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Introduction

The metal-catalyzed synthesis of 3,4-dihydropyrimidinones/thi-
ones through the Biginelli reaction is an important and valua-
ble chemical process that is of particular interest owing to its
key role in the production of drugs applicable in different
areas of pharmacology.[1, 2] Some pharmaceutical properties of
these compounds include anticancer, anti-HIV, calcium channel
modulator, antihypertensive, antitumor, antibacterial, antioxi-
dant, and antiviral activities.[3] Traditionally, the Biginelli reac-
tion was performed under homogeneous conditions in the
presence of many metal-based Lewis acid catalysts. Some im-
proved catalysts include La(OTf)3 (OTf = triflate), ZnCl2, ZnBr2,
CuCl2, NiCl2, ZnI2, VCl3, LiClO4, Sr(OTf)2, BF3·OEt2, FeCl3, LaCl3,
InX3 (X = Cl, Br), BiCl3, Yb(OTf)3, ZrCl4, Mn(OAc)3, Cu(OTf)2,
Cu(OAc)2, LaCl3–graphite, LiBr, GaX3, and [bmim][FeCl4]
(bmim = 1-butyl-3-methylimidazolium).[1, 2] However, because
these homogeneous catalytic systems are usually expensive,
toxic, and require large amounts of unrecoverable catalyst, on
the basis of economic criteria and toxicological concerns, it is
more desirable to reduce the amounts of metal-based catalyst
used in potential chemical processes. To overcome these re-
strictions, several improvements were recently attempted by
immobilization or supporting metal catalysts on different reus-
able and recoverable surfaces such as silica, alumina, polymers,
and resin.[4] Nevertheless, some of these processes suffer from

environmental pollution caused by the utilization of organic
solvents, exotic reaction conditions, long reaction times, and
most importantly high loading and leaching of the catalyst
during the reaction. Accordingly, the development of efficient
and environmentally friendly metal-based catalytic systems
that are easily prepared, recoverable, and reusable is still
needed for the Biginelli reaction.

On the other hand, metal-containing hybrid organic–inor-
ganic materials are a significant topic that has attracted much
attention from chemists owing to the metal possessing excel-
lent catalytic activity and the possibility of easy recovery and
reuse.[5] The preparation of these materials is achieved by the
impregnation of metallic complexes with supports containing
a suitable ligand and/or by simultaneous cocondensation of
a metal–ligand complex with a hydrolysable and condensable
organic/inorganic precursor under acidic or basic conditions.[5]

In particular, metal-containing ordered mesoporous organosili-
ca (M@OMO) materials are more interesting owing to advan-
tages of high surface area, easy diffusion of organic substrates
for typical transformations, as well as high thermal and me-
chanical stability.[6] A valuable achievement in this area is the
creation and applications of the periodic mesoporous organo-
silica-supported metal catalyst (M@PMO) with excellent stabili-
ty of the catalytic centers and organic moieties.[7] Accordingly,
several M@PMO materials have been recently prepared and
their catalytic applications have been successfully applied in
a number of organic transformations.[7–10] For example, recently
we prepared and developed some metal-containing periodic
mesoporous organosilicas with an ionic-liquid framework
(M@PMO-IL; M = Pd, Ru, Cu, Mn, WO4

2�) and studied their ap-
plications in oxidation and cross-coupling reactions.[10] Our
studies demonstrated that PMO-IL was a powerful and highly
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stable support for metal complexes and could be recovered
several times with retention of efficiency. As a continuation of
these studies, herein we wish to disclose a protocol for the
preparation a novel iron-containing Schiff base and ionic liquid
based bifunctional PMO (Fe@SBIL-BPMO) nanocatalyst and
a study on its performance in the one-pot, three-component
Biginelli condensation of aldehydes, urea/thiourea, and alkyl
acetoacetate (Scheme 1). The effect of the SBIL-BPMO support
on the immobilization, stabilization, and reactivity of metallic
catalytic sites during the reaction process has also been inves-
tigated.

Results and Discussion

The preparation of Fe@SBIL-BPMO was achieved by immobili-
zation of Fe(NO3)3·9 H2O on a novel BPMO material. First, the
ionic-liquid-based periodic mesoporous organosilica (PMO-IL)
was prepared according to our previous procedure.[10] This was
then reacted with 3-aminopropyltrimethoxy silane by a grafting
approach to give the aminopropyl-functionalized PMO nano-
material (PMO-IL-NH2). Next, PMO-IL-NH2 was treated with 2-
hydroxybenzaldehyde in toluene at reflux to produce Schiff
base and ionic liquid based bifunctional PMO (SBIL-BPMO). Fi-
nally, Fe@SBIL-BPMO was obtained by treatment of SBIL-BPMO
with a substoichiometric amount of Fe(NO3)3·9 H2O (Scheme 1).
This catalyst was characterized by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), thermogravimetric
analysis (TGA), nitrogen-sorption experiments, low-angle
powder X-ray diffraction (LAPXRD), and TEM. The nitrogen ad-

sorption–desorption analysis of
all PMO-IL, SBIL-BPMO, and
Fe@SBIL-BPMO samples exhibit-
ed type IV isotherms with clear
H1 hysteresis loops at high rela-
tive pressures and a vertical ca-
pillary condensation step at P/P0

�0.7–0.8; this indicated that
the materials had very regular
mesochannels, which is a charac-
teristic of large-pore mesopo-
rous materials with a uniform
2D hexagonal structure
(Figure 1). In addition, all sam-
ples possessed narrow BJH pore
size distributions; however, for
SBIL-BPMO and Fe@SBIL-BPMO
the pore size of the mesostruc-
ture decreased from 10.5 to
9.3 nm. Moreover, after func-
tionalization with ortho-
hydroxybenzaldehyde, followed
by treatment with the iron com-
plex, the BET surface area and

Scheme 1. Preparation of the Fe@SBIL-BPMO nanocatalyst and its application
in the synthesis of 3,4-dihydropyrimidinones/thiones.

Figure 1. Nitrogen adsorption–desorption (a) and Barrett–Joyner–Halenda
(BJH) pore size distribution (b) isotherms of the PMO-IL, SBIL-BPMO, and
Fe@SBIL-BPMO nanomaterials.
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pore volume decreased in the order of PMO-IL>SBIL-BPMO>
Fe@SBIL-BPMO (Table 1), but the isotherm pattern remained
unchanged. These results confirm the successful immobiliza-
tion of the ortho-hydroxybenzaldehyde ligand and iron com-

plex inside the channels of the mesoporous PMO-IL material
without disturbing its periodic nature. TEM analysis and
LAPXRD of the Fe@SBIL-BPMO catalyst were next performed to
verify the periodicity of the pores. According to the TEM
image, when the electron beam was introduced perpendicular-
ly to the channel axis, a parallel alignment of channels was ob-
served (Figure 2), whereas hexagonal packing of the cylindrical
mesopore was revealed when the electron beam was intro-
duced along the channel axis (Figure 2, inset). The LAPXRD re-
sults for the catalyst also illustrated a diffraction peak with
high intensity at 2q= 0.98, which was indexed to the d100 re-
flection (Figure 3). The d110 and d200 reflections were also ob-
served at 2q= 1.5 and 1.78, respectively; this confirmed that
the material possessed a highly ordered hexagonal mesostruc-
ture. Moreover, these analyses together with the results from
nitrogen-sorption experiments showed that, after loading of 2-
hydroxybenzalehyde and the iron complex, the structural in-
tegrity and order of the mesochannels were maintained, which
proved the high mechanical stability of the material.

TGA of Fe@SBIL-BPMO was also performed to validate the
thermal stability of the catalyst. This analysis was performed
from room temperature to 800 8C (Figure 4), and revealed
three weight losses at different
temperature ranges. The first
one from 10 to 110 8C (6.04 %) is
attributed to removal of water
and alcoholic solvents remain-
ing from the synthetic process.
The second one between 110
and 300 8C (5.07 %) corresponds
to elimination of the surfactant
template remaining from the
synthetic process. The main
weight loss appearing between
301 and 800 8C (24.45 %) is relat-
ed to propyl Schiff base and
ionic-liquid groups located in
the surface and body of the ma-
terial network. These data prove
the high thermal stability of the
material.

The presence of organic functional groups in the material
network was confirmed by DRIFTS (Figure 5). The strong bands
at ñ= 1145, 1076, and 956 cm�1 are attributed to asymmetric

Table 1. Structural parameters of PMO-IL, SBIL-BPMO, and Fe@SBIL-BPMO
materials determined from nitrogen-sorption experiments.

Sample BET surface
area [m2 g�1]

Pore diameter
[nm]

Pore volume
[cm3 g�1]

PMO-IL 645 10.5 1.15
SBIL-BPMO 518 9.3 0.93
Fe@SBIL-BPMO 478 9.3 0.82

Figure 2. TEM image of the Fe@SBIL-BPMO nanocatalyst.

Figure 3. LAPXRD results for the Fe@SBIL-BPMO catalyst.

Figure 4. TGA results for the Fe@SBIL-BPMO nanocatalyst.
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and symmetric stretching vibrations of Si�O�Si bonds.[10c] In
addition, the strong and broad band appearing at ñ= 3200–
3500 cm�1 is due to the stretching vibration of O�H bonds.
Moreover, the absorption bands of organic functional groups
are observed at ñ= 3125 (for unsaturated C�H stretching),
2927 and 2855 (C�H stretching of aliphatic moieties), 1637
(C=N stretching of Schiff base and imidazolium ring),[4g, 10c]

1457 (C�H deformation vibrations), 797 (for C�Si stretching vi-
brations), and 455 cm�1 (bending vibration of Si�O�Si). Inter-
estingly, for Fe@SBIL-BPMO, the intensity of the C=N band (ñ=

1637 cm�1) is increased, which proves that the 2-hydroxyben-
zaldehyde functional group is chemically bound in the meso-
channels of PMO-IL.[4g] These data are in good agreement with
TGA results and confirm the successful inclusion and immobili-

zation of alkyl imidazolium ionic
liquid and Schiff base groups in
the material framework.

After characterization, the
performance of the Fe@SBIL-
BPMO nanocatalyst was investi-
gated in the one-pot, three-
component condensation of
benzaldehyde, methyl acetoace-
tate, and urea as a test model
(Table 2). In the first study, the
effect of solvent was studied: in
toluene, a low yield was ob-
tained, whereas in H2O, EtOH,
and CH3CN a moderate yield of
the desired coupling product
was obtained (Table 2, en-
tries 1–4). This may be attribut-
ed to the low solubility of the
starting materials in the tolu-
ene. Importantly, under solvent-
free media, a quantitative yield
of product was obtained
(Table 2, entry 5). The reaction
was also affected by the catalyst
loading and the best result was
observed in the presence of
0.8 mol % of catalyst (Table 2,
entries 5–7). The reaction prog-
ress was also strongly affected
by temperature. The reaction
was very slow and gave low to
moderate yields of the product
at 30 and 60 8C, but was accel-
erated with increasing tempera-
ture, and at 80 8C gave quantita-
tive yield (Table 2, entry 5 vs.
entries 8 and 9).

With the optimized condi-
tions in hand, the scope and

Figure 5. DRIFTS results for the PMO-IL (a) and Fe@SBIL-BPMO (b) nanomaterials.

Table 2. The effect of solvent, temperature, and catalyst loading in the
Biginelli reaction of benzaldehyde with urea and methyl acetoacetate in
the presence of Fe@SBIL-BPMO.[a]

Entry Catalyst loading [mol %] T [oC] Solvent Yield [%][b]

1 0.8 80 H2O 58
2 0.8 80 EtOH 68
3 0.8 80 CH3CN 76
4 0.8 80 toluene 8
5 0.8 80 – 97
6 0.5 80 – 55
7 0.3 80 – 30
8 0.8 60 – 54
9 0.8 30 – 9

[a] Reaction conditions: benzaldehyde (1 mmol), methyl acetoacetate
(1 mmol), urea (1.5 mmol), 50 min. [b] Yields of product isolated.
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generality of this protocol were then demonstrated by testing
a broad range of substrates, and the results showed that the
presence of either electron-withdrawing or -donating substitu-
ents on the aldehydes did not have a significant effect on their
reactivity or product yield. As shown in Table 3, benzaldehyde,
with both urea and thiourea, delivered a quantitative yield of
the corresponding coupling adducts under the optimized reac-
tion conditions and in short times (Table 3, entries 1–4).

Moreover, electron-donating substituents containing alde-
hydes, such as 4-methoxybenzaldehyde, 4-methylbenzalde-
hyde, and 2-methoxybenzaldehyde (Table 3, entries 5–10) gave
high to excellent yields of the desired products under the opti-
mized conditions. Aromatic aldehydes with electron-withdraw-
ing groups, such as 3-bromobenzaldehyde, 2-chlorobenzalde-
hyde, 3-chlorobenzaldehyde, 4-chlorobenzaldehyde, 4-cyano-
benzaldehyde, and 4-nitrobenzaldehyde, also delivered high
yields of the corresponding products (Table 3, entries 11–18). It
is also important to note that sterically demanding ortho-sub-
stituted aromatic aldehydes were used and tolerated high
yields of the corresponding products (Table 3, entries 10, 13,
and 14). These observations prove the efficiency of the catalyst
for the preparation of different derivatives of Biginelli com-
pounds that are important for drug synthesis. To prove wheth-
er the catalyst acts hetero- or homogeneously, a standard
leaching experiment was conducted for the condensation of
benzaldehyde, urea, and methyl acetoacetate as a test model.
To do this, the reaction was performed for 30 min under the

optimized conditions, then the catalyst was removed by filtra-
tion, and the reaction was allowed to proceed without catalyst.
There was no change in the yield, even after heating at 80 8C
for 120 min; this indicated that no homogeneous catalyst was
involved. Moreover, atomic adsorption spectroscopy (AAS) per-
formed for the filtrate showed that the amount of leached iron
was less than 1 ppm. These results illustrate that the catalyst
may operate in a heterogeneous manner. These observations
may be attributed to Schiff base and ionic-liquid ligands,
which strongly immobilize active catalytic iron species during
the applied reaction conditions and protect them from leach-
ing and deactivation.

Because the reusability of the catalysts is an important bene-
fit and makes them useful for commercial applications, in an-
other experiment the reactivity and reusability of the present
catalyst was studied in the reaction of benzaldehyde, methyl
acetoacetate, and urea (Figure 6). To determine the recoverabil-

ity and reusability, after completion of the reaction, the reac-
tion mixture was filtered and washed completely with ethanol
to recover the catalyst. The recovered catalyst was dried and
then used again in the same reaction; this led to a yield of
96 %. Further investigations showed that the catalyst could be
recovered and reused at least eight times without any consid-
erable loss in efficiency under the same conditions as those
used for the run with fresh catalyst.

In addition, the reactivity of the catalyst was also investigat-
ed. For this, after completion of the reaction in the first run,
fresh substrates were added to the previous reaction mixture
in the same flask and stirring was performed to complete the
second cycle. These cycles occurred at least 15 times without
a noticeable decrease in the catalyst reactivity, although longer
reaction times than those used for the first run were required
(Table 4). These data strongly confirm the powerful reactivity,
reusability, and durability of the catalyst during the applied
conditions.

TEM analysis of the recovered catalyst after five cycles was
also performed to investigate the stability of the catalyst meso-

Table 3. Preparation of Biginelli products in the presence of the Fe@SBIL-
BPMO nanocatalyst.[a]

Entry Ar R t [min] Yield [%][b] (TON)[c] M.p. [8C]

1 C6H5 OMe 50 97 (121.25) 208–212
2 C6H5 OEt 50 95 (118.75) 203–206
3 C6H5 OMe 65 94 (117.5) 222–224[d]

4 C6H5 OEt 65 94 (117.5) 206–207[d]

5 4-MeOC6H4 OMe 50 95 (118.75) 190–192
6 4-MeOC6H4 OEt 65 93 (116.25) 148–150[d]

7 4-CH3C6H4 OMe 50 95 (118.75) 205–207
8 4-CH3C6H4 OEt 50 96 (120) 213–215
9 4-CH3C6H4 OEt 65 96 (120) 190–193[d]

10 2-MeOC6H4 OEt 80 86 (107.5) 257–258
11 3-BrC6H4 OMe 55 94 (117.5) 214–217
12 3-BrC6H4 OEt 55 93 (116.25) 195–197
13 2-ClC6H4 OMe 80 83 (103.75) 251–253
14 2-ClC6H4 OEt 80 85 (106.25) 213–215
15 3-ClC6H4 OMe 70 91 (113.75) 209–210
16 4-ClC6H4 OEt 70 92 (115) 208–211
17 4-CNC6H4 OEt 95 85 (106.25) 203–205
18 4-NO2C6H4 OMe 120 83 (103.75) 233–235

[a] Reaction conditions: aldehyde (1 mmol), ethyl/methyl acetoacetate
(1 mmol), urea/thiourea (1.5 mmol). [b] Yield of products isolated.
[c] TON= turnover number (defined as mmol of product/mmol of cata-
lyst). [d] Thiourea was used instead of urea. Figure 6. Recoverability and reusability of the Fe@SBIL-BPMO nanocatalyst.
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structure. This showed a pore structure with uniform, regular
2D symmetry that was the same as that of the fresh catalyst
(Figure 7). These results are in good agreement with recovery
data and successfully confirm the superior structural stability
of the catalyst during the reaction conditions.

Conclusion

A novel Fe@SBIL-BPMO catalyst was prepared, characterized,
and its catalytic performance was developed in the Biginelli re-
action. DRIFTS and TGA strongly confirmed the successful in-
corporation and stabilization of ionic-liquid and Schiff base
groups in the material framework. The nitrogen adsorption–de-
sorption analysis, PXRD, and TEM results also showed the pres-
ence of a uniform, highly regular 2D structure for the catalyst.
This novel nanocatalyst illustrated the high reactivity and selec-
tivity for the preparation of various derivatives of dihydropyri-
midinones/thiones through the Biginelli reaction under sol-
vent-free conditions. Moreover, this catalyst was successfully
reused and recovered for several consecutive runs, and re-
tained its catalytic efficiency and selectivity. A TEM image of
the recovered catalyst confirmed the high structural stability of
the material under the applied reaction conditions. Some
other advantages of this study were simple workup, easy cata-
lyst recovery, high yields of products, and low catalyst loading.
According to the aforementioned advantages, some applica-

tions of the catalyst in other chemical processes are underway
in our laboratory.

Experimental Section

Preparation of PMO-IL-NH2

First, the PMO-IL material was prepared according to our previous-
ly reported procedure.[10] This was then modified with 3-aminopro-
pyltrimethoxyslane through a grafting approach. Typically, PMO-IL
(1 g) was added to a flask containing dry toluene (50 mL) at 25 8C
and stirred for about 5 min. After complete dispersion of PMO-IL in
toluene, 3-aminopropyltrimethoxysilane (0.5 mmol) was added and
the mixture was heated at reflux under an argon atmosphere for
24 h.[11] The obtained precipitate was filtered and completely
washed with ethanol to remove unreacted aminopropyltrimethoxy-
silane. The final material was dried for 12 h at 70 8C to give PMO-
IL-NH2 as a white powder.

Preparation of SBIL-BPMO

SBIL-BPMO was prepared by the reaction of PMO-IL-NH2 with 2-hy-
droxybenzaldehyde in toluene at reflux. Typically, PMO-IL-NH2 (1 g)
was added to a round-bottomed flask containing dry toluene
(50 mL) and stirred at room temperature. After complete dispersion
of PMO-IL-NH2, 2-hydroxybenzaldehyde (0.6 mmol) was added and
the mixture was heated at reflux for 24 h. The obtained precipitate
was then filtered and completely washed with ethanol to remove
unreacted 2-hydroxybenzaldehyde. The resulting solid was dried at
70 8C for 12 h to give SBIL-BPMO.

Preparation of Fe@SBIL-BPMO

The Fe@SBIL-BPMO nanocatalyst was prepared by the treatment of
SBIL-BPMO with a substoichiometric amount of Fe(NO3)3·9 H2O in
DMSO. SBIL-BPMO (1 g) was added to a flask containing DMSO
(5 mL) and stirred at room temperature. After complete dispersion
of SBIL-BPMO, Fe(NO3)3·9 H2O (0.7 mmol) was added and the result-
ing mixture was stirred at 25 8C for 12 h and then at 100 8C for 2 h.
After cooling the reaction solution to room temperature, the ob-
tained mixture was filtered and completely washed with ethanol
to remove unsupported Fe(NO3)3·9 H2O. The obtained Fe@SBIL-
BPMO powder was next dried at 70 8C for 12 h under vacuum. Ele-
mental analysis showed that the loading of Fe on the solid materi-
al was 0.38 mmol Fe per gram.

General procedure for the preparation of Biginelli products
by using the Fe@SBIL-BPMO nanocatalyst

For this, Fe@SBIL-BPMO nanocatalyst (0.8 mol %) was added to
a flask containing a homogeneous mixture of aldehyde (2 mmol),
alkyl acetoacetate (2 mmol), and urea/thiourea (3 mmol). The ob-
tained solution was then magnetically stirred under solvent-free
conditions at 80 8C for an appropriate time, as indicated in Table 2.
The reaction progress was monitored by TLC. After completion of
the reaction, warm ethanol (8 mL) was added and the reaction
mixture was separated from the catalyst by filtration and washing
with warm ethanol. The filtrate was then placed in an ice bath to
precipitate crude crystals. Finally, pure products were obtained
after recrystallization in ethanol.

Table 4. Reactivity of the Fe@SBIL-BPMO catalyst in the Biginelli reaction
of benzaldehyde with methyl acetoacetate and urea.

Run t [min] Run t [min] Run t [min]

1 45 6 65 11 80
2 45 7 70 12 80
3 55 8 70 13 80
4 60 9 75 14 85
5 60 10 75 15 90

Figure 7. TEM image of the recovered Fe@SBIL-BPMO catalyst after the fifth
cycle.
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General procedure for the recovery of the Fe@SBIL-BPMO
nanocatalyst in the Biginelli reaction

The Fe@SBIL-BPMO nanocatalyst (0.8 mol %) was added to a flask
containing a homogeneous solution of aldehyde (5 mmol), alkyl
acetoacetate (5 mmol), and urea (7.5 mmol), and the mixture was
magnetically stirred at 80 8C. The reaction progress was monitored
by TLC. After the reaction was completed, warm ethanol (10 mL)
was added and the obtained solution was hot filtered. The catalyst
was separated from the reaction mixture by further washing with
warm ethanol. This catalyst was reused at least eight times under
the same conditions as those used for the first run, and delivered
the corresponding 3,4-dihydropyrimidinone product in high yield
and selectivity.

General procedure for the reactivity of the Fe@SBIL-BPMO
nanocatalyst in the Biginelli reaction

Fe@SBIL-BPMO nanocatalyst (0.8 mol %) was added to a flask con-
taining benzaldehyde (2 mmol), ethyl acetoacetate (2 mmol), and
urea (3 mmol), and the mixture was stirred at 80 8C under solvent-
free conditions. After completion of the reaction, as monitored by
TLC, the starting materials without catalyst (benzaldehyde
(2 mmol), ethyl acetoacetate (2 mmol), and urea (2 mmol)) were
added and the reaction progress was monitored under the same
conditions as those used in the first run (solvent free, 80 8C). After
completion of the reaction, the latter process was repeated at least
14 times without a significant decrease in the activity of the cata-
lyst.
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Preparation of Iron-Containing Schiff
Base and Ionic Liquid Based
Bifunctional Periodic Mesoporous
Organosilica and Its Application in the
Synthesis of 3,4-Dihydro-
pyrimidinones Hard graft : A novel iron-containing

Schiff base and ionic liquid based bi-
functional periodic mesoporous organo-
silica (Fe@SBIL-BPMO) was prepared and
characterized, and its catalytic applica-

tion was investigated in the one-pot
three-component Biginelli reaction (see
picture). The catalyst illustrated excel-
lent reactivity, recoverability, and reusa-
bility under the applied conditions.
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