3w 0

am SR H PREEIL L S A O 2 e/ NRICH 272

7 ) — 7o R F REEE D B35

K 4 &K it



Contents

Abbreviations il
Chapter 1. Chemical Synthesis of Peptides 1
1.1. Background 1
1.2. Strategy 3

Chapter 2. Development of Straightforward Synthesis of Peptidyl Thioacid Using 6
Thioacetic Acid

2.1. Background
2.2. Strategy
2.3. Development of Straightforward Synthesis of Peptidyl Thioacid Using

Thioacetic Acid 7
2.4. Isolation of Peptidyl Thioacid 14
2.5. Summary of Chapter 2 17
2.6. Experimental 18

Chapter 3. Total Synthesis of Leuprorelin through Iterative Peptide Fragment Coupling

Reaction between 2,4-Dinitrobenzenesulfonamide and Thiocarboxylic Acid

3.1. Background 21
3.2. Strategy 28
3.3. Total Synthesis of Leuprorelin 29
3.4. Study for the Application to Peptide Chain Elongation Process

from One by One Residue by Using 2,4-Dinitrobenzenesulfonylamino Acid 37
3.5. Summary of Chapter 3 38

3.6. Experimental 39



Chapter 4. Development of Peptide Bond Forming Reaction between Peptidyl

Thioacid and Non-Protected Amino Acid

4.1. Background & Preliminary Experiment
4.2. Metal Complex for Thioacid Activation

4.2.1. Optimizing Reaction Conditions

4.2.2. Scope & Limitation

4.2.3. Unsuccessful Attempts for Catalytic Activation
4.3. Oxidant for Thioacid Activation
4.4, Thiosulfinate, Thiosulfonate, and Disulfide for Thioacid Activation

4.4.1. Catalyst Design

4.4.2. Search for Catalyst Moiety

4.4.3. Search for Epimerization-Suppressing Moiety
4.5. Trifluoroacetophenone Imine for Thioacid Activation
4.6. Summary of Chapter 4

4.7. Experimental

Conclusion

Acknowledgement

i

43

43
45
45
61
63
65
68
68
69
74
78
81
82

92

94



Abbreviations

AA amino acid

Ac acetyl

Ala alanine

Ar aryl or argon

Arg arginine

Asn asparagine

bipy 2,2'-bipyridyl

Boc tert-butoxycarbonyl

BSA N,O-bis(trimethylsilyl)acetamide
C18 octadecylsilyl

cat. catalyst or catalytic amount

Cbz benzyloxycarbonyl

Cys cysteine

DCM dichloromethane

DIH 1,3-diiodo-5,5-dimethylhydantoin
DIPCI N,N'-diisopropylcarbodiimide
DIPEA N,N-diisopropylethylamine (Hiinig base)
DMA N,N-dimethylacetamide

DMAP 4-dimethylaminopyridine

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DNS 2,4-dinitrobenzenesulfonyl

eq. equivalents

ESI electrospray ionization

Et ethyl

Fmoc 9-fluorenylmethyloxycarbony

FT Fourier transform

GFP green fluorescent protein

Gly glycine

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HFIP 1,1,1,3,3,3-hexafluoro-2-propanol
His histidine

HOAt 1-hydroxy-7-azabenzotriazole

1ii



HOBt 1-hydroxybenzotriazole

HOOBt 3-hydroxy-1,2,3-benzotriazin-4(3H)-one
HPLC high performance liquid chromatography
h hour

Ile isoleucine

IPA 2-propanol

Leu leucine

LPPS liquid-phase peptide synthesis

M molar

mCPBA 3-chloroperoxybenzoic Acid

Me methyl

Met methionine

min. minute

MS mass spectrometry

"Bu normal -butyl

NCL native chemical ligation

NCS N-chlorosuccinimide

n.d. not detected

NIS N-iodosuccinimide

NMP N-methyl-2-pyrrolidone

NMR nuclear magnetic resonance

ODS octadecylsilyl

Oxone® 2KHSO5.KHS04.K,S0,

Oxyma ethyl (hydroxyimino)cyanoacetate

Pbf 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl
PBS phosphate-buffered saline

PEG polyethylene glycol

PG protecting group

pGlu pyroglutamic acid or 2-pyrrolidone-5-carboxylic acid
Ph phenyl

Phe phenylalanine

phen 1,10-phenanthroline

Pro proline

RP reverse-phase

r.t. room temperature

Ser serine

v



S.M. starting material

SPPS solid-phase peptide synthesis
TBA tetrabutylammonium

TBP tetrabutylphosphonium

‘Bu tertiary-butyl

TFA trifluoroacetic acid

TFAA trifluoroacetic anhydride
TFE 2,2,2-trifluoroethanol

Tf trifluoromethanesulfonyl
THF tetrahydrofuran

TIPS triisopropylsilane

TLC thin layer chromatography
T.M. target material

Tmob 2,4,6-trimethoxybenzyl
TMS trimethylsilyl

tR retention time

Trp tryptophan

Trt trityl (triphenylmethyl)

Ts p-toluenesulfonyl

Tyr tyrosine

WSCI 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide



Chapter 1 Chemical Synthesis of Peptides

1.1. Background

NTF NIFERNTEERAREELZ 2 LTS, AIERSTFICBWTHATF N, /My
TEOFT S, BROLLGATRENE - [KELE a2 e WO R &, AWRFOFET D, miER
W) - @A - AKERE S W ORISR A PR AREE L CHHZED TN DY, RTF R
DERMICHZE 2 72856, DNA I3 — RIi7z 20 FikED L-7 X/ BEO A THERL S vz
NTFRTIE, (1) E#HT I FEEZEOLHOBMIEERREOKE‘EGME - ZAMRICER
2 AREE DR S (2) ERWNITAAET DHlix OBEEFRIT K DK RSO % 52
FRT OB ORLREEDIRE, ICHRD W OEOLERLE L 25, b ORMEIC
X.D-T X JBON-TAFNAT I /L VST2IEDNA 22— K7 X BROEASCT T REH
DB ERENE SN TN D, FIZIE, ARG ATRER 7T FEEKE LT, %Emibl
HTHDHL 7 AR) RN TV VFEBEERTHLTAET LY U R ERFETOND
(Figure 1), > 7 v AR U TlE, 72 /8 11 FREOWN 75N N- A F VT X gD HAERK
SNAKFERAMLEREDSHEE L TN D LRIFHZ FEY O 7 I FENH 72 b AR L THERIR
WIEZHRD 2 L IC K20 FNOREZRKE-BETERIC LV 2 OKREFEUGENHE b
TW5, TAES VLU TR, VALY 4 FREGICE Y RIREEZ 8RS L RIRFIC, 1785R
DYATFALT I ) EOKBIEEADTLAF =0 O DIE~OEREEAT S Z L TRK
DIRIVE AN EA_EmWAERNRReE 2 EBL L T 5,

Figure 1. Structures of cyclosporin and desmopressin

Me Me

Abu = HzN)\I(OH
0]

(Me)Val—-N=CH—-—Abu—(Me)Gly -
l\l/l . —|(1)_ | — S-S ]
(Me)Leu (Me)Leu (desamino)Cys—Tyr—Phe—GIn—Asn—Cys—Pro—pArg—Gly—NH,
|

(Me)Leu—-pAla-Ala-(Me)Leu-Val

cyclosporin desmopressin

' Dewick, P. M. Medicinal Natural Product: A Biosynthetic Approach, 3" ed., Chapter 7; Wiley,
2009.

P NRTF FEIITOVT O (a) Fosgerau, K.; Hoffmann, T. “Peptide therapeutics: current
status and future directions”, Drug Discovery Today 2015, 20, 122. (b) Craik, D. J.; Fairlie, D. P.;
Liras, S.; Price, D. “The future of peptide-based drugs”, Chem. Biol. Drug Des. 2013, 81, 136.
FUSEAC BT 2 IEFE DT F FIEIHEDOBHFSIRDUZ DUV T: (c) Kaspar, A. A.; Reichert, J. M.
“Future directions for peptide therapeutics development”, Drug Discovery Today 2013, 18, 807. (d)
Vlieghe, P.; Lisowski, V.; Martinez, J.; Khrestchatisky, M. “Synthetic therapeutic peptides: science
and market”, Drug Discovery Today 2010, 15, 40.
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HRAIZBWTEH, VARY—L4% « HEVRY—LRZRKICED L PFILL D DR AE
BEATHLTT FIIEEL Ao | —UoOHIIR A < BIEICST T R~ L fAIAT
FHEE L TUHMEFARRIERBIED & ZAME—DFETH D, L LR LEBEFOGHKIET
X, MEAAICRERLEH ROBEFED N KEIZEAT D7D EM T 1t ADFEF MK,
BEAMOEED 2 o ERARBE L 72> T A (Scheme la), il 213, W7 TORE
RERPE O TGO EIR G REERM £ Tlzbz 0 b K< WS LD Fmoce #ETHE. 5B
LD T X BRIR OB T X 65%7° Fmoc R %L T 5 (Scheme 1b)3%, X7
RALZEA AR, 1963 4EIC Merrifield & 0 #iE Shiz~<7F REAGRIE OBRBELOk, =
DFEAREE 2 1 FIELE 2 PITREEZRTBAEICE H(Scheme la), R TFRHIIZL 2D bDOD
b##ﬁ@%@ﬁﬁﬁm®ﬁﬁ8ﬁéA7%kAm7mﬁz%ﬁﬁéﬁ@gkzzb®m
THEH L, XTF FEFELZLHFICEITERITL72010F, RbERER LT T i
B TER OGS OARAR B 72 BB A R eD CTEEIZ/R D,

Scheme 1. Conventional peptide synthesis

a. C-Terminal to N-Terminal Elongation & Coupling Reagents

Protection is inevitable. . N COOH

Ene RN

HZN\R)n:T I O_. 47—@N\)n:H/k[ro_.<7-TH2N)\go_.

@waste ...... MUCH WASTE - waste T

b. Fmoc Method . >65% of the mass comprises PGs.

O § ~COOH
O o) N\)L HzN/krro_.
o}

o R"+1H o}

? (a) Bray, B. L. “Large-scale manufacture of peptide therapeutics by chemical synthesis”, Nat. Rev.
Drug Discov. 2003, 2, 587. (b) Thundimadathil, J. “Challenges in the large scale production of
E)eptldes” Speciality Chemicals Magazine 2013, 26.

(a) Merrifield, R. B. “Solid phase peptide synthesis. I. The synthesis of a tetrapeptide”, J. Am.
Chem. Soc. 1963, 85, 2149. (b) Merrifield, R. B. “Solid Phase Peptide Synthesis”, Science 1986, 232,
341.



1.2. Strategy

7 RE, LIV R B E T IV EBAKEET A ETHELND, Ll
BRSO ZNOOIEMEIRE D DA T, B - BRI X DEBRABS FH R b A
FIThHDID, HRIZT I RBERT S Z L1320, BkiEa 2 2ET 57201z, D7l
LT OERETH L NOIFHEALRNLE L 725°, <TF REOMEEZEZZ5HE, RIS
REDOEREDOHZEEAT 2L LTH, HEH LA E LT 4 DORBEEREZEZLND
(Scheme 2),

Scheme 2. Possible activation patterns in peptide-bond formation

C-Terminal to N-Terminal Elongation

R

4 . R H .
Xeooff *+ HaN—(eptide) ——= | X N—(Peptide)
(0]

a. activation at the carboxyl group of amino acid (« position)
b. activation at the amino group of peptide (5 position)

H,N

N-Terminal to C-Terminal Elongation

0 R
_ 4 R — I

c. activation at the carboxyl group of peptide ( position)
d. activation at the amino group of amino acid (5 position)

ZOR TR, N RIREH#ET 2 7 8D 71 ViR UV EIEMEALR S T 5 (Scheme 2a),
7 2 BIEMAL R RO (Scheme 2a, 2d) TIXW T E . AT F R & HBEYSTF RIEO
BOGS SO RPN BN INEE T D720, H—DAEME 5 25 7 1t A~ 23 Y)
BT BRERNE LD, L L ZIUIRTROBLEATRR R D, 18D DD
7' F RIEPEEAI S (Scheme 2b, 20)D 9 B {EMALRTERAR(AI AR S LIET I )05
JEMAL R~ D BB E R EEN AL TZ LB 2 B D VAR F v B i
(Scheme 2¢)7%, BAFEEIS DT ZNROBLEI D X VBRI IFEICR VG O T noe
B2l DFED NTTF R CRImE—EROEHRICEZ D Z LK B~ 7TF N C
KSR & OV ER/NEO X BN AIREIC /2 B 76, EHIEET IV BREFIH LK
FRNRIENT-RTF FEMERTRRIZR D LB 2T, L LRl ogs, =ik
W AT F RAEEARRIZB W Tl RO RSB 2 aTHEMED & 5 (1 3h),

> Pattabiraman, V. R.; Bode, J. W. “Rethinking about amide bond synthesis”, Nature 2011, 480, 471.
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LLEO Sk JOHME 2 & % | FASIARFHELIRICEB W T, MEE Ak OV =g IR
] 2 BT 5 72010, FA AR BT, F A &2 D0kt &1 ﬁﬁ@N%mﬁ
5 C R~ ERT T RHEMET D, X7 F REMRT 7B ADOBFIZEY # A 72 (Scheme 3),

Scheme 3. Reaction design & issues

N-Terminal to C-Terminal Elongation & Thioacid

|
l 0] ...~ Protection is NOT necessary.
H2N\)'\ '
OH R" H O
'S' source
OH =2 >"—~5, AR N
._N)\lf catalyst1 N)\n’ catalyst2 ._H o Eﬁ:OH

3. epi ti
1. S - O Exchanging Catalyst epimerization

2. Thioacid-Activating Catalyst
3. Suppressing the Epimerization at C-Terminal

FAANVRF NI, DVRFIUNELEBEL TR FDOLDENTHL—FH., i

TIZEZE K OF A VR F VIR OIEMALIEIC L5 7 I RGBS DA S
TW5 °, FRSIAETIE, Gopi 12 & B RiERSR 2 FH N - il L a -~ 7 F R A TER 6 (Scheme
42)°%>, Houghten * Yu 512 K 524l 722 “Hifbik £ 2 AW EE#T I VBRbIEE L 57
F FEA RS (Scheme 4b) 72 ERME STV 5D, DRI ENSF IR F Y
JVIRANDBEHE DJF AN 2 7% L CIIV 72 (Chapter 2 2#8) 6 O O IEHERI A LR o
NEEE L TFAINARFUAKITRETH D EEZT-,

Scheme 4. Selected peptide bond forming reactions using peptidyl thioacid
a. Gopi's work (2012)

H O CuS0, (30 mol% o]
N - e, §
Fmoc X SH Hz)Nj\'(O'V'e MeOH, r.t. Fmoc/N\;)J\N OMe
o) PN

H O
77%

b. Houghten' and Yu's work (2013)

0.1MCS,
O 0.1 M pyridine
“\)OJ\ sy ¥ HzN\_)J\N OH » Tetrapeptide
Fmoc= Ny N N g NMP : 1 M HEPES = 4 :1
Me H O

34%
rt., 48 h

¢ Mali, S. M.; Jadhav, S. V.; Gopi, H. N. “Copper(II) mediated facile and ultra-fast peptide synthesis
in methanol”, Chem. Commun. 2012, 48, 7085.

! Chen, W.; Shao, J.; Hu, M.; Yu, W.; Giulianotti, M. A.; Houghten, R. A.; Yu, Y. “A traceless
approach to amide and peptide construction from thioacids and dithiocarbamate-terminal amines”,
Chem. Sci. 2013, 4, 970.



BB ETHTTF REK T 1 AEEOZOICRIL, (1) FFRICENT-TF KT 4
DERIEORFE, (2) XTF RFAEOMBEANEELIEORFE, 3) ~7F K C Ktk
ZATBE L 7253 TR (A 0 m  HRRURTEEOIC K D = kiR o], &9 =Dk
A T E LIFSEIC A F L 72(Scheme 3), Z OH T A= BB O IHIZ DWW TILRFED
RIFRFESCTH Y | C KIRIEMELRASTF R2H Lz N RS D C R ~DZ KA~
F NS REDEBLZ T KOEER & 72> T 57,

LAF, ¥ Chapter 2 Tid, FAEHRAHEIRE L THWEATF NTF A BEOEEAIHH
B RIED BRI OV TR 5, Chapter 3 TiX, BA%E L7=X7F NF 4B IEDEH
PEZRTRT R, V= haRUB U RAAVKRZ AT F REDOH v 7V v T s EFIR L3k
KA T T REIRY 2—7 v LY OPEKERKIZOW Tk ~%, % LT Chapter 4 T,
BRASTF FEEOERZ BIE X -, X7F N F 4l & EHEEET 2 BB OES
IS DBIFERFFEIZ DN TR D,

S RO fRDC A B M & LT, B 20F Chan-Lam-Evans 7 v 7 U > 7 &R L 7=,
15 (Popovic, S.; Bierdugel, H.; Detz, R. J.; Kluwer, A. M.; Koole, J. A. A_; Streefkerk, D. E.;
Hiemstra, H.; Maarseveen, J. H. “Epimerization-free C-terminal peptide activation”, Chem. Eur. J.
2013, 19,16934)72 En3d 508, EEDICHIZITRENH D LR 5T D,

P EMARIE T, i< Merrifield 12XV 7T Y RE#H L7- 57ik(Felix, A. M.;
Merrifield, R. B. “Azide solid phase peptide synthesis”, J. Am. Chem. Soc. 1970, 92, 1385.)3#45
i, T T Cu(OBt), & DIPCDI % | L 7= Albericio & M HX Y #H 7 (Thieriet, N.; Guibé, F.
Albericio F. “Solid-phase peptide synthesis in the reverse (N — C) direction”, Org. Lett. 2000, 2,
1815.) 72 ENd 5, AARETIE, Katritzky HICE DT VAR MU T Y — L EEH L
72 77 1%((a) Abdelmajeid, A.; Tala, S. R.; Amine, M. S.; Katritzky, A. R. “Tri-, tetra- and
pentapeptidoylbenzotriazoles: Novel synthetic intermediates”, Synthesis 2011, 18, 2995. (b)
Katritzky, A. R.; Angrish, P.; Todadze, E. “Chiral acylation with N-(protected
a-aminoacyl)benzotriazoles for advantageous syntheses of peptides and peptide conjugates”,
Synlett 2009, 15, 2392 )3 H A ST\ D, = EALHNHI O 72 DI I B 7R R R 2 LB e
DM, BEGEOT X /a0 IR LHAWT E LA E L 2 V5 LE5DORTF R& N K
G C K~ SR L TWAHET, SEIOMFENE & &b BEEMEO S VR O—D>TH
HEWVWZED,



Chapter 2 Development of Straightforward Synthesis of Peptidyl Thioacid
Using Thioacetic Acid

2.1. Background

WRDORTF RFABERIET., TAZAT NV ERCERIRZET L2050 THD | K
FRFEIZZ L&) Y o 7o (Scheme 5)°, BARINCIE, EFHEAHZ AV CF A8
R A RFIARUDONTFAEZTI N T 2 2 VA TFAFAZRT e TA
VEWVAFNF AT AT NI E)e LTIRTE%, AT AT VoL 5 & e < iR &2 1T
W, FAREHRTND, < O%E. FABRITHRAEN T2 2 L 2 <RBIS~EWB I
%, Scheme3 T/ L7c_T'F REMIEDFEBUZAT, FTIIRE - DLORGE IR 2 B2 B
HIRTTF RF AW ERIEDRBE R LETZ L B2 T2,

Scheme 5. Conventional peptidyl thioacid synthesis

o OMe
*s@@
MeO OMe
or

e) deprotection e}
— N . ))’\
coupling Peptide S-CPh, Peptide SH
reagent

or

0}
ﬂﬁﬂ@*@i}§'
2.2. Strategy

=D T —T1E, (T VAT » R« b 2B T O Pic 5 <
F AR AR S L CHWE VR IVEEF A VR Vi b — B A Hd
% kR LTS (Scheme 6), WISHE O T T RIXHRE STV 7208,
MO E Fax I VT 2 7 BFE F CHOMISPETT 5 &0 ) BUWERREFFAMER
DNTEHEELEEINTWD, BERIENTZZOFEERZIZ, XTF RFAEBRE RSN

O BiIsk L LB ZIE Yudin HiE, WP BIOAEREHET U T A E CDI &N T I
7T RF AW %45 T %5 (Assem, N.; Natarajan, A.; Yudin, A. K. “Chemoselective peptidomimetic
ligation using thioacid peptides and aziridine templates”, J. Am. Chem. Soc. 2010, 132, 10986.), Z
DHE T F A O BB SO 72 S 7T RO~ E VLTV 5,

" JP2011051959 (A)



DEGHELEAT) 2L & LTz,

Scheme 6. Thioacid synthesis using thioacetic acid by Sankyo Kasei

0]

PN

Me”™ “sH

o) (1~3eq) 0 5
M J. R= £ 92%, - 32%
R” “OH R

(acid cat.) SH
solvent, A

2.3. Development of Straightforward Synthesis of Peptidyl Thioacid Using
Thioacetic Acid

ETHDOIC, =T N —T DR TXTTF RFAWDBER I E ) M OffER %
1T 72(Scheme 7)., A Tlx, BALKZRAEB G L i3 a7 U REHEZ V5 &3,
R OWIMAF R L STV, L LA S, N Kiads Cbz i/ X7 F K
Cbz-Phe-Phe-OH % £H & L7256 RIAM F CIIRIST 2 FAMIIFGFoheinoT, £/,
DRI T ROERMEZ R LS5 B TW L O OPEEE T HRET 21T > THIEH DD,
RNTY OXRTF R FARITAEF LR 0T,

Scheme 7. Initial trials of peptidyl thioacid formation in Sankyo Kasei's conditions

AcSH (5 eq.)

H O acid additive H O
Cbz~ R N Jfnennnm CbZ~ N
N 7" “OH N 7 SH
H o = solvent H o *
70°C, 8 h, Ar \©
Acid Additive Solvent

TFA, Sc(OTf)3, Bi(OTf);, DOWEX  C,H,Cl,, DMF, MeCN, 1,4-dioxane

ek, xR EAT o TW BRI Gopi D7 N —FIZ k- T, F AW & fifb Kk HE
TRV T AERNET R BHEROT A A BIENHE S/ (Mali, S. M.; Gopi, H. N.
“Thioacetic acid/NaSH-mediated synthesis of N-protected amino thioacids and their utility in
peptide synthesis”, J. Org. Chem. 2014, 79,2377.), L2L72h 6, ZOHETIFTHEE L LT
TF RIANLNTE LT, FARO BB 1T > TH72RW0,

Scheme A. Thioacid synthesis by Gopi's group

H O NaSH (2 eq.) H Q
NAon + )O'\ PG’N\)I\
PG H Me” “SH THF H SH

(1eq.) (not isolated)

B RFF R TORIHNT, v 7 m~FH o H R U E AV CREFRLS M (Scheme 6)D
M 2R LT, Z OfE NMR IR 57% TG 5 F A RO ER MR TH LN T
77



Z 2T, B AR A A AR EE T D 72 DI KA OB A 7K 7 72 (Table 1), HEAKHERE
FEAEROPMER LIZER, T BFAVALT ¢ RETRIM LRI, BOSRITEME L LT
LoD, HROF AN EERHE L THRLND Z & & R L7 (entry 5~6),

Table 1. Screening of dehydrating agents

©j\'( AcSH (10 eq.)

H O dehydrating agent (2 eq.) H O

Cb > ~

Z\N N\)I\OH » Cbz H N\é)j\SH

H O solvent O
50°C, Ar, 8h
Entry | dehydrating agent solvent comments
1 TFAA C,H,Cly S.M. was major.
2 TFAA dioxane no reaction
3 Cl;CCOCI C,H,Cly S.M. was major.
4 Cl;CCOCI dioxane no reaction
5 Ac,S C,H,Cly Thioacid was major.
6 Ac,S dioxane Thioacid was major.
M Entry 5

<— Cbz-Phe-Phe-SH

sy ]
3

Cbz-Phe-Phe-OH =

e Tradt

TR FNANT 4 RICKT BT F RROFAFRE O SR Z D 5728, IRICFRTFHR
HOERPESAE L VISR DRI % 5 2 7= (Table 2), 7235, FFRAY R~ T7'F KRB s 4
FOYERZ RAEZ ., (SR =TT F—i%Ixt L CIEMEORBR SN/ SV DMF X NMP
IR L, |IR T CHRUOEREILEIT) 2 & & Le, ETHDIC, TAHROLTHRD
F AR U U AHICEFE LG EIT>72 & Z 5, DMF <° NMP =R T CTHROF 4k
MEAR & U CBIH S L7z (entry 0), HIFE L7238 0 HEIEEORMMB IR TH 5 & Hkr L,
WAZBGA A2 DIEN L D ISTEDE W E B D RGET21T > Tz (entry 1~4), Z DFER, entry 4
WRT XD ITREEE > ¥ L F AW TEHAIT, 50%LL EDINER T YT F RF AN LTz,



FIRETRERE LT, AAERDOER S KRIBIZIHI S S 52 Z EnBllllsniz, Zh
O DOWMDYGED, A A DEWTIER L, BHEDBEA 4 OEWITRRE Lo Tld
WinkEZ WIZVTFULE LT MY U LAOREEE 2 W THRE 21T - 72 (entry 5~6),
ZORER, KEET Y U LAERWCEES, REEE LU AU EORERGELND Z L2 -
7= (entry 6),

Table 2. Addition of bases

AcSH (10 eq.)
Ac,S (2 eq.)

Cbz~ Nyim| = Chz~y HYi&
H o 1 NMP H o 1
\© r.t., Ar \©
Entry base yield?
0 AcSK (instead of AcSH) Thioacid was major.
N LOBu(t0ea) | 4%
2 NaO#Bu (10 eq.) no T.M.
3 KO#Bu (10 eq.) 46%
4 Cs,CO3 (5 eq.) 61%
s | U,C0, Gea) | ah
6 Na,CO; (5 eq.) 77%

@ Determined by HPLC analysis of crude mixture.

— n

Entyr 6
e Cbz-Phe-Phe-SH —>

It ]

s.o 20.0 25
Fetentiof Time [min]



PR SEBR OFE F(Table 3), ¥ 7 ®F N ANT ¢ RIFGRMEECHIRET MU v AZRMLZ
DIHTORXTF RFAEPER LGS Z BRI N (entry 2) b DD, T EF N ANLT
S ROUHINZ L0 KiEZRILER O BB AL Sz (entry 1), D —JF7, YT ®FNLANLT 4 R
N (entry DT T B F VAN T ¢ RIERINR (entry 2) TIXEIAR) O ARLAS K 0 )
ZHINTNWD Z ED HPLC T L 0 o772, WICTT BTNV AILT 4 REEOTZA
oD & 2K S 5 it 24T - 72 (Table 4),

Table 3. Control experiment

AcSH (10 eq.)

H O reagents H Q
Chza  ~ NIy > Cbzo A NI
H b ¢ NMP H b ¢
\© rt, Ar, 1h
Entry reagents yield®
1 | Ac,S (2 eq.), Na,CO; (10 eq.) i 82%
2 Na,COj (10 eq.) | 34 %
3 AC,S (2 eq.) L 0%
@ Determined by HPLC analysis of crude mixture.
Entry 1
19000007 Cbz-Phe-Phe-SH =
z
.g 500000
S L\JL&
_0o 5.0 10.0 15.0 20‘.0 25'0 360 35‘0 400‘
800000
Entry 2
600000
Cbz-Phe-Phe-SH =
z 400000 |
-4
2
2

Cbz-Phe-Phe-OH —>

200000

_10_



Table 4. Amount of each reagent

Ac,S (X eq.)
H O N'L;Ccszg (\({Yegd) )
Cbz\N N\:)]\OH 2 » Cbz<
H o & solvent

\© rt.,Ar,1h

Entry [ solvent X Y gwema

1 | NWP 2 5 | 80%

2 | NMP 1 5 578%

3 | NMP 13 570%

4 [ NMP 1 1 :63%

5 | NMP 05 3 580%

6 | NMP 02 3 582%

7 | owF 02 3 esw

8" | DMF 02 3 595%

@ Determined by HPLC analysis of crude mixture.

5 Ac,0 was used instead of Ac,S.

N
H

ZORER. FWMAOBEZRRESE TS BRHOIRIZKE <

IRIZIIZ HTNWDTDTEEBEZTWD, BT,

(entry 8),
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=/
B

1Z72 < (entry 1~4), ¥7
TFIANLT 4 REMEEICE TR SE 5 & X0 RN M BT 5 2 L3 5 7= (entry
5~6), HPLC |2 X BT/ D, BSMEME CTHDH YT B FNVANT 4 RIZ X DREIKS) B
A% DMF ([CAH 952 L T,
95%INRTHMD P XTF RFAaEtGD Z LI Liz(entry 7), 728, 7 ®F L AL
7 4 RORb D IZEAKEEZ AV TH, X7F FIEEOOSHEICE OB Sz



IHETIT, EFEFEE Th 5 T RFHE A AEE b HE FEEROW 25T,
ﬁm%¢@9~7%%%ﬁ%@iEM¢@mg%ﬁ01m5@mmw&)iﬁ\h)%h%
VNwa%ﬁiz%w$m’iby&ﬁ%F%ﬁMkCX%7::»7§:yﬁiEm
L2V _XTF RF A ORES A AT OB 2 E BTz, Ll WO
HPLC 434712 kwfii@ﬁ@w7A%@%m®ﬁﬁ%ﬁot%®®mL@ %*#%ﬁo
5 Z LN TERD o7 (Scheme 8a), F7-. NIHFHD HPLC HATICE N TH, li=t~—0D
NEEIRTRE CH T b DD, MISIARETH D DMF OFBIC L0 | R0 FA O = bk
DEBERRERZITH Z & DNNEETH - 7=(Scheme 8a), + Z TRIZ., ISR TIIFAET D
URTF RF AW ~DFEE g/ NRIZIZ DO LT Lo 5 5kE LT, 7T
RFABLDOT NI IALIZ L D F AT AT AR EITV., FAZ AT VO ELFE) G R
BT A D=L EERET H Z & & L7 (Scheme 8b), EARMIZIX, BUSIRAKIZIETE
O p-ARFI RV REMATFAEE p-A FFRIRUDILVFFTZ AT )L~ E
LK T AT LA ~—0 HPLC B — 7 HfEDIR TER LTz, TORER, = bR
1%L FICHZ bR TWD Z ERHER T 72,

Scheme 8. Calculating the epimerization rate of peptidyl thioacid in the reaction mixture

Ac,S (0.5 eq.)
AcSH (20 eq.)

H O Na2003(20eq) H Q
Cbz< Cbz<
NN oy NN sH (e
S DMF H Q¢
\© r.t., Ar \©
a) i b)
normal phase HPLC : CI/\CL
or : OMe o
reverse phase HPLC H
................. 7RO S (22eq.) > CbZ\N N\-)LS
g N

90% (over two steps)
(< 1.0% epimerization rate)
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BAEEEL TWH YT BT NANT ¢ REORLENL, ~T7'F NEREEAKY) R DAL
EfRlc, FAERBIRERF & ~7F K C KRR FOZHREERTHL L EZXTVD
(Scheme 9), BAKHNICIZE T, T BFARANLT 4 RPRRXTF RO & RIS LT F K
WA & TERT 5, WRIC. FAFET =4 N2 X 5T F R VAR =V HIT 6T 5 k%
LY RTF ROTUANRLT 4 RADWERT 5, B%IC, BOFAEEET =410 &
B RIGT E FNIEADORBIOIZ LY | 7T BT ABRILAV) DB & O DS
HEBEZTND, —HOBE, RHICERES N0 T AWRT =4 > Omm\ O REZREIC
£V, DFARICHEAREOHE TETT 52720 bz b Tnd L& X TS,

Scheme 9. Plausible catalytic cycle

o O
O O
v |
Me” "S§" M
< © Peptide )J\O

Feied s :
Ny
A

i o

Q 0
- N
Peptlde)\ Me Peptide )LOJLMe

[@))]
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2.4. Isolation of Peptidyl Thioacid

BONTEURTF RFABEOHEERERIC SOV T b RF 21T o772, —BICTF A I A RF
NEIARERBFREETHI L ENTEY, 2. TR ) ICZhETo®ms T, #
B2+ 2 LR VLR TE R, L LARNLAREBIRE LEZFEOSEA, wEoF
A HEB(EMEC 1T T AERBRE) DS SOSIRPIZE ENTWD T2 Z D% DK ~DR % BT
DI DIZINRAED D DI BR MERH D, RFENTF FEMEAERIEICEHA ST
WABDBIE, BEEOT AFERIIE S ICBREATEETH 5 - ORI EE COREIZ D 720,
L LD, X7F REHARIEICEA L X 5 & LESAIOEIEOMSI N LI D,
HWARICR LY O N Y 7 vA afElg a2 Nz CF AR 2 P Lotk #e < e g
#Els X 0 FAWEEE & DMF D% A 77 7= (Scheme 10), HF1D BEPE CIRICRIAE T 80%LL
DT F RFAERDFE- TRV JEEINERNE OB T b 60%FREE DI THAE L T,
LU D, EO%ROHFHT Y 7V EERKRE LTT 2 h=F)L01% Y 741
FERR KBS 7 L a~ N7 5 7 4 —FEROBERE T, HofEBIIZ 26% £ THABEINERD
IKTFLTLEST,

Scheme 10. Isolation of peptidyl thioacid from the reaction mixture

Ac,S (0.5 eq.)
o AcSH (20 eq.) o
H Na,CO3 (20 eq.) H
Cbz~y, N\{ﬂ\OH > Cbzw Nﬁfﬂ\SH(Na
H g DMF H E

O = O
\© r.t., Ar \©

yield of thioacid at each step

95% (in the reaction mixture) — ca. 80% (after addition of 40 eq. TFA)

isolated yield after ODS-silica
after removal of DMF under) 26% | gell column chromatography
reduced pressure at 50 °C

—> ca. 60% (
with 0.1% TFA / acetonitrile

WAl L RS TTIR, TV R T, IR T3 4 AL ERE > T HPLC F v —
MZZEIBIZR BT, ORXTF RFABO SR ENEL TR E AR LTV,
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ZZTWIZ, T F REMEARIEO R OERZG T, BEHEGHRIE S TR, K
WZIER_TF FE2Z L CHEMEEICHEBERE 25 F A B A2 RS 2 FIEORIE Z R A7
(Figure 2a), [EFEHFE T AEROFIBEMA L LT, TIIRSNTWSH PEG R Y v — L D27 o7c
B NVRN L BERNDZ &L LT,

Figure 2. Polymer-supported thioacid

a. Reaction Design o 1)

¢ AcsH X ‘me—OH R1J\SH

0]

o
@ s+ R1”~OH

“ AcOH

b. Preliminary Experiment

(step 1)
'S' source (20 eq.)
0] Ac,S (50 mol%) [ o ]
.“"“’J'I—OH > SM
DMF (10 mM) @
COOH-PEG Resin rt, 1h COSH-PEG Resin
(20 eq.)
(step 2) Work up: washed with DMF X 10
o [COSH-PEG Resin] (20 eq.) o
H Ac,S (20 mol%) H

Cba~ N\é)l\OH > Cbz< AN \é)J\SH

H D ¢ DMF (2 mM) HJ ¢
\© rt. 3h \©

Entry | 'S' source (step1)§ comment

1 AcSK no reaction

2 AcSH + Na,CO4 no reaction

MWIRRE ORER(Figure 2b), £7°, AU ~—FITHEENDL DARF AREICK LT, (1) F
AHEE & IREET N Y U AEZNEI 20 YET O, b LLIE, Q) FAEEEA Y v AEEH
MMT20 YE, LHEIZENFNIZO0S BYEOTTEFILANLT 4 K&z, R ~—HDh
WIRF D NVIEDF A IINARF D NIADERZAT > T (step 1), T DBLPETOLEWLN E &
WZHEEAT L7 ERE L, IRIZDMF IC L AR Y ~— D%, N ~v—HOFF I NRFT L
N2 YBELRDLCTVNTTF RERINL, VX F RIZKHLTO0S YEDOY T &
FNANT 4 REWH TMAIRE LTc(step 2)e LALLM D ZOHE, WTHORIZEN
THURTF RFARIE BRI ST, HEHTH DT F FREIRSNTZDHRTH
ofz, A%IE. BB OB T AR A T 5 FIEORNLE ETITATV. 2 0%
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FEEIZARTF RFABEE~ LS TE AR LTV TETH DY,

BT BEEOMIERE TRT T RESNTR S PR - IR A 2L S 5 D IR# LD
BAZREBMANAT > TVETZW, ZTHE THEDBICHB I N TE b O, (B
BCEE L, SRR T 5 b O TH 5 03—l & LT, Okada, Y.; Suzuki, H.;
Nakae, T.; Fujita, S.; Abe, H.; Nagano, K.; Yamada, T.; Ebata, N.; Kim, S.; Chiba, K. “Tag-assisted
liquid-phase peptide synthesis using hydrophobic benzyl alcohols as supports”, J. Org. Chem. 2013,
78,320.), ZAV &I O EB MR AR L, ARSI I IR b T D b O b iRE ST
Y ((a) Miao, W.; Chan, T. H. “Synthesis of Leus—enkephalin”, J. Org. Chem. 2005, 70, 3251. (b)
He, X.; Chan, T. H. “Structurally defined imidazolium-type ionic oligomers as soluble/solid support
for peptide synthesis”, Org. Lett. 2007, 9, 2681.), BH¥E L7=HHl~7"F K F AW E R~ F 23
ARETHDH EEZTND,
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2.5. Summary of Chapter 2

FAFERE MR E LT, Y78 FINVANT ¢ REREFE - )i 23t & U TR\
ANTF R C KIGANVRF L NFED T F B VAR X 2 VB OB ERSEZ BR Lz, K
S T ) e R R AR IR N CHIRICEIT L, 1 LIS SERE T 5, £2, =
EED 1L0%UAFICHA LN TS Z 2GR LIz, S%OME L LT, (1) RISEAE)
O ORTF RF AW HEE - FRFIEORYE, (2) B LICHEE L~TF Pk 2 06
SMEOREL, PRI TN D,

AcSH (3 eq.)
o Ac,S (20 mol%) o
H Na,CO5 (3 eq.) H
Cozay N N Ay = > Gz AN N
H o DMF H o @

r.t., 30 min.
> 95%
(< 1.0% epimerization rate)
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2.6. Experimental

A. General Method

NMR spectra were recorded on a JEOL ECX500 or a JEOL ECA400 spectrometer, operating at 500
or 400 MHz for 'H NMR respectively. Chemical shifts were reported in ppm on the & scale relative
to residual CHCI; (6 = 7.26), CHD,OD (6 = 3.31), CHD,SOCD; (6 = 2.56) as an internal reference,
respectively. ESI-MS spectra were measured on Waters-ZQ4000. Column chromatography was
performed with silica gel Merck 60 (230-400 mesh ASTM). Preparative thin-layer chromatography
was performed with silica gel Merck 60 F254. The chemical yield or epimerization rate were
determined by HPLC. HPLC analysis was performed at 40 °C on JASCO HPLC systems (LC Net
II/ADC) containing of following: pump, PU-2080 plus; detector, UV-2075 plus, measured at 230
nm; solvent degasser, DG-2080-54; solvent mixer, MX-2080-32; column oven, CO-2065 plus; auto
sampler, AS-2055 plus; column, YMC-Triart C18 (TA12S05-1546WT); mobile phase, MeCN / H,O
(0.1% TFA (v/v)); flow rate, 1.0 mL/min, unless otherwise stated. Reactions were carried out in dry
solvents in flamed-dry glassware under an argon atmosphere, unless otherwise stated. Dry solvents
were purchased from KANTO CHEMICAL. Co., Inc. or Wako Pure Chemical Industries, Ltd. Other

reagents were used as received from commercial sources, unless otherwise stated.

B. Materials
((benzyloxy)carbonyl)-L-phenylalanyl-L-phenylalanine (Cbz-Phe-Phe-OH)

This compound was synthesized from Cbz-Phe-OH and phenylalanine by SPPS using WSCI-HCI
and HOSu. HPLC (H,O 2 min. then 0-100% MeCN / H,O over 40 min.) tR 25.3 min.; '"H NMR
(CD;0D, 500 MHz) 6 7.32 — 7.14 (m, 15H), 5.00 (dd, J = 12, 12.5 Hz, 2H), 4.65 (m, 1H), 4.36 (m,
1H), 3.18 (dd, J= 5.0, 14 Hz, 1H), 3.06 (dd, J = 5.0, 14 Hz, 1H), 3.01 (dd, J = 8.0, 14 Hz, 1H), 2.75
(dd, J= 8.0, 14 Hz, 1H); ESI-MS m/z 469.0 [M+Nal]+.

((benzyloxy)carbonyl)-L-phenylalanyl-L-phenylalanine S-acid (Cbz-Phe-Phe-SH)

e
Cbz~y, N\E)J\SH
H 0] 2

Authentic Cbz-Phe-Phe-SH was synthesized from Cbz-Phe-Phe-STmob: To a stirred solution of
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Cbz-Phe-Phe-OH (220 mg, 0.5 mmol) and (2,4,6-trimethoxyphenyl)methanethiol'® (Tmob-SH, 214
mg, 1 mmol) in DMF (10 ml), WSCI-HCI (115 mg, 0.6 mmol) and DMAP (6.1 mg, 0.05 mmol) was
added at room temperature. The resulting solution was stirred at room temperature for 2 h. AcOEt
and brine were added, and organic layer was washed with brine, dried over MgSQ,, filtered, and
concentrated. The residue was purified with silica gel column chromatography (SiO,, Hexane /
AcOEt = 7 / 3) to give Cbz-Phe-Phe-STmob (230 mg, 71%) perhaps as a diastereo mixture at
C-terminal phenylalanine. "H NMR (CDCls, 500 MHz) & 7.34 — 6.96 (m, 15H), 6.22 (d, J = 8.0 Hz,
1H), 6.08 (s, 2H), 5.04 — 4.99 (m, 2H), 4.96 — 4.90 (m, 2H), 4.19 (m, 2H), 3.79 (s, 3H), 3.78 (s, 6H),
3.03 — 2.96 (m, 4H); ESI-MS m/z 642.2 [M+Na]+. To a stirred solution of Cbz-Phe-Phe-STmob (68
mg, 0.1 mmol) in 40% TFA (v/v) solution of DCM (2 ml), Et;SiH (160 pl, 1 mmol) was added at
room temperature. The resulting solution was stirred at room temperature for 3 h. The mixture was
diluted with AcOEt and solvent was removed under reduced pressure. The residue was dissolved in
AcOEt then washed with brine, dried over MgSQ,, filtered, and concentrated. The residue was
purified with preparative thin-layer chromatography (SiO,, Hexane / AcOEt/ AcOH=95/5/0.5) to
give Cbz-Phe-Phe-SH (10 mg, 21% yield) as a white powder. HPLC (H,O 2 min. then 0-100%
MeCN / H,0 over 40 min.) tR 28.1 min.; ESI-MS m/z 484.9 [M+Na]’, 461.3 [M]".

C. General Procedure of Study for Peptidyl Thioacid Synthesis Using Thioacetic Acid

To a stirred solution of Cbz-Phe-Phe-OH (44 mg, 0.1 mmol), Na,CO; (32 mg, 0.3 mmol) and AcSH
(21 pl, 0.3 mmol) in DMF (2 ml), Ac,S (2.1 pl, 0.02 mmol) was added at room temperature. After
stirred at room temperature for 1 h, the crude mixture was directly injected into HPLC systems for

analysis. The yield was calculated based on a calibration curve.

D. Scale Up and Isolation of Peptidyl Thioacid (Scheme 10)

To a stirred solution of Cbz-Phe-Phe-OH (446 mg, 1 mmol), Na,COj3; (530 mg, 5 mmol) and AcSH
(346 pl, 5 mmol) in DMF (20 ml), Ac,S (54 pl, 0.5 mmol) was added at room temperature. After
stirred for 1 h at room temperature, the solution was cooled in an ice cold bath. TFA (745 ul, 10
mmol) was added, and the mixture was stirred for 30 min at the same temperature. The mixture was
concentrated under reduced pressure at 50 °C. The residue was purified with silica gel column
chromatography by Yamazen EPCLC systems (acetonitrile / HyO (0.1% TFA (v/v)) =2/ 98 to 40 /
60 over 5 min., 40 / 60 to 80 / 20 over 40 min., ODS, 20 ml/min, 230 nm) to give Cbz-Phe-Phe-SH
(120 mg, 26% yield) as an off white solid. HPLC (H,O 2 min. then 0-100% MeCN / H,O over 40
min.) tR 28.1 min.; '"H NMR (CD;0D, 500 MHz) § 7.31 — 7.18 (m, 15H), 7.06 (d, J = 7 Hz, 1H)
4.99 (s, 2H), 4.77 (br, 1H), 4.36 (br, 1H), 3.22 (d, J= 13.5 Hz, 1H), 3.06 (dd, J = 5.0, 13.5 Hz, 1H),
2.96 —2.83 (m, 1H), 2.76 — 2.61 (m, 1H); ESI-MS m/z 463.1 [M+H]+.

' (a) Barany, G. et al. J. Org. Chem. 1992, 57, 3013. (b) Vetter, S. Synth. Commun. 1998, 28, 3219.
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E. Calculation of Epimerization Rate of Peptidyl Thioacid (Scheme 8)

To a stirred solution of Cbz-Phe-Phe-OH (11 mg, 25 pmol), Na,COs (53 mg, 500 umol) and AcSH
(35 pl, 500 umol) in DMF (500 pl), Ac,S (1.3 pl, 12 umol) was added at room temperature. After
stirred for 1 h at room temperature, the solution was added 4-methoxybenzyl chloride (82 ul, 600
umol) then stirred for 3 h at room temperature. The crude mixture was directly injected into HPLC
systems for analysis. The epimerization rate was calculated based on the relative area ratio of each
diastereomer (Each diastereomer’s peak was identified by ESI-MS analysis and by comparison with

that of each authentic sample synthesized by LPPS).

Cbz-Phe-Phe-S-PMB

H O
Cbz~ N\E)I\S/\©\
Hoo \© OMe
HPLC (DAICEL CHIRALPAK IB (P/N 81325), EtOH / Hexane = 5 / 95) tR 17.7 min.; '"H NMR
(CDCl;, 500 MHz) 8 7.34 — 7.11 (m, 15H), 6.91 (d, J= 13 Hz, 2H) 6.82 (d, J = 13 Hz, 2H), 6.24 (d,
J=8.0 Hz, 1H), 5.09 (br, 1H), 5.04 (s, 2H), 4.89 (q, J = 7.0, 14 Hz, 1H), 4.38 — 4.34 (m, 1H), 4.03 (s,
2H), 3.79 (s, 3H), 3.07 (dd, J = 6.0, 14 Hz, 1H), 3.03 — 2.95 (m, 3H); ESI-MS m/z 605.6 [M+Nal+-

Cbz-Phe-D-Phe-S-PMB

OMe

HPLC (DAICEL CHIRALPAK IB (P/N 81325), EtOH / Hexane = 5 / 95) R 23.5 min.; '"H NMR
(CDCls, 500 MHz) & 7.34 — 7.09 (m, 15H), 6.85 (d, J = 15 Hz, 2H) 6.81 (d, J = 15 Hz, 2H), 6.28 (d,
J=6.5Hz, 1H), 5.14 (br, 1H), 5.07 — 5.01 (m, 2H), 4.93 — 4.89 (m, 1H), 4.41 — 4.35 (m, 1H), 4.02 (s,
2H), 3.78(s, 3H), 3.06 — 3.01 (m, 3H), 2.91 (dd, J= 5.5, 14 Hz, 1H); ESI-MS m/z 605.4 [M+Na]+.
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Chapter 3 Total Synthesis of Leuprorelin through
Iterative Peptide Fragment Coupling Reaction between
2,4-Dinitrobenzenesulfonamide and Thiocarboxylic Acid

3.1. Background

PORBY A BIE A RATRBOHIEICER L, BRMOIER FIcEwET 5, X7F ROy
BBV THZOMIEOFEAMEILED LR, BUE, ~XTFEOTIZTA by T
7L LTHOW B A FIEIZRE < 4513 T 4 FEEEFAET 5 (Scheme 11)°,

Scheme 11. Methods for chemo-selective amide forming ligation for peptides

a. Native Chemical Ligation (NCL)
6 M guanidine *HCI
thiophenol

o HS d41s
G e * i BED —— e g oy G
O ’ O

b. Traceless Staudinger Ligation

(0] RN
)I\S/\PPhZ * N3)\n/
0

o R"
H O

DMF /H,0=10:1

c. Ketoacid-Hydroxylamine Ligation

o} R"
TN
@ oH ©

Rn

(0]
il D g )
H O

DMA /DMSO =3 : 1

d. Thioester Ligation HOOBt
n DIPEA N
0 R : AgCl o R _
Peptide A A + H.N Peptide B Peptide A N Peptide B
S 2 N
CONH, o) DMSO H O

C-terminal residue is limited to Gly or Pro.

ZOWN®D 3 >(Scheme 1la~c)lx, ~FF K7 T 7 A NGRS R A BN L TH<
Z & T, BARMEHEAST T REB CTORIRMN AT T NES RGN FIREIC R D, 20
FTHROBILASNTOWDDON, XA T 47 « rI ) 7447 —3 3 (Native chemical
ligation, NCL) T % (Scheme 11a)'’, NCL TiZ, Htk « AR OIEF IR EMET C K
FATRATNVNRTF L N Ky 2T A 2 V_TF R EDBORIGSHEITT 5, Ll
25, NCL Tl C Kl 7 7 7 A > D N KRR NS AT A VICIRE SN 5850, ¢

' (a) Dawson, P. E.; Muir, T. W.; Clarklewis, I.; Kent, S. B. H. “Synthesis of proteins by native
chemical ligation”, Science 1994, 266, 776. (b) Malins, L. R.; Payne, R. J. “Recent extensions to
native chemical ligation for the chemical synthesis of peptides and proteins”, Curr. Opin. Chem. Biol.
2014, 22, 70.

B ORMBEA IR T H7-DIT, AT A VA NCLEZITUR L, 75 = Ui~ L 25
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K H VRNV EEDF A T AT NVEEA~DO B DI SHIOERN 7 7 7 A vy 7Y
T O BNNEETH B A DHIR E 2o TV B, FERIC, CRIEERAT 4 ) FAT AT
NVEEE N K7 ¥ RERIO Staudinger SO % A L7z Staudinger 7 1 %7°—3 = /(Scheme
by, KON C Kl a7 FHLRFLILVEEE NRItE Rafi 7 2 B OB RIS
ﬁﬁ%ﬂﬁbk&k%tPn%waQV-§4¢~yay@mmmmﬁ:ﬁmf%\7
TI A BTV TR C RGN IR T VIV TR OB R B RE RS~ & E A
HZENRETHLEND, RIVEFEHN T T T AL vy TV U T ~OBIGIEES Tl

VN, Fio, WAEE LEANC N RABOER & UCTRBREMiSN=T 2V BRNNE L e
BEBHIRE 722> TV B2, 4 DH OF A= A7 )LiE(Scheme 11d) Tld, C KigF A= 27 /1
AL A ERA A TIRMAE LT N KT 2/ e OB OB T F REATEKREZIT ),
REANTF RO N RIS OT I 7 BRIREITHIRRIZ 2V, REFXTF R C Rimfll3— &
LDOFREMED /N ) S oeTr ) VZRBENDY, UL EOERICL Y, KT I/ W%
WBHZ LR ERGEDT X BRI HHIRO e, BT T R T 7 Ak
J TN T~ L PTRE R HFIERR OB N LIS L5 2 7=, £ L, Chapter 2 TR L

T 5 FIENHE STV 5 Yan, L. Z.; Dawson, P. E. “Synthesis of peptides and proteins without
cysteine residues by native chemical ligation combined with desulfurization”, J. Am. Chem. Soc.
2001, 123,526. HEE DX, T 7= BE T HICRBEZLSGENLEEDO—DOTH LD
ZOFIEIC LY NCL OEIGHIPADS KIEIZIRN D L FRL TV D, o, ZOREEZBHBIC
FA—NEZ BN UIRFRT X BRORGT DL MG STV D (ref. 16b), HIT, N K
T XU TF AN R E VTR OV B E AT S 2 LT, T2 R < DR
BEHTHE B 22 W SOSHEBAL O BAFE H 1T 41T % Loibl, S. F.; Harpaz, Z.; Seitz, O. “A type of
auxiliary for native chemical peptide ligation beyond cysteine and glycine junctions”, Angew. Chem.
Int. Ed. 2015, 54, 15055.

YR CRIEF AT AT AOFEME L LT, ERAQ-AL T 7 =/ATF )7 I RENEA S
DT TR, R NCL ~0)sH b i H & 4uehH T 5 (a) Ollivier, N.; Vicogne, J.;
Vallin, A.; Drobecq, H.; Desmet, R.; Mahdi, O. E.; Leclercq, B.; Goormachtigh, G.; Fafeur, V.;
Melnyk, O. “A one-pot three-segment ligation strategy for protein chemical synthesis”, 4Angew.
Chem. Int. Ed. 2012, 51, 209. (b) Raibaut, L.; Adihou, H.; Desmet, R.; Delmas, A. F.; Aucagne, V;
Melnyk, O. “Highly efficient solid phase synthesis of large polypeptides by iterative ligations of
bis(2-sulfanylethyl)amido (SEA) peptide segments”, Chem. Sci. 2013, 4, 4061.

% (a) Nilsson, B. L.; Kiessling, L. L.; Raines, R. T. “Staudinger ligation: A peptide from a thioester
and azide”, Org. Lett. 2000, 2, 1939. (b) Saxon, E.; Armstrong, J. I.; Bertozzi, C. R. “A “Traceless”
staudinger ligation for the chemoselective synthesis of amide bonds”, Org. Lett. 2000, 2, 2141. (c)
Soellner, M. B.; Nilsson, B. L.; Raines, R. T. “Staudinger ligation of a-azido acids retains
stereochemistry”, J. Org. Chem. 2002, 67, 4993.

! (a) Bode, J. W; Fox, R. M.; Baucom, K. D. “Chemoselective amide ligations by decarboxylative
condensations of N-alkylhydroxylamines and a-ketoacids”, Angew. Chem. Int. Ed. 2006, 45, 1248.
(b) Pusterla, 1.; Bode, J. W. “The mechanism of the a-ketoacid-hydroxylamine amide-forming
ligation”, Angew. Chem. Int. Ed. 2012, 51, 513.

* W|Z Staudinger 7 A 7' —3 3 TN KT U RT7 2 VBB L LTV v &2l
DT XV BETRISHENRKRE S B D Z &ERHIE Z4 TV %: Soellner, M. B.; Tam, A.; Raines,
R. T. “Staudinger ligation of peptides at non-glycyl residues”, J. Org. Chem. 2006, 71, 9824.

’ (a) Blake, J.; Li, C. H. “New segment-coupling method for peptide synthesis in aqueous solution:
application to synthesis of human [Gly17]-B-endorphin”, Proc. Natl Acad. Sci. USA 1981, 78, 4055.
(b) Aimoto, S. “Polypeptide synthesis by the thioester method”, Biopolymers 1999, 51, 247.
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7oy TE(LEMZ OONTF R C KA VRX VIV E T A I NR VI~ E BB D
FENEORRICRVEDL EEZ T,
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INETIE, FTABEHWEXTF RT3 T7A 0 Ny 7V o7 %00 E ST
%(Scheme 12), Crich 5%, Tomkinson HIZL > THE SN TWEF A ARF L
24-V=baR_RUB U AR T I RIEDNS 7 2 R E DB DO~ A Brng ~—5k %2R
H L7 2 FEAERKISHEZRM LT, DT F RO 7 I 7 A vy 7Y v 7 &l
L 7=(Scheme 12a)”, Crich S FICZ OMEEZ B SE, RUB U AR T 2 REFR I
DEBFEEZRRTHIE, b LIIRETIMRE A, BN T 77 A Ny T Y v
T ~OHEAHWELTNDY,

Scheme 12. Peptide fragment coupling using peptidyl thioacid

a. 2,4-Dinitrobenzenesulfonamide

0]

Me H
Cbz\N,LTrN\{JLS
H 0) 3

O

O,N NO,

.O piperidine
—_—
DMF

(1.0eq.)

Cs,CO; (1.

Seq)

DMF, r.

reaction mechanism

/\O\\S// R H
257 e —
O:N » O

t.

NO

RJ\SH

0]

(1.2eq.)

Cbz—Ala—Phe=Gly—Gly—OMe

62%

2
HN-R

** Messeri, T.; Sternbach, D. D.; Tomkinson, N. C. O. “A novel deprotection / functionalisation
sequence using 2,4-dinitrobenzenesulfonamide : Part 17, Tetrahedron Lett. 1998, 39, 1669.
2 Crich, D.; Sana, K.; Guo, S. “Amino acid and peptide synthesis and functionalization by the
reaction of thioacids with 2,4-dinitrobenzenesulfonamides”, Org. Lett. 2007, 9, 4423.

26 Crich, D,

Sharma, I

“Triblock peptide

and peptide

thioester

synthesis

With

reactivity-differentiated sulfonamides and peptidyl thioacids”, Angew. Chem. Int. Ed. 2009, 48,

7591.
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Scheme 12. (Continued)

b. Isonitrile
Me_ Me o Bu-NC (2.0 q.) Me MeMe O

H
Fmoc\N>§n/SH + Me/N\:-)j\OH - Fmoc\N&rN\i)l\OH
H o AL DCM, r.t. H o A
(3.0eq.) 75%
Me. Me
Fmoc- >§n/8 H
. N e
via 0] -
Bu

c. HOBt (& DMSO)

0 HOB (2.0 eq.)
H q- 0
Boc< H
oc ”\/Q(N\é)J\SH . t 4 A molecular sieve _ Boc- \/Q(N\)L
O \© N OPY  DMSO,rt, 12h : S
O @

(1.2eq)

via o \@

d. Silicon

Cbz\ .O 1) 40% piperidine in DMF
NY \© O 2) HCI R” “SH
(1.0eq.)

TMS_
OMe 0
HCl® H,N IS TMS
o}

(1.3 eq.) Me™ "N (1.0eq.)
0]
DIPEA (1.3 eq))
_ Chz~y, /\n/ \)LH\/Q(O
THF, rt., 15 h \© ©
74%
/TMS (5% epimerization rate)

Cbz\N/\n,N\/g

via \©

fiZ & . Danishefsky & 13T A FETEPE(LAI & LTA Y = b U /L(Scheme 12b)*° HOBt % L <

27 (a) Rao, Y.; Li, X. C.; Danishefsky, S. J. “Thio FCMA intermediates as strong acyl donors: a
general solution to the formation of complex amide bonds”, J. Am. Chem. Soc. 2009, 131, 12924. (b)
Roberts, A. G.; Johnston, E. V.; Shieh, J. H.; Sondey, J. P.; Hendrickson, R. C.; Moore, M. A. S.;
Danishefsky, S. J. “Fully synthetic granulocyte colony-stimulating factor enabled by
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133 7 #(Scheme 12¢) % AW Z FiEEZHE LT\ 5, £72, Liebeskind 5% N,O-EA( U
AF N U INTE BT 2 RBSA)Z AW TEMEALTE 2 @55 L TV 5 (Scheme 12d)”, = LT,
Chapter 1 "Cik~*7= Houghten * Yu 5T X % it 3E & Ao F AR OTEMAL DS T 6 5
HELTTF RBAHOLRTNHNS

isonitrile-mediated coupling of large, side-chain-unprotected peptides”, J. Am. Chem. Soc. 2015, 137,
13167.
** Wang, P.; Danishefsky, S. J. “Promising general solution to the problem of ligating peptides and
?yoopeptides”, J. Am. Chem. Soc. 2010, 132, 17045.

? Wu, W.; Zhang, Z.; Liebeskind, L. S. “In situ carboxyl activation using a silatropic switch: A new
approach to amide and peptide constructions”, J. Am. Chem. Soc. 2011, 133, 14256.
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UbD Xz, FAREANZRTF RT7IZT7A vy TV T %onmEsnT
WA, ZOHTHEHIDNS 7 2 K& U 72 5715(Scheme 12a)i23 H L 72, Fmoc B &%
TED RS T C R 7 F 7' A > R D N KIS~ DNS &2 TE AT 5 Z L g
ThV ., FLFHRT I BOLEEST X BEEOSIRBIFE LW Th D, £/,
FOSHREICTERE L O, kb IflshTng P 2k, 7SRV Ny TS
ELTRECHDLEE X T, LNLERBL, TAB-DNS EEHWe_TF K7 F 7 A K
T 7V 7%, 2009 £E0D Crich & D55 (Scheme 13)° Z R ZICHE#HEZ TV 5D, ZOHET
%, CRUEGTF AR Z B Y A FF RPN 2T 0 E L TCHR# L7- N Kl DNS X7 F
RERAWDZETHEEN T T T AL Ny T VT 5iTo>TND, FRIOTFT AT AT VE
JR & S0 AT O J AR5 O LB D X AT D J7 ik & AR RS R LS5 < EREICZ L
WFEICHEE > TN Z N, ZOROERFIEROFEROMEIZ > TNDH EEZX T,
TF N CRIp% F AT 2 B2 T ERORINEND [ Z DA v 7V o T RIS DHIFID
FBHFE LT TF RFABEBIBEIC LV RR S D D &B 272,

Scheme 13. Iterative fragment coupling using thioacids and DNS-amides

1) TFA / Et;SiH / DCM
Fmoc-Phe-Ala-STmob » [Fmoc-Phe-Ala-Val-Ala-STmob
2) DNS-Val-Ala-STmob 71% OMe

CsHCOj, DMF 5
_ S
1) TFA / Et;SiH/DCM _ Fmoc-Phe-Ala-Val-Ala-Phe- ﬁ

> MeO OMe
2) DNS-Phe-Asn(Tri)-Asn(Trt)-lle-Ala-OEt  ASN(T-Asn(Tr-lle-Ala-OEL 0, (-
CsHCO,, DMF 68%

30 Karmakar, P.; Talan, R. S.; Sucheck, S. J. “Mixed-phase synthesis of glycopeptides using a
N-peptidyl-2,4-dinitrobenzenesulfonamide-thioacid ligation strategy”, Org. Lett. 2011, 13, 5298.
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3.2. Strategy

Chapter 2 TP L7127 F RFABRAE LD ik % A 9 FRILDIERIRUA T F REHK
ThHrVa—7a L) rOeMET 7, Va—7a L), RS VT ks
JVECDFERTHY, 6 BEBDOZ VRN DIEOa AL ALY, 10 HEHDO Y &
UIKAB LT FE RSN L7 F R Tdh 5 (Figure 3), RISLARFE « $LFE - = iE2 & DR
FRICEICHWL, 2R TOEY EIFN 1000 EHEZ B2 578 v 7 NAX—[EHKTHD,

Figure 3. Structure of Leuprorelin

NH
HNJ\NHZ
HN._O
(\ ;NH
0

pGlu-His-Trp-Ser-Tyr-pLeu-Leu-Arg-Pro-NHEt

SEOERTIE, Va—7r L &2 3KET 232077 7 A MIHTF, N KI5
C RO T T 7 A b TV IR0 Bl EIT- -, BRI, MEE %
WHELT-HBT T AN C R NRFINIEZFFRE L FIETT AL L., 515 N
K DNSAL R U RTF REDTZ T A Ny 7Y > 7 &IARAT - 72 (Scheme 14),

Scheme 14. Synthetic Scheme
pGlu-His(Trt)-Trp(Boc)-OH
l my conditions
pGlu-His(Trt)-Trp(Boc)-SH
l + DNS-Ser('Bu)-Tyr('Bu)-pLeu-OH
pGlu-His(Trt)-Trp(Boc)-Ser(Bu)-Tyr(‘Bu)-pLeu-OH
l my conditions
pGlu-His(Trt)-Trp(Boc)-Ser(Bu)-Tyr(‘Bu)-pLeu-SH
l + DNS-Leu-Arg(Pbf)-Pro-NHEt

pGlu-His(Trt)-Trp(Boc)-Ser(‘Bu)-Tyr(‘Bu)-pLeu-Leu-Arg(Pbf)-Pro-NHEt
Leuprorelin (protected)
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3.3. Total Synthesis of Leuprorelin

£, Chapter 2 T LIZHENY 2a—T v L) OB/ T T 7 A MIXLTHENE
AU ATREN &9 I E R T 5 7 O D HIHIRGT 21T - 7= (Figure 4), £ OfEH, W40 HPLC
bEcehtno7 772y bov—7 OE EBIERICH IS 2 F Ak e Bbh b e —7
DEARM E L TBI STz,

Figure 4. Preliminary experiment of thioacid formation of leuprorelin fragments

a. Tripeptide AcSH (20 eq.)
Ac,S (50 mol%)
Na,CO5 (20 eq.)

pGlu-His(Trt)-Trp(Boc)-OH »  pGlu-His(Trt)-Trp(Boc)-SH
DMF (10 mM)

1000000 CrUde
Z
£ 500000
éa
£ tripeptide —

|
0 "w L k"t\‘—{\d\u\},

T T T T
0.0 20.0 40.0 &60.0 B80.0

Starting Peptide

100000 |

tripeptide —

T

Intensity [uV]

-100000 |
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Figure 4. (Continued)

b. Hexapeptide AcSH (20 eq.)
Ac,S (50 mol%)
Na,CO; (20 eq.)

pGlu-His(Trt)-Trp(Boc)-Ser(‘Bu)-Tyr(‘Bu)-pLeu-OH » R-SH
DMF (10 mM)
1000000 CrUde
g 500000 .
3§ hexapeptide — 1
g i
o d \4._/)\\_’,

T T T T
0.0 20.0 40.0 60.0 80.0

I Starting Peptide
1000000 hexapeptide —

Intensity [uV]

500000

T
0.0 20.0 40.0 60.0 80.0

INLOE—7 NERICHOTARBEK T L0 2R 5B, KOWREEDO 7 Z 7
AL Ny Y o TIZIET, BB A 1T o 72(Scheme 15), L2> L7236, HEERERIIA
#AMmD Iz, FlZIE, ROSKEZBEED 0.5% b U 7 V4 o FERKRRICNZ <7 F K&k
XTImO S U <X 21T 25 A . HRYOXTF ROAPBI S
F AW E oD e — 7 1X{H K L7=(Scheme 15a), MO pH EIZ &L 597K & Ol [ —E
ThHDHEBZRIT, 0.5% b U 7 /A v EEiED DMF ¥R 2 N2 %E B Fn L, 50°C TOmls
TG Z K 0 T A WElE & DMF OFRZE%1T > 72(Scheme 15b), L/ L7236 Z %A S H
D E— 7135 Uiz, £7-. HPLC T3 e — 27 BSHAEFICHFEE L Tz & v 5 Bl
MREEEX, FH VDTV ERWED T LA7a~ N7 T 7 40—l X oML R_AT
(Scheme 15¢), FABRA FSGNR & AR U 51 7 WVAZE W G L, HPLC oM THWZEE &
[ CEBER (0.5% ~ V) 7 v F a Wik KIsE | 7% b= b U )&=, HPLC DT R4
BEIET05% Y ZVA aERKER | T b= KU =8:2 QMR ORIEZ I L.
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RO T AW & B e miBE b S A RE L, £ D% 100%7 2 h= kU ER TXTF R
A EBHEET, LALARSLR0ERY ZoBRas B0 — 27 138E Lz, 22T, &
Hrikg & [RIERIZAR D F1 7 2 & HPLC Z VT HLBERS B 44T - 72 (Scheme 15d), £ D#ER, H
B — 2 ZHEET 5 2 LIS L, ESIMS IZ X BT HA8EE Y Zh b ofbEmnth
ENFET DT AR THHFEEMRT DI LN TET,

Scheme 15. Isolation of thioacids

AcSH (20 eq.)
Ac,S (50 mol%)
Na,CO5 (20 eq.)
pGlu-His(Trt)-Trp(Boc)-OH » pGlu-His(Trt)-Trp(Boc)-SH
DMF (10 mM)

(Similar results were obtained in the case of hexapeptide.)

a.
- precipitate isolation

0.5% TFA in H,O — — back to starting peptide (hydrolysis)
- freeze dry

b.

0.5% TFA in DMF —> centrifugal thickening — back to starting peptide (hydrolysis)

(22 eq.) at 50 °C
C.
(RP-ODS silica was pre-treated with MeCN then 0.1% TFA.)

directly put on eluted with eluted with
RP-ODS silica MeCN /0.1% TFA=20:80 100% MeCN

- evaporatoin

- added equal amount of H,O
then soon freeze dry

—> back to starting peptide (hydrolysis)

d.

directly injected into
HPLC (RP-ODS)

—> The thioacid could be isolated.

B LI TF RFAMERIENR Y 2 —Fmn L ) DX 777X ML THENRE
NHEISFTRE CH O FELMRT D LITTEbOO, FAMOHERERUNNECH 722
b, Ay TV UTROSE TEERICITI 2L L L, ok, SRMEOBBREORR,
F AW ~DZEHIZIE Figure 4 T/ Lo T AW & IREET N Y U AOMAEDOE TR, F
FHERT V7 LD Z & & Lic, FARRD Y ULIEZD I L TRTF FF AW~
DEBHED LD O LB S i,

NoFE 7o, FAEEEES U U AL DMF PICSERICIEMRET D 2o EREME EEAN L,
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FPT, TITTANI T VTR T T T A N F AR L OFE R E e/ NRIZIM . %
7o, FABEEED Y B OMGE 21T - 7= (Figure 5), € DOFER. /0 F8H 1000 &8 2 5 ~FH
RTIFRIZH LTS, FARBA VU LOEZ 3 ¥&E - 78T LVALT 4 ROEE 20
mol%ZETWLETH, FTAFHRH Y 7 L% 20 Y& VT BT IILANLT ¢ K% 50 mol%H
A LRI ONRTSTF RF AW~ B ENGD Z L3727,

Figure 5. Reducing the amount of potassium thioacetate
a. Tripeptide

AcSK (X eq.)

Ac,S (Y mol%)
pGlu-His(Trt)-Trp(Boc)-OH » pGlu-His(Trt)-Trp(Boc)-SH
DMF (10 mM)

I AcSK (3 eq.)
1000000 Ac,S (20 mol%)
<— R-SH
g
L
g tripeptide —
H AcSK (20 eq.)
1000000 | Ac,S (50 mol%)
g
.
,& 500000

T T T
0.0 20.0 40.0 60.0 80.0

P RBERDRAOMEER, FARASOBBIHRIIL T BTNV ANT 4 ROBICHKFT 5 Z
ERREENTWS, hURTF RTORBTIE, FAERS U 7 A0RE 3 YEICEE
L., 7 EFNLALT 4 FOEEZ Smol%|llE TR S 2L 2 A, BREYnOEHET
RTF RFABPMI S NIz, KIS, YT ERTFVANLT 4 ROEE Smol%ICEE L, T4
FEfp ) O A D%y 1 YRICETERBESERE 24, ZOBRALERLIZERL BLZ
Ny DI TRT T RTF AR BH S i,
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Figure 5. (Continued)

b. Hexapeptide AcSK (X eq.)
Ac,S (Y mol%)

Glu-His(Trt)-Trp(Boc)-Ser(Bu)-Tyr(‘Bu)-pLeu-OH > R-SH
p (Trt)-Trp(Boc)-Ser(Bu)-Tyr(‘Bu)-p DMF (10 mM)

AcSK (20 eq.)
Ac,S (50 mol%)

1000000 |

< R-SH
z
z
g 500000 |
£ hexapeptide — \

\
0.0 26.0 40|.0 GC‘I.O BOI.D
AcSK (3 eq.)
1000000 | —Iq Ac,S (20 mol%)

z
g
g 500000
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TRy NTDOT T T A by 7TV o 7B - F A BERIEDOR#E L& ERK LT-D
T, WK DNS XTI F RERWET T A "y 7Y T OE 1T o 70, £ B
BEHDTZ 7 A Ny 7Y o T RO RECZAT > T2 (Table 5), % OfER, FAMERK
DRI N Kdiig DNS X7 F K& Z 5 D& TRIGHHEITT 2 Z L2Vl > 7= (entry 1), F
7o = EAEIIHIA] S REHCEINT 5 Z & (entry 2~3) T, IR & = e LD EN A S, FFiC
HOOBt % W 72354812 85%IUXER, 2.7%D = L TAF T F KR35 5 17 (entry 3),

Table S. The first fragment coupling

AcSK (3 eq.)
Ac,S (20 mol%)
pGlu-His(Trt)-Trp(Boc)-OH > |R-SH (K)]
DMF (10 mM)

DNS-Ser(‘Bu)-Tyr(‘Bu)-pLeu-OH (4 eq.)
additive (1 eq.)

> pGlu-His(Trt)-Trp(Boc)=Ser('Bu)-Tyr('Bu)-pLeu-OH

DMF (2.5 mM)
Entry | additive T.M? epimerization ratée?
1 SR 10%
2 HOAt 76% 5.6%
3 | HOOBt 85% 2.7%

@ Determined by HPLC analysis of crude mixture.

RHHRFERR L LT, X7F M CTHEMA &b HATU & Hinig ¥4 AW CHE C~F 7
F ROERATT > 72(Scheme 16), =D, RE~TF R C KN ERETH LD, K
BT F REFANC 1 SETEE L LS Lz, ZORE., BOWERHE T~ TF
RiFfFonzbon, 30%L Eoo bl sz, ZORRED . DARF VRS
EF, TAEINALVRX D NEEBROICKICEZEITIELZEDTE LRI v 7Y T RISD
AR RENTZEBEZ TS,

Scheme 16. Fragment coupling using HATU (control experiment)

HATU (1 eq.)
DIPEA (1 eq.)
pGlu-His(Trt)-Trp(Boc)-OH > [R-OAt]
DMF (10 mM), 1 min.

TFA*H,N-Ser(Bu)-Tyr(‘Bu)-pLeu-OH (2 eq.)
DIPEA (2 eq.)

> pGlu-His(Trt)-Trp(Boc)—Ser('Bu)-Tyr(‘Bu)-pLeu-OH

DMF (2.5 mM) 49% T.M., 27% epimer (36% epimerization rate)
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F 72, Danishefsky HICE WVt ShizA Y= F UL T H LTI vHE P 2HNETF R
FABD T Z 7 A Ny 7V TGS AT (Table 6), TDOFER, 4 V= U LEHN
B ARISITIE L A EHEITE T (entry 1~2), I 7EEZAWHETEH, DNS X7 F RAH0
Z TG AT R E = b s TIRWRE R £ o 7= (entry 3~4),

Table 6. Fragment coupling using isonitrile or iodine (control experiment)

AcSK (3 eq.)
Ac,S (20 mol%)
pGlu-His(Trt)-Trp(Boc)-OH > [R-SH (K]
DMF (10 mM)

TFA®H,N-Ser('Bu)-Tyr(‘Bu)-pLeu-OH (4 eq.)
DIPEA (4 eq.)
activator (4 eq.), (HOOBt (4 eq.))

> pGlu-His(Trt)-Trp(Boc)=Ser('Bu)-Tyr(‘Bu)-pLeu-OH

DMF (2.5 mM)
Entry | activator HOOBt; T.M? epimerization rate’
1 tBuNC (0] 8.5% 13%
2 tBUNC X 4.2% 15%
3 I, 0 70% 2.9%
4 I X 40% 2.2%

@ Determined by HPLC analysis of crude mixture.
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WIZZBBER D7 F 7 A " h o TV o ZI2ONWTORER A 7R3 (Table 7), Bt T — B
B FERIC VB CHETT LTz, FAMA~OLEL . ET 50 v 7 ) v 7RO & 0 gk
Ja—7allr&25T, MEMRERIC—T LB siIckV ) a—T L
U v &5z, BT, IEE R RNS O 72 HOOBt # W o856, fi e BB ClL 78%
%, 1%L FOZ L CHIBE#Y = —7a L ) v OEREHRE L. DUR#EgRIcZ—T L
TULE: U BHE U 72 B TlE. 55% D BB, HRALL FTo= Tl 2a—7 el %
#37= (entry 3), @k\_@&ﬁ®m BB TlE C RIS DARD v A 2 7203, BERIS 72
E LR v Bl e e < O ROSIEHETT L7,

Table 7. The second fragment coupling

AcSK (3 eq.)
Ac,S (20 mol%)
pGlu-His(Trt)-Trp(Boc)-Ser(Bu)-Tyr(‘Bu)-pLeu-OH > [R-SH (K)]
DMF (10 mM)
DNS-Leu-Arg(Pbf)-Pro-NHEt (4 eq.)
aaditive (1 eq.) _ pGlu-His(Trt)-Trp(Boc)-Ser(Bu)-Tyr(‘Bu)-pLeu -
DMF (2.5 mM) Leu-Arg(Pbf)-Pro-NH,Et

Luprorelin (full-protected)
78% (< 1.0% epimerization rate)
(entry 3)

1. TFA/H,O/TIPS=95:25:25
» Luprorelin

2. precipiteted from Et,O

Entry | additive T.MZ epimerization rate?
1 - i20% 9.1%
2 HOAt 43% >10%
3 | HOOBt 555% n.d.

@ Determined by HPLC analysis of ether-precipitated mixture.
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3.4. Study for the Application to Peptide Chain Elongation Process from One by One

Residue by Using 2,4-Dinitrobenzenesulfonylamino Acid
33.CmR LI, VyRy hTODNST I REDTF T AL Ny TV TR 1 REDT
2 BRHAL A~ B IS FTREDN & O DR 21T o 72 (Table 8), UK DT~ T'F RF AT
xt L. HOOBt fF/E N, DNS 77 =% N2 % Z LT, > 95%IE, 1.5%DT AL THRY &
T 25 b UATF REH7(entry 2),

Table 8. Reaction between peptidyl thioacid and DNS-amino acid

0]

H
Chz~ N\;Z)I\OH > | Cbzw N\)l\

H

Q

e e

AcSK (3 eq.)
AC,S (20 mol%) H O

DMF (10 mM) H

0O Me
4 OH
/@[S\”J\H/
O,N 0

NO,
(4eq)

o O Me
additive (1 eq.) H H
> CbZ\N N\g)\NJ\n/O
H 0o ¢ H O

O

tripeptide @ epimerization a.t

Entry | adiitive (LLL form) rate
1 | HOAt | >95% 3.3%
2 |HOOBt: >95% 1.5%

4 Determined by HPLC analysis of crude mixture.
b DL form / (LLL form + LDLform).
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3.5. Summary of Chapter 3

Chapter 2 TRHIE L7727 F RFAMERIEEL, FAINARF ML 24V =¥
VAR T X REEDNS 7 2 R & OROMEA S ZFIA L, IERBRIATF REEHETH
LV a—7nl ) v OEKET o, BEMICE, Va—T7 vl g 3%ET23 20
TITANIGIT, BT T AN CRMERF LI FIETT AR L, 5T 5 N K
BWiDNS X7 F REDT T T AL Ny TV TRIERAT T2, FIEOFHRFORBERE, T4
B ~DEBIIITHRO T AHEE S U ¥ MEEH G, ZOXTF RFABE KD KSR
HOOBt &} N Kiiti DNS X7 F REMZHZ &T, EOT7IT T A Ny ) o Tl
BEZBWT, @IE - K= LR THIAAT T REET, MaHE Rz EanEtE by
BT I TA Ny TN 7 e OBEROFER, WARFNVEFETTHET A AL
R¥ VNI TOBIRO RO EITT 2R v 7Y o TRISIZBW T, KiEZ = ok
BALNFEBR LG D L2 MRTH I ENTE T, o, FERBAUT I VRIZBNTH I v
TV TR HEITT D 2 & bR LT,

pGlu-His(Trt)-Trp(Boc)-OH

1) AcSK (3 eq.), Ac,S (20 mol%), DMF
2) DNS-Ser('Bu)-Tyr('Bu)-pLeu-OH (4 eq.)

Y HOOBt (1 eq.), DMF Luprorelin

. 55%
pGlu-His(Trt)-Trp(Boc)-Ser('Bu)-Tyr(‘Bu)-pLeu-OH ) )
85% (2.7% epimerization rate) (The amount of epimer was below detection level.)

1) AcSK (3 eq.), Ac,S (20 mol%), DMF 1. TFA/H,0 /TIPS =95:2.5:2.5
2) DNS-Leu-Arg(Pbf)-Pro-NHEt (4 eq.) ' . Ce e
HOOB (1 eq.), DMF 2. precipitated from Et,O

pGlu-His(Trt)-Trp(Boc)-Ser(‘Bu)-Tyr(‘Bu)-pLeu-Leu-Arg(Pbf)-Pro-NHEt
78% (< 1.0% epimerization rate)
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3.6. Experimental
A. General Method

The similar methods as section 2.6. were used, unless otherwise stated.

B. Materials

General Procedure of SPPS

All peptides were prepared by SPPS, unless otherwise stated. Reactions were carried out in
polypropylene tube under air. C-terminal amino acids were loaded onto 2-chlorotrityl chloride resin
by using DIPEA in 1,2-dichloroethane. Each peptide-chain elongation was carried out at least for 1 h
by using 2.5 equivalents of Fmoc-amino acid, DIPCI and HOBt. Peptides were cleaved off form
resins with 1% TFA (v/v) in DCM as side-chain protected forms. After neutralization of TFA with
excess amount of pyridine in methanol, the mixture was concentrated under reduced pressure at
room temperature. The residue was added H,O to precipitate protected peptides out. Finally, the
precipitate was filtered, washed with H,O and dried under reduced pressure to give desired peptides,

which were used for the next step without further purification.

pGlu-His(Trt)-Trp(Boc)-OH

PhsC’

55 mg (68 umol) of titled compound was obtained in 34% yield: HPLC (H,O 2 min. then 0-100%
MeCN / H,O over 80 min.) tR 47.8 min.; ESI-MS m/z 795.5 [M+H]", 817.6 [M+Na]", 793.6 [M]".

DNS-Ser(‘Bu)-Tyr(‘Bu)-D-Leu-OH
O'Bu
/@ /(’( N/\"/OH
OBu

Capping at N-terminal amino acids with 2,4-dinitrobenzenesulfonyl chloride was carried out
according to Sucheck’s procedure30. 10 mg (14 umol) of titled compound was obtained in 6.9%
yield: HPLC (H,O 2 min. then 0-100% MeCN / H,O over 40 min.) tR 34.2 min.; '"H NMR (CDCl;,
400 MHz) 6 8.75 (s, 1H), 8.55 (d, /= 8.8 Hz, 1H), 8.25 (d, J = 8.8 Hz, 1H), 7.08 (d, J = 8.0 Hz, 2H),
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6.86 (d, J = 8.0 Hz, 2H), 4.55 (t, J= 7.2 Hz, 1H), 4.31 (dd, J = 5.6, 9.6 Hz, 1H), 4.10 (t, J = 5.6 Hz,
1H), 3.59 — 3.52 (m, 2H), 2.97 (dd, J = 6.8, 14 Hz, 1H), 2.80 (dd, J = 7.6, 14 Hz, 1H), 1.54 — 1.38 (m,
3H), 1.31 (s, 9H), 1.10 (s, 9H), 0.87 (dd, J = 6.8, 16 Hz, 6H); ESI-MS m/z 724.6 [M+H]', 746.5
[M+Na]", 722.7 [M]".

H-Ser(‘Bu)-Tyr(‘Bu)-D-Leu-OH
O'Bu o )\
H
N ~ OH
Ay

T L
OBu

70 mg (140 pmol) of titled compound was obtained in 71% yield: HPLC (H,O 2 min. then 0-100%
MeCN / H,0 over 80 min.) tR 22.8 min.; ESI-MS m/z 494.6 [M+H]", 516.6 [M+Na]", 492.7 [M]".

DNS-Leu-Arg(Pbf)-Pro-NHEt

DNS-Leu-Arg(Pbf)-Pro-NHEt was synthesized from DNS-Leu-Cl and H-Arg(Pbf)-Pro-NHEt in
solution phase. DNS-Leu-Cl and H-Arg(Pbf)-Pro-NHEt were prepared in situ from DNS-Leu-OH
and Fmoc-Arg(Pbf)-Pro-NHEt respectively. DNS-Leu-OH was synthesized according to
Schwarzer’s procedure®. "H NMR (CDCl;, 400 MHz) & 8.72 (d, J = 2.4 Hz, 1H), 8.53 (dd, J = 2.4,
8.8 Hz, 1H), 8.30 (d, J = 8.8 Hz, 1H), 6.01 (d, /= 9.6 Hz, 1H), 4.27 — 4.21 (m, 1H), 1.89 — 1.79 (m,
1H), 1.71 — 1.58 (m, 2H), 095 (t, J = 64 Hz, 1H); ESI-MS m/z 384.3 [M+Na]"
Fmoc-Arg(Pbf)-Pro-NHEt was synthesized from Fmoc-Arg(Pbf)-OH and H-Pro-NHEt, prepared
from deprotection of Boc-Pro-NHE, by using WSCI-HCI and Oxyma in solution phase. "H NMR
(CDCl;, 400 MHz) 6 7.78 (d, J= 7.6 Hz ,2H), 7.63 (t, J = 7.6 Hz, 2H), 7.37 (t, /= 7.6 Hz, 2H), 7.28
(t, J=17.6 Hz, 2H), 4.36 (m, 3H), 4.20 (t, J = 6.8 Hz, 1H), 3.67 (br, 1H), 3.53 (br, 1H), 3.20 — 3.13
(m, 4H), 2.97 (s, 1H), 2.80 (t, J= 14 Hz, 3H), 2.51 (s, 3H), 2.15 (s, 6H), 2.06 (s, 3H), 2.01 (t, /= 4.8
Hz, 1H), 1.87 (br, 2H), 1.77 (br, 1H), 1.57 (br, 2H), 1.42 (s, 6H), 1.10 (t, J = 7.2 Hz, 3H); ESI-MS
m/z 773.8 [M+H]', 7958 [M+Na]". For detailed synthetic = procedure  of
DNS-Leu-Arg(Pbf)-Pro-NHEt from DNS-Leu-OH and Fmoc-Arg(Pbf)-Pro-NHEt:

33 Schwarzer, D. et al. Chem. Commun. 2012, 48, 9525.
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Fmoc-Arg(Pbf)-Pro-NHEt (308 mg, 0.4 mmol) was added into ice cold 50% Et,NH (v/v) in DMF (2
ml). After stirring at the same temperature for 10 min, AcOEt (ca. 40 ml) and brine (ca. 40 ml) was
added. Organic layer was washed with brine, dried over MgSQ,, filtered, and concentrated. The
residue was triturated with hexane to give crude H-Arg(Pbf)-Pro-NHEt (90 mg) as white powder,
which was used in the next step without further purification. To a stirred ice cold solution of
H-Arg(Pbf)-Pro-NHEt (90 mg of crude) and DIPEA (524 ul, 3 mmol), DNS-Leu-Cl (1 mmol) in
DCM (5 ml), prepared from DNS-Leu-OH (361mg, 1 mmol), SOCI, (145ul, 2 mmol) and pyridine
(81pl, 1 mmol) according to Schwarzer’s procedure®, was dropwisely added over 10 min. After
stirring at the same temperature for 3 h, AcOH (570ul, 10 mmol) was added, then solvent was
removed under reduced pressure. The residue was purified with silica gel column chromatography
(8102, AcOEt / MeOH =100/ 0 to 98 / 2 to 95 / 5) to give DNS-Leu-Arg(Pbf)-Pro-NHEt (67 mg,
19% yield) as pale yellow powder. HPLC (H,O 2 min. then 0-100% MeCN / H,O over 80 min.) tR
55.5 min.; "H NMR (CDCl;, 500 MHz) § 8.71 (d, J = 2.5 Hz, 1H), 8.53 — 8.46 (m, 1H), 8.24 (d, J =
9.0 Hz, 1H), 7.93 (br, 1H), 4.29 (br, 1H), 4.21 (dd, /= 5.0, 8.5 Hz, 1H), 4.14 —4.07 (m, 2H), 3.55 (br,
1H), 3.45 (br, 1H), 3.16 (br, 4H), 2.96 (s, 2H), 2.57 (s, 3H), 2.51 (s, 3H), 2.15 (s, 6H), 2.05 (s, 3H),
2.01 (s, 2H), 1.83 (br, 4H), 1.67 (br, 1H), 1.61 — 1.41 (m, 13H), 1.10 (t, J= 7.0 Hz, 3H), 0.92 (d, J
=6.5Hz, 3H) , 0.90 (d, J = 6.5 Hz, 3H); ESI-MS m/z 894.5 [M+H]", 916.5 [M+Na]".

pGlu-His(Trt)-Trp(Boc)-Ser(‘Bu)-Tyr(‘Bu)-D-Leu-OH
30 mg (24 umol) of titled compound was obtained in 47% yield: HPLC (H,O 2 min. then 0-100%
MeCN / H,O over 80 min.) tR 59.7 min.; ESI-MS m/z 1269.1 [M] .

pGlu-His(Trt)-D-Trp(Boc)-Ser(‘Bu)-Tyr(‘Bu)-D-Leu-OH
26 mg (21 pmol) of titled compound was obtained in 40% yield: HPLC (H,O 2 min. then 0-100%
MeCN / H,O over 80 min.) tR 62.8 min.; ESI-MS m/z 1265.9 [M] .

pGlu-His(Trt)-Trp(Boc)-Ser('Bu)-Tyr(‘Bu)-D-Leu--Leu-Arg(Pbf)-Pro-NHEt

(Protected Leuprorelin)

pGlu-His(Trt)-Trp(Boc)-Ser(tBu)-Tyr(tBu)-D-Leu--Leu-Arg(Pbf)-Pro-OH was prepared by SPPS in
66% yield (63 mg, 33 umol): HPLC (H,O 2 min. then 0-100% MeCN / H,O over 80 min.) tR 65.4
min.; ESI-MS m/z 967.90 [(M+Na)/2]", 1912 [M+Na]". Amide bond formation at C-terminal was
carried out according to Chiba’s procedure'’: HPLC (H,O 2 min. then 0-100% MeCN / H,0 over 80
min) tR 67.5 min,; ESI-MS m/z 959.0 [(M+H)/2]", 981.5 [(M+Na)/2]", 1917 [M+H]".

pGlu-His-Trp-Ser-Tyr-Leu-D-Leu-Arg-Pro-NHEt (Leuprorelin)
This compound was purchased from TCI Co., Ltd. HPLC (H,O 2 min. then 0-100% MeCN / H,O
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over 80 min.) tR 30.3 min.

pGlu-His(Trt)-Trp(Boc)-Ser(‘Bu)-Tyr(‘Bu)-Leu--Leu-Arg(Pbf)-Pro-NHEt

(Protected epi-Leuprorelin)

Protected epi-Leuprorelin was synthesized in the similar manner as protected Leuprorelin. For SPPS:
20% yield (18 mg, 10 umol); HPLC (H,O 2 min. then 0-100% MeCN / H,O over 80 min.) tR 65.6
min; ESI-MS m/z 968.0 [(M+Na)/2]", 1889 [M+H]", 1912 [M+Na]". For amide bond formation:
HPLC (H,O 2 min. then 0-100% MeCN / H,O over 80 min.) tR 65.2 min.; ESI-MS m/z 959.2
[((M+H)/2]", 981.7 [(M+Na)/2]", 1917 [M+H]".

pGlu-His-Trp-Ser-Tyr-Leu-Leu-Arg-Pro-NHEt (epi-Leuprorelin)

To a stirred solution of protected epi-Leuprorelin (1 pmol in 100ul DMF) and H,O (25 pl) in TFA
(950 ul), Et;SiH (25 pl, 300 pumol) was added at room temperature. The resulting solution was
stirred at the same temperature for 1 h. After concentrated under reduced pressure at 50 °C, the
mixture (ca. 300 ul) was added diethyl ether (2.8 ml) to precipitate epi-Leuprorelin out. Finally, the
precipitate was filtered, washed with diethyl ether and dried under reduced pressure to give crude
epi-Leuprorelin as a white solid. HPLC (H,O 2 min. then 0-100% MeCN / H,O over 80 min.) tR
30.1 min.; ESI-MS m/z 1210 [M+H]".

((2,4-dinitrophenyl)sulfonyl)-L-alanine

Q

0O Me
’ H
/@:S\HJ\H/O
O,N 0

NO,

2,4-Dinitrobenzenesulfonylation of alanine was carried out according to Schwarzer’s procedure 33.

This compound was reported in the literature3©.

C. General Procedure of Fragment Coupling

Reactions were carried out in dry solvents in polypropylene tube (Eppendorf tube) under air. To a
stirred solution of N-terminal fragment (10 pl, 25 mM in DMF, 0.25 pmol) and AcSK (15 pl, 50 mM
in DMF, 0.75 pmol), Ac,S (1 pl, 50 mM in DMF, 0.05 umol) were added at room temperature. After
stirred at the same temperature for 3 h, the mixture was added into a solution of N-terminal fragment
(50 pl, 20 mM in DMF, 1.0 umol) and HOOBt (25 pl, 40 mM in DMF, 1.0 pmol) (and DIPEA (1.0
umol, stock solution in DMF)). In the case of Table 6, activator (1.0 pmol) was added immediately
after addition of thioacid. After stirred at room temperature for 3 h, the crude mixture was directly

injected into HPLC systems for analysis. The yield was calculated based on a calibration curve.

_42_



Chapter 4 Development of Peptide Bond Forming Reaction
between Peptidyl Thioacid and Non-Protected Amino Acid

4.1. Background & Preliminary Experiment

RTF RERT BB ADRANREMRE TEod D 7ooIcid, BREYT I/ BoFMZ
FTIE R XTTF FFABOMBRTEEL R LHETH D LB D, ZNETICTAmD
FRBEROTEME L & LCL Gopi BT K S S AUToBRERSH 2 FIV N T2 il RS~ 7 F RS ST
F)& © <2, Bhattacharya HIZ X > TG SR - B Y 7 = =LA A 7 ¢ VR A VTR
o RIMERLAI L LT AR BEFBROMBEA “ BRI 22 E0S, BV 0y 6 2815 5
nNo, ZON, L0 HBET DNV Gopi b DML E2SEICETIISKMOKELELT
PR Y

WG TIE REHAIL LT C RIEBT AT MESNT R/ BREHAVTW D OB T, MR
ET I BITAD STV, FEMRMERRIIAHTH Y | HIIRTF FF AWz R
BFAlIE LTHWEBEOZ (LD FEIZOWTHEEBRIILTWRNo T2y, PR
ELTHESRHTEEZ C KGN T7 2=V T 7= ThhH VT F RTFAMREERET 7 =D
FA~LiEH L72(Scheme 17), L LZNS ZDOHE, VXTF ROAF IV AT LVNRED
NHDOHT, BIET D MU XRTF NI—0G6NRoT,

Scheme 17. Preliminary experiment using non-protected amino acid in Gopi's conditions

Me

OH

HoN

0]

(L)-Ala (3 eq.)

@l( o base (3 eq.) ©\J\K o
H CuSOy, (30 mol%) H
Cbz~ N\é)l\SH > Cbzey N\é)I\OMe

H MeOH / cosolvent H O

o H
r.t. .
\© exclusively \©

ZORINE LT, 72 BROFEEIEE(Scheme 17 DIGHE A X J — /W) ~DARNEMREINE %
DTz, E . WA AU B RO MLRGET I BRITKIZ LANESR L 72\, —J5 T Scheme 17
DfER LY, Chapter 2, 3 TOXTF RFAMORFUEBE TR LI DIZ, FARITT = &
UM COREMENME L . BEITIMEBEGNA) LT LE S, BHIE T2 KIGDEEL
DI=HIZiE, = E(LOIH] « FABEOMBANEHE L OMIZ, AT I B O A REEE T
TOFFE VI RE G T 2LERDH D,

34 Singh, S.; Chaturvedi, J.; Bhattacharya, S.; No6th, H. “Silver(I) catalyzed oxidation of
thiocarboxylic acids into the corresponding disulfides and synthesis of some new Ag(I) complexes of
thiophene-2-thiocarboxylate”, Polyhedron 2011, 30, 3093.
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INFETIC, AHEET COBRLEET I JBROT P IALKIGR K S @|E S TnD
(Scheme 18), Mitin {X, ~VU 7/ A afifRC b2 Vlig7e EOERIZK LR CThr e v
> Z BRI Z 7o @ EIR D DMF RICHERGE T X Bes ik L, flixe O 7 2 AL LT
T 52 L AHE LTV A (Scheme 18a)°, Mitin & 1EF D%, B HERE U 7 A RO L) F
T2 & B LTV A (Scheme 18b)°, BICHETHIX, 7 /B - FhbRHE LY
T AEAEAWSZ & T, WU DMF I COT I LRISHAHEITT 5 Z L2 #HE LTV 5
(Scheme 18¢)’’, £/~ KEFHIX, 73X /WET I 7 FNARAK=U LATBPMEETHZ & T
DNA (23— RENZ 20 fEOT X JEETH,. 78 b= NI WZIRET DA A U MHkiIk &
RHZEEREPL TR, MISIXZOT I TBP HOA A U MHEIKICT 2 A F L
TATVORBEZRAT 52 LT, AIERICUASTF REHTWEY,

Scheme 18. Acylation of non-protected amino acid in organic solvent

a. Pyridine + Strong Acid

TFA (2.0eq.)
Q
ji e oy Pyrdine 60eq) Me on
— > Z
(J o o T e N
) DMF H §
0 rt,16h

(1.0eq.) 92%

b. Ba(CIO
(104, WSCI-HCI (1.5 eq.)
CuCl, (0.5 eq.)
HOB (1.0 eq.)

Me 4y O Me 4 O
CbZ\NJ\ﬂ/N\')I\OH o Ba(ClO,), (3 M) CbZ\NJ\n/N\_)J\N OH
H o H + H,N > H o : H o)

Y o

DMF
o \Kj

3.0 eq.
(3.0eq) (< 0.1% epimerization rate)
c. Ca(AA),
Me H O
Me
N N
Boc. o Boc N)\ﬂ/ \;.)j\OH
N jil + Ca(Phe), ——— H o i
H o DMF
NO, (0.55eq)  rt,24h 96%

3 Mitin, Y. V. “An effective organic solvent system for the dissolution of amino acids”, Int. J. Pept.
Protein Res. 1996, 48, 374.

3% Ryadnov, M. G.; Klimenko, L. V.; Mitin, Y. V. “Suppression of epimerization by cupric (II) salts
in peptide synthesis using free amino acids as amino components”, J. Pept. Res. 1999, 53, 322.

37 Hashimoto, C.; Takeguchi, K.; Kodomari, M. “An efficient synthetic method of N-protected
dipeptide acids using amino acid calcium carboxylates in an organic solvent”, Synlett 2011, 10,
1427.

38 Kagimoto, J.; Fukumoto, K.; Ohno, H. “Effect of tetrabutylphosphonium cation on the
?hysico—chemical properties of amino-acid ionic liquids”, Chem. Commun. 2006, 2254.

? Furukawa, S.; Fukuyama, T.; Matsui, A.; Kuratsu, M.; Nakaya, R.; Ineyama, T.; Ueda, H.; Ryu, 1.
“Coupling-reagent-free synthesis of dipeptides and tripeptides using amino acid ionic liquids”, Chem.
Eur J. 2015, 21, 11980.
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4.2. Metal Complex for Thioacid Activation

4.2.1. Optimizing Reaction Conditions

FABORKERFUORES NS, Va—Ta L oAklakk, A B E eI
17952 & LTz, £72 Gopi L OWMEIZBWT, B E LTAE /—vE2 WD Z & )3l
HINT T FREGTIRBUSICEHE TH D LW IR NR D722 L b, MEEREICKIT 55
#1X DMF & A % 7 —VORGEESRZ £ 132, Mitin OWEZZEIC MBS L
WIERY A AR ANEREEY V2 HNWTT 7 =0 DMF #Ff#kZ R L,
FABRERZIZT X W - filfg - A% ) — )V EMZMEE KIS %1T > 72(Table 9), & DGR,
AH ) =N DI EFEEE LT IHIRGIRE &1 X R 20 OXTF ROAF L= 27 VL8
IN=bDD, HHO N XTF RRGLNRT,

Table 9. DMF - methanol cosolvent system
(L)-Ala (3 eq.)

acid (3 eq.)
pyridine (6 eq.)

H O Cu salt (3 eq. H O Me
Cozay N, Ged) | Chzw N\,ﬂ\N/Lm/OH
H o DMF/ MeOH (25 mM) H o i H e)

\© rt., Ar \©
) i tripeptide &
Entry | acid Cu salt L (LLLform) comment
1 TsOH CuSOQO, 21% Methyl ester was observed.
2 | TSOH Cu(OTH, | 24% "
3 | TfOH CuSO, i 18%
4 | TIOH cu(OThH, |  23%
@ Determined by HPLC analysis of crude mixture.
Entry 4

Cbz-Phe-Phe-Ala-OH —>
fj— 1 <— Cbz-Phe-Phe-OH

<— Cbz-Phe}Phe-OMe

| L@Lmu LUMM,

_45_



FIZ T, ZATIUROERZEIHIL N XTF RONFEEH ESEHEHT, 7va—L
RIBBEORE 24T > 72(Table 10), L2>L7an3 5, KU ARTF RIGROME RIZR L0 -
77

Table 10. DMF - alcohol cosolvent system

(L)-Ala (3 eq.)

TsOH (6 eq.)
pyridine (12 eq.)

H O Cu(OTf), (3 eq. H O Me
cboey, H \)\SH (OThH2 B eq) -~ Cbze N \)J\N /kn/OH
H o DMF / alcohol (25 mM) H o ¢ H o
\© rt., Ar \©

i tripeptide @
Entry | alcohol P (LLL form)
1 | EtOH | 28%
2 IPA | 30%
3 | HFIP | 28%
4 | TFE | 28%

@ Determined by HPLC analysis of crude mixture.
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Z TR, L @I e R MR C & 5 DMSO & DMF & OIRETEIERICE % |
T2 BOKA A EFENET =y LE L TR EIToTe, £, T AT TFAT
T= DEORA A ORRE AT > 7= (Table 11), = DfEFR., KERLWA 4 (entry 1)H L <
IXHERRA 4 (entry )& WA, 2L ORIERY & & HITHRERIE T 100%%2 B2 5
HE) R U XTF Fov—7 BEfl S,

Table 11. Tetrabutylammonium salt in DMF - DMSO cosolvent system

(L)-Ala (3 eq.)
Bu,N-X (3 eq.)

H O Cu(OT, (3 eq. H Q Me
Chz~), N\)J\SH (0T G ea.) ~ Cbzwy N\_)J\N/'\H/OH
H o DMF / DMSO (25 mM) H o { H o
\© rt., Ar \©
! tripeptide a
Entry Bu,N-X i (LLLform)
1 | TBA-OH (40 % in H,0) |  (140%)
2 TBAF-xH,0 | 26%
3 TBA-| L 6%
4 TBA-OAc L (125%)
5 TBA-HSO, L 28%
6 TBA-NO, | trace

@ Determined by HPLC analysis of crude mixture.

Entry 1

T Re T He R e W we s

i SDOEIVEY D BRIE — 7 ~DIRTENRE Z LI, M2 WL OO EIZEMNIFIE L
TW=72, FERIZRBRNT 24T 2 BN /8T A =2 IZBT 20 o oitafT-o 72, &
P BRI A A DRI AT o 72(Table 12), T OFEE., L2 AW =EEIC M) 71
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Fua X ZRNVIKR RSO EE & F U < HPLC T HBELLIZHE D THRu Y B — 7 23811
anre®,

Table 12. Various copper salts

(L)-Ala (3 eq.)
BuyN-OH (40 % in H,0, 3 eq.)

H O Cu salt (3 eq. H O Me
Chz~ N\v)kSH (3ea) > Cbzw N\/ﬂ\N/Lm/OH
H § ¢ DMF / DMSO (25 mM) H O §£ H o
\© rt., Ar \©

' tripeptide @
Entry Cu salts (LLL form)
1 CuCl, |  (165%)
2 Cu(OAc), messy
3 | CuBFy, | 6%
4 | CuNOy), 8%
5 CuF, messy
6 CuBr, 43% (messy)
7 Cul 50%

4 Determined by HPLC analysis of crude mixture.

Entyr 1

sy ]

R, T2 D —FER S B IE L DRRET 41T - 72 (Table 13), SR OMIX, ~ o Hi(entry
2) & Ptfi(entry 3)28, HAUWEIDIC Y — 2 233 Z &l oTo, FRZ~ U WU OSE. K

O IR T = DKL DR BT o T, TEIE L & LT kE A, AL L
LTCTF RIAFATLUE=ZT L s NYUAFARVIATUVE=ZT A - 2 o FRFHLDOK
Btz F St 21T o720, T I 7 FAT v L ANTEEE LRI EDb 7
Mmool
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EFE T IEF BV S OO, HEWED O ©— 7 LIS O EIEY) O B3 Ao 12 b~ FEH
W ino =T DB omEt~ s AN CED A L L L,

Table 13. Other 1st row transition metals

(L)-Ala (3 eq.)
BuyN-OH (40 % in H,0, 3 eq.)

0} MCI, (3 eq.) H O Me
Chza A AN > Cbzo N\YJ\N/Lm/OH
H § ¢ DMF / DMSO (25 mM) H o ¢ H
\© r.t., Ar \©
’ tripeptide 2
Entry | MCI, (LE_ fgrm)
1 CrCls ! n.d.

2 MnCl, After 15 h, n.d. But after 24 h, tripeptide was formed.

3 | FeCly i 70%
4 CoCl, n.d.
5 | Nic, | n.d.
6 zmbé n.d.

@ Determined by HPLC analysis of crude mixture.

1 15 h (Entyr 2)
rooeee Cbz-Phe-Phe-SH —
z
g 500000 -
=
o+ u""_'l'—l‘** llv¢JL--.__. |
0.0 10‘.0 26.0 36.0 46.0 50‘.0 60‘.0 70 D‘
] 24 h (Entry 2)
1000000 -
z
r-J
é
g 500000

T T T T T T
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
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Hifb~ o B OFEFITIHBN T, SUSBRAA 15 FEEIZITIXE & A ERURNEITE T, 24 Befitg
(BG4S LT U7z (Table 13, entry 2), Z#UIE, 15 WefHl % O B C RS 2 —EBELY 14
TEOIEMERBLIEZ EICX Y, TAITFHR T TITo COW G R FICEESRE N RA
LEISHMEEESNZZDTh b EE XL, ZORMERIET 5 720RIC, RO KG % 1
FHEER T TITol & 2A, RIGH 3 KRILINICHHE T 5 2 & 23] - 72 (Scheme 19), Z D
FERD AT SO GEEES B E — 7 AU E L TV D Z EARB I N7,

Scheme 19. Reaction promotion by oxygen

(L)-Ala (3 eq.)
o BuyN-OH (40 % in H,0O, 3 eq.) o M
H MnCl,, (3 eq. H e
Cbz~ N L 2(8eq) o Cbz< N /kH/OH
N 7 "SH N
H O ¢ H O

N
5 i DMF / DMSO (25 mM) H
\© rt, O, \©

Reaction finished after 3 h.

ZLTCEDOHOBFHI LD . BEMIZITAEB A DMF(M& O ILICE 5K & OIREGIEEL)
WCEESTAHZ LT, BY—272H L L TH%x% HPLC Fv— b &25G2 2 LIk L

741, 4

o

' DMF iRt Co~ v U OB bAT - 72, Wik~ 2 B () « B~ > H (1) « RER
~ A1) - EEER~ B D) - B b~ o T AV R W, Big~ (D E R E
HEE— 27 38 S o7z,

“ DMF IR COHE—FEBR SR U OB BE OB bITo 72, Hgh - - W RI T L -
AT L) - B A AL Z FOIH WS, BHEOE — 7 X8I S e

-7,
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Z ZTRIZ, HE Y — 7 OHBEER 21T MEE W OREIEDE %2 1T - 72(Figure 6), ESI-MS
ST, BRI XRTF RO —27 LHICHEB NI RTFRED 2 ZiFdb7engFaEDo
E— 27 <R LY, RISOMATICHERE L L TV Al b BB+ 5 &, BlAEHE L
TATF FOWTINOEDDIBKEERL Z LIALEWRE 2 Hiviz, EIZ HPLC 2471
BT, BIVEMOBEHREFNA B N XTF REIFZEAEEDL RS2 Enn, Y
RTF RO RELICEITRL . 722 AT F =W FRNOR DAL E Co fLl
WTHAKFEDEIT LD EE X T,

Figure 6. Supposed byproduct structure

T

H O Me H 0O Me
Cbz~ N\:_)J\N )\n/OH Cbz\ OH
L [

s\éo

targeted tripeptide supposed byproduct structure

MW: 517.22 MS: around 515
HPLC: quite near tR as targeted tripeptide

BERYE A =581 . ESIMS IC KA ZO[H R Y R F RoF&—2]0 v — 7 1381
N7,
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AN~ v H (I LR Z AW ORTER T 7 = =7 7 = OFAL S DS ET
THEEFBELZSLL, HTARICEAA XYY a A ZRB L7z C K7 = =/L7
TEUVEN OIS TH D LE Lz, ZORMERET 5720, A RE BIRITV,
%@1&7FW?%5k@%@ﬁEEEW@%ﬁéﬁﬁﬁélk%ﬁﬁk@mmwmwo

Scheme 20. Synthesis of dehydrogenated tripeptide

Ac,0 (neat)
o NaOAc (1 eq.) PhCHO (1 eq.)
H > Cbz< N
Chzw, N\¢ﬂ\OH rt. 30 min. N i
H 0O
Vv \"/|

') 60 °C, over night
(0]

(L)-Ala (5 eq.)
N%0036eq) 0  Me
— | Cbz (AN OH
N O\g=ﬁz:> THF / H,0
rt,1h
vi O viil

single diastereomer

. C KTV ORTF R(V)ICHKER 2B S5 2 & T, ~7%F&ﬂm%%
HMTAFY Y v RV ERT 2, ZOISRICN S AT VT e RElz s Z &I

V. SREATIINES &R Ak ZRRTA L 7 4 R EVIDZ S S, £ LT, @¢%%%
HEEI ST RZICT 7= /k% SHLHZEIZEY, HHORBIAKSER R Y 7T R(VIIDZ
372, ARk U725 — BEALDOSAREMEIZBA L IR TH -T2 b DD, H—D R
%%ﬁé’k:ﬁ%bko%bf NMR - ESI-MS * HPLC D% A7 [ LI HEE L 72 /4
MoboLBRBWN—8E R LT, £70, NMROHT LY HYD h U X7 F R EPFKERM KU~
TF ROARIT 1 TOLHEEMR LT, B, = ~—{KkD b ) ~T7F FiTHPLC 47
HrofR v TIFBll Sz hoiz,

4 Jursic, B. S.; Sagiraju, S.; Ancalade, D. K.; Clark, T.; Stevens, E. D. “Practical preparation of Z -
o - (N - acetylamino) - and Z - a - (N - benzoylamino) - a, B - unsaturated acids”, Synth.
Commun. 2007, 37, 1709.

Y E AFY Y r R E L DR NAR DA F RV INRENT 2T T =D
F AWz O TRBRD R TORIE BIT o 7o, ZORER, BAKFREDSTF NS
otz

Scheme B. Reaction with Cbz-Phe-SH

(L)-Phe (3 eq.)
TBA-OH (40% in H,0, 3 eq.) °
CuCl, (3 eq.) H
H Cbze N Non
Cbz~ DMF / DMSO (25 mM) H

H
H o rt. © \©
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BAEAE LT DL SR 2 7 97(Scheme 21), £, &BIHEIC L 0 iEM L S -T%
PRI T F RFFERX) D5 FNERALSUGNC K 0 A% v o EXD B Ak T 5, 4%
Fa CHEERXDIE T 1 R ARE RIS EFIC L0 AT D A m— LR R (X
EDOFHRRREICH D, IBINREHRIIIL T 2 F AL DB TS 5, @E OMEA SR
BWTIE, FHERREICH 52 A4 F 5 o CHFEIKXV)~OT 2 BROREEEIZ LY =1l
L7e_XTF RXVDARELIND, —FH, SBROBET7 ==V T 7= DX DR B
VBREFFF Y o — VBRI ENTE VAR DAL TH BT O TEMb A TR, B
EFI (B BN & B WK SERISS A 3 1 o R~ D B AL e~ ST L=
& E Z TV AHXIT -XI*e Y7,

R A XYY LR OBFEERT ) T— b a B TEPTR I SRS
BEZoNDEOD, %ikTH CKIm7T 7= WO RTF RTF AWz T 5E5 ka4
BIAEMNRRI SN RN 2 D, 72 =T T =0 R DN BKE S EE
TEZRZLTNDHEBZ TS,

T oFE T RREDRG & L TREAEOE & > 77 B (Green Fluorescent Protein, GEPYH: G 0 A Ak
WHFE A 2512 L72((a) Cody, C. W.; Prasher, D. C.; Westler, W. M.; Prendergast, F. G.; Ward, W. W.
“Chemical structure of the hexapeptide chromophore of the acquorea green-fluorescent protein”,
Biochemistry 1993, 32, 1212. (b) Heim, R.; Prasher, D. C.; Tsien, R. Y. “Wavelength mutations and
posttranslational autoxidation of green fluorescent protein”, Proc. Natl. Acad. Sci. USA 1994, 91,
12501.), GFP OH&ICiE, HEKIEA I 4V U /) o ThDH, BREIZK Y Fr gk
R U NALE Ca ORI ZEREAERT D,

Scheme C. Chromophore formation of the Aequorea Green-Fluorescent Protein
% 0 0

HOO/H\(‘/(% o0 — .5 HON\j\'% — o, ’ Ni%
HO mH ,\'.;,l?l 0 A[’}j‘%
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Scheme 21. Plausible mechanism of dehydrogenation

H O
Chz~, N\“J\SH cuoriin__ I ebzwy
H 0 thioacid activation H

—_— bz\ — | Cbhz~ N
cyclization N aromatization ” - /

0]
Xl OH
[0] Y
Ctg‘j\(/ CbZ\N /N
H o
XIII XV 0O
Ala Ala
Y
O Me H O Me
CbZ\ OH Cbz< N OH
N N
H o H O
XVI
dehydrogenated product The epimer was not detected.

ZZT, () TR BOAEIEEA~OERELZ D 5 B, 2) FABIEHALD =D D4
BA AT ERERTHLT I/ RETESED 2 EICLMAKFELCILEHBT,
7R BEERRTE ORI T D LI Liz(Figure 7). 7238, BKEREIAYAE RO R
REMEZI U D720, CRINT T =0 o ln URTF FFAEMN D Z L LS, &
([CLABE ORI CIE. B LR WEIS O & i/ MR 2 572, HEpER 21T 572
NRTF FF AW TR %2 T 7,

Figure 7. Complexation of amino acid with metal

Peptide )Eq L - increasing the solubility of amino acid in organic solvents

SN - suppressing side reactions by proximal effect
HoN O

R 0

B ORMT 22T T2 URBE AW TIE, T =0~ H R E v
7-HE WL OB FORBHEZ L=b DD, WIS B/KEREIAEM N FARY T - 7-,
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FP. BT TOMBRITL Y BKFITHETT L OO EIAS O A 523 E Bz
bR TWevw T 2HWT T 2 =T 7 = U eR AT LR 21T > 72(Table 14), L 72>
LN Z0HE, BRI E ZR 5 ML00RIEMY N EWEIETEL, FFcT el
B S,

Table 14. Screening with Mn complexes

L

7 N_ N\
H O . _N‘M“'N(; Cs,CO3 (1.5 eq.) N H O
n- > y H
Chzny N\é)l\SH HN O DMF 20mM)  CP2N N\.;)J\N ©
H O We (Y rt. HO g H O
Ph— (0]
(1.5eq.)
Entry | ligand : comment
1 phen i byproduct formation, severe epimerization
2 | bipy |
3 _ é "
200000 | \ Entry 1
E 100000
=
: L,_JLJ_A,___,\
0
200000 | Entry 2
E 100000 -
=
- 0 L_A_JL,-
0.0 20“0 40‘.0 GCL.O 80 0
Entry 3
B
= 100000
a
£
Cb :-‘je-Ala SH — - Cbz Phe-Ala-Phe- OH
200
s0000 Authentic
g 60000 |
g 40000 <— Cbz-Phe-Ala-Phe-OH

T T T T
0.0 20.0 40.0 60.0 80.0

Y OBKERIEIAES TN Z LI, LC-MS AW ITIC L R LT B,
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Z 2 TCWIT, B D3MED TR LS . DR OVERRE DS NS WG RO 7 = = LT T
= SRR A TR URRR 24T o 7= (Table 15), T OFER, b A~ 22 HWZHAIZOA k
UXTF RHRBUH S A7 (entry 3~4), FLHBERWFEEL LT, EATRLT =T T =
VI 1 OFIRE WG EIERN 18%IC- F »7-(entry 3)23, TN EATAL T =)L
T T = 12 OFROEAITIE, 46%F Tl BT 5 Z &3 7= (entry 4),

Table 15. Screening with main-group-metal complexes

(L)-Phe complex (1.5 eq)
0 DIPEA (1.5 eq.)

H > H Q
Cbz~, N\E)I\SH DMF (20 mM), Chz~ N\é)J\N OH
O Me rt. HOo geH O
tripeptide @
Entry | (L)-Phe complex (LLL form)

1 ZnCl--Phe no reaction

2 PbCI-Phe no reaction

3 BiCl,Phe |  18%

4 BiCl-Phe, |  46%

@ Determined by HPLC analysis of crude mixture.

ZOFRERNPS, PLEBRBICENT ST X JBONO—ORBEESISIC XD FAm LR
Bal 7=, FREAEXVIDNERE TIE/20 ) E 3 2 (Scheme 22), RIZZ OBET I/ BRECALH
DEEEZ AT 21T > 7= (Table 16),

Scheme 22. Effect of the number of amino acids on the metal

O, R? _
S acid-base
0 O, NH, reaction
Loy * 0 M ﬁ'
R'™ “SH H,N™ O

R2 0 H,N  OH

RZ O
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Table 16. Screening with metal complexes coordinated with plural number of amino acid

M(Phe), (1.5 eq.)

H O o H ©
> g H
Cbz N\E)l\SH DMF (20 mM), r.t, CbZ” N\é)kN ©
O Me O pe M
tripeptide @ epimerization a»
Entry | M(Phe), i (LLL form) rate
1 | cuCiPhe) | 19% 8.0%
2 | cuphe), i 62% 1.6%
3 | MnCI(Phe) i 75% 25%
4 | Mn(Phe), i 90% <1.0%
5 | BilPhe), i 46% <1.0%

4 Determined by HPLC analysis of crude mixture.
5 DL form / (LLL form + LDLform).

ZORER, o007 X BB LTSRS R E W2 A (entry 2). K ONFEERD~ > L6
K% W= 8 (entry HIZEB W T BNLT D T 2 BEOE N — DDA (entry 13T,
FNFRER L = /O RIBREEN L DN, FRZ, ~ 2 TRz AV T854 T, 90%
IR 1%L F O ek & 0 7 RAE & 417 (entry 4),

72T, SRR EREIE RS L o7 C R 7 = =7 5 = R IZ SN T
HEET I MR OSHRZ TR 24T o 72(Table 17), LA L72R13H Z D86, X
T T EMRIZRWTHREDORRICE E Y | BRBARERPGE LN TV~ T 86K
DGEITBN TS, BUKREEIEY D BLN S 7172 (entry 2),

Table 17. Reaction using C-terminal phenylalanyl thioacid

TR 9 M(Ala), (15eq)  F NI _I__oH
< a)n (1.0 €q. moc N
moes Lyt gy (18em) - Fmoesy A A
O \© DMF (20 mM), r,, © \@ ©
Entrv | VAl ! tripeptide @ epimerization a. dehvd tort 0 Me
ntry | M(Ala), | (LLLform) rate ehydrogenation %H ,'\n/OH
1 | Cu@la),i 57% 4.9% n.d. | N i
2 | Mn(ala), i 59% n.d. 17%
3 | Bi(Ala), |  55% 3.1% n.d. dehydrogenation

@ Determined by HPLC analysis of crude mixture.
b\ pL form / (LLL form + LDL form).
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Z 2 TWRIT, MEE AR E AWl E O T T MiEARISIZBW T, AliO8ilE & HOBt Dk
MM E VIR E = elbOWHENLLND &V I HREZSB5I2, HOBt B EEOTRMAZR L
7-(Table 18), ZDFEHR, entryl ~3 ICRLND L HIZ CRIGT = =17 T = U RIHE|IZ B
THKRIEZRRMOSEN R S0, B2 HOAt ZEN L 7ZBIC 94%INR, 3.6% D= Efk &\
IREREGD Z LTS LT (entry 3),

Table 18. Simultaneously use of copper complex and HOBt derivatives

Me . O Cu(Ala), (2 eq.) Me , O Me
FmOC\NJﬁ(N\)\SH R-NOH (2 eq.) FmOC\NJ\(N\-)J\N/kn/OH

- H

H 0 \© DMF (20 mM), r.t, o \(5 0

' tripeptide @ epimerization b hydrolysis a N\\ N
Entry | R-NOH & (11 form) rate (dipeptide) N N

: “OH
0 - : 57% 4.9% 20% OH 0
1 HOBt 92% 5.6% 2.2% HOB HOOB!

0, 0, 0,

2 HOOBt : 88% 8.9% 2.7% | A N\\N NCYCOOEt
3 | HOAt | 94% 3.6% 2.1% NN Ne o

; OH
4 Oxyma i 75% 18% 5.8% HOAt Oxyma

@ Determined by HPLC analysis of crude mixture.
b pL form / (LLL form + LDL form).

30 (a) Miyazawa, T.; Otomatsu, T.; Fukui, Y.; Yamada, T.; Kuwata, S. “Racemization-free and
efficient peptide synthesis by the carbodiimide method using 1-hydroxybenzotriazole and copper(Il)
chloride simultaneously as additives”, J. Chem. Soc. Chem. Commun. 1988, 419. (b) Joseph, R.;
Dyer, F. B.; Garner, P. “Rapid formation of N-glycopeptides via Cu(Il)-promoted glycosylative
ligation”, Org. Lett. 2013, 15, 732.
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7235, HOBt FHEARDIRMZN R MO & BIR 7S5 OV T A LIF 5008 9 222N T
DOREFT BT o 7= (Table 19), FANGFITIE LW BE CEBIISHh, Blo~vr e - ToFE
Ve BERAR A B WS V%W#TF)A7?Fﬂ%6ﬂﬁ%@@ R - ek
DDOBES TR 2 EE Th -~ 721,

Table 19. Simultaneously use of other metal complexes and HOBt

Me ., o M(Ala), (2 eq.) Me H O Me

Fmoc\NJ\n/N\)l\SH HOBt (2 eq.) Fmoc- /k[( )\[]/OH
> H
H o \@ DMF (20 mM), r,t, \é

tripeptide @ epimerization 2b hydrolysisa S.M. a
Entry | M(Ala), ¢ (LLLform) rate (dipeptide) (thioacid)
0 |Cula), i 92% 5.6% 2.2% -
1 |Mn@la), i 77% 3.7% 18% -
2 | SbAla); | 89% 6.2% 4.5% -
3 | Bi(Ala); | 86% 6.4% 7.0% -
4 | Bil(Ala), | 79% 1% 8.9% -
5 | Fe(Ala); i 66% 3.5% 30% -
6 |Cola), i 43% ; 16% 40%
7 | Niata), | 7.6% ; ; 92%
8 |zn®Ala), i 54% - 2.3% 93%

4 Determined by HPLC analysis of crude mixture.
5| pLform / (LLLform + LDLform).

N RBEMABREMEOBATIE, ST s T UFEY - EAYAD G
DRI D72 E INTNWD( TEEGOSRBAMMTA T4 ]
https://www.google.co.jp/url?sa=t&rct=1&g=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0
ahUKEwiulLbAh87JAWWFJZQKHT7IDZQQFgebMA A &url=http%3A%2F%2Fsearch.e-gov.2o.ip
%2Fservlet%2FPcmFileDownload%3FseqNo0%3D0000104443 &usg=AFQjCNFdIU8JG1yIF-UxgLI

Ed8hH9qcsJw&bvm=bv.109332125.d.dGo 2015 4 12 A 9 HE ),
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Z D% HBER L HOAt 2 AW T- 4 2 BT H 72 5 = EAL DB E(< 1.0%) 1A 7= #a %
1To72e ZTOFRE., §SAOEIT 1.2 HEE T, HOAt OET 1.0 Y& F TENFHAKHE AT
R Z o b OO e b DEE LB T 5 Z &1L TE TV 7RV (Scheme 23),

Scheme 23. Optimized conditions

OH Me , O Me

H ? K
FmOC\N N\)l\ O, NH, HOAt (1.0 eq.) FmOC\NJ\[(N\-)k )\H/OH
T SH 4 ci > i N

i ol H i
0 \@ HN O DMF (20 mM) 0 \é 0
e\_é rt.,1h 94%

(3.6% epimerization rate)

2 SREEROURINAI O - o, BOREIOWRE ., SUSRE OB &1T - 72,
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4.2.2. Scope & Limitation
B O IE I HI & A D ET 2 AT o 70, £, C KRG 7 = =T 7 = U RITF AR IVEIC
k27 X BN 0D ) i PH A A 72 (Table 20),

Table 20. Substrate scope of amino acid

Me , O %ﬁf Me , O R
anc\N/L“/N\Vj\SH O, NH, HOAt(10eq) anc\N/LW/N\,ﬂ\N/Lm/OH
+ cu > H i H
H 0o H,N O DMF (20 mM) o 0
& r.t., 1 h \©
R 0
(1.2eq.)

yield? (epimerization rate?)

Me.g

ey fg ﬁ““

f COOH N (il‘
N N

COOH COOH COOH COOH COOH
tert-Leu Met Tp H/s Pro
96% (3.1%) 95% (4 3%) 96% (3.1%) 95% (~ 20%) no T.M. 72% (14%)

@ Determined by HPLC analysis of crude mixture.

wmn4yy@;5@%%wﬁ& BT X BP0, EEHEOT 0L, BT A ST A
ﬁ:yf%ﬁmiﬂﬁ: FTLiz, —H T, EE#EDO N 7 77 v AVESA R
VR T Lt%®@ LA wﬂATIEMﬂﬁﬂéﬂtoit\ﬁt<%$
ﬁ*f)ﬁ%ﬁﬁ“éﬁﬁé D AF V& HOTZHEAICIE, FOSIEEL EIT Lied» 72>, FiC,
43 /MT%67D)/%%wtﬁm\F)7F777®%éﬁ%1ﬁmi%“w@$f
AT L2 b O OEWEIS T BB S i, RO T D 2R IE 8L O SRR E A
MM CTHD LELTND,

B a- P AFAT Y L THRISHAEIERICHEITT D 2 L D HER T E 28, B & V- IE
FA + iFH HPLC T DT HIC BN T T AT LAY —OSBERREECH 7= 2 L b,
TEDEEERETHIENTE o iz,
MRBAISNABRERE TR N FARCHERELE AF VU EAVEEA . LC-MS
WL AR TS 08, AN XTF ROEREZHERT LN TE, M)
N7 7 OEHA v R—VERFAFOREZITH) Z LT, RIPBEES NS ETHILT
W5,
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WA T A ERM O FE IS FLPH & B DRt 24T o 7o, X7 F A SOS TIE—#%IZ C Kt
7 X EEERIL B OB SIS DR T BRI KR E L 525 Z LR Mb T
B T TURTT RF AW C Kiia Y NZEH UIREHE 1T - 72(Scheme 24),

Scheme 24. Substrate scope of peptidyl thioacid

Ac,S (50 mol%) 0

Me Me
H O H
Fmoc J\n/N\)l\ AcSH (10 eq.) . Fmoc\N/'\n/N\)J\SH
o H

DMF (50 mM), rt. o
Me™Me 75%¢ Me™Me

(7.5% isolated)

Me
9 HOAt (2 e
a.) Me 4y ©O
Fmoc\HJ\n/N\é)'\SH + Cu(Phe), - FmOC\N J\[I/N\)kN oH
Ome/_\Me (2eq.) DMF (10 mM), r.t. H N T

81%3 Me”Me
@ Determined by HPLC analysis of crude mixture. (18% epimerization rate 5)
b') pL form / (LLL form + LDL form).

ZORER, REAIE L TT7 2= T 7= 2 AVTEHAICEWERET Y X7 T Rixs
LT H DD, 20%L, EO = LBl S iz, KIEOFEMLEE 2 =546, BALOE
MEVNNSY Y e f YLy LA v b Vo7 I/ BICHLEA LES, LY B,
FIEROBRREBLETHD Z L3~ T,
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4.2.3. Unsuccessful Attempts for Catalytic Activation

FREIC 7 mt 2D FEMALE RIEZ. Gopi HO#WE ¢ TIXEB L TV 7ot o
BEtbAT o7, B OWE 7 2/, 7ML LTT I BOANAY Y MFERAY
U LA I IR RAF R BN R A o) L T T AR 2 TEPEEAT & LIRIn&E o
Kt 217 - 7=(Table 21),

Table 21. Reducing the amount of copper salt

CuCl»-2H,0 (X eq.)
Me M(Ala), (2.0 eq.) Me , O Me

H O
Fmoc\N/kI(N\)J\SH HOBt-H,0 (2.0 eq) Fmoc\NJ\I(N\_)J\N/kn/OH

- N !
H 0 \© DMF (10 mM), rt, O \é 0

! tripeptide @ epimerization ab hydrolysisa ~ S.M. a
Entry X MAla), i (LLLform) rate (dipeptide) (thioacid)
0° | - - 9% 5.6% 2.2% -
1 05 Ca(Ala), i 11% - 10% 78%
2 20 Ca(Ala), | 89% 8.1% 2.6% -
3 05 Ba(Ala), i 29% 1.5% 17% 47%
4 2.0 Ba(Ala), i 92% 5.5% 2.2% -

@ Determined by HPLC analysis of crude mixture.
b\ pLform / (LLLform + LDLform).
€2 eq. of Cu(Ala),

HAbdi % 2 BEFM UGBTI, FRNSHE L28-7 X BSE A2 N2 7= 56 0
FEREEDLRWVILE « 2T Y XTF REfE(entry 2,4), L LZARNG, HLSHO
B 0S5 YEICE TR E ZA, NTH#EIT L OEMEETEONTZ N Y RXTF R
DE G L7285 ELL T Thd > 7= (entry 1, 3),

_63_



F 7o, SR L FIRFIZ HOAt OIRIEZ T 2 BRY T, 8 & HOAt 75 72 881K %2 v
- HiEt b 1T - 7=(Table 22), $AJR112 KD F ABRIEVEALIFIC, A48 « SR - 73 /R -
HOAt D& TN HWIITBIC/EET A Z L2 BE L, FFlIc e (fbod®E S 3 L,

Table 22. Reducing the amount of copper and HOAt

Me , o Cu(OAt), (X eq.) Me , O Me

. . Fmoc OH
Fmoc\NJ\(N\E)I\SH M(Ala), (2.0eq) \N)\(N\;)J\N/'\g/

H g H H
H 0 \© DMF (10 mM), r.t, 0 \é

tripeptide @ epimerization & hydrolysisa  S.M.
Entry X M(Ala), (LLL form) rate (dipeptide) (thioacid)
0° - L94% 3.6% 21%
1 05 Ca(Ala), | 57% 20% 11%
2 2.0 Ca(Ala), 23% 3.1% 11%
3 | 05 Ba(Ala), | 19% - 4.6% 76%
4 | 20 Ba@la)y, i 19% - 7.6% 73%

@ Determined by HPLC analysis of crude mixture.
b\ pL form / (LLL form + LDLform).
€2 eq. of Cu(Ala), and 2 eq. of HOAt

LU D 2086 S RIOUGEIT R bz 7o, JefR oM ksl & HOAL & BNz
Te R DFER & DEWE, HOAt OFUFEFIZ%FT D @O B I K0 77 X BRANE M R A
BECEUNAFE LR Do oD E B2 TV 5,

VIERUTERERIZ, OR_TF FF Al L BRGET X 806 SRS C RinERE Y
RTF REBPDTORTIEH L0, AR et 2AOERMALE BIELGEICE L 0K
BTREAMFEIN VDS, BANICE IR ETIZbAmT TR TE 7, (1) =Ef{bD®E
72 DA< 1.0%). (2) HEOEEBROMEH DELEE, (3) X &EO HOAt DM DA, 72 & T
HD,

Z I TRIZIN G ORMEE RS 5 BEYT, BESBLSNORTF RFAFIEHELAI O
REITHZ L & LT,
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4.3. Oxidant for Thioacid Activation

4.2 OFTCIEEDIFAEN OSBRI BE L TV eFlRnb o2 &, MR oM
D R « AR LA ORI & 4T o 72 (Table 23), ARV A(Table 23a) % A2 54
VRS RS M LT, — 5 CL SRR (L All(Table 23b) & W 235561213, B D <RFED
DMF ~OIRIEMIEIC LY | 13 E A EOHETRIGOEITIZ—ERICE £ 727, Lo L
5, AUFRGTR N-G— RRAZ A I R ED I U FABRBEAZ A5 i) B
IR E DN D Z &3 - 7= (entry 7, 15),

Table 23. Thioacid activation by various organic or inorganic oxidants

a. Inorganic Oxidant
Ca(Ala), (2 eq.)
Me ., O HOAt (2 eq.) Me , O Me

N idant (2 eq. Fmoc N OH
Fmoc NJﬁ]/N\g)J\SH oxidant (2 eq.) _ \N/'\"/ \)J\N/kn/
O

H H z
H o DMF (20 mM) 0
r.t., Ar,3h

criy | ousant | Pepldes enmenzsion 20 By e e
0° _ L 34% - 5.7% 73% -
| Neno, ot - o 9% 8%
2 NaNO; 6.5% - 4.1% 66% 16%
3 KNO, 12% - 9.9% 61% 7.0%
4 {BuNO, 24% trace 49% 16% -
5 K5S,0g 19% trace 4.9% 54% 6.2%
6 | Oxone (KHSOs) 32% 2.0% 57% 9.8% 31%
7 Iy 80% 5.4% 4.9% - -

@ Determined by HPLC analysis of crude mixture.
b\ pLform / (LLLform + LDL form).

¥ F e BEEWESE L LT HOAt ORIMO L CRISHEITT 5 2 & bR LT, KB
Bi% 3 R AP BSOS D3 588 LTS 2 @ IR -0 b Al & 0 2 72 5551 2 b~ SO sk S L A
O CTEW(SUGBRAES 3BFE T R U AT F ROPFRIL 5%LL ) S DD 18 BRI I 1HULER 70%
FREE S%AE O EIL T R Y XTF RRELND T & 2R L TV 5, 723, DMSO H HOBt
W2 T F R FAFEOTEHEALIZ OV TIL, Danishefsky 523255 3CHk 28 (28 W THits L
TW5,

_65_



Table 23. (Continued)

b. Organic Oxidant
Ca(Ala), (2 eq.)
Me O HOAt (2 eq.) Me ., O Me

Fmoc\NJ\(N\EJ\SH oxdant@eq) FmOC\NJ\n/N\;)J\N)\r(OH

H > H :
H O DMF (20 mM) O 0O
rt,Ar,3h

0° ; L 3.4% - 57%  73% -
""" 8 |  Bewowinone | tace - - 52%  46%
9 Chloranil 30% 1.8% 1% - -
10 Cumene Hydroperoxide 35% 1.9% 31% - 7.4%
1 tert-Butyl peroxide 7.9% - 4.9% 14% 17%
12 Pentanedione peroxide 39% 2.1% 18% - 6.5%
13 | tert-Butyl peroxybenzoate 6.0% - 3.9% 35% 46%
14 NCS 56% 3.3% 6.1% ; ;
15 NIS 71% 4.7% 6.0% - -

@ Determined by HPLC analysis of crude mixture.
b\ pLform / (LLLform + LDLform).
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Z ZTTWRIZ, T U #ES D F(Table 23, entry 7) % £:12 5 72 5 5 D i {b % [X] - 7= (Table 24),
ZORER, 3 T RORMEE 50 mol%I AR S 72 FEIZ 70%IE T kU T F KA L3
U B OREAE R A BLINT 5 Z L3 TE 7-(Table 24a)®, LNLARND, RIGD/RTA—H %
B2 NEZ THRE AT > 72 b OO BEt O N T 90%) » = E{K(< 5.0%) D E 4
BT HZENTE oz, FUREHVTEREERIE LT,

Table 24. Examined parameters and selected screening results using iodine

a. Catalytic Acitivation by I,
Ca(Ala), (2 eq.)
Me Me O Me

Fmoc< N HOAt (2 eq.) Fmoc )\“/N\)J\ /kn/OH
N H SH - N N
B 0]

: H
H 0 DMF (20 mM) 0
rt.,Ar,3h

Ent X i tripeptide @ epimerization 26 hydrolysisa ~ S.M. a
ntry (LLLform) rate (dipeptide) (thioacid)
0o | 2 80% 5.4% 4.9% -

1 |losi 71% 5.9% 8.0% 5.3%

@ Determined by HPLC analysis of crude mixture.
b\ pLform / (LLLform + LDLform).

b. Screened Parameters
Ratio of Ca(Ala), and |,
Solvent: DMF — DMA, NMP
Metal: Ca — Mg, Sr, Ba
Oxidant: I, — Br,, I-Cl, NIS, DIH, Py,IBF,,
Temperature: r.t.— 0 °C, - 20 °C, - 40 °C
Atmosphere: Ar — Air
Concentration: 20 mM — 10 mM, 40 mM

36 7235, Danishefsky © IZ[A] U 30k 28 1235V TRl &> HOBt & il &> = 7 3 % W
THZLIWLEDRXTFRIZT TR T ) U TRIEEIT-> TV 5D, 728, Table 24 D%
FCIX. HOAt OIRMOAF TR « = eI bIZ 2o T2,
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4.4. Thiosulfinate, Thiosulfonate, and Disulfide for Thioacid Activation

4.4.1. Catalyst Design

YR EeE O A S = e bl 2 B L, A OB EHT S\ oA 1
DM 21T o 72, BAREICIZ, FARALT 4 32— MNFARANT 4 VBT ZT )%
72 T ARG E OGS D BIFIZ 35 T L7 (Scheme 253), £7. AWV AR VERXVID) & F 4 AL
7 4 F— FXVIIDDORTY S AP 207 ¢ RXIX)DRERKT 5, Z OIEMREIL, FA4mse
FATZAT N EA_RTRFE SN TEY . T F FEGTERIC 0 2 SUEHE 2 335,
fIE R AR D BEPE Tl ANV T = VEEDE I BT D FF#E(Scheme 25b) L W AR Z 1S T,
ANVT = UERXX) & T A AN T = VERXXD) D oD BB S WibkE & T DRk E
L7,

Scheme 25. Thiosulfinate-based organocatalyst

a. Designed Catalytic Cycle ! b. Dimerization of Sulfenic Acid
)
+ H,S R™ Peptide)J\SH O@
XVl ®4
S« -R
R™™S

/H S XX 0 :

$ PN § ~H:0
S\R Peptide :

: H
XIX : - -H
/‘>~< E (é)‘) \"(é)
H P —_— N
; R R

COOH
Peptide )J\ COOH
H

Flom (b OMHNCIE, FARANLT 0 32— NERALIZT 2 B2 TG R~ T2 S 2 5Bk
MEBANTDHZETHRIETHZ L & LR, Ziux, =E{RIZ2D2RD 5 0 FNER LG

23, DRI TH D LBHOMEEINL Y bW EWIREICHEK S, 22T, 7
ML ZEAT HZ LI LD, ARG FRRIGERD, 7T RET I U ORE
DFENNS, LTV EWEKISEEZATHT I TOBEMRRICNEITT S L& X2, B
FIEEDE 21X, C KB AT VG LETF AT AT NG E L T2 _XTF R~ 7 I K
BERRSIC b EZ AV LRA TN DY,

37 Freeman, F.; Huang, B. G.; Lin, R. I. S. “A facile synthesis of acetyl alkyl disulfides”, Synthesis
1994, 699.

*% Zhang, L.; Tam, j. P. “Orthogonal coupling of unprotected peptide segments through histidyl
amino terminus”, Tetrahedron Lett. 1997, 38, 3.

? (a) Coltart, D. M. “Peptide Segment Coupling by Prior Ligation and Proximity-Induced
Intramolecular Acyl Transfer”, Tetrahedron 2000, 56, 3449. (b) Hemantha, H. P.; Narendra, N
Sureshbabu, V. V. “Total chemical synthesis of polypeptides and proteins: chemistry of ligation
techniques and beyond”, Tetrahedron 2012, 68, 9491. (c) Ishiwata, A.; Ichiyanagi, T.; Takatani, M.;
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4.4.2. Search for Catalyst Moiety

FF AT 42— N OFREREZ MO D T2 D DRRET 21T > 72, Scheme 25 TE & L7-Z1
FCORENREEEE 2. MIEFEADBREN M RIZZ U< MR OREEIZ 2 0 155 L&
2T TZTZOEMEEEET DT, ANVT 2 EFHANT = O OO N
ENFR W EDBIRTF A ANV T 4 F— F TOME%E £ 347 - 72 (Table 25),

Table 25. Thioacid activation by cyclic thiosulfinates

Ca(Ala), (2 eq.)
M HOAt (2 eq.) Me , O Me

e
Fmoc < /'\H/N\)l\ thiosulfinate (1 eq.) FmOC\NJ\’(N\)j\N)\[]/OH

H H
H O DMF (20 mM) O 0
rt.,Ar,3h

e T A e P e
0 ) ; 3.4% - 5.7% 73% -

""" 1 A36/20/48/40/
2 B 4.6% - 2.4% 51% 36%

3 c 9.4% - 3.6% 27% 52%

4 D 47% 3.8% 8.7% 15% -

5 E E 30% 2.1% 5.4% 9.8% 31%

@ Determined by HPLC analysis of crude mixture.
b\ pLform / (LLLform + LDLform).

Fsoc CC “

YETOYRTIORE R, BRERIRT A ALV T 4 2 — 2 HWGE, BB KU XTF
ROULHIL 10%LL FIZHE Y . MBI OF A LD 30~50%DE|IE Thk > TV 2 (entry 1~3),
FRIAET v VT AN T 4 ROOEHEDIR S, b L ITIBMIE AV 7 = U BRO @ RELBEIC &

HFFANT 4 32— NHEOHRIGHBETH D LB 2, WICHFEREIRTAALVT 43
— h&HEf Liz(entry 4,5), LML G, FARD b U RXTF OB RIZL D OL
ERLONTE OO, FARITZERITITERET N XTF FONES FREICH E 572,

Ito, Y. “Chemoselective peptide bond formation using formyl-substituted nitrophenylthio ester”,
Tetrahedron Lett. 2003, 44, 3187. fliZ1Z NCL IZ DWW TR 2 E Wik 17 22,
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Z I TCHRBEOME S IIXFNT, FAANLT 4 % — NEAFDOSLAREE N7 F REE K
DEEIZ/R> TS EEZ, WICIHERRFA AL T 42— F WG 21T o 72, Bl
BT 2= VTFFHANT 4 F— MR p-A NFXVEEFTHFAANVT ¢ 2 — N TORF%
VY. HOAt #SINATHE T & etk & 28 Wit 24T - 7= (Table 26),

Table 26. Thioacid activation by acyclic thiosulfinates

O
1]
S\S

RO (tea)
Ca(Ala), (2 eq.)
H O H O Me
Chzw, N \_)J\SH (HOAt (1 eq.)) -~ Cbze N \-)\N)\[(OH
H H O ¢ H 0o

o DMF (20 mM)
AL O

Entry | R HOAt ‘([ifﬁgtrir?ga epimgtization S
1| H X 4o% 8.6%
2 | H 0 i e 9.9%
3 |ome x ioes% 5.0%
4 |OMe O 71% 14%

@ Determined by HPLC analysis of crude mixture.
b LpL form / (LLL form + LDLform).

YECOMHIRETOR R, WTILb FAROHEI B S -, HOAt OFINZ LY %D D

WROUEEIT RSN b DD, = el R TBLI S 472> 7o (entry 1 vs 2, entry 3 vs 4),
Flo, TAALT 4 x— MR B U EOBFEED i (entry 1 vs 3, entry 2 vs 4) Tl, &£

DEFEELRLOOHTNNE « L TEHETOUEN RO Z(entry 3)Z LD, B

R EOEAFBELEZIZT A ANVT 4 23— FOFMEATV, XTI TF REG RIS ~DR

METLHZ LT,

_70_



BARRNZIE, p-A R URIZHEARLVEFEERLDOLE LT 24V A X UEED p-T AT
VT I ROEGHE, 72 = MEICHAR I VEFARRR DL LT p-7 ma koG ER
F72(Scheme 26),

Scheme 26. Synthetic effort of several acyclic thiosulfinates

a. 2,4-Dimethoxy-

M oM
O'V'es OMe 1 cPBA (0.95 eq.) O'V'es ©
s -y
MeO O OMe

MeO OMe CHCI;, 0°C
M M
disproportionation OMeS OMe OMeS OMe
g s ' S
MeO OMe MeO 30 OMe
b. 4-Chloro-

cl
J[:j/ mCPBA (0.95 eq.) S J[:j/

o ~ | R

ol CHCl3, 0 °C ol 3

o on
cl OO0

Cl

disproportionation

c. 4-Dimethylamino-

Me Me
No No
J[:j/ Me  mCPBA (0.95 eq.) J[:j/ Me
S\ - S\

o I
\ CHCl5, 0°C \ O not deteced
Me Me onTLC
disproportionation 5. /@’ Me /©/ Me
ve. SIS O
N © ot isolated
Me unstable ?

LU D, 2, 4V A M UERKR O p-7 v a ko4, TLC ECTEHOF A AL T ¢ %
—FeBbNnD ARy MIBRSNTZbDOD, BT L7u~ NT7T7 0 —FERPIEZ

b sTAANVT 4 F— FOARBRIZE Y, HBEfSNTALERTIT ALV T 4 KET
FANT F F— NT A AR BT AT V)YDIREY T > 72 (Scheme 26a, b), F7= p- A
FNT 2 EOEE T, R EDTF A AN T 52— b DL EMICRIEN & - 72720,
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1 HEOMLAIRMNE TS TLC ETIEV AL T 4 RORARy "BRBHISND DA TH-T-
(Scheme 26¢),

ZORRIY . FARANLT 4 32— b OLREMIRERA 22 SUG R DRt 217 > T <
BDIZVEFEITRD LB AT, BEICHBET 5 2 LS TEIREIRGERT A A7 4
F— b2 AW TF AR OABERTE A LRED A BEDHERR 21T > 72 (Table 27),

Table 27. Catalytic activity toward thioacid by acyclic thiosulfinates

2 "
Il
S\S

Me™ ™ (X eq.)

H O H O
Cbzy, N\_)J\SH Ca(Ala); (2eq) Chz N\-)\N)\[]/OH

H o = DMF (10 mM) H 0
\© 0°C,3h \©

I=z

tripeptide @ epimerization &b
Entry | X i (LLLform) rate
1 1 1 45% 14%
2 |05 36% 13%
3 |02 27% 12%

@ Determined by HPLC analysis of crude mixture.
b1 pL form / (LLL form + LDLform).

FORR, IMLEZTFFTANLNT 4 % — OB EOXRTF REEALAZ LI TE -T2
W, FAANT 4 F— b E TR 2 RS L,

O JEBRIRNGMEIET A AN T 4 F— R EAND Z 2 X0 FARBRORBERITEL 23T 2 5 "]
REME DR SN TV D8, = e LOIHI N NEETH 5 &Il LA 21T -7,
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BlIAESE L TEONETF A AN T 33— ML BT F AR ISOBE bIT- 72
(Table 28),

Table 28. Catalytic activity toward thioacid by acyclic thiosulfonates

1
RZ O\\/p R
S<
s
R1

RZ
(0.2 eq.)

H H O Me
: O i H o

H o ¢ DMF (10 mM) H
ORI 0

! tripeptide @ epimerization a.b
1 2
Entry R R ¢ (LLLform) rate
1 Cl H i 47% 15%
2 |MeO H | 16% 17%
3 | MeO MeO: 15% 14%

@ Determined by HPLC analysis of crude mixture.
b LpL form / (LLL form + LDLform).

TR DOFER L LT, p-7 v n (B2 HWTGEIZBNT ML TF A ALV T + X — D&
VbED R Y RTF ROARNBIR Sz (entry 1), S 7 flEEREIIHED L ZARHTH
L, BRI XVELEEOENT A ANVT 4 F— F TORFEIT> T FETH D,
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4.4.3. Search for Epimerization-Suppressing Moiety

FOSHIBR DRSS b, FAME OROY &S TH CIEHEFRETH LT LY A
NT 4 REAERT DV ANVT 4 REIEMALHIE LT, BRI OEAERER D 72 8 O Tk
HalTo 728,

FFNE, DNVR= AR L DAIT I T VR E T 2 BEEREk T [ 48 (Table 29a) & L T
AN Z EEBEL, AV MU ANR = VEMEE BT 5V ANVT 4 RO EITo 72
(Table 29b), ZDFER, A/ MIICHALVINIEEZFEFSOTVALT 4 KA TIE94%E WD
EWEIE T LA STz, ~IT I T AR EZICHAKERTEL LA IV ORE
PES, 7 2 VRO T IR DREE T/ > TN D & X% 2 TRICZE DMK BT
MBS T P MEEEREICE VSV N Tt e T e FARKE ROV AL T 0 KB
AR LTz, L LRSIl EALOBEABIMI SN T L Eo72%, WPhoBEIBNT
SRR EHL LT &S, FABDO I AT ¢ RH IR = LEML T O RIS A3 fHRE
ThbdbEEZT,

AT 4 RLMEE R0 BAEIE LT, FA—AEFA AT = VD DR E
L, YALVT ¢ RPRFAET D EWV O WMELFTET D : Zhao, Y.; Wang, H.; Xian, M.
“Cysteine-activated hydrogen sulfide (H,S) donors”, J. Am. Chem. Soc. 2011, 133, 15.

Scheme D. H,S Generation from N-(Benzoylthio)benzamides

E:IJ\H COOH
COOH
HS Y~ 80%

NH, o

Q H (excess)
- > H,s4 NH,
o PBS buffer
(pH=7.4) 96%
COOH NH,
via [$H NH, Hooc/k“s\s”j/COOH
959% NH2

2N DHDHE(. Org. Chem. 1997, 62, 3586. etc ) o BEIZ VAL T 4 RA LT T =
SAEEEETMATH ALY U Y ) OB ERAT-, LI Lenb, 4 I EKnE
NENT=ORTH-T,

Scheme E. NMR study of disulfide A and alanine
Me

/'\ Me
E::rCHO . ,Tf NaOH N~ “COONa (Na) HN
H,N” SCOOH  H;O/MeOH E:jj o ©
was major. was not detected.

63 Kelly, C. B.; Mercadante, M. A.; Leadbeater, M. E. “Trifluoromethyl ketones: properties,
preparation, and application”, Chem. Commun. 2013, 49, 11133.

HRYTAFa TR FARERA LG L AINTAUHET D VAT 4 R TORG BT
ST, R - 2 EIZBNWTY ALY 4 KRB LIZEEDLRWERRGON, P 7
NFAa T BT ORIFHEICEFRIEE LTHINTWeDARZLE X TN D,
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Table 29. Suppressing epimerization via hemiaminal intermediate
a.

R
>—COOH
/7 HN OH
R
— M S
Peptide N/'\ﬂ/ NS
H 0
[amide < amine]
b.
o disulfide (1 eq.) o Me
H Ca(Ala), (2 eq. H
Chzwy A N a2 @ea) Cbzw, N\/ﬂ\N/Lm/OH
H o ¢ DMF (20 mM) H o i H O
O e e
H._O F3C 0
0~ H 0~ CFs
USSR FEUSUUUSTROY ~ SEUUNRRR B,
tripeptide® 54% 53%
(LLLform)
epimerization #° 9.4% 14%
rate

@ Determined by HPLC analysis of crude mixture.
b pL form / (LLL form + LDLform).

ZZTC T AINVRFNEIMFE T THOMRET 27 I BRgikiiir & LT, hra s (N-
AFNT Y NEEET I ) BAINT T DEA~ORHIILE LTHWS Z L2 BE LY
AT 4 R0 b LEHEMRT =0 MMEEEZT X JBOXSA A LTHIAT 2V A
VT 4 ROME%1T > 7=(Table 30), X AN H LTS VEMZEALIZY AL T 4 R
%z 72354 (Table 30a), A& & OISHNIZ VY T DI T 57 7= O—f%E Y
ANT 4 R ay AL RS D2 HBYT, FHNCVANLVT 4 R - T T=0 - ANvy
LW AR MA S ZAT 212, EORER, FABITZERIZHERK LI DD, B K Y
TF ROEIL 20%FfEICE T, FATATANEEYE L TEWEIS TSN, £
7oL BT =T AEEFFOV AL T 4 REHWTZHEI123) T (Table 30b), FHRIIC
A F B EAT > CF AW L DRIGEITT208, WTFNOBE S 20%F2E D T e LT
LOIRIFR N oTe, BT o E=T LDIEITHR L E ARG E UL THEEL DA
EEZTVD,
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Table 30. Suppressing epimerization through non-covalent interaction
a. Sarcosine Disulfide

(1eq.)
Ca(Ala), (4 eq.)

H O DIPEA (2 eq. H O Me
Cbze N\)J\ ( (2eq.)) o CbZ\N N\-)J\N/'\[]/OH
: 0

o DMF (20 mM) H o i Hd
O 0

Iz

N">COOH
I\I/Ie was major.

H O
H o ¢

b. Ammonium Disulfide R

disulfide (2 eq.)

H O M(Ala), (2 eq.) H O Me
Cbzwy A AN > Coza AN A OH
H o ¢ DMF (20 mM) H o i H O
\© 0°C,3h \©
| L Mo
H e
: @ : 3
disulfide o S>_2 i MesN S)’z L P S>—2
e PP E
Me3N é é
M(Ala), Ca(Ala), NaAla Ca(Ala), NaAla NaAla
tripeptide ” 38%  44% i 46%  34% | 34%
(LLLform)
epimertizationa"’ 18% 23% i 18%  21% ! 24%
rate : :

@ Determined by HPLC analysis of crude mixture.
b | pL form / (LLL form + LDL form).
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EROTZANVT 4 R WA RIORETTIE, ~7F RGN O = e b2l v he

BREGEDT VNV ANT 4 FEEZ BT Z LIXTE o715, 5%I1F, VAL T 4 R
FARFABEA~OFIEHERE < . FA AL T ¢ F— b & HG RPN, AR b B
MENT=F A ALV T+ 32— 2 HAWTHEROKRHF Z1T> T FTETH D,

S ZOMICRFILIZb DL LT, TP AT ¢ KA BRSO 05 T WM 72
E, TELICRIETHEERAL20, PALT 4 FMEAMOMERN L RR 1T 72,

1.

WRIPAZA PRV ENS =k N XAF AT ooy AR OBEAIIMEE O R
HYANT 4 RER L, BT ARRREMREAZFFOUVALT  RTHDHIFE N RTF
R OUERIZE L7 (max. ~50%) S D D, T Efb(~ 30%)TEVIE R SR 0o T, £ 77,
AV ML AVRFIILERE Ra X L 2o B SMHTICERRENGFET Y
ANT 4 RERWESE RO LR ThH o7,

EHBE B E S A~ATRREERE AL T 4 RbER LT, 5 BB -6 BEBREOE D,
RUBUVBREONERBEDOA R, BERBEEFR CHERFL OB ENBRR DT ANLVT ¢
REHLTD, Z0%ES U AT F FOIFE(max. ~50%), & T E{L(20~ 30%)i2Lk
EIXR oo Tz,

RERAEIES Y A7 4 RERWEEGA, < DA TT A E ORIGHET Lo T,
BEt L= Tt OF A7) a—nigEe O GE O T FERITZEEICEE L, U
TFROFAT ) a—NRBF AT AT AN TAEEME L TEWEIETELNT,
CANT 4 RORDOVIZE L= REAWEHEbIToT 7=V AT 4 KR
Tz =AU b= ROMERTIE, WIS IR 40%F2 5, = vk 25%F2E OFERICH E
V. MEDOEBRITFRD N7,
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4.5. Trifluoroacetophenone Imine for Thioacid Activation

Table 29 TORBPHIBNT, FAEED P AL T 4 KRB VR = VAT ORISUSARIK & 4
2 HIVD UL R DEMAL DB SN Z LICEREG T, ErROMEEREZRESO N 7
NARTE T2 /) T I BREVAEL LA I el U THW D MR ORGE 21T
- 72(Scheme 27),

Scheme 27. Trifluoroacetophenone imine-based organocatalyst

AH,s

(0]
. Fepid) s
3 XX
COOH s

R
2N/'\
)—COOH
©)J\ CFy OWN CF3
0 & XXVI )J\
XXIV
Peptide *NJ\COO& /
N YCOOH
m%xom

TIBORN) 7t uTv b7z oA I XXINCK L, FA4 7V R XX 23K
EAmaE4T5> Z Ll kv, MEAPEEXXIV)DAER T 5, KRIZ, 50 FHNOT 2 IVIRALIC
L2 MEBRTEEXXV)EZR T, 7T FEAEC L T4 7 ko (XXVD ORI Z %,
FAINVR=NVEOBENUSTEIC L D, 72V BRIC K DT v JF 723 s demnicie 2 0 |
AT B B 2 T2,

%9, Hughes * Devine 5 DG 2B EI, FixDOT I JBON) 7rtare v 7=/
YAIVEAKL, BELENEEPEEZEB L THN N XTI F RBRERE - Ko
LR T BN D E D 12D S BIG T O & 1T > 72 (Table 31)%,

W BERERRIEEZ BT 57T NEATEMEGEOF & LT, (a) Suppo, J. S.; Subra, G.;
Berges, M.; Figueiredo, R. M.; Campagne, J. M. “Inverse peptide synthesis via actlvated
a-aminoesters”, Angew. Chem. Int. Ed. 2014, 53, 5389. (b) Pourvali, A.; Cochrane, J. R.; Hutton, C.
A. “A new method for peptide synthesis in the N-C direction: amide assembly through
silver-promoted reaction of thioamides”, Chem. Commun. 2014, 50, 15963. fliZ HZE kT 72 &,
67 Hughes, G.; Devine, P. N.; Naber, J. R.; O’Shea, P. D.; Foster, B. S.; McKay, D. J.; Volante, R. P.
“Diastereoselective reductive amination of aryl trifluoromethyl ketones and a-amino esters”, Angew.
Chem. Int. Ed. 2007, 46, 1839.

S HHOTHERE LT, NI 7AAnT b7 /)T I3 hbEaR LA I VI
st LT ABERE & VEFH & 5 EBRE1T - 72, F NMR EHT OFE5L. sp? MEREIR - I2RE67 5
U 7 e AFARITIEE L, HiC sp HIRERFISHEAT 25 b U ZuAdu A F LR
HNDZ L&A LT, £7-. ESIMS fBATICIB W T, FAFMEN A I v & fEA LIZks
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Table 31. Reaction between peptidyl thioacid and various trifluoroacetophenone imines

Me
COOK
CF4
H O 2eq. H O Me
Cbzwy A N ges) | Coza AN AN A -OH
H oD ¢ DMF (20 mM) H o ¢ H 0o
Entry Ar comment
1 @E no reaction at r.t.
9 /@f’z/ no reaction at r.t.
O,N i messy at 50 °C
3 NTXYY no reaction at r.t.
- i messy at 50 °C
4 02N '77; :
messy at r.t.
NO,

HiffiZe 7 = = VEEFROA I 2 VWS, ER T CIIRISOETHNIZE AR B
Mo lz(entry )72, BFARRRA I TOMRZIT o7 (entry 2,3), LINLZARNG, 208
ATHLER FCRRICOETHNIZEAEROGNT, SOCIZHIE LT & ZASEITWT o
AT NZBVTHHEMOE —2 N HPLC E TR TERWIE SRS EMI L L-, =2
THRICHFER EOBETHEEZ D SEOMBEZ KRS BT, I0EFRERY =
kR U EEERE VTR AT o 72 (entry 4), HIFFHR Y RIE T CF AW L OIS
ZolmbDn, RIS RITEHAL LT,

SEORFTZT TiE, IR E ZE(LOSEIEHTE hodz, LNLAENRDL, 41V
HECRRSRE DR HRFHI L A BEEO RSN TND EE X D, o, oS

Wnslill s,
Scheme F. Reaction between thioacetic acid and alanine-derived triﬂuoroacetophenone imine
Me
N~ ook .2 1 e OHN)ElcleOH
CFs Me” “SH  MeOH-ga4 ~ Me N” ‘COOH P o

detected by

not detected
F NMR and ESI-MS
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PEI VR = AEEDO A I BN Z & T, AR E Al 2 X 5 i)~ 7 F R
FEATEREOS DB ARHIN 32 ST D LB 2TV 5,

¥~ LT, v uFu) w225 %: Yoshida, H.; Nakajima, M.; Ogata, T. “Synthesis of
Cyclopropenethiones or 3,3-Bis[acylthio]cyclopropenes from Cyclopropenones and Thiocarboxylic
Acids”, Synthesis 1981, 36.
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4.6. Summary of Chapter 4

UARTF RF AR HOAAFIE B, 8i— 7 X V8 1 %f 2 5K & WD 2 & TRl e
DT TRIRTF REGELZ LIZkT Liz(eq. 1), T2 DRTO, MNEDO Y EDE
BB OPEH & D A SR T D 7o Ok 2 R LAl A R LTCRE R, S USROS F KT
AT D AR~ 7T RREETERGE A JH L7z (eq. 2), BT, = b & iRmH o
% B/ NRIZN 2 2 7o DSy T AliEREAE 2 525 L7, MWIRREH LT A AL 7 4 X — b
(FAANT 4 VBT AT V) TOMBAEH 2R T2 Z LIXTERD2Tb DD, FF AL
T x X — MNFA AT BT AT WV e WA IR W TR~ 7 F REEATE R EE
EHERT DI LM TET(eq. 3), Tz, VANLT ¢ REMWT = eALHIHIERAL ORTE T,
WL DPDETF — T Rl B Te b O ORET LT GiPH ClIfi@ /2 7 S VP AV T ¢ RigiE %
H3Z LIXTE 720> 7 (eq. 4),

Me ., O OH*ME Me , O Me
Fmoc-. /L“/N\VJ\ d_ NH, HOAt(1.0eq) Fmoc\N/Lm/N\/J\N/L“/OH
N oS5 - Ho8 5 o
o \E:j H,N O DMF (20 mM) \Iii
Mg4% rt,1h o4%
(12 eq) (3.6% epimerization rate)
O, Me
Me o S~ l, (0.5 eq.) Me O Me
H 2 H
Fmoc\N/'\n/N\)l\ H O, NH, HOAt (2 eq.) Fmoc\NJ\n/N\_)J\N)\n/OH
N {SH o+ v - H I & I @
o \E:j H,N © DMF (20 mM) \Ifi
Mé)_&O Ar,rt.,1h 7%
(2.0 eq) (5.9% epimerization rate)
% Y
S<
e JOIF
\ cl O M
H 0o 0] NH2 (0.2eq.) H €
Comag AN AN Agy + b4 - Cbzsy N\rJ\N/Lm/OH @)
H § HN O DMF (10 mM) H o : H o
UV Wb o o O
(o]
(2.0eq.) (15% epimerization rate)
R - R
HN>6C|:_|OOH Peptide) 8\86? )—COOe
HoN @
/X O R\Xklo __N/Me 2 Me3N (4)
- HoNM- i /©
\[]/S\S ZOHH \n/S\S
0] 0]

_81_



4.7. Experimental
A. General Method

The similar methods as section 2.6. were used, unless otherwise stated.

B. Materials
B.1. Peptide

All peptides were prepared by SPPS in the similar manner as section 3.6. unless otherwise stated.

((benzyloxy)carbonyl)-L-phenylalanyl-L-phenylalanyl-L-alanine (Cbz-Phe-Phe-Ala-OH)

H O Me
Cbz~y, N\_)J\N )\H/OH
H o ¢ H o
HPLC (H,O 2 min. then 0-100% MeCN / H,O over 80 min.) tR 43.5 min.; '"H NMR (CDCls, 500
MHz) 6 8.25 (d, J= 7.5 Hz, 1H), 8.05 (d, J= 8.5 Hz, 1H), 7.31 — 7.15 (m, 15H), 4.99 (dd, J= 13, 20
Hz, 2H), 4.68 — 4.62 (m, 1H), 4.38 — 4.30 (m, 2H), 3.17 (dd, /= 5.0, 15 Hz, 1H), 3.00 (dd, J = 5.0,

15 Hz, 1H), 2.92 (dd, J = 4.5, 14 Hz, 1H), 2.72 (dd, J = 4.5, 14 Hz, 1H), 1.38 (d, J = 7.5 Hz, 3H);
ESI-MS m/z 540.0 [M+Na]", 516.3 [M] .

((benzyloxy)carbonyl)-L-phenylalanyl-D-phenylalanyl-L-alanine (Cbz-Phe-D-Phe-Ala-OH)
H O Me
Cbz\N N N OH
H 0O l H O

HPLC (H,O 2 min. then 0-100% MeCN / H,O over 80 min.) tR 44.5 min.; ESI-MS m/z 540.4
[M+Na]".

Cbz-Phe-Phe(=H,)-Ala-OH

O Me
CbZ\ N i OH

This compound was prepared according to Jursic’s procedure*®. Crude product was used for analysis.

_82_



HPLC (H,O 2min. then 0-100% MeCN / H,O over 80 min.) tR 43.8 min.; selected characteristic
peaks in 'H NMR (CD;0D, 500 MHz), which were also detected in the isolated mixture by using Cu
salts, 6 7.42 (d, J= 6.0 Hz, 1H), 5.06 (s, 2H), 4.55 — 4.48 (m, 1H), 4.40 (dd, /= 5.0, 9.5, 1H), 1.44 (d,
J=17.5Hz, 3H); ESI-MS: m/z 538.5 [M+Na]+, 514.7 [M] .

((benzyloxy)carbonyl)-L-phenylalanyl-L-alanyl-L-phenylalanine (Cbz-Phe-Ala-Phe-OH)

Cglj\’(N\)J\ /[ H

HPLC (H,O 1.9 min. then 0-45% MeOH / H,0 over 0.1 min. then 45-70% MeOH / H,O over 50
min., 301 nm) tR 40.3 min.; ESI-MS m/z 539.8 [M+Na]".

((benzyloxy)carbonyl)-L-phenylalanyl-D-alanyl-L-phenylalanine (Cbz-Phe-D-Ala-Phe-OH)

H O
Cbz\N N\‘)‘\N OH
H
O Me H O

HPLC (H,O 1.9 min. then 0-45% MeOH / H,0 over 0.1 min. then 45-70% MeOH / H,O over 50
min., 301 nm) tR 41.1 min.; ESI-MS m/z 540.4 [M+Na]".

(((9H-fluoren-9-yl)methoxy)carbonyl)-L-alanyl-L-phenylalanyl-L-alanine
(Fmoc-Ala-Phe-Ala-OH)

Me H (0] Me
Fmoc\NJ\n/N\)J\N/'\n/OH
H o & f o)

HPLC (H,O 1.9 min. then 0-35% MeCN / H,O over 0.1 min. then 35-60% MeCN / H,O over 50
min.) tR 28.2 min.; ESI-MS m/z 552.6 [M+Na]".

(((9H-fluoren-9-yl)methoxy)carbonyl)-L-alanyl-D-phenylalanyl-L-alanine
(Fmoc-Ala-D-Phe-Ala-OH)

Me ., O Me

F OH
moc\N N N/'\[I/
O 0}

H

HPLC (H,O 1.9 min. then 0-35% MeCN / H,O over 0.1 min. then 35-60% MeCN / H,O over 50
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min.) tR 29.2 min.; ESI-MS m/z 551.9 [M+Na]".

B.2. Metal Complex

For complexes with nitrogen based ligand”’: stoichiometric amounts of sodium hydroxide (1 eq.) and
L-alanine (1 eq.) were dissolved in methanol with sonication. The sodium salt of L-alanine was then
added dropwise to Mn(II)Cl, (1 eq.) dissolved in methanol. After stirring for 30 min, sodium
chloride was removed by filtration. The appropriate nitrogen based ligand (1 eq.) dissolved in
methanol was then added dropwise to the resulting solution. The final product was precipitated by
the addition of diethyl ether, filtered, washed with diethyl ether / pentane, and dried under vacuum to
give an amino acid complex.

For complexes without nitrogen based ligand: stoichiometric amounts of sodium hydroxide (2 eq.)
and L-alanine (2 eq.) were dissolved in methanol with sonication. The sodium salt of L-alanine was
then added dropwise to Cu(II)Cl, (1 eq., the amount of metal salt was changed depending on the
complex) dissolved in methanol. After stirring for 30 min, precipitate was separated, washed with

methanol and diethyl ether, and dried under vacuum to give Cu(Ala), as blue powder.

Ca(Ala), or Ba(Ala),

Both salts were prepared according to Hashimoto’s procedure’’.

B.3. Thiosulfinate ° Thiosulfonate

All thiosulfinates were prepared according to the general procedure, unless otherwise stated: to a
stirred ice cold solution of disulfide (1.0 mmol) in DCM (10 ml), mCPBA (0.95 mmol) in DCM (10
ml) was dropwisely added over 10 min. After finishing addition, the solution was transfer to
separating funnel and added saturated NaHCO; aqueous solution. Separated organic layer was
washed with brine, dried over MgSQ,, filtered, and concentrated to give crude thiosulfinate, which
was purified with silica gel column chromatography (SiO;). Thiosulfonates in this work were

obtained as byproducts in thiosulfinates synthesis.

1,2-dithiolane 1-oxide

E\s=o
S/

This compound was reported in the literature’".

70 Pintauer, T. et al. Eur. J. Inorg. Chem. 2013, 3297.
"' Arterburn, J. B. et al. J. Am. Chem. Soc. 1997, 119, 9309.
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1,2-dithiane 1-oxide

o
S

This compound was reported in the literature’".

1,4-dihydrobenzo|d][1,2]dithiine 2-oxide

5%
S
2

This compound was reported in the literature’”.

naphtho[1,8-cd][1,2]dithiole 1-oxide

0
S—S

This compound was reported in the literature’”.

dibenzo|c,e][1,2]dithiine 5-oxide
0]

U

S-S

Oxidation of disulfide’” was carried out according to the general procedure in 0.5 mmol scale. The
crude product was purified with silica gel column chromatography (SiO,, Hexane / AcOEt=7/3) to
give the titled compound (48 mg, 41% yield) as an yellow solid: "H NMR (CDCls, 500 MHz) & 8.04
(d, J=17.5 Hz, 1H), 8.00 (d, /= 7.0 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.76 — 7.66 (m, 2H), 7.57 —
7.52 (m, 2H), 7.48 (t, J= 7.5 Hz, 1H); ESI-MS m/z 254.8 [M+Na]".

S-phenyl benzenesulfinothioate
o
e

o

This compound was reported in the literature’”.

” Welker, M. E. et al. J. Organometallic Chem. 1990, 384, 105.
7 Grainger, R. S. et al. Angew. Chem. Int. Ed. 2009, 48, 4832.
™ Cossu, S. et al. Synth. Commun. 1989, 19, 3431.

™ White, M. C. et al. J. Am. Chem. Soc. 2005, 127, 6970.
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S-(4-methoxyphenyl) 4-methoxybenzenesulfinothioate

1]
o
MeO

This compound was reported in the literature’.
S-(p-tolyl) 4-methylbenzenesulfinothioate
0 Me
I}
o
Me
This compound was reported in the literature’ .

S-(4-methoxyphenyl) 4-methoxybenzenesulfonothioate

0.0 OMe
o
MeO

Titled compound was reported in the literature’®.

S-(2,4-dimethoxyphenyl) 2,4-dimethoxybenzenesulfonothioate

MeO 0 O OMe

MeO OMe

A disulfide precursor was obtained as a mixture of thiol according to Bergbreiter’s procedure’”. The
resulting crude mixture of disulfide and thiol was treated with CuNO;-2.5H,0 (ca. 20 mol%) in
acetone to oxidize the remaining thiol into disulfide according to Firouzabadi’s procedure®. The
crude product was purified with silica gel column chromatography (SiO,, Hexane / AcOEt=9/1) to
give the disulfide as a pale yellow oil: '"H NMR (CDCls, 500 MHz) 6 7.40 (d, J = 8.5 Hz, 2H), 6.43
— 6.41 (m, 4H), 3.79 (s, 6H), 3.79 (s, 6H). Oxidation of disulfide was carried out according to the
general procedure in 0.35 mmol scale. The crude product was purified with preparative thin-layer
chromatography (SiO,, Hexane / AcOEt =1/ 1) to give the titled compound (42 mg, 34% yield) as a
yellow solid: "H NMR (CDCls, 500 MHz) & 7.41 — 7.38 (m, 2H), 6.52 (d, J = 2.0 Hz, 1H), 6.46 (dd,
J=12.0,8.5 Hz, 1H), 6.34 (dd, J = 3.0, 9.0 Hz, 1H), 6.30 (d, J = 3.0 Hz, 1H), 3.99 (s, 3H), 3.84 (s,

76 Stensaas, K. L. et al. J. Sulfur Chem. 2008, 29, 433.

7 Hanquet, G. et al. J. Org. Chem. 2006, 71, 4854.

8 Cal Y. Meyers et al. J. Org. Chem. 2003, 68, 500.

” Bergbreiter, D. E. et al. Inorg. Chim. Acta 2006, 359, 1912.
80 Firouzabadi, H. et al. Synth. Commun. 1998, 28, 1179.
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3H), 3.81 (s, 3H), 3.48 (s, 3H); ESI-MS m/z 392.9 [M+Na]".

S-(4-chlorophenyl) 4-chlorobenzenesulfonothioate

¥ Y
Cl

This compound was reported in the literature®'.

B.4. Disulfide (Section 4.4.3.)
2,2'-disulfanediyldibenzaldehyde

H._O i
0" 'H

This compound was reported in the literature®.

1,1'-(disulfanediylbis(2,1-phenylene))bis(2,2,2-trifluoroethan-1-one)

F3C._0
68\ /9
S

0% CF,

2-(tert-Butylthio)-trifluoroacetophenone was prepared form 2-(fert-butylthio)-bromobenzene® and
N,N-diethyl-2,2,2-trifluoroacetamide by using "BuLi. The crude product was purified with silica gel
column chromatography (SiO,, only Hexane) to give 2-(fert-butylthio)-trifluoroacetophenone (178
mg, 68% yield) as a yellow oil: '"H NMR (CDCl;, 400 MHz) 6 7.66 (d, J = 8.4 Hz, 1H), 7.57 — 7.51
(m, 1H), 7.48 — 7.47 (m, 2H), 1.26 (s, 9H); ESI-MS m/z 284.9 [M+Na]", 316.9 [M+MeOH+Na]".
Deprotection and oxidation of thiol group was carried out in the similar manner as
2,2'-disulfanediyldibenzaldehyde: to a stirred ice cold solution of disulfide (59 pl, 0.20 mmol) in
AcOH (10 ml), HBr (48% in H,0, 136 pl, 1.2 mmol) and DMSO (29 pl, 0.40 mmol) were added.
The resulting solution was stirred at 50 °C for 3 h. After cooling to room temperature, diethyl ether
and brine were addrd. The aqueous layer was extracted with diethyl ether, and the combined organic
layers were washed with brine, dried over Mg,SO,, and concentrated. The residue was purified with
preparative thin-layer chromatography (SiO,, Hexane / DCM = 15 / 85, twice) to give the titled
compound (41 mg, 88% yield) as an yellow powder: "H NMR (CDCls, 400 MHz) & 8.10 (d, J = 7.6
Hz, 1H), 7.87 (d, J = 8.4 Hz, 1H), 7.57 (t, J = 8.4 Hz, 1H), 7.38 (t, J/ = 7.6 Hz, 1H); ESI-MS m/z

8! Sara Sobhani et al. Synlett 2011, 319.
82 Chemburkar, S. R. et al. Synth. Commun. 2010, 40, 1887.
8 Liao, J. et al. Tetrahedron: Asymmetry 2011, 22, 575.
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432.7 [M+Na]', 464.5 [M+MeOH+Na]", 496.5 [M+2MeOH+Na]".

2,2'-(((disulfanediylbis(2,1-phenylene))bis(methylene))bis(methylazanediyl))diacetic acid

trifluoroacetic acid salt

Me
Q1 eTFA

Ho N
o OH
TFAs N
Me ©

To a stirred solution of sarcosine ethyl ester hydrochloride (307 mg, 2 mmol) and Et;N (562ul, 4
mmol) in DCM (10 ml), 1,2-bis(2-(bromomethyl)phenyl)disulfane (0.75 mmol) in DCM (10 ml),
prepared from (disulfanediylbis(2,1-phenylene))dimethanol®® quantitatively by using PBrs, was
added. After stirring at room temperature overnight, H,O was added. The aqueous layer was
extracted with DCM, and the combined organic layers were washed with H,O and brine, dried over
MgSO,, and concentrated. The residue (360 mg) was purified with silica gel column
chromatography (SiO,, Hexane / AcOEt / Et;3N =90 / 10 / 0.1) to give diethyl ester of the titled
compound (110 mg, 30% yield) as a white powder: '"H NMR (CDCl;, 500 MHz) 6 7.65 (d, J=17.0
Hz, 2H), 7.29 (d, J= 7.0 Hz, 2H), 7.19 (t, /= 8.0 Hz, 2H), 7.13 (t, J= 8.0 Hz, 2H), 4.16 (q, /= 7.0,
14 Hz, 4H), 3.85 (s, 4H), 3.32 (s, 4H), 2.41 (s, 6H), 1.27 (t, J = 7.0 Hz, 6H); ESI-MS m/z 238.0
[(M+H)/2]", 477.0 [M+H]', 499.0 [M+Na]". To a stirred solution of the diethyl ester (48 mg, 0.1
mmol) in ethanol (5 ml), NaOH (20 mg, 0.5 mmol) in H,O (2.5 ml) was added. After stirred at room
temperature for 3 h, the solution was added TFA (77 ul, 1 mmol). The titled compound was obtained
after lyophilization as a white powder (43 mg, 72% yield): '"H NMR (CD;0D, 500 MHz) & 7.65 (d,
7.0 Hz, 2H), 7.62 (d, 7.5 Hz, 2H), 7.55 (t, 7.0 Hz, 2H), 7.49 (t, 7.5 Hz, 2H), 4.16 (br, 4H), 4.06 (br,
4H), 2.80 (br, 6H).

4,4'-disulfanediylbis(V,V,/N-trimethylbenzenaminium) iodide
®
NMe3
o SN /©/ 1©
e O

Me;N

This compound was reported in the literature®.

% Chen, M. H. et al. Organic Preparations and Procedures International: The New Journal for
Organic Synthesis 2002, 34, 665.
% Briand, G. G. et al. Polyhedron 2012, 33, 171.
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3,3'-disulfanediylbis(V,/V,N-trimethylbenzenaminium) iodide

P

This compound was synthesized in the similar manner as
4 4'-disulfanediylbis(N,N,N-trimethylbenzenaminium) iodide®. 3,3'-Disulfanediyldianiline ** was
used instead: "H NMR (DMSO-d6, 500 MHz) 6 8.27 (br, 2H), 7.97 (br, 2H), 7.81 (br, 2H), 7.74 (br,
2H), 3.67 (s, 18H).

1,1'-(disulfanediylbis(2,1-phenylene))bis(V,V,/N-trimethylmethanaminium) iodide
(€]
MesN

€] S (C]
| ~ |
Ej ° E@
NMe,

To a stirred solution of dimethylamine hydrochloride (652 mg, 8 mmol) and DIPEA (2.1 ml, 8
mmol) in acetonitrile (10 ml), 1,2-bis(2-(bromomethyl)phenyl)disulfane (2 mmol) in acetonitrile (10
ml) and TBAI (74 mg, 0.2 mmol) were added. After stirred at room temperature for 2 h, the solvent
was removed under reduced pressure then AcOEt and H,O was added. The organic layer was
washed with saturated NaHCO; aqueous solution and brine, dried over MgSQO,, and concentrated to
give enough pure bis(N,N-Dimethylbenzylamine) product (670 mg, quantitative) as a brown liquid,
which was used for the next step without further purification.: "H NMR (CDCl;, 400 MHz) 6 7.66 (d,
J = 8.4 Hz, 2H), 7.25 — 7.11 (m, 6H), 3.52 (s, 4H), 2.24 (s, 12H); ESI-MS m/z 167.5 [(M+H)/2]",
332.8 [M+H]", 355.4 [M+Na] . To a stirred solution of the product (332 mg, 1 mmol) in DMF (4 ml),
Mel (1.25 ml, 20 mmol) was added. After stirred at room temperature overnight, the solution was
poured into diethyl ether (100 ml). A resulting precipitate was separated, washed with acetone and
dry under reduced pressure to give the titled compound as a very hydroscopic solid: "H NMR
(DMSO-d, 400 MHz) 6 7.77 (d, J = 7.6, 2H), 7.69 — 7.59 (m, 6H), 4.69 (s, 4H), 3.12 (s, 18H);
ESI-MS n/z 182.5 [(M+H)/2]".

B.5. Trifluoroacetophenone Imine
All trifluoroacetophenone imines were prepared according to Hughes + Devine’s procedure®’.

Nitro-substituted trifluoroacetophenones were prepared according to Kanai * Oisaki’s procedure®’.

8 Zhang, M. et al. Synthesis 2003, 112.
%7 Kanai, M. et al. Adv. Synth. Catal. 2015, 357, 2193.
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potassium (5,2)-2-((2,2,2-trifluoro-1-phenylethylidene)amino)propanoate
Me

NI/'\COOK

CF3

This compound was reported in the literature®’.

potassium (5,2)-2-((2,2,2-trifluoro-1-(4-nitrophenyl)ethylidene)amino)propanoate

Me

PN

NI COOK

CFs3

O,N

'H NMR (CD;0D, 500 MHz) & 8.35 (d, J = 9.0 Hz, 2H), 7.62 (d, J = 9.0 Hz, 2H), 3.82 (q, J = 6.5,
8.5 Hz, 1H), 1.39 (d, J = 6.5 Hz, 3H); ESI-MS m/z 350.8 [M+Na] .

potassium (5,2)-2-((2,2,2-trifluoro-1-(pyridin-3-yl)ethylidene)amino)propanoate
Me
NI )\COOK

N CF,
I/

For 3-trifluoroacetylpyridine preparation: To a stirred solution of 3-bromopyridine (585 ul, 6 mmol)
in THF (12 ml) at — 78 °C, "BuLi (2.6 M in hexane, 2.4 ml, 6.2 mmol) then
1-(trifluoroacetyl)piperidine (876 ul, 6 mmol) were dropwisely added successively . After stirring at
the same temperature for 1 h, saturated NH,Cl aqueous solution was added. The aqueous layer was
extracted with AcOEt, and the combined organic layers were washed with brine, dried over Na,SOy,,
and concentrated. The residue was purified with silica gel column chromatography (SiO,, AcOEt) to
give 3-trifluoroacetylpyridine (391 mg, 37% yield) as an yellow oil: '"H NMR (CDCl;, 400 MHz) &
9.27 (s, 1H), 8.91 (d, J= 5.2 Hz, 1H), 8.34 (d, J = 8.0 Hz, 1H), 7.53 (dd, J = 5.2, 8.0 Hz, 1H). The
imines was prepared according to Hughes * Devine” s procedures”: "H NMR (CD;0D, 500 MHz) &
8.66 (dd, /=12.0, 5.0 Hz, 1H), 8.54 (br, 1H), 7.86 (d, J= 8.0 Hz, 1H), 7.56 (dd, J= 5.0, 8.0 Hz, 1H),
3.85(q,J=6.5, 13 Hz, 1H), 1.40 (d, J = 6.5 Hz, 3H); ESI-MS m/z 307.1 [M+Na]".

potassium (5,2)-2-((1-(3,5-dinitrophenyl)-2,2,2-trifluoroethylidene)amino)propanoate
Me
NI/'\COOK

O,N
2 CF,

NO,

The obtained product was a mixture of imine and hemiaminal (1:2). "H NMR of imine (CD;0D,
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500 MHz) & 9.11 (s, 1H), 8.97 (s, 2H), 3.85 (q, J = 6.5, 13 Hz, 1H), 1.45 (d, J = 6.5 Hz, 3H); 'H
NMR of hemiaminal (CD;0D, 500 MHz) ¢ 8.83 (s, 2H), 8.68 (s, 1H), 3.71 (br, 1H), 1.30 (dd, J =
1.5, 7.5 Hz, 3H); ESI-MS m/z 395.7 [M+Na]".

C. General Procedure of Reaction between Peptidyl Thioacid and Non-Protected Amino
Acid

C.1. Activation with Metal Salt or Metal Complex

To a stirred solution of peptidyl thioacid (1 pmol) in DMF (50 ul), HOAt (25 ul, 80 mM in DME, 2
umol) and Cu(AA), (25 pul, 80 mM in DMF, 2 umol) were added at room temperature. After stirred
at the same temperature for 1 h, the mixture was added 1% TFA (v/v) in H,O (100 pl). Resulting
suspension was subjected to centrifuge, and supernatant was directly injected into HPLC systems for

analysis. The yield was calculated based on a calibration curve.

C.2. Activation with Oxidant, Thiosulfinate, Thiosulfonate, Disulfide or Trifluoroacetophenone
Imine

To a stirred solution of peptidyl thioacid (1 umol) and Ca(AA), (2 umol) in DMF (75 pl), activator
(25 pl, 80 mM in DMF, 2 umol) (and HOAt (stock solution in DMF, 2 pumol) was added at room
temperature. After stirred at the same temperature for 3 h, the crude mixture was directly injected

into HPLC systems for analysis. The yield was calculated based on a calibration curve.
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Conclusion

> FAIARFELREICC, MeAROESHREROFER 2 BT 572012, FA AR
VERUAT ., A ERDHERIE LT RO N KRG D C K~ ~TF R A i
ET5, X7F FERT 2t 2OV HATL, 7re XA EBOHIZ, (1) KT
IRIEN =T F FFABOERIEDRSE, 2) ~7'F FF A MO MEATEMALED
BI%E. (3) 7T N C RIMEMALIC ARG L 7= 53 T NBR L& 3 a AT O X
%= EALBROIH, &) o OREE R E ULIFZEICE T LTz,

C-Terminal to N-Terminal & Coupling Reagents (Conventional Peptide Synthesis)

@,N COOH
HZN\)L

O—. 0@
Rn+1H 0 ; @ Rn+1H e} ; ; HZN)\[]/

| @waste ...... MUCH WASTE -+ waste T

Protection is inevitable. .

N-Terminal to C-Terminal & Thioacid (This Work)

|
l O .. Protection is NOT necessary.
H2N\)L 94 I
OH R" 4y O
'S' source
OH 2> AN
.—NJ\n’ catalyst1 NJ\fr catalyst2 ._H 5 \Fi\,)n:OH

3. epi ti
1. S - O Exchanging Catalyst epimerization

2. Thioacid-Activating Catalyst
3. Suppressing the Epimerization at C-Terminal

> XTF RTFAMERDOERE T, FAEEREZMERE LT, T BT NVALT 4 RE
M3 - Wi ACHafitts & U CHW =T F K C R VARV EDTF A4 LR %
VNV BEBERS IS EBRE Lz, KISE, 7 h ) &8 RBEAEFREE T T

FBICHEIT L, 1 BEBILINICERE T2, £72. =E(bd 1L.0%LL Ficfz bnTnsg 2
k%ﬁﬁﬁﬂl\bf:o

AcSH (3 eq.)
o Ac,S (20 mol%) o
Na,CO; (3 eq.)
Cbz\ \)LOH > C z\N \)'\SH

DMF

0 .
\© r.t., 30 min. \©
> 95%

(< 1.0% epimerization rate)
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> NTF REEA RIS OEFETIE, V7 F RFAFEIC HOAt fF/E T, $l—7 2 /& 1
% 2 BEAREATTZ L TEIGE, FREOZEMERT RN AATF Refflz, VXTF K
F AW L ERET X B D AR C RIGIRE N Y T TF REE10 TORIT
bb, Sk, BT EAOEMREEBIEL, (1) =D FE A2 2EH(< 1.0%). (2) %
BEOEASBOMHOEMRE, (3) M EO HOAt O HOERE, &) S CTRIGDE R &21T
ST,

AN N\\
| N
— ’
O, Me N™ N

Me H (0] Me

H }—\’ OH
Fmoc N O, NH, (1.0eq.) Fmoc J\’(N\)J\ /kn/OH
N { SH +  rf - N F N T

H -

o \© H,N © DMF (20 mM) 0 \é
Me":}_&O rt,1h 94%

(12 eq) (3.6% epimerization rate)

> Fo, FAINRFUNEEL 24V = R_RUB U RLER T R RECLT, DNS 7 2
R E DRIOREE RIS EFIA L, ERBIURTF REETHD ) 2—7rL Y v OH
aAT T, Va—7nmlb )& 3T D3 DOT7 T T A NIpF, 7T 7 A
Vb CRIBERRE LIEFIETTF A DNRT VAL B L W55 N R DNS 2
TFREDTFZTA NIy T Y T RIARAToTee FTAIIVRF LIVFE~DLERIZ
XFAEEER S U U LA AV, 2 ORT T RFAERE RO SOSHRIZ HOOBt Jx OY N A
DNS X7F REM2DHET, JEOTT T A N7V U TMBEBEIZRS T, &
I - R LR THIRT T Ref5ic, fMaflz AW EanstbnnEZnr > 7 7
ANy TN T DRBEROFER, INVRX LV NVEAE T T F AN RF T
NVEETOBIRW RSO EATT 248 v 7Y U T ROSIZE W T, KiE 72 = e bR
EDREBRLGDL L 2R T 2 LN TE T,

pGlu-His(Trt)-Trp(Boc)-OH

1) AcSK (3 eq.), Ac,S (20 mol%), DMF
2) DNS-Ser('Bu)-Tyr('Bu)-pLeu-OH (4 eq.)

Y HOOBt (1 eq.), DMF Luprorelin

. 55%
pGlu-His(Trt)-Trp(Boc)-Ser('Bu)-Tyr(‘Bu)-pLeu-OH ) )
85% (2.7% epimerization rate) (The amount of epimer was below detection level.)

1) AcSK (3 eq.), Ac,S (20 mol%), DMF 1. TFA/H,0 /TIPS =95:2.5:2.5
2) DNS-Leu-Arg(Pbf)-Pro-NHEt (4 eq.) ' . Tee e
HOOBt (1 eq.), DMF 2. precipitated from Et,O

pGlu-His(Trt)-Trp(Boc)-Ser(‘Bu)-Tyr(‘Bu)-pLeu-Leu-Arg(Pbf)-Pro-NHEt
78% (< 1.0% epimerization rate)

_93_



Acknowledgment

WHIEEDSL S BT &V D BT 2D DRI AL L L TRZEEICZTANT ISV,
BRI LR 3 FFE To 6 FFRICIEY | RIABVLR THRE ML £ Lo, BUTRSY:
KRB RIITER IR @RI OD L D EREH L BT S,

ARWFFE 2 EE ZHREWZEE | OB R DT LI E D R4 AR ZHET &
Digima LW 2 £ Lo, BUNRZERFBREARZER B ARFE2IEEITL X
DIRHH L LT ET,

RRZIITUR A SRR RN D, FERIIIBHE O LA RN 5, HICRNINESBTIHE TSV
THRET SWE L, dUmE RPER BB BT oSt A1 R ReERE
BER SR FERMMERR). RO PR ASROTER B2 TH/KFR 5645, ERATO i
o7 uy e MEEEEEZ NV —T7 ) — 42— FMBEEEA. F O MEEERJLER) 7
— 7V == k=S W M V=T ) — 42— ElfE AR R AR R
EMR) T N—=T V) =5 —  JIESHRFE AR B L BT £,

AR E B D 31572 ) SR SB N &V & & L, SRR RIS
AR HERE  RAMFIR, ERATO 3R T4~ 0 e 7 b HFJEHEs 2T
Ve ARHREC, FHBEREC (B BRACHEEE)IC TR BT L R &

ARBFFEDOILFEMITEE T D HRRFRAMARS I LFH=E FPHERZIICD, FLT
WIIEEDOME & L TH A SR L, MRx RGEICBWT I, ZBhEWniZniz,
FOLREERF BRI TER AR & AL A EE O ER, ERATO @&y /AEm7 ny =
7 b OBERRCERJEHHE L L ET,

HRSHIXITELNTHA 0D, FHE L TARICE Y 2 W -7ZxF L=,
HRKFTATA ) R_—=a eV —F ¢ T RFRE 2 AOERRICR GG L BT £,

_94_



W AETE CORBE O 5T FAEDTE-DIC T a5 0% L VDRSO 5~
SHICIRNLTCFESTEHEERETA TA ) X—ay « U—F 40 7 RFEELNHE
DOEEE, B FHEBOERRICE LR L BT £,

BBIT, BT . RO L S . BB R HICHE LXATF S 57, & -
S, B PR, BB - 2, AR - BB 1B - = EAF SN H 2« Bl B IZO
TLEIBNET DI EOREISZH A TTIIWVE L, M5 - # IAE, AlEE - #
ARELZOE D REHH L LT ES,

_95_



