
Journal of Molecular Catalysis A: Chemical 245 (2006) 255–259

Synthesis of ceria-yttria based strong Lewis acid heterogeneous catalyst:
Application for chemoselective acylation and ene reaction
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Abstract

The synthesis of a new ceria-yttria based strong Lewis acid heterogeneous catalyst is described and its application for the ene reaction and
chemoselective acylation has been demonstrated.
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. Introduction

While extensive efforts have been put in for the development
f transition metal based catalyst and their subsequent applica-

ion in organic chemistry, the catalytic potential of metal belong-
ng to the lanthanide series has not been fully realized. Cerium,
ne of the readily available metal of the lanthanide series offers
pportunities for developing strong Lewis acid sites in a het-
rogeneous catalyst, development of such a catalyst becomes
ighly desirable for organic synthetic transformations. Some
f the cerium based reagents/catalysts used as a Lewis acids
re ceriumIV acetate borontrifluoride etherate[1] cerium chlo-
ide as a mild Lewis acid[2]. Recently, we used cerium based
CM-41 catalyst for the acylation and alkylation reactions

3].
Very few reports are available in literature about the Lewis

cidic properties of cerium based reagent. This prompted us
o explore the Lewis acidic properties of cerium contain-
ng heterogeneous catalyst. Here we report on the synthesis
nd physicochemical characterization of sulfated cerium based
trong Lewis acid catalyst and its applications for intramolec-

ular ene reaction and chemoselective acylation of alcohol
amines.

2. Experimental

2.1. Materials and equipment

Solvents were purified and dried by standard proced
before use according to reported procedure[4]; petroleum ethe
of boiling range 60–80◦C was used. The acids and alcohols w
obtained from commercial sources and were purified by d
lation/recrystallisation before the experiment. Infrared spe
were recorded with ATI MATT-SON RS-1 FT-IR spectro
eter. Proton NMR spectra were recorded on Bruker AC
machine in CDCl3 with TMS as internal standard. Mass spe
were obtained with Finningen MAT mass spectrometer.
mental analyses were carried out with a Carlo Erba CHN
analyzer. The diffractogram of X-ray powder diffraction p
tern was recorded on a Rigaku diffractometer model D/M
IIIVC with N-filtered Cu K� radiation. FTIR spectrum of pyr
∗ Corresponding author. Fax: +91 20 25893614.
E-mail address: pk.tripathi@ncl.res.in (P. Kumar).

dine adsorbed on the yttrium-based catalyst was recorded on a
Nicolet 60 SXB FTIR spectrometer. TPD profile (ammonia) of
the yttrium-based catalyst was recorded on a Sorbstar appara-
tus. Determination of specific surface area was carried out by
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.10.007
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BET (Brunner-Emmett-Teller) N2 adsorption using a Omnisorp
100CX apparatus.

2.2. Synthesis of the catalyst

The catalyst was prepared by employing the sol–gel tech-
nique.

A solution of cerium nitrate in isopropyl alcohol was added
under constant stirring to the solution of yttrium nitrate in iso-
propyl alcohol. The final homogeneous solution thus formed
was allowed to stand overnight. A yellowish gel was formed
which was air-dried and then dried at 110◦C, ground to fine
powder. The powder thus formed was added to H2SO4 (2N),
stirred and dried on a water bath and then in oven at 110◦C for
24 h. Subsequent programmed calcination at 500◦C for 3 h at a
heating rate of 2◦C min−1 resulted in a highly acidic material.
The chemical composition of the final catalyst (determined by
X-ray fluorescence) was found to be 80 mol% of Y, 15 mol% of
Ce and 5 mol% of S.

2.3. A typical procedure for acylation reaction

Acid anhydride (3.75 mmol; 1.5 equiv. per OH or NH2) was
added to a solution of alcohol or amine (2.5 mmol) in dry ace-
tonitrile (5.0 ml) containing catalyst (15% by weight) and the
mixture was refluxed for 2–15 h. The reaction was monitored by
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Fig. 2. FTIR spectrum of pyridine adsorbed on the catalyst.

ence of co-ordinated pyridine on the Lewis acid sites of the
catalyst. The weak absorption at 1542 cm−1 attributed to the
pyridinium ion [5] indicates the presence of a few Brönsted
acid sites (Fig. 2). Temperature programmed desorption (TPD)
shows the peak maxima at 470◦C due to presence of strong acid
sites as well as weak acid sites (Fig. 3) [6]. The scanning elec-
tron micrograph of sample shows the presence of uniform-sized
(around 0.2–0.4�m) particles (Fig. 4). Thermal analysis (TG-
DTA) (Fig. 5) indicates that up to 200◦C there is an endothermic
weight loss of 4.5% due to the adsorbed water from the surface
of the catalyst. From 200–760◦C, the weight loss of only 2.3%
suggests that the catalyst is thermally stable in the tempera-
ture range 200–760◦C. Final weight loss of 10% above 760◦C
indicates that the catalyst is not stable above that temperature
because of the structural breakdown. The surface area of the
sample determined by the BET method was 100 m2g−1.

3.2. Ene reaction

The very first application of Lewis acidic properties of sul-
fated ceria-yttria catalyst was explored for the intramolecular
LC. After completion of reaction (methanol (5.0 ml) was ad
nd mixture again refluxed for 10 h (in case of pivalation)
atalyst was filtered and the filtrate was concentrated, the
roduct was chromatographed on a silica gel column to a

he pure product. After the reaction, the catalyst is recovered
etention of its catalytic activity. It can be further reactivated
euse by heating it at 500◦C in the presence of air. There was
eaching of the catalyst in the liquid phase reaction as confi
y the atomic absorption studies of the reaction mixture.

. Results and discussion

.1. Characterization of the catalyst

The physicochemical characterization of the catalyst
arried out by TPD, SEM and N2 adsorption techniques a
G-DTA. The X-ray powder diffraction pattern of the calcin
atalyst (Fig. 1) shows the presence of both CeO2 and Y2O3
eflections indicating the product as a two-phase mixed o
he IR spectra of pyridine adsorbed on the catalyst show s
bsorption bands at 1605 and 1444 cm−1 indicating the pres

Fig. 1. X-ray powder diffraction pattern of the catalyst.
.
g

Fig. 3. TPD profile (ammonia) of the catalyst.
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Fig. 4. Scanning electron micrograph of the catalyst.

Fig. 5. Thermal analysis (TG-DTA) of the catalyst.

ene reaction. This study revealed that isopulegol can be conven-
tionally prepared from citronellal using catalytic amount (15%,
w/w) of sulfated ceria-yttria Lewis acid catalyst in acetonitrile
at reflux temperature in 65% yield. It should be noted that the
reaction either in acetonitrile solvent or under neat conditions
without catalyst did not show the formation of any product. The
other catalysts for this reaction were also screened and the resu
of such study are summarized inTable 1. Thus, ceria-yttria based
Lewis acid catalyst was found to be the best catalyst for the con
version of citronellal to isopulegol compared to H-mordenite
and H-beta zeolite. We also studied the effect of different sol-
vents such as hexane, tetrahydrofuran, acetone and acetonitr
for the conversion of citronellal to isopulegol. The results are

Table 1
Effect of different catalyst for the conversion of citronellal to isopulegol in
acetonitrilea

Entry Catalyst Reaction time (h) Yield (%)b

1 Ceria-yttria based Lewis acid 10 65
2 H-Beta 14 35
3 H-Mordenite 30 25c

a Product was characterized by spectroscopic data and also by compariso
with authentic sample.

b Yields refer to pure and isolated product.
c 50% catalyst was used.

Table 2
Effect of various solvent for the synthesis of isopulegola

Entry Solvent Reaction time (h) Yield (%)b

1 Hexane 20 40
2 Acetonitrile 10 65
3 Acetone 11 60
4 Tetrahydrofuran 14 55

a Product was characterized by spectroscopic data and also by comparison
with authentic sample.

b Yields refer to pure and isolated product.

summarized inTable 2. It is clear from theTable 2that polar
solvents were proved to be better than nonpolar solvent.

3.3. Acylation reaction

As the ceria-yttria based Lewis acid developed by us was
found to be an extremely efficient catalyst for the ene reaction,
we thought of employing this catalyst as test case for acylation
reaction. Though the acylation of alcohols and amines under
basic conditions is a well established reaction[7], there are suf-
ficient drawbacks to most of the reported procedures[8] to justify
the need for a general, selective and practical method for acy-
lation reaction. Initially the acylation of hexanol with various
acylating agent using varied amount of acylating agents was
examined (Table 3). FromTable 3it is clear that 10% catalyst is
sufficient to catalyse the reaction. However, the use of 15% of
catalyst (w/w) proved to be the best with regard to the reaction
time and yield of the product. The advantage of this procedure is
that catalyst can be reused without loss of activity (Table 3, entry
13). In order to see the effect of the catalyst, blank experiments
were carried out under solvent-free and catalyst-free conditions
[9]. Thus, the heating of cyclohexanol with acetic anhydride at
80◦C under neat conditions without catalyst for 2 h or even a
prolonged reaction time did not afford any product. Similarly
acetylation of benzyl alcohol under neat conditions without cat-
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cylation of hexanol with various amount of catalyst and with different acyla
gent

ntry Acylating agent % of catalyst
(w/w)

Reaction
time (h)

Yield (%)a

1 Acetic anhydride 5 8 80
2 Acetic anhydride 10 6 92
3 Acetic anhydride 15 3 93
4 Acetic anhydride 20 3 94
5 Propionic anhydride 15 3.5 90
6 Pivalic anhydride 15 5 90
7 Benzoic anhydride 15 8 80
8 Acetic acid 15 4 92b

9 Propionic acid 15 5 90b

0 Benzoic acid 15 10 78b

1 Acetyl chloride 15 2.5 94
2 Benzoyl chloride 15 4 85
3 Acetic anhydride 15 3 93c

a Yields refer to pure and isolated product.
b Reaction carried out with 12.5 mol acid at 130◦C without any solvent.
c Catalyst recycled four times.
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Table 4
The ceria-yttria based Lewis acid catalyzed acylation of alcohols, polyols and
amines

Entry Alcohol/amines Anhydride Reaction time (h) Yield (%)a

1 Cyclohexanol Acetic 5 95
2 Cyclohexanol Pivalic 4 91
3 Menthol Acetic 4 96
4 Menthol Pivalic 5 86
5 Benzyl alcohol Acetic 4 94
6 Benzyl alcohol Propionic 4.5 90
7 Benzyl alcohol Pivalic 6 85
8 Geraniol Acetic 5 90
9 Geraniol Pivalic 6 87

10 Furfuryl alcohol Acetic 5 84
11 Prenyl alcohol Acetic 6 70
12 Linalool Pivalic 15 40
13 Phenol Acetic 10 85b

14 Catachol Acetic 9 98c

15 Glycerol Acetic 6 96d

16 Glycerol Pivalic 8 75d

17 D-Mannitol Acetic 10 94e

18 Butyl amine Pivalic 5.0 90f

19 Cyclohexyl amine Acetic 3.5 97f

20 Diisopropylamine Acetic 2.5 90f

21 Diisopropylamine Pivalic 2 91f

22 Benzyl amine Acetic 4.5 95f

23 Aniline Acetic 3 99f

24 Aniline Pivalic 5 95f

a Yields refer to the pure and isolated product.
b 5 Equiv. Acetic anhydride used.
c Diacetate isolated.
d Triacylated product isolated.
e Hexaacetate product isolated.
f Reaction performed at room temperature.

alyst gave only 50% of the acylated product whereas the use
of ceria-yttria catalyst under our conditions afforded the corre-
sponding acylated compounds in excellent yield (Table 4, entry
1, 5). Further, the scope of this reaction was extended to a vari-
ety of other amines and alcohols using various acylating agents
(Table 4). The present procedure for acylation is quite general as
a wide range of structurally varied alcohols such as open chain,
cyclic, allylic, aromatic ones and polyols underwent acylation
with excellent yields. Notable feature of this methodology is that
wide range of structurally varied alcohols underwent pivalation
reaction (Table 4, entries 2, 4, 7, 9, 12 and 16). The procedure
has been extended to a variety of amines. Thus, the aromat
and aliphatic amines were successfully acetylated/pivalated a
room temperature in the presence of a ceria-yttria based Lewi
acid catalyst (Table 4, entries 18–24). The noteworthy feature of
this reaction is that even a hindered amine was acylated in ver
high yield (Table 4, entries 20–21). It may be noted that theN-
acylation of aniline with acetic anhydride under solvent-free and
catalyst-free conditions gave only the moderate yield of produc
at our hand[9], the use of ceria-yttria catalyst under our condi-
tions has significant effect on the reaction (Table 4, entry 23). It
was observed that the reaction is chemoselective for the amin
alcohols giving theN-acetate product only (Table 5, entry 1).
Similarly the hydroxyl group of 2-mercapto ethanol reacted pref-
erentially over the thiol (Table 5, entry 2). In the case of 1,2-diol,
we observed preference in the acylation for primary alcohol ove

Table 5
Chemoselective acetylation of amino alcohol, mercapto alcohol and diol cat-
alyzed by ceria-yttria based Lewis acid catalyst

Entry Substrate Reaction
time (h)

Product Yield (%)a

1 2-Aminoethanol 4 N-Acetate 98b

2 2-Mercaptoethanol 12 O-Acetate 84c

3 2-Methyl-1,3-propanediol 10 Mono-acetate 80d

Di-acetate 10

a Yields refer to the pure and isolated product.
b Reaction performed at room temperature.
c Reaction carried out at 40◦C.

secondary; however a mixture of mono and di-acylated product
was obtained (Table 5, entry 3). It may be pertinent to mention
here that there was no selectivity observed in the chemoselective
acylation of 2-aminoethanol under solvent-free and catalyst-free
conditions[9].

4. Conclusion

In conclusion, we have synthesized heterogeneous, recy-
clable sulfated ceria-yttria based strong Lewis acid catalyst
for the first time and fully characterized by XRD, SEM, TG-
DTA and BET surface area studies. Its Lewis acidity has been
demonstrated by FT-IR spectrum of pyridine and desorption of
ammonia studies. The Lewis acidic properties were successfully
explored for the intramolecular ene reaction, chemoselective
acylation of alcohol and amines.
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