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Monomode microwave-assisted coupling of D-glucuronic acid with alcohols, in the presence of various
impregnated acid catalysts, was successfully performed, affording in almost quantitative yields the
corresponding monosubstituted b-D-glucofuranosidurono-6,3-lactones in less than 10 min at 85 �C. This
study evidences the synergy of microwaves and impregnated acid catalysts as a fast and clean strategy in
the field of carbohydrate chemistry.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

D-Glucuronic acid (D-GlcA), its mono- and polysaccharide deriv-
atives are important natural compounds, widely distributed in
animals and plants.1 Besides, synthetical D-GlcA derivatives find
numerous applications in bioactive molecules development,2

material sciences,3 and as surface-active agents.4 D-Glucuronic acid
contains both carboxylic acid and hydroxyl moieties, which are
suitable targets for performing synthetical modifications.5 Never-
theless, the regioselective synthesis of well-defined glucuronic
acid-containing compounds is usually fastidious and time-
consuming.6 Indeed, as O-glycosidation and esterification are com-
petitive, unprotected D-GlcA undergoes many transformations
when chemically coupled with alcohols under acidic conditions
(Scheme 1). As a consequence, implementation of straightforward
chemical strategies for the obtention of tautomerically and ano-
merically pure uronic acid derivatives from O-unprotected acidic
sugars remains actually a particularly challenging task.

On the other hand, since the Letters of Gedye et al.7 and Gigure
et al.8, the application of microwaves (MW) as a non-classical heat-
ing technique has gained special attention. In recent years, indeed,
a plethora of publications has illustrated the effectiveness of
microwave heating in many different types of organic synthesis,
largely due to the frequently observed acceleration in reaction
rates, improved yields and enhanced selectivities.9 Nevertheless,
to the best of our knowledge, there is only one Letter dealing with
chemical modifications of D-GlcA accelerated by microwaves.10

Thus, Rat and co-workers disclosed on the synthesis, mediated by
homogeneous acid catalysts (i.e., H2SO4 or Lewis acids), of a range
of alkyl GlcA derivatives in less than 10 min at 60–85 �C. This sol-
vent-free approach, relying on esterification and/or glycosydation
ll rights reserved.
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of D-GlcA or its O-protected 6,1-lactone, illustrates how the nature
of the acid promoter can be used to tune the chemoselectivity of
the reaction.

We herein evaluate the replacement of these soluble catalysts
by recyclable heterogeneous acid systems in order to develop a
truly eco-friendly green process.11,12 In this context, we lay empha-
sis on acids impregnated on inorganic oxide supports (viz. silica gel
or mesoporous silica), including cost-effective sulfuric acid loaded
on porous silica (H2SO4/SiG60)13,14 and silica-supported Keggin
type heteropolyacid.15 These entities present favourable thermal
and mechanical properties and provide good dispersion of active
sites, leading generally to improvement in reactivity and reaction
selectivity.16 Moreover, these supported acids usually offer conve-
nient work-up advantages as they can be conveniently removed at
the end of the reaction by simple filtration, avoiding the need for
neutralisation and resulting salt formation, and thus minimising
wastes.17

This work is aimed at illustrating for the first time the micro-
wave-assisted ‘one-pot’ functionalisation of totally unprotected
D-GlcA with alkyl alcohols in the presence of various impregnated
solid acids. Due to the lack of previous works, our approach was
rather exploratory. The scope and limitations of using such heter-
Furanose and    
    pyranose

Scheme 1.

http://dx.doi.org/10.1016/j.tetlet.2009.12.065
mailto:a.richel@ulg.ac.be
mailto:richel.a@fsagx.ac.be
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet


O
HO

HO OH
OH

OH
O

O

OH

O

O

OMe

OH

O

OH

O

O

OH

OH
CH3OH

Catalyst

1 (α,β) 2 (α,β)
Minor

+
Microwave

Scheme 2.

Table 1
Microwave-assisted reaction of D-glucuronic acid with methanol in the presence of
various solid acid catalystsa

Catalyst D-GlcA conversion (%) 1 Yield (%)b (a:b)c

None — —
SiG60 m m
MCM-41 17 5 (50:50)
35 wt % H2SO4/SiG60

d 88 83 (10:90)
50 wt % H2SO4/SiG60 86 79 (5:95)
70 wt % H2SO4/SiG60 74 62 (5:95)
H2SO4

e 67 52 (40:60)
35 wt % H2SO4/MCM-41 32 9 (20:80)
35 wt % H3PO4/SiG60 27 24 (10:90)
35 wt % HPWA/SiG60 62 50 (15:85)
35 wt % HPWA/MCM-41 70 68 (50:50)

a Reaction conditions: GlcA (200 mg, 1.03 mmol), MeOH (0.25 mL, 6 equiv) and
the catalyst (50 mg) were introduced in a 10 mL microwave reaction vial and
irradiated, under agitation, at 85 �C, during 10 min, and with a maximum power of
80 W.

b Isolated yields of pure anomeric mixtures. m stands for minute amounts.
c Anomeric compositions of reaction mixtures were determined by 1H NMR

spectroscopy.
d Corresponding to 0.1 equiv of pure H2SO4
e GlcA (200 mg, 1.03 mmol), MeOH (0.25 mL, 6 equiv), H2SO4 96% aqueous

solution (0.1 equiv).
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ogeneous catalysts are therefore discussed in terms of activity, che-
moselectivity and catalyst recycling initiatives.

2. Results and discussion

Optimisation of reaction conditions was achieved, using a CEM
Discover reactor, for the benchmark functionalisation of D-glucu-
ronic acid (D-GlcA) by methanol promoted by H2SO4/SiG60

(35 wt %�) (Scheme 2).10 Our results allowed us to identify that a
temperature of 85 �C at a maximum microwave power of 80 W
associated with a runtime of 10 min were the most effective reaction
conditions for the nearly quantitative transformation of 200 mg of
GlcA into 1 in the presence of 50 mg of 35 wt % H2SO4/SiG60 (see
Supplementary data S1). Compared to previous works, this approach
gives higher yields (reaching up to 85%) and better anomeric selec-
tivities (a:b � 10:90) can be attained using an impregnated catalyst
under microwave conditions.6c,10

2.1. Synthesis of methyl D-glucofuranosidurono-6,3-lactone
promoted by various solid acid catalysts

These preferred experimental conditions were afterwards used
for the microwave-assisted reaction of D-GlcA with methanol cata-
lysed by a diverse set of impregnated catalysts. We anticipated that
H3PO4 and 12-tungstophosphoric acid (HPWA), impregnated on sil-
ica or onto siliceous MCM-41, could likewise be suitable promoters
for this microwave-mediated reaction. Indeed, these solid acids
present main attractive features, namely their strong acid character
combined with the ability of the silica surface to adsorb reactants
and to absorb microwave energy,12b,18 leading to an increase in local
concentration and probable reaction rate enhancement.

2.1.1. Catalytic tests under microwave exposure
When using impregnated species (listed in Table 1) as catalysts,

the reaction proceeded in most cases rapidly (less than 10 min) to
afford the corresponding methyl D-glucofuranosidurono-6,3-lac-
tone 1, predominantly as the b anomer.19 However, a noticeable
difference in reaction yields was recorded depending on the pro-
moter used. H2SO4/SiG60 with an acid loading of 35 wt % was found
to be one of the most active and efficient catalyst of the series,
proving 83% isolated yield of the corresponding methyl D-glucof-
uranosidurono-6,3-lactone 1. For the sake of comparison, when
phosphoric acid was impregnated in the same way on silica gel,
the yield of isolated product 1 was substantially lower and did
not exceed 24%. A higher sulfuric acid loading (50 or 70 wt %) on
the oxide support did not improve the performance in the reaction.
Indeed, a slight unfavourable effect over the yield was recorded.
This decrease in yield suggested that, despite increasing H2SO4

loadings, fewer catalytic sites are accessible for the reactants if
the reaction takes place actually on the surface of the catalyst (or
by dissolution in the supported H2SO4) rather than by dissolved
sulfuric acid.18 Noteworthy, even if 1b was the major product
� Expressed as pure H2SO4 based on the total catalyst weight.
formed, unexpected D-glucuronic acid c-lactone 2 (10%) was de-
tected as a side-product. This by-product was identified unambig-
uously by comparison with an authentic commercial sample. For
comparison, reference reaction performed using only liquid sulfu-
ric acid (0.1 equiv), that is, without oxide carrier, was otherwise
sluggish and afforded 1 in 52% yield and in a a:b ratio of 40:60.
Herein, D-glucuronic acid c-lactone 2 was also recovered in more
than 10% yield. This finding suggested the superiority (in terms
of activity and anomeric selectivity) of silica gel-impregnated sul-
furic acid over its homogeneous counterpart. On the other hand,
the control experiment without sulfuric acid did not afford a signif-
icant conversion of D-GlcA and more than 95% of the initial uronic
acid remained after microwave exposure. In the same way, the
mesoporous molecular sieve (MCM-41) without H2SO4 exhibited
practically low catalytic activity.

When impregnating the mesoporous MCM-41 with sulfuric
acid, the yield of 1 was undoubtedly strongly affected compared
to the reaction catalysed under the same conditions by 35 wt %
H2SO4/SiG60. Indeed, isolated yield of 1 was down to ca. 9% com-
pared with 83% under identical conditions using sulfuric acid
impregnated on silica gel. Once again, a significant amount (about
20%) of D-glucuronic acid c-lactone 2 was detected in the crude
mixture. This lowest yield of adduct 1 may probably be correlated
to the diffusion-limited process of the reactants and products with-
in the mesopores of the catalyst support. When using a Keggin type
heteropolyacid (H3PW12O40) in its supported version, results were
quite satisfactory, providing the target methyl D-glucofuranosidur-
ono-6,3-lactone in 50–70% yield. In this case, the recourse to a
mesoporous oxide support induced a slight beneficial effect over
the yield and afforded the methyl adduct 1 as an anomeric mixture
in a 50:50 a:b ratio.

2.1.2. Comparison with conventional heating
In order to appreciate a potential beneficial effect played by the

microwave heating, some comparative tests were conducted using
a thermostated bath under otherwise identical conditions of con-
centrations and temperature, except that the reactions were per-
formed in sealed tubes, which were immersed in an oil bath at
85 �C (Table 2).

Again, the control experiments without supported solid acids or
only in the presence of silica gel or MCM-41 indicated no trace of
expected methyl D-glucofuranosidurono-6,3-lactone 1 and almost



Figure 1. TGA, under flowing argon, of freshly conditioned 35 wt % H2SO4/SiG60

before (a) and after (b) microwave-assisted reaction between D-GlcA and methanol.
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Table 2
Thermally-driven reaction of D-glucuronic acid with methanol in the presence of
various solid acid catalystsa

Catalyst D-GlcA conversion (%) Isolated yieldb (%)

1c (a:b) 2c (a:b)

None m — —
SiG60 m — m
MCM-41 m m m
35 wt % H2SO4/SiG60 69 m 68 (20:80)
50 wt % H2SO4/SiG60 73 m 72 (20:80)
70 wt % H2SO4/SiG60 82 m 80 (20:80)
35 wt % H2SO4/MCM-41 76 30 (10:90) 45 (20:80)

a Reaction conditions: GlcA (200 mg, 1.03 mmol), MeOH (0.25 mL) and the cat-
alyst (50 mg) were heated under agitation at 85 �C for 10 min using a thermostated
oil bath. Conversions are based on D-GlcA and were estimated by 1H NMR, directly
on crude sample after reaction.

b Isolated yields of pure anomeric mixtures. m stands for minute amounts.
c Anomeric compositions of reaction mixtures were determined by 1H NMR

spectroscopy.
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all initial D-GlcA was recovered at the end of each experiment.
When using sulfuric acid impregnated on silica gel, results were
quite the opposite of those obtained previously under microwave
heating. Indeed, although D-GlcA conversions were satisfactory
and reached up to 70%, formation of the corresponding methyl-D-
glucurono-6,3-lactone was negligible. On the other hand, D-glucu-
ronic acid c-lactone 2 was systematically isolated as the major
product with an anomeric ratio (a:b) of 20:80. Furthermore, when
using H2SO4 trapped onto MCM-41 as the catalyst, the desired ad-
duct 1 (a:b = 10:90) was obtained in 30% yield, together with sig-
nificant amount (45% yield) of D-GlcA c-lactone 2 (a:b = 20:80).
These results demonstrate how microwaves, in combination with
our home-made impregnated catalysts, can be profitably used to
tune the chemoselectivity of the transformation of totally O-
unprotected D-glucuronic acid in a methanolic solution. Indeed,
whilst D-GlcA c-lactone 2 was the major product isolated after
reaction under thermally-driven conditions, methylated glucofura-
nosidurono-6,3-lactone 1 was the main product detected after
microwave exposure.

2.1.3. Stability and reusability of H2SO4/SiG60 for microwave-
assisted reactions in methanol

Even if sulfuric acid trapped on silica gel was claimed to be an
efficient promoter for several literature-known catalysed transfor-
mations in polar solvents (including alcohols),14 the stability of this
catalyst during processes, and in particular in ‘water-generating’
reactions, was faintly addressed.

Herein, we decided to launch a systematic study concerning the
fate of two distinct catalysts, namely 35 wt % H2SO4/SiG60 and
35 wt % HPWA/MCM-41, during the microwave-assisted conver-
sion of D-GlcA into its corresponding substituted 6,3-lactone 1 in
methanol. Complementarily, we decided to assess the reusability
of these solid catalytic species in consecutive batch reaction tests.
In this way, each catalyst was carefully recovered at the end of the
first microwave-assisted reaction by filtration through a glass frit.
The recovered catalyst was then subsequently dried under static
air at 120 �C (or 160 �C) before being reused again for a second
run as described above (reaction conditions as in Table 1).

Thermogravimetric analyses, achieved under inert atmosphere,
of 35 wt % H2SO4/SiG60 before and after reaction between D-GlcA
and MeOH revealed two distinct weight losses (Fig. 1). The first
weight change was associated with desorption of water onto silica,
whilst the second at about 260 �C matched with the desorption of
sulfuric acid.20 Before reaction, the weight loss associated to the
desorption peak at 260 �C represented 34% (based on total sample
weight). After a first reaction, the value of the weight loss de-
creased significantly and reached only 25.9%,21 evidencing a pro-
gressive leaching of H2SO4 into the reaction medium. In addition,
the activity of the catalyst was, as expected, slightly affected as
67% of methyl D-glucofuranosidurono-6,3-lactone 1 (a:b = 25:75)
were isolated after the second run (vs 83% after the first run). In
parallel, c-glucurono-lactone 2 was detected as a minor side-prod-
uct (see also Supplementary data S2 for the stability and reusabil-
ity of HPWA/MCM-41).

2.2. Reaction between D-glucuronic acid and various alkyl
alcohols catalysed by 35 wt % H2SO4/SiG60

In order to ascertain the applicability of the microwave-assisted
protocol elaborated in our first sets of trials, we decided to extend
our investigations to the reaction between D-glucuronic acid and
various alkyl alcohols (Scheme 3). Reactions under solventless con-
ditions were achieved in the presence of 35 wt % H2SO4/SiG60 se-
lected as the solid-phase promoter (Table 3).22

Reaction between totally O-unprotected D-glucuronic acid and
linear alcohols of the general formula CH3(CH2)nOH (n = 3, 5, 7),
under microwave conditions, resulted in the almost quantitative
and clean formation of the corresponding alkyl D-glucofuranosi-
durono-6,3-lactones 3–5, obtained with high diastereoselectivities
(a:b = 10:90). In each case, the formation of 2 was insignificant.
Furthermore, no trace of disubstituted adducts were recovered.
For comparison, treatment of D-GlcA with n-butanol in the pres-
ence of H2SO4/SiG60, using a thermostated oil bath as the heating
source, led to the isolation of butyl D-glucofurosidurono-6,3-lac-
tone 3 (a:b = 5:95) in only 48% yield after 10 min. When perform-
ing thermally-driven reaction with n-octanol, conversion of D-GlcA
was in this case negligible, glaringly evidencing a real advantage of
microwaves over conventional heating method.

When using n-dodecanol, the result was somewhat less satis-
factory and yield reached only 62% after 10 min. This limitation
in yield is mainly due to decomposition, by browning reaction, of
the initial D-glucuronic acid in the early stage of the microwave-as-
sisted process. This result is however quite noteworthy when com-
pared with results from previous classical experiments in an oil



Table 3
Microwave-assisted reaction between D-GlcA and various alcohols in the presence of
35 wt % H2SO4/SiG60

a

ROH Overall yieldb (%) Ratioc (a:b)

MeOH 83 10:90
CH3(CH2)3OH 98 10:90
CH3(CH2)5OH 96 10:90
CH3(CH2)7OH 97 10:90
CH3(CH2)11OH 62 (68d) 10:90 (20:80d)
(CH3)2CHOH 87 5:95

a Reaction conditions: GlcA (200 mg, 1.03 mmol), ROH (5 equiv) and the catalyst
were irradiated under agitation at 85 �C for 10 min, with a maximum power of
80 W.

b Isolated yields of pure anomeric mixtures.
c Anomeric compositions as determined by 1H NMR.
d Reaction performed in tert-butanol used as the solvent.
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bath involving harsh reaction conditions (i.e., BF3�OEt2 under inert
atmosphere) and/or extended reaction time (several days when
reaction was catalysed by FeCl3).6a,c Complementarily, reaction
carried out in the presence of tert-butanol as the solvent yielded
68% of the corresponding dodecyl-D-glucofuranosidurono-6,3-lac-
tone 6, evidencing that the addition of a theoretical well-adapted
microwave solvent was not a prerequisite.

When switching from linear alcohols to anhydrous isopropanol,
the corresponding monosubstituted lactonic compound 7 was ob-
tained in 87% yield. In order to study the stability of the catalyst
during this microwave-assisted reaction, thermogravimetric analy-
ses were performed before and after the microwave experiment.
The leaching of H2SO4 during the microwave test was less pro-
nounced than when the catalyst was immersed in methanol (see
Supplementary data S3). In this present case, the weight changes
(associated to the desorption of sulfuric acid) estimated before
and after microwave-assisted synthesis were not so dissimilar
and reached 34.05% and 33.63%, respectively. This observation
was quite encouraging and aimed to prove the efficient recovery
of our impregnated catalyst when working with anhydrous
alcohols.

3. Conclusion

In summary, we have described a detailed optimisation proce-
dure for the microwave-assisted synthesis of various alkyl D-glu-
cofuranosidurono-6,3-lactones. This one-step protocol involves
direct coupling between totally O-unprotected D-GlcA and alcohols
in the presence of cost-effective impregnated acids as the hetero-
geneous catalysts. Faced with environmental concerns, this sol-
ventless methodology offers attractive features, including short
reaction times, high yields, easy set-up and work-up. To our opin-
ion, this simple method could open new vistas for the preparation
of high value uronic acid-based compounds that could be ex-
panded to large scale production.
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introduced together in a specific 10 mL microwave vial. The vial was next
placed in the microwave cavity and irradiated under stirring. Control of the
temperature during the experiment was assigned by an infrared detector. For
classical thermally driven reactions, the reactions were performed under
agitation in a thermostated oil bath. After heating, the crude mixture was
filtrated to eliminate solid acid catalyst and then chromatographed on silica
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gel. Spectral and physico-chemical data for 1, 3 and 4–6 (a,b) are proposed in
Supplementary Data S4. i-Propyl D-glucofuranosidurono-6,3-lactone 7: White
solid (recrystallised in CHCl3); mp 110–112 �C (decomp.). IR (KBr) m 3440 cm�1,
2976 cm�1, 1755 cm�1. Compound 7b: TLC (EtOAc/n-hexane 1/1 v/v): Rf 0.11.
1H NMR (600 MHz, D2O) d 5.17 (s, 1H, H-1), 4.88 (m, 2H, H-3, H-4), 4.59 (d, 1H,
J4,5 6.6 Hz, H-5), 4.21 (s, 1H, H-2), 3.87 (m, 1H, OCH(CH3)2), 1.17 (d, 6H,
OCH(CH3)2). 13C NMR (D2O) d 177.23 (C@O), 107.66 (C-1), 83.79 (C-3), 76.79
(C-4), 76.69 (C-2), 69.03 (C-5), 64.25 (OCH(CH3)2), 23.59 (OCH(CH3)2).
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