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Abstract Solid acid catalysts based on the direct incor-
poration of the vanadium Keggin heteropolyacid
(PMo11V) structure during the synthesis of silica by the
sol-gel technique, in acidic media using tetraethyl ortho-
silicate (PMo11VSiO;1, PMol11VSiO,2, PMol1VSiO,3,
and PMo11VSiO,4), were prepared and characterized by
3'P_.NMR, FT-IR, XRD, and textural properties (Sggr).
The acidic characteristics of the catalysts were determined
by potentiometric titration with n-butylamine. A series of
highly substituted hexahydropyrimidines were synthesized

using these new materials, encapsulated in a silica frame-
work, as catalyst in solvent-free conditions. This method-
ology requires short reaction time (1.5 h), a temperature of
80 °C in solvent free-conditions to obtain good to excellent
yields of trifluoromethyl-hexahydropyrimidine derivatives.
The Keggin catalyst embedded in the silica matrix is in-
soluble in polar media, which allows easy removal of the
reaction products without affecting their catalytic activity.
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1 Introduction

The utilization of heterogeneous catalysts has gained much
interest in recent decades due to economic and environ-
mental considerations. These heterogeneous catalysts are
more advantageous over homogeneous catalysts, mainly
because they can be easily recovered from the reaction
mixture by simple filtration procedures and then reused
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after activation, thereby making the process economically
viable [1-3].

The need for greener procedures leads to the utilization
of different environmentally friendly reaction conditions;
among them, the elimination of volatile organic solvents in
organic syntheses is the most important goal in ‘green’
chemistry [4, 5]. Solvent-free organic reactions make
syntheses simpler, save energy, and prevent hazardous
solvent waste and toxicity. The development of solvent-
free organic reaction has thus become an important re-
search area, and a large number of papers on these reac-
tions, which include the reaction between solids, solids and
liquid, liquids and, on solid supports, have become in-
creasingly frequent in recent years [6].

Also, the replacement of toxic inorganic acid catalysts
such as sulfuric, fluorhydric or hydrochloric acids with
reusable solid acids and the use of room temperature
avoiding media heating are still necessary. In recent years,
inorganic, organic and hybrid solid materials, catalyzed
organic transformations, due to the proven simplified pro-
duct isolation, mild reaction conditions, high selectivity,
easy recovery, and catalyst reuse and reduction in by-
product generation [7-9].

Catalysis by heteropolyacids (HPAs) is a field of in-
creasing importance worldwide. Numerous developments
are being carried out in research as well as in chemistry
processes [10].

On the other hand, HPAs possess a very strong acidity
and appropriate redox properties, which can be changed by
varying the chemical composition of the heteropolyanion.
The reactions catalyzed by HPAs have been reviewed by
many researchers [11-13]. As part of a research project to
develop environmentally friendly organic reactions, we
used different bulk and silica-supported Keggin, Wells—
Dawson and Preyssler heteropolyacids in the preparation of
nitrogenated heterocyclic synthesis, under greener condi-
tions, such as the synthesis of 3,4-dihydropyrimidin-2(1H)-
(thio)ones [14], 1,4-dihydropyridines [15], 4-arylidene-2-
phenyl-5(4)-oxazolones [16], N-sulfonyl-1,2,3,4-tetrahy-
droisoquinolines [17], quinoxalines [18], and 1,5-benzodi-
azepines [19].

Organic catalytic transformations using HPAs as solid
acid catalysts have many advantages; for example, they are
noncorrosive, cheap and environmentally friendly, pre-
senting fewer disposal problems. However, their solubility
in polar solvents and the low specific area of bulk HPAs
limit their use as heterogeneous catalysts. So attempts to
stabilize HPAs by supporting them on several carriers such
as silica, alumina, titania, among others, have been made
[20]. However, the supported HPA catalysts obtained by
impregnation techniques are unsuitable for their use as
catalysts in polar reaction media due to a continuous
leaching of the HPAs. In order to avoid any HPA leaching,

some papers have reported the inclusion of the HPAs in
silica using a sol-gel technique by the hydrolysis of ethyl
orthosilicate [21-23].

On the other hand, heterocyclic compounds bearing
pyrimidines are an important family of substances that play
a key role in organic synthesis, because they are present in
a variety of naturally occurring or synthetic compounds.
Particularly, both natural and synthetic molecules con-
taining pyrimidine moiety have interesting pharmaco-
logical and biological properties [24]. Among all
heterocyclic compounds, pyrimidines are one of the most
important heterocycles exhibiting remarkable pharmaco-
logical activities because they are an essential constituent
of all cells and thus of all living matter [24, 25].

Particularly, hexahydropyrimidines are biologically im-
portant, for example, bisalkylhexahydropyrimidines are
effective against Ehrlich carcinoma and Staphylococcus
aureus [26]. Also, the hexahydropyrimidine skeleton oc-
curs in alkaloids such as tetraponerines, verbametrine and
verbamethine, which are synthetic intermediates for sper-
midine-nitroimidazole drugs, and is used for the treatment
of A549 lung carcinoma [26]. Benzo-fused hexahydropy-
rimidines possess antiplatelet activity [27] and are potential
R-adrenergic blockers [28].

Hexahydropyrimidines are prepared generally by con-
densations of aldehydes and ketones with substituted 1,3-
diaminopropanes [29, 30]. In 1999 O. Kappe and
coworkers discovered that by using a fluorinated ace-
toacetic ester derivative, for example, ethyl trifluoroac-
etate, the Biginelli reaction, used to obtain 3,4-dihydro-
2(1H)-pyrimidinones, takes a different course and tri-
fluoromethylated hexahydropyrimidines are obtained in
excellent yields [31].

The preparation methods for the synthesis of these
compounds include the multicomponent reaction of an
aldehyde, 1,3-dicarbonyl compounds and urea or thiourea,
in the presence of different catalysts, including (HCI [32],
p-toluenesulfonic acid [33], sulfamic acid [34], benzyltri-
ethylammonium chloride [35], chlorotrimethylsilane [36],
zirconium (IV) chloride [37] ), and Preyssler heteropoly-
acid included in silica matrix [38].

The present protocol allows the introduction of fluorine
atoms in the hexahydropyrimidine structures, during the
multicomponent synthesis, in one step, representing a
powerful alternative for the design of new drugs. A fluorine
atom is similar in size to a hydrogen atom. Thus, the re-
placement of hydrogen by fluorine does not cause any
changes in molecular geometry. The elevated elec-
tronegativity of fluorine has a strong effect on the elec-
tronic properties of the molecules. On a molecular level,
this allows for the inhibition of some metabolic pathways,
including the modulation of membrane permeability, as
well as electrostatic interactions with the target site [39].

@ Springer



1024 V. Palermo et al.
Fig. 1 Promising new leads for OCH3 F
the development of highly
potent and selective anticancer
compounds
OF 0
|
‘s, ’
O [ Oy
Hovle e ot K
S N S
F3C H F3C H
1 2
Scheme 1 Synthesis of R
fluorinated /g
hexahydropyrimidine EtO.C H 1 (@) PMo1 1V/SiO R, H
> L NH2 (o] 107 EtOZCj\/<NH
+ o HO//,
FsC o) H,N X 80°C,1.5h N/gx
FsC H
2 3 4
Trifluoromethylated  hexahydropyrimidine  derivatives  of molybdenum trioxide was suspended in 150 mL of

(compounds 1, 2, and 3 in Fig. 1) represent promising new
leads for the development of highly potent and selective
anticancer compounds [40].

In the present paper, we report the synthesis and char-
acterization of four materials obtained by direct incorpo-
ration of different amounts of a heteropolyacid with
Keggin structure (PMo11V) during the synthesis of silica
by the sol-gel technique, in acidic media, using tetraethyl
orthosilicate. The catalyst characterization was carried out
by *'P MAS-NMR, FT-IR, XRD, textural properties
(Sger), and the acidic properties were determined through
potentiometric titration with n-butylamine.

In addition, we studied the application of these recy-
clable solid catalysts in a simple, convenient, efficient, and
ecofriendly process for the multicomponent preparation of
trifluoromethylated hexahydropyrimidines from aldehydes,
trifluoromethylacetoacetate and urea or thiourea under
solvent-free conditions (Scheme 1).

2 Experimental
2.1 Catalytic Synthesis
2.1.1 Bulk Heteropolyacid Synthesis

H;PMo,,049 (PMo012) is a commercial product (Fluka) and
was used without further purification. H4PMo;;VOyo
(PMol1V) was prepared by a hydrothermal synthesis
method, following a procedure described in the literature
[41]. A stoichiometric mixture of 0.58 mL of (85 % (w/V))
phosphoric acid, 0.91 g of vanadium pentoxide, and 14.4 g
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distilled water. The mixture was stirred at 80 °C for 3 h.
After cooling down to room temperature and removal of
insoluble molybdates and vanadates, the heteropolyacid
solution was evaporated and dried at 85 °C, for 24 h. After
that, orange crystals of PMo11V were obtained.

2.1.2 Synthesis of Silica-Included PMol2 and PMollV

A series of PMol2 and PMol1V immobilized on silica
with different HPA loadings were prepared. The catalytic
agent samples were prepared according to Caetano et al.
[21], by the sol-gel technique. A mixture of water
(1.0 mol), ethanol (0.1 mol), and a variable amount of
heteropolyacids (from 1.25 x 10™* to 5.00 x 10~* mol)
was added to tetraethyl orthosilicate (0.1 mol), and stirred
at 80 °C for 3 h. The hydrogel obtained was dehydrated
slowly at 80 °C, for 1.5 h, in vacuo. The dried gel obtained
was washed three times with reflux ethanol and dried at
100 °C overnight. The prepared catalysts were named as
PMo11VSiO,1, PMo11VSiO,2, PMo11VSiO,3,
PMo11VSiO,4, and PM012Si0O,3.

2.2 Catalyst Characterization

2.2.1 Inductively Coupled Plasma Atomic Emission
Spectroscopy

The experimental contents of Mo, V in the bulk HPA were
determined by means of the inductively coupled plasma
atomic emission spectroscopy (ICP-AES) technique using
a Shimadzu 1000 III instrument.
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2.2.2 Textural Properties

The specific surface area of the solids was determined
from the N, adsorption—desorption isotherms at liquid-
nitrogen temperature. They were obtained using Mi-
cromeritics ASAP 2020 equipment. The samples were
previously degassed at 100 °C for 12 h. The specific
surface area (Sggt) was determined by the BET
method.

2.2.3 Fourier Transform Infrared Spectroscopy

FT-IR spectra of the support and catalysts were ob-
tained in the 400-4000 cm™' wavenumber range using
pellets of KBr in a Thermo Bruker IFS 66 FT-IR
spectrometer.

2.2.4 X-ray Diffraction

The XRD patterns were collected in Philips PW-1730
equipment. The X-ray source was Cu Ko radiation
(A = 1.5406 A) with 40 kV and 20 mA. Nickel filter and
scanning angle between 5 and 60° of 20 at a scanning rate
of 2° per minute were used.

2.2.5 'P-NMR Spectra

The *'P magic angle spinning-nuclear magnetic resonance
(*'P MAS-NMR) spectra were recorded with Bruker 9.4 T
Avance III WB 400 equipment, working at a frequency of
161.9 MHz for *'P. The spin rate was 35 kHz and several
hundred pulse responses were collected.

2.2.6 Potentiometric Titration

A suspension of the solid (25 mg), in acetonitrile, was ti-
trated using 0.025 N n-butylamine in acetonitrile, at a flow
rate 0.05 mL/min in 794 Basic Titrino Metrohm equipment
using a double junction electrode.

The acidic properties of the samples measured by this
technique enable the evaluation of the total number of acid
sites and their acid strength. In order to interpret the results,
it is suggested that the initial electrode potential (E) indi-
cates the maximum acid strength of the surface sites, and
the values (meq/g solid), where the plateau is reached,
indicate the total number of acid sites. The acid strength of
surface sites can be assigned according to the following
ranges: very strong site, E > 100 mV; strong site,
0 < E < 100 mV; weak site, —100 < E < 0 mV, and very
weak site, E < —100 mV [42].

2.3 Catalytic Activity Test
2.3.1 General

Chemicals were purchased from Aldrich, Fluka and
Merck and were freshly used after purification by stan-
dard procedures (distillation and recrystallization). All
the reactions were monitored by TLC on pre-coated
silica gel plates (254 mm). All the products were iden-
tified by comparison of physical data (mp, TLC and
NMR) with those reported or with those of authentic
samples prepared by the respective conventional methods
using sulfuric acid as catalyst. Melting points of the
compounds were determined in sealed capillary tubes
and are uncorrected. The "H-NMR and '*C-NMR spectra
were obtained on a Bruker instrument 400 MHz model
as CDCl; solutions, and the chemical shifts were ex-
pressed in d units with Me4Si (TMS) as the internal
standard.

2.3.2 General Procedure for the Synthesis
of Hexahydropyrimidines

The reaction was performed in a round bottom flask,
which was equipped with a condenser and immersed in an
oil bath. A mixture of ethyltrifluoroacetoacetate (184 mg,
1 mmol), benzaldehyde (281 mg, 1 mmol), urea (72 mg,
1.2 mmol), and the selected catalyst was thoroughly
mixed, and then heated at 80 °C for 1.5 h (to end point of
the reaction, checked by TLC). On cooling, the reaction
mixture was washed with acetone (2 x 1 mL), and the
hexahydropyrimidines were filtered and dried under
vacuum (25 °C). The crude product was recrystallized to
give the pure dihydropyrimidinones.

2.3.3 Catalyst Reuse

Stability tests of the bulk or silica-supported acid catalysts
were carried out running four consecutive experiments,
under the same reaction conditions. After each test, the
catalyst was separated from the reaction mixture by fil-
tration, washed with acetone (2 x 2 mL), dried under
vacuum, and then reused.

Table 1 Elemental analysis by ICP-AES

HPA Theoretical value Experimental value (ICP-AES)
PMol12 Mo 55.98 Mo 50.70
PMol1V Mo 52.36 Mo 52.85

V 2.53 V34
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3 Results and Discussion
3.1 Catalyst Characterization

3.1.1 Inductively Coupled Plasma Atomic Emission
Spectroscopy

The elemental analysis by ICP-AES of the bulk HPA is
shown in Table 1. The experimental values are in agree-
ment with the theoretical values for the hydrated PMol12
and PMollV (H3PM012040'13H20 and H4PM011VO40,
13H,0). For the synthesized vanadium HPA, this tech-
nique confirms that one of the Mo atoms was replaced by
one V atom.

3.1.2 Textural Properties

The adsorption—desorption isotherms of the silica-included
HPA and the silica support are typical of microporous ma-
terials. As example, Fig.2 shows the isotherms of
PMo12Si0,3, PMo11VSiO,3, and SiO,. Table 2 lists the
specific area values, determined using the BET method

160
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Fig. 2 N, (filled circle) adsorption- (empty circle) desorption
isotherms for PM012Si0,3, PMo11VSiO,3, and silica

(SgeT), the pore volume and pore size distribution for the
silica and silica-included HPA. It was observed that the Sggt
values of the silica-included HPA are in the order of the
specific area of pure silica and increase with the HPA loading.

Comparing the silica-included with the same load but
different HPA (PMo11VSiO,3 and PMo012SiO,3) it can be
seen that the superficial area, pore volume and size distri-
bution are in the same order of the pure silica. When the
load of HPA are 5.07 and 9.03 wt% (PMol11VSiO,1 and
PMo11VSi0,2) the superficial area and pore volume is
lower than the pure silica, possibly due the pore blocking
for the HPA remaining inside the silica structure.

On the other hand, when a higher amount of HPA
(PMo11VSiO,3 and PMo11VSiO,4) is used, the excess of
the HPA could interfere during the ageing process, pre-
venting strong compression of the silica framework, with the
slight increment in the pore volume and superficial area.

3.1.3 Fourier Transform Infrared Spectroscopy

The FT-IR spectra of silica-included HPA show the
characteristic peaks of pure silica, without any significant

Sio,

PMo12Si0,3

Transmittance (a.u.)

PMo11VSiO,3

T
2000
Wavenumber (cm™)

T
4000 3000 1000

Fig. 3 FT-IR spectra of PMo11VSiO,3, PMo012Si0,3, and SiO,

Table 2 HPA/silica ratio, specific area (Sggt), pore volume, pore size distribution and acid strength of silica-included HPA

Catalyst HPA/silica (wt%)* SBET (mzlg) Pore volume (cm3/g) Pore Size distribution (A) E (mV)
SiO, - 438 0.20 18.6 33
PMo11VSiO,1 5.07 372 0.17 18.8 80
PMo11VSiO,2 9.03 289 0.14 18.7 279
PMo11VSiO,3 10.92 495 0.24 19.4 413
PMo11VSiO,4 17.69 547 0.27 19.9 443
PMo12Si0,3 11.73 425 0.20 19.0 316

* Respect the initial load

@ Springer
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Fig. 4 *'P-MAS-NMR spectra
of, a PMo11VSiO,2 and
b PMol1V
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differences with respect to the HPA or the loading
amount. Figure 3 shows the FT-IR spectra of silica-in-
cluded HPA catalysts PMol11VSiO,3, PMo12Si0,3, and
Si0,. The most intense band, at 1080 cm_l, is associated
with the O-Si—-O stretching vibration, a shoulder at
1196 cm™' is due to shape effects of the stretching and
bending modes; the other O-Si—O bands are 797 cm™!
(flection) and 453 cm™! (balance). The peak at 951 cm™
is associated with Si—OH stretching, while the band at
1639 cm ™' corresponds to the SiO-H bending mode and
the broad band at 3500 cm™' corresponds to O-H
stretching [43]. The typical bands of the Keggin structure
of PMol2 (1064 cm™' (P-Oa), 962 (Mo-Od) cm™',

1

30

10 5 0 -5 -10 -15 -20 -25 -30 -35 -40

f1 (ppm)

25 20 15 -45

871 cm™! (Mo-Ob-Mo), 780 cm~' (Mo-Oc-Mo)), and
PMoll V(1060 cm™' (P-Oa), 960 cm™' (M-Od),
864 cm™' (M-Ob-M), 777 cm™' (M-Ob-M)) are masked
by the silica bands (O, surrounds the central tetrahedral P,
and links P and M together; O, connects MOg octahedra
by the corners; O. shares the octahedra edges; and ter-
minal oxygen Oyq4 is bonded to only one M atom.).

3.1.4 X-ray Diffraction
The XRD patterns (not shown) of silica-included HPA

present the same pattern as amorphous pure silica. In the
former, the characteristic peaks of PMo12 and PMo11V are

@ Springer
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Fig. 5 Potentiometric titration of PMo11V catalysts

Table 3 Effect of different catalysts on fluorinated hexahydropy-
rimidine yields (%)

Entry Catalyst Yields (%)*
1 None <5
2 SiO, 16
3 PMo12 48
4 PMol1V 55
5 PMo12Si0,3 70
6 PMo11VSiO,1 81
7 PMo11VSiO,2 82
8 PMo11VSiO,3 84
9 PMo11VSiO,4 86

Reaction conditions: benzaldehyde (281 mg, 1 mmol); ethyltri-
fluoroacetoacetate (184 mg, 1 mmol); urea (72 mg, 1.2 mmol); cat-
alyst (5 mg); temperature, 80 °C; time, 1.5 h; stirring; in solvent-free
conditions

? The crude product was recrystallized

Table 4 Effect of temperature on fluorinated hexahydropyrimidine
yield (%)

Entry Temperature (°C) Yield (%)*
1 25 15
2 60 70
3 80 85
4 100 80

Reaction conditions: benzaldehyde (281 mg, 1 mmol); ethyltri-
fluoroacetoacetate (184 mg, 1 mmol); urea (72 mg, 1.2 mmol);
PMol11VSiO,1 (10 mg); time, 1.5 h; stirring; in solvent-free
conditions

* The crude product was recrystallized
not present. According to the FT-IR spectra, the diffraction

patterns show a high dispersion of HPA into the silica
framework.

@ Springer

Table 5 Effect of reaction time on fluorinated hexahydropyrimidine
yields (%)

Entry Reaction time (h) Yield (%)*
1 0.5 64
2 1 75
3 1.5 85
4 3 82

Reaction conditions: benzaldehyde (281 mg, 1 mmol); ethyltri-
fluoroacetoacetate (184 mg, 1 mmol); urea (72 mg, 1.2 mmol);
PMol1VSiO,1 (10 mg); temperature 80 °C; in solvent-free
conditions

* The crude product was recrystallized

Table 6 Effect of the amount of catalyst on fluorinated hexahy-
dropyrimidine yields (%)

Entry Amount of catalyst (mg) Yield (%)*
1 5 81
2 10 85
3 15 86
4 20 86

Reaction conditions: benzaldehyde (281 mg, 1 mmol); ethyltri-
fluoroacetoacetate (184 mg, 1 mmol); urea (72 mg, 1.2 mmol);
PMo11VSiO,1; temperature 80 °C; time, 1.5 h; stirring; in solvent-
free conditions

? The crude product was recrystallized

Table 7 Catalyst reuse, effect on fluorinated hexahydropyrimidine
yields (%)

Entry Catalytic cycle Yield (%)*
1 1 85
2 2 85
3 3 85
4 4 83

Reaction conditions: benzaldehyde (281 mg, 1 mmol); ethyltri-
fluoroacetoacetate (184 mg, 1 mmol); urea (72 mg, 1.2 mmol);
PMo11VSiO,1 (10 mg); temperature 80 °C; time, 1.5 h, stirring; in
solvent-free conditions

? The crude product was recrystallized

3.1.5 'P-MAS-NMR Spectra

The *'P-MAS-NMR spectrum of PMol1 V exhibits a peak
at —5.01 ppm assigned to Keggin anion. This signal is
present in the silica-included HPA and proves that the
Keggin structures are maintained after their inclusion in the
silica matrix. As an example, Fig. 4 shows the spectra for
PMo11VSiO,2 and PMol1V.



New Vanadium Keggin Heteropolyacids Encapsulated in a Silica Framework 1029

Table 8 Synthesis of fluorinated hexahydropyrimidine

Entry Product Yields (%)a

1 @ 85

Reaction conditions: aldehyde (281 mg, 1 mmol); ethyltrifluoroace-
toacetate (184 mg, 1 mmol); urea or thiourea (1.2 mmol);
PMo11VSiO;,1 (10 mg); temperature 80 °C; 1.5 h; stirring; in sol-
vent-free conditions

* The crude product was recrystallized

3.1.6 Potentiometric Titration

Figure 5 shows the potentiometric titration curves for bulk
and silica-included HPA. Both bulk HPA, PMol2 and
PMol11V are very strong acids (826 and 831 mV, respec-
tively), and they have a high number of acid sites, while the
included HPA shows acid sites until 0.5 meq n-butylamine.
The inclusion of HPA increases the acid strength of silica.
It is observed that the initial potential increases with the
HPA loading (Table 2).

3.2 Catalytic Test and Suitable Synthesis
of Trifluoromethyl Hexahydropyrimidine
Derivatives

Optimum reaction conditions were examined employing
benzaldehyde, ethyl acetoacetate and urea as test reaction
substrates in solvent-free conditions at 80 °C for 1.5 h.In a
blank experiment, without the presence of catalyst, only
traces (<5 %) of product were detected (Table 3, entry 1).
Similarly, a very low reaction yield was obtained when the
support (silica sol-gel) was used as catalyst, under the
same reaction conditions (Table 3, entry 2, 16 %). Then,
the bulk Keggin heteropolyacids PMol2 and PMoll V
were checked under equivalent conditions (Table 3, entries
3 and 4).

In the two experiments, good yields of product 4 were
obtained, 48 and 55 %, respectively, indicating that the
presence of one acid catalyst in necessary to improve the
reaction yields. In previous work we found that the incor-
poration of V in the structure of PMo increases the number
of acidic sites. In this sense, a correlation between the
yields and the number of acidic sites was observed [44].

Then, additional tests were carried out with the silica-
included catalysts. Four catalysts with different charges
were prepared and they were named as: PMol1VSiO,l,
PMo11VSi0O,2, PMol1VSiO,3, and PMollVSiOx4.
Table 3 (entries 6-9) shows an increase in the reaction
yields for the four silica-included catalysts compared to the
bulk catalyst. An increase in PMoV loading produces a
slight increment in the reaction yields following the se-
quence: PMol1VSiO;1 (81 %), PMol1VSiO,2 (82 %),
PMo11VSiO,3 (84 %), and PMo11VSiOx4 (86 %).

Because the results were similar, and due to the cost of
the catalyst, in the next experiment we decided to use the
catalyst that has a lower content of active phase
(PMo11VSiO,1). The tested experimental reaction condi-
tions were: benzaldehyde (1 mmol); ethyltrifluoroacetoac-
etate (1 mmol); wurea (1.2 mmol); catalyst (5 mg);
temperature, 80 °C; time, 1.5 h; stirring; in solvent-free
conditions.

We assume that the difference in conversion between
bulk and supported catalysts can be explained considering
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Scheme 2 Plausible reaction mechanism

that they have microporous structure, so the diffusion
factor in the whole reaction has a different influence on
both systems.

The influence of temperature on the production of the
corresponding  trifluoromethyl-hexahydropyrimidine is
shown in Table 4. Four experiments were performed (25,
60, 80 and 100 °C) working under solvent-free conditions
and 1.5 h reaction time at different temperatures. The re-
sults show the best yield at 80 ° C (85 %, Table 4, entry 3).
The test performed at room temperature (25 °C) gave only
a 15 % of reaction product with a low conversion (Table 4,
entry 1). Results obtained at 100 °C (Table 4, entry 4,
80 %) show that a temperature higher that 80 °C does not
improve the yields. In this case, no unidentified secondary
products were detected by TLC. The tested experimental
reaction conditions were: benzaldehyde (1 mmol); ethyl

@ Springer

4,4 4-trifluoroacetoacetate (1 mmol); urea (1.2 mmol);
catalyst (10 mg); temperature, 80 °C; time, 1.5 h; stirring;
in solvent-free conditions.

The reaction time was also tested at the selected optimal
temperature of 80 °C, using four different times of 0.5, 1, 1.5
and 3 h (Table 5). A good yield is obtained at 1 h of reaction
(Table 5, entry 2, 75 %), reaching the optimal yields at
1.30 h (Table 5, entry 3, 85 %), without any variation at
longer reaction times such as 3 h. (Table 5, entry 4, 82 %).

Another key factor in these tests is the amount of the
PMo11VSiO,1 catalyst. Table 6 shows the results on dif-
ferent proportions of catalyst using the previously defined
optimal conditions. It can be seen that 10 mg of
PMo11VSiO,1 gives very good yields (Table 6, entry 2,
85 %) and no relevant changes were observed when the
catalyst increase was 20 mg (Table 6, entry 4, 86 %).
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To study the reusability of the catalyst in the same re-
action, the recovered catalyst was reused in the same
conditions and proportions (80 °C, under solvent-free
conditions, with 10 mg of PMol1VSiO,1 and 1:1: 1.2
benzaldehyde: ethyl 4,4,4-trifluoroacetoacetate: urea molar
ratio, over four consecutive tests.

To make this possible the recovered catalyst was washed
with acetone and dried in vacuum. The results, which are
given in Table 7, suggest no appreciable variations when
the catalyst is reused four consecutive times.

Based on these results, and using the optimal reaction
conditions previously defined (1 mmol of benzaldehyde,
1 mmol of ethyl 4,4,4-trifluoroacetoacetate, 1.2 mmol of
urea or thiourea at 80 °C under solvent-free conditions,
over a 1.5 h reaction time in the presence of 10 mg of
PMo11VSiO,1) different substituted trifluoromethyl hex-
ahydropyrimidines were synthetized. The results listed in
Table 8 show very good yields on hexahydropyrimidine
derivative formation.

A plausible mechanism is rationalized in Scheme 2.
As proposed by Kappe and coworkers [45], the reaction
follows a mechanism of acid-catalyzed condensation, in
our case with the included heteropolyacid acting as a
Bronsted acid catalyst. This reaction begins with proto-
nation of the aldehyde by the acid and is followed by
attack, via standard nucleophilic addition, of the urea or
thiourea, with some similarities to the Mannich Con-
densation, to leads N-(1-hydroxybenzyl)-ureas or thiour-
eas. Proton transfer steps then result in a protonated
alcohol which leaves as water to form a highly reactive
N-acyliminium species. Then, this intermediate interacts
with ethyl acetoacetate enolate to produce an open chain
intermediate ureide, which is followed by cyclization to
afford the hexahydropyrimidines.

4 Conclusion

In this article, we report the synthesis and characterization
of four new Keggin heteropolyacid structures where
PMo11V was incorporated in the silica framework by the
sol—gel technique. The synthesis of catalysts by the sol-gel
technique was satisfactory and the samples kept their HPA
structure intact after synthesis. These samples were char-
acterized by *'P-NMR, FT-IR, XRD, and BET. The acidic
characteristics of the catalysts were determined by poten-
tiometric titration with n-butylamine.

A series of highly substituted hexahydropyrimidines were
synthesized using these new materials, encapsulated in a
silica framework, as catalyst in solvent-free conditions. This
methodology requires short reaction time (1.5 h), a tem-
perature of 80 °C, in solvent-free conditions to obtain good
to excellent yields of trifluoromethyl-hexahydropyrimidine

derivatives. The Keggin catalyst embedded in the silica
matrix is insoluble in polar media, which allows easy re-
moval of the reaction products without affecting their cat-
alytic activity.

The applications of these catalysts in clean oxidation
reaction and biomass valorization, are in advance in our
laboratory.
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