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Abstract
In this article, palladium supported on phosphine function-

alized ZrO2 NPs (ZrO2@ECP-Pd) has been introduced as a
novel and efficient nanocatalyst for SuzukiMiyaura and
MizorokiHeck reactions. This new catalyst was prepared
from the reaction of Pd(OAc)2 and PPh2-functionalized ZrO2

NPs, and then characterized using FT-IR, XRD, SEM, TEM,
TGA and ICP techniques. The above experimental results
showed that the synthesized catalyst existed as spheres with a
mean size range of 1040 nm. The prepared ZrO2@ECP-Pd
nanocatalyst was shown to be highly efficient in the Suzuki
Miyaura and MizorokiHeck cross-coupling reactions of a
wide range of aryl halides including electron-rich and electron-
poor aryl iodides/bromides, and heteroaryl iodides, afford-
ing the corresponding products in good to excellent yields
in short reaction times. The notable feature of the present
protocol is the use of water and [bmim]PF6 as environmen-
tally benign solvents, which eliminate the need of toxic sol-
vent. In addition to the aforementioned favorable properties,
the nanocatalyst can be recovered and reused for the subse-
quent reactions (at least six times) without any appreciable loss
of efficiency.

1. Introduction

Formation of carboncarbon bonds is one of the most
essential transformations in synthetic chemistry and industrial
processes.14 In this regard, many transition metals have been
recognized as powerful and versatile catalysts for this reac-
tion.5,6 In this, palladium, which is a valuable transition metal,
is widely employed as an efficient catalyst for cross-coupling

reactions such as the MizorokiHeck and SuzukiMiyaura
reactions. Up to now, various palladium catalytic systems have
been developed for these couplings including homogeneous
and heterogeneous catalysts.710 Although homogeneous palla-
dium catalysts provide excellent activity and selectivity, they
suffer from problems such as separating the catalyst from the
reaction mixture, catalyst recycling and the contamination of
the ligand residue in the final products.11 Considering these
facts, there are numerous efforts toward the heterogenization of
palladium complexes on different supports, which is a promis-
ing way to solve some of the technical application problems
associated with homogeneous systems.1220 The key features
of the heterogeneous Pd complex include easy separation and
facile recycling of catalyst. However, one of the great draw-
backs of such catalysis is that the resulting immobilized cata-
lysts often display much lower catalytic efficiency than their
homogeneous counterparts. Therefore, in the last years many
different studies have been performed looking to obtain better
catalytic activity for this type of catalyst.21,22

In this term, nanoparticles have recently generated a new
research line which can be used as an alternative surface for
supporting homogeneous catalysts. Because of their large sur-
face area, nanoparticles have higher catalyst loading capacity
and higher dispersion than many conventional support matrixes,
leading to dramatic enhancements in the catalytic activity of the
supported catalysts.2328 To date, many nanoparticles have been
explored as candidates for immobilization of Pd complexes
such as carbon nanotubes,29 nanoSiO2,30 graphene nanosheets
(GNS),31,32 and Fe3O4 nanoparticles.33,34 In this area, zirconia
nanoparticles (ZrO2 NPs) have received a great deal of attention
because of their superior chemical, thermal and mechanical
properties in a wide range of applications such as catalysts, oxy-
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gen sensors, fuel cells, engine parts and thermal barrier coatings
on metal surfaces. Moreover, recent studies show that ZrO2 NPs
have emerged as promising supports for immobilization metal
nanoparticles.3538

In addition, during the past decades, a great deal of attention
has been paid to developing greener chemical processes and
synthetic methods. To date, the reported coupling reactions
have been mostly carried out in organic solvents which are a
major cause of ecological contamination.39 In order to comply
with the idea of green chemistry, one approach is to utilize
water, which is non-toxic, cheap and non-flammable instead
of toxic and expensive organic solvent.40 However, several
examples of palladium catalyzed coupling reactions in aqueous
media have been reported, but many substrates of these reac-
tions have poor solubility in water, and solubility is generally
considered as a prerequisite for reactivity. A way to overcome
this difficulty would be the use of ionic liquids (ILs), which are
known as ecofriendly, reusable and alternative reaction media
in organic synthesis. Among the various solvents, ILs show
several advantages which make them more attractive and ecolo-
gically acceptable such as non-volatility, wide liquid range,
high thermal stability, low toxicity, good solubility, reusability,
and non-combustibility.41

Based on this background, and in continuation of our efforts
in designing novel and efficient heterogeneous catalysts,4251

herein, we would like to report synthesis and characterization
of a novel palladium catalyst supported on phosphine func-
tionalized ZrO2 NPs and its application in the SuzukiMiyaura
and MizorokiHeck cross-coupling reactions. According to the
urgent need for more environmentally responsible chemistry,
green solvents such as water and 1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim]PF6) were employed instead of
the most commonly used toxic solvents in SuzukiMiyaura and
MizorokiHeck reactions, respectively. Results showed that
the new catalyst can provide excellent reactivity in the cou-
pling reactions under environmentally friendly conditions
(Scheme 1).

2. Experimental

2.1 General. The purity determinations of the products
were accomplished by TLC on silica gel polygram STL G/UV
254 plates. The melting points of products were determined
with an Electrothermal Type 9100 melting point apparatus. The
FTIR spectra were recorded on pressed KBr pellets using an
AVATAR 370 FT-IR spectrometer (Therma Nicolet spectrom-
eter, USA) at room temperature in the range between 4000 and
400 cm¹1 with a resolution of 4 cm¹1. The NMR spectra were
provided by Brucker Avance 300, 400, and 500MHz instru-
ments in DMSO-d6 and CDCl3. Mass spectra were recorded
with a CH7A Varianmat Bremem instrument at 70 eV electron
impact ionization, in m/z (rel %). TGA analysis was performed
using a Shimadzu Thermogavimetric Analyzer (TG-50) in the
temperature range of 25800 °C at a heating rate of 10 °Cmin¹1

under air atmosphere. SEM images were recorded using Leo
1450 VP (LEO, Germany) scanning electron microscope oper-
ating at an acceleration voltage 20 kV, resolution of about 2 nm.
Transmission electron microscopy (TEM) was performed with
a Leo 912 AB microscope (Zeiss, Germany) with an accelerat-
ing voltage of 120 kV. The crystal structure of catalyst was

analyzed by XRD using a D8 ADVANCEBruker diffractom-
eter operated at 40 kV and 30mA utilizing Cu Kα radia-
tion ( = 0.154¡). Inductively coupled plasma (ICP) analysis
was carried out with a Varian VISTA-PRO, CCD (Australia).
All yields refer to isolated products after purification by thin
layer chromatography. In addition, all of the products were
known compounds and they were characterized by 1HNMR,
13CNMR spectroscopy, and mass spectrometry and their melt-
ing points compared with known compounds (see Supporting
Information).

2.2 Synthesis of ZrO2 NPs. To a solution of ZrOCl2¢8H2O
(0.003mol, 0.966 g) in 50mL distilled water, citric acid (0.126
mol, 24.207 g) and ethylene glycol (0.126mol, 7.045mL) were
added at room temperature. The resulting solution was stirred
at 80 °C for 30min and then refluxed for 12 h until a white sol
was obtained. In order to increase polymerization between
citric acid, ethylene glycol and ZrOCl2¢8H2O, the reaction
mixture was cooled and then slowly heated at 80 °C for 10 h in
an open bath. After that the sol became more viscous as a wet
gel. Finally, the wet gel was dried by direct heating on a hot
plate at 120 °C for 8 h to afford brown powder. The brown
powder was calcined at 750 °C for 4 h at a rate of 4 °Cmin¹1 to
give ZrO2 NPs as a white powder.52

2.3 Surface Coating of ZrO2 NPs by Epichrorohydrin
(ZrO2@EP NPs). ZrO2 NPs powder (2 g) was suspended to
pure epichrorohydrin (10mL) at 60 °C with vigorous stirring.
After 24 h the resulting suspension was cooled to room tem-
perature and centrifuged. The white precipitate was washed
with methanol (4 © 15) until removing additional amount of
epichlorohydrin. The epoxy modified ZrO2 NPs were then
dried at 100 °C under vacuum for 8 h.42

2.4 Surface Modification of ZrO2@Ep by Cyanuric Acid
(ZrO2@Ep-Cy NPs). Cyanuric acid (4 g, 0.031mol) was
added portion by portion to a suspension of the synthetic
ZrO2@Ep NPs (1 g) in DMF (20mL). The mixture was stirred
at 120 °C. After 12 h the resulting ZrO2@Ep-Cy product was
collected by centrifuge, and washed with deionized water three
times and dried under vacuum at 50 °C for 12 h.53

2.5 Synthesis of Phosphine-Functionalized ZrO2 NPs
(ZrO2@ECP NPs). To a magnetically stirred mixture of
ZrO2@Ep-Cy NPs (1 g), Et3N (3mL) in dry toluene (20mL),
5mL of chlorodiphenylphosphine was added drop by drop at
room temperature. The above suspension was then stirred for
16 h at room temperature under the protection of N2 atmos-
phere. The final product (phosphine-functionalized ZrO2@ECP
NPs), was separated by centrifuge and washed with ethanol
(5 © 10) to remove excess chlorodiphenylphosphine and then
dried at room temperature.54

2.6 Synthesis of ZrO2@ECP-Pd Nanocatalyst.
ZrO2@ECP-Pd was prepared by mixing the ZrO2@ECP NPs
(1 g) and Pd(OAc)2 (0.34mmol, 0.076 g) in ethanol (30mL)
and refluxed in a 100mL flask with stirring. After 12 h the mix-
ture was cooled and the solid catalyst was separated by centri-
fuge from the reaction medium. Then the collected precipitate
(ZrO2@ECP-Pd) was washed several times with ethanol before
being dried under vacuo at 50 °C overnight. The preparation
process was illustrated in Scheme 1.

2.7 Typical Procedure for the SuzukiMiyaura Reac-
tion. In a typical procedure, iodobenzene (1.0mmol, 0.203 g),
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phenylboronic acid (1.2mmol, 0.146 g), potassium carbonate
(1.5mmol, 0.207 g), ZrO2@ECP-Pd nanocatalyst (0.31mol%,
0.005 g), and water (3mL) were allowed to react at 90 °C. Upon
the completion of the reaction which was monitored by TLC,
the reaction mixture was cooled to room temperature and the
catalyst was separated by centrifuge. The resulting solution was
extracted with ethyl acetate (3 © 10mL). The organic layers
were combined, dried with sodium sulfate, and filtered. The
filtrate was concentrated by vacuum and purified by thin layer
chromatography using n-hexane/ethyl acetate (50/1) to afford
the pure product (0.150 g, % 98 yield).

2.8 Typical Procedure for the MizorokiHeck Reac-
tion. In a typical procedure, iodobenzene (1.0mmol, 0.203 g),
methyl acrylate (1.2mmol, 0.108mL), potassium carbonate
(1.5mmol, 0.207 g), ZrO2@ECP-Pd nanocatalyst (0.31mol%,
0.005 g), and [bmim]PF6 (1 g, 3.5mmol) were allowed to react
at 100 °C. Upon the completion of the reaction which was
monitored by TLC, the reaction mixture was cooled to room
temperature and the catalyst was separated by centrifuge. n-
Hexane (5mL) was added to the reaction mixture and extrac-
tion was done for 15min with vigorous stirring.55 The organic
layer was combined and concentrated under reduced pressure to
give the crude product. The final product was purified by thin
layer chromatography using n-hexane/ethyl acetate (50/1) to
afford the pure product (0.153 g, % 95 yield).

3. Results and Discussion

3.1 Characterization of Catalyst. The palladium catalyst
supported on phosphine functionalized ZrO2 NPs as a new
reusable nanocatalyst was prepared via multiple steps as shown
in Scheme 1. The first step was to prepare ZrO2 NPs accord-
ing to a procedure presented in the literature.52 In the second
step, the obtained ZrO2 NPs were subsequently reacted with
epichlorohydrin. The modified ZrO2 NPs were then sequen-
tially treated with cyanuric acid and chlorodiphenylphosphine
to form ZrO2@ECP. Finally, Pd particles were immobilized
on the ZrO2@ECP through the reaction of ZrO2@ECP with
Pd(OAc)2 salt in ethanol under reflux. The synthesized nano-
catalyst was well characterized for its physicochemical proper-
ties using analytical techniques such as Fourier transform infra-
red spectroscopy (FT-IR), X-ray powder diffraction (XRD),
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), thermogravimetric analysis (TGA) and
inductively coupled plasma (ICP).

The FT-IR spectrum of unmodified ZrO2 NPs (Figure 1a)
shows a broad band around 34503200 cm¹1, indicative of the
presence of OH groups on the nanoparticle surface. Also, as
shown in Figure 1a, the strong absorption bands at 751 and 507
cm¹1 have been assigned to the stretching vibrations of the Zr
O group in ZrO2 NPs.36 In the case of the functionalized ZrO2
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Scheme 1. Preparation steps of ZrO2@ECP-Pd nanocatalyst.
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NPs by epichlorohydrin (Figure 1b), the characteristic absorp-
tion bands at 2943 and 2877 cm¹1 can be observed, which
correspond to the stretching vibration of CH2 groups.42 From
the presence of these bands it can be inferred that the ZrO2 NPs
were modified by epoxy groups successfully.

From the FT-IR spectra presented in Figure 1c, correspond-
ing to the modification ZrO2 NPs with cyanuric acid, the inten-
sities of OH stretching frequencies (36243251 cm¹1) were
increased smoothly by reaction with cyanuric acid. Successful
functionalization of the ZrO2 NPs with cyanuric acid was
also evidenced by the absorption bands at 1730, 1610 and 1580
cm¹1, attributed to the C=N vibration of the cyanuric acid
ring.56 Surface treatment of these modified nanoparticles with
chlorodiphenylphosphine leads to the formation of phosphine
terminated zirconium nanostructures (Figure 1d). The presence
of phosphine ligand on the surface of ZrO2 NPs can be seen by
absorption band positioned at 1045 cm¹1, which corresponds to
the PO stretching bond.57

However, the FT-IR spectrum of the synthesized nano-
catalyst demonstrates that almost no change occurs after immo-
bilization of palladium on the ZrO2@ECP surface (Figure 1e),
but it was clearly depicted in the XRD pattern of ZrO2@ECP-
Pd nanocatalyst.58

Unambiguous evidence of palladium particles on
ZrO2@ECP is provided via X-ray powder diffraction analysis
(XRD). The XRD patterns are shown in Figure 2. According to
the reference JCPDS (card No. 37-1484 and 79-1771), mixture
phases of monoclinic and tetragonal were observed in the ZrO2

NPs and ZrO2@ECP-Pd structures.59 Moreover, as can be seen
from this figure, both standard patterns display the same dis-
tinctive signals in the range 10 to 70° (2ª), indicating that the
crystalline structure of the ZrO2 NPs is essentially maintained.
The only difference between the patterns of ZrO2 NPs and
ZrO2@ECP-Pd is two weak peaks appeared at 2ª = 40.1 and

46.5 which could be related to the palladium.60 The Pd peaks
of ZrO2@ECP-Pd nanoparticles agree well with the standard
Pd (cubic phase) XRD spectrum (card No. 05-0681). Accord-
ing to the XRD pattern of ZrO2@ECP-Pd, the intensity of the
new peaks attesting the presence of Pd is weak which may be
attributed to the good dispersion of Pd nanoparticles in the
catalysis matrix (see TEM images (Figures 3c and 3d)). So, Pd
nanoparticles cannot lead to the formation of regular crystal
lattice. The obtained result from XRD analysis revealed that
Pd particles have been successfully immobilized onto the sur-
face of the modified ZrO2 NPs and the peak positions of the
synthesized nanoparticles were unchanged.

Figure 1. FT-IR spectrum of (a) ZrO2 NPs (b) ZrO2@Ep
NPs (c) ZrO2@Ep-Cy NPs (d) ZrO2@ECP NPs (e)
ZrO2@ECP-Pd nanocatalyst (f ) reused ZrO2@ECP-Pd
nanocatalyst.

Figure 2. The XRD patterns of (a) ZrO2 NPs and (b)
ZrO2@ECP-Pd nanocatalyst.

Figure 3. (a and b) SEM images of ZrO2@ECP-Pd
nanocatalyst, (c and d) TEM images of ZrO2@ECP-Pd
nanocatalyst.
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To clarify the size and morphology of synthesized nano-
catalyst, we used scanning electron microscopy (SEM) as well
as transmission electron microscopy (TEM) techniques. The
SEM images of the surface of ZrO2@ECP-Pd nanocatalyst are
shown in Figures 3a and 3b. However sizes of the ZrO2@ECP-
Pd particles are not clearly defined in the SEM images obtained
in the present investigation. But it is evident from these images
that the synthesized nanocatalyst is composed of similar spheri-
cal particles.38 In order to further examine the morphological
features, TEM image was recorded for the ZrO2@ECP-Pd
nanocatalyst. Typical TEM micrographs for the ZrO2@ECP-Pd
nanocatalyst are shown in Figures 3c and 3d. The particles with
nearly spherical morphology with size in the range of 1040
nm were successfully prepared as shown in the figure. More-
over, the Pd nanoparticles were found to be highly dispersed on
the surface of the ZrO2@ECP nanoparticles with the average
diameter size of 5 nm.

The successfully modified ZrO2 NPs by organic ligands
could also be confirmed by TGA analysis. As shown in
Figure 4, the TGA thermogram of the ZrO2@ECP-Pd nano-
catalyst shows a weight loss of 5.45% below 150 °C, which is
due to the loss of the adsorbed water in the sample. Another
large weight loss was observed in the temperature range of
150650 °C (18.85%), resulting from the decomposition of
organic functional groups grafted to the zirconium surface.
Additionally, the exact loading of Pd on the modified zirco-
nium nanoparticles was determined to be 0.62 © 10¹3mol g¹1

based on inductively coupled plasma (ICP) analysis. The TGA
thermogram and ICP analysis also proved the successful sup-
porting of the Pd and organic ligands onto the catalyst surface.

3.2 Catalytic Performance of the ZrO2@ECP-Pd Nano-
catalyst for the SuzukiMiyaura Reaction. To evaluate the
merit of application of this catalytic system in organic synthe-
sis, we applied it in the SuzukiMiyaura and MizorokiHeck
cross-coupling reactions. The SuzukiMiyaura cross-coupling,
the reaction between boronic acid derivatives and aryl halides,
is one of the most powerful and widely preferred reactions
for synthesis of biaryls. Substituted biaryl compounds have
considerable application for the synthesis of biologically active
substances such as pharmaceuticals and herbicides.61,62 Now in
this stage, the applicability of the ZrO2@ECP-Pd as a novel
nanocatalyst was evaluated in the SuzukiMiyaura cross-
coupling reaction (Scheme 2).

For initial assessment of the reaction, we examined the
SuzukiMiyaura coupling reaction of the model substrate
iodobenzene with phenylboronic acid using ZrO2@ECP-Pd
nanocatalyst at 100 °C. Additionally, by considering the prin-
ciples of green chemistry, we tried to carry out this reaction in
water, which has economic and environmental advantages. As
it can be seen in Table 1, using of 0.31mol% (0.005 g catalyst
contains 0.029mg (0.0031mmol) of Pd) of ZrO2@ECP-Pd
nanocatalyst in water afforded excellent yield of product in
short reaction time (15min) (Table 1, Entry 1). The yield of the
desired product did not exceed 94%, when the model reaction
was performed using 0.15mol% of ZrO2@ECP-Pd nano-
catalyst (Table 1, Entry 2). Effect of temperature on the activity
of ZrO2@ECP-Pd nanocatalyst was also studied. Lowering
the temperature to 90 °C was found to have no effect on the
yield (98%) of cross-coupling product (Table 1, Entry 3). Fur-
ther reducing the temperature to 80 °C was accompanied by a

Figure 4. The TGA thermogram of ZrO2@ECP-Pd.

R1= Ph, 4-NO2C6H4, 4-ClC6H4, 4-OMeC6H4, 4-MeC6H4, 2-Me-4-NO2C6H3, 3-CHOC6H4,
4-CHOC6H4, 4-CNC6H4, 2-Thiophene

R2= H, 3-NO2
X= I, Br

X +

B(OH)2
ZrO2@ECP-Pd

K2CO3, H2O , 90 oCR1 R2 R1 R2

Scheme 2. SuzukiMiyaura coupling reaction in the pres-
ence of ZrO2@ECP-Pd nanocatalyst.

Table 1. The SuzukiMiyaura reaction of iodobenzene with phenylboronic acide in the presence of ZrO2@ECP-Pd
nanocatalyst under different reaction conditions

Entry
Catalyst
mol%

Molar ratios of
Iodobenzene/Base

Base
Temperature

/°C
Time
/min

Isolated Yield
/%

1 0.31 1:2 K2CO3 100 15 98
2 0.15 1:2 K2CO3 100 30 94
3 0.31 1:2 K2CO3 90 15 98
4 0.31 1:2 K2CO3 80 25 90
5 0.31 1:2 Na2CO3 90 15 94
6 0.31 1:2 KHCO3 90 15 90
7 0.31 1:2 NaOAc 90 30 55
8 0.31 1:2 Et3N 90 30 80
9 0.31 1:2 Diisopropylethylamine 90 15 87

10 0.31 1:1.5 K2CO3 90 15 98
11 0.31 1:1 K2CO3 90 15 70

1196 | Bull. Chem. Soc. Jpn. 2016, 89, 1192–1200 | doi:10.1246/bcsj.20160163 © 2016 The Chemical Society of Japan

http://dx.doi.org/10.1246/bcsj.20160163


considerable drop of yield by 90% with longer reaction time
(Table 1, Entry 4). As it is known, base plays a crucial role for
the yield of the cross-coupling reaction, therefore, we exam-
ined the effect of different organic and inorganic bases on the
model reaction (Table 1, Entries 59). Slightly lower yields
were obtained with other inorganic bases such as Na2CO3 and
KHCO3 (94% and 93%) (Table 1, Entries 5 and 6). Meanwhile,
for the reaction in the presence of organic bases, the desired
product was obtained in low yield under other identical reac-
tion conditions (Table 1, Entries 7, 8, 9). Thus, from the bases
screened, K2CO3 was found to be the best base giving maxi-
mum yields of the desired product (Table 1, Entry 3). Finally,
different molar ratios of iodobenzene/K2CO3 (1:1.5 and 1:1)
(Table 1, Entries 10, 11) were tried and it was observed that
decrease in molar ratio from 1:2 to 1:1.5 has no significant
effect on the yield as well as reaction time (Table 1, Entries 3,
10). But by reducing the molar ratio from 1:1.5 to 1:1, the yield
of product decreased from 98 to 70% (Table 1, Entry 11).
According to the optimization results and the essential goal
of green chemistry, the best result is obtained by using 1:1.5
molar ratio of iodobenzene/K2CO3 at 90 °C, in the presence of
a catalytic amount of ZrO2@ECP-Pd nanocatalyst (0.31mol%)
and H2O as a green solvent (Table 1, Entry 10).

Under these optimum conditions, we next explored the
generality and scope of the protocol using several substituted
aryl halides and phenylboronic acids. The results are displayed
in Table 2. As it is shown in Table 2, the catalytic performance
is excellent for a wide variety of aryl iodides, and provides the
corresponding products in high yields (Table 2, Entries 17).
It is noteworthy that coupling reactions of aryl iodides with
electron-donating substituents proceeded more slowly than
coupling reactions of aryl iodides with electron-withdrawing

substituents (compare Entries 2 and 3 with 4 and 5). In
addition, 1-iodo-2-methyl-4-nitrobenzene provides the desired
product over longer reaction time due to steric effects and
electron donation of Me substitution at the ortho position
(Table 2, Entry 6). Heteroaryl iodides such as 2-iodothiophene
were also good partners for this coupling reaction (Table 2,
Entry 7). To investigate the role of substituents on the phenyl-
boronic acid, two reactions were carried out using 3-nitro-
phenylboronic acid and gave desired products in high yield
after 20 and 30min, respectively (Table 2, Entries 8 and 9). To
expand the scope of this methodology, a series of aryl bromides
were employed to react with phenylboronic acid under the
optimized conditions (Table 2, Entries 1016). Various func-
tional groups including 4-Cl, 4-NO2, 4-CHO, 3-CHO, 4-CN,
were well tolerated under the standard conditions, and the
desired products were obtained in high yields. Also, when
electron-rich aryl bromides such as 1-bromo-4-methoxy-
benzene were explored, the reaction proceeded more slowly
with lower yield of the product (Table 2, Entry 16). Moreover,
aryl chloride such as chlorobenzene was chosen as a challeng-
ing substrate, however, the catalytic system was less effective,
even after prolonged reaction time, which might be ascribed to
the high strength of the CCl bond, whose bond dissociation
energy was 96 kcalmol¹1.

3.3 Catalytic Performance of the ZrO2@ECP-Pd Nano-
catalyst for the MizorokiHeck Reaction. The Mizoroki
Heck cross-coupling reaction, as a powerful synthetic tool
for the formation of CC bonds in organic synthesis, has
been shown to have widespread application in the synthesis of
natural products,63,64 agrochemicals,65 and pharmaceuticals.66

This reaction usually involves the interaction of an aromatic
halide with an alkene, in the presence of a palladium catalyst,
to give an aryl alkene. So, encouraged by the exciting results
with the SuzukiMiyaura reactions, and to further evaluate the
overall utility of the current methodology, the ZrO2@ECP-Pd
nanocatalyst was applied to the MizorokiHeck reaction
(Scheme 3).

In order to find suitable conditions for the MizorokiHeck
reaction using the ZrO2@ECP-Pd nanocatalyst, the reaction
between iodobenzene and methyl acrylate was used as a model
reaction and different conditions were investigated (Table 3).
According to Table 3, when the model reaction was performed
using 0.31mol% of ZrO2@ECP-Pd nanocatalyst in DMF at
90 °C, the desired product was isolated in 90% yield (Table 1,
Entry 1). In an effort to perform coupling reaction in more
eco-friendly reaction media, various solvents such as CH3CN,
H2O, EtOH were screened and found unsuitable for the reac-
tion (Table 3, Entries 24). Based on the literature, it was

Table 2. SuzukiMiyaura cross-coupling reactions of aryl-
boronic acids and aryl halides catalyzed by ZrO2@ECP-Pd
nanocatalyst

X +

B(OH)2
ZrO2@ECP-Pd

K2CO3, H2O , 90 oCR1 R2 R1 R2

3a-3l

Entry R1 R2 X Product
Time
/min

Isolated
Yield/%

1 H H I 3a 15 98
2 4-Cl H I 3b 20 95
3 4-NO2 H I 3c 15 98
4 4-Me H I 3d 20 94
5 4-OMe H I 3e 30 90
6 2-Me-4-NO2 H I 3f 30 80
7 2-Thiophene H I 3g 30 90
8 H 3-NO2 I 3h 20 90
9 4-OMe 3-NO2 I 3i 30 85
10 H H Br 3a 60 90
11 4-Cl H Br 3b 60 92
12 4-NO2 H Br 3c 45 95
13 4-CHO H Br 3j 45 90
14 3-CHO H Br 3k 60 90
15 4-CN H Br 3l 45 94
16 4-OMe H Br 3e 120 75

+ ZrO2@ECP-Pd

NEt3, 100 oC
OR2

O

R1 R1

OR2
OX

[bmim]PF6

R1= Ph, 4-NO2C6H4, 4-ClC6H4, 4-OMeC6H4, 4-MeC6H4, 4-CHOC6H4, 4-CNC6H4,
2-Thiophene

R2= Me, Bun

X= I, Br

Scheme 3. MizorokiHeck coupling reaction in the presence
of ZrO2@ECP-Pd nanocatalyst.
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established that ionic liquids are a candidate for using as green
solvents for MizorokiHeck reactions,55,67,68 so we tested 1-
butyl-3-methylimidazolium hexafluorophosphate ([bmim]PF6)
as solvent for the reaction. The result showed that the corre-
sponding coupling product was obtained in 90% yield,
although longer reaction times were required (Table 3, En-
try 5). For further improvement of the reaction rate and yield,
the coupling reaction was carried out using higher tempera-
ture (100 °C). Pleasingly, this resulted in excellent yield of the
corresponding product within 30min (Table 1, Entry 6). As
illustrated in Table 3 (Entries 7 and 8), in the reactions employ-
ing K2CO3, and NaOAc as the bases, the coupling reactions did
not progress efficiently. In addition, the amount of ZrO2@ECP-
Pd nanocatalyst was optimized using different amounts (0.40
and 0.15mol%) of the catalyst. It was found that an increase in
the amount of catalyst did not improve the results to any great
extent, whereas, applying 0.15mol% of catalyst led to lower
reaction yield (80%) (Table 3, Entries 9 and 10). The overall
finding, based on the results given in Table 2, is that the highest
catalytic activity is achieved when the MizorokiHeck reaction
is carried out using 0.31mol% of ZrO2@ECP-Pd nanocatalyst
in [bmim]PF6 as environmentally benign solvent at 100 °C
(Table 2, Entry 6).

With the optimum reaction conditions in hand, in the next
step, various substituted aryl halides and olefins were examined
to explore the scope and efficiency of this approach. The repre-
sentative results are summarized in Table 4. Generally, all of
the coupling products were obtained in good to excellent yields
(7098%) during 20180min (Table 4, Entries 120). In com-
parison, the coupling reactions of aryl bromides result in the
desired products in longer reaction times than the reactions
of aryl iodides, due to the different dissociation energies of
the CBr and CI bonds (81 and 65 kcalmol¹1, respectively)69

(Table 3, compare Entries 15 with 711). It is worth to note
that, when 2-iodothiophene was used as coupling partner, 85%
yield was obtained for (E)-methyl 3-(thiophen-2-yl)acrylate
(5f ), although longer reaction time (60min) was required
(Table 4, Entry 6). This catalytic system was also applicable to
the cross-coupling of n-butyl acrylate (Table 4, Entries 1220).
Similarly, n-butyl acrylate was found to be extremely reactive
substrate affording the relative product rapidly in the presence
of ZrO2@ECP-Pd nanocatalyst (Table 4, Entries 1217).
Meanwhile, with aryl bromides containing both electron with-
drawing and electron donating groups, the reactions proceeded

more slowly with lower yields of the desired products (Table 4,
Entries 1820).

Under the same reaction conditions, we examined chlo-
robenzene for the MizorokiHeck reaction. It was observed that
the poor yield of product was obtained in prolonged reaction
time.

According to the results shown in Table 4, the generality of
this protocol using the synthesized catalytic system is con-
firmed and good to excellent yields are obtained in the presence
of ZrO2@ECP-Pd nanocatalyst.

3.4 Heterogeneity Tests. To determine whether the cata-
lyst is actually functioning in a heterogeneous manner, a hot-
filtration test was performed in the SuzukiMiyaura coupling

Table 3. The MizorokiHeck coupling reaction of iodobenzene with methyl acrylate in the presence of
ZrO2@ECP-Pd nanocatalyst under different reaction conditions

Entry Catalyst/mol% Solvent Base Temperature/°C Time/min Isolated Yield/%

1 0.31 DMF Et3N 90 30 90
2 0.31 CH3CN Et3N 90 1 h 60
3 0.31 H2O Et3N 90 3 h 50
4 0.31 EtOH Et3N 90 1 h 75
5 0.31 [bmim]PF6 Et3N 90 1 h 90
6 0.31 [bmim]PF6 Et3N 100 30 95
7 0.31 [bmim]PF6 NaOAc 100 1 h 80
8 0.31 [bmim]PF6 K2CO3 100 1 h 50
9 0.40 [bmim]PF6 Et3N 100 30 95
10 0.15 [bmim]PF6 Et3N 100 30 80

Table 4. The MizorokiHeck cross-coupling reactions of
olefins and aryl halides catalyzed by ZrO2@ECP-Pd
nanocatalyst

+ ZrO2@ECP-Pd

NEt3, 100 oC
OR2

O

R1 R1

OR2
OX

[bmim]PF6

5a-5h

Entry R1 R2 X Product
Time
/min

Isolated
Yield/%

1 H Me I 5a 30 95
2 4-Cl Me I 5b 30 98
3 4-NO2 Me I 5c 30 95
4 4-Me Me I 5d 30 95
5 4-OMe Me I 5e 30 92
6 2-Thiophene Me I 5f 60 85
7 H Me Br 5a 180 80
8 4-NO2 Me Br 5c 180 92
9 4-Cl Me Br 5b 180 94
10 4-CN Me Br 5g 180 85
11 4-OMe Me Br 5e 180 85
12 H Bun I 5h 30 95
13 4-NO2 Bun I 5i 30 96
14 4-Cl Bun I 5j 30 94
15 4-OMe Bun I 5k 45 90
16 4-Me Bun I 5l 40 95
17 2-Thiophene Bun I 5m 120 80
18 H Bun Br 5h 180 75
19 4-NO2 Bun Br 5i 180 80
20 4-OMe Bun Br 5k 180 70
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reaction of iodobenzene with phenylboronic acid. After 30%
conversion to product (5min), the solid catalyst was sepa-
rated from the reaction mixture by filtration. The reaction was
carried out for a further 1 h. No increase in the amount of
product was observed, as determined by thin layer chromatog-
raphy. In a separate test, a hot-filtration test was performed in
the MizorokiHeck coupling reaction of iodobenzene with
methyl acrylate. The same result was obtained from this reac-
tion. So, it can be concluded that no leaching of palladium
takes place during the reaction and that the catalyst is purely
heterogeneous in nature.

In addition, one of the most common poisoning tests to
distinguish heterogeneous vs. homogeneous catalysts is the use
of Hg(0). The mercury poisoning test with Hg(0) is based on
the deactivation of colloidal metal via amalgam formation, and,
this test in general does not attack molecular metal species. In
our study we also found that ZrO2@ECP-Pd nanocatalyst
(0.31mol%) maintains its activity in the Suzuki coupling of
iodobenzene with phenylboronic acid in the presence of a large
excess of Hg(0) (Hg/Pd, 300:1) under the optimized reaction
conditions, affording the corresponding biphenyl in excellent
conversion.70

3.5 Recycling of the ZrO2@ECP-Pd Nanocatalyst. As Pd
salts are expensive and also some of them are toxic, their
leaching into the reaction mixture could be a serious worry in
viewpoint of green chemistry. In this regard, catalyst immobi-
lization is a good opportunity to obtain materials that can be
recovered and reused for several cycles with low leaching. We
therefore turned attention to this feature of the present Pd
nanocatalyst and examined the possibility of recycling of
nanocatalyst in the reaction of iodobenzene with phenylboronic
acid under the optimized reaction conditions (Figure 5). In a
typical experiment, after completion of the reaction, the cou-
pled product was repeatedly extracted from the reaction mix-
ture with ethyl acetate. The ZrO2@ECP-Pd nanocatalyst was
recovered by centrifuge, washed with water (10mL) and ethyl
acetate (3 © 5mL). The obtained catalyst was dried at 50 °C
overnight before being subjected to further coupling reac-
tion. As shown in Figure 5, this catalyst can be reused six
times without any significant loss in its activity in the Suzuki
Miyaura reaction. The good reusability may be attributed to the
strong interaction of Pd nanoparticles with phosphine groups
present on the surface of the ZrO2 NPs, which could efficiently
stabilize Pd particles and prevent the aggregation of Pd parti-

cles formed during the catalytic reaction.58,71 The reusability
was also confirmed by ICP analysis of reused ZrO2@ECP-Pd
nanocatalyst, which proved the presence of 0.55 © 10¹3mol g¹1

of palladium. Moreover, in order to investigate the structure
of reused ZrO2@ECP-Pd nanocatalyst, the FT-IR analysis of
the 6th reused nanocatalyst was recorded (Figure 1f ). As can be
seen, the shape, position and relative intensity of all character-
istic peaks are well preserved. The results indicate no consid-
erable changes were observed on the chemical structure of the
reused nanocatalyst (Figure 1f ).

4. Conclusion

SuzukiMiyaura and MizorokiHeck reactions using palla-
dium immobilized on phosphine functionalized ZrO2 NPs
(ZrO2@ECP-Pd) have been demonstrated. As a novel hetero-
geneous catalyst, ZrO2@ECP-Pd was prepared and character-
ized by FT-IR, XRD, SEM, TEM, TGA, and ICP techniques.
It was found that ZrO2@ECP-Pd nanocatalyst with spherical
shape and mean diameters of 1040 nm was successfully syn-
thesized. Then synthesized nanocatalyst has been used as an
efficient catalyst for the SuzukiMiyaura and MizorokiHeck
reactions of various aryl halide derivatives (aryl iodides/
bromides) under benign reaction conditions. Excellent yields
of product, short reaction times, elimination of dangerous and
harmful solvents, mild reaction conditions, simple workup
procedures, and the potential reusability of the catalyst are the
notable and valuable features of this methodology.

The authors gratefully acknowledge the partial support of
this study by Ferdowsi University of Mashhad Research
Council (Grant no. p/3/29760).
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