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DefinitionDefinition

GeneralGeneral

““bond activationbond activation””    refers to anyrefers to any  process which increaseprocess which increase  thethe
  reactivity ofreactivity of  a bonda bond..

OrganometallicOrganometallic

““C---H bond activationC---H bond activation””    refers to the refers to the formation of aformation of a
complex wherein thecomplex wherein the  C---H bond interacts directly with theC---H bond interacts directly with the
metal tometal to  afford a C---M intermediate inafford a C---M intermediate in  the the absence of aabsence of a
freefree  radical or an ionic Intermediate.radical or an ionic Intermediate.
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IntroductionIntroduction

R X Y+ R Y
Pd0

Ligand

R = alkyl, aryl
X = Cl, Br, I, OTf, etc.
Y = carbon/heteroatom
       nucleophile

R PdII X

oxidative
addition functionaliztion

R H Y+ R Y
Oxidant

R = alkyl, aryl
Y = carbon/heteroatom
       nucleophile

PdII R
functionaliztion

PdII

C H activation
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MechanismsMechanisms

EchavarrenEchavarren, A. , A. et al.et al.  J. Am. J. Am. ChemChem. Soc. . Soc. 2007, 2007, 129, 129, 68806880

Z

X

[Pd(0)Ln]

base, DMF or DMA

Z

Z

Y

X = Cl, Br, I, OTf

Y = Pd(L)nX, n=1 or 2

Z

PdX

H
Pd
Ln

Z

H

+

X-

Pd

Z

X
H
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Electrophilic Electrophilic Aromatic SubstitutionAromatic Substitution

SamesSames, D., D.  et alet al. . J. Am. J. Am. ChemChem. Soc.. Soc.  2005, 2005, 127, 127, 80508050

N

R

PdAr X(Ln)

N

R

Pd

L

Ar

L electrophilic
substitution

N

R

Pd
H

base

N

R

Pd Ar(Ln)
Ar(Ln)

R.E.

N

R

Ph

migration

N

R

H

Pd

H

Ar(Ln)

base

N

R

Pd Ar(Ln)

N

R

Ph

C3-Arylation

C2-Arylation

R.E.direct metallation

N

R

Pd(L)n

Ar

H
PdAr X(Ln)

carbo-metallation

Base

-[Pd0(L)n]

N

R

N

R

0.5 mol % Pd(OAc)2, 2 mol % PPh3, PhI

2 equiv CsOAc, DMA, 125 oC, 24 h

PhH
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Electrophilic Electrophilic Aromatic SubstitutionAromatic Substitution

GevorgyanGevorgyan, V. , V. et alet al..  
Org. Org. LettLett. . 2004, 2004, 66, 1159, 1159

N
CO2Et

N

Ar
H

CO2Et

PdX

N
CO2Et

Ar

N

OEt

O

Pd
H

X
Ar

N
CO2Et

N
H

CO2Et

H
PdAr

Heck

C-H activation

cross-coupling

electrophilic
substitution

N
R + ArBr

5 mol % PdCl2(PPh3)2

2 equiv KOAc, 2 equiv H2O

NMP, 100oC
N

CO2Et

ArH
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--Bond Metathesis--Bond Metathesis  

Buchwald, S. Buchwald, S. et alet al. . J. Am. J. Am. ChemChem. Soc.. Soc.  2003, 2003, 125, 125, 1208412084 

R1

N

O

Cl

R2

1 - 3 mo % Pd(OAc)2

2 - 6 mol % 1

1.5 equiv NEt3
toluene, 80oC

2.5 - 6h

R1

N

O

R2

PBu2

1

R1

N

O

PdCl

R2

N

Pd

O

R2

H
Cl

sigma bond metathesis

OR

N

PdCl
O

R

- HCl

N

Ln
Pd

O

R2

R1

R1

R1

Reductive 
Elimination

Oxidative
Addition
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Proton Abstraction MechanismProton Abstraction Mechanism

EchavarrenEchavarren, A. , A. et al.et al.  J. Am. J. Am. ChemChem. Soc. . Soc. 2007, 2007, 129, 129, 68806880

N

Ligand

N

Br
Me

X Y

Me

1 : X = N, Y = CH
2 : x = CH, Y = N

Pd(OAc)2, Ligand

K2CO3, DMF, 100 oC

93%

1/2 = 2.1:1
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Proton Abstraction MechanismProton Abstraction Mechanism

PdBr

PR3

PdBr

PR3

H

PdHO2CO

PR3

PdO

PR3

C

O

HO

H

Pd

PR3

PdBr

PR3

H

OHO2C

PdBr

PR3

Br -

H2CO3

HCO3 -

Br -

H2CO3

HCO3 -

Assisted Intramolecular

Not Assisted

Assisted Intermolecular



11

Proton Abstraction MechanismProton Abstraction Mechanism

FagnouFagnou, K. , K. et al.et al.  
J. Am. J. Am. ChemChem. Soc. . Soc. 2006, 2006, 128, 128, 1649616496

Pd

PR3

O

O
tBu

Ar

LnPd(0)

PdLn(Ar)Br

KBr

PdR3P

O

Pd

O

R3P

Ar

tBu

OH

H

O

tBu

PdAr(PR3)

tBu OH

O

tBu

O

O

K2CO3 KHCO3

ArBr

Ar

H

Br

R

Pd(OAc)2 (2~3 mol %)

Dave Phos (2~3 mol %)
tBuCO2H (30mol %)

K2CO3 (2.5 equiv)

DMA/PhH (1.2:1)

120 oC

+
R
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EarlyEarly  ReportReport

H

+ Ph

cat. Pd(OAc)2
oxidant

TFA

Ph

Fujiwara, Y. Fujiwara, Y. et alet al. . Tetrahedron Tetrahedron LettLett. . 1967, 1967, 88, 1119, 1119

PdII/Pd0 Catalytic cycle

Pd(OAc)2

PdAr

OAc

Pd0

RR

Ar

Ar H

HOAc

C H
activation

reoxidation
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orthoortho-Selective Olefination -Selective Olefination of of AreneArene

Miura, M. Miura, M. et alet al. . J. Org. J. Org. ChemChem. . 1998, 1998, 63, 63, 52215221

de de VriesVries. . et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2002, 2002, 124, 124, 15861586

COOH

H

CO2
nBu+

10 mol % Pd(OAc)2

10 mol % Cu(OAc)2

DMF, 120 oC, 7 h

O

O

CO2
nBu

42% yield

H
N

H

+
O

CO2nBu

2 mol % Pd(OAc)2
1 equiv BQ

5 equiv TsOH

HOAc, 20 oC, 24h

H
N

O

CO2nBu72% yield
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Indole OlefinationIndole Olefination

N
H

N

H

H

Et

[PdCl2(MeCN)2]
AgBF4

NaBH4

N
H

N

H

Et

TrostTrost, B. M. , B. M. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 1978, 1978, 100, 100, 39303930

N
H

N

Pd(L)nCl

H

Et

C H activation

N
H

N

H

Et
H

H

[Pd]
migratory
insertion

NaBH4
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Indole OlefinationIndole Olefination

Corey, E. J. Corey, E. J. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2002, 2002, 124, 124, 79047904

N
H

H

NAc

H CO2Me

Pd(OAc)2,

25 oC, 24 h

7-exo-trig
Heck

cyclization
N
H

NAc

H
CO2Me

PdOAc

C Pd X

Heterolysis

AcOH/H2O
(1:2)

N
H

NAc

H
CO2Me

-OAcRing
expansion

N
H

NAc

H CO2Me

H

AcO-

N
H

NAc

H CO2Me
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ItaharaItahara, T. , T. et alet al..  J. J. ChemChem.Soc. .Soc. Perkin Perkin Trans. 1 Trans. 1 1983, 1983, 13611361

StoltzStoltz, B.M. , B.M. et alet al..  J. Am. J. Am. ChemChem. Soc. . Soc. 2003, 2003, 125, 125, 95789578

Different OxidantDifferent Oxidant

N
Bz

H

+
CO2

nBu

2 mol % Pd(OAc)2

1 equiv Cu(OAc)2

HOAc, reflux, 16 h N
Bz

CO2
nBu

18% yield

N
Me

H

N
Me

10 mol % Pd(OAc)2
1 atm O2

0.4 equiv ethyl nicotinate
tAmylOH/HOAc

80 oC, 24 h 82% yield
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Different OxidantDifferent Oxidant

Cheng, J. Cheng, J. et alet al..
Org. Org. LettLett. . 2009, 2009, ASAPASAP

Cu(II) Cu(I)

Pd(II)

N

Pd
2

Ac

N

Pd
CN

Pd(0)

CuCN

N

NC

R.E.

N

C-H activation

air

H

N
R

+ CuCN

10 mol % Pd(OAc)2

40 mol % CuBr2

DMF, 130 oC

N
R

CNH
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Oxidant-freeOxidant-free

Ma,  S. Ma,  S. et alet al. . Tetrahedron Tetrahedron LettLett. . 2004, 2004, 45, 45, 84198419

N
H

PdOAc

N N

C H

activation

N
H

PdOAc

OAc
NC

N N
carbopalladation

beta-OAc 
elimination

bipyridinePd(OAc)2

N
H

H

CN

OAc
+

5 mol % Pd(OAc)2

10 mol % bipyridine

tAmylOH

80 oC, 72 h

N
H

CN
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Regioselective Olefination Regioselective Olefination of of PyrrolesPyrroles

Gaunt, M. Gaunt, M. et alet al. . J. Am.J. Am.ChemChem.Soc. .Soc. 2006, 2006, 128, 128, 25282528

entry catalyst loading R yield of C2 yield of C3 ratio 2:3

10
10
10
10
10
10

Bn
SEM
Ac
Boc
Ts
TIPS

1
2
3
4
5
6

48
48
65
73
70
-

23
21
-
-
-

78

2.1:1
2.3:1
>95:5
>95:5
>95:5
<5:95

N

R

10 mol% Pd(OAc)2
tBuOOBz

AcOH/Dioxane/DMSO, 35 oC

CO2Bn

N

R

CO2Bn

N

R

CO2Bn

+

1 2 3
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Olefination Olefination ofof  Pyridine Pyridine NN-oxide-oxide

Chang, S. Chang, S. et alet al..
  J. Am.J. Am.ChemChem.Soc. .Soc. 2008, 2008, 130, 130, 92549254

Wu, Y. Wu, Y. et alet al..
J. Am.J. Am.ChemChem.Soc. .Soc. 2009, 2009, ASAPASAP

Pd(OAc)2

N

O

N

O

PdOAc

N

O

PdOAc

CO2Et

CO2Et

N

O
CO2Et

N

CO2Et

+     HPdOAc

N

O

CO2Et+
5 mol % Pd(OAc)2

NMP, 110 oCHR NR CO2Et

N

O

H

+ CO2
tBu

10 mol % Pd(OAc)2

1.5 equiv Ag2CO3

1,4-dioxane

100 oC, 12 h

N

O

tBu

91% yield
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metameta  C--H C--H Activation/OlefinationActivation/Olefination

Yu, J.-Q. Yu, J.-Q. et alet al. . J. Am.J. Am.ChemChem.Soc. .Soc. 2009, 2009, 131, 131, 50275027

N

nBu

EtEt

nBu

Pd OAcAcO

N

nBu

EtEt

nBu

EWG H

R

10 mol % Pd(OAc)2
20 mol % Ligand

1 atm O2

EtOAc, 90 oC 24 h

REWG

+

5 equiv 50-80% yield

EWG = CO2Me, NO2

             COMe, CF3 Ligand =

N

nBu

EtEt

nBu
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ortho-ortho-Methylation Methylation of of anilidesanilides

RahmanRahman, H. , H. et alet al. . J. Am.J. Am.ChemChem.Soc. .Soc. 1984, 1984, 106, 106, 57595759

NHAc

H
+ MeI

Pd(OAc)2

AgOAc

TFA

100 oC, 8 h

NHAc

Me

without AgOAc: 1.5 turnovers
with excess AgOAc: 10 turnovers

NHAc

H Pd(OAc)2

HN

PdII

O

Me

OAc

2

MeI

HN

PdIV

O

Me

Me

I

OAc

NHAc

Me

PdIOAcPdI2

AgOAc

unreactive
second cycle
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Direct Direct ortho-ortho-Arylation Arylation of of NaphthoicNaphthoic acids  acids 

DaugulisDaugulis, O. , O. et alet al. . Acc. Acc. ChemChem. . ResRes. . 2009, 2009, 42, 42, 10741074

CO2H
Pd(OAc)2

Pd(II)Ln

O

O

ArI

Pd(IV)(Ar)(I)Ln

O

O

- Pd(II) CO2H

ArI + Pd(0) ArPdI

Ar

CO2H

Pd(II)Ln

O

O

Ar

- Pd(0)
CO2H

Ar

A Feasible Pd(II)-Pd(IV) Mechanism

A Feasible Pd(0)-Pd(II) Mechanism

CO2H
20 mol % Pd2dba3 or Pd(PtBu)3

CH3CO2H, no AgOAc
m-CH3C6H4I

20 mol % Pd(OAc)2

CH3CO2H, no AgOAc
m- CH3C6H4I

NO ARYLATION

CO2H

Me

Experimental Results Support Pd(II)-Pd(IV) Catalytical cycle

OH

O

5 mol % Pd(OAc)2, ArI, AgOAc

CH3CO2H, 120 oC

OH

O

ArH
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X-ray crystallographic Structure of X-ray crystallographic Structure of PdPdIV IV ComplexesComplexes

CantyCanty, A. , A. et alet al. . J. J. ChemChem. Soc. . Soc. ChemChem. . CommunCommun. . 1986, 1986, 17221722

Sanford, M. Sanford, M. et alet al. . J. Am.J. Am.ChemChem.Soc. .Soc. 2005, 2005, 127, 127, 1279012790

PdII

NN
PhI(OAc)2

PdIV

N

OAc

N

OAc

x-ray crystal structure

PdII

N

N

Me

Me

MeI
PdIV

N

N

Me

Me

Me

I

x-ray crystal structure
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Arylation Arylation of C--Hof C--H  bonds bybonds by
PdPdIIII/Pd/PdIV IV catalysiscatalysis

Sanford, M. S. Sanford, M. S. et alet al..
J. Am. J. Am. ChemChem. Soc. . Soc. 2005, 2005, 127, 127, 73307330

DaugulisDaugulis, O. , O. et alet al..
AngewAngew. . ChemChem. . IntInt. Ed. . Ed. 2005, 2005, 44, 44, 40464046

Sanford, M. S. Sanford, M. S. et alet al..
J. AmJ. Am..  ChemChem.. Soc.  Soc. 2006, 2006, 128, 128, 49724972

N

H

+ [Ph2I]BF4

5 mol % Pd(OAc)2

HOAc/Ac2O

100 oC, 8 h

N

Ph

88% yield

N

H [Ph2I]BF4+
5 mol % PdII

AcOH, 25 oC
N

Ph

Pd(OAc)2            49%, 5 min
IMesPd(OAc)2    86%, 18 h

HH

NHCOtBu

+ [Ph2I]PF6

5 mol % Pd(OAc)2

HOAc/Ac2O

100 oC, 8 h

PhPh

NHCOtBu

79% yield



28

Arylation Arylation of C--Hof C--H  bondsbonds  using using ArIArI

DaugulisDaugulis, O. , O. et alet al..
AngewAngew. . ChemChem. . IntInt. Ed. . Ed. 2005, 2005, 44, 44, 40464046

DaugulisDaugulis, O. , O. et alet al..
J. Am. J. Am. ChemChem. Soc. . Soc. 2005, 2005, 127, 127, 1315413154

NHCOtBu

HH
+ PhI

5 mol % Pd(OAc)2
AgOAc

TFA

130 oC, 8 h

NHCOtBu

PhPh

91% yield

N

NH

H

O

I

OMe

+

5 mol % Pd(OAc)2
AgOAc

110 oC, 8 h

N

NHOMeO

92% yield
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ortho-ortho-Alkylation Alkylation of C--H bonds by Pdof C--H bonds by Pd00/Pd/PdIIII/Pd/PdIVIV

CatellaniCatellani, F. , F. et alet al. . AngewAngew. . ChemChem. . IntInt. Ed. . Ed. EnglEngl. . 1997, 1997, 36, 36, 119119

I

H

H

+ R + 2R'I

K2CO3, DMA

20oC, 30 h R'

R'

R

Pd0

oxidative 

addition

(Pd0/PdII)

PdIII

HH

Heck coupling

PdIIL

L I

H

H
C-H 

activation

H

PdII

L L

R'I

oxidative

addition

(PdII/PdIV)

reductive
elimination

H

PdIV

L L

I

R'

PdII

H

R'
L

IL

R'I

(PdII/PdIV)

PdII

R'

R'
L

IL

beta-alkyl
elimination

PdII

R'R'

I

Heck coupling

R

R'

R'

R
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Pd(0)L2

Me

I

Me

PdIL2

PdIL2

Pd
L L

Cs2CO3

CsHCO3  +  CsI

I

Pd L

L

Me

Me

Me

nBu

I

PdIL2

Me

nBu

L2IPd

Me

nBu
MCN

MI

transmetallation

Pd

Me

nBu

NC

L L

Me

nBu

NC

ortho ortho Alkylation Alkylation and and Cyanation Cyanation of of ArenesArenes

LautensLautens, M. , M. et alet al..
J. Am. J. Am. ChemChem. Soc. . Soc. 2007, 2007, 1296, 1296, 1537215372

Me H

I

+

I

10 equiv

K4[Fe(CN)6] 3H2O

4.5 equiv

10 mol % Pd(OAc)2
22 mol % PPh3

3 equiv norbornene

2 equiv Cs2CO3

DME, 90 oC, 24 h

Me nBu

CN

84% yield
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Tetrasubstituted Tetrasubstituted Helical AlkenesHelical Alkenes

LautensLautens, M. , M. et alet al. . AngewAngew. . ChemChem. . IntInt. Ed. . Ed. 2009, 2009, 48, 48, 14471447

Me

H

I Br
+

4 mol% Pd(OAc)2

8 mol% TFP
2 equiv norbornene

Cs2CO3, CH3CN

90oC, 24 h

Me

75% yield

+

TFP P

O

O

O
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Arylation Arylation of Electron Rich of Electron Rich HeterocyclesHeterocycles

Sakai, K. Sakai, K. et alet al. . HeterocyclesHeterocycles. . 1982, 1982, 17, 23517, 235

OhtaOhta, A. , A. et alet al. . HeterocyclesHeterocycles. . 1982, 1982, 19, 32919, 329

Nomura, M. Nomura, M. et alet al. . Bull. Bull. ChemChem. Soc. . Soc. JpnJpn. . 1998, 1998, 71, 46771, 467

N
O

OTsH

Me
+ PhI

10 mol % Pd(OAc)2

NaHCO3

HMPT, 100 oC

N
O

OTsPh

Me

44% yield

N
H

H N N

Me

Cl Me

+

4 mol % [Pd(PPh3)4]
1 equiv KOAc

DMA, reflux, 12 h
N
H

N

N

Me

Me

54% yield

N
H

N

H
+ PhI

5 mol % Pd(OAc)2

PPh3, Cs2CO3

DMF, 140 oC, 48 h N
H

N

Ph

66% yield



35

PdPd00/Pd/PdIIII  Catalytic cycleCatalytic cycle

LnPd0

PdLnAr

X

Ar-X

Ar'-HX-H

PdLnAr

Ar-Ar'

Oxidative addition

C-H 

activation

Ar'
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orthoortho-Coupling -Coupling of broadof broad  substratessubstrates

Miura, M. Miura, M. et alet al..
  Tetrahedron Tetrahedron LettLett. . 2000, 2000, 41, 41, 26652665

CetinkayaCetinkaya. . et alet al..
  Tetrahedron Tetrahedron LettLett. . 2005, 2005, 46, 46, 22732273

DaugulisDaugulis, O. , O. et alet al..  
J. Am. J. Am. ChemChem. Soc.. Soc.  2007, 2007, 129, 129, 98799879

NHPh

OH

H

+

OTf
5 mol % Pd(OAc)2

30 mol% PPh3

4 equiv Cs2CO3

toluene,100 oC

NHPh

OPh

Ph

96% yield

+

COMeCHO

H

Cl

5 mol % Pd(OAc)2

2 mol% [L-H]Cl

2 equiv Cs2CO3

1,4-dioxane,80 oC, 16 h

CHO
COMe

92% yield

L   =
N N

RR

+

ClCOOH

Me

5 mol % Pd(OAc)2

2 mol% [L-H]Cl

2 equiv Cs2CO3

1,4-dioxane,80 oC, 16 h

H

CF3
CF3

83% yield

COOH
Me
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Intramolecular Arylation Intramolecular Arylation of C(spof C(sp33)---H bonds)---H bonds

BaudoinBaudoin, O. , O. et alet al..  AngewAngew. . ChemChem. . IntInt. Ed.. Ed.  2009, 2009, 48, 48, 179179
BaudoinBaudoin, O. , O. et alet al..  J. Am. J. Am. ChemChem. Soc. . Soc. 2008, 2008, 1130, 30, 1515715157

CO2Me

R2 H

Br

10 mol % Pd(OAc)2

20 mol % P(o-tol)3

2 equiv K2CO3

DMF, 150 oC, 30min

78% yield

hydrolysis

Curtius reaction

R1 R1 R2

CO2Me

R1 R2

NH2

Imine
formation

ArCHO

R1 R2

N

Ar

H

N

R1

Ar

R2electrocyclic
ring-opening

R1

N

Ar

R2

electrocyclization
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Arylation Arylation of C(spof C(sp33)---H Bonds with)---H Bonds with  External External ArBArB(OH)(OH)22

BulchwaldBulchwald, S. , S. et alet al..  J. Am. J. Am. ChemChem. Soc. . Soc. 2005, 2005, 1127, 27, 46854685

BrtBu

tBu

H
1 mol % [Pd2(dba)3]

4 mol % L

2 equiv PhB(OH)2

3 equiv K3PO4

toluene, 100 oC

tBu

tBu

Ph

95% yield

L    =
PCy2

MeO OMe

SPhos
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Arylation Arylation of C(spof C(sp33)---H Bonds with)---H Bonds with  External External ArBArB(OH)(OH)22

BulchwaldBulchwald, S. , S. et alet al..
  J. Am. J. Am. ChemChem. Soc. . Soc. 2005, 2005, 1127, 27, 46854685

Pd0Ln

BrtBu

tBu

tBu

PdtBu

tBu

H
Br

L

H

H

tBu

tBu

Pd

L
HtBu

tBu

Pd

L

X

HBr

HX

PhB(OH)2

HtBu

tBu

Pd

L

Ph

HtBu

tBu

Ph
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Pd-Pd-MigrationMigration

Pd0

HPd

I

C-H 

activation

Pd
I

H

Pd

I

R.E.

Pd

X

LarockLarock, R. , R. et alet al..  AngewAngew. . ChemChem. . IntInt. Ed.. Ed.  2005, 2005, 44, 44, 18731873

HI

10 mol % Pd(OAc)2
10 mol % dppm

2 equiv CsO2C tBu

DMA, 145 oC, 24 h tBuCOO

45% yield
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LnPd0

PdIILnR

X

Pd0

R' MR R'

R X

HOAc

oxidative

addition

transmetalation /

reductive elimination

Ln

Cross-coupling

Comparison of Conventional Cross-couplingComparison of Conventional Cross-coupling
With C---H Activation/C---C CouplingWith C---H Activation/C---C Coupling

C-H activation/C-C coupling

PdII(OAc)2

PdIIR

OAc

Pd0

R' MR R'

R H

HOAc

C H
activation

transmetalation /
reductive elimination

reoxidation
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C---H Coupling with C---H Coupling with Organotin Organotin ReagentsReagents

Yu, J-Q. Yu, J-Q. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2006, 2006, 1128, 28, 7878

H

R1 R2

N

O
10 mol % Pd(OAc)2

R4Sn or Ar4Sn

various conditions

Full recovery of substrate,

homocoupling product,

(R-R or Ar-Ar) and Pd0

5 mol % Pd(OAc)2

1 equiv Cu(OAc)2

1 equiv BQ

MeCN, 100 oC, 60 h

H

R1 R2

N

O 20 0.037 equiv R4Sn

R

R1 R2

N

O

R = Me , Et, nPr, nBu

75~90% yield
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C---H Coupling with C---H Coupling with Organotin Organotin ReagentsReagents

Pd
Oxa

C-H

Pd0

Pd
Oxa

HOAc

Pd-aryl
complex

Me4Sn (batch-wise)
benzoquinone

Oxa

Me

Cu(OAc)2

+
benzoquinone

Pd(OAc)2

Oxa

C-H

Yu, J-Q. Yu, J-Q. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2006, 2006, 1128, 28, 7878
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Scope of Coupling PartnerScope of Coupling Partner

OMe

N

OMe

O

Me

PdCl2, NaOAc

AcOH, 75%

OMe

N

MeO

O

Me

Pd

Cl

B(OH)2

(E/Z 3:1)

Ag2O, DMF, 86%

OMe

N

OMe

O

Me

SamesSames, D. , D. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2002, 2002, 1124, 24, 1185611856

Yu, J-Q. Yu, J-Q. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2006, 2006, 1128, 28, 1263412634

X

H

N

RB(OH)2/Ag2CO3

or methylboroxine
Cu(OAc)2

cat. Pd(OAc)2
BQ

solvent, 100 oC, 6-24 h

X

R

N

R = alkyl, 40~93% yield
R = aryl, 20~30% yield

R = Me, Et, nBu, nHex, Ph(CH2)2, cyclopropyl, aryl

O

B
O

B

O
B

methylboroxine
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Scope of Coupling PartnerScope of Coupling Partner

Shi, Z. Shi, Z. et alet al..
  J. Am. J. Am. ChemChem. Soc. . Soc. 2007, 2007, 1129, 29, 60666066PdX2

Pd0

NH

OH

HX

H
N

O
Pd

L X

[ArSi(OR)3F]-

[SiX(OR)3F]-

HN O

Ar

Cu(II)/Ag

Cu(I)/Ag

H
N

O
Pd

Ar L

NHAc

H

Si(OMe)3

+

5 mol % Pd(OAc)2
2 equiv Cu(OTf)2

2 equiv AgF

1, 4-dioxane, 110 oC, 48 h

NHAc

Ph

74% yield
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C

FG

H

+ (RLi)n

C

FG

H

(LiR)n

C

FG
Li

H
R

C

FG

Li C

FG

E

E+

Expanding the Substrate ScopeExpanding the Substrate Scope

SnieckusSnieckus, V. , V. et alet al..
AngewAngew. . ChemChem. . IntInt. Ed.. Ed.  2004, 2004, 43, 43, 22062206

Yu, J-Q. Yu, J-Q. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2008, 2008, 1130, 30, 1408214082

Me

H

O

O Na
Me

Pd

O

ONa

AcO
2

Pd(OAc)2

1, 4-dioxane

100 oC, 2 h

characterized 

by 1HNMR

analysis
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Expanding the Substrate ScopeExpanding the Substrate Scope

Yu, J-Q. Yu, J-Q. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2007, 2007, 1129, 29, 35103510

Me

CO2Na

H

O

B

O

Ph+

10 mol % Pd(OAc)2

0.5 equiv benzoquinone
1 equiv Ag2CO3

tBuOH

120 oC, 3 h

Me

CO2H

Ph

60% yield
1 mol equiv

Me

CO2Na

H

+

10 mol % Pd(OAc)2

0.5 equiv benzoquinone
1 equiv Ag2CO3

tBuOH

100 oC, 3 h

Me

CO2H

Ph

75% yield

2 mol equiv

MeB(OH)2

O

B

O

Ph+

10 mol % Pd(OAc)2
0.5 equiv benzoquinone

1 equiv Ag2CO3

1.5 equiv K2HPO4
tBuOH

100 oC, 3 h 38% yield
1 mol equiv

CO2Na

Me Me

H

CO2H

Me Me

Ph
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Expanding the Substrate ScopeExpanding the Substrate Scope

Yu, J-Q. Yu, J-Q. et alet al. . J. Am. J. Am. ChemChem. Soc. . Soc. 2008, 2008, 1130, 30, 1767617676

CO2H

H

R + ArBF3K

1.2~1.5
mol equiv

10 mo l% Pd(OAc)2

0.5 equiv BQ

1.5 equiv K2HPO4

O2/air, 20atm
tBuOH, 100 oC, 24 h

CO2H

Ar

R

36-91% yield

H

R + ArBF3K

1.2~1.5
mol equiv

10 mol % Pd(OAc)2

0.5 equiv BQ

1.5 equiv K2HPO4

O2/air, 20atm
tBuOH, 100 oC, 24 h

67-98% yield

CO2H

R1 R2

Ar

R
CO2H

R1 R2
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Enantioselective Enantioselective C---H Activation/C---C CouplingC---H Activation/C---C Coupling

H HFG

PdII/chiral ligand

RB(OH)2

H RFG

FG

HH

FG

RH

Yu, J-Q. Yu, J-Q. et alet al..  AngewAngew. . ChemChem. . IntInt. Ed.. Ed.  2008, 2008, 47, 47, 48824882

N

Me Me

H H
10 mol% Pd(OAc)2

3 equiv nBuB(OH)2

0.5 equiv BQ

1 equiv Ag2O

THF, 60oC, 20 h

N

Me Me

H nBu

90% yield
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Proposed Working ModelProposed Working Model

Yu, J-Q. Yu, J-Q. et alet al..  AngewAngew. . ChemChem. . IntInt. Ed.. Ed.  2008, 2008, 47, 47, 48824882

N
H H

1 equiv 
Pd(OAc)2

CH2Cl2
60oC

Pd
O

O

N

AcO

O

O
Pd

Ph

Ph
H

AcO

N
Ph

Ph
H

N
Pd

O

O

O

O
N Pd

Ph H

Ph H

Me

Me

85%

N
H H

1 equiv 
Pd(OAc)2

CH2Cl2
60oC

Pd
O

O

N

R*COO

O

O
Pd

Ph

Ph
H

*RCOO

N
Ph

Ph
H

N
Pd

O

O

O

O
N Pd

Ph H

Ph H

Me

Me

R*COOH
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Influence of the Influence of the LigandLigand

Ligand Yield ee

Me

Me

NHBoc

CO2H

NHBoc

CO2H

NHBoc

CO2H

Me

Me

Me

Me

NHBoc

CO2H

NHBoc

CO2H
Ph

NHBoc

CO2H
Cl

Me

NHMe

CO2H

Me

Me

NH2

CO2H

n. r.

Me

Me

NHBoc

CO2Me

Me

Me

NHPiv

CO2H

Me

Me

NHFormyl

CO2H

Me

Me

NHAc

CO2H

Me

Me

HN

CO2H

OMe

O

Me

Me

HN

CO2H

O-(+)-menthyl

O

Me

Me

HN

CO2H

O-(-)-menthyl

O

Yield ee

63 90

47 85

69 70

69 80

66 81

83 83

n. r.

86 0

58 7

53 6

74 80

88 79

87 85

91 87

Ligand Ligand Yield ee

N

Me Me

H H
10 mol % Pd(OAc)2
3 equiv nBuB(OH)2

0.5 equiv BQ

1 equiv Ag2O

THF, 60 oC, 20 h

N

Me Me

H nBu
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Simplified Simplified Stereomodel Stereomodel 

Pd
OAc

O

N

O

H

Boc

H

o-Tol
H

unreative or disfavored

Pd
OAc

O

N

O

H

Boc

H

H

H

o-Tol

reactive

Yu, J-Q. Yu, J-Q. et alet al..  AngewAngew. . ChemChem. . IntInt. Ed.. Ed.  2008, 2008, 47, 47, 48824882
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Conclusions and OutlookConclusions and Outlook

Air as the OxidantAir as the Oxidant

ReducedReduced  catalyst loadingcatalyst loading

Regioselective arene Regioselective arene C---H activationC---H activation

Enantioselective Enantioselective C---H activation of C(spC---H activation of C(sp33)---H bonds)---H bonds
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