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 Cernak, T. et al. Angew. Chem. Int. Ed. 2013, 52, 12256-12267.
 Fraga, C. A. M. et al. Chem. Rev. 2011, 111, 5215-5246.

In 2018, 73% of top 200 small-molecule drugs by Retail Sales contain at least one methyl group.
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a) Methylation via Nucleophilic Substitution

b) Methylation via Electrophilic Substitution

c) Methylation via Cross-coupling

R1 R2

X
Me-M

X = OH, Cl, Br, I, etc.

+
- + R1 R2

Me

R3 R4
Me-Y

Y = I, OTs, OTf, etc.

+
-+ R3 R4

Me

Z

Z = Cl, Br, I, 
OTf, etc.

+ Me-M

M = B, Sn, Mg, 
Li, Al, Zn, etc.

[Ni], [Pd], etc. Me

 Straightforward
 Atom economic
 Efficient
 Late‐stage modification
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d) Methylation via C-H Activation

DG C Me
DG C H

C-H 
activation

[M]/L

DG = directing group
[M] = transition metal

DG

C
[M]n oxidative addition

transmetalation

eg: MeI

eg: MeB(OH)2

radical pathway
eg: DCP (Me•)

DG

C
[M]n+2

I

Me

DG

C
[M]n Me

DG

C
[M]n+2 Me

path A

path B

path C
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 Tremont, S. J. et al. J. Am. Chem. Soc. 1984, 106, 5759-5760.
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NHCOCH3

Pd(OAc)2

HN O

Me

PdII OAc

2
MeI

HN O

Me

PdIV
I

OAcMe

MeI

HN O

Me

PdII
OAc

H3C I

NHCOCH3
Me

oxidative addition

reductive eliminationSN2

path a

path b
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PreciousMetals:
Ru
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Rh

45
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46

Ir
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 Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79.
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Pd
46

Methylation
Based on C‐H Activation   

Palladium catalysis

Pd0

Oxa

C PdII

Me4Sn

benzoquinone

Oxa

C-Me

Pd(OAc)2

Cu(OAc)2
+

benzoquinone

Oxa

C-H

Oxa

C-H
PdII

OAc

>>  Yu, J.‐Q    2006‐a:
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a) 50 °C, 10 min

b) 100 °C, 2 h

No benzoquinone

12
 Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79.

>>  Yu, J.‐Q    2006‐a:



Methylation：Pd
Based on C‐H Activation   
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c) 100 °C, 15 min

d) 100 °C, 1h

Benzoquinone(1 equiv.) 
was added

13
 Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79.

>>  Yu, J.‐Q    2006‐a:



Methylation：Pd
Based on C‐H Activation   
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14
 Stahl, S. S. et al. Science 2020, 370, 1454-1460.

Extended explanation for benzoquinone:

Benzoquinone may coordinate with Pd to promote the reductive elimination step.
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 Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 78-79.
 Thornton, P. et al. Inorg. Chim. Acta. 1986, 120, 173.

Oxa
Me

OxaMe

Oxa

Oxa

20%

64%

Me

Me

Me

70%

17%

Oxa

62%

Oxa

88%

Oxa Oxa

Me Me

Me Me

Me Me

78% 86%

Condition: Pd(OAc)2 (10 mol %), Me4Sn (0.075 equiv. x 10), Cu(OAc)2 (1 equiv.), 
benzoquinone (1 equiv.), MeCN, 100 oC, 40 h.

N

O Me
Me

Oxa:
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Methylation：Pd
Based on C‐H Activation   

>>  Yu, J.‐Q    2006‐a:
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 Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 12634-12635.

N

Me

N

Me Me

N

Me

N

Me

Me

N

Me

N

Me

N

Me

OMe

N

Me

CO2Me

N

Me

N

Me

nBu

79% + 11% 50% + 20%

33% 22% 60%

50% 70% 80%

Condition: Pd(OAc)2 (10 mol%), benzoquinone (2 equiv.) Cu(OAc)2
(2 equiv.), methylboroxine (2 equiv.), 100 oC, 24 h, HOAc, O2.

C(sp3)-H
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>>  Yu, J.‐Q    2006‐b:
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Methylation：Pd
Based on C‐H Activation   

 Yu, J.-Q. et al. J. Am. Chem. Soc. 2006, 128, 12634-12635.

>>  Yu, J.‐Q    2006‐b:
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 Yu, J.-Q. et al. J. Am. Chem. Soc. 2007, 129, 3510-3511.
 Yu, J.-Q. et al. J. Am. Chem. Soc. 2014, 136, 13194-13197.
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Methylation：Pd
Based on C‐H Activation   

 Yu, J.-Q. et al. J. Am. Chem. Soc. 2011, 133, 7222-7228.
 Baran, P. S.; Yu, J.-Q. et al. Angew. Chem. Int. Ed. 2013, 52, 7317-7320.
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 Li, C.-J. et al. J. Am. Chem. Soc. 2008, 130, 2900-2901.
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N Pd(OAc)2 (10 mol%)

130 oC, 12 h, N2

N

Me

(Me)

Ph
O

O
Ph

N

Me

63%

N

Me

Me

55%

N

Me

mono:di = 55:13

N

Me

76%

N

Me

mono:di = 32:28

MeO

N

Me

mono:di = 55:8

MeO2C

H
N

OMe

42%

N

Me

mono:di = 42(1:1):30

H/D

Me

+

2-4 equiv.

>> Li, C.‐J     2008:

Methylation：Pd
Based on C‐H Activation   
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 Li, C.-J. et al. J. Am. Chem. Soc. 2008, 130, 2900-2901.
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>> Li, C.‐J     2008:

Methylation：Pd
Based on C‐H Activation   

[Pd]
Ph

O
O

Ph

[Pd]O O PhPh

Ph Me

O

isolated

[Pd]Me O PhAr-H

OHPh

isolated

[Pd]Me Ar

Ar-Me
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Carretero, J. C. et al. J. Org. Chem. 2011, 76, 9525-9530.

Sanford, M. S. et al. Org. Lett. 2013, 15, 2302-2305.

Cai, C. et al. Org. Chem. Front. 2017, 4, 2207-2210.

Mei, T.-S. et al. Chem. Commun. 2017, 53, 12189-12192.

Sorensen, E. J. et al. J. Am. Chem. Soc. 2018, 140, 2789-2792.

Cheng, G. et al. J. Org. Chem. 2019, 84, 9786-9791.

Methylation：Pd
Based on C‐H Activation   
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 Zhou, Q. et al. J. Am. Chem. Soc. 2019, 141, 15986-15993.

I

H
R +

CH3OTs 13CH3OTs

CD3OTs PO(OCH3)3

Dual-Tasked C-H Methylation
Cooperative Pd/NBE Catalysis

Heck Reaction Suzuki Coupling Sonogashira Coupling Cyanation Borylation Hydrogenation

R Ar-Bpin R Zn(CN)2 B2(pin)2 HCO2Na

CH3/CD3/13CH3

R
R Ar

CH3/CD3

R
CH3

R

R
CN

CH3

R
Bpin

CH3

R
H

CH3/CD3

CNor
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(Catellani Strategy)

Methylation：Pd
Based on C‐H Activation   

>> Zhou, Q.  2019:
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 Zhou, Q. et al. J. Am. Chem. Soc. 2019, 141, 15986-15993.

Me

Me CO2Me

NHBoc

tBuO2C

Me

Me CO2Me

NHBocBocN

Me

Me CO2Me

NHBoc

TIPS

79%

58%

83%, 99% ee

Methylation of Biologically Important Substrate
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Methylation：Pd
Based on C‐H Activation   

>> Zhou, Q.  2019:

OiPrO2C

O
Me

Me
CO2

tBu

Late-Stage Modification of Medicinal Agents

N
O

OAc
Me

Me
CO2

tBu

N
O

Ar1

Ar1

OAc
Me

Me
S

Ar1

Ar1

Ar1 = F

from fenofibrate "Tricor"

from ezetimibe "Zatia"61% 31%

49%
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 Zhou, Q. et al. J. Am. Chem. Soc. 2019, 141, 15986-15993.
 Peng, Y. et al. J. Org. Chem. 2018, 83, 13211-13216.

Proposed mechanism: Pd0/PdII/PdIV

24

(Catellani Strategy)

Methylation：Pd
Based on C‐H Activation   

>> Zhou, Q.  2019:

Pd0

I

H

PdII

H

I

H PdII

C-H activation
Oxidative addition

PdIV

Me X

Ar-Bpin

PdII

Me

Ar

Ar

Me
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 Li, X. et al. Org. Lett. 2015, 17, 2812-2815.

DG
H

+ MeBF3K

[RhCp*Cl2]2 (4 mol%)
AgSbF6 (16 mol%)
AgF (2.8-4 equiv.)

DCE, 100 oC, 24 h

DG
Me

Selected examples: 2-4 equiv.

N
OMe

Me
73%

N
OMe

Me
76%

NC
90%

N
OMeMe

N

Me

67%
OMe

N

Me

64%
F

NN

Me

63%

Cl

Me

N
NO

72%

O

O

NHPh

OMe

43%

N N

N Me
Cl

75%

N

N Me

94%

25

Rh
45

Rhodium catalysis>>  Li, X.     2015:
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 Li, X. et al. Org. Lett. 2015, 17, 2812-2815.

tBu

NOMe

MeO2C

NOMe

+ standard conditions

tBu

NOMe

MeO2C

NOMe

+
Me Me

0.74 : 1.0

a)

b)

N

Me

64%

N
+ MeBF3K

N
Rh

*Cp Cl

(cat.)

AgF (2.8 equiv.)
DCE, 100 oC, 24 h

N

c)

+
N

D5

KIE = 1.4

N
additive

standard conditions

d)
N

Me with TEMPO: 64%
with BHT: 60%

standard conditions

>>  Li, X.     2015:
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 Li, X. et al. Org. Lett. 2015, 17, 2812-2815.

Proposed mechanism: RhI/RhIII

Methylation：Rh
Based on C‐H Activation   

>>  Li, X.     2015:
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Liu, H. et al. Org. Lett. 2016, 18, 5376-5379.

Liu, H. et al. Adv. Synth. Catal. 2017, 359, 3029-3034.

Sharma, U. et al. Org. Lett. 2020, 22, 305-309.

Methylation：Rh
Based on C‐H Activation   



 Shi, Z. et al. J. Org. Chem. 2019, 84, 12764-12772.
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RhI-X

[RhCp*Cl2]2

X = Cl or CD3CO

N
PtBu2

N
P

tBu
tBuRhIX

N
P

tBu
tBuRhIH

X

HX
N
P

tBu
tBuRhI

N
P

tBu
tBuRhIII

O

D3C

O O

CD3

CO

N
P

tBu
tBuRhIIID3C

O O

CD3

N
PtBu2CD3

d6-Ac2O
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Proposed mechanism: RhI/RhIII

>>  Shi, Z.   2019:

Methylation：Rh
Based on C‐H Activation   
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Ackermann, L. et al. Synthesis 2017, 49, 127-134.

Sorensen, E. J. et al. Chem. Sci. 2018, 9, 8951-8956. 
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 Nakamura, E. et al.  J. Am. Chem. Soc. 2015, 137, 7660-7663.
 Nakamura, E. et al. Adv. Synth. Catal. 2015, 357, 2175-2179.
 Yoshikai, N. et al. ChemSusChem. 2019, 12, 3049-3053.

NHO

N

+ AlMe3

Fe(acac)3 (1 mol%)
L1 (1.1 mol%)

2,3-DCB (4 equiv.), THF
70 oC, 24 h

Ph

Ph2P PPh2

L1:

NHO

N

Me

2 equiv.

N FeIII

NO L1

Men-1

MenFeIII-L1

MeH
FeI-L1

1) 2,3-DCB
2) AlMe3

MenFeIII-L1

95%, 1.24 g5 mmol

FeIII

P

P
N

Me
C N

O

NH
N

O

O Me

Ph2P PPh2

L2: dppen

99%
65% with 0.01 mmol% Fe, TON up to 6500

32

>> Nakamura, E. 2015:

Fe
26

Iron catalysis
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 Nakamura, E. et al.  J. Am. Chem. Soc. 2015, 137, 7660-7663.
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>> Nakamura, E. 2015:
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 Ackermann, L. et al. Chem. Eur. J. 2015, 21, 8812-8815.

FeIII

P

P
N

Me
C N

O

N
H

O Me Me

N
NN

Bn

FeCl3 (20 mol%)
dppe (20 mol%)

+
2,3-DCB (2 equiv.)

ZnCl2•TMEDA (3 equiv.)
THF, 22-55 oC, 16 h

MeMgBr

7 equiv.
N
H

O Me Me

N
NN

Bn

Me

OMe

Me

O

N
H

TAM

80%
Me

O

N
H

TAMCl

81%
Me

O

N
H

TAM

96%
Ph

Me

S

Me

N
H

O

TAM

60%

Me

N
H

O
TAM

90%

Ph

O

N
H

TAM

Me
61%

O

N
H

TAM

Me

56%
OMe

p-Tol

O

N
H

TAM

Me
61%
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Methylation：Fe
Based on C‐H Activation   

>> Ackermann, L. 2015:
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 Nakamura, E. et al. J. Am. Chem. Soc. 2016, 138, 10132-10135.
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>> Nakamura, E. 2016:
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 Nakamura, E. et al. Org. Lett. 2017, 19, 5458-5461.
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>> Nakamura, E. 2017:

Mn
25

Manganese catalysis
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 Nakamura, E. et al. Org. Lett. 2017, 19, 5458-5461.
 Girolami, G. S. et al. J. Am. Chem. Soc. 1988, 110, 6245-6246.
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>> Nakamura, E. 2017:
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 Nakamura, E. et al. Org. Lett. 2017, 19, 5458-5461.
 Girolami, G. S. et al. J. Am. Chem. Soc. 1988, 110, 6245-6246.
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Proposed mechanism: MnI/MnIII
>> Nakamura, E. 2017:

Methylation：Mn
Based on C‐H Activation   

N

O
R

MgBr

MeMgBr, Cl
Br

C2H4, MgX2

MnIIX2

N

O
R

MnIII

MeMe Me

_

N

O
R

MnIII

MeMe

_

Me-H

N

O
R

MnI

Me
Me

_

N

O
R

MgBr

N

O
R

MgBrMe

MeMgBr

Cl
Br

C2H4, MgX2
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 Ackermann, L. et al. Chem. Eur. J. 2017, 23,11524-11528. 
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>> Ackermann, L. 2017:
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 Chatani, N. et al. Angew. Chem. Int. Ed. 2016, 55, 3162-3165.
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>> Chatani, N.   2016:

Ni
28

Nickel catalysis
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Proposed mechanism: NiII/NiIV>> Chatani, N.   2016:

Methylation：Ni
Based on C‐H Activation   

LnNiIIX2

O

N
H N

H

+ Na2CO3

NaHCO3 + NaX

O

N
N

H
NiII

X

O

N
NNiII

NaHCO3 + NaX

Na2CO3

PhMe3N+I-PhNMe2

(detected by 1H NMR)

O

N
NNiIV

IMe

O

N
NNiII

I
Me

HX

O

N
H NMe

 Chatani, N. et al. Angew. Chem. Int. Ed. 2016, 55, 3162-3165.
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Chen, X.; Tan, Z. et al. Eur. J. Org. Chem. 2019, 6930-6934.
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Chatani, N. et al. Org. Lett. 2016, 18, 1698-1701.

Methylation：Ni
Based on C‐H Activation   
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Nakamura, E. et al. Org. Lett. 2011, 13, 3232-3234.

Shi, Z. et al. Angew. Chem. Int. Ed. 2011, 50, 1109-1113.

Lu, H.; Li, G. et al. Chem. Eur. J. 2016, 22, 12286-12289.

Co
27

Cobalt catalysis
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 Lu, H.; Li, G. et al. Chem. Eur. J. 2016, 22, 12286-12289.
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b) intermolecular competition experiment

O

N
H N

OMe O

N
H N

CF3

+

Co(acac)2 (10 mol%)
DCP (1 equiv.)

PhCF3, 140 oC, 12 h

O

N
H N

R

Me
CF3/OMe = 37%/12%

>> Lu, H.   2016:

Methylation：Co
Based on C‐H Activation   
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Proposed mechanism: CoII/CoIV

 Lu, H.; Li, G. et al. Chem. Eur. J. 2016, 22, 12286-12289.

>> Lu, H.   2016:

Methylation：Co
Based on C‐H Activation   

CoIIIX3

(PhMe2CO)2

PhMe2CO

PhCOMe

O

N
H N

Me

H

HX

O

N
N

Me

H
CoIII

X X

HXO

N
N

Me

CoIII

X

O

N
N

Me

CoIV

XMe

O

N
N

Me

CoII

X
Me

CoIIX2

HX

O

N
H N

Me

Me

SET
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>> Xu, K.   2016:

Methylation：Co
Based on C‐H Activation   
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Methylation：Co
Based on C‐H Activation   
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 Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519. 
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FG FG
(Me)

Me

N

Me

Me
95%

di:mono = 2:1

N
N

(Me)

Me
65%

di:mono = 1:5.6

Cl

Me

N

O

82%

N
H

O

Me

(Me)

99%
di:mono = 1:6

Me

NH2

O

67%

Me

Me

O

83%
di:mono = 1:1.4

Me2N

(Me)

Me

O

66%

Me2N

OMe OHMe

Cl

NH2Me

42%

32%

N
Me

OMe

48%

S
(Me)

O

N
H

Me
45%

di:mono = 1:11

N

43%

Me
N

(Me)

MeN
H

O

Me

H
N

O

47% 92%
di:mono = 1:1

NH2

OO

Me

82%

Me3B3O3 (3 equiv.)
Cp*Co(PhH)(PF6)2 (10 mol%)

Ag2CO3 (2 equiv.)
K2CO3 (2 equiv.)

MeTHF, 60 oC, 16 h

>> Ackermann, L. 2020:
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Proposed mechanism: CoI/CoIII

Methylation：Co
Based on C‐H Activation   

 Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519. 

>> Ackermann, L. 2020:

CoIII
+

X Cp*

Ar FG

coordination

CoIII
+

X Cp*

FGAr

HX

X-

C-H activation

CoIII

X
Cp*Ar

FG

MeB(OR)2XB(OR)2

transmetalation
CoIII

Me
Cp*Ar

FG

reductive
elimination

Me Ar(FG)

CoI Cp*

2Ag+

2Ag0

oxidation
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Methylation：Co
Based on C‐H Activation   

 Ackermann, L.; Johansson, M. J. et al. Nat. Chem. 2020, 12, 511-519. 

>> Ackermann, L. 2020:



02

Me3B3O3 (3 equiv.)
Cp*Co(PhH)(PF6)2 (20 mol%)

Ag2CO3 (2 equiv.)
K2CO3 (2 equiv.)

MeTHF, 60 oC, 16 h
H Me

28%
From strychnine

N

O

O

H

H

H

H

N

Me

32%
From paclitaxel

OO

O
OH

O

O

O

OH
N
H

O

H H
O

OO

HO

O

Me
N

N
O

Cl MeMe

di:mono = 55%:31%
From diazepam

11%
From fenofibrate (inseparable)

O

Cl O

O O
Me

O

Cl O

O O
Me

35%

56%
From warfarin

O

OOH

O

Me

24%
From metoclopramide

Me
Cl

H2N OMe

O

N
H

NEt2

mono:di = 48%:24%
From sulfaphenazole

SHN

N
N

O O

NH2

Me

(Me)

mono:di = 32%:20%
From levamisole

S
N

N
(Me)

Me
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[M]n

X

Y

H
X

Y

[M]n

X

Y

[M]n

[Me]

transmetalation

Me

X

Y

Me

[M]n-2

MeB(OH)2, MeBF3K, 
MeB3O3, Me4Sn, etc.

oxidant

[Me] MeI, CH3OTs, Ac2O,
PO(OCH3)3, etc.

DCP, DTBP

X

Y

[M]n+2

reductive
elimination

C-H activation

Me X

oxidative addition
or

radical addition

X

Y

Me

Ag+, Cu2+, etc

For PreciousMetals: Pd/Rh/Ru/Ir

Advantages: 
 Relatively simple DG
 No additional ligands usually
 Always mild methyl reagent 

Disadvantages: 
 Expensive metal catalyst
 Always equivalent metal oxidant  
 Always high reaction temperature
 Additional additive for activation (such as 

AgSbF6 for Rh)

typical path:
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For CheapMetals: Mn/Fe/Co/Ni

typical path:

Advantages: 
 Cheap metal catalyst
 Always mild oxidant
 Relatively low  reaction temperature
 Relatively high TON (such as Fe)

Disadvantages: 
 Relatively  complicated DG
 Always additional ligand 
 High-reactivity methyl reagent 
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Outlook03

 Understanding of the relationship between DGs and metals

 Conversion of DGs from “introduction” to inherent functional group

 Development of methylation reagents with high‐activity and high‐selectivity 

including CD3, CT3, 11CH3, 14CH3, etc.

White, M. C. et al. Nature, 2020, 580, 621–627. 

 Upgrade of C‐H activation from C(sp2)‐H to C(sp3)‐H in late‐stage modification

 Exploitation of chiral catalyst and chiral ligand
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