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Abstract The small-sized cyclic peptides have attracted much research interest in the organic and bioorganic chemistry. In
the present study, the mechanism of cyclization of tetrapeptides by an imine-induced ring-closing strategy has been studied in
detail using the density functional theory method. The geometries of all the species were fully optimized at the
B3LYP/6-31G(d) level. The M06/6-311+ 4+ G(2df,2p) method is employed to calculate the single point energies. The solvent
effect [Trifluoroacetic Acid (TFA) was used as a solvent] was calculated by using SMD (solvation model based on the quan-
tum mechanical charge density of a solute molecule interacting with a continuum description of the solvent) model. Both the
carbonyl transfer-cyclization and the H transfer-cyclization-carbonyl transfer-H transfer mechanism might be responsible for
the transformation of the imine reagent to the cyclic peptide product. According to the calculation results, the carbonyl trans-
fer-cyclization mechanism occurs via the carbonyl transfer from O(Ph-) atom to N atom, corresponding to three possible
transition states with the barrier height of 20.2, 16.4 and 62.7 kcal/mol, respectively (the second one is the most feasible
among different ones). Then the concerted H transfer & C-O cyclization step occurs via a six-membered ring transition state.
The second step (the concerted H transfer & C-O cyclization step) is the rate-determining step, and the overall activation
barrier is 28.3 kcal/mol. In contrast, the H transfer-cyclization-carbonyl transfer-H transfer mechanism includes four steps:
the hydrogen atom first transferred from oxygen atom to N atom with the breaking of C—C to form the intermediate M3 and
a CH3;COH molecule, cyclization via the C—0O and C—C bond formation, the carbonyl transfer from O(Ph-) atom to N atom
accompanied with the breaking of C—N, and the transfer of hydrogen atom with the cyclization of C—N then occurred sub-
sequently. In this context, the second step (i.e. cyclization via the C—O and C—C bond formation) is the rate-determining
step, and the overall activation barrier is 40.1 kcal/mol. Accordingly, the carbonyl transfer-cyclization mechanism is rela-
tively more feasible than the H transfer-cyclization-carbonyl transfer-H transfer mechanism, and the rate-limiting step is the
concerted H transfer & C-O cyclization step with a barrier of 28.3 kcal/mol.

Keywords cyclic peptide; concerted reaction; stepwise reaction; reaction mechanism; density functional theory

1 8% RRGE R R A BOR IRE T, PRIk — R AT 2 Ik
BEYE, DX BB 2424 U A
R —REEIAEY), L TAAERRN 5o i st BRIRIET AT 4R 2= 445 1

BSES

* E-mail: shijing@ustc.edu.cn; yuhaizhu@gmail.com; Tel.: 0551-63607476; Fax: 0551-63606689
Received May 21, 2014; published June 24, 2014.
Supporting information for this article is available free of charge via the Internet at http://sioc-journal.cn.
Project supported by the National Natural Science Foundation of China (Nos. 21325208, 21172209, 21361140372, 21202006), the Specialized Research Fund
for the Doctoral Program of Higher Education (No. 20123402110051), the Fundamental Research Funds for the Central Universities (No. WK2060190008),
Chinese Academy of Sciences (No. KJICX2-EW-J02) and the ChinaGrid project funded by MOE of China, and the super-computer center of Shanghai.
T H 52 5 3 SRRk 4 (Nos. 21325208, 21172209, 21361140372, 21202006) 45 2445 1 24 R o5 & TURMIT L £ %5 B8 (No. 20123402110051)
[ A2 [5E 5 8 (No. KICX2-EW-J02)  H e S AR Lk 45 B 4 Tk 6 (No. WK2060190008) % £ 77 s [l # Fr RHIF B ChinaGrid e LG THEE
Bt

Acta Chim. Sinica 2014, 72, 935—941 © 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 935



W F F R

MR

51, 20 40 40 AR — M P IEIAIK gramicidin S &
PP B AT s S B R AR = o B T 2
ANFESEPERIRIK. 1 RAERIIARE, IR R
G S LR, FPUREAR 8 7 e e e kst
X A KAV 2 MR, JCEE Ry m A
252 EIR BB SR TSR 1)z e, 2 A
Y 2 K/ H B oy T IR 8Ok R A B IIAE .
LERPEIRARLE, 18 A B T BOR ST IR IR A B
PRMERZ . AN 8 T F N RN, 35 1E
BRI AT, (AR S AEAE R R 2 AR I A
P R, SRR SR i R AR BE AR
TV VG ON 2 A R o Bl 2 — 1O,

i, Wong ZUMRIE T — /N W IG5 Bk A
BT A FO DU IR (R S5 ik, X — B T Li 25
RIERIH T 2 RN T 2 OER R Y. 75T
FEG 2 R T 1 A AR S P, FER KA Bl
— N, AT H T 2 DY R R PR R R AR A
PRSI ) S N i RE. = 1 FiR, AT A4
H RN K ERIRIE A RESMERAE R
FHIE ) 16 ST RZ ) B, Bl J5 P&t — AN %
AR C1 8 A A IR Rk C2, FFA L
—AN 12 JCIR) N,O-2K N H LW 4E R MY D, 5
Y5 D G R AR A R I 12 JTCIRHIA K E. [, At
B4R H B 2 D [ R S DA B A, T
YR B G HE T AT HEABEA R AR I
it RNV AR RE. Wong 5512 FHE TH O R i 3
IO E R R B (1) e 22 04T AN 5, JF th b HENT B—C2
RS R .

INAZE R R, Wong /N IX AN [ W g6 47 (1)
i HE B BOD AT, DRk H AT b 6 524N IR R AL
SN LRGN AT (AR, A, Wong Z8(¥11H 57 s ] NH,
FERPEAREI 1 P VAR RN OGRS R, LT AT
AR M. Pk, i B B Ak D kit
Pk 75 BEHE— D (WF 5T, 1 WA G 3 78 17 R AL,
I S PRI T A 1K 5 2 AU B VTR . i, AT
FEARSCH I F A T8 7 7206 DU KAl HP 1R S B30 2
(PR N I FEEAT PEANIT AL, B s e AE I RO ATLEE. 3

HO._R

o HO
NS
HZNUO N
CHO
(1) PylAc
(2) TFAIH,0

rt.,4h

© path 1l
A B

B 1 USRI I R o e v e A4 S S T
Scheme 1 Two possible pathways of the proposed tetrapeptide cyclization

936  http://sioc-journal.cn

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

TR R IR, FRATIE Bq. 1 ARIRUAL SV,
& 1% iz BR B (DFT) AN B R4 ROW R 1
T BY L AL G ) POR RIS 1 R 5T D)
PHASAN R (R HLEEREA T PR AN IR 5.

NS
L
O

2 HEFE

VT I B3LYP e 5 vE T Re s 45 H LR HE
(57 gk fs B, Syl Th i T #id A% 5 1
(A AR FHU 2 S b AT 0 A SR v 1R L AT 45 44
PLAL¥IE7E B3LYP #HE/KF R L 6-31G(d)ZEA 21T 1)
CRHIMO6 12 R HEAT R RUARAG A 2 1 45 5 5 B3LYP — 5L,
45 UL Supporting information). 7[RI #E /K 1
XS BT A BREBEA T e 2y b, DA S N )4
U=y AAFAEATAT FE A A FARE T b b pit, i i 9
BAAFAE A, R aem B, [, g4
¥ AORIEAT T N B R N AR B (IRC)!MIo#, KAl LA
FRET PR A0 RN YR =4). d5 i %
&@%*%M%Mﬁ&u6sn++ammm%%ﬁﬁ

B RE A R REREAT VAT, O TIRIE MO6 REREY
A, BROE Z 4N, FATIE 4 5 aE B TPSS! K

MPWB KO 732558 S5 I A 2/ o 2540 Jo 11 B0 o RE R AT
TR AETE S5 S B [ I N AR S W AU TAE
FH T B A 585 5 Lt (90 9 50 A B 7R (SMID)! T3] 5 71
WAL (BL CF;COOH A ANIEAT VHR. A eh i)
AT ) I 1 6 2 3402 FH AR A A A5 210 1 35 A3 0 B #h g
I IEAE 5 2% 18 T 570 RO, 5 1R B S BB AR n 75 21 1) 45
BT ISR s 09 AR LS5 ).

3 HR5WE
HOEXIAG OB R TR, R

pathl @/}5 o R

b

Acta Chim. Sinica 2014, 72, 935—941



W F F R

RN LA (B A ARPE DL Supporting information)H
BRI B R ARG — D GE A REA AR IE
2 . AP LR IA X e R DL R A S 00
P32 (AT e .
3.1 HREEHB-SINRMNHIE
HEMTE T RN R ORI TG R Rt
FEHER R N JE TR, bt 2R 1 ik B 3
C1 (it fE(path T). FRATEAL, 78RN EE F Al g A7
= FWBEE R R 6 Juakmhia ik M,
W Eq. 2 Pion. AR 2% A A5 2] M1 FR e Ry 7Y
FEURAR 2 LA B0 54146 S N0 R ARSI R 2 i 2R . 1
HEER SR, R RS HIRA T — NS R 0 I
& TSU i Eperb i fh M2-1CGLOE R A 1 o).
M2-1 B4 B 1 Fior path T A €1, &l 1
7R, fE TS1 R C—O B fufi 2] 7 1.791 A, iy
RITK BB 1K) C—N 2 [ A B S 4R A2 1.610 AL LA 45 H
iRy, AR AR, A C—OPh—O)H M)
WT LRI C—N B A b R T, 2 2 her i T
NI FER ARRT B H Re e ae e, AH G 2 i b i
FEI%) H B2k 20.2 keal/mol.

©\/):\N J\( ; @j;l}g\O? (2

62.7

T3
5
,’, ‘\\_
TSt 202) M2-3 (
T M2
/ TS2 g1s 4) )
M2:2
; (13 2)
QT =
— N
OH e
/i R-1 S1.82 o C,o

@f oy @m%"” Oy,

M2-1

M2-2
)ﬁ/ /g/ P (-6.1)
H
M2- 5 P

»("\‘,_

)
116}!:%)\\‘g
~(& c(@) ?— K
it 3 O ° C(z)

1701 /"*r/*. 2.009 rﬂ

Ts1 TS2 ® o TS3
\

e

- ,;,»-'H

R " R2

Y

-1

e 03)‘2 *
593 f C(5)

17M

e @f;f’

LSO ‘(0(1)
—?z:;.,g;"f ® f%
1.939 ,
“"fmi Chet » 13211141 |
TS
” <2 \C(e>
¢  —
‘r‘ r’ 2050 0(3) 2009
,' ) '«,,H.o 4 fa\
2.086 44 c<5) ‘ 1 1
13m
TS4-1 P-1

Bl PR3 RN &0 R R (B B A)
Figure 1 Optimized structures of species in the carbonyl transfer- cy-
clization reaction mechanism (the bond lengths are given in A)

SR

L
HO o H
M2-3 (32 0) TS4 o
(28 3)N
TS4-1 \
) (20.4)
) M2-4 TS4 1
= ;\:: ‘.
(15 3)M2-5

o ‘\
M2-4 \

\—

Bl 2 BOREAE GRS A BE I (B P B D T A 1 H g, A keal/mol)

Figure 2 Energy profile of carbonyl transfer-cyclization reaction (the values in profile are Gibbs free energies, in kcal/mol)

Acta Chim. Sinica 2014, 72, 935—941

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

http://sioc-journal.cn 937



W F F R

MR

B, 76 TS AR IRl X A ) B S [ ge
C(3)—C(4) et J % C(5)-C(4)-C(3)-C(6) M ffi X
AR T AN AS R I L e 78 i FE (0 i U S
TS2 F1 TS3, EATRARXS A HEEE 54 16.4 FT 62.7
kcal/mol. W& 1 Fros, 1 ff C(1)-C(2)-N-C(3) fl
C(5)-C(4)-C(3)-C(6)Fr 1 TS1 H1f#) 61.2°, —170.2°4%
b3 TS2 111 109.2081—78.2°. [H]INF, TS2 HEE L
C—O ZIAFEE B AR 2 1.731 A, 1K S e 1) c—
N KR Ok 4 %8 1.593 A, KRtz 4, —#Fead 4G
P B IR ROR AR A, DA, 5 AE R RE D A
A2 T 3.8 keal/mol. 5 TS1, TS2 AL, TS3 745 R 45 14
A TRKMAR L. WK 1 PR, TS3 ZTE TS %A
FEEES CR)E T K C(6) 5 C@)FEHFIZEE C3)—N
SHTERAF R, JLGE R SE 4 4 1 25 a4 PH.
I, 7 TS3 WL C—O Byt b 5] 7 2.009 A, fij
K BB ) C—N 2 (A1) BE B A 4 4 22 1.960 AL AHMIT,
M TS3 Az plHb ) M2 1 H 1 22 5714 62.7 keal/mol.
HT TS2, TS3 5 TS1 —HA{EAF NG LAF 2557, 4
BNk IG IRC 207 KB TS2 H1 TS3 T w1t v
YIS PIEA R R A M2-1, T2 & 1 A4, 435
0N R-1 5 M2-2 F1R-2 5 M2-3. i1l 2 ] DAfSHH, ¢
FEHE T o R B A R 1 B AR BT 0 L BHRE 220N 16.4
kcal/mol. IL45 A =T Wong U455 14.8
keal/mol. )it R (i FARATEETF s A NH, JEF15
RE 1 R NARR N T, X7 — e fe s -
AR T B e 2 I BAVE L. B 2 Bl e,
S R R 48 7 = ANAS ) (R A 2R e 1)k M2 34 2
SRR A F AT s, RS Wong /!
(A 4 A — 3

W 1R, iR M2-1 52 M2-2 R 4
Tl R S ez LA B B R A H R PR & C-0 B30T
e, R, B R M2-1 e M2-2 R, SEET
JUA SRR e e 1) S A A 2 26 i b (1R MI2-4 7T MI2-5.
S PR I DA 1 23 AL ) P8 ) T4 R oR AT H
TR & C-O G REM KA. BiE M2-4 5 M2-5
K& — RN H R BRI O Jir & C-O
R AT B P A AR R P A AR B
BIXGIAET N U bz 6 B I 35 A1 1 225 ()4 e U7 o)
PIANT]. DAl 7E8E TR RNV AR M2-4 HEEZ )
TVERS TS4 MERRZ ) P, M2-5 SC& g
TS4-1 ‘ERG=H) P-1, 2R )5 F& i sl lie i 1t 77 U A
AR L= P, Wi 1 Fos, 76 M2-4 1 C(D)I
SEHE PR B C(6) ) R e, 25 (Al BE
VB M2-4 11 HBELE M2-5 (9 5.1 keal/mol.
M FEGLERS TS4 W HHEAELL TS4-1 s 3.7
keal/mol. Zf BT, 7E3EMNIEEE -G RNV IS FE
P H IR PR & C-O AR RE, St i
AN TS4-1, HXFR A Hfg22 4 28.3 keal/mol. 73— 77

938  http://sioc-journal.cn

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

I, BAHETH R RS T IR getk, (2w
frige AR 5, BARSGS R WL Supporting information.
3.2 HEB-AR-HREEB-HEBRNIE

B ROk T I 1 BRI path TTRERE, 1% %W,
REFR ARG HHREARE I WA 3 PR, EHLER 0
JEH R E| C2 (e, WM ERTHBE 2 N T
J C-O G RE. fEIbNIZEED], NP N RF
N osp® AkAk, FFEE SRR AR PR, S
PEREEN O Bl i by, AR T4 FoRm)
C, O . AR, WK AE C-0 GRS
O JRTF Aot i, M S8k RN =T =
WG TH ). Pk, BATE e 5 T BRI AR
THBER N R IR TH5 8 R, VIR NV R
TSR A TR A R-3, HAHXT H BR8N 2.2 keal/mol.
b5, FE#E R-3 PP (EEFRIE)O—H #E i 2 N, H J57 T
Z BRI 4a R, 15 RNERE ESSE—ANER TS
FIE A TSS. Wil 4 Fios, TS5 -5 F2HE K W AHIE )
P sp® ZA0 IR C J 2 T 1 2 s AR e A 3 17 2,043 AL
VLHIBES O—H BT 2L S N—H 84 i, RN FEREG C(3)
—C (4B W 2 15 2] — A S5y 7 Kb a4k M3, B
i M3 f 5 Al FAER S —A C3)—C@)Fi C
—O RN FICHLIES TS6 M2k 54— FooH
Mk M4, REIES 1 FrosSiadi c2. HIE 4 w1
LA, 75 M4 R EE RGBT C—0, C3)—C@) 2 [alfH
BE B 28 IR A TS6 H111) 2.667, 2.202 A 4k 42 1.439
51,559 A, BT M4 AL — MRS E 1 FLC IR 5 1)
1 A HAERE S 0.1 keal/mol. B )5, M4 B 5L 4]
BT OGN R 5, R EREAT Toa i )
(Ph—C)C—N #H M E i — AN S TST KLEH
FEHEPIN Ph—O # | N 7 2. i 4 frow, 76
TS7 Ak CQ2)H N R T2 MM 4K 2 1.495 A,
MERIE C2)—O(Ph—O) BB P A 2.339 A, IHE FioT
B #(Ph—C)C—N ft g hr i s 1.803 A, Bl C(2)
—O B, Bkt CQ2)—N BAE i 7 3] — XS
H H#E4 6.0 keal/mol ¥y [R] 44 MS. 71 M5 i EoR oo
) (Ph—C)C—N #pfi s 2.982 A, HEHRER
TEFRIEHRS IS FE R SRR C—N B#ITFIT N, B
HE kR MS Bl —A H R P8 & C—N B8 & 3
B ) S Nk JE 2 TSS, &5 874 P, RYE K 4, %
N H HBB-50- R B-H Yl PR C
—C 5 Cc—O0 B&EMLE, XN EEILaE22 N 40.1
kcal/mol.

h T RAT BEHURE BT IR R VLR LS, AT
HANIMH T B—~C2 WP RA C-O HHMHEN. 1%
A FRRAT A B RO RS, i [ e EE RS ) C—
O Z [A]AN[R] FE 2545 31 7 1% S W 8 420 1) A T A 14
(L supporting information & S4), AR C—0O

Acta Chim. Sinica 2014, 72, 935—941



C \/\\,q/'\ o
}
HO o" TS6
I R o//]\ / 40.1)
0
; N
O)\l/ H\N/.\
R-3(2.2)/ |
=
R (0.0) o
o)\

B3 HEW®

— B IR HIE TS -H Fe R S R Bk e i 1 (1T K e o 5 A1 47 el

fie, HL7 kcal/mol)

Figure 3 Energy profile of H transfer-cyclization-carbonyl transfer-H transfer reaction (the values are Gibbs free energies in kcal/mol)

0(4) z 043

Op @)

" }%‘Q( ! 73{- ;( C(“)}' 4.960 0(4,)(:

Y \ > 2667 ‘)(
A(-—( ~\(" (S\ /" TN R(‘\(C/(:)/

,—(" ; (e 7~ X9 ’_(H-.,{_

¢ ; r’\ 0(1) g
TS5 M3 + CHy COH
1559 1803 hs
)

1439 S 1495 c 2932 '\S 0(3)

e{c(2) 4,

QC(Z) 0(1) &
‘éﬂ) /""\ ’{-(1) \ 1094

a TS7 '

Bl 4 H H¥B-SH-BIER-H 58 R &Y BN ALK
Hify A A)

Figure 4 Optimized structures of species in H transfer-cyclization-
carbonyl transfer-H transfer reaction (bond lengths are given in A)

ZIAIWER B 3.2 A AR E] 1.5 A R iR R 1 EE
HEAEAWTE. KRG
XA e R, SR I SN BR AR ) R AR AR AN
A 28 T o R JLARARAIR.

S, SOHS T N R ) M4 FFIREZ D N
J7F R H R PR 2 Ph—O JR P e, 45 Rtk s
FREDO N R RS, FBRARIRI A 773k, Jl e [ e AN [
(Ph—0)O—H ZIAIIFIEE B 5 3 74K & 10346 I e i A
BT (W, supporting information & S5). 14X O—H
ZIK LR 1.11~1.97 A, 7Lk A R
(¥ BE 5 T T 49 keal/mol ZiA7. PRI AR Sl X
BN VAR ZR IR 2 R /N, W] DL
3.3 WM A IEAY X LE

T e 1551, B—C1—=D [f1R N BRI LEAE—

Acta Chim. Sinica 2014, 72, 935—941

BEARXT AR A A 65 keal/mol 244 .

© 2014 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

ANRIEFERE -G INLEE, 1 B—C2—D R HL I H #%
B G -BRIE R -H H R NLELEAT. WIS R %R
I N AN = A R, DR AN R LR R AR R 25 3 2
)15 E . B—~C1—~D WAL R Yud P o H 4%
# 5 C-0 ML IR, HATEILEESE 28.3 keal/mol; 1M
H #B- 00 -H R 5N (1 P i
c—c&c—o&%ﬁﬁ’*ﬂﬂ% H RV LR 22 =ik 40.1
kcal/mol. NiZyF B FIX—25185 Wong S5 IHT WS
HHIAN, EEIT%AI#H@&&@W%%TMZ
JE, AR R T-NH, B S — 5T, RSO
Wk B 274 D MR T T RS ie, mtkir
Wong SEHFFTH T2 BLE G DU BRI D 3R 55 4k 455 (1) . 1t
e Bt S e 20 TR TR ARG 3 )

AV T T IRIEHAS -G AN LA H #5530
PRILFERS-H RIS AT A E I i
B-EHPLET, gedob H R 7S C-O Bt i
o A O—H B2 B[R I 2 Rt fy ¢—0, O—

H MR A 5. SRITAE H S-S IR -FRILHE 7S -H 3%
B R NV HLER T, PR R TG e R AR H R R R IE & R AR
BRIE VLR, A8 — AN 2B 3 1) ) IR 2 P Bt A A A e
PIWTRL. PR R 2 R A RE R AR IOV, WA
JRFRAL I PR A S N T F v TG B R iR I R e -
IR AL o 4l 2 5 A

Ubah, AT RAECL BSR4, BRATEIER S
AR P FRAS [F] 1) 2% /zuiﬁuﬂi/i TPSS /% MPWBIK il
BT AR & A L AR R, £ 14HTHE
RPN TR) R TR VAT B R N AR R &) 5 AR

http://sioc-journal.cn 939



W F F R

MR

HATM O AR, AR 1 R MBI TR,
MPWBIK 7KV EA43 2R 45 1) BRI ARG 35 AT 1 e 22
TR MO6 732053 2 (1 45 B AREE. 10 1] TPSS J5it
HASBIM 45 TG, H=ROTERRIM g e —30 B
[ HLEE (Path A%} 2 AU HLEE (Path T)7E AE R 58 35,
i U RIPLER A 2D A H P38 & C-0 A DR,
T AR b SE I 5  Z b I3 AR 5 A3 05
H H AE[AG/(kcalsmol )]

Table 1 The relative Gibbs values [AG/(kcalsmol ')] of species in the
studied system at different levels

Species AG" AG® AG*

R 0.0 0.0 0.0

R-1 1.8 1.7 12

R-2 6.0 34 43

TS1 202 15.6 22.0

TS2 16.4 11.3 16.6

TS3 62.7 544 673
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mechanism M2-2 132 104 143
M2-3 245 227 249

M2-4 204 202 22.1

TS4 32.0 253 324

TS4-1 283 21.7 278

P-1 3.1 46 —03
Prod —6.1 —5.2 —10.6

R-3 22 —09 0.0
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M3+CH;COH 245 22.7 249

H transfer-cyclization-carbonyl TS6 40.1 309 447
transfer-H transfer mechanism M4 0.1 09 —39
TS7 29.7 247 28.1

M5 6.0 26 7.0

TS8 283 233 262

“ at the M06/6-311++G(2df,2p) level; ® at the TPSS/6-311+ +G(2df,2p)
level; © at the MPWBI1K/6-311+ +G(2df,2p) level.
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