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Abstract Two new palladium catalysts immobilized on
modified magnetic nanoparticles containing NNN and NNS
Schiff base ligands were synthesized and characterized by
FT-IR spectroscopy, thermogravimetric analysis, X-ray dif-
fraction, X-ray photoelectron spectroscopy, transmission
electron microscopy, CHNS and ICP. These catalytic sys-
tems, containing Pd nanoparticles, showed high activity in
the Suzuki—Miyaura cross-coupling of phenylboronic acid
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with aryl halides. The activity, Pd loading, reusability and
Pd leaching of these catalysts were compared. The sup-
ported catalysts have the advantage to be completely recov-
erable with the simple application of an external magnetic
field. The immobilized palladium catalysts could be reused
several times without significant loss of their catalytic
activities.
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Introduction

The heterogenization of homogeneous catalysts and their
use in the synthesis of fine chemical has become a major
area of research. This is due to the potential advantages of
these materials such as simplified recovery and reusability,
the potential for incorporation in continuous reactors and
microreactors over homogeneous systems [1, 2]. Recently,
interest in catalysis by metal nanoparticles (NPs) is increas-
ing dramatically [3-6]. Semi-heterogeneous catalysis is
between homogeneous and heterogeneous catalysis, and
progress has been made in the efficiency and selectivity of
reactions and recovery and reusability of the catalyst [7].
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Biaryl units as molecular components in biologically
active molecules and functional polymers have attracted
enormous interest [8, 9]. The Suzuki cross-coupling reac-
tion is an increasingly popular approach for the con-
struction of unsymmetrical biaryl compounds since the
arylhalides used are environmentally safer than other orga-
nometallic reagents [10—13]. Toxic and expensive homo-
geneous palladium phosphine complexes, which are rarely
recoverable and produce impure products [14], are used as
catalysts for the Suzuki reaction [15-17].

Nanoparticles have attracted significant interest as
efficient supports for homogeneous catalyst immobili-
zation because of their high surface area [18-24]. The
use of nanoparticles as a support can lead to significant
enhancement of catalyst activity, because nanoparticle
materials have very small size and are easily dispersed
in solution [25, 26]. When the size of the support is
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Scheme 1 Synthesis of the palladium catalysts immobilized on modified superparamagnetic nanoparticles

decreased to the nanometer scale, the activity of the sup-
ported catalyst can be dramatically improved compared
to homogeneous catalysts immobilized on conventional
supports under conditions where internal diffusion is
rate limiting [27, 28]. However, the facile separation and
recycling of the nanoparticle materials from the reaction
media remain a challenge [7, 27]. The problem can be
solved by employing magnetic supports. Catalysts sup-
ported magnetic nanoparticles (MNPs) can be readily
isolated from the product solution merely by applying an
external magnetic field [4, 29]. The magnetic nanoparti-
cles offer advantages over conventional catalyst supports
and should be of interest to the chemical industry. Mag-
netic separation has emerged as a robust, highly efficient
and fast separation tool with many advantages compared
with product/catalyst isolation by means of other chemi-
cal or physical procedures, such as liquid-liquid extrac-
tion, chromatography, filtration or centrifugation [30].
Modifying of magnetic nanoparticles surface with
amines allow us to make a Schiff base and improve

support properties. Feng and coworkers modified the
magnetic particle surfaces by (3-aminopropyl) triethox-
ysilane and PEG diacid coat. There results showed that
these nanoparticles appear to be a promising vehicle for
MR imaging [31]. Our previous work on new palladium
catalyst immobilized on modified magnetic nanoparticles
containing NNO donor atoms showed desirable activity
in the Suzuki—Miyaura cross-coupling reaction of phe-
nylboronic acid with aryl halides [32]. Bui and cowork-
ers prepared a palladium complex catalyst immobilized
on CoFe,0, nanoparticles with NNN Schiff base ligand
and investigated its activity in Suzuki reaction [22]. Firu-
zabadi et al. [33] modified the Fe;0,@SiO, nanoparti-
cles with (3-chloropropyl)-trimethoxysilane in order to
synthesis chloro-functionalized magnetic nanoparticles
(CPS-MNPs) that yields the production of CPS-MNPs-
NNN ligand. Good yields of products were obtained in
the Heck and Sonogashira coupling reactions.

In this paper, we synthesized new palladium cata-
lysts immobilized on modified magnetic nanoparticles

@ Springer
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Fig. 1 X-ray powder diffraction spectrum of Fe;O, magnetic nanoparticles
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Fig. 2 FT-IR spectrum of: (A) Fe;0,/SiO,; (B) Fe;0,/Si0,-NH, nan-
oparticles; (C) Fe;0,/Si0,-NH,/PC and (D) Fe;0,/Si0,-NH,/TC

containing NNN and NNS donor Schiff base ligands.
So heterogeneous catalysts with high Pd loading were
produced and then characterized. Here, we gathered the
advantages of heterogeneous catalysis, thermally stable,
oxygen insensitive, air and moisture stable, magnetic
separation and enhanced catalytic activity of palladium
without added phosphine ligands to synthesize a new
catalyst for Suzuki cross-coupling reaction. The mag-
netic catalyst could be facilely isolated from the reaction

@ Springer

Table 1 Elemental analysis results for samples

Sample C H N S
Fe;0,/Si0,-NH, 11.14 2.80 3.21 -
Fe;0,/Si0,-NH,/PC 15.04 3.09 4.71 -
Fe;0,/S10,-NH,/TC 13.95 3.01 3.35 0.95

mixture by simple magnetic decantation, and could be
reused without significant degradation in activity several
times.

Experimental
Materials and methods

The preparation of catalysts was carried out under an
inert argon or nitrogen atmosphere. All chemicals were
purchased from Merck Chemical Company.

Gas chromatography experiments (GC) were per-
formed on an Agilent GC 6890 equipped with a
19096C006 80/100 WHP packed column and a flame
ionization detector (FID). FT Infrared (FT-IR) spectra
were obtained as potassium bromide pellets in the range
of 400—-4000 cm~! with a Jasco 6300D spectrophotom-
eter. X-ray diffraction (XRD) analyses were carried out
on a D8 Advanced Bruker instrument using Cu K, radia-
tion (A = 1.5406 A). The transmission electron micros-
copy (TEM) was carried out on a Philips CM10 transmis-
sion electron microscope operating at 200 kV. The ICP
analyses were carried out by a PerkinElmer optima 7300
DV spectrometer. Elemental analysis was performed on
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a LECO, CHNS-932 analyzer. Thermogravimetric analy-
sis (TGA) were carried out on a Mettler TG50 instrument
under air flow at a uniform heating rate of 5 °C min~!
in the range 25-800 °C. The X-ray photoelectron spec-
troscopy (XPS) measurements were performed using a
Gammadata-scienta ESCA200 hemispherical analyzer
equipped with an Al (K, = 1486.6 eV) X-ray source.

Synthesis of the magnetic core (Fe;0,@SiO,
nanoparticles)

A co-precipitation method was utilized for the synthesis
of the catalyst support comprised of silica-coated mag-
netic NPs. These nanoparticles were prepared by chemical

co-precipitation of Fe** and Fe** ions with a molar ratio of
2:1. Typically, an appropriate amount of FeCl;-6H,0 (5.8 g)
and FeCl,-4H,0 (2.15 g) were dissolved in 38 mL degassed
HCI 0.4 molar. Then, this solution was added to 300 mL of
degassed ammonia 0.7 molar solutions quickly and care-
fully in one portion while stirring in ultrasound bath. The
addition of the base to the Fe?™/Fe" salt solution resulted in
the formation of the black precipitate of MNPs immediately
that is dispersed in solvent. After stirring in ultrasound bath
for another 30 min, black solid collected by external magnet
and washed with ethanol and distilled water three times. The
as obtained sediment dispersed in 150 ml distilled water.

To modifying surface of MNPs, amine, thiol and
chloride terminated silane compounds are available

@ Springer
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Fig. 4 Proposed structure for Fe;0,/SiO,-NH,/PC-Pd catalyst

commercially and can be modified depending on the
conjugation tactics of the catalytic species. Since Fe;0,
nanoparticles are delicate to heat and oxidation milieus,
to protect their surface and to preventing oxidation to
Fe,0;, the surface modification of magnetic nanoparti-
cles was also performed by coupling silane reagents to
the surface hydroxyl group, Fe—OH, of magnetic nano-
particles to produce a thin layer of SiO, around particles.
This SiO, shell can effectively inhibit chemical degra-
dation and on the other hand easy dissolution property of
Fe;O, particles in nanoscale making the photocatalyst recy-
clable after multiple reaction cycles. Following for synthe-
sis of silica-coated Fe;0, nanoparticles, 50 ml of previous
suspension added to a solution of 250 ml 2-propanol that
contained ammonium hydroxide (4.5 ml) and mixture was
stirred in ultrasonic vibration. Then, 6 ml tetracthoxysilane
(TEOS) was added. The resulting silica-coated Fe;O, nano-
particles were washed with copiously amount of deionized
water and collected by magnetic separation. The obtained
sediment was dried at 45 °C under vacuum for 12 h.

@ Springer

Preparation of Fe;0,/SiO,-NH, nanoparticles

The silica-coated  superparamagnetic  nanoparticles
(Fe;0,/Si0, nanoparticles) were functionalized with
N-(2-aminoethyl)-3-aminopropyltriethoxysilane (AEAPS)
as following: Fe;0,/SiO, nanoparticles (2 g) were dis-
persed in a solution of dry toluene (100 ml). The suspen-
sion was sonicated for 30 min at room temperature. Then,
AEAPS (2 ml) was added and the mixture was heated at
70 °C under vigorous stirring for 24 h. The final prod-
uct was separated by a magnet and washed with toluene
(2 x 20 ml) and acetone (2 x 20 ml) by magnetic decanta-
tion, and dried at 45 °C under vacuum overnight.

Synthesis of Schiff base immobilized on Fe;O0,/
Si0,-NH,

The Fe;0,/Si0,-NH, nanoparticles (3 g) were added
to round-bottom flask containing absolute ethanol
(80 ml). The mixture was sonicated for 10 min and then
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Fig. 5 TEM image of: a Fe;0,/SiO,-NH,/PC-Pd and b Fe;0,/SiO,-
NH,/TC-Pd

2-pyridinecarbaldehyde or 2-thiophenecarbaldehyde
(10 mmol) was added to the reaction mixture. The result-
ing mixtures were sonicated for 15 min and then stirred
for 48 h. For the flasks containing 2-pyridinecarbalde-
hyde and 2-thiophenecarbaldehyde, the temperature
reduced to 2-5 °C by ice bath, because these materials
are sensitive to high temperature. After that, the reaction
temperature was promoted to 60 °C slowly and stirring
was continued for another 24 h. At the end of the reac-
tion, the reaction mixture was cooled to room tempera-
ture and the solid was separated by magnetic decantation.
The magnetic precipitations were washed with copious
amounts of ethanol and acetone and dried under vacuum
at 45 °C to yield the immobilized Schiff bases.
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Fig. 6 Thermogram of: a unfunctionalized, functionalized magnetic
nanoparticles and immobilized Schiff base ligands and b Fe;0,/Si0,-
NH,/PC-Pd and Fe;0,/SiO,-NH,/TC-Pd

Table 2 Amount of organic moiety in Schiff bases obtained by TGA
data

Material Amount of organic moiety (%)
Fe;0,/Si0O, 2

Fe;0,/Si0,-NH, 16.2

Fe;0,/Si0,-NH,/PC 21.01

Fe;0,/Si0,-NH,/TC 19.11

Synthesis of Palladium Immobilized on Functionalized
MNPs

Each of the immobilized Schiff bases (0.5 g) was added to

the round-bottom flask containing 80 ml absolute methanol
separately and sonicated for 30 min. The flacks putted in ice

@ Springer
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Table 3 Optimization of the reaction conditions in the reaction of iodobenzene with phenylboronic acid®

Entry Fe;0,/Si0,-NH,/PC-Pd Fe;0,/Si0,-NH,/TC-Pd
Yield (%)° Yield (%)°
Effect of different solvents®
1 Ethanol 51 47
2 Ethanol/H,0 (2:1) 54 52
3 Methanol 71 67
4 Methanol/H,O (2:1) 96 92
5 DMF 67 61
6 DMF/H,0 (1:1) 53 49
7 Toluene 49 44
Effect of different bases®
8 No base 7 5
9 K,CO;4 96 92
10 Na;PO, 80 74
11 Na,CO; 55 52
12 E; N 27 28
13 KOH 59 59
14 K;PO, 84 85
Effect of temperature (°C)®
15 50 51 50
16 60 88 79
17 65 96 92
18 70 96 93
Effect of amount of Pd content (mol%)*
19 0 3 3
20 0.5 73 71
21 1 89 87
22 1.5 96 92
23 2 97 94

# Reaction conditions: Iodobenzene (1 mmol), phenylboronic acid (1.2 mmol), K,CO5 (2 mmol) under air atmosphere

> GC yield

¢ Catalyst (1.5 mol% Pd), T = 65 °C, solvent (3 mL)

4 Catalyst (1.5 mol% Pd), T = 65 °C, MeOH/H,O (2:1, 3 mL)
¢ Catalyst (1.5 mol% Pd), MeOH/H,0 (2:1, 3 mL)

[ Catalyst, T = 65 °C, MeOH/H,O (2:1, 3 mL)

bath to reduce their temperature to 2—5 °C. Then solution of
palladium acetate (0.010 g) in acetone (10 ml) was added
dropwise to each flask. The mixture was then stirred vigor-
ously at 2-5 °C for 8 h under nitrogen atmosphere. Then
temperature raised up to 65 °C and stirring continued for
another 20 h. The solid was separated by magnetic decanta-
tion and then the magnetic catalyst was washed with copi-
ous amounts of ethanol and acetone, respectively, and dried
under vacuum at 45 °C overnight to yield the immobilized
palladium catalysts.

@ Springer

Results and discussion
Catalyst characterization

The preparation routes for modified magnetic nanopar-
ticles are shown in Scheme 1. The Pd supported Fe;0,
magnetic nanoparticles, Fe;0,/SiO,-NH,/PC-Pd and
Fe;0,/S10,-NH,/TC-Pd, were characterized by X-ray
powder diffraction (XRD). Seven diffraction peaks were
observed in 20 = 21.41, 35.25, 41.7, 50.78, 63.18, 67.64
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Table 4 Suzuki-Miyaura C—C coupling of different aryl halides with phenylboronic acid catalyzed by Fe;0,/SiO,-NH,/PC-Pd and Fe;0,/SiO,-

NH,/TC-Pd at 65 °C*

Fe3 O4/Si02—NH2/PC—Pd

FC304/Si02—NH2/TC—Pd

Row  Aryl halide Product . . . :
Time (min) Yield (%)” TOF (h") Time (min) Yield (%) TOF (h™)
I
1 ©/ "O O 45 96 85.3 50 92 73.63
OCH,
2 /©/ OCHS 45 92 73.63 50 88 70.42
|
CHs
3 /@ C”3 45 94 83.55 50 93 74.43
|
4 m o 5 O O 45 93 82.66 50 93 74.43
Br
5 © 45 87 77.33 60 90 60
CH,
6 )@f CH3 55 86 62.52 50 81 64.82
Br
OCH,
7 Q OCHS 55 87 63.25 88 84 61.07
Br
Cl
8 @ 220 75 13.66 250 79 12.63
O
o s 250 72 12.3 250 67 11.9

* Reaction conditions: Aryl halide (1 mmol), phenylboronic acid (1.2 mmol), K,CO; (2 mmol), catalyst (1.5 mol% Pd), MeOH/H,0 (2:1, 3 mL)

® GC yield

and 74.62 corresponds to crystalline magnetic nanostruc-
tures (Fig. 1). This pattern is corresponding to crystal-
line Fe;O0, magnetic nanostructures (JCPDS card no.
75-0449). Since the loading of Pd is low, no diffraction
peak related to Pd nanoparticles was observed; therefore,
the XRD pattern of the immobilized palladium catalyst is
similar to that of magnetic nanoparticles.

Moreover, the sharp diffraction peaks show that the
obtained nanoparticles have high crystallinity. The parti-
cle size of product was calculated from the major diffrac-
tion peaks using the Scherrer equation [34]:

k.A
B.cosb M

Dxrp =

In this equation, Dygp is the average size of the par-
ticles, assuming particles are spherical, k = 0.9, X is the
wavelength of radiation (1.54 A, for Cu Ka radiation), B
is the full width at half maximum (FWHM) of the dif-
fracted peak and 0 is the angle of diffraction. The crys-
tallite sizes of obtained powder after were calculated

about 19 nm which is in close agreement with the sizes
obtained from TEM studies.

Figure 2 shows the FT-IR spectra for Fe;0,/Si0,, Fe;0,/
SiO,-NH,, Fe;0,/Si0,-NH,/PC-Pd and Fe;0,/Si0O,-
NH,/TC-Pd nanoparticles. The significant features in the
FT-IR spectrum of the Fe;O,/SiO, nanoparticles (Fig. 2a)
were the appearance of bands at 1035 and 423 cm™! for
Si—O stretching, and the Fe—O stretching vibration was
observed at 590 cm~!. After modification of Fe;0,/SiO,
with AEAPS, the bands at 2900 cm™' due to the —CH, and
aromatic C—H stretching vibrations, and the bands at 1584
and 3288 cm™! attributed to bending vibration and stretch-
ing vibration of N-H bonds, respectively, were observed
(Fig. 2b). When the surface was modified with 2-pyridi-
necarbaldehyde or 2-thiophenecarbaldehyde, the peaks of
the imine (C=N) stretching vibration appeared at 1637 and
1622 cm™!, respectively, which showed the successful for-
mation of Schiff bases (Fig. 2c, d). In the FT-IR spectra of
the immobilized palladium catalysts, the imine characteris-
tic peaks appeared with a slight shift. This is probably due

@ Springer
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Fig. 7 Recycling experiments for: a Fe;0,/SiO,-NH,/PC-Pd and b
Fe;0,/Si0,-NH,/TC-Pd

to the fact that the chemical environment of the imine has
been changed by the palladium.

The nitrogen and sulfur content of Fe;0,/SiO,-NH,,
Fe;0,/S10,-NH,/PC and Fe;0,/Si0,-NH,/TC were deter-
mined by CHNS analysis. The results are shown in Table 1.
Increasing the amount of nitrogen in the case of Fe;O,/
Si0,-NH,/PC and the presence of sulfur in the case of
Fe;0,/Si0,-NH,/TC are good indication for attachment of
aldehydes to Fe;0,/Si0,-NH,.

X-ray photo electron spectroscopy (XPS) was performed
to determine the oxidation state of Pd in the Fe;0,/SiO,-
NH,/PC. Extended XPS spectrum showed the carbon, pal-
ladium, nitrogen, oxygen and iron elements in the matrix of
Fe;0,/Si0,-NH,/PC (Fig. 3a). High-resolution XPS spec-
trum for palladium showed that the oxidation number of
Pd is zero and Pd nanoparticles have been anchored on the
surface (Fig. 3b). XPS image shows the presence of weakly
related doublet peaks to Pd(II) 3d in 337 and 342 eV relat-
ing to residual palladium salt precursor in the catalyst. But
the main peaks are related to the zero oxidation state of
palladium species. Previous investigations demonstrated
that methanol will reduce the palladium at 27 °C [35].
Therefore, the proposed catalyst structure may be like the
structure shown in Fig. 4. Since the synthesize process was

@ Springer

similar, we think that the oxidation state of Pd in catalyst
having NNS ligand is zero too.

The TEM images of the as-prepared catalysts are pre-
sented in Fig. 5. These micrographs show that most of the
particles are quasi-spherical and a thin layer of silica has
been coated on them. The size of these nanoparticles, esti-
mated from the images, was in the range of 8—14 nm, which
is in close agreement with the sizes obtained from XRD
studies. TEM images of catalysts also show the core—shell
structure of the particles. Interestingly, the magnetic core is
visible as a dark spot inside the bright spherical SiO, thin
shell in the TEM images. Since Pd nanoparticles have low
concentration, the identification of palladium nanoparticles
in TEM images is difficult.

The amount of organic moieties of Fe;0,/Si0,-NH,/PC,
Fe;0,/S10,-NH,/TC and Schiff bases was also measured
by TGA analysis under nitrogen atmosphere at the heating
rate of 5 °C/min~! (Fig. 6). The weight loss of the Schiff
bases between 30 and 700 °C as a function of temperature
was determined using TGA, which is an irreversible pro-
cess because of thermal decomposition. The TGA plots
depict a two-step thermal decomposition. The first step
of weight loss (below 230 °C) in the case corresponds to
the removal of physically adsorbed water, whereas, in the
other cases, the main weight loss in the second step (above
260 °C) is due to the removal of organic moieties on the
surface. The TGA results are summarized in Table 2. As
shown in Fig. 6, when palladium loaded on the Schiff base
supports, the residual weigh had more amounts in compari-
son with previous step.

The palladium content for each catalyst was determined
by inductively coupled plasma—optical emission spectrom-
etry (ICP-OES). In comparison with Fe;0,/SiO,-NH,/
TC-Pd sample, results showed more palladium values for
Fe;0,/S10,-NH,/PC-Pd catalyst (0.31 and 0.35 mmol Pd
g~ !, respectively).

Suzuki-Miyaura cross-coupling of aryl halides
with phenylboronic acid catalyzed by Fe;0,/SiO,-NH,/
PC-Pd and Fe;0,/SiO,-NH,/TC-Pd

To optimization the reaction parameters such as the base,
solvent type, temperature and catalyst amount, the coupling
of iodobenzene with phenylboronic acid in the presence of
Fe;0,/Si0,-NH,/PC-Pd and Fe;0,/Si0,-NH,/TC-Pd was
chosen as model reaction. Initially the model reaction was
performed in the presence of different single and mixed
solvents (Table 3, entries 1-7). Among the solvents exam-
ined, MeOH/H,0 (2:1) was the best reaction media for
both catalysts.

Then, the same reaction was carried out in differ-
ent organic and inorganic bases such as K,CO;, Na;PO,,
Na,CO;, Et;N, KOH and K;PO, (Table 3, entries 8—14).



JIRAN CHEM SOC (2017) 14:1139-1150

1149

Table 5 Comparison of the present methodology with other reported catalysts in the Suzuki Coupling reaction of bromobenzene and phenylbo-

ronic acid

Entry Refs. Catalyst Reaction condition Time (h) Yield Pd loading (mmol Pd/g) Pd leaching

1 This Fe;0,/Si0,-NH,/PC-Pd (NPs) 65 °C, MeOH/H,0, 1.5 mol%Pd 0.75 87 0.35 0.31 ppm
work

2 36 Fe;0,/POCLy/Pd/EG 80 °C, H,0 5 83 0.32 5 ppm

3 37 Fe;0,/Si0,/NHC-Pd 50 °C, DMF 12 84 1.5 -

4 38 Fe;0,-[Pd(TPP),(OAc),] 50 °C, DMF, 5 mol% Pd 24 85 0.5 -

5 22 Fe;0,/Si0,-NH,/PC-Pd (com- 100 °C, DMF, 0.5 mol% Pd 2 75 0.3 —

plex)

Among them, K,CO; was the best base for Fe;0,/SiO,-
NH,/PC-Pd and Fe;0,/SiO,-NH,/TC-Pd, while in the
absence of catalyst no appreciable yield was detected.

Investigation of the effect of reaction temperature
showed that temperature of 65 °C is best for both catalysts.
Increasing the reaction temperature to 70 °C did not affect
the yield, but by lowering the reaction temperature the yield
was decreased (Table 3, entries 15—18). The effect of palla-
dium content on the model reaction was also investigated,;
the best results for both catalysts were obtained using
1.5 mol% Pd (Table 3, entries 19-23). Therefore, it was
concluded that the optimum reaction conditions involved
aryl halide (I mmol), phenylboronic acid (1.2 mmol),
K,CO; (2 mmol) catalyst (1.5 mol% Pd) in MeOH/H,0O
(2:1) at 65 °C.

Afterward, under the optimized conditions, the immobi-
lized palladium catalysts were assessed for their activity in
the Suzuki cross-coupling reaction. In the presence of both
catalysts, a diversity of aryl halides containing electron-
donating and electron-withdrawing substituents efficiently
reacted with phenylboronic acid to afford the desired cross-
coupling products. The catalyst separation at the end of the
reaction was performed exclusively by using a permanent
magnet to recover the catalysts. The results are listed in
Table 4. As expected, it was observed that the presence of
an electron-withdrawing group on the benzene ring of the
aryl halide accelerated the Suzuki reaction rate, while the
presence of an electron-donating group decreased the reac-
tion rate.

Catalyst recycling

The magnetic properties of catalysts allow fast separation
of the catalysts from reaction media and simplify the cata-
lyst separation and reusing them in successive reactions
which is an important issue from economical points of
view. This operation can be done by applying an external
magnet. The catalyst is collected inside the reactor wall,
which minimizes the use of auxiliary substances, the use of
solvents, catalyst loss, catalyst oxidation and the time con-
sumption in laborious filtration procedures.

The catalysts recycling was carried out in the reac-
tion of bromobenzene (1 mmol), phenylboronic acid
(1.2 mmol), K,CO; (2 mmol), Fe;0,/Si0,-NH,/PC-Pd
or Fe;0,/S10,-NH,/TC-Pd (1.5 mol% Pd) in MeOH/H,O
(2:1) at 65 °C. After each run, the catalyst was removed
easily by an external magnet and washed by ethanol, water
and acetone, successively, and reused in the next cata-
lytic cycle with fresh reactants. The results are shown in
Fig. 7a, b. The Fe;0,/Si0,-NH,/PC-Pd and Fe;0,/SiO,-
NH,/TC-Pd catalysts were reused nine and six consecutive
cycles, respectively. The amount of Pd leached was meas-
ured by ICP-OES analysis before and after reaction. The
results showed that about 2.1 and 2.7% of the initial palla-
dium content of Fe;O0,/SiO,-NH,/PC-Pd and Fe;0,/SiO,-
NH,/TC-Pd samples have been leached after the final run.

To show the advantages and the merit of the prepared
catalysts in comparison with similar reported catalysts,
some of the results for Suzuki cross-coupling reaction of
iodobenzene and phenylboronic acid are summarized in
Table 5. Results indicate that the Fe;0,/Si0,-NH,/PC-Pd
catalyst has more advantages with respect to reaction
condition, time, Pd loading, leaching and yield than some
of the previously reported ones [36—38].

Conclusions

Two palladium catalysts immobilized on modified silica-
coated superparamagnetic nanoparticles (Fe;0,/Si0O,)
were synthesized and characterized by FT-IR, XRD,
TGA, XPS, TEM and ICP analysis. They were phosphine
free ligands and used as catalysts for the Suzuki cross-
coupling reaction of several aryl halides with phenylbo-
ronic acid. The presence of pendant Schiff base groups
on the catalyst support seems to play a special role in
the catalytic activity of the Pd nanoparticles, resulting
in higher selectivity, conversion and reusability. Amine
and sulfur groups are donors and stabilize the palladium
active species. The differences in electronegativity of S
and N atoms can have difference impact on palladium
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loading in catalyst and the catalyst activity resulting to
clear differences in the TOF of two catalysts. All reac-
tions proceed in mild thermal condition and green sol-
vent. The recovery of the catalysts was easily achieved by
simple magnetic decantation using an external magnetic
field. The catalysts can be reused several times without
significant loss of their catalytic activities.
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