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Synthesis and Application of B-Thiolated Amino Acids

Shangguan, Haoruo” Huang, Ping” Dai, Zhenya™* Wang, Ping™?
(“School of Pharmacy, China Pharmaceutical University, Nanjing, Jiangsu 211100)
(> Shanghai Key Laboratory for Molecular Engineering of Chiral Drugs, School of Chemistry and Chemical Engineering,
Shanghai Jiao Tong University, Shanghai 200240)

Abstract Native chemical ligation (NCL) is a milestone reaction in protein chemical synthesis. The NCL involves a reaction
between an unprotected peptide with C-terminal thioester and a second unprotected peptide with N-terminal cysteine, which
could give a new peptide in a neutral aqueous buffer solution. The cysteine abundance of natural proteins is only 1.7%, which
makes it difficult to find suitable cysteine reaction sites and hinders the widespread application of NCL. The “NCL-desulfuri-
zation” strategy extended the ligation site to alanine, inspiring chemists to mediate NCL reactions through different types of
p-thiolated amino acids. After the NCL is completed, native peptide can be obtained through desulfurization reactions. The
“NCL-desulfurization” provides more options for protein synthesis. In recent years, several research groups have completed
the synthesis of f-thiolated phenylalanine, leucine, arginine, aspartic acid, asparagine, lysine, methionine, tryptophan, glutamic
acid and glutamine, and applied NCL-desulfurization strategy to synthesize proteins. In this article, the synthesis and applica-
tion of the above f-thiolated amino acids are reviewed.

Keyword native chemical ligation (NCL); S-thiolated amino acids; desulfurization
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Scheme 1 Reaction of NCL-desulfurization

KA T NCL, HETCAL G T 16 ML 7
NCL [Nt FEA, 2 Ik N 2 2L A ISR 22 B 1o
R, MR TREARERNELAMAIEQ, 0 ),
NCL S RIZE 10, A SRR IR (RPN H N -3
FEEFEMR I & T VAT 2, JF DA AL 2 Ik Fl 8
JR A R TR

1 B-HEXAERIEHK

T B-$i A E B 1A B s, WA AT Seadit
B-FRFEE IR AR B A AN 1) B-3i R S TR,
RG24 p- 1R FE IR RN A 5 B, MEDLSEELR &
B X S ) L, 22 AN R A [ FR AR 5ok
S p-S B LR N G

Easton PE@ZHINT 1990 FHRIE T K R ILREAEIRIR
AR AR OB, SEARIEFRERA N p- 52 U A
TR A1 R IR ATA W, 2006 4, Crich BHEA 2152 174
G BRI ER .. AAR. CRRFRAR
F&. 2007 4=, Crich M e VG RE 5 25 [ MoK p-#5 5
RNARRENA B-FFER A Z K (Scheme 2). B %G, B
THEBEBo) R L&Y 2 5 N-RART BRI
(NBS)HEAT A FE BN SN A il - 1R R Yot e S5 A4 4
3. BiJE, 76 AgNO; fEA FIRBREIUR, dm5RT
AIRFELBE A0 5 A AL &9 400/ 5 5 R LRy
11 6). W H:EHT i o B Atk 15 20 1 = ik 4
IKAR G133 p-FR RN AIR(S). a5 RIS it
A(MSsCI). BiAC 28 DA K 2 0 i 2 I i e oy 2B J A
EW 7. FTT IR RERR R R AR A ] T p-FR A
QAT FREG TR R R A, SRITE S
SR HR AR N R, BT IR AE TR AL P24 e A Y e
TR L 2R PR,

B 5, Crich PRARZHM 38 i[5 AH 2 k& BU(SPPS) ¥4 B-
FERNER I NI Z IR, HEmi T NCL BT
i, 154, it SPPS ARk C i AR R A H R 1)
Z IKBHE, 20k H 5 N iy -3 2R TN 2R 1) 22 Ik sk
1T NCL, 152] 7 B HFrZ K. BT H a2 R aE Az BH
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Ph (I) (BOC)ZO, Na2003 Ph
THF/H,0, r.t., 2 h /[ NBS, CCl,
HN" >coomMe (i) (Boc)0, DMAP - g, N7 >coome 250 W Kr
CH3CN, rt,, 12 h lamp reflux
1 2, Quant. 45 min
B Ph MeOOC o
r e %
AgNO3 - o Cs,CO3
(Boc),N COOMe acetone, dark BocNW< MeOH, r.t.
rt,2h % 25h
3, 1:1 (syn/anti) 4,70%
6:1 (trans/cis)
HOL Ph (i) MsCl, Et;N, DCM, 0 °C, 1 h HSIPh
(i) AcSH, DBU, DMF, rit, 30 h  BocHN” “COOMe
BocHN™ "COOMe (iii) 1 mol/L NaOH, MeOH, r.t.
5, 80% 30 min 6, 55% ~ 60%
from trans-4 (3 steps)
() EtS—S—Et SEt
Et;N, DCM, 0°C, 4 h S.._Ph
(i) LIOH, THF, rt,12h /[

BocHN™ “COOH
7, 40% (2 steps)

B2 pHIERIER 7 6 R
Scheme 2 Synthesis of f-thiolated phenylalanine 7
BK, FEUNCL 21K, MEIEEEMELARNKE
FACHRIZ 5 P BR p-Si =R N E IR S L), i g-
IR AR T NCL, Crich BRI A 1 7
B & A BUOR AL BH 3 BT 2 Ik LYRMGFRANK A1
LYRAMF- RANK.

2013 4%, Payne i@l 20 91PL Garner B N J@ 6L, &It 7
WIRNSER T B-3iHE RN E IR 13 1946 i(Scheme 3). &
Je, FREIREERS IR Garner B (8)20 N AR A=
JRAEXT WSRO (syn & anti=2 @ 3). FEXFHLERIA 9
KR5S MsCI AR FURRHH s B A Jid 54 10, A0F e
IR 9a 2 5 [ i, R BY ) 9b 223 Swern %64K
A1 DIBAL-H i J5 ] LA, A2 N e A B AL &4 9a, M
MR =2, EY 10 7EXT H R L (p-TsOH) I/ H
AR O, B S A E RS R L E (PDC) AL UR IR
JEML G 12, BB LTI E N B R 2 ]
WL JF R, BE HHEAT =R H L (Tr) /97, &
KSR BAMLEY 13, Z R Garner BESLIL T B-
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SR NEARM G, W T p-AERIEIR &R AE
. R RUEAR Y, e T a Y e, Edsh
FHAL, K &R BCE B AR AR B R A A
9b A R AT 9all7), ffp | rEE N BRI, A

T ERCPER, e 1A RBRE.
HO
NH Ph (i) MsCl, EtsN,
3 PhBr, Mg, THF / DCM, 0°C,1h
o._NBoc o°Ctort, 1h O NBoc (ijyKscN
7< 7< MeCN, r.t.,, 48 h
8 9, 80%
9b(syn)/9a(anti), 2:3
NCS,
“—Ph NCS
p-TsOH ~—Ph ppC

NBoc -
O 1.4-dioxane, r.t., 4 h HG NHBoc DMF, rt., 20 h

10, 38% (2 steps)

0,
63% based on 9a 1, 79%
NCS,, _Ph (i) NaBHy4, DTT, TrtS,,,_Ph
' EtOH, rt., 2 h oH
BocHN OH (i) Trt-OH, BF;-OEt,, BocHN
5 Et,O, r.t., 1h o
12, 62% 13, 73% (2 steps)

B3 pHiR PR 13 10

Scheme 3 Synthesis of S-thiolated phenylalanine 13

FERL f-ERAER N AR & A, fE#F Il SPPS
HEINBIZ M Berbr, BERDEEAT NCL LA B SR, &
o6, AfiTiEd SPPS &R T C iy H &R, WA, H
AR RN RN A BRI 2 KB, 235 N ok
P-SRIER T EIRI) 2 KT NCL, 2 — @i To & s it
i N p-FIE IR R IR IS . BhAh, 1z i @
i p-FRBEEA TR T K NCL AR — 8k e B85
% 7 Hormone augurin 9 & .
2 B-HERTEEHEH

2005 4F, VanNieuwenhze 1RE4H 201D, 75 2 iR AT A
JEY), @ik Mitsunobu AR R = Jo AR A TR A4, 57
REFENEM S K T p- TS EEER. 2010 4, Brik TR
MRS I, w7 BRBER T I RA R
(Schmem 4). B-F25:F SRR 2B L 4-AF IR A R
(NsChHIR# 5 (fh & 15) 585K 47 7 Mitsunobu
RS = TCERI 16, £ =AM B2 5T, 4-
HAR L R ALY 5 = o U R AR SR A IR S B A i
Fgfk 17 A8, i E A (il o AR R R & 17 12
4- AR I E IR % 4-A8 B 2R e 2, JFH
Boc X & IEEATIRI", S AERRIE S5 25 H 2R A
P-HFIEEIR 20.

SERR T p-EiAE S A R A A, R EIE SPPS K
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(i) SOCly, MeOH, reflux, 2 h HO.,
OH (i) NsCI, EtsN, DCM, rt, 2 NsHNT Ny O

o)
15, 70%
_PPhg, DIAD BF5Ot, PMBSH _
THE 0°C.2h DCM, 0 °C, 20 h
16, 96%
NsHN,, PMBS,, i) p-MeOPhSH, K,COs,
MeCN, DMSO, rt, 8 h
PMBS NsHN (i) Boc,O, DIPEA,
DCM, rt., 12 h
18, 60% 17, 40%
PMBS,,, 1 mol/L LiOH _ PMBS,,
BocHN THE rt.4h  BocHN OH
o
19, 64% 20, 60%

B4 p-HFEe i 20 AR
Scheme 4 Synthesis of S-thiolated leucine 20

HIIABIZkAF, MERIHEAT NCL Mt e v, &%, 1F
H &) SPPS 1598 C o y HZ R . NAR . L2 R
ARHIZ IRIiER, 285K H 505 N il g-5i s S R
M Z KT NCL, #t—Pdid o e @ b B % -
AT AR FE. W g AR 2 NCL, fF
BEEHREI T EH 86 NMAFEMRIINR LR 1
Y- s 3B 330 TR F-(HIV-1 Tat) & A AL 25 A k22,

2010 4F, Danishefsky HEHZHRIE T —FG K p-
A ERIH . fEE RS 21 28,39)i1d 7
W, B LN 58% M B e R T B R IR
27(2R3R) T %% & i(Scheme 5). 4RI Itk &4 23 1K
K5 MsCl AR O K AR R BAE AL &4 25.
AR R 0 48 FH A R0k S 1 B M 2% TR BRAR S R Bk
AR R AR AR RLINS Y o3k S 1) i A2 DA
SAHTRFE AR, SERPIEY) 25 R T
2 IR RS, B2 il R R AR AR R R R (MMITS) 4
th. fJa7E VU T 3 AL B (TBAF)ME I R i 2 5 3 AR
FLAE R -3 R IR(27). B A A I AR A A R
2k, HILEY) 21a 2S3R) A T LAY 27a (2R,39).

SER p-SiEE ARG A, fEE i SPPS #H
T2 KR Ek, BA NCL FUif v, ok, @ik
SPPS &k I C Ui A FIZILRR I 2 KB e, ForhaudE
HER. WEME. SR RNARMMERS.
S5 N UiA p-Sidk IR M 2 AT NCL R R fE
i A R LG 27 R 27a 2 51 NCL J B 2,
RIS 27 FiLL, 27a 2 51 NCL {5 B 38 5 1 B 7= 26
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TMSE-OH
DMAP, DCC

DCM, r.t., 40 min

N62CO3, BOCQO
THF, H,0, rt., 40 h

HOJ\)\ HOJ\)\
3
2

H,N” “COOH BocHN” “COOH
21 (25,3S) 22, 91%
21a (25,3R)
HO EtsN, MsCl MsO
DCM, 0 °C, 40 min
BocHN” “COOTMSE BocHN” “COOTMSE
23, 99% 24

(i) NaOH, MeOH
0 °C, 30 min

(ii) EtsN, MMTS

AcS

I‘L

AcSK, DMF, 5 h
0°Cto60°C

BocHN™ "COOTMSE DCM. rt.. 30 min
25, 82% (2 steps)
MeSSj\\\k TBAF MeSS S .\‘\\\
THF, r.t., 30 min jﬁ

BocHN™ "COOTMSE

BocHN COOH

27(2R,3R), Quant.
27a(2R,3S), Quant.

BR S p-HHER AR 27 A
Scheme 5 Synthesis of f-thiolated leucine 27

A v BRI, 3 X — 25 R 32 2R R /& NCL e B
FEFF S BN (B IE R T 1 1 T e oA Hh T A PR AL 2R 52
TR LA R 2Ta v R e P 2 S A A I A
BUAR T B AIERS, I S BUR S IE R FEAC. [F
WHGIN T AR & b B R AR 12 R P KR, S ECNCL
FRARBEAR. BRAh, 1 a4 S Rt 27 AN
12 5K NCL R BOEFRBEAT THETT. SLIRERERY,

O

26, 79% (2 steps)

AR S 511 NCL R N Ig 5T -k d . wa,
FET W NCL MR FMX A, ZEmamit p-35 5%

SRR ERRAN A NCL, LA, —#8i2:
SE R T AR L1 40 B AE 5 R (EPO)(95-120) A BRI A k.

3 B-HEHITBNAM

2013 4, Payne WA PULL Garner B MR}, @i
13 RNAR T B-5i A R MR (Scheme 6). B 5t, Garner
M (28) 5 4 T 3k = T 45 IR Bi2), Hid4E Felkin-Anh #E0,
LTI S WALBR /N — gk e, = AR b 57
W), PRI ELBIA 16 FIfh &4 291201, 78 % F K figk
FRIVER T, &9 29 I L 450 (R 303, ARy T
B T HEEER(TBS) /P 5, HKik5 MsClLAIRAR 2 B2 B
RAE N AE R TR R AL A 32, N T BRI L
BN CBERE IR IR, SR OB R L &
32 H5ON Tt R4 AL A4 33, SR 5 76 DU A AL ER AN v it
FREN I EAAE R DU AR IS 2, B 7R AL B 1)
WEAEH P AL, Sk EN Gl S5 20 5
— TR Y) 34 5 Boc AN &4 Mitsunobu [ M
LAY 35. 48 TBAF [R1E R i 2 R i A 4 3k
Ja, Ik4 it Dess-Martin 1 Pinnick &b, & & HE
B p-SHRE IR 37.

FER T BRI A G, TR @ SPPS
HIIANBZIF, HHT 2R BEsE. &%k, ]
T SPPS ARk 1 Culi v H R W RNZR .
TR R 1) 2 KB ER, 2515 N il p-3n M &

MH AI|I3'I:t3'.bO ItEtI2t' "N TsOH T 4
N yltributyltin p-Ts /\/'\/\ TBSCI, Et3N /\/'\/\
——— / : HO™ > N 3 TBSO™ X
0. NBoc DCM,-78°C,3h | g, 1.4-dioxane,rt, 3h NHBoc DMAP, DCM, r.t., 16 h NHBoc
28 29, 80% 30, 82% 31,87%
6:1 (anti:syn)
(i) MsCl, EtsN, SAc STrt (i) 0Oy, NalOy, 2.6-lutidine,
DCM, 0 °C, 20 min TBSO/\;/\/\ (i) NaOMe, MeOH, r.t., 5 min TBSO/\;/\/\ H,0, 1.4-dioxane, r.t., 2 h
(i) KSAc, DMF, 50 °C, 5 h NHBoc (ii) Trt-OH, BF3+OEt, NHBoc (i) LiBH4, THF, r.t., 40 h
32,65% (2 steps)  -20> L, 45 min 33, 76% (2 steps)
NBoc
STrt H N~ “NHBoc STr NBoc STt NBoc
PN PPhs,  Boc : TBAF PPN
TBSO™ ™ OH T8S0” > "N~ “NHBoc HO™ ™ N” “NHBoc
NHBoc DEAD, 30 °C, 10 min NHBoc  Boc THF, rt, 1.5h NHBoc  Boc
34, 50% (2 steps) 35, 80% 36, 96%
O  STrt NBoc
(i) DMP, DCM, r.t., 2 h :
(i) 1-methylcyclohexene, HO = N NHBoc
NHBoc Boc

NaC|O2, NaH2PO4, THF,

t-BuOH, H,0, r.t., 20 min 37, 37% (2 steps)

B 6 S-Sk 37 ME M
Scheme 6 Synthesis of S-thiolated arginine 37
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R 2 kAT NCL-isi . Fifija, 153 w7t 1
B-FEEREAR 5F IR T NCL N385 5 L fi
FRE. SRR IRRY], i NCL RBCER AR, H
FERLIR S NE R 5-350 B A T T ) L 2 X e 7 7 5
Wi 271, 5 P B S L F) 7 3 R R B, p-3 AR =R
& AR T B ARSI R R #E.

4 B-HEXERRNSHK

2013 4F, Payne F@ZHP8@ERE 3 DR A K T B-30
B RAE R (Scheme 7). fERRPESME T, 2,4,6-=HIIF
T (38) A1 XS Y 2 A T R 1 (39) e I A= i 1 i Ak R 71
(40). LAY 42 42 3RHE (= 3Rk 3L ) 2 348 (LIHMDS)
HIER T k% oA, BEJE S 40 RASERBUR N AR T
drfHN9 D1 k&1 43. 1B LA 42 55
BT A TS o g, AR S AL BHEZ /N
(1) — ) 3k A 290, 28 A J2 T €00 3% 43 5 45 38 ) B — A B K
GV 43 WulRIE IR ALy ) PRI I S AR i B3 R4&
AR 44.

N
0 E/SeK@
~o o~ ¥ MeOH, 0 °C, 20 min
38 39
N N
(e} 0, 0 (e}
~o o~ ~o o~
40, 72%
Ot-Bu Ot-Bu
o All-Br, i-PrEtN o LiHMDS, 40
DMF, rt.,, 16 h OAllyl THF, -78 °C.4 h
BocHN OH BocHN y
(¢}
41 42, 94%
Ot-Bu Ot-Bu
TmobS 6] N-methylaniline TmobS o
OAllyl i
BocHN Yl Pd(PPh3),, THF, r.t., 30 min BocHN OH
(¢]
43, 56% 44, 80%

B 7 pHiRERLEAR 44 5L
Scheme 7 Synthesis of S-thiolated asparticacid 44
e f-HEER K RIRIN G RUA, E#IEE SPPS
HHTZMkE K, bJE3ET NCL MBI, 5%, i
fITiE SPPS Sk I C i AN Rl = AR 1) 2 iR EE, 7
RIS N -5 R A2 BRI 2 k4T NCL L2t
s NE. MEIERR ISR 0 BT, -3 R L E IR 3R
HeGFRILAAL, W TR C—S B, fEH
W TS N BEON R I I R L E IR C—S BERE
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298.3 kJ/mol, T2 C—S BERE Y 308.5 kJ/mol.
Rk, 1R 20 FIH C—S R, 8
X PHERLAEAR TG, Gt BTk, 1F
HORIAE pH=3.65 C2%M NP 20 h, AJLUEFEVERL
Bk B3 R A RRIISEE. ST Ik iE i -3k
REARRN T NCL, 75BN AR T,
RV 2 B RE R AR RIS EE, A R T e &
WRER A T AR S AZ 116 (1 22 Ik CXCR4 (38 NMRETR).
Payne W ARAHIEIT 3 B R BImESHG K T S-SR AR
TR, JEFIH p-3isE R A BRI LR AR C—S BAEMA
[F], GEEEPEHNLZ: T B-Fidh R & R I Hi 2.

[F4E, % Berl ifEIHBYTARR G K&, EEF RS
PG A4 7 S RME MR, 8 7 25 I N TR I PR
FER T BB R A S BRI A F(Scheme 8). TE&E H %eH
BRARTE LS IE 2R 54k &) 45 FEmPE2 4 T I N A
AL &Y 46. BEJETE LIHMDS {F F N ks i 608 1,
IR 5 55 T TN A B S PR IR AL 5 ) 47 TR AR R
K FRTE IR e 2B ) 48 MUK Trt Al Boe #EAT R4 AE Witk
B 50, 5a, EBIK A R = IR A AL K IR BB
KBS R AR R B-SREE R AR IR 52, BmifEE ¥

(0] s (o]
Ot-Bu Ph)I\S/\COOH )Sj\ Ot-Bu
o o)
H2N > EN, pyridine, rt., 16h  Ph N ~
o] o)
45 46, 97%
o)
. \§
LiHMDS, I, S—" ~Ot-Bu 2 mol/L HCI
THF, -78°C,1h F’h‘<\N O THF, 45°C, 11 h
47, 38%
HS ,\Jko B TS ,.\Jko 5
o _ TrC o _Boc0, DMAP.
i’L ™ DCM, rt, 12h 'i’L > THE rt, 12h
o]
Ph” 0 P o ©
48, 54% 49, 76%
| . |
THS (. J\Ot-Bu Hydrazine s "‘\J\Ot-Bu
BocN Ny THF, MeOH, rt. 5h o (N
Ph/go © o
50, 88% 51, 86%
i
Me3SnOH s "\\J\Ot-Bu
DCE, 80°C, 4 h BocHNj\(OH
o]
52, 97%

BR8 p-HiERAER 52 A
Scheme 8 Synthesis of S-thiolated asparticacid 52
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HRNH T2 G R, B p-3E KL B RN T
NCL-Bifi N, SEal 7 AN H PR FEAR AL A & (60 4>
RILIR).

5 B-HEXREBEHAMK

RATNE 5 KA TR S MIARZAL, A LLdE & #
FSERZRRAL R 5] NFREE. 2013 4F, Payne 8 2H 317
S HRALIRFNELL 6 25 [ NXT p-57 3 R AT Z AT T 1k
=24 ii(Scheme 9). A3 &4) 54 7 LIHMDS fI1EH
5T 40 KA SEAZ B R R Uik &) 55
(dr9 :2). {EVO(=ZREE AR R i 25 Allyl fR373E,
PRER IR EELE BocoOL Bk PR Sk ANtk g 1) /E F R R Az
b S A A A1) 57 A 88, AETCKZAE T, 57 A1 58
] Tmob FRAFELE 2,3- ~5-5,6- ~FIEHKEL(DDQ)MIE
M NG EE 7, BG5S RPN JE1 R E
o1 FLHUAR S B A= R E M. i il ok 22 T R 4 2 A i

- R AR (59 1 60).

73 6 PR AT AN R R B D A B, AT
PR B I TR 46 6 8CREAT T X E. 54 &) 59 M
b, AW 60 TE4E G ik FE o T R T BREA W W i A 1T 5
WA EROREE. T, iR aEy 59 AT ZkE
B, B 5K N R S-S B R ARG 2 ko) il 5 C ik
AN R FE R (1) 1) 2 IR TR B AT — 53 NCL-JB i s i s),
LAk, VEE BT -5 R AT G T NCL ) 2, SEIL
T HIV J5 B fl -G 401 70 AR T3 K 1) & Rk

6 B-HEFIMBEMK

2019 4, EEABRBAPNEDL 8 BRNAW T -
Fi AR IR (Scheme 10). 1E3& LU R 1 9 KL, A
Renata BREZB2018 4K M ED AL T 5, TEMHE
BRI B Aisr i o) NN & R &9 62.
Boc Fl Allyl fr471 5 73 i % S AR B AT ORI, & fRY
FILEY 63 IR MsCl. Bt SR IR B8 7 I N A Ak &
) 64. PIERRAEINESRME T 64 6 FIR L IL 5
REIE, SATEERES RS, B K25 Allyl (R
FEAE 2T 67 B 68.

BE RO DL p-Si B s B /E A NCL A = BR 1)
B, ¥ SPPS A i N i p-sm i & L i £ ik 5
AN 22 IR BTG 2E 4T NCL-B R S S B-37 3 i R Kk
W RARAERREE S 51 NCL ¥ RE PRt 47,
T KA PR R i lie, WS ER, [N
FIRERUR. a, fEE D) p-3iEmiE RN T 1) NCL-
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Scheme 9 Synthesis of S-thiolated asparagine 59 and 60
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Scheme 10 Synthesis of S-thiolated lysine 67 and 68
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