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Abstract—Consecutive catalytic oxidation (oxygen, D-galactose oxidase), dehydration (L-proline) and reduction (hydrogen,
palladium) of methyl �-D-galactoside in water at neutral pH yielded methyl 4-deoxy-6-aldehydo-�-D-glucoside without intermedi-
ate recovery steps demonstrating the potential power of a multi-catalytic approach, using both bio- and chemo-catalysts, for
carbohydrate conversions without the use of protective groups or stoichiometric amounts of reagents. © 2002 Elsevier Science
Ltd. All rights reserved.

Complex carbohydrates play an important role in vari-
ous types of biochemical processes like growth, devel-
opment, immune response, infection, cell adhesion,
metastasis and numerous signal transduction events.
They are synthetically accessible by application of
chemo–enzymatic methods.1 Combined catalytic, multi-
step, one-pot conversions, based on the principle of
metabolic pathways in vitro,2,3 offer potential advan-
tages for the preparation of these materials (and even
fine chemicals), i.e. reducing the amount of reagents
(waste) and recovery steps (energy).4 Recently, we have
investigated this approach for the enzymatic oxidation
of D-galactose5 to its dialdehyde,6 followed by amina-
tion and rearrangement reactions with amines, in a
study of its potential use as a cross-linking agent for
proteins.7 In particular, C-13 labeling together with in
situ C-13 NMR analysis8 of the reaction mixtures
allowed monitoring and full assignment of the interme-
diates and products of such a multi-step, one-pot, con-
version without any work-up.

The present study gives an example (Scheme 1) of the
modification of methyl �-D-galactoside 1 into a 4-
deoxy-D-glucose derivative by the combined use of
three different types of catalysts in a row, in one pot,
without any intermediate work-up procedure, i.e. the
enzyme D-galactose oxidase,9 the homogeneous catalyst
L-proline and a heterogeneous palladium metal cata-
lyst.10 The consecutive oxygenation, dehydration and

hydrogenation reactions in water resulted in the quanti-
tative formation of methyl 4-deoxy-6-aldehydo-�-D-glu-
coside 6 using only oxygen and hydrogen as reagents

Scheme 1. An aqueous one-pot route to 4-deoxy-D-glucose
derivatives.* Corresponding author. E-mail: a.kieboom@chem.leidenuniv.nl
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and water as solvent, without use of protective groups.
This is a profound improvement on existing synthetic
methods11,12 for 4-deoxy-D-glucose derivatives. Addi-
tionally an aldehyde functionality is introduced at C-6
which cannot be accomplished enzymatically starting
with D-glucose.

Oxygenation of 1 with the enzyme D-galactose oxidase,
in the presence of catalase to degrade hydrogen perox-
ide, quantitatively forms its 6-aldehyde 2 as the
hydrated form. Essential for the subsequent dehydra-
tion step is the abstraction of the �-hydrogen atom at
the C-5 position. However, this proton is not very
acidic since the aldehyde group is hydrated. After for-
mation of an imine, the C-5 hydrogen will become
much more acidic, making the deprotonation and dehy-
dration more progressive. Addition of 1 equiv. butyl-
amine to an aqueous or alcoholic solution of 2 at room
temperature gives the corresponding imine 3. In
methanol 3 is formed quantitatively within a few min-
utes, as can be seen by the clearing of the solution and
NMR. Heating of compound 3 in dry methanol—to
avoid Maillard reactions—gives complete dehydration
into the �,�-unsaturated ene-imine 4. Subsequent
aqueous treatment (pH 7) hydrolyzed the ene-imine 4
into the �,�-unsaturated aldehyde 5.13,14 The aldehyde
is not hydrated, presumably because it is conjugated
with the double bond. With less than 1 equiv. butyl-
amine conversion also takes place: with 0.1 equiv. a
conversion of 30% is reached after one day (at 50°C).
This demonstrates that the dehydration reaction is
catalytic.

The ease and selectivity of the conversion of 2 into 5 led
us to look for a more efficient catalytic transformation.
In that respect, the recent powerful action of L-proline
as a catalyst for aldol condensations15 interested us, as
the first step for aldol reactions is also an a-deprotona-
tion of the aldehyde, a prerequisite for our dehydration
of 2. Although L-proline catalysis for aldol condensa-
tion is only apparent in non-aqueous media, we
expected possible catalytic dehydration activity through
the reversible formation of low amounts of iminium ion
products, between L-proline and the hydrated aldehyde
2. Indeed, heating 2 with a catalytic amount of L-pro-
line (0.1 equiv., 70°C, 5 h) gave a quantitative dehydra-
tion into 5. This step now gives the advantage that,
besides the fact that water is the favorable sugar sol-
vent, the dehydration now takes place in water and
becomes compatible with the other two aqueous reac-
tions in the sequence. After cooling of the aqueous
solution of 5 to room temperature, a palladium-on-car-
bon catalyst was added. Subsequent stirring under 1
atmosphere of hydrogen gave the methyl 4-deoxy-6-
aldehydo-�-D-glucoside 6. This compound has a
hydrated aldehyde function that is easily converted by
the addition of butylamine into its imine. Further inves-
tigations are in progress using other multi-catalytic,
one-pot preparations of carbohydrate-based synthons.

The results show the power of the use of different types
of catalysts for multi-step conversions without interme-
diate recovery steps, use of protective groups or
reagents other than oxygen and hydrogen. In this case
it was possible to combine the broadest possible array
of catalysts: an enzyme, a homogeneous and a hetero-
geneous chemo catalyst. Water based reactions are
beneficial for this approach: they assure easy compati-
bility of bio- and chemo-catalysts during the different
steps in the reaction sequence.
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