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ABSTRACT

In chapter 1, | will provide an overview of chemistry involving medium sized
trans-cycloalkenes, with a focus drans-cycloheptene and siteans-cycloheptene. |
will describe the development of a general synthetic methtamd-cycloheptenes
and silatrans-cycloheptenes. These sevaemberedrans-cycloalkenes are isolated
and stabilized as silver nitrate complexeansCycloheptene silver complexes and
silatrans-cycloheptene can engage in a range of cycloaddition reactions as well as
dihydroxylation reactions. Computation was used to predict thataiia
cycloheptene would engage in bioorthogonal reactions teahare rapid than the
most reactiverans-cyclooctenes. Metdree silatrans-cycloheptene derivatives were
shown to display good stability in solution, and to engage in the fastest bioorthogonal
reaction reported to datky(1.14 x 1M1 s'1in 9: 1 HO: MeOH). Utility in
bioorthogonal protein labeling in live cells is described, including labeling of GFP
with an unnatural tetrazirentaining amino acid. The reactivity and specificity of the
silatrans-cycloheptene reagents with tetraes in live mammalian cells was also
evaluated using the HaloTag platform. The cell labeling experiments show that sila
trans-cycloheptene derivatives are best suited as probe molecules in the cellular
environment. Additionallytrans-cyclooctene silveramplexes also show superior
stability to metal fre¢rans-cyclooctenes. | evaluated the stability of differeahs
cyclooctene silver complex derivatives-drl fluorescence studies have shdvams
cyclooctene silver nitrate complexes are useful pssgsrtotrans-cyclooctenes in

bioorthogonal chemistry.
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Using bioorthogonal ligation reactions to trigger bond cleavage under
physiological conditions has gained much attentions. Bioorthogonal cleavage reactions
can serve as a spatiotemporal controllablaimadation to restore function of
protected motifs such as cagiabrophores, masked biomolecules or prodrugs. Our
group have developed a NltRggered, methylene blue catalyzed dihydrotetrazine
oxidation reaction to restore the reactivity of tetrazihe&hapter 2, | will describe
the application of this chemistry in bioorthogonal bond cleavage reaction for prodrug
activation. Nirogen mustard and Combretastatin A4 dihydrotetrazine prodrugs were
synthesized. These dihydrotetrazine prodrugs show goaititgtebPBS. The prodrug
activation process is rapid, producing good yields of cytotoxic drugs. Preliminary
results have shown that catalytic photodecaging can have a pronounced effect in a
prostate cancer cells.

The major challgene in developing new dinytetrazine prodrugs is the
synthesis of unsymmetrical dihydrotetrazine. Dihydrotetrazine can be obstained via
reduction reaction of tetrazine. However, the synthetic methodology of unsymmetrical
tetrazine are limited. In Chapter 3, | will discuss theatiggment of a novel synthetic
method of unsymmetrical tetrazine. The new synthetic route involves a condensation
reaction between normal orthoester or OBO orthoester and bishydrazide, followed by
a palladium crossoupling reaction with organotin reagentsboronic acids. In
contrast to the widelysed nitrile/hydrazine condensation reaction, no hydrazine
anhydrous or hydrazine monohydrate were used in this condensatioa@upiag
reactions. A variety of unsymmetrical tetrazines are prepared with atedergood
yield. This chemistry allows for the synthesis of useful unsymmetrical tetrazine

containing molecules in a more efficient and safe way.
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Chapter 1

PHOTOCHEMICAL SYNTHESES, TRANSFORMATIONS, AND
BIOORTHOGONAL CHEMISTRY OF TRANS -CYCLOHEPTENE AND SILA
TRANS-CYCLOHEPTENE SILVER(I) COMPLEXES

Work described hereds already been published (Fang, Y.; Zhang, H.; Huang,
Z.; Scinto, S. L.; Yang, J. C.; am Ende, C;,\®mitrenko, O.; Johnson,.B, Fox, J.
M., Photochemical syntheses, transformations, and bioortabgbamistry otrans
cycloheptene and sitaans-cycloheptene Ag(l) complexe€hem. Sci2018, 9, 1953
1963DOI: 10.1039/C7SC04773HIt is reprinted inhis chapter with permissions of

Chemical Science (Copyright 20T8e Royal Society of Chemisity

1.1 Introduction Brief History of trans-Cycloheptene andrans-Cycloheptene
Metal Complexes

For nearly seventy yeats,the unusual bonding, reactivity and plachirality
of trans-cycloalkenes have captured the imagination of scientists. The unique
reactivity oftrans-cycloalkenes has produced an impressive collection of applications
in synthesis, ioluding reactions with dienég,1,3-dipoles’ ketenes$:*1%as well as
PausorKhand reaction$® Additionally, strainedrans-cycloalkenes can serve as
excellent ligands for transition metals.

In the field of bioorthogonal chemistfy;'° trans-cycloalkenes hold special
significance due to their particularly fdghetics in cycloaddition reactiorf823
Relative tatrans-cyclooctene, the chemistry of the homotoans-cycloheptene

(TCH) is less explored, there was no general approach towandgscycloheptene


https://pubs.rsc.org/en/content/articlelanding/2018/sc/c7sc04773h#!divAbstract

derivatives ever developenans-Cycloheptene wasrft trapped with
diphenylisobenzofuran by Corey and Winter froans-1,2-
cycloheptenethionocarbonate through treatment with P(@{8eheme 1.13? Studies
by Marshall?® Kropp?® and Beauchemfrion the photoprotonation reactions of cyclic
alkenes, incluhg cycloheptene, have shown tlead/transequilibria could be driven

by selective addition reactions wéns-cycloalkenes.

QO P(OMe)s @ Ph
>:S —_— P —
e Heat \

Scheme 1.1Cor ey 6 s transcpcipheptane. o f

trans-Cycloheptene was first spectroscopically characterized by Inoue via
singlet sensitized photoisomerizationoi-cycloheptene &t35 °C282° Unlike trans-

cyclooctene, which is stable at room temperatuass-cycloheptene undergoes rapid

i someri zation under ambi ent conaointdi ons

mechanism (Scheme 1.9.
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Scheme 12: Bimolecular mechanism fdransto cisisomerization of TCH

trans-Cycloheptene has also been prepared via ligand exchange frans-a
cycl ohept en e Bawr@iytransayaopepteng antans
cyclohepteone derivatives are also known to be thermally unstable at ambient
temperatue, but can be trapped in sii>3*%7

In 2005, Davies and coworkers elegantly demonstrated the strategy of trapping
trans-cycloheptenone intermediate with isoprene in theaittsstic study towards (%)

5-epi10-epi-Vibsanin E (Scheme 1.35.

0 n 0y QH
\f + H O UV/pyrex | HO steps HO
—_—
x 9 >~ o
s T SN s
"o

major regioisomer (+)-5-epi-10-epi-Vibsanin E

Scheme 1.3D a v itrans-@ycloheptenone trapping strategy towarebpb10-epk
Vibsanin E synthesis

While the parentrans-cycloheptene is thermally labile, iaf been
demonstrated in several studies that metal complexes can be isolated. CuOTf has been
proposed to catalyze photodimerization reactions of cyclic olefins via photoinduced
cis-transisomerizatior’® with predominant formation of a cyclotrimer from
cydoheptene€® A stabletransc y c | ohept eneACuOTf compl ex ha
through irradiation otisc y c | oh e pt e n e A Cu tBelpfocesshwastnota y i el d
reported! A pybox-RuCk complex oftrans-cycloheptene has been prepared by

irradiation of the cosponding ethylene complex in the presenaasatycloheptene



undersinglet sensitized conditiortéJendralla described the preparation of AgOTf

and AgCIQ complexes of 3nethoxytrans-cycloheptene and-Blethoxy-(2),4(E)-
cycloheptadiené*#4These compands can be prepared through thermgdiated ring
opening of a nitrosourea derivative of bicyclo[4.1.0]heptane. In unspecified yields, the
AgCIlO.A Bnethoxytrans-cycloheptene complex was combined with a number of

dienes to give the products of metal dectaxation and [42] cycloaddition (Scheme

o]
OCH
3 ’NO MeOH : E/)
NH N OCH; OCH,
>f 2 NaHCO; @

X= ClO4 or CF3S03
e O O
OCH,
< 7 > AgCIO; ~—— >
3

Q°/
A c \

Scheme14J endr al | a 0 sansecycleheptese sivgr complex

1.4)43:44

NH3 | AgX

1.2 Brief History of H eteroatomContaining trans-Cycloheptene

Several examples were reported on the preparation and reactivityssifidie
trans-cycloheptene derivatives containing heteroatoms in the backbone. Silicone was
the most commonly used heteroatom. Because libnds are long, the inclusion of
silicon into the cyclic backbone can alleviate olefinic strain and impart $yabili
transcycloalkeneg>50.51ab

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

resolved, and chacterized crystallographicalli?*” Here, the exhaustive allylic



substitution imparts a high degree of stability tottaes-alkene. Recent studies by
Woerpel and Tomooka have provided demonstrations of the utility of backbone
heteroatorrcontainingtrans-cycloalkene derivatives in synthesis.

In 2012, Woerpel and coworkers reported their observation of seven
membereeting trans-alkene formation when they were trapping a vinyl
silacyclopropane intermediate with benzaldehyde. Unfortunately, attempts to isolate
thetrans-cycloheptene were unsuccessful due to its high reactivity to undergo formal
[1,3]-sigmatropic rearrangement to foorasilacyclophentane, which ddibe

isolated and purifie§Scheme 1.5§°

AgCO,CF3 e 99%
(1 mol %) (NMR)

99%(NMR)
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Z Me A 0= | = tBuglo [ Me
[ |

Scheme 1.5Wo er pel 6 s e v-manbareetiagtransalkenesy e n

In 2015, a similatrans-oxasilacycloheptene but with TIPS group at the allylic
position was isolated ardharacterized by the same group. Upon treatment with Lewis
acid, tetrahydrofuran product was formed via an oxonium ion followed by ring

opening reaction (Scheme 18).
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Scheme 1.6Isolabletrans-oxasilacycloheptene



A series of [4+2] cycloaddition aetions were conducted wittans
oxasilacycloheptene by Woerpeldacoworkers as reported in 20¥a@mportantly, a
sterically less hindered oxasilacycloheptene reacted rapidly in the irelecton
demand DielsAlder cycloaddition with diphenyl tetraze. In less than 10 min, the

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

tBu, ,Bu N)%N <10 min
S|\O Ph + Il I _—

<27 F NN asc
Bh 90% NMR

Scheme 1.7Fast reaction between oxasilacycloheptene and diphenyl tetrazine

Recently, Woerpel has elegantly described selective addition reactions and
difunctionalizdion reactions ofrans-oxasilacycloheptenéd® They disclosed that
thetrans-oxasilacycloheptenes can undergo méeé carboboration reaction with
trialkylboron at room temperature, yielding air stable hindered borane in high yields
and high diasteaselectivity. The resulting borane can be transformed into

synthetically useful products (Scheme 1.8).

3 ,-Bu
tBu_ B FBu i<
V\TR" R "1IR2
CeHe/THF \
2h, 23°C RzB\ =Y

Scheme 1.8Uncatalyzed carboboration tthns-oxasilacycloheptenes



Wo e r prans@xasilacycloheptenes can also react with a variety of
electroplies. Triplet oxygen was found to be able to react wahs
oxasilacycloheptenes forming a ketone product through a diradical mechanism. The
trans-alkene can also react with 2 equivalences of dimethyl acetylenedicarboxylate,

yielding an acetal product assingle diastereomer (Scheme 1.9).

t-Bu_ ,t-Bu
Si.
tBut?g’. R MeO,C———CO,Me MeO,C 0
@EZ\ Ph - “1ph
2
R 2 equiv MeO,C d k1 R?

MeOZC
Scheme 1.9Reaction otrans-oxasilacycloheptenes with electrophiles

Tomooka and coworkers prepared an eigkimbered dialkoxysilane with a
transalkene on the ring. This dialkoxysilatrans-cyclooctene showed eahced

reactivity towards epoxidation and cycloaddition reactfon

1.3 Flow Photochemical Synthesis dirans-Cyclooctenes

In 2008, the Fox group has described a cldeegd flow reactor for the
synthesis ofrans-cyclooctene derivatives, whereby selective claxation with
AgNOs is used to drive the formation hinsisomer fromcis-cyclooctene® This
method enables efficient preparatiortrains-cyclooctene derivatives on gram scales
with excellent yieldg1>4°

The flow photochemical apparatus foens-cyclooctene synthesis is illustrated
in Figure 1.1. A quartz flask containiiegs-cyclooctene and a photosensitizer (in this
case methyl benzoate) as a diethyl ether/hexane solution was placed in a Rayonet®
photoreactor. The solution was irradiated with 882UV light while continuously

cycled through a column packed with Agkl@lsorbed silica gel. The flow chemistry



was designed as a closkedp so that the cisomer can flow back to the photoreactor,
entering the next round of phet®omerization and coptexation with AQNQ. The
process was normally monitored by GC, until starting material was consumed. The
desiredrans-cyclooctenes can easily be liberated by treating the corresponding silver

complex with ammonium hydroxide or brine.

Arrows | meiering ‘
indicate \

pump .

direction of
liquid flow

e does not elute

elutes

.

Figure 1.1: Photochemidaapparatus fotrans-cyclooctene synthesis. Reproduced
with permission, Copyright 2008 American Chemical Society.

This flow photechemical approach was the first general example of gram
scale preparation @fans-cyclooctene derivatives frogis-cyclooctene starting
materialstrans-Cyclooctenes with utility for bioorthogonal chemistry have been

prepared in satisfactory yield using this method. (Table 1.1)



Table 1.1:transcyclooctenes used in bioorthogonal chemistry

R

R
/ /
hv, PhCO,Me, rt, ether/hexane
— active removal of trans isomer
N
HO mo O,
@ ’ \ - " I@ N
H

TCO 77% dr: 2.2:1 sTCO 74% 55%
(3.99)
H HO
HO 0% |\

| 17

o= e}
H

dTCO 59% oxoTCO 70%

1.4 Brief History of Bioorthogonal Chemistry and Tetrazine Ligation

1.4.1 Bioorthogonal Reactions for Biomolecule Labelig

First introduced by Bertozzi in 2003,
been used to refer to typical chemical reactions where two reacting partners can
selectively couple wih each other in live cells and organisms without interfering with
native biochemical processes. Extensive exploration of bioorthogonal reaction
development and their applications has yielded a broad variety of chemistry tools that
benefit the study of bioolecules in living systems.

Most bioorthogonal reactions involve two reaction partners, and therefore
follow a seconebrder rate law that depends directly on the concentrations of both
reaction partners as well as on the intrinsic seander rate conant k [M'1s™1].13
Fast rates are necessary for effective labeling of low abundance biomolecules and for

achieving temporal control in the study of biological process.

t



Ketone/aldehyde condensations with amino nucleophiles were among the first
bioorthogonal reaatins ever explored. However, this condensation reaction proceeds
under acidic conditions (pH@) with seconebrder rate constant range fronm 1o
102 M1st. The low reactivity necessitating high concentration of two reaction
partners to achieve effigielabeling, which may introduce toxicity issue and
undesired oftarget labeling. Another disadvantage is that the acidic pH cannot be
obtained in most intracellular environment.

Another bioorthogonal reaction that has been extensively studied was
Staudnger ligation, which was initiated by the reaction between triarylphosphine and
azides. One advantage of using azide as a reagent was that azides were essentially
absent from biological system therefore enabling bioorthogonal reactivity.
Additioocal egsdovami ants of Staudinger | i ga
a native amide bond is produced. However, the application of Staudinger ligation has
largely been limited by its slow rate constant (withir® Mr's? range). In addition,
the phosphineeagents may suffer from background oxidation reaction in some cases.

The CuAAC (Cul-catalyzed alkynazide cycloaddition) reaction proceeds
considerably faster than either Staudinger ligations or ketone/aldehyde condensations.
Under physiological conddns, the secondrder rate constant of CUAAC reaction
was measured within the range from2@ M!s®.”® For many applications, the
reliance on a transition metal catalyst is not ideal in terms of toxicity. Attempts of
lowering the copper concentratioargerally decreases the reaction rate. To overcome
kinetic limitation of the reaction, a strategy of accelerating the allayide
cycloaddition reaction by incorporating ring strain into alkyne reagent was developed

by Bertozzi and coworkeré”™ Therats o f -péosmoted alkymeazide

1C



cycloadditiond (SPAAC)YtoiMist been reported

Di benzosel enacy alemnbereywlbakyne specias waseprepamned
situ by Bertozzi lab in 2018°%° This strained molecule reacted rapid with azide.
However, further application in bioorthogonal chemistry was not reported due to the
instability of cycloheptyne. Nitrone derivatives can also undergo [3+2] cycloaddition
reaction with cyclooctynes (SPANC = strain promoted alkyti®ne cycloaddition),
with the rates up to 30 times faster than corresponding reaction with azide. However,
the aqueoustability of acyclic nitrone reagents was the major issue since they rapidly
hydrolyzed to aldehyde andmethyl hydroxylamine in both HCI and NaOH. More
stable endocyclic nitrone reagents towards hydrolysis have been developed by Pezacki
and coworkerg®

Recently, rutheniurtatalyzed olefin metathesis and palladicatalyzed
crosscoupling reactions have been explored for their application in bioorthogonal
chemistry. Foin vitro protein labeling, the reaction rate of ruthentaatalyzed olefin
metathesibetween allyl selenide conjugated protein and allyl alcohol was measured
as 0.3 Ms? (kinetics was studied between-8ityl-selenocysteine tagged protein and
allyl alcohol under pseudtirst-order conditions with respect to the protein, [protein]
=0.01mM, [cat.] = 1 mM, [allyl alcohol] = 4 mM, 8 mM, 10 mM, 16 mNM)A cell
surface protein bearingipdophenylalanine was reported to be labeled with
fluorescent boronic acid via a phosphinee, watersoluble palladium catalyzed
SuzukiMiyaura coupling eaction inE. coli.”®"°The Buchwald Lab also reported
palladium(ll) complexes can be used for efficient and highly selective cysteine
conjugation reactions that are rapid (rate comparable to maleimide in the rdnge 10

10* M-st at pH 7.5) and robust uada range of biocompatible reaction condititths

11



Despite the success of using transiioatal mediated reaction to modify
biomolecules, more investigations will be required to determine the cell permeability
and toxicity of metals, especially in mamnaalicells.

The condensation reaction betweendn2inothiol and Zyanobenzothiazole
(CBT) probes has been used in protein labeling in vitro and on cell surfaces by the
Rao group! The rate constant was measured as ~1§MThe application of this
reagion was limited tan vitro labeling since 1 Aminothiol may react with
metabolites in live cells.

Photoclick chemistry is another attractive approach for bioconjugation
purpose. Light induced I-dpolar cycloaddition reaction between tetrazoles and
terminal alkenes has been used in biologsetings by Lin and coworkers (Reference
in Chapter 2.4)In 2016, the Fox lab described NIR light triggered tetrazine ligation
turn-on strategy based on catalytic oxidation of unreactive dihydrotetrazine to
tetrazne.®2 The major advantage of photoclick chemistry is that it can provide a
spatiotemporal controllable manipulation towards labeling reaction in living systems.

The covalent modification of thiols remains an important bioconjugation
method in labeling @teins or other biomoleculé$Wh i |-halocatbonyl reagents
have been seeing widespread use in conjugation, the reaction rates are not satisfactory
(<1 M1stat pH 7.0). Maleimide proceeds more efficiently with thiols, with rate
constants range from 200* M-1s. One disadvantagd asing maleimide as Michael
acceptor is that retro conjugate addition reaction can occur under physiological
conditions®>8®

Quadricyclane ligation, a reaction between highly strained quadricyclane and

Ni bis(dithiolene) reagents, was first introducgdBertozzi in 2012’ The second

12



order rate constant was 0.25'%# in 1:1 PBS/water. The disadvantage of this type of
bioorthogonal reaction is the stability of Ni bis(dithiolene) reagents, which can be

immediately reduced by cysteine.

1.4.2 Inverse-electronrdemand DielsAlder Cycloaddition

Inverse electrodemand DielsAlder reactions betweetetrazine (or 1,2;:4
triazin€®) and strained alkene or alkyne play a particularly important role among all
the bioorthogonal reactions.

In 2008, the Fox lab reported ast bioorthogonal reaction between trans
cyclooctene derivativeeand diaryl 1,2,4%etrazine®® The second order rate constant
for dipyridyl tetrazine #rans-cyclooctene at 20°C in 9:1 methanol/water was
measured as 2,000 (+ 400)5t. The fast reactity and high selectivity enable
orthogonal labeling at low concentration. Contemporaneous woYKeissleder and
Hilderbrand® demonstrated the use of strained dienophile norbonene in bioorthogonal
reaction with monesubstituted 1,2,4;8etrazine. Pipkorand coworkers decribed a
TMZ-BioShuttle (TMZ = temozolomide) synthesis via inveesectrondemand
Diels-Alder cycloaddition between tetrazine and Reppe anhy&titddhe advantage
of trans-cyclooctenes is they react with tetrazines much faster thagr eibrbornene
(k2= 0.66 M!stin 1:1 PBS: CHCN)'?2or Reppe anhydrideé{= 1.94 Ms? for
cyclobuteneadipyridyl tetrazine in 1:1 PBS: G&N).1%?

The hydrophobic effect can dramatically enhance the reaction rate. In pure
water, the second order ratenstant for dipyridyl tetrazine andiydroxyl trans
cyclooctene (axial isomer) can reach 80,200 (+ 2083 M!

In the following years, the Fox lab developed several dthas-cyclooctene

derivatives with improved performance. In 2011, a conformatid | vy dransr ai ned 6
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cyclooctene (sTCO) was developed with the assistantce of computational®esign
STCO reacts at room temperature in water with a dipysdgtrazine derivative with
ratek, 3.3x1¢ M1s: the fastest rate measured. In 201disalioxolanefusedtrans
cyclooctene (dfCO) derivative was designed with improved aqueous solubility as
well as stability while still maintaining high reactivity, with a rée3.7x16¢ M-1s?
toward a dipyridyltetrazine derivative in watéiRecently trans-5-oxocene
dienophiles (oxel CO) were developed that possess much higher water solubility
(LogP 0.51) and high reactivitk(8.0x1¢ M-s?) toward a dipyridyltetrazine
derivative in water?

Thetrans-Cyclooctenetetrazine ligation has found a wide rangf
applications in protein labelirtg®°, cell imaging®'%, nuclear medicing€>1°° and
materials sciencé!®®In 2010, Weissleder and coworkers reported a fluorescence
6t womrd t eTCO lmationmodmagine smatholecules inside livingells’® In
their study, a series of fluorescence reduced fluoroptetrazine conjugates were
prepared. Upon reaction withrans-cyclooctene molecule, the fluorescence was
rapidly &éswitchedOd-cdlnagine with this tirmnttetrazioee | | ul ar
probes and taxol conjugata@dns-cyclooctene was also investigated. An engineered
lipoic acid ligase was used to introducans-cyclooctene to proteins on the cell
surface and inside living mammalian cells with subsequent visualization byanvers
electron demand Diel#lder reactons with fluorescent tetraziné®.Working with
Dr. Douglas Johnson from Pfizer, different types of bioorthogonal reactions were
evaluated in living cells based on HaloTag protein technold@pint'’ and Meht®

demongrated by using genetically encodeedns-cyclooctene or tetrazineased

14



unnatural amino acids, sigpecific protein labeling can be realized via inverse
electrondemand DielsAlder reactions.

Other digmophiles including norbornen&$cyclopropenes?042
bicyclo[6.1.0]nor4-yne (BCN}*8have been used in inverse electdmmand Diels
Alder reactions with tetrazines by other research groups. All those dienophiles
demonstrated significant lower reactivity towards tetrazines as compared to trans
cycloocter, while some of them were synthetic more straightforward. Recently, Lin
and ceworkers described a spirohexene dienophile that is nearly as reactive as the
parent TCO in tetrazine ligatidf®

In 2015, the Prescher lab reported 1-2idzines can also aet efficiently
(k=1.2x10%7.5%x10? M"1s1 CDsCN/PBS) withtrans-cyclooctenes$® Interestingly,
1,2,4triazines shows inert reactivity with norbornene and cyclopropane, suggesting

that triazines and combinations of other bioorthogonal reagents candbia tesedem.

1.5 Photochemical Syntheses, Transformations, and Bioorthogonal Chemistry
of trans-Cycloheptene and Silarans-Cycloheptene Ag(l) Complexes

1.5.1 Photochemical Syntheses dfans-Cycloheptene and Sildarans-
Cycloheptene Ag(l) Complexes

Dr. Han Zhang desloped a flow photochemical method for synthesizing
trans-cycloheptene silver nitrate complexes. His initial attempts to directly apply TCO
synthesis procedures to the synthesis of carbocyclic TCHs were unsuccessful, most
likely due to the susceptibilityf@arbocyclic TCHSs to readily isomerize to theis-
isomers®*® As it has been demonstrated by Jendralla that silver complekessf
cycloheptenes were stable enough to be isolated and stored, Zhang sought to isolate

and characterize theans-cyclohepéne prepared via flow photoisomerization as their
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silver nitrate complexes. Due to the thermal lability of the strained seeenber

cyclic trans-alkene, several modifications of the previous flow photochemical
apparatus fotrans-cyclooctene synthesis weedeveloped fotrans-cycloheptene

synthesis (Figure 1.2). The reservoir containing starting substrates and sensitizers were
moved out of the photowell and placed in a temperature controlled cold BathQ).

In addition, photoisomerization was condudie@ coil of optically transparent FEP
tubing. The fluoropolymer tubing provides a high surface area and minimal volume
(only 30 mL for 8 m tubing) thereby minimizing the residence time before product
adsorption on AgN@ISIOz. In the standard setup, adire thermometer was included

to measure the temperature for the flowing mixture either before or just after the UV
lamp. The temperature was measured as 0 °C before entering the Rayonet
photoreactor, and as 20 °C after exiting the photoreactor. Witagperatustrans

cycl ohept econepexedwerg Blided from the column, and isolated as
semisolids that are moderately stable at room temperature but stable for weeks in the

freezer.
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Figure 1.2:.Dr . Han Zhango0 sochewmidal réacte a@ppafatico w p h ot
trans-cycloheptene synthesis

In 2012 1 joined this project, working on preparing silicaoatainingtrans
cycloheptene derivatives. Initial attempts to use homoallylmagnesium bromide and
dichlorosilane to produce silad€el only gave trace amount pfoduct. | was excited
to find by adding 5.0 equiv of HMPA, 56% vyield was obtained for compdthd
Thereafter, a series of sités-cycloheptenes precursors were synthesized Thsfeps
using olefin metathesis and HMPA promoted carbiticone bond famation as key
steps (Scheme 1.10). Conjugatatikecycloheptend-4 and chloroalkane (HaloTag)
functionalizedcis-cycloheptend-6 were readily prepared frodilin 3 and 5 steps

respectively. NHS ester installets-cycloheptend-8 were synthesized from
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carboxylic acidl-7 via EDC coupling. Under similar conditions, Zhang prepared
diphenyl silacis-cycloheptend-10in two steps with good yields. Grubb¥' 2
catalyzed ringclosing olefin metathesis reaction providasicycloheptene with an
allylic hydroxy group1-13in 83% yield. Envisioning allylic functional groups may
prevent thérans-cycloheptenes from isomerizing ¢ isomers, | synthesized a sila

cis-cycloheptene alcohol{20) with two allylic methyl groups attached in 7 steps.
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Scheme 1.10sila cis-cycloheptenes synthesis.
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Photoisomerizations to form-3i C H A A gddrdatives were carried out at
room temperature using thrans-cyclooctene flowphotoisomerization apparatus,
with the modification that ST C H A A gcliniplexes were directly isdkd from
SiO; without Ag-decomplexation. 427% yields were obtained with this method,
while using Zhangos photochemistry setup

The substrate scope of AghN@omplexes ofrans-cycloheptenes andans-1-
sila-4-cyclohept@es is summarized in Scheme 1.11. Silver nitrate complexesnesf
cycloheptenel-21) andtrans-5-hydroxymethylcycloheptend{22) were prepared in
53% and 64% yields, respectively. FofTSC H A A gchinaplex, the
photoisomerization method could be usegraduce diphenyll23) or dialkyl (1-
24,25,26,27,28,2%Substituted silacycles. Cyanb24) and hydroxyl {-25,1-26,1-27)
groups were tolerated, as were NHS edteé?9) and chloroalkan€l(28) groups that
could be used to enable conjugatio fluoroplores and HaloTa&§°° fusion proteins,
respect i ve lzgndSiTCHAAgohdlexes were isolated as semisolids
that contained 2B0% free AgNQ. The isolated yields were corrected by measuring

theH NMR against mesitylene as an internal standard.
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Scheme 1.11Flow-photochemical synthesis of AgN©@omplexes ofrans
cycloheptenes antdans-1-sila-4-cycloheptenes

| investigated the stability of AgNgzomplexes of botkrans-cycloheptenes
andtrans-1-sila-4-cycloheptenes.Te s e T C kicAmptpré©Oare stable enough to
handle on the bench for modest periods (hours), and to lbegerstorage in the
freezer (18 °C). NMR monitoring showed 90% fidelity for a DD solution ofl-21
after 10 days storage in freezet8 °C), and2% fidelity for a CROD solution ofl-
21 after 10 hours at rt on the bench.

The silver complexes of SiCH are much more stable. NMR monitoring
showed 93% fidelity for a C&DD solution ofl-23 after 8 days at rt, and 96% fidelity

for 1-23 after storagedr 1 month in the freezer 18 °C, neat).

21



Previously, a crystal structure showed tinahs-cyclooctene coordinates with
AgNOs as a 1:1 comple¥® X-ray quality crystals of silver compleix23 were grown
from ethyl acetate/methanol. Selected bond lengpisisangles are displayed in Figure
1.3. The coordination environment at silver is distorted trigonal, with bridging
coordination of nitrite in an extended polymeric structure in the solid state. For
comparison, Dr. Han Zhang grew crystals of the silvemi{iate complex of the
equatorial diastereomer oftfydroxy-trans-cyclooctenel-30 (Figure 1.3). Here, the
coordination environment at silver is distorted tetrahedral due to the ability of the
hydroxyl to serve as a second bridging ligand. Th&g®bond Engths and bond
angles were similar fd-23 and1-30. As expected, thei@=C-C dihedral angle for
1-30(136.7 °) is smaller than metliee TCO2 (139.1 °)>3Similarly, the G C=C-C
dihedral angle fol-23(126.3 °) was smaller than that of metal fre¢r&ns-
cyclohepten& (130.9 °)*¢ but comparable td (126.1 °Cj°8 a compound with
additional strain due to relatively short@ and SiO bonds in the cyclic backbone.
Reflecting the low level of metal backbonding that is common for Ag(l) alkene
complexesthe C=C bond length for the Ag(l) complexes (1.329 AlfaB, 1.366 A
for 1-30) was very similar to that of the mefaée complexegi 4 (1.33% 1.335 A).
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Figure 1.3:X-r ay crystal struwandr &€ OdkémpskesI CHAAg NC
with comparisons to known etalreetrans-cycloalkenes that have been
crystallographically characterized

Silver-free St TCH compounds could be prepared by treating their
corresponding silver nitrate complexes with an excess of agONHr aq. NacCl
(brine), followed by extractiowith organic solvent. For example, silver comple&3
upon treatment with aq. NlDH was extracted withdDs to give a solution of STCH

1-31(98% trans isomer). Consistent with previous reports on a biomolecular
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mechanism for TCH isomerizatiof,variable amounts (230%) of thecis-isomer of
1-31 was observed whelr31 was concentrated to dryness on the rotovap. However,
1-31displayed high stability when maintained in solution, with only 8% isomerization
observed for a 10WM solution of1-31 that was ®red for 24 hours at room
temperature, and <5% isomerization for a similar solution that was stored for 24 hours
in a freezeri(20 °C).

Ag(l)-complex1-26 could also be freed of metal to give alkdn@2 as a
mixture of diastereomers. The allylic substitis of1-26 protect the alkene from
biomolecular isomerization chemistry, and unlike most other AreIS+ TCH
compounds]-32is stable when stored in neat form and can be characterized-Iy/ FT
(Figure 1.4 B). The weak C=C double bond stretch-82 at 1624 crht' is shifted to
1559 cm! for the Ag(l) complexl-26. This 65 cm' shift is consistent both in
magnitude and direction for a Ag(l) alkene complex. Finally, we noted that-Ag(l)
complexation leads to signature shifts of alkene resonances ithieokhand3C
NMR spectra (Figure 1.4 C). For example, alkene resonanceslid figIR
spectrum of metal compleix24 were shifted downfield relative to metaée 1-33 by
0.15 ppm, while ift*C NMR spectra alkene resonanced-@4 were shifted up field
by ~16 ppm.
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1.5.2 Reactivity Studies and Transformation oftrans-Cycloheptene and Sila
trans-Cycloheptene Ag(l) Complexes

TCH 1-21and SiTCH 1-23were shown to engage in a range of reactions as
shown in Scheme 1.12. Metal complef1 was directly combined ith 3,6-diphenyt
1,2,4,5tetrazine to give pyridazine34 8 the product of metal dissociation, Diels
Alder/retroDiels-Alder, and oxidation, in 98% vyield. Cycloperitg8-diene was also
used to traprans-cycloheptene, delivering the [4+2] cycloadditiordadt1-35in
81% vyield as a single diastereomer. Zhang also investigated the vicinal
dihydroxylation of1-21, and found that catalytic Og@nd NMO gavel-36in 82%
yield as a single diastereomer. The observation that the dihydroxylatied1a

stereopecific is in line with earlier observations by Cope witins-cyclooctene
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Dr.Zhang's reactivity study of TCH 1-21

X EtOH X N
/ Z -AgNO N Z
AgNO;, Y 3 i
Ph Ph 1-34 Ph
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H
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121+ —_— 81%
~AgNO. z
gNO3 g
1-35
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EtOH, H,0 “OH ’
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Reactivity study of Si-TCH 1-23

Ph H
Phegi 1) NH,OH/Et,0 Ph.
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Scheme 112: Reactions of TCH-21 and SiTCH 1-23.

| found SiT C H A A goliniplex1-23 could be freed from silver by treatment

with NH4sOH (Scheme 1.12), and subsequently comtbiwith cyclopentadiene,
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diazomethane, dichloroketene, and benzyl azide to provide the cycloatid@rcis
38,1-39,1-40in 76% 96% yields (Scheme 1.12). In each case, a single diastereomer
was obtained. Attempts to combiais-1-diphenylsila4-cycloheptend-10 with
dichloroketene, benzylazide or diazomethane only returned unreacted starting
material. | was able to obtain a crystal structure for the dichloroketene dd8®adn
which the hydrogen atoms at the bridgehead carbon were shown to fiEs®ss
stereochemistry (Figure 1.26).

Working closely with Dr. Zhang, | sought to demonstrate thatCGH
cycloadducts could be oxidized to give formal cycloadducts ofdlalylolefinsd
which are recalcitrant substrates in intermolecular PAddier reactionsWith the
cycloadductl-37, the diphenylsilagroup could be oxidized to an unknown dliol
productl-41in 76%yield under a Woerpel modifi€iTamaceFleming reaction
condition (Scheme 1.13). Convantal TamaeFleming conditions® failed to deliver

desiredproduct.

H
Ph KH, t-BuO,H, TBAF  HO H
S| DMF/THF
PH’ : g )
H 76% :
’ Ho” H
1-37 1-41

Scheme 1.3: Fleming Tamao Oxidation

| also demonstrated that NHSterl-29 could be modified though coupling to
a BODIPY-fluorophore. As shown in Scheme 1.14, NHS e&29 could be
decomplexed by treatment with brine and extraction @teCl,. The resulting free

Si-TCH was then conjugated to an aminohexyl BODIR#2, and the resulting
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conjugate was isolated and stablized as a Agdthplex AgSITCH-BODIPY). As
discussed below, this fluorophore conjugate finds utility for bioorthogabalihg in
live cells. | also demonstrated that the equatorial allylic alcb#d, derived from
Ag-complex1-27, could be elaborated to the carbaniatel through treatment with
benzylisocyanate (Scheme 1.1ansCyclooctenes with allylic carbamateaieng
groups have been used by Robillé&tdnd Che?®®’ for the tetrazindigation initiated
decaging of doxorubicin and other cargo molecules. Fimeihbered analoty44is
particularly stable as the Afgeetrans-cycloalkeneand handled neat and sdr

without AgQNGs in the freezer for long periods.

1) NaCl

D 1-42 L
I
N\

AgNO >
9t%s 3) AgNO; AGNO,

1-29 68% AgSiTCH-BODIPY

Me Me O //Ph
Me-s; BnCNO, cat.EtsN Me-g; Y—NH
OH Q—o
N CH,Cl, N
H
71%

1-43 1-44
(eq)

Scheme 114: Transformations of STCH derivatives.
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1.5.3 Bioorthogonal Chemistry of SFTCH

1.5.3.1 Computational Study
To evaluate if STCH compounds may be useful in bioorthogonal chemistry,
collaborator Dr. Olg®mitrenko performed a computational study to understand the
structure and Dieté\lder reactivity of SiTCH (Scheme1.15). Simplified structute
45was used to compare to the pareans-cyclooctene and a conformationally
str aiTnCeQld Odse 1-46.5°4We reasoned that theriembered ring in the
backbone of-45would augment the olefinic strain of ttrans-cycloalkene, and
thereby increase the reactivity in tetrazine ligation. Previously, thiacycloheptynes and
dibenzoselenocycloheptynes have bstelied in bioorthogonal chemisfiyAs
shown in Scheme 1.15, ground state calculations were carried ou{TTGHSL-45 at
the MO6L/6311+G(d,p) level, and compared to previous calculatiorisams-
cyclooctene and-$CO 1-46.21°4The calculated €=C-C dihedral angle fol-45
(128.8°) is smaller than that folans-cyclooctene (137.7°) dir-46 (131.9°). MO6L/6
311+G(d,p) calculations were also carried out to compare the-Blads reactivity of
Si- TCH 1-45to trans-cyclooctene and-$CO 1-46 (Scheme 115). These calculations
were carried out with diphengltetrazine so that they could be benchmaikgainst
previous calculation&>* For SFTCH 1-45, the calculated barriers relative to a-pre
reaction complex for the Dielslder reaction with 3,8liphenytst et r aziYne ar e «
12. 48 kc¥ol. /2o lk;c d(hE D)l ,9 .g9E1 K’ 8.&a7lkdalimmll and ob
The barrier is significantly lower than thattodins-cyclooctene with 3@liphenyts-
tetrazliBe 60 ptpGalid moPR, k pepfzZPE)3199 kcadirqoE
o opH4.06 kcal/mol). The barrier is also lower than that calculated T@® 1-46
(pdh® . 26 kcaliomePR, k pepf¥ZPE)0!.,5 9pckk alibARo | , ok
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kcal/mol). The computations prompted me to conduct experimental investigatmns

the utilization of SITCH complexes for applications in bioorthogonal chemistry.

A Ground state calculations (M06L/6-311+G(d,p))

X C-C=C-C
Me, '@ 19:128.8°
QS'/N z J compare:
Me 7 trans-cyclooctene:
e 19 J @? 137.7°
4 20 (structure below):
131.9°
B Transition state calcuations (MO6L/6-311+G(d,p) )
Ph Ve 19
)\\ ) Si-Me vs. trans-cyclooctene
NTSN -
NN y AAG* -3.61 keal/mol

~
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i
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J

Scheme 1.5: (A) Ground state calculations on-BCH 1-45 (B) Transition state
calculations forl-45 and1-46.

1.5.3.2 Second Order Rate Constants
Previous researchers studied the reaction of diphstgtrazinein MeOH at

25 °C with sTCO** d-TCO? ??andtrans-cyclooctene® with second order rate
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constants of 3100 (i0), 520 (+7/3) and 19.1 (#/0.2) M'is'!, respectively. STCH
1-47was liberatedrom AgNGO;s, and in agreement with computational prediction, was
found to react with diphemg-tetrazine with a rate constant of 43601 ¢30) M st

0 1.4 times faster than sTCO, 8.4 times faster than d&€i@ and 228 times faster

thantrans-cyclooctenatself (Scheme 1.16).

A H
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Ph Nt ':

S
o Q 1-47
NN 16-1
II\IJ /ll\l ky 4360 (+/— 15) M~1s-! kz 3100 (+/- 50) M—'s~
Ph H
COH dTCacid
MeOH, 25 °C w \
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Scheme 1.6: Rate constants df47 and1-48. Second order rate constarks) (vere
determined with a stoppédtbw spectrophotometer under psetfdst
order conditions using excesanscycloalkene and limiting tetrazine.
(A) The kinetics of the cycloaddition of 3giphenyts-tetrazine in
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MeOH at 5 °C with StTCH 1-47 was measured by stopped flow
spectroscopy with UWis monitoring at 295 nm, and compared to
previously repded rate onstants for 9 CO, dTCO-acidandtrans
cyclooctene. (B) Stopped flow kinetics with a TAME36-dipyridyl-s-
tetrazine conjugat€l-48) were monitored in 9:1 #D: MeOH with
monitoring by fluorescence (Ex: 556 nm; Em: 576 nm). Data points are
shown in redand the fit is shown in blue. (C) Second order rate
constantsk,) were determined by plottingnsVvs. the concentration of
Si-TCH 1-47.

Under aqueous conditions, tetrazine ligations are accelerated due to the
hydrophobic effect. Dr. Ampofo Darko previly had studied the reactions eT€0,
d-TCO andtrans-cyclooctene with a water soluble dipyriekstetrazine derivative
under stopped flow conditions water with U\tvis monitoring®! In the most rapid
example, a rate constant of 3.3 ¥ M) s ! was masured for an-§CO derivative.
However, | found that to conduct a similar measurement usii@CHi1-47 were
complicated because the reaction was complete before | could collect data even with
stopped flow monitoring. To enable the measurement, a fluaresetrazineTAMRA
conjugatel-48was prepared, @ | used f |-od%oeremite reaceon 6t ur n
progress. The fluorogenic reaction enabled reaction monitoring at much lower
concentrations (down to 3 UM in tetrazine). As shown in Scheme 1.16 8,ahd
reaction ofl-48 with Si-TCH 1-47in 9:1 water: MeOH proceeds at 25 °C with a
second order rate constaatl.14 x 16 (+/i 5 x 1G) M'is'L. This is the fastest rate
constant reported to date for a bioorthogonal reaction.

Unfortunately, the rate cstant of the stable SiCH 1-32 with diphenyl
tetrazine in MeOH was measured as 224+ s (Figure 1.16), which was

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

trans-cycloheptene ring.

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

| also studied then vitro cycloaddition of SITCH and a green fluorescent
protein with an unnatural tetrazkoentaining amino acid (sSfGFE50Td-v.2.0,
referred to a&SFP-Tet), encoded by Samuel Scinto via thegedure of Mehl and
coworkers’! The reaction oGFP-Tet with dienophiles is fluorogenic, and it is
therefore possible to determine the reaction kinetics by monitoring the increase in GFP
fluorescence.

Although GFP-Tet is highly reactive, withn vitro rates as fast as 87,000 M
'l toward STCOGFP-Tet is not as rapid a&48 due to the less reactive nature of
the tetrazine. Kinetic measurements were carried out with silver HEEI$il-47,
which was obtained by treating Agmplex1-25 with NHsOH and extracting with
ether. The second order rate constant of the reaction betw@&@HSIi-47 andGFP-
Tet was determined to be 250,000+ 15,0084 in PBS at rt (Scheme 1.17A). The
reaction wagjuantitative under these conditions as determined BWMES{Scheme
1.17C), and is the fastest rate measured to dateRBrTetd 2.9 times faster than
previously measured rate constant for sT&Qraduate student Sam Scinto also
found StTCH 1-47 displayed very rapid labeling d6FP-Tet when carried out in live
bacteria. The kinetics of the vivotetrazine ligation were monitored in a suspension
(PBS) ofE. colioverexpressingFP-Tet by measuring the increase in whakll
fluorescence upon additiorh &-47. At room temperature, a secearer rate constant
of 155,000 + 20,000 MS't was measured, which is 62% as rapid asrthétro

ligation. The modest reduction in rate is in line with previous observations with TCO
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based dienophile€:"172 Scintoalso quantitatively verified the bioorthogonal reaction
by cell washing, lysis, purification by IMAC, and analysis by#48. Thus, SiTCH
1-47is capable of crossing the bacterial cell membrane and engaging in rapid, high

yielding conjugation inside aviing cell.
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Scheme 1.TI: In vivo/vitrokinetics of1-47 andGFP-Tet. (A) GFP-Tet reacts wih 1-
47to give a DielsAlder adduct. Because the tetrazine quenches GFP
fluorescence, the reaction progress cambasured by monitoring
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fluorescence increase. (B) Stopgdtmv kinetic data for the reaction of

GFP-Tet (50 nM) with1-47( 1. 96 e M) at 25 AC in PB
fluorescence monitoring (Ex: 488 nm; Em: 506 nm). Data points are

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

constant ) was déermined by plottindobsvs. the concentration of Si

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

confirmed by ESMS. Deconvoluted Mass spectra®FP-Tet (grey)
andthecycloadduct (green) are displayed and show the expected mass

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

that are truncated by a methionine.

1.5.3.4 Cell Labeling Experiments in Live Mammalian Cells

Working with Dr. Zhen Huang and Dr. Douglas S. Johnson at Pfizer, the
reactivity and specificity of the SITCH reagent with tetrazines in live mammalian cells
was evaluted using the HaloTag platfortAwhich was previously used to benchmark
the efficiency of various bioorthogonal reactions in the cellular environment. In that
study,trans-cycloocteneAgNOs-complexes liberate AgNOmmediately in cell
media due to the high NaCl content, and perform identically to theirfnetal
analogs ircel labeling experiment® Thus, | synthesized chloroalkane derivatives of
SiTCH (AgSiTCH-Halo), methyttetrazine eTz-Halo) and used these clickable
HaloTag ligands to covalently label HaloTag protein expressed in HEK 293T cells
with the clickable tag. DiHuang evaluated the tetrazine ligation of SITCH in
mammalian cells by reacting thgSiTCH-Halo andMeTz-Halo protein conjugates
with the correspondinlyleTz-BODIPY or SiTCH-BODIPY fluorescent probes (300
nM) for different times (20 min) (Scheme 1.18The reaction was quenched at the
various time points by chasing with excess-flanrescent tetraziramine (method 1)
or TCO-amine (method 2), and-gel fluorescence was used to quantify converggon

time.
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We found that the reaction 8iTCH-Halo with MeTz-BODIPY was
complete within 15 minutes (Scheme 1.18B, Method 2). Interestingly, the reaction
appeared to be slower with the reverse pairing wBBr€H-BODIPY was reacted
with MeTz-Halo and did not reach saturation until 90 minutes (Schem& Method
1). This may be due to the suboptimal permeability and nonspecific protein binding of
SITCH-BODIPY which results in lower free concentrations available for the reaction.
Compared ttMeTz-BODIPY, SiTCH-BODIPY also resulted in more nonspecific

protein labahg.
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Scheme 1.8: Reactions of ST C H A A gwitiD3-methy6-s-tetrazine derivatives in
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live HEK293T cells expressing HaloTag.

To investigaten vivo stability of incorporated SiTCH probes in the
intracellular environment, HaloTggotein tagging byAgSiTCH-Halo was compared
to the previously describesiy-sTCO-Halo.>® Subsequently the TAMRA z
fluorescent probe was attached via the tetrazine ligation (Scheme 1.19A). As a
benchmark, comparison was made to directly incorporated TAMBW without a
second bioorthogonal step. In these experiments, Halbv@agfected cells were
treated with 10 uM HaloTag ligands for 30 min, followed by two 30 min wash
periods. After this initial 90 min exposure to cells, time course experiments were
caried out to test the intracellular stability of the sT-Gad SiTCHlabeled HaloTag
proteins. Thus, cells were allowed to incubate for up to 24 additional hours, and cells
initially tagged byAgSIiTCH-Halo or Ag-sTCO-Halo were then treated with
TAMRA-Tz atthe indicated time points. Loss of fluorescence intensity relative to the
TAMRA-Halo benchmark indicated instability of the bioorthogonal protein tag.

Compared to the TAMRAdalo ligand, theAg-sTCO-Halo tagged protein
displayed 84% fluorescence intensitiien the TAMRATz probe was attached
immediately after the 30 min HaloTd@beling and two 30 min wash periods (Scheme
1.19 B). By contrastAgSiTCH-Halo showed only 50% fluorescence intensity at this
initial timepoint. After incubation for 7 h and 24 Ag-sTCO-Halo tagged protein
showed 61% and 43% fluorescence intedsigry similar to the TAMRAHalo
benchmark. However, thigSiTCH-Halo tagged protein displayed only 10%
fluorescence after 7 h, and negligible fluorescence after 24 h. The reduced cellular
labeling efficiency withAgSiTCH-Halo could also be observed in live cell images

according to the pulshed protocol (Scheme 1.19 €Bpecifically, HeLa cells

38



overexpressing Hatbl2B-GFP were labeled witAgSiTCH-Halo or Ag-sTCO-

Halo, and after two 30 miwash periods, treated with TAMRPz for imaging. In

both cases, specific fluorescent signals were observed in the nucleus with good
colocalization with GFP signals. Whé&gSiTCH-Halo was used, however, the
fluorescent intensity was only about half oftthahieved withAg-sTCO-Halo,
confirming that the reduced stability of SITCH in cells resulted in lower labeling
efficiency. The lower labelling efficiency withgSiTCH-Halo is likely due totrans
to-cis deactivation of the cycloalkane in the intracellidarironment. Previously, our
lab has studied the isomerizationti@ns-cyclooctenes under various conditions, and
have shown that isomerizationtohns-cyclooctenes likely occunga radical
mechanism that can be promoted by high thiol concentratiamsisient with the
fasterin cellulodeactivation of SiTCHHalo relative to sTC&Halo, | observe that
SITCH 1-33 (30 mM) completel isomerizes in 2 h at 2Z in CD;0D with
mercaptoethanol (30 mM), whereas as control sample without thiol was >98% stable
under these condition&igure 1.22) At -17 °C, 1-33isomerizes more slowly in the
presence of 30 mM mercaptoethanol, with 47% isomerization afte(RAdure 1.21)
By comparison, th&ans-cyclooctenes-d CO, sTCO, and oxel CO are much more
stable towad thiol promoted isomerization. In GOD with mercaptoethanol (30 mM)
at room temperature; BCO (30 mM) isomerized only after arh®ur induction

period, with complete conversion to ttis-isomer after 4 additional hout$ln a
similar experiment with- @' CO (30 mM), the induction period was 10 hourfieAthe
induction period, there was 42% isomerization after 4 hours, and 92% isomerization

after 14 hours! 5-OxoTCO (25 mM) in the presence of mercaptoethanol (25 mM)

39



showed only 8% isomerization in GDD over a 22hour period at room
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Scheme 1.2: Live cell stability and imaging studies of SITCHHalo. (A) In the
stability experiment, HEK293T cells expressing HaloTag were treated
with 10 pM Ag-sTCO-Halo or AgSiTCH-Halo for 30 min, followed
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by two 30 min wash periods. Control cells were treated with 2 uM
TAMRA-Halo. At 0, 7, and 24 h time points, 2 uM TAMRFz was
addedand alowed to react for 1 h before analysis. (B) Cellular stability
of Ag-sTCO-Halo andAgSiTCH-Halo. In-gel fluorescent intensities
were normalized by the corresponding Western blot signals and were
subsequently normalized by the value of TAMHRIalo at time 0. Data
were plotted as mean + SEM. (C) Live cell images of HelLa cells
expressing Halt12B-GFP. Cells were labeled with 10 pMy-sTCO-

Halo or AgSiTCH-Halo for 30 min, followed by two 30 min wash
periods, before the treatment with 1 yM TAMRIZ for 5 min. The
reactions were quenched with 100 uM T-@@ine for 10 min, followed

by two 30 min wash periods prior to addition of 8 uM Hoechst 33342 to
visualize the nuclei and confocal imaging. Signals of Hoechst, GFP, and
TAMRA were shown in blue, green, and red, retipety.

Colocalization was demonstrated in composite images of GFP and
TAMRA. Scale bar =25 pm.

Together, the labeling experiments in bacteria and HEK 293T cells show that
SITCH derivatives can serve as uggfrobe molecules in the cellular environment, as
the unprecedented speed of the bioorthogonal reactions of SITCH are much more
rapid than competing deactivation pathways. However, the utility of SITCH
derivatives as protein tagging molecules, where ebdéiincubation in the cellular
environment takes place prior to bioorthogonal reactivity, appears much more limited

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

1.6 Synthesis, Stability Study and Application oftrans-Cyclooctere (TCO)
silver nitrate complexes

To choose the right bioorthogonal chemistry tool for a given application, it is
important to understand the relative rates of the bioorthogonal reaction as well as the
rates of competing side reactions. A primary mechafisrthe deactivation of TCO
reagents is isomerization to this-isomer. Scheme 1.20 has been assembled using

data from the literature and newly collected data in order to summarize kinetic,
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stability and solubility data for a seriestadns-cyclooctene malogs. In tetrazine

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

compounds sTCO andTCO possess kinetic advantages over the parent TCO

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

to isamerization. oxel CO is more reactive and much more soluble 6@#-TCO

but is also more prone to isomerization. Due to their propensity to isomerize, for
cellubapplications t hesTOaTED, @A) havee TCOOs (
greatest utility as prolsewhere only brief incubation in the cell is required. The use of
TCO6s as chemical reporters, which require

requires use of more resilient but less reactive parent TCO s&€Ha3I CO.
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A Tetrazine ligation kinetics TCO stability

HO Tk eq. isomer » eq. isomer. CD40D, 25 °C: >99% stable after 3 days, >99% after 7days
U 22,600 M's! + ax. ;somer. CD30D, 25 °C: >99% stable after 3 days; >99% after 7days
(1-56, 25 °C, H,0)%! - eq. isomer. PBS 37 °C, 'stable’ after 7 days'34
50H-TCO ax. isomer + eq. isomer. 10 mM glutathione in D,O-PBS (pD 7.4) with 10 mM glutathione, 25 °C: 88%

stable after 24 hours?’
+ eq. isomer. PEGylated derivative in fresh mouse serum, t,, 3.26 hid4
+ ax. isomer- antibody conjugate, in vivo stability in mouse, ty, 1.39 h'3
+ eq. isomer. PEGylated derivative, in PBS with human transcuprein (0.9 mg/mL), ty;; 1.39 h1*4
+ eq. isomer. PEGylated derivative, in PBS with mouse serum albumin (21.7 mg/mL), tyz 0.65 h134

logP 1.172 80,200 M-'s™
(1-56, 25 °C, H,0)*"!

HO, H, Y 3,300,000 M's™! +in CD50D, 25 °C: 96% stable after 3 days; 86% stable after 7 days
N (J (1-586, 25 °C, H,0)?! + D,0-PBS (pD 7.4), 25 °C: 69 % stable after 3 days
H + 30 mM 2-mercaptoethanol in CD;0D, 25 °C: 0% isomerization after
Tco 8 h, complete isomerization after 12 h 21
s
o"—;y eq. isomer = in CD,30D, 25 °C: both diastereomers >95% stable after 14 days’
HO A 44,000 M1s" - D,0-PBS (pD 7.4), 25 °C
(1-57, 25 °C, PBS)™ eq. isomer. 90% stable after 7 days™
oxo-TCO ax. isormear ax. isomer. typ 1.5 days
eq: major isomer 310,000 M5! « 25 mM 2-mercaptoethanal in D,O-PBS (pD 7.4), 25 °C™2
ax: minor isomer (1_5‘7 25 °C, PRS)7? eq. isomer ty; 2.2 h72

logP 0.51 ax. isomer. ty; 1.6 h7?
(2.2:1 eg/ax mixture)

Ho ol —. 366,000 M-'s™ +in CD30D, 25 °C: 95% stable after 3 days; 85% stable after 7 days?'
— 1 | (1-56, 25 °C, H,0)%' + D,0-PBS (pD 7.4), 25 °C: no decomposition or isomerization after 14 days?®'
DA - *» human serum: no decomposition or isomerization after 1 day; 97% stable after 4 |:Iély's21
+ 10% rabbit reticulocyte lysate in D,0-PBS (pD 7.4): 12% 22% and 41% isomerization
d-TCO after 10, 24, and 96 hours?!
logP 0.952! + 10 mM glutathione in D;0O-PBS (pD 7.4), 25 °C: 53% isomerization after 4 hours, and

92% isomerization after 8 hours?'

B isomerization in MeOH-d4 with
mercaptoethanol (30 mM)

— NHBoc

1-57: R = CO;H

10
time (h)

Scheme 1.20(A) Kinetic and stability properties afans-cyclooctene derivatives
under varied condition$B) Isomerization kinetics of STCO and d
TCO in MeOH containing mercaptoethanol.

As described previously, the isomeripatof trans-cyclooctenes is promoted
by high concentrations of thiof8:>/2 Thiol-promoted isomerization is observed
across al | 5GH{TCQ, §TEO,FTCO,w0-TCO), and in some cases, is

characterized by a long induction timeftre isomerizatin commence$: For
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example, the solutions of ICO and sTCO were stable in DD containing 30 mM
mercaptoethanol for 8 and 12 hours, but subsequently underwent rapid isomerization
(Scheme 1.20B). It was hypothesized that the isomerizatiofT @@ and sTO may

be a radical catalyzed reaction, and at high thiol concentrations the reaction may be
promoted by a thieéne/retro thl-ene pathway (Scheme 1.21%y.Radical

intermediates have also been proposed to play an important role to the isomerization
of trans-cycloheptened? Robillard and coworkers have demonstrated that Cu
containing proteins can promote TCO isomerization (Scheme 1.2@&p1@aining

protein are well known to engage in eslectron redox chemistry, again suggesting

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

A
RS- SR
—_— —_—T
thiol-ene retro-

thiol-ene
B without
H Trolox 100% cis
HO\ g D,O-PBS 18.5h
R with or without
H
sTCO HO with Trolox (30 mM)
+ 30 mM CH; 29.5h 2 95% trans
(@)
CO,H m‘ N
HS/\/OH 2
Trolox
30 mM 30 mM T T T T T

6.0 5.5 5.0

Scheme 1.2: (A) Plausible mechanism for the thiptomoted isomerization dfans
cyclooctenes. (B) Isomerization of sTGOpromoted by
mercaptoethari@nd inhibited by Trolox, a watesoluble vitamin E
analog.
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Initial study by Dr. Samantha Boyd provided additional evidence for radical
intermediates as she found the present of radical inhibitor Trolox can sujpansss
cycloootene isomerization under conditions under high thiol concentrafibhsa
control experiment, a 30 mM solution ®FCO and 30 mM mercaptoethanol were
mixed in DO-PBS (pH 7.4) and isomerization was monitored\NMR after 1, 2,

4.5 and 18.5 hours, athich points 18%, 34%, 55% and 100% of teisomer was
detected, respectively. This isomerization was completely suppressed in a similar
study where the radical inhibitor Troléxa watersoluble analog of vitamin Ewas
included in the mixture. Thuseatment o8 TCO with 30 mM mercaptoethanol and

30 mM Trolox in DO-PBS led to <5% isomerization (NMR detection limit) after 29.5
h (Scheme 1.21B). Similar observations were observed in isomerization studies of
sTCO in methanolic solutions containing BHilradical inhibitor thatds been used to
stabilize TCO'?® Thus, complete isomerization was observed after 63 hours for a
solution of 30 mMMsTCO in methanol containing 30 mM mercaptoethanol, whereas
no isomerization was observed for a solution of 30 &11@0O and 30 mM
mercaptoethanol containing 30 mM BHT. In the presence of low concentrations of a
radical inhibitor, an induction period was observed prior to olefin isomerization.
Thus, for 30 mMsTCO in D2O-PBS in the presence of 30 mM mercaptoethanolland
mM Trolox, <5% isomerization was observed after 6.5 hours, but 52% isomerization
was observed after 21 hours. Taken together, these observations that thiols promote
isomerization, that high concentrations of Trolox inhibit isomerization in the presence
of thiol, and that an induction period is seen at low concentrations of Trolox all
provide support for a radical based pathway for Ti€@nerization in the presence of

thiols. Given the high intracellular concentrations of thiols and the role of thiols in
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cellular redox regulatio®’ it is also plausible that intracellular mechanisms for the

deactivation ofrans-cyclooctenes also involve radical pathways.

1.6.1 Synthesis and Stability Study otrans-Cyclooctene (TCO) silver nitrate
complexes

Fol | owi n gsstadynhsonghthodusther develop methods for
stabilizing TCO reagents for long term storage. It was found that theliéhelf
conformationally strained trargg/cloalkene derivatives could be enhanced by
protecting them as Ag(l) metal complexes, #mat the fredrans-cycloalkenes could
be liberated by treatment with ag. NaCl or in cell m&@lMetal complexation was
shown to be essential for the handling of-tigans-cycloheptene complexes, which
upon metal complexation participate in the fasbesbrthogonal reactions studied to
date. A goal of this part of my study was the establish the generality of Ag(l)
complexation for the stabilization across a serigsamis-cyclooctene derivatives. It
is shown that Ag(l) metal complexation trgns-cydooctenes is rapidly reversible but
kinetically reversible, and that Agxchange between TCO ligands is rapid on the
NMR timescale at60 °C. NMR studies also show that the kinetics of Na€tiated
decomplexation are very rapid. Finally, it was shovat hTAMRASTCOAg
complex rapidly labels a protetetrazine conjugate in live cells with yields that are
similar to and TAMRATCO conjugate but with rates that are significantly faster.
Shown in Table 1.2 is the comparison of the stabilities for a serigg-free TCO
complexes and their AgNZomplexes after storage in an open flask for 3 days at 30
°C. By'H NMR analysis, the equatorial diastereomeB©H-TCO is stable under

these conditions, whereas the more readtaes-cycloalkenesl-TCO, sTCO ard

oxoTCOl ead to 81%, 98% and 37% degradati on.
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stable in solution (Scheme 1.20), especially when stored in the freezer. For neat
materials, undefined degradation products are formed, whereas olefin isomerization is

observed irsolution.

Table 1.2: Stability comparisons for necrystallinetrans-cyclooctene
derivatives when stored neat at 30 °C.

Stability after 3 d at 30 °C, neat

A

H H HO
HOH h Oj@ HO\HHQ \@
o= O
H H

50H-TCO d-TCO sTCO oxo-TCO
>95% stable 81% decomposition 98% decomposition 37% decomposition

B R R
/ AgNO, /.

Q s CJ

— >

N rt /‘/r\

AgNO,

Stability after 3 d at 30 °C, neat
HO

H
1 1-50 | 1-51
HO H P HO (OQ m
H\\\ \\AgNO3 o) H AgNO; 0] AgNOg3

97% stable 94% stable 3dat 30 °C, neat
(95% stable in solution) (95% stable in solution) 97% stable

The preparation dfans-cyclooctene silver nitrate complex derivatives is
straightforward and involves simply combining the TCO wAtiNOs in acetonitrile
or methanol for 15 min, followed by concentration under reduced pressure. When neat
s T C O A A(@-#P0was storedn an open flask at 30C for 3 days, the sample
maintained7% purity as determined 44 NMR with an internal standard! also
studied the stability of comple49 in methanolds and DMSQOds. After 3 days at 30
°C, the samples were still 95% pure. W t h  d T C{31858) giié@ was 94%
fidelity for a neat sample that was stored in the open for 3 days at 30°C as a neat

sampl e, while in met hahad95%anmd@4%itksyaiter d T COA /
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3 days at 30 °C respectively. 6¥oC O A A g(N%1) stowedd 95% stability when
stored neat at 3T for 3 days. In the freezer, the TGAYNOs complexes can be

stored neat or inadution for >1 month without degradation (sTOOsAAQ).

1.6.2 Silver complex decomplexation experiment

| next conducted an NMR experiment that demonstrates that dissociation of a
trans-cyclooctene silver complex by NaCl is very rapid (Figure 1.5). Here, cordpoun
Ag-sTCO-halo (5 mg) was dissolved ind® (0.9 mL), followed by the addition of
NaCl in D;O (0.1 mL, 100 mM). Within 3 minutes, thel NMR was remeasured, and
no signal was observed. Upon extraction wigh§; silver freesTCO-Halo was
recovered and obseed by'H NMR (Figure 1.5C). The experiment indicated that
silver decomplexation okg-sTCO-halo was complete by the time &4 NMR

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

1.6.3 Coalescence Experiment afrans-Cyclooctene 8ver Complex

Ag(l) alkene complexes commonly have low level of metal backbonding.
Previously reported Xay structures dfrans-cyclooctene silver complex demonstrate
trans-cyclooctene coordinated silver nitrate as a 1:1 complex. | also noted that sila

transcycloheptene silver nitrate complex lead to signature shifts of alkene resonances
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in *H NMR. Similar chemical shift change was also observed when | was studying
trans-cyclooctene silver complexes. In four parallel studies, 1.50, 1.00, 0.50, 0.25
equivdents of silver nitrate were added to four different methanol solutiohsaf

(1.00 equivalents). FodH NMR experiments were conducted after thoroughly
mixing. | observed a shift of alkene resonance from 1.00 equiv of Ag(l) to 0.25 equiv
of Ag(l). While 1.50 equiv and 1.00 equiv of Ag(l) shows the same alkene chemical
shift. Moreover, after adding 0.50 equiv and 0.25 equiv Ag(l), instead of observing
two distinct sets of alkene peaks (one attributable to the silver complex, the other to
silver-freetrans-cycloalkene), | only found one set of alkene resonances. | concluded
that there was a rapid equilibrium between metalthaes-cyclooctenes and its metal
complex, leading to a tirmaveraged alkene chemical shift that reflects rapid

equilibration on th&NMR time scale. (Figure 1.6)
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Figure 1.6: Coalescence of alkene resonancé-68.

1.6.4 Application of trans-CycloocteneSilver Complex Derivatives

In order to explore the utility dfans-cyclooctene silver complex, a sTEO
tosylate silver complexi{54) and sTCGTAMRA silver complex {-55) were
prepared from metal free precurs@$CO-T o saimetal free version of STGO

tosylate silver complex1{54) was used as radiolabeled precursor. Previously, we
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suffered fromtransto cis isomerization issue during long period storage ostheO-
Tos. We were pleased to see compotrs# exhibited significantly improved stability
with no isomerization or degradation observed after in storad® 4t for 45 days.
Graduate student Katarina Rohlfing showed that the reeTi€©-Tos can be readily
released fromi-54 by treating with NHOH before us (Scheme 12.

750" O ~"0 o o
O\) TsO” "0 19p~O g

o/ o/

TBAF'®, 76%

1-54 sTCO-Tos sTCO-19F

store neat in freezer
stable >1 month

Scheme 1.2: Ag-sTCO tosylate decomplexation experiment.

STCOT A MR A A A;§1p68) was prepared via mixing STGDAMRA and
silver nitrate. Dr. Joshua Judkins from Pfizer studied the tetrazine ligation in live cells
using STCOGTAMRA silver complex based on HaloTag platform. 2uM of-HET-
CHsz was used to incorporate HaloTag protein expressed cells. Then he reacted the
HT-TET-CH;s conjugates with STCO A MR A A Asd168) fluorescent probe for
different times (0.17120 min). The reaction wasignched at the various time points
by chasing with excess ndluorescent TC@mine and irgel fluorescence was used
to quantify conversion vs. time (Figure 1.7). As a result, the reaction gave 60%
fluorescence intensity (Figure 1.7) relative to that olediwhen TAMRA was

directly introduced through halotaggiftjThe 60% labeling yield with sSTGO
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T AMR A A A;d1N68) was similar to that observed when a TAMRA conjugate-of 5
hydroxy-trans-cyclooctene was usé@put the time to reach saturation was much

morerapid (&2 = 5 min) with1-55.
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Figure 1.7: Reaction of STCEX A MR A A Asl83pwith HT-TET andHT-TET-
CHsin live HEK 293Tcells eypressing HaloTagrotein.
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1.7 Conclusion

In conclusion, AQN@complexes ofrans-cycloheptene anttans-1-sila-4-
cycloheptene derivaes have been prepared via a flow photochemical synthesis,
using a new low temperature flow photoreactor to enable the synthesis of carbocyclic
TCH derivatives. TCH A g No@mplexes can be handled for brief periods at rt and
stored for weeks in the freezei8 °C). SiT C H A A gcmblexes are especially
stable and can be stored on the bench for >1 week at rt, and for months in the freezer.
X-ray crystallograpp was used to characterize aT&HAAgNOs complex for the first
time. With decomplexation of AgN{In situ, metalfree TCO and STCH derivatives
can engage in a range of cycloaddition reactions as well as dihydroxylation reactions.
Computation predictednat StTCH would display faster bioorthogonal reactions
toward tetrazines than even the most readtans-cyclooctenes. Metdree SiTCH
derivatives were shown to display good stability in solution, and to engage in the
fastest bioorthogonal reaction reportedi&de k2 1.14x10° Mistin 9: 1 HO:

MeOH). Utility in bioorthogonal protein labeling live cells is described, including
labeling of GFP with an unnatural tetrazicentaining amino acid. The reactivity and
specificity of the SiTCH reagents withetrazines in live mammalian cells was also
evaluated using the HaloTag platform. The celelady experiments show that-Si
TCH derivatives are suitable as highly reactive probe molecules in the cellular
environment.

Il nspired by the and&id €EHAAgA@NE@HAAgNO
trans-cyclooctene silver complexes were prepateahs-Cyclooctene silver nitrate
complex has improved thermal stability compared tiihs-cyclooctenes. These
trans-cyclooctene silver complexes can be easily handled and used directly in the

same way asans-cyclooctenes. The process of decomplexation to deliver{fieta
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reactivetrans-cyclooctenes was rapid.-gel fluorescence studies have shown silver
complex1-55 can rapidly label proteins in live cell, indicatitrgns-cyclooctene silver
nitrate complexes are useful precursorsdas-cyclooctenes in bioorthagal

chemistry.
1.8 Experimental Procedures

1.8.1 General Considerations

Anhydrous methylene chloride was dried through a column of alumina using a
solvent purification system. Anhydrous THF was freshly distilled from
Na’/benzophenone ketyl. Commercial HMPA was digwer 4A molecular sieves. All
other reagents were purchased from commercial sources and used without further
purification. Chromatography was performed on normal phase silica gel from Silicycle
(40-63 um, 233400 mesh). All the conversion of photoisorzation reactions were
monitored by GC (G010 Plus, Shimadzu). APT and CPD pulse sequences were
used for'3C NMR. When the APT pulse sequence was usetf@®NMR, the
secondary and quaternary carbons were phas
primaxr y carbons appear 6downé (dn). Data are
multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
dd = doublet of doublets). Stopp&tbw kinetics were measured using an SX18RV
stoppedflow spectrophotometer (Applied Photophysics Ltd.) with temperature
control. High resolution mass spectral data were taken with a Waters GCT Premier
high-resolution timeof-flight mass spectrometer or using a Therm&xactive
Orbitrap instrument. Btein MS were conducted using a Waters XeveS3QTof.

Infrared (IR) spectra were obtained using FTIR spectrophotometers with films cast
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onto a NaCl, KBr or AgCl plate. Infrared (IR) spectra for compaolx28, 1-24, 125,
1-26, 1-27, 1-:29 and1-32 were cdlected from Bruker Tensor 27 and NeX¥$670
FT-IR. TetrazineTAMRA conjugatel-48 was prepared acoding to literature

procedure:33

1.8.2 Preparation of Silver Nitrate Impregnated Silica GeP®

Flash silica gel (90 g, Silicycle cat # R12030B, 60 A) was suszkimd100
mL of water in a 2 L round bottomed flask. The flask was covered with aluminum foil
and a silver nitrate (10 g) solution in water (10 mL) was added. The resulting mixture
was thoroughly mixed. Water was evaporated under reduced pressure dawhp ro
(bath temperature ~ 85 °C) using a bump trap with a coarse fritted disk. To remove the
remaining traces of water, toluene (2 x 200 mL) was added and subsequently
evaporated by rotary evaporation. The silver nitrate impregnated silica was then dried

under high vacuum overnight at rt.

1.8.3 Photoisomerization Apparatus for carbocyclictrans-cycloheptenes
Photoisomerizations were carried out using a Southern New England

Ultraviolet Company Rayon®&teactor model RPR00 or RPR200, equipped with 8

low-pressuranercury lamps (2537 A). Photoisomerizations were carried out in a

PTFE tubing (also named FEP tubing, 1/ 80

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

cm x10.0 cmx 24.0cmpiotage® SNAP cartriges (Biotage part No. FSHQ07) were

used to house silica gel and the AgiN@pregnated silica gel. The PTFE tubing was

connected to the Biota§&NAP cartriges and to a pump at the other end. The pump

was purchased from Fluid Metegninc. (FMI pump model RIP equipped with
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pump head FMI R405). An inline thermometer was connected between the FMI pump
and the FEP tubing. A loagecked round bottomed flask was connected to the FMI
pump and the BiotageSNAP cartriges via PTFE tubingh@& round bottomed flask

was settled into a cryobath (Thermo Scientific NESLAB-&Bcryobath). The

temperature of cryobath was set &) °C when using the photoapparatus.

Biotage cartridge .
connection

Rayonet
Photo-
reactor
ometer

probe

1 digital
thermo
meter

Figure 1.8: Setup for the general photosynthesisabocyclictrans-cycloheptene.
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Figure 1.10:Inside of Rayonet® reactor

1.8.4 Photoisomerization Apparatus for silatrans-cycloheptenes
Photoisomerizations were carried out using a Southern New England
Ultraviolet Company Rayonet® reactor model RP®O or RPR200, equipped witld
low-pressure mercury lamps (2537 A). Photoisomerizations were carried out in a
quartz flask. BiotageSNAP cartriges (Biotage part No. FSHQ07) were used to
house silica gel and the AgN@npregnated silica gel. The bottom of the column was
interfaced o PTFE tubing (1/806 OD x 0.0630 | D,
flanging tool), equipped with flangeless nylon fittings (28thread, IDEX part no.-P
582), using a female luer (128 thread, IDEX part no.-B28). The top of the column
was interfacedising a male luer (1/28 thread, IDEX part no.-B75). The pump used
for recirculating solvents through the photoreactor was purchased from Fluid
Metering, Inc. (FMI pump model RB equipped with pump head FMI R405).
Adapters for interfacing the FMI punmp the PTFE tubing were purchased from
IDEX (part no. U510).

Biotage
cartridge

Rayonet
Photo-
reactor
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Figure 1.11: Setup for the general photosynthesis of sdas-cycloheptenes

Figure 1.12:Inside of Rayoné&treactor

1.8.5 Synthesis procedure forcis-cycloheptene substrates

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

= OH  THF ~

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

sequentially charged with anhydrous THF (5.30 mL) and LiART1 mg, 7.14 mmol,
2.00 equiv). The mixture was chilled by an ice bath, and a solutiofflnft3-en-1-
yl) hex5-enoic acid?® (600 mg, 3.57 mmol, 1.00 equiv) in anhydrous THF (5.30 mL)
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was added dropwise with a syringe. The reaction mixture was then heated to reflux
overnight. The reaction mixture was then allowed to cool to rt and then to ice bath
temperature, and 20lnof 15% NaOH solution was added dropwise. The resulting
mixture was filtered and the filter cake was washed with ethyl acetate (20 mL). The
agueous phase was extracted with ethyl acetate (3 x 20 mL). The resulting solution
was dried with Ng5Qy, filteredand concentrated on the rotary evaporator. Purification
by column chromatography with 5% ethyl acetate in hexanes yieldaat-3-en-1-
ylhex-5-en-1-ol (431 mg, 2.80 mmol, 78%) as a clear 4. NMR (600 MHz,

CDClk) U: 5J=8&9, 10@,6.6 HZH), 5.045.01 (m, 2H), 4.94.95 (m,

2H), 3.58 (d,J = 5.3 Hz, 2H), 2.09 (dt] = 14.4, 7.2 Hz, 4H), 1.51.53 (m, 1H), 1.50
1.44 (m, 2H), 1.43.37 (m, 2H), 1.35 (s, 1H}3C NMR (100 MHz,CDGJ)) U : 139 . 0
(dn), 114.6 (u), 65.3 (u), 39.5 (dn), 31.2 (u),B); FTIR (KBr/thin film) 2925,

1641, 1384, 1050, 908, 668 ZnHRMS (Cl+) m/z: [M+H] calcd. for GoH140",
155.1436 found 155.1420.

(42)-Cyclohept-4-en-1-ylmethanol
3\/@4 Grubbs 1st
S DCM, reflux

A 2 L roundbottomed flask equipped with a reflux condenser was charged

OH

with 1 L of methylene chloride, followed by addition of(But-3-en-1-yl)hex-5-en1-

ol (1.00 g, 6.49 mmol, 1.00 equiv). The solution was heated to reflux temperature.
Grubbs # generation catalyst (267 mg, 0.324 mmol, 0.05 equiv) was added. The
reaction mixture waallowed to reflux for 3 hours. The solvent was removed with a
rotary evaporator. Purification by column chromatography with 8% ethyl acetate in

hexanes yielded 430 mg (3.41 mmol, 54%) of the title compound as a gréeh oil.
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NMR (400 MHz, CDCY) i :-5.72 (m72}), 3.42 (d] = 6.5 Hz, 2H), 2.22.17 (m,
3H), 2.072.00 (m, 2H), 1.84..75 (m, 2H), 1.72..64 (m, 1H), 1.18.06 (m, 2H)%C
NMR (100 MHz,CDG) U: 132.1 (dn), 68.2 (u), 44.
(KBr/thin film) 3323, 318, 2916, 2840, 1442, 1250, 1067, 1044, 1008, 939, 703, 631
cml; HRMS (Cl+) m/z: [M+H] calcd. for GH1s0*, 127.1123 found 127.1105.
4-(Di(but-3-en-1-yl)(methyl)silyl)butanenitrile (1-1)

M sici P _AMPA | Mg~
- 2+ = MgBr — I
NS THF, 1t NS M=
11

A dry roundbottomed flask was charged with Mg powder (1.281g7 mmaol,
3.00 equiv) and dry THF (125 mL) under nitrogen atmospheBzomo-1-butene
(5.60 mL, 55.2 mmol, 3.21 equiv) was introduced to the flask dropwise via syringe.
The reaction mixture was allowed to stir at rt. After magnesium powder was
consumed rad the formation of the Grignard reagent was complete, HMPA (15.0 mL,
86.0 mmol, 5.00 equiv, dried over 4A molecular sieve) was added, followed by 4
(dichloro(methyl)silyl)butanenitrile (2.70 mL, 17.2 mmol, 1.00 equiv). The reaction
mixture was stirred at overnight. Afterwards, THF was removed via rotary
evaporation. Saturated ag. MH (80 mL) and ethyl acetate (80 mL) were added and
the aqueous layer was extracted three times with ethyl acetate. The organics were
combined, dried with anhydrous Mg&diltered, and concentrated via rotary
evaporation. Purification by flash column chromatography (1% diethyl ether/hexane)
afforded the title compound as colorless oil (2.14 g, 9.66 mmol, 56% Vield)MR
(600 MHz, CDC#) & : 5J=866b, 10.4, 6.3 Hz, 2H), 5.00 (db=17.0, 1.7 Hz,
2H), 4.91 (dd,) =10.1, 1.3 Hz, 2H), 2.36 (§,=6.9 Hz, 2H), 2.05 (ddd} =9.9, 8.8, 6.4
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Hz, 4H), 1.681.63 (m, 2H), 0.7.68 (m, 2H), 0.60.64 (m, 4H) , 0.01 (s, 3H}*C

NMR (150MHz,CDCk) @&G:141.3, 119.8, 11352, 27.9,
FTIR (KBr/thin film) 3077, 2975, 2908, 2245, 1714, 1639, 1414, 1253, 1175, 1080,

994, 906, 805 criy HRMS (CI+) m/z: [M+H] calcd. for GsH2aNSi*, 222.1678

found 222.1697.

(2)-Si-(3-Cyanopropyl)-Si-methyl-5-sila-cycloheptene (12)

/\/\::N
Me. ~ == Grubbs 1st catalyst Me ~gj

“Si
N — Ne= DCM, reflux Q

1-2

4-(Di(but-3-en-1-yl)(methyl)silyl)butanenitrile (400 mg, 1.81 mmol, 1.00
equiv) was dissolved in dry GBI, (120 mL). Grubbs stgeneration catalyst (74 mg,
0.0903 mmol, 0.0500 equiv) was added as a solutiary CHCI, (37 mL) and the
solution was heated to reflux for 5 hours. After cooling to rt, the reaction mixture was
concentrated via rotary evaporation. Purification by flash column chromatography
(2% diethyl ether/hexane) afforded the title compo(#89 mg, 1.55 mmol, 85%
yield) as colorless oitH NMR (400 MHz, CDCJ) U :-5.72 (m82M), 2.35 (1
=7.0 Hz, 2H), 2.24.19 (m, 4H), 1.7€.62 (m, 2H), 0.7D.67 (m, 2H), 0.6H.61 (m,

4H), 0.03 (s, 3H)®®C NMR (100 MHz,CDG) G: 132. %21.02,2095, 9, 21.

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

1406, 1252, 1170, 933, 795, 699 EmRMS (LIFDI-TOF) m/z: [M]" calcd. for

C11H19NSi*, 193.1281 found 193.1282.
(2)-Si-(4-Oxobutyl)-Si-methyl-5-silacycloheptne (13)
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Me “Si/\/\:N DIBAL-H Me.o, N
1-3

A dry roundbottomed flask was charged with a solution of &&)3-
cyanopropyhSi-methyl5-silacycloheptene (656 mg, 3.39 mmol, 1.00 equiv) in
CHCl> (4.5 mL) under an atmosphere of nitrogen. The flask was cooled by a bath of
dry ice/acetonéi 78 °C), and DIBALH (4.1 mL of a 1.0 M solution in Ci€l», 4.1
mmol, 1.2 equiv) was slowly added via syringe. The dry ice/acetone bath was then
replaced with 440 °C bath (dry ice/acetonitrile), and stirring was continued for 1
hour. The cold bath wabken eplaced by an ice bath (0 °@t 0 °C, HO (0.14 mL)
and 15% NaOH (0.14 mL) were sequentially added dropwise. Additional water (0.34
mL) was added, and the ice bath was removed and the mixture allowed to stir for 15
min at rt. Some anhydrous magies sulfate was added and the mixture was stirred
for another 15 min. The salts formed in the mixture were filtered via a Blchner funnel
and rinsed with methylene chloride. The methylene chloride solutions were combined
and concentrated. Purification by$h column chromatography (2% diethyl
ether/hexane) afforded the title compound (422 mg, 2.15 mmol, 63% yield) as
colorless oil!H NMR (400 MHz, CDCY) i : JB=1.Hw, 1H)t 5.86.72 (m,
2H), 2.45 (tdJ) =7.2, 1.8 Hz, 2H), 2.22.18 (m, 4H), 1.6&.60 (m, 2H), 0.64.54
(m, 6H), 0.02 (s, 3H*3C NMR (100 MHz,CDCJ) t: 203.2 (dn), 132.
21.1 (u), 16.7 (u), 14.8 (u), 12.6 (&4,0 (dn); FTIR (KBr/thin film) 2910, 2876,
2855, 1727, 1466, 1407, 1251, 1169, 1153, 934, 795, 697HRMS (LIFDI-TOF)
m/z: [M]* calcd. for GiH200Si", 196.1283 found 196.1301.

(2) 4-(1-methyl-2,3,6, #tetrahydro-1H-silepin-1-yl)butanoic acid(1-7)
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Me /\/\CN
Si NaOH Me\s_/ﬂ
i o)
Q EtOH, H,0

85°C =

A roundbottomed flask was charged with a solution of &) 3-
cyanopropyhSi-methyl5-silacycloheptene (2mg, 1.16 mmol, 1.00 equiv) in
ethanol (11.6 mL). NaOH solution (2.32 g in 2.32 miO;H58.0 mmol, 50.0 equiv)
was slowly added. The reaction was then refluxed for 4 hours. Afterwards, ethanol
was removed by rotary evaporation, and the remainder wafiedtidi pH~2 with 3.0
M HCI solution. The mixture was extracted with 3x40 mL diethyl ether. The
combined organics were dried with anhydrous MgSiered, and concentrated.
Purification by flash column chromatography (30% ethyl acetate/hexane) affoeded t
title compound (188 mg, 0.89 mmol, 76% yield) as light yellow'siINMR (400
MHz, CDCk) U :-5.78 (m82H), 2.37 (1) =7.4 Hz, 2H), 2.2€.16 (m, 4H), 1.67
1.62 (m, 2H), 0.70.56 (m, 6H), 0.02 (s, 3H}3C NMR (100 MHz,CDCJ) t: 180 .
(u), 132.7 (dn), 38.0 (u), 21.1 (u), 19.4 (u), 14.7 (u), 12.640),(dn); FTIR
(KBr/thin film) 3017, 2909, 1709, 1410, 1292, 1251, 1232, 1169, 933, 794, 698 cm
HRMS (LIFDI-TOF) m/z: [M] calcd. for GiH200.Si* 212.1233, found 212.1231.
(2)-Si-(4-Hydroxybutyl) -Si-methyl-5-silacycloheptene (34)

0 OH
Me“SiM%H NaBH. Me“Si/\/\/
O e O
1-4
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A 25 mL roundbottomed flask was charged with {&}-(4-Oxobutyl}Si-
methyl5-silacycloheptene (422 mg, 2.15 mmol, 1.00 equiv) and methanol (11 mL).
The flask was cooled by an ice bath (0 °C), and the mixture was magnetically stirred.
Sodium borohydride (81 mg, 2.15 mmol, 1.00 equiv) was added slowlyaith sm
portions as a solid to the reaction mixture. The ice bath was removed, and the mixture
was allowed to stir while warming to room temperature for 1 h. Water (3 mL) and 3M
HCI (3 mL) were sequentially and cautiously added dropwise to the mixture. Methano
was removed by rotary evaporation, and the remainder was thrice extracted with
diethyl ether. The combined organics were dried with anhydropSQ4afiltered, and
concentrated. Purification by flash column chromatography {20% diethyl
ether/hexane)fforded the title compound (403 mg, 2.03 mmol, 95% yield) as
colorless oil!H NMR (400 MHz, CDCY) U :-5.78 (m82M), 3.65 (1) =6.4 Hz,
2H), 2.232.19 (m, 4H), 1.63..56 (m, 2H), 1.441.33 (m, 2H), 1.24 (br s, 1H), 0.64
0.53 (m, 6H), 0.01 (s, 3H¥*C NMR (150 MHz,CDG) U: 132.7 (dn), 62
(u), 21.2 (u), 20.0 (u), 14.8 (u), 12.8 (t8,9 (dn); FTIR (KBr/thin film) 3323, 3016,

2909, 2874, 1647, 1406, 1378, 1250, 1169, 1060, 934, 795, 698, #36IRNIS
(Cl+) m/z: [M+H]" calcd. for GiH230Si" 199.1518, found 199.1522.
Di(but-3-en-1-yl)diphenylsilane (1-9)

HMPA A~
Ph;Si(]z + Z""MgBr ———— Ph;Si
Ph THF, rt Ph™ N =

1-9
A flame-dried roundbottomed flask was charged with Mg powder (2.85 g, 119
mmol, 3.50 equiv) and dry THF (200 mL) under nitrogen atmospheBeoho-|-

butene (12.3 mL, 121 mmol, 3.8§uiv) was introduced to the flask dropwise via
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syringe. The reaction mixture was allowed to stir at rt. After magnesium powder was

consumed and the formation of the Grignard reagent was complete, HMPA (29.6 mL,

170 mmol, 5.00 equiv, dried over 4A moleauséeve) was added, followed by

dichlorodiphenylsilane (7.15 mL, 34.0 mmol, 1.00 equiv). The reaction mixture was

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

ag. NHCI (100 mL) and ethyl acetate (100 mL) were edldnd the aqueous layer

was extracted three times with ethyl acetate. The organics were combined, dried with

anhydrous MgS@ filtered, and concentrated via rotary evaporation. Purification by

flash column chromatography (hexane) afforded the title congpas colorless oll

(7.03 g, 24.0 mmol, 71%3)H NMR (600 MHz, CDCJ) U :-7.49 (m544), 7.43

7.33 (m, 6H), 5.95%.83 (m, 2H), 5.031.82 (M, 4H), 2.18.06 (M, 4H), 1.28..17 (m,

4H);3C NMR (100 MHz,CDG) U: 141.4 (dn), 4(@n.8 (u),

128.0 (dn), 113.1 (u), 27.9 (u), 11.8 (u) ; FTIR (NaCl/thin film) 3068, 2998, 2976,

2907, 1638, 1427, 1180, 1110, 997, 900, 738, 700, 484 RMS (LIFDI-TOF)

m/z: [M]" calculated for GH24Si" 292.1642; Found 292.1659.
(2)-Si,-Si-diphenyl-5-sila-cycloheptene (110)

Ph_ Ph
Ph. ~"=  Grubbs 1st catalyst 'SP’

Ph >
= DCM, reflux o

1-10

Di(but-3-en-1-yl)diphenylsilane (7.03 g, 24.0 mmol, 1.00 equiv) was
dissolved in CHCI, (120 mL). Grubbs®lgeneration catalyst (594 mg, 0.722 mmol,
0.030 equiv) was added as a solution ineClz(1.7 L) and the mixture was refed

under nitrogen for 1 hour. The mixture was cooled to rt, and the reaction mixture was
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concentrated via rotary evaporation. Purification by flash column chromatography
(hexane) afforded the title compound (4.50 g, 71% yield) as colorless solid, mp 59 °C

IH NMR (600 MHz, CDCJ) U :-7.50 (m548), 7.447.32 (m, 6H), 5.96.82 (m,

2H), 2.462.30 (m, 4H), 1.24..22 (m, 4H)33C NMR (100 MHz,CDG)) t: 137. 2
(u), 134.7 (dn), 132.7 (dn), 129.3 (dn), 128.0 (dn), 21.1 (u), 11.4 (u); FTIR (KBr/thin

film) 3067, 3017, 2910, 2856, 1427, 1149, 1115, 931, 787, 698, 515HRMS

(LIFDI-TOF) m/z: [M]' calculated for @H20Si* 264.1329; Found 264.1338.

(3-Chloropropyl)(methyl)bis(2-methylallyl)silane (1-14)

THF, rt.
Me. ' :
Clai~_oSiCl, YMQC' —— Me-SiT

1-14
3-Methallylmagnesiunthloride solution (12.5 mmol, 0.5M in THF, 2.50

equiv) was added to a flask that had been flame dried and cooled under nitrogen. 3

Chloropropyldichloromethylsilane (958 mg, 5.0 mmol, 1.00 equiv) was added

dropwise. The reaction was stirred for 6 hourg.akfterwards, THF was removed via

rotary evaporation. Saturated NE aqueous solution and diethyl ether were added,

and aqueous layer was extracted with diethyl ether for 3 times. The combined organic

layers were dried with anhydrous Mg&@ltered, andconcentrated via rotary

evaporation. Purification by flash column chromatography (hexane) afforded the

desired (3chloropropyl)(methyl)bis(znethylallyl)silane as colorless oil (950 mg,

83% yield)."H NMR (400 MHz, CDC{) t: 4.62 (s, 5@t=H9 4. 51 (

Hz, 2H), 1.831.75 (m, 2H), 1.72 (s, 6H), 1.59 (s, 4H), 0067 (m, 2H), 0.07 (s,

3H);®CNMR (100MHz,CDG)) G: 143.2 (u), 109.2 (u), 4
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25.5 (dn), 11.8 (ux4.3 (dn); FTIR (KBr /thin film) 3074, 2954, 2914637, 1440,
1373, 1279, 1252, 1164, 1000, 872, 840'cMRMS (Cl+) m/z: [MCHg]* calculated
for C11H20CISi" 215.1017; Found 215.1022.

3 , -@3Chloropropyl)(methyl)silanediyl)bis(2-methylpropan-1-ol)(1-15)

Me
M OH
e
cl 1) BHzeTHF cl

Me-Si"™" Me—Si ™~
2) H2O, 3M NaOH, H202

Me

Me OH

1-14 1-15

A 25 mL flame-dried roundbottomed flask was charged with- (3
chloropropyl)(methyl)bis(anethylallyl)silane (231 mg, 1.00 mmol, 1.00 equiv) and
0.500 mL dry THF. The flask was cooled by an ice bath (0 °C). Borane THF complex
solution (1.0 M in THF) (2.00 mL, 2.00 mmd.00 equiv) was added dropwise to the
reaction mixture. The ice bath was removed, and the mixture was allowed to stir while
warming to room temperature for 2 hours. Then 2 mO Mas added to the mixture,
followed by 0.48 mL 3M NaOH solution and 0.48 r80% HO,. The mixture was
stirred at 35 °C for 4 h. Afterwards, 10 mk®and 10 mL ethyl acetate were added,
and the aqueous layer was saturated wiB® and extracted with ethyl acetate 3
times. The combined organic layers were dried with anhydro@&Mdiltered, and
concentrated via rotary evaporation. Purification by flash column chromatography
(20%-30% Ethyl acetate/hexane) afforded the title compound as colorless oil (236 mg,

88% vyield).
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Me OH

IH NMR (600 MHz, CDC{) ti : 3 J 469 Hg, 2H), 3.4B.33 (m, 4H),
2.062.01 (m, 2H), 1.78..72 (m, 4H), 0.94 (d] = 6.7 Hz, 6H), 0.76 (dd] = 14.8, 4.6
Hz, 1H), 0.740.70 (m, 1H), 0.6®.64 (m, 2H), 0.40 0.32 (m, 2H), 0.06®.055
(3H); 13C NMR (150 MHz, CDGJ) Q1L {70.8 (u), 70.6 (u)]C6 [48.2 (U)],C2[32.3
(dn), 32.21 (dn), 32.17 (dn)§;5 [27.8 (u)],C7 [19.95 (dn), 19.93 (dn), 19.78 (dn),
19.73 (dn)],C3[18.68 (u), 18.53 (u), 18.41 (u), 18.34 (WG} [13.41 (u), 13.09 (u),
12.90 (u)],C8 [-3.04 (dn)-3.15 (dn),-3.30 (dn)]. FTIR (KBr /thin film) 3327, 2953,
1457, 1413, 1377, 1254, 1217, 1171, 1083, 1035, 852, 813, 68H&RMS (Cl+)
m/z: [M-CHjz] * calculated for @H24CIO.Si* 251.1229; Found 251.1241.

3 , -@3é&Chloropropyl)(methyl)silanediyl)bis(2-methylpropanal) (1-16)

Me Me
(Z\/OH 0
¢l (COCl)y, DMSO Cl
Me-Si—"~" > Me-Si—"
Et;N, DCM
o N
Me OH -78°C-rt Me 0
1-15 1-16

A 100 mL flamedried roundbottomed flask was charged with oxalyl chloride
(0.440 mL, 5.14 mmol, 3.00 equiv) and 15.6 mL dry.CH. The flask was cooled to
178 °C. Then dry DMSO (0.42 mL, 5.93 mmol, 3.50 equiv) in 5 mL dry@Hwvas
addeddropwise to the flask. The mixture was stiredat8 AC f or 30 mi n.
((3-chloropropyl)(methyl)silanediyl)bis¢gnethylpropanl-ol) (457 mg, 1.71 mmol,

1.00 equiv) in 3 mL dry CkCl> was added to the mixture. The reaction was stirred at
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178 °C for20 min. Then dry triethylamine (2.38 mL, 17.1 mmol, 10.0 equiv), stir at
78 °C for 15 min. The reaction was then allowed to warm up to rt and stir for another
5 hours. The reaction was then quenched with saturated aGl K29 mL). The

aqueous layer wasxtract with 20 mL CELClI2 three times. The collected organic layer
was dried with anhydrous MgSJiltered, and concentrated via rotary evaporation.
Purification by flash column chromatography (2% ethyl acetate/hexane) afforded

the title compound asolorless oil (370 mg, 82% vyield).

Me

IH NMR (600 MHz, CDCJ) Ui 9.57-9.56 (m, 2H), 3.51 (t] = 6.7 Hz, 2H),
2.452.38 (m, 2H), 1.79.74 (m, 2H), 1.16 (d] = 7.1 Hz, 6H), 1.07..05 (m, 2H),
0.71-0.69 (m, 2H), 0.58.53 n, 2H), 0.090.08 (M, 3H)3C NMR (150 MHz,
CDCL) Ui C1[204.4 (ch)], C6[47.8 (u)],C2[42.3 (dn)],C5 [27.4 (u)],C7 [16.73
(dn), 16.69 (dn)]C3[15.16 (u), 15.05 (u)JC4 [12.7 (u), 12.5 (u), 12.3 (u)[;8[-3.49
(dn),-3.62 (dn),-3.69 (dn)]. FTIR KBr /thin film) 2956, 2932, 1720, 1454, 1414,
1255, 1179, 1123, 1011, 813 ¢nHRMS (Cl+) m/z: [M-CHg] * calculated for
C11H20CIO2Si" 247.0916; Found 247.0929.

(3-Chloropropyl)(methyl)bis(2-methylbut-3-en-1-yl)silane (1-17)
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Me Me
P Y

Cl PhsP=CH
Mezsi\/\/ # Mezsl\/\/

THF, -78°C~rt
\O AN

Me Me

Cl

1-16 117

A solution ofn-BulLi (2.5 M, 1.85 mL, 4.63 mmol, 3.30 equiv) in hexanes was
added dropwise to a cooleid/@ °C) solution of methylphosphonium iodide (1.98 g,
4.91 mmol, 3.50 equiv) in dry THF (10.0 mL) and the mixture was allowed to warm to
0°C. After stirring for 50 minat0°C,alsaut i on((30of 3, 36
chloropropyl)(methyl)silanediyl)bis¢hethylpropanal) (369 mg, 1.40 mmol, 1.00
equiv) in dry THF (2.00 mL) was added. The reaction mixture was stirred at rt for
another 2 hours. The reaction mixture was partitioned between 20 @l Cidd 20
mL saturated solution of NaHGOThe aqueous layer was extracted with 2x20 mL
CHCl,. The organic layers were combined, dried over Mg@@d concentrated. The
crude residue was purified by flash chromatography (1% diethyl ether/hexane) to

afford thetitle compound as colorless oil (276 mg, 76% yield).
8 Me

Me
IH NMR (600 MHz, CDCf) U : 5 J=712.5, (0dLd7cd7 Hz, 2H), 4.94 (d,
J=17.1 Hz, 2H), 4.84 (d] = 10.2 Hz, 2H), 3.49 (1] = 7.0 Hz, 2H), 2.30 (dt] = 13.8,
6.9 Hz, 2H), 1.78.73 (m, 2H),1.03 (d,J = 6.7 Hz, 6H), 0.70.68 (m, 2H), 0.6®.58
(m, 4H), 0.029 (s, 3H}*C NMR (150 MHz, CDG) GR[147.0 (dn)],C1[111.3
(u)], C7 [48.2 (u)],C3 [34.4 (dn)],C6 [27.8 (u)],C8 [24.40 (dn), 24.37 (dn)4
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[22.70 (u), 22.68 (u), 22.65 (U)5[13.06 (u), 13.04 (u)}C9[-3.11 (dn)-3.14 (dn)].
FTIR (KBr /thin film) 2956, 2925, 2898, 1639, 1456, 1370, 1253, 1121, 995, 910, 810
cmt; HRMS (Cl+) m/z: [MCsHg] * calculated for @H1sCISi* 189.0861; Found
189.0869.

1-(3-Chloropropyl) -1,3,6trimet hyl-2,3,6, #tetrahydro-1H-silephine (118)

Me
N Me .~ Cl
) Cl Grubbs 1st catalyst S
Me—Si-—" " >
DCM, reflux Me . Me
N
Me
117 118

(3-chloropropyl)(methyl)bis(2Znethylbut3-en-1-yl)silane (389 mg, 1.50
mmol, 1.00 equiv) was dissolved in dry & (144 mL). Grubbs®lgeneration
catalyst (61 mg, 0.074 mmol, 0.050 equiv) was added asitosoin CHCl> (10 mL)
and the mixture was refluxed under nitrogen for 4 hours. The mixture was cooled to rt,
and the reaction mixture was concentrated via rotary evaporation. Purification by flash
column chromatography (hexane) afforded the title comg@d841 mg, 98% yield) as

colorless oil.

8 6
Me, j\/\CI
Si_3 5%

Me/Qz\Me 7

1

IH NMR (600 MHz, CDCY)  G1[5.29 (m, 0.95H), 5.23 (m, 1.05H)}6[3.54
(t, J=7.0 Hz, 0.47 H), 3.50 (8 =7.0 Hz, 0.99 H), 3.46 (,=7.0 Hz, 0.52H)]C2
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[2.62-2.54 (m, 2H)],C5[1.81-1.68 (m, 2H)],C7[1.09-1.06 (m, 6H)],C3[0.90-0.59 (m,
4H)], C4[0.54-0.46 (m, 2H)],C8[0.08 (s, 0.86H), 0.01 (s, 1.48 H).08(s, 0.60H)];

13C NMR (150 MHz, CDG) Q1 {137.8 (dn), 137.7 (dn), 135.6 (dn), 135.5
(dn)], C6[48.3 (u), 48.2 (u), 48.1 (u)$;2[30.6 (dn), 30.4 (dn), 27.84 (dn), 27.54
(dn)], C5[27.91 (u), 27.68 (u), 27.52 (u)}7 [26.93 (dn), 26.89 (dn), 26.48 (dn),
26.41 (dn)],C3[22.3 (u), 22.2 (u), 21.6 ()74 [13.7 (u), 13.2 (u), 11.8 (uU)[;8[-2.5
(dn),-3.4 (dn),-4.1 (dn)]. FTIR (KBr /thin film) 2952, 2900, 2869, 1646, 1455, 1370,
1252, 1096, 1013, 816, 727, 703 EriRMS (Cl+) m/z: [M-CHs] * calculated for
C11H20CISIi" 215.1017; Found 215.1029.

3-(1,3,6 Trimethyl -2,3,6, #tetrahydro -1H-silepin-1-yl)propyl acetate (1-19)

M cl OAc

e‘Si/\/\ KOAc, TBI Me\Si“/\

Me@l\ne DMF, 100°C ;e _ /" Me
1-18 1-19

A 10 mL flamedried roundbottomed flask was charged with KOAc (98 mg,
1.0 mmol, 2.0 equiv) ane@trabutylammonium iodide (9 mg, 0.03 mmol, 0.050 equiv).
A solution of }(3-chloropropyl}1,3,6trimethyt2,3,6, #tetrahydrelH-silephine (116
mg, 0.5 mmol, 1.0 equiv) in dry DMF (1 mL) was added to the mixture. The reaction
was heated up to 100 °C andalkd to stir overnight. The mixture was cooled and
DMF was removed under reduced pressure. Brine (10 mL) and diethyl ether (10 mL)
were added. The agueous layer was extracted twice with 10 mL diethyl ether. The
organic layers were dried over Mgséand conentrated. The crude residue was

purified by flash chromatography (1% diethyl ether/hexane) to aff¢id336
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trimethyt2,3,6, #tetrahydrelH-silepin-1-yl)propyl acetate as colorless oil (122 mg,

96% vield).
(0]

10 6 8
Me\ /4\/\0»7\“/'6
Si_35

MeWQQMe9

1

'H NMR (600 MHz, CDC})  @1[5.28 (m, 0.97H)5.21 (m, 0.99H)]C6[4.04
(t, J=7.0 Hz, 0.42 H), 4.00 (8,=7.0 Hz, 1.02 H), 3.97 (8 =7.0 Hz, 0.56H)]C2
[2.61-2.49 (m, 2H)],C8[2.06-2.03 (M, 3H)],C5[1.651.53 (m, 2H)],C9[1.08-1.05 (m,
6H)], C3-C4[0.89-0.78 (m, 1H), 0.74.59 (m, 2H), 0.50.40(m, 3H)],C10[0.07 (s,
0.83H), 0.00 (s, 1.53 H)0.10 (s, 0.65H)];

13C NMR (150 MHz, CDG) Q7 {171.3 (u)],C1[137.83 (dn), 137.68 (dn),
135.56 (dn), 135.49 (dn)$6 [67.34 (u), 67.30 (u), 67.23 (u)2 [30.6 (dn), 30.4
(dn), 27.83 (dn), 27.53(dn)], Y9 [26.93 (dn), 26.90 (dn), 26.49 (dn), 26.41 (dQ)3,
[23.4 (u), 23.2 (u), 23.0 (UW)E3[22.3 (u), 22.2 (u), 21.6 (U)8[21.2 (dn)],C4[11.8
(u), 11.2 (u), 9.9 (u)IC10[-2.5 (dn),-3.4 (dn),-4.2 (dn)].

FTIR (KBr /thin film) 2953, 2924, 2899, 2870, 1743, 1455, 1364, 1236, 1047,
844, 817, 705 cnif HRMS (CI+) m/z: [M+H]* calcd. forCi4H270:Si* 255.1775,
found 255.1767.

3-(1, 3, 6Trimethyl -2,3,6, #tetrahydro-1H-silepin-1-yl)propan-1-ol (1-20)

Me. i/\/\OAC NaOMe Me\Si/\/\OH

S

e ——
Me@l\ﬂe MeOH, rt Me o Me

1-19 1-20
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A 10 mL roundbottomed flask was charged with sodium methoxide (2 mg,
0.041 mmol, 0.1 equiv). A solution o%(3,3,6trimethyt2,3,6, #tetrahydre1H-
silepin-1-yl)propyl acetate (105 mg, 0.41 mmol, 1.0 equiv) in MeOH (4 mL) was
added. The reaction mixture was allowed to stir at rt overnight. After the reaction, 10
mL brine and 10 mL diethyl ether was added, and the aqueous layer was extracted
with diethyl ether 3 times. The combined organic layers were dried with anhydrous
MgSQy, filtered, and concentrated via rotary evaporation. Purification by flash column
chromatography (30% diethyl ethetiexane) afforded the desiredR 3, 6
trimethyt2,3,6, #tetrahydrelH-silepin-1-yl)propanl-ol as colorless oil (82 mg, 94%
yield).

Me_ 4/ ~OH
Si s 5

1

IH NMR (600 MHz, CDCJ)  Q1[5.29 (m, 0.96H), 5.22 (m, 0.99H)],
C6[3.63 (t,J =6.8 Hz, 0.43 H), 3.59 (§=6.8 Hz, 1.02 H), 3.56 (§=6.8 Hz, 0.57H)],
C2[2.63-2.53(m, 2H)], C5[1.62-1.51 (m, 2H)], 1.48 (br, 1HE7[1.07-1.06 (M, 6H)],
C3-C4[0.90-0.79 (m, 1H), 0.79.60 (m, 2H), 0.53.40 (m, 3H)],C8[0.07 (s, 0.84H),
0.00 (s, 1.51 H%0.09(s, 0.64H)];

13C NMR (150 MHz, CDG) Q1L {137.8 (dn), 137.7 (dn), 135.61), 135.5
(dn)], C6[66.0 (u)],C2[30.6 (dn), 30.4 (dn), 27.86 (dn), 27.57 (diQh [27.36 (u),
27.13 (u)],C7 [26.98 (dn), 26.94 (dn), 26.51 (dn), 26.44 (d®B[22.4 (u), 22.3 (u),
21.7 (u)],C4[11.6 (u), 11.0 (u), 9.7 (U)?8[-2.5 (dn),-3.4 (dn), -4.1 (dn)].

FTIR (KBr /thin film) 3323, 2952, 2924, 2900, 2869, 1454, 1250, 1096, 1054,
1012, 843, 816, 704 ctnHRMS (ClI+) m/z: [MH] * calcd. for G2H230Si" 211.1513,
found 211.1504.
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But-3-en-1-yl(chloromethyl)dimethylsilane (1-11)

. Me  THF it /\/\',V'E\
AN"gr + Mg + TSt el = si” ~cl
Me Me

A dry roundbottomed flask was charged with Mg powder (468 mg, 19.5
mmol, 1.30 equiv) and dry THF (42 mL) under nitrogen atmospheBeodo-1-
butene (1.98 mL, 19.5 mmol, 1.30 equiv) was introduced to the flask dropwise via
syringe. After magnesium powder was consumetitha formation of the Grignard
reagent was complete, chloro(chloromethyl)dimethylsilane (1.98 mL, 15.0 mmol, 1.00
equiv) was added. The reaction mixture was allowed to stir at rt for 20 hours.
Afterwards, THF was removed via rotary evaporation. 30 mlrated NHCI
agueous solution and 30 mL pentane were added, and aqueous layer was twice
extracted with 30 mL portions of pentane. The organics were combined, dried with
anhydrous MgS@ filtered, and concentrated via rotary evaporation. Purification by
flash column chromatography (pentane) afforded the title compound as colorless oil
(1.86 g, 11.4 mmol, 76% yield% NMR (400 MHz, CDCf) & : 5J=865, (ddt ,
10.1, 6.2 Hz, 1H), 5.64.99 (m, 1H), 4.941.90 (m, 1H), 2.79 (s, 2H), 2.12108 (m,
2H), 0.790.75 (m, 2H), 0.13 (s, 6H}3C NMR (100 MHz,CDG) U: 141.1 (dn)
113.4 (u), 30.4 (u), 27.8 (u), 12.9 (4,39 (dn); FTIR (KBr /tin film) 3441, 1643,
1254, 1095, 911, 821, 673 ¢rHRMS (CI+) m/z: [MCI]* calcd. for GH1sSi*
127.0943, found 127.0939.

1-(But-3-en-1-yldimethylsilyl)but -3-en-2-ol (1-12)
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Me THF, rt Me
NSIiACI + Mg + OW _— NSI'/\T/\
Me Me OH

1-11 1-12

A dry roundbottomed flask was charged with magnesium powder (310 mg,
12.9 mmo] 1.05 equiv) under nitrogen atmosphere .-Bein-1-
yl(chloromethyl)dimethylsilane (2.00 g, 12.3 mmol, 1.00 equiv) was introduced to the
flask as a dry THF (3.00 mL) solution via syringe. After initiation of the Grignard
reaction, 7 mL of additional anhyalrs THF was added to the mixture. The reaction
was stirred at rt for 3 hours. After the Grignard reagent had formed, acrolein (0.821
mL, 12.3 mmol, 1.00 equiv) was added dropwise at 0°C. The reaction was stirred at rt
for another hour. Afterwards, THF wemmoved via rotary evaporation. Saturated aq.
NH4Cl (20 mL) and diethyl ether (20 mL) were added to the mixture. The aqueous
layer was extracted with three 20 mL portions of diethyl ether. The organics were
combined, dried with anhydrous Mg&diltered, and concentrated via rotary
evaporation. Purification by flash column chromatography (5% diethyl ether/hexane)
afforded the title compound as colorless oil (1.24 g, 6.70 mmol, 55% Vield)MR
(600 MHz, CDC#) Ui :-5.88 (m92H), 5.17 (d] = 17.2 Hz, H), 5.02 (dJ = 10.3
Hz, 1H), 4.98 (ddJ = 17.1, 1.5 Hz, 1H), 4.89 (d,= 10.1 Hz, 1H), 4.28.25 (m, 1H),
2.06 (dt,J = 11.4, 6.5 Hz, 2H), 1.58 (br, 1H), 1.00 (dck 14.4, 7.2 Hz, 1H), 0.91 (dd,
J=14.3, 7.3 Hz, 1H), 0.68.63 (m, 2H), 0.041 (s, 3HY.037 (s, 3H)*3C NMR (150
MHz,CDCk) U:143.6 (dn), 141.7 (dn), 113.6 (u)
25.1(u), 15.1 (u);2.34 (dn)-2.36 (dn); FTIR (NaCl /thin film) 3407, 2953, 2909,
1639, 1413, 1249, 991, 901, 837 tmRMS (Cl+) m/z: [MOH]" calcd. for
CioH10Si* 167.1256, found @7.1255.

1,1-dimethyl-2,3,6, #tetrahydro -1H-silepin-3-0l(1-13)
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Me. Me

Me Grubbs 2nd catalyst s
NSI RS -
Me OH DCM, reflux __/™0OH
112 113

1-(but-3-ent1-yldimethylsilyl)but 3-en-2-ol (719 mg, 3.89 mmol, 1.00 equiv)
was dissolved in dry Ci€1, (327 mL). Grubbs™ generation catalyst (99 mg, 0.117
mmol, 0.0300 equiv) was addad a solution in dry C¥Cl> (10 mL) and the mixture
was refluxed under nitrogen for 1 hours. The mixture was cooled to rt, and the reaction
mixture was concentrated via rotary evaporation. Purification by flash column
chromatography (5%5% diethyl ethehexane) afforded the title compound (504 mg,
83% yield) as yellow oil'H NMR (400 MHz, CDC4) U :-5.6% (m72M), 4.74 (d]
=12.3 Hz, 1H), 2.2®.11 (m, 2H), 1.7€..65 (m, 1H), 1.12.06 (m, 1H), 1.01 (dd]
=13.2, 2.8 Hz, 1H), 0.67 (ddd= 14.4, 70, 3.2 Hz, 1H), 0.58.46 (m, 1H), 0.11 (s,
3H), 0.00 (s, 3H)'3C NMR (100MHz,CDG) t: 138.5 (dn), 129.
27.1 (u), 21.8 (u), 13.0 (W1.3 (dn),-2.5 (dn) ; FTIR (KBr /thin film) 3332, 2952,
2911, 2878, 2854, 1708, 1648, 1416, 128(¥,9, 1010, 924, 836, 800, 697 tm
HRMS (Cl+) m/z: [M+H] calcd. for GH170Si" 157.1049, found 157.1035.

(2) 4-(1-methyl-2,3,6, #tetrahydro -1H-silepin-1-yl)butyl (4-nitrophenyl)
carbonate (15)

(0]
oH o \©\
Me, /\/\/ o /©/N02 pyridine Me /\/\/ \\g NO,
—_—
(6}

DCM O

1-4 1-5
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A roundbottomed flask was charged witH #methyl2,36,7-tetrahydrelH-
silepin1-yl)butan1-ol (50 mg, 0.250 mmol, 1.00 equiv), and was then purged with
nitrogen. Anhydrous methylene chloride (1.50 mL) and pyridine (50 mg, 0.63 mmaol,
2.5 equiv) were sequentially added to the flask. A solutiorrofrdpheny
chloroformate (102 mg, 0.510 mmol, 2.00 equiv) in anhydrous methylene chloride
(1.00 mL) was added to the mixture via syringe and the resulting solution was allowed
to stir for 30 minutes at rt. To the reaction was added saturated (a4f-),MHd the
layers were separated. The aqueous layer was extracted twice with methylene chloride.
The organic layers were combined, dried with MgS{liered and concentrated via
rotary evaporator. Flash chromatography {1086 diethyl ether/hexane) afforded the
title compound (81 mg, 88% yield) as colorless ¥1.NMR (600 MHz, CDC§) U :
8.27 (d,J= 9.1 Hz, 2H), 7.38 (d] = 9.1 Hz, 2H), 5.76 (t) = 4.5 Hz, 2H), 4.29 () =
6.6 Hz, 2H), 2.28.17 (m, 4H), 1.8A..75 (m, 2H), 1.46..41 (m, 2H), 0.690.57 (m,
6H), 0.0Z (s, 3H);®®C NMR (150 MHz,CDG)) U: 155.7 (u), 152.7 (
132.7 (dn), 125.4 (dn), 121.9 (dn), 69.4 (u), 32.4 (u), 21.2 (u), 20.0 (u), 14.6 (u), 12.7
(u), -3.93 (dn); FTIR (KBr /thin film) 2909, 2874, 1767, 1526, 1348, 1258, 1216, 860,
796, 69%cm?; HRMS (CI+) m/z: [M+H] calculated for @H26NOsSi* 364.1580;
Found 364.1576.

(2)4-(1-methyl-2,3,6, #tetrahydro - 1H-silepin-1-yl)butyl (2-(2-((6-

chlorohexyl)oxy)ethoxy)ethyl)carbamate(16)

O
0 H s~ 6
o e o
I

. . (0]
Triethyl amine
Q + HCI'H2N\/\O/\/O\/\/\/\C| y;» Me, \\<
Si

DCM
2 Q

15 @ 16
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To a solution of (Z)41-methyt2,3,6, #tetrahydrelH-silepn-1-yl)butyl (4-
nitrophenyl) carbonate (149 mg, 0.407 mmol, 1.00 equiv) gid(8-chloro
hexyloxy)-ethaky]-ethylammonium hydrochlorid& (159 mg, 0.611 mmol, 1.50
equiv) in methylene chloride (3.7 mL) was added triethylamine (170 pL, 1.22 mmol,
3.00 eqiiv) in one portion. The reaction mixture was stirred at rt for 2 hours. The
mixture was poured over 10 mL EtOAc and washed with 10 mL brine. The organic
layer was dried with anhydrous Mgg@iltered and concentrated via rotary
evaporator. The crude resielwas purified by silica gel chromatography (15% diethyl
ether/hexane, then 5% acetone/hexane) to afford the title compound as a mixture with
nitrophenol. CHCI> was added and the mixture was washed with 2x20 mL NaOH
(1.00 M) to afford title compound (178g, 95% yield) as colorless otk NMR (600
MHz, CDCk) U :-5.78 (m728), 5.15 (br s, 1H), 4.04 Jt= 6.3 Hz, 2H), 3.66.59
(m, 2H), 3.563.52 (m, 6H), 3.46 (t] = 6.7 Hz, 2H), 3.38.35 (m, 2H), 2.20 (df] =
10.3, 4.1 Hz, 4H), 1.8Q.75 (m, 2H) 1.631.58 (m, 4H), 1.48.43 (m, 2H), 1.44..32
(m, 4H), 0.650.53 (m, 6H), 0.00 (s, 3H}3C NMR (150 MHz,CDG)) t: 157. 0
132.73 (dn), 71.4 (u), 70.4 (u), 70.3 (u), 70.2 (u), 64.8 (u), 45.2 (u), 40.9 (u), 33.0 (u).
32.7 (u), 29.6 (u), 26.8(u), Zo(u), 21.2 (u), 20.1 (u), 14.6 (u), 12.8 (8,9 (dn);

FTIR (NaCl/thin film) 2934, 2860, 1722, 1521, 1251, 1119, 796, 698 &iRMS
(ESI+) m/z: [M+H]" calcd. for G2HasNCIO4Si* 448.2650, found 448.2634.

(2) 2,5dioxopyrrolidin -1-yl 4-(1-methyl-2,3,6, #tetrahydro -1H-silepin-1-

yl)butanoate (1-8)
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Me\Si i\’j s o
1-7 1-8
To a solution of (Z2)41-methyt2,3,6, #tetrahydrelH-silepin1-yl)butanoic
acid (66 mg, 0.310 mmol, 1.00 equiv) anéhidroxysuccinimide (72 mg, 0.625
mmol, 2.00 equiv) in DMF (1.80 mL) was addegNDimethylaminopropyNt -
ethylcarbodiimide hydrochlor&l(126 mg, 0.625 mmol, 2.00 equiv) in one portion.
The reaction was stirred at rt for 14 hours. DMF solution was concentrated via rotary
evaporation. Flash chromatography (:8%9%6 ethyl acetate/hexane) afforded title
compound (88 mg, 91% vyield) as white solid, mp4®1°C.*H NMR (600 MHz,
CDCL) U: X543 M4z qH},2.88.73 (m, 4H), 2.61 (t] = 7.2 Hz, 2H), 2.23
2.17 (m, 4H), 1.74..71 (m, 2H), 0.6®.57 (m, 6H), 0.02 (s, 3H}*C NMR (150
MHz,CDClz) 4:169.3 (u), 168.5 (u), 132.6 (dn),
14.4 (u), 12.5 (U}4.1 (dn); FTIR (KBr /thin film) 3015, 2908, 2876, 1814, 1784,
1740, 1430, 1366, 1207, 1069, 796, 648'cMRMS (LIFDI-TOF) m/z: [M]" calcd.
for C1sH2aNO4Si*, 309.1396 found 309.1407.

1.8.6 Synthesis procedure for carbocyclidrans-cycloheptenes

transCycl ohept £1R8)AAgNO

hv, PhCO,Me, Et,O/Hex (1:99)
Active removal w/AgNQ3 i @’
AgNO4

Then extract w/EtOH g

1-21
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In a round bottomed flaskjs-cycloheptene (500 mg, 5.20 mmol, 1.00 equiv)
and methyl benzoate (1.43 g, 10.4 mmol, 2.0 equiv) weselgid in 2% diethyl
ether/hexane (500 mL). The round bottomed flask was immersed in a cooling bath
(NESLAB CB 80 with a CRYOTROL controller, bath temperature was s&X3C)
and connected via PTFE tubing -waytceessi vely
that was equipped with a thermometer probe, a coil of FEP tubing (total length: 1m;
ID: 1/16 inch; OD 1/8 inch) and a 259 Biot&geolumn as illustrated in Figure . The
FEP tubing coil was placed in a RaydhBPR 100 reactor. The bottom of the column
waspacked with dry silica gel (6 cm in height), and the top of the column was packed
with silver nitrate impregnated silica (11.5 g of 10 wt% of Agh@ SiQ, 1.30
equiv). The column was flushed with 200 mL of the reaction solvent. The pump was
turned on ad the rate of circulation was adjusted to approx. 100 mL per minute. The
temperature atthethreeay t ee was maintained at 0 eC.
turned on, and photoisomerization of the stirring mixture was carried out for 6 hours.
Afterwards,the sensitizer was flushed from the column with 300 mL of 10% ether in
hexanes. The column was then dried by a stream of compressed nitrogen, and all of
the silica gel in the cartridge was taken out and dissolved in 200 mL acetonitrile
(HPLC grade). Thecetonitrile solution was lyophilized, affording pale yellow
semisolid consisting dfansc y ¢ | o h e p t; eomme& and e®AgNO Yields
are determined by titration 10 mL (out of 200 mL) acetonitrile solutidraos
cycl oh e p t;with dipghéng tér@rine (run 1, 2.60 mmol, 50% yield; run 2,

2.91 mmol, 56% vyield). Thikansc y ¢ | o0 h e p t seamplex vds gdledted and
stored as solution in ethanol (200 mL}20°C.*H NMR (400 MHz, CBOD) i :
5.57.5.54 (m, 2H), 2.58.50 (m, 2H), 2.2&@.19 (m, 2H), 1.78..56 (m, 6H):13C
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NMR (100 MHz, CROD) &G: 120.2 (dn), 32.3 (u), 31.
film) 2934, 1756, 1717, 1558, 1302, 1077, 809, 71&:dfRMS (Cl+) m/z: [M
AgNQ:s]" caled. for GH13" 97.1017, found 97.1021.

(4E)-Cyclohept4-en1-y | met han e1-22AAg NO

OH

hv, PhCO,Me, Et,O/Hex (70:30)

Active removal w/AgNO,
Then extract w/EtOH

The (42)-Cyclohept4-en1-ylmethanol (100 mg, 0.79 mmol, 1.00 equiv) and
methyl benzoate (216 mg, 1.59 mmol, 2.00 equiv) were dissolved in 100 mL of
solvent (70% didtyl ether/hexane) in a round bottomed flask. The round bottomed
flask was immersed in a cooling bath (NESLAB CB 80 with a CRYOTROL
controller, bath temperature was set30 °C) and connected via PTFE tubing
successively to a-waykeMhatwaQeguippadmitha a t hr ee
thermometer probe, a coil of FEP tubing (total length: 1m; ID: 1/16 inch; OD 1/8 inch)
and a 10g Biotadecolumn as illustrated in Figure. The FEP tubing coil was placed in
a Rayonét RPR 100 reactor. The bottom of the column wpasked with dry silica
gel (4.60 cm in height), and the top of the column was packed with silver nitrate
impregnated silica (2.70 g of 10 wt% of Aghlén SiQ, 2.00 equiv). The column was
flushed with 200 mL of the reaction solvent. The pump was turneshdihe rate of
circulation was adjusted to approx. 100 mL per minute. The temperature at the three
way tee was maintained at O eC. The | amp

photoisomerization of the stirring mixture was carried out for 2 hours. Aftesyrel
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sensitizer was flushed from the column with 100 mL of 10% ether in hexanes. The
column was then dried by a stream of compressed nitrogen, and then flushed with 100
mL ethanol. The ethanol solution was concentrated via rotary evaporation, affording
306 mg of a dark brown viscous oil consisting d)yclohept4-en-1-ylmethanol

A A g Nodmplex (run 1: 0.474 mmol by NMR analysis, 60% yield; run 2: 0.545
mmol by NMR analysis, 69% vyield) and free AgNéH NMR (400 MHz, CROD) U :
5.59 (dddJ = 17.5, 99, 5.7 Hz, 1H), 5.31 (ddd,= 17.6, 10.8, 2.6 Hz, 1H), 3.8.20

(m, 2H), 2.782.73 (m, 1H), 2.48.28 (m, 2H), 2.22.12 (m, 1H), 2.041.88 (m, 2H),
1.61-1.54 (m, 2H), 1.23..15 (m, 1H), 1.06.96 (m, 1H)23C NMR (100 MHz,

CD:OD) 0: 121 (da)68.9(m))41.0 @, 87.2qu), 36.4 (u), 35.3 (u), 26.8
(u); FTIR (AgCl /thin film) 3401, 2928, 1715, 1324, 1076, 1042, 1028, 816, 668 cm
HRMS (Cl+) m/z: [M-OH-AgNQO3]" calcd. for GH13" 109.1017, found 109.1021.

1.8.7 General procedure for photoisomeriation of silicon-containing trans-
cycloheptene derivatives

R
Rigi” "

R ~ i
p hv, PhCO,Me, Et,0/Hex ! ’/SI
RSQ Active removal w/AgNO, R3_\9
/>AgNO,

Then extract w/EtOH

The )-sila cycloheptene derivative (100 mg) and methyl benzoate (2.00
equiv) were dissolved in 100 mL of solvent in a quartz flask into whichds
sparged. The quartz flask was placed iregdRe® reactor and connected via PTFE
tubing to a column (Biota§eSNAP cartridge, 10g) and an FMI pump. The bottom of
the column was packed with silica gel, and the top of the column was packed with
silver nitrate impregnated silica (2.00 equiv). Theuomh was flushed with 7:3

hexane: diethyl ether. The pump was turned on and the rate of circulation was adjusted
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to approximately 100 mL per minute. The lamp was then turned on, and irradiation
(254 nm) of the mixture was carried out for the indicated tithe.conversion of the
starting material was monitored by GC with dodecane used as standard. The column
was washed with additional solvent (100 mL) and then dried by a stream of
compressed nitrogen. The SNAP cartridge was then flushed with 150 mL ofléthano
afford an ethanol solution oEf-s i | a ¢y ¢ | o hderjvatie.fThefeihand O
solution was concentrated via rotary evaporation, affording the correspoB&ghsi¢a(
cycl oh e p tsderivatifetagdNrée AgNO The NMR vyield of theérans-
cyclohepe n e A A gohm@ex was determined by comparing the integration of the
trans-alkene protons to mesitylene that was added as an NMR standard.
(E)-Si-(3-Cyanopropyl)-Si-methyl-5-s i | acycl oh gp2d)ene AAgNO

Me. .~ CN _
- hv, PhCO,Me. Et,0/Hex (40:80)

<_> Active removal w/AgNO, ME/S'\\J/ AgNO;

Then extract w/EtOH

1-24

(2)-Si-(3-CyanopropyhSi-methyt5-silacycloheptea (100 mg, 0.517 mmol,
1.00 equiv) and methyl benzoate (145 mg, 1.06 mmol, 2.05 equiv) were placed in a
quartz flask and dissolved in 100 mL of 2:3@&thexanes that had been degassed
through three freeze/pump/thaw cycles. The SNAP cartridge was padkediyvi
silica gel and silver nitrate impregnated silica (1.76 g, 10wt% AQIMO equiv).
Dodecane (87 mg, 0.51 mmol, 1.00 equiv) was added to the flask to allow for GC
monitoring. The solution in the quartz flask was then irradiated (254 nm) under
continuous flow conditions (100 mL/min) for 3 hours with $parging, at which point
GC analysis indicated that the reaction was complete. The SNAP cartridge was

flushed with 200 mL of 1:4 ED/hexanes and then dried with compressed nitrogen.
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The SNAP cartridgevas then flushed with 225 mL of ethanol to afford an ethanol

solution of E)-Si-(3-cyanopropyBRSi-methyt5-s i | acy c | o hzeThe ethanelA Ag NO

solution was concentrated via rotary evaporation, affording 230 mg of a dark brown

viscous oil containing theansc y ¢ | o h e p t; eomge& and Re®OAgNO H

NMR analysis with an internal standard (mesitylene) indicated that the yield of the

title compound was 0.408 mmol (79% vyield). A repetition of this experiment on the

same scale gave 0.388 mmol (75% ettt NMR (400 MHz, CROD) (i-5.555. 6 4

(m, 2H), 2.612.54 (m, 4H), 2.32.26 (m, 2H), 1.72.64 (m, 2H), 1.14.00 (m,2H),

0.940.81 (m, 2H), 0.78).67 (m, 2H), 0.051 (s, 3H}*C NMR (100 MHz, CROD)

i: 122.5 (u), 120.1 (dn), 119u),n85(wn), 28. ¢

16.0 (u),-3.1 (dn); FTIR (ATR) 3430, 2940, 2880, 2270, 1730, 1560, 1370, 1270,

1030, 924, 856, 810, 727, dyrHRMS (Cl+) m/z: [M+HAgNO3]* calcd. for

C11H20NSi* 194.1365, found 194.1372.
(E)-Si-(3-Cyanopropyl)-Si-methyl-5-silacyclohepteng(1-33): without

concentration

Si Brine Si
L}Q CeDe, extractior: L\Q
AgNO3
1-24 1-33
To 0.398 mmol of E)-Si-(3-cyanopropyhSi-methyt5-
si |l acycl o hsavpstagdade2 A @dNf@llowed by generous excess of brine

(83 mL). The mixture was shaken for a couple of seconds. The precipitate (AgCl) was

filtered off and the €D¢ layer was separated, producing an organic solutiok)eS¢
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(3-cyanopropyBSi-methyt5-silacycloheptenedH NMR and**C NMR were taken,
indicating that the solution contained 98&nsisomer and 2%isisomer.!H NMR
(400 MHz, GDe) : 5052 (dddJ=16.9, 9.7, 4.9 Hz, 1H), 5.42 (ddbs 17.0, 9.2, 5.2
Hz, 1H), 2.232.05 (m, 4H), 1.46 () = 7.0 Hz, 2H), 1.09.97 (m, 2H), 0.69.64 (m,
2H), 0.490.40 (m, 2H), 0.20.16 (M, 2H);0.24 (s, 3H):C NMR (100 MHz, GDe¢)
a: 1 35 .189.5, 27.8, 27.0820.8, 20.5, 20.1, 19.8, 126,
(E)-Si-(4-Hydroxybutyl) -Si-methyl-5-s i | acycl ohe(25ene AAgNO

OH
Me_ /\/V hv, PhCO,Me, Et,O/Hex (40:60) HO
S 2 2 . \/\/\SI /\
Active removal w/AgNO,4 w5 AgNOg
o Then extract w/EtOH €
1-4 1-25

(2)-Si-(4-Hydroxybutyl)} Si-Methyl-5-silacycloheptene (100 mg, 0.510 mmol,
1.00 equiv) and methyl benzoate (138 mg, 1.02 mmol,&q0d/) were placed in a
guartz flask and dissolved in 100 mL of 2:3@&thexanes that had been degassed
through three freeze/pump/thaw cycles. The SNAP cartridge was packed with dry
silica gel and silver nitrate impregnated silica (1.73 g, 10wt% AgIR00 equiv).
Dodecane (86 mg, 0.51 mmol, 1.00 equiv) was added to the flask to allow for GC
monitoring. The solution in the quartz flask was then irradiated (254 nm) under
continuous flow conditions (100 mL/min) for 3 hours with$parging, at which point
GC analysis indicated that the reaction was complete. The SNAP cartridge was
flushed with 200 mL of 1:4 E©/hexanes and then dried with compressed nitrogen.
The SNAP cartridge was then flushed with 225 mL of ethanol to afford an ethanol
solution of E)-Si-(4-Hydroxybutyl}Si-methyt5-s i | acyc | o hselhée ene AAgNO

ethanol solution was concentrated via rotary evaporation, affording 226 mg of tan
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viscous oil containing theansc y ¢ | 0 h e p t; eomge& and fRe®OAgNO'H

NMR analysis with an internal standdrdesitylene) indicated that the yield of the

title compound was 0.377 mmol (74% vyield). A repetition of this experiment on the
same scale gave 0.357 mmol (70% yielt) NMR (400 MHz, CROD) (1i-5495. 60
(m, 2H), 3.55 (tJ = 6.4 Hz, 2H), 2.52.46 (m, 2H), 2.3@.25 (m, 2H), 1.54..52

(m,2H), 1.421.34 (m, 2H), 1.1D.98 (m, 2H), 0.9D.78 (m, 2H), 0.6D.53 (m, 2H),

0.020 (s, 3H)C NMR (100 MHz,CROD) tU: 123.8 ( du,B7.5 123.

(u), 28.7 (u), 28.6 (u), 21.1 (u), 19.0 (u), 16.4 ¢R)69 (dn); FTIR (ATR) 3382, 2932,
2873, 1559, 1400, 1280, 1130, 1027, 857, 801, 72% ddRMS (CI+) m/z: [M+H
AgNQs] " calcd. for GiH230Si" 199.1518, found 199.1522.

(E)-Si-(4-Hydroxybutyl )-Si-methyl-5-silacycloheptene: concentration gives
an E/Z mixture (1-47)

OH OH

Me. /_/_/ Me. /_/_/
LSQ NHzeH,0 Si
R Diethyl ether, extraction LQ

AIgN03

1.1:11EZ

1-25 1-47
To 0.24 mmol (189 mg mixed with excess AghOf (E)-Si-(4-
Hydroxybutyl}Si-methyt5-s i | acy c | o hsavpstaddadel @ AlLgahi@onia
solution, extracted with 3x10mL diethyl eth&he organic layers were separated,
combined and dried over Mg@O'he diethyl ether solution was concentrated via
rotary evaporation, filtered through a plug (2.2 cm in height) of silica gel in a pipet
(FisherbrandTM disposal largemlume pasteur pipets,ml capacity) and rinsed with

15 ml 40% diethyl ether/hexane. The filtrate was concentrated via rotary evaporation,
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affording 44.2 mg of theH)-Si-(4-Hydroxybutyl} Si-methyl5-silacycloheptene as a
colorless oil, mixed with itsisisomer (1.1:1E: Z) asdetermined byH NMR
analysis.

(E)-Si-(4-Hydroxybutyl) -Si-methyl-5-silacycloheptene (347): without

concentration
OH OH
Me. /_/_/ Me .
C:> Brine Si
R CgDg, extraction L\Q
A/gNO3
1-25 1-47

To 0.38 mmol of )-Si-(4-Hydroxybutyl)Si-methyt5-silacycloheptene
A A g Avds added 2 mL s, followed by 2 ml of brine. The mixture wabaken
for a couple of seconds. The precipitate (AgCl) was filtered off anddbDel&yer was
separated and dried over Mg&@roducing a €De solution of E)-Si-(4-
Hydroxybutyl)-Si-methyk5-silacycloheptendH NMR and'*C NMR were taken,
indicating thathe solution contained 98%@nsisomer and 2%is isomer.*H NMR
(400 MHz, GDs) U :-5.58 (m62M), 3.40 (] = 6.4 Hz, 2H), 2.32.13 (m, 4H),
1.47-1.40 (m, 2H), 1.32.22 (m, 2H), 0.98 (br, 1H), 0.91.76 (m, 2H), 0.630.54 (m,
2H), 0.450.32 (m, 2H)-0.08 (s, 3H)*C NMR (100 MHz,GDe¢) U: 135. 4
134.9 (dn), 62.4 (uB7.1 (u), 27.6 (u), 27.4 (u), 20.6 (u), 20.2 (u), 20.1 (u), 16.% (u),
2.5 (dn). HRMS (ESI+) m/z: [M+H] calcd. for GiH230Si" 199.1513, found
199.1507.

(E)-1,1-diphenyl-2,3,6, Ztetrahydro-1H-s i | e pi ns@-233 Ag NO

9C

(dn)



Ph_ ,Ph

si hv, PhCO,Me, Et,0O/Hex (10:90) Ph. m
A >
Active removal w/AgNO3 Ph/su AGNOs
__ Then extract w/EtOH
1-10 1-23

(2)-Si, Stdiphenyt5-silacycloheptené€l00 mg, 0.378 mmol, 1.00 equiv) and
methyl benzoate (285 mg, 1.89 mmol, 5.0 equiv) were placed in a quartz flask and
dissolved in 100 mL of 1:24 ED: hexanes that had been degassed through three
freeze/pump/thaw cycles. The SNAP cartridge was packéddmgtsilica gel and
silver nitrate impregnated silica (1.29 g, 10wt% AgINR00 equiv). Dodecane (64
mg, 0.38 mmol, 1.00 equiv) was added to the flask to allow for GC monitoring. The
solution in the quartz flask was then irradiated (254 nm) under consrflow
conditions (100 mL/min) for 6 hours witholdparging, at which point GC analysis
indicated that the reaction was complete. The SNAP cartridge was flushed with 100
mL of 1:9 EpO/hexanes and then dried with compressed nitrogen. The SNAP
cartridge vas then flushed with 100 mL of ethanol to afford an ethanol solutidf)-of (

Si, Skdiphenyt5-s i | ac y c | o hzeTihe ethanel AolutioN @as concentrated via

rotary evaporation, affording 182 mg of a dark brown viscous oil containirtgaiie

cyclohepta e A A gchindplex and free AgNO*H NMR analysis with an internal

standard (mesitylene) indicated that the yield of the title compound was 0.213 mmol

(56% yield). A repetition of this experiment on the same scale gave 0.190 mmol (50%
yield). 'H NMR (400 MHz, CD;:OD) U -7.461m, 4+8, 7.377.34 (m, 6H), 5.57

5.55 (m, 2H), 2.62.61 (m, 2H), 2.48.36 (m, 2H), 1.67 (ddd,= 14.7, 8.5, 4.5 Hz,

2H), 1.521.45 (m, 2H);"*C NMR (100 MHz, CBOD) 4: 137.9 (u), 135
(dn), 129.1 (dn), 120.2 (dn), 28.6 (@).9 (u); FTIR (ATR) 3380, 3060, 2930, 2880,
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1720, 1560, 1430, 1280, 1110, 1030, 997, 852, 741, 698, 613, 534HRMS (Cl+)
m/z: [M+H-AgNQOs]* calcd. for GeH21Si* 265.1413, found 265.1424.
(E)-1,1-dimethyl-2,3,6, #tetrahydro -1H-silepin-3-o | AAQINZD

Me_ Me OH
Si hv, PhCO,Me, Et,0/Hex (50:50)
e. .
Q‘OH Active removal w/AgNQO4 Si FngNOg
— Then extract w/EtOH Me
113 1-27

(2)-1,1-dimethy}2,3,6, #tetrahydrelH-silepin-3-ol (108 mg, 0.691 mmol,
1.00 equiv) and methyl benzoate (188 mg, 1.38 mmol, 2.00 equiv) were placed in a
guartz flask and dissolved in 108 mL of 45:55(thexanes that had been degassed
through thredreeze/pump/thaw cycles. The SNAP cartridge was packed with dry
silica gel and silver nitrate impregnated silica (2.35 g, 10wt% AgIRMO0 equiv).
Dodecane (118 mg, 0.691 mmol, 1.00 equiv) was added to the flask to allow for GC
monitoring. The solution ithe quartz flask was then irradiated (254 nm) under
continuous flow conditions (100 mL/min) for 1 hour with $parging, at which point
GC analysis indicated that the reaction was complete. The SNAP cartridge was
flushed with 100 mL of 3:7 ED/hexanes ahthen dried with compressed nitrogen.
The SNAP cartridge was then flushed with 100 mL of ethanol to afford an ethanol
solution of E)-Si, Sidiphenyt5-s i | acy c | o hseThe ethanel ActutioN @as
concentrated via rotary evaporation, affording 305afnigrown viscous oil containing
thetransc y ¢ | o h e p t; eommek dnd MRe®AgNO'H NMR analysis with an
internal standard (mesitylene) indicated that the yield of the title compound was 0.459
mmol (66% yield). A repetition of this experiment on theng scale gave 0.449

mmol (65% yield).
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Major diastereomer*H NMR (600 MHz, CROD) &: S=7%6D, (ddd,
10.3, 5.3 Hz, 1H), 5.49 (dd= 16.9, 9.0 Hz, 1H), 4.53 (td,= 9.1, 6.4 Hz, 1H), 2.48
2.37 (M, 2H), 1.38 (ddl = 14.1, 6.2 Hz, 1H), 0.97 (ddd= 14.7, 10.6, 6.1 Hz, 1H),

0.90:0.84 (m, 2H); 0.08 (s, 3H), 0.00 (s, 3HC NMR (150 MHz, CBOD) U: 124 .

(dn), 114.7 (dn), 73.4 (dn), 29.8 (u), 26.6 (u), 18.9-WY6 (dn),-1.3 (dn);
Minor diastereomertH NMR (600 MHz, CROD)  i-5.879m, 9H) 5.67

(dd,J = 16.7, 2.5 Hz, 1H), 4.78.73 (m, 1H), 2.6€.59 (m, 1H), 2.4@.31 (m, 1H),

1.29 (dd,J = 14.5, 5.7 Hz, 1H), 1.06.02 (m, 1H), 0.94 (dd] = 14.5, 4.0 Hz, 1H),

0.820.77 (m, 1H), 0.06 (s, 3H), 0.01 (s, 3MC NMR (150 MHz, CROD) 13 123.

(dn), 114.6 (dn), 69.4 (dn), 31.0 (u), 28.8 (u), 19.9-@R5 (dn)-1.46 (dn) ; FTIR
(ATR as a mixture of two diastereomers) 3203, 2946, 2872, 1571, 1389, 1304, 1291,
1248, 1170, 1105, 1059, 1038, 863, 829, 662;dARMS (CI+) m/z: [M+HAgNO3]*
cald. for GH170Si" 157.1049, found 157.1047.

(E)-3-(1,3,6trimethyl -2,3,6, #tetrahydro -1 H-silepin-1-yl)propan-1-
ol AAg N@e)and E)13-(1,3,6trimethyl -2,3,6,Ztetrahydro-1 H-silepin-1-

yl)propan-1-ol (1-32)

OH

Me\ /\/\OH Me
Si hv, PhCO,Me, Et,0/Hex (40:60) //%
Me NQ Me Active removal w/AgNO4 ! & '
= Then extract w/EtOH " e/S'\\[H AGNOs
Me
1-20 1-26

(2)- 3-(1,3,6trimethyl-2,3,6, #tetrahydrel H-silepin-1-yl)propanl-ol (101
mg, 0.470 mmol, 1.00 equiv) and methyl benzoate (323 mg, 2.35 mmol, 5.00 equiv)
were placed in a quartz flask and dissolved in 100 mL of 2@3:Hexanes that had

been degassed through three freeze/pump/thaw cycles NAR &rtridge was
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packed with dry silica gel and silver nitrate impregnated silica (1.60 g, 10wt% AgNO
2.00 equiv). Dodecane (80 mg, 0.47 mmol, 1.00 equiv) was added to the flask to allow
for GC monitoring. The solution in the quartz flask was thenimtad (254 nm) under
continuous flow conditions (100 mL/min) for 6 hours with$parging, at which point

GC analysis indicated that the reaction was complete. The SNAP cartridge was
flushed with 100 mL of 1:4 E©D/hexanes and then dried with compressaogen.

The SNAP cartridge was then flushed with 150 mL of ethanol to afford an ethanol
solution of E)-3-(1,3,6trimethyl-2,3,6, #tetrahydrel H-silepin-1-yl)propanl-ol

A A g N @he ethanol solution was concentrated via rotary evaporation, affording 213
mg of tan viscous oil containing th@ansc y ¢ | o h e p t; eom@ei @nd e®

AgNOs. H NMR analysis with an internal standard (mesitylene) indicated that the
yield of the title compound was 0.320 mmol (68% vyield). A repetition of this
experiment on theame scale gave 0.282 mmol (60% yield). To 0.32 mmol of the title
compound was added 5 ml diethyl ether and 5 ml ammonia solution. The aqueous
layer was further extracted with 5 ml diethyl ether twice. The organics were combined
and dried over MgS®© Thediethyl ether solution was concentrated via rotary

evaporation, affording 65 mg @f32 (mixture of diastereomers) as a colorless oil.

12 11 9
Meks,/\l[V\“OH
i

4
[
> Me s
[STAN 3
e ;2

AgNO,

M

IH NMR (600 MHz, CBO D) C1iC2[6.02-5.93 (m, 0.83H), 5.38.23 (m,
1.01H)],C9[3.53-3.45 (m, 2H)],C3C6[2.94-2.57 (m, 2H)],C10[1.55-1.45 (m, 2H)],
C7C8[1.30-1.19 (m, 6H)],C5CAC11[1.15-1.05 (m, 2H), 0.790.41 (m, 4H)],C12
[0.10 (s, 0.80H), 0.04 (s, 1.38 HD.06 (5 0.73H)];
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13C NMR (100 MHz, CBO D) CIC2[122.98 (dn), 122.80 (dn), 122.69
(dn), 122.56 (dn), 121.81 (dn), 121.45 (dn), 121.22 (dn), 120.83 @®)§5.82 (u),
65.78 (u), 65.7(u)IC3C6[39.4 (dn), 39.3 (dn), 37.2 (dn), 36.8 (dn), 33.9 (dn), 33.7
(dn), 32.5 (dn), 32.23 (dn){10[29.09 (u), 28.83 (u)], C5C4 [27.81(u), 27.71(u),
27.68(u), 27.60(u), 27.54(u), 27.18(u), 27.13(G)1C8[23.59 (dn), 23.57 (dn), 23.51
(dn), 23.49 (dn), 21.42 (dn), 21.35 (dn), 20.00(dn), 19.76 (64)1,[13.08 (u), 12.58
(u), 12.38 (u), 11.60 (U)712[-1.94 (dn),-2.30 (dn),2.90 (dn),-3.17 (dn)].

FTIR (ATR as a mixture of diastereomers) 3421, 2955, 2926, 2868, 1559,
1408, 1375, 1283, 1254, 1172, 1141, 1032, 861, 80% EIRMS (CI+) m/z: [M+H
AgNO;3] " calcd. for GoH2s0Si 213.1675, found 213.1665.

9
12 " 10 ~0OH
Me-si_4

° 1 Meg
M 6 VY,°
e 2

IH NMR (600 MHz, GDg) ~ Q1L-C2 [5.94-5.85 (m, 0.88H), 5.26.18 (m,
1.10H)],C9[3.44-3.39 (m, 2H)] C3C6[2.72-2.51, 2.432.33 (m, 2H)], 1.64 (br s, 1
H), C10[1.44-1.35 (m, 2H)],C7C8[1.22-1.18, 1.141.09 (m, 6H)],C5C4C11[1.06
0.81 (m, 2H), 0.58.14 (m, 4H)],C12[-0.03 (s, 0.80H)0.05 (s, 0.82H);0.07 (s,
0.51H),-0.14 (s, 0.80H)];

13C NMR (150 MHz, GDs) @LC2[138.2 (dn), 138.1 (dn), 137.5 (dn), 135.3
(dn), 135.0 (dn), 134.@in)], C9[65.8 (u), 65.7 (u), 65.6(U);3C6[38.04 (dn), 38.02
(dn), 36.0 (dn), 35.3 (dn), 32.7 (dn), 32.4 (dn), 31.4 (dn), 31.1 @&Y[31.6 (u),

30.1 (u), 29.8 (U)]C5C4 [29.6(u), 29.4(u), 29.3(u), 29.2(u), 27.73(u), 27.72(u),
27.68(u), 27.66 (§) C7C8[22.8 (dn), 22.72 (dn), 22.66 (dn), 22.62 (dn), 20.1 (dn),
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20.0 (dn), 19.0 (dn), 18.5 (dn)§11[12.7 (u), 12.3 (u), 12.2 (u), 11.4 (ui12[-1.6
(dn),-1.9 (dn),-2.5 (dn),-2.7 (dn)].

FTIR (ATR as a mixture of diastereomers) 3315, 2953, 22246, 1624,
1453, 1374, 1250, 1051, 1009, 982, 862, 828, 788 &iRMS (ESI+) m/z: [M+H]"
calcd. for GoH2s0Si" 213.1669, found 213.1668.

(E) 2,5dioxopyrrolidin -1-yl 4-(1-methyl-2,3,6, #tetrahydro - 1H-silepin-1-
yl )but ano@e® AAgNO

o}

o}
Ok- N OMN
ME\Si /\/jg hv, PhCO,Me, Et,O/Hex (40:60) ME‘Si /\/\\g

0 Active removal wW/AgNO4
Q Then extract w/EtOH \

AgNO;

1-8 1-29

(2) 2,5dioxopyrrolidin-1-yl 4-(1-methyt2,3,6, #tetrahydrelH-silepin-1-
yh)butanoate (118 mg, 0.380 mmol, 1.00 equiv) and methyl benzoate (261 mg, 1.90
mmol, 5.00 equiv) were placed in a quartz flask and dissolved in 80 mL of 40%
Et:O/hexanes. The SNAP cartridge washksd with dry silica gel and silver nitrate
impregnated silica (1.29 g, 10wt% AghlQ.00 equiv). Dodecane (65 mg, 0.38
mmol, 1.00 equiv) was added to the flask to allow for GC monitoring. The solution in
the quartz flask was then irradiated (254 nm) urmdatinuous flow conditions (100
mL/min) for 2.5 hours, at which point GC analysis indicated that the reaction was
complete. The SNAP cartridge was flushed with 100 mL of 3086/Béxanes and
then dried with compressed nitrogen. The SNAP cartridge wadltished with 100
mL of ethanol to afford an ethanol solution Bj @,5-dioxopyrrolidin-1-yl 4-(1-
methyt2,3,6, ZtetrahydrelH-silepinl-y | ) b ut a n o.dleethaAohgplition
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was concentrated via rotary evaporation, affording 183 mg of brown viedous
containing théransc y ¢ | o h e p t; eommek and ie®AgGNO'H NMR
analysis with an internal standard (mesitylene) indicated that the yield of the title
compound was 0.217 mmol (57% vyield). A repetition of this experiment on the same
scale gave @86 mmol (49% yield)!H NMR (400 MHz, CRC N)  1-5.378m, 4 8
2H), 2.72 (s, 4H), 2.54 (§,= 6.9 Hz, 2H), 2.38.33 (M, 2H), 2.2€2.10 (m, 2H), 1.62
1.54 (m, 2H), 0.990.84 (m, 2H), 0.78.65 (M, 2H), 0.6®.47 (m, 2H);0.10 (s, 3H);
I3C NMR (100 MHz, ®:CN) G: 171.3 (u), 169.9 (u), 12
28.3 (u), 28.2 (u), 26.3 (u), 20.1 (u), 18.22 (u), 18.18 (u), 15.3219)(dn); FTIR
(ATR) 3448, 2995, 2935, 2875, 1734, 1559, 1365, 1279, 1206, 1068, 1031, 858, 811,
728 cmt; HRMS (Cl+)m/z: [M+H-AgNOs]* calcd. for GsH2aNO4Si* 310.1474,
found 310.1467.
(E) 4-(1-methyl-2,3,6, #tetrahydro -1H-silepin-1-yl)butyl (2-(2-((6-
chlorohexyl )oxy)ethox@R8®thyl)carbamateAAg]

Cl ol
° 6
H S~ ol H\/\O/\/
N— © N
O\\< hv (254 nm) /\/\/O\«
Me\ o)
Me\Si/\/\/ °© 60% ether/hexane, si
PhCO,Me
AgNO; Silica gel \(E
@ A/gNO3

16 128
(2) 4-(1-methyt2,3,6, #tetrahydrelH-silepin-1-yl)butyl (2-(2-((6-
chlorohexyl)oxy)ethoxy)ethyl)carbamate (101 mg, 0.226 mmol, 1.00 equiv) and
methyl benzoate (155 mg, 1.13 mmol, 5.00 equiv) were placed in a quartz flask and
dissolved in 43 mL of 60% ED/hexanes. Dodecane (38 mg, 0.23 mmol, 1.00 equiv)
was added to thigask to allow for GC monitoring. The solution in the quartz flask

was then irradiated (254 nm) under continuous flow conditions (100 mL/min) for 2

97



hours, at which point GC analysis indicated that the reaction was complete. The SNAP
cartridge was flushedith 100 mL of 20% EfO/hexanes and then dried with
compressed nitrogen. The SNAP cartridge was then flushed with 100 mL of EtOH to
afford an ethanol solution oEJ 4-(1-methyt2,3,6, #tetrahydrelH-silepin-1-yl)butyl
(2-(2-((6-chlorohexyl)oxy)ethoxy)etlly ) ¢ a r b a meaThe efhangl Nalution was
concentrated via rotary evaporation, affording light yellow viscous oil containing the
transc y ¢ | 0 h e p t; eomge& and Me®AgNOH NMR analysis with an

internal standard (mesitylene) indicated that tleédyof the title compound was 0.098
mmol (43% yield). A repetition of this experiment on the same scale gave 0.095
mmol (42% yield)*H NMR (600 MHz, CROD) i -5.535m, @H), 4.04 (1 =6.3

Hz, 2H), 3.613.55 (m, 6H), 3.53 () =5.6 Hz, 2H), 3.49 (t) =6.6 Hz, 2H), 3.28 (t)

=5.5 Hz, 2H), 2.58.52 (m, 2H), 2.32.27 (m, 2H), 1.84..75 (m, 2H), 1.668..58 (m,

4H), 1.47 (dtJ=14.4, 7.1 Hz, 2H), 121.36 (m, 4H), 1.04..05 (m, 1H), 1.09.98

(m, 1H), 0.88 (dt) =14.8, 7.5 Hz, 1H), 0.82 (di,=14.8, 7.6 Hz, 1H), 0.68.54 (m,

2H), 0.02 (s, 3H)1*C NMR (100 MHz, CROD) t: 159.1, 120. 0,
71.00, 70.97, 65.4, 45.7,41.6, 33.8, 336,4, 28.6, 27.6, 26.3, 21.0, 18.7, 18.6,
16.1, -2.8; FTIR (AgCI /thin film) 2936, 2871, 1695, 1540, 1331, 1116, 1033, 858,
810, 729, 668 cry HRMS (ESI+) m/z: [M+HAgNO;s]* calcd. for GsHasNCIOSi
448.2650, found 448.2649.

1.8.8 Reactions oftrans-c y ¢ | o h e p t seampldxésgid STCH

1,4-Diphenyl-6,7,8,9tetrahydro-5H-cyclohepta[d]pyridazine(1-34)

98
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1-21 1-34

3,6-diphenyts-tetrazine (234 mg, 1.00 mmol, 1.20 equiv) in 10 mL methylene
chloride was added to an ethanolic solutiotrafisc y c | ohe p t: @83 AAgNO
mmol, in 60.0 mL EtOH, 1.00 equiv) with stirring at rt. Nitrogen evolved immediately
upon mixing and a black precipitate was formed. After stirring for 30 minutes, the
reaction mixture was filtered and the filtrate was concentrated down ontoggllica
using a rotary evaporator and loaded onto a flash column. Column chromatography
using a gradient (60%) of ethyl acetate in hexanes followed by 5% methanol in
methylene chloride as eluents afforded 246 mg (0.820 mmol, 98%) of the title
compound as white solid. A repetition on the same scale gave 247 mg (0.825 mmol,
99%). mp 120 °C (decompositioAd NMR (600 MHz, CDCY) U :-7.42 (m4 8
10H), 2.832.78 (m, 4H), 1.93..86 (m, 2H), 1.72..62 (m, 4H):3C NMR (150 MHz,
CbCk) d4: 1612.7 (u), 146.6 (u), 136.8 (u),
31.4(u), 25.7 (u). FTIR (NaCl/thin film) 2926, 2854, 1377, 135@712.026, 832,
763, 704 crit; HRMS (LIFDI-TOF) m/z: [M]+ for GaHaN2*, 300.1621 found
300.1605.

rel-(1R,2R)Cycloheptanel,2-diol(1-36)
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0s04, NMO OH
1-21 1-36
N-Methylmorpholine Noxide monohydrate (115 mg, 0.852 mmol, 1.30 equiv)
and4wt% Os®@i n aqueous s®Il bticonmo!| (1D5 081,33 2qui V)
sequentially added to an ethanolic solutiotrafisc y ¢ | o h e p ts @®0emd Afg N O
a 13.1 mM solution in EtOH, 0.654 mmol, 1.00 equiv) The resulting mixture was
allowed to stir for 2 hours at rt. The mixture was diluted wattuisated NaHS©
agueous solution (50 mL) and filtered, and filtrate was extracted with ethyl acetate (8
x 25 mL), and the organics were combined, dried over M@®d concentrated by
rotary evaporation. Purification by column chromatography with a gragf&o) of
methanol in methylene chloride afforded the 70 mg (0.54 mmol, 82%) of the title
compound as a pale yellow solid. A repetition on the same scale gave 71 mg (0.54
mmol, 83%). mp 5&4 °C.'H NMR (600 MHz, CDCJ) U :-3.43 (m4251), 2.61
(br s, 2H), 1.901.84 (m, 2H), 1.69..64 (m, 2H), 1.54..42 (m, 6H)3C NMR (100
MHz,CDCk) G: 78.1 (dn), 32.5 (u), 26.5 (u), :
2930, 2861, 1459, 1264, 1058, 1025, 561'chiRMS (LIFDI-TOF) m/z: [M]* calcd.
for C7H1402%, 130.0988 found 130.0975.
rel-(1R,4S,4aR,9aR%,4a,5,6,7,8,9,9®ctahydro-1H-1,4-

methanobenzo[7]annulene(435)

H
(R ==l
-= + —_——
AgNO, -
1-21 1-35
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Freshly cracked cyclopentadiene (412 mg, 6.24 mmol, 10.0 equiv) was added

to 50.0 mL of a 12.5 mM ethanol stibn that containettansc y c | oheptsene AAg N

(0.624 mmol, 1.00 equiv). The mixture was allowed to stir at rt for 17 hours. The

reaction mixture was then filtered and concentrated using rotary evaporator.

Purification by flash chromatography using hexarierdéd 83 mg (0.51 mmol, 82%)

of the title compound as a clear oil. A repetition on the same scale gave 81 mg (0.50

mmol, 80%)!H NMR (400 MHz, CDCJ) U : 6J=%2833.0(Hd, dH), 5.90 (dd,

=5.7, 2.9 Hz, 1H), 2.61 (m, 1H), 2.34 (m, 1H), :BB0O(m, 10H), 1.461.33 (m, 1H),

1.30-1.17 (m, 1H), 1.00.92 (m, 1H), 0.8®.72 (m, 1H)23C NMR (100 MHz,

cbCk) G: 139.1 (dn), 131.7 (dn), 47.5 (dn),

32.8 (u), 30.8 (u), 29.5 (u), 29.3 (u), 25.1 (u); FTIR (KBmthilim) 2926, 2855, 1709,

1452, 1177, 1046, 657 chHRMS (LIFDI-TOF) m/z: [M]+ calcd. for GHis'",

162.1403 found 162.1404.
6,6-diphenyl-3,3a,4,5,6,7,8,8actahydrosilepino[4,5c]pyrazole(1-38)

Ph_ Ph
Si

1-31 1-38

(E)-Si, SiDiphenyt5-s i | acy c | o hs0p306emmelAQ0@dui® was
suspended in diethyl ether (5 mL) and ammonium hydroxide (5 mL). The agueous
layer was extracted with diethyl ether (2 x 5 mL). The organics were combined, dried
with anhydrous N£5Qy and filtered. Diazald (656 mg, 3.06 mmol, 10.00 equia}
taken up in 98 mL of absdki ethanol in a Lombardi flask! Behind a blast shield,

KOH (857 mg, 15.3 mmol, 50.0 equiv) in 0.730 mL of water was added dropwise, and
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the resulting diazomethane was bubbled into the flask containing theasga

cycloheptene using a stream of nitrogen. After the diazomethane solution had changed

from yellow to colorless, nitrogen was bubbled for an additional 15 min. The ether

solution was concentrated via rotary evaporation, and the residue was purified by flash

columnchromatography (10% ethyl acetate/hexane) to afford 90 mg (96% yield) of

the title compound as a pajellow oil. A similar experiment that began with 0.221

mmol of starting material gave 59 mg (87% yield) of the title compoth#IMR

(600 MHz, CDC}) : 7b37.52 (m, 2H), 7.4&.46 (m, 2H), 7.447.34 (m, 6H), 4.86

(ddd,J=17.5, 9.3, 2.5 Hz, 1H), 3.81 (m, 1H), 3.70 (dde17.5, 9.6, 3.0 Hz, 1H),

3.233.17 (m, 1H), 2.28.20 (m, 1H), 1.741.60 (m, 2H), 1.511.42 (m, 4H), 1.34

1.29 (m, 1H)!*C NMR (1@ MHz,CDCk) 4: 136.7 (u), 136.2 (u

134.1(dn), 129.6 (dn), 129.5 (dn), 128.3 (dn), 128.2 (dn), 93.8 (dn), 83.2 (u), 40.6

(dn), 27.2 (u), 26.9 (u), 12.7 (u), 9.6 (u); FTIR (KBr /thin film) 3067, 2919, 2858,

1452, 1427, 1409, 1186, 1111, 8022, 726, 537, 475 cip HRMS (LIFDI-TOF)

m/z: [M]* calculated for @H22N2Si" 306.1547; Found 306.1578.
(rel-1R,7R)9,9dichloro-4,4-diphenyl-4-silabicyclo[5.2.0]nonanr8-one(1-

Ph. Ph
Si
Ph .Si,F‘h cl
+ >:- -Q — >
\ cl Ho
CICI 0

1-31 1-39

39)

In a roundbottomed flask, K)-Si, Sidiphenyl5-s i | acycl ohept enelAAg
(0.31 mmol, 1.00 equiv) was combined with £CH (2 mL) and conc. ammonium

hydroxide (2 mL). The aqueous layer was extracted twice wittCGHand the
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organics were combined and dried ovep®a:. The organic solution was purified
through a plug of C2ilica gel*? (4 cm height, 2.55 cm dimensions) eluting with 5%
diethyl ether/hexane solvent (30 mL). Without evaporating to dryness, the eluate was
concentrated to an approximate volume of 1 mL. The solution was added to a separate
flask that had been chad with CHCI, (1 mL) and triethylamine (1.25 mmol, 174
KL, 4.00 equiv) under andNatmosphere. Dichloroacetyl chloride (0.937 mmol, 90 pL,
3.00 equiv) in CKCI2 (1 mL) was then added dropwise at rt, and the resulting mixture
was allowed to stir at rt fdr.5 hours. The mixture was washed with sat. ag. NaHCO
(10 mL), and the aqueous layer was extracted withGl;H{3x10 mL). The organics
were combined, dried, and purified by flash column chromatography (30% diethyl
ether/hexane) to afford 88 mg (75% yietdXhe title compound as a yellow solid. A
similar experiment that began with 0.29 mmol of starting material gave 84 mg (78%
yield) of the title compound. mp &% °C.*H NMR (600 MHz, CDCJ) 0 :-750. 51
(m, 2H), 7.447.34 (m, 8), 3.28.24 (m, 1H), 2.52.47 (m, 2H), 2.22.23 (m, 1H),
2.01-1.94 (m, 1H), 1.94..87 (m, 1H), 1.62 (dt] =14.8, 5.6 Hz, 1H), 1.4%.32 (m,
3H);®*C NMR (150 MHz,CDG) t: 195.1 (u), 16nk13a1 (u) ,
(dn), 129.9 (dn), 129.7 (dn), 128.6 (dn), 128.3 (dn), 86.9 (u), 62.3 (dn), 53.8 (dn), 24.4
(u), 21.6 (u), 11.3 (u), 10.7 (u); FTIR (KBr /thin film) 3068, 2926, 2875, 1802, 1733,
1428, 1113, 824, 701, 532 &rHRMS (LIFDI-TOF) m/z: [M] calculaed for
Co0H20CI20Si" 374.0655; Found 374.0668.
(3aR,8aR}1-benzyt6,6-diphenyl-1,3a,4,5,6,7,8,8actahydrosilepino[4,5
d][1,2,3]triazole(1-40)
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Ph. [ (E)> Ph N
" /\ N e N
w0 e — D]

1-31 1-40

In a 20 mL vial, E)-Si, Sidiphenyt5-s i | acy c | o h:d0p260emmelA Ag NO
1.00 equiv) was combined with digtrether (2 mL) and conc. ammonium hydroxide
(2 mL). The aqueous layer was extracted with 2x2 mL diethyl ether, and the organics
were combined and benzyl azide (0.50 mmol, 66.4 uL, 2.00 equiv) was then added to
the CHCI; solution. The mixture was stirred rt for 30 min. The CECl2 solution
was concentrated via rotary evaporation, and the residue was purified on silica gel
(deactivated with 10% triethylamine/hexane, and rinsed with pure hexane). Flash
chromatography (15% diethyl ether/hexane) affordedhg (95% yield) of the title
compound as a white solid. A similar experiment that began with 0.232 mmol of
starting material gave 90 mg (98% yield) of the title compound. mgl108C.1H
NMR (600 MHz, DMSQds) U :-7.47 (m42#), 7.397.30 (m, 8H), 7.267.24 (m,
3H), 7.127.09 (m, 2H), 4.7 (d) =15.0 Hz, 1H), 4.42 (d] =15.0 Hz, 1H), 3.7B.66
(m, 1H), 2.652.61 (m, 2H), 2.30 (ddd) =13.0, 10.4, 6.7 Hz, 1H), 1.8043 (m, 1H),
1.41-1.36 (m, 1H), 1.34L.27 (m, 3H), 1.21 (dt) =15.3, 7.7 Hz, 1H)}*C NMR (150
MHz,DMSOds) U: 136.5 (u), 136.1 (u), 136.0
(dn), 129.27 (dn), 128.44 (dn), 128.37 (dn), 128.09 (dn), 128.05 (dn), 127.38 (dn),
83.8 (dn), 64.3 (dn), 52.2 (u), A7(u), 25.6 (u), 8.1 (u), 8.0 (u); FTIR (KBr /thin film)
3066, 2924, 2865, 1454, 1427, 1114, 720, 700, 53§ &fRMS (LIFDI-TOF) m/z:
[M] " calculated for @H27N3Si* 397.1969; Found 397.1980.

(5aR,9aR}3,3-diphenyl-2,3,4,5,5a,6,9,9%@ctahydro-1H-6,9-

methanobenzol[d]silepine(137)
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H

Ph. /[ (E) @ Ph. /7 N
Ph'SI + Ph'SI

H
1-31 1-37

(E)-Si, SiDiphenyt5-s i | acy c | o hs(p305emmel ALAQYYV) was
suspended in diethyl ether (2 mL) and ammonium hydroxide (2 mL). The agueous
layer was extracted with 2x2 mL diethyl ether. The organics were combieed d
with anhydrous Ng&5QO; and filtered. Then freshly cracked cyclopentadiene (205 mg,
3.05 mmol, 10.0 equiv) was added to this ether solutiokR)e®{, SDipheny}5-
silacycloheptene. The mixture was allowed to stir at rt for 1 hour. Afterwards, the
ethea solution was concentrated via rotary evaporation, the residue was purified by
flash column chromatography (1% diethyl ether/hexane) to afford 100 mg (99% yield)
of the title compound as a colorless oil. A repetition on the same scale gave 92 mg
(91% yidd). '"H NMR (400 MHz, CDCY) U :-7.48 (m52B4), 7.46.43 (m, 2H),
7.367.29 (m, 6H), 6.11 (ddl=5.6, 3.0 Hz, 1H), 5.94 (dd,= 5.6, 2.8 Hz, 1H), 2.58
(s, 1H), 2.35 (s, 1H), 2.66.99 (m, 1H), 1.94..86 (m, 1H), 1.641.56 (m, 1H), 1.53
1.44 (m, 2H) 1.431.36 (m, 1H), 1.34..22 (m, 4H), 1.12.02 (m, 1H), 0.98.93 (m,
1H); 3C NMR (150 MHz,GDs) U: 138.4 (u), 138.3 (u), 1:
(dn), 133.2 (dn), 129.34 (dn), 129.30 (dn), 128.34 (dn), 128.31 (dn), 49.6 (dn), 48.3
(dn), 48.0(dn), 47.2 (dn) , 47.1 (u), 30.6 (u), 28.7 (u), 13.3 (u), 12.6 (u); FTIR (KBr
/thin film) 3066, 2956, 2912, 1456, 1427, 1407, 1330, 1115, 795, 738, 715, 539, 482
cmt; HRMS (LIFDI-TOF) m/z: [M]" calculated for @H26Si* 330.1798; Found
330.1798.
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rel-2,2-((1R,2S,3S,4Spicyclo[2.2.1]hept5-ene 2,3-diyl)bis(ethan-1-ol)(1-

H
phkC@ KH, t-BuOOH, TBAF HD\/\@
Si
Ph H DMF/THF HO™ v

1-37 1-41

41)

Potassium hydride (494 mg, 6.18 mmol, purchased as a suspension in mineral
oil and rinsed with hexane prior to use, 12.0 equiv) was suspended in anhydrous DMF
(3 mL), and the flask cded by an ice bath (0 °CYert-Butyl hydroperoxide (1.13
mL, 5.5 M in decane, 6.20 mmol, 12.0 equiv) was added dropwise. The mixture was
allowed to warm to rteel-(5aS,6R,9S,9a83,3-diphenyt2,3,4,5,5a,6,9,9actahydre
1H-6,9-methanobenzold]silepine {@ mg, 0.515 mmol, 1.00 equiv) in anhydrous
DMF (4 mL) was added to the mixture dropwise. After 10 miBusNF solution (1.0
M in THF, 2.10 mL, 2.10 mmol, 4.08 equiv) was added. The reaction was heated at 70
°C overnight. After the mixture was cooled tpexcess sodium thiosulfate
pentahydrate (3.00 g, 12.1 mmol) was added. After stirring for 30 min, the resulting
mixture was filtered and solvent was removed by rotary evaporator. The solid residue
was dissolved by methylene chloride and the resultingisalwas filtered, and
concentrated by rotary evaporation. Purification by column chromatography with a
gradient (30%100%) of ethyl acetate in hexanes yielded title compound (71 mg,

0.396 mmol, 76%) as a white solid, mp-&3 °C.*H NMR (600 MHz, CDCJ) U :

6.18 (ddJ =5.8, 3.1 Hz, 1H), 5.99 (dd,=5.8, 2.9 Hz, 1H), 3.88.60 (m, 4H), 2.73

(s, 1H), 2.49 (s, 1H), 1.92 (br s, 2H), 1-T62 (m, 3H), 1.49..36 (m, 4H), 1.06..02

(m, 1H);"®*C NMR (100MHz,CDG)) t4: 137.8 (dn), 1@®3.8 (dn)
47.4 (dn), 46.5 (u), 45.9 (dn), 43.5 (dn), 42.4 (dn), 39.3 (u), 37.8 (u). FTIR (KBr /thin
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film) 3322, 2959, 2929, 2873, 1454, 1339, 1053, 1011, 914, 714KRMS (LIFDI-
TOF) m/z: [M] calculated for @H1s0>" 182.1301; Found 182.1286.

1.8.9 Transformations of SiTCH derivatives
(E)-N-(7-(1-(difluoroboranyl) -3,5-dimethyl-1H-pyrrol -2-yl)-7-(3,5

dimethyl-2H-pyrrol -2-ylidene)heptyl}-4-(1-methyl-2,3,6, #tetrahydro -1H-silepin-
1y | ) but an a mnAgbid GHABPNIPY)

1) Brine, ether

/N
- n G\B/F
Me S8
\Si/\/\« Me_ /\/\« —
L\) Si o
(E
//\ 3) AgNOg Silica gel L/X;
AgNO3 AgNO;
1-29 AgSiTCH-BODIPY

(E)2,5dioxopyrrolidin-1-yl 4-(1-methyt2,3,67-tetrahydrelH-silepin-1-
yl ) but an e(@11@moly N0 equiv) was treated with 1.5 mL.CHand
2.0 mL brine. CHCI2 layer was separated. The aqueous layer was extract with 2x1.5
mL CHxCl.. The organic layer was combined and dried with9 andfiltered.
With care not to concentrate to dryness, the solution was concentrated down to
approximately 1.5 mL via rotary evaporatioB)-{7-(1-(difluoroboryl}3,5-dimethyt
1H-pyrrol-2-yl)-7-(3,5-dimethyl2H-pyrrol-2-ylidene)heptasi-amine (BODIPY
amine,5.3 mg, 0.015 mmol, 1.00 equiv) and triethylamine (41 mg, 0.40 mmol, 26
equiv) were added. The reaction was stirred at rt for 1.5 hour. The reaction mixture
was quickly loaded on to flash chromatography, (3%3%0 ethyl acetate/hexane)
afforded the £)-N-(7-(1-(difluoroboranyl}3,5-dimethyt1H-pyrrol-2-yl)-7-(3,5
dimethyl2H-pyrrol-2-ylidene)heptyh4-(1-methyt2,3,6, #tetrahydrelH-silepin-1-



yl)butanamide as a solution in ca. 50% ethyl acetate/hexane. The solution was allowed
to flow through a plug of 4 glia gel (impregnated with 10% w/w AgN{) which

was packed in an 11g Biot&y8NAP cartridge on top of a bed of unmodified silica

gel. The SNAP cartridge was eluted with 100 mL 50% ethyl acetate/hexane over 2
hours. Then the silica gel column was wasivétd 100 mL 60% ethyl acetate/hexane,
followed by 100 mL EtOH to give the desired EtOH solutionE)$N-(7-(1-
(difluoroboranyl}3,5-dimethyl1H-pyrrol-2-yl)-7-(3,5-dimethyl2H-pyrrol-2-
ylidene)heptyB4-(1-methyt2,3,6, ZtetrahydrelH-silepin-1-yl)butanamh d e AA g NO
The ethanol solution was concentrated via rotary evaporation, affording a sticky
orange semisolid!H NMR analysis with an internal standard (mesitylene) indicated

that the yield of the title compound was 0.0104 mmol (68% yield).

IH NMR (600MHz, CD;:OD) @ : 6 . 1549 (ms2H), 219t)= 5. 59
6.8 Hz, 2H), 3.02.98 (m, 2H), 2.52.46 (m, 2H), 2.44 (s, 12 H), 2.2923 (m, 2H),
2.19 (t,J = 7.2 Hz, 2H), 1.66..51 (m, 8H), 1.441.39 (m, 2H), 1.09.94 (m, 2H),
0.86:0.76 (m, 2H), 0.58.49 (m,2H),-0.011 (s, 3H)**C NMR (100 MHz, CQOD)
G: 176.0 (u), 154.8 (u), 148.2 (u), 142.2
(dn), 40.7 (u), 40.0 (u), 32.9 (u), 30.8 (u), 30.2 (u), 29.1 (u), 28.6 (u), 28.5 (u), 27.5
(u), 21.6 (u), 18.6 (u), 16.%901G), 16.2 (u), 14.3 (dn)2.9 (dn). HRMS (ESI+) m/z:
[M-AgNQOsz-F] * calcd. for GoH46BFN3OSi", 522.3482 found 522.3482.

(E, e9-1,1-Dimethyl-2,3,6, #tetrahydro-1H-silepin-3-ol (equatorial isomer)
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Me. .Me 1) NH3eH,0, diethyl ether Me. Me

Si 2) Flash chromatography Si
Q“OH > Q‘OH
N 3) Captured on AgNOj silica gel N

A/\gNO3 then extract w/ EtOH (E) P/\gNO3 (Equatorial)

1-27

(E)-1,1-dimethy}2,3,6, ZtetrahydrelH-silepin-3-0 | A Ag(\BD2 mmol) was
treated with 10 mL conc. ammonia solution and 10 mL diethyl ether. The aqueous
layer was extract with 3x10 mL diethyl ether. Organics were combined and dried over
MgSQy, filtered and concentrated via rotary evaporation. Purificatiorobymmn
chromatography (4% ethyl acetate/ hexane) gave the equatorial diastereontgr of (
1,1-dimethyt2,3,6, #tetrahydrelH-silepin-3-ol and itscis-isomer as colorless
mixture. The mixture was dissolved in 100 mL 45% diethyl ether/hexane. The solution
was allowed to flow for 2 hours through a plug of 2.2 g of AgN@pregnated silica
gel (10% w/w AgNQ), which was packed in an 11g Biot&ga&NAP cartridge on top
of a bed of unmodified silica gel. The cartridge was then eluted with 100 mL 45%
diethyl etheiexane followed by 100 mL ethanol to give an ethanol solutioB)ef (
1,1-dimethy}2,3,6, 7tetrahydrelH-silepin-3-o0 | A Ag(mbfr). The ethanol solution
was concentrated via rotary evaporation to give the title compdyret)¢1,1-
dimethyk2,3,6, Ztetrahydro-1H-silepin-3-o | A Ag(\205 mmol) as white semisolid.
IH NMR (600 MHz, CROD) @ : J5= 1670210.8, 6.8 iz, 1H), 5.49 (dbi=
16.9, 9.0 Hz, 1H), 4.53 (td,= 9.1, 6.4 Hz, 1H), 2.48.37 (m, 2H), 1.38 (ddl = 14.1,
6.2 Hz, 1H), 0.97 (ddd] = 14.7, 10.6, 6.1 Hz, 1H), 0.9D84 (m, 2H); 0.08 (s, 3H),

0.00 (s, 3H)'®*CNMR (150 MHz,CROD) {&: 124.2 (dn), 114.

(u), 26.6 (u), 18.9 (U}0.96 (dn)-0.13 (dn); FTIR (AgCl/thin film) 3246, 2946, 1762,
1652, 1559, 1316, 1005, 862, 830, 785'¢cHRMS (CI+) m/z: [MAgNOs+H]*
calcd. for GH170Si", 157.1@3 found 157.1055.

7
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(E)-1,1-Dimethyl-2,3,6, #tetrahydro-1 H-silepin-3-yl benzylcarbamate (%
44)

Me . Me Me
Me-. 1) NHgeH,0, diethyl ether  Me~q; 1) Benzylisocyanate Mgy

Si S
Q”OH 2) Flash chromatography Q‘OH , cisisomer _ cat. triethylamine o
Q 23% (nmr)
A//\NO (E)\ 2) Flash chromatography (E)\ O}VN\H—Q
9NOs (Equatorial)

(Equatorial)
1-43 1-44

(E)-1,1-dimethy}2,3,6, ZtetrahydrelH-silepin-3-0 | A Ag(\BB2 mmol) was
treated with conc. ammonium hydroxide (10 mL) and diethyl ether (10 mL). The
aqueoudayer was extracted with 3x10 mL diethyl ether. The organics were
combined and dried over MgQ@iltered and concentrated via rotary evaporation.
Purification by column chromatography-4%o ethyl acetate/ hexane) ga&-(,1-
dimethyt2,3,6, #tetrahydrelH-silepin-3-ol (equatorial) and itsisisomer as a
colorless mixture (78 mg, 23%s by nmr). To this mixture in dry methylene chloride
(4 mL) was added benzyl isocyanate (0.61 mL, 661 mg, 4.96 mmol, 10.0 equiv) and
triethyl amine ( lefuivy The solutiodvdas stirmed underad . 2 0
nitrogen atmosphere at rt for 6 hours. The volatiles were removed. Purification by
column chromatography {4% ethyl acetate/ hexane) gives the title compound (90
mg, 0.31 mmol, 81% yield based on theoretical yoflthe equatorial isomer) as
colorless oil!H NMR (400 MHz, CROD)  U-7.217m, 8H), 5.94%6.85 (m, 1H),

5.55 (ddJ = 17.2, 9.1 Hz, 1H), 5.41 (td,= 9.3, 6.2 Hz, 1H), 4.27 (s, 2H), 2.42 (i,
=13.6, 3.7 Hz, 1H), 2.22.14 (m, 1H), 1.41 (dd] = 14.0, 5.9 Hz, 1H), 1.00.90 (m,
1H), 0.880.78 (m, 2H), 0.06 (s, 3H)0.06 (s, 3H)*C NMR (100 MHz, CBOD) @ :
159.0 (u), 140.7 (u), 137.0 (dn), 131.4 (dn), 129.5 (dn), 128.2 (dn), 128.1 (dn), 76.8
(dn), 45.3 (u), 28.3 (u), 25.8 (u), 21.5 (49,7 (dn),-1.2 (dn); FTIR (NacCl /thin film)
3335, 2950, 2924, 1697, 1522, 1497, 1251, 838, 698 BIRMS (ESI+) m/z:

[M+H]* calcd. For @sH24NO2Si", 290.1576 found 290.1566.
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(2)-7-(1-(difluoroboranyl) -3,5-dimethyl-1H-pyrrol -2-yl)-7-(3,5-dimethyl-
2H-pyrrol -2-ylid ene)heptanl-amine (1-42)

(COClI),, DMF

/\/\/\)?\ toluene, RT, 4 h /\/\/\)O'\
N OH i} N ]

3 3

Commercial
To a solution of fazidoheptanoic acid (5.0 g, 29 mmol, 1.00 equiv) in toluene
(50 mL) was added oxalyl chloride (3.78 mL, 43.8 mmol, 1.51 equiv) followed by
DMF (0.1 mL). The mixture was stiideat room temperature for 4 h and then
concentrated under reduced pressure. The crage&ddheptanoyl chloride was used

directly in the subsequent step.

N3 cl Ng
DCE, 65 °C,2h
then BF3‘OEt2,
DIPEA, rt, 18 h
7%

To a solution of crude-@zidoheptanoyl chloride (4.0 g, 23 mmblQ0 equiv)
in 1,2dichloroethene (60 mL) was added-8imethylpyrrole (5.07 mL, 49.1 mmol,
2.13 equiv). The reaction was stirred at 65 °C for 2 h and then cooled to room
temperature. To the reaction was addeeB6 £(16.58 g, 118.8 mmol, 5.16 equiv)
was added dropwise followed by the addition of DIPEA (16.77 mL, 93.46 mmol, 4.06
equiv) dropwise and the mixture was degassed by bubbling argon through the mixture
for 15 minutes and then stirred at room temperature for 18 h. The reaction was diluted

with water and extracted with GBI> twice. The organic fractions were combined,
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washed with water and brine, dried with28&x, filtered and concentrated under

reduced pressure. The crude residue was purified by silica gel chromatography
(EtOAc/Hexane) to &brd BODIPY-N3 (650 mg, 7%) as a red solidd NMR
(400MHz,CDCt) U: 6. 05 {=s6,8H2 PH),3.032.82(18, 2K)t2,51

(s, 6H), 2.40 (s, 6H), 1.7411.57 (m, 4H), 1.57 1.37 (m, 4H%*3C NMR (101MHz,

CDClz) a: 153. 80, 146. 19, 140. 17, 131. 37,
26.56, 16.36, 14.4(, J = 2.9 Hz); HRMS calcd for gH26BFNs [M-F]" 454.2265,

found 454.2258.

PS-PPhg, THF, H,0
50 °C, 1 h 30 min

95% H,N

1-42

To a 2dram vial containing BODIPYN3 (150 mg, 0.40 mmol) and polymer
supported triphenylphosphine (574 mg,-2.8 mmol/g loading, Alfa Aesar) was
added THF (2 mL) and water.(OmL). The reaction was heated to 50 °C for 1.5
hours and then cooled to room temperature. The reaction mixture was filtered through
celite and concentrated under reduced pressure to yield a dark red solid (132 mg, 95%
yield) that was used directly withit additional purificationtH NMR (400 MHz,

CDCL) U: 6. 05-2.85§m, 2H2, BLJ1,(api8 br.&.02H), 2.51 (s, 6H), 2.41 (s,
6H), 1.70- 1.57 (m, 4H), 1.56 1.44 (m, 4H), 1.44 1.34 (m, 2H}3C NMR (101

12

MHz,CDCk) u: 153.75, 146.45, 140.21, 131.40,

28.41, .71, 16.38, 14.43 (§,= 2.9 Hz); HRMS (ESI+) m/z: [M+H] calcd. For
C1oH20BF2N3", 348. 2417 found 348.2418.
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1.8.10 StoppedFlow and UV-vis Kinetic Analysis of Si-TCH
General Procedure for the stoppeeflow kinetic analysis of SiTCH and

3,6-diphenyl-s-tetrazine.

. G (
Me, ~"" MeOH

\S- N - N N ’ ,Me
[ + | U —_— | Si
2 o
\ 5°C \\\L
1-47 ‘ OH

The reaction between-$ICH 1-47 (Ag-free) and 3,&liphenylts-tetrazine was
monitored by SX 18MWR stoppeeflow spectrophotometer (Applied Photophysics
Ltd.) at 295 nm under pseudiost order conditions. The SICH (200 uM in
methanol, concentratiaof transiisomer) and tetrazine (20 uM in methanol) were
mixed in a stoppeflow spectrophotometer resulting in a final concentration of 100
UM Si-TCH and 10 uM tetrazine. Analysis was carried out in triplicate at 298 K. For
each run, data was collectedeo\20 second¥ops was determined by nonlinear
regression analysis of the data points using Prism software (v. 6.00, GraphPad
Software Inc.). The average from of triple sets of measurements was reported as

k:=4360 (+¢ 430) Mls™,

e

o

®©
J

K,ps = 0.4359

R?=0.9960

e

o

=)
L

Absorbance (295nm) [a.u.]
=
3

0.02 T

time (s)
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Figure 1.13: Reaction ofl-47 with 3,6-diphenyts-tetrazine at 298 K monitored at 295
nm.

General Procedure for the stoppedlow kinetic analysis of sSTCO (antt
isomer), St TCH and tetrazine TAMRA (1-48).

The kinetics for the reactions between sTCO efGH and the tetrazine
TAMRA (1-48) were measured under psetfdst order conditions with 10
equivalences of sTCO or-3ICH, in water/methanol (9:1) at 298 K by following the
fluorescence increase of the tetrazine TAMRAB) at 576 nm over time using an
SX 18MV-R stoppedflow spectophotometer (Applied Photophysics Ltd.). The
excitation wavelength of the tetrazine TAMREA48) was 556 nm.

2-pyr

OH rﬂ)%N

|

H, A H N__N
+ = N

A N

sTCO 1-48

25°C
H,0:MeOH=9:1

Excitation wavelength

n
NMe, 556nm

For the reaction between sTCO and tetrazine TAMRA, solutions were
prepared for the sTCO (100 pM in 80% water/20% MeOH) and the tetrazine TAMRA
(10 uM in water) and thermostatted in the syringes of the spectrophotometer before
measuring. An equal volume of each was mixed by the stopped flow device resulting
in a final concentration of 5 uM tetrazine TAMRA and 50 uM sTCO. Data was
recorded for 0.05econds and performed in triplicate at 29&dsswas determined by

nonlinear regression analysis of the data points using Prism software (v. 6.00,
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GraphPad Software Inc.). Triplicate measurements were performed on two

independent samples. The méamwas measured to be 8,340,000 @67,000) M's™,

Figure 1.14: Stoppedflow monitored reaction of tetrazinPAMRA 1-48 (5 uM) with
s TCO (50 uM) in 9:1 water: MeOHTrriplicate measurements for two
independent samples were measured

2-pyr
'HA’T‘
M N.__N 25°C
e
N ./\/\/OH
Li) Z N H,0:MeOH=9:1
+ |
A N o] KjMe2 Excitation wavelength
HN )L(\/)H 556 nm
\
A
(6]
1-47 1-48

The general procedure for the stopiflesv analysis of SiTCH (1-47) was
followed using SiTCH (1-47) (60 uM, 80 uM, 100 uM and 120 pM in 80%
water/methanol) and tetrazine TAMRIA48 (6 uM, 8 uM, 10 uM and 12 pM in
water). Final concentrations were 3 UMK, 5 UM and 6 UM for the tetrazine
TAMRA and 30 uM, 40 pM, 50 uM and 60 puM for the-3CH (concentration of
transisomer). Theékonswas determined by nonlinear regression analysis of the data
points using Prism software (v. 7.00, GraphPad Software Trp)icate

measurements for two independent samples at each concentration were measured, and
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the average of the observed rdtés wer e pl otted agaitl8t t he
to obtain the bimolecular rate constantrom the slope of the plot. Thiseank. was

measured as 11,400,000-(100,000) Ms™.

0.000 0.005 0.010 0.015

oooooooooooooooooooooooooooooooooooooooooooooo

Figure 1.15: Determination of the bimolecular rate constiarfrom the stoppedlow
monitored reaction of STCH and tetazine TAMRA. (a) The
exponential plot of the reaction of tetrazine TAMRA (final concentration
3 uM) with 10 equivalents of SICH (final concentration 30 uM) at 298
K at 556 nm excitation wavelength. Similar data sets were collected at 4
UM, 5 uM and 6 M in tetrazineTAMRA, and at 40 uM, 50 uM, and 60
MM in SI-TCH. (b) Triplicate measurements for two independent samples
at each concentration were measured, and the observeksateere
plotted against the concentration of I&TH to obtain the bimoledar rate
constankz from the slope of the plot.

General Procedure for the stoppeeflow kinetic analysis of E)-1,1-
dimethyl-2,3,6, #tetrahydro-1 H-silepin-3-yl benzylcarbamate (144) and 3,6

pyridyl -s-tetrazine.
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Me
Me@’(@/“vph *

1-44

The reaction betweerk)-1,1-dimethyt2 3,6, #tetrahydrel H-silepin-3-yl
benzylcarbamatel{44) and 3,6dipyridyl-s-tetrazine was monitored using a SX
18MV-R stoppeeflow spectrophotometer (Applied Photophysics Ltd.) at 290 nm
under pseuddirst order conditions in acetonitrile at 20 °C. TheT&H (1000 pM in
MeCN) and tetrazine (100 uM in MeCN) were mixed using the stopped flow
instrument resulting in final concentrations of 500 uMI&IH and 50 pM tetrazine.
Analysis was carried out in triplicate at 20 °C. For each run, data was collected ove
200 seconds. Thepswas determined by nonlinear regression analysis of the data
points using Prism software (v. 6.00, GraphPad Software Inc.). From the average of

triplicate sets of measurements, a ratkof240 (+4 30) Ms! was determined.
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Figure 1.16: The reaction off)-1,1-dimethyl2,3,6, #tetrahydrel H-silepin-3-yl
benzylcarbamate with 3@ipyridyl-s-tetrazine at 20 °C monitored at 290
nm.



General Procedure for the U\tVis kinetic analysis of E)- 3-(1,3,6
trimethyl -2,36,7-tetrahydro-1 H-silepin-1-yl)propan-1-ol (1-32) and 3,6phenyl -

s-tetrazine.

OH Ph 20°C

Me. /J )\
Si NN MeOH

QM + N |

Me N.__-N

Me N \(

Ph

1-32

The reaction betweerk)- 3-(1,3,6trimethy}t2,3,6,#tetrahydrel H-silepin-1-
yl)propanl-ol and 3,6phenyts-tetrazine was monitored using a bXis
spectrophotometer (HP846&t 295 nm under pseudiost order conditions in
acetonitrile at 20 °C. TheSiCH (0. 7 mL, 1000 €M in methan
tetrazine (0.7 mL, 100 &M in methanol) anc
resulting in final concentrations of 500 uM-BCH and 50 UM tetrazine. Analyses
was carried out in triplicate at 20 °C. For each run, data was collected over 1100
secondskonswas determined by nonlinear regression analysis of the data points using
Prism software (v. 6.00, GraphPad Software Inc.). &leFage of triple sets of

measurements was reporteckas 22 (+£4) Mst.

£ 54
>
1.0

Figure 1.17:Reaction of E)- 3-(1,3,6trimethyl-2,3,6, #tetrahydrel H-silepin-1-
yl)propan1-ol and 3,6phenyts-tetrazine at 20 °C in methanol monitored
at 295 nm.
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1.8.11in vitro SI-TCH / GFP-Tet-v.2.0Kinetics

The reaction between-$iICH (1-47) and GFPtetrazine 2.0 was measured
under pseuddirst order conditions using an SX 18MN stoppeeflow
spectrophotometer (Applied Photophysics Ltd.). A sample of 10GRMtetrazine
2.0 (Excitation 488 nm, Emission 506 nm) in PBS buffer was prepared for a final
concentration of 50n M. SiCH sol utions (1.00, 1.98, 2.97
in 95% PBS/ methanol from stock sobutions (
The final concentrations df47wer e 0. 500, 0.997, 1.49 and
was taken in 0.02 or 0.04 sec increments for about 20 s to 40 s for each trial. The
observed rate for each measuremint,(Fig.), was determined by nonlinear
regresion analysis using Prism software resulting in rates constants of 0.0947, 0.239,
0.366 and 0.459srespectively and were then plotted against final concentration to

determine the bimolecular rate constianiFig) of 250000 (+/15000) M!s? from the
slope of the plot.

-
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R?=0.9749
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A Fluorescence (A.U.)

o
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Figure 1.18: Fluorescence kinetics of SiCH (1-47) and GFPtetrazine 2.0. After
mixing, the final tetrazine concentration was 50 nM and the fiR@ICH
concentrations are as follows: O0.500
points and the fit curve for a pseudo first order rate equation calculated
on Prism software are shown.

0.5-
0.4
T.'E_ 0.3-

2

& 0.2-

k=250000+15000

0.1 R?=0.9921
0-0 T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5
Conc. uM

Figure 1.19:in vitro bimolecularrate determination of SiICH (1-47) solutions
reacted with GFRetrazine 2.0 by plotting kobs vs finat 5CH
concentration

1.8.12 PseudaFirst Order Kinetics for in vivo conjugation of SFTCH to sfGFP-
Tetv2.0

A 50 mL culture ofE. colioverexressing GFPetV2.0 was resuspended in
PBS buffer and washed three times. Three pséitstmrder kinetic trials containing
100 €L of cell solution added to 2.85 mL F
Si-TCH (1-47) methanol solutions (60,50,40M) . Fl uorescence incre
monitored, indicating conjugation of-$ICH (1-47) to GFRTetV2.0 (Excitation 488
nm, Emission 506 nm, and 2s increments). For each trial, fluorescence was measured
until a constant emission intensity was observed. Unimaecate constants were

calculated for each concentration using Prism software (0.112, 0.079, 8.059 s
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respectively) (Figure 1.2@nd a bimolecular constant was calculated by plotting each
unimolecular rate constants againsfT8&H concentration (155,00020,000 M's?)

(Figure 1.2}

)

ce (A.U
nce (A.U.)

ence (A.U.)

Figure 1.20: Fluorescence kinetics of the in vivo reaction betweefiGHl and GFP
TetV2.0. Fluorescence was directly monitored from suspended ibhacter
cells in PBS. After injection, the final SiCH concentrations are as
follows;A=1. 0 M, 883 O M6 6 E=¢ M. Raw data poc¢
and the fit curve (red) for a pseudo first order rate equation calculated on
Prism software are shown

0.15+

0.10+

Kobs

0.057 k = 155,000 + 20,000

R2=0.98

0.00 T T T T 1
0.6 0.7 0.8 0.9 1.0 11

Conc. (uM)
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Figure 1.21:in vivobimolecular rate determination of threeT&H (1-47)
PBS/Methanol solutions reacted with GFEtV2.0 by plotting kbsVvs
final Si-TCH (1-47) concentration

1.8.13 Si-TCH Stability Study with 2-Mercaptoethanol

Stability of 1-33 in 2mercaptoethanol in MeOD-d4

To a solution 0fi-33 (5.8 mg, 0.030 mmol, with 7 %isisomer) in MeODBd4
(I ml) was added-tner capt oet hanol (2.0 €L, 0.030
trimethoxylbenzene (1.6 mg, 0.01 mmol, as an nmr internal standard). The solution
was transferred to an nmr tube. Another nmr sample without adding 2
mercaptoethanol was prepared as a cbnftihe solutions were stored undér °C
and were monitored byd NMR to observe the isomerization bB3to (2)-Si-(3-
CyanopropylSi-methyl5-sila-cycloheptene. After 24 hours, 53%183 remained.
While for the control experiment, 97% 33 remaired. Results were plotted using
Prism software (V. 7.00, Graphpad Software Inc, Fig. S31). A plot of the NMR data is

displayed.

= >.n ercaptoethanol

100
B control

% TCH

50 7

tim e (h)

Figure 1.22: Stability profile 0f1-33 (30 mM) in the presence ofr@ercaptoethanol
(30mM) in MeODds at-17°C.
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To a solution ofL-33 (5.8 mg, 0.030 mmol, with 9% cis isomer) in Me@
(I ml) was added-tner capt oet hanol (2.0 €L, 0.030 mmc
trimethoxylbenzene (1.6 mg, 0.01 mmol, as an nmr internal standard). The solution
was transferred to an nmr tulnother nmr sample without adding 2
mercaptoethanol was prepared as a control. The solutions were stored under room
temperature (22 °C) and were monitoredHyNMR to observe the isomerization of
7b to ¢)-Si-(3-CyanopropyhSi-methyt5-sila-cyclohepter. After 2 hours, 3% df-
33remained. While for the control experiment, 98%4-#3 remained. Results were
plotted using Prism software (V. 7.00, Graphpad Software Inc, Fig.). A plot of the
NMR data is displayed.

~® 2. mercaptoethanol

100 —
u B control

% TCH

Figure 1.23: Stability profile 0f1-33 (30 mM)in the presence of-thercaptoethanol
(30mM) in MeODd4 at room temperature (22°C)

1.8.14 IR and NMR comparisons of SiTCH and Si-TCH silver complexes
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Figure 1.24: Comparison of FAIR (ATR) for the C=C stretch of compourie?6 and
1-32.
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Figure 1.25: Comparison of alkemresonances itH NMR spectra&cetoneds, 400
MHz) of compoundl-24 and1-33.
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Figure 1.26: Comparison of alkene resonances$@ NMR spectra&cetoneds, 100
MHz) of compoundl-24 and1-33.
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1.8.15 Crystal Data and Structure Refinements
X-ray structural analysis fmompoundd-39 (joef116) andl-23 (joef124):
Crystals were mounted using viscous oil onto a plastic mesh and cooled to the data
collection temperature. Data were collected on a Brak&es APEX 11 DUO CCD
diffractometer with MeK’r adi at i on (&« = 0.71073 j) monoc
Unit cell parameters were obtained from 3E€
sections of the Ewald sphere. The systematic absences in the diffraction data are
uniguely consistent witR2:/c. The datasets were treated with muktan absorption
corrections (Apex3 software suite, Madison, WI, 2005). The structures were solved
using direct methods and refined with foiatrix, leastsquares procedures &A
(Sheldrick, G.M. 2008. Acta Cryst. Ap412122). Thetrans-alkenyl ring in1-23was
disordered in two conformations, predominantly in the elileérconformation, with
refined site occupancy of 67/33. All ndwydrogen atoms were refined with
anisotropic displacement parameters. All hydrogema were treated as idealized
contributions with geometrically calculated positions and withequal to 1.Peqof
the attached atom. Atomic scattering factors are contained in various versions of the

SHELXTL program library (Sheldrick, Gop. cit).
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Figure 1.27: X-ray structure ofrel-1R,7R)9,9-dichloro-4,4-dipheny}4-
silabicyclop.2.0]JnonarB-one (-39) Molecular diagram and
crystallographidabeling scheme for compoude39 with ellipsoids at
50% probability. Mnor disordered component f&¥39 and Hatoms
other than the alkenylddtoms, depicted with arbitary radius, are omitted
for clarity

Table 1.3:Sample and crystal data ft39.

Identification code joefl16

Chemical formula CyoH,>ClLOSI

Formula weight 375.34

Temperature 200(2) K

Wavelength 0.71073 A

Crystal size 0.148 x 0.502 x 0.606 mm

Crystal system monoclinic

Space group P12l/cl

Unit cell dimensions a=12.1989(17) A U = 90A
b =7.0792(10) A b 94 .
c=21.834(3) A 2 = 90A

Volume 1880.2(5) A

Z 4

Density (calculated) 1.326 g/crii

Absorption coefficient 0.413 mnt

F(000) 784




Table 1.4:Data collection and structure refinement Ie89.

Theta range for data collection

1.67 to 27.36°

Index ranges

-15<=h<=15, -9<=k<=9, -28<=[<=28

Reflections collected 21484
Independent reflections 4243 [R(int) = 0.0480]

Coverage of independent reflections 99.509
Absorption correction multi-scan

Max. and min. transmission 0.7456 and 0.6407

Structure solution technique direct methods

Structure solution program SHELXS-97 (Sheldrick 2008)

Refinement method Full-matrix least-squares orf F

Refinement program SHELXL-2014/7 (Sheldrick, 2014)

Function minimized E_wi-E)’

Data / restraints / parameters 4243 /12 /230

Goodness-of-fit on £ 1.019

Final R indices

3168
data; R1 =0.0534, wR2 = 0.1253
I >240

all data |[R1 =0.0765, wR2 = 0.1408

Weighting scheme

w = 1 #(A,)%(0.0532P%+1.9253P]

where P=(F+2F.)/3

Largest diff. peak and hole

0.370 and -0.478 €A

R.M.S. deviation from mean

0.056 eA®

Table 1.5: Atomic coordinates and equivalent isotimptomic displacement

U(eq)is defined as one third of thce of the orthogonalized;tensor

parameters (A for 1-39,
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x/a y/b zlc U(eq)
Si1 0.21036(5)  |0.50672(9) 0.60939(3)  |0.03091(17)
ci 0.27173(16)  [0.7157(2) 0.34065(7)  |0.0607(4)
cR 0.43713(11) (0.8294(3) 0.43653(7)  |0.0625(4)
Cll'  [0.2944(4) 0.6736(6) 0.35993(14) [0.0607(4)
cl2  |0.4240(3) 0.9343(5) 0.43813(15) [0.0625(4)
o1 0.1776(2) 0.0584(3) 0.42359(9)  [0.0617(6)
c1 0.2613(2) 0.3662(4) 0.54416(11) [0.0403(6)
c2 0.3175(2) 0.4757(4) 0.49465(12) [0.0472(7)
c2 0.3175(2) 0.4757(4) 0.49465(12) [0.0472(7)
c3 0.2494(3) 0.6319(6) 0.46624(18) [0.0363(8)
c3' 0.2824(7) 0.6780(12) 0.4881(4) 0.0363(8)
C4 0.2980(2) 0.7790(4) 0.42283(12) |0.0507(7)
c5 0.2152(3) 0.9159(4) 0.44294(12) (0.0547(8)
cé 0.2132(4) 0.8048(5) 0.50336(17) [0.0412(8)
ce' 0.1604(7) 0.7471(11) 0.4801(3) 0.0412(8)
c7 0.1066(2) 0.8110(4) 0.53415(13) [0.0473(7)
(ord 0.1066(2) 0.8110(4) 0.53415(13) |0.0473(7)
cs 0.0891(2) 0.6540(4) 0.58029(12) [0.0404(6)
c9 0.4331(2) 0.6043(4) 0.64592(12) [0.0421(6)
C10  [0.5162(2) 0.7200(5) 0.67064(13) [0.0502(7)
C11  [0.4925(2) 0.8904(4) 0.69590(13) [0.0510(7)
C12  [0.3851(2) 0.9451(5) 0.69664(14) [0.0561(8)
C13  (0.3018(2) 0.8315(4) 0.67167(13) [0.0469(7)
Cl4  [0.32289(18) |0.6574(3) 0.64548(10) |0.0308(5)
C15  [0.0728(2) 0.2146(3) 0.64947(11) [0.0371(5)
Cc16  [0.0289(2) 0.0943(4) 0.69111(13) [0.0430(6)
C17  [0.0697(2) 0.0960(4) 0.75171(13) |0.0442(6)
Cc18  [0.1529(2) 0.2195(4) 0.77044(12) (0.0421(6)
C19  [0.19615(19) |0.3410(4) 0.72866(11) [0.0366(5)
C20  [0.15723(18) |0.3409(3) 0.66688(10) [0.0316(5)




Table 1.6:Bond lengths (A) fod-39.

Si1-C14 1.865(2) Si1-C20 1.870(2)
Si1-C8 1.881(2) Si1-C1 1.881(2)
Cl1-C4 1.854(3) Cl2-C4 1.738(3)
Cl1'-C4 1.561(4) Cl2-C4 1.899(4)
01-C5 1.174(3) C1-C2' 1.533(4)
C1-C2 1.533(4) C1-H1A 0.99
C1-H1B 0.99 C2-C3 1.490(5)
C2-H2A 0.99 C2-H2B 0.99
C2-C3' 1.499(8) C2-H2'1 0.99
C2-H2'2 0.99 C3-C6 1.551(5)
C3-C4 1.555(5) C3-H3 1
C3-C6' 1.564(10) |C3-C4 1.618(8)
C3-H3' 1 C4-C5 1.490(4)
C5-C6 1.538(4) C5-C6' 1.617(8)
C6-C7 1.509(5) C6-H6 1
C6'-C7' 1.464(8) C6'-H6' 1

C7-C8 1.525(4) C7-H7A 0.99
C7-H7B 0.99 C7'-C8 1.525(4)
C7-H7'1 0.99 C7-H7'2 0.99
C8-H8A 0.99 C8-H8B 0.99
C9-C10 1.382(4) C9-C14 1.395(3)
C9-H9 0.95 C10-C11 1.367(4)
C10-H10 0.95 C11-C12 1.368(4)
C11-H11 0.95 C12-C13 1.375(4)
C12-H12 0.95 C13-C14 1.391(4)
C13-H13 0.95 C15-C16 1.383(4)
C15-C20 1.395(3) C15-H15 0.95
C16-C17 1.378(4) C16-H16 0.95
C17-C18 1.378(4) C17-H17 0.95
C18-C19 1.386(3) C18-H18 0.95
C19-C20 1.396(3) C19-H19 0.95

Table 1.7:Bond angles (°) fot-39.
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C14Si1-C20 | 110.89(10) C14Si1-C8 111.14(11)
C20-Si1-C8 105.74(11) C14Si1-C1 110.32(11)
C20-Si1-C1 109.12(11) C8-Sil-C1 109.50(12)
C2-C1-Sil 117.21(18) C2-C1-Sil 117.21(18)
C2-C1-H1A 108 Si1-C1-H1A 108
C2-C1-H1B 108 Si1-C1-H1B 108
H1A-C1-H1B | 107.2 C3-C2-C1 113.8(2)
C3-C2-H2A 108.8 C1-C2-H2A 108.8
C3-C2-H2B 108.8 C1-C2-H2B 108.8
H2A-C2-H2B | 107.7 C3-C2-C1 114.3(4)
C3-C2-H2'1 108.7 C1-C2-H2'1 108.7
C3-C2-H2'2 108.7 C1-C2-H2'2 108.7
H2'1-C2-H2'2 [ 107.6 C2-C3-C6 122.7(3)
C2-C3-C4 121.6(3) C6-C3-C4 85.8(3)
C2-C3-H3 108.2 C6-C3-H3 108.2
C4-C3-H3 108.2 C2-C3-C6' 124.9(7)
C2-C3-C4 117.1(6) C6-C3-C4 86.5(5)
C2-C3-H3' 108.7 C6-C3-H3' 108.7
C4-C3-H3' 108.7 C5-C4-C3 87.6(2)
C5-C4-Cl1' 126.6(3) C5-C4-C3' 84.3(3)
CI1-C4-C3' 124.5(4) C5-C4-Cl2 119.4(2)
C3-C4-Cl2 116.4(2) C5-C4-Cl1 111.8(2)
C3-C4Cl1 112.4(2) Cl2-C4-Cl1 108.16(16)
C5-C4-Cl2' 97.5(2) CI1-C4-CI2' 113.6(3)
C3-C4-Cl2' 104.4(4) 01-C5C4 135.1(3)
01-C5-C6 135.9(3) C4-C5C6 88.6(2)
01-C5-C6' 130.6(4) C4-C5-C6' 89.0(3)
C7-C6C5 115.9(3) C7-C6-C3 123.0(3)
C5-C6-C3 86.1(3) C7-C6-H6 109.9
C5-C6-H6 109.9 C3-C6-H6 109.9
C7-C6-C3' 119.3(6) C7-C6-C5 113.8(5)
C3-C6-C5 82.0(5) C7-C6-H6' 112.8
C3-C6-H6' 112.8 C5-C6-H6' 112.8
C6-C7-C8 116.1(2) C6-C7-H7A 108.3
C8-C7-H7A 108.3 C6-C7-H7B 108.3
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C8C7-H7B 108.3 H7A-C7-H7B 107.4
C6-C7-C8 113.6(4) C6-C7-H7'1 108.8
C8C7-H7'1 108.8 C6-C7-H7'2 108.8
C8C7-H7'2 108.8 H7'1-C7-H7'2 107.7
C7-C8-Sil 118.80(18) C7-C8-Sil 118.80(18)
C7-C8-H8A 107.6 Si1-C8-H8A 107.6
C7-C8-H8B 107.6 Si1-C8-H8B 107.6
HB8A-C8-H8B 107 C10C9-C14 121.4(2)
C10-C9-H9 119.3 C14C9-H9 119.3
C11-C10C9 120.7(2) C11-C10H10 119.7
C9-C10H10 119.7 C10C11-C12 119.1(3)
C10C11-H11 120.4 Cl12C11-H11 120.4
C11-C12C13 120.6(3) C11-C12H12 119.7
C13C12H12 119.7 Cl12C13C14 121.8(2)
C12C13H13 119.1 C14C13H13 119.1
C13C14C9 116.3(2) C13C14sSi1 121.83(18)
C9-C14sSi1 121.80(19) C16C15C20 122.0(2)
C16C15H15 119 C20-C15H15 119
C17-C16C15 119.7(3) C17-C16H16 120.1
C15C16H16 120.1 C16C17-C18 119.7(2)
C16C17-H17 120.2 C18C17-H17 120.2
C17-C18C19 120.4(2) C17-C18H18 119.8
C19C18H18 119.8 C18C19C20 121.1(2)
C18C19H19 119.4 C20-C19H19 119.4
C15C20C19 117.0(2) C15C20Si1 120.37(18)
C19C20Si1 12259(18)

Table 1.8:Torsion angles (°) fot-39.
Ci4si1-ci1-c2 -52.8(2) Cc20si1-c1-c2 -174.9(2)
C8Sil1-C1-C2' 69.8(2) C14Sil1-C1-C2 -52.8(2)
C20Si1-C1-C2 -174.9(2) C8Si1-C1-C2 69.8(2
Sil-C1-C2-C3 -54.9(3) Sil-C1-C2-C3' -25.9(5)
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C1-C2-C3-C6 63.1(4) C1-C2-C3-C4 170.2(3)
C1-C2-C3-C6' -50.9(8) C1-C2-C3-C4 -156.7(4)
C2-C3-C4-C5 -152.1(3) C6-C3-C4-C5 -25.8(3)
C2-C3-C4-CI2 -30.2(4) C6-C3-C4-CI2 96.0(3)
C2-C3-C4Cl1 95.4(4) C6-C3-C4-Cl1 -138.4(3)
C2-C3-C4-C5 160.2(6) C6-C3-C4-C5 32.5(5)
C2-C3-C4-CI1’ 29.1(8) C6-C3-C4-CI1' -98.6(5)
C2-C3-C4-CI2' -103.5(6) C6-C3-C4-CI2' 128.7(4)
C3-C4-C5-01 -161.4(4) Cl1-C4-C5-01 -56.7(6)
C3-C4-C501 174.0(5) Cl2-C4-C501 79.5(5)
Cl1-C4-C5-01 -48.2(5) Cl2-C4-C501 70.2(4)
C3-C4C5C6 26.0(3) Cl2-C4-C5-C6 -93.2(3)
Cl1-C4-C5-C6 139.2(2) Cl1-C4-C5-C6' 98.1(4)
C3-C4-C5-C6' -31.2(5) CI2-C4-C5-C6' -135.0(4)
01-C5-C6-C7 36.3(6) C4-C5C6-C7 -151.2(3)
01-C5-C6-C3 161.4(5) C4-C5C6-C3 -26.1(3)
C2-C3-C6-C7 -91.1(5) C4-C3-C6-C7 143.6(3)
C2-C3-C6-C5 150.3(4) C4-C3-C6C5 25.0(3)
C2-C3-C6-C7' 96.5(9) C4-C3-C6-C7' -142.6(6)
C2-C3-C6-C5 -150.7(7) C4-C3-C6-C5 -29.8(4)
01-C5-C6-C7' -52.2(8) C4-C5C6-C7' 151.1(5)
01-C5-C6-C3 -170.7(5) C4-C5C6-C3' 32.6(4)
C5-C6-C7-C8 160.0(3) C3-C6-C7-C8 56.9(4)
C3-C6-C7-C8 -66.6(8) C5-C6-C7-C8 -160.8(4)
C6-C7-C8Sil 53.2(5) C6-C7-C8-Sil 14.9(4)
C14Si1-C8C7' 56.9(2) C20-Si1-C8C7' 177.3(2)
C1-Si1-C8C7' -65.2(2) C14Si1-C8C7 56.9(2)
C20-Si1-C8C7 177.3(2) C1-Si1-C8C7 -65.2(2)
C14C9-C10C11 0.4(4) C9-C10C11-C12 |0.2(5)
C10-C11-C12-C13 -0.8(5) C11-C12C13C14 |0.7(5)
C12C13C14C9 0.0(4) C12C13C14Sil |-178.0(2)
C10-C9-C14C13 -0.5(4) C10C9-C14Si1 | 177.5(2)
C20-Si1-C14-C13 -90.6(2) C8Sil-C14C13 | 26.7(2)
C1-Si1-C14C13 148.4(2) C20Si1-C14C9 | 91.5(2)
C8-Si1-C14-C9 -151.2(2) C1-Si1-C14-C9 -29.5(2)
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C20C15C16C17 -0.7(4) C15C16C17-C18 | 0.8(4)
C16C17-C18C19 -0.3(4) C17-C18C19C20 |-0.3(4)
C16C15C20-C19 0.1(3) C16-C15C20Si1 | -177.83(19)
C18C19C20-C15 0.5(3) C18C19C20Si1 | 178.29(18)
C14Si1-C20-C15 -179.75(18) C8Si1-C20C15 | 59.7(2)
C1-Si1-C20-C15 -58.0(2) C14Si1-C20C19 | 2.5(2)
C8-Si1-C20-C19 -118.1(2) CL1-Sil-C20C19 | 124.2(2)

Table 1.9: Anisotropic atonit displacement parameters?j&or 1-39.

The anisotropic atomic displacement factor exponent takes the-@rfhh?

a2 Un+..+2hk ab’ U12]

Ull

uz22

U33

U23

Ul3

Uiz

Sil

0.0309(3)

0.0312(3)

0.0306(3)

0.0027(3)

0.0020(2)

0.0027(3)

Cl1

0.0935(1}

0.0581(9)

0.0300(8)

-0.0060(6)

0.0021(7)

0.0073(7)

Cl2

0.0538(6)

0.0699(10)

0.0641(6)

0.0096(8)

0.0063(4)

-0.0087(8)

Cl1'

0.0935(11)

0.0581(9)

0.0300(8)

-0.0060(6)

0.0021(7)

0.0073(7)

Cl2'

0.0538(6)

0.0699(10)

0.0641(6)

0.0096(8)

0.0063(4)

-0.0087(8)

01

0.1082(18)

0.0360(10)

0.0393(10)

0.0090(9)

-0.0043(11)

0.0128(11)

C1l

0.0515(15)

0.0311(13)

0.0391(13)

0.0010(10)

0.0088(11)

0.0037(11)

C2

0.0585(17)

0.0432(15)

0.0420(14)

0.0038(12)

0.0173(12)

0.0111(13)

Cc2'

0.0585(17)

0.0432(15)

0.0420(14)

0.0038(2)

0.0173(12)

0.0111(13)

C3

0.041(2)

0.036(2)

0.032(2)

0.0031(16)

0.0033(16)

0.0003(16)

C3'

0.041(2)

0.036(2)

0.032(2)

0.0031(16)

0.0033(16)

0.0003(16)

C4

0.0587(17)

0.0511(17)

0.0435(15)

0.0123(13)

0.0110(12)

0.0010(14)

C5

0.089(2)

0.0428(16)

0.0329(1)

0.0046(12)

0.0069(14)

0.0088(16)

C6

0.057(2)

0.035(2)

0.0312(19)

0.0026(15)

-0.0020(15)

0.0082(17)

C6'

0.057(2)

0.035(2)

0.0312(19)

0.0026(15)

-0.0020(15)

0.0082(17)

C7

0.0524(16)

0.0450(15)

0.0445(14)

0.0081(12)

0.0036(12)

0.0194(13)

Cc7'

0.0524(16)

0.0450(15)

0.0445(14)

0.0081(12)

0.0036(12)

0.0194(13)

C8

0.0337(12)

0.0418(14)

0.0447(14)

0.0066(11)

-0.0036(10)

0.0045(11)

C9

0.0352(13)

0.0402(14)

0.0507(15)

-0.0011(12)

0.0010(11)

0.0105(11)

C10

0.0298(13)

0.0635(19)

0.0565(17)

0.0042(15)

-0.0018(1L)

0.0046(12)

Cl1

0.0423(15)

0.0574(18)

0.0518(16)

0.0005(14)

-0.0062(12)

-0.0090(13)

C12

0.0536(17)

0.0502(17)

0.0627(19)

-0.0208(15)

-0.0076(14)

0.0049(14)

C13

0.0350(13)

0.0525(16)

0.0528(16)

-0.0138(13)

0.0002(11)

0.0093(12)

C14

0.0295(11)

0.0351(2)

0.0277(11)

0.0066(9)

0.0021(8)

0.0039(9)

C15

0.0379(13)

0.0346(13)

0.0386(13)

-0.0011(11)

0.0020(10)

0.0017(10)
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C16

0.0415(14)

0.0344(13)

0.0542(16)

0.0022(12)

0.0115(12)

-0.0021(11)

C17

0.0455(14)

0.0376(14)

0.0518(16)

0.0117(12)

0.0183(12)

0.0072(2)

C18

0.0440(14)

0.0487(15)

0.0340(12)

0.0083(11)

0.0051(10)

0.0138(12)

C19

0.0316(12)

0.0402(13)

0.0381(13)

0.0037(11)

0.0023(9)

0.0032(10)

C20

0.0294(11)

0.0308(12)

0.0351(12)

0.0029(10)

0.0051(9)

0.0069(9)

Table 1.10:Hydrogen atomic coordinatesdrsotropic atomic displacement
parameters (A for 1-39,

x/a y/b Z/c U(eq)
H1A 0.3139 0.2705 0.5618 0.044
H1B 0.194 0.2971 0.5239 0.044
H2A 0.3874 0.5291 0.5132 0.0571
H2B 0.335§ 0.3865 0.464 0.0571
H2'1 0.394 0.471§ 0.504% 0.057
H2'2 0.3017 0.4113 0.4547 0.0571
H3 0.1824 0.5752 0.4443 0.044
H3' 0.3224 0.7536 0.5214 0.044
H6 0.2751 0.8468 0.5328 0.049
H6' 0.112§ 0.6627 0.4529 0.049
H7A 0.0451 0.8069 0.5018 0.0571
H7B 0.1023 0.933§ 0.5555 0.0571
H7'1 0.0343 0.8665 0.5203 0.0571
H7'2 0.1517 0.9117 0.5549 0.0571
HBA 0.032§ 0.5674 0.5613 0.044
H8B 0.0579 0.7123 0.6163 0.044
H9 0.4513 0.48§ 0.628§ 0.051]
H10 0.590§ 0.6807 0.670] 0.06
H11 0.5499 0.9699 0.7127 0.061]
H12 0.367§ 1.0626 0.7146 0.0671
H13 0.2279 0.8732 0.6723 0.054
H15 0.044 0.2111 0.6077 0.044
H16 -0.0291 0.0107 0.674 0.052
H17 0.0406 0.0125 0.7804 0.053
H18 0.1809 0.2214 0.8122 0.051]
H19 0.2532 0.4258 0.7423 0.044
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Table 1.11 Crystal data and structure refinementXe23.

Figure 1.28: X-ray structure off)-1,1-diphenyt2,3,6, tetrahydrelH-silepine (-23).

Identification code joefl24

Empirical formula C18 H20 Ag N O3 Si
Formula weight 434.31

Temperature 200(2) K
Wavelength 0.71073 A

Crystal system, space Monaclinic, P2(1)/c
group

Unit cell dimensions

a =16.5090(10) A alpha = 90 deg.

b =8.4282(5) A beta = 114.6900(10) deg.

c =13.9655(8) A gamma = 90 deg.

Volume 1765.53(18) A3

Z, Calculated density |4, 1.634 Mg/m"3
Absorption coefficient  [1.225 mm™-1

F(000) 880

Crystal size 0.394 x 0.345 x 0.194 mm
Theta range for data |, 716 1 57 574 deg,
collection

Limiting indices

-21<=h<=21, -10<=k<=10, -18<=I<=18

Reflections collected /
unigue

18866 / 4077 [R(int) = 0.0148]

Completeness to
theta=25.242

99.90%

Absorption correction

Semi-empirical from equivalents

Max. and min.
transmission

0.7456 and 0.6940

Refinement method

Full-matrix least-squares on F2

Data / restraints /
parameters

4077101/ 217

Goodness-of-fit on F*2

1.009

Final R indices
[I>2sigma(D)]

R1=0.0369, wR2 = 0.1133

R indices (all data)

R1=0.0395, wR2 = 0.1174

Extinction coefficient

n/a

Largest diff. peak and
hole

1.796 and -0.630 e.A"-3
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Table 1.12:Atomic coordinates (x 10°4) and equigat isotropic displacement

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

parameters (A"2 x 10"3) fdr23.

X y z U(eq)
Ag(1) 3989(1) |5314(1) [2962(1) (47(1)
C(1) 3696(2) [1563(3) |3408(2) |42(1)
C(2) 3345(2) |599(3) [4111(2) [36(1)
C(3) 2681(2) [3532(3) |5097(2) |40(1)
C(4) 2908(2) [4901(3) |4509(2) |45(1)
C(5) 3582(3) (4145(4) |4184(3) |56(1)
C(6) 3330(2) [3202(4) |3346(3) |53(1)
C(7) 1342(2) |931(3) (2219(2) (41(2)
C(8) 588(2) |1007(4) |1272(2) [54(1)
C(9) -144(2) [1895(5) [1204(3) |55(1)
C(10) -108(2) |2718(4) |2077(3) [54(1)
C(11) 654(2) |2641(4) |3031(2) (44(1)
C(12) 1391(2) |1725(3) (3125(2) [33(1)
C(13) 1419(2) |470(3) |[5522(2) [37(1)
C(14) [1214(2) [-476(3) [6211(2) [41(1)
C(15) 1739(2) |-1773(3) [6673(2) [41(1)
C(16) 2465(2) [-2145(3) |6450(2) |38(1)
c@av 2668(2) [-1189(3) |5766(2) |33(1)
C(18) 2148(2) [154(3) |5289(2) |31(1)
N(1) 4912(2) [8436(3) |2913(2) |38(1)
0(1) 4712(2) |7654(3) |3540(2) |57(1)
0(2) 4507(2) [8296(4) [1953(2) |67(1)
0(3) 5525(2) [9425(4) |3280(2) |64(1)
Si(1) 2420(1) [1528(1) [4396(1) |29(1)




Table 1.13:Bond lengths [A] and angles [deg] fb23.

Ag(1)-C(6) 2.264(3)
Ag(1)-0O(1) 2.271(2)
Ag(1)-C(5) 2.300(3)
Ag(1)-O(3)#1 2.318(3)
C(1)C(6) 1.496(4)
C(1)}C(2) 1.561(4)
C(L}H(1A) 0.99
C(1)}H(1B) 0.99
C(2)-Si(1) 1.901(3)
C(2}H(2A) 0.99
C(2)}H(2B) 0.99
C(3)}C(4) 1.550(4)
C(3)-Si(1) 1.909(3
C(3)}H(3A) 0.99
C(3)}H(3B) 0.99
C(4)C(5) 1.508(5)
C(4}H(4A) 0.99
C(4)}H(4B) 0.99
C(5)-C(6) 1.329(5)
C(5)H(5) 0.95
C(6)-H(6) 0.95
C(7)-C(8) 1.388(4)
C(7)}-C(12) 1.404(3)
C(7)}H(7) 0.95
C(8)-C(9) 1.391(5)
C(8)H(8) 0.95
C(9)-C(10) 1.381(5)
C(9)H(9) 0.95
C(10}C(11) 1.400(4)
C(10)}H(10) 0.95
C(11)C(12) 1.399(4)
C(11)}H(11) 0.95
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C(12)Si(1) 1.882(2)
C(13)C(14) 1.396(4)
C(13)C(18) 1.396(4)
C(13)}H(13) 0.95
C(14)C(15) 1.377(4)
C(14)H(14) 0.95
C(15)C(16) 1.394(4)
C(15)H(15) 0.95
C(16)C(17) 1.394(4)
C(16)H(16) 0.95
C(17)C(18) 1.408(4)
C(17)H(17) 0.95
C(18)-Si(1) 1.889(3)
N(1)-0(2) 1.229(3)
N(1)-0(1) 1.246(3)
N(1)-0(3) 1.244(3)
O(3)Ag(1)#2 2.318(3)
C(6)-Ag(1)-O(1) 146.23(10)
C(6)-Ag(1)-C(5) 33.84(12)
O(1)}Ag(1)}C(5) 112.40(11)
C(6)}Ag(1)-O(3)#1 | 105.86(12)
O(1}-Ag(L)-O(3)#1 | 104.61(11)
C(5)Ag(1)-0(3)#1 | 135.69(14)
C(6)}-C(1)}C(2) 105.7(2)
C(6)-C(L}H(1A) 110.6
C(2}C(L}H(1A) 110.6
C(6)-C(1)}H(1B) 110.6
C(2)}-C(1)}H(1B) 110.6
H(1A)-C(1xH(1B) | 108.7
C(1)-C(2)-Si(1) 117.36(18)
C(1}C(2)}H(2A) 108
Si(1-C(2)-H(2A) 108
C(1)}C(2)}H(2B) 108
Si(1-C(2)}-H(2B) 108




H(2A)-C(2-H(2B) | 107.2
C(4)}C(3)-Si(1) 116.11(17)
C(4)}C(3)}H(3A) 108.3
Si(1-C(3}-H(3A) 108.3
C(4)}C(3)}H(3B) 108.3
Si(1)-C(3)}-H(3B) 108.3
H(3A)-C(3-H(3B) | 107.4
C(5)}C(4)}C(3) 102.5(2)
C(5)}-C(4)}H(4A) 111.3
C(3)}C(4)}H(4A) 111.3
C(5)-C(4)}H(4B) 111.3
C(3)}-C(4)H(4B) 111.3
H(4A)-C(4H(4B) | 109.2
C(6)-C(5)-C(4) 121.2(3)
C(6)-C(5)Ag(1) 71.60(19)
C(4)}C(5)Ag(1) 121.6(2)
C(6)-C(5)-H(5) 119.4
C(4)}C(5)H(5) 119.4
Ag(1)-C(5)-H(5) 77.8
C(5)}-C(6)-C(1) 122.0(3)
C(5)-C(6)-Ag(1) 74.6(2)
C(1)}C(6)-Ag(1) 121.1(2)
C(5)-C(6)-H(6) 119
C(1)}C(6)-H(6) 119
Ag(1)-C(6)-H(6) 75
C(8)}C(7)-C(12) 121.9(3)
C(8)}C(7)H(7) 119.1
C(12)C(7)}H(7) 119.1
C(9)-C(8)-C(7) 119.8(3)
C(9)}C(8)-H(8) 120.1
C(7)-C(8)H(8) 120.1
C(10)}C(9)-C(8) 119.6(3)
C(10}C(9)}H(9) 120.2
C(8)-C(9)-H(9) 120.2
C(9)}-C(10)C(11) 120.4(3)
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C(9)-C(10)}H(10) 119.8
C(11}C(10yH(10) |[119.8
C(12)C(11)C(10) | 121.0(3)
C(12)C(11}H(11) [119.5
C(10)yC(11yH(11) [119.5
C(11)}C(12)}C(7) 117.2(2)
C(11}C(12)Si(1) | 123.0(2)
C(7)}-C(12)Si(1) 119.81(19)
C(14)C(13)C(18) |122.1(2)
C(14)C(13)H(13) [118.9
C(18)C(13)H(13) [118.9
C(15)C(14)C(13) | 119.4(3)
C(15)C(14}H(14) |120.3
C(13}C(14)}H(14) |120.3
C(14)C(15)C(16) | 120.4(2)
C(14)C(15)H(15) |119.8
C(16)C(15)H(15) [119.8
C(17)C(16)C(15) |119.8(2)
C(17)}C(16}H(16) |120.1
C(15)C(16)H(16) | 120.1
C(16)C(17)C(18) |121.0(2)
C(16)C(17)H(17) |[119.5
C(18)C(17)H(17) |119.5
C(13)C(18)C(17) |117.2(2)
C(13}C(18)Si(1) | 120.13(19)
C(17)}C(18)Si(1) | 122.62(19)
O(2)}-N(1)-0(1) 122.2(2)
O(2)N(1)-0(3) 119.4(3)
O(1)}N(1)-0(3) 118.3(2)
N(1)-O(1)Ag(1) 117.64(18)
N(1)-O@3)Ag(L)#2 |112.67(18)
C(12)}Si(1rC(18) | 107.90(11)
C(12)Si(1)-C(2) 109.07(11)
C(18)Si(1)-C(2) 108.62(11)
C(12)Si(1)-C(3) 109.08(12)
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C(18)Si(1)-C(3)

105.61(11)

C(2)-Si(1)-C(3)

116.24(13)

Symmetry transformations used to generate equivalent atoms+#y-1/2-z+1/2

#2 -x+1,y+1/2;z+1/2

Table 1.14:Anisotropic displacement parameters (A2 x 10"3)1f@3.

The anisotropic displacement factor exponent takes the f@rpi*2 [ h"2

a2 Ull+..+2hka*b*Ul2]

Ag(1)
C(1)
C(2)
C(3)
C4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(11)
Cc(12)
C(13)
C(14)
C(15)
C(16)
c(17)
C(18)
N(1)
O(1)
0(2)
0(3)
Si(1)

U1l
60(1)
49(1)
40(1)
56(2)
68(2)
70(2)
72(2)
43(1)
55(2)
42(1)
40(1)
47(1)
36(1)
39(1)
43(1)
50(1)
42(1)
34(1)
34(1)
38(1)
69(1)
56(1)
69(2)
36(1)

u22
38(1)
39(1)
34(1)
33(1)
30(1)
48(2)
40(2)
38(1)
54(2)
63(2)
57(2)
45(2)
29(1)
37(1)
45(2)
38(1)
29(1)
30(1)
30(1)
36(1)
54(1)
97(2)
78(2)
26(1)

u33
54(1)
48(1)
36(1)
35(1)
44(1)
59(2)
62(2)
38(1)
39(1)
47(2)
63(2)
45(1)
33(1)
37(1)
44(1)
41(1)
42(1)
35(1)
29(1)
41(1)
54(1)
43(1)
44(1)
27(1)

14z

uz23
0(1)
3(1)
3(1)
-7(1)
-5(1)
4(2)
3(1)
-7(1)
-6(1)
15(1)
24(2)
10(1)
2(1)
1(1)
-2(1)
-1()
3(1)
-2(1)
-2(1)
-3(1)
-3(1)
-15(1)
-15(1)
0(1)

U13
35(1)
30(1)
19(1)
24(1)
30(1)
36(2)
43(2)
12(1)
8(1)
4(1)
21(1)
23(1)
14(1)
18(1)
26(1)
24(1)
16(1)
14(1)
14(1)
18(1)
30(1)
16(1)
22(1)
14(1)

u12
-8(1)
3(1)
6(1)
-4(1)
-6(1)

-10(2)

0(1)
-3(1)

-13(1)

-7(1)
12(1)
12(1)
0(1)
4(1)
-2(1)
-9(1)
-2(1)
-1(2)
-1(2)
-4(1)

-22(1)
-28(1)
-42(1)



Table 1.15:Hydrogen coordinates (x 1074) and isotropic displacement
paraneters (A2 x 1073) fol-23.

X y z U(ec
H(1A) 4356 1584 3729 50
H(1B) 3484 1087 2697 50
H(2A) 3856 388 4793 43
H(2B) 3130 -440 3768 43
H(3A) 2161 3857 5230 48
H(3B) 3191 3391 5790 48
H(4A) 2373 5252 38871 54
H(4B) 3167 5819 4980 54
H(5) 4199 4346 4585 67
H(6) 2904 3581 2687 64
H(7) 1839 324 2255 49
H(8) 572 454 671 64
H(9) -666 1937 562 67
H(10) -603 3340 2030 65
H(11) 671 3219 3623 53
H(13) 1051 1358 5201 44
H(14) 717 -227] 6359 50
H(15) 1609 -2414 7146 49
H(16) 2821 -3049 6764 46
H(17) 3165 -1444 5619 40
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Table 1.16:Torsion angles [deg] fat-23.

C(6)-C(1)-C(2)-Si(1) 13.1(3)
Si(1)-C(3)-C(4)-C(5) -48.0(3)
C(3)-C(4)-C(5)-C(6) 79.8(4)
C(3)-C(4)-C(5)-Ag(1) 166.3(2)
C(4)-C(5)-C(6)-C(1) -126.3(4)
Ag(1)-C(5)-C(6)-C(1) 117.4(3)
C(4)-C(5)-C(6)-Ag(1) 116.3(3)
C(2)-C(1)-C(6)-C(5) 66.6(4)
C(2)-C(1)-C(6)-Ag(1) 157.3(2)
C(12)-C(7)-C(8)-C(9)  |0.2(5)
C(7)-C(8)-C(9)-C(10) 1.1(5)
C(8)-C(9)-C(10)-C(11)  |-1.0(5)
C(9)-C(10)-C(11)-C(12) |-0.4(5)
C(10)-C(11)-C(12)-C(7) |1.8(4)
C(10)-C(11)-C(12)-Si(1) |-178.2(2)
C(8)-C(7)-C(12)-C(11) |-1.7(4)
C(8)-C(7)-C(12)-Si(1)  |178.3(2)
C(18)-C(13)-C(14)-C(15) |-0.5(4)
C(13)-C(14)-C(15)-C(16) |-0.4(4)
C(14)-C(15)-C(16)-C(17) |0.8(4)

C(15)-C(16)-C(17)-C(18)

-0.2(4)

C(14)-C(13)-C(18)-C(17)

1.1(4)

C(14)-C(13)-C(18)-Si(1)

-177.4(2)

C(16)-C(17)-C(18)-C(13)

-0.7(4)

C(16)-C(17)-C(18)-Si(1)

177.74(19)

O(2)-N(1)-O(1)-Ag(1)

24.1(4)

O(3)-N(1)-O(1)-Ag(1)

-158.1(2)

0(2)-N(1)-O(3)-Ag(1)#2

-15.6(4)

O(1)-N(1)-O(3)-Ag(1)#2

166.6(2)

C(11)-C(12)-Si(1)-C(18)

75.2(2)

C(7)-C(12)-Si(1)-C(18)

-104.7(2)

C(11)-C(12)-Si(1)-C(2)

-167.0(2)

C(7)-C(12)-Si(1)-C(2)

13.1(2)

C(11)-C(12)-Si(1)-C(3)

-39.1(3)

C(7)-C(12)-Si(1)-C(3)

141.0(2)

C(13)-C(18)-Si(1)-C(12)

-54.5(2)

C(17)-C(18)-Si(1)-C(12)

127.1(2)

C(13)-C(18)-Si(1)-C(2)

-172.6(2)

C(17)-C(18)-Si(1)-C(2)

9.0(2)

C(13)-C(18)-Si(1)-C(3)

62.0(2)

C(17)-C(18)-Si(1)-C(3)

-116.4(2)

Symmetry transformations used to generate equivalent atoms+#3-1/2 -

z+1/2  #2x+1,y+1/2;z+1/2
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Bond precision: C-C = 0.0020 A Wavelength=0.71073
Cell: a=7.786(3) b=8.024(3) c=16.081(5)
alpha=90 beta=90 gamma=90

Temperature: 200 K
Calculated

Volume 1004.7(6)
Space group P 21 21 21
Hall group P 2ac 2ab

Moiety formula C8 H14 Ag N O4

Sum formula C8 H14 Ag N O4

Mr 296.07

Dx,g cni® 1.957

zZ4

Mu (mmi®) 1.995
FO00 592.0
FOOO0b 588.
h,k,Imax 10,10,21
Nref 2491[ 1455]
Tmin,Tmax 0.566,0.698
Tmindé 0.555

67

Figure 1.29: X-ray structure ofel-(1R, 4E, pR)Cyclooct4-e n o |

Reported
1004.6(6)
P2(1)2(1)2(

NA

NA

C8 H14 AgN 04
296.07

1.957
4
1.995
592

10,10,21

2483
0.598,0.714

AB3IPN O

Table 1.17:Atomic coordinates (x 1074) and equivalent isotropic displacement
parameters (A”2 x 10"3) fdr30.

U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.

X

y

4

U(eq)

Ag

1331(1)

11594(1

9179(1)

33(1)

N(1)

5156(2)

12638(2

8997(1)

34(1)

o(1)

-210(2)

3749(2)

8557(1)

30(1)

0(2)

4046(2)

12651(2

9567(1)

45(1)

0(@3)

4772(3)

12314(2

8285(1)

53(1)

o4

6652(2)

12996(3

9229(1)

65(1)

c(1)

1932(2)

5736(2)

8166(1)

26(1)

C(2)

3548(2)

6410(2)

8606(1)

30(1)

C(3)

3598(2)

8325(2)

8731(1)

34(1)

C(4)

1906(2)

8786(2)

9107(1)

28(1)

C(5)

499(2)

9036(2)

8615(1)

26(1)

C(6)

-1224(2)

8358(2)

8843(1)

28(1)

Cc@)

-1285(2)

6580(2)

8478(1)

29(1)
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Table 1.18:Bond lengths [A] and angles [deg] fiH30.

Ag-C(4) 2.3002(18)
Ag-O(1)#1 2.3305(14)
Ag-C(5) 2.3356(18)
Ag-O(2) 2.3622(16)
Ag-O(4)#2 2.593(2)
N(1)-0(3) 1.212(2)
N(1)-O(4) 1.256(2)
N(1)-0(2) 1.260(2)
O(1)}-C(8) 1.454(2)
O(1)Ag#3 2.3305(14)
O(4)AgH4 2.593(2)
C(1)-C(2) 1.541(2)
C(1)}C(8) 1.555(2)
C(2)}C(3) 1.550(3)
C(3}C(4) 1.496(2)
C(4)C(5) 1.366(2)
C(5)-C(6) 1.493(2)
C(6)-C(7) 1.543(3)
C(7)-C(8) 1.545(2)
C(4)-Ag-O(1)#1 143.66(5)
C(4)}Ag-C(5) 34.25(6)
O(1)#1Ag-C(5) 110.06(6)
C(4)}Ag-O(2) 101.00(6)
O(1)#1Ag-O(2) 107.93(6)
C(5)}Ag-O(2) 131.79(6)
C(4)}Ag-O(4)#2 98.93(7)
O(1)#1Ag-O(4)#2 112.28(6)
C(5)Ag-O(4)#2 121.43(7)
O(2)-Ag-O(4)#2 66.86(6)
O(3)}N(1)-0(4) 123.95(19)
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O(3)N(1)-0(2)

121.37(17)

O(4)N(1)-0(2) 114.68(17)
C(8}O(1)-Ag#3 120.52(D)

N(1)-O(2)-Ag 114.72(11)
N(1)-O(4)-Ag#4 103.48(12)
C(2)}C(1)}C(8) 118.25(14)
C(1}C(2)}C(3) 115.34(14)
C(4}C(3)}C(2) 105.98(15)
C(5)}-C(4)}C(3) 120.58(16)
C(5)}C(4)-Ag 74.29(10)

C(3}C(4)Ag 115.71(12)
C(4)}C(5)-C(6) 121.67(15)
C(4)}C(5)Ag 71.45(10)

C(6)}C(5)Ag 118.28(11)
C(5)-C(6)-C(7) 105.69(13)
C(6)-C(7)-C(8) 114.88(13)
O(1)-C(8)-C(7) 107.86(13)
O(1)}-C(8)-C(1) 105.20(13)
C(7)}C(8)}C(1) 116.95(13)

Symmetry transformations used to generate equivalent atoms: #1 x,y+1W22 x

y+5/2-2+2 #3 X,y1,z #4 x+1/2y+5/2;z+2

Table 1.19:Anisotropic dsplacement parameters (A”2 x 1073) 1e80.

The anisotropic displacemefiaictor exponent takes the fora2: pi*2 [ h"2
a*"2Ull+..+2hka*b*Ul2]

U1l u22 U33 u23 U3 | U12
Ag | 32(1) |22(1) |451) |-2(1) 5(1) | -1(1)
N1) |31(1) |311) |[411) |7(0) 3(1) | -2(1)
O(1) |30(1) |22(1) |37(1) |O(1) 1(1) -3(1)
O(2) |40(1) |57(1) |391) |-3(1) 3(1) | -16(1)
O(3) |71(1) |52(1) |38(1) |-4(1) (1) | -1(1)




O(4) [31(1) [101(2) | 63(1) | 2(1) 2(1) | -16(1)
C(1) |28(1) |241) |271) |-1(1) 1(1) 0(1)
C) |26(1) |26(1) |38(1) |-1(1) A1) | 2(1)
C(3) |27(1) |28(1) |47(1) |-2(1) 3(1) | -2(1)
c@) |31(1) |211) |32(1) |-22) 4(1) | o)
C(5) |30(1) |19(1) |28(1) |1(1) 0(1) 1(1)
C®6) |28(1) |241) |33(1) |-11) 2(1) 1(1)
C(7) |26(1) |25(1) |37(1) |O0(1) 0(1) 1(1)
C@) |26(1) |20(1) |29(1) |o0(1) (1) | 0(1)

Table 1.2Q Hydrogen coordinates (x 1074) and isotropic displacement
parameters (A”2 x 10"3) fdr30.

X y z U(eq)
H(1) -1100(40) | 3630(30) 8747(15) 35
H(1A) 2234 4653 7911 31
H(1B) 1647 6510 7707 31
H(2A) 4568 6078 8278 36
H(2B) 3641 5870 9157 36
H(3A) 4551 8640 9107 41
H(3B) 3760 8900 8192 41
H(4A) 1809 8905 9693 33
H(5A) 620 9656 8115 31
H(6A) -2149 9055 8603 34
H(6B) -1364 8328 9454 34
H(7A) -1375 6664 7865 35
H(7B) -2337 6021 8681 35
H(8A) 568 5631 9294 30

Table 1.21:Torsion angles [deg] fat-30.

O(3)N(1)-0(2)Ag 9.3(2)
O(4yN(1)-0(2)Ag -171.29(17)
C(4)Ag-O(2)-N(1) 73.18(15)
O(1)#1Ag-O(2)N(1) -84.55(14)
C(5)Ag-O(2)N(1) 56.04(16)
O(4)#2Ag-O(2)N(1) 168.28(16)
O(3)}N(1)-O(4)-Ag#4 -178.33(17)
O(2)N(1)-O(4)AgH4 2.3(2)
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C(8)}C(1)}C(2)}C(3) -81.3(2)
C(1)}C(2-C(3)}-C(4) 49.4(2)
C(2)}C(3)}C(4)-C(5) -83.8(2)
C(2)C(3)C(4)yAg -170.07(11)
O(1)#+Ag-C(4)-C(5) -14.48(15)
O(2)Ag-C(4)-C(5) -157.01(10)
O(4)#2Ag-C(4)-C(5) 134.99(10)
O(1)#1Ag-C(4)C(3) 102.33(14)
C(5)Ag-C(4)-C(3) 116.81(17)
O(2)Ag-C(4)C(3) -40.20(13)
O(4)#2Ag-C(4)-C(3) -108.19(13)
C(3)}C(4)}C(5)-C(6) 136.73(17)
Ag-C(4)-C(5)-C(6) -112.35(15)
C(3)C(4)C(5)Ag -110.93(16)
O(1)#+Ag-C(5)C(4) 170.92(10)
O(2)Ag-C(5)-C(4) 30.94(13)
O(4)#2Ag-C(5)-C(4) -54.9412)
C(4)Ag-C(5)-C(6) 116.64(16)
O(1)#+Ag-C(5)-C(6) -72.44(13)
O(2)Ag-C(5)-C(6) 147.58(11)
O(4)#2Ag-C(5)-C(6) 61.68(14)
C(4)}C(5)}C(6)-C(7) -87.69(19)
Ag-C(5)}-C(6)-C(7) -172.39(10)
C(5)}C(6)}C(7)-C(8) 50.30(18)
Ag#3-O(1)-C(8)-C(7) -160.27(10)
Ag#3-O(1)-C(8)-C(1) 74.21(14)
C(6)-C(7)-C(8)}O(1) 161.22(13)
C(6)}C(7)}C(8)}C(1) -80.56(18)
C(2)}C(1)}C(8)}O(1) -125.48(16)
C(2)}C(1)-C(8)}-C(7) 114.87(16)

Symmetry transformations used to generate equivalent atoms: #1 X,y+1 122 x

y+5/2-2+2 #3 xy-1,z #4 x+1/2y+5/2;z+2

Table 1.22:Hydrogen bonds fot-30[A and deg.].

D-H...A | d(D-H) | d(H...A) | d(D...A) | <(DHA)




Oo(1y 0.76(3) 1.98(3) 2.739(2) 172(3)
H(1)...0(4)#5

Symmetry transformations used to generate equivalent atoms: #1 x,y+},z #2 x

1/2-y+5/2-2+2 #3 X,y1,z #4 x+1/2y+5/2;z+2 #5 x1,y-1,z

1.8.16 Synthesis oftrans-Cyclooctene Silver Nitrate Complex Derivatives

((1R,8S,9r,E)-bicyclo[6.1.0]non4-en9-y | ) met harol AAgNO
(s TCOA#H@-MDp

OH
_OH -
H A H CH4CN H., AH
i % + AgNO‘; —_—
& j A
N AgNO;
sTCO 1-49

To a flask containing ((1R,8S,%)-bicyclo[6.1.0]nor4-en-9-
yl)methanol(16.1 mg, 0.106 mmol, 1.00 equiv) was added an acetonitrile (1.91 ml,
10.3 mg/ml) solution of silver nitrate (19.8 mg, 0.116 mmol, 1.10 equiv). The reaction
mixture was stirred at room temperature for 15 min. The mixture was concentrated
under reduced pressure to afford (37.6 mg, quantitative yield) as white senttolid.
NMR (400 MHz, CBOD)  {i-6.03m, 1H), 5.28 (ddd,=16.6, 10.6, 3.5Hz, 1H),
3.493.41 (m, 2H), 2.58.44 (m, 2H), 2.38.29 (m, 1H), 2.28.20 (m, 2H), 1.98
1.88 (m, 1H), 1.08.97 (m, 1H), 0.80.77 (m, 1H), 0.690.60 (m, 1H), 0.49D.41(m,
2H); 3C NMR (100 MHz, CROD) @&: 126.2 (dn), 118.8 (dn)
(u), 33.0 (u), 29.26 (dn), 29.25 (u), 22.2 (dn), 20.7 (dn); FTIR (ATR) 3436, 3003,
2978, 2914, 2850, 1572, 1448, 1385, 1300, 1111, 1076, 1041, 1014, 985, 928, 891,
843 cm!; HRMS (Cl+) m/z: [MMAgNOs+H]"* calcd. for GoH170" 153.1274, found
153.1272.
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((2r,3aR,9aS,E)-3a,4,5,8,9,9ehexahydrocyclooctald][1,3]dioxot2-
yl ) met hanpod RaQAHIS®

OH

e

_OH :

: A

o o CH4CN H‘O O-H
H., fH + AgN03 — p N

i ) N
N AgNO;
dTCO 1-50

To a flask containing ((2r,3aR,9a5-3a,4,5,8,9,9a
hexahydrocycloocta[d][1,3]dioxe?-yl)methanol(15.6 mg, 0.0847 mmol, 1.00 equiv)
was added an acetonitrile (1.53 ml, 10.3 mg/ml) solution of silver nitrate (15.8 mg,
0.0931 mmol, 1.10 equiv). The reaction mixture was stirred at room temperature for
15 min. The mixture was concentrated under reduceskpre to afford (33.8 mg,
quantitative yield) as white semisolitH NMR (600 MHz, CRCN) U :-5.53 (m7 1
2H), 4.71 (tJ =3.7 Hz, 1H), 3.97 (d] =9.9 Hz, 2H), 3.48.42 (m, 2H), 3.38.26 (m,
1H), 2.382.35 (m, 1H), 2.32.28 (m, 1H), 2.12.05 (m, 3H), 1.761.56 (m, 3H)3C
NMR (100 MHz, CROD) d: FTIR (ATR) 3395, 2934, 2866, 1576, 1396, 1140,
1034, 997, 903, 856, 818 dmHRMS (Cl+)m/z [M-AgNOs+H]* calcd. for
Ci10H1705"185.1172, found 185.1179.

(E)-(3,4,7,8tetrahydro-2H-oxocin-2-y | ) me t hNOa (@Xo-A A g
TCOAAgE61)

—OH —OH
o CH4CN o
+ AgN03 L
rt \/’
N\ A
AgNO3
oxoTCO 1-51
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To a flask containingg)-(3,4,7,8tetrahydre2H-oxocin-2-yl)ymethanol (11.6
mg, 0.0816 mmol, 1.00 equiv) was added an acetonitrile (89.7 pL, 1.0 M) solution of
silver nitrate (15.2 mg, 0.0897 mmol, 1.10 equiv). The reactionungixtas stirred at
room temperature for 1 hour. The mixture was concentrated under reduced pressure to
afford (E)-(3,4,7,8tetrahydre2H-oxocin-2-yl)methanof A g N(28.0 mg,
guantitative yield) as colorless semisolid.
Peaks due to major diastereomerH NMR (400 MHz, CROD)ti : 5. 87
(ddd,J = 15.8, 11.4, 2.9 Hz, 1H), 5.57 (ddtk 15.7, 11.0, 3.3 Hz, 1H), 4.44109 (m,
1H), 3.483.41 (m, 3H), 3.18.08 (m, 1H), 2.72.67 (m, 1H), 2.52.49 (m, 1H),
2.31-:2.13 (m, 2H), 2.02.81 (m, 2H)13C NMR (100 MHz, CRBOD) t: 129. 4 (dr
114.8 (dn), 86.7 (dn), 74.5 (u), 66.3 (u), 39.3 (u), 38.3 (u), 35.1 (u);
Peaks due to minor diastereomer:H NMR (400 MHz, CROD) 1 :-5.98 . 0 5
(m, 1H), 5.555.51 (m, 1H), 3.98B.85 (m, 1H), 3.88.79 (m, 2H), 3.68.62 (M, 1H),
3.47-3.42 (m, 1H), 2.58.50(m, 1H), 2.452.44 (m, 2H), 2.32.13 (m, 1H), 2.04
1.83 (m, 2H)33C NMR (100 MHz, CROD) 4: 126.7 (dn), 117.3 (
(u), 64.2 (u), 39.5 (u), 36.6 (u), 30.0 (BFIR (AgCI film) 3408, 3006, 2942, 2840,
1658, 1607, 1482, 1302, 1210, 119759, 1096, 1063, 1035, 944, 888, HRMS
(ESI+)m/z [M+H-AgNO3]" calcd. for GH1502" 143.1067, found 143.1067.
((1R,8S,9r,E)-bicyclo[6.1.0]non4-en-9-yl)methyl (4-nitrophenyl)
carbonats@#AgNO
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CH5CN
+ AgNO;, —2= »

1
AgNO;

1-52 1-53

To a flask containing ((1R,8S,%)-bicyclo[6.1.Qnon-4-en-9-yl)methyl (4
nitrophenyl) carbonate (31.7mg, 0.0999 mmol, 1.00 equiv) was added an acetonitrile
(0.813 ml, 22.96 mg/ml) solution of silver nitrate (18.7 mg, 1.10 mmol, 1.10 equiv).
The reaction mixture was stirred at room temperature for 1 fitvermixture was
concentrated under reduced pressure to afford (51.5 mg, quantitative yield) as white
semisolid*H NMR (600 MHz, CROD) i : 8=9.3 Hz, ZHY 7.46 (d)=9.1
Hz, 2H), 6.07 (ddd) =16.5, 8.9, 6.2 Hz, 1H), 5.31 (ddi=16.5, 10.63.6 Hz, 1H),
4.234.18 (m, 2H), 2.5%2.54 (m, 1H), 2.52.47 (m, 1H), 2.3€.33 (m, 1H), 2.30
2.22 (m, 2H), 2.041.93 (m, 1H), 1.12.05 (m, 1H), 0.9D.82 (m, 2H), 0.7D.64 (m,
2H); 13C NMR (150MHz, CROD) ii 157.2 (u), 154.1 (u), 146.8 (u), 126.2 (diR5.8
(dn), 123.2 (dn), 118.7 (dn), 74.5 (u), 38.5(u), 35.0 (u), 32.8 (u), 29.1 (u), 25.5 (dn),
22.9 (dn), 21.4 (dnETIR (ATR) 2961, 2935, 1754, 1592,1513, 1442, 1344, 1271,
1248, 1206, 1113, 1008, 922, 846, 750'cMRMS (Cl+)m/z [M-AgNOz+H]* calcd.
for C17H20NOs" 318.1336, found 318.1347.

2-(2-(2-((syn-(E)-bicyclo[6.1.0]non4-en-9-yl)methoxy)ethoxy)ethoxy)ethyl
4met hyl benzenes@bd)Enat e AAgNO
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MeOH

+  AgNO; @ ———— >

rt, 1h

sTCO-Tos 1-54
2-(2-(2-((syn-(E)-bicyclo[6.1.0]nonr4-en-9-yl) methoxy)ethoxy)ethoxy)ethyl-4
methylbenzenesulfota(sTCO-Tos 10.0 mg, 0.0228 mmol, 1.00 equiv) was

added into a flamdried round bottom flask containing anhydrous MeOH (0.5 mL,

0.05M) and silver nitrate (4.26 mg, 0.0251 mmol, 1.10 equiv). The mixture was stirred

at room temperature for 1 h after whitle solution was filtered through a plug of

cotton and concentrated by rotatory evaporation to redeb/in quantitative yields

as an oil which was stored neat 5 °C.*H NMR (600MHz, CROD) u: JZ. 80 ( d,
8.0 Hz, 2H), 7.45 (dJ = 8.0 Hz, 2H), 6.06 (ddd,= 16.5, 9.2, 6.0 Hz, 1H), 5.33 (ddd,

J=16.6, 10.6, 3.5 Hz, 1H), 4.184.10 (m, 2H), 3.683.64 (m, 2H), 3.61 3.53 (m,

8H), 3.47 (d,J = 7.7 Hz, 2H), 2.60 (dtdl = 11.6, 4.0, 2.3z, 1H), 2.46 (s, 3H), 2.31

2.19 (m, 3H), 2.17 2.12 (m, 1H), 1.98 1.90 (m, 2H), 1.39 1.31 (m, 1H), 1.29..16

(m, 1H), 1.05 (dtdJ = 14.8, 12.6, 2.3 Hz, 1H), 0.90 (dtii= 13.2, 8.8, 3.0 Hz, 1H),

(small peaks attributable to impurities were detebtetH NMR at 3.35 and 1.40

ppm)13C NMR (151 MHz, CBOD) U: 146. 48, 131.05, 129.02
101.39, 71.67, 71.61, 71.50, 70.96, 70.95, 69.77, 68.48, 35.24, 34.57, 29.00, 28.25,
21.57,19.91, 19.64, 18.13, (a small peak attributable to methanol was detected at 49.9
ppm). FFIR (ATR) 2925, 2864, 1597,350, 1289, 1174, 1095, 1019, 919, 816, 772

cmt; HRMS (ESI+)m/z [M+Na] * calcd. for GsHzsAgNNaOS' 630.0897, found

630.0897.
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5-((3-(((((1R,8S,9r,E)-bicyclo[6.1.0]non4-en-9-
yl)methoxy)carbonyl)amino)propyl)carbamoyl)-2-(6-(dimethylamino)-3-
(dimethyliminio)-3H-xanthen-9-yl)benzoate (STCOQTAMRA)

H, A H
H
TFAsH,N _~N
N

To a DMSO (0.200 ml, anhydrous) solution ef(3-aminopropyl)carbamoy)

sTCO-TAMRA

2-(6-(dimethylamino)3-(dimethyliminio)3H-xanther9-yl)benzoate TFA salt (10.0

mg, 0.0166 mmol, 1.00 equiv) and N;Diisopropylethylanme (8.68uL, 0.0498

mmol, 3.00 equiv) was added ((1R,8SBE¥rpicyclo[6.1.0]nord-en-9-yl) methyl (4
nitrophenyl) carbonate (6.34 mg, 0.0199 mmol, 1.20 equiv). The reaction mixture was
stirred at room temperature for 1 hour. The mixture was directly loaated 18

column (Universal™ Column, Yamazen Corporation, Cat.No. UW112, 14g) using
minimal amount of acetonitrile followed by-8. The purification was performed by
Teledyne Isco (Combifla8rRF), mobile phase A: 0.03% NHH2O in water (v/v),

mobile phase B: 0.03% NHH20 in acetonitrile (v/v), 100% ¥ linear to 50%

H20/50% acetonitrile, hold at 50%:E/50% acetonitrile for 10 min, with 10 ml/min

flow rate. The mixture was then lyophilized to yiek(3-(((((1R,8S,9rE)-
bicyclo[6.1.0]nor4-en9-yl)methoxy)carbonyl)amino)propyl)carbamoy)(6-
(dimethylamino)3-(dimethyliminio}3H-xanther9-yl)benzoate (sTCETAMRA) (8.7

mg, 78%) as a dark red solidld NMR (400MHz, CBCN) U: 8.34 (s, 1H),
=7.9, 1.6 Hz, 1H), B0 (s, 1H), 7.23 (d] = 8.1 Hz, 1H), 6.58 (d] = 8.8 Hz, 2H),
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6.49-6.44 (m, 4H), 5.86%.75 (m, 2H), 5.10 (ddd, = 16.9, 10.5, 3.9 Hz, 1H), 3.88 (d,
J=6.5Hz, 2H), 3.48.40 (m, 2H), 3.2.15 (m, 2H), 2.96 (s, 12H), 2.2111 (m,
4H), 1.931.82 (m,2H), 1.751.69 (m, 2H), 0.9D.80 (m, 1H), 0.6D.50 (m, 2H),
0.440.36 (m, 2HY3C NMR (100 MHz,CCN) U: 169.7 (u), 166.
156.0 (u), 153.7 (u), 153.5 (u), 139.1 (dn), 137.4 (u), 134.8 (dn), 132.0 (dn), 129.6
(dn), 128.8 (u), 125.2 (dn), 124.2 (dn), 109.9 (dn), 107.0 (u), 99.0 (dn), 69.8 (u), 40.4
(dn), 39.3 (u), 38.6 (u), 37.6 (u), 3414 ,(33.2 (u), 30.4 (u), 28.3 (u), 25.7 (dn), 22.7
(dn), 21.7 (dn)HRMS (ESI+)m/z [M+H]* calcd. for GeH4sN4Os" 665.3334, found
665.3330.

5-((3-(((((1R,8S,9r,E)-bicyclo[6.1.0]non4-en-9-
yl)methoxy)carbonyl)amino)propyl)carbamoyl)-2-(6-(dimethylamino)-3-
(dimethyliminio) -3H-xanthen-9-y | ) ben z o aGTEARAHAMRAAAYNO
55)

sTCO-TAMRA / 1-55

To a flask containing-((3-(((((1R,8S,9rE)-bicyclo[6.1.0]nor4-en-9-
yl)methoxy)carbonyl)amino)propyl)carbamoy)(6-(dimethylamino)3-
(dimethyliminio)}3H-xanther9-yl)benzoatg9.20 mg, 0.0138 mmol, 1.00 equiv) in
1.0 ml methanol was added an acetonitrile (15.2 pL, 1.0 M) solution of silver nitrate

(2.59 mg, 0.0152 mmol, 1.10 equiv). The reaction mixture was stirred at room
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temperature for 15 min. The mixture was concentrateeémumdiuced pressure to
afford 5-((3-(((((1R,8S,9rE)-bicyclo[6.1.0]nor4-en-9-
yl)methoxy)carbonyl)amino)propyl)carbamoy)(6-(dimethylamino)3-
(dimethyliminio)}3H-xanther9-y | ) b e n z o0:q13.6 Ag\quahtative yield) as

red solid.!H NMR (400 MHz, ®sC N) U : 8. 5 B.0M((%,,2H)17123 (d]= 8 .

7.9 Hz, 1H), 6.92 (d] = 9.2 Hz, 2H), 6.74 (ddl = 9.2, 2.5 Hz, 2H), 6.69 (d,= 2.5
Hz, 2H), 6.06(s, 1H), 5.91 (dl,= 15.8, 7.5 Hz, 1H), 5.13.10 (m, 1H), 3.87 (d] =
6.1 Hz, 2H), 3.44.38 (m,2H), 3.163.12 (m, 14H), 2.4Q2.32 (m, 2H), 2.22.17(m,
1H), 2.122.07 (m, 2H), 1.86..80 (m, 1H), 1.771.71 (m, 2H), 1.0.90 (m, 1H),
0.760.61 (m, 2H), 0.5.44(m, 2H): HRMS (ESI+n/z [M+H-AgNOs]* calcd. for
CaoH1sN4Os* 665.3334, found 665.3331.

1.8.17 Stability Studies of trans-Cyclooctene Derivatives
Neat Stability test of ((1R,8S,9rE)-bicyclo[6.1.0]non4-en-9-
yl ) met han@os RAQAMN)-40D
((1R,8S,9rE)-bicyclo[6.1.0]nord-en9-y | ) me t h a N7 I7AAwabl O
dissolved in CHCN (3 ml). 1 ml ofthis CH;CN solution of ((1R,8S,9E)-
bicyclo[6.1.0]nor4-en9-y | ) me t h a gwad mixédgvith@t.@mg 1,3,5
trimethoxybenzeneoncentrated by rotatory evaporatamd*HNMR was taken in
CDsCN (as time 0) The amount of ((1R,8S,9E)-bicyclo[6.1.0]nor4-en-9-
y |l ) met h agzinolimRGHEN Was determined BYHNMR (CDsCN) as 0.661
mmol. At the meantime, another 1ml of this {0l solution was dried under reduced
pressure. This neat sample of ((1R,8Fbicyclo[6.1.0]nord-en-9-
yl ) met h aswad ehtddaiN30°C in an oil bath over 3 days. After that, this

sample was mixed witB.20 mg 1,3,5trimethoxybenzene anftHNMR was taken in
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CDsCN. The amount of ((1R,8S,9)-bicyclo[6.1.0]nor4-en9-y | ) met hafn ol AAg N
was determined @& 0543 mmol. Overallhere wa®7% fidelity for a neat sample of

((1R,8S,9rF)-bicyclo[6.1.0]nor4-en9-y | ) me t h a yafier3kldys. N O

Stability test of ((1R,8S,9r,E)-bicyclo[6.1.0]non4-en-9-
yl ) met han(d RAQMNAG-49dn methanol
((1R,8S,9rF)-bicyclo[6.1.0]nord-en9-y | ) me t h a (400 kg gas O
mixed with 1,3,5trimethoxybenzene (4.00 mg). The mixture was dissolved in 0.8 ml
CDsOD and'HNMR was taken as time = The sample was then heated at 30°C in an
oil bath over 3 days before anotREINMR spectrunwastaken (as time = 3 days)

Overall theravas98% fidelity for ((1R,8S,9rE)-bicyclo[6.1.0]nor4-en-9-
y | ) met h an(osl TACAOANNGjteY Bdays.

Stability test of ((1R,8S,9r,E)-bicyclo[6.1.0]non4-en-9-
yl ) met han(od ARQQANADL-49dn DMSO
((1R,8S,9r,E)-bicyclo[6.1.0]nor4-en9-y | ) me t h a 7400 kg gds O
mixed with 1,3,5trimethoxybenzene (4.00 mg). The mixture was dissolved in 0.8 ml
DMSO-ds and*HNMR was taken as time=0 spectrum. The sample was then heated at
30°C in an oil bath over 8ays beforeanotherHNMR spectrum was taken. Overall

there wa®96% fidelity for ((1R,8S,9rE)-bicyclo[6.1.0]nor4-en9-
y | ) met h a#n(osl TACAOGANNGIteM ®days.

Neat Stability test of ((1R,8S,9rE)-bicyclo[6.1.0]non4-en-9-yl)methanol
(sTCO)
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((1R,8S,9rE)-bicyclo[6.1.0]nor4-en-9-yl)methanol (20.0 mg) was dissolved
in diethyl ether (3 ml). 1 ml of this ether solution of ((1R,8%Bhicyclo[6.1.0]non
4-en9-yl)methanol was dried under reduced pressure and then mixed with 5.30 mg
1,3,5trimethoxybenzea and'HNMR was taken in €Ds. The amount of ((1R,8S,9r,
E)-bicyclo[6.1.0]nor4-en9-yl)methanol in 1 ml diethyl ether was determined by
IHNMR as 0.0409 mmol. At the meantime, another 1ml of this diethyl ether solution
was dried under reduced pressuresTieat sample of ((1R,8S,8)-
bicyclo[6.1.0]nor4-en9-yl)methanolwas heated at 30°C in an oil bath over 3 days.
After that, this sample was mixed with 5.10 mg 1Bifethoxybenzene antHNMR
was taken in €Ds. The amount of ((1R,8S,9%E)-bicyclo[6.1.0]non4-en-9-
yl)methanol was determined as 0.000705 mmol. Overall, thas2% fidelity
((1R,8S,9rE)-bicyclo[6.1.0hon4-en-9-yl)methanol (sTCOafter 3 days.

Stability test of ((1R,8S,9r,E)-bicyclo[6.1.0]non4-en-9-
yl)methanol(sTCO) in methanol

((1R,8S,9r,E)-bicyclo[6.1.0]nor4-en-9-yl)methanol(6.10 mg) was mixed
with 1,3,5trimethoxybenzene (4.00 mg). The mixture was dissolved7iim0CDsOD
andHNMR was taken as time = The sample wastoredat 25°C.*HNMR spectrum
was taken after 3 days aidlays Overall therevas96% fidelity for ((1R,8S,9r E)-
bicyclo[6.1.0]nor4-en9-yl)methanol(sTCO) after 3 days and 86% fidelity after 7
days.

Stability test of ((1R,8S,9r,E)-bicyclo[6.1.0]non4-en-9-
yl)methanol(sTCO) in phosphate buffered RO (pD = 74)



The phosphate I© buffer solution at pD 7.4 was prepared by dissolving
sodium dihydrogen phosphate hydrate (ha&:-H>0O, 19.3mg) and disodium
hydrogen phosphate (BPQs, 51 mg) in5 mL D20 to make a 0.1 M solution, and
then adjusting to pD 7.4 by addj DCI. The pD values were measured on an ATI
PerpHect LogR pH meter (model 310). pH readings were converted to pD by adding
0.4 units'®®

To a mixtureof sSTCO(6.14 mg, 0.017 mmolandphosphate buffered (1
mL, pD = 7.4) was addedmethoxybenzoic adi(5.59mg, 0.018 mmol) as an
internal standard and monitored BWINMR to observe the stability of STC@verall
therewas 6% fidelity for ((1R,8S,9rE)-bicyclo[6.1.0]nor4-en-9-yl)methanol
(sTCO) after 3 dayat 25C.

Neat Stability test of ((2r,3aR,@S,E)-3a,4,5,8,9,9a
hexahydrocycloocta[d][1,3]dioxot2-y | ) met hamp d T & @4 HE@ 50D
((2r,3aR,9aSE)-3a,4,5,8,9,9%nexahydrocycloocta[d][1,3]dioxeR-
y |l ) met h a s(83.8 mf)AvgsNiSsolved in GEN (3 ml). 1 ml of this CECN
solution of ((2r3aR,9aSE)-3a,4,5,8,9,9%exahydrocycloocta[d][1,3]dioxe2-
y | ) met h a swasdried angrik&l with 4.40 mg 1,3;fFimethoxybenzene ,
then'HNMR was taken in CECN. The amount of ((2r,3aR,9a5)-3a,4,5,8,9,9a
hexahydrocycloocta[d][1,3]dioxe?-y)meth a n o | sk A gIKCEBCN was
determined byHNMR as 0.0283 mmol. At the meantime, another 1ml of thisGH
solution was dried under reduced pressure. This neat sample of ((2r,3d5;9aS,
3a,4,5,8,9,94exahydrocycloocta[d][1,3]dioxe2-y | ) me t h a Bwas hedietl gtN O

30°C in an oil bath over 3 days. After that, this sample was mixed with 3.60 mg 1,3,5
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trimethoxybenzene antHNMR was taken in CECN. The amount of ((2r,3aR,9aS,
E)-3a,4,5,8,9,9%exahydrocycloocta[d][1,3]dioxe?-y | ) met haswad AAgNO
detemined as 0.0267 mmol. Overall, thevas94%fidelity for ((2r,3aR,9aSE)-
3a,4,5,8,9,9hexahydrocycloocta[d][1,3]dioxe?-y | ) me t h a pafier Fdayg.N O

Stability test of ((2r,3aR,9aSE)-3a,4,5,8,9,9a
hexahydrocycloocta[d][1,3]dioxot2-y | ) me t hghl@sod T A@A A@G-50Dn
methanol and DMSO

To ((2r,3aR,9a;)-3a,4,5,8,9,%hexahydrocyclooctald][1,3]dioxe?-
yl)methanol (15.6 mg, 0.847 mmol, 1.00 equiv) was added an acetonitrile (0.67 ml,
23.0 mg/ml) solution of silver nitrate (15.8 mg, 0.0931mrdlQ equiv). The mixture
was stirred at room temperature for 15 min. The mixture was concentrated under
reduced pressure. The silver complex was dissolved in acetonitrile (3 ml). 1.0 ml of
the acetonitrile solution was taken and concentrated under repkes=stire, mixed
with 3.90 mg 1,3,8rimethoxybenzene and dissolved in 0.8 mlsOD. *HNMR
spectrum was taken as time=0. The sample was heated at 30°C in an oil bath over 3
days. After that, anothéHINMR spectrum was taken. Overall, theras95%fidelity
for ((2r,3aR,9aSkE)-3a,4,5,8,9,9%exahydrocycloocta[d][1,3]dioxeR-

y 1l ) met h aqatier Fdayg.N O
Another 1.0 ml of the acetonitrile solution was taken and concentrated under

reduced pressure, mixed with 5.20 mg L{Bfsethoxybenzene and dissolvedii8
ml DMSO-ds. tHNMR spectrum was taken as time=0. The sample was heated at 30°C

in an oil bath over 3 days. After that, anotheNMR spectrum was take@verall,
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there wa®94%fidelity for ((2r,3aR,9aSE)-3a,4,5,8,9,9a

hexahydrocycloocta[d][1,3]dioxe?-y | ) me t h a gafier Rdayg.N O

Neat Stability test of ((2r,3aR,9aSE)-3a,4,5,8,9,9a
hexahydrocycloocta[d][1,3]dioxo}2-yl)methanol (dTCO)

((2r,3aR,9aSE)-3a,4,5,8,9,9%exahydrocycloocta[d][1,3]dioxeR-
yl)methanol(15.0 mg) was dissolved in diethsther (3 ml). 1 ml of this ether solution
of ((2r,3aR,9aSk)-3a,4,5,8,9,9%exahydrocycloocta[d][1,3]dioxe2-yl)methanol
was dried under reduced pressure and then mixed with 4.30 mg 1,3,5
trimethoxybenzene and 1HNMR was taken in COThe amount of ((28aR,9aSE)-
3a,4,5,8,9,9%hexahydrocycloocta[d][1,3]dioxe2-yl)methanolin 1 ml diethyl ether
was determined bYHNMR as 0.0376 mmol. At the meantime, another 1ml of this
diethyl ether solution was dried under reduced pressure. This neat sample of
((2r,3aR,9aSE)-3a,4,5,8,9,9%exahydrocycloocta[d][1,3]dioxe?-yl)methanol was
heated at 30°C in an oil bath over 3 days. After that, this sample was mixed with 4.20
mg 1,3,5trimethoxybenzene antiNMR was taken in CDG! The amount of
((2r,3aR,9aSkE)-3a,45,8,9,9ahexahydrocycloocta[d][1,3]dioxe2-yl)methanolwas
determined as 0.007@Bmol. Overall, there wak9%fidelity for ((2r,3aR,9aSE)-
3a,4,5,8,9,9%exahydrocyclooctald][1,3]dioxe?-yl)methanol after 3 days.

Neat Stability test of €)-(3,4,7,8tetrahydro -2H-oxocin-2-
yl ) met han@ioRa&@AOgN31)
(E)-(3,4,7,8tetrahydre2H-oxocin2-y | ) me t h a 5(28Imé) AvasN O
dissolved in methanol (3 ml). 1 ml of this methanol solutiorEp{(8,4,7,8

tetrahydre2H-oxocin2-y | ) me t h a swad akgavgdNu@ methanol was dried
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under reduced pressure, after which 2.50 mg 4rBrtethoxybenzene was added and

'HNMR was taken in CECN. The amount of)-(3,4,7,8tetrahydre2H-oxocin-2-

y 1l ) met h agimlimArdethah@ was determined BYNMR as 0.0211 mmi. At

the meantime, another 1ml of this methanol solution was dried under reduced

pressure. This neat sample Bj{3,4,7,8tetrahydre2H-oxocin-2-

y | ) met h aswadhdated &t 8°C in an oil bath over 3 days. After that, this

sample was mixed with 204ng 1,3,5trimethoxybenzene anftHNMR was taken in

CDsCN. The amount off)-(3,4,7,8tetrahydre2H-oxocin2-y | ) met hasmasd AAgNO
determined as 0.0204 mmol. Overall, there was 97% fidelitygp(3,4,7,8

tetrahydre2H-oxocin2-y | ) me t h a naftier 3&adyg N O

Neat Stability test of €)-(3,4,7,8tetrahydro-2H-oxocin-2-yl)methanol

(oxo-TCO)
(E)-(3,4,7,8tetrahydre2H-oxocin-2-yl)methanol {1.6mg) was dissolved in

methanol (3 ml). 1 ml of this methanol solution Bj-(3,4,7,8tetrahydre2H-oxocin
2-yl)methanolwas aliquoted and methanol was dried under reduced pressure, after
which 290 mg 1,3,5trimethoxybenzene was added aRiNMR was taken in CECN.
The amount offf)-(3,4,7,8tetrahydre2H-oxocin2-yl)methanoin 1 ml methanol was
determined byHNMR as0.0187 mmol. At the meantime, another 1ml of this
methanol solution was dried under reduced pressure. This neat sani)i¢3H4 (7,8
tetrahydre2H-oxocin2-yl)methanolwas heated at 30°C in an oil bath over 3 days.
After that, this sample was mixed w280 mg 1,3,5trimethoxybenzene antHNMR

was taken in CBCN. The amount of)-(3,4,7,8tetrahydre2H-oxocin2-yl)methanol
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was determined as 0.0h2mol. Overall, there wa37% decompositiorior (E)-

(3,4,7,8tetrahydre2H-oxocin2-yl)methanol after 3 days

Neat Stability test ofrel-(1R, 4E, pR)-Cyclooct4-enol (5OHTCO major
diastereomer)

rel-(1R, £, pR)Cyclooct4-enol(34.51 mg) was dissolved in acetone (3 ml).
1 ml of this acetonsolution ofrel-(1R, 4E, pR)yclooct4-enolwas aliquoted and
acetonevas dried undereduced pressure, after whicldémg 1,3,5
trimethoxybenzene was added &riNMR was taken in CBls. The amount ofel-
(1R, &£, pR)-cyclooct4-enolwas determined bYHNMR as 0.085Inmol. At the
meantme, another 1ml of this acetoselution was dried under reduced pressure. This
neat sample akel-(1R, 4, pR)-cyclooct4-enolwas heated at 30°C in an oil bath over
3 days. After tht, this sample was mixed with 4.@® 1,3,5trimethoxybenzene and
HNMR was taken in CBls. The amount ofel-(1R, 45, pR)-cyclooct4-enolwas
determined as 0.0807 mmol. Overall, there was 88elity for rel-(1R, 4, pR)

cyclooct4-enolafter 3 days.

Neat Stability test ofrel-(1R, 4E, pS)Cyclooct4-enol (50HTCO minor
diastereomer)

rel-(1R, 4, pS)Cyclooct4-enol (39.8 mg) was dissolved in acetone (3 ml). 1
ml of this acetone solution oél-(1R, 4, pS)}Cyclooct4-enol was aliquoted and
acetone was dried under reduced pressure, after which 4.49 mg 1,3,5
trimethoxybenzene was added &riNMR was taken in CDGI The amount ofel-
(1R, &, pS)Cyclooct4-enol was determined B#AINMR as 0.0942 mmol. At the

meantime, another 1ml of this acetone solution was dried under reduced pressure. This
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neat sample akel-(1R, 4, pS)}Cyclooct4-enol was heated at 30°C in aihbath
over 3 days. After that, this sample was mixed with 4.63 mg-1rig)&thoxybenzene
andHNMR was taken in CDGI The amount ofel-(1R, 4, pS)}Cyclooct4-enol
was determined as 0.0923 mmol. Overall, there was 98% fidelitglfgtR, 4, pS})

Cyclooct4-enol after 3 days.

Stability test of rel-(1R, 4E, pR)-Cyclooct-4-enol (50OHTCO major
diastereomer) in methanol

rel-(1R, 4, pR)Cyclooct4-enol(22.0 mg) was mixed with 1,3,5
trimethoxybenzene (9.00 mg). The mixture was dissolved in 1.20 p®C@&nd
'HNMR was taken as time = 0. The sample was stored at 2ANDAR spectrum was
taken after 3 days and 7 days. Overall there was >99% fidelitglf¢tR, 4, pR)
cyclooct4-enol (5SOHTCO major diastereomer) after 3 days and >99% fidelity after 7

days.

Stability test of rel-(1R, 4E, pS)}Cyclooct-4-enol (50HTCO minor
diastereomer) in methanol

rel-(1R, 4, pS)Cyclooct4-enol(11.0 mg) was mixed with 1,3,5
trimethoxybenzene (5.00 mg). The mixture was dissolved in 0.60 rd®OD@RNd
'HNMR was taken asrhe = 0. The sample was stored at 25HNMR spectrum was
taken after 3 days and 7 days. Overall there was >99% fidelitglf¢tR, 4, pS)
cyclooct4-enol (5SOHTCO minor diastereomer) after 3 days and >99% fidelity after 7

days.
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1.8.18 Decomplexation experimat

In an NMR experimentpAg-sTCO-halo (5 mg) was dissolved ind® (0.9
mL), and then added to this solution with ag. NaCl (0.1 mL, 100 miMg final
concentration of thAg-sTCO-halo was8.7 mM, and of NaCl was 10 mMVithin 3
minutes, théH NMR was reneasured, and no signal was observEue result is
consistent with complete decomplexation of silveisBSO-halo is insoluble in
D20. Uponextraction with GDe, silver freesTCO-halo was recovered and observed
by *H NMR.

Solubility : Ag-sTCO-halo is maderately soluble in water (ca.10 mMJ.is
freely soluble in alcohol. SilveéreesTCO-halo is not soluble in water at NMR

concentrations, but dissolves in alcohol solvents.

1.8.19 Coalescence Experiment

A stock solution of STCENO, 1-52was made by dissolviny52 (15.1 mag,
mmol) in 4.0 ml MeOH. A stork solution of AgNvas made by dissolving AgNO
(26.1 mg, mmol) in 4.0 ml MeOH.

A methanol (0.796 ml) solution df52 (3.00 mg, mmol, 1.00 equiv) was
mixed with a methanol (0.370 ml) solution of silver nitré&et{ mg, mmol, 1.50
equiv). The mixture was stirred for 15 min and then concentrated under reduced
pressure. The mixture was then dissolved in@D and*HNMR spectrum was taken
to give a spectrum that containifig2: silver nitrate (1.00 :1.50).

A methanol (0.796 ml) solution 0f-52 (3.00 mg, mmol, 1.00 equiv) was
mixed with a methanol (0.246 ml) solution of silver nitrate (1.61 mg, mmol, 1.00

equiv). The mixture was stirred for 15 min and then concentrated under reduced
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pressure. The mixture was thessblved in CROD and*HNMR spectrum was taken
to give a spectrum that containifigh2: silver nitrate (1.00 :1.00)

A methanol (0.796 ml) solution df52 (3.00 mg, mmol, 1.00 equiv) was
mixed with a methanol (0.123 ml) solution of silver nitrate (0.803mmgol, 1.00
equiv). The mixture was stirred for 15 min and then concentrated under reduced
pressure. The mixture was then dissolved in@D and*HNMR spectrum was taken
to give a spectrum that containifigh2: silver nitrate (1.00 :0.50).

A methanol (0.96 ml) solution ofL-52 (3.00 mg, mmol, 1.00 equiv) was
mixed with a methanol (0.123 ml) solution of silver nitrate (0.401 mg, mmol, 1.00
equiv). The mixture was stirred for 15 min and then concentrated under reduced
pressure. The mixture was then dissdlire CD;:OD and*HNMR spectrum was taken
to give a spectrum that containifigp2: silver nitrate (1.00 :0.25).

The NMR spectra were stacked for comparison. The chemical shift of the
alkene peak is keep shifting as changing the ratio of Aga®(0.25:1, 05:1, 1:1,
1.5:1).

AgsTCO a u
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Figure 1.30:NMR spectra of coalescence experiment
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Chapter 2

NIR TRIGGERED DIHYDROTETRAZINE PRODRUG ACTIVATI ON

2.1 Antibody-drug conjugates

Antibody-drug conjugates (ADC) are monoclonal antibodies conjugated to
cytotoxic agents. The potent specificity of antibatiyg conjugates for the
corresponding antigens make them powerful cancer therapeutic agents. Cudoently,
antibodydrug conjugates have been approved by FDA: Gemtuzumab ozogamicin
(Pfizer/Wyeth, approved in 2001, withdrew in 2010inteoduced in 2017),

Brentuximab vedotin (Seattle Genetics, 2011) -dstuzumab emtansine
(Genentech, 2013) and Inotuzamozogamicin (Pfizer/Wyeth, 2017). There are more
than 50 antibodylrug conjugates in clinical trial for treating a variety of cancers.

A typical structure of antibodgirug conjugates contains three important parts:
monoclonal antibody, linker and drubhe antibody is specific to the antigen proteins
highly expressed on tumor cell surface, providing the specificity that is not available
with most traditional drugs. The linker plays a role in covalently connecting the
cytotoxic payload drug to the mononk antibody. The linker is required to be stable
in circulation and must efficiently release the payload after internalization. In
antibodydrug conjugates, most drugs used are potent cytotoxic agents targeting either
tubulin or DNA with 1Go values in tle subnanomolar range. The number of drug
molecules conjugated to the antibody is an important determinant regarding the safety

and efficacy of antibodgrug conjugates. Normally three or four drug molecules per

18¢



antibody is ideal. Overall, these three comgats and antigen or target selection are
all considerations in antiboeljrug conjugation development.
The process of the antibodyr ug conj ugatesd biological
tracking a specific tumor antigen and then binding themselves to theesaffeancer
cells, upon internalization within endosomes and trafficking by lysosomes, followed
by lysosomal degradation, the antibedlyig conjugates release its cytotoxic drug

cargo inside of the cancer cells (Figure 2.1).
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Figure 2.1: Mechanism of action aintibodydrug conjugates

Although most of the payload of ADC act at the intracellular level, the efficacy
of internalizing targeted cytotoxics is limited by several factéisr example, 1gG
based ADCs can efficient bind to the neonatal FcRn recepbichwnediates the
continuous internalization of ADC products in the endothelium and a long residence

time for antibodies in the livérin addition, the real ability of antibodies to
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preferentially localize to solid tumors is often unknown [1]. The tanggirocess is
also restricted by inefficient extravasation of antibodies and anligerer effect
(antigens are shed)

Recently, several groups have shown thatinaont er nal i zi ng ADCOSs
and release cargo at the exofacial surface of the plagmdranée In 2014, Neri and
co-workers reported the first time the induction of lasting complete remissions in a
murine immunocompetent model of cancer, using noninternalizing ADCtheir
study, targeting at splice isoforms of fibronectin in immunoocet@pt mice bearing
subcutaneously grafted F9 murine teratocarcinomas, using SIP(F8) antibody and DM1
as cytotoxic agent, they observed a strong therapeutic activity of SIBFB)ADC,

3 of 5 mice were cured (i.e., remained tumor free for >180 ddggheir following

study, they compared small immune protein (SIP) format F8 antibody against antibody
in a mutant 1gG format, in therapy experiments performed in F9 iubearing mice

Both antibodies were conjugated with DA8H thiol drug linked by disulfid. The

result showed that SIP(F®SDM1 exhibited a more potent anticancer activity than

IgG- SSDML1, possibly due to a faster drug release kinetics of SIPRSM1
antibodydrug conjugates. Therefore, a fast drug release kinetics is another crucial
determinant for superior therapeutic performance of antikatrdg conjugates.

In principle, extracellular delivery of a cytotoxic agent based on antibody to
the modified subendothelial extracellular matrix in tumors offers numbers of
advantage, compared withe use of internalizing ADCSExtracellular matrix (ECM)
antigenssuchassplice isoforms of fibronectins and tenascins, which are
overexpressed in most malignancies, are undetectable in most normal adult tissues.

Moreover, they are more stable and mabendant than many intracellular cellular
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antigens. Therefore, using antibodies specific to these antigens provides the
opportunity to treat different cancer types with the same prédvoteover, release
the cytotoxic agent in the extracellular envir@mhmay facilitate a bgtander effect,

as the drug can diffuse and internalize in neighboring.tells

2.2 Bioorthogonal strategy in drug release

Despite the exciting therapeutic performance of noninternalizing ADC, a
limitation of this approach has been theK of selective methods for releasing cargo
extracellularly. Bioorthogonal reactions provide an alternative strategy in selectively
and rapidly release a cytotoxic agent into an extracellular environment in the field of
antibodydrug conjugates. In 201Robillard and coworkers developed a new
bioorthogonal and rapid elimination reaction based on inveesgrondemand Diels
Alder reaction (IEDDAY In this seminal study, they preparettans-cyclooctene
prodrug (), to which a cytotoxic doxorubicin drigas covalently linked via a
carbamate functional group at the allylic position, prone to undergo an elimination
reaction and aromatization reaction following the IEDDA betwesms-cyclooctene
prodrug and tetrazine (Fig 2.2). Cytotoxic study was perfdrwith trans-
cyclooctenedoxorubicin ), doxorubicin and prodrug activation with different
tetrazine probes. Theans-cyclooctene prodrudlf was >100 fold less toxic than the
parent doxorubicin, while when tetrazin@s3;4 were combined with thigans
cyclooctenedoxorubicin in an A431 cell culture, cytotoxicity increased by a factor of

14, 53, and 78 (E4z: 0.280, 0.072 and 0.049 mm) relative to TCO prodf)g (
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Figure 2.2: IEDDA reaction between TCO prodrug) @nd tetrazines2(3,4.

In the follow upstudy published in 2016, Robillard and cowokers used the
same reaction to provoke rapid and selmolative release of doxorubicin from an
ADC in vitro and in tumotbearing mic€ Royzen and coworkers described an
approach, in which a tetrazine modifieddnygel was injected to the disease site
where the drug is needed, followed by injecting the TCO prodiuigtfavenously, to
treat soft tissue sarcoma in mic€he locally preimplanted biomaterial (tetrazine
modified hydrogel) allows to concentrate amtivwate small drug molecule at disease
cite, avoiding dose limiting toxicities such as systemic immunosuppression commonly
encountered in traditional chemotherapy. Efforts have been made by Weissleder and
coworkers to study the reaction mechanism of Rahilld 6 s -triggereda z i n e
bioorthogonal eliminatofThey started their study of
the bioorthogonal elimination at physiologic pH and in fully aqueous buffered

solution, to avoid being misled by the present of large amouwrgahic solvent due

t
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to the general environmental sensitivity of IEDDA reactions. By using a fluorophore
conjugated TCO and dimethyl tetrazine, they revealed the yield of the tetrazine
triggered bioorthogonal elimination has a profound environmental depeypdnot

only pH, but also organic solvent composition, buffer concentration, and even the
buffer species at matched pH. Typically, in citrptesphate buffer, the yield of

release ranges from 95% at pH 4.2 to just 7% at pH 9. They prepared several
carbaylic acid functionalized tetrazines and found they markedly improved the yield
of release. In Robillardds origin@&al paper,
(Fig.2.2) after cycloaddition reaction is virtually a dead end and did not eliminate the
drug. Weissleder further showed the mechanism of the release step by isolating and
characterizing the aromatized cycloadduct converted from thersleasing tautomer
after long time oxidation under air (Fig. 2.3). They were also able to isolate and
characerize the nonreleasing deadd byproduct in the reaction between dimethyl
tetrazine and TCO conjugated with glycine. Based on the structure, this byproduct
was formed via an intramolecular cyclization reaction of the initial IEDDA product

(Fig. 2.4).
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Other bioorthogonal reactions have also been applied intdickdease

strategies. Gamble and coworkers developed a strategytiesisgyclooctene and



doxorubicih conjugated phenyl azide with a carbamate functional group, to selectively
activate the cytotoxic payload via an-tipolar cycloaddition reaction, followed by
ring contraction reactions and imine hydrolysia 2014, Wang and coworkers
explored a new O release system that generate CO in a controlled manner using
organic molecules under physiological conditions without the need for light
activation!® They sought to use tetraphenylcyclopentadienone and derivatives as CO
carrying molecule, after a inverglectron demand Dié&lalder reactions with
bicyclo-[6.1.0]nonyne (BCN) followed by aromatization and release reaction, to
trigger the activation of CO prodrug. So far, Wang group developed two categories of
CO prodrug, including (i) inter or intramoleemIDielg Alder reactions between
cyclopentadienone and alkyne and fgi¢limination reaction to generate
norbornadies7-ones for CO release from norbe2ren-7-ones'2Most recently,
their group described a new concept of enrichrigggered prodrug activatiot?
Thus, targeting agent and cargo molecule conjugated canpand targeting agent
modified cycloalkyne trigger could be circulating at low concentration in mice without
reacting with each other, until achieving an enrichment in targeting area. The
following lactonization or aromatization reaction spontaneoudiyie the drug
release. Despite the slow reaction kinetics, they were able to take advantage of the
concentration sensitivity of their chemistry, allow for the enhanced cleavage activity at
elevated concentration.

Collectively, ADGbased drug deliveryas gained a lot attention recently.
Chemistry, specifically the development bioorthogonal chemistry provided a feasible
and efficient approach to selectively release a cargo agent in a tunable way. However,

an intrinsic limitation to the use of antiboedyug conjugates, including bioorthogonal
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variants, is the extremely high cost of using an engineered antibody as a stoichiometric
reagent. For instance, the price of lymphoma drug Adcetris (Seattle Genetics) per

month is $19,482 (by 201Ritps://www.cancer.org/lategsiews/studyshowsus

cancerdrug-costsincreasingdespitecompetition.htm). Other challenges of ADC in

solid tumor therapy arthe barrier of macromolecule penetration within the tumor

mass and the heterogeneity in target antigen exprel$sion

2.3 Antibody-directed Enzyme Prodrug Therapy

Antibody-directed Enzyme Prodrug Therapy (ADEPT) has been explored as a
method for catalyticallyincaging prodrugs at the surface of tumor ¢éft§Th
concept of ADEPT is illustrated in Scheme Zhere are two major advantages of
ADEPT over other ADCs. First, enzyme behaves as a catalyst, one argitmgye
conjugate can generate many piecesabifve cytotoxic drug by activating the prodrug.
Second, as a small molecule, the activated drug can diffuse throughout the tumor
mass, even if the antibogdnzyme cannot penetrate the tumor or there were cells that

do not express the tumor antigen.
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Scheme 2.1:Schematic representation of ADEPT

Although many enzyme prodrug systems have been reported, most of these
systems have only reached preclinical stage, the only enzyme in ADEPT that reached
clinical studies is carboxypeptidase G2(CP&2h anideal ADEPT, the enzyme
chosen should provide specificity while having limited potential of being
immunogenic. The prodrug should be nontoxic, and the drug is expected to have short
half-life, preventing it from leaking from tumor sites to circulationntthation of
enzyme from normal tissues is often required in order to achieve a high tumor to blood
ratio of enzyme’

Concerning immunogenicity issue in ADEPT, several groups have sought to
use transition metal catalysis to activate prodfigSHowever translating this
approach will have the challenge of stabilizing reactive catalysts in the complex

vivo environment, and thus far only célhsed studies have been described.
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2.4 Photoinducible bioorthogonal reactions

Photoinducible biorthogonal reactionr 6 phot ocl i ckdé reacti or

recent as a method for turning on the bioorthogonal reactivity with temporal and
spatial control. Two major type of this photoclick reaction were nitrile imines
formation from tetrazole activation and cyclooctynenfation from cyclopropenone
devebped by the Lin grou?® and Popik group respectively

In 2008, the Lin group reported a bioorthogonal photoinducibleip@ar
cycloaddition reaction for protein modification in biological medi@he chemistry
theydeveloped involves a cycloreversion reaction of diaryl tetrazole at present of
photoirradiation to generate a nontoxic nitrogen molecule and an imine nitrile dipole,
which rapidly undergo a cycloaddition reaction with alkene dipolarophile to afford a
pyramline cycloadduct (Scheme 2.2a). The rate constant of the second cycloaddition
step was measured las=11.0 M!s?. Interestingly, the pyrazoline cycloadduct
showed strong fluorescence between-888 nm with different functional group on
dipolarophile. herefore, they were able to easily monitor the bioorthogonal reaction
between tetrazole modified protein and alkene dipolarophile initiated by 302 nm UV
light in biological media (Scheme 2.2b). The reverse approach, in which an
dipolarophile alkene groupag genetically encoded in addmain protein, was
proved to be efficient as well in the
E. coli.?® Efforts to further optimize the reaction, including using a longer wavelength
light,?” reaction rate dmancement®?° genetic incorporation of a tetrazole amino acid
in to a protein irE. coli,*° developing new alkengipolarophiles and tetrazolés*
and twephotontri gger ed 6 p h o t*®averé madekb§ thecshneemroup t r y

recently. More applicatiansuch as peptide model structure synthésgisoteins
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imagine in live mammalian ce|f photoaffinity labeling®® protein photecross

linking**“°were also demonstrated.
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Scheme 2.2Photoactivated 1;8ipolar cycloaddition reaction

In 2006, Popikand coworkers reported reported a novel phototriggered click
strategy where cyclopropenones can undergo photodecarbonylated reaction,
generating alkynes thare can react towards azidé$! In 2009, the same group
strained cyclooctyne specie was rapiftiymedin situvia cyclopropenones

decarbonylation reaction, then undergoilie cycloaddition with azidé(Scheme 2.3).
O

/2
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Scheme 2.3Photetriggered Coppefree AcetyleneAzide cycloaddition

In 2010, Popik and Locklin described that azide immpaiilon can be realized
use this coppeiree photetriggered click reaction on dibenzocyclooctynes precursor
functionalized surface. The creation of multifunctional surfaces with spatially resolved
chemical functionality can be realized with this strat&gy 2017, Popik and
coworkers demonstrated the first time use-twaohreephoton excitation to trigger the
strain promoted alkynazide cycloaddition reaction of cyclopropenaraged
dibenzocyclooctyné* More application of this chemistry involves inlpmer
synthesig® RNA labeling*® nanoparticle modificatidi as well as
dibenzosilacyclohept-yne-tetrazine ligatiorf® The other photénduced click
chemistry developed by Popik but obtained less attention is the-ipiitodted
generation of emaphth@guinone methides, which can participate in Michael addition
reactbn or DielsAlder reactiorf®>° Application of this chemistry in surface chemistry
were reported by the same grotp®

Despite the tremendous progress in pHatggered bioorthogonal chastry,
one of the previous limitations was use of UV or near UV light, which has negligible
ability to penetrate tissue and has an issue of phototoxicity. Red light ctRkgint
would be more desirable since it can penetrate tissue deeply to sewtirakters and
would be less harmful in terms of phototoxicity.

In 2016, the Fox Lab first introduced a bioorthogonal-mrreaction,
whereby a nonreactive dihydrotetrazine (DHTz) molecule can be catalytically
oxidized to tetrazine at the present of @oatalyst (or enzyme), netR light, and
oxygen as terminal oxidant, producing hydrogenperoxide as a byprfétubtle a

number of photocatalyst can initiate this reaction, methylene blue (MB) is the
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cheapest. The oxidation reaction is rapid and teteszcan be generated using low
photocatalyst concentrations. In terms of mechanism, it is likely that the reaction
undergoes an electragransfer pathway while singlet oxygen is not necessary to
promde the oxidation reactiotf. These studies complemenbge of Devaraj who has
shown that electrochemistry can be used to control the redox poise of tetrazines on

electrode surfaces

2.5 Chemistry of Dihydrotetrazine Prodrug Activation

Encouraged by the success of applying this new chemistry in material science,
we sought to develop a NdRiggered DHTz prodrug activation reaction, which has a
potential application in antiboegirected enzyme (or photocatalyst) prodrug therapy

platform (Figure 2.5).

(NIR imaging )
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tumor I IEIIR

photocatalyst

Figure 2.5: Antibody-photocatalyst pretargeting and drug delivery

My design of DHTz prodrug activation is that with the DHTz prodrug, at the

present of a photocatalyst, NIR light and oxygen, create a tetrazine intermediate,
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which has a tethered drug vinyl ether functional group. The vinyl group can undergo
an intramoleculabiels-Alder reaction, followed by an elimination reaction to locally

liberate the cytotoxic drug molecule (Figure 2.6).
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Figure 2.6: The key cascade reaction of drug release

2.5.1 Dihydrotetrazine Design

The stability of DHTz prodrug towards background oxidat®arucial in
prodrug development. Severe background oxidation will result in uncontrollable and
nonselective drug release, eventually leading to off target drug delivery. Therefore, the
type of functional group on dihydrotetrazine ring is significantihaacing the
stability of DHTz against back ground oxidation. Our general experience is an
dihydrotetrazine molecule substituted with electro withdrawing group has decent
stability towards oxygen (Scheme 2.4). However, despite the superior stability of
dimethyl 1,4dihydro-1,2,4,5tetrazine3,6-dicarboxylate towards background
oxidation, this molecule shows poor stability in aqueous, as it rapidly degraded,
forming a 1,3,4oxadiazole ring. Another limitation of dimethyl icgdhydro-1,2,4,5

tetrazine3,6-dicarboxylate is that there is no general synthetic method for preparing or



further functionalizing this type of molecule, which | will discuss in the next chapter.

Therefore, we choose the dipyridyl DHTz/Tz pair to start design the DHTz prodrug.

X
CO,Me NF ji Rz
Stabilty N > o> LW > HEZ:EH
CO,Me N7 | 1/1 E
X R,=Aryl R,=alkyl
" - hd g

Tetrazine has poor stability towards
water and other nucleophiles

Scheme 24: General stability of dihydrotetrazines towards oxygen

Poor stability towards O,

2.5.2 Computational results

The intramolecular Dieté\lder reaction is expected to be rapid and efficient to
ensure the cargo molecule is released in a spatially confined locale. We simplified the
prodrug molecule and MO6LA311+G(d,p) calculation of the energy barrier of the
intramolecular cycloaddition reaction were carried out by Dr. Olga Dmytrenko, as

shown in Figure 2.7.

in kcal/mol
AE: 16.1
AH: 14.9
AG: 17.9

TS calculations: M06L/6-311+G(d,p)
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Figure 2.7: Transition state calculations predict intramolecular DAdter reactio
would be fast

The calculated barriers relative to the starting dipyridyltetrazine tethered with
vinyl phe &W1r.9 kea rhoé r Elh6 4 keghmot a n dHY 1g.9 kcal mol
1. The barrier is only a little bit higher than the reaction betviees-cyclooctene and
di phenyl| & 809kaarmoh eEhB3.81 kcal mot).®*The computations
prompted us to rationally synthesize DHTz prodrug models to conduct experimental
investigations into the chemistry of tetrazine intramolecular BA&er reaction and

cargo elimination reaction.

2.5.3 DHTz prodrug model synthesis and reactivity study

In order to investigate the oxidation reaction and intramolecular-Bleksr
reaction, compoung-2 was synthesized (Scheme 2.5(Allyloxy)picolinonitrile
wasprepared via a alkylation reaction fromh@droxypicolinonitrile and allyl iodide
in 94% vyield. The allyloxyl group functionalized dipyridyl dihydrotetrazine was then

constructed via the conventional dihydrotetrazine synthetic method with 23% vyield.

_N _N

~ DMF, K,CO5 -
N OH + Ny —MmM N7 O~
] 50 °C |

= =

94%
241

‘ X
N~
N N .
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Nyt N +  HoNNHpeH,0 ——— N~ "NH
| _ | _ HN__N

N7 O\/\

X
23%
2-2

Scheme 2.5:Synthesis of DHTz prodrug modai2.



With this dihydrotetrazine prodrug model in hand, | sought to investigate the
speed of the intramolecular intramolecular Diglder reaction. Since the
dihydrotetrazine ring needs to be oxidized to tetraaimgeto get engaged to the
cycloaddition reaction, a potent chemical oxidant that can be used in organic solvent is
highly required. In 2014, Dr. Selvaraj from Fox group reported
(diacetoxyiodo)benzene served as an efficient oxidant for oxidizing dihycatet
to tetrazine® Unfortunately, using (diacetoxyiodo)benzene to oxidize the praziig
turned out to be sluggish. Therefore, a more powerful iodine (V) relgp=stMartin
periodinane was used to oxidize compo@r | performed this reaction in[ZCls,
and monitor the process by proton NMR. The overall oxidation and cycloaddition was
finished after 12 min, by which the proton NMR was taken (Figure 2.8), indicating the

intramolecular DielsAlder reaction is fast.
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