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Abstract: Owing to their abundance in biomass and availability at a low cost, carbohydrates are 
very useful precursors for products of interest in a broad range of scientific applications. For 
example, they can be either converted into basic chemicals or used as chiral precursors for the 
synthesis of potentially bioactive molecules, even including nonsaccharide targets; in addition, there 
is also a broad interest toward the potential of synthetic sugar-containing structures in the field of 
functional materials. Synthetic elaboration of carbohydrates, in both the selective modification of 
functional groups and the assembly of oligomeric structures, is not trivial and often entails 
experimentally demanding approaches practiced by specialized groups. Over the last years, a large 
number of solvent-free synthetic methods have appeared in the literature, often being endowed 
with several advantages such as greenness, experimental simplicity, and a larger scope than 
analogous reactions in solution. Most of these methods are catalytically promoted, and the catalyst 
often plays a key role in the selectivity associated with the process. This review aims to describe the 
significant recent contributions in the solvent-free synthetic chemistry of carbohydrates, devoting a 
special critical focus on both the mechanistic role of the catalysts employed and the differences 
evidenced so far with corresponding methods in solution. 

Keywords: solvent-free reaction; carbohydrates; protecting-groups; glycosidations; regioselectivity; 
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1. Introduction 

Carbohydrates are molecules very abundant in nature owing to their high biomass content. In 
view of the urgent need to develop evermore greener and sustainable processes, a key scientific issue 
of current interest concerns valorization of the biomass as an alternative source to fossil feedstock 
and the recyclability of waste. In this frame, processes required for the chemical re-elaboration of 
bioderived products must conform to parameters of sustainability and greenness [1,2], and the 
development of reactions avoiding the use of toxic and hazardous organic solvents may provide a 
significant contribution to this goal. 

Carbohydrates are well-known for their involvement in several biological processes. Owing to 
the broad availability at a low cost, as well as the density of functional groups at defined stereo-
centers, they are ideal starting materials for the preparation of products of interest in a broad range 
of scientific applications. Sugars can indeed be convenient chiral precursors for the synthesis of 
potentially bioactive molecules [3–5], even including nonsaccharide targets [4], and there is also a 
broad interest in the potential of tailored sugar-containing structures in the field of functional 
materials [6]. The synthetic elaboration of carbohydrates, in both the selective modification of 
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functional groups and the assembly of oligomeric structures, is not trivial and often relies on 
experimentally demanding approaches practiced by specialized research groups [7–9]. Over the last 
years in the literature, an elevated number of solvent-free synthetic methods have appeared for the 
elaboration of sugars, which have often proved competitive; they can indeed be greener, 
experimentally simpler, and with a larger scope than analogous reactions in solutions. A large 
number of these methods are catalytically promoted, and the catalyst often plays a pivotal role in the 
selectivity associated with the process (regio-, chemo-, or stereoselectivity). This review aims to 
describe the significant recent contributions (from 2010) in the solvent-free synthetic chemistry of 
carbohydrates, devoting a special critical focus on both the mechanistic role of the catalysts employed 
and the differences evidenced so far with corresponding methods in solution.  

This review is organized in two general sections: in the first one (the largest), solvent-free 
reactions useful for the synthesis of oligosaccharides, glycoconjugates, or more in general, chiral 
products derivable from saccharide building-blocks are described; the latter section instead offers an 
overview of significant solvent-free transformations enabling either the degradation of biomass 
polysaccharides or the conversion of sugars into useful organic precursors. More in detail, the first 
part of the review will be dedicated to transformations aimed at selective re-functionalization of 
sugars, including protecting-group synthetic chemistry. The second one will be focused on 
glycosidation chemistry. The third part will describe solvent-free transformations useful for 
glycoconjugation reactions. The fourth part will summarize other reactions described for free sugars. 
The last section will be dedicated to the depolymerization of polysaccharides, as well as the 
conversion of sugars into derivatives for base-chemistry. 

2. Protecting-Group Chemistry and Selective Modification of Saccharide Hydroxyls 

2.1. Acylation Reactions 

The most described transformation of sugars is likely peracetylation, traditionally conducted 
with pyridine and acetic anhydride. In order to avoid the use of malodorous and toxic pyridine, 
several solvent-free procedures have been elaborated, based on a slight stoichiometric excess of liquid 
acetic anhydride (Ac2O) and a catalyst. This latter activates the electrophilic character of the acyl 
moiety of the Ac2O and can be either a protic/Lewis acid (more frequently) or a nucleophilic catalyst. 
Representative examples [10] of acetylation catalysts are: Dy(OTf)3 [11], Cu(ClO4)2 [12], iodine [13], 
silica sulfuric acid (SSA) [14,15], DABCO (1,4-diazabicyclo[2.2.2]octane) [16], diazepinium 
perchlorate [17], methanesulfonic acid [18], In(OTf)3 [19], Sm(OTf)3 [20], Sc(OTf)3 [21], sulfamic acid 
[22], and sulfonic acid functionalized nano γ-Al2O3 [23]. These approaches yield peracetylation 
products, which in turn, are precursors for the synthesis of useful building-blocks. 

Scheme 1. Solvent-free acetylation of sugars and examples of direct modifications thereof ([11] for 
path a; [12] for path b; [13], [24–27] for path c). 

Some of the above-mentioned methods can be compatible with a further selective transformation 
of the peracetylated intermediate, upon adjustment of experimental conditions in the reaction 
medium (Scheme 1). For example, the crude per-O-acetylated intermediate obtained with a minute 
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loading of Dy(OTf)3 (0.1% mol) and a slight excess of acetic anhydride can be submitted to the 
selective anomeric de-O-acetylation upon addition of methanol and a catalytic amount of both 
NaHCO3 and Dy(OTf)3 (5% mol overall for both) [11] (Scheme 1, path a). A preliminary removal of 
the residual amount of acetic anhydride under vacuo was found critical for good yields to be 
achieved. Another very useful application is the direct synthesis of thioglycosides, very useful 
glycosyl donors in oligosaccharide synthesis [7–9]; in the case of the Cu(ClO4)2-catalyzed acetylation, 
thioaryl glycosides can be directly obtained upon addition of the requisite thiophenol and excess 
BF3.OEt2 (2 equiv.) to the acetylation mixture, although a prolonged 48 h time is needed for this step 
[12] (Scheme 1, path b). Another useful synthetic process is the direct transformation of peracetylated 
products (from I2-catalyzed acetylations) [13] into glycosyl iodides, very versatile compounds 
amenable to a very large set of fast modifications [24,25] (Scheme 1, path c). Anomeric iodination can 
be accomplished upon addition of iodine and hexamethyldisilane (HMDS) [26], or iodine and 
triethylsilane [27]. With the former protocol, a further conversion in situ of the obtained glycosyl 
iodide into a thiomethyl glycoside is even described [26]. 

Another acetylation catalyst, silica sulfuric acid (SSA), proved useful in the microwave-assisted 
conversion of sialic acid methyl ester into the corresponding peracetylated intermediate, which 
undergoes a spontaneous elimination, yielding a 2,3-glycal featuring a carbon–carbon double-bond 
conjugated to the C-1 carbonyl [15] (Scheme 2). In this process, the catalyst plays a dual role: It 
promotes acetylation of hydroxy groups (activating acetic anhydride) and then promotes the release 
of the anomeric acetate (as acetic acid) necessary for the elimination. 

 
Scheme 2. Solvent-free one-pot acetylation/elimination of sialic acid methyl ester [15]. 

As already observed, solvent-free acetylations are typically described for saccharide per-O-
acetylations; however, in a few cases, it is even possible to conduct the regioselective partial 
acetylation of sugars by suitably adjusting the stoichiometry of acetic anhydride. With diazepinium 
perchlorate, acting as a mild acid activator of Ac2O [17], the acetylation of all free positions but the 
least reactive 4-OH is possible with a variety of precursors. With sulfamic acid (H3NSO3) [22], and 
with triethyl orthoacetate in place of Ac2O, the regioselective axial O-acetylation is, in turn, possible 
for a cis-diol incorporated into a pyranoside system (Scheme 3). 

 
Scheme 3. Regioselective axial acetylation of a sugar 1,2-cis diol via an orthoester intermediate [22]. 

This reaction proceeds with an initial solvent-free, acid-catalyzed ortho-esterification of the cis-
diol, upon exposure of the sugar to sulfamic acid and triethyl orthoacetate; subsequent addition of 
water to the mixture allows the acid-catalyzed orthoester ring opening, with concomitant acetylation 
of the axial position and regeneration of a free equatorial hydroxyl (Scheme 3). 



Catalysts 2020, 10, 1142 4 of 23 

 

Another interesting solvent-free approach for selective acylation of saccharide units was 
described in the frame of a study aimed at developing new emulsifiers generated from cationization 
of bio-based alcohols (mixtures of long-chain alcohols and alkyl glucosides) [28]. 

The key acylation step, a trans-esterification in this case, was conducted with betaine glycine 
butyl ester (Scheme 4), a cationic acylating agent prepared from the corresponding zwitterion via 
Fischer esterification with butanol and an excess of methanesulfonic acid. The trans-esterification was 
conducted at a moderately high temperature with NaHCO3 as the catalyst, and vacuum was applied 
to shift the equilibrium toward products. 

 
Scheme 4. Cationization of alkyl glucosides via transesterification with betaine glycine butyl ester 
[28]. 

These conditions led to a very high extent of cationization of the substrates, and NMR analysis 
evidenced (through detection of down-shifted signals at 1H NMR) the preferential esterification at O-
6 and O-3 glucoside positions. Interestingly, the solvent-free method of cationization proved viable 
also with oligosaccharide-based amphiphilic substrates. 

Selective acylation of sugars under solvent-free conditions was also described with enzyme 
catalysis. A study was focused on Novozym 435, Candida Antarctica lipase immobilized on an acrylic 
resin, and examined the synthesis of lauric acid esters with trehalose (nonreducing glucose-
disaccharide) and glucose. Lauric acid and the corresponding ethyl ester were shown to be viable 
acylating agents, and the optimal reaction temperature was found to be critically dependent on the 
nature of the sugar substrate, highlighting the importance of an amorphous physical state to reach 
optimal conditions for the solvent-free reactions on sugars [29]. In another solvent-free esterification 
protocol, the importance of micro-sized sugar particles for successful enzymatic acylations was 
evidenced, and the procedure was optimized through the implementation of a suitable bioreactor, 
allowing the high yielding preparation of sucrose and fructose oleic esters [30–34]. 

Mechanochemistry has enjoyed tremendous advances over the last years and represents a useful 
tool to be employed in solvent-free reactions [35,36]; significant applications have already been 
reported in synthetic carbohydrate chemistry and examples will be discussed throughout this review. 
The first one described herein is represented by the synthesis of sucrose esters through a K2CO3-
catalyzed trans-esterification with fatty acid methyl esters [37]. An especially interesting result of the 
investigation was the remarkable increase in the yields associated with a sand-milling pretreatment, 
which caused a reduction in the particle sizes and then a beneficial effect on the reaction kinetics. 

2.2. Acetalation Reactions 



Catalysts 2020, 10, 1142 5 of 23 

 

Acetalation is another popular protective option broadly exploited in carbohydrate chemistry 
and, more in general, in organic synthesis. Benzylidene and isopropylidene are indeed often used for 
protection of diol motifs present in the polyol sugar structures [38], and a high selectivity is frequently 
recorded but is dependent on multiple factors such as the nature of the substrate, acetalating agent, 
and catalyst, and the experimental conditions. A broad investigation was devoted to the development 
of experimentally simple solvent-free conditions to carry out the acetalation of sugars, and three 
alternative protocols were eventually developed [39]. In the first one (Scheme 5, left-hand path a), an 
unusual acid-catalyzed acetolysis approach was designed to promote activation of the requisite 
carbonyl component (aldehyde or ketone) through the transfer of its carbonyl oxygen to acetic 
anhydride, ultimately yielding acetic acid as a side product. As the activation of acetic anhydride also 
causes a competitive partial O-acetylation of saccharide alcohols, an in situ acetylation was added to 
the procedure in order to obtain all products in a peracetylated form. After a screening of several 
Lewis acids, the use of a minute loading (1%) of ytterbium (III) triflate provided the best performing 
catalytic condition to trigger acetolysis. 

 
Scheme 5. Three solvent-free approaches for acetal/ketal carbohydrate protection [39]. 

In the second approach (Scheme 5, path b), an aldehyde/orthoester combination was applied to 
generate in situ an active acetalating species. In this case, the deoxygenation of the carbonyl 
component, necessary for the condensation, is likely triggered by the generation of a cationic 
dioxonium species from the orthoester upon acid activation. After a screening of conditions, methyl 
orthoformate turned out to be the best performing orthoester, whereas camphorsulfonic acid (CSA) 
and ytterbium triflate served as the most efficient catalysts. 

In the last approach (Scheme 5, right-hand path c), the typically applied trans-acetalation 
mechanism was exploited in a solvent-free version, upon direct exposure of the sugar to the requisite 
dimethyl acetal or ketal in the presence of an acid catalyst. Under these conditions, protic 
camphorsulfonic acid (CSA) at 90 °C proved to be the best catalyst. 

These methodologies offered interesting opportunities compared to described methods in 
solution, with successful applications also with unusual carbonyl precursors as acetalating/ketalating 
agents: cyclohexanone, furfural, nonanal, o-vanillin, and 2-naphtyl aldehyde. A direct comparison 
with a standard in-solvent protocol emphasized that the (2-naphthyl)methylidene installation, a 
useful protection in synthetic carbohydrate chemistry, is better performed with the above-mentioned 
aldehyde/orthoester method, and this approach was recently exploited in synthetic projects aimed at 
the preparation of oligosaccharides of biological interest [40,41]. 

 

2.3. Selective Modifications Based on Formation of Ether Linkages (Benzylation, Allylation, Silylation, 
Tritylation) 
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A variety of hydroxy protections of carbohydrates are based on the construction of ether 
linkages, and for these transformations, too, simplified solvent-free versions have been elaborated in 
the last years, often in the presence of catalysts. 

Benzyl is the most applied protecting group, along with the acetyl group, in the derivatization 
of carbohydrates. In this frame, an especially important issue pertains to the regioselective 
benzylation of polyfunctionalized sugar units, which is indeed a nontrivial problem. The most 
popular strategy is based on stannylene acetal intermediates, which are preferentially formed with 
Bu2SnO on cis-oriented vicinal diols to yield a five-membered ring (see Scheme 6 for an example of 
this mechanistic pathway with a galactoside model compound). In the presence of a halide source 
such as tetrabutylammonium bromide (TBAB) or iodide (TBAI), these intermediates generate an 
anionic pentacoordinated tin-complex amenable to ring-opening in the presence of a reactive 
alkylating agent such as benzyl bromide. This latter is preferentially attacked by the equatorial 
oxygen engaged in the complex [42], reasonably because of the higher accessibility, whereas the tin 
is transferred to the axial oxygen (and removed with work-up). 

 

Scheme 6. Stannylene-mediated regioselective equatorial mono-benzylation of a pyranoside cis-diol. 

For over 30 years, this procedure was performed in a laborious stepwise manner, adopting a 
stoichiometric amount of the requisite tin reagent to generate the stannylene acetal, which is then 
submitted, after changing the solvent, to the alkylation step with the requisite benzyl/allyl halide 
[43,44]. In 2014, a solvent-free protocol was described for this sort of reaction, with the additional 
advantages of being catalytic (for the first time) in tin, and based on a single step, with mixing from 
the start of all the needed reagents (diisopropylethyl amine, TBAB, catalytic dibutyltin oxide, and 
benzyl/allyl bromide) [45]. 

In Scheme 7, in the left-hand path a, an example of mono-benzylation applied to a mannoside 
precursor is shown; the selective protection at secondary O-3, occurring at 70 °C, highlights that the 
nucleophilicity induced by the transient stannylene acetal (activating, in this case, equatorial O-3) 
overcomes the inherent higher nucleophilicity of primary alcohol at C-6, sterically more accessible. 
The method exhibited a reproducible equatorial selectivity with all screened sugars bearing a cis-diol 
in the pyranoside ring, whereas with terminal diols installed on linear chains, the primary position 
at the extremity was selectively benzylated. 
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Scheme 7. Stannylene-mediated regioselective benzylation and allylation of a mannoside [45]. 

This publication was preceded by another article concerning a tin-free and solvent-free 
procedure to carry out the regioselective benzylation of primary saccharide alcohols from 
carbohydrates [46]. The procedure was, in turn, inspired by a solvent-free procedure described by 
Maki et al. with the high-temperature benzylation of alcohols in the presence of tertiary amines and 
eventual catalytic additives [47]; this latter paper reported all examples with nonsaccharide alcohols 
but one with a partially protected sugar diol. Extension of this approach to the regioselective 
protection of sugar primary alcohols proved viable after a substantial adjustment of the temperature 
(90 °C rather than 150 °C described by Maki); the simplest effective protocol entailed the use of 
stoichiometric DIPEA (diisopropylethyl amine, as the base) and benzyl bromide (as alkylating agent), 
but a useful catalytic effect of tetrabutylammonium iodide (TBAI) was indeed observed (Scheme 8) 
[46], and this might be ascribed to either the generation in situ of a more reactive benzylating agent 
(benzyl iodide) and/or a kinetic effect related to an increased ionic strength of the reaction medium. 

 

Scheme 8. Tin-free regioselective benzylation of primary saccharide alcohols [46]. 

Both the above-described benzylation strategies in Schemes 7 and 8 (with or without tin 
catalysis) can be sequenced to carry out a regioselective double benzylation of sugars at both the 
primary position and an equatorial hydroxyl flanked by an axially oriented one. In path b of Scheme 
7, an application of this double benzylation approach is shown, which entails a change in the 
temperature as the benzyl incorporation proceeds; the reaction is initially performed at 70 °C to favor 
tin-catalyzed 3-O-benzylation, and the temperature is then gradually raised up to 90 °C to maximize 
the selective benzylation at primary O-6 [45]. In the same paper, the stannylene catalytic approach 
was also found useful to achieve products with a higher extent of benzyl groups (working at a higher 
temperature), and the catalytic effect of the tin was surprisingly evident even with glucopyranoside 
substrates, albeit lacking a cis-diol in their structure. Another important application of this solvent-
free catalytic strategy [45] was in the regioselective mono-allylation reaction (Scheme 7, right-hand 
mono-allylation path c), whereas the double allylation did not prove as effective as with the 
benzylations. Last, but not least, unlike the traditional stoichiometric approach, the tin-catalyzed 
solvent-free benzylation also proved effective with totally deprotected sugars in a hemiacetal form 
[45], the nature of the products being strongly dependent on the starting sugar. In particular, 1,6-O-
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protected furanosides were recovered from glucose and galactose, and 1,3-di-O-protected β-
pyranosides were instead provided by mannose. An intriguing common mechanistic feature of all 
these catalytic protections via stannylene acetals lies in the feasible tin-transfer among the saccharide 
molecules present in the reaction medium, which is indeed a key event to make the reaction catalytic. 

It is pertinent to specify at this stage that some tin-catalyzed approaches in solution have 
appeared after the described report on the solvent-free conditions, with considerable simplification 
over the traditional stepwise stoichiometric method [48–52]. It is also worth observing that solvent-
free benzylation protocols described herein have already been incorporated into a variety of synthetic 
projects [53–56], to testify their practical scope. 

A mechanochemical approach, with the planetary ball mill technique, was also found applicable 
to the regioselective alkylation of galactosides and lactosides via stannylene-acetal intermediates, 
preliminarily prepared in solution with a stoichiometric amount of stannylating agent [57]. On the 
other hand, a distinctive advantage of this mechanochemical application was in the feasible use of a 
very slight excess of alkylating agents. 

Recently, a solvent-free version was also developed to achieve further regioselective protective 
etherifications on sugars. Primary positions can be preferentially protected with bulky electrophiles, 
and they can be tritylated [58] or silylated [59] in the presence of a slight stoichiometric excess of 
pyridine (2.2–3.0 equiv., not sufficient for dissolving the polyol substrate) and the requisite trityl (Tr) 
or silyl chloride (in particular, tert-butyldimethylsilyl or tert-butyldiphenylsilyl chloride, namely 
TBDMSCl or TBDPSCl, respectively) (Scheme 9). 

 

Scheme 9. Solvent-free tritylation [58] and silylation [59] of primary saccharide alcohols. 

A significant catalytic effect played by TBAB [59] has been evidenced in silylations, which might 
be ascribed once again to several mechanisms such as the generation of a more reactive silylating 
agent and/or a beneficial kinetic effect resulting from an increased ionic-strength in the reaction 
medium. These kinds of protections at primary positions can also be performed, with moderate to 
good yields, with a mechanochemical ball milling activation [60]. In addition, it has been 
demonstrated that total protection of saccharides through the solvent-free, non-mechanochemical 
installation of trimethylsilyl groups (TMS) is possible with hexamethyldisilazane activated by a 
catalytic amount of iodine [61]. 

An interesting extension in the scope of some of the above-described procedures was achieved 
through the development of fully solvent-free, one-pot sequential schemes allowing regioselective 
installation of orthogonal protecting-groups. In most cases, tin-catalyzed steps of benzylation or 
allylation were incorporated into such sequences, making the following sequential protections 
feasible: Tritylation/benzylation [58], tritylation/allylation [58], benzylation/silylation [59], and 
allylation/silylation [59]. A conceptually interesting further extension in the scope of these 
streamlined strategies was recently reported with a sequential, fully solvent-free scheme, relying on 
an initial regioselective alkylation (benzylation, silylation) followed by an acetalation (ketalation) 
step [62]. The former step occurs under mildly basic conditions (DIPEA or pyridine), affording a 
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stoichiometric amount of ammonium (or pyridinium) side-products that are sufficiently reactive to 
catalyze the subsequent acetalation step. 

Scheme 10. Fully solvent-free sequences of benzylation/acetalation or silylation/ketalation [62]. 

In Scheme 10, two examples are shown evidencing that commonly used benzylidene (path a) 
and isopropylidene (path b) protecting-groups can both be employed for diol protection in the second 
step. This work highlighted that buffered systems, composed of comparable amounts of DIPEA (or 
pyridine) and the corresponding conjugated acids, can be effective catalysts for acid-triggered 
processes in highly concentrated media; this behavior may be potentially useful for designing acid-
promoted reactions on substrates requiring exposure to mild conditions. 

3. Solvent-free Halogenation of Saccharide Substrates 

Besides reactions concerning protecting-group chemistry, other solvent-free protocols were 
developed for the halogenation of carbohydrates, a process allowing the functionalization with useful 
leaving groups. The combination of a moderate excesses of iodine, triphenyl phosphine, and lutidine 
proved useful for the selective iodination of primary alcohols of carbohydrates (for an example, see 
the first step of Scheme 11) [63]. Iodinated products thus obtained can be further elaborated in situ 
through solvent-free processes. 

 

Scheme 11. Fully solvent-free synthesis of iodinated sugars and examples of direct modifications 
thereof [63]. 

For example, substitution processes with azide and sulfur anions can be readily conducted by 
direct addition of the requisite nucleophile (Scheme 11, path a). An alternative possible modification 
of transient iodides can once again take advantage of tin-catalysis; as shown in Scheme 11 (path b), 
the 6-iodo mannopyranoside intermediate can be directly converted into 3,6-anhydro products in the 
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presence of a catalytic amount of dibutyltin oxide, able to enhance the nucleophilic character of O-3 
as evidenced by the lack of reactivity in absence of the tin catalyst. This can be easily explained with 
the generation, as described above, of stannylene acetal intermediates. An application within a 
synthetic project toward a bioactive target was also reported for this iodination methodology [64]. 

Another solvent-free, noncatalytic approach was developed to carry out the anomeric 
chlorination of hemiacetal sugars to yield useful glycosyl donors for the synthesis of glycosides. The 
method relies on the use of a moderate excess of hexachloroacetone and triphenyphosphine at 70 °C, 
a procedure that appears compatible with both acid- and base-labile protecting groups [65]. As will 
be shown below, this step can be incorporated into one-pot sequences leading to glycoside synthesis. 

4. Solvent-free Glycosidations 

Glycosidation reaction represents a key step in carbohydrate chemistry [7–9,66] and (Scheme 12) 
is mechanistically a nucleophilic substitution process committing an electrophilic glycosyl donor 
(saccharide derivative equipped with an activatable leaving group at the anomeric position) and a 
nucleophilic glycosyl acceptor (typically an alcohol, but other nucleophilic functionalities can be 
employed in dependence on the type of the glycoside bond to be assembled). The process is nearly 
always triggered by a promoter, most commonly a Lewis or protic acid capable of inducing the 
heterolytic expulsion of the leaving group. 

 

Scheme 12. General scheme of a glycosidation reaction. 

The process must be stereocontrolled, either the α- or the β-anomer of the target glycoside being 
generally required. As will be discussed below, the reactivity of the saccharide substrates and the 
stereo-control in glycosidations is strongly dependent on the nature of protecting groups present. 

From an experimental point of view, glycosidations are a demanding step, especially when 
partially protected saccharide derivatives are adopted as glycosyl acceptors. Owing to the moisture 
sensitivity of these reactions, a strict control of experimental conditions is mandatory for good yields 
to be achieved. On this basis, it is not surprising to observe that oligosaccharide synthesis is often 
practiced by highly specialized groups. The availability of experimentally simplified solvent-free 
approaches for glycosidations is thereby a high-impact topic also in consideration of the implications 
of oligosaccharides in multiple scientific sectors. 

As a preliminary consideration, it should be noted that the traditional Fischer glycosidation, 
based on an acid-catalyzed condensation of unprotected sugars with liquid alcohols, may formally 
appear as a solvent-free process. In practice, in most procedures, a large excess of the liquid alcohol 
is used, which may be considered a solvent as well as a reagent. On this basis, Fischer glycosidation 
will not be specifically focused on in this review. 

Mechanochemical approaches have been broadly examined in this area, especially with the ball 
mill technique. Glycosyl bromides were first tested as glycosyl donors and successfully coupled with 
phenols using K2CO3 as a solid base [67]; the scope of the ball milling activation was then explored 
with a variety of simple (nonsaccharide) alcohols, in the presence of moderate stoichiometric excesses 
of inorganic carbonates, the best performing of which were Cd(CO3)2, Zn(CO3)2 [68], and (BiO)2CO3 

[69] (Scheme 13, path a). An example was also reported with cholesterol as a structurally complex 
acceptor, and a 35% yield was recorded, comparable with the result of the analogous coupling in 
solution. A conceptually related approach was also applied to the synthesis of curcumin glycosides 
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[70]. In all these examples, per-O-acylated glycosyl bromides were employed and 1,2-trans glycosides 
were obtained with high selectivity, in keeping with the well-established participating effect of 2-O-
acyl groups in the donor, capable of directing the nucleophilic attack of the acceptor through the 
generation of a cyclic dioxonium intermediate [7–9]. 

 

Scheme 13. Base-promoted mechanochemical glycosidation with glycosyl bromides as the donors 
([68,69] for path a; [69] for path b). 

The method was also extended to the synthesis of thioarylglycosides (Scheme 13, path b), useful 
donors for oligosaccharide synthesis. Alternative routes to thioglycosides, based on substitution 
reactions on glycosyl halides with thiourea or potassium thioacetate as the nucleophiles, also proved 
viable under ball milling conditions [71]. It is worth pointing out in all these examples the lack of 1,2-
orthoester coupling products, typically obtained as side-products when glycosidations with 2-O-
acylated donors are conducted in solution under basic conditions. This is another example of the 
significant differences that may be found in synthetic methods when applied in either solvent-free or 
solution conditions. 

A catalytic mechanochemical strategy for oligosaccharide synthesis was also developed, taking 
advantage of the versatile reactivity of In(OTf)3 in glycoside synthesis; in the first place, this Lewis 
acid is capable of catalyzing the 6-O-detritylation of protected carbohydrate building-blocks under 
ball mill conditions, a useful step for the generation of saccharide glycosyl acceptors (Scheme 14, path 
a) [72]. 

 
Scheme 14. In(OTf)3 as a catalyst in mechanochemical detritylation and glycosidation [72]. 

The vibratory ball-milling mode provided better deprotection conditions than planetary milling, 
with sensibly faster reactions. The actual detritylation does indeed occur with addition of water to 
the mixture, evidencing that under mechanochemical conditions, the catalytic Lewis acid is somehow 
capable of activating the whole amount of RO-Tr linkages to the heterolytic cleavage. Unlike typical 
de-O-tritylations in solution, no detectable 4-O to 6-O acetyl rearrangement was observed. 

In(OTf)3 can also promote activation of thioglycoside donors, among the most used donors in 
glycoside synthesis [72]. The catalyst is active, particularly with “armed” thioglycosides, protected 
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with benzyl groups. The high reactivity of these donors [7–9], in comparison with acyl-protected 
“disarmed” donors, is a consequence of the lower electron-withdrawing character of the benzyl 
group, less disfavoring the electron-deficient transition states typical of the rate-determining steps in 
glycosidations. Besides reactivity, another distinctive feature of O-benzylated donors is the poor 
stereocontrol of the glycosidations, whereas, as already exemplified above, less reactive acylated 
donors are favoring 1,2-trans glycosidation. As shown in Scheme 14 (path b), In(OTf)3 catalyzed the 
ball mill activation of a perbenzylated thiogalactoside for disaccharide synthesis, and this step could 
even be performed sequentially after the generation of the glycosyl acceptor via a detritylation step 
promoted by the same catalyst. As expected, anomeric mixtures were obtained, and the anomeric 
composition was both dependent on specific parameters of the experiment (speed of grinding) and 
the time of exposure to the milling; a gradual increase in the most stable α-anomer was observed, to 
indicate the feasible partial anomerization of the β-counterpart. Interestingly, for a model 
glycosidation reaction, it was demonstrated that In(OTf)3 alone proved catalytically efficient only 
with the mechanochemical approach, whereas a suitable stoichiometric co-reagent (N-
iodosuccinimide, NIS) was necessary in solution for a successful coupling. 

An interesting application of this catalytic, fully mechanochemical deprotection/glycosidation 
sequence lies in the synthesis of a library of oligosaccharides (including cyclic oligomers), starting 
from a single building-block equipped with both an activatable anomeric thiophenyl group and a 
transient trityl group at the primary site (Scheme 15) [72]. 

 

Scheme 15. In(OTf)3-catalyzed oligomerization of a tritylated thiogalactoside [72]. 

In(OTf)3 was found to act as an effective catalyst also in the mechanochemical conversion of 
peracetylated glycosyl donors into thioglycosides (Scheme 16) [73]. This result is especially 
appreciable taking into account that standard methods for the analogous conversion require a 
stoichiometric amount of strong Lewis acids such as BF3.OEt2, as well as much longer times. 

 
Scheme 16. In(OTf)3-catalyzed thioglycoside synthesis in a planetary ball mill [73]. 

The scope of the method was also examined with long-chain thiols, which were glycosylated in 
high yield with the expected β-selectivity, though minor amounts (about 10%) of the corresponding 
α-anomers could be isolated. An interesting ancillary result of this study was the discovery of a 
different self-assembly behavior for either thioglycoside anomer. 

Per-O-acetylated glucose and galactose can also be activated by Fe-β zeolite to achieve O-
glycosylation of long-chain alcohol acceptors; in addition to the expected peracetylated β-glycosides, 
the reaction also yields the corresponding α-glycosides deprotected at O-2 [74]. 

Another catalytic, non-mechanochemical approach described for solvent-free glycosidations 
relies on the polymeric catalyst polyvinyl-bound trisulfonate ethylamine chloride (PV-TSEAC) 
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(Scheme 17) [75]. This is synthesized from polyvinyl chloride (PVC) in a stepwise manner to allow 
installation of three hydroxyethyl branches, which are functionalized with sulfuric groups in the last 
step. 

 
Scheme 17. Synthesis of polyvinyl-bound trisulfonate ethylamine chloride (PV-TSEAC) from PVC 
[75]. 

This catalyst was capable of promoting the Fischer glycosidation of unprotected sugars at 60 °C, 
but also revealed an excellent reactivity in the activation of broadly used trichloroacetimidate donors 
[66], making possible the synthesis of disaccharides, as well as simpler glycosides (Scheme 18). 

 

Scheme 18. Solvent-free synthesis of disaccharides catalyzed by PV-TSEAC [75]. 

As shown in the two examples in Scheme 18, the glycosidation of a model glucoside acceptor 
(free at O-3) was studied with either an acetylated or benzylated glucosyl trichloroacetimidate donor, 
and a surprising high β-selectivity was achieved in both cases, in spite of the poor stereo-directing 
effect exerted by the nonparticipating benzyl groups [75]. What is also interesting were the similar 
reaction times reported for both donors, in spite of their large difference in reactivity. In the same 
paper, other polymeric catalysts of the same series with a lower number of sulfuric branches were 
screened, and a lower activity was recorded. This highlights the important role played on the 
reactivity by the density of the sulfuric groups. The polymeric nature of the catalyst allowed its simple 
recyclability, and no loss of activity was observed after running the reactions several times. 

Another heterogenous catalyst, easily accessible sulfonated graphene oxide, also proved useful 
to catalyze Fischer glycosidations and reactions with trichloroacetimidate donors, with examples 
focused essentially on simple nonsaccharide alcohol acceptors [76]. 

Another strategy for the solvent-free synthesis of oligosaccharides was recently proposed and 
also aimed to achieve high-selectivity in α-glycosidations. Indeed, selective α-glycosidations with 
gluco- and galacto-donors are still a demanding issue in the current state-of-the-art of oligosaccharide 
synthesis, as for these linkages, it is not yet known as a reliable strategy of stereo-control as the 
neighboring acyl participation (useful for accessing β-gluco and -galactosides) [7–9]. It has been long 
known that glycosyl halides (easily obtained as α-anomers) are anomerized, in the presence of 
exogenous bromide anions, to β-glycosyl bromides; these latter are much more reactive than the α-
counterparts (stabilized by the anomeric effect) (Scheme 19) [77]. When nonparticipating groups are 
placed at donor O-2, this reactivity difference can be exploited, taking advantage of the faster 
nucleophilic attack of the alcohol acceptor to the β-halide transient species, ultimately leading, via a 
SN2 process, to α-glycosides. Other nucleophilic catalysts alternative to bromide anions were shown 
to be useful in this scheme, generating an activated β-adduct similarly amenable to a SN2 process. 
These reactions are generally conducted in the presence of a mild base useful to scavenge the proton 
released by the alcohol acceptor. This scheme, when applied in solution chemistry, generally entails 
long reaction times and is indeed restricted to especially reactive glycosyl donors [77]. 
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Scheme 19. Halide-promoted synthesis of α-glycosides. 

A thorough screening of conditions has indeed demonstrated that the scope of such a strategy 
can be significantly expanded under solvent-free conditions, resorting to relatively stable and 
chromatographable armed glycosyl chloride donors. The optimization led to an activation system 
based on two exogenous nucleophilic activators (triethyl phosphite and tetrabutylammonium 
bromide) and a mild base such as DIPEA (Scheme 20) [78]. 

 

Scheme 20. Solvent-free synthesis of α-glycosides [78]. 

The nucleophilic activators can be used in sub-stoichiometric/catalytic amounts, and their 
combined use was found functional for optimizing the α-selectivity of the process, as well as the 
overall yield. The scope of the methodology was demonstrated with the preparation of a large set of 
biorelevant antigen fragments with reactions taking a few hours under air conditions. Further, in the 
same paper, it was demonstrated that glycosyl chlorides can be generated in situ from corresponding 
hemiacetals and directly used for the glycosidations. This procedure is solvent-free in all the steps 
and takes advantage of the availability (see above) of solvent-free protocols for the anomeric 
chlorination of sugar hemiacetals. This one-pot variant is especially useful in the case of 
perbenzylated fucosyl chloride (Scheme 21), whose labile nature impedes isolation at useful yields. 

 

Scheme 21. Solvent-free synthesis of α-fucosides with in situ generation of the donor [78]. 
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A last example of solvent-free glycosidations was reported for the synthesis of 2-
deoxyglycosides, important structural motifs included in numerous bioactive molecules. As shown 
in the example in Scheme 22, the overall process entails the addition of a saccharide alcohol to a 1,2-
glycal (1,2-unsaturated sugar) mediated by trimethylsilyl bromide (TMSBr) and 
triphenylphosphinoxide, both in a stoichiometric amount [79]. The former reagent causes the 
deprotonation of the alcohol necessary to trigger the coupling through protonation at C-2 of the 
glycal; triphenylphosphinoxide, analogous to what is described in Scheme 19, instead has a 
stereodirecting effect by forming a transient β-adduct that induces a preferential attack of the acceptor 
from the α-face. 

 

Scheme 22. Solvent-free synthesis of 2-deoxyglycosides [79]. 

5. Application of Solvent-free Approaches to Glycoconjugation Reactions 

Incorporation of sugars in molecules of potential usefulness in the field of materials and life 
sciences spurred the development of solvent-free methods for the synthesis of glycoconjugates. The 
Huisgen cycloaddition-reaction has become a very popular synthetic tool to carry out the 
functionalization of water-soluble molecules with suitable conjugating agents [80]. This copper-
catalyzed process is typically conducted in polar solvents and proceeds under mild conditions with 
high regioselectivity. In the frame of a project aimed at developing new useful self-assembling 
glycosylated materials, Kharta et al. investigated the cycloaddition reaction of fully acylated 
propargyl glycosides and molecules based on an aromatic/aliphatic core exposing a variable number 
of chains equipped with primary azides (Scheme 23) [81]. 

 

Scheme 23. Mechanochemical Huisgen cycloaddition [81]. 

Owing to the poor solubility of both the coupling partners in polar solvent, the authors 
implemented a solvent-free approach based on the planetary ball mill technique, performed in the 
presence of a catalytic amount of copper sulfate and sodium ascorbate, namely the typical catalysts 
of the Huisgen click reaction [80]. Owing to the good yields obtained, a large set of glycosylated 
molecules were prepared and examined for their self-assembling properties. With a similar approach, 
the same group synthesized glycotriazololipids [82], adopting in this case long-chain alkyl azides in 
the key cycloaddition, and potential glycosidase inhibitors equipped with a triazole ring [83]. 

It is pertinent to observe at this stage that use of the Huisgen reaction is dependent on the easy 
access to azido-functionalized substrates. Mechanochemistry was indeed usefully exploited also for 
this purpose, with differentiated examples of azidation reactions. It is possible, for example, to use 
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this solvent-free technique to carry out azidation of 6-O-tosylated compounds [82,84] with a high 
grinding speed, and conditions of selective anomeric azidation (via substitution on glycosyl 
bromides) in the presence of 6-O-tosylated groups have been reported [83,85]. Further, it is possible 
to introduce an azide functionality via epoxide ring-opening, an example being described on an 
epoxidated pentenyl glycoside [68]. 

Synthesis of amides is a key step in organic synthesis frequently employed for the assembly of 
glycoconjugates. Generation of activated acylating agents is the mandatory step in this process, and 
the ball mill technique was found useful for the formation in situ of reactive N-acyl imidazole 
intermediates (Scheme 24), through the condensation of the requisite carboxylic acid and carbonyl 
diimidazole (CDI) [84]. Upon addition of an amine, it is possible to exploit the mechanochemical 
application also for the amidation step (Scheme 24). 

 

Scheme 24. Mechanochemical amidation reactions via N-acyl imidazole intermediates [84]. 

The amidation protocol was shown to be effective with either a 6-amino sugar (example in 
Scheme 24) and aromatic amines present in p-aminoaryl glycosides. Following an analogous 
approach, the condensation of an amine with CDI also allowed the synthesis of symmetrical ureas 
[84]. 

6. Other Solvent-free Condensation Reactions on Free Carbohydrates 

In addition to the very large set of reactions already described, sparse examples of condensation 
processes occurring with free sugars under solvent-free conditions can be found in recent literature, 
summarized in Scheme 25. N-glycosidic bonds can be simply assembled with the solvent-free 
synthesis of glycosyl amines, which can occur through the direct condensation of a primary amine 
and a deprotected sugar under vibrational milling [86]. Occasional use of silica as a grinding auxiliary 
was found beneficial for amines in a liquid state. Melting conditions can instead be exploited for the 
synthesis of N-glycosyl ureas, where the use of acidic catalysts was found beneficial for improved 
yields [87,88]. Interestingly, an excellent anomeric selectivity was observed when pyranoside 
products were obtained [87]. 
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Scheme 25. Summary of solventless condensation reactions committing free sugars [86–90]. 

Another interesting reaction is the synthesis of sugar dithioacetals catalyzed by 
bromodimethylsulfonium bromide (Me2SBr)Br, easily obtained by reaction of dimethylsulfide with 
bromine [89]. The reaction is likely promoted by HBr generated in situ and provides an interesting 
entry to useful sugar building-blocks in an acyclic form. Another approach allows direct synthesis of 
C-glycosides through the Horner–Wadsworth–Emmons reaction of the free sugar with β-keto 
phosphonates in the presence of K2CO3 at 80 °C [90]. The protocol required a large excess of reactant 
(15 equiv.), but synthetically useful yields could also be obtained with long-chain phosphonates to 
afford amphiphilic C-glycosides. 

Finally, a solvent-free method of conducting Fischer esterifications (also intramolecular) on the 
carboxyl moiety at C-6 of glucuronic acid was also described. These reactions were catalyzed by 
sulfuric acid impregnated on silica and exploited microwave activation [91]. 

7. Solvent-free Approaches for Recovery and Elaboration of Biomass-derived Carbohydrates 

The degradation of lignocellulose and depolymerization of abundant oligosaccharides in 
biomass represent key steps for the reconversion of carbohydrates into products of application 
interest [92–94]. A growing interest is of course devoted toward the valorization of solvent-free 
methods efficient for this purpose, and several studies in the last years have evidenced that 
mechanochemical ball milling is often a powerful tool to aid acid-catalyzed depolymerization. 

In view of the dense network of hydrogen bonds in the core of the cellulose structure, the direct 
chemical attack is difficult, and so a common degradation strategy is based on an initial partial 
depolymerization, with generation of water-soluble oligosaccharides that are then completely 
hydrolyzed with a subsequent treatment. 

A study aimed at the preliminary depolymerization of microcrystalline cellulose, without 
resorting to a mechano-assisted activation, revealed the feasible use of nonthermal atmospheric 
plasma that allowed, after a hydrolytic treatment in water with the acid resin Amberlyst 35 and 
microwaves, a 22% recovery of glucose [95]. The method proved effective also with alternative 
important polysaccharides such as starch and inuline. 

Other approaches were instead based on mechanochemical activation; the ball mill technique 
was investigated in combination with a variety of clays, whose layered structure can be suitable for 
the decomposition of solid materials. Kaolinite (Al2Si2O7·2H2O) provided the best result with 
formation of a water-soluble fraction from cellulose, exceeding 80% of the starting material [96]. More 
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recently, another layered solid, protonated niobium molybdate catalyst (HNbMoO.), was found to be 
especially performing in cellulose depolymerization [97]. 

In another mechano-chemical strategy, the lignocellulose material was impregnated with strong 
acids such as H2SO4 or HCl as a solution in volatile diethyl ether, which can be easily removed; the 
resulting mixture was then subjected to a solid-state reaction in a ball mill. Hydrolysis at 130 °C of 
the resulting material provided glucose in a yield exceeding 90% [98]. Recently, it was also shown 
that a commercial perfluorosulfonic acid polymer can catalyze both the mechanochemical 
fractionation of cellulose and the subsequent conversion of oligosaccharides to amphiphilic products 
upon exposure to excess dodecanol [99]. 

Several examples of the application of these methods directly to raw materials have been 
reported in recent years. A study evidenced oxalic acid as a useful solid acid for the fractionation in 
a ball mill of barley straw polysaccharides [100]. Impregnation with H2SO4 was instead adopted for 
the treatment of fiber sludge [101], saw dust [102], and willow [103], avoiding in these cases the use 
of volatile solvents for the addition of the catalyst. 

A solvent free-approach was also described for the conversion of glucose (or fructose) to lactic 
acid, a process also conducted in a planetary ball-mill, adopting barium hydroxide as the catalyst 
[104]. The solvent-free strategy has also been reported for the conversion of nonsaccharide basic 
chemicals derived from biomass sugars, and numerous examples can be found in a recent review 
[105]. 

8. Conclusions 

This review has shown that solvent-free chemistry, associated or not with a mechanochemical 
assistance, can be a powerful tool in the chemical transformation of carbohydrates. Although most of 
the results described herein are relatively recent, solvent-free approaches can already cover a broad 
range of applications, being useful both in synthetic schemes based on saccharide precursors and in 
the degradative chemistry aimed at the fruitful reconversion of biomass macromolecules. 

As to the use of the solvent-free conditions in the assembly of molecules of application interest, 
it can be noted that current methods are already encompassing the most important reactions of 
sugars, such as the installation of a broad range of protecting groups, the glycosidation reaction, and 
some glycoconjugation approaches. As observed in most examples in this review, the solvent-free 
method can even offer a broader scope and/or an improved selectivity in comparison to solution 
methods. In addition, it is worth mentioning that solvent-free methods are often associated with 
cheap processes and a remarkable experimental simplification, advantages of which should 
contribute to their practical appeal. As a matter of fact, successful applications of these methods to 
target-addressed synthetic projects have already appeared and an increasing number of examples is 
expected in the future. 
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