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C-H Functionalization of Alicyclic Amines
(1) -ainon path

1. s-BuLi

deprotonation

2. ZnCl2
3. Pd(OAc)2, ArBr

t-Bu3P-HBF4

Negishi coupling

(2) -cation path

2. E+

1. [O]

generation of
iminium cation

2. NuH

(3) -radical path

1. photocatalyst

h

2. EWG

Methods for C-H functionalization of alicyclic amines are dominated by functionalization of the highly
activated C-H bonds to nitrogen

Mitchell, E. A.; Peschiulli, A.; Lefevre, N.; Meerpoel, L.; Maes, B. U. W. Chem. Eur. J. 2012, 18, 10092.
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Substrate-Controlled -Arylation

1. s-BuLi
TMEDA

2. ZnCl2
N

Boc

Me N

Boc

Me ZnCl

ArI
Pd(dba)2 (5 mol%)

L3 (5 mol%)

82%, dr. = 96:4 N

Boc

Me

Ar

N

Boc

Me Ar

not observed

i-PrO Oi-Pr

PCy2

N
Boc

ZnCl
Me

L3 (RuPhos)

1. s-BuLi
TMEDA

2. ZnCl2
N

Boc

N

Boc

ZnCl

ArI

Pd(dba)2 (5 mol%)

L3 (5 mol%)

64%, dr. = 97:3

N

Boc

Ar

Ph Ph Ph

Seel, S.; Thaler, T.; Takatsu, K.; Zhang, C.; Zipse, H.; Straub, B. F.; Mayer, P.; Knochel, P. J. Am. Chem.
Soc. 2011, 133, 4774.

Ar = 4-F3C-C6H4

Ar = 4-NC-C6H4
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Substrate Scope
1. s-BuLi, TMEDA
2. ZnCl2

3. Pd2(dba)3 (2.5 mol%)
ligand (5 mol%), ArBr
60 C, 17 h

N

Boc

N

Boc

L8

N P(i-Pr)2

N

Boc

Ar

Ar

N

Boc

R

R = CF3
R = CN
R = OMe
R = NMe2

: / = 91:9, 59%
: / = 85:15, 51%
: / = 88:12, 55%
: / = 78:22, 48%

N

Boc

Ph

Me

R

R = CF3
R = OMe

: / > 98:2, 57%*
: / > 98:2, 61%*

N

Boc

CF3

/ = 95:5, 61%*

H

H

N

Boc
R = F
R = OMe

: / = 90:10, 63%
: / = 86:14, 71%

R

/ = 91:9, 62%

N

Boc

N

Millet, A.; Larini, P.; Clot, E.; Baudoin, O. Chem. Sci. 2013, 4, 2241.

* Reaction performed at 80 C.
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Rationale for Stereoselectivity
1. s-BuLi
TMEDA

2. ZnCl2

3. Pd2(dba)3 (2.5 mol%)
ligand (5 mol%), ArBr

N

Boc

N

Boc

RO OR

PCy2

L2: R = Me (SPhos)

NMe2

PCy2

L1 (DavePhos) L7: X = N

L8: X = CH

N

X

P(i-Pr)2

entry ligand / calcd

1

2

3

4

L8

L7

L1

L2

9 : 91

39 : 61

50 : 50

80 : 20

(Ar = 4-F3C-C6H5)

N

Boc

Ar

Ar

a) Gcalc = G - G
b) determined by 1H NMR of crude mixture.

G G / exp
b

10 : 90

20 : 80

50 : 50

97 : 3

Gcalc
a

31.1

30.5

26.3

23.5

29.6

30.2

26.3

24.4

-1.5

-0.3

0.0

0.9

1. The selectivity observed
experimentally was well reproduced by
the calculation.

2. Reductive elimination was suppressed
by using more electron-rich ligands.

3. Less sterically hindered ligands (L7

and L8) improve the coupling selectivity
by disfavoring reductive elimination.

Millet, A.; Larini, P.; Clot, E.; Baudoin, O. Chem. Sci. 2013, 4, 2241.
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Initial Atempt

N
H

N PdII
Ac
O

O
Ac

PdII

H
2

benzoquinone
NaHCO3
t-amylOH

60 C, 2 h

(HO)2B Ph

PinB Ph

(1 eq.) (6 eq.)

(2A)

(2B)

43% from 2A
15% from 2B

N
H

Pd(OAc)2 (10 mol%)
benzoquinone

Ag2CO3, NaHCO3
t-amylOH

100 C, 20 h

(HO)2B Ph

PinB Ph

(1.5 eq.)

(2A)

(2B)

0% from 2A
3% from 2B

N
H

Based on this result, C-H activation step doesn't work well.

Mono N-protected amino acid ligand invented by Yu group was employed.

1

Ph

Ph

He, C.; Gaunt, M. J. Angew. Chem. Int. Ed. 2015, 54, 15840.
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Amino Acid Ligand

CF3

CO2H

H

CF3

CO2H

Ph

Pd(OAc)2 (5 mol%)
benzoquinone (5 mol%)

ligand (10 mol%)
KHCO3, Ag2CO3

t-amylOH, 110 C, 2 h
Ph-BF3K
(3 eq.)

entry ligand

1

2

3

4

The conversion was determined by 1H NMR of crude mixture.

% conv.

5

6

7

8

Boc-t-Leu-OH

none

Boc-Gly-OH

Boc-Ala-OH

Boc-Phe-OH

Boc-Val-OH

Boc-Leu-OH

Boc-Ile-OH

13

61

77

83

82

81

79

81

entry ligand

9

10

11

12

% conv.

13

14

15

16

H-Ile-OH

Me-Ile-OH

formyl-Ile-OH

Ac-Ile-OH

Fmoc-Ile-OH

Cbz-Ile-OH

Ac-Leu-OH

0

0

62

89

79

76

79

87

Ac-Val-OH

1. Mono N-protected amino acid ligands accelerate the reaction.
2. Substitution of the nitrogen atom with an electron-withdrawing group is necessary for reactivity.

Engle, K. M.; Thuy-Boun, P. S.; Dang, M.; Yu, J.-Q. J. Am. Chem. Soc. 2011, 133, 18183.
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Competition Experiment

CF3

CO2H

H

CF3

CO2H

Ph

Ph-BF3K (3 eq.)
Pd(OAc)2 (5 mol%)

benzoquinone (5 mol%)
ligand (10 mol%)
KHCO3, Ag2CO3

t-amylOH, 110 C, 2 h

entry ligand

1

2

The conversion was determined by 1H NMR of crude mixture.

time (min)

none

Ac-Ile-OH

60

20

% conv. A % conv. B

9

36

k2A/k2B

18

16

0.48

2.17

1. In the absence of ligand, electron-rich substrate 1B gave a higher initial rate.

2. In the presence of Ac-Ile-OH, electron-poor substrate 1A gave a higher initial rate.

These date indicate a change in mechanism of the C-H activation step when amino acid ligands
are added to the reaction.

Me

CO2H

H

Me

CO2H

Ph

1A
(0.5 eq.)

1B
(0.5 eq.)

2A 2B

Engle, K. M.; Thuy-Boun, P. S.; Dang, M.; Yu, J.-Q. J. Am. Chem. Soc. 2011, 133, 18183.
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Proposed Catalytic Cycle

LnPd0

LnPdII(OAc)2

PdII

O O

NO

Me

O R

H

Ac

PdII
NO

O R

O

KO

Me
O

H

PdII
L

O

KO

Ar

LnPd0

PdII
NO

O R

O

KO

Me

O

HPdII
OO

Me

O

Me

O
O

KO
H

PdII
O

KO

OO

Me

PdII
L

O

KO

Ar

product

without ligand with ligand

CMD

electrophilic
palladation

+

-

Ar-BX3K KBX4 Ar-BX3KKBX4

benzoquinone

Engle, K. M.; Thuy-Boun, P. S.; Dang, M.; Yu, J.-Q. J. Am. Chem. Soc. 2011, 133, 18183.
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Substrate Scope

N
H

X

N
H

X

N
H Ph

Ar

N
H Ph

FF

N
H

O

Ph
N
H Ph

OO

N
H Ph

Pd(OAc)2 (10 mol%)
benzoquinone
Ac-Phe-OH

Ag2CO3, NaHCO3
t-amylOH

80 C, 16-36 h
PinB Ar

N
H

OO

OMe

N
H

OO

CO2Et

N
H

OO

X

68% 50% 45% (8%*) 63% (8%*) 54%

: 61%
: 55%
: 57%

X = F
X = Cl
X = Br

50%
52%

m-:
p-:

28%
67%
60%

o-:
m-:
p-:

He, C.; Gaunt, M. J. Angew. Chem. Int. Ed. 2015, 54, 15840.

* Yields of diarylated products.
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Proposed Catalytic CycleLnPdII(OAc)2

1) Smelley, A. P.; Gaunt, M. J. J. Am. Chem. Soc. 2015, 137, 10632. 2) He, C.; Gaunt, M. J. Angew.
Chem. Int. Ed. 2015, 54, 15840.

OAc

PdII
O

NHNH

PdII
NH

NH

NH

O

NHAc

R

PdII NHN

O

O

R

O

O

H

Me

Ac

PdII
O

ONH

OO

Me

R

PdII NH
O

N

O

R

HOMe

O

N

O

R

O

H

PdII
NHL

Ar

LnPd0

Ac-Phe-OH

AcOH

PinB-Ar

PinBX

HN

Ar
benzoquinoneAc
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Working Hypothesis

N

PdII

R
H

H PdII

N R N R

PdII
N R

Ar

N

H

N

PdII

N

O

Ar-I

chair boat palladacycle

H PdII

N R

Ar

N R

PdII

palladacycle

(1) Concept

(2) Pre-arrangement of conformation

NH

Ar
H

H

Ar-I

(3) Second directing group (N-aryl amide)

increase s character of C-H bond trace

Topczewski, J. J.; Cabrera, P. J.; Saper, N. I.; Sanford, M. S. Nature 2016, 531, 220.

N

NHAr

O

H

N

NHAr

O

Ar

palladacycle

Ar-I

PdII

R
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N-aryl Amide as a Directing Group

Yield was determined by 1H NMR of crude mixture.

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

CsF (3 eq.)
Ph-I (3 eq.)

2 3

O

NHXH

H

H
O

NHXH

Ph

H
O

NHXPh

Ph

H

1

X = OMe

OMe

NO2 F

F

F

F

F2: 0%
3: 0%

2: 3%
3: 0%

2: 0%
3: 0%

2: 12%
3: 0%

2: 34%
3: 54%

PCy2•HBF4

ligand

Buchwald-Hartwig amination pathway with ArI was suppress by reducing
the nucleophilicity of the amide N-H bond.

Wasa, M.; Engle, K. M.; Yu, J.-Q. J. Am. Chem. Soc. 2009, 131, 9886.
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Expanding Substrate Scope

N

NHC7F7

O

1. Pd(OAc)2 (10 mol%)
Ar-I (30 eq.)
CsOPiv, neat, air
150 C, 18 h

2. NaBH4, work up*

Topczewski, J. J.; Cabrera, P. J.; Saper, N. I.; Sanford, M. S. Nature 2016, 531, 220.

H

N

NHC7F7

O

Ar

* reduction of aminal

N

NHC7F7

O

MeO

N

NHC7F7

O

N

O

NHC7F7

O

Ph

OMe

N

NHC7F7

O

Ph

Ph

N

NHC7F7

O

Ph

Ph

N

NHC7F7

O

OMe
55% 62% 35%

34%33%

46%

Ph
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Proposed Catalytic Cycle

Topczewski, J. J.; Cabrera, P. J.; Saper, N. I.; Sanford, M. S. Nature 2016, 531, 220.

RCOOH

N

NHC7F7

O

H

N

N

O

H H
PdII
O

R

O

O

OC7F7

R

N

N

PdII

O
C7F7

H
OO

R

N

N

PdII

O
C7F7Ar-I

N
PdIV

O
C7F7

Ar
IN

LnPdII(OCOR)2

N

NHC7F7

O

Ar

CsOPiv
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Summary

1) Millet, A.; Larini, P.; Clot, E.; Baudoin, O. Chem. Sci. 2013, 4, 2241. 2) He, C.; Gaunt, M. J. Angew.
Chem. Int. Ed. 2015, 54, 15840. 3) Topczewski, J. J.; Cabrera, P. J.; Saper, N. I.; Sanford, M. S.
Nature 2016, 531, 220.

(1) C-H functionalization

(2) exocyclic C-H functionalization

(3) transannular C-H functinalization

1. s-BuLi
TMEDA

2. ZnCl2

3. Pd2(dba)3
ligand, ArBr

N

Boc

N

Boc

Ar

N
H

X

N
H

X

Ar

Pd(OAc)2
benzoquinone
Ac-Phe-OH

Ag2CO3, NaHCO3
t-amylOH

PinB Ar

N

NHC7F7

O
N

NHC7F7

O

ArH

Pd(OAc)2
Ar-I

CsOPiv
t-amylOH, N2

Ligands enable remote C-H
functionalization.

Substrate design and directing
group enable remote C-H
functionalization.


