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Heteropolyacids and large-pore zeolites as catalysts in acylation
reactions using a ,b-unsaturated organic acids as acylating agents
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Abstract

Ž .Pure phosphotungstic acid H PW O , supported on SiO and in the form of Cesium salts have been studied as acid3 12 40 2

catalysts for the acylation of toluene, p-xylene and m-xylene with crotonic acid. Since crotonic acid can either alkylate
andror acylate the alkylaromatic compounds, it was specifically selected to study the influence of the catalyst on the
selectivity for these two competing reactions. Analysis of products obtained when acylating with an a ,b-unsaturated acid
show that all the catalysts are more active for acylation than for alkylation. Heteropolyacids were found to be more active
than zeolites H-Y and Beta, even when the activity per acid site was considered. In the case of heteropolyacids, their activity
is directly related to the number of accessible Bronsted acid sites. q 1998 Elsevier Science B.V. All rights reserved.¨
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1. Introduction

The Friedel–Crafts acylation of aromatic
compounds is a convenient method to produce
aromatic ketones as reactive intermediates for

w xfurther use in fine chemistry 1 . Convention-
ally, the Friedel–Crafts acylation of aromatic
hydrocarbons is carried out in a homogeneous
phase by using Lewis acids such as AlCl , BF ,3 3

ZnCl , TiCl , FeCl , or polyphosphoric and HF2 4 3

Bronsted acids as catalysts. Besides the environ-¨
mental limitations of the above acids, these
processes have the added inconvenience of us-
ing stoichiometric or even excess amounts of

w xthe catalysts for the reaction to proceed 2 .

) Corresponding author.

At present, considerable efforts are being
made to find suitable, recyclable and environ-
ment-friendly solid acid catalysts, which can
successfully carry out acylation reactions with
anhydrides and acids as acylating agents. In this
respect, it has been shown that zeolites, and in
general solid catalysts containing Brønsted acid
sites are adequate agents for carrying out the
acylation of activated aromatic rings such as

w xanisole with carboxylic acids 3 . Good yields
and selectivities were obtained by large-pore
acid zeolites where the Weyland’s Friedel–
Crafts intermediates could be fitted. It is evident
that in the case of anisole, the aromatic ring is
highly activated and therefore the acidity of the
zeolites is sufficient to carry out such reactions
w x4,5 . It has also been proposed that a rare earth
exchanged zeolite can catalyze the acylation of

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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w xtoluene with carboxylic acids 6 . It is then of
interest to study the influence of the acid strength
of Brønsted acid sites in their catalytic activity
for acylating aromatic hydrocarbons with differ-
ent degree of activation using carboxylic acids
as acylating agents. On top of that, and from a
mechanistic point of view, it is of additional
value to study the prefered reaction pathway
when a ,b-unsaturated acids are used for acyla-
tion, since in this case acylation and ring alkyla-
tion can occur.

In this work, we have used crotonic acid as
an acylating a ,b-unsaturated acid, and toluene,
m- and p-xylenes as aromatic compounds. The
influence of the catalyst acidity has been eluci-

Ždated by using two large-pore zeolites H-Y and
. Ž .H-b and phosphotungstic acid H PW O .3 12 40

The importance of the active site accessibility
on the catalytic activity has been investigated by

Ž .using the pure heteropolyacid HPWp , this sup-
Ž .ported at 60% wrw on a SiO support HPW62

as well as cesium salts of the phosphotungstic
Žacid with defined stoichiometry Cs HPW,x

where x can be 1, 2 or 2.5, and it indicates the
number of cesium atoms in the molecule

.Cs H PW O .x 3yx 12 40

2. Experimental

2.1. Materials

The silica source was obtained from BASF
and characterized as having a BET surface area
of 137 m2rg. This material was calcined at
8008C just before being used.

Crotonic acid, as well as phosphotungstic
acid, with a nominal purity of 99% was sup-
plied by Aldrich and used without further purifi-
cation.

Aromatic compounds with nominal purity of
G98% were supplied by Fluka and used with-
out further purification.

ŽSupported HPW HPWn where n indicates
the weight percent of HPW on silica: 6 means

.60% was prepared by evaporation at 458C un-
Ž .der vacuum 2 Torr of a mixture of silica and

ŽHPW dissolved in water total mass
.catalystrwater volumes3 grml . Cesium salts

from heteropolyacids were prepared as de-
w xscribed by Okuhara et al. 7 .

Results are presented as yield % of the acy-
lated products and were calculated as the molar
percentage of products formed in relation to the
initial molar amount of acid. The turnover num-
ber was calculated as the molar amount of acid
converted to the para-acylated product per mole
of proton present on the catalyst.

2.2. Reaction procedure

The reactions were carried out in a batch
reactor, with controlled temperature and mag-
netic stirring. Prior to its use, the catalyst was
activated, when required, in situ by heating it at
3008C under a vacuum of 1 Torr for 2 h.
Thereafter the preheated reactants were trans-
ferred to the reactor and the resulting suspen-
sion was stirred at the reaction temperature. The
corresponding aromatic compound was used in
excess for all cases, and its temperature of
reflux was taken as the reaction temperature. In
a typical experiment, 1.16 mmol of crotonic
acid, 0.086 mmol of catalyst, 100 mmol of the
aromatic compound, and 2 mmol of nitroben-
zene, which is the internal standard for this
reaction, were stirred at the reflux temperature
of the corresponding aromatic compound. Sam-
ples were taken periodically from the reactor
with a filtering syringe and analyzed by GC
Ž .Varian 3000 in order to follow the reaction

Žkinetics and GC–MS Varian-3300rSATURN
. 1 13 Ž .II and H, C NMR 400 MHz VXR-400S in

order to identify the products formed. At the
end of the reaction the catalyst was filtered and
washed with dichloromethane, the filtrate was
then weighed and analyzed by GC–MS, the
catalyst was extracted with dichloromethane us-
ing a Soxhlet apparatus and the mass balance
was calculated taking into account the extracted
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Table 1
Ž . Ž . Ž . Ž . Ž .Micropore volume V ; micropore area S ; total pore volume V ; average pore size f and BET surface area S ofmpore m pore total BET

catalysts used in this work measured with adsorptionrdesorption of nitrogen

2 3 2 3 ˚Ž . Ž . Ž . Ž . Ž .Catalyst S m rg V cm rg S m rg V cm rg f ABET m pore m pore total

Cs HPWs 14 0.0006 1.3 0.009 241

Cs HPWs 74 0.0319 64 0.039 152

Cs HPWs 118 0.0257 53 0.077 262.5

HPW6s 54 0.0049 11 0.150 110
HPWps 7 0.0006 1.22 0.016 86
H-b 560 0.19 383 0.49 25
HY-100 654 0.30 606 0.39 17

fraction. In all the experiments, the recovered
products accounted for more than 90% of the
starting material.

3. Results and discussion

3.1. Reaction network

Table 1 shows the characteristics of surface
area and pore distribution of the catalysts used
in this work. The protonation of crotonic acid in
the presence of Brønsted acid catalyst produces
an electrophilic reactive intermediate that can be
either an alkyl or an acyl carbocation, which
can react with the aromatic ring to produce
either the alkylated or the acylated product re-

Ž .spectively Scheme 1 .
ŽThe products formed in this reaction 1 and

.2 can further react either via intramolecular

acylation or alkylation respectively in order to
Ž .form the corresponding indanone 3 , or via an

intermolecular acylationralkylation in order to
Ž .form the corresponding biphenyl ketone 4

Ž .Scheme 2 . Therefore, depending on the rela-
tive rates of the different reactions one should
obtain different proportions of products 1–4.

3.2. Acylation of xylenes

The results obtained for the acylation of p-
xylene with crotonic acid are showed in Table
2. Product 2 which corresponds, in this case, to
the direct acylation of p-xylene by crotonic acid
is not observed, while small amounts of product
1, formed by the direct alkylation of crotonic
acid to p-xylene, is observed in some cases.
The reaction kinetics data do not indicate the
formation of other products than those indicated

Scheme 1. Possible reaction pathways for crotonic acid in acid media.
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Scheme 2. Further reaction possibilities of products 1 and 2.

in any part of the course of the reaction. On the
other hand, large yields of indanone are ob-
served, especially when heteropolyacids are used
as catalysts. Finally, small amounts of product 4
are also observed. It has to be pointed out that
polymerization of crotonic acid occurred only to
a minor extent, owing to both the high rate of
the reaction with the aromatic ring and to the
large amount of xylene used. It is observed that
when either the acylated or alkylated products
are formed, they react very quickly by a consec-
utive intramolecular alkylation or acylation, and
consequently the indanone is, by large, the ma-
jor product obtained. However, due to the sym-
metry of the p-xylene we can not distinguish

Table 2
Yield % of products obtained in the reaction of p-xylene with
crotonic acid at 1388C and TON for the catalysts used

a Mol crotonic acid converted to 3a per mol proton.
bActivated catalyst.

how much of the indanone formed comes from
Ž .the alkylated product 1 or from the acylated

Ž .product 2 p-xylene. This can be elucidated by
using m- instead of p-xylene. Indeed, in this
case the indanone 3b2 formed by intramolecular
alkylation of the previously acylated m-xylene
could be easily differentiated from the other
indanone coming from the intramolecular acyla-

Ž .tion of the previously alkylated m-xylene 3b1
by NMR analysis, in which case, an aromatic

Žproton ortho to a carbonyl group Hb in Fig.
.1a would give a singlet signal at lower field.
The results obtained for the reaction of cro-

Ž .tonic acid with m-xylene Table 3 , show that
there is only one major product obtained and the
NMR spectra of the isolated compound corre-
sponds to product 3b2: 3,5,7-trimethyl-indanone
Ž .Fig. 1b . What indicates that, for the catalysts
used, the acylation of the alkylaromatic is faster
than the alkylation. This is not what should be
expected since to a first approximation one
would tend to think that it would be easier to
react the double bond with the aromatic com-
pound rather than the carboxylic group as long
as the aromatic ring becomes less activated
when the acyl group is introduced. Thus, it is
clear that the major reaction pathway under our
experimental conditions is the acylation of the
alkylaromatic compound followed by intra-
molecular alkylation by the double bond to form
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Ž .Fig. 1. a Structure of indanones formed by intramolecular acyla-
Ž . Ž .tion 3b1 and intramolecular alkylation 3b2 of alkylated and

Ž . 1acylated m-xylene, respectively. b H NMR spectra of the major
compound isolated from the reaction of m-xylene with crotonic

Ž .acid 3b2 .

the corresponding indanone. Nevertheless some
of the acylated product also reacts with another
molecule of m-xylene to form the correspond-
ing product 4.

It should be noted that when cesium salts of
the heteropolyacid are used as catalysts, a sig-
nificant amount of alkylation also occurs and
this product does not react further via intra-
molecular acylation, probably due to the interac-
tion of Cs cations with the carboxylic group.

Concerning the nature of the catalyst it can
be observed that for both alkylaromatic com-
pounds, the most active catalyst per unit of
weight was the 60% supported heteropolyacid
Ž .HPW6s followed by the Cs HPW. It is inter-2

esting to observe that the activity of the acti-
Ž .vated heteropolyacid HPW6a is lower than the

Ž .non-activated material HPW6s . This result

shows the importance of water of crystallization
on the activity of the HPW towards the acyla-
tion reactions, which has already been observed

w xby other authors 8 . The less active catalysts
were the zeolites, where in this case the activity
of the H-b was larger than that of H-Y. How-
ever, when the activity per acid site is calcu-
lated, we can see that the cesium salts contain-
ing 2 and 2.5 cesium atoms are the most active
catalysts, followed by HPW6s. Taking both
considerations into account, the two zeolites
studied here are less active than the heteropoly-
acids.

It is not surprising to find that when the
surface area of the HPWp is increased by sup-

Ž .porting it on the SiO carrier Table 1 , the2

activity of the resultant catalyst increases. How-
ever, in the case of the Cs exchanged het-
eropolyacid the surface area concept can not be
directly extrapolated, since the surface area in-

Ž . qcreases Table 1 when Cs cations are intro-
duced, but the total Brønsted acidity decreases
when Hq is replaced by Csq. In order to take
into account these two variables, Okuhara et al.
w x9 have introduced the surface acidity, which
stands for the product of the remaining Bronsted¨
acid sites times the surface area of the material.

Ž .When this is plotted for the two xylenes Fig. 2
it can be seen that, despite the dispersion, there
is some correlation between catalysts activity
and surface acidity.

Table 3
Ž .Yields % of products obtained in the reaction of m-xylene with

crotonic acid at 1388C and TON of each of the catalysts used

a Mol crotonic acid converted to 3b2 per mol proton.
bActivated catalyst.
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Fig. 2. Catalytic activities of Cs H PW O for acylation ofx 3yx 12 40
Ž . Ž .p-xylene v , and m-xylene. ' as a function of the surface

acidity.

Another noticeable fact is the decrease in
selectivity of Cs HPW towards product 6 when2

we change the aromatic compound from p- to
Ž .m-xylene Table 3 . This fact could be ex-

plained on the bases of the pore size distribution
Ž .of samples Cs HPW and Cs HPW Fig. 3 . In2 2.5

the case of sample Cs HPW, the micropore size2

distribution is shifted towards sizes smaller than
on sample Cs HPW. More specifically, the2.5

˚average pore size is 6.7 A for the former sam-
˚ple, while for Cs HPW it is of 10.9 A. Taking2.5

into account that the kinetic diameter of p- and
˚ ˚m-xylene are 6.6 A and 7.3 A, respectively, it is

obvious that there will be a large proportion of
pores in sample Cs HPW that will not be acces-2

sible to m-xylene molecules. Therefore we be-
lieve that the inaccessibility of m-xylene to
some of the micropores in Cs HPW is affecting2

the catalytic results. This kind of shape selectiv-
ity in microporous metal salts of heteropoly-
acids have already been observed for decompo-

w xsition reactions of esters of different sizes 9 .
It has been presented that in the case of acid

catalyzed reactions, the adsorption properties of

the catalyst can be almost as important as the
w xacid strength of the sites 10 . In the case of

heteropolyacids not only the acidity but also the
adsorption properties of the heteropolycom-
pounds can be modified by synthesizing differ-
ent salts. In our case, the Cs salts are more
hydrophobic than the acid form, and this should
have a beneficial effect for the adsorption of the

w xnon polar aromatic molecules 11 . On top of
that, the soft basicity of the heteropolyanion,
which can be changed by the presence of Csq,
gives to the system a special acid–base bifunc-
tionality, which enhances the catalytic activity
of the heteropolysalt.

3.3. Acylation of toluene

We have also carried out the acylation with
toluene, which is a less activated aromatic

Ž .molecule Table 4 . The product distribution
obtained shows, in a similar way to the xylenes,

Ž .that the acylated product 2 is formed. And
furthermore it reveals, in this case, that the rate
of intramolecular alkylation of the acylated
product and the acylation of toluene by crotonic
acid are slower with respect to the xylenes. In
any case, the most notable fact is the much
lower yields obtained with toluene, which gives
in all cases turnover numbers below 1. Owing
to the low rate of the desired reaction, poly-
merization of the crotonic acid occurs to a much
larger extent. It is also noteworthy that in the
case of the zeolites, despite their low activity,

Fig. 3. Pore distribution of Cs HPW and Cs HPW samples measured with argon.2 2.5
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Table 4
Ž .Yields % of products obtained in the reaction of toluene with

crotonic acid and TON for each of the catalysts. Reactions were
carried out at 1108C exceptc

a Mol crotonic acid converted to 3c per mol proton.
bActivated catalyst.
c Reaction carried out in autoclave at 1408C, ) indicates the
position of the first electrophilic substitution in the aromatic ring
Ž .ps para, os ortho .

there is a very high selectivity, especially in the
case of H-b , for the attack of the crotonic acid
in the para position.

Moreover, it should be taken into account
that the experiments with toluene were carried

Ž .out at its reflux temperature 1108C which is
about 308C lower than for the xylenes. Thus, it
is reasonable to think that the lower reaction
temperature together with the low reactivity of
toluene is responsible, in this case, for the low
yields of the desired products. In order to find
the intrinsic reactivity of the toluene towards the
dimethylbenzene products, the reaction was car-
ried out with the former in a high pressure
autoclave provided with mechanical stirring at
1408C. The concentrations used here were the
same as for the experiment at 1108C, and
Cs HPW was chosen as catalyst. The results2.5

of the experiment at 1408C are also shown in
Table 4.

It can be seen that there is an increase of the
total conversion, but the yields of the acylated
products remain unchanged. This shows that
temperature does not influence the selectivity of
the catalyst towards the acylated products. On
the contrary, it increases the polymerization rate,

confirming that the reaction rate of crotonic acid
with toluene is much lower than with the xylenes
and so it favors the polymerization reaction of
the crotonic acid. This fact reveals that, in this
case, the rate of the acylation reaction with
HPA strongly depends on the level of activation
of the aromatic compound, rather than the for-
mation of the protonated species of the crotonic
acid.

4. Conclusions

The experiments carried out in this work led
to the conclusions that phosphotungstic acid
supported on silica, as well as its cesium salts
are active catalyst for the acylation reaction of
aromatic compounds with carboxylic acids as
acylating agents. The activity of the heteropoly-
compounds in acylation reactions depends on
the total number of acid sites available, and in
the conditions of this work, the acylation activ-
ity of the catalysts per acid site decreases in the
following order: Cs HPWs)HPW6s)H-b)x

H-Y. Water of crystallization proved to play an
important role on the catalytic activity of HPW
supported on silica since the activated catalyst
gives lower yields than the non activated one. It
was also found that the first step of the reaction
pathway for an a ,b-unsaturated acid is the
acylation, with further intramolecular alkylation
of the aromatic ring. The rate of acylation and
also further alkylation reaction of the aromatic
ring with crotonic acid is strongly related to the
level of activation of the aromatic ring rather
than to the formation of the protonated species.
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