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a  b  s  t  r  a  c  t

Superparamagnetic  polymer  composite  microspheres  Fe3O4/P(GMA-AA-MMA)  prepared  by  an  emulsifier
free  emulsion  polymerization  using  DPE  as free radical  control  agent  were  used  to support  palladium
nanoparticles.  The  magnetic  catalyst  can  provide  excellent  reactivity  in  the  Suzuki coupling  reactions
of  aryl  halides  with  phenylboronic  acids  under  mild  condition  (at  80 ◦C)  in EtOH/H2O (1:1)  mixture.
Furthermore,  the  novel  catalyst  can  be conveniently  recovered  by an  external  magnet  field  and  reused
eywords:
uperparamagnetic polymer composite
icrospheres

uzuki coupling reactions
alladium

at  least five  times  without  significant  loss  of  its catalytic  activity.
©  2014  Elsevier  B.V.  All  rights  reserved.
eterogeneous catalyst.

. Introduction

Recently magnetic nanoparticles (MNPS) have been widely used
s efficient support materials in the field of Pd-catalyzed Suzuki
ross-coupling reaction, due to their superparamagnetic prop-
rty and nano-scale structure [1–23]. So far, many reports have
ppeared on Suzuki coupling catalyzed by magnetic palladium cat-
lysts, which were loaded on Fe3O4 or modified Fe3O4 with various
mall molecules [3–9], modified NiFe2O4 with dopamine [10], mod-
fied CoFe2O4 with N-[3-(trimethoxysilyl) propyl] ethylenediamine
11,12], Fe2O3 [13–15], �-Fe2O3/Polymer [16], modified Fe3O4/SiO2
ith various ligands [17–21] and Fe3O4/Polymer [22,23]. However,

ome magnetic catalysts still showed lower reactivity than homo-
eneous ones, due to the leaching of palladium species from the
upports and agglomeration of palladium particles on the surface
f the supports. Thus, it is still urgent to develop highly efficient
eusable magnetic catalysts for the Suzuki reactions.
Recently, superparamagnetic polymer composite microspheres
repared by radical polymerization technology are now emerging
s new promising support materials for palladium immobilization

∗ Corresponding author at: Corresponding author. Tel.: +86 791 83825 565;
ax: +86 791 83825 565.

E-mail address: ydz3214@126.com (D. Yuan).

ttp://dx.doi.org/10.1016/j.apcata.2014.01.037
926-860X/© 2014 Elsevier B.V. All rights reserved.
in the field of catalysis [16,22–24], due to the following benefi-
cial features. Firstly, as a result of superparamagnetic character,
palladium catalyst supported by superparamagnetic polymer com-
posite microspheres can be separated and recovered from the
reaction medium with an external magnet, meanwhile avoiding the
conventional filtration step. Secondly, superparamagnetic polymer
composite microspheres are usually made up of a magnetic iron
oxide core encapsulated by a layer of polymer shell, which can
efficiently stabilize iron oxide nanoparticles. Furthermore, poly-
mer  shell usually offers various kinds of functional groups such
as amino, thiol, hydroxyl and epoxy groups, which can also work
perfectly as coordinating sites for palladium metals and prevent
the palladium species from leaching and agglomerating. Despite
their mentioned advantages, to the best of our knowledge, only a
few papers have reported superparamagnetic polymer composite
microspheres were employed as palladium catalyst supports for
Suzuki coupling reaction. One major reason is that the magnetic
content of superparamagnetic polymer composite microspheres
prepared by conventional polymerization technology is often low,
which would increase the difficulty of separation the magnetic
catalyst in an external magnetic field. Moreover, addition of an

emulsifier to the polymerization system results in the surface of
superparamagnetic polymer composite microspheres is not clean,
which may  decrease the catalytic activity of the supported cata-
lyst. All these drawbacks to a large extent limited their applications
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Scheme 1. Synthesis 

n the Pd-catalyzed Suzuki cross-coupling reaction. Therefore, it
s still very emergent to develop a concise and efficient synthetic
oute to prepare superparamagnetic polymer composite micro-
pheres.

In our previous work, a novel living radical polymerization tech-
ology named DPE method based on 1,1-diphenylethylene (DPE)
s radical controlling agent has been applied to prepare superpa-
amagnetic polymer composite microspheres with high magnetic
ontent [25–27]. Generally, the DPE method includes a two-
tep procedure. Firstly, in the presence of DPE, a DPE-containing
mphiphilic precursor polymer could be prepared, which would
odify magnetic nanoparticles (Fe3O4). Secondly, the residual

nd fresh monomers would be initiated by the activated precur-
or polymer on the surface of magnetic nanoparticles, yielding
uperparamagnetic polymer composite microspheres with high
agnetic content. Meanwhile, the surface of superparamagne-

ic polymer composite microspheres is usually clean, due to no
ddition of an emulsifier to the polymerization system. Thus,
uperparamagnetic polymer composite microspheres with high
agnetic content and clean surface prepared by DPE method
ay  be ideal supports for palladium catalyst for Suzuki reac-

ions.
Herein, we would like to report on the application of super-

aramagnetic polymer composite microspheres, prepared by DPE
ethod, as the magnetic catalyst body. Before the preparation

f the magnetic catalyst, superparamagnetic polymer composite
icrospheres were firstly treated with diethylenetriamine. And

hen palladium species were bound to the surface of superpa-
amagnetic polymer composite microspheres by means of the
oordination of –NH2 ligand with Pd. The magnetic catalyst can
rovide excellent reactivity in the coupling reactions of aryl halides

ith phenylboronic acids in aqueous media under mild condition

at 80 ◦C). Furthermore, the novel magnetic catalyst can be conve-
iently recovered by an external magnet field and reused at least
ve times without significant loss of its catalytic activity.
4/P(GMA-AA-MMA).

2. Experiments

2.1. Reagents and materials

Pd(acac)2 (acac = acetylacetonate) was obtained from Kaida
Metal Catalysis & Compounds Co. Ltd (China). FeSO4·7H2O,
FeCl3·6H2O, MMA,  GMA, AA and KBH4 were purchased from
Sinopharm Chemical Reagent Co., Ltd. Various arylboronic acids
and aryl halides were obtained from J&K Chemical Company. All
solvents were of analytical quality. Deionized water was  used
throughout the experiments.

2.2. Preparation of Fe3O4/P(GMA-MMA-AA) microspheres

Fe3O4/P(GMA-MMA-AA) microspheres were prepared by DPE
method (Scheme 1) [25,26]. Typically, 0.125 g of DPE, 0.375 g
of AA, 7.5 g of MMA  and 75 ml  water were placed in a 250 ml
three-necked flask equipped with a stirrer, a condenser and
a thermometer. When the mixture was heated to 80 ◦C, 25 g
of KPS (1%, w/w in water) was  added. After several minutes,
1 g Fe3O4 magnetic nanoparticles were dropped into the stirred
mixture. Four hours later, the polymerization was ended by
cooling the mixture to room temperature. Subsequently, the mix-
ture was heated to 80 ◦C again and 7.5 g GMA  was added to
continue polymerization for 4 h. Then the mixture was  cooled
to room temperature and polymerization stopped. The super-
paramagnetic polymer composite microspheres were collected
by magnetic separation and washed with acetone and deion-
ized water several times. Finally, the separated products were
dried in vacuum oven at 40 ◦C for 24 h to give yellow prod-

ucts (abbreviated as Fe3O4/P(GMA-MMA-AA)). The epoxy group
content in the magnetic composite microspheres, amounting to
2.0 mmol g−1, was determined by a modification of Jay’s method
[28].
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Scheme 2. Synthesis of Fe3O4/P(GMA-AA-MMA)–Pd.

.3. Amination of Fe3O4/P(GMA-MMA-AA) microspheres

To a round bottom flask, Fe3O4/P(GMA-MMA-AA) (2.0 g)
as added to the solution of diethylenetriamine (10.0 g) in
ater (100.0 g). The mixture was warmed to 75 ◦C and stirred

n the air for 8 h. Then cooled to room temperature, the
mino-functionalized microspheres were separated in an exter-
al magnetic field, washed with plenty of ethanol, acetone
nd water, dried at 45 ◦C under vacuum for 24 h, got yellow
e3O4/P(GMA-MMA-AA) supported diethylenetriamine (abbrevi-
ted as Fe3O4/P(GMA-MMA-AA)–NH2). The amino group content
n the surface of Fe3O4/P(GMA-MMA-AA) was 2.50 mmol  g−1 using
olumetric method [29].

.4. Preparation of Fe3O4/P(GMA-MMA-AA)–Pd

Fe3O4/P(GMA-MMA-AA)–NH2 (2 g) was added to the solution
f Pd(OAc)2 (0.1 g) in ethanol (100 ml). The mixture was stirred at
oom temperature in the air for 24 h. Then the reaction mixture was
eparated by an external magnetic field and washed with ethanol
3 × 50 ml)  and H2O (3 × 50 ml), respectively, until no palladium
n the filtrate could be detected by atomic absorption spectroscopy
AAS). Then the separated product was dried under vacuum at 45 ◦C
or 24 h to give black magnetic composite microspheres supported
alladium complex (abbreviated as Fe3O4/P(GMA-AA-MMA)–Pd)
Scheme 2). The palladium content in Fe3O4/P(GMA-AA-MMA)–Pd
atalyst was determined to be 5.0 wt% by AAS.

.5. Typical procedure used to separate and purified the
orresponding compounds for Suzuki reaction

The novel magnetic supported catalyst (0.2 mol%), aryl halides
1.0 mmol), phenylboronic acid (1.5 mmol), K2CO3 (2.0 mmol) and
tOH/H2O (1:1) (5 ml)  were added into a round bottomed flask
nd stirred at 80 ◦C under air atmosphere for 2–12 h (Scheme 3).

fter the reaction mixture was cooled to room temperature, water

10.0 ml)  and ether (20.0 ml)  were added. The catalyst was mag-
etically separated and used for the next cycle without further
reatment. The organic phase of the filtrate was  separated, dried

X
R1

B(OH)2+
K2CO

Fe3O4 / P (GR2

X=Br, Cl

Scheme 3. Suzuki reaction catalyz
: General 475 (2014) 249–255 251

over Na2SO4, and evaporated. The crude products obtained were
purified by flash chromatography with n-hexane/EtOAc as the elu-
ent affording the corresponding products. All products were known
compounds and were identified by comparison of their physical and
spectra data with those of authentic samples.

The recycling test for the Suzuki coupling was carried out as fol-
lows. For each run, a mixture of 4-bromobenzeonitrile (1.0 mmol),
phenylboronic acid (1.5 mmol), K2CO3 (2.0 mmol), Fe3O4/P(GMA-
AA-MMA)–Pd(0) (0.2 mol% with respect to 4-bromobenzeonitrile)
and EtOH/H2O (1:1) (5 ml)  were stirred at 80 ◦C under air atmo-
sphere. After the reaction mixture was cooled to room temperature,
water (10.0 ml)  and ether (20.0 ml)  were added. The catalyst was
magnetically separated and used for the next cycle without further
treatment. The fresh solvent and substrates were added, but the
molar ratio of substrate to Pd remained the same as that in the first
run.

2.6. Characterization

The X-ray diffraction (XRD) patterns were collected on a Bruker
D8 ADVANCE instrument using Cu K� radiation (� = 1.5418 Å)
at 40 kV and 40 mA.  The elemental contents of palladium in
the supported catalyst were determined by Z-8000 atomic
absorbance spectroscopy (AAS). The microscopic morphologies
of Fe3O4/P(GMA-MMA-AA) and Fe3O4/P(GMA-MMA-A)–Pd were
observed in a transmission Electron Microscope (TEM, JEOL JEM-
3010). X-ray photoelectron spectra (XPS) were recorded on a kratos
Axis Ultra DLD, and the C1s line at 284.8 eV was used as a reference.
Magnetic measurements were investigated with a Quantum Design
vibrating sample magnetometer (VSM) at room temperature in an
applied magnetic field sweeping from −15 to 15 kOe. A Netzsch
Thermoanalyzer STA 409 was  used for thermogravimetric analysis
(TGA) with a heating rate of 10 ◦C/min in air.

3. Results and discussion

3.1. Synthesis and characterization of
Fe3O4/P(GMA-MMA-AA)–Pd

In the present work, superparamagnetic polymer composite
microspheres were synthesized by an emulsifier free emulsion
polymerization using 1,1-diphenylethylene (DPE) as free radi-
cal control agent (Scheme 1). As shown in Scheme 1, the DPE
method used to prepare superparamagnetic polymer composite
microspheres included a two-step procedure. Firstly, acrylic acid
(AA), methyl methacrylate (MMA)  and 1,1-diphenylethylene (DPE)
chosen as monomers were added into the reactor to form DPE-
containing precursor polymer P(AA-MMA) 1. Secondly, Due to
the amphiphilic property of the DPE-containing precursor, it not
only was absorbed on the surface of Fe3O4 nanoparticles to stabi-
lize Fe3O4 nanoparticles consequently, but also initiated the third
monomer to polymerize on the surface of the Fe3O4 nanoparti-
cles. Fe3O4/P(GMA-AA-MMA)) with high saturation magnetization

value then formed, consequently, resulting in the supported
catalyst with high saturation magnetization value. In order to
confirm whether Fe3O4/P(GMA-AA-MMA)) with high saturation
magnetization value was  obtanied, TEM, XRD and VSM methods

R1

3, H2O/EtOH

MA-AA-MMA) - Pd
R2

ed by the magnetic catalyst.
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Fig. 1. TEM micrographs of (a) Fe3O4/P(GMA

ere chosen to characterize the property of superparamagnetic
olymer composite microspheres.

Fig. 1a showed the typical TEM image of Fe3O4/P(GMA-AA-
MA)  prepared by DPE method. As can be seen from the image,
any Fe3O4 nanoparticles (dark inner) have been successfully

ncapsulated by polymer shell P(GMA-AA-MMA) (light outer). Fur-
hermore, it also documented that the shape of the microspheres
as nearly sphere and its average diameter of the microspheres
as around 800 nm.  To ascertain whether Fe3O4 nanoparticles
ave been successfully encapsulated by polymer shell P(GMA-
A-MMA) further, X-ray powder diffraction analysis (XRD) of
e3O4/P(GMA-AA-MMA) was carried out. As shown in Fig. 2a,

 series of characteristic peaks including (2 2 0), (3 1 1), (4 4 0),
4 0 0), (4 2 2) and (5 1 1) reflected the existence of Fe3O4 nanopar-
icles were clearly identified. Meanwhile, a broad peak at 2� of
bout 14.7◦ could be also clearly observed, which was  assigned to
he amorphous P(GMA-AA-MMA). Magnetization curve revealed
he superparamagnetic behavior of the magnetic nanoparticles.
ig. 3a showed the magnetic curve of Fe3O4/P(GMA-AA-MMA)
t room temperature. As shown in Fig. 3a, it could be seen that

e3O4/P(GMA-AA-MMA) was superparamagnetic, due to the zero
esidual magnetism and zero coerctive force. Furthermore, the
aturation magnetization value of Fe3O4/P(GMA-AA-MMA) was
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ig. 2. XRD pattern of (a) Fe3O4/P(GMA-AA-MMA) and (b) Fe3O4/P(GMA-AA-
MA)–Pd.
MMA) and (b) Fe3O4/P(GMA-AA-MMA)–Pd.

found to be 20.3 emu/g, which also indicated that many Fe3O4
nanoparticles had been successfully encapsulated by polymer shell
P(GMA-AA-MMA). All these results ascertained that Fe3O4/P(GMA-
AA-MMA)) microspheres with high saturation magnetization value
were obtanied.

To immobilize Pd catalyst, diethylenetriamine was  loaded
onto the surface of superparamagnetic polymer composite micro-
spheres by mixing diethylenetriamine with them in water, due to
its strong affinity with Pd nanoclusters [30–32]. Pd catalyst was
then readily prepared by exposing diethylenetriamine modified
superparamagnetic polymer composite microspheres to Pd(OAc)2
in ethanol, washing with ethanol to remove the surface Pd(II)
ions. Then the resulting black products were collected by a mag-
net, washed with ethanol for three times and dried under vacuum
at 45 ◦C for 24 h to obtain the magnetic catalyst (abbreviated as
Fe3O4/P(GMA-AA-MMA)–Pd). Fig. 1b revealed that the morphol-
ogy Fe3O4/P(GMA-AA-MMA)–Pd did not change considerably after
amination with diethylenetriamine and coordination with palla-
dium onto the surface of the support. HRTEM micrograph (Fig. 4a)
revealed Pd nanoparticles (5–10 nm)  could be obviously found on
the surface of the support materials, indicating that Pd nanopar-

ticles might be highly dispersed around the surface of support
materials. Furthermore, the metallic nature of these Pd(0) nanopar-
ticles could be also confirmed by XRD (Fig. 2b). The sharp peaks at
2� of about 40.1◦ (1 1 1), 46.7◦ (2 0 0) and 67.5◦ (2 2 0) assigned to

-1000 0 -50 00 0 50 00 10 000

-20

-10

0

10

20
(a)

(b)

Fig. 3. The magnetization curve measured at room temperature for (a)
Fe3O4/P(GMA-AA-MMA) and (b) Fe3O4/P(GMA-AA-MMA)–Pd.
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diton (entries 14–17), due to that the bond energy of C–Cl of aryl
chlorides was higher than that of C–Br of aryl bromides. However,
addition of tetrabutylammonium bromide (TBAB) to the reaction
of 4-nitrochlorobenzene with phenylboronic acid could enhance
Fig. 4. HRTEM micrographs of Fe3O4/P(GMA-A

he characteristic peaks of Pd(0) could be observed clearly, except
or the characteristic sharp peaks of Fe3O4 and a broad peaker
f amorphous P(GMA-AA-MMA). Unfortunately, owing to that the
earby broader peak at the 2� = 35.6◦ ((3 1 1) crystal plane for MP)
lso contributed to the Fe3O4 d-spacings for their overlapping, the
verage size of the Pd nanoparticles could not be calculated by the
ebye-Scherrer equation [33].

Vibrating sample magnetometer (VSM) study confirmed that
he supported magnetic catalyst was still superparamagnetic and
ts saturation magnetization value of the magnetic catalyst was
7.4 emu/g (Fig. 3b), which was higher than those of similar works
eported in the literatures [24,30]. With such high saturation mag-
etization value, Fe3O4/P(GMA-AA-MMA)–Pd could be recovered
uickly from the solutions using an external magnet.

In order to ascertain whether the coordination between N and
d was formed, X-ray photoelectron spectroscopy (XPS) study was
arried out. The XPS data for all samples were listed in Table 1.
s shown in Table 1, the binding energy of Pd 3d5/2 of the sup-
orted catalyst was 335.2 eV, which indicated there was only one
hemical state of palladium, Pd(0). Furthermore, the Pd(0) 3d5/2 of
he supported catalyst was lower than that of Pd3d5/2. Meanwhile,
he binding energy of N1S of Fe3O4/P(GMA-AA-MMA)–Pd was
00.2 eV, which was higher than that of N1s of Fe3O4/P(GMA-MMA-
A)–NH2. All these results were probably due to the coordination
f N with Pd.

Finally, thermal stability of the magnetic catalyst was  also
etermined, since Suzuki reactions were usually carried out at
igh temperature. Fig. 5 showed the TG curve of Fe3O4/P(GMA-
A-MMA)–Pd in the air. As shown in Fig. 5, Fe3O4/P(GMA-AA-
MA)–Pd was stable even at 250 ◦C. Then the magnetic catalyst

egan to lose weight due to the oxidative decomposition of the
(GMA-AA-MMA) copolymers. Thermal analysis indicated that

he novel magnetic catalyst could meet with the basic thermal
ualifications as an efficiently supported catalyst for the Suzuki
eactions.

able 1
PS data for Pd, Pd(OAc)2, Fe3O4/P(GMA-MMA-AA)–NH2 and Fe3O4/P(GMA-AA-
MA)–Pd (in eV)a.

Samples N1s Pd 3d5/2

Pd – 335.4
Pd(OAc)2 – 338.7
Fe3O4/P(GMA-MMA-AA)–NH2 399.8 –
Fe3O4/P(GMA-AA-MMA)–Pd 400.2 335.2

a All relative to C1S = 284.8 eV.
A)–Pd before (a) and after (b) Suzuki reaction.

3.2. Suzuki coupling reactions catalyzed by
Fe3O4/P(GMA-AA-MMA)–Pd(0) in aqueous media

The Suzuki coupling reactions of various substituted aryl halides
with phenylboronic acids were investigated using 0.2 mol% of the
magnetic catalyst. We  used aqueous ethanol as the reaction media
for environmental protection and economic benefit. To our delight,
the aryl bromides with electron-withdrawing or electron-donating
groups could efficiently couple with phenylboronic acid and give
the corresponding products in 90–99% yields at 80 ◦C for 2–6 h.
(Table 2, entries 1–9). A catalyst loading as low as 0.05 mol% was
also shown to be effective, although a comparatively long reaction
time was  needed (entry 10). Then, the magnetic catalyst was further
extended to the coupling reaction of aryl bromides with differ-
ent arylboronic acids. As expected, outstanding catalytic activities
were also observed for the coupling reactions of aryl bromides with
different phenylboronic acids (entries 11–13). Encouraged by the
efficiency of the reaction protocol described above, we believed
that the magnetic catalyst could be applicable to a wide range
of phenylboronic acids in all cases. Meanwhile, a range of acti-
vated and deactivated aryl chlorides have also been studied for the
study of the catalytic activity of the magnetic catalyst. The results
showed that the poor yields were obtained at given reaction con-
Fig. 5. TG curve of Fe3O4/P(GMA-AA-MMA)–Pd.
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Fig. 6. Recycling yields of the Suzuki reaction in aq

he reactivity of the reaction (entry 18). Additionally, the magnetic
atalyst exhibited high stability in the air. It was found that the
agnetic catalyst was fairly active even if it was stored in the air

or two weeks (entry 19), which was superior to the immobilized
hosphine catalysts. In general, the catalyst showed better catalytic
ctivity than commercial Pd/C (10.0 wt%) catalyst. For example,
.5 mol% of the catalyst was used to catalyze the reaction between
-bromoanisoles with phenylboronic for an average of 94% isolated
ield at room temperature for 8 h, while more Pd catalyst (3.5 mol%)

as needed to achieve a similar reaction efficacy using Pd/C catalyst

t room temperature for 24 h.
Due to the superparamagnetic property, the catalyst could be

asily collected by an external magnet for reuse. The reusability

able 2
uzuki coupling reactions of aryl halides and ArB(OH)2 in the presence of
e3O4/P(GMA-AA-MMA)–Pd.a

Entry X R1 R2 Time (h) Yield (%)b

1 Br H H 3 96
2 Br p-CH3 H 3 95
3 Br p-CH3O H 3 94
4 Br p-Cl H 3 95
5 Br o-CH3O H 6 91
6 Br m-CH3O H 6 92
7 Br p-NO2 H 2 99
8 Br p-CH3CO H 2 99
9 Br p-CHO H 2 99
10c Br H H 12 80
11 Br H p-CH3 3 95
12 Br H p-Cl 3 95
13 Br H p-CH3O 3 94
14 Cl H H 3 9
15 Cl p-OCH3 H 3 8
16 Cl p-CH3 H 3 8
17 Cl p-NO2 H 3 15
18d Cl p-NO2 H 3 89
19e Br H H 3 95

a Reaction conditions:  aryl halides (1.0 mmol), arylboronic acids (1.5 mmol), K2CO3

2.0 mmol), catalyst (0.2 mol%) in 5 ml  EtOH/H2O (1:1) at 80 ◦C in air,
b Isolated yield.
c In the presence of 0.05 mol% of the magnetic catalyst.
d 4-Nitrochlorobenzene (1.0 mmol), arylboronic acids (1.5 mmol), K2CO3

2.0 mmol), TBAB (0.5 mmol), catalyst (0.2 mol%) in 5 ml  H2O at 100 ◦C in air.
e After being stored for two weeks.
cl e t imes

s media catalyzed by Fe3O4/P(GMA-AA-MMA)–Pd.

of the catalyst was  investigated using 4-bromobenzeonitrile with
phenylboronic acid as model substrates. The reactivity of the cat-
alyst was significantly unchanged after five cycles (Fig. 6). HRTEM
micrograph revealed there was  no obvious change of Pd size and
moropholgy after five cycles (Fig. 3b). Meanwhile, the AAS anal-
ysis showed palladium content of the catalyst did not change at
all consequently, no significant leaching of palladium to the solu-
tion occurred during the catalytic process. The excellent reusability
and high stability of the magnetic catalyst might be attributed to
the strong bonding between Pd and amino groups of the surface
of Fe3O4/P(GMA-AA-MMA), which could prevent Pd nanoparticles
from aggregating into less active Pd black and from leaching as
well. On the basis of these data, the magnetic catalyst might be an
excellent potential candidate for reusable and recoverable catalyst.

Finally, the catalytic mechanism of the magnetic catalyst
Fe3O4/P(GMA-AA-MMA)–Pd was  also explored. Generally, the cat-
alytic mechanism of the supported catalyst for Suzuki reactions
can be divided into heterogeneous and homogeneous fashion. In
order to determine whether the reaction proceeded in a hetero-
geneous or homogeneous fashion, a hot-filtration test using the
Suzuki reaction of aryl bromide (1.0 mmol) with arylboronic acid
(1.5 mmol) was  performed. The supported catalyst was  separated
with an external magnetic field after reacting at 80 ◦C for 30 min.
Then the filtrate was  treated with fresh K2CO3 under the same reac-
tion condition and heated for an additional 3 h. It was found that,
after the hot filtration, no considerable progress was  observed. The
result proved that the catalytic activity came from the heteroge-
neous catalyst.

4. Conclusions

In summary, superparamagnetic polymer composite micro-
spheres Fe3O4/P(GMA-AA-MMA) were successfully prepared by
DPE method for immobilization of Pd catalyst. The magnetic cat-
alyst could be easily recovered using an external magnet. It was
noteworthy that the magnetic catalyst provided excellent reactivity

and reusability in the Suzuki reaction of aryl halides with phenyl-
boronic acids. As a consequence, Fe3O4/P(GMA-AA-MMA) could be
ideal supports for immobilization of homogeneous catalyst. Further
study regarding the effects of magnetic composite microspheres
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roperties on the catalyst’s reactivity are in progress and will be
eported in due course.
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