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The aim of the project was to design and synthesize a magnetic nanocatalyst with a new organic ligand
to perform the Suzuki reaction. To perform the carbon-carbon coupling reaction, the heterogeneous
surface of the magnetic nanoparticles, which was in the blue phase, transferred the reactive materials to
the blue phase. In the structure of this magnetic nanocatalyst, two metals, nickel and cobalt, are coated
on the surface of the catalyst by the organic ligand, creating enough space to carry out the reaction,
accelerate it and produce products with high efficiency. Due to the complete review of the results, the
percentage of products is greater than 97% and the catalyst can be recovered during ten reuse cycles
and shows a high efficiency, retaining 96% of its power. The high efficiency of the magnetic nanocatalyst
in performing the reaction is very impressive and it is easily separated from the reaction medium by an
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1. Introduction

During the last few years, the attention of researchers has been
drawn to work in the field of nanotechnology to synthesize
nanocatalysts with high catalytic power in accelerating various
organic chemistry reactions. One important thing that has
always attracted the attention of researchers is the fabrication
and optimization of the size of nanoparticles, which is required
to create homogeneous and heterogeneous catalyst surfaces. As
previous research has shown, the size of nanoparticles on the
nanoscale ranges from just under 20 nm for the medical
industry to closer to 100 nm for the chemical industry Also,
the surface of the catalyst should be large so that all kinds of
coatings, ligands and metals can be applied to it to complete its
catalytic structure."

As has been determined many times from research results,
nanoparticles are divided into different types, the most impor-
tant of which include: MOFs, and mesoporous and magnetic
nanoparticles. Among these, magnetic nanoparticles are very
remarkable due to the cheapness of the materials they are
made from (including iron salts), their accessibility, the place-
ment of a large number of ligands and metals on their
substrate, and their easy removal by an external field. Also,
these nanoparticles, which have a core/shell structure, can be
used to create magnetic nanocatalysts that have many applica-
tions in the field of medicine, such as purification of enzymes,
absorption and release of pharmaceutical biomolecules, and
targeted drug delivery.”™®
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external field, without causing toxic effects in the reaction and without side reactions.

In order to increase the efficiency of magnetic nanocatalysts,
their heterogeneous surface should be insulated first with a
coating such as silica in order to avoid excessive oxidation of
the surface by the environment and prevent it from becoming
lumpy (that is, damage to the core/shell structure). Also, the
presence of this silicate coating increases the efficiency of its
surface in performing various chemical and biochemical reac-
tions and also provides it with a biocompatibility property that
has antibacterial effects.” "

The main difference between magnetic nanoparticles lies in
the ligands that are coated on their surface, and in general, a
magnetic nanocomposite consists of two core and shell struc-
tures, the core of which is magnetite nanoparticles with a silica
coating (which is also the goal of this project). The core shell is
formed by ligands and metals. A variety of ligands have been
used until now, each of which has its own unique properties,
some being made of natural materials and others of synthetic
materials. The organic ligands considered in this project must
have amide and amine bonds to easily connect to the surface of
the catalyst and improve the performance of the
nanocomposite.*?

So far, the structure of the nanocomposite, similar to the
structure of its ionized liquid, can achieve many reactions
without metals, but the existence of a series of problems has
resulted in an urgent need for metal nanoparticles. One of the
major problems of the ionic liquid is the low percentage of
products obtained, the long time spent on the reaction and the
change in the pH of the ligands in different acid-base condi-
tions. One of the most widely used metals is palladium, which
performs all kinds of reactions with high speed and good
efficiency, but its disadvantage is that it is expensive. Therefore,
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Scheme 1 Suzuki coupling reaction using magnetic nanoparticle catalyst.

the use of metal nanoparticles such as copper, cobalt and
nickel has been expanded."?

In 2010, Suzuki obtained a product from the reaction of aryl
halides with phenylboronic acids, which he did for the first
time. The result of this reaction was the creation of a bond
between two carbons of two reactants, which became known as
Suzuki’s carbon-carbon coupling reaction and won him the
Nobel Prize."* The products resulting from this reaction have
been widely used both in the chemical industry and in medi-
cine, and new examples of these products have anti-fungal and
anti-viral properties in the medical industry.">"®

In this project, the main objective is to organize the Suzuki
reaction process in such a way that under ideal conditions, with
a magnetic nanocatalyst (iron@silica/organic ligand/cobalt/
nickel) in an optimal amount (0.02 mol%), with the main part
of the Suzuki reaction acting on reactants with electron-
donating and electron-withdrawing groups, at a temperature
below 40 °C, using a standard base and a green solvent,
products can be obtained with a high efficiency of 97%. Also,
an overview of the reaction process is provided along with
H'NMR analysis, which confirms the Suzuki reaction product
(Scheme 1).

2. Materials and methods

All reagents used met the necessary standards, and the solvent
used was deionized water at 18 MQ cm™'. C;oH;5N;0, (mole-
cular weight 333.89 g mol !, 99.999% purity), C;H¢NiO4 (mole-
cular weight 176.8 ¢ mol ", 99% purity), C4HC0Oy, (cobalt(u)
acetate, molecular weight 177.02124 g mol ™, 99% purity), and
CPTES (molecular weight 198.72, 97% purity) were purchased
from Sigma Aldrich (St. Louis, Michigan, USA). FeCl,-4H,0,
Fe(Cl);-6H,0, deionized water, argon gas, NaOH (34% aqueous

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution), TEOS, HCl, and methanol were purchased from
Sinopharm Chemical Reagent Co. (Shanghai, China).

Powder XRD of the prepared catalyst was performed using a
Philips PW 1830 X-ray diffractometer with a Cu Ka source
(A = 1.5418 A) in the Bragg angle range 10-80° at 25 °C. FTIR
spectra were obtained using an FTIR spectrometer (Vector 22,
Bruker) in the range 400-4000 cm™ " at room temperature. SEM
analysis was conducted using a VEGA//TESCAN KYKY-EM 3200
microscope (acceleration voltage of 26 kV). TEM experiments
were conducted using a Philips EM 208 electron microscope.
EDX analysis of the catalyst was conducted using a VEGA3
XUM/TESCAN. TGA was performed using a Stanton Red Craft
STA-780 (London, UK). NMR spectra were obtained using a
Bruker DRX-400 instrument (300.1 MHz for "H-NMR, 75.4 MHz
for ">C-NMR). The spectra were obtained using CHCL;-d1 as a
solvent. Magnetic measurements were carried out using a VSM
instrument (MDK, model 7400). Melting points were evaluated
using an Electrothermal 9100 apparatus.

2.1. Nanoparticle synthesis method

One cost-effective method for the synthesis of magnetic nano-
particles is the chemical co-precipitation method,” " which is a
simple and standard method based on the heterogeneous
synthesis of the nanocomposite. For its synthesis, iron(u) and
() salts are mixed with each other at a ratio of 1:2 to obtain a
mixture for the structure of the catalyst core (magnetite) in the
aqueous phase at room temperature (25 °C), based on the
following equation.

M?2*+ 80OH" + 2 Fe3* MFe, O, + 4H,0O

liEos‘

= Fe;0,@Si0,

2.2. Synthesis of Fe;0, magnetic nanoparticles

The first step in the synthesis of magnetic nanoparticles,
amounts of 0.9 mol% FeCl,-4H,O salt and 1.8 mol% FeCl;-6H,O
salt were added to 350 cc of distilled water under normal
temperature conditions (25 °C) for a fixed period of 2.5 hours.
After this period of time, the temperature was raised to 57 °C
and the moment the temperature reached 57 °C, 4.5 cc of 10%
sodium hydroxide was added to the reaction solution and the
reaction continued for another 2.5 hours. Finally, the product
was separated from the reaction solution with a magnet and
washed with 2 cc of distilled water and 1 cc of Merck ethanol,
respectively, until the excess hydroxyl groups were separated
from the surface of the catalyst and the pH reached close to that
of water. Then it was placed in an oven at a temperature of
60 °C for 12 hours to lose surface water, then it was placed in a
vacuum oven at a temperature of 57 °C for one and a half days
to lose its internal water. Finally, the completely dried (yellow-
ish brown) product was separated from the reaction mixture

Mater. Adv.,, 2022, 3,8792-8802 | 8793
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Scheme 2 Synthesis of Fe@L/Co/Ni magnetic nanoparticles.

and collected. These were the magnetic nanoparticles of
magnetite.

2.3. Nanoparticle core/shell structure with metal coating

First, 0.15 g of magnetite magnetic nanoparticles were weighed,
dissolved in a separate container with 25 cc of distilled water
and stirred in a sonicator at room temperature (25 °C) at
normal intensity for 2 hours. Then 2 cc of ethanol along with
1.5 cc of TEOS nanoparticles were added to the reaction mixture
and dissolved for 1.5 hours. In the next step, 0.5 cc of 5%
sodium hydroxide was added to the reaction mixture and the
reaction continued for another 1.5 hours. Finally, the reaction
mixture was treated as in the previous step and was made into a
powder. Next, trimethoxysilyl propyl chloride ligands and
C10H15N30, ligands, 1 mL of each, were added, first the first
ligand, then the second ligand, and dissolved in 50 cc of
ethanol. Then, in another container, 0.075 g of silica-coated
magnetite nanoparticles were dissolved in 25 cc of distilled
water, and added to the mixture containing the ligand and
refluxed at 70 °C for one day. The next day, the obtained catalyst
was washed and dried, and 0.7 g of it was dissolved in 35 cc of
distilled water, with 1 mmol of C;oH;5N;0, ligand in 10 cc of
diethyl ether and 1 mmol of copper(u) acetate catalyst was

8794 | Mater. Adv, 2022, 3, 8792-8802

refluxed at 45 °C for one day and night. In the next step, the
prepared nanocatalyst was completely washed and the catalyst
dried again. This time 0.06 g of catalyst was twice dissolved in
30 cc of distilled water, first dissolving 0.0002 g of cobalt(u)
acetate in 10 cc of the solvent ethyl ether, refluxing at 45 °C for
12 hours, then adding 0.0002 g of nickel to the reaction vessel
and refluxing for another half day. Finally, the final product
was washed several times with 5 cc of distilled water and 3 cc of
Merck ethanol and dried and collected as in the previous steps.
Its magnetic strength was tested with a magnet. Of course, this
test analyzed all stages of the synthesis of magnetic nanocom-
posite, and the tests showed that its magnetic strength gradu-
ally increases because the structure of the nanocomposite
becomes more complete and regular (Scheme 2).

3. Results and discussion
3.1 Detection of the structure of the magnetic nanoparticles

The magnetic nanocomposites with dimensions close to
100 nm, after synthesis, were analyzed by a series of tests to
confirm their structure. The structure of the magnetic nano-
particles composed of a core/shell was investigated by FESEM,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TEM, FESEM and elemental mapping analyses with a graph representing the order of nanoparticles.

TEM, VSM, EDX, XRD, FTIR analyses, and the results are fully
presented below.

3.2. Analysis tools of detection

3.2.1. FESEM, TEM and elemental mapping analyses.
FESEM analysis produces images of the inner surface of the
nanocomposite that show the morphology and placement of all
kinds of particles, so that in elemental mapping analysis, the
presence of iron, silicon, cobalt and nickel metal particles is
depicted, how they are dispersed and how they are connected.
They show the surface of the catalyst. Also, in the TEM analysis,
images of the outer surface of the nanoparticles are shown,
which depict the general shape of the nanocomposite and the
core/shell shape of the catalyst on a 100 nm scale. The data in
the diagram also shows that the size of the nanoparticles is
close to 80-90 nm, which is very favorable (here, the numbers
are multiplied by ten to accurately calculate the size of the
nanoparticles) (Fig. 1).

3.2.2. FTIR analysis. FTIR analysis is used to identify
functional groups that have a profound effect on the structure
of a compound. For this purpose, all functional groups in the
magnetic nanocomposite structure were evaluated in the range
of 400-4000 cm™". The results showed that the oxygen-iron
band was visible in the range of 500 cm ™" (nanocomposite core
structure), which gave a broad peak that became sharper with

© 2022 The Author(s). Published by the Royal Society of Chemistry

placing of the silica coating, and a relatively strong peak in the
range of 1000 cm ' appeared for the silicon-oxygen-silica
bond. Also after adding the triethoxypropylsilyl chloride ligand,
a bifurcated peak appeared in the range of 1100 cm ™, which is
related to the carbon-chlorine bond. With the addition of the
C19H;5N30, ligand, an attack was made from the pyridinium
nitrogen to remove the halogen chloride, so that the nitrogen-
carbon band had a medium peak in the range of 1414 cm™*
(which was slightly shifted towards the weak field due to the
resonance between the two carbonyl and amino groups). Also,
in the ranges of 2900, 3100 and 3400 cm ™", for carbon-hydro-
gen bonds, sp® was related to propyl, sp> was related to phenyl
rings, and the oxygen-hydrogen band was related to hydrogen
bonds, and the coating of Co/No had peaks in 574-638 cm ™.
According to the IR diagram data, the sharp and medium peaks
confirm the general structure of the magnetic nanocomposite,
which is obtained without any error and so its regular structure
is confirmed (Fig. 2).

3.2.3. EDX analysis. To calculate the molar percentage of
the elements, EDX analysis is used to calculate the loading and
presence of elements in the nanocomposite by multiplying the
molar percentage of the elements by the mass number, which is
based on the keV unit. Also, by using this analysis, the relation-
ship between the elements and the type of bond between them
can also be evaluated, so that wherever two peaks of several

Mater. Adv,, 2022, 3, 8792-8802 | 8795
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Fig. 2 FTIR analysis: (a) FesOy; (b) FesO4@L.

elements are placed on top of each other, it can be assumed
without any doubt that they are related to each other, like the
bond between silicon and oxygen (Fig. 3).

3.2.4. The XRD spectrum of Fe;0,@L/Co/Ni. XRD analysis
widely expresses the electron transitions from the inner layers
to higher levels with 2 theta criteria, and grading was obtained
for each detail of the nanocatalyst. For its core structure
(Fe30,4), peaks of 30.1°, 35.4° 43.2° 53.7° 56.9° and 62.9°,
and also higher bands ie. 220, 311, 422, 511, and 440 cm™*
were related to the structure of the base (Fig. 3a). When nickel
and cobalt were coated on the surface of the magnetic nano-
catalyst, two new peaks were observed at 20 = 45° and 58°,

View Article Online
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corresponding to bands at 111 and 200 cm ™' for cobalt nano-
particles (Fig. 3b), and a peak was observed at 75.35° corres-
ponding to the 220.006 cm ' band for nickel metal coating
(Fig. 3¢c) on the surface of the FeSi@L magnetic nanocomposite.
According to the shape of the XRD analysis, the results showed
that after the placement of two cobalt/nickel metals on the
surface of the magnetic nanocomposite, the structure of the
nanocomposite became more regular and the regular and sharp
peaks were related to the size of the cobalt/nickel nanoparticles
in the base state (0), which is 8 nm (Fig. 3).

3.2.5. VSM analysis. VSM is a method to measure the
saturation of a magnetometer according to the type of magnetic
nanoparticle (para, di or ferromagnetic) which can be evaluated
according to magnetic strength. VSM analysis in terms of
emu g ' in magnetic field units (kOe) showed the magnetism
of the nanocatalyst at two temperatures of 25 and 100 °C in the
pH range 8-12. At room temperature (25 °C), the intensity of the
peaks is higher, which means that its magnetization has
decreased normally (about 45%), but at 100 °C, the amount
of magnetization has decreased by about 30%, which increases
the magnetic strength and the crystalline structure of the
nanocomposite. In VSM analysis, magnetic nanoparticles
(Fe;04) showed results of 78 emu g ' at 25 °C and
56 emu g ' at 100 °C; also after organic ligand coating at
25 °C, the magnetization of the nanocomposite was 57 emu g™,
and at 100 °C it was about 35 emu g~ ". Finally, after placing
cobalt/nickel metals on the catalyst bed at 25 °C, the magnetic
saturation was about 42 emu g~ ', and at 100 °C, it was about
27 emu g~ ". The general results show that at room temperature,
the decrease in magnetization of the nanocomposite is about
45% and at room temperature it is about 75%, which is due to
the superparamagnetization of the magnetic nanoparticles so
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Fig. 3 EDX, VSM, and XRD spectra.
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Fig. 4 ICP-mass analysis.

their efficiency increases. Also, before and after this analysis, the
amount of magnetism was measured with a magnet and the
results showed that even above a temperature of 100 °C,
the amount of magnetism did not decrease significantly, which
further confirms the magnetic power of the nanocatalyst (Fig. 3).

3.2.6. ICP-mass. Another very important method to evaluate
the mass percentage of compounds is ICP-mass analysis, which
subjects the compounds to electron bombardment to evaluate the
ionic radical-carbocation with a unit of m e ' unit by mass
analysis. As can be seen in Fig. 4, products and reactant containing
halogen were subjected to mass spectrometry analysis to confirm
the correctness of the structure of the compounds. Fluorine and
hydrogen are monoisotopic, so their abundance is 100%. Carbon-
13, oxygen-17 and nitrogen-15 as isotopes of the elements carbon-
12, oxygen-16 and nitrogen-14 have very low abundance, so the
isotopes of these elements were not visible. Therefore, the pro-
ducts obtained based on their structural destruction can have
different mass percentages; for example, for the alpha-nitro biphe-
nyl composition obtained, the obtained molecular ions start from
the number 199 and for each carbon-13, nitrogen-15, oxygen-17. As
shown in the figure, the percentage abundances of carbon-13,
nitrogen-15 and oxygen-17 are very low, so the highest mass
percentage is for their own mass compounds.

3.3. Suzuki reaction

In this section, after the complete identification of the mag-
netic nanocomposite structure, it was evaluated for the Suzuki

© 2022 The Author(s). Published by the Royal Society of Chemistry
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coupling reaction. This reaction, which is the interaction
between two reagents, aryl halide and phenylboronic acid,
was carried out under the conditions of basic potassium iodide
salt, in diethyl ether solvent, at a temperature less than 40 °C,

and was checked under standard reaction conditions
(Scheme 3).
3.3.1. Optimization of the amount of nanocatalyst. One

important check in a coupling reaction or any other chemical
reaction is standardization of the amount of nanocatalyst.
Results from studying research by other scientists have shown
that the consumption of different nanocomposites depends on
the type of reaction in the range of 0.2 g, which is equivalent to
2 mol%, which is not very economical for use in industry.
Therefore, in this project, the synthesized magnetic nanocom-
posite was used in an amount of about 0.02 mol%, which is
about 0.002 g, which is ideal for the reaction in industry on a
scale of one ton, so only about 20 g of nanocomposite is
enough. As shown in Table 1, the usage conditions of the
nanocatalyst were evaluated so that at the scale of 0.5 to 2 mg

X

X
Co/Ni (0),
0.02 mol%

+ »
KI, NaHCO},
v <40 C,E,O/H,0

X=1,Br, CL,F
Y; EWD=NO,, CO,H, CHO,

Scheme 3 Suzuki coupling reaction.
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Entry Salt Solvent Base Cat. (mg) Temperature (°C) Time (min) Yield* (%) TON TOF (h™")
1 NaSCN CH;CN DABCO Fe/L/Co/Ni (10) 70 100 80 58 29
2 Cs,CO;3 THF KF 10 110 120 85 68 34
3 Na,CO; DMSO KF V5 100 75 89 62 31
4 Na,SO0, DMF/H,0 (5 mmol) NaOH V5 70 60 88 64 32
5 NaHCO; (0.2 mol%) Et,O/H,O (0.25 mmol) KI (2mmol) +#0.75 25 55 91 63 315
6 I d »#0.5 mmol I d 0.5 30 45 92 71 35.5
7 I »#0.75 mmol I 1 35 35 94 75 37.5
8 v 1 mmol v 1.5 v v 96 78 38
9 v »#2 mmol v 2 v I 98 82 41
10 — I — Not cat. 100 120 — 45  42.5
11  NaHCO, v v Fe;0, (20) 1/ 22 h Trace 55  27.5
12 I I I Fe/L (20) I d 20 20 65  32.5
gl J— v — Co/Ni (OAc),-H,0 (20) 70 14 65 70 35

“Yield refers to isolated products.

of nanocatalyst, a reaction efficiency of 91-98% is reported,
which is standard. Actually, basic investigations of each detail
of the catalyst before cobalt/nickel metal coating, including
magnetite nanoparticles, magnetite with ligands and even a
mixture of cobalt/nickel metals (alone, without binding to the
catalyst) showed that at a temperature above 70 °C, the reaction
took more than 12 hours and a very small percentage of product
was obtained, which shows that the complete structure of the
magnetic nanocatalyst in this project was about 45% superior
to its catalytic constituents and about 25% higher than other
nanocatalysts developed by other researchers.

3.3.2. Solvent type. Solvents play a very important role in
speeding up a reaction and in mixing the reactants and the
catalyst, so that in this project, in addition to water solvent
(which dissolves the nanocomposite), the polar solvent diethyl
ether was used, which, besides being green, creates uniformity
in the environment in which it reacts. Also, after mixing the
magnetic nanocomposite in water in the aqueous phase,
because the reactants are generally in the organic phase, diethyl
ether solvent creates a connection between the two aqueous/
organic phases. Therefore, 2 mmol of diethyl ether solvent
equivalent to 25 cc was used at a temperature of 35 °C, which
gave the highest percentage reaction. Also, when using other
solvents, which were all examined at temperatures over 70 °C,

Table 2 Comparison of Fe@L/Co/Ni nanocatalyst with other catalysts

the reaction percentage was 80%, which is very high. Diethyl
ether solvent is used at a temperature below 70 °C, but by
comparing this solvent with the solvents used in other research,
its efficiency was about 30% higher, and it is also a green
solvent (Table 1).

3.3.3. Salt. Salts are widely used to create a suitable pH in
the environment, as well as to prevent the creation of unwanted
compounds (due to their conductivity and also the creation of
stable ions with reactive leaving groups), and among all the
salts studied in this project, sodium bicarbonate was given a lot
of attention due to its cheapness, good compatibility at any
temperature, and availability. The results showed that using
about 0.2 mol% of this salt, equivalent to 0.001 g, the reaction
percentage in about 35 minutes, is greater than 97% (~98%),
which was comparable with other salts used in this project. And
in research by others, it has a high efficiency of about 28% and
is harmless (both for the reaction itself and for the environ-
ment) (Table 1).

3.4. Correct identification of the obtained products

The process of the Suzuki coupling reaction has been thor-
oughly investigated. From the moment of starting the reaction
between the two reagents, aryl halide and phenylboronic acid, it
is necessary to start analysis. For this purpose, a quantity of the

Entry Catalyst Conditions Time (h) Yield” (%) Ref.
1 Pd/CeO, (0.01 mmol), K,CO; (3 equiv.) DMF (1 mL), 90 °C 48 90 17
2 Pd (5-20 mol%), CS (10-40 mol%) Toluene (2 mL), r.t. 24 92 18
3 Pd@COFs (100 mg) Methanol (4 mL), r.t. 3 90 19
4 Pd (1.5 mol%), KF (0.2 mmol) DMSO (4 mL), 100 °C 2.5 96 20
5 Pd (1.5 mol%), K,CO; (1 mmol) DMSO, 80 °C 2 95 21
6 Palladium N-heterocyclic carbene (0.02 mmol), K,CO; (1.2 equiv.) i-PrOH (4 mL), r.t. 6 98 22
7 Pd(OAc),/LHX (15 mol%) DMF/H,0 (2 mmol), 50 °C 3 93 23
8 Chitosan/3-FeOOH-Pd(u) (1.2 mmol) DMF/H,0 (3/3 mL), 80 °C 7 95 24
9 Pd/dppf monoxide (1.0 mol) K;PO,-3H,0 (1.5 mmol) H,O/ethanol (2 mL), 80 °C 3 98 25
10  Cross-linked poly(ITC-HPTPy)-Pd (0.23 mol%) K,CO3 (1.5 mmol) H,O/ethanol (3 mL), 80 °C 2 98 26
11 Pd (10 mol), 3-bromo pyrazolo[1,5-a|pyrimidin-5(4 H)-one (10 mol%), DCM (1.0 mL) Cs,CO; (2.0 equiv.), r.t. 24 91 27
12 Pd/Ag (0.1 mol%) K,CO; (3 mmol) Ethanol (3 mL), 80 °C 1.5 92 28
13  Fe@L/Co/Ni (0.02 mol%) Et,O/KI, 35 °C 03-1 98 Present

“Yield refers to isolated products, ref. 17-28.
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spread over it. Finally, after the surface of the TLC paper was
dry, it was placed under UV light to determine the path
separating the stains from each other. The reaction is complete
if all reactants have been converted into products (carbon-
carbon coupling products). The examined results for all com-
pounds along with their efficiencies are shown in Table 2. As
described below, a series of reactants have electron-donating
and electron-withdrawing groups on their phenyl ring and,
according to the data in Table 2, it was found that the efficiency
of the products with the presence of electron-withdrawing
groups (cyanide, tri-nitro, di-nitro, nitro, carboxylic acid, alde-
hyde = electron-killing power) is far greater than that of electron
donors, depending on the type of halogen group (iodine,
bromine, chlorine, fluorine), in which iodine being a better
leaver has turned the phenyl position into an electrophile,
which is much faster for coupling taking less time with higher
efficiency.

3.5. Coupling reaction process

The Suzuki reaction in this project is done by two metals cobalt
and nickel, in two stages, where one of the metals (cobalt) is
inserted with aryl halide and the nickel metal is inserted with
phenylboronic acid. The result of the reaction is two leaving
groups, ion chloride and boronic acid, which can react with
each other and separate from the reaction medium.

3.6. Comparison of mechanism, recovery and reuse of
nanocatalysts

In Scheme 4, the general mechanism of the Suzuki coupling
reaction is described as follows: two metals coated on the
magnetic nanocomposite substrate are oxidized separately
from the basic state (0) during the oxidation reaction to state

IR
~/ A
A
- \ / L4
/ \ |
- \ // \\/\\
- \.// v
T a0 20 200 1500 1000 500
Wavenumbers (cm-1)
100
99
98 o
97 ? 163
96 g
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Fig. 5 IR, SEM, and TEM analyses of Fe@L/Co/Ni nanoparticles after being reused 10 times.
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Table 3 Derivatives provided by the Suzuki coupling reaction
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Entry Arylhalide + phenyl boronic acid Product

Time (min) Yield® (%) TON TOF (h™") Found

Reported melting point °C

m
z
d”

1 ortho-NO,PhI 35
WD
ON
2 para-NO,PhI \‘\‘ 45
EWD
3 Phl 55
ON NO,
4 2,4,6-tri-NO,PhI O O 45
NO, EWD
O,N O NO,
5 2,4-di-NO,PhF O 55
EWD
e
6 para-NH,PhCl 1.3 h
C
7 2,6-di-NO,PhF O 60
NO, EWD
OH
)
8 para-CO,HPhCI 70
O EWD
(L2
9 2-CH,OHPhI O 80
HO.
10 3-CH,OHPhBr 90
0
11 4-CH,OHPhI O 75

“Yield refers to isolated products.

(I1), in the next stage of the orbitals The blanks of these metals
can be surrounded by the halogen group of the aryl halide
compound for cobalt metal, and the acidic boronic group of the
phenylboronic acid compound for nickel metal and separated
from their compounds. Then the metals themselves are linked
to the corresponding compounds from the same position of the
leaving group; the leaving groups leave the reaction, and finally
two compounds along with the metals are attacked by acetate
(—2) ions during the reduction reaction. Finally, during the
transition stage, metals are separated from the reaction med-
ium and during a series of electron transfers, carbon-carbon
bonds are created between two different compounds, and the
compounds resulting from this process are extracted from the
reaction medium in a paired manner. In fact, the products have
gone into the organic environment, and the metals have been

8800 | Mater. Adv, 2022, 3, 8792-8802

98 87 43.5 102-104 102.8
96 86 43 102-104 103.2
95 95 47.5 0il Oil
98 71 35.5 345.68  345.7
97 68 34 201.9 202
94 58 29 100.12  100.2
96 67 33.5 201.8

96 61 30.5 134.77 134.8
95 101 50.5 88.95 89
94 114 57 88.98 89.2
96 121 60.5 89.1 89.5

recycled in the aqueous environment to be available again to
start a new reaction. Of further imporance, in addition to the
catalytic power of the magnetic nanocomposite with the
presence of a double metal in its structure, is that the attack
between the two reactive compounds is a nucleophilic attack on
the electrophilic position, so that the boronic acid group is the
nucleophilic position (due to itself donating electrons to the
phenyl ring) and the halide group is an electrophilic position by
taking its electrons from the phenyl compound (which removes
its electrons, making the compound vulnerable to electron-
withdrawing agents). Another important point that should be
mentioned is related to the catalytic power, so for the analysis,
the catalyst is reused ten times (that is, washing it every time
after performing the Suzuki reaction and retrieving it for more
and more reactions), which shows that after two periods of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reuse the catalytic power of the nanocomposite has decreased
by only 4%. This analysis was also done with a magnet, which
showed that its magnetic power did not change and this
decrease was only due to the loss of catalyst during washing.
Therefore, the results of this analysis showed that the catalyst
has a catalytic power of more than 96%, for further confirma-
tion of which, SAM, TEM and IR analyses were undertaken on
the recycled sample, which showed that its catalytic structure
had not changed at all and it was very resistant and stable
against repeated use (Fig. 5). Also, a comparison of this catalyst
with other catalysts in research by others in Table 3 shows that
this catalyst promoted the reaction under very ideal conditions
and in terms of sample amount, reaction temperature, type of
solvent, time taken to complete the reaction and product
efficiency of the products the catalyst were acceptable.

4. Conclusions

The main goal of this project was the design and synthesis of a
bimetallic magnetic nanocomposite with a unique ligand, for
which the results of IR, SEM, TEM, VSM, EDX, XRD analyses
confirmed its structure. Then, the catalyst in the Suzuki reac-
tion is the result of carbon-carbon coupling of two compounds
of aryl halide and phenylboronic acid under standard condi-
tions, Ze. 0.02 mol% of magnetic nanocomposite, the green
solvent diethyl ether (2 mmol), a sodium bicarbonate base
(2 mmol), at a temperature of 35 °C, and the results showed
that the efficiency of the obtained products is nearly 98%. The
compounds resulting from the Suzuki reaction are of special
importance both in the chemical industry and in medicine, so
that this reaction has been used a lot for the synthesis of new
pharmaceutical structures, so the magnetic catalyst that was
introduced in this project, due to its wide functional surface
and easy separation by an external field as a first-class catalyst
could be superior to other catalysts.
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