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Abstract—Direct organocatalytic asymmetric a-hydroxymethylation of ketones and aldehydes with formaldehyde has been devel-
oped, which furnished the corresponding a-hydroxymethylated adducts with high chemo- and enantioselectivity. The reaction is
catalyzed by proline derivatives and is a simple method for the enantioselective synthesis of a-hydroxymethylated ketones and
aldehydes, and C-2 symmetric diols.
� 2004 Elsevier Ltd. All rights reserved.
There are few reports on the asymmetric hydroxy-
methylation of carbonyl compounds using formalde-
hyde as the electrophile due to its small and symmetrical
structure. One approach involved indirect aldol reac-
tions with chiral Lewis acids as the catalyst.1

Organocatalysis has recently experienced a revitalization
in catalytic asymmetric synthesis.2 Asymmetric trans-
formations mediated by amino acids and their deriva-
tives have been particularly successful. In our endeavors
to mimic direct aldol reactions that are catalyzed by 5-
phospho-deoxyribose aldolase,3 we have investigated
the use of unmodified aldehydes and ketones as nucleo-
philes and amino acid derivatives as catalysts for
asymmetric reactions.4 Several groups have developed
successful enantioselective direct aldol reactions.5 Based
on this work, we became interested in the potential of
performing hydroxymethylations of ketones and alde-
hydes with formaldehyde.

Herein, we present direct catalytic asymmetric aldol and
cross-aldol reactions with aqueous and gaseous form-
aldehyde furnishing a-hydroxymethylated ketones and
aldehydes, respectively, with excellent enantioselectivity.
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In an initial experiment, cyclohexanone 1a (3.0 mmol),
aqueous formaldehyde (1.5 mmol) and a catalytic
amount of (S)-proline (10 mol %) were mixed in DMSO
(4 mL) (Eq. 1). After stirring for 16 h at room temper-
ature, the reaction mixture was quenched by the addi-
tion of brine and extracted with EtOAc (3 · 15 mL). The
combined organic extracts were concentrated and the
crude product purified by silica gel column chromato-
graphy to afford a-hydroxymethyl ketone 2a in 47%
yield with >99% ee.6 We also performed the reaction by
slowly bubbling gaseous formaldehyde into the reaction
mixture for 1 h. This procedure furnished 2a in 45%
yield with >99% ee.
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Next, we performed the reaction with three other
ketones (Table 1). The proline-catalyzed a-hydroxy-
methylations afforded ketones 2a–d with excellent
enantioselectivity. In fact, these are the highest ee’s
observed for a proline-catalyzed inter-molecular aldol
reaction with unmodified ketones.2 Furthermore, we
observed high regioselectivity in the reaction with
ketone 1d. In this case, the products 2d and 2d0 were
formed in a 93/7 ratio. However, for the major regio-
isomer derived from (3R)-ketone 1d there was a mis-
match case with (S)-proline (entry 4). It is noteworthy
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Scheme 1. Direct proline-catalyzed a-hydroxymethylation of alde-

hydes.
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Figure 1. A plausible transition state.

Table 1. Direct proline-catalyzed asymmetric a-hydroxymethylation

of ketones
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a Isolated yield after silica gel column chromatography.
b Determined by NMR.
c Determined by chiral phase GC of the acylated a-hydroxymethyl

adducts.
d Reaction performed with aqueous formaldehyde.
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that the presence of water did not decrease the stereo-
selectivity of the transformation. The moderate yield of
the products is compensated by the high enantioselec-
tivity of the reaction and its simplicity.

To broaden the scope of this transformation, we inves-
tigated the organocatalytic enantioselective a-hydroxy-
methylation reaction of unmodified aldehydes. In an
initial experiment, i-valeraldehyde (3 mmol) and aque-
ous formaldehyde (1.5 mmol) were mixed in DMF
(4 mL) in the presence of a catalytic amount of (S)-
proline (Scheme 1).7 After 16 h of stirring the reaction
was quenched by the addition of brine and then ex-
tracted with EtOAc (3 · 15 mL). The combined organic
extracts were concentrated and the crude product puri-
fied by silica gel column chromatography to afford a-
hydroxymethylaldehyde 2e in 52% yield with >99% ee.
The reaction was also performed by bubbling gaseous
formaldehyde into the reaction mixture. After 1 h, the
reaction mixture was quenched and the a-hydroxy-
methylaldehyde 2e was isolated in 49% yield with >99%
ee. Due to oligomerization of the product aldehyde, we
decided to reduce it in situ with NaBH4 to the corre-
sponding C-2 symmetric diol 3e.8 In addition, we per-
formed the proline-catalyzed a-hydroxymethylation
reactions with other aldehydes. The reactions proceeded
smoothly affording the corresponding diols 3f–h upon
reduction with NaBH4. The reaction proceeded with
excellent chemoselectivity and we did not observe self-
aldolization of the donor aldehyde. In addition, the
aldehydes provided the corresponding a-hydroxy-
methylated adducts in higher yields and enantioselec-
tivities than the a-hydroxymethylation of ketones. The
reaction was also readily scaled-up. In addition, aqueous
formaldehyde was used as the acceptor for all substrates
tested without affecting the enantioselectivity of the
reaction.

A catalyst screen of the direct a-hydroxymethylation of
cyclohexanone revealed that several hydroxy-proline
derivatives and proline-dipeptides catalyzed the forma-
tion of 2a with >99% ee. For example, 4-hydroxy-(S)-
proline and 2-hydroxy-(S)-proline provided 2a with 95%
and 96% ee, respectively. Comparisons of the optical
rotation of adduct 2a with the literature revealed that
(S)-proline and hydroxy-proline derivatives provided
(2S)-hydroxymethyl ketones and aldehydes, respec-
tively.9 Hence, formaldehyde attacks the si-face of the
proline-derived enamine providing the (2S)-carbonyl
adducts (Fig. 1). This is in accordance with previously
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reported proline-catalyzed aldol and cross-aldol reac-
tions.2;4a

In conclusion, we have reported the novel direct cata-
lytic asymmetric a-hydroxymethylation of unmodified
ketones and aldehydes with aqueous or gaseous form-
aldehyde. The reactions proceed with excellent chemo-
selectivity and with enzyme-like enantioselectivity in
‘wet’ solvents. The reactions can be readily scaled-up
and provide a low cost entry for either enantiomer of
important building blocks for natural product synthesis.
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