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Recent Progress on Green Methods and Technologies for
Efficient Formation of Amide Bonds
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(¢ College of Chemistry and Materials Science, Hebei Normal University, Shijiazhuang 050024)
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Abstract Amide bond constructions are crucial in peptide synthesis and pharmaceutical chemistry research. The traditional
methods of peptide synthesis require the use of excessive amounts reagents and solvents, posing a threat to the environment
and human health. It is still the current research focus to develop environmentally friendly novel acylation reagents and effi-
cient, green, and sustainable amide bond synthesis methods. From the green chemistry’s principles, this paper is focused on the
efficient formation of amide bonds in peptide, including the catalysis of elemental organic chemicals, some green solvents and
reagents, and some physical strengthening methods, etc. The application of these methods and technologies was also discussed
in peptide chemistry.
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Figure 1 Common boron-based catalyst for direct amidation
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Figure 2 Examples of amide compounds catalyzed by boron or zirconium compounds
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Scheme 2 Typical enzyme-catalyzed amidation reaction
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Figure 3 Efficient green catalytic synthesis of amide bonds by different enzymes
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Figure 6 Common new green solvents for peptide synthesis
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BT FALEY) Aib-Enkephalin 54 & RK, 407 &k
97.0% (PS)F1 81.9% (PEG); [ 4k a a5 p- 1% P g
(GVL) Al N- H [ 25 nd ik (NFM)( & 6) 78 2 44 #%
ChemMatrix bRIh5ERL T KALBHA-IKIL 54 Aib-ACP
55 HIA K.

AR, H—RIRRIKIREECT T HTEH . ey
BEfR, HBefa A=A NOx 8k SOx &5 55, 5l#E THEFA
TSR, IBRER 5 M s (PC) FI B R 2.5 (EC). 1 HLiX
PP R 2 F T8 IR J\BK Bradykinin A 56 [1[# AH
G, FEYIAiE S5 TE DMF 3R &R HAH 24 (DMF: 77%,
PC: 79%). Kk, PC Fl EC # AN Rt 578 1Ak gE
JRF-7), BTGV e A @i R R

FR s e T ) [R) R N-T 2 it v 45 i (B P) 138
AT N-2 FE 0 B Bl (NOP) 2 — 8 1 Bt KL 4T FI 4 (i
), A T 5 Bk (Octreotide) ) A HRA Ak, [ AHFR AL,
T H A B S T8 IR A K Octreotide 57 F& Rk, tH
FEMISERE T 80%. — i B 2T 4 AL SR A — & et
EIBEF(Cyrene)>401 | 754 kA DMF 835 NMP, fE
WAHSZIL T Z MK AR, WK 7 Fistt&Y 59~67,
PRI 63%~100%.

3.1.3  ZeERF e e A

ERRERS 5B GRS R, KFEH 9-2)%
H A B (Fmoc) (R IP R LM SRS . 73— D B BR IL AR
PEERT, 281 5 A AR E A BROR S LK. SR, R
WE A2 — P E I BU . v LR, AR EE SOk
TH (1) 23 R BRI A8 P FE 7Y, FHURIE (piperazine)EX,
4-HI L NS BE (4-Methylpiperidine) & HATAYI (B 8)1E
RNEBEARS, GO 2-MeTHE. GVL, (& —oiE 7T
AR ZEF BRI BV - V=7 © 3). MeCN/EtOAc
(V:V=1:1). NBP/EtOAc (V: V=1 :1). DMSO/
EtOAc (V:V=1:9)¥, "[HBHBLER Fmoc I
FLw2451 A, 2%NRIBEAD 5% 1,8- B —3[5.4.0]+—
-7-J5(DBU) B G, A AT sk B (1R B, 0 mT
R ORI E]. Cabri /NAWHRIE T H 3-— Lt
P I (DEAPA) AT R Bi ks Fmoc FEHMIBT T, A 1EE 10%
DEAPA N4 1E T, #£ NOP 5% NOP/DMC &7,

Chin. J. Org. Chem. 2024, 44,409~420

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

o (0] R
BocHN,, OMe
BocHN\)LNH OBn \/liLNH/H(
0}

(e}
Cyrene 59

Cyrene, R = CH; 60; R = Ph 61

OMe NHCbz
OMe F;ENH OBn
0
62 63
SMe
0 OMe
H OEt
3{ NH
0
64 65

B 7 S e e W I IR AL S 7

Figure 7 Examples of peptides synthesized in cyrene

SER T Aib-Enkephalin 54 {14 & R, 7= 44 A5 3
98.5% (DMF: 20%MLiE, F=2tifE N 97.8%).

Piperidine 2-Me-piperidine 3-Me-piperidine 4-Me-piperidine
H | le)
N
N N
N N N
H H H
Piperazine 4-Me-piperazine Morpholine DBU

B8 SPPS A B AUNKNE it B Fooc- (1147 AL
Figure 8 Organic bases replaced piperidine for Fmoc-removal
in SPPS

Z KGR, T R ANE e, R AL, B
AiE TP R TR N, anghssshos . IR ER IS B — W ik
%5 5 HOBt. HOAt 5§ 6-C1-HOBt TR E &1k R, Hrp
HATU. PyBOP Fll PyAOP[(7-ZZ K —Me-1-52) — Mm%
/N SBERR 2h (] 9B F Bl iz el R T BRI =
.25 (HOBU) 4 A 77 £ K KB s A Ik 42 v A7 7 3 E R
FOUA7) — Ry B4 5 77 2-TUk-2-(FR B T 2 ik ) R T
(Oxyma)“8Ii] LR HOBT ok HOAT Hf% — W fi 28 Bt &
A5, T LA S0 ) 9 T R B 2 3 25 T T A
T HOBt. HOAt. #T Oxyma Z5HATA H — R 512581
Pl 40 Oxyma-B. K-Oxyma A1 COMU(KE 9), FI¥EE
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A RIFRELRES . RNAEF RS E . B EE DN 5
TAEER AR AL, BRI — SRR AR 148 5l

-
N+

&—N(CHg),

|
N N\ PFG_ X \ N
| N PFG_ O\+P/
2N NN N
SO e

X = CH: HBTU X = CH: PyBOP K-Oxyma
X = N: HATU X =N: PyAOP
o 0O
NC
X PRo
N N N
o
O | 6} J\\+/
N NTSNT PFg
HO o J
Oxyma-B COMU

o izt
Figure 9 Structure of couping reagent

&4 128 3t = AR E YA L, COMU BEA AL
B THIEBEA  TEARIELE B F= W 7K I i S0 R
BT COMU HJWEAERRNE AR, PRI 51 e DR Y
ez —, MHHEES N-FEEIERR T Z KA K
N HE COMU fE# 71 DMF HiAtase, PR
TERRHYEE. Bl — W7t 2oR, COMU 1E Bk
IFESR AR p- I A BR(GVL)H 734 & B 1 ik

Aib-ACP 55 Al JR decapeptide 5841
B BRI FA T (T3P) & — Fh VIR A LB R BT 2K 4 &
#0(Scheme 4), HARMHK. Sfl&. e, &
A 2 R I T A PR R A, R ) e L I R R ) (e
BEBERRAT ) B T oK, O 12 B T 0 2 K )
4 A% . Fernando /NHB'RKE T3P B A T [ FH 2 KA A A B

\/\P/o\ /_/

0 0] . Ps
H H g -0

R! Nj/u\:|OH + H{Nj/qow + OO\F,/O
oL R Jn R -m Oll

T3P

"o

o R o PeN
H & o
R N)\”/ orz * Oon o
H O R n+m 4

HoH N\

o) H o) Y0
/@/\‘)J\” N\)J\H N\:)J\NHZ
HO NH, (@] (@] Y
59

BR 4 T3P 45455 R NS A2 A H-Tyr-Tle-Gly-Phe-Leu-NHa
Scheme 4 T3P reaction process of T3P® and structure of H-
Tyr-Ile-Gly-Phe-Leu-NHz
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Bt 44T Uk H-Tyr-Ile-Gly-Phe-Leu-NH, 59,
FEERTE 97% LA L.
3.14 SRKKRE G T A

Native chemical ligation (NCL)>IfE C-fiilig ik 5
N-Et MRk 8], 57 N1 2] Cys(F
PEEIR) Fr Bk & ). 83X A 7 AR T R IR
BOERE, A A IR E A B8O T RE. NCL U8R
S)5icons s A ey R EA TN S TR (EP X (S e
77 T 2 B PR, 6040 B T R R G IR BE B B, AT
Fmoc-SPPS il & JI Bt i 475 /& — TPk il ol & VR e 41
(52b-5241% Ji& 1 BT MR IK) 22 ik R BOE T 1%, RIFE C-R
I JIRTHEJE AN N-2F i 2 IR IR 2 T AR A 22 B R SOz, BA
TE RO, tE 7 EAY AT LLEH T Boe-B Fmoc-SPPS
%, BT BLH TR RO IR BO B, fERE
HHHRETZ M. R BRI AKAH BT, 2
T AEIEZ IR & . RERX —IHEN AR, (Hi2
A DA 3 S A WL B 77 BORE A A% R A 7R 53, B
Bl TR s SN, DA v B R i
FWAE 1-2.FE-3- FFLBKME 2,72 £5([Comim][OACc])Y, &
K7 %)) Influenza B proton channel (MB2), W n[ ik
80%~95% . L4, Traceless Staudinger Ligation (TSL),
Ser/Thr Ligation (STL), Ketoacidhydroxylamine ligation
(KAHA)J7 %, ¥R T KR 2P el a1 1) o),

3.2 MERULLIREMBEA
3.2.1 HE*

Bk B#2:(Ball-milling)1*)(Scheme 5a)/& £ BIHL I 521k
S 2 8] A 5O HE B e LR A R — RO ROR, W]
TE TCVE 77 B W51 s AF R BEAT, AR TR
Jl. PAEIEIR-N-FREE N IREF(NCARTEYINERL, 278
BRI R A = IR BT B R (Aspartame, 60), 723N
84%; {E/DEIRA AW EtOAC Fl GVL 44F~, & hk
Leu-enke- phalin 53, & it % & 3| 46 % ; # H
EDC/Oxyma Zi& 15, EEREIET] EtOAc %4 T 54k
ik 93%. FILAHAEEE PYL H-Val-Val-lle-Ala-OH
(VVIA, 61)1)& BRI BR B 1 5 4% G2 1) & 7 1 (0
W kG SPS MEAHZ Ak &k SPPS), 45 R ailE 10
IR, BREEI0 ™ 28(59%) AL BE(96%) & N i, *
JIRF) 5 OSCR B, 5 FE R IR HIFEMH, SPPS 5 Fikid
R AL PR AP v] R A2 BREFIE Y 7 3 1000 5. AU,
LREEIR, BRESIEMR T SPS Al SPPS Mfh i, (HZHK
BRSO BAFAE — 8 SR BR 1.

322 HE&E

Lamaty /NALSTHR R T s I -k & ik 0 77

1557 7% (Reactive Extrusion Method) (Scheme 5b), %/
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(a) Ball-milling

PG-AA'-OSu + H-AA%-OR PG-AA-AAZ-OR

(b) Reactive extrusion

PG-AA'-OSU + H-AAZ-OR i = PG-AAT-AA%-OR

(c) Micro-flow
PG-AA"-X

o @
PG-AA-AAZ-OR

B 5 P2 kG AR R B A
Scheme 5 Schematic diagram of physically enhanced peptide
synthesis technology

e} H NH, O
~ N 0 3 0
0 \”/'\/U\OH H H
° NHZIWWLM o
I N
Aspartame 60 VVIA 61

Ball-milling, 59% yield, purity 96%
SPPS, 54% yield, purity 88%
SPS, 43% yield, purity 85%

Bl 10 Aspartame Fl VVIA VUK 2544 30 DA K = Fh 156 %

VUK VVIA (77 R FALRE LR

Figure 10 Structural formula of aspartame and VVIA, and
yields and purities for the three strategies of tetrapeptide VVIA
synthesis

Ha—MIEEUEY) . EE. Pl mRCE TSR
TlA pIT %, IR N-FRdE T L (NHS) i
& Boc fRAFHIZEIERR, SCI T S B S Bi — IkE =
ik, #1477 Aspartame 60, /=K 81%.

Juaristi /NHAPHEE 7B N-IRIP R IR S 22
TR PR SRR SR 48 &, oW IR 2 Rk 7. A
Mg-Al KA MHT-S)F A gk taimte i, 2Bk
A E A AT W E PSR B (40 NEt;, ProNEt A
NaOH)E Ao BG4k SO b () 53 5Bk, & HOBT
A EDC 46407, #4550 a,a-F1 a,p- Ik, 41 N-Boc-
Leu-Ala, N-Boc-p-Ala-Phe 1 N-Boc-B-Ala-Leu, 7=Z%ik
89%. IXF 7k I SIS ) JE, KRR R RN, 2 AbER,
It B AEW AT BIOE b, EEATH. AR, XA
TIE A R, 5AE T R SR B
323 ELZRBRES R

AN DR PR AL B, Jab 1 RS A FH A S Bz B
(), DT 2 AT KT 8 A B 558 1) 52 ), — ol & €0 077 %
(Scheme 5¢)13%61. Fuse /N2HIO0G g JIA A2 48 FH 2 L 80 i
R NARFUNFR A3 5)), FIFBREF (40 NCA)E
IR AR, FETNUSON. 2 20PN IR AT Ik i B A TG s v,
I A SIS . Fln, /£ MeCN s, f§
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H =S RGN A FRIREF(NCA), SRR
BLPRAE DMF VAW R 466, 19 3 m e i — JorT DY ik
62~68(& 11), LUK KIRPT HIVINR GGG #) %
Jik feglymycin 82. 7E MeCN ¥&iiish, A TR T
5 (CICOLBu) K R R 1L MR A FREF(NCAS), SRR
MR ERY S, WA 3SR =K 69~75. Jolley /)
TR T HABIUNRE A ES N E AR B 3h
pH 1E[FESHBE SN 2% R ZE(CSTR), TEMER 2522 i
(pH=102) & B — KA1 =k 76 ~ 81, * b R Ak
60%~85%.
324 T RAEHBIE9 % AKE AR

AR, X ] WO EAAN R s B 2R A 4T T T2 1
WEIE, HSREL 18 28 LS B 26 A N AN B 5 I AL 2 i
1k, oAb (A B EUS T — S HEE . Alex /)
IR T — FlOK BH G B A R ks = Ik
%, B AR R A, SN TRVRE, AN R AR S A
N, FEEIR 80% LA b, RIS TE 70 KPR AR &
(Scheme 6). X Ff 5l B b S 1 et 1 7 V2 B FH T B 2
MBI A R R AR IE, T KRG T
WE.

4 ZERERE

P s AR ST PR AR B B N 2 —. TR AR
T A ) A A 25 5 12530 R T 16 I 1 75 A £ 2
A, UK, B80T IR m k. B
TRy ATRREETT . BARBLT BLMish =, JFE— Mkt
T VR T A2 T AT R B o S ST S, AERAE T AR
BEics i RE R, JCH 2 RREGY A, BT ACLE
THETRBGERELE, 5EGMHEEML, BRBE
e R N RE R P AR A R, AR RIS
SRR AV) R E R AR T/ T B & )
%, AR PR A A R I % S E 8, S S 25 A
FEAC AR BB S, fEZ IR, ek
SRIELE P APIRIN B Ik D7k, AT LA AN R R A, B
AR EIARIL &Y. 4 GCIPR(ZR AL 220 FE BT
245 [ S 2 B0 D e T LM EtulsRl, 5% AN e
Bl IvEREAN =, BT prless, (A2 —MERT
ZHE TR, K A AR TR, SR G LI R
AR HAR R B AN, PSR P B 2 R R i e
BRIV E, DRI, JT A RENS (et Z S BRI T 7K 1) Il
TRAP B [ 2 B T 2Rt RO VA R B B U —. Pt
540 22 JIR AR TT DA S B2t A TR KBRS 2B 3R e
A, T AT CLRRAR A, 4R S NI ], 2 fa B B
PR IFRBEHER A RN 2 IR S MO RO B 2 7 BT
RIS, ASCERIR T B 8 P RO 2 G e 8 PRI A
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R® Ph

0 0
H
R’ N\)LN/EWR“ BocNH\‘)LN/(N/OAIIyI R" = Ph, 97% yield 66

z 1= i

g H g oAl R = OH, 98% yield 67
R' = Boc, RZ= 0Bn, R® = Ph, R* = OAlly 92% yield 62 (R* = OH 96% yield 69)
R' = Fmoc, R2= 0Bn, R®=Ph, R*=0H 80% yield 70
R' = Boc, RZ = Ph(4-OBn), R® = Ph, R* = OAlly 100% vyield 63 (R* = OH 83% yield 71) BocNH\)kN OAllyl
R' = Boc, RZ = STrt, R® = Ph, R* = OAlly 94% yield 64 :

R' = Fmoc, R? = STrt, R® = Ph, R* = OH 82% yield 72
R' = Boc, R? = OBn, R® = CH,(CH3)CH,CH3, R* = OAlly 89% yield 65 ( R* = OH 82% yield 73) TriN

R' = Boc (Cbz), R? = Ph, R® = OBn (Ph), R* = OH 87% vyield 74 (88% 75) N7 92% yield 68
fe) H le) o o COOH
HN L /H(N\)k H
N -~ oH HN AL AN 2N\)L N\)LOH
= (6] N z H z
Ph 0

“ph

Ala-phe, conv. 71% 76 Ala-Leu, conv. 71% 78 Asp-phe, conv. 75% 80

Ala-Ala-phe, conv. 60% 77 Ala-Ala-Leu, conv. 85% 79 Ala-Asp-phe, conv. 66% 81

OH OH

ZT
ZT

ﬁhﬂﬁ%&%&ﬁ e

Feglymycin 82

B 11 A EAR G R AR

Figure 11  Synthesis of peptides via micro-flow reaction
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