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Abstract An immobilized p-sulfonic acid calix[4]arene was synthesized on the surface of silica-

coated Fe3O4 nanoparticles. Due to the combination of the magnetic recovery and the acid prop-

erties, it acted as a robust, safe and environmentally friendly catalyst for the one-pot synthesis of

Biginelli adducts under microwave irradiation and solvent-free conditions. A series of Biginelli

adducts were obtained in moderate to excellent yields, and most importantly, the catalyst could

be easily recovered by an external magnet and reused five times without significant loss of catalytic

activity (ca. 80% yield for all reuses using 0.64 mol% of the catalyst).
� 2019 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Catalysis is a crucial component of green chemistry in which
some of the challenges are the design and use of environmen-

tally friendly catalysts in organic reactions [1,2]. A maintain-
able and environmentally friendly catalyst must have specific
features, such as selectivity, high stability, efficient recovery,
and good recyclability [3–7].

Catalysts are conventionally categorized into homogeneous

and heterogeneous types in which the former has advantages
over the latter by possessing good activity, selectivity and
accessible mechanistic studies leading to catalyst optimization.
However, the separation of homogeneous catalysts from reac-

tion media may be difficult, time-consuming and a problem for
application in industry, particularly the pharmaceutical indus-
try, where metal contamination from a metallic catalyst in the

final product is not acceptable [8,9].
Heterogenization of homogeneous catalysts with a solid

support to produce heterogeneous catalytic systems is an effec-

tive approach to accomplish the separation of catalysts.
Indeed, solid catalysts have a number of advantages over
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Scheme 1 The Biginelli model used to optimizing the reaction

conditions using the catalyst Fe3O4/Si/CX4.
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homogeneous catalysts since they can be easily removed from
the reaction, allowing their regeneration and reuse, minimizing
metal traces in the product, and improving handling and pro-

cess control [2–5].
Beyond the heterogeneous property of the catalyst, mag-

netic separable catalyst particles are of great interest for

researchers due to easy magnetic separation from reaction mix-
tures, facilitating repeated catalyst use and allowing savings of
energy and materials, thus decreasing the target product costs

[7,10,11].
Magnetite (Fe3O4) is an important magnetic material

derived from iron. This oxide is notable in relation to other
magnetic oxides because it is easily obtained by means of sev-

eral techniques well described in the literature, such as copre-
cipitation [12], hydrothermal [13], solvothermal, thermal
decomposition [14], sol-gel [15,16], mechanochemical [17] and

precipitation [18].
Indeed, the use of magnetite as a support for catalysts is a

growing field in heterogeneous catalysis due to its easy prepa-

ration and very active surface for adsorption or immobiliza-
tion of metals and/or ligands. Magnetite-supported
organocatalysts may be easily separated from the reaction mix-

ture by magnetic means, thereby generating a more sustainable
catalyst [11,19,20].

Calix[n]arenes are macrocyclic compounds of phenolic
units linked by methylene groups at the 2,6-positions and are

recognized host-guest catalysts that showed promising results
as homogenous and heterogeneous catalysts [21–26]. In previ-
ous works, our research group used p-sulfonic acid calix[4]

arene (CX4; Fig. 1A) as a homogeneous catalyst to obtain
julolidine [27,28], quinolones [29,30], xanthenones [31] and
3,4-dihydropyrimidin-2(1H)-ones/-thiones (also named

Biginelli adducts) [32–35].
In addition to the excellent performance of calixarenes as

homogeneous catalysts [22,36], they have also been used in

their heterogeneous form in different materials [37]. For
instance, gold-polypyrrole doped with 4-sulfocalix[4]arene
nanocomposites were employed as electrochemical sensors
[38], para-sulfonatocalix[4]arene-modified silver nanoparticles

were shown to be selective colorimetric histidine probes [39],
composites made of nanoparticles of mesoporous silica allyl-
calix[4]arene hybrids were used for the sustained release of

doxorubicin into cancer cells [40], calix[4]arene magnetic
nanoparticles were used for encapsulation of Candida rugosa
lipase, improving the enzyme catalytic properties [41], and cal-

ixarene immobilized onto magnetic nanoparticle surfaces was
used as an excellent extractant for metals [42].

Heterogeneous calixarene-based catalysts have, potentially,
a series of advantages over the homogenous ones; however, the

use of the former is still to be explored. To the best of our
knowledge, only two examples of heterogeneous calixarene-
based magnetic catalyst systems are described in the literature
Fig. 1 (A) Chemical structure of p-sulfonic acid calix[4]arene

(CX4) and (B) general chemical structure of Biginelli adducts.
[26]: calixarene-proline functionalized iron oxide magnetite
nanoparticles were described as organocatalysts in an aldol

reaction [43], and immobilizing calix[n]arene sulfonic acids
onto silica-coated magnetic nanoparticles catalyzed the cou-
pling of electron-rich arenes with some alcohols in water [44].

Our main interest in Biginelli adducts (Fig. 1B) is due to
their promising pharmacological properties, which include
antiviral, antitumor, anti-inflammatory, antibacterial, antifun-

gal, anti-epileptic, antimalarial, and antileishmanial properties,
among others [34,45].

Herein, we report a novel application of an immobilized p-
sulfonic acid calix[4]arene (CX4) onto silica-based magnetite

particle (Fe3O4/Si) surfaces for the Biginelli reaction, a multi-
component reaction (MCR). Our results showed that
Fe3O4/Si/CX4 is a reusable environmentally friendly catalyst

to obtain Biginelli adducts under solvent-free conditions and
microwave irradiation (IMO) (Scheme 1).

2. Experimental

2.1. Materials

The reagents used in the synthesis of the heterogeneous cata-
lyst (Fe3O4/ Si/CX4) were iron (II) sulfate (FeSO4�7H2O,

Sigma-Aldrich, 99% purity), sodium hydroxide (NaOH,
Synth, 99% purity), tetraethyl orthosilicate (TEOS, Sigma-
Aldrich, 98% purity) and (3-glycidyloxypropyl) trimethoxysi-
lane (GLYMO, Sigma-Aldrich, >98% purity). For the

synthesis of Biginelli’s adducts, the aldehydes were purchased
from Sigma-Aldrich and were used as received.

The synthesis of Biginelli adducts was performed in a CEM

Discover System (Model No: 908005) microwave reactor oper-
ating at 50/60 Hz with a maximum power of 250 W and a
microwave frequency of 2455 mHz.

2.2. Synthesis and characterization of materials

Magnetite nanoparticles (Fe3O4) were obtained by controlled

precipitation of FeSO4�7H2O (100 mL, 0.1 mol L�1) using
NaOH solution (0.45 mol L�1), which was added dropwise
until the solution reached pH 12. The brown solid was filtered,
washed (50 mL H2O) and oven dried at 50 �C for 24 h [46].

Modified magnetic nanoparticles were prepared following a
published procedure [47]. Typically, 0.5 g Fe3O4 nanoparticles
were suspended in distilled water (25 mL), methanol

(3.75 mL), NaF (1.25 mL of 1% water solution) and GLYMO
(135 mL) and stirred for 15 min. After that time, tetraethyl
orthosilicate (7.5 mL) was added dropwise to this mixture,

which was stirred for 48 h. The obtained material, named
Fe3O4/Si, was separated by magnetic means, washed with
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water and ethanol until a neutral pH was reached and dried in
an oven (50 �C for 24 h).

For the synthesis of p-sulfonic acid calix[4]arene (CX4),

3.5 mmol p-tert-butylcalix[4]arene and 15 mL concentrated
sulfuric acid were constantly stirred for 4 h at 80 �C. The
obtained solid was filtered, washed with ethyl acetate

(200 mL) and oven dried at 50 �C for 24 h. The CX4 was char-
acterized by 1H and 13C nuclear magnetic resonance (NMR)
spectroscopy and infrared (FTIR-ATR) spectroscopy (ESI

Figs. 1–3), and the data were compared to those reported else-
where (Supplementary Material) [27,31].

For the incorporation of p-sulfonic acid calix[4]arene into
the magnetic particles (Fe3O4/Si/CX4), the methodology pro-

posed by Sayin et al. (2010) was adapted [48]. Thus, 0.15 g
CX4 and 0.112 g K2CO3 were stirred in acetonitrile (10 mL)
for 30 min. Then, 0.45 g Fe3O4/Si was added, and the mixture

was refluxed for 73 h. The mixture was acidified with
0.1 mol L�1 HCl (2 mL) solution. The solid was magnetically
separated with the aid of a magnet and washed with water

and ethanol (20 mL each) until a neutral pH was reached.
The material was oven dried at 50 �C for 24 h.

The materials were characterized by thermal analysis in a

DTG-60 Shimadzu instrument under nitrogen flow
(50 mL min�1) in the range of 30–1000 �C at a heating rate
of 10 �C min�1. The Fourier transform infrared spectra
(FTIR) of the materials (in the form of KBr pellets) were mea-

sured using a PerkinElmer FTIR GX spectrometer in the range
of 400–4000 cm�1 at a resolution of 4 cm�1. SEM and TEM
were performed in an FEG – Quanta FEI Electronic Scanning

Electron Microscope and in an FEI � 200 kV Tecnai G2-20 –
SuperTwin Electronic Transmission Electron Microscope,
respectively. X-ray diffraction was performed in a Rigaku

Geigerflex model using CuKa radiation (1.5406 Å) with a
scanning speed of 2� min�1. The average crystallite sizes were
estimated by Scherrer’s equation. The specific surface areas

(BET) of the samples were analyzed by adsorption of N2 at
77 K using an Autosorb1-MP Quantachrome instrument.
The samples were degassed at 200 �C for 24 h prior to analysis.
To identify the phases of iron-containing materials, Mössbauer

analyses were performed using a conventional CMTE –
MA250 spectrometer with constant acceleration by moving a
57Co source into a Rh matrix.
2.3. Catalytic tests: Synthesis of the Biginelli adducts

[dihydropyrimidinones (DHPM’s)]

For the catalytic tests, 1.0 mmol of the corresponding alde-
hyde, 1.5 mmol urea, 1.5 mmol ethyl acetoacetate and 50 mg
(0.64 mol%) catalyst (Fe3O4/Si/CX4) were transferred to a
microwave reactor and maintained at atmospheric pressure

for 20 min at 90 �C. At the end of the reaction, the product
was solubilized in 2 mL of ethanol, and the catalyst was
removed with the aid of a magnet. Ethanol was evaporated

under reduced pressure, and the material was purified
using a filter column and hexane:AcOEt (4:1) mixture as the
eluent.

The obtained products were characterized by 1H, 13C NMR
and DEPT-135 experiments (Figs. S4–S19) using a Bruker
DPX 200 Avance spectrophotometer operating at 200 MHz

or 400 MHz for 1H and 50 MHz or 100 MHz for 13C NMR
experiments.
2.4. Reuse of the catalyst

At the end of the reaction, the catalyst was removed from the
reaction medium with a magnet, washed five times with etha-
nol and placed to dry at 50 �C in an oven for 24 h. After dry-

ing, the material was reused in other catalytic cycles.

3. Results and discussion

3.1. Synthesis and characterization of catalyst

The synthesis of materials with structure and controlled mor-
phology is a challenge for the science of materials. According
to the literature [49–51], the synthesis method directly influ-
ences the size, shape of the particles obtained and their behav-

ior within a reaction medium. Thus, we can say that the size
and morphology of nanoparticles are two important character-
istics capable of influencing their electrical, optical and mag-

netic and mainly catalytic properties. This is because such
results allow for a more homogeneous reaction and a faster
reaction kinetics due to the morphological uniformity and reg-

ularity of the same diameter. In addition, the development of
an iron-based core-shell catalyst is interesting, since this can
prevent the agglomeration of particles.

In previous studies, we have reported the catalytic effect of

p-sulfonic acid calix[4]arene (CX4), a homogeneous catalyst,
for the synthesis of Biginelli adducts [32]. Inspired by these
results, we pursued herein to explore the effects of these flexi-

ble, bulky acid macrocycles supported by magnetic nanoparti-
cles as heterocatalysts - p-sulfonic acid calix[4]arene (CX4) on
silica-based magnetite particle (Fe3O4/Si) surfaces

(Fe3O4/Si/CX4) - in the Biginelli reaction under solvent-free
conditions and microwave irradiation (IMO). The magnetic
particle-supported p-sulfonic acid calix[4]arene (Fe3O4/Si/

CX4) was prepared following the steps shown in Fig. 2.
The first step was the preparation of p-sulfonic acid calix[4]

arene (CX4) according to the published procedure (Fig. 2, step
1) [32,52]. The characterization data for CX4 are available as

Supplementary Material (Figs. S1, S2, and S3).
Magnetite (Fe3O4) (Fig. 2, step 2) was prepared via con-

trolled precipitation of Fe2+ salt with NaOH, which leads to

the formation of an oxide with magnetic characteristics in a
simple and practical way. The ferrous sulfate is dissociated
and partially hydrolyzed to goethite (a-FeOOH) in the pres-

ence of atmospheric oxygen. The reaction of goethite and
iron(II) hydroxide, in turn, leads to the formation of magnetite
[53]. Having the magnetite (Fe3O4) in hand, our efforts were to
obtain its silicon-covered form (Fe3O4/Si) by treating the for-

mer with tetraethyl orthosilicate (TEOS) and GLYMO in the
presence of 1% NaF (Fig. 2, step 3).

CX4 was attached to Fe3O4/Si by the opening of the epox-

ide ring (Fig. 2, step 4) according to the methodology proposed
by Sayin et al. (2010, 2017) [48,54]. This procedure prevents the
leaching of CX4, allowing reuse for several catalytic cycles.

Thermogravimetric analysis indicated a mass loss of 4% for
Fe3O4. For the Fe3O4/Si sample, the mass loss was 23%. Mass
losses between 50 and 250 �C can be attributed to adsorbed

water molecules. Mass-loss events that start at temperatures
above 250 �C and remain constant up to 750 �C correspond
to water loss due to the condensation process of silanols on
the surface (Fig. 3).



Fig. 2 Steps involved in the preparation of magnetic nanoparticles supported p-sulfonic acid calix[4]arene (Fe3O4/Si/CX4).

Fig. 3 TGA curves of Fe3O4, Fe3O4/Si and Fe3O4/Si/CX4.

(Detail: Curve DTG).
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TGA of Fe3O4/Si/CX4 shows two stages of decomposition:
the first stage below 200 �C (2% loss of weight), corresponding
to water loss, and the second stage between 200 and 700 �C
(25% loss), which is attributed to the condensation process
of the silanol groups and the decomposition of the organic
groups of the CX4 anchored on the surface of the silica. The

mass loss for this sample was approximately 30%. Approxi-
mately 5.4% of this loss corresponds to CX4, which is bound
in the magnetic particle.

To determine the concentrations of acid groups in the sam-

ples, titrations were performed. In this experiment, 10 mg solid
was added to 10 mL 0.01 M KOH solution as an exchange
agent. After equilibration (4 h), the solution was filtered and

titrated with 0.01 M HCl. The acid capacities of the materials
were 0.23 and 0.35 mmol H+ g�1 for Fe3O4 and Fe3O4/Si,
respectively. The acidity can be related to the hydroxyl groups

[55]. The addition of p-sulfonic acid calix[4]arene groups nearly
doubled the acid capacity of the Fe3O4/Si/CX4 catalyst. The
concentration of acid groups was 0.70 mmol H+ g�1. This

result indicates that the C-SO3 group bound to the surface of
the material can generate acidity. This property is important



Fig. 5 Powder XRD pattern of the Fe3O4, Fe3O4/Si, and Fe3O4/

Si/CX4.
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for catalytic processes involving Biginelli adducts. Similar
results for the proton acidity of materials involving magnetic
nanoparticles and sulfonic groups were found in the literature

[44,56,57].
The FT-IR spectrum of Fe3O4/Si/CX4 is shown in Fig. 4.

The bands at 459 and 558 cm�1 belong to the stretching vibra-

tion mode of Fe–O bonds in Fe3O4. Bands corresponding to
asymmetric, symmetric, and bending vibrations for the Si–
O–Si moiety are observed at 1000–1300 (broad), 798, and

459 cm�1, respectively. Si–OH groups are detected by the
broad band at 2800–3700 cm�1. The spectrum possesses peaks
of the stretching vibration of amines at 1641 cm�1. The band
at 1446 cm�1 is attributed to the bending vibration of aromatic

C‚C bonds of calix[4]arene. The vibrational bands at 2942
and 2877 cm�1 are attributed to the asymmetric and symmetric
stretching vibrations of –CH2– groups present in the covalently

modified calixarene, respectively. Peaks due to the symmetric
and asymmetric vibrations of S–O that derive from the calix
[n]arene sulfonic acids appear at 944 cm�1. The frequency val-

ues correspond to the symmetric and anti-symmetric stretching
vibrations of S‚O bonds in the C–SO3 group at 1080 cm�1

[40,42,47,58,59].

The powder XRD pattern of the synthesized material is
shown in Fig. 5. The diffractogram of the synthesized material
showed peaks related to crystalline phases (according to the
Joint Committee on Powder Diffraction Standards (JCPDS))

of Fe3O4 (JCPD-19-629), FeOOH (JCPD-29-713), c-Fe2O3

(JCPD-39-1346) and FeSi (JCPD-2-1267). Comparing the
diffractograms, it is possible to verify that silanization and

functionalization did not alter the structural characteristics
of the iron oxide nanocomposites. However, a slight loss of
crystallinity and an extra peak at approximately 22�, charac-
teristic of amorphous silica, were observed, as expected. As a
function of the iron oxide measuring process, an increase in
the mean crystallite size and a reduction in the BET area were

observed (17 nm, 20 m2g�1 for Fe3O4 and 22 nm, 14 m2g�1 for
Fe3O4/Si/CX4).

Considering that Fe3O4 and c-Fe2O3 have the same diffrac-
tion pattern, the identification of these species was only possi-

ble by Mössbauer spectroscopy experiments (Fig. 6A).
Fig. 4 FTIR-ATR spectrum of Fe3O4/Si/CX4. Detail: Decon-

volution of the bands in the region between 1300 and 850 cm�1.
Moreover, those results showed that the prepared magnetite
(Fe3O4) is instead a mixture of iron oxides. The results indicate

that approximately 30% of the sample is oxidized to c-Fe2O3

and 28% to a-FeOOH and a highly dispersed Fe3+ superpara-
magnetic species (9%) (Fig. 6B). The more reactive phases of

Fe3O4 are oxidized by air at room temperature to produce c-
Fe2O3 [60].

The hyperfine parameters are presented in Table S1 (ESI).

The Mössbauer spectrum of Fe3O4 shows a sextet related to
the c-Fe2O3 phase. The magnetite coated with silica
(Fe3O4/Si) showed, that the relative area of the c-Fe2O3 sextet
increases (from 31 to 42%). The same was true for Fe3O4/Si/

CX4 (47%).
The Fe3O4 has sextets assigned to the octahedral and tetra-

hedral sites of the magnetite phase, Fe3O4, with 19 and 13% of

the area, respectively. For Fe3O4/Si, the areas relative to the
octahedral and tetrahedral phases were 15 and 7%, respec-
tively. The modification of the structure with p-sulfonic acid

calix[4]arene groups practically does not alter the areas related
to the octahedral and tetrahedral phases of the magnetite. This
was expected since the magnetic material is completely coated
with silica and p-sulfonic acid calix[4]arene, thereby reducing

the exposure to oxygen in the air.
SEM images of Fe3O4 (Fig. 7) show the formation of irreg-

ular nanoparticles with different morphological characteristics,

some with rounded aspects and some in the form of needles,
which may be justified by the presence of a-FeOOH and c-
Fe2O3 in the material. The mean particle size is 80 nm. For

the Fe3O4/Si/CX4 sample, it is observed that the particles are
agglomerated. TEM (Fig. 8) images also show the formation
of agglomerates composed of the overlapping and joining of

several smaller particles. In general, particles smaller than
100 nm can be observed but are agglomerated. The changes
in the shape and size of the Fe3O4/Si/CX4 are expected because
of the covalent modification, and our results agree well with

the literature [40].



Fig. 6 (A) Mössbauer spectra of Fe3O4, Fe3O4/Si, and Fe3O4/Si/

CX4; (B) Iron phases distribution.

Fig. 7 SEM images of Fe3O4 magnetic nanoparticles (up) and

Fe3O4/Si/CX4 (below).

Fig. 8 TEM images of Fe3O4 magnetic nanoparticles (up) and

Fe3O4/Si/CX4 (below).
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3.2. Catalytic activity

In the work developed by da Silva et al. (2011) [32], it was
observed that CX4 exerted a catalytic role in the reaction

involving Biginelli adducts; however, recovery of the catalyst
was difficult. In this work, we chose to support the homoge-
neous catalyst in a magnetic matrix, the magnetite (Fe3O4),

which facilitates the recovery of the catalyst to be used again
in other reaction cycles. The reaction was carried out in the
presence and absence of solvent using heating by means of
microwave irradiation. The following reagents were used for

the optimization of this reaction: benzaldehyde, ethyl acetoac-
etate and urea. The reaction occurred in the presence of
0.64 mol% catalyst for 20 min at 90 �C. A general outline is

presented below.
The results indicate that a higher yield of 88% is obtained

when working in the absence of solvent (Table 1). This result

was verified when CX4 was used in a homogeneous medium
by Silva et al. (2011) [32].
The influence of the catalyst content was also evaluated
(Table 2). The results indicate that 0.64 mol% catalyst leads
to greater conversion of the reactants. Assays in the absence
of a catalyst and in the presence of Fe3O4 alone were also per-

formed, and the data indicate that the presence of CX4 in the
support (Fe3O4/Si/CX4) is important for the reaction since
acid sites are required for the reaction to occur. Assays using

only CX4 (homogeneous catalysis) were also performed. The
results indicate that a higher yield is obtained when using
Fe3O4/Si/CX4 as the catalyst. The Lewis acid nature of

Fe3O4 has already been reported in the literature, and together



Table 1 Influence of solvent

in Biginelli reaction.

Solvent Yield (%)

Acetonitrile 18%

Ethanol 64%

Ethyl lactate ND

Diethyl carbonate ND

Without solvent 88

Table 2 Influence of homogeneous (CX4) and heterogeneous

[Fe3O4/Si/CX4] catalysts in Biginelli Reaction.

Catalyst Yield (%)

Free 28

Fe3O4 43

Fe3O4/Si 45

CX4-Homogeneous 60

Fe3O4/Si/CX4 0,30 mol% 60

0,64 mol% 88

1,00 mol % 67

1066 C.H.C. Zacchi et al.
with the Brønsted acidity of CX4, it contributes significantly to
the increase in reaction yield. This may be related to a syner-

gistic effect occurring between the Lewis and Brønsted acid
sites of Fe3O4/Si/CX4. That is, the presence of both types of
acid sites is important for an increase in yield for this reaction.

The effect of the type of heating was also evaluated
(Table 3). It was possible to verify that when using microwave
irradiation and an open tube, the highest yield (88%) was

obtained. With regard to conventional heating, achieving a
69% yield required 30 h of reaction. For microwave heating,
88% yield was obtained in 20 min with an open bottle and
56% with the bottle closed. One hypothesis capable of explain-

ing these results is that during the reaction, water molecules are
formed. With the flask open, these molecules can escape from
the reaction medium; thus, the equilibrium shifts toward the

formation of Biginelli adducts. In contrast, for the sealed tube,
the water molecules remain in the reaction medium, thus
allowing a less effective equilibrium displacement in the direc-

tion of product formation.
Leaching tests were also performed. Fe3O4/Si/CX4 was

maintained in contact for 5 min with ethyl acetoacetate under
microwave irradiation, and after this period, the catalyst was

withdrawn from the reaction system, and the other reagents
were added to the reactor. The reaction was continued for
another 20 min under microwave irradiation. The yield of

the reaction was less than 20%. These data indicate that there
was no loss of acid groups to the reaction medium. Therefore,
we can say that the methodology to fix CX4 to magnetic
Table 3 Influence of type of heating in yield of the Biginelli

reaction.

Type of heating Yield (%)

30 h Conventional 69

Microwave 20 min open tube 88

25 min sealed tube 56
nanoparticles was efficient and that the reaction evaluated is
heterogeneous.

After verifying the high catalytic activity, we tested the

Fe3O4/Si/CX4 reuse capacity. The catalyst remained stable
for 5 cycles. In the last cycle, the reaction yield was 84%, only
4% less that of the first cycle (Fig. 9). In this way, it can be

concluded that in these reaction conditions, the catalyst stabil-
ity is satisfactory. The reused material was stored for
3 months, and after this period, it was used again in the reac-

tion. The obtained yield was 78%. This result may indicate
that even after aging, the catalyst does not lose its activity.
The material characterized by IR before use (fresh) and after
reuse and storage for 3 months (aged) showed the same char-

acteristic bands (FTIR Fig. S20).
The effect of the aldehyde on the reaction was also evalu-

ated (Table 4). Reactions were conducted using microwave

irradiation at 90 �C (open tube), 0.64% catalyst in the absence
of a solvent. It is noteworthy that the choice of these aldehydes
was made selecting those with electron-withdrawing and

electron-donating substituents and heteroaromatic and alipha-
tic aldehydes. It has been found that the catalyst can be used
for any type of aldehyde, with the electron-donating,

electron-withdrawing or heteroaromatic substituents. It can
further be noted that yields using aldehydes with electron-
withdrawing groups (55–87%) were lower compared to those
with electron-donating substituents (73–88%).

Our results were similar or higher than those reported by
Zamani and Izadi [61] and Zamani et al. [62]. These authors
obtained 75–90% and 80–97% Biginelli adducts using sul-

fonated phenylacetic acid and 3-mercaptopropanoic acid
(MPA) anchored to Fe3O4 nanoparticles, respectively. How-
ever, it is noteworthy to mention that in both Zamani articles

the nanoparticles employed bear 7-fold more acidic sites than
Fe3O4/Si/CX4 obtained in this work. Biginelli’s adducts were
characterized by 1H, 13C NMR and DEPT-135 (Figs. S4–

S19). Table 5 presents studies using different catalysts for a
reaction involving Biginelli adducts.
Fig. 9 The yields of Biginelli adduct BA1 using Fe3O4/Si/CX4 in

five cycles. (Yield for the isolated product).



Table 4 Fe3O4/Si/CX4 catalyzed the one-pot synthesis of Biginelli adducts.

Entry R Product Yield (%)

1 88

2 87

3 88

4 55

5 73

6 62

7 80

8 87
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Table 5 Comparison of maximum yield using Fe3O4/Si/CX4 and those obtained by other catalysts described in the literature.

Catalyst Temp

�C
TimeMin [Acid sites] mmol H+ g�1 Cycles Yield Ref

Fe3O4/Si/CX4 90 20 0.70 5 88 –

Fe3O4/PAA-SO3H 25 120 3.71 6 90 [61]

Fe3O4/SMPA 25 120 3.92 6 95 [62]

Montmorillonite clay 78 120 0.56 4 98 [63]

Acidic ionic liquid immobilized on Fe3O4 100 30 0.44 8 95 [64]

ZnO@SBA-15 65 150 – 5 96 [65]

Ionic liquid immobilized on MCM-41@Cu 80 120 – 6 90 [66]

MCM-41-R-SO3H 85 360 1.10 5 92 [67]

1068 C.H.C. Zacchi et al.
4. Conclusions

In conclusion, a magnetic material synthesized by the precipi-

tation method was synthesized and modified with calixarene.
This material was used as a heterogeneous catalyst in the reac-
tion to obtain Biginelli adducts, which were obtained in satis-

factory yields. The catalyst can be removed from the reaction
medium by simply and rapidly employing a magnet, and it was
recovered and reused for five cycles without loss of catalytic

activity.
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