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Acid zeolites as catalysts offer unique achievements in the carbohydrate field allowing regio- and stere-
ocontrolled reactions, mainly related to their shape-selective properties. Moreover, these materials are
environmentally safe and easy to handle, contributing to clean and sustainable procedures in carbohy-
drate transformations. The scope of this review is to summarize the most significant applications of these
heterogeneous catalysts in carbohydrate chemistry, notably in mediating key transformations such as
glycosylation, sugar protection and deprotection, hydrolysis and dehydration, highlighting the exciting

lites
arbohydrates results that the use of zeo

. Introduction

Many transformations in carbohydrate chemistry require acid
atalysis and zeolites, as heterogeneous catalysts, can serve as
n environmental friendly alternative to the traditional chemi-
al synthetic routes. The range of well-defined zeolites available,
nd their advantages as easily recovered, and reusable materi-
ls, has prompted to their application, contributing to green and
ustainable procedures for the conversion of carbohydrates. Fur-
hermore, the shape-selective properties of zeolites, which can be
sed to avoid the formation of undesired products, allow stereo-
nd regioselective reactions, a challenge for the transformation of
ultifunctional molecules such as carbohydrates.
In the last few years major advances have been described

ddressing the use of zeolites as promoters in classical and key steps
or the derivatisation of sugars. The present review summarizes
he results reported on the reactions promoted mainly by acid zeo-
ites in the carbohydrate field, covering both early work and recent
evelopments in this area.

. Overview of the use of zeolites in organic synthesis

It is not our intention to cover structural aspects of zeolites and
heir applications in organic chemistry, as a number of excellent
eviews and books have already been published [1,2]. Instead, in

his section, we emphasize the reasons which make them of inter-
st in organic synthesis. These microporous crystalline materials,
hich possess a characteristic aluminosilicate framework, arranged

y [SiO4] and [AlO4]− tetrahedra that are linked by oxygen bridges,
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have been widely used as environmentally safe catalysts in the
synthesis of organic compounds.

There are several characteristics that make zeolites unique
materials among other solid catalysts. Their regular size cavities,
i.e. pore apertures, channels and cages, whose dimensions can fit
molecule shape, may provide selectivity for reactants, products and
transition states. That allows only molecules of appropriate dimen-
sions to enter the zeolite cavity, to diffuse through the pores, with
the stabilisation of one transition state over another. Size restric-
tions inside the zeolite cavities may also contribute to the stereo-
and regiocontrol of some organic transformations performed over
these materials. Other important feature is their adsorption prop-
erties, which enable reactants to be differently or preferentially
adsorbed onto the zeolite. However, one of the major issues from
the environmental point of view is that zeolites possess both
Brønsted and Lewis acidity, replacing and avoiding thus the use
of less environmentally acceptable acid catalysts such as AlCl3,
H2SO4, in organic transformations. Their acidity can be modulated
by changing the aluminosilicate framework, and a vast range of
zeolites with different acid strengths are known.

From the main zeolite-mediated organic reactions we can
underline the electrophilic aromatic substitution, namely Friedel–
Crafts alkylation or acylation [3a,b], processes that have been
used for the synthesis of important intermediate organic com-
pounds. An elucidative example is the regioselective p-acylation
of toluene with acetic anhydride over HBEA zeolites, which
affords p-methylacetophenone in nearly quantitative yield [3b].
The Mobil-Badger process [4], used for the production of ethyl-
benzene from benzene and ethylene, is a typical zeolite-catalysed

Friedel–Crafts alkylation, providing the precursor for styrene (and
hence polystyrene) manufacture.

Zeolites have been described as efficient catalysts for ben-
zyl ether deprotection [5], acetal hydrolysis [6], stereoselective
dehydration of aliphatic, aromatic, and heteroaromatic 2-hydroxy-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:aprauter@fc.ul.pt
dx.doi.org/10.1016/j.molcata.2009.01.003
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itroalcohols to give only (E)-nitroolefines [7] and for the
ransesterification of �-keto esters with a variety of alcohols [8],
o cite a few examples of their useful applications.

Moreover, zeolites proved to be valuable catalysts of a number
f isomerisations and skeletal rearrangements. The isomerisa-
ion of xylenes and butenes and the Beckmann rearrangement of
etoximes to lactams [9] are two important industrial processes
n which zeolites have been employed. Other acid-catalysed reac-
ions such as the Fries rearrangement of phenyl esters to o- and
-acylphenols [10], the Claisen rearrangement of allyl aryl ethers
11] and the rearrangement of epoxides to aldehydes or ketones
12] have been performed with zeolites.

There are several reactions in carbohydrate chemistry which
equire acid catalysts such as most of the O-glycosylation meth-
ds or the synthesis of sugar acetals, namely O-isopropylidene
erivatives and their cleavage. Zeolites have been employed as mild
lternative heterogeneous acid catalysts for some of these trans-
ormations. In the following sections, we will focus on the most
ignificant of these approaches.

. Zeolites in carbohydrate chemistry

Separation of carbohydrates using zeolites has been developed
y Wortel and van Bekkum [13] and Buttersack et al. [14a] and these
aterials continue to be very helpful for the purpose [14b]. Zeo-

ites were employed to produce fine chemicals from carbohydrates
n 1994 [15] and first reported to mediate transformations in car-
ohydrate chemistry in 1995 [16]. In 2002 Moreau revised the use
f zeolites for food and non-food transformations of carbohydrates
17]. We now focus on the main zeolite-catalysed approaches and
nclude the latest findings in the field.

.1. Glycosylation

The first glycosylation reaction was reported more than a hun-
red years ago by Fischer [18]. It involves the direct mineral
cid-catalysed acetalation of a sugar with an alcohol. This proce-
ure has become a mainstay of carbohydrate chemistry. Meanwhile
everal approaches have been developed for the synthesis of gly-
osides, namely with the use of Lewis acid catalysts. Due to
he biological significance of glycoconjugates, glycoside synthe-
is became a main area of research and was previously reviewed
19].

In 1996 Corma et al. [20a] reported the preparation of butyl gly-
osides in very good yield by Fischer glycosylation using zeolites as
atalysts and avoiding the main draw back of this reaction, which is
he formation of oligomeric species. Kinetic experiments indicated
hat the catalytic activity relied on the zeolites Brønsted acid sites
nd confirmed that the mechanism is identical to that commonly
ccepted for Fischer type glycosylation, that is formation of an open
hain hemiacetal followed by nucleophilic cyclisation from the C-
hydroxyl group resulting in the kinetic glucofuranosides (2a,b)

ollowed by a slow ring expansion to the corresponding butyl glu-
opyranosides (3a,b) (Scheme 1). Different zeolites were screened
n order to find out the most appropriate one with respect to activity
nd selectivity. When increasing the amount of H+ in NaHY zeo-
ites, their activity increased exponentially indicating that not all
cidic sites are equally active for the Fischer glycosylation of d-
lucose, but mainly those with medium and high acidic strength.
eolites with different topologies were also investigated for the
ame reaction, namely modernite, HY-100, H-Beta and ZSM-5, and

he best results were achieved using the large pore tridimensional
-Beta zeolite. Moreover, the crystal size and Si/Al ratio of the lat-

er zeolite were shown to affect reactivity and selectivity of this
eaction [20b]. Crystallite size equal or below 0.35 �m proved to
ive the maximum effectivity, while a higher selectivity for the
alysis A: Chemical 305 (2009) 84–89 85

furanoside form was found by increasing this parameter above
0.35 �m.

The same group [21] investigated the direct transacetalation of
the previously described mixture of butyl glucofuranosides (2a,b)
and glucopyranosides (3a,b) by reaction with octanol or dodecanol
in the presence of H-Beta zeolite. Parameters such as tempera-
ture, molar ratio of the reactants, Si/Al ratio and consequently
hydrophilic character of the zeolite were evaluated. Moreover, the
direct reaction of d-glucose with long-chain alcohols was suc-
cessfully achieved suggesting a possibility for the commercial
application of zeolites in the preparation of long-chain alkyl gluco-
sides particularly interesting as non-ionic surfactants for cosmetics,
food emulsifiers and detergents [22].

Chapat et al. [23] reported the synthesis of butyl d-glucosides
over dealuminated HY faujasites by acetalation of d-glucose with
n-butanol. The time dependence of the products concentration
showed that butyl d-glucofuranosides are the kinetic products of
the reaction, which concentration decreases with time to give the
thermodynamically more stable butyld-glucopyranosides in agree-
ment with the results of Corma et al. [20a].

O-Glucosylation of 1,2-anhydro sugars in the presence of cyclo-
hexanol was achieved using different zeolites such as HM, HY and
NaY. Zeolite HY with an intermediate acidity proved to be the most
effective catalyst, resulting exclusively in the desired �-glucoside
in 79% yield [24].

Our group reported the first Fischer-type glycosylation of N-
acetyl-�-d-galactosamine (GalNAc) with methanol catalysed by
zeolites [25]. The large and medium pore zeolites HY, HZSM-
5 and HBEA were investigated and zeolite HY (Si/Al ratio 3.1)
was the most efficient catalyst, leading to the highest yield of
methyl �-galactofuranoside (4), isolated as its acetylated (5) or iso-
propylidene (6) derivatives (Scheme 2). The results indicate that
with large pore zeolites, the reaction efficiency depends upon
the concentration of the zeolite acid sites and its hydrophilicity.
However, the best regioselectivity for �-galactofuranoside versus
�-galactopyranoside was obtained with the medium pore zeolite
HZSM-5, which also led to the optimal conversion, suggesting that
both the zeolite pore size and topology are determinant for this
reaction.

Preparation of fully acetylated aryl glycosides using sugar per-
acetates as donors and Lewis/Brønsted acids as catalysts was first
reported by Helferich and Schmitz-Hillebrecht in 1933 [26]. Aryl
glycosides find applications as chromogenic substrates for glycosi-
dases [27] as well as inhibitors of carbohydrate–lectin interactions
[28]. Zeolites, namely H-Beta zeolite, were first used as catalysts
for sugar per-O-acetylation by Bhaskar et al. [29] and the lat-
ter proved to be highly efficient, probably due to its greater acid
strength and larger pore size, as well to its channel intersections.
Therefore, Aich and Loganathan [30] tested the feasibility of H-Beta
zeolite-catalysed Helferich glycosylation using �-d-glucose and �-
d-galactose pentaacetates as donors and a variety of phenols as
acceptors. Aryl 2,3,4,6-tetra-O-acetyl-�-d-glycopyranosides were
obtained in reasonable yield ranging from 36% to 46% together with
the corresponding aryl 3,4,6-tri-O-acetyl-�-d-glycopyranosides.
These Helferich-type glycosylation by-products were obtained in
23–28% yield, quite a good yield when compared to that obtained
by multi-step methodologies which give a maximum overall yield
of 12% for the same type of compounds. These partially protected
products are of interest for the synthesis of 2-deoxy, 2-azido and
2-deoxy-2-halo glycosides. Moreover, the same authors reported
recently [31] the use of different forms of Beta-zeolites (H-Beta,

Na-Beta, Fe-Beta and Zn-Beta) as catalysts for the synthesis of
several long-chain alkyl glycopyranosides under solvent free con-
ditions. Hence, glycosylation of penta-O-acetyl-�-d-galacto- and
glucopyranoses with cetyl, dodecyl, octyl and 2-ethylhexyl alcohols
afforded the alkyl 2,3,4,6-tetra-O-acetyl-�-d-pyranosides as major
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Scheme 1. Formation of butyl glycosides by acid zeolite-catalysed Fischer glycosylation.
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Scheme 2. Fischer glycosylation

roducts and 3,4,6-tri-O-acetyl-�-d-pyranosides as secondary
roducts, as previously obtained for H-Beta zeolite-catalysed
elferich glycosylation. It was shown that Fe-Beta zeolite was the
ore efficient catalyst for this type of reactions, leading to the most

fficient methodology for the synthesis of acetylated alkyl 1,2-cis-
-hydroxyglycopyranosides.

2,3-Unsaturated glycosides are valuable synthetic intermediates
nd constitute the structural units of several antibiotics. Allylic rear-
angement of 1,5-anhydro-1,2-dideoxy-1-enitols (glycals) in the
resence of a nucleophile, known as the Ferrier rearrangement,
enerally leads to the formation of 2,3-unsaturated glycosides [32].
ur group reported the synthesis of O- and S-glycosides by reaction
f 3,4,5-tri-O-benzyl-d-glucal with different O- and S-nucleophiles
Scheme 3) promoted by zeolites. HY zeolite was the most effective
atalyst leading exclusively to the corresponding 2,3-unsaturated
- and S-�-glycosides in moderate yield, expanding the synthetic
se of the Ferrier rearrangement to benzyl-protected compounds
25,33].

Hydrolysis of glycosides was also shown to be efficient in the
resence of H-form zeolites such as dealuminated HY-FAU with a

i/Al ratio of 15 using water as solvent. Hydrolysis of methyl �-
nd �-d-glucopyranosides under these conditions led to the corre-
ponding glucopyranoses with a �/� ratio in the range of 5–6, while
or the same reaction under homogeneous catalysis the �/� ratio
s usually between 2 and 3. This increased rate of hydrolysis for the

Scheme 3. Ferrier rearrangemen
lNAc mediated by acid zeolites.

�-anomer was ascribed to the increase of stereoelectronic effects,
which takes place on a solid surface [34].

3.2. Sugar protection and deprotection

3.2.1. Acetonation of monosaccharides
Protection of 1,2- and 1,3-diols via formation of isopropyli-

dene acetals (or acetonides) is one of the most basic reactions
in synthetic carbohydrate chemistry [35]. The conventional pro-
cedure involves reaction of a sugar diol with acetone or with
2,2-dimethoxypropane, both in the presence of a Lewis or Brønsted
acid catalyst under anhydrous conditions. The catalysts employed
include sulfuric acid [36], p-toluenesulfonic acid [37], camphor-
sulfonic acid [38], anhydrous zinc chloride/phosphoric acid [39],
anhydrous copper(II) sulfate [40] or anhydrous aluminium chlo-
ride [41]. In 1995 our group reported the isopropylidenation
of various monosaccharides promoted by the HY zeolite [16].
When d-galactose (14) and l-arabinose (17) were used as start-
ing materials, major formation of the thermodynamically less
stable furanose isomers 15 and 18, instead of the expected

pyranose diacetonides 16 and 19, was observed (Scheme 4).
Acetonation of l-sorbose (20), under similar conditions, led to
the first synthesis of 1,2-O-isopropylidene-�-l-sorbopyranose (22)
along with the conventionally obtained diacetonide derivative 21
(Scheme 5).

t mediated by acid zeolites.
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Scheme 4. Acetonation of d-galactose and l-arabinose in the presence of HY zeolite.
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cheme 5. First synthesis of 1,2-O-isopropylidene-�-l-sorbopyranose by acetona-
ion of l-sorbose in the presence of HY zeolite.

.2.2. Acetylation of mono- and disaccharides
Acetylation is a very common method for the protection of

ydroxyl groups in organic synthesis [35a] and particularly in
arbohydrate chemistry [35c,d]. Acetylated sugars, namely per-
-acetylated monosaccharides, are important intermediates for

he synthesis of glycosides, oligosaccharides and glycoconjugates
35c,d,42]. In addition, the introduction of acetyl groups has been
practical method to facilitate the structural elucidation of nat-

ral products bearing saccharide moieties. This transformation is
ften performed using a large excess of acetic anhydride in pyridine,
hich acts both as a base and as a solvent [43]. Sometimes N,N-
imethylaminopyridine (DMAP) is added as co-catalyst to increase
eaction rates [44]. Other catalysts such as sodium acetate [45],
odine [46] and zinc chloride [47] (among a number of other Lewis
cids [48]) have been used.

Bhaskar and Loganathan investigated the per-O-acetylation of
ono-, disaccharides and methyl glycosides (23) with acetic anhy-

ride, over six different acid zeolites [29]. Among the catalysts
xamined (HY, HEMT, HZSM-5, HZSM-12, HZSM-22 and H-Beta)
he large pore zeolite H-Beta presented the best performance, with
he highest selectivity providing the formation of the acetylated
roducts (24) in good to excellent yield (Scheme 6).
Recently, Gonçalves et al. described the acetylation of glyc-
rol with acetic acid catalysed by different solid acids, including
eolites HZSM-5 and HUSY [49]. Although the conversion using
eolites was lower than the one observed using the other catalysts
Amberlyst-15, K-10 montmorillonite and niobic acid), major for-

cheme 6. Per-O-acetylation of monosaccharides and methyl glycosides with acetic
nhydride, in the presence of H-Beta zeolite.
Scheme 7. 5,6-Diols (28–30) obtained by selective deprotection of the terminal
acetonides of 25–27, respectively, using HBEA and HZSM-5 zeolites.

mation (79–83% yield) of the monoacetyl derivative at the primary
hydroxyl group was achieved.

3.2.3. Deprotection of di- and tri-O-isopropylidene sugar acetals
The selective hydrolysis of isopropylidene acetals, particularly

terminal ones in diacetonide sugar derivatives, has been broadly
reported [50]. The catalysts/reagents used include protic acids,
namely aqueous hydrochloric acid [50b], 60% aq acetic acid [50c,d],
aq trifluoroacetic acid [50e], and Lewis acids, such as BCl3 [50f,g].

Bhaskar et al. achieved the zeolite-catalysed selective hydrolysis
of terminal O-isopropylidene sugar acetals derived from d-glucose,
d-xylose, d-mannose, and d-mannitol [51]. HBEA and HZSM-5 zeo-
lites proved to be effective in promoting the selective cleavage of
the 3,5- or 5,6-O-isopropylidene group of the diacetonide derived
furanoses 25, 26 and 27 to afford the monoprotected derivatives 28,
29 and 30, respectively (Scheme 7). However only the HBEA zeo-
lite promoted the hydrolysis of the d-mannitol derived triacetonide
to the corresponding di- and monoacetonide derivatives, and no
conversion was observed in the case of HZSM-5 catalysed reaction.

3.3. Oxidation

Oxidation has been largely used in carbohydrate chemistry and
various procedures have been developed [35c,52]. This transfor-
mation can be achieved by chemical methods or by biochemical
processes including enzymatic catalysis, such as the oxidation of
glucose to gluconic acid [53], an intermediate in food and pharma-
ceutical industries.

Although homogeneous catalysts are often used in many oxi-
dation procedures, the use of heterogeneous catalysis in oxidation
of carbohydrate derivatives has proved a feasible alternative [54].
Hourdin et al. reported the Ruff oxidative degradation of aldonic
acids by titanium(IV)- and copper(II)-containing zeolites [55,56]. In
the case of the titanium-containing zeolites, the oxidative degrada-
tion of calcium d-gluconate to d-arabinose with hydrogen peroxide
was performed over EuroTS-1 (a small pore titanium-silicalite),
Ti-BEA and Ti-FAU [55]. Only the large pore zeolites were active,
even though the product was recovered in low yield (12–17%).
The titanium species present in the solution proved to be respon-
sible for the catalytic activity observed. Better arabinose yields
were obtained when the reaction was carried out in the presence
of copper(II)-containing zeolites. Different zeolite structures were

tested, including mordenite, LTL, BEA, MFI and faujasite. The lowest
conversion (37%) was obtained using the copper-containing mor-
denite zeolite, which may be due the monodirectional porosity
of this solid, causing limitation to the diffusion rate of the glu-
conate. The large pore zeolite BEA and the small pore zeolite MFI
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roved also to be very effective, although with the latter the reac-
ion efficiency seems to be more dependent on the presence of the
opper(II) cations in solution than on the porosity constrains of the
eolite. The best results (63% arabinose yield) were obtained when
opper(II)-exchanged faujasite was used as catalyst. The efficiency
f the reaction arises from the dissolution of Cu(II) cations from the
eolite.

. Application of zeolites for carbohydrate-derived raw
aterials

Carbohydrates are the main source of materials employed for
he production of products based on renewable resources, sucrose
nd starch being the two major supplies. Moreover, polysaccha-
ides such as inulin are gaining importance as a source of fructose.
any catalytic routes have been explored for the transformation

f biomass into fine chemicals and have been recently reviewed
57a,b]. In particular van Bekkum and Besemer [58] and Lichten-
haler and Peters [59] revised the application of carbohydrates as
aw materials for chemical industry.

Sorbitol can be obtained from starch-derived polysaccharides
sing ruthenium supported on acid Y-zeolite in the presence of H2.
he acid sites of the zeolite catalyse the polysaccharide hydrolysis
ielding transiently glucose, which is immediately hydrogenated to
orbitol on ruthenium [60].

Inverted sugar, which is a 1:1 mixture of glucose and fructose,
s usually obtained by hydrolysis of sucrose, and enzymes are the

ost used catalysts for this transformation on an industrial scale.
oreau et al. reported the hydrolysis of sucrose in the presence of H-

orm zeolites such as HBEA, HMFI, HMOR and HY-FAU. All catalysts
ed to the hydrolysis, and at the same time, they acted as specific
dsorbents of coloured by-products formed during the reaction.
ence, this proved to be an alternative methodology for the pro-
uction of colourless inverted sugars, HY-FAU (Si/Al = 15) being the
atalyst that offered a better balance between activity, selectivity
nd by-product formation [61]. H-form zeolites also proved to be
fficient for the highly selective production of glucose from insolu-
le cellulose. This mildly hydrothermal method can become one of
he key technologies for a future sustainable society using cellulose
iomass [62].

Drastic dehydration of carbohydrates leads to formation of furan
ompounds such as 2-furaldehyde (31) and 5-hydroxymethyl-2-
uraldehyde (32), (Scheme 8), which are essential intermediates
or the production of liquid alkanes and for manufacture of phenolic
esins [63a,b]. In addition, 5-hydroxymethyl-2-furaldehyde showed
ts importance as scaffold for the generation of disubstituted

uran derivatives, which are important components of pharma-
ologically active compounds [63b]. Moreover, derivatives such
s 2,5-bis(hydroxymethyl)tetrahydrofuran or 2-hydroxymethyl-5-
inylfuran can be used as starting materials in the preparation of
olyesters or epoxy resins, respectively [63b].

cheme 8. Dehydration of d-xylose and d-fructose to 2-furaldehyde (31) and 5-
ydroxymethyl-2-furaldehyde (32), respectively.
alysis A: Chemical 305 (2009) 84–89

Zeolites exhibit several advantages, when compared to catalysts
such as mineral acids or ion-exchange resins used for dehydra-
tion of fructose to give 5-hydroxymethyl-2-furaldehyde [15,63].
H-form mordenites with Si/Al ratio of 11 gave a higher conver-
sion rate of fructose. In addition, the highest selectivity (>90%) to
5-hydroxymethyl-2-furaldehyde, observed for H-mordenites with
low mesoporous volume, is related to shape selectivity proper-
ties within the bidimensional structure of these zeolites. These
results, presented by Moreau et al. [64], proved to be promising and
competitive with those previously reported and patented for dehy-
dration of fructose to 5-hydroxymethyl-2-furaldehyde on a pilot
scale. Moreover the same methodology was applied to the dehy-
dration of d-xylose to furfural and once again H-mordenite with
Si/Al ratio of 11 gave the highest selectivity when compared to that
achieved with different HY-faujasites [65].

Zeolites A (molecular sieves 3 ´̊A, 4 ´̊A and 5 ´̊A), whose pore
dimensions preclude absorption of molecules larger than water or
methanol, is typically used only as a water scavenger. Wiśniewski
and co-workers [66a,b] reported the thermal cyclodehydration of
pentitols (e.g. d-arabinol, d-ribitol and d-xylitol) and hexitols such
as galactitol,d-glucitol andd-mannitol performed over these mate-
rials in solvent free conditions to achieve monoanhydroalditols and
dianhydroalditols with retention or inversion of configuration of
the asymmetric carbons.

In order to prepare surfactants from biomass, Corma et al. [67]
made use of acid zeolites as catalysts of an innovative two-step
cascade route using sorbitol as starting material. Various zeolites
were employed namely H-Beta, mordenite and delaminated zeo-
lite ITQ-2 to promote the ketalization of sorbitol followed by direct
esterification with oleic acid. All the catalysts provided the selective
formation of monoesters in moderate to good yields. The activity
of the catalysts was ascribed to be dependent both on their acidity
and pore structure.

5. Conclusions

A significant number of research reports dealing with the appli-
cation of zeolites in synthetic carbohydrate chemistry have been
made during the last decade. The use of these materials in the
transformation of carbohydrates offers easy and environmentally
acceptable procedures, making them suitable catalysts particu-
larly for reactions requiring acidic conditions. In addition to these
aspects, their potential to direct stereo- and regioselective con-
trolled reactions opens the opportunity of developing new and
efficient approaches for accessing many important carbohydrate
derivatives. This review has demonstrated the progress that has
been made in this field, notably the employ of zeolites as cata-
lysts in glycosylation reactions, protection/deprotection of hydroxyl
groups or hydrolysis/dehydration of carbohydrate raw materials.
Nevertheless, development of new applications of acid zeolites in
carbohydrate chemistry remains a key challenge for selective, more
efficient and safer synthetic methodologies.

Zeolite unique features contribute to an exciting interplay of
chemistry, processes and products and these materials are also very
promising for large scale processes for the clean synthesis of fine
chemicals derived from carbohydrates.
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49] V.L.C. Gonçalves, B.P. Pinto, J.C. Silva, C.J.A. Mota, Catal. Today 133–135 (2008)

673–677.
50] (a) A.H. Haines, Adv. Carbohydr. Chem. Biochem. 39 (1981) 13–70;

(b) G.W.J. Fleet, P.W. Smith, Tetrahedron Lett. 26 (1985) 1469–1472;
(c) A.N. De Belder, Adv. Carbohydr. Chem. Biochem. 34 (1977) 179–241;
(d) J.S. Yadav, M.S. Chander, K.K. Reddy, Tetrahedron Lett. 33 (1992) 135–138;
(e) I. Redmann, M. Pina, B. Guyot, P. Blaise, M. Farines, J. Graille, Carbohydr. Res.
300 (1997) 103–108;
(f) K.C. Nicolaou, R.A. Daines, J. Uenishi, W.S. Li, D.P. Papahatjis, T.K. Chakraborty,
J. Am. Chem. Soc. 110 (1988) 4672–4685;
(g) Y. Venkateswarlu, R.S. Swamy, Tetrahedron Lett. 43 (2002) 7549–7552.

51] P.M. Bhaskar, M. Mathiselvam, D. Loganathan, Carbohydr. Res. 343 (2008)
1801–1807.

52] Robert Madsen, in: B.O. Fraser-Reid, K. Tatsuta, J. Thiem (Eds.), Glycoscience,
Chemistry and Chemical Biology, Oxidation, Reduction and Deoxygenation,
Springer Verlag, Heidelberg, 2008, pp. 179–225.

53] S. Ramachandran, P. Fontanille, A. Pandey, C. Larroche, Food Technol. Biotechnol.
44 (2006) 185–195.

54] P. Mäki-Arvela, B. Holmbom, T. Salmi, D.Yu. Murzin, Catal. Rev. 49 (2007)
197–340.

55] G. Hourdin, Catal. Lett. 69 (2000) 241–244.
56] G. Hourdin, A. Germain, C. Moreau, F. Fajula, J. Catal. 209 (2002) 217–224.
57] (a) P. Gallezot, Catal. Today 121 (2007) 76–91;

(b) A. Corma, S. Iborra, A. Velty, Chem. Rev. 107 (2007) 2411–2502.
58] H. van Bekkum, A.C. Besemer, Chem. Sust. Dev. 11 (2003) 11–18.
59] F.W. Lichtenthaler, S. Peters, C.R. Chim. 7 (2004) 65–90.
60] P.A. Jacobs, H. Hinnekens, EP 329,923 (1989).
61] C. Moreau, R. Durand, F. Aliès, M. Cotillo, T. Frutz, M.-A. Théoleyre, Ind. Crops

Prod. 11 (2000) 237–242.
62] A. Onda, T. Ochi, K. Yanagisawa, Green Chem. 10 (2008) 1033–1037.
63] (a) J.N. Cheda, J.A. Dumesic, Catal. Today 123 (2007) 59–70;

(b) C. Moreau, M.N. Belgacem, A. Gandini, Top. Catal. 27 (2004) 11–30.
64] C. Moreau, R. Durand, S. Razigade, J. Duhamet, P. Faugeras, P. Rivalier, P. Ros, G.

Avignon, Appl. Catal. A: Gen. 145 (1996) 211–224.
65] C. Moreau, R. Durand, D. Peyron, J. Duhamet, P. Rivalier, Ind. Crops Prod. 7 (1998)
95–99.
66] (a) M. Kurszewska, E. Skorupowa, J. Madaj, A. Konitz, W. Wojnowski, A.
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