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ABSTRACT

A practical organocatalytic strategy designed to mimic the L-rhamnulose 1-phosphate and D-fructose 1,6-diphosphate aldolases has been
developed and shown to be effective in the preparation of carbohydrates and polyol derivatives. Threonine-based catalysts facilitated the
aldol reaction of protected dihydroxyacetone or protected hydroxacetone with a variety of aldehydes to provide syn -aldol products with good
yields and ee’s up to 98%.

Among the many possible aldol reactions that might be used
to synthesize carbohydrates and other medicinally significant
molecules, aldol reactions that use dihydroxyacetone and its
protected variants as donors stand out.1,2 This is due, in part,
to the fact that this strategy was adopted by Nature for the
metabolism and catabolism of carbohydrates: aldol reactions

that make and break C-C bonds at 1,2-diol junctions that
link a dihydroxyacetone unit with an aldehyde (Scheme 1).

This chemistry is accomplished by a family of four
enzymes that target each of the four junctional 1,2-diol
stereoisomers.D-Tagatose-1,6-diphosphate andL-fuculose-
1-phosphate aldolase reactions useanti-configured 1,2-diols
as substrates, whereas thesyn-configured 1,2-diols are the
substrates or products of theL-rhamnulose 1-phosphate and
D-fructose 1,6-diphosphate aldolases. By exploiting these
exquisite dihydroxyacetone phosphate (DHAP) aldolase
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Scheme 1. Dihydroxyacetone Phosphate Aldolase Reaction
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catalysts, chemists have developed efficient synthetic strate-
gies of wide-ranging significance in medicinal chemistry,
glycobiology, and food science.1

As one part of our program3 to develop organocatalytic
mimics of the aldolase enzymes that have been most widely
used in synthesis, we2a,band the laboratory of Enders2c-i have
reported proline and (S)-2-pyrrolidine-tetrazole-catalyzed
reactions that use protected dihydroxyacetone, predominantly
2,2-dimethyl-1,3-dioxan-5-one, as aldol donors in reactions
that affect the synthesis ofanti-configured 1,2-diols. These
catalysts mimic the activity ofD-tagatose-1,6-diphosphate
and L-fuculose-1-phosphate aldolase. We then began to
design catalysts to mimicL-rhamnulose 1-phosphate and
D-fructose 1,6-diphosphate aldolases to providesyn-selective
organocatalytic aldol reactions. To solve the stereochemical
challenges in Mannich and aldol chemistries that are not
addressed with proline and its derivatives, catalyst design
has allowed us to develop efficientanti-Mannich,4a,b and
more recentlysyn-aldol catalysts.5a,bIn oursyn-aldol studies,
we demonstrated efficient and selective syntheses using
unmodifiedR-hydroxyketones as donors in aldol reactions
that installsyn-configured 1,2-diols. Since protective groups
have considerable strategic value in multistep syntheses, we
were compelled to study protected forms of hydroxyketones
as donors. Herein we report efficientsyn-selective syntheses
based on protected dihydroxyacetone and monohydroxy-
acetone donors.

Our original design for organocatalysts of thesyn-aldol
reaction was predicated on the intermediacy of a (Z)-enamine
in the transition state.5a,bIn accord with this design principle
we studied the TBS- or Bn-protected dihydroxyacetones (1a
and1b) as donors in reactions catalyzed by amino acids that
contain a primary amine; acyclic dihydroxyacetone deriva-
tives were evaluated since cyclic variants, such as 2,2-
dimethyl-1,3-dioxan-5-one, can only form (E)-enamines. We

focused on the amino acid catalysts shown in Figure 1 that
had distinguished themselves in our earlier study. Catalysts
were evaluated for aldol reactions of TBS- and Bn-protected
dihydroxyacetones withp-nitrobenzaldehyde inN-methy-
pyrrolidone (NMP) with 3 vol % water (Table 1).

Catalysts5-9 all afforded the desired aldol product3 with
syn-selectivity. Proline was an extremely poor catalyst of
the reaction, providing a slightlyanti-enriched product as
expected. O-tBu-L-Thr (7) and O-tBu-L-Thr(NHTf) (8) were
the best of the catalysts screened and provided3aor 3b with
syn-favored dr’s up to 6:1 and ee’s up to 93%.

We chose to optimize the reaction catalyzed by O-tBu-
L-Thr (7) because the catalyst is inexpensive and com-
mercially available. As shown in Table 2, we studied a
variety of common solvents in the presence of 3 vol % water.
NMP was the optimal solvent with respect to ee and dr of
the product (Table 2, entry 1).

Significantly, however, when the reaction was performed
neat with the addition of 5 equiv of water (Table 2, entry
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Figure 1. Catalysts screened for thesyn-aldol reaction.

Table 1. Catalyst Screening for the Aldol Reaction of
Protected Dihydroxyacetone withp-Nitrobenzaldehydea

entry cat. R time (d) yield (%)b dr (syn/anti)c ee (syn)d

1 4 TBS 12 <9 1:1.2 84
2 5 TBS 4 30 3:1 76
3 5 Bn 7 36 2:1 51
4 6 Bn 7 40 2.5:1 80
5 7 TBS 1 85 5:1 93
6 7 Bn 1 94 4:1 93
7 8 TBS 0.6 79 6:1 92
8 8 Bn 3 78 4:1 93
9 9 Bn 5 81 3:1 92

a All reactions were performed with ketone1 (0.4 mmol, 2.0 equiv),
aldehyde2 (0.2 mmol, 1.0 equiv), catalyst (0.04 mmol, 0.2 equiv, 20 mol
% to aldehyde), and H2O (3 vol %) in NMP (0.2 mL) at room temperature.
b Yield of isolated3 including synandanti mixture. c Determined by1H
NMR spectroscopic analysis of the isolated3. d After acetylation, ee ofsyn-3
was determined by chiral-phase HPLC.
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2), the product was obtained with a slightly increased dr,
albiet with modestly decreased optical and chemical yield.
The presence of water significantly enhanced both rate and
optical yield as shown by entry 3.6 We then sought to
optimize the amount of water used in the NMP reaction and
explored three other additives, 5-methyl-1H-tetrazole, acetic
acid, and (-)-sparteine (Table 3).

Addition of water beyond 3 vol % significantly slowed
the reactions (compare entries 1 and 2 with 3) as did the
reduction of water to 1 vol % (entry 5). Exclusion of water
significantly slowed the reaction rates and reduced the
stereoselectivity of the transformation (entries 6 and 7). In
contrast to our results with unprotected dihydroxyacetone,
water was a better additive than 5-methyl-1H-tetrazole.5b

Using these optimal conditions, we explored the scope of
the reaction with a variety of aldehydes (Table 4). Reaction
of both TBS- and Bn-protected dihydroxyacetone with a
variety of aromatic aldehydes (Table 4, entries 1-6)
furnished the desiredsyn-aldol products in good optical and
chemical yields (up to 7:1 dr,syn-favored, and 98% ee).
Interestingly, the glyoxalic acid-based acceptors (entries 7
and 8) were poor substrates for this reaction; perhaps their
enhanced electrophilicity trapped the catalyst as an imine.
The methoxyacetal of glyoxal is, however, an excellent
substrate affordingsyn-aldol15 in 97% ee. Aldol15 is related

to the rabbit muscle aldolase products synthesized by
Whitesides via his inversion strategy, and thus15 is a
precursor for the synthesis ofL-xylose.7 It should be noted
that we and Enders have adopted Whitesides’ inversion
strategy using theanti-aldol products afforded by proline
catalysis tosynthesizeavarietyof interestingcarbohydrates.2b,g,h

In order to establish the absolute stereochemistry of our
products, we sought to synthesizeD-fructose using our
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X.; Luo, S.; Tang, Z.; Cun, L.; Mi, A.; Jiang, Y.; Gong, L.Chem. Eur. J.
2007,13, 689. (e) Hayashi, Y.; Aratake, S.; Itoh, T.; Okano, T.; Sumiya,
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Table 2. Solvent Screening for the Aldol Reaction of Protected
Dihydroxyacetone withp-Nitrobenzaldehydea

entry solvent time (d) yield (%)b dr (syn/anti)c ee (syn)d

1 NMP 1 85 5:1 93
2e neat 2 76 7:1 90
3f neat 4 98 5:1 77
4 DMSO 3 85 3:1 90
5 DMF 2 86 3:1 94
6 dioxane 3 86 5:1 88
7 2-PrOH 2 87 6:1 89
8 CH3CN 7 82 2:1 91
9 CH2Cl2 3 82 2:1 82

a Unless otherwise indicated, all reactions were performed with ketone
1a (0.4 mmol, 2.0 equiv), aldehyde2 (0.2 mmol, 1.0 equiv), O-tBu-L-Thr
(0.04 mmol, 0.2 equiv, 20 mol % to aldehyde), and H2O (3 vol %) in solvent
(0.2 mL) at room temperature.b Yield of isolated3 includingsynandanti
mixture. c Determined by1H NMR spectroscopic analysis of the isolated
3. d After acetylation, ee ofsyn-3was determined by chiral-phase HPLC.
e H2O 5 equiv instead of 3 vol %.f Without H2O.

Table 3. Additive Screening for the Aldol Reaction of
Protected Dihydroxyacetone withp-Nitrobenzaldehydea

entry R additive
time
(d)

yield
(%)b

dr
(syn/anti)c

ee
(syn)d

1 Bn H2O (10 vol %) 7 81 4:1 ND
2 Bn H2O (5 vol %) 2 80 4:1 ND
3 Bn H2O (3 vol %) 1 94 4:1 93
4 TBS H2O (3 vol %) 1 85 5:1 93
5 Bn H2O (1 vol %) 2 80 4:1 92
6 Bn - 4 74 2:1 ND
7 TBS - 2 79 3:1 87
8 TBS 5-Me-tete (0.1 equiv) 4 82 3:1 87
9 Bn AcOH (1.0 equiv) 4 56 4:1 ND
10 Bn (-)-sparteine (0.1 equiv) 4 46 4:1 ND

a All reactions were performed with ketone1 (0.4 mmol, 2.0 equiv),
aldehyde2 (0.2 mmol, 1.0 equiv), O-tBu-L-Thr (0.04 mmol, 0.2 equiv, 20
mol % to aldehyde), and additive in NMP (0.2 mL) at room temperature.
b Yield of isolated3 including synandanti mixture. c Determined by1H
NMR spectroscopic analysis of the isolated3. d After acetylation, ee ofsyn-3
was determined by chiral-phase HPLC.e 5-Methyl-1H-tetrazole.

Table 4. Scope of thesyn-Aldol Reaction with Various
Aldehydesa

a Unless otherwise indicated, all reactions were performed with ketone
1 (0.4 mmol, 2.0 equiv), aldehyde (0.2 mmol, 1.0 equiv), O-tBu-L-Thr (0.04
mmol, 0.2 equiv, 20 mol % to aldehyde) and H2O (3 vol %) in NMP (0.2
mL) at room temperature.b Yield of isolated products includingsyn and
anti mixture. c Determined by1H NMR spectroscopic analysis of the isolated
products.d ee was determined by chiral-phase HPLC.e Determined after
acetylation.f Determined after benzoylation.g Diastereomers were separated
by silica gel column chromatography.h syn-anti isomers could not be
assigned.
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methodology. To accomplish this, we utilized O-tBu-D-Thr
as the catalyst for the reaction of TBS-protected dihydroxy-
actetone with the acetonide ofD-glyceraldehyde under our
standard conditions (Scheme 2). The product16was obtained

with >98:2 dr and ee of 98%. Deprotection with Dowex
50WX8-100 providedD-fructose, confirming the stereo-
chemistry as illustrated. The remaining products are assigned
analogously. The (3R,4S) configuration afforded by O-tBu-
L-Thr catalysis of protected dihydroxyacetone is the same
configuration that is provided when unprotected dihydroxy-
acetone is used as a substrate.5b

Interestingly, as we were completing these studies, Wu et
al. reported5e that related threonine-based catalysts afforded
syn-aldol products with a (3S,4R) configuration when
protected hydroxyacetone was used as a donor; this is in
contrast to the (3R,4S) configuration we have consistently
observed.5a,b To reconcile this apparent discrepancy, we
studied the aldol reaction of three protected variants of
hydroxyacetone (Table 5).

All derivatives of hydroxyacetone were good substrates
under our standard conditions, andsyn-aldol products were
obtained with ee’s up to 95%. Product19, also reported by
Wu et al., was deprotected. Analytical data for the free diol
of 19 matched that of the compound prepared using
unprotected dihydroxyacetone as a substrate, indicating that
there was no switch in the absolute stereochemistry upon
protection of the hydroxy group of hydroxyacetone. Thus,
reactions involving protected hydroxyacetone as a donor
provide (3R,4S)-configuredsyn-aldols under our conditions.

In summary, we have developed an effective organocata-
lytic method (based on protected dihydroxyacetone and
hydroxyacetone donors) for the synthesis ofsyn-aldol
products. This methodology provides a direct route to aldol
products of the type synthesized with the DHAP aldolase
enzymesL-rhamnulose 1-phosphate andD-fructose 1,6-
diphosphate aldolase and promises simplified and effective
routes to a variety of carbohydrates and their derivatives.
As such, this methodology complements proline-based
strategies that have previously provided effective syntheses
of the correspondinganti-aldol products.
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Scheme 2. Synthesis of ProtectedD-Fructose

Table 5. syn-Aldol Reactions of Protected Hydroxyacetonesa

entry R product yield (%)b dr (syn/anti)c ee (syn/anti)d

1 Me 17 79 3:1e 92/39
2 Bn 18 79 3:1 94/35
3 TBS 19 82 5:1 95/7

a All reactions were performed with ketone (0.4 mmol, 2.0 equiv),
aldehyde (0.2 mmol, 1.0 equiv), O-tBu-L-Thr (0.04 mmol, 0.2 equiv, 20
mol % to aldehyde) and H2O (3 vol %) in NMP (0.2 mL) at room
temperature.b Yield of isolated products includingsyn and anti mixture.
c Determined by1H NMR spectroscopic analysis of the isolated products.
d After acetylation, ee was determined by chiral-phase HPLC.e Diastere-
omers were separated by silica gel column chromatography.
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