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bstract

The nano-crystalline sulfated-zirconia catalysts, prepared by one-step as well as two-step sol–gel technique, showed excellent catalytic activity
ith a high substrate to catalyst weight ratio for the synthesis of 7-substituted 4-methyl coumarins via solvent free Pechmann reaction. The m-amino
henol was found to be more reactive than m-hydroxy phenol. The catalyst results 100% conversion of m-amino phenol with ∼100% selectivity
f 7-amino 4-methyl coumarin at 110 ◦C within 2 min. For 7-hydroxy 4-methyl coumarin, 94% yield was obtained after 3 h at 170 ◦C with phenol
o catalyst weight ratio of 80. Slow kinetics was observed in polar nitrobenzene as well as in non-polar toluene for both coumarin derivatives,
ue to the slow bulk diffusion of reactant molecules in presence of solvent. The solvent free microwave assisted synthesis seems advantageous

ay to synthesize the hydroxy derivative resulting excellent yield (99%) in much lesser time (15 min) at lower temperature (150 ◦C) as compared

o thermal heating. The use of very small catalytic amount of sulfated-zirconia catalyst for the synthesis of coumarins and the reusability of the
atalyst after simple activation for several times with similar catalytic activity are novel properties of the catalyst.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Coumarins are the benzo-2-pyrone derivatives mainly found
n plants of the family of Rutaceae and Umbelliferae. Among
he various coumarin derivatives, 7-substituted coumarins are
mportant group of coumarin derivatives showing various bioac-
ivities and also other applications [1]. For example, 7-hydroxy
-methyl coumarin (�-methylumbelliferone) is used as fluores-
ent brightener, efficient laser dye, standard for fluorometric
etermination of enzymatic activity, as a starting material for
he preparation of insecticide and furano coumarins [2–4]. Sim-

larly, 7-amino 4-methyl coumarin is mainly used as laser dye
nd intermediate for the synthesis of bioactive compounds [5].
tudies [6] suggested that amino group is an effective substitute
or the hydroxyl group for antioxidant property.
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Coumarins can be obtained from the plants by differ-
nt extraction methods such as Maceration under sonication,
nfusion and supercritical fluid extraction [7]. However, the
xtraction from plants is time consuming tedious job and needs
ophisticated instrument based separation process to get the pure
roduct. Therefore, the chemical synthesis of coumarin deriva-
ives is done to fulfill their requirements in vast applications. The
atural biosynthesis of 7-hydroxy coumarin derivatives involves
he transformation of the trans-cinnamic acid derivative to cis-
orm with the help of glucose followed by the cyclization in
resence of beta-glucosidase enzyme.

Chemically, coumarins can be synthesized by various
ethods such as the Pechmann reaction [8a–f], Knoeve-

agel condensation [9a–d], Claisen rearrangement [10], Perkin
11a–c], Wittig [12a–d], Reformatsky [13] and catalytic cycliza-
ion reactions [14]. However, acid catalyzed Pechmann reaction
s the simple and commonly used method for synthesizing

oumarins from activated phenols, mostly m-substituted phe-
ols containing electron donating substituent at m-position
nd �-keto-esters or an unsaturated carboxylic acid [8a & b,
5]. Conventionally, the Pechmann reaction is carried out in

mailto:btyagi@csmcri.org
mailto:rvjasra@csmcri.org
dx.doi.org/10.1016/j.molcata.2007.06.003


4 Cata

p
p
c
a
r
[
r
g
[
[
i
o
s
m
e
h
c
a
l
[
a
n
a
8
o
r
a
o
[
m
i
c
[
a
m
[

s
i
a
s
4
f
p
c
a
b
m
h

2

2

w
o

s
e
p

2

s
n
w
a
t
a
p
w
d
(
w
f
n

w
w
w
r
1
s
Z
fi
l
T

2

2

f
p
(
a
p
f
f

C

w
i
s

2

8 B. Tyagi et al. / Journal of Molecular

resence of concentrated sulfuric acid catalyst [8c, 16], phos-
horous pentaoxide [17], trifluoroacetic acid [18] and aluminum
hloride [19]. These acids are corrosive and required in excess
mount. For example, nearly one litre concentrated H2SO4 is
equired to synthesize 1 mol of 7-hydroxy 4-methyl coumarin
20], require 12–24 h of reaction time [8c] and may also
esults in the formation of undesired side products [21]. Homo-
eneous metal chlorides such as ZnCl4, TiCl4, InCl3, GaI3
22–25], triflates [26], sulfonic acid [27] and ionic liquids
28–30] are reported to produce 7-hydroxy coumarin derivatives
n high yield at ambient temperature. Due to non-reusability
f these homogeneous catalysts different solid acid catalysts
uch as Amberlyst ion-exchange resins [31] zeolites [32,33]
ontmorillonite K-10 [34], polyaniline sulfate salt [35,36], het-

ropoly acids [37] and nafion resin/silica nanocomposites [38]
ave been studied for the synthesis of 7-hydroxy 4-methyl
oumarin. However, some of these catalysts suffer from either
tedious synthetic methodology [35,36], or requirement of

arge amount of catalyst for high yield. For example, zeolites
32,33] and Amberlyst [31] are required in almost stochiometric
mount (phenol to catalyst weight ratio = 1); nafion resin/silica
anocomposites [38] and Amberlyst ion-exchange resins [31]
re required in phenol to catalyst weight ratio of 2, for giving
0–96% yield of 7-hydroxy-derivative. Furthermore, in most
f the cases toluene has been employed as a solvent as it is
eported that non-polar solvents favors the Pechmann reaction
nd polar solvents cause the cleavage [31]. For the synthesis
f 7-amino 4-methyl coumarin only few studies are reported
21] using solid catalysts, wherein, graphite supported on mont-
orillonite K-10 yields 66% product in 30 min. Microwave

rradiation has been found more useful for synthesis of these
oumarin derivatives in order to minimize the reaction time
21,39]. Recently, ultrasound assisted Pechmann synthesis has
lso been reported producing good yields of 7-hydroxy 4-
ethyl coumarin, however, with homogenous BiCl3 catalyst

40].
In view of our previous experience over nano-crystalline

ulfated-zirconia [41,42], which showed excellent results for
somerization of longifolene [43,44], we studied the catalytic
ctivity of nano-crystalline sulfated-zirconia, prepared by one-
tep and two-step sol–gel technique for the synthesis of 7-amino
-methyl coumarin along with 7-hydroxy 4-methyl coumarin
rom activated phenols, namely m-amino phenol and m-hydroxy
henol, respectively, with ethyl acetoacetate in solvent free
onditions. The effect of solvent both polar (nitrobenzene)
nd non-polar (toluene) was also studied on the synthesis of
oth amino and hydroxy coumarin derivatives. In addition,
icrowave assisted synthesis of 7-hydroxy 4-methyl coumarin

as also been studied.

. Experimental

.1. Materials
Zirconium n-propoxide (70 wt% solution in n-propanol)
as procured from Sigma–Aldrich, USA; n-propanol, aque-
us ammonia (25%) and concentrated sulfuric acid were from

a
t
r
l

lysis A: Chemical 276 (2007) 47–56

.d. Fine Chemicals, India; m-amino phenol and ethyl acetoac-
tate were from Loba Chemie, India and m-hydroxy phenol was
rocured from Central Drug House, India.

.2. Catalyst synthesis

Sulfated zirconia (SZ) samples were synthesized using one-
tep as well as two-step sol–gel technique. The zirconium
-propoxide was used as a precursor after dilution (30 wt%)
ith n-propanol. In the one-step method, addition of sulfuric

cid was done by two ways: (i) an aqueous solution of concen-
rated sulfuric acid (1.02 ml acid in 6.4 ml water with water to
lkoxide molar ratio = 4) was added drop wise into the zirconium
recursor under continuous stirring. (ii) sulfuric acid (1.02 ml)
as added to zirconium precursor and water was then added
rop wise under continuous stirring, just sufficient to form a gel
4.2 ml, water to propoxide molar ratio = 2.7). The resulting gel
as dried at 110 ◦C for 12 h followed by calcination at 600 ◦C

or 2 h in static air atmosphere. The samples thus prepared are
amed as SZ-1 and SZ-2, respectively.

In the two-step procedure, two samples were prepared,
herein, hydrolysis of zirconium precursor (30 wt% solution)
as done with (i) aqueous ammonia at pH 9–10 and (ii) with
ater (water to alkoxide molar ratio = 4). After aging for 3 h at

oom temperature, the gel was filtered and dried at 110 ◦C for
2 h in the first step. The dried gel was meshed (170 mesh) and
ulfated with concentrated sulfuric acid solution (0.5 M, 15 ml/g
r(OH)4 gel) under stirring for 30 min in the second step. After
ltration, the sulfated samples were dried at 110 ◦C for 12 h fol-

owed by calcination at 600 ◦C for 2 h in static air atmosphere.
he samples are named as SZ-3 and SZ-4, respectively.

.3. Catalyst characterization

.3.1. X-ray powder diffraction (XRD) studies
The crystalline phase formed and the crystallinity of sul-

ated zirconia after calcination at 600 ◦C was measured by X-ray
owder diffractometer (Philips X’pert) using Cu K� radiation
λ = 1.54056 Å). The samples were scanned in 2θ range of 0–80◦
t a scanning rate of 0.04◦ s−1. Crystallite size of tetragonal
hase was determined from the characteristic peak (2θ = 30.18
or the (1 1 1) reflection) by using Scherrer formula with a shape
actor (K) of 0.9 [45] as below:

rystallite size = Kλ

W cosθ

here W = Wb − Ws; Wb is the broadened profile width of exper-
mental sample and Ws is the standard profile width of reference
ilicon sample.

.3.2. FT-IR spectroscopic studies
The nature of bonding of sulfate ions with zirconia surface
fter calcination at 600 ◦C was studied by FT-IR spectropho-
ometer (Perkin-Elmer GX). The spectra were recorded in the
ange 400–4000 cm−1 with a resolution of 4 cm−1 as KBr pel-
ets.
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.3.3. Sulfur analysis
The bulk sulfur (wt%) retained in sulfated zirconia samples

efore and after calcination at 600 ◦C was analyzed by C H N
/O elemental analyzer (Perkin-Elmer 2400, Sr II).

.3.4. Surface area and pore size distribution
Specific surface area, pore volume and pore size distribution

f sulfated zirconia samples calcined at 600 ◦C were determined
rom N2 adsorption–desorption isotherms at 77 K (ASAP 2010

icromeritics). Surface area was calculated by using BET equa-
ion; pore volume and pore size distribution were calculated by
JH method [46]. The samples were degassed under vacuum at
20 ◦C for 4 h, prior to adsorption measurement to evacuate the
hysisorbed moisture.

.4. Synthesis of 7-amino 4-methyl coumarin

The sulfated zirconia catalysts were studied for the synthesis
f 7-amino 4-methyl coumarin using m-amino phenol and ethyl
cetoacetate under solvent free conditions and also in presence
f nitrobenzene as a solvent. In a typical experiment, m-amino
henol and ethyl acetoacetate were taken (1:1 molar ratio) with
itrobenzene (3 g) and tridecane (0.1 g, internal standard) in a
0 ml reaction tube of reaction station (12 Place Heated Carousel
eaction Station, RR99030, Radleys Discovery Technologies,
K) along with the pre-activated (at 450 ◦C, 2 h) catalyst (phenol

o catalyst weight ratio = 10). The phenol and ethyl acetoacetate
ere taken in 1:2 molar ratio, when reaction was carried out
nder solvent free condition for the proper solubility of phenol
nd ease of proper stirring of the reaction mixture. The reac-
ion was carried out at different temperatures in the range of
0–150 ◦C under stirring for 2 min–3 h. The reaction tubes were
aken out at different time intervals, dimethyl sulfoxide (2 g) was
dded to dissolve the crystallized product on cooling, and was
nalyzed by gas chromatography (HP6890) having a HP50 (30-

long) capillary column with a programmed oven temperature
rom 50 to 200 ◦C, at 0.5 cm3/min flow rate of N2 as carrier gas
nd FID detector. The conversion of m-amino phenol and selec-
ivity of 7-amino 4-methyl coumarin was calculated on the basis
f its weight percent as follows:

onversion (wt%) = 100 × [Initial wt% − Final wt%]

Initial wt%

electivity (wt%) = 100 × [GC peak area% of 7-amino 4-methyl
oumarin]/

∑
Total GC peak area% for all the products.

The effect of reaction temperature and time, molar ratio of
eactants and phenol to catalyst ratio were studied with one
f the catalysts (SZ-2), to achieve maximum conversion and
electivity in solvent free conditions and also in presence of sol-
ent. The product was isolated after cooling the solvent free

eaction mixture and slowly re-crystallized in ethanol–water
ystem and was characterized by melting point, FT-IR (Perkin-
lmer GX) and NMR spectroscopy (Bruker, Avance DPX 200
Hz).

a
r
r
a
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.5. Synthesis of 7-hydroxy 4-methyl coumarin

In a typical experiment, m-hydroxy phenol and ethyl ace-
oacetate were taken (1:1 molar ratio) with nitrobenzene (3 g) in

50 ml reaction tube of reaction station along with the pre-
ctivated (at 450 ◦C, 2 h) catalyst (phenol to catalyst weight
atio = 10). The phenol and ethyl acetoacetate were taken in 1:2
olar ratio, when reaction was carried out in solvent free con-

ition for the proper solubility of phenol and ease of proper
tirring of the reaction mixture. The reaction was carried out
t 150 and 170 ◦C under stirring for 0.5–24 h. The effect of
eaction temperature and time, molar ratio of reactants and
henol to catalyst weight ratio were studied with one of the
atalysts (SZ-2), to achieve maximum yield of 7-hydroxy 4-
ethyl coumarin under solvent free conditions as well as in

resence of nitrobenzene. After the reaction, the hot reaction
ixture was filtered to separate the catalyst and the product
as crystallized after cooling the reaction mixture. The crys-

als of the product were filtered and washed with petroleum
ther to remove unreacted reactants and solvent, dried and
lowly re-crystallized in ethanol–water system. The product was
haracterized by melting point, FT-IR and NMR spectroscopy.
he yield of 7-hydroxy 4-methyl coumarin was obtained as

ollows:

ield (wt%) =
(

Obtained weight of product

Theoretical weight of product

)
× 100

.6. Microwave assisted solvent free synthesis of 7-hydroxy
-methyl coumarin

Solvent free synthesis of 7-hydroxy 4-methyl coumarin was
lso carried out by using microwave irradiation (250 W). In
100 ml microwave reaction vessel (Ethos 1600 Microwave
ab Station, Italy), m-hydroxy phenol and ethyl acetoac-
tate (1:2 molar ratio) were taken along with the activated
at 450 ◦C, 2 h) catalyst (with phenol to catalyst weight
atio = 10). The reaction mixture was kept in microwave
eaction vessel at different temperatures ranging from 90
o 170 ◦C for 5–20 min. The product was isolated, re-
rystallized and characterized as described above in Section
.5.

.7. Catalyst regeneration

The regeneration study was done with the catalyst, SZ-2,
hich was used in the solvent free synthesis of both amino

nd hydroxy coumarin derivatives. The used catalyst was fil-
ered from the reaction mixture, washed with hot ethanol
nd acetone to remove the adsorbed reactants and products
nd activated at 450 ◦C for 4 h in air. Thus, regenerated cat-

lyst was studied under similar reaction conditions till 6th
eaction cycles. After every reaction cycle, the catalyst was
ecovered from reaction mixture and regenerated as described
bove.
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Fig. 1. XRD pattern of sulfated-zirconia samples: (a) SZ-1(i), SZ-3(ii) and SZ-4(iii) and (b) SZ-2 after calcination at 600 ◦C.

Table 1
Characterization of nano-crystalline sulfated zirconia catalysts after calcination
at 600 ◦C

Sample Cryst. size
(nm)

Surface area
(m2/g)

Pore volume
(cm3/g)

Pore size
(Å)

S (wt%)

SZ-1 14 101 0.152 58 1.27
SZ-2 9 150 0.330 89 3.93
S
S

3

3

s
i
S
t
i
1
i
m
S
A
w
s

e

F

s
l
T
t
I
p
S

Z-3 11 101 0.087 35 1.38
Z-4 16 81 0.081 42 1.31

. Results and discussion

.1. Characterization of sulfated-zirconia catalysts

All the sulfated zirconia catalysts, after calcination at 600 ◦C,
howed purely tetragonal crystalline phase (Fig. 1a and b), hav-
ng nano-crystallite size in the range of 9–16 nm (Table 1).
ulfate group binding with zirconia surface in a chelating biden-

ate fashion (Structure A) shows the IR bands of the SO4
2− group

n the region of 1200–900 cm−1 (Fig. 2), with peaks at 1242,
142, 1073, 1045, and 998 cm−1, which are the characteristic of
norganic chelating bidentate sulfate, and are assigned to asym-

etric and symmetric stretching frequencies of partially ionized
O double bonds and S–O bonds [47] as shown in Structure

. This ionic structure of SO4
2− group in presence of adsorbed
ater molecules is responsible for the Brönsted acidity [41] in
ulfated-zirconia catalysts.

Among the four catalysts, SZ-2 was observed to possess high-
st sulfur loading, surface area, pore volume, pore diameter and

o
T
l
w

Scheme 1. Schematic synthesis of 7-s
ig. 2. FT-IR spectrum of sulfated zirconia sample after calcination at 600 ◦C.

mallest crystallite size (Table 1). It was also observed to have
ower crystallinity compared to other three catalysts (Fig. 1b).
his is due to higher sulfur content (3.9 wt%) compared to other

hree catalysts, which have sulfur in the range of 1.27–1.38 wt%.
t has been earlier observed by us [41] that crystallization tem-
erature of zirconia increases on sulfation due to the presence of
O4

2− ions, which require higher thermal energy for the removal
f hydroxyl groups for dehydroxylation during crystallization.

he difference in structural and textural properties of the cata-

ysts is attributed to the difference in method of sulfation and
ater to alkoxide molar ratio.

ubstituted 4-methyl coumarins.
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Table 2
Conversion (%) of m-amino phenol (AP) and selectivity (%) of 7-amino 4-methyl coumarin (AMC) with sulfated-zirconia catalysts

Catalyst Solvent freea With nitrobenzeneb

Conversion of m-APa (%) Selectivity of AMCa (%) Conversion of m-APb (%) Selectivity of AMCb (%)

SZ-1 100 100 100 99.7
SZ-2 100 100 100 98.8
SZ-3 100 100 100 99.7
SZ-4 100 100 100 98.6

R 0.
al sta
1 g tri
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a
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(
the catalyst. Lower conversion in presence of toluene (45%) as
eaction temperature = 150 ◦C, reaction time = 1 h, phenol:catalyst wt. ratio = 1
a m-Amino phenol:ethyl acetoacetate molar ratio = 1:2 (0.1 g tridecane, intern
b m-Amino phenol:ethyl acetoacetate molar ratio = 1:1, nitrobenzene = 3 g (0.

.2. Synthesis of 7-amino 4-methyl coumarin

Synthesis of 7-amino 4-methyl coumarin was carried out with
ll four nano-crystalline sulfated-zirconia catalysts using m-
mino phenol and ethyl acetoacetate (Scheme 1) under solvent
ree conditions and also in presence of nitrobenzene solvent. All
atalysts showed high and similar catalytic activity giving 100%
onversion of m-amino phenol with 99–100% selectivity for 7-
mino 4-methyl coumarin in both solvent free condition and
itrobenzene within 1 h at 150 ◦C (Table 2). As all the catalysts
howed similar catalytic activity for the synthesis of 7-amino
-methyl coumarin, one of the catalysts, SZ-2, was chosen for
urther study to optimize the reaction parameters for obtaining
aximum yield, as this catalyst has been observed to have slight

ifference in structural and textural properties than other three
atalysts (Table 1).

To study the effect of temperature, synthesis of 7-amino 4-
ethyl coumarin was carried out in the temperature range of

0–150 ◦C in both solvent free condition and in presence of
itrobenzene.

Solvent free synthesis shows (Table 3) that 100% conversion
f m-amino phenol with 100% selectivity for 7-amino 4-methyl
oumarin could be achieved at 110 ◦C temperature after 1 h.

he kinetics studied at 110 ◦C was observed to be very fast
howing 100% conversion and selectivity within 2 min of the
eaction, which further remains steady with increasing time

able 3
ffect of temperature and kinetic study on solvent free synthesis of 7-amino
-methyl coumarin (AMC) with sulfated zirconia

emperature
◦C)

Time
(min)

Conversion
of m-AP (%)

Selectivity
of AMC (%)

90 60 95 100
10 100 100
30 100 100
50 100 100

10 2 100 100
4 100 100
6 100 100
8 100 100

10 100 100
12 100 100
15 100 100

-Amino phenol:ethyl acetoacetate molar ratio = 1:2, phenol:catalyst wt.
atio = 10, 0.1 g tridecane.

c
n

T
E
c

T
(

1
1
1

1

m
n

ndard).
decane, internal standard).

ithout showing any deactivation of the catalyst and formation
f any side-products. To optimize the other reaction parameters,
10 ◦C reaction temperature and 15 min reaction time were cho-
en as optimized temperature and time for solvent free synthesis.

The results in the presence of polar nitrobenzene show
Table 4) that the conversion of m-amino phenol was observed
o be similar at 110 and 130 ◦C, however, at 150 ◦C, significantly
ncreases from 65 to 100% with 99% selectivity of 7-amino 4-
ethyl coumarin after 1 h. The kinetics of the reaction studied at

50 ◦C showed 100% conversion within 45 min of the reaction
ith ∼98–99% selectivity, which increased to 100% after 2 h.
he maximum conversion and selectivity remained steady till
h of the reaction. The reaction carried out in non-polar solvent,

oluene showed comparatively lower conversion (45%) after 2 h,
owever with 100% selectivity. For further studies in nitroben-
ene solvent, 150 ◦C temperature and 2 h time was chosen as
ptimized temperature and time.

The study clearly shows the slow kinetics in presence of
itrobenzene, which also requires higher temperature to obtain
00% conversion. This may be explained due to the (i) slow
iffusion of the reactant molecules through the bulk solvent and
ii) the interaction of solvent molecules with the acid sites of
ompared to nitrobenzene (100%) indicates that the polarity of
itrobenzene is not responsible for the slow kinetics of the reac-

able 4
ffect of temperature and kinetic study on synthesis of 7-amino 4-methyl
oumarin (AMC) with sulfated zirconia in presence of nitrobenzene solvent

emperature
◦C)

Time
(min)

Conversion
of m-AP (%)

Selectivity
of AMC (%)

10 60 65 99.7
30 64 98.5
50 100 98.8

50 15 77 98.6
30 91 97.7
45 100 98.5
60 100 96.0
90 100 96.8

120 100 (45a) 100 (100a)
150 100 100
180 100 100

-Amino phenol:ethyl acetoacetate molar ratio = 1:1, nitrobenzene = 3 g, phe-
ol:catalyst wt. ratio = 10, 0.1 g tridecane.
a Reaction in toluene.
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Table 5
Effect of phenol to ester molar ratio on selectivity of 7-amino 4-methyl coumarin (AMC) with sulfated zirconia in solvent free conditions and in presence of
nitrobenzene

m-AP:EAA Solvent freea With nitrobenzeneb

Conversion of m-AP (%) Selectivity of AMC (%) Conversion of m-AP (%) Selectivity of AMC (%)

1:1 100 100 100 100
1:1.5 100 100 100 97
1:2 100 100 100 97

Phenol:catalyst wt. ratio = 10.
a Reaction temperature = 110 ◦C and time = 15 min (0.1 g tridecane).
b Reaction temperature = 150 ◦C and time = 3 h (0.1 g tridecane).

Table 6
Effect of phenol to catalyst weight ratio on conversion of phenol and selectivity of 7-amino 4-methyl coumarin (AMC) with sulfated zirconia in presence of
nitrobenzene and solvent free synthesis

Substrate/catalyst wt. ratio Solvent freea With nitrobenzeneb

Conversion of m-AP (%) Selectivity of AMC (%) Conversion of m-AP (%) Selectivity of AMC (%)

10 100 100 100 100
20 100 100 100 96
40 100 100 100 96
8

110
enol,

t
m

3
a

e
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s
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w
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h
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m
2
t
s
h
and after 12 h at 150 C. Therefore, 170 C reaction temperature
and 3 h reaction time was chosen as optimized temperature and
time for further studies in both the conditions. Furthermore, sol-
vent free synthesis results in significantly higher yields (78%)

Table 7
Yield (wt%) of 7-hydroxy 4-methyl coumarin (HMC) with sulfated-zirconia
catalysts

Catalyst Yield of HMC (wt%)

Solvent freea With nitrobenzeneb

SZ-1 42 23
SZ-2 43 24
SZ-3 43 21
SZ-4 42 22
0 100 100

a m-Amino phenol:ethyl acetoacetate molar ratio = 1:2, reaction temperature =
b m-Amino phenol:ethyl acetoacetate molar ratio = 1:1, nitrobenzene = 3 g/ph

ion. It is mainly due to the decreased diffusion of the reactant
olecules in the presence of the solvent.

.2.1. Effect of molar ratio of m-amino phenol and ethyl
cetoacetate

The effect of molar ratio of m-amino phenol to ethyl acetoac-
tate ranging from 1:1 to 1:2 was observed to have no effect
n the maximum conversion in both solvent free condition and
itrobenzene. However, the selectivity was observed to slightly
ecrease from 100% to 97% by increasing the molar ratio in
itrobenzene (Table 5), which indicates that nitrobenzene plays
role in decreasing the selectivity and not the ester, as in solvent

ree condition the selectivity of the same was not affected with
he increase in the molar ratio of the ester.

.2.2. Effect of substrate to catalyst weight ratio
The effect of m-amino phenol to catalyst weight ratio was

tudied by carrying out the reaction at different phenol to cat-
lyst weight ratio in the range of 10–80. Table 6 shows that
hen the reaction was carried out in solvent free conditions,

onversion and selectivity was not affected by increasing the
ubstrate to catalyst weight ratio from 10 to 80. In presence
f nitrobenzene solvent, there is no effect on the conversion of
-amino phenol, however, the selectivity for 7-amino 4-methyl

oumarin was observed to decrease from 100 to 94 by increasing
ubstrate to catalyst weight ratio, which indicates the effect of
itrobenzene solvent on selectivity of the product.
.3. Synthesis of 7-hydroxy 4-methyl coumarin

Initially, synthesis of 7-hydroxy 4-methyl coumarin with
ll four nano-crystalline sulfated-zirconia catalysts using m-

R
r

100 94

◦C and time = 15 min (0.1 g catalyst, 0.1 g tridecane).
reaction temperature = 150 ◦C and time = 3 h (0.1 g catalyst, 0.1 g tridecane).

ydroxy phenol and ethyl acetoacetate (Scheme 1) in solvent
ree conditions and also in presence of nitrobenzene solvent
as carried out at 150 ◦C temperature for 1 h. The yield of 7-
ydroxy 4-methyl coumarin was found to be significantly higher
42–43%) in solvent free synthesis as compared to that with
itrobenzene (21–24%) (Table 7). Catalyst SZ-2 was chosen for
urther study to optimize the reaction parameters for obtaining
aximum yield, similarly as for amino derivative.
To study the effect of temperature, synthesis of 7-hydroxy 4-

ethyl coumarin was carried out at 150 and 170 ◦C from 0.5 to
4 h. The results (Table 8) show that yields are higher at 170 ◦C
emperature in both solvent and solvent free conditions. Kinetic
tudy at both the temperatures showed that highest yield of 7-
ydroxy 4-methyl coumarin can be obtained in 3–6 h at 170 ◦C

◦ ◦
eaction temperature = 150 ◦C, reaction time = 1 h, phenol:catalyst wt.
atio = 10.

a m-Hydroxy phenol:ethyl acetoacetate molar ratio = 1:2.
b m-Hydroxy phenol:ethyl acetoacetate molar ratio = 1:1, nitrobenzene = 3 g.
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Table 8
Yield (wt%) of 7-hydroxy 4-methyl coumarin with sulfated-zirconia catalyst
under solvent free and in presence of nitrobenzene at 150 and 170 ◦C

Time (h) Yield of HMC (wt%)

Solvent freea With nitrobenzeneb

150 ◦C 170 ◦C 150 ◦C 170 ◦C

0.5 – 43 – –
1 43 72 24 30
3 56 78 24 32 (15c)
6 74 77 27 34

12 75 78 34 37
18 74 – 34 –
24 74 – 35 43

Phenol:catalyst wt. ratio = 10.

a
a
c
a
v
4
v
o
s
v
i
(
v
d
i
t
t
a
n
a

s
v
7
v
(
a
t
i
(
s
a
R
d
i
t
s
v
s

Table 9
Effect of phenol to ester molar ratio on yield (wt%) of 7-hydroxy 4-methyl
coumarin (HMC), with sulfated-zirconia catalyst under solvent free and in pres-
ence of nitrobenzene

m-HP:EAA Yield of HMC (wt%)

Solvent freea With nitrobenzeneb

1:1 76 32
1:1.5 78 31
1:2 77 32
1:3 77 31

Phenol:catalyst wt. ratio = 10, reaction temperature = 170 ◦C, reaction time = 3 h.
a m-Hydroxy phenol:ethyl acetoacetate molar ratio = 1:2.
b m-Hydroxy phenol:ethyl acetoacetate molar ratio = 1:1, nitrobenzene = 3 g.

F
4
s

3
a

p
o
4
and nitrobenzene (31–32%) at 170 ◦C for 3 h (Table 9). How-
ever, Palaniappan and Shekhar [35] found significant increase
in the yield of same derivative at 150 ◦C after 6 h in sol-
a m-Hydroxy phenol:ethyl acetoacetate molar ratio = 1:2.
b m-Hydroxy phenol:ethyl acetoacetate molar ratio = 1:1, nitrobenzene = 3 g.
c Reaction in toluene (3 g).

s compared to nitrobenzene (32%) and toluene (15%) after 3 h
t 170 ◦C. Similar observations of higher yields in solvent free
onditions (56%) as compared to nitrobenzene (24%) are made
t 150 ◦C after 3 h (Table 8). The data show the effect of the sol-
ent (polar as well as non-polar) on the synthesis of 7-hydroxy
-methyl coumarin. The lower yields in the presence of sol-
ent may be due to (i) bulk diffusion effect or (ii) interaction
f solvent with the acid sites of the catalyst (iii) polarity of the
olvent resulting into interaction of substrate molecule with sol-
ent as discussed above in Section 3.2. The slow kinetic data
n presence of nitrobenzene (Table 8) reveals the possibility of
i) slow diffusion of the reactant molecule through the bulk sol-
ent. Furthermore, toluene is the most commonly used solvent
uring coumarin synthesis by Pechmann reaction [31–33] as it
s reported that non-polar solvents favor the Pechmann reac-
ion and polar solvents cause the cleavage [31]. However, in
he present study, we observed lower yield with toluene (15%)
s compared to nitrobenzene (32%) indicating that polarity of
itrobenzene does not seems to be responsible for lower yields
nd slow kinetics in the present experimental conditions.

Several studies have been carried out to study the effect of
olvent on coumarin synthesis, however, with different obser-
ations. For example, Wang et al. [26] found the yield of
-hydroxy 4-methyl coumarin using Yb(OTf)3 in various sol-
ents in the increasing order as follows: Solvent free (95) >THF
85) > CH3CN (83) > Toluene (78) > CH2Cl2 (53) > H2O (35)
nd reported THF is good solvent. Sabou et al. [31] have reported
he yield of same derivative using Amberlyst ion-exchange resin
n various solvents in the increasing order as follows: Toluene
89) > CH2Cl2 (62) > THF (48). Hoefnagel et al. [33] reported
imilar yield of same derivative using zeolite and amberlyst cat-
lysts in both toluene and solvent free condition (77–80%).
omanelli et al. [37] also found similar yield of the same
erivative using heteropoly acid catalyst, however, more time
s required in toluene (4.5 h) as compared to solvent free condi-

ions (30 min) to obtain maximum yield (82–87%). From these
tudies, nature of the catalyst seems to be responsible for the
ariation in the yield of the same derivative in the presence of
olvent.

F
f

ig. 3. Effect of substrate to catalyst weight ratio on yield (wt%) of 7-hydroxy
-methyl coumarin under solvent free conditions and with nitrobenzene over
ulfated zirconia.

.3.1. Effect of molar ratio of m-hydroxy phenol and ethyl
cetoacetate

In the present study the effect of molar ratio of m-hydroxy
henol to ethyl acetoacetate ranging from 1:1 to 1:3 was
bserved to have no significant effect on the yield of 7-hydroxy
-methyl coumarin in both solvent free condition (76–78%)
ig. 4. Yield (wt%) of 7-hydroxy 4-methyl coumarin with time under solvent
ree microwave irradiation (250 W) at different temperatures.
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ent free condition, using polyaniline supported catalyst, with
ncrease in the molar ratio from 1:1 to 1:2 as follows:
:1(41) > 1:1.1(54) > 1:1.5(62) > 1:2(72) = 1:3, which could be
ue to the different nature of the catalyst.

.3.2. Effect of substrate to catalyst weight ratio
The effect of phenol to catalyst weight ratio has been studied

ith a wide range of (2–80 wt%) phenol to catalyst weight ratio
n both solvent free condition and nitrobenzene at 170 ◦C for
h and was found to have significant effect on the yield of 7-

ydroxy 4-methyl coumarin. Interesting results were observed
hat under solvent free synthesis a significant increase from 57 to
4% in the yield of 7-hydroxy 4-methyl coumarin was observed
n increasing phenol to catalyst ratio from 2 to 80 (Fig. 3).

w
c
n
fi

ig. 5. GC-mass spectra of side products formed in microwave assisted synthesis of
ii), (iii) and (iv) products formed by self-condensation of ethyl acetoacetate; (v) isom
lysis A: Chemical 276 (2007) 47–56

t highest phenol to catalyst ratio of 80, yield of 7-hydroxy
-methyl coumarin was found to be maximum (94%) showing
he excellent catalytic activity of sulfated-zirconia catalyst that
s required in very small catalytic amount for the synthesis of
-hydroxy 4-methyl coumarin. However, in nitrobenzene, yield
as successively decreased from 49 to 21% with the increase in
henol to catalyst weight ratio.

The increase of yield of hydroxy derivative in solvent free
ondition with increasing phenol to catalyst weight ratio is
xplained in terms of the increased dispersion of the catalyst

ith increasing substrate that increases the availability of the

atalytically active acid sites to reactant molecules. It is to be
oted here that at increasing phenol to catalyst weight ratio, a
xed amount of the catalyst was taken (0.1) g for accuracy in

7-hydroxy 4-methyl coumarin at higher time and temperature [(i) chromone;
erized and (vi) cleaved products from 7-hydroxy 4-methyl coumarin].
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he experiment and amount of reactants have been increased
ubsequently for required substrate to catalyst weight ratio. The
ncreased amount of reactants also act as solvent and may be
elpful in the diffusion of the reactants and the products and also
nhancing the acidity due to acidic nature of phenol. Whereas,
n presence of nitrobenzene, the increasing amount of nitroben-
ene (3 g/phenol) with respect to increasing amount of reactants
esults more resistance in bulk diffusion of reactants. Further-
ore, small amount of catalyst (0.1 g) provides less availability

f acidic sites. Therefore, successive decrease was observed in
he yield with increasing phenol to catalyst weight ratio due to
ncreasing amount of nitrobenzene.

.4. Microwave assisted synthesis of 7-hydroxy 4-methyl
oumarin

Fig. 4 shows the yield (%) of 7-hydroxy 4-methyl coumarin
ynthesized by microwave irradiation at different temperatures
nd time. The results showed that the yield gradually increases
ith increasing the temperature from 110 to 150 ◦C and also with

ime from 5 to 20 min, while there is no formation of 7-hydroxy
-methyl coumarin at lower temperature (90 ◦C). Maximum
ield (99%) of 7-hydroxy 4-methyl coumarin was found in
5 min at 150 ◦C without any other side product, which was con-
rmed by GC–MS analysis (Shimadzu GC MS-QP 2010 having
etrocol capillary column of 50-m length and 0.2-mm diame-

er with a programmed oven temperature from 40 to 250 ◦C,
t 1.2 cm3/min flow rate of He as carrier gas and ion source at
73 K) of the mother liquor. By increasing the time from 15
o 20 min the yield of the coumarin was found to decrease. At
igher temperature of 170 ◦C, yield was also low.

The lower yield of 7-hydroxy 4-methyl coumarin at higher
emperature and higher reaction time was found to decrease due
o formation of side products such as chromones, the products
rom self-condensation of ethyl acetoacetate, isomerization and
leavage of 7-hydroxy 4-methyl coumarin (Fig. 5). The forma-
ion of these side products was confirmed by GC–MS analysis
f the solid residue obtained after separation of the crystals of
-hydroxy 4-methyl coumarin. The residue was dissolved in
imethyl sulfoxide for GC–MS analysis.

. Regeneration of catalyst

The spent catalyst was thermally regenerated at 450 ◦C for
h in flow of air after filtration from the hot reaction mixture and
ashing with hot ethanol and acetone. The regenerated catalyst

howed similar yield/conversion and selectivity as the fresh cat-
lyst, i.e. 100% conversion and selectivity for amino derivative
nd 75–76% yield of hydroxy derivative, till the 6th reaction
ycles to synthesize 7-substituted 4-methyl coumarin deriva-
ives. FT-IR spectra of used and regenerated catalyst for both

-substituted 4-methyl coumarin derivatives showed the absence
f IR peaks of adsorbed reactants and products on the surface of
egenerated sulfated-zirconia catalyst (Fig. 6a and b) indicating
he easy regenerability of the catalyst.

s
l
c

ig. 6. FT-IR spectra of (i) used and (ii) regenerated sulfated-zirconia catalyst
or the synthesis of (a) 7-amino 4-methyl coumarin and (b) 7-hydroxy 4-methyl
oumarin.

. Conclusions

The nano-crystalline sulfated-zirconia catalysts, prepared by
ne-step as well as two-step sol–gel technique are observed to
how excellent catalytic activity with a high substrate to cat-
lyst weight ratio for the synthesis of 7-substituted 4-methyl
oumarins via solvent free Pechmann reaction. The m-amino
henol was found to be more reactive than m-hydroxy phenol.
he catalyst results 100% conversion of m-amino phenol with
100% selectivity of 7-amino 4-methyl coumarin in solvent free

ynthesis and also in presence of nitrobenzene solvent. However,
eaction is very fast in solvent free condition and the complete
onversion could be attained at comparatively lower tempera-
ure within few minutes than nitrobenzene. Slow kinetics was
bserved in presence of solvents, in polar nitrobenzene as well
s in non-polar toluene for both coumarin derivatives, which is
ue to the slow bulk diffusion of reactant molecules in presence
f solvent. The polarity of the solvent did not seem to be respon-
ible for slow kinetics. The effect of nitrobenzene was observed
ore for 7-hydroxy 4-methyl coumarin. With increasing phenol

o substrate weight ratio, proper dispersion of catalytic active
ites results into higher yields.
The solvent free microwave assisted synthesis seems most
uitable way to synthesize the hydroxy derivative giving excel-
ent yield at lower temperature and in much lesser time as
ompared to thermal heating. The use of very small amount
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