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Silica sulfuric acid coated on SnFe,O4 MNPs:
synthesis, characterization and catalytic

applications in the synthesis of
polyhydroquinolinest
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An efficient and heterogeneous novel magnetic solid sulfuric acid, immobilized on silica functionalized

SnFe,O4, was successfully synthesized, characterized, and employed as a novel recoverable nanocatalyst

for the synthesis of biologically active polyhydroquinoline derivatives. The SnFe,0,@SiO,-SOszH was
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easily synthesized and confirmed using various spectroscopic techniques, including FT-IR, XRD, EDX,

Map, TGA, SEM and TEM analyses. The catalytic behavior of the resulting catalyst system was
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1. Introduction

Asymmetric Hantzsch synthesis of polyhydroquinolines
includes the catalytic Knoevenagel condensation-Michael
addition-cyclization sequence in which 1 eq. of dimedone is
heated with aldehyde derivatives in the presence of ethyl ace-
toacetate and an ammonia source.'” In this sense, a multi-step
sequence ensues, a water molecule is lost and the target six-
membered nitrogen-containing scaffold is formed.*® It
possesses a chiral center at the phenyl-substituted carbon.®®
We have previously reviewed the biological and pharmacolog-
ical activities and the available synthetic methods for the
synthesis of polyhydroquinoline derivatives.*

Catalysis science is considered as the main center of most
key organic reactions such as the named reactions,'”* most of
the key organic functional group transformations require
a catalyst in the reaction media to the selective conversion of the
reagents and synthons to the target products with high perfor-
mance.>*™ In this sense, the utilization of heterogeneous
nanomaterials as catalysts has attracted worldwide attention
due to their unique role in the conversion of these
manufacturing procedures to ecofriendly, greener, economical
and viable methods.**°
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investigated in the Hantzsch synthesis of polyhydroquinoline derivatives. The desired products were
obtained with high conversions and excellent reusability.

During recent decades, acid catalysts have played the main
role in the organic functional group transformations especially
in multicomponent reactions, despite the widespread use of
organic and inorganic acid catalysts, the leaching of hazardous
acids into the desired product is one of the negative aspects of
employing heterogeneous acid-based catalysts in the sustain-
able catalysis." To overcome this problem, the coupling of
homogeneous acid catalysts with heterogeneous catalytic
materials, as the catalyst, seems to be a suitable solution.>*" In
this case, the catalytic support role is to properly distribute the
acid cites to operate the special properties of these moieties.">**

Magnetically separable nanomaterials which can be consid-
ered as one of the most important classes of materials with
unique physicochemical properties have attracted the attention
of a wide variety of researchers.”?>* Regarding the catalytic
support materials, these spinel ferrite compounds have great
potential in industry and technology as green heterogeneous
catalysts in various organic functional group transformations
and as catalytic supports.”>>° Based on our interest in developing
heterogeneous catalysts with the use of nanomaterials, we have
recently reported the synthesis of novel heterogeneous catalytic
supports that were functionalized by organic and inorganic
ligands and complexes.»>*****> In the continuation of our
studies, we wish to report the spinel normal SnFe,0, as a versa-
tile nanomagnetic catalytic support, for the synthesis of a novel
supported silica sulfuric acid catalyst, which is the first report on
the utilization of SnFe,O, MNPs as the catalytic support.

Considering the interesting benefits of heterogeneous cata-
lysts with the use of novel and green materials, herein, we re-
ported the synthesis of an efficient and heterogeneous novel
silica sulfuric acid coated on SnFe,O, MNPs and its application
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Scheme 1 Synthesis of SnFe,04@SiO,-SOzH MNPs.

in the asymmetric Hantzsch synthesis of polyhydroquinolines
in high yields under mild conditions.

2. Experimental

2.1. Preparation of sulfuric acid supported on the surface of
SnFe, 0, MNPs

The SnFe,O, magnetic nanoparticles were prepared by the
coprecipitation technique as was previously reported.*

Afterward, its surface was coated with SiO, shell according to
the previously reported method by our group.® Afterward, the
sulfuric acid catalytic cites graphed on its surface according to
Zolfigol's method: 1.5 mL of chlorosulfuric acid was added
dropwise to a dispersed mixture of SnFe,O, MNPS (1 g) in dry
CH,Cl, (20 mL) and the reaction was cooled in an ice bath, then,
the mixture was stirred for 4 h at room temperature. Finally, the
obtained SnFe,O,@silica sulfuric acid MNPs were separated

—— (a) SnFep04
—— (b) SnFe204@SiO2

(3426) —— (¢) SnFep04@SiO2-SO3H
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Fig.1 The FT-IR spectra of SnFe,O4, SnFe,04@SiO, and SnFe,04@SiO,-SOsH MNPs.
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using an external magnet, washed by dry CH,Cl,, and dried at
80 °C in an oven for 12 h (Scheme 1).

2.2. General procedure for the catalytic synthesis of
polyhydroquinolines

A mixture of aromatic aldehydes (1.0 mmol), ethyl acetoacetate
(1 mmol), dimedone (1 mmol), NH,OAc (1.2 mmol), and
SnFe,0,@Si0,-SO;H (12 mg) was stirred in 3 mL ethanol under
reflux conditions for the required time. The progress of the
reaction was monitored by TLC. After completion of the reac-
tion, the reaction mixture was diluted with hot ethanol to
dissolve the organic products. Afterward, the catalyst was
collected by magnetic decantation. Finally, the pure
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Fig. 2 XRD pattern of SnFe,O0,@SiO,—SOzH MNPs.
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polyhydroquinoline products were obtained through recrystal-
lization in ethanol and washed with diethyl ether.

3. Results and discussions

3.1. Catalyst characterization

The as-prepared SnFe,0,@Si0,-SOzH and its parent core-shells
were then fully characterized using different physio-chemical
techniques, including; FT-IR, XRD, TGA, VSM, EDX, X-ray-
mapping, and SEM analysis.

FT-IR analysis (Fig. 1) shows the FT-IR spectra of SnFe,0,,
SnFe,0,@Si0, and SnFe,0,@Si0,-SO;H MNPs. All FT-IR
spectra in Fig. 1 are completely consistent with the previous
analyses of SnFe,O, MNPs,* indicating bands around
3426 cm " and 1640 cm " (hydroxyls, interlayer water mole-
cules stretching vibrations). Moreover, peaks at around 580 and
460 cm™ " are formed by the stretching vibrations of the Sn-0O,
and Fe-O bonds in spinel ferrite structures, respectively. In
SnFe,0,@8Si0, spectra, the characteristic bonds at 1086 cm ™"
(Si-0) and 806 cm ™" (Si-O-Si) confirm the successful coating of
silica shells on the surface of the MNPs and the formation of the
corresponding core-shell composition. In the SnFe,0,@Si0,—
SO;H spectra, finally, the boarding and overlapping of the peaks
around the 850-1300 cm ™" and 2700-3700 cm ™' bands in FT-IR
spectra of SnFe,O,@sulfuric acid (Fig. 1c) confirm the
successful functionalization of SnFe,0,@Si0O, core-shell with
the SO;H functional groups.**

The crystalline phase of SnFe,0,@Si0,-SO;H MNPs was
examined via the XRD analysis. As shown in Fig. 2, the SnFe,-
0,@Si0,-SO;H MNPs afforded seven sharp and strong peaks at
260 = 30.1, 35.45, 36.89, 43.12, 53.27, 56.88 and 62.45 indexed to
the (220), (311), (222), (400), (422), (511) and (440) planes,
respectively showing good agreement with XRD pattern of
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Fig. 3 EDS analysis of SnFe,04@SiO,—-SOsH MNPs.
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Fig. 4 X-ray-mapping analysis of SnFe,0,@SiO,—-SOzH MNPs.
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Fig. 5 TGA/DTG curves of SnFe;O,@SiO,—SOzH MNPs.

previous reports on SnFe,0, MNPs.** These results confirm that
the tubular structure of SnFe,0, is not destroyed during the
functionalization and stabilization of the silica sulfuric acid
shell, and the noisy background coming from the amorphous
dried SO;H shells. Finally, the average crystalline size of
SnFe,0,@Si0,-SO;H MNPs calculated from the Scherrer
equation is 17.43 nm.*

As shown in Fig. 3, energy dispersive X-ray (EDX) analysis
was applied to determine the chemical composition of nano-
porous SnFe,0,@Si0,-SOsH MNPs. The results indicate the
presence of Sn, Fe, and O species in the obtained spinel ferrite
catalyst. Besides, the successful grafting of SiO, shell over the
SnFe,0, catalytic support was confirmed by the presence of Si
species. The existence of sulfur in the SnFe,0,@Si0O,-SO3;H
MNPs nanocatalyst was considered by the EDX spectrum, but
we did not observe any amount of Cl, indicating that it was on
the catalyst surface where the covalent adsorption of SO;H
groups has successfully occurred. Besides, the Cl was removed
as HCl gas from the reaction vessel, immediately. These
observations support the high purity of the prepared catalyst.
According to this EDX spectrum, it could be inferred that the
target catalyst has been successfully synthesized. Moreover,
the exact amount of sulfuric acid loading on SnFe,0,@SiO,-
SO3H was 6.4 wt%.

© 2022 The Author(s). Published by the Royal Society of Chemistry

To complete the elemental characterizations, the elemental
mapping analysis was conducted for the investigation of
elements distribution on the SnFe,0,@Si0,-SO;H MNPs
(Fig. 4). According to this compositional map, obtained data
confirmed the existence of Sn, Fe, O, Si, and S elements in the
as-prepared nanomaterial with a suitable and homogeneously
dispersity throughout the matrix surface. In this sense, the
uniform distribution of active sulfuric acid sites on the SnFe,-
0,@Si0, surface has a significant impact on the catalytic
performance because of the good availability of the sulfonated
Bronsted acid catalytic sites. Hence, the obtained result from
the elemental mapping technique confirmed the obtained
result from EDX analysis.

To evaluate the thermal stability of SnFe,0,@SiO,-SO;H
MNPs, the TGA and DTG analysis over the temperature range of
25-800 °C was investigated (Fig. 5). The TGA curve indicates the
three-weight loss for SnFe,0,@SiO,-SO;H MNPs. The first
weight loss of about 9.68% occurred below 200 °C which can be
attributed to the release of the physically adsorbed moisture,
water, and organic solvents from the sample.*® The next weight
loss (6.39%) in the region of 200-480 °C can be associated with
the removal of hydroxyl groups as water molecules on the
surface of attached silanol groups during the pyrolysis process.
The final weight loss (8.61%) at the region of 480-700 °C is
attributed to the SO;H groups. The results confirm the

RSC Adv, 2022, 12,14397-14410 | 14401
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(green).
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14402 | RSC Adv, 2022, 12, 14397-14410

View Article Online

Paper

successful chemical adsorption of silica sulfuric acid via
chemical bonding on the SnFe,0, nanomagnetic support. The
DTG analysis has multistep patterns and confirms the core-
shell structure of the magnetic silica gel coated SO;H catalytic
system with various layers.

Magnetic properties of uncoated magnetic spinel ferrite-tin
oxide (SnFe,0,) and SnFe,0,@Si0,-SO;H MNPs were studied
by VSM analysis in the external magnetic range of —10 000 to
+10 000 Oe at room temperature (Fig. 6). As can be seen from
Fig. 5, the magnetic hysteresis curves of SnFe,O, and SnFe,-
0,@Si0,-SO;H MNPs show their super magnetic behavior, and
the magnetizations are 95.51, 45.80, and 30.90 emu g !,
respectively. The reduction of magnetic strength from 56.80 to
35.13 is due to the successful addition of the SiO, shell and
sulfuric acid compounds. Nevertheless, SnFe,0,@SiO0,-SO3;H
has suitable and excellent magnetization values that can be
quickly separated from the solution through an external
magnetic field.

The structural features, particle size, and morphologies of
the SnFe,0,@Si0,-SO;H MNPs were identified with FE-SEM
images (Fig. 7). The FE-SEM images illustrate that the as-
prepared nanocomposite is in an almost regular spherical
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Fig. 8 TEM images of SnFe,0,@SiO,—-SOsH MNPs.

shape and has an average size of 15-20 nm. The rougher
structures of SnFe,0,@Si0,-SOzH rather than SnFe,0, (ref. 37)
can be attributed to the successful surface coating of organic
compounds. Moreover, it is obvious from Fig. 7 that the average
size of SnFe,0, is significantly changed after immobilization of
SiO, shell and coating with SO;H, which the successful
synthesis of SnFe,0,@Si0,-SOz;H.

The size distribution of SnFe,0,@Si0,-SO;H MNPs was
analyzed by transmission electron microscopy technique
(Fig. 8). High-quality images from the synthesized crystalline
SnFe,0,@Si0,-SOz;H were obtained and the corresponding
images attest that the silica with the bright area was success-
fully coated on SnFe,O,with the dark area. Moreover, a clear
gap, between the shell and the support, confirms that the
support is a solid sphere. Also, due to the magnetic attraction
between the particles, a stacking texture, and slight aggrega-
tion can be observed. Meanwhile, the loading of sulfuric acid
did not affect the morphology of the support and, as can be
seen, the synthesized catalyst exhibited some specific charac-
teristics of the crystalline structure. Also, TEM images like the

© 2022 The Author(s). Published by the Royal Society of Chemistry

SEM images verified the spherical shape of SnFe,0,@SiO,—
SO;H.

3.2. Catalytic studies

The catalytic efficiency of heterogeneous novel magnetic
SnFe,0,@Si0,-SO;H MNPs was checked for the Hantzsch
synthesis of polyhydroquinolines, and the various reaction
conditions were optimized in terms of the amount of catalyst,
solvent, and temperature. A mixture of 4-chlorobenzaldehyde,
dimedone, ethyl acetoacetate, and ammonium acetate was
selected for optimization, as illustrated in Table 1. Table 1
shows that when the reaction was conducted without SnFe,-
0,@Si0,-SO;zH, the reaction product yield percentage is traced
until 240 min time (Table 1, entry 1). Initially, the influence of
catalyst amount (0.005-0.012 g) on the reaction model was
studied (Table 1, entries 4-7). Short reaction time and excellent
yield were obtained in 0.012 g of the SnFe,0,@SiO,-SOzH in
ethanol under reflux conditions (Table 1, entry 8). To illustrate
the effect of the catalytic performance of SnFe,0,@Si0,-SO3H,
the catalytic activity of its parents including SnFe,O, and

RSC Adv, 2022, 12, 14397-14410 | 14403
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Table 1 Optimization of the reaction conditions for the Hantzsch condensation of 4-chlorobenzaldehyde and dimedone, ethyl acetoacetate,
and ammonium acetate as the model reaction for the synthesis of polyhydroquinolines

2 CHO o O Catalyst
+ + + EE——
7@0 C|/©/ MOEt Hone Solvent, A
Amount catalyst Temperature

Entry Catalyst (mg) Solvent (°C) Time (min) Yield®? (%)
1 — — EtOH Reflux 4h Trace
2 SnFe,04 12 EtOH Reflux 20 37

3 SnFe,0,@Si0, 12 EtOH Reflux 20 33

4 SnFe,0,@Si0,-SO;H 5 EtOH Reflux 20 29

5 SnFe,0,@8Si0,-SO;H 7 EtOH Reflux 20 67

6 SnFe,0,@Si0,-SO;H 9 EtOH Reflux 20 87

7 SnFe,0,@8Si0,-SO;H 10 EtOH Reflux 20 91

8 SnFe,0,@8Si0,-SO;H 12 EtOH Reflux 20 99

9 SnFe,0,@8Si0,-SO;H 12 EtOH Reflux 20 99

10 SnFe,0,@8Si0,-SO;H 12 EtOH Reflux 20 87

11 SnFe,0,@8Si0,-SO;H 12 H,0 Reflux 20 81

12 SnFe,0,@8Si0,-SO;H 12 MeOH Reflux 20 92

13 SnFe,0,@Si0,-SO;H 12 H,O0:EtOH Reflux 20 88

14 SnFe,0,@Si0,-SO;H 12 Solvent-free 80 20 90

15 SnFe,0,@Si0,-SO;H 12 EtOH r.t. 20 Trace
16 SnFe,0,@Si0,-SO;H 12 EtOH 55 20 67

17 SnFe,0,@Si0,-SO;H 12 EtOH 70 20 88

“ Isolated yield. ” Reaction conditions: 4-chlorobenzaldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol), ammonium acetate (1.2

mmol), catalyst (mg) and solvent (3 mL).

SnFe,0,@Si0, were investigated, as illustrated in Table 1. It is
obvious from Table 1 that SnFe,0,@SiO0,-SO3;H shows higher
activity than its parent catalysts in Hantzsch reaction and when
the SnFe,0, and SnFe,0,@SiO, were used as the catalyst,
moderate yields were obtained. Then, the effects of various
solvents were studied to test the model reaction (Table 1,
entries 9-14). It is evident from entry 9 that the use of ethanol
increases the yield of the product (25 min, 99%). Moreover, the
other evaluation of solvents showed that reaction time is longer
and the percentage of the product is lower. It is evident from
entry 9 that the reaction at 80 °C is considered better than that
at room temperature. Finally, the maximum performance and
efficiency in terms of reaction time, percentage of products,
solvent, and temperature were obtained in the model reaction
using 0.012 g of SnFe,0,@8Si0,-SO;H in ethanol under reflux
conditions.

After optimization, we
withdrawing and electron-releasing benzaldehydes in the
SnFe,0,@Si0,-SO;H-catalyzed Hantzsch reaction for the
synthesis of polyhydroquinoline derivatives to identify the
generality and the high proficiency of the catalytic system (Table
2). It is evident from Table 2 that a variety of polyhydroquinoline
derivatives were synthesized with values of melting point, yield,

examined various electron-

14404 | RSC Adv, 2022, 12, 14397-14410

and reaction time. As shown in table, both electron-
withdrawing and electron-releasing benzaldehydes produced
the corresponding derivatives with excellent yields and short
reaction times, but, the reaction with electron-withdrawing
benzaldehydes is considered faster than the one with

electron-donating benzaldehydes.

3.3. Reaction mechanism

Based on our previous review on the synthesis of poly-
hydroquinolines," a possible transformation mechanism that
accounts for the SnFe,0,@Si0,-SO;H MNPs as a novel het-
erogenized Brgnsted-Lowry acid catalyst is illustrated in
Scheme 2. It is proposed that the SnFe,0,@Si0,-SO;H catalyst
due to its high Brensted-Lowry acid property in the presence of
the ethanol interacts with the oxygen present in the aldehyde
functionality by the hydrogen bonding and leads to the activa-
tion of the carbonyl group. According to this mechanism, the
nucleophilic addition by dimedone led to generating interme-
diate (I) which was followed by H,O molecule loss during
Knoevenagel reaction and gave intermediate (II). Afterward,
enamine (generated from the reaction of ethyl acetoacetate and
ammonium acetate) and intermediate (II) underwent 1,4-
Michael addition, affording the imine intermediate (III).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Hantzsch synthesis of polyhydroquinoline derivatives in the presence of SnFe,0,@SiO,—-SOsH MNPs in ethanol under reflux conditions

o]

— o A (o]
ArTCHO 5 Fe,0,@Si0,-S03H MNPs y
(o] > ] OEt
EtOH, Reflux
o O H
NH,OAc MOE
Melting point
Entry Product Time (min) Yield? (%) Measured Literature
1 30 99 219-223 218-221 (ref. 38)
2 65 93 206-207 205-206 (ref. 38)
3 45 95 235-236 234-236 (ref. 38)
CHO
4 HO 70 93 193-196 198-200 (ref. 39)
OFEt

-
5 o~ "CHO 85 89 247-250 246-249 (ref. 38)

0
6 s~ CHO 90 87 243-236 243-245 (ref. 38)

L,
7 OMe 35 98 255-256 255-256 (ref. 38)

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2022, 12, 14397-14410 | 14405
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Table 2 (Contd.)
o]
2 Ar O
7&1 ArTCHO 5 Fe,0,@Si0,-S03H MNPs g
o >
EtOH, Reflux | I
o o0 N
NH,OAc MOE
Melting point
Entry Product Time (min) Yield™” (%) Measured Literature
CHO
8 1 35 95 203-206 203-205 (ref. 38)
OMe
OMe
CHO

9 Me0/©/ 40 97 251-254 251-252 (ref. 40)
10 E 60 94 186-188 186-189 (ref. 38)

/©/CHO
11 cl 20 99 237-239 240-242 (ref. 38)

/©/CHO
12 Br 35 95 250-253 252-253 (ref. 40)

CHO

13 C|/©i0| 40 96 243-246 242-244 (ref. 38)
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Table 2 (Contd.)

= o A O
AEEEHD SnFe,04,@Si0,-SO3H MNPs
(o) > | | OEt

EtOH, Reflux

Melting point
Entry Product Time (min) Yield™” (%) Measured Literature
CHO
14 cl 35 98 201-203 201-203 (ref. 41)

Cl

“ Isolated yield. ? Reaction conditions: aromatic aldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate (1 mmol), ammonium acetate (1.2
mmol), SnFe,0,@Si0,-SO;H MNPs (12 mg) in ethanol (3 mL) under reflux conditions.
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Scheme 2 A possible mechanism for Hantzsch synthesis over SnFe,O,@SiO,-SOsH MNPs.
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Fig. 9 Reusability of SnFe,0,4@SiO,-SOzH MNPs.

Afterward, the imine intermediate underwent a cyclization
reaction and, finally, afforded the targeted polyhydroquinolines
products.

3.4. Catalyst reusability studies

Catalysts having sulfides, metal oxides, and acids in their
structure play an important and effective role in the industries
like petroleum to fuel cleaning and other applications in
precious materials. Hence, recycling the catalyst to prevent
waste generation after use is one of the most important prop-
erties of catalysts. Nevertheless, recycling novel magnetic
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Fig. 11 XRD pattern of spent SnFe,0,4@SiO,—SOzH MNPs.

SnFe,0,@Si0,-SO;H was evaluated on the model reaction, and
it was recycled up to 8 runs using an external magnet with
a gradual decrease in activity from 99 to 87% in the corre-
sponding product (Fig. 9).

The stability of the recovered SnFe,0,@SiO,-SO;H MNPs
was evaluated by FT-IR (Fig. 10) and P-XRD (Fig. 11) analysis.
This investigation reveals that the obtained spectrums are in
good agreement with the fresh catalyst results, and confirm
that the composition and crystalline phase of the spent cata-
lyst is not much affected even upon the 8th cycle. It supports
the slight decrease in the yield of the catalytic products in the
8th cycle (87%) when compared to the fresh catalyst (99%).
Our findings contribute to the development of new solid acid-
based magnetic nanomaterials and the same strategy could be
expanded to other industrial relevant metal catalyzed
reactions.
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Fig. 10 The FT-IR spectra of spent SnFe,0,4@SiO,—-SOzH MNPs.
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4. Conclusion

In summary, we have successfully synthesized an effective and
facile procedure for the synthesis of SnFe,0,@SiO,-SO;H as
a magnetically recoverable nanocatalyst with characterization
by a variety of techniques. The nanocatalyst indicated great
performance in the Hantzsch reaction through a variety of
aromatic aldehydes at loading as low as 0.012 g in ethanol
under reflux conditions. The easy work-up procedure, usage of
nontoxic solvent, excellent yield, short reaction time, good
tolerance of our method toward various functional groups, and
recycled and reused of catalyst by external magnet up to 8 runs
with only a significant loss in the product yields are the several
advantages for this method.
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The data that support the findings of this study are available in
the ESL.t

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the research facilities of Bu-Ali Sina
University, Hamedan, Iran.

References

1 M. Kazemi and M. Mohammadi, Appl. Organomet. Chem.,
2020, 34, 5400.

2 H. Wu, C. Fu, Y. Zhao, B. Yang, Y. Wei, Z. Wang and L. Tao,
ACS Macro Lett., 2015, 4, 1189-1193.

3 O. Quinonero, C. Lemaitre, M. Jean, N. Vanthuyne,
C. Roussel, D. Bonne, T. Constantieux, C. Bressy, X. Bugaut
and J. Rodriguez, Org. Lett., 2021, 23, 3394-3398.

4 M. Mohammadi and A. Ghorbani-Choghamarani, Res. Chem.
Intermed., 2022, DOI: 10.1007/s11164-022-04706-9.

5S. M. Ramish, A. Ghorbani-Choghamarani and
M. Mohammadi, Sci. Rep., 2022, 12, 1479.
6 N. Hussain-Khil, A. Ghorbani-Choghamarani and

M. Mohammadi, Sci. Rep., 2021, 11, 15657.

7 N. Seal and S. Neogi, ACS Appl. Mater. Interfaces, 2021, 13,
55123-55135.

8 X.-G. Liu, C.-S. Dong, F. Li and B. Zhang, Org. Lett., 2021, 23,
4002-4007.

9 T. Tamoradi, M. Mohammadi, A. R. Kiasat, J. Davarpanah
and B. Karmakar, Polycyclic Aromat. Compd., 2021, 1-15.

10 J. Zhao, S. Ji, C. Guo, H. Li, J. Dong, P. Guo, D. Wang, Y. Li
and F. D. Toste, Nat. Catal., 2021, 4, 523-531.

11 F. Ghobakhloo, D. Azarifar, M. Mohammadi, H. Keypour and
H. Zeynali, Inorg. Chem., 2022, 61, 4825-4841.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

12 M. Mohammadi, M. Khodamorady, B. Tahmasbi,
K. Bahrami and A. Ghorbani-Choghamarani, J. Ind. Eng.
Chem., 2021, 97, 1-78.

13 S. Esmaili, A. R. Moosavi-Zare and A. Khazaei, RSC Adv.,
2022, 12, 5386-5394.

14 M. Koolivand, M. Nikoorazm, A. Ghorbani-Choghamarani
and M. Mohammadi, Appl. Organomet. Chem., 2022, €6656.

15 L. Dai, Y. Xue, L. Qu, H.-J. Choi and J.-B. Baek, Chem. Rev.,
2015, 115, 4823-4892.

16 C.-L. Sun and Z.-J. Shi, Chem. Rev., 2014, 114, 9219-9280.

17 M. Mohammadi and A. Ghorbani-Choghamarani, New J.
Chem, 2020, 44, 2919-2929.

18 X. Long, ]J. Wang, G. Gao, C. Nie, P. Sun, Y. Xi and F. Li, ACS
Catal., 2021, 11, 10902-10912.

19 L. Prince, P. Guggenberger, E. Santini, F. Kleitz and
R. T. Woodward, Macromolecules, 2021, 54, 9217-9222.

20 A. Ghorbani-Choghamarani, Z. Taherinia and M. Mohammadi,
Environ. Technol. Innovation, 2021, 24, 102050.

21 M. Mohammadi and A. Ghorbani-Choghamarani, RSC Adv.,
2022, 12, 2770-2787.

22 Z. Esam, M. Akhavan, A. Bekhradnia, M. Mohammadi and
S. Tourani, Catal. Lett., 2020, 150, 3112-3131.

23 P. M. Martins, A. C. Lima, S. Ribeiro, S. Lanceros-Mendez
and P. Martins, ACS Appl. Bio Mater., 2021, 4, 5839-5870.

24 T. Tamoradi, S. Masoumeh Mousavi and M. Mohammadi,
ChemistrySelect, 2020, 5, 5077-5081.

25 S. Cao, J. Low, J. Yu and M. Jaroniec, Adv. Mater., 2015, 27,
2150-2176.

26 D. Mittal and D. P. Dutta, J. Mater. Sci.: Mater. Electron., 2021,
32, 18512-18543.

27 L. Cheng, H. Zhang, X. Li, J. Fan and Q. Xiang, Small, 2021,
17, 2005231.

28 Q. Zhang, X. Liu, M. Chaker and D. Ma, ACS Mater. Lett.,
2021, 3, 663-697.

29 X. Zhu, Y. Hu, G. Wu, W. Chen and N. Bao, ACS Nano, 2021,
15, 9273-9298.

30 J. Gu, L. Ji, P. Xiao, C. Zhang, J. Li, L. Yan and T. Chen, ACS
Appl. Mater. Interfaces, 2021, 13, 36679-36696.

31 A. Ghorbani-Choghamarani, M. Mohammadi
Z. Taherinia, J. Iran. Chem. Soc., 2019, 16, 411-421.

32 A. Ghorbani-Choghamarani, M. Mohammadi, L. Shiri and
Z. Taherinia, Res. Chem. Intermed., 2019, 45, 5705-5723.

33 Y. Jia, D.-H. Kim, T. Lee, S. Kang, B. W. Lee, S. J. Rhee and
C. Liu, RSC Adv., 2016, 6, 76542-76550.

34 M. Hajjami, A. Ghorbani-Choghamarani, R. Ghafouri-Nejad
and B. Tahmasbi, New J. Chem., 2016, 40, 3066-3074.

35 V. A.]J. Silva, P. L. Andrade, M. P. C. Silva, A. Bustamante D.,
L. De Los Santos Valladares and J. Albino Aguiar, J. Magn.
Magn. Mater., 2013, 343, 138-143.

36 B. Maleki, O. Reiser, E. Esmaeilnezhad and H. J. Choi,
Polyhedron, 2019, 162, 129-141.

37 S. Sargazi, M. R. Hajinezhad, A. Rahdar, M. N. Zafar, A. Awan
and F. Baino, Materials, 2021, 14, 825.

and

RSC Adv, 2022, 12,14397-14410 | 14409


https://doi.org/10.1007/s11164-022-04706-9
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01202b

Open Access Article. Published on 12 May 2022. Downloaded on 1/10/2026 1:25:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

38 A. Khazaei, M. Mahmoudiani Gilan and N. Sarmasti, Appl. 40 A. Ghorbani-Choghamarani, M. Mohammadi, T. Tamoradi

Organomet. Chem., 2018, 32, e4151. and M. Ghadermazi, Polyhedron, 2019, 158, 25-35.
39 S. Vaysipour, Z. Rafiee and M. Nasr-Esfahani, Polyhedron, 41 M. Tajbakhsh, H. Alinezhad, M. Norouzi, S. Baghery and
2020, 176, 114294. M. Akbari, . Mol. Lig., 2013, 177, 44-48.

14410 | RSC Adv, 2022, 12, 14397-14410 © 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01202b

	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b

	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b

	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b
	Silica sulfuric acid coated on SnFe2O4 MNPs: synthesis, characterization and catalytic applications in the synthesis of polyhydroquinolinesElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra01202b


