Chemical tools for bioconjugation:
Application of the thioackazide ligation

InauguralDissertation
to obtain the academic degree
Doctor rerum naturalium (Dr. rer. nat.)

submitted by
Jamsad Mannuthodikayil

at the

Universitat Feh—=
Konstanz

The faculty of Sciences
Department of Chemistry

Date of the oral Examinatio23.01.2015
1. RefereesProfessor Dr. Valentin Wittmann

2. RefereesProfessor Dr. Andreas Marx
3. RefereesProfessoDr. Helmut Colfen






Pagdll

ACKNOWLEDGEMENT

| would like to express my special appreciation and thanks to my advisor Professor Dr. Valentin
Wittmann, you have been a tremendous and caring mentor for me. |1 would like to thank you for
encouraging my research and for allowing me to express myses stithulating research project.

Your advice on both inside and outside research have been priceless. | would also like to thank
Professor Dr. Andreas Marx for being the member of my graduate school thesis committee, second
referee of my thesis and for bgi the oral examiner. | am also thankful to Prof. Dr. Martin
Scheffner for being part of my graduate school thesis committee. | would like to express the deepest
appreciation to Prof. Dr. Helmut Cdlfen for agreeing to chair the oral examination.

Forthelel p provided in the NMR experi ments, | 6 m
Anke Friemel. | am also thankful to Dr. Inigo Gotté&ehnetmann and Dr. Peter Schmitt for their
tremendous helps on therAy crystallography.

| am very thankfultomy Baeéhl or 6s students Theresa Renz and
on the projects. | would also like to thank my mitarbeiter students, Angelina Schwarz, Eugenia
Hoffmann, Patrick Horing, Nicolai Wagner, Patrick Anders Jennifer Knaus and Marco Frensch for
their marvel ous contributions to the project.
for his contributions and helps with the project.

| would like to express the deepest appreciation and gratitude to former and present members of
AG Wittmann, for their tireless efforts in fulfilling many of my everyday needs, amazing moments
in lab, and most of all for providing an excellent working atmosphere, | truly felt here home. Many
thanks goes to Daniel Wieland, for being a wonderful lab parton#&img a tremendous effort on
correcting the manuscript, having very fruitful discussions on research topics and all other helps. |
also would like to thank Dr. Meera Mohanan, Dr. Vinod Kumar, Ivan Zemskov and Oliver
Baudendistel for correcting the manuptrin a timely manner. A special thanks to Oliver
Baudendistel for writing the translation of summary. | would like to thamykbig sistersof
Konstanz, Dr. Andrea Niederwieser, Ellen Batroff and Monica Boldt for their caring, affection and
all other helg. A very special thanks to Dr. Martin Dauner for giving comfortable time, assistance
for easing my initial life in Konstanz and for all other helps thereafter. | also would like to thank
Torben Seitz and Carina Immler for a memorable outdoor and niglim lKonstanz.

| would like also to thank my badminton club members in Konstanz, Schlagertrupp, for giving
enjoyable moment in Konstanz. | also would like to thank members of Welcome Center, especially
to Johannes Dingler and Heike Kiuhmoser, for theirvelaus assistance on the language
translations and helps with local bureaucracy, they are truly angels of the university. | also like to
thank international community here in Konstanz, organizing nice events and for a fantastic time.

| would further liketo thank Prof. Dr. Heiko Mdller, Prof. Dr. Richard R. Schmidt, Dr. Alexander
Titz, Dr. Thomas Huhn and Angelika Frih for their valuable assistance, suggestions, discussions
and the directions. | am also thankful to AG Muller, AG Titz, AG Groth and memobgraduate

school chemical biology for providing a wonderful and fruitful time at here in university.



Pagelll

Finally I would like to thank my family and friends. Words cannot express how grateful | am to
my mot her, brothers and my | ate father, for al
supported me the entire way.



PagelV

| dediate this work to honor Dr. Richard Dawkins and Dr. Neil deGrasse Tyson, for their marvelous
effort on buildinghe positive public opini@towards the importance of science education



PageV

GONTENTS
ACKNOWIEAGEIMENL. ...t e e et e e e s s e e e e e e e e e e e e e e s s nnes Il
ADDIEVIATIONS ...t IX
1 INTRODUGDN. .. ..ctitttiiieeeet ettt bbbttt ettt ee e e et e e e e e e e e aaaaaaeeeeaaeaeeeas 1
1.1 General iINTTOAUCTION........couiiiiiiiiie ettt e s e 1
1.2 Protein conjugations and biorthogonal Chemistry...........cccuvveiieiiiiiienie e, 4
1.2.1 Ketonehydrazide/alkoxyaming CONJEABON...............cuveeiiiiiiiiiieee e 5
1.2.2 Azidephosphine reactions {faceles$ Staudinger ligations)............ccccvvveeiiiiiiivineenennnd 6
1.2.3 Azidealkyne reactions ([3 + 2] cycloadditiomickChemistry).......cccoovvveeeeneiiiiiiniennenn. 7
1.2.4 Strain promoted alkene/alkyntetrazine reactions (DAINV).........ccoviiiiiieieeniniiiiiineeenn. 8
1.3 Flagging the ProteiNS........ccuiiiiieeeiiii e e e e e e 10
1.4 Chemistry of thioCcarDOXYlC @CIOS........ccoiiiiiiiiiie e 13
1.5  Thioacid azide amidation/ligation (TAL).......cuueriiieiiiiiiieee e 16
151 Applications of thioacid azide Gation............c.uuueeiie i 17
2 AIM OF THE WORK ...ttt e e e e e e e e e e aea bbb s r e e e e e e e eeeeaeens 22
3  RESULTS AND DISCUSSIQIN....cceitiiiiiiiiiiei it e ettt e e eerabbias e s e e e e e e eeeeebbann s e e eaeaeeenes 25
3.1  Protecting groups for thiocarboXyIBaCIAS...........uuuweiiiiiiiiiiiiiiii s 25
3.1.1 ThIiOCArDOXYIIESESIEIS ...eiii i es 25
3.1.2 THhIiOCArDOXYIIED-ESIEIS. ... et e e e e e e anns 28
313 Safety CatCh @aPPrOaCH........oociiiiee s 38
3.2 Thioacid Azide Ligation (TAL) CREMISIIY........ccuiiiiiiee e 44
321 TAL reaction With SUIFONYI @ZIAES..........c.uveiiiiie e 44
3.2.2 Generation of naturaN-glyosidic bond using TAL Chemistry..........ccccvvvveeeiiininnnnn. 61
3.3 TAL chemistry in presence of free sulfhydryl Maiety..........cccccevreiiiiiiiiiie e 68
331 Influence of bases 0N TAREMISIIY.........ooiiiiiiii e 69

332 Further study of lissamine azide reduction in the presence of hydrogen sulfide.....81

4 SUMMARY AND OUTLOQIK ...ttt ettt sttt e e e e e e e e e eeebtbba e e e aaaaeeeenes 85
4.1 YU 10101 Y S PP PTPUPTTTT 85
B2 OUHIOOK. ...ttt e e et e e e e e e e e e e e e e 88

5 ZUSAMMENFASSUNG UND AUSBLICK......coiiiiiiii et Q0

6 EXPERIMENTAL SECTION.. ..ottt e st s e e e e e e e e aabeann e e e e eeaes 92
6.1 General METNOUS. .......coii e 92

ST = 1) 1[0 OSSO P 92



PageVl

6.2.1 N Y Y o T=Tox ({0 1=To{ o o )Y PP P PP P PP PPPT 92
6.2.2 MaASS SPECIIOMEIIY.. ...ttt ettt e ettt e e e e e e e e e e ee e s e e e e e aeeeeennnees 92
6.2.3 CHN @NAIYSIS. .. .teeeiieiieiie et e e e e s s e e e e e s s nnnrreeas 92
6.2.4 Analytical and preparative high performance liquid chromatographyHREC)........... 93
6.2.5 Liquid chromatography mass spectrometryS)............cccooviiiiiiiiiiiiiiiiiiee e 93
6.2.6 Preparative medium performance liquid chromatography (MRLQ)........cccccovvvvnnnen. 93
6.3 GENETAl PrOCEAUINES ... ...ttt e e e e e et e e e s st r e e e e e e e s nbbaeeeaeas 93
6.3.1 GPOL1: DCC COUPING....ttetiieeiiiiiiiiiee ettt e e e e e s s s 93
6.3.2  GP02: EDAC/DMAP(HOBL) COURLNG...........ovveveeeeeeeeeeeeeeeee e, 93
6.3.3 GPO3: HBTU/HOBE COUPIING-....tteieeeeeiiiiieie et 94
6.3.4 GPO04: TAL with electron defiCient azZideS............oovuviieiiiiiieiiiieceee e 94
6.3.5 GPO5: TAL with electron rich @zZides............eveiiiiiiiiiiiee e 94
6.3.6 GPO06: Selective trityl thioester deproteCtion...............evveeiviiiiiieeeee e 94
6.3.7 GPO7 Boc and/or'®u deproteCtiON............oiurriieeeiiireniieeeieeesitee et saae e eee e 95
6.3.8 GPO8: FMOC deproteCliON.......cceeee i et rr e e e e e e e e e e e e e e e e e e e eeas 95
6.3.9 GPO09: Boc, Bu, STrt, STmob global deprotection by using. TEA...........c...ceevnneee. 95
6.3.10 GP10: Benzyl esteMHCDZ dgoroteCtion............cooviuiiiiiieiiiiiiiiiieee e 95
6.3.11 GP11: Acetylation of @lCONQIS........ccoevviiiiiiiii a5
6.4  Synthesis Of target COMPOUNGS........cooiiiiiiiiiiiii e 96
6.4.1 Strityl 3-phenylpropanethio@te (76)..........ooiuirriiieeiiiiiiee e 96
6.4.2 3-phenylpropanethioiC BCI (77).....cuuueeieeeeeiiiiiiee e e e ee e e e e 96
6.4.3 S(2-methoxypropanr2-yl) 3phenylpropanethioate (8L)........ccccceevviivvieeieeiiiiiiiiieeenn. 97
6.44  4-dimethylpentan3-yl 3-phenylpropanoate (88%°...........ccccoviiiieeiievie e 97
6.4.5 O-ethyl 3-phenylpropanethioate (918 ...........oooiiiiii i 98
6.4.6 O-isopropy! 3phenylpropanethioate (92)........cooviiiiiiiiee i 98
6.4.7 O-(2,4dimethylpentan3-yl) 3:phenylpropanethioate (93)........ccccceviiirveeeeiiiiiiiieennn. 98
6.4.8 N', 3diphenylpropanehydrazide (96)...........cceeeiiiiiiiiiiee e 99
6.4.9 N', 3-diphenylpropanethiohydrazide (97)........evviiiiiiiiiii 99
6.4.10  3,4-diaminobenzamide (L04FC.........ccoiiiiiiee e e 100
6.4.11  FMOGASN(DDZIOE-BU (LO7)..eeeeiieeiiiiiiiiee et 100
6.4.12 FMOGVAFAIZGOE-BU (L10) .. eeeeiieiiiiiiiiie et e e 101
6.4.13  FMOCASN(dabalVatAladOt-Bu (L112).......ccueiieiiiiiiiieieeeeeiiiieiee e 102
6.4.14  Lissamine Rhodamine B derivatives (ILILS)..........cooviuririieeeiiiiiiiieeee e 102
6.4.15  DanSyl aZide (L1B7.......ccocviiieiiicie s 104



6.4.16
6.4.17
6.4.18
6.4.19
6.4.20
6.4.21
6.4.22
6.4.23
6.4.24
6.4.25
6.4.26
6.4.27
6.4.28
6.4.29
6.4.30
6.4.31
6.4.32
6.4.33
6.4.34
6.4.35
6.4.36
6.4.37
6.4.38
6.4.39
6.4.40
6.4.41
6.4.42
6.4.43
6.4.44
6.4.45
6.4.46
6.4.47
6.4.48
6.4.49

PageVll

Boc4-((2-aminoethyl)carbamoyl)benzenesulfonyl azide (pCSea) (119)................ 104
Biotin sulfonyl @zide (L21)....ceeeeiiiiiiiiiiieieeeeee e 105
Fmocpiperazyl Diotin (123).......ccccciiiiiiiiiiiiiieiireeree e e e e e e e e 106
Biotin SUlfoNYl @Zide (L124).......coeeeiiiiiiieee e 106
FMOGAIZPNEOt-BUBL (130)....ueiveeieeiieiieeie st esiessee e e e ste e e ssesseesseeneesnaenaesreenee e 107
FMOGGIYPREOE-BURZ (L31)...cccuvieeciieeeiie ettt ettt eae e eare e eeebeeesnveeeenne s 108
BOGASP(OBMOH® (139)....ciiiiiiciiie ittt ettt ettt e e eaae e s beeeeareeeres 108
BocAsp(OBRNVatPheOt-Bu (L41)......cooovieiieeeeeee e 108
BOGASP(OBRAIZPNEOE-BU (142)........eeieieeeeeeiieeee et 109
BOGASP(OBMGIYPREOI-BU (143).....iiieeieee ettt 110
BOCASP(OBRNAFOt-BU (L44) .ot 110
FMOCASP(OBNIAFOE-BU (145) i 111
BOCASP(OBMAIGOL-BU (L46)....ceieeiieeiiiiiieiieee et 112
BOGASP(OBRPREOL-BU (147)..ccci ettt 112
BOGASP(OBRTYr(Q-BUYOt-Bu (148)....ccceiiiiiiiiiee et 113
BOGASP(STIHO-BU 29 (159) ... .ottt e e e e e e e e e e e e e e e e 114
CbhZASP(STIHODN (L60).... . uuuiuiiiiiiiiiiiiriee e ere e e e e e e e e e e e e e e e e e e e e e e e e s s e e s e s sseanesaneanne 114
FMOGASP(STIENAFOE-BU (L6L1)......eeeeeieeeeiiiiiiiiee et 115
BOGASP(STIEVAFOL-BU (162).......ueeeeeeeeiiiiiiiiiiee e ettt 115
BOGASP(STIEAIGOE-BU (L163)...eeeeeeeiiiiiiiiieiee ettt 116
BOGASP(STHPIEO-BU (L164)......cco oot a e e e 116
BoGASP(STrTYr(Q-BUu}Ot-Bu (165)........cccoeeiiiiiiiii e ve e 117
BOGASP(STrEVaFPheOt-BU (L166).........uueeieieiiiiiiiiiiee ettt 118
BOGASP(STIEAIZPNEOE-BU (L67)...ciiiieiieieee ettt 118
BoGASP(STHGIFPhEOt-BU (168)......ccceiieeieeeieeiee e 119
CDZASP(SHIOBN (169).... ..ot eeeeeee et e eeeeeeer et ettt seeeee et et ee e et et et e e e eeenan 120
BoGASP(SHITYI(Q-BUYOt-BU (L70)......uuuuuiiriiiiriireiieirieeeeeeeeeeeeeeeee e e e e e e ee e e see e e e e eeeeaeean 120
BOGASP(SHNAFPNEO-BU (L71)....ueeiiiiiie et 121
TEA*NH-ASP(SHITYHOHIOH (172)...ceceeeeeeeeeeeeeeeeeeeee e er e 121
CDZASN(LISSIIBN (L73) . uuiiutieeeiteeeieeeeeeeeeeeee et et e eeeeaaaaeaaaaaeeeaeeaaeaasaaaaaaaaannnnnnnennee 122
BoGASN(LISSTYI(Q-BUYOt-BU (174)...cc e 122
BoGAsSN(pCSea)yr(Q-Bu}Ot-Bu (175).....ccoiiuiiiiiieiiiiiiiieeee e 123
BOGASN(DMTYr(Q-Bu) Ot-Bu (176).......cuevieeeieeiiiiiiieee et 124

BOGASN(bIotiN1)VaPNEO-BU (L77)..cccei it 125



PageVlll

6.4.50 BocAsn(biotin1)Tyr(Q-Bu)}Ot-Bu (not described)..........ccoociiiiiiiiiiiniiiiiieee e 126
6.4.51  BOGASN(DMOL-BU (178)...ccciiiiiiiiiiiiee ittt 126
6.4.52  BOGASN(DMVAFOE-BU (L79).....cciiiiiiiiiiiee ettt e e e 127
6.4.53  BOCGASN(LISSVAFO-BU (180).....cciiiiiiiiiiiiieie e 128
6.4.54  BOCGASN(LISSIGIY-PheOt-BU (L8L).....ciiieiiiieeeieiiiie e 129
6.4.55 BOCGASN(bIotiN2)GI¥PheOt-Bu (182)........uuviiiiiiiiiiiiiiiiee e 129
6.4.56  BOCGASN(DIOtIN2)VAFOL-BU (183)......uuveiiiieiiiiiiiiiiiee e ettt e e sireee e 130
6.4.57  FMOCASN(NEOGICIHVAFOL-BU (L184).....cciiiiiiiiiiiiiie ettt 131
6.4.58  NH-ASN(LISSTYT(OHIOH (185).......eeveieieeeeereseeeeieeeeeseeseeeeesseesese s 132
6.4.59  TFANHASN(DMAIZOH (186).........veieeeeeeeeeeeeeeeeeeeeeeeeeeesese s sene s 133
6.4.60 TFANBKTYr(OHAlIaAsSN(DMSer(OHNaFOH (188)......cc.uvvviiieeiiiiiiiiiiee e 134
6.4.61 2-acetamide2-deoxyi -D-glucopyranosyl azidé® (190).........ccccccveeveeiieiieeireecieenenn 134
6.4.62 2-acetamide3,4,6tri-O-benzyt2-deoxyi -D-glucopyranosyl azidé (191).................. 135
6.4.63 2-acetamide3,4,6tri-O-acetyt2-deoxy -D-glucopyranosyl azid& (192)................... 135
6.4.64  N-acetylglucosaming -phenylpropanamide (193).........ccoviuierriiiiieinnieee e 136
6.4.65 Phenylpropanamid@SICNAC(OAE)L94)......uuiiii e 136
6.4.66  Phenylpropanamid@SICNAC(OBBYL95).......cciiiiiiiiiieeiiiiiieeie et e e siireeee e 137
6.4.67 BOCGASN(GICNAC(OBIHOL-BU (196).......euviiiieeiiiiiiiiieiee e 138
6.4.68 BOGASN(GICNAC(OARIO-BUS (197).ecuiiiiiieieeeiie ettt siee et sree et snee s 138
6.4.69 BOCGASN(GICNAEYAFOE-BU (198).....ciiiiiiiiiiiiiii et 139
6.4.70  BOGASHVAFPNEOE-BU (199)...ccii ittt ettt e et ee e e e e e anes 140
6.4.71  FMOGCYS(SHDMEM® (207)...ccueeirieiiiecieeitie ettt ettt e 140
6.4.72  Lissamine rhodamine Bdulfonnamide (209)..........cooeviiiiiiiiiieiniiiiiieeeee e 141
6.4.73  Oxidation products of thioacid CBsp(SHDBN (21R12).......cccccvvveiieeeeiiiiiieeeeeeene 141
6.5  X-RaAy CryStallography..........cueeiiieei it 143
6.6  Influence of bases in TACchemistry (Table 7 eXperiments).........cccoccvveeeeeeiiiiiiieeenenn. 143
6.7  Influence of bases in TAL(TAL) chemistry (Table 8 experiments)............cccccceeevvuvenen. 147
N = o =t o = N[ PR 150
B AP P END I X e e e e et a et e arnr s 160

8.1  SeleCted SPECIIUML ...t e e e e e e e e e e e e e ee s 160



PagelX

ABBREVIATIONS

Ac acetyl

Ac20 acetic anhydride

Ala alanine

Asi aspartimide

Asn asparagine

Asp aspartic acid

Bn benzyl

Boc tert-butyloxycarbonyl

Cbz benzyloxycarbonyl

CDCls deuterated chloroform

CHsCN/MeCN acetonitrile

Cys cysteine

Daba 3,4-diaminobenzamide

DABCO 1,4-diazabicyclo[2.2.2]octane

DBU 1,8-diazabicycle[5.4.0}undec7-en

DBN 1,5-Diazabicyclo[4.3.0]nofb-en

DCC dicyclohexylcarbodiimide

DCM dichloromethane

DIPEA N-ethyldiisopropylamine

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DMSO dimethylsulfoxide

DMSO-d6 hexadeuterodimethyl sulfoxide

Dn dansyl

D0 Deuterium oxide

DTBP 2,6-Di-t-butylpyridine

EA elemental analysis

EDC/EDAC N-(3-dimethylaminopropybNéethylcarbodiimide hydrochiade

Equiv equivalent

ESFMS electrospray ionizatiomass spectrometry

Et ethyl

EtOAC ethyl acetate

EtOH ethanol

Fmoc 9-fluorneylmethoxycarbonyl

GIcNACc N-Acetylglucosamine

Gly glycine

HATU N, N, NétjanidjO-(1H-benzotriazoll-yl)uronium
hexafluorophosphate,

HOBLt 1-hydroxybenzotriazole



HPLC
LC-MS
Liss

m/z
Me
MeOH
MeOH-d4
Mpe
NMR
pCSea
PEG
PG/pg
Ph

pH
Phe
ppm
RT/rt

SPPS
t

t

TAL
tert-Bu
TFA
THF
TIS
TLC
Tmob
TMS
TMU
Trt
Tyr
uv
Val
w.r.t

high-performancdiquid-chromatography
liquid chromatographynass spectrometry
lissamine

molarity

mass to charge ratio

methyt

methanol

tetradeuteromethanol

3-Methyl-pentyl

nuclear magnetic resonanggectroscopy
Boc-4-((2-aminoethyl)carbamoyl)benzenesulfonyl
poly(ethylene glycol)

protecting group

phenyl

potentia hydrogenii (pH value)
phenylalanine

parts per million

room temperature

singlet

solid phase peptide synthesis

time

triplet

thioacid-azide ligation

tertiary butyl

triflu oroacetic acid

tetrahydrofuran

triisopropylsilane

thin layer chromotagrophy
S2,4,6trimethoxybenzyl
tetramethylsilane
1,1,3,3tetramethylurea

trityl

tyrosine

ultraviolet

valine

with respect to

benzyloxycarbonyl (Cbz)

PageX



1 INTRODUCTION

1.1 GENERAL INTRODUCTION

It is indisputable that the research interests in both biology and medicine had a quantum leap after
the arrival of thegenomicsn 1970.Interestingly the worgeenomas believed to be used by Hans

Winkler first, much long ago in 1920. He used the wgedomein the context of haploid
chromosome sétHowever, the worgenomicsvas coined first by Dr. Thomas H. Roderick, much

later in 1986, aa catchword for a yeto-be-published journal, which is now known @gnomics.

As we know menamet hree fteerrsmtiio t he compl ethiem,genet i
which includes both the genes and the-noding sequences of the deoxyribonucleic acid (DNA)

as well as the ribonucleic acid (RNA).

The so gealime das Begua with the development of Max@itbert and Sangér

methodfor sequencing the DNAShort time later, wavithessed big boom in the field ajenomics

that started with the whol e sxdm@e7followgdbpf t he
numerous sequencing projects of eukaryotic, archaeal and prokaryotic genomes, including the
humarf genome which was made available in 2003.

Proteome
>1,000,000 protiens

COMPLEXITY OF
HUMAN PROTEOME

................. Transcriptome
.................................................. >100’000 distinct transcripts
Genome .
~20,000 genes Alternative promoters

Alternative (differential) splicing Co and postiransiational

RNA editing NN modifications
N AN AN N
AN AN
/) NN />
...................................... N\
..................... NN

Figurel. Representation of proteome complexity: The human genome comprises approximately 20000
genes, however the proteome is estimated to encompass over a million proteins.
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In spite of that, the genome sequenailogs nodirectly defne the complex architecture or the

function of an organism, but it merely represents a starting point to it. Figure 1 represents how the
human genome builds an enormamsount of distinct proteins from just around 20000 genes that

it possesass The challenge is to unearth how the coexpression of thousagdsees can best be
examinedunder biological conditions, and how these patterns of expression define an organism.
The expression of genes can be analyzed by the study of proteins presegtlior a tissue. To

define the proteiibased gene expression analysis, the concept and thépier@omewas coined

by Wilkins, etal.” (1995). They defined proteomeas @it he entire protein c
byagenome or by a c el |I’Today thédtgrnprateomicssostribetes nof nly t .

the systematic cataloguing, separation and study of all of the proteins produced in an organism, but
also to thestudy of how proteins change their structure, interact with other proteins, and ultimately,

give rise to disease or health in an organism. It is fascinating to note that, although there is only a
single unique genome of an organism, the proteome of thanimm can change under different
conditions and can be dissimilar even in different tissues of that organism. In 2001, when the
Human Genome Project (HGP) completed the first maps of the human genome, Vicki Brower, a
freelance science writer, wrote in aniicle thati No s ooner was the human ¢
we found our sgéedrvemidivhent @@t bposame of & he game

Proteinscan exhibit a range of biochemical properties that are crucially dependent on the precise
spatial structure of the folded polypeptides. This erratic complexity of the proteome niedeks it

to study the structures, functions and regulations of proteins in general. Low abundance proteins
often are of utmost importance, however, it remains difficult to detect, identify and characterize
numerous proteins at their natural cellular conceptiat Very often it can be found that the
concentration of those proteins are as much as 8 orders of magnitude lower than those of high
abundance proteins present in the same sahiiksimilar to the RNA or DNA, we procured no
methods analogous pmlymerase chain reactigRCR) for amplifying the proteins, therefore, the
amount of protein present in a provided sample is the amount eirptbat must be analyzed.
Additionally, in contrast to RNA or DNA, the proteins do not inherently possess well defined high
affinity or selectivity binding partners to capitalize higfinoughput methods such as microarray
techniques. This makes it diffitulaboriousandexpensiveo devise a specific capture reagent for
each protein of interest.

Researchers are currentBlyingon two types of methodologies to observe the gene expression on

a large scaléThe first one is a nucleic acid based methodology in which a probe (a DNA sequence
distinctive for that gene) that binds to its qdementary mRNA sequence is exploited. However,
MRNA measurements cannot substitute protein measurements, as proteins are regulated in a variety
of ways (not all involve change in mRNA level) such as {p@stslational modifications,
degradation and traralonal regulationA favorable alternative is the proteiased technology,

which analyzes the expression of genes by the study of proteins present in a cell/tissue. Some of
the important and relevant methods for the studgrofeomicsnclude affinity diromatography,
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high-performance liquid chromatographliiiPLC), massspectrometry sodium dodecyl sulfate
polyacrylamide gel electrophore$8DSPAGE) and twadimensional gel electrophoresis, and all
of these methods often are coupled with a variety of chemical tools.

To facilitate protein detection or purification, the proteomic research often requires molecular
labels that are covalently attachedtie protein of interest. While multiple types of labels are
available, such as biotin, reporter enzymes, fluorophores and radioactive isotopes, their
applications are varied according to specific demanus traditional protein labeling strategy, for
exanple the cysteinenaleimide conjugation, lacks its applicability for target and-sitecific
protein conjugationsThe most commonly used genetic method, fusing the green fluorescent
protein (GFP) in to the target, carries an extra 238 amino acids atsldebection sensitivity due

to gloomy fluorescence and phdtteaching of the GFP. A relatively new tool recently emerged,
which is based on novel and sgpecific chemistry by using modified or unnatural amino acids in
combination with chemoselectiveai@ions. Though precise chemical modification of proteins is a
daunting challengethis requires not only chemoselective reactions but reactions, which perform
efficiently in buffered agueous media at or near room temperature.



Paged

1.2 PROTEIN CONJUGATIONS AND BIO-ORTHOGONAL CHEMISTRY

As the genetic toslalonecannotprovide all the answers to define an organism or understand its
biomolecular dynamics and functiorsgientiss are keen on developing new tools that can go
beyond genetic tools. As a result, we have unearthed methods for labeling biomolecules
specifically and selectively in their native habitats. Reactions that can be carried out under
physiological conditions wiout interference of the biological matrix were termed as
bioorthogonal This has then greatly improved our perception of biomolecular functions and
properties. This led to the emergence of the so chltebnjugation chemistrywhich represers

the straggies to form a stable covalent linkage between two molecules, of which, at least one must
be a biomolecule. Profourstudiesin bioconjugation chemistry offered techniques for mild and
site-specific derivatization not only for proteins, but also for othiemolecules such as DNA,

RNA, and carbohydrates. On top, its applicability enormously helped researchers to confront the
practical challenges faced in the field of ligand discovery, disease diagnosis as well-as high
throughput screeninty: 1*13

Excellent selectivity andpecificity in the protein conjugations, which is essential in the covalent
approach, typically has been achieved in a-$t&p manner. In the first step, a unique reporter
functionality is incorporated into a targeted biomolecule by using either geaeémical or
metabolic pathway manipulations. When the reporter is incorporated, an external chemical probe
can be reacted to it in a selective and a specific manner (Figtiré’2).
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Figure2. A representation of chemoselective labeling of biomolecules
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It is fair to say that the development of bioorthogonal reactions is extremely challenging. Not many
bioorthogonal reactions are known to the date that permit covalent bond formations between the
bioorthogonal reporter of the proteins and the simallecuk probe of interest, in a satisfactory
manner. Success of these bioorthogonal reactions requsieésctive covalent reaction between an
incorporated chemical functionality and the reactive probe under biological condiisnghe

probe must not involy in any cross reactions with the functional groups occurring in biological
systems. In addition, the reactants must be kinetically, metabolically and thermodynamically stable
until the demanded reaction is completBdsides, any of the reagents or thaegated products
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shouldpreferablybe nontoxicto living systems? tIn spite of these challenges, researchers were
able to come across a number of chemoselective reactions that show good biocompatibility and
selectivity n different contexts? 11 12

The reporter moiety placed in thedat protein can be varied according to specific demands and
its influences on the system. Howegmilar to reporter moiety for proteins, there are several
chemical functionalities known to possess the demanded qualities for biocompatible and selective
reactions. The most commonly used protein tagging approaches include chemical reporters such as
azidest® 15 1eketones,” 18 alkenes’®?? and alkyne¥ 21 23 These chemical reporters can be
selectively modified with the moleculef interest bearing functionalities such as alkyftes,
phosphines? hydrazines? tetraines® 2°22 or azide$® 23 (Table ). A variety of chemical
reactions were used to react these reporter functiesliith the probes. Among thesell-

known reactions such as ketemgdrazide/alkoxyamine condensatiththe (raceless) Staudinger
ligation of azides and phosphideg® [3+2] cycloadditions ofizides and alkyné$® and Diels

Alder cycloadditions with inverse electron demand reactions of alkene/alkyrteteamine®* =3

(DAInv) are includedAs there are excellereviews® 2available on the topic of the bioorthogonal
reactions, including a very recent one from Lang and €ton)y a very brief description about

the bioorthogonal chemistriy includedin thisthesis

1.2.1 Ketonehydrazide/alkoxyamine condensation

Ketones and aldehydes can react with hydrazide and alkoxyamine tthydrazoneandoxime
linkages respectively (Table 1, entry 1). They are one of the first functionalities to be explored as
bioorthogonal chemical reporters. Aldehydes can react withtifunadities in proteins, whereas
ketones are less reactive towards the functional groups found in proteins. Uncomplicated synthetic
accessibility to ketone derivatives and their small allmws a relatively easy incorporation into
proteins. Using expandegenetic codes, ketones can be incorporated in the form of unnatural
amino acids, to exploit the ketdrieydrazide/alkoxyamine reaction, via both residpecific® and
site-specific¢* manner.

The reaction requires an acidic pH (4.0 to 6.5), which is difficult to obtain inside calbsar
compartments, therefore this reaction is normally suited only for in vitro or cell surface I&Beling.

In addition, the reaction very often requires high concentration (millimolar rasfgepeling

reagentsis it possess sldfkinetics. The secondrder rate constants of the reaction normally lies

in the range of 1071 103 M'? 135 3" The use of high concentration of reagents can lead to
background reactivity and toxicity in the case of livd reaging. To overcome these unfavorable

acidic conditions and slow kinetics, the use of aniline was exploited as a nucleophilic éatalyst.
However this reacti on '?2chsmicallreaction,ia$ ii candbe used orflybni or e
certain environments and under specific, often nonphysiological (acidic) conditions.
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1.2.2 Azidephosphine reactionstfaceless Staudinger ligations)

Unlike ketones or aldehydes, azides are truly orthogonal to the majority of biological
functionalities®® In additiontheir smalle size and kinetic stability under physiological conditions
make them good candidates for the incorporation into biomolecules, especially into fftetains
biosynthetic pathways.

Tablel. Bioorthogonal reactions used for selective protein modifications.

Entry |chemical reporter probe ligation product the reaction
o o O R
1 R)LR" HZN,NXR, - NH Ketone-Hydrazide Reactions
H |
R)\ R"
o]
2 MeO R-N
R' H R Azide-Phosphine Reactions
PhoP PhoP (Staudinger Ligations)
o ¢}
R o
\f R-NH HO ) ) )
3 R-Nj3 o )_R ¥ j@ Azide-Phosphine Reactions
]@ o Ph,P ("traceless" Staudinger Ligations)
Ph,P
n=N Azide-Alkyne Reactions
=—R,, Cu(l) \ R' 1de-AlKyi {
4 R/Nf (I3 + 2] Cycloadditions)
y N=N . )
7 N Strain promoted Alkene-Azide
5 TR R’ A Reactions
R (I3 + 2] Cycloadditions)
Nspy
6 R— Ng=R' R{\/Ill\ ' Alkyne-Azide Reactions
R (I3 + 2] Cycloadditions)
N ) .
R— Y Strain promoted Alkene-Azide
7 rRe N;=R N Reactions
R' ([3 + 2] Cycloadditions)
.R' .R' R
sl X I 1 - -
NN Z>NH SN Strain promoted Alkene/Alkyne-Tetrazine
8 N__N Re 1l _n Rz ‘ _N Reactions
R he (Inverse-Electron-Demand Diels-Alder
X X X Cycloadditions)

The reaction between azide and phosphine reduces azide to primary amines, which is known as the
Staudinger reductioff. This reaction proceeds through formation of an intermediate called
phosphazide that subsequently eliminates molecular nitrogen to yield-ghdeza he azaylide
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is unstable and can hydrolyze to yield a primary amine and a phosphine oxideagndeus
conditions*? The azaylide hydigzes quickly and breaks the covalent bond between the reactants,
therefore the reaction is not a bioconjugation reaction. However, Saxon and Bertozzi showed that
an appropriately located electrophilic trap, such as an ester moiety, within the strudiuee of
phosphane, would direct the nucleophilic capturing of theyhda to a new intramolecular
cyclization pathway® 42 That ultimately results in a stable covalent linkage between the two
reactants before the competing hydrolysis takes place, unlike the Staudinger reduction. This
modified Staudinger reaction is now known as Staudinger lig&tioegause it can covalently link

two molecules together (Table 1, entry 2). Shortly after, a new variant of this reaction was
descri bed, referred to as ndtr ace-inkesl prodSctisudi ng
freed from the phosphine oxide moiety (Table 1, entry 3). Til tate there are a number of
modifications brought into this phosphane reagent to improve the quality of the reaction.

One of the main disadvantages about the Staudinger ligations in general is that it proceeds with
slow reaction kinetics (a secowndderrate constant is around '$M'* s'1),%2 thatdemandshigh
concentration of reagent which eventually leads to higher background signals. Other drawbacks to
note are that the azides can be reduced by endogenous thiols or other redDgidat®n
sensitivity of phosphines requirdee use of lygh concentratiof the reagent, howeverx@essof

the reagenleads to potentid crossreactivity of phosphinevith disulfides.

1.2.3 Azidealkyne reactions ([3 + 2] cycloadditiotliggkchemistry)

Alkynes can react with azides in a dipolar [3 + 2]cycloaddition and yield a stable triazole
linkage, however, the reaction requires high temperatures and pressures to get a reasonable
conversiort” 44 Concurrently and independently in 2002, the groups of V. V. HkiB.
Sharples€ andM. Meldal,?® discovered that the reaction between terminal alkynes and azides can
be catllyzed by copper(l) salts and that the reaction can be performed at room temperature (Table
1, entry 4&6). In addition the coppeatalys accelerates the reaction aroundt ®rders of
magnitude faster than the uncatalyzed reactionssaudral orders of agnitudefaster than the
Staudinger ligatiod® %> This coper catalyzed azide alkyne reaction is now dubbelak
reaction as it is one of the most popular reactions inGhek-Chemistryconcept Thetermwas
originally coined byH. C. Kolb, M. G. Finn and K. B. Sharplessfore in20014¢

The main limitation of the click chemistry is its reliance on the toxic copper(l) catalyist.
limitation wasoverame by the group of C.R. Bertozzi, by introdagiring strain into the alkyne
(Table 1, entry 5&7), ands now dubbed asstrainpromoted alkynezide cycloaddition
(SPAACY? 310One of the drawbacks is the requirement of strained cyclooctyne derivatives, which
can be achieved via chemical syntheisi®ftenobtainedonly in verylow yields. On top of that,

even with the most reactive cyclooctyne derivatives, the rate constant of SPAAC is only around
0.1-1 M'1 s which is just only 23 magnitude better than typical Staudinger ligatfdr&: 4/
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1.2.4 Strain promoted alkene/alkyretrazine reactions (DAinv).

Alkenes, especiallgtrained alkenes can rapidly react with tetrazines to form covalent linkages,
which isbasically a form of a [4+2] Dieldlder cycloaddition. In a classic Dielslder reaction,

an electrorrich diene reacts with an electrpoor dienophile. However in a DieMdder reaction

with inverse electron demand, an electrm dienophilereacts wih an electrospoordiene such

as a tetrazine (Table 1, entry®8)The first step of the reaction between alkenes and tetrazines
involves the formation of a bridged bicyclic intermediate, which thedergoes aetro-Diels-

Alder reaction by losing molecular nitrogen to form adifsydropyridazine product. This product
can isomerize into the Xdiydropyridazine in protic solvents. The dihydropyridazine can be
oxidized to pyridazine with oxidants such @emental oxygen or amyl nitrite.

It was demonstrated th&tans-cyclooctene shows the fastest reaction kinetics among the strain
promoted alkenes with a range of tetrazinesb®§ridyl-s-tetrazine reacts wittians-cyclooctene

with an extraordinaryate constant of £010* M'! s'1. Thoughmost of the tetrazines are not stable

in water, the 3,6-diaryl-s-tetrazines were identified as suitable watble derivatives?®
Tetrazinebased DAInv has been used to modify and image proteins inhato in bacteria and

in mammalian cell$® 21 48As the DAInv is very specific and rapid, the reaction drew a lot of
attention recently. One of the drawback of DAinv chemistry is the comparatively large size of the
reactive functionalitiestianscyclooctene and 3dbaryl-s-tetrazines) and lowyielding synthetic
accessibility. The reaction of relatively less complex norbornene and a monoaryl tegiaese,

rate constant of around 2'#s' !, considerably slower than the reaction betweanscyclooctene

and 3,6Diaryl-s-tetrazines, however it is still better than most st@imoted click reactiorf§: 4°
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Figure3. Structure of unnatural amino acids bearing a bioorthogonal functional group as residues which can be both site arspezsiitadly be
reincorporated in tgroteins using the biosynthetic machinéty.



PagelO

1.3 FLAGGING THE PROTEINS

Intending to exploit the bioorthogonal chemiss¢rin favor of the proteomics, methodologies were
developed to address the s#gecific incorporation of designer (unnatural) amino acids into both
peptides and proteins (Figure 3). The incorporation of unnatural amino acids bearing such novel
functionalgroups into the proteins of interest are achieved by using methodologies such as amber
termination codon suppression mutagen&si¥) > expressed protein ligatiod,tagging via
substrate® and chemical methodologies comprising sqiithse peptide synthe¥i{SPPS) and

native chemical ligatio. The chemical methodologies are very convenient to get smaller peptides
effortlessly, however synthesizing proteins, often is limited by low yields and technical challenges.
Shortly after the arrival of the concept of the expanded genetic codtmesiticed by Schult2 %°

and his competitors, incorporating unnatural amino acids into probsicgne much more
attractive!® 1% 5’To date there are ov&00 unnatural amino acids that can be incorporated into
proteins by using the cellular biosynthetic machinery (Figure 3 shows some of the incorporated
amino acids bearing biorthogonal functionalities)

It is interesting to note that there are two distinct wWaysvhichthe unnatural amino acids can be
incorporated into proteins, the resigsgecific incorporation via selective pressure incorporation
and the sitespecific incorporation via expanded genetic cddes® > The sitespecific
incorporation of amino acids is advantageous because it provides not only the opportunity for single
molecule tracking, but also allows the thdimensional and sequential control ottes proteins,

unlike the residuspedfic incorporation The bioorthogonal group introduced during the protein
translation and the chemoselective conjugation can provide new insights into protein structure,
function and activity in cells.

Notably, almost all of the bioorthogonal reporter dtionalities in the incorporated unnatural
amino acids are bearing ngolar functional moieties (Figure 3). The reason is that the available
bioorthogonal reactions applied in protein chemistry require nonpolar reporter functionalities
mostly. Some of thtee norpolar reporter functionalities are very large (eg: strained alkenes and
alkynes) that there might be a considerable perturbation by the nonpolar reporter to the protein if
they are not in the appropriate position to minimize it. Therefore the twadésg of the three
dimensional structure of the protein is required for identifying a suitable replacement site for the
hydrophobic reporter amino acid. Majority of the estimated protein structures are still
undiscovered, which results in an immense rfeed class of hydrophilic reporter functionalities

for bioorthogonal reactions.

Considering the shape and aqueous solubility of proteins, they can be broadly classified into three
groups, the fibrous proteins, the globular proteins and the membraeegr@lobular proteins

are one of the major, and on top, an important class of proteins influencing several functions of an
organism, unlike the other classes of proteins which mostly have structural fed@s/olvement

of globular proteins in transportation, catalysis, and regulation processes, makes it very interesting
to study them in their natural environment. The globular proteins, as implied from the name, are
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more or less spherical shape in nature, Wwhscinfluenced by the interaction between its polar
surface amino acids and surrounding aqueous medium. Albumin is a good example of a globular
protein and a structure of bovine serum albumin is shown in Figure 4. Globular proteins are in
general, solublén aqueous solution due to their distribution of amino acids. The hydrophobic
amino acids are arranged predominantly in the core and the hydrophilic ones at the outer sphere.
This arrangemenivherethe hydrophobic amino acids are more likely to be buiedlobular

proteins than the hydrophilic amino acids. In addition, these buried amino acids have no or
minimum accessibility to the surrounding media which makes them hard to modify with any
reporter functionality possessedthy buried residues.

Structures of bovine serum albumin (BSA)

Space-filling model Wireframe representation

Figure4. Space fill and wireframe structural representation of albumin (BSA).

Estimated valué8 of the tendency of individual amino acids to be buried in the interior of a protein
are represented in Chart 1. The values given are based on the structures of nine proteuats, in wh
a total of around 2000 individual residuesre studied (observed 587 of them were buri¥d).
Values indicate how often each amino acid was found buried, relative to the total number of
residues of this amino acid found in the proteByscomparinghe values it can be presumed that

the polarcharged amino acids are less often found buried inside the proteinshéhpalar
uncharged, but the ngeolar amino acids are found to be buried heavily in the interior of a protein.
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Buried-unburied pattern of amino acids in folded proteins
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Chartl. Pattern of buried and unburieanino acid found in proteirtS.

The chang of a few atoms in one amino acid can sometimes disrupt the structure of the whole
molecule so severely, that the protein function can be®loss. a matter of fact, most of the
currently used bioorthogonal reactions are based on reporter functionalities thatpodanoand

very often the introduced residues are very large in size. If such an unnatural amino acid is
incorporated into the protein sade, there is a high chance that it can disrupt the three dimensional
structure of the protein and therefore eventually alters its functions. To minimize the possibility of
protein perturbation that can be caused bypalar designer amino acids on thetein surface,

it would be beneficial to investigate new classes of bioorthogonal reactions where we can use polar
functionalities as reporter moieties. Modifying polar amino acid residues often found on the surface
of proteins with polar reporter functialities would have a great value.
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Bearing that in mind we have sought of using a much overlooked but interesting functional group
which resembles carboxylic acids, the thiocarboxylic acid. Thiocarboxylic acids are very rarely
found in nature andlelieved to be unreactivgith native functonalities of proteins themselves
under physiological conditions. Besides that, the side chains of aspartate and glutamate residues
could be easily replaced by a thiocarboxylic acid without losing the residues core polar charged
character. As the thiocarbgic acid structurally differs from the carboxylic acid only by a
replacement of an oxygen by a sulfur atom there is only a minimal distress to a protein structure.
If an amidegroup(e.g.asparagine and glutamineyuld be replaced by a thioacid functibtyain
protiens, whichwould bestructurallyjust a difference of NEto SH(S). While comparingthe
proposed thioacidlerived aminoacidsvith other known bioorthogonal functionalitiekerived
amino acidsKigure 6, isarguablymuch less complexn addition, the thioacid is a very polar and
charged group, therefore, it has a higher probability to stay on the surface of protein and be
accessible to surrounding medium and reagents. However it is required to find a unique reaction

where the thiocaxxylic acid reacts chemoselectively with the probe molecules without affecting
other biological functional groups.

1.4 CHEMISTRY OF THIOCARB OXYLIC ACIDS

Sulfur in the form of thiols plays a significant role in biology. Oxidation of two thiols into a
disulfide isone of themost distinctive property of sulfur, and these disulfidesare very ubiquitous

in nature. However, during the biosynthesis thiamin, thioquinolobactirand cysteine, the
invol vement of thioacids a% %Thethioacidifudctiohalitdie nor s
not as ubiquitous as thigroup found in proteinand they cannot bevenfound in afraction of

other native protein functionalitie$herefore choosing them as bioorthogonal reporter moiety is
viableoptionin proteinconjugationsHowever from the chemical perspective, thioacids are usually
ignored as a class of compounds having a uargue reactivity.
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Schemé. Different chemical methods for synthesizing thioacids.

Different methods for preparing thiocarboxylic acids have been described in literature (Scheme 1).
Synthesisof thioacids was typically achieved by activating a carboxylic acid to an active ester
followed by nucleophilic displacement with.8f% or some other hydrosulfide equivalents such as
sodium sulfid& (NaS). Thioacids can be generated from cqroesling thiocarboxylic esters by
means of acidolysis or piperidine treatment. These thioesters could be syntleasihefiom

active esters that were reacted with thi6i8®* Reacti on of <carboxy%ic aci
reagent yields thioacids as wel |l . The main
epimerization of the amino acids, which can occur during the direct transformation ofytiarbo

acids to the thioacid¥.In the case of the thiolysis of activated esters witB br NaHS, the side
reaction can become very intense and results in diacyl disulfides. Instaotrthe thiolysis of
activated esters or LR treatment, acidolysis of trityl thiocarboBssters delivers thiocarboxylic

acids without a concurrent formation of diacyl disulfides and epimeris&tidwvery recent work

from Sachitanand and Hosahuéfyahowedthat a reaction with thioacetic acid and Na$hin
generate thioacids frothe corresponding carboxylic acids, too.



Table2. Reaction of thioacids with different functional groups.

Pagel5

reactive reactive
ent ent
ry functionality catalyst (temp) product ry functionality catalyst (temp) product
o o)
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The thiocarboxylic acids (RCOSH) reacts with various functional groups and can generate stable
covalent bonds, a few interestireactionsare shown in table 3. the recent years, a lot of attention

was paid to the reactions of thioacids in organic chemistry, as it allows to generate amide bonds
differently compared to conventional methodse.(carboxylic acid activation and amine
substitution). Previous reseaeshshowed that the functionalities such as amiNel),’% /1 72 73

azides {N3),% 48! aziridines®? 8 dinitrofluorobenzené* isocyanates-N=C=0)# isonitriles ¢

NI C9 pitroso (NO) derivative$’ sulfonamides -SQ:NR),%® and thiocarbamates- (
OC(=S)NR) 88 could be used for generating amide bonds on the reaction with thiocarboxylic acids.
The affinity of sulfur for metals such as rutheniéhsjlver,® and coppéett 83has been exploited

for derivatizing the thioacids containing amino acids/peptide, too. In addition, reactions using a
thioacid inpresence of oxidizing agents has been described in literature for the synthésis of
acylated peptide®, glycopeptide& "2and other peptide derivativi8s® Interesting examples of
thioacidmediated synthesis of peptides and glycopeptides in the presence of the coupling additive
HOBLt has been demonstrated receftiy>Most notably is the reaction of thiocarboxylic acid with
azides which generates stable covalent (amide) bonds. Azides are found to be a bioorthogonal
functionalty, therefore, the reaction with thioacid has a huge potential for biological applications.
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1.5 THIOACID AZIDE AMIDAT ION/LIGATION (TAL)

O
O R1 Base
. NeNN R)LN/R1 + Np + 8
R SH ® © N

Scheme. The reaction of thioacid with azide

The reaction o# thioacid with an azide was originally reported in 1980. There it was described as
a side reaction of an azide, while treating it with potassium thioaéétader in 1988, Roseat

al.”* presented this reaction as a novel way to synthesize amide bonds by reacting azides with
thioacids (Scheme 2). However, the authors assumedhthaéaction was initiated by traces of

H>S contained in the thioacids, which reduces azides to amines which reacts with thidacids to
amides. However in 2003, a revised mechanism has been proposed for this reaction by &illiams
al.,” where they claimed, that the thioacid directly reacts with the aziderto an amide.

Wi | | i a msléamedtbat amines do not react with thioacids to amides, and excluded the
former asumption from Rosegt al.,regarding the azides reduced to amines and the amine reacted
with thioacids to amides.

Table3. Difference in reactivity of thioacids towards sulfonyl azides and @zidgsresence of the base
2,6-utidine.

thioacid azide templ/time/solvent product yield
a) 60°C / 15 h / CHCI3 j)\ a) 83 %
N °
N~ Ph b) 60°C / 15 h / CHCI3 R NAPh b) 80 %

X
R” “SH

0 a) 25°C / 15 min / MeOH j’\ o. 0 a) 98 %
Ns/s\ph b) 25°C / 15 min / MeOH R ”/ “Ph b) 96 %

R = a) Phenyl, b) Methyl.

Williams and coworkers have shown that with this methodology, amide linkages can be generated
without the use of protecting grougsd in aqueous solutidAHowever, they observed as well, an
extreme reactivity difference between electrmi and electroseficient azides. The electron
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deficient azideseacted significantly faster (Table 3). In addition, the reaction with the electron
rich azide required elevated temperatures@b0C) and the reaction last up te32ays. Later In
2006, they published a detailed mechanistic investigation on both Ta&tioas, which is shown

in Scheme 32 In that article they proposed that in the primarily step of the reaction the pathway
of the electrofrich azides differs from the pathway of the electdeficient azides.
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EDG = electron donating group, EWG = electron withdrawing group

Scheme. The poposed mechanism of TAL

Highly electronpoor azides favorably react with the thioacid tautomer of thiocarbo®dds
(Scheme 3A). In the first gp of the reaction, thioacid and azide forms a nitresgéfur bond,
resulting in a linear intermediate. In a separate step, formation of the nitradeon bond and
protonation results in the thiatriazoline intermediate. A subsequeni3a®dcycloaddtion ends

up in the required amide product by the elimination of nitrous sulfide. However, the elecitron
azides (Scheme 3B) favor to react with the-pogferred thioacid tautomer, thiocarboxyleacid.
During the reaction, the nitrogesulfur and nrogerrcarbon connectivity of the thiatriazoline
intermediate is formed in a single step by aragoelerated [3+2] cycloaddition. Subsequent
protonation and loss of nitrous sulfide via refBa-2] cycloaddition yields the amide product. A
further comprehesive mechanistic investigation on TAL was carried out by Yunling Gao in 2010,
where he discussed the effect of bases and solvents on the reaction mecHanisms.

1.5.1 Applications of thioacid azide ligation

Amides play a vital role in a large number of natural products, pharmaceuticals and bioconjugates.
In contrast to classical synthesis, where an activated ester react with amines, TAL has shown a
novel way to achieve amide bonds. Not surprisingly, therenaey research groupsho have
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been utilizing this reaction for their advantd§e® 8 % %illiams and coworkers themselves

have show that TAL can be efficiently used for acylation of anomeric sugars aZidégy used
thiobenzoic acid and thioacetic acid to benzoylate or acetylateethd-azido groupof glucose
derivatives (Table 4, entry-2). The reaction performed in good yields with fully unprotected
glucose derivatives, even. They also described that the reaction can be performed in a variety of
solvents from nopolar chloroform to polar water.

TAL with electron rich azides requires vigorous reaction conditions and longer reaction times
compared to electron deficient azides, even though electron rich azides are capable of generating
organic amide bonds. In the same year, 2003, Fazio and¥\wng siownthata variant of the

TAL can becatalyzed by the addition of a transition metal catalyst, Rultley described a
conversion of relatively electremch azides to corresponding acetamides at room temperature and
with shorter reaction time compared to Willii:
works well with several azido sugar derivasu@oth protected and unprotected), however, they
exclusively used thioacetic acid for the acylation and no other thioacid reagents (Table 4, entry 3).

Table4. Acylation of anomeric-azido glucoside derivatives using TAL cheynist®!

entry thioacid sugar azide temp / time / solvent catalyst product yield
0
N 0 OBn a)60°C /36 h/CHCI3 . R_q oBn a)64%
1 3 . 2,6-lutidine HN—~
BnO OBnOBn b) 60°C / 36 h / CHCI3 BnM\/OB b) 97 %
oBn~ "
0]
) o N WCH a) 60°C/3Bh/HO RJ{ on 8%
a
A Mo SFOH  b) 60°C/36h/H,0 3 Hﬂmw b) 80%
OH
0]

OH R4

N3~ \ O o RuCly/ HN OH .

3 H%_(;/OH b) 25°C/18h/MeOH % Hm\/OH b) 91%
OH

R = a) Phenyl, b) Methyl.

In the following year Schmidital.>* used TAL chemistry in a novel way to genergglycosides
andSneoglycopeptidesS-glycosides were obtained by reacting glycosylthiomethyl azides with a
C-terminal thioacid modified amino acids and pepid&neoglycopeptides were obtained by
reacting glycosylthiomethyl azides with amino acids and peptide derivatives containing thioacid
derivatized aspartates and glutamates at their side chain (Scheme 4). They reported that all of the
reagions worked witha good yield, Bhough, there is no discussion about potential side reactions

of thioacids at peptide side chains, such as the possibility of aspartimide and glutarimide formation.
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- . OAc H
N
&/ 3 BOCHN OMe 76% BocHN \:)J\OMS
o) /ﬁ o /ﬁ
62 63

a) 2,6-lutidine, CHCl3, 65-70°C, 10-12 h.

61

Schemet. Synthesis of-§lycoside¥

In 2005 Liskamp etl.”® used the fast reacting version of TAL to obtain a tripeptide mimic
containing a sulfonamidé C-terminal thioacid deviatized peptidevas reactewith aC-terminal
sulfonyl azide derivatized amino acid (Scheme 5). They described that the resgtcmmpleted
within 15 minutes and resulted in a quantitative yield of the product tripeptide mimic.

Ph 2,6-lutidine \/
DMF, rt, 15 min O
N
Cbz—HNj\/ \N HS NHBoc Cbz-HN NHBoc
. wﬁ oo wﬁ
64 65 66

Scheme. Synthesis of peptidyl sulfonamide 86.

In 2009 Liuetal.”®employed the TAL reaction into ti@&terminus of grotein by a chemoselective
amidation with anelectrepoor organi c azide carrying % biof
method for the production of recombinant proteins beari@tarminal thioacid in tB model

protein ubiquitin. Then they performe@-terminusspecific PEGylation or biotinylation of

ubiquitin by using a sulfonyl azideinctionalized PEG or biotin derivative. They further described

that the amidation of the ubiquitin thioacid with an esceEPEG or biotin sulfonyl azides &

highly specificreaction Despite the presence of a large number of free native protein functional
groups, the reaction remains effective even with larger azide compounds.
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Scheme6. Protein bearing a €@rminal thioacid modification reacts with a sulfonyl azide to derive
biophysical probes.

A vyear later, in 2010, Krishnamoorthy and Be§teyattempted to detect the protein
thiocarboxylates in the bacterial proteomes by using the TAL chemistry. Protein thiocarboxylates
cannaturally be found in bacteit cells, where they function as sulfide donors. They are involved

in the biosynthesis of thiamin, molybdopterin, thioquinolobactin, and cysteine. They used a
sulfonyl azide derivative of a lissamine dye, namely lissamine rhodamine B sulfonyl azide, to
detect a protein thiocarboxylate in tiRseudomonas stutzgsroteome, which is proposed to be
involved in the biosynthesis of the pyridine dithiocarboxylic acid siderophore. They have surveyed
several other bacteria for protein thiocarboxylates as Wty detected a strong labeling of a
small protein inS. coelicolor a weakly labeled protein 5. avermitilis and no protein
thiocarboxylates in the proteomes®f xenovoransRhodococcusp. RHAL,S. griesusandS.
erythrea They also explained that theasons for not noticing a labeling in the dedle extracts

of these organisms could be due to low reconstitution of protein thiocarboxylates in the proteome
with sulfide as the sulfur donor, or a nonexpression of thiocarboxyateng proteins undethe

growth conditions.

Liskampet al.”® showed a new TAL approach to decorate biologically active peptides at their side
chains with biophysical tags such as fluorescent probes, metal chelators, and small peptides
(Scheme 7A). They have denoted this thioacid sulfonyl azide ligation strateys asd If ioc k 6
reaction. Furthermore, they used an aminoethane sulfonyl azide derived peptide te chemo
selectively react with a thioacid derivative of interest. They claimed that all of the reactions carried
out resulted in over 80% yield. However, theyarved in the presence of free sulfhydryl moieties

that the sulfonyl azide is reduced into the corresponding amides as well. Nonettheyeasyued

that the preferred coupling was faster than the concurrent reduction when an equimolar mixture of
cysteine ad thioacetic acid was reacted to the sulf@zitie Gcheme7B).
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Schemer. A) Chemoselective modification of a peptide side chain using biophysical probes. B) Reduction
of a sulfonyl azide in presence of thioacetic acid and cysteine.

Previously in our group (in 2007), Katja Rohfffef’ worked on the concept of using thioacid
sulfonyl azide ligation on the amino acid side chain to achieve the corresponding
neoglycoconjugates. She could show that the thioacid and sulfonyl azide ligation can be efficiently
used for conjugating sulfonyl azide modified carbohydrates to amino acid dersvathieh

contain aspartate and glutamate thioacids. She described that the reactions performed with
excellent yields in less than 15 minutes of reaction time.
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2 AIM OF THE WORK

I n the past couple of decades, hceenitsatirny ol iagnadt i
promoted reactions are drawing incredible attention in bioconjugation chemistry. Remarkably,
there are more and more methodologies emerging to fill the limitations left by its predecessors, and

to improve the quality of the chemicala&ions under given physiological or crude conditions.

The main focus of bioorthogonal reactions lies on protein conjugation under physiological
conditions. Besides, the functional traits of the proteins must be preserved throughout the
methodology, espaily for studying their biological significance. Therefore, the methodology
applied for protein tracking or purification must not cause large perturbation to the three
dimensional structure of the protein, as this could adversely affect further invessgéatnlike

widely used unnatural functionalities for chemoselective reactions, which mostly rely-polaon
residues, the thioacilowever is a polar and charged functional group. Therefore, a thiocarboxylic
acid (COSH) functionality can replace theherent protein surface moieties such as carboxylic
acids (COOH) or an amidesCONH,) without contributing much distress to the protein structure.

There are many reactions from thioacids reported, but its reaction with azide to amide is one of the
most interesting one. We denoted the reaction as thioacid azide ligation (TAL), which was
originally®® reported more than 30 years ago. The TAL got much attention since Wiliams
reinvestigated its reaction mechanism in the year 2003. Thereafter, there have been many
researchers using this reaction because of its good chemoselectivity in different contexts, including
comparativelysmall peptides to larger proteiffs’® 8In year 2004 Schmidt al,** applied TAL

for obtaining Sneoglycopeptides by reacting glycosylthiomethyl azides to small peptide
derivatives containing aspartate and glutamate thioacitiseir side chain. However, up tur
knowledge, no one else attempted to use the TAL for derivatizing peptides/proteins by using the
polar thiocarboxylic functionality in the side chain of the peptides/proteins.

H
HsJJ\ R—NJJ\g
SH § OH O _ SH OH O
HNw H : Y RNs FHANw H S /
3 3 \O_ TAL 3 2\ 3 \o-
07 “NH, NH 07 “NH, j‘\"'
HN” “NH, HN” “NH,

R = biophysical probes, peptides, saccharides, etc.

Scheme. Proposed TAL reaction on peptides/proteins

Seeing that the thioacid functionality can be suitable for chemoselective reactions in peptides and
proteins, we sought to establish the TAL for proteins in a novel way dinting the thioacid
functionality in amino acid side chain residues. However, it would be hard to study the potential
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side reactions of TAL in large proteins, and on top of that, it would be very resourceful and
complicated to introduce the thioacid fulcility in the side chain of a certain amino acid of
proteins. Therefore, we started with the idea of establishing the TAL initially on amino acids and
¥-aspartyl residues of smaller peptides.

Katja Rohmer, a former colleague, started the conceming thioacid sulfonyl azide ligation on

the amino acid side chain to achieve corresponding neoglycoconjfgt&he showed that the
thioacid/sulfonyl azide ligation can be used efficiently for the conjugation of sulfonyl azide
modified carbohydrates to amiraxid derivatives containing aspartate and glutamate thioacids.
The reactions she described performed with excellent yields and below 15 minutes of reaction time
at RT.

0
0 R
. _ ~ S-PG
S—PG peptide synthesis ’\Q,H deprotection
— P ~COO-R
FmocHN” “COOH N 8 j
o s
o 0
R R —Q
3
p gi ——COO-R ; gi ——COO-R
Hl}l (,) 5 Base R—NH o} S\R

O = biophysical probes, linkers, saccharides, etc.
R = protecting group or H

Schemé. Proposed strategy for peptide derivatization using TAL chemistry.

Part of this dissertation is meant to improve the aforesaid TAL concept by transfering the reaction
into peptides. Therefore, it is required to incorporate the thioacid functionathyg foeptide side
chain, preferably suitable fahe standard Fmobased solid phase peptide synthesis (SPPS).
Derivatization of the peptide side chain with thioacid functionality is much more difficult compared
to the C-terminal peptides or derivatizatimf a single amino acid. As shown in Scheme 9, we
furnished a plan for incorporating thioacids into the peptide side chaim anbdsequent TAL
reactiondo achieve peptide conjugates of inter@stis can be divided into three main objectives:

1 Developmentf protecting group$or thiocarboxylic acidsuitable fofFmoc based

SPPS.
1 Generation of thiocarboxylic acids in the peptide side chains from its precursors.
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1 TAL reaction of peptide thioacids with different azides and the assessment of
potential side reactions.

However, protecting groups for thiocarboxylic acids are not a well investigated area and there are
no protecting groups available at present that sangéable for standard Fmdmased SPPS.
Therefore, one of the objectives is to realize the concept of a protecting group for the thioacids,
suitable fory -aspartate residues of peptides. In addition, it is required to understand all the relevant
parameteraecessarfor efficient TAL in peptide side chains. Furthermore, potential side reactions

of TAL that can be caused by native protein functionalities shall be unearthed. If there are any side
reactions observed, they will be characterized in order tiafsolution to minimize them.
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3 RESULTSAND DISCUSSION

3.1 PROTECTING GROUPS FOR THIOCARBOXYLIC S-ACIDS

Fmoc based SPPS (solid phase peptide synthesis) is a widely accepted chemical methodology to
obtain comparatively larger peptides. Aspartic acid, as mesttidrefore, is a quite abundant
residue in proteins or peptides and plays an important role in their biophysical properties. However,
it is tricky to chemically synthesize or manipulate peptides containing aspartyl residues, because
of their infamous interm| ecul ar si de r eact i JO%Protedinggrdupssap ar t i I
the ¥y -aspartate carboxyl site play an important role in controlling the kinetics of the aspartimide
formation. Therefore theert-butyl group is a widely accepted protecting group as it minimizes the
aspartimide formation. The steric hindrance of the-butyl moiety can effectively block
nucleophilic attack at the carboxyl carbon of tha@spartyl side chain, moreover, ttet-butyl

group can easily be cleaved into the corresponding carboxylic acid under acidic treatment
(acidolysis).

As previously mentionedhiocarboxylic acids are indeed structurally and chemically similar to
carboxylic acids, so the most of their chemical reactivity is comparable, too. However protecting
groups for thiocarboxylic acids are not a well investigated area and virtuallyighergrotecting

group available that is compatible for Fmoc/Boc based SPPS. To realize larger peptides bearing
thiocarboxylic acids at certain-aspartyl residues, it is essential to investigate the applicability and
stability of different protecting gras (including those available for simple carboxylic acids),
especially towards piperidine treatment and its efficacy to convert/deprotect back to the
thiocarboxylic acid.

3.1.1 ThiocarboxyliSesters

o o 0 o~
- Ak W
R™ 'S R™ 'S
~0 o~
70 71 72
tert-butyl Mpe Tmob

Figure6. Protecting thiocarboxylic acids with tdatityl, 3Methylpentyl (Mpe) and 2,4;&imethoxybenzyl
(Tmob) groups.

Several previous investigatidis®® 2 *have shown that the thiocarboxyBeesters can be used
as a precursor for the synthesisthe thiocarboxylic acids. It only takes a single si@pthe
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synthesis of thiocarboxylig-esters from the corresponding carboxylic acids, and the acidolysis of
the thioesters could efficiently generate the thioacids. Inspired from this basic concept, we sought
to use the thiocarboxylig-esters noierelyas precursors, balsoas a solid practing groups for

the ¥-aspartate thiocarboxylic acid in peptides. One of our colleagues, Odin Keiper, started to
investigate the possibility of using thiocarboxyliesters as the protecting groups for SPPS as part
of his graduation work® While screening several potential protecting group candidates, he
observed that the most of the thioaic S-esters are prone to nucleophilic attacks and
concurrent aspartimide formations. However, sterically much hinderteautyl 70and 3Methyl-
pentyl 71 (Mpe) were fairly capable of protecting the thioesters from both nucleophilic attack and
aspartmide formation (Figure 6). Conversely, he found that these sterically hintetedkyl

groups 70&71 makes the (CO}& bond very strong and could not eadily cleavd to the
corresponding thioacid using the acidic treatment (acidolysis). Interestingly, his work on 2,4,6
trimethoxybenzyl72 (Tmob) - a sterically less hindered protecting group (Figure 6) provided a
comparable nucleophilic stability to the Mpe aad-butyl protecting groups. On top of that, it is
easy to deprotect Tmob thioest@&back to thiocarboxylic acid using a simple acidolysis (60 %
TFA treatment). However, he observed the Tmob protection is not well suited for peptide side
chains as it fairly des not prevent the aspartimide formation.

0
o o J
R A j’v

73 74
R = alkyl

Figure7. Representation of potential protecting groups

ThiocarboxylicS-esters as protecting groups still are a prospective idea, in the case if the acidic
liability at the (CO)SC bond for deprotection could be achieved by utilizing the advantages of the
sterically hinderedri-alkyl class of protecting groupgert-butyl or Mpe as examples. With this
intention in mind, a replacement of an alkyl residue fromtthalkyl moiety by an electron
donating group (+M effect) is worth to be investigated. Anticipatiagthe moieties such as alkyl
ethers73andi OAc 74 may be capble of weakening the stability of the (F%C bond we sought

to investigate the compatibility of ther@ethoxypropan&3 and 2acetoxypropan&4 moiety as
protecting groups in a test system (Figure 7). Derivativespifedylpropanethioi&-acid®t 77

was opted as the test system, since it is simple and easily traceable under UV (Scheme 10).
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3.1.1.1 Synthesis of thiocarboxy8iesters

o) DCC, DMAP, O

oy + TrsH DCM,6h. -
61%
75 76
10% TFA/DCM, O
TIS, 5 min. . SH
92%
77

Schemd 0. Synthesis @-phenylpropanethioic-gcid**

Chemical synthesis of theghenylpropanethioi&acid 77 was achieved from the commercially
available 3phenylpropanoic acid5 by a twastep procedure. Ithe first step theStrityl 3-
phenylpropanethioafté6 was synthesized by thiotritylating tf&, by using a standard DCE,(\-
dicyclohexylcarbodiimide) coupling procedure with a reasonable yield. The purified thidéster

was then converted 7 in 92 % yield by using mild@&dolysis with a solution of 10% TFA in
DCM (Scheme 10).

A)
i ko
DCM
77+ J\ B
(@)
reverS|bIe
78
B)
. )J\ _DCM, 1h. k
+
o~ quant
80

Schemell. Synthesis of-A3-phenylpropanoyl)thio)propag-yl acetate and $2-methoxypropar2-yl) 3
phenylpropanethioate
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Afterwards, the synthesis of(£3-phenylpropanoyl)thio)propagyl acetater9was carried out by
reacting progl-en2-yl acetate78 with 77 (Scheme 11A). We observed that the reaction was
reversible. Beside that the prodi@ was found to be very unstadsit hydrolyze back to the
thiocarboxylic acid77 even under very mild acidic conditions. However, it points to the fact that
OAc group make the (CO)}S bond very labile, but it was too labile that it could not even be
purified for further investigatias.

As nextstep we synthesize&-(2-methoxypropas2-yl) 3-phenylpropanethioat8l from 77 by
reacting it with 2Zmethoxypropl-ene80(Scheme 11B). Interestingly, this reaction was irreversible
and gave quantitative yield of product compared to the acetate derivativarthermore, the-2
methoxypropan&-thioester protection observed to be quite base stable, as it withstood an aqueous
1 M NaOH work up. However,-thethoxypropané&-thioester protection was observed to be very
labile towards acidic medium, as the compoB8advas cleaved back to thiocarboxylic agidon

silica or even in solvents like chloroform. In spite of this, it shthasthe electron donating effect

of the ether and in contrast to the electwathdrawing effect of the acyl moiety increases the
stability of the corresponding protecting group towards acidolysis. Even though we succeeded to
synthesize and purify-thetloxypropane protected thioackil, the protecting group was too
reactive to put more efforts in to further investigations.

Introducing even less electron withdrawing groups like methylsulfane instdaehoéthoxy group
might solve the problem of acidinstability, which might yield more acid stable derivatives. As
another approachve continued with the mostly overlooked thiocarboxyiesters as potential
thioacid protecting groups.

3.1.2 Thiocarboxyli©-esters

(CO)S-C bond known to (CO)O-C bond (CS)O-C bond might
be less prone to acidolysis known to be easy to be easy to acidolysis as
acidolysis!! well??
1 1 1
o) R O R ) S R
2 2
>

82 "good leaving group" 83 "comparatively bad 84 "comparatively bad

-less stable towards leaving group" leaving group"
nucleophilic attack- -stable towards -less stable towards
nucleophilic attack- nucleophilic attack-
Thiocarboxylic S-ester Carboxylic ester Thiocarboxylic O-ester

Figure8. representation of the structure of carboxylic esters and thiocarboxyliecO@&s.



Page29

Seeing that carboxylic acids are successfully protected in peptide chemistry as carboxylic esters
83, similarly the thiocarboxylicO&S-esters ould be a capable protection strategy for
thiocarboxylic acids. H®andtheaforesaid dfforts fram nysela d u a t
by using the thiocarboxyli§-esters82 as protecting groups proved that the thiocarboxylesters

are complicated due to their reactivity. The thiolate attaspartate residue is very prone to both

inter- and intramolecular nucleophilic attack. In addition, the strong (&Oh8nd is more difficult

to be cleaved under acidic conditions compared to the (8D)ond in the corresponding
carboxylic esters (Figur@).

The elevated nucleophilic instability of thiocarboxyBesters compared to the carboxylic esters
could be explained by considering the fact that an alkylsulfane} iRSweaker base or a better
leaving group than an alkoxide (ROTherefore itwould be worth to investigate the nucleophilic
stability of the thiocarboxylidO-esters as it replaces the thiolates to alkoxides which has the
potential to influence its nucleophilic stability. In addition, we expect that the strength of the
(CS)OC bondof thiocarboxylicO-esters would be comparable to the (C&)®ond of carboxylic
esters so that, the deprotection of thiocarboxylieesters to thiocarboxylic acid would not be a
major problem.

Investigating the concept of thiocarboxyleesters as pretting groups for thioacids were carried
out together with Theresa Renz as part of her bachelor tfesis.

3.1.2.1 Synthesis of thiocarboxyli@&ers

O/
_S
o s ye
J Rt o I RY WR= R
R o R o~ P~
S
85 86
_0O

Scheméd 2. Thionation of ester using Lawesson reagent.

Thionation-conversion of a carbonyl group into a thiocarbemgla widely used method for the
preparation of organosulfur molecules. Thionation of carboxylic e8tete thiocarboxylic O-
esters86 required vigorous reaction conditions, which was generally carried out using either
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PsSidHMDO'®0or Lawessoné&4 nrdeeargearnte (tloR)Juene refl ux.
reagent as it is a widely used reagent, which gives generally yiettls and is comparatively easy
to handle compared ta®HMDO.

In aspartic acid, it is difficult to selectively incorporate thiocarbox@iesters at ther-aspartate
carboxyl position, as it carries a second carboxyl functional grogpbeByl propimic acid75
bears just one carboxylic acid. So, we decided to synthesize derivativea®h model system.
We opt to study the nucleophilic stability of the thiocarbox@@sters via HPLC and LCMS
analysis as it allows to monitor the progress of #geetion over time. The UV detectable moiety
is advantageous, because it easilybe tracked and quantified in the HPLC and LCMS.

To synthesize a thiocarboxyli®-ester by using the LR, a prior synthesis of corresponding
carboxylic esters required Therefore, various types of the carboxylieesters, such as ethy 3
phenylpropanoate 90, isopropyl 3phenylpropanocat®® 87, 2,4dimethylpentasB-yl 3-
phenylpropanoat&® 88 andtert-butyl 3-phenylpropanoat4 were chosen, as they cover a broad

set of steric hindrance features. These derivatives allow to understand how the steric hindrance of
the thiocarboxylidO-esters could affect its reactivity and the stability. The carboxylic esters such
as the ethyl est®0andtert-butyl este®4were commercially available. The synthesis of isopropyl
3-phenylpropanoat87 and 2,4dimethylpentarB-yl 3-phenylpropanoat88 were carried out by
reacting the $henylpropanoic acid with isopropanol and-8imethylpentarB-ol respectively

using the standard DGOMAP coupling procedure (Scheme 13).

DCC, DMAP, O
75 OH DCM, 6 h. OJ\
+ -
)\ 7%
87
DCC, DMAP,

OH _DCM.6h.
75+
86%

Scheme 13. Synthesis of isopropyl -@henylpropanoaté®® and 2,4dimethylpentanr3-yl 3
phenylpropanoas!®®

In addition, a thioarboxylic S-ester Sisopropyl 3phenylpropanethioat®’ 89, was synthesized to
compare its relative nucleophilic stability with corresponding thiocarbox@iesters and

carboxylic esters. The synthesis was achieved by coupingd 2propanethiol with the coupling
reagents DCEOMAP, which resulted in the reqeid producB9with a yield of 77% (Scheme 14).
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Schemed 4. Synthesis of-Bopropyl 3phenylpropanethioat®”

Employing the standard LR thionation procedure, carboxylic egér88, 90& 94) were reacted

with LR under toluene reflux (Scheme 15). Thionation was successful for obt@ratigyl 3
phenylpropanethioat®® 91, O-isopropyl 3phenylpropanethioat®2 and O-(2,4-dimethylpentan

3-yl) 3-phenylpropanethioat®@3 as pure compounds. However, the thionation otéhiebutyl 3-
phenylpropanoat®4 with LR under the refluxing toluene, showed disappearance of the starting
material and the appearance of plethora of the UV absorbing spots in TLC, none of which was
presemnin major amount. A thorough literature research revealed that these observationstwere
made for the first time. It has been reported before that the thionatiert-btityl esters with the
LR or P,S1¢HMDO? leads to decomposition. Unfortunately, there were no other synthetic
procedures available to convér to 95, moreover, there wawo published procedure to achieve
tert-butyl thiocarboxylicO-esters in general. Hower later, Singh etal. ! published a
transesterification methodology for synthesizied-butyl thiocarboxylicO-esters.
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Schemd5. Thionation of esters.

At the time of the investigation, there was no reported procedures for synthdsizibgtyl
thioesters, therefore, we sought to use an unconventional appooachi¢ve it. The idea was to
introduce less sterically hindered safety catch on carboxyl group, then thionate the carbonyl group,
followed by activating the safety catch and substituting it watikbutanolate. Therefore, one of

the widely used safety th, phenyl hydraziné? was chosen for the experiment. Introduction of
phenyl hydrazine into carboxylic acid is uncomplicated, and it can be easitatad by mild
oxidation and substitute into ester withnucleophilic attack*® In addition, it has been reported

that the phenyl hydrazine chemistry can be used to synthesizertthatyl carboxylic esters by
nucleophilic substitutiuons:*

The first step of the strategy was to synthesize a hydrazide from the corresponding caabiukylic
Afterwards, the hydrazide will be converted to the thiohydrazide by using the LR. Subsequently,
this phenyl hydrazine can be activated to phenyldiazen by using Cu(ll) or NBS, and then substitute
with tert-butoxide totert-butyl thiocarboxylicO-estes.
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Schemél 6. Synthesis of N8iphenylpropanethiohydrazide

Accordingly, a derivative of the phenyl propionic adid3-diphenylpropanethiohydrazi®s, was
chosen as the model system. The synthesi8darhich started from the-Bhenyl propionic acid

75 by reacting it with phenyl hydrazine by using the standard DCC coupling procedure (Scheme
16). The resulting hydrazid@ was then thionated with LR der toluene reflux and resulted in
guantitative yield 0B7 (Scheme 16).

A) S Cu(OAc),, Py, s

¥ {BUOH. J<
NTPh 0

97 95

B)

9] Cu(OAc),, Py, e)
¥ {BUOH. J<
N~ “Ph (@]
H 73%

96 94

Schemd?. Insitu generation of acyl diazene and the substitution

Subsequently, we went on to activate the compd&ihand try to substitute the hydrazide to the
ester withtert-butoxide. Accordingly, we performed-situ activation and substitution &7 by
reactingtert-butanol with a solution of copper acetate and pyridine (Scheme 17A). However, we
observed no convesi of 97 to the requiredO-(tert-butyl) 3-phenylpropanethioat®5. The
reaction TLC showed that the starting material was unreacted and no additional spots were
observable and no product found in LCMS. To afftratwe did not make any mistake with the
hydrazine activation procedure, we used exactly the same procedure to cbh@ert
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diphenylpropanehydrazid86 to tert-butyl 3-phenylpropanoat®4. The in-situ activation and
substitution 0f96 resulted in a good yield of est®4 (Scheme 17B). Afterwards, we abandoned
further attempts to synthesize tieet-butyl O-thioesters and focused on screening the nucleophilic
stability of other synthesize@-thioester91-93.

3.1.2.2 Screening the piperidine stability of thiocarboxyist&s

O O
©/\)}\ R 20% piperidine ©/\)l\
99

87-89, 90, 94
S S
©/\)}\ R 20% piperidine ©/\)l\
91-93 100
X=0,S

Schemel8. Reaction of piperidine with carboxylic esters and thioesters.

Subsequently, the stability against nucleophilic attack by piperidine of the synthedizieésters

91-93 were investigated. The objective was to analyze how stable the thiocarli®egiers are

in a mixture of 20% piperidine in DMF, which represents the standard Fmoc cleaving conditions
for SPPS. The strategy was to analyze the reaction through HPLG;Kirygpand integrating the
chromatogram (UV) peaks of the target compound of the reaction mixture every hour for several
hours. The integrated area of chromatogram peak corresponding to the thiocaestics was
plotted against the time. Therefore méat the 0 h chromatogram peak area as the reference with
hundred percent, plotted the relative consumption of the peak over time. If the compounds were
stable, theravill not be any reduction in the percentage of peak area or at least it will be very
minimal. If the compound is unstable the peak of the thiocarbox@dester will gradually
disappear over time and will generate new peaks. The amount of the nucleophilic instability of the
investigated compounds can easily be compared from the plotted graphs.
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STABILITY TOWARDS 20% PIPERIDINE TREATMENT

Carboxylic ester (90) thiocarboxylic O-ester (91)
100
o0 A)I\
Ph o
80
70

60

PERCENTAGE

50
40
30

20

10 Ph/\)I\S/\
TIME [H]

Graphl. Piperidine stability of ethylBhenylpropanoate and-@thyl 3phenylpropanethioate.

First of all, we screened and compared the piperidine stability of the least sterically hindered
carboxylic ester ethyl-phenylpropanoat®0 and the corresponding thiocarboxylzester91.
Therefore, we monitored both reactions for 6 hours via HPLC aadtiied the consumption of

the starting material based on the corresponding chromatogram. The results showedQhat the
ethyl 3phenylpropanethioat® 91 is more prone to nucleophilic attack (reacted irgh&nyk1-
(piperidin-1-yl)propanel-thione*® 100 within 1 hour) towards piperidine treatment compared to
the analogous esterghenylpropanoate (Graph 1). The results were contrary to our anticipations,
that theO-thioester might be more stable than the carboxylic ester.
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STABILITY TOWARDS 20% PIPERIDINE TREATMENT

thiocaboxylic O-esters (93) caboxylic esters (88)
120

e}
100 Ph /\)—I\ Oj;/

80

S
0 Ph/\/ILo\/Iir

40

PERCENTAGE

20

TIME [H]

Graph 2. Piperidine stability of @@,4dimethylpentan3-yl) 3phenylpropanethioate93 and 2,4
dimethylpentan3-yl 3-phenylpropanoate38.

As the next step the piperidine stability of the sterically more hindeér&tj4-dimethylpentar3-

yl) 3-phenylpropanethioat83 was compared with 2-dimethylpentar8-yl 3-phenylpropanoate

88. The results showed that the nucleophilic stability ofQkteioester could be increased with the
steric hindrance of the protecting grodphe results showed that only ~30% of thiocarbox@ic
ester93was consumed after 24 hours of 20% piperidine treatment (Graph 2). The observation was
promising, h o w' vrethiocarbGxsllicSresiess shewsrthat even with piperidine
stable protecting groups are prone to aspartimide formation (intermolecular nucleophilic
substitution in peptides. So, it was important to examine whether thiocarb@®disters are more
stable than thiocarboxyli&esters. If yes, it is possible to take them into amino acids and
subsequently to the peptides.

For that reason, we evaluated and compared the piperidine stability of the analogous thiocarboxylic
O-ester92, thiocarboxylicS-ester89 and carboxylic este87, each bearing isopropyl protection.

This protectiong group was choseue to itsmoderate stéral hindrance. Therefore it is easy to
analyze the variation in the reactivity of the analogd 89 & 92) towards the piperidine
treatment.
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STABILITY TOWARDS 20% PIPERIDINE TREATMENT
Thiocarboxylic S-esters (89) carboxylic esters (87) Thiocarboxylic O-esters (92)
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Graph3. Piperidine stability of a thiocarboxylice3ter 92), a thiocarboxyliGester 89) and a carboxylic
ester 87).

Contrary to our anticipation, we found that the thiocarbox@iester92 was much less stable
compared to the thiocarboxyli&-ester89. More than 90% of thiocarboxyli©-ester92 was
consumed within 5 hours ofigeridine treatment, while the thiocarboxyl&ester 89 was
consumed only less than 15%, however, the carboxylic 83tdid not react (Graph 3). This
unexpected result made us speculate that the carbonyl group of thiocaregsgter may be more
electophilic than thiocarboxyliG-ester or the piperidine thioamides might be thermodynamically
more stable than piperidine amides. Not surprisingly, we observed that the analogous carboxylic
ester87 was the most stable compound against piperidine treatieerte were no traces of the
corresponding piperidine ami@®*% observable. However, we concluded that the thiocarboxylic
O-ester concept is not worth for further investigation for peptides or amino acids as it shows a
much lower stability towards piperidine treatment while compared to anal&fhisesters and
carboxylic esters.

To cut the long story short, the strategyusing O-thioesters an&thioesters are complicated.
Experiments showed that the carbonyl carbons of the thiocarboxylic ester©&8ttare much

more electrophilic than corresponding carboxylic esters. That makes it hard to protect the
thiocarboxylic aal as theO-thioesters oiSthioesters. Nonetheless, we were able to show the
difference in nucleophilic stability of analogous esters by introducing sulfur into the carboxylic

group.

As a matter of fact, all of the strong nucleophiles in SPPS are baanings as the reactive group.
Those amines can react to esters and displace thiolates or alkoxides under the basic conditions.
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Therefore, it would be interesting to investigate the possibility of protecting-#spartate residue
as an amide and then camvinto thioacid later for SPPS.

3.1.3 Safety catch approach

In 1971, G. W. Kenner introduced a new strategy and a term into peptide chemistry known as the
isafety c alt’dhs stpegy alews p linkedto remain stable until it is activated for
cleavage by a chemical mo d i f isafetyt & O @ lapgpliedotave v e r
any moiety, which is cleaved by gb@ming more than one reactiomhe safetycatchshould be
unreactive to the conditions of the pursued synthetic procedures, but can be activated by a simple
chemical transformation that permits a cleavage or substitution. The-cafetylinker strategy

was especially developed for the sghidasesyntheses, howeveow it has been used for every

other synthetic chemistry. There are a number of safety catch methods that have been used, such
assulfond i nk er / Ke waich Iinkel’, ssifaldsafetygatch linket'® hydrazidé®or 3,4
diaminobenzamid&®linker as examples.

o] O

Peptide
OH sC synthesis
OH — =~ OH —— »
FmocHN FmocHN
O O
101
o) O
SC 1. Activation SH
B — e

SC = Safety Catch

Figure9. Representation of safety catch approach for the synthesis of peptide thioacid.

The approach is to use this fisafetyyaspatglho apj
residue during the polypeptide synthesis. After the complete peptide synthesis, the safety catch will

be activated and substituted by the thiolate or hyelagulfide (SH into thioesters or thioacids
respectively (Figure 5).
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3.1.3.1 Phenyl hydrazine as the safety catch

Hydrazide as the protecting group for carboxyl functionality, has been exercised since around half
a century agdl® The strategy is using aryl hydrazinegias a f e t in the geptidé+términals

(in situactivation and substitution of the safety catch) has been widedybyseumerous research
groups. There are a number of nucleophiles that can be introduced into carboxyl groups by using
hydrazine chemistri??

)O]\ H coupling j)\ H 1.Cu(lll)yNBS O
OH * HoNT Ar —— ™ R “Ar

R

N -
R H 2. RS RS

Schemd 9. Representation of hydrazine chemistry for synthesizing thioesters/thioacids.

We sought to use the phenylhydrazine as a safety catchinidkpartate residue of peptides, and
subsequently displace the corresponding hydrazides by thiolateS-thimesters (Scheme 19).
However, ithas not beerpreviously reported to use the thi@a (or hydrogen sulfide) as
nucleophiles in this approach. Therefore the compatibility of the hydrazine chemistry with the
thiolate as nucleophile, required to be tested in a simple system before taking it into complex amino
acids or peptides. We chosadas wellN',3-diphenylpropanehydrazid#6 as test system as it is
simple and has already been synthesized for the thiocarbdydister protection chemistry
(Section 3.12.1).

O O

O
H Cu(ll)/Py (NBS ~N. Trt
N u(ll)/Py (NBS) N Vpp TrSH s~
N Ph — 7
H DCM, quant.

96 ‘ 102 103

[reduction]

Scheme0. Reaction of activated N-@iphenylpropanehydrazide with thiol.

When the hydrazid®6 was activated by Cu(OAg)and pyridine, we observed quantitative
conversion (in TLC) of96 into the presumed -Bhenytl-(phenyldiazenyl)propat-one 102
Subsequant addition of trityl thiol resulted in complete consumption ofntséu generated
intermediatel02and the generation of a new major spot in TLC. Isolation of the newly generated
major spot on TLC revealed that the intermedib® was reduce in presence of thiol and
converted back to its precursil,3-diphenylpropanehydrazidgs (Scheme 20). Nonetheless, in
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LCMS the productl03 could be detected but the amount was too small for an isolation or
guantification. We did not see any differenaeshe outcome of this reaction, when we activated
hydrazine with NBS N-bromosuccinimide) instead of Cu(hgagent. Here, the thiolate behaved
as the reducing agent and thesitugenerated diazene was prone to reduction. When we attempted
to do the sustitution with NaSH/HO (SH source) instead of trityl thiol, we observed hydrolysis
product, 3phenylpropanoic acid75 as a major product with the precursady’,3-
diphenylpropanehydrazidi.

So we concluded that the thiols are too strong reducing agentisat it is not viable to displace

the reduction prone diazene with thiols. Therefore we confirmed that it is not suitable to use the
phenyl hydrazine as safety catch for the synthesis of thioesters or thioacids using thiolate or
hydrogen sulfide as nieophiles. However, if there is a safety catch strategy where one can use
thiolate for substitution, the strategy is siibrthto be investigated.

3.1.3.2 3,4diaminobenzamid&®as the safety catch

In 2008, Dawson et. %P published a stratedgr introducing thiolate into peptide terminal by using
safetycatch approach. In this approach the synthesis of the precursor peptide was carried out at the
amine group of 34liaminobenzoyl (Dbz})04 derived resin. In prior to the peptide release from
resin, the diaminobenzoyl moiety was converted into imidazolinone via a treatment with
p-nitrophenyl chloroformate. The imidazolinone is a mild activating group for carboxyl group, and
can be displaced with thiols into thioesters either in prian situ.

o Os_NH,
OH - > 0]
+ —_—
Pg—N Pg H.N N
H 2 5
O NH,

)

NH,
B — e
e —

NH
FmocHN COOH 2
104 105
Oy NH2 HN NH, R
p-nitrophenyl O%\N S
O chloroformate 0 RSH o
_ > —_— >
N @)
H —N
—-N NH, _H N T
H @) @)

. peptide thioester
peptide

Scheme21. Representation of 3RA F YAY 206 Sy T I YARS | & -aarbéx@ @dup 6flaii OK
peptide

Ay
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Therefore, we sought to use this -8jdminobenzamide safety catch chemistry to generate
thioesters at the carbonyl group of theaspartyl residue in peptides. Seeing that this chemistry
was reported to generate thiocarboxyBesters from thiold?? we intendedto attach 3,4
diaminobenzamide directly into the aspantytarboxyl group of a peptide without testing it in a
simple system (Scheme 21).

The strategy was to synthesize a simple peptide containing Asn(Dbz) residue, which can then be
converted into thearresponding peptide thioesters or thioacids. The Asn(Dbz) residue in a simple
peptide can provide information about its stability as a safety catch and the compatibility toward
peptide synthesizing procedures. Aspartyl building block, FA®YDbz)OH 105 was chosen,
because if it was compatible to these procedures, it could easily be adopted into Fmoc based SPPS
for making larger peptides.

Os_NH,
0
HBTU, HOBt, o
OH DIPEA, DCM.
+ 104 >
70% N
FmocHN™ >COOtBu H oy
FmocHN™ “COOtBu 2
106 107
Ox_NH,
60% TFA/DCM o
TIS, 30min N
H NH,

FmocHN COOH

105

Scheme&?2. Synthesis of the aspartyl building block Fren(DbzOH105

To begin with this chemistry, the synthesis of the safety catchd{@Minobenzamid&04) was
carried out. The 3;diaminobenzamide was achieved from commercially availaideniho 2-
nitrobenzamide, according to a twstep reportetd® procedure. Afterwards the synthesis of Fmoc
Asn(Dbz}OtBu 107 was carried out by coupling commercially available FrAsa(OH)-OtBu

106 with 3,4diaminobenzamide. The reaction was performed via the standard HBTU/HOBt
coupling procedure and gave a good yield of the required prd@icSubsequentiytert-butyl
deprotection of Fmeésn(Dbz)}OtBu 107was performed by using 60% TFA and thedulted in

the targeted FmeAsn(Dbz)}OH 105 This was then directly used for the subsequent step without
any chromatographic purifications (Scheme 22).
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HBTU, HOB4, H
H->N COOtBu DIPEA, DCM. N CcOOotB
+ 2N FmocHN ~ .

FmocHN” “COOH : 98% o :
108 109 110
o) i i H
20% piperidine N COOtBu
Eep— H,N 7
y min O z
111

Scheme3. Synthesis of dipeptide MMalAla-OtBulll

A simple peptide containing Asn(Dbz) was required to investigate the stability and compatibility
of the Dbz group in peptide side chain. A tripeptide FAsn(Dbz)Val-Ala-OtBu 112 was
chosen fotthat purposgas it represents the chatexistics of a peptide environment. To achieve
that, the missing dipeptide fragment NWal-Ala-OtBu 111was synthesized. The synthesis started

by coupling commercially available Fm&al-OH 108and NH-Ala-OtBu 109in the presence of
coupling reagent HBTUHOBt, which gave Fmo¥al-Ala-OtBu 110in a quantitative yield. The
Fmoc deprotection with 20% piperidine gave the required peptide fragmenValAla-OtBu

111, which was then used directly for the subsequent step without any chromatographic
purifications (Scheme 23).

H2N

HBTU HOBt

D|PEA DMF J\
FmocHN \)J\ COOtBu

105 + 111

112

Scheme4. Coupling of Fmeasn(Dbz0OH105and NH-ValAla-OtBulll

However, attaching the Fmatsn(Dbz)}OH 105in to NH-Val-Ala-OtBu 111 did not work as
expected. A number of unpredicted side reactions wbsened on TLC. The LCMS analysis
suggests that the amine groups from-daminobenzamide safety catch is papatingin both

inter- and intramolecular reactions resulting in large number of byproducts. If that happened during



Page43

peptide synthesis, using 3aminobenzamide as safety catch in the side chain of an aspartyl
residue of the peptide, the method would beompatible. Nevertheless, protecting one of the
amine groups of 3;diaminobenzamide, and using this compoasithe safety catch in the peptide
side chain could be a solution for minimizing side products.

However some of our parallel research on thevdéries of aspartic acid and aspartic thioacid in
peptides revealed that, severe amount of aspartimide formation (inter molecular reaction) can be
observed even with mildest activation at the carboxyl site of+vtkespartyl residue. This
observation hintethat it may notb&vortht o i nvesti gat e f ursafd¢tycatchon t h
appr oasd lkequires a mild activation in the end of the peptide synthesis, for converting to
thioesters or thioacids.
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3.2 THIoACID AzIDE LIGATION (TAL) CHEMISTRY

One of the major objective of this dissertation is to study the compatibility of thiocarboxylic acids
in peptide side chain. To achieve a broad view on compatibility, reactions between a range of
dissimilar azides and peptide thioacids are required. li@adve sought the reacting compounds
should be simple, so that, they can be easily tracked patenhtial side reactionsan be
characterizedBesides that, the reaction should represent a close realistic environment identical to
a protein side chain laling or conjugation. In addition, we explored the idea of generating natural
N-Glycopeptides using TAL chemistry, as it can bring the advantage of convétggnthesis.

To match all the requirements we synthesized a number of dissimilar azides and thioacids, which
aredescribed below.

3.2.1 TAL reaction with sulfonyl azides.

As mentioned in the introduction Williams &t” showed that electron deficient azides, such as
sulfonyl azides, reaatith thiocarboxylic acids much faster than electron rich azides. Likewise,
how the electron deficiency of sulfonyl azides affects TAL reactions and potential side reactions
as wellsought to investigat& herefore, for screening of the rates, the efficyeand the potentials

of TAL in peptide side chains, a series of azides that differ in their electron withdrawing character
and their diversity of moieties, were realized. At the same time, we sought to use TAL as a
methodology to introduce widely used pitysical probes such as lissamine, biotin, dansyl and
glucose moieties.

3.2.1.1 Sulfonyl azide containing labeling reagents

3.2.1.1.1 Synthesis of lissamine rhodamine-Bufonyl azide

X=Cl, O, OH

Schem&5. Synthesis dissamine rhodamine B sulfonyl azide.
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Lissamine Rhodamine B13 is a widelyknown protein labeling dye and the fluorescence
emission spectrum of its protein conjugates lies between those of tetramethylrhodamine and
TexasR e d. fis protein conjugates reiedly have decent chemical stability, phstability and

are somewhat easier to handle in geng&faih fact the synthesis of lissamine rhodamine B sulfonyl
azides were reportdd literaturg® 12>however, complete characterizations and assignments of
both of its regieisomers have ndieen published to date.

In order to synthesize and purify lissamine rhodamine B sulfonyl azides from the commercially
available mixture of the lissamine rhodamind B3, we employed different synthetic methods to
the publishe® >>procedures (Scheme 25). Azidation1dB using tetrabutylammonium azitfé

gave a mixture of both azide reggmmers with a ratio of around 1:5. Both isomers were isolated
via chromatography, from which, the position of sulfonyl azid the major isomer, lissamine
rhodamine B Ssulfonyl azidel14,was determined via crystallography (Figure 10). The remaining
minor isomer was then assumed as lissamine rhodamireuBadyl azidel15based on mass and
NMR data.

formula

fw

crystal system
space group
color of crystal
a,A

b, A

c, A

a, deg

B, deg

v, deg

cell volume, A3
zZ

R1, wR2

GOF

Ca7H29N5065,
583.68
monoclinic
P21/c

dark red
8.338(6)
17.561(14)

18.738(15)

96.65(1)

2725.11(194)
a
0.0367, 0.0929

0.981

Figurel0. ORTHOP drawing (A) and, crystal data & structure refinement (B) of lissamine rhodamine B 5
sulfonyl azidd. 14

X-ray Structure Determination: lissamine rhodamine B-&ulfonyl azidel14 was crystallized
from methanol in the form of dark red needles. A wgblhped individual was chosen foirXy data
collection and measured in single crystatay diffractometer (image plate IPDS2). ORTEP
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drawing of molecular structure, accurate unit peliameters and other experimental details are
shown inFigure D, while other crystallographic data, methods and softwseeare given in the
experimental part of thihesis

3.2.1.1.2 Synthesis of other sulfonyl azides

Dansyl azide 16 a sulfonyl azide derivative of the wddhown bluegreenfluorescent dyeansyl,

was already used in sudick (TAL) chemistry® and many othéf” *?8contexts. The synthesis of

the dansyl azidel16 from the dansyl chloride was carried out according to the repgétted
procedure. We have shown in the past that the synthesis of neoglycoamino acids can be achieved
through TAL chemistry® Analogously, sulfonyl azidenodified glycosiles, 2azidosulfonylethyl
2,3,4,6TetraO-acetytb-D-glucopyranosid® 117 could be used to react with peptide
thiocarboxylic acids for the generation of neoglycopeptides. The compeanddsulfonylethyl
2,3,4,6TetraO-acetytb-D-glucopyranosidd 17 was synthesized in our lab by Katja Rohmer as

part of her master the8isand was used here four study.

N,
N o)
o._ O
AcO 8l
D@ ¢
AcO" "OAc
SO,N; OAc
116 117

Scheme26. Chemical structures of dansyl azide andzRlosulfonylethyl 2,3,4;BetraO-acetyH -D-
glucopyranoside.

O H,N  HN—Boc O
on _EDAC, DMAP, N/\
N30,S 2% N,0,8 "M
|
3VY2 3Y2 Boc
118 119

Scheme7. Synthesis of sufonyl azide derived linker

The sulfonyl azide bearing Bgwotected diaminoethyl linkefr19was synthesized using a single
step procedure. A standard carbodiimide (EDAC) activated coupling reaction of-the 4
carboxybenzenesulfonazidel8 and N-Boc-ethylenediamine gave the required prodad
(Scheme 27). However, we observed large amount-pfdgucts (such as the hydrolysis product
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and diaminoethyl sulfonamides) assuming that sh#éonyl azides in general are prone to
nucleophilic attacks and that led to a huge drop in the yield of prddisctNonetheless, we
obtained enough material of the aziti for further experiments, therefore, wél nottry to
optimize the synthetic procedure for improving the yield.

O
1.50% TFA/DCM
. @)
30 min N HN
2. Biotin(120), HBTU/HOBt N3;0,S NH
DIPEA, DMF, 4 h O s
35% 121

Scheme8. Synthesis of sulfonyl azide derived biotin.

Ourdesire to get an affinity tag (biotin) derived sulfonyl azZi@é wassubsequentlfulfilled. The
synthesis of 121  could easily be achieved from the Ba¢(2-
aminoethyl)carbamoyl)benzenesulfonyl azidd9, via a twestep procedure(Scheme 28).
Accordingly we started with the Boc deprotection of the azitiéby using 50% TFA to get the
corresponding amine. Subsequently, without any chromatographic purification, the obtained amine
was reacted to theiotin 120 by usingstandardcoupling reagents HBTU/HOBLt. This reaction,
however, gave as well very low yield, due to the difficulties in chromatographic purification.

1-Fmoc-piperazine (122),

0 HBTU, HOBt, O _Fmoc
SN DIPEA,DMF, y~NH N
HN\C’O(\WOH . HN\@-‘(‘\%(N\)
I 86% IO
120 123
o

1. 20% v/v piperidine
in DMF. OYNH (\N)K@
4
2.118, DCC, DMAP, HN £ NJ
SO,N,
DMF/DCM(1:4). 45

12% 124

Scheme9. Alternative synthesis of biotinylated sulfonyl azide derivédiRse

To obtain pure and sufficient amounts of biotinylated sulfonyl azide for our studies, we sought to
attach the sulfonyl azide in the final step of the synthesis. Attaching sulfongliazite last step
would minimize its side reactions and that would facilitate the chromatographic purification.
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Accordingly, we sought to synthesize the sulfonyl azideiolinyl piperazined-benzamido
sulfonazidel24, which has two less NH protons compared to compdizidassuming that the
hydrogen bonds could interfere the purifications). Synthesis of the biotinylated sulfonyl 22ide
was started by coupling biotin teBoc piperazinel22 by using standard HBTAHOBt coupling
procedure and gave good yield of Frmperazinyl biotin123 Subsequently, Fmoc group of the
compound 123 was then deprotected via piperidine treatment and coupled into 4
carboxybenzenesulfonazidd 8 using standard DGOMAP coupling proceduréScheme 29).
Even though this reaction as well gave a low yield for the required procuotidyl piperazine
4-benzamido sulfonazidE24, the isolation ofi24was easily achieved via chromatography.

To sumup this section, we obtained several sulfamgides containing dissimilabut interesting
compoundsin the case of lissamine rhodamine B sulfonyl azides, we developed a new synthetic
route to achieve it. The major reggomer of the lissamine azides was characterized yviayX
crystallography andlentified as the lissamine rhodamine Buifonyl azidel14for the first time.

In addition, we have obtained the sulfonyl azide containing glycoside, the corresponding dansyl
derivative and the biotinylated compounds for studying TAL chemistry in peptide

3.2.1.2 Synthesis of aspartyl derived peptide thiocarboxglétess.

One of the interestinguestiors that we are studying is, how the TAL reaction can perform at the
carbonyl group of ther-aspartyl residue in peptides. To be able to anghetdr questionit is
required to synthesize the peptides containing thiocarboxylic acid functionalitiesyatabeartyl
residues of the peptides. In the past, our group has shown that trityl thiocarleytiers are
suitable precursors for generating thiocarbmxgkids in simple aspartic acid and glutamic acid
side chairf® In contrast to the thiolysis of activated esters witB¥lor NaHS%* acidolysis of trityl
thiocarboxylic Sesters delivers thiocarboxylic acids without concurrent formation of diacyl
disulfides®®

Therefore, we as well selected trityl thioestra precursdior the thiocarboxylic acid in peptides.

As mentioned earlier trityhiocarboxylicS-esters are easy to generate using standard carbodiimide
procedures, and can be stored for a longer period of time compared to free thiocarboxylic acids.
However, trityl thioesters are not stable enough for standard peptide coupling ysesced
Therefore the trityl thioesterification must be performed exclusively after the complete peptide
synthesis. To do a comprehensive study of TAL in peptides we synthesized a range of dipeptides
and tripeptides.
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135 Ry =iPr, Ry =0tBu 144 R4 =iPr, R, = Ot-Bu, R3 = Boc quant
136 R;=Me, R, =0t-Bu 145 R4 =iPr, R, = Ot-Bu, R3 = Fmoc 95%
137 R;{=Bn, R, =0tBu 146 R4, = Me, R, = Ot-Bu, R3 = Boc quant
138 R, = (pOH)Bn, R, = Ot-Bu 147 Ry =Bn, R, = Ot-Bu, Ry = Boc quant

148 Ry = (pOH)Bn, Ry = Ot-Bu, R3 =Boc quant

Scheme30d {8y iGKSara 27 -dsiattalieAbBrByl &dtery for theysynyhasis of peptide
thioesters.

Introducingthe trityl thiocarboxylic estersCOSTrt) at ther -aspartyl residue of a peptide, initially
required syntlsis of the corresponding carboxylic acids. Synthesis-a$partic acid containing
peptides can be achieved from selective deprotection of corresponding benzyl esters. For that
reason, the synthesis of the Asp(OBn) containing peptides were performeddyhesstandard
peptide protection (Fmoc, Bo¢Bu, OBn), coupling (HBTU/HOBt) and deprotection (20%
piperidine) chemistry (Scheme 30). Accordingly, a series of dipeptides and tripefpdddsig)

were synthesized with diverse sterical and functionggmtces.

To achieve the tripeptides derivatives, to begin with, the synthesis of dipeptidesKkri&he

Ot-Bu (129131, Xxx = Val.**° Ala'3! and GIy*?) were carried out. Therefore, the amino acids
FmocXxx-OH (125127, Xxx = Gly, Ala and Val) were reacted with MfPhe Ot-Bu 128by using
standard HBTU/HOBt coupling procedure (Scheme 30). All of the reactions gave the required
productsl29-131with good yield. In the next step, Fmoc deprotection of compei2@131was
achieved by 20% piperidine treatment, which resulted in the corresponding amines. Subsequently,
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the coupling of freshly deprotected amines with Bep(OBn)}OH 139 was achieved by using
HBTU/HOBLt procedure. All of the reactions gave the tatgpeptidesl41-143 with very good

yields (Scheme 30). Likewise, the synthesis of the dipeptides was achieved by coupling
(HBTU/HOBt as reagent) the commercially available amino aerd/dtives135-138 either with
Boc-Asp(OBn)}OH 139 or FmoecAsp(OBn}OH 140. As expected, all of them gave quantitative
yield of the required dipeptidd=14-148(Scheme 30).

OH STrt
TrtSH, DCC (EDC),
o) DMAP, DCM, rt. RS
R1_” R, R1_” R,
o] o}

Nr. Ry R, Nr. Ry R, yield
149 Boc OtBu 159 Boc Ot-Bu 91%
150 Cbz OBn 160 Cbz OBn 95%
151" Fmoc Val-Ot-Bu 161 Fmoc Val-Ot-Bu 61%
152" Boc Val-Ot-Bu 162 Boc Val-Ot-Bu 75%
153" Boc Ala-Ot-Bu 163 Boc Ala-Ot-Bu 49%
154" Boc Phe-Ot-Bu 164 Boc Phe-Ot-Bu 60%

*

155 Boc Tyr(Ot-Bu)-Ot-Bu 165 Boc Tyr(Ot-Bu)-Ot-Bu 81%

*

156 Boc Val-Phe-Ot-Bu 166 Boc Val-Phe-Ot-Bu 46%

*

157 Boc Ala-Phe-Ot-Bu 167 Boc Ala-Phe-Ot-Bu 65%
158 Boc Gly-Phe-Of-Bu 168* Boc Gly-Phe-Ot-Bu  21%

Scheme1. Preparation of amino acid and peptide derived trityl thiocarboxydist&s. * Compoundkb1-
157 were synthesized in situ by hydrogenation of the corresponding benzyl esters. # Synthesis of the
corresponding compound was achieved &40 reduce conctent aspartimide formation.

The synthesized benzyl estdrd1-148 were then selectively deprotected via hydrogenatien (5
10% PdC/H.) to get the corresponding peptide carboxylic acids atthspartate residue. All of

the hydrogenation was performed time solvent MeOH, except in the case of peptide Fmoc
Asp(OBn}Val-Ot-Bu 145where a mixture of MeOH/ethyl acetate (1:2) was used to suppress the
Fmoc cleavage. After the hydrogenation, these crude products were used directly for the
subsequent step withoahy chromatographic purifications, except in the case of the deprotection
of BocAsp(OBNn}Gly-PheOt-Bu 143 As the hydrogenation of the compouhd3 generated
aspartimides and its secondary reaction products, it was necessary to purify the mixtlwevto fol
the aspartimide formation in the next step.

Afterwards, we started to synthesize thtylated peptide thiocarboxyliGS-esters. To study how
the TAL reaction behaves when it is transferred from amino acids to peptides, a couple of aspartate
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derived anino acid trityl thiocarboxyliS-esters were synthesizad well Thiotritylation of amino
acids were achieved from the commercially available compoundsABo@®©H)-Ot-Bu 149 and
CbzAsp(OH)}OBnN 150. In the case of thiotritylation of peptides, only freshly synthesized peptide
carboxylic acids were used.

Accordingly, the syntheses of the proposed trityl thiocarbo)&iesters159-168 were achieved

by reacting the compoundb49-158 with tritylthiol by using the DCC or EDAC coupling
procedures. Almost all of the thioesterifications gave good yields of required products (Scheme
31). However, the very aspartimide prone B®p(STrt)}Gly-PheOt-Bu 168 resulted in a yield

of 21%. Even sahe obtained yield is well within the satisfactory raafiguch type of compounds.

The deficiency in the final yield in many of the cases here, were tracedvisatiCMS to the
concurrent aspartimide formations and other side reactions caused by icaid®dictivation.
Nevertheless, we managed to generate a series of peptides thiocarboxylic esters ranging from the
least aspartimide prone Aafal motif to the highly aspartimide protté Asp-Gly motif. The
synthesized tritylthioesters were stored in refrigerator and used even after years for generating
thioacids

3.2.1.3 Synthesis of aspartyl derived peptidiecarboxylic acids

A) STrt 5% viv TFA in SH
TIS, DCM, 5 min.
(@) (¢}
65%
CbzHN COOBnN CbzHN COOBnN
150 169
B) STrt SH
O H 5% viv TFA in (e} H
_ TIS, DCM, 5 min. .
BocHN NYCOOt Bu BocHN NYCOOt Bu
o) = 54% le) R
155 : Ot-Bu 170 : Otf-Bu
C)
STrt SH
Ph 5% viv TFA in

@) H 0O /[ TIS, DCM, 5 min. O H @) /[Ph
N
BocHN \)J\” COOt-Bu 48% BocHN N\;)J\N COOt-Bu
0 _~ PN

H
156 171

Scheme32. Preparation of amino acid and peptiderived thiocarboxylic acids.
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Tritylthioesters should be converted into corresponding thiocarboxylic acid before perfdmming t
TAL reactions.To investigate how the stability and efficiencyywfaspartyl thiocarboxylic acids
changes when it is a part of the peptide side chalmch indeed require the corresponding
thioacids in pure formrherefore, we generated thiocarboxylic acids, each out of an amino acid, a
dipeptide and a tripeptide tritylthioester derivative. Selective acidolysis (with 5% v/v TFA) of the
selected trityl thiocarboxyliGesters150, 155156 were carried out. As expeal, all of these
reactions were completed within 5 min (in TLC) at ambient temperature. The subsequent
chromatographic purifications (RRPLC) of the reaction mixtures gave satisfactory yields of pure
but selectively deprotected peptide thiocarboxyliclet69171(Scheme 32). As next, we tried to

get a fully unprotected peptide thiocarboxylic acid in pure form. Therefore we selected Boc
Asp(STrt}Val-Ot-Bu 155 and vigorous acidolysis conditions were performed with a solution of
60% v/v TFA. The reactiowas completed under 60 min and gave 44% vyield of thiocarboxylic
acid TFA*NHx-Asp(SH)Val-OH 172(Scheme 33).

SH
60% v/iv TFAin O H
TIS, DCM, 1 h.
5 N NYCOOH
44% TFA O 3

Scheme33. Synthesis of fully unprotected peptide thioacids.

The decrease in the yield of tritylthioester deprotections were mainly due to the poor
chromatographic purifications. Generated thiocarboxylic acids were dragged thotgRLRP
column, resulted in broad band of the compounds peak. However, we observeld asmwall
amount of aspartimide formation and hydrolysis products via LCMS. Notably, the purified
thiocarboxylic acids generated through this procedure were quite stable for a longer period of time,
without traces of the oxidation or other side products.

3.2.1.4 TAL reaction with isolated thiocarboxylic acids

As stated before, Katja Rohrfigmas fairly investigatedthe TAL reactions in amino acid
derivatives (aspartic and glutamic). However, it was required to study the compatibility of the TAL
reactions in peptides by comparing it to amino acids. Therefore, we investigaiéd theactions

in both cases, the peptide thioacids and amino thioacids, by using similar conditions. To begin with,
we performed a TAL reaction by taking two equivalents of-Bbp(SH}OBnNn 169as the thioacid
component and one equivalent of lissamine rhodaminesBIfényl azidel14 as the azide
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component. The ligation reaction was performed in the presence of equimolar concentration of 2,6
lutidine with respect to the concentration of thiocaadic acid. The reaction completed within
few minutes and the coupling produat3was isolated with an excellent yield (Scheme 34).

SN

0
N
114, 2,6-Lutidine,
MeOH:CHCl; (1:1), Q, O /,O NJ
5 min. HN/S\\O o/’S;)O a
90% o

169

CbzHN OBn

@)
173

Scheme34. TAL ligation of amino thioacidl4with lissaminahodamine B Sulfonyl azide 73,

As next, a peptide thioacid was reacted with sulfonyl azidesABp¢SH) Tyr(Ot-Bu)-Ot-Bu 170

was selected as the peptide thioacid, given that the tyrosine residue can easily be tracked by the
UV-detector in LCMS. Two equivalents of peptitié0 were taken and reacted with the selected
sulfonyl azide derivatives of lissamirdel4, 4-carboxybenzyll16 and dansyl 119 compounds.

These selected sulfonyl azides have different electron densities and it is interesting,tbdwow
thatwould influence the speed and outcome of the ligation. An equimolar concentration of 2,6
lutidine with respect to thiocarlglic acid was used for the reactions and in all other TAL
mentioned in thishesis unless otherwise specified.

We observed that the reaction of the peptid@with lissamine rhodamine B-&ulfonyl azidel14
was the fastest among all investigated, catga within just 5 minutes and resulted in a
guantitative yield of product74 (Scheme 35a). With similar reaction conditions, the peftitie
was reacted to thecarboxybenzenesulfonazide derivatihdbwith a slight drop in reaction speed
(15 min), thogh gave a quantitative yield of the required prodid&(Scheme 35b).
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17

A
0A) 114, 5 min. O\\S O 2 j)J

98% HN” \b O// (@]

H
N COOt-B
BocHN ~ u
I 174

C) |116,2.5h.
79%

119, 15 min. Ot-Bu
95%

O
NH
Q);
.S
(@]

HN™
NHBoc

o

H
N. _COOtB
BocHN ~ u

(@) _\©\ (@) :\©\
176 Ot-Bu 175 Ot-Bu

Schem&5. Comparative reactivity of different sulfonyl azides with peptide thiocarboxylic acid. a) Lissamine
rhodamine B-sulfonyl azide; b) Be&((2-aminoethyl)carbamoyl)benzenesulfonyl azide; c¢) Dansyl azide

However, the dansyl azidd 9reacted to the peptide thiocarboxylic atiDwith the slowest pace

and gave the lowest yield in comparison to the two other aZ&abgne 35c). Generation of dansyl
amide?® was observed in this reaction, implying that, in the presence of base the thiocarboxylic
acid itself can reduce the sulfonyl azide into the cpording sulfonamide. Nonetheless, the
relative yield of dansyl azide reduction to the ligation was affordable and the rate of the reduction
was much slower in comparison to concurrent TAL. In addition, the reduction products were not
observed in the casesf other fast reacting sulfonyl azides such as lissaniiiv or 4
carboxybenzen&l9derived sulfonyl azides. Notably, the TAL reaction speed of all of these three
sulfonyl azides suggests that electron deficient residue in the aromatic ring coulddomthiéute

into the reactivity of the aromatic sulfonyl azides. This investigation also drew our attention to the
lissamine rhodamine B-8ulfonyl azidel14as a potential labeling precursor in TAL chemistry, as

it reacted very fast with the thioacids im @xcellent yield.

As next the reactivity of biotinylated sulfonyl azid®21was investigated with tripeptide thioacid,
Boc-Asp(SH)}Val-PheOt-Bu 171 Here, an excess of just 1.2 equivalents of tripeptide thioacid
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171was used to react with the biotinylated sulfonyl adid& Reaction was completed within 15
min as expected and gave excellent yield of the pradiie(Scheme 36).

Q H
N/\/N (@)
O\\ H i/\
. s, :
I‘\I/I21é|i,61—Lut|f:l|ne, NGRS :
171 eOH, 15 min. 5 . Ph S\Q—NH
76% HQJ\ /[ N\NO
BocHN Y N COO+t-Bu H
I H
O _~
177

Scheme36. Reaction betweetripeptide thioacid and biotinylated sulfonyl azide

There are several published procedures in which researchers used different solvents for TAL
reactions’*7%: 8L 92. 94, 97The coupling of the thioacid and the electdeficient azide can be
smoothly carried out in a wide range of solvents, from-paliar chloroform to polar methanol,

DMF and even in watef: '® ®However, we assumed that it is still relevant to look into the
versatility and the influence of the setus, while taking this coupling into theaspartate site of

the peptides.

Therefore, the reaction between Basp(SH) Tyr(Ot-Bu)-Ot-Bu 170and lissamine azidel4was

taken as the model system. The speed and completion of the reaction, as well as potential
byproducts in chosen solvents were analyzed via LCMS. A variety of solvents were selected for
the experiments, such as DMF, DMSO, MeOH/water, MeOH/DCM and MeBH/TThe
mixtures of methanol were used becalidédis not soluble itself in those solvents. However, we
found neither hindrance of the TAL reactions nor detectable byproduct formations in the solvents
with respect to the reaction in pure methaitols worth to note that even in the case of DMSO
(solvent that is capable of oxidizing thiols), the TAL reaction could be performed smoothly. It
could be the case that the selected TAL reaction occurred really fast that all the other side reactions
were left untaceable.

3.2.1.5 TAL reaction with igitu generated thiocarboxylic acids

Seeingthatthe chromatographic purification of the thiocarboxylic acids resulting in a decrease in
isolated yields, we sought to generate the thiocarboxylic acisisu. The feasibilityof usingin-
situgenerated thiocarboxylic acid and reacting them directly to the azides could improve the overall
yield of the coupling. Therefore, initially we attempted this approach in a simple amino acid
derivative. Accordingly, CbAsp(STrtyOBn 160 was selectively deprotected using mild
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acidolysis (5% v/v TFA in DCM) and the solvent was-es@porated just with toluene.
Subsequently, this crude thiocarboxylic acid was reacted to lissamineldZidsing the TAL
procedure. The reaction was completathinm 5 min and gave an excellent 85% overall yield of
coupling productl73 (Table 5, entry 1). The comparison of the overall yields obtained from the
purified thiocarboxylic acid (59%, Scheme 32a&34) strategy tortfs#u strategy, the latter one

is evidently far better.

As next, a reaction between the slow reactive sulfonyl azide, dansyl Hidend anin-situ
generated aspartyl thioacid was studied. The trityl thioester ofABp¢STrt}Ot-Bu 159 was
selectively deprotected under mild acidolysisgsaporated with toluene and reacted with half an
equivalent of dansyl azide. The reaction took around 2 h to complete, but gave a good yield of
required producll78(Table 5, entry 2). Not surprisingly, we also observed (via LCMS) a small
amount of reduddn of the dansyl azide to the dansyl sulfonamide. Our attempts to quantify the
reduction product failed in this case, however we had a systematic look into the reduction of azides,
which will be explained in the next section of tthissis

Table5. TAL reaction of isitu generated thiocarboxylic acids with a series of azides.

O\\ _R
STrt 1. 5% viv TFA in NS
o DCM, TIS, 5min. e}
f % 2. R-SO,N3, 2,6-Lutidine, o]
N . .
N solvent, t, rt. SN %
0O H
0]
reaction product

entry thioester (Nr.) (equiv.) R-SO,-N3  (equiv.)  solvent time(t, min) Nr. yield
1 Cbz-Asp(STrt)-OBn (160) 2 Liss-N3 (114) 1 MeOH/CHCI; (1:1) 5 173  85%
2 Boc-Asp(STrt)-Ot-Bu (159) 2 Dn-N; (116) 1 MeOH/CHCI; (1:1) 120 178 75%
3 Boc-Asp(STrt)-Tyr(Ot-Bu)-Ot-Bu (165) 2  Liss-N3(114) 1 MeOH/CHCI; (1:1) 5 174 73%
4 Boc-Asp(STrt)-Tyr(Ot-Bu)-Ot-Bu (165) 1 Liss-N; (114) 2 MeOH/CHCI; (1:1) 5 174 62%
5 Boc-Asp(STrt)-Val-Ot-Bu (162) 1 Dn-N3 (116) 2 MeOH 120 179 73%
6 Boc-Asp(STrt)-Val-Ot-Bu (162) 1 Liss-N; (114) 2 MeOH/CHCI; (1:1) 5 180 73%
7 Boc-Asp(STrt)-Val-Ot-Bu (162) 1 Biotin-N3 (124) 2  DMF/CHCI; (1:1) 10 183 75%
8 Boc-Asp(STrt)-Gly-Phe-Ot-Bu (168) 1 Biotin-N3 (124) 2  DMF/CHCI; (1:1) 10 182 58%
9 Boc-Asp(STrt)-Gly-Phe-Ot-Bu (168) 1 Liss-N3 (114) 2 MeOH/CHCI; (1:1) 5 181 54%
10  Fmoc-Asp(STrt)-Val-Ot-Bu (161) 2 Gluc-N5 (117) 1 MeOH 15 184 83%

Inspired by the success of thesesitu test reactions in amino acid derivatives, the applicability of
the strategy in peptides would be highly interesting. Accordingly, the thiocarboxylic acid-was
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situ generated from BeAsp(STrt)} Tyr(Ot-Bu)-Ot-Bu 165 and reacted witi14. Two reactions
were performed in parallein the first cas¢hiocarboxylicS-esterl65was added in excess whereas

in second cassulfonyl azidel14 was addedn excesg(Table 5, entry 31). In both cases an
acceptably good overall yield of lissamine conjudatéwas obtained. However not surprisingly,
starting from an excess of thiocarboxy8ester165 gave slightly better yields compared to the
other. This can be justified by the fact that thiocarboxylic acids are generatid, and besides
they are much ore labile than sulfonyl azides. However in reality, it is obligatory that an excess
of the labeling reagents is present compared to the target peptides or proteins.

/\N/\ /\N/\
O s <l <l
s x X
eWiVs e
o BocHN ~COOtBu \\s O /é’\ N@ g
O/ // O

HN S HN” \\
o
BocHN~ “COOt-Bu AN o
. l
178 . 179 BocHN ~-COOtBu BocHN \)J\ COOt-Bu
o /\
X Nﬂw : =
NH N 0 > OAc
HN™ \\ HN
O\\/©)‘\® ¢ \{ O\\ /\/o
-8 NH Sy O ""OA
HN S HN o c
QL b 6 s
BocHN COOt-Bu o) H (0] H OAc
. N_ _COOt-B
BocHN N.-COOtBu FmocHN ~ “
o PN 0O /_\
183 184

Figurell. Ligation products

To generalize tha-situ concept, thereafter, we investigated a series of TAL reactions (Table 5,
entry 59) starting from peptides thiocarboxylic esters containing@gpl162and AspVal 168
residues. Both of the thioesters were transforimesitu into the corresponding thiocarboxylic
acids, and theit was reactedgainst two equivalents of sulfonyl azides, 116and124. The less
aspartimide prone dipeptide thiocarboxylic acid, generated fromABp¢STrt}Val-Ot-Bu 162,

was reacted to the aforesairides {14, 116& 124 all of the azides used excess to thioacid) with
different pace as expectethe reaction with dansyl azidd6was completed in 2 h as expected,
and not surprisingly dansyl amide formatiwasdetectedvith good overall yield of ta required
dansyl conjugatd79 (Table 5, entry 5). The reaction with lissamine aZidd was the quickest

(=5 min) and gave the required lissamine conjud@&@with a good overall yield (Table 5, entry
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6). The same reaction with biotinylated sulfonyldezi24took 10 min to complete and a similar
overall yield of the required biotin conjugéit83(Table 5, entry 7).

As next, we extended our investigation into the conjugation of the more complex and aspartimide
prone tripeptide Bo&sp(SH)}Gly-PheOt-Bu. This tripeptide thioacid was-situ generated from
Boc-Asp(STrt)}Gly-PheOt-Bu 168 by mild acidolysis, and followed by esvaporation with
MeOH below ambient temperature (to minimize aspartimide formation). The crud&dpeSH)
Gly-PheOt-Bu was then racted into biotinylated sulfonyl azid&24, and the reaction was
completed within 10 min and gave biotin conjuga82 with an overall yield of 58% (Table 5,
entry 8). The same peptide was then reacted to lissamineldZidexpectedly, the reaction was
completed under 5 min, and gave lissamine conjub@tevith a similar overall yield (Table 5,
entry 9). Notably, both of these reactions of the highly aspartimide pron&kgmeptide motif
performed well within the expeaaange of such types reactions. Comparing the ligation reaction
of Asp-Gly with Asp-Val residual peptides, there was a 20% reduction in overall yield observable
with the AspGly reaction. However, this loss in yield is presumably due to thesaigionduring
deprotection of trityl. Otherwise TAL could give better yield with lissamine atidkthan the
biotinylated sulfonyl azidé24, as latter react faster.

As a final point byusing this selectivein-situ deprotection strategy, we synthesized a
neoglycopeptide184 using TAL procedure. This was achieved by reacimgitu generated
thiocarboxylic acid from the Fme&sp(STrt}Val-Ot-Bu 161against 2azidosulfonylethyl 2,3,4:6
TetraO-acetytb- D-glucopyranosidd.17. The reaction was performed in methiamompleted in
15 min and gave very good yield of required neoglycopefdgTable 5, entry 10).

These experiments undoubtedly illustrates thairtkstu TAL strategy clearly is more effective
approach than isolated thiocarboxylic acid ligation.c8iall the reactions performedthin the

range of satisfying yield, indicates the potentials of using TAL coupling chemistry for labeling of
peptides in a novel way. In addition we have shown that a variety of sulfonyl azides can effectively
be used heréo generate amide bonds at theaspartate moiety of even very aspartimide prone
peptides.

3.2.1.6 TAL reaction with fully unprotected peptide thiocarboxylic acids

From then on, we focused on studying TAL coupling with fully unprotected peptides. This will
allow us to learn about the cherselectivity of the ligatiorthroughour TAL approach. For that,
initially we sought to perform a reaction with a purified fully unprotected peptide thiocarboxylic
acid. Therefore, the peptide thioacid NAsp(SH) Tyr(OH)-OH 172was selected and ligated to

the lissamine azid&14 in a mixture of 1:3 water and MeOH (with a concentration of about
300mM). Reaction was completed within a couple of minutes as anticipated, and gave quantitative
yield of the producii85 (Scheme 37A).flwe wanted to perform this reaction in proteins, there
would be a higher chance that the concentration of proteins in the medium could be very low.
Therefore we decided to reduce the concentration and see how that effects the reaction. When we
performed e reaction betweet72 and 114, just by reducing the concentration of starting



Pageb9

materials to about 5®M in solvent mixture of water and MeOH (1:3), not surprisingly, the
reaction took around 15 to complete, nonetheless the reaction gave quantitaie gf the
anticipated product85.

/\N/\

A) ceccceene. » O ~aeeccccccccs B)
O

NN
114, 2,6-lutidine, O J 1.60% viv TFAin
MeOH/H,O (3:1), O\\s S/,O@ @ DCM, TIS, 40 min.
HN" g © )

172 165
5 min. 2. 114, 2 6-lutidine,
97% o MeOH/H,0 (3:1),
N_ _COOH 5 min.
HoN ~~ 57%

185 OH

Scheme37. Ligation with fully unprotected peptide thiocarboxylic acid and lissamine rhodamine B 5
sulfonyl azide. A) Ligation with purified and an excepgpfide; B) Ligation with igitu generated peptide
and an excess of sulfonyl azide.

Subsequently, we investigated the TAL reactions of the fully unprotected thiocarboxylic acid,
which wasin-situ generated from Boefap(STrt) Try(Ot-Bu)-Ot-Bu 165 by using60% v/v TFA
solution. Two equivalents of lissamine azidelwerereactedvith thiocarboxylic acid in a mixture

of water and MeOH (1:3). The reaction was completed within 5 min and gave satisfactory yield of
productl185(Scheme 37B). If you compare botppaoaches (Scheme 37A&B), again shows that
the superiority of then-situapproach on overall yield, and on top of that, one less chromatographic
purification step.

o LI
1.60% viv TFAin HN/\\S\ O N
DCM, TIS, 1h 0
163 -

2.116, 2,6-Lutidine, O N
MeOH, 2 h.

0
- H
“__N

o HZN/\[O( gJ\OH
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Schem@8. Ligation with fullyunprotected (irsitu) peptide thiocarboxylic acid and dansyl azide.
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The slow reactive dansyl azidé6was then investigated with a fully unprotected peptide thioacid.
In-situ generated thiocarboxylic acid from Bésp(STrtyAla-Ot-Bu 163 was reacted wiit 2
equivalents of dansyl azidd 6in methanol. The reaction took arount > complete as expected,
and gave satisfactory yield of the prodi86 (Scheme 38).

OMe 1.60% vivTFAIn

MeO TIS, DCM, 60 min, rt.

2. 116, 2,6-lutidine,
MeOH, rt, 2 h

O O o)
t-BuO H\)\\N U\\‘/i 58 %
N / H><Nj: ” COOt-Bu
BocHN o e} \
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Scheme39. TAL reaction complgeptide thioacid with dansyl azide.

187
Odin's peptide

Last but not least, we sought to investigatsitu TAL strategy in a bit more complex peptide.
Earlier in our lab O. Keipé?° synthesized a pentapeptide thiocarboxylic acid precursor using the
Tmob protecting group strategy. The acidolysis of this thioester,-TBgEt-Bu)-Ala-
Asp(STmob)y-Thr-Val-Ot-Bu 187 can generate corresponding peptide thiocarboxylic aeid H
Tyr-Ala-Asp(SH) Thr-Val-OH via acidolysis. Therefore we sought to use this peptide{fsitu
TAL strategy, to generate a sulfonamide bond ory #sspartate residue. The Bogr(Ot-Bu)-
Ala-Asp(STnob)y-Thr-Val-Ot-Bu 187 was treated with 60% v/v TFA and-evaporated with

toluene at room temperature under vacuum to minimize aspartimide formation. Subsequently the

obtained crude thioacid was reacted with two equivalents of dansylldfidier 2 h. The reaction
gave the anticipated dansyl conjugateT yt-Ala-Asn(Dn)}Thr-Val-OH 188 with a good overall
yield of 58% (Scheme 39).
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To sumup this section, the aforesaid experiments clearly indicate that the TAL chemistry is indeed
very chemoselective in peges. In addition, it can be successfully utmdabeling peptides with
biophysical probes effectively and site selectively. The lissamine rhodamirguBoByl azide

114 surfaces, a novel and fast fluorescence labeling prospect in TAL chenigéythough
aspartimide formation and secondary reaction products still possess a challenge to this strategy, yet
labeling aspartyl residue of peptides/proteins with this strategy is almost equivalent or one par
ahead of other available methods.

3.2.2 Generation ofhaturalN-glyosidic bond using TAL chemistry

It has been estimated tHgtlinked protein glycosylation accommodates 90% of all glycoproteins

in mammalian cell$3* The core glycosylation commonly occurs at asparagine (Asn) residues in
the sequon AsiXxx-Ser/Thr, where Xxx is any amino acid except profiftelThe Fmoebased
solid-phase peptide synthesis (SPPS) is one of the most successful chemical strategy used for the
synthesis ofN-glycopeptides3® The SPPS proceeds in a stejse manner employing several
equivdents of building blocks. Although it is a very efficient strategy, this method requires a large
excess of precious glycosylated amino acids and protecting groups manipulations. Advantageous
might be the convergent synthesis in which, for example, antaspeid containing peptide is
condensed with a glycosylamine at the final stage of synthésis’ However, most known
protocols lead to the extensive formation ofgygducts such as aspartimides and their secondary
reaction products. In ddion, orthogonal protection of aspartic acid residues is demanded which
requires additional synthetic steps.

In the previous section, we presented the applications of using TAL to obtain neoglycopeptides at
the aspartyl residue. By combining very reaetsulfonyl azide derivatives with peptides bearing
thioacids in its side chains, we have successfully synthesized a neoglycop&tid€able 5,

entry 10). However, this unnatural glycopeptides possess sulfonamide linkage, so it is interesting
to investgate whether TAL chemistry can be used for synthesizing naturally occbrengde
linkage. It has been reported that the TAL chemistry can be exploited to synthesize organic amide
bonds. As mentioned ithe introduction (Section 1.51) Williams at.” showedN-glycosylation

of glucose with natural amide bond using TAL chemistry. The reaction was very slow and required
vigorous (higher temperature) condition. In the same year, Fetzial.®' showedthat the
acetylation of anomeric azides of sugars using Rp@mded TAL chemistry. This reaction was
shown to be a bit faster and can be performed at room temperature. After a year later, Schmidt et
al.% has presented an approach to syntheSizeoglycopeptides using the TAL chemistry. They
coupled the glycosylthiomethyl azidesth peptide derivatives containing aspartate and glutamate
thioacids, which then generated equivalent giytthiomethyl amides. However, as far as we
know, no one has attempted to synthedlzglycopeptides with naturéFamide linkage using the

TAL chemistry.

For that reason, we sought to exploit the TAL reaction for the synthesis of glycopeptides with
natual N-linkage, and too in a convergent manner. Before we went to investigate this in peptides



Page62

we tested how the ligation would work in a test systephénylpropanethioic acid7 was chosen
as thioacid for this investigation. Sinbkeglycans are connected the aspartyl group of proteins
via ab-GIcNAc unit, we synthesized GIcNAc derivatives bearing an anorbeaidde group. 2
acetamide2-deoxyb-D-glucopyranosyl azidé® 190, 2-acetamideB,4,6tri-O-acetyt2-deoxy-b-
D-glucopyranosyl azidé® 192 and 2acetamide3,4,6tri-O-benzyt2-deoxyb-b-glucopyranosyl
azide'*® 191 were synthesized to see how the protecting group influences the ligation.

DMC, NaNs,

OH 2,6-lutidin, OH NaH. BnBr OBn
HSgﬁ»OH H,0, 0 °C, 2d HS(;&&/N?’ DMF, 16 h BB?S&&/NQ,
NHAc 73% NHAc 81% NHAc

189 190 l Py/Ac,0 (1:1), 191

rt, 8h, 93%.

OAc

ACO&&N
AcO 3
197 NHAC

Schemel0. Synthesis df-1-azido glycosides starting from GIcNAc

Synthesis of all of thede1-azido glycoside490-192 were achieved froml-acetyl glucosamine
189through reported synthetic procedures (Scheme 40). The azid&tibN-acetyl glucosamine
189 using DMC gave Acetamide2-deoxyb-D-glucopyranosyl azidel90 with 73% vyield.
Subsequent acetylation @B0 gave 2acetamide3,4,6tri-O-acetyt2-deoxyb-D-glucopyranosyl
azide192 with 93% yield while the benzylation 090 gave 2acetamide3,4,6tri-O-benzyl2-
deoxyb-D-glucopyranosyl azid@91with a yield of 81% (Scheme 40).
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Schemell. Reaction of phenylpropanethioic acid with derivativesfsi-azido glycosides

The 3phenylpropanethioic acid7, which wasin-situ generatedrom corresponding thioest&6

was one by one reacted to the aforementidmgdzido glycosided90-192 All of these reactions

were performed at an elevated temperature of@@&nd kept for 2.5 days (Scheme 41). The
reactions with unprotected GIcNAc azid®0 was performed in water with equimolar w.r.t
thiocarboxylic acid amount of base NaH&E&hd gave 69% yid of glycosidel93 The reaction

of 2-acetamide3,4,6tri-O-acetyt2-deoxyb-D-glucopyranosyl azidel92 was performed in
chloroform with 2,6lutidine as base, in equimolar amounts compared to the thiocarboxylic acid,
and obtained 71% vyield of glycosid®4. However, the reaction betweémsitu generateds-
phenylpropanethioic and-&etamides,4,6tri-O-benzyt2-deoxy-b-D-glucopyranosyl azidé91
performed in chloroform with 2;Gutidine as base resulted in a low yield of 24% of glycoike
Neverthelss, we recovered the unreacted sugar azides in all of these cases and found no secondary
reactions of these sugar azides, such as reductions, during the TAL chemistry. Therefore, based on
the reacted sugar azides, the reaction could give quantitativeof/idlel product.
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Schemel2. Synthesis of naturally linkeddlyco amino acids and a peptide.

After that we looked whether the TAL can be used to gen&kafigcosidic amide bonds at the
aspartyl residue. Firstly tribenzylated GICNAc aziti®l was reacted tdn-situ generated
thiocarboxylic acid from Bo@sp(STrt}Ot-Bu 159 The reaction mixture was stirred in
chloroform at a temperature of & °C for 3 daysbut gave only low yield of required glycosyl
conjugatel96 (Scheme 42A). The exact reason for the low reaction yield with tribenzylated sugar
azidel91is unknown, but the poor solubility in chloroform might be contributing ithiereaction

of 2-acetamide3,4,6tri-O-acetyt2-deoxy-b-D-glucopyranosyl azidel92 with the in-situ
generated Bo&sp(SH)Ot-Bu, gave a very good yield of requirdEglycosyl amino acitf! 198
(Scheme 42B).

Thereafter with much anticipations, we sought to synthégiglycopeptide using aforesaid TAL
approachAan in-situ generatd peptide thiocarboxylic acid froits precursorl62 was reacted
with acetylated sugar azide92 However, the reactions gave only low yields of the required
product,N-glycopeptidel98 (Scheme 42C). Not surprisingly, we observed extensive aspartimide
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formation and its secondary products in LCMS, which obviously caused the lower yield. However,
it was not possible to isolate or quantify the amount of aspartimide formation in this TAL because
of its secondary products.

1. 5% viv TFA,
DCM, TIS, 5 min

166 , . ., : BocHNﬁfN\)k /(COOtB
u

2. 2,6-Lutidine,
CHCIs, 60°C, 2 d. o PN
41% 199

Schemel3. Aspartimide formation during TAL conditions

Since we were unsuccessful in purifying the aspartimide generated from the aforesaid TAL
experiment, it was challenging to prove its occurrence during the ligation. Thexefoegried out

a separate reaction with a peptide thioacid, using the TAL conditions but without azide to make the
purification simple. Accordingly thie-situ generated thiocarboxylic acid from the Basp(STrt)
Val-PheOt-Bu 166 was treated with equimal concentration of 2;kutidine in chloroform at 60

65 °C for 2 days. A quick chromatographic purification of the reaction mixture gave 41% of the
aspartimide, Bo@si-Val-PheOt-Bu 199, together with its secondary products. The secondary
products were not quantified or characterized, since their purifications were unsuccessful.

C'ci:
H

3/ . Ph H

N %o\, 0
BocHN § N COOtB: O i
ocl Y -Bu H

i S
0: = H
PN

N
BocHN H ‘
H

200 201 202
H Nu \)’k /[
. i BocHN COOt-Bu
0: Ph .
‘o 10

o:
S8
—_— AN —_—
BocHN \ 4 /[ BochN N /[
‘/ - N Y N COOt-Bu

COOt-Bu H ‘

H\/‘ é ‘ ) é BocHN
0 = e H
o AL SN \)L /[
COOt-Bu

206

(]
b
El

o]

Figurel2. Proposed mechanism of aspartimide fatran during TAL reaction
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We assume that the aspartimide formation follows the published reaction mechanism of base
catalyzed reaction of aspartyl estéfé Evenin the presence of the base in the TAL reactions, we
anticipate thasomeamount thiocarboxylic acid stipresentin the protonated forthis would
makethe hydrogensulfide moiety of thioacids act as a leaving group during any nucleophilic attack.
Therefore we propose a mechanism for the aspartimide formation as shown in Figure 12. The
intermolecular nucleophilic attack on thiocarboxylic group at #aspartyl residue and
subsequent elimination of the hydrogensulfide group yields the corresponding adpai®imce

the reaction takes place in presence of base, the &kjitimton of the aspartyl residue takes part

in a double keteenol tautomerism, which is driven by aromaticity of the subsequent pyrrole ring
of the intermediat€03 This eventually causes an epimerization of the stereochemistry at the
aspartylresidue. As a result of this, any nucleophilic attack (e.g. hydrolysis) on the aspartimide can
generate four isomeric compoundw/o stereoisomers d205 and 206 each which make the
separation and characterization of the secondary products difficult.

Further we attempted to use TAL chemistry to synthesize fully unprotected nidtghptoamino

acid andN-glycopeptides. Bo@&sp(STrt}Ot-Bu 159 and BoeAsp(STrt}Val-Ot-Bu 162 was
completely deprotected using 60% v/v TFA solution. After the solvent evaporation, the crude
compounds were then reacted tacztamide2-deoxyb-D-glucopyranosyl azidé90in water by

using NaHCQ as base. Both reactisfailed due to difficulties in chromatographic purifications.
LCMS analysis of the reaction indicated that there is some conversion to the product. As the
compounds are very polar neither flash chromatography nor HPLC were found to be effective to
isolatethe compounds. Yet weereconvinced that fully deprotected ligation with relatively large
peptides would resolve the trouble with purifications and provide an access to get natural
glycopeptides, however, that investigation is not part ofth@sis

Since we observed aspartimide formation during peptide TAL reactions, we sought whether the
reaction conditions can bring down to room temperature with the help of a catsgsedby the

work of Fazioet al®, in which they used Rugin TAL to bringdown the temperature and reaction
time. However, they workednly with thioacetic acid as thioacid, but several types of electron
rich azides. Therefore, it was interesting to investigate whethersRu@ther similar catalysts can

be used to reduce tlaspartimide formation during the TAL with sugar azides. Conversely, our
works on using catalysts, such as RyCIsCk, FeCk, ZnCkh etc.revealed that the catalyst does
more harm than good to the ligation in peptides. We observed not only extensivemadpart
formation butalso observed reduction of azides to the corresponding amines with some of the
catalysts. In addition, the chromatographic purifications were obstructed as the catalysts were
found to ceelute with the targeted compounds. Thereforeresite investigation on the concept

of catalyst promoted TAL reaction was discontinygeesumingthat the new side reactiothe
reduction of azidetogether with an extensive aspartimide formation would heavily diminish the
advantage of the strategy.

To um up this section, we have shown a new synthetic route to obtain glycoaminoacids and
glycopeptides with naturdl-glyosidic linkage. In addition, the TAL synthetic strategy could be
used as a convergent strategy to achieve lafegycopeptides with natal linkage. Poor yield
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duiring the synthesis dfl-glycopeptidel98 leaves a space for improvement. Nevertheless, we
proposed the mechanism of aspartimide generation and isolated the corresporutiodubts,
andpresumablyt can be used to realize an improvement in the reaction conditions for the TAL.
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3.3 TAL CHEMISTRY IN PRESENC E OF FREE SULFHYDRYL MOIETY

As stated in the introduction, the sulfonyl azides have previteglgused in the biological context

by many resealcgroups andilsoin the TAL chemistry? 76 78 79 143qynothetically, electron
deficient sulfonyl azides could react with any nucleophilic group on proteins, especially free
amines and thiols (e.g. cysteines or lysines). Nevertheless according to litétdfifeesl our own

work with unprotected peptides evidently showed that sulfonyl azides are not affected by free
amine groups. However, it has been reported earlier thahithle(e.g cysteines) can reduce a
sulfonyl azide into a sulfonamid® 43 Liskamp et al.”® described thathe thiol reduction of
sulfonyl azides is very slow compared to twenpetitive TAL reaction. On top of everything, the
reduction of sulfonyl azide does not interfere with the protein labeling or conjugation itself, as the
reduction productsulfonamide)does notovalently link to the proteins. In addition, the oxidized
disulfide can be reduced back intysteine using mild reducing agents. However avoiding
reduction during TAL and gaining chemoselectivity for the ligation still has a huge value.

R

O:S\

SH (/)/ NH

HS\: o § ;/§O NJSO,R; HS\? o y ;/§O
N : ' N '
TH g T

R= fluorescent labels, affinity tags, glycans, peptides efc.

Schemel4. Representation of TAL in presence oysteine residue.

Electron deficientissamine rhodamine B-8ulfonyl azidel14is the fastest reacting azide that we
used in TAL chemistryit is possible that the rate of the reduction as well differs with dissimilar
azides, even among different sulfonyl azides. Since we are promoting the lissamirid daisia
potential site specific fluorescence reagéng worthto investigate how fast can be reduced in

the presence of thioltn addition we would like to knowyhether the selection of different bases
has any influence on the thimdduction of sulfonyl azideBesides,it is also interesting to
investigate the speed and the adeggnaf TAL reactions irthe absence of free thiol but e
presence of different bases. Therfore the following work was carried out, together with Séren
Radke as part of his bachelor theléfs.

To study the competitive reactivity of sulfonyl azide both in the case of reduction and TAL, it is
required to perform the TAL in presence of cysteine. On the other hand, it iolsmthesize a
peptide having both free thiol and thioacid residues. In addition, the quantification of the reaction
products and its secondary products would be really difficult, if the thiol and thioacids together are
in a single peptide. Therefore waugiht to analyse the competitive reactions of sulfonyl azide with
equimolar amounts afysteine and thioaspartic acid derivatives (Scheme 45). These individual
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amino acids together will represent the scenario of a peptide/protein having both thioakidland t
and it is easy to quantify via LCMS/HPLC. To help an accurate quantification of reaction peaks,
we sought to introduce Utfaceable moieties in all the reactants.

SH
HS
(e} j\ g base
+ Ng —R _
HN COO-R I
HN COO-R |
I R
R
R
|
R-OOC.__NH o R
9 \[S HN/S\b
HN-S-R' + . + 0
I S
(0]
R, R’ = alkyl | H\® COOR
s = alkyl or ary H'Tl COO-R R
R

Schemels. The reactions afulfonyl azide with thioacid and thiol

As lissamine azide is a fluorophore, it can be easily traced via UV detebineasit is not the
casewith the residual thioaspartic acid and cysteine. Therefore, we decided to use already
synthesized and U¥aceable thioaspartic acid derivative, GAgp(SH}OBn 169 FmocCys

OMe 207 was selected as the cysteine derivatwieich was synthesized by esterification of the
commercially available Fme€ys-OH by using a reported proceddfe.

HS

1

FmocHN COOMe
207

Figurel3. Structure of the cysteine derivative, FriysOMe

3.3.1 Influence of bases on TAL chemistry

The standard bases used for catalyzing TAL reactions, such-astRlie and NaHC@ have

pKa valuesf 6.65 and 6.35 respeatily in water*4® 14"Henceit is worth to map how the basicity

of other bases (with similar and dissimildgvalues) influence both reductiand ligationof the

sulfonyl azides. We selected a number of widely used bas#isis@urpose, based on theiKa

values from 2 to 13.nl addition, we carefully weighed on the moucleophilic nature for the
nitrogen bases as they are capable of reacting with the thioacid by themselves. Accordingly we
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chose TMU, DTBP, ascorbate, acetate, bicarbonate, citrate, DABCO, DIPEA and DBN, as bases
for the screening (Table 6).

Table6. Reported pKeaalues of selected bases for the screening.

Bases pKa (in H20)
1,1,3,3tetramethylurea (TMU) 2148
2,6-Di-t-butylpyridine (DTBP) 3.58 in 50% EtOR*
Sodium ascorbate 4,17
Ammonium acetate 476"
NaHCQ 6.354°
Trisodium citrate 6.39°2
2,6-Lutidine 6.6547
1,4-diazabicyclo[22.2]octane (DABCO) | 8.82'%3
N,N-diisopropylethylamine (DIPEA) 10.7547
1,5-Diazabicyclo[4.3.0]nofb-en (DBN) | Ca 134

Since the concentration of both reactants and products could change during the reaction, a reference
peak is required for an absolute quantifications of the substance peaks. The reference substance
must be inert to the reaction conditigmmeferably has an intense signal in UV and should give a
distinct peak in the chromatograph of LCMS/HPLC. Anthracene was selected as the reference
compound, as it can easily be tacked viaM6 and its corresponding Usignal (peak) is well
separated fronother reaction peaks. We also anticipated that, deds nothave any reactive

groups, the anthracene will stay inert throughout the TAL chemistry.

Further,we tried to find a solvent system to perform the reaction. It is necessary to find a solvent
system in which althe reactants, bases and anthracene is soluble. Preliminary solubility studies
revealed that it is hard to dissolve all the reagents in a single solvent system, as they are very diverse
in their polarity ranging from nepolar anthracenéo polar thioacid and bases. Therefore the
possibility of using mixtures of solvents were examiv#d.managed to get all the reagents soluble

in a mixture of MeOH, DCM and THF (1:1:1Thereforeastock solution of the hardly dissolving
reagents (lissamine azidd4 and anthracene) weprepared in advanda this solvent mixture,

which was used for the subsequent investigation.

In the previous section, we noticed that the ligation of lissamirtke 424 with thioacids occurs

really fast which makes it challenging to analyzthe reaction via LCMS/HPLC, as the
measurements take more time than the entire reaction time. However, we as well observed in the
previous section that the reaction indeed slodown proportionally when the reagent
concentrations in the medium were decreased. Bearing that in mind, concentration of the reagents
were reduced by a factor of ten compared to the original concentration (0.3 M), by taking
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approximately30 mM of lissanme azidell4 along with rest of the reagents (half equivalent
compared to the lissamine concentration).

After having all the substances and methods in place, a model reaction of Thioacid Azide Ligation
with Cysteine (TAL) was carried out. As shown in Scheme 46, one equivalent of thibé@id

and thiol 207 were reacted to two equivalent of lissamine azidd in a mixture of 1:1:1
MeOH/DCM/THF with the base?,6-lutidine. Thepurpose was to identify the newly generated
product peaks and optimize the LCMS gradient to get the peaks well separated for the integration
(Graph 4). We have identified five new peaks that are corresponding to, the expected ligation
product 173 reduction produc09 and oxidation product of cysteing08 as well asthree
unexpected oxidation products of the thiodZld, 211and212 It was interesting to observe that,

the amount of these thioacid oxidation products could be decreased by excluding oxygen from the
medium. However, we find it hard keep entire methodology (ligation plus LCMS analysis)
oxygen free. Therefore, the screening experiments were performed without absolutely excluding
oxygen, anticipating that the air oxidation would not affect the fast ligafiadh performs quicker

under mrmal reaction concentration$jor plotting the progress of the ligation, it was requtced
calculate the absolaityield of the newly generated (product) peaks and therefore the compounds
173 209212 were isolated on a preparative scatmwever,the compound?208 was neither
isolated nor studied in this experimentsThe reason is thatt was always foundin very small
guantity and very close to comatively larger reference peak ahthracene (Graph 4).
Afterwards, a standard solut®rof all the substances were prepared. Known quesitdf
compounds were chromatographed by using an optimised LCMS method file and UV peak
intensities were integrated. Integration of these peaks gave correlations of the quantity of
substances to their geatensity, which was sufficient for recalculating the amount of substances
from the reaction chromatograph.
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Schemel6. Thioacid azide ligation with cysteine (TAL+C)

For the LCMS reactioprofiling, the sample volume must be taken out in a regular interval of time

and the undergoing reactions must be quenched till the measurements are completed. We chose 30
minutes time interval for profiling through an optimized LCMS method (single LCMS
measurement takes up to 30 min) and quenched the reaction by further diluting the sample with
acidified solvents. Because of the high sensitivity, thedd&ctor was connected to the machine

only for the identifications of peaks. Once the peaks were igmhtifhe MS was disconnected

from LCMS and the sample volume was increased in order to lower the error range of-the UV
signal quantifications. Taken out samples were measured immediately to avoid any misleading side
reactions.
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Graph4. HPLC chromatogram of TAL+C with anthracene in presencelofidiéne.

Subsequently, we started to investigateittileienceof selected bases in TAIC-chemistry. All

the experiments were carried out as oxygen freesshge by performing it under inert atmosphere

and using dexygenated solvents. The compount39 207, 114 and anthracene together
dissolved in a solution of THF:MeOH:DCM (1:1:1) and divided into 9 portions. In each of the
portions, one of the bases mentioned in Table 6 (except NegH@®e addedRelative intensity

of target peaks were integrated before agdihe base (which was taken as the zero time
measurement)and afteradding the base30 minutes intervals for 1.5 fhe reactions were
analysed and we could conclude that progress of the reaction were completed after 60 minutes
measurement, thereforegtfinal yield of the substances were calculated frofhré®ute samples.

The percentage of the relative consumptions and formations of substances were calculated by
taking anthracene peak as the reference. It was interesting to observe the influeffeecot di
bases on the reactions, the details of the findings were described in Table 7.
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Table7. Screening the TAL+C with bases. * The yields-mfoolyicts could be influenced by presence of
dissolved oxygeri;Maximum possible yield of the substariceomparisono the thioacid.

product (%) LissNH, (%) LissN; (%) by-products (%)’

observations
(Max 100%)* (Max 200%)* (Max 200%)* (Max 50%)*

entry base

1 TMU / / 200 / no detectable catalysis of
the reaction.
2 2,6-di-tert-butyl / / 200 / no detectable catalysis of
-pyridine the reaction.

3 Ascorbate 49 127 25 210:6.4 huge amount of the
211: 14 reduction products,
212: 10 good product yield

4 Ammonium 52 47 96 210: 4 very fast reaction,

acetate 211: 11 good product yield,

212: 8 less side product yield

5 Citrate 57 58 95 210: 3 very fast reaction,
211: 11 good product yield,
212: 8 less reduction yield

6 2,6-Lutidine 69 75.5 51 210: 24 reference reaction,
211: 9.5 gave best result for the
212:7.6 ligation product.

7 DABCO 26 88 83 210: 13 very less product yield,
211: 16 more side products.
212: 9

8 DIPEA 29 91 80 210: 19 very less product yield,
211: 13 more side products.
212:8

9 DBN / / / / complete decomposition of

thiocarboxylic acid.

The general observation from the experiments conducted in TaldstRat the basicity of bases

had asignificantinfluence on the ligations and te&le reactionsBest results for the ligatiowas
obtained whetthe Kaaq values of the bases were between 4 and 7 (Graph 5). Among these bases,
2,6-lutidine gave the best result for the ligation product (Table 7, entry 6) followed by citrate (Table
7, entry 5), then acetate (Table 7, entry 4) and ascorbate (Table 7, endtrie@stingly, the
ammonium acetate gave a lower reduction of sulfonyl azides followed by citrate and then only
lutidine. Although ascorbate gave relatively good yield of ligation product, we observed that it was
heavily reducing the sulfonyl azides byeifyTable 7, entry 3). Even though ascorbate gave higher
amount of the sulfonyl azide reduction, the oxidations of cysteine and thioacid stood same level
compared to the other baséiscould be that the ascorbate only reduces the sulfonyl azide but no
oxidized byproducts, especially the cystine back to cysteine.
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The TAL+C chemistry with bases such as TMU and DTBR&pg,. <4), we observed no ligation
product even after 60 minutes (Table 7, entt§)1Whatever the case may be, there was no
detectable aassumption of lissamine azidel4 nor the cystein07, excluding some oxidation of

the thioacid. However when we performed the TALusing a base with comparatively higher
pKa, DBN (Kaaq = ca. 13) there was no ligation, but we observed severe oxidadimh
decomposition of starting materials especially the thioacid (Table 7, entry 9). When we attempted
the TAL+C with DABCO and DIPEA as bases we found cysteine reduction of sulfonyl azide rather

than the demanded ligation, although, the reactions gawysagi amount of ligation product
(Table 7, entry B).

Yield of the ligation product over time

80
g 60 —o—"Lutidine"
% % —m—"Citrate"
§ —&—"Acetate"
8 ¢ "Ascorbate"
»—"DIPEA"
‘ ‘ ‘ ‘ —o—"DABCQO"
40 50 60 70
time (minutes)
Graph5. Comparison of product yields over 60 min with selected bases in TAL+C.
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Graph6. TAL+C chromatograph in presence ofltidine andDTBP, at zero time and after 30 min of

ligations.
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While concluding the experiments shown in Table 7, we can say that the ammonium acetate
catalyses TAL€ almost as good as 2lgtidine. Besides that, ammonium acetate gave 30% less
sulfonyl azide reductigrwhich could be interpreted as it can give a better selectivity for TAL+
chemistry. In addition, the experiments here shown that the bases like ascorbate and citrate could
give fair amount of ligation product in the TAC+chemistry. Therefore we believkat in the
absence of cysteine (free thiol), the bases such as acetate, ascorbate, citrate, DABCO and DIPEA
could be used for catalysing the TAL. When the results obtained from pyridine bat#sdh)é
andDTBP were compared, interestlyg huge diffeence in the catalysis of ligatievas observed

The 2,6-lutidine gave a very fast ligation to the product, while EREBP did not catalyze the
ligationat all (Graph 6). This result support the notion that, if e palue of the bases go below

4 (pKa vdue for thiocarboxylic acid is around 4) the ligatdoesnottake place, as the thioacid is
required to be deprotonated.

As we learned that new bases were catalysing the ligation in TAL+C chemistry, it would be
interesting to investigate those base$Ab (or TAL-C) chemistry as well. Therefore we selected
the two bases that perform#ute best (acetate and citrate) in the TAL¢hemistry together with
2,6-lutidine. In addition, an inorganic base NaH{Was selected for screening as it is a very
commonlyused base in TAL and has Kgvalue close to 2;ktidine. Accordingly, these four
bases were screened for their catalytic performance in the @IAL) chemistry. As shown in
Table 8, all of the reactions with selected bases gave quantitative ypladoict under 60 min of
reaction. In the case of citrate, we have observed 25% of the reduction product (sulfonamide) as
well, which could be interpreted as the citrate here itself is acting as a reducingfegerttook

an excess of sulfonyl azide fohe reaction, the citrate reduction did not influence the yield of
ligation product, which would place the citrate back on as a TAL catalyst.
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Table8. Screening bases in TAL chemistry without cystéikkaximum possible yield dhe substance
compare to the thioacid.

DCM/THF/MeOH (1:1:1),
anthracene(208), 60 min.

"

CbzHN” >COOBN base

O

S
(@]
-y

CbzHN COOBn

1eq 2eq
169 114 173
entry base product (%) LissNH, (%) LissN3(%)
(Max 100%)* (Max 200%)* (Max 200%)#
1 2,6-Lutidine quant nil 100
2 Ammonium quant nil 100
acetate

3 Citrate quant 25 88
4 Sodium quant nil 96

bicarbonate

When the yields of the ligation products obtained from T&I(Fable 7 entry 6) and TAIC (Table
8 entry 1) were compared (both reactions were catalysed Wyt@lidie), unsurprisinglywe found

that the latter was much better (GraphT#e loss of yield in the presence of cysteine (thiol) can

be explainedsthe ligation is deterred by inducing the thioacid oxidatiblsvever, this oxidation

would be insignificant if the ligations were performed under oxygen free conditions or with a
concentrated reaction medium. Our assumption is that the use of diluted media increased the

amount of dissolved oxygen and prolongated ligation time, which favour the oxidation of
thiocarboxylic acid over the ligations.
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Yield of the ligation product with 2,8utidine
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Graph7. Comparing the ligation product obtained from TAL+C andCTAL

N3
0=8=0
FmocHN__ COOMe
HS DCM/THF/MeOH (1:1:1), :
+ anthracene, 60 min. S/-
SOy * 7
FmocHN™ ~COOMe base S
S 1
® + FmocHN COOMe
EtoN 9 NEt, Et,N NEt,
2eq 1eq
207 114 209 208

Schemel7. Reaction between sulfonyl azide and cysteine.

As we observed that the cysteine induces the oxidation of thioacid, it was interesting to see how
fast cysteine alone will reduce the sulfonyl aziddin the absence of thioacid. For that as shown

the presence of
catalyst 2,dutidine. The reaction was monitored via LCMS for 5 h, and a graph was plotted to
monitor the amount of reactants and products tner (Graph 8). It wasurprising to see that the

in Schene 38, we performed a reaction just with cysteine and sulfonyl azide in

reduction in the absence of thioacid is much slower compared to the readtepiesence of

thioacid. It took around 5 h to reduce just over 55% of sulfonyl azide and around same amount of
free cysteine was left unreacted. Wéend equivalent amounts of reduction product with respect

to the consumed sulfonyl azide and thiol.
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Reaction of thiol and sulfonyl azide
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Graph8. Reaction profile of cysteine reduction in the absence of thioacid

When we compared the results obtained from sulfonyl azide reducttbe jpnesence (Table 7,

entry 6) and absence (Scheme 47, Grapbf &ioacid it was clear to us that the sulfonyl azide
reduction due to cysteine (thiols) could be massively catalggdtie presence of thioacids. The
experiment which performed just with thioacid and sulfonyl azide indicated that the thioacid cannot
itself reduce the sulfonyl azide to sulfonamide (Table 8, entry 1). When we compared the reduction
product (sulfonamide) iained from the experiments shown in Table 7, entry 6 (T&Land
Scheme 47 (cysteine reduction of sulfonyl azideyealedhat the thioacid could induce the rate

of the sulfonyl reduction to almost a factor of two (Graph 9). It is not clear to ushigand how

the thioacid induces the sulfonyl azide reduction with thiolice versaFinding an explanation
requires comprehensive mechanistic investigatiamsh is beyond the scope of this thesis
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Yield of the reduction product

[0)
o

~
o

D
o

TAL+C
Thiol

a
o

N
o

percentage (%)

w
o

N
o

=
o

o

0 10 20 30 40 50 60 70
time (minutes)

Graph9. Reduction o$ulfonyl azide in presence of cysteine with and without thioacid.

Taking excess a$ulfonyl azide in TAL€ chemistrydoesnot give much information about how
competitive the reduction over the ligation. The problenhad boththe reaction could advance

until both thioacid and thiokereconsumedaompletely. In addition it is hard to track the reactions

of thioacid and thiol as they yield multiple products. Therefore it is interesting to investigate
TAL+C chemistry by taking an exss of thioacid and thiol compared to sulfonyl azide. Since the
sulfonyl azides react only to the ligation and the reduction product, it is easy to track their
competiiveness Therfore with this approach, whichever reactions perform faster will give a

maximum of corresponding lissamine product. So it is much easier to quantify and compare the
reaction rates.

Into the bargain, we selected two bases-[@j@ine and acetate) to screen their catalytic property

by using aforesaid TALE approach. As shown inable 9, in both cases, the sulfonyl azide was
completely consumed within 30 minutes of the reaction. However, an excess of the reduction
product were observed compared to the ligation product with both catalysts. This could be clearly
interpreted as thiast reduction of sulfonyl azide with thigompared tahe ligation with thioacid

in TAL+C chemistry. This finding is contradictorytieepublished result by Liskamp at’®where

they described that the preferred coupling was faster than the concurrent reduction. It cdnéld also
thatdifferent sulfonyl azide reastifferently with free thiols and thioacids. Nonetheless, when the

two catalysts were compared to each other, interestingly, the ammonium acetate gave better
product to byproduct ratio in TAL€ chemistry (Table 9).
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Table9. TAL+C with an excess of thiol and thioddidaximum possible yield of the substance compare to
the lissamine azide..

SH

HS
0 R S
FmocHN COOMe

CbzHN~ "COOBn

DCM/THF/MeOH (1:1:1),
anthracene, 30 min.

base

(@]
)

EtoN
2eq 2eq CbzHN COOBn
169 207 114 208
79 CszN\/COOBn CbzHN._COOBn CbzHN._ COOBn
O : OY OY
O\S I

STt T

CbzHN~ "COOBn CbzHN~ "COOBn CbzHN~ "COOBn

210 211 212

entry base product (%) LissNH, (%) LissN3 (%) by-products (%)
(Max 100%)* (Max 100%)* (Max 100%)*  (Max 100%)*

1 2,6-Lutidine 36 64 0 210: 14

211: 36
212: 0

2 Ammonium 44 56 0 210: 16
acetate 211:8
212:5

To sum up the results shown in this section, we have identified new bastécinthe TAL
reactions will occur fast and in a quantitative yield of ligation products. In additdium acetate
appeared to be a better base than standard lutidine in terms of product to byproduct ratio in the
TAL+C chemistry. Interestinglthese gperiments shows that the presence of thioacid catalyzing

the reduction of sulfonyl azide in TAIG which is leading to reductiomorethan to ligation
products. Notablywe have discovered that new bases such as acetates, ascorbates and citrates
could beused for TAL chemistry to generate quantitative yield of ligation products. Last but not
least, we have observed in our case that thiol reduction of the sulfonyl azide is slightly faster than
preferred ligation.

3.3.2 Further study of lissamine azide reduciothe presence of hydrogen sulfide
It was reported before thdainsylazideé?” 128 15%nd other azidé¥ could be used as a fluorescent
probe for detecting hydrogen sulfide at very low concentrations. Most of the reported reduction
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takes hourto complete and would affect the real time analysis of hydrogen sulfide detection, which
is significant for biologtal applications. Therefore it is interesting to develop azide based
fluorescent reagents which gives a fast reduction in presence of thiol and that is fluorogenic. As we
found the lissamine azidél4 is very prone to thiol reduction, we sought to invesggits
applicability for detecting hydrogen sulfide. Primarily we sought to find how fast the reduction of
114 occurin presence of dissolved hydrogen sulfide, and subsequently whether the generated
lissamine rhodamine B-&ulfonamide209 has any difference in its fluorescence properties
compared to the lissamine azitibd

C ¢ b

N N
°) [
NaSH/H,0

EtOH, <1 min
quant.

114 209

Schemel8. Reduction of lissamine rhodamine -Bufonyl azide in presence ofSH

To answer our first quetion, the lissamine azidd4was reacted to NaSH#B in ethanohs shown

in Scheme 48Remarkably the reduction proceeded extremely fast, completed within seconds and
gave quantitative yield of reduction product. After this encouraging result, same reaction was
performed under much diluted conditions to see whether the reducti@d4aslons down.
Astonishingly even with micro molar concentration of the reaction medium, the complete
conversion of sulfonyl azidkl4to sulfonamide09occurred under a minute. Amazed by this rate

of the reactionwe went further on to analyze its spectroscqpbperties.

First of all for the spectroscopic data, the absorption and fluorescence spectra of lissamine
rhodamine B Ssulfonyl azidel114 was measured (Figure 14 A&B). The compound has an
absorption maximum of 564 nm with a molar absorption coeffi@&i24000+ 3000 M* cmt.

In addition the fluorescence spectrum was measureexbiing at 505 nmwave lengthwhich

showed an emission maximum at 587.5 nm. After that the absorption and fluorescence spectra of
lissamine rhodamine B-&ulfonamide209 was measured (Figure 14 C&D). We observed an
absorption maximum at 560 nm with a molar absorption coefficient of 77600 + 106@0nV

Its fluorescence spectra was measured by exciting at 505 nm and which gave an emission maximum
at 578nm.
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Figure14. A&B) Absorption and fluorescence spectruntissamine rhodamine B-&ulfonyl azide and
determining its absorption coefficient; C&D) Absorption and fluorescence spectrum of lissamine rhodamine
B 5sulfonamide andletermining its absorption coefficient.

When the results were compared, there was a 40% decrease in the molar extinction coefficients
when the lissamine azidél4 was reduced to the lissamine sulfonami@9. However the
absorption maximum had only a small hypsochromic shift of 4 nm. Interestingly, we found a
hypsochromic shift of around 10 nm in fluorescence maximum though the shift is not sufficient
enoughto use as the fluorescence prob. In spite of theswent @ further to analyze the reduction
reaction of sulfonyl azid&14via fluorescence spectrometer to see whether there is any change in
fluorescence intensity. Suitably a reaction was performed in a cuvette by reacting lissamine azide
114with NaSH. We measad the fluorescence spectrum of the lissamine solution, before and then
after the addition of the NaSH (Figure 15). The results showed that there is a gain in intensity after
the addition of NaSH. However the gain in intensity is only210 % naxt The®fore using
lissamine azide as a>8 sensor molecule is not viable, as the fluorescence of unreacted sulfonyl
azide itself lead to a higher background signal. That would make it harder to accurately evaluate
any titration experiments for detecting hydrogsulfide by using available fluorescence
instrumentations.
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Figure15. Fluorescencapectra before and after the addition of NaSH idissamine rhodamine B-5
sulfonyl azide

To sumup this section, we discovered that the lissamine azide can give fast reduction with
dissolved hydrogen sulfideinfortunately, difference in its maximuffuorescencegain duringthe
reduction to sulfonamide is not within the satisfactory range. é¥ew we have measured
absorption and fluorescence spedf&oththe compoundsand calculated themolar absorption
coefficient forthefirst time.
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4 SUMMARY AND OUTLOOK

4.1 SUMMARY

The main goal of this project was to develop a methodology that cavedrgually used for
chemoselective conjugation of biomolecules. Therefore the idea was to exploit the potentials of
thioacid azide ligation (TAL) in protein or peptide side chains. To achieve thehlypaloject was
divided into three main objectives) (ntroducing the thioacid functionality into peptides/proteins

(i) thioacid azide ligation in peptides/proteins (i) investigating and minimizing potential non
specific reactions during TAL. As whole proteins are very complex systems to theidgw
hypothesis, we chose simple amino acids and peptides for our investigations.

In the first section of this dissertatioa couple of hypotheses were tested to find a suitable
thiocarboxylic acid protecting group thatcompatiblewith SPPS. One of the hygwsis was to
use thiocarboxyliG-ester strategy, however, previous studies guihat thetert-alkyl/aryl type

of protective groupavere found to be ineffective in SPPS. Tieet-alkyl type protection in
thiocarboxylicS-ester was fountb bequite stabé towards nucleophilic attack, bitwas quite
challenging to convetthemback to thioacid. On the other hand, ted-aryl type of protection
was found to be prone to nucleophilic attack but could be easily deprotected to thioacid. Bearing
that in mind, two new protecting groups welesignedyy taking the steric hindrance tft-alkyl
groups and +M effect ofert-aryl groups,i.e. 2-methoxypropane and-&cetoxypropane. The
obtained resultshowedthat the designed moietiesesnot fulfill the requirements, however the
results affirms that, the +M effect antleffect ontert-alkyl moieties of the thiocarboxylig-ester

can strongly influence its deprotection to thioacid. Taking that in mind, it would be worth to
investigate similar type of protecting groups varying +M effects and x| eff¢the substitutig
group (Figure 16).

o 0
Risxo/k R)ks><N/g s RXSXNKO Risxs/
H H

Figurel6. Proposed thiocarboxylieeSter protecting groups

Afterwards, a systematic investigatioithe concept of thiocarboxylid-esters as protecting group
wascarried out. Thé&-ethyl 3phenylpropanethioatel, O-isopropyl3-phenylpropanethioat@2

and O-(2,4-dimethylpentarB-yl) 3-phenylpropanethioat®83 were investigated for their stability
towards piperidine treatmerih contrast to our anticipation, thiocarboxylieesters were found to

be more prone to nucleophilic @tk than the analogous thiocarboxy#i@sters.Further safety

catch hypothesis by using phenyl hydrazine and-digminobenzamide were attempted. The
phenyl hydrazine strategy was not compatible as the activated form of the hydrazide
phenyldiazenywasreduced back to hydrazide during the substitution with sulfhydryl moieties.
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The 3,4-diaminobenzamid&04 strategywas reported to beompatible with sulfhydryl moieties,
however incase ofy-aspartyl residue, its free amigroup wasfound to give side reations.
Although protecting the free amine functionality would be beneficial to reduce its side reactions,
however, concurrent research on different protecting group strategies revealed that slightest
activation (which is required f@afety catclapproachon -aspartyl residue could yield enormous
aspartimide formation. Therefore, further investigation on ¢aéety catchstrategy was
discontinued. Althoughmo protecting group thanatchesall the requirementsvas found the
obtained resultare valuabldor designing new and better classes of potential thioacid protecting
groups.

In the second part of this dissertation, ligation reactions of peptide thioacids with azides were
studied. For thata variety of azide derivatives carrying biophysical prolsesh as biotirl21,

124, dansyl116, lissaminell4 and glycansl17, 110192 were synthesizedAssignment othe
regio-isomers of lissamine rhodamine B sulfonyl azide were succesgfeifprmed by using
single crystal Xray crystallographyor the first tme. Furthermore, theatar absorption coefficient

of lissamine rhodamine B-&ulfonyl azidewas determined to be 24000+ 3000 M! cml,
Afterwards, we described the synthesis of several peptides carrying thioatisr grecursor
moietiesastheir ¥-aspartate residue. Trityl thioesteverefound to be excellent precursors for
generating thioacid®n y-aspartate residue of the peptides. The synthesized trityl thioester
derivatized peptidesl£9-168) includes the most aspartimide prone A§ly residueto the least
aspartimide prone Asyal residue.

Ni

HO

Qt I
HoN COOH N
2 ﬁ H,N \)L COOH

Schemel9. Chemoselective TAL in peptide

Our results show that TAL can be successfully used for conjugating probes egpartyl residue

of peptides. During the TAL reaction, the thioacid could react with sulfonyl azide derived lissamine
rhodamine B Ssulfonyl azidell4 extremely fast compageto another sulfonyl azide derived
dansyl azidel16 This result shows that eleoch deficiencyof the aromatic systerran influence

the reactivity of the sulfonyl azides in TAL. In addition, the situ generated peptide thioacids
derivedfrom trityl thioesters can be efficiently used in TAL chemistry. Thisitu strategy could

be wsed for the reactions of peptide thioacids with other functionalities, such as arhikiel (

azides {N3), aziridines, isocyanatesN=C=0) and isonitriles-N[ C) . As next, c hern
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conjugation of fully unprotected peptides with sulfonyl azides w&eenined. Very efficient and
chemoselective coupling between thioacid and sulfonyl azides in presence of free hydroxyl, amine
and carboxylic functionalities were observed (Schdfje By exploiting the reactivity of sulfonyl

azide with thioacid, a varietpf peptide conjugates, which include a neoglycopeptide, were
synthesized in a very good yield. As a final point in this sectiwa\-glycoaminoacids and &x-
glycopeptide with naturahmide linkage were obtained by usinge TAL chemistry. It was
achieved by reacting derivativesfb-glucopyranosyl azide with the thioacid bearing amino acid
and peptide derivatives (Figure 17).

AcO OAc
o O ~PONC AcHN,, \OAc
\\S/\/
HN" Yo o "“"OAc HNT Y0 OAc
° N._coot |(3)AC ° H
FmocHN Y -Bu BocHN NYCOOt-Bu
O /_\ o) /-\
184 198

Figurel?. Structures of synthesizedayglycopeptide and glycopeptide using TAL chemistry.

In the final part of thiglissertationthe potentialside reactiogof sulfonyl azides with sulfhydryl
moieties were investigatetf.was shown that, irhe presence of thiocarboxylic acid tieeluction

rateof sulfonyl azide with thiolvasincreasedwo fold. In contrast to published results, the sulfonyl
azide redation with thiol occurswith higher rate than concurrent ligation with thioacid. In
addition, the catalytic effectiveness of seVdasesvasscreened in TAL chemistry. We observed

that watersoluble bases such as ascorbate, acetate and cdtdtecatalyze the TAL as good as

the standard base lutidine. Interestingly, our experiments showed that acetate could provide better
ligation to reduction product ratio than lutidine in TAC-€hemistry.

Nonethelesst is important to note that the reduction of sulfonyl azides with sulfhydryl moieties
doesnot generatea covalent linkage. As its conveniento use excess of labelling reagerather

than peptides or proteins, the reduction of sulfonyl ad@ksnotinfluence the ligation outcome.
Additionally, there are numbegof established methods for converting the oxidized cystine back to
cysteine. Therefore it can be concluded thggtion of peptide thioacids by using sulfonyl azide
derivative could be effectively used to generate peptide conjugates even in presence of the
sulfhydryl moieties.
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4.2 OUTLOOK

Figurel8. TALchemistry in thioacid tagged proteins.

Site-specific modification of larger peptides and proteins using the TAL strategy is worth to
investigate. Therefore new methods for incorporating the thiocarboxylic acid functionality to larger
peptides and/or prate must bedeveloped It would also worth to investigate the possibility of

using expandederetic codestrategy for incorporating thioac@bntainingd e si gner 6 s (unn
amino acid into proteins. Incorporating structurally less complex thioacid deesatf aspartate

and glutamate to the proteins by using amber codon suppression techniques is praimsing.
technique will allow site specific tagging of proteins with minimum perturbation to their spatial
structure. Combining with TAL chemistry, the technique will allow a novel andspgeific
modification/labellingnethodologyof target proteins under physigical conditions (Figure 18).
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Figurel9. Fluorogenic reagents used for hydrogen sulfide detection
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In addition,development ohovelclasses of fluorogenic reagents compatiaith TAL chemistry

would be beneficial. Fluorogenic reagents used for hydrogen sulfide detection could be applicable
in the TAL chemistry (Figure 19). Althougthioacids react with azides to amides unlike hydrogen
sulfidewhich reduce azide to amines, howeveis interesting to investigate how thaitects the
fluorescence of those fluorogenic reagents.
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5 ZUSAMMENFASSUNG UND AUSBLICK

Proteine sindlie haufigsten und wichtigsten Bestandteile aller lebenden Organismen. Faszinierend
ist, dass Proteine vielsterschiedliche funktionelle und strukturelle Funktionen besitzen, jedoch
die Mehrheit der Proteine und ihre Rollech nicht erforscht sind. Cheisgektive Reaktionen
spielen heutzutage eine wichtige Rolle in der Forschung, da sich viele Forscher dassie
neue Methoden zu entwickeln, um die Komplexitat des Proteoms zu entschlisseln.

Das Ziel dieser Arbeit waeine Methode zu entwickeln, welche die chemoselektive Modifizierung
von Proteinen unter physiologischen Bedingungen erlaubt. Deshaitbe in dieser Arbeit
versuchtdas Potential der Thiosauleide-Ligation (TAL) in Proteinen oder Proteinseitenketten
auszuschopfen. Um unser Ziel zu erreichen, sollte der Forschungsfokus in drei grol3e Ziele
unterteit werden: (i) Das Einfuhren der Tta@ure aldunktionelle Gruppe in Peptideroteire (i)

Die ThiosaureAzid-Ligation in Peptiden/Proteingiii) Mdgliche Nebenreaktionen wahrend der

TAL zu charakterisieren und minimieren. Da ganze Proteine sehr komplexe Systeme sind,
entschieden wir uns fir Aminosauren und kleine Peptide, um unsere Hypothesen zu teaten und
erforschen.

Der erste Teil dier Dissertation befasst sich mit dem seitenkettenspezifischen Einfuhren de
Thioséduregruppe in  Peptide Generell missen in der seitenkettenspezifischen
Festphasenpeptidsynthese Schutzgruppen eingefiihrt werden. In der Literatur sind jedoch keine
ThioséureSchutzgruppen beschrieben, welche seitenkettenspezifisch eingesetzt werden kénnen.
Deshalb sollten erst einige Hypothesen getestet werden, um den Weg zu einer gut funktionierenden
Schutzgruppe zu ebnebDazu zogen wir ThiocarbonsauseEster, ThiocarbonsaeHO-Ester wie

auch unkonventionellsafety catchSchutzgrupperfur die Thiosauren in Erwagundinfangs

wurden 2Methoxypropan und 2Acetaxypropanreste als Teil der Thiocarbonsasiester
Schutzgruppenstrategie untersucht. Anschlielend wurden systémdiisocarbonsaur®-

Esterals mdgliche Thiosaureschutzgruppe erforscht. Im Widerspruch zu unserer Hypothese
beobachteten wir, dass die Thiocarbons#&utester leichter als di§-Ester nukleophil angegriffen
werden. Zuletzt wird in diesem Teil der Arbeit d&rsuch beschrieben, Phenylhydrazin und 3,4
Diaminobenzamid alsafety catclin ¥-Position der Aspartatseitenkette eines Peptids einzusetzen.
Wie sich herausstelltest Phenylhydrazin Strategie nicht mit Sulfhydrylresten konbehtind die
3,4-DiaminoberzamidStrategigfiihrt zu Nebenreaktionen. Obwohl die getesteten Schutzgruppen
nicht die bendétigten Voraussetzungen erfillen, kdnnen die gewonnen Erkenntnisse zum Entwerfen
neuer und besserer Thios&@ehutzgruppen genutzt werden.

Der zweite und gleichzeitige Hauptteil dieser Arbeit befasst darhit, die Thioséureligation in
kleinen Reptiden zu etablieren. Dazu wurde eine Auswahl an Azidderivaten synthetisiert, welche
biophyikalische Sonden wie Biotin, Dansyl, Lissamin oder Glgkitagen. Es wurde erstmals
erfolgreicheine RontgenkristaBitruktur vonLissaminRhodaminB Sulfonylaziderhalten, die es
ermdglichtedieverschiedeneRegioiomere zu charakterisieren. Darbarausvurde ein molarer
Absorptionskoeffizient von 124000 2000M1cm? fur LissaminrRhodaminB-5-Sulfonylazid
ermittelt. Zudemwurde die Synthese diverser Peptide beschrieben, welche Thiosauren oder deren
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Vorlaufermolekiile iny-Position einer Aspartatseitenkette tragen. Unter diesen befanden sich
Peptide, welchelie fir Aspartimidbildung anfalligste Asply- und die unanfalligste Aspal-
Sequenz trugen. Unsere Ergebnisse zeigen, dass die TAL erfolgreich zur Konjugation von Peptiden
in dery-aspartylPosition eingesetzt werden kann. Wahrend der TAL bduabtn wir dass die
Thiosédure mit dem LissaminRhodamin B S&Sulfonylazid, verglichen mit einem anderen
Sulfonylazid Dansylazid, wesentlich schneller reagiert. Ferner fanden wir heraus, dass aus Trityl
geschutztenPeptidhioestern in situ erzeugte Peptittosaureneffizient in der TAL-Chemie
eingesetzt werden kénnelm Anschluss wurden ungeschiitzte Peptide mittels TAL zu einem
Peptidkonjugat umgesetzt. Es wurde die Reaktivitat eines Sulfonylazids mit einer Thiosaure
ausgenutzt, um ein Neoglycopeptid in exzebeusbeute zu synthetisiereduletzt wurdenN-
Glycoamnoséaurerund einN-Glycopeptid mit einer nattrlichen Verknipfung dargestellt, indem
b-D-GlycopyranosylazidDerivate in der TAEReaktion eingesetzt wurden.

Im letzten Teil dieser Dissertation wurden die Nebenreaktionen der Sulfonylazide in Gegenwart
von Sulfhydrylresten ndher untersucht. Dabei beobachteten wisalashkl in Gegenwart als auch

in Abwesenheit von Thiosauren das Sulfonylazid vom Thiol reduzied. Die Reduktionwird

jedoch dirch die Thioséaure katalysietnd verlauft somit schneller in Anwesenheit einer
Thioséure. Widerspruchlich zur Literatur stellten wir fest, dass die Reduktion des Sulfonylazids
mit der Thiosdureligation konkurriert, deedominiert. In weiteren Experimenten wurde die
katalytische Effektivitat mehrerer Basen untersucht, welche@j@in als Standardbase in der
TAL-Chemie ablosen kdonnten. Dabewesen sich Basen wie Ascorbat, Acetat und Caiat
genauso gut wie Lutidiin der TAL Reétion. Zuletzt beobachteten wir, dass Acetiait besseres
Verhéltnis von Ligation zu Reduktion a2s6-Lutidin in der TAL Reakin mit Sulfhydrylresten
erzielt
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6 EXPERIMENTAL SECTION

6.1 GENERAL METHODS

Technical solvents were distilled prior to use. Dry solvents were purchaseBltrkaandSigma
Aldrich or dried by common methods. Reagents were purchasedAcoos, Fisher Scientific,
Fluka, Glycon, Merck, MCA&andSigmaAldrich and used without furtmeourification. Reactions
were performed, if necessary, with nitrogen as protecting gas usiBghlenckechnique.

Analytical thin layer chromatography (TLC) was carried out on TLC silica gel 6@skcoated

aluminum sheets (Merck) with detection by UVi g h t ( & = 254 nm). Add
reagents were used for visualization of spots if applicable: iodine chamber, ethanolic ninhydrin
solution (3 % w/v), anisaldehyde solution (135 mL EtOH, 5 mE®, 15 mL glacial acetic acid,

3.7 mL panisaldehge), aqueous potassium permanganate (1 % w/v). After dipping into one of the
described solutions, heating was appliRBvalues were determined under chamber saturation.

Preparative flash column chromatography (FC) was performed on silica gel Gedugh660
pm, Merck) with solvent systems specified.

6.2 ANALYTICS

6.2.1 NMR Spectroscopy

NMR spectra were recorded on Amancelll 400 or 600 fromBruker at rt. 'H NMR chemical

shifts are referenced to residual protic solvent (Gt 7 . 2 6  pH=m.79 ppni2MeO

D4, DMSOD6w% 2.50 ppm) or internal 3% thamichlashiftd TMS
are referenced to the solvent signal (CB¥&l= 77.1 ppm, DMSED 6 ¢ 139.5 ppm). Chemical
shifts are given as 0 i n paponss=s§nglet, bs=ibpadaimgletmu | t i
d = doublet, t = triplet, g = quartet, quin = quintet and m = multiplet will be used below. When
feasible, assignments were supported by two dimensional correlation spectroscopy (COSY, HSQC,
TOCSY and HMBC).

6.2.2 Mass pectrometry:

ESHT mass spectra were recorded orEaquire3000 plus instrument frofBrukerwith electron
spray ionization or on a LS instrument LCMS2020 frorShimadzuspecified below. High
resolution ESITOF mass spectra were recorded on a micrOTOiRstrument from Bruker.
Samples were prepared in MeOH, MeCN, THF, DMF and/or Water (approx. 1 pg/mL).

6.2.3 CHN analysis
Elemental analyses were performed on a vario EL instrument from Elementar.
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6.2.4 Analytical and preparative high performance ligthicbmatography (RAPLC)

Analytical RP HPLC was conducted on a-PGA prominence system (pumps {2DAT, auto
sampler SIE20A, column oven CTQOAC, diode array detector SFB20A, controller CBM

20A and software L&olution) fromShimadzuNucleosil 1005 C-18 PPN (4 x 250 mm, Macherey
Nagel), Nucleodur 106 C-18ec (4 x 250 mm, Macherey Nagel), Nucleodur-3a9ILIC (4 x

250 mm, Macherey Nagellsurospherl00-10 C18 (16 x 250 mm, Knauer), Gemini 136

phenyl (30 x 75 mm, Phenomenex), Gemini-b106-pheryl (21.2 x 250 mm, Phenomenex) and
Luna 2065 HILIC (21.2 x 250 mm, Phenomenex) columns were used as stationary phase. A
gradient of water with 0.1 % TFA (eluent A) in MeCN with 0.1 % TFA (eluent B) was used as
mobile phase.

6.2.5 Liquid chromatography magsestrometry (LEMS)

LC-MS measurements were performed at a LCMS2020 8bimadzhigh pressure pumps LC
20 AD, autosampler SHROAT HAT, column oven CTEOAC, UV-Vis detector SPEROA,
fluorescence detector REDA, controller CBM20, ESI detector, software LCMS Solution, column
Nucleodur 1068 C18ec (4 x 125 mnMacherey Nagel As elient a gradient of A: ¥ + 0.1 %
formic acid and B: MeCN + 0.1 % formic acid was used. Solvents were LCMS grade.

6.2.6 Preparative medium performance liquid chromatography (MPLC)
MPLC analyses were performed on a Reveleris | instrument from Grace. Flastgeartr
Revelerissilica 4g, 12 g and 40dRevelerisreversegphase 12g and 40g.

6.3 GENERAL PROCEDURES

6.3.1 GPO01: DCC coupling

To a stirred suspension of carboxylic acid -gitu generated or pure), DMAP and
triphenylmethanethiol or amine in DCbt DMF was addedCC at 4°C. The reaction mixture

was stirred for 5 min, raised into ambient temperature and stirree6ftioBrs. After reaction was
completed, mixture was filtered to remove DCU and filtrate was concentrated using rotary
evaporator. The resulting yellogolid was packed dry with silica and purified via flash column
chromatography.

6.3.2 GP02: EBC/DMAP(HOBL) coupling
To a stirred suspension of carboxylic acid, DMAP or HOBt/DIPEA and triphenylmethanethiol or
amine in DCM/DMF was added EQC at 4°C. The reactin mixture was stirred for 5 min and
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raised to ambient temperature and stirred fér 8 After reaction was completed, solution was
diluted 10 times with organic solvent (DCM or Ethyl acetate) and washed with aqueous solution.
The organic phase was colled and dried over magnesium sulphate and concentrated using rotary
evaporator. The resulting yellow solid was packed dry with silica and purified via flash column
chromatography.

6.3.3 GP03: HBTU/HOBLt coupling.

Carboxylic acidand HOBt were dissolved in DCM @MF at ambient temperature. Stirring
solution was then cooled down using ice bath followed by addition of HBTU and DIPEA, stirred
for 5 min and raised to ambient temperature. After stirring for 30 min at RT, amine was added at
room temperature, and reamti mixture further stirred for-8 h. After reaction was completed,
solution was diluted to 10 times with organic solvent (DCM or Ethyl acetate) and extracted once
with 1 N aqueous HCI solution, saturated agueous Naj-Ho@tion, water and then brine. The
organic phase was collected and dried over magnesium sulphate and concentrated using rotary
evaporator (wordup procedure avoided with Fmaoontainingcompounds). The credsolid was

packed dry with silica and purified via flash column chromatography.

6.3.4 GP@: TAL with electron deficient azides

To a stirred solution of thiocarboxylic acid and sulfonyl azide in solvent, the base was added at
ambient temperature. The reaction mixture was stirred until the reaction was completed (TLC or
LCMS). The crude reaction mixture was purified either throulgishH=column chromatography

(FC) or HPLC.

6.3.5 GPO05: TAL with electron rich azides

To a stirred solution of thiocarboxylic acid and sulfonyl azide in GH€water, was added the
base at room temperature. The reaction temperature was raised 96t¢réflux) and stirred until
the starting material was consumed3(2lays). After the reaction (TLC or LCMS), the crude
mixture was purified through Flash column chromatography.

6.3.6 GPO06: Selective trityl thioester deprotection

To a stirred solution of trityl thioest and TIS in DCM, was added TFA (5% v/v) chwse (very

slowly) at ambient temperature. The solution was stirred untilntisgu generated yellow color

was disappeared (5 min). The solution was diluted to double volume with toluene and the solvent
wasremoved by either nitrogeftux or under reduced pressure. The resulting crude product was
either used without further purifications or purified through MPRE column.
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6.3.7 GPO7Boc and/or Bu deprotection

To a stirred solution of Boc/OtBu protected compadand TIS in DCM, was slowly added TFA
(50-60% v/v) at 4°C. The reaction mixture was stirred at ambient temperature until the reaction
was completed (360 min). The solution was diluted into double volume with toluene and the
solvent was removed undeduced pressure. Afforded crude product was used for subsequent step
without further purifications.

6.3.8 GPO08Fmoc deprotection

Fmoc protected compound was dissolved in DMF and piperidine (20% v/v) was added. The
reaction mixture was stirred at ambient temperature until reaction was complete (5 min). Then the
solvent was removed under reduced pressure. The residual compound-evapa@a@ted with
toluene multiple times, dried over vacuum and used for next reaction without further purification

6.3.9 GPO09: Boc, cBu, STrt, STmajlobal deprotection bysing TFA

To a stirred solution of protected compound and TIS in DCM, was slowly adekd60% v/v)

at 4°C. The reaction mixture was stirred at ambient temperature until the reaction was completed
(30-60 min). The solution was diluted to double volume with toluene and the solvent was removed
by either nitrogerflux or under reduced pressurThe resulting crude product was either used
without further purification or purified through MPERP column.

6.3.10 GP10: Benzyl esteNHCbz derotection.

To a stirred solution of benzyl est&dHCbz protected compound in methanol (for Frpoatected
communds 1:4 ethyl acetate /MeOH was used) at room temperature, was atlofsdPsiQ/C

under inert atmosphere. After, hydrogen gas was flushed through the mixture for 5 min and mixture
was stirred under hydrogen atmosphere. After reaction was finished (30 Iod) the mixture

was filtered through 2 cm thick celite pad to remove the catalyst Pd/charcoal, washed pad with
methanol and filtrate was evaporated under reduced pressure, then kept under vacu2r. for 1
The resulting solid, carboxylic acid, was eithused for next reaction without further purification

or purified with MPLC/flashcolumn chromatography.

6.3.11 GP11: Acetylatioof alcohols

Compound were dissolved in 6:5 pyridine/acetic anhydride mixture and the resulting solution was
stirred overnight ataom temperature. After the solvent was removed under reduced pressure, the
resulting residue was dissolved in ethyl acetate and extracted with water, saturatedsNaHCO
solution and brine. Organic phase was collected, dried over Mg®0@centrated under neced
pressure and kept2.h in vacuum. The resulting solid either used for next reaction without further
purification or purified though flasbolumn chromatography.
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6.4 SYNTHESIS OF TARGET COMPOUNDS

6.4.1 Strityl 3-phenylpropanethioate (76)

COSTrt Chemical Formula: CygH,4,0S
Molecular Weight: 408,56

3-phenylpropanoic aci@d5 (300 mg, 2 mmol), Triphenylmethanethiol (1.1 g, 4 mmol), DMAP (25
mg, 0.2 mmol) and DCC (577 mg, 3 mmol) were reacted in 10 mL of DCM for 5 h at room
temperature according B8P0l FC (03% ethylacetate/petroleum ether) gave yellowish crude
product. It was then crystallized using 2% ethyl acetate/petroleum ether to ged-tpityke 3-
phenylpropanethioaté6 (587 mg, 61%)R: = 0.55 (ethyl acetate/petroleum ether 1:8);NMR

(400 MHz, CDC¥) : .31#7.13(m, 20H aryl), 2.90 2.81(m, 4H Ph(TH>)2); *3*C NMR (101 MHz,
CDClk) : 0 (ClO®Frt),143.9, 140.1, 129.9, 128.6, 128.6, 127.9, 127.2, 1Z&5'5"y, 70.6
(C(Phk), 45.2(PhCHCH>), 31.5(PhCH2CHy); ESEMS (H.O/MeCN (with 0.1% formic acid),
pos.) calcd for egH250S [M+H]" m/z: 409.1, found 408.9.

6.4.2 3-phenylpropanethioic-&cid (77)

COSH Chemical Formula: CgH(,0OS
©/\/ Molecular Weight: 166,24

Strityl-3-phenylpropanethioafés (1 g, 2.45 mmol), TIS (1.5 mL, 7.35 mmol) and TFA (10% v/v,

1.8 mL, 24.5 mmol) were reacted in 20 mL of DCM accordinGRD6. The organic phase was
extracted with 0.2 N NaOH and collected aqueous phase, which further acidified with 1 N HC| and
extractedvith diethyl ether. Organic phase were collected, dried over MgB@®removed solvent
under vacuum. Afforded of-Bhenylpropanethioi&acid 77 (374 mg, 92%) as viscous ok =
0.150.35 (broad, ethyl acetate/petroleum ether H9NMR (400 MHz, CDCY) : G7.15(nB 7

5H, pheny), 4.26 (s, 1IHCO3H), 3.02 2.86 (M, 4H Ph(QH2)2); 1*C NMR (101 MHz, CDG) :
196.7(C(O)SH), 139.7, 128.7, 128.3, 126(682""), 47.2 (PhCHCH>), 31.1(PhCH>CH,); ES}

MS (H20/MeCN (with 0.1% formic acid), neg.) calcd f8§HsOS [M-H]  m/z: 165.1, found 165.0.
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6.4.3 S(2-methoxypropar2-yl) 3phenylpropanethioate (81)

o o~

S/% Chemical Formula: C3H4505S
Molecular Weight: 238.35

To a solution of $henylpropanethioi&acid 77 (358 mg, 2.2 mmol) and-@ethoxypropl-ene
80(0.621 mL, 6.6 mmol) in DCM (6 mL) was added at room temperature and stirred 2 h. After the
reaction was completed, the solution was concentrated under reduced pressure and dried over
vacuum. Reaction gave&(2-methoxypropai2-yl) 3-phenylpropanethioat8l (520 mg, 99%) as
colorless oil:R: = 0.45 (ethyl acetate/petroleum ether 1:9, 2D TLC shows product decomposes in
silica); 'H NMR (400 MHz, GDs) : ui 7.05 (in22H aryl), 7.0571 6.99 (m, 1H areng, 6.94
(ddd,J=7.7, 1.6, 0.7 Hz, 2+areng, 3.11 6, 3H OCH3), 2.79 (ddJ = 8.5, 6.8 Hz, 2HPhCH,),

2.631 2.50 (m, 2H CH2C(0)S), 1.68 (s, 6HIC(CH3)20Me); *C NMR (101 MHz,GDe) : U 197 . 6
(C(0)S), 140.5, 128.7, 126.82%"°"9, 91.8(C(CH3).OMe), 51.6(0OCHs3), 46.5(PhCHCH>), 31.6
(PhCH2CHz), 27.9(C(CH3)2OMe); ESFMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd for
C13H1902S [M+H]" m/z: 238.1, found 164.9; ESNIS (H.O/MeCN (with 0.1% formic acid), pos.)

calcd for GsH1s0-SNa [M+Na] m/z: 261.1, found 261.0.

6.4.4 4-dimethylpentan3-yl 3phenylpropanoatég88)-°s

0]
o Chemical Formula: C4gH240,
Molecular Weight: 248.37

3-phenylpropanoic aci@5 (2.4 g, 16.0 mmol), DMAP (0.2 g, 1.6 mmol), 2dénethylpentars-

ol (9.0 mL, 64.0 mmol) and DCC (3.6 g, 17.6 mmol) were reacted 50 mL of DCM according to
GPO1 FC (1:19 ethyl acetate/petroleum ether) gave 86% (3.4 g) of comg8utd NMR (400

MHz, CDChk) : da 1%.197(m,5Hpareng, 4.63 (t,J= 6.1, 1H CH(iPr)2), 3.01 (t,J=7.8,2H,
PhH,), 2.70 (t,J = 7.8,2H, CH>C(0)0O), 1.97i 1.83 (m,2H, CH(CHMey)2), 0.86 (ddJ = 10.1,
6.9,12H, CH(CH(CH3)2)2); °C NMR (101 MHz, CDGJ) : U (€(O)JOJ, B40.8) 128.5, 128.4,
126.3(C%°"y, 82.8(CH(iPr)2), 36.(PhCHCH>), 31.2(PhCH2CH), 29.4(CH(CHMey)2), 19.6,
17.3(CH(CH(CH3)2)2).
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6.4.5 O-ethyl 3phenylpropanethioate (9£y8

S
PN Chemical Formula: C14H44,0S
o Molecular Weight: 194.29

O-ethyl 3phenylpropanethioate0( 0 . 7 g, 3.9 mmol) and Lawessond¢
were refluxed in 12 mL of dry toluene overnight. FC (1:19, ethyl acetate/petroleum ether) gave

77% (0.58 g) yield of compour@il: *H NMR (400 MHz, CDCJ) : a 1%.1674m,5Hdareng,

4.50 (g, = 7.1,2H, OCH2Me), 3.13i 2.99 (m,4H, Ph(H>)2), 1.36 (t,J = 7.1,3H, OCHCHy);

13C NMR (101 MHz, CDQ) :  220.0€(S)0),140.1, 128.2, 125.6C3", 68.0(OCH2CHy),
48.1(PhCHCH?>), 34.4(PhCH>CHy), 13.3(OCH2CHs3) .

6.4.6 O-isopropyl3-phenylpropanethioate (92)

S
J\ Chemical Formula: C4,H160S
o Molecular Weight: 208.32

Isopropyl 3phenylpropanoat87( 0. 4 g, 2.08 mmol) and Lawessoni/
were refluxed in 7 mL of dry toluene overnight. FC (1:24, ethyl acetate/petroleum ether) gave 35%
(0.152 g) of compoung2: *H NMR (400 MHz, CDC4) : U 1 Z21{m,58i,arend, 5.67 (hept,

J=6.2, 1H CH(Me)), 3.141 3.01 (m,4H, Ph(CH2)2), 1.35 (d,J = 6.3,6H, CH(CH3)2); **C NMR

(101 MHz,CDC$) : U E(S®p1n0.17128.2,128.1, 12562y, 75.0(0OCH(Me).), 48.7

(PhCHCH>) , 34.4(PhCH2CHy), 20.7(CH(CH3)2).

6.4.7 O+2,4dimethylpentar3-yl) 3phenylpropanethioate (93)

S
Chemical Formula: C1gH240S
O Molecular Weight: 264.43
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2, 4dimethylpentarB3-yl 3-phenylpropanocat&88 ( 1. 0 g, 4. 03 mmol) and
(1.955¢, 4.83 mmol) were refluxed in 13 mL of dry xylene overnight. FC (0.5% of ethyl acetate in
petroleum ether) gave 57% (0.6 g) of compo8&d‘H NMR (400 MHz, CDCJ): ti= 7.317 7.16

(m, 5H, arengd, 5.54 (t,J = 6.1,1H, CH(iPr)), 3.14i 3.03 (m4H, Ph(TH>)2), 2.11i 1.96 (m,2H,
CH(CH(Me)2)2), 0.89 (t,J = 6.5,12H, CH(CH(CHs)2)2); 13C NMR (101 MHz, CDGJ): ti= 223.9
(C(S)0) 140.5,128.5, 128.5, 12639, 90.1(CH(iPr)), 48.9(PhCHCH>), 34.6(PhCH>CH>),
30.2(CH(CH(Me).)2), 19.6, 17.CH(CH(CH3)2)2).

6.4.8 N', 3diphenylpropanehydrazide (96)

H
NL Chemical Formula: C45HgN,0O
Ph Molecular Weight: 240.31

3-phenylpropanoic acid@5 (5.0 g, 33.5 mmol), DMAP (0.4 g, 3.35 mmol), phenyl hydrazine
(2.7mL, 40 mmol) and DCC (8.25 g, 40 mmol) were reacted in 100 mL of dry DCM according to
GPO1 FC (1:2 ethyl acetate/petroleum ether) gave 75% (6.02 g) of required pd6dtidtNMR

(400 MHz, CDCk) : U % 7.18 (n81BH, arend, 6.08 (d,J = 3.7 Hz, 1H CONHNH), 4.14 (d,

J = 7.5 Hz, 1H CONHNH), 3.01 (t,J = 7.5 Hz,2H, PhQH.CHy), 2.55 (t,J = 7.5 Hz, 2H,
PhCHCH); 1C NMR (101 MHz, CDGJ) : U =(C40j, 247.8, 140.5, 129.3, 128.828.6,
126.6, 121.3, 113.@2*""9, 36.3(PhCHCH>), 31.5(PhCH2CH>).

Iz

6.4.9 N, 3-diphenylpropanethiohydrazide (97)

H
NL Chemical Formula: C15HgN>S
N Ph Molecular Weight: 256.37

N', 3-diphenylpropanehydrazidds( 2. 0 g, 8. 33 mmol ) and Lawesson

were reacted in 25 mL of dry toluene. FC (1:2 ethyl acetate/petroleum ether) gave quantitative
yield (2.1 g) of yellowish solid97: HPLC (Phenomenexseminill05 C6phenyl, 75 x 30 mm;

60-90% MeCN/HO in 20 min; flow 9 mL mift): Ri= 9 min);*H NMR (400 MHz,CDC) : &4 8. 59

(s, 1H CSNHNH), 7.46 (dJ = 21.6 Hz, 1H CSNHNH), 7.32i 7.12 (m, 7Hareng, 6.94i 6.88
(m, 1H areng, 6.54 (dtJ = 7.8, 1.1 Hz, 2Hareng, 3.14 (t,J = 7.1 Hz, 2H PhCH2CH>), 3.00i1
2.95 (m, 2H PhCHCH,); 13C NMR (101 MHz, CDGJ) : U (2=B)14879, 139.94, 129.41,

L
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128.94, 128.75, 126.81, 122.55, 114(85°"9, 45.67(PhCHCHs), 35.22(PhCH2CH,); ESFMS
(H20/MeCN (with 0.1% formic acid), pos.) calcd forsH17N2S [M+H]* m/z: 257.1, found 256.9.

6.4.10 3,4diaminobenzamide (1043°

CONH,

Chemical Formula: C;HgN3;O

Molecular Weight: 151.17
NH,

NH,

To a stirred suspension ofadninc 3-nitrobenzoic acid (1.0 g, 5.5 mmol}hy/droxybenzotriazole

(1.1 g, 8.24 mmol), and EDAQ.5 g, 8.24 mmol) in anhydrous THF (50 mL) was added DIPEA
(1.14 mL, 8.24 mmol). The reaction mixture was stirred at ambient temperature for 10 min,
followed by addition of one portion of ammonium carbonate (1.6 g, 16.47 mmol), and the resulting
suspensin was stirred at ambient temperature for 18 h. The reaction mixture was concentrated to
a light brown paste, 1:1 saturated aqueous NadA&:O (40 mL) was added, and stirring was
continued for another 2 h. The suspension was filtered through a glasudftheasolid were dried

in a vacuum for 48 h to afford crudea#nino 3-nitrobenzamide (913 mg) as a yelkdrown solid.

This was used in the subsequent step without further purification. A solution of the adnowmeod
3-nitrobenzamide in ethanol (7.5 mand DMF (5 mL) along with 10% Pd/C (170 mg) was
hydrogenated for 24 h using hydrogen atmosphere. The reaction mixture was filtered through a pad
of Celite, and the Celite pad was washed with EtOH (3 x 5 mL). The combined filtrate was
concentrated to a dabkown solid. Trituration of the solid with 5% MeOH/Et20 (20 mL) afforded

the compound, 3;diaminobenzamid&04, as a brown powder (706 mg, 4.67 mmol, 85%), which
was used without further purificatioRf= 0.4 (MeOH/DCM 1:9)H NMR (400 MHz, DMSG
d6):u7.35 (br s, 1H), 7.07 (d,= 2.0 Hz, 1H), 6.99 (ddl = 8.0, 2.1 Hz, 1H), 6.68 (br s, 1H), 6.46

(d, J = 8.0 Hz, 1H);¥*C NMR (101 MHz, DMSQGd6): {i 168.59, 138.42, 133.52, 122.66, 117.71,
114.24, 112.65.

6.4.11 FmoeAsn(Dbz>x-Bu (107)
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H,N__O

HN Chemical Formula: C3gH35N4O0¢

o NH, Molecular Weight: 544.61

FmocHN COOt-Bu

FmocAsp(OH)Ot-Bu 106 (500 mg, 1.21 mmol), DIPEA (414 pL, 2.42 mmol), 3,4
diaminobenzamid&04 (275 mg, 1.82 mmol), HBTU (550 mg, 1.45 mmol) and HOBt (197 mg,

1.45 mmol) were reacted in 3.5 mL of DCM accordings®03 FC(0-3 % Me OH/ DCM Y 4 %
MeOH/DCM) gave required compourid7 (445 mg, 70%) as colorless solig = 0.35 (1:9
MeOH/DCM); IH NMR (400 MHz, MeODds) : U 3= ®69Hz,(2H), 7.66 (d) = 2.2 Hz,

1H), 7.591 7.51 (m, 3H), 7.30 (t) = 7.5 Hz, 2H), 7.21 (1) = 7.5 Hz, 2H), 6.76 (d) = 8.5 Hz,

1H), 4.55 (tJ=6.4 Hz, 1H), 4.29 (1) = 7.3 Hz, 2H), 4.13 (1) = 7.0 Hz, 1H), 2.89 (ddd),= 50.6,

15.2, 6.4 Hz, 2H), 1.41 (s, 9H%C NMR (101 MHz, MeODBd,) : a 172. 1, 172. 0,
147.7,145.1, 142.428.7, 128.4, 128.1, 128.0, 126.2, 123.0, 122.8, 120.9, 116.5, 83.3, 68.1, 53.2,
48.2, 39.0, 28.2; ESUS (H.O/MeCN (with 0.1% formic acid), pos.) calcd forsg33N4Oe

[M+H]* m/z: 544.2, found 544.3.

6.4.12 FmoeValAlaOt-Bu (110)

H\/COOt-Bu Chemical Formula: C57H34N505

FmocHN Molecular Weight: 466.58

O =

FmocVal-OH 108(500 mg, 1.47 mmol), NfHAla-Ot-Bu 109 (320 mg, 1.76 mmol), HBTU (670

mg, 1.74 mmol), HOBt (238 mg, 1.76 mmol) and DIPEA (503 puL, 2.93 mmol) were reacted in
DCM (40 mL) according t@&5P03 FC (3035 % ethyl acetate/petroleum etherygdmoeVal-
Ala-Ot-Bu 110(671 mg, 98%) as colorless soli:= 0.45 (ethyl acetate/petroleum ether 1'H);

NMR (400 MHz,CDC}) : 0 7=7.%51.3Ht,2H), 7.60 (dd,=7.5, 3.8 Hz, 2H), 7.38 (td,
J=7.3,3.0 Hz, 2H), 7.29 (tdd,= 6.4, 3.3, 1.7 Hz, 2H), 6.83 (d= 7.4 Hz, 1H), 5.77 (d] = 9.0

Hz, 1H), 4.49 (pJ = 7.5 Hz, 1H), 4.44 4.30 (m, 2H), 4.21 (t) = 7.2 Hz, 1H), 4.13 (q] = 7.0

Hz, 1H), 2.13 (tdJ = 13.5, 12.7, 6.0 Hz, 1H), 1.46 (s, 9H), 1.36J¢, 7.2 Hz, 3H)0.99 (ddJ =
12.3,6.8 Hz, 6H'*C NMR (101 MHz,CD&) : &4 171.9, 170.9, 156.5, 1
127.1,125.2,125.2,120.0, 119.9, 81.9, 67.1, 60.2, 48.7, 47.2, 31.6, 28.0, 19.2, 18.3, 189; ESI
(H20/MeCN (with 0.1% formic acid), pos.) cal for G7H3aN20sNa [M+Na]" m/z: 489.2, found
489.3.
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6.4.13 FmoeAsn(dabayalAlaOt-Bu (112)

H,N__O
HN Chemical Formula: C3gH46NgOs
NH, Molecular Weight: 714.82
(0] H @]
PN
FmocHN \:)J\N COOt-Bu
:H

O _~~

FmocAsn(daba)Ot-Bu 107 (175 mg, 0.321 mmol), TIS (330 pL, 1.60 mmol) and TFA (1.5 mL,
17 mmol) were reacted in DCM (1.5 mL) for 40 min accordinGRO7. Afterwards, Fmoé/al-
Ala-Ot-Bu 110(100 mg, 0.214 mmol) and piperidine (500 pL) were reacted in DMF (2 mL) for 5
min accordng to GP08 Subsequently, Fme&sn(daba)OH 105 (from first step, 0.321 mmol),
NH2-Val-Ala-Ot-Bu 111 (from second step, 0.214 mmol), HBTU (138 mg, 0.364 mmol), HOBt
(50 mg, 0.364 mmol) and DIPEA (110 pL, 0.642 mmol) were reacted in DMF (3.2 mL) according
to GP0O3

6.4.14 Lissamine Rhodamine B derivatives {113)

Anhydrous lissamine rhodaminelB 3 (100 mg, 0.173 mmol) and tetrabutylammonium azide (59
mg, 0.208 mmol) was dissolved in dry DCM (600 pL) &4 Solution then stirred for 3.5 h at
room temperature=C (05% MeOH/DCM) gave crude mixture which was further purified via
HPLC: Eurospherl00-10 C18, 16 x 250 mm; 380% MeCN (with 0.1% TFA) in kD (with 0.1%
TFA) in 25 min; flow 9 mL min*:

Lissamine rhodamine B sulfonic acid (113)R = 9.5 min;'H NMR (400 MHz,CDCk) : U 8. 67
(d,J=1.7 Hz, 1H benzend, 8.09 (dd,J = 7.9, 1.6 Hz, 1Hbenzen®, 7.22 (d,J = 9.5 Hz, 2H
xanthené?®), 7.08 (d,J = 7.8 Hz, 1H benzend, 6.72 (dd,J = 9.5, 2.4 Hz, 2Hxanthené’), 6.65

(d, J = 2.4 Hz, 2H xanthen&9), 3.647 3.45 (m, 8H N(CH2CHs)2), 1.26 (t,J = 7.1 Hz, 12H
N(CH2CHz)2); **C NMR (101 MHz, CD&) : U 160.0, 159.8, 159. 6,
147.74, 145.3, 133.5, 130.5, 129.4, 127.4, 126.4, 120.0, 117.1, 114.6, 114.2, 113.2, 111.4, 95.6
(Caeny, 45.9 (N(CH2CH3)2), 12.6(N(CH2CH3)2); ESKMS (H.O/MeCN (with 0.1% formic acid),

pos.) calcd for €H29N207S, [M-H]™ m/z: 557.2, found 557.2.
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Chemical Formula: Cy7H39N,0O-S,
Molecular Weight: 558.66

Lissamine rhodamine Bpara(5) sulfonyl azide (114):R = 21.3 min;*H NMR (400 MHz,

CDChk) : U &=2® Wz, {Hbenzend, 8.02 (dd,]=8.0, 2.0 Hz, 1Hbenzend, 7.32 (dJ =

8.1 Hz, 1H benzend, 7.20 (d,J = 9.5 Hz, 2H xanthené&?®), 6.78 (dd,J = 9.5, 2.5 Hz, 2H
xanthené’), 6.67 (d,J = 2.5 Hz, 2H xanthen&®), 3.54 (qd,J = 7.3, 3.4 Hz, S8HN(CH2CHz)),

1.28 (t,J=7.1 Hz, 12HN(CH.CH3),); ®*C NMR (101 MHz,CDG) : 4 157.9, 157. 8,
139.9, 136.3, 133.2, 130.5, 128.3, 127.3, 114.2, 113.7,(28'99, 46.0 (N(CH2CH3)), 12.7
(N(CH2CH3)2); ESFMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd forA30Ns06S

[M+H]* m/z: 584.2, found 584.2; ESAS (H.O/MeCN (with 0.1% formic acid), neg.) calcd for
C27H28Ns506S2 [M-H]” m/z: 582.2, found 582.4.

Chemical Formula: Cy7Hy9N506S,
Molecular Weight: 583.68

Lissamine rhodamine Bortho sulfonyl azide (115):R: = 16.87 min;'H NMR (400 MHz, CDCJ):

U 8. 851.5(Hd, 1Hbenzend, 8.47 (ddJ= 7.8, 1.6 Hz, 1Hbenzen®, 7.39 (d,J= 7.8 Hz,

1H, benzend®, 7.00 (d,J = 9.4 Hz, 2H xanthen&?®), 6.82 (ddJ = 9.5, 2.4 Hz, 2Hxanthené?),

6.78 (d,J = 2.4 Hz, 2H xanthen&®), 3.61 (qdJ = 7.3, 2.0 Hz, 8HHN(CH2CHs)2), 1.32 (t,J= 7.8

Hz, 12H N(CH:CHs)2); **C NMR (101 MHz, CDGJ) : a4 160. 4, 160. 1, 157. 7
137.8, 133.0, 131.6, 131.428.3, 117.5, 114.6, 114.2, 113.9, 964"y, 46.2 (N(CH2CH3)2),
12.6(N(CH2CH3)2); ESEMS (H20/MeCN (with 0.1% formic acid), pos.) calcd fosA30N506S,

[M+H] " m/z: 584.2, found 584.2.
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Chemical Formula: Cy7HogN506S,
Molecular Weight: 583.68

O=§=O

~NT
OO Chemical Formula: C15H{5N405S
Molecular Weight: 276.31
O:§:O
N3

Dansyl chloride (3 g, 11.12 mmol) was dissolved in 45 mL of ethanol (EtOH)°& 46d added

drop wise into a stirred solution of sodium azide (1.5 g, 22.22 mmol) in 20 mL of a mixed solvent
(H2O/EtOH, 3:2). Then the reaction mix¢uwas stirred at ambient temperature for 3 h. The
organic solvent was evaporated in vacuum, and the agueous solution was extracted by DCM. The
combined organic layers was washed with brine and then dried overM88&ent evaporation

gave the crude prodt, which was purified by flash chromatography: eluent5@® ethyl
acetate/petroleum ether, which gives crude product (2.94 g) as a light yellow viscous oil. The crude
material was further purified by crystallization in MeOH, yield 2.05 g (7.45 mmol,) 6%
yellowish-brown crystals, Dansyl Azid&16 R:= 0.55 (1:1 ethyl acetate/petroleum ethéH;

NMR (400 MHz, CDC4) : U = &571.1(Hd, t1H), 8.34 (dd,= 7.4, 1.3 Hz, 1H), 8.21 (dt,
J=8.7,1.0 Hz, 1H), 7.64 (dd,= 8.7, 7.6 Hz, 1H), 7.58 (dd,= 8.5, 7.4 Hz, 1H), 7.24 (dd,=

7.6, 0.9 Hz, 1H), 2.90 (s, 6H%C NMR (101 MHz,CDCG)) : &4 152.3, 133.8, 13
129.8, 129.4, 123.1, 118.9, 116.0, 45.5;-& (H.O/MeCN (with 0.1% formic acid), pos.) calcd

for C12H13N4O2S [M+H]* m/z: 277.1, found 277.1.

6.4.16 Boc4-((2-aminoethyl)carbamoyl)benzenesulfonyl azide (pCSea) (119)
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O

N/\/NHBOC Chemical Formula: C14H1gN5O5S
H Molecular Weight: 369.40
N30,S

4-Carboxybenzenesulfonazidel 8 (1.72 g, 7.6 mmol), NBoc-ethylenediamine (1.6 mL, 9.12
mmol), EDAC (1.3 g, 8.36 mmol) and DMAP (92 mg, 0.76 mmol) were reacted in DCM (50 mL)
according tadGP02 FC (1025% ethyl acetate/petroleum ether) gave crude white solid, which then
recrystallized in 17 ethyl acetate/petroleum ether afforded -4B(¢2-
aminoethyl)arbamoyl)benzenesulfonyl azidd9 (880 mg, 31%) as colorless needlBs= 0.5
(ethyl acetate/petroleum ether 1:;NMR (400 MHz, CDCJ) : Ui 8.84 (1, 2H benzen&d),
8.027 7.98 (m, 2H benzen®), 7.87 (s, IHCONHCNy), 5.12 (t,J = 6.4 Hz, 1H NHBoC), 3.63i

3.50 (m, 2H CH>CH:NHBoc¢), 3.43 (q,J = 5.5 Hz, 2H CH>CH2NHBoc), 1.42 (s, 9H
C(O)O(s)3); *C NMR (101 MHz, CDGJ) : U (COBHCNS, 158.4(NHC(O)OC(Me),
140.7, 140.1, 128.5, 127.8C**"9, 80.6 (NHC(O)OC(Me)s), 43.4 (CH2CH.NHBoc), 39.8
(CH2CH2NHBoc), 28.4(NHC(O)OC(CH?3)3); ESFMS (H20/MeCN (with 0.1% formic acid), pos.)
calcd for GaH20NsOsS [M+H]* m/z: 370.1, found 370.1; ESAS (H.O/MeCN (with 0.1% formic
acid), pos.) calcd for GH19NsOsSNa [M+Na] m/z: 392.1, found 392.1.

6.4.17 Biotin sulfonyl azide (121)
O H SQ\
N o NH Chemical Formula: C4gH,5N;05S
N~ X 19H25N70557
/©)J\H m/\/\ HN’& Molecular Weight: 495.57
O o)
N;0,S

Boc-4-((2-aminoethyl)carbamoyl)benzenesulfonyl azid® (665 mg, 1.75 mmol), TIS (1.08 mL,
5.25 mmol) and TFA (5 mL) were reacted in DCM (5 mL) for 30 min at room temperature
according taGP07. Subsequently,-§(2-aminoethyl)carbamoyl)benzenesulfonyl azide (from first
step, 1.75 mmol), biotin (470 mg, 1.93 mmol), HBTU (835 mg, 2.1 mmol), HOBt (283 mg, 2.1
mmol) and DIPEA (900 pL, 5.25 mmol) were reacted in DMF (6 mL) for 4 h accordiG¢@3.
MPLC (GraceRevelerissilica 12 g; 610-15% MeOH/DCM in 16 min; flow 30 mL mih R = 8

min) gave Biotin sulfonyl azid&21 (300 mg, 35%) as white soli& = 0.4 (MeOH/DCM 1:9)!H

NMR (400 MHz, MeODds) : U br8 4HDa®end( 4.47 (ddJ = 7.9, 4.8 Hz, 1Hbiotin®d, 4.24
(dd,J = 7.9, 4.4 Hz, 1Hbiotin®¥, 3.53 ¢, J = 7.0, 5.2 Hz2H, CH.CH:NHCO), 3.44 ¢, J = 6.6,

4.8 Hz, 2H CONHCH2CHy), 3.11 (ddd,J = 8.8, 5.9, 4.4 Hz, 1Hdiotin%), 2.89 (dd,J=12.8, 5.0

Hz, 1H, biotin®), 2.68 (d,J = 12.7 Hz, 1Hbiotin®), 2.22 (td,J = 7.3, 1.9 Hz, 2HNHCOCH,), 1.74

i 1.47 (m, 4H CH.CH>), 1.40 (pJ= 7.1 Hz, 2H CH,CH,CH,CHy); 13C NMR (101 MHz, MeOD
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ds) : U (NHE(®)(CBh)s), 168.3(ArC(O)NH, 166.1(NHC(O)NH), 142.1, 141.7, 129.928.8
(careng, 63.3(biotin-C33), 61.6(biotin-C%9), 56.9(biotin-C*), 41.2, 41.0, 39.8, 36.8, 29.7, 29.5, 26.8
(CHy); ESFMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd fordH26N70sS, [M+H] ™ m/z:
496.1, found 496.1; ESWMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd for
C1oH2sN70sSNa[M+Na]" m/z: 518.1, found 518.0.

6.4.18 Fmoepiperazyl biotin (123)
0
HN™ NyH .
.Fmoc Chemical Formula: CygH34N404S
ﬁN Molecular Weight: 534.67
_

Biotin 120(1.66 g, 6.78 mmol), Fmegiperazine (1.8 g, 5.22 mmol), HOBt (915 mg, 6.78 mmol),
HBTU (2.7 g, 6.78 mmol) and DIPEA (3.6 mL, 20.88 mmol) were reacted in DMF (30 mL)
according tdGP03 MPLC (GraceRevelerissilica 40 g; 620% MeOH/DCM in 16 min; flow 35
mL minl: R = 9 min) gave white solid, Fmeuiperazyl biotin123 (2.4 g, 86%):R = 0.35
(MeOH/DCM 1:9);'H NMR (400 MHz, DMSGds) U 1 7.8398, 2H Fmodé~), 7.63 (ddJ =
7.5, 1.2 Hz, 2HFmod?®), 7.42 (tJ = 7.4 Hz, 2HFmoc9), 7.34 (tdJ= 7.5, 1.2 Hz, 2HFmMo¢&’),
6.43 (s, IHNHC(O)NH), 6.36 (s, 1IHNHC(O)NH), 4.41 (d,J = 6.4 Hz, 2H Fmod9), 4.34i 4.24

(m, 2H, biotin€®%), 4.14 (dddJ = 7.9, 4.4, 1.5 Hz, 1HFmo?), 3.40i 3.23 (m, 8H piperazine
CHy), 3.11 (ddd,JJ = 8.6, 6.2, 4.3 Hz, 1}Hbiotine®), 2.83 (dd,J = 12.5, 5.1 Hz, 1Hbiotin%), 2.59
(d,J=12.4 Hz, 1Hbiotin®) 2.30 (t,J = 7.5 Hz, 2H NC(O)(H>), 1.69i 1.27 (m, 6H (CH2)3); **C
NMR (101 MHz,DMSQGds) U 17 0. 8 (C=)6.24.4,843.81180282787,127.2,125.0,
120.1(C?*"9, 66.6(Fmoc?), 61.1(biotin-C*¥, 59.3(biotin-C%), 55.5(biotin-C?), 46.81(biotin-
CP), 44.5,43.6, 43.2 fiperazineCHy), 32.1, 28.3, 28.1, 24 giotin-CH,); ESFMS (H,0/MeCN
(with 0.1% formic acid), pos.) calddr CoeH24Ns0sS [M+H]* m/z: 535.2, found 535.3.

6.4.19 Biotin sulfonyl azide (124)

o)
HNJ<NH _
Chemical Formula: Cy4Hy7N;05S,
O“ Molecular Weight: 521.61
S SO,N;
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Fmocpiperazyl biotin123 (963 mg, 1.8 mmol) and piperidine (20% v/v, 2 mL) were reacted in
DMF (8 mL) for 5 min according to GP08. SubsequentiZatboxybenzenesulfonazide (830 mg,
3.64 mmol), piperazyl biotin (from first step, 1.8 mmol), DCC (900 mg, 4.36 mmol) and DMAP

(44 mg,0.36 mmol) were reacted in DMF (20 mL) for 8 h according to GP01. MRracg:

RevelerisC18(RP) 40 g (40.00% MeCN/HO in 16 min; flow 40 mL mir): R = 8 min; Afforded
title compound, Biotin sulfonyl azid&24, 115 mg (0..22 mmol, 12%) as white softtf NMR

(400 MHz, MeODds) : Ui 8.8Q (13, 2H benzen®®), 7.83i 7.69 (m, 2H benzeng®), 4.50 (dd,
J=17.8, 4.8 Hz, 1Hbiotin®¥, 4.31 (dd,)= 8.0, 4.4 Hz, 1Hbiotin*?, 3.94i 3.36 (m, 8Hpiperazine

CHy), 3.21 (dt,J= 9.7, 5.3 Hz, 1Hbiotin®), 2.93 (dd,J = 12.8, 4.9 Hz, 1Hbiotin®), 2.71 (d,J =

12.8 Hz, 1H biotin®), 2.561 2.37 (m, 2H NC(O)CHz), 1.857 1.40 (m,6H, (CH2)3); 3C NMR

(101 MHz, MeODds) : U 17 4. 2 (C=q) 7148.0,2140.9,118%7, IP9(Ca ", 63.3
(biotin-C33, 61.6 (biotin-C%), 570 (biotinC?%, 46.4 @ouble piperazineCHz), 42.9 @uart

piperazineCHy), 41.1 (biotinC®), 33.6, 29.8, 29.5, 26 (biotin-CHz); ESFMS (H.O/MeCN (with

0.1% formic acid), pos.) calcd. forE27N7OsSNa [M+Na]" m/z: 544.1, found 544.0; ESNIS

(H20/MeCN (with 0.1% formic acid), pos.) calcd. fopiB2e6N705S, [M+H]* m/z: 522.2, found
522.0.

6.4.20 FmocAlaPheCQt-But3! (130)

Ph
Chemical Formula: C31H34N>05

COOt-Bu Molecular Weight: 514.62

O
FmocHN\)J\N/[
I H

FmocAla-OH 126 (2.63 g, 8.44 mmol), HCI*NEPheOt-Bu 128 (2.6 g, 10.13 mmol), HBTU

(4.02 g, 10.13 mmol), HOBt (1.37 g, 10.13 mmol) and DIPEA (4.33 mB2%mol) were reacted

in DMF (40 mL) according toGP03 MPLC (GraceRevelerissilica 40 g; 1560% ethyl
acetate/petroleum ether in 20 min; flow 35 mL /iR = 10 min) gave Fmoeéla-PheOt-Bu 130
(3.5 g, 81%) as colorless soligk: = 0.45 (ethyl acetate/petroleum ether 1*H;NMR (400 MHz,
CDClk) : U JF=7®BHz, 2H},,7.60 (d]=7.5Hz, 2H), 7.41 ()= 7.4 Hz, 2H), 7.32 (td] =
7.5,1.2 Hz, 2H), 7.2v 7.11 (m, 5H), 6.46 (d] = 7.8 Hz, 1H), 5.41 (d] = 7.7 Hz, 1H), 474 (dt,
J=17.9,6.0 Hz, 1H), 4.4B4.17 (m, 4H), 3.10 (dd] = 6.1, 4.3 Hz, 2H), 1.41 (s, 12HFC NMR
(101 MHz, CDC}) a 171. 7, 170. 3, 155. 9, 143. 9,
125.2,125.2,120.1, 82.6, 67.2, 53.7, 50.5, 482,,28.1, 18.9; ESUS (H.O/MeCN (with 0.1%
formic acid), pos.) calcd for4HssN2Os [M+H] " m/z: 515.3, found 515.3.

141.

4
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6.4.21 FmoeGlyPheOt-But*2(131)

Ph
Chemical Formula: C3qH35,N505

COOtBu Molecular Weight: 500.60

O
FmocHNQJ\N/[
H

FmocGly-OH 127 (5 g, 16.81 mmol), HCI*NkEPheOt-Bu 128(5.18 g, 20.18 mmol), HBTU (8

g, 20.18 mmol), HOBt (2.7 g, 20.18 mmol) and DIPEA (8.7 mL, 50.43 mmol) were reacted in
DMF (85 mL) according toGP03 MPLC (GraceRevelerissilica 40 g; 2660% ethyl
acetate/petroleum ether in 20 min; flow 35 mL HiR: = 10 min) gave FmoGly-PheOt-Bu (7.1

g, 84%) as colorless solidx = 0.3 (ethyl acetate/petroleum ether 11; NMR (400 MHz,

CDCk) : U 3= 7I5Mz, QH), 7.60 (1) = 7.1 Hz, 2H), 7.40 (td) = 7.6, 1.2 Hz, 2H), 7.31
(tdd,J=7.5, 3.4, 1.2 Hz, 2H), 7.287.18 (m, 3H), 7.16 7.12 (m, 2H), 6.49 (d] = 7.8 Hz, 1H),

5.51 (t,J=5.6 Hz, 1H), 4.78 (dt] = 7.8, 6.0 Hz, 1H), 4.48 4.33 (m, 2H), 4.29 4.16 (m, 1H),

3.96i 3.81 (m, 2H), 3.10 (d] = 6.0 Hz, 2H), 1.41 (s, 9H}*C NMR (101 MHz,CDG)) & 170. 4,
168.4, 156.6, 143.9, 141.4, 136.0, 129.6, 128.5, 127.8, 127.2, 127.2, 127.2, 125.2, 120.1, 82.7,
67.4,53.7,47.2,44.5, 38.2, 28.1.

6.4.22 BoecAsp(OBRDHS? (139)

OBn

O Chemical Formula: C4gH,1NOg

OH Molecular Weight: 323.35
BocHN

Followed published procedutg® NH.-Asp(OBn)}OH (8 g, 35.86 mmol), 1:1 THF/water (150

mL), (BocO (9 mL, 39.45 mmol)) and NaOH ( 3.15 g, 78.89 mmol). Reaction afforded Boc
Asp(OBn)}OH 139 (11 g, 95%) as white solidHd NMR (400 MHz, CDCY) : a 9.85 (s, 1
i 7.30 (m, 5H), 5.58 (d] = 8.6 Hz, 1H), 5.21 5.06 (m, 2H), 4.65 (dtJ = 9.2, 4.7 Hz1H), 3.16

i 2.80 (m, 2H), 1.46 (s, 9H}*C NMR (101 MHz,CDG)) : 4 175.6, 171.0, 15
128.4,128.3, 127.1, 80.5, 67.0, 49.8, 36.6, 28.3.

6.4.23 BocAsp(OBn)atPheOQt-Bu (141)
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OBn
(0]

Ph
H @ /[ Chemical Formula: C34H47N3O0g
BocHN N_JJ\N COOBU Molecular Weight: 625.76
o ~_"

FmocVal-PheOt-Bu 129 (6.55 g, 12.8 mmol) and piperidine (20% v/v, 12 mL) were reacted in
DMF (48 mL) for 5 min according t&P08 Subsequently, BeAsp(OBn}OH 139(4.68 g, 14.5
mmol), NH-Ala-PheOt-Bu 132 (from first step, 18.8 mmol), HBTU (5.5 g, 14.5 mmol), HOBt
(1.96 mg, 14.5 mmol) and DIPEA (6.16 mL, 36.2 mmol) were reacted in DMF (45 mL) according
to GP03 FC (20% et hyl acetate/ petrol eum et-her
Asp(OBn)}Val-PheOt-Bu141(2 g, 93%) as colorless solig:= 0.5 (ethyl acetate/petroleum ether
1:1); '"H NMR (400 MHz, CDG) : Ui 7710 (#n111Harene NH), 6.94 (d,J = 8.6 Hz, 1H

NH), 6.45i 6.31 (m, 1H NH), 5.66 (d,J = 7.6 Hz, 1H NH), 5.10 (s, 2HOCH,Ph), 4.72 (dd,J =

14.2, 6.3 Hz, 1HC GAsp), 453-4.39(m, 1H, -BHd, 4.22 (ddJ = 8.7, 5.9 Hz, 1H -&d),
3.05(dJ=6.3Hz,2H -BH®,298(dd,J=171,52Hz,1H, -Bdp),2.68(dd, J=171,6.2
Hz,1H, -8dp),2.2371 2.10 (m, 1H -@d), 1.44 (s, 9H OtBu), 1.37 (s, 9K OtBu), 0.8 (d, J

= 6.8 Hz,3H, Co-Val), 0.85 (d J= 6.8 Hz,3H, Co-Val); ESFMS (H.O/MeCN (with 0.1% formic
acid), pos.) calcd for £H4gN3Og [M+H] " m/z: 626.3, found 626.4.

6.4.24 BocAsp(OBnrAlaPheOQt-Bu (142)

OBn

O H O /[ Chemical Formula: C3,H43N304
BocHN NJ Molecular Weight: 597.71

FmocAla-PheOt-Bu 130 (1.86 g, 3.61 mmol) and piperidine (20% v/v, 4 mL) were reacted in
DMF (16 mL) for 5 min according t&P08 Subsequently, BeAsp(OBn}OH 139(1.4 g, 4.34
mmol), NH-Ala-PheOt-Bu 133 (from first step, 3.61 mmol), HBTU (1.64 g, 4.34 mmol), HOBt
(586 mg, 4.34 mmol) and DIPEA (1.86 mL, 10.84 mmol) were reacted in DCM (18 mL) according
to GP03 FC (20% et hyl acetate/ petroleum et-her
Asp(OBn}Ala-PheOt-Bu 142(2 g, 93%) as colorless solig: = 0.4 (ethyl acetate/petroleum ether
1:1); *H NMR (400 MHz, CDGY) : U7 770 (M, 210Hareng, 6.92 (d,J = 7.5 Hz, 1H NH),

6.48 (d,J=7.8 Hz, 1H NH), 5.60 (dJ= 8.8 Hz, 1H NH), 5.12 (s, 2HHOCH:PHh), 4.75i 4.66(m,

1H, -B8dp), 452-4.41 (d,1H, C tPhe, 4.40 (p,J= 7.1 Hz, 1H -@l4&), 3.157 3.02 (m, 2H

C bPh@, 2.98 (dd,J = 17.1, 5.0 Hz, 1HC BAsp), 2.75 (dd,J = 17.1, 6.2 Hz, 1H -Bp), 1.46

¥
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(s, 9H OtBu), 1.40 (s, 9HOtBuU), 1.33 (d,J = 7.1 Hz, 3HC BAla); *C NMR (101 MHz, CDG):

a 171. 215551C=0), 186.2, 135.5, 129.6, 128.7, 128.5, 128.4, 1ACI*"y, 82.5
(OC(CHa)s), 67.1(OCH2Ph), 53.8,49.2 GPh e -A sQoU-Vall; 88.0( GB h e -Aspj, B8.4,
28.1 (OC(CHa)3), 18.0( GAla); ESEMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd for
C32H44N30g [M+H] " m/z: 598.3, found 598.4.

6.4.25 BocAsp(OBriGlyPheOi-Bu (143)

OBn
Ph

o H 9 /[ Chemical Formula: C31H4{N3Og
BocHN NQJ\N COOLBU Molecular Weight: 583.68
H

FmocGly-PheOt-Bu 131(5 g, 9.99 mmol) and piperidine (20% v/v, 10 mL) were reacted in DMF
(40 mL) for 5 min according t&P08 Subsequently, BeAsp(OBn}OH 139(5.47 g, 17 mmol),
NH2>-Ala-PheOt-Bu 134 (from first step, 9.99 mmol), HBTU (7.15 g, 18 mmol), HOBt (2.43 g,
17.98mmol) and DIPEA (8.7 mL, 51 mmol) were reacted in DMF (60 mL) for 6 h according to
GPO02 All reaction and evaporation carried out undef@@o avoid aspartimide formation. MPLC
(Grace: Revelerissilica 40 g; 16100% ethyl acetate/petroleum ether in 2@;flow 35 mL min

1 R =12 min) gave Bo@sp(OBn}Gly-PheOt-Bu 143(4.27 g, 73%) as colorless sol:= 0.65
(ethyl acetate/petroleum ether 4:3t NMR (400 MHz, CDCY) : ai 7714 (81910H areng,

7.10 (d,J=6.1 Hz, 1HNH), 6.71 (d,J= 7.8 Hz, 1H NH), 5.60 (d,J = 8.9 Hz, 1H NH), 5.15i

4.99 (m, 2H OCHzPh), 4.74 (dtJ=7.9, 6.3 Hz, 1H -8dd), 461-4.52(m, 1H, -BH¢), 3.94

(m, 2H, C UGly), 3.171 2.72 (m, 4H -Bh e -Asp}; 6.46 (s, 9HOtBu), 1.39 (s, 9K OtBu);

13C NMR (101 MHz, CDC}) : a 171. 9, 171.(8=0) 1B6.3) 136.4, 129.6,8 . 2,
128.7, 128.5, 128.5, 128.3, 127", 82.5, 80.9OC(CHa)3), 67.1(OCH2Ph), 53.9( GRhe)
50.9 ( GAbp), 43.3( G@Gly), 38.1, 36.4 GB h e ,-Asp, 8.4, 28.1(0OC(CHs)3); ESFMS
(H20/MeCN (with 0.1% formic acid), pos.) calcd fog842N30s [M+H] " m/z: 584.3, found 584.3.

6.4.26 BocAsp(OBnryalOi-Bu (144)

OBn

(0]
Chemical Formula: Cy5H3gN,0O7

H
N.-COOtBu Molecular Weight: 478.59

BocHN
O /:\
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Boc-Asp(OBn}OH 139(5 g, 15.46 mmol), NHVal-Ot-Bu 135(3.9 g, 18.55 mmol), HBTU (7 g,
18.55mmol), HOBt (2.5 g, 18.55 mmol) and DIPEA (8 mL, 46.38 mmol) were reacted in DCM
(50 mL) according t&sP03 FC (2535% ethyl acetate/petroleum ether) gave-Bsp(OBn)}Val-
Ot-Bu 144 (9.7, quant) as white soli® = 0.3 (petroleum ether/ethyl acetate 3:4;NMR (400
MHz, CDCk) : Ui 780 (!,25H pheny), 6.98 (d,J = 8.6 Hz, 1H NH), 5.72 (d,J = 8.6 Hz,
1H, NH), 5.22i 5.07 (m, 2HOCHPH), 4.664.50(m, 1H, C LAsp), 4.38 (ddJ=8.8, 4.6 Hz, 1H
C bval), 3.04 (dd,J = 17.1, 4.6 Hz, 1HC BAsp), 2.74 (dd,J = 17.1, 6.3 Hz, 1H -Bdp), 2.15
(pd,J=6.9, 45 Hz, 1H -€dh), 1.46 (s, 18HOtBu, OBu), 0.8 (d, J = 6.9 Hz,3H, Co-Val),
0.91 (d, J= 6.9 Hz,3H, Co-Val); °C NMR (101 MHz, CDGJ) : U 17205,1709%,155.6=0),
135.5, 128.6, 128.3, 128(82®"9, 81.9, 80.4OC(CHs)3), 66.9(OCH-Ph), 57.8( GVAal), 50.7
( GAbp), 36.1( Ghsp), 31.4( GY¥al), 28.3, 28.1(0OC(CHzs)3), 18.9, 17.5Co-Val); ESFMS
(H20/MeCN (with 0.1% formic acid), poscalcd for GsHzgN207 [M+H] * m/z: 479.3, found 479.3;
ESFMS (HO/MeCN (with 0.1% formic acid), neg.) calcd fopsH37/N2O7 [M-H]" m/z: 477.3,
found 477.5.

6.4.27 FmoecAsp(OBnryalQt-Bu (145)

OBn

@)
Chemical Formula: C35H49N>O7

H
N -COOHBu Molecular Weight: 600.71

FmocHN
0O _~

FmocAsp(OBn)}OH 140(1 g, 2.25 mmol), HCI*NHVal-OtBu 135(393 g, 1.87 mmol), HBTU

(851 mg, 2.25 mmol), HOBLt (303 mg, 2.25 mmol) and DIPEA (977 pL, 5.61 mmol) were reacted
in DCM (11 mL) for 8 h according t6P03 FC (30% ethyl acetate/petroleum ether) gave Fmoc
Asp(OBn)}Val-OtBu 145 (1.07 g, 95%) as colorless solig:= 0.4 (20% ethyl acetate/petroleum
ether);!H NMR (400 MHz, CDXY) : U 7=7.8 2.3 Hz,R2HFmMoé"), 7.59 (dJ=7.5Hz,

2H, Fmod-®), 7.48i 7.27 (m, 9HFmMoc&% Fmoc&’, pheny), 7.01 (d,J= 8.7 Hz, 1H NH), 6.04 (d,
J=8.4 Hz, 1HNH), 5.25i 5.10 (m, 2HOCH2Ph), 4.67 (q,J = 7.1, 6.2 Hz, 1HC GAsp), 4.50i

4.33 (m, 3HFmod?, Fmo?), 4.23 (t,J= 7.0 Hz, 1HC Wval), 3.09(dd, J=173,4.3Hz,1H, -Cb
Asp), 2.77(dd, J=172,6.7Hz,1H, -Bdp), 2.18 (pdJ=6.9, 4.6 Hz, 1H -g), 1.46 (s, 9H
OtBu), 0.92 (dd,J = 11.1, 6.9 Hz, 6HCo-Val); 3C NMR (101 MHz, CDGJ) : U 172. 0,
170.2, 156.1C=0), 143.8, 143.8, 141.4, 135.4, 128.7, 128.5, 128.4, 127.8, 127.2, 128.1,
120.1(C¥*"9, 82.1(OC(CHz)3), 67.5(Fmod?), 67.1(OCH2Ph), 57.9( G\Al), 51.1( GAkp),

47.2 (Fmo?@), 36.5( GAsp), 31.3( G¥al), 28.1 (OC(CHs)s), 19.0, 17.6(Co-Val); ESFMS
(H20/MeCN (with 0.1% formic acid), pos.) calcd. fogs841N207 [M+H]* m/z: 601.3, found
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601.2; ESIMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd. fogsH40N207Na [M+Na]
m/z: 623.3, found 623.2.

6.4.28 BocAsp(OBnrAlaOt-Bu (146)

OBn

Chemical Formula: C,3H34N507

H
N.-COOtBu Molecular Weight: 450.53

BocHN

O =

Boc-Asp(OBn}OH 139(5 g, 15.46 mmol), HCI*NEAla-Ot-Bu 136(3.37 g, 18.55 mmol), HBTU

(7 g, 18.55mmol), HOBt (2.5 g, 18.55 mmol) and DIPEA (8 mL, 46.38 mmol) were reacted in
DCM (50 mL) for 30 min according t&P03 FC (1525% ethyl acetate/petroleum ether) gave
Boc-Asp(OBn)}Ala-Ot-Bu 146 (6.6 g, quant) @ white solid:Rs = 0.35 (ethyl acetate/petroleum
ether 1:3)H NMR (400 MHz, CDCJ) : Ui 729 (#h,15H pheny), 6.99 prs, 1H NH), 5.64
(d,J=8.8 Hz, 1H NH), 5.20i 5.07 (m, 2H OCH2PH), 4.584.48 (m, 1H, C GAsp), 4.40 (pJ =

7.2 Hz, 1HC GAla), 3.07(dd, J= 171,44 Hz,1H, -B9p),2.72(dd, J=172,6.1Hz,1H, -Cb
Asp), 1.45 (s, 18HOtBu, OBu), 1.34 (d,J= 7.1 Hz, 3HC bAla); 3C NMR (101 MHz, CDGCJ):

d 171. [s0),1356.6,.128.7, 128.50, 128@%*"y, 82.1(OC(CHs)3), 67.0(OCH2Ph), 50.6

(C UAsp), 49.1 (C GAla), 3 6 . 4-Asp)CAB.4, 28.1(OC(CHs)s), 18.6 (C BAla); ESFMS
(H20/MeCN (with 0.1% formic acid), pos.) calcd fopa34N207Na [M+Na]" m/z: 473.2, found
473.2; ESIMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd fops83sN207 [M+H]* m/z:
451.2, found 451.2.

6.4.29 BocAsp(OBnrPheOt-Bu (147)

OBn

Chemical Formula: CygH3gN50O7

Molecular Weight: 526.63

H
N._COOtB
BocHN ~ !

O pud
“Ph

Boc-Asp(OBn)}OH 139 (6 g, 18.56 mmol), HCI*NE#PheOt-Bu 137 (5.26 g, 20.41 mmol),
EDAC (3.9 g, 20.41 mmol), HOBt (2.76 g, 20.41 mmol) and DIPEA (9.53 mL, 55.66 mmol) were
reacted in DCM (50 mL) for 30 min according@®02 FC (1820% ethyl acetate/petroleum ether)
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gave BoeAsp(OBn}PheOt-Bu 147 (9.6 g, quant) as white solidRr = 0.45 (¢hyl
acetate/petroleum ether 1:34 NMR (400 MHz, CDCY) : Ui 7.2 (4,0l0H areng, 6.97 (d,
J=7.7 Hz, 1HNH), 5.67 (dJ = 8.9 Hz, 1H NH), 5.161 5.09 (m, 2HOCH2Ph), 4.747 4.63 (m,

1H, C EAsp), 4.55 (dt,J= 9.6, 5.0 Hz, 1Hd -BHd), 3.137 2.96 (m,3H -Bh e -Asg} B.72
(dd,J=17.1,5.9 Hz, 1H -Bp), 1.44 (s, 9HOtBuU), 1.38 (s, 9HOtBuU); *C NMR (101 MHz,
CDCl) a 170. 2, 1 (CeQ), 136.2, 1.356,. 129.7, 12&H75 128.4, 128.3, 127.0
(C3n9, 82.3 80.4 (QC(CHsa)s), 66.9(OCH2Ph), 54.0( GRhe)5 0 . 6-Asp)B8U(C bPhe, 36.1

( GAsp), 28.3, 28.0(0C(CH3)3); ESFMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd for
CooH3sN207Na [M+Na]” m/z: 549.3, found 549.3; E®IIS (H.O/MeCN (with 0.1% formic acid),
pos.) calcdor CogHz9N207 [M+H] " m/z: 527.3, found 527.3.

6.4.30 BocAsp(OBrYyr(Q-Bu)}Ot-Bu (148)

OBn

Chemical Formula: C33H4gN5Og

H
N -COOEBu Molecular Weight: 598.74

BocHN

O \©\
Ot-Bu

Boc-Asp(OBn)}OH 139 (5.88 g, 18.19 mmol), HCI*NKHTyr(Ot-Bu)-Ot-Bu 138 (5 g, 15.15

mmol), HBTU (7.2 g, 18.19 mmol), HOBt (2.46 g, 18rh&énol) and DIPEA (7.8 mL, 45.5 mmol)

were reacted in DMF (54 mL) according@®03 FC (15% et hyl acetate/ pe
ethyl acetate/petroleum ether) gave Bap(OBn)Tyr(Ot-Bu)-Ot-Bu 148 (9.01 g, quant.) as
colorless solidR: = 0.6 (ethyl acetate/petroleum ether 1:8);)NMR (400 MHz, CDC4) : i 7. 4 2
7.28 (m, 5H pheny), 7.12i 7.04 (m, 2H benzen&®), 6.95 (d,J = 7.9 Hz, 1H NH), 6.93i 6.89

(m, 2H, benzen&®), 5.61 (d,J = 8.8 Hz, 1H NH), 5.18i 5.04 (m, 2H OCH2PH), 4.721 4.60 (m,

1H, C UAsp), 4.587 4.46 (m, 1H -Ty), 3.02 (pdJ=13.6,5.4Hz,3H -TH r -Asp; D71
(dd,J=17.2,6.1 Hz, 1H -Bdp), 1.44 (s, 9HOtBU), 1.35 (s, 9HOtBU), 1.32 (s, 9HOtBU); 13C

NMR (101 MHz,CDC4) : 0 17 0. 2(C=0) 138.6, 131.1, 136.4, 128.7, 128.5, 128.4,
124.2(C?*"9, 82.3, 78.4OC(CHs)s), 67.0(OCH2Ph), 54.2( GRhe)5 0 . 7-Asp)@BU7( Gb

Tyr), 3 6 . 3-Asp)Q8.0, 28.4, 28.{0C(CHs)3); ESFMS (H20/MeCN (with 0.1% formic acid),

pos.) calcd for gzHasN20sNa [M+Na]" m/z: 621.3, found 621.3; ESIS (H.O/MeCN (with 0.1%

formic acid), pos.) calcd for4Hs7N2Og [M+H] " m/z: 599.3, found 599.3.
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6.4.31 BocAsp(STriX-Bu 29 (159)

STrt
Chemical Formula: C35,H37NO5S

0 Molecular Weight: 547.71

BocHN COOt-Bu

Boc-Asp(OH)Ot-Bu 149(2.82 g, 9.75 mmol), DCC (3.02 g, 14.63 mmol), DMAP (120 mg, 0.975
mmol) and tritylthiol (5.39 g, 19.5 mmol) was reacted in 15 mL of DCM accordiifP@l FC
(petroleum ether/ethyl acetate, 19:1petroleum ether/ethyl acetate 9:1) gave -Bsp(STrt)Ot-

Bu 159 (4.86 g, 91%) as pale yellowish solig&.= 0.45 (petroleum ether/ethyl acetate, 4'H);
NMR (400 MHz, CDCY) U i 7.173(, 15H, Trt), 5.30 (dl = 8.6 Hz, 1H, Bod\H), 4.40i
4.24 (m, 1HC WGAsp), 3.16 (dd,J = 16.5, 4.8 Hz, 1 HC bAsp), 3.03 (ddJ = 16.3, 4.6 Hz, 1 H,

C bAsp), 1.44 (s, 9HOtBU), 1.38 (s, 9HOtBU); 1°C NMR (101 MHz,CDG) U  C@®BTr), (
169.7 C(O)Ot-Bu), 155.5 C(O)NH), 143.7, 129.9, 128.0, 127.3 &9, 82.4
(CHC(O)QC(CHza)z), 79.9 (NHC(O)@(CHza)z), 71.1((C(O)SC(Ply)), 51.2 C LAsp), 45.0 C b
Asp), 28.5, 28.0 (C(O)O@Hs3)3); ESFMS (H.O/MeCN (with 0.1%formic acid, pos.) calcd for
Cz2H3sNOsS [M+H]" m/z: 548.2, found 547.3.

6.4.32 CbzAsp(STrObn (160)

STrt
Chemical Formula: C3gH33NO5S

o Molecular Weight: 615.74

CbzHN~ "COOBn

CbzAsp(OH)}OBnN 150(3g, 8.39 mmol), TrtSH (4.36 g, 16.78 mmol), DCC (2.6 g, 12.59 mmol)
and DMAP (103 mg, 0.84 mmol) were reacted in DCM (30 mL) accordi@fol FC (015%
ethyl acetate/petroleum ether gave @&sp(STrtyOBn 160 (5 g, 96%) as pale yellow soli& =

0.4 ethyl acetate/petroleum ether 1:4);NMR (400 MHz, CDCJ) : Ui 7.15 (8, @5Hareng,
5.50 (d,J = 8.4 Hz, 1H NH), 5.171 5.00 (m, 4H OCH2Ph, OCH2Ph), 4.56 (dt,J = 8.9, 4.7 Hz,
1H, C EAsp), 3.22 (dd,J = 16.1, 5.0 Hz, 1H -Bsp), 3.08 (dd,J = 16.2, 4.7 Hz, 1H -Bdp);

13C NMR (101 MHz, CDGQ)) : u 19 7C=@),,1435,7185.33129.9, 128.7, 128.7, 128.5,
128.3, 128.3, 128.1, 128.0, 12{@"*", 67.7, 67.A0CH2Ph), 51.2(C UAsp), 44.9( GAsp),
ESFMS (H2O/MeCN (with 0.1% formic acidpos.) calcd for ggH3zsNOsSNa [M+Na] m/z: 638.2,
found 638.2. ESMS (H.O/MeCN (with 0.1% formic acid), pos.) calcd foggl3sNOsS [M+H]*
m/z: 616.2, found 616.2.
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6.4.33 FmMoecAsp(STrtyalOt-Bu (161)

STrt

O
Chemical Formula: C47H4gN>0gS

H
N -COOtBu Molecular Weight: 768.97

FmocHN Y
O~

FmocAsp(OBn}Val-OtBu 145 (800 mg, 1.33 mmol) and-50% PdQ/C (200 mg) were reacted

in 1:2 MeOH/ethyl acetate (6.6 mL) underfdr 30 min according t&P10. Subsequently, Fmec
Asp(OH)Val-OtBu 151 (product from % step, 1.33 mmol), TrtSH (735 mg, 2.66 mmol), DCC
(329 g, 1.6mmol) and DMAP (16.3 mg, 0.13 mmol) were reacted in DCM (5 mL) according to
GPOL1 FC (5 ethyl acetate/ petroleum ethe+ Y
Asp(STrt}Val-OtBu 161 (685 mg, 67%) as pale yellow soligs = 0.4 ethyl acetate/petrolen
etherl:4);'H NMR (400 MHz, CDQ) : U 7J=7.6 3.1 Hiz,H), 7.64 (§,= 8.2 Hz, 2H),
7.447 7.31 (m, 2H), 7.30 7.15 (m, 17H), 6.59 (dl = 9.9 Hz, 1H), 6.17 (d] = 8.6 Hz, 1H), 4.65

i 4.52 (m, 2H), 4.48 (ddl = 8.6, 4.3 Hz, 1H), 4.314.20 (m, 2H), 2.81 (ddd,= 176.6, 16.4, 4.2
Hz, 2H), 2.16 (qdJ = 6.8, 4.3 Hz, 1H), 1.50 (s, 9H), 1.00.83 (m, 6H);**C NMR (101 MHz,
CbClk) : O 198.2, 170.0, 156.0, 143.8, 24478.1,7,
67.5,57.9,57.6, 47.2, 37.3, 31.7, 19.1, 17.7-MSI(H.O/MeCN (with 0.1% formic acid), pos.)
calcd. for G7HaeN20sSNa [M+Na] m/z: 791.3, found 791.3; ESIS (H.O/MeCN (with 0.1%
formic acid), neg.) calcd. for&H47N20sS[M-H] m/z: 767.3, fond 767.1.

6.4.34 BOGAsSp(STrtyatQt-Bu (162)

STrt

6]
Chemical Formula: C37H46N>0gS

H
N -COOEBu Molecular Weight: 646.84

BocHN Y
O /:\

Boc-Asp(OBn}Val-Ot-Bu 144 (7.32 g, 15.34 mmol) andB0% PdQ/C (2.3 g) were reacted in
MeOH (50 mL) under Hfor 30 min according t&P10 Subsequently, BeAsp(OH)Val-Ot-Bu

152 (product from % step, 15.34 mmol), TrtSH (8.47 g, 30.68 mmol), DCC (3.8 g, 18.4 mmol)
and DMAP (187 mg, 1.53 mmol) were reacted in DCM (40 mL) accordi@P@l FC (1620%
ethyl acetate/petroleum ether) gave B@&p(STrt}Val-Ot-Bu 162 (8.1 g, 72%)as pale yellow

20

14:



Pagell6

solid: R = 0.4 ethyl acetate/petroleum ethieB); 'H NMR (400 MHz, CDCY) : Ui 729 (8,0
15H), 6.89 (d,) = 8.7 Hz, 1H), 5.55 (d] = 8.4 Hz, 1H), 4.48 4.24 (m, 2H), 3.04 (ddd,= 171.8,
16.3, 4.2 Hz, 2H), 2.17 2.06 (m, 1H), 1.63d, J = 14.9 Hz, 2H), 1.46 (s, 9H), 1.44 (s, 9H), 0.86
(dd,J=11.1, 6.9 Hz, 6H)*3C NMR (101 MHz, CDQ) : a 170. 6, 170. 2, 143.
82.0, 57.8, 31.5, 28.4, 28.2, 19.0, 17.7;-E8 (H-O/MeCN (with 0.1% formic acid), pos.) calcd
for Ca7Ha7N206S [M+H]" m/z: 647.3, found 647.3; ESIS (H.O/MeCN (with 0.1% formic acid),
pos.) calcd for gzHasN20sSNa [M+Na] m/z: 669.3, found 669.3.

6.4.35 BOGASpP(STrtAlaOt-Bu (163)

STrt

O H Chemical Formula: C35H45N,04S
BocHN N._-COOt-Bu Molecular Weight: 618.79

O =

Boc-Asp(OBn)}Ala-Ot-Bu 146 (7.18 g, 15.46 mmol) and 5% PdQ/C (1.93 g) were reacted in
MeOH (50 mL) under H according toGP10 Subsequently, BeAsp(OH)}Ala-Ot-Bu 153
(product from  step, 15.46mmol), TrtSH (8.5 g, 30.92 mmol), DCC (4.78 g, 23.19 mmol) and
DMAP (190 mg, 1.55nmol) were reacted in DCM (60 mL) for 6 hours at ambient temperature
according toGPOL FC (1620% ethyl acetate/petroleum ether) gave -Bsp(STrt}Ala-Ot-Bu
163(4.68 g, 49%) as pale yellow solig: = 0.45 (ethyl acetate/petroleum ether 1*B)NMR (400
MHz, CDCk) : Ui 7.06 (,85H), 6.77 (s, 1H), 5.40 @& 8.6 Hz, 1H), 4.33 (s, 1H), 4.27 (p,
J=7.2 Hz, 1H), 3.00 (dd] = 189.7, 16.1 Hz, 2H), 1.38 (s, 9H), 1.36 (s, 9H), 1.2 &7.2 Hz,

3H); '®C NMR (101 MHz, CDGJ) : U 196 ..8, 143.6,120.9,7128.0,11%7%\, 82.0, 71.2,
49.1, 33.0, 28.4, 28.1, 25.6, 24.8, 18.5;-E8 (H.O/MeCN (with 0.1% formic acid), pos.) calcd
for CasHaaN206S [M+H]" m/z: 619.3, found 619.3; E®IIS (H.O/MeCN (with 0.1% formic acid),
pos.) calcd for gsHa2N20sSNa [M+H]" m/z: 641.3, found 641.3.

6.4.36 BoGAsSp(STriPheOt-Bu (164)

STrt

Chemical Formula: C41H4gN>0gS

Molecular Weight: 694.89

H
N. _COOtB
BocHN ~ !

O i
“ph
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Boc-Asp(OBn)}PheOt-Bu 147(6.03 g, 11.45 mmol) andB0% PdQ/C (1.71 g) were reacted in
MeOH (35 mL) under b according toGP10. SubsequentlyBoc-Asp(OH)PheOt-Bu 154
(product from % step, 11.45 mmol), TrtSH (6.33 g, 22.9 mmol), DCC (3.07 g, 14.89 mmol) and
DMAP (139 mg, 1.14 mmol) were reacted in DCM (60 mL) accordingR®1 FC (10% ethyl
acetat e/ pet r -30%eethyhacetdtefpeieum ¥the?) §ave Besp(STrtyPheOt-Bu
164(4.86 g, 60%) as pale yellow solig: = 0.4 (ethyl acetate/petroleum ether 1:8);NMR (400
MHz, CDCk) : Ui 709 (8,020H), 6.80 (d] = 7.7 Hz, 1H), 5.38 (d] = 9.5 Hz, 1H), 4.67
4.57 (m, 1H), 4.419 1H), 3.35 2.75 (m, 4H), 1.41 (s, 9H), 1.36 (s, 9H); B88 (H.O/MeCN
(with 0.1% formic acid), pos.) calcd forEl4N20sSNa [M+Na] m/z: 717.3, found 717.3; ESI
MS (H.O/MeCN (with 0.1% formic acid), pos.) calcd fos1847N20sS [M+H]" m/z: 695.3, found
695.3.

6.4.37 BocAsp(STrElyr(Q-Bu)}Ot-Bu (165)

STrt

HVCOOt—Bu Chemical Formula: C45H54N,07S

BocHN Molecular Weight: 766.99

0] \©\
Ot-Bu

Boc-Asp(OBn)Tyr(Ot-Bu)-Ot-Bu 148 (9 g, 15 mmol) and-80% PdQ/C (2.25 g) were reacted

in MeOH (45 mL) under Haccording toGP10. 'H NMR (400 MHz, CDCY) : &4 J=806 ( d,
Hz, 2H), 6.89 (d,J = 8.0 Hz, 2H), 5.62 (s, 1H), 4.65 (@= 6.7 Hz, 1H), 4.52 (s, 1H), 3.102.64
(m, 4H), 1.44 (s, 9H), 1.34 (s, 9H), 1.31 (s, 9 NMR (101 MHz, CDCJ) : o 170. 5,

154.4,131.1, 130.1, 124.2, 82.6, 78.6, 54.3, 37.0, 28.0, 28.4, 28.0.

After, BocAsp(OH) Tyr(Ot-Bu)-Ot-Bu 155 (product from ' step, 15 mmol), TrtSH (7.6 g, 27.5
mmol), DCC (3.16 g, 16.5 mmol) and DMAP (168 mg, 1.38 mmol) were reacted in DCM (50 mL)

according taGP02 FC (10% ethyl acetate/petroleet her Y 30% et hyl acet at

gave BoeAsp(STrt)}Try(Ot-Bu)-Ot-Bu 165(9.35 g, 81%) as pale yellow soligt = 0.35 (ethyl
acetate/petroleum ether 1:4% NMR (400 MHz, CDC4) : Ui 7.7 (8,45H), 7.06 6.99 (m,
2H), 6.90i 6.85 (m, 2H)6.851 6.80 (m, 1H), 5.39 (d] = 8.8 Hz, 1H), 4.60 (td] = 7.0, 5.3 Hz,
1H), 4.51i 4.31 (m, 1H), 3.38 2.78 (m, 4H), 1.43 (s, 9H), 1.34 (s, 9H), 1.33 (s, If0;NMR

(101 MHz, CDC%) : u 196. 6, 170. 1, 169. 8, 1241, &3, 143.

78.4,71.1,54.2,37.7, 29.0, 28.4, 28.0;-K8 (H.O/MeCN (with 0.1% formic acid), pos.) calcd

€



Pagell8

for CasHs4N207S [M+Na]" m/z: 789.4, found 789.4; ESINIS (H:O/MeCN (with 0.1% formic acid),
pos.) calcd for @HssN207S [M+H]* m/z: 767.4, found 764%.

6.4.38 BoGAsp(STrtvatPheOQt-Bu (166)

STrt

Ph
O H 9 /( Chemical Formula: C4gHs5N307,S
BocHN N_JJ\N COOLBU Molecular Weight: 794.02

= H

0 AL

Boc-Asp(OBn)Val-PheOt-Bu 141 (5.87 g, 9.38 mmol) and-50% PdQ/C (1.4 g) reacted in

MeOH (60 mL) under Haccording toGP10. Subsequently, BeAsp(OH)Val-PheOt-Bu 156

(product from % step, 9.38 mmol), TrtSH (5.2 g, 18.76 mmol), DCC (2.9 mg, 14.07 mmol) and
DMAP (120 mg, 0.938 mmol) were reacted in DCM (90 mL) accordingRO1 FC (10% ethyl
acetate/ petroleum ether Y 35 % -Aspg(3W)-Val-RheQt-t at e/ p
Bu 166(3.43 g, 46%) as pale yellow solig: = 0.27 (ethyl acetate/petroleum ether 1:B)NMR

(400 MHz, CDC¥) : Ui 747 (®,A5H), 7.16 7.09 (m, 2H), 6.85 (d] = 8.1 Hz, 1H), 6.30 (d,

J=7.4 Hz, 1H), 5.50 (d] = 7.3 Hz, 1H), 4.7 (dt,J = 7.8, 6.3 Hz, 1H), 4.33 (dd,= 13.1, 5.4 Hz,

1H), 4.19 (dd) = 8.5, 6.1 Hz, 1H), 3.22 (dd,= 16.3, 5.8 Hz, 1H), 3.03 (d,= 6.3 Hz, 2H), 2.16

i 2.06 (m, 1H), 1.44 (s, 9H), 1.39 (s, 9H), 0.87J¢, 6.8 Hz, 3H), 0.81 (d] = 6.8 Hz, 3H)°C

NMR (101 MHz, CDCI 3): 0 196.5, 170.4, 170. 4,
128.0,127.3,127.1,82.4,80.8, 77.4,71.1,58.7, 53.7, 52.1, 43.5, 38.2, 30.8, 28.4, 28.1, 19.3, 17.8,
14.3; ESIMS (H.O/MeCN (with 0.1% formic acid), pos.pflcd for GeHssN3O7S [M+H]™ m/z:

794.4, found 794.5.

6.4.39 BocAsp(STrtAlaPheOt-Bu (167)

STrt
Ph

O H 9 /[ Chemical Formula: C44H51{N30,S
BocHN NQJ\N COOLBU Molecular Weight: 765.97
H

Boc-Asp(OBn}Ala-PheOt-Bu 142 (1.95 g, 3.26 mmol) and-50% PdQ/C (500 mg) reacted in
MeOH (13 mL) under Haccording toGP10. Sutsequently, Bo&Asp(OH)Ala-PheOt-Bu 157
(product from % step, 3.26 mmol), TrtSH (1.8 g, 6.25 mmol), &£D (658 mg, 4.24 mmol) and
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DMAP (40 mg, 0.33 mmol) were reacted in DCM (15 mL) accordinGR®2 FC (10% ethyl
acetat e/ pet r e5D% ethylacetdtefpetnoleum etlBef) gave Basp(STrtyrAla-Phe
Ot-Bu167(1.62 g, 65%) as pale yellow solig:= 0.5 gthyl acetate/petroleum etried);*H NMR

(400 MHz, CDC4) : Ui 7707 & 418H), 7.12 (ddl = 6.9, 1.7 Hz, 2H), 6.70 (d,= 7.5 Hz,

1H), 6.46(d,J= 7.7 Hz, 1H), 5.44 (d] = 8.6 Hz, 1H), 4.68 (d{} = 7.7, 6.2 Hz, 1H), 4.41 4.25

(m, 2H), 3.321 2.74 (m, 4H), 1.44 (s, 9H), 1.41 (s, 9H), 1.26J¢, 7.0 Hz, 3H);**C NMR (101
MHz,CDCk) : G4 200.1, 171.2, 170.64128511280,127.4,1PA13 . 6,
82.5, 80.8, 71.2, 53.8, 51.7, 49.2, 38.0, 28.4, 28.1, 17.9VMBSH.O/MeCN (with 0.1% formic

acid), pos.) calcd for &Hs1N3O7SNa [M+Na] m/z: 788.3, found 788.3; E®IS (H.O/MeCN

(with 0.1% formic acid), pos.) calcd fousffls2N3O7S [M+H]* m/z: 766.3, found 766.4.

6.4.40 BocAsp(STriGlyPheOQt-Bu (168)

STrt
Ph
o y 0 /[ Chemical Formula: C4sHsgN3O7S
BocHN NQJ\N COOLBU Molecular Weight: 751.94
H
0

Boc-Asp(OBn)Gly-PheOt-Bu 143 (4 g, 6.85 mmol) and-3%0 % PdC (1.03 g) were reacted in
MeOH (25 mL) for 30 min according t&P10. MPLC (GraceRevelerissilica 40 g; 015%
MeOH/DCM in 16 min; flow 35 mL mif: R = 12 min) gave Bo&sp(OH)-Gly-PheOt-Bu 158
(2.85 g, 84%) as colorless viscous solid.-8 (H.O/MeCN (with 0.1% formic acid), neg.) calcd
for C24H34N30g [M-H]" m/z: 492.2, found 492.

Subsequently, BeAsp(OH)Gly-PheOt-Bu 158 (1.74 g, 3.52 mmol), TrtSH (6.96 g, 25.166
mmol), EDAC (1.27 g, 8.18 mmol) and DMAP (77 mg, 0.629 mmol) were reacted in DMF (9 mL)
overnight at 4°C according toGP02 All purification steps carried out under 30 to reduce
aspartimide formation. MPLQ3race Revelerissilica 40 g; 16100% ethyl acetate/petroleum ether

in 16 min; flow 35 mL min: R = 13 min) gave Bo@Asp(STrt}Gly-PheOt-Bu 168(646 mg, 24%)

as paleyellow solid: R = 0.7 (ethyl acetate/petroleum ether 4);NMR (400 MHz, CDCY) : U
7.351 7.17 (m, 20H), 6.70 (1] = 5.6 Hz, 1H), 6.48 (d] = 7.8 Hz, 1H), 5.28 (d] = 8.2 Hz, 1H),
4.66 (dt,J=7.8, 6.4 Hz, 1H), 4.37 (di,= 8.0, 5.3 Hz, 1H), 3.96 3.70 (m, 2H), 3.34 2.86 (m,

4H), 1.45 (s, 9H), 1.38 (s, 9HFC NMR (101 MHz,CDG)) : U0 170.7, 170.5, 16
136.2, 129.9, 129.5, 128.5, 128.0, 127.4, 82.4, 71.3, 53.9, 51.7, 43.3, 38.0, 28.5, 281§, ESI
(H20/MeCN (with 0.1% formic acid), pos.) calcd fou#lsoN30;S [M+H]" m/z: 752.3, found
752.3; ESIMS (H.0/MeCN (with 0.1% formic acid), pos.) calcd for4eNzO7S [M-H] m/z:
750.3, found 750.5.
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6.4.41 ChzAsp(SHPBn (169)

0
Chemical Formula: C4gH1gNO5S
SH Molecular Weight: 373.42

CbzHN COO0OBn

CbzAsp(STrt)-OBn 150 (1 g, 1.62 mmol), TIS (1 mL, 4.88 mmol) and TFA (1.25 mL, 15.26

mmol) were reacted in DCM (23 mL) according3®06. MPLC (Grace RevelerisC18(RP) 12 g;
5-5-60-90-100-100 MeCN (with 0.1% TFA) in kD (with 0.1% TFA) in 3+5+15+5 mirflow 25
mL! min: R = 13 min) gave CbAsp(STrt)-OBn 169 (390 mg, 65%) as white foarltd NMR

(400 MHz, CDC}) 11 7.417 7.27 (m, 10H), 5.69 (d] = 8.2 Hz, 1H), 5.18 (s, 2H), 5.12 (s, 2H),

4.667 4.50 (m, 2H), 3.44 3.16 (m, 2H)**C NMR (101 MHz, CDQ): i 195.3, 170.1, 156.0,
136.2, 135.1, 128.8, 128.7, 128.5, 128.4, 128.2, 68.0, 67.4, 50.8, 4 -l8HELO/MeCN (with
0.1% formic acid), pos.) calcd. for16H20NOsS [M+H]" m/z: 374.1,found 373.9; ESIS
(H20/MeCN (with 0.1% formic acid), pos.) calcd. BrgH1sNOsSNa [M+Na] m/z: 396.1,found
395.9.

6.4.42 BocAsp(SHYyr(Q-Bu}OQt-Bu (170)
SH

N._-COOt-Bu Chemical Formula: CogH4oN,07S
z Molecular Weight: 524.67

O \©\
Ot-Bu

BocHN

Boc-Asp(STrt) Tyr(Ot-Bu)-Ot-Bu 155 (2 g, 2.6 mmol), TIS (1.6 mL, 7.82 mmol) and TFA (5%

viv, 2 mL, 26 mmol) were reacted in DCM (40 mL) accordinGRD6. MPLC (Grace Reveleris
C18(RP) 12 g; 380% MeCN/HO in 11 min; flow 25 mL mirt: R = 8 min) gave Bo&Asp(SH)
Tyr(Ot-Bu)-Ot-Bu 170(737 mg, 54%) as white foand NMR (400 MHz, CDCY) : ai 7.02
(m, 2H), 6.97 6.88 (m, 2H), 6.85 (d] = 7.6 Hz, 1H), 5.40 (d] = 9.0 Hz, 1H), 4.64 (dt] = 7.4,
6.0 Hz, 1H), 4.49 (s, 1H), 3.462.93 (m, 4H), 1.44 (s, 9H), 1.36 (s, 9H), 1.33 (s, 98Q;NMR
(101 MHz,CDC}) : U 197.6, 170.1, 169.6, 154. 1,
37.6, 29.0, 28.4, 28.1; E®MS (H.O0/MeCN (with 0.1% formic acid), neg.) calcd fogeH39N207S
[M-H]" m/z: 523.3, found 523.5.

13

131.
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6.4.43 BocAsp(SHYalPheOt-Bu (171)

SH

0] Chemical Formula: Cy7H41N307S

Ph
N Molecular Weight: 551.70
JJ\” COOt-Bu 9

0 AL

BocHN

Boc-Asp(STrt}Val-PheOt-Bu 156 (240 mg, 0.302 mmol), TIS (186 pL, 0.907 mmol) and TFA
(5% vlv, 231 uL, 3.022 mmol) were reacted in DCM (4.5 mL). MPB3ZaceRevelerisC18(RP)

4 g; 2680% MeCN/HO in 11 min; fow 15 mL min!: R = 9 min) gave Bo@Asp(SH)}Val-Phe
Ot-Bu 171 (80 mg, 48%) as colorless solid: B85 (H.O/MeCN (with 0.1% formic acid), neg.)
calcd for G7H4oN307S [M-H]” m/z: 550.3, found 550.2.

6.4.44 TFA*NH-ASp(SHYyr(OHOH (172)

SH

O H Chemical Formula: C1sH1gFsN20gS
TFA*H,N N _vCOOH Molecular Weight: 409.36

Boc-Asp(STrt) Tyr(Ot-Bu)-Ot-Bu 155 (500 mg, 0.75 mmol), TIS (1.6 mL, 7.82 mmol) and TFA
(60% viv, 4 mL) were reacted in DCM (1.6 ML) for 1 h accordingst®09. MPLC (Grace
RevelerisC18(RP) 4 g; 5.00% MeCN/HO in 12 min;flow 16 mL mir!: R = 8 min) gave
TFA*NH2-Asp(SH) Tyr(OH)-OH 172 (135 mg, 44%) as white foamtH NMR (400 MHz,
DMSOds) : U 9. 23 ( bd=7.8Hz, 1H}H§.24 (bBs, 3H}) 7.04 @l 8.5 Hz, 2H),

6.731 6.61 (m, 2H), 4.31 (ddd,= 9.6, 7.8, 4.5 Hz, 1H), 3.98 (d#i= 10.3, 3.1 Hz, 1H), 2.92 (ddd,
J=25.8, 15.5, 3.8 Hz, 2H), 2.782.53 (m, 2H)®C NMR (101 MHz, DMSO) :
168.9, 156.0, 130.1, 127.5, 115.1, 54.4, 51.0, 49.1, 35.7/MESH.O/MeCN (with 0.1% formic

acid), neg.) calcd for GH1sN20sS [M-H]" m/z: 311.1, found 311.3.

v
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6.4.45 CbzAsn(LissPPBn (173)

NEt,
I (0]
N Chemical Formula: C46H48N401182
O\\ O O + Molecular Weight: 897.03
s SOy NEt,
(0]

CbzHN~ "COOBnN

CbzAsp(STrtyOBn 150 (25 mg, 0.04 mmol), TIS (25 pL) and TFA (5% v/v, 31 uL, 04 mmol)
were reacted in DCM (600 pL) for 5 min accordingG®06. Subsequently, Cbhasp(SH)}OBnN
169 (from first step, 0.04 mmol), lissamine azitie4 (11.5 mg, 0.02 mmol) and 2|6tidine (4.4
pL, 0.04 mmol) were reacted in 1:1 DCM/MeOH (120 L) for 5 min accordingR@4. HPLC
(Phenomenexeminil10-5 C6-phenyl, 21.2 x 250 mm; 680% MeCN (with 0.1% TFA) in tD
(with 0.1% TFA) in 18 min; flow 8 mL mitx R = 12.5 min) gave red foam, Gli#sn(Liss}OBn
(16.7 mg, 85 %, TFA adductid NMR (400 MHz, DMSGQde) i 8.51 (d,J = 2.0 Hz, 1H), 8.07
(dd,J = 8.0, 2.0 Hz, 1H), 7.41 (d,= 12.6 Hz, 1H), 7.30 (qdl = 7.7, 7.0, 4.5 Hz, 10H), 7.04
6.83 (m, 6H), 5.23 4.86 (m, 4H), 4.51 (dd]= 7.7, 5.8 Hz, 1H), 3.62 (4,= 7.9 Hz, 8H), 3.38 (s,
2H), 2.90 (ddJ = 16.6, 5.9 Hz, 1H), 2.72 (dd= 16.5, 7.8 Hz, 1H), 1.20 (4,= 8.1, 7.1 Hz, 12H);
13C NMR (101 MHz, DMSGdg) 11 170.9, 157.2, 155.9, 155.1, 147.8, 136.9,.93%32.7, 130.5,
128.5, 128.4, 128.1, 127.8, 127.7, 126.6, 113.6, 113.5, 95.5, 66.3, 65.7, 45.3, 12\V& ESI
(H20/MeCN (with 0.1% formic acid), pos.) calcd foreHaoN4O11S [M+H] " m/z:897.3, found
897.2.

6.4.46 BocAsn(LissYyr(Q-Bu}OQi-Bu (174)
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Chemical Formula: C53H69N501382
Molecular Weight: 1048.28

Boc-Asp(SH) Tyr(Ot-Bu)-Ot-Bu 170 (18 mg, 0.034 mmol), lissamirezidel114 (10 mg, 0.0171
mmol) and 2,dutidine (4 pL, 0.034 mmol) were reacted in MeOH (200 uL) for 5 min according
to GP04. HPLC Phenomenexeminill05 C6-phenyl, 21.2 x 250 mm; 80% MeCN (with 0.1%
TFA) in H20 (with 0.1% TFA) in 12 min; flow 9 mL mift R = 11 min) gave title compound,
Boc-Asn(Liss) Tyr(Ot-Bu)-Ot-Bu 174, 19.2 mg (98%, TFA salt) as red foatd;NMR (600 MHz,
DMSOds) : U 12. 39 J=sl1,9H4 tH), 8.108ddI5=®.0, .6 Hz, 1H), 8.05 (d,=

7.2 Hz, 1H), 7.51 (dJ = 8.0 Hz, 1H), 7.15 6.92 (m, 10H), 6.86 (dl = 8.4 Hz, 2H), 4.28 (dq] =

26.6, 8.0, 7.2 Hz, 2H), 3.63 (dhz= 12.6, 7.4 Hz, 8H), 2.87 J = 13.8, 7.1 Hz, 2H), 2.722.55

(m, 2H), 1.36 (s, 9H), 1.26 (s, 9H), 1.25 (s, 9H), 1.20 &,7.1 Hz, 12H):°C NMR (151 MHz,
DMSOds) : 0 171. 0, 170. 3, 168. 8, 158.2, 157. 1, 1
130.7,129.8,127.9, 126.423.5, 113.7, 113.6, 113.4, 95.5, 80.8, 78.3, 77.7, 54.3, 49.8, 45.3, 37.5,
36.2, 28.5, 28.2, 27.5, 12.5; EMIS (H.O/MeCN (with 0.1% formic acid), pos.) calcd for
Cs3H70N5013S; [M+H] " m/z: 1048.4, found 1048.4; E®IS (H.O/MeCN (with 0.1% formic acid),

pos.) calcd for €sHssN5013S [M-H]” m/z: 1046.4, found 1046.6.

6.4.47 BocAsn(pCSea)yr(Q-Bu}Ot-Bu (175)
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O
HN}% rJ
O NHBoc
© H Chemical Formula: C4gHsgN5015S
BocHN N.__ COOt-Bu Molecular Weight: 833.99

O \©\
Ot-Bu

Boc-Asp(SH) Tyr(Ot-Bu)-Ot-Bu 170 (63 mg, 0.122 mmol), Bad-((2-
aminoethyl)carbamoyl)benzenesulfonyl azidi (30.6 mg, 0.084 mmol) and 2létidine (13.5

pL, 0.122 mmol) were reacted in MeOH (365 uL) for 15 min accordinGR94. FC (37%
MeOH/DCM) gave BodAsn(pCSea)lyr(Ot-Bu)-Ot-Bu 175(70 mg, quant.) as colorless viscous
solid: Rr = 0.3 (MeOH/DCM 1:19)H NMR (400 MHz, CDC}) : Ui 787 @54H), 7.65

7.47 (m, 1H), 7.18 (s, 1H), 6.98 (@= 8.0 Hz, 2H), 6.91 6.77 (m, 2H), 5.94 (s, 1H), 5.46 (@=

12.2 Hz, 1H), 4.52 (g1 = 6.9 Hz, 2H), 3.58 3.24 (m, 4H), 3.08 2.61 (m, 4H), 1.39 (s, 8H), 1.37

(s, 9H), 1.30 (s, 9H), 1.28 (s, 9HC NMR (101 MHz, CDG)) : a 170. 9, 170. 1,
155.8, 154.2, 138.6, 130.9, 130.2, 128.1, 127.8, 124.2, 121.2, 82.6, 80.8, 80.0, 78.6, 54.3, 54.1,
51.1, 41.6, 40.0, 37.3, 28.9, 28.5, 28.3, 28.0:KESI(H.0/MeCN @ith 0.1% formic acid), pos.)

calcd for GoHesoNs012S [M+H]* m/z: 834.4, found 834.4; E®AS (H.O/MeCN (with 0.1% formic

acid), neg.) calcd for £gHsgNs012S [M-H]™ m/z: 832.4, found 832.6.

6.4.48 BocAsn(DMTyr(Q-Bu) Ot-Bu (176)















































































































