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Abstract: In this study, a novel magnetic MCM-41-type
mesoporous silica-supported Fe/Cu (Fe;0,@Fe—Cu/MCM-
41) was prepared, characterized, and used as a hetero-
geneous catalyst for the synthesis of symmetric biaryls
by Ullmann cross-coupling reaction. This nanocomposite
was characterized using Fourier transform infrared spec-
troscopy, energy-dispersive X-ray spectroscopy, X-ray dif-
fraction, and nitrogen adsorption—desorption isotherm. The
Fe;0,@Fe—-Cu/MCM-41 was applied as an efficient catalyst
in the synthesis of biaryls under optimum conditions. This
nanocatalyst was recovered and reused several times
without significant loss of activity.

Keywords: MCM-41, Fes0,, mesoporous silica, nanocata-
lyst, Ullmann homocoupling, biaryls

1 Introduction

Since the discovery of the Ullmann reaction in 1901
(Niemeld, 1987), it has been known as one of the most
important synthetic pathways to biaryls using carbon-
carbon coupling reaction (Chen et al., 2020; Dai et al.,
2019). The coupling of aryl halides with different com-
pounds containing O, N, S, P, and C elements by the
Ullmann reaction cause the formation of P-, S—, O—, N—,
and C-aryl bonds (Galeotti et al., 2019; Hemmati et al.,
2020; Hosseinian et al., 2019; Khalili et al., 2019). Among
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the products of various coupling, symmetric biaryls obtained
from the C-C bonds coupling of aryl halides are very impor-
tant as active precursors for the synthesis of many pharma-
ceutically active compounds, herbicides, polymers, new
materials, liquid crystals, and ligands (Khodaei et al.,
2019; Kitanovski, 2020).

The Ullmann reaction generally proceeds in the
presence of different heterogeneous and homogeneous
catalysts containing various metals such as Au (Rodriguez-
Fernandez et al., 2018) Cu (Yavari et al., 2019), Pd/Ni
(Sakata et al., 2018), Pd° (Seyedi et al., 2019; Wang et al.,
2020), and cellulose nanocrystal-supported palladium
(Seyednejhad et al., 2019) as catalysts. However, the
use of homogeneous catalysts suffers from several lim-
itations such as recovery and separation from the reac-
tion media (Abaeezadeh et al., 2019; Esrafili et al., 2020).
So, it is very important to find a suitable alternative to
homogeneous catalysts (Cha et al., 2020; Chatterjee
et al., 2019; Elhamifar et al., 2018). In recent decades,
heterogeneous catalysts have become an alternative to
homogeneous catalysts to overcome problems such as
reusability and easy separation from the reaction media
which is a significant and important challenge of chem-
istry processes (Abdollahi-Alibeik et al., 2020; Javid
and Moeinpour, 2018; Khalilzadeh et al., 2020; Zarei
et al., 2020).

Nanomaterials have received considerable attention
in chemistry and material areas due to their unique phy-
sical and chemical properties and also their applications
in various fields such as waste removal, degradation of
different pollutants such as dyes and toxic metals, cata-
lyst and catalyst support (Bahrami et al., 2020; Eivaz-
zadeh-Keihan et al., 2021; Liu et al., 2019; Maleki, 2018;
Maleki et al., 2019, 2020; Nasrallah et al., 2018). Among
the various types of nanomaterials, magnetic iron oxide
nanoparticles (MNPs) have received a lot of attention
because of their high surface area, non-toxicity, easy avail-
ability, easy separation, and recovery using an external
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magnet (Nikoorazm and Erfani, 2019; Norouzi et al., 2018;
Ojaghi Aghbash et al., 2019). Due to their unique properties,
magnetic NPs have been used in various applications
such as drug delivery and catalysts in chemical pro-
cesses (Daneshafruz et al., 2022; Hashemi-Uderiji et al.,
2018a; Pourhasan-Kisomi et al., 2019; Ramazani et al.,
2019; Reiss et al., 2009).

However, magnetic nanoparticles are very unstable
in acidic and basic media. To solve this problem, various
species such as silica, metal oxides, polymers, surfactants,
and carbon have been used as a shell for the stabilization
of magnetic cores (Abdollahi-Alibeik and Rezaeipoor-
Anari, 2016; Sobhan Ardakani et al., 2020). Among the
mentioned coating, silica coating is the best because
silica-coated nanoparticles can be easily modified by
their silanol group (Adlnasab et al., 2018; Moaddeli
and Abdollahi-Alibeik, 2017).

Among the various types of silica coatings, meso-
porous silica is very noticeable and widely applied
as a catalyst in chemical processes due to its notable
features such as tunable physical and chemical proper-
ties, easy preparation, high surface area, low cost, high
flexibility, and high availability (Abdollahi-Alibeik
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and Moaddeli, 2015; Hajian and Ehsanikhah, 2018;
Hashemi-Uderji et al., 2018c). So, recently magnetic
mesoporous silica materials have been considered active
catalyst support because of having advantages of both
MNPs and mesoporous silica such as simple recoverability and
easy separation (Hashemi-Uderji et al., 2018b; Nikoorazm
et al., 2018; Xie et al., 2018). Several magnetic nanostruc-
tured silica catalysts are prepared and applied in chemical
processes such as Fes;0,@SiO, (Maleki, 2012, 2013),
Fe;0,@Si0,-0S0s;H (Maleki, 2014), Fe;0,/SiO,/0-PDA
(Maleki et al., 2020), Cu,0/agar@Fe;0, (Maleki et al., 2019),
Fe;0,@SiO,—NH, (Maleki and Azadegan, 2017), Fe;0,@MCM-
41@Pd-SPATB (Nikoorazm et al., 2018), Rd-MCM-41@Fe;0,
(Chen and Mu, 2014), Yb(OTf),-SOsNa&Ph-MCMSS
(Zhang et al., 2014), Fes0,@MCM-41-SH (Ulu et al.,
2018), Fes0,@MCM-41-Im@MnPor (Hajian and Ehsanikhah,
2018), and Mag@MCM-41/TiO, (Vahidian et al., 2020).

In this article, the synthesis and characterization of a
novel magnetic mesoporous silica containing iron and
copper oxides (Fe;0,@Fe—Cu/MCM-41) with core—shell
structure is developed. Moreover, the catalytic application
of Fe;0,@Fe—Cu/MCM-41 is studied in the Ullmann-type
homocoupling reaction to produce biaryls (Scheme 1).
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Scheme 1: Preparation of Fe;0,@Fe—-Cu/MCM-41 nanocomposite and its application in the Ullmann reaction.
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2 Results and discussion

In this research, a novel core-shell catalyst containing Fe
and Cu with Fe;0, core and MCM-41 shell was prepared
and characterized, and its catalytic application was stu-
died in the synthesis of biaryls. The synthesis procedure
for Fe;0,@Fe-Cu/MCM-41 nanocomposite is shown in
Scheme 1. The Fe;0,@Fe-Cu/MCM-41 samples with molar
ratios of Si:Fe/Si:Cu (mole of Si in the MCM-41) = 20:1/20:1,
30:1/30:1, 40:1/40:1, 60:1/40:1, and 40:1/60:1 were pre-
pared and denoted as FCMS(20:20), FCMS(30:30), FCMS
(40:40), FCMS(60:40), and FCMS(40:60), respectively.

The chemical and physical properties of the synthe-
sized catalyst were investigated using Fourier transform
infrared (FT-IR) spectroscopy, Nitrogen adsorption—de-
sorption isotherm, low-angle X-ray diffraction (XRD),
transmission electron microscopy (EDX), and mappings
analysis.

The FT-IR analysis of Fe;0,, Fe;0,@Si0,, Fe;0,@MCM-
41, and Fe;0,@Fe—-Cu/MCM-41 (FCMS(20:20)) was performed
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Figure 1: FT-IR spectra of (a) Fes0,, (b) Fes0,@Si0,, (c) Fes0,@
MCM-41, and (d) Fe;0,@Fe—Cu/MCM-41.
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to study the functionality of the nanopatrticles (Figure 1). For
all samples, the characteristic peak of the Fe-O bond is
observed at about 622cm™ and the sharp peaks cleared
at 1,637 cm™ are assigned to OH bending vibrations of the
material surface. In the spectra of the Fe;0,@SiO, (Figure 1b),
Fe;0,@MCM-41 (Figure 1c), Fe;0,@Fe—Cu/MCM-41
(Figure 1d), the sharp bands appeared at 1,084 and
804 cm™! are attributed to asymmetric and symmetric
stretching vibrations of Si—O-Si bonds. In the spectrum
of Fe;0,@MCM-41, the band at 961 cm™ is attributed to
the Si—OH group (Figure 1c), which is lost in the spectrum
of Fe;0,@Fe—Cu/MCM-41 due to the bonding of Fe and Cu
with the surface of the MCM-41 (Figure 1d).

High-angle XRD patterns of Fes0,, Fes0,@MCM-41,
and Fe;0,@Fe—Cu/MCM-41 nanocomposite are shown in
Figure 2. Fe;0, shows diffraction peaks at 26 = 26.2, 35.6,
44.2, 53.6, 58.1, and 62.9° that are indexed to the crystal-
line cubic inverse spinel structure of Fe;0, nanoparticles
(Figure 2a) (Wang et al., 2010). In the XRD pattern of
Fe;0,@MCM-41, in addition to the main peaks of Fe30,,
a broad peak at 26 = 24° corresponding to the amorphous
structure of silica walls of MCM-41 is observed (Figure 2b).
In the XRD pattern of Fe;0,@Fe—Cu/MCM-41 nanocompo-
site, except for the peak at 20 = 26.2° which overlaps with
the broad peak of the amorphous structure of silica, all
Fes0,4 peaks are observed. This shows the high stability
of the crystalline structure of Fe;0, NPs during catalyst
preparation. Also, the metals phase does not appear in
the high-angle XRD pattern, which shows high dispersion
of copper and ferric ions in the MCM-41 framework.

The representative low-angle X-ray diffraction (LAXRD)
pattern of Fe;0,@Fe—Cu/MCM-41 nanocomposite is offered
in Figure 3. This pattern shows a peak with high intensity
at 20 = 2.2° which is attributed to the two-dimension hex-
agonal mesostructure of the supported MCM-41 shell
(Figure 3). The decrease in 26 based on Bragg’s equation
and also broadening are observed at low-angle XRD pat-
tern of Fe;0,@Fe—Cu/MCM-41 compared to pure MCM-41,
which is due to the decrease in the ordered degree of
hexagonal mesostructures after connection of magnetic
iron oxide into the MCM-41 framework. These changes
are also due to the bonding of Fe and Cu to the surface
of the MCM-41.

The energy-dispersive X-ray sepectroscopy (EDS)
was studied to apperceive the type of elements in the
Fe;0,@Fe-Cu/MCM-41 nanocomposite. The template
indicated the presence of Si, O, Cu, and Fe in the mate-
rial proving successful incorporation (Figure 4).

The EDX mapping analysis was also executed to
investigate the immobilization and dispensation of Fe,
Cu, Si, and O elements in the material network (Figure 5a—d).
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Figure 2: High-angle XRD analysis of the (a) Fe;0,, (b) Fes0,@MCM-41, and (c) Fe;0,@Fe—Cu/MCM-41 nanocomposite.

As shown in Figure 5a, the Fe element shows a cumulative state
because it exists in the catalyst structure in two forms Fe;0, and
Fe. But Cu element is distributed almost uniformly on the sur-
face of the catalyst (Figure 5b) which this pattern corresponds to
the XRD analysis, where no crystalline phase of copper was
observed. However, these results and also XRD analysis show
that both of these elements are distributed almost uniformly on
the surface of the catalyst.
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Figure 3: Low-angle XRD analysis of (a) Fe;0,@Fe—Cu/MCM-41 and

(b) MCM-41.

In order to investigate the preservation of the meso-
porous structure of the catalyst after being placed around
the Fe;0, core as well as the arrival of the Cu and Fe
elements on the surface, the nitrogen adsorption—desorp-
tion isotherms for the Fe;0,@Fe-Cu/MCM-41 catalyst
are depicted in Figure 6. This isotherm exposes the
existence of well-defined mesopores. In this isotherm,
a sharp inflection at p/p°® = 0.3-0.4 is related to the
nitrogen capillary condensation in the uniform meso-
pores, which confirms the mesoporous structure of
synthesized Fe;0,@Fe-Cu/MCM-41. The textural prop-
erties of Fe;0,@Fe-Cu/MCM-41 were also studied by
N, adsorption—-desorption isotherms. The results show
that the Brunauer-Emmett-Teller (BET) surface area and
pore volume of the MCM-41 substantially decrease from
1,050 to 514 m*g " and 1.647 to 1.050 cm>.g ", respectively,
due to the entrance of Fe;0, in MCM-41 framework and
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Figure 4: EDX analysis of Fe30,@Fe—-Cu/MCM-41 nanocatalyst.
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Figure 5: EDX mapping of the Fe;0,@Fe—Cu/MCM-41 nanocatalyst. (a) Fe, (b) Cu, (c) O, and (d) Si.
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Figure 6: Nitrogen adsorption—desorption isotherm of the
Fe;0,@Fe—Cu/MCM-41 nanocatalyst.

also impregnation of Fe and Cu on the inner surface of
mesoporous channels of MCM-41.

To study the magnetic property of Fe;0,@Fe—Cu/MCM-41,
magnetic measurements were performed using a room
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Figure 7: Magnetization versus applied magnetic field curve of
Fe;0,@Fe—Cu/MCM-41.
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Figure 8: TGA analysis of sample under flowing air at a heating rate
of 10°C-min~2

temperature vibrating sample magnetometer (VSM) in an
applied magnetic field. As shown in Figure 7, the typical
superparamagnetic nature at 300k is corroborated by

MCM-41-supported Cu/Fe for Ullmann homocoupling = 195

not observing any hysteresis loops and also zero coer-
civity value.

The thermal properties of the samples were investi-
gated using thermogravimetric analysis (TGA), and the
result is shown in Figure 8. TGA of the sample showed
two steps of weight loss. The first weight loss step is
located from room temperature to 275°C due to the deso-
rption of physically adsorbed water and hydrogen-bonded
water on the MCM-41. The second weight loss step from
485°C to 650°C is due to residual silanol condensation of
adjacent Si—OH groups to form siloxane bonds.

After the characterization of Fe;0,@Fe—Cu/MCM-41,
its role as a heterogeneous nanocatalyst was evaluated in
the Ullmann-type homocoupling reactions for C-C bond
formations (Scheme 1). For this purpose, the reaction of
4-nitrobromobenzen was chosen as the model reaction,
and the effect of some important parameters such as sol-
vent, temperature and catalyst loading was studied to
obtain the best reaction conditions (Table 1). As shown
in Table 1, to study the effect of the catalyst loading on the
progress of the reaction, the model reaction was carried

Table 1: The effect of solvent, temperature, and catalyst loading in the Ullmann-type homocoupling reaction

Fe;04@Fe-Cu-MCM-41

l NO,

X
’ ’i
O)N

2

Solvent, base, temperature

O,N

Entry Catalyst Catalyst amount (mg) Solvent Base Temperature (°C) Time (h:min) Yield* (%)
1 — — PEG-200 K,CO; 140 24:00 0
2 FCMS(60:60) 80 PEG-200 K,CO5 130 4:30 83
3 FCMS(40:40) 80 PEG-200 K,CO5 130 3:40 80
4 FCMS(30:30) 80 PEG-200 K,CO3 130 2:15 86
5 FCMS(40:60) 80 PEG-200 K,CO5 130 4:00 90
6 FCMS(60:40) 80 PEG-200 K,CO3 130 4:05 93
7 FCMS(20:20) 50 PEG-200 K,CO5 130 3:20 80
8 FCMS(20:20) 70 PEG-200 K,CO3 130 2:00 94
9 FCMS(20:20) 100 PEG-200 K,CO3 130 1:20 86
10 FCMS(20:20) 80 PEG-200 K,CO3 130 1:20 94
11 FCMS(20:20) 80 PEG-200 K,CO5 140 1:20 93
12 FCMS(20:20) 80 PEG-200 K,CO5 100 2:00 90
13 FCMS(20:20) 80 PEG-200 K,CO5 80 2:30 90
14 FCMS(20:20) 80 PEG-200 K,CO5 65 6:00 86
15 FCMS(20:20) 80 PEG-200 K,CO5 50 7:30 80
16 FCMS(20:20) 80 PEG-200 K,CO5 R.T 10:00 60
17 FCMS(20:20) 80 — K,CO5 130 10:00 0
18 FCMS(20:20) 80 H,0 K,CO5 130 3:00 50
19 FCMS(20:20) 80 EtOH K,CO5 130 4:45 30
20 FCMS(20:20) 80 DMSO K,CO5 130 7:00 30
21 FCMS(20:20) 80 PEG-200 Na,COs3 130 1:30 90
22 FCMS(20:20) 80 PEG-200 KOH 130 2:40 85
23 FCMS(20:20) 80 PEG-200 Cs,CO3 130 4:00 45
24 FCMS(20:20) 80 PEG-200 NasPO, 130 3:40 40

*|solated yield.
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Table 2: Preparation of biaryl derivatives in the presence of Fe304@Fe—Cu/MCM-41*
= ‘ X Fe;04@Fe-Cu-MCM-41
o K,COs, PEG, 130 °C
Entry Aryl halide Product Time (min) Yield** (%) TON TOF (h™Y)
1 Br NOz 80 94 9.4 7
O,N l
NO,
2 /@ = ‘ 155 89 8.9 3.4
Br X
3 (©/CI O OH 300 90 9 1.8
" »
OH
4 cl H 210 86 8.6 2.4
OYQ/ O o
H
o
H
5 /©/OH g OH 140 90 9 3.8
-
HO
6 /@AOH O OH 140 90 9 3.8
B, C
OH
7 /©/C| O NH; 250 90 9 2.1
HoN
H,N
8 \©/0| \,/‘\ 120 92 9.2 4.6
9 (©/Br O Br 240 85 8.5 2.1
Br
Br
10 (o} o 180 89 89 2.2
o S
Br
H
o)
11 /©/NH2 O NH; 240 90 9 2.2
Br
H,N
12 160 91 9.1 3.4

*Reaction conditions: aryl halides (2 mmol), K,COs (1 equiv.), PEG (2.5 mL), Fes0,@Fe—Cu/MCM-41 (80 mg), and T = 130°C.

** |solated yields.
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Figure 9: Reusability of the Fe;0,@Fe—Cu/MCM-41 nanocatalyst in
the Ullmann reaction.

out in the absence of the catalyst under reflux for 24 h, and
in this condition, no product was obtained (Table 1, entry 1).
Next, the reaction in the presence of the prepared catalyst
samples with different amounts of the molar ratios of
Si0,:Fe:Cu was checked, and the best result was obtained
using the molar ratio of Si:Fe:Cu = 20:1:1 (FCMS(20:20))
(Table 1, entries 2-7). To investigate the effect of the cata-
lyst amount, the model reaction was performed in the pre-
sence of different amounts of the catalyst from 50 to
100 mg (Table 1, entries 7-10). The results show that
with increasing the catalyst amounts to 80 mg, a substan-
tial improvement was observed in both reaction time and
product yield. The temperature also affected the reaction
progress, and excellent conversion was obtained at 130°C
(Table 1, entry 10). Also, to investigate the effect of solvent
on the reaction time and product yield, the model reaction
was performed in common solvents such as PEG-200,
EtOH, DMSO, water, and also in solvent-free conditions
(Table 1, entries 18-20). The effect of the use of various
bases such as Na,CO;, KOH, NasPO,, Cs,COs, and K,CO;
was studied, and the results are shown in Table 1 (entries
21-24). The results showed that the best condition for the
coupling reaction of aryl halide (2mmol) is the use of
80 mg (0.5mol% of Fe and Cu) FCMS(20:20) nanocatlyst

MCM-41-supported Cu/Fe for Ullmann homocoupling = 197

and K,CO; (2 mmol) as the base in the presence of PEG-200
(2.5mL) as a solvent at 130°C (Table 1, entry 10).

To investigate the role of mesoporous channels of
MCM-41 as catalyst support for metals in the Ullman reac-
tion, the Fe;0,@Si0, was used as catalyst support and
Fe;0,@Fe—Cu/SiO, was prepared with the same amounts
of Cu and Fe in the main catalyst. The latter catalyst was
compared with Fe;0,@Fe—Cu/MCM-41 in the model reac-
tion under the same condition. The reaction time increased
from 80 min. when using Fe;0,@Fe—Cu/MCM-41 to 390 min.
and Fe;0,@Fe—Cu/SiO,, and a decrease in the yield from
94% to 65%, respectively, show the role of mesoporous chan-
nels of MCM-41 in increasing the surface of the catalyst as
well as the role of MCM-41 channels as nanoreactors to bring
the reactants closer together.

After identifying the optimized reaction conditions,
the substrate scope of this catalytic system was studied
(Table 2). As shown, aryl halides with electron-donating
functional groups as well as electron-withdrawing bearing
aryl halides were applied as substrate and delivered cor-
responding biaryls in high to excellent yield (Table 2). It
was found that the substituent group on the benzene ring
has a certain influence on the reaction. A higher yield and
shorter reaction time were obtained when the substituent
group is a highly electron-withdrawing group such as a
nitro group (Table 2, entry 1). When a substituent group is
an electron-donating group such as amine, only a mod-
erate yield in a longer reaction time can be obtained. How-
ever, in the presence of heterogeneous catalysts, where the
adsorption of the substrate on the surface is important,
another factor involved in the reactivity of the substrate
is the interaction of different positions of the substrate on
the surface of the catalyst, which may not be related to the
electron-withdrawing or electron-donating properties of
the functional groups.

One of the important advantages of heterogeneous
catalysts could be their recyclability and reusability.
In the next stage, the recovery and the reusability of
the Fe;0,@Fe—Cu/MCM-41 nanocatalyst were studied on
the model reaction under the optimized conditions for the
Ullmann homocoupling reaction (Figure 9). For this, after

Table 3: Comparison of catalytic activity of Fes0,@Fe—Cu/MCM-41 nanocatalyst with several known catalysts

Entry  Catalyst Catalyst loading  Condition Time Yield (%) Ref

1 PS-PdNPS 1.5 mol% H,0, additive, 80°C, NaOH 3h 85 (Ohtaka et al., 2018)
2 MOF-235.0.05PdCl, 1mol% DMSO:EtOH, 120°C, KOAc 10h >99 (Chen et al., 2015)

3 m@ZIF-8 6 mmol% DMF, 140°C, K5PO, 48 h 100 (Wang et al., 2020)
4 Au-Pd@NMCI-2 1mol% H,0/EtOH, R.T, K,CO3 6h 95 (Karimi et al., 2018)
5 Fes0,@Fe-Cu/MCM-41 0.5 mmol% PEG, 130°C, K,CO3 1h:20 min 94 In this work
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completion of the reaction, the catalyst was easily sepa-
rated from the reaction mixture by an external magnetic
field and washed with hot ethanol. Then, it was reused in
the next run under the same conditions as the first run.
The study showed that the catalyst could be recovered and
reused at least three times without a significant reduction
in efficiency (Figure 9).

To demonstrate the efficiency and capability of the
Fe;0,@Fe-Cu/MCM-41 nanocatalyst for the Ullmann reac-
tion, it has been compared with those reported in the lit-
erature mediated by other catalysts (Table 3). As is evident
from Table 3, the Fe;0,@Fe-Cu/MCM-41 nanocatalyst is
superior to some of those previously reported in the reac-
tion conditions, reaction time, and recycling times. The
high efficiency of the nanocatalyst is attributed to stability,
high uniformity, highly mesoporous structure of the mate-
rial, and high surface area of the design catalyst.

3 Conclusion

In conclusion, in this study, we have reported the pre-
paration, characterization, and catalytic application of a novel
Fe/Cu-containing core—shell material with Fes0, core, SiO,,
and nanoporous MCM-41 shell (Fe;0,@Fe—Cu/MCM-41). The
FT-IR and EDX analyses successfully confirmed well immobi-
lization and high stability of magnetic iron oxide cores. The
low-angle XRD pattern showed the presence of a well-ordered
mesoporous silica shell around magnetic particles. The wide-
angle XRD analysis demonstrated high stability of the crystal-
line structure of MNPs during the synthesis process. The
Fe;0,@Fe-Cu/MCM-41 (80 mg) was effectively and power-
fully applied in the synthesis of biaryls at 130°C in PEG-200
(2.5 mL) as a solvent and delivered desired products in high to
excellent yield. The best molar ratio of Si:Fe:Cu for the pre-
paration of the catalyst is 20:1:1. Reusability study shows that
nanocatalysts could be recovered and reused several times
without noticeable loss of catalytic activity. Simple workup,
high product vyields, and easy recovery of the catalyst are
some advantages of this catalyst.

Experimental section

Preparation of Fe;0,@Si0, nanoparticles

The magnetic Fe;0, nanoparticles were prepared via an
improved chemical precipitation method (Abdollahi-Alibeik
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and Rezaeipoor-Anari, 2016). According to this method,
FeCl,4H,0 (1.52g, 8 mmol) and FeCl;-6H,0 (4.2 g, 16 mmol)
were dissolved in deionized water (100 mL), and then, the
temperature was increased to 50-60°C under nitrogen atmo-
sphere. Then, ammonia solution (30 mL, 25 wt%) was slowly
added to the solution and mixed for 60 min at 60°C. The
obtained magnetic nanoparticles were separated using an
external magnet and washed several times with deionized
water and then was dried at 80°C for 6 h. The surface of
Fes0, NPs was covered by a SiO, shell through Stéber
method (Stober et al., 1968). Fe;0, nanoparticles (1g),
ammonia (4 mL, 25wt%), deionized water (20 mL), and
ethanol (70 mL) were mixed under ultrasonic conditions
at room temperature for 10 min. Then, TEOS (0.5 mL) was
added to the mixture and stirred for 8 h at room tempera-
ture. The obtained magnetic nanoparticles (Fes0,@SiO,)
were separated using an external magnet and washed sev-
eral times with water and absolute ethanol (3 mL x 3 mL).
The product was dried in a vacuum oven at 80°C for 6 h.

Preparation of Fe;0,@MCM-41 nanoparticles

Fe;0,@Si0, nanoparticles (0.066g, 0.284 mmol) were
dispersed in distilled water (100 mL) by ultrasonic waves
for 10 min at room temperature. After complete dispersion
of Fe;0,@Si0, nanoparticles, cetyltrimethylammonium
bromide (CTAB) (0.52g, 1.45 mmol) was slowly added to
the mixture and stirred at 70°C for 1 h. Then, TEOS (2.5 mL,
12 mmol) was added to the reaction vessel and stirred for
1h. After that, an ammonia solution of 12% were added
drop-wise to the reaction mixture to reach pH = 10.2.
Lastly, the mixture was transferred to an autoclave and
hydrothermally treated in an oven at 120°C for 12 h under
static. After completion of the reaction, the resulting pro-
duct was separated by an external magnet and washed
with EtOH and water 2mL x 3mlL), dried at 120°C for
2h, and then further heated in an air oven at 450°C for 6 h.

Preparation of Fe;0,@Fe-Cu/MCM-41
nanoparticles

A mixture of Fe;0,@MCM-41, Fe(NO5);9H,0 (29 mg, 0.072 mmol),
and Cu(NOs)5-3H,0 (17 mg, 0.072 mmol) in deionized water
(2.5 mL) was mechanically stirred at room temperature for
1h. Subsequently, the temperature was increased slowly
and the solvent gradually came out. Then, the resulting
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product was dried in a vacuum oven at 120°C for 2h and
then further heated in an air oven at 450°C for 6 h.

Procedure for the synthesis of biaryls using
Fe;0,@Fe-Cu/MCM-41 catalyst

A mixture of Fe;0,@Fe—Cu/MCM-41 (FCMS(20:20)) (80 mg),
aryl halide (2 mmol), K,CO3 (2 mmol), and PEG-200 (2.5 mL)
was heated at 130°C. The reaction progress was monitored
using TLC (eluent: EtOAc:n-hexane; 80:20). After completion
of the reaction, hot ethanol (4 mL) was added, and the cat-
alyst was removed via a magnetic field. Finally, the crude
product was taken in ethyl acetate, and the organic layer
was washed using brine solution and dried over magnesium
sulfate. The solvent was evaporated to obtain the pure pro-
duct in 94% yield.
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