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An L-proline based supramolecular hydrogel is used as an

efficient heterogeneous organocatalyst for the direct aldol

reaction with high stereoselectivity (up to 90% ee) and recyclability

(up to 3 runs). The reversible nature of this self-assembled

supramolecular system allows for easy recovery and regeneration

of the catalyst.

The development of catalytic systems for organic transformations

in aqueous media presents an enormous interest from an

environmental as well as from an economic point of view

since it combines both atom economy and the greener solvent,

water.1 In this field not only soluble but also heterogeneous

systems have attracted the attention of researchers. For

instance, different catalytic organic reactions have been carried

out in aqueous media with organic and inorganic polymer

supported catalysts,2 in micellar dispersions3 or in micro-

emulsions4 among others.

A special class of phase separated organized media

correspond to self-assembled fibrillar networks formed by

low-molecular weight molecules, the so-called supramolecular

hydrogels.5 In those, small molecules reversibly self-assemble

by non-covalent interactions, being the ‘hydrophobic effect’

the main driving force in water. These fibrillar assemblies may

present enhanced catalytic properties and product selectivity

as a consequence of the appearance of cooperative interactions

by proximity of catalytic groups. For example, Stupp has

described fibrillar aggregates in water that are active catalysts

for the hydrolysis of esters.6 Furthermore, we have recently

described L-proline derivatives which are capable of self-

assembly into organogels and develop catalytic activity for

the Henry nitroaldol reaction only in the aggregated state as a

consequence of a considerable enhancement of basicity due to

proximity of L-proline groups in the gel fibers.7

Here we describe L-proline amphiphilic derivative 1 as a

strong hydrogelator, and its use in a supramolecular hetero-

geneous catalytic system for the direct aldol reaction between

cyclohexanone and 4-nitrobenzaldehyde (Scheme 1). This

reaction, widely studied in organic solvents with the use of

many different L-proline based catalysts,8 has been also

described to take place in water and a great effort has been

devoted to understand the role played by this solvent.9 In

particular, Barbas has described related amphiphilic catalysts

that form an emulsion in water and act as efficient catalysts for

this reaction.10 In the case reported here, an additional

advantage appears, owing to the fact that a hydrogel can be

easily recycled and recovered as a solid-like heterogeneous

phase. Furthermore, due to their dynamic reversible nature,

supramolecular hydrogels can be disassembled in response to

slight environmental changes like temperature or pH, allowing

on–off switching of catalytic activity.

Compound 1 was prepared in high yield following simple

peptide coupling methodology (see ESIw). This compound

formed hydrogels above a concentration of 2 mM

(0.8 mg mL�1) after dissolution in hot water and sudden

cooling at 25 1C accompanied by 1 min of sonication. The

morphology of the gel was observed by scanning electron

microscopy (SEM, Fig. 1) revealing the presence of a network

of ribbons of several mm length and less than 300 nm in width.

X-Ray powder diffraction of the xerogel was consistent with a

lamellar structure in which compound 1 formed a bilayer with

intercalation of the alkyl tails (Fig. 2).

Initially catalytic tests were performed by adding reagents

directly on top of the hydrogel at 25 1C (0.16 mmol of

4-nitrobenzaldehyde in 155 mL of cyclohexanone). After 36 h

the reaction was extracted with toluene yielding the aldol

quantitatively (Table 1, entry 1). However, diastereoselectivity

was moderate (anti : syn, 75 : 25) and enantioselectivity was

poor (12% ee). Alternatively, reagents were added on top of

the hydrogel dissolved in 1 mL of toluene. In this case, a

quantitative yield was obtained after 16 h at 25 1C and the

toluene phase could be decanted and, after evaporation of

solvents under an air current, directly analyzed by NMR and

chiral-phase HPLC (entry 2, see ESIw). Remarkably, the

anti : syn diastereoselectivity was improved up to 91 : 9, but

stereoselectivity was still quite low (18% ee). However,

when the reaction was performed at 5 1C, after 24 h the aldol

(S,R)-anti was obtained as the major product (88% ee, entry 3).

This is a very remarkable improvement in the selectivity

considering the relatively small reduction in the reaction

Scheme 1
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temperature. This behavior could be related to restricted

mobility of the reactants as well as to the structural rigidification

of the catalytic supramolecular aggregates. Accordingly,

this would allow for a better discrimination of the reaction

pathways that lead to the different stereoisomers.

Furthermore, after decantation of the organic layer, the

hydrogel did not seem to be macroscopically affected and

could be reused for at least two additional runs with the same

efficiency and stereoselectivity (entries 4 and 5, and Fig. 3). On

the other hand, the temperature and pH responsiveness of the

hydrogel allowed for complete recovery and regeneration of

the catalytic hydrogel. Thus, after use the gel was mechanically

broken, washed with toluene (2 � 1 mL) and formed again by

heating and sonication. Alternatively, acidification of the

aqueous phase would lead to protonation and disassembly,

and after exhaustive washing with toluene, the system could

be switched on again by neutralization and gel formation

(heating and sonication) (see ESIw).
Additional experiments were performed in order to investigate

two fundamental questions: (i) which was the catalytic species

and (ii) where was the reaction taking place. Supramolecular

gels are dynamic systems in which a given fraction of free

molecules could remain in solution in equilibrium with the gel

phase. Thus, before assuming that catalysis takes place in the

gel phase it has to be proved that there is not a significant

amount of molecules in solution or that those are not

catalytically active. 1H NMR spectroscopy is a convenient

methodology for that purpose as it is well known that

molecules in the gel phase are NMR silent, and by the addition

of an internal standard the molar fraction of molecules in

solution can be easily determined.11 In the current case, free

molecules of 1 could not be detected in the 1H NMR spectrum

of the hydrogel in D2O at 30 1C (less than 0.2 mM for

500 MHz 1H NMR)z whereas signals of the hydrogelator

could be observed after addition of TFA and destruction of

the gel (Fig. 4).

The observed catalytic activity could arise from the

disassembly of molecules from the hydrogel that would

catalyze the reaction in the organic phase. For studying this

possibility three different blank samples were prepared

(see ESIw): (i) blank 1, hydrogel + toluene; (ii) blank 2,

hydrogel + toluene + cyclohexanone; and (iii) blank 3,

hydrogel + toluene + 4-nitrobenzaldehyde. All the samples

were equilibrated at 5 1C over 3 days and then analyzed by

NMR spectroscopy revealing that none of compound 1 was

Fig. 1 Macroscopic (left) and microscopic (right) aspect of

hydrogel-1; (bar: 300 nm).

Fig. 2 X-Ray powder diffractogram of dried hydrogel-1 and a

possible bilayer structure.

Table 1 Catalytic performance of hydrogel-1a

Entry T/1C t/h Yieldc (%) anti : sync eed (%)

1b 25 36 499 75 : 25 12
2 25 16 499 91 : 9 18
3 5 24 98 92 : 8 88
4e 5 24 499 93 : 7 87
5f 5 24 499 92 : 8 90

a Hydrogel: 0.026 mmol of 1 (0.2 eq.) in water (4 mL); Reagents:

4-nitrobenzaldehyde (1 eq.), cyclohexanone (20 eq.) in toluene

(1 mL). b Without toluene. c Determined by NMR spectroscopy.
d Determined by chiral-phase HPLC of the anti-product. e Entry 3,

second run. f Entry 3, third run.

Fig. 3 Macroscopic aspect of the catalytic system used for several

runs.

Fig. 4 1H-NMR spectra of 1 in D2O ([1] = 20 mM, dioxane was used

as an internal standard (c= 2mM)). Top: Hydrogel; bottom: solution

obtained after addition of 50 mL of trifluoroacetic acid.
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present in the organic phase. Furthermore, addition of the

remaining reagents to the organic phase isolated from each

blank (for example, cyclohexanone and 4-nitrobenzaldehyde

in blank 1) did not lead to any product after 24 h at 5 1C,

confirming that there were no catalytic species in the organic

phase and demonstrating that reaction is taking place in the

heterogeneous gel phase.

In conclusion, the inclusion of L-proline into a low

molecular weight gelator leads to a supramolecular hydrogel

with a remarkable efficiency in a benchmark direct aldol

reaction. Most likely toluene (and also cyclohexanone) is

helping in the transport of 4-nitrobenzaldehyde, poorly

soluble in water, to the hydrophobic regions of the gel

fibers. The results described indicate that this supra-

molecular heterogeneous catalytic system uses one of the

most important non-covalent interactions in the biological

context, the hydrophobic effect, both for the self-construction

of the catalyst as well as for the approach of the substrate

to the catalytic center. As reported for direct aldol

reactions catalyzed by L-proline derivatives,8–10 the

reaction is meant to take place following an enamine-based

mechanism, and accordingly, the supramolecular hydrogel

would be acting as an effective type I aldolase mimetic.

Further work will be carried out in the study of the scope

of substrate selectivity and the influence of co-solvent

on the reaction rate. Finally, a straightforward methodology

has been applied for recycling and regeneration of the

catalytic system allowing for the complete recovery of catalytic

performance.
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