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Abstract—The amino acid-catalyzed direct enantioselective one-step de novo synthesis of carbohydrates using dihydroxyacetone
phosphate mimetics as donors and aldehydes or in situ generated imines as acceptors is presented. The addition of water significantly
accelerates as well as improves the enantioselectivity of the biomimetic aldol and Mannich reactions. The C3+Cn methodology
presented herein is a direct entry to orthogonally protected C-5 and C-6 ketoses (e.g., ribulose, tagatose and piscose) and deoxy-
and aminosugars such as 4-amino-4-deoxy-fructose.
� 2005 Elsevier Ltd. All rights reserved.
Carbohydrates are a class of life essential natural prod-
ucts. They are involved in several metabolic and cata-
bolic processes as well as in cell recognition.1,2 In
Nature, carbohydrates are assembled via enzyme-cata-
lyzed aldol reactions with excellent stereoselectivity.1a,3

Most aldolase enzymes utilize dihydroxyacetone phos-
phate (DHAP) as the donor to furnish keto-sugars.
For example, fructose 1,6-di-phosphate aldolase cata-
lyzes the reversible aldol transformation between DHAP
and glyceraldehyde-3-phosphate that furnishes fructose
1,6-di-phosphate.1a,3 The high selectivity of aldolase
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enzymes has made them useful as biocatalysts for the
synthesis of carbohydrates and polyhydroxylated natu-
ral products.3,4 However, the aldolase enzymes exhibit
poor activities in organic solvents. Inspired by the effi-
ciency and high stereoselectivity of Nature�s enzymes,
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small molecules have been employed as catalysts for
enantioselective C–C bond-forming reactions in organic
solvents.3b,5 Chemists have also developed a plethora of
methods for the de novo synthesis of carbohydrates.6

Recently, amino acid catalysis has been used for the
synthesis of carbohydrates.7,8 In particular, the amino
acid catalyzed formation of aldoses has been achieved
with high selectivity.9 In this context, we recently synthe-
sized C-6 aldoses with excellent enantioselectivity by
one- or two-step amino acid catalyzed cross-aldol reac-
tions (Eq. 1).9c–e
However, the amine mediated cross-aldol reaction
between di-hydroxy acetone and aldehydes in aqueous
media furnished the corresponding ketoses and poly-
hydroxylated compounds with low enantioselectivities
(Eq. 2).8c

Protected dihydroxyacetone derivatives have been
employed as synthetic equivalents of 1,3-dihydroxy
acetone in the synthesis of carbohydrate derivatives
and polyhydroxylated compounds.6h–l,10 Protected
dihydroxyacetone derivatives have the advantages of
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circumventing dimerization unlike 1,3-dihydroxyace-
tone, and are soluble in organic solvents.

Based on this research, retrosynthetic analyses and our
interest in amino acid catalysis,11 we envisioned a one-
step carbohydrate derivative synthesis via amino acid
mediated cross-aldol reactions or Mannich reactions
with protected dihydroxy acetone derivatives as nucleo-
philes (Eq. 3).
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Herein, we present a water accelerated, highly enantio-
selective, one-step amino acid-catalyzed carbohydrate
synthesis. The biomimetic C3 + Cn methodology pre-
sented herein is a direct route to orthogonally protected
ketosugars.

In an initial experiment, p-nitrobenzaldehyde and 1,3-di-
oxan-5-one 1 were stirred vigorously in the presence of a
catalytic amount of LL-proline in DMSO (Scheme 1). The
reaction was quenched after 7 days and the desired b-hy-
droxy ketone 2a was isolated in 58% yield an a 12:1
(anti:syn) dr and 73% ee.12 Based on the lengthy reaction
time, we decided to investigate whether addition of a
small amount of water would increase catalyst turnover
and as a consequence decrease the reaction time.13 To
our delight, we found that addition of water (5 equiv)
to the reaction mixture significantly accelerated the reac-
tion (Scheme 1).14 The reaction was quenched after 24 h
and the corresponding aldol adduct 2a was isolated in
72% yield in an 18:1 dr and 93% ee. Interestingly, addi-
tion of water (5 equiv) also significantly improved the
enantioselectivity of the reaction.
2a: 5
2a: 7

O O

O
 L-proline
(30 mol%)

O O

O

H

O

+

DMSO, rtNO2

1

Scheme 1. Proline-catalyzed asymmetric synthesis of 2a.
Encouraged by this result we decided to utilize ketone
1 as the donor for the amino acid-catalyzed one-step
synthesis of carbohydrate derivatives (Table 1).15

The reactions proceeded smoothly furnishing the corre-
sponding carbohydrate derivatives 2 with excellent
chemo-, diastereo- and enantioselectivity. For example,
protected ribulose 2c was synthesized in 85% yield with
>19:1 dr and 98% ee (entry 3).16 Furthermore, the LL-pro-
line catalyzed diastereoselective cross-aldol reaction
between 1 and protected DD-glyceraldehyde furnished
the corresponding DD-tagatose2d in 74% yield with >19:1
dr and P98% ee (entry 4).17 In addition, DD-proline cataly-
sis furnished DD-piscose2e in 68% yield with >19:1 dr and
P98% ee (entry 5). Hence, amino acid catalysis provides
a new entry for the one-step synthesis of C3+Cn sugars
with excellent stereoselectivity.

Next, we investigated the direct proline-catalyzed one-
pot three-component enantioselective Mannich reaction
with 1 as the nucleophile for the one-step de novo synthe-
sis of aminosugars (Scheme 2).18,19

The reactions were performed under the same reaction
conditions as the amino acid-catalyzed aldol additions.
Consequently, the donor 1 (1 mmol), p-anisidine
(0.6 mmol), water (2.5 mmol) and acceptor aldehyde
(0.5 mmol) in the presence of a catalytic amount of pro-
line (30 mol %) were stirred for 24 h. The reactions were
quenched by simple aqueous workup and the corre-
sponding protected aminosugars 3a–c were isolated in
good yield with excellent chemo- and enantioselectivity.
The addition of water (5 equiv) was of great importance.
For example, the LL-proline catalyzed reactions between
1, p-anisidine and a-benzyloxyacetaldehyde without
addition of water furnished trace amounts of the corre-
sponding p-methoxyphenyl (PMP) protected amino-
sugar 3b. In contrast, addition of 5 equiv of water to
the reaction mixture significantly accelerated the reac-
tion and protected 4-amino-4-deoxy-threo-pentulose 3b
was isolated in 70% yield in a 6:1 dr (syn:anti) and
98% ee.20 Moreover, the DD-proline catalyzed one-pot,
three-component, Mannich reaction between dioxanone
1, p-anisidine and DD-isopropylideneglyceraldehyde pro-
ceeded with high chemo- and diastereo-selectivity and
8%  yield, 12:1 dr,  73 %ee (7 days, no water)
2%  yield, 18:1 dr,  93 %ee (24 h, 5 equiv. H2O)
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Figure 1. (a) The suggested transition state I of the aldol reaction with

1 as the donor. (b) The plausible transition state II of the Mannich

reaction with 1 as the donor.

Table 1. Direct amino acid-catalyzed synthesis of deoxy- and keto-sugars 2
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Entry Amino acid R Prod. Yield (%)a drb ee (%)c

1 LL-proline 4-NO2–C6H4 2a 72 18:1 93

2 LL-proline C6H5 2b 80 1:1 97

3 LL-proline BnOCH2 2c 85 >19:1 98

4 LL-proline O
O

2d 74 >19:1 P98d

5 DD-proline O
O

2e 68 >19:1 P98d

a Isolated yield of the pure products after silica gel chromatography.
b dr = syn/anti Ratio of the products as determined by NMR.
cDetermined by chiral-phase HPLC analysis. Bn = benzyl.
d Based on the ee value of the starting protected DD-glyceraldehyde and chiral shift reagents.
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Scheme 2. Direct amino acid-catalyzed asymmetric one-step de novo synthesis of protected amino sugars. Reagents and conditions: (a) Purified with

neutral aluminium oxide as the stationary phase.18g (b) Reaction performed with DD-proline.
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yielded the corresponding protected 4-amino-4-deoxy-
DD-fructose 3c in 55% yield in >19:1 dr and P98% ee.21

The stereochemistry of the amino acid-catalyzed one-
step carbohydrate derivative synthesis were in accor-
dance with previously reported proline-catalyzed
cross-aldol and Mannich reactions.7–9,18,22 Thus, in the
cross-aldol reactions, the si-face of the enamine interme-
diate between 1 and LL-proline approaches the re-face of
the acceptor aldehyde via transition state I to furnish
the desired anti-aldol adducts (Fig. 1a). In contrast, the
si-face of the enamine intermediate between 1 and LL-pro-
line approaches the si-face of the acceptor imine to furnish
the corresponding desired syn-Mannich adducts (Fig. 1b).

The switch of facial selectivity of the attack on the elec-
trophile in the Mannich transition state II as compared
to the aldol transition state I was originally observed by
List and is due to the steric-repulsion between proline
and the PMP group, which would occur if a re-facial
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attack on the imine took place.18a We believe the bene-
ficial effect of water in the amino acid catalyzed synthe-
sis of ketosugars is due to improved catalyst turnover
via faster hydrolysis of intermediates of the enamine cat-
alytic cycle as well as suppression of catalyst inhibi-
tion.14a,b,23 Furthermore, a small excess of water will
potentially facilitate proton transfer in the transition
state, which both lowers the LUMO of the incoming
electrophile as well as directs the enantioselectivity of
the newly formed stereocentres. Thus, the higher
Brønsted acidity of the amino acid when water is added
to the polar aprotic organic solvent plausibly accounts
for the observed higher stereoselectivity of the water
accelerated carbohydrate synthesis.

In summary, the direct amino acid-catalyzed one-step
enantioselective de novo synthesis of protected carbohy-
drate derivatives is presented. The proline-catalyzed
direct aldol and Mannich reactions between protected
dihydroxyacetone 1 and different acceptor aldehydes
or in situ generated imines furnished the corresponding
orthogonal protected sugars and amino sugars, respec-
tively, in one step. Moreover, the carbohydrate deriva-
tives were isolated in high yields with excellent chemo-,
diastereo- and enantioselectivity. Addition of water sig-
nificantly accelerates as well as improves the enantiose-
lectivity of the reactions. For example, the reaction
times decreased from 6–7 days to 24 h. The C3+Cn meth-
odology presented herein is a direct entry to orthogo-
nally protected C-4, C-5 and C-6 ketoses in one
chemical manipulation. Furthermore, the methodology
provides a direct, highly enantioselective entry for the
catalytic synthesis of deoxy- and aminosugars. This
was exemplified by the one-step de novo syntheses
of orthogonally protected ribulose, tagatose, piscose, 4-
amino-4-deoxy-threo-pentulose and 4-amino-4-deoxy-
fructose.
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Kaynak, B.; Córdova, A. Angew. Chem., Int. Ed. 2005, 44,
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Córdova, A.; Engqvist, M.; Ibrahem, I.; Casas, J.; Sundén,
H. Chem. Commun. 2005, Adv. Article.

10. For an excellent review on the use of protected dihydroxy
acetones in synthesis see: Enders, D.; Voith, M.; Lenzen,
A. Angew. Chem., Int. Ed. 2005, 44, 1330, and references
cited therein.

11. (a) Casas, J.; Persson, P. V.; Iversen, T.; Córdova, A. Adv.
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Synlett 2003, 1651; (l) Hayashi, Y.; Tsuboi, W.; Ashimine,
I.; Urushima, T.; Shoji, M.; Sakai, K. Angew. Chem., Int.
Ed. 2003, 42, 3677; (m) Chowdari, N. S.; Suri, J. T.;
Barbas, C. F., III. Org. Lett. 2004, 6, 2507; (n) Münch, A.;
Wendt, B.; Christmann, M. Synlett 2004, 2751; (o)
Zhuang, W.; Saaby, S.; Jørgensen, K. A. Angew. Chem.,
Int. Ed. 2004, 43, 4476; (p) Ibrahem, I.; Córdova, A.
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J = 16.4 Hz, 1H), 4.22 (dd, J = 16.4, 1.8 Hz, 1H), 4.46–
4.59 (m, 2H), 4.63 (m, 1H), 6.64 (d, J = 8.9 Hz, 2H), 6.76
(d, J = 8.9 Hz, 2H), 7.33 (m, 5H); 13C NMR (100 MHz,
CDCl3): d = 23.4, 25.0, 54.1, 55.9, 67.5, 68.0, 73.4, 74.4,
100.6, 115.1, 115.8, 127.7, 127.9, 128.6, 138.2, 140.8, 152.9,
208.3; ½a�23D +40.9 (c 4.5, CHCl3); HPLC (Daicel Chiralpak
AD, hexanes/i-PrOH = 98:2, flow rate 0.5 mL/min,
k = 254 nm): major isomer: tR = 23.11 min; minor isomer:
tR = 33.51 min; MALDI-TOF MS: 408.1788; C22H27NO5

(M+Na+: calcd 408.1787).
21. Protected 4-amino-4-deoxy-fructose 3c: 1H NMR

(400 MHz, CDCl3): d 1.31 (s, 3H), 1.41 (s, 3H), 1.46 (s,
3H), 1.47 (s, 3H), 3.70 (s, 3H), 3.97–3.92 (m, 2H), 4.02 (m,
1H), 4.08 (m, 1H), 4.22 (d, J = 17.2 Hz, 1H), 4.42–4.46
(8m, 1H), 4.52 (m, 1H), 6.64 (d, J = 8.9 Hz, 2H), 6.73 (d,
J = 8.9 Hz, 2H); 13C NMR (100 MHz, CDCl3): d = 23.4,
24.9, 25.0, 26.5, 54.9, 55.7, 65.6, 67.3, 73.9, 74.6, 100.6,
109.3, 114.9, 115.7, 140.7, 152.7, 207.8; ½a�23D �18.7 (c 3.0,
CHCl3); MALDI-TOF MS: 388.177; C19H27NO6

(M+Na+: calcd 388.1736).
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