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Mechanism of Carbon-Carbon Coupling Reactions Catalyzed by
Imine-Ligand-Assisted N-Heterocyclic Carbene
Palladium Complexes
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(“ State Key Laboratory of Polyolefins and Catalysis, Shanghai Key Laboratory of Catalysis Technology for Polyolefins,
Shanghai Research Institute of Chemical Industry Co. Ltd, Shanghai 200062)
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Abstract Structure of ligands would play a crucial role in carbon-carbon coupling reactions catalyzed by N-heterocyclic
carbene palladium (NHC-Pd) complexes. Not only the modification of NHC ligands but also the synergistic action of the
second ligands were required to achieve better catalytic performance. However, the synergistic effect of the second ligands was
often overlooked because of their considerably weaker coordination ability. Three NHC-Pd complexes composed of the same
structural NHC ligand and different structural imine ligands were utilized to catalyze the Suzuki-Miyaura cross-coupling
reaction. The results showed that the three imine-ligand-assisted NHC-Pd complexes exhibited significantly different catalytic
effects under the same reaction conditions. Further theoretical calculations were applied to investigate the catalytic reaction
mechanism of these imine-ligand-assisted NHC-Pd complexes in depth. By calculations of the complete catalytic cycle
process, it was found that although imine ligands were not involved in the catalytic cycle process, competitive coordination
between imine ligands and chlorobenzene should be metioned. The difference in their coordination ability with NHC-Pd(0)
directly lead to the difference in the concentration of effective active centers actually involved in the catalytic cycle. The large
site-blocking and electron-deficient imine-ligand-assisted NHC-Pd complexes were more favorable for the reaction. The study
elucidated the mechanism of imine ligands in catalytic carbon-carbon coupling reactions and provided new strategies for the
structural modulation of NHC-Pd complexes.

Keywords N-heterocyclic carbene ligand; imine ligand; Suzuki-Miyaura cross coupling reaction; reaction mechanism;
density function theory (DFT) calculation
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A 25 R0 A AL H ] A 4 A dek 031 R AR i 4 Suzuki-
Miyaura 28 XAHIE M (TRIFR Suzuki 855 8 ) AT DA 2
TERC “B—Tk” S-S, BA SOV SRR F A i
PRI SRR, AR AR IR, R R RS
BRI SEFESS 1T, AL Suzaki FEE S NI Z T
R BTIOL. [ AR 3 a2 52 I A O PR AL AL S =AY
B, BRI %48 A AL J5H B (Scheme 1).

[L,PdO]

R1 — RZ R2 —X
reductive oxidative
elimination  addition
R! X

L,Pd'
R? R?

B 1 S SIS M AL PR L2

Scheme 1 Catalytic cycle mechanism of cross-coupling reac-
tion

M ETRHLERRT DL Y, RIS o ECE i b
R EMEREY L.Pd, HiT M ER & YiE K
re, — BOASREAE ARG E AR A A AT U IE AR A,
SEBRR AT . SRH LPd™ A5 A PR A 75 A LA S
JS7 ik AR R AR SR LPdO, S UL R AR Ze o,
I, REAFECARE L,Pd" iR 40 77 2 A 3 3L
WUECAATT &, & A AL BE 2 R A0 e 5 P A BRI 14 5

PRI, J e Sy e 12160 (L Jl T A4 ot 7K A8+ 3
&, BN T L SEERH RHERE . T AR (NHO) D
AT B S0 R 7K SRR S M DL AR I e PR, B
itk sZ 2GRN, HAE AR D8RS S T
AL Suzuki RS N .

MEET AR #AE) NHC-Pd Bt &4 LA N,
BT AL RUR, AMUENT NHC Bk T
Pidk, 167 AR YRR R (B D)2 SR w7
T8 Z2 oGV E NHC BUARLE M AR BI/ER, T sE ok
— R AR A4 B FC AR (Supporting ligands)BO1ak 55 25 it {4
(Throwaway ligands)BUAEAEHE 240, AR E#TE
AITEAEACTEBR B VR . AR AF R T R T8
A NHC-Pd B &9, R WIAE NS ik, H T
{RIEHEEARTT RIRYIAY Suzuki RIS B A TR I H .
W 7t 45 3R B Z RO AR 45 74 5 NHC-Pd IR A5 PR 58 %5
FAOGE2331 B T35 NHC-Pd i &) 88 e A i) 2R A
SEEGH FLARAR XS B =, DR F A R T SRR SEES F 5E
MEERFB, WA T NHC-Pd Bt &4+ V& B A 78 4
A A AL

WG T 3 P A A F B AA R NHC-
Pd Fe&Y), BRI X SR SR AT SR AT B
XA YA 3T i e (] 2).

1 HR5R

W5 AF R 3 T2 -NHC-Pd B & H T HEALA
[ SRR Suzuki RIS, K PrOH/H,O ¥ 7514

NHC = iPrAr NHC = iMesAr

NHC = iPentAr

NHC = iBuAr NHC = cPentAr

(2003, Nolan)
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NHC NHC
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(2005, Nolan)
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X N
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Figure 1 Typical NHC-Pd complexes for cross-coupling reactions
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NHC = iPrAr

NHC
CI-Pd—IN

B2 ZJ%-NHC-Pd Be& AN X 2 i BT S 41
Figure 2 Imine-ligand-assisted NHC-Pd complexes and their
X-ray structures

%, F KOH 1E#/E 80 C M. 2 h, &R 1 .

MR sz BG 2 T nT LA, 7EAH R OB 25 F R,
ANEHI I E-NHC-PA Bt AP0 3 B B AN (5] () (40 3%
P, HEA @R, WH-NHC-Pd FL &Y A 18
i B R A, A= 5N 25%; TECAH) C A ]
PLUA BB e =72 3R, Be A B LTS AT A F1
C (P22 AN T1%~99%). Kk, PRERciARLs #4 1 %
SIS T AL R RS TR R, A ML
HE— B IRANWEFT, W) 75 ZH 2% R W % -NHC-Pd e &4
I R AN R P 0 LR M S O S 5L
TEAR M A R

B 5 B U -NHC-Pd T & W 7E 177 rh 5 A
B NHC-PA(0) i 72, BIEC & YSE AL FE (& 3)B3431 F
Jelc ik AR 25 T % 2. NHC-Pd A %6lif Cl R T
R AL, REEAE S R R T A R A
A-T1. A-T1 BT B-H J8 BSOS B BRI R iR A-12, %25
RN ZETES A-TS1, RMAER N AGrs=20.1
kcal/mol, ' Pd Ji 155 NEEAE 72 AIFEEK N
0.2678 nm, Pd JR 55 AEE B-H R+ MK N
0.1920 nm. A-12 f# ZAE G4 IR A-TS2 5E T
5 R, Horh Pd—H ##8#KN 0.1616 nm, C(2)—H #
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R 1 A[E NHC-Pd FE S Suzuki ISR 45 R «
Table 1 Results of different NHC-Pd complexes for Suzuki
coupling reaction

NHC-Pd (0.005 mol%)
KOH (1.5 equiv)

O

N «)  rome -
Q_Cl + (HOXB iPrOH/H,0
21 22 80°C,2h 23
Entry 21 23 NHC-Pd Yield/%
A 64
1 F3C—©—CI F3C B 90
2

% C 97
A 89

)
2 Ac—@—CI H B 96

23b
C 96
A 93
3 —@—m B 9
23c
C >99
OMe OMe A%
Cl

23d C >99
— A 25
5 \ ,\1 N s B 71
C 88

© 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

¢ Reaction conditions: 21 (3.0 mmol, 1 equiv), 22 (3.15 mmol, 1.05 equiv.),
KOH (4.5 mmol,1.5 equiv.), ‘PrOH/H,O (V: ¥V=10:1, 5 mL). ® Isolated
yield, the average value of two reactions.

KA 0.1667 nm. 2%, PA(ID)IE 5 % PA(0)JF % H ) 4
A-14, B ZE A 4035 P b 0 Imine-Pd(0), J= IV RE 22 N
AGys=18.1 kcal/mol. HHE N EZMTHE KL, 7ERC
EUEN SRR A A GRS, Hd A-TS1 A%
I FR S

BE 5, 2T H a4k Suzuki RIS — REALEE
THE T Imine-Pd(0) I EALIEFA L. Imine-Pd(0)if i %
IR e 4 i@ A RT3 iR VH B = AN B Bt 58 B HE AL 7
RO 2B e B Z oAk B 5 A §e 713 F AR, TEMEALTE
WS TREM . R, FRATIFE S Ak 0 s B 23 31
THE T &8 WAL RC AR A AS & 0 e FC AR 9 25 B 42, R0
Jr AR & 5 LE AL PG P R S A FH (B 4).

TEAE W FAR AR IR E AR % A a T, &
PraigG el A-14 5 56 B 0 Ji B0 A4 7 B R e Ao (1)
NHC-Pd jEPER O A-I5a, %36 PEH O 5 OV R SR
A E AR T AP AR A-Tea. B o &K@ [ B &
A-TS3a 52RO aA A-T6a HIEAIN R B = Be A7
PA(ID)H 4R A-17, ZBRMEEZ2A AGP0s=17.0
kcal/mol, Bl RARTHCEMIE I B, Zid 2+ PhCl F1
Pd JEF 2 [A]f#) Pd—C B M A-I6a 1] 0.2170 nm 4N
A-TS3a 1] 0.2011 nm, AR C—Cl #KHN 0.2231
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Figure 3 Energetic profile for the activation process of NHC-Pd A complex in isopropanol solvent
+
AGl/(kcal-mol™) 07
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Figure 4 Energetic profile of the different pathways for the oxidative addition process of NHC-Pd A complex in isopropanol solvent

nm, Pd—CI ## K4 0.2450 nm.

TE S A WRZ AR R AL IR S AR % A2 b 1, &
MrAEPE O A-I4 B S RNV SR BT TR R
HHE A A-ISb, P EHC AT 4632 40 i Im) T A 25 (S Br AR i
B). BG4S A-TS2b SEREAL NS R, %5
SN BE 22 AGP05=26.2 keal/mol. 1%L PhCl #1 Pd
Ji¥2Z I Pd—C KM A-ISb ) 0.2217 nm A
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A-TS3b 1] 0.2047 nm, TSN C—Cl 8K N 0.2124
nm, Pd—Cl# K5 0.2492 nm. £ ERE, BE T+
[ 44 A-16b, 1% )44 (K] Pd ot BT S5 1 PO 5 B, 3
o A B R AR, AR 2S5 T B =B AL 1) PA(ID) H TE] )
A-T7.

o EE R 25 2% 45 R O b B PR IR 25 4 5 R R AR Ak T
LRI, MY A-TS3a i P REL2 2T A-TS3b (17.0
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kcal/mol vs 26.2 kcal/mol), Tfi H X HLd IS5 A-14 2 (7]
MEeEA M, MAE a BB KA &R EAK(19.1
kcal/mol vs 26.2 kcal/mol). T H.E%4% a o O H (A4 1)
KR, AAHEEE, REtEEL, 2 EAES TR
HR R AT BRI R IR R AR TR BRI, G AR AE 12
NEAIEI 2 Tk T2 MibR, RIS 7 AE 5 0 1 A
IHIAE .

ERFREAE AT 5, AR N4 B A
W JETH BRI B, FEIX N B Bl e 4 20 P9 AN E L i
WERS, BB2290 2 6.3 Al 1.9 keal/mol, WIERCAE G S
iz (A 5). HA— 52, RERNS TR
Be A2 5 1 & J@ A FNIE S5 v B A2, (HsHR )2
BRIGEPLES.

M ERTHE R RN AR E, WERASS TR
EYEN ISR DU E A B B R RS, FEAW K e
SR R A AR S BRI AR, T RORE ) TR D AR T
EPNEBT . 9T 8o LU [ NHC-Pd BiC & 4076 IE
felcik 2 S et i 22 5, A1 B 7 A
FUACTR PR T AH IS b A A I S I R & DA S B i
HEERIR2GR 2).

WKHER 2 BRI TR E T, B Sk EiE T
B I N W A0 RE 22 B AGH(TS1), S A BE VA 77 = F4
BLEPI AGH(TS)IEARERTE 20 keal/mol, ZREAUA 1
kcal/mol 4, iZHE2RAE 80 ‘CHISLISG 244 T REfs PRiE
B AL, X T EA PSR B o — AN S TS2,
=R SIS S R 22 ZRR AR, TOIERI
=F W ZERN, BB %k X 5. 2 PA(I) AL L J5 Rk

AGl(kcal-mol™")

PhB(OH),
22,0
A7 s

NHC
Pd—Cl

cr

£ 2 R[F NHC-Pd B & i A & 11 5 (keal/mol)
Table 2 Computation of different NHC-Pd complexes (kcal/

mol

In:ermediate/ NHC-Pd A NHC-Pd B NHC-Pd C
transition state  GAS SMD GAS SMD GAS SMD
I —42 —0.1 —3.7 06 —5.6 —0.6
TS1 21.5  20.0 20.6 208 209 21.0
AG#(TS1) 25.7 20.1 243 202 26.5 21.6
| V] 0.5 3.1 0.0 34 0.7 4.5
13 —11.8 —129 —11.3 —125 —10.3 —11.2
TS2 3.6 5.2 32 4.8 3.7 6.2
AGH(TS2) 153 18.1 146 173 140 174
14 —25.5 —255 —23.5 —22.1 —18.0 —13.8
15a —11.5 —13.5 —11.2 —138 —11.7 —13.9
15a-14 — 12 — 8.3 —  —0.1
I6a —23.0 —234 —22.7 —23.7 —23.2 —238
TS3a 96 —64 —94 —67 —98 —68
AG*(TS3a) 134 17.0 134 170 134 17.0
17 —14.6 —22.0 —14.3 —22.3 —14.8 —22.5

@ Relative energies are given with respect to NHC-Pd and PhCl. GAS is calcu-
lation under gas-phase conditions, SMD is calculation

PA(0)J5, HIRIMA 14 75 B50ME 8 WAL G 1A -5 S R
SRR HEAT A, BRI, AT REAFAE I IR e i 5 5
KIEPFEF AL OL. b A 14 BEREI) R 25 25
R AT H I P A B AN [ T 7 A R i, B AT
BE 20 NG 5 BT R A BER N 3 T (B 6).

Kl 6 drthh 7 ANFE R A Pd - 5 S A R

A-111 Product

L
Pd ¥

B 5 SR T NHC-P A BC &1 R AL SR JFH Br i R R o = B SOl S e 5T

Figure 5 Energetic profile for the transmetallation and reductive elimination process of NHC-Pd A complex in isopropanol solvent
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A-14 B-14 Cc-14
Intermediate/ Bond length/nm Mulliken charge
transition state Pd—C(1) Pd—N Pd N
A-I4 0.2018 0.2144 —0.055¢ —0.340e
B-14 0.2018 0.2147 —0.054e  —0.339¢
C-14 0.2016 0.2148 —0.050e  —0.357e

B 6 rhialfk 14~16 (45 S5T
Figure 6 Structural parameters of intermediate 14~16

SR A et K E W, fEhEk 15 1, Pd JRTF5
NHC R =5 [A 5K 0.1986 nm, 7EH[A{A 16
o Pd i 5 &R IR E T 2 A )8R 0.2164 nm, TTiTE
Wi 14 H Pd RS TR BCAARZRUR T2 8] K AR
0.2144~0.2148 nm Z [A]. MEEKELHE 741 ml 01, NHC i
B RE T BRI ECAR, 75 A O AR 58 4 U AL I e
JIEE, TR i A4 2 A 55 AR, 52 3
I P A AR F RS R, I Jig A b U |
T B E A ZER, C-14 B5 T LA H AT E i
(—0.357¢), St )48 O RAERH 2%, B-14
5 A-T4 Fraz sz, ek, C-14 A P REECAA (147 B E
R, BT SR & EAR Z AL, 1 A-14 HHOLZHAD
PRI S SR A 2. TR PR 2 e R 4k 14 B3t ok 0 %
e AA T B M o0y 15a BIREERASAE, S mT DAHE HH = Fhic
IRBCAL B T AAE ORI 22 3%, Hor NHC-Pd-A BC A7 fg
o R (A 29 0 B A 75 2 12.0 keal/mol [FRERY),
ANFE Gy R NHC-PA 15 14 Ok NS AR I, A% B
(1) NHC-Pd-C oA fe 77855 (AT 85 B R S N i 25 0 i
BefA, BE0.1 keal/mol FRER), B % & B NHC-Pd
TG, TEPEH O MR R R, R T BRI R N
TETER ZE R, EDRF B2 R RN

2 g

SR IR R ARG S TR, EEMA T =
Folt AR [R]85 A6 1) NHC A R AS [i) 455 440 P9 ST e T A 2L %,
(P13 B f%-NHC-Pd FC &0 7E AL Suzuki FHIK M [
PEFRIMLE. SCaG el R, MR RS &4 T, =fh
WV f%-NHC-Pd  Be & 20 AL 36 PR B AN R, 1 NHC-
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Pd-C i1 Suzuki IR B B KIRHE T 22 99% /2 4
DX S R, BAR A IR S 53
AP IR, (ERAEAE A IR S E 0 (R &4
TEAGE B, AS[R] 10 30 T AR 52 1 T A P RO ) T
B R AR 5 SEOR ST SSE ez, e NHC-
PA(0) AL A7 i 1 22 573 B8 S BB 2 5 AR IR 1 a
ST P R B VR BE PR 22 5, THEE 3R B R A7 BELBR H 1 T
P Fe A S8 A T S S AT, AR ST, R T
T e A 1 A 1 B — Bk AE B0 e 2 R AR AE AL, gk — 2P
i%E T NHC-PA BL &4 45/ VR 45 SR mE, N2 B A b )
TEFH IR & st BT T R

3 XIEs
3.1 X5

500 MHz & HIEIRIEAC INM-ECZ500( H A< 7 Fk
i 2x4t), HF101S 24 #h 1 i hn #0ied o 4 #E 28 (RS
T A IS B IR A F), SHB-II B Gk R4 (i
PYUL B AAIRAF), N-1210B B e 78 kAL L i
B WX AR B AT PR w] (R 5 B B bk 2o 4],

Suzuki-Miyaura B¢ NARLS BT A 36 S
HLBR(KOH, 43#T4l) To/AKBREREN (BT 2l) 2.1R L BR (5>
Mraty. Bk Tal). 5 INEE(PrOH, 98%); Rl
(98%), iR H T AR I B IR A F; 0 & R
(98%)~ it A = FH Z£(98%)~ Al H AL & FK(98%), Zi
HAEIRFA R A A &K L (98%) « — &k g
(98%), Az b FA A FR A F.

32 FWHE
3.2.1 Suzuki 188k 52

BEASF, £ 15 mL MEMA 3 mmol F ALK
1. 3 mmol AR, 4.8 mmol A LA 0.15 pmol HY
NHC-Pd L&), SRJEHIIAN 5 mL RABE/K(V .V
=10 DIRETET, 80 CHAE TN 2 h. Mg
JEIIAN 20 mL LR CEaMiRE, 70, KA 418 L BRAE
(10 mLX2), &HHANAH, TR TG 2 RIE
FIFSFFAP=H, SRIGH 300~400 HEERIEAT A E M4l
H(IE 2B M) 153 2RI~ 4).

4- =G IR (232)B2): (AR, mp. 70 C; 'H
NMR (400 MHz, CDCLs) d: 7.69 (s, 4H), 7.60 (d, J=7.2
Hz, 2H), 7.49~7.38 (m, 3H); EI-MS m/z: 222.1 (M").

4- PR FERR IR (23b)B2: R B (8 K, mp. 153 C;
'H NMR (400 MHz, CDCl;) J: 8.04 (d, J=8.4 Hz, 2H),
7.69 (d, J=8.4 Hz, 2H), 7.63 (d, J=7.2 Hz, 2H), 7.48 (t,
J=7.4 Hz, 2H), 740 (t, J=7.2 Hz, 1H), 2.64 (s, 3H);
EI-MS m/z: 196.1 (M™).

4-FR BRI R (23¢0)2: K A K, mp. 49 C; 'H

http://sioc-journal.cn/ 627
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NMR (400 MHz, CDCl;) 6: 7.58 (d, J=7.2 Hz, 2H), 7.49
(d, J=8.0 Hz, 2H), 7.42 (t, J=7.6 Hz, 2H), 7.27 (d, J=7.4
Hz, 1H), 7.49 (d, J=2.4 Hz, 2H), 2.39 (3H, s); EI-MS m/z:
168.1 (M.

2- HA R R OK (23d)P2): T 68 3% B K. '"H NMR
(400 MHz, CDCl3) d: 7.52 (d, J=9.6 Hz, 2H), 7.40 (t, J=
7.4 Hz, 2H), 7.31 (t, J=6.6 Hz, 3H), 704~6.96 (m, 2H),
3.78 (s, 3H); EI-MS m/z: 184.1 (M").

2-ZRFEMERE (23€)33): B AR, 'H NMR (500 MHz,
CDCl3) 6: 8.71~8.69 (m, 1H), 8.00~7.98 (m, 2H),
7.77~7.72 (m, 2H), 7.50~7.40 (m, 3H), 7.25~7.22 (m,
1H); EI-MS m/z: 155.0 (M").

322 ®ititH ik

P A ) & A 0 SRR A Gaussian-09 (D.01)
BAFBIEAT, RSGEFEH TS KB R PR
AR FIRLE A BI7E M06/def2-TZVP IFE KPR AR
AR FR AR A A5 20 B8, s A 2 A il o 1 45 R4 1) TR
i, T AR 45 A, AR 43 B 45 R b R IR B (1) A 2
9 0 (Nimag=0), % Ty, Sz atrha A —
A AR B (Nimag = 1), fff FH P9 22 ) B A A5 323 (Intrinsic
Reaction Coordinate, IRC)X} it I 45 1 [ B #4236 4T 1 56
UE DA ORI VA S5 M A EE. ([ SMD IR
FEAR ALK RAT I AT B, 18578 7 T B

4 BT RL(Supporting Information)  AH¢ 526 T 2
THEAHT . iS5 A (CCDC 1417436). B
(CCDC 1834896)#1 C (CCDC 1417438)M] s A 2F K.
X e L m] BA A 3% AT Y 35 (http://sioc-journal.cn/) |
T .
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