Open Access Article. Published on 01 September 2025. Downloaded on 12/5/2025 9:16:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 6944

Received 3rd April 2025,
Accepted 8th August 2025

DOI: 10.1039/d5ma00318k

¥ ROYAL SOCIETY
PP OF CHEMISTRY

A guanidine-functionalized graphene oxide/FezO,4
nanocomposite as a magnetically recoverable
heterogeneous catalyst for the Hantzsch reaction

Akram Rahro, Alireza Salimi Beni 2 * and Somayeh Abaeezadeh

In this study, a guanidine-functionalized graphene oxide/FezO4 nanocomposite (Gu-GO/FesO4) was
synthesized and demonstrated as an efficient and magnetically recoverable catalyst for the synthesis of
polyhydroquinoline derivatives via the unsymmetrical Hantzsch reaction under mild conditions. The
catalyst was produced by the covalent immobilization of guanidine onto a 3-chloropropyl
triethoxysilane-modified graphene/FesO4 support. The synthesized Gu-GO/FesO4 nanocatalyst was
characterized using FT-IR, SEM, VSM, XRD, and TGA. Optimization studies for the unsymmetrical
Hantzsch reaction revealed that 0.005 g of Gu-GO/FesO,4 at 50 °C under solvent-free conditions
afforded good to excellent product yields. The catalyst exhibited facile magnetic recovery using an
external magnet and retained its catalytic activity and structural integrity after nine reuse cycles. A hot-
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1. Introduction

Nanomaterials have attracted significant attention in recent
years.'™ These materials have attracted attention due to their
exceptional physicochemical properties,® especially their high
surface-to-volume ratio.” These characteristics make them
highly effective in catalytic applications, where they can signifi-
cantly enhance reaction rates and selectivity.®

The development of efficient, environmentally friendly,
and reusable catalytic systems is a key focus in sustainable
chemistry.”'® In recent years, heterogeneous catalysis has
gained significant attention due to its advantages, such as ease
of separation, recovery, and potential for reuse.’* ' Heteroge-
neous catalysis plays a critical role in numerous scientific and
industrial sectors, including the chemical and pharmaceutical
industries, energy conversion technologies, environmental
remediation, and materials science. Within this field, sup-
ported catalysts represent a dominant class.”*® Among the
diverse supports used in heterogeneous catalysis, carbon-
based materials have garnered increasing attention due to their
unique properties. The large surface area of these materials
enables high loading of active sites, while their chemical sta-
bility allows them to resist degradation under both acidic and
basic conditions. Also, high thermal stability, low cost and
hydrophobic nature are other advantages of these
materials.?*>* Several types of carbon materials have been
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filtration experiment confirmed the heterogeneous nature of the catalytic system.

investigated as catalyst supports, including pyrolytic carbon,
activated carbon, glassy carbon, carbon black, polymer-derived
carbon, carbon nanotubes, graphene, fullerene, mesoporous
carbons and their derivatives. These materials exhibit varying
structural and textural properties that can influence the overall
performance of the resulting catalysts.>”> Graphene oxide (GO)
exhibits unique properties compared to other carbon supports.
Its two-dimensional structure, high mechanical and thermal
stability, large active surface area, well-developed porosity and
excellent electronic properties make it a key material in hetero-
geneous catalyst systems. Furthermore, the presence of abun-
dant surface functional groups, such as carboxylic acid,
carbonyl, hydroxyl, and epoxide, enables covalent attachment
to specific groups, making GO a versatile support.”’”**">*> While
the dispersion of GO nanosheets in the solution medium is
generally high, their effective separation from the solution
medium presents a significant challenge. Traditional separa-
tion techniques such as centrifugation or filtration are often
inefficient and time-consuming due to the strong inter-sheet
interactions and the colloidal stability of the GO nanosheets in
the solution. To facilitate post-reaction separation, the devel-
opment of magnetic graphene nanocomposites is a promising
strategy.>® ™ The incorporation of Fe;O, nanoparticles onto the
GO surface improves the overall separation capability of
the nanocomposite. This enhanced separation efficiency con-
tributes to the sustainability and cost-effectiveness of the
catalytic process, making magnetic graphene nanocomposites
an attractive option for a wide range of applications in hetero-
geneous catalysis.>*®* Some reports in this matter are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fe;0,@GO-Pr-SO;H,* Fe;0,@GO,” GO-Fe;0,~Au NPs(G),*® N-RGO/
Fe;0,,%” NaOH@GO-Fe;0,,%® GO/Fe;0,@PDA/Pd*® and MGO-NH,.*

On the other hand, polyhydroquinolines (PHQs) are a vital class
of heterocyclic compounds known for their diverse biological and
pharmacological activities, encompassing anti-malarial, anti-
inflammatory, anti-cancer, and anti-diabetic properties. This broad
spectrum of applications has fueled considerable research into
developing efficient and versatile synthetic routes for their pre-
paration. The utilization of both homogeneous and heterogeneous
catalysts has been explored to improve the efficiency and sustain-
ability of the Hantzsch reaction. Homogeneous catalysts, such as
transition metal complexes and organocatalysts, have demon-
strated high catalytic activity and selectivity. However, their
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separation from the reaction mixture and recycling remains
challenging. On the other hand, heterogeneous catalysts give
benefits such as simplicity of separation, recovery, and reusability.
Various heterogeneous catalytic systems, including metal-organic
frameworks, functionalized graphene oxide, and magnetic nano-
particles, have been investigated for the Hantzsch reaction.*'’ In
light of the importance of expanding effective catalytic methods for
the production of polyhydroquinolines, a novel guanidine-
functionalized graphene oxide/Fe;0, nanocomposite (Gu-GO/
Fe;0,) has been designed and synthesized. The catalytic perfor-
mance of this composite material is investigated for the synthesis
of polyhydroquinoline derivatives via the unsymmetrical Hantzsch
reaction.

Fe304

PrCI-GOlFe3O4

Guanidine, Triethylamine
Toluene, Reflux, Ny, 24 h

Toluene, Reflux, N5, 24 h

Gu -GO/Fe304

Scheme 1 Synthesis of Gu-GO/FezO4.
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2. Experimental section
Synthesis of Gu-GO/Fe;0,

2.1.1. Synthesis of GO. Graphene oxide (GO) was synthe-
sized according to the Hummers’ method. In the initial stage,
10 g graphite powder (<20 pm, synthetic, Sigma-Aldrich) was
introduced into a 1000 mL reaction vessel, which was placed in
an ice-water bath under continuous stirring. Subsequently,
sodium nitrate (0.75 g) was added to the graphite, followed
by the slow addition of sulfuric acid (75 mL, 98%). Following
this, potassium permanganate (KMnOy,, 5.4 g) was incorporated
into the mixture as an oxidizing agent. The reaction vessel was
then sealed with Parafilm and maintained at room temperature
for a period of 5 days. After this period, sulfuric acid (7 mL,
98%) and deionized water (140 mL) were carefully added,
resulting in a color change to dark green. Subsequently, sulfu-
ric acid (200 mL, 3%) and hydrogen peroxide (H,O, 5%, 3 mL)
were added to the reaction mixture, which was then subjected
to sonication for approximately 30 min. To neutralize the
reaction mixture, it was centrifuged for a minimum of 24 h.
The resulting precipitate was transferred onto watch glasses
and allowed to dry at ambient temperature for 24 h. Following
desiccation, the dried precipitate was transferred to a mortar
and thoroughly ground.

2.1.2. Synthesis of Fe;04 NPs. For this aim, a solution was
prepared by dissolving FeCl,-4H,0 (2 g) and FeCl;-6H,0 (5.2 )
in HCI solution (1 N, 25 mL). Subsequently, NaOH solution
(1.5 M, 250 mL) was added dropwise over 20 min under a N,
atmosphere at a controlled temperature of 80 °C (the reaction
temperature was kept constant at 80 °C by using an oil bath at
80 °C, the temperature of which was previously adjusted by a
heater-stirrer device) and the reaction mixture was stirred at
1000 rpm. The resulting black precipitate was magnetically
separated, washed repeatedly with deionized water, and dried
at 40 °C.

2.1.
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Fig. 1 FT-IR spectra of (a) GO, (b) FesO4, (c) GO/FesO,4 and (d) Gu-GO/
FezOg4.
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Table 1 The CHNS analysis of the Gu-GO/FezO4 nanocomposite

Component name Element (%)

Nitrogen 6.79
Carbon 27.63
Hydrogen 2.23
Sulphur 0.00
2.1.3. Synthesis of GO/Fe;0,. In a reaction vessel, pre-

viously synthesized Fe;0, (2 g) was combined with distilled
water (100 mL) and EtOH (200 mL). The mixture was then
sonicated for 10 min to ensure proper dispersion of the
particles. Subsequently, GO (1.5 g) was introduced into the
mixture, followed by an additional 15 min of sonication to
achieve homogenous dispersion. The resulting mixture was
stirred for 24 h at room temperature. Following the reaction,
the GO/Fe;O, composite was separated using an external
magnet. The composite was then washed with deionized water
to remove any residual impurities and dried at 50 °C.

2.1.4. Synthesis of Gu-GO/Fe;0,. For this, GO/Fe;0, (1.0 )
was dispersed in 50 mL of dried toluene in an ultrasonic
bath for 15 min. Subsequently, (3-chloropropyl)triethoxysilane
(1 mL) was added to the mixture under a N, atmosphere, and
the reaction was refluxed for 24 h. After that, the resulting
materials were separated using an external magnet, washed
with H,O and EtOH, dried at 80 °C and called PrCI-GO/Fe;0,.
In the next step, PrCl-GO/Fe;O, (1.5 g) was added into a
reaction vessel containing dried toluene (75 mL) and dispersed
for 10 min. Then, guanidine (0.5 g) and triethylamine (0.02 mL)
were added to the mixture and refluxed for 24 h. The obtained
materials were subsequently washed with EtOH and dried in an
oven at 70 °C and called Gu-GO/Fe;0,.

2.2. Synthesis of polyhydroquinolines in the presence of the
Gu-GO/Fe;04 nanocatalyst

A reaction vessel was charged with benzaldehyde (1 mmol),
dimedone (1 mmol), ethyl acetoacetate (1 mmol), ammonium

keV

Fig. 2 EDX analysis of the Gu-GO/FesO, nanocomposite.
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acetate (1.4 mmol), and Gu-GO/Fe;0, nanocatalyst (5 mg). The
resulting mixture was stirred under solvent-free conditions at
50 °C. The reaction progress was monitored by TLC. Upon the
end of the reaction, 10 mL of hot EtOH was added to the
reaction mixture. The Gu-GO/Fe;0, catalyst was efficiently
removed from the solution using an external magnet. The
solvent was subsequently evaporated, and the raw products
were recrystallized from EtOH to get the pure product.

3. Results and discussion

The synthesis of the Gu-GO/Fe;0, nanocomposite is shown in
Scheme 1. First, graphene oxide (GO) was synthesized according
to the Hummers’ method. Then, Fe;0, was chemically immobi-
lized on the surface of GO. After that, the surface of GO/Fe;0,
was chemically modified with (3-chloropropyl)triethoxysilane to
give the PrCl-GO/Fe;0, nanocomposite. Finally, the guanidine
was covalently immobilized onto the PrCl-GO/Fe;0, support. In
the next step, the chemical and physical properties of the
synthesised nanocomposite were studied by using various
techniques.

FT-IR spectra of GO, Fe;0,, GO/Fe;0, and Gu-GO/Fe;0,
are depicted in Fig. 1. For all samples, the strong peak at
~3400 cm™ " is due to the O-H bonds of the material surface.
Moreover, the peaks at 1730, 1621, 1230 and 1051 cm ™' are,
respectively, associated with the C=—O stretching vibration of
the carboxylic acid group, stretching vibration mode of the
C—C bond and C-O stretching of phenolic and epoxy groups of
GO nanosheets (Fig. 1a-d).*" For Gu-GO/Fe;0,, the stretching

Fig. 3 EDX mapping analysis of the Gu-GO/FesO4 nanocomposite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM image of the Gu-GO/FezO,4 nanocomposite.

vibration at 1668 cm ™' related to C—=N proved the presence of
guanidine at the surface of the GO/Fe;O, nanocomposite
(Fig. 1d).>® For the Fe;0,, GO/Fe;0, and Gu-GO/Fe;0, materi-
als, the peak observed at 588 cm ™' is related to the stretching
vibrations of the Fe-O bond, which confirms the successful
formation of Fe;O, and its stability during the synthesis of the
Gu-GO/Fe;0, nanocatalysts (Fig. 1b-d)."*

Although FT-IR spectroscopy confirmed the presence of
propylguanidine groups, CHNS elemental analysis was employed
to quantitatively evaluate the amount of propylguanidine

Mater. Adv., 2025, 6, 6944-6955 | 6947
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Fig. 5 XRD pattern of the Gu-GO/FezO4 nanocomposite.
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Fig. 6 VSM diagrams of the (a)
nanocomposite.

FesO4 and (b) Gu-GO/FezO4

functionalized onto the GO/Fe;0, surface. According to the results
summarized in Table 1, the successful incorporation of propylgua-
nidine moieties was evidenced by the measured elemental

Fig. 7 Magnetic separation ability of the Gu-GO/FesO4 nanocomposite.

6948 | Mater. Adv, 2025, 6, 6944-6955

Table 2 Evaluation of the magnetic properties of the Gu-GO/FesO4
nanocomposite in comparison with previously reported magnetic
nanomaterials

Magnetic composites MS (emu g™ ") Ref.
Pt-APA@Fe;0,/GO 31.7 60
Fe;0,/GO@melamine-ZnO 17 61
GO/Fe;0,@Dop/Au 42.2 62
Ag;PO,/Fe;0,/GO 2.28 63
GO@Fe;0, 0.22 64
Gu-GO/Fe;0, 30 This work

contents: 6.79% nitrogen, 27.63% carbon, and 2.23% hydrogen.
These values clearly indicate the effective surface modification of
the  GO/Fe;O, nanocomposite  with  propylguanidine
functionalities.

The elemental composition of the Gu-GO/Fe;0, nanocom-
posite was determined using EDX spectroscopy (Fig. 2). The
EDX spectrum confirmed the presence of C, O, Si, N, and Fe,
elements consistent with the expected composition based on
the synthesis scheme (Scheme 1). Furthermore, EDX mapping
(Fig. 3) demonstrated a uniform distribution of these elements
throughout the nanocomposite structure.

The surface morphology of the Gu-GO/Fe;0, nanocomposite
was investigated using SEM. It should be noted that for SEM
analysis, the Gu-GO/Fe;0, nanocomposite was coated with gold
and the accelerating voltage for this analysis was 20 kV. As can
be seen in Fig. 4, the SEM image revealed the presence of
spherical Fe;O, nanoparticles and the characteristic layered
structure of GO.

The XRD pattern of the Gu-GO/Fe;0, nanocomposite (Fig. 5)
exhibited six diffraction peaks at 26 values of 30°, 36°, 44°, 54°,
57°, and 63°, which correspond to the (220), (311), (400), (422),
(511), and (440) crystallographic planes of Fe;O,, respectively.
These peaks confirm the presence of a spinel structure, indicating
that the magnetite nanoparticles maintained their structural
integrity throughout the modification process.”® Although a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 TGA analysis of the Gu-GO/Fez04 nanocomposite.

characteristic diffraction peak of graphene oxide (GO) is typically
observed at approximately 26 = 11°, no such peak is detected in
the XRD pattern of the synthesized Gu-GO/Fe;0, nanocomposite.
This absence suggests that the stacking of GO sheets has been
effectively disrupted by the loading of Fe;0, nanoparticles.*>>®
The magnetic properties of the Fe;O, and Gu-GO/Fe;0,
nanomaterials were characterized using VSM. Analysis revealed
superparamagnetic behavior in all samples, as evidenced by the
absence of hysteresis, remanence, and coercivity. The saturation
magnetization of Fe;O, was determined to be 60 emu g’l, while
the Gu-GO/Fe;0, nanocomposite exhibited a lower saturation

63.46

500 600 700 800 9233

Temperature (°C)

magnetization of 30 emu g '. This reduction in saturation
magnetization is consistent with the successful chemical immo-
bilization of Fe;O, nanoparticles onto the GO surface (Fig. 6).
Fig. 7 illustrates the prompt and efficient magnetic separation
capability of the Gu-GO/Fe;O, nanocomposite, enabled by its
strong response to an external magnetic field. This behavior
underscores its potential for facile recovery and reusability in
chemical processes.

To further evaluate the magnetic performance of the synthe-
sized Gu-GO/Fe;0, nanocomposite, its magnetic behavior was
evaluated in comparison with previously reported magnetic

Table 3 Optimization of the reaction conditions for the synthesis of polyhydroquinolines by Gu-GO/FezO4

o O
7 1 Gu-GO/Fe;z0
oett NH4OAC
O

Entry Catalyst (mg) Solvent T (°C) Time (min) Yield® (%)
1 — — 50 20 Trace
2 1 — 50 20 87

3 3 — 50 20 90

4 5 — 50 20 98

5 8 — 50 20 98

6 5 — RT 20 62

7 5 — 40 20 80

8 5 — 60 20 98

9 5 Toluene 50 20 32
10 5 Acetonitrile 50 20 73

11 5 EtOH 50 20 85

12 GO (5 mg) — 50 20 65

13 Fe;0, (5 mg) — 50 20 80
14 GO/Fe;0, (5 mg) — 50 20 81

15 Guanidine (5 mg) — 50 20 85

“ Isolated yields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Production of polyhydroquinoline derivatives by the Gu-GO/FezO, catalyst

(o]
O O
H Gu-GO/Fe30,
+ +
@A + o MOE’[ NH,0AC Solvent free, 50 °C
R

Entry Aldehyde Product

Time (min) Yield? (%) M.P. (°C) found M.P. (°C) reported

6950 | Mater. Adv,, 2025, 6, 6944-6955

20 98 204-206 203-207*
15 97 238-240 237-239*
10 99 145-143 147-149*
12 96 252-254 254-256"
15 95 250-252 250-252*"
10 97 199-201 197-199%7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (continued)
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o 0]
o O
H+ + )J\)J\OEt + NH4OAC
0]
R

Gu-GO/Fe;0,

Solvent free, 50 °C

Entry Aldehyde Product Time (min) Yield” (%) M.P. (°C) found M.P. (°C) reported
10 97 263-265 261-263*"
12 97 239-241 241-243*
15 95 206-208 206-208""
13 96 243-245 244-246"
15 93 240-242 243-245%
13 93 219-221 218-220%

“ Isolated yields.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Reusability of the Gu-GO/FesO4 nanocatalyst.

catalysts (Table 2). The findings revealed that this nanocompo-
site exhibits superior or at least comparable magnetic response,
which supports its efficient separation by external magnetic
fields, highlighting its application in catalytic and separation
processes.

Thermogravimetric analysis (TGA) was used to assess the
thermal stability of the Gu-GO/Fe;O, nanocomposite across a
temperature range of 25-900 °C. The resultant TGA thermo-
gram (Fig. 8) reveals distinct mass loss events indicative of the
composite’s thermal decomposition profile. An initial mass
loss of 2% observed between 25 and 100 °C is attributed to
the volatilization of adsorbed solvent molecules. A subsequent
2% mass loss between 100 and 210 °C corresponds to the
degradation of thermally labile oxygen-containing functional
groups (e.g., hydroxyl, epoxy, and carboxylic acid moieties). A
more substantial 9% mass loss between 210 and 350 °C is

SEM HV: 20.0 kV
View field: 7.58 pm
SEM MAG: 25.0 kx | Date(m/dly): 01/12/21

WD: 6.01 mm
Det: SE

Fig. 10 The SEM image of the recovered Gu-GO/FesO, catalyst.
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associated with the decomposition of more thermally stable
oxygen-containing functionalities and the bulk pyrolysis of the
carbonaceous framework. The most prominent mass loss of
approximately 10% occurring between 350 and 580 °C is
assigned to the decomposition of the propyl-guanidine moieties
supported on the GO/Fe;0, surface. This observation suggests a
strong chemical interaction between the GO/Fe;O, nanocompo-
site and the propyl-guanidine groups.*® Additionally, this obser-
vation is consistent with the elemental CHNS analysis, further
confirming the successful functionalization of the nanocompo-
site with propyl-guanidine.

Following characterization, the catalytic activity of the Gu-
GO/Fe;0, composite was evaluated in a model one-pot
Hantzsch condensation reaction. This reaction involved ben-
zaldehyde (1 mmol), dimedone (1 mmol), ethyl acetoacetate
(1 mmol), and ammonium acetate (1.4 mmol). Optimization of
the reaction conditions was performed by varying parameters
such as catalyst loading, solvent, and temperature (Table 3).

Investigation of catalyst loading revealed a strong depen-
dence of reaction progression on catalyst quantity (Table 3,
entries 1-5). In the absence of the catalyst, only trace amounts of
product were observed (Table 3, entry 1), indicating its essential
role. Optimal product yield was achieved with a catalyst loading
of 5 mg of Gu-GO/Fe;0, (Table 3, entry 4). As presented in
Table 3, entry 5, increasing the catalyst loading to 8 mg did not
increase the reaction efficiency. This observation is likely attrib-
uted to mass transfer limitations that become more pronounced
at higher catalyst concentrations, especially when the catalyst is
in a heterogeneous phase with respect to the reactants. Under
such conditions, excess catalyst may lead to aggregation or
reduced diffusion of reactants to the catalytic active sites,
thereby impairing the overall catalyst performance.®®

The reaction temperature was subsequently optimized, with
50 °C identified as the most effective (Table 3, entry 4 vs. entries
6-8). Solvent optimization studies were conducted using etha-
nol, acetonitrile, toluene, and a solvent-free system. The high-
est product yield was obtained after 20 minutes under solvent-
free conditions (Table 3, entry 4 vs. entries 9-11). It should be
noted that organic solvents are often volatile, flammable, and
toxic. Therefore, performing the reaction under solvent-free
conditions aligns with green chemistry principles by eliminat-
ing the use of volatile organic solvents, thereby reducing
environmental pollution and hazardous waste. It also improves
energy efficiency and process safety.®®

To ascertain the specific contribution of the guanidine
moieties to the catalytic process, control experiments were
performed using guanidine-free GO, Fe;04, and GO/Fe;0,
nanomaterials. These materials exhibited negligible catalytic
activity under the optimized conditions and reaction time
employed with the Gu-GO/Fe;0, catalyst (Table 3, entry 4 vs.
entries 12-14). These results unequivocally demonstrate the
critical role of the guanidine functionalities as the catalytic
centers in this reaction.

To further validate the contribution of the support in catalytic
performance, a control experiment using free guanidine (5 mg)
under the same conditions was conducted. The reaction proceeded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 FT-IR spectrum of the recovered Gu-GO/FesO, catalyst.

with an 85% yield, which remained notably lower than the 98%
achieved using the supported Gu-GO/Fe;O, catalyst. The dimin-
ished efficiency of the homogeneous system is attributed to reduced
substrate—catalyst interactions, and the absence of surface-driven
effects inherent to GO/Fe;O, (Table 3, entry 4 vs. entry 15).

Following the optimization of the reaction conditions, a
diverse range of aldehydes featuring both electron-donating
and electron-withdrawing substituents were used in the synth-
esis of the corresponding polyhydroquinoline derivatives
(Table 4). The reactions yielded good to excellent product yields,
demonstrating the versatility of the optimized catalytic system
for the preparation of these valuable compounds. These results
suggest that the catalytic performance is not significantly
impacted by the electronic properties of the aldehyde substrates.
Heteroaromatic aldehydes also participated smoothly in the
reaction, delivering the corresponding products in excellent
yields. Their distinct electronic characteristics likely promote
the transformation, further highlighting the efficiency and broad
substrate scope of the reaction (Table 4, entries 11 and 12).

To evaluate the scalability and practical applicability of the
catalytic system, a gram-scale Hantzsch reaction was performed
using 4-cyanobenzaldehyde (1.00 g, 7.6 mmol), dimedone (1.06 g,
7.6 mmol), ethyl acetoacetate (0.99 g, 7.6 mmol) and ammo-
nium acetate (0.82 g, 10.46 mmol) in the presence of Gu-GO/
Fe;0, as the catalyst under the optimized conditions. Remarkably,

the reaction reached completion within 10 min, furnishing the
corresponding polyhydroquinoline derivative in 99% yield. This
result highlights the excellent catalytic efficiency, operational
simplicity, and scalability of the Gu-GO/Fe;O,-based system,
making it a promising candidate for preparative and potentially
industrial applications.

Subsequent investigation focused on the recoverability and
reusability of the Gu-GO/Fe;O, nanocatalyst in the four-
component condensation of benzaldehyde, dimedone, ethyl
acetoacetate, and ammonium acetate under the optimized
reaction conditions. Upon completion of the reaction, the
catalyst was magnetically separated and subsequently reused
in subsequent reaction cycles. This process was repeated,
demonstrating that the catalyst could be recovered and reused
for at least nine cycles under the described conditions without
significant loss of catalytic activity (Fig. 9). To verify the
structural and chemical stability of the catalyst after nine
consecutive reuse cycles, the recovered sample was subjected
to SEM and FT-IR analyses. The SEM image of the reused
catalyst (Fig. 10) demonstrated a morphology closely resem-
bling that of the fresh sample, indicating that the catalyst
retained its structural integrity throughout the reaction condi-
tions. In addition, the FT-IR spectrum of the recycled material
(Fig. 11) showed no significant differences compared to that of
the original catalyst, confirming that the Gu-GO/Fe;0, catalyst

Table 5 The comparative investigation between the performance of the present catalyst and that of other catalysts

Catalyst (amount) Solvent Temperature (°C) Time (min) Yield (%) Recovery times Ref.
Cu@BPMO-Ph-IL (0.45 mol%) Solvent free 60 20 95 6 69
V-TiO, (2 mol%) Solvent free 80 12 90 4 70
[TBA],[W6O16] (7 mol%) Solvent free 110 20-30 95 5 71
MIL-101(Cr)@EDTA-Zn(u) (11 mg) EtOH Reflux 15 98 8 67
Ch-rhomboclase NCs (1.8 mol%) Solvent free 80 60 95 7 72
Gu-GO/Fe;0, (5 mg) Solvent free 50 20 98 9 This work
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remained chemically stable during the applied catalytic
process.

A leaching test was performed to investigate the nature of
the Gu-GO/Fe;0, catalyst in the model condensation reaction
involving benzaldehyde, dimedone, ethyl acetoacetate, and
ammonium acetate under the optimized conditions. After allow-
ing the reaction to proceed to approximately 50% completion,
the catalyst was separated from the reaction mixture and the
progress of the catalyst-free residue was monitored. Notably, no
further conversion was observed after 1 h, confirming the
heterogeneous character of the Gu-GO/Fe;0, catalyst. This result
demonstrates that the catalytic activity is inherently linked to the
solid catalyst and not due to leached species, thereby validating
the robustness and stability of the Gu-GO/Fe;0, catalyst under
the tested reaction conditions. In addition, the TLC analysis
of the catalyst-free residue also proved no-leaching of active
guanidine-species under the applied conditions.

A comparative study was conducted to evaluate the performance
of the Gu-GO/Fe;0, catalyst against various catalytic systems pre-
viously used in the synthesis of polyhydroquinolines (Table 5). The
findings demonstrated that the Gu-GO/Fe;0, catalyst outperformed
other catalytic systems in terms of mild reaction conditions,
reaction rate, and reusability. This highlights the potential of the
Gu-GO/Fe;0, catalyst as a more efficient and sustainable alterna-
tive for the synthesis of polyhydroquinolines. The enhanced per-
formance can be attributed to the unique properties of the Gu-GO/
Fe;0, catalyst, which enable efficient catalysis under mild condi-
tions and facilitate catalyst recovery for repeated use.

4. Conclusions

A novel guanidine-functionalized graphene oxide/Fe;O, nano-
composite (Gu-GO/Fe;0,) was synthesized. Successful immo-
bilization of guanidine moieties onto the GO/Fe;0,
nanocomposite was confirmed by FT-IR, EDX, and TGA. XRD
analysis demonstrated the structural stability of the Fe;O,
nanoparticle crystalline phase throughout the Gu-GO/Fe;0O,
synthesis. SEM imaging revealed the presence of spherical
Fe;O0, NPs and the characteristic layered morphology of GO
within the Gu-GO/Fe;0, nanocomposite. The synthesized Gu-
GO/Fe;0, nanocomposite exhibited robust catalytic activity and
high recoverability in the synthesis of polyhydroquinoline
derivatives, affording high product yields in short reaction
times under mild conditions.
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