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Abstract
In this work, an Algerian montmorillonite (Mt) is exchanged by different cations from the transition metals family, 
namely: Cu2+, Ni2+, Cr3+, Co2+, Fe2+ and Fe3+, it is used as a heterogeneous catalyst for Biginelli reaction. The exchanged 
cations are known for their catalytic properties in homogeneous catalysis. The main purpose is to study the effect of the 
exchanged cations on the yield and the kinetics of the reaction. The characterization of montmorillonite was carried out 
by XRD, which allows us to follow the evolution of the basal spacing d001 as a function of the exchanged cation and to 
show that the exchange operation has not altered the montmorillonite structure. The cation exchange capacity (CEC) is 
determined by the titration of the exchanged cation by atomic absorption. The product of the reaction is characterized 
by NMR, IR and by the determination of the melting point. In addition, the importance of the introduction order of the 
reagents into the reaction medium has been demonstrated on the yield and the kinetics. Finally, the obtained results 
show that the exchanged montmorillonite is competitive with other costly heterogeneous and homogeneous catalysts.

Keywords: Montmorillonite; heterogeneous catalyst; Biginelli reaction; multi-component reactions (MCRs). 

1. Introduction
Currently, the chemical industry and in particu-

lar the fields of organic and pharmaceutical chemistry 
are confronted with certain constraints of environmental 
interests. This requires the adoption of new procedures 
which respect the environmental and ecological balance 
while improving the cost and efficiency of the reactions. 
In this sought-after environmental framework, heteroge-
neous catalysis greatly contributes to the development of 
the chemical industry and offers many advantages com-
pared to homogeneous catalysis, because the solid catalyst 
is easy to recover from the reaction medium and to regen-
erate and it can also be used in small amounts.1–3 Scientif-
ic research continues to progress in this area and mainly 
aims to find new solid catalysts that better meet economic 
and environmental requirements. In this field common-

ly known as green chemistry, montmorillonite which is a 
material of natural origin, has gained interest for contact 
and surface phenomena applications such as adsorption 
for elimination of pollutants and heterogeneous catalysis; 
this is justified by its abundance and low cost, its effective-
ness in developing important specific surfaces area, the 
presence of electrical charges on its surface and its cation 
exchange capacity.4–7

Montmorillonite is a natural 2/1 type aluminos-
ilicate, consisting of a superposition of sheets each con-
taining an octahedral AlO6 layer sandwiched between 
two tetrahedral SiO4 layers. The vertices of AlO6 layer are 
occupied by oxygen or by hydroxides and the center by 
aluminum, while the vertices of SiO4 layer are occupied by 
oxygen and the center by silicon.8 Each sheet has a nega-
tive charge due to the substitution of the central atoms of 
these layers by atoms of lower charges; the negative charge 
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thus generated is balanced by the so-called compensating 
cation, occupying the interfoliar space.9

Generally, montmorillonites can be subjected to 
different treatments which lead to many structural mod-
ifications having a direct effect on their properties and 
thus on their applications in various fields. The cation 
exchange property, representing the quantity of cations 
which equilibrates the negative charge of the sheets, ex-
pressed in meq/100 g of clay, is very interesting as long 
as the interfoliary cations (generally Na+ and Ca2+) can 
be replaced by cations from the transition metal series 
having the ability to catalyze reactions in a homogeneous 
medium.

Among the reactions of organic chemistry catalyzed 
by cations, we have the multicomponent reaction of Big-
inelli10 where reagents ethyl acetoacetate, benzaldehyde 
and urea react to give the dihydropyrimidinones (DH-
PMs). These latter are well known to have important ther-
apeutic and pharmaceutical properties; indeed they work 
as tension regulators and calcium blockers,11–13 moreover 
they show anti-HIV,14 anti-malarial,15 anti-epileptics,16 
antitumors,17–20 anti-microbials,21 anti-inflammatories,22 
anti-tubercular,23–24 anti-bacterials,25–26 and analgesic ac-
tivities.27 

Given its importance, the Biginelli reaction has been 
the subject of several researches and was carried out in 
the presence of various catalysts such as Brønsted acids in 
homogeneous medium as HCl,28–32 H2SO4,

33–34 para-tol-
uenesulfonic acid,35 methanesulfonic acid,36 HBF4,37 boric 
acid,38 phenylboronic acid,39 formylphenylboronic acid,40 
carboxylic acid,41 molybdophosphoric acid,42 trifluoro-
acetic acid,43 Lewis acids in homogeneous medium44–47 as 
FeCl2, FeCl3, NiCl2, CoCl2, Ce(NO3)3, and heterogeneous 
catalysts as Fe2O3 nanoparticles,48 Nafion-Ga, Al2O3, TiO2, 
SiO2 oxides.49–50

The Biginelli reaction was also carried out in the 
presence of montmorillonite of different origins, which has 
undergone various modifications and treatments. In the 
works of Singh, ZrO2-pillared clay was prepared and used 
in the Biginelli reaction under thermal and microwave 
heating.51 A commercial montmorillonite KSF (Aldrich 
Chemical Co., USA) was used under microwave condi-
tions by Mitra.52 An acid treatment using HCl was applied 
to a montmorillonite from India to prepare a mesoporous 
catalyst53 applied for the synthesis of DHPMs. Montmo-
rillonite was also used as a composite catalyst material for 
the Biginelli reaction using the montmorillonite-graphene 
oxide54 and bentonite/PS-SO3H composites.55

In the present work, an Algerian montmorillonite 
is used as a heterogeneous catalyst for the preparation of 
DHPMs by Biginelli reaction (Scheme 1). The main pur-
pose is specifically to study the effect of the exchangeable 
cation on the yield and the kinetics of the reaction; a range 
of transition metal cations known for their catalytic ac-
tivity in the homogeneous medium was selected, namely: 
Cu2+, Ni2+, Cr3+, Co2+, Fe2+ and Fe3+.

Mt: Montmorillonite
M: (Cu2+, Ni2+, Cr3+, Co2+, Fe2+ or Fe3+)

Scheme 1. Biginelli reaction catalysed by exchanged montmoril-
lonite.

2. Materials and Methods 
2. 1. Chemicals and Apparatus

The Algerian Na-montmorillonite (naturally, the 
exchangeable cation is Na+) comes from the deposit of 
Hammam Boughrara in Maghnia, located in western Al-
geria (hence the name Maghnite). It is supplied by ENOF 
Company (National company of useful substances and 
non-ferrous materials). Its chemical composition is: 69.4% 
SiO2, 1.1% MgO, 14.7% Al2O3, 0.8% K2O, 0.3% CaO, 1.2% 
Fe2O3, 0.5% Na2O, 0.2% TiO2, 0.05% As and 11% loss of 
ignition.56

X-ray diffraction (XRD) experiments were per-
formed with a D8 Advance Bruker AXS diffractometer 
with CuKα radiation equipped with a curved graphite 
monochromator. The data were collected in the 2θ range 
of 10–80° with a step size of 0.03° and a count time of 2 
s per step. The cation exchange capacity CEC was deter-
mined by the titration of the exchanged cation in solution 
by using atomic absorption on a Perkin-Elmer Analyst 400 
device, before and after the exchange operation. Then, the 
amount of exchanged cation was expressed relatively to 
the mass of clay used in the exchange operation. 

All reactions were monitored by analytical thin-layer 
chromatography (TLC) and visualized by UV light (254–
264 nm). Melting points were determined with a Kofler 
bench. Infrared (IR) spectra were recorded on a Shimadzu 
Fourier transform infrared spectrometer. Nuclear Mag-
netic Resonance (NMR) spectroscopy was registered on 
an Advance Bruker apparatus (600 MHz). Chemical shifts 
are reported in parts per million (ppm, δ) downfield from 
tetramethylsilane. Proton coupling patterns are described 
as singlet (s), doublet (d), triplet (t), quartet (q) and mul-
tiplet (m). 

2. 2. �Preparation of the Exchanged 
Montmorillonite
For the exchange operation, 20 g of the natural 

Na-montmorillonite is stirred in 1 L of cation chloride 
solution (1 M) for 10 hours at 60 °C. This operation is 

https://www.sciencedirect.com/science/article/pii/S1566736706000057
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repeated three times. The exchanged montmorillonite is 
then washed several times with distilled water to remove 
chlorides which are controlled by measuring the conduc-
tivity of the washing water and its pH. Finally the final 
montmorillonite is oven-dried at 105 °C.

2. 3. �Synthesis of 3,4-Dihydropyrimidin-2 
(1H)-one (DHPM)
A mixture of benzaldehyde (6.5 mmol), ethyl aceto-

acetate (9.5 mmol), urea (6.25 mmol) and catalyst (20 % of 
benzaldehyde amount) was refluxed in solvent under mag-
netic stirring for an appropriate time. The progress of the re-
action was monitored by TLC. The combined organic phases 
were washed with methanol to remove the impurities. The 
mixture was then filtered and the filtrate was collected. 
Thereafter, the methanol was evaporated to obtain a white 
solid. The crude products were purified by recrystallization 
from ethanol to get the desired product as a white solid.

3. Results and Discussion
3. 1. �Characterization of the Exchanged 

Montmorillonite 
3. 1. 1. XRD Characterization

Figure 1 shows the diffractograms of montmorillon-
ite exchanged with various cations and compared to the 

base montmorillonite exchanged with Na+ characterized 
by the peaks (2θ = 6.22°, 26°, 35° and 50°).

Overall, we note that the cationic exchange did not 
alter the structure, only the angle 2θ shifts at the character-
istic value of each cation; this leads to a change of the basal 
spacing d001 characterizing the interfoliar space, which can 
be calculated from the following Bragg equation:

						       (1)

Note that the value of d001 is a function of cation sol-
vation degree, i.e. the number of water layers surrounding 
each cation. Table 1 shows the values of the distance d001 
and the angle 2θ corresponding to each cation.

3. 1. 2. Cation Exchange Capacity
For the cation exchange capacity (CEC), the ob-

tained results are summarized in Table 2. 

Table 2. Values of the cation exchange capacity. 

Table1. Basal spacing d001 and 2θ angle for each cation.

Mt-M  	 Mt-Na+	 Mt-Fe3+	 Mt-Fe2+	 Mt-Co2+	 Mt-Cr3+	 Mt-Cu2+	 Mt-Ni2+

2θ (°)	 5.84	 6.24	 6.18	 6.27	 6.1	 7.19	 6.1
d001 (Å)	 15.12	 14.15	 14.28	 14.08	 14.48	 12.28	 14.48

Figure 1. XRD diffractograms of montmorillonite exchanged with 
different cations.

Mt-M	 CEC (meq/100 g)

Mt-Cu2+	 47.40
Mt-Co2+	 111.60
Mt-Ni2+	 50.60
Mt-Fe2+	 112.60
Mt-Fe3 +	 108.10
Mt-Cr3+	 45.10

In Table 2, we note that the highest CEC values are 
obtained for montmorillonite exchanged with iron(II) 
(Fe2+), cobalt(II) (Co2+) and iron(III) (Fe3+); the CEC 
increases in this order: Fe2+ > Co2+ > Fe3+ > Ni2+ > Cu2+ > 
Cr3+. Eberl57 explained this behavior by the fact that the 
cation selectivity and cation fixation in clay depend on two 
competing forces: the first one is the attraction force of the 
cation for its hydration shell and the second is the attrac-
tion force of the cation for clay surfaces, thus the selectivity 
varies as these forces are different for each cation and the 
fixation occurs when the second force is greater than the 
first one.

3. 2. �Characteristics of 3,4-Dihydropyrimidin-
2(1H)-one (DHPM)
The analytical and spectroscopic data of the final 

product DHPM are: m.p. 205–207 °C (lit58: 206 °C). IR 
(KBr) ν: 3235, 3103, 2942, 1718, 1695, 1593, 1216 cm−1. 
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1H NMR (300 MHz, CDCl3) δ 1.24 (t, 3H), 2.35 (s, 3H), 
4.09 (q, 2H), 5.30 (s, 1H), 5.89 (s, 1H), 7.09–7.26 (m, 5H), 
8.28 (s, 1H).

3. 3. �Effect of the Exchanged Cation on 
Biginelli Reaction
The Biginelli reaction was carried out in the presence 

of the montmorillonite used as a heterogeneous catalyst 
while being exchanged with different cations, a comparison 
with the conventional homogeneous catalyst in the pres-
ence of HCl was also performed. The results are shown in 
Table 3 in terms of the reaction time and yield; they clearly 
show that the highest yield was obtained by the Mt-Fe3+ 

(60%), followed by the Mt-Co2+ (57%), the Mt-Fe2+ is in the 
third position, then the other three exchanged montmoril-
lonites with chromium, nickel and copper give very similar 
yields. These results are primarily related to the high cation 
exchange capacity with Fe3+ and Co2+ and to the electro-
negativity of the cations (Co2+ and Fe3+ are more electro-
negative than Fe2+), which directly influences the acidity of 
the metal cations. Note that the use of Mt-Na+ leads to a 
very low yield (13%) with a very long reaction time (32 h).

As can be seen, the use of montmorillonite ex-
changed with Fe3+ and Co2+ as a heterogeneous catalysts 
produces higher yields (60% and 57%, respectively) than 
the classical Biginelli method in homogeneous medium 
(56%) (catalysis in the presence of HCl). This is a very in-
teresting result; it shows that the proposed heterogeneous 
catalysts (Mt-Fe3+ and Mt-Co2+) are as efficient if not bet-
ter than the homogeneous HCl catalyst considering their 
other advantages as well (easy to recover from the reaction 
medium and to regenerate, they can also be used in small 
amounts, low cost and eco-friendly).

Table 3. Effect of the exchanged cation on Biginelli reaction.

Catalyst	 Time (h)	 Yield (%)

Mt-Na+ (raw material)	 32	 13
Mt-Cu2+	 7	 20
Mt-Co2+	 9	 57
Mt-Ni2+	 9	 20
Mt-Fe2+	 7	 34
Mt-Fe3+	 8	 60
Mt-Cr3+	 10	 24
HCl	 7	 56
Without catalyst	 11	 16

3. 4. Parameters Influencing the Reaction
In order to establish the optimal conditions for the 

reaction, we carried out a series of experiments by varying 
the parameters influencing the reaction such as the cat-
alyst amount, the solvents and the introduction order of 
the reagents.

3. 4. 1. Effect of the Catalyst Amount
To improve the yields, we changed in this part the 

quantity of the catalyst, while limiting our study to the 
two catalysts that gave the highest yields, namely Mt-Fe3+ 
and Mt-Co2+. The obtained results are summarized in Ta-
ble 4. It is clear that the increase in the catalyst amount 
leads to an increase in yield; this can be explained by the 
increase of the active sites on the catalyst surface, which 
can fix more reagent molecules. The highest yield is ob-
tained with the highest catalyst amount (60% of catalyst). 
We note that beyond 60% of the catalyst, we have obtained 
a pasty mixture, difficult to stir and the reaction becomes 
impossible.

Table 4. Effect of the catalyst amount on the yield of the reaction.

Catalyst	 Catalyst amount (%)	 Time (h)	 Yield (%)

Mt-Fe3+	 20	 8	 60
Mt-Fe3+	 40	 7	 68
Mt-Fe3+	 50	 7	 76
Mt-Fe3+	 60	 7	 86
Mt-Co2+	 20	 9	 57
Mt-Co2+	 40	 8	 62
Mt-Co2+	 50	 8	 69
Mt-Co2+	 60	 8	 73

3. 4. 2. Effect of the Solvent
Various solvents were used: ethanol, water, toluene 

and glacial acetic acid with 50% of catalyst. The results are 
summarized in the Table 5.

Table 5. Effect of the solvent on the yield of the reaction.

	 Mt-Fe3+	 Mt-Co2+

Solvent	 Time (h)	 Yield (%)	 Time (h)	 Yield (%)

Ethanol 	 7	 76	 8	 69
Water 	 7	 44	 8	 36
Toluene 	 5	 62	 7	 65
Glacial acetic acid	 5	 82	 6	 77

The effect of the solvent is significant on both the ki-
netics and the yield of the reaction. In the presence of wa-
ter as the solvent qualified as “clean solvent”, we have un-
fortunately noticed a considerable drop in yield compared 
to the other solvents (Table 5), whatever the catalyst used. 
The glacial acetic acid is the best solvent in terms of yield 
than all other tested solvents as shown in Table 5 (82% for 
Mt-Fe3+ and 77% for Mt-Co2+), this can be explained by 
the fact that the acid can play the dual role of solvent and 
catalyst. We note that the reaction in the presence of acetic 
acid without catalyst has given a yield of 40% for a reaction 
time of 10 h.
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3. 4. 3. �Effect of the Introduction Order of the 
Reagents

In heterogeneous catalysis, it is well known that the 
adsorption of the reactants on the surface of the catalyst is 
an important and limiting step of the chemical reaction. 
Thus the introduction order of the reagents into the reac-
tion medium becomes important. We therefore proceeded 
in three different processes with Mt-Fe3+ (50%) each con-
sisting of two steps: in the first step, one of the three re-
agents was stirred with Mt-Fe3+ in the presence of the sol-
vent for 2 hours to allow sufficient time for the adsorption 
phenomenon, in the second step, the other two reagents 
were added under refluxing conditions (Table 6). Note: As 
the acetic acid has a double role of catalyst and solvent, we 
use in this part ethanol as solvent in order to show only the 
catalytic effect of montmorillonite.

The obtained results show the importance of the in-
troduction order of the reagents (Table 6): the yields and 
the kinetics obtained with the 3rd and the 2nd processes are 
the best (81% in 5 h and 81% in 6 h, respectively) com-
pared to the 1st process (68% in 7 h) and to that where 
all reagents are introduced at the same time (76% in 7 h) 
(Table 4).

The obtained results are linked to the adsorption 
phenomenon of the molecules on the surface of the cat-
alyst, indeed when all reagents are introduced simulta-
neously (Table 4, entry 3), there can be a competition of 
their adsorption on the catalyst, which can decrease their 
reactivity towards each other. According to the results in 
Table 6, we propose the following mechanism of the reac-
tion (Scheme 2).

Urea (1) is a molecule with a carbonyl group and 
two nitrogen atoms related to this carbonyl. The δ+ char-
acter of the carbonyl carbon atom is also accentuated by 
the presence of the two more electronegative nitrogen 
atoms. Consequently, the oxygen atom has a very high 
electron density which allows it to attack the electropos-
itive site (M) of montmorillonite; this step corresponds to 
the adsorption of urea on montmorillonite. According to 
Kappe,59 the reaction of urea and benzaldehyde (2) affords 
the intermediate acyl imine 4 which is catalyzed and sta-
bilized by Mt-M. The adsorption of ethyl acetoacetate (3) 
on montmorillonite leads to ethyl acetoacetate enolate (5). 
The addition of the latter 5 to the acyl imine provides 6. 
Finally, cyclisation and dehydration of 6 give the corre-
sponding dihydropyrimidine (DHPM).

Scheme 2. Suggested mechanism of the reaction.

Table 6. Effect of introduction order of reagents.

	 First step 	 Second step 
	 Reagents	 Operating	 Reagents	 Operating	 Yield 
		  condition		  condition	 (%)

Process 1	 benzaldehyde + Mt-Fe3+	 stirring, 2 h	 ethyl acetoacetate + urea	 reflux, 7 h	 68
Process 2	 ethyl acetoacetate + Mt-Fe3+	 stirring, 2 h	 benzaldehyde + urea	 reflux, 6 h	 81
Process 3	 urea + Mt-Fe3+	 stirring, 2 h	 benzaldehyde +	 reflux, 5 h	 81
			   ethyl acetoacetate
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Overall, the obtained yields in ethanol as the solvent 
are very attractive and show that the exchanged mont-
morillonite which is a low cost, natural, eco-friendly and 
abundant material, competes favourably with other costly 
heterogeneous catalysts such as polystyrene–poly(ethyle-
ne glycol) resin-supported sulfonic acid,60 sulfonic ac-
id-functionalized polypropylene fibers,61 Nafion-Ga,62 
ZnO nanoparticles on SBA-1563 and even with some ho-
mogeneous catalysts such as Co phthalocyanines,64 copper 
complexes,65 and Hf(OTf)4

66 (Table 7).

Table 7. Comparison between Mt-Fe3+ and other catalysts reported 
in the literature.

Catalyst	 Time	 Yield (%)
		  in ethanol

Mt-Fe3+ (our study)	 5 h	 81
PS-PEG-SO3H60	 10 h	 80
PPF-SO3H61 	 8 h	 81
Nafion-Ga62	 1 h	 84
ZnO@SBA-1563	 150 min	 96 
Co phthalocyanines64	 16 h	 10
NHC copper complexes65	 24 h	 39
Hf(OTf)4

66	 9 h	 88

4. Conclusion
Montmorillonite is a natural heterogeneous catalyst, 

abundant, inexpensive and conforms to the concept of the 
green chemistry. In this work, the Biginelli reaction which 
consists of the preparation of dihydropyrimidinone from 
ethyl acetoacetate, benzaldehyde and urea, is carried out 
in the presence of an Algerian montmorillonite exchanged 
with different cations, as heterogeneous catalyst. Our 
study focuses mainly on the effect of the cation exchanged. 
Various cations were used (Cu2+, Ni2+, Cr3+, Co2+, Fe2+ and 
Fe3+) and the montmorillonite exchanged with the Fe3+ 
and Co2+ showed high and satisfactory catalytic proper-
ties as they give pure final products with high yields, thus 
competing with the homogeneous acid catalysts which are 
dangerous, toxic and corrosive. The effect of the introduc-
tion order of the reagents into the reaction medium on the 
performance of the reaction is studied for the first time for 
montmorillonite in this work and we have shown that this 
order plays an important role and allows improving the 
yield and the kinetics of the reaction.
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Povzetek
V tem prispevku opisujemo kako smo v alžirskem montmorillonitu (Mt) izvedli izmenjavo kationa z različnimi drugimi 
kationi iz družine prehodnih kovin, t.j. Cu2+, Ni2+, Cr3+, Co2+, Fe2+ and Fe3+; tako pripravljene heterogene katalizatorje 
smo uporabili pri Biginellijevi reakciji. Kationi, izbrani za izmenjavo, so znani po svojih katalitskih lastnostih v primerih 
homogene katalize. Glavni namen našega dela je bil študirati vpliv izmenjave kationa na izkoristek in kinetiko reakcije. 
Karakterizacijo montmorillonita smo izvedli z rentgensko praškovno difrakcijo, ki omogoča spremljanje spreminjanja 
razdalj d001 v odvisnosti od izmenjanega kationa in hkrati tudi pokaže, če je med izmenjavo prišlo do spremembe struk-
ture montmorillonita. Kationsko izmenjevalno kapaciteto (CEC) smo določili s titracijo izmenjanih kationov z atom-
sko absorpcijo. Produkt Biginellijeve reakcije smo karakterizirali z NMR, IR in z določitvijo tališča. Dodatno smo tudi 
raziskali vpliv vrstnega reda dodajanja reaktantov na izkoristek in kinetiko. Tako smo pokazali, da se lahko izmenjani 
montmorillonit ugodno kosa z ostalimi dražjimi hetero- in homogenimi katalizatorji.
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