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A new magnetic nanocatalyzed synthetic method for the synthesis of aldimines was evi-
denced. The reaction was carried out in a Schlenk tube under reflux conditions using
various solvents and different nanomaterials as catalysts. In these reactions, an excellent
yield of aromatic aldimines was obtained in the presence of silica-coated magnetic
nanomaterials. The prepared catalyst was also characterized by Fourier transform infrared
spectroscopy, scanning electron microscopy, nitrogen adsorption and desorption studies,
energy dispersive X-ray spectroscopy, and small-angle X-ray scattering spectroscopy. It
was shown that the magnetic nanocatalysts can be easily separated from the reaction
mixture using an external magnet and reused.

© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Currently, electron-deficient imines such as sulfonyli-
mines are well known to be important as key intermediates
in various chemical reactions [1,2]. Owing to the applica-
bility of these compounds as anticancer agents, their anti-
inflammatory nature, and their antibacterial and anti-
fungal behavior, they are also known to be important for
biological processes [3]. Owing to their electrophilic nature,
relative stability, and reactivity, these electron-deficient
imines have been used in the preparation of several
important nitrogen-containing compounds [4e6]. Thus,
the development and application of suitable methods for
imine synthesis have attracted much attention in recent
years.

The most widely used and direct method for the prep-
aration of an N-sulfonylimine involves the condensation of
an aldehyde with sulfonamide, but the low nucleophilic
.
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activity of the nitrogen atom of sulfonamide and the diffi-
culty in the removal of the produced water have limited the
use of this method [7e9]. To suppress this limitation and
increase the efficiency, various methods in the presence of
Lewis and Brønsted acids or metal oxides are being devel-
oped [10], with some of these suffering from harsh reaction
conditions, use of toxic materials, long reaction times, and
use of high loading.

Magnetite-based nanomaterials have been used as cat-
alysts for a very wide range of catalytic processes and
organic transformations such as coupling reactions
[11e13], CeH activation [14], oxidation reactions [15],
reduction reactions [16], and synthesis of heterocyclic
compounds [17,18]. Therefore, multifunctional nano-
particles are in high demand because of their wide-ranging
applications in the field of catalysis. In addition, magnetite
nanoparticles are highly desirable for catalytic activity, but
under reflux conditions, some aggregation can occur
[19,20].

Despite the availability of numerous procedures for the
synthesis of imines, the design and development of a new
ll rights reserved.
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efficient method for the synthesis of aldimines that are
more facile and economically advantageous are still of in-
terest. Herein, we attempted to introduce a simple, clean,
and efficient process to synthesize aldimines using silica-
coated magnetic nanoparticles.

2. Experimental

2.1. Materials

All of the chemicals were obtained from SigmaeAldrich
or Merck and were used without purification. The reaction
progress was monitored by thin-layer chromatography
(GF254). Fourier transform infrared (FT-IR) (KBr) spectra
were recorded using a Bruker Vector 22 FT-IR spectro-
photometer. The 1H NMR and 13C NMR spectra were
recorded using a Bruker AVIII HD-500 MHz instrument
using tetramethylsilane (TMS) as the internal standard.

2.2. Synthesis of different catalysts

The different nanomaterials were synthesized according
to reports in the literature [21e24].

2.2.1. Preparation of MCM-41 mesoporous silica
MCM-41 mesoporous silica samples were prepared

using a general method [25,26]. The water solution of
cetyltrimethylammonium bromide (142 mg, 0.39 mmol)
was added to diethanolamine (9.46 mg, 0.09 mmol) and
stirred at 40 �C for at least 30 min, followed by the addition
of tetraethyl orthosilicate (333 mg, 1.6 mmol) dropwise
within 2 min. After 2 h, the solution was cooled to room
temperature, and a white residue powder precipitate was
obtained that was then centrifuged and washed with
ethanol and distilled water. The surfactant cetyl-
trimethylammonium bromide was extracted from the ob-
tainedmesoporous materials by refluxing with ethanol and
a small amount of concentrated HCl. The final product was
centrifuged and washed with ethanol several times.

2.2.2. Preparation of nanomagnetic Fe3O4

Nanomagnetic Fe3O4 was prepared using the typical
solvothermal method. A round-bottomed flask containing
ethylene glycol (30 mL) was filled with ferric chloride
hexahydrate (1.48 g, 5.5 mmol) and sodium acetate (2.62 g,
32 mmol). The mixture was heated for 8 h at 200 �C in an
autoclave and then cooled to room temperature. The black
nanomagnetic Fe3O4 was separated using an external
magnet, washed with deionized water several times, and
dried in an oven at 60 �C overnight [25,26].

2.2.3. Preparation of Fe3O4@MCM-41
The procedure for the preparation of Fe3O4@MCM-41

was the same as that for nanomagnetic Fe3O4 except that in
the first step, the prepared MCM-41 (2.0 g) was added to
the reaction mixture [29].

2.2.4. General procedure for the synthesis of products
To a Schlenk tube filled with Fe3O4@MCM (15 mg) and

toluene (0.5 mL), aldehyde (0.12 mmol) and p-toluene-
sulfonamide (17.12 mg, 0.1 mmol) were added under
Please cite this article as: A. Ashouri et al., Iron-based nanomateria
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nitrogen atmosphere. The reaction mixture was stirred for
1 h at 100 �C. Then, the silica-coated magnetic nano-
particles were separated using a simple magnet. The solu-
tion of the reaction-separated systemwas transferred into a
round-bottomed flask. After the organic phase was evap-
orated under reduced pressure, the obtained crude product
was purified by recrystallization from ethyl acetate and n-
hexane, affording the pure product in high yield (up to
98%).

N-(4-Chlorobenzylidene)-4-methylbenzenesulfona-
mide (Table 3, entry 1) mp: 175e179 �C, 1H NMR (500MHz,
CDCl3) d (ppm): 2.43 (3H, s), 7.35 (d, J ¼ 8.1 Hz, 2H), 7.46
(2H, d, J ¼ 8.5 Hz), 7.86 (2H, d, J ¼ 8.5 Hz), 7.88 (2H, d, J ¼
8.3 Hz), 8.99 (1H, s); 13C NMR (125 MHz, CDCl3) d (ppm):
168.6, 144.8, 141.4, 134.8, 132.3, 130.8, 129.8, 129.5, 128.1,
21.6.

N-(4-Methylbenzylidene)-4-methyl-benzenesulfona-
mide (Table 3, entry 6) mp: 116e118 �C. 1H NMR (500 MHz,
CDCl3) d (ppm): 8.99 (s, 1 H), 7.89 (d, J¼ 7.5 Hz, 2 H), 7.82 (d,
J¼ 7.4 Hz, 2 H), 7.34 (d, J¼ 7.49 Hz, 2 H), 7.29 (d, J¼ 7.43 Hz,
2 H), 2.43 (s, 3 H), 2.42 (s, 3 H); 13C NMR (125 MHz, CDCl3)
d (ppm): 168.9, 145.3, 143.4, 134.4, 130.4 (2C), 128.9 (2C),
128.8, 128.7 (2C), 127.0 (2C), 20.9, 20.6.

N-(4-Methoxybenzylidene)-4-methyl-benzenesulfo-
namide (Table 3, entry 8) mp: 128e129 �C, 1H NMR
(500 MHz, CDCl3) d (ppm): 8.94 (s, 1 H), 7.87 (d, J ¼ 8 Hz,
4 H), 7.32 (d, J¼ 7.7 Hz, 2 H), 6.96 (d, J¼ 8.2 Hz, 2 H), 3.87 (s,
3 H), 2.42 (s, 3 H); 13C NMR (125 MHz, CDCl3) d (ppm):
168.1, 164.3, 143.2, 134.7, 132.6 (2C), 128.7 (2C), 126.8 (2C),
124.2, 113.6 (2C), 54.6, 20.5.

3. Results and discussion

Initially, in a sealed Schlenk tube under nitrogen at-
mosphere, the reaction of p-chlorobenzaldehyde (1a) and
p-toluenesulfonamide (2) was selected as a model reaction
in refluxing toluene; but after 24 h, product 3a was ob-
tained which was not the desired product. Following the
reports in the literature, we attempted to carry out the
condensation reaction in the presence of catalysts that act
as Lewis acids and dehydrating reagents. For this purpose,
we carried out the reaction in the presence of several metal
oxide nanocatalysts. The obtained results are shown in
Table 1. According to entries 2e6, the reaction proceeded in
the presence of Al2O3, TiO2, MgO, SiO2, and Fe3O4 metal
oxide nanoparticles with moderate yields. On the other
hand, owing to its unique properties such as narrow pore
size distribution, ultrahigh surface area, well-defined pore
structure, and thermal stability, MCM-41mesoporous silica
has been used in several catalytic organic reactions
[27e32]. A review of the literature showed that the use of
MCM-41 mesoporous silica for the synthesis of aldimines
has not been reported. It occurred to us that this class of
nanomaterials may be a catalyst for this reaction. Whenwe
used MCM-41, the reaction yield increased to 67% (entry 7).
To enhance the efficiency of MCM-41mesoporous silica, we
decided to use the silica-coated magnetic nanoparticles
denoted as Fe3O4@MCM-41 (entry 8). When the reaction
was carried out in the presence of Fe3O4@MCM-41, the
desired product was obtained with the yield of 98% (entry
10). We also used K10 montmorillonite clays as the catalyst
ls used as magnetic mesoporous nanocomposites to catalyze
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Table 1
Effect of various nanocatalysts on the model reaction.

Entrya Type of nanocatalysts Loading of nanocatalysts (mg) Yield (%)b

1 e e e

2 Al2O3 15
3 TiO2 15 52
4 MgO 15 40
5 Fe3O4 15 55
6 SiO2 15 62
7 MCM-41 15 67
8 Fe3O4@MCM-41 15 98
9 K10 15 40
10 Fe3O4@MCM-41 5 65
11 Fe3O4@MCM-41 10 80
12 Fe3O4@MCM-41 20 75
13 Fe3O4@MCM-41 25 58

a Reaction conditions: p-chlorobenzaldehyde (0.12 mmol), p-toluenesulfonamide (0.1 mmol), toluene (0.5 mL), and nanocatalysts.
b Isolated yield.
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under these conditions; but after 1 h, the yield was lower
than that obtained using other nanocatalysts (entry 9).
Subsequently, we optimized other parameters that affect
the reaction. In particular, the effect of different loading
amounts of Fe3O4@MCM-41 was investigated (entries
10e13). However, it was found that the best yield was
achieved using 15 mg of silica-coated magnetic
nanocatalysts.

As presented in Table 2, the effect of the solvent was also
observed for this reaction. No product was observed using
tetrahydrofuran, 1,4-dioxane ,and acetonitrile (entries
Table 2
Effect of various solvents on the model reaction.

Entrya Solvent

1 1,4-Dioxane
2 Tetrahydrofura
3 Acetonitrile
4 Dichlorometha
5 Chloroform
6 Diethyl ether
7 Dimethyl sulfo
8 Toluene

a Reaction condition: p-chlorobenzaldehyde (0.12 mmol), p-toluenesulfonami
b Isolated yield.
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1e3). When dichloromethane, chloroform, diethyl ether,
and dimethyl sulfoxide were used, the desired aldimine
was produced in low to moderate yields (entries 4e7),
whereas the use of toluene as solvent promoted the reac-
tion with an extremely high yield (entry 8).

After achieving optimum conditions, the scope of the
reaction was evaluated by applying different aldehydes.
Several aromatic and aliphatic aldehydes were used, as
presented in Table 3. It was found that aromatic alde-
hydes with an electron-donating group reacted, as did
those with electron-withdrawing groups. An aromatic
Yield (%)b

e

n e

e

ne 10
20
35

xide 38
98

de (0.1 mmol), solvent (0.5 mL), and Fe3O4@MCM-41 (15 mg).
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Table 3
Reaction scope.

Entrya R Yield (%)b Mp (�C) Mp (�C)c

1 p-Cl-Phenyl 98 175e179 172e173 [33]
2 o-Cl-Phenyl 82 134e137 131e132 [34]
3 m-Cl-Phenyl 92 84e88 98 [34]
4 p-F-Phenyl 88 129e130 117e118 [35]
5 p-NO2-Phenyl 85 203e207 162e170 [35]
6 p-CH3-Phenyl 90 113e115 116e118 [36]
7 p-Br-Phenyl 92 190e193 198e199 [37]
8 p-OCH3-Phenyl 87 129e130 128e129 [35]
9 oeOCH3-Phenyl 85 111e114 111e113 [38]
10 p-CF3-Phenyl 90 154e156 159e160 [39]
11 -Phenyl 86 79e82 105e108 [35]
12 -Naphthyl 89 140e144 142e144 [40]
13 -Anthracyl 82 199e204 214e217 [41]
14 -Benzyl Oily mixture e e

15 -Hexyl Oily mixture e e

16 -Propenyl Oily mixture e e

a Reaction conditions: aldehyde (0.12 mmol), p-toluenesulfonamide (0.1 mmol), toluene (0.5 mL), and Fe3O4@MCM-41 (15 mg).
b Isolated yield.
c Reported Mp.
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aldimine substituted with bulky aryl groups was synthe-
sized in high yields (entries 12 and 13). As expected, ar-
omatic aldehydes reacted better than the aliphatic
aldehydes (entries 14e16). In nearly all of the investigated
reactions, the conversion was over 95% under the reaction
conditions.

3.1. Characterization of materials

The prepared materials were characterized using a
Bruker Vector 22 FT-IR spectrophotometer. The surface
Fig. 1. FT-IR spectra of (a) MCM-41, (b

Please cite this article as: A. Ashouri et al., Iron-based nanomateria
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morphology of the samples was examined using a ZEISS
SIGMAVP field emission scanning electron microscope (FE-
SEM) equipped with a field emission gun and an energy
dispersive (EDS) detector. The surface areas were calculated
according to the BrunauereEmmetteTeller (BET) equation
and the pore size distribution was calculated using the
BarretteJoynereHalenda (BJH) equation. Elemental anal-
ysis was performed quantitatively using an Infinite 200
PRO NanoQuant instrument (Tecan, Switzerland). The
nanoscale density differences were evaluated by small-
angle X-ray scattering (SAXS) spectroscopy.
) Fe3O4, and (c) Fe3O4@MCM-41.

ls used as magnetic mesoporous nanocomposites to catalyze
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Fig. 2. SEM images of (a) Fe3O4, (b) MCM-41, and (c) Fe3O4@MCM-41.

Fig. 3. N2 adsorption/desorption isotherm of MCM-41 and Fe3O4@MCM-41
nanoparticles.

Table 4
Textural properties of MCM-41 and Fe3O4@MCM-41 nanoparticles.

Sample Specific surface area
(SBET) (m2 g�1)

Pore volume
(Vp) (cm3 g�1)

Pore
diameter (Dp)
(nm)

MCM-41
nanoparticles

817 1.068 2.42

Fe3O4@MCM-41
nanoparticles

690 0.873 2.42
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3.2. Composition and morphology of Fe3O4, MCM-41, and
Fe3O4@MCM-41

The FT-IR spectra of the prepared MCM-41, Fe3O4, and
Fe3O4@MCM-41 are shown in Fig. 1. The asymmetric and
symmetric stretching vibrations of the siloxane groups
(SieOeSi) of MCM-41 are ascribed to the bands at 1074 and
796 cm�1 that are observed to be unchanged in
ls used as magnetic mesoporous nanocomposites to catalyze
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Fig. 4. EDX spectrum of Fe3O4@MCM-41.

Fig. 5. SAXS patterns of MCM-41 and Fe3O4@MCM-41 nanoparticles.
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Fe3O4@MCM-41. The strong absorption band related to the
FeeO bond observed at approximately 586 cm�1 in the
Fe3O4 and Fe3O4@MCM-41 spectra confirms the prepara-
tion and the presence of magnetite nanoparticles,
respectively.

The surface morphologies of Fe3O4, MCM-41, and
Fe3O4@MCM-41 were observed by scanning electron
Please cite this article as: A. Ashouri et al., Iron-based nanomateria
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microscopy (SEM) and are shown in Fig. 2. Bare Fe3O4
nanoparticles have a quasi-spherical shape with a hetero-
geneous surface and slight aggregation. The shape of the
resulting silica-coated magnetic nanoparticles was also
spherical after grafting on MCM-41. These results indicated
that Fe3O4 nanoparticles were successfully grafted on the
MCM-41 nanoparticles without considerable changes dur-
ing the functionalization process.

N2 adsorptionedesorption isotherms and pore size
distributions of MCM-41 and Fe3O4@MCM-41 silica-coated
magnetic nanoparticles are shown in Fig. 3. The isotherms
and pore size distributions of MCM-41 magnetic meso-
porous silica and corresponding silica-coated magnetic
nanoparticles are nearly same, indicating that the pore
structures of the MCM-41 mesoporous silica were still
preserved even after the grafting of Fe3O4 nanoparticles on
the MCM-41 mesoporous silica. The textural properties of
MCM-41 and Fe3O4@MCM-41 nanoparticles are summa-
rized in detail in Table 4. It is clear that the surface area and
pore volume of silica-coated magnetic nanoparticles were
lower than those of the MCM-41 mesoporous silica; how-
ever, the surface areas and large pore volumes of the
Fe3O4@MCM-41 nanoparticles are still high.

Fig. 4 shows the energy-dispersive X-ray (EDX) spec-
trum of the obtained Fe3O4@MCM-41 nanoparticles that
reveals the presence of Fe, O, and Si elements, confirming
that MCM-41 was successfully coated by magnetite
nanoparticles.

The small angle X-ray scattering (SAXS) patterns of
MCM-41 and silica-coated magnetic nanoparticles are
presented in Fig. 5 and are in good agreement with those
ls used as magnetic mesoporous nanocomposites to catalyze
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Scheme 1. Proposed mechanism for the synthesis of aldimine derivatives in the presence of silica-coated magnetic nanoparticles.
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reported in the literature [42]. The SAXS pattern of the
silica-coated magnetic nanoparticles was almost identical
to that of the corresponding mesoporous silica. This result
also supports the conclusion that the pore structures of
mesoporous silica were preserved even after the grafting of
Fe3O4 nanoparticles.
Fig. 6. Effect of catalyst recycling on the yield of product 3a.
3.3. Proposed mechanism

A proposed mechanism for the synthesis of aldimine
derivatives in the presence of silica-coated magnetic
nanoparticles is shown in Scheme 1. After activation of the
aldehyde carbonyl group by Fe3O4@MCM-41, the nucleo-
philic attack of the nitrogen atom of sulfonamide occurred,
and an intermediate (І) was formed. Consequently, the
aldimine product 3a was prepared by the dehydration of
the intermediate (І).
3.4. Recyclability and reusability of the catalyst

Recyclability and reusability of the catalyst are impor-
tant for designing a new synthesis method. Therefore, the
reusability of the silica-coated magnetic nanoparticles was
also evaluated for the condensation reaction. The conver-
sion and yield of the reaction were over 90% and 83%,
respectively, until five cycles, demonstrating that the cat-
alytic activity of the silica-coated magnetic nanoparticles
was preserved without a significant loss (see Fig. 6). After
each reaction, magnetic nanocatalysts were simply sepa-
rated by an external magnet, washed with ethanol, dried
under reduced pressure and reused. The FT-IR spectrum
and SEM image of the recycled catalyst confirmed that the
structure of the catalyst was maintained.
Please cite this article as: A. Ashouri et al., Iron-based nanomateria
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4. Conclusions

In this work, a simple and new synthetic method of
silica-coated magnetic nanoparticles via the condensation
of aldehyde and p-toluenesulfonamide using silica-coated
iron-based magnetic nanoparticles was introduced. The
synthesis of aldimines was carried out in a Schlenk tube
that can be easily handled in comparison with a
DeaneStark apparatus. The excellent yield of aromatic
aldimines, short reaction time, facile separation, reusability
of catalysts, and lack of catalyst pollution in the products
are the prominent advantages of this method.
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Appendix A. Supplementary data

Supplementary data to this article can be found online
at https://doi.org/10.1016/j.crci.2019.06.005.
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