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ABSTRACT

Methods to probe the biochemistry of living organismgetigeen greatly
augmented by threlatively recent advancement of bioorthogonal chemiStirthe
many bioorthogornaeactions, theetrazindigation has emergessone ofthe most
biologically compatible due to its rapid cataliste kinetics, innocuous byproducts,
and orthogonalityoward native cellular processes. In the introductory chapter | will
give a brief hstory of the development of the tetrazine ligation, specifically the
inverseelectron demand Dielalder reaction between tetrazine anahs
cyclooctene. Biologically relant applicatios of the tetrazine ligation include protein
and oligonucleotide laltieg, fluorescent and radiochemical imagitaygeted drug
delivery, and the synthesis of biomimetic materials.

In chapter 2 | will overview the classical and modern sysithef tetrazines,
including a new approach to minimal tetrazine conjugations t@nbiologically
relevant molecules. | have developed the first sitmediated Liebeskin@rogl cross
coupling reaction for the functionalization of aryl boronic aciddaiminimal 6
met hyl tetrazine moiety. -RAz & deenapinazgde nt
for large scale synthesis with process chemistry princiglesscoupling is catalyzed
by PdC(dppf) and has broad substrate scope, includirighproved route toward
tetrazinefluorophore conjugates as well as the development of aitetstAGL
(monoacylglycerol lipageconjugate for the quantification of endogenous proteins in

live cells.
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Further, the silvemediated, palladiurcatalyzed Liebeskd-Srogl reaction
has recently been improved with the development of a new catalyst wilicie wi
discussed in chapter 3. Through optimization of ferrocene ligand and palladium halide
pairings, | haveadvanced a new PgDiPPF) catalyst which promotes tbess
coupling of BTz 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 mydesgation
protocol.

Finally, chapter 4 will discuss the
hydrophilic trans-cyclooctene forn vivoapplication. oxoTCO is synthesized in seven
high yielding steps and has been experimentally tested for its aqueous solubility,
stability, and overall kinetics in a tetrazine ligatidwaditionally, oxoTCO has been
usel as ant®F-labeled probe for positroemission tomography (PET) whete i

displayed improved signdb-background versus alternatitrans-cyclooctenes.
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Chapter 1

A BRIEF HISTORY OF THE TETRAZINE LIGATION FOR BIOLOGIC AL
APPLICATION

1.1 Development of the Tetazine 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 chemistrigas rapidly become andispensable 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, pdoug, &c.) can combie 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
Atetrazine | i gat indamand DelAlddar (E®DA) neactomafae el ect
tetrazine and an olefin, is ideally suited for this application and is the subject of the
research discussed heréin.

Although tetrazines had been known since the latecgtury, the first study
of the reactivity of tetrazines with alkenes was not done until 1959 by Carboni and
Lindsey? A number of olefins were found to be reactineluding styrenes,
butadienes, allenes, and aliphatic or cyclic alkenes. All of these reactions produced a
pyridazine product witthe loss of one equivalent of nitrogen gas. Key to this

discovery was the electronic properties this the reaction. Elgot@mntetrazines and



electron rich dienophiles were found to be the most reactive, thus an inverse electron
demand DielsAlder mechaism was proposed.

A deeper understanding of the mechanism as well as reaction kinetics has been
extensively explored by 8ar® 4 The rate determining step of the reaction is the
IEDDA [4+2] cycloaddition which produces a 4dthydropyridazine that can rapidly
undergo [1,3] hydride shift to form the more stabiedihydropyridazineWhile
sometimes isolable, this tdthydropyridazine 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 gubsts 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 testé@ns-cyclooctene displaykthe most rapid
kinetics with a seconarder rate constank) 375,000 times higher than t&-
cyclooctene counterpart. Additionally, Engberts and coworkers later showed that the
hydrophobic effect, an observed rate increase of the-Bldkr reactionn an
aqueous mediupalso is relevant in the tetrazine ligatftoA.mechanistic explanation
for this is both the hydrogemonding stabilization between tetrazine transition
complexes and water agell as the entropic benefit of reduced hydrophobic surface

area on the transition complexes.
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Scheme 1.1Mechanism of the tetrazine ligati@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 inall a pyridazine or triazine ringuch as in the total synthesis of
Streptonigrifi, PDE | and PDHI’, Roseophiliff, andNingalin D°. The highnitrogen
content of tetrazines have been exgld in explosives and propelleteichnology
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 dischardé:! Tetrazines are also excellent metaordinators and have

garnered interest in the synthesisopramolecular materiaté **More recently,



tetrazines have also founde in the synthesis of metaiganic frameworkd and in
semiconducting polymers for solar céfts'®

In 2008 the usefulness of tetrazines greatly expandicting development of
a rapid bioorthogonal ligation described independently by &os Weissledéf.
Previous to this work, commonly used bioogbaal reactions included the
Staudinger ligation, copp@atalyzedazidd alkyne 1,3dipolar cycloaddition
(CUAAC), and a straikpromotedazidé alkyne 1,3dipolar cycloadditiofSPAAC)18
While these methodologies were revolutionary in the field of chemical biology, their
usefulness are attenuated by slow reaction rates, cogiadysts which are often toxic
in living systems, or offarget reactiity between strained alkynes and nucleophifes.
21 nstead, tke IEDDA ligation of a tetrazine and a strairtemhs-cyclooctene or
norborneneesulted in rapid kinetics without the need for catalysts and with no side
reactivity in a cellular environmeht?’

The Fox lab chose to focus on the cycloadditiotraris-cyclooctenes based
on the rapid ligatn kinetics observed by Sauer. In a model sttraps-cyclooctene
was reacted with 3;@ipyridyltetrazine in celmedia (DMEM + 5% FBS) or in an
agueous solution of 10% rabbit reticulocyte lysate with no side reactivity and yields
estimated at >80% aftéh. The secondrder rate constank) of the reaction in 9:1
methanol/water was 2000 (+400)\2. In pure wate, it was later shown that the rate
is increased to 2.0 x {M'*s't and 8.0 x 16M'!s'! for the equatorial and axial
diastereomers of-Bydroxy-trans-cyclooctene, respectively Protein labelingvas
demonstrated by reacting thioredoxin appended traitns-cyclooctene and 3;6
dipyridyltetrazine in a rapid and high yielding reaction observed by HPLC.

Conversely, Weissleder 6s gtions af porborheoes e

t
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for their ease afynthesis and improve stability verdusns-cyclooctene. Norbornene
reacts with 3benzylamines-H-tetrazine in PBS or FBS with high yields ankb af

1.9 and 1.6 M s respectively. To demonstrate bioorthogomalitastuzumab (a
monoclonal antibody hich binds to Her2/neu growth factor receptors) was modified
with a norbornene functionality. Human breast cancer SKBR3 cells overexpressing
Her2/neu were preargeted with the aforementioned antibody and then inedhaith

a tetrazinevVT680 fluorophore ér 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 alsonpared the rates of tetrazines
containing various electron donating and electron withdrawing substituents in
reactions withtrans-cyclooctene? Two important parameters emerged from this
study. As noticed previously, electron mdrawing substituents increased the rait
the tetrazine ligations. Interestingly, monosubstituteétrbzines also had
dramatically increased rates, even in the case edlky8-6-H-tetrazine. A likely
explanation for this is the reduced steric envinent around Hetrazines, further

promding the IEDDA transition complexes.
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1.2 Synthesisof trans-Cyclooctenes

Previous to 2008rans-cyclooctene synthesrequired tediousnultistep
chemical transformatiorfé' 2 Photoisomerizations with singlet sitizers resulted in
in complex mixtures ofis/transisomers with photodegraded byproduct where <5%
of the desiredrans-cyclooctene could bisolated? The Fox lab has improved on the
photoisomerization yields by sela@ly forming a silver complex wittrans-
cyclooctene in a flow reacté?.The-cis to -trans photoisomerization reaction is
carried out in a quartz flask with methyl benzoate as a singlsitigen, typically in a
solution of hexanes and diethyl ether, which is then irradiated by 254 nm light. The
crude reaction mixture is continusly flowed through silica gel impregnated with
AgNOs which selectively captures thgansisomer and drives ferard thecis/trans
equilibrium in a quartz reaction flask, resultingrans-cyclooctene yields >50% after
elution from the silvecolumn. In cases where the cyclooctene was functionalized,
such as with Hydroxy-trans-cyclooctene (BOH-TCO), two diaster@mers are
formed. The equatoriaF®H-TCO is the major diastereomer with a 2.2:1 dr. Robillard
later found that the axial diastereenof atrans-cyclooctene substituted at the 5
position had up to 10x faster kinetics in a tetrazine ligation than theoeiglat

diastereomer depending on the pendent group due to increased transannular strain

energy?®
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Scheme 1.3Cyclooctene photoisomieation via a flow reactotrans-Cyclooctene is
selectively captured by AgNOmpregnated silica geReprinted with pernsision
from the Journal of the American Chemical Soci€gpyright 008 American
Chemical Socie}?

Improved tetrazine ligation kinetics could be realized by lockitrgres
cyclooctene (TCO) in a more strained confirmation. Monosubstittaed-

cyclooctenes like®H-TCO have a Acrowno confirmati on



char confirmation of a @nembered ring. Througdb initio calculationsit was found
t hat -@aifirh@a | d o n ftransoyedodteaens 5@ kcal/mol higher in energy
than the more stable crown confirmatfdit was proposechat TCOs locked in this
more strained confirmation would engage in IEDDA cycloaddition reactidths w
faster kinetics. Thus, t he cstyclopropared s TCOC
ring fusion that would lock the dienophile into a more reactivedfair confirmation.
Computationally, paretansc y c | ooctene in a cGo82 confir
kcal/moltoward the parent tetrazine molecule while the sTCO had a significantly
| ower b &Y=r6.0%kcalmolf’ With 3,6;diphenyltetrazine, the computed
o Gs 3.34 kcal/mol for sTCO vs TC@ynthesis of STCO is itiated by the
Rhy(OAcC)4 catalyzed reaction of 1.&yclooctadiene witlethyl diazoacetatehich
gives a 53:47 mixture @fnti:synisomers. AlternativelyRh(S-BHTL)2 could be used
to give a 79:2kynanti mixture of isomers® These isomers could be separated by
chromatography or the mixture candg@merized by K@u to the give thanti-
isomer only?® The resulting ester is then reduced by LiAkhd photoisomerized.
anti-sTCO has the fastesains-cyclooctene kinetics recorded in the tetrazine ligation
with akz of 3,300,000M* s when reacted with a 3.@ipyridyltetrazine?? The
experi mé&fgBab ¢E&l / mol) correl at €@34cl osely
kcal/mol) in reactions with diphenyltetrazine in Me@HA drawback to the
application of sTCO, however, is its instability toward long incubation timeso
and its hydrophobicity which has been linked to-specific binding and long
washout protocol$’
To improve thestability and hydrophilicity of a cising fusedirans

cyclooctene, AdTCO0 was designed Zomputat.i



Rather than a cyclopropane ring fusion, dioxolane was appendedttartte
cyclooctene an dddiZzaskcamolyersisitheapenteats g
cyclooctene. The synthesisa@fCO involves atJpjohn dihydroxylatiorof 1,5
cyclooctadiene via an Og@atalyst andgjlycolaldehyde dimegiving a 12:1 mixture

in favor of thesynisomer. Photoisomerization results in a 14:1 solution in faivtreo
synisomer. Although the experimextk. of dTCO is slower than that of STCO
(366,000M s for thesynisomer), the overall stability in buffer and in the presence
of thiol is much improved.

Another important milestone in the synthesisrahs-cyclooctenes has been
thedevel op me+#otr ed fe afseldi pkk obes to targeted
Robillard*° 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 antibpdirug conjugates (ADCsyhere attachment to the
antibody is at the-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 G@nd a active drug. It was pweously found that an axial
carbonate had 15®Id rate increase versus an equatorial carbdhakeis a scheme
was identified for synthesis of the axial diastereomer where an activateeg§etSat
the 5position was equatorial in order to give regioselective functionalizatioreof th
TCO. First,(2)-cyclood-4-enecarboxylic acits methylated at the-position to
prevent epimerization in subsequent steps. lodolactonization followed by iodine
elimination gave a bicyclic lactone which could then undergo hydrolysis to selectively
give an allylic alcohol that iscis relative to the resulting methylester.

Photoisomerization gave a 7:1 equatorial and axial mixture of allylic alcohol where

1C

dr



the methylester is axial and equatorial respectively. Selective hydrolysis of the
equatorial methylest followed by an acid/ls® 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.
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be discussed in chapter 4. A historic and modern perspemtithe synthesis of

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

Besidedrans-cyclooctenes and norborres) there have been a handful of
dienophiles that are bioorthogonally compatible wiih tetrazine ligation. Strained
cyclooctynes such asdyclo[6.1.0lnonyngBCN) have been shown to undergo
cycloadditions with azides, nitrones, and tetraziié$Orthogonal dual labeling with
BCN and norbornenen proteins have been demonstrated via an electronically
deactivated tetrazin& Small cycloprpane probes have been developed to improve
cell permeability and stability of the reactive dienophile, though theatiks in the
tetrazine ligation are ~3 orders of magnitude slower than ¥&xurther,smallN-
acylazetineslisplay similar kinetics as cycloproperi&g.erminal or vinyl alkenes,
styrenes, and vinytironic acids are also useful in applications such as the
biosynthesis of reactive IEDDA tags or in targeted drug release where slow kinetics
may be desiret?“3 Finally, the Fox group fsarecently synthesized stable AgNO
complexes ofrans-cycloheptene (TCH) anglans-1-sila-4- cycloheptene (STCH)
which can be decomplexed before use in a tetrazine ligdt®IATCH is especially
stable for a norcoordinated #fmemberedrans-cycloalkene and has been shown to
have the fastest kinetics to date in a tetrazine ligation wittof1.4 x 16 M stin

9:1 HLO/MeOH.
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14 Biologic Applications of the Tetrazine Ligation

14.1 Genetic Code Expansion Using Tetrazine and Dienophiled#-Canonical

Amino Acids and Nucleotides

Perhaps one of the most useful applications of the tetrazine ligaiiothe
site-specific genetic encoding of tetrazines or their dienophile partners for proteomic
study. Bioorthogonal labeling with naranonical amino acids (nc/Ais a powerful
tool for activity-based protein profiling, selective enzyme inhibitiorg ave cell
imaging of protein localizatiof?. Typically, pyrrolysyHtRNA synthetase
(PYIRS)/tRNAcua pairs fromthe Methanosarcingenus are used to incorporate
NcAAs since it does not incorporate the stad@&r canonical amino acidsd can be
evolved in a wide range of cell types includiagcdi, Salmonella typhimuriugryeast,
human cells, an@. elegans® *2For exampletrans-cyclooctenes have been
genetically encoded insuperfolder green fluorescent proté&fGFP) and mCherry in
both bacterial md mammalian cell® “6A drawback to TCO ncAAs is their
hydrophobicity which results in high background signal even after lengthy washing
steps’’ To overcome tis issue, Lemke and Kele have synthesized a more hydmphili
DOTCO-Lys with two endocyclic ether functionalities that can be washed out in as
little as 5 minute4® Similarly, cyclooctyne® 3+ 4 norbornene$: 49°%,
cyclopropene® %2 unstrained alkeng&s® and tetrazin€s *®have been incorporated
into proteins using analogous methodologigernative strategies for engineered

protein labeling with tetrazines and dienophiles wagiligase lipoid acid ligase,

13



farnesyltransferassortase, and HaloTdgave recently been reviewed by Oliveira and

Bernades!®
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Scheme 1.5Non-canonical amino acids (ncAAs) withatiophile or tetrazine

functionality canpatible with the IEDDA reaction for sigpecific genetic encoding

IEDDA labels can also be incorporated iot@onucleotidedy solid phase
synthesis or enzymatic modifications for study of DNA and RNA localinaitd
metabolism. Tetrazitg norbornen® °° and TCA® appended to nucleotides have
been introduced to DNA and RN#ligonucleotidedy sdid supported synthesis. A
drawback to this, heever, are the harsh conditions required for cleavage from the
solid support which can cause degradation of tetrazine or TCO Pif€lsstead,
enzymatic modificabn via aT7 RNA polymeraser Vent DNA polymerasalleviates

the instability issue of IEDDA labels associated with solid supported systeih§?
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Alternatively, vinyl IEDDA labels can be introduced to DNA éRNA
oligonucleotidewia KlenTag DNA polymeraser a modified RNA methyltransferase

respectivelyp> 64

14.2 Tetrazine Fluorogenic Probes forin Vivo Imaging

Another extremely useful application of the &zine ligatim is thein vivo
imaging of cellular structure and functions through fluorophore probes. For example,
fluorescence microscopy and swpesolution microscopy has enabled the study of
cell surface dynamics, organelle and cytoskeleton strugeaneticallymodified
protein localization, and pi&argeted protein localizatidi¥.’* Although dienophile
fluorophore conjugates compatible with the tetrazine ligation could be used, they
suffer from a major draback in that extensive washing steps daeed to take place
before imaging. Fluorogenic tetrazines probes, on the other hand, are ideally suited for
in vivoimaging.

Non-conjugated tetrazines are typically red in color due to a low laying
orbital which lead to A " * transition in the visile region’? Tetrazines themselves can
also befluorescent depending on their attached substituents. Audebert has found by
DFT calculations that tetrazines with a Asonded n HOMO, but not aHOMO, are
fluorescent’? Experimentally, only tetrazines with heteroatom substituents such as
Cl, -OR, or-SR were fluorescent, though this is emissstypically very weak.
TetrazineBODIPY conjugates were promptly synthesized as bichromophoric
fluorescent dyes by the same group and were found to have fluorescence with

quantumyields (G ) -4Dx6lower than norconjugated BODIPY? A key insight in
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this work was that the fluorescence intensity of BODIPY could be natetliby the
redox state of the tetraziné/eissleder and coworkers later implemented this concept
to a bioorthogonal application with the tetrazine ligatibfetrazinefluorophore
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 chr omopmroeetnativetther est i r
BODIPY 0 could be achieved after an IEDDA reaction with TCO where the resulting
pyridazine does not quench the fluorophore. Additionally, conjugates with longer
emission waelengths had a higher tuom enhancement (up to 2&@d). These
conjugdes were then used as fluorogenic probes to image microtubules in live cells
via a TCOmodified taxol derivative. The same group would later conclude after
extensive study that thmechanism of fluorescence quenching by tetrazine depended
on the structuref the conjugaté® More flexible tetrazindBODIPY structures likely
result inForsterResonanceEnergyTransfer (FRET quenching where the two
chromophores are in close proximity, but lack conjugation. With the synthesis of more
rigid conjugates that had aryl linkers &l induced nowgoplanar structures resulted
in turn-on ratio up to 160®old, it was concluded thatifoughBond EnergyTransfer
(TBET) quenching is more likely. This was elegantly demonstrated by synthesizing a
tetrazineBODIPY conjugate that had perpecualar donoracceptor transition dipoles
which typically cannot undergo FRE® Nonetheless, fluorescence twon (126fold)
was stil observed, further indicating a TBET mechanism.

In the past decade thdnave been improvements in tetrazine fluorogenic
probes with a wide variety of useful wavelengths. In 2014, Weissleder and coworkers

synthesized a HELIO®:trazine probe with 11,06@Id turn-on that could be used in
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no-wash imaging® Devaraj has sed an eliminatiofdeck cascade reaction to

introduce tetrazines to BODIPY, Oregon Green and rhodamine’tiges.| e 6s gr oup
has synthesized long wavelength phenoxazine and cyanine tetrazine corfjuffates.

Using palladium crossoupling chemistry, Wombacher and coworkers have

synthesized a library of fluorescein, Oregon Green, rhodamine, ahdd&imine

conjugateS” "More recently, the same group haveloped selblinking

fluorogent dyes based on-8nodamine that can be used for heell singlemolecule
localizationmicroscopy?® Finally, Mehl has used tetrazines to quench the

fluorescence of greeftuorescent protein (GFP) which igny wseful for studying

kinetics of the tetrazine ligatidn vitro andin vivo.>> °®
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14.3 Radiolabeledtrans-Cyclooctenes and Tetrazines For PET Imaging

Nuclearimaging technology &s become an invaluable tool in oncology for the
diagnosis, structural elucidation, and response to therapy of Gaftes.non
invasive imaging modality utilizes radionuclidasch as carbefl, nitrogenl3,
oxygen15, and fluorin€l8 which are injected in small doses intaously 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 sbrt distance in the tissue (typicallyZlmm) before interactmwith 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 visualizatorof t he radi oi sotopeds | oceti on. Of
with X-ray computerized tomography (CT) oagnetic resonance imagigIRI) in
order to better understand the interaction of a tumor with nearby tissue or 8rgans.

The development of new radiolabeled probes for PET imaging has been greatly
augmented by bioorthogonal chemistfy.he most used radioisotope for medical
application has be€ffF which has a hatife of ~110 minutes. This is ideal in that the
patient i sndt exposed t talf-pfeiwdisoachatleshger adi at i
for the synthesis of probe$F must be synthesized via a cyclotron and then rapidly
introduced as a radiopharmadeal before injection. However, the nucleophilicity of
18 anionis poorin aqueous mediahich makes it dficult to directly conjugate to
peptides, antibodiestae®® New methods for the rapid ostruction of®F-labeled
TCOs and tetrazines have opened the door for rapid ligation along with an expanded

set up substrasethat can be radiolabeled. The rapid clearance of small molecules from
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the bloodstream necessitates the fast labeling kinetes$atfazine ligation when
pretargeted methodologies are employed. Additionally, by synthesizing smaller
radiolabeled TCO/tetizine reagents the need for difficult, if not impossible
separations of high molecular weight starting materials and their raeletaproducts
are eliminated. If mixtures of labeled and unlabeled probes are used, the imaging
signal is often diminished byompetitive binding?

Strategies using the tetrazine ligation were first developed by Robillard in
which a TCGOlabeled monoclonal antibodf AG72 mAb CC49 pretargeted colon
cancer xenografts in mi After one day ofncubation a tetrazinRBOTA conjugate
which chelated &'%in radioisotope was injected followed by SPECT/CT imaging. The
highest %ID/g (% injected dose per gram of tissue) was observed in the cancer
xenogaphs along with lesser concentrations in the livkxdder, and kidney which
was not unexpected. Optimization of this application in order to improve ttanor
background signal included the synthesis more stable and hydrophilielARO
conjugates as wedls the use of axiéilans-cyclooctene which was fowl to have a 10
fold rate increase in the tetrazine ligatf8rf° Drawbacks to this methodology include
the long haHife of 4n (2.8 days) as well as the ¢@ DOTA chelator that is
required.

18F-radiolabels are most commonly attached to TCOs due to the early
observation that electron poor tetrazmkecomposed when usitf-Kryptofix or 18F-
TBAF in their synthesi&® A minimal 8F-TCO conjugate was synthesized by the Fox
lab via the reaction of a nosylat€O with a mixture of8F]-fluoride(100 mC) and
tetrabutylammoniunbicarbonate (TBAB) with radiochemical yields up to 74%%his

probewas used to obtain PET/CT images of mice bearing U87MG (human glioma
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cells)® 87 8Rather than pretargeting via monoclonal antibody, RGD peptide was
conjugated to a tetrazine which was then preligaté8rtd CO before injection. The
RDG bindsto integrinU,bs which is upregulated on the endothelial surface of tumor
blood vesselsSimilarly, preligation of8F-TCO with Cys'®-extendin4 orAZD2281
tetrazine conjugates were used for PET/CT imaging of beeeing INS1 (rat
insulinoma)andMDA -MB-436 (human Ipeast cancemespectivel\?® %

Improvements if®F-TCO methodology include the use of kinetically rapid sPE
and hydrophilic dTC& **or oxoTCO3* (discussed in chapter 4) which contribute to
improved targeto-backgroundmaging. Additionally, mae stable and hydrophilic
tetrazines have improved the pharmacokinetics of the preligation pfdiict.

Since its early devepment, the synthesis of tetrazines labeled Whhas
gradually improved. Lewis hateveloped a novell[ 1®F]-NOTA-labeled tetrazine
with high 1D/g®® Mikula has labeled a minimal dialkyl tetrazine DAST-mediated
fluorination.®® Lennox and Schirrmaché@ave synthesized a fluorosilyl labeled
tetrazine using $Ar chemistry®’ Also, Ploegh and coworkers have tetradimteeled a
readily availablé®F-2-deoxyfluoroglcose(FDG)in a rapid and high yielding
reaction’®

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

ligation include''C, ®4Cu, 8zr and®®Ga, among other§:1%4
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Scheme 1.7Examples of®F-radiolabeled TCO and tetrazine and their ligation

products

14.4 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. Robildrdaavorkers
have pioneered wtradl d dheeg 0 caatldataediyc |ltitcrkough
the dihydrogridazine resulting from a tetrazine ligatidftrans-Cyclooctenes have
been designed to have an allylic carbonate or carbamate which can be attached to a

drug, fluorophore, or any alcohol/amine ftinoalized molecule relevant to a targeted
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release experiment. Typically, these TCO conjugates are appenaietibasydrug
conjugates (ADCs) which can be incubated with live cells for pretargeting.
Introduction of a tetrazine undergoes a typical IEDDAhamism with loss of N
through a retrdiels-Alder, however, the intermediated-dihydropyridazinecan
isomeize, releasing C&and the free alcohol/amine drug. The greatest benefit to this
strategy is that the drug is released in the direct vicinitisaérget, vastly lowing the
amount of drug that would be required if taken orally or subcutaneously and
minimizing any offtarget toxicity concerns. For exampéimxorubicin(a

chemotherapy drug) was attached to TCOamdTAG72 mAb CC4%or targeted
release in mice bearing colon carcinoma xenographs (LSt%mproved release
yields can be achieved by using dextran nanoparticles functionalized with up to ~180
tetrazine moieties which have slower clearanomfthe targetd cells'®® 1°Robillard
has expanded on tlm@xorubicinmodel study wi the release of tyrosine,

monomethyl auristatin E (MMAE)and active Tcell receptors, among othef¥10°

Drug Drug
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Ty L, o
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Scheme 1.8Click-to-release: isomerization of the tetrazine ligation product leads to

RN

z-Z

the release of an allylic carbamate drug conjugateams-cyclooctene
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Alternative to the ADC approach, tarines can be appended to hydrogels and
delivered by injection near tisite of tumor growtl° A TCO prodrug can then be
administered subcutaneously which is released upon reaction at the tdtsairiogel
site. Advantages to this method are that tumors elusive tmdgtrecognition can be
treated, as well as multiple rounds of T@fg ®njugate can be administered
without additional pretargeting.

Vinyl ethers can be used in place of TCO using the same cortéeptstidn
general, tetrazine ligations with vinyl ethers are much slower compared to TCO
reaction rates, bwtith the added benefit of controllspatiotemporalelease and
improved stabilityin vivowhere TCO is prone to isomerization. An interesting
application @ this concept is with dual prodrygrodrug activatiort!® This traceless
approach usestBiomethyt6-(m-nitrophenyl)tetrazine and a vinyl ether masked
camptothecin which upon reaction releases apyine microRNA 21 (miR21) and
camptothecin alcohol with only the loss of & a byproduct. Both of these drugs are

effective against human prostate can@&C3) cells.

Tetrazine prodrug Vinyl ether prodrug microRNA 21 (miR21) Camptothecin
inhibitor anti-cancer
anti-cancer

Scheme 1.9Prodrugprodrug release strategy usitng tetrazine ligation
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14.5 Tetrazine Ligation in the Construction of Biomimetic and Engineered

Materials

The tetrazine ligation has proved verefus in the construction of biomimetic
materials, owing to its bioorthogonality, ragishetics, and recently its eslemand
photoactivatiort}* A goal of materials scientists has been the construction of soft
tisswe-like scaffolds for 3D cell culture, tissue engineering, and augmentation of
wound healing pcesses in mammals. Hydrogels are high water content polymers
which are ideal matrices for cell encapsulation and transfer to a living subject with
minimal degradtion or toxicity.

An early example by Anseth usedimed tetrazine witpoly(ethylene glyol)
(PEG) spacers and bmrbornene with an MMP cleavable peptide spacer for the
construction of hydrogel polymet¥: NorborneneRGD, an integrin adhesion peptide
that binds to cell surfaces, was also doped into the hydrogel synthesishdinas,
mesenchgnal stem cells (hMSCspuld be encapsulated with excellent cell viability
after 72 hours19 + 6%). Alternatively, RGD could be replaced bgrb-GGKGGC
which was used to photochemically pattern BSA protein within the hydrogel via a
thiol-ene click reactin. Similar work using alginate rather than PEG was done by
Joshi and coworkers® Their hydrogel matrix was used to successfully encapsulate
3T3fibroblasts. Additionally, subcutaneous injection of the hydrogelnmce
resisted fragmentation for 2 months and did not provoke significant inflammatory
response. Double network hydrogelshgsa combination of tetrazine and thiole
click polymerization produced two interlocking hydrogel networks with high strength

which also could encapsuldti®#SCcells!!’ 3,6-dipyridyltetrazine (dptzcould serve
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a dual function in hybrid metallogels. Metal coordination of dptz has proven useful for
the synthesis adupramdecular assemblieshough its applications in a biologic

setting are scarcé® Interestingly, by forming adjuid polymer with trisnorbornene

and bisdptz where 5&/5% of the dptz was undreacted, gelation could occur after the
addition of Ni?* or F&* through coordination between two dptz grot{iShe

metallogel is nottoxic toward HelLa cells and could act as scaffolds for
photocleavable and enzymatically cleavable doxorubicintgptamine glycinamide
respectrely.

The Jia and Fox labs have pioneered the use of the teti&Ziddigation in
thesynthesis and patterning of hyaluronic acid (HA) hydrodéése, the interfacial
kinetics of the tetrazine ligation act as a spatiotemporal tool for the covalemhipatte
of the synthetic extracellular matrix (ECM). This interfacial bioorthogonal
crossinking process can be used to introduce covalent modifiers that pattern the
modulus of the synthetic ECM or introduce egliidance cues with spatial resolution.
In a first-generation study, HA could be modified with a dipheteytazine with ~7%
incorporaion.*?° Adding droplets of the HA'z (MW 218 kDa) to a bath of bisTCO
PEG (MW 1253) rapidly formed microspheres where the outer shell was covalently
polymeried, but unreacted HAz remained in the interior. The B3 CO-PEG can
then slowly diffuse into the microsphere, polymerizing the interior layers in a
temporally medited process. By replacing the s5§COPEG bath at various time
points with AlexaTCO, dternating fluorescent and ndluorescent layers can be
engineered. Additionally, LNCaP cells suspended in theTAolution can be
encapsulated with 99% and 98% viay after 1 and 5 days. In a secegdneration

study, a more hydrophilic-Biethylt6-phenyltetrazine was used with up to 18%
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incorporation on HA?hMSC cells could be encapsulated and hydrogel matrices
interior of a high modulumpndegradable) shell could be degraded via MMP linkers
in order for the cells to adopt a spread morphology.

Hydrogel channels could also be engineered using simullhitg blocks. bis
STCOPEG in a syringe could be slowly injected and the needle edriudm a
solution of HATz where a tetrazine ligation occurs interfacially, forming a channel
with a diameter of the needle uséllAny TCO crosslinker remaing 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 syntiesiEengineered blood
vessel analogues where three cell types (HAAEs, vSMCs, and\afdfe patterned
in their native anatomical ord&# Initiatlly, vSMCs (lumanaortic vascular smooth
muscle cellswere susended in a HATz solution and an interfacial channel was
formed by crosslinking with a mixture ofssTCO-RGD and MMP degradable bis
TCO. The HATz solution was then replaced with one containing AoAlEsn@m
aortic adventitial fibroblasjsalong with a relenished TCO solution in the channel
lumen where biS CO-RGD continues to diffuse outward and binih new cells.
Finally, HAAEs (luman abdominal aorta endothelial celiere incubated in the
lumen overnight for attachment to RGD at the interior intexf&@zlls were imaged

with CellTracker green, red, and DeepRed respectively.
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Scheme 1.10Hydrogé channel with patterned cells mimicking a human blood vessel.
Reprinted with permission frothe ACS Applied Materials and Interfac€opyright
(2019 American Chemical Societ}f?

The interfacial bioorthogonal polymerization reactions oftbtsazine and bis
or trisTCO in an aqueous and organic phase respectively has also found a biomimetic
application. Fibersan be pulled from the liquitiquid interface where subsequent
tetrazindigations rapidly replenish the interfacial hydrogel polyritéri>*Monomers
containing RGD can be doped into the reaction solution whaabfasts have later
been shown to attach, piferate, and migrate across the fiber. Microfibrous scaffolds
of multidirectional RGD fibers can grow ne
could potentially be used for wound healing in a medical getfilternatively,
dihydrotetrazine can be photadized onrdemand for covalent surface labeling of a

microfiber via a tetrazine ligatiott?
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Scheme 1.11RGD adhesion of fibroblasts across a microfibrous hydrogel scaffold.
Confocal imaging after 7 days usipgallading (Factin) and DAPI (nucleus)
staining.Reprinted with permission frothe BiomaterialsCopyright 018

Elsevier'?

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 factdré?Liposomes coated with
TCO have been used as a delivery device for PET radiofsthétérinsically
fluorescent small moleculeased nanoparticles (SMNR®njugated with TCO serve
a dual purpose in flarescent imaging and radio tracer labefifigrinally, examples of
tetrazines used in the mstruction of metabrganic frameworks (MOFs) have

emerged?® 130

29



15 Summary

The tetrazine ligation lsbecome an indispensable tdot scientists interested
in bioorthogonal conjugation in both chemical biology and materials science settings.
This reaction is driven by an inverstectron demand Diel&lder reaction whee
nitrogen gas is the only byproduct. Strained dienophiles asiciorbornene aricans
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 gostslational moification 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

synthess of tetrazines anttans-cyclooctenes useful for these applioas.

30



REFERENCES

Blackman, M. L.; Royzen, M.; Fox, J. M., Tetrazine Ligation: Fast
Bioconjugation Based on InverggectrorDemand DielsAlder Reactivity.J.
Am. Chen. Soc2008,130(41), 13518135109.

Carboni, R. A.; Lindsey, R. V., Jr., Reactions of tetrazines with unsaturated
compounds. A new synthesis of pyridazinksAm. Chem. So&959,81,
43426.

Sauer, J.; Heldmann, D. K.; Hetzenegger, J.; Keayth.; Sichert, H.;
Schuster, J., 1,23 Tetrazine. Synthesis and reactivity in [4+2]
cycloadditionsEur. J. Org. Cheml998, (12), 28852896.

Thalhammer, F.; Wallfahrer, U.; Sauer, J., Reactivity of simple-cham
and cyclic dienophiles in Bls-Alder reactions with inverse electron
requirementsTetrahedron Lett1990,31(47), 68514.

Wijnen, J. W.; Zavarise, S.; Engberts, J. B. F. N.; Charton, M., Substituent
Effects on an Inverse Electron Demand Hetero PAdder Reaction in
AqueousSolution and Organic Solvents: Cycloatitth of Substituted Styrenes
to Di(2-pyridyl)-1,2,4,5tetrazineJ. Org. Chem1996,61 (6), 20015.

Boger, D. L.; Panek, J. S.; Duff, S. R., Inverse electron demand Alaxs
reactions of heterocyclic azadies: formal total synthesis of streptairigJ.
Am. Chem. S0d.985,107(20), 574554.

Boger, D. L.; Coleman, R. S., Diefdder reactions of heterocyclic azadienes:
total synthesis of PDE |, PDE Il, and PDE | dimer methyl edtekm. Chem.
S0c.1987,109(9), 271727.

Boger, D. L.; Fbng, J., Asymmetric Total Synthesis of-€r)tRoseophilin:

Assignment of Absolute Configuratioh. Am. Chem. So2001,123(35),
85158519.

31



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Hamasaki, A.; Zimpleman, J. M.; Hwang, |.; Boger, D. L., TotaltBgsis of
Ningalin D.J. Am. Chem. So2005,127(30), 1076710770.

Chavez, D. E.; Hiskey, M. A.; Naud, D. L., Tetrazine Explosi®espellants,
Explosives, Pyrotechni&004,29 (4), 209215.

Luca, L. D.; Shimada, T.; Sinditskii, V. P.; @ato, M.,Chemical Rocket
Propulsion: A Comprehensive Survey of Energetic Matergpsinger
International Publishing: Switzerland, 2017.

Kaim, W., The coordination chemistry of Y&-tetrazinesCoord. Chem.
Rev.2002,230(1-2), 127#139.

Stdsiuk, O.; Abherve, A.; Avarvari, N., 1,2 4Fetrazine based ligands and
complexesDalton Trans2020,49 (18), 57595777.

Xue, M.; Ma, S.; Jin, Z.; Schaffino, R. M.; Zhu-&, Lobkovsky, E. B.;
Qiu, S-L.; Chen, B., Robust metalrganic framework enforced by tripte
framework interpenetration exhibiting high H2 storage denkityg. Chem.
2008,47 (15), 68256828.

Li, Z.; Ding, J.; Song, N.; Lu, J.; Tao, Y., Devetognt of a News
TetrazineBased Copolymer for Efficient Solar Cells.Am. Chem. So2010,
132(38), 1316013161.

Li, Z.; Ding, J.; Song, N.; Du, X.; Zhou, J.; Lu, J.; Tao, Y., Alternating
Copolymers of Dithienyk-Tetrazine and Cyclopentadithiophene for Organic
Photovoltaic ApplicationsChemistry of Material2011,23(7), 19771984.

Devaraj, N. K.; Weidsder, R.; Hilderbrand, S. A., TetraziBased
Cycloadditions: Application to Pretargeted Live Cell ImagBigpconjugate
Chem.2008,19 (12), 22972299.

Sletten, E. M.; Bertozzi, C. R., Bioorthogarchemistry: fishing for selectivity
in a sea of fuationality. Angew Chem Int Ed EngD09,48 (38), 697498.

Oliveira, B. L.; Guo, Z.; Bernardes, G. J. L., Inverse electron demand Diels
Alder reactions in chemical biologZhem Soc Re2017,46 (16), 48954950.

Hong, V.; Steinmetz, N. F.; Mahester, M.; Finn, M. G., Labeling Live Cells

by CopperCatalyzed AlkyneAzide Click ChemistryBioconjugate Chem.
2010,21(10), 19121916.

32



21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Beatty, K. E.; Fisk, J. D.; Smart, B. P.; Lu, Y. YSzychowski, J.;
Hangauer, M. J.; Baskin, J. M.; Beazzi, C. R.; Tirrell, D. A., Livecell
imaging of cellular proteins by a strgimomoted azidalkyne cycloaddition.
Chembiocher2010,11 (15), 20925.

Darko, A.; Wallace, S.; Dmitrenko, O.; kleovina, M. M.; Mehl, R. A.;
Chin, J. W.; Fox, J. M., Conformationally Strained tr&lyslooctene with
Improved Stability and Excellent Reactivity in Tetrazine Ligati©@hem Sci
2014,5 (10), 37763776.

Karver, M. R.; Weissleder, R.; Hilderbrar&l,A., Synthesis and evaluation of
a series of 1,2, 4-tetrazines for bioorthogonal conjugatidioconjug Chem
2011,22(11), 226370.

Bridges, A. J.; Whitham, G. H., Olefin inversion via phosphine oxidles.
Chem. Soc., Chem. Commf74, (4), 1423.

Royzen, M.; Yap, G. P. A.; Fox, J. M., A Photochemical Synthesis of
Functionalized tran€yclooctenes Driven by Metal Complexatidn Am.
Chem. S02008,130(12), 37603761.

Rossin, R.; van deRosch, S. M.; Ten Hoeve, W.; Carvelli, MVersteegen,
R. M.; Lub, J.; Robillard, M. S., Highly reactive tratyclooctene tags with
improved stability for DielsAlder chemistry in living system®&ioconjug
Chem2013,24(7), 12107.

Taylor, M. T.; Blackman, M. L.; Dmitrenko, O.; Fox, ML., Design and
synthesis of highly reactive dienophiles for the tetraniapscyclooctene
ligation.J Am Chem Sa2011,133(25), 96469.

O'Brien, J. G. K.; Chintala, S. R.; Fox, J. M., Stereoselectwmh@sis of
Bicyclo[6.1.0]nonene Precursasé the Bioorthogonal ReagentsSf€0 and
BCN.J Org Chen018,83(14), 75007503.

Lambert, W. D.; Scinto, S. L.; Dmitrenko, O.; Boyd, S. J.; Magboo, R.;
Mehl, R. A.; Chin, J. W.; Fox, J. M.; Wallace, S., Computationally guided
discovery of a ractive, hydrophilic tran§-oxocene dienophile for
bioorthogonal labelingOrg Biomol Gem2017,15 (31), 66406644.

Versteegen, R. M.; Rossin, R.; ten Hoeve, W.; Janssen, H. M.; Robillard, M.

S., Click to release: instantaneous doxorubicin elittonaupon tetrazine
ligation. Angew Chem Int Ed EngD13,52(52), 141126.

33



31.

32.

33.

34.

35.

36.

37.

38.

39.

Dommeholt, J.; Schmidt, S.; Temming, R.; Hendriks, L. J.; Rutjes, F. P.;
van Hest, J. C.; Lefeber, D. J.; Friedl, P.; van Delft, F. L., Readily accessible
bicyclononynes for bioorthogonal labeling and thhgienensional imaging of
living cells.Angew Chm Int Ed EngP010,49 (49), 94225.

Lang, K.; Dauvis, L.; Wallace, S.; Mahesh, M.; Cox, D. J.; Blackman, M. L.;
Fox, J. M.; Chin, J. W., Genetic Encoding afywlononynes and trans
cyclooctenes for sitgpecific protein labeling in vitro and live mammalian

cells via rapid fluorogenic Dielalder reactionsJ Am Chem Sad2012,134

(25), 1031720.

Chen, W.; Wang, D.; Dai, C.; Hamelberg, D.; Wangigking 1,2,4,5
tetrazine and cyclooctynes with tunable reaction r&@eem Commun @&nb)
2012,48(12), 17368.

Borrmann, A.; Milles, S.; Plass, T.; Dommerholt, J.; Verkade, J. M.;
Wiessler, M.; Schultz, C.; van Hest, J. C.; van Delft,.FLemke, E. A.,

Genetic encoding of a bicyclo[6.1.0]nonydearged amino acid enabliest
cellular protein imaging by met#lee ligation.Chembiocher2012,13 (14),
20949.

Wang, K.; Sachdeva, A.; Cox, D. J.; Wilf, N. M.; Lang, K.; Wallacg, S.
Mehl, R. A.; Chin, J. W., Optimized orthogonal translation of unnatural amino
acids enables spontaneous protein deidilelling and FRETNat Chen014,

6 (5), 393403.

Yang, J.; Seckute, J.; Cole, C. M.; Devaraj, N. K., kdedl imaging of
cydopropene tags with fluorogenic tetrazine cycloadditidmgew Chem Int
Ed Engl2012,51 (30), 74769.

Patterson, D. M.; Nazarova, L. A.; Xie, B.; Kamber, D. N.; Presdhé.,
Functionalized cyclopropenes as bioorthogonal chemical repar#ns.Chem
S0c2012,134(45), 1863843.

Yu, Z.; Pan,Y.; Wang, Z.; Wang, J.; Lin, Q., Genetically encoded
cyclopropene directs rapid, photoclickemistrymediated protein lading in
mammalian cellsAngew Chem Int Ed EngD12,51 (42), 1060e4.

Engelsma, S. B.; Willems, L. I.; van Paaschen, C. E.; van Kasteren, S. |,;
van der Marel, G. A.; Overkleeft, H. S.; Filippov, D. V., Acylazetine as a
dienophile in bioorthognal inverse electredemand DielsAlder ligation.Org
Lett2014,16 (10),27447.

34



40.

4].

42.

43.

44.

45.

46.

47.

48.

49.

Rieder, U.; Luedtke, N. W., Alkeretrazine ligation for imaging cellular
DNA. Angew Chem Int Ed EngD14,53(35), 916872.

Niederwieser, A.; Spate, A. K.; Ngen, L. D.; Jungst, C.; Reutter, W.;
Wittmann, V., Twecolor glycan labkng of live cells by a combination of
Diels-Alder and click chemistryAngew Chem Int Ed EngD13,52 (15),
42658.

Eising, S.; Lelivelt, F.; Bonger, K. M., Vinylboronic Ats as Fast Reacting,
Synthetically Accessible, and Stable Bioorthogonald®eds in the Carboni
Lindsey ReactionAngew Chem Int Ed EngD16,55 (40), 122437.

JimenezMoreno, E.; Guo, Z.; Oliveira, B. L.; Albuquerque, I. S.; Kitowski,
A.; Guerreiro, A.; Boutureira, O.; Rodrigues, T.; Jime@ses, G.;
Bernardes, GJ., Vinyl Ether/Tetrazine Pair for the Traceless Release of
Alcohols in CellsAngew Chennt Ed Engl2017,56 (1), 243247.

Fang, Y.; Zhang, H.; Huang, Z.; Scinto, S. L.; Yang, J. C.; Am Ende, C.
W.; Dmitrenko, O.; Johnson, D. S.; Fox, J, Mhotochemical syntheses,
transformations, and bioorthogonal chemistry of teyrdohepter and sila
transcycloheptene Ag(i) complexe€hem ScR018,9 (7), 19531963.

Lang, K.; Mayer, S., Tetrazines in InveiSkectronDemand DielsAlder
Cycloaddtions and Their Use in Biologyynthesi2016,49 (04), 836848.

Plass, T.; MillesS.; Koehler, C.; Szymanski, J.; Mueller, R.; Wiessler, M.;
Schultz, C.; Lemke, E. A., Amino acids for Digdéder reactions in living
cells.Angew Chem Int EEngl2012,51 (17), 416670.

Uttamapinant, C.; Howe, J. D.; Lang, K.; Beranek, Davis, L.; Mahesh,
M.; Barry, N. P.; Chin, J. W., Genetic code expansion enablesdivand
superresolution imaging of sitepecifically labeled cellular preins.J Am
Chem So0@015,137(14), 46025.

Kozma, E.; Nikic, I.; Varga, B. R.; Aramburu, I. V.; Kang, J. H.; Fackler,
O.T.; Lemke, E. A.; Kele, P., Hydrophilic tra@yclooctenylated
Noncanonical Amino Acids for Fast Intracellular Protein Ladge
Chembiocher2016,17 (16), 151824.

Bianco, A.; Townsley, F. M.; Greiss, S.; Lang, K.; Chin, J. W., Expanding

the genetic code of Drosophila melanogadtat. Chem BioR012,8 (9), 748
50.

35



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lang, K.; Dauvis, L.; Torre&olbus, J.; ChouC.; Deiters, A.; Chin, J. W.,
Genetically encded norbornene directs seecific cellular protein labelling
via a rapid bioorthogonal reactiodat Chen2012,4 (4), 298304.

Kaya, E.; Vrabel, M.; Deiml, C.; Prill, S.; Fluxa, V. S.; Carell, A
genetically encoded norbornene amino acrdfie mild and selective
modification of proteins in a coppéee click reactionAngew Chem Int Ed
Engl2012,51(18), 446609.

Elliott, T. S.; Townsley, F. M.; Bianco, A.; Ernst, R. J.; Sachdaya,
Elsasser, S. J.; Davis, L.; Lang, K.; &iR.; Greiss, S.; Lilley, K. S.; Chin,
J. W., Proteome labeling and protein identification in specific tissues and at
specific developmental stages in an anirNait BiotechnoR014,32 (5), 465

72.

Lee, Y. J.; Kurra, Y.; Yang, Y.; Torrd&olbus J.; Deiters, A.; Liu, W. R.,
Genetically encoded unstrained olefins for live cell labeling with tetrazine
dyes.Chem Commun (CamBp14,50 (86), 130858.

Wang, W. W.; Zeng, Y.; Wu, B.; Deiters,;Aiu, W. R., A Chemical
Biology Approach to Resal Sirtétargeted Histone H3 Sites in Nucleosomes.
ACS Chem Bid2016,11(7), 197381.

Seitchik, J. L.; Peeler, J. C.; Taylor, M. T.; Blackman, M. L.; Rhoads, T. W.;
Cooley, R. B.; Refakis, CFox, J. M.; Mehl, R. A., Genetically encoded
tetrazine amino acid directs rapid sgpecific in vivo bioorthogonal ligation

with transcyclooctenes] Am Chem Sad2012,134(6), 2898901.

Blizzard, R. J.; Backus, D. R.; Brown, W.; Bazewicz, C. 3, Y.; Mehl, R.
A., Ideal Bioorthogonal Reactions Using A S&eecifically Encoded
Tetrazine Amino AcidJ Am Chem Sa2015,137(32), 100447.

Kele, P.; Wagenknecht, tA.; Cserép, G Demeter, O.; Batzner, E.; Kallay,
M., Synthesis and Ewvadtion of Nicotinic Acid Derived Tetrazines for
Bioorthogonal LabelingSynthesi2015,47 (18), 27382744.

Schoch, J.; Wiessler, M.; Jaschke, A., PRgtthetic Modification of DNA by
Inverse ElectronDemand DielsAlder ReactionJ. Am. Chem. So2010,132
(26), 88468847.

Schoch, J.; Ameta, S.; Jaschke, A., Inverse electeomand DielsAlder

reactions for the selective and efficient labeling of RRAem Commun
(Camb)2011,47 (46), 125367.

36



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Schoch, J.; Staudt, M.; Samanta, A.; WmEsdM.; Jaschke, A., Sikspecific
onepot dual labeling of DNA by orthogonal cycloaddition chemistry.
Bioconjug Chen2012,23(7), 13826.

AsareOkai, P. N.; Agustin, E.; Fabris, D.; Royzen, M., Sipecific
fluorescence labelling of RNA usingdsorthogonal reaction of trans
cyclooctene and tetrazinEhem Commun (CamBP14,50 (58), 78447.

Merkel, M.; Arndt, S.; Ploschik, D.; €erep, G. B.; Wenge, U.; Kele, P.;
Wagenknecht, H. A., Scope and Limitations of Typical Copree
Bioorthagonal Reactions with DNA: Reactive Reoxyuridine Triphosphates
for Postsynthetic Labeling. Org Chen2016,81(17), 752738.

Busskamp, H.;Batroff, E.; Niederwieser, A.; Abd&ahman, O. S.; Winter,
R. F.; Wittmann, V.; Marx, A., Efficient laling of enzymatically
synthesized vinymodified DNA by an inverselectrondemand DielsAlder
reaction.Chem Commun (CamBp14,50 (74), 108279.

Holstein, J. M.; Stummer, D.; Rentmeister, A., Enzymatic modificationof 5'
capped RNA with a4inylbenzyl group provides a platform for photoclick
and inverse electredemand DielsAlder reactionChem Sck015,6 (2), 1362
1369.

Liang, D; Wu, K.; Tei, R.; Bumpus, T. W.; Ye, J.; Baskin, J. M., A+teal
time, click chemistry imaging approach eas stimulusspecific subcellular
locations of phospholipase D activifroc Natl Acad Sci U S 2019,116
(31), 1545315462.

Meimetis, L.G.; Carlson, J. C.; Giedt, R. J.; Kohler, R. H.; Weissleder, R.,
Ultrafluorogenic coumartetrazine probefor reattime biological imaging.
Angew Chem Int Ed EngD14,53(29), 75314.

Wieczorek, A.; Werther, P.; Euchner, J.; Wombacher, Reeto farred
emitting fluorogenic tetrazine probesynthetic access and-wash protein
imaging inside Wing cells.Chem Sck017,8 (2), 15061510.

Nikic, I.; Plass, T.; Schraidt, O.; Szymanski, J.; Briggs, J. A.; Schultz, C,;
Lemke, E. A, Minimal tags for rapid duatolor live-cell labeling and super
resolution microscopyAngew Chem Int Ed EngD14,53(8), 22459.

Nikic, I.; Estrada Girona, G.; Kang, J. H.; Paci, G.; Mikhaleva, S.; Koehler,
C.; Shymanska, N. V.; Ventura Sas, C.; Spitz, D.; Lemke, E. A,,

37



70.

71.

72.

73.

74.

75.

76.

77.

78.

Debugging Eukaryotic Genetic Code Expansion for-Sgiecific ClickPAINT
SuperResolution MicroscopyAngew Chem Int Ed EngD16,55 (52), 16172
16176.

Kozma, E.; Estrada Girona, G.; Paci, G.; Lemke, E. A.; Kele, P.,
Bioorthogonal doubldluorogenic siliconrhodamine probes for intracellular
superresolution microscopyChem Commun (CamBp17,53 (50), 6696
6699.

Knorr, G.; Kozma, E.; Schaart,M.; Nemeth, K.; Torok, G.; Kele, P.,
Bioorthogonally Applicable Fluorogenic Cyanifietrazines for NéVash
SuperResolution ImagingBioconjug Chen2018,29 (4), 13121318.

Gong, Y:H.; Miomandre, F.; Meaalldkenault, R.; Badre, S.; Galmiche,
Tang, J.; Audebert, P.; Clavier, G., Synthesis and Physical Chemistry ofs
Tetrazines: Which Ones are Fluorescent and VHw@pean Journal of
Organic Chemistr2009,2009(35), 61216128.

DumasVerdes, C.; Miomandre, F.; Lépicier, E.; GalangO.; Vu, T. T.;
Clavier, G.; MéalleRenault, R.; Audebert, P., BODIP¥etrazine
Multichromophoric Derivativeszuropean Journal of Organic Chemistry
2010,2010(13),25252535.

Devaraj, N. K.; Hilderbrand, S.; Upadhyay, R.; Mazitschek, R.; Weissleder,

R., Bioorthogonal turron probes for imaging small molecules inside living
cells.Angew Chem Int Ed EngD10,49 (16), 286972.

Carlson, J. C.; Meimetis, G.; Hilderbrad, S. A.; Weissleder, R., BODIRY
tetrazine derivatives as superbright bioorthogonalturprobesAngew Chem
Int Ed Engl2013,52 (27), 691720.

Lakowicz, J. R.Principles of Fluorescence Spectroscofpringer:
Heidelberg, 2009.

Wu, H.; Yarg, J.; Seckute, J.; Devaraj, N. K., In situ synthesis of alkenyl
tetrazines for highly fluorogenic bioorthogonal ligell imaging probes.
Angew Chem Int Ed EngD14,53 (23), 58059.

Knorr, G.; Kozma, E.; Herner, A.; Lemke, E.; Kele, P., NewRed

Emitting TetrazinePhenoxazine Fluorogenic Labels for Li&ell Intracellular
Bioorthogonal Labeling SchemeShemistry2016,22 (26), 89729.

38



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Werther, P.; Mohler, J. S.; Wombacher, R., A Bifunctional Fluorogenic
Rhodamine Probfr Proximity-Induced Bioorthogonal Chemistr¢hemistry
2017,23(72), 1821618224.

Werther, P.; Yserentant, K.; Braun, F.; Kaltwasser, N.; Popp, C.; Baalmann,
M.; Herten, D. P.; Wombacher, R., Ligell Localization Microscopy with a
Fluorogeiic and SeHkBlinking Tetrazine ProbéAngew Chem Int Ed Engl

2020,59 (2), 804810.

Vaquero, J. J.; Kinahan, P., Positron Emission Tomography: Current
Challenges and Opportunities for Technological Advances in Clinical and
Preclinical Imaging SystemAnnu Rev Biomeling2015,17, 385414.

Rossin, R.; Robillard, M. S., Pretargeted imaging using bioorthogonal
chemistry in miceCurr Opin Chem BioR014,21, 161-9.

Selvaraj, R.; Giglio, B.; Liu, S.; Wang, H.; Wang, M.; Yuan, H.; Chintala,
S.R.; Yap, L. P.; Conti, P. S.; Fox, J. M.; Li, Z., Improved metabolic
stability for 18F PET probes rapidly constructed via tetrazine-tacsoctene
ligation. BioconjugChem2015,26 (3), 43542.

Rossin, R.; Verkerk, P. R.; van den Bosch\S. Vulders, R. C.; Verel, |.;
Lub, J.; Robillard, M. S., In vivo chemistry for pretargeted tumor imaging in
live mice.Angew Chem Int Ed EngD10,49 (19), 33758.

Rossin, R.; van Duijnhoven, S. M.; Lappchen, T.; van den Bosch, S. M.;
Robillard, M. S., Transyclooctene tag with improved properties for tumor
pretargeting with the dielalder reactionMol Pharm2014,11 (9), 30906.

Li, Z.; Cai, H.; HassinkM.; Blackman, M. L.; Brown, R. C.; Conti, P. S.;
Fox, J. M., Tetrazinrgranscyclooctene ligation for the rapid construction of
18F labeled probe€hem Commun (CamBp10,46 (42), 80435.

Selvaraj, R.; Liu, S.; Hassink, M.; Huang, C. W.; Yap, L. P.; Park, R.; Fox,
J. M.; Li, Z.; Conti, P. S., Tetrazirteanscyclooctne ligation for the rapid
construction of integrin alphavbeta(3) targeted PET tracer based on a cyclic
RGD peptideBioorg Med Chem Left011,21 (17), 50114.

Liu, S.; Hassink, M.; Selvaraj, R.; Yap;R.; Park, R.; Wang, H.; Chen,
X.; Fox,J. M.; Li, Z.; Conti, P. S., Efficiert8F Labeling of Cysteinre
Containing Peptides and Proteins Using TetraZiremsCyclooctene Ligation.
Molecular Imaging2013,12 (2).

39



89.

90.

91.

92.

93.

94.

95.

96.

Wu, Z.; Liu, S.; Hassink, M.; Nair, |.; Park, R.; Li, L.; Todorov,HFgx, J.
M.; Li, Z.; Shively, J. E.; Conti, P. S.; Kandeel, F., Development and
evaluation of 18H TCO-Cys4GExendin4: a PET probe for imaging
transplanted isletd. Nucl Med2013,54 (2), 24451.

Reiner, T.; Keliher, E. J.; Earley, S.; MarineB.; Weissleder, R., Synthesis
and in vivo imaging of a 18Rbeled PARP1 inhibitor using a chemically
orthogonal savengerassisted higiperformance methodngew Chem Int Ed
Engl2011,50(8), 19225.

Wang, M.; Svatunek, D.; Rohlfing, K.; Li¥,; Wang, H.; Giglio, B.;
Yuan, H.; Wu, Z.; Li, Z.; Fox, J., Conformationally Strained trans
Cyclooctene (sTCO)ables the Rapid Construction of (L&ET Probes via
Tetrazine LigationTheranostic2016,6 (6), 88795.

Feng, H.; Zhang, H.; ¥hg, M.; Vannam, R.; Wang, H.; Yan, X.; Ouyang,
W.; Jia, X.; Fox, J. M.; Li, Z., Improving Tumao-Background Cotrast
through Hydrophilic Tetrazines: The Construction of (18)abeled PET
Agents Targeting Nonsmall Cell Lung Carcinor@aemistry2020, 26 (21),
46904694.

Billaud, E. M. F.; Shahbazali, E.; Ahamed, M.; Cleeren, F.; Noel, T.;
Koole, M.; Vebruggen, A.; Hessel, V.; Bormans, G., Midtaw
photosynthesis of new dienophiles for inveetectrondemand DielsAlder
reactions. Pntial applications for pretargeted in vivo PET imagiigem
Sci2017,8 (2), 12511258.

Wang, M.; Vannam, R.Lambert, W. D.; Xie, Y.; Wang, H.; Giglio, B.;
Ma, X.; Wu, Z.; Fox, J.; Li, Z., Hydrophilic (18)Rbeled trand-oxocene
(oxoTCO)for efficient construction of PET agents with improved tuitoer
background ratios in neurotensin receptor (NTR) imgdgihem Commun

(Camb)2019,55(17), 24852488.

Meyer, J. P.; Houghton, J. L.; Kozlowski, P.; Abddli, D.; Reiner, T.;
Pillarsetty, N. V.; Scholz, W. W.; Zeglis, B. M.; Lewis, J. S., (:Bdsed
Pretargeted PET Imaging Based on Bioorthognels-Alder Click
Chemistry Bioconjug Chen2016,27 (2), 298301.

Denk, C.; Svatunek, D.; Filip, T.; Wanek, T.; Lumpi, D.pl#irch, J.;
Kuntner, C.; Mikula, H., Development of a (18)dbeled tetrazine with
favorable pharmacokinetics for loidhogonal PET imagingAngew Chem Int
Ed Engl2014,53 (36), 96559.

40



97.

98.

99.

100.

101.

102.

103.

104.

Zhu, J.; Li, S.; Wangler, C.; Wangler, B.; Lennox, R.&hirrmacher, R.,
Synthesis of &hloro-6-((4-(di-tertbutyl[(18)F]fluorosilyl}-benzyl)oxy}
1,2,4,5tetrazine ([(18)F]SIFAOTZ) for rapid tetrazindased (18)F
radiolabelingChem Commun (CamBp15,51 (62), 124158.

Rashidian, M.; Keliher, E.; Dgan, M.; Juras, P. K.; Cavallari, M.;
Wojtkiewicz, G. R.; Jacobsen, J.; Edens, J. G.; Tas, J. M.; Victora, G.;
Weissleder, R.; Ploegh, H., The use of (:&)ffuorodeoxyglucose (FDG) to
label antibody fragments for immwRET of pancreatic cancekCS Cent Sci
2015,1 (3), 142147.

Herth, M. M.; Andersen, V. L.; Lehel, S.; Madsen, J.; Knudsen, G. M.;
Kristensen, J. L., Development of a (11gbeled tetrazine for rapid tetrazine
transcyclooctene ligationChem Commun (CamBp13,49 (36), 38057.

Steen, E. J. L.; Jorgensel. T.; Petersen, I. N.; Norregaard, K.; Lehel, S;;
Shalgunov, V.; Birke, A.; Edem, P. E.; L'Estrade, E. T.; Hansen, H. D.;
Villadsen, J.; Erlandsson, M.; Ohlsson, T.; Yazdani, A.; Valliant, J. F.;
Kristensen, J. L.; Barz, M.; Knudsen,\&.; Kjaer, A.; Herth, M. M.,
Improved radiosynthesis and preliminary in vivo evaluation of the (11)C
labeled tetrazine [(11)C]A& for pretargeted PET imaginBioorg Med Chem
Lett2019,29 (8), 986990.

Denk C.; Svatunek, D.; Mairinger, S.; &k, J.; Filip, T.; Matscheko, D.;
Kuntner, C.; Wanek, T.; Mikula, H., Design, Synthesis, and Evaluation of a
Low-MolecularWeight (11)GLabeled Tetrazine for Pretargeted PET Imaging
Applying Bioorthogonal in o Click ChemistryBioconjug Chen2016,27

(7), 170712.

Zeglis, B. M.; Sevak, K. K.; Reiner, T.; Mohindra, P.; Carlin, S. D.;
Zanzonico, P.; Weissleder, R.; Lewis, J. S., A pretargeted PET imaging
strategy based on bioorthogonal Diglsler dick chemistry.J Nucl Med2013,
54(8),138996.

Meimetis, L. G.; Boros, E.; Carlson, J. C.; Ran, C.; Caravan, P.; Weissleder,
R., Bioorthogonal Fluorophore Linked DF®chnology Enabling Facile

Chelator Quantification and Multimodal ImagingAuftibodies.Bioconjug
Chem2016,27 (1), 257-63.

Nichols, B.; Qin, Z.; Yang, J.; Vera, D. R.; Devaraj, N. K., 68Ga chelating

bioorthogonal tetrazine polymers for the multistep labeling of cancer
biomarkersChem Commun (CamBp14,50 (40), 52155217.

41



105.

106.

107.

108.

109.

110.

111.

112.

113.

Rossin, R.; van Duijnhove. M.; Ten Hoeve, W.; Janssen, H. M.; Kleijn,
L. H.; Hoeben, F. J.; Versteegen, R. M.; Robillard, M. S., Triggered Drug
Release from an Antibodprug Conjugate Using Fast "Cligk-Release”
Chemistry in MiceBioconjug Chen2016,27 (7), 1697#706.

Khan, I.; Agris, P. F.; Yigit, M. V.; Royzen, M., In situ activation of a
doxorubicin prodrug using imagirgapable nanoparticle€hem Commun
(Camb)2016,52 (36), 61747.

Versteegen, R. M.; Ten Hoeve,WRossin, R.; de Geus, M. A. R.; 3aean,

H. M.; Robillard, M. S., Clickto-Release from trar€yclooctenes:

Mechanistic Insights and Expansion of Scope from Established Carbamate to
Remarkable Ether Cleavagengew Chem Int Ed EngD18,57 (33), 1049-
10499.

Rossin, R.; VersteegeR, M.; Wu, J.; Khasanov, A.; Wessels, H. J.;
Steenbergen, E. J.; Ten Hoeve, W.; Janssen, H. M.; van Onzen, A.; Hudson,
P. J.; Robillard, M. S., Chemically triggered drug release from an antibody
drug conjugat leads to potent antitumour activityrimce.Nat Commur2018,

9(1), 1484.

van der Gracht, A. M. F.; de Geus, M. A. R.; Camps, M. G. M.; Ruckwardt,
T.J.; Sarris, A. J. C.; Bremmers, J.; Maurits, E.; Pawlak, J. B.; Posthoorn,
M. M.; Bonger K. M.; Filippov, D. V.; OverkleeftH. S.; Robillard, M. S.;
Ossendorp, F.; van Kasteren, S. I., Chemical Control ox@elTActivation in
Vivo Using Deprotection of trar€ycloocteneModified EpitopesACS Chem
Biol 2018,13(6), 15691576.

Mejia Oneto, J. M.; Khan, |.; Seebald, L.; Royzen, M., In Vivo Bioorthogonal
Chemistry Enables Local Hydrogel and SystemicPnag To Treat Soft
Tissue SarcomaCS Cent S&Q016,2 (7), 47682.

Neumann, K.; Jain, S.; Gambardella, A.; WalkeE.S Valero, E.;
Lilienkampf, A.; Bradley, M., TetrazinResponsive Selinmolative Linkers.
Chembiocher2017,18 (1), 92-95.

Wu, H.; Alexander, S. C.; Jin, S.; Devaraj, N. K., A Bioorthogonal Near
Infrared Fluorogenic Probe for mRNA Detectidournal of the American
Chemical Societ2016,138(36), 1142911432.

Neumann, K.; Gambardella, A.; Lilienkampf, A.; Bradley.,, Metrazine

mediated bioorthogonal prodrygodrug activationChem Sck018,9 (36),
71987203.

42



114. Zhang, H.; TroutW. S.; Liu, S.; Andrade, G. A.; Hudson, D. A.; Scinto, S.
L.; Dicker, K. T.; Li, Y.; Lazouski, N.; Rosenthal, J.; Thorpe, dia, X.;
Fox, J. M., Rapid Bioorthogonal Chemistry Twon through Enzymatic or
Long Wavelength Photocatalytic Activati of Tetrazine Ligation] Am Chem
S0c2016,138(18), 597883.

115. Alge, D. L.; Azagarsamy, M. A.; Donohue, D. F.; Anseth, K. S.
Synthetically tractable click hydrogels for thréienensional cell culture
formed using tetrazineorbornene chemistrgiomacromolecule2013,14
(4), 94953.

116. Desai, R. M.; Koshy, S. T.; Hilderbrand, S. A.; Mooney, D. J.; Joshi, N. S.,
Versatik click alginate hydrogels crosslinked via tetrazmoebornene
chemistry Biomaterials2015,50, 30-7.

117. Truong, V. X; Ablett, M. P.; Richardson, S. M.; Hoyland, J. A.; Dove, A. P.,
Simultaneous orthogonal dudick approach to tough, isitu-forming
hydrogels for cell encapsulatiohAm Chem Sa2015,137(4), 161822.

118. Clavier, G.; Audebert, P.;Betrazinesas Building Blocks for New Functional
Molecules and Molecular MaterialBhem. Rev. (Washington, DC, U. S.)
2010,110(6), 32993314.

119. Kawamoto, K.; Grindy, S. C.; Liu, J.; Holténdersen, N.; Johnson, J. A.,
Dual Role for 1,2,4 Hetrazines in Blymer Networks: Combining Diéls
Alder Reactions and Metal Coordination To Generate Functional
Supramolecular Gel&CS Macro Letter2015,4 (4), 458461.

120. Zhang, H.; Dicker, K. T.; Xu, X.; Jia, X.; Fox, J. M., Interfacial
Bioorthogonal Crossinking. ACS Macro Let014,3 (8), 72#731.

121. Dicker, K. T.; Song, J.; Moore, A. C.; Zhang, H.; Li, Y.; Burris, D. L.; Jia,
X.; Fox, J. M., Coreshell patterning of synthetic hydrogels via interfacial
bioorthogonal chemistry for spatial controlstém cell behaviolChem Sci
2018,9 (24), 53945404.

122. Dicker, K. T.; Moore, A. C.; Garabedian, N. T.; Zhang, H.; Scintg,;S.
Akins, R. E.; Burris, D. L.; Fox, J. M.; Jia, X., Spatial Patterning of
Molecular Cues and Vascular Cells in Fuityegrated Hydrogel Channels via
Interfacial Bioorthogonal Crodsinking. ACS Appl Mater Interfacez019,11
(18), 1640216411.

43



123. Liu, S.; Zhang, H.; Remy, R. A.; Deng, F.; Mackay, M. E.; Fox, J. M.; Jia,
X., Meterlong multiblock copolymer micrdbers via interfacial bioorthogonal
polymerization Adv Mater2015,27 (17), 278390.

124. Liu, S.; Moore, A. C.; Zerdoum, A. B.; Zhang, H.; Scinto, S. L.; Zhang, H.;
Gong, L.; Burris, D. L.; Rajasekaran, A. K.; Fox, J. M.; Jia, X., Cellular
interactions with hydrogel microfibers synthesized via interfacial tetrazine
ligation. Biomaterals 2018,180, 24-35.

125. Han, H:S.; Devaraj, N. K.; Lee, J.; Hilderbrand, S. A.; Weissleder, R.;
Bawendi, M. G., Development of a bioorthogonal and higffigient
conjugation method for quantum dots using tetranooornene
cycloadditionJ AmChem So02010,132(23), 78389.

126. Han, H. S.; Niemeyer, E.; Huang, Y.; Kamoun, W. S.; Matrtin, J. D.;
Bhaumik, J.; Chen, Y.; Roberge, S.; Cui, J.; Mail. R.; Fukumura, D.;
Jain, R. K.; Bawendi, M. G.; Duda, D. G., Quantum dot/antibatjugates
for in vivo cytometric imaging in micd2roc Natl Acad Sci U S 2015,112
(5), 13505.

127. Emmetiere, F.; Irwin, C.; Viokillegas, N. T.; Longo, \/ Cheal, S. M,;
Zanzonico, P.; Pillarsetty, N.; Weber, W. A.; Lewis, J. S.; Reing(18)F~
labeledbioorthogonal liposomes for in vivo targeti@joconjug Chen2013,
24 (11), 17849.

128. van Onzen, A.; Rossin, R.; Schenning, A.; Nicolay, Mitroy, L. G.;
Robillard, M. S.; Brunsveld, L., TetrazingansCyclooctene Chemistry
Applied to Fabricate Selissembled Fluorescent and Radioactive
Nanoparticles for in Vivo Dual Mode ImaginBioconjug Chen2019,30(3),
547-551.

129. Calahorro, AJ.; Penasanjuan, A.; Melguizo, M.; Fairelimenez, D.;
Zaragoza, G.; Fernandez, BsalinasCastillo, A.; RodrigueDieguez, A.,
First examples of metalrganic frameworks with the novel 3(3,2,4,5
tetrazine3,6-diyl)dibenzoic spacer. Luminesoee and adsorption properties.
Inorg Chenm2013,52 (2), 5468.

130. Li, J.; Jia, D.; MengS.; Zhang, J.; Cifuentes, M. P.; Humphrey, M. G.;
Zhang, C., Tetrazine chromophdrased metabrganic frameworks with
unusual configurations: synthetic, stiwm@l, theoretical, fluorescent, and
nonlinear optical studie€hemistry2015,21 (21), 794-26.

44



Chapter 2
INSTALLATION OF MINIMAL TETRAZINES THROUGH  SILVER(l)
MEDAITED LIEBESKIND -SROGL CROSSCOUPLING
The work described in this chapter has already pebhshed. It is reprinted in this
chapter with the permission of tdeurnal of the American Chemical Society

(Copyright 2019 ACS)

Lambert, W. D.; Fang, Y.; Mahapatra, S.; Huang, Z.; am Ende, C. W,.;JFbk,
Installation of Minimal Tetrazines Throu@ilver-mediated Liebeskin&rog|

Coupling with Arylboronic AcidsJ. Am. Chem. So2019 141, 43

2.1 A Brief History of Tetrazine Synthesis: Classical to Modern

Themost widely used methods for thenthesis of tetrazinagere first
described over eentury ago by Pinner and Hofmann who first condensed nitriles,
imidates, or amidinewith hydrazine to yield symmetrical tetrazine proddct3here
are a few drawbacks to the Pintdofmann synthesis that hatseen recognized in
recent years. Thirst 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 taxich has led to
tight regulationm Europe and China® The second drawback is the limitecope.

Functional group tolerance is low because of the nucleophilicity and basicity of
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hydrazine. Additionally, while the synthesis of symmetric aryl tetrazines is relatively
straight forward, the synthesis of unsymnuoat and alkyl tetrazines is low yéing

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 statisticadture of desired product as well asapious
amount of low molecular weight, higtitrogen tetrazine side products. Even on small
scale these side products are of great concern due to their volatility and unknown
energetic safety.

Pinner Synthesis

[0]

NH NH _ HN—N N—N
Ar—CN or Ar—/< or Ar—/< ANTNH, A—( H—Ar —> Aa— D—ar
OEt NH, A N—NH N=N

Unsymmetric Pinner Synthesis volatile high-nitrogen
i byproduct
NH, AcO™ N—N N-N N-N
HoN—NH [O]
Ph—CN + H—{ —Z—2 — > ph—~< YH+Ph—~ H—Ph+H— D—n
A = — —
N=N N=N N=N

NH,

Scheme 2.1Pinner tetrazie synthesis and possible byproduct formation

In 1906 Stollé developed a tetrazine synthesis via &@lversion of
diacylhydrazideso hydrazidedioyl dichloridéollowed by addition of hydrazin®.
Both the Pinner and Stollé synthesis result in a dihydrotetrazine product that must then
be oxidized, usually witstoichiometric amourf an oxidant such as NaN{eCk,

or PIDA?
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Stollé Synthesis

o O Cl CI )
Ar4[< >&*Ar ﬂ’ Ar4<\ >7Ar 2N NF L Ar—</ \>—Ar

HN—NH

Scheme 2.2Stollé tetrazine synthesis

Subsequent tthis classic work there was not much interest in tetrazine

synthesisuntil the middle of the 20century In 1961 Sandstrom became interested in

elucidating the structural confirmations of dihydrotetrazines and with that reported the

first synthesis of 3®is(thiomethyljtetrazine and 3;6is(thiobenzybtetrazire; two

moleculeghat would lay the groundwork for broad tetrazine research as well as the

research hereih.

S

o}
HN—NH
HN)J\NH + HOJ\/ S\)J\OH aq. NaOR_ s=( )=s <> Hs—</ />—s|-|

| |
NH, NH, 63% HN-NH

NaOH, ethanol
RX

N=N /R FeClg N—NH /R
s— )s = s~ )= R=Me(70%)

R N-N R HN-N Benzyl (65%)
Scheme23Sandstr° mbés -Bisgtmométhylitatrazineoahd 385, 6

bis(thiobenzyhtetrazine

In an effort to improve the yield and substrate scope of unsymmetrical
tetrazines, Cobm reported in 1991 the synthesis of-Bj§(3,5dimethylpyrazoll-yl)-
1,2,4,5tetrazine’ Instead of hydrazine, I-@aminoguanidine was reacted with 2,4
pentadione followed by oxidation with N@ NO; to givethe title product in 84%

yield. Ammonolysis with NHcould then give a symmetric 3(diamino}1,2,4,5
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tetrazine or an unsymmetrieaBninc6-(3,5-dimethylpyrazoll-yl)-1,2,4,5tetrazine in

96% or 99% respectively depending on the solvedttamperature dhe reaction.

NH;
1.rt.-70°C \ NMP ]
Filter N 90 °C
J\ o o 2. NO or NO, )\
NMP
SR N - NN
NH, NH, \ N _N
(1 eq) (2 eq) H \
HCI NH;

Z
I
N

zZ=Z

W

z-Z

Z
I
N

Z
I
N

N A
\<_§ \ / Toluene ’Tll ’\Il
N\fN
N‘N
\
Scheme 2.4Colburn synthesis of amino tetrazines
Hi skey and Chavez would | ater extend Cc

symmetric and unsymmetric chloro tetrazif®s.r e at ment o-bis@50bur nds
dimethylpyrazoll-yl)-1,2,4,5tetrazine wih hydrazine hydrate resulted in 3,6
dihydrazinel,2,4,5tetrazine. Displacement of the hydrazide could be achieved by

reaction with chlorine gas to give 3déchloro-tetrazine ingood yield. Unsymmetrical
3-amina6-chloro-tetrazine was obtained by reacti®@-dichloro-tetrazine with

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

nucleophiles could be used to greatly expand the diversityrafiie¢ substrates.
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T NHaNH;HO NHNH, )C\' )N\H2
N SN Oz ACN NN Cly N” SN NH3 N™ SN
Illl lll quant Illl lll 95Y% llll l\ll 92% lill /lll
Y | f D G
N, NHNH, Cl Cl
N Nuc.
\
lNuc
Y

Nuc )N\Hz
“.‘.)%'.“ NTN
N__N N__N

T

Zz
c
o
Z
c
o

Scheme 2.5Hiskey and @avez synthesis of chloro tetrazines

The synthesis of unsymmetricatliomethyl tetrazine derivatives frogh
methytisothiocarbohydrazide iodide was first described by Fields and coworkers via
condensation with triethyl orthoformate, triethyl orthoatstar dimethylformamide
dimethyl acetk!! Unfortunately, sterically hindered orthoesters such as those with a
butyl pendant group did not produce the desired tetrazineabhsivalamidecould
be converted tan iminium chloride which could successfully be condensed Svith

methytisothiocarbohydrazide iodide to give the desired tetrazine in 27% vyield.
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- OEt

| +/ e
s R/EOEt j\
AN NH e — " R=H, Me
NH, NHy Et,N, EtOH NN ’
50 °C - reflux R 35-40%
— -
Cl S
N Dy X
- +
jl\ Me NMe; NN
Me [O] N _N
HN-INH - — 27%
NH; NHy Et;N, EtOH Me—T=Me
50 °C - reflux Me

Scheme 2.63-thiomethyl tetrazine syhesis via orthoester or iminium chide

condensation

In 2012 Devaraj and coworkers reported an improved synthesis of tetrazines
from nitriles using Lewis acid catalystSNi(OTf). or Zn(OTf). 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 especiallulifsefunsymmetric
alkyl tetrazine sgthesis 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 syntieesaie
limitations remain. The usd bydrazine at high temperatures/pressures and the
formation of highnitrogen biproducts are safety considerations for reaction scale and

work-up.
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— volatile high-nitrogen
- b t
RCN(1eq) 1 HzN-NH; (50 eq) R yproducts
+ Ni/Zn(OTf), (5 mol%) )\ Me
Me-CN (10eq)  60°C NTN N)%N NTSN
or 'NH, AcO~ __sealed flask R N\fN NN oF N.__N
2) NaNO,, HCI Me/H \(
H™ "NH, Me
10 24-74% from
(10 eq) from  formamidine
MeCN acetate

Representative examples

BocHN N=N HO N=N
H\ h @N e N e

~N 68% N=N 369
95%
N HO N=N
\ —< >—<\ />—H
N— N 12% N=N 309

Scheme 2.7Lewis acid catalyzed tetzine synthesis

Recently, Audebernd coworkers have published a mdtaé synthesis of H
tetrazines using dichloromethane (DCM) as a realjétere, DCM is replacing
formamidine which is typically used ia PinnetHofmann type synthesis. DCM and a
nitrile partner are used in equimolar stoichiometry which ameliorates the issue of
excess hignitrogen byproduct formation. Additionally, only 8 equivalents of
hydrazine hydate was require as opposed to 50hegjants of anhydrous hydrazine in
the Lewis acid catalyzed synthe&idn general, hydrazine hydrate (typically58-

60% solution in water) is always preferable to anhydrous hydrazine, both in terms of
availability (less restriction in Europe) and hazard (flammability, volatdity).

Finally, a small excess of sulfur is addedhe reaction to facilitate tetras

formation. Audebertds proposed mechanism f

yields of 11 Htetrazines with both alkyl and aryl substituents were generally good.
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1. NHoNH,*H,0 (8.0 eq)
Sulfur (2.0 eq) N—N
EtOH, 50 °C, 24h H— D—R

CHCl; + R-CN 5 NaNO,, AcOH N=N

(1eq) (1eq)

Representative examples N—N
\

NHBoc N—N
: O>~OH = >_©_/ = @CI

N-N = =
\ N=N 40% N=N 54%

Y

38-72%

i~

N=N N—N Ph N—N N=

72% H= >~ B Y
NN 450 N=N 43%
Proposed Mechanism 1. DCM H
2. NH2NH2 /N_NHZ
HoN=NH; + § — H;N-NHSH ————— H,C
N=NH,
HS
R-CN
1. -NHj ¢ c
SH, H H H H
N—-N 2. [0] N-N NH, N—NH, \N—H\gN[H
/ / /
H— SR =<—— HC Xg == | HC R+ HC R
N=N N-N N-NTN N—NH,
HS H Hs H HS

Scheme 2.8Thiol catalyzed Hetrazine synthesiga dichloromethane as a reagent

Wu and coworkers have expanded on the idea of a sulfur mediated reaction by
developing a 3nercaptopropionic acid catalyzed methodoldtilydrazine hydrate
could be used with oplmild heating (40 °C) and gave a high yielding assortment of

unsymmetrical alkyl and aryl tetrazines.
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0]

1. HS/\)J\OH

(0.2-1¢€q)
NH,NH,*H,0 (16 eq)  N—N
rt. - 40 °C R'—  H—R2
=N

1 2
R-CN + R™CN 5 NaNO,, HCI N
(1eq) (4-8e€q) » 34-75%
Representative examples — Boc
1Y P S N N\ N N=N

N-N  NHBoc || 4 -
e St E/)_<N=N OH % )

N 759,

BocHN N=N N—N
77% 7\ N—N
b Ph—  H— NN
. N=N COOH _
67% HO _N=N COOH
1% BocHN

Scheme 2.9Thiol catalyzed synthésof unsymmetric tetrazines

2.2 Tetrazine Functionalization Through Nucleophlic Aromatic Substitution

(SNAT)

An importantearly application of 38lichloro-tetraziné®, 3,6-bis(thiomethyl)
tetraziné, and 3,6bis(3,5dimethylpyrazoil-yl)-tetrazin@ was their functionalization
by Nucleophilic Aroméc Substitution (8Ar). In a 2010 review by Clavier and
Audebert they summarizedl&iAr chemistry of these tetrazines, most notably with
alcohols, amines, and thidisFurther, examples of directC bond formation on
tetrazines via crossoupling, which are reviewed later in this chapter, often are
prepared by an ingi SvAr desymmetrization of 3;@ichloro- or 3,6bis(thiomethyl

tetrazineg&21
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N=N N=N
c— ,)—cl c—\ ,)—Nuc
N-N N-N
nucleophile
(ROH, RNH,,

N=N_ / RSH, etc. N=N
/s—ag )—S ete) > /s—*@ )—Nuc
N—N N—N
N=N N~ N=N
//Ej{N—%& 2>—N>;j// //ET<N—4§ /)—Nuc
N N-N N N-N

Scheme 2.10Nucleophilic Aromatic Substitution (&r) of tetrazines

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

Tetrazine-Containing Molecules

There have been several groups interested in modifications of tetrazine
containing molecules. Along withv8r, transition metatatalyzed crossoupling has
emerged as powerfultool for functionalizing simple tetrazines building blocks
prepared by methods described earlier in this chapter. Examples of this class of
chemistry is summarized below. Traditional Stfié3 Sonogashid, Heck®,
BuchwaldHartwig?®, and Suzulé’ crosscouplings have been employed. Recently
ortho-functionalization of arytetrazines have been achieved by palladoatalyzed

C-H halogenation or iridiustatalyzed @GH amidation?’2°
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Ding 2010

CsH13 N=N CgHi3
RS WA
Pd(PPh3),
| + | >
\Sn S S Sn/
N N/ D
CeHiz  CgHia
Wombacher 2014

PdCI,(PPh3),
Cul y Et3N
=7 =3

Devaraj 2014

P(tBu

Br OMs @/( )2
O Ph—Fe _ph
HO,C + P Ph

N’/
F = F oo i Ph
L,
T Pd,(dba)s;, Cy,NMe
O (0] (o) >

Audebert 2020
szdba3
N-N Q XPhos
H—( \>—©*Br + HN. O CsC0;5  H—
N=N 5 —

Roger and Hierso 2017

Pd(OAc), Pd,dbas
NCS, AcOH p-tBUPhB(OH), O
MW (200w) Cl KoCO3 O
NN then NN then MeO NS
I 1 Pd(OAc), e Pd,dbaj N
N \BS, AcOH NZN  p-OMePhB(OH), N N tBu
MW (200W) Br KaCOs3 ‘

Y

Scheme 2.11Transition metatatalyzed coupling of tetrazineontaining molecules
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2.4 Direct C-C Bond Formation on TetrazinesHalides Via Transition Metal

Catalyzed Cross-coupling

As previously menbned,Suzuki, Stille, Heck, and Sonogashira cross
coupling chemistry has been usedteextensively on aryl tetrazines where a halide is
positioned on the aryl pendant group of the molecule. However, transition metal
catalyzed crossouplings where a hidke is attached directly to the tetrazine ring are
quite rare. In 2003, Kotschy dedmed the first Sonogashira and Negishi cross
couplings of alkynes on a&@mino6-chlorotetrazines in moderate yieffsAttemptsat
aryl crosscoupling with Kumada and Suzuki reagents or vinyl camgpling 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 carbaron bond formation on tetrazines

halides.

PdCl,(PPh3)s (5 mol%)
Cul (5 mol%)

N-N N=N
R2N—</ \>—C| + H—— R2 Et3N (2 eq) > R2N_</ \> —— R2
N=N N=N

DMA, 80 °C

23-65% Yield

PdCIy(PPhj), (7 mol%)

N-N N-N
RN—/ H—cI + cizn—=—Bu = RN—  H—=—8u
N=N N=N

THF, 60 °C
32-34% Yield

Scheme 2.12Sonogashira and Negistriosscouplings on 3amino6-chlorotetrazines
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In 2013 Avarvari and coworkers produced the first example of a Stille
coupling on a 3.@lichlorotetrazine in the synthesis of tetrathiafulvaieietrazinet’
This molecule \as lder used to explore the intramolecular charge transfer properties

of a covalent doneacceptor molecule.

N Cl
- SnMej Pd(PPhs), (15 mol%) ] \\N(
N=N Toluene, 60 °C E >_<

46% Yield

Scheme 2.13Stille crosscoupling on a 34lichlorotetrazine

I n 2017 VLi nds| eyd@iso6-ghtoroterazineecrogsauplothgge d 3
by describing the first Suzuki conditioHsKey to this discovery was the uska
BrettPhos Pd G3 precatalyst a8gCOzas a mild base which gave moderate to
excellent yields in 2 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.

BrettPhos Pd G3 (5 mol%)
N—N HO CSzCO3 (3 eq)

RN— DH—ci + B-R? > RzN_</ \>_R2

N=N HO 5:1 1,4-dioxanes/H50, r.t.

22-93% Yield

_N N
N™ Cond's N’N\ N
)l\ /,N N Ph 650/ )l\ -N N Ph
Cl N ~ ° Ph” N~ ~
AChAE inhibitor

Scheme 2.14Suzuki crosscouplings on a-&mino6-chlorotetrazines
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Of great interest to our lab is the introduction of minimal tetrazines on
biologically relevant molecules viacresso u p | i n g . Previous to our
had been a single method for crassipling a low molecular weiglémethyltetrazine
via Stille @upling of a3-bromo6-methyltetrazinel e s cr i bed by Wombache
in 2017%° A major limitation of this procedure is the synthesis of the tetrazine reagent
through a3-hydrazinyt6-methyltetrazinavhich is likely highly energetic (although

untested) and unfeasible for scaje beyond the XMmgthat were produced.

N—N 0 SnBuj
Me—( H—NH O
N=N  NH, 0
Br, l40% O
NZN MOMO 0 OMOM
Me—({ ,)—Br Pd(PPhs),, 70 °C
N—N 25% MOMO

Scheme 2.15Stille crosscoupling on a 3nethyl6-bromotetrazine

2.5 A Brief History of Liebeskind-Srogl Crosscoupling

In 2000, Lanny Liebeskind and Jiri Srogl published seminal work in JACS o
thedesulfitativecoupling of thioesters and boronic acids to give a variety of ketone
products®® The LiebeskindSrogl reaction is palladium catalyze®¢(dbas/tris-(2-
furyl)phosphine) and, key to this methodology, it is mediated by a stoichiometric
addition of a copper(l) carboxylate. In this w&@kpper(l) thiophene&-carboxylate
(CuTC)was found to be the most effectireediator, althougiCopper(l) 3

methylsalicylat§ CuMeSal) would also later be used as a general proftotéiNo
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base is required and the addition of a base was actually found to be deleterious to the
reacton. Excellent yields were achieved in the synthesis of alkyl, phenyl, pyrazyl,
styryl, acyl, andCFs ketones. CuX, CuCN, and Zn(Il) carboxylate additives were
ineffective at promoting this reactive, implicating the importance of both Copper(l)
and a carbxylate anion functionality. The proposed mechanism is showed below.
Initially, Copper(l) coordinates with the sulfur atom, activating the thioester for
oxidative addition of palladium. Transmetalation then occurs througmentber
transition state wheithe @arboxylate 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 Liebeskinand @workers 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 Léskird-Srog| reactiort?

o) Proposed =
S Mechanism S
oC C
\ / u R 7 u\
(CuTC) S) o) (3
ﬁ\ o HO o sz(dt:af;’cl‘ mol%) JO]\ . id,/\ i_o,
R ~Ng-R+ HdB_R TP @Emois) (RIIR? %1/1 = on
THF, 50 °C, 18h 5293 % R Thiophilic Cu
13 examples Borophilic O

Scheme 2.16LiebeskindSrogl coupling in the synthesis of ketones from boronic

acids
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The LiebeskineSrogl conditions for ketone synthesis can also be used with
organostannané$ A similar palladiumcatast was used, but in this wo@oppe()
diphenylphosphinateas used as a mediator. Interestingly, the change from a

carboxylate anion to a phosphinate did not hinder the reaction.

9
—P
Ph ,\OC
Ph " N
(CuDPP) R'/R?= ﬁlrlall mlrrglljyl
1.2-22eq .
o} _ 0o Styryl  Thiazolyl
LR+ Bussn-R2 1:8 Pdy(dba)s/ TFP ol o Furyl  Pyrazyl
R1 S (065 - 2.5 mol A)) - R R Thlenyl Acyl
THF, 40-50 °C 61-97 % Pryidyl  Propenyl

17 examples

Scheme 2.17LiebeskindSroglcoupling n 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 organostannan&s*This reaction is again palladium catalyzed and mediated by
either CuTC for boronic acid coupling and CuMeSal for stannane coupling. Base was
notrequired, though it was noted that Zn(OAle¢lped to drive some of these
reactions, presumgbby coordination to basic nitrogen atoms that could interfere with
the crosscoupling. A unique feature to this methodology is the ability to modify the
electronand steric properties of the thioether wilhe, -Ph,-Tolyl andb-amido
pendantgroupswhic | ed t o fiactivationo of | ess rea
pyridyl, pyrimidyl, pyrazinyl, thiazole, oxazole, tetrazole, and thiophene
heteroaromatics cdaibe coupled in good yields. The lab of Guillaumet

simultaneously published similar work tre coupling of heteroaromatic thioethers
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with organostannanes in 2003, including the coupling a triazinyl thiomethyl*éther.
Aryl thioethers under similar conditions did not couple efficiently, underscdnmng t
uncommon crossoupling ability of the Liebeskin&rogl reaction on electron
deficient heteroaromatic thioethers which could potentially be exploited foritetraz

synthesis.

Liebeskind & Srogl 2002

Pd cat
HO CuTC (1.2 - 1.3 eq) ]
Het—SR + B-+R! > [Het-R! R =Anl
HO THF, 50 °C, 18h 3-pryidyl

53-87 %

R = 12 examples

0 0
$—Me §—Tolyl JNHz §}NM62

Liebeskind & Egi 2003

Pd cat
CuMeSal (2.2 eq) 1
Het—SR™ + Bu;Sn—R! > Het—R!' R" = Aryl
THF, 50 °C, 18h Propenyl
R = %—Me §—To|y| §—Ph 12 examples Thienyl
Guillaumet et. al. 2003
N—N Pd, Cu N—N R= Aryl Furyl
</ \>—s + BugSn—-R ——> ¢ \>_R 4-pryidyl Thienyl
—N \ THF, reflux  \=N styryl

Scheme 2.18LiebeskindSrogl coupling on éteroaromatic thioethers

Since these initial publications, many groups have expanded on the
LiebeskindSrogl reaction. Alternative nucleophiles such as alkifesoxane?’, and
Grignardreagent® have been described. Thioamides and thioureas have been used as

electrophiles®*! Heteroaryl disulfides can also be employed as electragRifeor
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further information, Kappe (2009) and Zhou (2018) have written comprehensive

reviews of the development and applicataf the Liebeskingsrogl reactiorf® 44

2.6 Liebeskind-Srogl Crosscoupling on Tetrazine Thioethers

The work presented in thchapter as well as a portion of the PhD work of my
colleague Dr. Yinzhi Farf§ has been greatipfluenced by the first description of a
LiebeskindSrogl crosscoupling on étrazines by Franck Suzanet and coworkns.
their 2007 Synlett paper, a readily accessibleb®&@mnethylthiojtetrazine was first
desymmetrized byN&r substitution with morpholine or methanol. Subsequently,
palladiumcatalyzed coppermediated crossoupling could be achieved with either
boronic acid or tributyl tin reagents. A high temperature, high pressure microwave
synthesis was required to acheeacceptable yields, but with limited functional group
scope. Both electronath arylboronic acids and electron poor arylboronic acids could
be used, although electron poor substrates gave slightly lower yields. Organotin
reagents underwent smooth transfations under the same conditions, although it
was noted that higher yieldsudd be achieved under reflux of DME rather than
microwave heating, likely due to the sensitivity of the tin reagents at high
temperatures. Lastly, arfiethoxy6-(methylthio)tetraine was used under the same
conditions with 4methoxyphenylboronic acid toige 12% of the desired product.
The electron withdrawing nature of the methoxy substituent on tetrazine is likely
destabilizing under these conditions, resulting in startingnmahtiecomposition.

Audebert and coworkers have used these synthetic corsiim similar success in
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order to study the electrochemical and photophysical properties of triphenylgmine

tetrazine<!

Pd(PPhj), (5 mol%)

/N NN, HO R cuTc (2.2 eq) N-N R
7\ :
O 2 - OO
N=N HO DME, 200 °C, 2h /" \=N
2.2eq Microwave (14-16 bars) 31-67% Vield

N=N Pd(PPh3)4 (5 mol%)
/N a / CuTC (2.2 e /~— N-N
o N—</ \>—S + BuzgSn—R ( il > 0O N—</ \>—R
" N=N 226q DME. 200°C, 2h /" \=N

Microwave (14-16 bars) 8-49% Yield
R = Aryl, Styryl, 2-Thiophene, 4-Pyridyl

Pd(PPhs), (5 mol%)

N—N / HO —
CuTC (2.2 e N—N
Meo—/ H—s + :B@OMe 22e9) Meo—/ S )—oMme
N=N HO DME, 200 °C, 2h N=N
22¢eq Microwave (14-16 bars) 12% Yield

Scheme 2.19The first LiebeskineSrogl crosscoupling on §(methylthio)tetrazine

The group ofSylvain Routiethas also employedesulftative crosscoupling
on 3,6bis(methylthiojtetrazine in palladiurtatalyzedcoppermediated
aminations'® 4’ 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 3Bs(amino)tetrazine was observed unithese
conditions. It seems that the addition of one amino group deactivates the remaining

thiomethyl functionality from subsequent coupling.
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Pd(OAc), (10 mol%)
Xantphos (20 mol%)
CuMeSal (2.0 eq)

NN/ N-N R
Cs,CO;3 (2.2 eq) J
s =8 + pN-R 2 > s Nn
/ N:N>_ 2 Toluene, 170 °C, 3h /_<N:N>_ Y
1.2 eq Microwave
OMe MeO
y N
R= i Home | : +—(-oue
88% 83% 0% 79%

Scheme 2.20Pd-catalyzeddesulfitativeaminations on 3,&is(methylthiojtetrazine

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 protithe 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-smeific hydrophobic
interactions, aggregation, low API potency, or low sigoatoise in imaging
experi ments. Recently, researchers have Dbe
probes whereby a small and hydrophilic tetrazine can be introducadrisrP
Hofmann synthesis, crogsupling, SAr, or traditional peptide conjugation
chemistry.
The following examples are a selection of current techniques to introduce
mi ni mal tetrazines to biologically relevar
synthesizdi t wornnd B OtBtlazn¥ probes by a direct Zn(OJ€ptalyzed Pinner

synthesis on a BODIPYiitriles*® Kunter and Mikula have synthesiz&#-tetrazine
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probes via a NiGlcatalyzed PinneHofmann synthesis from a sméH
hydroxypropanenitriléollowed by fluorinatior®® Mehl and cowrkers established+
(6-methyls-tetrazin3-yl)phenylalanine (Tev2.0) as a powerful unnatural amino acid
label, again through a Ni(OEffatalyzed PinneHofmann synthesi® Devaraj has
developed a mesylatédhydroxyethyt6-mettyltetrazinefor an eliminatiorHeck
cascade reacticiFeng6s gr oup h astrazingsgodnstallmtahe | al ko xy
boron center of BODIPY tlorophores! Wu and coworkers have used their 3
mercaptopropionic acid catalyzed tetrazine synthesis to maletheylphosponate
tetrazine which then can berotiuced to aldehydes byHorneir Wadswortfi

Emmons reactiof* As mentioned previously, Wombacher has synthesi&d a
bromo6-methyltetrazindor Stille couplings® The same group has usgd
hydroxymethyl6-methyl etrazineas a minimal tool for sitspecific protein

labeling® Finally, two groups in 2020 have independently applidxicdno6-H-
tetrazine toward $Ar labeling of amino acids (Lys, Tyr, Cy$)owever, this molecule

is expected tde volatile and higienergy>® >*
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Minimal Tetrazine Through Pinner Synthesis

Weissleder 2013 Mehl 2015
Zn(OTf), cat. J\
Pinner
BODIPY-CN N \l}l
N N
Ni(OTf), cat. Y
Pinner
Kunter and Mikula 2014
1. NiCl, cat. Pinner CO,H
2. TsCl, Pyridine N CO,H
3.18F, Crypt-222  "8F 7NN NH; NH
2
HO >"cn _KeCOs - N7
Minimal Tetrazine Building Blocks Feng 2018
Devaraj 2014 N—N
N—N OMs Elimination- N=N R —</ \>—<—/)H_\OH
— \>_/7 Heck / \>_//’ N=N
B == = _<
2. tBuOH n=1,2,37
Wu 2019 ¢ 2,6-lutidine
N—N OEt HWE N—N R
AR e g
= N=N N-N
Wombacher 2019 o —</N N\ )
Carbamate =
N-N  OH . N=N o—/{
78RN conjugation 72N _
— B — — — B —  HN-R PN N
N=N N=N NN N~ m
Pouplana and Riera 2020 NN NW¢N HN)\\N/N
Gademann 2020 Il |
N*N 0]
N—-N SNAT S
H—~ S—Br ——
N Ay & &y
Ho 5 (©ys) omn H g s

Scheme 2.21Synthesis and attachmesftminimal tetrazines to complex substrates

2.8 Interest and Research Goals of Minimal Tetrazine Syntésis 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 thexpaading
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application of the tetrazine ligation came an increasing need for die¢razine
containingmolecules for specialized applications. Progress on this front was hindered
by the harsh conditions needed to synthesize tetrazines themselves. As described
above, the Pinnddofmannsynthesis and its Lewis acid catalyzed counterpart
required hydrazine amcreased 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 dhese issues, we aséll limited in scope and applicability to
relevant biologic experiments. This is where crosspling comes into the picture as
an attractive approach toward tetrazine functionalization of complex biomolecules.
Unfortunately, progresin tetrazine crossoupling 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-aminoor -dialkyl tetrazires, harsh reaction conditions, limited
scope, and low yields.

Building off the work of my predecessors Dr. Melissa Blackthand Dr.
Yinzhi Fand®, | set out to develop a methodology for minimal tetrazine
functionalization on comglx, 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
expeiment. The followingdescribes the approach | 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 mdecules with minimatetrazines; eliminating the siddfect of large and
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hydrophobic linkers that typically result from conjugation and comegling
chemistry which in turn negatively affects the physiochemical properties of the target
tetrazinefunctionalized molecule. Theork that follows was published in JACS in

2019>°

A Common Approach high MW linker

_N
o N= h/ can negatively
NH, - NN impact target
” N binding and
~__ -

physiochemical

properties
B Cross-Coupling Approach
N—N C .
minimalist tetrazine
RS—</ Y—Me improved
N=N Y N=N —> probes for live
FG safe to handle \ />_Me cell |mag|ng
catalyst N—N and iq vivo
chemistry

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

attach molecules of interest. (B) Crassupling approach described here.

2.9 Synthesis of Tetrazine Thioethers for LiebeskineSrogl CrossCoupling

At the outet of this project we envisioned theactical functionalization of
complex molecules with minimal tetrazines through a Liebes&imd)| cross
coupling reaction. We needed a tetrazine nucleophile that could be easily synthesized,
was sfe to handle, and wable to react with common nucleophiles like boronic acids
and alkyl tin reagents. Previous to this work the oni§ CiebeskindSrogl cross
coupling on a tetrazine was done by Suzanet and cowdfk&rfew drawbacks

related to tis work are the high temperatures needed to drive the reaction (upwards of
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200 °C) and the resultinga&@minotetrazines which, although valuable in some
medicinal chemistry applications, aattenuatedn bioorthogonal reactionsy the
deactivating aminoubstituen> *°Thus, we soughbtsynthesize &-thioalkyl-6-
methyltetrazinghat could be used under mild conditions to install a mingnal
methyltetrazindunctionality.
UnsymmetricaB-thiomethyl6-methyltetrazindvad been previously
synthesized by Fields and later by our group in the syntheditcamethyls-tetrazin
3-yl)aminophenylalaniné!- >’ A driving force of this project was the overa#ifety of
the tetrazine synthesis and subsequent @rospling.3-thiomethyl6-methyltetrazine
was simply too small (highitrogen, high exothermic energy) and potentially volatile
to work with at large scales. Because of this, Yinzhi Fang and | stt mstead use
bulkier 3-thiobenzyt6-methyltetrazines a platform fooptimization of a Liebeskind
Srogl reaction. Based on this molecule | also synthesized a library of functionalized
benzylic thioether tetrazines with additional guidance and safeilygdsom our
colleagues at Pfizer led by Dr. Christopher am Endeudied in this library is the
opti mi zamtziéonwhoifc h6bwas found to be the star
In general 3-thiobenzyt6-methyltetrazines made in three steps. The first
being the alkylation of thiocarbohydrazide with a benzylic bromide reagea heated
solution of ethanol. After filtration, commercially available triethyl orthoacetate was
condensed with the alkylated thiocarbohydrazide in pyridine and warm DMF followed
by anin situ oxidation by various methods. Note that only the synshaflsb Tz (1)
was fully optimized (see description belowdtiBomethyt6-phenyltetrazine3d) was
also synthesized in a similar procedure using iodomethane as an alkylating reagent and

triethyl orthobenzoatas the condensing reagent. The overall yiefdee®non
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optimized tetrazineslp-1g) and @) oxidized by PIDA were low to moderate-4&%).
Our collaborators at Pfizer have tested each tetrazine by differential scanning
calorimetry(DSC) to quantify their onset temperatures and exothermic energy.
Thiocarbohydrazide and [ Xbjphedyl}4-ylmethyl)thiocarbohydrazide bromide

were also tested (see experimental section).

Ph CN OMe {Bu
MeO OMe Ph
1
S S S S S S S N \'\.'
Jo A PY PO P
N"TN NTON NN N"TN O NTTNGONTEN NN
N__N NTN NTN NTN NTN NTN NTN
Overal yield 1a, b-Tz 1b 1c 1d 1e 1f 19 3
(3steps)  47% 9% 10% 29% 3% 24% 28% 46%
Onset Temp. (°C) 170 158 166 170 162 159 154 172
Exotherm (J/g) 900 1068 919 1002 969 848 796 1414

Figure 2.2: A library of 3-thiobenzylic-6-methyltetrazine and3-thiomethy}6-
phenyltetrazine were synthesized and evaluated for exothermic energy by differential

scanning calorimetry (DSC)

| have optimized the synthesis ofltz (1a) for large scale reactions with
minimal workup or pufication steps. First, thiochohydrazide could be alkylated by
1.0 equiv of4-bromomethyl biphenyih ethanol. Due to the onset temperature of
thiocarbohydrazide (172 °C) it was determined that a reaction temperature of 60 °C
was optimal given our Pfizero | | abor at or éactiongheingkept 5100es on r
°C below the onset temperature of the reag®ritbe alkylated productrpcipitates

easily from ethanahnd 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 dihydrb-Tz proved to be challenging as | wed to
eliminate any column cbhmatography or excessive use of solvent to recrystaHize b
from the crude reaction. Stoichiometric PIDA was quickly eliminated because of the
cost, the large amount of waste material that was formed, and requiremergtioy len
columnchromatography. Stchiometric 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 reach gave bTz, albeit at a very slow rate. | then tried
adding catalytic amounts of metal to accelerate the oxidation. The first success was
with Zn(I)(OAc)2(H20). which was surprising given the uncommon application of
zincin an oxidation reaction. Thesults were very inconsistent however, with varied
rates of completion (6h to 5 days) as well as inconstant yields. Catalytic
Ni(I1)(OAc) 2(H20)4 produced very little ¥z, whereas Fe(lll)Glgave full conversion
of dihydra-b-Tz but with low yield and a lge amount of side product. Finally, by
using 10 mol% Cu(ll)(OAe)full conversion of dihydreéb-Tz to b Tz was observed
with no side products and very consistent results over multiple trials. Thus, the crude
condensation reaon could by oxidized by addint0 vol% water, 10 mol%

Cu(IN(OACc)., and by bubbling air (~3 bubbles per second) and vigorously stirring for
24 hours. After completion the crude mixture efbcan be precipitated with

additional water, vacuum filtered,idd, then dissolved in DCM tcelpurified by a

short silica plug (mainly to remove any remaining copper), resultinglinin 47%

yield over 3 steps. Up to 27 grams ef b can be synthesized in one batch, a vastly
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larger scale of tetrazine synthesis tioain lab has ever done usingnydrazine Pinner
Hofmannsynthesis. At the time of this writing; Tz is patent pending and has been

commercialized by Affinity Research Chemicals (Wilmington, DE).

1)Br/\©\
S
H ot s

HN™ NH  EioH. 60 °C, filter E'

|
NH, NH,

27 grams
simple purification

S/\©\
)§N Ph
_ b

N -Tz

2)MeC(OEY), pyridine, | 1a,47%
commercially  pMmE 50 °C Me
available then -
Cu(OAc), (10 mol %) ~ DSC:900Jfg
air, DMF/H,0, r.t. -onset temp: 170 °C

Figure 2.3: The decagrarsynthesis of fI'z (1)

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

and Attempts at Suzuki CrossCoupling

| initially joined this project as my colleague Dr. Yinzhi Fang had already
began exploring the use of thioethetrazines in LiebeskaiSrogl cross coupling with

aryl tin reagenté> We were curious abotite viability of a Suzuktype cross

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

3-chloro-6-methyltetrazineand3-chloro-6-phenyltetrazindrom the thioether starting
materials {b) and @) respectively3-chloro-6-phenyltetrazinevas synthesized from
(3) by stirring in 5 equiv sulfuryl chlorideS0G,Cl2) 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 rapidly3-chloro-6-phenyltetrazinavas obtaned in 48% after quick
column chromatography.

3-chloro-6-methyltetrazinavas more challenging given its high volatility and
the slow reactivity of1b) with sulfuryl chloride. Instead 1) was stirred in neat
sulfuryl chloride (62 equiv) at raw temperaire 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. Unfortunatelyne prodet was still impure with very rapid
decomposition when column chromatography was attempted. The concentration of the
crude solution was determined by W5 (UV-V i smax53@m, e = 500.23s 160
mM with a3-chloro-6-methyltetrazingyield 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 th@ncentration of the crude solution. A
standard absorption curve could then be obtaimeith® U\+Vis with a series of dilute

stock solutions and the extinction coef fic

Ph
1 DCM/ACN 4:1 T 1 S0,Cl, (62 eq) 1
lﬂ \l}l 50°C, 4h IH \I}J l\llI \N rt., 3 days NN
- N |
T oot e T wY & N
3 py, Column Chromatography Ph 1b Me Crude Me

Solvent Exchange

Figure 2.4: Chlorination of thioether tetrazines by sulfuryl chloride

Optimization of a Suzuki crossoupling reaction with phenylboronic acid was

then initiated witl8-chloro-6-phenyltetrazineA variety of palladium sources were
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attempted with CyJohnPhos, a ligand | nedi@lso worked well with tetrazines in
coppermediated Liebeskin®rogl crosscoupling (aescribed later this chapter). A

mild base, C&££0;s, was chosen due to the propensity of thesbl8ro-tetrazines to
decompose in harsh bases. The best reaction was Wigepalladium was added in
portions, once at the beginning of the reaction and trex a#ifway through, giving

up to 71% of the 3;8iphenyttetrazine product. Some reactions were also carried out
on 3-chloro-6-methyltetrazingalthough rapid decompitisn was observed unless the
temperature was reduced to 50 °C, giving 21% yield of {peehyt6-methyltetrazine

product.

PhB(OH), (3.0 eq)

Pd cat.

Ligand
Cs,CO5(1.2-2.0 eqL

@)
T
>

z
e
z

N\f Solvent, 0.1 M
Ph 100 - 110 °C, 2h

pzd
—
P4

T
>

1 Pd,(dba);(10 mol %)  CylohnPhos (40 mol %) Cs,CO,4 (2.0 eq)

2 [PdCl(allyl)],(20 mol %) CyJohnPhos (40 mol %) THF 100 Cs,CO,4 (2.0 eq) 13
3 Pd(OAc), (20 mol %)  CyJohnPhos (40 mol %) THF 100 Cs,CO,4 (2.0 eq) 3
4 Pd,(dba);(10 mol %)  CylohnPhos (40 mol %) THF 110 Cs,C0O;5 (1.2 eq) 34
5 Pd,(dba);(10 mol %)  CyJohnPhos (40 mol %) Toluene 110 Cs,C0;5 (1.2 eq) 36
6  2x Pd,(dba);(5 mol %) CylohnPhos (45 mol %) Toluene 100 Cs,CO; (2.0 eq) 71

Table 2.1:Optimization of Suzukcrosscoupling conditions on-8hloro-6-

phenyltetrazine
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PhB(OH), (3.0 eq)
Pd cat.

)\ Ligand
N SN CsxCO3(1.5eq) N

Ph

A

NN Toluene, 0.1 M N
e e

Me 50 -100°C, 4h

1  2xPd,(dba);(10 mol %) CyJohnPhos (40 mol %) 100 Cs,CO,(1.5eq) Decomp.
2 2x Pd,(dba);(10 mol %) CylohnPhos (40 mol %) 50 Cs,CO4(1.5eq) 21

Table 2.2:Optimization of Suzukcrosscoupling conditions on-8hloro-6-

methyltetrazine

In summary, although Suzuki cressuplings could be successfully carried
out, there are clear obstacles to overcome with thieadetogy. First, the synthesis
of 3-chloro-tetrazines is rather hslr, requiring sulfuryl chloride in a large excess.
Second, Zhlorotetrazines are very sensitive, decomposing on silica gel and under
basic conditions. Third-chloro-6-methyltetrazines volatile, expected to have a high
exotherm (a higimitrogen molecle), and must be handled in solution which defeats

the overall goal of this project: tisafeinstallation of minimal tetrazines.

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

Thioether Tetrazines

Encouraged by the word Suzenef and my coworker Dr. Yinzhi Fafy |
began exploring crossoupling reactions of tetrazine thioethers and phenylboronic
acid under palladiurcatalyzed, coppemediated Liebeskin&rogl conditions. Initial

optimization was carried out ortBiobenzyl6-methyltetrazineIb). Pd(dbak was
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chosen as source of palladium and the common Liebeskivgl mediatoCopper(l)

thiophene2-carboxylatg CuTC) was used as an additive. Additionally, it was found

that a base (G€0s) was required for progression tietreaction. A series of

monodentaterad Buchwald ligands were screened with CyJohnPhos (35%) a2d tri

furyl)phosphine (TFP, 28%) giving the best results in the synthesiploéByt6-

methyltetrazine.

PPh3 ASPh3
2% 5%

PCy3 PBU3
15% trace

CyZP

CyJohnPhos
35%

Cy,P l OMe
i-Pr ! i-Pr

i-Pr
BrettPhos
20%

MeO

Ph

Pd,(dba)z (10 mol%)
Ligand (40 mol%)
CuTC (2.5 €eq)
Cs,CO3 (3.0 eq)
—_—

1b 3eq 50°C, 17-19h T
(1.0 eq) *100°C, 2h
OMe
e ) 2
Ph,P” N

OMe

1000171-05-0
11%*

OMe 229,

CyoP [ t-Bu,P ‘ Cy,P ‘
‘ AN g i-Pr ! i-Pr
DavePhos JohnPhos ipr
19% 8% XPhos
‘ 21%

t—BUzP Cy,P ‘ ‘

' : vz Ph,P

i-Pr -Pr 0 o |
O i-Pr” O i-Pr g N

P I-Pr
Me4tBuXPhos RuPhos PhDavePhos

3%"* 9%”
0

Figure 2.5: Initial ligand screening for Liebeskirsiogl crosscoupling on thioether

tetrazines



Using similar conditions and CyJohnPhos as a ligand, a series of copper
sources were screened. The common LiebesRBnogl mediators CuTC and CuMeSal
(Copper(l) 3methylsalcylate gave similar yields. Surprigity, 15% yield of 3
phenyl6-methyltetrazine was obtained using Copper(l) acetate without any addition
of base, an unusual LiebeskiSdogl mediator. Attempts with Cu(ll) acetate, Cu(l)
iodide, Cu(l) chloride, Cu(l) ghenylphosphinateu(l) trifluoromethanesulfonate
Cu(l)(ACN)4PFs, and Ni(ll) acetate failed to produce the desired product.

A more thorough optimization study was then initiated ushtigj@nethyt6-
phenyltetrazine3) instead of {b). | began to suspéthat (Lb) may be decomposing
under ®me aspect of the reaction conditions given that near full conversion was
observed on most reactions with only low yields of the desired product. | began by
comparing the two best ligands, CyJohnPhos and TFP, witietheetrazine starting
material. In tis screening, TFP gave a muohproved yield (26%) versus
CyJohnPhos (9%) in the synthesis of-8iphenyttetrazine. Switching from CuTC to
CuMeSal doubled the yield to 52%. Dropping the temperature down to 70 °@ gave
small improvement (57%), likely due the instability of 8) 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 theetrazine yield. Although, if the yielid 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, | chose to move forward with 1.9 equiv of boronic acid
given that more complex boronic acids wouldtegnly 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 idhethoxyethaneesulted in improved yields up to 71%.
Tetrahydrofuran was also agwbcandidate with 68% yield. Additiaf carbonate

bases ocesium fluoridegave good yields, GEOs being the best, while all others
dramatically lowered the yield. Examining the source of palladium resulted in
Pa(dba} giving the highest yields. Rexanining temperature showed that lowirgy t

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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s
/I\ Pd Source
NN

N | Ligand
N._N Cu Mediator
Base N™ N
Ph _B. = || |
HO" OH Solvent, 0.1 M NYN
1.0eq 1.9-3.0eq Temp., Time Ph

CylohnPhos vs Tri(2-furyl)P and CuMeSal vs CuTC

1 3.0eq Pd,(dba);(10 mol %) CylohnPhos(40 mol %) Toluene 100 CuTC(2.5eq) Cs,CO;(3.0eq) 3

2 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 100 CuTC(2.5eq) Cs,CO,;(3.0eq) 2 26

3 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 100 CuMeSal (2.5 eq) Cs,CO,(3.0 eq) 2 52
Temperature

i 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 100 CuMeSal (2.5 eq) Cs,CO;(3.0 eq) 2 52

2 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal(2.5eq) Cs,CO,(3.0eq) 0.75 57

3 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 40 CuMeSal(2.5eq) Cs,CO;(3.0eq) 2.5 40

Copper Loading

1 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal(2.5eq) Cs,CO;(3.0eq) 2
2 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal (1.9 eq) Cs,CO,(3.0 eq) 2 53
3 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal(1.5eq) Cs,CO;(3.0eq) 2 37

Boronic Acid Loading

1 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal(2.1eq) Cs,CO,(3.0eq) 0.75 57

2 2.5eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal(2.1eq) Cs,CO,(3.0eq) 0.75 42

3 1.9 eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal(2.1eq) Cs,CO;(3.0eq) 0.75 42
Solvents

1 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Toluene 70 CuMeSal(2.5eq) Cs,CO;(3.0eq)

2 3.0eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol%) DMF 100 CuMeSal(2.5eq) Cs,CO;(3.0eq) 1.5 decomp
3 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %)  THF 70 CuMeSal (2.5 eq) Cs,CO;(3.0eq) 1.5 68

4 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) Cs,CO,(3.0eq) 1.5 71

5 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol%) ACN 70 CuMeSal(2.5eq) Cs,CO4(3.0eq) 1.5 11

6 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol%) DME 70 CuMeSal(2.5eq) Cs,CO,(3.0eq) 1.5 71
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Bases

1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane CuMeSal (2.5 eq) Cs,CO;(3.0eq) 1.5

2 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) Et;N(3.0eq) 15 32
3 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) CsF(3.0eq) 1.5 58
4 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) LiOtBu(3.0eq) 1.5 48
5 19eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) K,CO,(3.0eq) 1.5 61
6 19eq Pd,(dba),(10 mol%) Tri(2-furyl)P (40 mol %) Dﬁ‘?ge 70 CuMeSal (2.5 eq) KiPO,(3.0eq) 1.5 22
7 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) KHMDS (3.0eq) 1.5 26

Palladium Sources

1 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) Cs,CO;(3.0eq) 1.5 71
2 1.9eq Pd(OAc),(20 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) Cs,CO5(3.0eq) 1.5 59
3 1.9eq [nglrf:lv;z])l Tri{2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) Cs,CO;(3.0eq) 1.5 64

Temperature Revisited

1 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 70 CuMeSal(2.5eq) Cs,CO4(3.0eq) 1.5 71
2 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 50 CuMeSal(2.5eq) Cs,CO,(3.0eq) 2.5 68
3 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane rt. CuMeSal (2.5 eq) Cs,CO;(3.0eq) 24 41

Ligand Loading

1 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (40 mol %) Dioxane 50 CuMeSal(2.5eq) Cs,CO4(3.0eq) 2.5 68
2 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (60 mol %) Dioxane 50 CuMeSal(2.5eq) Cs,CO5(3.0eq) 2.5 71
3 1.9eq Pd,(dba);(10 mol %) Tri(2-furyl)P (80 mol %) Dioxane 50 CuMeSal(2.5eq) Cs,CO5(3.0eq) 2.5 71

Table 2.3:Optimization of coppemediated Liebgkind-Srogl conditions on-3

thiomethyt6-phenyltetrazine3)

Finalizing the optimized 6standard?o
changes. First, the catalyst loading was increased to 12.5 me{@b&gland 50
mol% TFP in order to drive the reaction to full conversion, especially in the cases
where (Lb) was used as the tetrazine starting material. Second, | found that a
portionwise addition of CuMeSal as a slurry in-tljdxane gave slightly higher
yields, whichled me to believe that copper could be the source of the starting material

decomposition. Using these optimized conditions | then looked at a series of
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phenylboronic acid experiments to determine the most efficient loading. With tetrazine
(3) I observed egellent 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(@¥$) only 0.34 mol of product
when 2.5 equiv of Ph®H), were used. Crossoupling yields with tetrazinelb)

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 nobf PhBOH). whereas 0.38 mol of product was
obtained when 1.3 equiv of PhB(QHiyas used. | also tested these conditions with b
Tz (1@) using 1.9 equiv phenylboronic acid and only observed a 39% yield of the
desired product based on the limiting tetrazieagentFurther, inversion of reagent
stoichiometry in thel(b) reaction (1.0 equiv PhB(Oklaind excess tetrazin&k))

gave low yields.
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N N CuMeSal (2.1eq) N

Pd,(dba); increased to 12.5 mol% to drive reaction completion
CuMeSal loading reduced to 2.1 eq with no loss in yield

Portionwise Addition of CuMeSal

PhB(OH), (1.3-2.5 eq) Standard Conditions
\S Pd,(dba); (12.5 mol%)
)\ TFP (50 mol%)
\
I |
_N

N. _N CsxCO3(3.0eq)

Dioxane, 50 mM
70°C, 45-90 min

PhB(OH), (1.3-2.5 eq)
.. Pdy(dba); (12.5 mol%)
1 TFP (50 mol%)
AN

N CuMeSal (2.1 eq) NN

N. _N  Cs2C03 (3.0 eq) o

’

Dioxane, 50 mM
70°C, 45-90 min

=

Standard conditions (without portionwise addition)  74%
CuMesSal dissolved in DMSO, added over 25 min. 59%
CuMeSal/Dioxane slurry, 5x100 uL (8 min intervals) 74%
CuMeSal/Dioxane slurry, 5x100 pL (4 min intervals) 80%

PhB(OH), (1.1-2.5 eq)
Pdy(dba)s (12.5 mol%)
TFP (50 mol%)

s CuMeSal (2.1 eq)
| Cs,CO5 (3.0 e N
N )§N 2C03 ( q) . Iﬂ l}l
) Dioxane, 50 mM NTN

NN 700, 45-90 min
]

PhB(OH),: 1.3eq 19eq 25eq PhB(OH),: 1.1eq 1.3eq 16eq 1.9eq 25eq

Yield based on Tz 68% 80%
Yield based on B(OH), 52%  42%

Under optimized copper-mediated
conditions tetrazine 1b performed

86% 40% 50% 54% 57% 61%
34% 36% 38% 34% 30% 24%

Inverted Stoichiometry
(1.0 eq PhB(OH),)
1b: 19eq 2.5eq

Yield based on B(OH), 35% 27%

PhB(OH), (1.9 eq)

Pd,(dba); (12.5 mol%)
better than b-Tz 1a /©/\j\ TFP (50 mol%)
Ph NN CuMeSal (2.1 eq)
|

NI /,{j Cs,CO3 (3.0 eq) g N >N

|
1aT Dioxane, 50 mM T
39% yield

b-Tz 70°C, 90 min

Figure 2.6: Optimized conditions of the copperediated Liebeskin&rogl cross

coupling oftetrazines ) and (Lb)

| briefly looked at the crossoupling 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 condiiinthe crosscoupling

of unprotected aryl amines; a reagent that is not compatible with conditions described

later in this chapter.

\S R-B(OH), (1.6 eq) R R-B(OH), (1.6 eq)
)\ Pd,(dba); (12.5 mol%) )\ Pd,(dba); (12.5 mol%)
N ~ N TFP (50 mol%) N \N TFP (50 mol%)
_ N CuMeSal (2.1 eq) N _ N S CuMeSal (2.1 eq) R
Cs,CO3 (3.0-4.6 eq) Cs,CO3 (3.0-4.6 eq)
)§N > N)*N
Dioxane, 50 mM NI N Dioxane, 50 mM NI N
70°C, 45-90 min " 70°C, 45-90 min \f
NHBoc (ONg NMR Yields NHBoc (@) (ONQ NH,
59% 52% 54% 50% 45% 29%

Figure 2.7: A limited scope study of the optimized coppeediated Liebeskin&rod

crosscoupling of tetrazines3) and (Lb) 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 BTz (14) in the presence @uTC at typical reaction temperature. He observed
rapid decomposition, resulting in >60% conversion-dizn only 40 minutes. The

only identifiable byproduct from this reaction waphenylbenzaldehyde
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Instability of b-Tz (1a) toward CuTc

N—N /—Q*Ph 100 THF =
— Vs 2 50 DMF ==
N=N b-Tz (0.1 M) >
S * £ 60+
Ucozcu (30eq) 5 4o-
N
'_
l ;'OHI:Cor DMF 'S 20
monitor for 0 1'0 2'0 3'0 4I0
remaining b-Tz time (min)

Figure 2.8: Theinstability to tetrazine thiobenzyl functionality toward CuTC

To summarize theeinvestigations, | was able to optimize conditions for the
coppermediated Liebeskin®rogl crosscoupling of tetrazines and arylboronic acids
with acceptable yields. Howewyea major limitation is the susceptibility of tetrazine
thioethers to decompositiaunder the reaction conditions. Copper(l) additives were
the root cause of this issue, resulting in rapid decomposition over the course of only
minutes. | have also obsed/excessive heating >70 °C as well as the addition of
CsCQOs as a route toward deegosition, though these rates are much slower than
those stemming from copper. For these reasons, | began searching for alternatives to
copper(l); annquiry which led to mydiscovery of silver(l) being applied as a

LiebeskindSrogl mediator for the firgtime.
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2.12 Optimization of Silver Mediated Liebeskind-Srogl CrossCoupling on

Thioether Tetrazines

In searching for alternative transitionetal mediators that woultbt cause
decomposition of thioether tetrazine starting materials, | hypothetsiaedilver(l)
could act as an ideal replacement to copper(l). Thiols have a strong affinity toward
silver and have been used in the construction ofessiémbles monolaye(SAMS) on
silver surfaces and nanoparticl°Recently, AgCOs was used as a mediator in
rhodium catalyzed crossoupling of aryl thiomethyl reagents and boronic acids or
boraxines®! 62Key to the success of this reaction was the requirement for an ortho
substituted carbonyl group on the aryl thiomethglgent which coordinated the
rhodium catalyst before oxidation addition. Presumably, silver facilitates the
transnetalation of boronic acid toward the rhoditinioether compleX?

Given this knowledge, | sought to use silver(l) compounds as a mediator in the
palladiumcatalyzed Liebgkind-Srogl crosscoupling of tetrazineslg-1g) and(3)
with boronic acids. My first success was with silves@)icylate(AgSal) which |
synthesized as an analogue to the comnopper(l) 3methylsalicylat§ CuMeSal)
LiebeskindSrogl mediator. Happilyysing tetrazine3d), Pd(dbak, TFP, AgSal, and
sodiumsalicylate(NaSal) as a base, | was able to achieve 20% yield of the desired
3,6-diphenyltetrazine. Similarly, A€ 0Oz was also used with success on tetrazifg (
to give 3phenyt6-methyltetrazine ir86% yield. In both of these reactions a polar
aprotic stvent was required (DMSO or DMF). With these results in hand | began a

more extensive optimization of a silverediated Liebeskinrogl reaction.
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0 0
d‘\OAQ ©5‘\ ONa
OH OH

AgSal NaSal
g Pd,(dba); (12.5 mol%)
)\ TFP (50 mol%)
\
” | N AgSal (2.1 eq) NN
\f NaSal (3.0 eq) M |
Ph 41 Dioxane/DMSO  N~zN
3 (1-9 eq’ 100°C, 2.5h Ph
(1.0 eq) 20% Yield
Pd,(dba)s (12.5 mol%)
TFP (50 mol%)
Ag,CO5 (5.0 eq) |\||| \'Tl
DMF NI
1b (1 9 eq) 100°C, 19h T
(1.0 eq) 36% Yield

Figure 2.9: Initial results from screening silver(l) salts in a Liebesk8rdgl cross

coupling reaction on tetrazine thioethers

| initiated optimization by exploring the reaction aftBiobenzyl}6-
methyltetrazine Ib) with PhB(OH), a palladium catalyst, and a silveednator in
DMF at increased temperatures. Using®@@s as a mediator | screened Buchwald
ligands, a variety of bidentate ligands, and a small library of palladium precatalysts. A
PdCb(dppf) precatalyst gave the best results with 72% vyield of the deswddqgt and
24% of unreactedLp) remaining when the reden 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 db) to thermally decompos&luch like the

optimized coppemediated reaction, CyJohnPhaas the best performing Buchwald
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type ligand but with only a modest 32% yield. The best result of@Bak and a
bidentate ligand combination came frddvXantPhos with a 54% vyield. Surprisingly,
usng Pa(dba} and dppf resulted in only a 7% yield. If PA(COD)(#IMS). was

used as a palladium source the yield could be increased to 39%, though still well
below the yields obtained with a Pd@ppf) precatalyst. These results allude to the
conclusion hat only onébidentate ligand coordinated to palladium is required and the
bis-halide structure of the Pdfdippf) precatalyst could be an important factor in the
activation of the Pd(0) catalygh(s is explored further in chapt&). The NHC
precatalyst PAPEPPSIIPr and PePEPPSISIPr were also evaluated with only
moderate success. Using the fotgdmeration CyJohnPhos Pd G4 precatalyst
devel oped by Buchwal dds gr oup(dbggave a
CyJohnPhos, but still well below optitm@onditions.
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Buchwald Ligands

Optimized conditions with tetrazine 1b

PhB(OH), (1.9 eq)

Ph i PdCly(dppf) (0.15 eq)
rﬂ \pIJ Ag,CO;4 (3.0 eq) Iﬂ \hu‘
N\rN DM (0 1M NTN
1b 72% yield (GC)
24% unreacted SM
-——----
Pd,(dba), (0.125 eq) / PhDavePhos (0.5 eq) Ag,CO, (5 eq)
2 Pd,(dba), (0.125 eq) / DavePhos (0.5 eq) Ag,CO,(5eq) 85 17 13 41
3 Pd,(dba); (0.125 eq) / RuPhos (0.5 eq) Ag,CO,(5eq) 85 17 12 39
4 Pd,(dba), (0.125 eq) / APhos (0.5 eq) Ag,CO,(5eq) 85 17 8 21
5 Pd,(dba), (0.125 eq) / SPhos (0.5 eq) Ag,CO,(Seq) 85 17 26 15
6 Pd,(dba); (0.125 eq) / MePhos (0.5 eq) Ag,CO,(5eq) 85 17 20 16
7 Pd,(dba), (0.125 eq) / XPhos (0.5 eq) Ag,CO,(5eq) 85 17 25 16
8 Pd,(dba), (0.125 eq) / TrixiePhos (0.5 eq) Ag,CO,(5eq) 85 17 11 31
9 Pd,(dba); (0.125 eq) / CyJohnPhos (0.5 eq) Ag,CO,(5eq) 85 19 32 3
10 Pd,(dba), (0.125 eq) / BrettPhos (0.5 eq) Ag,CO,(5eq) 85 19 6 65
11 Pd,(dba)s (0.125 eq) / Me4tBuXPhos (0.5 eq) Ag,CO,(5eq) 85 19 14 44
12 Pd,(dba), (0.125 eq) / 1000171-05-0 (0.5 eq) Ag,CO,(5eq) 85 19 30 17

Table 2.4:Screening of Buchwald ligands in the sihkeediated Liebeskin&rogl

crosscoupling reaction of tetrazin&l§) and phenylboronic acid
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Bidentate Ligands

Optimized conditions with tetrazine 1b

P8 PhB(OH), (1.9 eq)
/]\ PdCl;(dppf) (0.15 eq)

[:,]I \N Ag,CO; (3.0 eq) [«IJ‘ \pl,]
N._2N DMF (0.1M) N_ 2N
T T

1b 72% yield (GC)

24% unreacted SM

Pd,(dba), (0.125 eq) / XantPhos (0.5 eq) Ag,CO0, (5 eq)
2 Pd,(dba); (0.125 eq) / N-XantPhos (0.5 eq) Ag,CO,(5eq) 70 18 54 28
3 Pd,(dba); (0.125 eq) / dppe 0.5 eq) Ag,CO,(5eq) 70 18 0 55
4 Pd,(dba); (0.125 eq) / dppp (0.5 eq) Ag,CO,(5eq) 70 18 8 51
5 Pd,(dba), (0.125 eq) / dppb (0.5 eq) Ag,CO,(5eq) 70 18 32 40
6 Pd,(dba); (0.125 eq) / dpppe (0.5 eq) Ag,CO,(5eq) 70 18 trace 45
7 Pd,(dba), (0.125 eq) / dppf (0.5 eq) Ag,CO,(5eq) 70 22 7 12
8 Pd,(dba), (0.125 eq) / BINAP (0.5 eq) Ag,CO,(5eq) 70 18 0 80
9 Pd,(dba), (0.125 eq) / Tol-BINAP (0.5 eq) Ag,CO,(5eq) 70 18 0 75
10 Pd,(dba); (0.125 eq) / DPEPhos (0.5 eq) Ag,CO,(5eq) 70 18 34 37
11 Pd,(dba), (0.125 eq) / (+)-DIOP (0.5 eq) Ag,CO;(5eq) 70 18 44 13
12 Pd,(dba), (0.125 eq) / 1,4-bis(dicycohexylphosphino)butane (0.5 eq) ~ Ag,CO,(5eq) 70 18 trace 26
13 Pd,(dba); (0.125 eq) / 1,2-blsh(:|i-tert-;)utylphospinomethyl)Benzene Ag,CO,(5eq) 70 18 0 93
0.5eq

Table 2.5:Screening of bidentate ligands in the sitmeediated Liebeskin&rogl

crosscouwling reactim of tetrazine 1b) and phenylboronic acid
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N-XantPhos and Precatalysts

Optimized conditions with tetrazine 1b

Ph” s PhB(CH); (1.9 eq)
/L PdCl,(dppf) (0.15 eq)
NTEN Ag,CO; (3.0 eq) NTSN
N. =N DMF (0.1M) NN
T 60C T
1b

72% yield (GC)
24% unreacted SM

Pd(OAc), (0.15 eq) / N-XantPhos (0.15 eq) Ag,CO,(3 eq)
2 Pd(COD)(CH,TMS), (0.15 eq) / N-XantPhos (0.15 eq) Ag,CO,(3eq) 60 66 16 53
3 Pd(COD)(CH,TMS), (0.15 eq) / dppf (0.15 eq) Ag,CO,(3eq) 60 66 39 19
4 PdCI2(N-XantPhos) (0.10 eq) Ag,CO,(3eq) 60 22 31 69
5 PdCI2(N-XantPhos) (0.10 eq) Ag,0(3eq) 60 22 45 33
6 Pd(N-XantPhos), (0.15 eq) Ag,CO,(3eq) 60 21 24 76
7 PdCl,(PPh,), (0.25 eq) Ag,CO,(5eq) 70 18 32 34
8 Pd(PPh,),(0.25 eq) Ag,CO,(5eq) 70 18 0 71
9 Pd-PEPPSI-IPr (0.25 eq) Ag.CO,(5eq) 70 18 34 37
10 Pd-PEPPSI-SIPr (0.25 eq) Ag,CO,(5eq) 70 18 33 41
11 CyJohnPhos Pd G4 (0.25 eq) Ag,CO,(5eq) 70 18 49 24

Table 2.6:Screening of precatalysts antl&antphos ligand in the silvenediated

LiebeskindSrogl crosscoupling reaction of tetrazindlf) and phenylboronic acid

The next breakthrough cameasesult of sreening the optimal Pd&tippf)
catalyst against different thiobenzyl tetrazine starting matefialdd@). Using bTz
(1a) resulted in an 88% vyield (16% higher than with)j. Further, changing the silver
mediator from AgCOs to Ag:O gave ayield of 96% and 100% conversion ofTiz. To
confirm that bTz was the best candidate for a@gmediated reaction | screened the
new optimal conditions againstl{-1g). Indeed, bTz gave the best results by quite a
large margin. We are still unsure whnet4phenybenzyl pendant group ofbz
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 solubldhereacton medium and/or are less
stable toward coordination and precipitation with silver. Tipdh&nylbenzyl tetrazine
(1) giving only 37% vyield could also point toward an important spatial parameter of
the 4phenylbenzyl pendant group in the catalytycle, mtentially by stabilization

via " -interactionswvith metal or with tetrazine itself. Computational analysis of this
guestion is planned for a future publication.

Under optimized silver-mediated

conditions b-Tz 1a performed better
than tetrazines 1b - 1g (GC yields)

Optimized conditions with tetrazine 1b Optimized conditions with tetrazine 1a
ph s PhB(OH), (1.9 eq) s PhB(OH), (1.9 eq)
1 PdCl,(dppf) (0.15 eq) 1 PdCl,(dppf) (0.15 eq)

'}ju \[}j Silver (3.0 eq) . [\Ijl N N Ph ,\Ill N N Silver (2.5 eq) _ [}jl \[\I]
NN DMF (0.1M) NN NN DMF (0.1M) NN
T 60C, 18-20h T T 60C, 18-20h T

1b 72% yield (Ag,CO3) 1a 88% yield (Ag,CO3)
48% yield (Ag,0) b-Tz 96% yield (Ag,0)
a-Ng _PhB(OH) (1.9 eq) 1b: Ar = Q(
PdCl,(dppf) (0.15 eq) o 1c: Ar=
b-Tz (1a): Ar = 48%

NN AgO (@25 eq i e )

Il | > 96% 66%

NW& DMF (0.1M) N o

1a-g Me 60C, 18-20h

MeO
1d: Ar = Q(m:Ar: Q(ﬁ Ar-/{j>ﬂ 1g: Ar = Q
45% 44% 37% 32%

Figure 2.10:Screening of tetrazine thioethelsi{ 1g) underoptimized silver
mediated Liebeskin&rogl crosscoupling conditions. Silver(l) oxide as a mediator

gave the highest yields with Tz

Further screening of silver(l) reagents confirmed@¢p be the most ideal

mediator. Replacement with &b gave only 346 yield and attempts with the common
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LiebeskindSrogl mediators CuMeSal and CuTC resulted in only 4% and 2% yield
respectively, illustrating the unique ability of the Pg@bpf) and AgO pairing to

catalyze Liebeskindrogl crosscoupling of tetazines.

m PhB(OH), (1.9 eq)
XN PdCly(dppf) (0.15 eq)

N Metal (2.5 eq) _N X N
T DMF (0.1M) N\fN
b-T2 60C, 18-20h

Ag,0 (96%)  Ag,COj (88%) AgsPO4(12%) CuMeSal (4%) Cu,O (3%)
AgSal (3%)  AgBF, (2%)  Ag(OAc)(2%) CuTC (2%)  AgPFg (1%)
OH OAg O

(2%) (0%)  AgoOC{ )Cy (0%) Ag(OTf) (0%)
AgOOC)\Me MeMMe <\/>3
Figure 2.11:Screening of silver(l) and copper(l) salts under optimized Rdigpf)

catalyzed Liebeskin&rogl crosscoupling conditions.

Finally, I ran control experiments and solvent screening on the optimize
conditions. Removing palladium or silver resulted in no product formation. Adding
base to the reaction was not necessary and rapidly decompdze&éplacing
boronic acid with pinacol ester or a Molander reagdsftsK) gave only 4% and 5%
yield, poining toward the possibility that hydrogénding 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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s PhB(OH), (1.9 eq)
/k PdCly(dppf) (0.15 eq)
h hlll \rlq Ag;0 (2.5 eq)

NN

_—
N. =N DMF (0.1M) N. =N
bTs T 60C, 18-20h T

Pi

- 96 100
| AtertinFromStandard  Yield%  Comversion%

No PdCl,(dppf) 0 39
CyJohnPhos (0.4eq) / Pd,dba; (0.15eq) 34 64
N-Xantphos (0.4eq) / Pd,dba, (0.15eq) 26 46
Pd CyjohnPhos G4 (0.15eq) 37 38

No Ag,0 0 43

Ag,CO, 88 93

CuTC 2 92

CuMeSal 4 77

Cu,0 3 63
+Cs,C0, 0 100

PhB-Pinacol Ester 4 68

PhBF;K 5 74
DMSO 92 100

THF 14 44

ACN 65 77

Acetone 34 56

Toluene 2 55

Dichloroethane 7 9

Table 2.7: Alterations of the optimized A® mediated.iebeskindSrogl cross
coupling of BTz including catalyst, mediator, boron source, solvent, and the addition

of base

Besides boronic acids, | sought to test alternative nucleophiles with the
optimized silvermediated conditions.ributylphenylstannang Stille reagent),
trimethoxyphenylsilanéa Hiyama reagent), andh@nylacetylen¢a Sonogashira

reagent) were used for this screening. Unfortunately, none of these reactions gave the

93



desired product. Most surprising was the negative result mbiltylphenylstannane
which commonly can be used in place of phenylboronic acid in ceppdiated
LiebeskindSrogl crosscoupling?® The silvermediated conditions that | have

developed are uniquely effective at crassipling boronic acids exclusively.

Alternative Nucleophiles

©/Sn(Bu)3 ©/Si(OMe)3 ©/

S Nucleophile (1.9 eq)

O )\ PdCl,(dppf) (0.15 eq)
O [}]I \[Tj Ag,0 (2.5 eq) . [}]I \[\Ij
N N " NN

b-Tz f DMF (0.1M), dark T
375 pmol 60C, 20h 0% lIsolated

Figure 2.12:Screening of alternative nucleophileghe silvermediated Liebeskind

Srogl crosscoupling of BTz

| 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 aciddding was lowered. The reaction of tetraziBgwith 1.9
equiv of4-(n-butyl)phenylboronic acidesulted in a simple crude mixture with 100%
conversion of§) and only two impurities that were visualized on TLC. The catalyst
and silver byproducts remaithat 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). fiese results help to explain why 1.9 equiv of boronic acid

is required to achieve good yields.
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O "By "By "By
~N v
S "Bu
1 PACI,(dppf) (0.15 eq) + + + + @
NN . Ag,0 (2.5 eq) NN

—_—

Il |
DMF (0.1M) N.__N ‘ cl OH

L 60C, 20h I
HO™" “OH Bu
26% 9% 0% 0%
. (1.9 eq) | |

I
0
(Isolatz?iéields) Based on mol 4-Bu-PhB(OH),

86% 4-Bu-PhB(OH), conversion

Figure 2.13:Optimized Silver(l) oxide mediated Liebeskifdogl crosscoupling of
tetrazine 8) and4-(n-butyl)phenylboron¢ acidand 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. FirstgQAgpordinates with
the sulfur atom of Iz, activating the tetrazirgulfur bond for oxidative addition by
Pd(0)(L). Recently there has been a consensus th&-Bdntermediates are
involved in Suzuki reactions prior to transmetalafidt?.A similar pathway can be
envisioned in this reion where a trhydroxy 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 cooation sites around palladium for formation the
boronate species. Inighment with computational work by LiebeskidPath A
involves dissociation of ond the phosphine ligands, resulting in-&dordinate P4
O-B intermediate where AgO is transferred to the boron center from silver oxide.
Silver coordinated 4henylbenzyl thiolatés then dissociated and the phosphine
ligand coordination is reestablishédternatively, in Path B silvecoordinated 4
phenylbenzyl thiolatés first dissociated, resulting in a cationic@ordinate palladium

speciesBased on a search of tiambridge Crgtallographic Data Ceet, cationic 3
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coordinate Pépecies are favorddor bul ky f er r oc-bis(detert i gands

butylphosphino)ferrocerf® ¢’ (see chapter 3 for experimental data with this ligand
and other$. Activation of the boronic acid by AQO  results in direct @i
coordination to the palladium without the need for phosphine dissociation. In either
case, transmdttion to a tetrazin€®d-aryl species can then occur with the loss of
silver borate as a byproduct. Finally, reductive elimination gives the aryitedra

product with regeneration of the Pd(O)}{catalyst.

O S R = Ph, i-Pr, t-Bu
N/g Agzo

Silver-Sulfur Coordination
N Oxtdat/ve Addltlon
\ | |
_N
Ag

’T‘
\
R L
Reductive elimination p-R _--Ag
@_ N S
Fe Pd'
Sl T
@— - Path A "R N
Fo \Pd” N Ag Phosphine R N=
v \( SN o~ Dissociation
@_P‘R | |_O
KRN B Ag Path B
R,P H (|) 4 Thiolate
\F@ \ /\©\ Dissociation
. e Pd
Transmetalation Ve N_ Ph Ag
@—F\‘\R ’;7// N é
Boronate Ag R ‘N’K PhB(OH),
QH Coordination, é
Ag. B
9~0""oH @
, 0" “OH
-R/0-.g= Ph
@—P\ /o5 B=OAg R +
Fe /Pd” NOH /
@—F{~ 7/ P

-R
e >—
R N/K Boronate Pd _<\ /
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Figure 2.14:Plausable mechanism of the Silver(l) oxide mediated Liebeskiadl

crosscoupling of BTz and phenylboronic acid
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2.13 Reaction Scope of SilveMediated Liebeskind-Srogl CrossCoupling on
Thioether Tetrazines

The scope of the A@-mediated, PdG({dppf)-catalyzed coupling of-z with
arylboronic acids is summarized on the following figure. Successful reactions were
observed for arylboronic acid@gentaining chloro, fluoro, secondary and tertiary amino,
alcohol, ether, nitro, sulfgt, thioether, nitrile, aldehyde, ester, ketone, carbamate, and
styryl groups. Heterocyclic functionality tolerated on the boronic acid component
included quinoline, inde, pyridine, triazoleN-methylimidazole, furan and thiophene
groups. The protectedrano acid Rae coupled with BTz in 96% yield. Estrone
tetrazine 2ag was also synthesized in 61% yield. In general, couplings were carried
out using 1.9 equiv of boranacid but 3.0 equiv of boronic acid was utilized in
reactions where homocouplingtbie was pronounced, typically on boronic acids
containing electronvithdrawing groups. Orthgubstituted heteroatoms had a
deleterious impact with a relatively low yiebdthserved for orthanethoxy tetrazine
(2k) and only trace product with-Boc-2-aminophaylboronic acid and-2
hydroxyphenylboronic acid. While esters and protected amine functionality was well
tolerated, boronic acids containing carboxylic acids and freeemmvere not. Also
unsuccessful were-firyl, 2-thienyl, isoxazole and pyrazole. Unftunately, 2
pyridyl-, 4-pyridyl-, and2-methoxypyrimidine5-boronic acidalso did not produce
their much desired pyridyl and pyrimidyl tetrazine products, though tlubstrates

are regarded as problematic across many other-congsing reaction&®
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O N R-B(OH), (1.9 eq) R
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R= NHB OH
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I =
66%32 2s,66% 2t 46%° 2u,63%°  2v,61% 2w, 58%2  2x, 94%°2 2y 39%?
NHBoc
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2z, 46%° 2aa, 39%° 53%% 52%°%  2ad, 39%? 2ae, 96% 2ag, 61% H
Substrates Not Compatible COOH ~o

> o - @@y??

Typical conditions: thioalkyl tetrazine b-Tz (1.0 equiv), RB(OH), (1.9 equiv), PdCl,(dppf) (15 mol%), Ag,0 (2.5
equiv), DMF (0.1M), 60 °C, 19-21 h, average isolated yields of duplicate synthesis (+5%). 23.0 equiv of
RB(OH),. £3.0 equiv of RB(OH), did not significantly improve yield (<5%), thus 1.9 equiv of RB(OH), was used.

Figure 2.15:Substrate scope of the Silver(l) oxide mediated LiebesRnogj| cros-

coupling of BTz and various boronic acids
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This crosscoupling method is not limited ®benzylic thioethers or methyl
substituted tetrazines-(&1ethylthio)-6-phenyttetrazine 8) was evaluated as a reagent
in the synthesis of diaryltetrazines usihg same methodology. Successful reactions
wereobserved for arylboronic acids bearing chipailcohol, carbamate, ester, indole
and ether groups with yields comparable {6zb Included is an improved synthesis of
3-(4-hydroxymethylphenytp-phenyltetrazie @c), which is used by our lab tweate

cell-contact guiding microfibrous materials for tissudture application8®

SMe  R.B(OH), (1.9 eq) )R\
N)%N PdCIy(dppf) (0.15eq) N\~
I | > I I 4da-g
N\fN Ag,0 (2.5 eq) N\f"‘
3 Ph DMF, 60 oC Ph
_ OH (0] OMe
R= Cl HN—\ 0\
@ @ h O
4a,99% 4b,91%  4c,89%  4d, 92% de, 76%2  4f, 49% 4g, 88%

Typical conditions: thioalkyl tetrazine 3 (1.0 equiv), RB(OH), (1.9 equiv), PdCl,(dppf)
(15 mol%), Ag,0 (2.5 equiv), DMF (0.1M), 60 °C, 19-21 h, average isolated yields of
duplicate synthesis (+4%). #3.0 equiv of RB(OH)s.

Figure 2.16:Substrate scope of the Silver(l) oxide meeliaLiebeskindSrogl cross

cowpling of tetrazine §) and various boronic acids

Observing the deleterious effect that arylboronic acids containing a free amine
had on the reaction | wanted to determine whether unprotected heteroatom containing
additives efiected a normally high yieldgreaction. Using the standard procedure to

synthesize tetrazin@i) | added 3 equiv oéthylene glycol, ethanolamine, or
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mercaptoethanollcohol has a minor effect on the reaction with only a 10% lower
yield than the addie-free reaction (86%). Compkdecomposition of-f'z was
observed with ethanolamine. Conversely, mercaptoethanol does not decoriaose b

but likely poisons the Rdatalyst and/or Agnediator.

R
HO™ > o

~o (3.0 eq) Yield

O S PdCl,(dppf) (0.15 eq) of 2i
O NN Ag,0 (2.5 eq) R=0H 76%
Il I+ > NH, 0%

N__N DMF, 60 °C, 20h N z

b-Tz \r _B. NI '\Il SH 0%

Me HO™ “OH N\fN
(1.9 eq) Me

Figure 2.17:The effect ofunprotected heteroatoms orettrosscoupling efficiency

of b-Tz and 4(methoxy)phenylboronic acid

| next sought to demonstrate the applicability 6fzfor the construction of
fluorophoretetrazine conjugates. Though often difficult to synthesizegthes
compounds have broad utility live cell imaging’® BODIPY-dye ) with a directly
attached tetrazine has beenalgrebed oped as
fluorogeniclabél ng i n | ive cells bfUsWgdfened eder 6s
Hofmann type synthesithe condensation of BODIRNitrile, acetonitrile, and
hydrazine produceds) in 8% yield?® Using my AgO-mediated, PdG{dppf)-
catalyzed conditions, compoun@) can be accessed in 78% on >100 mg scales; a 10
fold increase in yield without the typical hazard of a Pitdefmann synthesis. |
envision this new metlimlogy being extremely valuable in the synthesis of similar

tetrazinefluorophore conjugates.
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PdCI,(dppf) (0.15 eq)

Ag,0 (2.5 eq)
DMF, 60 °C

5 78%

b-Tz +

(HO).B >\7NN >100 mg scale
Me

Figure 2.18:Synthesis of BODIPY-6-methyltetrazing6)

2.14 Synthesis and Application of a TetrazindMAGL Conjugate for

Quantification of Endogenous Proteins

Our collaborators at Pfizer had been interested in biorthogoolaés used in
protein labeling of live cells and we thought this new methodology would translate
well to that applicatiori! To demonstrate the utility of®Bz in synthesizing chemical
probes for studying endogenous levels of proteins in a native biological system, |
constructed a tetrazine probe for monoacylglycerol lipase (MAGL). MAGL is a serine
hydrolase in tB endocannabinoid signaling pathway, and has attracted increasing
interest as a target for neurological and
Alzhei me r 6 s "dNe designedeasvIAGL prob®&) by appeding a 6
methyltetrazine moiety to a pyrazolylpiperidine scaffold with an electrophilic
hexafluoroisopropyl (HFIP) carbamate warhead for covalently labeling the active site
serine’® Synthesis was accomplished bpsscoupling of BTz with boronic acid?)

resulting in a 77% vyield o). The reactive HFIP carbamate was installed by Boc
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deprotection followed byn situaddition to a triphosgene and hexafluoroisopropanol
mixture, giving the MAGL reactive prob8)(in 78% yield. The reaction rate &j(
towardtrans-cyclooctene is slightly faster to that eh@thyl6-(4-
aminomethyl)tetrazine (4= 1.1) which is de to the accelerating effect of the

electron withdrawing pyrazole group in the tetrazine ligation.

Synthesis of MAGL probe 9

-B I
HO \@\ 7 b-Tz, Ag,0 Ny 8, 77%
-N PdCly(dppf)
N7 NBoc NN NBoc
= DMF, 60 °C —

1. TFA
2. Triphosgene
Me. _N. CF3
2NN DIPEA HO—<
Ne JL\[::]\ CF3
N
9,78% ﬁ ’§
MAGL Inhibitor

Kinetics assay of probe 9

' CF3
9 (0.05 mM) HO.., H
o 12 g)’@

M ©5mM)
| MeOH
N+
N/K©\/
NH,*HCl
10 (0.05 mM) 2

Figure 2.19:Synthesiof MAGL probe Q) via silvermediated Liebeskin&rog|

Krel (9110) = 1.06

NH,

crosscoupling and synthesis of &iIP cabamate warhead he Tetrazine Ligation

kinetics of probeq) werealso compared to the commercially dahbie tetrazineX0)
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In determining the effectivenessmbbe(9) toward MAGL inhibition,
collaboratoDr. Zhen Huang at Pfizer employed iarnvitro assay resulting in an ¢
value of31 nM’! Further, to testhe labeling of endogenous MAGL in live cells,
human brain vascular pericytes were treated with prapier( 1 h followed by
 abel i ng wi t-RAMRA fluddoploofe foa30 mi@. After cell lysis,

MAGL labeling was assessed with a-galsed activitypased protein profiling (ABPP)
analysis’® Strong fluorescence signals were observed for MAGL with minimal
nonspecific labelingdrom TCOTAMRA. The labeling by probedj was dose

responsie with a cellular 16 of 8 nM, and was competed by a MAGL inhibitor,
KML29.”® The HFIP warhead also labeled an additional proted8&tkDa, which is
consistent with reactivity with a known effirgetU /-Hydrolase domain 6

(ABHDG6).”® "Qverall the minimal tetrazine moiety had little impact on the inhibitory
function of the MAGL small molecule, demonstrating gfower 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 prelf®9)f or 1 h, f ol | owed

TCO-TAMRA for 30 min, cell lysis, and analysis by-gel fluorescenceB) In-gel
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fluorescence signals for a dose response of gi@bdhe labeling of probg) (32

nM, 1 h) was competed by pretreatment with MAGL inhibK&L29 (300 nM, 1 h).

(C) KML29 also incorporates ldFIP carbamate warhead)(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, | have developedaxile and safe method for installing minimal
6-methyltetrazines on to complex molecules through the first example of a Ag
mediated, Petatalyzed Liebeskin&rogl crosscoupling. Optimization led tthe
discovery of PdCldppf) and AgO being uniquely effetive 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 sub3izate b
which was synthesized in three steps, including ec@talyzed gidation and
chromatographyree 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 acidsn the synthesis of-aryl-6-methyltetrazines3,6-dipheryltetrazines
could also be synthesized usiBimethylthio)6-phenyttetrazine Biologically
relevant molecules containing minin@methyltetraziny3-yl functionality were
synthesized including amo acid, estrone, BODIPY and a probe for MAGL inhibition
which was used to quantify the endogenous levels of protein in live cells. | anticipate
this chemistry having broad appeal in the synthesis of biologically relevant tetrazine

probes that were previsly inaccessible or required dangerous procedures.
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Continuing research on this project includes a new Liebes&mog)l catalyst which is

discussed in the following chapter.

2.16 Experimental Procedures

2.16.1 General Considerations

All crosscouwpling reactions were conducted in flame dried schlergkfiaor 4 mL

sealed vials. All other reactions were conducted in flame dried +oottdm flasks.
Additionally, all reactions were run undep bihless otherwise noted. Silica gel
chromatography was dermed on Silicycle Siliaflash P60 silica gel (603  §0A),

or on Yamazen revergghase prepacked Universal Columpa-€ilica gel (466 0 & m,
120A). Automated column chromatography was performed on a Teledyne Isco
Combiflash Rf. Commercially available emicals were purchased from Sigma

Aldrich, CombiBlocks, Acros Organics, Alfa Aesar, Oakwood Chemical, TCI
Chemicals, and Frontier Scientific. Solvents were purchased from Thermo Fisher
Chemical, Acros Organics, Decon Laboratories Inc., Mediatech, It 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 as freshly distilled from sodium/benzophenone. Deuterated solvents
were purchased from Cambridge Isotope. A Bruker AV400 was used to record NMR
spectra{H: 400 MHz,*C: 101 MHz °F: 376 MHz). Chemical shifts are reported in

ppm and all spectra are redeced to their residual nateuterated solvent peaks as
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follows: CDCk (*H: 7.26 ppm13C: 77.16 ppm), Methanals (*H: 3.31 ppm1°C:

49.00 ppm), DMS@Js (*H: 2.50 ppm13C: 39.52 ppm). Coupling constanf ére

reported to the nearest 0.1 Hz. Multipties are reported as follow: singlet (s), doublet
(d), triplet (t), quartet (q), pentet (pent), sextet (sext), heptet (hept), multiplet (m),
6broadd (br), HBQONMRdeaopanes aeempiotén décaupled)and an
APT pulse sequence was used étetimine type of carbon as follows: quaternary and
methylene (CorCl) car bons appear 6upd amgd met hine
carbons appear O6down6é. Gas chr oma2i®gr aphy
Plus with a Shimadzu AOCOi auteinjector. Low esolution mass spectra were taken
on a Water SQ detector 2 which was attached to a Waters Acq@itgds UPLC.

High resolution mass spectra were obtained using a Waters GCT Premier. Infrared
spectra were taken on a Nicolet Magna IR 560 spectrometer.esithpyw kinetics

were obtained using an Applied Photophysics Ltd. SX 18R1stoppeefiow
spectrophotometer. Optical rotations were measures on a J2669 Polarimeter
equipped with a tungstdmalogen 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 (LCOR) atthe 700 nm channel. DSC data was obtained on a
Mettler-Toledo Differential Scanning Calorimeter 3+. Samples were loaded into a
goldplated higkpressure pan, held at 30°C for 10 minutes, then a gradient of 30°C to
400/500°C at 5°C/min.



2.16.2 Tetrazine Thioether Synthesis and Differential Scanning Calorimetry

( [ ZXbiphedyl]-4-ylmethyl)thiocarbohydrazide bromide

Br

®
S S 0O
J\ EtOH J\Br
HN™ “NH HN" NH

. 60°C, 20h O NN
| [ -
NH, NH, NH; NH;

Thiocarbohydrazide (21.20 g, 200 mmol, 1.@igyjand 4bromomethyl biphenyl

(49.40 g, 200 mmoll.0 euiv) 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 wa®kenup 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 ([tHiphenyl}4-yImethyl)}thiocarbohydrazide
bromide as a white powder (65.55 g, 93%)

IH NMR (400 MHz, Methanetls) U 1 7.606m6, 4H), 7.49 (app d,= 8.4 Hz, 2H),
7.4671 7.43 (app tJ = 7.9 Hz, 2H), 7.35 (app ti,= 7.6, 2.0 Hz, 1H), 4.28 (s, 2H)
FTIR (KBr, thin film) 3440, 2067, 1637, 533 ¢m

HRMS (ESI+) [MBr]* Calculated foIC14H17N4S" 273.1168; found 273173
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