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1-1) C(sp2)-C(sp2) bond formation

Refference
1) Kumada, M. et al, J. Am. Chem. Soc. 1972, 94, 4374
2) Negishi, E. et al, J. Chem. Soc., Chem. Commun. 1977, 683
3) Suzuki, A., Miyaura, N., J. Am. Chem. Soc. 1979, 866

M X

M X+ Ar1 Ar2Ar2Ar1

M = Li, Mg, Zn, B etc. X = I, Br, OTf, Cl etc.

Kumada-Tamao-Corriu Cross Coupling (1972)1)

Negishi Cross Coupling (1977)2)

Suzuki-Miyaura Cross Coupling (1979)3)

Y X+ Ar1 Ar2Ar2Ar1

Representative Ar-Ar coupling reaction

Ni or Pd

Makoto Kumada

Ei-ichi Negishi

Akira suzuki Norio Miyaura

Y = MgX’

○ ArMgX’ is highly reactive
× ArMgX’ is sensitive to water
× Unable to use substrates react with ArMgX’
   (carboxylic acid, ketone, ester etc.)

Y = ZnX’

○ Similar reactivity to Kumada coupling and wide substrate application range
× ArZnX’ is sensitive to water
× Unable to use highly acidic hydrogen and 
   highly reactivefunctional groups as substrates
   (carboxylic acid, aldehyde, hydroxy group etc.)

Y = Boronic acid or ester
○ Boronic acid is stable in water and acid
○ React even in air

Easy to handle
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1-2) Reaction mechanism4)

Oxidative addition

Xδ+
Pd(0)

X

Pd(0)
Pd(Ⅱ)

X

Transmetalation

Reductive elimination

Pd(Ⅱ)
X

Mδ-

Pd(Ⅱ)
X

M

M X

Pd(Ⅱ)δ- δ-

Pd(Ⅱ)δ- δ-
Pd(Ⅱ)

Pd(0)

Refference
4) Hein, J. et al, Nature Communications 2024, 15, 5436

+

Electron rich Pd promotes oxidative addition

Bulky ligands promote reductive elimination

δ-
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2-1) Triaryl Phosphine3)

Refference
3) Suzuki, A. et al, J. Am. Chem. Soc. 1979, 19, 866
5) Fu, G. C. et al, Angew. Chem. Int. Ed. 1998, 37, 3387

Triaryl phosphine

Ph P Ph

Ph

Cy
P

Cy

Cy

t-Bu P
t-Bu

t-Bu

CatacXiumTrialkyl phosphine

Ad P Ad

n-Bu

Buchward-type phosphine

PCy2
OMeMeO

PCy2
i-Pri-Pr

i-Pr

PCy2
i-Pri-Pr

i-Pr

MeO

OMe

NHC(N-Heterocyclic Carbene)

N N

N N
i-Pr

i-Pr

i-Pr

i-Pr

X
R2

H

H

BY2

Pd(PPh3)4 (1-5 mol%)

R1
+

5.0 mmol
X = I, Br, Cl

1.1 equiv

NaOH (2.2 equiv)
benzene (0.5 M)

65 ºC, 2-4 h,

R2

H

H

R1

14 examples
up to 100% yield
※ X = Cl, <5% yield

Cl

Me
B(OH)2

+
Cs2CO3 (2.0 equiv)
dioxane, 80 ºC, 5 h

1.5% [Pd2(dba)3]
3.6% Phosphane

Me
2-2) Trialkyl Phosphine5)

Cl

B(OH)2
+

Cs2CO3 (2.0 equiv)
dioxane, 80-90 ºC, 5-9 h

1.5% [Pd2(dba)3]
3.6% Pt-Bu3

R1
R1

R2

R2

8 examples
up to 92% yield

The ability of electron donating
Trialkyl phosphine > Triarylphosphine

※ Trialkyl ligands are easily oxidized in the air so it is difficult to handle

Steric hinder
Trialkyl phosphine > Triarylphosphine

oxidative addtion
 and

reductive elimination are promoted Guregory C. Fu
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2-3) Buchwald-type phosphines6)

Refference
6) Buchwald, S. L. et al. J. Am. Chem. Soc. 2005, 127, 4685.
7) Buchwald, S. L. et al. Acc. Chem. Res. 2008, 41, 1461.

PCy2
OMeMeO

PCy2
i-Pri-Pr

i-Pr
SPhos XPhos

Cl

B(OH)2
+

Pd(OAc)2 : SPhos = 1:2
K3PO4 (2.0 equiv)

toluene 
100-110 ºC, 1.5-24 h

R1
R1

R2

R2 5 examples
up to 99% yield

Pd(OAc)2 : XPhos = 1:3
K3PO4 (3.0 equiv)

THF 
rt-40 ºC, X h 16 examples

up to 99% yield
1.0 equiv 1.5 equiv

+ HetAr Ar’Het

Pd(OAc)2  (0.5-2 mol%)
SPhos (1-4 mol%)

K2CO3 , MeCN / H2O 
100 ºC, X h

X = Br, Cl

HetAr-X

Heteroaryl substrates7)

Stephen L. Buchwald

7 examples
up to 99% yield

HetAr-B(OH)2

Structural features of the dialkylbiarylphosphines and their impact on the 
efficacy of catalysts using these ligands7)



2. Examples of the catalyst based on key structure

6

2-4) NHC (N-Heterocyclic carbene) catalyst8)9)

Refference
8) Peddiahgari, V. G. L., et al. Organometal Chem. 2018, 32, e4068.
9) Organ, M. G., et al. Angew. Chem. Int. Ed. 2007, 46, 2768.
10) Beller, M., et al. Angew. Chem. Int. Ed. 2000, 39, 4153.

2-5) Catacxium A10)

ligand : Catacxium A
12 examples

up to 100% yield

TON : Turnover number

P
n-Bu

Catacxium A

N N
ClNNS

O

O
Het/Ar

Het/Ar B(OH)2

+
Pd-PEPPSI-IPr, K2CO3

EtOH-H2O (1:1), 80 ºC, 2-3 h
N N

Ar/HetNNS
O

O
Het/Ar(1.0 mmol)

(1.1 equiv)

10 examples
up to 92% yield

N NR R

X X

Pd
R2

X : Electronic effect influences the rate of oxidative addition
R : Bulky groups facilitate reductive elimination
R2 : Throw-away ligand

N N
i-Pr

i-Pr

i-Pr

i-Pr
Pd
N

ClCl

Cl
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3-1) Effect of halide ion11)

Refference
11) Milner, P. J. et al. Org. Process Res. Dev. 2019, 23, 1631

Reducing X- in the organic layer improves reactivity

slow path

fast path

favor

disfavor

Path Ⅱ is revesible

As reaction proceeds, LPd(Ar)OH is converted to LPd(Ar)X and reaction slow down

Inhibitory effect
I- > Br- > Cl-

disfavor

favor
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Refference
12) Hein. J. E. et al. Nature Communication., 2024, 15, 5436

I B(OH)2
+

P
OMeMeO

Cy

Pd

Cy

Ph

Cl

SPhos-Pd(Ph)Cl

SPhos-Pd(Ph)Cl (0.01 mmol)
K3PO4 (2.0 equiv)

organic solvent : H2O = 2 : 1, rt

Milner’s report11)

Hein’s report12)

Removal of Halogen ions in organic layer

KX is less soluble 
in non-polar solvent

Br Bpin

OMe

XPhos Pd G2 (5.0×10-3 M)
K2CO3 (0.60 M), TMB (0.050 M)

MeTHF : H2O = (X : 10-X) , 80 ºC OMe

1
0.01 M

2
0.075 M

+

3
product
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Refference
12) Hein. J. E. et al. Nature Communication., 2024, 15, 5436

3-2) Phase-transfer catalyst12)

Bpin
Br

R1 R2

+

XPhos-Pd G2 (0.1 mol%)
TBAOH (1.0 equiv)
K2CO3 (3.0 equiv)
2-MeTHF, H2O
80 ºC, 12 h

R1 R2

Substrate scope
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3-3) Reaction mechanism when Phase-transfer catalyst is used12)

When a phase transfer catalyst is added, the reaction proceeds on Path B

Refference
12) Hein. J. E. et al. Nature Communication., 2024, 15, 5436

Control experiment

Plausible mechanism
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4-1) Cationic intermediate

Refference
13) Carrow, B. P. et al. J. Am. Chem. Soc. 2017, 139, 12418.
14) Demoute, J.-P. et al. Tetrahedron Letters. 1996, 37, 3857.
15) Schoenebeck et al. Angew. Chem. Int. Ed. 2021, 60, 7007.
16) Ritter, T. et al. Nature Synthesis. 2024, https://doi.org/10.1038/s44160-024-00631-4

TT+ / TFT+

R
B
OH

Ar OH

Ar

R
+

Pd(t-Bu3P)2
w or w/o HBF4・Et2O

MeOH, 60 ºC, 10 min to 12 h
S

SR1

R1

R1

R1

TT, R1= H : TFT, R1= F
Acidic condition

12 examples
up to 98% yield

Neutral condition
16 examples

up to 98% yield

0.1 mmol
or

0.2 mmol
1.1-2.0 equiv

L = t-Bu3P

N

B(OH)2

N

B(OH)3
-

[M]

-OH, [M]

Basic
Ar-H

protodeboronation

N

B(OH)2

N

B(OH)3
-

H

H2O

Neutral
Ar-H

N

B(OH)2

N

BF3
-

H

HBF4・Et2O
MeOH, 25 ºC

Acidic

90% yield
in situ protection

Aryl diazonium salts 13)14)15)

N2
+BF4

- B(OH)2 or Bpin
+

[Pd]
w or w/o ligand

solvent, rt, xx h cationic palladium(Ⅱ)

Aryl thianthrenium salts 16)

R1 R2
R1 R2

Pd+

R1

BF4
-

thermally instable

thermally stable

BF4
-
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Refference
17) Niwa, T., Hosoya, T. et al. Nature Catalysis. 2021, 4, 1080

X BF3K
+

Pd catalyst, 4

THF, 80 ºC or CPME, 120 ºC

44 examples
up to 99% yield

1.1 equiv0.2 mmol
X = Br, Cl

Pd catalyst

Leiws acidic condition by Hosoya17)
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4-2) Neutral condition

Refference
18) Nishihara. Y. et al. Tetrahedron 2013, 69, 2565.
19) Sanford. M. S. et al. Nature 2018, 563, 100.

Neutral condition SMC by Nishihara18)

R2Cl

O
R1 B(OH)2 +

R2R1

O

Pd(dba)2 (5 mol%)
PPh3 (10 mol%)
CuTC (1 equiv)

Et2O, rt, 3 h

B(OH)2
R1 R2Cl

O

R1 R2

O
+

1 mmol2.0 equiv 16 examples

2.0 equiv 1 mmol 16 examples

Pd(dba)2 (5 mol%)
PPh3 (10 mol%)
CuTC (1 equiv)

Et2O, rt, 3 h

Neutral condition SMC by Sanford19)

OH

O
TFFH (1.0 equiv)

Proton Sponge (1.0 equiv)
THF, rt, 15-30 min

F

O

isolated
or

in situ

OMe(HO)2B

Ni(cod)2 (10 mol%)
PPh3Me (20 mol%)
THF, 100 ºC, 16 h OMe

OH

O

S
O

ON

TFFH (1.0 equiv)
Proton Sponge

(1.0 equiv)
THF, rt, 15-30 min P F

O

isolated
or

in situ

Ni(cod)2 (10 mol%)
PPh3Me (20 mol%)
THF, 100 ºC, 16 h S

O

ON

RR (2.0 equiv)(HO)2B

(2.0 equiv)

Me2N

F

NMe2

PF6
- NMe2NMe2

TFFH Proton Sponge

0.2 mmol

0.2 mmol 29 examples

21 examples
CO2HP



Cr

5. Proposal

Reference
20) Nelles, G. and Kilickiran, P. et al.  J. Org. Chem. 2010, 75, 5860
21) Radius, U. et al.  J. Org. Chem. 2016, 81, 5789
22) Wilhelm, R. et al.  Chem. Commun. 1999, 2211
23) Tobisu, M. Chatani, N. et al.  J. Am. Chem. Soc. 2011, 133, 19505 14

O
B

O
+

(0.25 mmol) (3.0 equiv)

Ni(cod)2 (20 mol%)
PCy3 (80 mol%)

additive (40 mol%)

CsF, toluene
100 ºC, 12 h

Ph
additive : ZnF4
12 examples

up to 93% yield

Metal fluoride effect23)

NO2

F2-4

Boronic acid or ester (1.1 equiv)
40% KF/Alumina (1.2 equiv)

Pd(PPh3)4 (5 mol%)

DMF or DMSO, 150 ºC, 15-120 min

F
NO2

F2-4

Ar

Previous work

16 examples
up to 96% yield

o-Nitro substrate20)

Perfluorinated subatrate21)

Chromium-bond substrate22)

[B]

R

Boronic ester

Ar F

       C6F5
       C12F9, C7F7

+

Ar :

Ni1 (5 mol%)
CsF (1.0 equiv)

toluene, 100 ºC, 18 h

Ar

R
18 examples

up to 100% yield

F

COOC

OC

B(OH)2

R1

+

Pd2(dba)3 
PMe3

Cs2CO3

DME, reflux, 16 h Cr
COOC

OCR1 7 examples
up to 87% yield

R R

R = H or OMe

C-X bond

F
9

Fuluorine
Cl

17

Chlorine
Br

35

Bromine
I

53

Iodine

460 kJ/mol 350 kJ/mol 294 kJ/mol 239 kJ/mol week
bond

strong
bond

Bond energy

Ph F
Substrate scope




