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Samples  of  zirconia  modified  with  different  contents  of tungstophosphoric  acid  (TPA)  were  synthesized
from  zirconium  propoxide  via  sol–gel  reactions  using  polyethylene  glycol  as  template  and  were  char-
acterized  by  different  physicochemical  techniques  (BET,  XRD,  FT-IR,  and 31P MAS-NMR).  The  SBET of  the
solids  decreases  and  the  microporosity  increases  with  the increase  of the TPA  content.  According  to FT-IR
and 31P MAS-NMR  studies,  the  main  species  present  in  the  samples  is [PW12O40]3− anion,  which  was  par-
tially  transformed  into  [P2W21O71]6− and [PW11O39]7− anions  during  the  synthesis  and  drying  steps.  The
XRD  patterns  of  the  modified  samples  exhibit  neither  the  characteristic  peaks  of  TPA  nor  those  attributed
to  its decomposition  products.
4-Aryl-14H-dibenzo[a,j]xanthenes
eterogeneous catalysis
olvent-free reaction

Aryl-14H-dibenzo[a,j]xanthenes  have  been  synthesized  by a  one-pot  condensation  of 2-naphthol  and
aryl aldehydes,  catalyzed  by tungstophosphoric  acid/zirconia  composites  in  a  solvent-free  medium  using
conventional  heating.  The  present  approach  offers  the  advantages  of clean  reaction,  simple  methodol-
ogy,  short  reaction  time,  and  high  yield.  The  reaction  work-up  is  very  simple  and  the catalyst  can  be
easily  separated  from  the  reaction  mixture  and  reused  several  times  in subsequent  reactions  without
appreciable  loss  of  the  catalytic  activity.
. Introduction

Organic reactions catalyzed by inorganic solid materials are
aining much importance due to the advantages of heterogeneous
atalysis, such as simplified product isolation, mild reaction con-
itions, easy recovery and catalyst reuse, and reduction of waste
y-products [1–3].

In particular, catalysis by heteropolyacids (HPA) and related
ompounds is a field of increasing significance worldwide. Many
evelopments have been carried out both in basic research and in
ne chemistry processes [4].  HPA have been used as valuable and
ersatile acid catalysts for some acid-catalyzed reactions because
f their strong acidic properties [5,6]. They can be used as bulk
r supported materials in both homogeneous and heterogeneous
ystems. Furthermore, HPA have several advantages, such as much
exibility in the modification of the acid strength, ease of handling,

ontoxicity and environmental compatibility [7].

Zirconium oxide (zirconia) is an interesting material to be used
s catalyst support due to its thermal stability, and its basic and acid

∗ Corresponding author. Fax: +54 221 4211353.
E-mail address: lrpizzio@quimica.unlp.edu.ar (L.R. Pizzio).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.08.001
© 2012 Elsevier B.V. All rights reserved.

properties. The latter can be modified by the addition of cationic or
anionic substances. For example, the addition of sulfate or tungstate
ions has been widely studied, obtaining materials with high acidity
[8,9]. However, the addition of Keggin heteropolyacids has not been
studied so much [10–14].  The most common methods to obtain zir-
conia are: sol–gel, micellar or mechanochemical synthesis [15]. The
preparation of HPA supported on zirconia employing the micel-
lar method, with zirconyl chloride as oxide precursor, has been
more extensively reported than the sol–gel method using a zirco-
nium alkoxide [13]. In addition, different types of ionic and neutral
surfactants have been employed to obtain mesoporous materials
with high specific surface area. More recently, nonsurfactant, low-
cost organic compounds, such as urea, have started to be used as
pore-forming agents [16].

Conversely, the preparation of organic compounds involving
greener processes under solvent-free conditions has been investi-
gated worldwide due to stringent environmental regulations. The
implementation of several transformations in a single operation is
highly compatible with the principles of Green Chemistry [17–19].
Xanthenes and benzoxanthenes are interesting compounds for
the pharmaceutical industry due to their wide range of biolog-
ical and therapeutic properties [20], such as anti-inflammatory,
antibacterial, antiviral, and stimulating activity of the central

dx.doi.org/10.1016/j.apcata.2012.08.001
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:lrpizzio@quimica.unlp.edu.ar
dx.doi.org/10.1016/j.apcata.2012.08.001


208 T.S. Rivera et al. / Applied Catalysis A: General 443– 444 (2012) 207– 213

j]xant

n
t
a

x
o
z
c
t
o
h
A
e

c
y
t
s
I
t
d

o
e
s
a
a
o
g

2

2

e
g
0
m

(
t
p
a
A
c
3
a
t
o
(

t
w

Scheme 1. Synthesis of 14-aryl-14H-dibenzo[a,

ervous system [21–24]; they are also used in photodynamic
herapy [25] and for antagonism of the paralyzing action of zox-
zolamine [26].

Different routes have been reported for the synthesis of
anthenes and benzoxanthenes, such as the reaction of aryl
xomagnesium halides with triethylorthoformate, trapping of ben-
ynes by phenols, cyclization of polycyclic aryltriflate esters, and
yclocondensation between 2-hydroxy aromatic aldehydes and
etralone [27–30].  However, one of the best routes is the synthesis
f 14-aryl-14H-dibenzo[a,j]xanthenes from 2-naphthol and alde-
ydes in the presence of a catalyst [31] such as AcOH-H2SO4, p-TSA,
mberlist-15, silica-sulfuric acid, and bulk or silica-supported het-
ropolyacids [32–37].

But, although these methods showed different degrees of suc-
ess, some of them had limitations, such as large reaction times, low
ields, use of toxic solvents, and harsh reaction conditions [37,38];
hat is why the development of alternative clean procedures for the
ynthesis of benzoxanthenes and related compounds is a challenge.
n this regard, our research group has experience in the friendly syn-
hesis of heterocyclic compounds using HPA, such as coumarins,
ihydropyrimidinones, azlactones, and flavones [39–42].

Continuing with the studies directed toward the development
f highly expedient methods and the synthesis of diverse het-
rocyclic compounds, we are herein reporting a new one-pot
ynthesis of 14-aryl-14H-dibenzo[a,j]xanthenes from aldehydes
nd 2-naphthol under solvent-free conditions (Scheme 1), cat-
lyzed by tungstophosphoric acid-modified mesoporous zirconia
btained from zirconium propoxide as precursor and polyethylene
lycol as pore-forming agent.

. Experimental

.1. Catalyst preparation

Zirconium propoxide (Aldrich, 26.6 g) was mixed with absolute
thanol (Merck, 336.1 g) and stirred for 10 min  to obtain a homo-
eneous solution under N2 at room temperature. Then 0.47 cm3 of
.28 M HCl aqueous solution was dropped slowly into the above
ixture to catalyze the sol–gel reaction.
After 3 h, an appropriate amount of polyethylene glycol

PEG)–alcohol–water solution (1:5:1 weight ratio) was added to
he hydrolyzed solution under vigorous stirring to act as tem-
late. The amount of added solution was fixed in order to obtain

 template concentration of 10% by weight in the final material.
 tungstophosphoric acid H3PW12O40·6H2O (TPA) solution, whose
oncentration was varied in order to obtain a TPA concentration of
0% and 60% w/w in the solid, was added together with the template
ddition (ZrTPA30B and ZrTPA60B samples) and also after 24 h of
he gel aging (ZrTPA30A and ZrTPA60A samples). A sample with-
ut TPA addition was obtained with the aforementioned procedure

ZrTPA00A).

The gels were then kept in a beaker at room temperature up
o dryness. The solids were ground into powder and extracted
ith distilled water for three periods of 8 h, in a system with
henes with TPA/zirconia composites as catalyst.

continuous stirring, to remove PEG. Afterwards, the solids were
calcined at 100 ◦C for 24 h.

2.2. Catalyst characterization

The specific surface area and the mean pore diameter of
the solids were determined from the N2 adsorption–desorption
isotherms at the liquid–nitrogen temperature, obtained using
Micromeritics ASAP 2020 equipment. The solids were previously
degassed at 100 ◦C for 2 h.

The X-ray diffraction (XRD) patterns were recorded with Philips
PW-1732 equipment with a built-in recorder, using Cu K� radia-
tion, nickel filter, 20 mA and 40 kV in the high voltage source, and
scanning angle between 5◦ and 60◦ 2� at a scanning rate of 1◦ per
min.

The 31P magic angle spinning-nuclear magnetic resonance (31P
MAS-NMR) spectra were recorded with Bruker Avance II equip-
ment, using the CP/MAS 1H–31P technique. A sample holder of
4 mm diameter and 10 mm in height was  employed, using 5 �s
pulses, a repetition time of 4 s, and working at a frequency of
121.496 MHz  for 31P at room temperature. The spin rate was 8 kHz
and several hundred pulse responses were collected. Phosphoric
acid 85% was employed as external reference.

The Fourier transform infrared (FT-IR) spectra of the solids were
obtained using a Bruker IFS 66 FT-IR spectrometer and pellets in KBr
in the 400–4000 cm−1 wavenumber range.

The acidity of the solids was estimated by means of poten-
tiometric titration. A known mass of solid was  suspended in
acetonitrile and stirred for 3 h. Then, the suspension was titrated
with 0.05 N n-butylamine in acetonitrile using Metrohm 794 Basic
Titrino apparatus with a double junction electrode.

2.3. Synthesis of aryl-14H-dibenzo[a,j]xanthenes

All chemical reagents were obtained from Aldrich and were
used without further purification. All products were identified by
comparison of their physical and spectral data with those of the
authentic samples. Melting points were measured using a Bioamer-
ican Bs 448 apparatus and are uncorrected. 1H NMR  and 13C NMR
spectra were recorded with a Varian 200 MHz  (see Supplementary
data). The purity of the substances and the progress of the reaction
were monitored by TLC on silica gel, and yields refer to isolated
products.

A mixture of the aldehyde (1.2 mmol), 2-naphthol (2 mmol) and
the catalyst (50 mg  TPA) was  stirred at 130 ◦C for the desired time.
The reaction mixture was  cooled to 25 ◦C, then toluene (5 cm3) was
added, and the mixture was  stirred for 15 min  before being fil-
tered to separate the catalyst. It was washed twice with toluene

(3 cm3). The combined toluene extracts were washed twice with
water (5 cm3), dried over anhydrous Na2SO4 and evaporated in
vacuo. The obtained solid was  recrystallized from ethyl alcohol to
afford the pure 14-aryl-14H-dibenzo[a,j]xanthene derivative.
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. Results and discussion

.1. Catalyst characterization

The textural properties of the samples were determined from
he N2 adsorption–desorption isotherms at the liquid–nitrogen
emperature. The isotherms obtained (Fig. 1) showed the main
haracteristics assigned to mesoporous materials and can be classi-
ed as type IV. The hysteresis was hardly visible, which is attributed
o an ordered arrangement of the mesopores present in the mate-
ial, as was reported for MCM-41 and mesoporous titania modified
ith tungstophosphoric acid [43,44].

The specific surface area (SBET) of the samples deter-
ined from the N2 adsorption–desorption isotherms using the

runauer–Emmett–Teller (BET) method, the average pore diame-
er (Dp), and the micropore specific surface area (SMicro) estimated
rom the t-plot method are listed in Table 1.

The sample obtained without TPA addition (ZrTPA00AT100) is a
esoporous solid and has the highest specific surface area. When

PA was added, SBET decreased and the microporosity (SMicro)
ncreased; these effects were slightly higher when TPA was  added
mmediately after PEG (samples ZrTPA30BT100, ZrTPA60BT100).

The SBET decrease that takes place with a higher TPA amount
Table 1) can be attributed to a decrease in the cross-linking
egree during the sol–gel synthesis when the acid concentration

s increased. This is in agreement with reports in the literature that
ndicate a similar behavior for the specific surface of mesoporous
itania obtained via the sol–gel process [45,46].

The XRD patterns of the ZrTPA00AT100 showed a broad band
t 2� = 30◦ attributed to its low crystallinity. On the other hand,

he XRD patterns of the samples modified with TPA displayed the
ame broad band. Diffraction lines attributed to crystalline TPA or

able 1
extural properties of the solids calcined at 100 ◦C.

Sample SBET (m2/g) SMicro
a (m2/g) DP

b (nm)

ZrTPA00AT100 396 6 2.8
ZrTPA30AT100 265 157 2.5
ZrTPA60AT100 230 134 2.4
ZrTPA30BT100 243 160 3.4
ZrTPA60BT100 213 140 3.6

a Micropore specific surface area estimated by the t-plot method.
b Mean pore diameter obtained from the specific BET surface area.
Fig. 2. FT-IR spectra of ZrTPA00AT100 (a), ZrTPA30AT100 (b), and ZrTPA60AT100 (c)
samples; bulk TPA (d), and sodium salt of [PW11O39]7− anion (e).

its decomposition products were not observed, indicating that TPA
is highly dispersed in the zirconia matrix.

The FT-IR spectrum of the ZrTPA00AT100 sample (Fig. 2) dis-
played an intense band between 3600 and 3200 cm−1 and another
one at 1600 cm−1, assigned to the stretching vibrations of hydroxo-
and aquo-OH, and to the bending vibration of (H–O–H) and
(O–H–O) present in the structure of the solid, respectively [47–49].
Also, in the energy interval below 850 cm−1, the wide band due to
Zr–O stretching vibration was observed.

The FT-IR spectrum of TPA (Fig. 2) showed bands at 1081,
982, 888, 793, 595, and 524 cm−1, which are in agreement with
those reported in the literature for the H3PW12O40 acid [50]. The
first five bands are assigned to the stretching vibrations P–Oa,
W–Od, W–Ob–W,  W–Oc–W,  and to the bending vibration Oa–P–Oa,
respectively. The subscripts indicate oxygen bridging W and the
P heteroatom (a), corner sharing (b) and edge sharing (c) oxygen
belonging to WO6 octahedra, and terminal oxygen (d).

As a result of the addition of TPA to the zirconia matrix, the FT-IR
spectra of the ZrTPA30AT100, ZrTPA60AT100 (Fig. 2), ZrTPA30BT100,
and ZrTPA60BT100 samples displayed a new set of bands over-
lapped to the zirconia wide band. The presence of the P–Oa, W–Od,
and W–Ob–W stretching vibrations of the [PW12O40]3− anion can
be clearly observed (ZrTPA60AT100 and ZrTPA60BT100 samples).
In addition, bands assigned to the [PW11O39]7− anion are also
observed in the ZrTPA30AT100 and ZrTPA30BT100 samples if a com-
parison with the spectrum of the sodium salt of the lacunary anion
is made, which presents bands at 1100, 1046, 958, 904, 812, and
742 cm−1 (Fig. 2), in agreement with the literature [50].

On the other hand, the FT-IR spectra of the samples after being
leached with distilled water did not present any of the charac-
teristic bands of PEG, such as that assigned to the C–O stretching
mode of the ether group of PEG at 1099 cm−1 [51], showing that
the template removal by water extraction was  effective.

31P MAS-NMR spectra of ZrTPA30AT100, ZrTPA60AT100,
ZrTPA30BT100, and ZrTPA60BT100 samples are shown in Fig. 3.
For the ZrTPA60AT100 and ZrTPA60BT100 samples, the spectra
displayed a wide band with a maximum at around −14 ppm,
accompanied by a shoulder at −12 ppm. They may be attributed
to the [PW12O40]3− anion and to the [P2W21O71]6− dimeric
species, respectively [52]. The downfield shift and the increase

of the line width observed, compared to the TPA (−15.3 ppm),
can be attributed to the interaction between the anion and the
zirconia matrix [53]. The interaction can be assumed to be of the
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are listed in Table 3. The experimental reaction conditions were
the same as those mentioned above, but 50 mg  (1.7 mmol  TPA %
with respect to the aldehyde) was added and the reaction time

Table 2
Effect of reaction temperature on xanthene yield for blank experiments.

Entry Temperature (◦C) Yielda (%)

1 80 –
2  100 –
3  120 15
4 130 32
ig. 3. 31P MAS-NMR spectra of ZrTPA30AT100, ZrTPA60AT100,  ZrTPA30BT100, and
rTPA60BT100 samples.

lectrostatic type due to the transfer of protons to Zr–OH [54]
ccording to:

r–OH + H3PW12O40 → [Zr–OH2
+]n[H3 − nPW12O40]−n

However, the adsorption might not even be purely electrostatic
nvolving, in addition, interactions of hydrogen bond type between
xygen atoms of TPA species and hydroxyl groups of the zirconia
atrix.
On the other hand, the 31P MAS-NMR spectra of ZrTPA30AT100

nd ZrTPA30BT100 also showed the wide band with a shoulder
ssigned to the [PW12O40]3− and [P2W21O71]6− species.

According to FT-IR and 31P MAS-NMR results, the main species
resent in the samples is the [PW12O40]3− anion. However, it was
artially transformed into [P2W21O71]6− and [PW11O39]7− anions
uring the synthesis and drying steps. This transformation is due to
he limited stability range of the [PW12O40]3− anion in solution. At
H 1.5–2, it is reversibly and quickly transformed into the lacunar
pecies [PW11O39]7−. Pope [55] has proposed the following trans-
ormation scheme: [PW12O40]3− ⇔ [P2W21O71]6− ⇔ [PW11O39]7−

hen the hydroxyl concentration is increased. This may  be consid-
red as a valid path followed by the TPA species during the synthesis
f the samples.

The acidity measurements of the catalysts by means of poten-
iometric titration with n-butylamine let us estimate the number
f acid sites and their acid strength. It was suggested that the ini-
ial electrode potential (Ei) indicates the maximum acid strength
f the sites and the value of meq  amine/g solid where the plateau
s reached indicates the total number of acid sites. The acid
trength of these sites may  be classified according to the follow-
ng scale: Ei > 100 mV  (very strong sites), 0 < Ei < 100 mV (strong
ites), −100 < Ei < 0 (weak sites), and Ei < −100 mV  (very weak sites)
56,57].

The acid strength of the modified samples ZrTPA30AT100
Ei = 402 mV), ZrTPA60AT100 (Ei = 415 mV), ZrTPA30BT100
Ei = 394 mV)  and ZrTPA60BT100 (Ei = 397 mV)  was markedly
igher than that of the unmodified ZrTPA00AT100 (Ei = 140 mV)
Fig. 4.) but lower than that of bulk TPA (Ei = 620 mV) [58]. How-
ver, they were almost independent of the TPA concentration

nd the time elapsed between the template PEG solution addi-
ion and the TPA incorporation. The lower acid strength of the
rTPA samples compared to bulk TPA could be assigned to the
act that the protons in the H3PW12O40·6H2O are present as
Fig. 4. Potentiometric titration curves of ZrTPA00AT100, ZrTPA30AT100,
ZrTPA60AT100, ZrTPA30BT100, and ZrTPA60BT100 samples.

H+(H2O)2 species, whereas in the ZrTPA samples they are inter-
acting with the oxygen of Zr–OH groups or in a higher hydration
state (H+(H2O)n). This is in agreement with previous work [58]
reporting that the H3PW12O40·21H2O, where the protons are
highly hydrated, displayed lower acid strength (Ei = 538 mV)
than H3PW12O40·6H2O, while the partially substituted salts
Cs(K)2.9H0.1PW12O40 containing bare protons showed Ei in the
range 900–1000 mV.

On the other hand, the number of acid sites deter-
mined by potentiometric titration increased with the
increment of the TPA content and followed the order:
ZrTPA30AT100 < ZrTPA30BT100 < ZrTPA60AT100 < ZrTPA60BT100.

3.2. Catalytic tests

To study the synthesis of 14-phenyl-14H-dibenzo[a,j]xanthene,
blank experiments without the presence of catalyst were initially
conducted. In order to obtain the optimal reaction temperature,
four temperatures (80, 100, 120, and 130 ◦C) were tested. The
experimental reaction conditions were: 1.2 mmol  of benzaldehyde,
2 mmol  of 2-naphthol, solvent-free conditions, and a reaction time
of 1.5 h. No reaction was observed at 80 and 100 ◦C (Table 2, entries
1 and 2). A temperature increase gave low substrate conversion. The
yield of 14-phenyl-14H-dibenzo[a,j]xanthene at 120 ◦C was only
15% (Table 2, entry 3), whereas at 130 ◦C the conversion was  32%
(Table 2, entry 4), which was  almost the same for a reaction time
of 5 h (Table 2, entry 5).

Afterwards, the catalytic activity of bulk TPA was tested in the
preparation of 14-phenyl-14H-dibenzo[a,j]xanthene. The results
5  130b 30

Reaction conditions: benzaldehyde, 1.2 mmol; 2-naphthol, 2 mmol; time, 1.5 h.
a Isolated yield.
b Reaction time: 5 h.
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Scheme 2. Plausible reaction mechanism for the format

as 1 h. No reaction was detected at 80 ◦C, even at a reaction
ime of 3 h. Only traces of the product were obtained at 100 ◦C
Table 3, entry 2), though following the reaction up to 3 h, a low
ield was obtained (Table 3, entry 3). The yield of 14-phenyl-14H-
ibenzo[a,j]xanthene increased notably to 78% at 130 ◦C (Table 3,
ntry 4).

Then, the catalytic activity of the mesoporous zirconia mod-
fied with tungstophosphoric acid (ZrTPA30AT100, ZrTPA60AT100,
rTPA30BT100, and ZrTPA60BT100 samples) in the preparation of
4-phenyl-14H-dibenzo[a,j]xanthene was studied. The results are
isted in Table 4. The reaction was carried out under solvent-free
onditions, using 1.2 mmol  of benzaldehyde, 2 mmol  of 2-naphthol,
nd 1.7 mmol  TPA % in the catalyst. No reaction was  observed at

able 3
ffect of reaction temperature on xanthene yield using bulk TPA as catalyst.

Entry Temperature (◦C) Time (h) Yielda (%)

1 80 3 –
2 100 1 Traces
3  100 3 10
4  130 1 78

eaction conditions:  benzaldehyde, 1.2 mmol; 2-naphthol, 2 mmol; catalyst amount,
0  mg  TPA.
a Isolated yield.

able 4
ffect of reaction temperature on xanthene yield using TPA/zirconia composites as cataly

Entry Temperature (◦C) Time (h) Yielda (%)

ZrTPA30AT100

1 80 3 – 

2  100 3 6 

3  130 1 85 

eaction conditions: benzaldehyde, 1.2 mmol; 2-naphthol, 2 mmol; catalyst amount, 170 m
rTPA60BT100).
a Isolated yield.
14-aryl-14H-xanthenes based on a previous report [20].

80 ◦C, even at a reaction time of 3 h, and a yield of product lower
than 10% was  obtained at 100 ◦C for a reaction time of 3 h (Table 4,
entries 1 and 2). As was  observed using bulk TPA as catalyst, the
yield of 14-phenyl-14H-dibenzo[a,j]xanthene increased notably for
the reaction performed at 130 ◦C.

The samples with higher content of TPA (ZrTPA60AT100 and
ZrTPA60BT100) showed the best yields (Table 4, entry 3). On
the other hand, the yields obtained using ZrTPA30AT100 and
ZrTPA30BT100 were slightly lower. Additionally, their yields were
almost independent of the time elapsed between the additions of
the template PEG solution and TPA.

Despite their lower acid strength, the ZrTPA samples dis-
played higher catalytic activity than the bulk TPA. This is assigned
to the high specific surface area of the TPA/zirconia compos-
ites (265–213 m2/g), which allows us to obtain materials with a
higher amount of protons exposed on the surface than bulk TPA
(2 m2/g). This is in agreement with the fact that ZrTPA60AT100
and ZrTPA60BT100 samples, with a slightly higher number of acid
sites determined by potentiometric titration, have displayed higher
yields in the synthesis of 14-phenyl-14H-dibenzo[a,j]xanthenes.

It must be pointed out that under these experimental reaction

conditions, using the unmodified ZrTPA00T100 sample as catalyst,
a 30% yield was obtained, which is similar to the value obtained in
the blank experiments.

st.

ZrTPA60AT100 ZrTPA30BT100 ZrTPA60BT100

– – –
9 8 10

95 88 99

g (samples ZrTPA30AT100 and ZrTPA30BT100) or 85 mg (samples ZrTPA60AT100 and
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Table 5
Effect of reusability of ZrTPA60BT100 catalyst on the xanthene yield.

Entry Cycle Yielda (%)

1 0 99
2 1 98
3 2  98
4  3 96

Reaction conditions: benzaldehyde, 1.2 mmol; 2-naphthol, 2 mmol; catalyst amount,
170 mg;  temperature, 130 ◦C; time, 1 h.

a Isolated yield.

Table 6
Synthesis of 14-aryl-14H-dibenzo[a,j]xanthenes with ZrTPA60BT100 as catalyst.

Entry Aromatic aldehyde Time (h) Yielda (%)

1 Benzaldehyde 1 99
2 4-Methylbenzaldehyde 1 94
3 4-Methoxybenzaldehyde 1 93
4  4-Florobenzaldehyde 2 98
5 4-Chlorobenzaldehyde 2 96
6  2,4,6-Trimethoxybenzaldehyde 5 60
7  2-Naphthaldehyde 3 78
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eaction conditions: aldehyde, 1.2 mmol; 2-naphthol, 2 mmol; catalyst amount,
5 mg;  temperature, 130 ◦C.
a Isolated yield.

The reusability of the catalyst was checked using the
rTPA60BT100 sample, by separating the solid from the reaction
ixture by simple filtration, washing with toluene, and drying in

acuum oven at room temperature for 4 h prior to reuse in sub-
equent reactions. No significant loss in the product yield was
bserved (Table 5).

After the best reaction conditions were achieved, the general-
ty of these conditions to other substrates was studied, employing
rTPA60BT100 as catalyst. Using this method, different kinds of aro-
atic compounds were reacted with 2-naphthol to produce the

orresponding 14-aryl-14H-dibenzo[a,j]xanthenes at 130 ◦C under
olvent-free conditions. The results are summarized in Table 6.
everal aromatic aldehydes with different functional groups were
ubjected to the condensation reaction, and the desired products
ere synthesized in good to excellent yields. The substituted func-

ional groups in the aromatic ring of the aldehyde affect the yield
nd the reaction time in two cases. In comparison with electron-
ithdrawing groups in the aldehyde, it was found that the presence

f electron-donating groups in the aldehyde decreased both the
eaction rate and the yield of products (Table 6, entries 6 and 7).

A mechanistic rationale portraying the probable sequence of
vents is given in Scheme 2. The reaction likely proceeds via the
nitial formation of the carbocation (1). The oxonium species (2) is
hen formed on reaction with 2-naphthol, which then undergoes
ehydration to afford the desired product (3).

It must be remarked that for all the studied reactions the
roducts were selectively obtained, without the formation of by-
roducts.

. Conclusions

Tungstophosphoric acid/zirconia composite materials were pre-
ared using PEG as pore-forming agent, via sol–gel reactions.

FT-IR and 31P MAS-NMR results indicated that the main species
resent in the samples is the [PW12O40]3− anion, which was par-
ially transformed into [P2W21O71]6− and [PW11O39]7− anions
uring the synthesis and drying steps. The prepared catalysts

resented acid and textural properties adequate for their use as
atalysts in heterogeneous acid reactions.

ZrTPA composites have proved to be a very efficient catalyst
or the synthesis of dibenzoxanthene derivatives. A convenient and

[

[

[

eneral 443– 444 (2012) 207– 213

green process for the synthesis of aryl-14H-dibenzo[a,j]xanthenes
by condensation of various aromatic aldehydes with 2-naphthol
using ZrTPA as a heterogeneous acid catalyst in solvent-free con-
ditions, using conventional heating at 130 ◦C, has been developed.
Additionally, short reaction times, excellent yields, straightforward
procedure, and relative nontoxicity of the catalyst are other note-
worthy advantages of this method. Finally, these solid acid catalysts
can be recovered and reused at least four times with negligible loss
in their activity.
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