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A B S T R A C T

In this work, a new palladium nanocatalyst was supported on CBCE functionalized MNPs (MgFe2O4@-
SiO2@CBCE-Pd) and was characterized by EDS, FTIR, SEM, ICP, XRD, VSM, and TGA techniques. The perfor-
mance of MgFe2O4@SiO2@CBCE-Pd was found to exhibit excellent catalytic activity for C–O and C–C cross-
coupling reactions. The nanocatalyst showed high activity and efficiency as evidenced by the excellent yields
of products obtained from the C–O and C–C coupling reaction. Additionally, the synthesized nanocatalyst can be
retrieved using a magnet and employed for up to four cycles without diminishing its catalytic effectiveness.

1. Introduction

The application of palladium in homogeneous nanocatalysis has
been thoroughly explored in different C–C coupling reactions [1–3].
Homogeneously catalyzed coupling reactions achieve high levels of
selectivity and reactivity [4,5]. Homogeneous nanocatalysts are asso-
ciated with several problems, including difficult transport and recycla-
bility, high cost, and difficulty in isolation [6,7]. The mentioned
problems can be overcome by using heterogeneous nanocatalysts.
Immobilization of homogeneous nanocatalysts on solid support leads to
stability in the reaction environment and their efficient recycling
[8–13]. To achieve this goal, various materials have been utilized to
produce diverse Pd-catalysts, including metal oxides, ionic liquids,
carbon, molecular sieves, boehmite, mesoporous silica, and polymers

[14,15]. Developing and researching new and efficient nanomaterials as
catalytic support is a big challenge in modern organic synthesis [16,17].
Over the past ten years, MNPs have become popular as widely utilized
supports in creating magnetic catalysts because of their simple prepa-
ration and operation, effortless recovery by the magnetic field, and large
surface area. Magnetic nanoparticles offer the advantage of being easily
separated from the reaction mixture using a bar magnet [18,19]. Het-
erogeneous nanocatalysts such as MgFe2O4 have garnered significant
favor due to their simple synthesis and the ease with which their surface
can be modified using a magnet. Different catalysts can be fixed onto
MgFe2O4 nanoparticles, allowing for their retrieval and repeated use
over multiple cycles [2,20–22].

Carbon-carbon and Carbon-Oxygen coupling reactions are
frequently catalyzed by homogeneous or heterogeneous Pd-complexes,
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Scheme 1. Synthesis of MgFe2O4@SiO2@CBCE-Pd.

Scheme 2. Suzuki reaction in the presence of MgFe2O4@SiO2@CBCE-Pd catalyst.
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Scheme 3. Synthesis of C–O bond catalyzed by MgFe2O4@SiO2@CBCE-Pd.

Fig. 1. Comparative study of FTIR spectra of a) MgFe2O4, b) MgFe2O4@SiO2, c) MgFe2O4@SiO2@CBCE, d) MgFe2O4@SiO2@CBCE-Pd.

Fig. 2. XRD spectrum of MgFe2O4@SiO2@CBCE-Pd (a) and recovered cata-
lyst (b). Fig. 3. TGA curve of MgFe2O4@SiO2@CBCE-Pd.
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serving as a powerful tool in contemporary synthetic organic chemistry
for the synthesis of advanced materials, natural products, UV screens,
pharmaceuticals, herbicides, liquid crystal materials, and biologically
active compounds [23–26].

In this paper, we present the creation and structural analysis of a new
environmentally friendly catalyst designed to stabilize palladium ions.
We also explore its effectiveness as a green and efficient nanocatalyst in
C–O and C–C coupling reactions.

2. Experimental

2.1. Preparation of MgFe2O4@SiO2@CBCE-Pd

For the synthesis of MgFe2O4@SiO2@CBCE-Pd MNPs, first
MgFe2O4@SiO2 were synthesized by the co-precipitation method
(Scheme 1) [27,28]. To synthesize the MgFe2O4@SiO2@CBCE complex,
0.5 g of the prepared MgFe2O4@SiO2 was dispersed in 35 mL EtOH by
sonication for 20 min. Then, 1.5 mmol of 4′-Carboxybenzo-18-crown
6-Ether (CBCE) was added into the flask and stirred at reflux condition
for 24 h. Once the reaction was completed, the MgFe2O4@SiO2@CBCE
product was separated using magnetic decantation, followed by thor-
ough washing with EtOH and H2O, and subsequently dried at 50 ◦C.
Next, to prepare MgFe2O4@SiO2@CBCE-Pd organometallic catalytic
complex, a mixture of MgFe2O4@SiO2@CBCE (0.5 g), Pd (OAc)2 (1.5
mmol) and 30 ml EtOH was added into the flask and, then, it was stirred
at 60 ◦C for 48 h under reflux conditions. The reaction vessel was finally
treated with 2 mmol of NaBH4 and stirred for a duration of 4 h. After the
reaction was completed, the MgFe2O4@SiO2@CBCE-Pd complex was
separated, thoroughly washed with H2O and EtOH, and then dried in a
vacuum at 50 ◦C.

2.2. Preparation of Suzuki reaction

A blend of aryl halides (1 mmol), phenylboronic acid (1.2 mmol),
and potassium carbonate (1.4 mmol) was combined with 3 ml of water
and the MgFe2O4@SiO2@CBCE-Pd complex (0.03 g). The mixture was
then stirred in open air at a temperature of 80 ◦C. The reaction’s progress
was monitored with TLC. Following that, the mixture underwent cooling
and filtration. The samples were rinsed with water and then dried using
0.5 g of Sodium sulfate. Upon solvent removal, the desired products
were achieved with outstanding yields as shown in Scheme 2.

2.3. General procedure for C–O reaction

A mixture of triphenyltin chloride (1.2 mmol), phenol (1 mmol), and
K2CO3 (1.4 mmol) in the presence of MgFe2O4@SiO2@CBCE-Pd (30 mg)
was dissolved in MeOH and stirred at 60 ◦C. The progress of the reaction
was checked by TLC technique in hexane solvent. Following the reac-
tion, the MgFe2O4@SiO2@CBCE-Pd was isolated using a magnet, then
washed with ethyl acetate and H2O, with sodium sulfate serving as a
water absorbent. Subsequently, the organic solvent was evaporated to
yield the pure products (Scheme 3).

2.4. Selected NMR data

1,1′-Biphenyl:1H NMR (DMSO, 400 MHz): δH(ppm) = 7.15–7.41
(m, 10H).

4,4′-Dimethyl-1,1′-biphenyl:1H NMR (DMSO, 400 MHz): δH(ppm)
= 7.30–7.56 (m, 8H), 2.37 (s, 6H).

[1,1′-Biphenyl]¡4-amine:1H NMR (DMSO, 400 MHz): δH(ppm) =
7.25–7.43 (m, 8H), 4.91 (s, 2H).

4-Methoxy-4′-nitro-1,1′-biphenyl:1H NMR (DMSO, 400 MHz):
δH(ppm) = 6.99–8.14 (m, 8H), 4.09 (s, 3H).

2-Nitro-1,1′-biphenyl:1H NMR (DMSO, 400 MHz): δH(ppm) = 7.18
(d, J = 8 Hz, 5H), 7.26–7.44 (m, 4H).

2-Methoxy-1,1′-biphenyl:1H NMR (DMSO, 400 MHz): δH(ppm) =
7.34 (d, J = 12 Hz, 4H), 7.31 (s, 2H), 7.04 (s, 3H), 4.17 (s, 3H).

Oxydibenzene:1H NMR (DMSO, 400 MHz): δH(ppm) = 7.46–7.78
(m, 10H).

2-Phenoxynaphthalene:1H NMR (DMSO, 400 MHz): δH(ppm) =

7.24–7.89 (m, 12H).
1-Bromo-3-phenoxybenzene:1H NMR (DMSO, 400 MHz): δH(ppm)

= 7.20–7.65 (m, 9H).
1-Methyl-3-phenoxybenzene:1H NMR (DMSO, 400 MHz): δH(ppm)

= 7.13–7.75 (m, 9H), 1.21 (s, 3H).

Catalyst characterizations
The prepared MgFe2O4@SiO2@CBCE-Pd MNPs were checked by

SEM, ICP, XRD, FTIR, TGA, VSM, and EDS techniques.
The FTIR spectrum of each step of the synthesis of the desired

catalyst was examined in the range of 400–4000 cm-1 in Fig. 1. The
addition of each layer onto the previous one resulted in the emergence of
distinct peaks representing new functional groups, providing evidence
for the creation of a new layer. The absorption bands for MgFe2O4
(Fig. 1a) and MgFe2O4@SiO2 (Fig. 1b) were in line with our previous
findings, as reported. In Fig. 1c, two prominent bands at 2879 and 2961
cm− 1 are observed, which are assigned to the aliphatic Carbon-
e–Hydrogen stretching of amino acid CBCE. The presence of absorption
bands at 1407 and 1659 cm-1 can be related to the C= C vibrations of the
benzene ring, which confirm the successful binding of the organic
ligand. The variation in the intensity of the MgFe2O4@SiO2@CBCE-Pd
peaks (Fig. 1d) provides crucial evidence confirming the coordination of
the oxygen atom within the 4′-Carboxybenzo-18-crown 6-Ether (CBCE)
to Palladium.

The crystalline structures of the MgFe2O4@SiO2@CBCE-Pd were
determined by XRD. Fig. 2 clearly demonstrates the highly crystalline
cubic spinel structure of the obtained MgFe2O4, consistent with the
standard MgFe2O4 XRD spectrum. The patterns reveal a crystallized
arrangement specific to the (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1
1), and (4 4 0) crystallographic facets of magnetite. Furthermore, the
XRD pattern of the nanocatalyst indicates that the MgFe2O4 phase
remained unchanged following modifications with a different organic
functional group (see Fig. 2). Fig. 2b shows the comparison of the XRD
spectrum of the catalyst after recycling. As shown, there is no change in
the XRD spectrum of the catalyst after recovery.

Thermal stability of TGA catalyst MgFe2O4@SiO2@CBCE-Pd was
investigated using TGA analysis. The slight decrease in weight (7 %)
below 250 ◦C is caused by the elimination of absorbed solvents (see

Fig. 4. EDS analysis of MgFe2O4@SiO2@CBCE-Pd.
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Fig. 5. SEM images of MgFe2O4@SiO2@CBCE-Pd.
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Fig. 3). Fig. 3 shows that the weight loss of 25% between 200 and 800 ◦C
for MgFe2O4@SiO2@CBCE-Pd is attributed to the decomposition of the
CBCE-Pd complex. The TGA curve results confirmed the successful
support of CBCE-Pd on the surface of MgFe2O4 MNPs.

The EDX technique was used to analyze the elemental composition of
MgFe2O4@SiO2@CBCE-Pd. Furthermore, the EDX analysis affirmed the
presence of all constituent elements (Mg, Fe, O, Si, Pd, and C) in the
structure of MgFe2O4@SiO2@CBCE-Pd (Fig. 4).

The SEM images of the MgFe2O4@SiO2@CBCE-Pd samples (Fig. 5)
validate the spherical structure of the prepared catalyst. The SEM image
of MgFe2O4@SiO2@CBCE-Pd confirms that the catalyst consists of
uniformly-sized nanometer particles. Additionally, there are no signifi-
cant changes in the surface morphology when the Palladium complex is
introduced to MgFe2O4.

TEM was employed to provide additional insight into the
morphology and loading of CBCE-Pd on the surface of MgFe2O4. A
detailed examination of the TEM image verifies the formation of

MgFe2O4@SiO2@CBCE-Pd (Fig. 6).
Following that, the levels of palladium present in the initial catalyst

and the palladium remaining after recycling the catalyst were examined
using ICP analysis. The analysis revealed that the quantities of Pd in the
new and recycled catalysts are 2.0× 10–4 mol. g-1 and 1.9× 10–4 mol. g-
1 respectively, indicating minimal leaching of Pd from the MgFe2O4@-
SiO2@CBCE-Pd framework.

The magnetic properties of MgFe2O4, MgFe2O4@SiO2, and
MgFe2O4@SiO2@CBCE-Pd were analyzed using VSM techniques
(Fig. 7). As anticipated, the reduction in saturation magnetization from
approximately 30 and 26 emu/g to around 19 emu/g can be attributed
to the presence of the newly coated layer, confirming the successful
formation of the intended catalyst.

Catalytic studies
After investigating and identifying the structure of the nanocatalyst,

the catalytic activity of MgFe2O4@SiO2@CBCE-Pd was checked in the
reactions of C–O and C–C pairs. At the beginning of our research, we
examined the catalytic performance of MgFe2O4@SiO2@CBCE-Pd in
Suzuki coupling reactions. The model reaction chosen for this study
involves the reaction between 1.2 mmol of phenylboronic acid and 1
mmol of iodobenzene using K2CO3 as a base at 80 ◦C. Various parame-
ters including the amount of nanocatalyst, solvent, temperature, and
base were investigated for this model reaction (see Table 1). Based on
the findings, it can be inferred that the optimal conditions for this re-
action entail the utilization of MgFe2O4@SiO2@CBCE-Pd (0.03 g) and
K2CO3 (1.4 mmol) as the base in H2O at 80 ◦C.

After obtaining the optimized reaction conditions, we delved into
examining the functional group tolerance of the established catalytic
system (MgFe2O4@SiO2@CBCE-Pd). In Table 2, it is evident that phe-
nylboronic acid has the capability to react with various substrates con-
taining electron-withdrawing or electron-donating substituents,
resulting in the formation of corresponding products with high con-
versions of up to 99 %. The reaction proved effective when faced with a
diverse range of functional groups on the Ar-Cl, Br, and I, resulting in
outstanding conversion to the respective products. Various aryl bro-
mides were subsequently treated with phenylboronic acid at specific
intervals, yielding the intended biphenyl compounds as indicated in
Table 2.

In Scheme 4, a possible mechanism for the Suzuki reaction in the
presence of MgFe2O4@SiO2@CBCE-Pd is demonstrated. During the
Suzuki coupling process, the aryl halide undergoes an oxidative addition
reaction with Pd. Subsequently, the reaction’s base, potassium carbon-
ate, activates phenylboronic acid to yield an ester derivative, phenyl
boronate. This activated borane group then participates in a displace-
ment reaction with the metal from medium (1) to generate medium (2).
The final stage of this reaction involves an elimination-reduction pro-
cess, resulting in the production of the desired product and the regen-
eration of the initial catalyst (Scheme 4).

After the preparation and characterization of MgFe2O4@-
SiO2@CBCE-Pd, its catalytic activities were investigated in the C–O
bond formation by triphenyltin chloride. Initially, we examined the re-
action of Ph3SnCl with phenol in different bases, solvents, and various
amounts of MgFe2O4@SiO2@CBCE-Pd (Table 3). The impact of varying
amounts of nanocatalyst on the model reaction was investigated in
MeOH as the solvent with triphenyl tin chloride at 60 ◦C in the absence
of a catalyst. After a day, the intended biphenyl product was not ach-
ieved. Moreover, altering the documented catalyst amount significantly
impacted the reaction’s efficiency. The use of 0.03 g of MgFe2O4@-
SiO2@CBCE-Pd was chosen as the optimal amount. Using H2O, Aceto-
nitrile, MeOH, EtOAc, or EtOH as the solvent also yielded the desired
product in high amounts ranging from 35 % to 98 %. However, MeOH
proved to be the most optimal choice. The optimal conditions for this
reaction are MgFe2O4@SiO2@CBCE-Pd catalyst (30 mg), phenol (1
mmol), triphenyltin chloride (1.2 mmol), and K2CO3 (1.4 mmol) as the
base in the MeOH at 60 ◦C.

Fig. 6. TEM images of MgFe2O4@SiO2@CBCE-Pd.

Fig. 7. VSM curves of (a) MgFe2O4(b) MgFe2O4@SiO2 c) MgFe2O4@-
SiO2@CBCE-Pd.
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Table 1
Optimization of the model reaction of iodobenzene with phenylboronic acid catalyzed by MgFe2O4@SiO2@CBCE-Pd.

Entry Nanocatalyst (g) Solvent Base Temperature ( ◦C) Time (min) Yield (%)a

1 – H2O K2CO3 80 1 days NR
2 0.007 H2O K2CO3 80 30 45
3 0.01 H2O K2CO3 80 30 75
4 0.02 H2O K2CO3 80 30 93
5 0.03 H2O K2CO3 80 30 99
6 0.04 H2O K2CO3 80 30 99
7 0.03 PEG-400 K2CO3 80 30 66
8 0.03 EtOH K2CO3 80 30 82
9 0.03 MeOH K2CO3 80 30 92
10 0.03 H2O Li2CO3 80 30 90
11 0.03 H2O t-BuOK 80 30 86
12 0.03 H2O NaOH 80 30 91
13 0.03 H2O Cs2CO3 80 30 85
14 0.03 H2O KOH 80 30 47
15 0.03 H2O NaHCO3 80 30 40

a Isolated yield.

Table 2
Synthesis of Suzuki reaction from aryl halides using MgFe2O4@SiO2@CBCE-Pd.

Entry Y X R Time (min) Yield (%)a TON TOF (min-1)

1 H I H 30 99 165 330
2 H I 4-Me 30 91 151 302
3 H I 4-OMe 30 93 155 310
4 H I 2-Me 50 95 158 197
5 4-OMe I H 120 89 148 74
6 H I 4-COMe 60 85 141 141
7 H I 4-OH 45 91 151 201
8 H I 2-OMe 60 88 146 146
9 H I 2-NO2 60 90 150 150
10 H I 5-Bromo-3-pyridine carboxaldehyde 120 – – –
11 H Br H 20 95 158 526
12 H Br 4-NO2 30 90 150 300
13 H Br 4-Me 45 91 151 201
14 H Br 4-OH 60 90 150 150
15 4-OMe Br 4-NO2 35 96 160 275
16 4-Me Br 4-Me 60 93 155 155
17 H Cl H 60 91 151 151
18 4-OMe Cl 4-NO2 60 95 158 158
19 4-Me Cl H 40 90 150 250
20 H Cl 4-OH 70 85 141 128
21 H Cl 4-NH2 60 93 155 155
22 H Cl 4-Me 45 90 150 200
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After optimizing the reaction conditions, the Carbon-Oxcigen
coupling reaction of various phenols with triphenyltin chloride
(Ph3SnCl) was tested (Table 4). Several phenols were studied in the
coupling reaction with Ph3SnCl in the presence of MgFe2O4@-
SiO2@CBCE-Pd. Both electron-rich and electron-deficient phenols suc-
cessfully underwent C–O coupling reactions under gentle conditions.
The desired products were obtained with 75 to 98 % efficiency.

The suggested process for the Carbon-Oxygen cross-coupling reac-
tion, as depicted in Scheme 5 according to prior studies, unfolds as
follows: Ph3SnCl undergoes oxidative addition with Pd to generate in-
termediate (1). Subsequently, intermediate (1) engages with phenol to

yield intermediate (2), and ultimately, via reductive elimination, in-
termediate (2) produces ether while liberating the Palladium
nanoparticle.

3. Reusability of MgFe2O4@SiO2@CBCE-Pd

In a separate experiment, the recyclability of the magnetic nano-
catalyst was studied by examining the reaction between iodobenzene
and phenylboronic acid as a model reaction in H2O, employing 0.03 g of
MgFe2O4@SiO2@CBCE-Pd. The nanocatalyst, once synthesized, was
separated using an external magnet and then thoroughly washed with
ethyl acetate and H2O multiple times. The reported catalyst was reused
in four cycles without significant decrease in activity (Fig. 8).

Hot filtration test

To examine the palladium leaching phenomenon and the catalyst’s
heterogeneity during the process, a hot filtration test was performed for
the iodobenzene-phenylboronic acid coupling reaction. The initial
experiment resulted in a 66 % product yield at the midpoint of the re-
action time (15 min). Subsequently, the reaction was replicated, and at
the halfway point, the catalyst was removed, allowing the filtrate to
continue reacting for an additional 15 min. At the 30-minute mark, the
yield was determined to be 67 %, indicating the insignificance of
palladium leaching in the reaction mixture.

Then, we showcased the effectiveness of MgFe2O4@SiO2@CBCE-Pd
by comparing the outcomes of the C–O and C–C cross-coupling re-
actions with those previously documented in the literature. When
compared to other catalysts used in the synthesis of diphenyl ether and
biphenyl, MgFe2O4@SiO2@CBCE-Pd showed notably higher catalytic
activity regarding both reaction time and yield (Table 5).

4. Conclusion

This study presents the development of an efficient method for
producing MgFe2O4@SiO2@CBCE-Pd, a novel, environmentally
friendly, and recoverable catalyst. The characterization of the prepared
MgFe2O4@SiO2@CBCE-Pd catalyst was conducted using FT-IR, VSM,
SEM, EDS, TEM, TGA, and XRD techniques. The new nanocatalyst was

Scheme 4. Possible mechanism for Suzuki reaction.

Table 3
Enhancing various parameters for the phenol reaction with Ph3SnCl.

Entry Catalyst (g) Solvent Base Temperature ( ◦C) Time (h) Yield (%)a

1 – MeOH K2CO3 60 1 days N. R
2 0.008 MeOH K2CO3 60 1.5 46
3 0.01 MeOH K2CO3 60 1.5 73
4 0.02 MeOH K2CO3 60 1.5 90
5 0.03 MeOH K2CO3 60 1.5 98
6 0.04 MeOH K2CO3 60 1.5 98
7 0.03 H2O K2CO3 60 1.5 40
8 0.03 EtOAc K2CO3 60 1.5 75
9 0.03 Acetonitrile K2CO3 60 1.5 82
10 0.03 EtOH K2CO3 60 1.5 89
11 0.03 MeOH Li2CO3 60 1.5 90
12 0.03 MeOH Na2CO3 60 1.5 90
13 0.03 MeOH Cs2CO3 60 1.5 88
14 0.03 MeOH NaHCO3 60 1.5 75
15 0.03 MeOH KOH 60 1.5 45

a Isolated yield.
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Table 4
At room temperature, phenol derivatives undergo a reaction with Ph3SnCl.

Entry Ar Product Time (h) Yield (%)a TON TOF (min-1)

1 Ph 1.5 98 163 108

2 4-MePh 3 90 150 50

3 3-MePh 2.5 92 153 61

4 4-MeOPh 3 94 156 52

5 3-MeOPh 3 93 155 51

6 4-BrPh 3.5 89 148 42

7 3-BrPh 4 94 156 23

8 4-ClPh 2 96 160 80

9 4-NO2Ph 1.5 90 150 100

10 1-Naph 5 88 146 29

11 2-Naph 5 91 151 30
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applied in the synthesis of C–O and C–C coupling reactions, demon-
strating its effectiveness across a wide range of aryl halides such as Br,
Cl, and Iodine. Importantly, this newMgFe2O4@SiO2@CBCE-Pd catalyst
can be easily produced from readily available materials. It was found
that the reported catalyst can be reused four times without significant
loss of activity or palladium metal leaching.
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