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bstract

A novel SO4
2−/CexZr1−xO2 catalyst has been employed for Pechmann condensation of phenols under solvent-free conditions. Catalyst loads as

ow as 10 wt.% could be used leading to high yields with activated phenols at an oil bath temperature of 393 K. To make the catalyst, Ce–Zr–hydroxide
el was prepared by a coprecipitation method and SO4

2− ions were deposited by treating the gel with sulfuric acid and calcined at 923 K. Surface
nd bulk properties of the catalyst was investigated by means of X-ray powder diffraction, ammonia-temperature programmed desorption, Raman

pectroscopy, and BET surface area methods. Characterization results reveal the super acidic nature of the catalyst. The methodology presented
ffers significant improvements for the synthesis of coumarins with regard to yield of products, simplicity in operation, and green aspects by
voiding toxic conventional catalysts and solvents.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Coumarins have been extensively investigated and widely
sed but still generate much interest. Coumarins are structural
nits of several natural products and feature widely in phar-
acologically and biologically active compounds [1,2]. Many

oumarins and coumarin derivatives exhibit high level of bio-
ogical activity [3]. Besides functionalized coumarins [3–7],
olycyclic coumarins such as calanolides [8], isolated from
alophyllum genus, and others have shown potent anti-HIV

NNRTI) activity.
Coumarins have been synthesized by several routes includ-

ng Pechmann [9], Perkin [10], Knoevenagel [11], Reformatsky
12] and Wittig reactions [13], and by flash vacuum pyrolysis
14]. A highly useful method for the synthesis of coumarins
s the Pechmann reaction, which starts from phenols. In the

onventional production of coumarins by the Pechmann reac-
ion, concentrated sulfuric acid is used as the catalyst [15]. This
rocess causes formation of byproducts, requires long reaction
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imes, and encompasses corrosion problems [16]. For these rea-
ons, there have been several attempts in the literature to find
lternative and environmentally benign synthesis routes. Var-
ous catalyst systems such as Nafion-H [17], zeolite H-BEA,
mberlyst 15 [18], montmorillonite clay [19], ionic liquids [20],

nd W/ZrO2 solid acid [21], have been employed for this pur-
ose. Some organic acids and metal Lewis acids have also been
xamined for this condensation reaction [22]. Although these
ethods are suitable for certain synthetic conditions, however,
any of these procedures are associated with one or more disad-

antages such as expensive reagents, long reaction times, tedious
ork-up procedure, low selectivity, and large amounts of cata-

ysts which would eventually result in the generation of large
mounts of toxic waste.

In continuation to our quest in organic synthesis under
olvent-free conditions employing solid catalysts [23], we
eport here an efficient method for the preparation of coumarins
sing a novel SO4

2−/CexZr1−xO2 composite solid acid catalyst
n the Pechmann reaction of a neat mixture of a phenol and a �-
eto ester. Catalyst loads as low as 10 wt.% (to that of phenols)

ould be used leading to good to high yields with activated
henols at a moderate temperature of 393 K within a short
eriod of time. The acidic SO4

2−/CexZr1−xO2 catalyst was
ynthesized by making Ce–Zr–hydroxide gel by a homogenous
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oprecipitation method and impregnating with sulfate ions. The
repared catalyst was characterized by means of BET surface
rea, X-ray diffraction (XRD), Raman spectroscopy (RS), and
H3-temperature programmed desorption (TPD) techniques

nd was evaluated for the synthesis of coumarins at 393 K
nder solvent free conditions in the liquid phase. As presented,
his methodology offers significant improvements with regard
o yield of products, simplicity in operation, and green aspects
y avoiding toxic catalysts and solvents.

. Experimental

.1. Catalyst preparation

The SO4
2−/CexZr1−xO2 catalyst was prepared by adopting

two-step procedure. Ceria–zirconia hydroxide gel was pre-
ared first by a coprecipitation method and then impregnated
ith sulfate ions. To make Ce(OH)4–Zr(OH)4 (1:1 mole

atio based on oxides), a mixture solution of ammonium
erium nitrate [(NH4)2Ce(NO3)6·6H2O] and zirconium nitrate
Zr(NO3)4·6H2O] were hydrolysed with dilute aqueous ammo-
ia solution (pH 8) under vigorous stirring. Thus, obtained
recipitate was filtered, washed and then dried at 383 K for 12 h.
he obtained hydroxide gel was sulfated by adding a measured
olume of 0.5M H2SO4 solution, so as to reach the equivalence
f 5 mL of pure H2SO4 per gram of Ce(OH)4–Zr(OH)4 gel.
his process was performed under mechanical stirring and
aintained for 1 h, subsequently dried at 393 K for 3 h and

alcined at 923 K for 4 h. The finished catalyst stored in vacuum
esiccator and was activated at 523 K for 5 h in vacuum before
atalytic runs.

.2. Catalyst characterization

The BET surface area was measured by N2 adsorption at
iquid N2 temperature using a Micromeritics Gemini 2360
nstrument. Powder X-ray diffraction patterns were recorded
n a Siemens D-5000 diffractometer, using Ni-filtered Cu K�
0.15418 nm) radiation source. Crystalline phases were identi-
ed by comparison with the reference data from International
enter for Diffraction Data (ICDD) files. The NH3-temperature
rogrammed desorption measurements were carried out on
n Autochem 2910 instrument (Micromeritics, USA), in the
emperature range 373–873 K at 10 K min−1 ramp. A thermal
onductivity detector was used for continuous monitoring of
he desorbed ammonia and the areas under the peaks were
ntegrated using GRAMS/32 software. Prior to TPD studies,
he sample was pretreated at 473 K for 1 h in a flow of ultra
ure He gas (40 mL min−1). After pretreatment, the sample
as saturated with 10% ultra pure anhydrous ammonia gas

balance He; 75 mL min−1) at 353 K for 2 h and subsequently
ushed with He (60 mL min−1) at 373 K for 2 h to remove the
hysisorbed ammonia.
.3. Activity studies

In a typical experiment, SO4
2−/CexZr1−xO2 (10 wt.% to that

f phenols) was dispersed in a mixture of phenols (4.54 mmol)
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s
b

lysis A: Chemical 256 (2006) 290–294 291

nd methyl acetoacetate/ethyl acetoacetate (6.80 mmol) in a 25-
L batch reactor equipped with a distillation condenser. The

ontent was stirred vigorously at 393 K. The progress of the
eaction was monitored by TLC. At the end of the reaction, the
eaction mixture was treated with acetone and filtered to recover
he catalyst. The wet catalyst was washed with dichloromethane
nd recycled to check the reusability of the catalyst. No appre-
iable change in the reactivity was observed for the successive
–3 runs. The filtrate was evaporated under reduced pressure
o obtain the crude product. Thus obtained product was washed
ith water, filtered and dried at 373 K. The product was purified
y dissolving in 20 mL 1 M NaOH and then regenerated with
0 mL 2 M H2SO4 solution. The purified products were char-
cterized by melting point, 1H NMR and mass spectroscopy
ethods.

. Results and discussion

It is an established fact in the literature that Pechmann
eaction proceeds through transesterification and intramolecu-
ar hydroxyalkylation, followed by dehydration [18,24]. These
hree steps are all typical acid-catalyzed reactions. Therefore,
he outcome of the Pechmann reaction depends very much on
he Brönsted acidity of the catalysts [16]. Recently, zirconia-
ased solid acids have emerged as attractive alternative catalysts
n terms of their acidic strength and environmentally benign
haracter for various reactions that are catalyzed by toxic and
orrosive Lewis acids and expensive ionic liquids [23,25]. Incor-
oration of zirconium cations into the ceria unit cell or vice versa
odifies the surface acid–base sites, as the exposed Ce4+ and
r4+ ions act as Lewis acid sites and O2− ions as Brönsted or
ewis base sites [26]. The acid strength of the mixed oxide varies
epending on the charge to radius ratio of the cations. The Zr4+

on has an ionic radius of 0.84 Å, which is smaller than that of
e4+ (0.97 Å) and is expected to generate strong acid sites in the

olid solutions [27]. Further, surface hydroxyl groups could be
enerated due to dissociative adsorption of water on the highly
olar M1 O M2 bonds. In this context, we were interested to
nvestigate the effect of sulfation on the physicochemical char-
cteristics of the CeO2–ZrO2 composite oxide solid solutions,
nd to explore their acidic properties for various useful catalytic
eactions.

The BET surface area of the catalyst calcined at 923 K was
ound to be 126 m2 g−1 which is reasonably high indicating
orous nature of the sample. The powder X-ray diffraction pat-
ern of the sample is shown in Fig. 1. Close inspection of the
RD pattern reveals formation of CexZr1−xO2 solid solution and

irconium sulfates. A tetragonal Ce0.16Zr0.84O2 (PDF-ICDD 38-
437) phase could be identified and the lines due to different
ype of surface zirconium sulfates namely, zirconium sulfate
ydroxide [Zr(OH)2SO4] (PDF-ICDD 26-1001) and zircosul-
ate [Zr(SO4)2] (PDF-ICDD 08-0495) could be manifested. No
RD lines pertaining to cerium sulfate compounds are observed.

imilar findings were reported by Gao et al. [28], who synthe-
ized SO4

2−/CeO2 sample by macerating ceria nanoparticles in
ulfuric acid solution and obtained CeO2 particles with strongly
onded SO4

2− groups on the surface. As can be noted fur-
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ig. 1. XRD patterns of SO4 /CexZr1−xO2 sample calcined at 923 K. Peak leg-
nds is as follows: (O) lines due to Ce0.16Zr0.84O2; (C) lines due to Zr(OH)2SO4;

ˆ ) lines due to Zr(SO4)2; (T) lines due to t-ZrO2; (M) lines due to m-ZrO2.

her from the XRD patterns that both tetragonal and monoclinic
hases of zirconia are present and the former have gained more
n intensity. Fig. 2 represents Raman spectra of the sample cal-
ined at 923 K. As can be noted from this figure, all zirconia
elated bands become obvious indicating a very strong inter-
ction of surface sulfate species with zirconia portion of the
exZr1−xO2 composite oxide. The typical Raman bands due

o tetragonal ZrO2 are observed in the 150–700 cm−1 region.
trong bands at 268, ∼460 and 648 cm−1 together with a shoul-
er at 605 cm−1 and smaller features around 312, 382 and
60 cm−1 are indicative for the tetragonal modification of the
irconia. A sharp doublet observed at 178 and 189 cm−1 along
ith a sharp peak at 473 cm−1 are indicative for the presence of
onoclinic zirconia [29]. The RS peaks pertaining to tetragonal

nd monoclinic modifications are in agreement with the XRD
easurements. Further, the RS bands due to surface sulfates are

isible in the range 1000–1100 cm−1. The presence of bands
n the Zr–O–S stretching region at 1017, 1050 and 1032 cm−1

ndicate the existence of more than one type of surface sulfate
pecies [30], in line with XRD analysis [31], and support the for-
ation of [Zr(OH)2SO4] and [Zr(SO4)2]. The bands observed
t 1068 and 1079 cm−1 could be tentatively assigned to stretch-
ng mode of the surface sulfate groups connected to Ce. On the
hole Raman spectroscopy study reveals the formation of sur-

ace sulfates formed due to the preferential interaction of the

ig. 2. Raman spectrum of SO4
2−/CexZr1−xO2 sample calcined at 923 K.
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ig. 3. Ammonia-TPD profile of SO4
2−/CexZr1−xO2 sample calcined at 923 K.

ulfate promoter with the zirconia portion of the CexZr1−xO2
omposite oxide.

The NH3-TPD profile of the sample is shown in Fig. 3. Sulfate
roups can generate strong acidity, when adsorbed on the oxide
upports [23,25]. Sulfate species themselves are Lewis acids or
y attracting electrons they generate Lewis acid centers on the
xide surfaces. These Lewis acid sites increase the Brönsted
cid strength of the surface hydroxyl groups present on the sur-
aces [25]. Further, the chemical states of the sulfate groups
ometimes determine the acidity of the oxide surfaces. Calcina-
ion at higher temperatures leads to changes in ionic to covalent
haracter with S O bond order close to 2, which is respon-
ible for generating strong acidic active centers on the oxide
urfaces. A broad ammonia desorption profile in the 500–750 K
ange with highest desorption around 580 K could be noted. This
road peak can be considered as an indication for the presence
f high concentration of acid sites with moderate strength. In
ddition to this broad peak, two high temperature desorption
eaks are also observed at 857 and 870 K, respectively. The
ormation of superacid sites could be responsible for the obser-
ation of these high temperature desorption peaks in agreement
ith literature reports [32]. The position of ammonia desorption
eak corresponding to the super-acidic sites is influenced by the
ature of the mixed oxide with zirconia. In the case of sulfated
lumina–zirconia and sulfated titania–zirconia samples a single
igh temperature desorption peak was observed at about 873 K
33,34]. However, in the present case two close peaks at 857 and
70 K are noted. These observed high temperature peaks repre-
ent two different types of superacid sites with slightly differing
heir acidity.

The sulfated CexZr1−xO2 solid superacid catalyst was eval-
ated for liquid phase synthesis of coumarins in solvent free
onditions and summarized in Table 1. For all these reactions
he weight of the catalyst with respect to phenols was fixed at
0 wt.%. For entries 1–4 in Table 1, ethyl acetoacetate, and for

ntries 5–8 the reaction was carried out with methyl acetoacetate.
eactions of 1,3,5-trihydroxybenzene with ethyl acetoacetate
nd methyl acetoacetate (entries 4 and 8) took place very fast
ithin 4 and 5 min, respectively. This is mainly due to the
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Table 1
SO4

2−/CexZr1−xO2 catalyzed Pechmann condensation in solvent free conditions

Entry Phenols �-Ketoester Time (min) Yield (%)

1 1,3-Dihydroxybenzene Ethyl acetoacetate 143 87
2 1,3-Dihydroxy-5-methylbenzene Ethyl acetoacetate 60 84
3 1,2,3-Trihydroxybenzene Ethyl acetoacetate 25 80
4 1,3,5-Trihydroxybenzene Ethyl acetoacetate 4 94
5 1,3-Dihydroxybenzene Methyl acetoacetate 77 94
6 1,3-Dihydroxy-5-methylbenzene Methyl acetoacetate 40 93
7 1,2,3-Trihydroxybenzene Methyl acetoacetate 15 93
8 1,3,5-Trihydroxybenzene Methyl acetoacetate 5 77

Table 2
Activities of various catalysts for the reaction of 1,2,3-trihydroxybenzene with ethyl acetoacetate

Entry Catalyst Time (min) Yield (%) Reference

1 SO4
2−/CeO2–ZrO2 04 94 Present work

2 Bi(NO3)3·5H2O 20 92 [35]
3 ZrCl4 05 93 [36]
4 [bmim]PF6 ionic liquid 45 95 [37]
5 Wells–Dawson heteropolyacid (H6P2W18O62·24H2O)a 300 78 [38]
6 Wells–Dawson heteropolyacid (H6P2W18O62·24H2O)b 48 97 [38]
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a Toluene as solvent.
b Solvent free condition.

resence of three hydroxyl groups that cooperate in activat-
ng the aromatic ring for hydroxyalkylation. Similarly, reactions
f 1,2,3-trihydroxybenzene with ethyl acetoacetate and methyl
cetoacetate (entries 3 and 7) took place in 25 and 15 min,
espectively, which are slower than that of the reactions of
,3,5-trihydroxybenzene presumably due to steric hindrance of
ydroxyl groups. The reactions of 1,3-dihydroxybenzene with
thyl acetoacetate and methyl acetoacetate (entries 1 and 5)
ccurred within 143 and 77 min, respectively. This could be
ue to the presence of only two hydroxyl groups, which are
eta to each other. However, in the case of 1,3-dihydroxy-5-
ethylbenzene, the reactions (entries 2 and 6) were somewhat

aster than that of the reactions of 1,3-dihydroxybenzene that
ould be due to the presence of methyl group ortho to the posi-
ion of hydroxyalkylation.

To study the influence of catalyst amount on the yield of reac-
ion product and time of reaction, the amount of catalyst was var-
ed in the case of highest time taking reaction that is the reaction
etween 1,3-dihydroxybenzene and ethyl acetoacetate (entry 1,
able 1). When the amount of catalyst was doubled i.e. 20 wt.%
ith respect to 1,3-dihydroxybenzene, substantial reduction in

he reaction time was observed. The reaction occurred in 110 min

nly giving 92% yield as compared to 147 min in the earlier case.

Table 2 compares the activities of various catalysts studied in
he open literature for the reaction of 1,3,5-trihydroxybenzene
ith ethyl acetoacetate (entry 4, Table 1) [22,35–38]. Interest-

S
t
u
r

300 56 [22]

ngly, on the sulfated CexZr1−xO2 catalyst a 94% yield was
btained in just 4 min. The Table 2 clearly signifies the use-
ulness of the present catalyst for the synthesis of coumarins.
he presence of high concentration of strong Brönsted acid sites
long with Lewis acid sites in the catalyst are primarily respon-
ible for rapid reactions leading to high yields of the products.

. Conclusions

A novel SO4
2−/CexZr1−xO2 solid acid catalyst was syn-

hesized from the uncalcined cerium–zirconium hydroxide gel
btained by a coprecipitation method followed by impregna-
ion with sulfuric acid. The physicochemical characterization
f the synthesized catalyst was carried out using various tech-
iques including X-ray diffraction, Raman spectroscopy and
mmonia-TPD. The powder XRD and Raman spectroscopic
esults revealed a strong interaction of the sulfate ions with zir-
onia portion of the CexZr1−xO2 composite oxide leading to
he formation of surface sulfates, accompanied by the forma-
ion of a tetragonal Ce0.16Zr0.84O2 phase. The ammonia-TPD
xperiments revealed that sulfated CexZr1−xO2 leads to the for-
ation of super-acidic sites in the catalyst. The synthesized

O4

2−/CexZr1−xO2 catalyst was found to efficiently catalyze
he Pechmann reaction at 393 K. Mild reaction temperature
nder solvent free conditions, high yield of products, and shorter
eaction times are some of the advantages associated with this
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