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Research Progress of Suzuki-Miyaura Cross-Coupling
Reaction Mechanism
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(b College of Chemistry and Molecular Engineering, Peking University, Beijing 100871)

Abstract During the past several decades, Suzuki-Miyaura cross-coupling reaction has emerged and flourished as one of the
most remarkable and practical methods to construct C—C bond. The substrates, organoboronic compounds, are usually more
stable, less toxic and easier to obtain compared with other metal or metalloid alternatives. Suzuki-Miyaura cross-coupling re-
action possesses extraordinary merits of demonstrated efficiency, broad functional group compatibility and mild reaction con-
ditions. It has been the premier method to construct C—C bond for organic synthetic chemists and has been widely applied in
the industrial syntheses. The rapid development of Suzuki-Miyaura cross-coupling reaction is accompanied with the progress
of mechanism studies. It is well accepted that the catalytic cycle of Suzuki-Miyaura cross-coupling reaction contains three
main steps: oxidative addition of organic halides to Pd catalysts, transmetalation between oxidative addition intermediates and
organoboronic compounds, and reductive elimination from transmetalation intermediates to form C—C bond along with re-
generating Pd catalysts. However, these three main steps can be influenced by diverse reaction conditions, and different reac-
tion pathways may occur within each single step. Furthermore, beyond the oxidative addition and transmetalation intermedi-
ates, other transient but crucial intermediates may exist. To figure out these issues and discover more insights into Suzuki-
Miyaura cross-coupling reaction, numerous researchers have designed and conducted systematic investigations. Herein, the
recent progress of mechanism studies is summarized and discussed. The steps of oxidative addition, transmetalation and
reductive elimination are discussed in detail. Moreover, a brief introduction of transition-metal-free and base-free Suzuki-
Miyaura cross-coupling reactions which show more possibilities of the reaction mechanism is given. Besides summary of
precedent research works, our opinions about future development of the mechanism studies are also given. Although break-
throughs have been made in the mechanism studies, further investigations are needed to bring comprehensive knowledge of
this reaction and help us further optimize the reaction conditions.

Keywords Suzuki-Miyaura cross-coupling reaction; mechanism study; oxidative addition; transmetalation; pre-transmetala-
tion; reductive elimination
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FEIE Y+ 2 A0 b, A SRR AR B PR Ak 2 I N 2
YIS FAE A AR 20 T REN B, W
TRBREER 172 B H 5 Suzuki-Miyaura 18 5 S &
MG REZEAR M 5 1979 4, Suzuki 5 Miyaural®!
T OARE T i 4 R A A DL AL S e AR AE
TRAE R RSB R . Bl S, PRI — BT AR K
A T S I TTER, BRI AT PR AL A HLI AL A
5 e SFRN Suzuki-Miyaura BB N, X
—RETTVE B RN AR AT AR R E
I7s AR AR (R B R Z B R A A, A
ERARML T EHE, ERGUS R OFIG P RIS
ANFEAIE T, ISR R RIS B R B R R Tl B e
BG I B T B I,

Suzuki-Miyaura 5 R EEAGIE IR — M50 =4
FEARWD R (Scheme 1): (1) A #4821k < 8 L —
PrAE—— N, ()G MU SR A% 2 H T # B4R
=% &8, Q)FENAE RS R0 (A
bt J5 23 1047 )5 SR 1 S D s e R — AME AT PR ) ——
WIREE. H5HBNHM)Z M, Suzuki-Miyaura 5
W06 N IR HLER AT S8 AR G . AT, ATk 5
5T B I A AR T T, TN e < S i AR AT Bk
Z A HIAR. SEBRIY Suzuki-Miyaura {5556 N 7252
ZMEZFERIE R, A, BeEE5IREER =
AN R W] DAZEAS[R] R 3R 2 T 2 90 HS A () 1) e S %
1. T 48R ANF R 20 OB A AL, DA Rtk — 38
Al I B2, B A TN B BT I R R AR, 2
i< i oA o S 1 7 R N
Suzuki-Miyaura {5 N LT SR TAREE, AT
DL 50 3 e SR ) R KR

Pd cat.

R'—X + R2-BR, R'=R?2
base
LPd
RI_R? R'=X
ducti oxidative
reductive addition
elimination
R? X
L—Pd L—Pd
R! R’
R2—BR,
base

transmetalation

B 1 Suzuki-Miyaura {85k 5 RiHELL R

Scheme 1 Catalytic cycle of Suzuki-Miyaura cross-coupling
reaction
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Suzuki 5 Miyaura - 1995 FRF T — R LML
HIZEIREY, XA HUI T i) 4 « Suzuki-Miyaura 8¢ R
EATLER DA B AR BA 7 A G BHR B N FH 46 7 T EAT TV
it ie. STk, ARSCEENT 1995 FF 2021 FHI5E
BRI SN HLER AR C TAESEAT I8, FF4% B8R S kAT
FREL: (DI, Q)F 48 ; Q)R JFETHbR; (4) il 4
JEZ 5 R EHS 51 Suzuki-Miyaura 1855 0.

1 SFmak

AN — R FRE R S R, LSRN S
FEwit, FEAEREE AR B s . BT S,
TV 4 e oo Rl R AR R AR I RO L3 S 53D R Sw2 i
. =0 EIERE. ScAr IR 5 i TR L R A%
JE(Scheme 2)0101 Hruts & @ % e 228 i AL Bl R i b
PIRIEAI R — A R SN2 IR, F & E e RsE
R BUGe s i A, 3k 1T e 5 i A P P ) Y 2 5 4
¥ (Scheme 2, a)'!l. JFE LY 5 AR KLY LiES
5 Sn2 W, efnEd 5 Ba s aEm o &R i,
SR G Gt = bt P A 3 S SE LA A I G 2 (Scheme
2, b2l LA, IR E e S 0 e s A L AL
TR 205 AL &), B 5 TR E R Pdy X 5 C =
OO I ERS. B SN AT AT, R 4d
HIEH T 5K o*c x REEPUE FIA EAEH S 3 3 H
Ar04, A, 85 SEEGUSIDL R B TH B 45 SR U313 B Oy gk
KA E AN AT DA B SnAr i FESE I (Scheme
2, ¢). SNAr AL = F O P [EATLER (1 B KX A AE T SnAr
BLIE P 3 9 2 FL A B 00 3 55 (SnAr HLER A IS+ Pd
5 X &R RES A AR X TR B4
JBEA SR AR, VAR LE S BT R A
SEMEAR IR, OB AR Rt B R EE R A
(Scheme 2, d)!'S). EAR DL _EHLEE A EAAK e B it FE A A,
(I R E S N A 2215 21 25 M A ALk ) S8 A I e R TRl

FH T 535 FL R 5 A e A 7 465 ) 55 e B 2% A R A [,
HUMEAL ) Suzuki-Miyaura {555 5 B A R A AL I RGOS FE 2
W R CL BRI S BHLEE. FEATM E, Suzuki-Miyaura
RIS L S8 A I SO RRATE FEAR R B2, 2 AP AR Ik
IR LA BOF &, HEB AR R SRR T 5 2
HaREA M. BT E, bk e e 4k in
Mt AERE L, T H A Z KA B-H EERIE] RN, Ktk
BT Sn2 E A It #E I Suzuki-Miyaura {3 N 4R 1E
AR AT, Fu S8 L s A Suzuki-Miyaura
RIS N AT T BRI 7T, I AR <1k P )
RIFE R N 22 e AR B UE S T SN2 ZA A I R A A AR 11al,
Ji R ) = O R RS SeAr AR AT DUE IS
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(a) SN2 mechanism
+
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(b) Three-centered concerted mechanism

. &

|_|\|/|(n§(

LM®™  + ArX

(c) SyAr mechanism

LM® + AX —— ’

LM("f(
(d) One-electron mechanism
LM —x
LM(H) + RX - +
R’

- . LM(n+2) {

- LM

3
»

N

x

B 2 PG A IR (28 M fAdR s )

Scheme 2 Oxidative addition mechanisms of polar reagents (superscript of M meaning valence states)

Hammett 284 5 B A8 S250 37 X 3050191 24 Hammett
TIFEI p fHE/N, RIS R B RS0 S AL
I ESCRZ M £ PR /IN, 1 550 2 B S A 0 ot 98 245 1 FL A 4
BRI, BN = O FEIE R, Rz, R
IMpZe B SnAr 12, AN ol A B BUN AR
—EREFE M E R, DR 2 B0 ¢ TR (R 2N
THE TAR) A FE VR X 40 MO AR, BOHTRH =0 i
IR, B FHEBEREIEAZ W, MBI =
AT RN, thAh, k2 R0 R M, (R E Y
L B AN R FE AT DL AR E N LAY, Sk
NS R VYA EC &9, IXFEEES Suzuki-Miyaura W
BAT T PA(ID/PA(IV) & ¥4 ) . Pd(0)/Pd(IT) 7§ ¥R &
Suzuki-Miyaura J I 7 & WL FEERY, PA(ID/PA(IV) T
W5 & LR PAO)/PAADFEIF I FEEAL I & EA R
AR S, AN R E IR R T HEB LA P
PA(IV)J&E3 ] Suzuki-Miyaura JZ V.

11 BEFRBUERE

1992 4£, Suzuki 5 Miyaura ZEPA7EGF 7L BEAL AT kT
W5 9-kt%:-9-BBN BB TAEH, HEM F4r4E

NN
WI + {

Xl + MeOOC _~_~_~_ "~ {
B

Xof ot B LK A ) SR A I R T ) R B R T R R L R
(Scheme 3). AiBAITEL 6-fll-1- T 5 9- 1E 3 3£-9-BBN A JiE
v, N =R S RS 5T, Btk 1E 3
PP =8 40% ) IE FARE =5 21% M IMEAE L= 4).
AR =) A AE UL T 840 n e 20 SR mT B A7 E H
FHIEIRALRE R, BbAh, K2 1047 BH AR AR B bt Tl A
DL 45% 07 RAZ BURE =1, X — e g ik — D HERR
T SN2 REFEAAL K.

2014 4F, sKHTRI R H A EE PHRIE T —Fm skim)
B A ) R 5 VAR A A ) T A IR
(Scheme 4). TEXIS HINLELAT 7T b, A A1 & BILAE BT 5%
F& (BT B 70T 25 2 B bl 5400 i) 700 06T 28— gy 1)
AR, IR B KR P4 i (Scheme 4, b). L,
Al AT 0 2 A A 0 e o AR R A AL A
THRETFIRE, BRRAST5 - MES AN S 1
Eﬁﬁﬁgam%;%ﬁﬁﬁﬁﬁamgﬁﬁﬁ%%

&, BRI MR AR A 2; R 2 Zid)E

M%ﬁﬁ% S R4S BRI ) 5 AR T A S
%%(Scheme 4,¢).

NN NSNS
40%

Qe

21%

>rV(CH2)8vCOOMe

45%

K4PO,
_ Pd(PPhg),
dioxane, 60 °C

KsPO,4
Pd(PPh3),
dioxane, 60 °C

B3 LML S5 H HUIGEN Suzuki-Miyaura fBI5 2 B

Scheme 3  Suzuki-Miyaura cross-coupling reaction of alkyl iodides and organoboranes
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(a)

BrCE.R2 Pd(PPh3),
rers
. Xantphos, K,COj3 N CF,R?
w/ or w/o Cul R~ P
X B(OH), dioxane, 80 °C
R4
= R2 = PO(OEt), w/o Cul
R? = CO,Et w/ Cul
(b) R' = p-Bu, R? = PO(OEt),, w/o Cul
Additive Yield/%
None 81
1,4-Dinitrobenzene (0.2 equiv.) 11
Hydroquinone (0.2 equiv.) 25

SET :
©  pgo, + R—B ————— B, + R

1
% ArRs
ArB(OH),

ArPd''L,R;

BrPd"L,R;
2

BR 4 J7EENER I — St R AL SR
Scheme 4 Difluoroalkylation of aryl boronic acids

Bk HAr, T BT REN Suzuki-Miyaura B
RIRH RGBS IHR D, K i TR I R () — N L2
e RUAE T fre ik i A 47 5 R0 A A 710 A RSP 801 T ke v 1]
W o KA p-HOHBREI S, AN, K T
it FE ) Suzuki-Miyaura J NATY HA EERE L. KAL
BELF) — 2% B0 = 2 o A ol LA S Sn2 i AR A5 2 S8 AL N Ak
PR, ABEATTRT DA B R R RS AR, AR IR A R S
AT SEIL C—X BERITEAL, JAL ) = el
VO 2% B 45 A (5 22 S 00 ek £ VR ) S O BR
Suzuki-Miyaura JRMNAb, 8 E HEYIRN S5 R
Heck ks C—H BRSO BB AT — & B 4k
OO X LA TE B AR R = 0 B B EE AR R B
FERAE, (AP DO i R FE ) Suzuki-Miyaura
SRR et 2%
1.2 Pd(ll)/Pd(IV)fEIR

RS E P ) oL 2 E WA A A PA(0). Pd(ID)
PA(IV), PLRCH U I B 5l 1544 i #2 1) PA(D A PA(TID)
(FEAA A2 Wik Ue»)), ot PA(IV) LA 1) I8 H 2
JNIEASE R, H B it 1975 4E, Uson M HA1E
HROE RGBT PAOIV)IE B A VLAY, Jrdit 2
AN TSGR AT e 3T T 3RAE(Scheme 5, a). 1986
fF, Canty MILEMEHCPIE R T ALK PAAV)ELE
Wi, FEFI PR DA B XS 28 PR SR AT SR T I C S A )
HiPI#I%(Scheme 5, b). flfi1LA AL A4 5 0 )t
NECIGJE R, PIER AV, 7RI T B AT A 3 Ak 0k
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FER, X — 25 FR A AR B DU R A AR D s R R
T EE HA JIAEYE. Canty 5 TAEBGE T HE T
FXT PAAVILZE R4, Bb)E PA(D/PAIV)IEI V1S
DATR I A .

(a) Uson
CeF N Cl, cl
* pa CeFs | N
- Pd
CeF N CH2C|2 ~ )
oS CeFs~ | N
Cl
R
N —~ 7N _( 7\ =
N N H,N  NH, N\ / S
=N N _ /
R=HorMe N N
(b) Canty
7 IS Me IS
Me = N= Mel Me | _—N=
— PO > PdZ_
Me N= acetone Me™ | N=

characterized by NMR and XRD

B 5 PAAV)S A0 AR B

Scheme 5 Synthesis of Pd(IV) oxidative addition intermediates

Catellani S LA 1EF & X PAADAC S22 E AL Ak
1533 PAAV)EC SV AR AT I RGN T, A AT AR I
Pk il 2 5 RS BIEL AP 3 0T LSRR G20, o
P HEIRBOIL R R BUEE s Au Wk AT [ S, 152 PA(IV)
AN H)(Scheme 6, a). flATIEUAIFHAZ LN PA(IV)
FAC I REAT T RAE, T HIEAF3) 76 SRS )
PA(IV)ZAL BP0 X S 2B e T 5t . 2000 4F,
T ATTAE JR S BT 58 TAE R SEL T BRIk I 2 5 1)
Suzuki-Miyaura 85, 11 H &N FRIESEH T C—
X a7 C—H #1750 (Scheme 6, b). AT A SN ATL
PR (D)MUR S 204 AR R, 15 3 L)
PA(ID) BN 45 2)BFUK IR NI Z] 4 1)
Pd—C 1, 15 EIMEEImA N EE S; G)H Ak s KA
NI C—H iEfk, Pd JRFEAE D5 E C—H 1, [
I FEBR IR AR 2R UL S AR BIFRE R 4 6, PAEE
[ 6 5kt F R I N, 153 PAIV)E AN R4 7,
B 5 R AR IR R, fAE T C—C 4, [R5 2] PA(ID)H
)4 8; (4) PA(IDH[a]4k 8 FEAT 5 FE3) AN B8 215
B a4 9; (5) 1)k 9 KA B-C iR, 15 B FEUK ki LA
FArlE A 10 (6) T 10 5555 FERRR A Ak S M1 3 B
L5 EAL =Y. R 10 AMUAT LS HE ML) =
N, BRI LA S R RIS BRI AR RN, 15
#| Heck . Sonogashira N5 = S & V55 =
Wi, Ty L, A AT I AR S R AR 2R R ) e A A
2K, W] LA A BRI P (Scheme 6, ).

http://sioc-journal.cn/ 3495



BIKE

(a) L
O e A e A
Pd
X Pd SN
Pd |
AN, PdL,X L R X
3 R = Me, allyl, benzyl
b
(b) R
Pd(OAC),,
Q| + R-Br +  AB(OH), Ar
K,COj3, DMF, r.t.
R
Mechanism
0 - |
Pd
O 2 O 2L 2
Pd— - Pd
4 5 6 SN
R
— > e AT
Pd
i _Br -HBr Pd
'L Br Pd N
7 8
R R R R
o, Ay Lm0
— —br r
Pd R
| Br pd-Br - |
R 9 / R 10 R

(c)
R Pd(OAC), Lb

R

O

@| + ArB(OH),

KoCO3, DMF, 105 °C

=0

B 6 FUKF IS 51 PAAD)/PAIV)IEFR
Scheme 6 Norbornene involved Pd(II)/Pd(IV) cycle

2007 4, Putala S H A VEFBIERT LT —BULY)
(S)-11 [#) Suzuki-Miyaura J5&AGI, KB YIE =
RIEBEAEAE T JLF- 43 iEf.(Scheme 7). fbAITEEH T
— ] BE IR R IX — LR (Scheme 7, a): (1)E %L,
HUJR 248 N B B (S)-11 i —A~ C—1 8, 753
W L) PADSA A IR TR AR 12, ()13 78 LLRT B 9T
TAF A I 4 i FE R PRAR 5 0N 1) 2 A% R
A RS Y m N A HLBI R v 1 B i 1 < JE A ALk
(B ML) BT, A 12 25 88 A LR PROE
AT R R, IR BEEY 13; H— C—1 #
AT DL AR R AR A B 05 B e 14, T H R
Lk FE T 15 DLOR BE . (3) A ML TR 11 3 12k A R 2
&, EnEEREEE Tk 12 01w
C—1 BRI RGEFE, BRI B AT ) 7% 1 DY A7 2
R4 15, A 15 FOERZE R TV IR0 1 B 22 1R AR,
R FE R AR EMAR 15 B8 S S5 B VUER I 575 2
HIEAL AR =) 14, EFRIEX — LS — 0 o dr
PR, M8 AL R RE RS R A B v I BE AR
C—X 8RR, RMEFEH A A Ak 12 250 DU AE 4y
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T HRIRE— DRI R, T 2% ARG IR AR
BEMBICY). BJE, 1EE BT IRAT T A S k5
UEIX — R A8, A AT & SR I0 T AN A AR 1R B T A ot
SRS (Scheme 7, b). &5 REIR, BEECARMALE T
R 71 & (FcPCy, > PPhs > P(Indolyl)s, 1 J@7r T #5734
PE), FEPDIITE e AR B R . B AR B A ) R R
o} 3 JL T B AR R AT S, E I R B AR AN A
A, DR A A 1) B 74 P PR s, — A A B PO AR 11 4
et fE A . A Ak, (FEERT
AF) C—X BEXS S S A5 (Scheme 7, ¢). 5 R TR, &
IS PE R 55 C—Br 48R4 15 Bk g5 H (1 57
M=, BeAh, RNE 215 2 s SRR 16, 52
W FE4 16 (R SEAR A TR DR 3R T T DA i s AR,
VR B AR 1) 23 (KNS N RS S TR, 1B TE
Je SRR T TAE R R B, SR AL A7 B8 0 1 PR B G 4 (1)
8t 0T LTS B0 A B LR FR AR IBE =4, i LY i ) — gt
A AE T 1 B A (¥ A7 AE R B ] DAAS 31 25 9 e 1k 1 48
=7, X — g Lk — 25 Ul W 28 p DY A7 0 TR A 3
et FE A AE
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Pd(dba),, Ba(OH),
THF/H50, reflux

ligand

(S)-11, 99% ee

ligand = FcPCy,
ligand = PPh3
ligand = P(Indolyl)3

Pd(PPh3)4, Ba(OH)2

LI,
Pd
R-M [Pd] - RM
/ stereoconservative
l I pathway OO

v [Pd “PdL,|
| L |
OO racemized
pathway PdL,, R—M R
" o0 998
15 14

THF/H,0, reflux

LI i
X
+
oy

(S)-11, X =1,99% ee
(S)-11", X =Br, 97% ee

9¢

(R)-16
15%, 55% ee
10%, 80% ee
15% ee

(S)-14
58%, 1% ee
52%, 7% ee
24%, 65% ee 19%,

] -

(S)-14
52%, 7% ee
46%, 95% ee

PNy
I

(R)-16
10%, 80% ee
32%, 96% ee

B 7 PAIV)PIEAS 5 1T BRI R N

Scheme 7 Pd(IV) intermediates involved racemized cross-coupling

2007 4, Twasa M AVEEDSHRIE T —FLE &9
ALY Suzuki-Miyaura {5 B (Scheme 8, a). iX—
WA TR AP (A 17) 0] LLIE I 22040 % HE L ) 75
EFRm 58], EEAWT LT, RN
A AT ARAEZIR 100% 17~ 213 2R B =4, i Re% i@
Tk A A JE BT S LA A TR A [0, LA Y
[T AL (P9 18) 1A 10 25 T A FH S UR 11 B 1%
OB T, ER MR R . AT iE
'H NMR s 57, % A S B2 3% 1755 IR AR AE .
BEAh, R ESFH FE AEE A Y 19, 0T DAL R 49%
(1) ee HFRIBLZEMMIRF=), 1X— 45 Ui 0 S B 72 A
F ARG T 25 (Scheme 8, b). TEHRIE X
N TE 7 5 5 HEA — 5 A A B (R s, N
AL FE 2 A 2 PA0)PA(ID) 75 ¥, 1T /2 Pd(IT)/
PA(IV){E3A.

Frech 2 HAVE# B AE 2007 4E4RIE 7 — 2877 BAiE
R4l Suzuki-Miyaura {51568 R 254 (Scheme 9).
KRB 20, BT LAAE 100 C LA ZEAE N7 o
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cat. 17

K,CO3, DMF
Q vore—{_) ————

. B OO
“/R R2 cat 19 R
OO T KPOLHO OO R?

CICH,CH,CI
up to 49% ee

i-Pr X i Pr S Br ;S\/
X=Cl cat. 17 cat. 19
X =1 cat. 18

B 8 Iwasa R HAEH R T SW AT B RE

Scheme 8 Report of Pd catalysts containing pincer ligand from
Iwasa and co-workers
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FREFAE IR AEAE T, s AU AR IR 5 2R R R BRI S, 1
min BJA]S2ELZ) 40%A AL R (LLRZETHE, 4.0 mmol,
A 20: 0.001 mol%). 1X—&5 KM, ZMEM B
TEBFM. MG, 1EEIFRERRI T R 2T NE
PR RONEFE. DY T R A A (7T DA AR I 4 K R )
TINS5 B R A 28 5 77 28 A . Ik ak, BT
TR R A 7= A A A S AH (1 R BT DA SR B FE AL, BT
DUHATTEAT TR S5, 45 SR 3 I L PR v 1 i A P
BAMMER. MATEHRA T R RO FE A 5 7
Pd—C BSASHBIR. AATLLR K i3 &K MR,
0.1 mol%IEAY) 20 AL, 75N 45 o fa insK ik
17 JE AbFE, IR AR % - 5 0 1A R (GC/MS)
DN PR e P AR R -2, 6- . &5 R R OR RAT Bk
HFE-2,6- AR, X 45 UL T Pd—C B
ATRECE R, 5 F3R Twasa 2510 TAEZRL, AL
W) 2R TR N R A, TR A 4 AN R
BT, (BN EEAAE. DL s seih ok FLR i 12
SNGEFEAR A W] RE LR B PA(IT)/PA(IV)JE 3R,

Q @ cat. 20 or 21
X —_—_—
+ (OB KsPO,, PhMle

Y Y
| | R= 4N
R\\‘IP---Pld---P\II
R ca R R

Y =NH cat. 20; Y =0 cat. 21

B9 Frech S HA1E# K THE S HI HIHRIE

Scheme 9 Report of Pd catalysts containing pincer ligand from
Frech and co-workers

2012 4F, Koley M HAMFHVOIG I T —HKIEH R
B R EALRAY), '©AF Suzuki-Miyaura 85 B 1
JEoR T A AL 1 BB (Scheme  10). {EE I 0.01
mol %A 22 8L 23, EURFIAINER/E =R TP 6

cat. 22 or 23
NaOMe, 1,4-dioxane, r.t.

Ar—Cl +

X X =CI cat. 22
. N N )
iPr ?\1@ R4 “Pd Q* FPr X = Br cat. 23
X N >pp
i-Pr: i-Pr
i-Pr

B 10 AEF A R E-EE S HE Suzuki-Miyaura fH I

744
Scheme 10 Application of abnormal NHC-Pd complexes in
Suzuki-Miyaura cross-coupling reactions

(HO),B—Ph Ar—Ph
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h JERIATEL 95% (1) %45 5] Suzuki-Miyaura &5 4.
BeJe, (EEWIFR T — KA EEiZ R ER(DFT) 5
W, SGRERZRMAAERT PAI)/PAIV)IEHERE &
Lt PA(0)/PA(IT) IG5 i A

MEL_ 7] LR H, 2% Suzuki-Miyaura {55 <
N PA(I/PA(IV )G IR 6 = B2 (1) SEIGUESE (7] 4 PA(TV)
H ] A 1) 73 8 B A [ G 0 B3 ot S it ] 47 g S B
W), T H, PAAD/PA(IV)IEFF ) Je B 4644 % 75 Bk
TRITES W) S B3 1A 74544, Suzuki-Miyaura B 5
KRR PAAL/PA(IV)FE LA R R Bt — D0t 7.
PA(ID/PAIV)FEATENLIE 5 PA(0)/PA(ID) AN [,
M6 5L AN 7] 1) RS 423 P 3 L DA R ST 30 B s 238 ) A
AR B 77, PA(D/PA(IVYIEIIE BA A T KA B-H T B
IR X 7K S AR DA S 5 b 2 20 o Ty ok o e 2% A1
FINE A 2. Rk, A&k PA(ID/PAIV)IEH %
AT A AT HL A 5 N2 (R L.

2 #%RE

HelR—RERSEEY OEEZNI AR R 5
— AR O e MR ESETER, T
HANUIAY) b 500 R 32 4 106 HLES B R A B )
SRR, TR EAL 2 I A RN JE A WL R AL X
T Suzuki-Miyaura RN &, 48w A WL )
A LI AN R 7 72 200k & SR AR )i 2. Suzuki-
Miyaura X EIRTE C—C SAE N H 52T 2,
AHSCHINLEE A AR =5, (H AT & 1% & #E A4T
IHEZ R HIAIR. 5T Suzuki-Miyaura [ N 5 4 8 it
FERME R EEAE T (D &R R A S R 444 2 1
JR gk, ditaAFRE, MEDUR AR G5 1 s T B
W QemE RIS, KRR FE. EA. Bk
A WU 1R S 5 AR A 5 B 2 0t e 4 JE A I .

I LA, I T T 0 1) S e st B E R
FERR PRI T B, &R MAH S A T EE R .
AT AR E 7 =AM AT R, alA: (DT
4 g APd—O0—B TR WRIE 5HiE; )
IR PRI R ZE(RZE A 584 B), BINSAEAIN A (]
A B 0% 4 & TR AR R R T BRI R, ) B
T, BN TIURE 42 ) v 1a) 44 215 4 & v a4 (G4 TR 3 B A
Hh A ik 2 FI B FE(Scheme 11).

L
/
/X R1*B(R)2 R2—Pd R R
L—Pd —_— O.,/R —> L-Pd
R2 HO™ / ’B \R2
Ho

Pd—O—B intermediate  transmetallation

A1 HemEidk

Scheme 11 Transmetalation process

pre-transmetallation
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2.1 kg ESEE

FLTE 1979 4, Suzuki 5 Miyaural? 7EHF 58 2R AR AL I
AR S eI P AR e S S, B TR I T BT
MM EAEEEH, X—KMEHRT iS58 7%
SRR LR, WS RIE R RES 5RO
s, G AR XA R AR TR A B AT A FE I 4
4, X ) KA A 1S B . EE] 1998 4F, Soder-
quist S A F WIS 06 45 SR wy v i 6 R
HAEE Pd—O—B B HaE. A 1R 7R X (threo) 5
7% 2 (erythro) Wi Fl 9-BBN 7t J% 8l Ji& ¥ 47  Suzuki-
Miyaura RIS, & IS4 (0 SLAR RSB43 DL 56 4
- (Scheme 12). %k, A 1HENE: &8 L 24 B
SEVU O VEAS, 83 b [ 1 Jo e S o 5 A S5 1~ 1)
R TR, N AR o BT B IXRE 1 DY 63 ]
&, MFEN Pd—0—B Bkt k. )5, Pd—
O—B BUF (A4 A LE A B BRI 22 It 7038 IR 4252,
HAR AT 48 A, N 7R SE P 48 P IRl AR 1
FEAE, IRZHE T 2R T 0 R I R AL

D
Pd(PPh3),
B + PhBr —— >
s NaOH, THF

threo

D
- Pd(PPhs),
B + PhBr —
5 NaOH, THF
erythro
via H
|
O
LPd* B t
I R H
Ph S
or -0~ o
H L2Pdi\x;B”\
! F|>h ®
O o
LPd” B, —
I
Ph

B 12 5T G o R

Scheme 12 Preliminary investigation of pre-transmetalation
intermediates

FLAE Soderquist it Pd—O—B Uy [a] 4k 2 A,
Canary M HA&1E & 05226 I f s 35 5 1% (ESI-MS)
I Suzuki-Miyaura W, {H RSN 2 S A0 RS ()44
A < g Ao v T R G S 7 B i+ T044%). 2007 45, Mon-
teiro XIHLAIEEIFIH ESI-MS BFUEARME S5 L
PRI B, [FIFEE A RKIL PA—O—B Hhfalfk. 2018
%, McIndoe K AGVEHWUEH] 1IN FE S EN 5

i) (pressurized sample infusion electrospray ioniza-
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tion mass spectrometry, PSI-ESI-MS)=ZR ¥l Suzuki-
Miyaura 5, {HA%A K Pd—O—B Hi[alf4.

BRI A1, A% L IR 2 — e A A W P
()4 T B 2008 4F, Cid S H A EE IR A 3'P NMR i
M7 Suzuki-Miyaura fH5E S ML FE(Scheme 13), FEXT
#331P NMR 5 51T T AT 538, A7 DY =Rk %
PUAE S B R b e = A — R R RS A Hh B A4, H2 4T
24 1 25 WA Z 5 KRB #2742 aX — A,
HAGZAL RS AH ), DR FERR T e R e 4 1 AR 1 v ]
A, A, BRZEEMIBR AR . SR B, B
SRR SO =R E R T E S, JRY) 25 &
S5 MNEREFE R T —ASHE S, (#4546 DFT
TR, WX G S RET AR E 75 Pd K&
frfyrbia gk 26, H e EARALER ¥ S8, 1E# %
ARFIX — AR AT 13— 5 (1) R AL

Br B(OH), Ph
| X Pd(PPhs), | X
+
N" >Ph ag. K,CO3, toluene N" >Ph
24
Ph B(OH), Ph
| X Pd(PPhs), | X
+
N” B aq. K,CO3, toluene N NPh
25
LT
OO
OH
Ph PPh;

proposed intermediate 26
3P NMR & 22.74

B 13 I A A 0 T <5 Jas v [ A ) 222 3K
Scheme 13 Attempts of detecting pre-transmetalation interme-
diates via NMR

2016 4, Denmark & H A 1EFHMIE Suzuki-Miyaura
IR S5 L FR) e <5 i I R ORI T v A T B R, 1K
RALTFWE 1wl B rp e rg k. RO R 4R
ET BOHE S BN, % < Ja i R ) v [ A EAT A 2, B
FAEARUR A0 T PO 5 A% R (rapid injection
nuclear magnetic resonance, RI-NMR)# AR % T.{F LA
FEEC A 50 AR VE gk dn ), i 12 iR B 55 S
[ 2% A L 45 B R A € 1 =M T G2 )& 1] 44 (Scheme
14,a, ECEW) 27.28 F129). 04, AR =BG HL
57 5 Pd—OH R[] 4 52 fi(Scheme 14, b, 3 1. 2
A 4), 382 DURC AL A DU S Pd—T B [a) 44 S
(Scheme 14, b, 3 3 1 5), #AT LATERSA AN F I T
F3EX = A (a4, WU A DGE AL IR S ERAL
T Eerb A, SEH AN R ST A T AR R ]
fA&(Scheme 14, b, & 1. 2 f13, X 4 A1 5), #t—LHe

http://sioc-journal.cn/ 3499



BIHEFE FREi#HRE
@ F F
R F
I _ H , L kOH
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i-Pr3P—Pd—Pi-Pry HO~g- i-PryP—Pd””
Q "OH
F
Foo27 28 F 29
(®)  oH i
i-PrgP-Pd—Pi-Pry 3 B(OH),
BOH):  pjpry, THF-dg L PR o THF-d
+ — 2 — - 27 (1) Pd + 28 (4)
. 78 then -30 °C | /©/ > 781060 °C
F 3h quantitative | F F then-100°C  quantitative
(I)H 3 3h
i-PrsP-Pd—Pj-Pry o § B(OH),TI
57/ Pi-Prs, THF-d ; FPrsR THF-dg
+ 3 27 (2) | pd)% + 28 (5)
F -78 then -60 °C 3 /@ ) -7810-50 °C, 1 h
F 36h 50%conv. | F F then-100 °C = 50% conv.
I
i-PrP-Pd—Pi-Prs BOH)sTI  PiPry, THF-ds B(OH),
dibenzo-22-crown-6 : CHZOH, THF-dg
+ E———— 7 28+ — . 29 (6
-78 then -30 °C ‘ -60 °C
3h 10% conv. F quantitative
(© THF, MeOH 29 THF
-78 then -55 °C -30°C

B(OH),
28 + /O/
F

THF

F
‘ Pi-Prs, THF
27
20°C

-78 then -30 °C

BRI 14 ke AR &k

Scheme 14  Synthesis of pre-transmetalation intermediates

TR AR RS R. BN EZ TAEE T IEM E B AR R BT
o, R ik AR O R I A R A, (HX R IR
Pd—O0—B B (AT DLEAT B & Jm Ak, 3Tk i v
B3 2RI Y)(Scheme 14, ¢).
22 BEASKLEB

= EAL A VLAY B A B o B iR, TR
Suzuki-Miyaura A PIBEAE EAEH, T2 SRR 2
25 W) (ate complex); AN A [E] 40 AT DLS 8 e
L, KA B RE. B F RIS Suzuki-Miyaura J
R ASFVE R, A NEE &8 R A PR AT R Y 28 2k
(Scheme 15)1%%0: (A) Pd—X ZY 404k fin e H 8] 44 B F A~
AU A YIRS, SEI &g, (B) PA—X
RS0 B ()4 S 5 B0 6 B 1 R AR AR A He, 153
Pd—OH B[alfk f5 F-5 rh M RTINS S B, S 4
JEIEFE. X T IX PR LR, AN FEWEE 2 K AR S
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e, AT IR T BARAYSEIG DA R A, R
43 #¥ Suzuki-Miyaura 2 N 15 43 8 1) 5% 28

OH
R?—~B—OH
OH
Path A \ RS
| | B(OH)
RI~Pd—X R'=Pd—0

| +\

Path B

|
\_. -
R'-Pd—OH
HO™ | R

BR 15 HEREIENRKL A S4B
Scheme 15 Path A and path B of transmetalation
Soderquist S HAVEE BRI, AN
GENIOS e S R R A RO, AT Sl T s
5%, KINAE Suzuki-Miyaura fHHH R-9-BBN Lt R-OBBD

pre-transmetallation

intermediate
2—B(OH),
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BEAHEEEEGEE 1), (HETT LIS C—C .
BE o, AATTR R AZ RS R R R, R IUBRLE PR b EC 4
RIAH R HAL I E A RIAE . R-9-BBN B4 5 5 1t
EFHLAL, B 55 b Rk 30 Pk & NAS BB Y,
SRR R R4k A. R-OBBD T 4% 5 i i 59,
METF SHE A &9, SRR, BT LS EES A e 44 30 1)
BoAR sz 4, AE A )44 31 5 -5 R-OBBD [V, W4
2 B 28 B (Scheme 16).
#£1 R-9-BBN 5 R-OBBD [#iF 1k Hu#E

Table 1 Comparison of R-9-BBN and R-OBBD in reaction
activity

R
g PhBr, Pd(PPhgz)4
B—R and/or 3 — > Ph—R
NaOH, THF

R-9-BBN R-OBBN
Entry  Reaction time/h Reactant Product  Yield/%
| | Bu-9-BBN Ph-Bu 40
Hex-9-BBN  Ph-Hex 48
) 12 Hex-9-BBN  Ph-Hex 86
Bu-OBBN Ph-Bu 0
3 12 Bu-9-BBN Ph-Bu 84
Hex-OBBN Ph-Hex 0
4 12 Bu-OBBN Ph-Bu 44
Hex-OBBN  Ph-Hex 49
—PPhj ~PPhg
Pd(PPhg)y; === Pd(PPh3); === Pd(PPh;3),
PhBr
(PPhs),PhPdBr (PPhs),PhPdOH
30 31
Path A
HO™ - OH
B—Hex —— 87
PhBr, Pd(PPhs),
———————— Ph—Hex

NaOH, THF

Hex - _ Hex
g M0 B
o] o O OH

not observed

PhBr, Pd(PPha),
NaOH, THF

Ph—Hex

B 16 R-9-BBN 5 R-OBBD %5 Jx N [{IHLEE
Scheme 16 Mechanism of reactions related to R-9-BBN and
R-OBBD

2011 4, Amatore 5 Jutand Z55F ] HEAL 243 R (16
AR 25 T ) S T %) Suzuki-Miyaura M.
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B3N 7750 5t DA S — P LB S, 5, AbAidE s
R IR T A WL ALY 5 SE R B 1 DL AR
B 1) A 5 SRR A7 B A7 AE I A 2 P 1 (Kpa > K,
Scheme 17). BJ5, AT — BRI HIGIR 2% 0 8 5
e TAALmpeh R, BEEdEk, mk-ms=x
PRSP B AR S AT, PR T R A HE SR
ANE R0 ) SONE ZR L X RE, ABATTRSE I T XS Suzuki-
Miyaura [ REFE RSN 75 0. 3 7702, B
FZRBIER (1) L AT X B B 265 A5 AR K52, 4 B/ 8
BRI LLBIFE 0.7 A RE, RERR K, 21X —
i1 B 0B, RSRFBSGRE TR s
K, gk 32 FEHEEMRNE TR
Aot AT e /IR, AR SRR IR BT (PR [E]
A& 32 2, PURCA, TR A e ik 32 1) R B %
AR BB B P)(Scheme 17). ARYELL_ESZaG s R
FHINNEEETES R RERLE B, R oHrags b
BAE S SR : (1) S5 A IR R (a0 32 /87, ad it i
A WS A B A 33, Qi EMNAEMR AN 72
WHREEA &R im R =B AL a2 s Y EC AL 1Al ik
A, AT 2 B AR 0 S (P R0

NMR
Ks
Ar'B(OH), + HO Ar'B(OH);
AR Ar?
~ Kpd
Ph3P—P|d—PPh3 + HO PhsP—Pd—PPh;
X
X OH
32 33
Electrochemistry
Ph—Ph
PPhs — +
PPhg N-BusNBF4
— pg— ———— Pd(PPh
Ph—Pd—OH + o DMF, 25 °C (+ 3)3
2
PPhs PPh,
PPhs n-BuyNBr
CN-CgH,;—Pd—Br  + o _-BugNOH, ti
p-CN-CgH,—Pd—Br 5 no reaction
| phe(OH); DMF 25°C

PPhs

B 17 456 A AR I S B B A 7
Scheme 17 Distinction of reaction pathways facilitated by elec-
trochemical techniques

TEBEJG I, Amatore 5 Jutand 2528 & Wi 4E
SREEPRNE TR 5SS AR A AR EH
(Scheme 18, a). % 5E 1 BE ] LA A0 I s 1) o a) 44
32 KABAA B O B ¥R st A 34, X
A AR = le A A, X — Wt Fe gl SR o iR E
T 4 @ vh AR R S R R I 2 s 7, (93K
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a7 8%, 5l SRMNEEEEZ M SRR
Amatore 5 Jutand ZEIBIE JF G2 AL R, AR IL T B BH
B X 4w S —— B 4 BH B BT LA AR ) 44
33 %G, X—H/EEHeERSRE RS, Nkt
ey J&m ISR AR — R A AE F (Scheme 18, b). AN
e EHE T 5k 33 KEMEENIAHE, Fike]
TE AR B S B R B A S 5] 169 1 O PR R BN O
n-BuuN">K">Cs">Na").

@) APB(OH) ,F, (n=1~3)
F |HO
PPh . PPh PPh
° F ®  AZB(OH), e
X—Pd—Ar P—ﬁ&—Aﬂ Aﬁ—ﬁw—Aﬂ
PPhs -X PPhs PPh,
32 34
® PPh PPh PPh
| ) || °  AB(OH), |
HO—Pd—Ar’ +m—$—m1 NLW—N1
v PPhs PPhg PPh;
33

BR 18  F T A4 R B & Xt & 8 I R R 52
Scheme 18 Influence of fluorinion and alkali metal cation on
transmetalation

2011 4F, Hartwig KHEGEEPIIFR T —RF110L5E
THE MRS, FEIE A% R I e N3l ) 250 FE, TR T
HaRd . PR, tFER Pd—OH B[k
55 2R R B A A ) PA—T AL A () 44 55 D e A7 Fr
R Eh# AT LS BRI =4, BIRRLR A 5K 4L B E BT
R ECA T Re KA. AT AR, PR S B % 26 R AH
MR YT T SEPR R B AR A R L. AT R G
T 55 R 508, Pd—OH B a4 5 x5+
Pd—X B[l 52 (] iR, I RAE R NAR & =
Be AR 5 DY RO AL A AR R 0 =F FE AR, Pd—X AU [H]
15 Pd—OH 24 [al 44 AR 32 A — e 2200, (HZE 0
INFABES. SR, fE—40 CF, Pd—OH A!H[a]
14 36 SR 1Y) SR 2 0@ PA—X B A 44 35 5 1Y
BEAL AR 2R A2 1.4 X 104 £5(Scheme 19). HH I, AthA]
IWATEESE R B FE T, # & @ id FEE )2 M 26 B.
AR, ARATIAH FEIE N TR BE 7E %44 2 R 2 20 I %
4 B #iT &R, ABKNE, MATTERIEZE T (s
—40 C)ikAT Pd—OH & [al4k 36 5T A B/ T o
TR TG 5256, R BT R AR S0 1 R T A4 A R A
T X RATH R R DR ISR A TP A F A S
=4, B 15 23— PR SR

[F4FE, Schmidt [ H AR SR F AR Y B 07 (] 42
R B2 AT T X 4. ABATTIIN T NaOAc. Pd(OAc),
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PPh
PPh 3
| BOM:K " 18-crown-6 Ph
Br—PId—Ph + EE———
PPh, THF/H,O
-30°C
35
relative rate constant 1 (calculated for -40 °C)
H
PhR( 0 BOHL  pph, Ph
Pd)/< +/©/
©/ ) THF/H,O
0
36 -40°C

relative rate constant = 1.4x104

ER 19 BN RE) R T
Scheme 19 Kinetic studies of stoichiometric reactions

H1 PhB(OH),, = S2H] AR i 5 4 J8 45 3] Pd—Ar 24 ]
A, Z b AR Al B — 0 BB R T LS B Ar—
Pd—Ar B 4K, Bl 5 34 J5 9 B B R A5 BRI, 1E
BRI, TEAFLA T NaOAc 275514 T, NaOAc
F1 PhB(OH), Je &1t Fi S 1R & 11 [ % (Scheme 20, b)/& Lk
NaOAc il Pd(OAc), Se it Fl st iR A 1 M. (Scheme 20,
a) B ZR K, AT b AR SRR 2 FH IV R 28 B.

(@)

[NaOAc + Pd(OAc)z] + PhB(OH),

pre-mixed

DMF, H,0
22°C

Ph=Ph

relative rate 1.3 ~2

(b)

[NaOAc + PhB(OH)Z] + Pd(OAc),
pre-mixed

DMF, H,0
22°C

Ph=Ph
relative rate 1

B 20 BRI B ) E AL
Scheme 20 Kinetic studies of model reactions

AR S, DL ESEIOE IR B AE5) )% B
AR BRSEIGIUESN, BT RN AT O A
TR THER 004630 23 B Suzuki-Miyaura f NS FE XS EE T
PP 42 R I 2R e 22 K. B T B 45 A 0 R
4 A(EREE L EUIR A B A A, [EARESRE, A
Fe SRS, R, IR PR TH R AE A B AE— e R
VR SRAUE SRR Y 1 SEPUN S AR R AL S
W, ZHEAEH Tt ERERC S, JEIA THE
S SEAS T BRI B KR A 1 I NI BB, 3
S YOL S INANR R Sl K SN A I e
SOuTTH R, 2R ARt R BG4
f& 4k PHs), H G392 bR S B i A o 58 9 52 2%
BHE SRR ONIER . BEAh, PS5 RAR R TR E
JSEAAS 2 ST I R B 46 JR B R KT DX 43, 24 R S A XA,
SN ES 2RtH RT BE &k AE B8R, [AlE, Suzuki-Miyaura %
IS R B < Jed it 24 1) LAV 5 AT 75 3 I — B IR R A R

Chin. J. Org. Chem. 2021, 41, 3492~3510



Chinese Journal of Organic Chemistry

REVIEW

.
23 #HEeREidRE

i o J T R 3 A A D o A n T A 3 A
J& R R R R (T XSRS BT
Denmark K T Tl 4 J& 4k, 1X—id A2 nr LAyt —
S5 4y R TS 4 T 1ol RE AR SR 43 )@ i FE (Scheme
11). A/ SRR T 42 @ v [A) 4 21 1l 4 )& v A
PRI RE, 2R a8 i FE.

Bk B, W4 Ak A A Denmark K2 A AE
FSLHL T X E A RAERIE. 2017 4F, Denmark A
VR BT I S 7t 7 S B R s 71 N
25, AT T R i R I R R o R R
2.3.1 44 EitAE b ey E R

YEHTE—40. —30. —20 Fl—10 CPUFA[FERE
T, R AT T AR 29 HR BB
FIERFEE, A Arrhenius A iHE T IX—idf2
—30 C FAIELZH(Scheme 21, a). IXYEHLSEH)
Ha5 DFT tHEERAMNEGE, Wl 1R o Al
EOVEMMESYE. Ak, 1EE IRk 28 J2 29 [YH
FEE R 5B H AE BUE R . X — g5 R UL
ZHERT, MEETEEHERRER, ¥R REEb.
2.3.2  MEBUARAT R ik 69750

1 Scheme 21, b fiizs, 1EEGBH T ZMHH AR
TR TC AR 1R T 0 J R 4. SRS S5 R BT TR A AN
s, EAERBRE =B R SR E B —E Z R
AL DPPF TR ARTE R By, fEE A Z
(AR TE A e 4 8 2 T 75 B SR AT R AR A 55, PhsP
TR ARTE P L i-PrsP A & — 2%, 1 il

(a)

TR A 10 D /N K I R 2R S I 50, T T AR P P
P e 4 g T R 5 T B R —— R T A4 R B H - R
ISR EPERRES), 4 T AR Il e hkig.
233 4 EIARA AN aEeitaE

TEBEALER TSR IEAR 27 25 )R N3 715 R R
I, B R B B ) AR AN B — S B (PR, T A
ST STARE . VEE T E NG R R Ak 27
i = 2E 17K (Scheme 14, b, 3 D&l BT — % FAT
TR IR SN () s S 28, ek S [ml Bl A 27, R EIX
— BB R AT 22 H AR R N 56 4, MBI = A
R . AR SR R, BIER 1 AE 7R B AR K. R,
HIE R 27 AR BB = B R ST, K AELEAE TS R
(AR 27 JEAT T TR B RE, RMNEZFE 2R/, &
PMAT R — R ST, R K 2 B AR S B (13
FemigR, “TR” IBIIEFEME CABEAT, e I B R
14K (Scheme 22). ALRUFIX—F5H, VEH AT T AHIRH
SEIGCHHTIRTL. 1, BRI T AN 1
S Y FIAI AT PN | NI e - N 3
NE RN (Scheme 22, ). XL T HIAIA 27 BT
4 )E, TR RE T IR MR R4S T R A 37,
i H, M SO AR AT R, N 10 5402
THE KA TGRS, RSGEFH S E R
R, B, MEEIAET ek 29 Feib ik 27 1T
177 (Scheme 22, b). fEHE—78 ‘CF, [HHHEAK 29 (1)
USRI (THF B R NN i-PrsP, FHEF] 20 C, Epw]
BRI 27, HrERE D AR, B, 1E
HOOE T AR 27 WA RROTIE, SR RIER A A SR
KH(Scheme 22, ¢). IXFF /R NAR R H A KITHE, T

F

F F
Q B(OH), O
H THF y. g-OH O
HProP—Pd-O—Pd—PiPr  + —_— o™ _ F
‘ T -O7H - Pd(i-PrsP)
-0 O« j-PrsP—Pd +
H \B\/OH H L 3 - B(OH), AG'=74.1+ 4.6 kd/mol
Q AH' = 66.89 + 3.30 kJ/mol
t— .
o8 I AS*=-0.0289 + 0.0134 kJ/(mol-K)
(b)
L H F
I y Entry L Krel
F "9 O\BOF THF 1 DPPF  1.00
‘\O/ \ -10°C O 2 i-PraP 2.94
g OH F 3 PhsP 361

B 21 e @it A b (T A S 5 IR E A4 nT e 7 18 2 f) 5 )

Scheme 21 Activation parameters of transmetalation process and effect of phosphine ligands on reaction rate
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Autocatalysis mechanism

Pi-Prs

Pi-P Pi-Prs
T Pi-Pry | °H
F—@—Pd—o\ — F—@—Pd—
| B F \\\
Pi—PI’3 /\ N
HO
38
H
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Ti—Pr3 Pi-Pr3
F—@—Pd—o
LN
Pi-Prs |
HO
27

Supported experiments

(@)

| F
F Pd
OB 08 — 5 0
F PiPry —@— O
F

PI Pr3 F
_ Pi-Pr
—Q—Pd s ‘ amount of Pi-Prs H reaction rateﬂ
o}
P, Prs Y —Q— THF, 20 °C O
F

P/ Pr3
/ Pi-Prs, THF

Pd— N - .
o —Q—F -78 then 20 °C
|
H 29

© OH
-PraP—Pd—Pi-Pr,
Pi-Prs, THF F

/©/ -78 then 20 °C
36 h

‘»‘»

75% conv. 27

B 22 R Al

Scheme 22 Autocatalysis in transmetalation

st gt B Bos B Rk 27 A A E=8 — 9%
M) R, DA b s as g5 AR G Hh IR E T F 2 S
AL T H AR R B G R I AR A — 8 7 RO A O R
4{.('43@12!-‘ 27 IR N =R AN, (EE IR
DA b S 5 B0 58 A HERR AR T RE I #8 42, Pl /e B
AT LA AR 27 B b A A 29 J5, B A 29 H K
AT RIS,
234 FHEAMBREST A BT R m

2018 4F, Denmark & HEAEEPIN RGW 5T 1 AF
75 HE IR MR ) % JR I AR . W AT R IR R R A PR B
(EH B AN 2520 PA—O0—B AR fa e,
SN 4 JE i FE ) % (Scheme  23). 140, X A<
T 4D A0 A T P i 1 e 1 5 T 5 P P RO R
M ) 4 e v AL, (ECRTI B T ARG, HoAh R A
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F1 B0 T2 I 1 5 T PR B R 25 T T UL S RS B Y R LA
'JTﬁ%/ﬁEEPIEWZIK VR i S g R RE R TH S A
T AR TR < m ) A2 ARIER T 0 ) S SRR, A
BRI P B R 3R 2 M 21 e < i i R 1) S B3 %62 (1)
R 207 S (R S RE R, B S I 72k i e K
/N R R 2 T A7 L S R A S B (4 A FE A T A5 R 3 R
Wi (2)-5 B C A7 1 4 S 1 Ak 18 T BC o AV AR L &1
M7 S RESE, B 32 AU T BB P /IS (R K, i 5
) b5 S R P (A % () BELRE I (3) 05 R
MR S RESE, €2 ST AT /NS (Tl P K,
SR I TR R DT LT S s AR, 9T
SEIEM AR By ). SR B ) B B IE RS PA_E =N
ENaey A INERE S
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H
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Cl Cl OMe MeQ
o
I R ' , @ cl OMe
2 ~Bon  _B. Q % ©
o B~ B- B~
-5 ~5~0 <70 OMe

Kees 1.00 4.27 0.0022

é . ?/\/( ., ,OI-PI' 0
el _B. ~B~oipr B
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4.20 5.78 —
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Scheme 23 Influence of boronic esters on transmetalation process

Denmark & HAVEZE PSP AEHT FL, NRATHL H
THEZ SRR, TR, Bt — PR
TR AS R B AR A It % 4 e I R ) 5 .

B BB FE NPT CUE 520 B i 4 ek R 1) [
EZ, WIRANINRIM SR st E. ik
A S A AR, T H., W B SCHR E By
RIRER I LE B s REAAR 2R Hh (19 /KR HLI R e 205 1 11
TR R R, X 3 4 I R 1) 52 e HEAS 2 B — A (i it Bl
HHHAER. B, FAE BB TR 4 8 R i A
BESEZAEE. DR TR X e BAKR R R 1)
WE G508, RN LSRR T EFrAR, H
" Denmark K HA VR TAE, #RiE 7 s &)@ a4k
IAEAE, AR HESE T Suzuki-Miyaura SN HLEERR 55
KIE. SR, ¥4 @I R DU i) T A 15 DA
(1) 4 i ik 75 2% 2 IR W 9 300 02 268 T4 o 1) S R 3A B3 15
I, HATE = — 8k rAiR; (2)5EPRI Suzuki-
Miyaura J B 55 [A] T 28 A Pd—O—B [kt 47
e RUIAAR; Q)T e i rhEigadt Pd—O—B (1)
AT R T LB o AR -, T HARn] LS 2%
& JE A, (LR TSRS EE = Rt
Fe. BbAb, FRATIE 75 B A 0 A I T A% 4 el iR (&
FEBRAMNIN R T 4@ AN 4 AR ) A4 o 1) 3 12 A 1)
) IR BT AR B3 B SR, AT BE 8 MTE 22 1 AR B R TA
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R G R L
3 TIRER
S TS o T DA R A I s e R e

rh, DASLA S S A C A7 PR S S B AR AT ARG, AR RS
[ 987N — 4. Suzuki-Miyaura 5B 52 R 2 JER 9 gt it
WG JE R &, RE/HRE] C—C BB~
DA B AN 75 Uk /s (0 R BE A 9 R L 1 R = R T 5 4).
Suzuki-Miyaura N () %% <5 J& b (A A& 6L 5 A Pd—C
B, R AH N R A O e R Bl U R IR (Al
PR EL RS IR (V) We B EL AL 15 4 @ P Ak 25 &) kB
B-H HERIIEIR R, A fix —FE R, AH IS 7R
T 6 B-H HEEBIE I i R0 ()AL (cis) B — 0% 1
FC A A% 4 b TR AR 2050, A TERR IR 264
AT LA B AR EI0. BT, X T Suzuki-Miyaura fHEER
JSE R3S 5 e 2 P L T 7 4 R A K.

Wt e — MR AL R AR CE L e 5 %
P R 75 380 ) R A AT R B EQR A 1 R B R A
P8 B 4 Je R R A, 33 T AT A0 JE Y RO FR OO, B F
2004 4, Osakada M AR ARE T WA LI
W HE R A B e AR R RS, B — AN XS RR Y )
55 FEAE S S 45 DLy B AL AL (Scheme  24). Al fi] LA
A e AR 39 RIDTEERER N JE K], AL
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(et &R fE), A= AR T I ERA T
WL (trans) e 4@ FR )R 40, Frialk 40 60
Fasg, 'BAE 100 C T4 24 h hAS RA I EE R
2. HlEfR 40 mfaEtE— A TRET SN trans F%,
I J S B R T AN B AL T A0 (cis) A = R A 5
—J7 T, 1EF MRS EIER AT C—B #EAALIN F R
T- B BHAS HRNAK 40 & A trans-cis B H AR AR, 3
T BELAS 340 S5 B i R 1 R A

R F ||3Et3 F
F@—Td—| + F@B(OH)Z
FF PEty
39

PEt3
Agzo
toluene/HQO rt.

PEt3

trans 40
characterized by NMR and XRD

PEt3 R F R

toluene-dg

g s

100 °C
F PEt3 F F F

B 24 05 B A ) 0 I8 R T R

Scheme 24 Reductive elimination of trans-diarylpalladium
complexes

B, Osakada Nz H & VR ISONFERE— BB 78 TAE
HSEIL T cis B9 05 B A G & LA B A (Scheme 25).
AT 1A s b A S5 48, SR PAADAC &4
NIV, i BRI E TECEY) 42 A 43, s
Wy 42 1 43 FRAT AR ISR AR T R AR IR SR T B i
T2, 1SRRET=Y). LAY 42 IR R st m TS
W 43, (FEEAEV TRLEY) 42 BRI IEh .
BEAE 45, 50, 55 f1 60 CR#EARE T —H NI /7

AL VE#IEHM A Eyring J7 FETHEAG B 13k JFE R
FEAE 25 CRHEISHL BAh, 1R KRBT R Bk
AR A BT L IS SR — A TR A AT LA
A B BB PRI AT L

(@) OMe
N/
N, N/
[ /Pd\ NS F
/N\ a1 Ag0 [N/F'd
F THF/H,0, rt. /\ F

X
x%:%s(om2 X=H 42
X=F 43

F
characterized by NMR and XRD
(b) OMe
W F
N\ benzene-dg
Pd F————+ MeO F
N 50 °C
/\ F
F
42 " AH'=101 kJ-mol? 94%
AS =210 Jemol 1K1
AG" =103 kJ-mol™!
B 25 Mt 05 AT S A I K I8 SR Bk

Scheme 25 Reductive elimination of cis-diarylpalladium com-
plexes

Amatore 5 Jutand SECUS2R A AR, AU
TR I AR, WS T o6 I J T o R A e
. RIGRM, el afh——R Ar'—Pd—Ar?
HRlaMA 44 FEXTERE, TIATSMINN I S AR 0 T Bl
ARG T ] DR HEIE SR B 2. A T % s Hh )
P TEAT I J5 T B 9 2% % 12 (Scheme 26): (DA IHZ 51
M, WAAE T 5 kR (trans) % & 8 T ARECAL, B
BT AT VAR, NSRBI T AR SR s (2)

X=0HorF
e
b
||_ X Ar*—Pld"\L
1—Pd—0OH / fast X fast "\
! L Path A Ar'—Ar?
L transmetalation |
. Ar1—F|>d—Ar2 +
PdoL
*-B(OH), tr:ns N ren® / T
)
slow fast
a4 Al —Ra—L
L
cis

reductive elimination

B 26 G 7L EE R R

Scheme 26 Influence of anions on reductive elimination
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TS E5R %M T, e iR 88 N s ey
=X (R 22 1, O 2EAE), SR 5 PR T IE 5T B (B

Amatore 5 Jutand 2510315 25 1 BE S 4 JE i R 5
Wi, EOFEPIAMEZEAE F DL RPN IE . (2R F
()55 RS A R A4 e B A B AT R 4 T v PR 1Y)
BCARAZ P = (] ep [a) 44 33 5 34); ()R iE 5% 4 & Hh ]
PR PR S bR R FHIE D (D) SRR AE A A ik
A & Jm T D EC AL A 5 (2)B6 4 i BH B+ S e A
A2 A T A () e (B A 33) 2%, Hi AL & TR I R

MEL BT TAERT LA H, 4 Hh A4 ) 2856
W JFE T B R B R K sz, BRitbz Ab, FoR ) HF
REME e T 1R 5 A BT R ) FEL R I SR R AR B A
RS2 R 5214, Suzuki-Miyaura {H S B e 5 @
RN SRR, XA SR PR R A
TAE > T — AN R BT Rk v B 2 A 1 B
IERI IR, A B S 2 AN 4EE R IR ¥4
JE R JFE W ) K 3% Suzuki-Miyaura [N, MG A2
F AR 26 A R K.

—/NSEREI Suzuki-Miyaura 8IS I ACTEIA G
B FIRFEANN AL e 4 Jm UL OR JF T B = AP IR, X T
TEMI R NAR R, %5 B2 R FES (DFT) U5 mT BAFE BhIRAT 6
BB A AT A IRR-20e b 4h DFT 115
TEWFFT Suzuki-Miyaura I fHE AT T AL 200051 I )
JRE166) Jo 2 B ife MO S T AR R it T F I BEIR SCHE.
BRISHIMEALSS, FEIMR Suzuki-Miyaura 8¢ N B A
TEAGTR 2 T OR35S, A4S 21 1Bk 72 i B
FHUSSI. P55 AR A A A 770t P DATE 7 ot 2 Hh A A K
61, L K RURE 2 T AT DA A AR X el A A ) AR AR I et
&, RETBOT It R SR R I g A R s I ) 1 A U700,

4 #FHFER Suzuki-Miyaura {85 Kk &

M Suzuki AR 1) A B ILLE IY -+ 22 A R [R]
B, MtRE ek EH T Z2FZFE1) Suzuki-Miyaura [
MR B KM E B A T Suzuki-Miyaura [ [1)4H
PR
4.1 FESEAEMTRIEE L ISEINEY Suzuki-Miyaura 13
BX

TCEAUEN—F St &R, T RS B i A
) R, BF AR RS ARTWRER, e KRBT
BELOE B BRRESSEIL )2 51 Suzuki-Miyaura
B RN e Ah, ik B 4£ )RS 51 Suzuki-
Miyaura 8IS N 15 DLSEEL. 2018 4F, BRI A1E
FHUAE RARGE T RS B LT Suzuki-Miyaura [
[i(Scheme 27, a). ARATTHI A LB 45 7E AL,
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SEHL T R s A 5 07 SR AR SN, IR SO R
LT A BN T AE R IR R R R 7).

cat. 45, K,P,0;
MeCN, 110 °C
X =ClI, Br OMe

AMTX  + ArP—B(OH) AT SAR

Cro™
S
45

B 27 L4 )ES 51 Suzuki-Miyaura 1856 & N
Scheme 27 Transition-metal-free Suzuki-Miyaura cross-coup-
ling reactions

Suzuki-Miyaura {555 B — A8 A DL s (b1 A
SEHRF. BE%E Suzuki-Miyaura 158k B AT R RE,
R 8 22 25 Y 1) 2% FL R AT DASHER 5 A DL AL P 1) 4
RS E, ARG HZ (C—N BE AL, D5 R IR R (CO—
O BIEAL) ., FRIRI7 FERR(I7 3 C—O RG], BER
JiEEMROTEE C—O BEEA)ORIITR(C—H g )T
S5 PR X TR 2K R 5 0 S L AR K AR e T
Suzuki-Miyaura J M. RG], 1 HAHSGH DFT iF 5
(2 W& RN JG 1225 SCHR) 9 R SEHLER SR it T B 22 1
4H7.

4.2 FWZE 5/ Suzuki-Miyaura {8k

TolZ 5 1] Suzuki-Miyaura {8 5% Be 18 17F — 20 4 R &
WV, e 5 T T AU D JER A (R ) 2 ot i LIS P A AL
ER). 2013 4, Ogoshi S HAVEHTIRJE T — M2
5148 L5 05 FENER IR AR X 1) 77 7% (Scheme 28,
a). FMAA IR A C—F 8, 153540
R AN, B S SRR AR )8 5k IR B i
T2, 1SR, 2018 4F, Sanford M H A 1EHTMRIE
TR Z S R AL Suzuki-Miyaura B! R
(Scheme 28, b). Mt FEH, BRI G 0T B B A0 55
SN, WHRFEEAF B Ar—Ni—F Bk, s S5E L
TR B 80, e 2843 BRI 4. LA L P ANBIE 70 A 1)
DR R AT e & R—M—F RS A n s ik B A 1R 47 1)
e JRiETE. 2017 4E, Carrow M HA1EHBVRE T A —
G SR SEILEIZ 51 Suzuki-Miyaura {85 (Scheme
28, ¢). MATMEA T 07 FEE B N EZEG, BTl
T AR A TR F = A2 B & - B A A I s ) A, iX —
R A AT AEE TR AN 25 A1 R 5 05 B R A FH, 1T A A
GBI, B A R A A e TR .
it, Monteiro 5 Amgoune 5B FH KRR IBE R
V), WA LLSEBEIZ 511 Suzuki-Miyaura 5%
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ik SR

(R AH AR ) = 2 H LA S PCysHBF, J Vif5
FI| [ B BERCAR)(Scheme 28, d). M5 FIHLERRI 5T 2
AT S ] A PR TR P T A %o 9 4 Je it R LA OB

@ Pd(dba),
R F e Pi-Prs, THF, 100°C R F
—( + A—B >< )y~
F F o P Ar F
i " Pld F
via -
FQ/i |
F P
(b) Ni(cod),, PPh,Me
O THF, 100 °C
A=+  AP—B(OH), Ar'—Ar2
; i
via Ar'—Ni—F
P
(c) PAd3, Pd(dba),
+ - THF, r.t.
Ar'=N,BF, +  Ar?—B(OH), : b Ar'=Ar2
I
via Ar1—P|d+
S
S = solvent
(d)
o o Pd(OAc), o
N * ATBOM: e N THE Ar
FF
¢

FF
p O,
o ]
via Pd—N
R#?_' ;>
FFP o
H= 28 LHZ 51 Suzuki-Miyaura {5 N

Scheme 28 Base-free Suzuki-Miyaura cross-coupling reactions
5 MNEE5RE

Zdi =R R RE, Suzuki-Miyaura {5 SN [
FUERRF 7R3 30 T KM B, BT MU B T &k
W He R SRR BRI =R B REA E 24T, 8
KBRS 5 AL £ )82 51 Suzuki-Miyaura
I, Rt — Dt FuiE & e i R AT R BT S AR G S
REERAL T SN2

FIE, FATHIER R, Suzuki-Miyaura 5L S
B AR 43 N 2 TR B A 1B R &R (DA
B P IR B P REREATLEE DL K PA(IT)/PA(IV) PG I FE
R Z RGEHINR, R S ] R 1) SR AE S A DU B 7R
B — 0%, Q¥ SRIEZZ AN RN FMFRER
Wi, RN B 2 AR — RS R A IR AT AR 4k SR R R A
g QYMEA SR 25 A AN TG 4 J H R A4S 3 3= T4
R, X — ) SR A A S RIE; ) BMZ 51 Suzuki-
Miyaura {56 N 2R B & J8 i R A (E 2l fe i, 3
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Y 1) T 4 i v TR AR FIHT 1) s R A AL i) i A
RERINEE. IR IX LA RR 4k 2L 0 5T 10350 7 A A2 40 45 PR Y
WA, AE R0 R AN 58 520 S RO RE I R 2R, dEm
o RS A AT+ B L.

), BATN AL F Suzuki-Miyaura WL
AT DN AN SRS (1)i8 I P et SR SR AT I
NEEA, E I RAE SR 1) S R (a4 (2)id@ i {4
BA mT () o Fe 2 L v 25 1) 20 9 22 ke i T B (491 .
TR, R BB, BT A
SEIN S B R SERS IR DN, BEIMERZE Suzuki-Miyaura
SOREHRATLER. P b SR B ARG AR R, DS R A I Rk
55 RAE 2R B A B T Bowt 90 I ML ER [ R A, [
IF, BT AR T B i R FH R o AT e 2 S B (1) H 1A
.
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