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triazolyl-phenanthroline–Cu(II)
complex immobilized on nanomagnetic iron oxide
as a novel green catalyst for synthesis of imidazoles
via annulation reactions†

Raed H. Althomali,a Ebraheem Abdu Musad Saleh, *a Riyadh Hasan Mohammed
Ali,b Ikromjon Ilkhomidinovich Mamadoliev,cd Montather F. Ramadan,e

Ashwaq Talib Kareem,f Saurabh Aggarwalg and Salema K. Hadrawih

We designed and prepared a novel N-heterocycle-based nanocatalyst by a post synthetic method, namely

the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite. In this method, bistriazolyl-phenanthroline groups were

stepwise synthesized on an Fe3O4 substrate and used as a tetradentate nitrogenous ligand for

coordinating to copper ions. The obtained nanocomposite was well characterized using FT-IR, PXRD,

TGA, EDAX, ICP-OES, EDX-mapping, SEM, TEM, VSM and BET analyses, which confirm the formation of

a thermostable crystalline spherical particle morphology with the particle size in the range of 17 nm to

25 nm and a magnetization value of 42 emu g−1. Also, the catalytic activity of [Fe3O4@DAA-BTrzPhen–

Cu(II)] as a novel and magnetically separable heterogeneous nanocatalyst was evaluated in preparing

various tetrasubstituted imidazole derivatives from one-pot four-component condensation of anilines,

aldehydes, 1,2-diketones and ammonium acetate, and favorable products were produced with excellent

yields. The stability, low Cu leaching, and heterogenous nature of the nanocatalyst were confirmed by

hot-filtration and leaching tests. The copper based nanocatalyst could be easily recovered by magnetic

field separation and recycled at least 8 times in a row without noticeable loss in its catalytic activity.
1. Introduction

Designing new heterogeneous catalytic processes is crucial in
chemical engineering and catalysis.1 Heterogeneous catalysis
plays a pivotal role in various industrial applications such as
petroleum rening, pharmaceutical synthesis, and environ-
mental protection.2 The primary goal of process design is to
develop highly efficient catalysts for selective and sustainable
reactions, improving rates and minimizing by-products.3–5

Diligent researchers work on identifying novel catalyst
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materials and exploring innovative synthesis techniques.6 By
harnessing the potential of heterogeneous catalysis, scientists
contribute to cleaner, greener, and more resource-efficient
chemical processes, building a sustainable and eco-friendly
future.7,8

Magnetic catalysts enable straightforward recovery and
reusability with minimal reduction in their magnetic proper-
ties, setting them apart from traditional homogeneous
catalysts.9–12 In this sense, the extraordinary signicance of
Fe3O4 magnetic nanoparticles in catalysis science is unques-
tionable.13,14 Their attributes, including high stability, low
toxicity, and an impressive surface area, make them an excellent
choice for reusable materials in organic compound
synthesis.15,16 Researchers have ingeniously coated the surface
of these magnetic nanoparticles with diverse molecules,
unlocking their potential in effective catalytic processes and
driving signicant advancements in chemical research.17,18 The
increasing focus on green chemistry aims to replace costly,
hazardous, and polluting catalysts with environmentally
friendly and highly stable heterogeneous catalysts.19

Cu-based catalysts are crucial in multicomponent reactions
in organic chemistry, combining three or more reactants to
produce complex molecules efficiently.20,21 Demonstrating high
efficiency and selectivity, these catalysts streamline synthesis,
Nanoscale Adv., 2023, 5, 6177–6193 | 6177
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saving time and resources.22,23 Cu-complexes play a crucial role
in enabling multicomponent reactions, offering versatility and
enhancing the range of synthesized compounds.24,25 Their
signicance drives advancements in organic chemistry, leading
to the discovery of novel pharmaceuticals, agrochemicals, and
functional materials.26

The phenanthroline ligand consists of three fused benzene
rings and two nitrogen atoms in positions 1 and 10.27 On the
other hand, triazoles are a class of ve-membered ring hetero-
cyclic compounds containing three nitrogen and two carbon
atoms. They have different isomers, such as 1,2,3-triazole and
1,2,4-triazole, each having distinct properties and applica-
tions.28 Both of these compounds and their derivatives have
separately been widely used as ligands in coordination chem-
istry due to their ability to form stable complexes with metal
ions and fantastic properties.27,29 This information encourages
us to develop a novel ligand containing both of these hetero-
cycles in its structure with an engineered position of functional
groups for metal complexation as well as easy immobilization
capacity. For this purpose, in this work a bistriazolyl-
phenanthroline compound was designed as the target ligand
that was formed by connecting two triazole moieties to a phe-
nanthroline. At each end of this molecule an amino acid chain
was placed that was utilized for graing on an Fe3O4 solid
support and successful heterogenization of the target catalytic
complex. Based on the good coordination characteristics of
copper, it was selected as the metal center of our catalytic
complex, and its application was employed in the synthesis of
annulated N-heterocycles.

Multicomponent reactions (MCRs) represent a potent and
efficient approach in synthetic chemistry, enabling the rapid
assembly of complex molecules by combining multiple reac-
tants in a single step.30–32 These reactions have earned wide-
spread recognition in the eld of organic synthesis due to their
ability to streamline processes, minimize waste, and enhance
overall yield. MCRs offer a versatile toolkit for creating diverse
molecular structures, making them essential in developing
innovative compounds applicable across various domains, from
drug discovery to materials science.30,33–36

Highly substituted imidazoles are heterocyclic compounds
that contain nitrogen atoms in their ring structures.37,38 These
molecules have diverse structures with various functional
groups, making them ideal substrates for testing the catalytic
performance of new catalysts.39 The synthesis of these
compounds allows researchers to evaluate the catalyst's effi-
ciency and selectivity in different types of reactions, such as
condensation, cyclization, or hydrogenation,40–42 and provides
a robust platform for examining the catalytic performance of
new catalysts.43 Their diverse structures and application in
pharmaceutical and material synthesis make them important
tools in catalysis research and development.44,45

In our study, we synthesized a novel Cu-based bistriazolyl-
phenanthroline complex by connecting two triazole moieties
to a phenanthroline backbone. This complex was immobilized
onto the surface of a nano-magnetic Fe3O4 support, through
amino acid functionalities located at its ends. This design
choice incorporates four electron-donating nitrogen atoms
6178 | Nanoscale Adv., 2023, 5, 6177–6193
within the ligand structure. The presence of these nitrogen
atoms, in conjunction with resonance effects and the formation
of a stable p-system, facilitates the robust coordination of this
nitrogen-rich ligand with copper ions, resulting in the forma-
tion of a stable catalytic complex. This resulting catalyst was
effectively utilized in the synthesis of annulated N-heterocycles
including highly substituted imidazoles, showcasing its poten-
tial for diverse applications in chemical transformations.
2. Experimental
2.1. Materials and methods

2.1.1. Chemicals and reagents. All chemicals and solvents
utilized in this investigation adhered to rigorous analytical grade
standards and were sourced from reputable suppliers, speci-
cally Merck Company (Germany) and Sigma Aldrich (USA).

2.1.2. Instrumentation. Our research was underpinned by
a comprehensive suite of advanced instruments, enabling metic-
ulous characterization and analysis: to identify functional groups
present on the catalyst surface, we employed a PerkinElmer
Fourier Transform Infrared (FTIR) spectrometer (USA) operating
within the range of 400–4000 cm−1. To delineate the crystallog-
raphy of nanoparticles, we conducted X-ray diffraction (XRD)
analysis using a Bruker XRD instrument (Germany), covering 2q
angles ranging from 20° to 80° and employing a copper radiation
source (l = 1.5405 Å). Materials underwent Thermogravimetric
Analysis (TGA) in a BAHR STA503 instrument (Germany) span-
ning a temperature range of 30 °C to 800 °C, with a heating rate of
10 °C min−1 and an argon ow rate of 70 cm3 min−1. Elemental
composition and spatial distribution across the heterogeneous
catalyst surface were determined through Energy Dispersive X-ray
Spectroscopy (EDX) analysis, utilizing the mapping capabilities of
the VEGA II Detector from TESCAN (Czech Republic). We metic-
ulously examined the catalyst's surface morphology using the
Field Emission Scanning Electron Microscopy (FESEM)/TE/SCAN
instrument from Philips. To gain further insights into the cata-
lyst's surface morphology, we conducted Transmission Electron
Microscopy (TEM) analysis with the Philips TEM/CM 120 instru-
ment. To explore the magnetic characteristics of the nanocatalyst
in-depth, we employed a Vibrating Sample Magnetometry (VSM)
instrument (model EZ-9) sourced from G. Colombo (Milano,
Italy). This comprehensive array of state-of-the-art instruments
ensured rigorous and thorough characterization of our catalyst
materials and their inherent properties.
2.2. Typical procedure for the synthesis of the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite

In the rst step, Fe3O4 MNPs were prepared using a previously
established procedure.46 Simultaneously, 1 g of Fe3O4 MNPs
were dispersed in a mixture of ethanol and water (1 : 1) (100 mL)
for 45 min, and a 3 mmol of L-azidohomoalanine hydrochloride
was added to the reaction mixture and then reuxed under
vigorous stirring and a N2 atmosphere for 3 days. Aerward, the
resulting Fe3O4@L-AHA MNP product was magnetically
collected, washed several times with ethanol and water and
then dried under vacuum. Aerwards, 1.5 g of Fe3O4@L-AHA
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite.
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and 1.5 mmol of 2,9-diethynyl-1,10-phenanthroline were
dispersed in a mixture of ethanol and water (1 : 1) for 45
minutes. Then, 1 mL of an aqueous solution (2 M) of sodium
ascorbate solution and 30 mg of copper sulfate pentahydrate in
10mL of degassed water/DMSO 1 : 1 solvent mixture were added
to the prepared suspension, respectively, and reuxed under
vigorous stirring and a N2 atmosphere for 3 days. Aerwards,
the solid particles were collected magnetically, washed several
times with ethanol and then with water and nally dried under
vacuum. Finally, to a suspension of Fe3O4@DAA-BTrzPhen
MNPs (1 g) in 100 mL of ethanol and water (1 : 1) was added
3 mmol CuCl2$2H2O and reuxed for 48 hours under vigorous
stirring and a N2 atmosphere. The obtained Fe3O4@DAA-
BTrzPhen–Cu(II) composite was magnetically collected and
washed successively with water and ethanol and dried under
vacuum (Scheme 1).
Fig. 1 FT-IR spectra of (a) Fe3O4 (b) Fe3O4@L-AHA (c) Fe3O4@DAA-
BTrzPhen and (d) the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite.
2.3. General procedure to produce tetrasubstituted
imidazoles over the catalysis of the [Fe3O4@DAA-BTrzPhen–
Cu(II)] composite

In a round-bottomed ask, a mixture containing 1 mmol of
aniline, 1 mmol of benzil, 1 mmol of aldehyde, and 12 mg of the
[Fe3O4@DAA-BTrzPhen–Cu(II)] composite was prepared. To this
mixture, 3 mL of ethanol was added, and the reaction was
agitated under reux conditions. The progress of the reaction
was monitored using thin-layer chromatography (TLC). Once
the reaction was deemed complete, a straightforward work-up
procedure was conducted. The work-up procedure involved
the evaporation of ethanol, followed by dilution with chloro-
form. The catalyst was then separated, and the organic layer was
© 2023 The Author(s). Published by the Royal Society of Chemistry
washed successively with 3 × 5 mL of water, brine, and dried
over anhydrous Na2SO4. The resulting solution was subse-
quently evaporated, yielding crude products. These crude
products were puried using a column chromatographic tech-
nique with ethyl acetate and hexane as the eluent. Finally, the
puried products were thoroughly characterized using 1H and
13C NMR spectroscopy (ESI†).
3. Results and discussion
3.1. Catalyst characterization

FT-IR analysis was conducted to evaluate the development of
catalytic components on the surface. As depicted in Fig. 1, in the
Nanoscale Adv., 2023, 5, 6177–6193 | 6179
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FT-IR spectra of Fe3O4 nanoparticles, the peaks detected at
563 cm−1 and 627 cm−1 indicate stretching vibrations within
metal–oxygen bonds (as detailed in ref. 15). Furthermore, there
is a broad peak in the 3100–3400 cm−1 range, which is attrib-
uted to O–H stretching vibrations.47 In the FT-IR spectra of the
Fe3O4@L-AHA nanocomposite, the broad absorption peak
spanning from 2800–3500 cm−1 can be attributed to the pres-
ence of the carboxylic acid moiety of the L-azidohomoalanine
linker beneath the surface, overlapping with aliphatic C–H and
N–H stretching vibrations (related to methyl groups). The bands
observed at 1470 cm−1, 1401 cm−1, 1302 cm−1, 1125 cm−1, and
1013 cm−1 indicate C–H stretching vibrations associated with
aliphatic (methyl groups), carboxylic acid, C–N, and C–O bonds
present within the L-AHA on the surface. Additionally, the
successful synthesis of Fe3O4@DAA-BTrzPhen was conrmed by
the emergence of characteristic peaks at 1402–1470 cm−1

(indicating the presence of C]C within the pyridine ring) and
1643 cm−1 (denoting C]N in the ligand). Moreover, the peaks
in the 1200–1500 cm−1 range are related to C–N and C–O bonds.
Furthermore, aer the complexation of Cu with Fe3O4@DAA-
BTrzPhen, the C]N bands shied to lower frequencies, con-
rming the synthesis of the target complex.

X-ray diffraction (XRD) analysis, as shown in Fig. 2, was
conducted to investigate the crystalline patterns of the Fe3O4

and [Fe3O4@DAA-BTrzPhen–Cu(II)] composite. The obtained
XRD spectrum revealed distinct peaks at 30.15°, 35.70°, 43.3°,
57.45°, 54.25°, 62.90°, 71.43° and 74.29°, which can be attrib-
uted to the 220, 311, 222, 400, 422, 511, 440, 620 and 533
reection planes, respectively.48,49 The presence of these peaks
provides compelling evidence for the existence of crystalline
Fe3O4 magnetic nanoparticles (MNPs) within the complex.
Consequently, it veries the successful synthesis of Fe3O4 MNPs
and conrms their structural stability even aer the post-
synthetic surface functionalization process. These ndings
validate the formation of the desired [Fe3O4@DAA-BTrzPhen–
Cu(II)] composite and its potential applications in various elds
such as catalysis. Calculating the size of nanoparticles using
Fig. 2 XRD patterns of Fe3O4 and the [Fe3O4@DAA-BTrzPhen–Cu(II)]
composite.

6180 | Nanoscale Adv., 2023, 5, 6177–6193
Scherer's formula shows that the size of nanoparticles is about
17.44 nm.

The thermal stability and mass ratios of the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite were assessed using TGA analysis
(Fig. 3). Below 200 °C, there was an initial mass loss of around
5%, attributed to the evaporation of adsorbed moisture and
solvents transforming into steam.50 Subsequently, within the
temperature range of 200–500 °C, the main mass loss of
approximately 23% occurred due to the pyrolysis-driven disin-
tegration of the organic components of the immobilized [DAA-
BTrzPhen–Cu(II)] composite. These ndings validate the
successful functionalization of the Fe3O4 surface and the
synthesis of the targeted nanocomposite. Importantly, the
[Fe3O4@DAA-BTrzPhen–Cu(II)] composite demonstrated excep-
tional thermal stability, making it exceptionally well-suited for
high-temperature catalytic applications. This exceptional
thermal stability is a crucial characteristic that boosts its effi-
ciency as a catalyst.
Fig. 3 TGA analysis of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite.

Fig. 4 EDAX analysis of the [Fe3O4@DAA-BTrzPhen–Cu(II)]
composite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The EDAX analysis (Fig. 4) was used to examine the
elemental composition of the [Fe3O4@DAA-BTrzPhen–Cu(II)]
composite. The results indicated the presence of inorganic
Fe3O4 and copper ions, as evident from the appearance of Fe, O,
and Cu peaks. These ndings corroborated the TGA results,
which demonstrated that over 70% of the sample consisted of
inorganic materials, including the Fe3O4 support and copper.
Furthermore, the identication of C and N peaks provided
evidence of the successful functionalization of the Fe3O4 surface
with the DAA-BTrzPhen ligand. To precisely determine the Cu
Fig. 5 Elemental mapping of the [Fe3O4@DAA-BTrzPhen–Cu(II)] compo

Fig. 6 SEM images of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite.

© 2023 The Author(s). Published by the Royal Society of Chemistry
content in the catalyst, ICP-OES analysis was conducted,
yielding a Cu content of 1.37 × 10−5 mol g−1. This analysis
serves as conrmation of the successful synthesis of the tar-
geted Cu complex.

The elemental mapping study, presented in Fig. 5, comple-
ments the EDX analysis by offering visual insights into the
spatial distribution of elements within the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite. The photographs show a high
density of Fe and O elements and uniform distribution of C, N
and Cu elemental components throughout the support material
site.

Nanoscale Adv., 2023, 5, 6177–6193 | 6181
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Fig. 7 TEM images of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite.

Fig. 8 VSM analysis of (a) Fe3O4 and (b) the [Fe3O4@DAA-BTrzPhen–
Cu(II)] composite.
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indicates a successful integration of the different catalyst
moieties, suggesting a well-prepared and consistent structure.

Scanning Electron Microscopy (SEM) analysis was employed
to meticulously investigate and elucidate the particle
morphology and surface characteristics of the synthesized
catalyst, as illustrated in Fig. 6. The meticulously craed [Fe3-
O4@DAA-BTrzPhen–Cu(II)] composite exhibited a remarkable
Fig. 9 XPS analysis of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite.

6182 | Nanoscale Adv., 2023, 5, 6177–6193
and unmistakably spherical particle morphology. The surfaces
of these particles were notably sleek and devoid of any
discernible irregularities, portraying an exceptional degree of
smoothness. Furthermore, the complex displayed an impressive
level of uniformity in terms of particle size distribution,
attesting to the precision of the synthesis process.

As demonstrated by TEM images (Fig. 7), the successful and
precise deposition of the [DAA-BTrzPhen–Cu(II)] composite onto
the surface of the Fe3O4 MNPs has been unmistakably unveiled.
This coating manifests as a discernibly brighter periphery
enveloping the darker core, imparting a well-dened spherical
conguration. Notably, owing to the magnetic forces between
the nanoparticles, a subtle assembly and stacking phenomenon
becomes evident, as elegantly illustrated in Fig. 6. Delving
deeper, the average particle size has been determined to fall
within the range of approximately 17 nm to 25 nm, while
retaining a predominantly spherical morphology. This excep-
tional uniformity in size underscores the precision inherent in
the synthesis process.

VSM analysis (Fig. 8) was carried out to investigate the
magnetic properties of both Fe3O4 and the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite. The saturation magnetization
value obtained for Fe3O4 was 76.4 emu g−1, indicating its strong
magnetic behavior. In contrast, the [Fe3O4@DAA-BTrzPhen–
Cu(II)] composite displayed a lower magnetization value of 42
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 N2 adsorption–desorption analysis of the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite.
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emu g−1, suggesting a reduction in magnetic response
compared to pure Fe3O4 NPs. This reduction in magnetization
can be attributed to the introduction of the ferromagnetic DAA-
BTrzPhen ligand, which disturbs the uniformity of magnetic
moments within the Fe3O4 NPs, leading to an overall decrease
in magnetization. These ndings validate the alteration of the
nanocomposite's chemical composition and the successful
synthesis of the targeted catalyst. Despite the decrease in
magnetization aer modication, the [Fe3O4@DAA-BTrzPhen–
Cu(II)] composite still retains signicant magnetic properties,
rendering it a promising candidate for various applications in
catalysis and environmental remediation.

The XPS analysis conrms the presence of expected peaks
corresponding to Fe 2p, Fe 3p, C 1s, N 1s, O 1s, and Cu 2p within
the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite (Fig. 9). Notably,
the observed bands include Fe–O (535.9 eV),51 O–H (539.3 eV),51

C–O (291.6 eV),52 C–C (290.2 eV),53 C–N (405.02 eV),52 and C]N
(405.23 eV),52 aligning precisely with the composite's structural
characteristics. Additionally, the XPS spectrum discloses two
conspicuous peaks at approximately 938.15 eV and 948.73 eV,
corresponding respectively to Cu 2p3/2 and Cu 2p1/2; this
observation undeniably substantiates the presence of Cu
species in the Cu(II) state within the prepared catalyst, in
accordance with established literature.52

Fig. 10 presents the nitrogen adsorption–desorption
isotherms of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite. The
sample displays a characteristic type IV isotherm, conforming
to the IUPAC's sorption isotherm classication. The nano-
particles possess a specic surface area of 74.9 m2 g−1, which
plays a pivotal role in enhancing their catalytic efficiency.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2. Catalytic study

To investigate the catalytic behavior of the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite, we employed the cyclo-
condensation reaction of aniline, ammonium acetate and
benzil with benzaldehyde as a model reaction. Various
parameters were systematically examined to optimize the
reaction conditions (Table 1). Initially, the reaction was con-
ducted without any catalyst, but even aer 8 hours, no product
formation was observed (Table 1, entry 1). Next, we compared
the catalytic performance of Fe3O4, Fe3O4@LAH, and Fe3-
O4@DAA-BTrzPhen intermediates with the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite to assess the desired Cu complex
(Table 1, entries 2–5). Among these, the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite exhibited the most favorable
results, leading to the highest product yield (Table 1, entry 5).
In pursuit of enhanced conversion, we conducted additional
investigations by varying the quantities of the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite (Table 1, entries 5–9). Strikingly,
the most remarkable efficiency was achieved when employing
a 12 mg catalyst (Table 1, entry 8). This nding unequivocally
highlights the signicance of the catalyst's quantity in
achieving optimal results.

In the quest for a suitable solvent, we evaluated a range of
environmentally friendly options, such as ethanol, methanol,
water, ethylene glycol, PEG-400, dimethylformamide, and
solvent-free conditions (Table 1, entries 8, 10–15). Aer careful
screening, ethanol emerged as the optimal choice and was
selected as the primary solvent for the reaction (Table 1, entry
8). Its selection was based on its promising performance and
compatibility with the optimal amount of the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite. Next, different temperatures
(Table 1, entries 2–6) were screened and it was observed that
temperature inuenced the product formation signicantly,
and the best conversion was obtained under reux conditions.
Finally, the optimal reaction conditions were determined with
12 mg of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite, in the
presence of ethanol (3 mL) under reux conditions (Table 1,
entry 8).

In the subsequent step, we investigated the extensive appli-
cability and adaptability of this method by utilizing the speci-
ed reaction conditions to analyze a diverse array of aniline and
aldehyde substrates. This comprehensive set of aldehydes
comprised various electron-donating and electron-withdrawing
groups, such as halogens and naphthaldehyde functionalities.
The experimental outcomes demonstrated remarkable yields of
the desired tetrasubstituted imidazoles, underscoring the
effectiveness of the approach (see Table 2). Interestingly, we
observed that the electron-withdrawing groups signicantly
inuenced both the reaction rate and yield, leading to the most
favorable results. This discovery implies that electronic and
hindrance effects play a critical role in the progression of the
reaction. Furthermore, we successfully converted functional-
ized anilines into the target products, achieving impressive
yields in remarkably short reaction times. This exceptional
efficiency emphasizes the potential of this method for synthe-
sizing tetrasubstituted imidazoles from a wide range of
Nanoscale Adv., 2023, 5, 6177–6193 | 6183
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Table 1 Optimization of the synthesis of tetrasubstituted imidazoles over the catalysis of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite under
different conditions

Entry Catalyst
Amount of catalyst
(mg) Solvent

Temperature
(°C)

Time
(min)

Yielda,b

(%)

1 — — EtOH Reux 480 NR
2 Fe3O4 5 EtOH Reux 15 Trace
3 Fe3O4@L-AHA 5 EtOH Reux 15 27
4 Fe3O4@DAA-BTrzPhen 5 EtOH Reux 15 35
5 [Fe3O4@DAA-BTrzPhen–Cu(II)] 5 EtOH Reux 15 71
6 [Fe3O4@DAA-BTrzPhen–Cu(II)] 8 EtOH Reux 15 87
7 [Fe3O4@DAA-BTrzPhen–Cu(II)] 10 EtOH Reux 15 95
8 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 EtOH Reux 15 98
9 [Fe3O4@DAA-BTrzPhen–Cu(II)] 15 EtOH 100 15 98
10 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 MeOH Reux 15 96
11 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 Water Reux 15 47
12 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 Ethylene glycol 80 15 23
13 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 PEG-400 80 15 29
14 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 DMF 80 15 31
15 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 DMSO 80 15 47
16 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 Solvent-free Reux 15 84
17 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 EtOH 60 15 87
18 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 EtOH 40 15 58
19 [Fe3O4@DAA-BTrzPhen–Cu(II)] 12 EtOH r.t. 15 Trace

a Reaction conditions: benzil (1 mmol), aniline (1 mmol), benzaldehyde (1 mmol), ammonium acetate (1 mmol), catalyst (mg) and solvent (3 mL).
b Isolated yields.
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substrates, including those with intricate and heterocyclic
structures.

The potential process for creating tetrasubstituted imidazole
derivatives using the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite
as a catalyst is depicted in Scheme 2. The initial step in this
process involves a Schiff base reaction, in which the Cu-based
composite acts as a Lewis acid. It engages with aldehyde
carbonyl groups, activating them for nucleophilic attack by aryl
amines. This interaction leads to the formation of the hemi-
aminal intermediate (I), which subsequently undergoes the
release of a water molecule to yield imine intermediate (II). In
the following step, ammonia, produced from NH4OAc, nucleo-
philically attacks the imine intermediate, resulting in the
formation of diamine intermediate (III). This intermediate then
reacts with the activated benzil to yield (IV). The elimination of
a water molecule leads to the formation of intermediate (V). The
subsequent step involves an intramolecular nucleophilic attack
by the amine group on the activated carbon. This is followed by
a process to remove water from intermediate (VI) and produc-
tion of the nal products and the release of the nanocatalyst.
6184 | Nanoscale Adv., 2023, 5, 6177–6193
3.3. Reusability tests

One of the most captivating benets demonstrated by hetero-
geneous nanocatalysts pertains to their exceptional recover-
ability and potential for reuse. To further substantiate this
recyclability, a series of examinations were carried out on the
[Fe3O4@DAA-BTrzPhen–Cu(II)] nanocatalyst, focusing speci-
cally on its role in the synthesis of tetrasubstituted imidazoles
through the cyclocondensation reaction involving aniline,
ammonium acetate and benzil, where benzaldehyde served as
the representative reaction model. Following the reaction
completion, the nanocatalyst was effortlessly separated from
the reaction mixture using an external magnet. Subsequent
purication with ethyl acetate and acetone, coupled with
a drying procedure, readied the nanocatalyst for subsequent
usage. Remarkably, the [Fe3O4@DAA-BTrzPhen–Cu(II)] nano-
catalyst consistently displayed recyclability across eight cycles,
maintaining a substantial yield as visually depicted in Fig. 11.
Following eight cycles, the recovered [Fe3O4@DAA-BTrzPhen–
Cu(II)] nanocatalyst was evaluated using FT-IR and BET analyses
(Fig. 12 and 13). The composition of functional groups and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The synthesis of tetrasubstituted imidazole derivatives over the catalysis of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite in ethanol

Entry Aldehyde Aniline Product Time (min) Yielda,b (%)

1 15 98

2 17 96

3 20 93

4 15 95

5 15 97

© 2023 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2023, 5, 6177–6193 | 6185
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Table 2 (Contd. )

Entry Aldehyde Aniline Product Time (min) Yielda,b (%)

6 25 93

7 25 95

8 10 98

9 25 92

6186 | Nanoscale Adv., 2023, 5, 6177–6193 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry Aldehyde Aniline Product Time (min) Yielda,b (%)

10 15 97

11 30 96

12 17 97

13 15 98

© 2023 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2023, 5, 6177–6193 | 6187
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Table 2 (Contd. )

Entry Aldehyde Aniline Product Time (min) Yielda,b (%)

14 20 96

15 27 95

16 25 95

17 18 96

6188 | Nanoscale Adv., 2023, 5, 6177–6193 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry Aldehyde Aniline Product Time (min) Yielda,b (%)

18 10 98

19 20 95

20 30 95

21 30 93

22 20 97

© 2023 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2023, 5, 6177–6193 | 6189
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Table 2 (Contd. )

Entry Aldehyde Aniline Product Time (min) Yielda,b (%)

23 20 96

a Conditions: benzil (1 mmol), aniline (1 mmol), aldehyde (1 mmol), ammonium acetate (1 mmol) and [Fe3O4@DAA-BTrzPhen–Cu(II)] (12 mg)
under reux of ethanol (3 mL). b Isolated yields.

Scheme 2 Possible mechanism for the synthesis of tetrasubstituted imidazole derivatives over the catalysis of the [Fe3O4@DAA-BTrzPhen–
Cu(II)] composite.
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surface properties observed in the used catalyst closely mirror
those of the pristine catalyst. This observation substantiates the
enduring stability of the catalytic components attached to the
Fe3O4 support during the reaction and recycling process.
6190 | Nanoscale Adv., 2023, 5, 6177–6193
3.4. Hot-ltration and leaching tests

To evaluate the potential for copper leaching from the nano-
catalyst, a hot-ltration test was conducted on the model reac-
tion. The nanocatalyst was employed until achieving a 74%
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Reusability of the [Fe3O4@DAA-BTrzPhen–Cu(II)] composite.

Fig. 12 FT-IR spectra of the recycled [Fe3O4@DAA-BTrzPhen–Cu(II)]
composite.

Fig. 13 N2 adsorption–desorption analysis of the recovered [Fe3-
O4@DAA-BTrzPhen–Cu(II)] composite.

Table 3 Comparison of the catalytic efficiency of the [Fe3O4@DAA-
BTrzPhen–Cu(II)] composite in the synthesis of tetrasubstituted imid-
azoles using the condensation of aniline, ammonium acetate, benzil
and benzaldehyde

Entry Catalyst
Time
(min)

Yielda

(%) References

1 HNa2[PMo12O40] 120 88 54
2 1-Methyl-3-(4-sulfobutyl)

imidazolium
150 88 55

3 PWA/SiO 17 70 56
4 g-Alumina 10 85 57
5 [Fe3O4@DAA-BTrzPhen–Cu(II)] 15 98 This work

a Isolated yield.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
0/

20
26

 6
:1

3:
15

 A
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
conversion rate (aer 30 minutes). At this point, magnetic
separation facilitated the catalyst extraction from the heated
reaction mixture. The reaction mixture was subsequently trans-
ferred to another container, permitting the reaction to proceed
for an additional 30 minutes, followed by an evaluation of the
reaction yield. Notably, no further conversion was discerned,
signifying an absence of notable growth in product formation.

Further analysis encompassing inductively coupled plasma
atomic emission spectroscopy (ICP-OES) was executed on the
ltrate. The results from this analysis demonstrated that the
copper content in the ltrate was negligible. This outcome
provided compelling evidence affirming that the catalytic
process was unequivocally driven by heterogeneity, with
minimal to no observable instances of copper leaching.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5. Comparison

To evaluate the excellence of our current study relative to
previously recorded techniques, we performed a comparative
assessment between the performance of the developed nano-
catalyst in synthesizing tetrasubstituted imidazoles and that of
preceding catalysts. The outcomes of this comparison have
been succinctly outlined in Table 3. Our approach showcased
several noteworthy benets, including a straightforward exper-
imental process, favorable reaction conditions, reduced catalyst
demand, and a noteworthy yield of the targeted product.
Nanoscale Adv., 2023, 5, 6177–6193 | 6191
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4. Conclusions

In this study, we have introduced an innovative nanomagnetic
Cu complex, anchored by a synthetic bistriazolyl-
phenanthroline ligand attached to the Fe3O4 surface, show-
casing its prowess as a highly effective heterogeneous catalyst.
This catalyst has demonstrated its potential in facilitating the
synthesis of diverse pharmaceutically signicant tetrasub-
stituted imidazoles through a streamlined one-pot multicom-
ponent condensation process, involving anilines, ammonium
acetate, 1,2-diketones, and aldehydes. This methodology not
only prioritizes environmental friendliness and straightforward
purication procedures but also operates under mild reaction
conditions, reducing reaction time, and yielding remarkable
product quantities. Additionally, the catalyst's convenient
retrieval using a magnet further enhances its practicality. This
heterogeneous nanocatalyst holds great promise in the realm of
synthesizing related heterocyclic compounds through multi-
component reactions, a potential attributed to its unique
features, notably the abundance of reactive catalytic species
integrated into its structure.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This research was made possible with the support of Prince
Sattam Bin Abdulaziz University. The authors express their
gratitude for the nancial assistance provided by this
institution.
References

1 R. Sahoo, S. Mondal, S. Chand and M. C. Das, Inorg. Chem.,
2023, 62(32), 12989–13000.

2 N. Moeini-Eghbali and H. Eshghi, Inorg. Chem. Commun.,
2023, 156, 111181.

3 X. Yang, H. Duan, R. Wang, F. Zhao, F. Jin, W. Jiang, G. Han,
Q. Guan and H. Ben, Inorg. Chem., 2023, 62(33), 13419–
13427.

4 A. N. Bilyachenko, I. S. Arteev, V. N. Khrustalev,
L. S. Shul’pina, A. A. Korlyukov, N. S. Ikonnikov,
E. S. Shubina, Y. N. Kozlov, N. Reis Conceição,
M. F. C. Guedes da Silva, K. T. Mahmudov and
A. J. L. Pombeiro, Inorg. Chem., 2023, 62(33), 13573–13586.

5 R. Lima Oliveira, K. A. Ledwa, O. Chernyayeva, S. Praetz,
C. Schlesiger and L. Kepinski, Inorg. Chem., 2023, 62(33),
13554–13565.

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

7 S. G. Krishnan, F.-L. Pua and F. Zhang, Biomass Bioenergy,
2021, 149, 106099.

8 E. Karakhanov, A. Maximov and A. Zolotukhina, Polymers,
2022, 14, 981.
6192 | Nanoscale Adv., 2023, 5, 6177–6193
9 M. Gholinejad, F. Zareh, H. Sheibani, C. Nájera and M. Yus,
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