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KEYWORDS Abstract A silica-coated magnetically separable Schiff-base palladium nanocatalyst was devel-
Aryl halide; oped. Amorphous silica was used to encapsulate the magnetic Fe;O,4 and an organic amine func-
Organoboronic acid; tionality was added to the silica surface. The amino group was treated with 1, 10-
Schiff base; phenanthroline-2,9-dicarboxaldehyde to produce a Schiff-base, which was then treated with palla-
Magnetic nanoparticles; dium to produce the silica coated magnetic Schiff-base palladium nanocatalyst. The palladium
Palladium catalyst nanocatalyst was fully characterized using several spectroscopic techniques. The HR-SEM image

of silica coated Fe;0,4 revealed a globular shape with a diameter of 145 nm, along with this the aver-
age palladium nanoparticle size was 3.5 £ 0.6 nm. The successful functionalization and the appear-
ances of the palladium species as a magnetic catalyst was confirmed by FT-IR and XRD analysis.
The palladium nanocatalyst was successfully applied for the construction of C—C bonds via Suzuki-
Miyaura reaction. With a variety of organoboronic acids, the catalyst displayed great performance
for electron-poor and electron-rich aryl halides, resulting in excellent yields of the corresponding
cross-coupling products. The magnetic catalyst was retrieved from the reaction vial using an exter-
nal strong magnet, and it was reused seven times without a significant drop in the production of the
corresponding biaryl product.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

E-mail addresses: lotfor@ums.edu.my (Md. Lutfor Rahman), shah- Over the last few decades, environmentally friendly chemistry based on
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and agrochemicals that reduce fuel consumption and pollution (Li
et al., 2020; He et al., 2020; Rohani et al., 2019; Baran and
b i | Nasrollahzadeh, 2019). Heck (Mastalir et al., 2020), Hiyama
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(Gonzalez-Perez et al., 2012), Stille (Nikoorazm et al., 2018), and
Suzuki cross-coupling reaction (Takale et al., 2019) are amongst the
most common applications of metal catalysts, particularly palladium.
Among these cross-coupling reactions, Suzuki coupling, which
involves coupling an aryl halide with an aryl boronic acid in the pres-
ence of a metal salt such as Pd(OAc),, Pd(PPhj3)4, or Pd(dtbpf)Cl,, has
gained a lot of attention because of its extensive use in the industrial
synthesis of biaryl products (Mehta et al., 2020; Mutoh et al., 2020;
Delaney et al., 2020; Espinoza et al., 2019). Palladium salts are com-
monly employed in the cross-coupling reactions, a drawback of these
are their significant costs and potential challenges associated with their
use including the need for organic solvents, inert gases, catalytic sensi-
tivities, large-scale use, purification and recycling, which often make
homogeneous catalytic reactions non-economic and environmental
unfriendly (Arpad, 2011; Fihri et al., 2011). As a result, to address
the inherent disadvantages of homogeneous metal catalysts, homoge-
neous metal catalysts on a solid support or the creation of innovative
heterogeneous catalysts that reduce costs and allow metal species to be
recycled are required (Okumura et al., 2015). Manipulation of support-
ing materials could be a viable technique for generating an environ-
mentally friendly catalyst with improved activity while eliminating
the requirement for expensive metal species. In order to improve these
heterogeneous catalytic systems, palladium catalysts immobilized on a
variety of organic and inorganic substrates have recently been used
including magnetic Pd@IO-Chitosan (Shaikh and Pamidimukkala,
2021), silica (Qiu et al., 2008; Sarkar et al., 2015), Fe;04@SiO,-
NMIM-Pd (Dong et al., 2021), Fe;04 (Nasrollahzadeh et al., 2020),
microbeads (Baran and Nasrollahzadeh, 2020), Schiff base palladium
(Neshat et al., 2021), polymers (Yamada et al., 2012; Sultana et al.,
2016), cellulose (Li et al., 2019) kaolin/NiFe,O4 (Caliskan and
Baran, 2021), carbon materials (Xi et al., 2018), carbon nitride
(Alam and Sarkar, 2011), MOF (Sarkar et al., 2015; Wang et al.,
2019); bis-NHC palladium pincer complex (Rajabi et al., 2021); coleus
amboinicus supported PANPs@CA (Bathula et al., 2020) and covalent
organic frameworks (Fan et al., 2019; Ma et al., 2017). These exhibit
superior environmental friendly, sustainable and reusable potential.
It is a major challenge to design efficient green heterogeneous catalysts
that are facile to synthesise, can be applied in the aqueous phase, be
stable at higher reaction temperatures and have reduced metal leaching
challenges from their support systems or agglomeration resulting in
low activity in long-term service (Sakina et al., 2021). However, there
is an inconsistency between the size and isolation of non-dimensional
carriers. Due to the larger specific surface area, the use of nanomateri-
als could result in larger metal anchoring sites and lower steric hin-
drance than with larger supports. Nonetheless, due to the small size
of the nanocatalyst, conventional separation methods make it difficult
to separate the nanocatalyst from the reaction system. To maximize
metal catalyst availability while preventing metal species leaching, a
true heterogeneous catalyst must be developed by attaching metal spe-
cies uniformly throughout the solid support. The support material with
the appropriate chelating groups can influence catalytic reactivity by
controlling the electronic structure of the active sites via interfacial
interactions, in addition to contributing to uniform diffusion and sta-
bility of the active metal species (Yang et al., 2018; Chen et al., 2018).
Magnetic nanoparticles (MNPs) have gained popularity in recent years
due to their large surface area and unique properties, which have led to
particular and potential applications in many fields like energy storage
(Li et al., 2018), magnetic resonance imaging (MRI) (Meng et al., 2020;
Wei et al., 2020), gene delivery (Amani et al., 2021), hyper-thermal
agents (Lu et al., 2021), drug delivery (Taherian et al., 2021), cell sort-
ing (Moradi et al., 2021), and catalysis (Ye et al., 2021; Wang et al.,
2021; Tamoradi et al., 2020). The use of MNPs as catalysts is primarily
based on the presence of strong magnetic moments and the ease of pro-
duct / catalyst separation by an external magnet, as well as their high
stability and chemical durability, recyclability, and benign classifica-
tion in the context of sustainable chemistry (Nasrollahzadeh, 2018;
Tukhani et al., 2018; Paula et al., 2020). These ideal characteristics
reduce the need for time-consuming and labour intensive separation
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Synthesis of silica coated magnetic [Fe;04@SiNSB-

methods while maintaining catalytic activity and allowing for continu-
ous catalysis. However, uncoated magnetic nanoparticles tend to
clump together, resulting in a reduction of surface area, accelerated
biodegradation during the catalytic cycle (Nosrati et al., 2019), which
result in a drop in catalytic activity. Magnetic nanoparticles can be pre-
vented from aggregating by covering them with carbonized materials
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Fig. 1 FT-IR images of synthesized materials.

(Wei et al., 2021), polymers (You et al., 2021), or metal oxides
(Elhampour and Nemati, 2017). This offers greater protection under
mild acidic conditions, is unreactive in aqueous systems, and has a
number of beneficial properties, such as large pore volume, large sur-
face area, covalent adherence through various desirable functional
groups (Hollingsworth et al., 2016), excellent biocompatibility, adjus-

Fig. 2

table pore size and inhibitory activity. Silicon dioxide was chosen as
the best coating material to overcome the drawbacks of pure magnetic
nanoparticles (Sun et al., 2016; Maleki et al., 2020; Esmaeilpour et al.,
2015). In this research we successfully synthesized a silica-coated mag-
netic Schiff base palladium nanocatalyst [Fe;O4@SiNSB-Pd] 3 and
utilized it for the construction of C—C bonds through Suzuki-
Miyaura cross-coupling reaction. The Suzuki-Miyaura reaction of
activated electron-poor and inactivated electron-rich aryl halides with
a series of organoboronic acids proceeded facilely with this Fe;O4@-
SiNSB-Pd nanocatalyst, yielding biaryl products with excellent yield.
The palladium nanocatalyst Fe;04@SiNSB-Pd was stable and could
be recovered from the reaction vessel using an external magnet. It
could also be used seven times without decreasing the production of
biaryls substantially.

2. Experimental

2.1. Preparation of magnetic Schiff base [Fe;0,@SiNSB] 2

The preparation of Fe;Oy4, [Fez04@Si] 1, followed by amine
functionalization of 1 were carried out according to the litera-
ture report (Ghasemzadeh and Basir, 2015; Shao et al., 2012;
Fekri and Zeinali, 2020). The amine functionalized Schiff-
base [Fe3O4@SiNSB] 2 was prepared by the treatment of
1.0 g of 1 with 250 mg of 1,10-phenanthroline-2,9-dicarboxalde
hyde (Coogan et al., 2015) in 60 mL of toluene at 80 °C

.*o-
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SU-70 10.0kV 15.9mm x40.0k SEM) 1.00um

(a & b) SEM images of 1, (c) SEM image of 1 after incorporation of amine functionality, (d) SEM image of 2, (¢) SEM image of 3,

(f) TEM image of fresh 3, (g) TEM image of 3rd reused of 3, (h) recovery of 3.
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overnight. After allowing the reaction mixture to cool to room
temperature, the Schiff-base magnetic 2 was filtered, washed
with ethanol, and dried at 60 °C for 5 h.

2.2. Preparation of [Fe;0,@SiNSB-Pd] 3

An aqueous solution of (NHy4),PdCl, (300 mg, in 25 mL water)
was applied dropwise to the synthesized [Fe;OQ4@SiNSB] 2
(2.0 g) suspended in 55 mL water. After 3 h at room tempera-
ture mixing, 0.5 mL hydrazine hydrate was added and the mix-
ture and stirred for another 2 h. The Fe;04@SiNSB turned
dark brown, and the resulted silica coated magnetic palladium
nanocatalyst 3 was collected by filtration and the solid material
was washed with an aqueous solution of methanol and dried
for 4 h at 60 °C. ICP-AES study revealed that 0.017 mmol/g
of palladium bound with 3, and TEM investigation revealed
that the average nanoparticle size of Pd was 3.5 + 0.6 nm.

2.3. General procedure of Suzuki-Miyaura reaction

A 10 mL screw-capped vial containing [Fe;04@SiNSB-Pd] 3
(0.017 mol% of Pd), aromatic halide (1 mmol), organoboronic
acid (1.20 mmol), 2.5 mol equivalent of K>COj3, and a mixture
of aqueous ethanol (1:1, 2 mL) was heated to 80 °C. The for-
mation of biaryl was continuously monitored by GC analysis.
When no aryl halide peak could be seen in the GC chro-
matogram, the reaction was allowed to cool down at room
temperature and diluted with ethyl acetate and water. The
ethyl acetate was separated, dried over anhydrous MgSOy,
and evaporated using a rotary evaporator. The resulting crude
biaryl product was isolated on a short silica gel column chro-
matography by using ethyl acetate and hexane as an eluent
(1:4) with 86% yield. "THNMR (500 MHz) of 4j: & 7.48 (d,
4H, J = 9.9 Hz), 7.23 (d, 4H, J = 6.65 Hz), >*C NMR ¢
138.27, 136.68, 129.42, 126.79, 21.72.

3. Results and discussion

The magnetically enhanced nanocatalyst was developed by the
introduction of palladium nanoparticles onto a silica-coated
Fe;04 core—shell phenanthroline Schiff-base structure. The
synthetic steps are outlined in Scheme 1. Fe;O4 was prepared
by the co-precipitation of Fe?™ and Fe®" in an aqueous
ammonium hydroxide solution. After successful synthesis of
magnetic Fe;Oy, it was encapsulated by treatment with tetra-
ethyl orthosilicate (TEOS). The resulting Fe;04@SiO, core—
shell was then treated with (3-aminopropyl) triethoxysilane
(APTES) to afford amine (-NH,) functionalized magnetic sil-
ica. The phenanthroline chelating ligand 1,10-phenanthroline-
2,9-dicarboxaldehyde (Coogan et al., 2015) was treated with
amine functionalized magnetic silica at 80 °C in toluene to
yield the magnetic Schiff base [Fe3;04@SiNSB] 2. The brown
palladium complex was obtained by treating the magnetically
silica-coated Schiff-based 2 with ammonium tetrachloropalla-
date at room temperature. The palladium nanocatalyst [Fes-
O4@SINSB-Pd] 3 was then treated with hydrazine hydrate
to yield a dark brown powder. According to ICP the palladium
level in this nanocatalyst 3 was 0.017 mmol/g.

The synthesized magnetic materials and the structure of the
palladium nanocatalyst 3 were studied by using several spec-
troscopic methods. The FT-IR spectra of amino the function-
alized 1 showed absorption peaks at 2849 cm™', 2951 cm™!
and 2985 cm™' due to the aliphatic C-H (sp’) stretching
(Fig. 1). However, after incorporation of the phenanthroline

chelating ligand onto 2 the absorption peaks at 2850 cm ™',
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Table 1 Optimization of Suzuki-Miyaura cross-coupling.®

[Fe;0,@SiNSB-Pd] 3

(0.017 mol%)

e O

base (2.5 mol equiv.)

solvent (1:1 mL) 4a
80 °C, 3 h

Entry Base Solvent Yield (%)°
1 Potassium carbonate H,O-EtOH 95
2 Potassium carbonate H,O-DMF 90
3 Potassium carbonate H,O-THF 74
4 Potassium carbonate H,O-DMSO 77
5 Potassium carbonate H,O 31
6° Potassium carbonate H,O 84
7 Potassium carbonate H,O-TBAB 79
8 Potassium phosphate H,O-EtOH 89
9 Sodium acetate H,O-EtOH 88
10 Sodium carbonate H,0-EtOH 89
11 Sodium hydroxide H,0-EtOH 78
12 Potassium hydroxide H,O-EtOH 79
13¢ Potassium carbonate H,O-EtOH 4

# Reaction conditions: 1 mmol of 4-iodotuluene, 1.2 mmol of phenylboronic acid, 2.5 mmol of base, 0.017 mol% of 3, solvents (1/1 mL), 80 °C

for 3 h.
® Reaction was carried out at room temperature for 10 h.
¢ Isolated yield.
d Reaction was carried out without addition of 3.

2982 cm ™! and 2984 cm~! were observed for aliphatic C-H
(sp?) stretching and additionally 3032 cm™! peak was observed
from phenanthroline C-H (sp?) stretching. Furthermore, after
incorporation of palladium, the IR spectrum of 3 shifted to a
lower wavenumbers at 2856 cm™', 2925 cm ™! and 2953 cm™!
due to the electron transfer from nitrogen atoms to palladium.

The SEM image of the silica encapsulated Fez;O4@SiO,
core—shell 1 revealed a spherical shape with a diameter of
145 nm (Fig. 2a). The magnified SEM image of 1 (Fig. 2b)
clearly show that the Fe;O4 nanoparticles were completely
encapsulated by silica and that the impregnated Fe;Oy4
nanoparticles were evenly distributed within the silica.

After incorporation of the amino functionality, the SEM
image showed a spherical shape with greater diameter than 1
(Fig. 2c). Furthermore, the relatively larger diameter of 2
was also observed due to the incorporation of the organic
chelating group with 1 (Fig. 2d). The SEM image of 3 after
the introduction of palladium nanoparticles revealed an
unsmooth spherical shape (Fig. 2e) due to chelating group
aggregations in order to produce the palladium complex.
The excellent dispersion of palladium nanoparticles over the
silica coated magnetic Fe;O4 was revealed by TEM investiga-
tion of 3 (Fig. 2f). TEM examination was used to estimate the
size of the palladium nanoparticles, and the average particle
size distribution is shown in Fig. 3. The average size of palla-
dium nanoparticles was found to be 3.5 + 0.6 nm on the dis-
tribution diagram. Fig. 2g shows the TEM investigation of the
3rd reuse of 3, which clearly demonstrated that the palladium
nanoparticles were not agglomerated under the reaction condi-
tions. The magnetic palladium nanocatalyst could be recov-
ered using an external magnetic, as shown in Fig. 2h.

Fig. 4 shows a typical XRD pattern of magnetically silica-
coated Schiff based palladium nanocatalyst 3. For Fe;Oy4
nanoparticles, the six typical peaks 260 = 30.73, 36.53, 44.33,
54.62, 58.0, and 63.88 were detected based on particular
indices (220), (311), (400), (422), (511), and (440). The crys-
tallinity of the Pd-nanoparticles shows five exclusive reflections
in the diffraction pattern at 20 = 40.38° (111), 46.72° (200),
67.4° (220), 81.17° (311) and 86.02° (222) (Khan et al.,
2014). The face-centered cubic (fcc) structure of Pd (JCPDS:
870641, space group: Fm3m (225)) (Shankar et al., 2004)
may be indexed by these distinctive reflections. In comparison
to the other four, the significant reflection at (111) may sug-
gest a favourable development direction for the nanocrystals.
Using Scherrer’s equation, the average crystallite size of the
Pd-nanoparticles (3.6 nm) was calculated from the half width
of the (111) reflection. The amorphous structure of the silicon
dioxide layer is shown by the broad peak from 20 to 28 (Safavi
et al., 2013).

The oxidation status of palladium species in 3 was deter-
mined using X-ray photoelectron spectroscopy (XPS). The
narrow scan profile XPS of 3 revealed two signals at
335.32 eV and 340.52 eV, respectively, that may be ascribed
to Pd3ds, and Pd3ds, in Pd® species respectively (Fig. 5)
(Zhang et al., 2017).

Following the characterisation of the silica coated magnetic
Schiff-based palladium nanocatalyst 3, the Suzuki-Miyaura
C—C bond formation process was examined, with
4-iodoanisole and phenylboronic acid being chosen as the opti-
mal reactants for the C—C bond formation (Table 1). A
constant quantity of 0.017 mol % (10 mg) of [Fe;04@-
SiNSB-Pd] 3 was used to screen the Suzuki-Miyaura C—C
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Table 2 Scope of Suzuki-Miyaura cross-coupling.

[Fe;0,@SiNSB-Pd] 3

GX . @_B(OH) (0.017 mol%) — —
> » 2 A /
7 RS K,CO3 (2.5 mol equv.) R@_@R,

EtOH:H,0 (1:1 mL)

80°C,3h
Aryl halide Boronic acid Product Yield (%)
X B(OH), O X =19
©/ 4b X = Br, 86
O X = Cl, 73
X B(OH),
Q/ O X =1, 87
O dc X = Br, 80
CME X = Cl, 71
OMe
X
L 0 =
05N O 4d X = Br, 91
ON X = Cl, 75
/©/X B(OH), O X =19
MeO O de X = Br, 88
- X = Cl, 78
X B(OH), O X =193
Nc/C ‘ 4f X = Br, 87
. X = Cl, 77
/@/X B(OH), O X = 188
HoN O 4g X = Br, 87
HoN X = Cl, 75
X B(OH), O X =190
HO/() O 4h X = Br, 89
. X = Cl, 75
X B(OH),
Oy©/ O X =1, 9
s O 4i X = Br, 90
Me X = (I, 85
Me
X B(OH M
o) fons sy
Me Me O 4j X = Br, 84
I X = Cl, 73
e
X B(OH), O R X = 1,90
NC/© Me/C 4k X = Br, 84
- X = ClL 72
X B(OH), e
Y Me ) O 41 X = Br, 86
© © X = Cl, 73
(o]
X B(OH), OMe
ey .y J e
HO MeO ‘ 4m X = Br, 83
L X = CL 72
X B(OH), OMe
e o 0 X- L
MeO O 4n X = Br, 74
Me Me
T X = Cl, 70
X /©/B(OH)2 OMe X = 1. 90
NCQ/ MeO 4o X = Br, 86
ke X = Cl, 73
X B(OH), O RiE X =189
MeO” C MeO” : 4p X = Br, 78
-~ X = Cl, 70
X B(OH),
oy CO X
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Table 2 (continued)

[Fe;0,@SiNSB-Pd] 3
(0.017 mol%)

RQ R< / ’ KoCO3 (2.5 mol equv.) R 7\ MR

EtOH:H,0 (1:1 mL)

80°C,3h

Aryl halide Boronic acid Product Yield (%)
O X = Br, 85
OO 4q X =Cl 74
4r X = Br, 82

MeO 5

O X = L7

jog “O o
ds X = Br, 83

Me >

e X - cl72

o e o
0N 4t X = Br, 92
X = Cl, 78

o "0 =
NG 4u X = Br, 84
9@ X - cL

X B(OH), [e]

o I e Ao X1
O X = Cl, 73

#Reaction conditions: 1 mmol aryl halide, 1.2 mmol arylboronic acids, 2.5 mmol of K,CO3, 0.017 mol% of 3, H,O:EtOH (1/1 mL), 80 °C for

3 h.

bond formation reaction. The initial reaction was performed in
an aqueous solution of ethanol at 80 °C for 3 h with 4-
iodotoluene and phenylboronic acid in the presence of
2.5 mol equivalents of K,CO;. The Suzuki-Miyaura reaction
was effectively promoted by the magnetic palladium nanocat-
alyst 3, yielding the corresponding 4-methyl-1,1’-biphenyl 4a in
95% yield (Table 1, entry 1). When the reactions were carried
out using an aqueous solution of N,N-dimethylformamide
(DMF), tetrahydrofuran (THF) and dimethyl sulfoxide
(DMSO), these gave 4a in 90%, 74% and 77% yield respec-
tively (entries 2-4-) which showed relatively lower yield of 4a
compared to entry 1. Interestingly, when the Suzuki-Miyaura
reaction was performed in pure water at 80 °C for 3 h, it gave
a 31% yield (entry 5), however 84% yield was obtained when
the reaction was continued for 10 h (entry 6).

Furthermore, the addition of a small amount of phase
transfer catalyst, such as tetrabutylammonium bromide
(TBAB 0.5 mol percent) in pure water, altered the rate of
C—C bond formation, yielding 4a with a 79% yield (entry
7). The formation of 4a was not improved when the reactions
were performed in aqueous ethanol using a variety of bases
(entries 8-12). Only 4% vyield of 4a was achieved when the
reaction was conducted without adding of 3 (entry 13).

After achieving a satisfactory catalytic performance of 3, its
application in a wide range of substrates were described in
Table 2. The magnetic palladium nanocatalyst [Fez;O4@-
SiNSB-Pd] 3 was successfully used in the Suzuki-Miyaura
C—C bond formation reaction of activated electron-poor
and inactivated electron-rich substituted aryl iodides and
phenylboronic acid to yield the respective substituted biaryl

products 4b-i in a range between 87% and 96% yield (Table 2).
Since aryl bromide undergoes slower oxidative addition with
palladium species, their catalytic reactivity in the cross-
coupling reactions showed lower yields than that of aryl
iodides. Researchers are interested in using commercially avail-
able, inexpensive aryl bromides and chlorides for chemical syn-
thesis, although these aryl halides are known to be poor active
sources of aryl in the cross-coupling reactions even at high
temperatures. Long reaction times and high catalytic loads
were commonly used with commercially available metals/li-
gands to cope with high temperatures (Zapf et al., 2000). With
this in mind, we studied the chemically less reactive aryl bro-
mides and aryl chlorides with aryl boronic acids under the
identical reaction conditions in the presence of 0.017 mol per-
cent of 3. Interestingly, 3 stimulates the cross-coupling reac-
tions of aryl bromides and chlorides with phenylboronic
acid, resulting in high yields of the corresponding biaryls 4b-
i. Aryl chlorides showed lower yield of the products compared
to aryl iodides and bromides. Similarly, when aryl iodides with
electron poor and electron rich groups were combined with
substituted phenylboronic acids, the corresponding coupling
products 4j-p were smoothly obtained in up to 92% yield.
The less reactive aryl bromides and chlorides were also
smoothly promoted in the coupling reactions with substituted
phenylboronic acids, yielding the respective products 4j-p in
high yield. The electron poor aryl halides gave higher yields
of the respective biaryls than electron rich aryl halides. When
using a sterically hindered organoboronic acid, such as 2-
naphthylboronic acid, throughout the Suzuki-Miyaura reac-
tion of aryl halides, the cross-coupling reaction proved more
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difficult, and the yields of each product were typically poor.
With sterically bulky 2-naphthylboronic acid, the magnetic
palladium nanocatalyst 3 was effective in forming C—C bonds
in all activated and deactivated aryl halides, giving the corre-
sponding biaryls 4q-v in a range of 71-96% yields.

Dong et al. (2021) recently synthesized N-methylimidazole-
functionalized Fe;O04@SiO,-NMIM-Pd catalyst, which was
employed in the Suzuki-Miyaura cross-coupling reaction to
produce biaryls. The cross-coupling reaction was carried out
in pure ethanol at 80 °C in the presence of 2 mol% palladium.
However, when compared to their report, our catalytic system
outperforms it by a factor of a 118. Furthermore, when they
performed the cross-coupling reaction with aryl chloride, they
found that the formation of biaryl products was poor.

The reusability of heterogeneous catalysts is an essential
issue in terms of economic feasibility and sustainability. There-
fore, further investigation into the recycling and reuse of 3
(Fig. 6) was carried out. To investigate the reusability of 3 in
the C—C bond formation, a separate reaction was carried
out according to Table 2, 4d. The reaction was carried out with
0.13 mol% of 3 in order to make the catalyst easier to handle
and separate from the reaction mixture (Eq. (1)). After com-
pletion of the first cycle the reaction mixture was allowed to
cool to room temperature and diluted with ethyl acetate.

[Fe;0,@SiNSB-Pd] 3

0,
@—NOz ¥ @—B(OH)Z (0.13mol%)
K>CO3 (2.5 mol equv.)

EtOH:H,0 (1:1 mL)
80°C,3h

The magnetic palladium nanocatalyst was recovered from
the reaction mixture using an external strong magnet
(Fig. 2h) and all the liquids were carefully discarded. The solid
catalyst was then rinsed with water, methanol and ethyl acetate
and dried for 1 h at 60 °C. The reused magnetic palladium
nanocatalyst 3 was further used to the next catalytic cycle with-
out changing the reaction parameters. The magnetic catalyst 3
was repeatedly used in up to seven successive runs with high
performance without any significant drop of its catalytic activ-
ity (Fig. 6). The TEM image (Fig. 2g) of reused 3 confirmed
that the magnetic palladium nanoparticles were not aggregated
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Fig. 6 Recycled experiment using [Fe304@SiNSB-Pd]| 3.
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Fig. 7 Heterogeneity of [FezO4@SiNSB-Pd] 3.

under the reaction conditions. We observed that only a slight
low yield of the product was formed due to loss of 3 during
the catalyst recovery process. Therefore, it was successfully
shown that the silica-coated magnetic palladium 3 nanoparti-
cles can be reused with high catalytic performance.

In addition, to assess the heterogeneity of the silica coated
magnetic palladium nanocatalyst 3 we also performed a hot fil-

tration experiment (Fig. 7). To verify the heterogeneity of 3 we
have carried out two Suzuki-Miyaura reactions of iodobenzene
with phenylboronic acid under optimized reaction conditions.

After 1 h of reaction progress, the palladium nanocatalyst 3
was removed (a) using a powerful magnet, and the solution
was heated for another 2 h under the same reaction conditions.
When the palladium nanocatalyst 3 was removed, the reaction
(a) stopped, whereas the controlled reaction (b) progressed
smoothly and yielded the desired product with an acceptable
yield. As a result, the Suzuki-Miyaura reaction is believed to
have occurred in a heterogeneous reaction environment.

4. Conclusion

A silica-coated magnetic Schiff-base palladium nanoparticle was pre-
pared, characterized, and successfully used in the Suzuki-Miyaura
cross-coupling reaction to form C—C bonds. The magnetic pallidum
nanocatalyst 3 was successfully used in the cross-coupling of activated
and deactivated aryl iodides, bromides, and chlorides with a variety of
organoboronic acids in aqueous ethanol to produce the corresponding
biaryl with high yield. The magnetic catalyst 3 remained stable in the
reaction medium, could be completely separated from the reaction
mixture, and could be reused seven times without affecting biaryl
synthesis.
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