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Methods to probe the biochemistry of living organisms have been greatly 

augmented by the relatively recent advancement of bioorthogonal chemistry. Of the 

many bioorthogonal reactions, the tetrazine ligation has emerged as one of the most 

biologically compatible due to its rapid catalyst-free kinetics, innocuous byproducts, 

and orthogonality toward native cellular processes. In the introductory chapter I will 

give a brief history of the development of the tetrazine ligation, specifically the 

inverse-electron demand Diels-Alder reaction between tetrazine and trans-

cyclooctene. Biologically relevant applications of the tetrazine ligation include protein 

and oligonucleotide labeling, fluorescent and radiochemical imaging, targeted drug 

delivery, and the synthesis of biomimetic materials. 

In chapter 2 I will overview the classical and modern synthesis of tetrazines, 

including a new approach to minimal tetrazine conjugations to complex biologically 

relevant molecules. I have developed the first silver-mediated Liebeskind-Srogl cross-

coupling reaction for the functionalization of aryl boronic acids with a minimal 6-

methyltetrazine moiety. A new reagent for this reaction, ób-Tzô, has been optimized 

for large scale synthesis with process chemistry principles. Cross-coupling is catalyzed 

by PdCl2(dppf) and has broad substrate scope, including an improved route toward 

tetrazine-fluorophore conjugates as well as the development of a tetrazine-MAGL 

(monoacylglycerol lipase) conjugate for the quantification of endogenous proteins in 

live cells. 

ABSTRACT 
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Further, the silver-mediated, palladium-catalyzed Liebeskind-Srogl reaction 

has recently been improved with the development of a new catalyst which will be 

discussed in chapter 3. Through optimization of ferrocene ligand and palladium halide 

pairings, I have advanced a new PdI2(DiPPF) catalyst which promotes the cross-

coupling of b-Tz with electron deficient aryl boronic acids with greatly improved 

yields. The efficiency of the reaction is enhanced by requiring less boronic acid, 

catalyst, and silver loadings while still obtaining higher yields than my first-generation 

protocol. 

Finally, chapter 4 will discuss the development of óoxoTCOô; a small and 

hydrophilic trans-cyclooctene for in vivo application. oxoTCO is synthesized in seven 

high yielding steps and has been experimentally tested for its aqueous solubility, 

stability, and overall kinetics in a tetrazine ligation. Additionally, oxoTCO has been 

used as an 18F-labeled probe for positron emission tomography (PET) where it 

displayed improved signal-to-background versus alternative trans-cyclooctenes. 
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A BRIEF HISTORY OF THE TETRAZINE LIGATION FOR BIOLOGIC AL  

APPLICATION  

1.1 Development of the Tetrazine Ligation for Bioorthogonal Labeling 

 

Probing the native functionality of biomolecules has long been challenging due 

to the sheer complexity of living systems. Over the past two decades, the inception of 

bioorthogonal chemistry has rapidly become an indispensable tool for the modification 

and labeling of biomolecular targets for inquiry. A bioorthogonal reaction is one in 

which a complementary pair of small molecules (freely in solution or incorporated 

onto a protein, glycan, prodrug, etc.) can combine in a complex biological 

environment with no side reactivity, no byproduct toxicity, and with kinetics rapid 

enough to enable labeling at low concentrations before metabolic clearance. The 

ñtetrazine ligationò, or the inverse electron-demand Diels-Alder (IEDDA) reaction of a 

tetrazine and an olefin, is ideally suited for this application and is the subject of the 

research discussed herein.1 

 Although tetrazines had been known since the late 19th century, the first study 

of the reactivity of tetrazines with alkenes was not done until 1959 by Carboni and 

Lindsey.2 A number of olefins were found to be reactive including styrenes, 

butadienes, allenes, and aliphatic or cyclic alkenes. All of these reactions produced a 

pyridazine product with the loss of one equivalent of nitrogen gas. Key to this 

discovery was the electronic properties this the reaction. Electron poor tetrazines and 

Chapter 1 
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electron rich dienophiles were found to be the most reactive, thus an inverse electron-

demand Diels-Alder mechanism was proposed. 

 A deeper understanding of the mechanism as well as reaction kinetics has been 

extensively explored by Sauer.3, 4 The rate determining step of the reaction is the 

IEDDA [4+2] cycloaddition which produces a 4,5-dihydropyridazine that can rapidly 

undergo [1,3] hydride shift to form the more stable 1,4-dihydropyridazine. While 

sometimes isolable, this 1,4-dihydropyridazine often is then oxidized by molecular 

oxygen to give an aromatic pyridazine product. For IEDDA cycloadditions, increasing 

the HOMO energy of the dienophile via electron donating substituents promotes the 

cycloaddition reaction. Likewise, increased strain energy of the dienophile was also 

demonstrated to promote rapid reaction kinetics with a number of cyclic alkenes and 

alkynes. Of all the dienophiles tested, trans-cyclooctene displayed the most rapid 

kinetics with a second-order rate constant (k2) 375,000 times higher than its cis-

cyclooctene counterpart. Additionally, Engberts and coworkers later showed that the 

hydrophobic effect, an observed rate increase of the Diels-Alder reaction in an 

aqueous medium, also is relevant in the tetrazine ligation.5 A mechanistic explanation 

for this is both the hydrogen-bonding stabilization between tetrazine transition 

complexes and water as well as the entropic benefit of reduced hydrophobic surface 

area on the transition complexes.5  
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Scheme 1.1: Mechanism of the tetrazine ligation and relative rates of cyclic 

dienophiles 

 

Since this pioneering work, interest in tetrazines were mostly relegated to a 

few niche applications. The IEDDA reaction was used in a number of natural product 

syntheses to install a pyridazine or triazine ring such as in the total synthesis of 

Streptonigrin6, PDE I and PDE II7, Roseophilin8, and Ningalin D9. The high-nitrogen 

content of tetrazines have been exploited in explosives and propellent technology 

where interest has been driven in large part by their thermal stability and reduced risk 

of accidental detonation by relative insensitivity toward impact, friction, and 

electrostatic discharge.10, 11 Tetrazines are also excellent metal coordinators and have 

garnered interest in the synthesis of supramolecular materials.12, 13 More recently, 
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tetrazines have also found use in the synthesis of metal-organic frameworks14 and in 

semiconducting polymers for solar cells15, 16. 

In 2008 the usefulness of tetrazines greatly expanded with the development of 

a rapid bioorthogonal ligation described independently by Fox1 and Weissleder17. 

Previous to this work, commonly used bioorthogonal reactions included the 

Staudinger ligation, copper-catalyzed azideïalkyne 1,3-dipolar cycloaddition 

(CuAAC), and a strain-promoted azideïalkyne 1,3-dipolar cycloaddition (SPAAC).18 

While these methodologies were revolutionary in the field of chemical biology, their 

usefulness are attenuated by slow reaction rates, copper catalysts which are often toxic 

in living systems, or off-target reactivity between strained alkynes and nucleophiles.19-

21 Instead, the IEDDA ligation of a tetrazine and a strained trans-cyclooctene or 

norbornene resulted in rapid kinetics without the need for catalysts and with no side-

reactivity in a cellular environment.1, 17  

The Fox lab chose to focus on the cycloaddition of trans-cyclooctenes based 

on the rapid ligation kinetics observed by Sauer. In a model study, trans-cyclooctene 

was reacted with 3,6-dipyridyltetrazine in cell media (DMEM + 5% FBS) or in an 

aqueous solution of 10% rabbit reticulocyte lysate with no side reactivity and yields 

estimated at >80% after 1h. The second-order rate constant (k2) of the reaction in 9:1 

methanol/water was 2000 (±400) M-1 s-1. In pure water, it was later shown that the rate 

is increased to 2.0 x 104 Mï1 sï1 and 8.0 x 104 Mï1 sï1 for the equatorial and axial 

diastereomers of 5-hydroxy-trans-cyclooctene, respectively.22 Protein labeling was 

demonstrated by reacting thioredoxin appended with trans-cyclooctene and 3,6-

dipyridyltetrazine in a rapid and high yielding reaction observed by HPLC. 

Conversely, Weisslederôs group chose to focus on the cycloadditions of norbornenes 
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for their ease of synthesis and improve stability versus trans-cyclooctene. Norbornene 

reacts with 3-benzylamine-6-H-tetrazine in PBS or FBS with high yields and a k2 of 

1.9 and 1.6 M-1 s-1 respectively. To demonstrate bioorthogonality, trastuzumab (a 

monoclonal antibody which binds to Her2/neu growth factor receptors) was modified 

with a norbornene functionality. Human breast cancer SKBR3 cells overexpressing 

Her2/neu were pre-targeted with the aforementioned antibody and then incubated with 

a tetrazine-VT680 fluorophore for imaging by fluorescence microscopy. The 

improved labeling capabilities of tetrazine ligation outlined in these seminal papers 

have paved the way for an explosion of research in the field of bioorthogonal 

chemistry. 

Hilderbrand and coworkers have also compared the rates of tetrazines 

containing various electron donating and electron withdrawing substituents in 

reactions with trans-cyclooctene.23 Two important parameters emerged from this 

study. As noticed previously, electron withdrawing substituents increased the rate of 

the tetrazine ligations. Interestingly, monosubstituted H-tetrazines also had 

dramatically increased rates, even in the case of a 3-alkyl-6-H-tetrazine. A likely 

explanation for this is the reduced steric environment around H-tetrazines, further 

promoting the IEDDA transition complexes. 
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Scheme 1.2: The first bioorthogonal applications of the tetrazine ligation by Fox and 

Weissleder and relative rates of substituted tetrazines reacted with trans-cyclooctene 
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1.2     Synthesis of trans-Cyclooctenes 

 

 Previous to 2008, trans-cyclooctene synthesis required tedious multistep 

chemical transformations.24, 25 Photoisomerizations with singlet sensitizers resulted in 

in complex mixtures of cis/trans isomers with photodegraded byproduct where <5% 

of the desired trans-cyclooctene could be isolated.25 The Fox lab has improved on the 

photoisomerization yields by selectively forming a silver complex with trans-

cyclooctene in a flow reactor.25 The -cis to -trans photoisomerization reaction is 

carried out in a quartz flask with methyl benzoate as a singlet sensitizer, typically in a 

solution of hexanes and diethyl ether, which is then irradiated by 254 nm light. The 

crude reaction mixture is continuously flowed through silica gel impregnated with 

AgNO3 which selectively captures the -trans isomer and drives forward the cis/trans 

equilibrium in a quartz reaction flask, resulting in trans-cyclooctene yields >50% after 

elution from the silver column. In cases where the cyclooctene was functionalized, 

such as with 5-hydroxy-trans-cyclooctene (5-OH-TCO), two diastereomers are 

formed. The equatorial 5-OH-TCO is the major diastereomer with a 2.2:1 dr. Robillard 

later found that the axial diastereomer of a trans-cyclooctene substituted at the 5-

position had up to 10x faster kinetics in a tetrazine ligation than the equatorial 

diastereomer depending on the pendent group due to increased transannular strain 

energy.26 
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Scheme 1.3: Cyclooctene photoisomerization via a flow reactor. trans-Cyclooctene is 

selectively captured by AgNO3 impregnated silica gel. Reprinted with permission 

from the Journal of the American Chemical Society. Copyright (2008) American 

Chemical Society25 

 

 Improved tetrazine ligation kinetics could be realized by locking a trans-

cyclooctene (TCO) in a more strained confirmation. Monosubstituted trans-

cyclooctenes like 5-OH-TCO have a ñcrownò confirmation which is analogous to the 
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chair confirmation of a 6-membered ring. Through ab initio calculations, it was found 

that a ñhalf-chairò conformation of trans-cyclooctene is 5.6 kcal/mol higher in energy 

than the more stable crown confirmation.27 It was proposed that TCOs locked in this 

more strained confirmation would engage in IEDDA cycloaddition reactions with 

faster kinetics. Thus, the strained ñsTCOò was designed to have a cis-cyclopropane 

ring fusion that would lock the dienophile into a more reactive half-chair confirmation. 

Computationally, parent trans-cyclooctene in a crown confirmation had a ȹGÿ of 8.92 

kcal/mol toward the parent tetrazine molecule while the sTCO had a significantly 

lower barrier of ȹGÿ = 6.95 kcal/mol.27 With 3,6,-diphenyltetrazine, the computed 

ȹȹGÿ is 3.34 kcal/mol for sTCO vs TCO. Synthesis of sTCO is initiated by the 

Rh2(OAc)4 catalyzed reaction of 1,5-cyclooctadiene with ethyl diazoacetate which 

gives a 53:47 mixture of anti:syn isomers. Alternatively, Rh2(S-BHTL)2 could be used 

to give a 79:21 syn:anti mixture of isomers.28 These isomers could be separated by 

chromatography or the mixture can be epimerized by KOtBu to the give the anti- 

isomer only.28 The resulting ester is then reduced by LiAlH4 and photoisomerized. 

anti-sTCO has the fastest trans-cyclooctene kinetics recorded in the tetrazine ligation 

with a k2 of 3,300,000 M-1 s-1 when reacted with a 3,6-dipyridyltetrazine.22 The 

experimental ȹȹGÿ (3.0 kcal/mol) correlated closely with the calculated ȹȹGÿ (3.34 

kcal/mol) in reactions with diphenyltetrazine in MeOH.28 A drawback to the 

application of sTCO, however, is its instability toward long incubation times in vivo 

and its hydrophobicity which has been linked to non-specific binding and long 

washout protocols.29  

 To improve the stability and hydrophilicity of a cis-ring fused trans-

cyclooctene, ñdTCOò was designed computationally using similar methodologies.22 
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Rather than a cyclopropane ring fusion, dioxolane was appended to the trans-

cyclooctene and had a predicted ȹȹGÿ of 2.8 kcal/mol versus the parent trans-

cyclooctene. The synthesis of dTCO involves an Upjohn dihydroxylation of 1,5-

cyclooctadiene via an OsO4 catalyst and glycolaldehyde dimer giving a 12:1 mixture 

in favor of the syn isomer. Photoisomerization results in a 14:1 solution in favor of the 

syn isomer. Although the experimental k2 of dTCO is slower than that of sTCO 

(366,000 M-1 s-1 for the syn isomer), the overall stability in buffer and in the presence 

of thiol is much improved. 

 Another important milestone in the synthesis of trans-cyclooctenes has been 

the development of ñclick-to-releaseò probes to targeted drug delivery developed by 

Robillard.30 Their application will be discussed later in this chapter, but it is worth 

noting the elegant synthesis involved with these difunctional TCOs. Typically, these 

allylic TCOs are used in antibody-drug conjugates (ADCs) where attachment to the 

antibody is at the 5-position of the TCO and a caged drug conjugate is at the allylic 

carbonate/carbamate position. Upon tetrazine ligation, the allylic carbonate/carbamate 

is eliminated, releasing CO2 and an active drug. It was previously found that an axial 

carbonate had 156-fold rate increase versus an equatorial carbonate30, thus a scheme 

was identified for synthesis of the axial diastereomer where an activated NHS-ester at 

the 5-position was equatorial in order to give regioselective functionalization of the 

TCO. First, (Z)-cyclooct-4-enecarboxylic acid is methylated at the 5-position to 

prevent epimerization in subsequent steps. Iodolactonization followed by iodine 

elimination gave a bicyclic lactone which could then undergo hydrolysis to selectively 

give an allylic alcohol that is -cis relative to the resulting methylester. 

Photoisomerization gave a 7:1 equatorial and axial mixture of allylic alcohol where 
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the methylester is axial and equatorial respectively. Selective hydrolysis of the 

equatorial methylester followed by an acid/base workup gave the axial alcohol 

(equatorial carboxylic acid) only. Finally, functionalization with NHS gave the 

reactive difunctional TCO which is primed for regioselective conjugation to an 

antibody and drug. 

 

 

Scheme 1.4: The synthesis of sTCO, dTCO, and a 3,5-bisfunctional TCO for ñclick-

to-releaseò applications 

 

 An improved trans-cyclooctene probe for in vivo application, ñoxoTCOò, will 

be discussed in chapter 4. A historic and modern perspective on the synthesis of 

tetrazines is reviewed in chapters 2 and 3. 
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1.3     Alternative Dienophiles for the Tetrazine Ligation 

 

 Besides trans-cyclooctenes and norbornenes, there have been a handful of 

dienophiles that are bioorthogonally compatible with the tetrazine ligation. Strained 

cyclooctynes such as bicyclo[6.1.0]nonyne (BCN) have been shown to undergo 

cycloadditions with azides, nitrones, and tetrazines.31-34 Orthogonal dual labeling with 

BCN and norbornene on proteins have been demonstrated via an electronically 

deactivated tetrazine.35 Small cyclopropane probes have been developed to improve 

cell permeability and stability of the reactive dienophile, though their kinetics in the 

tetrazine ligation are ~3 orders of magnitude slower than TCO.36-38 Further, small N-

acylazetines display similar kinetics as cyclopropenes.39 Terminal or vinyl alkenes, 

styrenes, and vinylboronic acids are also useful in applications such as the 

biosynthesis of reactive IEDDA tags or in targeted drug release where slow kinetics 

may be desired.40-43 Finally, the Fox group has recently synthesized stable AgNO3 

complexes of trans-cycloheptene (TCH) and trans-1-sila-4- cycloheptene (Si-TCH) 

which can be decomplexed before use in a tetrazine ligation.44 Si-TCH is especially 

stable for a non-coordinated 7-membered trans-cycloalkene and has been shown to 

have the fastest kinetics to date in a tetrazine ligation with a k2 of 1.4 x 107 M-1 s-1 in 

9:1 H2O/MeOH. 
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1.4     Biologic Applications of the Tetrazine Ligation 

 

1.4.1     Genetic Code Expansion Using Tetrazine and Dienophile Non-Canonical 

Amino Acids and Nucleotides 

 

Perhaps one of the most useful applications of the tetrazine ligation is in the 

site-specific genetic encoding of tetrazines or their dienophile partners for proteomic 

study. Bioorthogonal labeling with non-canonical amino acids (ncAAs) is a powerful 

tool for activity-based protein profiling, selective enzyme inhibition, and live cell 

imaging of protein localization.45 Typically, pyrrolysyl-tRNA synthetase 

(PylRS)/tRNACUA pairs from the Methanosarcina genus are used to incorporate 

ncAAs since it does not incorporate the standard 20 canonical amino acids and can be 

evolved in a wide range of cell types including E. coli , Salmonella typhimurium, yeast, 

human cells, and C. elegans.19, 32 For example, trans-cyclooctenes have been 

genetically encoded into superfolder green fluorescent protein (sfGFP) and mCherry in 

both bacterial and mammalian cells.32, 46 A drawback to TCO ncAAs is their 

hydrophobicity which results in high background signal even after lengthy washing 

steps.47 To overcome this issue, Lemke and Kele have synthesized a more hydrophilic 

DOTCO-Lys with two endocyclic ether functionalities that can be washed out in as 

little as 5 minutes.48 Similarly, cyclooctynes32, 34, 46, norbornenes46, 49-51, 

cyclopropenes38, 52, unstrained alkenes53, 54, and tetrazines55, 56 have been incorporated 

into proteins using analogous methodologies. Alternative strategies for engineered 

protein labeling with tetrazines and dienophiles via trypsiligase, lipoid acid ligase, 
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farnesyltransferase, sortase, and HaloTag have recently been reviewed by Oliveira and 

Bernardes.19 

 

 

Scheme 1.5: Non-canonical amino acids (ncAAs) with dienophile or tetrazine 

functionality compatible with the IEDDA reaction for site-specific genetic encoding 

 

 IEDDA labels can also be incorporated into oligonucleotides by solid phase 

synthesis or enzymatic modifications for study of DNA and RNA localization and 

metabolism. Tetrazine57, norbornene58, 59, and TCO60 appended to nucleotides have 

been introduced to DNA and RNA oligonucleotides by solid supported synthesis. A 

drawback to this, however, are the harsh conditions required for cleavage from the 

solid support which can cause degradation of tetrazine or TCO labels.57, 60 Instead, 

enzymatic modification via a T7 RNA polymerase or Vent DNA polymerase alleviates 

the instability issue of IEDDA labels associated with solid supported systems.59, 61, 62 
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Alternatively, vinyl IEDDA labels can be introduced to DNA and RNA 

oligonucleotides via KlenTaq DNA polymerase or a modified RNA methyltransferase 

respectively.63, 64 

 

1.4.2     Tetrazine Fluorogenic Probes for In Vivo Imaging 

 

 Another extremely useful application of the tetrazine ligation is the in vivo 

imaging of cellular structure and functions through fluorophore probes. For example, 

fluorescence microscopy and super-resolution microscopy has enabled the study of 

cell surface dynamics, organelle and cytoskeleton structure, genetically modified 

protein localization, and pre-targeted protein localization.65-71 Although dienophile-

fluorophore conjugates compatible with the tetrazine ligation could be used, they 

suffer from a major drawback in that extensive washing steps would need to take place 

before imaging. Fluorogenic tetrazines probes, on the other hand, are ideally suited for 

in vivo imaging. 

 Non-conjugated tetrazines are typically red in color due to a low laying *́ 

orbital which lead to nĄ *́ transition in the visible region.72 Tetrazines themselves can 

also be fluorescent depending on their attached substituents. Audebert has found by 

DFT calculations that tetrazines with a non-bonded n HOMO, but not a ́ HOMO, are 

fluorescent.72 Experimentally, only tetrazines with heteroatom substituents such as -

Cl, -OR, or -SR were fluorescent, though this is emission is typically very weak. 

Tetrazine-BODIPY conjugates were promptly synthesized as bichromophoric 

fluorescent dyes by the same group and were found to have fluorescence with 

quantum yields (ū) 16-40x lower than non-conjugated BODIPY.73 A key insight in 
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this work was that the fluorescence intensity of BODIPY could be modulated by the 

redox state of the tetrazine. Weissleder and coworkers later implemented this concept 

to a bioorthogonal application with the tetrazine ligation.74 Tetrazine-fluorophore 

conjugates with a small and flexible alkyl linker were synthesized with BODIPY, 

Oregon Green, and coumarin which all displayed fluorescence quenching via the 

attached tetrazine chromophore. Interestingly, fluorescence ñturn-onò to the native 

BODIPY ū could be achieved after an IEDDA reaction with TCO where the resulting 

pyridazine does not quench the fluorophore. Additionally, conjugates with longer 

emission wavelengths had a higher turn-on enhancement (up to 20.6-fold). These 

conjugates were then used as fluorogenic probes to image microtubules in live cells 

via a TCO-modified taxol derivative. The same group would later conclude after 

extensive study that the mechanism of fluorescence quenching by tetrazine depended 

on the structure of the conjugate.75 More flexible tetrazine-BODIPY structures likely 

result in Förster Resonance Energy Transfer (FRET) quenching where the two 

chromophores are in close proximity, but lack conjugation. With the synthesis of more 

rigid conjugates that had aryl linkers where induced non-coplanar structures resulted 

in turn-on ratio up to 1600-fold, it was concluded that Through-Bond Energy Transfer 

(TBET) quenching is more likely. This was elegantly demonstrated by synthesizing a 

tetrazine-BODIPY conjugate that had perpendicular donor-acceptor transition dipoles 

which typically cannot undergo FRET.76 Nonetheless, fluorescence turn-on (120-fold) 

was still observed, further indicating a TBET mechanism. 

 In the past decade there have been improvements in tetrazine fluorogenic 

probes with a wide variety of useful wavelengths. In 2014, Weissleder and coworkers 

synthesized a HELIOS-tetrazine probe with 11,000-fold turn-on that could be used in 
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no-wash imaging.66 Devaraj has used an elimination-Heck cascade reaction to 

introduce tetrazines to BODIPY, Oregon Green and rhodamine dyes.77 Keleôs group 

has synthesized long wavelength phenoxazine and cyanine tetrazine conjugates.71, 78 

Using palladium cross-coupling chemistry, Wombacher and coworkers have 

synthesized a library of fluorescein, Oregon Green, rhodamine, and Si-rhodamine 

conjugates.67, 79 More recently, the same group has developed self-blinking 

fluorogenic dyes based on Si-rhodamine that can be used for live-cell single-molecule 

localization microscopy.80 Finally, Mehl has used tetrazines to quench the 

fluorescence of green-fluorescent protein (GFP) which is very useful for studying 

kinetics of the tetrazine ligation in vitro and in vivo.55, 56 
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Scheme 1.6: Fluorogenic tetrazine probes for imaging. Tetrazine quenches the native 

fluorescence of the conjugated dyes. ñTurn-onò of the fluorophore is achieved by an 

IEDDA reaction with a dienophile where the resulting pyridazine is not a quencher 
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1.4.3     Radiolabeled trans-Cyclooctenes and Tetrazines For PET Imaging 

 

 Nuclear imaging technology has become an invaluable tool in oncology for the 

diagnosis, structural elucidation, and response to therapy of cancer.81 This non-

invasive imaging modality utilizes radionuclides such as carbon-11, nitrogen-13, 

oxygen-15, and fluorine-18 which are injected in small doses intravenously into the 

patient. Imaging by positron emission tomography (PET) is the most commonly used 

technique. The injected radioisotope gradually decays, releasing a position which 

travels a short distance in the tissue (typically 1-2 mm) before interacting with an 

electron from a nearby molecule. This interaction annihilates both, releasing two 

gamma photons 180° in opposite directions which can be detected by a PET scanner 

for 3D visualization of the radioisotopeôs location. Often PET is used in combination 

with X-ray computerized tomography (CT) or magnetic resonance imaging (MRI) in 

order to better understand the interaction of a tumor with nearby tissue or organs.81 

 The development of new radiolabeled probes for PET imaging has been greatly 

augmented by bioorthogonal chemistry.82 The most used radioisotope for medical 

application has been 18F which has a half-life of ~110 minutes. This is ideal in that the 

patient isnôt exposed to prolonged radiation, but the short half-life is also a challenge 

for the synthesis of probes. 18F must be synthesized via a cyclotron and then rapidly 

introduced as a radiopharmaceutical before injection. However, the nucleophilicity of 

18Fī anion is poor in aqueous media which makes it difficult to directly conjugate to 

peptides, antibodies, etc.83 New methods for the rapid construction of 18F-labeled 

TCOs and tetrazines have opened the door for rapid ligation along with an expanded 

set up substrates that can be radiolabeled. The rapid clearance of small molecules from 



 20 

the bloodstream necessitates the fast labeling kinetics of a tetrazine ligation when 

pretargeted methodologies are employed. Additionally, by synthesizing smaller 

radiolabeled TCO/tetrazine reagents the need for difficult, if not impossible 

separations of high molecular weight starting materials and their radiolabeled products 

are eliminated. If mixtures of labeled and unlabeled probes are used, the imaging 

signal is often diminished by competitive binding.83 

 Strategies using the tetrazine ligation were first developed by Robillard in 

which a TCO-labeled monoclonal antibody (TAG72 mAb CC49) pretargeted colon 

cancer xenografts in mice.84 After one day of incubation a tetrazine-DOTA conjugate 

which chelated a 111In radioisotope was injected followed by SPECT/CT imaging. The 

highest %ID/g (% injected dose per gram of tissue) was observed in the cancer 

xenographs along with lesser concentrations in the liver, bladder, and kidney which 

was not unexpected. Optimization of this application in order to improve tumor-to-

background signal included the synthesis more stable and hydrophilic TCO-mAb 

conjugates as well as the use of axial trans-cyclooctene which was found to have a 10-

fold rate increase in the tetrazine ligation.26, 85 Drawbacks to this methodology include 

the long half-life of 111In (2.8 days) as well as the large DOTA chelator that is 

required. 

 18F-radiolabels are most commonly attached to TCOs due to the early 

observation that electron poor tetrazines decomposed when using 18F-Kryptofix or 18F-

TBAF in their synthesis.86 A minimal 18F-TCO conjugate was synthesized by the Fox 

lab via the reaction of a nosylate-TCO with a mixture of [18F]-fluoride(100 mCi) and 

tetrabutylammonium bicarbonate (TBAB) with radiochemical yields up to 71%.86 This 

probe was used to obtain PET/CT images of mice bearing U87MG (human glioma 
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cells).83, 87, 88 Rather than pretargeting via monoclonal antibody, RGD peptide was 

conjugated to a tetrazine which was then preligated to 18F-TCO before injection. The 

RDG binds to integrin Ŭvɓ3 which is upregulated on the endothelial surface of tumor 

blood vessels. Similarly, preligation of 18F-TCO with Cys40-extendin-4 or AZD2281 

tetrazine conjugates were used for PET/CT imaging of mice bearing INS-1 (rat 

insulinoma) and MDA-MB-436 (human breast cancer) respectively.89, 90 

Improvements in 18F-TCO methodology include the use of kinetically rapid sTCO91, 92 

and hydrophilic dTCO93, 94 or oxoTCO94 (discussed in chapter 4) which contribute to 

improved target-to-background imaging. Additionally, more stable and hydrophilic 

tetrazines have improved the pharmacokinetics of the preligation product.83, 92 

 Since its early development, the synthesis of tetrazines labeled with 18F has 

gradually improved. Lewis has developed a novel Al[ 18F]-NOTA-labeled tetrazine 

with high ID/g.95 Mikula has labeled a minimal dialkyl tetrazine via DAST-mediated 

fluorination.96 Lennox and Schirrmacher have synthesized a fluorosilyl labeled 

tetrazine using SNAr chemistry.97 Also, Ploegh and coworkers have tetrazine-labeled a 

readily available 18F-2-deoxyfluoroglucose (FDG) in a rapid and high yielding 

reaction.98 

 Finally, examples of PET imaging using alternative radioisotopes in a tetrazine 

ligation include 11C, 64Cu, 89Zr and 68Ga, among others.99-104 
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Scheme 1.7: Examples of 18F-radiolabeled TCO and tetrazine and their ligation 

products 

  

1.4.4     Click-to-Release Targeted Drug Delivery 

 

 Recently, the mechanism of the tetrazine ligation has been harnessed for the 

targeted bioorthogonal delivery of drugs and imaging agents. Robillard and coworkers 

have pioneered what they call a ñclick-to-releaseò strategy through isomerization of 

the dihydropyridazine resulting from a tetrazine ligation.30 trans-Cyclooctenes have 

been designed to have an allylic carbonate or carbamate which can be attached to a 

drug, fluorophore, or any alcohol/amine functionalized molecule relevant to a targeted 
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release experiment. Typically, these TCO conjugates are appended as antibody-drug 

conjugates (ADCs) which can be incubated with live cells for pretargeting. 

Introduction of a tetrazine undergoes a typical IEDDA mechanism with loss of N2 

through a retro-Diels-Alder, however, the intermediate 1,4-dihydropyridazine can 

isomerize, releasing CO2 and the free alcohol/amine drug. The greatest benefit to this 

strategy is that the drug is released in the direct vicinity of its target, vastly lowing the 

amount of drug that would be required if taken orally or subcutaneously and 

minimizing any off-target toxicity concerns. For example, doxorubicin (a 

chemotherapy drug) was attached to TCO and anti-TAG72 mAb CC49 for targeted 

release in mice bearing colon carcinoma xenographs (LS174T).105 Improved release 

yields can be achieved by using dextran nanoparticles functionalized with up to ~180 

tetrazine moieties which have slower clearance from the targeted cells.105, 106 Robillard 

has expanded on the doxorubicin model study with the release of tyrosine, 

monomethyl auristatin E (MMAE), and active T-cell receptors, among others.107-109 

 

 

Scheme 1.8: Click-to-release: isomerization of the tetrazine ligation product leads to 

the release of an allylic carbamate drug conjugate on trans-cyclooctene 
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Alternative to the ADC approach, tetrazines can be appended to hydrogels and 

delivered by injection near the site of tumor growth.110 A TCO prodrug can then be 

administered subcutaneously which is released upon reaction at the tetrazine-hydrogel 

site. Advantages to this method are that tumors elusive to antibody recognition can be 

treated, as well as multiple rounds of TCO-drug conjugate can be administered 

without additional pretargeting. 

Vinyl ethers can be used in place of TCO using the same concepts.43, 111, 112 In 

general, tetrazine ligations with vinyl ethers are much slower compared to TCO 

reaction rates, but with the added benefit of controlled spatiotemporal release and 

improved stability in vivo where TCO is prone to isomerization. An interesting 

application of this concept is with dual prodrug-prodrug activation.113 This traceless 

approach uses 3-thiomethyl-6-(m-nitrophenyl)tetrazine and a vinyl ether masked 

camptothecin which upon reaction releases a pyridazine microRNA 21 (miR21) and 

camptothecin alcohol with only the loss of N2 as a byproduct. Both of these drugs are 

effective against human prostate cancer (PC3) cells. 

 

 

Scheme 1.9: Prodrug-prodrug release strategy using the tetrazine ligation 
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1.4.5     Tetrazine Ligation in the Construction of Biomimetic and Engineered 

Materials 

 

 The tetrazine ligation has proved very useful in the construction of biomimetic 

materials, owing to its bioorthogonality, rapid kinetics, and recently its on-demand 

photoactivation.114 A goal of materials scientists has been the construction of soft 

tissue-like scaffolds for 3D cell culture, tissue engineering, and augmentation of 

wound healing processes in mammals. Hydrogels are high water content polymers 

which are ideal matrices for cell encapsulation and transfer to a living subject with 

minimal degradation or toxicity. 

 An early example by Anseth used 4-armed tetrazine with poly(ethylene glycol) 

(PEG) spacers and bis-norbornene with an MMP cleavable peptide spacer for the 

construction of hydrogel polymers.115 Norbornene-RGD, an integrin adhesion peptide 

that binds to cell surfaces, was also doped into the hydrogel synthesis. Thus, human 

mesenchymal stem cells (hMSCs) could be encapsulated with excellent cell viability 

after 72 hours (79 ± 6%). Alternatively, RGD could be replaced by norb-GGKGGC 

which was used to photochemically pattern BSA protein within the hydrogel via a 

thiol-ene click reaction. Similar work using alginate rather than PEG was done by 

Joshi and coworkers.116 Their hydrogel matrix was used to successfully encapsulate 

3T3 fibroblasts. Additionally, subcutaneous injection of the hydrogel into mice 

resisted fragmentation for 2 months and did not provoke significant inflammatory 

response. Double network hydrogels using a combination of tetrazine and thiol-yne 

click polymerization produced two interlocking hydrogel networks with high strength 

which also could encapsulate hMSC cells.117 3,6-dipyridyltetrazine (dptz) could serve 
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a dual function in hybrid metallogels. Metal coordination of dptz has proven useful for 

the synthesis of supramolecular assemblies, though its applications in a biologic 

setting are scarce.118 Interestingly, by forming a liquid polymer with tris-norbornene 

and bis-dptz where 50-75% of the dptz was undreacted, gelation could occur after the 

addition of Ni2+ or Fe2+ through coordination between two dptz groups.119 The 

metallogel is non-toxic toward HeLa cells and could act as scaffolds for 

photocleavable and enzymatically cleavable doxorubicin and tryptamine glycinamide 

respectively. 

 The Jia and Fox labs have pioneered the use of the tetrazine-TCO ligation in 

the synthesis and patterning of hyaluronic acid (HA) hydrogels. Here, the interfacial 

kinetics of the tetrazine ligation act as a spatiotemporal tool for the covalent patterning 

of the synthetic extracellular matrix (ECM). This interfacial bioorthogonal 

crosslinking process can be used to introduce covalent modifiers that pattern the 

modulus of the synthetic ECM or introduce cell-guidance cues with spatial resolution. 

In a first-generation study, HA could be modified with a diphenyl-tetrazine with ~7% 

incorporation.120 Adding droplets of the HA-Tz (MW 218 kDa) to a bath of bis-sTCO-

PEG (MW 1253) rapidly formed microspheres where the outer shell was covalently 

polymerized, but unreacted HA-Tz remained in the interior. The bis-sTCO-PEG can 

then slowly diffuse into the microsphere, polymerizing the interior layers in a 

temporally mediated process. By replacing the bis-sTCO-PEG bath at various time 

points with Alexa-TCO, alternating fluorescent and non-fluorescent layers can be 

engineered. Additionally, LNCaP cells suspended in the HA-Tz solution can be 

encapsulated with 99% and 98% viability after 1 and 5 days. In a second-generation 

study, a more hydrophilic 3-methyl-6-phenyltetrazine was used with up to 18% 
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incorporation on HA.121 hMSC cells could be encapsulated and hydrogel matrices 

interior of a high modulus (non-degradable) shell could be degraded via MMP linkers 

in order for the cells to adopt a spread morphology. 

 Hydrogel channels could also be engineered using similar building blocks. bis-

sTCO-PEG in a syringe could be slowly injected and the needle extruded from a 

solution of HA-Tz where a tetrazine ligation occurs interfacially, forming a channel 

with a diameter of the needle used.120 Any TCO crosslinker remaining in the lumen of 

the channel can diffuse through the interface, thickening the walls of the tube outward 

in the process. This concept has been expanded to synthesize tissue-engineered blood 

vessel analogues where three cell types (HAAEs, vSMCs, and AoAFs) were patterned 

in their native anatomical order.122 Initiatlly, vSMCs (human aortic vascular smooth 

muscle cells) were suspended in a HA-Tz solution and an interfacial channel was 

formed by crosslinking with a mixture of bis-TCO-RGD and MMP degradable bis-

TCO. The HA-Tz solution was then replaced with one containing AoAFs (human 

aortic adventitial fibroblasts) along with a replenished TCO solution in the channel 

lumen where bis-TCO-RGD continues to diffuse outward and bind with new cells. 

Finally, HAAEs (human abdominal aorta endothelial cells) were incubated in the 

lumen overnight for attachment to RGD at the interior interface. Cells were imaged 

with CellTracker green, red, and DeepRed respectively. 
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Scheme 1.10: Hydrogel channel with patterned cells mimicking a human blood vessel. 

Reprinted with permission from the ACS Applied Materials and Interfaces. Copyright 

(2019) American Chemical Society.122 

 

 The interfacial bioorthogonal polymerization reactions of bis-tetrazine and bis 

or tris-TCO in an aqueous and organic phase respectively has also found a biomimetic 

application. Fibers can be pulled from the liquid-liquid interface where subsequent 

tetrazine ligations rapidly replenish the interfacial hydrogel polymer.123, 124 Monomers 

containing RGD can be doped into the reaction solution where fibroblasts have later 

been shown to attach, proliferate, and migrate across the fiber. Microfibrous scaffolds 

of multidirectional RGD fibers can grow neotissue 400 ɛm thick; a methodology that 

could potentially be used for wound healing in a medical setting. Alternatively, 

dihydrotetrazine can be photooxidized on-demand for covalent surface labeling of a 

microfiber via a tetrazine ligation.114 
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Scheme 1.11: RGD adhesion of fibroblasts across a microfibrous hydrogel scaffold. 

Confocal imaging after 7 days using phalloiding (F-actin) and DAPI (nucleus) 

staining. Reprinted with permission from the Biomaterials. Copyright (2018) 

Elsevier.124 

 

 Additional materials have been modified or constructed with tetrazines and 

reactive dienophiles. Quantum dots for imaging of skin cancer, vascular endothelial, 

and bone marrow cells have been modified by norbornene for labeling with tetrazine 

conjugated fluorophores, antibodies, and growth factors.125, 126 Liposomes coated with 

TCO have been used as a delivery device for PET radiolabels.127 Intrinsically 

fluorescent small molecule-based nanoparticles (SMNPs) conjugated with TCO serve 

a dual purpose in fluorescent imaging and radio tracer labeling.128 Finally, examples of 

tetrazines used in the construction of metal-organic frameworks (MOFs) have 

emerged.129, 130 
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1.5     Summary 

 

 The tetrazine ligation has become an indispensable tool for scientists interested 

in bioorthogonal conjugation in both chemical biology and materials science settings. 

This reaction is driven by an inverse-electron demand Diels-Alder reaction where 

nitrogen gas is the only byproduct. Strained dienophiles such as norbornene and trans-

cyclooctene drive the reaction, eliminating the need for catalysts such as those used in 

earlier bioorthogonal methodologies. The tetrazine ligation has many useful 

applications such as fluorescent labeling or post-translational modification of proteins, 

PET imaging of cancer cells in living organisms, targeted drug delivery, and the 

construction of biomimetic materials. The following chapters will expand on the 

synthesis of tetrazines and trans-cyclooctenes useful for these applications. 
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INSTALLATION OF MINIMAL TETRAZINES THROUGH  SILVER(I) 

MEDAITED  LIEBESKIND -SROGL CROSS-COUPLING  

The work described in this chapter has already been published. It is reprinted in this 

chapter with the permission of the Journal of the American Chemical Society 

(Copyright 2019 ACS) 

 

Lambert, W. D.; Fang, Y.; Mahapatra, S.; Huang, Z.; am Ende, C. W.; Fox, J. M., 

Installation of Minimal Tetrazines Through Silver-mediated Liebeskind-Srogl 

Coupling with Arylboronic Acids. J. Am. Chem. Soc. 2019, 141, 43 

 

2.1     A Brief History of Tetrazine Synthesis: Classical to Modern 

 

The most widely used methods for the synthesis of tetrazines were first 

described over a century ago by Pinner and Hofmann who first condensed nitriles, 

imidates, or amidines with hydrazine to yield symmetrical tetrazine products.1-3 There 

are a few drawbacks to the Pinner-Hofmann synthesis that have been recognized in 

recent years. The first is the requirement for excess hydrazine and reaction conditions 

often at increased temperatures and pressures. Many procedures call for the use of 

anhydrous hydrazine which is highly flammable, energetic, and toxic which has led to 

tight regulation in Europe and China.4, 5 The second drawback is the limited scope. 

Functional group tolerance is low because of the nucleophilicity and basicity of 

Chapter 2 
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hydrazine. Additionally, while the synthesis of symmetric aryl tetrazines is relatively 

straight forward, the synthesis of unsymmetrical and alkyl tetrazines is low yielding 

and leads to a third drawback. In order to synthesize unsymmetrical tetrazines one of 

the reactants, often the cheaper and lower molecular weight compound, is used in a 

large excess. This leads to a statistical mixture of desired product as well as a copious 

amount of low molecular weight, high-nitrogen tetrazine side products. Even on small 

scale these side products are of great concern due to their volatility and unknown 

energetic safety. 

 

 

Scheme 2.1: Pinner tetrazine synthesis and possible byproduct formation 

 

In 1906 Stollé developed a tetrazine synthesis via PCl5 conversion of 

diacylhydrazides to hydrazidedioyl dichloride followed by addition of hydrazine.6, 7 

Both the Pinner and Stollé synthesis result in a dihydrotetrazine product that must then 

be oxidized, usually with stoichiometric amount of an oxidant such as NaNO3, FeCl3, 

or PIDA.2 
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Scheme 2.2: Stollé tetrazine synthesis 

 

Subsequent to this classic work there was not much interest in tetrazine 

synthesis until the middle of the 20th century. In 1961 Sandström became interested in 

elucidating the structural confirmations of dihydrotetrazines and with that reported the 

first synthesis of 3,6-bis(thiomethyl)-tetrazine and 3,6-bis(thiobenzyl)-tetrazine; two 

molecules that would lay the groundwork for broad tetrazine research as well as the 

research herein.8 

 

 

Scheme 2.3: Sandstrºmôs synthesis of 3,6-bis(thiomethyl)-tetrazine and 3,6-

bis(thiobenzyl)-tetrazine 

 

In an effort to improve the yield and substrate scope of unsymmetrical 

tetrazines, Coburn reported in 1991 the synthesis of 3,6-bis(3,5-dimethylpyrazol-1-yl)-

1,2,4,5-tetrazine.9 Instead of hydrazine, 1,3-diaminoguanidine was reacted with 2,4-

pentadione followed by oxidation with NO or NO2 to give the title product in 84% 

yield. Ammonolysis with NH3 could then give a symmetric 3,6-(diamino)-1,2,4,5-
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tetrazine or an unsymmetric 3-amino-6-(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine in 

96% or 99% respectively depending on the solvent and temperature of the reaction. 

 

 

Scheme 2.4: Colburn synthesis of amino tetrazines 

 

Hiskey and Chavez would later extend Coburnôs method to synthesize 

symmetric and unsymmetric chloro tetrazines.10 Treatment of Coburnôs 3,6-bis(3,5-

dimethylpyrazol-1-yl)-1,2,4,5-tetrazine with hydrazine hydrate resulted in 3,6-

dihydrazino-1,2,4,5-tetrazine. Displacement of the hydrazide could be achieved by 

reaction with chlorine gas to give 3,6-dichloro-tetrazine in good yield. Unsymmetrical 

3-amino-6-chloro-tetrazine was obtained by reacting 3,6-dichloro-tetrazine with 

ammonia. Chloro tetrazines are excellent electrophiles, thus reactions with various 

nucleophiles could be used to greatly expand the diversity of tetrazine substrates. 
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Scheme 2.5: Hiskey and Chavez synthesis of chloro tetrazines 

 

 The synthesis of unsymmetrical 3-thiomethyl tetrazine derivatives from S-

methyl-isothiocarbohydrazide iodide was first described by Fields and coworkers via 

condensation with triethyl orthoformate, triethyl orthoacetate, or dimethylformamide 

dimethyl acetal.11 Unfortunately, sterically hindered orthoesters such as those with a t-

butyl pendant group did not produce the desired tetrazine. Instead, pivalamide could 

be converted to an iminium chloride which could successfully be condensed with S-

methyl-isothiocarbohydrazide iodide to give the desired tetrazine in 27% yield. 
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Scheme 2.6: 3-thiomethyl tetrazine synthesis via orthoester or iminium chloride 

condensation 

 

 In 2012 Devaraj and coworkers reported an improved synthesis of tetrazines 

from nitriles using Lewis acid catalysts.12 Ni(OTf)2 or Zn(OTf)2 catalyzed the reaction 

of nitriles and a large excess of anhydrous hydrazine in the synthesis of alkyl and aryl 

tetrazines in good yields. This new method was especially useful for unsymmetric 

alkyl tetrazine synthesis which previously was very limited in scope and/or required 

multistep synthesis. Although the yields and scope of this Lewis acid catalyzed 

synthesis are greatly improved versus an uncatalyzed Pinner synthesis, the same 

limitations remain. The use of hydrazine at high temperatures/pressures and the 

formation of high-nitrogen biproducts are safety considerations for reaction scale and 

work-up. 
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Scheme 2.7: Lewis acid catalyzed tetrazine synthesis 

 

 Recently, Audebert and coworkers have published a metal-free synthesis of H-

tetrazines using dichloromethane (DCM) as a reagent.13 Here, DCM is replacing 

formamidine which is typically used in a Pinner-Hofmann type synthesis. DCM and a 

nitrile partner are used in equimolar stoichiometry which ameliorates the issue of 

excess high-nitrogen byproduct formation. Additionally, only 8 equivalents of 

hydrazine hydrate was require as opposed to 50 equivalents of anhydrous hydrazine in 

the Lewis acid catalyzed synthesis.12 In general, hydrazine hydrate (typically a 50-

60% solution in water) is always preferable to anhydrous hydrazine, both in terms of 

availability (less restriction in Europe) and hazard (flammability, volatility, etc.). 

Finally, a small excess of sulfur is added to the reaction to facilitate tetrazine 

formation. Audebertôs proposed mechanism for the role of sulfur is shown below. The 

yields of 11 H-tetrazines with both alkyl and aryl substituents were generally good. 
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Scheme 2.8: Thiol catalyzed H-tetrazine synthesis via dichloromethane as a reagent 

 

 Wu and coworkers have expanded on the idea of a sulfur mediated reaction by 

developing a 3-mercaptopropionic acid catalyzed methodology.14 Hydrazine hydrate 

could be used with only mild heating (40 °C) and gave a high yielding assortment of 

unsymmetrical alkyl and aryl tetrazines. 

 



 53 

 

Scheme 2.9: Thiol catalyzed synthesis of unsymmetric tetrazines 

 

2.2     Tetrazine Functionalization Through Nucleophilic Aromatic Substitution 

(SNAr)  

 

 An important early application of 3,6-dichloro-tetrazine10, 3,6-bis(thiomethyl)-

tetrazine8, and 3,6-bis(3,5-dimethylpyrazol-1-yl)-tetrazine9 was their functionalization 

by Nucleophilic Aromatic Substitution (SNAr). In a 2010 review by Clavier and 

Audebert they summarize the SNAr chemistry of these tetrazines, most notably with 

alcohols, amines, and thiols.15 Further, examples of direct C-C bond formation on 

tetrazines via cross-coupling, which are reviewed later in this chapter, often are 

prepared by an initial SNAr desymmetrization of 3,6-dichloro- or 3,6-bis(thiomethyl)-

tetrazines.16-21 
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Scheme 2.10: Nucleophilic Aromatic Substitution (SNAr) of tetrazines 

 

2.3     Transition Metal-Catalyzed C-C, C-N and C-H Functionalization of 

Tetrazine-Containing Molecules 

 

 There have been several groups interested in modifications of tetrazine 

containing molecules. Along with SNAr, transition metal-catalyzed cross-coupling has 

emerged as a powerful tool for functionalizing simple tetrazines building blocks 

prepared by methods described earlier in this chapter. Examples of this class of 

chemistry is summarized below. Traditional Stille22, 23, Sonogashira24, Heck25, 

Buchwald-Hartwig26, and Suzuki27 cross-couplings have been employed. Recently 

ortho-functionalization of aryl-tetrazines have been achieved by palladium-catalyzed 

C-H halogenation or iridium-catalyzed C-H amidation.27-29 
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Scheme 2.11: Transition metal-catalyzed coupling of tetrazine-containing molecules 
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2.4     Direct C-C Bond Formation on Tetrazines Halides Via Transition Metal 

Catalyzed Cross-coupling 

 

As previously mentioned, Suzuki, Stille, Heck, and Sonogashira cross-

coupling chemistry has been used quite extensively on aryl tetrazines where a halide is 

positioned on the aryl pendant group of the molecule. However, transition metal-

catalyzed cross-couplings where a halide is attached directly to the tetrazine ring are 

quite rare. In 2003, Kotschy described the first Sonogashira and Negishi cross-

couplings of alkynes on a 3-amino-6-chlorotetrazines in moderate yields.16 Attempts at 

aryl cross-coupling with Kumada and Suzuki reagents or vinyl cross-coupling with 

Heck reagents were unsuccessful, resulting in decomposition of the electron deficient 

tetrazine core via reagent reactivity (Grignard reagents) or nucleophilic attack under 

alkaline conditions (Suzuki, Heck). Even with its limited scope, this new class of 

transformations opened the door for direct carbon-carbon bond formation on tetrazines 

halides. 

 

 

Scheme 2.12: Sonogashira and Negishi cross-couplings on 3-amino-6-chlorotetrazines 
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 In 2013 Avarvari and coworkers produced the first example of a Stille 

coupling on a 3,6-dichlorotetrazine in the synthesis of tetrathiafulvalene-s-tetrazine.17 

This molecule was later used to explore the intramolecular charge transfer properties 

of a covalent donor-acceptor molecule. 

 

Scheme 2.13: Stille cross-coupling on a 3,6-dichlorotetrazine 

 

 In 2017 Lindsleyôs group expanded 3-amino-6-chlorotetrazine cross-coupling 

by describing the first Suzuki conditions.18 Key to this discovery was the use of a 

BrettPhos Pd G3 precatalyst and Cs2CO3 as a mild base which gave moderate to 

excellent yields in 2-4 hours at room temperature. Using these conditions they were 

also able to synthesize an analog to minaprine, a known acetylcholinesterase (AChE) 

inhibitor. Conversion of the pyridazine moiety found in minaprine to a tetrazine 

analog retained its activity as an inhibitor and even had improved cLogP.  

 

 

Scheme 2.14: Suzuki cross-couplings on a 3-amino-6-chlorotetrazines 
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 Of great interest to our lab is the introduction of minimal tetrazines on 

biologically relevant molecules via cross-coupling. Previous to our labôs work there 

had been a single method for cross-coupling a low molecular weight 6-methyltetrazine 

via Stille coupling of a 3-bromo-6-methyltetrazine described by Wombacherôs group 

in 2017.19 A major limitation of this procedure is the synthesis of the tetrazine reagent 

through a 3-hydrazinyl-6-methyltetrazine which is likely highly energetic (although 

untested) and unfeasible for scale-up beyond the 100 mg that were produced. 

 

 

Scheme 2.15: Stille cross-coupling on a 3-methyl-6-bromotetrazine 

 

2.5     A Brief History of Liebeskind-Srogl Cross-coupling 

 

 In 2000, Lanny Liebeskind and Jiri Srogl published seminal work in JACS on 

the desulfitative coupling of thioesters and boronic acids to give a variety of ketone 

products.30 The Liebeskind-Srogl reaction is palladium catalyzed (Pd2(dba)3/tris-(2-

furyl)phosphine) and, key to this methodology, it is mediated by a stoichiometric 

addition of a copper(I) carboxylate. In this work Copper(I) thiophene-2-carboxylate 

(CuTC) was found to be the most effective mediator, although Copper(I) 3-

methylsalicylate (CuMeSal) would also later be used as a general promoter.31, 32 No 
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base is required and the addition of a base was actually found to be deleterious to the 

reaction. Excellent yields were achieved in the synthesis of alkyl, phenyl, pyrazyl, 

styryl, acyl, and -CF3 ketones. CuX, CuCN, and Zn(II) carboxylate additives were 

ineffective at promoting this reactive, implicating the importance of both Copper(I) 

and a carboxylate anion functionality. The proposed mechanism is showed below. 

Initially, Copper(I) coordinates with the sulfur atom, activating the thioester for 

oxidative addition of palladium. Transmetalation then occurs through a 6-member 

transition state where the carboxylate can capture boron and copper thiolate is 

released. There is also potential for hydrogen bonding between the carboxylate and 

boronic acid during this transition state. Reductive elimination then results in ketone 

product. In 2009 Liebeskind and coworkers published DFT calculations on possible 

transition states and mechanisms including displacement of a phosphine ligand from 

the Pd center by carboxylate, though to this date there is not direct experimental 

evidence of the mechanism of the Liebeskind-Srogl reaction.33 

 

 

Scheme 2.16: Liebeskind-Srogl coupling in the synthesis of ketones from boronic 

acids 
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 The Liebeskind-Srogl conditions for ketone synthesis can also be used with 

organostannanes.32 A similar palladium catalyst was used, but in this work Copper(I) 

diphenylphosphinate was used as a mediator. Interestingly, the change from a 

carboxylate anion to a phosphinate did not hinder the reaction. 

 

Scheme 2.17: Liebeskind-Srogl coupling in the synthesis of ketones from stannanes 

 

 Instrumental to my research was a pair of papers from Liebeskind, Srogl and 

Egi in 2002 and 2003 on the coupling of heteroaromatic thioethers with boronic acids 

and organostannanes.31, 34 This reaction is again palladium catalyzed and mediated by 

either CuTC for boronic acid coupling and CuMeSal for stannane coupling. Base was 

not required, though it was noted that Zn(OAc)2 helped to drive some of these 

reactions, presumably by coordination to basic nitrogen atoms that could interfere with 

the cross-coupling. A unique feature to this methodology is the ability to modify the 

electron and steric properties of the thioether with -Me, -Ph, -Tolyl and ɓ-amido 

pendant groups which led to ñactivationò of less reactive heteroaromatics. A library of 

pyridyl, pyrimidyl, pyrazinyl, thiazole, oxazole, tetrazole, and thiophene 

heteroaromatics could be coupled in good yields. The lab of Guillaumet 

simultaneously published similar work on the coupling of heteroaromatic thioethers 
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with organostannanes in 2003, including the coupling a triazinyl thiomethyl ether.35 

Aryl thioethers under similar conditions did not couple efficiently, underscoring the 

uncommon cross-coupling ability of the Liebeskind-Srogl reaction on electron 

deficient heteroaromatic thioethers which could potentially be exploited for tetrazine 

synthesis. 

 

 

Scheme 2.18: Liebeskind-Srogl coupling on heteroaromatic thioethers 

 

 Since these initial publications, many groups have expanded on the 

Liebeskind-Srogl reaction. Alternative nucleophiles such as alkynes36, siloxanes37, and 

Grignard reagents38 have been described. Thioamides and thioureas have been used as 

electrophiles.39-41 Heteroaryl disulfides can also be employed as electrophiles.42 For 
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further information, Kappe (2009) and Zhou (2018) have written comprehensive 

reviews of the development and application of the Liebeskind-Srogl reaction.43, 44 

 

2.6     Liebeskind-Srogl Cross-coupling on Tetrazine Thioethers 

 

 The work presented in this chapter as well as a portion of the PhD work of my 

colleague Dr. Yinzhi Fang45 has been greatly influenced by the first description of a 

Liebeskind-Srogl cross-coupling on tetrazines by Franck Suzanet and coworkers.20 In 

their 2007 Synlett paper, a readily accessible 3,6-bis(methylthio)-tetrazine was first 

desymmetrized by SNAr substitution with morpholine or methanol. Subsequently, 

palladium-catalyzed, copper-mediated cross-coupling could be achieved with either 

boronic acid or tributyl tin reagents. A high temperature, high pressure microwave 

synthesis was required to achieve acceptable yields, but with limited functional group 

scope. Both electron rich arylboronic acids and electron poor arylboronic acids could 

be used, although electron poor substrates gave slightly lower yields. Organotin 

reagents underwent smooth transformations under the same conditions, although it 

was noted that higher yields could be achieved under reflux of DME rather than 

microwave heating, likely due to the sensitivity of the tin reagents at high 

temperatures. Lastly, a 3-methoxy-6-(methylthio)tetrazine was used under the same 

conditions with 4-methoxy-phenylboronic acid to give 12% of the desired product. 

The electron withdrawing nature of the methoxy substituent on tetrazine is likely 

destabilizing under these conditions, resulting in starting material decomposition. 

Audebert and coworkers have used these synthetic conditions with similar success in 
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order to study the electrochemical and photophysical properties of triphenylamine-s-

tetrazines.21 

 

Scheme 2.19: The first Liebeskind-Srogl cross-coupling on 6-(methylthio)tetrazine 

 

 The group of Sylvain Routier has also employed desulfitative cross-coupling 

on 3,6-bis(methylthio)-tetrazine in palladium-catalyzed, copper-mediated 

aminations.46, 47 Again, microwave heating was used as well as the additional 

requirement of a base. Nonetheless, good yields were obtained on a modest library of 

tetrazines. Interestingly, no 3,6-bis(amino)tetrazine was observed under these 

conditions. It seems that the addition of one amino group deactivates the remaining 

thiomethyl functionality from subsequent coupling. 
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Scheme 2.20: Pd-catalyzed desulfitative aminations on 3,6-bis(methylthio)-tetrazine 

 

2.7     Introduction of Minimal Tetrazines to Biologically Relevant Molecules 

 

 Since the advent of tetrazines being used for bioorthogonal applications it has 

been recognized that the pharmacological properties of the probe must be considered. 

If the tetrazine being introduced to an active pharmaceutical ingredient (API), 

fluorophore, or amino acid is too bulky and/or too hydrophobic there could be adverse 

effects on the experiment such as poor solubility, non-specific hydrophobic 

interactions, aggregation, low API potency, or low signal-to-noise in imaging 

experiments. Recently, researchers have been exploring concept of óminimalô tetrazine 

probes whereby a small and hydrophilic tetrazine can be introduced by Pinner-

Hofmann synthesis, cross-coupling, SNAr, or traditional peptide conjugation 

chemistry. 

 The following examples are a selection of current techniques to introduce 

minimal tetrazines to biologically relevant molecules. Weisslederôs group has 

synthesized ñturn-onò BODIPY-tetrazine probes by a direct Zn(OTf)2 catalyzed Pinner 

synthesis on a BODIPY-nitriles.48 Kunter and Mikula have synthesized 18F-tetrazine 
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probes via a NiCl2 catalyzed Pinner-Hofmann synthesis from a small 4-

hydroxypropanenitrile followed by fluorination.49 Mehl and coworkers established 4-

(6-methyl-s-tetrazin-3-yl)phenylalanine (Tet-v2.0) as a powerful unnatural amino acid 

label, again through a Ni(OTf)2 catalyzed Pinner-Hofmann synthesis.50 Devaraj has 

developed a mesylated 3-hydroxyethyl-6-methyltetrazine for an elimination-Heck 

cascade reaction.25 Fengôs group has used small alkoxy tetrazines to install at the 

boron center of BODIPY fluorophores.51 Wu and coworkers have used their 3-

mercaptopropionic acid catalyzed tetrazine synthesis to make a methylphosphonate 

tetrazine which then can be introduced to aldehydes by a HornerïWadsworthï

Emmons reaction.14 As mentioned previously, Wombacher has synthesized a 3-

bromo-6-methyltetrazine for Stille couplings.19 The same group has used 3-

hydroxymethyl-6-methyl tetrazine as a minimal tool for site-specific protein 

labeling.52 Finally, two groups in 2020 have independently applied 3-bromo-6-H-

tetrazine toward SNAr labeling of amino acids (Lys, Tyr, Cys), however, this molecule 

is expected to be volatile and high-energy.53, 54 
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Scheme 2.21: Synthesis and attachment of minimal tetrazines to complex substrates 

 

2.8     Interest and Research Goals of Minimal Tetrazine Synthesis in the Fox Lab 

 

For years there had been interest in the Fox Lab in the development of a safe 

and easily accessible approach toward tetrazine synthesis. With the ever-expanding 
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application of the tetrazine ligation came an increasing need for diverse tetrazine-

containing molecules for specialized applications. Progress on this front was hindered 

by the harsh conditions needed to synthesize tetrazines themselves. As described 

above, the Pinner-Hofmann synthesis and its Lewis acid catalyzed counterpart 

required hydrazine at increased temperatures and pressures with a very limited 

functional group tolerance. Compounding this issue was the formation of volatile 

high-nitrogen byproducts. Although modern thiol catalyzed tetrazine synthesis 

alleviates some of these issues, we are still limited in scope and applicability to 

relevant biologic experiments. This is where cross-coupling comes into the picture as 

an attractive approach toward tetrazine functionalization of complex biomolecules. 

Unfortunately, progress in tetrazine cross-coupling is sparse and the few procedures 

that are published have one or more of the following issues: bulky and hydrophobic 

tetrazine products, small but very energetic and volatile tetrazine intermediates, 

kinetically sluggish -amino or -dialkyl tetrazines, harsh reaction conditions, limited 

scope, and low yields. 

Building off the work of my predecessors Dr. Melissa Blackman55 and Dr. 

Yinzhi Fang45, I set out to develop a methodology for minimal tetrazine 

functionalization on complex, biologically relevant molecules. We envisioned a route 

toward minimal tetrazine synthesis that was safe and accessible to anyone from an 

experienced synthetic organic chemist to a biochemist interested in a tetrazine labeling 

experiment. The following describes the approach I have taken toward this goal with 

two main objectives. The first being the safe and scalable synthesis of tetrazine 

without hydrazine or dangerous byproducts. The second being the functionalization of 

complex molecules with minimal tetrazines; eliminating the side-effect of large and 
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hydrophobic linkers that typically result from conjugation and cross-coupling 

chemistry which in turn negatively affects the physiochemical properties of the target 

tetrazine-functionalized molecule. The work that follows was published in JACS in 

2019.56 

 

 

Figure 2.1: (A) The most common approach to tetrazine conjugation uses linkers to 

attach molecules of interest. (B) Cross-coupling approach described here. 

 

2.9     Synthesis of Tetrazine Thioethers for Liebeskind-Srogl Cross-Coupling 

 

 At the outset of this project we envisioned the practical functionalization of 

complex molecules with minimal tetrazines through a Liebeskind-Srogl cross-

coupling reaction. We needed a tetrazine nucleophile that could be easily synthesized, 

was safe to handle, and was able to react with common nucleophiles like boronic acids 

and alkyl tin reagents. Previous to this work the only C-C Liebeskind-Srogl cross-

coupling on a tetrazine was done by Suzanet and coworkers.20 A few drawbacks 

related to this work are the high temperatures needed to drive the reaction (upwards of 
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200 °C) and the resulting 3-amino-tetrazines which, although valuable in some 

medicinal chemistry applications, are attenuated in bioorthogonal reactions by the 

deactivating amino substituent.25, 50 Thus, we sought to synthesize a 3-thioalkyl-6-

methyltetrazine that could be used under mild conditions to install a minimal 6-

methyltetrazine functionality. 

 Unsymmetrical 3-thiomethyl-6-methyltetrazine had been previously 

synthesized by Fields and later by our group in the synthesis of 4-(6-methyl-s-tetrazin-

3-yl)aminophenylalanine.11, 57 A driving force of this project was the overall safety of 

the tetrazine synthesis and subsequent cross-coupling. 3-thiomethyl-6-methyltetrazine 

was simply too small (high-nitrogen, high exothermic energy) and potentially volatile 

to work with at large scales. Because of this, Yinzhi Fang and I set out to instead use 

bulkier 3-thiobenzyl-6-methyltetrazine as a platform for optimization of a Liebeskind-

Srogl reaction. Based on this molecule I also synthesized a library of functionalized 

benzylic thioether tetrazines with additional guidance and safety testing from our 

colleagues at Pfizer led by Dr. Christopher am Ende. Included in this library is the 

optimization of ób-Tzô which was found to be the starting material of choice. 

 In general, 3-thiobenzyl-6-methyltetrazine is made in three steps. The first 

being the alkylation of thiocarbohydrazide with a benzylic bromide reagent in a heated 

solution of ethanol. After filtration, commercially available triethyl orthoacetate was 

condensed with the alkylated thiocarbohydrazide in pyridine and warm DMF followed 

by an in situ oxidation by various methods. Note that only the synthesis of b-Tz (1a) 

was fully optimized (see description below). 3-thiomethyl-6-phenyltetrazine (3) was 

also synthesized in a similar procedure using iodomethane as an alkylating reagent and 

triethyl orthobenzoate as the condensing reagent. The overall yields of the non-
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optimized tetrazines (1b-1g) and (3) oxidized by PIDA were low to moderate (3-46%). 

Our collaborators at Pfizer have tested each tetrazine by differential scanning 

calorimetry (DSC) to quantify their onset temperatures and exothermic energy. 

Thiocarbohydrazide and ([1,1ô-biphenyl]-4-ylmethyl)thiocarbohydrazide bromide 

were also tested (see experimental section). 

 

Figure 2.2: A library of 3-thiobenzylic-6-methyltetrazines and 3-thiomethyl-6-

phenyltetrazine were synthesized and evaluated for exothermic energy by differential 

scanning calorimetry (DSC) 

 

 I have optimized the synthesis of b-Tz (1a) for large scale reactions with 

minimal workup or purification steps. First, thiocarbohydrazide could be alkylated by 

1.0 equiv of 4-bromomethyl biphenyl in ethanol. Due to the onset temperature of 

thiocarbohydrazide (172 °C) it was determined that a reaction temperature of 60 °C 

was optimal given our Pfizer collaboratorôs guidelines on reactions being kept >100 

°C below the onset temperature of the reagents.58 The alkylated product precipitates 

easily from ethanol and was purified by vacuum filtration. Condensation with 2.0 
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equiv triethyl orthoacetate was done under mild conditions in pyridine and DMF at 50 

°C. 

 The final oxidation of the dihydro-b-Tz proved to be challenging as I wanted to 

eliminate any column chromatography or excessive use of solvent to recrystallize b-Tz 

from the crude reaction. Stoichiometric PIDA was quickly eliminated because of the 

cost, the large amount of waste material that was formed, and requirement of lengthy 

column chromatography. Stoichiometric hydrogen peroxide could be used with greatly 

reduced cost and chemical waste, but still required column chromatography due to an 

oily side product formation. Eventually it was found that simply adding water and 

bubbling air into the crude reaction gave b-Tz, albeit at a very slow rate. I then tried 

adding catalytic amounts of metal to accelerate the oxidation. The first success was 

with Zn(II)(OAc)2(H2O)2 which was surprising given the uncommon application of 

zinc in an oxidation reaction. The results were very inconsistent however, with varied 

rates of completion (6h to 5 days) as well as inconstant yields. Catalytic 

Ni(II)(OAc)2(H2O)4 produced very little b-Tz, whereas Fe(III)Cl3 gave full conversion 

of dihydro-b-Tz but with low yield and a large amount of side product. Finally, by 

using 10 mol% Cu(II)(OAc)2 full conversion of dihydro-b-Tz to b-Tz was observed 

with no side products and very consistent results over multiple trials. Thus, the crude 

condensation reaction could by oxidized by adding 10 vol% water, 10 mol% 

Cu(II)(OAc)2, and by bubbling air (~3 bubbles per second) and vigorously stirring for 

24 hours. After completion the crude mixture of b-Tz can be precipitated with 

additional water, vacuum filtered, dried, then dissolved in DCM to be purified by a 

short silica plug (mainly to remove any remaining copper), resulting in b-Tz in 47% 

yield over 3 steps. Up to 27 grams of b-Tz can be synthesized in one batch, a vastly 
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larger scale of tetrazine synthesis than our lab has ever done using a hydrazine Pinner-

Hofmann synthesis. At the time of this writing, b-Tz is patent pending and has been 

commercialized by Affinity Research Chemicals (Wilmington, DE). 

 

 

Figure 2.3: The decagram synthesis of b-Tz (1a) 

 

2.10     Synthesis of 3-chloro-6-methyltetrazine and 3-chloro-6-phenyltetrazine 

and Attempts at Suzuki Cross-Coupling 

 

 I initially joined this project as my colleague Dr. Yinzhi Fang had already 

began exploring the use of thioether tetrazines in Liebeskind-Srogl cross coupling with 

aryl tin reagents.45 We were curious about the viability of a Suzuki type cross-

coupling with tetrazines as an alternative approach. Thus, I began work synthesizing 

3-chloro-6-methyltetrazine and 3-chloro-6-phenyltetrazine from the thioether starting 

materials (1b) and (3) respectively. 3-chloro-6-phenyltetrazine was synthesized from 

(3) by stirring in 5 equiv sulfuryl chloride (SO2Cl2) and a 4:1 mixture of 

dichloromethane and acetonitrile at 50 °C. The product is moderately unstable to 
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silica, but done rapidly, 3-chloro-6-phenyltetrazine was obtained in 48% after quick 

column chromatography. 

 3-chloro-6-methyltetrazine was more challenging given its high volatility and 

the slow reactivity of (1b) with sulfuryl chloride. Instead, (1b) was stirred in neat 

sulfuryl chloride (62 equiv) at room temperature for 3 days. The crude mixture was 

diluted in ether and quenched/washed with water and brine. Solvent exchange was the 

done by addition of toluene followed by rotary evaporation of ether at 0 °C to give a 

~200 mM stock solution. Unfortunately, the product was still impure with very rapid 

decomposition when column chromatography was attempted. The concentration of the 

crude solution was determined by UV-Vis (UV-Vis, ɚmax 530nm, e = 500.2) as 160 

mM with a 3-chloro-6-methyltetrazine yield of 82%. The extinction coefficient was 

determined by titration of a known volume of the crude solution with a stock solution 

of 5-hydroxy-trans-cyclooctene, resulting in the concentration of the crude solution. A 

standard absorption curve could then be obtained on the UV-Vis with a series of dilute 

stock solutions and the extinction coefficient determined using Beerôs law. 

 

 

Figure 2.4: Chlorination of thioether tetrazines by sulfuryl chloride 

 

Optimization of a Suzuki cross-coupling reaction with phenylboronic acid was 

then initiated with 3-chloro-6-phenyltetrazine. A variety of palladium sources were 
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attempted with CyJohnPhos, a ligand I noticed also worked well with tetrazines in 

copper-mediated Liebeskind-Srogl cross-coupling (described later this chapter). A 

mild base, Cs2CO3, was chosen due to the propensity of these 3-chloro-tetrazines to 

decompose in harsh bases. The best reaction was where the palladium was added in 

portions, once at the beginning of the reaction and the other halfway through, giving 

up to 71% of the 3,6-diphenyl-tetrazine product. Some reactions were also carried out 

on 3-chloro-6-methyltetrazine, although rapid decomposition was observed unless the 

temperature was reduced to 50 °C, giving 21% yield of the 3-phenyl-6-methyltetrazine 

product. 

 

 

 

 

Table 2.1: Optimization of Suzuki cross-coupling conditions on 3-chloro-6-

phenyltetrazine 
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Table 2.2: Optimization of Suzuki cross-coupling conditions on 3-chloro-6-

methyltetrazine 

 

 In summary, although Suzuki cross-couplings could be successfully carried 

out, there are clear obstacles to overcome with this methodology. First, the synthesis 

of 3-chloro-tetrazines is rather harsh, requiring sulfuryl chloride in a large excess. 

Second, 3-chloro-tetrazines are very sensitive, decomposing on silica gel and under 

basic conditions. Third, 3-chloro-6-methyltetrazine is volatile, expected to have a high 

exotherm (a high-nitrogen molecule), and must be handled in solution which defeats 

the overall goal of this project: the safe installation of minimal tetrazines. 

 

2.11     Optimization of Copper Mediated Liebeskind-Srogl Cross-Coupling on 

Thioether Tetrazines 

 

 Encouraged by the work of Suzenet20 and my coworker Dr. Yinzhi Fang45, I 

began exploring cross-coupling reactions of tetrazine thioethers and phenylboronic 

acid under palladium-catalyzed, copper-mediated Liebeskind-Srogl conditions. Initial 

optimization was carried out on 3-thiobenzyl-6-methyltetrazine (1b). Pd2(dba)3 was 
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chosen as source of palladium and the common Liebeskind-Srogl mediator Copper(I) 

thiophene-2-carboxylate (CuTC) was used as an additive. Additionally, it was found 

that a base (Cs2CO3) was required for progression of the reaction. A series of 

monodentate and Buchwald ligands were screened with CyJohnPhos (35%) and tri-(2-

furyl)phosphine (TFP, 28%) giving the best results in the synthesis of 3-phenyl-6-

methyltetrazine.  

 

 

Figure 2.5: Initial ligand screening for Liebeskind-Srogl cross-coupling on thioether 

tetrazines 
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 Using similar conditions and CyJohnPhos as a ligand, a series of copper 

sources were screened. The common Liebeskind-Srogl mediators CuTC and CuMeSal 

(Copper(I) 3-methylsalicylate) gave similar yields. Surprisingly, 15% yield of 3-

phenyl-6-methyltetrazine was obtained using Copper(I) acetate without any addition 

of base, an unusual Liebeskind-Srogl mediator. Attempts with Cu(II) acetate, Cu(I) 

iodide, Cu(I) chloride, Cu(I) diphenylphosphinate, Cu(I) trifluoromethanesulfonate, 

Cu(I)(ACN)4PF6, and Ni(II) acetate failed to produce the desired product. 

 A more thorough optimization study was then initiated using 3-thiomethyl-6-

phenyltetrazine (3) instead of (1b). I began to suspect that (1b) may be decomposing 

under some aspect of the reaction conditions given that near full conversion was 

observed on most reactions with only low yields of the desired product. I began by 

comparing the two best ligands, CyJohnPhos and TFP, with the new tetrazine starting 

material. In this screening, TFP gave a much-improved yield (26%) versus 

CyJohnPhos (9%) in the synthesis of 3,6-diphenyl-tetrazine. Switching from CuTC to 

CuMeSal doubled the yield to 52%. Dropping the temperature down to 70 °C gave a 

small improvement (57%), likely due to the instability of (3) at 100 °C. Reducing the 

amount of CuMeSal added to the reaction hindered the formation of product. 

Likewise, reducing the amount of phenylboronic acid added to the reaction also 

lowered the tetrazine yield. Although, if the yield is calculated based on boronic acid 

loading there is a slightly higher yield with 1.9 equiv versus 3.0 equiv (22% and 19% 

respectively). For this reason, I chose to move forward with 1.9 equiv of boronic acid 

given that more complex boronic acids would certainly be more expensive and/or 

more difficult to synthesize. A screening of solvents revealed that ether containing 
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1,4-dioxane and dimethoxyethane resulted in improved yields up to 71%. 

Tetrahydrofuran was also a good candidate with 68% yield. Addition of carbonate 

bases or cesium fluoride gave good yields, Cs2CO3 being the best, while all others 

dramatically lowered the yield. Examining the source of palladium resulted in 

Pd2(dba)3 giving the highest yields. Re-examining temperature showed that lowing to 

50 °C did not greatly hinder product formation, however, a room temperature reaction 

resulted in only 41% yield. Finally, increasing the loading of TFP >40 mol% did not 

dramatically increase yields. 
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Table 2.3: Optimization of copper-mediated Liebeskind-Srogl conditions on 3-

thiomethyl-6-phenyltetrazine (3) 

 

 Finalizing the optimized óstandardô conditions involved a few additional 

changes. First, the catalyst loading was increased to 12.5 mol% Pd2(dba)3 and 50 

mol% TFP in order to drive the reaction to full conversion, especially in the cases 

where (1b) was used as the tetrazine starting material. Second, I found that a 

portionwise addition of CuMeSal as a slurry in 1,4-dioxane gave slightly higher 

yields, which led me to believe that copper could be the source of the starting material 

decomposition. Using these optimized conditions I then looked at a series of 
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phenylboronic acid experiments to determine the most efficient loading. With tetrazine 

(3) I observed excellent yields, up to 86% with 2.5 equiv phenylboronic acid. 

However, in terms of efficiency based on phenylboronic acid loading 1.3 equiv was 

superior, giving 0.52 mol product per mole of PhB(OH)2 vs only 0.34 mol of product 

when 2.5 equiv of PhB(OH)2 were used. Cross-coupling yields with tetrazine (1b) 

were moderate with 61% product formation using 2.5 equiv phenylboronic acid. 

Likewise, in terms of phenylboronic acid efficiency these conditions were inferior, 

giving only 0.24 mol product per mole of PhB(OH)2 whereas 0.38 mol of product was 

obtained when 1.3 equiv of PhB(OH)2 was used. I also tested these conditions with b-

Tz (1a) using 1.9 equiv phenylboronic acid and only observed a 39% yield of the 

desired product based on the limiting tetrazine reagent. Further, inversion of reagent 

stoichiometry in the (1b) reaction (1.0 equiv PhB(OH)2 and excess tetrazine (1b)) 

gave low yields. 
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Figure 2.6: Optimized conditions of the copper-mediated Liebeskind-Srogl cross-

coupling of tetrazines (3) and (1b) 

 

 I briefly looked at the cross-coupling efficiency of functionalized arylboronic 

acids with my standard conditions. Yields were only moderate with both tetrazine 
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reagents. However, one useful application of these conditions is in the cross-coupling 

of unprotected aryl amines; a reagent that is not compatible with conditions described 

later in this chapter.  

 

 

Figure 2.7: A limited scope study of the optimized copper-mediated Liebeskind-Srogl 

cross-coupling of tetrazines (3) and (1b) with arylboronic acids 

 

 As we began to suspect the stability of these tetrazine thioethers being the 

cause of moderate yields, my colleague Dr. Yinzhi Fang looked at the decomposition 

rate of b-Tz (1a) in the presence of CuTC at typical reaction temperature. He observed 

rapid decomposition, resulting in >60% conversion of b-Tz in only 40 minutes. The 

only identifiable byproduct from this reaction was 4-phenylbenzaldehyde. 
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Figure 2.8: The instability to tetrazine thiobenzyl functionality toward CuTC 

 

 To summarize these investigations, I was able to optimize conditions for the 

copper-mediated Liebeskind-Srogl cross-coupling of tetrazines and arylboronic acids 

with acceptable yields. However, a major limitation is the susceptibility of tetrazine 

thioethers to decomposition under the reaction conditions. Copper(I) additives were 

the root cause of this issue, resulting in rapid decomposition over the course of only 

minutes. I have also observed excessive heating >70 °C as well as the addition of 

Cs2CO3 as a route toward decomposition, though these rates are much slower than 

those stemming from copper. For these reasons, I began searching for alternatives to 

copper(I); an inquiry which led to my discovery of silver(I) being applied as a 

Liebeskind-Srogl mediator for the first time. 
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2.12     Optimization of Silver Mediated Liebeskind-Srogl Cross-Coupling on 

Thioether Tetrazines 

 

In searching for alternative transition-metal mediators that would not cause 

decomposition of thioether tetrazine starting materials, I hypothesized that silver(I) 

could act as an ideal replacement to copper(I). Thiols have a strong affinity toward 

silver and have been used in the construction of self-assembles monolayers (SAMs) on 

silver surfaces and nanoparticles.59, 60 Recently, Ag2CO3 was used as a mediator in 

rhodium catalyzed cross-coupling of aryl thiomethyl reagents and boronic acids or 

boroxines.61, 62 Key to the success of this reaction was the requirement for an ortho-

substituted carbonyl group on the aryl thiomethyl reagent which coordinated the 

rhodium catalyst before oxidation addition. Presumably, silver facilitates the 

transmetalation of boronic acid toward the rhodium-thioether complex.61  

Given this knowledge, I sought to use silver(I) compounds as a mediator in the 

palladium-catalyzed Liebeskind-Srogl cross-coupling of tetrazines (1a-1g) and (3) 

with boronic acids. My first success was with silver(I) salicylate (AgSal) which I 

synthesized as an analogue to the common copper(I) 3-methylsalicylate (CuMeSal) 

Liebeskind-Srogl mediator. Happily, using tetrazine (3), Pd2(dba)3, TFP, AgSal, and 

sodium salicylate (NaSal) as a base, I was able to achieve 20% yield of the desired 

3,6-diphenyltetrazine. Similarly, Ag2CO3 was also used with success on tetrazine (1b) 

to give 3-phenyl-6-methyltetrazine in 36% yield. In both of these reactions a polar 

aprotic solvent was required (DMSO or DMF). With these results in hand I began a 

more extensive optimization of a silver-mediated Liebeskind-Srogl reaction. 
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Figure 2.9: Initial results from screening silver(I) salts in a Liebeskind-Srogl cross-

coupling reaction on tetrazine thioethers 

 

 I initiated optimization by exploring the reaction of 3-(thiobenzyl)-6-

methyltetrazine (1b) with PhB(OH)2, a palladium catalyst, and a silver mediator in 

DMF at increased temperatures. Using Ag2CO3 as a mediator I screened Buchwald 

ligands, a variety of bidentate ligands, and a small library of palladium precatalysts. A 

PdCl2(dppf) precatalyst gave the best results with 72% yield of the desired product and 

24% of unreacted (1b) remaining when the reaction was ran at 60°C; a decomposition 

of only 4% of the starting material. In general, reactions ran at temperatures greater 

than 70°C resulted in a large portion of (1b) to thermally decompose. Much like the 

optimized copper-mediated reaction, CyJohnPhos was the best performing Buchwald-
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type ligand but with only a modest 32% yield. The best result of a Pd2(dba)3 and a 

bidentate ligand combination came from N-XantPhos with a 54% yield. Surprisingly, 

using Pd2(dba)3 and dppf resulted in only a 7% yield. If Pd(COD)(CH2TMS)2 was 

used as a palladium source the yield could be increased to 39%, though still well 

below the yields obtained with a PdCl2(dppf) precatalyst. These results allude to the 

conclusion that only one bidentate ligand coordinated to palladium is required and the 

bis-halide structure of the PdCl2(dppf) precatalyst could be an important factor in the 

activation of the Pd(0) catalyst (this is explored further in chapter 3). The NHC 

precatalysts Pd-PEPPSI-IPr and Pd-PEPPSI-SIPr were also evaluated with only 

moderate success. Using the fourth-generation CyJohnPhos Pd G4 precatalyst 

developed by Buchwaldôs group gave a small yield increase versus Pd2(dba)3 / 

CyJohnPhos, but still well below optimal conditions.  
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Table 2.4: Screening of Buchwald ligands in the silver-mediated Liebeskind-Srogl 

cross-coupling reaction of tetrazine (1b) and phenylboronic acid 
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Table 2.5: Screening of bidentate ligands in the silver-mediated Liebeskind-Srogl 

cross-coupling reaction of tetrazine (1b) and phenylboronic acid 
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Table 2.6: Screening of precatalysts and a N-Xantphos ligand in the silver-mediated 

Liebeskind-Srogl cross-coupling reaction of tetrazine (1b) and phenylboronic acid 

 

 The next breakthrough came as a result of screening the optimal PdCl2(dppf) 

catalyst against different thiobenzyl tetrazine starting materials (1a-1g). Using b-Tz 

(1a) resulted in an 88% yield (16% higher than with (1b)). Further, changing the silver 

mediator from Ag2CO3 to Ag2O gave a yield of 96% and 100% conversion of b-Tz. To 

confirm that b-Tz was the best candidate for a Ag2O mediated reaction I screened the 

new optimal conditions against (1b-1g). Indeed, b-Tz gave the best results by quite a 

large margin. We are still unsure why the 4-phenylbenzyl pendant group of b-Tz 

resulted in such improved yields versus the other starting materials. Potential reasons 

could be decomposition of tetrazine during the reaction caused by thiol byproducts 
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from pendant groups that are more soluble in the reaction medium and/or are less 

stable toward coordination and precipitation with silver. The 3-phenylbenzyl tetrazine 

(1f) giving only 37% yield could also point toward an important spatial parameter of 

the 4-phenylbenzyl pendant group in the catalytic cycle, potentially by stabilization 

via ́ -interactions with metal or with tetrazine itself. Computational analysis of this 

question is planned for a future publication. 

 

 

Figure 2.10: Screening of tetrazine thioethers (1aï1g) under optimized silver-

mediated Liebeskind-Srogl cross-coupling conditions. Silver(I) oxide as a mediator 

gave the highest yields with b-Tz 

 

 Further screening of silver(I) reagents confirmed Ag2O to be the most ideal 

mediator. Replacement with Cu2O gave only 3% yield and attempts with the common 
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Liebeskind-Srogl mediators CuMeSal and CuTC resulted in only 4% and 2% yield 

respectively, illustrating the unique ability of the PdCl2(dppf) and Ag2O pairing to 

catalyze Liebeskind-Srogl cross-coupling of tetrazines. 

 

 

Figure 2.11: Screening of silver(I) and copper(I) salts under optimized PdCl2(dppf) 

catalyzed Liebeskind-Srogl cross-coupling conditions. 

 

 Finally, I ran control experiments and solvent screening on the optimized 

conditions. Removing palladium or silver resulted in no product formation. Adding 

base to the reaction was not necessary and rapidly decomposed b-Tz. Replacing 

boronic acid with pinacol ester or a Molander reagent (-BF3K) gave only 4% and 5% 

yield, pointing toward the possibility that hydrogen-bonding may play a role in the 

reaction mechanism. Finally, solvent screening confirmed that DMF was the most 

optimal solvent with DMSO being a close second. 
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Table 2.7: Alterations of the optimized Ag2O mediated Liebeskind-Srogl cross-

coupling of b-Tz including catalyst, mediator, boron source, solvent, and the addition 

of base 

 

 Besides boronic acids, I sought to test alternative nucleophiles with the 

optimized silver-mediated conditions. Tributylphenylstannane (a Stille reagent), 

trimethoxyphenylsilane (a Hiyama reagent), and phenylacetylene (a Sonogashira 

reagent) were used for this screening. Unfortunately, none of these reactions gave the 
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desired product. Most surprising was the negative result with tributylphenylstannane 

which commonly can be used in place of phenylboronic acid in copper-mediated 

Liebeskind-Srogl cross-coupling.56 The silver-mediated conditions that I have 

developed are uniquely effective at cross-coupling boronic acids exclusively. 

 

 

Figure 2.12: Screening of alternative nucleophiles in the silver-mediated Liebeskind-

Srogl cross-coupling of b-Tz 

 

I next wanted to determine what side reactions could be occurring during the 

reaction. Optimized conditions called for 1.9 equiv of boronic acid and yields began to 

drop when the boronic acid loading was lowered. The reaction of tetrazine (3) with 1.9 

equiv of 4-(n-butyl)phenylboronic acid resulted in a simple crude mixture with 100% 

conversion of (3) and only two impurities that were visualized on TLC. The catalyst 

and silver byproducts remained at the baseline of the TLC. Isolating the two impurities 

revealed that the major impurity was homocoupling of boronic acids and the minor 

impurity was substitution of boronic acid by chloride which is likely attributed to the 

activation of Pd(0)(dppf). These results help to explain why 1.9 equiv of boronic acid 

is required to achieve good yields. 
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Figure 2.13: Optimized Silver(I) oxide mediated Liebeskind-Srogl cross-coupling of 

tetrazine (3) and 4-(n-butyl)phenylboronic acid and the resulting side products. The 

crude TLC (4:1 DCM/hexanes) is also shown under a UV light. Isolated yields 

 

 A plausible mechanism is displayed on Fig. 2.14. First, Ag2O coordinates with 

the sulfur atom of b-Tz, activating the tetrazine-sulfur bond for oxidative addition by 

Pd(0)(L)n. Recently there has been a consensus that Pd-O-B intermediates are 

involved in Suzuki reactions prior to transmetalation.63-65 A similar pathway can be 

envisioned in this reaction where a tri-hydroxy boronate species coordinates with the 

palladium center. Due to the steric bulk of the thiolate, it is conceivable that two 

pathways are possible to open coordination sites around palladium for formation the 

boronate species. In alignment with computational work by Liebeskind33, Path A 

involves dissociation of one of the phosphine ligands, resulting in a 4-coordinate Pd-

O-B intermediate where AgO¯ is transferred to the boron center from silver oxide. 

Silver coordinated 4-phenylbenzyl thiolate is then dissociated and the phosphine 

ligand coordination is reestablished. Alternatively, in Path B silver coordinated 4-

phenylbenzyl thiolate is first dissociated, resulting in a cationic 3-coordinate palladium 

species. Based on a search of the Cambridge Crystallographic Data Center, cationic 3-
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coordinate Pd-species are favored for bulky ferrocene ligands such as 1,1ǋ-bis(di-tert-

butylphosphino)ferrocene.66, 67 (see chapter 3 for experimental data with this ligand 

and others). Activation of the boronic acid by AgO¯ results in direct boronate 

coordination to the palladium without the need for phosphine dissociation. In either 

case, transmetalation to a tetrazine-Pd-aryl species can then occur with the loss of 

silver borate as a byproduct. Finally, reductive elimination gives the aryl tetrazine 

product with regeneration of the Pd(0)(L)n catalyst. 

 

 

Figure 2.14: Plausable mechanism of the Silver(I) oxide mediated Liebeskind-Srogl 

cross-coupling of b-Tz and phenylboronic acid 
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2.13     Reaction Scope of Silver Mediated Liebeskind-Srogl Cross-Coupling on 

Thioether Tetrazines 

 

The scope of the Ag2O-mediated, PdCl2(dppf)-catalyzed coupling of b-Tz with 

arylboronic acids is summarized on the following figure. Successful reactions were 

observed for arylboronic acids containing chloro, fluoro, secondary and tertiary amino, 

alcohol, ether, nitro, sulfonyl, thioether, nitrile, aldehyde, ester, ketone, carbamate, and 

styryl groups. Heterocyclic functionality tolerated on the boronic acid component 

included quinoline, indole, pyridine, triazole, N-methylimidazole, furan and thiophene 

groups. The protected amino acid (2ae) coupled with b-Tz in 96% yield. Estrone-

tetrazine (2ag) was also synthesized in 61% yield. In general, couplings were carried 

out using 1.9 equiv of boronic acid but 3.0 equiv of boronic acid was utilized in 

reactions where homocoupling of the was pronounced, typically on boronic acids 

containing electron-withdrawing groups. Ortho-substituted heteroatoms had a 

deleterious impact with a relatively low yield observed for ortho-methoxy tetrazine 

(2k) and only trace product with N-Boc-2-aminophenylboronic acid and 2-

hydroxyphenylboronic acid. While esters and protected amine functionality was well 

tolerated, boronic acids containing carboxylic acids and free amines were not. Also 

unsuccessful were 2-furyl, 2-thienyl, isoxazole, and pyrazole. Unfortunately, 2-

pyridyl-, 4-pyridyl-, and 2-methoxypyrimidine-5-boronic acid also did not produce 

their much desired pyridyl and pyrimidyl tetrazine products, though these substrates 

are regarded as problematic across many other cross-coupling reactions.68 
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Figure 2.15: Substrate scope of the Silver(I) oxide mediated Liebeskind-Srogl cross-

coupling of b-Tz and various boronic acids 
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This cross-coupling method is not limited to S-benzylic thioethers or methyl-

substituted tetrazines. 3-(Methylthio)-6-phenyl-tetrazine (3) was evaluated as a reagent 

in the synthesis of diaryltetrazines using the same methodology. Successful reactions 

were observed for arylboronic acids bearing chloro-, alcohol, carbamate, ester, indole 

and ether groups with yields comparable to b-Tz. Included is an improved synthesis of 

3-(4-hydroxymethylphenyl)-6-phenyltetrazine (4c), which is used by our lab to create 

cell-contact guiding microfibrous materials for tissue-culture applications.69 

 

Figure 2.16: Substrate scope of the Silver(I) oxide mediated Liebeskind-Srogl cross-

coupling of tetrazine (3) and various boronic acids 

 

Observing the deleterious effect that arylboronic acids containing a free amine 

had on the reaction I wanted to determine whether unprotected heteroatom containing 

additives effected a normally high yielding reaction. Using the standard procedure to 

synthesize tetrazine (2i) I added 3 equiv of ethylene glycol, ethanolamine, or 
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mercaptoethanol. Alcohol has a minor effect on the reaction with only a 10% lower 

yield than the additive-free reaction (86%). Complete decomposition of b-Tz was 

observed with ethanolamine. Conversely, mercaptoethanol does not decompose b-Tz, 

but likely poisons the Pd-catalyst and/or Ag-mediator. 

 

 

Figure 2.17: The effect of unprotected heteroatoms on the cross-coupling efficiency 

of b-Tz and 4-(methoxy)phenylboronic acid 

 

I next sought to demonstrate the applicability of b-Tz for the construction of 

fluorophore-tetrazine conjugates. Though often difficult to synthesize, these 

compounds have broad utility in live cell imaging.70 BODIPY-dye (6) with a directly 

attached tetrazine has been developed as ñsuperbrightò bioorthogonal probe for 

fluorogenic labeling in live cells by Weisslederôs group in 2013.48 Using a Pinner-

Hofmann type synthesis, the condensation of BODIPY-nitrile, acetonitrile, and 

hydrazine produced (6) in 8% yield.48 Using my Ag2O-mediated, PdCl2(dppf)-

catalyzed conditions, compound (6) can be accessed in 78% on >100 mg scales; a 10-

fold increase in yield without the typical hazard of a Pinner-Hofmann synthesis. I 

envision this new methodology being extremely valuable in the synthesis of similar 

tetrazine-fluorophore conjugates. 



 101 

 

 

Figure 2.18: Synthesis of 3-BODIPY-6-methyltetrazine (6) 

 

2.14     Synthesis and Application of a Tetrazine-MAGL Conjugate for 

Quantification of Endogenous Proteins 

 

Our collaborators at Pfizer had been interested in biorthogonal probes used in 

protein labeling of live cells and we thought this new methodology would translate 

well to that application.71 To demonstrate the utility of b-Tz in synthesizing chemical 

probes for studying endogenous levels of proteins in a native biological system, I 

constructed a tetrazine probe for monoacylglycerol lipase (MAGL). MAGL is a serine 

hydrolase in the endocannabinoid signaling pathway, and has attracted increasing 

interest as a target for neurological and metabolic disorders such as Parkinsonsôs and 

Alzheimerôs diseases.72 We designed a MAGL probe (9) by appending a 6-

methyltetrazine moiety to a pyrazolylpiperidine scaffold with an electrophilic 

hexafluoroisopropyl (HFIP) carbamate warhead for covalently labeling the active site 

serine.73 Synthesis was accomplished by cross-coupling of b-Tz with boronic acid (7) 

resulting in a 77% yield of (8). The reactive HFIP carbamate was installed by Boc 
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deprotection followed by in situ addition to a triphosgene and hexafluoroisopropanol 

mixture, giving the MAGL reactive probe (9) in 78% yield. The reaction rate of (9) 

toward trans-cyclooctene is slightly faster to that of 3-methyl-6-(4-

aminomethyl)tetrazine (krel = 1.1) which is due to the accelerating effect of the 

electron withdrawing pyrazole group in the tetrazine ligation. 

 

 

Figure 2.19: Synthesis of MAGL probe (9) via silver-mediated Liebeskind-Srogl 

cross-coupling and synthesis of an HFIP carbamate warhead. The Tetrazine Ligation 

kinetics of probe (9) were also compared to the commercially available tetrazine (10) 
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 In determining the effectiveness of probe (9) toward MAGL inhibition, 

collaborator Dr. Zhen Huang at Pfizer employed an in vitro assay resulting in an IC50 

value of 31 nM.
71 Further, to test the labeling of endogenous MAGL in live cells, 

human brain vascular pericytes were treated with probe (9) for 1 h followed by 

labeling with 2 ɛM of a TCO-TAMRA fluorophore for 30 min. After cell lysis, 

MAGL labeling was assessed with a gel-based activity-based protein profiling (ABPP) 

analysis.74 Strong fluorescence signals were observed for MAGL with minimal 

nonspecific labeling from TCO-TAMRA. The labeling by probe (9) was dose 

responsive with a cellular IC50 of 8 nM, and was competed by a MAGL inhibitor, 

KML29.73 The HFIP warhead also labeled an additional protein at Ḑ35 kDa, which is 

consistent with reactivity with a known off-target Ŭ/ɓ-hydrolase domain 6 

(ABHD6).73, 74 Overall the minimal tetrazine moiety had little impact on the inhibitory 

function of the MAGL small molecule, demonstrating the power of this new cross-

coupling methodology in the development of probes for measurement of endogenous 

bioactivity. 
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Figure 2.20: (A) Live cells were treated with probe (9) for 1 h, followed by 2 ɛM 

TCO-TAMRA for 30 min, cell lysis, and analysis by in-gel fluorescence. (B) In-gel 
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fluorescence signals for a dose response of probe (9). The labeling of probe (9) (32 

nM, 1 h) was competed by pretreatment with MAGL inhibitor KML29 (300 nM, 1 h). 

(C) KML29 also incorporates a HFIP carbamate warhead. (D) Dose response fitting of 

the fluorescence signals of MAGL normalized by the total protein amount indicated 

by Coomassie staining. Data are reported as mean ± SEM (n = 2). 

 

2.15     Conclusions 

 

In conclusion, I have developed a facile and safe method for installing minimal 

6-methyltetrazines on to complex molecules through the first example of a Ag-

mediated, Pd-catalyzed Liebeskind-Srogl cross-coupling. Optimization led to the 

discovery of PdCl2(dppf) and Ag2O being uniquely effective at catalyzing the coupling 

of 3-thioalkyl-6-methyltetrazines with arylboronic acids at only moderate 

temperatures (60°C). Safety testing guided our design of the reactive substrate b-Tz 

which was synthesized in three steps, including a Cu-catalyzed oxidation and 

chromatography-free purification, on decagram scale with a 47% overall yield. The 

substrate scope of this reaction is broad, tolerating a wide range of aryl and heteroaryl 

boronic acids in the synthesis of 3-aryl-6-methyltetrazines. 3,6-diphenyltetrazines 

could also be synthesized using 3-(methylthio)-6-phenyl-tetrazine. Biologically 

relevant molecules containing minimal 6-methyltetrazinyl-3-yl functionality were 

synthesized including amino acid, estrone, BODIPY and a probe for MAGL inhibition 

which was used to quantify the endogenous levels of protein in live cells. I anticipate 

this chemistry having broad appeal in the synthesis of biologically relevant tetrazine 

probes that were previously inaccessible or required dangerous procedures. 
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Continuing research on this project includes a new Liebeskind-Srogl catalyst which is 

discussed in the following chapter. 

 

2.16     Experimental Procedures 

 

2.16.1     General Considerations 

 

All cross-coupling reactions were conducted in flame dried schlenk flasks or 4 mL 

sealed vials. All other reactions were conducted in flame dried round-bottom flasks. 

Additionally, all reactions were run under N2 unless otherwise noted. Silica gel 

chromatography was performed on Silicycle Siliaflash P60 silica gel (40-63 ɛm, 60Å) 

or on Yamazen reverse-phase prepacked Universal Column C18-silica gel (40-60 ɛm, 

120Å). Automated column chromatography was performed on a Teledyne Isco 

Combiflash Rf. Commercially available chemicals were purchased from Sigma-

Aldrich, Combi-Blocks, Acros Organics, Alfa Aesar, Oakwood Chemical, TCI 

Chemicals, and Frontier Scientific. Solvents were purchased from Thermo Fisher 

Chemical, Acros Organics, Decon Laboratories Inc., Mediatech, Inc., and Sigma-

Aldrich. Human brain vascular pericytes and pericyte growth supplement were 

purchased from ScienCell Research Laboratories. Anhydrous dichloromethane was 

freshly prepared by an alumina column solvent purification system. Anhydrous 

tetrahydrofuran was freshly distilled from sodium/benzophenone. Deuterated solvents 

were purchased from Cambridge Isotope. A Bruker AV400 was used to record NMR 

spectra (1H: 400 MHz, 13C: 101 MHz, 19F: 376 MHz). Chemical shifts are reported in 

ppm and all spectra are referenced to their residual non-deuterated solvent peaks as 
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follows: CDCl3 (
1H: 7.26 ppm, 13C: 77.16 ppm), Methanol-d4 (

1H: 3.31 ppm, 13C: 

49.00 ppm), DMSO-d6 (
1H: 2.50 ppm, 13C: 39.52 ppm). Coupling constants (J) are 

reported to the nearest 0.1 Hz. Multiplicities are reported as follow: singlet (s), doublet 

(d), triplet (t), quartet (q), pentet (pent), sextet (sext), heptet (hept), multiplet (m), 

óbroadô (br), and óapparentô (app). 13C NMR resonances are proton decoupled and an 

APT pulse sequence was used to determine type of carbon as follows: quaternary and 

methylene (C or CH2) carbons appear óupô and methine and methyl (CH or CH3) 

carbons appear ódownô. Gas chromatography was carried out on a Shimadzu GC-2010 

Plus with a Shimadzu AOC-20i auto-injector. Low resolution mass spectra were taken 

on a Water SQ detector 2 which was attached to a Waters Acquity H-Class UPLC. 

High resolution mass spectra were obtained using a Waters GCT Premier. Infrared 

spectra were taken on a Nicolet Magna IR 560 spectrometer. Stopped-flow kinetics 

were obtained using an Applied Photophysics Ltd. SX 18MV-R stopped-flow 

spectrophotometer. Optical rotations were measures on a Jasco P-2000 polarimeter 

equipped with a tungsten-halogen lamp and a 589 nm filter.  For fluorescence 

imagining, gels were scanned with a Typhoon FLA 9500 Biomolecular Imager (GE 

Healthcare) with the TAMRA channel with 532 nm excitation and a 575 nm long pass 

emission filter. To measure total protein loading, the gels were scanned with an 

Odyssey Imager (Li-COR) at the 700 nm channel. DSC data was obtained on a 

Mettler-Toledo Differential Scanning Calorimeter 3+. Samples were loaded into a 

goldplated high-pressure pan, held at 30°C for 10 minutes, then a gradient of 30°C to 

400/500°C at 5°C/min. 
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2.16.2     Tetrazine Thioether Synthesis and Differential Scanning Calorimetry 

 

([1,1ô-biphenyl]-4-ylmethyl)thiocarbohydrazide bromide  

 

 

Thiocarbohydrazide (21.20 g, 200 mmol, 1.0 equiv) and 4-bromomethyl biphenyl 

(49.40 g, 200 mmol, 1.0 equiv) were suspended in ethanol (300 mL, 0.66 M) in a 

round bottom flask. The flask was flushed with nitrogen and heated to 60°C for 20h. A 

thick white slurry forms during the reaction. The reaction was brought to room 

temperature and the slurry was broken up with 300 mL diethyl ether. The white solids 

were isolated by vacuum filtration, washed 5x250 mL diethyl ether, and then dried 

under rotary evaporation to give ([1,1'-biphenyl]-4-ylmethyl)-thiocarbohydrazide 

bromide as a white powder (65.55 g, 93%).  

1H NMR (400 MHz, Methanol-d4) ŭ 7.66 ï 7.60 (m, 4H), 7.49 (app d, J = 8.4 Hz, 2H), 

7.46 ï 7.43 (app t, J = 7.9 Hz, 2H), 7.35 (app tt, J = 7.6, 2.0 Hz, 1H), 4.28 (s, 2H) 

FTIR (KBr, thin film) 3440, 2067, 1637, 533 cm-1 

HRMS (ESI+) [M-Br]+ Calculated for C14H17N4S
+ 273.1168; found 273.1173 
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