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We prepared a Pd nanocatalyst (average diameter of Pd nanoparticles = 1.73 nm) displaying a remarkable
activity for the racemization and dynamic kinetic resolution (DKR) of 1-methylbenzylamine. It was eight
times more active than the previous best. The DKR of 1-methylbenzylamine with the Pd nanocatalyst
(2 mol %) in the presence of a thermostable lipase (Novozym 435) was complete in 6 h at 70 �C. The DKRs
of other benzyl amines also proceeded to completion in 6 h under similar conditions except the amount
of Pd nanocatalyst.

� 2010 Elsevier Ltd. All rights reserved.
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Development of methods for the preparation of enantiomeri-
cally pure compounds is one of the important research areas due
to their importance in the syntheses of natural products and chiral
drugs. In the last decade, a new methodology has been intensively
developed for the complete transformation of a racemic mixture
into a single enantiomer: dynamic kinetic resolution (DKR) using
an enzyme as the resolution catalyst together with a metal or me-
tal complex as the racemization catalyst.1 One of the most impor-
tant factors for the successful DKR is the use of a highly efficient
racemization catalyst which is compatible with enzymatic resolu-
tion. Several good racemization catalysts are now available for the
DKR of secondary alcohols which can be performed at room tem-
perature.2 However, most racemization catalysts so far developed
for the DKR of primary amines are poorly active at room tempera-
tures. They include Pd/C,3 Pd/BaSO4,4 Pd/AlO(OH),5 Raney Ni and
Co,6 Ru complex,7 and Ir complex.8 Accordingly, the amine DKR
with these catalysts should be performed at elevated temperature
for long time (24 h or longer) to obtain satisfactory conversions.9

We herein wish to report the fastest DKR of a primary amine which
was completed within 6 h with a Pd nanocatalyst.

Metal nanoparticles (NPs) are attracting a great attention as
efficient catalysts since they display homogeneous-like activities
due to their large surface areas relative to their bulk forms.10 We
recently reported the use of a Pd nanocatalyst (1, Pd/AlO(OH);
average diameter of Pd NPs = 2.34 nm), which is made from a Pd
complex and (sec-BuO)3Al through a sol–gel process, as the racemi-
zation catalyst for the DKR of primary amines.5 In the presence of 1
(1 mol % of Pd), the racemization of enantiopure 1-methylbenzyl-
amine was complete in 24 h at 70 �C.5a Although 1 is believed to
be the best among metal-based catalysts developed to date for
the racemization of primary amines, it still needs further improve-
ments for better activity. The previous studies have demonstrated
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that the activity of a metal nanocatalyst is dependent on the meth-
od of its preparation as well as the size of NPs.11 Accordingly, we
changed the method of preparing Pd nanocatalyst and tried to
make Pd NPs smaller than those in 1. After numerous efforts, we
were able to prepare a Pd nanocatalyst which contains Pd NPs with
an average diameter below 2 nm and displays a significantly en-
hanced racemization activity.

In a typical procedure, the Pd nanocatalyst was prepared in two
steps (Scheme 1). Aluminum tri-sec-butoxide was reacted with
water and dried to obtain AlO(OH) powder. The AlO(OH) powder
was then added to a solution of Pd(OAc)2 (1 wt % based on Pd) in
ethanol which underwent reduction spontaneously to yield Pd
NPs adsorbed on AlO(OH) (2; 0.85 wt % of Pd).12 The scanning
transmission electron microscopy (STEM) analysis indicated that
Pd NPs of 2 had an average diameter of 1.73 ± 0.77 nm (Fig. 1).

The racemization activity of 2 was examined for optically pure
1-methylbenzylamine ((R)-3a, >99% ee). The racemization of (R)-3a
was carried out in the presence of 1 mol % of Pd in toluene at
70 �C.13 It was complete in 3 h, indicating that 2 is significantly
more active than the previous catalysts (Table 1). The activation
of 2 is eightfold relative to the previous best 1 (compare entries
3 and 4). The high activity of 2 enabled for the racemization at low-
er temperatures (entries 5 and 6). The racemization performed at
40 �C proceeded to near completion in 24 h. It is noted that the
activity of 2 was reproducible from batch to batch. At this time,
ethanol
1 h, rt.

(2)

Scheme 1. Preparation of Pd nanocatalyst.
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Figure 1. (a) HR STEM image of Pd on AlO(OH) (2). (b) Size distribution of Pd NPs obtained by HR STEM analysis.

Table 1
Racemization of (R)-1-methylbenzylamine (3a)a

NH2

(R)-3a

NH2

rac-3a

catalyst

Entry Catalyst Amount (mol %) Temp (�C) Time (h) eeb (%)

1c Ru complex 8 90 24 55
2d Pd/BaSO4 5.8 70 24 2
3e 1 1 70 24 2
4 2 1 70 3 4
5 2 1 50 12 7
6 2 1 40 24 8

a Conditions: 0.1 mmol (R)-3a, 1 mL of toluene.
b Determined by chiral HPLC.
c Data from Ref. 7b. The Ru complex employed is dimeric (4 mol %) but the active

species is monomeric (8 mol %).
d Data from Ref. 4a.
e Data from Ref. 5a.
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no rationale is available for such a high activity of 2. We however
speculate that the smaller size and larger surface area of Pd NPs
would be a major contributing factor. Also the method of prepara-
tion would affect the activity of Pd. Catalyst 2 was prepared by
Table 2
Dynamic kinetic resolution of 1-methylbenzylamine (3a)a

NH2

Toluen

2
Novozym 

acyl donor, a

3a

Entry Pd (mol %) Lipase (mg/mmol) Na2CO3 (mg/mmol)

1e 1 25 0
2f 1 25 0
3f 1 25 25
4f 2 50 50
5f 1 25 25
6f 2 25 25

a Conditions: 0.3 mmol 3a, 1.7 equiv of acyl donor, 6 mL of toluene.
b Determined by 1H NMR.
c Isolated yield.
d Determined by chiral HPLC.
e Acyl donor = ethyl methoxyacetate.
f Acyl donor = isopropyl methoxyacetate.
impregnating the dried AlO(OH) matrix with Pd NPs while 1 was
prepared by entrapping Pd NPs into the AlO(OH) gel during gela-
tion. Accordingly, the substrates would be more readily accessible
to Pd NPs of the former than those of the latter.

The performance of 2 as the racemization catalyst in DKR was
explored with a commercial lipase (Novozym 435) as the resolu-
tion catalyst. The DKR reactions of racemic 3a (0.3 mmol) were
performed under several different conditions for optimization (Ta-
ble 2).14 In the presence of 2 (1 mol % of Pd), Novozym 435 (25 mg/
mmol of substrate), and ethyl methoxyacetate (1.7 equiv) as the
acyl donor in toluene at 70 �C, the DKR took 24 h for completion
but the yield (85%) was less than satisfactory (entry 1). The use
of isopropyl methoxyacetate as the acyl donor improved the yield
to 90% (entry 2). It is believed that isopropanol from isopropyl
methoxyacetate during DKR facilitates the racemization of amines
by acting as an additional hydrogen source for the returning of imi-
nes to amines.4a,7b A further improvement in reaction time from 24
to 12 h was achieved with the use of sodium carbonate as a base to
trap any acidic species from the commercial enzyme preparation
or the acyl donor hydrolyzed (entry 3). Previously, the correspond-
ing DKR with 1 took 72 h to give similar yield and ee.5a Therefore,
the present DKR is sixfold faster compared to the previous DKR.
Finally, we were able to further reduce the reaction time to 6 h
by doubling the amounts of catalysts (entry 4). The optimized
DKR afforded a high yield (92%) and an excellent enantiopurity
NH

e

435
dditive

O
O

4a

Temp (�C) Time (h) Convb (%) Yieldc (%) eed (%)

70 24 97 85 99
70 24 96 90 99
70 12 97 85 99
70 6 >97 92 99
50 48 >97 90 98
40 48 >97 98 98



Table 3
Dynamic kinetic resolution of additional benzyl aminesa

Entry Substrate Pd (mol %) Novozym (mg/mmol) Time (h) yieldb (%) eec %

1
3b

NH2

5 50 6 94 98

2d 3c

NH2

F3C

4 50 6 99 98

3 3d

NH2

MeO

5 50 6 88 97

4
3e

NH2

5 50 6 97 >99

5 3f

NH2

O

5 50 6 96 >99

6 3g
NH2

5 50 6 83 90

7 5 40 12 93 96

8

3h

NH2
2 150 6 89 >99

9 2 150 12 97 >99

a Conditions: 0.3 mmol of substrate, 1.7 equiv of isopropyl methoxyacetate, 6 mL of toluene, 70 �C, 6 h.
b Isolated yield.
c Determined by chiral HPLC.
d Using methyl methoxyacetate as an acyl donor.

Y. Kim et al. / Tetrahedron Letters 51 (2010) 5581–5584 5583
(99% ee). The DKR reactions at lower temperatures (40–50 �C) also
proceeded smoothly within a reasonable reaction time (48 h) to
provide excellent results (entries 5 and 6). This is important be-
cause the amine DKR would become possible with other enzymes,
which lose their activities at 70 �C or higher but have acceptable
stability at 40–50 �C.

To see the scope and generality of the DKR procedure using 2 as
the racemization catalyst, we carried out the DKR reactions of
additional benzyl amines 3b–h (Table 3). It was found that ring-
substituted benzyl amines 3b–g were less prone to racemization
than 3a15 so that they needed 4–5 mol % of 2 for the fast DKR with-
in 6 h. Interestingly, 3b with an electron-withdrawing substituent
on benzene ring underwent its DKR with high yield (99%) and
excellent ee (98%), whereas the DKR of 3d with a strongly elec-
tron-donating substituent provided a lower yield (88%) with some
byproducts4a resulting from the reactions of amine substrates with
their racemization intermediates (imines)16 (entries 2 and 3).

The DKRs of two six-membered alicyclic amines (3e and 3f)
proceeded smoothly well to afford high yields and excellent enan-
tiopurities (entries 4 and 5). The DKR of five-membered alicyclic
amine 3g, however, was less than satisfactory in both yield and
enantiopurity (entry 6). To obtain better results, the reaction time
was increased to 12 h with a decrease in the amount of enzyme
(entry 7). The DKR of a slow-reacting substrate (3h) did not pro-
ceed to completion in 6 h even though a three times larger amount
of enzyme was employed (entry 8). The reaction time thus was
extended to 12 h to obtain a high yield with an excellent enantio-
purity (entry 9).

In summary, we have demonstrated that the fast racemization
and DKR of 1-methylbenzylamine can be achieved with a Pd nan-
ocatalyst containing Pd nanoparticles smaller than 2 nm in average
diameter, and the DKR procedure is applicable to other benzyl
amines. It is noteworthy that the DKR can be carried out at a mild
temperature (40 �C) which is significantly lower than the previ-
ously reported cases. Thus it should be possible to use other en-
zymes, which are less thermostable than Novozym 435, with the
Pd nanocatalyst for the DKR of amines. Further studies toward this
end are under way at this laboratory.
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