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Abstract—A new method for chiral catalysts recycling, based on the supported ionic liquid asymmetric catalysis concept, has been
developed. This concept involves the treatment of a monolayer of covalently attached ionic liquid on the surface of silica gel with
additional ionic liquid. These layers serve as the reaction phase in which the homogeneous chiral catalyst is dissolved. As first
application of this concept the LL-proline-catalyzed aldol reaction has been carried out. Good yields and ee values, comparable with
those obtained under homogeneous conditions have been obtained. Moreover, this material shows high regenerability.
� 2004 Elsevier Ltd. All rights reserved.
Homogeneous asymmetric catalysis is one of the most
important developments in chemistry. The separation of
the product from the reaction mixture, the recovery of
the catalysts, and the need for organic solvents are the
major disadvantages in the homogeneous catalytic pro-
cess. For such economical and environmental reasons
the recovery and reuse of such catalysts has became an
important area of research.1 Unfortunately, the immo-
bilization of chiral catalysts often results in lower
activities and enantioselectivities as compared to those
observed for their homogeneous counterparts. More
recently, room-temperature ionic liquids (RTIL) have
became very useful solvents for synthesis and catalysis.2

Since they are able to dissolve a great variety of cata-
lysts, they have found several application in their
immobilization and recycling.

The aldol reaction is one of the most important carbon–
carbon bond-forming processes utilized in organic syn-
thesis. The direct asymmetric aldol reaction between an
aldehyde and an unmodified ketone is the most efficient
approach from the point of view of atom-economy.
Proline-catalyzed asymmetric reactions including aldol,3
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Mannich,4 Michael,5 and other analogous reactions6

have been recently reported. Nonetheless proline has
long been known to catalyze enantioselective Robinson
annulation processes.7

The proline-catalyzed reactions are carried out under
homogeneous conditions. Several methods have been
studied in order to allow the catalyst recovery. In 2001
two routes were reported for this purpose.3c The first
method was based on the fact that proline is not soluble
in chloroform. The reaction carried out in this solvent
allowed a facile recovery of the proline catalyst by fil-
tration. The second approach was based on the immo-
bilization of the proline on a silica gel column. Both
methods gave a reduced enantiomeric excess. Good
yields and ee values, compared to those obtained using
nonsupported proline, were obtained by poly(ethylene-
glycol)-supported proline.8 Up to four cycles were re-
ported with virtually unchanged ee values, but in slowly
diminishing yields. Furthermore, three lots of research
about the use of LL-proline in ionic liquid as reusable
catalyst for aldol reaction were reported.9 In both cases
bmimPF6 was the ionic liquid of choice. Good yields
and good to high selectivities were obtained. Recycling
studies showed slightly diminished yields and ee values.
In one case excellent enantioselectivities, even after four
recycles, were found in the cross-aldol reactions.9c

However, DMF was used as co-solvent. Ionic liquids
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Table 1. Aldol reaction between acetone and benzaldehyde (7a) with

different LL-proline catalyst forms

Entry Catalyst 7/8/9

ratioa

8

(%)b
ee 8

(%)c

1d 4/bmimBF4 Proline 21:67:12 51 64

2d 4/Proline 27:59:14 40 64

3d SiO2/bmimBF4 Proline 50:43:7 38 12
d
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Figure 1. Supported ionic liquid asymmetric catalysis.
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were also employed for asymmetric Mannich reactions
involving ketone and aldehyde nucleophiles. In this case
LL-proline in bmimBF4 was used.10 However, we believe
that a good recyclable form of LL-proline for asymmetric
aldol and related reactions is still desirable.

Here we report the first example of supported ionic
liquid asymmetric catalysis. Recently it has been reported
the new concept of supported ionic liquid catalysis,
which involves the treatment of a monolayer of cova-
lently attached ionic liquid on the surface of silica gel
with additional ionic liquid.11 These layers serve as the
reaction phase in which the homogeneous catalyst is
dissolved. Since ionic liquids are expensive it is desirable
to minimize the amount of utilized ionic liquid in a
process allowing at the same time a facile recovery of
the catalyst. We applied the concept of supported ionic
liquid asymmetric catalysis to LL-proline asymmetric
aldol reaction. The question is: can proline supported in
such a manner give high yields and ee values? We started
from two contrasting observations. Proline supported
on silica gel gave low ee values3c whereas proline in
RTIL gave comparable levels of ee values with respect
to those obtained under homogeneous conditions.9

We investigated if the covalently attached and the ad-
sorbed ionic liquid may offer a suitable phase in which
the proline asymmetric aldol reaction can be carried out.

First we prepared the ionic liquids 2 and 3 by reaction of
(3-chloropropyl)trimethoxysilane and 1,2-dimethylimid-
azole to give 1,3-dimethyl-3-(3-trimethoxysilylpropyl)-
imidazolium chloride 1. Chloride 1 was treated with
either sodium tetrafluoroborate or sodium hexafluoro-
phosphate in acetone to give the corresponding deriva-
tives 2 and 3. Then, pretreated silica gel was refluxed
with a chloroform solution of compounds 1–3 to give,
after a condensation reaction, the modified support
materials 4–6 (Scheme 1).12 At this stage no efforts have
been made to fully characterize these materials.13

Next we prepared the supported proline material. To a
solution containing LL-proline in bmimBF4 (or
bmimPF6)/water/acetonitrile the modified silica gel 4 or
5 was added. After the solvent was removed under
reduced pressure a white powder was obtained
(4/bmimBF4 proline; 5/bmimPF6 proline)

14 (Scheme 1).

At first we investigated the aldol reaction between ace-
tone and benzaldehyde. The reaction was carried out by
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Scheme 1. Reagents and conditions: (a) NaBF4 or NaPF6, acetone, rt,

3 d, 2 (75%), 3 (60%); (b) SiO2 (0.04–0.063mm), CHCl3, 65 �C, 26 h.
simply mixing the supported proline (30%mol) with
acetone and benzaldehyde (Fig. 1).15 For the sake
of comparison we also carried out the reaction with
LL-proline supported on modified silica gels 4 and 6
(4/proline; 6/proline) and with LL-proline supported on
silica gel containing adsorbed bmimBF4 (SiO2/bmimBF4

proline). The 4/bmimBF4 proline system gave the best
result (entry 1). Indeed, we found a 51% of isolated yield
with 64% ee. This ee is comparable with that obtained
under the homogeneous condition (60% ee, entry 6) and
with the PEG-proline/DMF system (59% ee, entry 9)
and slightly lower than that observed in pure ionic liquid
(entries 7–8) (Table 1).

Interestingly the 4/proline system gave the same ee but
at a lower yield (entry 2). A meaningful decrease in ee
was observed with SiO2/bmimBF4 proline system (entry
3). Also 5/bmimPF6 proline gave a decreased ee with a
very low yield (entry 4). Again good yield was obtained
with the 6/proline system, but with low ee (entry 5).
Moreover, in the latter case a high amount of undesir-
able a,b-unsaturated compound 9a was isolated. Results
in entries 1–3 seem to indicate that, in order to achieve
good yield and ee, the surface of silica gel must be
functionalized with covalently attached ionic liquid. The
additional adsorbed ionic liquid does not have any effect
on the ee, but a better isolated yield may be obtained.
However, adsorbed ionic liquid does not have any
beneficial effect on the ee. Even the anion seems to play
an important role. Indeed, both the 5/bmimPF6 proline
(see entries 1 and 4) and 6/proline (see entries 2 and 5)
system gave poor ee.
4 5/bmimPF6 Proline 71:26:3 15 52

5d 6/Proline 1:61:38 59 40

6e Proline/DMSO –– 62 60

7f Proline/bmimPF6 13:75:12 58 71

8g Proline/bmimPF6 –– 55 76

9h PEG-proline/DMF –– 45 59

aDetermined by 1H NMR.
b Isolated yield.
cDetermined by chiral HPLC.
dReaction time 18 h.
e Ref. 3c.
f Ref. 9b.
gRef. 9a.
hRef. 8.



Table 2. Aldol reaction of compounds 7a–e in the presence of

4/bmimBF4 proline catalyst and recycling studies

Entry Cycle 7 7/8/9 ratioa 8 (%)b ee 8 (%)c

1 1 a 21:67:12 51 64

2 2 a 26:66:8 51 64

3 3 a 28:66:6 51 64

4 1 b <1:98:<1 85 66

5 2 b <1:98:<1 84 66

6 3 b <1:98:<1 93 68

7 4 b <1:98:<1 90 70

8 1 c 12:79:9 75 70d

9 2 d 92:7:1 5 Nd

10 3 b <1:98:<1 92 70

11 1 e Nd 75 96

aDetermined by 1H NMR.
b Isolated yield.
cDetermined by chiral HPLC.
dDetermined by 1H NMR using Eu(hfc)3.
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After these preliminary results we started investigations
about the regenerability of the system (Table 2). We
chose the 4/bmimBF4 proline system since it gave a
higher yield and ee. The 4/bmimBF4 proline system was
used three times in the reaction with benzaldehyde (en-
tries 1–3) giving highly reproducible results. Although
the ee was slightly lower than that observed under
homogeneous ionic liquid conditions,9 in the latter case
a decrease in ee and yield was observed even after one
cycle.9a At the end of each cycle the modified silica gel
was slightly concentrated, to remove acetone, and fil-
tered with diethyl ether.16 It was dried for a few minutes
under reduced pressure then reused. Next we checked
the reaction with p-nitrobenzaldehyde. This reaction
was carried out four times (entries 4–7). Only aldol
product was found with isolated yield ranging from 84%
to 93% and good ee. The ee was lower than that in
homogeneous conditions,3c but better than in ionic
liquid.9a However, our results about recycling were
much better than those obtained with poly(ethylene
glycol)-supported proline.8 Indeed, even if ee values
were slightly higher, yields were lower and significantly
decreased after four cycles. Moreover, it should be
remembered that the reactions with the latter system
were carried out in toxic solvents such as DMF. The
reaction with p-bromobenzaldehyde gave the aldol
product in good yield and ee (entry 8), very similar to
that obtained both in DMSO3c and bmimPF6.

9b The
catalyst was reused in the reaction with p-methoxy-
benzaldehyde that, however, gave a very low yield (entry
9). In order to test if the catalyst was still working the
third use was carried out with p-nitrobenzaldehyde.
Again high yield and ee were obtained (entry 10). The
reaction with isobutyraldehyde gave good isolated yield
and high ee (entry 11), comparable to that obtained in
DMSO.3c

In summary these results support our idea that the
supported ionic liquid asymmetric catalysis could be an
interesting methodology for catalyst recycling. The
useful level of isolated yields and ee values coupled with
very easy recovery make this material very promising. In
our laboratory further applications are currently under
progress.17
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13. BET surface area: 4 (185m2/g), 5 (123m2/g), 6 (283m2/g).
14. Preparation of 4/bmimBF4 proline. In a round bottom flask

were added LL-proline (17.5mg, 0.15mmol), bmimBF4

(130mg), water (0.4mL) and acetonitrile (0.5mL). To this
solution the modified silica gel (4) was added. The mixture
was shaken for a few minutes then evaporated under
reduced pressure for 25 h to give a white powder. BET
surface area of 4/bmimBF4 proline: 38m2/g. 5/bmimPF6

proline: 66m2/g.
15. General procedure for aldol reaction. A solution of alde-

hyde (0.5mmol) in acetone (1mL) was added to
the 4/bmimBF4 proline system (650mg, 30% LL-proline).
The mixture was stirred at room temperature for 18 h,
then it was slightly concentrated under reduced pressure.
The mixture was taken with diethyl ether and filtered
under reduced pressure. The solution was evaporated,
checked by NMR and finally purified by chromatography
(light petroleum/ethyl acetate) to give the aldol product.
The catalytic system was dried for a few minutes then
reused.

16. No leaching of proline was observed (NMR determina-
tion).

17. Two proline-catalyzed Mannich reactions have been
carried out: (a) acetone, p-nitrobenzaldehyde and p-
anisidine with 4/bmimBF4 proline used four times and
(b) acetone and the corresponding preformed imine with
fresh 4/bmimBF4 proline. Both reactions gave the b-amino
ketone in 60% yield.4a
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