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Abstract Small core-shell Fe3O4@Pd superparamag-
netic nanoparticles (MNPs) were obtained with good
control in size and shape distribution by metal-
complex thermal decomposition in organic media. The
role of the stabilizer in the synthesis of MNPs was
studied, employing oleylamine (OA), tripheny-
lphosphine (TPP) and triphenylamine (TPA). The re-
sults revealed that, among the stabilizer investigated,
the presence of oleylamine in the reaction media is
crucial in order to obtain an uniform shell of Pd(0) in
Fe3O4@Pd MNPs of 7 ± 1 nm. The synthesized core-
shell MNPs were tested in Pd-catalyzed Heck-Mizoroki
and Suzuki-Miyaura coupling reactions and p-
chloronitrobenzene hydrogenation. High conversion,

good reaction yields, and good TOF values were
achieved in the three reaction systems with this
nanocatalyst. The core-shell nanoparticle was easily re-
covered by a simple magnetic separation using a neo-
dymium commercial magnet, which allowed performing
up to four cycles of reuse.

Keywords Nanocatalysis . Pd nanoparticle . Core-shell
synthesis . Fe3O4

Introduction

The formation of C–C bond is one of the major goals in
modern organic synthesis. In this context, Pd-catalyzed
coupling reactions, like Heck-Mizoroki reactions, had ex-
celled as efficient methods for the construction of C–C
bonds (Torborg and Beller 2009; Yin and Liebscher 2007;
Dounay and Overman 2003). These reactions usually are
performed using soluble Pd complexes, in which phos-
phines and other ligands are used to produce stable cata-
lytic species in the reactionmedium (Martin andBuchwald
2008; Fu 2008; Kantchev et al. 2007; Meijere and
Diederich 2004; Beletskaya and Cheprakov 2009). How-
ever, homogeneous catalysts suffer from several practical
disadvantages, such as difficult catalyst separation and
recycling, as well as the presence of toxic metal in the final
organic product (Garrett and Prasad 2004).

In this regard, significant improvements have been
achieved with the introduction of nanocatalysis. This
emerging field represents a merger between classical
catalysis methodologies, since it combines the surface
activity of heterogeneous catalysts (due to their large
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surface area-to-volume ratio characteristic of
nanomaterials) with exceptional fine tuning of homoge-
neous catalysts (by modifying nanoparticle variables
like size, composition, morphology, and protective cap-
ping agents) (Polshettiwar 2013; Astruc et al. 2005).
Several supported and colloidal Pd nanoparticles (Pd
NPs) were successfully used in many Pd-coupling reac-
tions (Deraedt and Astruc 2014; Fihri et al. 2011; Jin and
Lee 2010; Astruc 2007), achieving softer reaction con-
ditions, higher selectivity, and larger TOF values. How-
ever, non-supported nanocatalysts have the disadvan-
tage of limited reuse and recyclability (Yin and
Liebscher 2007; Polshettiwar and Varma 2010;
Leadbeater and Marco 2002).

In this sense, catalyst recyclability was improved by
the use of using superparamagnetic nanoparticles
(MNPs) as support for Pd catalysts (Nasir Baig et al.
2015; Zhang et al. 2012a, Polshettiwar et al. 2011). The
insoluble nature and superparamagnetic behavior of
MNPs enable easy and efficient separation from reac-
tion mixture, by only application of an external magnet-
ic field. Among the common MNPs used as catalyst
supports, iron oxide materials such as magnetite (Fe3O4)
have beenwidely employed (Rossi et al. 2014; Zhu et al.
2010). Although Fe3O4 MNPs can be easily prepared
(Lee et al. 2013; Frey et al. 2009; Polshettiwar et al.
2009), they present some drawbacks like sensitive to
oxidation, acid erosion, and thermal degradation (Rossi
et al. 2014). Also, this type of nanomaterials tends to
aggregate to form the thermodynamically favored bulk
metal, decreasing considerably their surface area. To
prevent undesired aggregation or degradation, iron ox-
ide MNPs were usually surrounded by different stabi-
lizer, such as a layer of inorganic material or molecular
stabilizers (Kainz and Reiser 2014). Protection of mag-
netic content by coating the surface with a layer of
inorganic material like modified silica or titania is usu-
ally employed (Atashkar et al. 2013; Jacinto et al. 2008;
Wang et al. 2014b; Sobhani and Pakdin-Parizi 2014; Li
et al. 2012; Zhang et al. 2011; Shylesh et al. 2010;
Rosario-Amorinâ et al. 2009; Ceylan et al. 2008); how-
ever, these methodologies could involve complex syn-
thesis and several steps (Wang et al. 2014b; Sobhani and
Pakdin-Parizi 2014; Li et al. 2012; Zhang et al. 2011;
Shylesh et al. 2010; Rosario-Amorinâ et al. 2009;
Ceylan et al. 2008).

Magnetic nanocatalysts were also stabilized by using
organic ligands containing functional groups like car-
boxylate, phosphonate, phosphines, amine, or thiol

(Rossi et al. 2014; Lee et al. 2013; Mori and
Yamashita 2011). In addition to their protecting role,
these stabilizers can tune the reactivity of nanocatalysts
by influencing their morphology and surface chemistry,
which could lead in many cases to a decrease in catalytic
activity (Wang et al. 2014a; Mazumder and Sun 2009).

Another innovative approach consists in designing
MNPs in which Fe3O4 was in the inner core and a
metallic shell was incorporated onto the magnetic NPs
(Lyon et al. 2004; Xu et al. 2007). This type of core-shell
structure protects the inner core against external aggres-
sion and allowed to combine the properties of both
metals. Furthermore, important advantages in catalysis
were accomplished by using core-shell NPs. Due to the
catalytic reaction that takes place on the surface of the
nanocatalyst, only a small fraction of atoms is mainly
active in a catalytic process. Thus, achieving NPs in
which the inner atoms could be replaced by non-noble
metals provides an alternative for optimizing the use of
the noble metal (Ferrando et al. 2008; Zaleska-
Medynska et al. 2016; Metin et al. 2013). Nevertheless,
Pd NPs directly supported over the magnetic core have
been less explored as catalysts. These types of PdMNPs
exhibited good catalytic activity and Pd directly sup-
ported on the surface of Fe3O4 showed negligible effect
on the magnetic properties of the support (Kim and
Song 2014; Senapati et al. 2012; Zhang et al. 2012a,
b; Laska et al. 2009; Liu et al. 2008). Recently, we
described a new synthesis for core-shell Fe3O4@Pd
MNPs stabilized with oleylamine (OA). It was demon-
strated that the Pd(0) shell protects the magnetic core
against oxidation and degradation (Cappelletti et al.
2015). The catalytic activity of Fe3O4@Pd-OA MNPs
was evaluated in the Suzuki-Miyaura cross-coupling
reaction for p-iodoanisole and p-fluorophenylboronic
acid, exhibiting good catalytic activity and recyclability.

Following our increasing interest in the development
of novel metal nanocatalysts and evaluation of their
practical application in organic chemistry, herein we
explored core-shell Fe3O4@Pd-OA MNPs nanocatalyst
in Heck-Mizoroki and Suzuki-Miyaura cross-coupling
reactions for the synthesis of stilbenes and biaryl com-
pounds. Furthermore, to extend the scope of this cata-
lyst, the catalytic activity of these MNPs in the hydro-
genation of p-chloronitrobenzene was studied. In addi-
tion, we examined the stabilizer effect on the synthesis
and catalytic activity of core-shell Fe3O4@Pd. Since
OA ligand can strongly bind to the surface, occupying
some active sites in the nanocatalyst surface and limiting
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their catalytic activity, Fe3O4@Pd MNPs were synthe-
sized in the presence of other capping agents.

Experimental

Reagents and instrumentation

Urea (U, 99.99%), Fe(NO3)3·9H2O (99.999%),
Pd (Acac) 2 (99%) , o ley lamine (OA, 70%) ,
triphenylamine (TPA), triphenylphosphine (TPP),
dibenzyl ether (DBE, ≥ 98%), absolute ethanol (EtOH,
≥ 99.5%), n-hexane anhydrous (95%), diethyl ether (≥
99.0), p-iodoanisole (98%), p-iodotoluene (98%), o-
iodotoluene (98%), p-iodobenzotrifluoride (98%),
iodobenzene (99%), p-iodoaniline (98%), p-bromoben-
zophenone (98%), p-bromoacetophenone (98%), p-
bromobenzonitrile (99%), styrene (97%), 4-vinylpi-
rydine (99%), phenylboronic acid (≥ 97.0%), o-
methylphenylboronic acid (98%), p-fluorophenyl-
boronic acid (≥ 97.0%), K3PO4 (≥ 98%), and Na2SO4

(≥ 99.0) were obtained from Sigma-Aldrich and used
as received. Dimethylformamide (DMF) was stored
with molecular sieves and then distilled under reduced
pressure with bubbling of nitrogen. All catalytic reac-
tions were carried out under N2 atmosphere, unless
otherwise noted. Silica gel (0.063–0.200 mm) was used
in column chromatography. Gas chromatographic anal-
ysis was performed on a gas chromatograph with a
flame ionization detector and equipped with the follow-
ing column: VF-5 ms, 30 m × 0.25 mm× 0.25 μm. 1H
NMR and 13C NMR were conducted on a High-
Resolution Spectrometer Bruker Advance 400, in
CDCl3 as solvent. Gas chromatographic/mass spectrom-
eter analysis was carried out on a GC/MS QP 5050
spectrometer equipped with a VF-5 ms, 30 m ×
0.25 mm× 0.25 μm column. The characterization by
powder X-ray diffraction (PXRD) was performed using
a PANalytical X’Pert Pro diffractometer (40 kV,
40 mA), in Bragg–Brentano reflection geometry with
CuKα radiation (λ = 1.5418 Å). The data were obtained
between 20° and 70° (2θ) in steps of 0.02 and a counting
time of 24 s. The refinement of the crystal structure was
performed by the Rietveld method using the
FULLPROF program. A pseudo-Voigt shape function
was always adequate to obtain good fits for experimen-
tal data. Infrared spectroscopy (FT-IR) was carried out
on a Nicolet-5SXC, using KBr pellets. Transmission
electron microscopy was conducted in a JEM-Jeol

1120 operating at 80 kV, at the IFFIVE Research Insti-
tute, INTA, Córdoba, Argentina. The samples were
prepared by dropping a dispersion of NPs diluted in
cyclohexane onto an ultrathin carbon-coated copper
grid. Determination of Pd content was performed in an
ICP-MS Agilent series 7700, at ICYTAC-CONICET-
Universidad Nacional de Córdoba.

Synthesis of Fe3O4 MNP seeds

Magnetite MNPs were prepared following the method-
ology described in our previous work (Cappelletti et al.
2015). In a typical reaction, Fe-urea complex (2.5037 g,
4.16 mmol) was dispersed in 20 mL of OA and 20 mL
of DBE at room temperature under N2 atmosphere. The
dispersion was dehydrated by heating it at 120 °C for
40 min under magnetic stirring and then transferred to a
dry three-necked round-bottom flask equipped with a
reflux system, magnetic stirring, and N2 atmosphere.
The dispersion was heated to 155 °C (10 °C/min) for
1 h; later, the temperature was raised to 300 °C (10 °C/
min) and kept for 60 min. The system was cooled down
to room temperature, and then, aliquots of the resultant
dispersion were transferred to a conical tube and diluted
three times with absolute dry ethanol and centrifuged at
6000 rpm for 15 min. Finally, MNPs were washed with
absolute ethanol (7 times) until no contaminants (OA,
DBE, or reaction residues) were detected by FT-IR in
the supernatant. After this, the powder was dried under
vacuum at 45 °C for 12 h. The MNPs obtained were
characterized by PXRD, FT-IR, TEM, and magnetiza-
tion measurements.

Synthesis of Fe3O4@Pd MNPs

The core-shell MNPs have been prepared following a
similar methodology described above for the prepara-
tion of magnetite MNPs. These MNPs were used as
seeds for the growth of the shell of Pd(0) shell. Firstly,
Fe3O4-OA (0.3828 g) and Pd(Acac)2 (1.5222 g) was
dispersed in 30mL of OA and 30mL of DBE. Then, the
dispersion was magnetically stirred and heated to
200 °C (10 °C/min) and kept at this temperature for
1 h to allow the complete decomposition of the
Pd(Acac)2. Finally, the dispersion was cooled down to
room temperature, and the core-shell MNPs were trans-
ferred to a conical tube and diluted three times with
absolute dry ethanol and centrifuged at 6000 rpm for
15 min. The black powder was washed with absolute
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ethanol until no remaining reagents (OA, DBE) were
detected by FT-IR spectroscopy in the supernatant. The
MNPs obtained were characterized by PXRD, FT-IR,
TEM, and magnetization measurements.

MNPs with TPP or TPAwere obtained by analogous
synthesis as the one used for MNPs stabilized with OA,
adding only 80 mL of DBE and 4.2 mmol of TPP/TPA.
The MNPs obtained were characterized by PXRD, FT-
IR, TEM, and magnetization measurements.

General procedure for the Heck-Mizoroki coupling
reaction

Aryl halide (0.5 mmol), alkene (0.75 mmol), and
K2CO3 (1.5 mmol) were added into a 25-mL
Schlenk tube with Teflon screw-cap septum
equipped with a magnetic stirrer and a N2 inlet.
Finally, 1 mL of a dispersion containing 1.9 mg of
Fe3O4@Pd-OA MNPs (1.5%) per mL of DMF was
added. The reaction mixture was heated in an oil
bath at 115 °C. After being cooled to room temper-
ature, the mixture was quenched by the addition of
2 mL of water and then extracted three times with
ethyl acetate (3 mL each) and dried with anhydrous
Na2SO4. The reaction was analyzed by GC and GC-
MS. The product was purified by silica-gel column
chromatography and characterized by 1H NMR, 13C
NMR, and GC-MS. All reactions were quantified by
GC analysis, by internal standard methods. All spec-
troscopic data agreed with those previously
reported.

General procedure for the Suzuki-Miyaura
cross-coupling reaction

Aryl halide (0.5 mmol), arylboronic acid (0.75
mmol), and K3PO4 (1.5 mmol) were added into a
25-mL Schlenk tube with Teflon screw-cap septum
equipped with a magnetic stirrer, and a N2 inlet, .
Finally, 1 mL of a dispersion containing 1.9 mg of
Fe3O4@Pd-OA MNPs (1.5%) per mL of DMF was
added. The reaction was heated in an oil bath at
115 °C. After being cooled to room temperature, the
mixture was diluted with 2 mL of water and extracted
three times with ethyl acetate (3 mL each) and dried
with anhydrous Na2SO4. The reaction was analyzed
by GC and GC-MS and was quantified by GC anal-
ysis, by internal standard methods. The biaryl prod-
u c t w a s p u r i f i e d b y s i l i c a - g e l c o l um n

chromatography and characterized by 1H NMR, 13C
NMR, and GC-MS. All spectroscopic data agreed
with those previously reported.

General procedure for the hydrogenation
of p-chloronitrobenzene

p-chloronitrobenzene (13, 19.7 mg, 0.25 mmol) was
added into a 25-mL round-bottomed flask followed by
the addition of 1 mL of a dispersion containing 1.9 mg
of Fe3O4@Pd MNPs (1.5%) in ethanol and NaBH4

(1 mmol) in 2 mL of ethanol. The reaction was carried
out at room temperature. The mixture was diluted with
2 mL of water and then extracted three times with ethyl
acetate (3 mL each) and dried with anhydrous Na2SO4.
The reaction was analyzed by GC and GC-MS. The
product was purified by silica-gel column chromatogra-
phy and characterized by 1H NMR, 13C NMR, and GC-
MS. All these spectroscopic data agreed with those
previously reported. All reactions were quantified by
GC analysis, by internal standard methods.

Catalyst recycling experiment in Pd-catalyzed C–C
coupling reaction

Recyclability test in Heck-Mizoroki coupling reaction
between p-iodoanisole (1a) and styrene (2) catalyzed by
Fe3O4@Pd-OA MNPs was evaluated. Initially, the re-
action was carried out following the procedure previ-
ously described. After the reaction mixture was heated
at 115 °C for 5 h, the catalyst was separated with a
magnet and the crude reaction was removed. TheMNPs
were washed two times with ethyl ether. Then, fresh
amounts of reactants and DMF were added to the
MNPs. The experiment was performed four times by
consecutive addition of a new batch of p-iodoanisole
(1a, 0.5 mmol), styrene (2, 0.75 mmol), K2CO3

(0.5 mmol), and 1 mL DMF. The reaction mixture was
then heated for another 5 h. The reaction was monitored
by GC analyses.

A similar procedure was followed to evaluate recy-
clability in Suzuki–Miyaura coupling reaction between
p-iodoanisole (1a) and phenylboronic acid (7a).

Characterization data of organic compounds

Products were characterized by 1H NMR, 13C NMR,
and GC-MS. All spectroscopic data were in concor-
dance with those previously reported for the following
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compounds: (E)-1-methoxy-4-styrylbenzene (3) (Alacid
and Nájera 2009), (E)-4-Aminostilbene (4) (Sun et al.
2010), (E)-1-methyl-4-styrylbenzene (5) (Quinteros et al.
2015), (E)-1-methyl-2-styrylbenzene (6) (Quinteros et al.
2015), (E)-1-styryl-4-(trifluoromethyl)benzene (7)
( Q u i n t e r o s e t a l . 2 0 1 5 ) , (E ) - p h e n y l ( 4 -
styrylphenyl)methanone (8) (Alacid and Nájera
2009), (E)-1-(4-styrylphenyl) ethanone (10) (Alacid
and Nájera 2009), (E)-4-(4-methylstyryl)pyridine (11)
(Quinteros et al. 2015), (E)-1-(4-(2-(pyridin-4-
yl)vinyl)phenyl)ethanone (12) (García et al. 2017),
p-methoxybiphenyl (14) (Sahoo et al. 2004), o-
methoxybiphenyl (15) (Sahoo et al. 2004), 4-fluoro-
4′-methoxybiphenyl (16) (Sahoo et al. 2004),
1-(biphenyl-4-yl)ethanone (17) (Sahoo et al. 2004),
and p-chloroaniline (19) (Cantillo et al. 2013).

Results and discussion

Catalyst preparation and characterization

The synthesis of core-shell Fe3O4@Pd MNPs was car-
ried out as previously reported (Cappelletti et al. 2015).
It is worth mentioning that analysis of HRTEM, Dark
field images, magnetic characterization, and TGA con-
firms that this synthetic approach allowed obtaining
well-defined core-shell structure with a thickness of
the Pd shell of 1.25–1.35 nm. The synthetic procedure
involved the preparation of Fe3O4 seeds, over which a
Pd shell was deposited (Scheme 1). Thus, Fe3O4 seeds
were achieved by thermal decomposition of Fe-urea
complex in dibenzylether (DBE) and oleylamine (OA).
Then, Pd shell was generated over the MNPs by thermal
decomposition of Pd(Acac)2 in the presence of the dif-
ferent stabilizers: oleylamine (OA) and tripheny-

lphosphine (TPP). After purification, core-shell
Fe3O4@Pd MNPs were obtained as black powders.
Finally, all MNPs were characterized by PXRD and
FT-IR.

FT-IR spectra acquired for all Fe3O4@Pd MNPs
exhibited the typical signal of Fe–O tension from mag-
netite at 582 cm−1 (Fig. 1) (Hong et al. 2006). Typical
signals of OA ligand (2925, 2854, and 1415 cm−1) were
detected in all MNPs. In addition, the FT-IR spectra of
Fe3O4@Pd MNPs synthesized using TPP shows the
characteristic signals of TPP: C–H sp2 stretching
(3060 cm−1) and P–C stretching (744 cm−1). These
results can be explained considering the synthetic path-
way followed to prepare Fe3O4@Pd MNPs. Since OA
was used to stabilize the original magnetite seeds, the
appearance of OA signals in the IR spectra of the final
material indicates that OA ligand remained attached to
the MNPs throughout the synthesis. This demonstrates
the strong interaction of OAwith the MNPs surface, and
therefore, a ligand-like TPP was not able to remove it
entirely from the MNP surface.

The analysis of theMNP composition was performed
by PXRD (Fig. 2). For Fe3O4@Pd-OA MNPs, PXRD
patterns exhibit the typical diffraction line of Fe3O4

phase at around 30.5°, 35.8°, 43.5°, 53.9°, 57.3°, and
62.9° (2θ), corresponding to reflections (220), (311),
(400), (422), (511), and (440), respectively. In addition,
signals were also identified at 39.8°, 46.1°, and 67.3°
(2θ), corresponding to reflections (111), (200), and
(220) of the fcc Pd phase. In the case of MNPs synthe-
sized in presence of TPP, besides the PXRD pattern for
Fe3O4 and Pd, an additional phase was detected at 33.9°,
45.9°, 56.8° (2θ) which can be indexed as (101), (110),
and (112) phases of PdO (Fig. 2) (Bi and Lu 2003). In
order to determine if the formation of the new phase was
due to the presence of phosphorus atom in the ligand

Scheme 1 Schematic representation of the synthetic methodology to obtain core-shell Fe3O4@Pd MNPs
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TPP, an additional experiment was performed
employing triphenylamine (TPA) as ligand (Fig. SI1).
Once again, the MNPs obtained in presence of TPA
exhibited the additional phase of PdO.

Therefore, the detailed analysis of the PXRD pattern
reveals that the presence of OA in the deposition step of
Pd(Acac)2 is required in order to obtain a shell of pure
Pd(0) over the surface of the nanoparticle. When
employing TPP or TPA in the deposition step, oxidation
of Pd shell took place. Furthermore, the presence of OA
was observed in all MNPs by FT-IR analysis. This
revealed that neither TPP nor TPA can displace effec-
tively the OA from the MNP surface (for FT-IR spec-
trum of Fe3O4@Pd-TPA, see Fig. S2, Supporting

Information). Therefore, the OA has a dual role acting
as a reducing agent and a stabilizer not only for mag-
netic core (Mazumder and Sun 2009; Georgiadou et al.
2014; Xu et al. 2009), but also for protection against
oxidation of the Pd(0) shell.

With the aim of investigating the stabilizer effect on
the morphology and size of the nanocatalysts, MNPs
were analyzed by TEM (Fig. 3). TEM micrographs
showed that Fe3O4@Pd-OA MNPs were spherical par-
ticles with low polydispersity with an average size of 7
± 1 nm (Fig. 3a). In contrast, nanoparticles with amor-
phous shape and a larger polydispersity with an average
size of 9 ± 6 nm (Fig. 3b) were observed for Fe3O4@Pd-
TPP MNPs (Fig. 3b). This analysis leads to the

Fig. 1 FT-IR spectra of core-shell Fe3O4@Pd MNPs stabilized with OA and TPP
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conclusion that the presence of TPP during the Pd2+

deposition process produced amorphous nanomaterial,
in addition to the oxidation of Pd shell.

Catalytic activity of Fe3O4@PdMNPs in C–C coupling
reactions

Heck-Mizoroki coupling reaction was selected to eval-
uate the catalytic activity of MNPs. The reaction be-
tween p-iodoanisole (1a) and styrene (2a) was chosen as
a model reaction, employing 1.5 mol% of catalyst, 2
equivalents of K2CO3 as base and DMF as solvent at
115 °C for 6 h. Under this reaction conditions,
Fe3O4@Pd-OA catalyst converted substrate 1a in

97%, while Fe3O4@Pd-TPP catalyst gave a lower con-
version of 82%. Considering that we demonstrated that
MNPs synthesized in presence of OAwere spherical in
shape with low polydispersity, presented a Pd(0) phase,
and also showed more activity as catalysts, Fe3O4@Pd-
OAwere selected for further studies. Different parame-
ters such as reaction time and catalyst loading were
optimized, evaluating time dependence conversion at
0.5, 1.5, and 2.8 mol% of Pd (Fig. 4 and Table 1),
considering that a Pd content of 20% w/w for the
Fe3O4@Pd-OA MNPs (determined by TGA analysis,
UV measurements, and confirmed by ICP-MS analy-
sis). This comparative analysis allowed determining the
optimal working conditions to perform Heck-Mizoroki
coupling reaction with the Fe3O4@Pd-OA MNPs.

Fig. 2 PXRD pattern of core-shell Fe3O4@Pd MNPs stabilized with OA and TPP

Fig. 3 TEM micrographs for core-shell Fe3O4@Pd-OA (a) and Fe3O4@Pd-TPP (b)
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Figure 4 shows the time-dependence conversion of
1a with different amounts of Pd. These studies revealed
that substrate 1a could be converted smoothly into
product 3 at a relatively low catalyst loading
(0.5 mol%), reaching 100% of conversion after 24 h.
When 1.5 mol% of Pd was employed, complete conver-
sion of 1a was obtained after 6 h. While using almost
twice of Pd catalyst (2.8 mol%), only a slight improve-
ment was observed in reaction time from 6 to 4 h. In
addition, conversion and selectivity in this reaction were
also examined (Table 1).

Analyzing the stereoselectivity of the reaction, it
was found that in all cases, trans isomer was the
major product; however, gem and cis isomers of
alkene 3 were also observed. When 1.5 or 2.8 mol%

of catalyst were employed, high conversions in short
reaction times with high selectivity (up to 80%) were
achieved (entries 1 and 2, Table 1). Furthermore, in
order to find the limits of the catalytic system, reac-
tions were performed under a relatively low catalyst
loading (0.5 and 0.04 mol% of Pd, entries 3 and 4,
Table 1). In these cases, successful conversion and
high selectivity were accomplished, with a signifi-
cantly high TOF number of 79 h−1 with 0.04 mol% of
Pd (entry 4, Table 1) (Laska et al. 2009). As a neg-
ative control, Fe3O4-OA MNPs were employed as
catalyst. In this case, no conversion was observed
(entry 5, Table 1), which suggests that Pd is the active
metal for this reaction. Therefore, considering the
compromise between catalyst loading and time, the
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Fig. 4 Time-dependence conversion of 1a with different Pd loadings
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reaction condition with 1.5 mol% of Pd and 6 h was
chosen for further studies.

Due to the promising results obtained with
Fe3O4@Pd-OA MNP nanocatalyst in Heck-Mizoroki
coupling reaction, the scope of this catalytic system
was evaluated with different substrates (Table 2).

Stilbene products were obtained from moderate to
excellent yields. With electron-rich aryl iodides such as
p-iodoanisole (1a), p-iodoaniline (1b), and p-
iodotoluene (1c), the corresponding coupling products
3, 4, and 5 were obtained with high conversions in 80,
73, and 75% yield (entries 1–3, Table 2). The steric
hindrance effect in these reactions was studied by
employing o-iodotoluene (1d) as coupling partner
(entry 4, Table 2). In this case, a slight decrease in yield
product was observed in comparison with p-iodotoluene
(1c). With an aryl iodide substituted with an electron-
withdrawing group, p-iodobenzotrifluoride (1e), excel-
lent yield was observed (entry 5, Table 2). In all cases,
high conversions were achieved after only 6 h.

When the influence of the reactivity of haloarene was
investigated, as expected, bromoarene reactivity was
lower than that with aryl iodides. Electron-rich substrate
p-bromoanisole (1b) gave only 10% of conversion after
24 h (entry 6, Table 2). With aryl bromide substituted
w i t h a n e l e c t r o n -w i t h d r aw i n g g r o u p p -
bromobenzophenone (1 g), excellent yield for coupling
product 8 was obtained after 24 h (entry 8, Table 2).
With p-bromobenzonitrile (1h) as substrate, a negligible
amount of stilbene 9 was observed (entry 9, Table 2), in
addition with a complex mixture of other non-identified
side products (55% of conversion). A different reactivity
was exhibited by p-bromoacetophenone (1i). After only

3 h, excellent yield of coupling product 10was obtained
(entries 10 and 11, Table 2). In this reaction, the atmo-
sphere effect over the catalytic activity was also exam-
ined by performing the reaction under air. A slight
decrease in the reaction performance was found, since
75% yield of the coupling product 10was observed after
3 h. With the heterocyclic alkene 4-vinylpiridine (2b), a
strong inhibition in reactivity was detected with both
electron-rich and electron-poor aryl halides (entries 12
and 13, Table 2). Coupling products 11 and 12 were
obtained in 44 and 24% yield, with a conversion of only
63 and 35% of substrate 1c and 1i. This kind of hetero-
cyclic compounds usually presents some limitations in
transition metal-catalysis since they can act as catalyst
poison (Xu et al. 2014).

Following a similar trend like the Heck-Mizoroki
reaction, p-iodoanisole (1a) reacted in short reaction
time and with excellent yields in the Suzuki-Miyaura
cross-coupling reaction, as previously reported
(Cappelletti et al. 2015). Expanding the application of
Fe3O4@Pd-OA, and as a proof of concept, some aryl
halides and aryl boronic acids were evaluated in pres-
ence of Fe3O4@Pd-OA magnetic nanocatalyst
(Scheme 2).

In this reaction, negligible steric hindrance was ob-
served when using o-methoxyphenylboronic acid (13b)
as the coupling partner. The cross-coupling product 15
was obtained in 88% yield (Scheme 2). With p-
bromoacetophenone (1i), good yields of the coupling
product 17 were obtained after only 3 h, even when the
reaction was performed under air atmosphere. The reac-
tion between p-bromoacetophenone (1i) and boronic
acid 13a produced biaryl product 17 in 82% yield under

Table 1 Evaluation of reaction conditions for Heck-Mizoroki coupling reaction of p-iodoanisole (1a) and styrene (2a) with MNPs
Fe3O4@Pd-OA in DMF

Entry mol % Pd Time (h) Conv. 1a (%)a TOF (h−1) Selectivity 3 (%)

Trans Gem Cis

1 2.8 4 92 8 84 16 –

2 1.5 6 97 11 83 15 2

3 0.5 24 99 8 86 14 –

4 0.04 24 76 79 82 18 –

5b – 6 – – – – –

Reaction conditions: coupling reaction was carried out with p-iodoanisole 1 (1 equiv.), styrene 2 (1.5 equiv.), Fe3O4@Pd-OA, K2CO3 (2
equiv.), and 2 mL DMF at 115 °C under nitrogen atmosphere
a GC yields (average of two or more experiments)
b Reaction performed with Fe3O4-OA MNPs as catalyst
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Table 2 Heck-Mizoroki coupling reaction with Fe3O4@Pd-OA MNPs as catalyst

Entry Substrate Alkene
Time

(h)
Trans Product

Yield 

Trans 

(%)

Conv

. (%)

TOF

(h-1)

1

1a

2a

6 3: 80 96 10

2

1b

6 4: 73 94 10

3

1c

6 5: 75 82 9

4

1d

6 6: 68 70 8

5

1e

6 7: 89 99 11

6

1f

24 3: < 5 10 --

7

1g

6 8: 28 39 4

8 24 8: 93 99 3

9

1h

24 9: < 5 55 --

10

1i

3

10: 86 95 21

11 10: 75 c 83 18

12

1c

2b

6 11: 44 63 7

13

1i

24 12: 24 35 1

a Reaction conditions: coupling reaction was carried out with aryl halide (1 equiv.), alkene (1.5 equiv.), Fe3O4@Pd-OA (1.5 mol% Pd), base
(2 equiv.), and 2 mL DMF at 115 °C under nitrogen atmosphere
b GC yields of trans-stilbene product (average of two experiments)
c Reaction performed under air atmosphere
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nitrogen and gave 80% yield under air. Unfortunately,
electron-rich aryl bromides do not react under these
reaction conditions.

Therefore, MNP catalyst presents several advantages
such as not suffering deactivation by the action of the air
atmosphere, as well as an easy workup, simple product
isolation and short reaction time. These notable features
demonstrated the benefit of employing this magnetic
catalyst. Additionally, Fe3O4@Pd-OA MNPs exhibited
excellent activity with good TOF values in the coupling
reactions studied, higher than those of other magnetic
nanocatalysts (Wang et al. 2015; Rafiee et al. 2014;
Zhou et al. 2010; Ma et al. 2012).

In order to investigate the recyclability of
Fe3O4@Pd-OA MNPs catalyst, both Heck-Mizoroki
and Suzuki-Miyaura coupling reactions were evaluated
employing p-iodoanisole (1a) as a model substrate. The
results are presented in Table 3.

As it is shown, on both reaction systems,
Fe3O4@Pd-OA catalyst was efficiently recovered
by magnetic separation using a neodymium commer-
cial magnet. In Heck-Mizoroki coupling reaction,
three cycles could be performed with high conver-
sions, while in the Suzuki-Miyaura cross-coupling
process, the catalyst allowed performing four cycles.
Regrettably, a decrease in catalyst activity was found
after few cycles in both cases.

The loss of the catalytic activity could be associated
with Pd leaching from the Fe3O4@Pd-OA. To investi-
gate this phenomenon, Pd content was determined in the

final reaction mixture for Heck-Mizoroki coupling reac-
tion between 1a and 2a by ICP-MS analysis. For this
purpose, once the reaction was finished, the organic
phase was separated from the catalyst by application
of a magnetic external field. The Pd concentration found
in the organic phase was 1.9 ± 0.1 ppm, which repre-
sents 2.7% of the total Pd content used in the reaction.
To evaluate if the leached Pd was an active catalyst in
this system, a hot filtration test was performed in Heck-
Mizoroki coupling between 1a and 2a. As a result of
removing the catalyst from the reaction mixture, the
reaction was inhibited (Fig. 5), and 2 h later, a slight
growth of 5% for product 3was detected byGC analysis
(Supporting information Fig. S3). Therefore, even
thoughmagnetic catalyst experiences a leaching process
during the reaction, the leached Pd from Fe3O4@Pd-OA
had negligible catalytic activity.

Besides the small Pd leaching, another possible ex-
planation for the loss of catalytic activity could be
addressed to the agglomeration of the MNPs (Kainz
et al. 2014). In a first approximation, OA stabilizer could
be removed from the catalyst surface by action of or-
ganic solvent and temperature. Thus, the initial exposure
of MNP surface could produce a positive effect over the
catalysis, since more active catalyst surface is available
to react. Nevertheless, it could eventually lead to MNP
aggregation. To confirm this, TEM measurements of
MNPs were performed after the fourth catalytic cycle
(Fig. S7, Supporting information). The analysis TEM
micrographs revealed that original small and well

Scheme 2 Suzuki-Miyaura
cross-coupling reaction catalyzed
by Fe3O4@Pd-OA MNPs
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dispersed MNPs, clump into larger aggregates after
several reaction cycles (Fig. S7, Supporting
information). Therefore, wiping the OA stabilizer from
the catalyst surface by action of organic solvent or
chemical reaction promotes the aggregation of MNPs,
producing coalesces of the catalyst, which leads to a
decrease in the catalytic activity.

Catalytic activity of Fe3O4@Pd-OA MNPs
in hydrogenation of 4-chloronitrobenzene

Additionally, the catalytic activity of Fe3O4@Pd-OA
MNPs was evaluated in hydrogenation of nitro func-
tional group. Catalytic hydrogenation by transition
metal of nitro compounds is one of the most effective
methods for industrial production of amines. There-
fore, it is important to develop an effective and clean
catalysts capable of converting nitro-compounds into
NH2-containing compounds (Kantam et al. 2008;
Uberman et al. 2017).

In this sense, hydrogenation of p-chloronitrobenzene
(18) was performed, using sodium borohydride
(NaBH4) as an economical hydrogen source (Ganem
and Osby 1986). In this reaction, ethanol (EtOH) was
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Fig. 5 Hot filtration test in Heck-Mizoroki coupling reaction
between p-iodoanisole and styrene catalyzed by Fe3O4@Pd-OA
catalyst

Table 3 Recyclability test of Fe3O4@Pd-OA MNPs catalyst in Heck-Mizoroki and Suzuki-Miyaura coupling reaction with p-iodoanisole
(1a)

Reaction
Recycling Test (conversion %)

Run 1 Run 2 Run 3 Run 4

Heck-

Mizoroki a 98 96 61 48

Suzuki-

Miyaura b 87 86 81 63

a Reaction conditions for Heck-Mizoroki coupling reaction: the reaction was carried out with arylhalide (1 equiv.), alkene (1.5 equiv.),
Fe3O4@Pd-OA (1.5 mol% Pd), K2CO3 (2 equiv.), and 2 mL DMF at 115 °C under nitrogen atmosphere for 6 h
b Reaction conditions for Suzuki-Miyaura coupling reaction: the reaction was carried out with aryl halide (1 equiv.), arylboronic acid (1.5
equiv.), Fe3O4@Pd-OA (1.5 mol% Pd), K3PO4 (3 equiv.), and 2 mL DMF at 115 °C under nitrogen atmosphere for 5 h
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used as solvent at room temperature. Table 4 summa-
rizes the obtained results.

Recently, the use of Fe catalyst in this hydrogena-
tion reaction has been reported (Jagadeesh et al.
2013). However, in the present study, Fe3O4-OA
MNPs were not active under the reaction conditions
studied, since the nitro compound 18 was fully recov-
ered after 30 min of reaction (entry 1, Table 4). On the
other hand, the nitro compound 18 was converted to
amine 19 in 84% after 30 min, when 4 equivalents of
NaBH4 and 0.75 mol% Pd of Fe3O4@Pd-OA were
employed (entry 2, Table 4). These results proved that
Pd is the active metal in hydrogenation reaction by
Fe3O4@Pd-OA catalyst.

Complete conversion of nitro 18 was observed when
Pd loadingwas raised to 1.5mol% (entries 3–5, Table 4).
Likewise, full conversion of 18was detected at a shorter
reaction time; after 1 min, 92% of conversion of
nitrocompound 18 was achieved. Fe3O4@Pd-OA pro-
vided a TOF value of 3500 h−1. This is an excellent
behavior for this type of system. Moreover, this catalyst
exhibited high activity in the nitroaromatic reduction

under green protocols like EtOH as solvent, room tem-
perature, and low amount of reducing agent. This ex-
ceptional catalytic activity in the hydrogenation reaction
was even superior as compared with other magnetic
catalysts already described in literature (Nasir Baig and
Varma 2014; Zhou et al. 2013).

Conclusions

In this study, the effect of different ligands such as OA,
TPA, and TPP in the synthesis of Fe3O4@PdMNPs was
investigated. It was found that among the stabilizers
studied, OA was the only ligand capable of producing
spherical MNPs with good size and with a Pd(0) shell
around the magnetite core. This could be related to the
dual function of OA as a reducing agent and stabilizer in
the nanoparticle synthesis. Regarding to TPP and TPA
ligands in Fe3O4@Pd MNP synthesis, they showed to
be unsuitable for the synthesis and stabilization of these
magnetic nanocatalysts.

Table 4 Nitroaromatic reduction of p-chloronitrobenzene (18) catalyzed by Fe3O4@Pd-OA

Entry
mol % Pd

(catalyst)

Time

(min)

% Conversion

18 b

TOF

(h-1)

1
--

(Fe3O4-OA)c 30 -- --

2
0.75

(Fe3O4@Pd-OA)
30 84 223

3

1.5

(Fe3O4@Pd-OA)

30 100 132

4 5 100 795

5 1 92 3572

Reaction conditions: the reaction was carried out with p-chloronitrobenzene (0.25 mmol), NaBH4 (1 mmol), Fe3O4@Pd-OA, and 2 mL
EtOH at room temperature
a The conversion was determined by GC yield
b Reaction performed with Fe3O4 as catalyst
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Concerning the catalytic activity of the Fe3O4@Pd–
OA MNPs, they exhibited remarkable properties as
nanocatalyst, since high conversions at moderate cata-
lyst loading and in a short reaction time were achieved.
It was found that Heck-Mizoroki coupling reaction was
effectively catalyzed by core-shell Fe3O4@Pd–OA
nanocatalyst, obtaining diverse stilbenes derivatives in
good yield, high selectivity, and TOF values. C–C bond
formation by Suzuki-Miyaura cross-coupling reaction
was also investigated presenting promising results. Fur-
thermore, hydrogenation of p-chloronitrobenzene took
place with great TOF values and under green reaction
protocols using these core-shell nanoparticles.

In addition, recyclability of Fe3O4@Pd-OA MNPs
was evaluated in C–C coupling reaction. Fe3O4@Pd-
OA nanocatalysts were separated from the reaction mix-
ture with a commercial magnet in a simple procedure
with small Pd leaching, showing good activity for at
least four cycles. Nevertheless, the sole presence of OA
ligand is not effective enough to extent the MNP effica-
cy to carry out several cycles, probably due to a coalesce
process as a consequence of the ligand dissociation
during the catalytic cycles. Further research concerning
to stabilizer effect over MNP stabilization and catalytic
activity are currently under study.
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