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of SO3H supported
Fe3O4@resorcinol–formaldehyde resin core/shell
and its catalytic evaluation towards the synthesis of
hexahydroquinoline derivatives in green conditions

Aliyeh Barzkar and Alireza Salimi Beni*

A novel spherically shaped core@double-shell acidic nanocatalyst (Fe3O4@SiO2@RF–SO3H) [RF:

resorcinol–formaldehyde resin] was prepared in situ and completely characterized using X-ray

diffraction, Fourier transform infrared spectroscopy, vibrating sample magnetometry, energy dispersive

X-ray spectroscopy, thermogravimetric analysis, transmission electron microscopy and field-emission

scanning electron microscopy. The concentration of H+ loaded on the Fe3O4@SiO2@RF was reported to

be 1.3 mmol g�1. The well-defined Fe3O4@SiO2@RF–SO3H core–shell heterostructures exhibited high

stability, efficient recyclability (10 cycles), and promoted catalytic activity for one-pot condensation

reaction between the aromatic aldehydes, dimedone, malononitrile, and ammonium acetate for the

synthesis of hexahydroquinoline derivatives.
1. Introduction

Recently, quinolines and their derivatives have attracted
considerable attention in organic chemistry due to their phar-
macological signicance. These compounds can be found in
many natural products because of their biological properties.
They are also beneted from favorable antibacterial, anti-
fungal, antioxidant, anti-cancer and anticonvulsant proper-
ties.1,2 Quinoline and its derivatives are generally synthesized
from four compounds using a one-step reaction of Hantzsch via
a long cyclocondensation of aldehydes, b-keto ester, ammonia,
and relevant catalyst. To improve the production efficiency of
quinoline and its derivatives, several catalysts, such as Yb tri-
uoromethanesulfonate (OTf)3,3 K7[PW11CoO40],4 p-toluene-
sulfonic acid (p-TSA),5 HClO4–SiO2,6 (Sc(OTf)3),7 cerium(IV)
ammonium nitrate,8 and iron(III) uoride (FeF3),9 have been
developed. All these catalysts suffer from several drawbacks,
including difficult separation from the reaction medium, high
cost, and the use of toxic organic solvents. An environmentally
friendly and one-step synthesis approach, which involves the
use of four compounds (i.e. aryl aldehydes, dimedone, ammo-
nium acetate, and malononitrile), has been recently developed
in the presence of a heterogeneous catalyst.10–12

The advancements in magnetic nanoparticles (MNPs)-based
heterogeneous catalysts have opened new horizons for the
development of modern science because of their unique
features such as cost-effectiveness, non-toxicity and convenient
, Yasouj University, Yasouj 75918-74831,
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separation with an external magnetic eld. MNPs can be
recovered and reused many times, which makes them more
economical.13,14 MNPs, however, have several weaknesses
among which low stability in the acidic and alkaline conditions,
easy oxidization under humid atmospheric conditions, and
agglomeration can be mentioned.15,16 These limitations could
be overcome through surface modication with stable materials
such as silica, carbon and polymer.17–20 The MNPs surface
modication approaches can be divided into two categories:
coating with inorganic materials (e.g. silica and metal oxides)
and organic coatings containing carbon and polymers (e.g.
resorcinol–formaldehyde resin).18,21 Resorcinol–formaldehyde
resin has excellent characteristics, thus making it an appro-
priate candidate for stabilization. It can serve as a good
precursor for carbon source; moreover, it has high chemical
stability and hydrophilicity. To date, the use of resorcinol–
formaldehyde resin in the synthesis of core–shell and yolk–shell
structures has gained considerable interest.22,23 In some cases,
the Stöber method was used for the sequential hydrolysis and
concentration of organo-silanes24 to prepare the silica colloidal
spheres as a reactive linking layer on the magnetic
substrates.25,26

The magnetite based core/shell nanostructures have been
studied for more than two decades due to their use in various
elds such as catalysis,27,28 drug carriers,29,30 lithium batteries,31,32

sensors,33,34 and energy storage35,36, adsorbents.37–39 The core–
shell structures containing magnetite as the core and the resor-
cinol–formaldehyde (RF), glucose, and dopamine as the shell can
be used for substrate stabilization. Resorcinol–formaldehyde
have attractive properties such as good stability, high surface
RSC Adv., 2020, 10, 41703–41712 | 41703

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06972h&domain=pdf&date_stamp=2020-11-13
http://orcid.org/0000-0002-4217-9649
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra06972h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010068


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 8
:3

2:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
area, low cost, remarkable electrical conductivity, controllable
structure, and outstanding thermal and mechanical proper-
ties.40–42 Several core–shell catalysts, including Fe3O4@-
polydopamine,43 AgBr@SiO2@RF,44 noble metal@RF,21

Fe3O4@RF/Cu2O,45 Fe3O4@CFR-PdNPs, and Fe3O4@-
FR@graphene-oxide-PdNPs,46 have been developed in this cate-
gory. An effective approach to increase the catalytic activity of
these nanocomposites is to stabilize their functional groups by
graing and sol–gel methods. Sulfuric acid graing on the
surface of the core shells has several unique advantages,
including large surface area, large pore volume, and easy func-
tionalization. In particular, the core/shell structures with two
shells is the best strategy to protect the magnetic core against
oxidation and acidic conditions. Furthermore, the presence of
acidic groups on the surface can improve its catalytic perfor-
mance; moreover, sulfuric acid is a good Brønsted acid for the
catalysis of several reactions (such as aldol condensations, acyl-
ations, nucleophilic additions, and hydrolysis).20,47,48

By increasing active sites in catalysts, especially in hetero-
geneous catalysts, the number of reactive sites and catalytic
efficiency will be increased, thus providing additional active
sites in the structure of the catalyst and can save the catalyst
amount and the time-consumption. Regarding the importance
of magnetic nanoparticles, this study is the rst report on
nanocatalysts modied by silica and resorcinol–aldehyde with
high surface area and double-shell core–shell structure (Fe3-
O4@SiO2@RF–SO3H). In this manner, the MNPs surface was
protected against oxidation, thus making them suitable for use
as a stabilizing agent for sulfonic acid. In this case, the modi-
cation of the surface of nanoparticles with organic shells, in
addition to protecting the magnetic properties of these Fe3O4

NPs, increases the surface hydrophobicity due to the presence
of organic groups. This hydrophobicity increases the applica-
tion of core–shell-structured organic coated NPs in catalytic
processes. This nanostructure was characterized by various
analysis methods; it was then employed as a new and useful
acidic nanocatalyst for synthesizing hexahydroquinoline deriv-
atives under solvent-free conditions at 40 �C.

2. Experimental section
2.1. Materials and methods

Chemicals such as tetraethyl orthosilicate (TEOS), resorcinol,
formaldehyde, ammonia solution (25–28%), FeCl3$6H2O,
FeCl2$4H2O, ethanol, HCl, malononitrile, dimedone, and all
applied aldehydes were purchased from Merck, Fluka, and
Aldrich. All solvents were dried and puried before application
in the reactions. Purication of reaction products was per-
formed via TLC on silica gel polygram SILG/UV 254 plates. The
melting points were determined by a Barnstead Electrothermal
(BI 9300) apparatus. FTIR spectra were obtained using an FT-IR
JASC0-680 spectrometer. NMR spectra were obtained with
a Bruker 400 MHz Ultrashield spectrometer at 400 MHz (1H)
and 100 MHz (13C) using CDC13 or DMSO-d6 as the solvent with
TMS as the internal standard. Filed-emission scanning electron
microscopy (FESEM) analysis was conducted by a Philips, XL30
emission electron microscope. Thermogravimetric analysis
41704 | RSC Adv., 2020, 10, 41703–41712
(TGA) was performed by NETZSCH STA 409 PC/PG from room
temperature to 800 �C.

2.2. Preparation of Fe3O4

Magnetic nanoparticles were prepared as follows: FeCl2$4H2O
2 g and FeCl3$6H2O 5.2 g wasmixed in 25mL of HCl (1 N). Then,
250 mL of NaOH solution was dropwise added for 20 min under
N2 purging at 80 �C. Finally, the black precipitates were sepa-
rated by an external magnet, washed several times with distilled
water and dried at 40 �C.49

2.3. Preparation of Fe3O4 core@SiO2 shell

To coat a SiO2 layer around the Fe3O4 nanoparticle, the Stöber
method was used. In a typical procedure, 0.15 g of as-prepared
Fe3O4 NPs was monodispersed in 60 mL of distilled water/
ethanol (1 : 2) for 30 min. Then, 10 mL of NH4OH and 2 mL
of TEOS was added to the mixture in a round-bottom ask and
stirred at room temperature for 6 h. Finally, the crude product
was separated by an external magnet and washed several times
with water and ethanol and dried at 60 �C for 12 h.50

2.4. Preparation of Fe3O4@SiO2@RF

Polymeric resorcinol-formaldehyde shell was coated on the
Fe3O4@SiO2 surface through the following steps: 0.3 g of Fe3-
O4@SiO2 nanostructure, 0.9 g of formaldehyde, and 28 mL of
distilled water were transferred in a round-bottom ask and
fully dispersed under ultrasound waves for 90 min. Then, 1.4 g
of resorcinol, 120 mL of ethanol and 0.4 mL of ammonium
hydroxide were added to the mixture. To complete the reaction,
aer 30 min of stirring at 35 �C, 2 mL of formaldehyde solution
was added and the mixture was stirred for additional 6 h at
room temperature. The reaction mixture was aged at room
temperature overnight without complete polymerization.
Finally, the product was collected by an external magnet and
washed several times by water and ethanol and dried in an oven
at 60 �C for 12 h.51

2.5. Preparation of Fe3O4@SiO2@RF–SO3H

The Fe3O4@SiO2@RF–SO3H catalyst preparation involved the
replacement of the hydroxyl groups of Fe3O4@SiO2@RF with
sulfuric acid groups. For this purpose, 1.0 g of Fe3O4@SiO2@RF
core-double shell nanostructure was dispersed by ultrasonic waves
into 40 mL of chloroform in a two-neck round-bottom ask. Then,
1 mL of chlorosulfonic acid was dropwise added to the reaction
mixture and stirred for 3 h at room temperature under an argon
atmosphere. Finally, the magnetic product was separated with an
external magnet and washed several times with chloroform and
ethanol and dried at 40 �C. All stages for the production of Fe3-
O4@SiO2@RF–SO3H are presented in Fig. 1.

2.6. Determination of acidity of the Fe3O4@SiO2@RF–SO3H
nanocatalyst

The amount of sulfuric acid loaded on the nanostructure surface
was calculated by back titration by 0.5 N HCl. To this end, 0.3 g of
Fe3O4@SiO2@RF–SO3H nanocatalyst was added into 15 mL of
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Illustration for the synthetic steps of Fe3O4@SiO2@RF–SO3H.
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NaOH solution (0.2 N) and stirred at room temperature for 24 h;
then, the extracted NaOH was titrated by HCl. According to this
experiment, the loading of H+ was 1.3 mmol g�1.
2.7. General procedure for the preparation of
hexahydroquinoline

Aldehydes (1 mmol), dimedons (1 mmol), ammonium acetate (1
mmol), malononitrile (1 mmol), and Fe3O4@SiO2@RF–SO3H
Fig. 2 FT-IR spectra of (A) (a) Fe3O4 (b) Fe3O4@SiO2 (c) Fe3O4@SiO2@
SiO2@RF–SO3H sample.

This journal is © The Royal Society of Chemistry 2020
nanocatalyst (0.9 mol%) were thoroughly mixed in a round-
bottom ask and heated to 40 �C under continuous stirring.
Reaction completion was conrmed by TLC and then the
products were dissolved in hot ethanol (8 mL) and Fe3O4@-
SiO2@RF–SO3H was separated by an external magnet. The
solvent was then evaporated and crude products were recrys-
tallized and puried in ethanol, followed by IR, 1H NMR, and
13C NMR characterization.
RF and (d) Fe3O4@SiO2@RF–SO3H and (B) XRD pattern of Fe3O4@-

RSC Adv., 2020, 10, 41703–41712 | 41705
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3. Results and discussions
3.1. Materials characterization

The FT-IR spectra of various steps involved during the synthesis
of the nanocatalyst are rst described. In the FTIR spectrum of
Fe3O4, a strong and evident peak at 585 cm�1 can be related to
the Fe–O vibration. The vibrations of the hydroxyl group at
1630 cm�1 (bending vibration) and 3405 cm�1 (anti-symmetric
stretching vibration) conrmed the successful preparation of
Fe3O4. For Fe3O4@SiO2, a wide absorption band at 1083 cm�1 is
related to the Si–O–Si symmetric stretching vibrations, Si–O
bands could be observed in the range of 460–789 cm�1. The
vibrations of hydroxyl group related to the SiO2 at 3434 cm

�1 are
easily observable. In the spectrum of Fe3O4@SiO2@RF, inten-
sity of the Si–O–Si and Si–O peaks decreased due to the presence
of RF polymer. The absorption bands at 1420 cm�1 and
1635 cm�1 correspond to the aromatic rings in the RF. The
Fig. 3 FESEM image of Fe3O4@SiO2@RF–SO3H (a), TEM image of Fe3
Fe3O4@SiO2@RF–SO3H (d).

41706 | RSC Adv., 2020, 10, 41703–41712
successful stabilization of sulfuric acid groups on the surface of
the Fe3O4@SiO2@RF can be conrmed based on the vibrations
at 1000–1300 cm�1 (Fig. 2A).

The XRD pattern of Fe3O4@SiO2@RF–SO3H is depicted in
Fig. 2B. The diffraction peaks at 2q ¼ 30.0�, 35.5�, 43.2�, 53.8�,
57.2�, and 62.6� can be attributed to 022, 222, 004, 224, 114 and
244 crystal planes, respectively, conrming the crystalline
structure of the magnetic Fe3O4.52 The broadband peak
observed in the range of 15�–30� could be assigned to SiO2 and
RF amorphous layers.53,54

FESEM (Fig. 3a) images of Fe3O4@SiO2@RF-SO3H show the
nano spherical shape of the samples and conrm the formation
of a quite rough structure. TEM (Fig. 3b) and HRTEM (Fig. 3c)
was used to visualize the formation of Fe3O4@SiO2 core–shell
and Fe3O4@SiO2@RF–SO3H core-double-shell nanostructure,
respectively. Fig. 3b shows the nanoparticle-assembled cluster
core of�30 nm and uniform carbon shell of�20 nm around the
O4@SiO2 (b) and Fe3O4@SiO2@RF–SO3H (c) and EDS spectra of the

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra06972h


Fig. 4 (A) Thermal gravimetric analysis of Fe3O4@SiO2@RF–SO3H and (B) VSM analysis of (a) Fe3O4 and (b) Fe3O4@SiO2@RF–SO3H.
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Fe3O4 NPs. Subjected to the successive precipitation polymeri-
zation through the binding of RF, the magnetic composite
nanoparticles were densely encapsulated by the RF of �70 nm
(Fig. 3c). A close inspection of the outer shell in Fig. 3c indicates
a rough surface with discontinuous coverage on the Fe3O4@-
SiO2 shell. Energy-dispersive X-ray (EDAX) spectra (Fig. 3d)
conrms the presence of Fe, Si, O, C and S, thus proving the
existence of silica and polymeric layers on the surface of
magnetite nanoparticles and the stabilization of acidic groups
of sulfuric acid on the core–shell surface.

Thermogravimetric and differential thermal analyses of the
Fe3O4@SiO2@RF–SO3H (Fig. 4A) conrm the thermal stability
Table 1 Optimization conditions of Fe3O4@SiO2@RF–SO3H catalyst am

Entry Solvent Catalyst loading (mol%)

1 — —
2 — 0.18
3 — 0.54
4 — 0.9
5 — 1.8
6 — 0.9
7 — 0.9
8 — 0.9
9 H2O 0.9
10 EtOH 0.9
12 Toluene 0.9
13 CH3CN 0.9
14 — Fe3O4@SiO2

c

15 — Fe3O4@SiO2@RFd

a Reaction conditions: benzaldehyde (1 mmol), dimedone (1 mmol), malo
SO3H nanocatalyst (0.9 mol%). b Isolated yields. c 0.02 g of Fe3O4@SiO2 w

This journal is © The Royal Society of Chemistry 2020
of the as-prepared sample. The presence of xed groups can be
interpreted as follows: the initial weight loss below 200 �C is
related to the removal of adsorbed solvents and hydroxyl
groups; however, the second weight loss is observed in the
temperature range of 200 to 300 �C, which reects the removal
of sulfonic acid groups. The last weight loss can be assigned to
the thermal decomposition of the nanostructure at 350–700 �C,
thus conrming the stability of the synthesized nanostructure.

Vibrating sample magnetometer (VSM) curve of (Fig. 4B)
revealed that the saturation magnetization of Fe3O4 nano-
particles was approximately 60 emu g�1, which decreased to
17.05 emu g�1 aer SiO2@RF–SO3H coating. This decrease in
ount, solvent type and temperature on blank reactiona

T
(�C)

t
[min] Yieldb [%]

40 240 —
40 35 >90%
40 25 >95%
40 15 >98%
40 10 >98%
RT 50 60%
30 45 90
60 10 >98%
40 25 90
40 25 93%
40 35 50%
40 40 58%
40 60 —
40 60 —

nonitrile (1 mmol), ammonium acetate (1 mmol) and Fe3O4@SiO2@RF–
as used as a catalyst. d 0.02 g of Fe3O4@SiO2@RF was used as a catalyst.

RSC Adv., 2020, 10, 41703–41712 | 41707
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Table 2 Synthesis of hexahydroquinoline derivatives in the presence
of Fe3O4@SiO2@RF–SO3H nanocatalyst at 40 �C under solvent-free
conditiona

Entry R Time Yieldb (%) MP Ref.

1 H 15 95 285–286 286 (ref. 12)
2 4-CH3 18 92 290–292 294–295 (ref. 12)
3 4-OCH3 20 91 290–291 289–293 (ref. 12)
4 2-OCH3 21 91 288–289 —
5 2-OH 22 90 290–291 —
6 4-Isopropyl 20 93 289–290 —
7 4-NO2 12 98 280–292 290–293 (ref. 12)
8 3-NO2 13 97 282–284 282–283 (ref. 12)
9 4-CN 13 97 287–290 —
10 4-Cl 14 92 289–291 290–291 (ref. 10)
11 2,4-Cl 13 94 290–293 —
12 4-Br 13 92 296–298 295–296 (ref. 10)
13 3-Br 12 91 292–294 293–294 (ref. 12)

a Reaction conditions: benzaldehyde (1 mmol), dimedone (1 mmol),
malononitrile (1 mmol), ammonium acetate (1 mmol) and
Fe3O4@SiO2@RF–SO3H nanocatalyst (0.9 mol%). b Isolated yields.

Fig. 5 Recoverability and reusability results of the Fe3O4@SiO2@RF–
SO3H nanocatalyst.
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the saturation magnetization could be due to the formation of
silicone and polymer coatings on the surface of Fe3O4 nano-
particles, which conrms the successful stabilization of the
acidic groups on the Fe3O4@SiO2@RF surface. An image for the
collection of Fe3O4@SiO2@RF–SO3H catalyst by an external
magnet is in the inset of Fig. 4B. Magnetic property is one of the
best and most effective advantages of this novel nanocatalyst,
which contributes in its easy separation and cost-effectiveness.

3.2. Optimization of hexahydroquinoline synthesis using
Fe3O4@SiO2@RF–SO3H

The catalytic reaction for the hexahydroquinoline preparation
was performed in the presence of Fe3O4@SiO2@RF–SO3H.
Before the synthesis of these derivatives, the ideal conditions
were optimized in the blank reaction. To identify the best
reaction conditions, the reactions of benzaldehyde with malo-
nonitrile, dimedons, and ammonium acetate were considered
as blank reactions. The effects of various parameters such as
catalyst loading, solvent type, and temperature were then opti-
mized (Table 1). The reaction took a long time (4 h) in the
absence of Fe3O4@SiO2@RF–SO3H, which conrms the
importance of the presence of Fe3O4@SiO2@RF–SO3H. A
increase in the amount of catalyst from 0.18 to 0.90 mol% led to
an enhance in the product yield; however, its additional
increase from 0.9 to 1.8 mol% did not change the yield (Table 1,
entries 1–5). Therefore, 0.9 mol% of the catalyst was selected as
the optimum catalyst amount (Table 1, entry4). Several solvents
were used to identify the optimal solvent type (Table 1, entries
9–13). It was observed that nonpolar solvents such as toluene
and acetonitrile resulted in lower yields compared to polar and
protic solvents (e.g. water and ethanol). In the solvent-free
condition, 98% yield was observed (Table 1, entries 4). The
reaction temperature was studied for selecting the appropriate
temperature conditions (room temperature, 30, 40, and 60 �C).
A comparison of obtained yields showed that the best yield can
be achieved at 40 �C; therefore, this temperature was selected as
the optimum temperature conditions (Table 1, entries 4–8). To
show the neat effect of the supported sulfuric acid sites during
this catalytic process, the catalytic activity of Fe3O4@SiO2 and
Fe3O4@SiO2@RF nanomaterials in the model reaction was
studied; the results were compared with those of the present
catalyst. Interestingly, the results showed that in the presence of
both sulfuric acid and free nanomaterials, no yield of the
desired product was obtained under the same conditions and
time as that of the Fe3O4@SiO2@RF–SO3H, thus conrming
that the synthesis of hexahydroquinoline process is primarily
catalyzed by the supported –SO3H moieties.

3.3. Synthesis of hexahydroquinoline derivatives at the
presence of Fe3O4@SiO2@RF–SO3H

Aer optimizing the blank reaction conditions, certain benzal-
dehyde derivatives with electron-donating groups and electron-
accepting groups were studied. The results indicated a short
reaction time and high efficiency for both types of groups. This
indicates that the position and type of substitution did not have
a signicant impact on the reaction process, thus conrming
41708 | RSC Adv., 2020, 10, 41703–41712
the effective performance of the new Fe3O4@SiO2@RF–SO3H
nanocatalyst for synthesizing hexahydroquinoline derivatives
(Table 2). FTIR, 1H NMR, and 13C NMR spectral data were used
to identify the structure of the product.
3.4. Reusability and recovery of Fe3O4@SiO2@RF–SO3H

The recovery and reusability test is a simple and easy approach
to assess the heterogeneity and performance of a catalyst. To
study the recycling ability and reusability of the Fe3O4@-
SiO2@RF–SO3H nanocatalyst, the reaction between benzalde-
hyde, dimedone, malononitrile, and ammonium acetate was
performed under optimum conditions. Aer completion of the
reaction (detected by TLC), the Fe3O4@SiO2@RF–SO3H catalyst
was collected by an external magnet and washed with hot
ethanol. Fe3O4@SiO2@RF–SO3H was again used in the same
reaction under the same conditions for 10 cycles and did not
show any efficiency variations (see Fig. 5).
3.5. Comparisons with literature

The performance and efficiency of the synthesized acidic Fe3-
O4@SiO2@RF–SO3H nanocatalyst was compared with the other
This journal is © The Royal Society of Chemistry 2020
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Table 3 Comparison of catalytic activity of the Fe3O4@SiO2@RF–SO3H nanocatalyst with several known catalysts in the synthesis of hexahy-
droquinoline derivatives

Entry Catalyst Solvent Time (min) Reaction cycles Yield% Ref.

1 Melamine trisulfonic acid (MTSA) — 180 4 94 55
2 n-Fe3O4@TDI@TiO2 — 20 6 92 12
3 Nano-ZrO2–SO3H — 16 5 94 10
4 Nano-Fe3O4 EtOH 12 — 91 56
5 Fe3O4@SiO2@RF–SO3H — 15 10 >98 This work

Fig. 6 FTIR spectra (a) and VSM analysis (b) of the Fe3O4@SiO2@RF–SO3H after and before used as the catalyst and EDS spectrum of the
recovered Fe3O4@SiO2@RF–SO3H after seventh reaction cycle and (c).
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synthesized catalysts in Table 3. Accordingly, all previously re-
ported catalysts were among the components of our blank
reaction. All of them required higher temperatures, took longer
time to react, and had lower yields and reaction cycles than
Fe3O4@SiO2@RF–SO3H. The superior performance of Fe3O4@-
SiO2@RF–SO3H nanocatalyst, (e.g. its shorter reaction time,
solvent-free conditions, high efficiency, and higher response
cycle) can be assigned to its ease of recyclability, structural
features (e.g. high surface area, surface uniformity), and high
stability of functionalized acid groups.
3.6. Fe3O4@SiO2@RF–SO3H stability

To study the structure and conrm the stability of the recov-
ered catalyst, FTIR, EDS, and VSM results of the recycled Fe3-
O4@SiO2@RF–SO3H were investigated. The FTIR spectra
results of reused catalyst indicated that the Fe3O4@SiO2@RF–
SO3H structure remained intact during the hexahydroquino-
lines preparation reaction. The VSM analysis of recovered
catalyst did not show a signicant change in the saturation
magnetization as both the fresh and recovered catalysts had
the saturation magnetization of �17 emu g�1 (Fig. 6b). By
comparing the EDS results of fresh and recovered catalysts, it
can be observed that all elements in the fresh catalyst (such as
Fe, Si, O, C, and S) are present in the recovered catalyst, thus
Scheme 1 Proposed mechanism of Fe3O4@SiO2@RF–SO3H catalyzed h

41710 | RSC Adv., 2020, 10, 41703–41712
indicating the stability of the Fe3O4@SiO2@RF–SO3H struc-
ture during the reaction (Fig. 6c). These results reveal the
stability of the Fe3O4@SiO2@RF–SO3H structure and indicate
the high activity of the Fe3O4@SiO2@RF–SO3H catalyst aer
recovery.
3.7. Fe3O4@SiO2@RF–SO3H-catalyzed hexahydroquinolines
synthesis mechanism

Hexahydroquinoline preparation reaction occurs in three
stages. (i) The addition of ammonium acetate to the dimedone
and the formation of enaminone (enaminone possesses the
nucleophilic characters of enamine and enone).57 At this stage,
ammonium acetate serves as a source of hydrogen and activates
the carbonyl group from dimedone and malononitrile to form
enaminone.57 (ii) A Knoevenagel reaction between the benzal-
dehyde and the malononitrile gives rise to the formation of
arylidenemalononitrile (the ammonium acetate also acts as
a base source and converts malononitrile into a nucleophile by
removing hydrogen from the malononitrile).58 (iii) A Michael
addition reaction involving the intramolecular cyclization
between the enaminone and arylidenemalononitrile; water
elimination under this condition results in the formation of the
nal product (Scheme 1). Owing to its acidic hydrogen,
carbonyl, and cyanide groups, Fe3O4@SiO2@RF–SO3H can be
exahydroquinolines synthesis.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra06972h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
26

 8
:3

2:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
activated in three different steps and enhance the activity of
intermediates in each step (Scheme 1).

4. Conclusions

In this study, a new core-double shell nanostructure of Fe3-
O4@SiO2@RF@SO3H nanocatalyst was successfully synthesized
and characterized using FT-IR, VSM, SEM, TEM, EDAX, TGA,
and XRD analyses. FT-IR, EDAX, and TGA showed successful
stabilization of sulfuric acid acidic groups on the Fe3O4@-
SiO2@RF surface. FESEM and TEM analyses conrmed the
spherical core-double-shell structure of the products. This new
nanocatalyst was successfully applied in a one-step reaction to
synthesize the hexahydroquinoline derivatives with high purity
and yield. Fe3O4@SiO2@RF@SO3H nanocatalyst was simply
recycled and reused 10 times without signicant reduction in its
efficiency. Moreover, the efficiency of this new nanocatalyst was
compared with the previously reported catalysts, which indi-
cated shorter reaction time, higher yields, solvent-free condi-
tions, and higher reaction cycle of the proposed nanocatalyst.
Finally, EDAX and VSM results of the recycled Fe3O4@SiO2@-
RF@SO3H conrmed its high stability.
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