions, the 2-thiophenylalanine at the N-terminus reacted readily as a nucleophile 

in intramolecular acyl transfer reactions. In both the model peptide XRAFS-NH2 and 

the peptide trp-cage3-20, consideration of the potential side-reactions and modification 

of the synthetic strategy improved the resultant yield of the peptide containing 2-

thiophenylalanine. In cases where the cross-coupling reaction on solid-phase is 

impractical or potentially causes detrimental side-reactions, 2-thiophenylalanine could 

alternatively be incorporated via SPPS with the protected Boc-2-S(S-tert-butyl)-thio-L-

phenylalanine (Chapter 4.2.4). However, the synthetic strategy for peptides containing 

2-thiophenylalanine via cross-coupling reaction on solid phase generates the reactant 

peptides for NCL reactions with less time and smaller quantities of reagents. 

Depending on the target peptide or protein, both synthetic strategies for generating 

peptides with 2-thiophenylalanine are viable options.  

4.2.13 2-Thiophenylalanine-mediated native chemical ligation to synthesize a 

Y3F variant of the trp cage miniprotein 

Having synthesized the peptide trp-cage3-20 containing 2-thiophenylalanine at 

the N-terminus, the utility of this amino acid for NCL reactions was established in the 

context of a larger protein. The purified peptide trp-cage3-20 containing 2-

thiophenylalanine was subjected to ligation reaction conditions with the peptide trp-

cage1-2–SPh using previously established NCL reaction conditions from the model 

peptides (Chapter 4.2.7), with 6 M guanidinium added to fully solubilize the reactant 

peptides. Two reactions with different ratios of the two reactant peptides, trp-cage3-20 

containing 2-thiophenylalanine and trp-cage1-2–SPh, were allowed to react under 
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ligation reaction conditions. One reaction contained an excess of the peptide trp-cage3-

20 containing 2-thiophenylalanine relative to trp-cage1-2–SPh, and the other reaction 

contained both peptides as a 1:1 molar ratio. The resultant HPLC chromatograms of 

the reaction to generate the Y3(2-SH-Phe) variant of the trp cage miniprotein are 

shown in Figures 4.51 and 4.52. 
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Figure 4.51 Native chemical ligation reaction to generate the Y3(2-SH-Phe)trp 

cage miniprotein using an excess of the peptide trp-cage3-20 containing 2-

thiophenylalanine 

(a) Reaction scheme for ligation reaction using the peptides trp-cage1-2–SPh and trp-

cage3-20 containing 2-thiophenylalanine; (b) HPLC chromatogram of the coinjection of 

the reactant peptides with an internal standard (2 mM internal PhOH); (c) HPLC 

chromatogram of the peptide products that resulted from the ligation reaction using the 

peptides trp-cage1-2–SPh and trp-cage3-20 containing 2-thiophenylalanine after 3 hours 

using a linear gradient of 15-65% buffer B (20% water, 80% MeCN, 0.05% TFA) in 

buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV 

C18 column (4.6 mm × 250 mm, 100 Å pore). 

The reaction concentration of the peptide trp-cage3-20 containing 2-thiophenylalanine 

was 2.0 mM, and that of the peptide trp-cage1-2–SPh was 0.8 mM. 

Concentrations were determined by NMR (trp-cage1-2–SPh) and Ellman’s test (trp-

cage3-20 containing 2-thiophenylalanine), and reaction conversion was determined by 

integration of the HPLC chromatogram (normalized to the internal standard) by 

depletion of the peptide trp-cage1-2–SPh. Reaction conversion was calculated to be 

77%. 

b 

a 

c 
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Figure 4.52 Native chemical ligation reaction to generate the Y3(2-SH-Phe)trp 

cage miniprotein using an equimolar ratio of reactant peptides 

b 

a 

c 

d 
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(a) Reaction scheme for ligation reaction using the peptides trp-cage1-2–SPh and trp-

cage3-20 containing 2-thiophenylalanine; (b) HPLC chromatogram of the coinjection of 

the reactant peptides with an internal standard (2 mM internal PhOH); (c) HPLC 

chromatogram of the peptide products that resulted from the ligation reaction using the 

peptides trp-cage1-2–SPh and trp-cage3-20 containing 2-thiophenylalanine after 3 hours; 

(d) HPLC chromatogram of the isolated, diacylated reaction product (indicated in c) 

that was allowed to react with DTT in solution, generating the Y3(2-SH-Phe) trp cage 

variant. HPLC chromatograms shown used a linear gradient of 15-65% buffer B (20% 

water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) 

over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

The reaction concentration of the peptide trp-cage3-20 containing 2-thiophenylalanine 

was 2.0 mM, and that of the peptide trp-cage1-2–SPh was 1.95 mM. 

Concentrations were determined by NMR (trp-cage1-2–SPh) and Ellman’s test (trp-

cage3-20 containing 2-thiophenylalanine), and reaction conversion was determined by 

integration of the HPLC chromatogram (normalized to the internal standard) by 

depletion of the peptide trp-cage1-2–SPh. Reaction conversion was calculated to be 

74%, including the diacylated reaction product. 

Using the ligation reaction conditions, 2-thiophenylalanine was successfully 

utilized in NCL reactions for synthesis of a Y3(2-SH-Phe) trp cage variant, 

representing a larger protein with broader scope of amino acid functional groups, 

particularly in the cross-coupling reaction. The ligation reaction was 74-77% complete 

in 3 hours at 23 °C, depending on the relative molar concentrations of the reactant 

peptides. This conversion compares well to the model ligation reaction with the 

peptides (2-SH-Phe)XRAFS-NH2 and Ac-LYRAL-SPh, which was 90% complete in 6 

hours at 23 °C. For the ligation reaction using a 1:1 molar ratio of the reactant 

peptides, an additional side-product was observed. The side-product was consistent 

with the product peptide, Y3(2-SH-Phe) trp cage miniprotein, with an additional trp-

cage1-2 moiety. This side product is consistent with the product peptide containing 2-

thiophenylalanine proceeding through a thioester exchange reaction with unreacted 

peptide trp-cage1-2–SPh, generating a diacylated product (Figure 4.52c). In NCL 

reactions that were mediated by homocysteine, a similar product was observed, and 
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this product was avoided if a slight excess of the peptide containing the thioester 

group was used.447 The diacylated product was isolated and allowed to react in 

solution with DTT to generate the Y3(2-SH-Phe) trp cage variant product (Figure 

4.52d). These reactions demonstrated that 2-thiophenylalanine can be effectively 

utilized to mediate ligation reactions in the context of larger peptides. 

In order to generate phenylalanine at the ligation site, the product peptide 

Y3(2-SH-Phe) trp cage variant was subjected to desulfurization reaction conditions. 

Nickel boride desulfurization of peptides containing 2-thiophenylalanine had been 

established as a working methodology in model peptides, although the isolated yield 

was low (Chapter 4.2.11). The purified Y3(2-SH-Phe) trp cage variant from the 

ligation reaction was desulfurized using nickel boride to generate phenylalanine at the 

ligation site (Figure 4.53). 
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Figure 4.53 Desulfurization reaction on the peptide containing 2-

thiophenylalanine to produce the Y3F trp cage variant 

(a) Reaction scheme for the desulfurization reaction on the Y3(2-SH-Phe) trp cage 

variant from the ligation reaction; (b) HPLC chromatogram of the crude peptide 

products that resulted from the desulfurization reaction on the Y3(2-SH-Phe) trp cage 

variant from the ligation reaction; (c) HPLC chromatogram of the purified Y3F trp 

cage miniprotein that was independently synthesized via Fmoc-SPPS. HPLC 

conditions were using a linear gradient of 15-65% buffer B (20% water, 80% MeCN, 

0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a 

Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). 

The product was confirmed via ESI-MS. 

 

a 

b 
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The Y3(2-SH-Phe) trp cage variant, generated from the ligation reaction 

mediated by 2-thiophenylalanine, was cleanly desulfurized using nickel boride to 

generate the Y3F trp cage variant. The desulfurization reaction product was confirmed 

via ESI-MS, and the product had the same tR via HPLC as an independently 

synthesized Y3F trp cage variant (Figure 4.53c). Similar to the desulfurization 

reactions on the model peptides, there was low isolated yield of the Y3F trp cage 

variant that was generated from the ligation and desulfurization reactions (Chapter 

4.2.11), with observable aggregation of the peptide on nickel solids. Although the 

extent of aggregation and loss of the product peptide Y3F trp cage variant was not 

quantified, alternative approaches to desulfurization might be more appropriate, such 

as Pd/Al2O3.
472  

The utility of 2-thiophenylalanine for NCL and subsequent desulfurization 

reaction to generate the Y3F trp cage variant was demonstrated. The ligation reaction 

proceeded readily, with 74-77% reaction completion in 3 hours at 23 °C, and 

demonstrated utility of this unique amino acid in the context of larger proteins with 

broader scope of side-chain functional groups. The desulfurization reaction cleanly 

generated phenylalanine in place of 2-thiophenylalanine after the ligation reaction, but 

the recovery of the peptide was low, and it is suggested that alternative approaches to 

desulfurization (such as Pd/Al2O3 or Raney nickel)399, 400, 448 are utilized. 

4.2.14 Synthesis of a modified chicken villin headpiece (cVHP17-35) containing 2-

thiophenylalanine for native chemical ligation reactions 

Having shown that 2-thiophenylalanine can be used as effectively for NCL 

reactions in the trp cage miniprotein, we sought to demonstrate 2-thiophenylalanine-

mediated NCL reactions with a longer peptide containing a thioester group. The trp 
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cage miniprotein was selected as a model protein because it has been well 

characterized,94-96, 103 and was previously utilized in substrate scope studies in 

optimizing the cross-coupling reaction on solid phase to generate peptides containing 

thiophenylalanine169 (Chapter 1.2.4). In the trp cage, Tyr3 was selected as the site for 

the ligation reaction to result in a modest change in the structure, replacing tyrosine 

with phenylalanine after ligation reaction using 2-thiophenylalanine and subsequent 

desulfurization reaction. However, with the ligation site at position 3, the peptide 

containing the thioester group contained only 2 amino acids. Using the trp cage 

miniprotein as a target for NCL demonstrated that 2-thiophenylalanine could be 

synthesized at the N-terminus of a protected protein on solid phase, but the use of a 

dipeptide containing a thioester was not representative of an NCL reaction in the 

context of a larger protein.  

We selected a well-studied, thermostable protein domain to synthesize via 2-

thiophenylalanine-mediated NCL reaction, the chicken villin headpiece.484 Villin is an 

actin-binding protein, which consists of two subdomains, an 84 kDa “core” and an 8 

kDa “headpiece” domain.484 The headpiece domain, cVHP-67 (Figure 4.54), contains 

the actin-binding domain, and due to its stability in solution, has been well 

characterized via NMR.484 Within the villin headpiece is a 35-residue fragment that 

contains a hydrophobic “core” of three conserved phenylalanine residues (orange 

residues, Figure 4.54).484-489 The thermostability and folding of the headpiece 

subdomain has been attributed to this 35-residue fragment (cVHP-35, cyan in Figure 

4.54), although it exhibits little affinity for actin.484, 489 We selected one of the three, 

highly conserved phenylalanine residues in the cVHP-35 domain (Phe17) for the 

ligation site to incorporate 2-thiophenylalanine. Positioning the ligation site at Phe17 
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can be advantageous for studying the role of the N-terminal -helix, for stability 

studies with and without the actin binding component, or for understanding the role of 

phosphorylation headpiece domains related to cVHP.487, 488, 490, 491 NCL at position 17 

could also be useful for examining the kinetics of protein folding involving aromatic 

amino acids, which has been well examined with cVHP-35.489 Phe17 is a conserved 

residue involved in folding and stability of the cVHP-35 fragment, and therefore the 

ligation reaction at this position must be mediated by a thiolated aromatic amino acid, 

such as 2-thiophenylalanine.  
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PTKLETFPLDVLVNTAAEDLPRGVDPSRKENHLSDEDFKAVFGMTRSA 
FANLPLWKQQNLKKEKGLF-NH2 

Figure 4.54 The chicken villin headpiece domain (cVHP-67) 

Villin is an actin binding protein, and contains a stable 8 kDa subunit, termed the 

“villin headpiece.” Within the villin headpiece domain, there is a 35-residue three-

helix bundle (cyan, sequence shown) that is stabilized by 3 phenylalanines (orange). 

The 35-residue fragment (cVHP-35) has been attributed to the stability of the 

headpiece, is highly conserved, and has been the subject of numerous stability and 

peptide folding studies.484-489 The ligation site for incorporating 2-thiophenylalanine is 

indicated by the underline in the sequence, and the arrow in the figure. 

In order to demonstrate the 2-thiophenylalanine-mediated NCL reaction using 

the cVHP-35 domain, the peptide cVHP17-35 containing Boc-2-iodophenylalanine at 

the N-terminus ((2-I-Phe)ANLPLWKQQNLKKEKGLF) was synthesized via SPPS 

on Rink amide resin. The protected peptide cVHP17-35 containing Boc-2-

iodophenylalanine was initially subjected to the cross-coupling reaction conditions 
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that were utilized for the model peptides XRAFS-NH2 (Chapter 4.2.2). However, a 

major product was observed that corresponded to the peptide Ac-cVHP18-35 (truncation 

of the phenylalanine residue at the N-terminus, with an additional acetyl group). A 

corresponding side-product was observed in the initial synthesis of the peptide trp-

cage3-20 containing 2-thiophenylalanine, which contained a trityl-protected glutamine 

residue at the i,i+2 position relative to the N-terminus (Chapter 4.2.12). Based on the 

common moiety between these two peptides, (2-SH-Phe)XQ/N where Q and N were 

trityl-protected during the cross-coupling reaction, it was thought that the peptide 

cVHP17-35 was also subject to side reaction via the mechanism shown in Figure 4.49.  

Given the potential for reactivity in the side-chain protecting groups, the 

peptide cVHP17-35 containing 2-thiophenylalanine was synthesized on solid phase via 

cross-coupling reaction conditions, but the reaction conditions were optimized for the 

peptide cVHP17-35 containing 2-iodophenylalanine. Similar to optimization of the 

reaction conditions for the peptide trp-cage3-20, described in Chapter 4.2.12, reaction 

conditions were screened for reaction solvent, reaction temperature, reacton duration, 

and concentrations of DIPEA and thiolacetic acid. The aim for reaction condition 

optimization for the peptide cVHP17-35 containing 2-iodophenylalanine was to prevent 

trityl deprotection reaction on the asparagine reside (located 2 residues from the 2-

iodophenylalanine), and to prevent reaction of thiolates with the carbamate bond at 2-

iodophenylalanine. The optimized solid-phase cross-coupling reaction conditions for 

synthesis of the peptide cVHP17-35 containing 2-thiophenylalanine are shown in Figure 

4.55. 
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Figure 4.55 Synthesis of the peptide cVHP17-35 containing 2-thiophenylalanine 

via cross-coupling reaction 

(a) Reaction scheme for the cross-coupling reaction on the protected peptide cVHP17-35 

containing 2-iodophenylalanine on solid phase; (b) HPLC chromatogram of the 

peptide cVHP17-35 starting material containing 2-iodophenylalanine, indicated as 

“SM”; (c) HPLC chromatogram of the crude peptide products that result from the 

optimized solid-phase cross-coupling reaction on the peptide trp-cage3-20 containing 2-

iodophenylalanine and subsequent reduction reaction in solution with DTT. HPLC 

chromatograms shown used a linear gradient of 0-60% buffer B (20% water, 80% 

MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 

minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å pore). The 

products were identified via ESI-MS.  

DTTred and DTTox indicate reduced and oxidized DTT, respectively. 

“SM” indicates the peptide cVHP17-35 containing 2-iodophenylalanine at the N-

terminus.  

“Product” indicates the peptide cVHP17-35 containing 2-thiophenylalanine at the N-

terminus. 

b 

c 

 

a 
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The optimized cross-coupling reaction on the peptide cVHP17-35 containing 2-

iodophenylalanine on solid phase successfully generated the peptide containing 2-

thiophenylalanine at the N-terminus. Similar to the synthesis of the peptide trp-cage3-20 

containing 2-thiophenylalanine, the truncated, acylated side-product (Ac-cVHP18-35) 

was avoided if the optimized reaction conditions were employed, using a lower 

concentration of DIPEA, and lower reaction temperature. Furthermore, a lower 

concentration of thiolacetic acid was utilized in these reaction conditions, and a polar 

protic solvent was utilized to stabilize any thiolates that may have formed during the 

reaction. Reaction conversion to form the peptide cVHP17-35 containing 2-

thiophenylalanine was improved by increasing the reaction time to 18 hours (from the 

8 hours utilized in the optimized cross-coupling reaction conditions for the trp cage 

miniprotein). However, the overall cross-coupling reaction yield for the peptide 

cVHP17-35 was considerably lower in comparison to the model peptide XRAFS-NH2. 

The purification of the peptide product resulting from the cross-coupling reaction was 

difficult, due to the severe “tailing” of the peptide product in the HPLC purification 

conditions and co-elution with the reactant peptide cVHP17-35 containing 2-

iodophenylalanine (Figure 4.55).  

The cross-coupling reaction on solid phase generated the peptide cVHP17-35 

containing 2-thiophenylalanine in a practical manner. However, with the potential for 

side-chain reactivity involving asparagine, the modestly lower reaction yield resulting 

from the optimized cross-coupling reaction conditions, and coelution of the product 

peptide and the reactant peptide in the HPLC purification, an alternative synthetic 

approach to cVHP17-35 containing 2-thiophenylalanine was utilized. A protocol had 

been developed for synthesis of the Boc-protected 2-thiophenylalanine for 
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incorporation into peptides via SPPS, which was utilized as an alternative approach to 

synthesis of the model peptide (2-SH-Phe)RAFS-NH2 (Chapter 4.2.4). Using the Boc-

protected 2-thiophenylalanine, which was synthesized in three steps from the 

commercially available Boc-2-iodophenylalanine, the peptide cVHP17-35 containing 

Boc-2-thiophenylalanine at the N-terminus was synthesized with via SPPS (Figure 

4.56). The resultant peptides cVHP17-35 containing an N-terminal 2-thiophenylalanine, 

synthesized via cross-coupling reaction on solid phase or via SPPS with Boc-protected 

2-thiophenylalanine, were confirmed to be identical by NMR (Figure 4.57, Figure 

4.58). 
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Figure 4.56 Synthesis of the peptide cVHP17-35 via SPPS with Boc-2-S(S-tert-

butyl)-thio-L-phenylalanine  

c 

a 

b 

d 
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(a) Reaction scheme to synthesize the peptide cVHP17-35 containing 2-

thiophenylalanine via SPPS using Boc-2-S(S-tert-butyl)-thio-L-phenylalanine; (b) the 

HPLC chromatogram of the peptide cVHP18-35 prior to any reactions; (c) the HPLC 

chromatogram of the peptide products that resulted from the coupling reaction with 

Boc-2-S(S-tert-butyl)-thio-L-phenylalanine; (d) the HPLC chromatogram that resulted 

from the reaction of the peptide products with DTT. HPLC chromatograms shown 

used a linear gradient of 15-75% buffer B (20% water, 80% MeCN, 0.05% TFA) in 

buffer A (98% water, 2% MeCN, 0.06% TFA) over 60 minutes on a Microsorb MV 

C18 column (4.6 mm × 250 mm, 100 Å pore). The products were identified via ESI-

MS.  
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Figure 4.57 1H NMR spectra for the peptide cVHP17-35 containing 2-

thiophenylalanine at the N-terminus synthesized by two strategies 

Superposition of the 1H NMR spectra of the peptide cVHP17-35 containing N-terminal 

2-thiolphenylalanine synthesized by solid phase cross-coupling reaction (blue) or 

synthesized by solid-phase peptide synthesis using Boc-2-S(S-tert-butyl)-thiol-L-

phenylalanine (black). (a) Amide and aromatic regions of the 1H NMR spectra; (b) full 
1H NMR spectra. The peptides were dissolved in 90% H2O/10% D2O with 5 mM 

phosphate buffer (pH 4), 25 mM NaCl, 0.1 mM TCEP, and 0.1 mM TSP.  

 

 

b 
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Figure 4.58 Superposition of the TOCSY spectra for the peptide cVHP17-35 

containing 2-thiophenylalanine at the N-terminus synthesized by two strategies  

The peptide cVHP17-35 containing N-terminal 2-thiolphenylalanine synthesized by 

solid phase cross-coupling reaction (blue) or synthesized by solid-phase peptide 

synthesis using Boc-2-S(S-tert-butyl)-thiol-L-phenylalanine (black). The peptides were 

dissolved in 90% H2O/10% D2O with 5 mM phosphate buffer (pH 4), 25 mM NaCl, 

0.1 mM TCEP, and 0.1 mM TSP.  

2-Thiophenylalanine can be incorporated at the N-terminus of the peptide 

cVHP17-35 using two different synthetic strategies. With the cross-coupling reaction on 

the peptide cVHP17-35 containing Boc-2-iodophenylalanine on solid phase, the peptide 
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containing 2-thiophenylalanine can be rapidly generated with no solution synthesis of 

purification steps. However, with the cross-coupling reaction, there is a potential risk 

of side-chain deprotection and cross-reactivity with the 2-thiophenylalanine side chain 

of its thioester. The cross-coupling reaction yield on solid phase was modified to 

suppress potential side-chain reactions, but this change resulted in modestly lower 

product yield. Alternatively, the peptide cVHP17-35 containing 2-thiophenylalanine was 

synthesized by coupling the protected Boc-2-S(S-tert-butyl)-thio-L-phenylalanine via 

standard solid-phase peptide synthesis. Boc-2-S(S-tert-butyl)-thio-L-phenylalanine 

was synthesized from commercially available Boc-2-iodophenylalanine in 3 steps with 

16% overall yield. This synthetic strategy has a lower risk of side reactions. Notably, 

in the 9 step synthesis of -mercaptophenylalanine reported by Crich & Banerjee,401, 

402 an overall 11.5% yield was reported. Malins et al.472 reported a synthetic route to 

-selenol-phenylalanine with an overall 13% yield in 7 steps from commercially 

available Garner’s aldehyde ($216/1g, $50/mmol, Sigma-Aldrich as of May, 2016). 

Utilizing either of these synthetic strategies developed herein, peptides containing 2-

thiophenylalanine at the N-terminus can be generated in a practical manner, requiring 

less time and resources than other methods used to generate thiolated phenylalanine 

residues.  

4.2.15 2-Thiophenylalanine-mediated native chemical ligation to synthesize the 

protein cVHP-35 

Having generated the peptide cVHP17-35 containing 2-thiophenylalanine at the 

N-terminus using two different synthetic methods, the utility of this amino acid for 

NCL reactions was established in the context of a larger protein with a 16-residue 

peptide containing a thioester group at the C-terminus. The purified peptide cVHP17-35 
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containing 2-thiophenylalanine was subjected to ligation reaction conditions with the 

peptide cVHP1-16–SPh using previously the established NCL reaction conditions from 

the model peptide (Chapter 4.2.7), with 6 M guanidinium added to fully solubilize the 

reactant peptides. The resultant HPLC chromatogram of the reaction that generated the 

F17(2-SH-Phe) variant of the cVHP-35 protein is shown in Figure 4.59. 
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Figure 4.59 Native chemical ligation reaction to generate the F17(2-SH-Phe) 

cVHP-35 variant using 2-thiophenylalanine 

a 

b 

c 
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(a) Reaction scheme for ligation reaction using the peptides cVHP1-16–SPh and 

cVHP17-35 containing 2-thiophenylalanine; (b) HPLC chromatogram of the 

coinjection of the peptides with 1 mM internal 2-naphthol internal standard; (c) HPLC 

chromatogram of the peptide products that resulted from the ligation reaction using the 

peptides cVHP1-16–SPh and cVHP17-35 containing 2-thiophenylalanine after 1 hours 

using a linear gradient of 15-65% buffer B (20% water, 80% MeCN, 0.05% TFA) in 

buffer A (98% water, 2% MeCN, 0.06% TFA) over 80 minutes on a Microsorb MV 

C18 column (4.6 mm × 250 mm, 100 Å pore). 

1 is the peptide cVHP17-35 containing 2-thiophenylalanine 

2 is the peptide cVHP1-16–SPh 

3 is the F17(2-SH-Phe) variant of cVHP-35 

The reaction concentration of the peptide cVHP17-35 containing 2-thiophenylalanine 

was 3.0 mM, and that of the peptide cVHP1-16–SPh was 1.0 mM. 

Concentrations were determined by NMR (cVHP1-16–SPh) and Ellman’s test 

(cVHP17-35 containing 2-thiophenylalanine), and reaction conversion was determined 

by integration of the HPLC chromatogram (normalized to the internal standard) by 

depletion of the peptide cVHP1-16–SPh. Reaction conversion was calculated to be 

67% after 1 hour. 

The ligation reaction to produce the F17(2-SH-Phe) cVHP-35 variant was 67% 

complete in only 1 hour at 23 °C. While this reaction conversion is somewhat less than 

the ligation reaction in model peptides for (2-SH-Phe)RAFS-NH2 and Ac-LYRAA-

SPh (95% in 1 hour), this reaction is still considerably faster than similar reported 

reactions using S-phenyl thioesters.472 By comparison, ligation reactions using the 

peptides LYRAA and CRANK reported to be less than 50% complete in 4 hours at 37 

°C, although the thioester exchange reaction to form the S-phenyl thioester (from the 

S-benzyl thioester) was potentially a rate-determining step.470 With ligation reactions 

using peptides containing 2-thiol-tryptophan and Ac-LYRANA-SPh, the reaction was 

incomplete after 15 hours, requiring additional Ac-LYRANA-SPh for an isolated yield 

of 81% over 24 hours; peptides containing leucine thioesters were not examined in 

that study.472 
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In order to generate the cVHP-35 protein, the peptide F17(2-SH-Phe) cVHP-35 

that resulted from the ligation reaction was subjected to desulfurization reaction 

conditions. The conditions for desulfurization used nickel boride, following the 

protocol that was used for desulfurization reaction on the model peptides and the 

Y3(2-SH-Phe) trp cage variant. The resultant chromatogram to generate the the cVHP-

35 protein is shown in Figure 4.60.  



 

 642 

Figure 4.60 Desulfurization reaction on the peptide containing 2-

thiophenylalanine to generate the peptide cVHP-35 

(a) Reaction scheme for the desulfurization reaction on the F17(2-SH-Phe) variant of 

cVHP-35 variant from the ligation reaction; (b) HPLC chromatogram of the purified 

peptide F17(2-SH-Phe) variant of cVHP-35 that resulted from the ligation reaction; (c) 

HPLC chromatogram of the crude products that resulted from the desulfurization 

reaction. HPLC chromatograms shown used a linear gradient of 15-65% buffer B 

(20% water, 80% MeCN, 0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% 

TFA) over 60 minutes on a Microsorb MV C18 column (4.6 mm × 250 mm, 100 Å 

pore). 

3 is the peptide F17(2-SH-Phe) variant of cVHP-35 variant from the ligation reaction 

4 is the product resulting from the desulfurization reaction, expected to be authentic 

cVHP-35. The UV detection via diode array suggested successful desulfurization 

reaction, but this product was not confirmed via mass spectroscopy due to low sample 

recovery from the reaction. 

The desulfurization reaction was conducted on the peptide F17(2-SH-Phe) 

cVHP-35 in order to generate the peptide cVHP-35. The product resulting from the 

3 4 

a 

b 
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desulfurization reaction was consistent with desulfurized product via UV-Vis 

(detected by diode array on the HPLC), but could not be confirmed via mass 

spectroscopy to be the desulfurized product due to low sample recovery. Similar to the 

desulfurization reaction on the Y3(2-SH-Phe)trp cage variant, the isolated yield of the 

cVHP-35 was very low. Potentially, the nickel boride solid catalysts aggregate or bind 

to the peptides (potentially via an aromatic interaction with the nickel surface), and so 

much of the product is lost upon filtration using this desulfurization strategy. An 

alternative desulfurization method would be required to improve the isolated yield of 

the reaction, such as Pd/Al2O3 reported by Malins et al.472 in desulfurization of 2-thiol-

tryptophan. 

Herein, we demonstrated the utility of 2-thiophenylalanine-mediated NCL 

reaction with the cVHP-35 protein, at highly stabilized domain with an aromatic 

“core” of three phenylalanine residues. Two different synthetic strategies to obtain the 

peptide cVHP17-35 containing 2-thiophenylalanine, via solid-phase cross-coupling 

reaction and via SPPS with the Boc-protected amino acid.  

4.3 Discussion 

Prior studies on 4-thiophenylalanine demonstrated that the sulfur analogue of 

tyrosine had unique reactivity (Chapter 1) and effects on structure via non-covalent 

interactions (Chapter 2). The aryl thiol in 4-thiophenylalanine (pKa = 6.4)169 is more 

acidic than alkyl thiols, such as cysteine (pKa = 8.5),109 and is mostly anionic and 

nucleophilic under physiological conditions. Conventional native chemical ligation 

(NCL) reactions with thioesters rely on thiolates that are proximal to amine functional 

groups, where the thiolate displaces the thioester and forms a thioester-linked 

intermediate, and the proximal amine undergoes S→N acyl transfer to release the 
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thiolate and form an amide bond (Figure 4.5).396 Much of the research on NCL since it 

was first proposed396 has explored the utility of thiolated amino acids as surrogates for 

NCL reactions. Auxiliary-mediated NCL reactions have also been explored, where the 

N-terminus is functionalized with a thiolated mediator, which entropically activates 

the secondary amine to proceed through S→N acyl transfer to release the thiolate and 

form an amide bond (Figure 4.61).492 The reactivity of aryl thiolates has been 

demonstrated in auxiliary-mediated NCL reactions,457, 458, 460, 473, 492 but the mechanism 

and kinetics of auxiliary-mediated NCL reactions are distinct from thiolated amino 

acids, with a secondary amine initiating intramolecular S→N acyl transfer rather than 

a primary amine. Only one recent example, 2-thiol-tryptophan, 472 has demonstrated 

an aryl thiolated amino acid for NCL, and the results from this work were suggestive 

of somewhat different reaction kinetics compared to alkyl thiolated amino acids. We 

sought to further explore the mechanisms and applications for aryl thiolated amino 

acids in NCL reactions, a previously unexplored area of native chemical ligation 

chemistry.  
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Figure 4.61 NCL reactions mediated by an aryl thiolated auxiliary 

Alkyl thiolated amino acids have been widely utilized for mediating NCL reactions, 

with only one example of an aryl thiolated amino acid used for NCL.399, 472, 479 Aryl 

thiolated auxiliaries have been utilized for NCL reactions, where a functional group 

containing a thiol is attached to the N-terminus, which mediates the S→N acyl transfer 

via a secondary amine.492 

In the semi-synthesis of a protein via NCL, an amino acid with a thiol 

functional group is necessary to initiate the ligation reaction. In some cases a mutation 

of an amino acid to a cysteine residue is well tolerated in the structure and function of 

the protein.431 However, in proteins where aromatic amino acids are conserved or 

critically involved in an active site mechanism or folding of a domain,161, 489 mutation 

to cysteine residues is not well tolerated, and a thiolated aromatic amino acid must be 

used to mediate the NCL reaction. For phenylalanine, syntheses for -

mercaptophenylalanine and -selenol-phenylalanine have been developed and 

successfully utilized for NCL reactions in peptides, requiring 7 or 9 step syntheses in 

solution and with overall product yields of 11% or 13%, respectively.401, 493 These 

sources have been widely cited in literature as examples of NCL reactions with 

aromatic amino acids, but -mercaptophenylalanine and -selenol-phenylalanine have 

not been applied beyond their initial reports for the chemical synthesis of proteins, 

suggesting that the lengthy syntheses are strongly discouraging further application. By 

utilizing the practical reaction methodologies that we had developed for synthesizing 
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thiophenylalanine within peptides and in solution (Chapters 1 and 2), we sought to 

develop thiophenylalanine-mediated NCL reactions for the synthesis of proteins. 

4.3.1 Peptides containing thiophenylalanine at the N-terminus for NCL reaction 

We initially sought to examine the plausibility of NCL reactions using 4-, 3-, 

or 2-thiophenylalanine at the N-terminus of a model peptide. Model peptides that were 

previously well studied for model NCL reactions were selected for this study:464, 470 

Ac-LYRAZ-SR (Z = canonical amino acid, SR = a thioester group) and XRAFS-NH2 

(where X = thiophenylalanine). The previously optimized cross-coupling reaction 

conditions were utilized on peptides containing iodophenylalanine on solid-phase to 

generate thiophenylalanine.169 In the initial synthesis of 2-thiophenylalanine (2-SH-

Phe) at the N-terminus of the model peptide, the major product was Ac-(2-SH-

Phe)RAFS-NH2, which resulted from the S→N acyl transfer reaction between the N-

terminal amine and 2-(S-acetyl)thiophenylalanine, with complete formation of the N-

acetylated peptide product in less than 5 minutes at pH 7 at room temperature (Figures 

4.12 and 4.13). This rapid S→N acyl transfer reaction perfectly mimicked the same 

intermediate steps that would be necessary for native chemical ligation reactions with 

peptides containing thioesters, which strongly suggested the unique reactivity of 2-

thiophenylalanine for NCL reactions. 7-Membered ring intermediates in S→N acyl 

transfer reaction intermediates are uncommon in prior examples of NCL with thiolated 

amino acids; the closest example was reported by Tam & Yu447 with homocysteine-

mediated NCL, proceeding via a 6-membered ring intermediate. In light of the 

exceptional reactivity of 2-thiophenylalanine, and in comparison to prior ligation 

reactions,401, 447, 492 the scope and application of the 2-thiophenylalanine-meditated 

NCL reactions were examined more closely. 
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In focusing these studies on 2-thiophenylalanine-mediated NCL reactions, a 

practical synthesis was required to obtain peptides containing 2-thiophenylalanine at 

the N-terminus. The modification reaction of peptides on solid phase to generate 2-

thiophenylalanine was changed so that the protected peptide was subjected to the 

thiolysis reaction on solid phase immediately following the cross-coupling reaction.169 

The S→N acyl transfer reaction between the N-terminal amine and 2-(S-

acetyl)thiophenylalanine was avoided by subjecting the peptide to thiolysis before the 

N-terminal amine was deprotected (Figure 4.15). In order to determine if 

epimerization occurred during the cross-coupling reaction on solid-phase, the peptide 

(2-SH-D-Phe)RAFS-NH2 was independently synthesized via cross-coupling reaction 

on the peptide containing 2-iodo-D-phenylalanine on solid phase. By comparison to 

the product that resulted from the cross-coupling reaction, via HPLC and NMR, it was 

established that no significant epimerization occurred during the cross-coupling 

reaction to generate peptides containing 2-thiophenylalanine on solid-phase. 

In addition, to avoid any potential challenges that resulted from the cross-

coupling reaction on solid phase, an alternative methodology was developed for 

synthesizing peptides containing 2-thiophenylalanine at the N-terminus. While the 

cross-coupling approach can be generally utilized on solid-phase peptides containing 

iodophenylalanine, it may not be ideal to expose some sensitive side-chain protecting 

groups or delicate, modified amino acids (such as glycosylated residues) to high 

reaction temperatures in the presence of bases or thioacids. In order to avoid any 

potential for side reactions with sensitive peptide side chains, an alternative synthetic 

strategy was developed, where the Boc-protected 2-thiophenylalanine was 

incorporated via SPPS. Rajagopalan et al.23 has previously shown that Boc-
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iodophenylalanine with a free carboxylic acid can react with palladium and tert-butyl 

mercaptan to form thioethers, so Boc-iodophenylalanine was used directly, without 

protecting the carboxylic acid, in our initial synthesis.  

Surprisingly, the copper-catalyzed cross-coupling reaction on Boc-2-

iodophenylalanine generated Boc-protected-3-amino--thiochromanone in 86% 

isolated yield. The thiochromanone product was subjected to hydrolysis with lithium 

hydroxide in the presence of (S-tert-butyl)-2-thiopyridyl disulfide to generate Boc-2-

S(S-tert-butyl)-thiophenylalanine in 42% yield over 2 steps. Boc-2-S(S-tert-butyl)-

thiophenylalanine can be incorporated into peptides via solid-phase peptide synthesis, 

and the 2-thiophenylalanine can be deprotected in solution using DTT or any 

reductant. Boc-2-S(S-tert-butyl)-thiophenylalanine could also potentially be 

incorporated into proteins using a modified tRNA synthetase, as the enzyme will 

resolve the enantiomers, using only the L-amino acid.494 However, chiral HPLC 

analysis and x-ray crystallography showed that both the thiochromanone and Boc-2-

S(S-tert-butyl)-thiophenylalanine products were completely racemic mixtures. The 

racemization potentially occurred during the cross-coupling reaction conditions, where 

formation of the -thiochromanone or the mixed anhydride rendered the H especially 

prone to abstraction, resulting in enolization at the C (Figure 4.62).495 Attempts to 

modify the reaction conditions in order to increase the enantiopurity (decreasing the 

reaction temperature and reaction duration, using different solvents) were only 

partially successful. With increasing enantiopurity, the isolated reaction yield was 

significantly decreased.  
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Figure 4.62 Potential racemization mechanism of the Boc-protected-3-amino--

thiochromanone 

One potential mechanism of enolization at the C resulting in racemization of the 

thiochromanone product. The H can be abstracted from the thiochromanone, or a 

mixed anhydride intermediate (Figure 4.20).495 Alternatively, racemization can 

proceed via oxazolone formation.496 This enolate is stabilized via extended 

conjugation with the aromatic ring. 

In order to avoid racemization, the carboxylic acid of Boc-2-iodophenylalanine 

was protected as a methyl ester, to prevent formation of the -thiochromanone or the 

mixed anhydride species. Boc-2-iodophenylalanine-methyl ester was subjected to the 

copper-catalyzed cross-coupling conditions, and followed by thiolysis and oxidation 

conditions in the presence of tert-butyl mercaptan to generate a one-pot synthesis of 

Boc-2-S(S-tert-butyl)-thio-L-phenylalanine-methyl ester. The Boc-2-S(S-tert-butyl)-

thio-L-phenylalanine-methyl ester product was subjected to hydrolysis with lithium 

hydroxide to cleanly generate Boc-2-S(S-tert-butyl)-thio-L-phenylalanine in 3 steps in 

16% overall yield with retention of enantiopurity. The synthetic sequence to generate 

the protected amino acid was considerably shorter than the syntheses to produce -

mercaptophenylalanine or -selenol-phenylalanine (7-9 steps).401, 402, 493 The protected 

amino acid Boc-2-thiophenylalanine was incorporated into the model peptide using 

standard solid-phase peptide synthesis. The model peptide (2-SH-Phe)RAFS-NH2, 

synthesized using these two different methodologies, were shown to be identical by 

NMR. 
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Two different approaches to synthesize peptides containing N-terminal 2-

thiophenylalanine were established, both utilizing copper-mediated cross-coupling 

reactions on 2-iodophenylalanine. With practical syntheses in hand, the reactive 

properties of peptides containing 2-thiophenylalanine were characterized. The pKa of 

2-thiophenylalanine at the N-terminus of the model peptide was measured to be 5.1, 

substantially more acidic than 4-thiophenylalanine within a peptide (pKa = 6.4).169 The 

increased acidity of N-terminal 2-thiophenylalanine was potentially due to 

stabilization via an intramolecular hydrogen bond between the terminal amine and the 

thiolate (Figure 4.29). The increased acidity of 2-thiophenylalanine suggested that 

NCL reactions can be conducted under mildly acidic conditions, potentially allowing 

for selective NCL reactions in the presence of cysteine.  

While this current work closely examined the mechanism and applications of 

NCL reactions mediated by 2-thiophenylalanine, 3-thiophenylalanine could also 

potentially mediate NCL reactions. 4-Thiophenylalanine and 3-thiophenylalanine were 

successfully incorporated into the N-terminus of peptides via cross-coupling reaction 

on solid-phase using the described solid-phase modification approach. In preliminary 

studies, peptides that contained 3-thiophenylalanine at the N-terminus reacted 

successfully with the peptide Ac-LYRAG-SPh at pH 7.2 at room temperature, 

although NMR and HPLC reinjection of the ligation reaction product (observed after 1 

hour of reaction time) suggested that the species was the thioester intermediate instead 

the final ligated product. Peptides containing N-terminal 4-thiophenylalanine were 

unable to undergo NCL reaction with thioester peptides under comparable conditions. 

NCL reactions mediated by 3-thiophenylalanine were slower than reactions mediated 

by 2-thiophenylalanine, and the thioester intermediate species was prone to hydrolysis 
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rather than the S→N acyl transfer reaction to form the ligated product peptide. NCL 

ligation reactions using 3-thiophenylalanine proceed through a sterically unfavorable 

8-membered ring intermediate, which potentially slows the overall ligation reaction. 

Notably, if 3-thiophenylalanine is the second residue from the N-terminus of a 

peptide, then 3-thiophenylalanine could potentially mediate NCL reaction via an 11-

membered ring intermediate (Figure 4.63). Furthermore, if 3-thiophenylalanine can 

under ligation reactions with peptides containing C-terminal thioesters, then 3-

mercaptotyrosine (Chapter 3.4.3.9) could also potentially be utilized for mediating 

NCL reactions (Figure 4.64). In this manner, 3-mercaptotyrosine can potentially 

mediate NCL reactions in peptides and proteins, and also act as metal-coordinating 

ligand or as a structural switch that is sensitive to changes in pH or changes in 

oxidation state.  
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Figure 4.63 NCL reactions mediated by 3-thiophenylalanine via i,i–2 acyl 

transfer 

Peptides containing 3-thiophenylalanine at the N-terminus were successfully 

synthesized and demonstrated to mediate NCL reactions with peptides containing a 

thioester at the C-terminus. However, 3-thiophenylalanine or 3-mercaptotyrosine 

could also potentially mediate NCL reactions when positioned two residues from the 

N-terminus via an 11-membered intermediate. 

 

Figure 4.64 Aryl-thiolated amino acids that could potentially be used to 

mediate NCL reactions 

3-Thiophenylalanine was successfully incorporated at the N-terminus of model 

peptides using the solid-phase cross-coupling reaction approach. 3-thiophenylalanine 

or 3-mercaptotyrosine could also be utilized for mediating NCL reactions. 

4.3.2 Native chemical ligation reactions using 2-thiophenylalanine in model 

peptides 

With practical access to peptides containing 2-thiophenylalanine at the N-

terminus, and with the encouraging observation of S→N acyl transfer reaction 

between the N-terminal amine and 2-(S-acetyl)thiophenylalanine, the utility of 2-

thiophenylalanine was explored for NCL reactions. The model peptide (2-SH-
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Phe)RAFS-NH2 was subjected to ligation reaction conditions with the peptide Ac-

LYRAG-SBn (-SBn = S-benzyl thioester) in the presence of thiophenol as an additive, 

similar to ligation reaction conditions that have been utilized previously.431, 464, 470 

Peptides containing S-benzyl thioesters are more stable against hydrolysis, and are 

easier to handle and store, but are also less reactive substrates for NCL reactions. 

Therefore, it is common practice to generate an activated S-phenyl thioester from a 

more stable thioester group in situ using an additive such as thiophenol.431, 432  

In the ligation reaction between (2-SH-Phe)RAFS-NH2 and Ac-LYRAG-SBn, 

the ligation product only formed after a substantial amount of Ac-LYRAG-SPh had 

accumulated, suggesting that the rate-determining step was formation of the activated 

thioester species (Figure 4.30). In order to more directly examine the rate of 2-

thiophenylalanine-mediated NCL reactions, the peptide containing the S-phenyl 

thioester was used directly instead of generating this peptide in situ. Using the 

preactivated peptide Ac-LYRAG-SPh, the ligation reaction with (2-SH-Phe)RAFS-

NH2 was 62% complete in less than 5 minutes at 23 °C with thiophenol as an additive. 

In contrast, NCL reactions with peptides containing -mercaptophenylalanine reported 

by Crich & Banerjee401 required 16 hours to obtain 72-74% yield, while aryl thiolated 

auxiliaries492, 497 required 0.5-12 hours to complete with peptides with S-phenyl 

thioester peptides. 

Using the peptide containing an S-phenyl thioester directly, the thiophenol 

additive was no longer necessary in the NCL reaction. In the absence of thiophenol, 

the ligation reaction was >95% complete in 5 minutes at 23 °C between the peptides 

(2-SH-Phe)RAFS-NH2 and Ac-LYRAG-SPh. The increase in overall reaction rate for 

2-thiophenylalanine-mediated NCL in the absence of thiophenol was, in retrospect, 
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not surprising: the reaction between (2-SH-Phe)RAFS-NH2 and Ac-LYRAG-SPh 

reversibly generates the thioester intermediate and thiophenol; excess thiophenol 

would shift the equilibrium to favor formation of the reactant peptides (Le Chatelier’s 

principle). In essence, the bimolecular reaction between thiophenol and the thioester 

intermediate competes with the irreversible unimolecular intramolecular S→N acyl 

transfer to form the ligated peptide product (Figure 4.33). Combined, NCL reactions 

mediated by 2-thiophenylalanine are rapid, proceed under mild conditions, and do not 

require thiol additives provided that the S-phenyl thioester is used directly as a 

reaction substrate.  

The reactivity of 2-thiophenylalanine in NCL was explored in the context of 

other peptides containing S-phenyl thioesters, since the residue at the C-terminus of 

the peptide containing the thioester group can significantly affect the reaction 

efficiency.431, 445, 470 For example, proline thioester peptides are known to be among 

the slowest ligation reactions, due to an n→* interaction in trans-proline that blocks 

the thioester carbonyl from reaction with thiolates.445 -branched and sterically bulky 

amino acids at the C-terminus of peptides containing thioesters are also known to slow 

ligation reactions.432, 473 The scope of peptides Ac-LYRAZ-SPh was examined for 

ligation reactions with the peptide (2-SH-Phe)RAFS-NH2 (Table 4.1). It was found 

that all ligation reactions proceeded to excellent conversion in less than 12 hours. 

Ligation reactions with peptides containing valine, leucine, and phenylalanine at the 

C-terminus were all nearly complete in one hour at 23 °C. The slowest ligation 

reaction was between the peptides (2-SH-Phe)RAFS-NH2 and Ac-LYRAP-SPh, which 

was still 84% complete in 12 hours. Considering the ligation reaction conditions, with 

only 1.0-2.0 mM peptide concentrations, no thiol additives, and the steric bulk of 2-
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thiophenylalanine, these ligation reactions proceeded extremely efficiently using mild 

reaction conditions.  

It is difficult to directly compare the ligation reactions using the peptides (2-

SH-Phe)RAFS-NH2 and Ac-LYRAZ-SPh to literature descriptions, because many 

ligation reaction studies much higher peptide concentrations (1-11 mM), and many use 

different thioester leaving groups (few examples use S-phenyl thioesters directly).401, 

431, 470, 472 A close comparison to the ligation reaction conditions utilized here involves 

the peptides Ac-LYRANX-SPh with (2-thiol-tryptophan)SPGYS-NH2, using ligation 

reaction conditions at pH 6.6 at 37 °C (4 mM thiol-tryptophan peptide 

concentration).472 The most efficient ligation reaction in this work utilized the peptide 

Ac-LYRANA-SPh with 85% isolated yield after 24 hours, while the slowest ligation 

reaction was with the peptide Ac-LYRANP-SPh with 58% isolated yield in 30 

hours.472 By comparison, 2-thiophenylalanine-mediated ligation reactions were 

remarkably fast, using lower reaction temperature and lower peptide concentrations. 

Without a direct comparison to ligation reaction conditions via literature 

examples, it was difficult to determine if ligation reactions mediated by 2-

thiophenylalanine were comparable to those at cysteine. Cysteine is not sterically 

hindered, and proceeds through a 5-membered S→N acyl transfer intermediate, but 

has a higher pKa than 2-thiophenylalanine. However, given the increased acidity of 2-

thiophenylalanine, a larger mole fraction of the aryl thiolated amino acid is anionic at 

pH 7.2 (and nucleophlic), allowing for potentially more efficient reaction under 

neutral (or even acidic) reaction conditions. It was hypothesized that cysteine and 2-

thiophenylalanine-mediated NCL reactions would be comparable: 2-

thiophenylalanine-mediated ligation reactions could be slowed by the less favorable 7-
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membered ring intermediate,432 but a larger mole-fraction of 2-thiophenylalanine is 

anionic (and reactive) at pH 7.2 compared to cysteine. In contrast, 2S,4R-

mercaptoproline-mediated NCL reactions were anticipated to be much slower than 

either cysteine or 2-thiophenylalanine, due to the conformational restriction on this 

cyclic secondary amine. Shang et al.454  demonstrated that 2S,4R-mercaptoproline can 

mediate NCL reactions, with a ligation reaction with an glycinyl-O-phenyl ester 

proceeding to 85% completion in 2.5 hours. We sought to compare the ligation 

reactions mediated by 2-thiophenylalanine against peptides containing cysteine and 

2S,4R-mercaptoproline, and the key differences between these ligation reactions are 

shown in Figure 4.65. 
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Figure 4.65 Comparison of NCL reactions using different thiolated amino acids 

Reactivity for ligation reaction with the peptide Ac-LYRAA-SPh were compared in 

peptides containing either 2-thiophenylalanine, cysteine, or 2S,4R-mercaptoproline. In 

consideration of differences in acidity, steric hindrance, and ring size of the 

intermediate to form the amide bond, it was anticipated that 2-thiophenylalanine and 

cysteine would exhibit greater reactivity than 2S,4R-mercaptoproline for ligation 

reaction, and 2-thiophenylalanine would be more reactive than cysteine at low pH. 

At pH 7.2, it was found that the ligation reactions with the peptides Ac-

LYRAA-SPh and XRAFS-NH2 proceeded efficiently in the absence of thiol additives 

at room temperature, with relative reactivity as cysteine > 2S,4R-mercaptoproline > 2-

thiolphenylalanine. All of these reactions with XRAFS-NH2 at pH 7.2 were nearly 

complete in 1 hour, with the reaction with the peptide CRAFS-NH2 complete in 5 
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minutes. In order to identify the key differences in reactivity between the different 

thiolated amino acids, the ligation reactions were modified to more acidic conditions, 

at pH 4 and 5. Using mildly acidic ligation reaction conditions, the efficiency of 

ligation with peptides containing cysteine and 2-thiophenylalanine reactions were 

comparable (Figure 4.34). As anticipated, the peptide containing 2S,4R-

mercaptoproline exhibited lower reactivity compared to cysteine or 2-

thiophenylalanine, via reactions with the peptide Ac-LYRAA-SPh at pH 4 and 5 

compared. However, in ligation reactions with the peptide containing 2S,4R-

mercaptoproline, it was observed that the peptide did not completely rearrange to 

generate the ligated product with an amide bond, and there was a substantial amount 

of thioester intermediate present after 3 hours (at both pH 4 and 5). These observations 

with 2S,4R-mercaptoproline suggests that the steric hindrance of a secondary amine 

may slow the amide bond formation (relevant to auxiliary-mediated NCL492), and the 

steric hindrance may slow the initial reaction with the peptide containing an S-phenyl 

thioester. It was anticipated that 2-thiophenylalanine ligation reactions would proceed 

more efficiently than cysteine at low pH, given a greater mole fraction of the thiolate 

pH 5.0 and 4.0 with the aryl thiolated amino acid. However, peptides containing 2-

thiophenylalanine and cysteine exhibited similar reactivity with the peptide Ac-

LYRAA-SPh under acidic conditions. Potentially the greater reactivity of 2-

thiophenylalanine at lower pH is offset by the less-favorable 7-membered ring 

transition state to form the amide bond (Figure 4.65). Indeed, trace amounts of 

unrearranged thioester intermediate at pH 4.0 were observed in ligation reactions 

mediated with 2-thiophenylalanine, but not with cysteine. 



 

 659 

During ligation reactions that require a longer reaction duration, peptides 

containing thioester groups can be prone to epimerization.472 In order to establish that 

epimerization did not occur during the ligation reactions, the D-amino acid variants of 

the peptide products of the ligation reaction were synthesized. Two peptides were 

synthesized Ac-LYRAZ(2-SH-Phe)RAFS-NH2 (X = D-Val or D-Phe) by subjecting the 

peptides containing 2-iodophenylalanine to the cross-coupling reaction conditions. By 

comparison of the D-amino acid variants to the products resulting from the ligation 

reaction, via HPLC coinjection and by NMR, it was established that no significant 

epimerization occurred during the ligation reactions (Val ligation reaction, 6 hours; 

Phe ligation reaction, 1 hour). Notably, successful cross-coupling reactions in these 

cases generated internal 2-thiophenylalanine residues, and indicates that the amide 

cleavage reaction observed in the trp cage and cVHP peptides was not inherent to 

internal 2-thiophenylalanine. 

2-Thiophenylalanine was demonstrated to result in rapid, efficient native 

chemical ligation reactions with a variety of model peptides containing S-phenyl 

thioesters. In initial ligation reactions with the peptides (2-SH-Phe)RAFS-NH2 and 

Ac-LYRAG-SBn, the rate-determining step in the ligation reaction was forming the 

activated S-phenyl thioester. Thiophenol as an additive in the NCL reaction hindered 

the overall rate of ligation, rather than accelerated ligation efficiency.431 NCL 

reactions with 2-thiophenylalanine were comparable to cysteine-mediated ligation 

reactions, even under mildly acidic conditions. Although the thioester intermediate of 

2-thiophenylalanine proceeds via a less-favorable 7-membered ring intermediate to 

form the amide bond, the increased acidity (and greater mole fraction of reactive 

thiolate) may compensate for a somewhat slower S→N acyl transfer reaction (Figure 
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4.65). 2-Thiophenylalanine-mediated ligation reactions were rapid with a variety of 

peptides containing S-phenyl thioesters, where even peptides with sterically hindered 

or hydrophobic amino acids at the C-terminus were mostly complete in 6-12 hours. 

These insights into the mechanisms of NCL reactions were obtained through practical 

access to peptides containing 2-thiophenylalanine, via cross-coupling reaction on 

solid-phase or via SPPS with Boc-2-S(S-tert-butyl)-thio-L-phenylalanine.  

4.3.3 Desulfurization of peptides containing 2-thiophenylalanine to generate 

phenylalanine at the ligation site 

The ability to desulfurize and deselenize amino acids was a major expansion 

on NCL reactions, as cysteine was no longer a requirement at the ligation site.400, 448 

Thiolated amino acids could be used to mediate the NCL reaction, and the canonical 

amino acid would be generated at the ligation site following desulfurization.400 Several 

protocols have been developed and utilized for desulfurization reactions on peptides, 

including Raney nickel, Pd/Al2O3, nickel boride, or radical initiated approaches (VA-

044).399, 400, 446, 448 In order to generate phenylalanine at the site of the ligation reaction, 

the thiol functional “handle” on 2-thiophenylalanine must be removed via 

desulfurization reaction. For selected model peptides, the ligated peptide products Ac-

LYRAZ(2-SH-Phe)RAFS-NH2 (Z = Gly, Ala, Leu) were subjected to desulfurization 

using nickel boride, generated from NiCl2 and NaBH4.
400 The desulfurization reactions 

cleanly converted 2-thiophenylalanine to phenylalanine, although the isolated yields 

were low. Thiols adsorb to the solid metal catalysts used for desulfurization, and the 

adsorption can cause peptide or protein aggregation and potential loss of products.479 

Adsorption to the metal surface may be enhanced due to the aromatic nature of 2-

thiophenylalanine, where the aromatic ring may interact favorably with the nickel 
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surface, causing peptide aggregation on the catalyst. Attempts to desulfurize 2-

thiophenylalanine using radical-initiated methods were unsuccessful, resulting in a 

mixture of products. Potentially, the radical initiated approach to desulfurization is not 

compatible peptides containing aryl thiolates, although this approach was not fully 

explored. Malins et al.472 also reported difficulty with desulfurization of an aryl 

thiolated tryptophan derivative, and Pd/Al2O3 was used for their desulfurization 

reactions. Potentially, a palladium-mediated approach to desulfurization would 

improve on the isolated yield of the final peptide products. 

4.3.4 2-Thiophenylalanine-mediated ligation for the chemical synthesis of 

proteins 

Having established that peptides containing 2-thiophenylalanine can efficiently 

react with several model thioester peptides, and that it could be subsequently 

desulfurized with nickel boride to generate phenylalanine at the ligation site, we 

sought to demonstrate the utility of 2-thiophenylalanine for NCL reactions within 

larger peptides. With consideration of protein folding, solubility, and the hydrophobic 

effect, proteins can be more challenging for ligation reactions than model peptides.  

The trp cage miniprotein was selected as a model protein for 2-

thiophenylalanine-mediated ligation reactions, because it has been previously well 

characterized and studied.94, 95 The trp cage miniprotein, comprised of an -helix 

folded against a polyproline helix, is a highly stabilized 20-residue fragment of 

exendin-4, a therapeutic peptide for treatment of type II diabetes isolated from Gila 

Monster saliva.94, 95 This miniprotein has been the subject of numerous protein folding 

studies,95, 96, 103, 104, 482, 498 In addition, the trp cage had been previously utilized to 
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establish the copper-mediated cross-coupling conditions for peptides containing 4-

thiophenylalanine (Chapter 1.2.4).169  

The peptide trp-cage3-20 was synthesized containing N-terminal 2-

iodophenylalanine, and this peptide was subjected to solid phase copper-mediated 

cross-coupling reaction conditions with thiolacetic acid, followed by thiolysis reaction 

conditions on solid-phase.169 This approach generated an alternative species as the 

major product, which was consistent with the peptide Ac-trp-cage4-20 (identified via 

ESI-MS and NMR), which was not observed in the reactant peptide trp-cage3-20 

containing 2-iodophenyalanine (Figure 4.47). The product Ac-trp-cage4-20 potentially 

resulted from intramolecular S→N acyl transfer between 2-S(acetyl)thiophenylalanine 

and a deprotected side chain in the trp cage miniprotein. The exposed thiolate in 2-

thiophenylalanine potentially reacted with its own amide carbonyl at the high reaction 

temperatures of the cross-coupling reaction, releasing a -thiochromanone into 

solution. This product Ac-trp-cage4-20 was avoided by re-optimization of the cross-

coupling reaction conditions to prevent side-chain deprotection and subsequent 

thiolate side reaction. Having established optimized reaction conditions to generate the 

peptide trp-cage3-20 containing 2-thiophenylalanine at the N-terminus, this resultant 

peptide was subjected to native chemical ligation reaction conditions with the peptide 

trp-cage1-2–SPh. The ligation reaction mediated by 2-thiophenyalanine efficiently 

formed the Y3(2-SH-Phe) trp cage in 77% conversion in 3 hours. Similar to the 

ligation reactions in the model peptides, the ligation reaction to generate the trp cage 

variant contained no thiol additives, although 6 M guanidinium was necessary to 

solubilize the reactant peptides. The ligated trp cage miniprotein was subsequently 

desulfurized using nickel boride to generate the Y3F trp cage miniprotein variant, as 
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confirmed via ESI-MS, in low isolated yield due to problems in desulfurization 

(consistent with the observations in the model peptide).  

 Although 2-thiophenylalanine was successfully utilized to synthesize a Y3F 

variant of the trp cage miniprotein, the ligation reaction utilized a peptide containing a 

thioester group that was only two residues in length, which is not representative of a 

protein target for ligation reactions. However, in synthesizing the peptide trp-cage3-20 

containing 2-thiophenylalanine at the N-terminus, we had discovered potential side-

chain reactivity, and had modified the conditions for the solid-phase cross-coupling 

reaction. We synthesized another well-characterized and studied protein via 2-

thiophenylalanine-mediated NCL, the chicken villin headpiece fragment (cVHP-

35).484 The villin headpiece is a 76-residue actin-binding domain, and the 35-residue 

subdomain at the C-terminus is a highly stabilized 3-helix miniprotein that is 

stabilized by three phenylalanines (Figure 4.54).484, 488, 489 Similar to the trp cage, 

cVHP-35 has been the subject of many protein folding studies, given its exceptional 

stability for its short sequence.484-487, 490 The three aromatic residues are well 

conserved, and are crucial in the stability of the villin headpiece.489 Therefore, it is 

critical that these residues, and nearby hydrophobic residues, are not replaced with 

other thiolated amino acids, and that NCL reactions are mediated by an aryl thiolated 

amino acid that is synthesized by practical means. 

The ligation site selected for the cVHP-35 was Phe17, which essentially 

divided the cVHP-35 in two parts: the peptide cVHP1-16–SPh and the peptide cVHP17-

35 containing 2-thiophenylalanine at the N-terminus. The peptide cVHP1-16–SPh 

contained two of the three crucial phenylalanine residues that stabilize the fold of the 

cVHP-35 subdomain, and an extension of this peptide can be expressed (via inteins) to 
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include the actin-binding domain (cVHP-67).488 The peptide cVHP17-35 containing 2-

thiophenylalanine contains the third phenylalanine that is crucial for villin headpiece 

stability at the N-terminus; the C-terminal portion of this peptide contains an -helix 

that may also play a role in folding the villin subdomain.490 By using Phe17 for the 

ligation site, modifications on the C-terminal -helix could be readily incorporated via 

SPPS, and then the modified peptide could be subjected to ligation reaction with a 

peptide containing a C-terminal thioester, which could include the full-length actin 

binding domain. For NCL reactions using 2-thiophenylalanine, any of the three 

phenylalanine residues in cVHP-35 could be utilized for the ligation site. 

The cross-coupling reaction conditions that had been optimized for the peptide 

trp-cage3-20 were utilized for synthesizing the peptide cVHP17-35 containing 2-

thiophenylalanine on solid-phase. While conversion to generate the peptide containing 

2-thiophenylalanine was excellent, purification via HPLC was difficult due to co-

elution with the starting material peptide containing 2-iodophenylalanine (Figure 

4.55). In addition to the cross-coupling reaction on solid-phase, an alternative 

synthetic strategy was utilized for generating the cVHP17-35 containing 2-

thiophenylalanine, via SPPS with the synthesized peptide Boc-2-S(S-tert-butyl)-thio-

L-phenylalanine (Chapter 4.2.4). Both of the peptides cVHP17-35, containing 2-

thiophenylalanine synthesized by two different methods (cross-coupling reaction on 

solid-phase or SPPS with the protected amino acid), were compared via NMR, and 

were established to be identical peptides (Figures 4.57, 4.58). The purified peptide 

cVHP17-35 containing 2-thiophenylalanine was subjected to native chemical ligation 

reaction conditions with the peptide cVHP1-16–SPh, and the ligation reaction 

proceeded smoothly to 95% conversion after 3 hours at 23 °C. With two different 
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synthetic approaches to generate the villin headpiece protein containing 2-

thiophenylalanine, this aryl thiolated amino acid with unique reactivity should be 

broadly applied for NCL reactions in protein and peptide targets. 

Herein, we have demonstrated the broad and efficient applicability of 2-

thiophenylalanine as means to ligate model peptides and proteins. The peptides 

containing 2-thiophenylalanine were synthesized using two different strategies from 

commercially available 2-iodophenylalanine: via cross-coupling reaction on peptides 

on solid-phase, or via SPPS with the protected amino acid (3 steps from Boc-2-

iodophenylalanine). Practical access to this aryl thiolated amino acid provided unique 

insights into the mechanism of NCL reactions, particularly in the context of more 

conventional alkyl thiolated amino acids. The fact that thiophenol as an additive slows 

the overall ligation reaction rate is against the dominant paradigm regarding NCL 

reactions,395, 431, 432, 479 but an aryl thiolated amino acid such as 2-thiophenylalanine is 

not a conventional NCL reaction. Furthermore, an aryl thiolated amino acid such as 2-

thiophenylalanine could potentially participate in unique interactions that enhance 

NCL reactions. In prior studies, aromatic amino acids and methionine at the C-

terminus of peptides containing S-benzyl thioesters exhibited moderate reactivity for 

NCL reactions with cysteine,470 potentially as a result of favorable interactions 

between the cysteine thiolate and the C-terminal amino acid.  

Aromatic amino acids play important roles in biological recognition,18, 161 and 

thiophenylalanine-mediated ligation approaches can be used to integrate this unique 

sulfur analogue of tyrosine into peptides and proteins. The scope of NCL reactions 

with 2-thiophenylalanine and different peptides Ac-LYRAZ-SPh were used as a 

proof-of-principle, but thiophenylalanine was demonstrated in the previous chapters to 
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have unique ability to participate in noncovalent aromatic interactions. These 

noncovalent aromatic interactions can potentially be used to accelerate ligation 

reaction rates in the context of 2-thiophenylalanine-mediated NCL reactions using 

designed peptides. For example, template-assisted ligation reactions rely on favorable 

interactions between a peptide “template” and the two peptide substrates for the 

ligation reaction.499, 500 2-Thiophenylalanine represents a unique amino acid that can 

both participate in noncovalent aromatic interactions and act as a mediator for NCL 

reactions. Furthermore, 3-thiophenylalanine or 3-mercaptotyrosine can be synthesized 

using synthetic methods described in Chapter 3, and these aryl thiolated amino acids 

can potentially be used for NCL reactions as well. The thiol group in 3-

thiophenylalanine or 3-mercaptotyrosine is appropriately positioned to proceed 

through an 8-membered ring transition state in i,i–1 NCL reactions, or through an 11-

membered ring transition state in i,i–2 NCL reactions. In this manner, aryl thiolated 

aromatic amino acids can be incorporated into peptides or proteins using NCL 

reactions, allowing for practical synthesis of biomolecules with unique reactive or 

spectroscopic properties, with the ability to coordinate metals and catalyze redox 

reactions, or with the ability to participate in noncovalent aromatic interactions. 

4.4 Experimental 

4.4.1 Materials 

Fmoc-L-amino acids, Boc-2-L-iodophenylalanine, Boc-2-D-iodophenylalanine, 

and Boc-L-trans-hydroxyproline were purchased from Novabiochem (San Diego, CA), 

Bachem (San Carlos, CA), or Chem-Impex (Wood Dale, IL). Sulfamylbutyryl AM 

resin was purchased from Novabiochem. Rink amide MBHA resin, benzotriazol-1-yl-
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oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), O-(7-Azabenzotriazol-

1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU), and 

diisopropylethylamine (DIPEA) were purchased from Chem-Impex. Acetic anhydride 

(Ac2O), diisopropylcarbodiimide (DIC), nickel(II) chloride hexahydrate, 

iodoacetonitrile, thiophenol, thiolacetic acid, 2-aminoethanethiol, trifluoroacetic acid 

(TFA), phenol, thioanisole, copper(I) iodide, 1,10-phenanthroline, lithium hydroxide, 

tert-butyl mercaptan, 2,2-dipyridyldisulfide, dimethyl sulfate, and triisopropylsilane 

(TIS) were purchased from Acros. Ethanedithiol (EDT) was purchased from Pfaltz & 

Bauer (Waterbury, CT). Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) was 

purchased from Hampton Research (Aliso Viejo, CA). O-(1H-benzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) was purchased from Senn 

Chemicals (San Diego, CA). Acetonitrile (MeCN), dimethylformamide (DMF), 

methylene chloride (CH2Cl2), methanol (MeOH), tetrahydrofuran (THF), ether, 

toluene, sodium borohydride, potassium carbonate, 1,4-dioxane, and pyridine were 

purchased from Fisher. Deionized water was purified by a Millipore Synergy 185 

water purification system with a Simpak2 cartridge. Solid-phase post-synthetic 

modification reactions were performed in capped disposable fritted columns (Image 

Molding) or in glass vials (2 mL). All materials were used as purchased with no 

additional purification. 

4.4.2 Peptide Synthesis and Characterization 

Boc-(2-iodophenylalanine)RAFS, Boc-(2-iodo-D-phenylalanine)RAFS, Boc-

CRAFS, and Boc-(4R-hydroxyproline)RAFS peptides (0.1 or 0.25 mmol) peptides 

were synthesized manually on Rink amide resin (0.9 mmol/g loading capacity) via 

standard Fmoc solid-phase peptide synthesis using HBTU as a coupling reagent. The 
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peptides trp-cage3-20 and cVHP17-35 containing N-terminal Boc-(2-iodophenylalanine) 

were synthesized on a Rainin PS3 peptide synthesizer (Protein Technologies, Tucson, 

AZ) on low-loading Rink amide resin (0.33 mmol/g loading capacity) via standard 

Fmoc solid-phase peptide synthesis with HBTU as a coupling reagent. The amino acid 

coupling reactions used 4 equivalents of Fmoc amino acid and HBTU for 60 minutes 

at room temperature. For coupling reactions using Boc-2-iodophenylalanine, 3 

equivalents of amino acid were used. Peptides contained C-terminal amides. The 

peptides were subjected to cleavage from the resin and deprotection reaction for 2-4 

hours under standard conditions (90% TFA/5% TIS/5% thioanisole). TFA was 

removed by evaporation. The peptides were precipitated with cold ether, the solvent 

was removed, and the crude precipitates were dried.  

The peptides Ac-LYRAZ-SPh (0.25 mmol or 0.15 mmol, where Z = Gly, Ala, 

Val, Leu, Phe, or Pro) and the trp-cage1-2–SPh peptide were synthesized manually on 

4-sulfamylbutyryl Rink Amide AM resin (1.1 mmol/g maximum loading capacity, 

Novabiochem) via Fmoc solid-phase peptide synthesis. For the first amino acid, the 

resin was stirred with Fmoc-Z-OH (3 eq.) and DIPEA (9 eq.) in DMF (3 mL) at –20 

°C for 30 minutes. PyBOP (4 eq.) was added to the mixture and the mixture was 

allowed to stir for 24 h while warming to room temperature.501 The reagents were 

removed from the resin, and the coupling reaction with the first amino acid was 

repeated to ensure sufficient loading of the first amino acid on the resin. For the 

remaining amino acids, the Fmoc-Xaa-OH or Boc-Xaa-OH (5 eq.), HOBt (10 eq.), and 

DIC (10 eq.) in DMF (3 mL) were preavtivated at room temperature for 30 minutes.501 

The solution containing the activated amino acid was then added to the resin, and the 

mixture was stirred for 30 minutes at room temperature.1 Following peptide synthesis, 
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the peptides on resin were subjected to a solution containing 5% acetic anhydride and 

6% 2,6-lutidine in DMF (2 mL) for 2 minutes at room temperature, in order to 

incorporate an N-terminal acetyl group.502 The reagents were removed from resin, and 

the resin was rinsed with CH2Cl2 and then dried with ether. C-terminal thioesters were 

incorporated by cleaving the peptides from 4-sulfamylbutyryl resin,501 by activating 

the resin linker with iodoacetonitrile (136 L, 1.9 mmol, freshly filtered over basic 

alumina) and DIPEA (136 L, 0.82 mmol) in NMP (3 mL) for 24 h at room 

temperature while protected from light on a rotary shaker. The resin containing the 

activated peptide was then rinsed with NMP, CH2Cl2, and THF. To liberate the 

protected peptide from the resin with the corresponding thioester, the resin containing 

the activated peptide was mixed with thiophenol (400 L, 4 mmol) in THF (3 mL) at 

room temperature for 24 h; benzyl mercaptan was used in place of thiophenol to 

generate the peptide Ac-LYRAG-SBn for initial experiments. The resin was filtered, 

and the solution was collected. The resin was washed twice with CH2Cl2, and the 

combined filtrates were dried under reduced pressure. The protected peptides 

containing C-terminal thioesters were subjected to deprotection reaction for 3 h under 

standard conditions (90% TFA/5% TIS/5% thioanisole). TFA was removed by 

evaporation and the peptides were precipitated using ether. The precipitate was 

centrifuged, solvent was removed, and the crude peptide was dried. 

The peptide cVHP17-35 containing a C-terminal thioester was synthesized on a 

Rainin PS3 peptide synthesizer (Protein Technologies, Tucson, AZ) on 2-chlorotrityl 

resin (1.51 mmol/g loading capacity) via standard Fmoc solid-phase peptide synthesis 

with HBTU as a coupling reagent. For the first amino acid, the resin was stirred with 

Fmoc-Ala-OH (1.5 eq.) and DIPEA (9 eq.) in CH2Cl2 (3 mL) at room temperature for 
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1 hour. The reagents were removed from resin, and the resin was subjected to the 

coupling reaction with the first amino acid again, in order to ensure sufficient loading 

of the first amino acid on the resin. The resin was washed with CH2Cl2 (3 mL) and 

then transferred to an automated synthesizer for the remainder of the sequence. The 

resin containing the protected peptide was subjected to cleavage reaction conditions 

using a solution of CH2Cl2:AcOH:TFE (3 mL, 8:1:1 v/v/v).503 The mixture was 

agitated on a rotary shaker at room temperature for 20 minutes, and the filtrate was 

collected. The resin was subjected to cleavage reaction conditions and filtrates were 

collected, for a total of three cleavage reactions on the resin. The combined filtrates 

were neutralized with a solution of saturated NaHCO3 (10 mL), and the protected 

peptide was extracted into CH2Cl2 (10 mL × 3). The combined organic layers were 

dried thoroughly under reduced pressure to remove any residual water. The crude, 

protected peptide was dissolved in 10% DIPEA in CH2Cl2 (1 mL). PyBOP (4 eq.) and 

thiophenol (400 L) were added, and the mixture was stirred at room temperature for 

18 h. The solvent was removed under reduced pressure, and the crude peptide was 

subjected to deprotection reaction conditions for 4 h under standard conditions (90% 

TFA/5% TIS/5% H2O). TFA was removed by evaporation and the peptide was 

precipitated using cold ether. The precipitated peptide was centrifuged, the solvent 

was removed, and the precipitate was dried. 

The crude peptides were dissolved in aqueous phosphate buffer and then 

filtered using a 0.45 m syringe filter. The peptides were purified using reverse phase 

HPLC on a Vydac C18 semi-preparative column (250 × 10 mm, 5-10 m particle, 300 

Å pore) or on a Varian Microsorb MV C18 analytical column (250 × 4.6 mm, 3-5 m 

particle, 100 Å pore) using a linear gradient of buffer B (20% water, 80% MeCN, 
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0.05% TFA) in buffer A (98% water, 2% MeCN, 0.06% TFA), unless otherwise 

indicated. Peptide purity was verified via reinjection on an analytical HPLC column. 

Peptides were characterized by ESI-MS (positive ion mode) or an LCQ Advantage 

(Finnigan) mass spectrometer. Purification conditions for all peptides are shown in 

Table 4.-4.4. 

 Thioester peptides Ac-LYRAZ-SPh were quantified via UV after establishing 

a molar extinction coefficient for Ac-LYRAG-SPh (vide infra, 280 = 1,355 M–1 cm–1, 

Figure 4.66). Peptides containing 2-thiophenylalanine-, cysteine-, and 4R-

mercaptoproline were quantified via NMR using 4-hydroxybenzaldehyde (0.1 mM) as 

an internal standard. Errors in peptide concentration are estimated to be ±5%. 
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Figure 4.66 UV Absorbance Spectrum of Ac-LYRAG-SPh 

Peptide concentration was established via 1H NMR using 4-hydroxybenzaldehyde as 

an internal standard (0.1 mM). Data represents averages of at least 3 independent 

trials, and error bars indicate standard error of the mean. 
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Table 4.2. Purification and ESI-MS of canonical peptides and canonical 

peptides containing thioesters. 

 
Peptide HPLC 

Conditions 

Retention 

time 

(min) 

Expected 

Mass 

Observed 

Mass 

Ac-LYRAG-SPh 60 minutes 

15-65% buffer B 

35.4 712.3 713.5 

(M+H)+ 

Ac-LYRAA-SPh 60 minutes 

15-65% buffer B 

35.9 726.4 727.4 

(M+H)+ 

Ac-LYRAV-SPh 60 minutes 

15-65% buffer B 

43.1 754.4 755.4 

(M+H)+ 

Ac-LYRAL-SPh 60 minutes 

15-65% buffer B 

48.1 768.4 769.4 

(M+H)+ 

Ac-LYRAF-SPh 60 minutes 

15-65% buffer B 

50.6 802.4 803.4 

(M+H)+ 

Ac-LYRAP-SPh 60 minutes 

15-65% buffer B 

42.3 752.4 753.4 

(M+H)+ 

     

CRAFS-NH2 60 minutes 

0-45% buffer B 

21.4 581.3 582.3 

(M+H)+ 

Ac-NL-SPh 

trp-cage1-2–SPh 

60 minutes 

15-65% buffer B 

33.7 379.2 402.1 

(M+Na)+ 

LSDEDFKAVFGMTRSA-SPh 

cVHP1-16–SPh 

60 minutes 

15-45% buffer B 

52.9 1866.0 933.7 

(M+2H)2+ 

Table 4.3. Purification and ESI-MS of peptides containing 2-

thiophenylalanine 

 
Peptide HPLC 

Conditions 

Retention 

time 

(min) 

Expected 

Mass 

Observed 

Mass 

(2-SH-Phe)RAFS-NH2 60 minutes 

0-45% buffer B 

38.6 657.3 658.3 

(M+H)+ 

(2-SH-Phe)IQWLKDGGPSSGRPPPS-NH2 

trp-cage3-20 

60 minutes 

0-45% buffer B 

53.4 1956.0 979.3 

(M+2H)2+ 

(2-SH-Phe)ANLPLWKQQNLKKEKGLF-NH2 

cVHP17-35 via cross-coupling reaction 

60 minutes 

0-60% buffer B 

46.0 2333.7 1167.4 

(M+2H)2+ 

(2-SH-Phe)ANLPLWKQQNLKKEKGLF-NH2 

cVHP17-35 via coupling Boc-2-S(S-tert-butyl)-

thiophenylalanine 

60 minutes 

15-75% buffer B 

32.3 2333.7 584.5 

(M+4H)4+ 
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Table 4.4. Purification and ESI-MS of peptides containing modified proline 

 
Peptide HPLC 

Conditions 

Retention 

time (min) 

Expected 

Mass 

Observed 

Mass 

(2S,4S-Bromoproline)RAFS-NH2 60 minutes 

0-20% buffer B 

36.4 653.2 654.1 

(M+H)+ 

(2S,4R-Mercaptoproline)RAFS-NH2 60 minutes 

0-20% buffer B 

34.5 607.3 608.4 

(M+H)+ 

4.4.3 Synthesis of Boc-protected-3-amino--thiochromanone 

Boc-2-iodophenylalanine (490 mg, 1.25 mmol), copper(I) iodide (20 mg, 0.11 

mmol), and 1,10-phenanthroline (48 mg, 0.27 mmol) were placed in an oven-dried 

round bottom flask (50 mL) with a stirbar. Toluene (12.4 mL), DIPEA (445 L, 2.56 

mmol) and thiolacetic acid (109 L, 1.53 mmol) were added sequentially at room 

temperature, and the mixture was heated to reflux at 110 °C for 12 hours. The reaction 

was cooled to room temperature, and the solvent was removed under reduced pressure. 

The crude residue was redissolved in CH2Cl2 and purified via column chromatography 

(0-0.2% methanol in CH2Cl2 (v/v)). The product Boc-protected-3-amino--

thiochromanone (300 mg, 1.08 mmol) was purified as a white solid in 86% yield. 1H 

NMR (400 MHz, CDCl3):  7.30-7.18 (m, 4H), 5.53 (d, J  4.6 Hz, 1H), 4.44 (m, 1H), 

3.34 (dd, J  14.9, 3.4 Hz, 1H), 3.09 (t, J  14.1 Hz, 1H), 1.46 (s, 9H). 13C NMR 

(100.6 MHz, CDCl3)  197.84, 155.05, 133.14, 129.78, 129.39, 127.85, 127.25, 

126.41, 80.15, 56.93, 35.97, 28.19. LIFDI-HRMS m/z: [M] calcd for C14H17NO3S 

279.0929, found 279.0940. 

4.4.4 Synthesis of 2-thiopyridyl-S(S-tert-butyl) disulfide 

2-Thiopyridyl disulfide (500 mg, 2.27 mmol) was dissolved in THF (9.1 mL). 

K2CO3 (157 mg, 1.14 mmol) and tert-butyl mercaptan (640 L, 5.68 mmol) were 

added, and the resultant solution was stirred at room temperature for 3 hours. Dilute 
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HCl (1 M, 20 mL) was added to the reaction mixture, and the product was extracted 

into ethyl acetate (20 mL × 3). The solution was filtered and the crude residue was 

diluted in CH2Cl2, and purified via column chromatography (CH2Cl2). The product 2-

thiopyridyl-S(S-tert-butyl) disulfide (290 mg, 1.46 mmol, 1.134 g/mL) was purified as 

a slightly yellow liquid in 32% yield. 1H NMR (400 MHz, CDCl3):  8.41 (ddd, J  

3.2, 1.1, 0.5 Hz, 1H), 7.79 (d, J  8.1 Hz, 1H), 7.61 (dt, J  5.4, 1.2 Hz, 1H), 7.04 

(ddd, J  7.4, 4.8, 1.0 Hz, 1H), 1.34 (s, 9H). 13C NMR (100.6 MHz, CDCl3)  161.60, 

149.13, 136.77, 120.35, 119.57, 49.21, 29.76. GC-EI-MS m/z: [M] calcd for 

C9H13NS2 199.05, found 198, 142, 109, 78, 57. The 1H and 13C NMR spectra 

corresponded to literature data.504  

4.4.5 Synthesis of Boc-2-S(S-tert-butyl)-thio-D,L-phenylalanine 

Boc-protected-3-amino--thiochromanone (300 mg, 1.08 mmol) and 2-

thiopyridyl-S(S-tert-butyl) disulfide (327 L, 2.16 mmol) were dissolved in 1,4-

dioxane (5.4 mL). Lithium hydroxide (31 mg, 1.3 mmol) was dissolved in water (5.4 

mL). The solution containing lithium hydroxide was added to the solution containing 

the thiochromanone, and the resultant solution was stirred at room temperature for 5 

hours. Dilute HCl (1 M, 20 mL) was added to the reaction mixture, and the product 

was extracted into ethyl acetate (20 mL × 3). The organic layers were combined and 

the solvent was removed under reduced pressure. The crude residue was redissolved in 

CH2Cl2, and purified via column chromatography (0.5-3% methanol in CH2Cl2 (v/v)). 

The product Boc-2-S(S-tert-butyl)-thio-D,L-phenylalanine (205 mg, 0.531 mmol) was 

purified as a white solid in 49% yield. The NMR spectra reflected a mixture of 

rotamers about the carbamate bond (1:1 cis:trans). 1H NMR (400 MHz, CDCl3):  

7.84 (d, J  7.9 Hz, 1H), 7.29-7.13 (m, 3H), 6.95 (br d, J  5.4 Hz), 5.22 (d, J  8.1 
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Hz) (sum of 6.95 ppm and 5.22 ppm resonances, 1H), 4.65 (m, 1H), 3.61 (dd, J  13.8, 

3.8 Hz), 3.48 (dd, J  14.3, 4.8 Hz) (sum of 3.61 ppm and 3.48 ppm resonances, 1H), 

3.25 (dd, J  14.3, 9.1 Hz), 2.99 (dd, J  13.6, 10.6 Hz) (sum of 3.25 ppm and 2.99 

ppm resonances, 1H), 1.38 (s), 1.31 (s), 1.30 (s), 1.15 (s) (sum of 1.38 ppm, 1.31 ppm, 

1.30 ppm, and 1.15 ppm resonances, 18H). 13C NMR (100.6 MHz, CDCl3)  176.49, 

175.54, 156.51, 155.47, 138.08, 137.92, 134.83, 134.50, 131.09, 130.24, 128.30, 

127.58, 127.52, 126.76, 126.29, 81.29, 80.26, 54.41, 54.23, 49.42, 49.24, 37.96, 35.02, 

29.87, 28.23, 27.78. ESI-MS m/z: [M] calcd for C18H27NO4S2 385.14, found 408.1 

(M + Na+). 

4.4.6 Synthesis of Boc-2-iodo-L-phenylalanine methyl ester 

Boc-2-iodo-L-phenylalanine (500 mg, 1.28 mmol) and K2CO3 (529 mg, 3.84 

mmol) were dissolved in acetone (12.8 mL). Dimethyl sulfate (182 L, 1.92 mmol) 

was added dropwise, and the solution was stirred at reflux (60 °C) for 3 hours. After 

reaction completion was verified via TLC, the mixture was allowed to cool to room 

temperature. Dilute HCl (0.5 M, 100 mL) was added to the reaction mixture until the 

pH was below 5, and the product was extracted into CH2Cl2 (100 mL × 3). The 

organic layers were combined and the solvent was removed under reduced pressure. 

The crude product Boc-2-iodo-L-phenylalanine methyl ester was used without further 

purification (530 mg, quantitative yield). The NMR spectrum reflected a mixture of 

rotamers about the carbamate bond (3.6:1 trans:cis). 1H NMR (400 MHz, CDCl3):  

7.82 (d, J  7.8 Hz, 1H), 7.27 (t, J  8.0 Hz, 1H), 7.20 (dd, J  7.6, 1.5 Hz, 1H), 6.92 

(t, J  7.3 Hz, 1H), 5.19 (d, J  8.6 Hz), 5.05 (br d, J  6.5 Hz) (sum of 5.19 ppm and 

5.05 ppm resonances, 1H), 4.64 (dd, J  14.6, 8.4 Hz), 4.56 (br s) (sum of 4.64 ppm 

and 4.56 ppm resonances, 1H), 3.74 (s), 3.71 (s) (sum of 3.74 ppm and 3.71 ppm 
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resonances, 3H), 3.28 (dd, J  13.9, 5.9 Hz, 1H), 3.09 (dd, J  13.8, 8.6 Hz), 2.95 (br t, 

J  10.8 Hz) (sum of 3.09 ppm and 2.95 ppm resonances, 1H), 1.37 (s), 1.26 (s) (sum 

of 1.37 ppm and 1.26 ppm resonances, 9H). 13C NMR (100.6 MHz, CDCl3)  172.38, 

154.96, 139.63, 139.43, 130.40, 128.71, 128.31, 101.19, 79.84, 53.64, 52.46, 43.10, 

28.29. LIFDI-HRMS m/z: [M] calcd for C15H20NO2I 405.0437, found 405.0438. 

 

Figure 4.67 Chiral HPLC chromatogram of purified Boc-2-iodo-L-

phenylalanine-methyl ester 

Analytical chiral HPLC chromatogram (UV detection at 254 nm) of the purified Boc-

2-iodo-L-phenylalanine-methyl ester using isocratic 10% isopropanol in hexanes over 

30 minutes on a Daicel ChiralPak 1A column (250 x 4.6 mm, 5 µm particle, 1.0 

mL/min). 

4.4.7 Synthesis of Boc-2-S(S-tert-butyl)-thio-L-phenylalanine methyl ester 

Boc-2-iodo-L-phenylalanine methyl ester (530 mg, 1.31 mmol), copper(I) 

iodide (63 mg, 0.33 mmol), and 1,10-phenanthroline (117 mg, 0.65 mmol) were 

placed in an oven-dried glass vial with a stir bar. Toluene (5.23 mL), DIPEA (456 L, 

2.62 mmol), and thiolacetic acid (149 L, 2.09 mmol) were added sequentially at 

room temperature. The vial was sealed and placed in an oil bath set to 110 °C, and the 

mixture was stirred for 18 hours. The mixture was cooled to room temperature, and 
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the solvent was removed under reduced pressure. The crude residue was redissolved in 

THF (2.6 mL), and K2CO3 (540 mg, 3.93 mmol) and tert-butyl mercaptan (442 L, 

3.93 mmol) were added. The vial was sealed and the mixture was stirred at room 

temperature for 18 hours. Brine (50 mL) was added to the mixture, and the product 

was extracted using ethyl acetate (50 mL × 3). The organic layers were combined and 

the solvent was removed under reduced pressure. The crude residue was redissolved in 

CH2Cl2 and purified via column chromatography (0-12% ethyl acetate in hexanes 

(v/v)). The product Boc-2-S(S-tert-butyl)-thio-L-phenylalanine methyl ester (110 mg, 

0.28 mmol) was generated in 21% yield over two steps (from Boc-2-iodo-L-

phenylalanine). 1H NMR (400 MHz, CDCl3):  7.83 (d, J  7.9 Hz, 1H), 7.25-7.22 

(m), 7.16-7.10 (m) (sum of 7.24 ppm and 7.13 ppm resonances, 3H), 5.16 (d, J  8.2 

Hz, 1H), 4.68 (dd, J  13.9, 8.1Hz, 1H), 3.74 (s, 3H), 3.37 (dd, J  14.1, 5.5 Hz), 3.20 

(dd, J  14.1, 8.3 Hz) (sum of 3.37 ppm and 3.20 ppm resonances, 2H), 1.38 (s), 1.30 

(s) (sum of 1.38 ppm and 1.30 ppm resonances, 18H). 13C NMR (100.6 MHz, CDCl3) 

 172.57, 155.09, 139.67, 138.05, 134.56, 130.23, 128.37, 127.59, 126.63, 79.92, 

54.09, 52.41, 49.38, 35.96, 29.91, 28.28. LIFDI-HRMS m/z: [M] calcd for 

C19H29NO4S2 399.1538, found 399.1537. 
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Figure 4.68 Chiral HPLC chromatogram of purified Boc-2-S(S-tert-butyl)-thio-

L-phenylalanine-methyl ester 

Analytical chiral HPLC chromatogram (UV detection at 254 nm) of the purified Boc-

2-S(S-tert-butyl)-thio-L-phenylalanine-methyl ester using isocratic 10% isopropanol in 

hexanes over 30 minutes on a Daicel ChiralPak 1A column (250 x 4.6 mm, 5 µm 

particle, 1.0 mL/min). 

4.4.8 Synthesis of Boc-2-S(S-tert-butyl)-thio-L-phenylalanine 

Boc-2-S(S-tert-butyl)-thio-L-phenylalanine methyl ester (200 mg, 0.50 mmol) 

was dissolved in 1,4-dioxane (2.5 mL). Lithium hydroxide (18 mg, 0.75 mmol) was 

dissolved in water (2.5 mL). The LiOH solution was added to the Boc-2-S(S-tert-

butyl)-thio-L-phenylalanine methyl ester, and the mixture was stirred at 30 °C for 3 

hours. After reaction completion, as observed by disappearance of the starting material 

via TLC, dilute HCl (0.5 M, 50 mL) was added to the reaction mixture until the pH 

was below 3. The product was extracted into ethyl acetate (50 mL × 3). The organic 

layers were combined and the solvent was removed under reduced pressure. The crude 

product was redissolved in CH2Cl2 and purified via column chromatography (0-4% 

methanol in CH2Cl2 (v/v)). The product Boc-2-S(S-tert-butyl)-thio-L-phenylalanine 

(150 mg, 0.39 mmol) was generated in 78% yield. The NMR spectra reflected a 

mixture of rotamers about the carbamate bond (1:1.5 trans:cis). 1H NMR (400 MHz, 

CDCl3):  7.84 (d, J  7.9 Hz, 1H), 7.25-7.15 (m, 3H), 7.04 (d, J  7.7 Hz), 5.20 (d, J 

 8.1 Hz) (sum of 7.04 ppm and 5.20 ppm resonances, 1H), 4.70-4.61 (m, 1H), 3.62 
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(dd, J  13.9, 3.8 Hz), 3.47 (dd, J  14.1, 4.5 Hz) (sum of 3.62 ppm and 3.47 ppm 

resonances, 1H), 3.25 (dd, J  14.1, 9.0 Hz), 3.01 (dd, J  13.3, 10.7 Hz) (sum of 3.25 

ppm and 3.01 ppm resonances, 1H), 1.38 (s), 1.31 (s), 1.30 (s), 1.14 (s) (sum of 1.37 

ppm, 1.31 ppm, 1.30 ppm, and 1.25 ppm resonances, 18H). 13C NMR (100.6 MHz, 

CDCl3)  176.27, 175.49, 156.65, 155.50, 138.20, 138.02, 135.01, 134.61, 131.16, 

130.29, 128.44, 127.75, 127.63, 127.55, 126.82, 126.65, 126.36, 81.38, 80.30, 54.52, 

54.21, 49.43, 49.26, 38.13, 35.14, 29.94, 28.28, 27.83. LIFDI-HRMS m/z: [M] calcd 

for C18H27NO4S2 385.1382, found 385.1400. 

4.4.9 Optimized copper-mediated cross-coupling reaction on peptides on solid 

phase to synthesize peptides containing 2-thiophenylalanine 

Resin containing the peptide Boc-(2-iodophenylalanine)RAFS (20-30 mg, 7-10 

µmol) was placed in a glass vial with a small stir bar. Using prior conditions,169 

copper(I) iodide (3.8 mg, 20 µmol, 41 mM final concentration), 1,10-phenanthroline 

(7.2 mg, 40 µmol, 83 mM final concentration), toluene (400 µL), DIPEA (66 µL, 0.4 

mmol, 0.83 M final concentration), and thiolacetic acid (17.0 µL, 0.24 mmol, 0.49 M 

final concentration) were added sequentially. The vial was sealed and the mixture was 

stirred in an oil bath set to 110 °C for 18 h. The resin was then washed with DMF (4 

mL × 4), CH2Cl2 (4 mL × 2), and MeOH (4 mL × 2) and dried with ether to produce 

the peptide containing the protected peptide Boc-(2-S(acetyl)-Phe)RAFS on solid 

phase.  

The resin was then subjected to thiolysis reaction conditions on solid phase in 

order to avoid the acyl-transfer side products. The resin containing the peptide Boc-(2-

S(acetyl)-Phe)RAFS was placed into a fritted disposable tube containing MeOH (3 

mL). 2-Aminoethanethiol (34 mg, 0.3 mmol), thiophenol (30.5 μL, 0.3 mmol), and 
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sodium borohydride (11 mg, 0.3 mmol) were added to the resin, and the mixture was 

stirred at room temperature for 90 min. The solution was removed, and the reagents 

were replenished, and the resin was subjected to thiolysis reaction conditions for 

another 90 minutes at room temperature. The resin was then washed with MeOH and 

dried with ether. The resin was subjected to cleavage and deprotection reaction under 

standard TFA conditions. The resultant peptide was precipitated using cold ether. The 

mixture was centrifuged, the ether was removed, and the precipitate was dried. The 

precipitate was dissolved in phosphate buffer (pH 7.2, 50 mM) containing DTT (25 

mM, for reduction of disulfides) to generate the peptide (2-SH-Phe)RAFS-NH2.  

The peptides containing 2-thio-D-phenylalanine were synthesized in the same 

manner, using peptides containing 2-iodo-D-phenylalanine in peptides on phase as the 

reaction substrate.  

4.4.10 Synthesis of peptides containing 2-thiophenylalanine via amide coupling 

reaction with Boc-2-S(S-tert-Butyl)-thiol-L-phenylalanine 

In addition to synthesizing the peptide (2-SH-Phe)RAFS-NH2 via modification 

of the protected peptide on solid-phase, an alternative synthesis was demonstrated via 

solid-phase peptide synthesis using Boc-2-S(S-tert-butyl)-thiol-L-phenylalanine. The 

protected peptide Fmoc-RAFS on Rink amide resin (56 mg, 43 mol) was placed in a 

disposable, fritted reaction vessel, and was swelled in DMF at room temperature for 

20 minutes. The N-terminal amine was subjected to Fmoc-deprotection reaction using 

a solution of 20% piperidine in DMF (3 mL × 5 min × 3). The reaction solution was 

removed from the resin, and the resin was washed with DMF (3 mL × 3). The resin 

was transferred to a 2 mL Eppendorf tube. To a solution of DIPEA in DMF (8% v/v, 

1.5 mL), Boc-2-S(S-tert-butyl)-thiol-L-phenylalanine (25 mg, 65 mol) and HATU 
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(33 mg, 87 mol) were dissolved and then incubated at room temperature for 15 

minutes in order to pre-activate the Boc-2-S(S-tert-butyl)-thiol-L-phenylalanine. The 

solution containing the activated of Boc-2-S(S-tert-butyl)-thiol-L-phenylalanine was 

added to the resin, and the resultant mixture was agitated on a rotary shaker for 2 

hours at room temperature. The reaction solution was removed from the resin, and the 

resin was washed with DMF and CH2Cl2, and then dried with ether. The resin was 

subjected to cleavage and deprotection reaction conditions using 95% TFA/5% H2O 

(1.5 mL) at room temperature for 3 hours. TFA was removed via evaporation under 

nitrogen, and the peptide was precipitated using cold ether. The precipitate was 

centrifuged, the ether was removed, and then the precipitated was dried. The crude 

precipitate was dissolved in a solution of DTT (25 mM final concentration) in 

phosphate buffer (pH 7.2, 50 mM, 100 L). A similar protocol was utilized for 

synthesizing the peptide cVHP17-35 containing 2-thiophenylalanine at the N-terminus. 

4.4.11 Solid-phase synthesis of the peptide trp-cage3-20 containing 2-

thiophenylalanine 

Following a previously described procedure on peptides with an internal 4-

iodophenylalanine,404 the resin containing the peptide Boc-(2-

iodophenylalanine)IQWLKDGGPSSGRPPPS (40 mg, 15 µmol) was placed in a glass 

vial with a small stir bar. Copper(I) iodide (7.6 mg, 40 µmol, 44 M final 

concentration), 1,10-phenanthroline (14.4 mg, 80 µmol, 88 M final concentration), 

toluene (800 µL), DIPEA (79 µL, 0.45 mmol, 0.49 M final concentration), and 

thiolacetic acid (34.0 µL, 0.48 mmol, 0.52 M final concentration) were added 

sequentially. The vial was sealed and the mixture was stirred in an oil bath set to 100 

°C for 8 h. The resin was then washed with DMF, CH2Cl2, and dried with ether.  
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Due to the rapid S→N acyl transfer between the aryl thioacetyl and the 

unprotected N-terminus in peptides that had been deprotected, a solid-phase 

deacetylation reaction on the protected peptide on solid phase was required for 

efficient synthesis of the peptide trp-cage3-20 containing 2-thiolphenylalanine. 

Following the previously described procedure,169 the resin was placed into a fritted 

disposable tube containing MeOH (3 mL) immediately following the cross-coupling 

reaction and washing steps. 2-Aminoethanethiol hydrochloride (34 mg, 0.3 mmol), 

thiophenol (30.5 μL, 0.3 mmol), and sodium borohydride (11 mg, 0.3 mmol) were 

added, and the resultant mixture was stirred at room temperature for 90 min. The 

reaction solution was removed from the resin, the reagents were replenished, and the 

reaction to effect thiolysis on solid phase was repeated once more. The reaction 

solution was removed from the resin, and the resin was then washed with MeOH and 

dried with ether. The resin was subjected to cleavage and deprotection reactions using 

standard conditions with TFA. The peptide was precipitated from ether. The mixture 

was centrifuged, the ether was removed, and the precipitate was dried. The resultant 

precipitate was dissolved in phosphate buffer (pH 7.2, 50 mM) containing DTT (25 

mM, for reduction of disulfides) to generate the peptide trp-cage3-20 containing 2-

thiolphenylalanine.  

4.4.12 Solid-phase synthesis of the peptide cVHP17-35 containing 2-

thiophenylalanine at the N-terminus via cross-coupling reaction on solid 

phase 

Initial reaction attempts using a previously described procedure on peptides 

containing an internal 4-iodophenylalanine404 yielded similar results as in the peptide 

trp-cage3-20 containing N-terminal Boc-2-iodophenylalanine, where the major product 

observed was consistent (by molecular weight) with a peptide that did not contain the 
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N-terminal phenylalanine and contained an additional acetyl group (described above). 

The cross-coupling reaction conditions were optimized, examining the roles of the 

thiolacetic acid, base, and reaction solvent. Resin with the protected peptide cVHP17-35 

containing N-terminal Boc-2-iodophenylalanine (40 mg, 10 µmol) was placed in a 

glass vial with a small stir bar. Copper(I) iodide (7.6 mg, 40 µmol, 46 M final 

concentration), 1,10-phenanthroline (14.4 mg, 80 µmol, 91 M final concentration), 

tert-amyl alcohol (800 µL), DIPEA (66 µL, 0.40 mmol, 0.46 M final concentration), 

and thiolacetic acid (11.4 µL, 0.16 mmol, 0.18 M final concentration) were added 

sequentially. The vial was sealed and the mixture was stirred in an oil bath set to 100 

°C for 18 h. The resin was then washed with DMF, CH2Cl2, and dried with ether. The 

protected peptide was subjected to solid-phase deacetylation reaction conditions, 

which were required for efficient synthesis of the peptide cVHP17-35 containing 2-

thiolphenylalanine (due to the rapid S→N acyl transfer reaction between the aryl 

thioacetate and the unprotected N-terminus in peptides that had been subjected to TFA 

cleavage and deprotection reaction conditions). Following the previously described 

procedure,404 the resin with the protected peptide cVHP17-35 containing Boc-(2-

thioacetyl-phenylalanine) was placed into a fritted disposable tube containing MeOH 

(3 mL). 2-Aminoethanethiol (34 mg, 0.3 mmol), thiophenol (30.5 μL, 0.3 mmol), and 

sodium borohydride (11 mg, 0.3 mmol) were added to the resin, and the mixture was 

stirred at room temperature for 90 min. The solution was removed from the resin, the 

reagents were replenished, and resin was subjected to the solid-phase deacetylation 

reaction conditions again. The resin was then washed with MeOH and dried with 

ether. The resin was subjected to cleavage and deprotection reaction using standard 

cleavage/deprotection conditions. TFA was removed by evaporation with nitrogen, 
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and the peptide was precipitated in ether. The mixture was centrifuged, the ether was 

removed, and the precipitate was dissolved in water containing phosphate buffer (pH 

7.2, 50 mM), urea (8 M), and DTT (25 mM, for reduction of disulfides) to generate the 

peptide cVHP17-35 containing N-terminal 2-thiolphenylalanine. The peptide was 

purified via HPLC under conditions previously described. 

4.4.13 Alternative synthesis of the peptide cVHP17-35 containing 2-

thiophenylalanine via coupling Boc-2-S(S-tert-butyl)-thio-L-phenylalanine 

In order to avoid any potential side-reaction during the solid-phase cross-

coupling reaction on the protected peptide, an alternative synthesis of the peptide 

cVHP17-35 containing N-terminal 2-thiolphenylalanine was utilized, via amide 

coupling reaction of the synthesized peptide using Boc-2-S(S-tert-butyl)-thiol-L-

phenylalanine. In a disposable, fritted reaction vessel, the resin with the protected 

peptide Fmoc-ANLPLWKQQNLKKEKGLF (130 mg, 43 mol) was swelled in DMF 

at room temperature for 20 minutes. The N-terminal amine was subjected to Fmoc-

deprotection reaction using a solution of 20% piperidine in DMF (3 mL × 5 min × 3). 

The reaction solution was removed from the resin, and the resin was washed with 

DMF (3 mL × 3). The resin was transferred to a 2 mL Eppendorf tube. To a solution 

of DIPEA in DMF (10% v/v, 1.5 mL), Boc-2-S(S-tert-butyl)-thiol-L-phenylalanine (25 

mg, 65 mol) and HATU (33 mg, 87 mol) were dissolved and then incubated at 

room temperature for 15 minutes in order to pre-activate the Boc-2-S(S-tert-butyl)-

thiol-L-phenylalanine. The solution containing the activated of Boc-2-S(S-tert-butyl)-

thiol-L-phenylalanine was added to the resin, and the resultant mixture was agitated on 

a rotary shaker for 8 hours at room temperature. The reaction solution was removed 

from the resin, and the resin was washed with DMF and CH2Cl2, and then dried with 
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ether. The resin was subjected to cleavage and deprotection reaction conditions using 

85% TFA/5% H2O/5% thioanisole/5% phenol (2 mL) at room temperature for 4 hours. 

TFA was removed via evaporation under nitrogen, and the peptide was precipitated 

using cold ether. The precipitate was centrifuged, the ether was removed, and then the 

precipitate was dried. The crude precipitate was dissolved in a solution of DTT (25 

mM final concentration) in phosphate buffer (pH 7.2, 50 mM, 100 L) to generate the 

peptide cVHP17-35 containing N-terminal 2-thiolphenylalanine. The peptide was 

purified via HPLC under conditions previously described. 

4.4.14 Synthesis of peptides containing 2S,4R-mercaptoproline on solid phase  

Following the procedure of Pandey et al. for the synthesis of 4S-bromoproline 

within a peptide,373 triphenylphosphine (262 mg, 1 mmol) was dissolved in dry THF 

(2 mL) in a disposable fritted reaction vessel and chilled on ice. 

Diisoprolylazodicarboxylate (197 μL, 1 mmol) was added to the solution under 

nitrogen and the solution was mixed and chilled on ice for 5 minutes. When a white 

precipitate became visible, the resin containing the Boc-(4R-hydroxyproline)RAFS 

peptide (10 mg, 27 μmol) and dried carbon tetrabromide (332 mg, 1 mmol) were 

added to the solution (carbon tetrabromide was dried under high vacuum at room 

temperature for at least 8 hours prior to use). The mixture was subjected to vigorous 

shaking via vortex until all of the precipitate had dissolved, and then stirred on ice for 

15 minutes. The mixture was then agitated on a rotary shaker for 24 h at room 

temperature while protected from light to generate the peptide Boc-(4S-

bromoproline)RAFS peptide on solid phase in 77% yield. The resin was then washed 

with CH2Cl2 (4 mL × 3) and dried with ether. 
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To the resin containing the protected peptide (4S-bromoproline)RAFS (10 mg, 

27 μmol) in a disposable fritted reaction vessel with a small stir bar, DMF (1 mL) and 

15-crown-5 (22 μL, 0.11 mmol) were added. Sodium hydrosulfide (5.6 mg, 0.10 

mmol) was added and the mixture stirred for 3 hours at room temperature to generate 

the peptide (4R-mercaptoproline)RAFS on solid phase. The resin was then washed 

with DMF (4 mL × 3) and CH2Cl2 (4 mL × 3) and dried with ether. The resin was 

subjected to cleavage and deprotection reaction using standard TFA conditions. The 

TFA was removed by evaporation with nitrogen, and the peptide was precipitated with 

ether. The precipitate was dissolved in phosphate buffer (pH 7.2, 50 mM) containing 

DTT (25 mM, for reduction of disulfides) to generate the peptide (4R-

mercaptoproline)RAFS-NH2 in 59% overall yield over 2 steps on solid phase from the 

peptide containing 4R-hydroxyproline (with an 11-18% product loss due to an 

elimination side-product formed during the SN2 reaction and 16% unreacted (4R-

hydroxyproline)RAFS). 

4.4.15 General procedure for native chemical ligation reactions 

The purified, lyophilized peptide (2-SH-Phe)RAFS-NH2 (0.038-0.040 mol, 

1.9-2.0 mM final reaction concentration) was dissolved in 10 L ligation buffer (100 

mM phosphate buffer, pH 7.2, 20 mM TCEP, 2 mM phenol). The purified, lyophilized 

peptide Ac-LYRAZ-SPh (0.010-0.024 mol, 0.5-1.2 mM final reaction concentration; 

Z = Gly, 1.1-1.2 mM; Ala, 0.9-1.0 mM; Val, 1.0 mM; Leu, 0.7-0.8 mM; Phe, 0.5-1.0 

mM; Pro, 0.5-0.7 mM) was dissolved in 10 L ligation buffer (100 mM phosphate 

buffer, pH 7.2, 20 mM TCEP, 2 mM phenol). The dissolved peptide containing 2-

thiolphenylalanine was added to the solution containing the peptide Ac-LYRAZ-SPh, 

and the resultant solution was mixed via pipette for 30 sec, and then incubated on a 
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solid heating block at 23 °C. At indicated time intervals, aliquots of the ligation 

reaction were quenched using buffer A (98% water, 2% MeCN, 0.06% TFA). 

Reaction progress was monitored via HPLC. For ligation reactions with the trp cage 

and the cVHP-35 peptides, 6 M guanidinium was required in the reaction in order to 

dissolve the peptides. 2-Naphthol was used as an internal standard for the ligation 

reaction with cVHP-35 peptides. Purification methods and ESI-MS data are shown for 

all peptides in Table. 4.5. 

Table 4.5. Purification and ESI-MS of the products of the ligation reactions 

 
Peptide HPLC 

Conditions 

Retention 

time 

(min) 

Expected 

Mass 

Observed 

Mass 

Ac-LYRAG(2-SH-Phe)RAFS-NH2 60 minutes 

15-65% buffer B 

33.2 1259.6 631.1 

(M+2H)2+ 

Ac-LYRAA(2-SH-Phe)RAFS-NH2 60 minutes 

15-65% buffer B 

41.8 1273.6 638.1 

(M+2H)2+ 

Ac-LYRAV(2-SH-Phe)RAFS-NH2 60 minutes 

15-65% buffer B 

49.9 1301.7 652.1 

(M+2H)2+ 

Ac-LYRAL(2-SH-Phe)RAFS-NH2 60 minutes 

15-65% buffer B 

52.7 1315.7 659.1 

(M+2H)2+ 

Ac-LYRAF(2-SH-Phe)RAFS-NH2 60 minutes 

15-65% buffer B 

51.3 1349.7 676.2 

(M+2H)2+ 

Ac-LYRAP(2-SH-Phe)RAFS-NH2 60 minutes 

15-65% buffer B 

36.6 1299.7 651.2 

(M+2H)2+ 

     

Ac-LYRAACRAFS-NH2 60 minutes 

15-65% buffer B 

34.6 1198.4 600.0 

(M+2H)2+ 

Ac-LYRAA(Mpt)RAFS-NH2 60 minutes 

15-65% buffer B 

24.5 1224.4 613.0 

(M+2H)2+ 

     

Y3(2-SH-Phe) trp cage miniprotein 

Ac-NL(2-SH-Phe) 

IQWLKDGGPSSGRPPPS-NH2 

60 minutes 

15-65% buffer B 

47.8 2226.5 1114.3 

(M+2H)2+ 

F17(2-SH-Phe) cVHP-35 

LSDEDFKAVFGMTRSA(2-SH-Phe) 

ANLPLWKQQNLKKEKGLF-NH2 

80 minutes 

15-65% buffer B 

72.3 4089.7 819.1 

(M+5H)5+ 
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4.4.16 General procedure for desulfurization reaction of ligated peptides 

The purified, lyophilized peptide Ac-LYRAZ(2-SH-Phe)RAFS-NH2 (Z = Gly, 

Ala, or Leu, 0.02 mol) was dissolved in 10 L phosphate buffer (100 mM, pH 7.2). 

Sodium borohydride (1 mg, 26 μmol, 1.3 M final concentration) was added to 10 L 

phosphate buffer (100 mM, pH 7.2) and the resultant solution was placed on ice. 

Nickel(II) chloride hexahydrate (1 L of a 185 mM solution in water, 9 mM final 

concentration) was added to the solution containing sodium borohydride, and the 

resultant solution was vortexed. The dissolved peptide was added to the solution 

containing nickel(II) chloride and sodium borohydride, vortexed, and incubated on ice 

for 20 minutes. During this time, the reaction mixture resulted in a grey precipitate 

that generated hydrogen gas. The mixture was quenched with 3 drops of trifluoroacetic 

acid (30 L) and diluted with buffer A (500 L), and then the solids were filtered to 

generate the desulfurized peptides in solution. Purification methods and ESI-MS data 

are shown for peptides in Table 4.6. The recovered sample from the desulfurization 

reaction to generate the peptide cVHP-35 was too low to obtain conclusive data from 

mass spectrometry, although the UV-Vis was consistent with expected product. 
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Table 4.6. Purification and ESI-MS of ligated and desulfurized peptides 

 
Peptide HPLC 

Conditions 

Retention 

time 

(min) 

Expected 

Mass 

Observed 

Mass 

Ac-LYRAGFRAFS-NH2 60 minutes 

15-65% buffer B 

32.8 1227.7 615.1 

(M+2H)2+ 

Ac-LYRAAFRAFS-NH2 60 minutes 

15-65% buffer B 

41.8 1273.6 638.1 

(M+2H)2+ 

Ac-LYRALFRAFS-NH2 60 minutes 

15-65% buffer B 

52.7 1315.7 659.1 

(M+2H)2+ 

Y3F trp cage miniprotein 

Ac-NLFIQWLKDGGPSSGRPPPS-NH2 

60 minutes 

15-65% buffer B 

48.4 2194.5 1098.5 

(M+2H)2+ 

cVHP-35 

LSDEDFKAVFGMTRSA- 

-FANLPLWKQQNLKKEKGLF-NH2 

60 minutes 

15-65% buffer B 

53.7 4057.7 Not 

confirmed 

 

4.4.17 UV-Vis Spectroscopy for peptides containing N-terminal 2-

thiophenylalanine 

Purified (2-SH-Phe)RAFS-NH2 was dissolved in buffer containing 50 mM 

phosphate and 1 mM TCEP. Peptide concentrations were 40-60 µM, as determined via 

NMR. Absorbance spectra were collected on a Perkin-Elmer Lambda 25 UV-Vis 

spectrometer in a 1 cm cell. Absorbance scans were taken from 350 nm to 220 nm 

with a slit width of 1 nm. After measurements, the pH of each sample was verified 

with a pH electrode (Mettler Toledo) and the absence of disulfide formation was 

confirmed via HPLC. Data were the average of at least three independent trials. 

The pKa of the peptide (2-SH-Phe)RAFS-NH2 was measured via pH 

dependence of the molar extinction coefficient at λmax wavelengths for the thiolate  

(272 nm). The data were fit to equation (6) using a non-linear least squares fitting 

algorithm (Kaleidagraph, version 4.1.1, Synergy Software), where ε = observed molar 

extinction coefficient, pH = pH of the sample, pKa = acidity constant. 
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4.4.18 NMR Spectroscopy 

Standard NMR spectra were recorded on a Brüker 400 MHz NMR 

spectrometer equipped with a cryogenic QNP probe or a Brüker 600 MHz NMR 

spectrometer equipped with a 5-mm Brüker SMART probe. NMR spectra on peptide 

samples were collected at 298 K on a Brüker AVN 600 MHz NMR spectrometer 

equipped with a triple resonance cryoprobe or a TXI probe. Spectra were internally 

referenced with TSP. 1-D spectra were collected with a Brüker w5 watergate pulse 

sequence and a relaxation delay of 1.7-2 s. 2-D spectra were collected with a 

watergate TOCSY pulse sequence.eptides were dissolved in buffer containing 5 mM 

phosphate (pH 4.0 or as indicated), 25 mM NaCl, 90% H2O/10% D2O, and 100 µM 

TSP. 100 µM TCEP was added for peptides containing thiophenylalanine to prevent 

disulfide formation during NMR experiments. Peptide concentrations were 10 µM-200 

µM.  
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Appendix A 

X-RAY CRYSTALLOGRAPHIC INFORMATION 

 

Compounds were described and characterized in Chapter 2: Insights into S–

H/ Aromatic Interactions: Studies on Boc-4-Thiol-L-Phenylalanine-tert-Butyl Ester 

via IR Spectroscopy, X-Ray Crystallography, and ab initio Calculations 
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Crystallographic data for Boc-4-thiol-L-phenylalanine-tert-butyl ester 

Table A1. Crystallographic data and refinement details for orthorhombic 

crystals of Boc-4-thiol-L-phenylalanine-tert-butyl ester. 

empirical formula C18H27NO4S 

formula weight 353.46 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Orthorhombic, P212121 

Unit cell dimensions (Å, °) a = 5.4629(6)  α = 90 

 
b = 10.1217(11) β = 90 

 
c = 35.898(4) γ = 90 

Volume (Å3) 1984.9(4)  
 

Z, Z, calcd density (g/cm3) 4, 1, 1.183 

absorption coefficient (mm–1) 0.182  

F(000) 760 

crystal size (mm) 0.188 x 0.195 x 0.328 

 2.09 to 27.47° 

Index ranges -6 ≤ h ≤ 7, -13 ≤ k ≤ 13, -46 ≤ l ≤ 46 

Reflections collected/ unique 15122/4518 [R(int) = 0.0378] 

Coverage of independent 

reflections 
100.0% 

Absorption correction multi-scan 

Max. and min. transmission 0.7456 and 0.6789 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 4518 / 0 / 231 

Goodness-of-fit on F2 1.015 

Final R indices 3579 data; I>2σ(I) 
R1 = 0.0403, wR2 = 

0.0870 

 
all data 

R1 = 0.0578, wR2 = 

0.0962 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0425P)2+0.2479P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.161 and -0.232 eÅ-3 

R.M.S. deviation from mean 0.34 -3 



 

 728 

Table A2. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for orthorhombic crystals of Boc-4-thiol-L-phenylalanine-

tert-butyl ester.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

S1 0.34521(19) 0.52173(9) 0.52548(2) 0.0622(3) 

N1 0.5840(4) 0.5118(2) 0.34791(6) 0.0304(5) 

O1 0.8164(4) 0.62103(16) 0.28823(5) 0.0436(5) 

O2 0.6554(3) 0.82223(15) 0.30105(4) 0.0313(4) 

O3 0.1861(3) 0.48255(17) 0.36414(5) 0.0403(4) 

O4 0.4708(3) 0.31949(16) 0.37059(5) 0.0403(5) 

C1 0.6943(5) 0.7273(2) 0.37559(7) 0.0393(6) 

C2 0.3915(5) 0.7269(2) 0.42901(7) 0.0383(6) 

C3 0.3109(5) 0.6810(3) 0.46314(7) 0.0397(6) 

C4 0.4424(5) 0.5864(3) 0.48204(7) 0.0387(6) 

C5 0.6586(5) 0.5389(3) 0.46688(7) 0.0427(6) 

C6 0.7381(5) 0.5859(3) 0.43259(7) 0.0405(7) 

C7 0.6071(5) 0.6801(2) 0.41336(7) 0.0346(6) 

C8 0.5698(5) 0.6527(2) 0.34302(7) 0.0305(5) 

C9 0.3936(5) 0.4416(2) 0.36141(6) 0.0309(6) 

C10 0.3022(5) 0.2244(2) 0.38818(8) 0.0414(6) 

C11 0.2005(10) 0.2795(3) 0.42364(10) 0.0920(15) 

C12 0.4681(7) 0.1081(3) 0.39590(12) 0.0736(11) 

C13 0.1084(7) 0.1843(3) 0.36078(10) 0.0678(10) 

C14 0.6941(5) 0.6938(2) 0.30706(6) 0.0301(5) 

C15 0.7963(5) 0.8954(2) 0.27215(7) 0.0320(5) 

C16 0.0670(5) 0.8846(3) 0.28079(8) 0.0436(7) 

C17 0.7318(6) 0.8458(3) 0.23376(7) 0.0483(8) 

C18 0.7083(5) 0.0368(2) 0.27747(8) 0.0437(7) 
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Table A3. Bond lengths [Å] and angles [°] for orthorhombic crystals of Boc-4-

thiol-L-phenylalanine-tert-butyl ester. 

Bond lengths 

S1-C4 1.773(3)  S1-H1S 1.26(4) 

N1-C9 1.350(3)  N1-C8 1.439(3) 

N1-H1N 0.75(3)  O1-C14 1.202(3) 

O2-C14 1.335(3)  O2-C15 1.489(3) 

O3-C9 1.211(3)  O4-C9 1.346(3) 

O4-C10 1.474(3)  C1-C7 1.514(3) 

C1-C8 1.549(3)  C1-H1A 0.99 

C1-H1B 0.99  C2-C3 1.383(4) 

C2-C7 1.388(4)  C2-H2 0.95 

C3-C4 1.376(4)  C3-H3 0.95 

C4-C5 1.386(4)  C5-C6 1.389(4) 

C5-H5 0.95  C6-C7 1.378(4) 

C6-H6 0.95  C8-C14 1.517(3) 

C8-H8 1.0  C10-C11 1.497(4) 

C10-C13 1.501(4)  C10-C12 1.511(4) 

C11-H11A 0.98  C11-H11B 0.98 

C11-H11C 0.98  C12-H12A 0.98 

C12-H12B 0.98  C12-H12C 0.98 

C13-H13A 0.98  C13-H13B 0.98 

C13-H13C 0.98  C15-C17 1.509(4) 

C15-C16 1.515(4)  C15-C18 1.522(4) 

C16-H16A 0.98  C16-H16B 0.98 

C16-H16C 0.98  C17-H17A 0.98 

C17-H17B 0.98  C17-H17C 0.98 

C18-H18A 0.98  C18-H18B 0.98 

C18-H18C 0.98  
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Table A3 continued 

Bond angles 

C4-S1-H1S 99.4(15)  C9-N1-C8 121.6(2) 

C9-N1-H1N 118.(2)  C8-N1-H1N 117.(2) 

C14-O2-C15 121.01(19)  C9-O4-C10 120.6(2) 

C7-C1-C8 112.6(2)  C7-C1-H1A 109.1 

C8-C1-H1A 109.1  C7-C1-H1B 109.1 

C8-C1-H1B 109.1  H1A-C1-H1B 107.8 

C3-C2-C7 120.9(3)  C3-C2-H2 119.5 

C7-C2-H2 119.5  C4-C3-C2 120.3(3) 

C4-C3-H3 119.8  C2-C3-H3 119.8 

C3-C4-C5 119.5(2)  C3-C4-S1 122.3(2) 

C5-C4-S1 118.2(2)  C4-C5-C6 119.7(3) 

C4-C5-H5 120.1  C6-C5-H5 120.1 

C7-C6-C5 121.2(2)  C7-C6-H6 119.4 

C5-C6-H6 119.4  C6-C7-C2 118.3(2) 

C6-C7-C1 120.2(2)  C2-C7-C1 121.4(2) 

N1-C8-C14 110.54(19)  N1-C8-C1 111.6(2) 

C14-C8-C1 108.2(2)  N1-C8-H8 108.8 

C14-C8-H8 108.8  C1-C8-H8 108.8 

O3-C9-O4 126.0(2)  O3-C9-N1 124.7(2) 

O4-C9-N1 109.3(2)  O4-C10-C11 110.6(2) 

O4-C10-C13 109.7(2)  C11-C10-C13 113.3(3) 

O4-C10-C12 102.3(2)  C11-C10-C12 110.9(3) 

C13-C10-C12 109.4(3)  C10-C11-H11A 109.5 

C10-C11-H11B 109.5  H11A-C11-H11B 109.5 

C10-C11-H11C 109.5  H11A-C11-H11C 109.5 

H11B-C11-H11C 109.5  C10-C12-H12A 109.5 

C10-C12-H12B 109.5  H12A-C12-H12B 109.5 

C10-C12-H12C 109.5  H12A-C12-H12C 109.5 

H12B-C12-H12C 109.5  C10-C13-H13A 109.5 

C10-C13-H13B 109.5  H13A-C13-H13B 109.5 

C10-C13-H13C 109.5  H13A-C13-H13C 109.5 

H13B-C13-H13C 109.5  O1-C14-O2 126.4(2) 

O1-C14-C8 124.0(2)  O2-C14-C8 109.46(19) 

O2-C15-C17 110.5(2)  O2-C15-C16 109.0(2) 

C17-C15-C16 113.0(2)  O2-C15-C18 102.55(19) 

C17-C15-C18 110.7(2)  C16-C15-C18 110.5(2) 
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Table A3 continued 

C15-C16-H16A 109.5  C15-C16-H16B 109.5 

H16A-C16-H16B 109.5  C15-C16-H16C 109.5 

H16A-C16-H16C 109.5  H16B-C16-H16C 109.5 

C15-C17-H17A 109.5  C15-C17-H17B 109.5 

H17A-C17-H17B 109.5  C15-C17-H17C 109.5 

H17A-C17-H17C 109.5  H17B-C17-H17C 109.5 

C15-C18-H18A 109.5  C15-C18-H18B 109.5 

H18A-C18-H18B 109.5  C15-C18-H18C 109.5 

H18A-C18-H18C 109.5  H18B-C18-H18C 109.5 

Table A4. Anisotropic atomic displacement parameters (Å2) for 

orthorhombic crystals of Boc-4-thiol-L-phenylalanine-tert-butyl ester.   

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12]. 

 
U11 U22 U33 U23 U13 U12 

S1 0.0795(6) 0.0668(5) 0.0404(4) 0.0099(4) 0.0190(4) 0.0032(5) 

N1 0.0320(12) 0.0243(10) 0.0349(11) 0.0032(9) 0.0036(10) 0.0016(10) 

O1 0.0578(12) 0.0335(9) 0.0395(10) 0.0021(8) 0.0175(10) 0.0070(9) 

O2 0.0321(9) 0.0254(7) 0.0365(9) 0.0080(7) 0.0065(8) -0.0009(7) 

O3 0.0353(10) 0.0314(9) 0.0542(11) 0.0077(8) 0.0049(9) 0.0006(8) 

O4 0.0386(11) 0.0255(8) 0.0568(11) 0.0109(8) 0.0052(9) -0.0013(8) 

C1 0.0486(16) 0.0307(12) 0.0387(14) -0.0031(11) 0.0077(13) -0.0099(12) 

C2 0.0447(16) 0.0321(13) 0.0380(14) -0.0035(11) -0.0004(12) 0.0013(12) 

C3 0.0405(15) 0.0406(14) 0.0380(14) -0.0077(12) 0.0074(13) 0.0022(13) 

C4 0.0468(16) 0.0400(14) 0.0292(13) -0.0035(11) 0.0033(12) -0.0054(13) 

C5 0.0454(16) 0.0431(14) 0.0398(14) 0.0018(12) -0.0004(13) 0.0087(14) 

C6 0.0378(16) 0.0448(15) 0.0389(14) -0.0040(12) 0.0058(12) 0.0041(12) 

C7 0.0410(15) 0.0315(12) 0.0314(13) -0.0069(11) 0.0030(11) -0.0088(12) 

C8 0.0357(14) 0.0216(11) 0.0341(13) 0.0022(10) 0.0047(11) 0.0000(10) 

C9 0.0413(16) 0.0234(11) 0.0280(12) 0.0019(10) -0.0004(11) -0.0026(10) 

C10 0.0463(16) 0.0280(12) 0.0499(16) 0.0096(12) 0.0049(14) -0.0100(12) 

C11 0.166(4) 0.0501(19) 0.060(2) 0.0021(17) 0.054(3) -0.022(3) 

C12 0.063(2) 0.0437(18) 0.113(3) 0.038(2) 0.004(2) -0.0029(16) 
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Table A4 continued 

C13 0.062(2) 0.0511(18) 0.090(3) 0.0147(18) -0.011(2) -0.0226(17) 

C14 0.0311(13) 0.0282(11) 0.0308(12) 0.0013(10) 0.0014(11) -0.0024(11) 

C15 0.0266(13) 0.0333(12) 0.0361(13) 0.0107(10) 0.0054(11) -0.0057(11) 

C16 0.0296(15) 0.0446(15) 0.0564(17) 0.0082(14) 0.0025(13) -0.0044(13) 

C17 0.059(2) 0.0519(17) 0.0345(14) 0.0085(13) 0.0024(13) -0.0062(14) 

C18 0.0398(16) 0.0316(13) 0.0595(17) 0.0125(13) 0.0065(14) -0.0016(12) 
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Table A5. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for orthorhombic crystals of Boc-4-thiol-L-phenylalanine-tert-

butyl ester. 

 x/a y/b z/c U(eq) 

H1S 0.173(7) 0.601(3) 0.5324(9) 0.083(11) 

H1N 0.709(5) 0.482(3) 0.3493(7) 0.032(8) 

H1A 0.8737 0.7150 0.3739 0.047 

H1B 0.6597 0.8230 0.3732 0.047 

H2 0.2980 0.7915 0.4161 0.046 

H3 0.1640 0.7149 0.4736 0.048 

H5 0.7519 0.4746 0.4799 0.051 

H6 0.8856 0.5524 0.4222 0.049 

H8 0.3936 0.6792 0.3419 0.037 

H11A 0.3347 0.3130 0.4391 0.138 

H11B 0.1129 0.2099 0.4371 0.138 

H11C 0.0874 0.3518 0.4179 0.138 

H12A 0.5273 0.0716 0.3723 0.11 

H12B 0.3769 0.0401 0.4095 0.11 

H12C 0.6078 0.1373 0.4109 0.11 

H13A -0.0109 0.2559 0.3581 0.102 

H13B 0.0254 0.1046 0.3698 0.102 

H13C 0.1843 0.1661 0.3366 0.102 

H16A 1.0969 0.9134 0.3064 0.065 

H16B 1.1597 0.9408 0.2636 0.065 

H16C 1.1197 0.7926 0.2779 0.065 

H17A 0.7926 0.7553 0.2307 0.072 

H17B 0.8072 0.9030 0.2150 0.072 

H17C 0.5536 0.8467 0.2306 0.072 

H18A 0.5309 1.0408 0.2736 0.065 

H18B 0.7900 1.0945 0.2594 0.065 

H18C 0.7474 1.0663 0.3028 0.065 
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Table A6. Torsion angles (°) for orthorhombic crystals of Boc-4-thiol-L-

phenylalanine-tert-butyl ester. 

C7-C2-C3-C4 -0.8(4)  C2-C3-C4-C5 1.0(4) 

C2-C3-C4-S1 -178.9(2)  C3-C4-C5-C6 -0.9(4) 

S1-C4-C5-C6 179.0(2)  C4-C5-C6-C7 0.6(4) 

C5-C6-C7-C2 -0.4(4)  C5-C6-C7-C1 -178.5(2) 

C3-C2-C7-C6 0.5(4)  C3-C2-C7-C1 178.6(2) 

C8-C1-C7-C6 95.4(3)  C8-C1-C7-C2 -82.6(3) 

C9-N1-C8-C14 -140.0(2)  C9-N1-C8-C1 99.6(3) 

C7-C1-C8-N1 -50.5(3)  C7-C1-C8-C14 -172.3(2) 

C10-O4-C9-O3 -4.7(4)  C10-O4-C9-N1 176.4(2) 

C8-N1-C9-O3 14.1(4)  C8-N1-C9-O4 -167.0(2) 

C9-O4-C10-C11 -57.8(4)  C9-O4-C10-C13 68.0(3) 

C9-O4-C10-C12 -176.0(3)  C15-O2-C14-O1 -9.5(4) 

C15-O2-C14-C8 167.5(2)  N1-C8-C14-O1 -9.7(4) 

C1-C8-C14-O1 112.7(3)  N1-C8-C14-O2 173.2(2) 

C1-C8-C14-O2 -64.4(3)  C14-O2-C15-C17 66.5(3) 

C14-O2-C15-C16 -58.3(3)  C14-O2-C15-C18 -175.4(2) 
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Crystallographic data for Boc-4-thiol-D,L-phenylalanine-tert-butyl ester 

Table A7.  Crystallographic data and refinement details for Boc-4-thiol-D,L-

phenylalanine-tert-butyl ester. 

empirical formula C18H27NO4S 

formula weight 353.46 

T (K) 143(2) 

wavelength (Å) 1.54178  

crystal system, space group Monoclinic, P 1 21/c 1 

Unit cell dimensions (Å, °) a = 10.3648(5)  α = 90 

 
b = 9.4888(4) β = 96.902(3) 

 
c = 19.8874(10) γ = 90 

Volume (Å3) 1941.74(16)  
 

Z, Z, calcd density (g/cm3) 4, 1, 1.209 

absorption coefficient (mm-1) 1.647  

F(000) 760 

crystal size (mm) 0.050 x 0.069 x 0.364 

 4.48 to 73.17° 

Index ranges -12 ≤ h ≤ 11, -11 ≤ k ≤ 11, -24 ≤ l ≤ 24 

Reflections collected/ unique 27332/3866 [R(int) = 0.0889] 

Coverage of independent 

reflections 
99.2% 

Absorption correction multi-scan 

Max. and min. transmission 0.7536 and 0.5791 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 3866 / 0 / 231 

Goodness-of-fit on F2 1.080 

Final R indices 2754 data; I>2σ(I) R1 = 0.0630, wR2 = 0.1597 

 
all data R1 = 0.0878, wR2 = 0.1718 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0687P)2+0.0782P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.457 and -0.343 eÅ-3 

R.M.S. deviation from mean 0.058 eÅ-3 
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Table A8. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Boc-4-thiol-D,L-phenylalanine-tert-butyl ester.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
x/a y/b z/c U(eq) 

S1 0.47804(8) 0.13536(9) 0.19027(4) 0.0502(2) 

N1 0.0319(2) 0.3369(2) 0.05287(12) 0.0388(6) 

O1 0.2338(2) 0.2473(2) 0.07541(10) 0.0477(5) 

O2 0.09943(19) 0.18397(19) 0.98091(9) 0.0383(5) 

O3 0.1741(2) 0.5993(2) 0.06091(10) 0.0444(5) 

O4 0.23193(19) 0.53581(19) 0.17015(9) 0.0391(5) 

C1 0.9265(3) 0.5047(3) 0.12215(15) 0.0449(7) 

C2 0.7121(3) 0.3826(3) 0.08977(16) 0.0463(7) 

C3 0.6107(3) 0.2983(3) 0.10464(15) 0.0454(7) 

C4 0.6078(3) 0.2436(3) 0.16929(15) 0.0404(6) 

C5 0.7101(3) 0.2733(3) 0.21865(16) 0.0456(7) 

C6 0.8125(3) 0.3570(3) 0.20330(16) 0.0458(7) 

C7 0.8148(3) 0.4131(3) 0.13829(15) 0.0428(7) 

C8 0.0499(3) 0.4228(3) 0.11361(15) 0.0408(7) 

C9 0.1311(3) 0.2542(3) 0.03949(14) 0.0373(6) 

C10 0.1922(3) 0.0845(3) 0.95573(15) 0.0431(7) 

C11 0.1141(3) 0.0266(3) 0.89213(16) 0.0525(8) 

C12 0.3100(3) 0.1640(4) 0.93791(18) 0.0548(8) 

C13 0.2262(4) 0.9673(3) 0.00684(17) 0.0537(8) 

C14 0.1596(3) 0.5282(3) 0.11102(14) 0.0383(6) 

C15 0.3388(3) 0.6390(3) 0.18422(15) 0.0395(7) 

C16 0.4342(3) 0.6270(4) 0.13315(19) 0.0616(9) 

C17 0.4002(3) 0.5916(3) 0.25351(17) 0.0566(9) 

C18 0.2800(3) 0.7834(3) 0.18696(18) 0.0516(8) 
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Table A9. Bond lengths [Å] and angles [°] for Boc-4-thiol-D,L-phenylalanine-

tert-butyl ester. 

Bond lengths 

S1-C4 1.781(3)  S1-H1S 0.99(3) 

N1-C9 1.345(4)  N1-C8 1.451(3) 

N1-H1N 0.90(3)  O1-C9 1.211(3) 

O2-C9 1.348(3)  O2-C10 1.477(3) 

O3-C14 1.228(3)  O4-C14 1.319(3) 

O4-C15 1.480(3)  C1-C7 1.513(4) 

C1-C8 1.523(4)  C1-H1A 0.99 

C1-H1B 0.99  C2-C7 1.379(4) 

C2-C3 1.380(4)  C2-H2 0.95 

C3-C4 1.390(4)  C3-H3 0.95 

C4-C5 1.385(4)  C5-C6 1.389(4) 

C5-H5 0.95  C6-C7 1.401(4) 

C6-H6 0.95  C8-C14 1.519(4) 

C8-H8 1.0  C10-C12 1.513(4) 

C10-C13 1.519(4)  C10-C11 1.520(4) 

C11-H11A 0.98  C11-H11B 0.98 

C11-H11C 0.98  C12-H12A 0.98 

C12-H12B 0.98  C12-H12C 0.98 

C13-H13A 0.98  C13-H13B 0.98 

C13-H13C 0.98  C15-C18 1.504(4) 

C15-C16 1.504(4)  C15-C17 1.515(4) 

C16-H16A 0.98  C16-H16B 0.98 

C16-H16C 0.98  C17-H17A 0.98 

C17-H17B 0.98  C17-H17C 0.98 

C18-H18A 0.98  C18-H18B 0.98 

C18-H18C 0.98    
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Table A9 continued 

Bond angles 

C4-S1-H1S 97.9(19)  C9-N1-C8 117.9(2) 

C9-N1-H1N 122.5(19)  C8-N1-H1N 118.3(19) 

C9-O2-C10 120.5(2)  C14-O4-C15 122.5(2) 

C7-C1-C8 113.9(2)  C7-C1-H1A 108.8 

C8-C1-H1A 108.8  C7-C1-H1B 108.8 

C8-C1-H1B 108.8  H1A-C1-H1B 107.7 

C7-C2-C3 121.0(3)  C7-C2-H2 119.5 

C3-C2-H2 119.5  C2-C3-C4 121.1(3) 

C2-C3-H3 119.5  C4-C3-H3 119.5 

C5-C4-C3 118.6(3)  C5-C4-S1 119.1(2) 

C3-C4-S1 122.2(2)  C4-C5-C6 120.1(3) 

C4-C5-H5 120.0  C6-C5-H5 120.0 

C5-C6-C7 121.2(3)  C5-C6-H6 119.4 

C7-C6-H6 119.4  C2-C7-C6 118.0(3) 

C2-C7-C1 121.2(3)  C6-C7-C1 120.8(3) 

N1-C8-C14 111.3(2)  N1-C8-C1 110.7(2) 

C14-C8-C1 108.0(2)  N1-C8-H8 108.9 

C14-C8-H8 108.9  C1-C8-H8 108.9 

O1-C9-N1 123.6(3)  O1-C9-O2 126.1(3) 

N1-C9-O2 110.3(2)  O2-C10-C12 109.7(2) 

O2-C10-C13 110.4(2)  C12-C10-C13 113.1(3) 

O2-C10-C11 102.1(2)  C12-C10-C11 110.5(3) 

C13-C10-C11 110.5(3)  C10-C11-H11A 109.5 

C10-C11-H11B 109.5  H11A-C11-H11B 109.5 

C10-C11-H11C 109.5  H11A-C11-H11C 109.5 

H11B-C11-H11C 109.5  C10-C12-H12A 109.5 

C10-C12-H12B 109.5  H12A-C12-H12B 109.5 

C10-C12-H12C 109.5  H12A-C12-H12C 109.5 

H12B-C12-H12C 109.5  C10-C13-H13A 109.5 

C10-C13-H13B 109.5  H13A-C13-H13B 109.5 

C10-C13-H13C 109.5  H13A-C13-H13C 109.5 

H13B-C13-H13C 109.5  O3-C14-O4 125.5(3) 

O3-C14-C8 123.7(3)  O4-C14-C8 110.7(2) 

O4-C15-C18 108.2(2)  O4-C15-C16 111.1(2) 

C18-C15-C16 113.3(3)  O4-C15-C17 101.4(2) 

C18-C15-C17 111.4(3)  C16-C15-C17 110.7(3) 

C15-C16-H16A 109.5  C15-C16-H16B 109.5 
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Table A9 continued 

H16A-C16-H16B 109.5  C15-C16-H16C 109.5 

H16A-C16-H16C 109.5  H16B-C16-H16C 109.5 

C15-C17-H17A 109.5  C15-C17-H17B 109.5 

H17A-C17-H17B 109.5  C15-C17-H17C 109.5 

H17A-C17-H17C 109.5  H17B-C17-H17C 109.5 

C15-C18-H18A 109.5  C15-C18-H18B 109.5 

H18A-C18-H18B 109.5  C15-C18-H18C 109.5 

H18A-C18-H18C 109.5  H18B-C18-H18C 109.5 
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Table A10. Anisotropic atomic displacement parameters (Å2) for Boc-4-thiol-

D,L-phenylalanine-tert-butyl ester.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 
U11 U22 U33 U23 U13 U12 

S1 0.0415(5) 0.0539(5) 0.0528(5) 0.0165(4) -0.0037(3) -0.0077(3) 

N1 0.0416(15) 0.0373(12) 0.0356(13) -0.0081(10) -0.0030(11) 0.0001(10) 

O1 0.0444(12) 0.0533(12) 0.0416(12) -0.0052(10) -0.0105(9) 0.0055(10) 

O2 0.0441(12) 0.0366(10) 0.0328(10) -0.0069(8) -0.0009(8) 0.0001(8) 

O3 0.0477(13) 0.0472(11) 0.0366(11) 0.0022(9) -0.0015(9) -0.0050(9) 

O4 0.0453(12) 0.0353(10) 0.0355(10) -0.0012(8) 0.0001(8) -0.0081(8) 

C1 0.0507(19) 0.0396(15) 0.0444(17) -0.0023(13) 0.0052(13) -0.0026(13) 

C2 0.056(2) 0.0451(16) 0.0385(16) -0.0012(14) 0.0078(14) -0.0053(14) 

C3 0.0492(19) 0.0455(16) 0.0403(16) -0.0024(14) 0.0001(13) -0.0004(14) 

C4 0.0411(17) 0.0374(14) 0.0422(16) 0.0007(13) 0.0025(12) 0.0016(12) 

C5 0.0452(18) 0.0488(17) 0.0418(16) 0.0011(14) 0.0016(13) 0.0001(13) 

C6 0.0451(18) 0.0462(16) 0.0443(17) -0.0049(14) -0.0018(13) -0.0047(13) 

C7 0.0460(18) 0.0399(15) 0.0439(17) -0.0015(13) 0.0108(13) 0.0017(13) 

C8 0.0445(18) 0.0391(14) 0.0382(15) -0.0077(12) 0.0023(12) -0.0060(12) 

C9 0.0446(17) 0.0327(13) 0.0332(14) -0.0004(12) -0.0011(12) -0.0023(12) 

C10 0.0481(19) 0.0381(14) 0.0431(16) -0.0047(13) 0.0050(13) 0.0022(13) 

C11 0.064(2) 0.0491(17) 0.0435(17) -0.0113(15) 0.0037(15) 0.0000(16) 

C12 0.048(2) 0.063(2) 0.0532(19) -0.0072(16) 0.0079(15) -0.0059(16) 

C13 0.066(2) 0.0403(16) 0.0536(19) -0.0008(15) 0.0010(16) 0.0088(15) 

C14 0.0415(17) 0.0360(14) 0.0366(15) -0.0028(12) 0.0017(12) -0.0002(12) 

C15 0.0390(17) 0.0366(14) 0.0414(16) 0.0020(13) -0.0008(12) -0.0053(12) 

C16 0.050(2) 0.073(2) 0.064(2) 0.0005(19) 0.0130(17) -0.0067(18) 

C17 0.058(2) 0.0517(18) 0.054(2) 0.0070(16) -0.0173(16) -0.0105(15) 

C18 0.062(2) 0.0333(15) 0.057(2) 0.0001(14) -0.0048(16) -0.0036(14) 
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Table A11.  Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Boc-4-thiol-D,L-phenylalanine-tert-butyl ester. 

 x/a y/b z/c U(eq) 

H1S -0.591(3) 0.172(3) 0.1561(17) 0.054(9) 

H1N -0.037(3) 0.355(3) 0.0220(16) 0.039(8) 

H1A -0.0538 0.5744 0.1590 0.054 

H1B -0.1009 0.5574 0.0799 0.054 

H2 -0.2889 0.4201 0.0454 0.056 

H3 -0.4581 0.2774 0.0701 0.055 

H5 -0.2898 0.2364 0.2631 0.055 

H6 -0.1177 0.3766 0.2375 0.055 

H8 0.0713 0.3600 0.1538 0.049 

H11A 0.0370 -0.0225 -0.0956 0.079 

H11B 0.1678 -0.0395 -0.1302 0.079 

H11C 0.0870 0.1044 -0.1388 0.079 

H12A 0.2817 0.2447 -0.0909 0.082 

H12B 0.3635 0.1013 -0.0864 0.082 

H12C 0.3610 0.1975 -0.0205 0.082 

H13A 0.2787 0.0057 0.0469 0.081 

H13B 0.2757 -0.1060 -0.0135 0.081 

H13C 0.1462 -0.0735 0.0201 0.081 

H16A 0.4553 0.5276 0.1269 0.092 

H16B 0.5136 0.6788 0.1494 0.092 

H16C 0.3958 0.6669 0.0899 0.092 

H17A 0.3351 0.5948 0.2854 0.085 

H17B 0.4726 0.6543 0.2693 0.085 

H17C 0.4324 0.4950 0.2506 0.085 

H18A 0.2329 0.8067 0.1427 0.077 

H18B 0.3491 0.8528 0.1987 0.077 

H18C 0.2197 0.7849 0.2213 0.077 
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Table A12.  Torsion angles (°) for Boc-4-thiol-D,L-phenylalanine-tert-butyl ester. 

C7-C2-C3-C4 1.1(5)  C2-C3-C4-C5 -1.1(5) 

C2-C3-C4-S1 179.7(2)  C3-C4-C5-C6 0.5(4) 

S1-C4-C5-C6 179.7(2)  C4-C5-C6-C7 0.1(5) 

C3-C2-C7-C6 -0.6(4)  C3-C2-C7-C1 179.7(3) 

C5-C6-C7-C2 -0.1(5)  C5-C6-C7-C1 179.7(3) 

C8-C1-C7-C2 -104.3(3)  C8-C1-C7-C6 76.0(4) 

C9-N1-C8-C14 62.1(3)  C9-N1-C8-C1 -177.7(2) 

C7-C1-C8-N1 68.4(3)  C7-C1-C8-C14 -169.4(2) 

C8-N1-C9-O1 0.3(4)  C8-N1-C9-O2 -178.8(2) 

C10-O2-C9-O1 1.8(4)  C10-O2-C9-N1 -179.1(2) 

C9-O2-C10-C12 -65.6(3)  C9-O2-C10-C13 59.7(3) 

C9-O2-C10-C11 177.2(2)  C15-O4-C14-O3 2.9(4) 

C15-O4-C14-C8 -174.5(2)  N1-C8-C14-O3 44.6(4) 

C1-C8-C14-O3 -77.2(3)  N1-C8-C14-O4 -138.0(2) 

C1-C8-C14-O4 100.3(3)  C14-O4-C15-C18 69.9(3) 

C14-O4-C15-C16 -55.1(3)  C14-O4-C15-C17 -172.8(3) 
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Crystallographic data for p-thiocresol 

Table A13.  Crystallographic data and refinement details for p-thiocresol. 

empirical formula C7H8S 

formula weight 124.19 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Monoclinic, P1 21/c1 

Unit cell dimensions (Å, °) a = 7.742(3)  α = 90 

 
b = 7.223(3) β = 92.953(6) 

 
c = 5.956(2) γ = 90 

Volume (Å3) 332.6(2)  
 

Z, Z, calcd density (g/cm3) 2, 0.5, 1.240 

absorption coefficient (mm–

1) 
0.371  

F(000) 132 

crystal size (mm) 0.141 x 0.204 x 0.230 

 range for data collection 2.63 to 27.68° 

Index ranges -10 ≤ h ≤ 10, -9 ≤ k ≤ 9, -7 ≤ l ≤ 7 

Reflections collected/ 

unique 
4782/774 [R(int) = 0.0501] 

Coverage of independent 

reflections 
99.7% 

Absorption correction multi-scan 

Max. and min. transmission 0.7456 and 0.6534 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 774 / 1 / 41 

Goodness-of-fit on F2 1.077 

Final R indices 560 data; I>2σ(I) R1 = 0.0575, wR2 = 0.1597 

 
all data R1 = 0.0809, wR2 = 0.1745 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0974P)2+0.0719P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.368 and -0.186 eÅ-3 

R.M.S. deviation from mean 0.064 eÅ-3 
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Table A14.  Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for p-thiocresol.   

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
x/a y/b z/c U(eq) 

S1 0.3507(3) 0.4458(6) 0.7745(6) 0.0533(10) 

C1 0.6804(14) 0.5443(17) 0.2107(19) 0.0323(11) 

C2 0.839(3) 0.533(4) 0.370(5) 0.0323(11) 

C3 0.839(3) 0.450(4) 0.580(5) 0.0341(12) 

C4 0.993(3) 0.424(4) 0.706(5) 0.0325(11) 

C5 0.148(3) 0.482(4) 0.621(5) 0.0323(11) 

C6 0.149(3) 0.565(4) 0.411(5) 0.0341(12) 

C7 0.994(3) 0.591(4) 0.285(5) 0.0325(11) 

Table A15.  Bond lengths [Å] and angles [°] for p-thiocresol. 

Bond lengths 

S1-C5 1.793(12)  S1-H1S 1.07(7) 

C1-C2 1.514(11)  C1-H1A 0.98 

C1-H1B 0.98  C1-H1C 0.98 

C2-C3 1.39  C2-C7 1.39 

C3-C4 1.39  C3-H3 0.95 

C4-C5 1.39  C4-H4 0.95 

C5-C6 1.39  C6-C7 1.39 

C6-H6 0.95  C7-H7 0.95 

   

Bond angles 

C5-S1-H1S 109.(4)  C2-C1-H1A 109.5 

C2-C1-H1B 109.5  H1A-C1-H1B 109.5 

C2-C1-H1C 109.5  H1A-C1-H1C 109.5 

H1B-C1-H1C 109.5  C3-C2-C7 120.0 

C3-C2-C1 123.1(17)  C7-C2-C1 116.4(17) 

C4-C3-C2 120.0  C4-C3-H3 120.0 

C2-C3-H3 120.0  C3-C4-C5 120.0 
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Table A15 continued 

C3-C4-H4 120.0  C5-C4-H4 120.0 

C4-C5-C6 120.0  C4-C5-S1 121.4(12) 

C6-C5-S1 118.6(13)  C5-C6-C7 120.0 

C5-C6-H6 120.0  C7-C6-H6 120.0 

C6-C7-C2 120.0  C6-C7-H7 120.0 

C2-C7-H7 120.0  
  

Table A16. Anisotropic atomic displacement parameters (Å2) for p-thiocresol. 

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

S1 0.0358(12) 0.0682(15) 0.0550(14) -0.0026(9) -0.0068(9) 0.0079(10) 

C1 0.038(3) 0.029(3) 0.0291(19) -0.0008(19) -0.0022(14) 0.0039(19) 

C2 0.038(3) 0.029(3) 0.0291(19) -0.0008(19) -0.0022(14) 0.0039(19) 

C3 0.037(3) 0.033(3) 0.033(2) -0.001(2) 0.0075(15) -0.001(2) 

C4 0.045(3) 0.030(3) 0.022(2) 0.003(2) 0.0024(15) 0.002(2) 

C5 0.038(3) 0.029(3) 0.0291(19) -0.0008(19) -0.0022(14) 0.0039(19) 

C6 0.037(3) 0.033(3) 0.033(2) -0.001(2) 0.0075(15) -0.001(2) 

C7 0.045(3) 0.030(3) 0.022(2) 0.003(2) 
  

Table A17. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for p-thiocresol. 

 
x/a y/b z/c U(eq) 

H1S 1.448(9) 0.529(8) 0.702(11) 0.064 

H1A 0.7074 0.6171 0.0781 0.048 

H1B 0.5862 0.6041 0.2872 0.048 

H1C 0.6450 0.4193 0.1640 0.048 

H3 0.7325 0.4100 0.6378 0.041 

H4 0.9925 0.3673 0.8496 0.039 

H6 1.2547 0.6048 0.3531 0.041 

H7 0.9947 0.6476 0.1413 0.039 
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Table A18. Torsion angles (°) for p-thiocresol. 

C7-C2-C3-C4 0  C1-C2-C3-C4 172.3(17) 

C2-C3-C4-C5 0  C3-C4-C5-C6 0 

C3-C4-C5-S1 -178.2(12)  C4-C5-C6-C7 0 

S1-C5-C6-C7 178.2(11)  C5-C6-C7-C2 0 

C3-C2-C7-C6 0  C1-C2-C7-C6 -172.8(15) 

 



 

 747 

Appendix B 

FULL IR SPECTRA OF COMPOUNDS IN ALL SOLVENTS 

Compounds were described and characterized in Chapter 2: Insights into S–

H/ Aromatic Interactions: Studies on Boc-4-Thiol-L-Phenylalanine-tert-Butyl Ester 

via IR Spectroscopy, X-Ray Crystallography, and ab initio Calculations 

 

All spectra in solution samples were taken in triplicate, background subtracted, 

baseline corrected, and averaged. Error bars represent standard error. Data is shown as 

absorbance (top) and transmittance (bottom). 
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Figure B1 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in CHCl3.  

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2585 cm–1. 
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Figure B2 FT-IR spectrum of crystalline Boc-4-thiol-L-phenylalanine-tert-

butyl ester in a pressed KBr pellet, crystallized from 25% ethyl acetate in 

hexanes (v/v) via slow evaporation at room temperature.   
The spectrum was baseline corrected. Top: full IR absorbance spectrum; bottom: full 

IR transmittance spectrum. max of the S–H stretching frequency is 2538 cm–1.  
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Figure B3 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in ethyl acetate.  
Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2566 cm–1. 
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Figure B4  FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 25% ethyl acetate in CCl4.  

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2567 cm–1. 
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Figure B5 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 10% ethyl acetate in CCl4.  

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2569 cm–1. 



 

 753 

Figure B6 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in acetone.  

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2558 cm–1. 
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Figure B7 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 25% acetone in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2559 cm–1. 
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Figure B8 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 10% acetone in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2559 cm–1. 
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Figure B9 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 25% methanol in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2497 cm–1. 



 

 757 

Figure B10 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 10% methanol in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. 
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Figure B11 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 25% THF in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2534 cm–1. 
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Figure B12 FT-IR spectrum of Boc-4-thiol-L-phenylalanine-tert-butyl ester 

(200 mM) in 10% THF in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2541 cm–1. 
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Figure B13 FT-IR spectra of p-thiocresol (200 mM) in CCl4. 

Four independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2586 cm–1. 
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Figure B14 FT-IR spectrum of p-thiocresol (200 mM) in CHCl3. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2585 cm–1. 
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Figure B15 FT-IR spectrum of crystalline p-thiocresol in a pressed KBr pellet. 

Crystalline p-thiocresol was not recrystallized, and was used as purchased. The 

spectrum was baseline corrected. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2563 cm–1. 
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Figure B16 FT-IR spectrum of p-thiocresol (200 mM) in ethyl acetate. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2567 cm–1. 
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Figure B17 FT-IR spectrum of p-thiocresol (200 mM) in 25% ethyl acetate in 

CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2569 cm–1. 
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Figure B18 FT-IR spectrum of p-thiocresol (200 mM) in 10% ethyl acetate in 

CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2571 cm–1. 
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Figure B19 FT-IR spectrum of p-thiocresol (200 mM) in acetone. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2558 cm–1. 
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Figure B20 FT-IR spectrum of p-thiocresol (200 mM) in 25% acetone in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2561 cm–1. 
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Figure B21 FT-IR spectrum of p-thiocresol (200 mM) in 10% acetone in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2565 cm–1. 



 

 769 

Figure B22 FT-IR spectrum of p-thiocresol (200 mM) in 25% methanol in 

CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2521 cm–1. 
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Figure B23 FT-IR spectrum of p-thiocresol (200 mM) in 10% methanol in 

CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. 
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Figure B24 FT-IR spectrum of p-thiocresol (200 mM) in 25% THF in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2530 cm–1. 
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Figure B25 FT-IR spectrum of p-thiocresol (200 mM) in 10% THF in CCl4. 

Three independent spectra were solvent-subtracted, baseline corrected, and averaged. 

Error bars indicate standard error. Top: full IR absorbance spectrum; bottom: full IR 

transmittance spectrum. max of the S–H stretching frequency is 2531 cm–1. 
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Appendix C 

CRYSTALLOGRAPHIC ENTRIES FROM THE CAMBRIDGE 

STRUCTURAL DATABASE 

Parameters for the search criteria were described in Chapter 2: Insights into S–

H/ Aromatic Interactions: Studies on Boc-4-Thiol-L-Phenylalanine-tert-Butyl Ester 

via IR Spectroscopy, X-Ray Crystallography, and ab initio Clculations, and discussed 

in section 2.2.6 and 2.4.10. 
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Table C1. Structure entries for Li+-aromatic interactions.  

All entries in analysis of Li+-aromatic interactions, following initial search parameters 

of the CSD and cylinder restrictions. The entries were examined and annotated for 

specific criteria (described above). Entries with annotations A, B, C, D, E, and F were 

excluded from study, since these structures contained elements that would compete 

with the Li+- interaction, and effect the geometry. Definitions of distances are shown 

in Figure 2.55. 

Annotations: (A) polycyclic aromatic rings; (A1) complex macrocyclic rings; (B) 

carbanions within or adjacent to the interacting aromatic rings 

Refcode 

dLi+–centroid,  

Å 

dLi+–Cmin,  

Å 

Li+ dplane,  

Å 

Li+ r,  

Å 

dcentroid–Cmin,  

Å 

Parsing  

Rationale 

JENREA 2.593 2.125 2.130 1.479 0.468 

 JENREA 2.739 2.125 2.086 1.775 0.614 

 BUJWOS 2.885 2.141 1.795 2.259 0.744 

 JENREA 2.584 2.158 2.160 1.418 0.426 

 GAGFAV 2.889 2.169 2.092 1.992 0.720 

 JENREA 3.021 2.182 1.759 2.456 0.839 

 JENREA 3.004 2.185 1.790 2.412 0.819 

 JENREA 2.667 2.198 2.205 1.500 0.469 

 GAGFAV 2.923 2.198 2.112 2.021 0.725 

 JENREA 3.022 2.210 1.784 2.439 0.812 

 JENREA 3.049 2.246 1.817 2.448 0.803 

 PALWII 3.017 2.248 2.062 2.202 0.769 

 PALWII 3.002 2.252 1.982 2.255 0.750 

 JIRVAH 1.947 2.253 1.937 0.197 -0.306 

 YOJKIR 2.905 2.253 2.069 2.039 0.652 

 YIFWUH 3.072 2.283 1.758 2.519 0.789 

 YIFWUH 3.103 2.297 1.722 2.581 0.806 

 YOJKIR 3.048 2.311 2.029 2.275 0.737 

 JENREA 2.991 2.327 2.085 2.144 0.664 

 JENREA 3.043 2.333 1.944 2.341 0.710 

 JENREA 2.998 2.334 1.999 2.234 0.664 

 JIRVAH 1.967 2.338 1.964 0.109 -0.371 

 GIJWOL 3.022 2.346 2.282 1.981 0.676 

 YOJKIR 3.016 2.348 2.035 2.226 0.668 

 JENREA 3.083 2.380 2.020 2.329 0.703 
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Table C1 continued 

PHMGLI 3.130 2.419 2.328 2.092 0.711 

 CROBLI 3.256 2.443 1.915 2.633 0.813 

 BAHFUM 3.502 2.454 1.968 2.897 1.048 

 EGAQUY 3.188 2.471 2.309 2.198 0.717 

 PHMGLI 3.252 2.472 2.336 2.262 0.780 

 RAKSAX 3.145 2.481 2.422 2.006 0.664 

 CROBLI 3.364 2.493 1.842 2.815 0.871 

 RAKSIF 3.276 2.495 2.306 2.327 0.781 

 BAHFUM 3.510 2.517 2.047 2.851 0.993 

 RAKSIF 3.420 2.563 2.270 2.558 0.857 

 LIBPNI 2.704 2.596 2.517 0.988 0.108 

 LOJFAR 3.614 2.618 2.139 2.913 0.996 

 RAKSIF 3.549 2.747 2.569 2.449 0.802 

 PAUELI10 3.459 2.926 2.880 1.916 0.533 

 RAKSIF 3.849 2.938 2.494 2.932 0.911 

 LOVLAJ 4.139 3.250 2.852 3.000 0.889 

 UHUQAR 2.087 2.359 2.066 0.295 -0.272 A1 

UHUQAR 3.128 2.507 2.253 2.170 0.621 A1 

PUKROC 1.667 2.197 1.667 0.000 -0.530 A 

PUKROC 1.719 2.213 1.717 0.083 -0.494 A 

ADEBES 2.220 2.332 2.071 0.800 -0.112 A 

ADEBES 2.914 2.357 2.385 1.674 0.557 A 

ADEBES 2.243 2.382 2.191 0.480 -0.139 A 

LIPHPR 2.450 2.640 2.424 0.356 -0.190 A 

LIRVEN 3.529 2.748 2.365 2.619 0.781 A 

ADEBES 3.572 2.834 2.545 2.506 0.738 A 

ADEBES 3.759 2.836 2.389 2.902 0.923 A 

QUKCEE 3.794 2.949 2.466 2.883 0.845 A 

COKVON 3.084 2.223 1.956 2.384 0.861 B 

ZONJIV 3.094 2.261 1.750 2.552 0.833 B 

CALKOP 3.353 2.278 1.860 2.790 1.075 B 

PADCON 1.990 2.293 1.974 0.252 -0.303 B 

PADCON 2.005 2.315 1.993 0.219 -0.310 B 

BECWEL 3.088 2.317 1.869 2.458 0.771 B 

PADCON 3.137 2.337 1.817 2.557 0.800 B 

COKVON 3.193 2.358 1.811 2.630 0.835 B 

COGFOT 3.304 2.377 2.088 2.561 0.927 B 

ZONJIV 2.050 2.380 2.038 0.221 -0.330 B 
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Table C1 continued 

BECWEL 3.207 2.383 1.819 2.641 0.824 B 

PADCON 3.200 2.391 1.830 2.625 0.809 B 

GAFBUK 3.246 2.403 2.220 2.368 0.843 B 

GAFBUK 3.286 2.419 2.208 2.434 0.867 B 

GAFBUK 3.342 2.450 2.145 2.563 0.892 B 

GAFBUK 3.354 2.458 2.198 2.533 0.896 B 

PADCON 2.884 2.498 2.416 1.575 0.386 B 

PADCON 2.940 2.519 2.410 1.684 0.421 B 

AXOCEV 3.821 3.062 2.493 2.896 0.759 B 

AXOCEV 3.886 3.152 2.552 2.931 0.734 B 

LIANTR 2.003 2.272 1.967 0.378 -0.269 A, B 

RACSAP 2.499 2.308 2.277 1.030 0.191 A, B 

LIANTR 2.000 2.331 1.997 0.110 -0.331 A, B 

CIFDOK 1.973 2.336 1.971 0.089 -0.363 A, B 

CIFDOK 3.208 2.428 1.904 2.582 0.780 A, B 

LIANTR 3.190 2.453 1.979 2.502 0.737 A, B 

CIFDOK 3.400 2.507 1.897 2.822 0.893 A, B 

BFLULI 3.501 2.549 1.966 2.897 0.952 A, B 

BFLULI 3.487 2.564 2.040 2.828 0.923 A, B 

LIANTR 3.368 2.569 2.024 2.692 0.799 A, B 

CIFDOK 3.464 2.616 1.934 2.874 0.848 A, B 

RACSAP 3.582 2.652 2.261 2.778 0.930 A, B 

LIANTR 3.501 2.666 2.110 2.794 0.835 A, B 

PABYAT 1.569 1.707 1.482 0.515 -0.138 A1, B 
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Table C2. Structure entries for Na+-aromatic interactions.  

All entries in analysis of Na+-aromatic interactions, following initial search parameters 

of the CSD and cylinder restrictions. The entries were examined and annotated for 

specific criteria (described above). Entries with annotations A, B, C, D, E, and F were 

excluded from study, since these structures contained elements that would compete 

with the Na+- interaction, and effect the geometry. Definitions of distances are shown 

in Figure 2.55. 

Annotations: (A) polycyclic aromatic rings; (A1) complex macrocyclic rings; (B) 

carbanions within or adjacent to the interacting aromatic rings; (G) the cation was 

potentially interacting with an adjacent crown ether. 

Refcode 

dNa+–centroid, 

Å 

dNa+–Cmin, 

Å 

Na+ dplane, 

Å 

Na+ r, 

Å 

dcentroid–Cmin, 

Å 

Parsing  

Rationale 

IDADEY 2.698 2.618 2.511 0.987 0.080 

 BAHFUM 3.484 2.631 2.197 2.704 0.853 

 BAHFUM 3.591 2.691 2.191 2.845 0.900 

 BAHFUM 2.696 2.721 2.609 0.679 -0.025 

 SEBJUE 3.382 2.730 2.583 2.183 0.652 

 SPHIND 3.219 2.744 2.587 1.916 0.475 

 SEBJUE 3.349 2.748 2.592 2.121 0.601 

 BAHFUM 2.666 2.771 2.608 0.553 -0.105 

 SEBJUE 3.613 2.788 2.503 2.606 0.825 

 LEXDIB 3.095 2.802 2.698 1.517 0.293 

 LEXDIB 2.974 2.809 2.765 1.095 0.165 

 GUPSAM 3.633 2.809 2.571 2.567 0.824 

 LEXDIB 3.165 2.810 2.754 1.560 0.355 

 LEXDIB 3.012 2.820 2.767 1.190 0.192 

 LEXDIB 2.932 2.832 2.792 0.895 0.100 

 GUPSAM 3.569 2.834 2.438 2.607 0.735 

 DILLUH 2.721 2.835 2.668 0.534 -0.114 

 BEMNIQ 3.705 2.840 2.508 2.727 0.865 

 PURKAP 3.322 2.841 2.783 1.814 0.481 

 GUPSAM 3.721 2.843 2.453 2.798 0.878 

 PIPGEA 3.808 2.846 2.392 2.963 0.962 

 LEXDIB 2.819 2.865 2.750 0.620 -0.046 

 TIYYUX 3.213 2.874 2.870 1.444 0.339 

 SEBJUE 3.732 2.891 2.535 2.739 0.841 
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Table C2 continued 

JUBYOU 3.245 2.895 2.864 1.526 0.350 

 CAMBIC 2.776 2.932 2.749 0.386 -0.156 

 CAMBOI 2.774 2.937 2.750 0.364 -0.163 

 NODBOZ 2.700 2.945 2.691 0.220 -0.245 

 PURKAP 3.709 2.954 2.607 2.638 0.755 

 UCOYIW 2.700 2.960 2.690 0.232 -0.260 

 EHIFUX 3.612 2.965 2.826 2.250 0.647 

 UCOYIW 2.765 2.969 2.742 0.356 -0.204 

 PURKAP 3.281 2.969 2.927 1.482 0.312 

 NODBOZ 3.098 2.980 2.914 1.052 0.118 

 HIKLIW 3.287 2.981 2.974 1.400 0.306 

 CEQDIL 3.390 2.988 2.941 1.686 0.402 

 ZZZUPI02 2.910 2.995 2.855 0.563 -0.085 

 UCOYIW 2.815 3.008 2.801 0.280 -0.193 

 TIYYUX 3.138 3.014 2.957 1.050 0.124 

 SUFVAS 3.455 3.024 2.964 1.775 0.431 

 PURKAP 3.652 3.025 2.821 2.319 0.627 

 PABYIB 2.803 3.031 2.790 0.270 -0.228 

 DIWWIP 3.944 3.033 2.668 2.905 0.911 

 BACGUH 3.744 3.101 2.938 2.321 0.643 

 FOWFUU 4.019 3.120 2.680 2.995 0.899 

 HAGYOD 2.814 3.130 2.814 0.000 -0.316 

 CAYCOU 3.944 3.158 2.627 2.942 0.786 

 HEFYOH 3.765 3.162 2.871 2.436 0.603 

 ZUKLAU 3.850 3.175 2.948 2.476 0.675 

 PIPGIE 3.803 3.180 3.049 2.273 0.623 

 CIYJAX 3.820 3.188 3.019 2.341 0.632 

 HORSUC 4.033 3.220 2.764 2.937 0.813 

 CUPPUZ 3.938 3.229 2.967 2.589 0.709 

 DOFNES 3.971 3.250 2.932 2.678 0.721 

 OGOTUA 3.498 3.252 3.248 1.299 0.246 

 ZZZUPI01 3.028 3.253 3.020 0.220 -0.225 

 PIPGIE 3.929 3.259 3.068 2.454 0.670 

 ZUKLAU 3.944 3.264 2.935 2.635 0.680 

 CIYJAX 3.817 3.268 3.108 2.216 0.549 

 ZAGSIJ 3.752 3.270 3.166 2.013 0.482 

 TEVFAD 3.264 3.272 3.185 0.714 -0.008 

 ZUQMED 3.985 3.273 2.850 2.785 0.712 
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Table C2 continued 

JUBYOU 3.944 3.281 3.117 2.416 0.663 

 JUBYOU 3.661 3.305 3.298 1.589 0.356 

 ZUQMED 4.052 3.319 2.894 2.836 0.733 

 EFIWIZ01 4.095 3.319 2.953 2.837 0.776 

 ZUQMED 4.101 3.322 2.828 2.970 0.779 

 ZUQMED 3.971 3.331 2.994 2.609 0.640 

 BACGUH 4.172 3.366 2.958 2.942 0.806 

 YAKVOX 3.992 3.400 3.262 2.301 0.592 

 PIGROO 2.838 2.620 2.596 1.147 0.218 A1 

TABROE 2.707 2.783 2.654 0.533 -0.076 A1 

YERFIK 3.016 3.238 3.013 0.134 -0.222 A1 

YERFIK 3.183 3.315 3.166 0.329 -0.132 A1 

FINHUF 3.820 3.106 2.557 2.838 0.714 G 

XILFIH 3.250 3.227 3.157 0.772 0.023 G 

UZIHIV 4.079 3.235 2.771 2.993 0.844 G 

XILFIH 3.443 3.352 3.284 1.034 0.091 G 

KAMHEL 4.056 3.354 2.811 2.924 0.702 G 

NEMNAL 2.572 2.888 2.570 0.101 -0.316 A 

SANMAL 2.816 2.938 2.782 0.436 -0.122 A 

VIHNUV 3.856 2.965 2.533 2.907 0.891 A 

VIHNUV 3.854 2.970 2.546 2.893 0.884 A 

SANMAL 2.830 3.007 2.810 0.336 -0.177 A 

KOFCIR 3.887 3.032 2.615 2.876 0.855 A 

DOLGAO 3.505 3.045 2.864 2.021 0.460 A 

DOLGAO 3.706 3.045 2.805 2.422 0.661 A 

QEJYEK 3.278 3.368 3.237 0.517 -0.090 A 

QEJYEK 3.317 3.477 3.299 0.345 -0.160 A 

JEVPUV 2.469 2.745 2.463 0.172 -0.276 B 

JEVPUV 2.588 2.753 2.559 0.386 -0.165 B 

NAPHBZ 3.610 2.814 2.593 2.512 0.796 B 

JECCAW 3.696 2.837 2.284 2.906 0.859 B 

YANRIO 3.337 2.859 2.784 1.840 0.478 B 

TPMNAE 3.686 2.885 2.418 2.782 0.801 B 

GIZBUO 3.403 2.899 2.847 1.864 0.504 B 

TPMNAE 3.705 2.959 2.741 2.493 0.746 B 

TONYAW 3.147 2.669 2.604 1.767 0.478 A, B 

TONYAW 2.693 2.785 2.631 0.575 -0.092 A, B 

YUGDOT 3.632 2.793 2.404 2.723 0.839 A, B 
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Table C2 continued 

XACSID 3.492 2.838 2.605 2.326 0.654 A, B 

XACSID 3.506 2.858 2.628 2.321 0.648 A, B 

XACSID 3.746 2.894 2.593 2.703 0.852 A, B 

XICMED 4.172 3.345 2.985 2.915 0.827 A, B 

XICMED 4.113 3.376 3.076 2.730 0.737 A, B 
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Table C3. Structure entries for K+-aromatic interactions.  

All entries in analysis of K+-aromatic interactions, following initial search parameters 

of the CSD and cylinder restrictions. The entries were examined and annotated for 

specific criteria (described above). Entries with annotations A, B, C, D, E, and F were 

excluded from study, since these structures contained elements that would compete 

with the K+- interaction, and effect the geometry. Definitions of distances are shown 

in Figure 2.55. 

Annotations: (A) polycyclic aromatic rings; (A1) complex macrocyclic rings; (B) 

carbanions within or adjacent to the interacting aromatic rings; (E) redundant 

structures or entries; (G) the cation was potentially interacting with an adjacent crown 

ether. 

Refcode 

dK+–centroid, 

Å 

dK+–Cmin, 

Å 

K+ dplane, 

Å 

K+ r, 

Å 

dcentroid–Cmin, 

Å 

Parsing 

Rationale 

ZECXUC 2.934 2.250 2.139 2.008 0.684 

 UFEFIW 3.506 2.799 2.314 2.634 0.707 

 NOFCAO 3.004 2.880 2.841 0.976 0.124 

 RUNSAU 3.044 2.884 2.892 0.950 0.160 

 QEJFUH 3.318 2.884 2.854 1.692 0.434 

 KEKLUH 3.548 2.903 2.652 2.357 0.645 

 QEJFUH 3.582 2.938 2.693 2.362 0.644 

 NOFCAO 2.961 2.955 2.857 0.778 0.006 

 NOFCAO 2.904 2.964 2.823 0.681 -0.060 

 SOFHIG 3.043 2.971 2.948 0.754 0.072 

 UFEFIW 3.179 2.973 2.958 1.165 0.206 

 BUGMUN 3.673 2.978 2.803 2.374 0.695 

 RIVQIX 3.521 2.979 2.894 2.006 0.542 

 YEMYIA 2.853 2.984 2.823 0.413 -0.131 

 PEBSAQ 2.926 2.992 2.870 0.570 -0.066 

 NOFCAO 3.485 2.998 2.936 1.878 0.487 

 PEBRUJ 2.826 3.004 2.805 0.344 -0.178 

 KMEPBZ 3.250 3.004 2.997 1.257 0.246 

 XUDCUW 3.468 3.004 2.978 1.777 0.464 

 KMEPBZ 3.443 3.013 2.970 1.742 0.430 

 HAKWIB 3.138 3.015 2.982 0.977 0.123 

 BUGMUN 3.787 3.016 2.758 2.595 0.771 

 GEBCUL 2.882 3.018 2.854 0.401 -0.136 
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Table C3 continued 

PEBRUJ 2.943 3.018 2.887 0.571 -0.075 

 SUGXEX 3.283 3.018 3.025 1.276 0.265 

 PEBROD 3.288 3.020 2.986 1.376 0.268 

 PEBSAQ 2.947 3.023 2.893 0.562 -0.076 

 PEBSAQ 3.321 3.023 3.010 1.403 0.298 

 PEBROD 3.093 3.029 2.966 0.877 0.064 

 HAKWIB 2.990 3.035 2.916 0.661 -0.045 

 YOLDAG 2.898 3.040 2.867 0.423 -0.142 

 NOVQOG 3.755 3.041 2.830 2.468 0.714 

 WIZJIY 2.908 3.044 2.877 0.423 -0.136 

 FEJPAN 2.965 3.044 2.907 0.584 -0.079 

 NOFCAO 2.854 3.047 2.832 0.354 -0.193 

 FEJPAN 3.076 3.051 2.976 0.778 0.025 

 OBIJOA 3.118 3.053 2.998 0.857 0.065 

 PAGYUR 2.998 3.057 2.940 0.587 -0.059 

 KCATCR 3.632 3.058 2.963 2.100 0.574 

 PEBSAQ 3.438 3.059 3.024 1.636 0.379 

 BOBWIY 3.599 3.062 2.994 1.997 0.537 

 YEMYIA 2.846 3.064 2.838 0.213 -0.218 

 KCATFE 3.577 3.067 3.000 1.948 0.510 

 BUGMUN 3.785 3.067 2.841 2.501 0.718 

 XUDCUW 3.650 3.073 2.988 2.096 0.577 

 KCATCR 3.737 3.073 2.939 2.308 0.664 

 PAGYUR 2.878 3.074 2.860 0.321 -0.196 

 BAXSUO 2.809 3.075 2.806 0.130 -0.266 

 HAKWEX 3.182 3.077 3.037 0.950 0.105 

 KCATFE 3.319 3.077 3.072 1.256 0.242 

 BAXSUO 2.853 3.078 2.847 0.185 -0.225 

 ANUDUJ 2.849 3.080 2.842 0.200 -0.231 

 RINYOE 3.088 3.080 2.996 0.748 0.008 

 DARGEK 3.259 3.081 3.052 1.143 0.178 

 BOBWIY 3.799 3.081 2.797 2.571 0.718 

 GICHEH 2.911 3.083 2.888 0.365 -0.172 

 BOBWIY 3.790 3.083 2.920 2.416 0.707 

 BOBWIY 3.327 3.084 3.082 1.253 0.243 

 KCATFE 3.789 3.084 2.927 2.406 0.705 

 BUGMUN 2.887 3.085 2.873 0.284 -0.198 

 KCATCR 3.781 3.085 2.859 2.474 0.696 
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Table C3 continued 

BUGMUN 2.957 3.086 2.920 0.466 -0.129 

 KCATCR 3.876 3.086 2.483 2.976 0.790 

 GICHUX 2.969 3.087 2.928 0.492 -0.118 

 YOLDAG 2.781 3.088 2.781 0.000 -0.307 

 KCATFE 3.810 3.088 2.811 2.572 0.722 

 KCATCR 3.424 3.089 3.078 1.500 0.335 

 GICHEH 3.012 3.090 2.955 0.583 -0.078 

 TABRUK 3.084 3.090 2.987 0.767 -0.006 

 VAMSOR 2.875 3.091 2.864 0.251 -0.216 

 VAMSOR 2.853 3.093 2.848 0.169 -0.240 

 GICHUX 3.765 3.096 2.939 2.353 0.669 

 YAKWIS 3.242 3.097 3.082 1.006 0.145 

 YEMWUK 2.867 3.099 2.861 0.185 -0.232 

 EREMIY 3.006 3.099 2.968 0.476 -0.093 

 NOVQOG 3.322 3.100 3.054 1.307 0.222 

 WUBRIW 2.995 3.103 2.954 0.494 -0.108 

 CUDXAA 3.830 3.104 2.655 2.760 0.726 

 OJAGUC 2.892 3.106 2.881 0.252 -0.214 

 FORFUP 3.101 3.107 3.018 0.713 -0.006 

 WIZJIY 2.905 3.109 2.890 0.295 -0.204 

 WIZJIY 2.888 3.110 2.877 0.252 -0.222 

 PAGYUR 3.060 3.115 2.992 0.642 -0.055 

 KIYZIB 3.188 3.115 3.047 0.938 0.073 

 OJAGUC 2.953 3.118 2.933 0.343 -0.165 

 DAMMEJ 3.080 3.118 3.023 0.590 -0.038 

 OJAGUC 2.933 3.119 2.921 0.265 -0.186 

 OJAGUC 3.024 3.120 2.982 0.502 -0.096 

 LOCXAC 2.975 3.124 2.951 0.377 -0.149 

 BUBGIQ 3.862 3.126 2.879 2.574 0.736 

 PEBRUJ 3.656 3.127 3.049 2.017 0.529 

 GICHEH 2.915 3.129 2.903 0.264 -0.214 

 HAKWEX 3.008 3.129 2.976 0.438 -0.121 

 YAKVUD 3.234 3.130 3.108 0.894 0.104 

 NOFCAO 2.873 3.132 2.870 0.131 -0.259 

 NOVQOG01 3.221 3.132 3.066 0.987 0.089 

 WIZJIY 2.897 3.133 2.890 0.201 -0.236 

 OBIJUG 3.126 3.134 3.031 0.765 -0.008 

 MIYKUC 3.297 3.134 3.112 1.089 0.163 
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HAKWEX 3.606 3.134 3.075 1.884 0.472 

 GEBCUL01 2.887 3.135 2.878 0.228 -0.248 

 NOMKEF 3.964 3.135 2.697 2.905 0.829 

 NOVQOG01 3.941 3.136 2.708 2.863 0.805 

 EREMIY 3.098 3.137 3.028 0.655 -0.039 

 GEBCUL 2.882 3.139 2.876 0.186 -0.257 

 GEBCUL 2.900 3.140 2.893 0.201 -0.240 

 GEBCUL 2.847 3.141 2.847 0.000 -0.294 

 PAGYUR 2.926 3.144 2.919 0.202 -0.218 

 WUBRIW 2.963 3.144 2.947 0.308 -0.181 

 BEJDEB 3.219 3.146 3.115 0.812 0.073 

 GICHUX 3.151 3.147 3.060 0.752 0.004 

 MUTYUW 3.145 3.149 3.063 0.713 -0.004 

 SUGXEX 3.765 3.149 2.970 2.314 0.616 

 SUGXEX 3.873 3.149 2.708 2.769 0.724 

 PEBRUJ 3.695 3.150 3.065 2.064 0.545 

 LEYCUP 2.959 3.152 2.949 0.243 -0.193 

 BEJDEB 3.244 3.152 3.135 0.834 0.092 

 KMEPBZ 3.541 3.152 3.138 1.641 0.389 

 VEPBID 2.987 3.153 2.967 0.345 -0.166 

 SUGXEX 3.801 3.153 2.974 2.367 0.648 

 OJAGUC 2.971 3.155 2.955 0.308 -0.184 

 ZIWZIO 2.874 3.156 2.872 0.107 -0.282 

 OVODAF 3.930 3.157 2.677 2.877 0.773 

 OJAGUC 3.022 3.160 2.988 0.452 -0.138 

 XOMXAA 3.003 3.161 2.982 0.355 -0.158 

 GEBCUL01 2.869 3.162 2.867 0.107 -0.293 

 KTPHEB02 2.960 3.162 2.946 0.288 -0.202 

 RIVQIX 3.807 3.162 2.954 2.401 0.645 

 XOCGIH 3.126 3.163 3.056 0.658 -0.037 

 VIXQEY 2.881 3.164 2.880 0.076 -0.283 

 OJAGUC 2.921 3.165 2.916 0.171 -0.244 

 KCATCR 3.957 3.167 2.878 2.716 0.790 

 YAKWIS 3.326 3.168 3.161 1.035 0.158 

 FUTCIH 3.403 3.168 3.162 1.258 0.235 

 TABRUK 2.883 3.170 2.882 0.076 -0.287 

 YEZFOY 3.427 3.170 3.130 1.396 0.257 

 CIGVAP 3.796 3.171 3.012 2.310 0.625 
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OJAGUC 2.875 3.172 2.875 0.000 -0.297 

 HAKWIB 2.977 3.172 2.960 0.318 -0.195 

 SELLIF 3.046 3.175 3.026 0.348 -0.129 

 TUVYEP 2.917 3.179 2.912 0.171 -0.262 

 GICHEH 2.933 3.183 2.927 0.188 -0.250 

 MIYJOV 3.001 3.183 2.980 0.354 -0.182 

 WIZJIY 2.988 3.184 2.973 0.299 -0.196 

 PEBROD 3.693 3.184 3.076 2.044 0.509 

 OJAGUC 3.009 3.188 3.004 0.173 -0.179 

 KIBMAL 3.883 3.189 2.823 2.666 0.694 

 ZOSCER 3.081 3.190 3.048 0.450 -0.109 

 KCATFE 4.025 3.190 2.835 2.857 0.835 

 KTPHEB 2.986 3.191 2.975 0.256 -0.205 

 VEPBOJ 2.950 3.196 2.944 0.188 -0.246 

 MIYKUC 3.071 3.196 3.043 0.414 -0.125 

 ANUFEV 2.937 3.197 2.935 0.108 -0.260 

 VEPBOJ 3.357 3.198 3.145 1.174 0.159 

 LADGIH 3.060 3.203 3.034 0.398 -0.143 

 GICGUW 4.051 3.204 2.770 2.956 0.847 

 PEBRUJ 3.800 3.205 2.971 2.369 0.595 

 MIYKUC 3.039 3.206 3.023 0.311 -0.167 

 UCIRAB 4.021 3.206 2.713 2.968 0.815 

 BOBWIY 4.031 3.207 2.865 2.836 0.824 

 NOMKEF 3.102 3.214 3.072 0.430 -0.112 

 KPHTNB10 3.420 3.214 3.171 1.281 0.206 

 RARKAY 3.171 3.216 3.110 0.619 -0.045 

 DAMMEJ 2.957 3.217 2.954 0.133 -0.260 

 BDTASH 3.936 3.217 3.133 2.383 0.719 

 RIZZOP 3.093 3.218 3.061 0.444 -0.125 

 YEXJIW 3.183 3.220 3.128 0.589 -0.037 

 VOHXUL 3.698 3.220 3.126 1.976 0.478 

 XOCGIH 3.871 3.222 2.981 2.469 0.649 

 OJAGUC 2.945 3.223 2.944 0.077 -0.278 

 GICGUW 3.087 3.223 3.062 0.392 -0.136 

 QIVWEX 3.088 3.223 3.064 0.384 -0.135 

 HAKWEX 3.227 3.224 3.148 0.710 0.003 

 OJAGUC 3.182 3.225 3.103 0.705 -0.043 

 BUGMUN 4.076 3.226 2.806 2.956 0.850 
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AVETUQ 3.862 3.227 3.013 2.416 0.635 

 ANUFEV 2.951 3.229 2.950 0.077 -0.278 

 KMEPBZ 3.989 3.232 2.975 2.657 0.757 

 KACSAK 3.820 3.237 3.109 2.220 0.583 

 RINYOE 3.897 3.240 3.132 2.319 0.657 

 RIWMEQ 2.989 3.241 2.985 0.155 -0.252 

 VEPBID 3.313 3.244 3.198 0.865 0.069 

 POWNAS 3.232 3.245 3.153 0.710 -0.013 

 KEKLUH 4.071 3.247 2.818 2.938 0.824 

 XOCGIH 3.592 3.248 3.147 1.732 0.344 

 PEBRUJ 3.880 3.253 2.831 2.653 0.627 

 KBZILT 3.078 3.254 3.062 0.313 -0.176 

 BATWEY 4.074 3.256 2.856 2.905 0.818 

 ANUFEV 3.053 3.257 3.042 0.259 -0.204 

 LADGIH 3.053 3.257 3.041 0.270 -0.204 

 LEYCUP 3.049 3.258 3.041 0.221 -0.209 

 KNPHEH01 3.697 3.260 3.129 1.969 0.437 

 ANUFEV 2.990 3.262 2.989 0.077 -0.272 

 PEGNEW 2.989 3.265 2.988 0.077 -0.276 

 BACWEH10 3.034 3.266 3.031 0.135 -0.232 

 VEPBID 3.052 3.268 3.044 0.221 -0.216 

 ZIWZIO 2.974 3.270 2.974 0.000 -0.296 

 FEJPAN 3.605 3.270 3.274 1.509 0.335 

 SOJTOC 2.996 3.272 2.994 0.109 -0.276 

 NAYXEQ 3.165 3.274 3.131 0.463 -0.109 

 NAYXAM 4.073 3.275 2.905 2.855 0.798 

 ZOSCER 3.123 3.284 3.102 0.362 -0.161 

 BAGLOM 3.023 3.285 3.022 0.078 -0.262 

 VISNUI 3.063 3.288 3.058 0.175 -0.225 

 YEZFOY 4.079 3.289 2.993 2.771 0.790 

 VEPBEZ 3.063 3.290 3.056 0.207 -0.227 

 TMALNK 3.096 3.292 3.088 0.222 -0.196 

 CEYLEX 3.746 3.295 3.219 1.916 0.451 

 RINYOE 4.017 3.299 3.115 2.536 0.718 

 QIVWIB 3.213 3.300 3.178 0.473 -0.087 

 WIZJIY 3.103 3.303 3.095 0.223 -0.200 

 WOKYOM 3.989 3.304 3.077 2.539 0.685 

 UCIRAB 4.092 3.307 2.892 2.895 0.785 
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VEPBEZ 3.058 3.314 3.056 0.111 -0.256 

 BERMAO 3.323 3.322 3.230 0.781 0.001 

 WARHUU 3.215 3.323 3.186 0.431 -0.108 

 XEBVEF 3.840 3.323 3.124 2.233 0.517 

 BACWAD10 3.281 3.325 3.234 0.553 -0.044 

 KIBMAL 3.281 3.327 3.212 0.669 -0.046 

 VEXVAX 3.528 3.329 3.270 1.324 0.199 

 DOCCIH 3.630 3.330 3.288 1.538 0.300 

 SEYHOV 3.722 3.330 3.298 1.725 0.392 

 KOTJUA 3.323 3.333 3.256 0.664 -0.010 

 GADNAB 3.910 3.334 3.049 2.448 0.576 

 VAZZAZ01 3.260 3.335 3.220 0.509 -0.075 

 ELECIH 3.190 3.336 3.173 0.329 -0.146 

 BUBGIQ 3.133 3.337 3.124 0.237 -0.204 

 JOLVUD 3.054 3.342 3.054 0.000 -0.288 

 WARHUU 3.223 3.342 3.199 0.393 -0.119 

 YEXJIW 3.135 3.343 3.128 0.209 -0.208 

 NAYXAM 3.658 3.347 3.343 1.485 0.311 

 NOSGOT 3.814 3.347 3.299 1.914 0.467 

 SUGXEX 4.100 3.347 3.055 2.734 0.753 

 YEZFOY 3.550 3.349 3.327 1.238 0.201 

 YEBDIS 3.459 3.350 3.323 0.960 0.109 

 VICCOZ 4.032 3.355 2.928 2.772 0.677 

 FEJPAN 3.190 3.356 3.176 0.299 -0.166 

 CIGVAP 4.154 3.360 2.971 2.903 0.794 

 KCATCR 4.192 3.370 2.993 2.935 0.822 

 NOYKET 3.686 3.373 3.362 1.511 0.313 

 XUNWAF 4.132 3.373 3.015 2.825 0.759 

 REKVAG 3.250 3.380 3.225 0.402 -0.130 

 ELECIH 3.321 3.382 3.279 0.526 -0.061 

 YACVIH 3.344 3.385 3.299 0.547 -0.041 

 PEBSAQ 4.064 3.387 2.993 2.749 0.677 

 REKVAG 3.150 3.392 3.148 0.112 -0.242 

 UFEJUL 3.525 3.396 3.365 1.050 0.129 

 TUVPAC 3.501 3.406 3.368 0.956 0.095 

 FUTCIH 4.070 3.410 3.252 2.447 0.660 

 WOKYOM 3.329 3.423 3.299 0.446 -0.094 

 GICHUX 4.182 3.426 3.112 2.794 0.756 
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DIBYUI 4.132 3.430 3.192 2.624 0.702 

 XUXVUI 3.486 3.431 3.374 0.877 0.055 

 TUVPIK 3.429 3.434 3.363 0.670 -0.005 

 BERMAO 3.730 3.437 3.426 1.475 0.293 

 BERLUH 3.514 3.438 3.386 0.940 0.076 

 SENHUO 3.667 3.443 3.383 1.415 0.224 

 TUVPAC 3.607 3.445 3.425 1.131 0.162 

 VEPFAX10 4.079 3.449 3.041 2.719 0.630 

 BERMAO 4.094 3.450 3.021 2.763 0.644 

 XOXBIW 3.597 3.455 3.425 1.099 0.142 

 VIHMII 3.197 3.467 3.197 0.000 -0.270 

 TEZJEN 3.807 3.470 3.395 1.723 0.337 

 QOYLIA 4.056 3.475 3.343 2.297 0.581 

 KPHTHT 4.037 3.507 3.329 2.284 0.530 

 CEYLEX 3.546 3.511 3.443 0.848 0.035 

 OGEPAT 4.133 3.523 3.331 2.447 0.610 

 SIPSUF 3.893 3.533 3.494 1.717 0.360 

 KTYSUH10 3.558 3.552 3.473 0.773 0.006 

 NOVQOG01 4.040 3.552 3.387 2.202 0.488 

 ZAPQOW 4.098 3.567 3.304 2.424 0.531 

 SEZQUK 4.172 3.568 3.166 2.717 0.604 

 GIFXEA 4.110 3.573 3.492 2.167 0.537 

 PAVXAL 3.712 3.581 3.549 1.088 0.131 

 VEPFAX10 3.975 3.600 3.572 1.744 0.375 

 GADNAB 4.082 3.602 3.514 2.077 0.480 

 NOSGOT 4.167 3.627 3.528 2.217 0.540 

 BERLUH 3.460 3.637 3.452 0.235 -0.177 

 JOLVUD 4.114 3.652 3.540 2.096 0.462 

 QOYLOG 4.071 3.673 3.627 1.849 0.398 

 PDNMET 4.113 3.712 3.602 1.986 0.401 

 LADGIH 4.122 3.787 3.749 1.713 0.335 

 WIZJIY 3.833 3.843 3.773 0.676 -0.010 

 CEVZUA 3.115 2.904 2.949 1.003 0.211 A1 

CEVZUA 2.792 2.941 2.791 0.075 -0.149 A1 

CEVZUA 2.920 2.984 2.785 0.878 -0.064 A1 

CEVZUA 2.967 3.095 2.960 0.204 -0.128 A1 

CEVZUA 3.512 3.097 2.964 1.884 0.415 A1 

SUDPIQ 3.137 3.118 3.045 0.754 0.019 A1 
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SUCCUO 3.763 3.133 2.923 2.370 0.630 A1 

CEVZUA 3.597 3.134 3.153 1.731 0.463 A1 

HEVWOW 2.880 3.157 2.877 0.131 -0.277 A1 

CEVZUA 3.531 3.161 3.031 1.811 0.370 A1 

FOVDOL 3.111 3.187 3.061 0.556 -0.076 A1 

FOVDOL 3.104 3.194 3.058 0.532 -0.090 A1 

CEVZUA 3.059 3.196 3.013 0.528 -0.137 A1 

CEVZUA 3.514 3.204 3.105 1.645 0.310 A1 

FEHWOF 4.048 3.213 2.776 2.946 0.835 A1 

FOVDOL 3.062 3.214 3.037 0.390 -0.152 A1 

FEHWOF 4.031 3.220 2.834 2.867 0.811 A1 

FOVDOL 3.132 3.263 3.101 0.440 -0.131 A1 

FEHWOF 4.025 3.263 2.941 2.748 0.762 A1 

SUDPIQ 3.359 3.282 3.211 0.986 0.077 A1 

WUHVOK 3.216 3.286 3.159 0.603 -0.070 A1 

SUCCUO 4.037 3.374 3.066 2.626 0.663 A1 

MIQTAJ 3.140 3.160 3.062 0.696 -0.020 G 

VIXJOD 3.882 3.167 2.856 2.629 0.715 G 

GENCEH 3.232 3.168 3.108 0.887 0.064 G 

SIKVOZ 3.727 3.171 3.007 2.202 0.556 G 

WIMCAW 3.933 3.178 2.854 2.706 0.755 G 

XOFNAH 2.995 3.180 2.984 0.256 -0.185 G 

MIQTAJ 3.085 3.188 3.045 0.495 -0.103 G 

XOFLUB 3.568 3.190 3.165 1.647 0.378 G 

VIXJOD 3.729 3.192 2.969 2.256 0.537 G 

EZEYIR 3.326 3.196 3.145 1.082 0.130 G 

XESWEX 3.890 3.203 2.843 2.655 0.687 G 

CETGEP 3.534 3.207 3.198 1.504 0.327 G 

GEJNOY01 3.734 3.208 3.122 2.048 0.526 G 

CETGEP 3.704 3.211 3.150 1.949 0.493 G 

GEJNOY01 3.533 3.212 3.203 1.491 0.321 G 

ZITSUQ 3.184 3.235 3.117 0.650 -0.051 G 

FAJNIO 3.200 3.241 3.130 0.666 -0.041 G 

YARMUZ 3.207 3.242 3.140 0.652 -0.035 G 

MIQTAJ 3.103 3.253 3.079 0.385 -0.150 G 

FEBSUC 3.369 3.257 3.185 1.098 0.112 G 

ASENUI 3.752 3.279 3.207 1.947 0.473 G 

HOODKI01 3.277 3.281 3.196 0.724 -0.004 G 
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MIQTAJ 3.169 3.286 3.130 0.496 -0.117 G 

GEJNOY 3.833 3.286 3.188 2.128 0.547 G 

HOODKI10 3.273 3.287 3.191 0.728 -0.014 G 

BACVAC10 3.119 3.288 3.107 0.273 -0.169 G 

CETGOZ 4.024 3.290 2.847 2.844 0.734 G 

GEJNOY 3.617 3.294 3.276 1.533 0.323 G 

GANSIX 3.919 3.302 3.037 2.477 0.617 G 

FAJNIO 4.076 3.302 2.878 2.886 0.774 G 

BAPGAA 3.481 3.309 3.293 1.128 0.172 G 

YAVCUU 3.590 3.336 3.330 1.341 0.254 G 

WAJGET 3.942 3.343 3.136 2.388 0.599 G 

GUNFIF 3.283 3.347 3.228 0.598 -0.064 G 

BACTUU10 3.369 3.348 3.252 0.880 0.021 G 

DAKTOZ 4.060 3.353 2.982 2.755 0.707 G 

CANSOA 3.293 3.357 3.239 0.594 -0.064 G 

TIFDAN 3.688 3.358 3.241 1.760 0.330 G 

YAVCUU 3.469 3.360 3.319 1.009 0.109 G 

CAZHEQ 3.485 3.381 3.352 0.954 0.104 G 

YAVCUU 3.587 3.385 3.346 1.293 0.202 G 

YARMUZ 3.274 3.387 3.236 0.497 -0.113 G 

QOZYOT 3.184 3.393 3.176 0.226 -0.209 G 

GENKAN 4.019 3.400 3.260 2.350 0.619 G 

BEBFAP 3.702 3.408 3.363 1.548 0.294 G 

BACTOO10 3.639 3.442 3.419 1.246 0.197 G 

HOODKI10 3.929 3.453 3.401 1.967 0.476 G 

VEQTIU01 3.439 3.457 3.376 0.655 -0.018 G 

HOODKI01 3.924 3.467 3.385 1.985 0.457 G 

CETGUF 4.185 3.472 3.207 2.689 0.713 G 

ROTPUN 3.251 3.475 3.249 0.114 -0.224 G 

OCABEZ 3.428 3.484 3.384 0.547 -0.056 G 

YAVCUU 3.784 3.496 3.471 1.507 0.288 G 

JOYJUC 4.043 3.513 3.318 2.310 0.530 G 

GENKAN 3.563 3.569 3.491 0.713 -0.006 G 

AHIPEN 3.411 3.581 3.400 0.274 -0.170 G 

PAJHEN 4.155 3.829 3.766 1.755 0.326 G 

DAMHIK 3.826 3.064 2.814 2.592 0.762 A 

EKUNEE 2.864 3.080 2.855 0.227 -0.216 A 

EKUNEE 2.903 3.131 2.898 0.170 -0.228 A 
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DAMHIK 3.999 3.222 3.022 2.619 0.777 A 

FIWTOU 3.661 3.244 3.233 1.718 0.417 A 

CUTFUS 3.185 3.256 3.133 0.573 -0.071 A 

SICHIX 3.267 3.266 3.190 0.705 0.001 A 

SORNEU 4.080 3.270 2.941 2.828 0.810 A 

LEYZIY 3.425 3.289 3.254 1.069 0.136 A 

LAQXOQ 3.860 3.401 3.286 2.025 0.459 A 

LAQXUW 3.987 3.416 3.320 2.208 0.571 A 

CUTFUS 4.151 3.432 3.060 2.805 0.719 A 

TIWSIC 3.874 3.532 3.502 1.656 0.342 A 

VIZCUE 2.920 2.981 2.862 0.579 -0.061 B 

VIZCUE 3.079 3.088 2.991 0.731 -0.009 B 

VIZCUE 2.872 3.114 2.866 0.186 -0.242 B 

EPUVIV 2.896 3.129 2.891 0.170 -0.233 B 

VIZCUE 3.836 3.159 3.025 2.359 0.677 B 

WIZJIY 3.497 3.459 3.410 0.775 0.038 E 

XACSAV 3.036 3.001 2.923 0.821 0.035 A, B 

XACSAV 3.611 3.022 2.940 2.097 0.589 A, B 

FLMENK 3.445 3.044 2.995 1.702 0.401 A, B 

XACSAV 2.946 3.083 2.915 0.426 -0.137 A, B 

FLMENK 3.790 3.177 2.985 2.335 0.613 A, B 

BIZGIC 3.948 3.200 2.813 2.770 0.748 A, B 

FLMENK 3.961 3.251 2.998 2.589 0.710 A, B 

FLMENK 4.101 3.350 3.014 2.781 0.751 A, B 

CUTFUS10 3.185 3.256 3.133 0.573 -0.071 A, E 

CUTFUS10 4.151 3.432 3.060 2.805 0.719 A, E 

CEDXAM 3.115 3.165 3.045 0.657 -0.050 A, G 

MEPPAZ 2.952 3.225 2.950 0.109 -0.273 A, G 

MEPPED 3.649 3.295 3.299 1.559 0.354 A, G 

MEPPAZ 3.829 3.305 3.253 2.020 0.524 A, G 

YEMYEW 3.030 3.312 3.030 0.000 -0.282 A, G 

YEMYEW 3.843 3.373 3.363 1.860 0.470 A, G 

TEJTIL 4.172 3.408 3.035 2.863 0.764 A, G 

MEPPAZ01 4.000 3.427 3.263 2.314 0.573 A, G 

MEPPED 3.980 3.455 3.520 1.857 0.525 A, G 

TUGWUO 3.112 3.119 3.029 0.714 -0.007 A1, G 

TUGWUO 3.192 3.220 3.122 0.665 -0.028 A1, G 

YARMUZ10 3.207 3.242 3.140 0.652 -0.035 E, G 

YARMUZ10 3.274 3.387 3.236 0.497 -0.113 E, G 
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Table C4. Structure entries for thiol-aromatic interactions, with the cylinder restriction on the reported 

hydrogen atom.  

All entries in analysis of thiol-aromatic interactions, following initial search parameters of the CSD and cylinder restriction 

on the hydrogen atom, as reported in the CSD. The entries were examined and annotated for specific criteria (described 

above). Entries with annotations A, B, C, D, E, and F were excluded from study, since these structures contained elements 

that would compete with the thiol- interaction, and effect the geometry. Definitions of distances are shown in Figure 2.55. 

Z refers to the atom or hybridized carbon that is bound to the sulfur atom. 

Annotations: (A) polycyclic rings; (A1) complex macrocyclic rings; (B) carbanions within or adjacent to the interacting 

aromatic rings; (C) thiol groups were “pointed away” from the plane of the aromatic ring (as defined by (dS–plane – dH–plane) ≥ 

–0.10 Å); (D) where thiol groups where the sulfur atom is apparently tri-coordinate; (E) redundant structures or entries; (F) 

unusual structures with questionable features. 
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WANCIX 1.251 107.05 2.610 2.200 2.197 1.409 3.729 3.152 3.099 2.074 0.902 147.84 0.410 

 

sp2 

FULGIE 1.214 95.37 2.875 2.327 2.291 1.737 3.932 3.087 2.684 2.873 0.393 145.08 0.548 

 

sp2 

NUMWUP 1.236 100.29 2.823 2.392 2.396 1.493 3.875 3.089 2.837 2.640 0.441 142.31 0.431 

 

sp2 

ODOSAD 1.312 110.13 2.641 2.472 2.428 1.039 3.746 3.644 3.612 0.993 1.184 140.34 0.169 

 

sp2 

HOMPOP 1.020 94.95 3.108 2.481 2.402 1.972 3.992 3.138 2.762 2.882 0.360 145.68 0.627 

 

sp2 

NUZLAW 1.200 109.44 3.531 2.484 1.886 2.985 3.955 3.215 2.777 2.816 0.891 101.79 1.047 

 

Pd 
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Table C4 continued 

COLDEN 1.322 103.47 2.902 2.490 2.464 1.533 4.204 3.668 3.568 2.223 1.104 167.89 0.412 

 

sp2 

DEBYUG 1.251 102.78 3.196 2.518 2.290 2.229 3.812 3.220 3.072 2.257 0.782 110.14 0.678 

 

sp2 

COLDEN 1.356 100.51 3.235 2.525 2.399 2.170 4.273 3.737 3.537 2.398 1.138 132.68 0.710 

 

sp2 

YULZUA 1.303 113.44 2.960 2.535 2.515 1.561 4.026 3.764 3.690 1.610 1.175 138.27 0.425 

 

sp2 

GAGTUF 1.375 92.92 2.833 2.536 2.504 1.325 3.721 3.722 3.652 0.713 1.148 120.26 0.297 

 

sp2 

COLDEN 1.343 99.16 2.690 2.549 2.494 1.008 4.014 3.801 3.796 1.305 1.302 168.33 0.141 

 

sp2 

DUCPIB 1.200 109.49 3.434 2.560 2.145 2.682 4.604 3.704 3.025 3.471 0.880 164.99 0.874 

 

sp2 

KOYJIT 1.240 98.99 3.091 2.569 2.533 1.771 4.127 3.767 3.737 1.751 1.204 140.79 0.522 

 

sp3 

VECXIL 1.226 96.64 2.740 2.600 2.522 1.071 3.593 3.621 3.539 0.621 1.017 125.46 0.140 

 

sp2 

KOYJIT 1.257 96.83 2.990 2.613 2.590 1.494 4.169 3.839 3.749 1.824 1.159 156.01 0.377 

 

sp3 

YUCYUR 1.200 109.45 3.266 2.653 2.397 2.218 4.443 3.838 3.397 2.864 1.000 166.88 0.613 

 

sp2 

VECXIL 1.251 97.16 2.648 2.668 2.560 0.677 3.551 3.581 3.497 0.617 0.937 127.57 -0.020 

 

sp2 

VECXIL01 1.195 96.13 2.853 2.679 2.608 1.157 3.624 3.639 3.562 0.667 0.954 121.53 0.174 

 

sp2 

YULZUA 1.186 104.69 2.892 2.684 2.643 1.174 4.010 3.782 3.725 1.485 1.082 156.84 0.208 

 

sp2 

COLDAJ 1.243 96.30 2.780 2.694 2.632 0.895 3.779 3.693 3.629 1.054 0.997 136.41 0.086 

 

sp2 

COLDEN 1.344 87.89 2.637 2.696 2.574 0.573 3.878 3.625 3.619 1.393 1.045 152.21 -0.059 

 

sp2 

ODOSAD 1.300 100.68 2.743 2.696 2.608 0.850 3.805 3.933 3.791 0.326 1.183 137.62 0.047 

 

sp2 

YULZOU 1.160 99.53 2.692 2.705 2.608 0.667 3.684 3.649 3.598 0.791 0.990 142.92 -0.013 

 

sp2 

VECXIL01 1.184 100.93 2.726 2.722 2.632 0.710 3.599 3.607 3.537 0.665 0.905 129.70 0.004 

 

sp2 

PESPIN 1.231 97.82 3.163 2.724 2.552 1.869 3.927 3.139 2.832 2.720 0.280 120.07 0.439 

 

sp3 

QAXPEM01 1.198 102.81 3.196 2.729 2.602 1.856 4.076 3.315 3.018 2.740 0.416 130.35 0.467 

 

Si 

KILCUE 1.200 109.41 2.698 2.731 2.628 0.611 3.715 3.558 3.506 1.228 0.878 141.64 -0.033 

 

sp2 

EXUVUO 1.131 94.93 3.058 2.733 2.731 1.376 4.061 3.767 3.723 1.622 0.992 147.83 0.325 

 

Ge 

LIGDOU 1.255 106.57 3.361 2.752 2.528 2.215 4.445 3.690 2.891 3.376 0.363 144.66 0.609 

 

Ru 

MIBSAR 1.199 104.36 2.774 2.758 2.655 0.804 3.960 3.862 3.828 1.014 1.173 169.90 0.016 

 

sp2 

YUKDIR 1.280 116.38 3.254 2.767 2.653 1.884 4.315 3.607 3.313 2.765 0.660 140.07 0.487 

 

W 

 



 

 

7
9
4

 

Table C4 continued 

HIYSAK 1.108 100.54 2.642 2.771 2.602 0.458 3.750 3.784 3.697 0.628 1.095 178.53 -0.129 

 

sp3 

GUJNOP 1.246 111.77 3.119 2.776 2.681 1.594 3.903 3.413 3.351 2.001 0.670 120.56 0.343 

 

Mo 

TAXMUA 1.365 96.41 2.537 2.783 2.527 0.225 3.725 3.810 3.689 0.517 1.162 143.66 -0.246 

 

sp3 

SIZBAE 1.312 100.26 2.619 2.786 2.592 0.375 3.733 3.873 3.717 0.345 1.125 141.10 -0.167 

 

sp3 

VECXIL 1.229 95.88 3.161 2.787 2.684 1.670 4.229 3.778 3.720 2.011 1.036 145.23 0.374 

 

sp2 

GIQDER 1.259 96.21 3.186 2.797 2.702 1.688 4.407 4.021 3.851 2.143 1.149 163.22 0.389 

 

sp2 

XUDQOE 1.199 109.50 3.287 2.802 2.751 1.799 4.159 3.919 3.892 1.466 1.141 129.92 0.485 

 

sp2 

WAKHOF02 1.257 94.04 3.546 2.806 2.453 2.561 4.764 4.035 3.362 3.375 0.909 163.40 0.740 

 

Si 

GAGTUF 1.380 86.42 3.543 2.808 2.539 2.471 4.260 3.857 3.803 1.920 1.264 112.13 0.735 

 

sp2 

SOSPAT 1.254 92.96 2.832 2.810 2.737 0.727 3.559 3.737 3.552 0.223 0.815 115.69 0.022 

 

Al 

HUDFIW 1.200 109.51 3.676 2.811 2.461 2.731 4.166 3.583 3.315 2.523 0.854 105.80 0.865 

 

sp2 

WAQFEZ 1.362 104.07 2.975 2.814 2.769 1.088 3.912 3.816 3.757 1.090 0.988 124.55 0.161 

 

sp3 

QAXPEM 1.107 94.08 3.444 2.823 2.663 2.184 4.186 3.367 2.939 2.981 0.276 125.56 0.621 

 

Si 

MEDCII 1.235 99.89 3.673 2.823 2.159 2.971 4.195 3.568 3.221 2.688 1.062 106.59 0.850 

 

sp2 

ICOPUN 1.186 97.77 2.575 2.830 2.568 0.190 3.573 3.667 3.538 0.499 0.970 140.63 -0.255 

 

sp2 

NAMQEY 1.017 102.78 3.714 2.843 2.471 2.773 4.573 3.737 3.177 3.289 0.706 143.71 0.871 

 

sp2 

FAMZIC01 1.210 104.99 3.534 2.850 2.594 2.400 4.688 3.893 3.196 3.430 0.602 159.73 0.684 

 

S 

KUKGAZ 1.190 96.11 3.590 2.856 2.583 2.493 4.620 3.650 2.837 3.646 0.254 145.50 0.734 

 

sp3 

ESABAB 1.211 94.47 3.483 2.862 2.729 2.164 4.573 4.045 3.830 2.499 1.101 150.23 0.621 

 

sp3 

ZZZLWW01 1.295 95.39 3.653 2.867 2.599 2.567 4.337 3.871 3.704 2.256 1.105 113.65 0.786 

 

sp2 

FAMZIC01 1.210 104.99 3.574 2.872 2.676 2.369 4.114 3.682 3.518 2.133 0.842 108.09 0.702 

 

S 

PESPIN 1.231 97.82 2.822 2.891 2.757 0.602 3.489 3.565 3.445 0.552 0.688 112.82 -0.069 

 

sp3 

VECXIL01 1.190 98.86 3.270 2.892 2.768 1.741 4.259 3.823 3.763 1.995 0.995 140.68 0.378 

 

sp2 

HUCJOF 1.200 109.45 3.378 2.902 2.872 1.778 3.630 3.577 3.539 0.808 0.667 92.30 0.476 

 

sp2 

FAMZIC01 1.210 104.99 3.431 2.910 2.821 1.953 3.922 3.264 3.016 2.507 0.195 104.97 0.521 

 

S 

WONHAK 1.288 96.52 3.798 2.929 2.577 2.790 4.403 3.622 2.892 3.320 0.315 109.73 0.869 

 

sp2 
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Table C4 continued 

KECXIA 1.221 94.28 3.695 2.944 2.632 2.593 4.798 4.125 3.602 3.170 0.970 150.87 0.751 

 

sp2 

DPDHPS10 1.272 101.22 3.290 2.964 2.927 1.502 3.702 3.707 3.638 0.685 0.711 98.71 0.326 

 

P 

KUKGAZ 1.201 97.21 3.461 2.969 2.940 1.826 4.366 3.557 3.227 2.941 0.287 132.77 0.492 

 

sp3 

POHJON01 1.200 109.37 3.630 2.978 2.812 2.296 4.372 3.765 3.433 2.707 0.621 121.06 0.652 

 

sp3 

HOMPOP 1.016 105.66 3.552 2.980 2.792 2.196 4.246 3.617 3.442 2.486 0.650 127.33 0.572 

 

sp2 

DPDHPS01 1.247 98.51 3.327 2.983 2.944 1.550 3.651 3.645 3.579 0.721 0.635 94.87 0.344 

 

P 

XAFVEH 1.236 98.77 2.840 2.986 2.813 0.391 3.625 3.674 3.575 0.600 0.762 120.36 -0.146 

 

sp3 

JURJAH 0.990 83.80 3.730 2.994 2.802 2.462 3.990 3.366 2.991 2.641 0.189 98.00 0.736 

 

Ru 

ICOPUN 1.158 97.37 3.018 3.002 2.928 0.732 3.846 3.895 3.806 0.553 0.878 128.34 0.016 

 

sp2 

AZIKEZ 1.181 97.05 3.644 3.013 2.625 2.527 4.452 3.676 3.257 3.035 0.632 126.70 0.631 

 

sp2 

HUDFIW 1.200 109.48 3.449 3.016 2.847 1.947 4.592 4.110 3.923 2.387 1.076 159.55 0.433 

 

sp2 

MELFAK 1.200 109.49 3.197 3.019 2.988 1.137 3.324 3.590 3.323 0.082 0.335 85.40 0.178 

 

sp2 

KECXIA 1.221 94.28 3.802 3.028 2.712 2.665 3.716 3.378 3.343 1.623 0.631 76.70 0.774 

 

sp2 

DIXFAS 1.180 99.20 3.733 3.040 2.843 2.419 3.930 3.626 3.620 1.530 0.777 90.78 0.693 

 

sp3 

COLDEN 1.327 83.11 3.500 3.055 2.948 1.887 4.579 3.929 3.391 3.077 0.443 138.45 0.445 

 

sp2 

DUCPIB 1.200 109.46 3.139 3.058 3.011 0.887 3.486 3.666 3.478 0.236 0.467 96.56 0.081 

 

sp2 

GUJNOP 1.246 111.77 3.568 3.074 3.026 1.890 4.161 3.508 3.187 2.675 0.161 109.90 0.494 

 

Mo 

QUSSUS 1.200 109.50 3.886 3.084 2.541 2.940 4.221 3.572 3.356 2.560 0.815 97.88 0.802 

 

Zn 

XUGPEU 0.905 106.19 2.890 3.108 2.881 0.228 3.731 3.762 3.674 0.650 0.793 155.26 -0.218 

 

sp2 

SIZBAE 1.396 97.94 3.827 3.110 2.901 2.496 4.781 4.213 3.927 2.727 1.026 125.92 0.717 

 

sp3 

WESQER 1.334 90.12 2.950 3.122 2.930 0.343 3.873 3.760 3.727 1.053 0.797 125.03 -0.172 

 

sp3 

WUJWAZ 1.314 93.55 3.848 3.139 2.774 2.667 4.154 3.612 3.464 2.293 0.690 94.10 0.709 

 

sp2 

LUVKOD 1.286 95.53 3.450 3.147 3.058 1.597 4.527 3.926 3.594 2.753 0.536 141.45 0.303 

 

Si 

MOCGIW 1.156 102.82 3.784 3.179 3.023 2.276 4.755 3.924 3.336 3.388 0.313 142.66 0.605 

 

Ti 

HUCMIC 1.200 109.47 4.046 3.196 2.729 2.987 3.905 3.396 3.337 2.028 0.608 74.71 0.850 

 

sp2 

GUJNOP 1.246 111.77 3.621 3.200 3.179 1.734 4.121 4.072 4.037 0.828 0.858 104.92 0.421 

 

Mo 
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Table C4 continued 

WIXTII 1.200 109.46 3.240 3.213 3.129 0.841 4.253 3.911 3.896 1.706 0.767 142.27 0.027 

 

sp2 

VECXIL01 1.185 99.28 3.773 3.216 2.897 2.417 4.622 3.793 2.914 3.588 0.017 129.81 0.557 

 

sp2 

WAWQOC 0.897 108.76 3.567 3.219 3.205 1.566 3.924 3.583 3.518 1.738 0.313 106.97 0.348 

 

sp2 

VECXIL 1.255 96.43 3.761 3.221 2.931 2.357 4.581 3.742 2.834 3.599 -0.097 123.91 0.540 

 

sp2 

GIQDER 1.259 96.21 3.846 3.251 3.127 2.239 4.371 3.755 3.345 2.814 0.218 106.41 0.595 

 

sp2 

WIXTII 1.200 109.46 3.543 3.275 3.190 1.542 4.245 4.190 4.151 0.888 0.961 118.26 0.268 

 

sp2 

SOSPAT 1.203 92.20 3.043 3.277 3.038 0.174 3.740 3.639 3.614 0.963 0.576 116.62 -0.234 

 

Al 

MEDBUT 1.120 99.64 4.009 3.284 2.909 2.759 4.370 3.950 3.824 2.115 0.915 101.37 0.725 

 

sp2 

XUDQOE 1.200 109.50 3.517 3.305 3.250 1.344 4.434 4.407 4.349 0.864 1.099 133.94 0.212 

 

sp2 

VECXIL 1.251 97.16 4.016 3.309 2.757 2.920 4.653 3.662 2.659 3.818 -0.098 113.17 0.707 

 

sp2 

VECXIL01 1.184 100.93 4.016 3.310 2.768 2.910 4.698 3.710 2.723 3.828 -0.045 118.52 0.706 

 

sp2 

FULGIE 1.214 95.37 3.417 3.329 3.283 0.948 4.132 3.638 3.556 2.104 0.273 118.20 0.088 

 

sp2 

HUCMIC 1.201 109.51 3.681 3.351 3.336 1.556 4.595 4.135 4.013 2.238 0.677 133.86 0.330 

 

sp2 

LAWKIE 0.959 110.63 3.181 3.354 3.170 0.264 3.725 3.609 3.562 1.090 0.392 117.65 -0.173 

 

sp3 

BOZTOB 1.339 107.26 3.622 3.358 3.296 1.502 4.711 4.208 4.119 2.286 0.823 138.69 0.264 

 

sp3 

PEDXIF 0.998 99.92 3.228 3.368 3.202 0.409 4.027 3.948 3.900 1.003 0.698 138.21 -0.140 

 

Ir 

COLDAJ 1.243 96.30 3.928 3.396 3.283 2.157 4.637 3.855 3.214 3.342 -0.069 117.63 0.532 

 

sp2 

COLDEN 1.322 103.47 4.175 3.474 3.172 2.715 4.452 3.700 3.226 3.068 0.054 93.36 0.701 

 

sp2 

XIGPUA 1.158 97.46 4.172 3.491 3.289 2.567 3.906 3.619 3.613 1.484 0.324 68.79 0.681 

 

sp2 

HUSNEP 1.317 95.72 4.178 3.496 3.268 2.603 4.703 3.986 3.376 3.274 0.108 105.43 0.682 

 

sp2 

BEJTAM 0.956 109.17 4.160 3.508 3.334 2.488 4.502 4.096 4.061 1.943 0.727 104.91 0.652 

 

sp3 

ILOQAB 1.007 98.37 4.204 3.523 3.141 2.794 4.623 3.883 3.558 2.952 0.417 108.49 0.681 

 

sp2 

FATQIC 1.200 109.50 4.170 3.536 3.215 2.656 4.127 3.550 3.430 2.295 0.215 79.65 0.634 

 

sp2 

BEJTAM 0.956 109.17 3.953 3.542 3.510 1.818 4.063 3.969 3.946 0.968 0.436 89.75 0.411 

 

sp3 

YIRGEM 1.196 97.55 4.214 3.595 3.163 2.784 3.725 3.424 3.355 1.619 0.192 58.17 0.619 

 

sp2 

RONVAR01 1.403 93.42 3.943 3.628 3.593 1.624 4.738 4.063 3.647 3.025 0.054 116.47 0.315 

 

sp2 
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Table C4 continued 

ICOPUN 1.186 97.77 3.689 3.660 3.600 0.805 3.531 3.662 3.510 0.385 -0.090 73.06 0.029 

 

sp2 

RONVAR01 1.403 93.42 4.393 3.759 3.559 2.575 4.525 3.932 3.504 2.863 -0.055 86.33 0.634 

 

sp2 

MURMER 1.220 99.59 4.432 3.779 3.489 2.733 4.792 3.944 3.441 3.335 -0.048 99.76 0.653 

 

sp3 

RUFDAZ 1.200 109.51 4.415 3.806 3.508 2.681 4.025 3.712 3.660 1.675 0.152 63.48 0.609 

 

sp3 

HELXUR01 0.961 109.12 3.170 2.484 2.209 2.274 3.820 3.266 3.027 2.330 0.818 126.41 0.686 A1 sp2 

ZORQUU 0.950 109.52 2.889 2.553 2.474 1.492 3.724 3.123 2.927 2.302 0.453 147.31 0.336 A1 sp2 

HELXUR01 0.963 109.20 3.290 2.566 2.178 2.466 3.901 3.263 2.979 2.519 0.801 123.15 0.724 A1 sp2 

HELXUR01 0.959 109.15 3.002 2.634 2.508 1.650 3.827 3.192 2.926 2.467 0.418 145.04 0.368 A1 sp2 

HELXUR01 0.959 109.31 3.220 2.750 2.596 1.905 4.022 3.340 2.992 2.688 0.396 142.39 0.470 A1 sp2 

VEZLOC 1.281 97.94 2.821 2.780 2.696 0.830 4.056 3.994 3.947 0.934 1.251 161.44 0.041 A1 sp3 

GOCGUB 1.327 102.12 3.477 2.786 2.394 2.522 4.662 4.101 3.667 2.879 1.273 148.70 0.691 A1 sp2 

ZORQUU 1.180 117.01 3.408 3.026 2.946 1.713 4.060 3.348 2.973 2.765 0.027 115.63 0.382 A1 sp2 

VEZLOC 1.281 97.94 3.300 3.040 2.981 1.415 3.640 3.771 3.623 0.351 0.642 94.86 0.260 A1 sp3 

YOMWAY01 1.136 107.93 2.948 3.182 2.941 0.203 3.783 3.645 3.620 1.098 0.679 130.31 -0.234 A1 sp2 

KASJIZ 1.388 109.86 3.570 3.533 3.470 0.839 3.504 3.517 3.434 0.697 -0.036 76.02 0.037 A1 sp2 

HELXUR01 0.959 109.31 3.921 3.554 3.438 1.885 3.924 3.292 2.897 2.647 -0.541 83.19 0.367 A1 sp2 

HELXUR01 0.959 109.15 3.863 3.591 3.526 1.578 3.848 3.273 3.019 2.386 -0.507 81.97 0.272 A1 sp2 

CEDYEQ 1.129 113.94 3.638 2.802 2.076 2.988 4.707 3.878 3.001 3.626 0.925 158.45 0.836 A sp3 

VOPBEH 1.102 106.39 3.214 2.927 2.827 1.529 4.192 3.638 3.420 2.424 0.593 148.44 0.287 A sp3 

PUMDUX 1.201 109.45 3.753 2.943 2.438 2.853 3.957 3.319 3.103 2.455 0.665 90.83 0.810 A Re 

XORTOP 0.979 99.94 3.485 2.963 2.834 2.028 4.054 3.786 3.703 1.650 0.869 119.23 0.522 A sp2 

VOPBEH 1.199 96.12 2.753 2.979 2.742 0.246 3.466 3.402 3.356 0.866 0.614 117.04 -0.226 A sp3 

XORTOP 0.980 102.96 3.506 2.981 2.742 2.185 4.064 3.732 3.633 1.821 0.891 118.38 0.525 A sp2 

KAPNIZ 0.986 104.86 3.488 3.008 2.809 2.068 3.837 3.525 3.510 1.550 0.701 103.28 0.480 A sp2 

XORTIJ 1.205 89.96 3.538 3.020 2.966 1.929 4.597 4.089 3.988 2.287 1.022 147.15 0.518 A sp2 

XORTIJ 1.197 98.15 3.514 3.051 3.001 1.828 4.506 4.093 4.035 2.006 1.034 140.86 0.463 A sp2 
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Table C4 continued 

BAJNUW 1.247 95.97 2.953 3.059 2.917 0.460 3.679 3.630 3.591 0.800 0.674 116.24 -0.106 A Se 

BAPBOK 1.265 91.32 3.461 3.059 3.033 1.667 3.377 3.488 3.344 0.471 0.311 75.60 0.402 A sp2 

WOGRIT01 1.137 97.56 3.679 3.091 3.000 2.130 4.709 4.184 4.042 2.416 1.042 151.49 0.588 A sp3 

XORTOP 0.981 91.71 3.992 3.242 2.671 2.967 4.582 3.789 3.284 3.195 0.613 121.54 0.750 A sp2 

XORTOP 0.980 102.96 3.252 3.244 3.178 0.690 3.620 3.372 3.356 1.357 0.178 104.24 0.008 A sp2 

XORTOP 0.980 102.96 3.671 3.244 3.190 1.817 4.130 3.525 3.351 2.414 0.161 111.28 0.427 A sp2 

XORTOP 0.981 91.71 3.978 3.262 2.740 2.884 4.149 3.529 3.326 2.480 0.586 93.14 0.716 A sp2 

IKEGOV 1.200 109.50 3.496 3.402 3.370 0.930 4.345 4.403 4.311 0.542 0.941 128.42 0.094 A sp3 

XORTIJ 1.197 98.15 4.125 3.483 3.042 2.786 4.699 3.792 3.096 3.535 0.054 111.63 0.642 A sp2 

XORTOP 0.980 105.91 4.304 3.512 3.207 2.870 3.895 3.407 3.333 2.015 0.126 59.23 0.792 A sp2 

KECXIA 1.221 94.28 3.417 2.544 2.228 2.591 3.971 2.769 1.598 3.635 -0.630 108.18 0.873 C sp2 

KOYJIT 1.240 98.99 3.622 2.699 2.123 2.935 4.023 2.794 1.273 3.816 -0.850 99.75 0.923 C sp3 

KOYJIT 1.257 96.83 3.604 2.704 2.289 2.784 3.992 2.787 1.456 3.717 -0.833 98.69 0.900 C sp3 

SIZBAE 1.396 97.94 3.652 2.745 2.300 2.837 3.945 2.745 1.274 3.734 -1.026 91.58 0.907 C sp3 

XAFVEH 1.236 98.77 3.831 2.873 2.402 2.984 3.987 2.789 1.639 3.635 -0.763 88.13 0.958 C sp3 

ADELOL 1.075 87.31 4.064 3.238 2.837 2.910 3.743 2.915 2.488 2.796 -0.349 65.25 0.826 C sp2 

JURJAH 1.180 99.19 3.990 3.388 3.173 2.419 4.531 3.727 2.897 3.484 -0.276 110.05 0.602 C Ru 

NAMROI 1.200 109.49 4.090 3.443 3.253 2.479 4.481 3.504 2.747 3.540 -0.506 101.25 0.647 C Zn 

GUJNOP 0.972 102.79 3.851 3.483 3.461 1.689 3.750 3.276 3.127 2.070 -0.334 76.77 0.368 C Mo 

GADNIJ 1.199 109.49 3.902 3.619 3.521 1.682 3.574 3.435 3.408 1.077 -0.113 65.43 0.283 C sp2 

QUSSUS 1.200 109.50 4.243 3.630 3.481 2.426 4.534 3.581 2.907 3.479 -0.574 96.30 0.613 C Zn 

HUCGES 1.200 109.48 4.223 3.701 3.581 2.238 4.385 3.696 3.153 3.047 -0.428 89.73 0.522 C sp2 

JIVNAD 1.171 105.99 4.482 3.738 3.415 2.903 4.650 3.709 2.873 3.656 -0.542 90.89 0.744 C sp2 

GAQQAR 1.226 97.35 4.499 3.912 3.518 2.804 4.414 3.603 3.176 3.065 -0.342 78.19 0.587 C sp2 

GAYKUO 1.059 102.96 3.152 2.472 2.305 2.150 3.816 3.336 3.140 2.168 0.835 121.73 0.680 D Ru, sp3 

WORNAS 1.200 110.39 3.161 2.583 2.502 1.932 3.712 3.274 3.193 1.893 0.691 108.00 0.578 D Ru, H2S 
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Table C4 continued 

WORNEW 1.242 100.71 2.917 2.585 2.548 1.420 3.906 3.328 3.014 2.484 0.466 135.86 0.332 D Ru, H2S 

SULTOI 1.187 115.03 3.244 2.653 2.544 2.013 4.177 3.274 2.728 3.163 0.184 135.68 0.591 D Ru, sp3 

DIRVAB 1.225 104.52 3.072 2.661 2.673 1.514 4.031 3.545 3.445 2.093 0.772 134.87 0.411 D Ru, Ru 

DIRVAB 1.170 109.79 3.057 2.671 2.581 1.638 4.114 3.565 3.232 2.545 0.651 150.32 0.386 D Ru, Ru 

JIHHUD 1.349 108.14 3.389 2.718 2.526 2.259 4.163 3.382 2.895 2.992 0.369 116.09 0.671 D Ru, sp3 

CEMROB 1.037 104.36 3.561 2.760 2.429 2.604 4.042 3.331 2.811 2.904 0.382 110.42 0.801 D Rh, Rh 

WORNAS 1.200 110.39 2.951 2.803 2.734 1.111 3.671 3.185 3.145 1.893 0.411 117.96 0.148 D Ru, H2S 

SULTOI 1.187 115.03 3.361 2.819 2.576 2.159 4.258 3.429 2.651 3.332 0.075 132.84 0.542 D Ru, sp3 

GAYKUO 1.059 102.96 3.197 2.846 2.829 1.489 3.734 3.127 2.990 2.237 0.161 112.58 0.351 D Ru, sp3 

RODBIV 1.149 113.16 3.534 2.942 2.848 2.092 4.257 3.682 3.464 2.474 0.616 122.09 0.592 D Mn, Mn 

CEMROB 1.037 104.36 3.489 3.129 3.120 1.562 3.655 3.184 3.014 2.068 -0.106 90.89 0.360 D Rh, Rh 

SIZCAF 1.197 107.39 3.949 3.138 2.807 2.778 3.904 3.302 2.936 2.573 0.129 79.10 0.811 D Ru, H2S 

VETKAH 1.303 102.18 4.048 3.177 2.741 2.979 3.719 3.274 3.120 2.024 0.379 66.24 0.871 D Rh, sp2 

RODBIV 1.149 113.16 3.816 3.194 3.037 2.311 4.556 4.079 3.984 2.210 0.947 123.74 0.622 D Mn, Mn 

YUKDIR01 1.280 116.38 3.254 2.767 2.653 1.884 4.315 3.607 3.313 2.765 0.660 140.07 0.487 E W 

WEKYAO 1.314 100.24 3.813 3.040 2.675 2.717 3.670 3.226 3.175 1.841 0.500 73.79 0.773 F Ru+ 

VOPBEH 1.199 96.12 3.647 2.705 2.278 2.848 3.985 2.787 1.625 3.639 -0.653 97.50 0.942 A, C sp3 

ZORQUU 1.180 117.01 3.607 3.254 3.194 1.676 3.947 3.316 2.900 2.677 -0.294 97.96 0.353 A1, C sp2 

ZORQUU 0.950 109.52 3.862 3.590 3.536 1.553 3.813 3.257 3.009 2.342 -0.527 80.00 0.272 A1, C sp2 

SIZCAF10 1.197 107.39 3.949 3.138 2.807 2.778 3.904 3.302 2.936 2.573 0.129 79.10 0.811 D, E Ru, H2S 
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Table C5. Structure entries for thiol-aromatic interactions, with the cylinder restriction on the sulfur atom and 

reported S–H bond lengths.  

All entries in analysis of thiol-aromatic interactions, following initial search parameters of the CSD and cylinder restriction 

on the sulfur atom, with S–H bond lengths as reported in the CSD. The entries were examined and annotated for specific 

criteria (described above). Entries with annotations A, B, C, D, E, and F were excluded from study, since these structures 

contained elements that would compete with the thiol- interaction, and effect the geometry. Definitions of distances are 

shown in Figure 2.55. Z refers to the atom or hybridized carbon that is bound to the sulfur atom. 

Annotations: (A) polycyclic rings; (A1) complex macrocyclic rings; (B) carbanions within or adjacent to the interacting 

aromatic rings; (C) thiol groups were “pointed away” from the plane of the aromatic ring (as defined by (dS–plane – dH–plane) ≥ 

–0.10 Å); (D) where thiol groups where the sulfur atom is apparently tri-coordinate; (E) redundant structures or entries; (F) 

unusual structures with questionable features. 
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WANCIX 1.251 107.05 2.610 2.200 2.197 1.409 3.729 3.152 3.099 2.074 0.902 147.84 0.410 

 

sp2 

FULGIE 1.214 95.37 2.875 2.327 2.291 1.737 3.932 3.087 2.684 2.873 0.393 145.08 0.548 

 

sp2 

NUMWUP 1.236 100.29 2.823 2.392 2.396 1.493 3.875 3.089 2.837 2.640 0.441 142.31 0.431 

 

sp2 

ODOSAD 1.312 110.13 2.641 2.472 2.428 1.039 3.746 3.644 3.612 0.993 1.184 140.34 0.169 

 

sp2 

HOMPOP 1.020 94.95 3.108 2.481 2.402 1.972 3.992 3.138 2.762 2.882 0.360 145.68 0.627 

 

sp2 

NUZLAW 1.200 109.44 3.531 2.484 1.886 2.985 3.955 3.215 2.777 2.816 0.891 101.79 1.047 

 

Pd 
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Table C5 continued 

COLDEN 1.322 103.47 2.902 2.490 2.464 1.533 4.204 3.668 3.568 2.223 1.104 167.89 0.412 

 

sp2 

DEBYUG 1.251 102.78 3.196 2.518 2.290 2.229 3.812 3.220 3.072 2.257 0.782 110.14 0.678 

 

sp2 

COLDEN 1.356 100.51 3.235 2.525 2.399 2.170 4.273 3.737 3.537 2.398 1.138 132.68 0.710 

 

sp2 

YULZUA 1.303 113.44 2.960 2.535 2.515 1.561 4.026 3.764 3.690 1.610 1.175 138.27 0.425 

 

sp2 

GAGTUF 1.375 92.92 2.833 2.536 2.504 1.325 3.721 3.722 3.652 0.713 1.148 120.26 0.297 

 

sp2 

COLDEN 1.343 99.16 2.690 2.549 2.494 1.008 4.014 3.801 3.796 1.305 1.302 168.33 0.141 

 

sp2 

DUCPIB 1.200 109.49 3.434 2.560 2.145 2.682 4.604 3.704 3.025 3.471 0.880 164.99 0.874 

 

sp2 

KOYJIT 1.240 98.99 3.091 2.569 2.533 1.771 4.127 3.767 3.737 1.751 1.204 140.79 0.522 

 

sp3 

TASBIY 1.200 84.40 3.722 2.594 1.470 3.419 4.466 3.510 2.652 3.593 1.182 121.36 1.128 

 

Mg 

VECXIL 1.226 96.64 2.740 2.600 2.522 1.071 3.593 3.621 3.539 0.621 1.017 125.46 0.140 

 

sp2 

KOYJIT 1.257 96.83 2.990 2.613 2.590 1.494 4.169 3.839 3.749 1.824 1.159 156.01 0.377 

 

sp3 

SIZBAE 1.312 100.26 3.638 2.615 1.565 3.284 3.917 2.754 1.605 3.573 0.040 92.32 1.023 

 

sp3 

YUCYUR 1.200 109.45 3.266 2.653 2.397 2.218 4.443 3.838 3.397 2.864 1.000 166.88 0.613 

 

sp2 

VECXIL 1.251 97.16 2.648 2.668 2.560 0.677 3.551 3.581 3.497 0.617 0.937 127.57 -0.020 

 

sp2 

VECXIL01 1.195 96.13 2.853 2.679 2.608 1.157 3.624 3.639 3.562 0.667 0.954 121.53 0.174 

 

sp2 

YULZUA 1.186 104.69 2.892 2.684 2.643 1.174 4.010 3.782 3.725 1.485 1.082 156.84 0.208 

 

sp2 

COLDAJ 1.243 96.30 2.780 2.694 2.632 0.895 3.779 3.693 3.629 1.054 0.997 136.41 0.086 

 

sp2 

COLDEN 1.344 87.89 2.637 2.696 2.574 0.573 3.878 3.625 3.619 1.393 1.045 152.21 -0.059 

 

sp2 

ODOSAD 1.300 100.68 2.743 2.696 2.608 0.850 3.805 3.933 3.791 0.326 1.183 137.62 0.047 

 

sp2 

YULZOU 1.160 99.53 2.692 2.705 2.608 0.667 3.684 3.649 3.598 0.791 0.990 142.92 -0.013 

 

sp2 

VECXIL01 1.184 100.93 2.726 2.722 2.632 0.710 3.599 3.607 3.537 0.665 0.905 129.70 0.004 

 

sp2 

PESPIN 1.231 97.82 3.163 2.724 2.552 1.869 3.927 3.139 2.832 2.720 0.280 120.07 0.439 

 

sp3 

QAXPEM01 1.198 102.81 3.196 2.729 2.602 1.856 4.076 3.315 3.018 2.740 0.416 130.35 0.467 

 

Si 

KILCUE 1.200 109.41 2.698 2.731 2.628 0.611 3.715 3.558 3.506 1.228 0.878 141.64 -0.033 

 

sp2 

EXUVUO 1.131 94.93 3.058 2.733 2.731 1.376 4.061 3.767 3.723 1.622 0.992 147.83 0.325 

 

Ge 

LIGDOU 1.255 106.57 3.361 2.752 2.528 2.215 4.445 3.690 2.891 3.376 0.363 144.66 0.609 

 

Ru 
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Table C5 continued 

MIBSAR 1.199 104.36 2.774 2.758 2.655 0.804 3.960 3.862 3.828 1.014 1.173 169.90 0.016 

 

sp2 

YUKDIR 1.280 116.38 3.254 2.767 2.653 1.884 4.315 3.607 3.313 2.765 0.660 140.07 0.487 

 

W 

HIYSAK 1.108 100.54 2.642 2.771 2.602 0.458 3.750 3.784 3.697 0.628 1.095 178.53 -0.129 

 

sp3 

GUJNOP 1.246 111.77 3.119 2.776 2.681 1.594 3.903 3.413 3.351 2.001 0.670 120.56 0.343 

 

Mo 

TAXMUA 1.365 96.41 2.537 2.783 2.527 0.225 3.725 3.810 3.689 0.517 1.162 143.66 -0.246 

 

sp3 

SIZBAE 1.312 100.26 2.619 2.786 2.592 0.375 3.733 3.873 3.717 0.345 1.125 141.10 -0.167 

 

sp3 

VECXIL 1.229 95.88 3.161 2.787 2.684 1.670 4.229 3.778 3.720 2.011 1.036 145.23 0.374 

 

sp2 

GIQDER 1.259 96.21 3.186 2.797 2.702 1.688 4.407 4.021 3.851 2.143 1.149 163.22 0.389 

 

sp2 

XUDQOE 1.199 109.50 3.287 2.802 2.751 1.799 4.159 3.919 3.892 1.466 1.141 129.92 0.485 

 

sp2 

WAQFEZ 1.362 104.07 3.915 2.803 1.699 3.527 4.749 3.806 3.014 3.670 1.315 120.25 1.112 

 

sp3 

WAKHOF02 1.257 94.04 3.546 2.806 2.453 2.561 4.764 4.035 3.362 3.375 0.909 163.40 0.740 

 

Si 

GAGTUF 1.380 86.42 3.543 2.808 2.539 2.471 4.260 3.857 3.803 1.920 1.264 112.13 0.735 

 

sp2 

SOSPAT 1.254 92.96 2.832 2.810 2.737 0.727 3.559 3.737 3.552 0.223 0.815 115.69 0.022 

 

AL 

HUDFIW 1.200 109.51 3.676 2.811 2.461 2.731 4.166 3.583 3.315 2.523 0.854 105.80 0.865 

 

sp2 

WAQFEZ 1.362 104.07 2.975 2.814 2.769 1.088 3.912 3.816 3.757 1.090 0.988 124.55 0.161 

 

sp3 

QAXPEM 1.107 94.08 3.444 2.823 2.663 2.184 4.186 3.367 2.939 2.981 0.276 125.56 0.621 

 

Si 

MEDCII 1.235 99.89 3.673 2.823 2.159 2.971 4.195 3.568 3.221 2.688 1.062 106.59 0.850 

 

sp2 

ICOPUN 1.186 97.77 2.575 2.830 2.568 0.190 3.573 3.667 3.538 0.499 0.970 140.63 -0.255 

 

sp2 

NAMQEY 1.017 102.78 3.714 2.843 2.471 2.773 4.573 3.737 3.177 3.289 0.706 143.71 0.871 

 

sp2 

FAMZIC01 1.210 104.99 3.534 2.850 2.594 2.400 4.688 3.893 3.196 3.430 0.602 159.73 0.684 

 

S 

KUKGAZ 1.190 96.11 3.590 2.856 2.583 2.493 4.620 3.650 2.837 3.646 0.254 145.50 0.734 

 

sp3 

ESABAB 1.211 94.47 3.483 2.862 2.729 2.164 4.573 4.045 3.830 2.499 1.101 150.23 0.621 

 

sp3 

ZZZLWW01 1.295 95.39 3.653 2.867 2.599 2.567 4.337 3.871 3.704 2.256 1.105 113.65 0.786 

 

sp2 

FAMZIC01 1.210 104.99 3.574 2.872 2.676 2.369 4.114 3.682 3.518 2.133 0.842 108.09 0.702 

 

S 

PESPIN 1.231 97.82 2.822 2.891 2.757 0.602 3.489 3.565 3.445 0.552 0.688 112.82 -0.069 

 

sp3 

VECXIL01 1.190 98.86 3.270 2.892 2.768 1.741 4.259 3.823 3.763 1.995 0.995 140.68 0.378 

 

sp2 
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Table C5 continued 

HUCJOF 1.200 109.45 3.378 2.902 2.872 1.778 3.630 3.577 3.539 0.808 0.667 92.30 0.476 

 

sp2 

FAMZIC01 1.210 104.99 3.431 2.910 2.821 1.953 3.922 3.264 3.016 2.507 0.195 104.97 0.521 

 

S 

SIZBAE 1.396 97.94 4.119 2.923 0.372 4.102 3.999 2.778 1.088 3.848 0.716 75.28 1.196 

 

sp3 

WONHAK 1.288 96.52 3.798 2.929 2.577 2.790 4.403 3.622 2.892 3.320 0.315 109.73 0.869 

 

sp2 

KECXIA 1.221 94.28 3.695 2.944 2.632 2.593 4.798 4.125 3.602 3.170 0.970 150.87 0.751 

 

sp2 

SUMLAN 1.100 89.40 3.979 2.956 1.353 3.742 4.333 3.148 1.643 4.009 0.290 101.44 1.023 

 

P 

TAPZIU 1.337 96.76 4.094 2.956 0.810 4.013 3.957 2.769 1.391 3.704 0.581 74.66 1.138 

 

sp3 

DPDHPS10 1.272 101.22 3.290 2.964 2.927 1.502 3.702 3.707 3.638 0.685 0.711 98.71 0.326 

 

P 

KUKGAZ 1.201 97.21 3.461 2.969 2.940 1.826 4.366 3.557 3.227 2.941 0.287 132.77 0.492 

 

sp3 

POHJON01 1.200 109.37 3.630 2.978 2.812 2.296 4.372 3.765 3.433 2.707 0.621 121.06 0.652 

 

sp3 

HOMPOP 1.016 105.66 3.552 2.980 2.792 2.196 4.246 3.617 3.442 2.486 0.650 127.33 0.572 

 

sp2 

DPDHPS01 1.247 98.51 3.327 2.983 2.944 1.550 3.651 3.645 3.579 0.721 0.635 94.87 0.344 

 

P 

XAFVEH 1.236 98.77 2.840 2.986 2.813 0.391 3.625 3.674 3.575 0.600 0.762 120.36 -0.146 

 

sp 

BIBDOG 1.226 97.96 3.887 2.987 2.089 3.278 4.465 3.740 3.187 3.127 1.098 110.41 0.900 

 

sp2 

JURJAH 0.990 83.80 3.730 2.994 2.802 2.462 3.990 3.366 2.991 2.641 0.189 98.00 0.736 

 

Ru 

ICOPUN 1.158 97.37 3.018 3.002 2.928 0.732 3.846 3.895 3.806 0.553 0.878 128.34 0.016 

 

sp2 

MEDCOO 1.185 99.89 3.887 3.002 2.214 3.195 4.285 3.642 3.230 2.816 1.016 101.59 0.885 

 

sp2 

AZIKEZ 1.181 97.05 3.644 3.013 2.625 2.527 4.452 3.676 3.257 3.035 0.632 126.70 0.631 

 

sp2 

YISBOS 1.227 96.43 3.856 3.015 2.164 3.192 4.115 3.492 3.174 2.619 1.010 93.40 0.841 

 

sp2 

HUDFIW 1.200 109.48 3.449 3.016 2.847 1.947 4.592 4.110 3.923 2.387 1.076 159.55 0.433 

 

sp2 

MELFAK 1.200 109.49 3.197 3.019 2.988 1.137 3.324 3.590 3.323 0.082 0.335 85.40 0.178 

 

sp2 

KECXIA 1.221 94.28 3.802 3.028 2.712 2.665 3.716 3.378 3.343 1.623 0.631 76.70 0.774 

 

sp2 

DIXFAS 1.180 99.20 3.733 3.040 2.843 2.419 3.930 3.626 3.620 1.530 0.777 90.78 0.693 

 

sp3 

COLDEN 1.327 83.11 3.500 3.055 2.948 1.887 4.579 3.929 3.391 3.077 0.443 138.45 0.445 

 

sp2 

DUCPIB 1.200 109.46 3.139 3.058 3.011 0.887 3.486 3.666 3.478 0.236 0.467 96.56 0.081 

 

sp2 

COLDEN 1.356 100.51 3.975 3.066 2.569 3.033 4.470 3.645 2.761 3.515 0.192 102.54 0.909 

 

sp2 

 



 

 

8
0
4

 

Table C5 continued 

GUJNOP 1.246 111.77 3.568 3.074 3.026 1.890 4.161 3.508 3.187 2.675 0.161 109.90 0.494 

 

Mo 

WAKHOF02 1.257 94.04 4.158 3.074 1.394 3.917 4.481 3.297 1.725 4.136 0.331 96.67 1.084 

 

Si 

QUSSUS 1.200 109.50 3.886 3.084 2.541 2.940 4.221 3.572 3.356 2.560 0.815 97.88 0.802 

 

Zn 

XUGPEU 0.905 106.19 2.890 3.108 2.881 0.228 3.731 3.762 3.674 0.650 0.793 155.26 -0.218 

 

sp2 

SIZBAE 1.396 97.94 3.827 3.110 2.901 2.496 4.781 4.213 3.927 2.727 1.026 125.92 0.717 

 

sp3 

LAPWAB 1.263 101.43 4.176 3.121 1.245 3.986 3.957 2.758 1.521 3.653 0.276 71.35 1.055 

 

sp3 

WESQER 1.334 90.12 2.950 3.122 2.930 0.343 3.873 3.760 3.727 1.053 0.797 125.03 -0.172 

 

sp3 

MEDDOP 1.227 95.04 3.955 3.125 2.278 3.233 4.080 3.427 3.143 2.602 0.865 87.01 0.830 

 

sp2 

WUJWAZ 1.314 93.55 3.848 3.139 2.774 2.667 4.154 3.612 3.464 2.293 0.690 94.10 0.709 

 

sp2 

DPDHPS01 1.247 98.51 4.263 3.146 1.222 4.084 4.311 3.145 1.612 3.998 0.390 83.87 1.117 

 

P 

LUVKOD 1.286 95.53 3.450 3.147 3.058 1.597 4.527 3.926 3.594 2.753 0.536 141.45 0.303 

 

Si 

MEDCII 1.235 99.89 4.059 3.147 2.611 3.108 4.718 3.712 2.701 3.868 0.090 115.14 0.912 

 

sp2 

YIQHOW 1.396 91.90 4.011 3.153 2.278 3.301 3.998 3.345 3.102 2.522 0.824 79.44 0.858 

 

sp2 

XODNOU 1.250 101.94 4.175 3.166 2.293 3.489 3.897 3.066 2.463 3.020 0.170 68.60 1.009 

 

sp2 

DPDHPS10 1.272 101.22 4.277 3.174 1.305 4.073 4.305 3.139 1.617 3.990 0.312 82.74 1.103 

 

P 

MOCGIW 1.156 102.82 3.784 3.179 3.023 2.276 4.755 3.924 3.336 3.388 0.313 142.66 0.605 

 

Ti 

HUCMIC 1.200 109.47 4.046 3.196 2.729 2.987 3.905 3.396 3.337 2.028 0.608 74.71 0.850 

 

sp2 

GUJNOP 1.246 111.77 3.621 3.200 3.179 1.734 4.121 4.072 4.037 0.828 0.858 104.92 0.421 

 

Mo 

WIXTII 1.200 109.46 3.240 3.213 3.129 0.841 4.253 3.911 3.896 1.706 0.767 142.27 0.027 

 

sp2 

VECXIL01 1.185 99.28 3.773 3.216 2.897 2.417 4.622 3.793 2.914 3.588 0.017 129.81 0.557 

 

sp2 

WAWQOC 0.897 108.76 3.567 3.219 3.205 1.566 3.924 3.583 3.518 1.738 0.313 106.97 0.348 

 

sp2 

VECXIL 1.255 96.43 3.761 3.221 2.931 2.357 4.581 3.742 2.834 3.599 -0.097 123.91 0.540 

 

sp2 

GIHVAV 1.295 94.81 4.368 3.222 1.813 3.974 4.736 3.790 2.264 4.160 0.451 98.49 1.146 

 

P 

GIQDER 1.259 96.21 3.846 3.251 3.127 2.239 4.371 3.755 3.345 2.814 0.218 106.41 0.595 

 

sp2 

VECXIL 1.255 96.43 4.403 3.256 1.230 4.228 4.655 3.689 2.307 4.043 1.077 93.69 1.147 

 

sp2 

LEFKEO 1.246 91.39 4.351 3.274 1.677 4.015 4.510 3.674 2.747 3.577 1.070 89.23 1.077 

 

sp2 
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Table C5 continued 

WIXTII 1.200 109.46 3.543 3.275 3.190 1.542 4.245 4.190 4.151 0.888 0.961 118.26 0.268 

 

sp2 

NAMROI 1.200 109.49 4.280 3.276 2.253 3.639 4.410 3.573 3.068 3.168 0.815 88.29 1.004 

 

Zn 

VECXIL01 1.185 99.28 4.425 3.276 1.320 4.224 4.707 3.744 2.302 4.106 0.982 96.44 1.149 

 

sp2 

SOSPAT 1.203 92.20 3.043 3.277 3.038 0.174 3.740 3.639 3.614 0.963 0.576 116.62 -0.234 

 

Al 

MEDBUT 1.120 99.64 4.009 3.284 2.909 2.759 4.370 3.950 3.824 2.115 0.915 101.37 0.725 

 

ssp2 

HIRBEQ 0.998 116.89 4.379 3.302 2.179 3.798 4.396 3.574 2.870 3.330 0.691 84.44 1.077 

 

sp2 

XUDQOE 1.200 109.50 3.517 3.305 3.250 1.344 4.434 4.407 4.349 0.864 1.099 133.94 0.212 

 

sp2 

VECXIL 1.251 97.16 4.016 3.309 2.757 2.920 4.653 3.662 2.659 3.818 -0.098 113.17 0.707 

 

sp2 

VECXIL01 1.184 100.93 4.016 3.310 2.768 2.910 4.698 3.710 2.723 3.828 -0.045 118.52 0.706 

 

sp2 

GAQQAR 1.226 97.35 4.386 3.315 1.885 3.960 4.602 3.721 2.751 3.689 0.866 92.34 1.071 

 

sp2 

FULGIE 1.214 95.37 3.417 3.329 3.283 0.948 4.132 3.638 3.556 2.104 0.273 118.20 0.088 

 

sp2 

DEBYUG 1.251 102.78 4.156 3.337 2.643 3.207 4.265 3.501 3.115 2.913 0.472 86.42 0.819 

 

sp2 

DIXFAS 1.161 90.04 4.363 3.348 2.039 3.857 4.594 3.832 3.041 3.443 1.002 94.08 1.015 

 

sp3 

HUCMIC 1.201 109.51 3.681 3.351 3.336 1.556 4.595 4.135 4.013 2.238 0.677 133.86 0.330 

 

sp2 

LAWKIE 0.959 110.63 3.181 3.354 3.170 0.264 3.725 3.609 3.562 1.090 0.392 117.65 -0.173 

 

sp3 

BOZTOB 1.339 107.26 3.622 3.358 3.296 1.502 4.711 4.208 4.119 2.286 0.823 138.69 0.264 

 

sp3 

PEDXIF 0.998 99.92 3.228 3.368 3.202 0.409 4.027 3.948 3.900 1.003 0.698 138.21 -0.140 

 

Ir 

COLDAJ 1.243 96.30 3.928 3.396 3.283 2.157 4.637 3.855 3.214 3.342 -0.069 117.63 0.532 

 

sp2 

RONVEV 1.099 93.57 4.773 3.415 0.027 4.773 3.928 2.696 0.082 3.927 0.055 35.29 1.358 

 

sp2 

YIQHOW 1.213 94.33 4.321 3.426 2.467 3.548 4.223 3.487 3.113 2.854 0.646 77.27 0.895 

 

sp2 

LEHKIT 1.127 110.46 4.369 3.452 2.796 3.357 4.089 3.506 3.320 2.387 0.524 68.36 0.917 

 

sp2 

TASBIY 1.200 84.40 4.584 3.470 2.210 4.016 4.598 3.729 3.149 3.350 0.939 83.17 1.114 

 

Mg 

COLDEN 1.322 103.47 4.175 3.474 3.172 2.715 4.452 3.700 3.226 3.068 0.054 93.36 0.701 

 

sp2 

COLDEN 1.327 83.11 4.284 3.474 3.052 3.006 4.656 4.055 3.605 2.947 0.553 97.93 0.810 

 

sp2 

GAQQAR 1.078 100.93 4.549 3.486 1.757 4.196 4.615 3.750 2.723 3.726 0.966 86.75 1.063 

 

sp2 

XIGPUA 1.158 97.46 4.172 3.491 3.289 2.567 3.906 3.619 3.613 1.484 0.324 68.79 0.681 

 

sp2 
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Table C5 continued 

HUSNEP 1.317 95.72 4.178 3.496 3.268 2.603 4.703 3.986 3.376 3.274 0.108 105.43 0.682 

 

sp2 

MPTMCH01 1.200 109.46 4.551 3.497 2.183 3.993 4.543 3.552 2.255 3.944 0.072 82.02 1.054 

 

sp2 

BEJTAM 0.956 109.17 4.160 3.508 3.334 2.488 4.502 4.096 4.061 1.943 0.727 104.91 0.652 

 

sp3 

ILOQAB 1.007 98.37 4.204 3.523 3.141 2.794 4.623 3.883 3.558 2.952 0.417 108.49 0.681 

 

sp2 

FATQIC 1.200 109.50 4.170 3.536 3.215 2.656 4.127 3.550 3.430 2.295 0.215 79.65 0.634 

 

sp2 

BEJTAM 0.956 109.17 3.953 3.542 3.510 1.818 4.063 3.969 3.946 0.968 0.436 89.75 0.411 

 

sp3 

MEDDOP 1.227 95.04 4.425 3.591 2.676 3.524 4.414 3.827 3.492 2.700 0.816 81.53 0.834 

 

sp2 

YIRGEM 1.196 97.55 4.214 3.595 3.163 2.784 3.725 3.424 3.355 1.619 0.192 58.17 0.619 

 

sp2 

HUDFIW 1.200 109.48 4.531 3.615 2.997 3.398 4.798 4.090 3.608 3.163 0.611 95.54 0.916 

 

sp2 

MURMER 1.220 99.59 4.919 3.621 1.286 4.748 3.852 2.677 1.335 3.613 0.049 25.37 1.298 

 

sp3 

RONVAR01 1.403 93.42 3.943 3.628 3.593 1.624 4.738 4.063 3.647 3.025 0.054 116.47 0.315 

 

sp2 

MOCGIW 1.131 101.07 4.504 3.653 2.975 3.382 4.636 4.028 3.643 2.867 0.668 89.57 0.851 

 

Ti 

HOMPOP 1.020 94.95 4.536 3.655 2.741 3.614 4.691 3.898 3.246 3.387 0.505 92.39 0.881 

 

sp2 

ICOPUN 1.186 97.77 3.689 3.660 3.600 0.805 3.531 3.662 3.510 0.385 -0.090 73.06 0.029 

 

sp2 

COLDEN 1.356 100.51 4.389 3.681 3.128 3.079 4.226 3.733 3.620 2.181 0.492 74.19 0.708 

 

sp2 

RONVAR01 1.403 93.42 5.081 3.711 0.242 5.075 4.021 2.770 0.188 4.017 -0.054 35.40 1.370 

 

sp2 

GAQQAR 1.078 100.93 4.801 3.716 2.517 4.088 4.664 3.765 3.157 3.433 0.640 76.27 1.085 

 

sp2 

SIZBAE 1.312 100.26 5.050 3.742 0.657 5.007 3.939 2.742 1.061 3.793 0.404 27.92 1.308 

 

sp3 

YOKRIA 1.185 86.62 4.988 3.748 1.967 4.584 4.103 2.983 2.097 3.527 0.130 36.98 1.240 

 

P 

RONVAR01 1.403 93.42 4.393 3.759 3.559 2.575 4.525 3.932 3.504 2.863 -0.055 86.33 0.634 

 

sp2 

MURMER 1.220 99.59 4.432 3.779 3.489 2.733 4.792 3.944 3.441 3.335 -0.048 99.76 0.653 

 

sp3 

SIZBAE 1.396 97.94 5.124 3.786 1.078 5.009 3.970 2.755 1.001 3.842 -0.077 29.58 1.338 

 

sp3 

KEXNOR 1.139 101.53 4.875 3.793 2.608 4.119 4.728 3.745 2.846 3.775 0.238 75.85 1.082 

 

sp3 

RUFDAZ 1.200 109.51 4.415 3.806 3.508 2.681 4.025 3.712 3.660 1.675 0.152 63.48 0.609 

 

sp3 

KICROE 1.327 109.46 4.837 3.816 1.998 4.405 4.276 3.145 1.995 3.782 -0.003 57.63 1.021 

 

Si 

POHJON01 1.201 109.49 4.755 3.819 3.029 3.665 4.356 3.731 3.345 2.790 0.316 63.62 0.936 

 

sp3 
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Table C5 continued 

GIHVAV 1.295 94.81 4.819 3.870 3.096 3.693 4.714 4.094 3.864 2.700 0.768 77.58 0.949 

 

P 

LOKRUA 1.200 109.45 4.695 3.900 3.236 3.402 4.700 3.869 3.314 3.333 0.078 82.93 0.795 

 

sp2 

GAQQAR 1.226 97.35 4.709 3.930 3.361 3.298 4.361 3.792 3.541 2.546 0.180 66.19 0.779 

 

sp2 

HUDFIW 1.200 109.49 4.690 3.981 3.559 3.054 4.253 3.871 3.711 2.078 0.152 61.63 0.709 

 

sp2 

WIXTEE 1.151 110.13 4.745 3.986 3.503 3.201 4.736 4.124 3.927 2.647 0.424 82.59 0.759 

 

sp2 

WAKHOF01 1.180 96.20 5.385 4.078 1.575 5.150 4.426 3.232 1.695 4.089 0.120 31.78 1.307 

 

Si 

POHJON01 1.200 109.56 5.059 4.089 3.148 3.960 4.651 3.976 3.635 2.901 0.487 63.62 0.970 

 

sp3 

EXUVUO 1.131 94.93 5.338 4.091 2.104 4.906 4.412 3.284 2.117 3.871 0.013 31.42 1.247 

 

Ge 

LOKRUA 1.200 109.45 4.777 4.101 3.465 3.288 4.676 3.899 3.388 3.223 -0.077 77.95 0.676 

 

sp2 

WESZUQ 1.223 100.71 5.133 4.104 2.415 4.529 4.458 3.554 2.796 3.472 0.381 50.61 1.029 

 

sp3 

WAKHOF01 1.184 98.36 5.436 4.126 1.447 5.240 4.460 3.257 1.531 4.189 0.084 30.68 1.310 

 

Si 

WAKHOF02 1.275 96.17 5.468 4.153 1.543 5.246 4.413 3.219 1.730 4.060 0.187 30.18 1.315 

 

Si 

BODMOX 1.132 97.07 4.986 4.157 3.386 3.660 4.462 3.809 3.373 2.921 -0.013 56.49 0.829 

 

sp2 

KEXNOR 1.139 101.53 5.083 4.207 3.363 3.811 4.745 4.079 3.535 3.165 0.172 66.50 0.876 

 

sp3 

DIZGUP 1.200 109.49 5.128 4.268 3.231 3.982 4.580 3.886 3.418 3.049 0.187 56.69 0.860 

 

sp2 

COLDEN 1.350 109.48 5.021 4.283 3.507 3.593 4.689 4.062 3.806 2.739 0.299 68.13 0.738 

 

sp2 

RONVEV 1.099 93.57 5.012 4.306 3.618 3.468 4.662 3.995 3.674 2.870 0.056 65.40 0.706 

 

sp2 

ILOQEF 1.200 109.46 5.199 4.353 3.364 3.964 4.612 3.977 3.644 2.827 0.280 54.79 0.846 

 

sp2 

XUGPEU 0.905 106.19 5.286 4.354 3.508 3.954 4.713 3.971 3.563 3.085 0.055 46.83 0.932 

 

sp2 

BOZTOB 1.339 107.26 5.549 4.421 1.475 5.349 4.655 3.670 2.084 4.162 0.609 42.72 1.128 

 

sp3 

NAMRUO 1.200 109.45 5.679 4.561 2.857 4.908 4.660 3.658 2.777 3.742 -0.080 28.48 1.118 

 

Zn 

GAGTUF 1.375 92.92 5.698 4.568 2.611 5.065 4.648 3.595 2.563 3.877 -0.048 35.50 1.130 

 

sp2 

HELXUR01 0.961 109.12 3.170 2.484 2.209 2.274 3.820 3.266 3.027 2.330 0.818 126.41 0.686 A1 sp2 

ZORQUU 0.950 109.52 2.889 2.553 2.474 1.492 3.724 3.123 2.927 2.302 0.453 147.31 0.336 A1 sp2 

HELXUR01 0.963 109.20 3.290 2.566 2.178 2.466 3.901 3.263 2.979 2.519 0.801 123.15 0.724 A1 sp2 

HELXUR01 0.959 109.15 3.002 2.634 2.508 1.650 3.827 3.192 2.926 2.467 0.418 145.04 0.368 A1 sp2 
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Table C5 continued 

HELXUR01 0.959 109.31 3.220 2.750 2.596 1.905 4.022 3.340 2.992 2.688 0.396 142.39 0.470 A1 sp2 

VEZLOC 1.281 97.94 2.821 2.780 2.696 0.830 4.056 3.994 3.947 0.934 1.251 161.44 0.041 A1 sp3 

GOCGUB 1.327 102.12 3.477 2.786 2.394 2.522 4.662 4.101 3.667 2.879 1.273 148.70 0.691 A1 sp2 

ZORQUU 1.180 117.01 3.408 3.026 2.946 1.713 4.060 3.348 2.973 2.765 0.027 115.63 0.382 A1 sp2 

VEZLOC 1.281 97.94 3.300 3.040 2.981 1.415 3.640 3.771 3.623 0.351 0.642 94.86 0.260 A1 sp3 

YOMWAY01 1.136 107.93 2.948 3.182 2.941 0.203 3.783 3.645 3.620 1.098 0.679 130.31 -0.234 A1 sp2 

ZORQUU 0.956 100.72 4.066 3.296 2.620 3.109 3.719 3.147 2.927 2.294 0.307 62.30 0.770 A1 sp2 

KASJIZ 1.388 109.86 3.570 3.533 3.470 0.839 3.504 3.517 3.434 0.697 -0.036 76.02 0.037 A1 sp2 

HELXUR01 0.963 109.20 4.181 3.710 3.654 2.032 4.117 3.761 3.654 1.897 0.000 79.56 0.471 A1 sp2 

GOCGUB 1.319 98.27 4.591 3.789 2.976 3.496 4.541 3.822 3.380 3.033 0.404 79.54 0.802 A1 sp2 

GOCGUB 1.327 102.12 4.917 4.163 3.408 3.544 4.569 3.856 3.431 3.017 0.023 67.18 0.754 A1 sp2 

VEZLOC 1.281 97.94 5.377 4.166 1.098 5.264 4.363 3.301 1.466 4.109 0.368 33.27 1.211 A1 sp3 

VEZLOC 1.281 97.94 5.428 4.232 1.102 5.315 4.333 3.257 1.399 4.101 0.297 27.55 1.196 A1 sp3 

KASJIZ 1.353 108.58 5.440 4.553 3.226 4.380 4.693 3.918 3.302 3.335 0.076 50.33 0.887 A1 sp2 

CEDYEQ 1.129 113.94 3.638 2.802 2.076 2.988 4.707 3.878 3.001 3.626 0.925 158.45 0.836 A sp3 

IKEGOV 1.200 109.50 3.917 2.819 1.560 3.593 4.634 3.747 2.677 3.783 1.117 119.96 1.098 A sp3 

VOPBEH 1.102 106.39 3.214 2.927 2.827 1.529 4.192 3.638 3.420 2.424 0.593 148.44 0.287 A sp3 

XORTOP 0.979 99.94 3.485 2.963 2.834 2.028 4.054 3.786 3.703 1.650 0.869 119.23 0.522 A sp2 

VOPBEH 1.199 96.12 2.753 2.979 2.742 0.246 3.466 3.402 3.356 0.866 0.614 117.04 -0.226 A sp3 

XORTOP 0.980 102.96 3.506 2.981 2.742 2.185 4.064 3.732 3.633 1.821 0.891 118.38 0.525 A sp2 

KAPNIZ 0.986 104.86 3.488 3.008 2.809 2.068 3.837 3.525 3.510 1.550 0.701 103.28 0.480 A sp2 

XORTIJ 1.205 89.96 3.538 3.020 2.966 1.929 4.597 4.089 3.988 2.287 1.022 147.15 0.518 A sp2 

XORTOP 0.979 99.94 4.067 3.028 2.325 3.337 4.305 3.440 2.893 3.188 0.568 97.46 1.039 A sp2 

XORTIJ 1.197 98.15 3.514 3.051 3.001 1.828 4.506 4.093 4.035 2.006 1.034 140.86 0.463 A sp2 

BAJNUW 1.247 95.97 2.953 3.059 2.917 0.460 3.679 3.630 3.591 0.800 0.674 116.24 -0.106 A Se 

BAPBOK 1.265 91.32 3.461 3.059 3.033 1.667 3.377 3.488 3.344 0.471 0.311 75.60 0.402 A sp2 
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Table C5 continued 

WOGRIT01 1.137 97.56 3.679 3.091 3.000 2.130 4.709 4.184 4.042 2.416 1.042 151.49 0.588 A sp3 

XORTOP 0.981 91.71 3.992 3.242 2.671 2.967 4.582 3.789 3.284 3.195 0.613 121.54 0.750 A sp2 

XORTOP 0.980 102.96 3.252 3.244 3.178 0.690 3.620 3.372 3.356 1.357 0.178 104.24 0.008 A sp2 

XORTOP 0.980 102.96 3.671 3.244 3.190 1.817 4.130 3.525 3.351 2.414 0.161 111.28 0.427 A sp2 

XORTOP 0.981 91.71 3.978 3.262 2.740 2.884 4.149 3.529 3.326 2.480 0.586 93.14 0.716 A sp2 

VOPBEH 1.102 106.39 4.314 3.390 2.840 3.247 4.757 3.987 3.469 3.255 0.629 107.16 0.924 A sp3 

IKEGOV 1.200 109.50 3.496 3.402 3.370 0.930 4.345 4.403 4.311 0.542 0.941 128.42 0.094 A sp3 

XORTIJ 1.197 98.15 4.125 3.483 3.042 2.786 4.699 3.792 3.096 3.535 0.054 111.63 0.642 A sp2 

WOGRIT01 1.137 97.56 4.517 3.507 1.794 4.145 4.701 3.832 2.836 3.749 1.042 92.22 1.010 A sp3 

XORTOP 0.980 105.91 4.304 3.512 3.207 2.870 3.895 3.407 3.333 2.015 0.126 59.23 0.792 A sp2 

XORTIJ 1.205 89.96 4.958 3.529 0.272 4.951 4.173 2.839 0.230 4.167 -0.042 43.86 1.429 A sp2 

XORTIJ 1.202 94.02 5.015 3.583 0.140 5.013 4.183 2.840 0.163 4.180 0.023 41.00 1.432 A sp2 

XORTIJ 1.203 93.94 5.011 3.585 0.279 5.003 4.165 2.833 0.234 4.158 -0.045 40.18 1.426 A sp2 

XORTIJ 1.197 98.15 5.055 3.632 0.252 5.049 4.166 2.829 0.198 4.161 -0.054 37.22 1.423 A sp2 

VOPBEH 1.199 96.12 4.980 3.941 2.755 4.149 4.722 3.970 3.336 3.342 0.581 70.75 1.039 A sp3 

KECXIA 1.221 94.28 3.417 2.544 2.228 2.591 3.971 2.769 1.598 3.635 -0.630 108.18 0.873 C sp2 

KOYJIT 1.240 98.99 3.622 2.699 2.123 2.935 4.023 2.794 1.273 3.816 -0.850 99.75 0.923 C sp3 

KOYJIT 1.257 96.83 3.604 2.704 2.289 2.784 3.992 2.787 1.456 3.717 -0.833 98.69 0.900 C sp3 

TAPZIU 1.337 96.76 3.661 2.733 2.059 3.027 3.987 2.779 1.012 3.856 -1.047 94.12 0.928 C sp3 

SIZBAE 1.396 97.94 3.652 2.745 2.300 2.837 3.945 2.745 1.274 3.734 -1.026 91.58 0.907 C sp3 

TERTEP 1.242 94.71 3.722 2.761 2.187 3.012 3.998 2.790 1.690 3.623 -0.497 93.61 0.961 C sp3 

XAFVEH 1.236 98.77 3.831 2.873 2.402 2.984 3.987 2.789 1.639 3.635 -0.763 88.13 0.958 C sp3 

MURMER 1.220 99.59 4.169 3.073 0.961 4.057 4.101 2.841 0.110 4.100 -0.851 78.37 1.096 C sp3 

SIZBAE 1.312 100.26 4.149 3.102 2.298 3.454 3.976 2.782 1.173 3.799 -1.125 73.34 1.047 C sp3 

WAKHOF01 1.180 96.20 4.143 3.159 2.413 3.368 4.439 3.257 1.570 4.152 -0.843 96.72 0.984 C Si 

WAKHOF01 1.184 98.36 4.159 3.201 2.513 3.314 4.461 3.281 1.676 4.134 -0.837 97.04 0.958 C Si 
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Table C5 continued 

ADELOL 1.075 87.31 4.064 3.238 2.837 2.910 3.743 2.915 2.488 2.796 -0.349 65.25 0.826 C sp2 

WAKHOF02 1.275 96.17 4.236 3.245 2.481 3.433 4.457 3.271 1.523 4.189 -0.958 91.55 0.991 C Si 

JURJAH 1.180 99.19 3.990 3.388 3.173 2.419 4.531 3.727 2.897 3.484 -0.276 110.05 0.602 C Ru 

NAMROI 1.200 109.49 4.090 3.443 3.253 2.479 4.481 3.504 2.747 3.540 -0.506 101.25 0.647 C Zn 

KICROE 1.326 109.47 4.381 3.467 2.987 3.205 4.368 3.223 2.047 3.859 -0.940 80.72 0.914 C Si 

GUJNOP 0.972 102.79 3.851 3.483 3.461 1.689 3.750 3.276 3.127 2.070 -0.334 76.77 0.368 C Mo 

XEYHUF 1.117 90.99 4.393 3.550 2.931 3.272 4.691 3.733 2.366 4.051 -0.565 98.52 0.843 C sp2 

GADNIJ 1.199 109.49 3.902 3.619 3.521 1.682 3.574 3.435 3.408 1.077 -0.113 65.43 0.283 C sp2 

QUSSUS 1.200 109.50 4.243 3.630 3.481 2.426 4.534 3.581 2.907 3.479 -0.574 96.30 0.613 C Zn 

NUZLAW 1.200 109.44 4.446 3.665 3.259 3.024 4.048 3.339 2.857 2.868 -0.402 63.16 0.781 C Pd 

TAPZIU 1.337 96.76 4.979 3.680 1.288 4.810 3.870 2.700 1.103 3.709 -0.185 29.40 1.299 C sp3 

HUCGES 1.200 109.48 4.223 3.701 3.581 2.238 4.385 3.696 3.153 3.047 -0.428 89.73 0.522 C sp2 

RUFDAZ 1.200 109.51 4.935 3.704 1.954 4.532 3.802 2.676 1.802 3.348 -0.152 16.81 1.231 C sp3 

JIVNAD 1.171 105.99 4.482 3.738 3.415 2.903 4.650 3.709 2.873 3.656 -0.542 90.89 0.744 C sp2 

ICOPUN 1.158 97.37 3.948 3.748 3.739 1.268 4.014 3.528 3.354 2.205 -0.385 84.91 0.200 C sp2 

ELAQIR 1.200 109.47 4.036 3.753 3.705 1.601 3.886 3.647 3.572 1.530 -0.133 74.28 0.283 C sp2 

HUCMIC 1.199 109.52 4.686 3.843 3.087 3.525 4.746 3.629 2.267 4.170 -0.820 85.55 0.843 C sp2 

WIXTAA 1.200 109.45 4.878 3.876 3.027 3.825 4.694 3.802 2.917 3.678 -0.110 74.14 1.002 C sp2 

XIGPUA 1.204 96.77 3.999 3.886 3.851 1.078 3.719 3.536 3.500 1.257 -0.351 68.02 0.113 C sp2 

GAQQAR 1.226 97.35 4.499 3.912 3.518 2.804 4.414 3.603 3.176 3.065 -0.342 78.19 0.587 C sp2 

WIXSUT 1.151 112.22 4.982 3.995 3.128 3.878 4.643 3.765 2.888 3.636 -0.240 66.43 0.987 C sp2 

YAFTUW 1.200 109.45 4.477 4.021 3.928 2.148 3.792 3.641 3.592 1.215 -0.336 48.62 0.456 C sp2 

YIRGEM 1.196 97.55 4.947 4.048 3.176 3.793 3.758 2.936 2.462 2.839 -0.714 5.20 0.899 C sp2 

HOMPOP 1.016 105.66 5.010 4.069 3.301 3.769 3.995 3.097 2.650 2.990 -0.651 2.83 0.941 C sp2 

FULGIE 1.214 95.37 5.017 4.109 3.294 3.784 3.823 3.006 2.563 2.837 -0.731 9.10 0.908 C sp2 

KEXNOR 1.139 101.53 4.116 4.113 4.053 0.717 3.837 3.933 3.816 0.401 -0.237 67.99 0.003 C sp3 
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Table C5 continued 

HIRBEQ 0.998 116.89 5.110 4.170 3.305 3.897 4.197 3.256 2.614 3.284 -0.691 21.47 0.940 C sp2 

MELFAK 1.200 109.49 4.766 4.171 3.724 2.974 4.602 3.739 3.143 3.362 -0.581 74.91 0.595 C sp2 

KOYJIT 1.240 98.99 5.212 4.172 2.766 4.417 4.537 3.645 2.444 3.822 -0.322 51.11 1.040 C sp3 

NUMWUP 1.236 100.29 5.120 4.207 3.468 3.767 3.887 3.045 2.691 2.805 -0.777 3.70 0.913 C sp2 

GAGTUF 1.304 96.13 4.862 4.217 3.957 2.825 4.134 3.725 3.661 1.920 -0.296 49.45 0.645 C sp2 

ILOQAB 1.007 98.37 4.930 4.237 3.892 3.026 4.419 3.830 3.475 2.730 -0.417 54.32 0.693 C sp2 

FATQIC 1.200 109.50 4.942 4.250 3.926 3.002 4.202 3.783 3.711 1.971 -0.215 46.20 0.692 C sp2 

KUKGAZ 1.201 97.21 4.914 4.253 3.984 2.877 4.416 3.934 3.697 2.415 -0.287 58.98 0.661 C sp3 

JURJAH 1.180 99.19 5.163 4.255 2.888 4.280 4.467 3.394 2.017 3.986 -0.871 48.38 0.908 C Ru 

HUCGES 1.199 109.45 4.906 4.262 3.989 2.856 4.012 3.643 3.597 1.777 -0.392 36.88 0.644 C sp2 

WUSBAN 1.207 90.94 4.999 4.266 3.831 3.211 4.576 3.776 3.036 3.424 -0.795 62.82 0.733 C Al 

PESPIN 1.231 97.82 5.257 4.268 3.249 4.133 4.682 3.757 3.139 3.474 -0.110 56.01 0.989 C sp3 

TASPUY 1.099 109.29 5.285 4.298 3.285 4.140 4.191 3.260 2.677 3.225 -0.608 4.88 0.987 C sp3 

WONHAK 1.288 96.52 5.088 4.316 3.724 3.467 4.270 3.505 2.911 3.124 -0.813 44.73 0.772 C sp2 

ELAQIR 1.200 109.47 4.935 4.324 4.087 2.766 4.095 3.616 3.545 2.050 -0.542 40.39 0.611 C sp2 

NAMRUO 1.200 109.45 5.018 4.335 3.993 3.039 4.498 3.567 2.881 3.454 -1.112 57.98 0.683 C Zn 

XEYHUF 1.117 90.99 4.259 4.364 4.243 0.369 3.698 3.510 3.500 1.194 -0.743 53.09 -0.105 C sp2 

WUJWAZ 1.314 93.55 5.441 4.365 1.941 5.083 4.198 3.226 1.788 3.798 -0.153 16.50 1.076 C sp2 

DIXFAS 1.180 99.20 4.957 4.379 4.215 2.609 4.551 3.837 3.468 2.947 -0.747 63.33 0.578 C sp3 

LEFKEO 1.246 91.39 5.125 4.385 3.959 3.255 4.765 3.792 2.890 3.789 -1.069 66.39 0.740 C sp2 

MEDBUT 1.120 99.64 5.172 4.405 3.827 3.479 4.359 3.809 3.468 2.641 -0.359 39.03 0.767 C sp2 

TAZFOR 1.372 100.02 4.726 4.423 4.362 1.819 4.492 3.966 3.865 2.289 -0.497 71.87 0.303 C sp2 

ODOSAD 1.319 108.54 4.648 4.468 4.465 1.291 3.590 3.705 3.566 0.414 -0.899 31.51 0.180 C sp2 

LUVKOD 1.286 95.53 5.368 4.469 3.676 3.912 4.137 3.324 2.954 2.896 -0.722 14.62 0.899 C Si 

KOYJIT 1.240 98.99 5.265 4.478 3.719 3.727 4.576 3.656 2.515 3.823 -1.204 50.45 0.787 C sp3 

WONHAK 1.288 96.52 4.912 4.489 4.383 2.217 3.785 3.229 3.151 2.097 -1.232 25.08 0.423 C sp2 
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Table C5 continued 

ODOSAD 1.313 105.71 4.424 4.495 4.395 0.506 4.025 3.903 3.883 1.060 -0.512 64.01 -0.071 C sp2 

WIXSON 1.200 109.54 5.425 4.497 3.641 4.022 4.745 3.851 2.956 3.712 -0.685 50.04 0.928 C sp2 

GIQDER 1.259 96.21 5.058 4.500 4.340 2.598 4.260 3.491 3.191 2.822 -1.149 44.94 0.558 C sp2 

GAQQAR 1.078 100.93 5.176 4.513 4.120 3.133 4.247 3.735 3.480 2.434 -0.640 27.30 0.663 C sp2 

KOYJIT 1.257 96.83 5.447 4.523 3.524 4.153 4.684 3.696 2.440 3.998 -1.084 47.14 0.924 C sp3 

COLDAJ 1.243 96.30 5.160 4.554 4.038 3.212 4.174 3.423 3.040 2.860 -0.998 33.08 0.606 C sp2 

KOYJIT 1.257 96.83 5.403 4.578 3.841 3.800 4.565 3.640 2.650 3.717 -1.191 43.02 0.825 C sp3 

YUCYUR 1.200 109.45 4.795 4.585 4.545 1.528 4.046 3.644 3.545 1.950 -1.000 45.57 0.210 C sp2 

BODMOX 1.162 94.79 5.132 4.591 4.377 2.679 4.568 3.974 3.553 2.871 -0.824 55.06 0.541 C sp2 

COLDEN 1.327 83.11 5.350 4.594 4.001 3.552 4.064 3.315 3.009 2.732 -0.992 12.45 0.756 C sp2 

GAQQAR 1.226 97.35 5.442 4.598 3.693 3.997 4.358 3.461 2.587 3.507 -1.106 24.72 0.844 C sp2 

WIVSEA 1.007 103.42 5.368 4.603 4.163 3.389 4.727 3.806 3.188 3.490 -0.975 46.21 0.765 C sp2 

LUVKOD 1.286 95.53 4.934 4.604 4.539 1.934 4.326 3.720 3.448 2.613 -1.091 54.98 0.330 C Si 

KILCUE 1.200 109.41 5.344 4.633 4.198 3.307 4.223 3.611 3.428 2.466 -0.770 18.50 0.711 C sp2 

MEDBUT 1.120 99.64 5.286 4.642 4.309 3.062 4.386 3.909 3.841 2.117 -0.468 32.78 0.644 C sp2 

DEBYUG 1.251 102.78 4.780 4.655 4.645 1.128 3.708 3.848 3.694 0.322 -0.951 26.91 0.125 C sp2 

HUSNEP 1.317 95.72 4.924 4.658 4.642 1.642 4.761 4.180 3.910 2.716 -0.732 75.19 0.266 C sp2 

TASBIY 1.200 84.40 5.503 4.698 4.082 3.691 4.433 3.588 3.061 3.207 -1.021 23.98 0.805 C Mg 

KOYJIT 1.240 98.99 5.657 4.703 2.916 4.848 4.452 3.526 2.438 3.725 -0.478 12.10 0.954 C sp3 

YUKDIR 1.280 116.38 5.511 4.707 3.769 4.021 4.550 3.683 2.592 3.740 -1.177 36.69 0.804 C W 

COLDAJ 1.238 103.89 5.545 4.708 3.613 4.206 4.526 3.659 2.725 3.614 -0.888 30.84 0.837 C sp2 

TAZFOR 1.372 100.02 5.434 4.745 4.349 3.258 4.711 4.234 4.146 2.237 -0.203 51.78 0.689 C sp2 

QUSSUS 1.200 109.50 5.737 4.753 3.659 4.419 4.555 3.597 2.912 3.503 -0.747 8.75 0.984 C Zn 

GIHVAV 1.295 94.81 5.228 4.788 4.600 2.484 3.975 3.617 3.573 1.742 -1.027 12.70 0.440 C P 

MELFAK 1.200 109.49 5.586 4.836 4.225 3.654 4.621 3.735 3.062 3.461 -1.163 32.61 0.750 C sp2 

KUKGAZ 1.105 95.19 5.305 4.864 4.635 2.581 4.254 3.764 3.560 2.329 -1.075 16.20 0.441 C sp3 
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Table C5 continued 

COLDEN 1.322 103.47 5.555 4.864 4.290 3.529 4.524 3.671 3.134 3.263 -1.156 34.30 0.691 C sp2 

WESQER 1.334 90.12 5.865 4.865 3.561 4.660 4.622 3.567 2.574 3.839 -0.987 18.76 1.000 C sp3 

COLDEN 1.344 87.89 5.601 4.872 4.195 3.711 4.549 3.698 3.190 3.243 -1.005 33.96 0.729 C sp2 

DPDHPS01 1.247 98.51 5.072 4.908 4.897 1.321 4.038 3.864 3.847 1.227 -1.050 29.87 0.164 C P 

DPDHPS10 1.272 101.22 5.122 4.958 4.947 1.327 4.089 3.923 3.908 1.203 -1.039 31.31 0.164 C P 

HUCGES 1.200 109.51 5.619 4.965 4.312 3.603 4.469 3.842 3.465 2.822 -0.847 14.77 0.654 C sp2 

BECVUC 1.236 93.10 5.239 4.979 4.953 1.707 4.232 3.868 3.846 1.766 -1.107 31.39 0.260 C sp3 

XAFVEH 1.236 98.77 5.296 5.056 5.003 1.737 4.104 3.838 3.821 1.498 -1.182 13.55 0.240 C sp3 

HEBPOT 1.329 98.07 5.997 5.094 3.949 4.513 4.686 3.788 2.958 3.634 -0.991 8.18 0.903 C sp2 

DUCNUL 1.200 109.46 5.606 5.098 4.797 2.901 4.723 4.130 3.680 2.960 -1.117 38.25 0.508 C sp2 

GAYKUO 1.059 102.96 3.152 2.472 2.305 2.150 3.816 3.336 3.140 2.168 0.835 121.73 0.680 D Ru, sp3 

WORNAS 1.200 110.39 3.161 2.583 2.502 1.932 3.712 3.274 3.193 1.893 0.691 108.00 0.578 D Ru, H2S 

WORNEW 1.242 100.71 2.917 2.585 2.548 1.420 3.906 3.328 3.014 2.484 0.466 135.86 0.332 D Ru, H2S 

SULTOI 1.187 115.03 3.244 2.653 2.544 2.013 4.177 3.274 2.728 3.163 0.184 135.68 0.591 D Ru, sp3 

DIRVAB 1.225 104.52 3.072 2.661 2.673 1.514 4.031 3.545 3.445 2.093 0.772 134.87 0.411 D Ru, Ru 

LEGPOC 1.289 111.72 3.643 2.663 2.052 3.010 4.553 3.553 2.092 4.044 0.040 128.08 0.980 D Ru+, sp3 

DIRVAB 1.170 109.79 3.057 2.671 2.581 1.638 4.114 3.565 3.232 2.545 0.651 150.32 0.386 D Ru, Ru 

JIHHUD 1.349 108.14 3.389 2.718 2.526 2.259 4.163 3.382 2.895 2.992 0.369 116.09 0.671 D Ru, sp3 

CEMROB 1.037 104.36 3.561 2.760 2.429 2.604 4.042 3.331 2.811 2.904 0.382 110.42 0.801 D Rh, Rh 

WORNAS 1.200 110.39 2.951 2.803 2.734 1.111 3.671 3.185 3.145 1.893 0.411 117.96 0.148 D Ru, H2S 

SULTOI 1.187 115.03 3.361 2.819 2.576 2.159 4.258 3.429 2.651 3.332 0.075 132.84 0.542 D Ru, sp3 

GAYKUO 1.059 102.96 3.197 2.846 2.829 1.489 3.734 3.127 2.990 2.237 0.161 112.58 0.351 D Ru, sp3 

RODBIV 1.149 113.16 3.534 2.942 2.848 2.092 4.257 3.682 3.464 2.474 0.616 122.09 0.592 D Mn, Mn 

PUMDUX 1.201 109.45 3.753 2.943 2.438 2.853 3.957 3.319 3.103 2.455 0.665 90.83 0.810 D Re 

SIZCAF 1.197 107.39 3.949 3.138 2.807 2.778 3.904 3.302 2.936 2.573 0.129 79.10 0.811 D Ru, H2S 

VETKAH 1.303 102.18 4.048 3.177 2.741 2.979 3.719 3.274 3.120 2.024 0.379 66.24 0.871 D Rh, sp2 
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Table C5 continued 

RODBIV 1.149 113.16 3.816 3.194 3.037 2.311 4.556 4.079 3.984 2.210 0.947 123.74 0.622 D Mn, Mn 

WORNEW 1.242 100.71 4.310 3.236 1.231 4.130 4.562 3.644 2.433 3.859 1.202 93.72 1.074 D Ru, H2S 

COCKAG 1.354 97.02 4.240 3.293 2.672 3.292 4.065 3.410 3.013 2.729 0.341 73.34 0.947 D Ir, sp3 

PUDWER 1.258 100.36 4.372 3.397 2.600 3.515 4.239 3.317 2.805 3.178 0.205 75.62 0.975 D Sb, sp3 

ZOZBIB 1.207 101.61 3.980 3.955 3.896 0.813 4.648 4.287 4.207 1.976 0.311 116.63 0.025 D Ni, Ni 

XUHZOQ 1.000 113.93 4.697 4.041 3.683 2.915 4.486 3.826 3.583 2.699 -0.100 71.75 0.656 D Cu, Cu 

DIRVAB 1.170 109.79 5.572 4.615 2.587 4.935 4.696 3.820 2.744 3.811 0.157 37.33 0.957 D Ru, Ru 

YUKDIR01 1.280 116.38 3.254 2.767 2.653 1.884 4.315 3.607 3.313 2.765 0.660 140.07 0.487 E W 

WEKYAO 1.314 100.24 3.813 3.040 2.675 2.717 3.670 3.226 3.175 1.841 0.500 73.79 0.773 F Ru+ 

VOPBEH 1.199 96.12 3.647 2.705 2.278 2.848 3.985 2.787 1.625 3.639 -0.653 97.50 0.942 A, C sp3 

VOPBEH 1.102 106.39 4.139 3.114 2.420 3.358 3.931 2.769 1.706 3.542 -0.714 71.52 1.025 A, C sp3 

XORTOP 0.981 91.71 4.825 3.383 0.239 4.819 4.195 2.822 0.125 4.193 -0.114 45.44 1.442 A, C sp2 

MKMPIN 1.294 94.29 4.506 3.433 2.283 3.885 4.244 3.351 2.179 3.642 -0.104 70.15 1.073 A, C sp2 

BAPBOK 1.265 91.32 4.864 3.489 0.358 4.851 3.962 2.700 0.065 3.961 -0.293 39.02 1.375 A, C sp2 

HUKJUT 0.948 99.12 3.989 3.800 3.782 1.268 3.758 3.509 3.488 1.399 -0.294 69.14 0.189 A, C sp3 

KAPNIZ 0.986 104.86 4.806 3.847 3.070 3.698 4.668 3.695 2.753 3.770 -0.317 76.12 0.959 A, C sp2 

JOLBIX 1.200 109.47 4.959 4.072 3.149 3.831 4.296 3.338 2.201 3.689 -0.948 50.46 0.887 A, C Re 

BAJNUW 1.247 95.97 4.409 4.105 4.051 1.740 3.619 3.592 3.537 0.766 -0.514 44.10 0.304 A, C Se 

HUKJUT 0.948 99.12 4.964 4.161 3.636 3.379 4.296 3.627 3.404 2.621 -0.232 41.16 0.803 A, C sp3 

BAPBOK 1.265 91.32 4.958 4.210 3.797 3.188 4.169 3.675 3.503 2.260 -0.294 45.43 0.748 A, C sp2 

VAGLAR 0.986 100.71 5.532 4.545 2.728 4.813 4.581 3.668 2.409 3.896 -0.319 13.99 0.987 A, C Mo 

XORTOP 0.979 99.94 5.604 4.629 3.306 4.525 4.800 3.728 2.437 4.135 -0.869 31.85 0.975 A, C sp2 

WOGRIT 1.239 95.18 5.471 4.640 3.840 3.897 4.646 3.939 3.609 2.926 -0.231 43.23 0.831 A, C sp3 

WOGRIT01 1.137 97.56 5.281 4.808 4.597 2.599 4.632 4.026 3.680 2.813 -0.917 49.98 0.473 A, C sp3 

CEDYEQ 1.129 113.94 5.766 4.877 3.845 4.297 4.743 3.784 2.924 3.734 -0.921 22.51 0.889 A, C sp3 

IKEGOV 1.200 109.50 5.861 4.912 3.478 4.718 4.683 3.816 2.927 3.656 -0.551 9.94 0.949 A, C sp3 
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Table C5 continued 

ZORQUU 1.180 117.01 3.607 3.254 3.194 1.676 3.947 3.316 2.900 2.677 -0.294 97.96 0.353 A1, C sp2 

HELXUR01 0.959 109.31 3.921 3.554 3.438 1.885 3.924 3.292 2.897 2.647 -0.541 83.19 0.367 A1, C sp2 

ZORQUU 0.950 109.52 3.862 3.590 3.536 1.553 3.813 3.257 3.009 2.342 -0.527 80.00 0.272 A1, C sp2 

HELXUR01 0.959 109.15 3.863 3.591 3.526 1.578 3.848 3.273 3.019 2.386 -0.507 81.97 0.272 A1, C sp2 

KASJIZ 1.352 98.41 3.826 3.747 3.711 0.931 3.709 3.414 3.416 1.445 -0.295 74.79 0.079 A1, C sp2 

ZORQUU 0.956 100.72 4.674 3.993 3.489 3.110 3.798 3.278 3.031 2.289 -0.458 21.23 0.681 A1, C sp2 

HELXUR01 0.961 109.12 4.473 4.034 3.892 2.205 3.746 3.151 2.943 2.318 -0.949 36.63 0.439 A1, C sp2 

HELXUR01 0.963 109.20 4.619 4.131 3.864 2.531 3.882 3.249 2.912 2.567 -0.952 36.09 0.488 A1, C sp2 

KASJIZ 1.216 102.95 4.741 4.360 4.216 2.169 4.714 3.990 3.535 3.119 -0.681 81.38 0.381 A1, C sp2 

YOMWAY01 1.136 107.93 5.720 4.899 4.184 3.900 4.584 3.788 3.335 3.145 -0.849 1.48 0.821 A1, C sp2 

WUDQUI 1.317 94.66 3.863 2.861 1.897 3.365 4.025 2.810 1.673 3.661 -0.224 87.42 1.002 C, D sp3, sp3 

CEMROB 1.037 104.36 3.489 3.129 3.120 1.562 3.655 3.184 3.014 2.068 -0.106 90.89 0.360 C, D Rh, Rh 

XUHZOQ 1.000 113.93 4.883 3.879 2.985 3.864 4.799 3.769 2.592 4.039 -0.393 79.29 1.004 C, D Cu, Cu 

XEHDOF 1.255 98.82 4.481 3.977 3.853 2.288 4.522 3.811 3.477 2.891 -0.376 83.85 0.504 C, D sp3 

RODBIV 1.149 113.16 4.669 4.216 4.057 2.311 4.290 3.725 3.554 2.403 -0.503 63.93 0.453 C, D Mn, Mn 

WORNEW 1.242 100.71 4.564 4.249 4.134 1.934 3.634 3.232 3.218 1.688 -0.916 36.04 0.315 C, D Ru, H2S 

GAYKUO 1.059 102.96 5.432 4.342 2.610 4.764 4.783 3.834 2.347 4.168 -0.263 47.64 1.090 C, D Ru, sp3 

VETKAH 1.303 102.18 4.819 4.378 4.227 2.314 3.599 3.125 2.960 2.047 -1.267 17.65 0.441 C, D Rh, sp2 

GAYKUO 1.059 102.96 5.008 4.447 4.179 2.760 4.767 3.953 3.344 3.397 -0.835 70.88 0.561 C, D Ru, sp3 

LEGPOC 1.289 111.72 5.281 4.560 4.011 3.435 4.177 3.550 3.109 2.790 -0.902 27.23 0.721 C, D Ru+, sp3 

SULTOI 1.187 115.03 5.682 4.702 2.936 4.865 4.633 3.565 2.030 4.165 -0.906 24.90 0.980 C, D Ru, sp3 

WORNAS 1.200 110.39 5.023 4.708 4.685 1.811 4.667 4.377 4.274 1.875 -0.411 66.09 0.315 C, D Ru, H2S 

COCKAG 1.354 97.02 5.433 4.774 4.353 3.251 4.442 3.711 3.411 2.845 -0.942 37.84 0.659 C, D Ir, sp3 

WORNAS 1.200 110.39 5.046 4.848 4.825 1.477 4.795 4.278 4.134 2.429 -0.691 71.16 0.198 C, D Ru, H2S 

JIHHUD 1.349 108.14 5.800 4.982 4.153 4.049 4.493 3.689 3.224 3.129 -0.929 12.72 0.818 C, D Ru, sp3 

ZOZBIB 1.207 101.61 5.593 5.002 4.452 3.385 4.513 4.082 3.863 2.333 -0.589 23.68 0.591 C, D Ni, Ni 

YUKDIR01 1.280 116.38 5.511 4.707 3.769 4.021 4.550 3.683 2.592 3.740 -1.177 36.69 0.804 C, E W 

SIZCAF10 1.197 107.39 3.949 3.138 2.807 2.778 3.904 3.302 2.936 2.573 0.129 79.10 0.811 D, E Ru, H2S 
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Table C6. Structure entries for thiol-aromatic interactions, with the cylinder restriction on the hydrogen atom 

after normalizing the thiol S–H bond.  

All entries in analysis of thiol-aromatic interactions with normalized S–H bond lengths (1.338 Å119), following initial search 

parameters of the CSD and cylinder restriction on the normalized hydrogen atom. The entries were examined and annotated 

for specific criteria (described above). Entries with annotations A, B, C, D, E, and F were excluded from study, since these 

structures contained elements that would compete with the thiol- interaction, and effect the geometry. Definitions of 

distances are shown in Figure 2.55. Z refers to the atom or hybridized carbon that is bound to the sulfur atom. 

Annotations: (A) polycyclic rings; (A1) complex macrocyclic rings; (B) carbanions within or adjacent to the interacting 

aromatic rings; (C) thiol groups were “pointed away” from the plane of the aromatic ring (as defined by (dS–plane – dH–plane) ≥ 

–0.10 Å); (D) where thiol groups where the sulfur atom is apparently tri-coordinate; (E) redundant structures or entries; (F) 

unusual structures with questionable features. 
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WANCIX 107.05 2.537 2.145 2.135 1.370 3.729 3.152 3.099 2.074 0.964 146.797 0.392 

 

sp2 

FULGIE 95.37 2.774 2.272 2.251 1.621 3.932 3.087 2.684 2.873 0.433 143.612 0.502 

 

sp2 

HOMPOP 94.95 2.851 2.330 2.290 1.698 3.992 3.138 2.762 2.882 0.472 142.075 0.521 

 

sp2 

NUMWUP 100.29 2.743 2.355 2.360 1.398 3.875 3.089 2.837 2.640 0.477 141.01 0.388 

 

sp2 

DUCPIB 109.49 3.301 2.432 2.044 2.592 4.604 3.704 3.025 3.471 0.981 164.37 0.869 

 

sp2 
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Table C6 continued 

ODOSAD 110.13 2.621 2.446 2.404 1.044 3.746 3.644 3.612 0.993 1.208 139.973 0.175 

 

sp2 

KOYJIT 98.99 3.016 2.476 2.438 1.776 4.127 3.767 3.737 1.751 1.299 139.614 0.540 

 

sp3 

COLDEN 103.47 2.887 2.477 2.451 1.526 4.204 3.668 3.568 2.223 1.117 167.826 0.410 

 

sp2 

DEBYUG 102.78 3.167 2.485 2.235 2.244 3.812 3.220 3.072 2.257 0.837 108.655 0.682 

 

sp2 

VECXIL 96.64 2.677 2.499 2.430 1.123 3.593 3.621 3.539 0.621 1.109 123.512 0.178 

 

sp2 

YULZUA 113.44 2.934 2.502 2.484 1.561 4.026 3.764 3.690 1.610 1.206 137.809 0.432 

 

sp2 

YUCYUR 109.45 3.131 2.517 2.282 2.144 4.443 3.838 3.397 2.864 1.115 166.305 0.614 

 

sp2 

KOYJIT 96.83 2.916 2.535 2.515 1.476 4.169 3.839 3.749 1.824 1.234 155.364 0.381 

 

sp3 

COLDEN 100.51 3.248 2.540 2.414 2.173 4.273 3.737 3.537 2.398 1.123 132.911 0.708 

 

sp2 

YULZUA 104.69 2.753 2.541 2.504 1.144 4.010 3.782 3.725 1.485 1.221 155.591 0.212 

 

sp2 

EXUVUO 94.93 2.886 2.553 2.550 1.351 4.061 3.767 3.723 1.622 1.173 145.646 0.333 

 

Ge 

YULZOU 99.53 2.552 2.554 2.456 0.693 3.684 3.649 3.598 0.791 1.142 140.503 -0.002 

 

sp2 

COLDEN 99.16 2.694 2.554 2.499 1.006 4.014 3.801 3.796 1.305 1.297 168.354 0.140 

 

sp2 

VECXIL01 96.13 2.781 2.556 2.493 1.232 3.624 3.639 3.562 0.667 1.069 119.018 0.225 

 

sp2 

GAGTUF 92.92 2.852 2.568 2.535 1.307 3.721 3.722 3.652 0.713 1.117 120.911 0.284 

 

sp2 

HIYSAK 100.54 2.412 2.570 2.374 0.426 3.750 3.784 3.697 0.628 1.323 178.389 -0.158 

 

sp3 

NAMQEY 102.78 3.460 2.579 2.248 2.630 4.573 3.737 3.177 3.289 0.929 140.557 0.881 

 

sp2 

VECXIL01 100.93 2.630 2.595 2.515 0.769 3.599 3.607 3.537 0.665 1.022 127.126 0.035 

 

sp2 

VECXIL 97.16 2.595 2.600 2.494 0.717 3.551 3.581 3.497 0.617 1.003 126.038 -0.005 

 

sp2 

COLDAJ 96.30 2.712 2.626 2.555 0.909 3.779 3.693 3.629 1.054 1.074 135.022 0.086 

 

sp2 

MIBSAR 104.36 2.637 2.635 2.519 0.780 3.960 3.862 3.828 1.014 1.309 169.372 0.002 

 

sp2 

KILCUE 109.41 2.591 2.650 2.527 0.572 3.715 3.558 3.506 1.228 0.979 139.749 -0.059 

 

sp2 

ODOSAD 100.68 2.715 2.661 2.573 0.867 3.805 3.933 3.791 0.326 1.218 137.081 0.054 

 

sp2 

PESPIN 97.82 3.110 2.678 2.527 1.813 3.927 3.139 2.832 2.720 0.305 118.359 0.432 

 

sp3 

XUDQOE 109.50 3.200 2.678 2.619 1.839 4.159 3.919 3.892 1.466 1.273 128.009 0.522 

 

sp2 

ICOPUN 97.77 2.460 2.684 2.444 0.280 3.573 3.667 3.538 0.499 1.094 138.39 -0.224 

 

sp2 
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Table C6 continued 

QAXPEM01 102.81 3.108 2.687 2.553 1.773 4.076 3.315 3.018 2.740 0.465 128.389 0.421 

 

Si 

LIGDOU 106.57 3.294 2.699 2.504 2.140 4.445 3.690 2.891 3.376 0.387 143.825 0.595 

 

Ru 

COLDEN 87.89 2.643 2.700 2.579 0.578 3.878 3.625 3.619 1.393 1.040 152.273 -0.057 

 

sp2 

VECXIL 95.88 3.072 2.708 2.592 1.649 4.229 3.778 3.720 2.011 1.128 144.067 0.364 

 

sp2 

GUJNOP 111.77 3.073 2.711 2.632 1.586 3.903 3.413 3.351 2.001 0.719 119.086 0.362 

 

Mo 

GIQDER 96.21 3.111 2.720 2.630 1.662 4.407 4.021 3.851 2.143 1.221 162.8 0.391 

 

sp2 

WAKHOF02 94.04 3.469 2.728 2.395 2.510 4.764 4.035 3.362 3.375 0.967 163.018 0.741 

 

Si 

YUKDIR 116.38 3.210 2.737 2.623 1.850 4.315 3.607 3.313 2.765 0.690 139.406 0.473 

 

W 

ESABAB 94.47 3.373 2.739 2.613 2.133 4.573 4.045 3.830 2.499 1.217 149.155 0.634 

 

sp3 

SOSPAT 92.96 2.796 2.742 2.682 0.790 3.559 3.737 3.552 0.223 0.870 114.132 0.054 

 

Al 

HUDFIW 109.51 3.641 2.742 2.363 2.770 4.166 3.583 3.315 2.523 0.952 103.705 0.899 

 

sp2 

FAMZIC01 104.99 3.414 2.748 2.531 2.291 4.688 3.893 3.196 3.430 0.665 158.987 0.666 

 

S 

SIZBAE 100.26 2.599 2.761 2.570 0.387 3.733 3.873 3.717 0.345 1.147 140.746 -0.162 

 

sp3 

MEDCII 99.89 3.644 2.764 2.070 2.999 4.195 3.568 3.221 2.688 1.151 105.032 0.880 

 

sp2 

ZEPVOF 95.44 3.120 2.765 2.682 1.594 4.195 3.570 3.393 2.467 0.711 136.635 0.355 

 

Mo 

SULTOI 115.03 3.260 2.768 2.566 2.011 4.258 3.429 2.651 3.332 0.085 130.892 0.492 

 

Al 

KUKGAZ 96.11 3.469 2.777 2.551 2.351 4.620 3.650 2.837 3.646 0.286 144.116 0.692 

 

sp3 

VECXIL01 98.86 3.158 2.778 2.645 1.725 4.259 3.823 3.763 1.995 1.118 138.985 0.380 

 

sp2 

FAMZIC01 104.99 3.537 2.798 2.588 2.411 4.114 3.682 3.518 2.133 0.930 106.125 0.739 

 

S 

PESPIN 97.82 2.783 2.809 2.698 0.683 3.489 3.565 3.445 0.552 0.747 110.791 -0.026 

 

Ir 

TAXMUA 96.41 2.559 2.810 2.550 0.214 3.725 3.810 3.689 0.517 1.139 144.016 -0.251 

 

sp2 

HOMPOP 105.66 3.366 2.825 2.586 2.155 4.246 3.617 3.442 2.486 0.856 122.979 0.541 

 

sp2 

WAQFEZ 104.07 2.989 2.830 2.786 1.083 3.912 3.816 3.757 1.090 0.971 124.927 0.159 

 

sp3 

XUGPEU 106.19 2.503 2.831 2.502 0.071 3.731 3.762 3.674 0.650 1.172 151.113 -0.328 

 

sp2 

KECXIA 94.28 3.593 2.833 2.539 2.542 4.798 4.125 3.602 3.170 1.063 149.966 0.760 

 

sp2 

GAGTUF 86.42 3.559 2.836 2.578 2.454 4.260 3.857 3.803 1.920 1.225 112.768 0.723 

 

sp2 
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Table C6 continued 

ZZZLWW01 95.39 3.636 2.838 2.563 2.579 4.337 3.871 3.704 2.256 1.141 113.028 0.798 

 

sp2 

HUCJOF 109.45 3.375 2.847 2.795 1.892 3.630 3.577 3.539 0.808 0.744 89.956 0.528 

 

sp2 

ICOPUN 97.37 2.910 2.852 2.791 0.824 3.846 3.895 3.806 0.553 1.015 125.567 0.058 

 

sp2 

FAMZIC01 104.99 3.400 2.872 2.800 1.929 3.922 3.264 3.016 2.507 0.216 102.892 0.528 

 

S 

HUDFIW 109.48 3.320 2.879 2.723 1.899 4.592 4.110 3.923 2.387 1.200 158.717 0.441 

 

sp2 

POHJON01 109.37 3.561 2.891 2.740 2.274 4.372 3.765 3.433 2.707 0.693 119.157 0.670 

 

sp3 

PUMDUX 109.45 3.754 2.899 2.362 2.918 3.957 3.319 3.103 2.455 0.741 88.734 0.855 

 

sp3 

XAFVEH 98.77 2.790 2.901 2.750 0.471 3.625 3.674 3.575 0.600 0.825 118.556 -0.111 

 

sp3 

WONHAK 96.52 3.781 2.910 2.564 2.779 4.403 3.622 2.892 3.320 0.328 109.012 0.871 

 

sp2 

AZIKEZ 97.05 3.553 2.924 2.541 2.483 4.452 3.676 3.257 3.035 0.716 124.677 0.629 

 

sp2 

KUKGAZ 97.21 3.369 2.926 2.907 1.703 4.366 3.557 3.227 2.941 0.320 131.057 0.443 

 

sp3 

DPDHPS10 101.22 3.281 2.928 2.890 1.553 3.702 3.707 3.638 0.685 0.748 97.562 0.353 

 

P 

JURJAH 83.80 3.698 2.932 2.736 2.488 3.990 3.366 2.991 2.641 0.255 92.654 0.766 

 

Ru 

DPDHPS01 98.51 3.321 2.939 2.898 1.622 3.651 3.645 3.579 0.721 0.681 93.301 0.382 

 

P 

MELFAK 109.49 3.211 2.973 2.949 1.270 3.324 3.590 3.323 0.082 0.374 82.943 0.238 

 

sp2 

DUCPIB 109.46 3.126 2.987 2.957 1.014 3.486 3.666 3.478 0.236 0.521 94.043 0.139 

 

sp2 

DIXFAS 99.20 3.734 2.988 2.739 2.538 3.930 3.626 3.620 1.530 0.881 88.354 0.746 

 

sp3 

KECXIA 94.28 3.831 3.018 2.652 2.765 3.716 3.378 3.343 1.623 0.691 74.999 0.813 

 

sp2 

COLDEN 83.11 3.492 3.049 2.945 1.876 4.579 3.929 3.391 3.077 0.446 138.338 0.443 

 

sp2 

QUSSUS 109.50 3.870 3.053 2.447 2.998 4.221 3.572 3.356 2.560 0.909 95.846 0.817 

 

Zn 

GUJNOP 111.77 3.538 3.060 3.014 1.853 4.161 3.508 3.187 2.675 0.173 108.495 0.478 

 

Mo 

RODBIV 113.16 3.715 3.065 2.882 2.344 4.556 4.079 3.984 2.210 1.102 121.315 0.650 

 

sp3 

MOCGIW 102.82 3.641 3.086 2.974 2.101 4.755 3.924 3.336 3.388 0.362 140.922 0.555 

 

Ti 

WAWQOC 108.76 3.464 3.119 3.051 1.640 3.924 3.583 3.518 1.738 0.467 99.981 0.345 

 

sp2 

WESQER 90.12 2.948 3.120 2.928 0.343 3.873 3.760 3.727 1.053 0.799 124.964 -0.172 

 

sp3 

LUVKOD 95.53 3.409 3.122 3.036 1.550 4.527 3.926 3.594 2.753 0.558 140.903 0.287 

 

Si 
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Table C6 continued 

WUJWAZ 93.55 3.846 3.130 2.762 2.676 4.154 3.612 3.464 2.293 0.702 93.741 0.716 

 

sp2 

PEDXIF 99.92 2.983 3.131 2.965 0.327 4.027 3.948 3.900 1.003 0.935 133.849 -0.148 

 

sp2 

GUJNOP 111.77 3.598 3.145 3.115 1.801 4.121 4.072 4.037 0.828 0.922 103.504 0.453 

 

Mo 

SIZCAF 107.39 3.978 3.147 2.792 2.834 3.904 3.302 2.936 2.573 0.144 77.105 0.831 

 

sp3 

WIXTII 109.46 3.132 3.149 3.041 0.749 4.253 3.911 3.896 1.706 0.855 140.729 -0.017 

 

sp2 

SIZBAE 97.94 3.861 3.152 2.944 2.498 4.781 4.213 3.927 2.727 0.983 126.62 0.709 

 

sp3 

VECXIL01 99.28 3.677 3.154 2.894 2.268 4.622 3.793 2.914 3.588 0.020 127.981 0.523 

 

sp2 

XUDQOE 109.50 3.422 3.182 3.124 1.397 4.434 4.407 4.349 0.864 1.225 132.268 0.240 

 

sp2 

WIXTII 109.46 3.480 3.182 3.079 1.622 4.245 4.190 4.151 0.888 1.072 116.257 0.298 

 

sp2 

MEDBUT 99.64 3.971 3.185 2.732 2.882 4.370 3.950 3.824 2.115 1.092 98.295 0.786 

 

sp2 

GIQDER 96.21 3.824 3.230 3.113 2.221 4.371 3.755 3.345 2.814 0.232 105.27 0.594 

 

sp2 

LAWKIE 110.63 3.024 3.239 3.015 0.233 3.725 3.609 3.562 1.090 0.547 111.284 -0.215 

 

sp3 

VECXIL01 100.93 3.945 3.271 2.774 2.805 4.698 3.710 2.723 3.828 -0.051 116.56 0.674 

 

sp2 

HUCMIC 109.51 3.587 3.277 3.259 1.498 4.595 4.135 4.013 2.238 0.754 132.281 0.310 

 

sp2 

FULGIE 95.37 3.361 3.321 3.255 0.837 4.132 3.638 3.556 2.104 0.301 116.336 0.040 

 

sp2 

BEJTAM 109.17 4.079 3.321 3.043 2.716 4.502 4.096 4.061 1.943 1.018 99.711 0.758 

 

sp3 

BOZTOB 107.26 3.623 3.358 3.297 1.502 4.711 4.208 4.119 2.286 0.822 138.697 0.265 

 

sp3 

COLDAJ 96.30 3.885 3.378 3.288 2.069 4.637 3.855 3.214 3.342 -0.074 116.386 0.507 

 

sp2 

BEJTAM 109.17 3.974 3.431 3.335 2.161 4.063 3.969 3.946 0.968 0.611 84.235 0.543 

 

sp3 

ILOQAB 98.37 4.111 3.461 3.004 2.806 4.623 3.883 3.558 2.952 0.554 104.114 0.650 

 

sp2 

COLDEN 103.47 4.174 3.472 3.171 2.714 4.452 3.700 3.226 3.068 0.055 93.138 0.702 

 

sp2 

HUSNEP 95.72 4.173 3.492 3.266 2.598 4.703 3.986 3.376 3.274 0.110 105.152 0.681 

 

sp2 

XIGPUA 97.46 4.241 3.505 3.239 2.738 3.906 3.619 3.613 1.484 0.374 66.524 0.736 

 

sp2 

FATQIC 109.50 4.197 3.526 3.190 2.727 4.127 3.550 3.430 2.295 0.240 77.803 0.671 

 

sp2 

YIRGEM 97.55 4.291 3.641 3.140 2.925 3.725 3.424 3.355 1.619 0.215 56.552 0.650 

 

sp2 

RONVAR01 93.42 4.389 3.757 3.556 2.573 4.525 3.932 3.504 2.863 -0.052 87.171 0.632 

 

sp2 
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Table C6 continued 

MURMER 99.59 4.413 3.784 3.494 2.696 4.792 3.944 3.441 3.335 -0.053 98.249 0.629 

 

sp3 

RUFDAZ 109.51 4.478 3.830 3.490 2.806 4.025 3.712 3.660 1.675 0.170 61.9 0.648 

 

sp2 

HELXUR01 109.12 2.962 2.167 1.889 2.281 3.820 3.266 3.027 2.330 1.138 120.536 0.795 A1 sp2 

HELXUR01 109.20 3.101 2.266 1.867 2.476 3.901 3.263 2.979 2.519 1.112 117.343 0.835 A1 sp2 

ZORQUU 109.52 2.571 2.371 2.289 1.171 3.724 3.123 2.927 2.302 0.638 142.629 0.200 A1 sp2 

HELXUR01 109.15 2.699 2.403 2.342 1.342 3.827 3.192 2.926 2.467 0.584 140.417 0.296 A1 sp2 

HELXUR01 109.31 2.928 2.503 2.440 1.619 4.022 3.340 2.992 2.688 0.552 137.849 0.425 A1 sp2 

VEZLOC 97.94 2.767 2.725 2.641 0.825 4.056 3.994 3.947 0.934 1.306 161.064 0.042 A1 sp3 

GOCGUB 102.12 3.468 2.775 2.384 2.519 4.662 4.101 3.667 2.879 1.283 148.602 0.693 A1 sp2 

ZORQUU 117.01 3.343 2.989 2.942 1.588 4.060 3.348 2.973 2.765 0.031 113.183 0.354 A1 sp2 

VEZLOC 97.94 3.296 3.014 2.952 1.466 3.640 3.771 3.623 0.351 0.671 93.879 0.282 A1 sp3 

YOMWAY01 107.93 2.821 3.130 2.821 0.000 3.783 3.645 3.620 1.098 0.799 127.182 -0.309 A1 sp2 

KASJIZ 109.86 3.558 3.541 3.469 0.791 3.504 3.517 3.434 0.697 -0.035 76.802 0.017 A1 sp2 

CEDYEQ 113.94 3.445 2.607 1.905 2.870 4.707 3.878 3.001 3.626 1.096 157.169 0.838 A sp3 

XORTOP 99.94 3.324 2.688 2.515 2.173 4.054 3.786 3.703 1.650 1.188 113.821 0.636 A sp2 

XORTOP 102.96 3.351 2.719 2.418 2.320 4.064 3.732 3.633 1.821 1.215 112.993 0.632 A sp2 

QAXPEM 94.08 3.315 2.752 2.606 2.049 4.186 3.367 2.939 2.981 0.333 122.313 0.563 A Re 

VOPBEH 106.39 3.015 2.777 2.700 1.342 4.192 3.638 3.420 2.424 0.720 146.09 0.238 A sp3 

KAPNIZ 104.86 3.425 2.830 2.558 2.278 3.837 3.525 3.510 1.550 0.952 97.535 0.595 A sp2 

VOPBEH 96.12 2.692 2.866 2.671 0.336 3.466 3.402 3.356 0.866 0.685 114.401 -0.174 A sp3 

WOGRIT01 97.56 3.504 2.902 2.816 2.085 4.709 4.184 4.042 2.416 1.226 149.924 0.602 A sp3 

XORTIJ 89.96 3.427 2.909 2.854 1.897 4.597 4.089 3.988 2.287 1.134 145.949 0.518 A sp2 

XORTIJ 98.15 3.405 2.936 2.879 1.818 4.506 4.093 4.035 2.006 1.156 139.362 0.469 A sp2 

XORTOP 91.71 3.817 2.985 2.448 2.929 4.582 3.789 3.284 3.195 0.836 116.966 0.832 A sp2 

BAJNUW 95.97 2.914 2.994 2.868 0.516 3.679 3.630 3.591 0.800 0.723 114.641 -0.080 A Se 

BAPBOK 91.32 3.480 3.049 3.015 1.738 3.377 3.488 3.344 0.471 0.329 74.441 0.431 A sp2 
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Table C6 continued 

XORTOP 102.96 3.183 3.210 3.114 0.659 3.620 3.372 3.356 1.357 0.242 97.987 -0.027 A sp2 

XORTOP 102.96 3.557 3.210 3.132 1.686 4.130 3.525 3.351 2.414 0.219 105.909 0.347 A sp2 

IKEGOV 109.50 3.412 3.284 3.262 1.001 4.345 4.403 4.311 0.542 1.049 126.611 0.128 A sp3 

XORTIJ 98.15 4.075 3.429 3.036 2.718 4.699 3.792 3.096 3.535 0.060 109.788 0.646 A sp2 

KECXIA 94.28 3.382 2.552 2.289 2.490 3.971 2.769 1.598 3.635 -0.691 106.301 0.830 C sp2 

ZEPVOF 95.44 3.620 2.714 2.198 2.876 4.643 3.506 1.986 4.197 -0.212 133.46 0.906 C Mo 

KOYJIT 98.99 3.607 2.716 2.190 2.866 4.023 2.794 1.273 3.816 -0.917 98.219 0.891 C sp3 

KOYJIT 96.83 3.592 2.718 2.343 2.723 3.992 2.787 1.456 3.717 -0.887 97.406 0.874 C sp3 

SIZBAE 97.94 3.654 2.731 2.258 2.873 3.945 2.745 1.274 3.734 -0.984 92.488 0.923 C sp3 

TERTEP 94.71 3.718 2.781 2.225 2.979 3.998 2.790 1.690 3.623 -0.535 92.129 0.937 C sp3 

XAFVEH 98.77 3.836 2.903 2.465 2.939 3.987 2.789 1.639 3.635 -0.826 86.607 0.933 C sp3 

VECXIL 96.43 3.715 3.196 2.938 2.274 4.581 3.742 2.834 3.599 -0.104 122.845 0.519 C sp2 

VECXIL 97.16 3.983 3.275 2.763 2.869 4.653 3.662 2.659 3.818 -0.104 112.016 0.708 C sp2 

JURJAH 99.19 3.938 3.371 3.210 2.281 4.531 3.727 2.897 3.484 -0.313 107.881 0.567 C Ru 

NAMROI 109.49 4.065 3.463 3.311 2.358 4.481 3.504 2.747 3.540 -0.564 99.342 0.602 C Zn 

GUJNOP 102.79 3.951 3.625 3.587 1.656 3.750 3.276 3.127 2.070 -0.460 71.6 0.326 C Mo 

GADNIJ 109.49 3.962 3.632 3.534 1.791 3.574 3.435 3.408 1.077 -0.126 63.6 0.330 C sp2 

ICOPUN 97.77 3.736 3.653 3.612 0.955 3.531 3.662 3.510 0.385 -0.102 70.836 0.083 C sp2 

QUSSUS 109.50 4.230 3.661 3.547 2.305 4.534 3.581 2.907 3.479 -0.640 94.436 0.569 C Si 

HUCGES 109.48 4.226 3.723 3.630 2.164 4.385 3.696 3.153 3.047 -0.477 87.858 0.503 C sp2 

JIVNAD 105.99 4.483 3.772 3.492 2.811 4.650 3.709 2.873 3.656 -0.619 88.754 0.711 C sp2 

GAQQAR 97.35 4.523 3.921 3.549 2.804 4.414 3.603 3.176 3.065 -0.373 76.806 0.602 C sp2 

GAYKUO 102.96 3.014 2.254 2.085 2.176 3.816 3.336 3.140 2.168 1.055 117.208 0.760 D Ru, sp3 

WORNAS 110.39 3.121 2.503 2.423 1.967 3.712 3.274 3.193 1.893 0.770 105.595 0.618 D Ru, H2S 

WORNEW 100.71 2.849 2.544 2.512 1.344 3.906 3.328 3.014 2.484 0.502 134.521 0.305 D Ru, H2S 

DIRVAB 109.79 2.912 2.554 2.487 1.515 4.114 3.565 3.232 2.545 0.745 148.685 0.358 D Ru, Ru 
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Table C6 continued 

DIRVAB 104.52 2.993 2.573 2.602 1.479 4.031 3.545 3.445 2.093 0.843 133.337 0.420 D Ru, Ru 

SULTOI 115.03 3.138 2.602 2.520 1.870 4.177 3.274 2.728 3.163 0.208 133.75 0.536 D Ru, sp3 

CEMROB 104.36 3.468 2.627 2.318 2.580 4.042 3.331 2.811 2.904 0.493 105.757 0.841 D Rh, Rh 

LEGPOC 111.72 3.613 2.636 2.051 2.974 4.553 3.553 2.092 4.044 0.041 127.469 0.977 D Ru+, sp3 

JIHHUD 108.14 3.394 2.724 2.529 2.263 4.163 3.382 2.895 2.992 0.366 116.252 0.670 D Ru, sp3 

WORNAS 110.39 2.889 2.765 2.686 1.064 3.671 3.185 3.145 1.893 0.459 115.542 0.124 D Ru, H2S 

GAYKUO 102.96 3.101 2.834 2.786 1.362 3.734 3.127 2.990 2.237 0.204 107.812 0.267 D Ru, sp3 

RODBIV 113.16 3.437 2.846 2.746 2.067 4.257 3.682 3.464 2.474 0.718 119.42 0.591 D Mn, Mn 

SIZCAF10 107.39 3.978 3.147 2.792 2.834 3.904 3.302 2.936 2.573 0.144 77.105 0.831 D Ru, H2S 

RONVAR01 93.42 3.972 3.637 3.595 1.689 4.738 4.063 3.647 3.025 0.052 117.307 0.335 D Mn, Mn 

YUKDIR01 116.38 3.210 2.737 2.623 1.850 4.315 3.607 3.313 2.765 0.690 139.406 0.473 E W 

WEKYAO 100.24 3.820 3.042 2.665 2.737 3.670 3.226 3.175 1.841 0.510 73.44 0.778 F Ru+ 

VOPBEH 96.12 3.632 2.730 2.354 2.766 3.985 2.787 1.625 3.639 -0.729 95.322 0.902 A, C sp3 

ADELOL 87.31 4.181 3.365 2.922 2.990 3.743 2.915 2.488 2.796 -0.434 61.982 0.816 A, C sp2 

ZORQUU 117.01 3.588 3.270 3.233 1.556 3.947 3.316 2.900 2.677 -0.333 95.458 0.318 A1, C sp2 

CEMROB 104.36 3.497 3.177 3.150 1.519 3.655 3.184 3.014 2.068 -0.136 85.954 0.320 C, D Rh, Rh 

SOSPAT 92.20 2.985 3.191 2.973 0.267 3.740 3.639 3.614 0.963 0.641 114.297 -0.206 D, E Ru, H2S 
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Table C7. Structure entries for thiol-aromatic interactions, with the cylinder restriction on the sulfur atom after 

normalizing the thiol S–H bond.  

All entries in analysis of thiol-aromatic interactions with normalized S–H bond lengths (1.338 Å119), following initial search 

parameters of the CSD and cylinder restriction on the sulfur atom. The entries were examined and annotated for specific 

criteria (described above). Entries with annotations A, B, C, D, E, and F were excluded from study, since these structures 

contained elements that would compete with the thiol- interaction, and effect the geometry. Definitions of distances are 

shown in Figure 2.55. Z refers to the atom or hybridized carbon that is bound to the sulfur atom. 

Annotations: (A) polycyclic rings; (A1) complex macrocyclic rings; (B) carbanions within or adjacent to the interacting 

aromatic rings; (C) thiol groups were “pointed away” from the plane of the aromatic ring (as defined by (dS–plane – dH–plane) ≥ 

–0.10 Å); (D) where thiol groups where the sulfur atom is apparently tri-coordinate; (E) redundant structures or entries; (F) 

unusual structures with questionable features. 
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WANCIX 107.05 2.537 2.145 2.135 1.370 3.729 3.152 3.099 2.074 0.964 146.797 0.392 

 

sp2 

FULGIE 95.37 2.774 2.272 2.251 1.621 3.932 3.087 2.684 2.873 0.433 143.612 0.502 

 

sp2 

HOMPOP 94.95 2.851 2.330 2.290 1.698 3.992 3.138 2.762 2.882 0.472 142.075 0.521 

 

sp2 

NUZLAW 109.44 3.506 2.425 1.784 3.018 3.955 3.215 2.777 2.816 0.993 99.592 1.081 

 

Pd 

DUCPIB 109.49 3.301 2.432 2.044 2.592 4.604 3.704 3.025 3.471 0.981 164.37 0.869 

 

sp2 

ODOSAD 110.13 2.621 2.446 2.404 1.044 3.746 3.644 3.612 0.993 1.208 139.973 0.175 

 

sp2 
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Table C7 continued 

COLDEN 103.47 2.887 2.477 2.451 1.526 4.204 3.668 3.568 2.223 1.117 167.826 0.410 

 

sp2 

DEBYUG 102.78 3.167 2.485 2.235 2.244 3.812 3.220 3.072 2.257 0.837 108.655 0.682 

 

sp2 

VECXIL 96.64 2.677 2.499 2.430 1.123 3.593 3.621 3.539 0.621 1.109 123.512 0.178 

 

sp2 

YULZUA 113.44 2.934 2.502 2.484 1.561 4.026 3.764 3.690 1.610 1.206 137.809 0.432 

 

sp2 

TASBIY 84.40 3.653 2.505 1.334 3.401 4.466 3.510 2.652 3.593 1.318 119.51 1.148 

 

Mg 

YUCYUR 109.45 3.131 2.517 2.282 2.144 4.443 3.838 3.397 2.864 1.115 166.305 0.614 

 

sp2 

COLDEN 100.51 3.248 2.540 2.414 2.173 4.273 3.737 3.537 2.398 1.123 132.911 0.708 

 

sp2 

YULZUA 104.69 2.753 2.541 2.504 1.144 4.010 3.782 3.725 1.485 1.221 155.591 0.212 

 

sp2 

KECXIA 94.28 3.382 2.552 2.289 2.490 3.971 2.769 1.598 3.635 -0.691 106.301 0.830 

 

sp2 

EXUVUO 94.93 2.886 2.553 2.550 1.351 4.061 3.767 3.723 1.622 1.173 145.646 0.333 

 

Ge 

YULZOU 99.53 2.552 2.554 2.456 0.693 3.684 3.649 3.598 0.791 1.142 140.503 -0.002 

 

sp2 

VECXIL01 96.13 2.781 2.556 2.493 1.232 3.624 3.639 3.562 0.667 1.069 119.018 0.225 

 

sp2 

GAGTUF 92.92 2.852 2.568 2.535 1.307 3.721 3.722 3.652 0.713 1.117 120.911 0.284 

 

sp2 

HIYSAK 100.54 2.412 2.570 2.374 0.426 3.750 3.784 3.697 0.628 1.323 178.389 -0.158 

 

sp3 

NAMQEY 102.78 3.460 2.579 2.248 2.630 4.573 3.737 3.177 3.289 0.929 140.557 0.881 

 

sp2 

VECXIL01 100.93 2.630 2.595 2.515 0.769 3.599 3.607 3.537 0.665 1.022 127.126 0.035 

 

sp2 

VECXIL 97.16 2.595 2.600 2.494 0.717 3.551 3.581 3.497 0.617 1.003 126.038 -0.005 

 

sp2 

SIZBAE 100.26 3.637 2.609 1.564 3.284 3.917 2.754 1.605 3.573 0.041 91.919 1.028 

 

sp3 

MIBSAR 104.36 2.637 2.635 2.519 0.780 3.960 3.862 3.828 1.014 1.309 169.372 0.002 

 

sp2 

PESPIN 97.82 3.110 2.678 2.527 1.813 3.927 3.139 2.832 2.720 0.305 118.359 0.432 

 

sp3 

XUDQOE 109.50 3.200 2.678 2.619 1.839 4.159 3.919 3.892 1.466 1.273 128.009 0.522 

 

sp2 

ICOPUN 97.77 2.460 2.684 2.444 0.280 3.573 3.667 3.538 0.499 1.094 138.39 -0.224 

 

sp2 

QAXPEM01 102.81 3.108 2.687 2.553 1.773 4.076 3.315 3.018 2.740 0.465 128.389 0.421 

 

Si 

LIGDOU 106.57 3.294 2.699 2.504 2.140 4.445 3.690 2.891 3.376 0.387 143.825 0.595 

 

Ru 

COLDEN 87.89 2.643 2.700 2.579 0.578 3.878 3.625 3.619 1.393 1.040 152.273 -0.057 

 

sp2 

VECXIL 95.88 3.072 2.708 2.592 1.649 4.229 3.778 3.720 2.011 1.128 144.067 0.364 

 

sp2 
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Table C7 continued 

GUJNOP 111.77 3.073 2.711 2.632 1.586 3.903 3.413 3.351 2.001 0.719 119.086 0.362 

 

Mo 

ZEPVOF 95.44 3.620 2.714 2.198 2.876 4.643 3.506 1.986 4.197 -0.212 133.46 0.906 

 

Mo 

KOYJIT 98.99 3.607 2.716 2.190 2.866 4.023 2.794 1.273 3.816 -0.917 98.219 0.891 

 

sp3 

KOYJIT 96.83 3.592 2.718 2.343 2.723 3.992 2.787 1.456 3.717 -0.887 97.406 0.874 

 

sp3 

SIZBAE 97.94 3.654 2.731 2.258 2.873 3.945 2.745 1.274 3.734 -0.984 92.488 0.923 

 

sp3 

TAPZIU 96.76 3.661 2.733 2.060 3.026 3.987 2.779 1.012 3.856 -1.048 94.099 0.928 

 

sp3 

ESABAB 94.47 3.373 2.739 2.613 2.133 4.573 4.045 3.830 2.499 1.217 149.155 0.634 

 

sp3 

SOSPAT 92.96 2.796 2.742 2.682 0.790 3.559 3.737 3.552 0.223 0.870 114.132 0.054 

 

Al 

HUDFIW 109.51 3.641 2.742 2.363 2.770 4.166 3.583 3.315 2.523 0.952 103.705 0.899 

 

sp2 

FAMZIC01 104.99 3.414 2.748 2.531 2.291 4.688 3.893 3.196 3.430 0.665 158.987 0.666 

 

S 

QAXPEM 94.08 3.315 2.752 2.606 2.049 4.186 3.367 2.939 2.981 0.333 122.313 0.563 

 

Si 

MEDCII 99.89 3.644 2.764 2.070 2.999 4.195 3.568 3.221 2.688 1.151 105.032 0.880 

 

sp2 

KUKGAZ 96.11 3.469 2.777 2.551 2.351 4.620 3.650 2.837 3.646 0.286 144.116 0.692 

 

sp3 

VECXIL01 98.86 3.158 2.778 2.645 1.725 4.259 3.823 3.763 1.995 1.118 138.985 0.380 

 

sp2 

FAMZIC01 104.99 3.537 2.798 2.588 2.411 4.114 3.682 3.518 2.133 0.930 106.125 0.739 

 

S 

TAXMUA 96.41 2.559 2.810 2.550 0.214 3.725 3.810 3.689 0.517 1.139 144.016 -0.251 

 

sp3 

WAQFEZ 104.07 3.927 2.818 1.722 3.529 4.749 3.806 3.014 3.670 1.292 120.551 1.109 

 

sp3 

WAQFEZ 104.07 2.989 2.830 2.786 1.083 3.912 3.816 3.757 1.090 0.971 124.927 0.159 

 

sp3 

XUGPEU 106.19 2.503 2.831 2.502 0.071 3.731 3.762 3.674 0.650 1.172 151.113 -0.328 

 

sp2 

ZZZLWW01 95.39 3.636 2.838 2.563 2.579 4.337 3.871 3.704 2.256 1.141 113.028 0.798 

 

sp2 

HUCJOF 109.45 3.375 2.847 2.795 1.892 3.630 3.577 3.539 0.808 0.744 89.956 0.528 

 

sp2 

SUMLAN 89.40 3.939 2.862 1.291 3.721 4.333 3.148 1.643 4.009 0.352 98.034 1.077 

 

P 

FAMZIC01 104.99 3.400 2.872 2.800 1.929 3.922 3.264 3.016 2.507 0.216 102.892 0.528 

 

S 

HUDFIW 109.48 3.320 2.879 2.723 1.899 4.592 4.110 3.923 2.387 1.200 158.717 0.441 

 

sp2 

POHJON01 109.37 3.561 2.891 2.740 2.274 4.372 3.765 3.433 2.707 0.693 119.157 0.670 

 

sp3 

XAFVEH 98.77 3.836 2.903 2.465 2.939 3.987 2.789 1.639 3.635 -0.826 86.607 0.933 

 

sp 
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Table C7 continued 

WONHAK 96.52 3.781 2.910 2.564 2.779 4.403 3.622 2.892 3.320 0.328 109.012 0.871 

 

sp2 

SIZBAE 97.94 4.104 2.919 0.402 4.084 3.999 2.778 1.088 3.848 0.686 76.061 1.185 

 

sp3 

BIBDOG 97.96 3.849 2.920 1.988 3.296 4.465 3.740 3.187 3.127 1.199 108.84 0.929 

 

sp2 

AZIKEZ 97.05 3.553 2.924 2.541 2.483 4.452 3.676 3.257 3.035 0.716 124.677 0.629 

 

sp2 

KUKGAZ 97.21 3.369 2.926 2.907 1.703 4.366 3.557 3.227 2.941 0.320 131.057 0.443 

 

sp3 

DPDHPS10 101.22 3.281 2.928 2.890 1.553 3.702 3.707 3.638 0.685 0.748 97.562 0.353 

 

P 

MEDCOO 99.89 3.859 2.931 2.083 3.249 4.285 3.642 3.230 2.816 1.147 99.369 0.928 

 

sp2 

DPDHPS01 98.51 3.321 2.939 2.898 1.622 3.651 3.645 3.579 0.721 0.681 93.301 0.382 

 

P 

YISBOS 96.43 3.851 2.979 2.073 3.245 4.115 3.492 3.174 2.619 1.101 91.751 0.872 

 

sp2 

DUCPIB 109.46 3.126 2.987 2.957 1.014 3.486 3.666 3.478 0.236 0.521 94.043 0.139 

 

sp2 

KECXIA 94.28 3.831 3.018 2.652 2.765 3.716 3.378 3.343 1.623 0.691 74.999 0.813 

 

sp2 

WAKHOF02 94.04 4.149 3.047 1.373 3.915 4.481 3.297 1.725 4.136 0.352 95.556 1.102 

 

Si 

COLDEN 83.11 3.492 3.049 2.945 1.876 4.579 3.929 3.391 3.077 0.446 138.338 0.443 

 

sp2 

GUJNOP 111.77 3.538 3.060 3.014 1.853 4.161 3.508 3.187 2.675 0.173 108.495 0.478 

 

Mo 

COLDEN 100.51 3.979 3.072 2.572 3.036 4.470 3.645 2.761 3.515 0.189 102.79 0.907 

 

sp2 

MOCGIW 102.82 3.641 3.086 2.974 2.101 4.755 3.924 3.336 3.388 0.362 140.922 0.555 

 

Ti 

MURMER 99.59 4.194 3.107 1.064 4.057 4.101 2.841 0.110 4.100 -0.954 76.797 1.087 

 

sp3 

SIZBAE 100.26 4.156 3.113 2.320 3.448 3.976 2.782 1.173 3.799 -1.147 72.995 1.043 

 

sp3 

MEDDOP 95.04 3.963 3.117 2.200 3.296 4.080 3.427 3.143 2.602 0.943 85.411 0.846 

 

sp2 

MEDCII 99.89 4.016 3.117 2.603 3.058 4.718 3.712 2.701 3.868 0.098 113.809 0.899 

 

sp2 

WAWQOC 108.76 3.464 3.119 3.051 1.640 3.924 3.583 3.518 1.738 0.467 99.981 0.345 

 

sp2 

PEDXIF 99.92 2.983 3.131 2.965 0.327 4.027 3.948 3.900 1.003 0.935 133.849 -0.148 

 

Ir 

DPDHPS01 98.51 4.273 3.137 1.193 4.103 4.311 3.145 1.612 3.998 0.419 82.655 1.136 

 

P 

WIXTII 109.46 3.132 3.149 3.041 0.749 4.253 3.911 3.896 1.706 0.855 140.729 -0.017 

 

sp2 

YIQHOW 91.90 4.001 3.149 2.312 3.265 3.998 3.345 3.102 2.522 0.790 80.249 0.852 

 

sp2 

LAPWAB 101.43 4.200 3.150 1.228 4.016 3.957 2.758 1.521 3.653 0.293 70.385 1.050 

 

sp3 
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Table C7 continued 

VECXIL01 99.28 3.677 3.154 2.894 2.268 4.622 3.793 2.914 3.588 0.020 127.981 0.523 

 

sp2 

DPDHPS10 101.22 4.286 3.169 1.289 4.088 4.305 3.139 1.617 3.990 0.328 81.86 1.117 

 

P 

WAKHOF01 96.20 4.128 3.179 2.526 3.265 4.439 3.257 1.570 4.152 -0.956 94.538 0.949 

 

Si 

XODNOU 101.94 4.208 3.181 2.281 3.536 3.897 3.066 2.463 3.020 0.182 67.486 1.027 

 

sp2 

XUDQOE 109.50 3.422 3.182 3.124 1.397 4.434 4.407 4.349 0.864 1.225 132.268 0.240 

 

sp2 

WIXTII 109.46 3.480 3.182 3.079 1.622 4.245 4.190 4.151 0.888 1.072 116.257 0.298 

 

sp2 

SOSPAT 92.20 2.985 3.191 2.973 0.267 3.740 3.639 3.614 0.963 0.641 114.297 -0.206 

 

AL 

VECXIL 96.43 3.715 3.196 2.938 2.274 4.581 3.742 2.834 3.599 -0.104 122.845 0.519 

 

sp2 

HUCMIC 109.47 4.084 3.201 2.659 3.100 3.905 3.396 3.337 2.028 0.678 72.842 0.883 

 

sp2 

GIHVAV 94.81 4.362 3.209 1.798 3.974 4.736 3.790 2.264 4.160 0.466 97.928 1.153 

 

P 

GIQDER 96.21 3.824 3.230 3.113 2.221 4.371 3.755 3.345 2.814 0.232 105.27 0.594 

 

sp2 

VECXIL01 99.28 4.410 3.234 1.194 4.245 4.707 3.744 2.302 4.106 1.108 94.461 1.176 

 

sp2 

VECXIL 96.43 4.398 3.237 1.158 4.243 4.655 3.689 2.307 4.043 1.149 92.601 1.161 

 

sp2 

LAWKIE 110.63 3.024 3.239 3.015 0.233 3.725 3.609 3.562 1.090 0.547 111.284 -0.215 

 

sp3 

DAHCOE 108.92 4.133 3.242 2.529 3.269 4.524 3.722 3.329 3.063 0.800 98.281 0.891 

 

sp2 

WAKHOF02 96.17 4.235 3.257 2.529 3.397 4.457 3.271 1.523 4.189 -1.006 90.695 0.978 

 

Si 

LEFKEO 91.39 4.353 3.258 1.598 4.049 4.510 3.674 2.747 3.577 1.149 88.016 1.095 

 

sp2 

VECXIL01 100.93 3.945 3.271 2.774 2.805 4.698 3.710 2.723 3.828 -0.051 116.56 0.674 

 

sp2 

VECXIL 97.16 3.983 3.275 2.763 2.869 4.653 3.662 2.659 3.818 -0.104 112.016 0.708 

 

sp2 

GAQQAR 97.35 4.383 3.286 1.806 3.994 4.602 3.721 2.751 3.689 0.945 90.876 1.097 

 

sp2 

DIXFAS 90.04 4.354 3.300 1.887 3.924 4.594 3.832 3.041 3.443 1.154 91.756 1.054 

 

sp3 

DEBYUG 102.78 4.163 3.319 2.610 3.243 4.265 3.501 3.115 2.913 0.505 85.224 0.844 

 

sp2 

BEJTAM 109.17 4.079 3.321 3.043 2.716 4.502 4.096 4.061 1.943 1.018 99.711 0.758 

 

sp3 

BOZTOB 107.26 3.623 3.358 3.297 1.502 4.711 4.208 4.119 2.286 0.822 138.697 0.265 

 

sp3 

YAJHEW 97.41 4.511 3.392 1.991 4.048 4.572 3.777 2.870 3.559 0.879 84.133 1.119 

 

sp3 

BEJTAM 109.17 3.974 3.431 3.335 2.161 4.063 3.969 3.946 0.968 0.611 84.235 0.543 

 

sp3 
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Table C7 continued 

YIQHOW 94.33 4.350 3.444 2.401 3.627 4.223 3.487 3.113 2.854 0.712 75.669 0.906 

 

sp2 

NAMROI 109.49 4.065 3.463 3.311 2.358 4.481 3.504 2.747 3.540 -0.564 99.342 0.602 

 

Zn 

GAQQAR 100.93 4.571 3.469 1.524 4.309 4.615 3.750 2.723 3.726 1.199 83.502 1.102 

 

sp2 

COLDEN 83.11 4.282 3.471 3.047 3.009 4.656 4.055 3.605 2.947 0.558 97.785 0.811 

 

sp2 

COLDEN 103.47 4.174 3.472 3.171 2.714 4.452 3.700 3.226 3.068 0.055 93.138 0.702 

 

sp2 

LEHKIT 110.46 4.451 3.483 2.699 3.539 4.089 3.506 3.320 2.387 0.621 65.842 0.968 

 

sp2 

HUSNEP 95.72 4.173 3.492 3.266 2.598 4.703 3.986 3.376 3.274 0.110 105.152 0.681 

 

sp2 

MPTMCH01 109.46 4.572 3.497 2.174 4.022 4.543 3.552 2.255 3.944 0.081 80.308 1.075 

 

sp2 

FATQIC 109.50 4.197 3.526 3.190 2.727 4.127 3.550 3.430 2.295 0.240 77.803 0.671 

 

sp2 

HOMPOP 94.95 4.534 3.578 2.584 3.726 4.691 3.898 3.246 3.387 0.662 88.366 0.956 

 

sp2 

MEDDOP 95.04 4.443 3.581 2.602 3.601 4.414 3.827 3.492 2.700 0.890 80.11 0.862 

 

sp2 

HUDFIW 109.48 4.520 3.582 2.927 3.444 4.798 4.090 3.608 3.163 0.681 93.792 0.938 

 

sp2 

RONVEV 93.57 4.970 3.596 0.015 4.970 3.928 2.696 0.082 3.927 0.067 33.695 1.374 

 

sp2 

MOCGIW 101.07 4.511 3.604 2.853 3.494 4.636 4.028 3.643 2.867 0.790 86.936 0.907 

 

Ti 

GUJNOP 102.79 3.951 3.625 3.587 1.656 3.750 3.276 3.127 2.070 -0.460 71.6 0.326 

 

Mo 

RONVAR01 93.42 3.972 3.637 3.595 1.689 4.738 4.063 3.647 3.025 0.052 117.307 0.335 

 

sp2 

ICOPUN 97.77 3.736 3.653 3.612 0.955 3.531 3.662 3.510 0.385 -0.102 70.836 0.083 

 

sp2 

RONVAR 93.21 5.019 3.657 0.283 5.011 4.008 2.767 0.206 4.003 -0.077 35.629 1.362 

 

sp2 

QUSSUS 109.50 4.230 3.661 3.547 2.305 4.534 3.581 2.907 3.479 -0.640 94.436 0.569 

 

Zn 

RONVAR01 93.42 5.028 3.661 0.240 5.022 4.021 2.770 0.188 4.017 -0.052 35.83 1.367 

 

sp2 

MURMER 99.59 5.025 3.721 1.282 4.859 3.852 2.677 1.335 3.613 0.053 24.793 1.304 

 

sp3 

SIZBAE 97.94 5.073 3.738 1.075 4.958 3.970 2.755 1.001 3.842 -0.074 29.906 1.335 

 

sp3 

GAQQAR 100.93 4.869 3.751 2.363 4.257 4.664 3.765 3.157 3.433 0.794 73.304 1.118 

 

sp2 

RONVAR01 93.42 4.389 3.757 3.556 2.573 4.525 3.932 3.504 2.863 -0.052 87.171 0.632 

 

sp2 

SIZBAE 100.26 5.073 3.764 0.649 5.031 3.939 2.742 1.061 3.793 0.412 27.788 1.309 

 

sp3 

ICOPUN 97.37 3.968 3.813 3.799 1.146 4.014 3.528 3.354 2.205 -0.445 82.321 0.155 

 

sp2 
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Table C7 continued 

KICROE 109.46 4.843 3.823 1.998 4.412 4.276 3.145 1.995 3.782 -0.003 57.516 1.020 

 

Si 

RUFDAZ 109.51 5.067 3.828 1.972 4.668 3.802 2.676 1.802 3.348 -0.170 16.355 1.239 

 

sp3 

KEXNOR 101.53 4.928 3.836 2.566 4.207 4.728 3.745 2.846 3.775 0.280 73.602 1.092 

 

sp3 

RONVAR 93.21 4.453 3.849 3.660 2.536 4.518 3.971 3.584 2.751 -0.076 84.2 0.604 

 

sp2 

POHJON01 109.49 4.817 3.853 2.993 3.774 4.356 3.731 3.345 2.790 0.352 62.157 0.964 

 

sp3 

YOKRIA 86.62 5.111 3.863 1.951 4.724 4.103 2.983 2.097 3.527 0.146 35.95 1.248 

 

P 

HUCMIC 109.52 4.699 3.891 3.182 3.458 4.746 3.629 2.267 4.170 -0.915 83.865 0.808 

 

sp2 

LOKRUA 109.45 4.714 3.892 3.227 3.436 4.700 3.869 3.314 3.333 0.087 81.261 0.822 

 

sp2 

XIGPUA 96.77 4.050 3.935 3.889 1.131 3.719 3.536 3.500 1.257 -0.389 66.264 0.115 

 

sp2 

WIXTEE 110.13 4.773 3.995 3.434 3.315 4.736 4.124 3.927 2.647 0.493 80.357 0.778 

 

sp2 

HUDFIW 109.49 4.757 4.015 3.542 3.175 4.253 3.871 3.711 2.078 0.169 60.166 0.742 

 

sp2 

LOKRUA 109.45 4.808 4.108 3.474 3.324 4.676 3.899 3.388 3.223 -0.086 76.338 0.700 

 

sp2 

POHJON01 109.56 5.122 4.124 3.092 4.083 4.651 3.976 3.635 2.901 0.543 62.233 0.998 

 

sp3 

WESZUQ 100.71 5.207 4.170 2.379 4.632 4.458 3.554 2.796 3.472 0.417 49.631 1.037 

 

sp3 

YIRGEM 97.55 5.089 4.183 3.261 3.907 3.758 2.936 2.462 2.839 -0.799 5.051 0.906 

 

sp2 

WAKHOF02 96.17 5.523 4.204 1.534 5.306 4.413 3.219 1.730 4.060 0.196 29.854 1.319 

 

Si 

FULGIE 95.37 5.140 4.225 3.369 3.882 3.823 3.006 2.563 2.837 -0.806 8.876 0.915 

 

sp2 

DAHCOE 108.92 5.216 4.226 3.260 4.072 4.500 3.806 3.549 2.767 0.289 51.206 0.990 

 

sp2 

GAGTUF 96.13 4.884 4.234 3.965 2.852 4.134 3.725 3.661 1.920 -0.304 49.152 0.650 

 

sp2 

BODMOX 97.07 5.103 4.235 3.389 3.815 4.462 3.809 3.373 2.921 -0.016 54.561 0.868 

 

sp2 

KEXNOR 101.53 5.166 4.251 3.332 3.948 4.745 4.079 3.535 3.165 0.203 64.472 0.915 

 

sp3 

WAKHOF01 98.36 5.570 4.251 1.436 5.382 4.460 3.257 1.531 4.189 0.095 29.867 1.319 

 

Si 

EXUVUO 94.93 5.515 4.254 2.101 5.099 4.412 3.284 2.117 3.871 0.016 30.298 1.261 

 

Ge 

NUMWUP 100.29 5.222 4.305 3.532 3.846 3.887 3.045 2.691 2.805 -0.841 3.623 0.917 

 

sp2 

DIZGUP 109.49 5.205 4.317 3.209 4.098 4.580 3.886 3.418 3.049 0.209 55.426 0.888 

 

sp2 

PESPIN 97.82 5.318 4.327 3.258 4.203 4.682 3.757 3.139 3.474 -0.119 55.054 0.991 

 

sp3 
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Table C7 continued 

RONVEV 93.57 5.116 4.353 3.606 3.629 4.662 3.995 3.674 2.870 0.068 62.963 0.763 

 

sp2 

JURJAH 99.19 5.269 4.356 3.005 4.328 4.467 3.394 2.017 3.986 -0.988 47.087 0.913 

 

Ru 

HOMPOP 105.66 5.331 4.381 3.507 4.015 3.995 3.097 2.650 2.990 -0.857 2.658 0.950 

 

sp2 

WUJWAZ 93.55 5.464 4.386 1.944 5.106 4.198 3.226 1.788 3.798 -0.156 16.425 1.078 

 

sp2 

ILOQAB 98.37 5.130 4.413 4.029 3.176 4.419 3.830 3.475 2.730 -0.554 51.315 0.717 

 

sp2 

ILOQEF 109.46 5.279 4.416 3.332 4.095 4.612 3.977 3.644 2.827 0.312 53.57 0.863 

 

sp2 

BOZTOB 107.26 5.549 4.420 1.476 5.349 4.655 3.670 2.084 4.162 0.608 42.727 1.129 

 

sp3 

DIXFAS 99.20 5.030 4.470 4.316 2.583 4.551 3.837 3.468 2.947 -0.848 61.717 0.560 

 

sp3 

ODOSAD 108.54 4.664 4.480 4.478 1.304 3.590 3.705 3.566 0.414 -0.912 31.391 0.184 

 

sp2 

HIRBEQ 116.89 5.428 4.489 3.541 4.114 4.197 3.256 2.614 3.284 -0.927 20.153 0.939 

 

sp2 

LUVKOD 95.53 5.419 4.517 3.705 3.955 4.137 3.324 2.954 2.896 -0.751 14.484 0.902 

 

Si 

GAGTUF 92.92 5.668 4.539 2.610 5.031 4.648 3.595 2.563 3.877 -0.047 35.718 1.129 

 

sp2 

MEDBUT 99.64 5.342 4.544 3.897 3.654 4.359 3.809 3.468 2.641 -0.429 37.562 0.798 

 

ssp2 

GIQDER 96.21 5.114 4.568 4.412 2.586 4.260 3.491 3.191 2.822 -1.221 44.315 0.546 

 

sp2 

XUGPEU 106.19 5.591 4.589 3.482 4.374 4.713 3.971 3.563 3.085 0.081 43.596 1.002 

 

sp2 

COLDEN 83.11 5.360 4.604 4.009 3.558 4.064 3.315 3.009 2.732 -1.000 12.429 0.756 

 

sp2 

ZEPVOF 95.44 5.475 4.623 3.429 4.268 4.234 3.297 2.392 3.494 -1.037 19.173 0.852 

 

Mo 

COLDAJ 96.30 5.240 4.644 4.114 3.245 4.174 3.423 3.040 2.860 -1.074 32.506 0.596 

 

sp2 

NAMRUO 109.45 5.801 4.674 2.866 5.044 4.660 3.658 2.777 3.742 -0.089 27.831 1.127 

 

Zn 

GAQQAR 97.35 5.544 4.704 3.794 4.042 4.358 3.461 2.587 3.507 -1.207 24.232 0.840 

 

sp2 

KILCUE 109.41 5.475 4.756 4.286 3.407 4.223 3.611 3.428 2.466 -0.858 18.045 0.719 

 

sp2 

YUKDIR 116.38 5.558 4.756 3.822 4.035 4.550 3.683 2.592 3.740 -1.230 36.33 0.802 

 

W 

COLDAJ 103.89 5.630 4.789 3.684 4.257 4.526 3.659 2.725 3.614 -0.959 30.316 0.841 

 

sp2 

GIHVAV 94.81 5.270 4.828 4.634 2.510 3.975 3.617 3.573 1.742 -1.061 12.594 0.442 

 

P 

TASBIY 84.40 5.629 4.828 4.199 3.749 4.433 3.588 3.061 3.207 -1.138 23.41 0.801 

 

Mg 

COLDEN 87.89 5.596 4.867 4.190 3.709 4.549 3.698 3.190 3.243 -1.000 33.996 0.729 

 

sp2 
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Table C7 continued 

WESQER 90.12 5.869 4.869 3.564 4.663 4.622 3.567 2.574 3.839 -0.990 18.743 1.000 

 

sp3 

COLDEN 103.47 5.568 4.879 4.303 3.534 4.524 3.671 3.134 3.263 -1.169 34.206 0.689 

 

sp2 

MELFAK 109.49 5.703 4.965 4.359 3.677 4.621 3.735 3.062 3.461 -1.297 31.863 0.738 

 

sp2 

HELXUR01 109.20 3.101 2.266 1.867 2.476 3.901 3.263 2.979 2.519 1.112 117.343 0.835 A1 sp2 

ZORQUU 109.52 2.571 2.371 2.289 1.171 3.724 3.123 2.927 2.302 0.638 142.629 0.200 A1 sp2 

HELXUR01 109.15 2.699 2.403 2.342 1.342 3.827 3.192 2.926 2.467 0.584 140.417 0.296 A1 sp2 

VEZLOC 97.94 2.767 2.725 2.641 0.825 4.056 3.994 3.947 0.934 1.306 161.064 0.042 A1 sp3 

GOCGUB 102.12 3.468 2.775 2.384 2.519 4.662 4.101 3.667 2.879 1.283 148.602 0.693 A1 sp2 

VEZLOC 97.94 3.296 3.014 2.952 1.466 3.640 3.771 3.623 0.351 0.671 93.879 0.282 A1 sp3 

ZORQUU 117.01 3.588 3.270 3.233 1.556 3.947 3.316 2.900 2.677 -0.333 95.458 0.318 A1 sp2 

ZORQUU 100.72 4.257 3.386 2.498 3.447 3.719 3.147 2.927 2.294 0.429 57.747 0.871 A1 sp2 

HELXUR01 109.31 3.983 3.706 3.652 1.590 3.924 3.292 2.897 2.647 -0.755 77.764 0.277 A1 sp2 

KASJIZ 98.41 3.822 3.744 3.708 0.927 3.709 3.414 3.416 1.445 -0.292 75.001 0.078 A1 sp2 

GOCGUB 98.27 4.595 3.791 2.970 3.506 4.541 3.822 3.380 3.033 0.410 79.313 0.804 A1 sp2 

GOCGUB 102.12 4.921 4.167 3.408 3.550 4.569 3.856 3.431 3.017 0.023 67.064 0.754 A1 sp2 

VEZLOC 97.94 5.424 4.210 1.081 5.315 4.363 3.301 1.466 4.109 0.385 32.945 1.214 A1 sp3 

VEZLOC 97.94 5.478 4.279 1.089 5.369 4.333 3.257 1.399 4.101 0.310 27.279 1.199 A1 sp3 

HELXUR01 109.12 4.780 4.390 4.264 2.160 3.746 3.151 2.943 2.318 -1.321 33.932 0.390 A1 sp2 

HELXUR01 109.20 4.927 4.476 4.235 2.518 3.882 3.249 2.912 2.567 -1.323 33.521 0.451 A1 sp2 

KASJIZ 108.58 5.430 4.546 3.227 4.367 4.693 3.918 3.302 3.335 0.075 50.449 0.884 A1 sp2 

KASJIZ 105.14 5.557 4.616 2.863 4.763 4.760 3.846 2.949 3.736 0.086 47.695 0.941 A1 sp2 

YOMWAY01 107.93 5.922 5.098 4.335 4.035 4.584 3.788 3.335 3.145 -1.000 1.433 0.824 A1 sp2 

IKEGOV 109.50 3.850 2.726 1.432 3.574 4.634 3.747 2.677 3.783 1.245 118.188 1.124 A sp3 

VOPBEH 96.12 3.632 2.730 2.354 2.766 3.985 2.787 1.625 3.639 -0.729 95.322 0.902 A sp3 

KAPNIZ 104.86 3.425 2.830 2.558 2.278 3.837 3.525 3.510 1.550 0.952 97.535 0.595 A sp2 

VOPBEH 96.12 2.692 2.866 2.671 0.336 3.466 3.402 3.356 0.866 0.685 114.401 -0.174 A sp3 
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Table C7 continued 

XORTIJ 89.96 3.427 2.909 2.854 1.897 4.597 4.089 3.988 2.287 1.134 145.949 0.518 A sp2 

XORTIJ 98.15 3.405 2.936 2.879 1.818 4.506 4.093 4.035 2.006 1.156 139.362 0.469 A sp2 

XORTOP 99.94 4.037 2.945 2.117 3.437 4.305 3.440 2.893 3.188 0.776 92.4 1.092 A sp2 

XORTOP 91.71 3.817 2.985 2.448 2.929 4.582 3.789 3.284 3.195 0.836 116.966 0.832 A sp2 

XORTOP 91.71 3.974 3.161 2.527 3.067 4.149 3.529 3.326 2.480 0.799 87.992 0.813 A sp2 

XORTOP 102.96 3.183 3.210 3.114 0.659 3.620 3.372 3.356 1.357 0.242 97.987 -0.027 A sp2 

XORTOP 102.96 3.557 3.210 3.132 1.686 4.130 3.525 3.351 2.414 0.219 105.909 0.347 A sp2 

VOPBEH 106.39 4.220 3.232 2.574 3.344 3.931 2.769 1.706 3.542 -0.868 68.472 0.988 A sp3 

XORTIJ 98.15 4.075 3.429 3.036 2.718 4.699 3.792 3.096 3.535 0.060 109.788 0.646 A sp2 

WOGRIT01 97.56 4.514 3.486 1.610 4.217 4.701 3.832 2.836 3.749 1.226 89.671 1.028 A sp3 

BAPBOK 91.32 4.920 3.543 0.375 4.906 3.962 2.700 0.065 3.961 -0.310 38.486 1.377 A sp2 

XORTOP 105.91 4.497 3.616 3.161 3.199 3.895 3.407 3.333 2.015 0.172 55.308 0.881 A sp2 

XORTIJ 89.96 5.054 3.621 0.277 5.046 4.173 2.839 0.230 4.167 -0.047 42.815 1.433 A sp2 

XORTOP 91.71 5.082 3.631 0.280 5.074 4.195 2.822 0.125 4.193 -0.155 42.569 1.451 A sp2 

XORTIJ 94.02 5.118 3.682 0.138 5.116 4.183 2.840 0.163 4.180 0.025 40.005 1.436 A sp2 

XORTIJ 93.94 5.115 3.684 0.284 5.107 4.165 2.833 0.234 4.158 -0.050 39.21 1.431 A sp2 

XORTIJ 98.15 5.168 3.741 0.258 5.162 4.166 2.829 0.198 4.161 -0.060 36.272 1.427 A sp2 

KAPNIZ 104.86 4.902 3.959 3.183 3.728 4.668 3.695 2.753 3.770 -0.430 72.114 0.943 A sp2 

VOPBEH 96.12 5.028 3.961 2.688 4.249 4.722 3.970 3.336 3.342 0.648 69.248 1.067 A sp3 

BAJNUW 95.97 4.474 4.155 4.089 1.816 3.619 3.592 3.537 0.766 -0.552 43.286 0.319 A Se 

WOGRIT01 97.56 5.412 4.947 4.759 2.577 4.632 4.026 3.680 2.813 -1.079 48.355 0.465 A sp3 

XORTOP 99.94 5.912 4.967 3.625 4.670 4.800 3.728 2.437 4.135 -1.188 30.012 0.945 A sp2 

IKEGOV 109.50 5.997 5.040 3.541 4.840 4.683 3.816 2.927 3.656 -0.614 9.716 0.957 A sp3 

CEDYEQ 113.94 5.960 5.082 4.016 4.404 4.743 3.784 2.924 3.734 -1.092 21.739 0.878 A sp3 

NUMWUP 100.29 2.743 2.355 2.360 1.398 3.875 3.089 2.837 2.640 0.477 141.01 0.388 C sp2 

KOYJIT 98.99 3.016 2.476 2.438 1.776 4.127 3.767 3.737 1.751 1.299 139.614 0.540 C sp3 
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Table C7 continued 

KOYJIT 96.83 2.916 2.535 2.515 1.476 4.169 3.839 3.749 1.824 1.234 155.364 0.381 C sp3 

COLDEN 99.16 2.694 2.554 2.499 1.006 4.014 3.801 3.796 1.305 1.297 168.354 0.140 C sp2 

COLDAJ 96.30 2.712 2.626 2.555 0.909 3.779 3.693 3.629 1.054 1.074 135.022 0.086 C sp2 

KILCUE 109.41 2.591 2.650 2.527 0.572 3.715 3.558 3.506 1.228 0.979 139.749 -0.059 C sp2 

ODOSAD 100.68 2.715 2.661 2.573 0.867 3.805 3.933 3.791 0.326 1.218 137.081 0.054 C sp2 

GIQDER 96.21 3.111 2.720 2.630 1.662 4.407 4.021 3.851 2.143 1.221 162.8 0.391 C sp2 

WAKHOF02 94.04 3.469 2.728 2.395 2.510 4.764 4.035 3.362 3.375 0.967 163.018 0.741 C Si 

YUKDIR 116.38 3.210 2.737 2.623 1.850 4.315 3.607 3.313 2.765 0.690 139.406 0.473 C W 

SIZBAE 100.26 2.599 2.761 2.570 0.387 3.733 3.873 3.717 0.345 1.147 140.746 -0.162 C sp3 

ZEPVOF 95.44 3.120 2.765 2.682 1.594 4.195 3.570 3.393 2.467 0.711 136.635 0.355 C Mo 

TERTEP 94.71 3.718 2.781 2.225 2.979 3.998 2.790 1.690 3.623 -0.535 92.129 0.937 C sp3 

PESPIN 97.82 2.783 2.809 2.698 0.683 3.489 3.565 3.445 0.552 0.747 110.791 -0.026 C sp3 

HOMPOP 105.66 3.366 2.825 2.586 2.155 4.246 3.617 3.442 2.486 0.856 122.979 0.541 C sp2 

KECXIA 94.28 3.593 2.833 2.539 2.542 4.798 4.125 3.602 3.170 1.063 149.966 0.760 C sp2 

GAGTUF 86.42 3.559 2.836 2.578 2.454 4.260 3.857 3.803 1.920 1.225 112.768 0.723 C sp2 

ICOPUN 97.37 2.910 2.852 2.791 0.824 3.846 3.895 3.806 0.553 1.015 125.567 0.058 C sp2 

XAFVEH 98.77 2.790 2.901 2.750 0.471 3.625 3.674 3.575 0.600 0.825 118.556 -0.111 C sp3 

JURJAH 83.80 3.698 2.932 2.736 2.488 3.990 3.366 2.991 2.641 0.255 92.654 0.766 C Ru 

TAPZIU 96.76 4.095 2.956 0.809 4.014 3.957 2.769 1.391 3.704 0.582 74.65 1.139 C sp3 

MELFAK 109.49 3.211 2.973 2.949 1.270 3.324 3.590 3.323 0.082 0.374 82.943 0.238 C sp2 

DIXFAS 99.20 3.734 2.988 2.739 2.538 3.930 3.626 3.620 1.530 0.881 88.354 0.746 C sp3 

QUSSUS 109.50 3.870 3.053 2.447 2.998 4.221 3.572 3.356 2.560 0.909 95.846 0.817 C Zn 

WESQER 90.12 2.948 3.120 2.928 0.343 3.873 3.760 3.727 1.053 0.799 124.964 -0.172 C sp3 

LUVKOD 95.53 3.409 3.122 3.036 1.550 4.527 3.926 3.594 2.753 0.558 140.903 0.287 C Si 

WUJWAZ 93.55 3.846 3.130 2.762 2.676 4.154 3.612 3.464 2.293 0.702 93.741 0.716 C sp2 

GUJNOP 111.77 3.598 3.145 3.115 1.801 4.121 4.072 4.037 0.828 0.922 103.504 0.453 C Mo 
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Table C7 continued 

SIZBAE 97.94 3.861 3.152 2.944 2.498 4.781 4.213 3.927 2.727 0.983 126.62 0.709 C sp3 

MEDBUT 99.64 3.971 3.185 2.732 2.882 4.370 3.950 3.824 2.115 1.092 98.295 0.786 C sp2 

WAKHOF01 98.36 4.143 3.222 2.622 3.208 4.461 3.281 1.676 4.134 -0.946 94.917 0.921 C Si 

NAMROI 109.49 4.286 3.269 2.160 3.702 4.410 3.573 3.068 3.168 0.908 86.448 1.017 C Zn 

HIRBEQ 116.89 4.425 3.274 1.943 3.976 4.396 3.574 2.870 3.330 0.927 80.052 1.151 C sp2 

HUCMIC 109.51 3.587 3.277 3.259 1.498 4.595 4.135 4.013 2.238 0.754 132.281 0.310 C sp2 

FULGIE 95.37 3.361 3.321 3.255 0.837 4.132 3.638 3.556 2.104 0.301 116.336 0.040 C sp2 

ADELOL 87.31 4.181 3.365 2.922 2.990 3.743 2.915 2.488 2.796 -0.434 61.982 0.816 C sp2 

JURJAH 99.19 3.938 3.371 3.210 2.281 4.531 3.727 2.897 3.484 -0.313 107.881 0.567 C Ru 

COLDAJ 96.30 3.885 3.378 3.288 2.069 4.637 3.855 3.214 3.342 -0.074 116.386 0.507 C sp2 

ILOQAB 98.37 4.111 3.461 3.004 2.806 4.623 3.883 3.558 2.952 0.554 104.114 0.650 C sp2 

TASBIY 84.40 4.603 3.466 2.103 4.095 4.598 3.729 3.149 3.350 1.046 81.463 1.137 C Mg 

KICROE 109.47 4.383 3.472 2.995 3.200 4.368 3.223 2.047 3.859 -0.948 80.567 0.911 C Si 

XIGPUA 97.46 4.241 3.505 3.239 2.738 3.906 3.619 3.613 1.484 0.374 66.524 0.736 C sp2 

XEYHUF 90.99 4.366 3.554 3.042 3.132 4.691 3.733 2.366 4.051 -0.676 95.658 0.812 C sp2 

GADNIJ 109.49 3.962 3.632 3.534 1.791 3.574 3.435 3.408 1.077 -0.126 63.6 0.330 C sp2 

YIRGEM 97.55 4.291 3.641 3.140 2.925 3.725 3.424 3.355 1.619 0.215 56.552 0.650 C sp2 

TAPZIU 96.76 4.980 3.680 1.288 4.811 3.870 2.700 1.103 3.709 -0.185 29.394 1.300 C sp3 

COLDEN 100.51 4.384 3.681 3.134 3.066 4.226 3.733 3.620 2.181 0.486 74.418 0.703 C sp2 

NUZLAW 109.44 4.510 3.716 3.305 3.069 4.048 3.339 2.857 2.868 -0.448 61.596 0.794 C Pd 

HUCGES 109.48 4.226 3.723 3.630 2.164 4.385 3.696 3.153 3.047 -0.477 87.858 0.503 C sp2 

JIVNAD 105.99 4.483 3.772 3.492 2.811 4.650 3.709 2.873 3.656 -0.619 88.754 0.711 C sp2 

MURMER 99.59 4.413 3.784 3.494 2.696 4.792 3.944 3.441 3.335 -0.053 98.249 0.629 C sp3 

ELAQIR 109.47 4.075 3.790 3.720 1.663 3.886 3.647 3.572 1.530 -0.148 72.408 0.285 C sp2 

RUFDAZ 109.51 4.478 3.830 3.490 2.806 4.025 3.712 3.660 1.675 0.170 61.9 0.648 C sp3 

GIHVAV 94.81 4.829 3.870 3.070 3.728 4.714 4.094 3.864 2.700 0.794 77.081 0.959 C P 
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Table C7 continued 

WIXTAA 109.45 4.917 3.908 3.040 3.865 4.694 3.802 2.917 3.678 -0.123 72.597 1.009 C sp2 

GAQQAR 97.35 4.523 3.921 3.549 2.804 4.414 3.603 3.176 3.065 -0.373 76.806 0.602 C sp2 

GAQQAR 97.35 4.755 3.950 3.344 3.380 4.361 3.792 3.541 2.546 0.197 64.955 0.805 C sp2 

WIXSUT 112.22 5.060 4.062 3.168 3.946 4.643 3.765 2.888 3.636 -0.280 64.489 0.998 C sp2 

YAFTUW 109.45 4.569 4.080 3.967 2.267 3.792 3.641 3.592 1.215 -0.375 47.316 0.489 C sp2 

KEXNOR 101.53 4.194 4.128 4.095 0.906 3.837 3.933 3.816 0.401 -0.279 65.473 0.066 C sp3 

WAKHOF01 96.20 5.520 4.204 1.559 5.295 4.426 3.232 1.695 4.089 0.136 30.91 1.316 C Si 

KOYJIT 98.99 5.274 4.225 2.791 4.475 4.537 3.645 2.444 3.822 -0.347 50.279 1.049 C sp3 

MELFAK 109.49 4.804 4.240 3.791 2.951 4.602 3.739 3.143 3.362 -0.648 73.316 0.564 C sp2 

COLDEN 109.48 5.017 4.281 3.510 3.585 4.689 4.062 3.806 2.739 0.296 68.252 0.736 C sp2 

KUKGAZ 97.21 4.986 4.306 4.017 2.954 4.416 3.934 3.697 2.415 -0.320 57.626 0.680 C sp3 

FATQIC 109.50 5.039 4.322 3.951 3.127 4.202 3.783 3.711 1.971 -0.240 45.071 0.717 C sp2 

WUSBAN 90.94 5.061 4.336 3.917 3.205 4.576 3.776 3.036 3.424 -0.881 61.499 0.725 C Al 

HUCGES 109.45 5.018 4.350 4.034 2.984 4.012 3.643 3.597 1.777 -0.437 35.933 0.668 C sp2 

WONHAK 96.52 5.124 4.350 3.756 3.485 4.270 3.505 2.911 3.124 -0.845 44.331 0.774 C sp2 

ZEPVOF 95.44 5.539 4.386 2.665 4.856 4.479 3.511 2.725 3.555 0.060 33.146 1.153 C Mo 

TAZFOR 100.02 4.715 4.415 4.350 1.819 4.492 3.966 3.865 2.289 -0.485 72.26 0.300 C sp2 

ELAQIR 109.47 5.041 4.419 4.149 2.863 4.095 3.616 3.545 2.050 -0.604 39.374 0.622 C sp2 

NAMRUO 109.45 5.093 4.435 4.121 2.993 4.498 3.567 2.881 3.454 -1.240 56.657 0.658 C Zn 

LEFKEO 91.39 5.163 4.440 4.039 3.216 4.765 3.792 2.890 3.789 -1.149 65.451 0.723 C sp2 

ODOSAD 105.71 4.435 4.501 4.405 0.515 4.025 3.903 3.883 1.060 -0.522 63.712 -0.066 C sp2 

TASPUY 109.29 5.523 4.527 3.417 4.339 4.191 3.260 2.677 3.225 -0.740 4.672 0.996 C sp3 

WONHAK 96.52 4.958 4.539 4.431 2.224 3.785 3.229 3.151 2.097 -1.280 24.829 0.419 C sp2 

XEYHUF 90.99 4.395 4.546 4.390 0.210 3.698 3.510 3.500 1.194 -0.890 50.791 -0.151 C sp2 

KOYJIT 98.99 5.328 4.551 3.814 3.720 4.576 3.656 2.515 3.823 -1.299 49.639 0.777 C sp3 

KOYJIT 96.83 5.503 4.583 3.594 4.167 4.684 3.696 2.440 3.998 -1.154 46.515 0.920 C sp3 
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Table C7 continued 

WIXSON 109.54 5.515 4.585 3.720 4.071 4.745 3.851 2.956 3.712 -0.764 48.943 0.930 C sp2 

LUVKOD 95.53 4.964 4.644 4.584 1.905 4.326 3.720 3.448 2.613 -1.136 54.483 0.320 C Si 

KOYJIT 96.83 5.463 4.644 3.918 3.807 4.565 3.640 2.650 3.717 -1.268 42.44 0.819 C sp3 

HUSNEP 95.72 4.930 4.668 4.653 1.629 4.761 4.180 3.910 2.716 -0.743 74.958 0.262 C sp2 

YUCYUR 109.45 4.892 4.691 4.660 1.489 4.046 3.644 3.545 1.950 -1.115 44.414 0.201 C sp2 

BODMOX 94.79 5.235 4.699 4.502 2.672 4.568 3.974 3.553 2.871 -0.949 53.481 0.536 C sp2 

GAQQAR 100.93 5.408 4.718 4.274 3.314 4.247 3.735 3.480 2.434 -0.794 26.037 0.690 C sp2 

DEBYUG 102.78 4.857 4.719 4.711 1.182 3.708 3.848 3.694 0.322 -1.017 26.446 0.138 C sp2 

TAZFOR 100.02 5.414 4.729 4.344 3.231 4.711 4.234 4.146 2.237 -0.198 52.06 0.685 C sp2 

KOYJIT 98.99 5.753 4.797 2.954 4.937 4.452 3.526 2.438 3.725 -0.516 11.897 0.956 C sp3 

MEDBUT 99.64 5.470 4.801 4.400 3.250 4.386 3.909 3.841 2.117 -0.559 31.541 0.669 C sp2 

WIVSEA 103.42 5.602 4.882 4.482 3.361 4.727 3.806 3.188 3.490 -1.294 43.764 0.720 C sp2 

QUSSUS 109.50 5.874 4.888 3.745 4.525 4.555 3.597 2.912 3.503 -0.833 8.541 0.986 C Zn 

DPDHPS01 98.51 5.151 4.982 4.974 1.339 4.038 3.864 3.847 1.227 -1.127 29.363 0.169 C P 

DPDHPS10 101.22 5.179 5.010 5.001 1.346 4.089 3.923 3.908 1.203 -1.093 30.93 0.169 C P 

BECVUC 93.10 5.326 5.073 5.044 1.710 4.232 3.868 3.846 1.766 -1.198 30.821 0.253 C sp3 

HUCGES 109.51 5.753 5.088 4.409 3.696 4.469 3.842 3.465 2.822 -0.944 14.417 0.665 C sp2 

KUKGAZ 95.19 5.528 5.096 4.861 2.632 4.254 3.764 3.560 2.329 -1.301 15.526 0.432 C sp3 

HEBPOT 98.07 6.006 5.103 3.956 4.519 4.686 3.788 2.958 3.634 -0.998 8.171 0.903 C sp2 

XAFVEH 98.77 5.395 5.156 5.100 1.760 4.104 3.838 3.821 1.498 -1.279 13.293 0.239 C sp3 

DUCNUL 109.46 5.715 5.214 4.925 2.899 4.723 4.130 3.680 2.960 -1.245 37.397 0.501 C sp2 

GAYKUO 102.96 3.014 2.254 2.085 2.176 3.816 3.336 3.140 2.168 1.055 117.208 0.760 D Ru, sp3 

WORNEW 100.71 2.849 2.544 2.512 1.344 3.906 3.328 3.014 2.484 0.502 134.521 0.305 D Ru, H2S 

DIRVAB 109.79 2.912 2.554 2.487 1.515 4.114 3.565 3.232 2.545 0.745 148.685 0.358 D Ru, Ru 

DIRVAB 104.52 2.993 2.573 2.602 1.479 4.031 3.545 3.445 2.093 0.843 133.337 0.420 D Ru, Ru 

SULTOI 115.03 3.138 2.602 2.520 1.870 4.177 3.274 2.728 3.163 0.208 133.75 0.536 D Ru, sp3 
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Table C7 continued 

SULTOI 115.03 3.260 2.768 2.566 2.011 4.258 3.429 2.651 3.332 0.085 130.892 0.492 D Ru, sp3 

PUMDUX 109.45 3.754 2.899 2.362 2.918 3.957 3.319 3.103 2.455 0.741 88.734 0.855 D Re 

RODBIV 113.16 3.715 3.065 2.882 2.344 4.556 4.079 3.984 2.210 1.102 121.315 0.650 D Mn, Mn 

SIZCAF 107.39 3.978 3.147 2.792 2.834 3.904 3.302 2.936 2.573 0.144 77.105 0.831 D Ru, H2S 

CEMROB 104.36 3.497 3.177 3.150 1.519 3.655 3.184 3.014 2.068 -0.136 85.954 0.320 D Rh, Rh 

VETKAH 102.18 4.062 3.182 2.731 3.007 3.719 3.274 3.120 2.024 0.389 65.786 0.880 D Rh, sp2 

PUDWER 100.36 4.393 3.418 2.587 3.550 4.239 3.317 2.805 3.178 0.218 74.612 0.975 D Sb, sp3 

ZOZBIB 101.61 3.923 3.939 3.863 0.683 4.648 4.287 4.207 1.976 0.344 114.921 -0.016 D Ni, Ni 

XUHZOQ 113.93 4.814 4.165 3.716 3.060 4.486 3.826 3.583 2.699 -0.133 67.926 0.649 D Cu, Cu 

RODBIV 113.16 4.755 4.283 4.140 2.339 4.290 3.725 3.554 2.403 -0.586 61.882 0.472 D Mn, Mn 

WORNEW 100.71 4.642 4.324 4.205 1.966 3.634 3.232 3.218 1.688 -0.987 35.349 0.318 D Ru, H2S 

LEGPOC 111.72 5.325 4.600 4.045 3.463 4.177 3.550 3.109 2.790 -0.936 26.989 0.725 D Ru+, sp3 

GAYKUO 102.96 5.106 4.610 4.399 2.592 4.767 3.953 3.344 3.397 -1.055 67.921 0.496 D Ru, sp3 

DIRVAB 109.79 5.707 4.731 2.564 5.099 4.696 3.820 2.744 3.811 0.180 36.302 0.976 D Ru, Ru 

COCKAG 97.02 5.420 4.761 4.342 3.244 4.442 3.711 3.411 2.845 -0.931 37.941 0.659 D Ir, sp3 

WORNAS 110.39 5.081 4.764 4.732 1.851 4.667 4.377 4.274 1.875 -0.458 64.664 0.317 D Ru, H2S 

WORNAS 110.39 5.092 4.928 4.904 1.371 4.795 4.278 4.134 2.429 -0.770 69.69 0.164 D Ru, H2S 

JIHHUD 108.14 5.789 4.971 4.145 4.041 4.493 3.689 3.224 3.129 -0.921 12.743 0.818 D Ru, sp3 

YUKDIR01 116.38 3.210 2.737 2.623 1.850 4.315 3.607 3.313 2.765 0.690 139.406 0.473 E W 

WEKYAO 100.24 3.820 3.042 2.665 2.737 3.670 3.226 3.175 1.841 0.510 73.44 0.778 F Ru+ 

CEDYEQ 113.94 3.445 2.607 1.905 2.870 4.707 3.878 3.001 3.626 1.096 157.169 0.838 A, C sp3 

XORTOP 99.94 3.324 2.688 2.515 2.173 4.054 3.786 3.703 1.650 1.188 113.821 0.636 A, C sp2 

XORTOP 102.96 3.351 2.719 2.418 2.320 4.064 3.732 3.633 1.821 1.215 112.993 0.632 A, C sp2 

VOPBEH 106.39 3.015 2.777 2.700 1.342 4.192 3.638 3.420 2.424 0.720 146.09 0.238 A, C sp3 

WOGRIT01 97.56 3.504 2.902 2.816 2.085 4.709 4.184 4.042 2.416 1.226 149.924 0.602 A, C sp3 

BAJNUW 95.97 2.914 2.994 2.868 0.516 3.679 3.630 3.591 0.800 0.723 114.641 -0.080 A, C Se 
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Table C7 continued 

BAPBOK 91.32 3.480 3.049 3.015 1.738 3.377 3.488 3.344 0.471 0.329 74.441 0.431 A, C sp2 

IKEGOV 109.50 3.412 3.284 3.262 1.001 4.345 4.403 4.311 0.542 1.049 126.611 0.128 A, C sp3 

VOPBEH 106.39 4.250 3.296 2.705 3.278 4.757 3.987 3.469 3.255 0.764 104.109 0.954 A, C sp3 

MKMPIN 94.29 4.521 3.444 2.287 3.900 4.244 3.351 2.179 3.642 -0.108 69.62 1.077 A, C sp2 

HUKJUT 99.12 4.144 3.955 3.904 1.390 3.758 3.509 3.488 1.399 -0.416 64.095 0.189 A, C sp3 

JOLBIX 109.47 5.048 4.162 3.258 3.856 4.296 3.338 2.201 3.689 -1.057 49.254 0.886 A, C Re 

BAPBOK 91.32 5.009 4.251 3.813 3.248 4.169 3.675 3.503 2.260 -0.310 44.84 0.758 A, C sp2 

HUKJUT 99.12 5.264 4.422 3.732 3.712 4.296 3.627 3.404 2.621 -0.328 38.359 0.842 A, C sp3 

WOGRIT 95.18 5.543 4.705 3.858 3.980 4.646 3.939 3.609 2.926 -0.249 42.528 0.838 A, C sp3 

VAGLAR 100.71 5.874 4.864 2.842 5.141 4.581 3.668 2.409 3.896 -0.433 13.155 1.010 A, C Mo 

PIHMOK 93.83 5.321 5.007 4.934 1.992 4.105 3.748 3.621 1.934 -1.313 21.394 0.314 A, C sp2 

HELXUR01 109.12 2.962 2.167 1.889 2.281 3.820 3.266 3.027 2.330 1.138 120.536 0.795 A1, C sp2 

HELXUR01 109.31 2.928 2.503 2.440 1.619 4.022 3.340 2.992 2.688 0.552 137.849 0.425 A1, C sp2 

ZORQUU 117.01 3.343 2.989 2.942 1.588 4.060 3.348 2.973 2.765 0.031 113.183 0.354 A1, C sp2 

YOMWAY01 107.93 2.821 3.130 2.821 0.000 3.783 3.645 3.620 1.098 0.799 127.182 -0.309 A1, C sp2 

KASJIZ 109.86 3.558 3.541 3.469 0.791 3.504 3.517 3.434 0.697 -0.035 76.802 0.017 A1, C sp2 

HELXUR01 109.20 4.265 3.757 3.654 2.200 4.117 3.761 3.654 1.897 0.000 74.601 0.508 A1, C sp2 

HELXUR01 109.15 3.934 3.777 3.727 1.259 3.848 3.273 3.019 2.386 -0.708 76.495 0.157 A1, C sp2 

ZORQUU 109.52 3.948 3.787 3.751 1.232 3.813 3.257 3.009 2.342 -0.742 74.442 0.161 A1, C sp2 

ZORQUU 100.72 5.031 4.305 3.672 3.439 3.798 3.278 3.031 2.289 -0.641 19.658 0.726 A1, C sp2 

KASJIZ 102.95 4.761 4.414 4.285 2.075 4.714 3.990 3.535 3.119 -0.750 79.921 0.347 A1, C sp2 

WORNAS 110.39 3.121 2.503 2.423 1.967 3.712 3.274 3.193 1.893 0.770 105.595 0.618 C, D Ru, H2S 

CEMROB 104.36 3.468 2.627 2.318 2.580 4.042 3.331 2.811 2.904 0.493 105.757 0.841 C, D Rh, Rh 

LEGPOC 111.72 3.613 2.636 2.051 2.974 4.553 3.553 2.092 4.044 0.041 127.469 0.977 C, D Ru+, sp3 

JIHHUD 108.14 3.394 2.724 2.529 2.263 4.163 3.382 2.895 2.992 0.366 116.252 0.670 C, D Ru, sp3 

WORNAS 110.39 2.889 2.765 2.686 1.064 3.671 3.185 3.145 1.893 0.459 115.542 0.124 C, D Ru, H2S 
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Table C7 continued 

GAYKUO 102.96 3.101 2.834 2.786 1.362 3.734 3.127 2.990 2.237 0.204 107.812 0.267 C, D Ru, sp3 

RODBIV 113.16 3.437 2.846 2.746 2.067 4.257 3.682 3.464 2.474 0.718 119.42 0.591 C, D Mn, Mn 

WUDQUI 94.66 3.864 2.867 1.901 3.364 4.025 2.810 1.673 3.661 -0.228 87.105 0.997 C, D sp3, sp3 

WORNEW 100.71 4.304 3.219 1.138 4.151 4.562 3.644 2.433 3.859 1.295 92.451 1.085 C, D Ru, H2S 

COCKAG 97.02 4.236 3.291 2.676 3.284 4.065 3.410 3.013 2.729 0.337 73.551 0.945 C, D Ir, sp3 

XUHZOQ 113.93 4.957 3.973 3.117 3.854 4.799 3.769 2.592 4.039 -0.525 75.453 0.984 C, D Cu, Cu 

XEHDOF 98.82 4.491 4.002 3.878 2.265 4.522 3.811 3.477 2.891 -0.401 82.791 0.489 C, D sp3 

VETKAH 102.18 4.853 4.412 4.261 2.323 3.599 3.125 2.960 2.047 -1.301 17.527 0.441 C, D Rh, sp2 

GAYKUO 102.96 5.624 4.508 2.680 4.944 4.783 3.834 2.347 4.168 -0.333 45.536 1.116 C, D Ru, sp3 

SULTOI 115.03 5.820 4.848 3.052 4.956 4.633 3.565 2.030 4.165 -1.022 24.274 0.972 C, D Ru, sp3 

ZOZBIB 101.61 5.713 5.108 4.516 3.499 4.513 4.082 3.863 2.333 -0.653 23.153 0.605 C, D Ni, Ni 

YUKDIR01 116.38 5.558 4.756 3.822 4.035 4.550 3.683 2.592 3.740 -1.230 36.33 0.802 C, E W 

SIZCAF10 107.39 3.978 3.147 2.792 2.834 3.904 3.302 2.936 2.573 0.144 77.105 0.831 D, E Ru, H2S 
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Appendix D 

NMR SPECTRA FOR NOVEL COMPOUNDS 

Compounds were described and utilized in Chapter 3: Electronic Control of 

Proline Cis-Trans Isomerism via a C–H/ Aromatic Interaction: Insights into the 

Nature of C–H/ Interactions.  
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Figure D1 1H NMR spectrum of Boc-4S-fluoroproline-methyl ester in CDCl3 

Figure D2 13C NMR spectrum of Boc-4S-fluoroproline-methyl ester in CDCl3 
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Figure D3 19F NMR spectrum of Boc-4S-fluoroproline-methyl ester in CDCl3. 

Figure D4 1H NMR spectrum of Boc-tryptophan-(4S-fluoroproline)-methyl 

ester in CDCl3. 
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Figure D5 13C NMR spectrum of Boc-tryptophan-(4S-fluoroproline)-methyl 

ester in CDCl3.  

Figure D6 19F NMR spectrum of Boc-tryptophan-(4S-fluoroproline)-methyl 

ester in CDCl3. 
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Figure D7 1H NMR spectrum of Boc-tryptophan-(4S-fluoroproline) in CDCl3 

with ethyl acetate as a cosolvent. 

Figure D8 13C NMR spectrum of Boc-tryptophan-(4S-fluoroproline) in CDCl3 

with ethyl acetate as a cosolvent. 
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Figure D9 19F NMR spectrum of Boc-tryptophan-(4S-fluoroproline) in CDCl3 

with ethyl acetate as a cosolvent.  

Figure D10 1H NMR spectrum of Boc-tryptophan-(4S-fluoroproline)-methyl 

amide in CDCl3. 
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Figure D11 13C NMR spectrum of Boc-tryptophan-(4S-fluoroproline)-methyl 

amide in CDCl3. 

Figure D12 19F NMR spectrum of Boc-tryptophan-(4S-fluoroproline)-methyl 

amide in CDCl3. 
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Figure D13 1H NMR spectrum of Boc-tryptophan-proline-methyl ester in 

CDCl3. 

Figure D14 13C NMR spectrum of Boc-tryptophan-proline-methyl ester in 

CDCl3. 
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Figure D15 1H NMR spectrum of Ac-tryptophan-(4S-fluoroproline)-methyl 

ester in CDCl3. 

Figure D16 13C NMR spectrum of Ac-tryptophan-(4S-fluoroproline)-methyl 

ester in CDCl3. 
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Figure D17 19F NMR spectrum of Ac-tryptophan-(4S-fluoroproline)-methyl 

ester in CDCl3. 
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Appendix E 

X-RAY CRYSTALLOGRAPHIC INFORMATION FOR DIPEPTIDES 

Compounds were described and utilized in Chapter 3: Electronic Control of 

Proline Cis-Trans Isomerism via a C–H/ Aromatic Interaction: Insights into the 

Nature of C–H/ Interactions.  
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Crystal Structure of Ac-Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-Phe)-NH2  

Crystals were mounted using viscous oil onto a plastic mesh and cooled to the 

data collection temperature. Data were collected on a Bruker-AXS APEX II DUO 

CCD diffractometer with Cu-Kα radiation (λ = 1.54178 Å) micro focused with Goebel 

mirrors. Unit cell parameters were obtained from 36 data frames, 0.5º ω, from three 

different sections of the Ewald sphere. The systematic absences in the diffraction data 

are uniquely consistent for P212121. The data-set was treated with multi-scan 

absorption corrections (Apex3 software suite, Madison, WI, 2015). The structure was 

solved using direct methods and refined with full-matrix, least-squares procedures on 

F2 (Sheldrick, G.M. 2008. Acta Cryst. A64, 112-122). Refinement of the absolute 

structure parameter yielded nil indicating the true hand of the data has been 

determined. All non-hydrogen atoms were refined with anisotropic displacement 

parameters with rigid bond Ueq restraints. Phenyl groups were constrained to be 

idealized flat hexagonal rigid groups. H-atoms were placed in calculated positions 

with Uiso equal to 1.2 (1.5 for methyl H) Ueq of the attached atom. Atomic scattering 

factors are contained in the SHELXTL program library (Sheldrick, G., op. cit.).  The 

compound consistently crystallizes with a thin plate habit and the data presented 

represent the best of several trials. The CIFs have been deposited with the Cambridge 

Crystallographic Database under CCDC 1442050. 
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Crystal Structure of Ac-Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-Phe)-NH2 

 

 
Figure E1 Crystal structure of Ac-Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-Phe)-

NH2. 
Top: ORTEP diagram of the Ac-Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-Phe)-NH2 

monomer with ellipsoids shown at 50% probability; bottom: overall crystal packing. 

Diffractable crystals were obtained via slow evaporation at room temperature from a 

solution of 60% methanol in chloroform. 
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Table E1. Crystallographic data and refinement details for Ac-Trp(2S,4S-p-

nitrobenzoate-hyp)(4-Br-Phe)-NH2. 

empirical formula C34H33BrN6O8 

formula weight 733.57 

T (K) 200(2) 

wavelength (Å) 1.54178 

crystal system, space group Orthorhombic, P 21 21 21 

Unit cell dimensions (Å, °) a = 8.8418(5)  α = 90 

 
b = 17.9487(9) β = 90 

 
c = 21.6358(11) γ = 90 

Volume (Å3) 3433.6(3)  
 

Z, Z, calcd density (g/cm3) 4, 0, 1.419 

absorption coefficient (mm-1-

) 
2.138 

F(000) 1512 

crystal size (mm) 0.163 x 0.112 x 0.038 

 range for data collection 4.086 to 44.552° 

Index ranges -6 ≤ h ≤ 8, -16 ≤ k ≤ 16, -15 ≤ l ≤ 19 

Reflections collected/ 

unique 
8109/2667 [R(int) = 0.0810] 

Coverage of independent 

reflections 
99.9% 

Absorption correction multi-scan 

Max. and min. transmission 0.7488 and 0.6327 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 2667 / 218 / 398 

Goodness-of-fit on F2 1.192 

Final R indices 1105 data; I>2σ(I) 
R1 = 0.1325, wR2 = 

0.3283 

 
all data 

R1 = 0.2191, wR2 = 

0.3919 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.2000P)2] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.521 and -0.582 eÅ-3 

R.M.S. deviation from mean 0.112 eÅ-3 
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Table E2. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Ac-Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-Phe)-NH2.

  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
x/a y/b z/c U(eq) 

Br(1) 4689(8) 4217(4) 216(3) 179(3) 

C(1) 6460(30) 5229(17) 1775(18) 131(15) 

C(2) 6240(40) 4927(18) 1191(15) 152(17) 

C(3) 4820(50) 4665(16) 1022(11) 132(14) 

C(4) 3620(30) 4705(17) 1438(17) 125(14) 

C(5) 3850(30) 5008(17) 2022(15) 136(15) 

C(6) 5270(40) 5270(15) 2191(12) 123(13) 

C(7) 5320(50) 5580(20) 2843(18) 110(12) 

C(8) 5480(50) 5020(20) 3342(19) 106(11) 

C(9) 5580(60) 5350(20) 3990(20) 103(12) 

C(10) 4460(60) 3800(20) 3650(20) 93(11) 

C(11) 1680(50) 3040(20) 2671(18) 113(12) 

C(12) 2870(50) 2450(20) 2810(20) 109(12) 

C(13) 3250(50) 2530(20) 3502(18) 110(12) 

C(14) 2890(50) 3340(20) 3618(18) 94(11) 

C(15) 4370(60) 2620(20) 1950(20) 99(12) 

C(16) 6080(30) 2573(14) 1046(13) 115(13) 

C(17) 7400(40) 2791(16) 747(9) 128(14) 

C(18) 8470(30) 3216(16) 1059(14) 115(12) 

C(19) 8230(30) 3422(14) 1670(13) 97(12) 

C(20) 6910(40) 3204(15) 1969(9) 100(12) 

C(21) 5830(30) 2780(15) 1657(13) 89(11) 

C(22) 460(60) 4020(30) 3310(20) 102(12) 

C(23) 210(40) 4460(20) 3897(17) 96(11) 

C(24) 640(60) 5660(30) 3460(20) 98(13) 

C(25) -220(50) 6400(20) 3314(19) 127(16) 

C(26) -900(40) 4050(20) 4320(17) 106(12) 

N(1) 6810(40) 5563(14) 4186(14) 88(10) 

N(2) 4260(40) 4487(18) 3354(14) 96(9) 

N(3) 1680(40) 3552(19) 3209(16) 97(9) 

N(4) 9710(50) 3490(30) 730(20) 131(13) 



 

 856 

Table E2 continued 

N(5) -360(40) 5197(19) 3766(14) 96(9) 

N(6) 640(20) 2367(16) 5126(9) 128(12) 

C(27) 400(30) 3119(15) 5063(11) 117(13) 

C(28) -390(30) 3271(11) 4539(12) 111(12) 

C(29) -662(19) 2574(10) 4240(8) 122(13) 

C(30) -1360(30) 2361(15) 3689(9) 131(15) 

C(31) -1360(30) 1620(16) 3528(11) 165(17) 

C(32) -690(30) 1086(12) 3902(14) 162(18) 

C(33) -20(30) 1274(10) 4452(13) 141(16) 

C(34) -2(17) 2020(11) 4619(9) 130(14) 

O(1) 4230(30) 5600(15) 4250(16) 139(11) 

O(2) 5620(30) 3586(14) 3844(12) 102(9) 

O(3) 4320(30) 2695(14) 2555(13) 109(8) 

O(4) 3390(40) 2303(15) 1628(14) 116(10) 

O(5) 10320(40) 4060(20) 917(16) 201(18) 

O(6) 10210(40) 3140(20) 286(16) 156(12) 

O(7) -470(30) 4047(15) 2920(13) 109(9) 

O(8) 1790(40) 5484(16) 3245(14) 123(12) 
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Table E3. Bond lengths [Å] and angles [°] for Ac-Trp(2S,4S-p-nitrobenzoate-

hyp)(4-Br-Phe)-NH2.  

Bond lengths 

Br(1)-C(3) 1.92(2)  C(18)-C(19) 1.3900 

C(1)-C(2) 1.3900  C(18)-N(4) 1.40(5) 

C(1)-C(6) 1.3900  C(19)-C(20) 1.3900 

C(1)-H(1) 0.9500  C(19)-H(19) 0.9500 

C(2)-C(3) 1.3900  C(20)-C(21) 1.3900 

C(2)-H(2) 0.9500  C(20)-H(20) 0.9500 

C(3)-C(4) 1.3900  C(22)-O(7) 1.18(4) 

C(4)-C(5) 1.3900  C(22)-N(3) 1.38(5) 

C(4)-H(4) 0.9500  C(22)-C(23) 1.51(5) 

C(5)-C(6) 1.3900  C(23)-N(5) 1.45(4) 

C(5)-H(5) 0.9500  C(23)-C(26) 1.53(4) 

C(6)-C(7) 1.52(4)  C(23)-H(23) 1.0000 

C(7)-C(8) 1.49(5)  C(24)-O(8) 1.16(5) 

C(7)-H(7A) 0.9900  C(24)-N(5) 1.38(5) 

C(7)-H(7B) 0.9900  C(24)-C(25) 1.57(5) 

C(8)-N(2) 1.44(4)  C(25)-H(25A) 0.9800 

C(8)-C(9) 1.52(5)  C(25)-H(25B) 0.9800 

C(8)-H(8) 1.0000  C(25)-H(25C) 0.9800 

C(9)-N(1) 1.23(5)  C(26)-C(28) 1.54(4) 

C(9)-O(1) 1.39(5)  C(26)-H(26A) 0.9900 

C(10)-O(2) 1.18(5)  C(26)-H(26B) 0.9900 

C(10)-N(2) 1.40(5)  N(1)-H(1A) 0.8800 

C(10)-C(14) 1.62(6)  N(1)-H(1B) 0.8800 

C(11)-N(3) 1.48(4)  N(2)-H(2A) 0.8800 

C(11)-C(12) 1.53(5)  N(4)-O(6) 1.22(4) 

C(11)-H(11A) 0.9900  N(4)-O(5) 1.22(4) 

C(11)-H(11B) 0.9900  N(5)-H(5A) 0.8800 

C(12)-O(3) 1.47(5)  N(6)-C(27) 1.3755 

C(12)-C(13) 1.53(5)  N(6)-C(34) 1.3848 

C(12)-H(12) 1.0000  N(6)-H(6) 0.8800 

C(13)-C(14) 1.51(5)  C(27)-C(28) 1.3593 

C(13)-H(13A) 0.9900  C(27)-H(27) 0.9500 
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Table E3 continued 

C(13)-H(13B) 0.9900  C(28)-C(29) 1.4292 

C(14)-N(3) 1.44(4)  C(29)-C(30) 1.3961 

C(14)-H(14) 1.0000  C(29)-C(34) 1.4143 

C(15)-O(4) 1.25(5)  C(30)-C(31) 1.3746 

C(15)-O(3) 1.32(5)  C(30)-H(30) 0.9500 

C(15)-C(21) 1.47(5)  C(31)-C(32) 1.3872 

C(16)-C(17) 1.3900  C(31)-H(31) 0.9500 

C(16)-C(21) 1.3900  C(32)-C(33) 1.3733 

C(16)-H(16) 0.9500  C(32)-H(32) 0.9500 

C(17)-C(18) 1.3900  C(33)-C(34) 1.3870 

C(17)-H(17) 0.9500  C(33)-H(33) 0.9500 
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Table E3 continued 

Bond angles 

C(2)-C(1)-C(6) 120.0  C(20)-C(19)-H(19) 120.0 

C(2)-C(1)-H(1) 120.0  C(19)-C(20)-C(21) 120.0 

C(6)-C(1)-H(1) 120.0  C(19)-C(20)-H(20) 120.0 

C(1)-C(2)-C(3) 120.0  C(21)-C(20)-H(20) 120.0 

C(1)-C(2)-H(2) 120.0  C(20)-C(21)-C(16) 120.0 

C(3)-C(2)-H(2) 120.0  C(20)-C(21)-C(15) 120(3) 

C(4)-C(3)-C(2) 120.0  C(16)-C(21)-C(15) 120(3) 

C(4)-C(3)-Br(1) 124(3)  O(7)-C(22)-N(3) 118(4) 

C(2)-C(3)-Br(1) 116(3)  O(7)-C(22)-C(23) 118(5) 

C(3)-C(4)-C(5) 120.0  N(3)-C(22)-C(23) 124(5) 

C(3)-C(4)-H(4) 120.0  N(5)-C(23)-C(26) 109(3) 

C(5)-C(4)-H(4) 120.0  N(5)-C(23)-C(22) 111(3) 

C(4)-C(5)-C(6) 120.0  C(26)-C(23)-C(22) 110(3) 

C(4)-C(5)-H(5) 120.0  N(5)-C(23)-H(23) 108.7 

C(6)-C(5)-H(5) 120.0  C(26)-C(23)-H(23) 108.7 

C(5)-C(6)-C(1) 120.0  C(22)-C(23)-H(23) 108.7 

C(5)-C(6)-C(7) 113(3)  O(8)-C(24)-N(5) 127(5) 

C(1)-C(6)-C(7) 127(3)  O(8)-C(24)-C(25) 124(5) 

C(8)-C(7)-C(6) 115(3)  N(5)-C(24)-C(25) 107(4) 

C(8)-C(7)-H(7A) 108.4  C(24)-C(25)-H(25A) 109.5 

C(6)-C(7)-H(7A) 108.4  C(24)-C(25)-H(25B) 109.5 

C(8)-C(7)-H(7B) 108.4  H(25A)-C(25)-H(25B) 109.5 

C(6)-C(7)-H(7B) 108.4  C(24)-C(25)-H(25C) 109.5 

H(7A)-C(7)-H(7B) 107.5  H(25A)-C(25)-H(25C) 109.5 

N(2)-C(8)-C(7) 113(4)  H(25B)-C(25)-H(25C) 109.5 

N(2)-C(8)-C(9) 107(4)  C(23)-C(26)-C(28) 115(3) 

C(7)-C(8)-C(9) 114(3)  C(23)-C(26)-H(26A) 108.4 

N(2)-C(8)-H(8) 107.6  C(28)-C(26)-H(26A) 108.4 

C(7)-C(8)-H(8) 107.6  C(23)-C(26)-H(26B) 108.4 

C(9)-C(8)-H(8) 107.6  C(28)-C(26)-H(26B) 108.4 

N(1)-C(9)-O(1) 121(4)  H(26A)-C(26)-H(26B) 107.5 

N(1)-C(9)-C(8) 120(5)  C(9)-N(1)-H(1A) 120.0 

O(1)-C(9)-C(8) 117(5)  C(9)-N(1)-H(1B) 120.0 

O(2)-C(10)-N(2) 124(4)  H(1A)-N(1)-H(1B) 120.0 

O(2)-C(10)-C(14) 127(4)  C(10)-N(2)-C(8) 120(3) 

N(2)-C(10)-C(14) 109(4)  C(10)-N(2)-H(2A) 120.1 

N(3)-C(11)-C(12) 106(3)  C(8)-N(2)-H(2A) 120.1 
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Table E3 continued 

N(3)-C(11)-H(11A) 110.6  C(22)-N(3)-C(14) 130(4) 

C(12)-C(11)-H(11A) 110.6  C(22)-N(3)-C(11) 120(4) 

N(3)-C(11)-H(11B) 110.6  C(14)-N(3)-C(11) 109(3) 

C(12)-C(11)-H(11B) 110.6  O(6)-N(4)-O(5) 122(5) 

H(11A)-C(11)-H(11B) 108.7  O(6)-N(4)-C(18) 120(4) 

O(3)-C(12)-C(11) 108(4)  O(5)-N(4)-C(18) 118(4) 

O(3)-C(12)-C(13) 99(3)  C(24)-N(5)-C(23) 115(4) 

C(11)-C(12)-C(13) 107(4)  C(24)-N(5)-H(5A) 122.7 

O(3)-C(12)-H(12) 113.9  C(23)-N(5)-H(5A) 122.7 

C(11)-C(12)-H(12) 113.9  C(27)-N(6)-C(34) 107.3 

C(13)-C(12)-H(12) 113.9  C(27)-N(6)-H(6) 126.4 

C(14)-C(13)-C(12) 102(3)  C(34)-N(6)-H(6) 126.4 

C(14)-C(13)-H(13A) 111.4  C(28)-C(27)-N(6) 111.1 

C(12)-C(13)-H(13A) 111.4  C(28)-C(27)-H(27) 124.4 

C(14)-C(13)-H(13B) 111.4  N(6)-C(27)-H(27) 124.4 

C(12)-C(13)-H(13B) 111.4  C(27)-C(28)-C(29) 106.7 

H(13A)-C(13)-H(13B) 109.3  C(27)-C(28)-C(26) 126(2) 

N(3)-C(14)-C(13) 108(3)  C(29)-C(28)-C(26) 127(2) 

N(3)-C(14)-C(10) 122(4)  C(30)-C(29)-C(34) 119.0 

C(13)-C(14)-C(10) 109(4)  C(30)-C(29)-C(28) 134.5 

N(3)-C(14)-H(14) 105.8  C(34)-C(29)-C(28) 106.5 

C(13)-C(14)-H(14) 105.8  C(31)-C(30)-C(29) 118.8 

C(10)-C(14)-H(14) 105.8  C(31)-C(30)-H(30) 120.6 

O(4)-C(15)-O(3) 125(5)  C(29)-C(30)-H(30) 120.6 

O(4)-C(15)-C(21) 118(4)  C(30)-C(31)-C(32) 121.3 

O(3)-C(15)-C(21) 116(4)  C(30)-C(31)-H(31) 119.3 

C(17)-C(16)-C(21) 120.0  C(32)-C(31)-H(31) 119.3 

C(17)-C(16)-H(16) 120.0  C(33)-C(32)-C(31) 121.4 

C(21)-C(16)-H(16) 120.0  C(33)-C(32)-H(32) 119.3 

C(16)-C(17)-C(18) 120.0  C(31)-C(32)-H(32) 119.3 

C(16)-C(17)-H(17) 120.0  C(32)-C(33)-C(34) 117.8 

C(18)-C(17)-H(17) 120.0  C(32)-C(33)-H(33) 121.1 

C(19)-C(18)-C(17) 120.0  C(34)-C(33)-H(33) 121.1 

C(19)-C(18)-N(4) 121(3)  N(6)-C(34)-C(33) 130.1 

C(17)-C(18)-N(4) 119(3)  N(6)-C(34)-C(29) 108.3 

C(18)-C(19)-C(20) 120.0  C(33)-C(34)-C(29) 121.6 

C(18)-C(19)-H(19) 120.0  C(15)-O(3)-C(12) 112(4) 
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Table E4. Anisotropic atomic displacement parameters (Å2) for Ac-

Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-Phe)-NH2.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ]  

 U11 U22 U33 U23 U13 U12 

Br(1) 225(7) 189(6) 125(4) 12(4) 11(5) 37(6) 

C(1) 150(30) 110(30) 130(30) 60(30) 0(30) 10(30) 

C(2) 170(40) 160(30) 130(30) 40(30) 0(30) 0(30) 

C(3) 160(40) 170(30) 70(20) 20(20) -10(30) 0(30) 

C(4) 140(30) 130(30) 110(30) 50(30) -30(30) -20(30) 

C(5) 150(30) 170(30) 90(30) 10(30) -30(30) 30(30) 

C(6) 120(30) 130(30) 120(30) 40(20) -20(30) 20(30) 

C(7) 100(30) 90(20) 140(30) 10(20) -20(30) 0(20) 

C(8) 110(30) 100(30) 110(30) 30(20) -10(30) -10(20) 

C(9) 90(30) 110(30) 110(30) 20(20) 0(30) -10(30) 

C(10) 90(30) 60(20) 130(30) 0(20) 0(30) -30(20) 

C(11) 100(30) 140(30) 100(30) 0(30) -20(30) 0(30) 

C(12) 90(30) 120(30) 120(30) 10(20) -10(30) -10(20) 

C(13) 110(30) 100(30) 120(30) 20(30) -20(30) -10(20) 

C(14) 100(30) 90(20) 90(20) -10(20) 0(20) -20(20) 

C(15) 110(30) 80(20) 110(30) -10(30) 0(30) 0(20) 

C(16) 120(30) 110(30) 110(30) -10(20) 20(30) 10(20) 

C(17) 110(30) 140(30) 140(30) -30(30) 20(30) -10(30) 

C(18) 110(30) 110(30) 120(30) 10(30) 20(30) -20(20) 

C(19) 110(30) 90(20) 90(30) -10(20) 10(20) -10(20) 

C(20) 90(30) 100(30) 120(30) 10(20) 0(20) 0(20) 

C(21) 120(30) 70(20) 80(20) 10(20) 30(20) -10(20) 

C(22) 80(30) 150(30) 80(30) -20(30) 20(20) 0(30) 

C(23) 80(20) 120(30) 80(20) 0(20) -30(20) 10(20) 

C(24) 90(30) 80(30) 120(30) -10(20) -60(30) -10(30) 

C(25) 130(40) 80(30) 170(40) 20(30) -70(30) 0(30) 

C(26) 100(30) 130(30) 90(20) 10(20) 0(20) 20(20) 

N(1) 60(20) 60(20) 140(30) -53(19) 0(20) -9(16) 

N(2) 90(20) 80(20) 120(20) -20(20) 3(19) -16(18) 
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Table E4 continued 

N(3) 80(20) 120(20) 90(20) -1(19) -20(20) -15(19) 

N(4) 110(30) 160(30) 130(30) -30(30) 10(30) -40(30) 

N(5) 70(20) 90(20) 130(20) -20(20) -10(20) -10(19) 

N(6) 100(20) 130(30) 150(30) 10(20) -10(20) 0(20) 

C(27) 100(30) 160(30) 90(30) 0(30) 10(20) 0(30) 

C(28) 90(30) 140(30) 110(30) 20(20) -20(20) 10(30) 

C(29) 70(20) 130(30) 170(30) 10(30) 10(20) -20(20) 

C(30) 110(30) 90(30) 190(40) 0(30) 10(30) -50(20) 

C(31) 160(30) 100(30) 240(40) -40(30) -30(30) -50(30) 

C(32) 140(40) 70(30) 270(50) -10(30) 30(30) -10(30) 

C(33) 120(30) 60(20) 250(40) 30(30) 30(30) 10(20) 

C(34) 120(30) 90(30) 190(30) 20(30) 0(30) -10(20) 

O(1) 90(20) 110(20) 220(30) 0(20) 0(20) -1(19) 

O(2) 70(19) 120(20) 120(20) 5(16) -19(18) 24(16) 

O(3) 110(20) 112(18) 109(19) 10(18) -20(20) -10(17) 

O(4) 130(20) 90(20) 130(20) -22(18) -30(20) -3(18) 

O(5) 180(30) 260(40) 160(30) -110(30) 80(30) -120(30) 

O(6) 120(30) 180(30) 170(30) -30(30) 20(30) -20(20) 

O(7) 100(20) 110(20) 120(20) -2(18) -18(18) 11(18) 

O(8) 100(20) 100(20) 160(30) 20(20) 20(20) 40(20) 
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Table E5. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Ac-Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-Phe)-NH2. 

 
x/a y/b z/c U(eq) 

H(1) 7433 5409 1890 158 

H(2) 7054 4899 907 183 

H(4) 2649 4526 1323 150 

H(5) 3028 5036 2306 163 

H(7A) 6183 5931 2871 132 

H(7B) 4385 5869 2917 132 

H(8) 6436 4735 3264 127 

H(11A) 1947 3317 2289 136 

H(11B) 672 2813 2615 136 

H(12) 2563 1936 2689 130 

H(13A) 2607 2198 3759 131 

H(13B) 4325 2418 3583 131 

H(14) 2454 3364 4045 112 

H(16) 5351 2283 833 138 

H(17) 7572 2650 329 153 

H(19) 8957 3712 1883 116 

H(20) 6736 3345 2386 119 

H(23) 1204 4505 4116 115 

H(25A) 411 6827 3433 190 

H(25B) -1172 6416 3545 190 

H(25C) -432 6425 2870 190 

H(26A) -1874 3998 4100 127 

H(26B) -1081 4364 4689 127 

H(1A) 6852 5875 4500 106 

H(1B) 7654 5401 4015 106 

H(2A) 3391 4595 3176 115 

H(5A) -1279 5340 3871 115 

H(6) 1122 2146 5432 154 

H(27) 734 3485 5349 141 

H(30) -1831 2721 3431 157 

H(31) -1835 1471 3153 198 

H(32) -700 580 3775 194 

H(33) 422 905 4710 169 
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Table E6. Torsion angles (°) for Ac-Trp(2S,4S-p-nitrobenzoate-hyp)(4-Br-

Phe)-NH2. 

 C(1)-C(2)-C(3)-C(4) 0.0  C(14)-C(10)-N(2)-C(8) 177(3) 

C(1)-C(2)-C(3)-Br(1) -177.1(18)  C(14)-C(10)-N(2)-C(8) 160(3) 

C(2)-C(3)-C(4)-C(5) 0.0  C(9)-C(8)-N(2)-C(10) -75(5) 

Br(1)-C(3)-C(4)-C(5) 177(2)  O(7)-C(22)-N(3)-C(14) -173(4) 

C(3)-C(4)-C(5)-C(6) 0.0  C(23)-C(22)-N(3)-C(14) 4(7) 

C(4)-C(5)-C(6)-C(1) 0.0  O(7)-C(22)-N(3)-C(11) -8(6) 

C(4)-C(5)-C(6)-C(7) -180(3)  C(23)-C(22)-N(3)-C(11) 169(4) 

C(2)-C(1)-C(6)-C(5) 0.0  C(13)-C(14)-N(3)-C(22) 142(4) 

C(2)-C(1)-C(6)-C(7) 180(3)  C(10)-C(14)-N(3)-C(22) -91(5) 

C(5)-C(6)-C(7)-C(8) 81(4)  C(13)-C(14)-N(3)-C(11) -24(4) 

C(1)-C(6)-C(7)-C(8) -99(4)  C(10)-C(14)-N(3)-C(11) 103(4) 

C(6)-C(7)-C(8)-N(2) -60(5)  C(12)-C(11)-N(3)-C(22) -161(4) 

C(6)-C(7)-C(8)-C(9) 178(4)  C(12)-C(11)-N(3)-C(14) 6(5) 

N(2)-C(8)-C(9)-N(1) 150(4)  C(19)-C(18)-N(4)-O(6) 156(3) 

C(7)-C(8)-C(9)-N(1) -85(5)  C(17)-C(18)-N(4)-O(6) -31(5) 

N(2)-C(8)-C(9)-O(1) -48(5)  C(19)-C(18)-N(4)-O(5) -19(6) 

C(7)-C(8)-C(9)-O(1) 77(5)  C(17)-C(18)-N(4)-O(5) 154(4) 

N(3)-C(11)-C(12)-O(3) -92(4)  O(8)-C(24)-N(5)-C(23) 10(6) 

N(3)-C(11)-C(12)-C(13) 13(5)  C(25)-C(24)-N(5)-C(23) 175(3) 

O(3)-C(12)-C(13)-C(14) 86(4)  C(26)-C(23)-N(5)-C(24) 171(3) 

C(11)-C(12)-C(13)-C(14) -27(4)  C(22)-C(23)-N(5)-C(24) -67(4) 

C(12)-C(13)-C(14)-N(3) 31(4)  C(34)-N(6)-C(27)-C(28) 0.5 

C(12)-C(13)-C(14)-C(10) -103(4)  N(6)-C(27)-C(28)-C(29) -0.6 

O(2)-C(10)-C(14)-N(3) -160(4)  N(6)-C(27)-C(28)-C(26) 179(3) 

N(2)-C(10)-C(14)-N(3) 15(5)  C(23)-C(26)-C(28)-C(27) 91(3) 

O(2)-C(10)-C(14)-C(13) -34(6)  C(23)-C(26)-C(28)-C(29) -90(3) 

N(2)-C(10)-C(14)-C(13) 141(3)  C(27)-C(28)-C(29)-C(30) -178.2 

C(21)-C(16)-C(17)-C(18) 0.0  C(26)-C(28)-C(29)-C(30) 2(3) 

C(16)-C(17)-C(18)-C(19) 0.0  C(27)-C(28)-C(29)-C(34) 0.4 

C(16)-C(17)-C(18)-N(4) -173(3)  C(26)-C(28)-C(29)-C(34) -179(3) 

C(17)-C(18)-C(19)-C(20) 0.0  C(34)-C(29)-C(30)-C(31) -1.2 
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Table E6 continued 

N(4)-C(18)-C(19)-C(20) 173(3)  C(28)-C(29)-C(30)-C(31) 177.2 

C(18)-C(19)-C(20)-C(21) 0.0  C(29)-C(30)-C(31)-C(32) 0.3 

C(19)-C(20)-C(21)-C(16) 0.0  C(30)-C(31)-C(32)-C(33) 0.9 

C(19)-C(20)-C(21)-C(15) -173(3)  C(31)-C(32)-C(33)-C(34) -1.2 

C(17)-C(16)-C(21)-C(20) 0.0  C(27)-N(6)-C(34)-C(33) 177.4 

C(17)-C(16)-C(21)-C(15) 173(3)  C(27)-N(6)-C(34)-C(29) -0.3 

O(4)-C(15)-C(21)-C(20) 173(3)  C(32)-C(33)-C(34)-N(6) -177.1 

O(3)-C(15)-C(21)-C(20) -20(4)  C(32)-C(33)-C(34)-C(29) 0.3 

O(4)-C(15)-C(21)-C(16) 0(5)  C(30)-C(29)-C(34)-N(6) 178.7 

O(3)-C(15)-C(21)-C(16) 167(3)  C(28)-C(29)-C(34)-N(6) -0.1 

O(7)-C(22)-C(23)-N(5) -43(6)  C(30)-C(29)-C(34)-C(33) 0.8 

N(3)-C(22)-C(23)-N(5) 140(4)  C(28)-C(29)-C(34)-C(33) -178.0 

O(7)-C(22)-C(23)-C(26) 78(5)  O(4)-C(15)-O(3)-C(12) -8(6) 

N(3)-C(22)-C(23)-C(26) -98(5)  C(21)-C(15)-O(3)-C(12) -174(3) 

N(5)-C(23)-C(26)-C(28) -176(3)  C(11)-C(12)-O(3)-C(15) -75(4) 

C(22)-C(23)-C(26)-C(28) 61(5)  C(13)-C(12)-O(3)-C(15) 174(3) 
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Crystal Structure of Ac-Trpflp-OMe 

Figure E2 Crystal structure of Ac-Trpflp-OMe. 

Top: ORTEP diagram of the Ac-Trpflp-OMe monomer with ellipsoids shown at 50% 

probability; bottom: overall crystal packing. 
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Table E7. Crystallographic data and refinement details for Ac-Trpflp-OMe. 

empirical formula C19H22FN3O4 

formula weight 375.39 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Orthorhombic, P 21 21 21 

Unit cell dimensions (Å, °) a = 8.3447(11) α = 90 

 
b = 11.2429(15) β = 90 

 
c = 19.688(3) γ = 90 

Volume (Å3) 1847.1(4) 
 

Z, Z, calcd density (g/cm3) 4, 0, 1.350 

absorption coefficient (mm-1) 0.102 

F(000) 792 

crystal size (mm) 0.256 x 0.307 x 0.495 

 range for data collection 2.069 to 27.543° 

Index ranges -10 ≤ h ≤ 9, -14 ≤ k ≤ 14, -24 ≤ l ≤ 25 

Reflections collected/ unique 14175/4262 [R(int) = 0.0466] 

Coverage of independent 

reflections 
99.9% 

Absorption correction multi-scan 

Max. and min. transmission 0.7456 and 0.6569 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 4262 / 0 / 252 

Goodness-of-fit on F2 1.014 

Final R indices 3160 data; I>2σ(I) 
R1 = 0.0486, wR2 = 

0.1025 

 
all data 

R1 = 0.0714, wR2 = 

0.1127 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0495P)2+0.1409P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.170 and -0.185 eÅ-3 

R.M.S. deviation from mean 0.040 eÅ-3 
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Table E8. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Ac-Trpflp-OMe.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
x/a y/b z/c U(eq) 

C1 0.0321(4) 0.6135(4) 0.64990(18) 0.0532(10) 

C2 0.9057(4) 0.6806(3) 0.67027(15) 0.0356(7) 

C3 0.9335(4) 0.7039(2) 0.74101(15) 0.0321(6) 

C4 0.8530(4) 0.7701(3) 0.79033(16) 0.0399(7) 

C5 0.9171(4) 0.7781(3) 0.85448(17) 0.0492(9) 

C6 0.0598(4) 0.7201(3) 0.87088(17) 0.0459(8) 

C7 0.1412(4) 0.6535(3) 0.82433(17) 0.0432(8) 

C8 0.0769(4) 0.6465(3) 0.75920(16) 0.0362(7) 

C9 0.7706(4) 0.7246(3) 0.62737(15) 0.0356(7) 

C10 0.6140(4) 0.6538(2) 0.63490(15) 0.0324(6) 

C11 0.5208(4) 0.4512(3) 0.61949(16) 0.0359(7) 

C12 0.5408(4) 0.3341(3) 0.58357(18) 0.0454(8) 

C13 0.4865(4) 0.7184(3) 0.59276(16) 0.0334(7) 

C14 0.4124(4) 0.8403(3) 0.69658(15) 0.0430(8) 

C15 0.3233(4) 0.9580(3) 0.69943(18) 0.0482(8) 

C16 0.2150(4) 0.9563(3) 0.63790(18) 0.0520(9) 

C17 0.3110(4) 0.8890(3) 0.58407(17) 0.0415(8) 

C18 0.4204(4) 0.9692(3) 0.54202(15) 0.0413(8) 

C19 0.6885(5) 0.0266(3) 0.51961(18) 0.0527(9) 

F1 0.4353(3) 0.05043(17) 0.69118(10) 0.0588(6) 

N1 0.1346(4) 0.5917(3) 0.70213(16) 0.0552(8) 

N2 0.6334(3) 0.5332(2) 0.60991(12) 0.0352(6) 

N3 0.4028(3) 0.8043(2) 0.62447(12) 0.0346(6) 

O1 0.4059(3) 0.4692(2) 0.65667(13) 0.0582(7) 

O2 0.4710(3) 0.6989(2) 0.53199(11) 0.0456(6) 

O3 0.3713(3) 0.0336(2) 0.49754(12) 0.0576(7) 

O4 0.5731(3) 0.9602(2) 0.55887(11) 0.0438(5) 
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Table E9. Bond lengths [Å] and angles [°] for Ac-Trpflp-OMe. 

 

Bond lengths 

C1-C2 1.358(4)  C1-N1 1.360(5) 

C1-H1 0.93  C2-C3 1.436(4) 

C2-C9 1.492(4)  C3-C4 1.395(4) 

C3-C8 1.407(4)  C4-C5 1.375(5) 

C4-H4 0.93  C5-C6 1.395(5) 

C5-H5 0.93  C6-C7 1.365(5) 

C6-H6 0.93  C7-C8 1.392(4) 

C7-H7 0.93  C8-N1 1.369(4) 

C9-C10 1.537(4)  C9-H9A 0.97 

C9-H9B 0.97  C10-N2 1.451(4) 

C10-C13 1.533(4)  C10-H10 0.98 

C11-O1 1.224(4)  C11-N2 1.329(4) 

C11-C12 1.504(4)  C12-H12A 0.96 

C12-H12B 0.96  C12-H12C 0.96 

C13-O2 1.223(3)  C13-N3 1.346(4) 

C14-N3 1.478(4)  C14-C15 1.519(5) 

C14-H14A 0.97  C14-H14B 0.97 

C15-F1 1.407(4)  C15-C16 1.511(5) 

C15-H15 0.98  C16-C17 1.529(4) 

C16-H16A 0.97  C16-H16B 0.97 

C17-N3 1.458(4)  C17-C18 1.528(5) 

C17-H17 0.98  C18-O3 1.208(4) 

C18-O4 1.321(4)  C19-O4 1.443(4) 

C19-H19A 0.96  C19-H19B 0.96 

C19-H19C 0.96  N1-H1N 0.86(4) 

N2-H2N 0.82(3)    
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Table E9 continued 

Bond angles 

C2-C1-N1 111.4(3)  C2-C1-H1 124.3 

N1-C1-H1 124.3  C1-C2-C3 105.2(3) 

C1-C2-C9 127.1(3)  C3-C2-C9 127.6(3) 

C4-C3-C8 118.5(3)  C4-C3-C2 134.0(3) 

C8-C3-C2 107.5(3)  C5-C4-C3 119.1(3) 

C5-C4-H4 120.4  C3-C4-H4 120.4 

C4-C5-C6 120.9(3)  C4-C5-H5 119.5 

C6-C5-H5 119.5  C7-C6-C5 121.7(3) 

C7-C6-H6 119.1  C5-C6-H6 119.1 

C6-C7-C8 117.2(3)  C6-C7-H7 121.4 

C8-C7-H7 121.4  N1-C8-C7 130.3(3) 

N1-C8-C3 107.3(3)  C7-C8-C3 122.4(3) 

C2-C9-C10 114.6(2)  C2-C9-H9A 108.6 

C10-C9-H9A 108.6  C2-C9-H9B 108.6 

C10-C9-H9B 108.6  H9A-C9-H9B 107.6 

N2-C10-C13 109.7(2)  N2-C10-C9 110.9(2) 

C13-C10-C9 107.0(2)  N2-C10-H10 109.7 

C13-C10-H10 109.7  C9-C10-H10 109.7 

O1-C11-N2 121.6(3)  O1-C11-C12 120.8(3) 

N2-C11-C12 117.5(3)  C11-C12-H12A 109.5 

C11-C12-H12B 109.5  H12A-C12-H12B 109.5 

C11-C12-H12C 109.5  H12A-C12-H12C 109.5 

H12B-C12-H12C 109.5  O2-C13-N3 121.8(3) 

O2-C13-C10 121.2(3)  N3-C13-C10 116.7(3) 

N3-C14-C15 104.3(3)  N3-C14-H14A 110.9 

C15-C14-H14A 110.9  N3-C14-H14B 110.9 

C15-C14-H14B 110.9  H14A-C14-H14B 108.9 

F1-C15-C16 108.3(3)  F1-C15-C14 108.3(3) 

C16-C15-C14 104.6(3)  F1-C15-H15 111.8 

C16-C15-H15 111.8  C14-C15-H15 111.8 

C15-C16-C17 104.4(3)  C15-C16-H16A 110.9 

C17-C16-H16A 110.9  C15-C16-H16B 110.9 

C17-C16-H16B 110.9  H16A-C16-H16B 108.9 

N3-C17-C18 111.5(3)  N3-C17-C16 102.7(3) 

C18-C17-C16 113.4(3)  N3-C17-H17 109.7 

C18-C17-H17 109.7  C16-C17-H17 109.7 
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Table E9 continued 

O3-C18-O4 123.8(3)  O3-C18-C17 122.9(3) 

O4-C18-C17 113.3(3)  O4-C19-H19A 109.5 

O4-C19-H19B 109.5  H19A-C19-H19B 109.5 

O4-C19-H19C 109.5  H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5  C1-N1-C8 108.6(3) 

C1-N1-H1N 131.(3)  C8-N1-H1N 121.(3) 

C11-N2-C10 121.4(3)  C11-N2-H2N 117.(2) 

C10-N2-H2N 121.(2)  C13-N3-C17 119.2(2) 

C13-N3-C14 127.9(3)  C17-N3-C14 112.0(2) 

C18-O4-C19 118.0(3)    

Table E10. Anisotropic atomic displacement parameters (Å2) for Ac-Trpflp-

OMe.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

C1 0.042(2) 0.075(3) 0.0421(19) -0.0218(18) 0.0001(17) 0.0132(18) 

C2 0.0343(17) 0.0380(16) 0.0344(16) -0.0040(13) 0.0024(14) -0.0023(13) 

C3 0.0302(16) 0.0297(13) 0.0363(15) -0.0025(13) -0.0011(14) -0.0031(12) 

C4 0.0344(18) 0.0406(16) 0.0448(17) -0.0093(15) -0.0023(15) 0.0096(14) 

C5 0.049(2) 0.056(2) 0.0433(19) -0.0167(16) 0.0008(17) 0.0095(18) 

C6 0.044(2) 0.055(2) 0.0393(17) -0.0043(16) -0.0094(16) 0.0012(16) 

C7 0.0315(17) 0.0429(16) 0.055(2) 0.0001(16) -0.0081(16) 0.0038(15) 

C8 0.0281(16) 0.0372(15) 0.0432(17) -0.0054(14) 0.0007(14) 0.0012(13) 

C9 0.0363(18) 0.0366(16) 0.0339(16) -0.0015(14) 0.0009(14) -0.0032(13) 

C10 0.0353(16) 0.0320(13) 0.0300(15) -0.0001(12) 0.0042(13) 0.0010(13) 

C11 0.0280(16) 0.0340(15) 0.0457(18) 0.0028(14) 0.0028(14) 0.0054(13) 

C12 0.0367(19) 0.0365(17) 0.063(2) -0.0051(16) 0.0048(17) 0.0013(14) 

C13 0.0320(17) 0.0309(15) 0.0372(18) 0.0009(14) 0.0001(13) -0.0030(13) 

C14 0.052(2) 0.0426(16) 0.0350(17) -0.0028(14) 0.0067(16) 0.0058(15) 

C15 0.048(2) 0.0470(18) 0.050(2) -0.0062(17) 0.0075(17) 0.0084(16) 

C16 0.042(2) 0.0497(19) 0.064(2) -0.0039(18) -0.0012(18) 0.0115(17) 

C17 0.0363(18) 0.0393(16) 0.049(2) -0.0023(15) -0.0122(16) 0.0066(14) 

C18 0.054(2) 0.0327(15) 0.0374(17) -0.0057(14) -0.0152(16) 0.0027(15) 
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Table E10 continued 

C19 0.059(2) 0.053(2) 0.0464(19) 0.0008(18) -0.0062(18) -0.0151(18) 

F1 0.0654(14) 0.0437(10) 0.0673(13) -0.0099(10) -0.0027(12) -0.0014(10) 

N1 0.0390(17) 0.070(2) 0.0567(18) -0.0207(16) -0.0038(16) 0.0208(15) 

N2 0.0353(15) 0.0310(12) 0.0391(14) -0.0013(11) 0.0124(12) 0.0033(12) 

N3 0.0359(15) 0.0334(12) 0.0346(13) -0.0013(11) -0.0009(11) 0.0034(11) 

O1 0.0398(14) 0.0453(12) 0.0894(19) -0.0112(14) 0.0296(13) -0.0039(12) 

O2 0.0516(14) 0.0512(13) 0.0341(12) -0.0073(10) -0.0068(11) 0.0082(11) 

O3 0.0685(18) 0.0497(13) 0.0545(14) 0.0132(12) -0.0278(13) -0.0025(14) 

O4 0.0395(13) 0.0473(12) 0.0445(12) 0.0103(11) -0.0058(11) -0.0035(11) 
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Table E11. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Ac-Trpflp-OMe. 

 x/a y/b z/c U(eq) 

H1 1.0467 0.5859 0.6058 0.064 

H4 0.7572 0.8082 0.7799 0.048 

H5 0.8646 0.8228 0.8874 0.059 

H6 1.1004 0.7270 0.9147 0.055 

H7 1.2357 0.6144 0.8357 0.052 

H9A 0.8036 0.7222 0.5801 0.043 

H9B 0.7497 0.8070 0.6389 0.043 

H10 0.5816 0.6520 0.6827 0.039 

H12A 0.5594 0.2725 0.6164 0.068 

H12B 0.6304 0.3386 0.5531 0.068 

H12C 0.4454 0.3164 0.5583 0.068 

H14A 0.5230 0.8500 0.7106 0.052 

H14B 0.3616 0.7816 0.7256 0.052 

H15 0.2623 0.9665 0.7417 0.058 

H16A 0.1912 1.0365 0.6229 0.062 

H16B 0.1153 0.9156 0.6479 0.062 

H17 0.2376 0.8460 0.5539 0.05 

H19A 0.6992 0.9913 0.4754 0.079 

H19B 0.7903 1.0253 0.5423 0.079 

H19C 0.6528 1.1073 0.5149 0.079 

H1N 1.221(5) 0.550(3) 0.7037(19) 0.066 

H2N 0.705(4) 0.517(3) 0.5829(17) 0.042 
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Table E12. Torsion angles (°) for Ac-Trpflp-OMe. 

N1-C1-C2-C3 0.9(4)  N1-C1-C2-C9 178.7(3) 

C1-C2-C3-C4 177.3(4)  C9-C2-C3-C4 -0.4(5) 

C1-C2-C3-C8 -0.9(3)  C9-C2-C3-C8 -178.6(3) 

C8-C3-C4-C5 0.8(5)  C2-C3-C4-C5 -177.3(3) 

C3-C4-C5-C6 -0.8(5)  C4-C5-C6-C7 0.0(5) 

C5-C6-C7-C8 0.6(5)  C6-C7-C8-N1 176.7(3) 

C6-C7-C8-C3 -0.6(5)  C4-C3-C8-N1 -178.0(3) 

C2-C3-C8-N1 0.5(3)  C4-C3-C8-C7 -0.1(4) 

C2-C3-C8-C7 178.4(3)  C1-C2-C9-C10 101.9(4) 

C3-C2-C9-C10 -80.8(4)  C2-C9-C10-N2 -65.7(3) 

C2-C9-C10-C13 174.7(2)  N2-C10-C13-O2 -34.7(4) 

C9-C10-C13-O2 85.6(3)  N2-C10-C13-N3 150.8(2) 

C9-C10-C13-N3 -88.9(3)  N3-C14-C15-F1 -93.1(3) 

N3-C14-C15-C16 22.2(3)  F1-C15-C16-C17 81.3(3) 

C14-C15-C16-C17 -34.1(4)  C15-C16-C17-N3 32.3(3) 

C15-C16-C17-C18 -88.1(3)  N3-C17-C18-O3 168.7(3) 

C16-C17-C18-O3 -75.9(4)  N3-C17-C18-O4 -10.8(4) 

C16-C17-C18-O4 104.6(3)  C2-C1-N1-C8 -0.6(5) 

C7-C8-N1-C1 -177.6(3)  C3-C8-N1-C1 0.0(4) 

O1-C11-N2-C10 -9.2(5)  C12-C11-N2-C10 171.6(3) 

C13-C10-N2-C11 -71.1(3)  C9-C10-N2-C11 171.0(3) 

O2-C13-N3-C17 -10.2(4)  C10-C13-N3-C17 164.3(3) 

O2-C13-N3-C14 -178.0(3)  C10-C13-N3-C14 -3.6(4) 

C18-C17-N3-C13 -67.0(3)  C16-C17-N3-C13 171.3(3) 

C18-C17-N3-C14 102.7(3)  C16-C17-N3-C14 -19.0(3) 

C15-C14-N3-C13 166.8(3)  C15-C14-N3-C17 -1.8(3) 

O3-C18-O4-C19 -3.3(4)  C17-C18-O4-C19 176.3(3) 

N1-C1-C2-C3 0.9(4)  N1-C1-C2-C9 178.7(3) 

C1-C2-C3-C4 177.3(4)  C9-C2-C3-C4 -0.4(5) 

C1-C2-C3-C8 -0.9(3)  C9-C2-C3-C8 -178.6(3) 



 

 875 

Crystal Structure of Boc-Trpflp-OMe 

 

Figure E3 Crystal structure of Boc-Trpflp-OMe.  

Top: ORTEP diagram of the Boc-Trpflp-OMe monomer with ellipsoids shown at 50% 

probability; bottom: overall crystal packing. Diffractable crystals were obtained via 

slow evaporation at room temperature in methanol. 
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Table E13. Crystallographic data and refinement details for Boc-Trpflp-OMe. 

empirical formula C22H28FN3O5 

formula weight 443.47 

T (K) 200(2) 

wavelength (Å) 1.54178  

crystal system, space group Orthorhombic, P 21 21 21 

Unit cell dimensions (Å, °) a = 10.2717(3)  α = 90 

 
b = 12.7320(3) β = 90 

 
c = 17.7592(4) γ = 90 

Volume (Å3) 2322.54(10)  
 

Z, Z, calcd density (g/cm3) 4, 0, 1.240 

absorption coefficient (mm-1) 0.781 

F(000) 920 

crystal size (mm) 0.177 x 0.236 x 0.448 

 range for data collection 4.974 to 75.125° 

Index ranges -12 ≤ h ≤ 12, -15 ≤ k ≤ 13, -21 ≤ l ≤ 22 

Reflections collected/ unique 21502/4738 [R(int) = 0.0549] 

Coverage of independent 

reflections 
99.6% 

Absorption correction multi-scan 

Max. and min. transmission 0.7539 and 0.4275 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 4738 / 76 / 297 

Goodness-of-fit on F2 1.069 

Final R indices 4414 data; I>2σ(I) 
R1 = 0.0686, wR2 = 

0.1894 

 
all data 

R1 = 0.0718, wR2 = 

0.1953 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.1341P)2+0.5206P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.540 and -0.417 eÅ-3 

R.M.S. deviation from mean 0.066 eÅ-3 



 

 877 

Table E14. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Boc-Trpflp-OMe.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

F1 0.2211(4) 0.5942(3) 0.1262(2) 0.1065(14) 

N1 0.2219(3) 0.4460(2) 0.25698(15) 0.0401(6) 

N2 0.3227(3) 0.1837(2) 0.30970(16) 0.0423(6) 

N3 0.4681(4) 0.9841(2) 0.1230(2) 0.0555(8) 

O1 0.8913(3) 0.5306(3) 0.2329(2) 0.0779(10) 

O2 0.0261(3) 0.4373(3) 0.16053(18) 0.0726(10) 

O3 0.1056(3) 0.3127(2) 0.30544(17) 0.0575(7) 

O4 0.4465(5) 0.2761(3) 0.3884(2) 0.0953(16) 

O5 0.3664(3) 0.1183(2) 0.42177(14) 0.0541(7) 

C1 0.9216(7) 0.4155(8) 0.1088(4) 0.109(3) 

C2 0.9982(4) 0.4955(3) 0.2193(2) 0.0520(9) 

C3 0.1143(4) 0.5183(3) 0.2699(2) 0.0472(8) 

C4 0.1761(6) 0.6257(3) 0.2550(3) 0.0711(13) 

C5 0.2808(6) 0.6021(4) 0.1978(4) 0.0810(16) 

C6 0.3326(4) 0.4950(3) 0.2183(2) 0.0494(8) 

C7 0.2058(3) 0.3443(3) 0.27545(17) 0.0398(7) 

C8 0.3138(3) 0.2669(2) 0.25365(16) 0.0352(6) 

C9 0.2785(3) 0.2192(2) 0.17646(16) 0.0371(6) 

C10 0.3648(4) 0.0331(3) 0.1569(2) 0.0484(8) 

C11 0.3744(3) 0.1398(3) 0.14864(17) 0.0391(7) 

C12 0.4921(3) 0.1581(3) 0.10767(18) 0.0406(7) 

C13 0.5551(4) 0.2468(3) 0.0805(2) 0.0514(8) 

C14 0.6712(5) 0.2335(4) 0.0406(3) 0.0682(12) 

C15 0.7212(5) 0.1343(5) 0.0268(3) 0.0733(13) 

C16 0.6625(5) 0.0448(4) 0.0527(3) 0.0641(11) 

C17 0.5472(4) 0.0583(3) 0.0926(2) 0.0505(8) 

C18 0.3831(3) 0.2000(2) 0.37518(18) 0.0371(6) 

C19 0.4149(4) 0.1208(3) 0.49974(19) 0.0485(8) 

C20 0.3321(7) 0.1926(5) 0.5443(3) 0.0731(18) 
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Table E14 continued 

C21 0.3871(8) 0.0064(4) 0.5253(3) 0.0691(16) 

C22 0.5563(5) 0.1364(8) 0.5034(4) 0.083(2) 

C20' 0.5529(19) 0.0916(19) 0.4924(19) 0.0731(18) 

C21' 0.424(3) 0.2448(12) 0.5294(11) 0.0691(16) 

C22' 0.3342(18) 0.068(2) 0.5531(12) 0.083(2) 

Table E15. Bond lengths [Å] and angles [°] for Boc-Trpflp-OMe. 

Bond lengths 

F1-C5 1.415(8)  N1-C7 1.345(4) 

N1-C3 1.456(4)  N1-C6 1.468(5) 

N2-C18 1.334(4)  N2-C8 1.457(4) 

N2-H2N 0.74(4)  N3-C17 1.358(6) 

N3-C10 1.370(5)  N3-H3N 0.76(4) 

O1-C2 1.211(5)  O2-C2 1.311(5) 

O2-C1 1.440(6)  O3-C7 1.226(4) 

O4-C18 1.191(5)  O5-C18 1.340(4) 

O5-C19 1.472(4)  C1-H1A 0.98 

C1-H1B 0.98  C1-H1C 0.98 

C2-C3 1.521(6)  C3-C4 1.530(6) 

C3-H3 1.0  C4-C5 1.509(7) 

C4-H4A 0.99  C4-H4B 0.99 

C5-C6 1.508(5)  C5-H5 1.0 

C6-H6A 0.99  C6-H6B 0.99 

C7-C8 1.534(4)  C8-C9 1.543(4) 

C8-H8 1.0  C9-C11 1.495(4) 

C9-H9A 0.99  C9-H9B 0.99 

C10-C11 1.370(5)  C10-H10 0.95 

C11-C12 1.430(5)  C12-C13 1.388(5) 

C12-C17 1.416(5)  C13-C14 1.398(6) 

C13-H13 0.95  C14-C15 1.385(8) 

C14-H14 0.95  C15-C16 1.369(8) 

C15-H15 0.95  C16-C17 1.391(6) 

C16-H16 0.95  C19-C22' 1.425(15) 

C19-C22 1.468(6)  C19-C20' 1.472(16) 

C19-C20 1.479(6)  C19-C21 1.551(7) 
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Table E15 continued 

C19-C21' 1.667(15)  C20-H20A 0.98 

C20-H20B 0.98  C20-H20C 0.98 

C21-H21A 0.98  C21-H21B 0.98 

C21-H21C 0.98  C22-H22A 0.98 

C22-H22B 0.98  C22-H22C 0.98 

C20'-H20D 0.98  C20'-H20E 0.98 

C20'-H20F 0.98  C21'-H21D 0.98 

C21'-H21E 0.98  C21'-H21F 0.98 

C22'-H22D 0.98  C22'-H22E 0.98 

C22'-H22F 0.98    

 

Bond angles 

C7-N1-C3 118.5(3) C7-N1-C6 128.2(3) 

C3-N1-C6 113.1(3) C18-N2-C8 120.8(3) 

C18-N2-H2N 113.(4) C8-N2-H2N 125.(4) 

C17-N3-C10 108.7(3) C17-N3-H3N 127.(4) 

C10-N3-H3N 124.(4) C2-O2-C1 117.0(4) 

C18-O5-C19 121.4(3) O2-C1-H1A 109.5 

O2-C1-H1B 109.5 H1A-C1-H1B 109.5 

O2-C1-H1C 109.5 H1A-C1-H1C 109.5 

H1B-C1-H1C 109.5 O1-C2-O2 124.4(4) 

O1-C2-C3 121.6(4) O2-C2-C3 114.0(3) 

N1-C3-C2 112.4(3) N1-C3-C4 102.9(3) 

C2-C3-C4 113.1(4) N1-C3-H3 109.4 

C2-C3-H3 109.4 C4-C3-H3 109.4 

C5-C4-C3 103.5(3) C5-C4-H4A 111.1 

C3-C4-H4A 111.1 C5-C4-H4B 111.1 

C3-C4-H4B 111.1 H4A-C4-H4B 109.0 

F1-C5-C6 107.8(5) F1-C5-C4 108.0(5) 

C6-C5-C4 105.6(4) F1-C5-H5 111.7 

C6-C5-H5 111.7 C4-C5-H5 111.7 

N1-C6-C5 102.9(3) N1-C6-H6A 111.2 

C5-C6-H6A 111.2 N1-C6-H6B 111.2 

C5-C6-H6B 111.2 H6A-C6-H6B 109.1 

O3-C7-N1 121.7(3) O3-C7-C8 120.4(3) 

N1-C7-C8 117.9(3) N2-C8-C7 109.9(2) 

N2-C8-C9 109.6(3) C7-C8-C9 107.9(2) 
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Table E15 continued 

N2-C8-H8 109.8 C7-C8-H8 109.8 

C9-C8-H8 109.8 C11-C9-C8 113.9(3) 

C11-C9-H9A 108.8 C8-C9-H9A 108.8 

C11-C9-H9B 108.8 C8-C9-H9B 108.8 

H9A-C9-H9B 107.7 C11-C10-N3 110.4(3) 

C11-C10-H10 124.8 N3-C10-H10 124.8 

C10-C11-C12 106.0(3) C10-C11-C9 126.0(3) 

C12-C11-C9 128.0(3) C13-C12-C17 118.6(3) 

C13-C12-C11 134.6(3) C17-C12-C11 106.8(3) 

C12-C13-C14 118.4(4) C12-C13-H13 120.8 

C14-C13-H13 120.8 C15-C14-C13 121.1(5) 

C15-C14-H14 119.5 C13-C14-H14 119.5 

C16-C15-C14 122.4(4) C16-C15-H15 118.8 

C14-C15-H15 118.8 C15-C16-C17 116.4(4) 

C15-C16-H16 121.8 C17-C16-H16 121.8 

N3-C17-C16 128.8(4) N3-C17-C12 108.1(3) 

C16-C17-C12 123.1(4) O4-C18-N2 123.5(3) 

O4-C18-O5 125.4(3) N2-C18-O5 111.0(3) 

C22'-C19-O5 114.7(10) C22-C19-O5 112.3(4) 

C22'-C19-C20' 120.0(13) O5-C19-C20' 103.7(14) 

C22-C19-C20 117.5(6) O5-C19-C20 108.8(4) 

C22-C19-C21 107.2(5) O5-C19-C21 101.1(3) 

C20-C19-C21 108.6(4) C22'-C19-C21' 105.5(11) 

O5-C19-C21' 109.6(8) C20'-C19-C21' 102.4(11) 

C19-C20-H20A 109.5 C19-C20-H20B 109.5 

H20A-C20-H20B 109.5 C19-C20-H20C 109.5 

H20A-C20-H20C 109.5 H20B-C20-H20C 109.5 

C19-C21-H21A 109.5 C19-C21-H21B 109.5 

H21A-C21-H21B 109.5 C19-C21-H21C 109.5 

H21A-C21-H21C 109.5 H21B-C21-H21C 109.5 

C19-C22-H22A 109.5 C19-C22-H22B 109.5 

H22A-C22-H22B 109.5 C19-C22-H22C 109.5 

H22A-C22-H22C 109.5 H22B-C22-H22C 109.5 

C19-C20'-H20D 109.5 C19-C20'-H20E 109.5 

H20D-C20'-H20E 109.5 C19-C20'-H20F 109.5 

H20D-C20'-H20F 109.5 H20E-C20'-H20F 109.5 

C19-C21'-H21D 109.5 C19-C21'-H21E 109.5 
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Table E15 continued 

H21D-C21'-H21E 109.5 C19-C21'-H21F 109.5 

H21D-C21'-H21F 109.5 H21E-C21'-H21F 109.5 

C19-C22'-H22D 109.5 C19-C22'-H22E 109.5 

H22D-C22'-H22E 109.5 C19-C22'-H22F 109.5 

H22D-C22'-H22F 109.5 H22E-C22'-H22F 109.5 
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Table E16. Anisotropic atomic displacement parameters (Å2) for Boc-Trpflp-

OMe.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

F1 0.123(3) 0.109(3) 0.088(2) 0.059(2) 0.032(2) 0.048(2) 

N1 0.0411(13) 0.0423(14) 0.0371(12) 0.0003(10) 0.0053(10) 0.0070(11) 

N2 0.0507(15) 0.0391(13) 0.0372(13) 0.0116(12) -0.0094(11) -0.0119(12) 

N3 0.0566(18) 0.0350(14) 0.075(2) -0.0041(15) -0.0014(16) 0.0107(13) 

O1 0.0546(17) 0.091(2) 0.089(2) -0.006(2) 0.0009(16) 0.0350(17) 

O2 0.0554(17) 0.112(3) 0.0508(15) -0.0196(17) -0.0062(13) 0.0182(18) 

O3 0.0552(15) 0.0578(15) 0.0594(15) 0.0022(13) 0.0263(13) 0.0009(12) 

O4 0.156(4) 0.0514(17) 0.079(2) 0.0226(16) -0.064(3) -0.049(2) 

O5 0.0663(16) 0.0551(15) 0.0408(13) 0.0124(11) -0.0150(12) -0.0105(13) 

C1 0.072(3) 0.181(8) 0.073(3) -0.037(4) -0.023(3) 0.017(4) 

C2 0.0505(19) 0.055(2) 0.0501(18) 0.0050(16) 0.0060(15) 0.0166(16) 

C3 0.0531(18) 0.0453(17) 0.0433(16) -0.0035(14) 0.0068(15) 0.0131(15) 

C4 0.079(3) 0.042(2) 0.093(3) -0.006(2) 0.014(3) 0.011(2) 

C5 0.087(3) 0.044(2) 0.111(4) 0.027(2) 0.032(3) 0.012(2) 

C6 0.0521(18) 0.0398(17) 0.056(2) 0.0082(14) 0.0098(16) 0.0010(14) 

C7 0.0454(16) 0.0420(15) 0.0319(13) 0.0018(12) 0.0050(12) 0.0025(13) 

C8 0.0388(14) 0.0341(14) 0.0327(13) 0.0067(11) 0.0031(11) 0.0009(11) 

C9 0.0400(14) 0.0401(15) 0.0312(13) 0.0044(11) -0.0012(11) 0.0096(12) 

C10 0.0452(17) 0.0436(18) 0.0563(19) 0.0013(15) -0.0032(15) 0.0031(14) 

C11 0.0402(15) 0.0416(16) 0.0354(14) 0.0006(12) -0.0027(12) 0.0062(13) 

C12 0.0432(16) 0.0422(16) 0.0364(14) -0.0041(12) -0.0013(12) 0.0080(13) 

C13 0.052(2) 0.0511(19) 0.0508(19) 0.0021(16) 0.0089(16) 0.0031(16) 

C14 0.064(3) 0.076(3) 0.065(3) 0.009(2) 0.018(2) -0.007(2) 

C15 0.057(2) 0.094(4) 0.069(3) 0.000(3) 0.015(2) 0.021(3) 

C16 0.057(2) 0.066(3) 0.070(2) -0.008(2) 0.011(2) 0.019(2) 

C17 0.0491(19) 0.053(2) 0.0496(18) -0.0071(16) -0.0023(15) 0.0151(16) 

C18 0.0443(15) 0.0298(13) 0.0370(13) 0.0013(11) -0.0037(12) 0.0048(12) 

C19 0.0488(18) 0.065(2) 0.0318(15) 0.0014(14) -0.0022(13) 0.0163(16) 

C20 0.101(4) 0.059(3) 0.060(3) 0.002(2) 0.019(3) 0.032(3) 

C21 0.109(5) 0.058(3) 0.041(2) 0.0084(19) -0.006(3) 0.015(3) 
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Table E16 continued 

C22 0.045(2) 0.147(7) 0.056(3) 0.031(4) -0.010(2) -0.001(3) 

C20' 0.101(4) 0.059(3) 0.060(3) 0.002(2) 0.019(3) 0.032(3) 

C21' 0.109(5) 0.058(3) 0.041(2) 0.0084(19) -0.006(3) 0.015(3) 

C22' 0.045(2) 0.147(7) 0.056(3) 0.031(4) -0.010(2) -0.001(3) 
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Table E17. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Boc-Trpflp-OMe. 

 x/a y/b z/c U(eq) 

H2N 0.284(5) 0.135(3) 0.309(3) 0.051 

H3N 0.477(5) -0.075(3) 0.122(3) 0.067 

H1A -0.1537 0.3885 0.1366 0.163 

H1B -0.0498 0.3630 0.0720 0.163 

H1C -0.1029 0.4802 0.0825 0.163 

H3 0.0866 0.5140 0.3238 0.057 

H4A 0.1113 0.6756 0.2344 0.085 

H4B 0.2139 0.6554 0.3016 0.085 

H5 0.3509 0.6565 0.1983 0.097 

H6A 0.3575 0.4548 0.1728 0.059 

H6B 0.4090 0.5006 0.2521 0.059 

H8 0.3989 0.3048 0.2501 0.042 

H9A 0.1919 0.1856 0.1802 0.045 

H9B 0.2719 0.2766 0.1390 0.045 

H10 0.2962 -0.0019 0.1825 0.058 

H13 0.5201 0.3148 0.0889 0.062 

H14 0.7165 0.2936 0.0226 0.082 

H15 0.7991 0.1282 -0.0017 0.088 

H16 0.6986 -0.0228 0.0440 0.077 

H20A 0.2403 0.1740 0.5370 0.11 

H20B 0.3544 0.1864 0.5977 0.11 

H20C 0.3465 0.2651 0.5276 0.11 

H21A 0.2932 -0.0069 0.5236 0.104 

H21B 0.4320 -0.0427 0.4916 0.104 

H21C 0.4187 -0.0035 0.5769 0.104 

H22A 0.5842 0.1375 0.5562 0.124 

H22B 0.6002 0.0788 0.4770 0.124 

H22C 0.5789 0.2032 0.4794 0.124 

H20D 0.5939 0.1350 0.4536 0.11 

H20E 0.5972 0.1028 0.5406 0.11 

H20F 0.5596 0.0174 0.4783 0.11 

H21D 0.4783 0.2854 0.4948 0.104 
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Table E17 continued 

H21E 0.3361 0.2752 0.5309 0.104 

H21F 0.4618 0.2466 0.5800 0.104 

H22D 0.3733 0.0735 0.6033 0.124 

H22E 0.2478 0.1008 0.5536 0.124 

H22F 0.3261 -0.0060 0.5390 0.124 
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Crystal Structure of Boc-TrpPro-OMe 

 

Figure E4 Crystal structure of Boc-TrpPro-OMe. 

Top: ORTEP diagram of the Boc-TrpPro-OMe monomer with ellipsoids shown at 

50% probability; bottom: overall crystal packing. Diffractable crystals were obtained 

via slow evaporation at room temperature in methanol. Crystals grown from 

methanol/trifluoroethanol generated crystals with the same unit cell dimensions. 
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Table E18. Crystallographic data and refinement details for Boc-TrpPro-

OMe. 

empirical formula C22H29N3O5 

formula weight 415.48 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Orthorhombic, P 21 21 21 

Unit cell dimensions (Å, °) a = 10.2770(16)  α = 90 

 
b = 12.609(2) β = 90 

 
c = 17.573(3) γ = 90 

Volume (Å3) 2277.2(6)  
 

Z, Z, calcd density (g/cm3) 4, 0, 1.212 

absorption coefficient (mm-1) 0.086 

F(000) 888 

crystal size (mm) 0.176 x 0.276 x 0.403 

 range for data collection 2.296 to 27.596° 

Index ranges -12 ≤ h ≤ 13, -16 ≤ k ≤ 16, -22 ≤ l ≤ 22 

Reflections collected/ unique 17412/5273 [R(int) = 0.0566] 

Coverage of independent 

reflections 
99.7% 

Absorption correction multi-scan 

Max. and min. transmission 0.7456 and 0.6629 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 5273 / 66 / 312 

Goodness-of-fit on F2 1.001 

Final R indices 3374 data; I>2σ(I) 
R1 = 0.0599, wR2 = 

0.1303 

 
all data 

R1 = 0.1033, wR2 = 

0.1524 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0688P)2+0.2547P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.197 and -0.174 eÅ-3 

R.M.S. deviation from mean 0.039 eÅ-3 
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Table E19. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Boc-TrpPro-OMe.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

C1 0.0016(4) 0.5215(3) 0.7196(2) 0.0527(10) 

C2 0.1173(4) 0.5439(3) 0.7703(2) 0.0471(10) 

C3 0.1803(5) 0.6516(3) 0.7533(3) 0.0621(12) 

C4 0.2842(5) 0.6267(4) 0.6957(3) 0.0673(13) 

C5 0.3335(4) 0.5179(3) 0.7156(2) 0.0482(9) 

C6 0.2063(4) 0.3665(3) 0.7766(2) 0.0400(9) 

C7 0.3134(3) 0.2878(3) 0.75551(19) 0.0369(8) 

C8 0.2791(4) 0.2399(3) 0.6770(2) 0.0394(9) 

C9 0.3644(4) 0.0527(3) 0.6561(2) 0.0501(10) 

C10 0.3755(3) 0.1602(3) 0.6488(2) 0.0402(8) 

C11 0.4951(4) 0.1781(3) 0.6090(2) 0.0440(9) 

C12 0.5597(4) 0.2690(4) 0.5823(2) 0.0588(11) 

C13 0.6757(5) 0.2551(5) 0.5427(3) 0.0734(15) 

C14 0.7289(5) 0.1541(6) 0.5307(3) 0.0796(17) 

C15 0.6680(5) 0.0658(5) 0.5556(3) 0.0687(14) 

C16 0.5505(4) 0.0781(4) 0.5937(2) 0.0529(11) 

C17 0.3859(4) 0.2185(3) 0.8771(2) 0.0395(8) 

C18 0.4251(4) 0.1402(4) 0.0026(2) 0.0531(11) 

C19 0.3887(11) 0.0216(7) 0.0293(5) 0.063(3) 

C20 0.5685(9) 0.1454(11) 0.9994(11) 0.062(3) 

C21 0.3576(10) 0.2128(8) 0.0511(5) 0.068(3) 

C18' 0.4251(4) 0.1402(4) 0.0026(2) 0.0531(11) 

C19' 0.3383(11) 0.0903(14) 0.0552(7) 0.088(5) 

C20' 0.5569(12) 0.1027(11) 0.9929(13) 0.049(4) 

C21' 0.4408(14) 0.2632(8) 0.0364(6) 0.062(4) 

C22 0.9287(5) 0.4458(6) 0.6052(3) 0.111(2) 

N1 0.2241(3) 0.4696(2) 0.75767(17) 0.0413(7) 

N2 0.3207(3) 0.2044(3) 0.81225(17) 0.0424(8) 

N3 0.4688(4) 0.0023(3) 0.6232(2) 0.0597(10) 
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Table E19 continued 

O1 0.0347(3) 0.4721(3) 0.65566(17) 0.0730(10) 

O2 0.8925(3) 0.5472(3) 0.7355(2) 0.0747(10) 

O3 0.1056(3) 0.3362(2) 0.80668(16) 0.0544(7) 

O4 0.3632(3) 0.1405(2) 0.92642(15) 0.0583(8) 

O5 0.4596(4) 0.2895(2) 0.88768(19) 0.0852(13) 
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Table E20. Bond lengths [Å] and angles [°] for Boc-TrpPro-OMe. 

Bond lengths 

C1-O2 1.200(5)  C1-O1 1.328(5) 

C1-C2 1.512(6)  C2-N1 1.460(5) 

C2-C3 1.533(6)  C2-H2A 1.0 

C3-C4 1.504(7)  C3-H3A 0.99 

C3-H3B 0.99  C4-C5 1.505(6) 

C4-H4A 0.99  C4-H4B 0.99 

C5-N1 1.477(5)  C5-H5A 0.99 

C5-H5B 0.99  C6-O3 1.224(4) 

C6-N1 1.354(5)  C6-C7 1.527(5) 

C7-N2 1.451(5)  C7-C8 1.548(5) 

C7-H7A 1.0  C8-C10 1.496(5) 

C8-H8A 0.99  C8-H8B 0.99 

C9-C10 1.366(6)  C9-N3 1.375(5) 

C9-H9A 0.95  C10-C11 1.432(5) 

C11-C12 1.405(6)  C11-C16 1.409(6) 

C12-C13 1.391(7)  C12-H12A 0.95 

C13-C14 1.401(8)  C13-H13A 0.95 

C14-C15 1.351(8)  C14-H14A 0.95 

C15-C16 1.390(6)  C15-H15A 0.95 

C16-N3 1.373(6)  C17-O5 1.188(4) 

C17-O4 1.332(4)  C17-N2 1.334(5) 

C18-C21 1.431(8)  C18-C20 1.476(10) 

C18-O4 1.482(4)  C18-C19 1.612(8) 

C19-H19A 0.98  C19-H19B 0.98 

C19-H19C 0.98  C20-H20A 0.98 

C20-H20B 0.98  C20-H20C 0.98 

C21-H21A 0.98  C21-H21B 0.98 

C21-H21C 0.98  C18'-C19' 1.430(10) 

C18'-C20' 1.444(12)  C18'-O4 1.482(4) 

C18'-C21' 1.669(11)  C19'-H19D 0.98 

C19'-H19E 0.98  C19'-H19F 0.98 

C20'-H20D 0.98  C20'-H20E 0.98 

C20'-H20F 0.98  C21'-H21D 0.98 
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Table E20 continued 

C21'-H21E 0.98  C21'-H21F 0.98 

C22-O1 1.443(6)  C22-H22A 0.98 

C22-H22B 0.98  C22-H22C 0.98 

N2-H2N 0.81(4)  N3-H3N 0.91(5) 

 

Bond angles 

O2-C1-O1 124.2(4)  O2-C1-C2 123.1(4) 

O1-C1-C2 112.6(3)  N1-C2-C1 112.4(3) 

N1-C2-C3 102.8(3)  C1-C2-C3 112.5(3) 

N1-C2-H2A 109.6  C1-C2-H2A 109.6 

C3-C2-H2A 109.6  C4-C3-C2 104.3(3) 

C4-C3-H3A 110.9  C2-C3-H3A 110.9 

C4-C3-H3B 110.9  C2-C3-H3B 110.9 

H3A-C3-H3B 108.9  C5-C4-C3 105.8(4) 

C5-C4-H4A 110.6  C3-C4-H4A 110.6 

C5-C4-H4B 110.6  C3-C4-H4B 110.6 

H4A-C4-H4B 108.7  N1-C5-C4 103.6(3) 

N1-C5-H5A 111.0  C4-C5-H5A 111.0 

N1-C5-H5B 111.0  C4-C5-H5B 111.0 

H5A-C5-H5B 109.0  O3-C6-N1 121.4(3) 

O3-C6-C7 120.7(3)  N1-C6-C7 117.8(3) 

N2-C7-C6 110.0(3)  N2-C7-C8 110.0(3) 

C6-C7-C8 107.8(3)  N2-C7-H7A 109.7 

C6-C7-H7A 109.7  C8-C7-H7A 109.7 

C10-C8-C7 114.0(3)  C10-C8-H8A 108.7 

C7-C8-H8A 108.7  C10-C8-H8B 108.7 

C7-C8-H8B 108.7  H8A-C8-H8B 107.6 

C10-C9-N3 110.7(4)  C10-C9-H9A 124.6 

N3-C9-H9A 124.6  C9-C10-C11 105.9(3) 

C9-C10-C8 125.4(3)  C11-C10-C8 128.6(3) 

C12-C11-C16 118.4(4)  C12-C11-C10 134.2(4) 

C16-C11-C10 107.3(4)  C13-C12-C11 117.9(4) 

C13-C12-H12A 121.0  C11-C12-H12A 121.0 

C12-C13-C14 121.6(5)  C12-C13-H13A 119.2 

C14-C13-H13A 119.2  C15-C14-C13 121.3(4) 

C15-C14-H14A 119.3  C13-C14-H14A 119.3 

C14-C15-C16 117.8(5)  C14-C15-H15A 121.1 
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Table E20 continued 

C16-C15-H15A 121.1  N3-C16-C15 129.4(5) 

N3-C16-C11 107.7(3)  C15-C16-C11 122.8(5) 

O5-C17-O4 124.5(3)  O5-C17-N2 123.7(4) 

O4-C17-N2 111.7(3)  C21-C18-C20 118.6(7) 

C21-C18-O4 109.2(4)  C20-C18-O4 113.2(8) 

C21-C18-C19 107.9(5)  C20-C18-C19 106.5(7) 

O4-C18-C19 99.5(4)  C18-C19-H19A 109.5 

C18-C19-H19B 109.5  H19A-C19-H19B 109.5 

C18-C19-H19C 109.5  H19A-C19-H19C 109.5 

H19B-C19-H19C 109.5  C18-C20-H20A 109.5 

C18-C20-H20B 109.5  H20A-C20-H20B 109.5 

C18-C20-H20C 109.5  H20A-C20-H20C 109.5 

H20B-C20-H20C 109.5  C18-C21-H21A 109.5 

C18-C21-H21B 109.5  H21A-C21-H21B 109.5 

C18-C21-H21C 109.5  H21A-C21-H21C 109.5 

H21B-C21-H21C 109.5  C19'-C18'-C20' 121.1(9) 

C19'-C18'-O4 108.4(6)  C20'-C18'-O4 107.3(9) 

C19'-C18'-C21' 103.9(7)  C20'-C18'-C21' 104.8(7) 

O4-C18'-C21' 111.2(4)  C18'-C19'-H19D 109.5 

C18'-C19'-H19E 109.5  H19D-C19'-H19E 109.5 

C18'-C19'-H19F 109.5  H19D-C19'-H19F 109.5 

H19E-C19'-H19F 109.5  C18'-C20'-H20D 109.5 

C18'-C20'-H20E 109.5  H20D-C20'-H20E 109.5 

C18'-C20'-H20F 109.5  H20D-C20'-H20F 109.5 

H20E-C20'-H20F 109.5  C18'-C21'-H21D 109.5 

C18'-C21'-H21E 109.5  H21D-C21'-H21E 109.5 

C18'-C21'-H21F 109.5  H21D-C21'-H21F 109.5 

H21E-C21'-H21F 109.5  O1-C22-H22A 109.5 

O1-C22-H22B 109.5  H22A-C22-H22B 109.5 

O1-C22-H22C 109.5  H22A-C22-H22C 109.5 

H22B-C22-H22C 109.5  C6-N1-C2 118.5(3) 

C6-N1-C5 128.4(3)  C2-N1-C5 112.6(3) 

C17-N2-C7 121.1(3)  C17-N2-H2N 120.(3) 

C7-N2-H2N 114.(3)  C9-N3-C16 108.3(3) 

C9-N3-H3N 127.(3)  C16-N3-H3N 125.(3) 

C1-O1-C22 115.7(4)  C17-O4-C18' 120.9(3) 

C17-O4-C18 120.9(3)    
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Table E21. Anisotropic atomic displacement parameters (Å2) for Boc-TrpPro-

OMe.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

C1 0.048(2) 0.064(3) 0.047(2) 0.003(2) 0.002(2) 0.017(2) 

C2 0.051(2) 0.050(2) 0.040(2) -0.0021(18) 0.0042(19) 0.0144(19) 

C3 0.074(3) 0.047(2) 0.065(3) 0.003(2) -0.001(2) 0.013(2) 

C4 0.071(3) 0.053(3) 0.078(3) 0.020(2) 0.012(3) 0.008(2) 

C5 0.048(2) 0.050(2) 0.047(2) 0.0115(19) 0.0035(19) 0.0019(19) 

C6 0.042(2) 0.044(2) 0.0335(18) 0.0008(16) 0.0030(16) 0.0032(17) 

C7 0.0362(18) 0.0420(19) 0.0324(17) 0.0050(16) -0.0010(15) 0.0024(16) 

C8 0.0393(19) 0.046(2) 0.0334(18) 0.0041(16) -0.0025(16) 0.0067(17) 

C9 0.043(2) 0.053(2) 0.055(2) -0.004(2) -0.0038(19) 0.0006(19) 

C10 0.041(2) 0.045(2) 0.0348(18) 0.0016(17) -0.0054(16) 0.0058(17) 

C11 0.043(2) 0.056(2) 0.0334(19) -0.0032(17) -0.0013(17) 0.0113(19) 

C12 0.056(2) 0.071(3) 0.050(2) 0.010(2) 0.005(2) 0.001(2) 

C13 0.059(3) 0.103(4) 0.058(3) 0.016(3) 0.009(2) -0.004(3) 

C14 0.051(3) 0.133(5) 0.054(3) -0.006(3) 0.011(2) 0.021(4) 

C15 0.052(3) 0.103(4) 0.050(3) -0.011(3) 0.003(2) 0.028(3) 

C16 0.043(2) 0.073(3) 0.043(2) -0.009(2) -0.0073(19) 0.018(2) 

C17 0.043(2) 0.041(2) 0.0343(18) 0.0031(17) -0.0030(17) 0.0078(18) 

C18 0.048(2) 0.082(3) 0.0300(18) 0.012(2) -0.0037(17) 0.015(2) 

C19 0.091(7) 0.066(5) 0.033(4) 0.018(4) 0.001(4) -0.002(5) 

C20 0.057(5) 0.079(9) 0.049(6) 0.009(8) -0.010(4) 0.009(5) 

C21 0.083(7) 0.074(6) 0.049(5) 0.004(4) 0.008(4) 0.033(6) 

C18' 0.048(2) 0.082(3) 0.0300(18) 0.012(2) -0.0037(17) 0.015(2) 

C19' 0.061(7) 0.145(14) 0.058(7) 0.039(8) -0.005(5) -0.012(8) 

C20' 0.056(6) 0.049(8) 0.041(7) 0.001(7) -0.004(5) 0.009(5) 

C21' 0.070(8) 0.086(7) 0.031(5) 0.002(5) -0.001(5) 0.028(6) 

C22 0.068(3) 0.195(7) 0.069(4) -0.036(4) -0.017(3) 0.002(4) 

N1 0.0404(16) 0.0460(18) 0.0375(16) 0.0041(14) 0.0023(13) 0.0061(14) 

N2 0.0449(18) 0.0446(18) 0.0377(16) 0.0091(15) -0.0062(15) -0.0112(15) 

N3 0.063(2) 0.050(2) 0.066(2) -0.012(2) -0.0113(19) 0.0164(19) 
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Table E21 continued 

O1 0.0516(17) 0.121(3) 0.0465(17) -0.0186(18) -0.0056(14) 0.0157(18) 

O2 0.0493(18) 0.093(2) 0.081(2) -0.0128(19) -0.0013(16) 0.0277(18) 

O3 0.0493(16) 0.0595(17) 0.0544(16) 0.0017(14) 0.0186(13) 0.0029(14) 

O4 0.0541(17) 0.079(2) 0.0417(14) 0.0237(15) -0.0130(13) -0.0179(15) 

O5 0.130(3) 0.0492(17) 0.076(2) 0.0227(16) -0.058(2) -0.040(2) 
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Table E22. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Boc-TrpPro-OMe. 

 x/a y/b z/c U(eq) 

H2A 0.0898 0.5412 0.8248 0.057 

H3A 0.1157 0.7018 0.7322 0.075 

H3B 0.2187 0.6826 0.7999 0.075 

H4A 0.2477 0.6274 0.6436 0.081 

H4B 0.3555 0.6794 0.6985 0.081 

H5A 0.3541 0.4767 0.6692 0.058 

H5B 0.4124 0.5222 0.7478 0.058 

H7A 0.3988 0.3255 0.7524 0.044 

H8A 0.1926 0.2056 0.6803 0.047 

H8B 0.2726 0.2981 0.6393 0.047 

H9A 0.2941 0.0176 0.6805 0.06 

H12A 0.5253 0.3379 0.5910 0.071 

H13A 0.7200 0.3155 0.5234 0.088 

H14A 0.8094 0.1477 0.5045 0.095 

H15A 0.7043 -0.0025 0.5473 0.082 

H19A 0.4119 0.0124 1.0830 0.095 

H19B 0.4371 -0.0297 0.9983 0.095 

H19C 0.2951 0.0099 1.0227 0.095 

H20A 0.6045 0.1284 1.0495 0.092 

H20B 0.5954 0.2171 0.9846 0.092 

H20C 0.6007 0.0943 0.9619 0.092 

H21A 0.3879 0.2039 1.1036 0.103 

H21B 0.2639 0.1986 1.0486 0.103 

H21C 0.3746 0.2856 1.0344 0.103 

H19D 0.3779 0.0895 1.1059 0.132 

H19E 0.3213 0.0173 1.0387 0.132 

H19F 0.2563 0.1298 1.0569 0.132 

H20D 0.6010 0.1459 0.9544 0.073 

H20E 0.5554 0.0285 0.9764 0.073 

H20F 0.6035 0.1083 1.0414 0.073 

H21D 0.5084 0.3007 1.0077 0.094 

H21E 0.4653 0.2603 1.0903 0.094 
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Table E22 continued 

H21F 0.3579 0.3010 1.0311 0.094 

H22A -0.0397 0.3987 0.5649 0.166 

H22B -0.1061 0.5108 0.5825 0.166 

H22C -0.1401 0.4099 0.6340 0.166 

H2N 0.261(4) 0.163(3) 0.810(2) 0.051 

H3N 0.482(4) -0.069(4) 0.621(3) 0.072 
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Table E23. Torsion angles (°) for Boc-TrpPro-OMe. 

O2-C1-C2-N1 155.2(4)  O1-C1-C2-N1 -25.8(5) 

O2-C1-C2-C3 -89.4(5)  O1-C1-C2-C3 89.7(4) 

N1-C2-C3-C4 29.4(4)  C1-C2-C3-C4 -91.8(4) 

C2-C3-C4-C5 -33.5(5)  C3-C4-C5-N1 23.8(5) 

O3-C6-C7-N2 -35.9(5)  N1-C6-C7-N2 147.1(3) 

O3-C6-C7-C8 84.0(4)  N1-C6-C7-C8 -93.0(4) 

N2-C7-C8-C10 -59.7(4)  C6-C7-C8-C10 -179.7(3) 

N3-C9-C10-C11 -0.3(4)  N3-C9-C10-C8 179.2(3) 

C7-C8-C10-C9 96.7(4)  C7-C8-C10-C11 -83.9(4) 

C9-C10-C11-C12 177.9(4)  C8-C10-C11-C12 -1.7(7) 

C9-C10-C11-C16 0.4(4)  C8-C10-C11-C16 -179.2(3) 

C16-C11-C12-C13 -0.5(6)  C10-C11-C12-C13 -177.8(4) 

C11-C12-C13-C14 -1.2(7)  C12-C13-C14-C15 1.5(8) 

C13-C14-C15-C16 0.0(7)  C14-C15-C16-N3 178.6(4) 

C14-C15-C16-C11 -1.8(6)  C12-C11-C16-N3 -178.3(4) 

C10-C11-C16-N3 -0.3(4)  C12-C11-C16-C15 2.1(6) 

C10-C11-C16-C15 -180.0(4)  O3-C6-N1-C2 -3.2(5) 

C7-C6-N1-C2 173.8(3)  O3-C6-N1-C5 -174.3(3) 

C7-C6-N1-C5 2.7(6)  C1-C2-N1-C6 -66.5(4) 

C3-C2-N1-C6 172.3(3)  C1-C2-N1-C5 105.9(4) 

C3-C2-N1-C5 -15.3(4)  C4-C5-N1-C6 166.6(4) 

C4-C5-N1-C2 -4.9(4)  O5-C17-N2-C7 -13.6(6) 

O4-C17-N2-C7 169.6(3)  C6-C7-N2-C17 -82.3(4) 

C8-C7-N2-C17 159.1(3)  C10-C9-N3-C16 0.1(5) 

C15-C16-N3-C9 179.8(4)  C11-C16-N3-C9 0.1(4) 

O2-C1-O1-C22 -2.4(7)  C2-C1-O1-C22 178.6(5) 

O5-C17-O4-C18' 3.5(6)  N2-C17-O4-C18' -179.7(3) 

O5-C17-O4-C18 3.5(6)  N2-C17-O4-C18 -179.7(3) 

C19'-C18'-O4-C17 148.4(8)  C20'-C18'-O4-C17 -79.3(7) 

C21'-C18'-O4-C17 34.8(7)  C21-C18-O4-C17 78.1(6) 

C20-C18-O4-C17 -56.4(8)  C19-C18-O4-C17 -169.1(5) 
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Crystal Structure of Boc-Trpflp-OH 

 

Figure E5 Crystal structure of Boc-Trpflp-OH. 

Top: ORTEP diagram of the Boc-Trpflp-OH monomer with ellipsoids shown at 50% 

probability; bottom: overall crystal packing. Diffractable crystals were obtained via 

slow evaporation at room temperature in CDCl3. 
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Table E24. Crystallographic data and refinement details for Boc-Trpflp-OH. 

empirical formula C22H27Cl3FN3O5 

formula weight 538.81 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Orthorhombic, P 21 21 21 

Unit cell dimensions (Å, °) a = 10.5930(6) α = 90 

 
b = 15.0701(9) β = 90 

 
c = 16.4238(11) γ = 90 

Volume (Å3) 2621.9(3)  
 

Z, Z, calcd density (g/cm3) 4, 0, 1.365 

absorption coefficient (mm-1) 0.393 

F(000) 1120 

crystal size (mm) 0.579 x 0.501 x 0.445 

 range for data collection 1.834 to 27.568° 

Index ranges -12 ≤ h ≤ 9, -19 ≤ k ≤ 12, -21 ≤ l ≤ 20 

Reflections collected/ unique 10058/5727 [R(int) = 0.0250] 

Coverage of independent 

reflections 
96.8% 

Absorption correction multi-scan 

Max. and min. transmission 0.7456 and 0.6726 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 5727 / 0 / 319 

Goodness-of-fit on F2 1.031 

Final R indices 4952 data; I>2σ(I) 
R1 = 0.0386, wR2 = 

0.0982 

 
all data 

R1 = 0.0457, wR2 = 

0.1018 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0611P)2] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.338 and -0.349 eÅ-3 

R.M.S. deviation from mean 0.043 eÅ-3 
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Table E25. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Boc-Trpflp-OH.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

Cl1 0.13017(13) 0.33157(10) 0.45148(7) 0.0882(4) 

Cl2 0.32822(13) 0.30679(8) 0.56875(5) 0.0763(3) 

Cl3 0.38384(12) 0.30554(8) 0.39642(6) 0.0748(3) 

F1 0.83457(16) 0.10920(11) 0.79676(10) 0.0396(4) 

N1 0.58270(19) 0.18116(13) 0.85582(11) 0.0231(4) 

N2 0.3827(2) 0.37699(14) 0.84472(12) 0.0236(4) 

N3 0.6867(3) 0.60755(18) 0.7657(2) 0.0483(7) 

O1 0.7771(2) 0.05891(12) 0.99795(10) 0.0351(5) 

O2 0.7627(2) 0.20321(13) 0.96661(12) 0.0333(4) 

O3 0.46211(18) 0.24267(12) 0.95324(10) 0.0299(4) 

O4 0.2765(2) 0.29271(13) 0.75290(11) 0.0353(5) 

O5 0.18095(17) 0.40299(12) 0.82495(11) 0.0318(4) 

C1 0.7287(3) 0.11962(16) 0.96177(14) 0.0251(5) 

C2 0.6164(2) 0.10313(16) 0.90455(14) 0.0247(5) 

C3 0.6503(3) 0.03425(16) 0.83914(16) 0.0295(6) 

C4 0.7101(3) 0.08982(18) 0.77316(16) 0.0303(6) 

C5 0.6360(3) 0.17594(18) 0.77288(14) 0.0290(6) 

C6 0.5105(2) 0.24665(16) 0.88499(14) 0.0230(5) 

C7 0.5008(2) 0.33103(16) 0.83278(14) 0.0228(5) 

C8 0.6126(2) 0.38986(18) 0.85731(16) 0.0275(5) 

C9 0.6504(3) 0.55392(19) 0.82960(19) 0.0386(7) 

C10 0.6365(3) 0.46863(17) 0.80406(16) 0.0301(6) 

C11 0.6658(3) 0.46807(18) 0.71787(17) 0.0322(6) 

C12 0.6669(3) 0.4037(2) 0.65690(18) 0.0401(7) 

C13 0.6959(4) 0.4283(3) 0.5774(2) 0.0530(9) 

C14 0.7249(4) 0.5167(3) 0.5586(2) 0.0619(11) 

C15 0.7266(3) 0.5810(2) 0.6167(2) 0.0544(10) 

C16 0.6959(3) 0.5569(2) 0.6965(2) 0.0414(7) 

C17 0.2779(3) 0.35186(15) 0.80369(14) 0.0233(5) 
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Table E25 continued 

C18 0.0491(3) 0.3818(2) 0.79887(17) 0.0359(6) 

C19 0.9760(3) 0.4536(3) 0.8431(3) 0.0638(11) 

C20 0.0371(3) 0.3933(2) 0.7075(2) 0.0482(8) 

C21 0.0148(4) 0.2905(3) 0.8283(2) 0.0601(10) 

C22 0.2892(4) 0.3512(2) 0.4735(2) 0.0548(9) 
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Table E26. Bond lengths [Å] and angles [°] for Boc-Trpflp-OH. 

Bond lengths 

Cl1-C22 1.748(4)  Cl2-C22 1.750(3) 

Cl3-C22 1.756(4)  F1-C4 1.405(3) 

N1-C6 1.338(3)  N1-C2 1.466(3) 

N1-C5 1.477(3)  N2-C17 1.353(3) 

N2-C7 1.444(3)  N2-H2N 0.85(3) 

N3-C16 1.372(5)  N3-C9 1.379(4) 

N3-H3N 0.81(4)  O1-C1 1.206(3) 

O2-C1 1.313(3)  O2-H2O 0.78(4) 

O3-C6 1.234(3)  O4-C17 1.221(3) 

O5-C17 1.330(3)  O5-C18 1.495(3) 

C1-C2 1.536(4)  C2-C3 1.537(3) 

C2-H2A 1.0  C3-C4 1.509(4) 

C3-H3A 0.99  C3-H3B 0.99 

C4-C5 1.517(4)  C4-H4 1.0 

C5-H5A 0.99  C5-H5B 0.99 

C6-C7 1.537(3)  C7-C8 1.533(4) 

C7-H7 1.0  C8-C10 1.496(4) 

C8-H8A 0.99  C8-H8B 0.99 

C9-C10 1.360(4)  C9-H9 0.95 

C10-C11 1.449(4)  C11-C12 1.394(4) 

C11-C16 1.421(4)  C12-C13 1.391(4) 

C12-H12 0.95  C13-C14 1.402(6) 

C13-H13 0.95  C14-C15 1.360(6) 

C14-H14 0.95  C15-C16 1.398(5) 

C15-H15 0.95  C18-C21 1.503(5) 

C18-C19 1.515(5)  C18-C20 1.516(4) 

C19-H19A 0.98  C19-H19B 0.98 

C19-H19C 0.98  C20-H20A 0.98 

C20-H20B 0.98  C20-H20C 0.98 

C21-H21A 0.98  C21-H21B 0.98 

C21-H21C 0.98  C22-H22 1.0 
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Table E26 continued 

Bond angles 

C6-N1-C2 122.37(19)  C6-N1-C5 126.0(2) 

C2-N1-C5 111.57(19)  C17-N2-C7 120.6(2) 

C17-N2-H2N 116.(2)  C7-N2-H2N 120.(2) 

C16-N3-C9 108.9(3)  C16-N3-H3N 127.(3) 

C9-N3-H3N 124.(3)  C1-O2-H2O 111.(3) 

C17-O5-C18 121.5(2)  O1-C1-O2 125.6(2) 

O1-C1-C2 120.6(2)  O2-C1-C2 113.9(2) 

N1-C2-C1 113.1(2)  N1-C2-C3 102.54(19) 

C1-C2-C3 110.8(2)  N1-C2-H2A 110.0 

C1-C2-H2A 110.0  C3-C2-H2A 110.0 

C4-C3-C2 103.0(2)  C4-C3-H3A 111.2 

C2-C3-H3A 111.2  C4-C3-H3B 111.2 

C2-C3-H3B 111.2  H3A-C3-H3B 109.1 

F1-C4-C3 108.1(2)  F1-C4-C5 108.0(2) 

C3-C4-C5 105.1(2)  F1-C4-H4 111.8 

C3-C4-H4 111.8  C5-C4-H4 111.8 

N1-C5-C4 103.9(2)  N1-C5-H5A 111.0 

C4-C5-H5A 111.0  N1-C5-H5B 111.0 

C4-C5-H5B 111.0  H5A-C5-H5B 109.0 

O3-C6-N1 121.8(2)  O3-C6-C7 121.3(2) 

N1-C6-C7 116.7(2)  N2-C7-C8 110.9(2) 

N2-C7-C6 112.2(2)  C8-C7-C6 106.30(19) 

N2-C7-H7 109.1  C8-C7-H7 109.1 

C6-C7-H7 109.1  C10-C8-C7 115.9(2) 

C10-C8-H8A 108.3  C7-C8-H8A 108.3 

C10-C8-H8B 108.3  C7-C8-H8B 108.3 

H8A-C8-H8B 107.4  C10-C9-N3 110.4(3) 

C10-C9-H9 124.8  N3-C9-H9 124.8 

C9-C10-C11 106.5(2)  C9-C10-C8 126.0(3) 

C11-C10-C8 127.1(2)  C12-C11-C16 118.5(3) 

C12-C11-C10 135.0(2)  C16-C11-C10 106.5(3) 

C13-C12-C11 119.3(3)  C13-C12-H12 120.3 

C11-C12-H12 120.3  C12-C13-C14 120.6(3) 

C12-C13-H13 119.7  C14-C13-H13 119.7 

C15-C14-C13 121.7(3)  C15-C14-H14 119.1 

C13-C14-H14 119.1  C14-C15-C16 118.0(3) 
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Table E26 continued 

C14-C15-H15 121.0  C16-C15-H15 121.0 

N3-C16-C15 130.4(3)  N3-C16-C11 107.7(3) 

C15-C16-C11 121.9(3)  O4-C17-O5 126.4(2) 

O4-C17-N2 123.7(2)  O5-C17-N2 109.90(19) 

O5-C18-C21 109.2(2)  O5-C18-C19 100.8(2) 

C21-C18-C19 112.1(3)  O5-C18-C20 109.8(2) 

C21-C18-C20 113.7(3)  C19-C18-C20 110.5(3) 

C18-C19-H19A 109.5  C18-C19-H19B 109.5 

H19A-C19-H19B 109.5  C18-C19-H19C 109.5 

H19A-C19-H19C 109.5  H19B-C19-H19C 109.5 

C18-C20-H20A 109.5  C18-C20-H20B 109.5 

H20A-C20-H20B 109.5  C18-C20-H20C 109.5 

H20A-C20-H20C 109.5  H20B-C20-H20C 109.5 

C18-C21-H21A 109.5  C18-C21-H21B 109.5 

H21A-C21-H21B 109.5  C18-C21-H21C 109.5 

H21A-C21-H21C 109.5  H21B-C21-H21C 109.5 

Cl1-C22-Cl2 110.4(2)  Cl1-C22-Cl3 109.54(18) 

Cl2-C22-Cl3 111.1(2)  Cl1-C22-H22 108.6 

Cl2-C22-H22 108.6  Cl3-C22-H22 108.6 
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Table E27. Anisotropic atomic displacement parameters (Å2) for Boc-Trpflp-

OH.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

Cl1 0.0697(8) 0.1157(10) 0.0792(7) -0.0256(7) -0.0113(6) 0.0086(7) 

Cl2 0.1086(9) 0.0768(7) 0.0434(4) -0.0048(4) -0.0117(5) 0.0145(7) 

Cl3 0.0877(8) 0.0819(7) 0.0548(5) -0.0071(5) 0.0149(5) 0.0032(7) 

F1 0.0262(9) 0.0390(9) 0.0538(9) 0.0004(7) 0.0033(7) 0.0035(8) 

N1 0.0221(11) 0.0230(10) 0.0241(9) 0.0025(8) 0.0001(8) 0.0016(9) 

N2 0.0192(11) 0.0263(11) 0.0252(9) -0.0041(8) -0.0029(8) 0.0042(9) 

N3 0.0432(17) 0.0226(12) 0.0791(19) 0.0112(13) 0.0002(14) 0.0004(13) 

O1 0.0430(12) 0.0283(10) 0.0342(9) 0.0010(8) -0.0126(8) 0.0031(9) 

O2 0.0328(12) 0.0252(9) 0.0420(10) 0.0014(8) -0.0145(8) -0.0030(9) 

O3 0.0304(10) 0.0294(10) 0.0299(8) 0.0036(7) 0.0050(7) 0.0052(8) 

O4 0.0333(11) 0.0302(10) 0.0426(10) -0.0098(8) -0.0072(8) 0.0032(9) 

O5 0.0170(10) 0.0341(10) 0.0443(10) -0.0081(8) -0.0061(8) 0.0028(8) 

C1 0.0280(14) 0.0230(12) 0.0244(10) 0.0001(9) 0.0005(10) 0.0017(11) 

C2 0.0224(13) 0.0196(12) 0.0322(12) 0.0022(9) 0.0006(10) 0.0002(10) 

C3 0.0277(14) 0.0225(12) 0.0383(13) -0.0041(10) -0.0047(11) -0.0002(11) 

C4 0.0280(15) 0.0292(13) 0.0336(12) -0.0066(10) -0.0018(11) 0.0050(12) 

C5 0.0294(15) 0.0328(14) 0.0249(11) -0.0011(10) 0.0021(10) 0.0071(12) 

C6 0.0179(13) 0.0239(12) 0.0272(11) -0.0005(9) -0.0034(9) -0.0007(10) 

C7 0.0196(13) 0.0235(12) 0.0253(10) 0.0012(9) -0.0003(9) 0.0037(10) 

C8 0.0182(13) 0.0272(13) 0.0370(13) 0.0035(10) -0.0045(10) 0.0016(11) 

C9 0.0271(16) 0.0320(15) 0.0566(17) 0.0048(13) -0.0015(13) 0.0024(13) 

C10 0.0160(13) 0.0276(13) 0.0465(14) 0.0057(11) -0.0025(11) 0.0034(11) 

C11 0.0162(13) 0.0314(14) 0.0490(15) 0.0142(11) 0.0019(11) 0.0064(11) 

C12 0.0359(17) 0.0369(15) 0.0474(15) 0.0115(13) 0.0075(13) 0.0055(14) 

C13 0.054(2) 0.057(2) 0.0479(17) 0.0104(15) 0.0154(15) 0.0067(18) 

C14 0.051(2) 0.075(3) 0.059(2) 0.030(2) 0.0179(18) 0.010(2) 

C15 0.0345(18) 0.050(2) 0.079(2) 0.0358(19) 0.0116(17) 0.0043(16) 

C16 0.0243(16) 0.0330(15) 0.067(2) 0.0188(14) 0.0024(13) 0.0035(13) 

C17 0.0211(13) 0.0206(11) 0.0282(11) 0.0041(9) -0.0017(10) 0.0002(10) 
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Table E27 continued 

C18 0.0153(14) 0.0442(16) 0.0482(15) -0.0013(13) -0.0057(11) -0.0017(13) 

C19 0.0191(17) 0.089(3) 0.083(3) -0.026(2) -0.0067(16) 0.0146(18) 

C20 0.0310(18) 0.058(2) 0.0552(18) 0.0044(16) -0.0170(14) -0.0040(16) 

C21 0.036(2) 0.066(2) 0.079(2) 0.015(2) -0.0011(17) -0.0174(18) 

C22 0.079(3) 0.0394(17) 0.0457(16) -0.0072(14) -0.0074(17) 0.0061(18) 
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Table E28. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Boc-Trpflp-OH. 

 x/a y/b z/c U(eq) 

H2N 0.370(3) 0.4070(19) 0.8878(18) 0.028 

H3N 0.692(4) 0.661(3) 0.769(2) 0.058 

H2O 0.825(4) 0.209(2) 0.991(2) 0.05 

H2A 0.5416 0.0825 0.9365 0.03 

H3A 0.7105 -0.0103 0.8605 0.035 

H3B 0.5740 0.0035 0.8188 0.035 

H4 0.7070 0.0595 0.7190 0.036 

H5A 0.6920 0.2271 0.7617 0.035 

H5B 0.5682 0.1744 0.7314 0.035 

H7 0.5093 0.3146 0.7740 0.027 

H8A 0.5983 0.4112 0.9136 0.033 

H8B 0.6898 0.3528 0.8580 0.033 

H9 0.6369 0.5738 0.8838 0.046 

H12 0.6481 0.3436 0.6695 0.048 

H13 0.6960 0.3848 0.5356 0.064 

H14 0.7440 0.5321 0.5039 0.074 

H15 0.7479 0.6405 0.6034 0.065 

H19A -0.0082 0.4490 0.9017 0.096 

H19B -0.1144 0.4462 0.8325 0.096 

H19C 0.0034 0.5120 0.8237 0.096 

H20A 0.0627 0.4535 0.6923 0.072 

H20B -0.0508 0.3835 0.6912 0.072 

H20C 0.0915 0.3502 0.6799 0.072 

H21A 0.0661 0.2463 0.7996 0.09 

H21B -0.0748 0.2793 0.8174 0.09 

H21C 0.0307 0.2863 0.8869 0.09 

H22 0.3035 0.4167 0.4751 0.066 
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Table E29. Torsion angles (°) for Boc-Trpflp-OH. 

C6-N1-C2-C1 -82.2(3)  C5-N1-C2-C1 98.9(2) 

C6-N1-C2-C3 158.4(2)  C5-N1-C2-C3 -20.5(3) 

O1-C1-C2-N1 -170.7(2)  O2-C1-C2-N1 9.8(3) 

O1-C1-C2-C3 -56.1(3)  O2-C1-C2-C3 124.4(2) 

N1-C2-C3-C4 34.5(3)  C1-C2-C3-C4 -86.5(2) 

C2-C3-C4-F1 78.6(2)  C2-C3-C4-C5 -36.6(3) 

C6-N1-C5-C4 179.4(2)  C2-N1-C5-C4 -1.8(3) 

F1-C4-C5-N1 -91.2(2)  C3-C4-C5-N1 24.0(3) 

C2-N1-C6-O3 -4.1(4)  C5-N1-C6-O3 174.6(2) 

C2-N1-C6-C7 170.2(2)  C5-N1-C6-C7 -11.1(4) 

C17-N2-C7-C8 157.9(2)  C17-N2-C7-C6 -83.3(3) 

O3-C6-C7-N2 -33.9(3)  N1-C6-C7-N2 151.8(2) 

O3-C6-C7-C8 87.5(3)  N1-C6-C7-C8 -86.9(3) 

N2-C7-C8-C10 -68.4(3)  C6-C7-C8-C10 169.4(2) 

C16-N3-C9-C10 0.6(4)  N3-C9-C10-C11 -0.2(3) 

N3-C9-C10-C8 172.5(3)  C7-C8-C10-C9 128.6(3) 

C7-C8-C10-C11 -60.1(4)  C9-C10-C11-C12 -178.5(3) 

C8-C10-C11-C12 8.9(5)  C9-C10-C11-C16 -0.3(3) 

C8-C10-C11-C16 -172.9(2)  C16-C11-C12-C13 -0.7(4) 

C10-C11-C12-C13 177.3(3)  C11-C12-C13-C14 0.6(5) 

C12-C13-C14-C15 0.4(6)  C13-C14-C15-C16 -1.2(6) 

C9-N3-C16-C15 178.5(3)  C9-N3-C16-C11 -0.7(3) 

C14-C15-C16-N3 -178.0(4)  C14-C15-C16-C11 1.1(5) 

C12-C11-C16-N3 179.2(3)  C10-C11-C16-N3 0.6(3) 

C12-C11-C16-C15 -0.1(4)  C10-C11-C16-C15 -178.7(3) 

C18-O5-C17-O4 11.8(4)  C18-O5-C17-N2 -170.6(2) 

C7-N2-C17-O4 -2.9(4)  C7-N2-C17-O5 179.5(2) 

C17-O5-C18-C21 57.6(3)  C17-O5-C18-C19 175.8(3) 

C17-O5-C18-C20 -67.6(3)    
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Crystal Structure of Boc-Trpflp-NHMe 

 

Crystals were mounted using viscous oil onto a plastic mesh and cooled to the data 

collection temperature. Data were collected on a Bruker-AXS APEX II DUO CCD 

diffractometer with Mo-Kα radiation (λ = 0.71073 Å) monochromated with graphite. 

Unit cell parameters were obtained from 36 data frames, 0.5º ω, from three different 

sections of the Ewald sphere. The systematic absences in the diffraction data are 

uniquely consistent for P212121. The data-set was treated with multi-scan absorption 

corrections (Apex3 software suite, Madison, WI, 2015). The structure was solved 

using direct methods and refined with full-matrix, least-squares procedures on F2 

(Sheldrick, G.M. 2008. Acta Cryst. A64, 112-122). Refinement of the absolute 

structure parameter yielded nil indicating the true hand of the data has been 

determined. All non-hydrogen atoms were refined with anisotropic displacement 

parameters. H-atoms were placed in calculated positions with Uiso equal to 1.2 (1.5 for 

methyl H) Ueq of the attached atom. Atomic scattering factors are contained in the 

SHELXTL program library (Sheldrick, G., op. cit.). The CIFs have been deposited 

with the Cambridge Crystallographic Database under CCDC 1442051. 
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Figure E6 Crystal structure of Boc-Trpflp-NHMe. 

Top: ORTEP diagram of the Boc-Trpflp-NHMe monomer with ellipsoids shown at 

50% probability; bottom: overall crystal packing. Diffractable crystals were obtained 

via slow evaporation at room temperature in CDCl3. 
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Table E30. Crystallographic data and refinement details for Boc-Trpflp-

NHMe. 

empirical formula C23H30Cl3FN4O4 

formula weight 551.86 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Orthorhombic, P 21 21 21 

Unit cell dimensions (Å, °) a = 9.1475(3)  α = 90 

 
b = 13.0425(5) β = 90 

 
c = 23.5901(8) γ = 90 

Volume (Å3) 2814.45(17)  
 

Z, Z, calcd density (g/cm3) 4, 0, 1.302 

absorption coefficient (mm-1) 0.366 

F(000) 1152 

crystal size (mm) 0.537 x 0.332 x 0.188 

 range for data collection 1.726 to 28.445° 

Index ranges -12 ≤ h ≤ 12, -17 ≤ k ≤ 17, -29 ≤ l ≤ 31 

Reflections collected/ unique 42018/7074 [R(int) = 0.0260] 

Coverage of independent 

reflections 
99.9% 

Absorption correction multi-scan 

Max. and min. transmission 0.7457 and 0.6868 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 7074 / 0 / 329 

Goodness-of-fit on F2 1.045 

Final R indices 6180 data; I>2σ(I) 
R1 = 0.0453, wR2 = 

0.1282 

 
all data 

R1 = 0.0522, wR2 = 

0.1345 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0861P)2+0.3346P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.460 and -0.467 eÅ-3 

R.M.S. deviation from mean 0.054 eÅ-3 
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Table E31. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Boc-Trpflp-NHMe.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 
x/a y/b z/c U(eq) 

C(1) 6894(5) 5659(3) 3273(1) 54(1) 

C(2) 6601(3) 6182(2) 4256(1) 33(1) 

C(3) 8780(3) 5092(2) 5283(1) 38(1) 

C(4) 8963(3) 6245(2) 5254(1) 42(1) 

C(5) 7423(3) 6658(2) 5250(1) 38(1) 

C(6) 6593(3) 5880(2) 4882(1) 31(1) 

C(7) 6775(2) 3954(2) 5054(1) 28(1) 

C(8) 5217(2) 3759(2) 4840(1) 28(1) 

C(9) 4173(3) 3673(2) 5350(1) 32(1) 

C(10) 2879(3) 5371(2) 5531(1) 37(1) 

C(11) 3952(3) 4682(2) 5647(1) 30(1) 

C(12) 4832(3) 5128(2) 6083(1) 36(1) 

C(13) 6068(3) 4812(3) 6385(1) 51(1) 

C(14) 6647(4) 5482(4) 6784(2) 75(1) 

C(15) 6036(5) 6432(4) 6890(2) 86(2) 

C(16) 4813(4) 6761(3) 6603(2) 66(1) 

C(17) 4224(3) 6096(2) 6205(1) 42(1) 

C(18) 5986(3) 2717(2) 4051(1) 36(1) 

C(19) 6179(4) 1670(2) 3193(1) 46(1) 

C(20) 7811(4) 1787(3) 3116(1) 50(1) 

C(21) 5336(5) 2407(4) 2823(2) 74(1) 

C(22) 5744(6) 560(3) 3089(2) 73(1) 

C(23) 6296(5) -23(3) 6243(2) 67(1) 

Cl(1) 6551(1) 1132(1) 5871(1) 76(1) 

Cl(2) 5816(2) 212(2) 6948(1) 111(1) 

Cl(3) 7875(2) -791(1) 6196(1) 94(1) 

F(1) 9637(2) 6485(2) 4733(1) 56(1) 

N(1) 7014(3) 5482(2) 3880(1) 39(1) 

N(2) 7339(2) 4912(2) 5018(1) 30(1) 

 



 

 913 

Table E31 continued 

N(3) 5194(2) 2804(2) 4524(1) 34(1) 

N(4) 3029(3) 6225(2) 5864(1) 44(1) 

O(1) 6181(2) 7050(1) 4122(1) 43(1) 

O(2) 7477(2) 3253(1) 5268(1) 37(1) 

O(3) 6842(2) 3367(1) 3885(1) 44(1) 

O(4) 5741(2) 1816(2) 3792(1) 44(1) 
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Table E32. Bond lengths [Å] and angles [°] for Boc-Trpflp-NHMe. 

Bond lengths 

C(1)-N(1) 1.455(4)  C(12)-C(17) 1.409(4) 

C(1)-H(1A) 0.9800  C(13)-C(14) 1.390(5) 

C(1)-H(1B) 0.9800  C(13)-H(13) 0.9500 

C(1)-H(1C) 0.9800  C(14)-C(15) 1.382(7) 

C(2)-O(1) 1.237(3)  C(14)-H(14) 0.9500 

C(2)-N(1) 1.329(4)  C(15)-C(16) 1.375(7) 

C(2)-C(6) 1.528(3)  C(15)-H(15) 0.9500 

C(3)-N(2) 1.478(3)  C(16)-C(17) 1.387(4) 

C(3)-C(4) 1.515(4)  C(16)-H(16) 0.9500 

C(3)-H(3A) 0.9900  C(17)-N(4) 1.366(4) 

C(3)-H(3B) 0.9900  C(18)-O(3) 1.218(3) 

C(4)-F(1) 1.411(4)  C(18)-N(3) 1.335(3) 

C(4)-C(5) 1.508(4)  C(18)-O(4) 1.344(3) 

C(4)-H(4) 1.0000  C(19)-O(4) 1.481(3) 

C(5)-C(6) 1.535(3)  C(19)-C(21) 1.510(5) 

C(5)-H(5A) 0.9900  C(19)-C(20) 1.511(5) 

C(5)-H(5B) 0.9900  C(19)-C(22) 1.521(5) 

C(6)-N(2) 1.471(3)  C(20)-H(20A) 0.9800 

C(6)-H(6) 1.0000  C(20)-H(20B) 0.9800 

C(7)-O(2) 1.225(3)  C(20)-H(20C) 0.9800 

C(7)-N(2) 1.355(3)  C(21)-H(21A) 0.9800 

C(7)-C(8) 1.533(3)  C(21)-H(21B) 0.9800 

C(8)-N(3) 1.453(3)  C(21)-H(21C) 0.9800 

C(8)-C(9) 1.539(3)  C(22)-H(22A) 0.9800 

C(8)-H(8) 1.0000  C(22)-H(22B) 0.9800 

C(9)-C(11) 1.505(3)  C(22)-H(22C) 0.9800 

C(9)-H(9A) 0.9900  C(23)-Cl(2) 1.748(4) 

C(9)-H(9B) 0.9900  C(23)-Cl(1) 1.758(4) 

C(10)-C(11) 1.359(3)  C(23)-Cl(3) 1.761(5) 

C(10)-N(4) 1.370(4)  C(23)-H(23) 1.0000 

C(10)-H(10) 0.9500  N(1)-H(1N) 0.78(4) 

C(11)-C(12) 1.430(3)  N(3)-H(3N) 0.81(4) 

C(12)-C(13) 1.398(4)  N(4)-H(4N) 0.86(4) 
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Table E32 continued 

Bond angles 

N(1)-C(1)-H(1A) 109.5  C(12)-C(13)-H(13) 121.1 

N(1)-C(1)-H(1B) 109.5  C(15)-C(14)-C(13) 122.2(4) 

H(1A)-C(1)-H(1B) 109.5  C(15)-C(14)-H(14) 118.9 

N(1)-C(1)-H(1C) 109.5  C(13)-C(14)-H(14) 118.9 

H(1A)-C(1)-H(1C) 109.5  C(16)-C(15)-C(14) 121.3(3) 

H(1B)-C(1)-H(1C) 109.5  C(16)-C(15)-H(15) 119.4 

O(1)-C(2)-N(1) 123.1(2)  C(14)-C(15)-H(15) 119.4 

O(1)-C(2)-C(6) 118.8(2)  C(15)-C(16)-C(17) 117.0(4) 

N(1)-C(2)-C(6) 118.1(2)  C(15)-C(16)-H(16) 121.5 

N(2)-C(3)-C(4) 103.7(2)  C(17)-C(16)-H(16) 121.5 

N(2)-C(3)-H(3A) 111.0  N(4)-C(17)-C(16) 129.2(3) 

C(4)-C(3)-H(3A) 111.0  N(4)-C(17)-C(12) 107.8(2) 

N(2)-C(3)-H(3B) 111.0  C(16)-C(17)-C(12) 123.0(3) 

C(4)-C(3)-H(3B) 111.0  O(3)-C(18)-N(3) 123.9(2) 

H(3A)-C(3)-H(3B) 109.0  O(3)-C(18)-O(4) 124.7(2) 

F(1)-C(4)-C(5) 108.8(3)  N(3)-C(18)-O(4) 111.3(2) 

F(1)-C(4)-C(3) 107.9(2)  O(4)-C(19)-C(21) 109.3(3) 

C(5)-C(4)-C(3) 104.6(2)  O(4)-C(19)-C(20) 111.6(2) 

F(1)-C(4)-H(4) 111.7  C(21)-C(19)-C(20) 111.8(3) 

C(5)-C(4)-H(4) 111.7  O(4)-C(19)-C(22) 101.8(3) 

C(3)-C(4)-H(4) 111.7  C(21)-C(19)-C(22) 112.3(3) 

C(4)-C(5)-C(6) 103.3(2)  C(20)-C(19)-C(22) 109.6(3) 

C(4)-C(5)-H(5A) 111.1  C(19)-C(20)-H(20A) 109.5 

C(6)-C(5)-H(5A) 111.1  C(19)-C(20)-H(20B) 109.5 

C(4)-C(5)-H(5B) 111.1  H(20A)-C(20)-H(20B) 109.5 

C(6)-C(5)-H(5B) 111.1  C(19)-C(20)-H(20C) 109.5 

H(5A)-C(5)-H(5B) 109.1  H(20A)-C(20)-H(20C) 109.5 

N(2)-C(6)-C(2) 115.37(19)  H(20B)-C(20)-H(20C) 109.5 

N(2)-C(6)-C(5) 102.38(19)  C(19)-C(21)-H(21A) 109.5 

C(2)-C(6)-C(5) 111.9(2)  C(19)-C(21)-H(21B) 109.5 

N(2)-C(6)-H(6) 109.0  H(21A)-C(21)-H(21B) 109.5 

C(2)-C(6)-H(6) 109.0  C(19)-C(21)-H(21C) 109.5 

C(5)-C(6)-H(6) 109.0  H(21A)-C(21)-H(21C) 109.5 

O(2)-C(7)-N(2) 121.0(2)  H(21B)-C(21)-H(21C) 109.5 

O(2)-C(7)-C(8) 119.9(2)  C(19)-C(22)-H(22A) 109.5 

N(2)-C(7)-C(8) 119.1(2)  C(19)-C(22)-H(22B) 109.5 
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Table E32 continued 

N(3)-C(8)-C(7) 108.93(18)  H(22A)-C(22)-H(22B) 109.5 

N(3)-C(8)-C(9) 109.23(19)  C(19)-C(22)-H(22C) 109.5 

C(7)-C(8)-C(9) 109.41(19)  H(22A)-C(22)-H(22C) 109.5 

N(3)-C(8)-H(8) 109.8  H(22B)-C(22)-H(22C) 109.5 

C(7)-C(8)-H(8) 109.8  Cl(2)-C(23)-Cl(1) 111.0(3) 

C(9)-C(8)-H(8) 109.8  Cl(2)-C(23)-Cl(3) 111.4(2) 

C(11)-C(9)-C(8) 112.52(19)  Cl(1)-C(23)-Cl(3) 110.3(2) 

C(11)-C(9)-H(9A) 109.1  Cl(2)-C(23)-H(23) 108 

C(8)-C(9)-H(9A) 109.1  Cl(1)-C(23)-H(23) 108 

C(11)-C(9)-H(9B) 109.1  Cl(3)-C(23)-H(23) 108 

C(8)-C(9)-H(9B) 109.1  C(2)-N(1)-C(1) 121.9(2) 

H(9A)-C(9)-H(9B) 107.8  C(2)-N(1)-H(1N) 122(3) 

C(11)-C(10)-N(4) 110.5(2)  C(1)-N(1)-H(1N) 115(3) 

C(11)-C(10)-H(10) 124.8  C(7)-N(2)-C(6) 128.98(19) 

N(4)-C(10)-H(10) 124.8  C(7)-N(2)-C(3) 117.3(2) 

C(10)-C(11)-C(12) 106.4(2)  C(6)-N(2)-C(3) 111.73(18) 

C(10)-C(11)-C(9) 125.6(2)  C(18)-N(3)-C(8) 119.6(2) 

C(12)-C(11)-C(9) 128.0(2)  C(18)-N(3)-H(3N) 121(2) 

C(13)-C(12)-C(17) 118.7(3)  C(8)-N(3)-H(3N) 117(2) 

C(13)-C(12)-C(11) 134.5(3)  C(17)-N(4)-C(10) 108.5(2) 

C(17)-C(12)-C(11) 106.8(2)  C(17)-N(4)-H(4N) 125(3) 

C(14)-C(13)-C(12) 117.8(3)  C(10)-N(4)-H(4N) 127(3) 

C(14)-C(13)-H(13) 121.1  C(18)-O(4)-C(19) 120.1(2) 
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Table E33. Anisotropic atomic displacement parameters (Å2) for Boc-Trpflp-

NHMe.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

C(1) 76(2) 52(2) 35(1) 4(1) -2(1) -5(2) 

C(2) 30(1) 27(1) 42(1) 1(1) -2(1) -6(1) 

C(3) 26(1) 41(1) 47(1) -5(1) -7(1) -3(1) 

C(4) 36(1) 44(1) 48(1) -11(1) -2(1) -12(1) 

C(5) 42(1) 32(1) 40(1) -6(1) 0(1) -5(1) 

C(6) 30(1) 25(1) 38(1) -2(1) 1(1) -3(1) 

C(7) 28(1) 26(1) 30(1) -3(1) 0(1) 1(1) 

C(8) 27(1) 25(1) 33(1) -3(1) 0(1) -1(1) 

C(9) 31(1) 27(1) 39(1) -2(1) 6(1) -2(1) 

C(10) 32(1) 34(1) 44(1) -2(1) 2(1) 1(1) 

C(11) 30(1) 29(1) 32(1) -1(1) 3(1) 0(1) 

C(12) 36(1) 41(1) 30(1) -4(1) 3(1) -2(1) 

C(13) 47(2) 74(2) 33(1) -4(1) -2(1) 8(2) 

C(14) 52(2) 129(4) 44(2) -23(2) -10(2) 5(2) 

C(15) 77(3) 122(4) 59(2) -51(2) -3(2) -12(3) 

C(16) 68(2) 65(2) 65(2) -36(2) 9(2) -10(2) 

C(17) 45(1) 39(1) 43(1) -10(1) 9(1) -4(1) 

C(18) 39(1) 29(1) 39(1) -5(1) 0(1) -3(1) 

C(19) 63(2) 42(1) 33(1) -10(1) -1(1) 0(1) 

C(20) 62(2) 52(2) 34(1) 1(1) 9(1) 7(1) 

C(21) 81(3) 83(3) 59(2) -9(2) -25(2) 20(2) 

C(22) 102(3) 60(2) 57(2) -27(2) 14(2) -23(2) 

C(23) 64(2) 81(3) 57(2) 14(2) -4(2) -9(2) 

Cl(1) 86(1) 76(1) 66(1) 13(1) 10(1) 4(1) 

Cl(2) 99(1) 175(2) 57(1) 28(1) 14(1) 12(1) 

Cl(3) 87(1) 86(1) 110(1) 19(1) 3(1) 8(1) 

F(1) 46(1) 56(1) 68(1) -6(1) 14(1) -18(1) 

N(1) 50(1) 32(1) 36(1) 3(1) -1(1) -2(1) 

N(2) 25(1) 28(1) 35(1) -2(1) -3(1) -2(1) 

N(3) 33(1) 28(1) 40(1) -6(1) 4(1) -7(1) 

N(4) 45(1) 30(1) 56(1) -4(1) 5(1) 6(1) 
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Table E33 continued 

O(1) 48(1) 29(1) 53(1) 6(1) -3(1) -1(1) 

O(2) 34(1) 31(1) 47(1) 0(1) -3(1) 7(1) 

O(3) 51(1) 33(1) 47(1) -8(1) 15(1) -10(1) 

O(4) 56(1) 35(1) 41(1) -14(1) 12(1) -12(1) 
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Table E34. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Boc-Trpflp-NHMe. 

 
x/a y/b z/c U(eq) 

H(1A) 5957 5991 3189 81 

H(1B) 6947 5002 3072 81 

H(1C) 7696 6102 3147 81 

H(3A) 9565 4739 5070 46 

H(3B) 8790 4849 5681 46 

H(4) 9536 6513 5584 51 

H(5A) 7388 7352 5081 46 

H(5B) 7014 6686 5638 46 

H(6) 5558 5839 5017 37 

H(8) 4902 4337 4590 34 

H(9A) 3216 3413 5217 39 

H(9B) 4573 3169 5623 39 

H(10) 2131 5275 5257 44 

H(13) 6499 4160 6319 61 

H(14) 7491 5281 6990 90 

H(15) 6468 6867 7166 103 

H(16) 4390 7413 6675 79 

H(20A) 8081 1592 2729 74 

H(20B) 8322 1344 3387 74 

H(20C) 8088 2503 3183 74 

H(21A) 4285 2316 2888 112 

H(21B) 5559 2271 2424 112 

H(21C) 5615 3112 2917 112 

H(22A) 4692 479 3156 110 

H(22B) 6287 113 3348 110 

H(22C) 5971 373 2696 110 

H(23) 5472 -403 6059 81 

H(1N) 7180(40) 4910(30) 3968(15) 47 

H(3N) 4550(40) 2390(30) 4601(14) 41 

H(4N) 2480(40) 6760(30) 5865(15) 52 
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Table E35. Torsion angles (°) for Boc-Trpflp-NHMe. 

N(2)-C(3)-C(4)-F(1) -88.9(2)  C(15)-C(16)-C(17)-C(12) -0.7(5) 

N(2)-C(3)-C(4)-C(5) 26.8(3)  C(13)-C(12)-C(17)-N(4) -179.3(3) 

F(1)-C(4)-C(5)-C(6) 77.2(2)  C(11)-C(12)-C(17)-N(4) 0.6(3) 

C(3)-C(4)-C(5)-C(6) -37.9(3)  C(13)-C(12)-C(17)-C(16) 1.2(4) 

O(1)-C(2)-C(6)-N(2) -169.8(2)  C(11)-C(12)-C(17)-C(16) -178.9(3) 

N(1)-C(2)-C(6)-N(2) 12.4(3)  O(1)-C(2)-N(1)-C(1) -4.9(4) 

O(1)-C(2)-C(6)-C(5) -53.3(3)  C(6)-C(2)-N(1)-C(1) 172.7(3) 

N(1)-C(2)-C(6)-C(5) 129.0(2)  O(2)-C(7)-N(2)-C(6) -166.9(2) 

C(4)-C(5)-C(6)-N(2) 33.6(3)  C(8)-C(7)-N(2)-C(6) 11.1(3) 

C(4)-C(5)-C(6)-C(2) -90.5(3)  O(2)-C(7)-N(2)-C(3) -4.4(3) 

O(2)-C(7)-C(8)-N(3) -44.7(3)  C(8)-C(7)-N(2)-C(3) 173.6(2) 

N(2)-C(7)-C(8)-N(3) 137.2(2)  C(2)-C(6)-N(2)-C(7) -92.5(3) 

O(2)-C(7)-C(8)-C(9) 74.6(3)  C(5)-C(6)-N(2)-C(7) 145.7(2) 

N(2)-C(7)-C(8)-C(9) -103.5(2)  C(2)-C(6)-N(2)-C(3) 104.2(2) 

N(3)-C(8)-C(9)-C(11) -171.0(2)  C(5)-C(6)-N(2)-C(3) -17.7(3) 

C(7)-C(8)-C(9)-C(11) 69.8(2)  C(4)-C(3)-N(2)-C(7) -170.8(2) 

N(4)-C(10)-C(11)-C(12) 0.2(3)  C(4)-C(3)-N(2)-C(6) -5.4(3) 

N(4)-C(10)-C(11)-C(9) -177.6(2)  O(3)-C(18)-N(3)-C(8) 6.5(4) 

C(8)-C(9)-C(11)-C(10) 91.4(3)  O(4)-C(18)-N(3)-C(8) -175.0(2) 

C(8)-C(9)-C(11)-C(12) -85.8(3)  C(7)-C(8)-N(3)-C(18) -62.8(3) 

C(10)-C(11)-C(12)-C(13) 179.4(3)  C(9)-C(8)-N(3)-C(18) 177.7(2) 

C(9)-C(11)-C(12)-C(13) -2.9(5)  C(16)-C(17)-N(4)-C(10) 178.9(3) 

C(10)-C(11)-C(12)-C(17) -0.5(3)  C(12)-C(17)-N(4)-C(10) -0.5(3) 

C(9)-C(11)-C(12)-C(17) 177.2(2)  C(11)-C(10)-N(4)-C(17) 0.2(3) 

C(17)-C(12)-C(13)-C(14) -1.0(4)  O(3)-C(18)-O(4)-C(19) -18.0(4) 

C(11)-C(12)-C(13)-C(14) 179.1(3)  N(3)-C(18)-O(4)-C(19) 163.5(2) 

C(12)-C(13)-C(14)-C(15) 0.4(6)  C(21)-C(19)-O(4)-C(18) -62.7(4) 

C(13)-C(14)-C(15)-C(16) 0.1(7)  C(20)-C(19)-O(4)-C(18) 61.5(3) 

C(14)-C(15)-C(16)-C(17) 0.0(7)  C(22)-C(19)-O(4)-C(18) 178.4(3) 

C(15)-C(16)-C(17)-N(4) 179.9(4)    
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Appendix F 

NMR SPECTRA OF SYNTHESIZED COMPOUNDS 

Compounds were described and utilized in Chapter 4: Synthesis of 2-

Thiophenylalanine and its Application into Native Chemical Ligation of Peptides and 

Proteins 
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Figure F1 1H NMR spectrum of Boc-2-iodophenylalanine-methyl ester in 

CDCl3. 

Figure F2 13C NMR spectrum of Boc-2-iodophenylalanine-methyl ester in 

CDCl3. 
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Figure F3 1H NMR spectrum of Boc-2-S(S-tert-butyl)thiophenylalanine-

methyl ester in CDCl3.  

 

 

 

 

 

 

 

 

 

 

Figure F4 13C NMR spectrum of Boc-2-S(S-tert-butyl)thiophenylalanine-

methyl ester in CDCl3. 
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Figure F5 1H NMR spectrum of Boc-2-S(S-tert-butyl)-thiophenylalanine in 

CDCl3. 

Figure F6 13C NMR spectrum of Boc-2-S(S-tert-butyl)-thiophenylalanine in 

CDCl3. 
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Figure F7 1H NMR spectrum of Boc-3-amino--thiochromanone in CDCl3. 

Figure F8 13C NMR spectrum of Boc-3-amino--thiochromanone in CDCl3. 
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Appendix G 

X-RAY CRYSTALLOGRAPHIC INFORMATION FOR SYNTHESIZED 

SMALL MOLECULES 

Compounds were described and utilized in Chapter 4: Synthesis of 2-

Thiophenylalanine and its Application into Native Chemical Ligation of Peptides and 

Proteins. 
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Crystal Structure of Boc-3-amino--thiochromanone 

Figure G1 Crystal structure of Boc-3-amino--thiochromanone. 

Top: ORTEP diagram of the Boc-3-amino--thiochromanone with ellipsoids shown at 

50% probability; bottom: overall crystal packing. Diffractable crystals were obtained 

via slow evaporation at room temperature in CDCl3. 
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Table G1. Crystallographic data and refinement details for Boc-3-amino--

thiochromanone. 

empirical formula C14H17NO3S 

formula weight 279.35 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Triclinic, P -1 

Unit cell dimensions (Å, °) a = 9.9584(9)  α = 96.7990(10) 

 
b = 13.6429(12) β = 99.3630(10) 

 
c = 17.4530(16) γ = 108.3460(10) 

Volume (Å3) 2184.0(3) 
 

Z, Z, calcd density (g/cm3) 6, 0, 1.274 

absorption coefficient (mm-1) 0.225 

F(000) 888 

crystal size (mm) 0.398 x 0.422 x 0.439 

 range for data collection 1.60 to 28.30° 

Index ranges -13 ≤ h ≤ 13, -18 ≤ k ≤ 18, -23 ≤ l ≤ 23 

Reflections collected/ unique 59020/10808 [R(int) = 0.0641] 

Coverage of independent 

reflections 
99.5% 

Absorption correction multi-scan 

Max. and min. transmission 0.9160 and 0.9080 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 10808 / 0 / 532 

Goodness-of-fit on F2 1.028 

Final R indices 7685 data; I>2σ(I) R1 = 0.0474, wR2 = 0.1049 

 
all data R1 = 0.0767, wR2 = 0.1230 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0437P)2+1.1290P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.425 and -0.529 eÅ-3 

R.M.S. deviation from mean 0.049 eÅ-3 
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Table G2. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Boc-3-amino--thiochromanone.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

C1 0.45159(18) 0.74420(13) 0.59281(10) 0.0289(4) 

C2 0.3361(2) 0.74900(16) 0.53817(12) 0.0377(4) 

C3 0.3025(2) 0.69278(17) 0.46216(12) 0.0454(5) 

C4 0.3835(2) 0.63306(18) 0.44038(12) 0.0461(5) 

C5 0.4987(2) 0.62950(16) 0.49480(11) 0.0389(4) 

C6 0.53517(18) 0.68473(14) 0.57158(10) 0.0296(4) 

C7 0.65885(19) 0.68066(15) 0.63171(10) 0.0330(4) 

C8 0.61652(18) 0.66171(13) 0.71043(10) 0.0293(4) 

C9 0.58102(19) 0.75334(15) 0.75001(11) 0.0332(4) 

C10 0.72029(18) 0.54644(13) 0.77659(9) 0.0252(3) 

C11 0.8764(2) 0.45324(14) 0.83329(10) 0.0319(4) 

C12 0.0306(2) 0.49622(17) 0.88140(14) 0.0487(5) 

C13 0.8694(2) 0.39136(17) 0.75361(12) 0.0442(5) 

C14 0.7745(2) 0.38986(16) 0.87890(13) 0.0444(5) 

C15 0.1343(2) 0.36511(17) 0.54725(11) 0.0401(4) 

C16 0.0495(2) 0.3585(2) 0.47369(13) 0.0607(7) 

C17 0.9975(3) 0.2670(3) 0.42068(15) 0.0786(10) 

C18 0.0263(3) 0.1800(3) 0.43960(15) 0.0755(9) 

C19 0.1119(3) 0.1855(2) 0.51258(14) 0.0608(7) 

C20 0.1695(2) 0.27911(16) 0.56741(11) 0.0393(4) 

C21 0.2702(2) 0.28971(16) 0.64447(11) 0.0392(4) 

C22 0.23815(19) 0.34874(15) 0.71446(10) 0.0338(4) 

C23 0.25024(19) 0.46057(15) 0.70584(11) 0.0361(4) 

C24 0.28753(18) 0.31146(13) 0.84819(10) 0.0290(4) 

C25 0.3823(2) 0.30490(14) 0.98627(10) 0.0320(4) 

C26 0.3332(3) 0.18724(16) 0.97637(13) 0.0554(6) 

C27 0.5354(3) 0.3519(2) 0.03555(13) 0.0615(7) 

C28 0.2833(3) 0.3506(2) 0.02138(15) 0.0674(8) 

C29 0.6501(2) 0.08578(16) 0.66915(14) 0.0467(5) 



 

 930 

Table G2 continued 

C30 0.5152(3) 0.0693(2) 0.62158(17) 0.0634(7) 

C31 0.3974(3) 0.0619(2) 0.6563(2) 0.0728(9) 

C32 0.4144(3) 0.0729(2) 0.7365(2) 0.0686(8) 

C33 0.5480(2) 0.08879(18) 0.78294(17) 0.0558(6) 

C34 0.6677(2) 0.09472(15) 0.75008(13) 0.0410(5) 

C35 0.8109(2) 0.10461(16) 0.80023(13) 0.0426(5) 

C36 0.8776(2) 0.03001(14) 0.76212(12) 0.0362(4) 

C37 0.9204(2) 0.06093(16) 0.68685(14) 0.0452(5) 

C38 0.02323(19) 0.93192(14) 0.81688(11) 0.0351(4) 

C39 0.1909(2) 0.85828(15) 0.88709(14) 0.0460(5) 

C40 0.0894(3) 0.80569(19) 0.93680(14) 0.0611(6) 

C41 0.1928(3) 0.7837(2) 0.81624(16) 0.0596(6) 

C42 0.3429(3) 0.9137(2) 0.9370(2) 0.0881(11) 

N1 0.72918(17) 0.64262(12) 0.76346(10) 0.0354(4) 

N2 0.33385(18) 0.35173(15) 0.78695(10) 0.0440(4) 

N3 0.00033(18) 0.02423(13) 0.81522(11) 0.0445(4) 

O1 0.61321(18) 0.78685(13) 0.81971(8) 0.0538(4) 

O2 0.61406(13) 0.46786(9) 0.75117(7) 0.0324(3) 

O3 0.84548(13) 0.55020(9) 0.82186(7) 0.0313(3) 

O4 0.29532(17) 0.53352(12) 0.76032(9) 0.0563(4) 

O5 0.16346(13) 0.25728(10) 0.84590(8) 0.0392(3) 

O6 0.39957(13) 0.33828(10) 0.90989(7) 0.0379(3) 

O7 0.03289(18) 0.06174(14) 0.66896(11) 0.0647(5) 

O8 0.93647(14) 0.84781(10) 0.78236(9) 0.0439(3) 

O9 0.15196(14) 0.94766(10) 0.86277(9) 0.0459(4) 

S1 0.48897(6) 0.81739(4) 0.68887(3) 0.03753(12) 

S2 0.20175(6) 0.48792(4) 0.61062(3) 0.04954(15) 

S3 0.79745(7) 0.09823(6) 0.62134(4) 0.06043(18) 
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Table G3. Bond lengths [Å] and angles [°] for Boc-3-amino--

thiochromanone. 

Bond lengths 

C1-C2 1.393(2)  C1-C6 1.394(2) 

C1-S1 1.7644(18)  C2-C3 1.383(3) 

C3-C4 1.378(3)  C4-C5 1.383(3) 

C5-C6 1.388(3)  C6-C7 1.503(2) 

C7-C8 1.528(2)  C8-N1 1.444(2) 

C8-C9 1.523(3)  C9-O1 1.200(2) 

C9-S1 1.7746(18)  C10-O2 1.219(2) 

C10-N1 1.337(2)  C10-O3 1.3456(19) 

C11-O3 1.478(2)  C11-C14 1.512(3) 

C11-C12 1.518(3)  C11-C13 1.518(3) 

C15-C20 1.393(3)  C15-C16 1.393(3) 

C15-S2 1.759(2)  C16-C17 1.359(4) 

C17-C18 1.370(5)  C18-C19 1.392(4) 

C19-C20 1.395(3)  C20-C21 1.503(3) 

C21-C22 1.516(3)  C22-N2 1.443(2) 

C22-C23 1.520(3)  C23-O4 1.205(2) 

C23-S2 1.770(2)  C24-O5 1.215(2) 

C24-N2 1.341(2)  C24-O6 1.341(2) 

C25-O6 1.478(2)  C25-C28 1.492(3) 

C25-C26 1.503(3)  C25-C27 1.518(3) 

C29-C34 1.380(3)  C29-C30 1.396(3) 

C29-S3 1.775(2)  C30-C31 1.388(4) 

C31-C32 1.366(4)  C32-C33 1.379(4) 

C33-C34 1.389(3)  C34-C35 1.504(3) 

C35-C36 1.525(3)  C36-N3 1.438(2) 

C36-C37 1.512(3)  C37-O7 1.208(3) 

C37-S3 1.772(2)  C38-O8 1.212(2) 

C38-O9 1.335(2)  C38-N3 1.351(2) 

C39-O9 1.478(2)  C39-C40 1.505(3) 

C39-C41 1.512(3)  C39-C42 1.521(3) 
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Table G3 continued 

Bond angles 

C2-C1-C6 120.88(17)  C2-C1-S1 117.54(14) 

C6-C1-S1 121.57(13)  C3-C2-C1 119.63(17) 

C4-C3-C2 120.21(18)  C3-C4-C5 119.77(19) 

C4-C5-C6 121.49(18)  C5-C6-C1 118.02(16) 

C5-C6-C7 122.17(16)  C1-C6-C7 119.81(16) 

C6-C7-C8 112.20(14)  N1-C8-C9 109.71(14) 

N1-C8-C7 111.42(15)  C9-C8-C7 111.59(14) 

O1-C9-C8 124.68(17)  O1-C9-S1 117.38(15) 

C8-C9-S1 117.93(13)  O2-C10-N1 124.59(15) 

O2-C10-O3 125.72(15)  N1-C10-O3 109.69(14) 

O3-C11-C14 110.68(14)  O3-C11-C12 102.17(14) 

C14-C11-C12 110.98(16)  O3-C11-C13 109.39(14) 

C14-C11-C13 112.50(17)  C12-C11-C13 110.63(16) 

C20-C15-C16 120.9(2)  C20-C15-S2 121.94(15) 

C16-C15-S2 117.05(19)  C17-C16-C15 120.3(3) 

C16-C17-C18 120.2(2)  C17-C18-C19 120.2(3) 

C18-C19-C20 120.8(3)  C15-C20-C19 117.5(2) 

C15-C20-C21 120.30(18)  C19-C20-C21 122.2(2) 

C20-C21-C22 113.83(16)  N2-C22-C21 111.07(16) 

N2-C22-C23 108.67(16)  C21-C22-C23 112.75(15) 

O4-C23-C22 123.63(18)  O4-C23-S2 117.27(16) 

C22-C23-S2 119.06(14)  O5-C24-N2 124.18(16) 

O5-C24-O6 126.57(16)  N2-C24-O6 109.23(15) 

O6-C25-C28 110.19(16)  O6-C25-C26 110.36(15) 

C28-C25-C26 113.0(2)  O6-C25-C27 102.46(15) 

C28-C25-C27 110.7(2)  C26-C25-C27 109.60(18) 

C34-C29-C30 120.9(2)  C34-C29-S3 121.92(16) 

C30-C29-S3 117.1(2)  C31-C30-C29 119.4(3) 

C32-C31-C30 120.1(2)  C31-C32-C33 120.0(3) 

C32-C33-C34 121.4(3)  C29-C34-C33 118.1(2) 

C29-C34-C35 120.45(18)  C33-C34-C35 121.3(2) 

C34-C35-C36 111.24(17)  N3-C36-C37 109.94(17) 

N3-C36-C35 111.97(17)  C37-C36-C35 111.34(16) 

O7-C37-C36 124.0(2)  O7-C37-S3 118.40(18) 

C36-C37-S3 117.60(14)  O8-C38-O9 126.07(17) 

O8-C38-N3 123.79(17)  O9-C38-N3 110.12(15) 
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Table G3 continued 

O9-C39-C40 109.10(18)  O9-C39-C41 111.09(18) 

C40-C39-C41 112.97(19)  O9-C39-C42 101.54(16) 

C40-C39-C42 110.7(2)  C41-C39-C42 110.9(2) 

C10-N1-C8 122.35(15)  C24-N2-C22 123.49(16) 

C38-N3-C36 120.74(16)  C10-O3-C11 121.21(13) 

C24-O6-C25 121.83(14)  C38-O9-C39 120.67(14) 

C1-S1-C9 104.89(8)  C15-S2-C23 105.13(9) 

C37-S3-C29 103.72(10)    
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Table G4. Anisotropic atomic displacement parameters (Å2) for Boc-3-

amino--thiochromanone.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

C1 0.0299(9) 0.0301(9) 0.0300(9) 0.0110(7) 0.0088(7) 0.0115(7) 

C2 0.0358(10) 0.0434(11) 0.0425(11) 0.0154(9) 0.0094(8) 0.0222(9) 

C3 0.0432(11) 0.0567(13) 0.0384(11) 0.0151(10) -0.0012(9) 0.0224(10) 

C4 0.0555(13) 0.0564(13) 0.0284(10) 0.0066(9) 0.0041(9) 0.0244(11) 

C5 0.0449(11) 0.0485(11) 0.0318(10) 0.0093(8) 0.0116(8) 0.0252(9) 

C6 0.0285(9) 0.0355(9) 0.0299(9) 0.0122(7) 0.0093(7) 0.0139(7) 

C7 0.0284(9) 0.0405(10) 0.0345(9) 0.0086(8) 0.0075(7) 0.0168(8) 

C8 0.0251(8) 0.0270(8) 0.0328(9) 0.0091(7) -0.0004(7) 0.0064(7) 

C9 0.0331(9) 0.0368(10) 0.0311(9) 0.0097(8) 0.0082(7) 0.0119(8) 

C10 0.0270(8) 0.0253(8) 0.0235(8) 0.0045(6) 0.0056(6) 0.0090(7) 

C11 0.0369(10) 0.0295(9) 0.0334(9) 0.0081(7) 0.0056(8) 0.0172(8) 

C12 0.0436(12) 0.0479(12) 0.0544(13) 0.0112(10) -0.0056(10) 0.0224(10) 

C13 0.0549(13) 0.0453(12) 0.0399(11) 0.0048(9) 0.0096(9) 0.0287(10) 

C14 0.0547(13) 0.0426(11) 0.0480(12) 0.0216(9) 0.0184(10) 0.0247(10) 

C15 0.0281(9) 0.0606(13) 0.0320(10) 0.0111(9) 0.0049(8) 0.0154(9) 

C16 0.0421(12) 0.112(2) 0.0376(12) 0.0182(13) 0.0067(10) 0.0380(14) 

C17 0.0371(13) 0.155(3) 0.0349(13) -0.0013(17) 0.0033(10) 0.0287(17) 

C18 0.0451(14) 0.104(2) 0.0444(14) -0.0296(15) 0.0142(11) -0.0064(15) 

C19 0.0597(15) 0.0577(15) 0.0526(14) -0.0086(11) 0.0197(12) 0.0059(12) 

C20 0.0346(10) 0.0462(11) 0.0332(10) 0.0035(8) 0.0090(8) 0.0091(8) 

C21 0.0409(11) 0.0390(10) 0.0418(11) 0.0116(8) 0.0089(9) 0.0175(9) 

C22 0.0269(9) 0.0414(10) 0.0293(9) 0.0108(8) 0.0038(7) 0.0060(8) 

C23 0.0285(9) 0.0415(11) 0.0387(10) 0.0061(8) 0.0096(8) 0.0120(8) 

C24 0.0302(9) 0.0271(8) 0.0286(9) 0.0063(7) 0.0051(7) 0.0081(7) 

C25 0.0413(10) 0.0287(9) 0.0251(8) 0.0079(7) 0.0073(7) 0.0093(8) 

C26 0.0826(17) 0.0340(11) 0.0397(12) 0.0072(9) -0.0062(11) 0.0155(11) 

C27 0.0588(15) 0.0662(16) 0.0361(12) 0.0175(11) -0.0061(10) -0.0057(12) 

C28 0.099(2) 0.0855(19) 0.0491(14) 0.0247(13) 0.0369(14) 0.0599(17) 
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Table G4 continued 

C29 0.0462(12) 0.0380(11) 0.0635(14) 0.0142(10) 0.0091(10) 0.0242(9) 

C30 0.0622(16) 0.0561(15) 0.0769(17) 0.0148(13) -0.0021(13) 0.0345(13) 

C31 0.0442(14) 0.0530(15) 0.120(3) 0.0117(16) -0.0071(15) 0.0291(12) 

C32 0.0422(13) 0.0503(14) 0.120(3) 0.0131(15) 0.0231(15) 0.0228(11) 

C33 0.0475(13) 0.0458(13) 0.0792(17) 0.0087(12) 0.0224(12) 0.0196(10) 

C34 0.0367(10) 0.0268(9) 0.0620(13) 0.0070(9) 0.0124(9) 0.0134(8) 

C35 0.0376(11) 0.0372(11) 0.0509(12) 0.0053(9) 0.0087(9) 0.0112(9) 

C36 0.0300(9) 0.0247(9) 0.0510(11) 0.0080(8) 0.0014(8) 0.0083(7) 

C37 0.0449(12) 0.0375(11) 0.0599(13) 0.0112(10) 0.0136(10) 0.0212(9) 

C38 0.0271(9) 0.0279(9) 0.0450(11) 0.0102(8) 0.0003(8) 0.0045(7) 

C39 0.0378(11) 0.0299(10) 0.0631(14) 0.0143(9) -0.0090(10) 0.0094(8) 

C40 0.0759(17) 0.0499(14) 0.0483(13) 0.0141(11) 0.0002(12) 0.0134(12) 

C41 0.0533(14) 0.0569(14) 0.0797(18) 0.0186(13) 0.0177(13) 0.0300(12) 

C42 0.0513(15) 0.0477(15) 0.139(3) 0.0251(16) -0.0417(17) 0.0081(12) 

N1 0.0286(8) 0.0256(8) 0.0426(9) 0.0096(7) -0.0087(7) 0.0030(6) 

N2 0.0260(8) 0.0621(12) 0.0341(9) 0.0213(8) 0.0015(7) -0.0002(8) 

N3 0.0304(8) 0.0232(8) 0.0674(12) 0.0073(8) -0.0091(8) 0.0021(6) 

O1 0.0678(10) 0.0674(10) 0.0296(7) 0.0045(7) 0.0062(7) 0.0316(9) 

O2 0.0271(6) 0.0257(6) 0.0403(7) 0.0062(5) 0.0036(5) 0.0052(5) 

O3 0.0291(6) 0.0255(6) 0.0360(7) 0.0050(5) -0.0029(5) 0.0099(5) 

O4 0.0552(9) 0.0510(9) 0.0545(9) -0.0102(8) 0.0094(8) 0.0153(8) 

O5 0.0294(7) 0.0414(7) 0.0427(8) 0.0172(6) 0.0067(6) 0.0034(6) 

O6 0.0329(7) 0.0462(8) 0.0270(6) 0.0128(6) 0.0028(5) 0.0023(6) 

O7 0.0543(10) 0.0709(12) 0.0866(13) 0.0222(10) 0.0313(9) 0.0346(9) 

O8 0.0335(7) 0.0247(7) 0.0615(9) 0.0062(6) -0.0086(6) 0.0032(5) 

O9 0.0313(7) 0.0263(7) 0.0683(10) 0.0110(6) -0.0117(6) 0.0039(5) 

S1 0.0459(3) 0.0366(3) 0.0361(2) 0.00461(19) 0.0076(2) 0.0236(2) 

S2 0.0539(3) 0.0457(3) 0.0542(3) 0.0202(3) 0.0046(3) 0.0235(3) 

S3 0.0691(4) 0.0767(4) 0.0586(4) 0.0320(3) 0.0229(3) 0.0449(4) 
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Table G5. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Boc-3-amino--thiochromanone. 

 x/a y/b z/c U(eq) 

H2A 0.2808 0.7906 0.5530 0.045 

H3A 0.2234 0.6954 0.4249 0.055 

H4 0.3602 0.5945 0.3882 0.055 

H5 0.5542 0.5883 0.4793 0.047 

H7A 0.7405 0.7478 0.6405 0.04 

H7B 0.6921 0.6237 0.6109 0.04 

H8 0.5277 0.5977 0.6996 0.035 

H12A 1.0942 0.5380 0.8511 0.073 

H12B 1.0628 0.4378 0.8935 0.073 

H12C 1.0344 0.5406 0.9307 0.073 

H13A 0.7680 0.3573 0.7260 0.066 

H13B 0.9143 0.3378 0.7614 0.066 

H13C 0.9214 0.4390 0.7220 0.066 

H14A 0.7760 0.4349 0.9274 0.067 

H14B 0.8053 0.3315 0.8925 0.067 

H14C 0.6760 0.3622 0.8464 0.067 

H16 0.0279 0.4183 0.4606 0.073 

H17 -0.0590 0.2634 0.3703 0.094 

H18 -0.0122 0.1157 0.4028 0.091 

H19 0.1313 0.1248 0.5252 0.073 

H21A 0.3707 0.3266 0.6399 0.047 

H21B 0.2641 0.2187 0.6545 0.047 

H22 0.1367 0.3106 0.7187 0.041 

H26A 0.2297 0.1576 0.9522 0.083 

H26B 0.3503 0.1670 1.0281 0.083 

H26C 0.3877 0.1604 0.9423 0.083 

H27A 0.5995 0.3234 1.0102 0.092 

H27B 0.5367 0.3341 1.0884 0.092 

H27C 0.5688 0.4284 1.0398 0.092 

H28A 0.3184 0.4269 1.0245 0.101 

H28B 0.2811 0.3345 1.0745 0.101 

H28C 0.1856 0.3204 0.9882 0.101 
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Table G5 continued 

H30 0.5042 1.0633 0.5659 0.076 

H31 0.3047 1.0493 0.6243 0.087 

H32 0.3341 1.0695 0.7603 0.082 

H33 0.5584 1.0959 0.8386 0.067 

H35A 0.7970 1.0886 0.8528 0.051 

H35B 0.8780 1.1777 0.8077 0.051 

H36 0.8024 0.9583 0.7481 0.043 

H40A 1.0885 0.8582 0.9800 0.092 

H40B 1.1221 0.7522 0.9587 0.092 

H40C 0.9916 0.7725 0.9041 0.092 

H41A 1.0933 0.7443 0.7876 0.089 

H41B 1.2398 0.7347 0.8339 0.089 

H41C 1.2466 0.8238 0.7812 0.089 

H42A 1.4066 0.9490 0.9039 0.132 

H42B 1.3796 0.8621 0.9592 0.132 

H42C 1.3402 0.9658 0.9799 0.132 

H1 0.807(2) 0.6933(17) 0.7794(12) 0.042 

H2 0.421(3) 0.3864(19) 0.7929(14) 0.053 

H3 1.069(3) 1.0810(19) 0.8330(14) 0.053 
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Table G6. Torsion angles (°) for Boc-3-amino--thiochromanone. 

C6-C1-C2-C3 1.0(3)  S1-C1-C2-C3 -179.88(16) 

C1-C2-C3-C4 -0.5(3)  C2-C3-C4-C5 0.0(3) 

C3-C4-C5-C6 0.2(3)  C4-C5-C6-C1 0.2(3) 

C4-C5-C6-C7 179.22(19)  C2-C1-C6-C5 -0.8(3) 

S1-C1-C6-C5 -179.92(14)  C2-C1-C6-C7 -179.84(16) 

S1-C1-C6-C7 1.1(2)  C5-C6-C7-C8 -132.61(18) 

C1-C6-C7-C8 46.4(2)  C6-C7-C8-N1 171.51(15) 

C6-C7-C8-C9 -65.47(19)  N1-C8-C9-O1 -17.3(3) 

C7-C8-C9-O1 -141.33(19)  N1-C8-C9-S1 161.20(12) 

C7-C8-C9-S1 37.21(19)  C20-C15-C16-C17 1.1(3) 

S2-C15-C16-C17 177.91(19)  C15-C16-C17-C18 1.0(4) 

C16-C17-C18-C19 -1.5(4)  C17-C18-C19-C20 0.0(4) 

C16-C15-C20-C19 -2.5(3)  S2-C15-C20-C19 -179.17(16) 

C16-C15-C20-C21 175.37(19)  S2-C15-C20-C21 -1.3(3) 

C18-C19-C20-C15 2.0(3)  C18-C19-C20-C21 -175.9(2) 

C15-C20-C21-C22 45.0(2)  C19-C20-C21-C22 -137.2(2) 

C20-C21-C22-N2 177.20(16)  C20-C21-C22-C23 -60.6(2) 

N2-C22-C23-O4 -20.8(3)  C21-C22-C23-O4 -144.38(19) 

N2-C22-C23-S2 157.01(13)  C21-C22-C23-S2 33.4(2) 

C34-C29-C30-C31 0.0(3)  S3-C29-C30-C31 -178.26(19) 

C29-C30-C31-C32 1.4(4)  C30-C31-C32-C33 -1.5(4) 

C31-C32-C33-C34 0.4(4)  C30-C29-C34-C33 -1.1(3) 

S3-C29-C34-C33 177.05(16)  C30-C29-C34-C35 175.57(19) 

S3-C29-C34-C35 -6.2(3)  C32-C33-C34-C29 1.0(3) 

C32-C33-C34-C35 -175.7(2)  C29-C34-C35-C36 -42.0(3) 

C33-C34-C35-C36 134.6(2)  C34-C35-C36-N3 -169.41(16) 

C34-C35-C36-C37 67.1(2)  N3-C36-C37-O7 12.2(3) 

C35-C36-C37-O7 136.9(2)  N3-C36-C37-S3 -167.70(14) 

C35-C36-C37-S3 -43.0(2)  O2-C10-N1-C8 -6.3(3) 

O3-C10-N1-C8 173.83(15)  C9-C8-N1-C10 132.72(17) 
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Crystal Structure of Boc-2-S(S-tert-butyl)-D,L-phenylalanine 

 

 

Figure G2 Crystal structure of Boc-2-S(S-tert-butyl)-D,L-phenylalanine. 

Top: ORTEP diagram of the Boc-2-S(S-tert-butyl)-D,L-phenylalanine with ellipsoids 

shown at 50% probability; bottom: overall crystal packing. Diffractable crystals were 

obtained via slow evaporation at room temperature in CDCl3. 
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Table G7. Crystallographic data and refinement details for Boc-2-S(S-tert-

butyl)-D,L-phenylalanine. 

empirical formula C18H27NO4S2 

formula weight 385.52 

T (K) 200(2) 

wavelength (Å) 0.71073  

crystal system, space group Orthorhombic, P c a 21 

Unit cell dimensions (Å, °) a = 11.1750(9)  α = 90 

 
b = 16.5912(14) β = 90 

 
c = 11.0819(9) γ = 90 

Volume (Å3) 2054.7(3) 
 

Z, Z, calcd density (g/cm3) 4, 0, 1.246 

absorption coefficient (mm-1) 0.280 

F(000) 824 

crystal size (mm) 0.300 x 0.438 x 0.473 

 2.20 to 31.44° 

Index ranges -12 ≤ h ≤ 16, -24 ≤ k ≤ 24, -13 ≤ l ≤ 15 

Reflections collected/ unique 29107/6362 [R(int) = 0.0248] 

Coverage of independent 

reflections 
97.1% 

Absorption correction multi-scan 

Max. and min. transmission 0.7462 and 0.6937 

Structure solution technique direct methods 

Refinement method Full-matrix least-squares on F2 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 6362 / 3 / 238 

Goodness-of-fit on F2 1.063 

Final R indices 5782 data; I>2σ(I) R1 = 0.0338, wR2 = 0.0827 

 
all data R1 = 0.0398, wR2 = 0.0869 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0528P)2+0.1069P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.395 and -0.171 eÅ-3 

R.M.S. deviation from mean 0.047 eÅ-3 
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Table G8. Atomic coordinates (× 104) and equivalent isotropic displacement 

parameters (A2 × 103) for Boc-2-S(S-tert-butyl)-D,L-phenylalanine.  

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 x/a y/b z/c U(eq) 

S1 0.77898(4) 0.40358(3) 0.48020(6) 0.03407(13) 

S2 0.61047(4) 0.36476(3) 0.44670(5) 0.03148(11) 

N1 0.35854(13) 0.19531(8) 0.57423(15) 0.0246(3) 

O1 0.34097(16) 0.21790(10) 0.25073(15) 0.0421(4) 

O2 0.22983(17) 0.15014(11) 0.38318(15) 0.0454(4) 

O3 0.38972(14) 0.09213(8) 0.70478(15) 0.0347(3) 

O4 0.50270(13) 0.10584(8) 0.53626(14) 0.0312(3) 

C1 0.86219(18) 0.31381(12) 0.5347(2) 0.0331(4) 

C2 0.7991(2) 0.27589(17) 0.6417(3) 0.0509(6) 

C3 0.8778(3) 0.25471(16) 0.4315(3) 0.0543(7) 

C4 0.9828(2) 0.34940(17) 0.5732(3) 0.0526(7) 

C5 0.52193(15) 0.39193(9) 0.57483(18) 0.0243(3) 

C6 0.56771(17) 0.43516(11) 0.6725(2) 0.0320(4) 

C7 0.49265(19) 0.45881(11) 0.7650(2) 0.0358(4) 

C8 0.37236(19) 0.43922(12) 0.7630(2) 0.0353(4) 

C9 0.32748(17) 0.39525(10) 0.6671(2) 0.0311(4) 

C10 0.40002(15) 0.37098(9) 0.57143(19) 0.0238(3) 

C11 0.34563(14) 0.32539(9) 0.46753(19) 0.0258(4) 

C12 0.31655(17) 0.19921(10) 0.35311(19) 0.0277(4) 

C13 0.38268(14) 0.23555(9) 0.46063(18) 0.0231(3) 

C14 0.41523(16) 0.12795(10) 0.61163(18) 0.0254(4) 

C15 0.58490(16) 0.03818(10) 0.5659(2) 0.0302(4) 

C16 0.5157(2) 0.95958(11) 0.5646(3) 0.0433(6) 

C17 0.6474(2) 0.05360(16) 0.6846(3) 0.0483(6) 

C18 0.6719(2) 0.04227(13) 0.4612(3) 0.0447(6) 
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Table G9. Bond lengths [Å] and angles [°] for Boc-2-S(S-tert-butyl)-D,L-

phenylalanine. 

Bond lengths 

S1-C1 1.857(2)  S1-S2 2.0245(6) 

S2-C5 1.788(2)  N1-C14 1.350(2) 

N1-C13 1.450(2)  N1-H1 0.889(3) 

O1-C12 1.207(3)  O2-C12 1.309(2) 

O2-H2 0.820(3)  O3-C14 1.225(2) 

O4-C14 1.337(2)  O4-C15 1.487(2) 

C1-C3 1.516(4)  C1-C2 1.516(4) 

C1-C4 1.532(3)  C2-H2A 0.98 

C2-H2B 0.98  C2-H2C 0.98 

C3-H3A 0.98  C3-H3B 0.98 

C3-H3C 0.98  C4-H4A 0.98 

C4-H4B 0.98  C4-H4C 0.98 

C5-C6 1.396(3)  C5-C10 1.406(2) 

C6-C7 1.382(3)  C6-H6 0.95 

C7-C8 1.383(3)  C7-H7 0.95 

C8-C9 1.384(3)  C8-H8 0.95 

C9-C10 1.394(3)  C9-H9 0.95 

C10-C11 1.506(3)  C11-C13 1.549(2) 

C11-H11A 0.99  C11-H11B 0.99 

C12-C13 1.526(3)  C13-H13 1.0 

C15-C17 1.511(3)  C15-C16 1.516(3) 

C15-C18 1.516(3)  C16-H16A 0.98 

C16-H16B 0.98  C16-H16C 0.98 

C17-H17A 0.98  C17-H17B 0.98 

C17-H17C 0.98  C18-H18A 0.98 

C18-H18B 0.98  C18-H18C 0.98 
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Table G9 continued 

Bond angles 

C1-S1-S2 105.68(7)  C5-S2-S1 106.79(6) 

C14-N1-C13 124.08(15)  C14-N1-H1 115.7(16) 

C13-N1-H1 118.6(16)  C12-O2-H2 113.(2) 

C14-O4-C15 121.37(15)  C3-C1-C2 112.0(2) 

C3-C1-C4 111.0(2)  C2-C1-C4 110.6(2) 

C3-C1-S1 109.35(17)  C2-C1-S1 110.74(16) 

C4-C1-S1 102.82(15)  C1-C2-H2A 109.5 

C1-C2-H2B 109.5  H2A-C2-H2B 109.5 

C1-C2-H2C 109.5  H2A-C2-H2C 109.5 

H2B-C2-H2C 109.5  C1-C3-H3A 109.5 

C1-C3-H3B 109.5  H3A-C3-H3B 109.5 

C1-C3-H3C 109.5  H3A-C3-H3C 109.5 

H3B-C3-H3C 109.5  C1-C4-H4A 109.5 

C1-C4-H4B 109.5  H4A-C4-H4B 109.5 

C1-C4-H4C 109.5  H4A-C4-H4C 109.5 

H4B-C4-H4C 109.5  C6-C5-C10 120.19(18) 

C6-C5-S2 122.85(14)  C10-C5-S2 116.89(14) 

C7-C6-C5 119.93(17)  C7-C6-H6 120.0 

C5-C6-H6 120.0  C8-C7-C6 120.8(2) 

C8-C7-H7 119.6  C6-C7-H7 119.6 

C7-C8-C9 119.2(2)  C7-C8-H8 120.4 

C9-C8-H8 120.4  C8-C9-C10 121.73(18) 

C8-C9-H9 119.1  C10-C9-H9 119.1 

C9-C10-C5 118.13(17)  C9-C10-C11 119.46(15) 

C5-C10-C11 122.39(17)  C10-C11-C13 114.41(14) 

C10-C11-H11A 108.7  C13-C11-H11A 108.7 

C10-C11-H11B 108.7  C13-C11-H11B 108.7 

H11A-C11-H11B 107.6  O1-C12-O2 124.50(19) 

O1-C12-C13 121.52(16)  O2-C12-C13 113.92(17) 

N1-C13-C12 113.94(14)  N1-C13-C11 110.52(15) 

C12-C13-C11 106.82(14)  N1-C13-H13 108.5 

C12-C13-H13 108.5  C11-C13-H13 108.5 

O3-C14-O4 124.30(15)  O3-C14-N1 123.46(17) 

O4-C14-N1 112.24(17)  O4-C15-C17 110.51(16) 

O4-C15-C16 109.40(16)  C17-C15-C16 112.9(2) 

O4-C15-C18 101.13(16)  C17-C15-C18 111.25(19) 
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Table G9 continued 

C16-C15-C18 111.00(18)  C15-C16-H16A 109.5 

C15-C16-H16B 109.5  H16A-C16-H16B 109.5 

C15-C16-H16C 109.5  H16A-C16-H16C 109.5 

H16B-C16-H16C 109.5  C15-C17-H17A 109.5 

C15-C17-H17B 109.5  H17A-C17-H17B 109.5 

C15-C17-H17C 109.5  H17A-C17-H17C 109.5 

H17B-C17-H17C 109.5  C15-C18-H18A 109.5 

C15-C18-H18B 109.5  H18A-C18-H18B 109.5 

C15-C18-H18C 109.5  H18A-C18-H18C 109.5 

H18B-C18-H18C 109.5    
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Table G10. Anisotropic atomic displacement parameters (Å2) for Boc-2-S(S-

tert-butyl)-D,L-phenylalanine.  

The anisotropic atomic displacement factor exponent takes the form: -2π2[ h2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 U11 U22 U33 U23 U13 U12 

S1 0.02391(19) 0.03115(18) 0.0471(3) 0.0079(2) 0.00334(19) -0.00246(15) 

S2 0.02438(19) 0.0440(2) 0.0261(3) 0.0014(2) 0.00043(18) -0.00158(16) 

N1 0.0265(7) 0.0271(6) 0.0202(8) 0.0003(6) 0.0011(6) 0.0057(5) 

O1 0.0463(9) 0.0595(9) 0.0204(9) 0.0033(7) -0.0026(7) -0.0211(8) 

O2 0.0575(10) 0.0547(9) 0.0239(9) 0.0048(7) -0.0075(7) -0.0318(8) 

O3 0.0448(8) 0.0331(6) 0.0261(8) 0.0063(5) 0.0105(6) 0.0129(5) 

O4 0.0362(7) 0.0325(6) 0.0250(8) 0.0035(5) 0.0067(6) 0.0111(5) 

C1 0.0305(9) 0.0368(8) 0.0319(12) 0.0039(8) -0.0045(8) 0.0029(7) 

C2 0.0514(14) 0.0587(14) 0.0427(16) 0.0218(12) -0.0057(11) -0.0034(11) 

C3 0.0684(17) 0.0445(11) 0.0501(18) -0.0036(11) -0.0069(13) 0.0195(11) 

C4 0.0325(10) 0.0647(14) 0.0605(19) 0.0115(13) -0.0135(11) -0.0033(10) 

C5 0.0232(7) 0.0255(6) 0.0241(10) 0.0025(6) -0.0010(7) 0.0017(5) 

C6 0.0265(8) 0.0332(8) 0.0361(13) -0.0045(8) -0.0044(8) -0.0013(7) 

C7 0.0383(10) 0.0332(8) 0.0357(13) -0.0101(8) -0.0053(9) 0.0040(7) 

C8 0.0358(10) 0.0338(8) 0.0362(13) -0.0065(8) 0.0044(9) 0.0054(7) 

C9 0.0243(8) 0.0297(7) 0.0394(13) -0.0018(8) 0.0027(8) 0.0030(6) 

C10 0.0231(7) 0.0218(6) 0.0265(10) 0.0018(6) -0.0035(7) 0.0021(5) 

C11 0.0234(7) 0.0260(6) 0.0282(11) 0.0012(7) -0.0055(7) 0.0026(5) 

C12 0.0314(8) 0.0277(7) 0.0239(10) 0.0005(7) -0.0024(7) -0.0038(6) 

C13 0.0229(6) 0.0253(6) 0.0212(10) -0.0005(6) -0.0018(6) -0.0008(5) 

C14 0.0284(8) 0.0258(6) 0.0221(10) -0.0024(6) -0.0001(7) 0.0046(6) 

C15 0.0266(8) 0.0277(7) 0.0361(12) -0.0021(7) 0.0014(8) 0.0072(6) 

C16 0.0394(10) 0.0296(8) 0.0609(17) -0.0056(9) 0.0060(11) 0.0016(7) 

C17 0.0431(12) 0.0537(12) 0.0482(17) -0.0071(11) -0.0134(11) 0.0118(10) 

C18 0.0406(10) 0.0434(9) 0.0501(17) -0.0008(10) 0.0167(11) 0.0102(8) 
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Table G11. Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for Boc-2-S(S-tert-butyl)-D,L-phenylalanine. 

 x/a y/b z/c U(eq) 

H1 0.2920(12) 0.2078(14) 0.614(2) 0.03 

H2 0.190(2) 0.1349(18) 0.3255(18) 0.054 

H2A 0.8470 0.2309 0.6723 0.076 

H2B 0.7204 0.2561 0.6164 0.076 

H2C 0.7891 0.3163 0.7054 0.076 

H3A 0.9270 0.2093 0.4584 0.082 

H3B 0.9171 0.2818 0.3637 0.082 

H3C 0.7992 0.2349 0.4058 0.082 

H4A 0.9699 0.3899 0.6362 0.079 

H4B 1.0214 0.3748 0.5034 0.079 

H4C 1.0342 0.3064 0.6044 0.079 

H6 0.6504 0.4483 0.6754 0.038 

H7 0.5240 0.4889 0.8308 0.043 

H8 0.3211 0.4558 0.8268 0.042 

H9 0.2451 0.3812 0.6664 0.037 

H11A 0.3690 0.3522 0.3913 0.031 

H11B 0.2574 0.3285 0.4741 0.031 

H13 0.4706 0.2327 0.4444 0.028 

H16A 0.4567 -0.0402 0.6301 0.065 

H16B 0.5712 -0.0855 0.5760 0.065 

H16C 0.4745 -0.0463 0.4871 0.065 

H17A 0.6801 0.1084 0.6850 0.073 

H17B 0.7127 0.0147 0.6948 0.073 

H17C 0.5901 0.0477 0.7509 0.073 

H18A 0.6279 0.0371 0.3851 0.067 

H18B 0.7300 -0.0017 0.4679 0.067 

H18C 0.7140 0.0941 0.4627 0.067 
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Table G12. Torsion angles (°) for Boc-2-S(S-tert-butyl)-D,L-phenylalanine. 

S2-S1-C1-C3 68.92(18)  S2-S1-C1-C2 -54.96(18) 

S2-S1-C1-C4 -173.10(16)  S1-S2-C5-C6 2.68(16) 

S1-S2-C5-C10 179.78(11)  C10-C5-C6-C7 -1.3(3) 

S2-C5-C6-C7 175.75(16)  C5-C6-C7-C8 0.9(3) 

C6-C7-C8-C9 0.2(3)  C7-C8-C9-C10 -0.8(3) 

C8-C9-C10-C5 0.4(3)  C8-C9-C10-C11 -178.16(17) 

C6-C5-C10-C9 0.6(2)  S2-C5-C10-C9 -176.58(13) 

C6-C5-C10-C11 179.16(16)  S2-C5-C10-C11 2.0(2) 

C9-C10-C11-C13 -109.73(18)  C5-C10-C11-C13 71.7(2) 

C14-N1-C13-C12 83.4(2)  C14-N1-C13-C11 -156.37(16) 

O1-C12-C13-N1 -168.61(18)  O2-C12-C13-N1 14.3(2) 

O1-C12-C13-C11 69.1(2)  O2-C12-C13-C11 -108.03(19) 

C10-C11-C13-N1 53.92(19)  C10-C11-C13-C12 178.37(15) 

C15-O4-C14-O3 -5.5(3)  C15-O4-C14-N1 173.75(16) 

C13-N1-C14-O3 -176.03(18)  C13-N1-C14-O4 4.7(2) 

C14-O4-C15-C17 -57.1(2)  C14-O4-C15-C16 67.8(2) 

C14-O4-C15-C18 -175.02(18)    
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Appendix H 

RIGHTS & PERMISSIONS 

a) Data, figures, and analyses were reprinted (adapted) with permission from 

Forbes, C. R.; Zondlo, N. J. Synthesis of thiophenylalanine-containing peptides via 

Cu(I)-mediated cross-coupling. Org. Lett. 2012, 14 (2), 464-467. Copyright 2012, 

American Chemical Society. 

 b) Data, figures, and analyses were reprinted (adapted) from the ACS 

AuthorChoice open access article Pandey, A. K.; Thomas, K. M.; Forbes, C. R.; 

Zondlo, N. J. Tunable control of polyproline helix (PPII) structure via aromatic 

electronic effects: An electronic switch of polyproline helix. Biochemistry. 2014, 53 

(32), 5307-5314.  

 c) Data, figures, and analyses were reprinted (adapted) from the following 

article under a Creative Commons Attribution-Noncommercial 3.0 Unported license 

published by the Royal Society of Chemistry: Forbes, C. R.; Pandey, A. K.; Ganguly, 

H. K.; Zondlo, N. J. 4R- and 4S-iodophenyl hydroxyproline, 4R-pentynoyl 

hydroxyproline, and S-propargyl-4-thiolphenylalanine: Conformationally biased and 

tunable amino acids for bioorthogonal reactions. Org. & Biomol. Chem. 2016, 14 (7), 

2327-2346. 

 d) Data, figures, and analyses were reprinted (adapted) with permission from 

Thomas, K. M.; Naduthambi, D.; Zondlo, N. J. Electronic control of amide cis−trans 

isomerism via the aromatic−prolyl interaction. J. Am. Chem. Soc. 2006, 128 (7), 2216-

2217. Copyright 2006, American Chemical Society. 
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e) Figure 2 of Pal, D.; Chakrabarti, P. Cis peptide bonds in proteins: residues 

involved, their conformations, interactions and locations, J. Mol. Biol, 1999, 294, 271-

288, was reprinted with permission from Elsevier. 


