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with spherical morphology. The prepared nanocatalyst was 
showed excellent reactivity in the Suzuki–Miyaura and 
Heck–Mizoroki cross-coupling reactions. Moreover, this 
nanocatalyst can be easily recovered and reused for at least 
six cycles without deterioration in catalytic activity.

Keywords  Heck–Mizoroki reaction · Suzuki–Miyaura 
reaction · Heterogeneous nanocatalyst · Palladium · Green 
chemistry

1  Introduction

It is well-known that the carbon–carbon bond formation 
reactions are among the most fundamental reactions in 
organic chemistry since the resulting coupling products are 
widely used as powerful tools in several fields of chemistry 
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such as pharmaceuticals, agrochemicals and natural prod-
ucts [1–5]. Transition metals or their complexes have been 
applied as catalyst and promoter in many of these reactions. 
Among different transition metals [6], palladium-catalyzed 
cross-coupling reactions have become a very important pro-
tocol during the last decades [7–9]. Suzuki–Miyaura [10] 
and Heck–Mizoroki [11, 12] reactions, which have been 
recognized as efficient tools and overwhelming favorite 
topics in advanced organic synthesis for both academic 
and industrial processes [13, 14], were catalyzed by Pd 
based catalysts. Generally, traditional Suzuki–Miyaura and 
Heck–Mizoroki reactions employ the homogeneous palla-
dium catalysts in the presence of various ligands such as 
phosphines, N-heterocyclic carbenes, oxime carbapallada-
cycle, imidazolium and Schiff bases [15–17]. As some of 
the homogeneous palladium catalysts have not good results 
regarding to the coupling of less reactive aryl halides and 
since Pd-catalysts are expensive and sometimes remain 
scant contamination in the products, to improve the effi-
ciency and reusability of the catalyst, as well as minimizing 
the catalyst cost, elaborating of high loading supported Pd-
catalysts by immobilizing the Pd-catalysts onto organic and 
inorganic supporters are much in demand and desirable. 
Numerous heterogeneous palladium catalysts supported on 
mesoporous silica [18, 19], proteins [20], carbon nanotubes 
[21], partially reduced graphene oxide nanosheets [22, 23], 
NaY zeolites [24], magnetic nanoparticles [25, 26], poly-
meric microspheres, microcapsules and resins [27–31], 
were successfully utilized in the Suzuki–Miyaura and 
Heck–Mizoroki reactions. Although some of these catalytic 
systems exhibited excellent efficiency, most of them associ-
ated with using organic (co)-solvents and/or required high 
temperatures (above 100 °C) besides high catalyst concen-
trations (up to 1  mol%) [19, 32]. Additionally, the poor 
recyclability is another drawback of many of the existing 
heterogeneous catalysts which is due to the aggregation of 
nanoparticles into the less reactive large particles (palla-
dium black) owing to the high surface energy of small nan-
oparticles generated during the catalytic reactions. In this 
regard, immobilization of ligands or homogeneous cata-
lysts on different types of support materials has been exten-
sively employed to make a recoverable catalytic system 
[33]. Although, the activity and selectivity of the immobi-
lized catalysts were decreased frequently as a result of the 
reduction in reactant diffusion rate to the surface of catalyst 
[34], but this problem can be resolved to some extent by 
selecting a support possessing the smallest possible size. 
Thus, nanoparticles are superlative support candidates, 
wherein, the surface area is increased dramatically due to 
the nanometer scale.

As the property of a catalytic system strongly depends on 
the ligand choice [35], tremendous efforts have been dedi-
cated to search for more efficient and affordable ligands. In 

this respect, improving different aspects of Pd-catalysts is 
still highly desirable and demanded. Palladium–phosphine 
and phosphinite complexes are the most intensively inves-
tigated catalysts in Heck–Mizoroki and Suzuki–Miyaura 
coupling reactions regarding to the fact that their catalytic 
activities can be effectually modulated by the electronic 
and steric properties of the ligands [14, 36–40].

In recent years, ZrO2 NPs have attracted substantial 
attention owing to their electrical properties, potential 
applications in transparent, catalysis, fuel cells, advanced 
ceramics and sensors [41–44]. Besides the above-men-
tioned principal applications, ZrO2 NPs have fascinated 
considerable interest with respect to their feasible applica-
tions as a catalyst or catalytic support [45–48]. Isomeriza-
tion of olefins and epoxides [49], dehydration of alcohols 
[50], selective synthesis of dimethyl carbonate [51], meth-
anolselective oxidation [52], and redox processes [53], 
are some of the reactions have been improved by using 
ZrO2-based NPs.

To date, a few palladium complexes on functional-
ized ZrO2 NPs have been synthesized and used in the 
Suzuki–Miyaura and Heck–Mizoroki coupling reactions 
[54, 55]. Herein, to obtain a stable, low cost and efficient 
palladium heterogeneous nanocatalyst, we have synthesized 
a new aminophosphine palladium complex supported on 
ZrO2 NPs. For this aim, the prepared ZrO2 NPs by sol–gel 
method [56], was first functionalized by 2-aminoethyl dihy-
drogen phosphate (AEPH2) through the phosphate groups 
[57], which afforded ZrO2@AEPH2. Subsequently, the 
reaction of ZrO2@AEPH2 with ClPPh2 in the presence of 
Et3N at room temperature, produced ZrO2@AEPH2-PPh2 
which was next used as a great support for entrapment of 
Pd by treating with Pd(OAc)2 in methanol (Scheme 1).

The superior catalytic activity of ZrO2@AEPH2-PPh2-
Pd(0) as a new heterogeneous nanocatalyst was proved 
towards the Suzuki–Miyaura and Heck–Mizoroki coupling 
reactions, in green media (see Scheme 2 and 3).

2 � Experimental

2.1 � Materials

All chemical reagents and solvents were purchased from 
Merck and Sigma-Aldrich chemical companies and were 
used as received without further purification. ZrO2 NPs 
were prepared by the previously reported method in litera-
ture [56].

2.2 � Instrumentation Analysis

The purity determinations of the products and the progress 
of the reactions were accomplished by TLC on silica gel 
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polygram STL G/UV 254 plates. The melting points of 
products were determined with an Electrothermal Type 
9100 melting point apparatus. The FT-IR spectra were 
recorded on pressed KBr pellets using AVATAR 370 FT-IR 
spectrometer (Therma Nicolet spectrometer, USA) at room 
temperature in the range between 4000 and 400 cm−1 with 
a resolution of 4  cm−1. The NMR spectra were provided 

on Brucker Avance 300, 400 and 500 MHz instruments 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 per-
formed using a Shimadzu Thermogavimetric Analyzer 
(TG-50) in the temperature range of 25–800 °C at a heat-
ing rate of 10 °C min−1 under air atmosphere. SEM images 

Scheme 1   Preparation steps 
of ZrO2@AEPH2-PPh2-Pd(0) 
nanocatalyst
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Scheme 2   Suzuki–Miyaura 
coupling reaction in the pres-
ence of ZrO2@AEPH2-PPh2-
Pd(0) nanocatalyst

R1= Ph, 4-NO2C6H4, 4-ClC6H4, 4-OMeC6H4, 4-MeC6H4, 2-Me-4-NO2C6H3, 
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Scheme 3   Heck–Mizoroki cou-
pling reaction in the presence 
of ZrO2@AEPH2-PPh2-Pd(0) 
nanocatalyst
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were recorded using Leo 1450 VP (LEO, Germany) scan-
ning electron microscope operating 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 acceler-
ating voltage of 120  kV. The crystal structure of catalyst 
was analyzed by XRD using a D8 ADVANCE–Bruker dif-
fractometer operated at 40 kV and 30 mA utilizing CuKα 
radiation (λ = 0.154  Å). Surface analysis spectroscopy 
of the catalyst was performed in an ESCA/AES system. 
This system was equipped with a concentric hemispheri-
cal (CHA) electron energy analyzer (Specs model EA10 
plus) suitable for X-ray photoelectron spectroscopy (XPS). 
Inductively coupled plasma (ICP) analysis was carried out 
with a Varian VISTA-PRO, CCD (Australia). The content 
of metal leached in the recovered solutions after cataly-
sis was determined by inductively coupled plasma optical 
emission spectrometer (ICP-OES) analyzer (Spectro Arcos, 
Germany). All yields refer to isolated products after puri-
fication by thin layer chromatography. In addition, all of 
the products were known compounds and they were char-
acterized by 1H NMR, 13C NMR spectroscopy, and mass 
spectrometry and comparison of their melting points with 
known compounds (see supporting information).

2.3 � Preparation of ZrO2 NPs

To a solution of ZrOCl2.8H2O (0.003  mol, 0.966  g) in 
50 mL distilled water, citric acid (0.126 mol, 24.207 g) and 
ethylene glycol (0.126 mol, 7.045 mL) were added, at room 
temperature. The resulting solution was stirred at 80 °C for 
30 min, followed by refluxing for 12 h until a white sol was 
obtained. In order to increase polymerization between cit-
ric acid, ethylene glycol, and ZrOCl2.8H2O, the reaction 
mixture was cooled down and then slowly heated at 80 °C 
for 10 h in an open bath. Afterwards, the sol became more 
viscous as a wet gel. Finally, the wet gel was dried by direct 
heating on the hot plate at 120 °C for 8 h to afford a brown 
powder. The powder was calcined at 750 °C for 4 h at a rate 
of 4 °C min, to give ZrO2 NPs as a white powder [56].

2.4 � Preparation of ZrO2@AEPH2

ZrO2 NPs (1  g) were sonicated in distilled water (5  mL), 
for 30 min. A solution of AEPH2 (5 mmol, 0.7 g) in metha-
nol (15 mL) was then added to the above aqueous particle 
dispersion. Thereafter, HCl solution (0.028 M) was added 
drop by drop into the mixture, under vigorous stirring at 
room temperature. When pH was adjusted to 2.0, addition 
of HCl solution was stopped. The resulting suspension was 
stirred at room temperature for 3 days. At the end, the pre-
cipitate was separated by centrifugation (10,000  rpm for 

15 min) and washed with distilled water (5 × 15 mL) before 
being dried under vacuum at 100 °C for 16 h [57].

2.5 � Preparation of ZrO2@AEPH2‑PPh2

ZrO2@AEPH2 (1 g) and Et3N (3 mL) were dispersed in dry 
toluene (50 mL), under ultrasonication, for 30 min. Next, 
chlorodiphenylphosphine (5 mL) was slowly dropped into 
the above mixture and the suspension was stirred magneti-
cally for 16 h at room temperature. Finally, the suspension 
was centrifuged at 10,000 rpm for 15 min and the obtained 
residue was washed with ethanol (5 × 10 mL), followed by 
drying under vacuum at 80 °C for 16  h to afford ZrO2@
AEPH2-PPh2 as a white powder.

2.6 � Preparation of ZrO2@AEPH2‑PPh2‑Pd(0)

ZrO2@AEPH2-PPh2 (2  g) was added to a mixture of 
Pd(OAc)2 (0.34  mmol, 0.076  g) in methanol (10  mL). 
The reaction mixture was refluxed for 10 h. After that, the 
resultant mixture was cooled and the precipitate was sepa-
rated by centrifugation. Thereupon, the obtained nano par-
ticles were washed with methanol (5 × 10 mL), to remove 
any free metal species followed by drying in a vacuum 
oven at 100 °C for 24 h.

2.7 � Typical Procedure for Suzuki–Miyaura Coupling 
Reaction

Potassium carbonate (1.5  mmol, 0.207  g) was added to a 
mixture of iodobenzene (1.0 mmol, 0.203 g) and phenylbo-
ronic acid (1.2 mmol, 0.146 g), in water (3 mL) at 80 °C. 
Then, to the resulting mixture ZrO2@AEPH2-PPh2-Pd(0) 
(0.2  mol%, 0.004  g) was added under stirring. After the 
completion of the reaction (20 min) which was monitored 
by TLC, the nanocatalyst was recovered by centrifuga-
tion, washed with ethyl acetate and dried under vacuum at 
100 °C for 24  h. The reaction mixture was then extracted 
with ethyl acetate (5 × 5  mL) and the combined organic 
layer was dried over anhydrous Na2SO4. After evaporation 
of the solvent, the crude product was purified by thin layer 
chromatography using n-hexane/ethyl acetate (50/1) to 
afford the pure product (0.145 g, % 95 yield).

2.8 � Typical Procedure for Heck–Mizoroki Coupling 
Reaction

Potassium carbonate (1.5  mmol, 0.207  g) was added to a 
mixture of iodobenzene (1.0  mmol, 0.203  g) and methyl 
acrylate (1.2  mmol, 0.108  mL), in PEG 600 (3  mL) at 
100 °C. Then, to the resulting mixture ZrO2@AEPH2-
PPh2-Pd(0) (0.2 mol%, 0.004 g) was added under stirring. 
After the completion of the reaction (30  min) which was 
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monitored by TLC, the nanocatalyst was recovered by 
centrifugation, washed with ethyl acetate and dried under 
vacuum at 100 °C for 24 h. The reaction mixture was then 
extracted with ethyl acetate (5 × 5  mL) and the combined 
organic layer was dried over anhydrous Na2SO4. After 
evaporation of the solvent, the crude 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 ZrO2@AEPH2‑PPh2‑Pd(0) 
Nanocatalyst

The chemical structure and morphology of the as-synthe-
sised nanocatalyst was determined by various techniques, 
such as Fourier transform infrared spectroscopy (FT-IR), 
X-ray powder diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), energy disper-
sive spectrum (EDS), thermogravimetric analysis (TGA) 
and inductively coupled plasma (ICP).

FT-IR spectra of ZrO2 NPs, ZrO2@AEPH2, ZrO2@
AEPH2-PPh2, and ZrO2@AEPH2-PPh2-Pd(0) were shown 
in Fig.  1. In FT-IR spectrum of ZrO2 NPs (Fig.  1a), a 
broad absorption band at around 3450–3200  cm−1 was 
attributed to the asymmetric and symmetric stretching 
vibrations of hydroxyl groups in the structure of ZrO2 
NPs and also hydroxyl groups of residual water in ZrO2 
NPs framework. The strong absorption bands at 751 
and 507  cm−1 were referred to the stretching vibrations 
of Zr–O groups in ZrO2 NPs. Upon functionalization 
of ZrO2 NPs with AEPH2, the intensity of the absorp-
tion band at 3500–2900  cm−1 was increased due to the 
presence of NH2 groups (Fig.  1b). Also, the absorption 
bands observed at 1151 and 1035 cm−1 could be assigned 
to the stretching vibrations of P=O and Zr–O–P, respec-
tively, which confirmed the prosperous chemical attach-
ment of AEPH2 to the surface of ZrO2 NPs. On the 
other hand, the symmetric stretching and bending vibra-
tions of O–P–O bonds at 1099, 981 and 570–604  cm−1 
were covered by the broad absorption band of Zr–O at 
around 746–416 cm−1. As shown in Fig. 1c, the absorp-
tion band at around 3060  cm−1 was attributed to the 
C–H stretching vibration of the phenyl ring in the struc-
ture of ZrO2@AEPH2-PPh2. Besides, the weak absorp-
tion band at 1437  cm−1 was ascribed to the stretch-
ing vibration of P–C bond. The strong absorption band 
at 1130–1090  cm−1 relating to the P-phenyl stretching 
vibrations, increased the intensity of the absorption bands 
of P=O and Zr–O–P vibrations around 1217–1070 cm−1. 
However, FT-IR spectrum of ZrO2@AEPH2-PPh2-Pd(0) 

(Fig. 1d) considerably confirmed the coordination of Pd, 
by decreasing the intensity of P-phenyl stretching vibra-
tions at around 1217–1070 cm−1. Even though the FT-IR 
spectrum of ZrO2@AEPH2-PPh2-Pd(0) did not show 
noticeable changes after immobilization of palladium on 
the ZrO2@AEPH2-PPh2 surface [58], but the XRD pat-
tern of ZrO2@AEPH2-PPh2-Pd(0) nanocatalyst clearly 
evidenced the presence of Pd on the surface of the func-
tionalized ZrO2 NPs.

Figure  2 shows the XRD diffraction patterns of the 
prepared ZrO2 NPs, ZrO2@AEPH2-PPh2-Pd(0) and sixth 
reused of ZrO2@AEPH2-PPh2-Pd(0) nanocatalyst. As can 
be seen in Fig.  2a, the synthesized ZrO2 NPs are a mix-
ture of monoclinic and tetragonal phases corresponding to 
JCPDS files no. 37-1484 and 79-1771, respectively [59, 
60]. The ratio of these two phases is difficult to determine. 
In the XRD pattern of ZrO2@AEPH2-PPh2-Pd(0) (Fig. 2b), 
the main peaks relating to ZrO2 NPs could be seen. In this 
pattern, the peak positions of ZrO2 NPs were not changed 
during the synthesis of ZrO2@AEPH2-PPh2-Pd(0). This 
result means that the ZrO2@AEPH2-PPh2-pd(0) nanocata-
lyst has been synthesized successfully without damaging 
the crystal structure of ZrO2 NPs. Also, two weak peaks 
appeared at 2θ = 40.1 and 46.5 could be related to the exist-
ence of Pd(0) [61]. The Pd peaks of ZrO2@AEPH2-PPh2-
Pd(0) nanocatalyst agree well with the standard Pd (cubic 
phase) XRD spectrum (card No. 05-0681). According to 
the XRD pattern of ZrO2@AEPH2-PPh2-Pd(0), the inten-
sity of the new peaks attesting the presence of Pd is weak 
which may be attributed to the good dispersion of Pd nano-
particles in the catalysis matrix. So, Pd nanoparticles can-
not lead to the formation of regular crystal lattice [55]. The 
active Pd(0) catalyst required for these reactions, was typi-
cally created by the coordination of two P atoms to a Pd(II) 
center, which subsequently reduced Pd(II) to Pd(0) via an 
additional phosphinite moiety [62–66]. On the other hand, 
Pd immobilization on the surface of modified ZrO2 were 

Fig. 1   FT-IR spectra of a ZrO2 NPs, b ZrO2@AEPH2, c ZrO2@
AEPH2-PPh2 and d ZrO2@AEPH2-PPh2-Pd(0)
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took place in methanol media, which is a known reducing 
agent in Pd(0) formation [67–69].

In order to get some information about the oxidation 
state and the electron environment of palladium immo-
bilized on the surface of ZrO2 NPs, X-ray photoelectron 
spectra (XPS) of the fresh ZrO2@AEPH2-PPh2-Pd(0) 
nanocatalyst and the sixth reused nanocatalyst were stud-
ied (Fig.  3). Although, there was an overlapping between 
the dominant photoelectron peaks of Pd (3d3/2 (340.4 eV) 
and 3d5/2 (335.1 eV) and the zirconium 3p core level peaks 
3p1/2 (~346.6 eV) and 3p3/2 (~332.9 eV) in ZrO2 [70], two 
weak peaks at 335.5 eV (Pd(0) 3d5/2) and 340.8 eV (Pd(0) 
3d3/2) were observed, which clearly indicates that the Pd 
nanoparticles are stable as metallic state in the nanocatalyst 
structure (Fig. 3a). In comparison with the standard bind-
ing energy of Pd(0), there was a shift in the binding energy 
values and this must be due to interaction of Pd(0) with 
phosphorous atoms of chlorodiphenylphosphine [65].

Surface morphology and size of the as-synthesized 
nanocatalyst, which are the important factors affecting the 
catalytic performance, were investigated by scanning elec-
tron microscopy (SEM) and transmission electron micros-
copy (TEM). Figure  4a, b represents the SEM images of 
the ZrO2@AEPH2-PPh2-Pd(0) nanocatalyst. These images 
illustrate that the functionalized ZrO2 NPs have spherical 
morphology. Moreover, it could be deduced that the surface 
of nanocatalyst is not smooth and composed of many tiny 
particles. The TEM images of the nanocatalyst (Fig. 4e, f) 
depicted the presence of spherical particles with an average 
size ranging of 10–40 nm.

The energy dispersive spectrum (EDS) indicated the 
presence of C, O, Zr and Pd elements (Fig. 5). This analy-
sis confirmed that Pd is successfully supported on ZrO2@
AEPH2-PPh2 nanocatalyst.

Thermogravimetric analysis (TGA) of ZrO2@AEPH2-
PPh2-Pd(0) was carried out to investigate the thermal sta-
bility and content of organic functional groups on the sur-
face of nanocatalyst (Fig.  6). It is evidently obvious that 
the thermogravimetric diagram exhibited a weight loss of 
about 5% at temperatures below 200 °C corresponding to 
the removal of physically adsorbed water on the catalyst 
surface. The second weight loss at 200–800 °C (13%), is 
relating to the decomposition of AEPH2 and PPh2 groups 
grafted onto the ZrO2 NPs surface. According to the 

Fig. 2   XRD patterns of a ZrO2 NPs, b ZrO2@AEPH2-PPh2-Pd(0) 
and c sixth reused of ZrO2@AEPH2-PPh2-Pd(0)

Fig. 3   a XPS spectra of fresh catalyst and b sixth reused of ZrO2@
AEPH2-PPh2-Pd(0)
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TGA thermogram, it can be estimated that the amount of 
AEPH2-PPh2 supported on the surface of catalyst is about 
0.45 mmol g− 1. Also, from the TGA, it can be verified that 
the presented nanocatalyst has a great thermal stability.

In addition, the exact amount of Pd on the surface of 
ZrO2@AEPH2-PPh2 nanocatalyst was determined by 
inductively coupled plasma (ICP) analysis. Accordingly, 
the loading amount of Pd on the ZrO2@AEPH2-PPh2 nano-
catalyst was found to be about 0.43 mmol g− 1.

3.2 � Catalytic Activity of ZrO2@AEPH2‑PPh2‑Pd(0) 
in Suzuki–Miyaura and Heck–Mizoroki Coupling 
Reactions

After the successful preparation and full characterization 
of ZrO2@AEPH2-PPh2-Pd(0), in continuation of our recent 
efforts to investigate the applications of heterogeneous cat-
alysts in organic transformations [71–78], the catalytic per-
formance of ZrO2@AEPH2-PPh2-Pd(0) as a new reusable 

Fig. 4   SEM images of ZrO2@
AEPH2-PPh2-Pd(0) (a, b), sixth 
reused ZrO2@AEPH2-PPh2-Pd 
(0) (c, d) and TEM images of 
ZrO2@AEPH2-PPh2-Pd(0) (e, 
f), sixth reused ZrO2@AEPH2-
PPh2-Pd(0) (g, h)
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nanocatalyst was evaluated for Suzuki–Miyaura coupling 
reaction (Scheme 2).

In order to find the optimal reaction conditions for such 
a transformation, the reaction of iodobenzene (1  mmol) 
with phenylboronic acid (1.2  mmol) was chosen as a test 
model for optimizing the reaction parameters including dif-
ferent solvents, temperatures, bases and amount of catalyst 
(Table  1). Initially, the model reaction was performed in 
DMF as solvent by applying 1:2 molar ratio of iodoben-
zene/base, under catalyst-free conditions at 100 °C. With 
regard to the results in Table  1, it was observed that the 
reaction progress was not satisfactorily even after a pro-
longed reaction time (24 h), and the achieved product yield 
was only 10% (Table 1, entry 1).

However, using 0.2 mol% of ZrO2@AEPH2-PPh2-Pd(0) 
nanocatalyst in Suzuki–Miyaura reaction, furnished the 
corresponding product in excellent yield, within 15  min 
(Table  1, entry 2). Solvent screening was also performed 
to examine the effect of various solvents on this reaction 
(Table  1, entries 2–7). The experimental results exhibited 
that the excellent yield (95%) of the product was obtained 

in DMF and H2O. Nevertheless, owing to safety, economic 
and handling considerations, H2O was chosen as the opti-
mum choice of solvent for further experiments. In the next 
stage, the influence of variety of bases such as K2CO3, Et3N, 
NaOAc, N,N-diisopropyl amine, NaHCO3 and Na2CO3 
on the progress of the reaction, was investigated (Table 1, 
entries 7–12). Among the tested bases, the low-cost K2CO3 
was clearly stood out as the best choice, with respect to the 
reaction time (15 min) and product yield (95%). During our 
optimization studies, the progress of Suzuki–Miyaura reac-
tion in different temperatures in H2O, was also examined 
(Table 1, entries 7 and 13–15). As can be seen in Table 1, 
decreasing the reaction temperature to 80 °C did not have 
any considerable effect on the reaction progress, whereas, 
further temperature decreasing (to 60 °C) diminished the 
reaction rate, significantly. After selecting K2CO3 as the 
optimal base, we investigated the influence of molar ratios 
of iodobenzene/base in Suzuki–Miyaura reaction (Table 1, 
entries 14, 16 and 17). Although, reducing the molar ratio 
of iodobenzene/base from 1:2 to 1:1.5 was found to have no 
effect on the product yield (95%), but the desired product 
was obtained in lower yield (85%), using 1:1.2 molar ratio 
of iodobenzene/base. It is clearly observed that under the 
presented reaction conditions when the reaction was per-
formed in the presence of fewer amount of catalyst, lower 
yield of product was acquired within longer reaction time. 
In contrast, a further enhancement in the amount of cata-
lyst did not improve the product yield any more (Table 1, 
entries 16, 18 and 19).

In order to establish the generality and versatility of the 
present methodology, synthesis of a variety of biphenyl 
coupled products was studied under the optimized reac-
tion conditions (Table  1, entry 16). The results were pre-
sented in Table  2. As shown in Table  2, a range of aryl 
iodides reacted with phenylboronic acid/or 3-nitro phe-
nylboronic acid, to produce the corresponding products in 

Fig. 5   EDS spectrum of 
ZrO2@AEPH2-PPh2-Pd (0)

Fig. 6   TGA thermogram of ZrO2@AEPH2-PPh2-Pd(0) nanocatalyst
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high yields. Among the various tested aryl iodides, those 
functionalized with electron-withdrawing substituents 
delivered excellent yields of product, while aryl iodides 
bearing electron-releasing substituents such as –OCH3 and 
CH3 at para position, required more reaction time to pro-
ceed properly (Table 2. entries 2, 3 vs. entries 4, 5). Also, 
in the case of the sterically hindered substrate, satisfactory 
yield was obtained in reasonable time (Table  2, entry 6). 
This new catalytic system was also successfully applied 
for the coupling reaction of iodo heterocyclic compounds 
(2-iodothiophene) with phenylboronic acid to afford 90% 
of the corresponding product within 60  min (Table  2, 
entry 7). In the same way, the reaction of iodobenzene and 
4-methoxy-iodobenzene with 3-nitrophenylboronic acid 
were examined. In these cases, the desired products were 
obtained in promising yields, although longer reaction 
times were required (Table 2, entries 8, 9). To extend the 
scope of the present study, we next investigated the cou-
pling reaction of various aryl bromides with phenylbo-
ronic acid. In comparison with aryl iodides, the reactions 
of boromo derivatives led to reasonable yields of products, 
albeit the prolonged reaction times were necessary to com-
plete the reactions (Table  2, entries 10–16). Furthermore, 
we have examined the reactivity of aryl chlorides such as 
chlorobenzene, 4-chlorobenzaldehyde and 4-chloroaniline 

in the Suzuki–Miyaura coupling reaction. It was observed 
that the poor yields of the products were obtained, that 
might be ascribed to the strong strength of the C–Cl bond, 
which has a 96 kcal/mol bond dissociation energy (Table 2, 
entries 17–19).

Encouraged by the outstanding catalytic activity of 
the ZrO2@AEPH2-PPh2-Pd(0) nanocatalyst obtained in 
the Suzuki–Miyaura reaction, the effectiveness of this 
new catalyst was also probed in the Heck-Mizoroki reac-
tion (Scheme  3). Along this line, the model reaction of 
iodobenzene (1  mmol) with methyl acrylate (1.2  mmol) 
was performed under the optimum reaction conditions 
relating to Suzuki–Miyaura reaction (Table 1, entry 16). 
Results showed that the product yield is very negligible 
even after long period of time (Table  3, entry 1). In an 
effort to develop better reaction conditions, different sol-
vents such as EtOH, DMF, PEG 600, toluene, 1,4-diox-
ane and glycerol besides the solvent-free conditions 
were screened for this transformation, in the presence of 
0.2 mol% of ZrO2@AEPH2-PPh2-Pd(0) (Table 3, entries 
2–8). As is evident from Table 3, when the reaction was 
performed in EtOH, toluene, and 1,4-dioxane, the desired 
product obtained in low yield but DMF and glycerol 
slightly gave higher yields. As shown, the best result was 
achieved by carrying out the reaction in PEG 600 as a 

Table 1   The Suzuki–Miyaura 
reaction of iodobenzene with 
phenylboronic acid in the 
presence of ZrO2@AEPH2-
PPh2-Pd(0) nanocatalyst under 
different reaction conditionsa

Bold indicates the optimized reaction conditions
a Reaction conditions: iodobenzene (1 mmol), phenylboronic acid (1.2 mmol)

Entry Catalyst 
(mol%)

Molar ratios of 
iodobenzene /base

Tempera-
ture (°C)

Base Solvent Time (min) Isolated 
yield 
(%)

1 – 1/2 100 K2CO3 DMF 24 h 10
2 0.2 1/2 100 K2CO3 DMF 15 95
3 0.2 1/2 100 K2CO3 EtOH 15 85
4 0.2 1/2 100 K2CO3 CH3CN 120 40
5 0.2 1/2 100 K2CO3 Toluene 24 h 20
6 0.2 1/2 100 K2CO3 1,4-Dioxane 24 h 30
7 0.2 1/2 100 K2CO3 H2O 15 95
8 0.2 1/2 100 Et3N H2O 15 90
9 0.2 1/2 100 NaOAc H2O 120 50
10 0.2 1/2 100 N,N-diiso-

propyl 
amine

H2O 15 90

11 0.2 1/2 100 NaHCO3 H2O 15 80
12 0.2 1/2 100 Na2CO3 H2O 15 90
13 0.2 1/2 90 K2CO3 H2O 20 95
14 0.2 1/2 80 K2CO3 H2O 20 95
15 0.2 1/2 60 K2CO3 H2O 60 80
16 0.2 1/1.5 80 K2CO3 H2O 20 95
17 0.2 1/1.2 80 K2CO3 H2O 20 85
18 0.1 1/1.5 80 K2CO3 H2O 30 80
19 0.3 1/1.5 80 K2CO3 H2O 20 95
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solvent (Table  3, entry 4). Additionally, in solvent-free 
conditions, the desired product was obtained in low yield 
(10%), in an extended reaction time (Table  3, entry 8). 

In another experiment, the effect of temperature on the 
reaction progress was also evaluated and it was found that 
the reaction proceeded more efficiency by increasing the 

Table 2   Suzuki–Miyaura 
cross-coupling reactions of 
aryl iodides/bromides with 
arylboronic acids catalyzed by 
ZrO2@AEPH2-PPh2-Pd(0)

Entry R1 R2 X Product Time (min) Isolated yield (%)

1 H H I 3a 20 95
2 4-NO2 H I 3b 30 95
3 4-Cl H I 3c 30 92
4 4-OMe H I 3d 60 90
5 4-Me H I 3e 45 90
6 2-Me-4-NO2 H I 3f 30 85
7 2-Thiophene H I 3g 60 90
8 H 3-NO2 I 3h 45 85
9 4-OMe 3-NO2 I 3i 60 80
10 H H Br 3a 30 90
11 4-NO2 H Br 3b 45 95
12 4-Cl H Br 3c 45 90
13 4-CN H Br 3j 45 92
14 4-CHO H Br 3k 45 90
15 3-CHO H Br 3l 60 90
16 4-OMe H Br 3d 180 70
17 H H Cl 3a 3 h/24 h 30/30
18 4-CHO H Cl 3k 5 h/24 h 45/45
19 4-NH2 H Cl 3m 5 h/24 h trace/trace

Table 3   Heck–Mizoroki 
coupling reaction of 
iodobenzene with methyl 
acrylate in the presence of 
ZrO2@AEPH2-PPh2-Pd(0) 
under different reaction 
conditionsa

Bold indicates the optimized reaction conditions
a Reaction conditions: iodobenzene (1 mmol), methyl acrylate (1.2 mmol)

Entry Catalyst 
(mol%)

Molar ratios of 
iodobenzene/base

Tempera-
ture (°C)

Base Solvent Time (min) Isolated 
yield 
(%)

1 0.2 1/1.5 80 K2CO3 H2O 5 h 10
2 0.2 1/1.5 80 K2CO3 EtOH 5 h 30
3 0.2 1/1.5 80 K2CO3 DMF 30 85
4 0.2 1/1.5 80 K2CO3 PEG 600 30 90
5 0.2 1/1.5 80 K2CO3 Toluene 5 h 10
6 0.2 1/1.5 80 K2CO3 1,4-Dioxane 5 h 40
7 0.2 1/1.5 80 K2CO3 Glycerol 30 80
8 0.2 1/1.5 80 K2CO3 – 5 h 10
9 0.2 1/1.5 90 K2CO3 PEG 600 30 92
10 0.2 1/1.5 100 K2CO3 PEG 600 30 95
11 0.2 1/1.5 110 K2CO3 PEG 600 30 95
12 0.2 1/1.5 100 Et3N PEG 600 30 90
13 0.1 1/1.5 100 K2CO3 PEG 600 30 80
14 0.3 1/1.5 100 K2CO3 PEG 600 30 95
15 – 1/1.5 100 K2CO3 PEG 600 24 h 30
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temperature up to 100 °C (Table  3, entries 4 and 9–10). 
Importantly, further increasing of temperature to 110 °C, 
did not improve the results to any great extent. (Table 3, 
entry 11). Hence, the optimal temperature for this reac-
tion was chosen to be 100 °C. In the next stage, the effect 
of organic base on the model reaction was studied. Excit-
ingly, the results revealed that applying inorganic base 
was more efficient than Et3N (Table 3, entry 10 vs. entry 
12). To study the efficacy of catalyst amount, different 
amounts of ZrO2@AEPH2-PPh2-Pd(0) nanocatalyst were 
also examined in the Heck–Mizoroki coupling reaction. 
It is obvious from the results that decreasing the amount 
of catalyst (to 0.1  mol%) led to gain the lower product 
yield, whilst increasing the catalyst amount (to 0.3 mol%) 
showed no further increase in the yield of the product 
(Table  3, entries 13, 14). As observed, a blank experi-
ment in the absence of any catalyst furnished very low 
yield of the desired product. (Table 3, entry 15).

With these impressive results in hand, in the next step, 
we have investigated the Heck–Mizoroki reactions of a 
wide range of aryl halides with methyl and n-butyl acrylate 

in the presence of ZrO2@AEPH2-PPh2-Pd(0), under the 
optimized reaction conditions.

For this purpose, at first, a range of structurally diver-
gent aryl iodides underwent the coupling reaction with 
methyl acrylate to examine the effect of different substitu-
ent on such a reaction. According to the results presented in 
Table 4, aryl iodides bearing electron-withdrawing groups 
provided the corresponding products in excellent yields 
(Table 4, entries 2, 3).

Likewise, aryl iodides containing electron-releasing 
substituent reacted as well and delivered high yields of 
the desired products despite the prolonged reaction times 
(Table 4, entries 4, 5). It is noteworthy that the heterocyclic 
iodide such as 2-iodothiophene was also a suitable substrate 
in this protocol and afforded the corresponding product in 
83% yield (Table  4, entry 6). Gratifyingly, this catalytic 
system was also successfully applied for the coupling reac-
tions of substituted aryl bromides. However, as it is clear in 
Table 4, the reactions of bromo derivatives took a long time 
to achieve the admissible yields of products, regarding to 
the less activity of such bromides in comparison with their 

Table 4   Heck–Mizoroki 
cross-coupling reactions of aryl 
iodides/bromides with olefins 
catalyzed by ZrO2@AEPH2-
PPh2-Pd(0)

Entry R1 R2 X Product Time (min) Isolated yield (%)

1 H Me I 5a 30 95
2 4-NO2 Me I 5b 20 95
3 4-Cl Me I 5c 30 92
4 4-OMe Me I 5d 45 85
5 4-Me Me I 5e 45 90
6 2-Thiophene Me I 5f 60 83
7 H Me Br 5a 180 85
8 4-NO2 Me Br 5b 120 92
9 4-Cl Me Br 5c 120 90
10 4-CN Me Br 5g 90 90
11 4-OMe Me Br 5d 240 70
12 H Bun I 5h 20 95
13 4-NO2 Bun I 5i 20 95
14 4-Cl Bun I 5j 25 92
15 4-OMe Bun I 5k 30 90
16 4-Me Bun I 5l 30 95
17 2-Thiophene Bun I 5m 60 80
18 H Bun Br 5h 120 80
19 4-NO2 Bun Br 5i 120 92
20 4-OMe Bun Br 5k 160 75
21 H Me Cl 5a 5h/24h 10/10
22 4-CHO Bun Cl 5n 7h/24h 30/30
23 4-NH2 Bun Cl 5o 7h/24h 10/10
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corresponding iodo analogues towards the Heck–Mizoroki 
reaction (Table 4, entries 7–11).

Moreover, as a comparative study, the scope of this 
catalytic system was examined with n-butyl acrylate as 
substrate. Interestingly, the reactions of n-butyl acrylate 
proceeded in shorter reaction times with excellent yields, 
which are due to more activity of n-butyl acrylate against 
methyl acrylate (Table  4, entries 12–20). Also, aryl chlo-
rides such as chlorobenzene, 4-chlorobenzaldehyde and 
4-chloroaniline were chosen as the challenging substrates. 
However, the catalytic system was less effective in this 
regard and even prolonged reaction time was required to 
obtain the reasonable yields of the desired product (Table 4, 
entries 21–23).

3.3 � Heterogeneity Tests

In order to evaluate catalytic activity of the prepared 
ZrO2@AEPH2-PPh2-Pd(0) as a heterogeneous nano-
catalyst, a hot filtration test was performed in the 
Suzuki–Miyaura coupling reaction of iodobenzene with 
phenylboronic acid. Along this line, the nanocatalyst was 
separated from the reaction mixture by filtration after 5 min 
and the determined conversion was 35%. Afterwards, the 
filtrate allowed to react for further 3 h. The thin layer chro-
matography showed that the reaction did not proceed upon 
the removal of the solid nanocatalyst. Also, in a separated 
experiment, a hot-filtration test was performed in the Heck-
Mizoroki coupling reaction of iodobenzene with methyl 
acrylate and the same result was obtained from this reac-
tion. These findings provide direct evidence for no leaching 
of palladium takes place during the reaction and confirm-
ing the truly heterogeneous nature of the ZrO2@AEPH2-
PPh2-Pd(0) nanocatalyst.

In addition, to further determine any leaching of pal-
ladium in the reaction mixture and to show that ZrO2@
AEPH2-PPh2-Pd(0) is a heterogeneous nanocata-
lyst, we conducted a poisoning test with Hg(0) for the 
Suzuki–Miyaura coupling reaction of iodobenzene with 
phenylboronic acid in the presence of a large excess of 
Hg(0) (Hg/Pd, 300:1) under the optimized reaction condi-
tions. In this experiment, the desired biphenyl product was 
obtained in excellent yield. This result indicates that the 
catalytic activity of nanocatalyst comes from the leached 
out Pd [79].

3.4 � Reusability of the ZrO2@AEPH2‑PPh2‑Pd(0) 
Nanocatalyst

The reusability of the catalyst is a very important issue, 
especially for commercial and industrial applications. So, in 
relevance with this, we studied the recyclability of ZrO2@
AEPH2-PPh2-Pd(0) nanocatalyst for a Suzuki–Miyaura 

reaction of iodobenzene with phenylboronic acid, under 
the optimized reaction conditions (Fig.  7). Upon comple-
tion of the reaction, the nanocatalyst was recovered by 
centrifuging and washed with ethyl acetate (3 × 10 mL) to 
remove the organic products. Then, the recycled catalyst 
was dried at 100 °C under vacuum for 24  h and used for 
the next run of the model reaction. Figure  7 depicts the 
results obtained after six reused cycles. As can be seen in 
Fig.  7, no significant loss of the nanocatalyst activity is 
observed, which demonstrates the practical recyclability of 
the synthesized nanocatalyst. Since the phosphine ligands 
are highly efficient stabilizers for Pd nanoparticles [58, 65, 
80, 81], the high catalytic performance of the aforemen-
tioned catalytic system would possibly relate to the strong 
interaction of Pd nanoparticles with phosphorous atoms on 
chlorodiphenylphosphine.

The Pd content of the freshly prepared ZrO2@AEPH2-
PPh2-Pd(0) nanocatalyst which was obtained by inductively 
coupled plasma (ICP) was 0.43 mmol of Pd per 1.00 g of 
catalyst, while ICP analysis of 6th reused nanocatalyst dis-
played that the recovered nanocatalyst contains 0.41 mmol 
of Pd per 1.00 g of catalyst. However, application of a hot 
filtration test followed by inductively coupled plasma opti-
cal emission spectrometer (ICP-OES) analysis of the liquid 
phase of the reaction mixtures for each cycle showed that 
very little Pd was present in the solution (less than 1 ppm) 
and the solid-free filtrate did not promote the reaction any 
further. So, it can be concluded that the small amount of 
leached Pd could not be responsible for most of the activity 
and the catalysis was due to heterogeneous sites.

To gain a deep insight on the structure stability of 
ZrO2@AEPH2-PPh2-pd(0) after six runs, the recovered 

Fig. 7   The Suzuki–Miyaura reaction of iodobenzene with phenylbo-
ronic acid in the presence of reused ZrO2@AEPH2-PPh2-Pd(0) nano-
catalyst
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nanocatalyst was characterized by XRD, XPS, SEM and 
TEM techniques. As presented in Fig. 2c, the XRD pat-
tern of catalyst after six runs showed no considerable 
broadening or shifting of peaks when compared with the 
XRD pattern of the fresh catalyst. Furthermore, the XPS 
spectrum of the 6th recycled catalyst clearly showed the 
presence of peaks at 335.4 eV and 340.7, corresponding 
to 3d5/2 and 3d3/2 for Pd(0) species, respectively (Fig. 3b). 
These results suggested that the oxidation state of the 
immobilized Pd did not change after repeated reactions. 
Also, comparison of SEM and TEM images of sixth 
reused nanocatalyst (Fig. 4c, d, g, h) with the fresh ones 
(Fig. 4a, b, e, f) indicated that the morphology and struc-
ture of ZrO2@AEPH2-PPh2-pd(0) remained intact after 
six recoveries. As shown in Fig. 4g, h, due to the slightly 
agglomeration of ZrO2 nanoparticles, no obvious particle 
of Pd species can be found in the structure of nanocata-
lyst. In spite of this, obtained results from various char-
acterization analysis of the reused nanocatalyst revealed 
that the recovered ZrO2@AEPH2-PPh2-Pd(0) had not sig-
nificantly lost its activity after six cycles.

4 � Conclusion

In summary, ZrO2@AEPH2-PPh2-Pd(0) as a new and effi-
cient heterogeneous nanocatalyst was synthesized and char-
acterized by FT-IR, XRD, XPS, SEM, EDS, TEM, TGA 
and ICP techniques. Characterization results showed that 
ZrO2@AEPH2-PPh2-Pd(0) had spherical morphology with 
an average size ranging of 10–40 nm. The catalytic activity 
of this new aminophosphine nanocatalyst has been proved 
for Suzuki–Miyaura and Heck–Mizoroki cross-coupling 
reactions. A series of aryl iodides and bromides were cou-
pled with phenylboronic acid and alkyl acrylates to pro-
duce the corresponding products in short reaction times 
and excellent yields. Applying green solvents such as H2O 
and PEG 600 are also the predominant features supporting 
this approach in a movement towards the green chemistry. 
Moreover, this catalyst can be easily recovered and reused 
for at least six cycles without deterioration in catalytic 
activity.
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