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e3O4 nanocomposite as a new
magnetically recoverable catalyst for the
preparation of polyhydroquinolines†

Hamid Goudarziafshar,*a Maryam Zafaria and Ahmad Reza Moosavi-Zare *ab

A porous carbon/Fe3O4 nanocomposite (PC/Fe3O4 nanocomposite) was prepared through the pyrolysis of

peanut shells as biowaste with ferrous ferric oxide to give a new magnetically recoverable catalyst. In the

designed nanocomposite, magnetic iron oxide nanoparticles are properly distributed on the surface and

cavities of porous carbon obtained from biomass. Increasing the active surface and magnetic recovery

capability results in catalytic synergy, thereby promoting the reaction with an appropriate catalytic effect.

The catalytic ability of the porous carbon/Fe3O4 nanocomposite as a nanomagnetically recoverable

catalyst was successfully tested for the synthesis of polyhydroquinolines.
1. Introduction

1,4-Dihydropyridine derivatives exhibit important medicinal
properties, such as antimalarial, antiasthmatic, anti-
inammatory, anticancer, antimicrobial, antioxidant and
antibacterial activities.1–5 Moreover, these materials have been
used as tyrosine kinase inhibiting materials.6 Poly-
hydroquinoline compounds, containing a 1,4-dihydropyridine
ring in their structure, show some signicant pharmacological
properties, including antiatherosclerotic, antitumour, ger-
oprotective, vasodilator, bronchodilator and hepatoprotective
activity.7

The multi-component synthesis of polyhydroquinolines via
the reaction of arylaldehydes, dimedone (5,5-
dimethylcyclohexane-1,3-dione), b-ketoesters and ammonium
acetate is one of the most important protocols for the synthesis
of these important compounds.8 High yield of products, short
reaction times, saving energy and starting materials, as well as
producing the nal product in shorter steps are some advan-
tages of this protocole.9–17

The multicomponent preparation of polyhydroquinoline
derivatives has been reported using various catalysts, such as
Cu-IRMOF-3,8 nano-Fe3O4,18 sulfonic acid functionalized pyr-
idinium chloride,19 nano-[Mn-4NSMP]Cl2,20 silica-bonded
imidazolium-sulfonic acid chloride,21 nano-[Fe-PSMP]Cl2,22

nano-CoAl2O4,23 Cu(II)@PHQSS,24 SnFe2O4@SiO2@SO3H,25

[pyridine-1-SO3H-2-COOH]Cl,26
edan University of Technology, Hamedan,

m; hamid_gafshar@yahoo.com

, Shiraz University, Shiraz 71946-84795,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
Fe3O4@CQD@Si(OEt)(CH2)3NH@CC@Ad@Cu(OAc)2,27 nickel
nanoparticles,28 [NMP][HSO4],29 FeF3,30 and [Fe3O4@SiO2/N-
propyl-1-(thiophene-2-yl) ethanimine][CoCl2].31

Owing to the low price, low density, biodegradability, good
electrical conductivity and easy thermal decomposition,
biomass waste can be reused as a renewable and degradable
material.32–36 Recently, agricultural waste has been used as one
of the sources of biomass in the preparation and design of
catalysts. One of these materials is peanut shells, which have
been used as a suitable starting material in the production of
porous carbon owing to their low density and high ber
content. Adding metal oxides and other functional groups to
a porous carbon substrate with a high effective surface is the
basis of designing new catalysts with high catalytic power and
chemical activity in chemical reactions.37

Peanut shells as a biomass obtained from agricultural waste
have been used in carrying out limited chemical processes,
including the cycloaddition of epoxides by carbon dioxide,37

decomposition of polluting organic compounds,38 synthesis of
aromatic rich monomers,39 preparation of 5-hydrox-
ymethylfurfural derivatives from polysaccharides and mono-
saccharides (such as cellulose, glucose, sucrose, and some
agricultural wastes),40 esterication of cyclohexene by formic
acid,41 and preparation of H-pyrimido[2,1-b] benzimidazoles42

and 1,2,3-triazole compounds.43

Scientists and technologists have been drawn to magnetic
nanoparticles owing to their important properties, including
particle size, morphology, and magnetic activity. Magnetic
nanoparticles have been widely used in the design of supported
catalysts and the preparation of catalysts with a core–shell
structure. The presence of these particles in the structure of
a catalyst causes a simple separation of the catalyst from the
reaction mixture via an external magnet, and it can be reused in
other reactions. Furthermore, magnetic nanoparticles have
RSC Adv., 2024, 14, 27565–27574 | 27565
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Scheme 1 The preparation of polyhydroquinolines using the PC/Fe3O4 nanocomposite.
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been used in the process of drug delivery, designing reagents in
cancer treatment, and designing absorbent materials to remove
inorganic and organic pollutants from the environment.44–53

Recently, various catalysts such as iron-doped Se/C and
magnetic Se/Fe/PCN using carbon and iron elements were
designed. These include the iron-doped Se/C applied as
heterogeneous catalysts for the selective epoxidation of b-ion-
one to give 5,6-epoxy-b-ionone,54 and magnetic Se/Fe/PCN used
for the oxidative cracking of styrene derivatives.55

Thus, we have applied peanut shells as bio-waste to prepare
porous carbon as a template for the placement of ferrous ferric
oxide on this media to give porous carbon/Fe3O4 nano-
composite (PC/Fe3O4 nanocomposite), which was successfully
used as an efficient heterogeneous and reusable catalyst for the
synthesis of polyhydroquinolines (Scheme 1).
2. Experimental
2.1. Procedure for the synthesis of the PC/Fe3O4

nanocomposite

Fe3O4 nanoparticles were prepared according to previous liter-
ature.31 Peanut shells were crushed and ground in a mortar, and
subsequently burned. Then, the burnt peanut shell (0.075 g)
was added to the prepared magnetite nano magnetite (0.025 g),
and the mixture was heated in the oven for 4 hours at 600 °C to
produce the PC/Fe3O4 nanocomposite.
Fig. 1 FT-IR spectrumof the PC/Fe3O4 nanocomposite in comparison
with Fe3O4.
2.2. General procedure for the synthesis of
polyhydroquinoline derivatives

To a round-bottomed ask, aryl aldehyde (1 mmol), ethyl ace-
toacetate (1 mmol, 0.13 g), dimedone (1 mmol, 0.14 g) and
ammonium acetate (1 mmol, 0.77 g) were added. The PC/Fe3O4

nanocomposite (0.003 g) was added to the round-bottomed
ask containing the starting materials and connected to
a reux condenser, and heated at 75 °C under solvent free
condition for the appropriate time (Table 2). Aer the formation
of a signicant amount of the desired product according to the
TLC test using a mixture of n-hexane and ethyl acetate solvents
with a volume ratio of 1 : 2, the PC/Fe3O4 nanocomposite was
separated by an external magnet. The corresponding product
was then puried by the recrystallization process in ethanol
(70%).
27566 | RSC Adv., 2024, 14, 27565–27574
2.3. Spectral data of compounds

2.3.1 Ethyl-2,7,7-trimethyl-5-oxo-4-(p-tolyl)-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate (2). White solid; M.p.; 259–
261 °C; IR (KBr, cm−1): 3276, 3208, 3083, 2935, 1701, 1647, 1605,
1495, 1380, 1215, 1194, 1072 cm−1; 1H NMR (250 MHz, DMSO-
d6): d (ppm) 0.83 (s, 3H), 0.98 (s, 3H), 1.11 (t, J = 6.75 Hz, 3H),
1.94 (d, J= 16.00 Hz, 2H), 2.17 (s, 3H), 2.22 (s, 3H), 2.36–2.48 (m,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Energy-dispersive X-ray spectroscopy (EDX) of the PC/Fe3O4 nanocomposite.

Fig. 3 SEM coupled EDX (SEM mapping) of the PC/Fe3O4 nanocomposite.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 27565–27574 | 27567
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Fig. 4 SEM image of the PC/Fe3O4 nanocomposite.

Fig. 5 Atomic force microscopy (AFM) analysis of the PC/Fe3O4 nanoco

27568 | RSC Adv., 2024, 14, 27565–27574
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2H), 3.90–3.96 (m, 2H), 4.79 (s, 1H), 6.93–7.02 (m, 4H), 9.01 (s,
1H); 13C NMR (62.5 MHz, DMSO-d6): d (ppm) 14.5, 18.6, 20.9,
26.8, 29.5, 32.5, 35.7, 50.6, 59.3, 104.1, 110.4, 127.7, 128.6, 134.9,
145.1, 149.7, 167.2, 194.6.

2.3.2 Ethyl-4-(3-hydroxyphenyl)-2,7,7-trimethyl-5-oxo-
1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (5). White
solid; M.p.; 229–231 °C; IR (KBr, cm−1): 3279, 3085, 2963, 1688,
1618, 1488, 1215, 1172, 869, 779; 1H NMR (250 MHz, DMSO-d6):
d (ppm) 0.85 (s, 3H), 0.99 (s, 3H), 1.12 (t, J = 6.75 Hz, 3H), 2.05
(dd, J = 29, 16 Hz, 2H), 2.25 (s, 3H), 2.35–2.48 (m, 2H), 3.40 (d, J
= 7.00 Hz, 2H), 4.77 (s, 1H), 6.44 (d, J = 7.50 Hz, 1H), 6.57 (s,
2H), 6.62 (t, J = 7.25 Hz, 1H), 9.01 (s, 1H), 9.07 (s, 1H); 13C NMR
(62.5 MHz, DMSO-d6): d (ppm) 14.5, 18.6, 26.9, 29.5, 32.4, 35.9,
50.6, 59.4, 104.04, 110.3, 113.01, 114.9, 118.5, 128.8, 145.08,
149.3, 149.8, 157.2, 167.3, 194.6.

2.3.3 Ethyl-4-(2,4-dichlorophenyl)-2,7,7-trimethyl-5-oxo-
1,4,5,6,7,8-hexahydroquinoline-3-carboxylate (7). White
solid; M.p.; 242–244 °C; IR (KBr, cm−1): 3283, 3078, 2957, 1706,
1647, 1609, 1107, 1073 cm−1; 1H NMR (250 MHz, DMSO-d6):
d (ppm) 0.81 (s, 3H), 0.97 (s, 3H), 1.05 (t, J = 6.50 Hz, 3H), 2.00
mposite.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM image of the PC/Fe3O4 nanocomposite.
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(dd, J = 42, 16 Hz, 2H), 2.23 (s, 3H), 2.36–2.48 (m, 2H), 3.91 (d, J
= 6.50 Hz, 2H), 5.12 (s, 1H), 7.25 (s, 2H), 7.32 (s, 1H), 9.13 (s,
1H); 13C NMR (62.5 MHz, DMSO-d6): d (ppm) 14.4, 18.6, 26.7,
29.4, 32.3, 35.1, 50.5, 59.4, 103.1, 109.6, 127.2, 128.5, 131.1,
133.2, 144.6, 145.8, 150.2, 166.9, 194.3.
Fig. 7 Vibrating samplemagnetometer (VSM) analysis of the PC/Fe3O4

nanocomposite compared with Fe3O4.
3. Results and discussion

In the presented work, peanut shell was used as a biowaste
source for the preparation of porous carbon. Accordingly, the
peanut shells were crushed and burned. In the next step, the
crushed burnt peanut shells were mixed with magnetite nano-
particles with a mass ratio of 3 : 1. The obtained mixture was
well-ground and then heated at 600 °C for 4 hours to give
a porous carbon/Fe3O4 nanocomposite (PC/Fe3O4 nano-
composite). The magnetite nanocomposite was produced from
the pyrolysis process containing iron oxide magnetic nano-
particles in porous carbon with high active surface, which can
be used as an efficient and recyclable catalyst for the synthesis
of organic compounds. The structure of the PC/Fe3O4 nano-
composite was studied by FT-IR, EDX, SEM mapping, SEM,
AFM, TEM, and VSM analyses, and then its catalytic ability was
investigated for the synthesis of polyhydroquinolines.

To identify the PC/Fe3O4 nanocomposite, the FT-IR spectrum
of the composite particles was rst studied to nd the different
kinds of various bonds (Fig. 1). A broad peak that appeared at
3200–3600 cm−1 could be related to the O–H bonds from the
hydroxyl groups. Other peaks at 1634 and 1111 cm−1 corre-
sponded to the C]C and C–C bond vibrations of the carbon
skeleton, respectively. The peak at about 624 cm−1 is also
related to the Fe–O bond vibration. The FT-IR spectrum of the
PC/Fe3O4 nanocomposite in comparison with that of Fe3O4 is
given in Fig. 1.
© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 27565–27574 | 27569
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Aer the determination of various bonds in the magnetite
nanocomposite structure, the kind of elements was studied by
energy-dispersive X-ray spectroscopy (EDX) (Fig. 2). According
that, the expected elements such as carbon, oxygen, iron were
observed in this structure. Moreover, calcium and magnesium
were also beholden in this structure.

To show the kind of elements and distribution of them in the
structure of catalyst, SEM coupled EDX (SEM mapping) of PC/
Fe3O4 nanocomposite was investigated. As seen in Fig. 3,
elements including iron, oxygen, carbon, calcium and magne-
sium are well distributed in the magnetic nanocomposite
structure.

To determine the morphology and particle size of the
magnetite nanocomposite, the size of the prepared nano-
particles was investigated by scanning electron microscopy
(SEM) (Fig. 4). As seen in Fig. 4, the obtained particles of the PC/
Fe3O4 nanocomposite were prepared in a size less than 100 nm.
Table 1 The optimization of the reaction condition on the model react

Entry Solvent Catalyst amount (mg)

1 — 2
2 — 3
3 — 4
4 — 3
5 — 3
6 Ethyl acetate 3
7 CHCl3 3
8 EtOH 3
9 n-Hexane 3
10 THF 3
11 CH2Cl2 3

a Isolated yield.

Table 2 The preparation of polyhydroquinolines

Product no. Ar Time (

1 C6H5 6
2 4-CH3C6H4 19
3 4-CH3OC6H4 19
4 2-FC6H4 10
5 3-OHC6H4 16
6 2-ClC6H4 13
7 2,4-diClC6H3 10
8 2,5-diCH3OC6H3 10
9 2,6-diClC6H3 15
10 3,4-diCH3OC6H3 12
11 3-ClC6H4 9
12 3-OH,4-CH3OC6H4 20
13 3-FC6H4 8
14 3,4,5-triCH3OC6H2 22

a Isolated product.

27570 | RSC Adv., 2024, 14, 27565–27574
Atomic Force Microscopy (AFM) analysis is a useful tech-
nique for nanoparticle measurement. Using surface topogra-
phies and atomic force measurement, the nanoparticle size
determination and particle distribution were investigated. In
this test, the nanoparticle was imaged in two-dimensional and
three-dimensional surface topographies, and two sizes at 2 and
10 microns. In the two-micron test, the two-dimensional and
three-dimensional topographies of the nanoparticle at a size of
65 nm was observed in the surface topography, similar to the
other tests performed. The color change from blue to red indi-
cates the increase in particle size (Fig. 5).

The size of the prepared magnetite nanocomposite was also
studied by transmission electron microscopy (TEM). As shown
in Fig. 6, the magnetite nanocomposite particles were produced
in an orderly manner with dimensions of less than 100 nm. The
preparation of the magnetite nanocomposite at the nano-scale
increased the active surface and improved its catalytic ability.
ion

Temp. (°C) Time (min) Yielda (%)

75 6 71
75 6 95
75 6 91
95 6 88
50 6 73
Reux 6 64
Reux 6 79
Reux 6 95
Reux 6 30
Reux 6 19
Reux 6 20

min) Yielda (%) M.p. (°C) [lit.]

95 220–222 (218–221)56

84 259–261 (262–263)18

89 248–252 (256–258)18

91 223–226 (229–231)56

81 229–231 (226–229)56

94 199–203 (205–207)57

92 242–244 (244–245)18

88 210–212 (215–217)58

90 257–259 (263–265)59

85 209–214 (202–204)30

96 210–214 (206–207)60

90 211–214 (209–211)7

92 206–208 (206–208)61

87 197–202 (193–195)62

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The magnetic behavior of the magnetite nanocomposite was
measured using a vibrating sample magnetometer (VSM) at
room temperature, and compared with that of Fe3O4 (Fig. 7).
The saturation magnetization for the PC/Fe3O4 nanocomposite
was found to be 12 emu g−1 (Fig. 7). The magnetic ability of this
nanocomposite makes it possible for recovery from the reaction
mixture and makes it easily reusable.

Aer the characterization of the porous carbon/Fe3O4

nanocomposite (PC/Fe3O4 nanocomposite) by various analyses,
the catalytic application of the PC/Fe3O4 nanocomposite on the
synthesis of polyhydroquinolines was investigated. For this
Scheme 2 The proposed mechanism for the preparation of polyhydroq

© 2024 The Author(s). Published by the Royal Society of Chemistry
purpose, the reaction of benzaldehyde with dimedone, ethyl
acetoacetate and ammonium acetate was selected as a model
reaction, and the effect of different factors on this reaction was
studied. Aer that, the effect of different temperatures, different
amounts of magnetic catalyst, and various solvents on the
model reaction were studied. In another step, the model reac-
tion was also investigated in the absence of solvent (Table 1).
Based on Table 1, it is concluded that a high yield of product
and a short reaction time were obtained in the presence of 3 mg
of PC/Fe3O4 nanocomposite at 75 °C under solvent-free condi-
tions. Various solvents, such as ethyl acetate, CHCl3, CH2Cl2,
uinolines using the PC/Fe3O4 nanocomposite.

RSC Adv., 2024, 14, 27565–27574 | 27571
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Fig. 8 The reusability of the PC/Fe3O4 nanocomposite.

Fig. 9 Vibrating sample magnetometer (VSM) analysis of the reused
catalyst compared with a fresh catalyst.
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EtOH, THF, and n-hexane, were tested in this reaction, wherein
the effect of EtOH as a solvent is similar to solvent-free condi-
tions. However, due to saving the solvent and materials, it is
preferred to carry out the reaction in the absence of solvent.
Accordingly, the use of 3 mg of PC/Fe3O4 nanocomposite as
a catalyst at 75 °C under solvent-free condition was chosen as an
optimal reaction condition for the synthesis of
polyhydroquinolines.

To investigate the synergistic effect of peanut shell and iron
oxide magnetite nanoparticles on each other, the model reac-
tion was performed with each of these components as the
catalyst alone, and the related product yield was 36% aer 30
minutes and 81% aer 30 minutes, respectively. Neither
component had the ability to be the main catalyst for this
reaction. Furthermore, this reaction was investigated in the
absence of a catalyst at 75 °C under solvent-free condition,
which produced a product yield of 28% aer 17 minutes.

Aer the optimization of the reaction conditions, various
aryl aldehydes containing electron-withdrawing groups,
electron-donating groups and halogens on their ring were
tested in this reaction to nd the generality and efficiency of the
presented method on the synthesis of polyhydroquinolines
(Table 2). As shown in Table 2, the expected products were
prepared in high yields and suitable reaction times. Spectral
data of some products are given in ESI (Fig. S2–S10†).

According to previous reports in the synthesis of poly-
hydroquinoline compounds,18,56–62 dimedone is converted into
an enol structure aer activation by the PC/Fe3O4 nano-
composite. In this form, it reacts with the aldehyde activated by
the catalyst to produce intermediate (I). In the other part of the
reaction, ethyl acetoacetate reacts with ammonia produced
from ammonium acetate and produces enamine (II). Aer this
step, intermediates (I) and (II) react with each other to produce
intermediate (III). Intermediate (III) is transformed into inter-
mediate (IV) by tautomerization. Furthermore, while perform-
ing an intramolecular nucleophilic attack of the NH2 group on
the carbonyl group and removing a water molecule, it produces
intermediate (V). As a result, the polyhydroquinoline derivative
is produced aer tautomerization in intermediate (V)
(Scheme 2).

One of the important advantages of the PC/Fe3O4 nano-
composite is its magnetic property, which results in its easy
separation from the reaction mixture. Accordingly, the reus-
ability of the catalyst was studied using the model reaction. The
reaction of benzaldehyde with dimedone, ethyl acetoacetate
and ammonium acetate was carried out in the presence of the
PC/Fe3O4 nanocomposite (3 mg) at 75 °C. Aer the completion
of the reaction, the catalyst was collected by an external magnet
and separated from the reaction mixture. The recovered catalyst
was washed with warm ethanol and used in another reaction
aer drying. The recovered PC/Fe3O4 nanocomposite was well
used in three other experiments, and the corresponding
product was produced with signicant efficiency (Fig. 8).

To show the changes in the magnetization of the reused
catalyst in comparison with a fresh catalyst, their magnetic
behaviors were measured using a vibrating sample magne-
tometer (VSM) at room temperature (Fig. 9). According to Fig. 9,
27572 | RSC Adv., 2024, 14, 27565–27574
there are not many changes observed in the magnetic ability of
the reused catalyst aer reaction catalysis.

4. Conclusions

In conclusion, the porous carbon/Fe3O4 nanocomposite (PC/
Fe3O4 nanocomposite) was prepared by the pyrolysis of peanut
shells as a bio-waste material with magnetite nanoparticles. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
structure of the PC/Fe3O4 nanocomposite was studied by FT-IR,
EDX, SEM mapping, SEM, AFM, TEM, and VSM analyses. The
catalytic ability of the PC/Fe3O4 nanocomposite as a reusable
and heterogeneous catalyst was successfully tested on the
preparation of hexahydroquinoline derivatives by the reaction
of various aryl aldehydes, ethyl acetoacetate, dimedone and
ammonium acetate.
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