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Organocatalytic cross-aldol reactions catalyzed by cyclic
secondary amines in aqueous media provide a direct route to
a variety of aldols including carbohydrate derivatives and
may warrant consideration as a prebiotic route to sugars.

The aldol reaction is a key carbon–carbon bond-forming
reaction in nature and in the repertoire of the synthetic chemist.
In nature, this reaction is typically catalyzed by enzymes that
utilize either an enamine mechanism (Class I aldolases) or a
zinc cofactor (Class II aldolases), to effect the coupling of
unmodified substrates in aqueous media while achieving
absolute stereocontrol. These features have been particularly
difficult to mimic chemically,1 despite the plethora of method-
ologies available for the stereoselective construction of virtually
any desired aldol product.2 In fact, synthetically useful aldol
reactions in aqueous media are rare and mostly involve
enzymes3 or catalytic antibodies4 that exhibit broad substrate
specificity for the aldehyde acceptor substrate. The study of
amines, amino acids and small peptides as biomimetic catalysts
of a variety of reactions has long intrigued chemists.5,6 There
are, however, very few reports based on this concept that are of
synthetic utility.7 Recently, it has been reported that primary
and secondary amines are capable of catalyzing intermolecular
aldol reactions with acetone as the donor under physiological
conditions.8 Furthermore, we and others have reported that
cyclic secondary amines catalyze direct intermolecular aldol
reactions with high regio-, diastereo- and enantioselectivities in
organic solvents.9 We therefore sought to extend this concept to
aqueous reaction media providing for the synthesis of poly-
hydroxylated products under environmentally benign reaction
conditions.10 We were also interested in examining the
efficiency of this approach from the perspective of its potential
as a prebiotic route to carbohydrates.11

We initially studied the reaction of acetone with p-ni-
trobenzaldehyde (Table 1). As compared to water, aldol

reactions in PBS buffer12 alone were significantly accelerated in
the presence or absence of proline (Table 1, entries 1,2, 4, and
5). We found that addition of sodium dodecyl sulfate (SDS, 0.1
equivalents) as an additive to PBS-buffer was beneficial. Under
these conditions, aldol product 1 was formed smoothly in a
clean reaction. The addition of SDS to the mixture completely
suppressed the uncatalyzed reaction (Table 1, entries 1 and 3)
and also enhanced the solubility of hydrophobic substrates.13

Under the conditions studied, minimal formation of aldol
condensation product 2 was observed.14 Further, the proline-
catalyzed reaction in PBS/SDS completely inhibited by addition
of sodium cyanide (Table 1, entry 7), indicating that proline is
the catalyst in this reaction and supporting the role of an imine
as an intermediate in the catalytic mechanism.9b

We then turned our attention to further assessing the most
promising catalysts14 in cross-aldol reactions of a variety of
ketones with p-nitrobenzaldehyde (Table 2). Proline-catalysis
was effective for 2-butanone affording aldol adducts 3 and 4 in
good yield with modest regio- and diastereoselectivity (Entry 1)
but provided 5 with no diastereoselectivity when cyclohex-
anone was used as the donor ketone (Entry 2). Furthermore,
3-pentanone was not a donor under L-proline catalysis but 7 was
could be obtained under catalysis with (S)-1-(2-pyrrolidinylme-
thyl)pyrrolidine 6 instead (Entry 3). The proline-catalyzed
reaction with hydroxyacetone as the donor afforded diol 8 in
high yield as the sole reaction product (Entry 4). This
transformation was also catalyzed by 6 and pyrrolidine itself to
provide 8 as the only observed regioisomer (Entries 5 and 6).

† Electronic supplementary information (ESI) available: Experimental data
and full characterization of all new compounds: see http://www.rsc.org/
suppdata/cc/b2/b207664k

Table 1 Direct catalytic aldol reaction of acetone with p-nitrobenzaldehyde
under various aqueous conditions

Table 2 Amine-catalyzed aldol reactions of various ketones with p-
nitrobenzaldehyde in PBS-buffer
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Hence, all the pyrrolidine-derived catalysts activate hydrox-
yacetone in a highly regioselective manner providing for a
facile entry to the synthesis of vicinal diols.15 None of the chiral
catalysts screened, however, provided product 8 in a diastereo-
or enantioselective manner in the PBS buffer. Next we
investigated whether the biologically significant substrate
dihydroxyacetone (DHA) could be used as a donor in reactions
catalyzed by pyrrolidine-based catalysts. Interestingly, proline
and nornicotine (9) provided only trace amounts of 10 (Entries
8 and 9). In contrast, 6, (S)-2-(methoxymethyl)pyrrolidine (11),
and pyrrolidine were highly efficient, with 6 being the best
catalyst affording polyol 10 in 90% yield within 2 h (Entries
10–14). The (S)-1-(2-pyrrolidinylmethyl)pyrrolidine-catalyzed
reaction with dihydroxyacetone was diastereoselective in
DMSO/PBS, providing 10 with a dr of 2+1 (Entry 11). This is
the first demonstration of the use of unprotected dihydrox-
yacetone as a donor in an organocatalytic cross-aldol reaction.
Because dihydroxyacetone dimerizes in organic solvent, none
of the catalysts tested provide 10 under non-aqueous reaction
conditions. The reactivity of the tested organocatalysts was in
the following order: 6 > 11 > pyrrolidine > proline > 9. As
a diamine, 6 can be viewed as a mimetic of the two lysines key
to the mechanism of class I aldolases.16 In all the transforma-
tions reported in Table 2 only trace amounts of the desired
products were observed in the absence of organocatalyst.

L-Proline and 6 were also efficient catalysts in aqueous media
of intermolecular aldol reactions involving nonactivated accep-
tors affording products 12–20 (Table 3).17,18 Moreover, the
results presented in Table 3 demonstrate that catalysis by small
organic molecules provides a direct route to monosaccharides.
For example, catalyst 6 provided benzyl-protected pentulose 17.
This sugar was isolated as a single diastereomer possessing an
anti-configuration of the vicinal hydroxy groups (Entry 6).19 In
addition, natural sugar derivatives such as protected D-fructose
(1 of 4 sugars formed in this reaction) were obtained under
physiological conditions by enamine catalysis (Entry 9).

In conclusion, we have demonstrated that small organic
molecules can catalyze direct intermolecular aldol reactions
involving a variety of ketones, including dihydroxyacetone in
aqueous media. Reactions involving hydroxyacetone were
highly regioselective. Furthermore, our study suggests that
naturally occurring sec-amines with the pyrrolidine structural
motif can catalyze the synthesis of monosaccharides under
physiological conditions. Moreover, the use of organocatalysts
provides an inexpensive efficient route for the synthesis of

polyols under environmentally benign reaction conditions and
may warrant further attention as a prebiotic route to sugars.
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