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Abstract

In this research, a novel core-shell nanocatalyst with silica bi-shell around Fe;O, and nickel active center, i.e. Fe;0,@xSiO,@
ySiO, @BisPyP-Ni was synthesized and its characteristics were comprehensively discussed. This nanocatalyst was success-
fully used to synthesize biaryls (18 examples, 15-30 min, 92-98%) and diaryl sulfides (10 examples, 20—140 min, 79-98%)
at 80 °C. Excellent performance in speeding up the reaction time, magnetic nature, high porosity, and immobilization of
two layers around Fe;O, are four prominent characteristics of this catalyst. Coating the magnetic core with silica layers led
to saving the consumption of the catalyst because this trick leads to the bonding of more organic groups to the substrate,
as a result, more nickel enters the mesoporous cavities, and the reaction with a smaller amount of catalyst is finished (in
a shorter time). Other advantages of both our production lines are: the ability to recover and reuse the catalyst for up to 8
runs (without a noticeable decrease in its catalytic performance), extensive substrate scope, the employ of commercially
accessible materials, simple workup, environmental safety and the heterogeneous nature of the catalyst (by confirming the

reusability and hot filtration test results).
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1 Introduction

In recent years, the field of catalysis has witnessed a remark-
able breakthrough with the emergence of magnetic nano-
catalysts [1, 2]. Magnetic catalysts play a significant role in
various chemical and industrial processes [1-3]. One of the
significant benefits of magnetic catalysts is their ability to be
easily separated and recovered from reaction mixtures using
magnetic fields [4]. This avoids the need for time-consuming
and costly traditional separation techniques, such as filtra-
tion or centrifugation [5, 6]. Magnetic separation simpli-
fies the purification process, making it more efficient and
environmentally friendly [7, 8]. Also, magnetic catalysts
can significantly enhance the reactivity of chemical reac-
tions by facilitating efficient and controlled mass transfer and
accelerating reaction rates [4]. They provide a platform for
more precise control and utilization of reactants, leading to
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enhanced product yields and reduced reaction times [9]. The
utilization of magnetic catalysts has the potential to revo-
lutionize chemical processes, making them more efficient,
sustainable, and economically viable [4, 9]. By harnessing
the power of magnets, these catalysts contribute to advance-
ments in diverse fields, from pharmaceuticals and chemicals
to energy production and environmental remediation [10,
11]. In many magnetic catalysts, there is a core-shell struc-
ture. Using core-shell structures in catalyst synthesis offers
a promising approach for developing highly efficient and sta-
ble catalysts with tailored properties for specific applications
[10, 11]. The ability to control the thickness and composition
of the shell layers allows for fine-tuning of the electronic and
catalytic properties of the nanoparticles, leading to improved
performance and stability [4, 9—11].

Magnetic catalysts play a significant role in coupling
reactions, offering several advantages over traditional cata-
lysts [4]. These catalysts, usually based on transition metals
such as palladium, nickel, or iron, are functionalized with
magnetic nanoparticles or magnetically responsive materials
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[12]. Nickel magnetic nanocatalysts have emerged as prom-
ising alternatives to traditional palladium catalysts for cou-
pling reactions [13]. Nickel is an abundant and less expen-
sive metal than palladium, making nickel-based catalysts
more economically viable for large-scale applications [13,
14].

Nowadays, carbon-carbon and carbon-sulfur coupling
reactions have received much attention due to the various
applications of their products [15, 16]. The Suzuki reac-
tion is a powerful and widely used organic transformation
that has considerable importance in synthetic chemistry
[15, 16]. The Suzuki reaction allows for the formation
of carbon-carbon bonds between vinyl (or aryl) boronic
acids and vinyl (or aryl) halides [17]. This bond forma-
tion is critical in constructing complex organic molecules,
including pharmaceuticals, agrochemicals, and materials
[18, 19]. The method enables synthesizing a broad range
of biaryl compounds, which are essential structural motifs
found in numerous natural products and functional materi-
als [18, 19].

Another area that has seen a significant impact is the car-
bon-sulfur reaction [15, 16]. Carbon-sulfur reactions provide
a versatile toolkit for organic chemists to access a wide range
of sulfur-containing compounds [20]. These compounds
have diverse applications in pharmaceuticals, agrochemicals,
materials science, and other areas [20]. The importance of
carbon-sulfur reactions lies in their ability to introduce sul-
fur atoms into organic molecules, leading to the creation of
various sulfides, sulfones, thiols, and other sulfur-containing
compounds [20, 21]. C-S coupling reactions play a crucial
role in the production of natural products, allowing chem-
ists to access complex architectures and introduce key sulfur
moieties present in bioactive compounds [20, 21].

One of the important products of carbon-sulfur cou-
pling is sulfides [22, 23]. Sulfides play a crucial role in
various areas of science, industry, and everyday life [22,
23]. They can participate in various chemical reactions,
including oxidation, reduction, substitution, and addition
reactions [24]. This versatility makes sulfides valuable in
organic synthesis, and in the production of diverse indus-
trial chemicals [25]. Sulfides can be synthesized using vari-
ous sulfur-containing reagents or sulfur-transfer agents [26,
27]. One of the classical protocols for synthesizing sulfides
involves using thiols as a sulfur-transfer agent [28]. Thiols
have been widely utilized in the synthesis of organosulfur
compounds [29]. However, they possess undesirable char-
acteristics such as volatility, malodor, and toxicity. Consid-
ering the above points, here we reported Fe;O,@x8SiO,@
ySiO, @BisPyP-Ni catalyst as a practical and heterogene-
ous catalyst for the rapid production of biphenyl and di-aryl
sulfide derivatives.
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2 Experimental
2.1 Apparatus and Materials

The specifications of all the raw materials and apparatus
utilized are provided in the supplementary data.

2.2 Preparation of Fe;0,@xSi0,@ySiO,@BisPyP-Ni

Bare Fe;0, nanoparticles were made using the technique
described in the literature [30]. To make silica-coated
magnetite, 250 mL of deionized H,O and 300 mL of etha-
nol were used to dilute 2.5 g of Fe;O, nanoparticles. This
mixture was then spread out in an ultrasonic bath for 50
min. Next, 5 mL of a concentrated ammonia aqueous solu-
tion was added to the mixture. This step took place in the
presence of N,. Afterward, 2 mL of Tetraethylorthosilicate
(TEOS) was progressively added to this dispersion and
stirred at 25 °C for 10 h. This action was done with N,
present. Subsequently, this dispersion was stirred gradu-
ally for 10 h at 25 °C while 2 mL of TEOS was added.
Ultimately, a magnet was used to separate the Fe;0,@
xS10, nanoparticles, and they underwent several wash-
ings in distilled H,O and EtOH before being dried at 60
°C. The generated Fe;0,@xSi0O, (0.1 g) was dispersed in
a solution containing distilled H,O (60 mL), EtOH (40
mL), NH,OH (25 wt%, 1 mL), and Cetyltrimethylam-
monium bromide (CTAB) (0.3 g) to cover the particles
with nanoporous SiO, shells. In the following, 0.5 mL
of TEOS was added to the suspension, drop by drop, and
the resulting solution was agitated for 24 h at 25 °C. In
continuation, the Fe;0,@xSi0,@ySiO, was separated in
the vicinity of the external magnetic field, and the method
described in the preceding step was followed for washing
and drying. To create Fe;0,@xSi0,@ySiO,@nPr-Cl, 2
g of Fe;0,@xSi0,@ySi0, were sonicated in 60 mL of
n-hexane for 35 min, then 3.5 mL 3-Chloropropyltrimeth-
oxysilane (CPTMS) was added to the resulting solution
and stirred for 24 h in toluene reflux. The magnetic nano-
particles (Fe;0,@xSi0,@ySiO, @nPr-Cl) were washed in
ethanol, separated using an external magnet, and dried at
50 °C. The Fe;0,@xSi0,@ySi0O,@nPr-Cl1 MNPs solid
(1 g) is then combined with (1 mmol) 1,3-Bis(4-pyridyl)
propane in toluene (20 mL) and left to stand at 115°C
for 20 h to immobilize the BisPyP on the MNPs surface.
The method’s last step involved immobilizing nickel onto
Fe;0,@xSi0,@ySi0,@BisPyP. To accomplish this, 1 g
of Fe;0,@xSi0,@ySi0, @BisPyP NMPs were dissolved
in ethanol first, and the resultant mixture was subsequently
mixed with 2 mmol of Ni(NO;),.6H,0. Then, this mix-
ture was stirred for 24 h in reflux condition. The resulting
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Fe;0,@xSi0,@ySi0,@BisPyP-Ni NMPs were filtered
and repeatedly washed with ethanol before being dried in
an air environment (Scheme 1).

2.3 Typical Procedure for the Synthesis of Biaryls

In PEG at 80 °C, a mixture containing 1 mmol phenyl
boronic acid, 1 mmol aryl halide, 3 mmol potassium carbon-
ate, and 0.005 g of the Fe;0,@xSi0,@ySiO, @BisPyP-Ni
(1.4 mol%) were heated until the end of the crude mate-
rial consumption affirmed via thin layer chromatography
(TLC). After the appropriate period, the resulting mixture
was cooled to ambient temperature, and the catalyst was
separated in the vicinity of the external magnetic field. Then,
the organic layer was dried over sodium sulfate (2.5 g), and
pure biphenyl derivatives were produced through solvent
evaporation with excellent yields (Scheme 2).

n
N

Fe;0,@xSi0,

Fe;04

Fe;0,@xSi0,@ySiO,

Scheme 1 Preparation of Fe304 @xSi02 @ySiO2 @BisPyP-Ni

Scheme 2 Fe;0,@xSiO,@
ySiO,@BisPyP-Ni catalyzed
the Suzuki—Miyaura reaction R

Fe;0,@xSi0,@ySiO,@BisPyP-Ni

2.4 Typical Approach for the Production
of Symmetric Diaryl Sulfides

In PEG at 80 °C, a mixture of Fe;0,@xSi0,@ySiO,@
BisPyP-Ni (0.005 g), 1 mmol aryl halide, 0.5 mmol sul-
fur, and 3 mmol potassium carbonate were heated until
the end of the crude material consumption confirmed via
TLC. After the appropriate time, the resulting mixture was
cooled to ambient temperature, and the catalyst was sepa-
rated in the vicinity of the external magnetic field. Subse-
quently, the filtrated solution with EtOAc was extracted.
In the last step, the organic layer was dried with Na,SO,,
and the solvent was evaporated to give pure diaryl sulfides
(Scheme 3).

Fe;0,@xSi0,@ySio,

Fe,0,@xSi0,@ySiO,@BisPyP-Ni

Fe30,@xSi0,@ySiO,@BisPyP-Ni —

Qx + Ph-B(OH), w
A PEG, K,CO3, 80 °C

R

PEG, K,CO3, 80 °C 5z >

Scheme 3 Fe;0,@xSi0O,@ySiO,@BisPyP-Ni catalyzed the production of di-aryl sulfides
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3 Results and Discussion

In a continuous endeavor to develop novel synthetic pro-
cesses, after successful fabrication of the catalyst, the syn-
thesized nanocatalyst (Fe;O,@xSi0, @ySiO, @BisPyP-Ni)
has been characterized using X-ray diffraction (XRD), Scan-
ning electron microscopy (SEM), Transmission electron

Intensity, a.u

2 Theta (degree)

Fig.1 The XRD pattern of Fe;0,@xSiO,@ySiO,@BisPyP-Ni (a),
and Fe;0,@Si0, (b)
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microscopy (TEM), Energy-dispersive X-ray spectroscopy
(EDX), Inductively Coupled Plasma (ICP), Vibrating sam-
ple magnetometer (VSM), Thermogravimetric analysis
(TGA), Fourier-transform infrared spectroscopy (FT-IR),
and adsorption/desorption porosimetry { Brunauer-Emmett-
Teller (BET), Barrett-Joyner-Halenda (BJH), and adsorp-
tion/desorption isotherm} techniques.

3.1 XRD Analysis

Figure 1 shows the XRD patterns of Fe;0,@xSiO,@
ySi0,@BisPyP-Ni, and Fe;0,@Si0, nanoparticles. As
can be seen, these patterns show characteristic peaks related
to Fe;O, at 20=29.42° (220), 33.74° (311), 41.47° (400),
55.82° (422), 59.08° (511), and 64.82° (440) [31, 32], and
the broad peak appearing at 20 = 17-29° with the equivalent
Bragg angle at 20~ 23.83° is related to the presence of silica
layers around the nanoparticles [33]. Nickel particles cor-
respond to the corresponding peaks at 26=48.31° (111),
51.65° (200), and 72.47° (220) [33, 34]. These evidences
indicate that nickel is well anchored on the nanocatalyst.

3.2 SEM and TEM Analyses

As can be seen from the SEM images of Fe;O, and Fe;0,@
xSi0,@ySi0,@BisPyP-Ni samples (Fig. 2a and b, respec-
tively), these materials are quasi-spherical in shape. The
SEM image of Fe,0,@xSi10,@ySiO,@BisPyP-Ni (Fig. 2b)
shows that the composite is composed of homogeneous
nanometre-sized particles (15.54-62.34 nm), and there are
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D6 =45.12 nm

D5 = 39.40 nm
R
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WD: 4.80 mm BI: 7.00 200 nm

Fig.2 SEM images of Fe;0, (a) and Fe;0,@xSiO,@ySiO,@BisPyP-Ni (b)
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Fig.3 SEM image of Fe;0,@xSi0,@ySiO,@BisPyP-Ni

no visible changes in surface morphology when the Ni com-
plex is put onto Fe;0,.

The morphology of Fe;0,@xSi0,@ySiO,@BisPyP-Ni
was investigated using TEM method (Fig. 3). The image
demonstrate that the catalyst particles are quasi-spherical
shape, which amply supports the conclusions drawn from
the SEM image.

3.3 EDS and ICP Analysis

The EDX analysis of Fe;0,@xSiO,@ySi0,@BisPyP-Ni
(Fig. 4) reveals that the Ni particles are equally dispersed
over the Fe;0, surface, which is compatible with the XRD
pattern. In addition, the EDX spectrum of the catalyst

revealed the presence of N, C, O, Si, Fe, CI and Ni spe-
cies in the catalyst. The precise quantity of Ni placed on the
mesoporous catalyst was also measured using ICP analysis,
and it turned out to be 2.80 x 107> mol g~!.

3.4 VSM Analysis

The saturation magnetization of the Fe;O, MNPs and the
Fe;0,@xSi0,@ySi0, @BisPyP-Ni were determined using
vibrating sample magnetometry (Fig. 5), which shows that
the Fe;0, MNPs are ferromagnetic with a saturation magnet-
ization of 72.19 emu g~!, while the saturation magnetization
of the nanocatalyst is 38.31 emu g~'. The slight decrease
observed in the saturation magnetization of Fe;0,@xSiO, @
ySiO,@BisPyP-Ni is due to the successful grafting of
xSi0,@ySiO, @BisPyP-Ni on the surface of Fe;O, MNPs
nanoparticles.
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Fig.5 Magnetization curves for Fe;0,@xSi0,@ySiO,@BisPyP-Ni
(a) and Fe;0, (b)

Fig.4 EDX spectrum of
Fe;0,@xSi0,@ySiO,@
BisPyP-Ni
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10.00

@ Springer



Silicon

3.5 TGA Analysis

TGA curve was also used to investigate the anchoring of
BisPyP-Ni organometallic complex on Fe;O, NMP. The
TGA diagram of the Fe;0,@xSi0,@ySiO,@BisPyP-Ni is
given in Fig. 6, which shows a three-stage mass reduction
as the temperature increases. The first stage exhibits a minor
mass loss (approximately 2%) at temperatures below 200 °C,
which is attributed to the elimination of solvents adsorbed on
the support. The second and third phases, between 200 and
460 °C and 460-700 °C, with (approximately 10% and 9%)
weight loss, are attributable to organic layer breakdown and
silanol group decomposition, respectively [30, 33].

3.6 FT-IR Analysis

FT-IR spectroscopy is a valuable tool for determining the
molecular structure of organometallic complexes. Table 1;
Fig. 7 summarize the FT-IR results of the Fe;0,@Si0, (i),
Fe;0,@xS10,@ySi0,@BisPyP (ii), and Fe;0,@xSi0,@
ySiO, @BisPyP-Ni (iii). These results support the forma-
tion of Fe;0,@xSi0,@ySiO,@BisPyP-Ni, the immobili-
zation of bilayer-SiO, on Fe;0,, and the existence of the

105
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TG/ %
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75
0 100 200 300 400 500 600 700

Temperature /°C

Fig.6 TGA analysis of Fe;0,@xSiO,@ySiO,@BisPyP-Ni

predicted bonds. The anchoring of Ni to Fe;0,@xSi0,@
ySiO,@BisPyP was confirmed with a shift of C=N vibra-
tion stretching in Fe;O,@xSi0, @ySiO, @BisPyP-Ni (1660
cm™!), compared to BisPyP@bilayer-SiO,@NMP (1668
cm™!), to a lower frequency which is the reason for this shift
is the coordination of Ni to supported BisPyP onto function-
alized Fe;0,@xSi0,@ySi0, [33, 35, 36].

3.7 Nitrogen adsorption-desorption Analysis

The porosity of Fe;0,@xSi0,@ySiO, @BisPyP-Ni nano-
composite and its parents were examined via the nitrogen
adsorption-desorption method (Figs. 8, 9, and 10). The
information obtained from this technique was tabulated
in Table 2. According to the findings in the table, Fe;0,@
xSi0, @ySiO,@BisPyP-Ni has a lower specific surface area
than Fe;0,@xSi0,@ySiO,@BisPyP, Fe;0,@xSi0,, and
Fe;0,. This is because Ni complex and organic groups have
anchored on the mesoporous channels of the substrate nano-
particles. The good bonding of organic skeleton and metal
complex on the Fe;O, is confirmed based on these findings.

3.8 Catalytic Studies

After the production and identification of Fe;O,@xSiO,@
ySiO, @BisPyP-Ni catalyst, its catalytic activity in form-
ing C-C bond (through Suzuki reaction) and C-S bond was
studied.

At first, to find the best circumstances for C-C coupling,
the reaction of Immol phenylboronic acid (PhB(OH),) with
1 mmol 4-methyliodobenzene was elected as a model. Then,
the result of various factors on its efficiency and time was
investigated (Table 3), such as the nature of the solvent {by
examining the performance of solvents e.g., 1,4-dioxane,
water, ethanol, dimethylformamide (DMSO), dimethyl sul-
foxide (DMF) and PEG-400} (Table 3, entries 1-6), type of
base {including 4-dimethylaminopyridine (DMAP), Et;N,
KOH, NaOH, K,CO; and KHCO;} (Table 3, entries 6-11),

Table 1 The FT-IR data of

et Absorption (cm™)
Fe;0,@Si0, (i), Fe;0,@

Related bond

xSi0,@ySiO, @BisPyP (ii),
and Fe;0,@xSi0,@ySiO,@
BisPyP-Ni (iii)

610 (i), 620 (ii), 618 (iii)
785 (i), ~795 (ii), 779 (iii)
974 (i), ~ 990 (ii), ~ 990 (iii)
1080 (i), 1119 (i), 1111 (iii)
1388 (ii), 1387 (iii)

1456 (ii), 1456 (iii)

1488 (ii), 1488 (iii)

1668 (ii), 1660 (iii)

1643 (i), 1630 (ii), ~ 1630 (iii)
2934 (ii), 2949 (iii)

3422 (i), 3419 (ii), 3423 (iii)

stretching of Fe—O

symmetric stretching of Si—O-Si

stretching of Si—-O-Fe

asymmetric stretching of Si—O-Si

stretching of C-N

bending of CH,

stretching of C=C

stretching of C=N

OH bending on the surface of the SiO, and Fe;0,
C-H symmetric stretching

OH stretching on the surface of the SiO, and Fe;0,
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Fig.7 The FT-IR spectra of
Fe,0,@Si0, (i), Fe;,0,@ 90 - \/W
xSi0,@ySiO, @BisPyP (ii),
and Fe;0,@xSi0,@ySiO,@ 70
BisPyP-Ni (iii)
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Fig. 8 Nitrogen adsorption-
desorption isotherms of
Fe;0,@xSi0, (a), Fe;0,@
xSi0,@ySiO, @BisPyP (b),
and Fe;0,@xSi0,@ySiO,@
BisPyP-Ni (c)

Va/cmA3(STP) g~1

the amount of catalyst {using amounts of 4, 5 and 6 mg of
catalyst} (Table 3, entries 6, 16 and 17), and temperature
{in the range of 25-100 °C} (Table 3, entries 6, 13, 14 and
15). The screening of the mentioned solvents showed that
PEG-400 is the best solvent for the progress of the model
reaction (Table 3, entry 6). This is probably due to its
influential role in reducing Ni(IT) to Ni(0), which has been
reported in the literature [38, 39]. Among the considered

T T T
2500 2000 1500
Wavenumber cm-1

1000 500

bases, it is found that K,CO; acts as an excellent base for
this reaction (Table 3, entry 6). It is noteworthy that the
higher performance of our catalyst with bases such as K,CO;
and KHCO;_ since according to the studies of Knecht and
co-workers [40], although for monobasics such as NaOH or
KOH, the amount of reactive and free hydroxide is higher
compared to dibasic systems such as K,CO; and KHCO;,
but this leads to their potent combination with Nickel metal

@ Springer
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Fig.9 The pore size distribution (BJH model) of Fe;0,@xSiO,@
ySiO, @BisPyP-Ni
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Fig. 10 The BET curve of Fe,0,@xSi0,@ySi0,@BisPyP-Ni

species, and finally reducing the yield of biphenyl. Also,
organic bases such as DMAP and Et;N are not strong enough
for this cross-coupling reaction. Accordingly, a moderate
base capacity is essential for the coupling reaction in the
presence of a catalytic amount of Fe;0,@xSiO,@ySiO,@
BisPyP-Ni. Hence, when K,CO; and KHCO; are considered,
a different trend in reactivity is seen, with higher product
yields compared to potassium hydroxide, sodium hydroxide,
or organic bases.

Also, the reaction failed in the absence of a suitable sol-
vent (Table 3, entry 1), without base (Table 3, entry 12), at
ambient temperature (Table 3, entry 13), and under catalyst-
free conditions (Table 3, entry 18), so the optimal use of
these four items is necessary to produce the biphenyl deriv-
ative. Finally, the findings from the Table 3 revealed that
the optimum conditions in the model reaction are obtained

using K,COj; as base (3 mmol) and 5 mg of Fe;0,@xSiO,@
ySiO,@BisPyP-Ni in PEG-400 solvent (2 mL) at 80 °C
(Table 3, entry 6).

In an interesting study, after the optimal circumstances,
the progress of the model reaction was checked with the
catalyst parents, namely: Fe;O, (Table 4, entry 1), Fe;0,@
xSi0,@ySi0, (Table 4, entry 2), Fe;0,@xSi0,@ySiO, @
BisPyP (Table 4, entry 3), and also Fe;O,@xSiO,@BisPyP-
Ni {In the construction of this catalyst, unlike our catalyst,
a silicon shell has been used around the magnetic core}
(Table 4, entry 4). After that, the amount of nickel loaded
in Fe;0,@xSi0,@ySiO, @BisPyP-Ni and Fe;0,@xSi0,@
BisPyP-Ni calculated through the ICP method, which was
equal to 2.80x 107> and 1.50x 1073 mol g™, respectively.
The conclusions reached from the ICP method and Table 4
prove that the idea of utilizing bi-layers of silica around
magnetic iron oxide nanoparticles and anchoring nickel
metal on the Fe;0,@xSi0,@ySiO,@BisPyP was helpful
in promoting the coupling reaction, Because the C-C cou-
pling reaction with the raw materials of catalyst generation
led to zero yield (Table 4, entries 1-3), and only when the
final catalyst is formed with all parent compounds, a power-
ful synergetic effect of the catalyst became apparent. Cov-
ering magnetic nanoparticles with two silica shells, apart
from keeping the magnetic nanoparticles from aggregation,
causes more organic ligands (organic groups) and thus more
Ni to join the mesoporous cavities, and the reaction is com-
pleted with a lower mol% of the catalyst.

Afterwards, determining the best circumstances to per-
form the model reaction, the range of catalytic activity of
Fe;0,@xSi10,@ySi0, @BisPyP-Ni was evaluated through
the reaction of PhB(OH), with different aryl halides. The
findings are tabulated in Table 5. It was ascertained that
Fe;0,@xSi0,@ySiO,@BisPyP-Ni is a very effective cata-
lyst for obtaining the corresponding biphenyl derivative. All
the aryl halides used, regardless of the electron-donating or
-withdrawing nature of their attached substituents, provided
the corresponding derivatives in excellent yields and times.
However, iodide- and bromide-substituted aryl halides gave
better results compared to chloride-substituted aryl halides,
because iodide and bromide are stronger leaving groups
than chloride (Table 5, Inputs 1a and 7a vs. 18a). Also, the
presence of ortho-substituents led to slower product forma-
tion compared to para-substituents, which was attributed to

Table 2 Texture properties of Sample SBET (m?%/g) Pore diam by BJH  Pore vol (cm®/g) Ref.
the prepared samples method (nm)
Fe;0, 480.0 1.254 0.803 [371
Fe;0,@xSi0, 462.8 1.701 0.732 -
Fe;0,@x85i0,@ySiO, @BisPyP 398.7 1.989 0.701 -
Fe;0,@x85i0,@ySiO, @BisPyP-Ni 3479 2222 0.618 -
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Table 3 C-C coupling of 4-methyliodobenzene with PhB(OH), using Fe;0,@xSi0O,@ySiO,@BisPyP-Ni under different conditions

R

R
Entry Solvent Base (mmol) Temperature (°C) Catalyst (mg) Time (min) Yield
(%)*
1 1,4-Dioxane K,CO; 80 5 15 —
2 EtOH K,CO;, Reflux 5 15 24
3 H,0 K,CO; 80 5 15 21
4 DMSO K,CO;, 80 5 15 66
5 DMF K,CO; 80 5 15 70
6 PEG K,CO; 80 5 15 98
7 PEG Et;N 80 5 15 22
8 PEG DMAP 80 5 15 25
9 PEG KOH 80 5 15 61
10 PEG NaOH 80 5 15 44
11 PEG KHCO; 80 5 15 82
12 PEG — 80 5 360 —
13 PEG K,CO; 25 5 240 —
14 PEG K,CO; 60 5 90 54
15 PEG K,CO; 100 5 5 98
16 PEG K,CO, 80 4 60 74
17 PEG K,CO; 80 6 5 98
18 PEG K,CO; 80 — 1440 —

Reaction conditions: PhB(OH), (1 mmol), 4-methyliodobenzene (1 mmol), solvent (2 mL), base (3 mmol)

“Isolated yield

Table 4 Checking impact of Fe;0,, Fe;0,@xSiO,@ySiO,, Fe;0,@
xSi0,@ySiO,@BisPyP and Fe;0,@xSiO,@BisPyP-Ni in coupling
of 4-methyliodobenzene with PhB(OH),

Entry Catalyst Yield (%)*
1 Fe,0, b
2 Fe,0,@xSi0,@ySiO, b
3 Fe;0,@xSi0,@ySi0, @BisPyP b
4 Fe,0,@xSi0,@BisPyP-Ni 66

Tsolated yield under optimized conditions

®No reaction

increased steric hindrance (Table 5, entry 2a vs. 3a and entry
4avs. 5a).

In the second part of our study, after successfully using
Fe;0,@xSi0,@ySiO,@BisPyP-Ni as a catalyst in the gen-
eration of C-C bond (via Suzuki reaction), we decided to test
its catalytic activity to obtain symmetric diaryl sulfides. In
this regard, the effect of various factors, including the nature
of the solvent, temperature and the type of base, and the
amount of nano-catalyst on the model reaction (i.e., 2 mmol
of 4-methyliodobenzene with Immol of Sg) was monitored.

The findings are tabulated in Table 6. As the table shows, the
best conditions for performing the reaction were obtained
when the reaction was carried out using K,COj; base (4
mmol) and 5 mg of Fe;0,@xSi0,@ySi0,@BisPyP-Ni at
80 °C in 2 mL of PEG-400 (Table 6, entry 6).

Next, diverse aryl halides (comprising aryl bromides,
aryl iodides, and aryl chloride) were reacted with Sg under
optimal conditions to determine the catalytic capability
and scope of Fe;0,@xSi0,@ySiO,@BisPyP-Ni with this
method (Table 7, entries 1b-10b). As Table 7 shows, various
types of substituted aryl halides with electron-accepting and
electron-donating groups were successfully coupled with
Sg, and provided the corresponding products in 20—140 min
with yields of 79-98%. As expected, aryl iodides gave the
best yields at shorter reaction times compared to aryl bro-
mides and aryl chlorides in this reaction, because iodide is a
stronger leaving group than bromide and chloride (Table 7,
Input 1b vs. 2b and 3b). Meanwhile, in this reaction (like the
Suzuki reaction), the role of reducing the steric hindrance
around the halogen-carrying carbon was evident in acceler-
ating the formation of the product (Table 7, Input 4b vs. 6b).

The following mechanism can be provided for the investi-
gated catalytic system based on research done in the area of
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Table 5 C-C coupling from Suzuki reaction via Fe;0,@xSi0,@ySiO, @BisPyP-Ni

Fe30,@xSi0O,@ySiO,@BisPyP-Ni —

(}x + Ph-B(OH),

\
= PEG, K,COs, 80 °C PR %
Entry R X Time (min) Yield (%)* M.p. (°C) TOF(min~")
Found Reported
la H 1 15 98 67-69 68-70 [41] 4.666
2a 4-OCH, 1 20 96 88-90 88-90 [41] 3.428
3a 2-OCH;,4 1 25 94 Colorless oil Colorless oil [42] 2.685
4a 4-CH, | 15 98 44-46 44-46 [41] 4.666
Sa 2-CH; I 20 95 Light yellow liquid Light yellow liquid [42] 3.3928
6a 2-CO,H | 17 98 106-108 107-109 [43] 4.117
Ta H Br 17 97 67-69 68-70 [41] 4.075
8a 4-CH,4 Br 17 98 45-47 44-46 [41] 4.116
9a 4-OH Br 20 97 162-164 163-164 [44] 3.464
10a 4-CHO Br 20 96 54-56 54-56 [45] 3.428
11a 4-CN Br 25 98 85-87 85-86 [44] 2.799
12a 4-CO,H Br 26 93 225-227 224-228 [46] 2.554
13a 4-NO, Br 18 98 110-112 112-114 [41] 3.888
14a 4-NH, Br 20 97 50-52 50-53 [45] 3.464
15a 4-SH Br 25 94 110-112 110-111 [47] 2.685
16a 3-CHO Br 25 95 52-54 53-54 [48] 2.714
17a 4-Cl Br 25 94 70-72 71-73 [49] 2.685
18a H Cl 30 92 161-163 163-164 [44] 2.190
Reaction conditions: PhB(OH), (1 mmol), base (3 mmol), aryl halide (1 mmol), PEG-400 (2 mL), Fe;0,@xSiO,@ySiO,@BisPyP-Ni (5 mg,
1.4 mol%)
Tsolated yield

"Turnover frequency (TOF) is defined as mole of produced product per mole of catalyst per time~

the production aryl halides from the reaction of Sg with aryl
halides in the proximity of nickel catalyst [52] (Scheme 4).
Sg (the sulfur source) combines with potassium hydroxide
in the first stage to create potassium disulfide. Then, the
reaction between the potassium disulfide and the Fe;0,@
x310,@ySi0, @BisPyP-Ni, leads to nickel disulfide. In the
subsequent step, an oxidative-addition reaction with aryl
halide causes nickel disulfide to change into intermediate I.
Then, a reductive-elimination reaction results in the produc-
tion of intermediate II. The subsequent stage is an oxidative-
addition process in which intermediate II and aryl halide
produce intermediate III. The Fe,O0,@xSi0,@ySiO,@
BisPyP-Ni returns to the catalytic cycle in the last stage,
where it participates in a reductive-elimination process to
form the diaryl sulfide product.

3.9 Reusability Investigation of the Catalyst

For industrial applications, reusable catalysts are required.
As a consequence, the recyclability of Fe;0,@xSiO,@

@ Springer

1

ySiO, @BisPyP-Ni was investigated in the carbon-carbon
coupling reaction leading to the production of 4-meth-
oxy-1,1’-biphenyl (2a). In this regard, after the completion
of the reaction, by using an external magnet to hold the spent
catalyst on the bottom of the reaction vessel, the reaction
solution was easily decanted as shown in Scheme 5. Then,
the catalyst was cleaned with ethyl acetate, and dried for
use in the next run. As illustrated in Fig. 11, the catalyst can
be reutilized up to eight times without losing substantial
activity.

3.10 Investigation of Catalyst Leaching

Hot filtration experiments were carried out in the cou-
pling of 4-methyliodobenzene with PhB(OH), to check
the leaching of Fe;0,@xSi0,@ySiO,@BisPyP-Ni (hav-
ing bilayer SiO,), Fe;0,@xSi0,@BisPyP-Ni (having
monolayer SiO,), under optimal conditions. In these
two studies, 65% and 36% of the product were produced
after 7.5 min with bilayer and monolayer silica catalysts,
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Table 6 C-S coupling of 4-methyliodobenzene with Sg via Fe;0,@xSi0, @ySiO, @BisPyP-Ni under different conditions

2 VI
Se — R |
= =
Entry Solvent Base (mmol) Temperature (°C) Catalyst (mg) Time (min) Yield (%)*
1 1,4-Dioxane K,CO, 80 5 30 84
2 EtOH K,CO, Reflux 5 30 90
3 H,0 K,CO, 80 5 30 90
4 DMSO K,CO, 80 5 30 98
5 DMF K,CO; 80 5 30 95
6 PEG K,CO, 80 5 30 98
7 PEG Et;N 80 5 30 31
8 PEG DMAP 80 5 30 40
9 PEG KOH 80 5 30 70
10 PEG NaOH 80 5 30 66
11 PEG KHCO; 80 5 30 86
12 PEG K,CO; 25 5 240 —
13 PEG K,CO; 60 5 120 62
14 PEG K,CO;,4 110 5 30 98
15 PEG K,CO;,4 80 4 90 78
16 PEG K,CO;,4 80 6 30 98
17 PEG K,CO, 80 — 2880 —
Reaction conditions: 4-methyliodobenzene (2 mmol), Sg (1 mmol), solvent (2 mL), base (4 mmol)
“Isolated yield
Table 7 C-S coupling of aryl halides with Sg catalyzed using Fe;0,@xSiO,@ySiO,@BisPyP-Ni
Fe,0,@xSi0,@ySi0,@BisPyP-Ni NI
Se ~ R | R
PEG, K,CO3, 80 °C = =
Entry R X Time (min) Yield (%)* M.p. (°C) TOF(min~")°
Found Reported
1b H I 20 98 Oil 0il [50] 3.499
2b H Br 50 91 Oil 0il [50] 1.300
3b H Cl 140 79 Oil 0il [50] 0.403
4b 4-OCH; 1 35 97 Oil 0il [50] 1.979
Sb 4-OCH; Br 60 96 Oil 0il [50] 1.142
6b 2-OCH; 1 70 95 Oil 0il [50] 0.969
b 4-CH,4 1 80 97 Oil 0il [50] 0.866
8b 4-CH, Br 90 95 Oil 0il [50] 0.753
9b 4-NO, Br 20 90 156-158 157-159 [51] 3214
10b 4-CF, I 55 93 Oil 0il [50] 1.207

Reaction conditions: aryl halide (2 mmol), Sg (1 mmol), base (4 mmol), Fe;0,@xSiO,@ySiO,@BisPyP-Ni (5 mg, 1.4 mol%), PEG-400 (2 mL)
“Isolated yield

>Turnover frequency (TOF) is defined as mole of produced product per mole of catalyst per time™
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Reductive
elimination

Scheme 4 The proposed mechanism for the synthesis of diaryl sulfides

Suzuki reaction

Product solution

Catalyst

Substrate

Catalyst vcled
atalyst recyc Next

reaction

Magnet Reused catalyst

Scheme 5 Separation of spent catalyst from the reaction solution via an external magnet

respectively. The same reactions were performed again,
and at the half time of the reactions (after 7.5 min), the
Fe;0,@xSi0,@ySiO, @BisPyP-Ni, and Fe;0,@xSi0,@
ySiO,@BisPyP were withdrawn, and the filtrated mix-
tures were allowed to run for an additional 7.5 min. At
this point, 67% and 39% of the product had been collected
with bilayer and monolayer silica catalysts, respectively.
These observations prove the absence of nickel leaching
and the influential role of using two layers of silica in the
performance of our catalyst.

@ Springer

3.11 Comparison

To investigate the catalytic activity of fabricated Fe;0,@
xSi0,@ySiO,@BisPyP-Ni, we compared its efficiency
with the catalysts mentioned in past papers. Therefore,
we checked the model reactions for the production of
1,1’-biphenyl (i) and diphenyl sulfide (ii) by reviewing
parameters, e.g. reaction conditions, yield, and reaction
time. As can be clearly seen in Table 8, our catalyst show-
cased excellent reaction times and yields.
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Fig. 11 The recycling experi-
ment of Fe;0,@xSi0, @ 100 98
ySiO,@BisPyP-Ni in the
synthesis of biphenyl 90
80

70
60
50
40
30
20

-

98 97 97 96
95 94 92
25
22 22
16 16 18 o \ \
Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8

M Isolated yield (%) ™ Time (min)

Table 8 Comparing catalytic activity of Fe;0,@xSiO,@ySiO,@BisPyP-Ni with other catalysts for the synthesis of 1,1’ -biphenyls (i) and

diphenyl sulfides (ii)

Catalyst Conditions Type of reac- Time (min) Yield (%) Ref.
tion
Fe;0,@xSi0,@ySi0,@BisPyP-Ni K,CO;, PEG-400, 80 °C i 15 98 This work
Fe;0,@xSi0,@ySi0,@BisPyP-Ni K,CO;, PEG-400, 80 °C ii 20 98 This work
Fe;0,@Si0,-T-Se/Pd (II) K,CO;, EtOH: H,0, 60 °C i 30 95 [53]
PANP-PNF DMSO, 130 °C, KOH ii 300 92 [54]
Fe;0,@MCM-41@Pd-SPATB K,CO;, PEG, 80 °C i 25 94 [31]
Cul, DBU Toluene, 100 °C ii 2880 85 [55]
Pd/chamomile @Fe;0,, K,CO;, EtOH: H,0, 60 °C i 60 96 [56]
Cul NaOH, PEG200, 110 °C ii 1080 84 [57]
GO/Fe;0,/PAMPS/Pd PEG-400, 80 °C i 120 100 [58]
Cul NaOt-Bu, PEG200, 60-80 °C ii 900 92 [59]
Pd-AcAc-Am-Fe;0,@Si0, K,CO;, DMF: H,0, 80 °C i 60 96 [52]
Ni(Il)-modified-SBA-15 DMSO, 120 °C, KOH ii 84 96 [60]
CA/Pd(0) K,CO;, H,0, Reflux i 120 94 [61]
Ni-guanidine @ MCM-41NPs DMSO, 110 °C, KOH ii 180 94 [50]
Pd/Au NPs K,CO;, EtOH/H,0, N,, 80 °C i 1440 88 [62]
LDH-Pd(0) K,CO;, H,O/Dioxan, Reflux i 600 96 [63]

4 Conclusions

In conclusion, we portrayed an unsophisticated approach to
anchor BisPyP-Ni complex onto the Fe;0,@xSi0,@ySiO,
substrate through covalent cross-linking. The composition
and skeleton of the fabricated Fe;0,@xSi0,@ySiO,@
BisPyP-Ni were fully identified via XRD, SEM, EDS,
ICP, VSM, TGA, FT-IR and nitrogen adsorption desorp-
tion techniques. In addition, the catalytic capability of this
nanocatalyst was studied in C-C and C-S coupling using
reaction of (i) aryl halides with Sg and (ii) aryl halides
with PhB(OH), in PEG-400 under environment-friendly

conditions, severally. Consequently, high porosity and sur-
face area, the utilize of chemically and inexpensive stabile
reagents, appropriate duplicability of the nano-catalyst up
to 8 runs, operational simplicity, excellent reaction times
and, ease of separation with an external magnetic field,
makes the Fe;0,@xSi0,@ySi0,@BisPyP-Ni a good can-
didate for potential uses in future research.
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