
1

!"# C(sp2)–C(sp3) Suzuki-Miyaura
$%&'()*+,

!"#$%&'
()$*+, -./

20231208



01

2

-./0

Co"#Suzuki&'

&')*+,

1234



23-.

3

◆!"#$%&'()

◆*+,-!.&/0

A B

C D E

◆0123-45

◆67-89:;<=>?@A=>?B

CDEF-GH&IJ

KJLMNOEFPQ-RSTU

2VWXYZ&[\]^-_0/`

a7ObcEF-de

_0-f0g=Ah[i

◆jk89:;

◆lmnopq+r



23-.

4

n !"#$% n &'()

Me
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Me

Me Me
MeN

OR
Me

Me
R

stable

unstable

Me
MeN

O•
Me

Me Me
MeN

O[M]
Me

Me
[M]

catalyst
poisioning

Ph OH Ph

OTEMPO

Han, B. ACS Catal. 2019

Me
MeN

O
Me

MeTEMPO
BrO− R1 R2

OH

R1 R2

O

Anelli, P. L. J. Org. Chem. 1987

characterization

TEMPOstEF=uvBwxy2zQ{

|}~xy2=uvBy�J%�(�{

[M]LX

[M]X + L
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Sub. Prod.
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Suzuki-Miyaura4567
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B

OH

HO
Cl

R +
3.0 equiv. K3PO4

10 mol% [Ni0]

R

N. Miyaura, et al. Tetrahedron Lett., 1996, 37, 2993.

[Ni0]:   NiCl2(dppf) + 4 equiv. nBuLi     in situ

dioxane, 80 °C

G. Rothenberg, et al. J. Am. Chem. Soc., 2002, 11858.

up to 98%

B

OH

HO
I

+
3.0 equiv. K2CO3

2 mol% Cu-nanocluster

DMF, 110 °C
quant.

Me
Me

+
Pd0, ligand, base

R1 R2R1 X R2 BY2

◆��-�)�F, ◆��-�=���,

◆O�A ¡ ◆�)}¢£¤�¥

◆¦%§V3¨©�¥(�ª«

◆¦%¬V4¨©§EF®¯

◆°±²³2&´KV�Jµ¶

◆pq-µ¶·�,¸µ¶-106¹

◆º»¼½j ◆�(¾¿ÀÁ

◆ÂÃ�)Ä, ◆ÅÆÇÈ

É[ÊzËÌÍ

A. Suzuki, 1979. R1 X
Pd0 PdII

RO

R1
PdII

R2

R1

RO

R2 B(OR)Y2

oxidative
addition

transmetalation reductive
elimination

R1 R2

◆ÎÏÐÑ

◆Ä,ÒÓ

◆A¥4�β-ÔÕÖ
◆×ÌÍJ�,§

2345
67*
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859



OTf

+
Bpin

5 mol% [Co]
1 equiv. NaOCH(Ph)Me

THF, 60 °C, 24 h
R

R
R

R

N

P

P

CoI

Cl

iPr

iPr
iPr

iPr
[Co]

iPrPNPCoCl

O

MeO

O
Ph O

CO2Me

90% 75% 95%
F3C

S N
MeBpin Bpin

trace
100% conv.

no transmetalation

Ph O
Me

trace
35%, with

4-pyrr-iPrPNPCoCl

N

P

P

CoI

OR

iPr

iPr
iPr

iPr

R = Ph

Et

iPr

OCH(Ph)Me

Me

transmetalation

ArBpin

N.D., Ar = Ph

iPrPNPCoAr

Ar = 2-benzofuranyl

slow reaction

st
ab

ili
ty

75%

55%

N

P

P
CoI

Ar

iPr

iPr
iPr

iPr

Ph X
iPrPNPCoXPh Ar +

<50% N.D.X = Cl, Br, I

X = OTf quant. detected
by 1H NMR

planar, low-spin

tetrahedral, high-spin

P. J. Chirik, et al. ACS Cent. Sci., 2016, 2, 935.
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H. A. Duong, et al. Organometallics 2017, 36, 4363.

Tpy-89:;<=>Suzuki-Miyaura4567
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X

+
(neo)B

5 mol% CoCl2

1.5 equiv. KOMe

DMF, 80 °C, 16 h

1.5 equiv.

R
R

5 mol% TPy

N

N N

Ph

TPy

R
R

CF3

NC

N

Ph

X = Cl, Br

S PhPh

N

NN S
N

OMe

Ph

95% 75% 87% 74% 75% 93% 25%

NC

Br

1 equiv. CoCl2

1 equiv. KOMe

DMF, 80 °C, 16 h

1 equiv. TPy

NC

Br

100% recovered

1 equiv. CoCl2

1 equiv. KOMe

DMF, 80 °C, 16 h

1 equiv. TPy

100% conv.

PhB(neo) Ph Ph

68%

w/o KOMe

<1% conv.
PhB(neo) Ph Ph

trace

20 mol% CoCl2

1 equiv. KOMe

DMF, 80 °C, 16 h

20 mol% TPy

PhB(neo) Ph Ph

19%

B

OMe

O
O

Me

Me

K

CoII CoI

◼ ¨©WX

µ¶â&´ãß�J��Jäåæçè[éê��qCoI)i

CoFGHCIJK

LMNO("&P"

QRJK67STUQV



R. B. Bedford, et al. Angew. Chem. Int. Ed. 2017, 56, 16367.

NHC-89:;<=>Suzuki-Miyaura4567
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X

+
(pin)B

10 mol% CoCl2
10 mol% SIPr•HCl

THF, 60 °C, 48 h

R R
R

R

SIPr•HCl
nBu Li(THF)2

N N

iPr

iPr
iPr

iPr

Cl
X = Cl, Br

Ph

EtO2C

Ph

F

Ph

Me2N

Ph

OMe

N N

iPr

iPr
iPr

iPr

N N

iPr

iPr
iPr

iPr
Ph

(pin)B
nBu

Li(THF)2

or KC8

THF

+

CoCl2

+

Me2Si
O

SiMe2

Me2Si
O

SiMe2

Co0

Ph

N
Ph

S

F3C OMe FMeOAcHN Ph Me2NOC Ph

88% 93% 80% 86% 35% 33%

75% 69% 82% 82%

◼ ë2ìíî§ÚÛ|}WX

�J-µ¶âï�J�ðñwCo0)i



NH

NH

Co

Me

Me

Br

Br

Br
+

(neo)B

15 mol% [Co]
1.25 equiv. KOMe

DMA, 60 °C, 18 h

1.5 equiv.

R1

R2

R
R1

R2

R

[Co]

CbzN Me Me

Ph
OMe

Me

CO2Me

PivO

N Ac

H

70% 60% 73% 60% 57% 54%

B(neo)

1.5 equiv.

MeO2C

+

MeO2C

Br

MeO2C
+

1 7

4

4

3
3

4

:

standard
condions

PhB(neo)

1.5 equiv.

+
Ph

Ph
1.5 equiv.

+ Br

Me

Me
standard
condions

Ph

Me

Me
+ +

Me Me

PhPh

Me Me

PhPh

14% 18% 7%

Me

R

4

KOMe R = CO2Me R = OMe

1.25 eq. 66% 5%

2.5 eq. 34% 20%

P. J. Chirik, et al. Org. Lett. 2021, 23, 625.

8<=>C(sp2)–C(sp3) Suzuki-Miyaura4567
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R1 X
Pd0 PdII

RO

R1
PdII

R2

R1

RO

R2 B(OR)Y2

oxidative
addition

transmetalation reductive
elimination

R1 R2

◆6íJ+qf0 ◆×ÌÍJäå[\íJðñ#,

◆î2,g=(�&'(xy2

◆EF°-´-�J

◆EF°-´-�J ◆6×ÌÍJf0

R X
CoLnAr

Ar B(OR)Y2

transmetalation

R ArCoIILn R
CoLnAr

low valence
cobolt

cage-escaped
radical
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N

Br

+ B
O

OMe
Me

Cbz N
Cbz

4.5 mol% CoCl2•6H2O
5 mol% ligand

1.25 equiv. KOMe or NaOMe

THF or DMA (0.1 M)
60 °C, 15 h

1.5 equiv.

EtHN
NHEt

diamines

16.51%

MeHN NHMe

30.20%

ligands used in 
previous studies

N

N
H

N

pyridines

15.23%

N N

O

tBu

14.94%

mostly reported ligands for 
Co in coupling reactions

Round 1

Round 2

•
•
•

◆g.z���J(�"�/%

NMe

Me

OH

8-hydroxyquinlines

41.82%

NMe

Me

OH

35.84%

Me

“L,X-ligands”

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.
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EDG EWG

N

OH

N

Me

Me

OH

Me

N

Me

OH

Me

Me

N

OH

PhH

OH

N
N

O OH

OH

N

H
OMe

OH

N

H
CF3

OH

N

H

OH

N
H

N
H

HO

OH

N

H
CN

OH

N

H
NMe2

0 / 55

1 / 3 (%)

56 / 23 74 / 19 0 / 36 32 / 46

Me

79 / 16 0 / 61

25 / 51 90 / 6 86 / 22 81 / 20 58 / 30
H

FI ligands:

n *+,-.

n L,X-/0123456

◆�qÔJ'()ß�J�ib01 ◆�qÕÖ'()w23EFæg.z¦%+Ý4Kst

N

Br

+
(neo)BBoc N

Boc

5 mol% CoCl2
5 mol% ligand

1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16 h

1.5 equiv.

N

Me

Me

OH

Me

NHMe

NHMe

OMe
OMe +

N
Boc

H

N
Boc

+

1 2 3

57%

61%

10%

18%

4%

4%

13%

29%

54%

L1

L2

no LL1 L2

from reduction from elimination

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.
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Ph
CN

TBSO

BocN

OPh

O

Ph

BnO

Ph

MeO

OMe

Ph

CbzN

Cy OMe
CbzN

O

BocN

N

OMe

CbzN Me BocN BocNS

62%
using 10 mol% [Co]-L

60%
using 10 mol% [Co]-L

91%>95%, >20:1 d.r.56%92%

96% 71%
25 mmol scale

78%88%83%88%

Br
+

(neo)B

5 mol% CoCl2
5 mol% 4-OMePh-FI

1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16~24 h

1.5 equiv.

R1

R2

R
R1

R2

R

OH

N

H
OMe

 4-OMePh-FI

n 6718,9:

◆52µ¶ê,_�6æOA!ÿ7-8#,9)®Z��

◆[#,9)°-:¬�J�¨©

◆OA!52µ¶-�K,Ò�

◆g;�<=¢9>?i@ÿA

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.



B(neo)

1.5 equiv.

2~20 mol% Co-ligand
1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16 h

MeO2C

+
MeO2C

Br
MeO2C

+

(L)linear, 6, 5~20% (C)cyclized, 7, 56~86%

QRST67IIUVWQRS>XY

14

n ;-<=#!"#1><

n 5-?@#!"#15-exo-trig<A

B(neo)

1.5 equiv.

5 mol% CoCl2
5 mol% 4-OMePh-FI

1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16 h

MeO2C

+Br

MeO2C
63%

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.

BCDESI#çè-FGHIJgKLdæñ�

MSI#NOEPQi()-(¯æRASTY1

◆UV¬vBFI¦%|}xy2Ý¯öÜ◆WXYZ,$%&'(xy2�q
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◆ Co[52µ¶¼¦%&´\]+²^=}�Ò¬-üý®¯_

◆¦%°-�6���Jæ52µ¶`°-´-�J_

◆ 1a]+¸wPaÓJÕÖEF-)*_

N

Br

+

R

Ar

N
R

5 mol% CoCl2
5 mol% FI ligand
1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16 h

2, 1.5 equiv.

+
N

R

H

N
R

+

3 4 5

Ar
B

O

OMe
Me

Entry

1

2

3

4

2, L, KOMe → CoCl2 → 1

2, L, KOMe, CoCl2 → 1

L, CoCl2 → 2, KOMe → 1

L, KOMe → 2 → CoCl2 → 1

3 (%)

83

2

41

83

4 (%)

2

0

2

2

5 (%)

20

87

44

11

5 L, CoCl2 → 1, 2 → KOMe 43 1 23

order of addition to DMA solution

1

batch

HTE

step 1 (%)

0

8

27

8

4

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.
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N

Br

+

Boc

Ar

N
Boc

5 mol% CoCl2
x mol% FI ligand
1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16 h

2, 1.5 equiv.

+
N

Boc

H

N
Boc

+

3 4 5

Ar
B

O

OMe
Me

Entry

1

2

3

4

1

7.5

5

10

3 (%)

52

77

25

9

4 (%)

4

2

1

0

5 (%)

24

17

47

61

mol% FI ligand

1

1 (%)

6

0

17

17

◆¦%-z©b±cd©-ÕÖ'()-e+_

N

Br

+

Boc

no CoCl2
5 mol% FI ligand
1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16 h

1.5 equiv.

N
Boc

Ar
B

O

OMe
Me

quant.

Û&¦%-WX1�£¤f-æð°-7[ä-lm

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.
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O

tBu

tBu

O

N

Co

O

NMe2

Me

iPr

iPr

Cl

r.t., 16 h
then 1 equiv. CoCl2

1 equiv. NaH
DMA, r.t., 30 min

iPr

iPr
N

OH

tBu

tBu

N

OH

R r.t., 16 h

then 1.1 equiv. CoCl2

1 equiv. NaH
THF, r.t., 30 min

1 equiv. DMA

O

N

Co

O

N

CoCl Cl

O

Me2N
Me

NMe2
Me

R

R

(2,6-di-i-PrPhdi-t-BuFI)CoCl(DMA)

[(4-FPhFI)CoCl(DMF)]2

1/2

n Co:FI = 1:1

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.
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N
O

R

H
N

OH

R

1 equiv. CoCl2

MeCN, r.t., 12 h

2 equiv.

H

R

O N

Co

Cl

Cl

(H-4-OMePhFI)2CoCl2

N

OH

R
r.t., 16 h

then 1 equiv. CoCl2

2 equiv. NaH
THF, r.t., 30 min O

N

Co

R

R

O

N

(4-OMePhFI)2Co

2 equiv.

Co-FI 9:;>ab
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n Co:FI = 1:2

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.
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1:1-8�% [FICoCl(DMA)]2¸[i0®-��J�

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.

N

Br

+
(neo)BBoc N

Boc

5 mol% CoCl2
5 mol% ligand

1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16 h

1.5 equiv.

OMe
OMe

O

tBu

tBu

O

N

Co

O

NMe2

Me

iPr

iPr

Cl

O

N

Co

O

N

CoCl
Cl

O

Me2N
Me

NMe2
Me

OMe

MeO

N
O

MeO

H
H

OMe

O N

Co

Cl

Cl

O

N

Co

OMe

MeO

O

N

12% 0%

78% 0%
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Br
+

(neo)B

5 mol% CoCl2
5 mol% 4-OMePh-FI

1.5 equiv. KOMe

DMA (0.25 M)
60 °C, 16~24 h

1.5 equiv.

R1

R2

R
R1

R2

R

OH

N

H
OMe

 4-OMePh-FI

O

O

N

Co

O

N

CoCl Cl

O

Me2N
Me

NMe2
Me

R

R

N
O

R

H
H

R

O N

Co

Cl

Cl

O

N

Co

R

R

O

N

N

OH

R

N

OK

R

1/2 CoCl2

CoCl2 DMA

CoCl2 DMA

1/2 CoCl2

KOMe

KOMe

Co

C(sp2)–C(sp3)
cross-coupling

active species?

◆L+P[i�,ß£�
,- Co-FI ��J�Yj

◆íJðñ)i

◆�J�klÙ

◆×Jmtäå

◆vBPCo-FIJLH©
WX-f-,

◆hnB-op

◆¦%¥V_qæ()q
¯Ò¬

P. J. Chirik, et al. ACS Catal. 2022, 12, 1905.
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N

Br

+B
O

OMe
Me

Boc N
Boc

5 mol% CoBr2
5 mol% ligand

1.5 equiv. KOMe

DMA (0.125 M)
70 °C

1a, 1.5 equiv.

F F

2a 3a

◆<rs~tQu 19F vw

P. J. Chirik, et al. J. Am. Chem. Soc. 2023, 145, 17029.
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Me

Me Me

B(neo)

N
Boc

B(neo) B(neo)

N
R

B(neo)

CHO

B(neo)S

Br Br Bn
Br

Br CO2Et Br
Me

Me

N

Br

+B
O

OMe
Me

Boc N
Boc

5 mol% CoBr2
5 mol% ligand

1.5 equiv. KOMe

DMA (0.125 M)
70 °C, 6 h

1a, 1.5 equiv.

F F

2a 3a

F

H

F

F

N
Boc

N
Boc

N
Boc

H

N
Boc

N.D. N.D.20%~30%trace12%

low conv. slow reaction protodeboronation

elimination

elimination reduction

reduction reduction 18%

n *+,+B

n CDEF18,

P. J. Chirik, et al. J. Am. Chem. Soc. 2023, 145, 17029.
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R1 = H, R2 = iPr

N

OH

R1
r.t., 15 min

then 1.1 equiv. CoBr2

1 equiv. NaH
MeCN, r.t., 15 min

O

N

Co

O

N

CoBr
Br

R1

R1

R2

R2

R2

R2

1/2

R2

R2

[(2,6-di-i-PrPhFI)CoBr]2

◆[�{#`K8�%pr|[}{

P. J. Chirik, et al. J. Am. Chem. Soc. 2023, 145, 17029.



Diffusion–Ordered NMR Spectroscopy, vw]x
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3GHIJKLMNOPQRSTUVWXYZ[\]^1_-2`ab-c13GdefOPgh

1
2

3
4

5

6

~
�
�
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图片来源:cpam.iccas.ac.cn
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O

N

Co

O

N

CoBr
Br

OMe

MeO

O

N

CD3

OMe

N

BrCo

MW = 730.18 MW = 409.16
predicted MW = 380

MeCN-d3, r.t.

9b 10b

◆�{#d�!Û�J�K�%|[

n TU�-rB��

P. J. Chirik, et al. J. Am. Chem. Soc. 2023, 145, 17029.



O

N

CF3

O

BrCo

NMe2

Me

10 mM H2O

DMA, 70 °C

B

F

OMe

O
O

Me

Me +

H

F
7

K

12.5 mM25 mM

B
O

OMe
Me

F

O

N

Co

O

N

CoBr
Br

OMe

MeO

60 equiv. 1a

60 equiv. KOMe
DMA, 70 °C, 5 min

then 77 K freeze-quench

[Co(II)]

>95% EPR yield

Co: [Ar]3d74s2

Co(I) could be 
EPR silent

B

F

OMe

O
O

Me

Me +

O

N

Co

O

N

CoBr
Br

CF3

then 2 equiv. FcBF4

fliter over Celite
65 °C, 15 min

CD3CN

Cp2Fe

0% by NMR

K

F3C

~ Co(I) >��>�f

26

◆�d�!Û�J�Ab>µ¶·ðñ

◆�0�0.¤ðñ=�-§ÚÛ�q

by 19F NMR

◆�µÔJzQwíJðñ#,

P. J. Chirik, et al. J. Am. Chem. Soc. 2023, 145, 17029.

n EPR

n ��NMR

n �A���

L,X-¦%�"�0�VÛ�%¬íJÙ[g�`��7æ�J�-�J�0�q§ÚÛ)i



Gareth R. Eaton, et al.: Quantitative EPR, Springer, New York, 2010.
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I = 1    : 2H, 14N                ᨶৼӾৼ࣐ԅ॰හ

I = 1/2 : 1H, 13C, 15N, 19F, 31P

I = 0    : 12C, 16O              ᨶৼӾৼ࣐ԅ؍හ

I = 3/2 : 7Li, 11B                ᨶৼӾৼӞ॰Ӟ؍

2H in NMR
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◆ “2H �0 NMR vw¤ ◆ “2H 0 NMR vw, ¬9��bè¤

图⽚来源：cheminfographic.wordpress.com
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