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Abstract 

The catalysis of the glycosylation reaction (Fischer) by acidic clays, and in particular the montmorillonite KSF/O, was 
studied in the case of the glucosylation of butanol and dodecanol. The catalysis was shown to be mostly homogeneous, 
involving an acidity transfer from the solid to the alcoholic phase. Ultrasound promoted an intensification of this 
phenomenon leading to an increase of the conversion rate of glucose, which, in the case of dodecanol, gave rise to high 
yields of oligomeric species (mostly 1,6-polyglucose). 

Ke,vwordvt Glycosylation; Montmorillonite; Ultrasound; Glucoside; Polyglucose 

1. Introduction 

The Fischer glycosylation reaction of alco- 
hols [l], i.e. the acetalation of unprotected re- 
ducing carbohydrates with an alcohol under 
acidic conditions, is probably the most direct 
way for the obtention of glycosides. This 
straightforward process is nevertheless still the 
purpose of investigations [2-61 because of the 
three major limitations which are the lack of 
anomeric selectivity, the need of excess alcohol 
(which often serves as the solvent) and the 

* Corresponding author. Tel.: + 33-4-72442989; fax: + 33-4. 
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medium heterogeneity due to the low solubility 
of carbohydrates in most alcohols. 

In the context of our studies directed towards 
the understanding of the reactivity of carbo- 
hydrates in heterogeneous conditions, we have 
investigated the influence of using solid acid 
catalysts, and in particular KSF/O, together 
with ultrasound activation. Indeed, ultrasound 
was shown to increase the reactivity in highly 
heterogeneous systems, notably by decreasing 
particle size of solids and therefore increasing 
the interphase surface. It is also thought that this 
surface activation is able to create highly reac- 
tive species, notably in the field of metal cataly- 
sis. Finally, ultrasound is also known to facili- 
tate reactions involving radical intermediates 
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glucofuranosides 

glucopyranosides 

Fig. 1. Mechanism of the Fischer glycosylation reaction. 

[7-lo]. In the present work, it is more the 
mechanical aspects of ultrasound which are sup- 
posed to influence the outcome of the glycosyla- 
tion reaction, which proceeds via an ionic path- 
way. 

The glycosylation reaction mechanism, de- 
picted in Fig. 1 for the case of glucose, lies on 
the kinetically controlled formation of furano- 
sides, arising from the attack of the alcohol on 
the glucosyl oxonium intermediate. The furano- 
sides are converted to the more stable pyrano- 
sides via a ring opening process [ 111. If another 
carbohydrate molecule serves as the alcohol, 
then oligomeric species are produced. 

The critical issues in this reaction are: the 
conversion rate of glucose, the 
furanoside/ pyranoside ratio, 
glycoside/oligomer ratio and the anomeric se- 
lectivity. They can be influenced by several 
parameters, notably the nature and the quantity 
of the alcohol and of the acidic promoter [2- 
4,12,13]. Recently, montmorillonites were used 
as acid catalysts in various reactions [14-231 
including some examples in carbohydrate chem- 
istry [12,24,25]. Some of these solids are meso- 
porous sheet aluminosilicates activated through 
an ion exchange process during acidic treatment 
and having therefore acidic sites inside their 
multilamellar structure [26-291. 

We report herein the study of the glucosyla- 
tion of butanol and dodecanol as models for 
moderately and strongly lipophilic alcohols, 

providing amphiphilic glucosides which have 
potential industrial interest in surfactancy [30]. 

2. Experimental 

2.1. General 

Anhydrous D-glUCOSe was purchased from 
Fluka Company, butanol from SDS, dodecanol 
and p-toluene sulfonic acid from Aldrich Co. 
and used without further purification. Tonsil 
and KSF/O montmorillonites were provided 
generously by Siid-Chemie. KSF and KlO were 
purchased from Aldrich Co. Reactions were 
monitored by TLC using aluminium silica gel 
plates (6OF,,,). Flash-chromatography separa- 
tions were performed using silica gel 60H (40- 
63 p) under a 1 bar pressure. Chromatography 
solvents were purchased from Carlo-Erba Com- 
pany. Carbon nuclear magnetic resonance spec- 
tra were recorded on a Brliker AC 200 spec- 
trometer at 50.32 MHz. High performance liq- 
uid chromatography analyses were performed 
using NH, bound columns (Nucleosil or 
Spherisorb) with refraction index detection (RI). 
Enzymatic glucose assay was done using the 
glucose [HK]IO kit purchased from Sigma Diag- 
nostics, with UV absorption analysis at 340 nm. 
Mass spectrometry analysis was performed at 
the Centre d’Etudes et de Recherches sur les 
Macromolecules VCgttales (CERMAV) at 
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Grenoble for FAB experiments and at the Labo- 
ratoire de Chimie Biologique CNRS UMR 111 
at the University of Sciences and Technology of 
Lille for matrix assisted laser desorption 
(MALD-MS) experiments. Size exclusion chro- 
matography was performed on Biogel P2 and 
P4 (Bio-Rad) with RI detection. 

2.2. Ultrasound equipment 

For most experiments at 20 kHz, the ultra- 
sound generator was a 300 W (electric power) 
Vibra-Cell apparatus, coupled with a titanium 
horn having a 13 mm diameter. Acoustic power 
was evaluated by calorimetric measurement and 
was 54 W (0.6 W/ml). For checking the influ- 
ence of other parameters, a Sonoreactor@ from 
Undatim Company was used. The maximal 
electric power of the Sonoreactor depends on 
the frequency: 100 W for 20 kHz, 40W for 40 
kHz and 30 W for 60 kHz. The effective total 
power of the apparatus is 500 W. The horns 
(titanium) have a diameter range from 5 to 20 
mm. Acoustic power, measured by calorimetry, 
is a function of the frequency (from 0.1 to 0.4 
W/ml). The sonicated volume was ca. 100 ml. 

2.3. Experimental procedure for butyl glycoside 
synthesis 

Glucose (17.7 g, 0.098 mol) and butanol (90 
ml, 0.983 mol, 10 equiv.) were stirred and 
heated at 113°C either with an oil bath or using 
ultrasound without any other heat source. p- 
Toluene sulfonic acid monohydrate (0.177 g, 
0.93 mmol) or 0.885 g of bentonite (5% w/w) 
were added and ca. 1 ml samples were taken out 
of the mixture. Each aliquot was neutralized 
with a small amount of triethylamine and di- 
luted with water (1 ml) and filtered on 0.45 pm 
nylon Gelman Sciences microfilter. The solvent 
was removed under reduced pressure and the 
residue was analyzed by HPLC (spherisorb- 
NH,, 25’C, 250 X 4.6 mm, 3:l MeCN/water, 
0.7 ml/min). TLC or preparative flash-chro- 
matography were performed using 7:2:1 chloro- 

form/acetone/methanol mixture. Butyl gluco- 
sides were identified by comparison with litera- 
ture data [31]. 

2.4. Experimental procedure for dodecyl glyco- 
side synthesis 

Glucose (14.3 g, 0.079 mol) and dodecanol 
(90 ml, 0.396 mol, 5 equiv.) were stirred and 
heated at 115°C either with an oil bath or using 
ultrasound while regulating with external cool- 
ing. p-Toluene sulfonic acid monohydrate 
(0.143 g, 0.75 rnrnol) or 0.715 g of bentonite 
(5% w/w> were added and ca. 1 ml samples 
were taken out of the mixture. Each aliquot was 
neutralized with a small amount of trieth- 
ylamine and the solids were filtered, carefully 
powdered then washed with hexane (5 X 50 ml>. 
The filtrate was concentrated under reduced 
pressure and the residue was analyzed by HPLC 
(nucleosil-NH *, 45°C 250 X 4.6 mm, 9:l 
MeCN/water, 0.8 ml/min>. The solid was dried 
for 10 min at 60°C and 20 mm Hg and analyzed 
by enzymatic assay. Preparative flash-chro- 
matography was performed using 7:2:1 chloro- 
form/acetone/methanol mixture (same as for 
TLC) after elution with pure dichloromethane 
for excess dodecanol removal. Dodecyl gluco- 
sides were identified by comparison with litera- 
ture data [31]. 

3. Results 

The rate of the glucosylation of butanol using 
various solids (montmorillonites) was studied 
by measuring the conversion rate and the yield 

Table 1 
Product distribution for reactions of glucose with butanol (IO 
equiv.) after 1 h at 113°C using various acidic catalysts 

Catalyst * Glucose conversion (%o) Butyl glucosides (%) 

5% K10 31 35 
5% KSF 58 54 
5% KSF/O 88 78 
1% p-TsOH 98 90 

* w/w. 
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pH of 10% aqueous suspensions of some acidic solids after various treatments in butanol 

Solid No treatment a 2hatRT 2 h at 113°C silent 2 h at 113°C )))) b 

Tonsil 30/60 3.3 (6.1) 3.4 3.3 3.8 
Tonsil 15/30 3.1 (3.9) 3.2 3.3 3.5 
KlO 3.0 (4.6) 3.2 3.3 3.6 
KSF 2.1 (2.1) 2.2 2.5 2.8 
KSF/O 1.9 (1.9) 2.2 2.9 3.2 
KSF/O ’ id. 2.9 3.3 3.5 

a In brackets is given the pH of the aqueous phase after filtration of solids 
b 20 kHz, 0.6 W/ml. 
’ In dodecanol. 

of butylglucosides after 1 h at 113°C (Table 1) to their high affinity for water. To answer this 
and comparing with that of the reaction cat- question, the various solids were suspended in 
alyzed by p-toluene sulfonic acid. Reactions butanol and treated under different conditions 
throughout this study were performed between (stirring at room temperature, stirring at 113°C 
113 and 115°C allowing at the same time rea- ultrasound at 113°C). To measure their remain- 
sonably fast reactions and easy temperature con- ing acidity, the solids were filtered and then 
trol, notably when using ultrasound. The rates resuspended in water allowing the estimation of 
are consistent with the relative acidity of the the pH of the resulting mixture. Results are 
catalysts which can be evaluated by measuring given in Table 2, showing that indeed, some of 
the pH of a 10% (w/w> suspension in water (cf. the acidity is transferred to butanol, as lower 
Table 2). Relevant work on the characterization acidity remains in the solid after treatment. This 
of clay-based K catalysts was recently reported acidity in butanol could also be detected by 
by Figueras and collaborators [26]. It has to be measuring approximately the pH of the alco- 
noted that this acidity is still present in the holic phase after addition of water and methanol 
water after filtration of the solid, revealing a in order to obtain an aqueous homogeneous 
different behaviour of the montmorillonites liquid. Nevertheless, the acidity transfer phe- 
compared to ion exchange resins or other het- nomenon was also shown to occur in the bu- 
erogeneous catalysts. tan01 case. 

Since the reaction is taking place in butanol 
and not in water, it was tested whether this 
acidity transfer from the solid to the liquid 
phase would also occur in the conditions of the 
reaction, or was a consequence of the consider- 
able pertubation of their lamellar structure due 

The loss of acidity observed in the case of 
KSF/O is the largest of all tested solids and 
this is consistent with the fastest reaction pro- 
moted by this support and that the rate was 
always slightly accelerated under ultrasonic irra- 
diation (Table 3). In contrast, no significant rate 

Table 3 
Product distribution for reactions of glucose with butanol (10 equiv.) after 1 h at 113°C under silent or ultrasonic a conditions 

Conditions (w/w) Glucose conversion (%I Glucoside/oligomer ratio Furanosides/pyranosides ratio 

1% pTsOH silent 95 8.5 0.2 
1% pTsOH I))) 94 1.5 0.2 
5% KSF/O silent 75 8.4 1.2 
5% KSF/O 1))) 82 10.7 1.2 

a 20 kHz, 0.6 W/ml. 
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Table 3 
Influence of butanol excess quantity method for reactions of glucose after 2 h at I 13°C using p-TsOH (1% w/w) 

Butanol quantity (equivalents) Glucose conversion (%I Glucoside/oligomer ratio 

silent )))) B silent )I)) J 

10 98 97 7 8 
5 96 95 5 5 

” 20 kHz. 0.6 W/ml 

modification due to ultrasound could be de- 
tected when using an homogeneous catalysis 
( p-TsOH). It is supposed that, during the manu- 
facturing process of these montmorillonites in- 
volving an acidic treatment which promotes 
cation exchange, only partial exchange could 
occur for some polyvalent cations (Fig. 2). As a 
result, this allows the reverse process when the 
solid is perturbed by strong structural modifica- 
tion due to the high affinity of KSF/O for 
water, or due to ultrasound via the mechanical 
effects of cavitation. The driving force of this 
phenomenon is to regain the original complexa- 
tion organization of the polyvalent cations. An- 
other explanation for the observed acid transfer 
could be a fast ion-exchange type process pro- 
moting rapid acidification of the medium, to- 
gether with a subsequent slow dissolution, then 
hydrolysis of salts remaining on the surface of 
the clay. 

Although the exact cause remains hypotheti- 
cal, we show here that the catalysis of the 
glucosylation reaction promoted by these solids, 
and in particular KSF/O, which is the most 
efficient one, should be more considered as an 
homogeneous catalysis. even if they can act as 
heterogeneous catalysts when used after several 
washings with water until the filtrate is neutral. 
In this case, the glycosylation reaction can still 
be promoted. albeit at a much smaller rate. 

Fig, 2. Model for acid transfer from the solid to the solvent by 
reverse ion exchange. 

The ultrasound mediated slight rate accelera- 
tion observed for the reaction catalyzed by 
KSF/O is the sole ‘ultrasound effect’ which we 
observed in the case of butanol and it has to be 
considered as a chemical proof for understand- 
ing the nature of the catalysis promoted by 
KSF/O in the case of the glucosylation reaction 
and not as a useful improvement of the reaction 
setup. Indeed it was verified that ultrasound 
physical characteristics did not influence other 
reaction trends such as effect of temperature, 
pressure, excess quantity of alcohol, together 
with power, frequency and probe diameter. on 
the rate, yields and selectivities. For example, 
Table 4 shows that either under classical heating 
conditions or using ultrasound, decreasing the 
excess of alcohol promotes the same change in 
the glucoside/oligomer ratio. Also, the fura- 
noside/pyranoside ratio, which is depending on 
the catalyst, is not sensitive to the activation 
conditions (Table 5). 

In the case of dodecanol, for which the 
medium is much more heterogeneous, even 

Table 5 
Influence of acid nature on glucoside distribution at 30% conver- 
sion of glucose (1 13°C 10 equiv. of butanol) 

Catalyst (w/w) Furanoside/pyranoside ratio 

Glent )))) “ 

5% Tonsil IS/30 3.5 _ 

5% Tonsil 30/60 2.8 _ 

5% K10 2.x 2.7 
washed 5% KSF/O h 7.7 2.7 
5% KSF 2.5 2.3 
5% KSF,‘O 2.3 2.3 
I’; p-TsOH I .7 2.1 

” 20 kHr, 0.6 W/ml. 
h Re-suspended in water and filtered until the aqueous phase was 
neutral. 
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when a soluble catalyst such as p-TsOH is given as a function of time, for the reaction 
used, we observed that ultrasound promoted conducted under ultrasound or in ‘silent’ condi- 
dramatic changes in the reaction outcome. These tions with classical heating. Indeed, while the 
differences are illustrated in Fig. 3, in which silent reaction, shown to be very sensitive to 
yields of glucosides as well as of oligomers are stirring efficiency, could lead to dodecyl gluco- 
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sides as the major products, ultrasound directed 
always the reaction towards the formation of 
oligomers in good yield, for both acid catalyses. 

The structure of the oligomers, in terms of 
degree of polymerisation (DP) and of glycosidic 
junctions, was investigated by several analytical 
methods, including r3C NMR spectroscopy, 
HPLC, analytical and semi-preparative size ex- 
clusion chromatography, mass spectrometry and 
classical GC-MS analysis of monomers after 
chemical degradation. The oligomers were 
shown to be essentially polyglucose having a 
polymerisation degree from 2 to ca. 24, as seen 
by MALD-MS analysis. The amount of 
oligomers having a higher DP (over 8) de- 
creased consistently with the DP. The same 
spectra allowed the identification of some side 
products as anhydro derivatives in little amounts 
for small DP and somewhat larger amounts for 
higher oligomers. Junctions were shown to be 
mostly 1,6 bonds between glucose monomers, 
with a low branching ratio, as seen by GC-MS 
after methylation, methanolysis and acetylation. 
All other types (1,2; 1,3; 1,4) could also be 
detected, in smaller quantities and in average 
equivalent proportions. Details for this struc- 
tural analysis will be further reported. 

+* 
OH 

L Jll 

In these experiments conducted at 11X, the 
suspension of glucose, finely powdered, sud- 

denly agglomerated. This agglomeration pro- 
vided a semi-solid, highly viscous, gummy glu- 
cose phase which finally precipitated on pro- 
longing the reaction time. After 2 h, both the 
liquid phase and the solids were analyzed, con- 
firming that under ultrasonic activation, the 
quantity of oligomers was much higher com- 
pared to the classical reaction which was poorly 
reproducible. The difference was even larger 
when using KSF/O as catalyst (see Fig. 3). It 
has again to be noted that, in a similar way as 
for the glucosylation of butanol, the reaction 
rate in dodecanol measured by the conversion 
ratio of glucose was much more sensitive to 
ultrasound in the case of the reaction catalyzed 
by KSF/O (5% w/w> than in the p-TsOH ( 1% 
w/w> catalyzed reaction. Same acidity transfer 
to the dodecanol phase was observed (vide supra, 
Table 2). 

The presence of water was shown to be 
responsible for the reaction outcome, as the 
addition of water to the reaction mixture prior to 
the experiment led to an increase of the oligomer 
ratio, under both silent and ultrasonic conditions 
(Table 6). It was controlled that the dodecyl 
glucoside hydrolysis was not the cause for the 
oligomer accumulation. The same oligomers 
were obtained from a suspension of glucose in 
diglyme containing a catalytic amount of p- 
TsOH, in absence of any alcohol, after addition 
of one equivalent of water. Both the silent or 
ultrasonic reactions led to the oligomers after 
the same agglomeration process (Table 6). When 
no water is added, ultrasound acts as a very 
efficient stirring method, leading to the trapping 

Table 6 
Yields in dodecyl glucosides and oligomers for the reaction of glucose at 1lS”C in dodecanol (5 equiv.) or diglyme 

Conditions (w/w) Dodecyl glucosides (%) Oligomers (%) 

silent ))I) a silent 1))) d 

1% p-TsOH 2 h, dodecanol 43 21 34 70 
5% KSF/O 2 h, dodecanol 16 15 31 15 
1% p-TsOH, 1 equiv. H,O, 0.5 h, dodecanol 5 5 79 72 
1% p-TsOH, 1 equiv. H,O, 0.5 h, diglyme 59 22 

a 20 kHz. 0.6 W/ml 



130 S. Brochette et al./Joumal of Molecular Catalysis A: Chemical 123 (1997) 123-130 

of water by the glucose suspension much faster, 
or at least in a more reproducible manner, than 
under classical conditions. Thus, the autoglyco- 
sylation process which takes place in the ag- 
glomerated glucose phase is promoted, to the 
detriment of the glycosylation of the alcohol 
which has to occur inside the liquid phase. 

4. Conclusion 

In this study, it has been shown that the 
glucosylation of butanol can be promoted by the 
bentonite KSF/O as acidic catalyst. High yields 
of butyl glucosides were obtained. Evidences 
for the homogeneous nature of the catalysis 
were given. Acidity transfer from the solid to 
the liquid phase was shown to occur, possibly 
via a reorganization of the complexation of 
polyvalent cations. Ultrasound was shown to 
enhance this acidity transfer, leading to a slight 
increase of the glucose conversion rate. In the 
case of dodecanol, the use of KSF/O under 
silent or ultrasonic conditions could not allow to 
obtain acceptable yields of glucosides. Ultra- 
sound was shown to direct the reaction towards 
the formation of large amounts of oligomers, 
involving an autocondensation process within a 
semi-solid hydrated glucose phase, while classi- 
cal heating and stirring led to not reproducible 
results. 
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