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For the catalytic enantioselective borohydride reduction, the
theoretical simulation of various axial groups in Co complex
catalysts predicted that the Co–carbene complexes could be
employed as efficient catalysts. The newly designed complexes
generated from the Co complex and methyl diazoacetate made
it possible to catalyze the enantioselective borohydride reduction
in a halogen-free solvent.

In the presence of the chiral 3-oxobutylideneaminato CoII

complex, the enantioselective borohydride reduction of ke-
tones,1 imines,2 and �,�-unsaturated carbonyl compounds3 pro-
ceeded to afford the corresponding alcohols, amines, and the re-
duced carbonyl compounds with high enantiomeric excesses (ee)
(eq 1).4 Although the reduction can be applied to a broad range
of substrates, the high enantioselectivity was achieved only in
halogenated solvents, such as chloroform, while the borohydride
reduction in a halogen-free solvent was desired. The recent
studies on the mechanism of the borohydride reduction both
in experimental and theoretical situations5 proposed that a di-
chloromethyl–Co–hydride with a sodium cation (Naþ) should
work as an active intermediate and the Naþ activates and fixes
the carbonyl group in the transition state that leads to the high
reactivity and high enantioselectivity (Figure 1). The dichloro-
methyl–Co complex could be generated by the reaction of the
Co complex and chloroform under the reductive conditions.6

Accordingly, chloroform was considered to be an activator of
the Co complex. On the basis of this assumption, the amount
of chloroform was successfully reduced from solvent usage to
a catalytic amount versus the substrates.7 We reported that an
equimolar amount of chloroform vs the Co complex catalyst
efficiently promoted the enantioselective borohydride reduction
to afford the products with a high enantioselectivity.
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Based on these results, the rational design of the alkyl–Co com-
plex will make it possible to completely exclude chloroform
while maintaining the high enantioselectivity in halogen-free
solvents. Toward this goal, the theoretical analysis of the reac-
tion pathway with various axial ligands was performed.8–10

Since the direct analysis of the real Co complex was too difficult,
a simplified complex structure was adopted while maintaining
the essential electronic nature, and formaldehyde was selected

as the model substrate. The obtained energies for the various
complex catalyzed systems are summarized in Table 1 and the
energy profiles are shown in the Supporting Information.11

For the reactions catalyzed by the Co complex without any
axial ligand and that attached by a methyl group, no transition
state was obtained (Entries 1 and 2). As previously reported,5

stabilization by the coordination of the axial group to the Naþ

was crucial for the reaction to proceed. When the chlorine atom
was employed as the axial ligand, TS was obtained though the
activation energy was high and the product was less stable than
the reactant (Entry 3). Whereas, for the Co complexes with at-
tached chloro-substituted methyl groups as the axial ligands,
the TSs were successfully obtained and the products were more
stable than the reactant (Entries 4–6). The activation energy
increased as the number of chlorine atoms in the methyl group
increased, probably due to the distance between the chlorine
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Figure 1. Proposed TS of cobalt-catalyzed borohydride
reduction.

Table 1. Calculated Gibbs energies with various axial ligandsa

Reactant
/kcal mol-1

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Intermediate
/kcal mol-1

−3.59

−3.20

−3.70

−3.91

−4.18

−2.53

−3.81

Product
/kcal mol-1

12.42

−11.45

−6.42

−2.30

−7.63

−7.44

−10.30

Activation energy
/kcal mol-1

19.05

3.97

4.83

6.14

8.23

3.89

6.54

Axial ligand
X

CHCl2

CH2Cl

CCl3

Cl

CHCOOMe

CH3

2-Pyridyl

CH2COOMe

None

TS
/kcal mol-1

Not obtained

15.47

0.28

1.63

2.23

4.05

1.36

2.73

Not obtained

Entry

1

2

3

4

5

6

7

8

9
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HH
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aThe calculation was performed at the B3LYP/6-31G� level. The
Gibbs energy was calculated at 298.15K without scaling. Reactant
energy is set for standard (Eref ¼ 0) and the energies of the other
species are shown as relative energies.
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and Na atoms in the TS. The distances in the TS are 2.82 Å in
CH2Cl (Entry 4), 2.99 Å in CHCl2 (Entry 5), and 3.12 Å in CCl3
(Entry 6). The shortest Cl–Na bond was observed in CH2Cl
and the activation energy was the lowest. It was considered
that the complex with the shorter hetero atom–Na bond should
give the better results. Therefore, other alkyl groups containing
the coordination site, such as methoxycarbonylmethyl, pyridyl
methoxycarbonylmethyl carbene (oxygen atom), and 2-group
(nitrogen atom) were examined. TSs were obtained, though the
activation energies of the methoxycarbonylmethyl and 2-pyridyl
groups were unexpectedly higher than that of the dichloromethyl
group (Entries 7 and 8). On the contrary, the activation energy of
the carbene complex was lower than those of the methoxy-
carbonylmethyl and 2-pyridyl groups and similar to that of the
dichloromethyl group. (Entry 9 in Table 1 and Figure 2). The
transition state’s structure of the Co–carbene complex was sim-
ilar to that of the dichloromethyl group; the Naþ was efficiently
coordinated by the oxygen atoms of the aminato-ligand and ester
part in the carbene part.

Based on the prediction from these theoretical calculations,
the enantioselective borohydride reduction was examined using
the Co–carbene complex prepared from the original Co complex
and alkyl diazoacetate. Various alkyl diazoacetates were first
screened using the reduction of valerophenone as the model
reaction. When the original CoII complex was employed as the
catalyst in THF solvent, valerophenone was converted into the
corresponding alcohol in good yield, but with a low enantiose-

lectivity. Whereas, the Co–carbene complexes prepared by the
treatment with diazoacetates catalyzed the enantioselective
borohydride reduction to afford the corresponding alcohol with
good-to-high enantioselectivity. As shown in Table 2, methyl
diazoacetate was found to work as the best activator of the
CoII complex among the methyl, ethyl, t-butyl, and benzyl
diazoacetates. Under the optimized conditions, the correspond-
ing reduced product with a 97% ee was obtained in 76% yield.
The Co–carbene complex derived from methyl diazoacetate
was then successfully applied to the catalytic enantioselective
reduction of aryl alkyl ketones. For examples, the cyclopropyl-
phenyl ketone and isopropylphenylketone were reduced to the
corresponding alcohols with 85 and 96% ee, respectively. These
results suggested that the Co–carbene complexes derived from
the diazoacetates would work as efficient catalysts for the enan-
tioselective borohydride reduction in a halogen-free solvent.

It is noted that the rational reaction simulation based on the
theoretical analysis could provide a promising method for the
ligand design of catalytic enantioselective reactions. Further
studies on the design of the axial ligands, the optimization
of the reaction conditions, and the scope and limitation of the
present catalytic system are ongoing.
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Figure 2. TS structure of the cobalt–carbene complex.

Table 2. Enantioselective borohydride reduction catalyzed by
cobalt–carbene complexes

R'

O

R'

OH

7.5 mol % 

5 mol % 

N2CHCO2R

NaBH4, EtOH,
THF, 0 °C OHO

O

N N

OO O
Co

HC OR

O

O

N N

OO O
Co

Complex A

97
69
75
48

41

85

96

ee/%Substrate

O

O

O

Entry

1
2
3
4
5

6

7

Complex A

Catalyst

Co–carbene R = Me
R = Et
R = t-Bu
R = Bn

Co–carbene R = Me

Yield/%

76
74
quant.
93

74

98

90
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