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ABSTRACT: An effective palladium nanocatalyst (Fe3O4@SiO2−FPBA−DTPA−Pd) was proposed and prepared, which was
immobilized on magnetic silica with ethylenediamine pentaacetic acid and formylphenylboronic acid as biligands. A series of
characterizations showed that Fe3O4@SiO2−FPBA−DTPA−Pd was 5−15 nm and contained 1.44 mmol/g Pd2+/Pd0. It was stable
below 232.7 °C, and its saturation magnetization value was 21.17 emu/g which was easily recycled by a magnet. Its catalytic ability
was evaluated through 7 Suzuki reactions and 15 Heck reactions. Results showed that the yields of 14 reactions catalyzed by Fe3O4@
SiO2−FPBA−DTPA−Pd were more than 90%, while were better than those of the other two immobilized Pd catalysts on a single
diethyltriamine pentaacetic acid (DTPA) group or boronic acid group. Moreover, Fe3O4@SiO2−FPBA−DTPA−Pd showed good
reusability in both Suzuki and Heck reactions. In two model Suzuki and Heck reactions, after seven cycles, its yields were still above
95% without significant loss, which exceeded those of many reported catalysts; therefore, it has great potential in future large-scale
industrial production.

1. INTRODUCTION
With the development of science and industrial technology, a
large number of abundant products are being produced, but
the production process frequently refers to high consumption,
excessive pollution, and other problems.1 This is not in line
with the sustainable and green development pursued by the
current society.2,3 Catalysts can decrease wasteful loss, energy
use, and environmental contamination while accelerating
reactions, improving the atomic utilization rate and reaction
yield.2−4 Therefore, catalysts have been widely studied and
applied in recent years, especially the transition metal catalysts
that could catalyze cross-coupling reactions in synthetic
chemistry, such as Suzuki, Heck, Sonogashira, Hiyama, and
Kumada reactions. Cross-coupling reactions are the main
methods of C−C bond construction, which is the basic
structure of organic matter. Oil, coal mines, natural gas,
pharmaceuticals, conjugated polymers, and other valuable
commodities are examples of organic matter that has a close
relationship to humans in the process of life and

production.5−8 With the emergence of more studies and
variants, Suzuki and Heck reactions show many advantages,
such as mild reaction, solvent tolerance, simple operation,
moderate toxicity, and high stereoselectivity.9−14 Palladium is
the most effective catalyst in these reactions due to its high
activity and selectivity.15

The traditional homogeneous palladium catalysts (palladium
acetate and palladium chloride) can be dissolved in a reaction
medium, with a large degree of dispersion and high catalytic
activity. High stereoselectivity can also be shown under mild
conditions. But it also has many shortcomings. For example,
metal palladium is difficultly separated from the reaction
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system, resulting in the waste of heavy metals.16−18 In the
process of large-scale industrial production, it incurs a high
cost, which is not conducive to the development of enterprises.
Moreover, most homogeneous Pd catalysts require ligands
[phosphine,19 dibenzyl acetone (dba),20 and carbene21 to
enhance and prolong the activity of the catalyst. However,
these ligands are expensive and even have some toxicity. They
also have great limitations on environmental protection and
practical production conditions. Thus, a highly active and
recyclable Pd catalyst is still a major research direction.

In recent years, a variety of materials such as metal−organic
frameworks (MOFs),22 metal oxides,23 silica,24 resins,25 and
ionic liquids23 were used to support Pd as catalysts. However,
the aggregation and leaching of palladium16 affect their
catalytic ability. In addition, most heterogeneous catalysts
require centrifugation or filtration for separation, and the
operational processes are complicated.26 As well-known to us,
magnetic nanoparticles (MNPs) have a nanometer size, a large
specific surface area, a high degree of dispersion, and more
catalytic active sites,15,27−29 which are the preferable materials
for palladium immobilization. Moreover, the magnetically
immobilized Pd catalyst is easy to magnetically separate and
reuse,30 so it has been extensively studied.

To promote the development of the immobilized Pd, some
efforts were made in our laboratory. For example, a highly
efficient heterogeneous catalyst (Fe3O4@SiO2−APBA−Pd)
was successfully synthesized.31 It was prepared by using
magnetic Fe3O4-coated silicon as the support, 3-amino-
phenylboric acid (APBA) as the modifier, and palladium
acetate as the catalyst precursor. The catalyst in reusability was
not satisfactory. Diethyltriamine pentaacetic acid (DTPA)
could stabilize Pd,32 but its catalytic ability was limited.

To further improve the repeatability and catalytic ability of
the heterogeneous Pd catalyst, formylphenylboronic acid
(FPBA) and DTPA groups were simultaneously introduced
to the support material and a novel Pd nanocatalyst (Fe3O4@
SiO2−FPBA−DTPA−Pd) was prepared in this paper. The
effect of DTPA and boronic acid (BA) group as coligands and
FPBA on immobilization of palladium was investigated. The
Pd-containing solutions before and after immobilization were
analyzed by ultraviolet (UV) spectroscopy. The prepared Pd
catalysts were characterized by Fourier transform infrared (FT-
IR) spectroscopy, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), energy-dispersive
X-ray spectroscopy (EDS), inductively coupled plasma optical
emission spectroscopy (ICP-OES), X-ray photoelectron spec-
troscopy (XPS), vibrating sample magnetometer (VSM), and
thermogravimetric analysis (TGA). In order to assess the
catalytic performance and repeatability of the catalyst, a battery
of Suzuki and Heck coupling reactions were performed.
Products were analyzed by high-performance liquid chroma-
tography (HPLC) and identified by nuclear magnetic
resonance (NMR).

2. EXPERIMENTAL SECTION
2.1. Reagents and Chemicals. Unless otherwise stated,

chemicals and reagents were used as received without further
purification. Sodium cyanoborohydride (95%), formylphenyl-
boronic acid (4-FPBA, 97%), sodium acetate (98%), potassium
hydroxide (90%), and ethyl acrylate (>99.0%) were from
Meryer Chemical Technology Co., Ltd. (Shanghai, China). 4-
Phenylbenzonitrile (98%) was from Tianjin Heowns Bio-
chemical Technology Co., Ltd. (Tianjin, China). Palladium

acetate [Pd(OAc)2, 47% Pd, 98%] was from Shanghai
Eybridge Chemical Technology Co., Ltd. (Shanghai, China).
Trans-1,2-stilbene (99.99%), 3-aminopropyl triethoxysilane
(APTES, 98%), 4-bromobenzonitrile (99.73%), and 4-
bromobenzaldehyde (98%) were from Shanghai Bide
Pharmaceutical Technology Co., Ltd. (Shanghai, China). 4-
Nitrobiphenyl (98%), p-biphenylcarboxaldehyde (99%), and 1-
bromo-4-nitrobenzene (>99.0%) were from Aladdin Biochem-
ical Technology Co., Ltd. (Shanghai, China). 4-Acetylbiphenyl
(99%) and 4-bromoacetophenone (98%) were from 3A
Chemicals Technology Co., Ltd. (Shanghai, China). Iodoben-
zene (99%), triethylamine (99.0%), and methyl acrylate
(>99.0%) were from Macklin Biochemical Co., Ltd. (Tianjin,
China). Styrene (99%) was from Rhawn Chemical Technology
Co., Ltd. (Shanghai, China). Acrylic acid (99%), cinnamic acid
(99%), methyl cinnamate (99%), ethyl cinnamate (99%), 4-
methoxyiodobenzene (99%), 4-methyliodobenzene (99%),
ethyl 4-methyl cinnamate (99%), methyl 4-methylcinnamate
(>98%), 4-methoxycinnamic acid (98%), 4-nitroiodobenzene
(98%), ethyl 4-nitrocinnamate (98%), 3-methoxycinnamic acid
(96%), 3-methoxyiodobenzene (99%), 2-methoxyiodobenzene
(98%), 2-methoxycinnamic acid (99%), and dimethyl sulf-
oxide-D6 (99.9% D) were from Heowns Biochem Technology
Co., Ltd. (Tianjin, China). Other chemicals and reagents were
from Jiangtian Chemical Technology Co., Ltd. (Tianjin,
China). Ultrapure water was from Yongqingyuan Pure Water
Manufacturing Center Co., Ltd. (Tianjin, China).
2.2. Instruments. A series of instruments were used to

characterize the prepared Pd catalysts and their intermediates.
The palladium solutions before and after immobilization were
scanned in the range of 200−600 nm using a Cary 60 UV−vis
spectrometer (Agilent, USA). A TENSOR 27 FT-IR
spectroscope (Bruker, Germany) was used to analyze the Pd
nanocatalysts and their intermediates. The particle size,
dispersion, shape, fine structure, and lattice fringes of the Pd
catalysts were observed by a Nanosem 430 scanning electron
microscope (FEI, USA) and a JEM100CXII transmission
electron microscope (JEOL, Japan). A 7404-vibrating sample
magnetometer (LakeShore, USA) was used to detect the
magnetic properties of Fe3O4@SiO2−FPBA−DTPA−Pd and
silica-coated iron oxide MNPs (Fe3O4@SiO2). Elemental
analysis of the catalyst was performed using a Tecnai G2
F20 energy-dispersive spectrometer (Thermo Fisher, USA).
TGA was carried out with a TA 550 analyzer (Discovery,
USA) under N2 flow at a heating rate of 10 °C/min ranging
from 30 to 800 °C to determine the weight loss of Fe3O4@
SiO2−FPBA−DTPA−Pd as a function of temperature. The
binding energies of Pd catalysts were characterized by a PHI-
1600 X-ray photoelectron spectroscope (Thermo Fisher,
USA). The content of Pd in Fe3O4@SiO2−FPBA−DTPA−
Pd was determined by an ICAP7400 inductively coupled
plasma optical emission spectrometer (Agilent, USA). The
reaction products were analyzed using a HPLC-3000 HPLC
(Chuangxintongheng, China), and the structures of the
reaction products were identified by a 400 MHz Ascend 400
NMR (Bruker, Germany).
2.3. Preparation of Fe3O4@SiO2−FPBA−DTPA.

2.3.1. Modification of DTPA and FPBA Biligands on
Fe3O4@SiO2. Amino-modified Fe3O4@SiO2 (Fe3O4@SiO2−
NH2) was prepared according to the previous method in our
laboratory.31 The procedure was modified. The details were as
follows. 4-FPBA (51.0 mg, 0.3275 mmol) and NaBH3CN
(63.0 mg) were dissolved in 50 mL of methanol. Then, 1.5000
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g of Fe3O4@SiO2−NH2 was dispersed in the above solution,
and the mixture was ultrasonicated for 20 min. The resulting
mixture was stirred at room temperature for 24 h. The product
(Fe3O4@SiO2−FPBA) was collected with magnets, washed
three times with methanol and water, and then dried at 60 °C
for 12 h. After that, Fe3O4@SiO2−FPBA was dispersed using
sonication in a mixed solution of absolute alcohol (30 mL) and
acetic acid (30 mL). Excess DTPA anhydride (DTPAD) was
added, and the mixture was stirred at 70 °C for 12 h. The
obtained MNPs were labeled as Complex I. For Complexes II
and III, the amounts of 4-FPBA (0.6550 and 0.9825 mmol)
and NaBH3CN (126.0 and 189.0 mg) were 2 and 3 times that
of Complex I, respectively. While immobilizing Pd on single
DTPA to obtain Fe3O4@SiO2−DTPA, the procedure of FPBA
modification was removed. Other procedures were kept the
same as above.
2.3.2. Pd Immobilization. For palladium immobilization,

Complex I, II, or III of 1.0000 g was added to 60 mL of
anhydrous ethanol and sonicated for 20 min to keep it
dispersed. Next, Pd(OAc)2 (0.4582 g, 2 mmol) solution
dissolved in acetonitrile was added, and the reaction was
carried out for 12 h at 78 °C. Finally, the final product (called
Catalyst I or Fe3O4@SiO2−FPBA−DTPA−Pd) was collected
and washed with copious absolute ethanol and dried for 24 h at
60 °C. Similarly, Catalyst II, Catalyst III, and Fe3O4@SiO2−
DTPA−Pd were immobilized on Complex II, Complex III, and
Fe3O4@SiO2−DTPA using the same procedure. The detailed
experimental procedure is shown in Figure 1.
2.4. Suzuki Reactions. Typically, 0.5 mmol aryl halide (4-

bromobenzaldehyde, 4-bromobenzonitrile, 4-bromoacetophe-
none, 1-bromo-4-nitrobenzene, 2-bromopyridine, 2-bromo-

thiophene, or 4-chlorobenzaldehyde), 0.6 mmol phenylboric
acid, 1.0 mmol potassium carbonate, 4 mL of ethanol−water
(2:1, v/v), and 2.0 mg of Catalyst I, II, or III were added into a
25 mL three-necked flask with a cooled reflux device. Under
150 rpm mechanical stirring, the entire reaction was continued
for 1 h at 60 °C. Then, the reaction product solution was
filtered and fixed to 10 mL using acetonitrile and subsequently
diluted as needed. Suzuki reaction products were determined
by HPLC. In the reusability investigation, Suzuki reaction
between 4-bromoacetophenone and phenylboric acid was
employed as a model reaction. After each cycle, a magnet was
used to hold the catalyst within the flask while decanting the
supernatant. The catalyst was then washed with water and
ethanol before being dried. Subsequently, fresh substrates were
added to the flask containing the above catalyst, and the next
run was started. All experiments were performed in parallel
three times.
2.5. Heck Reactions. Typically, 0.50 mmol halogenated

hydrocarbon, 0.75 mmol activated unsaturated hydrocarbon,
1.00 mmol triethylamine, and 3 mL of DMF were added to a
25 mL three-necked flask with a cooled reflux device. Then,
1.00 mol % Fe3O4@SiO2−FPBA−DTPA−Pd was added.
Under 150 rpm mechanical stirring, the reaction was carried
out for 7 h at 120 °C. The reaction product solutions were
filtered and fixed by acetonitrile to 10 mL and subsequently
diluted as needed. Heck reaction products were measured
using HPLC. In evaluating the reusability of Fe3O4@SiO2−
FPBA−DTPA−Pd, the unsaturated hydrocarbon was methyl
acrylate, and the reaction was performed under 120 °C, 2 h,
0.50 mol % Fe3O4@SiO2−FPBA−DTPA. All experiments were
performed in parallel three times.

Figure 1. Preparation scheme of the Fe3O4@SiO2−FPBA−DTPA−Pd catalyst.
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2.6. HPLC Conditions. The products of Suzuki and Heck
reactions were analyzed by HPLC. The parameters were as
follows. The column was Baulo RPS C18 column (4.6 mm ×
250 mm, 5 μm) from Biomics Co. Ltd. (Tianjin, China). The
temperature was room temperature. The mobile phase was a
mixture of distilled water and acetonitrile (v/v, 20:80) at a flow
rate of 1 mL/min. The detection wavelength was at 218 nm.
All sample solutions were filtered through a 0.45 μm filter
before being injected to the HPLC column, and the injection
volume was 10 μL.

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization. The solutions before and

after Pd immobilization were monitored by UV spectroscopy.
Fe3O4@SiO2−FPBA−DTPA−Pd and its intermediates were
characterized by FT-IR spectroscopy, SEM, TEM, EDS, ICP-
OES, XPS, VSM, and TGA.
3.1.1. Ultraviolet Spectroscopy. The residual Pd(OAc)2

solution after immobilization was compared with the original
Pd(OAc)2 solution through UV spectra, and results are shown
in Figure 2a. It was obvious that the UV spectra were quite
different. The maximum absorbance of the original solution of
palladium acetate was at 280 nm, which was consistent with
the absorption of Pd2+.33 However, for the residual solutions
after Pd immobilization, the maximum absorption peaks at 280
nm disappeared, indicating that Pd2+ was consumed. For the
residual solution after Catalyst III preparation, a new
absorption peak was observed at 251 nm, which may be
attributed to the reduction of Pd2+ to Pd0. For other residual
solutions, the lower absorption at 280 and 251 nm indicated
that more Pd was transferred to the support.
3.1.2. Fourier Transform Infrared Spectroscopy. FT-IR

spectroscopy was used to characterize the chemical composi-
tion of Complex I, Complex II, Complex III, Catalyst I,
Catalyst II, and Catalyst III, as well as their intermediates.
Figure 2b shows the results of three magnetic supports of
Complex I, Complex II, and Complex III. All MNPs had two
absorption bands near 600 cm−1, which were the Fe−O
vibrations. The peaks at 806 and 1085 cm−1 corresponded to
the characteristic absorption of Si−O−Si, manifesting that
Fe3O4 granules successfully contained the SiO2-coating layer.
In the spectrum of Fe3O4@SiO2−NH2, the characteristic
absorption peak at 2929 cm−1 and the broad peak at 3486
cm−1 were caused by the C−H stretching vibration of the alkyl
chain and the related N−H absorption band of the amino
group overlapping with the O−H stretching vibration in
APTES, respectively. The characteristic absorption peak of the
H−O−H bending vibration was also evident at 1641 cm−1.34

All these absorption peaks indicated that APTES was
successfully bonded to the magnetic silicon sphere surface.
The characteristic absorption peaks at 1741 and 1390 cm−1

were the C�O and C−O stretching vibrations in the carboxyl
group, and the absorption band displayed at 1460 cm−1

corresponded to the characteristic absorption band of C−
B,35 confirming the successful bonding of DTPA and FPBA on
the Fe3O4@SiO2−NH2 surface. Furthermore, the results
indicated that the characteristic absorption of the three
catalysts at 1738, 1454, and 1395 cm−1 was all weakened,
which are shown in Figure 2c. These indicated that metal Pd
was successfully immobilized on Complex I, Complex II, and
Complex III.
3.1.3. SEM and TEM. SEM results are shown in Figure 3a−c.

They revealed that the surface morphology of the three

catalysts was rough. To observe the size and crystal structure of
the immobilized metal palladium, three catalysts (Catalyst I,
Catalyst II, and Catalyst III) were further characterized by
TEM. As shown in Figure 3d−f, the three catalysts were
composed of many small MNPs with diameters of about 5−15
nm. These particles were spherical. In Figure 3g−i, lattice
fringes were observed in all of the high-resolution TEM images

Figure 2. UV spectra of the solutions before and after palladium
immobilization (a), the FT-IR spectra of Fe3O4@SiO2, Fe3O4@SiO2−
NH2, Complex I, Complex II, and Complex III (b), and the FT-IR
spectra of Catalyst I, Catalyst II, and Catalyst III (c).
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with a measured spacing of 0.223 nm, corresponding to the
(111) crystal plane of Pd atoms.36 These indicated that the
metal palladium was successfully anchored on the surface of
Complex I, Complex II, and Complex III.
3.1.4. Energy-Dispersive X-ray Spectroscopy. The elemen-

tal distribution of three biligand anchored palladium catalysts
was simultaneously analyzed by EDS during TEM character-
ization. As shown in Figure 4, EDS spectra confirmed the
presence of elements of C, N, O, Fe, Si, and Pd in the prepared
Pd catalysts. In addition, EDS analysis gave the content results
of each element. They were different. For Catalyst I, contents
of N, O, Fe, Si, and Pd were 3.900, 56.900, 21.563, 8.237, and
9.397%, respectively. For Catalyst II, N, O, Fe, Si, and Pd were
10.880, 53.717, 18.937, 9.642, and 6.821% which contained
more N and lower Pd than Catalyst I. For Catalyst III, the
element contents in turns were 7.493, 59.904, 19.043, 9.392,
and 4.165%, which contained the least Pd among the three
catalysts.
3.1.5. X-ray Photoelectron Spectroscopy. The elements on

the catalyst surface and the valence state of the active metal Pd
were analyzed by XPS. The XPS full survey spectrum of
Catalyst I is shown in Figure 5a. It could be seen that Catalyst I
contained Fe, O, N, Pd, C, B, and Si elements, indicating the
successful preparation of the Fe3O4@SiO2−FPBA−DTPA−Pd
catalyst. In addition, Figure 5d shows splitting peaks in the
high-resolution XPS image of Pd 3d due to the spin−orbit

splitting of metallic Pd. Peaks of reduced metallic Pd0 were
observed at 334.4 eV (Pd 3d5/2) and 339.7 eV (Pd 3d3/2).
However, signals at 337.2 eV (Pd 3d5/2) and 342.4 eV (Pd
3d3/2) were identified as Pd2+.37 The result obtained by peak-
fitting treatment showed the magnetic catalyst containing
about 25.26% Pd2+ and 74.74% of Pd0 which was near to 1:3 of
Pd2+/Pd0. It indicated that part of Pd2+ was reduced to Pd0 in
the immobilization process, so the two states Pd2+ and Pd0

coexisted in the Pd nanocatalyst. The reason for its reduction
may be that ethanol was used as both a reaction solvent and a
reducing agent in the immobilization system, thus a large
amount of Pd2+ was reduced to Pd0. Similarly, both Pd0 and
Pd2+ existed simultaneously in Catalyst II and Catalyst III,
which are shown in Figure 5b,c,e,f. It was shown that the
content of Pd0 was also higher than that of Pd2+.
3.1.6. Inductively Coupled Plasma Optical Emission

Spectroscopy. The amounts of Pd anchored on supports
were further determined by ICP-OES. Data showed that the
contents of Pd in Catalysts I, II, and III were 1.44, 1.40, and
1.26 mmol/g, respectively, which were consistent with EDS
results. Catalyst I had the maximum amount of Pd loading.
Combining with their activity results, Catalyst I was named as
Fe3O4@SiO2−FPBA−DTPA−Pd and characterized in the
following items.
3.1.7. Thermogravimetric Analysis. The stability of

Fe3O4@SiO2−FPBA−DTPA−Pd was investigated by TGA.

Figure 3. SEM images of Catalyst I, Catalyst II, and Catalyst III (a−c), TEM images of Catalyst I, Catalyst II, and Catalyst III (d−f), and lattice
fringes of palladium atoms in Catalyst I, Catalyst II, and Catalyst III (g−i).
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As shown in the TGA curve in Figure 5g, when the
temperature increased from 30 to 232.7 °C, the weight of
Fe3O4@SiO2−FPBA−DTPA−Pd reduced to 6.41%, which
was due to the loss of water through physical absorption. With
temperature increasing from 232.7 to 733 °C, the weight of
Fe3O4@SiO2−FPBA−DTPA−Pd significantly reduced to
20.61%. The curve dropped rapidly in the range of 233−533
°C, which was the decomposition of organic matter bound to
the silica surface. The latter loss was relatively slow, and it was
speculated that the pore size or covalent structure of
amorphous silica gel may be changed. Above 780 °C, the
weight of Fe3O4@SiO2−FPBA−DTPA−Pd no longer
changed. Thus, Fe3O4@SiO2−FPBA−DTPA−Pd was stable
below 232.7 °C.
3.1.8. Vibrating Sample Magnetometer. Fe3O4@SiO2−

FPBA−DTPA−Pd was analyzed using VSM. The hysteresis

loop curve in Figure 5h showed that the saturation magnetic
intensity of Fe3O4@SiO2−FPBA−DTPA−Pd was 21.17 emu/
g, which was lower than that of Fe3O4@SiO2 (39.87 emu/g).
Undoubtedly, the presence of DTPA and FPBA on the surface
of Fe3O4@SiO2 caused the reduction in magnetic intensity.
The magnetic response was satisfied to use an external magnet
to recover the catalyst.
3.2. Evaluation of the Catalytic Ability of Fe3O4@

SiO2−FPBA−DTPA−Pd. 3.2.1. Suzuki Reactions. Herein,
Suzuki reaction of 4-bromoacetophenone with phenylboronic
acid was employed as the model reaction. Catalyst I was
chosen to catalyze the model Suzuki reaction to investigate the
effect of reaction conditions on the catalytic performance. The
optimal reaction solvent and base have been selected for the
palladium catalyst supported by a single functional group.31 A
series of conditions were investigated including the reaction
time, the dosage of the heterogeneous Pd catalyst, and the
reaction temperature. Under the optimum conditions, the
activities of the three catalysts were evaluated, and the
products were identified by NMR (see Figures S1 and S2).
3.2.1.1. Effect of Reaction Time on the Catalytic

Performance. A series of reaction times including 15, 45, 60,
90, 120, 180, and 300 min were explored at 60 °C. The data
are summarized in Table 1 (entries 1−7). After 15 min, the
yield of the target 4-acetyl biphenyl reached 79%, indicating a
high starting reaction speed. Furthermore, with the increase of
time, the yields increased. When the time reached 60 min, the
yield was up 99%. The maximum yield and complete
transformation of the substrate were achieved in 60 min.
Therefore, 1 h was the optimal choice for the model Suzuki
coupling reaction.
3.2.1.2. Effect of the Amount of Catalyst on the Catalytic

Performance. Metal Pd is the active species for catalyzing the
Suzuki coupling reaction; thus, the amount of heterogeneous
Pd affects the catalytic efficiency. In the model Suzuki reaction,
Catalyst I of 0, 2.0, 4.0, 8.0, or 16.0 mg containing 0, 2.88 ×
10−3, 5.76 × 10−3, 11.52 × 10−3, and 23.04 × 10−3 mmol Pd
was added to study the effect of catalyst dosage on the
reaction. The data can be seen in Table 1 (entries 3, 8−11). It
was obvious that no reaction product appeared in the absence
of the Pd catalyst. Once the Pd catalyst was added, a complete
conversion could be achieved with 2 mg of Catalyst I. Upon
adding 4 and 8 mg of Catalyst I, the yield of 4-acetylbiphenyl
reached 100%. Therefore, a high dosage of Pd catalyst was
unnecessary, and 2.0 mg of Catalyst I containing 5.76 × 10−3

mmol Pd was chosen for subsequent experiments.
3.2.1.3. Effect of Reaction Temperature on Catalytic

Performance. Temperature is another important parameter
that affects the Suzuki cross-coupling reaction. Thus, a series of
reaction temperatures including 25, 40, 60, 80, and 90 °C were
investigated. Catalyst I of 2.0 mg (5.76 × 10−3 mmol Pd) was
added to a 25 mL three-neck flask containing substrates,
solvent, and base. Then, the reactions were performed for 1 h
at different temperatures. The results are listed in Table 1
(entries 3, 12−15). It was obvious that temperature
significantly affected the activity of Catalyst I. When the
temperature changed from 25 to 40 °C, the yield of 4-
acetylbiphenyl gradually increased from 42 to 81%. The
maximum yield was obtained at 60 °C. However, persistently
elevated temperatures resulted in decreased yields. The yield
was 86% at 80 °C and further decreased to 75% at 90 °C.
Thus, 60 °C was selected.

Figure 4. EDS analysis of Catalyst I (a), Catalyst II (b), and Catalyst
III (c).
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Figure 5. XPS spectra of Catalysts I, II, and III (a−c), Pd 3d scan in Catalyst I (d), Pd 3d scan in Catalyst II (e), Pd 3d scan in Catalyst III (f),
TGA of Fe3O4@SiO2−FPBA−DTPA−Pd (g), and VSM analysis of Fe3O4@SiO2−FPBA−DTPA−Pd [(h) Photograph courtesy of Haijiao Jia.
Copyright 2023].
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3.2.1.4. Evaluation of Three Supported Pd Catalysts. To
investigate the cooperation effect of DTPA and BA groups as
coligands for immobilizing Pd, the catalytic activity of Catalyst
I, Catalyst II, and Catalyst III was evaluated via seven Suzuki
reactions of different aryl halides (4-bromobenzaldehyde, 4-
bromobenzonitrile, 4-bromoacetophenone 1-bromo-4-nitro-
benzene, 2-bromopyridine, 2-bromothiophene, and 4-chlor-
obenzaldehyde) with phenylboronic acid. The catalytic
products were identified by 1H NMR (see Figures S1 and
S2). Table 2 shows the catalytic results of three Pd catalysts,
which were compared with Pd(OAc)2 and another two
immobilized Pd catalysts anchored on a single DTPA group
or BA group, Fe3O4@SiO2−DTPA−Pd, and Fe3O4@SiO2−
APBA−Pd.31 Results showed that the selectivity of the
prepared Pd catalysts in seven Suzuki reactions was greater
than 99%. It was also found that Catalyst I had generally good
catalytic performance over Catalysts II and III, which could be
attributed to the higher palladium content in Catalyst I.
Moreover, the yield of Catalyst I was higher than that of
Fe3O4@SiO2−DTPA−Pd, Fe3O4@SiO2−APBA−Pd, and Pd-
(OAc)2. Taking the Suzuki reaction between 4-bromoaceto-
phenone and phenylboronic acid as an example, Catalyst I
obtained the high yield of 99%, which was better than
Pd(OAc)2 (82%), Fe3O4@SiO2−DTPA−Pd (96%), and
Fe3O4@SiO2−APBA−Pd (64%), respectively, while Catalyst
II and Catalyst III achieved 96 and 86% yields, respectively, in
this reaction. Because the amount of 4-FPBA bonded to
Complex I, Complex II, and Complex III increased
sequentially in the catalyst preparation process, their decreased

yields in this case indicated that the combination of low
amount of BA with the DTPA ligand was conducive to the
catalytic activity improvement. Thus, it was vital to investigate
the amount of two ligands in the support material. In the
heterocyclic reaction of 2-bromopyridine and 2-bromothio-
phene, it was observed that the catalytic effect of Catalyst I still

Table 1. Conditions’ Optimization of Suzuki Coupling
Reaction between 4-Bromoacetophenone and
Phenylboronic Acida

entry time temperature (°C) Catalyst I (mg) yield (%)

1 15 60 2.0 79
2 45 60 2.0 96
3 60 60 2.0 99
4 90 60 2.0 93
5 120 60 2.0 84
6 180 60 2.0 82
7 300 60 2.0 79
8 60 60 0 0
9 60 60 4.0 100
10 60 60 8.0 100
11 60 60 16.0 96
12 60 25 2.0 42
13 60 40 2.0 81
14 60 80 2.0 86
15 60 90 2.0 75

aReaction conditions: 4-bromoacetophenone (0.5 mmol), phenyl-
boronic acid (0.6 mmol), K2CO3 (1.0 mmol), Catalyst I, EtOH/H2O
(v/v, 2:1, 4 mL).

Table 2. Performance Comparison of Fe3O4@SiO2−
DTPA−Pd, Catalyst I, Catalyst II, Catalyst III, and Fe3O4@
SiO2−APBA−Pd Catalysts in Four Suzuki Reactionsa

aConditions: 0.5 mmol aryl halide, 0.6 mmol PBA, 1.0 mmol K2CO3
as the base, 2 mg catalysts, EtOH/H2O (v/v, 2:1, 4 mL) as the
solvent, 60 °C, 1 h. bReaction 6 h.
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exceeded that of Catalyst II, Catalyst III, and homogeneous
catalyst (Table 2, entries 25−34). This phenomenon also
existed in chlorine substitution reactions (Table 2, entries 35−
39). Results verified that Fe3O4@SiO2−FPBA−DTPA−Pd was
effective in heterocyclic and chlorine substitution Suzuki
reactions.
3.2.2. Heck Reactions. In Suzuki reactions, it was verified

that the catalysts were different in catalytic activity under the
same mass and Catalyst I showed the highest activity.
Therefore, the Heck coupling reaction between iodobenzene
and styrene was chosen as the model reaction, and Catalyst I
(Fe3O4@SiO2−FPBA−DTPA−Pd) was directly selected to
investigate the effect of catalytic conditions on catalytic
performance, including solvent, base, temperature, time, and
the dosage of catalyst. Under the optimum conditions, the
activities of the catalysts were compared, and the products
were identified by NMR (see Figures S3 and S4).
3.2.2.1. Effect of Solvent on Catalyst Performance. The

choice of solvent plays an important role in the activity of the
catalyst. Most solvents commonly used in Heck reaction are
organic reagents or mixtures of organic reagents and water.
Under 120 °C as the reaction temperature, a range of solvents,
including acetonitrile, ethanol, ethanol−water (v/v, 2:1),
toluene, DMF, and dimethylformamide−water (v/v, 2:1),
were investigated, and results are shown in Table 3 (entries 1−
6). For solvents with low boiling points, like acetonitrile and
ethanol, a high temperature of 120 °C resulted in solvent
evaporation and low yield of the target product. DMF has both
a high boiling point and a good ability to dissolve organic
reactants and bases. Among all solvents selected, the maximum
yield (80%) of anti-1,2-stilbenes was achieved in DMF.
Therefore, DMF was chosen as the solvent for Heck reactions.

3.2.2.2. Effect of the Base on Catalyst Performance.
Although the mechanism of the base is uncertain, there is no
doubt that the base plays an important role in Heck reaction.
Six bases, including K2CO3, NaOAc, Na2CO3, NaHCO3,
KOH, and Et3N, were investigated, and results are summarized
in Table 3 (entries 5, 7−11). Since the solvents and reactants
in the reaction system were organic reagents, the effect of
organic bases was stronger than that of inorganic bases. The
best yield of anti-1,2-stilbene was 80% when triethylamine was
used as the base. It was obvious that the effects of inorganic
binary base were stronger than those of unary bases and strong
bases. The yields of anti-1,2-stilbene were 70% for K2CO3, 59%
for Na2CO3, 50% for NaHCO3, 44% for NaOAc, and 6% for
KOH, respectively, which were lower than that of triethyl-
amine. Therefore, triethylamine was selected as the base in the
following experiments.
3.2.2.3. Effect of Temperature and Time on Catalyst

Performance. Temperature and time have a significant effect
on the yield of the Heck reaction product. Thus, under the
catalysis of 0.34 mol % Fe3O4@SiO2−FPBA−DTPA−Pd, the
effects of temperature at 100, 120, and 140 °C and time in 1, 2,
3, 4, 5, 6, 7, and 8 h on the model Heck reaction were tested.
The results are summarized in Figure 6a. It could be found that
the reaction rate was the fastest at the beginning of 2 h at 140
°C. With the extension of time, at 3 h, the yield of anti-1,2-
stilbene at 120 °C exceeded 140 °C, reaching 63%. In the time
curves at the three temperatures, a plateau was observed at 7 h,
and the reaction yield did not continue to increase. When the
temperature was 120 °C, the yield of anti-1,2-stilbene (80%)
was higher than that of 100 °C (60%) and 140 °C (70%).
Therefore, the temperature and time selected in the Heck

Table 3. Conditions’ Optimization of the Model Heck Reaction between Iodobenzene and Styrenea

entry solvent base catalyst (mol %) yield (%)

1 ACN Et3N 0.34 11
2 EtOH Et3N 0.34 trace
3 EtOH/H2O (v/v, 2:1) Et3N 0.34 trace
4 toluene Et3N 0.34 5
5 DMF Et3N 0.34 80
6 DMF/H2O (v/v, 2:1) Et3N 0.34 20
7 DMF K2CO3 0.34 70
8 DMF Na2CO3 0.34 59
9 DMF NaOAc 0.34 44
10 DMF NaHCO3 0.34 50
11 DMF KOH 0.34 6
12 DMF Et3N 0 0
13 DMF Et3N 0.50 85
14 DMF Et3N 0.80 90
15 DMF Et3N 1.00 99
16 DMF Et3N 1.50 95

aConditions: 0.5 mmol iodobenzene, 0.75 mmol styrene, 1 mmol base, 120 °C, 7 h.
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coupling reaction with iodobenzene and styrene were 120 °C
and 7 h, respectively.
3.2.2.4. Effect of Catalyst Dosage on Catalytic Perform-

ance. The amount of catalyst is another important parameter
for the Heck reaction. The effect of a series of catalyst dosages
(0, 0.34, 0.50, 0.80, 1.0, and 1.5 mol %) was studied at 120 °C
for 7 h in the model Heck coupling reaction. Results are shown
in Table 3 (entries 5, 12−16). It was obvious that the model
Heck reaction did not occur without the Pd catalyst. With the
addition of a small amount of catalyst (0.34 and 0.5 mol %),
the reaction started, and the yields of trans-1,2-stilbenes were
80 and 85%, respectively. When the dosage of the catalyst
increased to 1.0 mol %, the yield of trans-1,2-stilbene was up to
99%. With the continuous increase in dosage, the yield slightly
decreased (95%). This indicated that more catalysts could not
further improve the yield. Under the same conditions, the
homogeneous catalyst palladium acetate was used and a dose
of 2.00 mol % was sufficient to achieve the full conversion.
Compared with the experimental conditions [5.00 mol %
Pd(II) Schiff base complex 5a, 140 °C, DMF, NaHCO3, argon
atmosphere] of Raj Meena et al.,38 their conditions were much
more difficult to achieve the desired yield than the Fe3O4@
SiO2−FPBA−DTPA−Pd catalyst.

3.2.2.5. Effect of Reaction Time on Catalytic Performance.
The effect of reaction time on the catalytic efficiency was
further explored under a series of catalyst dosages (0.34, 0.50,
0.80, and 1.00 mol %). It could be seen from Figure 6b that the
higher the dose of catalyst, the faster the rate of initiation. At
the same time, it was obvious that the amount of catalyst or the
extension of time increased, the yield of trans-1,2-stilbene
increased. When the dosage of the catalyst was 0.34 mol % and
the reaction time was extended to 9 h, the yield of trans-1,2-
stilbene could reach 87%. After 12 h, the yield slightly
increased (89%). As the catalyst dosage increased in the range
of 0.50−1.00 mol %, the time for all of reactants to be
converted to the target product decreased accordingly. At the
dosage of 0.50 mol % Fe3O4@SiO2−FPBA−DTPA−Pd, the
yield of 92% could be achieved in 8 h. After 10 h, the yield
could rise to 100%. For 0.80 mol % Fe3O4@SiO2−FPBA−
DTPA−Pd, 93% of trans-1,2-stilbene was obtained in 8 h and
the maximum yields were 100% in 10 h. When the amount of
catalyst was 1.00 mol %, it took 8 h to obtain the maximum
yield (99%).
3.2.2.6. Comparison of Pd Catalysts Supported by

Bifunctional Groups and a Single Functional Group.
Under the optimal conditions, the dosages of 0.50 and 1.00
mol % catalyst were used, respectively, to explore the catalyst
performance of Fe3O4@SiO2−FPBA−DTPA−Pd and Fe3O4@
SiO2−DTPA−Pd. From Figure 7, it was obvious that the Pd
catalyst immobilized by the bifunctional group was superior to
the palladium catalyst immobilized by the single functional
group. At the dosage of 0.50 mol % catalyst, the yield of trans-
1,2-stilbene catalyzed by Fe3O4@SiO2−DTPA−Pd reached
88% after 10 h, while that of the Fe3O4@SiO2−FPBA−
DTPA−Pd catalyst reached 100%. At the dosage of 1.0 mol %
catalyst, the yield of trans-1,2-stilbene catalyzed by Fe3O4@
SiO2−DTPA−Pd reached 87% in 9 h and that of the Fe3O4@
SiO2−FPBA−DTPA−Pd catalyst reached 99% in 8 h.
Moreover, it could be found that whatever the palladium
catalyst was supported by a single functional group or
bifunctional groups, the smaller the dosage of catalyst, the
longer it took to achieve high yield of trans-1,2-stilbene.
3.2.2.7. Applications of Fe3O4@SiO2−FPBA−DTPA−Pd. To

investigate the synergistic effect of DTPA and BA groups as
coligands on Pd immobilization, the catalytic activity of the
Fe3O4@SiO2−FPBA−DTPA−Pd catalyst was further eval-
uated by 13 additional Heck reactions of various aryl halides
(iodobenzene, 4-methyliodobenzene, 4-nitroiodobenzene, 4-
methoxyiodobenzene, 3-methoxyiodobenzene, and 2-methox-
yiodobenzene, 4-phenyliodobenzene, 2-iodonaphthalene, 4-
bromonitrobenzene, and 4-bromoanisole) with activated
unsaturated hydrocarbons (acrylic acid, methyl acrylate, and
ethyl acrylate). Because −COOR is stronger electron-with-
drawing group than −Ph, compounds like acrylic acid are more
likely to participate in reaction than styrene. After investigating
the reaction conditions of iodobenzene and methyl acrylate
(see Table S1), the yield of methyl cinnamate could reach 97%
in 2 h, 120 °C with 0.50 mol % Fe3O4@SiO2−FPBA−DTPA−
Pd. Evaluation of Fe3O4@SiO2−FPBA−DTPA−Pd was done
under the optimal conditions. After each reaction, the target
product was qualitatively analyzed by HPLC. Then, samples
were purified through a C18 SPE column, and the target
products were confirmed by NMR. The results showed that
each of the product peaks was the target product. Then, the
external standard method was used to establish standard curves
to compare the catalytic yields of Fe3O4@SiO2−FPBA−

Figure 6. Effect of the time and temperature on the Heck reaction
yield of iodobenzene and styrene under 0.34 mol % Fe3O4@SiO2−
FPBA−DTPA−Pd (a) and effect of catalyst dosage and time on the
Heck reaction yield of iodobenzene and styrene (b).
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DTPA−Pd and Fe3O4@SiO2−DTPA−Pd. The results are
shown in Table 4.

First, the catalytic abilities of the two catalysts were
evaluated by yields of target products. Obviously, DTPA and
BA had a synergistic impact on Pd immobilized, as evidenced
by the fact that the catalytic yields of the Pd catalyst supported
by bifunctional groups (80−100%) were much higher than
those of the Pd catalyst supported by a single functional group
(60−100%). Fe3O4@SiO2−FPBA−DTPA−Pd had superior
catalytic performance (Table 4, entries 1−13). Second, when
aryl iodide with an electron-absorbing functional groups was
involved into reaction, ethyl acrylate reacted with iodobenzene
or p-nitroiodobenzene in 2 h, the latter could reach 98%, while
the former yielded only 91% and required an additional 0.5 h
to reach 98% (Table 4, entries 2−3). Under the same principle,
iodobenzene and 4-methoxyiodobenzene reacted with acrylic
acid, the yield of the former was 98% within 2.5 h, while the
latter was completely converted into the target product within
0.5 h, and the reaction time was short (Table 4, entries 5−6).
Therefore, when the aryl iodide contained an electron-
withdrawing functional group, the C−I bond was more active
and the Heck reaction easily occurred. The same phenomenon
was observed under Fe3O4@SiO2−DTPA−Pd as the catalyst.
The effect of the substituent position in aryl iodide on the

Heck reaction was also examined. The results are also shown in
Table 4 (entries 6−8). The aryl iodide of 4-CH3O was
completely converted into 4-methoxycinnamic acid within 0.5
h, while the yields of 2-CH3O and 3-CH3O were 92 and 92%
within 3 h, respectively. It was significantly lower than that of
4-CH3O iodobenzene. Although −CH3O was an electron-
withdrawing group, it still needed a long time to participate in
the reaction and increase the yield due to the steric hindrance
of 2 and 3 sites. Similarly, the same phenomenon was also
observed under Fe3O4@SiO2−DTPA−Pd as the catalyst.
When the iodinated bicyclic structure was involved in Heck
reactions, it was observed that the catalytic effect of the
Fe3O4@SiO2−FPBA−DTPA−Pd catalyst was similar to or
slightly greater than that of the Fe3O4@SiO2−DTPA−Pd-
immobilized catalyst (Table 4, entries 10−11). In the reaction
of bromine substitution, the yield of 4-nitroethyl acrylate could
reach 90% and the yield of 4-methoxycinnamic acid could
reach 79% under the catalysis of Fe3O4@SiO2−FPBA−
DTPA−Pd, both exceeding the catalytic effect of the
Fe3O4@SiO2−DTPA−Pd catalyst (Table 4, entries 12 and
13). Therefore, the bifunctional group-immobilized catalyst
had a better catalytic effect on the Heck coupling reaction of
bromo substitution. All in all, the catalytic activity of Fe3O4@
SiO2−FPBA−DTPA−Pd was obviously better than that of
Fe3O4@SiO2−DTPA−Pd. Moreover, the selectivity of
Fe3O4@SiO2−FPBA−DTPA−Pd was greater than 99% in all
reactions, except for the selectivity of reactions in Table 4
(entries 6−8), which were 98%.
3.3. Stability and Recyclability of the Catalyst.

Stability and recycling are important parameters to examine
for heterogeneous catalysts and one of the most important
issues from a practical, economic, and environmental point of
view. The stability of Pd in the prepared catalyst was tested by
the hot filtration experiment. The reaction between iodoben-
zene and methyl acrylate was used as the model reaction, and
the reaction was carried out for 30 min under the optimized
conditions. Then, the catalyst was removed, and the solution
was continued to react for 90 min. The yields were 78% in 30
min and 79% in 30 + 90 min, which were relatively close. It
indicated that the reaction was almost stopped after removing
the catalyst. The 1% difference of yield is within the error
range. It is normal for some activated species to finish the
conversion to product after Pd removal that maybe a
contribution of 1% increase or partly. It was proved that the
immobilized catalyst had high stability. Under the optimal
conditions, the recyclability of Fe3O4@SiO2−FPBA−DTPA−
Pd was investigated by the Suzuki model reaction of 4-
bromoacetophenone with phenylboronic acid and the Heck
model reaction of the reaction of iodobenzene with methyl
acrylate. After each reaction, the catalyst was magnetically
recovered and cleaned with deionized water and absolute
ethanol. It was oven-dried at 60 °C and applied in the next run.
According to Figure 8, it was obvious that the yield of 4-acetyl
biphenyl could reach 95% using Fe3O4@SiO2−FPBA−
DTPA−Pd as the catalyst which was used in the seventh
run. Fe3O4@SiO2−FPBA−DTPA−Pd still maintained high
catalytic performance during the repetitive process. However,
in the seventh reuse, the yields of Fe3O4@SiO2−DTPA−Pd
and Fe3O4@SiO2−APBA−Pd catalysts were 92 and 91%,31

respectively. Similar to the Heck coupling reaction, after seven
runs under the catalysis of Fe3O4@SiO2−FPBA−DTPA−Pd,
the yield of methyl cinnamate was still 97%. There were no Pd
leakage and significant weight loss after Suzuki and Heck

Figure 7. Comparison of the two catalysts at 0.5 mol % (a) and 1.0
mol % (b).
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reactions. It could be speculated that the palladium catalyst
immobilized with dual functional groups had a little loss during
repeated use, and the synergistic effect of DTPA and BA on
stabilizing Pd was better than that of the DTPA or FPBA single
functional group.

The catalytic activity of Fe3O4@SiO2−DTPA−FPBA−Pd
and other supported palladium catalysts in catalyzing the
Suzuki reaction of phenylboronic acid and 4-bromoacetophe-
none was analyzed. Results are summarized in Table 5. Some

reported catalysts were very excellent, especially in the catalytic
rate. However, they had apparent drawbacks. For example, the
former four kinds of heterogeneous catalysts in Table 5 could
not catalyze any reaction between phenylboronic acid and
chloro-substituted aromatics. Although our Fe3O4@SiO2−
FPBA−DTPA−Pd was not preponderant in reaction time,
the catalytic ability and scope were satisfactory. For example,
the reaction yields between phenylboronic acid and bromo-
substituted aromatics were over 93% in our work. Correspond-
ing to APC-750@Pd in literature,41 the yield of 4-brominated
nitrobenzene and phenylboronic acid was only 85%. In
addition, Fe3O4@SiO2−FPBA−DTPA−Pd could catalyze the
reaction of phenylboronic acid and chloro-substituted
aromatics (such as chlorobenzaldehyde), and the yield of 4-
biphenylcarboxaldehyde could be 10%. From these compar-
isons, it was obvious that Fe3O4@SiO2−FPBA−DTPA−Pd
was also an excellent catalyst.

Compared with other palladium-immobilized catalysts of
Heck reaction (see Table 6),43−49 the Fe3O4@SiO2−FPBA−
DTPA−Pd catalyst prepared in this experiment has high
activity and good repeatability, is simple, and can be easily
prepared. In addition, turnover number (TON) and turnover
frequency (TOF) are also important parameters to evaluate
the performance of catalysts. Thus, the TON and TOF of the
Fe3O4@SiO2−FPBA−DTPA−Pd as the catalyst were calcu-
lated as 5333.8 and 5225.3 h−1 in the model Heck reaction,
respectively. It was clear that the TOF value of the Fe3O4@
SiO2−FPBA−DTPA−Pd catalyst was better than that of ref
46, 2043 h−1. Therefore, the Fe3O4@SiO2−FPBA−DTPA−Pd

Table 4. Comparison of the Performance of Fe3O4@SiO2−DTPA−Pd and Fe3O4@SiO2−FPBA−DTPA−Pd Catalysts in Heck
Reactions of Different Aryl Halides and Unsaturated Hydrocarbonsa

entry R1 R2 time (h) yield (%) selectivity (%)

Fe3O4@SiO2−DTPA−Pd Fe3O4@SiO2−FPBA−DTPA−Pd

1 4-CH3 −CH3 2.0 87 92 99
2.5 93 99

2 4-H −CH2CH3 2.0 82 91 99
2.5 87 98

3 4-NO2 −CH2CH3 2.0 94 98 99
4 4-CH3 −CH2CH3 2.0 82 87 99

2.5 85 98
5 4-H −H 2.5 80 98 99
6 4-CH3O −H 0.5 99 100 98
7 3-CH3O −H 2.0 62 80 98

3.0 76 92
8 2-CH3O −H 3.0 85 92 98
9 4-H −CH3 2.0 90 97 99
10 1-iodonaphthalene −H 5.0 92 92 99
11 4-Ph −H 2.0 77 79 99
12b Br −CH2CH3 7.0 70 90 99

4-NO2

13b Br −H 7.0 65 79 99
4-OCH3

aConditions: 0.5 mmol halogenated hydrocarbon, 0.75 mmol activated unsaturated hydrocarbon, 0.50 mol % catalyst, 1.0 mmol triethylamine as
the base, and 3 mL of DMF as the solvent, 120 °C. bHeck reaction of bromohalogenated hydrocarbons.

Figure 8. Reusability of the Fe3O4@SiO2−DTPA−FPBA−Pd catalyst
in the Heck reaction of iodobenzene and methyl acrylate and Suzuki
reaction of 4-bromoacetophenone and phenylboric acid.
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catalyst has great potential in future large-scale industrial
production and environmental protection.

4. CONCLUSIONS
A novel bifunctional ligand-supported Pd catalyst was
successfully prepared, which could be recycled by an external
magnet. A series of characterizations showed that its average
particle size was 5−15 nm and the surfaces of all MNPs were
uneven with a Pd crystal lattice of 0.223 nm. The content of Pd
in Fe3O4@SiO2−FPBA−DTPA−Pd was 1.44 mmol/g with
Pd2+/Pd0. Its magnetic response was 21.17 emu/g, and it was
stable below 232.7 °C. The catalytic abilities of Fe3O4@SiO2−
FPBA−DTPA−Pd were satisfactory in 7 Suzuki reactions and
15 Heck reactions, which were better than those of the Pd
immobilization catalysts on the monofunctional group and
many reported heterogeneous Pd. In the process of recycling,
the yield was still above 95% after 7 runs, and there was no
obvious loss.
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