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The 1,2-diol unit occurs frequently in natural products, such
as carbohydrates, polyketides, and alkaloids, and the development
of enantioselective methodologies for its preparation has been at
the forefront of modern catalytic asymmetric synthesis. While
the syn-1,2-diol unit may be considered a “clearable”1 stereo-
chemical element due to the Sharpless asymmetric dihydroxylation
(AD) of (E)-olefins,2 the diastereomericanti-1,2-diols are far less
accessible, mainly because the corresponding (Z)-olefins are more
difficult to obtain and show reduced enantioselectivity in the AD.
In this paper we disclose a novel, highly diastereo-, and
enantioselective catalytic synthesis ofanti-1,2-diols that is based
on the proline-catalyzed direct asymmetric aldol reaction.

The enantioselective synthesis of 1,2-diols may, in principle,
be achieved either via carbon-oxygen bond-formation (path a,
eq 1, e.g., Sharpless AD) or via carbon-carbon bond-formation
(path b).3 Despite the exceptional usefulness of the catalytic
asymmetric dihydroxylation process, path b provides a potentially
superior strategy because the two adjacent stereocenters are
created simultaneously upon carbon-carbon bond-formation.

In a manner analogous to path b, the catalytic asymmetric
Mukaiyama reaction of glyoxalate esters with aldehydes has been
used.4 However, this method requires two additional steps to
introduce and remove a hydroxyl protecting group and one
additional step to preform the enolate equivalent. As an alternative,
the direct catalytic asymmetric aldol reaction ofR-hydroxylated
ketones with aldehydes has so far only been used with protein-
catalysts such as aldolases and catalytic antibodies.5,6 In particular

the development of aldolase antibody 38C2 has taught us the
power and mildness of catalysis involving enamines. While
aldolases are typically limited to dihydroxyacetone phosphate as
the donor, which usually necessitates an additional enzymatic
dephosphorylation step, aldolase antibody 38C2 is capable of
using R-hydroxylated ketones such as hydroxyacetone as the
donor.6a These reactions are highly regio- and enantioselective
with both 38C2 and the natural fructose-1,6-bisphosphate-aldolase
but selectively provide thesyn-diastereomer. Herein we demon-
strate that proline catalyzes the highly regio- and diastereoselective
aldol reaction between hydroxyacetone and various aldehydes to
provideanti-1,2-diols with excellent enantioselectivities.

We have recently shown that proline is a remarkably effective
catalyst for the direct asymmetric aldol reaction of acetone to
various aldehydes with ee’s of the aldol products ranging from
60 to 96%.7 We became interested to determine whether proline
is capable of using unprotected hydroxyacetone as the aldol donor.
This is a challenging task since three different regio- and
diastereomeric products and their enantiomers may be expected
(Scheme 1).

We found thatL-proline catalyzes the aldol reaction between
cyclohexanecarboxaldehyde and hydroxyacetone to furnishanti-
diol 1 in 60% yield, with a dr>20:1 and an ee>99% (eq 2).

Next, a series ofanti-diols was prepared in moderate to good
yield, by application of this new methodology (Table 1).8

Regioisomeric products were only found in reactions with an
aromatic aldehyde (∼4%, entry 4) and 3,3-dimethyl butyraldehyde
(14%, entry 5). Diastereoselectivities are very high withR-sub-
stituted aldehydes (>20:1, entries 1-3), whereas low diastereo-
selectivities are obtained in reactions with 2-chlorobenz-
aldehyde (entry 4),9 the R-unsubstituted aldehyde (entry 5) and
with R-oxygenatedD-isopropylidene-glyceraldehyde (entry 6). The
reaction withrac-2-phenylpropionaldehyde (entry 3) provided two
readily separable diastereomers (3a and 3b) that both had the
anti-configuration regarding the 1,2-diol subunit while differing
at the benzylic stereocenter. Excellent ee’s were obtained in all
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Scheme 1.Aldol Reaction between Hydroxyacetone and an
Aldehyde
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cases except in the reaction with 2-chlorobenzaldehyde (entry 4).
In the reaction with 3,3-dimethyl-butyraldehyde, the diastereo-
meric syn side-product was obtained in 84% ee but with the
opposite absolute configuration at theâ-position (Sharpless AD-
â-product). Similarly, the reaction with the protected gly-
ceraldehyde gave knownD-tagatose derivative610 ([R]D ) + 69°,
lit.10 [R]D ) + 71°) together with thesyn byproduct 1-deoxy-
5,6-O-isopropylidene-D-fructosehaving the opposite configuration
at theâ-position.11 These hexoses are readily converted into the
natural sugars 1-deoxy-D-tagatose and 1-deoxy-D-fructose.10,11

Absolute configurations of diols2-5 have been assigned based
on the crystal structure of diol1 (Figure 1) and on the absolute
configuration of the known products of the reaction with the
enantiomerically pure glyceraldehyde-substrate (entry 6, Table

1). The enantiofacial selectivity (re) of the aldehyde in these
reactions is identical to that obtained using acetone as the aldol
donor. Accordingly, thesi-face of the hydroxyacetone enamine
attacks there-face of the aldehyde (unlike-topicity) to give the
anti-product. This selectivity is consistent with chairlike transition
stateA and our originally proposed mechanism (Figure 2).7,12

Transition stateB leading to thesyn-product (like-topicity)
possesses a boat conformation and may become increasingly
important with sterically less hindered (reduced eclipsed interac-
tions) orR-oxygenated aldehydes (hydrogen-bonding). Interest-
ingly, transition stateB resemblesC, which has been proposed
for the Corey-Bakshi-Shibata (CBS) reduction.13

In summary we have shown that proline catalyzes the direct
aldol reaction between hydroxyacetone and various aldehydes to
giveanti-diols1-6 in excellent diastereo- and enantioselectivities.
Important features of this reaction are the following: (1) This
method is the first small-molecule catalyzed asymmetric synthesis
of anti-diols and complements the Sharpless-AD. (2) For the first
time, unprotected hydroxyacetone has been used as a donor in
nonenzymatic aldol reactions. (3) The reactions are typically
highly regioselective, diastereoselective, and enantioselective, and
(4) do not require protecting groups, metals, preformed enolate
equivalents, inert atmosphere, or temperature manipulations.

Future studies will focus on mechanistic aspects and on further
applications of proline and other chiral amines in important
carbon-carbon bond-forming reactions. The results of which will
be reported in due course.
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Table 1. anti-Diols Synthesized Using the Proline-Catalyzed Aldol
Reaction with Hydroxyacetone and Various Aldehydes

a The syn:anti-ratio was determined by weighing the separated
isomers and/or1H NMR-spectroscopy, respectively.b ee of theanti-
isomer; determined by chiral HPLC analysis.c Combined yield of
separated diastereomers.d Identical ee and dr values for3a and 3b.
e Diastereomers could not be separated.f From optical rotation. In a
typical experiment, cyclohexanecarboxaldehyde (60µL, 0.5 mmol),
hydroxyacetone (1 mL), DMSO (4 mL), andL-proline (14 mg, 25 mol
%) were stirred at room temperature for 60 h. Aqueous work up and
purification by flash chromatography (50% ethyl acetate/hexanes)
afforded pure diolanti-1 (56 mg, 60%) as a solid.

Figure 1. X-ray structure of diol1.

Figure 2. Potential transition states of the proline-catalyzed aldol reaction
between hydroxyacetone and aldehydes.
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