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In chapter 1, I will provide an overview of chemistry involving medium sized 

trans-cycloalkenes, with a focus on trans-cycloheptene and sila trans-cycloheptene. I 

will describe the development of a general synthetic method of trans-cycloheptenes 

and sila trans-cycloheptenes. These seven-membered trans-cycloalkenes are isolated 

and stabilized as silver nitrate complexes. trans-Cycloheptene silver complexes and 

sila trans-cycloheptene can engage in a range of cycloaddition reactions as well as 

dihydroxylation reactions. Computation was used to predict that sila trans-

cycloheptene would engage in bioorthogonal reactions that are more rapid than the 

most reactive trans-cyclooctenes. Metal-free sila trans-cycloheptene derivatives were 

shown to display good stability in solution, and to engage in the fastest bioorthogonal 

reaction reported to date (k2 1.14 × 107 Mī1 sī1 in 9: 1 H2O: MeOH). Utility in 

bioorthogonal protein labeling in live cells is described, including labeling of GFP 

with an unnatural tetrazine-containing amino acid. The reactivity and specificity of the 

sila trans-cycloheptene reagents with tetrazines in live mammalian cells was also 

evaluated using the HaloTag platform. The cell labeling experiments show that sila 

trans-cycloheptene derivatives are best suited as probe molecules in the cellular 

environment. Additionally, trans-cyclooctene silver complexes also show superior 

stability to metal free trans-cyclooctenes. I evaluated the stability of different trans-

cyclooctene silver complex derivatives. In-gel fluorescence studies have shown trans-

cyclooctene silver nitrate complexes are useful precursors to trans-cyclooctenes in 

bioorthogonal chemistry. 

ABSTRACT 
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Using bioorthogonal ligation reactions to trigger bond cleavage under 

physiological conditions has gained much attentions. Bioorthogonal cleavage reactions 

can serve as a spatiotemporal controllable manipulation to restore function of 

protected motifs such as caged-fluorophores, masked biomolecules or prodrugs. Our 

group have developed a NIR-triggered, methylene blue catalyzed dihydrotetrazine 

oxidation reaction to restore the reactivity of tetrazines. In Chapter 2, I will describe 

the application of this chemistry in bioorthogonal bond cleavage reaction for prodrug 

activation. Nirogen mustard and Combretastatin A4 dihydrotetrazine prodrugs were 

synthesized. These dihydrotetrazine prodrugs show good stability in PBS. The prodrug 

activation process is rapid, producing good yields of cytotoxic drugs. Preliminary 

results have shown that catalytic photodecaging can have a pronounced effect in a 

prostate cancer cells. 

The major challgene in developing new dihydrotetrazine prodrugs is the 

synthesis of unsymmetrical dihydrotetrazine. Dihydrotetrazine can be obstained via 

reduction reaction of tetrazine. However, the synthetic methodology of unsymmetrical 

tetrazine are limited. In Chapter 3, I will discuss the development of a novel synthetic 

method of unsymmetrical tetrazine. The new synthetic route involves a condensation 

reaction between normal orthoester or OBO orthoester and bishydrazide, followed by 

a palladium cross-coupling reaction with organotin reagents or boronic acids. In 

contrast to the widely-used nitrile/hydrazine condensation reaction, no hydrazine 

anhydrous or hydrazine monohydrate were used in this condensation/cross-coupling 

reactions. A variety of unsymmetrical tetrazines are prepared with moderate to good 

yield. This chemistry allows for the synthesis of useful unsymmetrical tetrazine-

containing molecules in a more efficient and safe way. 
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PHOTOCHEMICAL SYNTHESES, TRANSFORMATIONS, AND 

BIOORTHOGONAL CHEMISTRY OF TRANS -CYCLOHEPTENE AND SILA 

TRANS-CYCLOHEPTENE SILVER(I) COMPLEXES  

Work described here has already been published (Fang, Y.; Zhang, H.; Huang, 

Z.; Scinto, S. L.; Yang, J. C.; am Ende, C.W.; Dmitrenko, O.; Johnson, D.S.; Fox, J. 

M., Photochemical syntheses, transformations, and bioorthogonal chemistry of trans-

cycloheptene and sila trans-cycloheptene Ag(I) complexes. Chem. Sci. 2018, 9, 1953-

1963 DOI: 10.1039/C7SC04773H). It is reprinted in this chapter with permissions of 

Chemical Science (Copyright 2018 The Royal Society of Chemistry). 

1.1 Introduction  Brief History of trans-Cycloheptene and trans-Cycloheptene 

Metal Complexes 

For nearly seventy years,1-3 the unusual bonding, reactivity and planar chirality 

of trans-cycloalkenes have captured the imagination of scientists. The unique 

reactivity of trans-cycloalkenes has produced an impressive collection of applications 

in synthesis, including reactions with dienes,4-6 1,3-dipoles,7 ketenes.8,9,10a as well as 

Pauson-Khand reactions.10b Additionally, strained trans-cycloalkenes can serve as 

excellent ligands for transition metals. 

In the field of bioorthogonal chemistry,11-19 trans-cycloalkenes hold special 

significance due to their particularly fast kinetics in cycloaddition reactions.20-23 

Relative to trans-cyclooctene, the chemistry of the homolog trans-cycloheptene 

(TCH) is less explored, there was no general approach towards trans-cycloheptene 

Chapter 1 

https://pubs.rsc.org/en/content/articlelanding/2018/sc/c7sc04773h#!divAbstract
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derivatives ever developed. trans-Cycloheptene was first trapped with 

diphenylisobenzofuran by Corey and Winter from trans-1,2-

cycloheptenethionocarbonate through treatment with P(OMe)3 (Scheme 1.1).24 Studies 

by Marshall,25 Kropp26 and Beauchemin27 on the photoprotonation reactions of cyclic 

alkenes, including cycloheptene, have shown that cis/trans equilibria could be driven 

by selective addition reactions of trans-cycloalkenes. 

 

 

 

Scheme 1.1: Coreyôs trapping of trans-cycloheptene. 

 

trans-Cycloheptene was first spectroscopically characterized by Inoue via 

singlet sensitized photoisomerization of cis-cycloheptene at ï35 °C.28,29 Unlike trans-

cyclooctene, which is stable at room temperature, trans-cycloheptene undergoes rapid 

isomerization under ambient conditions via a proposed óinterrupted dimerizationô 

mechanism (Scheme 1.2).30 
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Scheme 1.2: Bimolecular mechanism for trans to cis isomerization of TCH. 

 

trans-Cycloheptene has also been prepared via ligand exchange from a trans-

cyclohepteneÅCuOTf complex.31 1-Phenyl-trans-cycloheptene and trans-

cycloheptenone derivatives are also known to be thermally unstable at ambient 

temperature, but can be trapped in situ.32a-b,33-37 

In 2005, Davies and coworkers elegantly demonstrated the strategy of trapping 

trans-cycloheptenone intermediate with isoprene in their synthetic study towards (±)-

5-epi-10-epi-Vibsanin E (Scheme 1.3).38 

 

 

 

Scheme 1.3: Daviesô trans-cycloheptenone trapping strategy towards 5-epi-10-epi- 

                     Vibsanin E synthesis. 

 

While the parent trans-cycloheptene is thermally labile, it has been 

demonstrated in several studies that metal complexes can be isolated. CuOTf has been 

proposed to catalyze photodimerization reactions of cyclic olefins via photoinduced 

cis-trans isomerization,39 with predominant formation of a cyclotrimer from 

cycloheptene.40 A stable trans-cyclohepteneÅCuOTf complex has been prepared 

through irradiation of cis-cyclohepteneÅCuOTf, but a yield for the process was not 

reported.41 A pybox-RuCl2 complex of trans-cycloheptene has been prepared by 

irradiation of the corresponding ethylene complex in the presence of cis-cycloheptene 
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under singlet sensitized conditions.42 Jendralla described the preparation of AgOTf 

and AgClO4 complexes of 3-methoxy-trans-cycloheptene and 6-Methoxy-(Z),4(E)-

cycloheptadiene.43,44 These compounds can be prepared through the Ag-mediated ring 

opening of a nitrosourea derivative of bicyclo[4.1.0]heptane. In unspecified yields, the 

AgClO4Å3-methoxy-trans-cycloheptene complex was combined with a number of 

dienes to give the products of metal decomplexation and [4+2] cycloaddition (Scheme 

1.4).43,44 

 

 

Scheme 1.4: Jendrallaôs chemistry of trans-cycloheptene silver complex. 

1.2 Brief History of H eteroatom-Containing trans-Cycloheptene 

Several examples were reported on the preparation and reactivity studies of 

trans-cycloheptene derivatives containing heteroatoms in the backbone. Silicone was 

the most commonly used heteroatom. Because C-Si bonds are long, the inclusion of 

silicon into the cyclic backbone can alleviate olefinic strain and impart stability to 

trans-cycloalkenes.45-50,51a-b 

In 1997, (E)-1,1,3,3,6,6-hexamethyl-1-sila-4-cycloheptene was synthesized, 

resolved, and characterized crystallographically.46,47 Here, the exhaustive allylic 
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substitution imparts a high degree of stability to the trans-alkene.  Recent studies by 

Woerpel and Tomooka have provided demonstrations of the utility of backbone 

heteroatom-containing trans-cycloalkene derivatives in synthesis. 

  In 2012, Woerpel and coworkers reported their observation of seven-

membered-ring trans-alkene formation when they were trapping a vinyl 

silacyclopropane intermediate with benzaldehyde. Unfortunately, attempts to isolate 

the trans-cycloheptene were unsuccessful due to its high reactivity to undergo formal 

[1,3]-sigmatropic rearrangement to form oxasilacyclophentane, which could be 

isolated and purified (Scheme 1.5).49 

 

 

 

Scheme 1.5: Woerpelôs evidence of seven-membered-ring trans-alkenes. 

 

In 2015, a similar trans-oxasilacycloheptene but with TIPS group at the allylic 

position was isolated and characterized by the same group. Upon treatment with Lewis 

acid, tetrahydrofuran product was formed via an oxonium ion followed by ring 

opening reaction (Scheme 1.6).50 

 

 

 

Scheme 1.6: Isolable trans-oxasilacycloheptene. 
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A series of [4+2] cycloaddition reactions were conducted with trans-

oxasilacycloheptene by Woerpel and coworkers as reported in 2016.48 Importantly, a 

sterically less hindered oxasilacycloheptene reacted rapidly in the inverse-electron-

demand DielsïAlder cycloaddition with diphenyl tetrazine. In less than 10 min, the 

cycloadduct was formed in 90% NMR yield (Scheme 1.7). 

 

 

 

Scheme 1.7: Fast reaction between oxasilacycloheptene and diphenyl tetrazine. 

 

Recently, Woerpel has elegantly described selective addition reactions and 

difunctionalization reactions of trans-oxasilacycloheptenes.51a-b They disclosed that 

the trans-oxasilacycloheptenes can undergo metal-free carboboration reaction with 

trialkylboron at room temperature, yielding air stable hindered borane in high yields 

and high diastereoselectivity. The resulting borane can be transformed into 

synthetically useful products (Scheme 1.8). 

 

 

 

Scheme 1.8: Uncatalyzed carboboration of trans-oxasilacycloheptenes. 
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Woerpelôs trans-oxasilacycloheptenes can also react with a variety of 

electrophiles. Triplet oxygen was found to be able to react with trans-

oxasilacycloheptenes forming a ketone product through a diradical mechanism. The 

trans-alkene can also react with 2 equivalences of dimethyl acetylenedicarboxylate, 

yielding an acetal product as a single diastereomer (Scheme 1.9). 

 
Scheme 1.9: Reaction of trans-oxasilacycloheptenes with electrophiles. 

 

Tomooka and coworkers prepared an eight-membered dialkoxysilane with a 

trans alkene on the ring. This dialkoxysilane trans-cyclooctene showed enhanced 

reactivity towards epoxidation and cycloaddition reaction.52 

1.3 Flow Photochemical Synthesis of trans-Cyclooctenes 

In 2008, the Fox group has described a closed-loop flow reactor for the 

synthesis of trans-cyclooctene derivatives, whereby selective complexation with 

AgNO3 is used to drive the formation of trans-isomer from cis-cyclooctene.53 This 

method enables efficient preparation of trans-cyclooctene derivatives on gram scales 

with excellent yields.21,54,55 

The flow photochemical apparatus for trans-cyclooctene synthesis is illustrated 

in Figure 1.1. A quartz flask containing cis-cyclooctene and a photosensitizer (in this 

case methyl benzoate) as a diethyl ether/hexane solution was placed in a Rayonet® 

photoreactor. The solution was irradiated with 254 nm UV light while continuously 

cycled through a column packed with AgNO3 adsorbed silica gel. The flow chemistry 
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was designed as a closed-loop so that the cis-isomer can flow back to the photoreactor, 

entering the next round of photo-isomerization and complexation with AgNO3. The 

process was normally monitored by GC, until starting material was consumed. The 

desired trans-cyclooctenes can easily be liberated by treating the corresponding silver 

complex with ammonium hydroxide or brine. 

 

 

1.1: Photochemical apparatus for trans-cyclooctene synthesis. Reproduced 

with permission, Copyright 2008 American Chemical Society. 

This flow photo-chemical approach was the first general example of gram 

scale preparation of trans-cyclooctene derivatives from cis-cyclooctene starting 

materials. trans-Cyclooctenes with utility for bioorthogonal chemistry have been 

prepared in satisfactory yield using this method. (Table 1.1) 
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Table 1.1: trans-cyclooctenes used in bioorthogonal chemistry 

 

 

1.4 Brief History of Bioorthogonal Chemistry and Tetrazine Ligation 

1.4.1 Bioorthogonal Reactions for Biomolecule Labeling 

First introduced by Bertozzi in 2003, the term óbioorthogonal chemistryô has 

been used to refer to typical chemical reactions where two reacting partners can 

selectively couple with each other in live cells and organisms without interfering with 

native biochemical processes. Extensive exploration of bioorthogonal reaction 

development and their applications has yielded a broad variety of chemistry tools that 

benefit the study of biomolecules in living systems.  

Most bioorthogonal reactions involve two reaction partners, and therefore 

follow a second-order rate law that depends directly on the concentrations of both 

reaction partners as well as on the intrinsic second-order rate constant k2 [M
ī1s ī1].13 

Fast rates are necessary for effective labeling of low abundance biomolecules and for 

achieving temporal control in the study of biological process.  
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Ketone/aldehyde condensations with amino nucleophiles were among the first 

bioorthogonal reactions ever explored. However, this condensation reaction proceeds 

under acidic conditions (pH 4-6) with second-order rate constant range from 10-4 to 

10-3 M-1s-1. The low reactivity necessitating high concentration of two reaction 

partners to achieve efficient labeling, which may introduce toxicity issue and 

undesired off-target labeling. Another disadvantage is that the acidic pH cannot be 

obtained in most intracellular environment.  

Another bioorthogonal reaction that has been extensively studied was 

Staudinger ligation, which was initiated by the reaction between triarylphosphine and 

azides. One advantage of using azide as a reagent was that azides were essentially 

absent from biological system therefore enabling bioorthogonal reactivity. 

Additionally, ótracelessô variants of Staudinger ligation have been developed in which 

a native amide bond is produced. However, the application of Staudinger ligation has 

largely been limited by its slow rate constant (within 10-3 M-1s-1 range). In addition, 

the phosphine reagents may suffer from background oxidation reaction in some cases.  

The CuAAC (CuI -catalyzed alkyne-azide cycloaddition) reaction proceeds 

considerably faster than either Staudinger ligations or ketone/aldehyde condensations. 

Under physiological conditions, the second-order rate constant of CuAAC reaction 

was measured within the range from 10-200 M-1s-1.73 For many applications, the 

reliance on a transition metal catalyst is not ideal in terms of toxicity. Attempts of 

lowering the copper concentration generally decreases the reaction rate. To overcome 

kinetic limitation of the reaction, a strategy of accelerating the alkyne-azide 

cycloaddition reaction by incorporating ring strain into alkyne reagent was developed 

by Bertozzi and coworkers.74,75 The rates of óstrain-promoted alkyne-azide 
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cycloadditionô (SPAAC) have been reported from 10-2 to 1 M-1s-1. 

Dibenzoselenacycloheptyneī a seven-member cycloalkyne species was prepared in 

situ by Bertozzi lab in 2013.68b This strained molecule reacted rapid with azide. 

However, further application in bioorthogonal chemistry was not reported due to the 

instability of cycloheptyne. Nitrone derivatives can also undergo [3+2] cycloaddition 

reaction with cyclooctynes (SPANC = strain promoted alkyne-nitrone cycloaddition), 

with the rates up to 30 times faster than corresponding reaction with azide. However, 

the aqueous stability of acyclic nitrone reagents was the major issue since they rapidly 

hydrolyzed to aldehyde and N-methyl hydroxylamine in both HCl and NaOH. More 

stable endocyclic nitrone reagents towards hydrolysis have been developed by Pezacki 

and coworkers.76 

Recently, ruthenium-catalyzed olefin metathesis and palladium-catalyzed 

cross-coupling reactions have been explored for their application in bioorthogonal 

chemistry. For in vitro protein labeling, the reaction rate of ruthenium-catalyzed olefin 

metathesis between allyl selenide conjugated protein and allyl alcohol was measured 

as 0.3 M-1s-1 (kinetics was studied between Se-allyl-selenocysteine tagged protein and 

allyl alcohol under pseudo-first-order conditions with respect to the protein, [protein] 

= 0.01 mM, [cat.] = 1 mM, [allyl alcohol] = 4 mM, 8 mM, 10 mM, 16 mM).77 A cell 

surface protein bearing p-iodophenylalanine was reported to be labeled with 

fluorescent boronic acid via a phosphine-free, water-soluble palladium catalyzed 

Suzuki-Miyaura coupling reaction in E. coli.78,79 The Buchwald Lab also reported 

palladium(II) complexes can be used for efficient and highly selective cysteine 

conjugation reactions that are rapid (rate comparable to maleimide in the range 103-

104 M-1s-1 at pH 7.5) and robust under a range of biocompatible reaction conditions.80 
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Despite the success of using transition-metal mediated reaction to modify 

biomolecules, more investigations will be required to determine the cell permeability 

and toxicity of metals, especially in mammalian cells.  

The condensation reaction between 1,2-aminothiol and 2-cyanobenzothiazole 

(CBT) probes has been used in protein labeling in vitro and on cell surfaces by the 

Rao group.81 The rate constant was measured as ~10 M-1s-1. The application of this 

reaction was limited to in vitro labeling since 1,2-aminothiol may react with 

metabolites in live cells. 

Photoclick chemistry is another attractive approach for bioconjugation 

purpose. Light induced 1,3-dipolar cycloaddition reaction between tetrazoles and 

terminal alkenes has been used in biological settings by Lin and coworkers (Reference 

in Chapter 2.4). In 2016, the Fox lab described NIR light triggered tetrazine ligation 

turn-on strategy based on catalytic oxidation of unreactive dihydrotetrazine to 

tetrazine.82 The major advantage of photoclick chemistry is that it can provide a 

spatiotemporal controllable manipulation towards labeling reaction in living systems.  

The covalent modification of thiols remains an important bioconjugation 

method in labeling proteins or other biomolecules.123 While Ŭ-halocarbonyl reagents 

have been seeing widespread use in conjugation, the reaction rates are not satisfactory 

(<1 M-1s-1 at pH 7.0). Maleimide proceeds more efficiently with thiols, with rate 

constants range from 102-104 M-1s-1. One disadvantage of using maleimide as Michael 

acceptor is that retro conjugate addition reaction can occur under physiological 

conditions.83-86  

Quadricyclane ligation, a reaction between highly strained quadricyclane and 

Ni bis(dithiolene) reagents, was first introduced by Bertozzi in 2011.87 The second-
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order rate constant was 0.25 M-1s-1 in 1:1 PBS/water. The disadvantage of this type of 

bioorthogonal reaction is the stability of Ni bis(dithiolene) reagents, which can be 

immediately reduced by cysteine. 

1.4.2 Inverse-electron-demand Diels-Alder Cycloaddition 

Inverse electron-demand DielsïAlder reactions between tetrazine (or 1,2,4-

triazine88) and strained alkene or alkyne play a particularly important role among all 

the bioorthogonal reactions.  

In 2008, the Fox lab reported a fast bioorthogonal reaction between trans-

cyclooctene derivatives and diaryl 1,2,4,5-tetrazine.69 The second order rate constant 

for dipyridyl tetrazine + trans-cyclooctene at 20°C in 9:1 methanol/water was 

measured as 2,000 (± 400) M-1s-1.  The fast reactivity and high selectivity enable 

orthogonal labeling at low concentration. Contemporaneous work by Weissleder and 

Hilderbrand89 demonstrated the use of strained dienophile norbonene in bioorthogonal 

reaction with mono-substituted 1,2,4,5-tetrazine. Pipkorn and coworkers decribed a 

TMZ-BioShuttle (TMZ = temozolomide) synthesis via inverse-electron-demand 

Diels-Alder cycloaddition between tetrazine and Reppe anhydride.90,91 The advantage 

of trans-cyclooctenes is they react with tetrazines much faster than either norbornene 

(k2 = 0.66 M-1s-1 in 1:1 PBS: CH3CN)122 or Reppe anhydride (k2 = 1.94 M-1s-1 for 

cyclobutene/dipyridyl tetrazine in 1:1 PBS: CH3CN).122  

The hydrophobic effect can dramatically enhance the reaction rate. In pure 

water, the second order rate constant for dipyridyl tetrazine and 5-hydroxyl trans-

cyclooctene (axial isomer) can reach 80,200 (± 200) M-1s-1.21  

In the following years, the Fox lab developed several other trans-cyclooctene 

derivatives with improved performance. In 2011, a conformationally óstrainedô trans-
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cyclooctene (sTCO) was developed with the assistantce of computational design.54 

sTCO reacts at room temperature in water with a dipyridyl-s-tetrazine derivative with 

rate k2 3.3×106 M-1s-1: the fastest rate measured. In 2014, a cis-dioxolane-fused trans-

cyclooctene (d-TCO) derivative was designed with improved aqueous solubility as 

well as stability while still maintaining high reactivity, with a rate k2 3.7×105 M-1s-1 

toward a dipyridyltetrazine derivative in water.21 Recently, trans-5-oxocene 

dienophiles (oxo-TCO) were developed that possess much higher water solubility 

(LogP 0.51) and high reactivity (k2 8.0×104 M-1s-1) toward a dipyridyltetrazine 

derivative in water.72 

The trans-Cyclooctene-tetrazine ligation has found a wide range of 

applications in protein labeling92,93,71,95, cell imaging96-102, nuclear medicine103-109 and 

materials science. 110-115 In 2010, Weissleder and coworkers reported a fluorescence 

óturn-onô tetrazine-TCO ligation to imagine small molecules inside living cells.70 In 

their study, a series of fluorescence reduced fluorophore-tetrazine conjugates were 

prepared. Upon reaction with a trans-cyclooctene molecule, the fluorescence was 

rapidly óswitchedô back on. Intracellular live-cell imagine with this turn-on tetrazine 

probes and taxol conjugated trans-cyclooctene was also investigated. An engineered 

lipoic acid ligase was used to introduce trans-cyclooctene to proteins on the cell 

surface and inside living mammalian cells with subsequent visualization by inverse 

electron demand DielsïAlder reactions with fluorescent tetrazines.116 Working with 

Dr. Douglas Johnson from Pfizer, different types of bioorthogonal reactions were 

evaluated in living cells based on HaloTag protein technology.56 Chin117 and Mehl93 

demonstrated by using genetically encoded trans-cyclooctene or tetrazine-based 
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unnatural amino acids, site-specific protein labeling can be realized via inverse 

electron-demand DielsïAlder reactions. 

Other dienophiles including norbornenes,89 cyclopropenes,120,121 

bicyclo[6.1.0]non-4-yne (BCN)118 have been used in inverse electron-demand Dielsï

Alder reactions with tetrazines by other research groups. All those dienophiles 

demonstrated significant lower reactivity towards tetrazines as compared to trans-

cyclooctene, while some of them were synthetic more straightforward. Recently, Lin 

and co-workers described a spirohexene dienophile that is nearly as reactive as the 

parent TCO in tetrazine ligation.119 

In 2015, the Prescher lab reported 1,2,4-triazines can also react efficiently 

(k2=1.2×10-2-7.5×10-2 M-1s-1 CD3CN/PBS) with trans-cyclooctenes.88 Interestingly, 

1,2,4-triazines shows inert reactivity with norbornene and cyclopropane, suggesting 

that triazines and combinations of other bioorthogonal reagents can be used in tandem. 

1.5 Photochemical Syntheses, Transformations, and Bioorthogonal Chemistry 

of trans-Cycloheptene and Sila trans-Cycloheptene Ag(I) Complexes 

1.5.1 Photochemical Syntheses of trans-Cycloheptene and Sila trans-

Cycloheptene Ag(I) Complexes 

Dr. Han Zhang developed a flow photochemical method for synthesizing 

trans-cycloheptene silver nitrate complexes. His initial attempts to directly apply TCO 

synthesis procedures to the synthesis of carbocyclic TCHs were unsuccessful, most 

likely due to the susceptibility of carbocyclic TCHs to readily isomerize to their cis-

isomers.30 As it has been demonstrated by Jendralla that silver complexes of trans-

cycloheptenes were stable enough to be isolated and stored, Zhang sought to isolate 

and characterize the trans-cycloheptene prepared via flow photoisomerization as their 
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silver nitrate complexes. Due to the thermal lability of the strained seven-member 

cyclic trans-alkene, several modifications of the previous flow photochemical 

apparatus for trans-cyclooctene synthesis were developed for trans-cycloheptene 

synthesis (Figure 1.2). The reservoir containing starting substrates and sensitizers were 

moved out of the photowell and placed in a temperature controlled cold bath (ï50 °C). 

In addition, photoisomerization was conducted in a coil of optically transparent FEP 

tubing. The fluoropolymer tubing provides a high surface area and minimal volume 

(only 30 mL for 8 m tubing) thereby minimizing the residence time before product 

adsorption on AgNO3/SiO2. In the standard setup, an inline thermometer was included 

to measure the temperature for the flowing mixture either before or just after the UV 

lamp. The temperature was measured as 0 °C before entering the Rayonet 

photoreactor, and as 20 °C after exiting the photoreactor. With this apparatus, trans-

cycloheptenes ÅAgNO3 complexes were eluted from the column, and isolated as 

semisolids that are moderately stable at room temperature but stable for weeks in the 

freezer. 
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1.2: Dr. Han Zhangôs modified flow photochemical reactor apparatus for 

trans-cycloheptene synthesis. 

In 2012 I joined this project, working on preparing silicone-containing trans-

cycloheptene derivatives. Initial attempts to use homoallylmagnesium bromide and 

dichlorosilane to produce silane 1-1 only gave trace amount of product. I was excited 

to find by adding 5.0 equiv of HMPA, 56% yield was obtained for compound 1-1. 

Thereafter, a series of sila cis-cycloheptenes precursors were synthesized in 2ï7 steps 

using olefin metathesis and HMPA promoted carbon-silicone bond formation as key 

steps (Scheme 1.10). Conjugatable cis-cycloheptene 1-4 and chloroalkane (HaloTag) 

functionalized cis-cycloheptene 1-6 were readily prepared from 1-1 in 3 and 5 steps 

respectively. NHS ester installed cis-cycloheptene 1-8 were synthesized from 
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carboxylic acid 1-7 via EDC coupling. Under similar conditions, Zhang prepared 

diphenyl sila cis-cycloheptene 1-10 in two steps with good yields. Grubbs 2nd 

catalyzed ring-closing olefin metathesis reaction provided cis-cycloheptene with an 

allylic hydroxy group 1-13 in 83% yield. Envisioning allylic functional groups may 

prevent the trans-cycloheptenes from isomerizing to cis isomers, I synthesized a sila 

cis-cycloheptene alcohol (1-20) with two allylic methyl groups attached in 7 steps. 
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Scheme 1.10: sila cis-cycloheptenes synthesis. 
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Photoisomerizations to form Si-TCHÅAgNO3 derivatives were carried out at 

room temperature using the trans-cyclooctene flow-photoisomerization apparatus, 

with the modification that Si-TCHÅAgNO3 complexes were directly isolated from 

SiO2 without Ag-decomplexation. 42-77% yields were obtained with this method, 

while using Zhangôs photochemistry setup did not further improve the yields.  

The substrate scope of AgNO3 complexes of trans-cycloheptenes and trans-1-

sila-4-cycloheptenes is summarized in Scheme 1.11. Silver nitrate complexes of trans-

cycloheptene (1-21) and trans-5-hydroxymethylcycloheptene (1-22) were prepared in 

53% and 64% yields, respectively. For Si-TCHÅAgNO3 complex, the 

photoisomerization method could be used to produce diphenyl (1-23) or dialkyl (1-

24,25,26,27,28,29) substituted silacycles. Cyano (1-24) and hydroxyl (1-25,1-26,1-27) 

groups were tolerated, as were NHS ester (1-29) and chloroalkane (1-28) groups that 

could be used to enable conjugation to fluorophores and HaloTag58,59 fusion proteins, 

respectively. TCHÅAgNO3 and Si-TCHÅAgNO3 complexes were isolated as semisolids 

that contained 20ï30% free AgNO3. The isolated yields were corrected by measuring 

the 1H NMR against mesitylene as an internal standard. 
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Scheme 1.11: Flow-photochemical synthesis of AgNO3 complexes of trans- 

                        cycloheptenes and trans-1-sila-4-cycloheptenes. 

 

I investigated the stability of AgNO3 complexes of both trans-cycloheptenes 

and trans-1-sila-4-cycloheptenes. These TCHÅAgNO3 complexes are stable enough to 

handle on the bench for modest periods (hours), and to longer-term storage in the 

freezer (ï18 °C). NMR monitoring showed 90% fidelity for a CD3OD solution of 1-21 

after 10 days storage in freezer (ï18 °C), and 92% fidelity for a CD3OD solution of 1-

21 after 10 hours at rt on the bench. 

The silver complexes of Si-TCH are much more stable. NMR monitoring 

showed 93% fidelity for a CD3OD solution of 1-23 after 8 days at rt, and 96% fidelity 

for 1-23 after storage for 1 month in the freezer (ï18 °C, neat).  
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Previously, a crystal structure showed that trans-cyclooctene coordinates with 

AgNO3 as a 1:1 complex.60 X-ray quality crystals of silver complex 1-23 were grown 

from ethyl acetate/methanol. Selected bond lengths and angles are displayed in Figure 

1.3. The coordination environment at silver is distorted trigonal, with bridging 

coordination of nitrite in an extended polymeric structure in the solid state. For 

comparison, Dr. Han Zhang grew crystals of the silver (I) nitrate complex of the 

equatorial diastereomer of 5-hydroxy-trans-cyclooctene 1-30 (Figure 1.3). Here, the 

coordination environment at silver is distorted tetrahedral due to the ability of the 

hydroxyl to serve as a second bridging ligand. The C-Ag bond lengths and bond 

angles were similar for 1-23 and 1-30. As expected, the CïC=C-C dihedral angle for 

1-30 (136.7 °) is smaller than metal-free TCO 2 (139.1 °).53 Similarly, the CïC=C-C 

dihedral angle for 1-23 (126.3 °) was smaller than that of metal free Si-trans-

cycloheptene 3 (130.9 °),46 but comparable to 4 (126.1 °C)50ð a compound with 

additional strain due to relatively short CïO and SiïO bonds in the cyclic backbone. 

Reflecting the low level of metal backbonding that is common for Ag(I) alkene 

complexes, the C=C bond length for the Ag(I) complexes (1.329 Å for 1-23, 1.366 Å 

for 1-30) was very similar to that of the metal-free complexes 2ï4 (1.331ï1.335 Å). 



 23 

 

1.3: X-ray crystal structures of SiTCHÅAgNO3 and TCOÅAgNO3 complexes, 

with comparisons to known metal-free trans-cycloalkenes that have been 

crystallographically characterized. 

Silver-free Si-TCH compounds could be prepared by treating their 

corresponding silver nitrate complexes with an excess of aq. NH4OH or aq. NaCl 

(brine), followed by extraction with organic solvent. For example, silver complex 1-23 

upon treatment with aq. NH4OH was extracted with C6D6 to give a solution of Si-TCH 

1-31 (98% trans isomer). Consistent with previous reports on a biomolecular 
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mechanism for TCH isomerization,30 variable amounts (20-30%) of the cis-isomer of 

1-31 was observed when 1-31 was concentrated to dryness on the rotovap. However, 

1-31 displayed high stability when maintained in solution, with only 8% isomerization 

observed for a 100-mM solution of 1-31 that was stored for 24 hours at room 

temperature, and <5% isomerization for a similar solution that was stored for 24 hours 

in a freezer (ï20 °C). 

Ag(I)-complex 1-26 could also be freed of metal to give alkene 1-32 as a 

mixture of diastereomers. The allylic substituents of 1-26 protect the alkene from 

biomolecular isomerization chemistry, and unlike most other metal-free Si-TCH 

compounds, 1-32 is stable when stored in neat form and can be characterized by FT-IR 

(Figure 1.4 B). The weak C=C double bond stretch of 1-32 at 1624 cmï1 is shifted to 

1559 cmï1 for the Ag(I) complex 1-26. This 65 cmï1 shift is consistent both in 

magnitude and direction for a Ag(I) alkene complex. Finally, we noted that Ag(I)-

complexation leads to signature shifts of alkene resonances in both the 1H and 13C 

NMR spectra (Figure 1.4 C). For example, alkene resonances in the 1H NMR 

spectrum of metal complex 1-24 were shifted downfield relative to metal-free 1-33 by 

0.15 ppm, while in 13C NMR spectra alkene resonances of 1-24 were shifted up field 

by ~16 ppm. 
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1.4: (A) Decomplexation of AgNO3 with NH4OH gives metal-free Si-TCH 1-

31 which is stable to overnight storage in solution. Aq. NaCl can also be 

used to liberate metal from SiTCHÅ AgNO3 complexes. The metal-free 

complexes are stable in solution, but give variable amounts of 

isomerization when concentrated to dryness. (B) FT-IR spectrum of the 

C=C stretches of metal complex 1-26 and free alkene 1-32. (C) 

Diagnostic shifts in alkene peaks in the 1H and 13C NMR spectra of metal 

complex 1-24 and metal-free 1-33. 

1-24: alkene peaks in
13C NMR:

121.1 and 120.9 ppm

1-33: alkene peaks in
13C NMR:

135.8 and 135.4 ppm

1-24

1-33

1-261-32

1-311-23
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1.5.2 Reactivity Studies and Transformation of trans-Cycloheptene and Sila 

trans-Cycloheptene Ag(I) Complexes 

TCH 1-21 and Si-TCH 1-23 were shown to engage in a range of reactions as 

shown in Scheme 1.12. Metal complex 1-21 was directly combined with 3,6-diphenyl-

1,2,4,5-tetrazine to give pyridazine 1-34 ð the product of metal dissociation, Diels-

Alder/retro-Diels-Alder, and oxidation, in 98% yield. Cyclopenta-1,3-diene was also 

used to trap trans-cycloheptene, delivering the [4+2] cycloaddition adduct 1-35 in 

81% yield as a single diastereomer. Zhang also investigated the vicinal 

dihydroxylation of 1-21, and found that catalytic OsO4 and NMO gave 1-36 in 82% 

yield as a single diastereomer. The observation that the dihydroxylation of 1-21 is 

stereospecific is in line with earlier observations by Cope with trans-cyclooctene.2 
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Scheme 1.12: Reactions of TCH 1-21 and Si-TCH 1-23. 

 

I found Si-TCHÅAgNO3 complex 1-23 could be freed from silver by treatment 

with NH4OH (Scheme 1.12), and subsequently combined with cyclopentadiene, 
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diazomethane, dichloroketene, and benzyl azide to provide the cycloadducts 1-37,1-

38,1-39,1-40 in 76%ï96% yields (Scheme 1.12). In each case, a single diastereomer 

was obtained. Attempts to combine cis-1-diphenylsila-4-cycloheptene 1-10 with 

dichloroketene, benzylazide or diazomethane only returned unreacted starting 

material. I was able to obtain a crystal structure for the dichloroketene adduct 1-39, in 

which the hydrogen atoms at the bridgehead carbon were shown to possess trans 

stereochemistry (Figure 1.26).  

Working closely with Dr. Zhang, I sought to demonstrate that Si-TCH 

cycloadducts could be oxidized to give formal cycloadducts of 1,2,-dialkylolefinsð 

which are recalcitrant substrates in intermolecular Diels-Alder reactions. With the 

cycloadduct 1-37, the diphenylsila-group could be oxidized to an unknown diol-

product 1-41 in 76% yield under a Woerpel modified63 Tamao-Fleming reaction 

condition (Scheme 1.13). Conventional Tamao-Fleming conditions136 failed to deliver 

desired product. 

 

 
Scheme 1.13: Fleming-Tamao Oxidation. 

 

I also demonstrated that NHS-ester 1-29 could be modified though coupling to 

a BODIPY-fluorophore. As shown in Scheme 1.14, NHS ester 1-29 could be 

decomplexed by treatment with brine and extraction into CH2Cl2. The resulting free 

Si-TCH was then conjugated to an aminohexyl BODIPY 1-42, and the resulting 
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conjugate was isolated and stablized as a AgNO3 complex (AgSiTCH-BODIPY ). As 

discussed below, this fluorophore conjugate finds utility for bioorthogonal labeling in 

live cells. I also demonstrated that the equatorial allylic alcohol 1-43, derived from 

Ag-complex 1-27, could be elaborated to the carbamate 1-44 through treatment with 

benzylisocyanate (Scheme 1.14). trans-Cyclooctenes with allylic carbamate leaving 

groups have been used by Robillard,65 and Chen,66,67 for the tetrazine-ligation initiated 

decaging of doxorubicin and other cargo molecules. The 7-membered analog 1-44 is 

particularly stable as the Ag-free trans-cycloalkene, and handled neat and stored 

without AgNO3 in the freezer for long periods. 

 

 

 

Scheme 1.14: Transformations of Si-TCH derivatives. 
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1.5.3 Bioorthogonal Chemistry of Si-TCH 

1.5.3.1 Computational Study 

To evaluate if Si-TCH compounds may be useful in bioorthogonal chemistry, 

collaborator Dr. Olga Dmitrenko performed a computational study to understand the 

structure and Diels-Alder reactivity of Si-TCH (Scheme1.15). Simplified structure 1-

45 was used to compare to the parent trans-cyclooctene and a conformationally 

strained ós-TCOô derivative 1-46.21,54 We reasoned that the 7-membered ring in the 

backbone of 1-45 would augment the olefinic strain of the trans-cycloalkene, and 

thereby increase the reactivity in tetrazine ligation. Previously, thiacycloheptynes and 

dibenzoselenocycloheptynes have been studied in bioorthogonal chemistry.68 As 

shown in Scheme 1.15, ground state calculations were carried out for Si-TCH 1-45 at 

the M06L/6-311+G(d,p) level, and compared to previous calculations on trans-

cyclooctene and s-TCO 1-46.21,54 The calculated C-C=C-C dihedral angle for 1-45 

(128.8°) is smaller than that for trans-cyclooctene (137.7°) or 1-46 (131.9°). M06L/6-

311+G(d,p) calculations were also carried out to compare the Diels-Alder reactivity of 

Si- TCH 1-45 to trans-cyclooctene and s-TCO 1-46 (Scheme 1.15). These calculations 

were carried out with diphenyl-s-tetrazine so that they could be benchmarked against 

previous calculations.21,54 For Si-TCH 1-45, the calculated barriers relative to a pre-

reaction complex for the Diels-Alder reaction with 3,6-diphenyl-s-tetrazine are ȹGÿ 

12.48 kcal/mol; ȹEÿ 9.27 kcal/mol, ȹEÿ(ZPE) 9.91 kcal/mol and ȹHÿ 8.87 kcal/mol. 

The barrier is significantly lower than that of trans-cyclooctene with 3,6-diphenyl-s-

tetrazine (ȹȹGÿ ï3.61 kcal/mol, ȹȹEÿ ï4.02 kcal/mol, ȹȹEÿ(ZPE) ï3.99 kcal/mol, 

ȹȹHÿ 4.06 kcal/mol). The barrier is also lower than that calculated for s-TCO 1-46 

(ȹȹGÿ ï0.26 kcal/mol, ȹȹEÿ ï0.92 kcal/mol, ȹȹEÿ(ZPE) ï0.59 kcal/mol, ȹȹHÿ ï0.72 
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kcal/mol). The computations prompted me to conduct experimental investigations into 

the utilization of Si-TCH complexes for applications in bioorthogonal chemistry. 

 

 

 

Scheme 1.15: (A) Ground state calculations on Si-TCH 1-45 (B) Transition state 

                       calculations for 1-45 and 1-46. 

1.5.3.2 Second Order Rate Constants 

Previous researchers studied the reaction of diphenyl-s-tetrazine in MeOH at 

25 °C with s-TCO54 d-TCO21,22 and trans-cyclooctene,69 with second order rate 
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constants of 3100 (+/ï50), 520 (+/ï3) and 19.1 (+/ï0.2) Mï1sï1, respectively. Si-TCH 

1-47 was liberated from AgNO3, and in agreement with computational prediction, was 

found to react with diphenyl-s-tetrazine with a rate constant of 4360 (+/ï430) Mï1sï1 

ð 1.4 times faster than sTCO, 8.4 times faster than dTCO-acid, and 228 times faster 

than trans-cyclooctene itself (Scheme 1.16). 

 

 
Scheme 1.16: Rate constants of 1-47 and 1-48. Second order rate constants (k2) were 

                       determined with a stopped-flow spectrophotometer under pseudo-first 

                       order conditions using excess trans-cycloalkene and limiting tetrazine.  

(A) The kinetics of the cycloaddition of 3,6-diphenyl-s-tetrazine in  
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MeOH at 25 °C with Si-TCH 1-47 was measured by stopped flow 

spectroscopy with UV-vis monitoring at 295 nm, and compared to 

previously reported rate constants for s-TCO, d-TCO-acid and trans-

cyclooctene. (B) Stopped flow kinetics with a TAMRA-3,6-dipyridyl-s-

tetrazine conjugate (1-48) were monitored in 9:1 H2O: MeOH with 

monitoring by fluorescence (Ex: 556 nm; Em: 576 nm). Data points are 

shown in red, and the fit is shown in blue. (C) Second order rate 

constants (k2) were determined by plotting kobs vs. the concentration of 

Si-TCH 1-47. 

 

Under aqueous conditions, tetrazine ligations are accelerated due to the 

hydrophobic effect. Dr. Ampofo Darko previously had studied the reactions of s-TCO, 

d-TCO and trans-cyclooctene with a water soluble dipyridyl-s-tetrazine derivative 

under stopped flow conditions in water with UV-vis monitoring.21 In the most rapid 

example, a rate constant of 3.3 x 106 Mï1sï1 was measured for an s-TCO derivative. 

However, I found that to conduct a similar measurement using Si-TCH 1-47 were 

complicated because the reaction was complete before I could collect data even with 

stopped flow monitoring. To enable the measurement, a fluorescent tetrazine-TAMRA 

conjugate 1-48 was prepared, and I used fluorescence óturn-onô70 to monitor reaction 

progress. The fluorogenic reaction enabled reaction monitoring at much lower 

concentrations (down to 3 µM in tetrazine). As shown in Scheme 1.16 B and C, the 

reaction of 1-48 with Si-TCH 1-47 in 9:1 water: MeOH proceeds at 25 °C with a 

second order rate constant k2 1.14 x 107 (+/ï 5 x 105) Mï1sï1. This is the fastest rate 

constant reported to date for a bioorthogonal reaction. 

Unfortunately, the rate constant of the stable Si-TCH 1-32 with diphenyl 

tetrazine in MeOH was measured as 22 (+/-4) M-1s-1 (Figure 1.16), which was 

comparable to trans-cyclooctene. This slow rate constant might reflect two sterically 
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hindered allylic methyl groups, which have been designed to stabilize the strained 

trans-cycloheptene ring.  

1.5.3.3 in vitro and in vivo Protein Labeling with Si-TCH 

I also studied the in vitro cycloaddition of SiTCH and a green fluorescent 

protein with an unnatural tetrazine-containing amino acid (sfGFP-150Tet-v.2.0, 

referred to as GFP-Tet), encoded by Samuel Scinto via the procedure of Mehl and 

coworkers.71 The reaction of GFP-Tet with dienophiles is fluorogenic, and it is 

therefore possible to determine the reaction kinetics by monitoring the increase in GFP 

fluorescence. 

Although GFP-Tet is highly reactive, with in vitro rates as fast as 87,000 Mï

1sï1 toward sTCO, GFP-Tet is not as rapid as 1-48 due to the less reactive nature of 

the tetrazine. Kinetic measurements were carried out with silver free Si-TCH 1-47, 

which was obtained by treating Ag-complex 1-25 with NH4OH and extracting with 

ether. The second order rate constant of the reaction between Si-TCH 1-47 and GFP-

Tet was determined to be 250,000± 15,000Mï1sï1 in PBS at rt (Scheme 1.17A). The 

reaction was quantitative under these conditions as determined by ESI-MS (Scheme 

1.17C), and is the fastest rate measured to date for GFP-Tetð 2.9 times faster than 

previously measured rate constant for sTCO.71 Graduate student Sam Scinto also 

found Si-TCH 1-47 displayed very rapid labeling of GFP-Tet when carried out in live 

bacteria. The kinetics of the in vivo tetrazine ligation were monitored in a suspension 

(PBS) of E. coli overexpressing GFP-Tet by measuring the increase in whole-cell 

fluorescence upon addition of 1-47. At room temperature, a second-order rate constant 

of 155,000 ± 20,000 Mï1Sï1 was measured, which is 62% as rapid as the in vitro 

ligation. The modest reduction in rate is in line with previous observations with TCO-
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based dienophiles.21,71,72 Scinto also quantitatively verified the bioorthogonal reaction 

by cell washing, lysis, purification by IMAC, and analysis by ESI-MS. Thus, Si-TCH 

1-47 is capable of crossing the bacterial cell membrane and engaging in rapid, high 

yielding conjugation inside a living cell. 

  

 

 

Scheme 1.17: In vivo/vitro kinetics of 1-47 and GFP-Tet. (A) GFP-Tet reacts with 1- 

                       47 to give a Diels-Alder adduct. Because the tetrazine quenches GFP 

                       fluorescence, the reaction progress can be measured by monitoring  
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                       fluorescence increase. (B) Stopped-flow kinetic data for the reaction of  

                       GFP-Tet (50 nM) with 1-47 (1.96 ɛM) at 25 ÁC in PBS with 

                       fluorescence monitoring (Ex: 488 nm; Em: 506 nm). Data points are  

                       shown in green, and the fit is shown in black. A second order rate  

                       constant (k2) was determined by plotting kobs vs. the concentration of Si- 

                       TCH 1-47. (C) Quantitative determination of the cycloadduct was 

                       confirmed by ESI-MS. Deconvoluted Mass spectra of GFP-Tet (grey) 

                       and the cycloadduct (green) are displayed and show the expected mass  

                       shift of 170 Da. Smaller peaks in each spectrum correspond to proteins 

                       that are truncated by a methionine. 

1.5.3.4 Cell Labeling Experiments in Live Mammalian Cells 

Working with Dr. Zhen Huang and Dr. Douglas S. Johnson at Pfizer, the 

reactivity and specificity of the SiTCH reagent with tetrazines in live mammalian cells 

was evaluated using the HaloTag platform,56 which was previously used to benchmark 

the efficiency of various bioorthogonal reactions in the cellular environment. In that 

study, trans-cyclooctene-AgNO3-complexes liberate AgNO3 immediately in cell 

media due to the high NaCl content, and perform identically to their metal-free 

analogs in cell labeling experiments.56 Thus, I synthesized chloroalkane derivatives of 

SiTCH (AgSiTCH-Halo), methyl-tetrazine (MeTz-Halo) and used these clickable 

HaloTag ligands to covalently label HaloTag protein expressed in HEK 293T cells 

with the clickable tag. Dr. Huang evaluated the tetrazine ligation of SiTCH in 

mammalian cells by reacting the AgSiTCH-Halo and MeTz-Halo protein conjugates 

with the corresponding MeTz-BODIPY  or SiTCH-BODIPY  fluorescent probes (300 

nM) for different times (2-90 min) (Scheme 1.18). The reaction was quenched at the 

various time points by chasing with excess non-fluorescent tetrazine-amine (method 1) 

or TCO-amine (method 2), and in-gel fluorescence was used to quantify conversion vs 

time.  
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We found that the reaction of SiTCH-Halo with MeTz-BODIPY  was 

complete within 15 minutes (Scheme 1.18B, Method 2). Interestingly, the reaction 

appeared to be slower with the reverse pairing where SiTCH-BODIPY  was reacted 

with MeTz-Halo and did not reach saturation until 90 minutes (Scheme 1.18, Method 

1). This may be due to the suboptimal permeability and nonspecific protein binding of 

SiTCH-BODIPY  which results in lower free concentrations available for the reaction. 

Compared to MeTz-BODIPY , SiTCH-BODIPY  also resulted in more nonspecific 

protein labeling. 

 

 

 

Scheme 1.18: Reactions of Si-TCHÅAgNO3 with 3-methy-6-s-tetrazine derivatives in 
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                       live HEK293T cells expressing HaloTag. 

 

To investigate in vivo stability of incorporated SiTCH probes in the 

intracellular environment, HaloTag protein tagging by AgSiTCH-Halo was compared 

to the previously described Ag-sTCO-Halo.56 Subsequently the TAMRA-Tz 

fluorescent probe was attached via the tetrazine ligation (Scheme 1.19A). As a 

benchmark, comparison was made to directly incorporated TAMRA-Halo without a 

second bioorthogonal step. In these experiments, HaloTag-transfected cells were 

treated with 10 µM HaloTag ligands for 30 min, followed by two 30 min wash 

periods. After this initial 90 min exposure to cells, time course experiments were 

carried out to test the intracellular stability of the sTCO- and SiTCH-labeled HaloTag 

proteins. Thus, cells were allowed to incubate for up to 24 additional hours, and cells 

initially tagged by AgSiTCH-Halo or Ag-sTCO-Halo were then treated with 

TAMRA-Tz at the indicated time points. Loss of fluorescence intensity relative to the 

TAMRA-Halo benchmark indicated instability of the bioorthogonal protein tag. 

Compared to the TAMRA-Halo ligand, the Ag-sTCO-Halo tagged protein 

displayed 84% fluorescence intensity when the TAMRA-Tz probe was attached 

immediately after the 30 min HaloTag-labeling and two 30 min wash periods (Scheme 

1.19 B). By contrast, AgSiTCH-Halo showed only 50% fluorescence intensity at this 

initial timepoint. After incubation for 7 h and 24 h, Ag-sTCO-Halo tagged protein 

showed 61% and 43% fluorescence intensityðvery similar to the TAMRA-Halo 

benchmark. However, the AgSiTCH-Halo tagged protein displayed only 10% 

fluorescence after 7 h, and negligible fluorescence after 24 h. The reduced cellular 

labeling efficiency with AgSiTCH-Halo could also be observed in live cell images 

according to the published protocol (Scheme 1.19 C).56 Specifically, HeLa cells 
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overexpressing Halo-H2B-GFP were labeled with AgSiTCH-Halo or Ag-sTCO-

Halo, and after two 30 min wash periods, treated with TAMRA-Tz for imaging. In 

both cases, specific fluorescent signals were observed in the nucleus with good 

colocalization with GFP signals. When AgSiTCH-Halo was used, however, the 

fluorescent intensity was only about half of that achieved with Ag-sTCO-Halo, 

confirming that the reduced stability of SiTCH in cells resulted in lower labeling 

efficiency. The lower labelling efficiency with AgSiTCH-Halo is likely due to trans-

to-cis deactivation of the cycloalkane in the intracellular environment. Previously, our 

lab has studied the isomerization of trans-cyclooctenes under various conditions, and 

have shown that isomerization of trans-cyclooctenes likely occurs via radical 

mechanism that can be promoted by high thiol concentrations. Consistent with the 

faster in cellulo deactivation of SiTCH-Halo relative to sTCO-Halo, I observe that 

SiTCH 1-33 (30 mM) completely isomerizes in 2 h at 22 °C in CD3OD with 

mercaptoethanol (30 mM), whereas as control sample without thiol was >98% stable 

under these conditions (Figure 1.22). At -17 °C, 1-33 isomerizes more slowly in the 

presence of 30 mM mercaptoethanol, with 47% isomerization after 24 h (Figure 1.21). 

By comparison, the trans-cyclooctenes d-TCO, s-TCO, and oxo-TCO are much more 

stable toward thiol promoted isomerization. In CD3OD with mercaptoethanol (30 mM) 

at room temperature, s-TCO (30 mM) isomerized only after an 8-hour induction 

period, with complete conversion to the cis-isomer after 4 additional hours.54 In a 

similar experiment with d-TCO (30 mM), the induction period was 10 hours. After the 

induction period, there was 42% isomerization after 4 hours, and 92% isomerization 

after 14 hours.21 5-OxoTCO (25 mM) in the presence of mercaptoethanol (25 mM) 
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showed only 8% isomerization in CD3OD over a 22-hour period at room 

temperature.72 

 

 

 

Scheme 1.19: Live cell stability and imaging studies of SiTCH-Halo. (A) In the 

                       stability experiment, HEK293T cells expressing HaloTag were treated 

                       with 10 µM Ag-sTCO-Halo or AgSiTCH-Halo for 30 min, followed 
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                       by two 30 min wash periods. Control cells were treated with 2 µM 

                       TAMRA-Halo. At 0, 7, and 24 h time points, 2 µM TAMRA-Tz was 

                       added and allowed to react for 1 h before analysis. (B) Cellular stability 

                       of Ag-sTCO-Halo and AgSiTCH-Halo. In-gel fluorescent intensities 

                       were normalized by the corresponding Western blot signals and were 

                       subsequently normalized by the value of TAMRA-Halo at time 0. Data 

                       were plotted as mean ± SEM. (C) Live cell images of HeLa cells 

                       expressing Halo-H2B-GFP. Cells were labeled with 10 µM Ag-sTCO- 

                       Halo or AgSiTCH-Halo for 30 min, followed by two 30 min wash 

                       periods, before the treatment with 1 µM TAMRA-Tz for 5 min. The 

                       reactions were quenched with 100 µM TCO-amine for 10 min, followed 

                       by two 30 min wash periods prior to addition of 8 µM Hoechst 33342 to 

                       visualize the nuclei and confocal imaging. Signals of Hoechst, GFP, and 

                       TAMRA were shown in blue, green, and red, respectively.  

                       Colocalization was demonstrated in composite images of GFP and  

                       TAMRA. Scale bar =25 µm. 

 

Together, the labeling experiments in bacteria and HEK 293T cells show that 

SiTCH derivatives can serve as useful probe molecules in the cellular environment, as 

the unprecedented speed of the bioorthogonal reactions of SiTCH are much more 

rapid than competing deactivation pathways. However, the utility of SiTCH 

derivatives as protein tagging molecules, where extended incubation in the cellular 

environment takes place prior to bioorthogonal reactivity, appears much more limited 

in utility plausibly due to alkene isomerization in the cellular environment. 

1.6 Synthesis, Stability Study and Application of trans-Cyclooctene (TCO) 

silver nitrate complexes 

To choose the right bioorthogonal chemistry tool for a given application, it is 

important to understand the relative rates of the bioorthogonal reaction as well as the 

rates of competing side reactions. A primary mechanism for the deactivation of TCO 

reagents is isomerization to the cis-isomer. Scheme 1.20 has been assembled using 

data from the literature and newly collected data in order to summarize kinetic, 
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stability and solubility data for a series of trans-cyclooctene analogs. In tetrazine 

ligation with 1-56 or the closely related 1-57, the conformationally strained 

compounds sTCO and d-TCO possess kinetic advantages over the parent TCO 

compound (5OH-TCO). The conformationally strained cycloalkenes also more prone 

to isomerization. oxo-TCO is more reactive and much more soluble than 5OH-TCO 

but is also more prone to isomerization. Due to their propensity to isomerize, for in 

cellulo applications the more reactive TCOôs (sTCO, d-TCO, oxo-TCO) have 

greatest utility as probes, where only brief incubation in the cell is required. The use of 

TCOôs as chemical reporters, which requires long term stability in the cell, generally 

requires use of more resilient but less reactive parent TCO such as 5OH-TCO. 
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Scheme 1.20: (A) Kinetic and stability properties of trans-cyclooctene derivatives 

                        under varied conditions. (B) Isomerization kinetics of sTCO and d- 

                        TCO in MeOH containing mercaptoethanol. 

 

As described previously, the isomerization of trans-cyclooctenes is promoted 

by high concentrations of thiols.54,21,72 Thiol-promoted isomerization is observed 

across all of the TCOôs (5OH-TCO, sTCO,d-TCO, oxo-TCO), and in some cases, is 

characterized by a long induction time before isomerization commences.21 For 
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example, the solutions of d-TCO and sTCO were stable in CD3OD containing 30 mM 

mercaptoethanol for 8 and 12 hours, but subsequently underwent rapid isomerization 

(Scheme 1.20B). It was hypothesized that the isomerization of d-TCO and sTCO may 

be a radical catalyzed reaction, and at high thiol concentrations the reaction may be 

promoted by a thiol-ene/retro thiol-ene pathway (Scheme 1.21A).125 Radical 

intermediates have also been proposed to play an important role to the isomerization 

of trans-cycloheptenes.30 Robillard and coworkers have demonstrated that Cu-

containing proteins can promote TCO isomerization (Scheme 1.20). Cu-containing 

protein are well known to engage in one-electron redox chemistry, again suggesting 

the possible involvement of radical pathway for the isomerization of TCO. 

 

 

 

Scheme 1.21: (A) Plausible mechanism for the thiol-promoted isomerization of trans- 

                       cyclooctenes. (B) Isomerization of sTCO is promoted by 

                       mercaptoethanol and inhibited by Trolox, a water-soluble vitamin E  

                       analog. 

 

sTCO
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Initial study by Dr. Samantha Boyd provided additional evidence for radical 

intermediates as she found the present of radical inhibitor Trolox can suppress trans-

cycloooctene isomerization under conditions under high thiol concentrations.124 In a 

control experiment, a 30 mM solution of sTCO and 30 mM mercaptoethanol were 

mixed in D2O-PBS (pH 7.4) and isomerization was monitored by 1H NMR after 1, 2, 

4.5 and 18.5 hours, at which points 18%, 34%, 55% and 100% of the cis-isomer was 

detected, respectively. This isomerization was completely suppressed in a similar 

study where the radical inhibitor Trolox ï a water-soluble analog of vitamin E ï was 

included in the mixture. Thus, treatment of sTCO with 30 mM mercaptoethanol and 

30 mM Trolox in D2O-PBS led to <5% isomerization (NMR detection limit) after 29.5 

h (Scheme 1.21B). Similar observations were observed in isomerization studies of 

sTCO in methanolic solutions containing BHT a radical inhibitor that has been used to 

stabilize TCO.126 Thus, complete isomerization was observed after 63 hours for a 

solution of 30 mM sTCO in methanol containing 30 mM mercaptoethanol, whereas 

no isomerization was observed for a solution of 30 mM sTCO and 30 mM 

mercaptoethanol containing 30 mM BHT.  In the presence of low concentrations of a 

radical inhibitor, an induction period was observed prior to olefin isomerization.  

Thus, for 30 mM sTCO in D2O-PBS in the presence of 30 mM mercaptoethanol and 1 

mM Trolox, <5% isomerization was observed after 6.5 hours, but 52% isomerization 

was observed after 21 hours. Taken together, these observations that thiols promote 

isomerization, that high concentrations of Trolox inhibit isomerization in the presence 

of thiol, and that an induction period is seen at low concentrations of Trolox all 

provide support for a radical based pathway for TCO-isomerization in the presence of 

thiols.  Given the high intracellular concentrations of thiols and the role of thiols in 
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cellular redox regulation,127 it is also plausible that intracellular mechanisms for the 

deactivation of trans-cyclooctenes also involve radical pathways. 

1.6.1 Synthesis and Stability Study of trans-Cyclooctene (TCO) silver nitrate 

complexes 

Following Samanthaôs study, I sought to further develop methods for 

stabilizing TCO reagents for long term storage. It was found that the shelf-life of 

conformationally strained trans-cycloalkene derivatives could be enhanced by 

protecting them as Ag(I) metal complexes, and that the free trans-cycloalkenes could 

be liberated by treatment with aq. NaCl or in cell media.56 Metal complexation was 

shown to be essential for the handling of sila-trans-cycloheptene complexes, which 

upon metal complexation participate in the fastest bioorthogonal reactions studied to 

date.  A goal of this part of my study was the establish the generality of Ag(I) 

complexation for the stabilization across a series of trans-cyclooctene derivatives.  It 

is shown that Ag(I) metal complexation by trans-cyclooctenes is rapidly reversible but 

kinetically reversible, and that Ag-exchange between TCO ligands is rapid on the 

NMR timescale at -60 °C.  NMR studies also show that the kinetics of NaCl-mediated 

decomplexation are very rapid.  Finally, it was shown that a TAMRA-sTCO-Ag 

complex rapidly labels a protein-tetrazine conjugate in live cells with yields that are 

similar to and TAMRA-TCO conjugate but with rates that are significantly faster. 

Shown in Table 1.2 is the comparison of the stabilities for a series of Ag-free TCO 

complexes and their AgNO3 complexes after storage in an open flask for 3 days at 30 

°C. By 1H NMR analysis, the equatorial diastereomer of 5OH-TCO is stable under 

these conditions, whereas the more reactive trans-cycloalkenes d-TCO, sTCO and 

oxo-TCO lead to 81%, 98% and 37% degradation.  These TCOôs are much more 
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stable in solution (Scheme 1.20), especially when stored in the freezer.  For neat 

materials, undefined degradation products are formed, whereas olefin isomerization is 

observed in solution. 

Table 1.2: Stability comparisons for non-crystalline trans-cyclooctene 

derivatives when stored neat at 30 °C. 

 

 

The preparation of trans-cyclooctene silver nitrate complex derivatives is 

straightforward and involves simply combining the TCO with AgNO3 in acetonitrile 

or methanol for 15 min, followed by concentration under reduced pressure. When neat 

sTCOÅAgNO3(1-49) was stored in an open flask at 30 °C for 3 days, the sample 

maintained 97% purity as determined by 1H NMR with an internal standard.   I also 

studied the stability of complex 1-49 in methanol-d4 and DMSO-d6. After 3 days at 30 

°C, the samples were still ů95% pure.  With dTCOÅAgNO3 (1-50), there was 94% 

fidelity for a neat sample that was stored in the open for 3 days at 30°C as a neat 

sample, while in methanol and DMSO, dTCOÅAgNO3 had 95% and 94% fidelity after 



 48 

3 days at 30 °C respectively. oxo-TCOÅAgNO3 (1-51) showed ů95% stability when 

stored neat at 30 °C for 3 days.  In the freezer, the TCOѻAgNO3 complexes can be 

stored neat or in solution for >1 month without degradation (sTCO-TosÅAg). 

1.6.2 Silver complex decomplexation experiment 

I next conducted an NMR experiment that demonstrates that dissociation of a 

trans-cyclooctene silver complex by NaCl is very rapid (Figure 1.5).  Here, compound 

Ag-sTCO-halo (5 mg) was dissolved in D2O (0.9 mL), followed by the addition of 

NaCl in D2O (0.1 mL, 100 mM). Within 3 minutes, the 1H NMR was remeasured, and 

no signal was observed.  Upon extraction with C6D6, silver free sTCO-Halo was 

recovered and observed by 1H NMR (Figure 1.5C).  The experiment indicated that 

silver decomplexation of Ag-sTCO-halo was complete by the time an 1H NMR 

spectrum could be recorded. 
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1.5: Ag-sTCO-halo decomplexation experiment. 

1.6.3 Coalescence Experiment of trans-Cyclooctene Silver Complex 

Ag(I) alkene complexes commonly have low level of metal backbonding. 

Previously reported X-ray structures of trans-cyclooctene silver complex demonstrate 

trans-cyclooctene coordinated silver nitrate as a 1:1 complex. I also noted that sila 

trans-cycloheptene silver nitrate complex lead to signature shifts of alkene resonances 
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in 1H NMR. Similar chemical shift change was also observed when I was studying 

trans-cyclooctene silver complexes. In four parallel studies, 1.50, 1.00, 0.50, 0.25 

equivalents of silver nitrate were added to four different methanol solutions of 1-52 

(1.00 equivalents). Four 1H NMR experiments were conducted after thoroughly 

mixing. I observed a shift of alkene resonance from 1.00 equiv of Ag(I) to 0.25 equiv 

of Ag(I). While 1.50 equiv and 1.00 equiv of Ag(I) shows the same alkene chemical 

shift. Moreover, after adding 0.50 equiv and 0.25 equiv Ag(I), instead of observing 

two distinct sets of alkene peaks (one attributable to the silver complex, the other to 

silver-free trans-cycloalkene), I only found one set of alkene resonances. I concluded 

that there was a rapid equilibrium between metal free trans-cyclooctenes and its metal 

complex, leading to a time-averaged alkene chemical shift that reflects rapid 

equilibration on the NMR time scale. (Figure 1.6) 
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1.6: Coalescence of alkene resonance of 1-53. 

1.6.4 Application of trans-Cyclooctene Silver Complex Derivatives 

In order to explore the utility of trans-cyclooctene silver complex, a sTCO-

tosylate silver complex (1-54) and sTCO-TAMRA silver complex (1-55) were 

prepared from metal free precursors. sTCO-Tosī a metal free version of sTCO-

tosylate silver complex (1-54) was used as radiolabeled precursor. Previously, we 
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suffered from trans to cis isomerization issue during long period storage of the sTCO-

Tos. We were pleased to see compound 1-54 exhibited significantly improved stability 

with no isomerization or degradation observed after in storage at -15°C for 45 days. 

Graduate student Katarina Rohlfing showed that the reactive sTCO-Tos can be readily 

released from 1-54 by treating with NH4OH before use (Scheme 1.22).  

 

 

 

Scheme 1.22: Ag-sTCO tosylate decomplexation experiment. 

 

sTCO-TAMRAÅAgNO3 (1-55) was prepared via mixing sTCO-TAMRA and 

silver nitrate. Dr. Joshua Judkins from Pfizer studied the tetrazine ligation in live cells 

using sTCO-TAMRA silver complex based on HaloTag platform. 2µM of HT-TET-

CH3 was used to incorporate HaloTag protein expressed cells. Then he reacted the 

HT-TET-CH3 conjugates with sTCO-TAMRAÅAgNO3 (1-55) fluorescent probe for 

different times (0.17-120 min). The reaction was quenched at the various time points 

by chasing with excess non-fluorescent TCO-amine and in-gel fluorescence was used 

to quantify conversion vs. time (Figure 1.7). As a result, the reaction gave 60% 

fluorescence intensity (Figure 1.7) relative to that obtained when TAMRA was 

directly introduced through halotagging.56 The 60% labeling yield with sTCO-
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TAMRAÅAgNO3 (1-55) was similar to that observed when a TAMRA conjugate of 5-

hydroxy-trans-cyclooctene was used,56 but the time to reach saturation was much 

more rapid (t1/2 = 5 min) with 1-55. 

 

 

1.7: Reaction of sTCO-TAMRAÅAgNO3(1-55) with HT-TET and HT-TET-

CH3 in live HEK 293T cells expressing HaloTag protein. 

2h
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1.7 Conclusion 

In conclusion, AgNO3 complexes of trans-cycloheptene and trans-1-sila-4-

cycloheptene derivatives have been prepared via a flow photochemical synthesis, 

using a new low temperature flow photoreactor to enable the synthesis of carbocyclic 

TCH derivatives. TCHÅAgNO3 complexes can be handled for brief periods at rt and 

stored for weeks in the freezer (-18 °C). Si-TCHÅAgNO3 complexes are especially 

stable and can be stored on the bench for >1 week at rt, and for months in the freezer. 

X-ray crystallography was used to characterize a Si-TCHÅAgNO3 complex for the first 

time. With decomplexation of AgNO3 in situ, metal-free TCO and Si-TCH derivatives 

can engage in a range of cycloaddition reactions as well as dihydroxylation reactions. 

Computation predicted that Si-TCH would display faster bioorthogonal reactions 

toward tetrazines than even the most reactive trans-cyclooctenes. Metal-free Si-TCH 

derivatives were shown to display good stability in solution, and to engage in the 

fastest bioorthogonal reaction reported to date (k2 1.14×107 M-1s-1 in 9: 1 H2O: 

MeOH). Utility in bioorthogonal protein labeling in live cells is described, including 

labeling of GFP with an unnatural tetrazine-containing amino acid. The reactivity and 

specificity of the Si-TCH reagents with tetrazines in live mammalian cells was also 

evaluated using the HaloTag platform. The cell labeling experiments show that Si-

TCH derivatives are suitable as highly reactive probe molecules in the cellular 

environment. 

Inspired by the success of TCHÅAgNO3 and Si-TCHÅAgNO3, a number of 

trans-cyclooctene silver complexes were prepared. trans-Cyclooctene silver nitrate 

complex has improved thermal stability compared with trans-cyclooctenes. These 

trans-cyclooctene silver complexes can be easily handled and used directly in the 

same way as trans-cyclooctenes. The process of decomplexation to deliver metal-free 
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reactive trans-cyclooctenes was rapid. In-gel fluorescence studies have shown silver 

complex 1-55 can rapidly label proteins in live cell, indicating trans-cyclooctene silver 

nitrate complexes are useful precursors to trans-cyclooctenes in bioorthogonal 

chemistry. 

1.8 Experimental Procedures 

1.8.1 General Considerations 

Anhydrous methylene chloride was dried through a column of alumina using a 

solvent purification system. Anhydrous THF was freshly distilled from 

Na0/benzophenone ketyl. Commercial HMPA was dried over 4Å molecular sieves. All 

other reagents were purchased from commercial sources and used without further 

purification. Chromatography was performed on normal phase silica gel from Silicycle 

(40-63 µm, 230-400 mesh). All the conversion of photoisomerization reactions were 

monitored by GC (GC-2010 Plus, Shimadzu). APT and CPD pulse sequences were 

used for 13C NMR. When the APT pulse sequence was used for 13C NMR, the 

secondary and quaternary carbons were phased to appear óupô (u), and tertiary and 

primary carbons appear ódownô (dn). Data are represented as follows: chemical shift, 

multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, 

dd = doublet of doublets). Stopped-Flow kinetics were measured using an SX18MV-R 

stopped-flow spectrophotometer (Applied Photophysics Ltd.) with temperature 

control. High resolution mass spectral data were taken with a Waters GCT Premier 

high-resolution time-of-flight mass spectrometer or using a Thermo Q-Exactive 

Orbitrap instrument. Protein MS were conducted using a Waters Xevo G2-S QTof.  

Infrared (IR) spectra were obtained using FTIR spectrophotometers with films cast 
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onto a NaCl, KBr or AgCl plate. Infrared (IR) spectra for compound 1-23, 1-24, 1-25, 

1-26, 1-27, 1-29 and 1-32 were collected from Bruker Tensor 27 and NexusTM 670 

FT-IR. Tetrazine-TAMRA conjugate 1-48 was prepared according to literature 

procedure.133 

1.8.2 Preparation of Silver Nitrate Impregnated Silica Gel53 

Flash silica gel (90 g, Silicycle cat # R12030B, 60 Å) was suspended in 100 

mL of water in a 2 L round bottomed flask. The flask was covered with aluminum foil 

and a silver nitrate (10 g) solution in water (10 mL) was added. The resulting mixture 

was thoroughly mixed. Water was evaporated under reduced pressure on the rotavap 

(bath temperature ~ 85 °C) using a bump trap with a coarse fritted disk. To remove the 

remaining traces of water, toluene (2 x 200 mL) was added and subsequently 

evaporated by rotary evaporation. The silver nitrate impregnated silica was then dried 

under high vacuum overnight at rt. 

1.8.3 Photoisomerization Apparatus for carbocyclic trans-cycloheptenes 

Photoisomerizations were carried out using a Southern New England 

Ultraviolet Company Rayonet® reactor model RPR-100 or RPR-200, equipped with 8 

low-pressure mercury lamps (2537 Å). Photoisomerizations were carried out in a 

PTFE tubing (also named FEP tubing, 1/8ò OD x 0.063ò ID, 14.9 m in length, flanged 

with a thermoelectric flanging tool), which was wrapped around a test tube rack (8.0 

cm ×10.0 cm× 24.0cm). Biotage® SNAP cartriges (Biotage part No. FSK0-1107) were 

used to house silica gel and the AgNO3-impregnated silica gel. The PTFE tubing was 

connected to the Biotage® SNAP cartriges and to a pump at the other end. The pump 

was purchased from Fluid Metering, Inc. (FMI pump model RP-D equipped with 
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pump head FMI R405). An inline thermometer was connected between the FMI pump 

and the FEP tubing. A long-necked round bottomed flask was connected to the FMI 

pump and the Biotage® SNAP cartriges via PTFE tubing. The round bottomed flask 

was settled into a cryobath (Thermo Scientific NESLAB CB-80 cryobath). The 

temperature of cryobath was set to ï50 °C when using the photoapparatus. 

 

 

1.8: Setup for the general photosynthesis of carbocyclic trans-cycloheptene. 
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1.9: Cryobath setup. 
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1.10: Inside of Rayonet® reactor. 

1.8.4 Photoisomerization Apparatus for sila trans-cycloheptenes 

Photoisomerizations were carried out using a Southern New England 

Ultraviolet Company Rayonet® reactor model RPR-100 or RPR-200, equipped with 8 

low-pressure mercury lamps (2537 Å). Photoisomerizations were carried out in a 

quartz flask. Biotage® SNAP cartriges (Biotage part No. FSK0-1107) were used to 

house silica gel and the AgNO3-impregnated silica gel. The bottom of the column was 

interfaced to PTFE tubing (1/8ò OD x 0.063ò ID, flanged with a thermoelectric 

flanging tool), equipped with flangeless nylon fittings (1/4-28 thread, IDEX part no. P-

582), using a female luer (1/4-28 thread, IDEX part no. P-628). The top of the column 

was interfaced using a male luer (1/4-28 thread, IDEX part no. P-675). The pump used 

for recirculating solvents through the photoreactor was purchased from Fluid 

Metering, Inc. (FMI pump model RP-D equipped with pump head FMI R405). 

Adapters for interfacing the FMI pump to the PTFE tubing were purchased from 

IDEX (part no. U-510). 
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1.11: Setup for the general photosynthesis of sila trans-cycloheptenes. 

 

1.12: Inside of Rayonet® reactor. 

1.8.5 Synthesis procedure for cis-cycloheptene substrates 

2-(But-3-en-1-yl)hex-5-en-1-ol 

 

 

A dry two-neck round-bottomed flask equipped with a reflux condenser was 

sequentially charged with anhydrous THF (5.30 mL) and LiAlH4 (271 mg, 7.14 mmol, 

2.00 equiv). The mixture was chilled by an ice bath, and a solution of 2-(but-3-en-1-

yl) hex-5-enoic acid129 (600 mg, 3.57 mmol, 1.00 equiv) in anhydrous THF (5.30 mL) 
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was added dropwise with a syringe. The reaction mixture was then heated to reflux 

overnight. The reaction mixture was then allowed to cool to rt and then to ice bath 

temperature, and 20 mL of 15% NaOH solution was added dropwise. The resulting 

mixture was filtered and the filter cake was washed with ethyl acetate (20 mL). The 

aqueous phase was extracted with ethyl acetate (3 × 20 mL). The resulting solution 

was dried with Na2SO4, filtered and concentrated on the rotary evaporator. Purification 

by column chromatography with 5% ethyl acetate in hexanes yielded 2-(but-3-en-1-

yl)hex-5-en-1-ol (431 mg, 2.80 mmol, 78%) as a clear oil. 1H NMR (600 MHz, 

CDCl3) ŭ: 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 2H), 5.04-5.01 (m, 2H), 4.97-4.95 (m, 

2H), 3.58 (d, J = 5.3 Hz, 2H), 2.09 (dt, J = 14.4, 7.2 Hz, 4H), 1.57-1.53 (m, 1H), 1.50-

1.44 (m, 2H), 1.43-1.37 (m, 2H), 1.35 (s, 1H); 13C NMR (100 MHz, CDCl3) ŭ:139.0 

(dn), 114.6 (u), 65.3 (u), 39.5 (dn), 31.2 (u), 30.2 (u);  FTIR (KBr/thin film) 2925, 

1641, 1384, 1050, 908, 668 cm-1; HRMS (CI+) m/z: [M+H]+  calcd. for C10H19O
+, 

155.1436 found 155.1420. 

(4Z)-Cyclohept-4-en-1-ylmethanol 

 

A 2 L round-bottomed flask equipped with a reflux condenser was charged 

with 1 L of methylene chloride, followed by addition of 2-(but-3-en-1-yl)hex-5-en-1-

ol (1.00 g, 6.49 mmol, 1.00 equiv). The solution was heated to reflux temperature. 

Grubbs 1st generation catalyst (267 mg, 0.324 mmol, 0.05 equiv) was added. The 

reaction mixture was allowed to reflux for 3 hours. The solvent was removed with a 

rotary evaporator. Purification by column chromatography with 8% ethyl acetate in 

hexanes yielded 430 mg (3.41 mmol, 54%) of the title compound as a green oil. 1H 
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NMR (400 MHz, CDCl3) ŭ: 5.79-5.72 (m, 2H), 3.42 (d, J = 6.5 Hz, 2H), 2.29-2.17 (m, 

3H), 2.07-2.00 (m, 2H), 1.80-1.75 (m, 2H), 1.72-1.64 (m, 1H), 1.15-1.06 (m, 2H); 13C 

NMR  (100 MHz, CDCl3) ŭ: 132.1 (dn), 68.2 (u), 44.9 (dn), 29.6 (u), 26.9 (u); FTIR 

(KBr/thin film)  3323, 3018, 2916, 2840, 1442, 1250, 1067, 1044, 1008, 939, 703, 631 

cm-1; HRMS (CI+) m/z: [M+H]+  calcd. for C8H15O
+, 127.1123 found 127.1105. 

4-(Di(but -3-en-1-yl)(methyl)silyl)butanenitrile (1 -1) 

 

 

A dry round-bottomed flask was charged with Mg powder (1.24 g, 51.7 mmol, 

3.00 equiv) and dry THF (125 mL) under nitrogen atmosphere. 4-Bromo-1-butene 

(5.60 mL, 55.2 mmol, 3.21 equiv) was introduced to the flask dropwise via syringe. 

The reaction mixture was allowed to stir at rt. After magnesium powder was 

consumed and the formation of the Grignard reagent was complete, HMPA (15.0 mL, 

86.0 mmol, 5.00 equiv, dried over 4Å molecular sieve) was added, followed by 4-

(dichloro(methyl)silyl)butanenitrile (2.70 mL, 17.2 mmol, 1.00 equiv). The reaction 

mixture was stirred at rt overnight. Afterwards, THF was removed via rotary 

evaporation. Saturated aq. NH4Cl (80 mL) and ethyl acetate (80 mL) were added and 

the aqueous layer was extracted three times with ethyl acetate. The organics were 

combined, dried with anhydrous MgSO4, filtered, and concentrated via rotary 

evaporation. Purification by flash column chromatography (1% diethyl ether/hexane) 

afforded the title compound as colorless oil (2.14 g, 9.66 mmol, 56% yield). 1H NMR 

(600 MHz, CDCl3) ŭ: 5.86 (ddt, J =16.5, 10.1, 6.3 Hz, 2H), 5.00 (dd, J =17.0, 1.7 Hz, 

2H), 4.91 (dd, J =10.1, 1.3 Hz, 2H), 2.36 (t, J =6.9 Hz, 2H), 2.05 (ddd, J =9.9, 8.8, 6.4 
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Hz, 4H), 1.68-1.63 (m, 2H), 0.71-0.68 (m, 2H), 0.67-0.64 (m, 4H) , 0.01 (s, 3H); 13C 

NMR  (150 MHz, CDCl3) ŭ:141.3, 119.8, 113.2, 27.9, 21.1, 20.7, 13.8, 12.8, -5.2; 

FTIR (KBr/thin film) 3077, 2975, 2908, 2245, 1714, 1639, 1414, 1253, 1175, 1080, 

994, 906, 805 cm-1; HRMS (CI+) m/z: [M+H]+  calcd. for C13H24NSi+, 222.1678 

found 222.1697. 

(Z)-Si-(3-Cyanopropyl)-Si-methyl-5-sila-cycloheptene (1-2) 

 

 

4-(Di(but-3-en-1-yl)(methyl)silyl)butanenitrile (400 mg, 1.81 mmol, 1.00 

equiv) was dissolved in dry CH2Cl2 (120 mL). Grubbs 1st generation catalyst (74 mg, 

0.0903 mmol, 0.0500 equiv) was added as a solution in dry CH2Cl2 (37 mL) and the 

solution was heated to reflux for 5 hours. After cooling to rt, the reaction mixture was 

concentrated via rotary evaporation. Purification by flash column chromatography 

(2% diethyl ether/hexane) afforded the title compound (299 mg, 1.55 mmol, 85% 

yield) as colorless oil. 1H NMR (400 MHz, CDCl3) ŭ: 5.80-5.72 (m, 2H), 2.35 (t, J 

=7.0 Hz, 2H), 2.24-2.19 (m, 4H), 1.70-1.62 (m, 2H), 0.72-0.67 (m, 2H), 0.65-0.61 (m, 

4H), 0.03 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ: 132.6, 119.9, 21.05, 21.02, 20. 5, 

14.7, 12.5, -4.0; FTIR (KBr/thin film) 3016, 2909, 2876, 2855, 2245, 1466, 1425, 

1406, 1252, 1170, 933, 795, 699 cm-1; HRMS (LIFDI-TOF) m/z: [M]+ calcd. for 

C11H19NSi+, 193.1281 found 193.1282. 

(Z)-Si-(4-Oxobutyl)-Si-methyl-5-silacycloheptene (1-3) 
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A dry round-bottomed flask was charged with a solution of (Z)-Si-(3-

cyanopropyl)-Si-methyl-5-silacycloheptene (656 mg, 3.39 mmol, 1.00 equiv) in 

CH2Cl2 (4.5 mL) under an atmosphere of nitrogen. The flask was cooled by a bath of 

dry ice/acetone (ï78 °C), and DIBAL-H (4.1 mL of a 1.0 M solution in CH2Cl2, 4.1 

mmol, 1.2 equiv) was slowly added via syringe. The dry ice/acetone bath was then 

replaced with a ï40 °C bath (dry ice/acetonitrile), and stirring was continued for 1 

hour. The cold bath was then replaced by an ice bath (0 °C). At 0 °C, H2O (0.14 mL) 

and 15% NaOH (0.14 mL) were sequentially added dropwise.  Additional water (0.34 

mL) was added, and the ice bath was removed and the mixture allowed to stir for 15 

min at rt. Some anhydrous magnesium sulfate was added and the mixture was stirred 

for another 15 min. The salts formed in the mixture were filtered via a Büchner funnel 

and rinsed with methylene chloride. The methylene chloride solutions were combined 

and concentrated. Purification by flash column chromatography (2% diethyl 

ether/hexane) afforded the title compound (422 mg, 2.15 mmol, 63% yield) as 

colorless oil. 1H NMR (400 MHz, CDCl3) ŭ: 9.75 (t, J =1.8 Hz, 1H), 5.80-5.72 (m, 

2H), 2.45 (td, J =7.2, 1.8 Hz, 2H), 2.23-2.18 (m, 4H), 1.68-1.60 (m, 2H), 0.64-0.54 

(m, 6H), 0.02 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ: 203.2 (dn), 132.7 (dn), 47.7 (u), 

21.1 (u), 16.7 (u), 14.8 (u), 12.6 (u), -4.0 (dn);  FTIR (KBr/thin film) 2910, 2876, 

2855, 1727, 1466, 1407, 1251, 1169, 1153, 934, 795, 697 cm-1; HRMS (LIFDI-TOF) 

m/z: [M]+ calcd. for C11H20OSi+, 196.1283 found 196.1301. 

(Z) 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butanoic acid(1-7) 
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A round-bottomed flask was charged with a solution of (Z)-Si-(3-

cyanopropyl)-Si-methyl-5-silacycloheptene (225 mg, 1.16 mmol, 1.00 equiv) in 

ethanol (11.6 mL). NaOH solution (2.32 g in 2.32 mL H2O, 58.0 mmol, 50.0 equiv) 

was slowly added. The reaction was then refluxed for 4 hours. Afterwards, ethanol 

was removed by rotary evaporation, and the remainder was acidified to pH~2 with 3.0 

M HCl solution. The mixture was extracted with 3×40 mL diethyl ether. The 

combined organics were dried with anhydrous MgSO4, filtered, and concentrated. 

Purification by flash column chromatography (30% ethyl acetate/hexane) afforded the 

title compound (188 mg, 0.89 mmol, 76% yield) as light yellow oil. 1H NMR (400 

MHz, CDCl3) ŭ: 5.80-5.72 (m, 2H), 2.37 (t, J =7.4 Hz, 2H), 2.26-2.16 (m, 4H), 1.67-

1.62 (m, 2H), 0.71-0.56 (m, 6H), 0.02 (s, 3H); 13C NMR (100 MHz, CDCl3) ŭ: 180.6 

(u), 132.7 (dn), 38.0 (u), 21.1 (u), 19.4 (u), 14.7 (u), 12.6 (u), -4.0 (dn);  FTIR 

(KBr/thin film) 3017, 2909, 1709, 1410, 1292, 1251, 1232, 1169, 933, 794, 698 cm-1; 

HRMS (LIFDI-TOF) m/z: [M]+ calcd. for C11H20O2Si+ 212.1233, found 212.1231. 

(Z)-Si-(4-Hydroxybutyl) -Si-methyl-5-silacycloheptene (1-4) 
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A 25 mL round-bottomed flask was charged with (Z)-Si-(4-Oxobutyl)-Si-

methyl-5-silacycloheptene (422 mg, 2.15 mmol, 1.00 equiv) and methanol (11 mL).  

The flask was cooled by an ice bath (0 °C), and the mixture was magnetically stirred. 

Sodium borohydride (81 mg, 2.15 mmol, 1.00 equiv) was added slowly in small 

portions as a solid to the reaction mixture. The ice bath was removed, and the mixture 

was allowed to stir while warming to room temperature for 1 h. Water (3 mL) and 3M 

HCl (3 mL) were sequentially and cautiously added dropwise to the mixture. Methanol 

was removed by rotary evaporation, and the remainder was thrice extracted with 

diethyl ether. The combined organics were dried with anhydrous Na2SO4, filtered, and 

concentrated. Purification by flash column chromatography (10%-20% diethyl 

ether/hexane) afforded the title compound (403 mg, 2.03 mmol, 95% yield) as 

colorless oil. 1H NMR (400 MHz, CDCl3) ŭ: 5.80-5.73 (m, 2H), 3.65 (t, J =6.4 Hz, 

2H), 2.23-2.19 (m, 4H), 1.63-1.56 (m, 2H), 1.41-1.33 (m, 2H), 1.24 (br s, 1H), 0.64-

0.53 (m, 6H), 0.01 (s, 3H); 13C NMR   (150 MHz, CDCl3) ŭ: 132.7 (dn), 62.8 (u), 36.8 

(u), 21.2 (u), 20.0 (u), 14.8 (u), 12.8 (u), -3.9 (dn); FTIR (KBr/thin film) 3323, 3016, 

2909, 2874, 1647, 1406, 1378, 1250, 1169, 1060, 934, 795, 698, 435 cm-1; HRMS 

(CI+) m/z: [M+H]+ calcd. for C11H23OSi+ 199.1518, found 199.1522. 

Di(but-3-en-1-yl)diphenylsilane (1-9) 

 

 

A flame-dried round-bottomed flask was charged with Mg powder (2.85 g, 119 

mmol, 3.50 equiv) and dry THF (200 mL) under nitrogen atmosphere. 4-Bromo-l-

butene (12.3 mL, 121 mmol, 3.56 equiv) was introduced to the flask dropwise via 
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syringe. The reaction mixture was allowed to stir at rt. After magnesium powder was 

consumed and the formation of the Grignard reagent was complete, HMPA (29.6 mL, 

170 mmol, 5.00 equiv, dried over 4Å molecular sieve) was added, followed by 

dichlorodiphenylsilane (7.15 mL, 34.0 mmol, 1.00 equiv).  The reaction mixture was 

stirred at rt overnight. Afterwards, THF was removed via rotary evaporation. Saturated 

aq. NH4Cl (100 mL) and ethyl acetate (100 mL) were added and the aqueous layer 

was extracted three times with ethyl acetate. The organics were combined, dried with 

anhydrous MgSO4, filtered, and concentrated via rotary evaporation. Purification by 

flash column chromatography (hexane) afforded the title compound as colorless oil 

(7.03 g, 24.0 mmol, 71%). 1H NMR (600 MHz, CDCl3) ŭ: 7.54-7.49 (m, 4H), 7.43-

7.33 (m, 6H), 5.95-5.83 (m, 2H), 5.03-4.82 (m, 4H), 2.15-2.06 (m, 4H), 1.25-1.17 (m, 

4H); 13C NMR   (100 MHz, CDCl3) ŭ: 141.4 (dn), 135.8 (u), 135.0 (dn), 129.4 (dn), 

128.0 (dn), 113.1 (u), 27.9 (u), 11.8 (u) ; FTIR (NaCl/thin film) 3068, 2998, 2976, 

2907, 1638, 1427, 1180, 1110, 997, 900, 738, 700, 484 cm-1; HRMS (LIFDI-TOF) 

m/z: [M]+ calculated for C20H24Si+ 292.1642; Found 292.1659. 

(Z)-Si,-Si-diphenyl-5-sila-cycloheptene (1-10) 

 

 

Di(but-3-en-1-yl)diphenylsilane (7.03 g,  24.0 mmol, 1.00 equiv) was 

dissolved in CH2Cl2 (120 mL).  Grubbs 1st generation catalyst (594 mg, 0.722 mmol, 

0.030 equiv) was added as a solution in CH2Cl2 (1.7 L) and the mixture was refluxed 

under nitrogen for 1 hour. The mixture was cooled to rt, and the reaction mixture was 
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concentrated via rotary evaporation. Purification by flash column chromatography 

(hexane) afforded the title compound (4.50 g, 71% yield) as colorless solid, mp 59 °C. 

1H NMR (600 MHz, CDCl3) ŭ: 7.56-7.50 (m, 4H), 7.41-7.32 (m, 6H), 5.90-5.82 (m, 

2H), 2.40-2.30 (m, 4H), 1.29-1.22 (m, 4H); 13C NMR   (100 MHz, CDCl3) ŭ: 137.2 

(u), 134.7 (dn), 132.7 (dn), 129.3 (dn), 128.0 (dn), 21.1 (u), 11.4 (u); FTIR (KBr/thin 

film)  3067, 3017, 2910, 2856, 1427, 1149, 1115, 931, 787, 698, 515 cm-1; HRMS 

(LIFDI-TOF) m/z: [M]+ calculated for C18H20Si+ 264.1329; Found 264.1338. 

(3-Chloropropyl)(methyl)bis(2-methylallyl)silane (1-14) 

 

 

3-Methallylmagnesium chloride solution (12.5 mmol, 0.5M in THF, 2.50 

equiv) was added to a flask that had been flame dried and cooled under nitrogen. 3-

Chloropropyldichloromethylsilane (958 mg, 5.0 mmol, 1.00 equiv) was added 

dropwise. The reaction was stirred for 6 hours at rt. Afterwards, THF was removed via 

rotary evaporation. Saturated NH4Cl aqueous solution and diethyl ether were added, 

and aqueous layer was extracted with diethyl ether for 3 times. The combined organic 

layers were dried with anhydrous MgSO4, filtered, and concentrated via rotary 

evaporation. Purification by flash column chromatography (hexane) afforded the 

desired (3-chloropropyl)(methyl)bis(2-methylallyl)silane as colorless oil (950 mg, 

83% yield). 1H NMR (400 MHz, CDCl3) ŭ: 4.62 (s, 2H),  4.51 (s, 2H), 3.50 (t, J = 6.9 

Hz, 2H), 1.83-1.75 (m, 2H), 1.72 (s, 6H), 1.59 (s, 4H), 0.71-0.67 (m, 2H), 0.07 (s, 

3H); 13C NMR  (100 MHz, CDCl3) ŭ: 143.2 (u), 109.2 (u), 48.1 (u), 27.6 (u), 25.7 (u), 
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25.5 (dn), 11.8 (u), -4.3 (dn); FTIR (KBr /thin film) 3074, 2954, 2914, 1637, 1440, 

1373, 1279, 1252, 1164, 1000, 872, 840 cm-1; HRMS (CI+) m/z: [M-CH3]
+ calculated 

for C11H20ClSi+ 215.1017; Found 215.1022. 

3,3ô-((3-Chloropropyl)(methyl)silanediyl)bis(2-methylpropan-1-ol)(1-15) 

 

 

A 25 mL flame-dried round-bottomed flask was charged with (3-

chloropropyl)(methyl)bis(2-methylallyl)silane (231 mg, 1.00 mmol, 1.00 equiv) and 

0.500 mL dry THF.  The flask was cooled by an ice bath (0 °C). Borane THF complex 

solution (1.0 M in THF) (2.00 mL, 2.00 mmol, 2.00 equiv) was added dropwise to the 

reaction mixture. The ice bath was removed, and the mixture was allowed to stir while 

warming to room temperature for 2 hours. Then 2 mL H2O was added to the mixture, 

followed by 0.48 mL 3M NaOH solution and 0.48 mL 30% H2O2. The mixture was 

stirred at 35 °C for 4 h.  Afterwards, 10 mL H2O and 10 mL ethyl acetate were added, 

and the aqueous layer was saturated with K2CO3 and extracted with ethyl acetate 3 

times. The combined organic layers were dried with anhydrous MgSO4, filtered, and 

concentrated via rotary evaporation. Purification by flash column chromatography 

(20%-30% Ethyl acetate/hexane) afforded the title compound as colorless oil (236 mg, 

88% yield). 
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1H NMR (600 MHz, CDCl3) ŭ: 3.49 (t, J = 6.9 Hz, 2H), 3.41-3.33 (m, 4H), 

2.06-2.01 (m, 2H), 1.78-1.72 (m, 4H), 0.94 (d, J = 6.7 Hz, 6H), 0.76 (dd, J = 14.8, 4.6 

Hz, 1H), 0.74-0.70 (m, 1H), 0.68-0.64 (m, 2H), 0.40 ï 0.32 (m, 2H), 0.062-0.055 

(3H); 13C NMR (150 MHz, CDCl3) ŭ: C1 [70.8 (u), 70.6 (u)], C6 [48.2 (u)], C2 [32.3 

(dn), 32.21 (dn), 32.17 (dn)], C5 [27.8 (u)], C7 [19.95 (dn), 19.93 (dn), 19.78 (dn), 

19.73 (dn)], C3 [18.68 (u), 18.53 (u), 18.41 (u), 18.34 (u)], C4 [13.41 (u), 13.09 (u), 

12.90 (u)], C8 [-3.04 (dn), -3.15 (dn), -3.30 (dn)]. FTIR (KBr /thin film) 3327, 2953, 

1457, 1413, 1377, 1254, 1217, 1171, 1083, 1035, 852, 813, 660 cm-1; HRMS (CI+) 

m/z: [M-CH3] 
+ calculated for C11H24ClO2Si+ 251.1229; Found 251.1241. 

3,3ô-((3-Chloropropyl)(methyl)silanediyl)bis(2-methylpropanal) (1-16) 

 

 

A 100 mL flame-dried round-bottomed flask was charged with oxalyl chloride 

(0.440 mL, 5.14 mmol, 3.00 equiv) and 15.6 mL dry CH2Cl2.  The flask was cooled to 

ï78 °C. Then dry DMSO (0.42 mL, 5.93 mmol, 3.50 equiv) in 5 mL dry CH2Cl2 was 

added dropwise to the flask. The mixture was stirred at ï78 ÁC for 30 min. Then 3,3ô-

((3-chloropropyl)(methyl)silanediyl)bis(2-methylpropan-1-ol) (457 mg, 1.71 mmol, 

1.00 equiv) in 3 mL dry CH2Cl2 was added to the mixture. The reaction was stirred at 
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ï78 °C for 20 min. Then dry triethylamine (2.38 mL, 17.1 mmol, 10.0 equiv), stir at ï

78 °C for 15 min. The reaction was then allowed to warm up to rt and stir for another 

5 hours. The reaction was then quenched with saturated aq. NH4Cl (20 mL). The 

aqueous layer was extract with 20 mL CH2Cl2 three times. The collected organic layer 

was dried with anhydrous MgSO4, filtered, and concentrated via rotary evaporation.  

Purification by flash column chromatography (2%-10% ethyl acetate/hexane) afforded 

the title compound as colorless oil (370 mg, 82% yield).  

 

 

1H NMR (600 MHz, CDCl3) ŭ: 9.57-9.56 (m, 2H), 3.51 (t, J = 6.7 Hz, 2H), 

2.45-2.38 (m, 2H), 1.79-1.74 (m, 2H), 1.16 (d, J = 7.1 Hz, 6H), 1.07-1.05 (m, 2H), 

0.71-0.69 (m, 2H), 0.56-0.53 (m, 2H), 0.09-0.08 (m, 3H); 13C NMR (150 MHz, 

CDCl3) ŭ: C1 [204.4 (dn)], C6 [47.8 (u)], C2 [42.3 (dn)], C5 [27.4 (u)], C7 [16.73 

(dn), 16.69 (dn)], C3 [15.16 (u), 15.05 (u)], C4 [12.7 (u), 12.5 (u), 12.3 (u)], C8 [-3.49 

(dn), -3.62 (dn), -3.69 (dn)]. FTIR (KBr /thin film) 2956, 2932, 1720, 1454, 1414, 

1255, 1179, 1123, 1011, 813 cm-1; HRMS (CI+) m/z: [M-CH3] 
+ calculated for 

C11H20ClO2Si+ 247.0916; Found 247.0929. 

(3-Chloropropyl)(methyl)bis(2-methylbut-3-en-1-yl)silane (1-17) 
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A solution of n-BuLi (2.5 M, 1.85 mL, 4.63 mmol, 3.30 equiv) in hexanes was 

added dropwise to a cooled (ï78 °C) solution of methylphosphonium iodide (1.98 g, 

4.91 mmol, 3.50 equiv) in dry THF (10.0 mL) and the mixture was allowed to warm to 

0°C. After stirring for 50 min at 0°C, a solution of 3,3ô-((3-

chloropropyl)(methyl)silanediyl)bis(2-methylpropanal) (369 mg, 1.40 mmol, 1.00 

equiv) in dry THF (2.00 mL) was added. The reaction mixture was stirred at rt for 

another 2 hours. The reaction mixture was partitioned between 20 mL CH2Cl2 and 20 

mL saturated solution of NaHCO3. The aqueous layer was extracted with 2×20 mL 

CH2Cl2. The organic layers were combined, dried over MgSO4, and concentrated. The 

crude residue was purified by flash chromatography (1% diethyl ether/hexane) to 

afford the title compound as colorless oil (276 mg, 76% yield). 

  

 1H NMR (600 MHz, CDCl3) ŭ: 5.72 (ddd, J = 17.5, 10.1, 7.7 Hz, 2H), 4.94 (d, 

J = 17.1 Hz, 2H), 4.84 (d, J = 10.2 Hz, 2H), 3.49 (t, J = 7.0 Hz, 2H), 2.30 (dt, J = 13.8, 

6.9 Hz, 2H), 1.78-173 (m, 2H), 1.03 (d, J = 6.7 Hz, 6H), 0.71-0.68 (m, 2H), 0.65-0.58 

(m, 4H), 0.029 (s, 3H); 13C NMR   (150 MHz, CDCl3) ŭ: C2 [147.0 (dn)], C1 [111.3 

(u)], C7 [48.2 (u)], C3 [34.4 (dn)], C6 [27.8 (u)], C8 [24.40 (dn), 24.37 (dn)], C4 
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[22.70 (u), 22.68 (u), 22.65 (u)], C5 [13.06 (u), 13.04 (u)], C9 [-3.11 (dn), -3.14 (dn)].  

FTIR (KBr /thin film) 2956, 2925, 2898, 1639, 1456, 1370, 1253, 1121, 995, 910, 810 

cm-1; HRMS (CI+) m/z: [M-C5H9] 
+ calculated for C9H18ClSi+ 189.0861; Found 

189.0869. 

1-(3-Chloropropyl) -1,3,6-trimet hyl-2,3,6,7-tetrahydro-1H-silephine (1-18) 

 

 

(3-chloropropyl)(methyl)bis(2-methylbut-3-en-1-yl)silane (389 mg, 1.50 

mmol, 1.00 equiv) was dissolved in dry CH2Cl2 (144 mL).  Grubbs 1st generation 

catalyst (61 mg, 0.074 mmol, 0.050 equiv) was added as a solution in CH2Cl2 (10 mL) 

and the mixture was refluxed under nitrogen for 4 hours. The mixture was cooled to rt, 

and the reaction mixture was concentrated via rotary evaporation. Purification by flash 

column chromatography (hexane) afforded the title compound (341 mg, 98% yield) as 

colorless oil. 

 

 

1H NMR (600 MHz, CDCl3) ŭ: C1[5.29 (m, 0.95H), 5.23 (m, 1.05H)], C6[3.54 

(t, J =7.0 Hz, 0.47 H), 3.50 (t, J =7.0 Hz, 0.99 H), 3.46 (t, J =7.0 Hz, 0.52H)], C2 
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[2.62-2.54 (m, 2H)], C5[1.81-1.68 (m, 2H)], C7[1.09-1.06 (m, 6H)], C3[0.90-0.59 (m, 

4H)], C4[0.54-0.46 (m, 2H)], C8[0.08 (s, 0.86H), 0.01 (s, 1.48 H), -0.08(s, 0.60H)]; 

13C NMR   (150 MHz, CDCl3) ŭ: C1 [137.8 (dn), 137.7 (dn), 135.6 (dn), 135.5 

(dn)], C6 [48.3 (u), 48.2 (u), 48.1 (u)], C2 [30.6 (dn), 30.4 (dn), 27.84 (dn), 27.54 

(dn)], C5 [27.91 (u), 27.68 (u), 27.52 (u)], C7 [26.93 (dn), 26.89 (dn), 26.48 (dn), 

26.41 (dn)], C3 [22.3 (u), 22.2 (u), 21.6 (u)], C4 [13.7 (u), 13.2 (u), 11.8 (u)], C8 [-2.5 

(dn), -3.4 (dn), -4.1 (dn)]. FTIR (KBr /thin film) 2952, 2900, 2869, 1646, 1455, 1370, 

1252, 1096, 1013, 816, 727, 703 cm-1; HRMS (CI+) m/z: [M-CH3] 
+ calculated for 

C11H20ClSi+ 215.1017; Found 215.1029. 

3-(1,3,6-Trimethyl -2,3,6,7-tetrahydro-1H-silepin-1-yl)propyl acetate (1-19) 

 

 

A 10 mL flame-dried round-bottomed flask was charged with KOAc (98 mg, 

1.0 mmol, 2.0 equiv) and tetrabutylammonium iodide (9 mg, 0.03 mmol, 0.050 equiv). 

A solution of 1-(3-chloropropyl)-1,3,6-trimethyl-2,3,6,7-tetrahydro-1H-silephine (116 

mg, 0.5 mmol, 1.0 equiv) in dry DMF (1 mL) was added to the mixture. The reaction 

was heated up to 100 °C and allowed to stir overnight. The mixture was cooled and 

DMF was removed under reduced pressure. Brine (10 mL) and diethyl ether (10 mL) 

were added. The aqueous layer was extracted twice with 10 mL diethyl ether. The 

organic layers were dried over MgSO4 and concentrated. The crude residue was 

purified by flash chromatography (1% diethyl ether/hexane) to afford 3-(1,3,6-
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trimethyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)propyl acetate as colorless oil (122 mg, 

96% yield). 

 

1H NMR (600 MHz, CDCl3) ŭ: C1[5.28 (m, 0.97H), 5.21 (m, 0.99H)], C6[4.04 

(t, J =7.0 Hz, 0.42 H), 4.00 (t, J =7.0 Hz, 1.02 H), 3.97 (t, J =7.0 Hz, 0.56H)], C2 

[2.61-2.49 (m, 2H)], C8[2.06-2.03 (m, 3H)], C5[1.65-1.53 (m, 2H)], C9[1.08-1.05 (m, 

6H)], C3-C4[0.89-0.78 (m, 1H), 0.74-0.59 (m, 2H), 0.52-0.40 (m, 3H)], C10 [0.07 (s, 

0.83H), 0.00 (s, 1.53 H), -0.10 (s, 0.65H)]; 

13C NMR (150 MHz, CDCl3) ŭ: C7 [171.3 (u)], C1 [137.83 (dn), 137.68 (dn), 

135.56 (dn), 135.49 (dn)], C6 [67.34 (u), 67.30 (u), 67.23 (u)], C2 [30.6 (dn), 30.4 

(dn), 27.83 (dn), 27.53(dn)], )], C9 [26.93 (dn), 26.90 (dn), 26.49 (dn), 26.41 (dn)], C5 

[23.4 (u), 23.2 (u), 23.0 (u)], C3 [22.3 (u), 22.2 (u), 21.6 (u)], C8 [21.2 (dn)], C4 [11.8 

(u), 11.2 (u), 9.9 (u)], C10 [-2.5 (dn), -3.4 (dn), -4.2 (dn)]. 

FTIR (KBr /thin film) 2953, 2924, 2899, 2870, 1743, 1455, 1364, 1236, 1047, 

844, 817, 705 cm-1; HRMS (CI+) m/z: [M+H] + calcd. for C14H27O2Si+ 255.1775, 

found 255.1767. 

3-(1, 3, 6-Trimethyl -2,3,6,7-tetrahydro-1H-silepin-1-yl)propan-1-ol (1-20) 
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A 10 mL round-bottomed flask was charged with sodium methoxide (2 mg, 

0.041 mmol, 0.1 equiv). A solution of 3-(1,3,6-trimethyl-2,3,6,7-tetrahydro-1H-

silepin-1-yl)propyl acetate (105 mg, 0.41 mmol, 1.0 equiv) in MeOH (4 mL) was 

added. The reaction mixture was allowed to stir at rt overnight. After the reaction, 10 

mL brine and 10 mL diethyl ether was added, and the aqueous layer was extracted 

with diethyl ether 3 times. The combined organic layers were dried with anhydrous 

MgSO4, filtered, and concentrated via rotary evaporation. Purification by flash column 

chromatography (30% diethyl ether/n-hexane) afforded the desired 3-(1, 3, 6-

trimethyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)propan-1-ol as colorless oil (82 mg, 94% 

yield). 

  

 1H NMR (600 MHz, CDCl3) ŭ: C1[5.29 (m, 0.96H), 5.22 (m, 0.99H)], 

C6[3.63 (t, J =6.8 Hz, 0.43 H), 3.59 (t, J =6.8 Hz, 1.02 H), 3.56 (t, J =6.8 Hz, 0.57H)], 

C2 [2.63-2.53 (m, 2H)], C5[1.62-1.51 (m, 2H)], 1.48 (br, 1H), C7[1.07-1.06 (m, 6H)], 

C3-C4[0.90-0.79 (m, 1H), 0.75-0.60 (m, 2H), 0.53-0.40 (m, 3H)], C8[0.07 (s, 0.84H), 

0.00 (s, 1.51 H), -0.09(s, 0.64H)]; 

13C NMR   (150 MHz, CDCl3) ŭ: C1 [137.8 (dn), 137.7 (dn), 135.6 (dn), 135.5 

(dn)], C6 [66.0 (u)], C2 [30.6 (dn), 30.4 (dn), 27.86 (dn), 27.57 (dn)], C5 [27.36 (u), 

27.13 (u)], C7 [26.98 (dn), 26.94 (dn), 26.51 (dn), 26.44 (dn)], C3 [22.4 (u), 22.3 (u), 

21.7 (u)], C4 [11.6 (u), 11.0 (u), 9.7 (u)], C8 [-2.5 (dn), -3.4 (dn), -4.1 (dn)]. 

FTIR (KBr /thin film) 3323, 2952, 2924, 2900, 2869, 1454, 1250, 1096, 1054, 

1012, 843, 816, 704 cm-1; HRMS (CI+) m/z: [M-H] + calcd. for C12H23OSi+ 211.1513, 

found 211.1504. 
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But-3-en-1-yl(chloromethyl)dimethylsilane (1-11) 

 

 

A dry round-bottomed flask was charged with Mg powder (468 mg, 19.5 

mmol, 1.30 equiv) and dry THF (42 mL) under nitrogen atmosphere. 4-Bromo-1-

butene (1.98 mL, 19.5 mmol, 1.30 equiv) was introduced to the flask dropwise via 

syringe. After magnesium powder was consumed and the formation of the Grignard 

reagent was complete, chloro(chloromethyl)dimethylsilane (1.98 mL, 15.0 mmol, 1.00 

equiv) was added. The reaction mixture was allowed to stir at rt for 20 hours. 

Afterwards, THF was removed via rotary evaporation. 30 mL saturated NH4Cl 

aqueous solution and 30 mL pentane were added, and aqueous layer was twice 

extracted with 30 mL portions of pentane. The organics were combined, dried with 

anhydrous MgSO4, filtered, and concentrated via rotary evaporation. Purification by 

flash column chromatography (pentane) afforded the title compound as colorless oil 

(1.86 g, 11.4 mmol, 76% yield). 1H NMR (400 MHz, CDCl3) ŭ: 5.87 (ddt, J = 16.5, 

10.1, 6.2 Hz, 1H), 5.04-4.99 (m, 1H), 4.94-4.90 (m, 1H), 2.79 (s, 2H), 2.14-2.08 (m, 

2H), 0.79-0.75 (m, 2H), 0.13 (s, 6H); 13C NMR  (100 MHz, CDCl3) ŭ: 141.1 (dn), 

113.4 (u), 30.4 (u), 27.8 (u), 12.9 (u), -4.39 (dn); FTIR (KBr /thin film) 3441, 1643, 

1254, 1095, 911, 821, 673 cm-1; HRMS (CI+) m/z: [M-Cl]+ calcd. for C7H15Si+ 

127.0943, found 127.0939. 

1-(But-3-en-1-yldimethylsilyl)but -3-en-2-ol (1-12) 
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A dry round-bottomed flask was charged with magnesium powder (310 mg, 

12.9 mmol, 1.05 equiv) under nitrogen atmosphere. But-3-en-1-

yl(chloromethyl)dimethylsilane (2.00 g, 12.3 mmol, 1.00 equiv) was introduced to the 

flask as a dry THF (3.00 mL) solution via syringe. After initiation of the Grignard 

reaction, 7 mL of additional anhydrous THF was added to the mixture. The reaction 

was stirred at rt for 3 hours. After the Grignard reagent had formed, acrolein (0.821 

mL, 12.3 mmol, 1.00 equiv) was added dropwise at 0°C. The reaction was stirred at rt 

for another hour. Afterwards, THF was removed via rotary evaporation. Saturated aq. 

NH4Cl (20 mL) and diethyl ether (20 mL) were added to the mixture. The aqueous 

layer was extracted with three 20 mL portions of diethyl ether. The organics were 

combined, dried with anhydrous MgSO4, filtered, and concentrated via rotary 

evaporation. Purification by flash column chromatography (5% diethyl ether/hexane) 

afforded the title compound as colorless oil (1.24 g, 6.70 mmol, 55% yield). 1H NMR 

(600 MHz, CDCl3) ŭ: 5.91-5.84 (m, 2H), 5.17 (d, J = 17.2 Hz, 1H), 5.02 (d, J = 10.3 

Hz, 1H), 4.98 (dd, J = 17.1, 1.5 Hz, 1H), 4.89 (d, J = 10.1 Hz, 1H), 4.28-4.25 (m, 1H), 

2.06 (dt, J = 11.4, 6.5 Hz, 2H), 1.58 (br, 1H), 1.00 (dd, J = 14.4, 7.2 Hz, 1H), 0.91 (dd, 

J = 14.3, 7.3 Hz, 1H), 0.66-0.63 (m, 2H), 0.041 (s, 3H), 0.037 (s, 3H); 13C NMR   (150 

MHz, CDCl3) ŭ:143.6 (dn), 141.7 (dn), 113.6 (u), 112.9 (u), 71.6 (dn), 28.0 (u), 

25.1(u), 15.1 (u), -2.34 (dn), -2.36 (dn);  FTIR (NaCl /thin film) 3407, 2953, 2909, 

1639, 1413, 1249, 991, 901, 837 cm-1; HRMS (CI+) m/z: [M-OH]+ calcd. for 

C10H19Si+ 167.1256, found 167.1255. 

1,1-dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-ol(1-13) 
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1-(but-3-en-1-yldimethylsilyl)but-3-en-2-ol (719 mg,  3.89 mmol, 1.00 equiv) 

was dissolved in dry CH2Cl2 (327 mL).  Grubbs 2nd generation catalyst (99 mg, 0.117 

mmol, 0.0300 equiv) was added as a solution in dry CH2Cl2 (10 mL) and the mixture 

was refluxed under nitrogen for 1 hours. The mixture was cooled to rt, and the reaction 

mixture was concentrated via rotary evaporation. Purification by flash column 

chromatography (5%-15% diethyl ether/hexane) afforded the title compound (504 mg, 

83% yield) as yellow oil. 1H NMR (400 MHz, CDCl3) ŭ: 5.70-5.61 (m, 2H), 4.74 (d, J 

= 12.3 Hz, 1H), 2.26-2.11 (m, 2H), 1.70-1.65 (m, 1H), 1.12-1.06 (m, 1H), 1.01 (dd, J 

= 13.2, 2.8 Hz, 1H), 0.67 (ddd, J = 14.4, 7.0, 3.2 Hz, 1H), 0.53-0.46 (m, 1H), 0.11 (s, 

3H), 0.00 (s, 3H); 13C NMR  (100 MHz, CDCl3) ŭ: 138.5 (dn), 129.8 (dn), 67.2 (dn), 

27.1 (u), 21.8 (u), 13.0 (u), -1.3 (dn), -2.5 (dn) ; FTIR (KBr /thin film) 3332, 2952, 

2911, 2878, 2854, 1708, 1648, 1416, 1250, 1179, 1010, 924, 836, 800, 697 cm-1; 

HRMS (CI+) m/z: [M+H]+ calcd. for C8H17OSi+ 157.1049, found 157.1035. 

(Z) 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butyl (4-nitrophenyl) 

carbonate (1-5) 
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A round-bottomed flask was charged with 4-(1-methyl-2,3,6,7-tetrahydro-1H-

silepin-1-yl)butan-1-ol (50 mg, 0.250 mmol, 1.00 equiv), and was then purged with 

nitrogen. Anhydrous methylene chloride (1.50 mL) and pyridine (50 mg, 0.63 mmol, 

2.5 equiv) were sequentially added to the flask. A solution of 4-nitrophenyl 

chloroformate (102 mg, 0.510 mmol, 2.00 equiv) in anhydrous methylene chloride 

(1.00 mL) was added to the mixture via syringe and the resulting solution was allowed 

to stir for 30 minutes at rt. To the reaction was added saturated (aq.) NH4Cl, and the 

layers were separated. The aqueous layer was extracted twice with methylene chloride. 

The organic layers were combined, dried with MgSO4, filtered and concentrated via 

rotary evaporator. Flash chromatography (1%-10% diethyl ether/hexane) afforded the 

title compound (81 mg, 88% yield) as colorless oil. 1H NMR (600 MHz, CDCl3) ŭ: 

8.27 (d, J = 9.1 Hz, 2H), 7.38 (d, J = 9.1 Hz, 2H), 5.76 (t, J = 4.5 Hz, 2H), 4.29 (t, J = 

6.6 Hz, 2H), 2.25-2.17 (m, 4H), 1.80-1.75 (m, 2H), 1.46-1.41 (m, 2H), 0.67-0.57 (m, 

6H), 0.027 (s, 3H); 13C NMR (150 MHz, CDCl3) ŭ:155.7 (u), 152.7 (u), 145.5 (u), 

132.7 (dn), 125.4 (dn), 121.9 (dn), 69.4 (u), 32.4 (u), 21.2 (u), 20.0 (u), 14.6 (u), 12.7 

(u), -3.93 (dn); FTIR (KBr /thin film) 2909, 2874, 1767, 1526, 1348, 1258, 1216, 860, 

796, 699 cm-1; HRMS (CI+) m/z: [M+H]+ calculated for C18H26NO5Si+ 364.1580; 

Found 364.1576. 

(Z)4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butyl (2-(2-((6-

chlorohexyl)oxy)ethoxy)ethyl)carbamate(1-6) 
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To a solution of (Z)4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butyl (4-

nitrophenyl) carbonate (149 mg, 0.407 mmol, 1.00 equiv) and 2-[2-(6-chloro-

hexyloxy)-ethoxy]-ethylammonium hydrochloride130 (159 mg, 0.611 mmol, 1.50 

equiv) in methylene chloride (3.7 mL) was added triethylamine (170 µL, 1.22 mmol, 

3.00 equiv) in one portion. The reaction mixture was stirred at rt for 2 hours. The 

mixture was poured over 10 mL EtOAc and washed with 10 mL brine. The organic 

layer was dried with anhydrous MgSO4, filtered and concentrated via rotary 

evaporator. The crude residue was purified by silica gel chromatography (15% diethyl 

ether/hexane, then 5% acetone/hexane) to afford the title compound as a mixture with 

nitrophenol. CH2Cl2 was added and the mixture was washed with 2×20 mL NaOH 

(1.00 M) to afford title compound (173 mg, 95% yield) as colorless oil. 1H NMR (600 

MHz, CDCl3) ŭ: 5.78-5.73 (m, 2H), 5.15 (br s, 1H), 4.04 (t, J = 6.3 Hz, 2H), 3.66-3.59 

(m, 2H), 3.56-3.52 (m, 6H), 3.46 (t, J = 6.7 Hz, 2H), 3.38-3.35 (m, 2H), 2.20 (dt, J = 

10.3, 4.1 Hz, 4H), 1.80-1.75 (m, 2H), 1.63-1.58 (m, 4H), 1.48-1.43 (m, 2H), 1.40-1.32 

(m, 4H), 0.65-0.53 (m, 6H), 0.00 (s, 3H); 13C NMR (150 MHz, CDCl3) ŭ: 157.0 (u), 

132.73 (dn), 71.4 (u), 70.4 (u), 70.3 (u), 70.2 (u), 64.8 (u), 45.2 (u), 40.9 (u), 33.0 (u). 

32.7 (u), 29.6 (u), 26.8(u), 25.6 (u), 21.2 (u), 20.1 (u), 14.6 (u), 12.8 (u), -3.9 (dn); 

FTIR (NaCl/thin film) 2934, 2860, 1722, 1521, 1251, 1119, 796, 698 cm-1; HRMS 

(ESI+) m/z: [M+H] + calcd. for C22H43NClO4Si+ 448.2650, found 448.2634. 

(Z) 2,5-dioxopyrrolidin -1-yl 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-

yl)butanoate (1-8) 
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To a solution of (Z)4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butanoic 

acid (66 mg, 0.310 mmol, 1.00 equiv) and N-hydroxysuccinimide (72 mg, 0.625 

mmol, 2.00 equiv) in DMF (1.80 mL) was added N-(3-Dimethylaminopropyl)-Nł-

ethylcarbodiimide hydrochloride (126 mg, 0.625 mmol, 2.00 equiv) in one portion. 

The reaction was stirred at rt for 14 hours. DMF solution was concentrated via rotary 

evaporation. Flash chromatography (10%-30% ethyl acetate/hexane) afforded the title 

compound (88 mg, 91% yield) as white solid, mp 41-43 °C. 1H NMR (600 MHz, 

CDCl3) ŭ: 5.74 (t, J = 4.5 Hz, 2H),2.86-2.73 (m, 4H), 2.61 (t, J = 7.2 Hz, 2H), 2.23-

2.17 (m, 4H), 1.76-1.71 (m, 2H), 0.66-0.57 (m, 6H), 0.02 (s, 3H); 13C NMR (150 

MHz, CDCl3) ŭ:169.3 (u), 168.5 (u), 132.6 (dn), 34.6 (u), 25.7 (u), 21.1 (u), 19.4 (u), 

14.4 (u), 12.5 (u), -4.1 (dn); FTIR (KBr /thin film) 3015, 2908, 2876, 1814, 1784, 

1740, 1430, 1366, 1207, 1069, 796, 648 cm-1; HRMS (LIFDI-TOF) m/z: [M]+  calcd. 

for C15H23NO4Si+, 309.1396 found 309.1407. 

1.8.6 Synthesis procedure for carbocyclic trans-cycloheptenes 

trans-CyclohepteneÅAgNO3(1-21) 

 

 



 83 

In a round bottomed flask, cis-cycloheptene (500 mg, 5.20 mmol, 1.00 equiv) 

and methyl benzoate (1.43 g, 10.4 mmol, 2.0 equiv) were dissolved in 2% diethyl 

ether/hexane (500 mL). The round bottomed flask was immersed in a cooling bath 

(NESLAB CB 80 with a CRYOTROL controller, bath temperature was set to -50 °C) 

and connected via PTFE tubing successively to an FMI ñQò pump, a three-way tee 

that was equipped with a thermometer probe, a coil of FEP tubing (total length: 1m; 

ID: 1/16 inch; OD 1/8 inch) and a 25g Biotage® column as illustrated in Figure . The 

FEP tubing coil was placed in a Rayonet® RPR-100 reactor. The bottom of the column 

was packed with dry silica gel (6 cm in height), and the top of the column was packed 

with silver nitrate impregnated silica (11.5 g of 10 wt% of AgNO3 on SiO2, 1.30 

equiv). The column was flushed with 200 mL of the reaction solvent. The pump was 

turned on and the rate of circulation was adjusted to approx. 100 mL per minute. The 

temperature at the three-way tee was maintained at 0 ęC. The lamp (254 nm) was then 

turned on, and photoisomerization of the stirring mixture was carried out for 6 hours. 

Afterwards, the sensitizer was flushed from the column with 300 mL of 10% ether in 

hexanes.  The column was then dried by a stream of compressed nitrogen, and all of 

the silica gel in the cartridge was taken out and dissolved in 200 mL acetonitrile 

(HPLC grade). The acetonitrile solution was lyophilized, affording pale yellow 

semisolid consisting of trans-cyclohepteneÅAgNO3 complex and free AgNO3. Yields 

are determined by titration 10 mL (out of 200 mL) acetonitrile solution of trans-

cyclohepteneÅAgNO3 with diphenyl tetrazine (run 1, 2.60 mmol, 50% yield; run 2, 

2.91 mmol, 56% yield). The trans-cycloheptene ÅAgNO3 complex was collected and 

stored as solution in ethanol (200 mL) at -20°C. 1H NMR (400 MHz, CD3OD) ŭ:  

5.57-5.54 (m, 2H), 2.55-2.50 (m, 2H), 2.28-2.19 (m, 2H), 1.75-1.56 (m, 6H); 13C 
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NMR (100 MHz, CD3OD) ŭ: 120.2 (dn), 32.3 (u), 31.0 (u), 25.5 (u); FTIR (AgCl /thin 

film) 2934, 1756, 1717, 1558, 1302, 1077, 809, 718 cm-1; HRMS (CI+) m/z: [M-

AgNO3]
+ calcd. for C7H13

+ 97.1017, found 97.1021. 

(4E)-Cyclohept-4-en-1-ylmethanol ÅAgNO3(1-22) 

 

 

The (4Z)-Cyclohept-4-en-1-ylmethanol (100 mg, 0.79 mmol, 1.00 equiv) and 

methyl benzoate (216 mg, 1.59 mmol, 2.00 equiv) were dissolved in 100 mL of 

solvent (70% diethyl ether/hexane) in a round bottomed flask. The round bottomed 

flask was immersed in a cooling bath (NESLAB CB 80 with a CRYOTROL 

controller, bath temperature was set to -50 °C) and connected via PTFE tubing 

successively to an FMI ñQò pump, a three-way tee that was equipped with a 

thermometer probe, a coil of FEP tubing (total length: 1m; ID: 1/16 inch; OD 1/8 inch) 

and a 10g Biotage® column as illustrated in Figure. The FEP tubing coil was placed in 

a Rayonet® RPR-100 reactor. The bottom of the column was packed with dry silica 

gel (4.60 cm in height), and the top of the column was packed with silver nitrate 

impregnated silica (2.70 g of 10 wt% of AgNO3 on SiO2, 2.00 equiv). The column was 

flushed with 200 mL of the reaction solvent. The pump was turned on and the rate of 

circulation was adjusted to approx. 100 mL per minute. The temperature at the three-

way tee was maintained at 0 ęC. The lamp (254 nm) was then turned on, and 

photoisomerization of the stirring mixture was carried out for 2 hours. Afterwards, the 
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sensitizer was flushed from the column with 100 mL of 10% ether in hexanes.  The 

column was then dried by a stream of compressed nitrogen, and then flushed with 100 

mL ethanol.  The ethanol solution was concentrated via rotary evaporation, affording 

306 mg of a dark brown viscous oil consisting of (4E)-cyclohept-4-en-1-ylmethanol 

ÅAgNO3 complex (run 1: 0.474 mmol by NMR analysis, 60% yield; run 2: 0.545 

mmol by NMR analysis, 69% yield) and free AgNO3. 
1H NMR (400 MHz, CD3OD) ŭ: 

5.59 (ddd, J = 17.5, 9.9, 5.7 Hz, 1H), 5.31 (ddd, J = 17.6, 10.8, 2.6 Hz, 1H), 3.31-3.20 

(m, 2H), 2.78-2.73 (m, 1H), 2.45-2.28 (m, 2H), 2.22-2.12 (m, 1H), 2.00-1.88 (m, 2H), 

1.61-1.54 (m, 2H), 1.23-1.15 (m, 1H), 1.06-0.96 (m, 1H); 13C NMR  (100 MHz, 

CD3OD) ŭ: 121.6 (dn), 118.6 (dn), 68.9 (u), 41.0 (dn), 37.2 (u), 36.4 (u), 35.3 (u), 26.8 

(u); FTIR (AgCl /thin film) 3401, 2928, 1715, 1324, 1076, 1042, 1028, 816, 668 cm-1; 

HRMS (CI+) m/z: [M-OH-AgNO3]
+ calcd. for C8H13

+ 109.1017, found 109.1021. 

1.8.7 General procedure for photoisomerization of silicon-containing trans-

cycloheptene derivatives 

 

 

The (Z)-sila cycloheptene derivative (100 mg) and methyl benzoate (2.00 

equiv) were dissolved in 100 mL of solvent in a quartz flask into which N2 was 

sparged. The quartz flask was placed in a Rayonet® reactor and connected via PTFE 

tubing to a column (Biotage® SNAP cartridge, 10g) and an FMI pump. The bottom of 

the column was packed with silica gel, and the top of the column was packed with 

silver nitrate impregnated silica (2.00 equiv). The column was flushed with 7:3 

hexane: diethyl ether. The pump was turned on and the rate of circulation was adjusted 
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to approximately 100 mL per minute. The lamp was then turned on, and irradiation 

(254 nm) of the mixture was carried out for the indicated time. The conversion of the 

starting material was monitored by GC with dodecane used as standard. The column 

was washed with additional solvent (100 mL) and then dried by a stream of 

compressed nitrogen. The SNAP cartridge was then flushed with 150 mL of ethanol to 

afford an ethanol solution of (E)-sila cyclohepteneÅAgNO3 derivative. The ethanol 

solution was concentrated via rotary evaporation, affording the corresponding (E)-sila 

cyclohepteneÅAgNO3 derivative and free AgNO3. The NMR yield of the trans-

cyclohepteneÅAgNO3 complex was determined by comparing the integration of the 

trans-alkene protons to mesitylene that was added as an NMR standard. 

(E)-Si-(3-Cyanopropyl)-Si-methyl-5-silacyclohepteneÅAgNO3(1-24) 

 

 

(Z)-Si-(3-Cyanopropyl)-Si-methyl-5-silacycloheptene (100 mg, 0.517 mmol, 

1.00 equiv) and methyl benzoate (145 mg, 1.06 mmol, 2.05 equiv) were placed in a 

quartz flask and dissolved in 100 mL of 2:3 Et2O: hexanes that had been degassed 

through three freeze/pump/thaw cycles. The SNAP cartridge was packed with dry 

silica gel and silver nitrate impregnated silica (1.76 g, 10wt% AgNO3, 2.00 equiv).  

Dodecane (87 mg, 0.51 mmol, 1.00 equiv) was added to the flask to allow for GC 

monitoring. The solution in the quartz flask was then irradiated (254 nm) under 

continuous flow conditions (100 mL/min) for 3 hours with N2 sparging, at which point 

GC analysis indicated that the reaction was complete. The SNAP cartridge was 

flushed with 200 mL of 1:4 Et2O/hexanes and then dried with compressed nitrogen. 
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The SNAP cartridge was then flushed with 225 mL of ethanol to afford an ethanol 

solution of (E)-Si-(3-cyanopropyl)-Si-methyl-5-silacyclohepteneÅAgNO3. The ethanol 

solution was concentrated via rotary evaporation, affording 230 mg of a dark brown 

viscous oil containing the trans-cyclohepteneÅAgNO3 complex and free AgNO3.  
1H 

NMR analysis with an internal standard (mesitylene) indicated that the yield of the 

title compound was 0.408 mmol (79% yield).  A repetition of this experiment on the 

same scale gave 0.388 mmol (75% yield). 1H NMR (400 MHz, CD3OD) ŭ: 5.64-5.55 

(m, 2H), 2.61-2.54 (m, 4H), 2.37-2.26 (m, 2H), 1.72-1.64 (m, 2H), 1.13-1.00 (m,2H), 

0.94-0.81 (m, 2H), 0.76-0.67 (m, 2H), 0.051 (s, 3H); 13C NMR   (100 MHz, CD3OD) 

ŭ: 122.5 (u), 120.1 (dn), 119.7 (dn), 28.6 (u), 28.5 (u), 21.14 (u), 21.09 (u), 18.5 (u), 

16.0 (u), -3.1 (dn); FTIR (ATR) 3430, 2940, 2880, 2270, 1730, 1560, 1370, 1270, 

1030, 924, 856, 810, 727, cm-1; HRMS (CI+) m/z: [M+H-AgNO3]
+ calcd. for 

C11H20NSi+ 194.1365, found 194.1372. 

(E)-Si-(3-Cyanopropyl)-Si-methyl-5-silacycloheptene (1-33): without 

concentration 

 

 

To 0.398 mmol of (E)-Si-(3-cyanopropyl)-Si-methyl-5-

silacyclohepteneÅAgNO3 was added 2 mL C6D6, followed by generous excess of brine 

(3 mL). The mixture was shaken for a couple of seconds. The precipitate (AgCl) was 

filtered off and the C6D6 layer was separated, producing an organic solution of (E)-Si-
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(3-cyanopropyl)-Si-methyl-5-silacycloheptene. 1H NMR and 13C NMR were taken, 

indicating that the solution contained 98% trans isomer and 2% cis isomer. 1H NMR 

(400 MHz, C6D6) ŭ: 5.52 (ddd, J = 16.9, 9.7, 4.9 Hz, 1H), 5.42 (ddd, J = 17.0, 9.2, 5.2 

Hz, 1H), 2.23-2.05 (m, 4H), 1.46 (t, J = 7.0 Hz, 2H), 1.04-0.97 (m, 2H), 0.69-0.64 (m, 

2H), 0.49-0.40 (m, 2H), 0.21-0.16 (m, 2H), -0.24 (s, 3H); 13C NMR (100 MHz, C6D6) 

ŭ: 135.6, 134.8, 119.5, 27.6, 27.0, 20.8, 20.5, 20.1, 19.8, 15.6, -2.8. 

(E)-Si-(4-Hydroxybutyl) -Si-methyl-5-silacyclohepteneÅAgNO3 (1-25) 

 

 

(Z)-Si-(4-Hydroxybutyl)-Si-Methyl-5-silacycloheptene (100 mg, 0.510 mmol, 

1.00 equiv) and methyl benzoate (138 mg, 1.02 mmol, 2.00 equiv) were placed in a 

quartz flask and dissolved in 100 mL of 2:3 Et2O: hexanes that had been degassed 

through three freeze/pump/thaw cycles. The SNAP cartridge was packed with dry 

silica gel and silver nitrate impregnated silica (1.73 g, 10wt% AgNO3, 2.00 equiv). 

Dodecane (86 mg, 0.51 mmol, 1.00 equiv) was added to the flask to allow for GC 

monitoring. The solution in the quartz flask was then irradiated (254 nm) under 

continuous flow conditions (100 mL/min) for 3 hours with N2 sparging, at which point 

GC analysis indicated that the reaction was complete. The SNAP cartridge was 

flushed with 200 mL of 1:4 Et2O/hexanes and then dried with compressed nitrogen. 

The SNAP cartridge was then flushed with 225 mL of ethanol to afford an ethanol 

solution of (E)-Si-(4-Hydroxybutyl)-Si-methyl-5-silacyclohepteneÅAgNO3. The 

ethanol solution was concentrated via rotary evaporation, affording 226 mg of tan 
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viscous oil containing the trans-cyclohepteneÅAgNO3 complex and free AgNO3. 
1H 

NMR analysis with an internal standard (mesitylene) indicated that the yield of the 

title compound was 0.377 mmol (74% yield).  A repetition of this experiment on the 

same scale gave 0.357 mmol (70% yield). 1H NMR (400 MHz, CD3OD) ŭ: 5.60-5.49 

(m, 2H), 3.55 (t, J = 6.4 Hz, 2H), 2.59-2.46 (m, 2H), 2.36-2.25 (m, 2H), 1.59-1.52 

(m,2H), 1.42-1.34 (m, 2H), 1.11-0.98 (m, 2H), 0.92-0.78 (m, 2H), 0.61-0.53 (m, 2H), 

0.020 (s, 3H); 13C NMR (100 MHz, CD3OD) ŭ: 123.8 (dn), 123.6 (dn), 62.5 (u), 37.5 

(u), 28.7 (u), 28.6 (u), 21.1 (u), 19.0 (u), 16.4 (u), -2.69 (dn); FTIR (ATR) 3382, 2932, 

2873, 1559, 1400, 1280, 1130, 1027, 857, 801, 727 cm-1;  HRMS (CI+) m/z: [M+H-

AgNO3]
+ calcd. for C11H23OSi+ 199.1518, found 199.1522. 

(E)-Si-(4-Hydroxybutyl )-Si-methyl-5-silacycloheptene: concentration gives 

an E/Z mixture (1-47) 

 

 

To 0.24 mmol (189 mg mixed with excess AgNO3) of (E)-Si-(4-

Hydroxybutyl)-Si-methyl-5-silacyclohepteneÅAgNO3 was added 10 mL ammonia 

solution, extracted with 3×10mL diethyl ether. The organic layers were separated, 

combined and dried over MgSO4. The diethyl ether solution was concentrated via 

rotary evaporation, filtered through a plug (2.2 cm in height) of silica gel in a pipet 

(FisherbrandTM disposal large-volume pasteur pipets, 4 ml capacity) and rinsed with 

15 ml 40% diethyl ether/hexane. The filtrate was concentrated via rotary evaporation, 
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affording 44.2 mg of the (E)-Si-(4-Hydroxybutyl)-Si-methyl-5-silacycloheptene as a 

colorless oil, mixed with its cis isomer (1.1:1 E: Z) as determined by 1H NMR 

analysis. 

(E)-Si-(4-Hydroxybutyl) -Si-methyl-5-silacycloheptene (1-47): without 

concentration 

 

 

To 0.38 mmol of (E)-Si-(4-Hydroxybutyl)-Si-methyl-5-silacycloheptene 

ÅAgNO3 was added 2 mL C6D6, followed by 2 ml of brine. The mixture was shaken 

for a couple of seconds. The precipitate (AgCl) was filtered off and the C6D6 layer was 

separated and dried over MgSO4, producing a C6D6 solution of (E)-Si-(4-

Hydroxybutyl)-Si-methyl-5-silacycloheptene. 1H NMR and 13C NMR were taken, 

indicating that the solution contained 98% trans isomer and 2% cis isomer. 1H NMR 

(400 MHz, C6D6) ŭ: 5.62-5.50 (m, 2H), 3.40 (t, J = 6.4 Hz, 2H), 2.32-2.13 (m, 4H), 

1.47-1.40 (m, 2H), 1.32-1.22 (m, 2H), 0.98 (br, 1H), 0.91-0.76 (m, 2H), 0.67-0.54 (m, 

2H), 0.45-0.32 (m, 2H), -0.08 (s, 3H); 13C NMR  (100 MHz, C6D6) ŭ: 135.4 (dn), 

134.9 (dn), 62.4 (u), 37.1 (u), 27.6 (u), 27.4 (u), 20.6 (u), 20.2 (u), 20.1 (u), 16.1 (u), -

2.5 (dn). HRMS (ESI+) m/z: [M+H] + calcd. for C11H23OSi+ 199.1513, found 

199.1507. 

(E)-1,1-diphenyl-2,3,6,7-tetrahydro-1H-silepine ÅAgNO3(1-23) 
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(Z)-Si, Si-diphenyl-5-silacycloheptene (100 mg, 0.378 mmol, 1.00 equiv) and 

methyl benzoate (285 mg, 1.89 mmol, 5.0 equiv) were placed in a quartz flask and 

dissolved in 100 mL of 1:24 Et2O: hexanes that had been degassed through three 

freeze/pump/thaw cycles. The SNAP cartridge was packed with dry silica gel and 

silver nitrate impregnated silica (1.29 g, 10wt% AgNO3, 2.00 equiv). Dodecane (64 

mg, 0.38 mmol, 1.00 equiv) was added to the flask to allow for GC monitoring. The 

solution in the quartz flask was then irradiated (254 nm) under continuous flow 

conditions (100 mL/min) for 6 hours with N2 sparging, at which point GC analysis 

indicated that the reaction was complete. The SNAP cartridge was flushed with 100 

mL of 1:9 Et2O/hexanes and then dried with compressed nitrogen. The SNAP 

cartridge was then flushed with 100 mL of ethanol to afford an ethanol solution of (E)-

Si, Si-diphenyl-5-silacyclohepteneÅAgNO3. The ethanol solution was concentrated via 

rotary evaporation, affording 182 mg of a dark brown viscous oil containing the trans-

cyclohepteneÅAgNO3 complex and free AgNO3. 
1H NMR analysis with an internal 

standard (mesitylene) indicated that the yield of the title compound was 0.213 mmol 

(56% yield).  A repetition of this experiment on the same scale gave 0.190 mmol (50% 

yield). 1H NMR (400 MHz, CD3OD) ŭ: 7.48-7.46 (m, 4H), 7.37-7.34 (m, 6H), 5.57-

5.55 (m, 2H), 2.68-2.61 (m, 2H), 2.45-2.36 (m, 2H), 1.67 (ddd, J = 14.7, 8.5, 4.5 Hz, 

2H), 1.52-1.45 (m, 2H); 13C NMR (100 MHz, CD3OD) ŭ: 137.9 (u), 135.2 (dn), 130.2 

(dn), 129.1 (dn), 120.2 (dn), 28.6 (u), 17.9 (u); FTIR (ATR) 3380, 3060, 2930, 2880, 
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1720, 1560, 1430, 1280, 1110, 1030, 997, 852, 741, 698, 613, 534 cm-1;  HRMS (CI+) 

m/z: [M+H-AgNO3]
+ calcd. for C18H21Si+ 265.1413, found 265.1424. 

(E)-1,1-dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-olÅAgNO3(1-27) 

 

 

(Z)-1,1-dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-ol (108 mg, 0.691 mmol, 

1.00 equiv) and methyl benzoate (188 mg, 1.38 mmol, 2.00 equiv) were placed in a 

quartz flask and dissolved in 108 mL of 45:55 Et2O: hexanes that had been degassed 

through three freeze/pump/thaw cycles. The SNAP cartridge was packed with dry 

silica gel and silver nitrate impregnated silica (2.35 g, 10wt% AgNO3, 2.00 equiv). 

Dodecane (118 mg, 0.691 mmol, 1.00 equiv) was added to the flask to allow for GC 

monitoring. The solution in the quartz flask was then irradiated (254 nm) under 

continuous flow conditions (100 mL/min) for 1 hour with N2 sparging, at which point 

GC analysis indicated that the reaction was complete. The SNAP cartridge was 

flushed with 100 mL of 3:7 Et2O/hexanes and then dried with compressed nitrogen. 

The SNAP cartridge was then flushed with 100 mL of ethanol to afford an ethanol 

solution of (E)-Si, Si-diphenyl-5-silacyclohepteneÅAgNO3. The ethanol solution was 

concentrated via rotary evaporation, affording 305 mg of brown viscous oil containing 

the trans-cyclohepteneÅAgNO3 complex and free AgNO3. 
1H NMR analysis with an 

internal standard (mesitylene) indicated that the yield of the title compound was 0.459 

mmol (66% yield).  A repetition of this experiment on the same scale gave 0.449 

mmol (65% yield). 
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Major diastereomer : 1H NMR (600 MHz, CD3OD) ŭ: 5.72 (ddd, J = 16.0, 

10.3, 5.3 Hz, 1H), 5.49 (dd, J = 16.9, 9.0 Hz, 1H), 4.53 (td, J = 9.1, 6.4 Hz, 1H), 2.48-

2.37 (m, 2H), 1.38 (dd, J = 14.1, 6.2 Hz, 1H), 0.97 (ddd, J = 14.7, 10.6, 6.1 Hz, 1H), 

0.90-0.84 (m, 2H); 0.08 (s, 3H), 0.00 (s, 3H); 13C NMR (150 MHz, CD3OD) ŭ: 124.2 

(dn), 114.7 (dn), 73.4 (dn), 29.8 (u), 26.6 (u), 18.9 (u), -0.96 (dn), -1.3 (dn);  

Minor diastereomer: 1H NMR (600 MHz, CD3OD) ŭ: 5.93-5.87 (m, 1H), 5.67 

(dd, J = 16.7, 2.5 Hz, 1H), 4.75-4.73 (m, 1H), 2.64-2.59 (m, 1H), 2.40-2.31 (m, 1H), 

1.29 (dd, J = 14.5, 5.7 Hz, 1H), 1.06-1.02 (m, 1H), 0.94 (dd, J = 14.5, 4.0 Hz, 1H), 

0.82-0.77 (m, 1H), 0.06 (s, 3H), 0.01 (s, 3H); 13C NMR (150 MHz, CD3OD) ŭ: 123.3 

(dn), 114.6 (dn), 69.4 (dn), 31.0 (u), 28.8 (u), 19.9 (u), -0.25 (dn), -1.46 (dn) ; FTIR 

(ATR as a mixture of two diastereomers) 3203, 2946, 2872, 1571, 1389, 1304, 1291, 

1248, 1170, 1105, 1059, 1038, 863, 829, 662 cm-1; HRMS (CI+) m/z: [M+H-AgNO3]
+ 

calcd. for C8H17OSi+ 157.1049, found 157.1047. 

(E)-3-(1,3,6-trimethyl -2,3,6,7-tetrahydro-1 H-silepin-1-yl)propan-1-

olÅAgNOâ3 (1-26) and (E)-3-(1,3,6-trimethyl -2,3,6,7-tetrahydro-1 H-silepin-1-

yl)propan-1-ol (1-32) 

 

 

(Z)- 3-(1,3,6-trimethyl-2,3,6,7-tetrahydro-1 H-silepin-1-yl)propan-1-ol (101 

mg, 0.470 mmol, 1.00 equiv) and methyl benzoate (323 mg, 2.35 mmol, 5.00 equiv) 

were placed in a quartz flask and dissolved in 100 mL of 2:3 Et2O: hexanes that had 

been degassed through three freeze/pump/thaw cycles. The SNAP cartridge was 
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packed with dry silica gel and silver nitrate impregnated silica (1.60 g, 10wt% AgNO3, 

2.00 equiv). Dodecane (80 mg, 0.47 mmol, 1.00 equiv) was added to the flask to allow 

for GC monitoring. The solution in the quartz flask was then irradiated (254 nm) under 

continuous flow conditions (100 mL/min) for 6 hours with N2 sparging, at which point 

GC analysis indicated that the reaction was complete. The SNAP cartridge was 

flushed with 100 mL of 1:4 Et2O/hexanes and then dried with compressed nitrogen. 

The SNAP cartridge was then flushed with 150 mL of ethanol to afford an ethanol 

solution of (E)-3-(1,3,6-trimethyl-2,3,6,7-tetrahydro-1 H-silepin-1-yl)propan-1-ol 

ÅAgNO3.  The ethanol solution was concentrated via rotary evaporation, affording 213 

mg of tan viscous oil containing the trans-cyclohepteneÅAgNO3 complex and free 

AgNO3.  
1H NMR analysis with an internal standard (mesitylene) indicated that the 

yield of the title compound was 0.320 mmol (68% yield).  A repetition of this 

experiment on the same scale gave 0.282 mmol (60% yield). To 0.32 mmol of the title 

compound was added 5 ml diethyl ether and 5 ml ammonia solution. The aqueous 

layer was further extracted with 5 ml diethyl ether twice. The organics were combined 

and dried over MgSO4. The diethyl ether solution was concentrated via rotary 

evaporation, affording 65 mg of 1-32 (mixture of diastereomers) as a colorless oil.  

 

 

1H NMR (600 MHz, CD3OD) ŭ: C1-C2 [6.02-5.93 (m, 0.83H), 5.32-5.23 (m, 

1.01H)], C9 [3.53-3.45 (m, 2H)], C3C6 [2.94-2.57 (m, 2H)], C10 [1.55-1.45 (m, 2H)], 

C7C8 [1.30-1.19 (m, 6H)], C5C4C11 [1.15-1.05 (m, 2H), 0.77-0.41 (m, 4H)], C12 

[0.10 (s, 0.80H), 0.04 (s, 1.38 H), -0.06 (s, 0.73H)]; 
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13C NMR   (100 MHz, CD3OD) ŭ: C1C2 [122.98 (dn), 122.80 (dn), 122.69 

(dn), 122.56 (dn), 121.81 (dn), 121.45 (dn), 121.22 (dn), 120.83 (dn)], C9 [65.82 (u), 

65.78 (u), 65.7(u)], C3C6 [39.4 (dn), 39.3 (dn), 37.2 (dn), 36.8 (dn), 33.9 (dn), 33.7 

(dn), 32.5 (dn), 32.23 (dn)], C10 [29.09 (u), 28.83 (u)], C5C4 [27.81(u), 27.71(u), 

27.68(u), 27.60(u), 27.54(u), 27.18(u), 27.13(u)], C7C8 [23.59 (dn), 23.57 (dn), 23.51 

(dn), 23.49 (dn), 21.42 (dn), 21.35 (dn), 20.00(dn), 19.76 (dn)], C11 [13.08 (u), 12.58 

(u), 12.38 (u), 11.60 (u)], C12 [-1.94 (dn), -2.30 (dn), -2.90 (dn), -3.17 (dn)]. 

 FTIR (ATR as a mixture of diastereomers) 3421, 2955, 2926, 2868, 1559, 

1408, 1375, 1283, 1254, 1172, 1141, 1032, 861, 801 cm-1; HRMS (CI+) m/z: [M+H-

AgNO3] 
+ calcd. for C12H25OSi+ 213.1675, found 213.1665. 

 

 

1H NMR (600 MHz, C6D6) ŭ: C1-C2 [5.94-5.85 (m, 0.88H), 5.29-5.18 (m, 

1.10H)], C9 [3.44-3.39 (m, 2H)], C3C6 [2.72-2.51, 2.41-2.33 (m, 2H)], 1.64 (br s, 1 

H), C10 [1.44-1.35 (m, 2H)], C7C8 [1.22-1.18, 1.14-1.09 (m, 6H)], C5C4C11 [1.06-

0.81 (m, 2H), 0.58-0.14 (m, 4H)], C12 [-0.03 (s, 0.80H), -0.05 (s, 0.82H), -0.07 (s, 

0.51H), -0.14 (s, 0.80H)]; 

13C NMR (150 MHz, C6D6) ŭ: C1C2 [138.2 (dn), 138.1 (dn), 137.5 (dn), 135.3 

(dn), 135.0 (dn), 134.2 (dn)], C9 [65.8 (u), 65.7 (u), 65.6(u)], C3C6 [38.04 (dn), 38.02 

(dn), 36.0 (dn), 35.3 (dn), 32.7 (dn), 32.4 (dn), 31.4 (dn), 31.1 (dn)], C10 [31.6 (u), 

30.1 (u), 29.8 (u)], C5C4 [29.6(u), 29.4(u), 29.3(u), 29.2(u), 27.73(u), 27.72(u), 

27.68(u), 27.66 (u)], C7C8 [22.8 (dn), 22.72 (dn), 22.66 (dn), 22.62 (dn), 20.1 (dn), 
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20.0 (dn), 19.0 (dn), 18.5 (dn)], C11 [12.7 (u), 12.3 (u), 12.2 (u), 11.4 (u)], C12 [-1.6 

(dn), -1.9 (dn), -2.5 (dn), -2.7 (dn)]. 

 FTIR (ATR as a mixture of diastereomers) 3315, 2953, 2924, 2866, 1624, 

1453, 1374, 1250, 1051, 1009, 982, 862, 828, 788 cm-1; HRMS (ESI+) m/z: [M+H] + 

calcd. for C12H25OSi+ 213.1669, found 213.1668. 

(E) 2,5-dioxopyrrolidin -1-yl 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-

yl)butanoateÅAgNO3(1-29) 

 

 

(Z) 2,5-dioxopyrrolidin-1-yl 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-

yl)butanoate (118 mg, 0.380 mmol, 1.00 equiv) and methyl benzoate (261 mg, 1.90 

mmol, 5.00 equiv) were placed in a quartz flask and dissolved in 80 mL of 40% 

Et2O/hexanes. The SNAP cartridge was packed with dry silica gel and silver nitrate 

impregnated silica (1.29 g, 10wt% AgNO3, 2.00 equiv).  Dodecane (65 mg, 0.38 

mmol, 1.00 equiv) was added to the flask to allow for GC monitoring. The solution in 

the quartz flask was then irradiated (254 nm) under continuous flow conditions (100 

mL/min) for 2.5 hours, at which point GC analysis indicated that the reaction was 

complete. The SNAP cartridge was flushed with 100 mL of 30% Et2O/hexanes and 

then dried with compressed nitrogen. The SNAP cartridge was then flushed with 100 

mL of ethanol to afford an ethanol solution of (E) 2,5-dioxopyrrolidin-1-yl 4-(1-

methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butanoate ÅAgNO3. The ethanol solution 
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was concentrated via rotary evaporation, affording 183 mg of brown viscous oil 

containing the trans-cyclohepteneÅAgNO3 complex and free AgNO3. 
1H NMR 

analysis with an internal standard (mesitylene) indicated that the yield of the title 

compound was 0.217 mmol (57% yield).  A repetition of this experiment on the same 

scale gave 0.186 mmol (49% yield). 1H NMR (400 MHz, CD3CN) ŭ: 5.48-5.37 (m, 

2H), 2.72 (s, 4H), 2.54 (t, J = 6.9 Hz, 2H), 2.38-2.33 (m, 2H), 2.20-2.10 (m, 2H), 1.62-

1.54 (m, 2H), 0.97-0.84 (m, 2H), 0.78-0.65 (m, 2H), 0.60-0.47 (m, 2H), -0.10 (s, 3H); 

13C NMR (100 MHz, CD3CN) ŭ: 171.3 (u), 169.9 (u), 120.9 (dn), 120.7 (dn), 34.8 (u), 

28.3 (u), 28.2 (u), 26.3 (u), 20.1 (u), 18.22 (u), 18.18 (u), 15.3 (u), -2.9 (dn);  FTIR 

(ATR) 3448, 2995, 2935, 2875, 1734, 1559, 1365, 1279, 1206, 1068, 1031, 858, 811, 

728 cm-1; HRMS (CI+) m/z: [M+H-AgNO3]
+ calcd. for C15H24NO4Si+ 310.1474, 

found 310.1467. 

(E) 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butyl (2-(2-((6-

chlorohexyl)oxy)ethoxy)ethyl)carbamateÅAgNO3 (1-28) 

 

 

(Z) 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butyl (2-(2-((6-

chlorohexyl)oxy)ethoxy)ethyl)carbamate (101 mg, 0.226 mmol, 1.00 equiv) and 

methyl benzoate (155 mg, 1.13 mmol, 5.00 equiv) were placed in a quartz flask and 

dissolved in 43 mL of 60% Et2O/hexanes. Dodecane (38 mg, 0.23 mmol, 1.00 equiv) 

was added to the flask to allow for GC monitoring. The solution in the quartz flask 

was then irradiated (254 nm) under continuous flow conditions (100 mL/min) for 2 
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hours, at which point GC analysis indicated that the reaction was complete. The SNAP 

cartridge was flushed with 100 mL of 20% Et2O/hexanes and then dried with 

compressed nitrogen. The SNAP cartridge was then flushed with 100 mL of EtOH to 

afford an ethanol solution of (E) 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butyl 

(2-(2-((6-chlorohexyl)oxy)ethoxy)ethyl)carbamateÅAgNO3. The ethanol solution was 

concentrated via rotary evaporation, affording light yellow viscous oil containing the 

trans-cyclohepteneÅAgNO3 complex and free AgNO3. 
1H NMR analysis with an 

internal standard (mesitylene) indicated that the yield of the title compound was 0.098 

mmol (43% yield).  A repetition of this experiment on the same scale gave 0.095 

mmol (42% yield). 1H NMR (600 MHz, CD3OD) ŭ: 5.61-5.53 (m, 2H), 4.04 (t, J =6.3 

Hz, 2H), 3.61-3.55 (m, 6H), 3.53 (t, J =5.6 Hz, 2H), 3.49 (t, J =6.6 Hz, 2H), 3.28 (t, J 

=5.5 Hz, 2H), 2.55-2.52 (m, 2H), 2.33-2.27 (m, 2H), 1.80-1.75 (m, 2H), 1.66-1.58 (m, 

4H), 1.47 (dt, J =14.4, 7.1 Hz, 2H), 1.42-1.36 (m, 4H), 1.09-1.05 (m, 1H), 1.03-0.98 

(m, 1H), 0.88 (dt, J =14.8, 7.5 Hz, 1H), 0.82 (dt, J =14.8, 7.6 Hz, 1H), 0.63-0.54 (m, 

2H), 0.02 (s, 3H); 13C NMR  (100 MHz, CD3OD) ŭ: 159.1, 120.0, 119.8, 72.1, 71.1, 

71.00, 70.97, 65.4, 45.7,41.6, 33.8,  33.6,  30.4,  28.6, 27.6,  26.3,  21.0,  18.7,  18.6,  

16.1,  -2.8;  FTIR (AgCl /thin film) 2936, 2871, 1695, 1540, 1331, 1116, 1033, 858, 

810, 729, 668 cm-1; HRMS (ESI+) m/z: [M+H-AgNO3]
+  calcd. for C22H43NClO4Si+ 

448.2650, found 448.2649. 

1.8.8 Reactions of trans-cyclohepteneÅAgNO3 complexes and Si-TCH 

 

1,4-Diphenyl-6,7,8,9-tetrahydro-5H-cyclohepta[d]pyridazine(1-34) 
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3,6-diphenyl-s-tetrazine (234 mg, 1.00 mmol, 1.20 equiv) in 10 mL methylene 

chloride was added to an ethanolic solution of trans-cyclohepteneÅAgNO3 (0.833 

mmol, in 60.0 mL EtOH, 1.00 equiv) with stirring at rt. Nitrogen evolved immediately 

upon mixing and a black precipitate was formed. After stirring for 30 minutes, the 

reaction mixture was filtered and the filtrate was concentrated down onto silica gel 

using a rotary evaporator and loaded onto a flash column. Column chromatography 

using a gradient (0-50%) of ethyl acetate in hexanes followed by 5% methanol in 

methylene chloride as eluents afforded 246 mg (0.820 mmol, 98%) of the title 

compound as a white solid.  A repetition on the same scale gave 247 mg (0.825 mmol, 

99%).  mp 120 °C (decomposition). 1H NMR (600 MHz, CDCl3) ŭ: 7.48-7.42 (m, 

10H), 2.83-2.78 (m, 4H), 1.93-1.86 (m, 2H), 1.72-1.62 (m, 4H); 13C NMR (150 MHz, 

CDCl3) ŭ: 161.7 (u), 146.6 (u), 136.8 (u), 130.2 (dn), 129.5 (dn), 128.2 (dn), 31.8 (u), 

31.4(u), 25.7 (u). FTIR (NaCl/thin film) 2926, 2854, 1377, 1350, 1287, 1026, 832, 

763, 704 cm-1; HRMS (LIFDI-TOF) m/z: [M]+ for C21H2N2
+, 300.1621 found 

300.1605. 

rel-(1R,2R)-Cycloheptane-1,2-diol(1-36) 
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N-Methylmorpholine N-oxide monohydrate (115 mg, 0.852 mmol, 1.30 equiv) 

and 4 wt% OsO4 in aqueous solution (125 ɛL, 20.5 ɛmol, 0.0313 equiv) were 

sequentially added to an ethanolic solution of trans-cyclohepteneÅAgNO3 (50.0 mL of 

a 13.1 mM solution in EtOH, 0.654 mmol, 1.00 equiv) The resulting mixture was 

allowed to stir for 2 hours at rt. The mixture was diluted with saturated NaHSO3 

aqueous solution (50 mL) and filtered, and filtrate was extracted with ethyl acetate (8 

× 25 mL), and the organics were combined, dried over MgSO4 and concentrated by 

rotary evaporation. Purification by column chromatography with a gradient (0-5%) of 

methanol in methylene chloride afforded the 70 mg (0.54 mmol, 82%) of the title 

compound as a pale yellow solid.  A repetition on the same scale gave 71 mg (0.54 

mmol, 83%).  mp 53-54 °C. 1H NMR (600 MHz, CDCl3) ŭ: 3.45-3.41 (m, 2H), 2.61 

(br s, 2H), 1.90-1.84 (m, 2H), 1.69-1.64 (m, 2H), 1.54-1.42 (m, 6H); 13C NMR (100 

MHz, CDCl3) ŭ: 78.1 (dn), 32.5 (u), 26.5 (u), 22.2 (u). FTIR (KBr /thin film) 3374, 

2930, 2861, 1459, 1264, 1058, 1025, 561 cm-1; HRMS (LIFDI-TOF) m/z: [M]+ calcd. 

for C7H14O2
+, 130.0988 found 130.0975. 

rel-(1R,4S,4aR,9aR)-4,4a,5,6,7,8,9,9a-Octahydro-1H-1,4-

methanobenzo[7]annulene(1-35) 
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Freshly cracked cyclopentadiene (412 mg, 6.24 mmol, 10.0 equiv) was added 

to 50.0 mL of a 12.5 mM ethanol solution that contained trans-cyclohepteneÅAgNO3 

(0.624 mmol, 1.00 equiv). The mixture was allowed to stir at rt for 17 hours. The 

reaction mixture was then filtered and concentrated using rotary evaporator. 

Purification by flash chromatography using hexane afforded 83 mg (0.51 mmol, 82%) 

of the title compound as a clear oil.  A repetition on the same scale gave 81 mg (0.50 

mmol, 80%). 1H NMR (400 MHz, CDCl3) ŭ: 6.23 (dd, J =5.8, 3.0 Hz, 1H), 5.90 (dd, J 

=5.7, 2.9 Hz, 1H), 2.61 (m, 1H), 2.34 (m, 1H), 1.85-1.40 (m, 10H), 1.40-1.33 (m, 1H), 

1.30-1.17 (m, 1H), 1.00-0.92 (m, 1H), 0.83-0.72 (m, 1H); 13C NMR (100 MHz, 

CDCl3) ŭ: 139.1 (dn), 131.7 (dn), 47.5 (dn), 47.3 (u), 47.2 (dn), 45.3 (dn), 44.9 (dn), 

32.8 (u), 30.8 (u), 29.5 (u), 29.3 (u), 25.1 (u); FTIR (KBr /thin film) 2926, 2855, 1709, 

1452, 1177, 1046, 657 cm-1;HRMS (LIFDI-TOF) m/z: [M]+ calcd. for C12H18
+, 

162.1403 found 162.1404. 

6,6-diphenyl-3,3a,4,5,6,7,8,8a-octahydrosilepino[4,5-c]pyrazole(1-38) 

 

 

(E)-Si, Si-Diphenyl-5-silacyclohepteneÅAgNO3 (0.306 mmol, 1.00 equiv) was 

suspended in diethyl ether (5 mL) and ammonium hydroxide (5 mL). The aqueous 

layer was extracted with diethyl ether (2 × 5 mL).  The organics were combined, dried 

with anhydrous Na2SO4 and filtered. Diazald (656 mg, 3.06 mmol, 10.00 equiv) was 

taken up in 98 mL of absolute ethanol in a Lombardi flask.131 Behind a blast shield, 

KOH (857 mg, 15.3 mmol, 50.0 equiv) in 0.730 mL of water was added dropwise, and 



 102 

the resulting diazomethane was bubbled into the flask containing the sila trans-

cycloheptene using a stream of nitrogen. After the diazomethane solution had changed 

from yellow to colorless, nitrogen was bubbled for an additional 15 min. The ether 

solution was concentrated via rotary evaporation, and the residue was purified by flash 

column chromatography (10% ethyl acetate/hexane) to afford 90 mg (96% yield) of 

the title compound as a pale-yellow oil.  A similar experiment that began with 0.221 

mmol of starting material gave 59 mg (87% yield) of the title compound. 1H NMR 

(600 MHz, CDCl3) ŭ: 7.53-7.52 (m, 2H), 7.48-7.46 (m, 2H), 7.41-7.34 (m, 6H), 4.86 

(ddd, J =17.5, 9.3, 2.5 Hz, 1H), 3.81 (m, 1H), 3.70 (ddd, J =17.5, 9.6, 3.0 Hz, 1H), 

3.23-3.17 (m, 1H), 2.25-2.20 (m, 1H), 1.70-1.60 (m, 2H), 1.51-1.42 (m, 4H), 1.34-

1.29 (m, 1H); 13C NMR  (100 MHz, CDCl3) ŭ: 136.7 (u), 136.2 (u), 134.2 (dn), 

134.1(dn), 129.6 (dn), 129.5 (dn), 128.3 (dn), 128.2 (dn), 93.8 (dn), 83.2 (u), 40.6 

(dn), 27.2 (u), 26.9 (u), 12.7 (u), 9.6 (u); FTIR (KBr /thin film) 3067, 2919, 2858, 

1452, 1427, 1409, 1186, 1111, 802, 742, 726, 537, 475 cm-1; HRMS (LIFDI-TOF) 

m/z: [M]+ calculated for C19H22N2Si+ 306.1547; Found 306.1578. 

(rel-1R,7R)-9,9-dichloro-4,4-diphenyl-4-silabicyclo[5.2.0]nonan-8-one(1-

39) 

 

In a round-bottomed flask, (E)-Si, Si-diphenyl-5-silacyclohepteneÅAgNO3 

(0.31 mmol, 1.00 equiv) was combined with CH2Cl2 (2 mL) and conc. ammonium 

hydroxide (2 mL).  The aqueous layer was extracted twice with CH2Cl2, and the 
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organics were combined and dried over Na2SO4. The organic solution was purified 

through a plug of C2 silica gel132 (4 cm height, 2.55 cm dimensions) eluting with 5% 

diethyl ether/hexane solvent (30 mL).  Without evaporating to dryness, the eluate was 

concentrated to an approximate volume of 1 mL. The solution was added to a separate 

flask that had been charged with CH2Cl2 (1 mL) and triethylamine (1.25 mmol, 174 

µL, 4.00 equiv) under an N2 atmosphere. Dichloroacetyl chloride (0.937 mmol, 90 µL, 

3.00 equiv) in CH2Cl2 (1 mL) was then added dropwise at rt, and the resulting mixture 

was allowed to stir at rt for 1.5 hours. The mixture was washed with sat. aq. NaHCO3 

(10 mL), and the aqueous layer was extracted with CH2Cl2 (3×10 mL). The organics 

were combined, dried, and purified by flash column chromatography (30% diethyl 

ether/hexane) to afford 88 mg (75% yield) of the title compound as a yellow solid. A 

similar experiment that began with 0.29 mmol of starting material gave 84 mg (78% 

yield) of the title compound.  mp 83-85 °C. 1H NMR (600 MHz, CDCl3) ŭ: 7.51-7.50 

(m, 2H), 7.44-7.34 (m, 8), 3.29-3.24 (m, 1H), 2.57-2.47 (m, 2H), 2.29-2.23 (m, 1H), 

2.01-1.94 (m, 1H), 1.94-1.87 (m, 1H), 1.62 (dt, J =14.8, 5.6 Hz, 1H), 1.45-1.32 (m, 

3H); 13C NMR (150 MHz, CDCl3) ŭ: 195.1 (u), 136.1 (u), 135.3 (u), 134.2 (dn), 134.1 

(dn), 129.9 (dn), 129.7 (dn), 128.6 (dn), 128.3 (dn), 86.9 (u), 62.3 (dn), 53.8 (dn), 24.4 

(u), 21.6 (u), 11.3 (u), 10.7 (u); FTIR (KBr /thin film) 3068, 2926, 2875, 1802, 1733, 

1428, 1113, 824, 701, 532 cm-1; HRMS (LIFDI-TOF) m/z: [M]+ calculated for 

C20H20Cl2OSi+ 374.0655; Found 374.0668. 

(3aR,8aR)-1-benzyl-6,6-diphenyl-1,3a,4,5,6,7,8,8a-octahydrosilepino[4,5-

d][1,2,3]triazole(1-40) 
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In a 20 mL vial, (E)-Si, Si-diphenyl-5-silacyclohepteneÅAgNO3 (0.250 mmol, 

1.00 equiv) was combined with diethyl ether (2 mL) and conc. ammonium hydroxide 

(2 mL).  The aqueous layer was extracted with 2×2 mL diethyl ether, and the organics 

were combined and benzyl azide (0.50 mmol, 66.4 µL, 2.00 equiv) was then added to 

the CH2Cl2 solution. The mixture was stirred at rt for 30 min. The CH2Cl2 solution 

was concentrated via rotary evaporation, and the residue was purified on silica gel 

(deactivated with 10% triethylamine/hexane, and rinsed with pure hexane).  Flash 

chromatography (15% diethyl ether/hexane) afforded 95 mg (95% yield) of the title 

compound as a white solid.  A similar experiment that began with 0.232 mmol of 

starting material gave 90 mg (98% yield) of the title compound. mp 108-110°C. 1H 

NMR (600 MHz, DMSO-d6) ŭ: 7.48-7.47 (m, 2H), 7.39-7.30 (m, 8H), 7.26-7.24 (m, 

3H), 7.11-7.09 (m, 2H), 4.7 (d, J =15.0 Hz, 1H), 4.42 (d, J =15.0 Hz, 1H), 3.71-3.66 

(m, 1H), 2.65-2.61 (m, 2H), 2.30 (ddd,  J =13.0, 10.4, 6.7 Hz, 1H), 1.50-1.43 (m, 1H), 

1.41-1.36 (m, 1H), 1.34-1.27 (m, 3H), 1.21 (dt, J =15.3, 7.7 Hz, 1H); 13C NMR  (150 

MHz, DMSO-d6) ŭ: 136.5 (u), 136.1 (u), 136.0 (u), 133.8 (dn), 133.7 (dn), 129.32 

(dn), 129.27 (dn), 128.44 (dn), 128.37 (dn), 128.09 (dn), 128.05 (dn), 127.38 (dn), 

83.8 (dn), 64.3 (dn), 52.2 (u), 27.1 (u), 25.6 (u), 8.1 (u), 8.0 (u); FTIR (KBr /thin film) 

3066, 2924, 2865, 1454, 1427, 1114, 720, 700, 536 cm-1; HRMS (LIFDI-TOF) m/z: 

[M] + calculated for C25H27N3Si+ 397.1969; Found 397.1980. 

(5aR,9aR)-3,3-diphenyl-2,3,4,5,5a,6,9,9a-octahydro-1H-6,9-

methanobenzo[d]silepine(1-37) 
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(E)-Si, Si-Diphenyl-5-silacyclohepteneÅAgNO3 (0.305 mmol, 1.00 equiv) was 

suspended in diethyl ether (2 mL) and ammonium hydroxide (2 mL). The aqueous 

layer was extracted with 2×2 mL diethyl ether.  The organics were combined dried 

with anhydrous Na2SO4 and filtered. Then freshly cracked cyclopentadiene (205 mg, 

3.05 mmol, 10.0 equiv) was added to this ether solution of (E)-Si, Si-Diphenyl-5-

silacycloheptene. The mixture was allowed to stir at rt for 1 hour. Afterwards, the 

ether solution was concentrated via rotary evaporation, the residue was purified by 

flash column chromatography (1% diethyl ether/hexane) to afford 100 mg (99% yield) 

of the title compound as a colorless oil.  A repetition on the same scale gave 92 mg 

(91% yield). 1H NMR (400 MHz, CDCl3) ŭ: 7.50-7.48 (m, 2H), 7.46-7.43 (m, 2H), 

7.36-7.29 (m, 6H),  6.11 (dd, J = 5.6, 3.0 Hz, 1H), 5.94 (dd, J = 5.6, 2.8 Hz, 1H), 2.58 

(s, 1H), 2.35 (s, 1H), 2.06-1.99 (m, 1H), 1.94-1.86 (m, 1H), 1.61-1.56 (m, 1H), 1.53-

1.44 (m, 2H), 1.43-1.36 (m, 1H), 1.34-1.22 (m, 4H), 1.12-1.02 (m, 1H), 0.98-0.93 (m, 

1H); 13C NMR  (150 MHz, C6D6) ŭ: 138.4 (u), 138.3 (u), 138.2 (dn), 134.5 (dn), 134.4 

(dn), 133.2 (dn), 129.34 (dn), 129.30 (dn), 128.34 (dn), 128.31 (dn),  49.6 (dn), 48.3 

(dn), 48.0 (dn), 47.2 (dn) , 47.1 (u), 30.6 (u), 28.7 (u), 13.3 (u), 12.6 (u); FTIR (KBr 

/thin film) 3066, 2956, 2912, 1456, 1427, 1407, 1330, 1115, 795, 738, 715, 539, 482 

cm-1; HRMS (LIFDI-TOF) m/z: [M]+ calculated for C23H26Si+ 330.1798; Found 

330.1798. 
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rel-2,2'-((1R,2S,3S,4S)-bicyclo[2.2.1]hept-5-ene-2,3-diyl)bis(ethan-1-ol)(1-

41) 

 

Potassium hydride (494 mg, 6.18 mmol, purchased as a suspension in mineral 

oil and rinsed with hexane prior to use, 12.0 equiv) was suspended in anhydrous DMF 

(3 mL), and the flask cooled by an ice bath (0 °C).  tert-Butyl hydroperoxide (1.13 

mL, 5.5 M in decane, 6.20 mmol, 12.0 equiv) was added dropwise. The mixture was 

allowed to warm to rt. rel-(5aS,6R,9S,9aS)-3,3-diphenyl-2,3,4,5,5a,6,9,9a-octahydro-

1H-6,9-methanobenzo[d]silepine (170 mg, 0.515 mmol, 1.00 equiv) in anhydrous 

DMF (4 mL) was added to the mixture dropwise. After 10 min, n-Bu4NF solution (1.0 

M in THF, 2.10 mL, 2.10 mmol, 4.08 equiv) was added. The reaction was heated at 70 

°C overnight. After the mixture was cooled to rt, excess sodium thiosulfate 

pentahydrate (3.00 g, 12.1 mmol) was added. After stirring for 30 min, the resulting 

mixture was filtered and solvent was removed by rotary evaporator. The solid residue 

was dissolved by methylene chloride and the resulting solution was filtered, and 

concentrated by rotary evaporation. Purification by column chromatography with a 

gradient (30%-100%) of ethyl acetate in hexanes yielded title compound (71 mg, 

0.396 mmol, 76%) as a white solid, mp 61-63 °C. 1H NMR (600 MHz, CDCl3) ŭ:  

6.18 (dd, J =5.8, 3.1 Hz, 1H), 5.99 (dd, J =5.8, 2.9 Hz, 1H), 3.80-3.60 (m, 4H), 2.73 

(s, 1H), 2.49 (s, 1H), 1.92 (br s, 2H), 1.76-1.62 (m, 3H), 1.49-1.36 (m, 4H), 1.06-1.02 

(m, 1H); 13C NMR (100 MHz, CDCl3) ŭ: 137.8 (dn), 133.8 (dn), 62.31 (u), 62.28 (u), 

47.4 (dn), 46.5 (u), 45.9 (dn), 43.5 (dn), 42.4 (dn), 39.3 (u), 37.8 (u). FTIR (KBr /thin 
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film) 3322, 2959, 2929, 2873, 1454, 1339, 1053, 1011, 914, 714 cm-1; HRMS (LIFDI-

TOF) m/z: [M]+ calculated for C11H18O2
+ 182.1301; Found 182.1286. 

1.8.9 Transformations of Si-TCH derivatives 

 

(E)-N-(7-(1-(difluoroboranyl) -3,5-dimethyl-1H-pyrrol -2-yl)-7-(3,5-

dimethyl-2H-pyrrol -2-ylidene)heptyl)-4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-

1-yl)butanamideÅAgNO3(AgSiTCH-BODIPY)  

 

 

(E)2,5-dioxopyrrolidin-1-yl 4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-

yl)butanoateÅAgNO3 (0.110 mmol, 7.20 equiv) was treated with 1.5 mL CH2Cl2 and 

2.0 mL brine. CH2Cl2 layer was separated. The aqueous layer was extract with 2×1.5 

mL CH2Cl2. The organic layer was combined and dried with Na2SO4 and filtered.  

With care not to concentrate to dryness, the solution was concentrated down to 

approximately 1.5 mL via rotary evaporation. (Z)-7-(1-(difluoroboryl)-3,5-dimethyl-

1H-pyrrol-2-yl)-7-(3,5-dimethyl-2H-pyrrol-2-ylidene)heptan-1-amine (BODIPY 

amine, 5.3 mg, 0.015 mmol, 1.00 equiv) and triethylamine (41 mg, 0.40 mmol, 26 

equiv) were added. The reaction was stirred at rt for 1.5 hour. The reaction mixture 

was quickly loaded on to flash chromatography, (15%-50% ethyl acetate/hexane) 

afforded the (E)-N-(7-(1-(difluoroboranyl)-3,5-dimethyl-1H-pyrrol-2-yl)-7-(3,5-

dimethyl-2H-pyrrol-2-ylidene)heptyl)-4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-
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yl)butanamide as a solution in ca. 50% ethyl acetate/hexane. The solution was allowed 

to flow through a plug of 4 g silica gel (impregnated with 10% w/w AgNO3), which 

was packed in an 11g Biotage® SNAP cartridge on top of a bed of unmodified silica 

gel. The SNAP cartridge was eluted with 100 mL 50% ethyl acetate/hexane over 2 

hours. Then the silica gel column was washed with 100 mL 60% ethyl acetate/hexane, 

followed by 100 mL EtOH to give the desired EtOH solution of (E)-N-(7-(1-

(difluoroboranyl)-3,5-dimethyl-1H-pyrrol-2-yl)-7-(3,5-dimethyl-2H-pyrrol-2-

ylidene)heptyl)-4-(1-methyl-2,3,6,7-tetrahydro-1H-silepin-1-yl)butanamideÅAgNO3. 

The ethanol solution was concentrated via rotary evaporation, affording a sticky 

orange semisolid.  1H NMR analysis with an internal standard (mesitylene) indicated 

that the yield of the title compound was 0.0104 mmol (68% yield).  

 

 1H NMR (600 MHz, CD3OD) ŭ:  6.15 (s, 2H), 5.59-5.49 (m, 2H), 3.19 (t, J = 

6.8 Hz, 2H), 3.00-2.98 (m, 2H), 2.52-2.46 (m, 2H), 2.44 (s, 12 H), 2.29-2.23 (m, 2H), 

2.19 (t, J = 7.2 Hz, 2H), 1.66-1.51 (m, 8H), 1.44-1.39 (m, 2H), 1.04-0.94 (m, 2H), 

0.86-0.76 (m, 2H), 0.58-0.49 (m, 2H), -0.011 (s, 3H); 13C NMR (100 MHz, CD3OD) 

ŭ: 176.0 (u), 154.8 (u), 148.2 (u), 142.2 (u), 132.5 (u), 122.0 (dn), 120.1 (dn), 119.8 

(dn), 40.7 (u), 40.0 (u), 32.9 (u), 30.8 (u), 30.2 (u), 29.1 (u), 28.6 (u), 28.5 (u), 27.5 

(u), 21.6 (u), 18.6 (u), 16.5 (dn), 16.2 (u), 14.3 (dn), -2.9 (dn).  HRMS (ESI+) m/z: 

[M-AgNO3-F] + calcd. for C30H46BFN3OSi+, 522.3482 found 522.3482. 

(E, eq)-1,1-Dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-ol (equatorial isomer) 
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(E)-1,1-dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-olÅAgNO3 (0.812 mmol) was 

treated with 10 mL conc. ammonia solution and 10 mL diethyl ether. The aqueous 

layer was extract with 3×10 mL diethyl ether. Organics were combined and dried over 

MgSO4, filtered and concentrated via rotary evaporation. Purification by column 

chromatography (1-4% ethyl acetate/ hexane) gave the equatorial diastereomer of (E)-

1,1-dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-ol and its cis-isomer as colorless 

mixture. The mixture was dissolved in 100 mL 45% diethyl ether/hexane. The solution 

was allowed to flow for 2 hours through a plug of 2.2 g of AgNO3 impregnated silica 

gel (10% w/w AgNO3), which was packed in an 11g Biotage® SNAP cartridge on top 

of a bed of unmodified silica gel. The cartridge was then eluted with 100 mL 45% 

diethyl ether/hexane followed by 100 mL ethanol to give an ethanol solution of (E)-

1,1-dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-olÅAgNO3 (major). The ethanol solution 

was concentrated via rotary evaporation to give the title compound (E, eq)-1,1-

dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-olÅAgNO3 (0.205 mmol) as white semisolid. 

1H NMR (600 MHz, CD3OD) ŭ:  5.72 (ddd, J = 16.0, 10.3, 5.3 Hz, 1H), 5.49 (dd, J = 

16.9, 9.0 Hz, 1H), 4.53 (td, J = 9.1, 6.4 Hz, 1H), 2.48-2.37 (m, 2H), 1.38 (dd, J = 14.1, 

6.2 Hz, 1H), 0.97 (ddd, J = 14.7, 10.6, 6.1 Hz, 1H), 0.90-0.84 (m, 2H); 0.08 (s, 3H), 

0.00 (s, 3H); 13C NMR  (150 MHz, CD3OD) ŭ: 124.2 (dn), 114.7 (dn), 73.4 (dn), 29.8 

(u), 26.6 (u), 18.9 (u), -0.96 (dn), -0.13 (dn); FTIR (AgCl/thin film) 3246, 2946, 1762, 

1652, 1559, 1316, 1005, 862, 830, 785 cm-1; HRMS (CI+) m/z: [M-AgNO3+H]+  

calcd. for C8H17OSi+, 157.1043 found 157.1055. 
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(E)-1,1-Dimethyl-2,3,6,7-tetrahydro-1 H-silepin-3-yl benzylcarbamate (1-

44) 

 

(E)-1,1-dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-olÅAgNO3 (0.832 mmol) was 

treated with conc. ammonium hydroxide (10 mL) and diethyl ether (10 mL). The 

aqueous layer was extracted with 3×10 mL diethyl ether.  The organics were 

combined and dried over MgSO4, filtered and concentrated via rotary evaporation. 

Purification by column chromatography (1-4% ethyl acetate/ hexane) gave (E)-1,1-

dimethyl-2,3,6,7-tetrahydro-1H-silepin-3-ol (equatorial) and its cis isomer as a 

colorless mixture (78 mg, 23% cis by nmr). To this mixture in dry methylene chloride 

(4 mL) was added benzyl isocyanate (0.61 mL, 661 mg, 4.96 mmol, 10.0 equiv) and 

triethylamine (14 ɛL, 0.10 mmol, 0.20 equiv). The solution was stirred under a 

nitrogen atmosphere at rt for 6 hours. The volatiles were removed. Purification by 

column chromatography (1-4% ethyl acetate/ hexane) gives the title compound (90 

mg, 0.31 mmol, 81% yield based on theoretical yield of the equatorial isomer) as 

colorless oil. 1H NMR (400 MHz, CD3OD) ŭ: 7.32-7.21 (m, 5H), 5.94-5.85 (m, 1H), 

5.55 (dd, J = 17.2, 9.1 Hz, 1H), 5.41 (td, J = 9.3, 6.2 Hz, 1H), 4.27 (s, 2H), 2.42 (td, J 

= 13.6, 3.7 Hz, 1H), 2.22-2.14 (m, 1H), 1.41 (dd, J = 14.0, 5.9 Hz, 1H), 1.00-0.90 (m, 

1H), 0.88-0.78 (m, 2H), 0.06 (s, 3H), -0.06 (s, 3H); 13C NMR (100 MHz, CD3OD) ŭ: 

159.0 (u), 140.7 (u), 137.0 (dn), 131.4 (dn), 129.5 (dn), 128.2 (dn), 128.1 (dn), 76.8 

(dn), 45.3 (u), 28.3 (u), 25.8 (u), 21.5 (u), -0.7 (dn), -1.2 (dn);  FTIR (NaCl /thin film) 

3335, 2950, 2924, 1697, 1522, 1497, 1251, 838, 698 cm-1; HRMS (ESI+) m/z: 

[M+H] +  calcd. For C16H24NO2Si+, 290.1576 found 290.1566. 
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(Z)-7-(1-(difluoroboranyl) -3,5-dimethyl-1H-pyrrol -2-yl)-7-(3,5-dimethyl-

2H-pyrrol -2-ylidene)heptan-1-amine (1-42) 

 

 

To a solution of 7-azidoheptanoic acid (5.0 g, 29 mmol, 1.00 equiv) in toluene 

(50 mL) was added oxalyl chloride (3.78 mL, 43.8 mmol, 1.51 equiv) followed by 

DMF (0.1 mL).  The mixture was stirred at room temperature for 4 h and then 

concentrated under reduced pressure.  The crude 7-azidoheptanoyl chloride was used 

directly in the subsequent step.  

 

 

To a solution of crude 7-azidoheptanoyl chloride (4.0 g, 23 mmol, 1.00 equiv) 

in 1,2-dichloroethene (60 mL) was added 2,4-dimethylpyrrole (5.07 mL, 49.1 mmol, 

2.13 equiv).  The reaction was stirred at 65 °C for 2 h and then cooled to room 

temperature.  To the reaction was added BF3ÅOEt2 (16.58 g, 118.8 mmol, 5.16 equiv) 

was added dropwise followed by the addition of DIPEA (16.77 mL, 93.46 mmol, 4.06 

equiv) dropwise and the mixture was degassed by bubbling argon through the mixture 

for 15 minutes and then stirred at room temperature for 18 h. The reaction was diluted 

with water and extracted with CH2Cl2 twice.  The organic fractions were combined, 
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washed with water and brine, dried with Na2SO4, filtered and concentrated under 

reduced pressure. The crude residue was purified by silica gel chromatography 

(EtOAc/Hexane) to afford BODIPY-N3 (650 mg, 7%) as a red solid. 1H NMR 

(400MHz, CDCl3) ŭ: 6.05 (s, 2H), 3.28 (t, J = 6.8 Hz, 2H), 3.03 - 2.83 (m, 2H), 2.51 

(s, 6H), 2.40 (s, 6H), 1.71 - 1.57 (m, 4H), 1.57 - 1.37 (m, 4H);13C NMR (101MHz, 

CDCl3) ŭ: 153.80, 146.19, 140.17, 131.37, 121.58, 51.32, 31.71, 29.86, 28.85, 28.25, 

26.56, 16.36, 14.41 (t, J = 2.9 Hz); HRMS calcd for C19H26BFN5 [M-F]+ 454.2265, 

found 454.2258. 

 

To a 2-dram vial containing BODIPY-N3 (150 mg, 0.40 mmol) and polymer-

supported triphenylphosphine (574 mg, 1.4-2.0 mmol/g loading, Alfa Aesar) was 

added THF (2 mL) and water (0.1 mL).  The reaction was heated to 50 °C for 1.5 

hours and then cooled to room temperature.  The reaction mixture was filtered through 

celite and concentrated under reduced pressure to yield a dark red solid (132 mg, 95% 

yield) that was used directly without additional purification. 1H NMR (400 MHz, 

CDCl3) ŭ: 6.05 (s, 2H), 3.00-2.85 (m, 2H), 2.71 (app. br. s., 2H), 2.51 (s, 6H), 2.41 (s, 

6H), 1.70 - 1.57 (m, 4H), 1.56 - 1.44 (m, 4H), 1.44 - 1.34 (m, 2H);13C NMR (101 

MHz, CDCl3) ŭ: 153.75, 146.45, 140.21, 131.40, 121.55, 41.98, 33.48, 31.88, 30.27, 

28.41, 26.71, 16.38, 14.43 (t, J = 2.9 Hz); HRMS (ESI+) m/z: [M+H]+  calcd. For 

C19H29BF2N3
+, 348. 2417 found 348.2418. 
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1.8.10 Stopped-Flow and UV-vis Kinetic Analysis of Si-TCH 

General Procedure for the stopped-flow kinetic analysis of Si-TCH and 

3,6-diphenyl-s-tetrazine. 

 

 

The reaction between Si-TCH 1-47 (Ag-free) and 3,6-diphenyl-s-tetrazine was 

monitored by SX 18MV-R stopped-flow spectrophotometer (Applied Photophysics 

Ltd.) at 295 nm under pseudo-first order conditions. The Si-TCH (200 µM in 

methanol, concentration of trans-isomer) and tetrazine (20 µM in methanol) were 

mixed in a stopped-flow spectrophotometer resulting in a final concentration of 100 

µM Si-TCH and 10 µM tetrazine. Analysis was carried out in triplicate at 298 K. For 

each run, data was collected over 20 seconds. kobs was determined by nonlinear 

regression analysis of the data points using Prism software (v. 6.00, GraphPad 

Software Inc.). The average from of triple sets of measurements was reported as 

k2=4360 (+/- 430) M-1s-1. 
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1.13: Reaction of 1-47 with 3,6-diphenyl-s-tetrazine at 298 K monitored at 295 

nm. 

General Procedure for the stopped-flow kinetic analysis of sTCO (anti-

isomer), Si-TCH and tetrazine TAMRA (1-48). 

The kinetics for the reactions between sTCO or Si-TCH and the tetrazine 

TAMRA (1-48) were measured under pseudo-first order conditions with 10 

equivalences of sTCO or Si-TCH, in water/methanol (9:1) at 298 K by following the 

fluorescence increase of the tetrazine TAMRA (1-48) at 576 nm over time using an 

SX 18MV-R stopped-flow spectrophotometer (Applied Photophysics Ltd.). The 

excitation wavelength of the tetrazine TAMRA (1-48) was 556 nm. 

 

 

For the reaction between sTCO and tetrazine TAMRA, solutions were 

prepared for the sTCO (100 µM in 80% water/20% MeOH) and the tetrazine TAMRA 

(10 µM in water) and thermostatted in the syringes of the spectrophotometer before 

measuring. An equal volume of each was mixed by the stopped flow device resulting 

in a final concentration of 5 µM tetrazine TAMRA and 50 µM sTCO.  Data was 

recorded for 0.05 seconds and performed in triplicate at 298 K. kobs was determined by 

nonlinear regression analysis of the data points using Prism software (v. 6.00, 
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GraphPad Software Inc.).  Triplicate measurements were performed on two 

independent samples. The mean k2 was measured to be 8,340,000 (+/- 667,000) M-1s-1. 
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1.14: Stopped-flow monitored reaction of tetrazine-TAMRA 1-48 (5 µM) with 

s-TCO (50 µM) in 9:1 water: MeOH. Triplicate measurements for two 

independent samples were measured. 

 

The general procedure for the stopped-flow analysis of Si-TCH (1-47) was 

followed using Si-TCH (1-47) (60 µM, 80 µM, 100 µM and 120 µM in 80% 

water/methanol) and tetrazine TAMRA 1-48 (6 µM, 8 µM, 10 µM and 12 µM in 

water). Final concentrations were 3 µM, 4 µM, 5 µM and 6 µM for the tetrazine 

TAMRA and 30 µM, 40 µM, 50 µM and 60 µM for the Si-TCH (concentration of 

trans-isomer). The kobs was determined by nonlinear regression analysis of the data 

points using Prism software (v. 7.00, GraphPad Software Inc.). Triplicate 

measurements for two independent samples at each concentration were measured, and 
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the average of the observed rates kô were plotted against the concentration of Si-TCH 

to obtain the bimolecular rate constant k2 from the slope of the plot. This mean k2 was 

measured as 11,400,000 (+/-1,100,000) M-1s-1. 
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1.15:  Determination of the bimolecular rate constant k2 from the stopped-flow 

monitored reaction of Si-TCH and tetrazine TAMRA. (a) The 

exponential plot of the reaction of tetrazine TAMRA (final concentration 

3 µM) with 10 equivalents of Si-TCH (final concentration 30 µM) at 298 

K at 556 nm excitation wavelength.  Similar data sets were collected at 4 

µM, 5 µM and 6 µM in tetrazine-TAMRA, and at 40 µM, 50 µM, and 60 

µM in Si-TCH. (b) Triplicate measurements for two independent samples 

at each concentration were measured, and the observed rates kobs were 

plotted against the concentration of Si-TCH to obtain the bimolecular rate 

constant k2 from the slope of the plot. 

General Procedure for the stopped-flow kinetic analysis of (E)-1,1-

dimethyl-2,3,6,7-tetrahydro-1 H-silepin-3-yl benzylcarbamate (1-44) and 3,6-

pyridyl -s-tetrazine. 
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The reaction between (E)-1,1-dimethyl-2,3,6,7-tetrahydro-1 H-silepin-3-yl 

benzylcarbamate (1-44) and 3,6-dipyridyl-s-tetrazine was monitored using a SX 

18MV-R stopped-flow spectrophotometer (Applied Photophysics Ltd.) at 290 nm 

under pseudo-first order conditions in acetonitrile at 20 °C. The Si-TCH (1000 µM in 

MeCN) and tetrazine (100 µM in MeCN) were mixed using the stopped flow 

instrument resulting in final concentrations of 500 µM Si-TCH and 50 µM tetrazine. 

Analysis was carried out in triplicate at 20 °C. For each run, data was collected over 

200 seconds. The kobs was determined by nonlinear regression analysis of the data 

points using Prism software (v. 6.00, GraphPad Software Inc.). From the average of 

triplicate sets of measurements, a rate of k2= 240 (+/- 30) M-1s-1 was determined. 
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1.16: The reaction of (E)-1,1-dimethyl-2,3,6,7-tetrahydro-1 H-silepin-3-yl 

benzylcarbamate with 3,6-dipyridyl-s-tetrazine at 20 °C monitored at 290 

nm. 
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General Procedure for the UV-Vis kinetic analysis of (E)- 3-(1,3,6-

trimethyl -2,3,6,7-tetrahydro-1 H-silepin-1-yl)propan-1-ol (1-32) and 3,6-phenyl -

s-tetrazine. 

 

The reaction between (E)- 3-(1,3,6-trimethyl-2,3,6,7-tetrahydro-1 H-silepin-1-

yl)propan-1-ol and 3,6-phenyl-s-tetrazine was monitored using a UV-Vis 

spectrophotometer (HP8453) at 295 nm under pseudo-first order conditions in 

acetonitrile at 20 °C. The Si-TCH (0.7 mL, 1000 ɛM in methanol) was added to the 

tetrazine (0.7 mL, 100 ɛM in methanol) and quickly mixed in a 1 mL cuvette, 

resulting in final concentrations of 500 µM Si-TCH and 50 µM tetrazine. Analyses 

was carried out in triplicate at 20 °C. For each run, data was collected over 1100 

seconds. kobs was determined by nonlinear regression analysis of the data points using 

Prism software (v. 6.00, GraphPad Software Inc.). The average of triple sets of 

measurements was reported as k2= 22 (+/-4) M-1s-1. 
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1.17: Reaction of (E)- 3-(1,3,6-trimethyl-2,3,6,7-tetrahydro-1 H-silepin-1-

yl)propan-1-ol and 3,6-phenyl-s-tetrazine at 20 °C in methanol monitored 

at 295 nm. 
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1.8.11 in vitro Si-TCH / GFP-Tet-v.2.0 Kinetics 

The reaction between Si-TCH (1-47) and GFP-tetrazine 2.0 was measured 

under pseudo-first order conditions using an SX 18MV-R stopped-flow 

spectrophotometer (Applied Photophysics Ltd.). A sample of 100 nM GFP-tetrazine 

2.0 (Excitation 488 nm, Emission 506 nm) in PBS buffer was prepared for a final 

concentration of 50 nM. Si-TCH solutions (1.00, 1.98, 2.97, 3.92 ɛM) were prepared 

in 95% PBS/methanol from stock solutions (19.9, 39.6, 59.4, 78.5 ɛM in methanol). 

The final concentrations of 1-47 were 0.500, 0.997, 1.49 and 1.96 ɛM. Data collection 

was taken in 0.02 or 0.04 sec increments for about 20 s to 40 s for each trial. The 

observed rate for each measurement, kobs (Fig.), was determined by nonlinear 

regression analysis using Prism software resulting in rates constants of 0.0947, 0.239, 

0.366 and 0.459 s-1 respectively and were then plotted against final concentration to 

determine the bimolecular rate constant k2 (Fig) of 250000 (+/- 15000) M-1s-1 from the 

slope of the plot. 
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1.18: Fluorescence kinetics of Si-TCH (1-47) and GFP-tetrazine 2.0. After 

mixing, the final tetrazine concentration was 50 nM and the final Si-TCH 

concentrations are as follows: 0.500, 0.997, 1.49 and 1.96 ɛM. Raw data 

points and the fit curve for a pseudo first order rate equation calculated 

on Prism software are shown. 

 

1.19: in vitro bimolecular rate determination of Si-TCH (1-47) solutions 

reacted with GFP-tetrazine 2.0 by plotting kobs vs final Si-TCH 

concentration. 

1.8.12 Pseudo-First Order Kinetics for in vivo conjugation of Si-TCH to sfGFP-

TetV2.0 

A 50 mL culture of E. coli overexpressing GFP-TetV2.0 was resuspended in 

PBS buffer and washed three times. Three pseudo-first order kinetic trials containing 

100 ɛL of cell solution added to 2.85 mL PBS were initiated by adding 50 ɛL of stock 

Si-TCH (1-47) methanol solutions (60, 50, 40 ɛM). Fluorescence increase was 

monitored, indicating conjugation of Si-TCH (1-47) to GFP-TetV2.0 (Excitation 488 

nm, Emission 506 nm, and 2s increments). For each trial, fluorescence was measured 

until a constant emission intensity was observed. Unimolecular rate constants were 

calculated for each concentration using Prism software (0.112, 0.079, 0.059 s-1 
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respectively) (Figure 1.20) and a bimolecular constant was calculated by plotting each 

unimolecular rate constants against Si-TCH concentration (155,000 + 20,000 M-1s-1) 

(Figure 1.21) 
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1.20: Fluorescence kinetics of the in vivo reaction between Si-TCH and GFP-

TetV2.0. Fluorescence was directly monitored from suspended bacterial 

cells in PBS.  After injection, the final Si-TCH concentrations are as 

follows; A= 1.0 ɛM, B= 0.883 ɛM, C= 0.666 ɛM. Raw data points (blue) 

and the fit curve (red) for a pseudo first order rate equation calculated on 

Prism software are shown. 
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1.21: in vivo bimolecular rate determination of three Si-TCH (1-47) 

PBS/Methanol solutions reacted with GFP-TetV2.0 by plotting kobs vs 

final Si-TCH (1-47) concentration. 

1.8.13 Si-TCH Stability Study with 2 -Mercaptoethanol 

Stability of 1-33 in 2-mercaptoethanol in MeOD-d4 

To a solution of 1-33 (5.8 mg, 0.030 mmol, with 7 % cis isomer) in MeOD-d4 

(1 ml) was added 2-mercaptoethanol (2.0 ɛL, 0.030 mmol) and 1,3,5-

trimethoxylbenzene (1.6 mg, 0.01 mmol, as an nmr internal standard). The solution 

was transferred to an nmr tube. Another nmr sample without adding 2-

mercaptoethanol was prepared as a control. The solutions were stored under -17 °C 

and were monitored by 1H NMR to observe the isomerization of 1-33 to (Z)-Si-(3-

Cyanopropyl)-Si-methyl-5-sila-cycloheptene. After 24 hours, 53% of 1-33 remained. 

While for the control experiment, 97% of 1-33 remained. Results were plotted using 

Prism software (V. 7.00, Graphpad Software Inc, Fig. S31). A plot of the NMR data is 

displayed. 

0 1 0 2 0 3 0

0

5 0

1 0 0

t i m e  ( h )

%
T

C
H

2 - m e r c a p t o e t h a n o l

c o n t r o l

 

1.22: Stability profile of 1-33 (30 mM) in the presence of 2-mercaptoethanol 

(30mM) in MeOD-d4 at -17°C. 
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To a solution of 1-33 (5.8 mg, 0.030 mmol, with 9% cis isomer) in MeOD-d4 

(1 ml) was added 2-mercaptoethanol (2.0 ɛL, 0.030 mmol) and 1,3,5-

trimethoxylbenzene (1.6 mg, 0.01 mmol, as an nmr internal standard). The solution 

was transferred to an nmr tube. Another nmr sample without adding 2-

mercaptoethanol was prepared as a control. The solutions were stored under room 

temperature (22 °C) and were monitored by 1H NMR to observe the isomerization of 

7b to (Z)-Si-(3-Cyanopropyl)-Si-methyl-5-sila-cycloheptene. After 2 hours, 3% of 1-

33 remained. While for the control experiment, 98% of 1-33 remained. Results were 

plotted using Prism software (V. 7.00, Graphpad Software Inc, Fig.). A plot of the 

NMR data is displayed. 

 

 

1.23: Stability profile of 1-33 (30 mM) in the presence of 2-mercaptoethanol 

(30mM) in MeOD-d4 at room temperature (22°C). 

1.8.14 IR and NMR comparisons of Si-TCH and Si-TCH silver complexes 
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1.24: Comparison of FT-IR (ATR) for the C=C stretch of compound 1-26 and 

1-32. 

2d

7d            

2d

7d            
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1.25: Comparison of alkene resonances in 1H NMR spectra (Acetone-d6, 400 

MHz) of compound 1-24 and 1-33. 

 

1.26: Comparison of alkene resonances in 13C NMR spectra (Acetone-d6, 100 

MHz) of compound 1-24 and 1-33. 

7b

135.8 and 135.4 ppm

121.1 and 120.9 ppm
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1.8.15 Crystal Data and Structure Refinements 

X-ray structural analysis for compounds 1-39 (joef116) and 1-23 (joef124): 

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-KŬ radiation (ɚ = 0.71073 ¡) monochromated with graphite. 

Unit cell parameters were obtained from 36 data frames, 0.5Ü ɤ, from three different 

sections of the Ewald sphere. The systematic absences in the diffraction data are 

uniquely consistent with P21/c. The data-sets were treated with multi-scan absorption 

corrections (Apex3 software suite, Madison, WI, 2005). The structures were solved 

using direct methods and refined with full-matrix, least-squares procedures on F2 

(Sheldrick, G.M. 2008. Acta Cryst. A64, 112-122). The trans-alkenyl ring in 1-23 was 

disordered in two conformations, predominantly in the chair-like conformation, with 

refined site occupancy of 67/33. All non-hydrogen atoms were refined with 

anisotropic displacement parameters. All hydrogen atoms were treated as idealized 

contributions with geometrically calculated positions and with Uiso equal to 1.2Ueq of 

the attached atom. Atomic scattering factors are contained in various versions of the 

SHELXTL program library (Sheldrick, G., op. cit.). 
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1.27: X-ray structure of (rel-1R,7R)-9,9-dichloro-4,4-diphenyl-4-

silabicyclo[5.2.0]nonan-8-one (1-39) Molecular diagram and 

crystallographic labeling scheme for compound 1-39 with ellipsoids at 

50% probability. Minor disordered component for 1-39 and H-atoms 

other than the alkenyl H-atoms, depicted with arbitary radius, are omitted 

for clarity 

Table 1.3: Sample and crystal data for 1-39. 

 

Identification code

Chemical formula

Formula weight

Temperature

Wavelength

Crystal size

Crystal system

Space group

Unit cell dimensions a = 12.1989(17) Å Ŭ = 90Á

b = 7.0792(10) Å ɓ = 94.322(2)Á

c = 21.834(3) Å ɔ = 90Á

Volume 1880.2(5) Å
3

Z

Density (calculated)

Absorption coefficient

F(000)

monoclinic

P 1 21/c 1

4

1.326 g/cm
3

0.413 mm
-1

784

joef116

C20H20Cl2OSi

375.35

200(2) K

0.71073 Å

0.148 x 0.502 x 0.606 mm
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Table 1.4: Data collection and structure refinement for 1-39. 

 

 

Table 1.5: Atomic coordinates and equivalent isotropic atomic displacement 

parameters (Å2) for 1-39. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Coverage of independent reflections

Absorption correction

Max. and min. transmission

Structure solution technique

Structure solution program

Refinement method

Refinement program

Function minimized

Data / restraints / parameters

Goodness-of-fit on F
2

Final R indices

3168 

data; 

I>2ů(I)

R1 = 0.0534, wR2 = 0.1253

all data R1 = 0.0765, wR2 = 0.1408

Largest diff. peak and hole

R.M.S. deviation from mean 0.056 eÅ
-3

4243 / 12 / 230

1.013

Weighting scheme

w=1/[ů
2
(Fo

2
)+(0.0532P)

2
+1.9253P]

where P=(Fo
2
+2Fc

2
)/3

0.370 and -0.478 eÅ
-3

0.7456 and 0.6407

direct methods

SHELXS-97 (Sheldrick 2008)

Full-matrix least-squares on F
2

SHELXL-2014/7 (Sheldrick, 2014)

Ɇ w(Fo
2
 - Fc

2
)
2

1.67 to 27.36°

-15<=h<=15, -9<=k<=9, -28<=l<=28

21484

4243 [R(int) = 0.0480]

99.50%

multi-scan
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x/a y/b z/c U(eq)

Si1 0.21036(5) 0.50672(9) 0.60939(3) 0.03091(17)

Cl1 0.27173(16) 0.7157(2) 0.34065(7) 0.0607(4)

Cl2 0.43713(11) 0.8294(3) 0.43653(7) 0.0625(4)

Cl1' 0.2944(4) 0.6736(6) 0.35993(14) 0.0607(4)

Cl2' 0.4240(3) 0.9343(5) 0.43813(15) 0.0625(4)

O1 0.1776(2) 0.0584(3) 0.42359(9) 0.0617(6)

C1 0.2613(2) 0.3662(4) 0.54416(11) 0.0403(6)

C2 0.3175(2) 0.4757(4) 0.49465(12) 0.0472(7)

C2' 0.3175(2) 0.4757(4) 0.49465(12) 0.0472(7)

C3 0.2494(3) 0.6319(6) 0.46624(18) 0.0363(8)

C3' 0.2824(7) 0.6780(12) 0.4881(4) 0.0363(8)

C4 0.2980(2) 0.7790(4) 0.42283(12) 0.0507(7)

C5 0.2152(3) 0.9159(4) 0.44294(12) 0.0547(8)

C6 0.2132(4) 0.8048(5) 0.50336(17) 0.0412(8)

C6' 0.1604(7) 0.7471(11) 0.4801(3) 0.0412(8)

C7 0.1066(2) 0.8110(4) 0.53415(13) 0.0473(7)

C7' 0.1066(2) 0.8110(4) 0.53415(13) 0.0473(7)

C8 0.0891(2) 0.6540(4) 0.58029(12) 0.0404(6)

C9 0.4331(2) 0.6043(4) 0.64592(12) 0.0421(6)

C10 0.5162(2) 0.7200(5) 0.67064(13) 0.0502(7)

C11 0.4925(2) 0.8904(4) 0.69590(13) 0.0510(7)

C12 0.3851(2) 0.9451(5) 0.69664(14) 0.0561(8)

C13 0.3018(2) 0.8315(4) 0.67167(13) 0.0469(7)

C14 0.32289(18) 0.6574(3) 0.64548(10) 0.0308(5)

C15 0.0728(2) 0.2146(3) 0.64947(11) 0.0371(5)

C16 0.0289(2) 0.0943(4) 0.69111(13) 0.0430(6)

C17 0.0697(2) 0.0960(4) 0.75171(13) 0.0442(6)

C18 0.1529(2) 0.2195(4) 0.77044(12) 0.0421(6)

C19 0.19615(19) 0.3410(4) 0.72866(11) 0.0366(5)

C20 0.15723(18) 0.3409(3) 0.66688(10) 0.0316(5)
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Table 1.6: Bond lengths (Å) for 1-39. 

 

Table 1.7: Bond angles (°) for 1-39. 

 

Si1-C14 1.865(2) Si1-C20 1.870(2)

Si1-C8 1.881(2) Si1-C1 1.881(2)

Cl1-C4 1.854(3) Cl2-C4 1.738(3)

Cl1'-C4 1.561(4) Cl2'-C4 1.899(4)

O1-C5 1.174(3) C1-C2' 1.533(4)

C1-C2 1.533(4) C1-H1A 0.99

C1-H1B 0.99 C2-C3 1.490(5)

C2-H2A 0.99 C2-H2B 0.99

C2'-C3' 1.499(8) C2'-H2'1 0.99

C2'-H2'2 0.99 C3-C6 1.551(5)

C3-C4 1.555(5) C3-H3 1

C3'-C6' 1.564(10) C3'-C4 1.618(8)

C3'-H3' 1 C4-C5 1.490(4)

C5-C6 1.538(4) C5-C6' 1.617(8)

C6-C7 1.509(5) C6-H6 1

C6'-C7' 1.464(8) C6'-H6' 1

C7-C8 1.525(4) C7-H7A 0.99

C7-H7B 0.99 C7'-C8 1.525(4)

C7'-H7'1 0.99 C7'-H7'2 0.99

C8-H8A 0.99 C8-H8B 0.99

C9-C10 1.382(4) C9-C14 1.395(3)

C9-H9 0.95 C10-C11 1.367(4)

C10-H10 0.95 C11-C12 1.368(4)

C11-H11 0.95 C12-C13 1.375(4)

C12-H12 0.95 C13-C14 1.391(4)

C13-H13 0.95 C15-C16 1.383(4)

C15-C20 1.395(3) C15-H15 0.95

C16-C17 1.378(4) C16-H16 0.95

C17-C18 1.378(4) C17-H17 0.95

C18-C19 1.386(3) C18-H18 0.95

C19-C20 1.396(3) C19-H19 0.95
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C14-Si1-C20 110.89(10) C14-Si1-C8 111.14(11) 

C20-Si1-C8 105.74(11) C14-Si1-C1 110.32(11) 

C20-Si1-C1 109.12(11) C8-Si1-C1 109.50(12) 

C2'-C1-Si1 117.21(18) C2-C1-Si1 117.21(18) 

C2-C1-H1A 108 Si1-C1-H1A 108 

C2-C1-H1B 108 Si1-C1-H1B 108 

H1A-C1-H1B 107.2 C3-C2-C1 113.8(2) 

C3-C2-H2A 108.8 C1-C2-H2A 108.8 

C3-C2-H2B 108.8 C1-C2-H2B 108.8 

H2A-C2-H2B 107.7 C3'-C2'-C1 114.3(4) 

C3'-C2'-H2'1 108.7 C1-C2'-H2'1 108.7 

C3'-C2'-H2'2 108.7 C1-C2'-H2'2 108.7 

H2'1-C2'-H2'2 107.6 C2-C3-C6 122.7(3) 

C2-C3-C4 121.6(3) C6-C3-C4 85.8(3) 

C2-C3-H3 108.2 C6-C3-H3 108.2 

C4-C3-H3 108.2 C2'-C3'-C6' 124.9(7) 

C2'-C3'-C4 117.1(6) C6'-C3'-C4 86.5(5) 

C2'-C3'-H3' 108.7 C6'-C3'-H3' 108.7 

C4-C3'-H3' 108.7 C5-C4-C3 87.6(2) 

C5-C4-Cl1' 126.6(3) C5-C4-C3' 84.3(3) 

Cl1'-C4-C3' 124.5(4) C5-C4-Cl2 119.4(2) 

C3-C4-Cl2 116.4(2) C5-C4-Cl1 111.8(2) 

C3-C4-Cl1 112.4(2) Cl2-C4-Cl1 108.16(16) 

C5-C4-Cl2' 97.5(2) Cl1'-C4-Cl2' 113.6(3) 

C3'-C4-Cl2' 104.4(4) O1-C5-C4 135.1(3) 

O1-C5-C6 135.9(3) C4-C5-C6 88.6(2) 

O1-C5-C6' 130.6(4) C4-C5-C6' 89.0(3) 

C7-C6-C5 115.9(3) C7-C6-C3 123.0(3) 

C5-C6-C3 86.1(3) C7-C6-H6 109.9 

C5-C6-H6 109.9 C3-C6-H6 109.9 

C7'-C6'-C3' 119.3(6) C7'-C6'-C5 113.8(5) 

C3'-C6'-C5 82.0(5) C7'-C6'-H6' 112.8 

C3'-C6'-H6' 112.8 C5-C6'-H6' 112.8 

C6-C7-C8 116.1(2) C6-C7-H7A 108.3 

C8-C7-H7A 108.3 C6-C7-H7B 108.3 
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C8-C7-H7B 108.3 H7A-C7-H7B 107.4 

C6'-C7'-C8 113.6(4) C6'-C7'-H7'1 108.8 

C8-C7'-H7'1 108.8 C6'-C7'-H7'2 108.8 

C8-C7'-H7'2 108.8 H7'1-C7'-H7'2 107.7 

C7'-C8-Si1 118.80(18) C7-C8-Si1 118.80(18) 

C7-C8-H8A 107.6 Si1-C8-H8A 107.6 

C7-C8-H8B 107.6 Si1-C8-H8B 107.6 

H8A-C8-H8B 107 C10-C9-C14 121.4(2) 

C10-C9-H9 119.3 C14-C9-H9 119.3 

C11-C10-C9 120.7(2) C11-C10-H10 119.7 

C9-C10-H10 119.7 C10-C11-C12 119.1(3) 

C10-C11-H11 120.4 C12-C11-H11 120.4 

C11-C12-C13 120.6(3) C11-C12-H12 119.7 

C13-C12-H12 119.7 C12-C13-C14 121.8(2) 

C12-C13-H13 119.1 C14-C13-H13 119.1 

C13-C14-C9 116.3(2) C13-C14-Si1 121.83(18) 

C9-C14-Si1 121.80(19) C16-C15-C20 122.0(2) 

C16-C15-H15 119 C20-C15-H15 119 

C17-C16-C15 119.7(3) C17-C16-H16 120.1 

C15-C16-H16 120.1 C16-C17-C18 119.7(2) 

C16-C17-H17 120.2 C18-C17-H17 120.2 

C17-C18-C19 120.4(2) C17-C18-H18 119.8 

C19-C18-H18 119.8 C18-C19-C20 121.1(2) 

C18-C19-H19 119.4 C20-C19-H19 119.4 

C15-C20-C19 117.0(2) C15-C20-Si1 120.37(18) 

C19-C20-Si1 122.59(18)     

 

Table 1.8: Torsion angles (°) for 1-39. 

 

C14-Si1-C1-C2' -52.8(2) C20-Si1-C1-C2' -174.9(2) 

C8-Si1-C1-C2' 69.8(2) C14-Si1-C1-C2 -52.8(2) 

C20-Si1-C1-C2 -174.9(2) C8-Si1-C1-C2 69.8(2) 

Si1-C1-C2-C3 -54.9(3) Si1-C1-C2'-C3' -25.9(5) 
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C1-C2-C3-C6 63.1(4) C1-C2-C3-C4 170.2(3) 

C1-C2'-C3'-C6' -50.9(8) C1-C2'-C3'-C4 -156.7(4) 

C2-C3-C4-C5 -152.1(3) C6-C3-C4-C5 -25.8(3) 

C2-C3-C4-Cl2 -30.2(4) C6-C3-C4-Cl2 96.0(3) 

C2-C3-C4-Cl1 95.4(4) C6-C3-C4-Cl1 -138.4(3) 

C2'-C3'-C4-C5 160.2(6) C6'-C3'-C4-C5 32.5(5) 

C2'-C3'-C4-Cl1' 29.1(8) C6'-C3'-C4-Cl1' -98.6(5) 

C2'-C3'-C4-Cl2' -103.5(6) C6'-C3'-C4-Cl2' 128.7(4) 

C3-C4-C5-O1 -161.4(4) Cl1'-C4-C5-O1 -56.7(6) 

C3'-C4-C5-O1 174.0(5) Cl2-C4-C5-O1 79.5(5) 

Cl1-C4-C5-O1 -48.2(5) Cl2'-C4-C5-O1 70.2(4) 

C3-C4-C5-C6 26.0(3) Cl2-C4-C5-C6 -93.2(3) 

Cl1-C4-C5-C6 139.2(2) Cl1'-C4-C5-C6' 98.1(4) 

C3'-C4-C5-C6' -31.2(5) Cl2'-C4-C5-C6' -135.0(4) 

O1-C5-C6-C7 36.3(6) C4-C5-C6-C7 -151.2(3) 

O1-C5-C6-C3 161.4(5) C4-C5-C6-C3 -26.1(3) 

C2-C3-C6-C7 -91.1(5) C4-C3-C6-C7 143.6(3) 

C2-C3-C6-C5 150.3(4) C4-C3-C6-C5 25.0(3) 

C2'-C3'-C6'-C7' 96.5(9) C4-C3'-C6'-C7' -142.6(6) 

C2'-C3'-C6'-C5 -150.7(7) C4-C3'-C6'-C5 -29.8(4) 

O1-C5-C6'-C7' -52.2(8) C4-C5-C6'-C7' 151.1(5) 

O1-C5-C6'-C3' -170.7(5) C4-C5-C6'-C3' 32.6(4) 

C5-C6-C7-C8 160.0(3) C3-C6-C7-C8 56.9(4) 

C3'-C6'-C7'-C8 -66.6(8) C5-C6'-C7'-C8 -160.8(4) 

C6'-C7'-C8-Si1 53.2(5) C6-C7-C8-Si1 14.9(4) 

C14-Si1-C8-C7' 56.9(2) C20-Si1-C8-C7' 177.3(2) 

C1-Si1-C8-C7' -65.2(2) C14-Si1-C8-C7 56.9(2) 

C20-Si1-C8-C7 177.3(2) C1-Si1-C8-C7 -65.2(2) 

C14-C9-C10-C11 0.4(4) C9-C10-C11-C12 0.2(5) 

C10-C11-C12-C13 -0.8(5) C11-C12-C13-C14 0.7(5) 

C12-C13-C14-C9 0.0(4) C12-C13-C14-Si1 -178.0(2) 

C10-C9-C14-C13 -0.5(4) C10-C9-C14-Si1 177.5(2) 

C20-Si1-C14-C13 -90.6(2) C8-Si1-C14-C13 26.7(2) 

C1-Si1-C14-C13 148.4(2) C20-Si1-C14-C9 91.5(2) 

C8-Si1-C14-C9 -151.2(2) C1-Si1-C14-C9 -29.5(2) 
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C20-C15-C16-C17 -0.7(4) C15-C16-C17-C18 0.8(4) 

C16-C17-C18-C19 -0.3(4) C17-C18-C19-C20 -0.3(4) 

C16-C15-C20-C19 0.1(3) C16-C15-C20-Si1 -177.83(19) 

C18-C19-C20-C15 0.5(3) C18-C19-C20-Si1 178.29(18) 

C14-Si1-C20-C15 -179.75(18) C8-Si1-C20-C15 59.7(2) 

C1-Si1-C20-C15 -58.0(2) C14-Si1-C20-C19 2.5(2) 

C8-Si1-C20-C19 -118.1(2) C1-Si1-C20-C19 124.2(2) 

Table 1.9: Anisotropic atomic displacement parameters (Å2) for 1-39. 

The anisotropic atomic displacement factor exponent takes the form: -2ˊ2[ h2 

a*2 U11 + ... + 2 h k a* b* U12]  
U11 U22 U33 U23 U13 U12 

Si1 0.0309(3) 0.0312(3) 0.0306(3) 0.0027(3) 0.0020(2) 0.0027(3) 

Cl1 0.0935(11) 0.0581(9) 0.0300(8) -0.0060(6) 0.0021(7) 0.0073(7) 

Cl2 0.0538(6) 0.0699(10) 0.0641(6) 0.0096(8) 0.0063(4) -0.0087(8) 

Cl1' 0.0935(11) 0.0581(9) 0.0300(8) -0.0060(6) 0.0021(7) 0.0073(7) 

Cl2' 0.0538(6) 0.0699(10) 0.0641(6) 0.0096(8) 0.0063(4) -0.0087(8) 

O1 0.1082(18) 0.0360(10) 0.0393(10) 0.0090(9) -0.0043(11) 0.0128(11) 

C1 0.0515(15) 0.0311(13) 0.0391(13) 0.0010(10) 0.0088(11) 0.0037(11) 

C2 0.0585(17) 0.0432(15) 0.0420(14) 0.0038(12) 0.0173(12) 0.0111(13) 

C2' 0.0585(17) 0.0432(15) 0.0420(14) 0.0038(12) 0.0173(12) 0.0111(13) 

C3 0.041(2) 0.036(2) 0.032(2) 0.0031(16) 0.0033(16) 0.0003(16) 

C3' 0.041(2) 0.036(2) 0.032(2) 0.0031(16) 0.0033(16) 0.0003(16) 

C4 0.0587(17) 0.0511(17) 0.0435(15) 0.0123(13) 0.0110(12) 0.0010(14) 

C5 0.089(2) 0.0428(16) 0.0329(14) 0.0046(12) 0.0069(14) 0.0088(16) 

C6 0.057(2) 0.035(2) 0.0312(19) 0.0026(15) -0.0020(15) 0.0082(17) 

C6' 0.057(2) 0.035(2) 0.0312(19) 0.0026(15) -0.0020(15) 0.0082(17) 

C7 0.0524(16) 0.0450(15) 0.0445(14) 0.0081(12) 0.0036(12) 0.0194(13) 

C7' 0.0524(16) 0.0450(15) 0.0445(14) 0.0081(12) 0.0036(12) 0.0194(13) 

C8 0.0337(12) 0.0418(14) 0.0447(14) 0.0066(11) -0.0036(10) 0.0045(11) 

C9 0.0352(13) 0.0402(14) 0.0507(15) -0.0011(12) 0.0010(11) 0.0105(11) 

C10 0.0298(13) 0.0635(19) 0.0565(17) 0.0042(15) -0.0018(11) 0.0046(12) 

C11 0.0423(15) 0.0574(18) 0.0518(16) 0.0005(14) -0.0062(12) -0.0090(13) 

C12 0.0536(17) 0.0502(17) 0.0627(19) -0.0208(15) -0.0076(14) 0.0049(14) 

C13 0.0350(13) 0.0525(16) 0.0528(16) -0.0138(13) 0.0002(11) 0.0093(12) 

C14 0.0295(11) 0.0351(12) 0.0277(11) 0.0066(9) 0.0021(8) 0.0039(9) 

C15 0.0379(13) 0.0346(13) 0.0386(13) -0.0011(11) 0.0020(10) 0.0017(10) 
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Table 1.10: Hydrogen atomic coordinates and isotropic atomic displacement 

parameters (Å2) for 1-39. 

 

x/a y/b z/c U(eq)

H1A 0.3139 0.2705 0.5618 0.048

H1B 0.198 0.2971 0.5239 0.048

H2A 0.3874 0.5291 0.5132 0.057

H2B 0.3358 0.3865 0.462 0.057

H2'1 0.398 0.4716 0.5045 0.057

H2'2 0.3017 0.4113 0.4547 0.057

H3 0.1824 0.5752 0.4443 0.044

H3' 0.3224 0.7536 0.5214 0.044

H6 0.2751 0.8468 0.5328 0.049

H6' 0.1126 0.6627 0.4529 0.049

H7A 0.0451 0.8069 0.5018 0.057

H7B 0.1023 0.9338 0.5555 0.057

H7'1 0.0343 0.8665 0.5205 0.057

H7'2 0.1517 0.9117 0.5549 0.057

H8A 0.0326 0.5674 0.5613 0.048

H8B 0.0579 0.7123 0.6163 0.048

H9 0.4513 0.486 0.6288 0.051

H10 0.5906 0.6807 0.6701 0.06

H11 0.5499 0.9699 0.7127 0.061

H12 0.3678 1.0626 0.7146 0.067

H13 0.2279 0.8732 0.6723 0.056

H15 0.0446 0.2111 0.6077 0.044

H16 -0.0291 0.0107 0.678 0.052

H17 0.0406 0.0125 0.7804 0.053

H18 0.1809 0.2214 0.8122 0.051

H19 0.2532 0.4258 0.7423 0.044

C16 0.0415(14) 0.0344(13) 0.0542(16) 0.0022(12) 0.0115(12) -0.0021(11) 

C17 0.0455(14) 0.0376(14) 0.0518(16) 0.0117(12) 0.0183(12) 0.0072(12) 

C18 0.0440(14) 0.0487(15) 0.0340(12) 0.0083(11) 0.0051(10) 0.0138(12) 

C19 0.0316(12) 0.0402(13) 0.0381(13) 0.0037(11) 0.0023(9) 0.0032(10) 

C20 0.0294(11) 0.0308(12) 0.0351(12) 0.0029(10) 0.0051(9) 0.0069(9) 
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1.28: X-ray structure of (E)-1,1-diphenyl-2,3,6,7-tetrahydro-1H-silepine (1-23). 

Table 1.11: Crystal data and structure refinement for 1-23. 

 

Identification code               joef124

Empirical formula                C18 H20 Ag N O3 Si

Formula weight                    434.31

Temperature 200(2) K

Wavelength                        0.71073 A

Crystal system, space 

group     
Monoclinic, P2(1)/c

a = 16.5090(10) A   alpha = 90 deg.

b = 8.4282(5) A    beta = 114.6900(10) deg.

c = 13.9655(8) A   gamma = 90 deg.

Volume 1765.53(18) A^3

Z, Calculated density             4, 1.634 Mg/m^3

Absorption coefficient     1.225 mm -̂1

F(000) 880

Crystal size                      0.394 x 0.345 x 0.194 mm

Theta range for data 

collection   
2.716 to 27.574 deg.

Limiting indices -21<=h<=21, -10<=k<=10, -18<=l<=18

Reflections collected / 

unique
18866 / 4077 [R(int) = 0.0148]

Completeness to 

theta=25.242
99.90%

Absorption correction Semi-empirical from equivalents

Max. and min. 

transmission
0.7456 and 0.6940

Refinement method Full-matrix least-squares on F^2

Data / restraints / 

parameters       
4077 / 0 / 217

Goodness-of-fit on F^2                1.009

Final R indices 

[I>2sigma(I)]     
R1 = 0.0369, wR2 = 0.1133

R indices (all data) R1 = 0.0395, wR2 = 0.1174

Extinction coefficient n/a

Largest diff. peak and 

hole       
1.796 and -0.630 e.A -̂3

Unit cell dimensions             
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Table 1.12: Atomic coordinates (x 10^4) and equivalent isotropic displacement 

parameters (A^2 x 10^3) for 1-23. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.  

 

 

 

 

x y z U(eq)

Ag(1) 3989(1) 5314(1) 2962(1) 47(1)

C(1) 3696(2) 1563(3) 3408(2) 42(1)

C(2) 3345(2) 599(3) 4111(2) 36(1)

C(3) 2681(2) 3532(3) 5097(2) 40(1)

C(4) 2908(2) 4901(3) 4509(2) 45(1)

C(5) 3582(3) 4145(4) 4184(3) 56(1)

C(6) 3330(2) 3202(4) 3346(3) 53(1)

C(7) 1342(2) 931(3) 2219(2) 41(1)

C(8) 588(2) 1007(4) 1272(2) 54(1)

C(9) -144(2) 1895(5) 1204(3) 55(1)

C(10) -108(2) 2718(4) 2077(3) 54(1)

C(11) 654(2) 2641(4) 3031(2) 44(1)

C(12) 1391(2) 1725(3) 3125(2) 33(1)

C(13) 1419(2) 470(3) 5522(2) 37(1)

C(14) 1214(2) -476(3) 6211(2) 41(1)

C(15) 1739(2) -1773(3) 6673(2) 41(1)

C(16) 2465(2) -2145(3) 6450(2) 38(1)

C(17) 2668(2) -1189(3) 5766(2) 33(1)

C(18) 2148(2) 154(3) 5289(2) 31(1)

N(1) 4912(2) 8436(3) 2913(2) 38(1)

O(1) 4712(2) 7654(3) 3540(2) 57(1)

O(2) 4507(2) 8296(4) 1953(2) 67(1)

O(3) 5525(2) 9425(4) 3280(2) 64(1)

Si(1) 2420(1) 1528(1) 4396(1) 29(1)
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Table 1.13: Bond lengths [A] and angles [deg] for 1-23. 

 

Ag(1)-C(6) 2.264(3) 

Ag(1)-O(1) 2.271(2) 

Ag(1)-C(5) 2.300(3) 

Ag(1)-O(3)#1 2.318(3) 

C(1)-C(6) 1.496(4) 

C(1)-C(2) 1.561(4) 

C(1)-H(1A) 0.99 

C(1)-H(1B) 0.99 

C(2)-Si(1) 1.901(3) 

C(2)-H(2A) 0.99 

C(2)-H(2B) 0.99 

C(3)-C(4) 1.550(4) 

C(3)-Si(1) 1.909(3) 

C(3)-H(3A) 0.99 

C(3)-H(3B) 0.99 

C(4)-C(5) 1.508(5) 

C(4)-H(4A) 0.99 

C(4)-H(4B) 0.99 

C(5)-C(6) 1.329(5) 

C(5)-H(5) 0.95 

C(6)-H(6) 0.95 

C(7)-C(8) 1.388(4) 

C(7)-C(12) 1.404(3) 

C(7)-H(7) 0.95 

C(8)-C(9) 1.391(5) 

C(8)-H(8) 0.95 

C(9)-C(10) 1.381(5) 

C(9)-H(9) 0.95 

C(10)-C(11) 1.400(4) 

C(10)-H(10) 0.95 

C(11)-C(12) 1.399(4) 

C(11)-H(11) 0.95 



 139 

C(12)-Si(1) 1.882(2) 

C(13)-C(14) 1.396(4) 

C(13)-C(18) 1.396(4) 

C(13)-H(13) 0.95 

C(14)-C(15) 1.377(4) 

C(14)-H(14) 0.95 

C(15)-C(16) 1.394(4) 

C(15)-H(15) 0.95 

C(16)-C(17) 1.394(4) 

C(16)-H(16) 0.95 

C(17)-C(18) 1.408(4) 

C(17)-H(17) 0.95 

C(18)-Si(1) 1.889(3) 

N(1)-O(2) 1.229(3) 

N(1)-O(1) 1.246(3) 

N(1)-O(3) 1.244(3) 

O(3)-Ag(1)#2 2.318(3) 

    

C(6)-Ag(1)-O(1) 146.23(10) 

C(6)-Ag(1)-C(5) 33.84(12) 

O(1)-Ag(1)-C(5) 112.40(11) 

C(6)-Ag(1)-O(3)#1 105.86(12) 

O(1)-Ag(1)-O(3)#1 104.61(11) 

C(5)-Ag(1)-O(3)#1 135.69(14) 

C(6)-C(1)-C(2) 105.7(2) 

C(6)-C(1)-H(1A) 110.6 

C(2)-C(1)-H(1A) 110.6 

C(6)-C(1)-H(1B) 110.6 

C(2)-C(1)-H(1B) 110.6 

H(1A)-C(1)-H(1B) 108.7 

C(1)-C(2)-Si(1) 117.36(18) 

C(1)-C(2)-H(2A) 108 

Si(1)-C(2)-H(2A) 108 

C(1)-C(2)-H(2B) 108 

Si(1)-C(2)-H(2B) 108 
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H(2A)-C(2)-H(2B) 107.2 

C(4)-C(3)-Si(1) 116.11(17) 

C(4)-C(3)-H(3A) 108.3 

Si(1)-C(3)-H(3A) 108.3 

C(4)-C(3)-H(3B) 108.3 

Si(1)-C(3)-H(3B) 108.3 

H(3A)-C(3)-H(3B) 107.4 

C(5)-C(4)-C(3) 102.5(2) 

C(5)-C(4)-H(4A) 111.3 

C(3)-C(4)-H(4A) 111.3 

C(5)-C(4)-H(4B) 111.3 

C(3)-C(4)-H(4B) 111.3 

H(4A)-C(4)-H(4B) 109.2 

C(6)-C(5)-C(4) 121.2(3) 

C(6)-C(5)-Ag(1) 71.60(19) 

C(4)-C(5)-Ag(1) 121.6(2) 

C(6)-C(5)-H(5) 119.4 

C(4)-C(5)-H(5) 119.4 

Ag(1)-C(5)-H(5) 77.8 

C(5)-C(6)-C(1) 122.0(3) 

C(5)-C(6)-Ag(1) 74.6(2) 

C(1)-C(6)-Ag(1) 121.1(2) 

C(5)-C(6)-H(6) 119 

C(1)-C(6)-H(6) 119 

Ag(1)-C(6)-H(6) 75 

C(8)-C(7)-C(12) 121.9(3) 

C(8)-C(7)-H(7) 119.1 

C(12)-C(7)-H(7) 119.1 

C(9)-C(8)-C(7) 119.8(3) 

C(9)-C(8)-H(8) 120.1 

C(7)-C(8)-H(8) 120.1 

C(10)-C(9)-C(8) 119.6(3) 

C(10)-C(9)-H(9) 120.2 

C(8)-C(9)-H(9) 120.2 

C(9)-C(10)-C(11) 120.4(3) 
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C(9)-C(10)-H(10) 119.8 

C(11)-C(10)-H(10) 119.8 

C(12)-C(11)-C(10) 121.0(3) 

C(12)-C(11)-H(11) 119.5 

C(10)-C(11)-H(11) 119.5 

C(11)-C(12)-C(7) 117.2(2) 

C(11)-C(12)-Si(1) 123.0(2) 

C(7)-C(12)-Si(1) 119.81(19) 

C(14)-C(13)-C(18) 122.1(2) 

C(14)-C(13)-H(13) 118.9 

C(18)-C(13)-H(13) 118.9 

C(15)-C(14)-C(13) 119.4(3) 

C(15)-C(14)-H(14) 120.3 

C(13)-C(14)-H(14) 120.3 

C(14)-C(15)-C(16) 120.4(2) 

C(14)-C(15)-H(15) 119.8 

C(16)-C(15)-H(15) 119.8 

C(17)-C(16)-C(15) 119.8(2) 

C(17)-C(16)-H(16) 120.1 

C(15)-C(16)-H(16) 120.1 

C(16)-C(17)-C(18) 121.0(2) 

C(16)-C(17)-H(17) 119.5 

C(18)-C(17)-H(17) 119.5 

C(13)-C(18)-C(17) 117.2(2) 

C(13)-C(18)-Si(1) 120.13(19) 

C(17)-C(18)-Si(1) 122.62(19) 

O(2)-N(1)-O(1) 122.2(2) 

O(2)-N(1)-O(3) 119.4(3) 

O(1)-N(1)-O(3) 118.3(2) 

N(1)-O(1)-Ag(1) 117.64(18) 

N(1)-O(3)-Ag(1)#2 112.67(18) 

C(12)-Si(1)-C(18) 107.90(11) 

C(12)-Si(1)-C(2) 109.07(11) 

C(18)-Si(1)-C(2) 108.62(11) 

C(12)-Si(1)-C(3) 109.08(12) 
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C(18)-Si(1)-C(3) 105.61(11) 

C(2)-Si(1)-C(3) 116.24(13) 

Symmetry transformations used to generate equivalent atoms:  #1 -x+1,y-1/2,-z+1/2    

#2 -x+1,y+1/2,-z+1/2 

 

Table 1.14: Anisotropic displacement parameters (A^2 x 10^3) for 1-23. 

The anisotropic displacement factor exponent takes the form: -2 pi^2 [ h^2 

a*^2 U11 + ... + 2 h k a* b* U12 ]   

 

 

U11 U22 U33 U23 U13 U12

Ag(1) 60(1) 38(1) 54(1) 0(1) 35(1) -8(1)

C(1) 49(1) 39(1) 48(1) 3(1) 30(1) 3(1)

C(2) 40(1) 34(1) 36(1) 3(1) 19(1) 6(1)

C(3) 56(2) 33(1) 35(1) -7(1) 24(1) -4(1)

C(4) 68(2) 30(1) 44(1) -5(1) 30(1) -6(1)

C(5) 70(2) 48(2) 59(2) 4(2) 36(2) -10(2)

C(6) 72(2) 40(2) 62(2) 3(1) 43(2) 0(1)

C(7) 43(1) 38(1) 38(1) -7(1) 12(1) -3(1)

C(8) 55(2) 54(2) 39(1) -6(1) 8(1) -13(1)

C(9) 42(1) 63(2) 47(2) 15(1) 4(1) -7(1)

C(10) 40(1) 57(2) 63(2) 24(2) 21(1) 12(1)

C(11) 47(1) 45(2) 45(1) 10(1) 23(1) 12(1)

C(12) 36(1) 29(1) 33(1) 2(1) 14(1) 0(1)

C(13) 39(1) 37(1) 37(1) 1(1) 18(1) 4(1)

C(14) 43(1) 45(2) 44(1) -2(1) 26(1) -2(1)

C(15) 50(1) 38(1) 41(1) -1(1) 24(1) -9(1)

C(16) 42(1) 29(1) 42(1) 3(1) 16(1) -2(1)

C(17) 34(1) 30(1) 35(1) -2(1) 14(1) -1(1)

C(18) 34(1) 30(1) 29(1) -2(1) 14(1) -1(1)

N(1) 38(1) 36(1) 41(1) -3(1) 18(1) -4(1)

O(1) 69(1) 54(1) 54(1) -3(1) 30(1) -22(1)

O(2) 56(1) 97(2) 43(1) -15(1) 16(1) -28(1)

O(3) 69(2) 78(2) 44(1) -15(1) 22(1) -42(1)

Si(1) 36(1) 26(1) 27(1) 0(1) 14(1)
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Table 1.15: Hydrogen coordinates (x 10^4) and isotropic displacement 

parameters (A^2 x 10^3) for 1-23. 

 

 

x y z        U(eq)

H(1A) 4356 1584 3729 50

H(1B) 3485 1087 2697 50

H(2A) 3856 388 4793 43

H(2B) 3130 -440 3768 43

H(3A) 2161 3857 5230 48

H(3B) 3191 3391 5790 48

H(4A) 2373 5252 3887 54

H(4B) 3167 5819 4980 54

H(5) 4199 4346 4585 67

H(6) 2904 3581 2687 64

H(7) 1839 324 2255 49

H(8) 572 454 671 64

H(9) -666 1937 562 67

H(10) -603 3340 2030 65

H(11) 671 3219 3623 53

H(13) 1051 1358 5201 44

H(14) 717 -227 6359 50

H(15) 1605 -2418 7146 49

H(16) 2821 -3049 6764 46

H(17) 3165 -1446 5619 40
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Table 1.16: Torsion angles [deg] for 1-23. 

 

Symmetry transformations used to generate equivalent atoms:  #1 -x+1,y-1/2,-

z+1/2    #2 -x+1,y+1/2,-z+1/2 

 

 

C(6)-C(1)-C(2)-Si(1) 13.1(3) C(15)-C(16)-C(17)-C(18) -0.2(4)

Si(1)-C(3)-C(4)-C(5) -48.0(3) C(14)-C(13)-C(18)-C(17) 1.1(4)

C(3)-C(4)-C(5)-C(6) 79.8(4) C(14)-C(13)-C(18)-Si(1) -177.4(2)

C(3)-C(4)-C(5)-Ag(1) 166.3(2) C(16)-C(17)-C(18)-C(13) -0.7(4)

C(4)-C(5)-C(6)-C(1) -126.3(4) C(16)-C(17)-C(18)-Si(1) 177.74(19)

Ag(1)-C(5)-C(6)-C(1) 117.4(3) O(2)-N(1)-O(1)-Ag(1) 24.1(4)

C(4)-C(5)-C(6)-Ag(1) 116.3(3) O(3)-N(1)-O(1)-Ag(1) -158.1(2)

C(2)-C(1)-C(6)-C(5) 66.6(4) O(2)-N(1)-O(3)-Ag(1)#2 -15.6(4)

C(2)-C(1)-C(6)-Ag(1) 157.3(2) O(1)-N(1)-O(3)-Ag(1)#2 166.6(2)

C(12)-C(7)-C(8)-C(9) 0.2(5) C(11)-C(12)-Si(1)-C(18) 75.2(2)

C(7)-C(8)-C(9)-C(10) 1.1(5) C(7)-C(12)-Si(1)-C(18) -104.7(2)

C(8)-C(9)-C(10)-C(11) -1.0(5) C(11)-C(12)-Si(1)-C(2) -167.0(2)

C(9)-C(10)-C(11)-C(12) -0.4(5) C(7)-C(12)-Si(1)-C(2) 13.1(2)

C(10)-C(11)-C(12)-C(7) 1.8(4) C(11)-C(12)-Si(1)-C(3) -39.1(3)

C(10)-C(11)-C(12)-Si(1) -178.2(2) C(7)-C(12)-Si(1)-C(3) 141.0(2)

C(8)-C(7)-C(12)-C(11) -1.7(4) C(13)-C(18)-Si(1)-C(12) -54.5(2)

C(8)-C(7)-C(12)-Si(1) 178.3(2) C(17)-C(18)-Si(1)-C(12) 127.1(2)

C(18)-C(13)-C(14)-C(15) -0.5(4) C(13)-C(18)-Si(1)-C(2) -172.6(2)

C(13)-C(14)-C(15)-C(16) -0.4(4) C(17)-C(18)-Si(1)-C(2) 9.0(2)

C(14)-C(15)-C(16)-C(17) 0.8(4) C(13)-C(18)-Si(1)-C(3) 62.0(2)

C(17)-C(18)-Si(1)-C(3) -116.4(2)
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1.29: X-ray structure of rel-(1R, 4E, pR)-Cyclooct-4-enol ÅAgNO3 (1-30). 

Table 1.17: Atomic coordinates (x 10^4) and equivalent isotropic displacement 

parameters (A^2 x 10^3) for 1-30. 

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

 

 

Bond precision: C-C = 0.0020 A Wavelength=0.71073

Cell: a=7.786(3) b=8.024(3) c=16.081(5)

alpha=90 beta=90 gamma=90

Temperature: 200 K

Calculated                                                                    Reported

Volume 1004.7(6)                                                         1004.6(6)

Space group P 21 21 21                                                 P2(1)2(1)2(

Hall group P 2ac 2ab                                                       NA

Moiety formula C8 H14 Ag N O4                                  NA

Sum formula C8 H14 Ag N O4                                     C8 H14 Ag N O4

Mr 296.07                                                                      296.07

Dx,g cm
-3

 1.957                                                      1.957

Z 4                                                                                     4

Mu (mm
-1

) 1.995                                                             1.995

F000 592.0                                                                      592

F000ô 588.67

h,k,lmax 10,10,21                                                      10,10,21

Nref 2491[ 1455]                                                                2483

Tmin,Tmax 0.566,0.698                                              0.598,0.714

Tminô 0.555

x y z U(eq)

          Ag 1331(1) 11594(1)9179(1) 33(1)

          N(1) 5156(2) 12638(2)8997(1) 34(1)

          O(1) -210(2) 3749(2) 8557(1) 30(1)

          O(2) 4046(2) 12651(2)9567(1) 45(1)

          O(3) 4772(3) 12314(2)8285(1) 53(1)

          O(4) 6652(2) 12996(3)9229(1) 65(1)

          C(1) 1932(2) 5736(2) 8166(1) 26(1)

          C(2) 3548(2) 6410(2) 8606(1) 30(1)

          C(3) 3598(2) 8325(2) 8731(1) 34(1)

          C(4) 1906(2) 8786(2) 9107(1) 28(1)

          C(5) 499(2) 9036(2) 8615(1) 26(1)

          C(6) -1224(2) 8358(2) 8843(1) 28(1)

          C(7) -1285(2) 6580(2) 8478(1) 29(1)
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Table 1.18: Bond lengths [A] and angles [deg] for 1-30. 

 

             Ag-C(4) 2.3002(18) 

            Ag-O(1)#1 2.3305(14) 

            Ag-C(5) 2.3356(18) 

            Ag-O(2) 2.3622(16) 

            Ag-O(4)#2 2.593(2) 

            N(1)-O(3) 1.212(2) 

            N(1)-O(4) 1.256(2) 

            N(1)-O(2) 1.260(2) 

            O(1)-C(8) 1.454(2) 

            O(1)-Ag#3 2.3305(14) 

            O(4)-Ag#4 2.593(2) 

            C(1)-C(2) 1.541(2) 

            C(1)-C(8) 1.555(2) 

            C(2)-C(3) 1.550(3) 

            C(3)-C(4) 1.496(2) 

            C(4)-C(5) 1.366(2) 

            C(5)-C(6) 1.493(2) 

            C(6)-C(7) 1.543(3) 

            C(7)-C(8) 1.545(2) 

            C(4)-Ag-O(1)#1 143.66(5) 

            C(4)-Ag-C(5) 34.25(6) 

            O(1)#1-Ag-C(5) 110.06(6) 

            C(4)-Ag-O(2) 101.00(6) 

            O(1)#1-Ag-O(2) 107.93(6) 

            C(5)-Ag-O(2) 131.79(6) 

            C(4)-Ag-O(4)#2 98.93(7) 

            O(1)#1-Ag-O(4)#2 112.28(6) 

            C(5)-Ag-O(4)#2 121.43(7) 

            O(2)-Ag-O(4)#2 66.86(6) 

            O(3)-N(1)-O(4) 123.95(19) 
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            O(3)-N(1)-O(2) 121.37(17) 

            O(4)-N(1)-O(2) 114.68(17) 

            C(8)-O(1)-Ag#3 120.52(10) 

            N(1)-O(2)-Ag 114.72(11) 

            N(1)-O(4)-Ag#4 103.48(12) 

            C(2)-C(1)-C(8) 118.25(14) 

            C(1)-C(2)-C(3) 115.34(14) 

            C(4)-C(3)-C(2) 105.98(15) 

            C(5)-C(4)-C(3) 120.58(16) 

            C(5)-C(4)-Ag 74.29(10) 

            C(3)-C(4)-Ag 115.71(12) 

            C(4)-C(5)-C(6) 121.67(15) 

            C(4)-C(5)-Ag 71.45(10) 

            C(6)-C(5)-Ag 118.28(11) 

            C(5)-C(6)-C(7) 105.69(13) 

            C(6)-C(7)-C(8) 114.88(13) 

            O(1)-C(8)-C(7) 107.86(13) 

            O(1)-C(8)-C(1) 105.20(13) 

            C(7)-C(8)-C(1) 116.95(13) 

 Symmetry transformations used to generate equivalent atoms: #1 x,y+1,z #2 x-1/2,-

y+5/2,-z+2 #3 x,y-1,z #4 x+1/2,-y+5/2,-z+2 

 

Table 1.19: Anisotropic displacement parameters (A^2 x 10^3) for 1-30. 

The anisotropic displacement factor exponent takes the form: -2 pi^2 [ h^2 

a*^2 U11 + ... + 2 h k a* b* U12 ] 

 

 U11 U22 U33 U23 U13 U12 

    Ag 32(1) 22(1) 45(1) -2(1) -5(1) -1(1) 

N(1) 31(1) 31(1) 41(1) 7(1) -3(1) -2(1) 

O(1) 30(1) 22(1) 37(1) 0(1) 1(1) -3(1) 

O(2) 40(1) 57(1) 39(1) -3(1) 3(1) -16(1) 

O(3) 71(1) 52(1) 38(1) -4(1) -1(1) -1(1) 
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O(4) 31(1) 101(2) 63(1) 2(1) -2(1) -16(1) 

C(1) 28(1) 24(1) 27(1) -1(1) 1(1) 0(1) 

C(2) 26(1) 26(1) 38(1) -1(1) -1(1) 2(1) 

C(3) 27(1) 28(1) 47(1) -2(1) -3(1) -2(1) 

C(4) 31(1) 21(1) 32(1) -2(1) -4(1) 0(1) 

C(5) 30(1) 19(1) 28(1) 1(1) 0(1) 1(1) 

C(6) 28(1) 24(1) 33(1) -1(1) 2(1) 1(1) 

C(7) 26(1) 25(1) 37(1) 0(1) 0(1) 1(1) 

C(8) 26(1) 20(1) 29(1) 0(1) -1(1) 0(1) 

 

Table 1.20: Hydrogen coordinates (x 10^4) and isotropic displacement 

parameters (A^2 x 10^3) for 1-30. 

 x y z U(eq) 

     H(1) -1100(40) 3630(30) 8747(15) 35 

H(1A) 2234 4653 7911 31 

H(1B) 1647 6510 7707 31 

H(2A) 4568 6078 8278 36 

H(2B) 3641 5870 9157 36 

H(3A) 4551 8640 9107 41 

H(3B) 3760 8900 8192 41 

H(4A) 1809 8905 9693 33 

H(5A) 620 9656 8115 31 

H(6A) -2149 9055 8603 34 

H(6B) -1364 8328 9454 34 

H(7A) -1375 6664 7865 35 

H(7B) -2337 6021 8681 35 

H(8A) 568 5631 9294 30 

Table 1.21: Torsion angles [deg] for 1-30. 

O(3)-N(1)-O(2)-Ag 9.3(2) 

O(4)-N(1)-O(2)-Ag -171.29(17) 

C(4)-Ag-O(2)-N(1) 73.18(15) 

O(1)#1-Ag-O(2)-N(1) -84.55(14) 

C(5)-Ag-O(2)-N(1) 56.04(16) 

O(4)#2-Ag-O(2)-N(1) 168.28(16) 

O(3)-N(1)-O(4)-Ag#4 -178.33(17) 

O(2)-N(1)-O(4)-Ag#4 2.3(2) 
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C(8)-C(1)-C(2)-C(3) -81.3(2) 

C(1)-C(2)-C(3)-C(4) 49.4(2) 

C(2)-C(3)-C(4)-C(5) -83.8(2) 

C(2)-C(3)-C(4)-Ag -170.07(11) 

O(1)#1-Ag-C(4)-C(5) -14.48(15) 

O(2)-Ag-C(4)-C(5) -157.01(10) 

O(4)#2-Ag-C(4)-C(5) 134.99(10) 

O(1)#1-Ag-C(4)-C(3) 102.33(14) 

C(5)-Ag-C(4)-C(3) 116.81(17) 

O(2)-Ag-C(4)-C(3) -40.20(13) 

O(4)#2-Ag-C(4)-C(3) -108.19(13) 

C(3)-C(4)-C(5)-C(6) 136.73(17) 

Ag-C(4)-C(5)-C(6) -112.35(15) 

C(3)-C(4)-C(5)-Ag -110.93(16) 

O(1)#1-Ag-C(5)-C(4) 170.92(10) 

O(2)-Ag-C(5)-C(4) 30.94(13) 

O(4)#2-Ag-C(5)-C(4) -54.96(12) 

C(4)-Ag-C(5)-C(6) 116.64(16) 

O(1)#1-Ag-C(5)-C(6) -72.44(13) 

O(2)-Ag-C(5)-C(6) 147.58(11) 

O(4)#2-Ag-C(5)-C(6) 61.68(14) 

C(4)-C(5)-C(6)-C(7) -87.69(19) 

Ag-C(5)-C(6)-C(7) -172.39(10) 

C(5)-C(6)-C(7)-C(8) 50.30(18) 

Ag#3-O(1)-C(8)-C(7) -160.27(10) 

Ag#3-O(1)-C(8)-C(1) 74.21(14) 

C(6)-C(7)-C(8)-O(1) 161.22(13) 

C(6)-C(7)-C(8)-C(1) -80.56(18) 

C(2)-C(1)-C(8)-O(1) -125.48(16) 

C(2)-C(1)-C(8)-C(7) 114.87(16) 

Symmetry transformations used to generate equivalent atoms: #1 x,y+1,z #2 x-1/2,-

y+5/2,-z+2 #3 x,y-1,z #4 x+1/2,-y+5/2,-z+2 

 

Table 1.22: Hydrogen bonds for 1-30 [A and deg.]. 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
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 O(1)-

H(1)...O(4)#5 

0.76(3) 1.98(3) 2.739(2) 172(3) 

Symmetry transformations used to generate equivalent atoms: #1 x,y+1,z #2 x-

1/2,-y+5/2,-z+2 #3 x,y-1,z #4 x+1/2,-y+5/2,-z+2 #5 x-1,y-1,z 

1.8.16 Synthesis of trans-Cyclooctene Silver Nitrate Complex Derivatives 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanolÅAgNO3 

(sTCOÅAgNO3) (1-49) 

 

To a flask containing ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanol(16.1 mg, 0.106 mmol, 1.00 equiv) was added an acetonitrile (1.91 ml, 

10.3 mg/ml) solution of silver nitrate (19.8 mg, 0.116 mmol, 1.10 equiv). The reaction 

mixture was stirred at room temperature for 15 min. The mixture was concentrated 

under reduced pressure to afford (37.6 mg, quantitative yield) as white semisolid. 1H 

NMR (400 MHz, CD3OD) ŭ: 6.10-6.03 (m, 1H), 5.28 (ddd, J =16.6, 10.6, 3.5Hz, 1H), 

3.49-3.41 (m, 2H), 2.55-2.44 (m, 2H), 2.35-2.29 (m, 1H), 2.25-2.20 (m, 2H), 1.98-

1.88 (m, 1H), 1.08-0.97 (m, 1H) , 0.87-0.77 (m, 1H), 0.67-0.60 (m, 1H), 0.49-0.41(m, 

2H); 13C NMR  (100 MHz, CD3OD) ŭ: 126.2 (dn), 118.8 (dn), 66.9 (u), 38.7 (u), 35.2 

(u), 33.0 (u), 29.26 (dn), 29.25 (u), 22.2 (dn), 20.7 (dn); FTIR (ATR) 3436, 3003, 

2978, 2914, 2850, 1572, 1448, 1385, 1300, 1111, 1076, 1041, 1014, 985, 928, 891, 

843 cm-1; HRMS (CI+) m/z: [M-AgNO3+H]+ calcd. for C10H17O
+ 153.1274, found 

153.1272. 
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((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-

yl)methanolÅAgNO3 (dTCOÅAgNO3) (1-50) 

 

To a flask containing ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-

hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol (15.6 mg, 0.0847 mmol, 1.00 equiv) 

was added an acetonitrile (1.53 ml, 10.3 mg/ml) solution of silver nitrate (15.8 mg, 

0.0931 mmol, 1.10 equiv). The reaction mixture was stirred at room temperature for 

15 min. The mixture was concentrated under reduced pressure to afford (33.8 mg, 

quantitative yield) as white semisolid. 1H NMR (600 MHz, CD3CN) ŭ: 5.71-5.57 (m, 

2H), 4.71 (t, J =3.7 Hz, 1H), 3.97 (d, J =9.9 Hz, 2H), 3.48-3.42 (m, 2H), 3.39-3.26 (m, 

1H), 2.38-2.35 (m, 1H), 2.33-2.28 (m, 1H), 2.12-2.05 (m, 3H) , 1.76-1.56 (m, 3H); 13C 

NMR  (100 MHz, CD3OD) d: FTIR (ATR) 3395, 2934, 2866, 1576,  1396, 1140, 

1034, 997, 903, 856, 818 cm-1; HRMS (CI+) m/z: [M-AgNO3+H]+ calcd. for 

C10H17O3
+ 185.1172, found 185.1179. 

(E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanolÅAgNO3 (oxo-

TCOÅAgNO3)(1-51) 
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To a flask containing (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanol (11.6 

mg, 0.0816 mmol, 1.00 equiv) was added an acetonitrile (89.7 µL, 1.0 M) solution of 

silver nitrate (15.2 mg, 0.0897 mmol, 1.10 equiv). The reaction mixture was stirred at 

room temperature for 1 hour. The mixture was concentrated under reduced pressure to 

afford (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanolÅAgNO3 (28.0 mg, 

quantitative yield) as colorless semisolid. 

Peaks due to major diastereomer: 1H NMR (400 MHz, CD3OD) ŭ: 5.87 

(ddd, J = 15.8, 11.4, 2.9 Hz, 1H), 5.57 (ddd, J = 15.7, 11.0, 3.3 Hz, 1H), 4.14-4.09 (m, 

1H), 3.48-3.41 (m, 3H), 3.14-3.08 (m, 1H), 2.72-2.67 (m, 1H), 2.54-2.49 (m, 1H), 

2.31-2.13 (m, 2H), 2.02-1.81 (m, 2H); 13C NMR (100 MHz, CD3OD) ŭ: 129.4 (dn), 

114.8 (dn), 86.7 (dn), 74.5 (u), 66.3 (u), 39.3 (u), 38.3 (u), 35.1 (u); 

Peaks due to minor diastereomer: 1H NMR (400 MHz, CD3OD) ŭ: 6.05-5.97 

(m, 1H), 5.55-5.51 (m, 1H), 3.91-3.85 (m, 1H), 3.84-3.79 (m, 2H), 3.68-3.62 (m, 1H), 

3.47-3.42 (m, 1H), 2.56-2.50 (m, 1H), 2.45-2.44 (m, 2H), 2.31-2.13 (m, 1H), 2.01-

1.83 (m, 2H); 13C NMR (100 MHz, CD3OD) ŭ: 126.7 (dn), 117.3 (dn), 81.9 (dn), 68.8 

(u), 64.2 (u), 39.5 (u), 36.6 (u), 30.0 (u); FTIR (AgCl film) 3408, 3006, 2942, 2840, 

1658, 1607, 1482, 1302, 1210, 1197, 1159, 1096, 1063, 1035, 944, 883 cm-1; HRMS 

(ESI+) m/z: [M+H-AgNO3]
+ calcd. for C8H15O2

+ 143.1067, found 143.1067. 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methyl (4-nitrophenyl) 

carbonateÅAgNO3(1-53) 
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To a flask containing ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methyl (4-

nitrophenyl) carbonate (31.7mg, 0.0999 mmol, 1.00 equiv) was added an acetonitrile 

(0.813 ml, 22.96 mg/ml) solution of silver nitrate (18.7 mg, 1.10 mmol, 1.10 equiv). 

The reaction mixture was stirred at room temperature for 1 hour. The mixture was 

concentrated under reduced pressure to afford (51.5 mg, quantitative yield) as white 

semisolid. 1H NMR (600 MHz, CD3OD) ŭ: 8.31 (d, J =9.1 Hz, 2H), 7.46 (d, J = 9.1 

Hz, 2H), 6.07 (ddd, J =16.5, 8.9, 6.2 Hz,  1H), 5.31 (ddd, J =16.5, 10.6, 3.6 Hz, 1H), 

4.23-4.18 (m, 2H), 2.57-2.54 (m, 1H), 2.51-2.47 (m, 1H), 2.36-2.33 (m, 1H), 2.30-

2.22 (m, 2H), 2.00-1.93 (m, 1H), 1.12-1.05 (m, 1H), 0.92-0.82 (m, 2H), 0.72-0.64 (m, 

2H); 13C NMR (150MHz, CD3OD) ŭ: 157.2 (u), 154.1 (u), 146.8 (u), 126.2 (dn), 125.8 

(dn), 123.2 (dn), 118.7 (dn), 74.5 (u), 38.5(u), 35.0 (u), 32.8 (u), 29.1 (u), 25.5 (dn), 

22.9 (dn), 21.4 (dn); FTIR (ATR) 2961, 2935, 1754, 1592,1513, 1442, 1344, 1271, 

1248, 1206, 1113, 1008, 922, 846, 750 cm-1; HRMS (CI+) m/z: [M-AgNO3+H]+ calcd. 

for C17H20NO5
+ 318.1336, found 318.1347. 

2-(2-(2-((syn-(E)-bicyclo[6.1.0]non-4-en-9-yl)methoxy)ethoxy)ethoxy)ethyl 

4-methylbenzenesulfonateÅAgNO3 (1-54)128 
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2-(2-(2-((syn-(E)-bicyclo[6.1.0]non-4-en-9-yl)methoxy)ethoxy)ethoxy)ethyl 4- 

methylbenzenesulfonate (sTCO-Tos 10.0 mg, 0.0228 mmol, 1.00 equiv) was 

added into a flame-dried round bottom flask containing anhydrous MeOH (0.5 mL, 

0.05M) and silver nitrate (4.26 mg, 0.0251 mmol, 1.10 equiv). The mixture was stirred 

at room temperature for 1 h after which the solution was filtered through a plug of 

cotton and concentrated by rotatory evaporation to receive 1-54 in quantitative yields 

as an oil which was stored neat at -15 °C. 1H NMR (600MHz, CD3OD) ŭ: 7.80 (d, J = 

8.0 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 6.06 (ddd, J = 16.5, 9.2, 6.0 Hz, 1H), 5.33 (ddd, 

J = 16.6, 10.6, 3.5 Hz, 1H), 4.18 ï 4.10 (m, 2H), 3.68 ï3.64 (m, 2H), 3.61 ï 3.53 (m, 

8H), 3.47 (d, J = 7.7 Hz, 2H), 2.60 (dtd, J = 11.6, 4.0, 2.3 Hz, 1H), 2.46 (s, 3H), 2.31-

2.19 (m, 3H), 2.17 ï 2.12 (m, 1H), 1.98 ï 1.90 (m, 2H), 1.39 ï 1.31 (m, 1H), 1.29-1.16 

(m, 1H), 1.05 (dtd, J = 14.8, 12.6, 2.3 Hz, 1H), 0.90 (dtd, J = 13.2, 8.8, 3.0 Hz, 1H), 

(small peaks attributable to impurities were detected by 1H NMR at 3.35 and 1.40 

ppm);13C NMR (151 MHz, CD3OD) ŭ: 146.48, 131.05, 129.02, 125.97, 118.68, 

101.39, 71.67, 71.61, 71.50, 70.96, 70.95, 69.77, 68.48, 35.24, 34.57, 29.00, 28.25, 

21.57, 19.91, 19.64, 18.13, (a small peak attributable to methanol was detected at 49.9 

ppm). FT-IR (ATR) 2925, 2864, 1597, 1350, 1289, 1174, 1095, 1019, 919, 816, 772 

cm-1; HRMS (ESI+) m/z: [M+Na] + calcd. for C23H34AgNNaO9S
+ 630.0897, found 

630.0897. 
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5-((3-(((((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methoxy)carbonyl)amino)propyl)carbamoyl)-2-(6-(dimethylamino)-3-

(dimethyliminio)-3H-xanthen-9-yl)benzoate (sTCO-TAMRA)  

 

To a DMSO (0.200 ml, anhydrous) solution of 5-((3-aminopropyl)carbamoyl)-

2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate TFA salt (10.0 

mg, 0.0166 mmol, 1.00 equiv) and N, N-Diisopropylethylamine (8.68µL, 0.0498 

mmol, 3.00 equiv) was added ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methyl (4-

nitrophenyl) carbonate (6.34 mg, 0.0199 mmol, 1.20 equiv). The reaction mixture was 

stirred at room temperature for 1 hour. The mixture was directly loaded onto C18 

column (Universal TM Column, Yamazen Corporation, Cat.No. UW112, 14g) using 

minimal amount of acetonitrile followed by H2O. The purification was performed by 

Teledyne Isco (Combiflash® RF), mobile phase A: 0.03% NH3ǐH2O in water (v/v), 

mobile phase B: 0.03% NH3ǐH2O in acetonitrile (v/v), 100% H2O linear to 50% 

H2O/50% acetonitrile, hold at 50% H2O/50% acetonitrile for 10 min, with 10 ml/min 

flow rate. The mixture was then lyophilized to yield 5-((3-(((((1R,8S,9r, E)-

bicyclo[6.1.0]non-4-en-9-yl)methoxy)carbonyl)amino)propyl)carbamoyl)-2-(6-

(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate (sTCO-TAMRA) (8.7 

mg, 78%) as a dark red solid.  1H NMR (400MHz, CD3CN) ŭ: 8.34 (s, 1H), 8.13 (dd, J 

= 7.9, 1.6 Hz, 1H), 7.60 (s, 1H), 7.23 (d, J = 8.1 Hz, 1H), 6.58 (d, J = 8.8 Hz, 2H), 



 156 

6.49-6.44 (m, 4H), 5.86-5.75 (m, 2H), 5.10 (ddd, J = 16.9, 10.5, 3.9 Hz, 1H), 3.88 (d, 

J = 6.5 Hz, 2H),  3.45-3.40 (m, 2H), 3.20-3.15 (m, 2H), 2.96 (s, 12H), 2.31-2.11 (m, 

4H), 1.91-1.82 (m, 2H), 1.75-1.69 (m, 2H), 0.92-0.80 (m, 1H), 0.62-0.50 (m, 2H), 

0.44-0.36 (m, 2H);13C NMR (100 MHz, CD3CN) ŭ: 169.7 (u), 166.6 (u), 158.1 (u), 

156.0 (u), 153.7 (u), 153.5 (u), 139.1 (dn), 137.4 (u), 134.8 (dn), 132.0 (dn), 129.6 

(dn), 128.8 (u), 125.2 (dn), 124.2 (dn), 109.9 (dn), 107.0 (u), 99.0 (dn), 69.8 (u), 40.4 

(dn), 39.3 (u), 38.6 (u), 37.6 (u), 34.4 (u), 33.2 (u), 30.4 (u), 28.3 (u), 25.7 (dn), 22.7 

(dn), 21.7 (dn); HRMS (ESI+) m/z: [M+H] + calcd. for C39H45N4O6
+ 665.3334, found 

665.3330. 

5-((3-(((((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methoxy)carbonyl)amino)propyl)carbamoyl)-2-(6-(dimethylamino)-3-

(dimethyliminio) -3H-xanthen-9-yl)benzoateÅAgNO3 (sTCO-TAMRAÅAgNO3)(1-

55) 

 

To a flask containing 5-((3-(((((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methoxy)carbonyl)amino)propyl)carbamoyl)-2-(6-(dimethylamino)-3-

(dimethyliminio)-3H-xanthen-9-yl)benzoate (9.20 mg, 0.0138 mmol, 1.00 equiv) in 

1.0 ml methanol was added an acetonitrile (15.2 µL, 1.0 M) solution of silver nitrate 

(2.59 mg, 0.0152 mmol, 1.10 equiv). The reaction mixture was stirred at room 
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temperature for 15 min. The mixture was concentrated under reduced pressure to 

afford 5-((3-(((((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methoxy)carbonyl)amino)propyl)carbamoyl)-2-(6-(dimethylamino)-3-

(dimethyliminio)-3H-xanthen-9-yl)benzoateÅAgNO3 (13.0 mg, quantitative yield) as 

red solid. 1H NMR (400 MHz, CD3CN) ŭ: 8.52 (s, 1H), 8.11-8.07 (m, 2H), 7.24 (d, J = 

7.9 Hz, 1H), 6.92 (d, J = 9.2 Hz, 2H), 6.74 (dd, J = 9.2, 2.5 Hz, 2H), 6.69 (d, J = 2.5 

Hz, 2H), 6.06(s, 1H), 5.91 (dt, J = 15.8, 7.5 Hz, 1H), 5.17-5.10 (m, 1H), 3.87 (d, J = 

6.1 Hz, 2H), 3.44-3.38 (m, 2H), 3.16-3.12 (m, 14H), 2.40-2.32 (m, 2H), 2.21-2.17(m, 

1H), 2.12-2.07 (m, 2H), 1.86-1.80 (m, 1H), 1.77-1.71 (m, 2H), 1.02-0.90 (m, 1H), 

0.76-0.61 (m, 2H), 0.50-0.44(m, 2H); HRMS (ESI+) m/z: [M+H-AgNO3]
+ calcd. for 

C39H45N4O6
+ 665.3334, found 665.3331. 

1.8.17 Stability Studies of trans-Cyclooctene Derivatives 

Neat Stability test of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanolÅAgNO3 (sTCOÅAgNO3)(1-49) 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanolÅAgNO3 (57.7 mg) was 

dissolved in CH3CN (3 ml). 1 ml of this CH3CN solution of ((1R,8S,9r, E)-

bicyclo[6.1.0]non-4-en-9-yl)methanolÅAgNO3 was mixed with 4.26 mg 1,3,5-

trimethoxybenzene, concentrated by rotatory evaporation and 1HNMR was taken in 

CD3CN (as time 0). The amount of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanolÅAgNO3 in 1 ml CH3CN was determined by 1HNMR (CD3CN) as 0.0561 

mmol. At the meantime, another 1ml of this CH3CN solution was dried under reduced 

pressure. This neat sample of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanolÅAgNO3 was heated at 30°C in an oil bath over 3 days. After that, this 

sample was mixed with 6.20 mg 1,3,5-trimethoxybenzene and 1HNMR was taken in 
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CD3CN. The amount of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanolÅAgNO3 

was determined as 0.0543 mmol. Overall, there was 97% fidelity for a neat sample of 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanolÅAgNO3 after 3 days. 

 

Stability test of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanolÅAgNO3 (sTCOÅAgNO3)(1-49) in methanol 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanolÅAgNO3 (4.00 mg) was 

mixed with 1,3,5-trimethoxybenzene (4.00 mg). The mixture was dissolved in 0.8 ml 

CD3OD and 1HNMR was taken as time = 0. The sample was then heated at 30°C in an 

oil bath over 3 days before another 1HNMR spectrum was taken (as time = 3 days). 

Overall there was 98% fidelity for ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanolÅAgNO3 (sTCOÅAgNO3) after 3 days. 

 

Stability test of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanolÅAgNO3 (sTCOÅAgNO3)(1-49) in DMSO 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanolÅAgNO3 (4.00 mg) was 

mixed with 1,3,5-trimethoxybenzene (4.00 mg). The mixture was dissolved in 0.8 ml 

DMSO-d6 and 1HNMR was taken as time=0 spectrum. The sample was then heated at 

30°C in an oil bath over 3 days before another 1HNMR spectrum was taken. Overall 

there was 96% fidelity for ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanolÅAgNO3 (sTCOÅAgNO3) after 3 days. 

 

Neat Stability test of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanol 

(sTCO) 
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((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanol (20.0 mg) was dissolved 

in diethyl ether (3 ml). 1 ml of this ether solution of ((1R,8S,9r,E)-bicyclo[6.1.0]non-

4-en-9-yl)methanol was dried under reduced pressure and then mixed with 5.30 mg 

1,3,5-trimethoxybenzene and 1HNMR was taken in C6D6. The amount of ((1R,8S,9r, 

E)-bicyclo[6.1.0]non-4-en-9-yl)methanol in 1 ml diethyl ether was determined by 

1HNMR as 0.0409 mmol. At the meantime, another 1ml of this diethyl ether solution 

was dried under reduced pressure. This neat sample of ((1R,8S,9r, E)-

bicyclo[6.1.0]non-4-en-9-yl)methanol was heated at 30°C in an oil bath over 3 days. 

After that, this sample was mixed with 5.10 mg 1,3,5-trimethoxybenzene and 1HNMR 

was taken in C6D6. The amount of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanol was determined as 0.000705 mmol. Overall, there was 2% fidelity 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanol (sTCO) after 3 days. 

 

Stability test of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanol(sTCO) in methanol 

((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanol (6.10 mg) was mixed 

with 1,3,5-trimethoxybenzene (4.00 mg). The mixture was dissolved in 0.7 ml CD3OD 

and 1HNMR was taken as time = 0. The sample was stored at 25°C. 1HNMR spectrum 

was taken after 3 days and 7 days. Overall there was 96% fidelity for ((1R,8S,9r, E)-

bicyclo[6.1.0]non-4-en-9-yl)methanol (sTCO) after 3 days and 86% fidelity after 7 

days. 

Stability test of ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-

yl)methanol(sTCO) in phosphate buffered D2O (pD = 7.4) 
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The phosphate D2O buffer solution at pD 7.4 was prepared by dissolving 

sodium dihydrogen phosphate hydrate (NaH2PO4·H2O, 19.3 mg) and disodium 

hydrogen phosphate (Na2HPO4, 51 mg) in 5 mL D2O to make a 0.1 M solution, and 

then adjusting to pD 7.4 by adding DCl. The pD values were measured on an ATI 

PerpHect LogR pH meter (model 310). pH readings were converted to pD by adding 

0.4 units.135 

To a mixture of sTCO (6.14 mg, 0.017 mmol) and phosphate buffered D2O (1 

mL, pD = 7.4) was added 4-methoxybenzoic acid (5.59 mg, 0.018 mmol) as an 

internal standard and monitored by 1 HNMR to observe the stability of sTCO. Overall 

there was 69% fidelity for ((1R,8S,9r, E)-bicyclo[6.1.0]non-4-en-9-yl)methanol 

(sTCO) after 3 days at 25°C. 

 

Neat Stability test of ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-

hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol ÅAgNO3 (dTCOÅAgNO3)(1-50) 

((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-

yl)methanol ÅAgNO3 (33.8 mg) was dissolved in CH3CN (3 ml). 1 ml of this CH3CN 

solution of ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-

yl)methanol ÅAgNO3 was dried and mixed with 4.40 mg 1,3,5-trimethoxybenzene , 

then 1HNMR was taken in CD3CN. The amount of ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-

hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol ÅAgNO3 in 1 ml CH3CN was 

determined by 1HNMR as 0.0283 mmol. At the meantime, another 1ml of this CH3CN 

solution was dried under reduced pressure. This neat sample of ((2r,3aR,9aS, E)-

3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol ÅAgNO3 was heated at 

30°C in an oil bath over 3 days. After that, this sample was mixed with 3.60 mg 1,3,5-
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trimethoxybenzene and 1HNMR was taken in CD3CN. The amount of ((2r,3aR,9aS, 

E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanolÅAgNO3 was 

determined as 0.0267 mmol. Overall, there was 94% fidelity for ((2r,3aR,9aS, E)-

3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanolÅAgNO3 after 3 days. 

 

Stability test of ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-

hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol ÅAgNO3(dTCOÅAgNO3)(1-50) in 

methanol and DMSO 

To ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-

yl)methanol (15.6 mg, 0.847 mmol, 1.00 equiv) was added an acetonitrile (0.67 ml, 

23.0 mg/ml) solution of silver nitrate (15.8 mg, 0.0931mmol, 1.10 equiv). The mixture 

was stirred at room temperature for 15 min. The mixture was concentrated under 

reduced pressure. The silver complex was dissolved in acetonitrile (3 ml). 1.0 ml of 

the acetonitrile solution was taken and concentrated under reduced pressure, mixed 

with 3.90 mg 1,3,5-trimethoxybenzene and dissolved in 0.8 ml CD3OD. 1HNMR 

spectrum was taken as time=0. The sample was heated at 30°C in an oil bath over 3 

days. After that, another 1HNMR spectrum was taken. Overall, there was 95% fidelity 

for ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-

yl)methanolÅAgNO3 after 3 days. 

Another 1.0 ml of the acetonitrile solution was taken and concentrated under 

reduced pressure, mixed with 5.20 mg 1,3,5-trimethoxybenzene and dissolved in 0.8 

ml DMSO-d6. 
1HNMR spectrum was taken as time=0. The sample was heated at 30°C 

in an oil bath over 3 days. After that, another 1HNMR spectrum was taken. Overall, 
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there was 94% fidelity for ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-

hexahydrocycloocta[d][1,3]dioxol-2-yl)methanolÅAgNO3 after 3 days. 

Neat Stability test of ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-

hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol (dTCO) 

((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-

yl)methanol (15.0 mg) was dissolved in diethyl ether (3 ml). 1 ml of this ether solution 

of ((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol 

was dried under reduced pressure and then mixed with 4.30 mg 1,3,5-

trimethoxybenzene and 1HNMR was taken in CDCl3. The amount of ((2r,3aR,9aS, E)-

3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol in 1 ml diethyl ether 

was determined by 1HNMR as 0.0376 mmol. At the meantime, another 1ml of this 

diethyl ether solution was dried under reduced pressure. This neat sample of 

((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol  was 

heated at 30°C in an oil bath over 3 days. After that, this sample was mixed with 4.20 

mg 1,3,5-trimethoxybenzene and 1HNMR was taken in CDCl3. The amount of 

((2r,3aR,9aS, E)-3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol was 

determined as 0.00705 mmol. Overall, there was 19% fidelity for ((2r,3aR,9aS, E)-

3a,4,5,8,9,9a-hexahydrocycloocta[d][1,3]dioxol-2-yl)methanol after 3 days. 

 

Neat Stability test of (E)-(3,4,7,8-tetrahydro -2H-oxocin-2-

yl)methanolÅAgNO3 (oxo-TCOÅAgNO3) (1-51) 

(E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanolÅAgNO3 (28 mg) was 

dissolved in methanol (3 ml). 1 ml of this methanol solution of (E)-(3,4,7,8-

tetrahydro-2H-oxocin-2-yl)methanolÅAgNO3 was aliquoted and methanol was dried 
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under reduced pressure, after which 2.50 mg 1,3,5-trimethoxybenzene was added and 

1HNMR was taken in CD3CN. The amount of (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-

yl)methanolÅAgNO3 in 1 ml methanol was determined by 1HNMR as 0.0211 mmol. At 

the meantime, another 1ml of this methanol solution was dried under reduced 

pressure. This neat sample of (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-

yl)methanolÅAgNO3 was heated at 30°C in an oil bath over 3 days. After that, this 

sample was mixed with 2.40 mg 1,3,5-trimethoxybenzene and 1HNMR was taken in 

CD3CN. The amount of (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanolÅAgNO3 was 

determined as 0.0204 mmol. Overall, there was 97% fidelity for (E)-(3,4,7,8-

tetrahydro-2H-oxocin-2-yl)methanolÅAgNO3 after 3 days. 

 

Neat Stability test of (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanol 

(oxo-TCO) 

(E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanol (11.6 mg) was dissolved in 

methanol (3 ml). 1 ml of this methanol solution of (E)-(3,4,7,8-tetrahydro-2H-oxocin-

2-yl)methanol was aliquoted and methanol was dried under reduced pressure, after 

which 2.90 mg 1,3,5-trimethoxybenzene was added and 1HNMR was taken in CD3CN. 

The amount of (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanol in 1 ml methanol was 

determined by 1HNMR as 0.0187 mmol. At the meantime, another 1ml of this 

methanol solution was dried under reduced pressure. This neat sample of (E)-(3,4,7,8-

tetrahydro-2H-oxocin-2-yl)methanol was heated at 30°C in an oil bath over 3 days. 

After that, this sample was mixed with 2.80 mg 1,3,5-trimethoxybenzene and 1HNMR 

was taken in CD3CN. The amount of (E)-(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanol 
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was determined as 0.012 mmol. Overall, there was 37% decomposition for (E)-

(3,4,7,8-tetrahydro-2H-oxocin-2-yl)methanol after 3 days. 

Neat Stability test of rel-(1R, 4E, pR)-Cyclooct-4-enol (5OH-TCO major 

diastereomer) 

rel-(1R, 4E, pR)-Cyclooct-4-enol (34.51 mg) was dissolved in acetone (3 ml). 

1 ml of this acetone solution of rel-(1R, 4E, pR)-cyclooct-4-enol was aliquoted and 

acetone was dried under reduced pressure, after which 6.06 mg 1,3,5-

trimethoxybenzene was added and 1HNMR was taken in CDCl3. The amount of rel-

(1R, 4E, pR)-cyclooct-4-enol was determined by 1HNMR as 0.0851 mmol. At the 

meantime, another 1ml of this acetone solution was dried under reduced pressure. This 

neat sample of rel-(1R, 4E, pR)-cyclooct-4-enol was heated at 30°C in an oil bath over 

3 days. After that, this sample was mixed with 4.79 mg 1,3,5-trimethoxybenzene and 

1HNMR was taken in CDCl3. The amount of rel-(1R, 4E, pR)-cyclooct-4-enol was 

determined as 0.0807 mmol. Overall, there was 95% fidelity for rel-(1R, 4E, pR)-

cyclooct-4-enol after 3 days. 

 

Neat Stability test of rel-(1R, 4E, pS)-Cyclooct-4-enol (5OH-TCO minor 

diastereomer) 

rel-(1R, 4E, pS)-Cyclooct-4-enol (39.8 mg) was dissolved in acetone (3 ml). 1 

ml of this acetone solution of rel-(1R, 4E, pS)-Cyclooct-4-enol was aliquoted and 

acetone was dried under reduced pressure, after which 4.49 mg 1,3,5-

trimethoxybenzene was added and 1HNMR was taken in CDCl3.  The amount of rel-

(1R, 4E, pS)-Cyclooct-4-enol was determined by 1HNMR as 0.0942 mmol. At the 

meantime, another 1ml of this acetone solution was dried under reduced pressure. This 
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neat sample of rel-(1R, 4E, pS)-Cyclooct-4-enol was heated at 30°C in an oil bath 

over 3 days. After that, this sample was mixed with 4.63 mg 1,3,5-trimethoxybenzene 

and 1HNMR was taken in CDCl3. The amount of rel-(1R, 4E, pS)-Cyclooct-4-enol 

was determined as 0.0923 mmol. Overall, there was 98% fidelity for rel-(1R, 4E, pS)-

Cyclooct-4-enol after 3 days. 

 

Stability test of rel-(1R, 4E, pR)-Cyclooct-4-enol (5OH-TCO major 

diastereomer) in methanol 

rel-(1R, 4E, pR)-Cyclooct-4-enol (22.0 mg) was mixed with 1,3,5-

trimethoxybenzene (9.00 mg). The mixture was dissolved in 1.20 ml CD3OD and 

1HNMR was taken as time = 0. The sample was stored at 25°C. 1HNMR spectrum was 

taken after 3 days and 7 days. Overall there was >99% fidelity for rel-(1R, 4E, pR)-

cyclooct-4-enol (5OH-TCO major diastereomer) after 3 days and >99% fidelity after 7 

days. 

 

Stability test of rel-(1R, 4E, pS)-Cyclooct-4-enol (5OH-TCO minor 

diastereomer) in methanol 

rel-(1R, 4E, pS)-Cyclooct-4-enol (11.0 mg) was mixed with 1,3,5-

trimethoxybenzene (5.00 mg). The mixture was dissolved in 0.60 ml CD3OD and 

1HNMR was taken as time = 0. The sample was stored at 25°C. 1HNMR spectrum was 

taken after 3 days and 7 days. Overall there was >99% fidelity for rel-(1R, 4E, pS)-

cyclooct-4-enol (5OH-TCO minor diastereomer) after 3 days and >99% fidelity after 7 

days. 
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1.8.18 Decomplexation experiment 

In an NMR experiment, Ag-sTCO-halo (5 mg) was dissolved in D2O (0.9 

mL), and then added to this solution with aq. NaCl (0.1 mL, 100 mM).  The final 

concentration of the Ag-sTCO-halo was 8.7 mM, and of NaCl was 10 mM.  Within 3 

minutes, the 1H NMR was remeasured, and no signal was observed.  The result is 

consistent with complete decomplexation of silver, as sTCO-halo is insoluble in 

D2O.  Upon extraction with C6D6, silver free sTCO-halo was recovered and observed 

by 1H NMR. 

Solubility : Ag-sTCO-halo is moderately soluble in water (ca.10 mM).  It is 

freely soluble in alcohol. Silver-free sTCO-halo is not soluble in water at NMR 

concentrations, but dissolves in alcohol solvents. 

1.8.19 Coalescence Experiment 

A stock solution of sTCO-NO2 1-52 was made by dissolving 1-52 (15.1 mg, 

mmol) in 4.0 ml MeOH. A stork solution of AgNO3 was made by dissolving AgNO3 

(26.1 mg, mmol) in 4.0 ml MeOH. 

A methanol (0.796 ml) solution of 1-52 (3.00 mg, mmol, 1.00 equiv) was 

mixed with a methanol (0.370 ml) solution of silver nitrate (2.41 mg, mmol, 1.50 

equiv). The mixture was stirred for 15 min and then concentrated under reduced 

pressure. The mixture was then dissolved in CD3OD and 1HNMR spectrum was taken 

to give a spectrum that containing 1-52: silver nitrate (1.00 :1.50).  

A methanol (0.796 ml) solution of 1-52 (3.00 mg, mmol, 1.00 equiv) was 

mixed with a methanol (0.246 ml) solution of silver nitrate (1.61 mg, mmol, 1.00 

equiv). The mixture was stirred for 15 min and then concentrated under reduced 
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pressure. The mixture was then dissolved in CD3OD and 1HNMR spectrum was taken 

to give a spectrum that containing 1-52: silver nitrate (1.00 :1.00) 

A methanol (0.796 ml) solution of 1-52 (3.00 mg, mmol, 1.00 equiv) was 

mixed with a methanol (0.123 ml) solution of silver nitrate (0.803 mg, mmol, 1.00 

equiv). The mixture was stirred for 15 min and then concentrated under reduced 

pressure. The mixture was then dissolved in CD3OD and 1HNMR spectrum was taken 

to give a spectrum that containing 1-52: silver nitrate (1.00 :0.50). 

A methanol (0.796 ml) solution of 1-52 (3.00 mg, mmol, 1.00 equiv) was 

mixed with a methanol (0.123 ml) solution of silver nitrate (0.401 mg, mmol, 1.00 

equiv). The mixture was stirred for 15 min and then concentrated under reduced 

pressure. The mixture was then dissolved in CD3OD and 1HNMR spectrum was taken 

to give a spectrum that containing 1-52: silver nitrate (1.00 :0.25). 

The NMR spectra were stacked for comparison. The chemical shift of the 

alkene peak is keep shifting as changing the ratio of Ag to 1-52 (0.25:1, 0.5:1, 1:1, 

1.5:1).  
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1.30: NMR spectra of coalescence experiment. 
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NIR TRIGGERED DIHYDROTETRAZINE PRODRUG ACTIVATI ON 

2.1 Antibody-drug conjugates 

Antibody-drug conjugates (ADC) are monoclonal antibodies conjugated to 

cytotoxic agents. The potent specificity of antibody-drug conjugates for the 

corresponding antigens make them powerful cancer therapeutic agents. Currently, four 

antibody-drug conjugates have been approved by FDA: Gemtuzumab ozogamicin 

(Pfizer/Wyeth, approved in 2001, withdrew in 2010, re-introduced in 2017), 

Brentuximab vedotin (Seattle Genetics, 2011), ado-trastuzumab emtansine 

(Genentech, 2013) and Inotuzumab ozogamicin (Pfizer/Wyeth, 2017). There are more 

than 50 antibody-drug conjugates in clinical trial for treating a variety of cancers.  

A typical structure of antibody-drug conjugates contains three important parts: 

monoclonal antibody, linker and drug. The antibody is specific to the antigen proteins 

highly expressed on tumor cell surface, providing the specificity that is not available 

with most traditional drugs. The linker plays a role in covalently connecting the 

cytotoxic payload drug to the monoclonal antibody. The linker is required to be stable 

in circulation and must efficiently release the payload after internalization. In 

antibody-drug conjugates, most drugs used are potent cytotoxic agents targeting either 

tubulin or DNA with IC50 values in the subnanomolar range. The number of drug 

molecules conjugated to the antibody is an important determinant regarding the safety 

and efficacy of antibody-drug conjugates. Normally three or four drug molecules per 

Chapter 2 



 184 

antibody is ideal. Overall, these three components and antigen or target selection are 

all considerations in antibody-drug conjugation development.  

The process of the antibody-drug conjugatesô biological activity starts with 

tracking a specific tumor antigen and then binding themselves to the surface of cancer 

cells, upon internalization within endosomes and trafficking by lysosomes, followed 

by lysosomal degradation, the antibody-drug conjugates release its cytotoxic drug 

cargo inside of the cancer cells (Figure 2.1).  

 

 

2.1: Mechanism of action of antibody-drug conjugates. 

Although most of the payload of ADC act at the intracellular level, the efficacy 

of internalizing targeted cytotoxics is limited by several factors.1 For example, IgG-

based ADCs can efficient bind to the neonatal FcRn receptor, which mediates the 

continuous internalization of ADC products in the endothelium and a long residence 

time for antibodies in the liver.2 In addition, the real ability of antibodies to 
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preferentially localize to solid tumors is often unknown [1]. The targeting process is 

also restricted by inefficient extravasation of antibodies and antigen-barrier effect 

(antigens are shed).1 

Recently, several groups have shown that non-internalizing ADCôs can target 

and release cargo at the exofacial surface of the plasma membrane.1 In 2014, Neri and 

co-workers reported the first time the induction of lasting complete remissions in a 

murine immunocompetent model of cancer, using noninternalizing ADCs.3 In their 

study, targeting at splice isoforms of fibronectin in immunocompetent mice bearing 

subcutaneously grafted F9 murine teratocarcinomas, using SIP(F8) antibody and DM1 

as cytotoxic agent, they observed a strong therapeutic activity of SIP(F8)-DM1 ADC, 

3 of 5 mice were cured (i.e., remained tumor free for >180 days).3 In their following 

study, they compared small immune protein (SIP) format F8 antibody against antibody 

in a mutant IgG format, in therapy experiments performed in F9 tumorïbearing mice.4 

Both antibodies were conjugated with DM1-SH thiol drug linked by disulfide. The 

result showed that SIP(F8)-SS-DM1 exhibited a more potent anticancer activity than 

IgG- SS-DM1, possibly due to a faster drug release kinetics of SIP(F8)-SS-DM1 

antibody-drug conjugates. Therefore, a fast drug release kinetics is another crucial 

determinant for superior therapeutic performance of antibody-drug conjugates.  

In principle, extracellular delivery of a cytotoxic agent based on antibody to 

the modified subendothelial extracellular matrix in tumors offers numbers of 

advantage, compared with the use of internalizing ADCs.3 Extracellular matrix (ECM) 

antigens such as splice isoforms of fibronectins and tenascins, which are 

overexpressed in most malignancies, are undetectable in most normal adult tissues. 

Moreover, they are more stable and more abundant than many intracellular cellular 
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antigens. Therefore, using antibodies specific to these antigens provides the 

opportunity to treat different cancer types with the same product.3 Moreover, release 

the cytotoxic agent in the extracellular environment may facilitate a by-stander effect, 

as the drug can diffuse and internalize in neighboring cells.3 

2.2 Bioorthogonal strategy in drug release 

Despite the exciting therapeutic performance of noninternalizing ADC, a 

limitation of this approach has been the lack of selective methods for releasing cargo 

extracellularly. Bioorthogonal reactions provide an alternative strategy in selectively 

and rapidly release a cytotoxic agent into an extracellular environment in the field of 

antibody-drug conjugates. In 2013, Robillard and coworkers developed a new 

bioorthogonal and rapid elimination reaction based on inverse-electron-demand Dielsï

Alder reaction (IEDDA).5 In this seminal study, they prepared a trans-cyclooctene 

prodrug (1), to which a cytotoxic doxorubicin drug was covalently linked via a 

carbamate functional group at the allylic position, prone to undergo an elimination 

reaction and aromatization reaction following the IEDDA between trans-cyclooctene 

prodrug and tetrazine (Fig 2.2). Cytotoxic study was performed with trans-

cyclooctene-doxorubicin (1), doxorubicin and prodrug activation with different 

tetrazine probes. The trans-cyclooctene prodrug (1) was >100 fold less toxic than the 

parent doxorubicin, while when tetrazines (2,3,4) were combined with the trans-

cyclooctene-doxorubicin in an A431 cell culture, cytotoxicity increased by a factor of 

14, 53, and 78 (EC50: 0.280, 0.072 and 0.049 mm) relative to TCO prodrug (1).5  
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2.2:  IEDDA reaction between TCO prodrug (1) and tetrazines (2,3,4). 

In the follow up study published in 2016, Robillard and cowokers used the 

same reaction to provoke rapid and self-immolative release of doxorubicin from an 

ADC in vitro and in tumor-bearing mice.6 Royzen and coworkers described an 

approach, in which a tetrazine modified hydrogel was injected to the disease site 

where the drug is needed, followed by injecting the TCO prodrug (1) intravenously, to 

treat soft tissue sarcoma in mice.7 The locally preimplanted biomaterial (tetrazine 

modified hydrogel) allows to concentrate and activate small drug molecule at disease 

cite, avoiding dose limiting toxicities such as systemic immunosuppression commonly 

encountered in traditional chemotherapy. Efforts have been made by Weissleder and 

coworkers to study the reaction mechanism of Robillardôs tetrazine-triggered 

bioorthogonal elimination.8 They started their study of the tetrazinesô performance in 

the bioorthogonal elimination at physiologic pH and in fully aqueous buffered 

solution, to avoid being misled by the present of large amount of organic solvent due 
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to the general environmental sensitivity of IEDDA reactions. By using a fluorophore 

conjugated TCO and dimethyl tetrazine, they revealed the yield of the tetrazine 

triggered bioorthogonal elimination has a profound environmental dependency, not 

only pH, but also organic solvent composition, buffer concentration, and even the 

buffer species at matched pH. Typically, in citrate-phosphate buffer, the yield of 

release ranges from 95% at pH 4.2 to just 7% at pH 9. They prepared several 

carboxylic acid functionalized tetrazines and found they markedly improved the yield 

of release. In Robillardôs original paper, they proposed the formation of tautomer 6 

(Fig.2.2) after cycloaddition reaction is virtually a dead end and did not eliminate the 

drug. Weissleder further showed the mechanism of the release step by isolating and 

characterizing the aromatized cycloadduct converted from the slow-releasing tautomer 

after long time oxidation under air (Fig. 2.3). They were also able to isolate and 

characterize the nonreleasing dead-end byproduct in the reaction between dimethyl 

tetrazine and TCO conjugated with glycine.  Based on the structure, this byproduct 

was formed via an intramolecular cyclization reaction of the initial IEDDA product 

(Fig. 2.4). 
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2.3: Elucidation of the slowly releasing tautomer. 

 

2.4: Formation of the dead-end isomer. 

Other bioorthogonal reactions have also been applied in click-to-release 

strategies. Gamble and coworkers developed a strategy using trans-cyclooctene and 
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doxorubicin conjugated phenyl azide with a carbamate functional group, to selectively 

activate the cytotoxic payload via an 1,3-dipolar cycloaddition reaction, followed by 

ring contraction reactions and imine hydrolysis.9 In 2014, Wang and coworkers 

explored a new CO release system that generate CO in a controlled manner using 

organic molecules under physiological conditions without the need for light 

activation.10 They sought to use tetraphenylcyclopentadienone and derivatives as CO 

carrying molecule, after a inverse electron demand DielsïAlder reactions with 

bicyclo-[6.1.0]nonyne (BCN) followed by aromatization and release reaction, to 

trigger the activation of CO prodrug. So far, Wang group developed two categories of 

CO prodrug, including (i) inter or intramolecular DielsïAlder reactions between 

cyclopentadienone and alkyne and (ii) ɓ-elimination reaction to generate 

norbornadien-7-ones for CO release from norborn-2-en-7-ones.11,12 Most recently, 

their group described a new concept of enrichment-triggered prodrug activation.13 

Thus, targeting agent and cargo molecule conjugated component and targeting agent 

modified cycloalkyne trigger could be circulating at low concentration in mice without 

reacting with each other, until achieving an enrichment in targeting area. The 

following lactonization or aromatization reaction spontaneously initiate the drug 

release.  Despite the slow reaction kinetics, they were able to take advantage of the 

concentration sensitivity of their chemistry, allow for the enhanced cleavage activity at 

elevated concentration.  

Collectively, ADC-based drug delivery has gained a lot attention recently. 

Chemistry, specifically the development bioorthogonal chemistry provided a feasible 

and efficient approach to selectively release a cargo agent in a tunable way. However, 

an intrinsic limitation to the use of antibody-drug conjugates, including bioorthogonal 
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variants, is the extremely high cost of using an engineered antibody as a stoichiometric 

reagent. For instance, the price of lymphoma drug Adcetris (Seattle Genetics) per 

month is $19,482 (by 2017, https://www.cancer.org/latest-news/study-shows-us-

cancer-drug-costs-increasing-despite-competition.html). Other challenges of ADC in 

solid tumor therapy are the barrier of macromolecule penetration within the tumor 

mass and the heterogeneity in target antigen expression.14 

2.3 Antibody-directed Enzyme Prodrug Therapy 

Antibody-directed Enzyme Prodrug Therapy (ADEPT) has been explored as a 

method for catalytically uncaging prodrugs at the surface of tumor cells.14-17 Th 

concept of ADEPT is illustrated in Scheme 2.1. There are two major advantages of 

ADEPT over other ADCs. First, enzyme behaves as a catalyst, one antibody-enzyme 

conjugate can generate many pieces of active cytotoxic drug by activating the prodrug. 

Second, as a small molecule, the activated drug can diffuse throughout the tumor 

mass, even if the antibody-enzyme cannot penetrate the tumor or there were cells that 

do not express the tumor antigen. 

 

https://www.cancer.org/latest-news/study-shows-us-cancer-drug-costs-increasing-despite-competition.html
https://www.cancer.org/latest-news/study-shows-us-cancer-drug-costs-increasing-despite-competition.html
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Scheme 2.1: Schematic representation of ADEPT. 

 

Although many enzyme prodrug systems have been reported, most of these 

systems have only reached preclinical stage, the only enzyme in ADEPT that reached 

clinical studies is carboxypeptidase G2(CPG2).17 In an ideal ADEPT, the enzyme 

chosen should provide specificity while having limited potential of being 

immunogenic. The prodrug should be nontoxic, and the drug is expected to have short 

half-life, preventing it from leaking from tumor sites to circulation. Elimination of 

enzyme from normal tissues is often required in order to achieve a high tumor to blood 

ratio of enzyme.17 

Concerning immunogenicity issue in ADEPT, several groups have sought to 

use transition metal catalysis to activate prodrugs.18-20 However, translating this 

approach will have the challenge of stabilizing reactive catalysts in the complex in 

vivo environment, and thus far only cell-based studies have been described.  

Prodrug

Antibody-Enzyme Conjugate

Tumor Tumor

TumorTumor

Enzymatic Activation 
of Prodrug

Release of Drug
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2.4 Photoinducible bioorthogonal reactions 

Photoinducible biorthogonal reaction or óphotoclickô reaction was developed 

recent as a method for turning on the bioorthogonal reactivity with temporal and 

spatial control.  Two major type of this photoclick reaction were nitrile imines 

formation from tetrazole activation and cyclooctyne formation from cyclopropenone 

developed by the Lin group21-23 and Popik group respectively.24 

In 2008, the Lin group reported a bioorthogonal photoinducible 1,3-dipolar 

cycloaddition reaction for protein modification in biological media.25 The chemistry 

they developed involves a cycloreversion reaction of diaryl tetrazole at present of 

photoirradiation to generate a nontoxic nitrogen molecule and an imine nitrile dipole, 

which rapidly undergo a cycloaddition reaction with alkene dipolarophile to afford a 

pyrazoline cycloadduct (Scheme 2.2a). The rate constant of the second cycloaddition 

step was measured as k2 =11.0 M-1s-1. Interestingly, the pyrazoline cycloadduct 

showed strong fluorescence between 487-538 nm with different functional group on 

dipolarophile. Therefore, they were able to easily monitor the bioorthogonal reaction 

between tetrazole modified protein and alkene dipolarophile initiated by 302 nm UV 

light in biological media (Scheme 2.2b). The reverse approach, in which an 

dipolarophile alkene group was genetically encoded in a Z-domain protein, was 

proved to be efficient as well in the óphotoclickô reaction with diaryl tetrazole in living 

E. coli.26 Efforts to further optimize the reaction, including using a longer wavelength 

light,27 reaction rate enhancement,28,29 genetic incorporation of a tetrazole amino acid 

in to a protein in E. coli,30 developing new alkene dipolarophiles and tetrazoles 31-34 

and two-photon-triggered óphotoclickô chemistry35 were made by the same group 

recently. More applications such as peptide model structure synthesis,36 proteins 
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imagine in live mammalian cells,37 photoaffinity labeling,38 protein photo-cross-

linking39,40 were also demonstrated. 

 

 
Scheme 2.2: Photoactivated 1,3-dipolar cycloaddition reaction. 

 

In 2006, Popik and coworkers reported reported a novel phototriggered click 

strategy where cyclopropenones can undergo photodecarbonylated reaction, 

generating alkynes that are can react towards azides.41,24 In 2009, the same group 

strained cyclooctyne specie was rapidly formed in situ via cyclopropenones 

decarbonylation reaction, then undergo facile cycloaddition with azide42 (Scheme 2.3).   
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Scheme 2.3: Photo-triggered Copper-free Acetylene-Azide cycloaddition. 

 

In 2010, Popik and Locklin described that azide immobilization can be realized 

use this copper-free photo-triggered click reaction on dibenzocyclooctynes precursor 

functionalized surface. The creation of multifunctional surfaces with spatially resolved 

chemical functionality can be realized with this strategy.43 In 2017, Popik and 

coworkers demonstrated the first time use two-or three-photon excitation to trigger the 

strain promoted alkyne-azide cycloaddition reaction of cyclopropenone-caged 

dibenzocyclooctyne.44 More application of this chemistry involves in polymer 

synthesis,45 RNA labeling,46 nanoparticle modification47 as well as 

dibenzosilacyclohept-4-yne-tetrazine ligation.48 The other photo-induced click 

chemistry developed by Popik but obtained less attention is the photo-initiated 

generation of o-naphthoquinone methides, which can participate in Michael addition 

reaction or Diels-Alder reaction.49,50 Application of this chemistry in surface chemistry 

were reported by the same group.51-53 

Despite the tremendous progress in photo-triggered bioorthogonal chemistry, 

one of the previous limitations was use of UV or near UV light, which has negligible 

ability to penetrate tissue and has an issue of phototoxicity. Red light or Near-IR light 

would be more desirable since it can penetrate tissue deeply to several centimeters and 

would be less harmful in terms of phototoxicity.  

In 2016, the Fox Lab first introduced a bioorthogonal turn-on reaction, 

whereby a nonreactive dihydrotetrazine (DHTz) molecule can be catalytically 

oxidized to tetrazine at the present of photocatalyst (or enzyme), near-IR light, and 

oxygen as terminal oxidant, producing hydrogenperoxide as a byproduct.54 While a 

number of photocatalyst can initiate this reaction, methylene blue (MB) is the 
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cheapest. The oxidation reaction is rapid and tetrazines can be generated using low 

photocatalyst concentrations. In terms of mechanism, it is likely that the reaction 

undergoes an electron-transfer pathway while singlet oxygen is not necessary to 

promote the oxidation reaction.54 These studies complement those of Devaraj who has 

shown that electrochemistry can be used to control the redox poise of tetrazines on 

electrode surfaces.55 

2.5 Chemistry of Dihydrotetrazine Prodrug Activation 

Encouraged by the success of applying this new chemistry in material science, 

we sought to develop a NIR-triggered DHTz prodrug activation reaction, which has a 

potential application in antibody-directed enzyme (or photocatalyst) prodrug therapy 

platform (Figure 2.5). 

 

2.5: Antibody-photocatalyst pretargeting and drug delivery. 

My design of DHTz prodrug activation is that with the DHTz prodrug, at the 

present of a photocatalyst, NIR light and oxygen, create a tetrazine intermediate, 
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which has a tethered drug vinyl ether functional group. The vinyl group can undergo 

an intramolecular Diels-Alder reaction, followed by an elimination reaction to locally 

liberate the cytotoxic drug molecule (Figure 2.6).  

 

 

2.6: The key cascade reaction of drug release. 

2.5.1 Dihydrotetrazine Design 

The stability of DHTz prodrug towards background oxidation is crucial in 

prodrug development.  Severe background oxidation will result in uncontrollable and 

nonselective drug release, eventually leading to off target drug delivery. Therefore, the 

type of functional group on dihydrotetrazine ring is significant in enhancing the 

stability of DHTz against back ground oxidation. Our general experience is an 

dihydrotetrazine molecule substituted with electro withdrawing group has decent 

stability towards oxygen (Scheme 2.4). However, despite the superior stability of 

dimethyl 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate towards background 

oxidation, this molecule shows poor stability in aqueous, as it rapidly degraded, 

forming a 1,3,4-oxadiazole ring. Another limitation of dimethyl 1,4-dihydro-1,2,4,5-

tetrazine-3,6-dicarboxylate is that there is no general synthetic method for preparing or 
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further functionalizing this type of molecule, which I will discuss in the next chapter.  

Therefore, we choose the dipyridyl DHTz/Tz pair to start design the DHTz prodrug. 

 

 
Scheme 2.4: General stability of dihydrotetrazines towards oxygen. 

2.5.2 Computational results 

The intramolecular Diels-Alder reaction is expected to be rapid and efficient to 

ensure the cargo molecule is released in a spatially confined locale. We simplified the 

prodrug molecule and M06L/6-311+G(d,p) calculation of the energy barrier of the 

intramolecular cycloaddition reaction were carried out by Dr. Olga Dmytrenko, as 

shown in Figure 2.7.  
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2.7: Transition state calculations predict intramolecular Diels-Alder reaction 

would be fast. 

The calculated barriers relative to the starting dipyridyltetrazine tethered with 

vinyl phenyl ether is ȹGÿ 17.9 kcal mol-1, ȹEÿ 16.1 kcal mol-1 and ȹHÿ 14.9 kcal mol-

1. The barrier is only a little bit higher than the reaction between trans-cyclooctene and 

diphenyl tetrazine (ȹGÿ 16.09 kcal mol-1, ȹEÿ 13.31 kcal mol-1).64 The computations 

prompted us to rationally synthesize DHTz prodrug models to conduct experimental 

investigations into the chemistry of tetrazine intramolecular Diels-Alder reaction and 

cargo elimination reaction. 

2.5.3 DHTz prodrug model synthesis and reactivity study 

In order to investigate the oxidation reaction and intramolecular Diels-Alder 

reaction, compound 2-2 was synthesized (Scheme 2.5). 3-(Allyloxy)picolinonitrile 

was prepared via a alkylation reaction from 3-hydroxypicolinonitrile and allyl iodide 

in 94% yield. The allyloxyl group functionalized dipyridyl dihydrotetrazine was then 

constructed via the conventional dihydrotetrazine synthetic method with 23% yield. 

 

 
Scheme 2.5: Synthesis of DHTz prodrug model 2-2. 
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With this dihydrotetrazine prodrug model in hand, I sought to investigate the 

speed of the intramolecular intramolecular Diels-Alder reaction. Since the 

dihydrotetrazine ring needs to be oxidized to tetrazine ring to get engaged to the 

cycloaddition reaction, a potent chemical oxidant that can be used in organic solvent is 

highly required. In 2014, Dr. Selvaraj from Fox group reported 

(diacetoxyiodo)benzene served as an efficient oxidant for oxidizing dihydrotetrazine 

to tetrazine.56 Unfortunately, using (diacetoxyiodo)benzene to oxidize the prodrug 2-2 

turned out to be sluggish. Therefore, a more powerful iodine (V) reagent-DessïMartin 

periodinane was used to oxidize compound 2-2.  I performed this reaction in CDCl3, 

and monitor the process by proton NMR. The overall oxidation and cycloaddition was 

finished after 12 min, by which the proton NMR was taken (Figure 2.8), indicating the 

intramolecular Diels-Alder reaction is fast.  

 

 

Crude NMR, Dess-Martin periodinane (1.5 equiv), 

12 min, CDCl3

CDCl3

CDCl3

CDCl3

DCM

AcOH


























































































































































































































































































































































































































































































































































































































































