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ABSTRACT: Nickel complexes bearing chiral diphosphine ligands, such as (S)-Tol-MeO-BIPHEP and (S)-H8-BINAP, serve as 
efficient catalysts for asymmetric allylic alkylation (AAA) of β-ketoesters using allylic amines as allyl sources.  The reactions proceed 
with high catalytic activity and high enantioselectivity.  N-Methyl-N-phenyl allylic amines were indispensable to achieve the high 
catalytic activity and high enantioselectivity, and to expand the substrate scope to 5- and 7-membered β-ketoesters, whose nickel-
catalyzed AAA with allylic alcohols results in low enantioselectivity.  On the basis of the kinetics using a catalyst system made of 
Ni(cod)2 and (S)-Tol-MeO-BIPHEP, and DFT calculations for the reaction pathway of the AAA reaction mediated by an isolated 
olefin-coordinated nickel-DPPF complex 4b, we propose a mechanism where protonation of the nitrogen atom of the coordinating 
allylic amine by -ketoester is key to cleaving the C‒N bond and delivering a cationic -allyl nickel(II) intermediate.

Introduction
Asymmetric allylic alkylation (AAA), the asymmetric version 
of transition metal-assisted nucleophilic substitution of allylic 
compounds, namely the Tsuji-Trost reaction,1,2 is one of the 
most efficient synthetic methods for producing optically active 
organic compounds.  Allylic substrates bearing activated 
leaving groups such as carboxylates (acetates),3-5 carbonates,1f,6-

9 phosphates,10 and halides,11 as well as allylic molecules having 
trichloroacetimidate,12 trimethylsilyl,13 carbamates and ureas,14 
exhibit high reactivity in AAA reactions.  Nonetheless, allylic 
alcohols,1g,1h,15-18 ethers,1h,19 amines,1h,15h,20-23 and C‒H bond,24 
were recently applied directly as simple alternative allylic 
sources, although AAA reaction with such stable allylic sources 
has been developed almost exclusively by using easy-to-handle 
precious metal-based catalysts, such as palladium, rhodium, and 
iridium complexes.  In this context, some of us recently reported 
the AAA reaction of β-ketoesters with allylic alcohols to 
construct quaternary chiral centers mediated by non-precious 
nickel complex bearing chiral diphosphine ligand.15b  The 
substrate scope of the nickel-catalyzed AAA using allylic 
alcohols was quite narrow, however, and AAA was effective 
only when using 6-membered cyclic β-ketoesters: the use of 5- 
and 7-membered β-ketoesters afforded the corresponding 
products in quite low enantiomeric excess.

To further expand the scope of this nickel/chiral 
diphosphine system, we focused our attention on catalytic 
cleavage of the highly stable C‒N bond of allylic amines.20-23  

The leaving ability of the amine moiety of allylic amines is 
finely controllable by changing substituents on the nitrogen 
atom, and we previously reported the palladium-catalyzed 
allylic alkylation of enamines with allylic amines.20  Scheme 1 
shows some landmark AAA reactions using allylic amines 
catalyzed by palladium complexes.  In 2007, List et al. reported 
the first catalytic AAA reaction using allylic amine as an allyl 
source, and Pd(PPh3)4 associated with a chiral phosphoric acid, 
(R)-TRIP, as a catalyst (Scheme 1a).21a  One of us reported an 
AAA reaction using allylic amines and ketones catalyzed by 
[Pd(3-C3H5)Cl]2 with a chiral ferrocene-based 
phosphinooxazoline ligand, in which MeOH acted as the best 
solvent because the C‒N bond of the allylic amines was 
activated by the hydrogen bond between the nitrogen atom of 
the allylic amine and the hydrogen atom of the methanol solvent 
(Scheme 1b).20  Tian et al. achieved an AAA reaction of 
malononitriles with allylic amines, involving a kinetic 
resolution catalyzed by [Pd(3-C3H5)Cl]2 / (S)-BINAP (Scheme 
1c).21b  As shown in Scheme 1, AAA reactions with allylic 
amines were achieved by using precious palladium catalyst, and 
only one achiral allylation using allylic amine was 
accomplished by using nickel complex with achiral 
diphosphine ligand and metallic zinc as reductant.25  Herein, we 
report a highly effective nickel-catalyzed AAA reaction using 
allylic amines with a substrate scope not limited to 6-membered 
β-ketoesters, but expanded to 5- and 7-membered benzo-fused 
β-ketoesters by further modification of the chiral diphosphine 
ligand (Scheme 1d).  This catalyst system expands the substrate 
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scope of AAA reaction not only to allylic sources which have 
activated leaving groups but also to highly stable allylic amines.

Scheme 1. Examples of AAA Reactions Using Allylic 
Amines Assisted by Palladium-Based Catalysts20,21
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Results and Discussion
We began by searching for the best ligand among chiral 
diphosphines L18 (6 mol%) in combination with Ni(cod)2 (5 
mol%) as a catalyst precursor for the AAA of -ketoester 1a 
with allylic amine 2a chosen as the model substrate; 
representative results obtained in diethyl ether solution (see 
Table S1 for solvent screening results) at 0 °C for 40 h are 
summarized in Table 1.  The use of (S)-H8-BINAP (L1), which 
is the best ligand in AAA of allylic alcohols,15b afforded product 
3aa in 88% yield and 94% ee (entry 1).  In the case of (S)-
BINAP (L2), yield and enantioselectivity of 3aa were 
decreased to 74% and 91% ee, respectively (entry 2).  Using 
(S)-Tol-BINAP (L3) and (S)-SEGPHOS (L4) yielded 3aa in 
quantitative yield with 92% ee and 94% ee, respectively (entries 
3 and 4).  On the other hand, the sterically hindered (S)-DTBM-
SEGPHOS (L5) retarded the AAA reaction to give 3aa in only 
12% yield with 14% ee (entry 5), while (S)-DIFLUORPHOS 
(L6) afforded 3aa in moderate yield with high 
enantioselectivity (entry 6).  BIPHEP-type ligands, such as (S)-
MeO-BIPHEP (L7) and (S)-Tol-MeO-BIPHEP (L8), were the 
most effective among the ligands investigated, giving 3aa in 
high yields (96% and 99%, respectively) and 
enantioselectivities (94% ee and 95% ee, respectively) (entries 
7 and 8).

Table 1. Screening of Chiral Diphosphine Ligands
O

OMe

O

+

Ni(cod)2 (5 mol%)
chiral ligand (6 mol%)

Et2O, 0 °C, 40 h
HNMePh

1a 2a

O

OMe

O

3aa
Ph

PhN
Ph

Me *

PAr2
PAr2

PAr2
PAr2

O

O

O

O

L4: R = H, Ar = Ph
L5: R = H, Ar = 3,5-tBu2-4-OMeC6H2
L6: R = F, Ar = Ph

L2: Ar = Ph
L3: Ar = 4-MeC6H4

PAr2
PAr2

MeO
MeO

L7: Ar = Ph
L8: Ar = 4-MeC6H4

R
R

R
R

PPh2
PPh2

L1

entry

1

2

3

4

5

6

7

8

chiral ligand

L1: (S)-H8-BINAP

L2: (S)-BINAP

L3: (S)-Tol-BINAP

L4: (S)-SEGPHOS

L5: (S)-DTBM-SEGPHOS

L6: (S)-DIFLUORPHOS

L7: (S)-MeO-BIPHEP

L8: (S)-Tol-MeO-BIPHEP

yield [%]a

88

74

>99

98

12

52

96

99

ee [%]b

94

91

92

94

14

92

94

95

Reaction conditions: 1a (0.50 mmol), 2a (0.60 mmol, 1.2 
equiv), Ni(cod)2 (5 mol%), chiral diphosphine ligand (6 mol%), 
and Et2O (1 mL).  a Determined by 1H NMR analysis using 
triphenylmethane as an internal standard.  b Determined by 
HPLC analysis (see ESI).

We next examined the AAA reaction of various N-
substituted allylic amine derivatives under typical conditions (5 
mol% of Ni(cod)2, 6 mol% of (S)-Tol-MeO-BIPHEP (L8), 
diethyl ether, 0 °C, 40 h) to evaluate the leaving ability of the 
amine moiety; the results are summarized in Table 2.  When N-
cinnamyl-N-methylaniline (2a) was used, 3aa was obtained in 
99% yield and with 95% ee (entry 1).  On the other hand, N,N-
diphenylamine 2b and N-phenylamine 2c derivatives resulted 
in lower yields of 3aa, 11% and 60%, respectively, yet still with 
high enantioselectivities (entries 2 and 3).  The use of N-
cinnamylamine (2d) afforded 3aa but the yield, 8%, and 
enantioselectivity, 61% ee, were lower than those obtained from 
2a (entry 4 vs 1).  Also, AAA reactions of N-cinnamyl-N,N-
dialkylamines, such as N-cinnamyl-N,N-dimethylamine (2e), 
N-cinnamyl-N,N-diethylamine (2f), and N-cinnamyl-
pyrrolidine (2g) derivatives, afforded 3aa in low to moderate 
yields with moderate enantioselectivities (entries 57).  
Accordingly, we selected N-phenyl-N-methyl derivative 2a as 
the best substituent pattern for the allylic amine.  We assumed 
that allylic amines having an electron-donating substituent 
accelerated the protonation of allylic amine and subsequent 
formation of a cationic nickel complex having a lower energy 
barrier to cleave the C‒N bond of allylic amine (vide infra).  N-
Cinnamyl-N,N-dialkylamine derivatives exhibit high basicity, 
but the leaving-group ability of N,N-dialkylamines is lower than 
that of N-alkylaniline derivatives; this is consistent with the 
lower yields observed from N,N-dialkylallylamines, such as 2d, 
2e, and 2f, than from N-cinnamyl-N-methylaniline 2a.  Hence, 
there seems to exist a balance between the basicity and the 
leaving-group ability of the amine moiety of allylic amine to 
achieve high catalytic activity.
Table 2. Screening of Substituents on Nitrogen Atom of 
Allylamines 2
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O

OMe

O

+ PhN
R1

R2
Ni(cod)2 (5 mol%)

(S)-Tol-MeO-BIPHEP (6 mol%)

Et2O, 0 °C, 40 h
HNMeAr

1a 2

O

OMe

O

3aa
Ph

entry

1

2

3

4

5

6

7

ee [%]b

95

92

94

61

42

64

49

2

2a

2b

2c

2d

2e

2f

2g

yield [%]a

99

11

60

8

15

61

16

R1

Me

Ph

H

H

Me

Et

R2

Ph

Ph

Ph

H

Me

Et

*

(CH2)4

Reaction conditions: 1a (0.50 mmol), 2 (0.60 mmol, 1.2 equiv), 
Ni(cod)2 (5 mol%), L8 (6 mol%), and Et2O (1 mL).  a 
Determined by 1H NMR analysis using triphenylmethane as an 
internal standard. b Determined by HPLC analysis (see ESI).

With the optimized conditions in hands, we performed a 
large-scale reaction using 2.0 mmol of 1a and 2.4 mmol of 2a; 
this eventually resulted in the corresponding product 3aa in 
99% yield and 95% ee (eq. 1), although a slightly longer 
reaction time, 50 h, was required to reach quantitative yield.

O

OMe

O

+ PhN
R1

R2
Ni(cod)2 (5 mol%)

(S)-Tol-MeO-BIPHEP (6 mol%)

Et2O, 0 °C, 50 h
HNMeAr

1a (2.0 mmol) 2 (1.2 equiv)

O

OMe

O

3aa
(99% yield, 95% ee)

Ph

*
(1)

Under the optimized conditions using N-cinnamyl-N-
methylaniline (2a), we evaluated the scope of nucleophilic 
substrates (Table 3).  -Ketoesters 1b and 1c, which have a 
fused anisyl ring, reacted smoothly to afford the corresponding 
products 3ba and 3ca in high yields and excellent 
enantioselectivities (94% ee and 96% ee), respectively (entries 
1 and 2).  The use of dimethyl-substituted -ketoester 1d 
yielded the corresponding product 3da in good yield with 93% 
ee (entry 3).  On the other hand, the AAA reaction of -ketoester 
1e having an ethyl ester was slow and required a longer reaction 
time, 80 h, to give 3ea in 99% yield with 95% ee; this suggests 
that the steric hindrance at the ester group directly affected the 
reactivity, but not the enantioselectivity (compare Table 2, entry 
1 with Table 3, entry 4).  -Ketoester 1f without an aromatic 
ring yielded product 3fa in moderate yield with high 
enantiomeric excess (96% ee) (entry 5).  In contrast to the high 
enantioselectivities observed for -ketoesters with a 6-
membered ring, contrivances by tuning the ligand and substrate 
substituents were required for 5-membered ring substrates.  In 
fact, with the (S)-Tol-MeO-BIPHEP (L8)-based catalyst, -
ketoester 1g gave 3ga in 99% yield, but with quite low 
enantioselectivity (21% ee, entry 6).  After reexamining the 
ligand system for the AAA reaction of -ketoester having a 5-
membered ring (Table S3), we selected (S)-H8-BINAP (L1) and 
obtained slightly better enantioselectivities (34% ee at 0 °C for 
40 h) (entry 7).  More importantly, when using ligand L1, we 
found that a bulky ester moiety improved both reactivity and 
enantioselectivity: hence, the reaction of -ketoester 1h bearing 
the sterically hindered COOCEt3 ester group operated at 
temperatures as low as 0 °C and ‒20 °C for 60 h and gave the 

corresponding AAA product 3ha in 99% yield with 82% ee and 
88% ee, respectively (entries 8 and 9); operating at ‒30 °C 
further increased the enantioselectivity to 92% ee, but the yield 
of the product dropped to 59% (entry 10).  The use of methyl 
and fluoro-substituted substrates 1i and 1j at ‒20 °C for 60 h 
afforded the corresponding products 3ia and 3ja in quantitative 
yields with 82% ee and 90% ee, respectively (entries 11 and 
12).  Dimethoxy-substituted -ketoester 1k gave 3ka in 74% 
yield and 79% ee (entry 13).  A broader scope was demonstrated 
by using the 7-membered ring -ketoester 1l using ligand L8 at 
0 °C, which resulted in 95% yield of 3la with 77% ee (entry 
14).26  We also investigated other nucleophiles such as -
diketone 1m, -ketoamide 1n, and -diketonitrile 1o.  The use 
of 1m gave the corresponding product 3ma in 86% yield with 
low enantioselectivity (26% ee), possibly due to the difference 
of coordination ability between the –CO2Me and –C(O)Me 
moieties (entry 15).  When 1n was used as nucleophile, no 
reaction was observed, possibly because of the sterically 
hindered piperidine moiety and the higher pKa value of -
ketoamide than that of -ketoester and -diketone (entry 16).27  
Interestingly, -diketonitrile 1o reacted smoothly and afforded 
the corresponding product 3oa in 94% yield with very high 
enantioselectivity (entry 17).  It is unclear why the small nitrile 
group improved the selectivity but we assume this may also be 
related to the different coordination ability of the –CN moiety.
    Next, we examined AAA of substituted allylic amines with 
an N-methyl aniline moiety, and the results are shown in Table 
4.  The steric hindrance on the aryl ring of cinnamyl moiety 
affected the reactivity: p- and m-tolyl substituted allylic amines 
2h and 2i afforded the corresponding products 3ah and 3ai in 
excellent yield with high enantioselectivity, respectively 
(entries 1 and 2), but the more sterically hindered o-tolyl 
substituted allylic amine 2j gave 3aj in slightly lower yield and 
enantiomeric excess (77% and 90% ee, entry 3).  More critical 
steric effects were observed when 2k, which has a methyl group 
on 2-position of the cinnamyl moiety, was used as allyl source, 
as no reaction was observed (entry 4).  Thus, the steric 
hindrance around the C=C bond is quite essential.  This is 
consistent with the X-ray single crystal diffraction analysis of 
4b which evidenced coordination of the C=C bond to the nickel 
center, most likely as the first step of the AAA reaction (vide 
infra).  p-Methoxy, and p-fluoro substituted allylic amines 2l 
and 2m afforded the corresponding products 3al and 3am 
quantitatively with high enantioselectivity after 40 h, 
respectively (entries 5—6).  Allylic amine 2n, having a strong 
electron-withdrawing p-CF3 group, exhibited low reactivity to 
give 3an in 51% yield, but the high enantioselectivity was 
maintained (entry 7).  By prolonging the reaction time to 120 h, 
the corresponding product 3an was obtained in 87% yield with 
almost the same enantioselectivity (entry 8).  N-Allyl-N-
methylaniline (2o) and N-(2-buten-1-yl)aniline (2p) worked 
well and delivered products 3ao and 3ap in 99% and 95% yield 
after 40 h, respectively.  Allylic amines 2o and 2p have less 
bulky substituents (H and Me, respectively) than Ph group, 
which decreased the enantioselectivity to 74% and 81% ee, 
respectively (entries 9 and 10).  
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Table 3. -Ketoesters Substrate Scope

+ PhN
Ph

Me
Ni(cod)2 (5 mol%)

chiral ligand (6 mol%)

Et2O, temp., time
HNMePh

1 2a 3
Ph

entry

1

2

3

4

5

6

7

8

9

10

11

12

13d

14

15

16

17

ee [%]b

94

96

93

95

96

21

34

82

88

92

82

90

79

77

26

-

>99%

1

1b

1c

1d

1e

1f

1g

1g

1h

1h

1h

1i

1j

1k

1l

1m

1n

1o

yield [%]a

97

80

94

99

86

99

99c

99c

99

59c

99

99

74

95

86

no reaction

94

temp. [°C]

0

0

0

0

0

0

0

0

-20

-30

-20

-20

-20

0

0

0

0

O O

OMe

MeO
O O

OMe
MeO

O

OMe

O
Me

Me
O O

OEt

O

OMe

O

O

OMe

O

O

OCEt3

O

O

OCEt3

O
Me

O

OCEt3

O

F

MeO

MeO

O
O

OCEt3

O

OMe

O

product

3ba

3ca

3da

3ea

3fa

3ga

3ga

3ha

3ha

3ha

3ia

3ja

3ka

3la

3ma

3na

3oa

chiral ligand

L8

L8

L8

L8

L8

L8

L1

L1

L1

L1

L1

L1

L1

L8

L8

L8

L8

time [h]

40

40

40

80

80

40

40

60

60

60

60

60

60

60

40

40

40

O

OR4

O

n

n = 1-3
R3

O

OR4

O

n
R3

*

O
CN

O O

O O

N

Reaction conditions: 1 (0.50 mmol), 2a (0.60 mmol, 1.2 equiv), 
Ni(cod)2 (5 mol%), chiral diphosphine ligand (6 mol%), and 
Et2O (1 mL).  a Isolated yield.  b Determined by HPLC analysis 
(see ESI).  c Determined by 1H NMR analysis using 
triphenylmethane as an internal standard. d 0.5 mL of toluene 
and 0.5 mL of Et2O were used as solvents due to the low 
solubility.

Table 4. Allylic Amines Substrate Scope
O

+ R5N
Ph

Me

O

1a 2 3

OMe

O

R5

Ni(cod)2 (5 mol%)
(S)-Tol-MeO-BIPHEP (6 mol%)

Et2O, 0 °C, time
HNMePh

entry

1

2

3

4

5

6

7

8

9

10

ee [%]b

95

97

90

-

94

93

92

91

74

81

2

2h

2i

2j

2k

2l

2m

2n

2n

2o

2p

yield [%]a

99

99

77

n.r.

99

99

51

87

99

95

product

3ah

3ai

3aj

3ak

3al

3am

3an

3an

3ao

3ap

N
Ph

Me
CF3

N
Ph

Me
OMe

N
Ph

Me
Me

N
Ph

Me
F

N
Ph

Me

N
Ph

Me

time [h]

40

40

40

40

40

40

40

120

40

40

O

OMe*
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Reaction conditions: 1a (0.50 mmol), 2 (0.60 mmol, 1.2 equiv), 
Ni(cod)2 (5 mol%), L8 (6 mol%), and Et2O (1 mL).  a Isolated 
yield.  b Determined by HPLC analysis (see ESI).

    To investigate the reaction mechanism, we prepared olefinic 
complexes 4a and 4b that, respectively, correspond to and 
mimic putative intermediates (Scheme 2).  Complex 4a was 
prepared by treating (L8)Ni(cod) (L8 = (S)-Tol-MeO-BIPHEP) 
with allylic amine 2a.  The 31P{1H} NMR spectrum of 4a in 
C6D6 displayed two equal-intensity doublets centered at δ 29.41 
and 24.20 ppm with JP—P = 47.4 Hz due to two non-equivalent 
phosphorus atoms of the chiral diphosphine ligand bound to 
Ni(0) center.  In the 1H NMR spectrum of 4a, the allylic 
methylene hydrogens were observed at δ 3.5‒3.3 ppm as a 
multiplet signal, and two olefinic hydrogens were observed at δ 
4.6‒4.4 ppm and 4.2‒4.1 ppm as multiplet signals.  In addition, 
one olefinic carbon of 4a was observed at δ 68.6 ppm as a 
doublet of doublets (JC-P = 16.7, 2.0 Hz), and the other olefinic 
carbon of 4a was observed at δ 56.9‒56.5 ppm along with an 
olefinic carbon signal of COD of (L8)Ni(cod).  Because all 
attempts to crystallize complex 4a failed to date, we isolated the 
related complex 4b in 23% yield as orange crystals from the 
reaction of Ni(cod)2 with 1,1'-bis(diphenylphosphino)ferrocene 
(DPPF) in the presence of an excess amount of 2a.  Its structure 
was characterized by NMR spectroscopy and X-ray single-
crystal analysis.  Figure 1 shows the molecular structure of 4b.  
The two phosphorus atoms of DPPF are bonded to the Ni(0) 
center with a P1‒Ni‒P2 bite angle of 106.84(3)°, which is 
almost the same as that (107.13(9)°) of 
(DPPF)Ni0(H2C=CHCH2OH).15b  The C41‒C42 bond length of 
1.417(4) Å is consistent with other C=C moieties coordinating 
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to nickel(0) metal.15b,28  The sum of the bond angles around the 
nickel center, P1‒Ni‒P2, P2‒Ni‒Ccent (Ccent is the centroid of 
C41 and C42), and P1‒Ni‒Ccent, is 359.2°, indicating an 
undistorted trigonal planar structure.  The Ni…N1 distance 
(4.273(2) Å) is beyond the interaction range.

Scheme 2. Synthesis of Olefinic Complexes 4a and 4b

Ni
P2

P1
Fe

N1

C41

C42

C43

Figure 1. Molecular Structure of Complex 4b with 50% 
Thermal Ellipsoids.  All hydrogen atoms and solvent molecule 
are omitted for clarity.  Selected bond distances (Å) and angles 
(deg): Ni····Fe, 4.0662(6); Ni‒P1, 2.1386(8); Ni‒P2, 
2.1629(7); Ni‒C41, 1.991(3); Ni‒C42, 1.978(2); Ni····N1, 
4.273(2); C41‒C42, 1.417(4); C42‒C43, 1.514(4); P1‒Ni‒P2, 
106.84(3).

Although the steric characteristics of the isolated olefin-
DPPF complex 4b differ from those of complex 4a,29-31 which 
is the best catalyst identified but not isolable, we conducted 
control experiments with 4b.  Complex 4b and the in situ 
mixture of Ni(cod)2 and DPPF featured almost the same 
catalytic performance for the allylic alkylation reaction of 1a 
with 2a to afford 3aa (Scheme 3).  In addition, we observed no 
reaction of (DPPF)Ni(cod) with -ketoester 1a (eq. 2) and no 
oxidative addition of the C‒N bond of the coordinated allylic 
amine over complex 4b in Et2O at room temperature in the 
absence of substrate (eq. 3).  These observations indicated that 
the coordination of 2a to ‘(DPPF)Ni’ to form 4b proceeded 
smoothly as the first step of the reaction, but was not the rate-
determining step.

Scheme 3. Allylic Alkylation Reaction Catalyzed by The 
Isolated Complex 4b and an in situ Mixture of Ni(cod)2 with 
DPPF
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P
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Kinetic monitoring of the AAA reaction of 1a and 2a was 
performed in Et2O using an in situ-generated catalyst system 
from Ni(cod)2 and (S)-Tol-MeO-Biphep (L8), because we 
could not use the isolated olefin-DPPF complex 4b due to its 
low solubility in Et2O at low temperature.  At the initial stage, 
the reaction-rate constant was determined from the 
consumption rate of allylic amine 2a as monitored by 1H NMR 
spectroscopic analysis with 1,3,5-trimethoxybenzene as an 
internal standard.  The partial orders in the nickel catalyst 
([Ni]), -ketoester 1a ([1a]), and allylic amine 2a ([2a]) were 
determined using time normalization analysis (Figures 
S1‒S3),32 and returned an experimental rate law ∝  
[Ni]0.5[1a]1[2a]1.  The small rate dependency, less than 1, on 
[Ni] suggests that free COD coordinates to nickel to form an 
inert (L8)Ni(cod) species and prevents generation of the active 
complex 4a, (L8)Ni(2a).33  In fact, we observed that the 
addition of 20 mol% of COD to the reaction mixture remarkably 
decreased the AAA reaction rate (Figure S4).  Based on the plot 
of ln(kobs/T) versus 1/T (Figure 2), the activation parameters 
were determined: H‡=12.8±2.5 kcal mol‒1, S‡ = ‒142±36 J 
K−1 mol−1, and G‡(298 K) = 22.8±5.1 kcal mol‒1.  The large 
negative S‡ value suggests a highly ordered transition state, 
and the low activation Gibbs free energy, 22.8±5.1 kcal mol‒1, 
was consistent with the result of the DFT calculation, G‡(298 
K) = 26.4 kcal mol‒1 (vide infra) although we employed a 
different diphosphine ligand, DPPF, instead of (S)-Tol-MeO-
Biphep (L8) for DFT calculation.
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Figure 2. Eyring Plot for The AAA Reaction of 1a and 2a 
Performed in Et2O Using An in situ Generated Catalyst 
System From Ni(cod)2 and (S)-Tol-MeO-Biphep (L8)

3.2 3.3 3.4 3.5 3.6
1/T (10-3 K)

-13.0

-13.5

-14.0

-14.5

-15.0

-15.5

-16.0

-16.5

-17.0

ln
( k

/T
)

y = -6479.3x + 6.6834
R2 = 0.9236

DFT calculations performed on the model Ni-DPPF system 
allowed us to rationalize a mechanism for AAA reactions 
catalyzed by the isolated olefinNi(0) complex 4b (Scheme 4), 
and key structures for some transition state are collected in 
Figure 3.  After the first ligand exchange between one COD and 
DPPF to give (DPPF)Ni(cod) (Scheme 2), reaction of 
(DPPF)Ni(cod) with allylic amine 2a reversibly forms 4b which 
is stabilized by 6.6 kcal mol1.  Protonation of the amine moiety 
of 4b by -ketoester 1f proceeds endergonically by 22.9 kcal 
mol1 to generate intermediate A and enolate 1f-.  Electron-
withdrawing groups on the nitrogen atom of allylic amine 
increase the energy gap between 4b with 1f and A with 1f-, 

which decreases the rate of the protonation step (4bA).  
Cleavage of the C‒N bond of A affords cationic nickel -allyl 
complex B via transition state TS1catouter along with release of 
N-methylaniline.  The energy barrier 4bTS1catouter is 26.4 
kcal mol1, a much lower value than that of the estimated energy 
barrier of the alternative pathway (A’TS1’B’, 33.6 kcal 
mol1) where a neutral nickel allyl complex B’ (i.e., without 
preliminary protonation) is generated via oxidative addition of 
the C‒N bond.  It is a reliable pathway by which the cationic 
complex B reacts with enolate 1f- to give an enolate adduct B-
1f and neutral nickel alkyl species D.  Complex B reacts with 
an outer-sphere enolate 1f- to give an olefin complex C 
including a quaternary carbon at the -position of the carbonyl 
moiety via stable transition state TS2outer.  The activation barrier 
of the outer-sphere pathway (24.1 kcal mol1), involving the B 
 D pre-equilibrium step through a low-lying TSB-D, is slightly 
lower than C‒N bond cleavage step.  We excluded another 
possible pathway in which complex D reacts with inner-sphere 
enolate to give complex C via TS2inner due to its much higher 
energy barrier (34.9 kcal mol1) than TS2outer.34  Finally, an 
exchange reaction of complex C by allylic amine 2a affords the 
corresponding intermediate 4b.  On the basis of kinetic data 
showing first-order rate dependence on [2a], the C‒C bond 
formation step (DTS2outerC) is suggested to be the rate-
determining step; of note, the corresponding calculated 
activation barrier is slightly lower than that of 
4bTS1catouterB (24.1 vs. 26.4 kcal mol-1, respectively) but 
this slight difference (2.3 kcal·mol-1) falls within the error of the 
DFT method.35

Scheme 4. DFT-Computed Reaction Pathways of Nickel-Catalyzed AAA Reaction of -Ketoesters with Allylic Amines
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Figure 3. Calculated Structures of (a) TS1catouter, (b) TS1’, (c) TS2outer, (d) TS2inner.  Hydrogen atoms on Ph and Cp ring, Me, 
and -ketoester are omitted for clarity.

Based on these control experiments and DFT calculations, 
we propose a catalytic cycle of the AAA reaction mediated by 
Ni(0) species, as shown in Scheme 5.  In the nickel-catalyzed 
AAA reaction, the first step is coordination of allylic amine 2 
onto the Ni(0)-diphosphine complex to form olefin complex 4.  
The amine moiety of complex 4 is then protonated by -
ketoester 1 to give cationic olefin complex A and enolate 1-.  
Cleavage of the C‒N bond of A affords B via transition state 
TS1, as the rate-determining step.  Then, an outer-sphere 
enolate anions 1- reacts with B to form olefin complex C with a 
quaternary carbon at the -position of the carbonyl moiety.  
Lastly, an olefin exchange reaction between C and 2 proceeds 
to give the corresponding product 3 and regenerates catalytic 
intermediate 4.
   It is noteworthy to compare the current nickel catalyst system 
with the palladium catalyst system derived from [Pd(3-
C3H5)Cl]2 and a chiral ferrocene-based phosphinooxazoline 
ligand.20  In the latter system, activation of the allylic amine is 
proposed to proceed by protonation from methanol used as a 
solvent; yet, the use of methanol as solvent in our nickel system 
decreased the conversion of 1a and 2a to afford only 8% yield 
of 3aa (ie, 92% of 1a and 2a left) with 30% ee (Table S1).

Scheme 5. Proposed Reaction Mechanism for The Nickel-
Diphosphine-Catalyzed AAA Reaction Using Allylic Amine 
and -Ketoester
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Conclusion
We developed an efficient version of the AAA reaction with a 
catalyst system made of cheap and readily available Ni(0) and 

a chiral diphosphine ligand using allylic amines as the allyl 
source.  Some stoichiometric reactions as well as DFT 
calculations revealed the reaction mechanism, in which 
deprotonation of -ketoesters by the N-methylaniline moiety of 
allylic amines is the key step to smoothly cleave the C‒N bond.  
The C‒N bond cleavage pathway of this nickel-catalyzed AAA 
reaction is completely different from that of palladium-
catalyzed systems.  Although our Ni(0) system is sensitive to 
the choice of chiral diphosphine ligands, the demonstrated 
scope of effective AAA reactions is broad.  Related AAA 
reactions using other allyl sources and substrates such as 
enamines are on-going projects in our laboratory

Experimental Section
General: All reactions and manipulations involving air- and 
moisture-sensitive organometallic compounds were operated 
using the standard Schlenk or dry box techniques under argon 
atmosphere.  MeOH was dried and deoxygenated by distillation 
over sodium benzophenone ketyl under argon.  Benzonitrile 
was distilled from the calcium hydride.  Super dehydrated DMF 
was purchased from Wako Pure Chemical Industries, Ltd. and 
used as received.  Alternatively, Et2O, acetonitrile, THF, 
toluene and CH2Cl2 were dried and deoxygenated by using 
Grubbs column (Glass Counter Solvent Dispending System, 
Nikko Hansen & Co, Ltd.).36  Other chemicals were purchased 
and used without further purification.  1H NMR (400 MHz), 
13C{1H} NMR (100 MHz) and 19F{1H} NMR (376 MHz) 
spectra were measured on Bruker Avance III-400 
spectrometers.  All 1H NMR chemical shifts were reported in 
ppm (δ) relative to tetramethylsilane at δ 0.00 ppm or referenced 
to the chemical shifts of residual solvent resonances (THF-d8 
was used as internal standard, δ 3.57 ppm).  All 13C{1H} NMR 
chemical shifts were reported in ppm (δ) relative to carbon 
resonances of CDCl3 at δ 77.16 ppm, or -carbon of THF-d8 at 
δ 67.21 ppm.  All 19F{1H} NMR chemical shifts were reported 
in ppm (δ) relative to carbon resonances in -
trifluorotoluene at δ -63.90 ppm. HPLC spectra were recorded 
on a JASCO UV-2075.  Optical rotation values were recorded 
on an Anton Paar MCP100 polarimeter at 589 nm (sodium 
lamp) and are given in 10-1 deg cm2 g-1.  Mass spectra were 
obtained on JEOL JMS-700.  All melting points were recorded 
on BUCHI Melting Point M-565.  All Infrared spectroscopy 
were recorded on Jasco FT/IR-4200.  Flash column 
chromatography was performed using silica gel 60 (0.040-
0.0663 nm, 230-400 mesh ASTM).  X-ray crystal data were 
collected with a Rigaku RAXIS-RAPID Imaging Plate 
diffractometer.  The elemental analyses were recorded by using 
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Perkin Elmer 2400 at the Faculty of Engineering Science, 
Osaka University.
General procedure for Ni-catalyzed AAA reaction of -
ketoesters with allylamines: Ni(cod)2 (0.025 mmol, 5.0 
mol%), Diphosphine ligand (0.030 mmol, 6.0 mol%), and -
ketoester (0.50 mmol, in the case of solid compounds) were 
added to a 20 mL Schlenk flask in an argon filled glove box.  
Then, dry Et2O (1.0 mL) and -ketoester (0.50 mmol, in the 
case of liquid compounds) were added to the reaction mixture 
under argon.  After 10 min, the allylic amine (0.60 mmol, 1.2 
equiv) was added to the reaction mixture under argon 
atmosphere at -30—0 °C.  The reaction mixture was stirred at 0 
°C.  After consumption of -ketoester, as monitored by TLC, 
the reaction mixture was quenched with ethyl acetate (40 mL) 
followed by washing with 6N hydrochloric acid (20 mL × 2) 
and saturated aqueous solution of NaHCO3 (30 mL).  The 
organic layer was dried over Na2SO4.  The filtrate was 
concentrated in vacuo, and the residue was purified by flash 
column chromatography on silica gel to afford the 
corresponding AAA product.
Computational studies
General Considerations: The calculations were performed 
using the Gaussian 0937 program employing B3PW9138 
functional, and using a standard double- polarized basis set, 
namely the LANL2DZ set, augmented with a single 
polarization f function on iron and nickel (2.462 and 3.130, 
respectively) and a single polarization d function on 
phosphorous (0.364).  The solvent effects, in our case for Et2O, 
were taken into account during all the calculations by means of 
the SMD model.39  All stationary points were fully 
characterized via analytical frequency calculations as either true 
minima (all positive eigenvalues) or transition states (one 
imaginary eigenvalue).  The IRC procedure was used to confirm 
the nature of each transition state connecting two minima.40  
Zero-point vibrational energy corrections (ZPVE) were 
estimated by a frequency calculation at the same level of theory, 
to be considered for the calculation of the total energy values.

ASSOCIATED CONTENT 
Supporting Information
Details of experimental procedures, optimization of reaction 
conditions, kinetic studies, NMR spectra, HPLC chart for all new 
compounds, and Cartesian coordinates of DFT-computed 
structures (PDF) were included in a Supporting Information.  X-ray 
crystallographic data for complex 4b (CIF).
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