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A chiral organocatalyst was successfully entrapped by montmorillonite clay using the cation-exchange
method. The mont-entrapped organocatalyst acted as a highly efficient and reusable heterogeneous
catalyst for the asymmetric Diels–Alder reaction, without loss of its initial activity.

� 2008 Elsevier Ltd. All rights reserved.
Recently, interest in the development of promising methodolo-
gies for a new asymmetric catalyst system using organic molecules
has increased. Novel methods employing organic molecules are
advantageous from both a practical and an environmental stand-
point due to their ability to perform in wet solvents under an
aerobic atmosphere and to avoid the possibility of metal contami-
nation that may occur with traditional metal catalyst systems.1 An
efficient and practical process using organocatalysts should involve
easily recoverable and reusable catalysts. To date, most attempts
have focused on anchoring organocatalysts on insoluble matrices
by covalent-bonding.2,3 However, these solid catalysts have disad-
vantages, including multi-step preparations and deactivation of
the inherent catalysis due to the modifications required to anchor
the organocatalysts to the solids. This is interpreted in terms of
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direct covalent-bonding of organic catalysts to the solid supports,
decreasing the intrinsic properties of steric sensitivity of organo-
catalysts on asymmetric reactions. To solve this problem, we pres-
ent an alternative strategy involving the immobilization of
organocatalysts on solid supports using an ion-exchange method.4

The method is expected to allow for simple preparation, facile sep-
aration from the reaction mixture, reusability of the solid catalyst,
and higher enantioselectivity due to increased steric steering by
the support.

The chiral organocatalyst (5S)-2,2,3-trimethyl-5-phenyl-
methyl-4-imidazolidinone monohydrochloride5 was successfully
trapped using montmorillonite (mont) clay (Scheme 1). The
mont-entrapped organocatalyst (amine–mont) acted as a highly
efficient heterogeneous catalyst for the asymmetric Diels–Alder
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of 1 with Na+–mont.
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Table 2
Diels–Alder reaction of various dienes with dienophiles catalyzed by amine–monta

Entry Diene Dienophile Yield
(%)

exo
ee (%)

endo
ee (%)

endo/
exo

1c O 82
—

92 96:4
(82) (94)

2 O 85 86 89 38:64
(75) (86) (90)

3 On-Pr 92 87 96 58:42
(92) (86) (90)

4b OPh 73 93 97 52:48
(99) (93) (93)

5d O 82 — 74 —
(84) (89)

a Reaction conditions: Amine–mont (0.1 g), acetonitrile (2 mL), H2O (0.8 mL),
diene (0.5 mmol), dienophile (2.5 mmol), 2 �C, 48 h.

b diene (0.3 mmol), dienophile (1.5 mmol).
c Dienophile (1.5 mmol).
d Nitromethane was used as a solvent, 26 �C, 24 h. The values in parentheses are

MacMillan’s results.3

Table 3
Reuse of amine–monta
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reaction, and the initial activity of the catalyst was maintained.
Moreover, the catalyst was readily reusable without any loss of
activity or enantioselectivity.

Initially, various inorganic solids were treated with an aqueous
solution of the chiral organocatalyst. The montmorillonite, which
comprises negatively charged layers and interlayers with alternat-
ing Na+ species, was found to be a suitable support to immobilize
the organocatalyst sufficiently.6 On the other hand, inorganic solids
such as SiO2, TiO2, zeolite, MCM-41, hydroxyapatite, and c-ZrP
hardly functioned as supports for the organocatalyst.7 Mont can
entrap large substrates due to an interlayer which is expandable
in many polar solvents.8 Indeed, the interlayer space of the parent
Na–mont was expanded from 2.4 Å to 9.0 Å, as confirmed by XRD,
when soaked in an aqueous solution of the organocatalyst. The
expanded interlayer distance is comparable to the molecular size
of the organocatalyst, thus, the organocatalyst could be easily
introduced into the interlayers of the mont by a simple ion-
exchange reaction.

The catalytic ability of the amine–mont was examined in the
Diels–Alder reaction. The reaction of cyclohexene (1) (0.5 mmol)
with acrolein (2) (2.5 mmol) in the presence of amine–mont
(0.1 g, amine: 0.036 mmol) in CH3CN/H2O (2 mL/0.8 mL) under
stirring at room temperature for 24 h afforded a yield of 80% and
a high enantioselectivity (endo = 86% ee, 93:7 endo/exo) of an
enantioenriched cycloaddition product 3 (Table 1, entry 1). This
result was slightly inferior to that when employing the homoge-
neous organocatalyst (82% yield, endo = 94% ee, 93:7 endo/exo).5

Interestingly, tuning the reaction temperature to 2 �C resulted in
an improved enantioselectivity up to 92% ee (entries 2 and 3). Fur-
thermore, the addition of acids such as trimethyl acetic acid and
benzoic acid significantly enhanced the reaction rate while main-
taining the enantioselectivity (entries 4 and 5). These high catalytic
performances demonstrate the ability of the mont-entrapped
organocatalyst to perform while maintaining its inherent catalytic
activity.

Typical results for Diels–Alder reactions of various dienes with
dienophiles catalyzed by amine–mont are shown in Table 2. Good
yields and ee values, comparable to those obtained using a
non-supported organocatalyst, were obtained. The reaction of
cyclopentadiene with a variety of dienophiles occurred efficiently
to afford the corresponding products in high yields and high
enantioselectivities (entries 2–4). The reaction of isoprene with
acrolein also selectively gave the (1R)-4-methyl-3-cyclohexene-1-
carboxaldehyde (entry 5).

The solid amine–mont could be easily separated from the reac-
tion mixture by simple filtration and was reusable up to four times
Table 1
Diels–Alder reaction of 1 with 2 using amine–monta

O Amine-mont

CHO

+

1 2 3

Entry Additive Yieldb (%) endo ee (%) endo/exo

1c None 80 86 93:7
2 None 53 92 96:4
3d None 82 92 96:4
4 AcOH 81 89 96:4
5 Trimethyl acetic acid 83 92 95:5
6 Propionic acid 78 90 96:4
7 Ph–COOH 77 92 93:7

a Reaction conditions: amine–mont (0.1 g), CH3CN (2 mL), H2O (0.8 mL), diene
(0.5 mmol), dienophile (2.5 mmol), additive (0.2 mL), 2 �C, 24 h.

b Yields were determined by internal standard technique.
c 26 �C.
d 48 h.
without any decrease in activity or enantioselectivity (Table 3).9 In
the reaction of 1 with 2, the amine–mont was removed by filtration
after about 40% conversion of 1, and further stirring of the filtrate
under similar reaction conditions did not afford any additional
products. The above observations clearly demonstrate that the
Diels–Alder reaction occurred on the amine species within the
mont interlayer.

In conclusion, we report the use of montmorillonite clay to
readily immobilize a chiral organocatalyst via a cation-exchange
reaction. The use of the stable mont-entrapped organocatalyst as
a heterogeneous catalyst is a means to realize an environment-
friendly Diels–Alder reaction. The prominent catalysis of the
amine–mont may be attributed to the expansion of the interlayer
space, where the silicate sheet of mont acts as counter macroanion
O Amine-mont

CHO

+
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0

10

20

30

40

50

60

70

80

90

100

fresh reuse
1

reuse
2

reuse
3

reuse
4

 yield (%)
endo ee (%)

a Reaction conditions: amine–mont (0.1 g), CH3CN (2 mL), H2O (0.8 mL), diene
(0.5 mmol), dienophile (2.5 mmol), acetic acid (0.2 mL), 2 �C. The values of endo/exo
were >96:4 in five reactions.
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with low nucleophilicity, which can entrap the organic molecules
while maintaining its inherent catalytic activity. Furthermore, the
amine–mont was readily reusable without any decrease in activity
or enantioselectivity.
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