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Abstract: New materials for l-proline recycling have
been developed. These materials have been applied
to the l-proline-catalyzed aldol reaction between ace-
tone and several aldehydes. The l-proline has been
supported on the surface of modified silica gels with
a monolayer of covalently attached ionic liquid with
or without additional adsorbed ionic liquid. Good
yields and ee values, comparable with those obtained
under homogeneous conditions, have been obtained
especially with imidazolinium-modified and 4-methyl-
pyridinium-modified silica gels. Moreover, these ma-

terials have been easily recovered by simple filtration
and studies about their reuse have been carried out.
These studies showed that these materials can be
used at least up to seven times. Finally, in the case
of imidazolinium-modified silica gel, investigations
showed that this support can be regenerated giving
again a recyclable material with high isolated yields
and reproducible ee values up to 13 cycles.

Keywords: aldol reaction; b-hydroxy ketones; ionic
liquids; organic catalysis; silica gel; supported catalyst

Introduction

The aldol reaction[1] is one of the most important car-
bon-carbon bond-forming reactions in synthetic organic
chemistry. Enantiomerically pure b-hydroxy ketones
are important building blocks[2] for the synthesis of poly-
functional compounds and natural products. Indeed, the
b-hydroxy ketone structural motif is often found in sev-
eral biologically active compounds, such as macrolide
antibiotics and anti-cancer drugs. Moreover, the chiral-
ity at the hydroxy center can also be used to generate
or control the stereochemistry at other sites. Then syn-
and anti-1,3-diols[2d,3] aswell as syn-1,3-amino alcohols,[4]

which are important functional groups found inmanybi-
ologically active compounds, can be obtained. Finally,
the aldol reaction can be carried out as an atom-econo-
my reaction.[5]

Several methods have been reported for the stereose-
lective synthesis of b-hydroxy ketones. Among them,
themost knownmethods are, probably, those employing
the use of a stoichiometric amount of chiral auxiliaries,[6]

or the use of metal-based catalysts.[7] Other interesting
methods have been developed such as addition of tri-
chlorosilyl enolates to aldehydes in the presence of chi-

ral phosphoramides,[8] enzymatic transformations such
as baker�s yeast reduction of 1,3-diketones,[9] the use of
aldolase antibodies[10] and the kinetic resolutions of rac-
emic b-hydroxy ketones.[11]

Catalysis of asymmetric reactions by simple metal-
free organic molecules (organocatalysis) is currently re-
ceiving immense interest.[12] Among such reactions, the
direct asymmetric intermolecular organocatalytic aldol
reaction mediated by l-proline, which furnished b-hy-
droxy ketones, has been reported.[13] Since then many
papers have been published on this topic.[14] These reac-
tions are very useful since the products are obtained
from good to high enantiomeric excess without prior
modification of the ketone substrates such as deproto-
nation or silylation. Proline and its derivatives operate
by bifunctional catalysis: the amine functionality acti-
vates the aldol donor molecules by converting them
into enamines, whereas the carboxylic acid moiety pro-
vides a hydrogen bond to the acceptor. The enamine at-
tacks the carbonyl group of the aldehyde acceptor with
high enantiofacial selectivity.[15]

In order to reach better selectivities or reaction rates,
several authors have carried out the proline-catalyzed
aldol reaction under high pressure[16] or by addition of
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1–10 equivalents of water[17] or through a modification
of the proline structure.[18]

The l-proline catalyzed aldol reaction is usually car-
ried out under homogeneous conditions. The separation
of the products from the reactionmixture and the recov-
ery of the catalysts are the major disadvantages in the
homogeneous catalytic process. For such economical
and environmental reasons the recovery and reuse of
such catalysts has became an important area of re-
search.[19] More recently, room-temperature ionic liq-
uids (RTIL) have became very useful solvents for syn-
thesis and catalysis.[20]

Several methods have been studied for the l-proline
recovery. In the first full work on the l-proline-catalyzed
aldol reaction,[13b] two routes were reported for this pur-
pose. The first methodwas 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 cat-
alyst by filtration. The second approach was based on
the immobilization 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 non-supported proline, were obtained by poly-
(ethylene glycol)-supported proline.[21] Up to four cycles
were reported with virtually unchanged ee values, but in
slowly diminishing yields. Furthermore, three studies
about the use of l-proline in ionic liquid as reusable cat-
alyst for aldol reaction were reported.[22] In both cases
bmimPF6 was the ionic liquid of choice. Good yields
and good to high ee values 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.[22c]

However, in this case DMF was used as co-solvent. In-
teresting results were obtained for the reaction carried
out in poly(ethylene glycol).[23]

Recently we reported the use of a supported ionic liq-
uid phase for l-proline recycling.[24]We called this exam-
ple supported ionic liquid asymmetric catalysis. Meh-
nert[25] has described the supported ionic liquid catalysis
concept which combines the advantages of ionic liquids
with those of heterogeneous support materials. The
preference for heterogeneous catalyst systems is moti-
vated by the advantage of easy separation and the ability
to use fixed-bed reactors. Moreover, since ionic liquids
are expensive it is desirable to minimize the amount of
ionic liquid used in usual biphasic reaction systems.
This can be realized with the supported ionic liquid cat-
alysiswhich involves the treatment of amonolayer of co-
valently attached ionic liquid on the surface of silica gel
with or without additional ionic liquid. These layers
serve as the reaction phase in which the homogeneous
catalyst is dissolved.
In our first communication we have applied the con-

cept of supported ionic liquid asymmetric catalysis to
l-proline-catalyzed asymmetric aldol reaction.[24] We
found that l-proline supported in thismanner is an inter-

esting material for the above reaction. Here we report
further results about these investigations.

Results and Discussion

In order to investigate the effect of the nature of the ion-
ic head of the modified silica gel we prepared imidazoli-
um-modified silica gels 4–6 in which we changed the
anion, silica gel 9 having a different charge distribution
and silica gel 12 having different steric and charge distri-
bution properties. Finally, silica gel 13, which does not
possess any ionic head, was also prepared.
First we prepared compounds 2 and 3. The reaction

between (3-chloropropyl)trimethoxysilane and 1,2-di-
methylimidazole gave 1-(3-trimethoxysilylpropyl)-2,3-
dimethylimidazolium chloride (1). The chloride 1 was
treated with either sodium tetrafluoroborate or sodium
hexafluorophosphate in acetone to give the correspond-
ing derivatives 2 and 3. Then, pretreated silica gel
(Merck 0.063–0.2 mm) was refluxed with a chloroform
solution of compounds 1–3 to give, after a condensation
reaction, themodified supportedmaterials 4–6. Follow-
ing the same procedure we prepared 1-(3-trimethoxysi-
lylpropyl)-4-methylpyridinium chloride (7) and 1-(3-tri-
methoxysilylpropyl)-4-aza-1-azoniabicyclo[2.2.2]octane
chloride (10). These saltswere then transformed into the
corresponding tetrafluoroborate salts 8 and 11. Finally,
the modified silica gels 9 and 12 were prepared.
The anchorage of the trimethoxysilyl derivatives was

proved by solid state 13C NMR, IR and UV spectra.
For example, the IR and UV spectra of 9 showed the
bands of the parent ionic liquid (n¼1633 cm�1; l¼226
and 256 nm). The solid state 13C NMR spectrum of 9
(Figure 1) showed similar signals as 8 (seeExperimental
Section) except for the almost complete disappearance
of the signal corresponding to themethoxy group. These
results confirm the condensation reaction between the
methoxy groups of 8 and the surface silanol groups of
silica gel. Moreover, the main structure of 8 is main-
tained after the grafting process. The small peak at
50.6 ppm was assigned to the residual signal of the me-
thoxy group. This is due to the fact that several groups
are maintained after the condensation reaction. In Fig-
ure 2 the solid state 13C NMR spectrum of 4 is shown.
In this case the CH3O and CH2N signals have very sim-
ilar chemical shifts (see 13C NMR spectrum of 2), so the
disappearance of the former signal cannot be proved
but, again themain structure of 2, after the grafting proc-
ess, is demonstrated.
Nextweprepared the supported prolinematerials.We

prepared two series of materials, the first one in which
the l-proline was supported on the modified silica gels
4, 5, 6, 9 and 12 (4/pro, 5/pro, 6/pro, 9/pro and 12/pro)
and the second one inwhich the l-prolinewas supported
on themodified silica gels with additional ionic liquid (4/
bmimBF4/pro, 9/4mbpBF4/pro). We also supported the
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l-proline on unmodified silica gel containing adsorbed
ionic liquid (SiO2/bmimBF4/pro, SiO2/4mbpBF4/pro).
In order to investigate the effect of the ionic head, we
also supported l-proline on propyl-modified silica gel
13 (13/pro). These materials were prepared by adding
themodified silica gel to awater/acetonitrile or ionic liq-
uid/water/acetonitrile solution containing l-proline. Af-
ter the solvent was removed under reduced pressure a
powder was obtained.
In Table 1 are reported morphological properties

(BET surface area, BJH average pore diameter and cu-
mulative pore volume) of several materials. Modifica-
tion of the starting silica gel (entry 11) with covalently
attached ionic liquid (entries 1–4) gave materials with
a lower surface area. In the imidazolinium-modified sili-
ca gels the surface area decreased starting from themore
coordinating anion to the less coordinating anion.[26] Sili-
ca gel 9, which has the same anion of silica gel 4, but a
cation with a different charge distribution (i.e., a more

localized charge), showed, in agreement with the above
trend, a higher surface area.
Lower surface areas and similar pore diameters, com-

pared to silica gels 4–6 and 9, were observed when pro-
line or ionic liquid/proline were adsorbed (entries 5 and
7–10). Only in the case of silica gel 5, a small increase in
the surface area value and a smaller pore diameter was
observed. This difference can be ascribed to the hydro-
phobic nature of the PF6

�-modified silica gel 5. Since
proline was added from an aqueous solution, probably
it was adsorbed in a different manner.
At first we investigated the aldol reaction between

acetone and benzaldehyde. The reaction was carried
out by simply mixing the supported l-proline
(30% mol) with acetone and benzaldehyde at room
temperature for 24 h. The 4/pro system gave interesting
results (Table 2, entry 7). The aldol product was isolat-

Scheme 1. Reagents and conditions: (a) NaBF4 or NaPF6,
acetone, room temperature, 3 days; (b) SiO2, CHCl3, 65 8C,
26 h.

Figure 1. Solid state 13C NMR spectrum of 9. Side bands (x).
Residual CH3O signal (*).

Figure 2. Solid state 13C NMR spectrum of 4. Side bands (x).
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ed, not in high yield but, with ee similar to that obtained
under homogeneous conditions (Table 2, entry 1). The

reactions carried out in pure ionic liquid gave similar re-
sults when hmimBF4 was used and higher ee when
bmimPF6 was used (Table 2, entries 2 and 3). Similar
ees were obtained with l-proline dissolved in PEG and
with the PEG-proline/DMF system (Table 2, entries 5
and 6). Next we carried out the reaction with 5/pro
and 6/pro in order to study the effect of the anion.
Both systems gave a lower ee value (42%, Table 2, en-
tries 8 and 9). Then, the best result was obtained with
the BF4

�-modified silica gel. The 5/pro system gave, at
about the same conversion, less b-hydroxy ketone and
more elimination product, whereas the 6/pro system
gave higher conversion but also higher elimination
product. The reaction carried out under homogeneous
condition in the presence of omimCl gave also a high
amount of elimination product.[22b]

Then, we changed the cation from 1-propyl-2,3-dime-
thylimidazolium to 1-propyl-4-methylpyridinium (9/
pro, Table 2, entry 10). In this case a slightly increased
ee value was observed. Then, we totally changed the na-
tureof the ionic head.With the1-propyl-1-(3-trimethoxy-
silylpropyl)-4-aza-1-azoniabicyclo[2.2.2]octane cation
(12/pro, Table 2, entry 11) the yield was low and no
enantioselectivity was observed. Finally, we carried
out the reaction with the propyl-substituted silica gel
(13/pro, Table 2, entry 12). In this case the yield was
low and, again, a very low enantioselectivity was ob-

Table 1. Morphological properties of several materials

Entry Catalytic system SSA[a] [m2/g] Average pore
diameter[b] [P]

Cumulative pore
volume [cm3/g]

1 4 279 60 0.47
2 5 202 60 0.41
3 6 340 43 0.44
4 9 317 47 0.45
5 4/pro 175 63 0.35
6 5/pro 230 47 0.34
7 6/pro 279 43 0.38
8 9/pro 166 49 0.25
9 4/bmimBF4/pro 58 50 0.13
10 9/4mbpBF4/pro 19 39 0.03
11 SiO2 Merck 453 59 0.62

[a] BET specific surface area.
[b] BJH.

Figure 3. Catalytic systems used in this work.

Figure 4. Supported ionic liquid asymmetric catalysis.
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served. These results clearly show the great importance
of the nature of the supported ionic liquid phase. Prob-
ably, p–p interactions between the heterocyclic ring
and the carbonyl group play a role.
We then turned our attention to examining the behav-

iour of the 4/bmimBF4/pro and 9/4mbpBF4/pro systems
in order to investigate the effect of the adsorbed ionic
liquid. The 4/bmimBF4/pro system gave the same ee
(64%,Table 2, entry 13)with respect to the 4/pro system
but, with a slightly better yield. The 9/pro and 9/
4mbpBF4/pro systems gave also the same ee value but,
in this case a better yield was obtained using the 9/pro
system (Table 2, entries 10 and 14). These results
showed that the additional adsorbed ionic liquid did
not affect the ee of the product.

The addition of the adsorbed ionic liquid gavemateri-
als with low surface area (see Table 1), then we can ar-
gue that the surface area should not affect the ee values.
However, since the bmimBF4 and 4mbpBF4 ionic liquids
aremiscible with acetone, it is possible that in the case of
4/bmimBF4/pro and 9/4mbpBF4/pro systems the reac-
tion takes place as depicted in Figure 5. If this happens,
the surface area should not be what we measured but,
probably that of the corresponding 4/pro or 9/pro mate-
rial. At the end of the reaction, when acetone was re-
moved, the 4/bmimBF4/pro and 9/4mbpBF4/pro systems
were formed again.
We also investigated the behaviour of unmodified sili-

ca gel with adsorbed ionic liquid phase (SiO2/bmimBF4/
pro, entry 15; SiO2/4mbpBF4/pro, entry 16). In both cas-
es the ee was very low, particularly with the SiO2/
4mbpBF4/pro system.
After these preliminary results we started investiga-

tions about the regenerability of the system. We chose
the 9/pro and the 4/bmimBF4/pro systems.
Whereas bmimBF4 and bmimPF6 have been used for

the homogeneous proline-catalyzed aldol reaction,[22]

the use of 1-butyl-4-methylpyridinium tetrafluorobo-
rate (4mbpBF4) has not been reported.
Then, we carried out several reactions in homogene-

ous conditions (Table 3) in order to compare these re-
sults with those obtained under heterogeneous condi-
tions.
Isolated yields from 50 to 77% and good ee values

have been observed. With p-nitrobenzaldehyde a lower

Figure 5. Reaction in the presence of 4/bmimBF4/pro or 9/
4mbpBF4/pro systems.

Table 2. Aldol reaction between acetone and benzaldehyde[a] (14a) with different l-proline catalyst forms.

Entry Catalytic system 14a [%][b] 15a [%][b] 16a [%][b] ee 15a [%][c]

1[d] Proline/DMSO – 62 – 60
2[e] Proline/hmimBF4 – 50 – 58
3[e] Proline/bmimPF6 – 58 – 71
4[f] Proline/bmimPF6 – 55 – 76
5[g] Proline/PEG – 58 – 58
6[h] PEG-proline/DMF – 45 – 59
7 4/pro 18 40 9 64
8 5/pro 23 33 18 42
9 6/pro 6 49 41 42
10 9/pro 9 55 16 70
11 12/pro 25 12 5 0
12 13/pro 23 32 13 4
13 4/bmimBF4/pro 20 51 11 64
14 9/4mbpBF4/pro 5 40 10 70
15 SiO2/bmimBF4/pro 44 38 6 12
16 SiO2/4mbpBF4/pro – 43 8 –4

[a] Reaction time for entries 7–16: 24 h.
[b] Isolated yield.
[c] Determined by chiral HPLC.
[d] Ref.[13]
[e] Ref.[22b]
[f] Ref.[22a]
[g] Ref.[23]
[h] Ref.[21]
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ee was found whereas with p-methoxybenzaldehyde the
reaction did not take place.
Compared to the homogeneous conditions, the 9/pro

system gave the same ee value in the reaction with 14a
with similar yield (see Table 2 entry 10 and Table 3 en-
try 1). In Table 4 are reported the recycling studies car-
ried out with the 9/pro system. At the end of each cycle
the acetone was evaporated and the modified silica gel
filtered with diethyl ether. It was dried for a fewminutes
under reduced pressure then reused.With aldehyde 14b
a better yield was obtained with respect to the homoge-
neous conditions. Also in this case the ee was compara-
ble. The 9/pro material was used four times with similar
ee values and yield.However, in the fifth run the conver-
sionwas lower.Moreover, a decrease in the ee valuewas
observed. The material was used in a subsequent run
with 14c. The conversion was low but, the ee was similar
to that obtained under homogeneous conditions.
We also checked if the ee can be increased by working

at a lower temperature (�15 8C).We carried out a reac-
tion using fresh 9/pro system in the presence of p-nitro-
benzaldehyde. The isolated yield was lower (55%) but,
interestingly, the ee was higher (68%).
Since proline is adsorbed,we investigated the regener-

ation of the 9/pro material washing it with water to re-
move the adsorbed proline, drying and then recharging

with fresh proline. The reaction with 14c gave a very
good yield but, without selectivity.
This result showed that water used for washing had a

detrimental effect on the ee. It has already reported
that the addition of water severely compromises the
enantioselectivity.[13b]

Because of the relatively large amount of water used
for washing, some water has probably been retained
even after drying (under reduced pressure for 24 h at
25 8C). Then, in order to avoid the presence of water
and to investigate if by avoiding its use a better enantio-
selectivity can be reached, we prepared fresh 9/pro sys-
tem by dissolving the l-proline in methanol. We also
used this material for recycling studies (Table 5).
We obtained the aldol 15b in high yield andwith an in-

creased ee (60%) compared to that obtained with 9/pro
system prepared dissolving the proline in acetonitrile/
water (48%, see Table 4, entry 1). Recycling with differ-
ent aldehydes showed similar ee values compared to the
homogeneous conditions, except for compound 14d.
However, in the fifth cycle a decrease in the ee was ob-
served for 15b.
After five cycles we checked the regenerability of the

9/promaterial washing when it withmethanol instead of
water. After drying and recharging with fresh proline,
the reaction with 14b gave the aldol in 75% yield and
22% ee.
Finally, we carried out again the reaction with 14b in

the presence of fresh 9/pro prepared from methanol.
In this case the reaction was stopped when the aldehyde
was consumed, as monitored by TLC (4.5 h). Com-
pound 15b was isolated in 80% yield along a 6% yield
of 16b. The ee of 15b was 62%. Then, we can argue
that the prolonged reaction time does not affect either
the ee value or the amount of elimination product 16b.
Next we investigated the 4/bmimBF4/pro system. In

our previous communication we have reported several
aldol reactions with aldehydes 14a,b,e,g,h and short re-
cycling studies. Good results were obtained both in
terms of yields and ee values (e.g., aldehyde 14h gave
the aldol product in 96%ee).[24] Herewe carried out sev-

Table 3. Aldol reactions in 4mbpBF4/pro system.
[a]

Entry 14 14 [%][b] 15 [%9[b] 16 [%][b] ee 15 [%][c]

1 a 7 50 8 70
2 b – [d] 75 – [d] 48
3 c – [d] 77 – [d] 80
4 d – [d] 70 – [d] 72
5 f – [d] 51 5 76
6 g 95 – [d] – nd

[a] Reaction time 24 h.
[b] Isolated yield.
[c] Determined by chiral HPLC.
[d] Detected on TLC but isolated in less than 3% yield.

Table 4. Recycling studies with 9/pro catalytic system.[a]

Entry Cycle 14 14 [%][b] 15 [%][b] 16 [%][b] ee 15 [%][c]

1 1 b – [d] 83 6 48
2 2 b – [d] 83 6 50
3 3 b 8 84 4 54
4 4 b 5 75 – [d] 48
5 5 b 30 62 4 40
6 6 c 70 28 – [d] 74
7[e] 7 c – [d] 93 4 4

[a] Reaction time 24 h.
[b] Isolated yield.
[c] Determined by chiral HPLC.
[d] Detected on TLC but isolated in less than 3% yield.
[e] Regenerated 9/pro.

Table 5. Recycling studies with 9/pro[a] catalytic system.[b]

Entry Cycle 14 14 [%][c] 15 [%][c] 16 [%][c] ee 15 [%][d]

1 1 b – [e] 84 5 60
2 2 c – [e] 82 18 76
3 3 d 13 83 4 52
4 4 f 30 20 5 74
5 5 b 16 74 8 42
6[f] 6 b – [e] 75 4 22

[a] Prepared from l-proline dissolved in methanol.
[b] Reaction time 24 h.
[c] Isolated yield.
[d] Determined by chiral HPLC.
[e] Detected on TLC but isolated in less than 3% yield.
[f] Regenerated 9/pro.
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en cycles using 14b,c. With aldehyde 14b the reaction
was carried out six times. Only aldol product was found
with isolated yields ranging from 84 to 94%and good ee.
The ee was lower than that in homogeneous conditions,
but better than in ionic liquid. However, in the fifth and
sixth cycles, even if the isolated yields were high, the ee
decreased. In the seventh cycle aldehyde 14c was used.
Again good yield and ee were obtained (Table 6, en-
try 7).
Even if in the last cycle both yield and ee were good,

we investigated the regenerability of the system. The
material was washed with methanol, dried, recharged
with fresh proline and reused in the reaction with 14b
and 14c. We got good yields but, with slightly lower con-
version. In both cases the ee values was the same com-
pared to that obtained before regeneration. The latter
results are better than those obtained after regeneration
of 9/pro.
As final investigationweprepared the 4/bmimBF4/pro

system dissolving the proline in methanol. Then we car-
ried out several recycling studies. It was used five times
withp-nitrobenzaldehyde.High yields of compound 15b
were obtained. Different results with regard to the ee
value were observed compared to the 4/bmimBF4/pro
system prepared from proline dissolved in water/aceto-
nitrile (Table 6). Indeed, while the first run gave a simi-
lar ee value, runs 2–4 gave lower ee values (compareTa-
ble 6 entries 2–4 and Table 7 entries 2–4). However,
whereas with the former system a sudden drop in the
ee value was observed (Table 6 entry 5), with the latter
system the ee value was constant. In the sixth and sev-
enth cycles lower conversions were observed with 14c
and 14d, but good ee values were obtained. Particularly,
in the case of compound 15c the ee valuewas higher than
that observed with the former system (Table 6, entry 7).
Since in the last two runs the conversions were not good,

the 4/bmimBF4/pro system was regenerated as before.
The regenerated system was used for further six cycles.
Reactionwith aldehydes 14c, 14d, 14b gave high isolated
yields of the corresponding b-hydroxy ketones even in
the last cycle.Moreover, good level of enantioselectivity
was observed especially in the case of 15a.

Conclusion

The useful level of isolated yields and ee values of b-hy-
droxy ketones, coupled with the very easy recovery,
make these materials promising. We have shown that
both the presence and nature of the ionic head on the
surface of silica gel play an important role especially in
order to reach a good level of enantiomeric excess.
Moreover, the ionic liquid phase must be covalently at-
tached in order to obtain good results. Indeed, with only
an adsorbed ionic liquid phase no enantioselectivity was
observed. Furthermore, we have minimized the amount
of ionic liquid used in usual biphasic reaction systems.
Both imidazolium- and picolinium-modified silica gel
gave good results. Imidazolinium-modified silica gel
gave high yields (>90%) even after 7 cycles with inter-
esting ee values, whereas picolinium-modified silica
gel was used 6 times with good ee values but, with de-
creasing isolated yields.
Investigations about the possibility of regeneration of

the catalytic systems showed that regenerated 9/pro sys-
tem gave the aldol product with low ee values, especially
when the material was washed with water. On the other
hand 4/bmimBF4/pro, regenerated after washing with
methanol, gave reproducible ee values even after fur-

Table 6. Aldol reaction of compounds 14b, c in the presence
of 4/bmimBF4/pro

[a] catalyst and recycling studies.[b]

Entry Cycle 14 14
[%][c]

15
[%][c]

16
[%][c]

ee 15
[%][d]

1 1 b – [e] 85 – [e] 66
2 2 b – [e] 84 – [e] 66
3 3 b – [e] 93 – [e] 68
4 4 b – [e] 90 – [e] 70
5 5 b – [e] 94 – [e] 46
6 6 b – [e] 91 – [e] 42
7 7 c 6 92 – [e] 76
8[f] 8 b 13 82 – [e] 42
9[f] 9 c 14 83 – [e] 75

[a] Prepared from l-proline dissolved in water/acetonitrile.
[b] Reaction time 24 h.
[c] Isolated yield.
[d] Determined by chiral HPLC.
[e] Detected on TLC but isolated in less than 3% yield.
[f] Regenerated 4/bmimBF4/pro.

Table 7. Aldol reaction of compounds 14a–d in the presence
of 4/bmimBF4/pro

[a] catalyst and recycling studies.[b]

Entry Cycle 14 14 [%][c] 15 [%][c] 16 [%][c] ee 15 [%][d]

1 1 b – [e] 79 6 64
2 2 b – [e] 91 6 58
3 3 b – [e] 92 7 56
4 4 b 2 92 5 56
5 5 b 8 86 5 56
6 6 c 51 49 – 84
7 7 d 57 43 – 72
8[f] 8 c – 93 6 86
9[f] 9 d – [e] 89 8 74
10[f] 10 b – 79 15 50
11[f] 11 a 35 37 27 72
12[f] 12 c – 95 5 78
13[f] 13 c – 94 5 76

[a] Prepared from l-proline dissolved in methanol.
[b] Reaction time 24 h.
[c] Isolated yield.
[d] Determined by chiral HPLC.
[e] Detected on TLC but isolated in less than 3% yield.
[f] Regenerated 4/bmimBF4/pro.
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ther six aldol reaction cycles. Indeed, the best results
were obtained with the 4/bmimBF4 system with proline
dissolved in methanol. The support (imidazolium tetra-
fluoroborate-modified silica gel 4) was used up to 13 cy-
cles. It is easily recoverable and regenerable.
In conclusion, we have showed that ionic liquid modi-

fied silica gels could be interestingmaterials for support-
ing l-proline and further efforts will be devoted by us in
their development and for a better understanding of
their behaviour.

Experimental Section
1HNMRand 13CNMRspectra were recorded on aBrukerAC-
E series 250 MHz spectrometer. FT-IR spectra were registered
with aNicolet 710 orwith a ShimadzuFTIR8300 infrared spec-
trophotometer. Diffuse reflectance UV/Vis spectroscopy was
performed using a Cary 5 Varian using BaSO4 as standard.
Carbon and nitrogen contents were determined by combus-

tion analysis in a Fisons EA 1108 elemental analyzer. Specific
surface area and pore size distributions were measured by re-
cording the nitrogen adsorption/desorption isotherms at liquid
N2 temperature using aMicromeriticsASAP2010 system.Pore
size distributionwas determined from the desorption branch of
the isotherm by the BJH (Barrett–Joyner�Halenda) method
using the Halsey equation. Solid-state 13C MAS NMR spectra
were recorded on a Bruker AV 400, 400 MHz spectrometer
with samples packed in zirconia rotors spinning at 5 kHz.
Flash chromatography was carried out using Macherey-Na-

gel silica gel (0.04–0.063 mm). Light petroleum refers to the
fraction boiling in the range 40–60 8C. Chiral HPLC were per-
formed using a Shimadzu LC-10ADpumpwith an SPD-M10A
UV detector andDaicel columns.[18e] Compounds 15a–c, e,f, h
showed spectroscopic and analytical data in agreement with
their structures.[18e]

1-(3-Trimethoxysilylpropyl)-2,3-dimethylimidazolium
Chloride (1)

A mixture of 1,2-dimethylimidazole (3.84 g, 0.04 mol) and (3-
chloropropyl)trimethoxysilane (7.35 mL, 0.04 mol) was heat-
ed under an argon atmosphere at 95 8C for 24 h. After cooling
a viscous oil was formed. Diethyl ether was added and, after
mechanical stirring with a spatula, a white solid was formed.
It was filtered off then used immediately in the next step since
it was highly hygroscopic. Therefore, C,H,N-analysis was car-
ried out after changing the chloride ion. 1H NMR (acetone-
d6): d¼0.71–0.78 (m, 2H), 1.85–1.91 (m, 2H), 2.91 (s, 3H),
3.52 (s, 9H), 4.11 (s, 3H), 4.49 (t, J¼7.3 Hz, 2H), 8.26 (d, J¼
2.1 Hz, 1H), 8.34 (d, J¼2.1 Hz, 1H); 13C NMR (acetone-d6):
d¼7.0 (SiCH2), 11.2 (CH3), 25.1 (CH2), 36.4 (NCH3), 51.4
(CH3O), 52.2 (CH2N), 122.8, 124.3, 146.1; IR (nujol): ñmax¼
3393, 1637, 1464, 1377, 1192, 1085 cm�1.

1-(3-Trimethoxysilylpropyl)-2,3-dimethylimidazolium
Tetrafluoroborate (2)

To a solution of salt 1 (11.79 g, 0.04 mol) in acetone (15 mL),
sodium tetrafluoroborate (4.61 g, 0.042 mol) was added in
one portion. The mixture was stirred at room temperature
for 3 d.After this time themixturewas filtered and the solution
evaporated under reduced pressure. The residue was taken up
with dichloromethane. A highly viscous material was formed.
The solution was filtered under reduced pressure on a short
pad of silica gel. The solution was evaporated under reduced
pressure to give 2; yield: 8.50 g (61%); pale yellow oil. 1H
NMR (acetone-d6): d¼0.61–0.70 (m, 2H), 1.88–1.94 (m,
2H), 2.73 (s, 3H), 3.52 (s, 9H), 3.89 (s, 3H), 4.23 (t, J¼7.4 Hz,
2H), 7.55 (d, J¼2.2 Hz, 1H), 7.58 (d, J¼2.2 Hz, 1H); 13C
NMR (acetone-d6): d¼6.9 (SiCH2), 10.2 (CH3), 24.9 (CH2),
36.0 (NCH3), 51.3 (CH3O), 51.5 (CH2N), 122.4, 124.0, 146.3;
IR (liquid film): ñmax¼3568, 3149, 1708, 1591, 1541, 1469,
1421, 1192, 1057 cm�1; anal. calcd. for C11H23BF4N2O3Si: C
38.16, H 6.70, N 8.09; found: C 38.54, H 6.72, N 8.13.

1-(3-Trimethoxysilylpropyl)-2,3-dimethylimidazolium
Hexafluorophosphate (3)

According to the above procedure, compound 3 was obtained
as a white solid; yield: 7.90 g (49%); mp 57–58 8C. 1H NMR
(acetone-d6): d¼0.61–0.67 (m, 2H), 1.83–1.93 (m, 2H), 2.74
(s, 3H), 3.49 (s, 9H), 3.90 (s, 3H), 4.23 (t, J¼7.4 Hz, 2H), 7.54
(d, J¼2.2 Hz, 1H), 7.58 (d, J¼2.2 Hz, 1H); 13C NMR (ace-
tone-d6): d¼7.1 (SiCH2), 10.3 (CH3), 24.9 (CH2), 36.1
(NCH3), 51.4 (CH3O), 51.7 (CH2N), 122.5, 124.1, 146.3; IR (liq-
uid film): ñmax¼3618, 3157, 1706, 1591, 1541, 1469, 1419, 1190,
1072 cm�1; anal. calcd. for C11H23F6N2O3PSi: C 32.67,H 5.73,N
6.93; found: C 32.99, H 5.80, N 6.80.

1-(3-Trimethoxysilylpropyl)-4-methylpyridinium
Chloride (7)

A mixture of 4-methylpyridine (3.89 mL, 0.04 mol) and (3-
chloropropyl)trimethoxysilane (7.35 mL, 0.04 mol) was heat-
ed under an argon atmosphere at 95 8C for 24 h. After cooling
the crude red oil was washed several times with diethyl ether
then dried under reduced pressure; yield: 11.5 g (99%). 1H
NMR (acetone-d6): d¼0.68–0.75 (m, 2H), 2.02–2.11 (m,
2H), 2.71 (s, 3H), 3.48 (s, 9H), 5.09 (t, J¼7.2 Hz, 2H), 8.09 (d,
J¼6.4 Hz, 2H), 9.81 (d, J¼6.4 Hz, 2H); 13C NMR (acetone-
d6): d¼6.9 (SiCH2), 22.6 (CH2), 27.0 (CH3), 51.4 (CH3O),
63.0 (CH2N), 129.8, 146.2, 160.5; IR (liquid film): ñmax¼3393,
1641, 1190, 1076 cm�1; anal. calcd. for C12H22ClNO3Si: C
49.39, H 7.60, N 4.80; found: C 49.60, H 7.65, N, 4.90.

1-(3-Trimethoxysilylpropyl)-4-methylpyridinium
Tetrafluoroborate (8)

To a solution of salt 7 (8.43 g, 0.029 mol) in acetone (15 mL),
sodium tetrafluoroborate (3.33 g, 0.03 mol) was added in one
portion. The mixture was stirred at room temperature for 3
d. Work-up as for compound 2 gave compound 8 as a red oil;
yield: 6.77 g (68%). 1H NMR (acetone-d6): d¼0.63–0.70 (m,
2H), 2.05–2.14 (m, 2H), 2.69 (s, 3H), 3.49 (s, 9H), 4.67 (t, J¼
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7.3 Hz, 2H), 8.02 (d, J¼6.2 Hz, 2H), 8.90 (d, J¼6.2 Hz, 2H);
13C NMR (acetone-d6): d¼6.9 (SiCH2), 22.5 (CH2), 26.5
(CH3), 51.3 (CH2O), 64.3 (CH2N), 130.3, 145.3, 161.2; IR (liq-
uid film): ñmax¼3622, 3554, 1645, 1575, 1520, 1475, 1192,
1075 cm�1; anal. calcd. for C12H22BF4NO3Si: C 42.00, H 6.46,
N 4.08; found: C 42.20, H 6.59, N 4.15.

1-(3-Trimethoxysilylpropyl)-4-aza-1-
azoniabicyclo[2.2.2]octane Chloride (10).

A solution of (3-chloropropyl)trimethoxysilane (3.68 mL,
0.02 mol) and 1,4-diazabicyclo[2.2.2]octane (6.73 g, 0.06 mol)
in acetonitrile (10 mL)was heated at 45 8C for 24 h.After cool-
ing, the 1,4-diazabicyclo[2.2.2]octane salt crystallized. The sol-
utionwas evaporated under reduced pressure then treated sev-
eral times with hot diethyl ether. The salt was highly hygro-
scopic and difficult to handle, therefore, C,H,N-analysis
was carried out after changing the chloride ion. 1H NMR
(CD3OD): d¼0.62–0.74 (m, 2H), 1.80–1.95 (m, 2H), 3.15–
3.63 (m, 14H), 3.59 (s, 9H); 13C NMR (CD3OD): d¼8.1, 16.7,
46.1, 53.4, 67.5; IR (liquid film): ñmax¼3381, 1637, 1464, 1377,
1059 cm�1.

1-(3-Trimethoxysilylpropyl)-4-aza-1-
azoniabicyclo[2.2.2]octane Tetrafluoroborate (11)

Compound 10 (3.54 g, 0.011 mol) was dissolved in methanol
(1.15 mL) then acetone (23 mL) and sodium tetrafluoroborate
(1.31 g, 0.012 mol) were added and the solution stirred at room
temperature for 3 d. After this time the mixture was filtered
and the solution evaporated under reduced pressure. The res-
idue was taken up with dichloromethane. The resulting cloudy
solution was carefully filtered and the solution evaporated to
leave a white solid; yield: 3.05 g (76%); mp 199–202 8C. 1H
NMR (acetone-d6): d¼0.70–0.85 (m, 2H), 1.85–1.98 (m,
2H), 3.15–3.52 (m, 14H), 3.31 (s, 9H); 13C NMR (acetone-d6):
d¼9.9, 17.0, 46.5, 53.6, 67.6; IR (nujol): ñmax¼1652, 1473,
1088 cm�1; anal. calcd. for C12H27BF4N2O3Si: C 39.79, H 7.51,
N 7.73; found: C 39.99, H,7.60, N 7.89.

General Procedure for the Synthesis of Modified Silica
Gels

Compound 2 (1.73 g, 5 mmol) was dissolved in chloroform
(50 mL) and treated with silica gel (Merck, 0.063–0.2 mm,
BET surface area 453 m2/g, dried under vacuum and heated
at 180 8C overnight, 3.00 g). The mixture was heated under re-
flux (65 8C) for 26 h. After cooling to room temperature, the
solid was isolated by filtration and washed with acetonitrile
(50 mL) and diethyl ether (50 mL). The solid was dried under
reduced pressure to give a powder.

Imidazolium-modified silica gel 4: 13C NMR (solid state):
d¼8.4, 27.6, 34.3, 49.5, 121.2, 144.4; UV: lmax¼223 nm; IR:
ñmax¼1575, 1467 cm�1.

Pyridinium-modified silica gel 9: 13C NMR (solid state):
d¼8.6, 21.3, 28.9, 62.2, 128.4, 143.5, 159.7; UV: lmax¼227,
255 nm; IR: ñmax¼1645, 1475 cm�1.

General Procedure for the Supported Proline
Materials

In a round-bottom flask l-proline (17.5 mg, 0.15 mmol) and,
when appropriate, ionic liquid (bmimBF4, bmimPF6 or
4mbpBF4, 130 mg)were dissolved inwater (0.4 mL) and aceto-
nitrile (0.5 mL) or in methanol (0.9 mL). To this solution the
modified silica gel was added (500 mg). The mixture was shak-
en for fewminutes then evaporated under reduced pressure for
25 h to give a free-flowing powder.

General Procedure for Aldol Reaction

A solution of aldehyde (0.5 mmol) in acetone (1 mL) was add-
ed to the 4/bmimBF4/pro system (650 mg, l-proline 30% mol)
or to 4/pro system (520 mg, l-proline 30% mol). The mixture
was stirred at room temperature for 24 h. After this time ace-
tone was removed under reduced pressure and the modified
silica gel takenupwith diethyl ether and filtered under reduced
pressure. The solution was evaporated, checked by NMR and
finally purified by chromatography (light petroleum/ethyl ace-
tate) to give the aldol product. The catalytic system was dried
for a few minutes and then reused.
For the recycling studies the aldol reaction was also scaled

up to four grams of modified silica gel with identical results.
(4R)-(4-Cyanophenyl)-4-hydroxy-2-butanone (15d):

From light petroleum/ethyl acetate (2/1); white solid; mp 53–
54 8C; HPLC (Daicel Chiralpack OD-H, hexane/i-PrOH, 90/
10; flow rate 1 mL/min) tR(major)¼20.33 min, tR (minor)¼
22.83 min; [a]22D : þ55.38 (c 0.45, CHCl3); 1H NMR (CDCl3):
d¼1.99 (s, 3H, CH3), 2.62 (d, J¼6.2 Hz, 2H, CH2), 3.50 (br s,
1H, OH), 4.99 (t, J¼6.2 Hz, 1H, CH), 7.26 and 7.42 (each d,
J¼8.1 Hz, ArH); 13C NMR (CDCl3): d¼10.6, 51.4, 68.9,
111.1, 118.6, 126.2, 132.2, 148.1, 208.2; IR (nujol): ñmax¼3420,
2225, 1707, 1458, 1377, 1074 cm�1; anal. calcd. for C11H11NO2:
C 69.83, H 5.86, N 7.40; found: C 70.01, H 5.98, N 7.50.
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2004, 45, 7697–7701.

[12] Reviews see: a) P. I. Dalko, L. Moisan, Angew. Chem.
Int. Ed. 2004, 43, 5138–5175; b) R. O. Duthaler, Angew.
Chem. Int. Ed. 2003, 42, 975–978; c) E. R. Jarvo, S. J.
Miller, Tetrahedron 2002, 58, 2481–2495; d) P. I. Dalko,
L. Moisan, Angew. Chem. Int. Ed. 2001, 40, 3726–3748;
other interesting recent examples can be found in the fol-
lowing issues devoted to organocatalysis: Acc. Chem.
Res. 2004, 37, 631–847; Adv. Synth. Catal. 2004, 346,
p. 1007–1249.

[13] a) B. List, R. A. Lerner, C. F. Barbas III, J. Am. Chem.
Soc. 2000, 122, 2395–2396; b) K. Sakthivel, W. Notz, T.

Bui, C. F. Barbas III, J. Am. Chem. Soc. 2001, 123,
5260–5267.

[14] Review on proline-catalyzed reactions: B. List, Tetrahe-
dron 2002, 58, 5573–5590; selected recent examples on
proline-catalyzed aldol reactions: J. T. Suri, D. B. Ram-
achary, C. F. Barbas III, Org. Lett. 2005, 7, 1383–1385;
b) R. I. Storer, D. W. C. MacMillan, Tetrahedron 2004,
60, 7705–7714; c) J. Casas, H. Sundén, A. Córdova, Tet-
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