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Introduction

Heteropoly acids have attracted significant attention be-
cause of their high acidity and favourable redox behaviour,
which make them suitable for applications in size- and
shape-selective catalysis. Among the heteropoly acids
(HPA), H3PW12O40 is known as a strong acid and has been
the focus of considerable attention because it catalyses a va-
riety of organic reactions, such as the alkylation and acyla-
tion of hydrocarbons, the hydration of alkenes, and the poly-
merisation of THF.[1,2] However, this HPA exhibits low sur-
face area (5–10 m2g), pore volume, and thermal stability,
which limit its utility in many catalytic reactions. Thus, the
deposition of HPAs having the Keggin structure on porous
solid supports with high surface area, large pore diameter,
and high specific pore volume is seen as a critical means of
improving their properties and obtaining better performance
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in many potential heterogeneous catalytic applications.[3–5] It
has also been demonstrated that the thermal stability of
such supported HPAs may be enhanced through judicious
choice of the most appropriate porous supports.[6–10] The en-
capsulation of HPA on many supports, such as carbon,[6]

silica,[7] titania,[8] zirconia,[9] and mixed oxides, has been re-
ported; these supports stabilise the Keggin units of the
HPAs, which are responsible for providing the acid sites,
and as a result the catalytic performances and thermal sta-
bilities of the HPAs in the porous matrices greatly exceed
those of the pristine HPAs.[11–13]

Titania (TiO2) has received considerable attention be-
cause of its excellent characteristics, such as chemical stabili-
ty, non-toxicity, and excellent redox behaviour with mild
acidity. Moreover, it also has several other advantages, such
as low cost, biocompatibility, and low environmental impact.
These properties make it useful for many potential applica-
tions, including the production of pigments, catalysts, photo-
catalysts, solar cells, optical thin-film filters, and so on. How-
ever, there are also some disadvantages associated with the
use of TiO2, which include low specific surface area, poor
thermal properties, and low mechanical strength. Therefore,
in recent years, much effort has been directed towards over-
coming these problems by devising new catalyst formula-
tions, whereby the thermal stability of TiO2 (anatase) is en-
hanced without compromising its unique physicochemical
properties. Recently, tungstophosphoric acid (TPA) support-
ed on TiO2 has been reported by several researchers as a
highly active catalyst for the co-generation of phenol/ace-
tone,[14] for the production of glycol ethers,[15] and for many
other transformations.[16–21] The preparation of mesoporous
TiO2 with high surface area and a well-ordered pore struc-
ture has also been reported by several research groups. It
was demonstrated that this material shows excellent catalyt-
ic activity in photocatalysis due to the greater accessibility
of the large reactant molecules present inside the mesochan-
nels.[22–24] Moreover, a supported catalyst consisting of TiO2

nanoparticles on mesoporous silica has been prepared by a
wet-impregnation method, and was found to be highly
active in promoting many catalytic reactions.[25–28] Unfortu-
nately, the wet-impregnation method is not useful for depos-
iting an amount of heteropoly acid molecules sufficient for
the formation of nanocrystals within the porous channels of
mesoporous silica materials.[28] Thus, ultra-large pore SBA-
15 with very high surface area and a well-ordered pore
structure has been utilised as a support for TiO2. Moreover,
a simple and effective vacuum impregnation method has
been used to obtain a high loading of TPA therein, which is
an essential requirement for the formation of TPA nanocrys-
tals and can enhance the stabilisation of its Keggin units
within the mesochannels of the support.

Hydroamination (HA) is a reaction of considerable inter-
est because it offers a very straightforward approach for the
synthesis of substituted amines and their derivatives without
any by-product formation.[29] Although there have been
many reports on the hydroamination of alkynes and allenes
over lanthanide,[30,31] early,[32, 33] and late transition metal cat-

alysts, a general catalyst for promoting the addition of
amines to alkenes remains elusive. Only one process, the
synthesis of tert-butylamine from ammonia and isobutene,
has hitherto been commercialised.[34] The solid-acid-mediat-
ed HA of acrylates with amines offers a simple approach to
the synthesis of amino acid derivatives that can be used in
peptide analogues or as precursors to optically active amino
alcohols, diamines, and lactams. Unfortunately, only a few
reports dealing with this topic are available in the open liter-
ature. These include a report by Sugi and co-workers, who
described the HA of acrylates with aromatic amines using
zeolites as catalysts.[35]

The Mannich reaction is one of the most important C�C
bond-forming reactions in organic synthesis for the prepara-
tion of secondary and tertiary amine derivatives.[36] The
products of the Mannich reaction are mainly a-amino car-
bonyl compounds and their derivatives, and these are used
for the synthesis of amino alcohols, peptides, and lactams, or
as precursors to optically active amino acids. Conventional
homogeneous catalysts for classical Mannich reactions of al-
dehydes, ketones, and amines include organic and mineral
acids, such as proline,[37–39] acetic acid,[40] p-dodecylbenzene-
sulfonic acid,[41] and some Lewis acids.[42,43] However, these
often suffer from drawbacks of long reaction times, harsh re-
action conditions, toxicity, and difficulty in product separa-
tion, which limit their use in the synthesis of complex mole-
cules. As a means of overcoming this problem, the develop-
ment of active heterogeneous catalysts with predefined
active sites, obtained by immobilising TPA on insoluble
mesoporous silica supports, appears to be a highly promising
strategy.

The Claisen rearrangement is another versatile reaction
for C�C bond formation in organic synthesis. Although this
reaction is traditionally performed under thermal conditions,
there has been growing interest in metal-catalysed Claisen
rearrangements that may be performed under mild condi-
tions.[44] The Claisen rearrangement[45] of allyl phenyl ethers
(APE) to 2-allylphenols (2-AP) is a well-studied reaction,
and its extension to the corresponding aza and thia ana-
logues has rendered it more versatile for the synthesis of nu-
merous five- and six-membered oxygen, nitrogen, and sulfur
heterocycles through synthetic ramification of the initial re-
arrangement products.[46] This reaction has been carried out
under thermal conditions (453–473 K). Very recently, a vari-
ety of Lewis acids, such as BF3·AcOH, BCl3, Et2AlCl·TiCl4,
and (iPrO)2TiCl2, have been employed to accelerate this re-
arrangement under much milder conditions.[47–50] However,
these catalysts are associated with a number of disadvantag-
es, including difficulty of separation from the reaction mix-
ture, toxicity, and lower chemical and mechanical stability.
These problems might be overcome by employing suitable
highly acidic solid catalysts with high chemical and mechani-
cal stability.

Here, we report the successful preparation of TiO2-sup-
ported mesoporous SBA-15 nanocomposites with different
loadings of Keggin-type 12-tungstophosphoric acid (TPA)
nanocrystals in their mesochannels through a simple and ef-
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fective vacuum impregnation method. The obtained materi-
als have been unambiguously characterised by various so-
phisticated techniques, including XRD, N2 adsorption, 31P
MAS NMR, HRTEM, FT-IR of adsorbed pyridine, and tem-
perature-programmed desorption of ammonia (NH3-TPD).
The activity and stability of these catalysts in relation to the
aforementioned organic transformations have been exten-
sively investigated. The effects of various reaction parame-
ters on conversion and product selectivity have been stud-
ied. A kinetic analysis of the formation of the products
under various reaction conditions is also presented. It has
been found that the activity of TPA encapsulated over TiO2/
SBA-15 is remarkably higher than that of pure TPA, TiO2/
SBA-15, or TPA/SBA-15.

Results and Discussion

Structural characterisation and textural properties of TPA/
TiO2/mesoporous silica materials : The ratio of W to P in
15 wt% TPA/22.4 wt% TiO2/SBA-15, corresponding to the
ratio per Keggin unit, was estimated by EDX, XRF, and
ICP-AES analysis as 12.13 and 12.07, respectively, in good
agreement with the value for pristine TPA. Small-angle X-
ray powder diffraction patterns of these catalysts with differ-
ent loadings of TPA, calcined at 1123 K, are shown in Fig-
ure 1A. As can be seen in Figure 1A, TiO2/SBA-15 samples
with TPA loadings up to 50 wt% exhibit a sharp peak at a
low angle and two higher order peaks, which can be indexed
to the (100), (110), and (200) of the hexagonal space group
P6mm. However, the structure of the material is significant-
ly affected as the TPA loading is further increased above
50 wt%.

Wide-angle XRD patterns of TiO2/SBA-15 with different
loadings of TPA are shown in Figure 1B. The samples with
TPA loadings of up to 15 wt% exhibit several well-defined
peaks characteristic of pure anatase TiO2 (A-TiO2), which
can be indexed as (101), (004), (200), (105), (211), (204),
(116), and (215). This phase is critical for performing organ-
ic transformations. When the TPA loading is increased
above 15 wt%, peaks corresponding to WO3 crystallites
gradually appear. This can be mainly attributed to the de-
composition of TPA molecules into tungsten oxides. In addi-
tion, an anatase-to-rutile phase transformation is found for
samples with a TPA loading in excess of 50 wt%, revealing
that a higher loading of TPA also induces this phase transi-
tion of the TiO2. The mean crystallite sizes of the TiO2

nanoparticles in the 15T-22.4TO-S15-1123 and 22.4TO-S15-
1123 nanocomposites, as estimated from the XRD peak
width of (101) using the Scherrer equation, are given in the
footnotes to Table 1. It is interesting to note that the crystal-
lite size of the TiO2 nanoparticles in 15T-22.4TO-S15-1123 is
much smaller than that of those in 22.4TO-S15-1123. These
observations confirm that the TPA loading of 15 wt%,
which forms a covering monolayer on the surface of the
nanocomposite and inhibits the agglomeration of the TiO2

nanoparticles inside the mesochannels, is crucial for stabili-

sation of the anatase phase and favors the formation of
small crystallite size TiO2 nanoparticles on the 15T-22.4TO-
S15-1123 nanocomposite.

To investigate the effect of the calcination temperature on
the stability of the TPA and the phase transition of the sup-
port, nanocomposites were calcined at different tempera-
tures. Low-angle XRD patterns of 15T-22.4TO-S15-X cal-
cined at different temperatures are shown in Figure 1C. It
can be seen from Figure 1C that the calcination temperature
plays a critical role in controlling the structure of the sup-
port and the phase transition of the TiO2. Although the low-

Figure 1. A) Low-angle XRD patterns of a) pure SBA-15, and b)–g) xT-
22.4TO-S15-1123 with different TPA loadings: b) 5, c) 15, d) 30, e) 50,
f) 70, and g) 90 wt.%. B) Wide-angle XRD patterns of xT-22.4TO-S15-
1123 with different TPA loadings: a) 5, b) 15, c) 30, d) 50, e) 70, and
f) 90 wt.%. C) Low-angle XRD patterns of a) pure SBA-15 and b)–
g) 15T-22.4TO-S15-z calcined at different temperatures: b) 923, c) 1023,
d) 1123, e) 1173, f) 1223, g) 1273K.
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angle (100) peak is seen for all of the samples, irrespective
of calcination temperature, the intensity of this peak de-
creases significantly with increasing calcination temperature.
Moreover, samples calcined at temperatures up to 1123 K
show a sharp peak at a low angle together with several
higher order peaks, revealing that the mesostructural order
of the support is retained. However, when the calcination
temperature is increased above 1123 K, the higher order
peaks gradually diminish in intensity, indicating destruction
of the mesostructure of the support. It must also be noted
that up to a calcination temperature of 1123 K only the ana-
tase phase is formed, whereas the anatase-to-rutile phase
transformation occurs when the calcination temperature is
increased above 1123 K. Figure S1 shows wide-angle XRD
patterns of the catalysts 15T-xTO-S15-1123 with different
loadings of TiO2. It is interesting to note that with TiO2

loadings of up to 30 wt%, only the anatase phase is formed.
However, both the anatase phase and a large amount of the
rutile phase are formed when the TiO2 loading exceeds
30 wt%. These results indicate that the 22.4 wt% loading of
TiO2 is the optimum amount for obtaining only the anatase
phase in the 15T-xTO-S15 nanocomposites.

To investigate the effects of calcination temperature and
the loadings of TPA and TiO2 on SBA-15 on the textural pa-
rameters, the samples were characterised by nitrogen ad-
sorption–desorption isotherms. The textural properties of T-
TO-S15-1123, with different loadings of TPA and TiO2, and
of 15T-22.4TO-S15-X, calcined at different temperatures,
are presented in Table 1. It is noteworthy that the textural
parameters of the T-TO-S15 nanocomposites are significant-
ly affected by the modification. It is evident that the specific
pore volume and the specific surface area of the modified
samples are much lower compared to those of the parent

SBA-15, and decrease with increasing TPA or TiO2 loadings.
This reduction in the surface area and pore volume after
modification could be due to the fact that the TPA and TiO2

are deposited inside the mesochannels and are well-dis-
persed on the surface of the hexagonally ordered mesopo-
rous SBA-15 support. It can be seen from Table 1 that the
specific surface areas of the samples with TPA loadings of
up to 50 wt% are in excess of 300 m2g�1, and that their pore
volumes are in the range 0.50–0.61 cm3g�1, which satisfy the
requirements for catalytic action. The specific surface area is
372 m2g for 5T-22.4TO-S15-1123 and decreases to 190 m2g
for 90T-22.4TO-S15-1123, while the specific pore volume de-
creases from 0.61 to 0.29 cm3g for the same samples. On the
other hand, on increasing the calcination temperature from
873 to 1273 K, the specific surface area and pore volume of
the support decrease from 502 to 202 m2g and from 0.65 to
0.31 cm3g, respectively. Figure S2 shows the nitrogen adsorp-
tion–desorption isotherm of the representative sample 15T-
22.4TO-S15-1123. This sample exhibits a typical type IV iso-
therm, with a sharp capillary condensation step and a broad
H1-type hysteresis loop, which is indicative of a narrow pore
size distribution in the mesoporous material. The sharpness
of the capillary condensation at higher relative pressure in-
dicates that nitrogen condensation occurs within the meso-
pores, and that the sample possesses better mesostructure
ordering and the pores are highly uniform even after im-
pregnation with TiO2 and TPA and high-temperature calci-
nation (1123 K). The Barret–Joyner–Halenda (BJH) pore
size distribution of 15T-22.4TO-S15-1123 is shown in the
inset of Figure S2. The sample is seen to possess a narrow
pore size distribution even after the modification. These re-
sults are in good agreement with data obtained from XRD
measurements on the same sample. The surface areas of the

Table 1. Physico-chemical properties of the catalysts and their catalytic activities.[a]

Samples SA [m2g�1] PV [cm3g�1] PD [M] TA [mmolg�1] B/L TOF [s�1]N10�2[b] RC 10�5 [s�1] Conv. [%]

without catalyst – – – – – – – 2
22.4TO-S15-1123 403 0.67 71.8 0.28 0.90 – 3.81 24
5T-22.4TO-S15-1123 372 0.61 70.9 0.26 1.00 18.4 4.96 30
15T-22.4TO-S15-1123 353 0.55 68.7 0.38 1.40 11.9 12.05 58
30T-22.4TO-S15-1123 325 0.54 67.8 0.31 1.14 4.2 7.33 41
50T-22.4TO-S15-1123 302 0.50 67.4 0.29 1.09 1.8 4.76 29
70T-22.4TO-S15-1123 190 0.30 66.9 0.24 0.82 0.8 2.93 19
90T-22.4TO-S15-1123 190 0.29 65.5 0.22 0.56 0.4 1.93 13
15T-10TO-S15-1123 395 0.65 71.3 0.26 0.90 13.3 4.76 29
15T-30TO-S15-1123 295 0.44 70.3 0.28 1.13 5.0 5.56 33
15T-50TO-S15-1123 187 0.30 69.6 0.20 1.07 2.0 3.45 22
15T-70TO-S15-1123 165 0.23 69.0 0.19 0.74 0.9 1.93 13

effect of calcination temperature (K) on 15T-22.4TO-S15-z
873 502 0.65 72.1 – – – – –
923 462 0.61 71.7 0.22 0.55 2.66 1.93 13
1023 390 0.57 71.3 0.30 1.10 6.13 4.95 30
1173 306 0.44 68.4 0.32 1.17 7.36 6.19 36
1223 228 0.40 67.8 0.23 0.65 5.52 4.37 27
1273 202 0.31 67.1 0.21 0.40 2.25 1.62 11

[a] Entry 2: TiO2 phase (tetragonal); crystal size by TEM=5.7–6.7 nm and by XRD=6.2 nm. Entry 4: TiO2 phase (tetragonal); crystal size by TEM=

4.5–5.5 nm and by XRD=4.8 nm. Conditions: aniline (1.45 g, 0.016 mol) + ethyl acrylate (EA) (1.55 g, 0.016 mol), aniline/EA (mol ratio)=1, catalyst =

0.3 g, T = 383 K, t = 2 h. SA= surface area; PV=pore volume; PD=pore diameter; TA= total acidity; B/L= ratio of Brønsted and Lewis acid sites;
TOF= turnover frequency; RC= rate constant; conv.=conversion. [b] TOF is calculated by considering three protons per Keggin unit (molmol�1 H+

s�1).
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modified MCM-41 and MCM-48 are larger than those of the
modified SBA-15 samples, although the pore diameters of
the former are significantly decreased after the modification.
However, the specific pore volume and the pore diameter of
15T-22.4TO-S15-1123 are larger than those of 15T-22.4TO-
M41-1123 and 15T-22.4TO-M48-1123. This might be attrib-
uted to either the difference in the pore diameters of the
supports or blocking of the mesoporous channels of MCM-
41 and MCM-48 by the TPA or TiO2 nanoparticles because
of their smaller pore diameters as compared with the SBA-
15 support. It should also be mentioned that pristine 15T-
22.4TO-1123 exhibits a surface area of just 3 m2g, which is
significantly lower than those of the modified SBA-15,
MCM-41, and MCM-48. This might be due to sintering of
the titania support, which triggers the formation of larger
particles of low acidity due to the decomposition of TPA
into WO3 and other oxides. From the above results, it is
clearly apparent that supports with very high surface areas,
large pore volumes, and large pore diameters are essential
for the formation of TPA monolayers with small TiO2 nano-
particles adhered to the mesochannels of the supports. As
the sample 15T-22.4TO-S15-1123 showed the optimum sur-
face area, with monolayer coverage of TPA and small TiO2

nanoparticles on the surface, we chose this material for fur-
ther characterisation.

The morphology of 15T-22.4TO-S15-1123 was determined
by HRSEM and the results were compared with those ob-
tained for pure SBA-15. The images of all of the samples
show hexagonal particles organised into rope-like structures,
which are further agglomerated into elongated particles. As
the particle size of TiO2 is very small, as determined by
XRD, nanoparticles were not detected by SEM. However,
the morphology of the parent silica support was found to be
largely retained, even after the modification (Figure S3).
TEM measurements were carried out in order to study the
topology of the parent SBA-15 and of 15T-22.4TO-S15-1123.
TEM images of pure SBA-15 and of 15T-22.4TO-S15-1123
are shown in Figure 2a and b, respectively. Both of these
samples clearly exhibit highly ordered mesoporous networks
with a linear array of mesopores and walls, which is charac-
teristic of well-ordered mesoporous silica SBA-15. Further,
it was found that the hexagonally arranged mesopores of
SBA-15 were retained and that the TPA/TiO2 nanoparticles
were uniformly dispersed within the pores. The crystallite
size of the TiO2 nanoparticles in 15T-22.4TO-S15-1123 cal-
culated from the TEM data was 4.5–5.5 nm, which is in

good agreement with the size estimated from the XRD data
using the Scherer equation.

UV/Vis diffuse reflectance spectra of 22.4TO-S15-1123
and 15T-22.4TO-S15-1123 are shown in Figure S4. 22.4TO-
S15-1123 shows a sharp peak at 212.9 nm, which originates
from the intense ligand-to-metal charge transfer. This can
be attributed to the formation of isolated Ti ions, which
mostly occupy the tetrahedral coordination sites. However,
a small broad peak centred at around 320 nm is also ob-
served for the same sample, which may be attributed to the
formation of some small-sized anatase nanoparticles. On the
other hand, the TPA-modified sample, 15T-22.4TO-S15-
1123, shows a broad band centred at around 263.5 nm,
which is coincident with the TiO2 band. This can be assigned
to the oxygen–metal charge-transfer band of the tungsto-
phosphate anion [PW12O40]

3�.
FT-IR spectra of the T-TO-S15 nanocomposites prepared

with different loadings of TPA, as well as of pure TPA and
the pristine SBA-15 support, are shown in Figure S5. Pure
TPA shows characteristic peaks at ñ=1079 (P�O), 983 (W=

Ot), 893 (W-Oc-W), and 810 cm�1 (W-Oe-W), which are
quite similar to those reported for the acid H3PW12O40,

[51]

whereas pure silica exhibits IR bands at ñ=1100 and
806 cm�1 and a weak shoulder band at 974 cm�1, which may
be attributed to different forms of surface silanol groups.
The TiO2 (anatase and rutile) support absorbs below ñ=

1100 cm�1. The samples with different loadings of TPA show
two sharp bands due to this additive at around ñ =983 and
888 cm�1, while bands at around ñ=1079 and 810 cm�1 are
overlapped with the strong bands of SiO2. The sample with
the highest TPA loading, that is, 90T-22.4TO-S15-1123,
shows the characteristic peaks of TPA as well as a further
peak at ñ=983 cm�1 (W=Ot). This may be attributed to the
formation of WO3 crystallites, revealing that the TPA mole-
cules are decomposed into WO3 when the loading of TPA is
increased to 90 wt%, which is in good agreement with what
was found from the corresponding XRD pattern. It must
also be noted that the intensity of the peaks corresponding
to TPA for the modified SBA-15 nanocomposites is much
lower than in the case of pure TPA. This may be attributed
to masking of the TPA bands by wide bands of support; the
interaction between the Keggin anions is weakened by an
increase in the distance between them.

Figure S6 shows the 31P CP-MAS NMR spectrum of 15T-
22.4TO-S15-1123. The sample exhibits a sharp peak centred
at d=�12.19 ppm, which can be assigned to (�Ti�OH2)

n+

[H3�nW12PO40]
n�3 species formed by linking of the Keggin

units to the TiO2 support.[52] Water is eliminated upon heat-
ing, leading to a direct linkage between the polyanion
(which probably retains a structure similar to that of the
Keggin ion) and the support. The 31P NMR peak of 15T-
22.4TO-S15-1123 is seen to be broad. The broadening and
low-field shift of the 31P NMR peak are mainly due to the
thermal treatment, and similar results have previously been
reported by several researchers for TPA loaded onto non-
porous oxide supports.[53–55] This result further indicates that
the P resides geometrically at the centre of the KegginFigure 2. TEM images of a) pure SBA-15 and b) 15T-22.4TO-S15-1123.
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anion, that is, far away from the protons, and that the
Keggin anion remains intact, albeit with some local distor-
tions. 29Si MAS NMR spectra of 15T-22.4TO-S15-1123 and
22.4TO-S15-1123 are shown in Figure S5b and c, respective-
ly. The sample 22.4TO-S15-1123 shows two peaks centred at
d=�100 and �110 ppm, which may be attributed to Si-
ACHTUNGTRENNUNG(OSi)3(OH) and SiACHTUNGTRENNUNG(OSi)4 components, respectively,[56] where-
as 15T-22.4TO-S15-1123 shows only one peak centred at
around d=�110 ppm. It is interesting to note that the
29Si NMR signal at around d=�110 ppm is significantly
broadened upon loading with TPA, which may be attributed
to the large variation in the Ti-O-Si angle.[57] A cross-polari-
sation technique was used because of the low concentration
of P in the catalyst system since TPA and TiO2 were embed-
ded inside the mesoporous channels.

Figure 3 shows FT-IR spectra of adsorbed pyridine in
15T-22.4TO-S15-1123. The ratios of Brønsted (B) to Lewis
(L) acid sites (B/L) calculated from the IR absorbance in-

tensities in FT-IR spectra of adsorbed pyridine in 22.4TO-
S15-1123 with different TPA and TiO2 loadings and in 15T-
22.4TO-S15-1123 calcined at different temperatures are
given in Table 1, while the corresponding B/L ratios for dif-

ferent catalysts are compared with their catalytic activities
in Table 2. FT-IR spectra of pyridine adsorbed on all of the
catalysts were recorded in the range 100–400 8C under a
flow of N2. At 100 8C, the important pyridine ring modes are
seen at approximately ñ=1609, 1540, 1489, and 1445 cm�1.

As can be seen in Figure 3, pyridine molecules bonded to
Lewis acid sites give rise to a peak at ñ=1445 cm�1, whereas
those that interact with Brønsted acid sites (pyridinium
ions) display absorbances at 1540 and 1640 cm�1. The band
at 1489 cm�1 is a combined band originating from pyridine
bonded to both Brønsted and Lewis acid sites. The relative
intensities of the absorbances at ñ=1540 and 1445 cm�1 at-
tributable to the Brønsted (B) and Lewis (L) acid sites were
used to calculate the B/L ratio.[58] It was found that the B/L
ratio increases with increasing TPA loading up to 15 wt%,
but then decreases when the loading of TPA is increased
further. This suggests that 15T-22.4TO-S15-1123 possesses
the highest acidity among the samples prepared in this
study. This may be due to the monolayer coverage of TPA
and TiO2, which are uniformly dispersed inside the meso-
channels of the SBA-15 support. It is also worthy of note
that the B/L ratio decreases with increasing TPA loading
from 15 to 90 wt%. This decrease in B/L ratio may also be
attributed to decomposition of the TPA because a higher
TPA loading exceeds monolayer coverage on the surface of
the support. The Brønsted acidity increases with increasing
TPA loading from 0 to 15 wt% and then decreases there-
after, whereas only Lewis acidity is observed for samples
with very low TPA loading. The decrease in acidity above
15 wt% may be due to the formation of crystalline WO3,
which prevents the pyridine from accessing the active sites.

Besides the TPA loading, the nature of the acidity in 15T-
22.4TO-S15-1123 is significantly affected by the calcination
temperature. The Brønsted acidity increases with increasing
calcination temperature up to 1123 K (due to monolayer
coverage), but then the B/L ratio decreases on further in-
creasing the calcination temperature beyond 1123 K
(Table 1). Following calcination at a low temperature
(823 K), the catalyst 15T-22.4TO-S15-823 exhibits mainly
Lewis acidity and very low Brønsted acidity. This is mainly
due to the fact that the calcination process enhances dehy-

Figure 3. FT-IR spectra of pyridine adsorbed within 15T-22.4TO-S15-
1123.

Table 2. Effect of the textural parameters on the hydroamination of aniline by EA over various supports.

Sample SA [m2g�1) PV [cm3g�1] PD [M] TA [mmolg�1] B(L) B/L TOF [s�1]N10�2[a] RCN10�5 [s�1] Conv. [%]

SBA-15 929 1.36 73.3 – – – – – –
MCM-41 1155 0.88 30.5 – – – – – –
MCM-48 1096 0.71 26.1 – – – – – –
22.4TO-S15-1123 403 0.67 71.8 0.28 0.053 (0.059) 0.90 – 3.81 24
22.4TO-M41-1123 510 0.34 27.5 0.22 0.037 (0.168) 0.22 – 1.62 11
22.4TO-M48-1123 587 0.60 24.2 0.08 0.019 (0.21) 0.09 – 1.14 7.9
15T-22.4TO-S15-1123 353 0.55 68.7 0.38 0.097 (0.069) 1.40 11.9 12.05 58
15T-22.4TO-M41-1123 426 0.25 16.5 0.29 0.047 (0.247) 0.19 3.2 2.41 15.9
15T-22.4TO-M48-1123 488 0.20 15.9 0.20 0.047 (0.336) 0.14 2.2 1.57 10.7
3.36TPA-S15 340 0.59 69.9 0.27 0.028 (0.034) 0.83 5.7 4.56 28
15TPA-TO 3 – – 0.02 0.018 (0.019) 0.97 2.0 1.43 9.8

[a] TOF is calculated by considering three protons per Keggin unit (molmol�1 H+ s�1). Conditions: aniline (1.45 g, 0.016 mol) + ethyl acrylate (EA)
(1.55 g, 0.016 mol), aniline/EA (mole ratio)=1, catalyst = 0.3 g, T = 383 K, t = 2 h; SA= surface area; PV=pore volume; PD=pore diameter; TA=

total acidity; B/L= ratio of Brønsted and Lewis acid sites; TOF= turnover frequency; RC= rate constant; Conv.=conversion.
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droxylation of the support, which results in much better
crystallisation. In this process, the interaction between the
TPA and the support is partially weakened, giving rise to
free H+ ions that act as Brønsted acid sites. Moreover, the
effect of the TiO2 loading on the acidity of the catalytic
system has been studied. The Brønsted acidity was found to
increase on increasing the TiO2 loading from 10 to
22.4 wt% and then decreased on further increasing the TiO2

loading to 90 wt%. It was thus concluded that the threshold
value for monolayer dispersion of TiO2 over SBA-15 was
22.4%, and that a TPA loading of 15 wt%, a TiO2 loading
of 22.4 wt%, and a calcination temperature of 1123 K repre-
sented the optimum conditions for obtaining nanocompo-
sites with the highest acidity.

XPS analysis has been used to investigate the interaction
between the guest (TiO2) and the host (SBA-15). It was
found that TiO2 is most likely to interact with SBA-15
through hydrogen bonds involving the Si-OH groups of the
SBA-15 and the titanium atoms of TiO2. As a result of this
interaction, free hydrogen is available on the SBA-15 sup-
port at monolayer coverage. Below a loading of 22.4 wt%
TiO2, this interaction is less prominent due to the low TiO2

content, whereas above this loading it is suppressed by mul-
tilayer formation on the mesoporous support. Thus, the
Brønsted acidity of the catalyst increases with both TPA
loading and calcination temperature up to a monolayer of
TPA on TiO2. It has been reported that pure TPA shows
mainly Brønsted-type acidity, while the titanium oxyhydrox-
ide support is known to be amphoteric in character. Interac-
tion between the titanium oxyhydroxide and TPA neutralis-
es the Brønsted acid sites of TPA with the formation of (Ti-
ACHTUNGTRENNUNG(OH2)

n+)(H3�nW12O40) species. The higher Lewis acidity at
lower calcination temperature shows that the Lewis acidity
mainly originates from the support itself. At higher calcina-
tion temperature, dehydration/dehydroxylation occurs and
the interaction between the TPA and the support is en-
hanced. This helps the anchoring of the TPA onto the titania
through Ti�O�W bonds, which generates the Brønsted acid
sites. The formation of such Brønsted acid sites is also ob-
served in titania-supported isopolytungstate catalysts.[59]

Figure 4A shows a comparison of the O 1s X-ray photo-
electron spectra of 15T-22.4TO-S15-1123 and 22.4TO-S15-
1123. The spectra can be deconvoluted into three sharp
peaks, which are centred at 528, 530.6, and 531.8 eV. It
should be noted that the intensity of the peak at 531.8 eV is
much higher than that of the peak at 528 eV. The lowest-
energy contribution is attributed to the coordination of the
Ti atoms by the hydroxyl groups of the support, whereas the
highest-energy contribution is attributed to the oxygen in
the Si-O-Ti linkages in the nanocomposites. In accordance
with the literature on TiO2 anatase nanoparticles on silica,
the peak at 530.6 eV is attributed to the oxygen in titania,
which corresponds to Ti�O�Ti bonds.[60] A small shift in the
binding energy for the sample was observed after the load-
ing with TPA. The binding energy of the oxygen in the tita-
nia is slightly shifted to a higher value relative to that of
oxygen in pure titania. This may be due to the greater elec-

Figure 4. X-ray photoelectron spectra of A) O 1s, B) Si 2p, C) Ti, D) P
2p, and E) W 4f7/2 of samples calcined at 1123 K: a) 22.4TO-S15-1123 and
b) 15T-22.4TO-S15-1123.
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tronegativity of Si compared to that of Ti. This shift in the
binding energy also proves the formation of a titania coating
layer on the surface of the silica particles involving Ti�O�Si
bonds. Similar conclusions were reached by inspection of
the Si 2p X-ray photoelectron spectra of these samples (Fig-
ure 4B). These results also support the interaction of a tita-
nia layer, and the presence of an anatase titania phase on
the silica supports. Moreover, no significant change in the
full width at half maximum (FWHM) of the Si 2p spectra of
the samples was observed, suggesting that the structure of
the silica is not affected by the impregnation process.

Figure 4C shows a comparison of the Ti 2p X-ray photo-
electron spectra of 15T-22.4TO-S15-1123 and 22.4TO-S15-
1123. The binding energies of the Ti 2p3/2 and Ti 2p1/2 peaks,
which are located at about 458.7 and 464.3 eV for both sam-
ples, are given in Table S1. The binding energies of the Ti
2p3/2 peak and Ti 2p1/2 peaks are shifted to higher values rel-
ative to those of pure anatase titania (Figure 4C). This also
provides further evidence for the formation of Ti�O�Si
bonds. The P 2p phosphorus signal at 134.4 eV, which is very
weak due to the presence of only a small quantity in the
sample, may be attributed to a compound that contains P�O
bonding (Figure 4D). However, high FWHM values are ob-
served as a result of peak broadening, which might be due
to differential charging of the sample caused by the mesopo-
rous silica support. The two peaks of the spin-orbit split
doublet of tungsten, W 4f7/2 and W 4f5/2 with a FWHM of
4.5 eV, are located at 35.2 and 36.7 eV, respectively (Fig-
ure 4E). The observed binding energy of W (4f7/2) is 35.6 eV,
a characteristic of W6+ , indicating that the sample contains
W�O bonding.[61]

FT-Raman spectra of 15T-22.4TO-S15-1123 and 22.4TO-
S15-1123 are shown in Figure 5, and the observed Raman
frequencies are listed in Table S2. Titania can exist in three
crystalline modifications, namely rutile (tetragonal), anatase
(tetragonal), and brookite (orthorhombic). Each octahedron
in anatase is connected to two edge-sharing octahedra and
eight corner-sharing octahedra, compared with rutile with
four edge-sharing octahedra and four corner-sharing octahe-
dra. Anatase has a space group D4h (I41/amd) containing
two formula units per primitive unit cell. From group analy-
sis, there are six Raman-active modes (A1g +2B1g +3Eg),
which were identified as 144 cm�1 (Eg), 197 cm�1 (Eg),
399 cm�1 (B1g), 513 cm�1 (A1g), 519 cm�1 (B1g), and 639 cm�1

(Eg) (Figure S6). Rutile has two molecules in the unit cell,
and the space group D4h (P42/mnm), implying a total of four
Raman-active modes: A1g, B1g, B2g, and Eg, which were de-
tected at 143 cm�1 (B1g), 447 cm�1 (Eg), 612 cm�1 (A1g), and
826 cm�1 (B2g).

It was observed that 22.4TO-S15-1123 contained anatase
as well as rutile-type components, whereas the sample 15T-
22.4TO-S15-1123 exhibited only anatase-type titania, sug-
gesting that the addition of TPA helped the rutile-to-anatase
phase transition, which is required for the catalysis. An addi-
tional Raman peak at 276 cm�1 was observed for both of
these samples, which may be attributed to Ti�O bonds. Sim-
ilar peaks are also observed for sodium titanate with a lay-

ered structure. A broad weak band at 830.2 cm�1 may be at-
tributed to covalent Ti�O�H bonds, which originate from
interaction between the silica support and the titania,
whereas the peak at 278.9 cm�1 may be attributed to the for-
mation of nanocrystalline titania. Peaks corresponding to
TPA were also observed for the nanocomposites. Bands at
around 1009 and 992 cm�1, and a weak peak at around
905 cm�1, could be assigned to pure TPA.[62] These bands
broadened and shifted towards higher wavenumber upon
the addition of TPA. This may be ascribed to the formation
of Keggin anionic species through linking of the Keggin
units to the titania support.

The NH3 temperature-programmed desorption (TPD)
technique usually enables determination of the strength of
the acid sites present on a catalyst surface, as well as the
total acidity. Generally, the temperature at which NH3 is
desorbed is related to the strength of the acidic sites. A
higher temperature for NH3 desorption indicates more
strongly acidic sites in the samples. The NH3-TPD profiles
for 15T-22.4TO-S15-1123 and 22.4TO-S15-1123 are shown in
Figure 6. Both of these catalysts show a broad TPD profile,
revealing a wide distribution in the strengths of the surface
acid sites. According to the areas under the peaks, 15T-
22.4TO-S15-1123 shows higher acidity than 22.4TO-S15-
1123. Total acidities in terms of the amounts of NH3 in
mmolg�1 for the catalysts with different loadings of TPA
and TiO2 and calcined at different temperatures are present-
ed in Table 1. It is evident from the data in Table 1 that the
total acidity of the catalyst increases with increasing TPA
loading from 0 to 15 wt% and then reaches a maximum. A
further increase in the TPA loading beyond 15 wt% results

Figure 5. FT-Raman spectra of A) 22.4TO-S15-1123 and B) 15T-22.4TO-
S15-1123.
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in a decrease in the total acidity of the samples, which inci-
dentally have lower surface areas. These results indicate that
TPA and TiO2 are uniformly dispersed over the SBA-15.
The calcination temperature was also found to affect the
total acidity of the samples. The amount of NH3 desorbed
was found to increase with increasing calcination tempera-
ture and reached a maximum for the material calcined at
1123 K. On further increasing the calcination temperature
from 1123 to 1273 K, the total acidity decreased drastically
from 0.38 to 0.31 mmolg�1, which was mainly due to the de-
composition of TPA into WO3 crystallites. Similarly, when
the loading of TiO2 was increased from 0 to 22.4 wt%, the
catalyst showed an increase in the total acidity, which was
also reflected in the catalytic activity obtained (vide infra).
Overall, it may be concluded that at low TPA loadings the
Keggin-like unit of the heteropoly acid retains its structure
and acidity, whereas at higher loadings (above 15 wt%
TPA) it partly decomposes to its oxides. The highest acidity
seen for 15T-22.4TO-S15-1123 corresponds to monolayer
coverage with TPA, where the Keggin-like structure is
intact, as supported by FT-IR, Raman, XRD, XPS, and UV/
Vis spectroscopic techniques. From the above results, we
can conclude that 15T-22.4TO-S15-1123 is superior to all of
the other catalysts prepared under different conditions.
Thus, this catalyst was selected for use in studies of catalytic
performance.

Catalytic activity

Hydroamination reaction : The reaction mechanism for the
hydroamination of ethyl acrylate (EA) with aniline is shown
in Scheme 1.

To test the effectiveness of the present catalytic system,
the hydroamination of EA with aniline was performed
under liquid-phase reaction conditions at 383 K. The reac-
tion conditions and the results obtained are presented in
Tables 1 and 2. A control experiment was carried out under
the same conditions without addition of any catalyst. As ex-
pected, only 2% conversion was achieved without the cata-
lyst. Among the catalysts studied, 15T-22.4TO-S15-1123

showed the highest activity, giving a yield of almost 90% of
the anti-Markovnikov adduct, that is, N-[2-(ethoxycarbonyl)-
ethyl]aniline (mono-addition product). Neither the Markov-
nikov adduct N-[1-(ethoxycarbonyl)ethyl]aniline nor the
double-addition product N,N-bis[2-(ethoxycarbonyl)ethyl]a-
niline were formed. The recyclability of the catalyst 15T-
22.4TO-S15-1123 was studied. It was found that a second
reuse gave the product in similar yield and purity as a first
run with recycled catalyst (1st cycle 57.1%; 2nd cycle
56.4%). This confirmed that the catalyst was highly stable
and could be regenerated.

Mannich reaction : Mannich reactions of aldehydes, ketones,
and amines were carried out over 15T-22.4TO-S15-1123 at
both room temperature and 333 K. The results (yield of
Mannich product) are presented in Table 3. Under the

slightly acidic conditions, an iminium salt was formed, which
could be considered as a Mannich intermediate (Scheme 2).
This was followed by electrophilic attack by the iminium
salt on the enol-form of the active methylene compound.
The free base could be obtained by treating the solution
with an alkali at the end of the reaction.

Figure 6. TPD of ammonia of a) 22.4TO-S15-1123 and b) 15T-22.4TO-
S15-1123.

Scheme 1. Schematic representation of the hydroamination reaction.

Table 3. Effect of reaction temperature and the reactants on the catalytic
activity of 15T-22.4TO-S15-1123 in the Mannich reaction.[a]

Entry Aldehyde Amine Ketone T [K] t [h] Yield [%]

1[b] 1a 1b 1c RT 12 0
333 6 0

2 1a 1b 1c RT 12 55[c]

333 6 49
3 2a 1b 1c RT 12 98.7[d]

333 6 99.8
4 1a 2b 1c RT 12 0

333 6 0
5 1a 3b 1c RT 12 75[e]

333 6 72
6 1a 1b 2c RT 12 0

333 6 0
recyclability of the catalyst for the Mannich reaction

7 2a 1b 1c 333 6 98.2
8 2a 1b 1c 333 6 97.6

[a] Reaction conditions: aldehyde/amine/ketone 1:1:1 (mole ratio), cata-
lyst: 15T-22.4TO-S15-1123 (0.3 g, 10 wt.% of total reaction mixture);
1a=benzaldehyde, 1b=aniline, 1c=acetophenone, 2a=3-chlorobenzal-
dehyde, 2b=2,4-xylidene, 3b=4-bromoaniline, 2c=2-hydroxyacetophe-
none. [b] Without catalyst. [c] 3-(N-Phenylamino)-1,3-diphenyl-1-acetone.
[d] 3-(N-Phenylamino)-3-(3-chlorophenyl)-1-phenylacetone. [e] 3-(N-4-
Bromophenylamino)-1,3-diphenyl-1-acetone.
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The reaction of 3-chlorobenzaldehyde with aniline and
acetophenone gave the product in 98.7% yield (Table 3,
entry 5), whereas with 4-bromoaniline a yield of 75% was
produced over a period of 12 h (Table 3, entry 9). On the
other hand, only 55% yield was obtained when benzalde-
hyde was used instead of halo-substituted benzaldehydes
(Table 3, entry 3). No Mannich base was observed when 2,4-
xylidene and o-hydroxy acetophenone were used. This may
have been due to steric hindrance (Table 3, entries 4 and 6).

Claisen rearrangement reaction : The Claisen rearrangement
of allyl phenyl ether (APE) was carried out over 15T-
22.4TO-S15-1123 and the results were compared with those
achieved with 22.4TO-S15-1123 and without a catalyst. The
catalyst 15T-22.4TO-S15-1123 was found to be highly active,
showing almost 100% conversion of APE and high selectivi-
ty in the formation of 2,3-dihydro-2-methylbenzofuran. The
results of the experiments are presented in Table 4. A plau-
sible mechanism for the production of allylphenol and its
subsequent conversion to the ring compound by the Claisen
rearrangement is presented in Scheme 3. The allyl group mi-
grates from the oxygen atom of the ether group to a carbon
atom of the aromatic ring. The migrant allyl group goes
preferentially to either the
ortho position or to the para
position if both ortho positions
are blocked. Rearrangement to
the ortho position is a concert-
ed process involving a cyclic
six-membered transition state,
in which rupture of the oxygen–
allyl bond is synchronous with
the formation of a carbon–
carbon bond at the ortho posi-
tion. Thus, the reaction pro-
ceeds via a cyclohexadiene in-
termediate, which undergoes
prototropic rearrangement to
the more stable aromatic com-
pound, phenol (A). The steps
are catalysed by the acid sites.
Initially, the acid site protonates
the oxygen of the ether group,
and this is followed by intramo-
lecular rearrangement of the
protonated (adsorbed) species
into the o-allylphenol (A). The

allylphenol is then protonated at the allylic double bond to
produce the secondary carbenium ion, which reacts intramo-
lecularly once more with the phenolic oxygen to produce
the benzofuran (B). Various solvents were tested for their
suitability for this reaction. Tetrachloroethylene proved to
be the best solvent, giving o-allylphenol and 2,3-dihydro-2-
methylbenzofuran with a product selectivity of 39:61. As
shown in Table 3, 15T-22.4TO-S15-1123 showed almost five-
fold higher activity than 22.4TO-S15-1123.

The catalyst proved to be readily recyclable after separat-
ing it from the reaction mixture. Indeed, 15T-22.4TO-S15-
1123 was recycled two times, and reusing the same catalyst
for a second run gave the products in similar yield and
purity as in a first run with recycled material (Tables 3 and
4). This shows that the catalyst was highly stable and could
be regenerated several times under the specified reaction
conditions.

Scheme 2. Schematic representation of the Mannich reaction.[67]

Table 4. Claisen rearrangement of an allyl phenyl ether at 383 K.[a]

Entry Catalyst APE conversion
[%]

Selectivity [%]

o-
allyl-

phenol

2,3-dihydro-2-
methylbenzofuran

1 blank 0 0 0
2 22.4TO-S15-1123 15 100 0
3 15T-22.4TO-S15-

1123
81 39 61

recyclability
1 1st cycle 79 41 59
2 2nd cycle 78 42 58

[a] Reaction conditions: allyl phenyl ether/catalyst (molar ratio)=1:0.1,
APE (3 g), solvent: tetrachloroethylene (5 g), T = 383 K, t = 12 h.

Scheme 3. Schematic representation of the Claisen rearrangement reaction.[68,69]
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Conclusion

We have demonstrated for the first time the preparation of
SBA-15/TiO2 mesoporous nanocomposites with different
loadings of TPA nanocrystals through a simple and effective
vacuum impregnation method. The catalysts have been un-
ambiguously characterised by many sophisticated instrumen-
tal techniques, such as XRD, N2 adsorption, HRSEM, TEM,
FT-IR, UV/Vis, NMR, FT-Raman, XPS, TPD of NH3, and
FT-IR of adsorbed pyridine. It has been observed that the
acidity and the textural parameters of the nanocomposites
can be controlled by simply changing the loadings of TPA
and TiO2 or the calcination temperature. We conclude that
the amounts of TPA and TiO2 loaded on the surface of the
mesoporous silica supports is one of the main critical factors
that controls the acidity of the catalysts. Moreover, the ac-
tivity of these catalysts in hydroamination, Mannich, and
Claisen rearrangement reactions has been extensively inves-
tigated. The effects of various parameters, such as the reac-
tion temperature and duration, on the conversion and prod-
uct selectivity have also been studied in detail. A nanocom-
posite material with 15 wt% TPA and 22.4 wt% TiO2 cal-
cined at 1123 K was found to be the best catalyst, showing
higher activity in the aforementioned acid-catalysed organic
transformations than pristine TPA, TiO2-loaded SBA-15, or
other nanocomposites made from MCM-41 and MCM-48. It
has been found that the performances of these nanocompo-
site catalysts are strongly influenced by the loadings of TPA
and TiO2 and by the calcination temperatures, and, most im-
portantly, by the nature and the characteristics of the nano-
composites. Moreover, the promising results achieved with
these nanocomposite catalysts in promoting various organic
transformations suggest that they are highly acidic and at-
tractive for acid-catalysed reactions and might thus pave the
way for ecologically and environmentally friendly processes
to supersede the use of conventional homogeneous TPA cat-
alysts.

Experimental Section

Materials : Hexadecyltrimethylammonium bromide (CTABr) (Aldrich;
>99%), tetraethyl orthosilicate (Aldrich; >99%), a triblock copolymer
of ethylene oxide (EO) and propylene oxide (PO), EO20PO70EO20 (P123)
(Aldrich; Mavg=5800), titanium chloride (TiCl4) (Merck; 99.5%), and 12-
tungstophosphoric acid (TPA) (Merck; >99.9%) were used without fur-
ther purification for the synthesis of the mesoporous materials. Allyl
phenyl ether (99%), benzaldehyde (99%), and acetophenone (99%)
were procured from Aldrich. All of the aliphatic and aromatic amines, as
well as toluene, were obtained from S.D. Fine Chemicals, Mumbai. Ethyl
acrylate was purchased from Lancaster Synthesis, UK. All substrate
chemicals were used as received. Toluene used in the reaction was dis-
tilled over sodium wire before use. All catalysts used in the reactions
were in powder form and were activated prior to their deployment.

Synthesis of mesoporous silica MCM-41: Pure siliceous MCM-41 material
was prepared as described in the literature.[63] The gel composition used
for its preparation was as follows 10 SiO2: 5.4 CTABr: 4.25 Na2O: 1.3
H2SO4: 480 H2O. Si-MCM-41 was prepared as follows: CTABr (32 g) was
dissolved in water (115 g) and the solution was stirred for 30 min at room
temperature. Sodium silicate solution (37.4 g) in water (23.4 g) was then

added dropwise to the surfactant solution under vigorous stirring, and
stirring was continued for a further 30 min. Subsequently, a solution of
H2SO4 (2.4 g) in water (10 g) was added to the above mixture and stirring
was continued for a further 30 min. The resulting gel was transferred to a
polypropylene bottle and kept in an oven at 373 K for 24 h. After cooling
to room temperature, the solid obtained was collected by filtration,
washed with distilled water, and dried in an oven at 373 K for 6 h. Finally,
the material was calcined in a muffle furnace at 813 K for 10 h.

Synthesis of mesoporous silica MCM-48 : MCM-48 was synthesised ac-
cording to the procedure described in the literature.[64] The molar compo-
sition of the gel was 1 TEOS: 0.25 Na2O: 0.65 CTABr: 0.62 H2O. CTABr
(31.2 g) was dissolved in deionised water (93.6 g) and the solution was
stirred at 318 K for 40 min. TEOS (30 g) was then added, followed by 1m

sodium hydroxide solution (69 g), and the mixture was stirred at room
temperature for a further 1 h. The resulting gel was then transferred to a
polypropylene bottle and kept in an oven at 373 K for 72 h under static
conditions. After cooling to room temperature, the solid formed was col-
lected by filtration, washed with ethanol and with distilled water, and
dried in air in an oven at 373 K for 6 h. Finally, the material was calcined
in a muffle furnace at 813 K for 10 h.

Synthesis of mesoporous silica SBA-15 : SBA-15 was synthesised with a
gel composition of 0.0007 P123: 0.041 TEOS: 0.24 HCl: 6.67 H2O accord-
ing to the literature procedure[65] as follows: P123 (4 g) was dispersed in
water (30 g) and the suspension was stirred for 4 h. 2m HCl solution
(120 g) was then added and the mixture was stirred for 2 h. A homogene-
ous solution was obtained, to which TEOS (8.54 g) was added with stir-
ring. The resulting gel was aged at 313 K for 24 h and finally heated to
373 K for 48 h. Following the synthesis, the solid was collected by filtra-
tion, washed with distilled water, and dried in air in an oven at 373 K for
5 h. Finally, it was calcined at 813 K to remove the triblock copolymer.

Mesoporous silica embedded TiO2-supported HPA : Mesoporous silica
SBA-15 (2 g) was first wet-impregnated with an aqueous solution of tita-
nium tetrachloride in a rotary evaporator under a vacuum of 10�7 Torr at-
tained by means of a turbo pump. The titanium tetrachloride solution
was prepared in deionised water using high-speed stirring in an ice-water
bath under air-tight conditions. An excess of this solution (10, 22.4, 30,
50, and 70 wt%) was introduced and was kept in contact with the silica
for 6 h under vacuum. The volatiles were then stripped off and the solid
was dried at 100 8C in air. A similar procedure was subsequently used for
the wet-impregnation of TPA (10, 15, 30, 50, 70, and 90 wt%) on an opti-
mised 22.4 wt% TiO2 loaded on SBA-15. In addition, samples with
15 wt% TPA on different TiO2-loaded SBA-15 substrates were also pre-
pared. All of the catalysts were dried overnight at 373 K in air in an oven
and were further calcined at 1123 K. The nanocomposites were calcined
at different temperatures. The samples were named as xT-yTO-S15-z,
where x, y, T, TO, S15, and z denote the wt% of TPA, the wt% of tita-
nia, TPA, TiO2, SBA-15, and the calcination temperature, respectively.
For comparison purposes, catalysts composed of 15 wt% TPA loaded on
22.4 wt% TiO2 on MCM-41 (15T-22.4TO-M41-1123), 15 wt% TPA
loaded on 22.4 wt% TiO2 on MCM-48 (15T-22.4TO-M48-1123), and neat
15 wt% TPA loaded on pure TiO2 (15T-TO-1123) were prepared by a
similar procedure and all were calcined at 1123 K. To study the roles of
titania and TPA in the composite materials, samples with 22.4 wt% TiO2

loaded on SBA-15 (22.4TO-S15-1123) and 3.36 wt% TPA loaded on
SBA-15 (3.36T-S15-1123) were also prepared and calcined at 1123 K.

Characterisation of the catalysts : The Ti, W, and P contents in the result-
ing solids were determined by inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) and X-ray fluorescence spectrophotometry
using a Rigaku 3070E model sequential X-ray photoelectron spectrome-
ter (XRF) with an Rh target. XRD patterns were determined with a
Bruker instrument equipped with a general area detector diffraction
system (GADDS) using CuKa radiation at a step size of 0.018, the genera-
tor operating at 40 kV and 40 mA. The tetragonal crystallite size in the
various samples was estimated from the integral line width using the
Scherer relationship[66] Dhkl=0.9l/Bhkl cosq, where Bhkl is the effective
line width of the X-ray reflection. BET surface area data, pore volumes,
and pore size distributions of the samples were determined from N2 ad-
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sorption isotherms measured with an Omnisorb 100CX system (Coulter,
USA) using N2 gas as the adsorbent at liquid N2 temperature.

The morphology and the topology of the nanocomposite materials were
observed using a JEOL JSM-5200 scanning electron microscope (SEM)
with a resolution of 5.5 nm and a JEOL model 1200EX transmission
electron microscope (TEM) operated at an accelerating voltage of
120 kV, respectively. The nature and the coordination of the silica sup-
port before and after modification were elucidated by 29Si MAS NMR on
a Bruker DRX-500 MHz spectrometer and 1H MAS NMR on a Bruker
DSX-300 MHz spectrometer. The state of the TPA in the catalyst was
elucidated by 31P CP-MAS NMR (Bruker DSX-300 MHz spectrometer).
31P CP-MAS NMR was performed at 121.5 MHz with high-power decou-
pling and a Bruker 4 mm probehead. The spinning rate was 10 kHz, and
the delay between two pulses was varied between 1 and 30 s to ensure
complete relaxation of the 31P nuclei. Chemical shifts are given relative
to external 85% H3PO4. DRS spectra of solid samples were recorded in
the range 200–600 nm using a Shimadzu UV-2101PC spectrophotometer
fitted with a diffuse reflectance chamber with an inner surface of BaSO4.
A Shimadzu FTIR-8201PC unit set to DRS mode with a measurement
range of 600–1200 cm�1 was used to obtain FT-IR spectra of the nano-
composites. Raman spectra were obtained on a Bruker FRA106 spec-
trometer equipped with an Nd/YAG (neodymium/yttrium aluminium
garnet) laser. Spectra were collected at room temperature in the wave-
length range 0 to 4000 cm�1 at a spectral resolution of 5 cm�1. X-ray pho-
toelectron spectra (XPS) were recorded on a VG Microtech Multilab-
ESCA 3000 spectrometer equipped with a twin anode of Al and Mg. All
measurements were carried out on powder samples using MgKa X-ray ra-
diation at room temperature. The base pressure in the analysis chamber
was 4N10�10 Torr. A multichannel detection system with nine channels
was employed to collect the data. The overall energy resolution of the in-
strument was better than 0.7 eV, as determined from the full-width at
half-maximum of the 4f7/2 core level of a gold surface. The errors in the
binding energy (BE) values were within �0.1 eV. A binding energy cor-
rection was performed using the C1S peak of carbon at 284.9 eV as a ref-
erence.

The overall acidity of the catalysts was estimated by temperature-pro-
grammed desorption (TPD) of NH3 on a Micromeritics AutoChem 2910
instrument. These experiments were performed by first dehydrating a
0.1 g sample of the catalyst at 500 8C in dry air for 1 h and purging with
helium for 0.5 h. The temperature was decreased to 125 8C under the
flow of helium and then 0.5 mL pulses of NH3 were supplied to the sam-
ples until no more NH3 uptake was observed. The NH3 was then desor-
bed in the He flow by increasing the temperature to 540 8C at a heating
rate of 10 8Cmin�1 and measured with a TCD. The nature of the acid
sites (Brønsted and Lewis) of the catalyst samples with different loadings
was characterised by in situ FT-IR spectroscopy of chemisorbed pyridine;
spectra were acquired in drift mode on a Shimadzu FTIR-8300 SSU-8000
instrument with 4 cm�1 resolution and averaged over 500 scans. These
studies were performed by heating pre-calcined powder samples in situ
from room temperature to 400 8C at a heating rate of 5 8Cmin�1 in a flow-
ing stream (40 mLmin�1) of pure N2. The samples were kept at 400 8C for
3 h and then cooled to 100 8C, whereupon pyridine vapour (20 mL) was
introduced under N2 flow and IR spectra were recorded at different tem-
peratures up to 400 8C.

Experimental procedure for the determination of catalytic activity : The
liquid-phase hydroamination of a,b-ethylenic compounds with amines,
the Mannich reaction, and the Claisen rearrangement of an allyl phenyl
ether were each performed in a 50 mL two-necked flask equipped with a
nitrogen inlet for maintaining an inert atmosphere and an additional port
fitted with a septum for sample withdrawal. The temperature of the reac-
tion vessel was maintained using an oil bath. The catalysts were activated
at 773 K for 4 h in air at a flow rate of 5 mLmin�1 and then cooled to
room temperature prior to their use in the reactions.

Hydroamination reaction : The hydroamination reaction was carried out
under selected conditions, that is, at 383 K with an ethyl acrylate (here-
after abbreviated as EA) to aniline molar ratio of 1 and with 5 wt%
(total reaction mixture) of the catalyst. The reaction mixture was magnet-
ically stirred and heated to the required temperature under atmospheric

pressure. Samples were withdrawn at regular intervals and analysed using
a gas chromatograph (HP-6890) equipped with an FID detector and a ca-
pillary column. The products were also identified by GC-MS (HP-5973)
analysis. Conversion was calculated based on the amine. After comple-
tion of the reaction, the reaction mixture was cooled to room tempera-
ture and filtered to remove the catalyst, and the solvent was removed by
distillation. The product was separated by column chromatography using
neutral alumina as the stationary phase and petroleum ether/ethyl ace-
tate (95:5) as the eluent. The product was characterised by 1H NMR,
13C NMR, GC-MS, and FT-IR analysis, which confirmed it to be N-[2-
(ethoxycarbonyl)ethyl]aniline. Yield: 90%; 1H NMR (200 MHz, CDCl3):
d=7.21–7.06 (m, 2H), 6.68–6.53 (m, 3H), 5.21 (s, 1H), 4.13–4.01 (m, J=

3.72 Hz, 2H), 3.41–3.34 (t, J=6.45 Hz, 2H), 2.57–2.47 (q, J=6.32 Hz,
2H), 1.22–1.14 ppm (t, J=7.07 Hz, 3H); 13C NMR (CDCl3, 200 MHz):
d=172.43 (C), 147.73 (C), 129.52 (CH), 129.34 (CH), 117.72 (CH),
113.10 (CH), 112.70 (CH), 60.64 (CH2), 39.51 (CH2), 34.02 (CH2),
14.24 ppm (CH3); FT-IR (neat): ñ =3409, 2985, 1731, 1604, 1504, 1373,
1319, 1249, 1176, 1099, 1029, 1864, 748, 694 cm�1; GC-MS: m/z (%): 193
(11.83), 118 (2.55), 106 (100), 93 (2.46), 77 (11.26), 65 (6.57), 51 (7.79).

Mannich reaction : Typically, benzaldehyde (1 equiv, 1 g), aniline (1 equiv,
0.87 g), acetophenone (1 equiv, 1.13 g), and 15T-22.4TO-S15-1123 (0.3 g)
were stirred at room temperature or at 333 K in a round-bottomed flask
fitted with a condenser. After a certain time, the reaction mixture
became viscous and solidified. At this point, the time was noted and the
catalyst was separated from the reaction mixture by filtration followed
by extraction with dichloromethane (5N3 mL). The product was separat-
ed by rotary evaporation at 35–40 8C and was recrystallised from ethanol
and vacuum-dried for 5 h. It was identified by 1H NMR in CDCl3 solu-
tion with TMS as reference (300 MHz) and by FT-IR on a Shimadzu
model 8201PC spectrophotometer using the KBr pellet method.

3-(N-Phenylamino)-1,3-diphenyl-1-acetone : 1H NMR (200 MHz, CDCl3):
d=3.41 (d, 2H), 4.93 (m, 1H), 6.48 (d, 2H), 6.59 (m, 1H), 7.01 (m, 2H),
7.18 (d, 1H), 7.24 (m, 2H), 7.35 (m, 5H), 7.85 ppm (d, 2H); IR: ñ =3399,
3024, 2974, 1672, 1598, 1515, 1295, 1221, 1080, 1026, 1001, 860, 693,
512 cm�1.

3-(N-Phenylamino)-3-(3-chlorophenyl)-1-phenylacetone : 1H NMR
(200 MHz, CDCl3): d=3.42 (m, 2H), 4.93 (m, 1H), 6.52 (d, 2H, J=

7.95 Hz), 6.60 (m, 2H), 7.01 (m, 2H), 7.18 (m, 2H), 7.24 (d, 1H, J=

7.05 Hz), 7.36 (d, 3H, J=7.9 Hz), 7.49 (m, 1H), 7.82–7.85 ppm (d, 2H,
J=7.8 Hz); IR: ñ =3390, 3035, 1674, 1596, 1515, 1377, 1292, 1222, 1080,
1002, 929, 860, 749, 690, 621, 516 cm�1.

3-(N-p-Bromophenylamino)-1,3-diphenyl-1-acetone : 1H NMR (200 MHz,
CDCl3): d=3.39 (m, 2H), 4.87 (m, 1H), 6.34–6.38 (d, 2H, J=7.9 Hz),
7.06–7.10 (d, 2H, J=8.25 Hz), 7.16–7.25 (m, 3H), 7.29–7.34 (d, 2H, J=

9 Hz), 7.37–7.41 (m, 2H), 7.47–7.50 (m, 1H), 7.80–7.85 ppm (d, 2H, J=

7.95 Hz); IR: ñ=3339, 3020, 2937, 1675, 1509, 1485, 1367, 1308, 1273,
1119, 1072, 859, 753, 683, 518 cm�1.

Claisen rearrangement reactions : These were carried out in batch mode
in a three-necked round-bottomed flask (capacity 50 mL) under nitrogen
atmosphere, using 3 g of allyl phenyl ether (APE) in 10 g of solvent (tet-
rachloroethylene, Loba Chemie) with 0.3 g of freshly calcined catalyst at
383 K. Aliquots of the reaction mixture were collected and analysed on a
gas chromatograph fitted with an FID detector. The products were iden-
tified by gas chromatography–mass spectrometry (GC-MS) and gas chro-
matography–infrared spectroscopy (GC-IR).

Leaching and recyclability of the catalysts : To check for leaching of the
TPA in the aforementioned reactions, the reactions were carried out for
1 h by using 15T-22.4TO-S15-1123 under selected reaction conditions.
The reaction was stopped, the catalyst was separated by filtration from
the hot reaction mixture, and the filtrate was stirred for 1 h under the
same reaction conditions. In addition, tests for leaching of the TPA into
the hot filtrate were carried out by inductively coupled plasma-optical
emission spectroscopy. Before each cycle, the catalyst (15T-22.4TO-S15-
1123) was washed three times with 1,2-dichloroethane, dried in an oven
at 373 K for 24 h, and then activated for 4 h at 773 K in air. In the reac-
tions with the recycled materials, the weight ratio of the catalyst to the
reactants was kept constant.
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