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Abstract
A simple and effective method was used for the successful preparation of the Boehmite@(CH2)3NH-CC-AMP-Pd (0) NPs 
as an environmentally friendly heterogeneous nano-catalyst. The synthesized nano-catalyst was well identified by different 
techniques like FT-IR, XRD, XPS, TEM, SEM, EDX, TGA, mapping, and ICP analysis. The BNPs@SiO2(CH2)3NH-CC-
AMP-Pd was used as a recoverable nano-catalyst for Suzuki‐Miyaura and Mizoroki‐Heck coupling reactions under mild, 
green and sustainable conditions with excellent yields (H2O, EtOH as solvent for Suzuki reaction and solvent-free conditions 
for Heck reaction). Also, the distribution of palladium on the catalyst surface is uniform and the average palladium size is 
between 20 and 30 nm. Compared to similar works, this protocol has some of the important aspects such as: thermal and 
mechanical stability of the catalyst, low palladium leaching (9.7%), the simplicity of the preparation, the availability of raw 
materials, not expensive, no need for neutral atmosphere, appropriate times, green conditions, use low amount of catalyst 
(1.42 mol%) and reused catalyst for several consecutive times (at least seven times).
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1  Introduction

Today significant developments in nanotechnology have 
led to an increase in the performance of nano-catalysts [1]. 

Nano-catalysts are divided into heterogeneous and homo-
geneous catalysts. According to our knowledge, homoge-
nous catalysts are more active than heterogeneous catalysts 
due to easy contact between active sites on the catalyst and 
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the reactants in the solution, but it is difficult to isolate 
and recover these catalysts [2]. Nowadays, nanotechnology 
makes it possible to design and construct heterogeneous 
nanoscale catalysts, which, on the one hand, have advan-
tages, such as high surface area and better particle size and 
shape, and on the other hand, these catalysts have activity 
and selectivity as well as homogeneous systems, and due 
to insolubility in water and most organic solvents, they 
can easily be separated and recycled. Therefore, the use 
of renewable heterogeneous nano-catalysts for the devel-
opment of green chemistry and engineering is inevitable 
[3]. In addition, considering the prevalence of chemistry 
in the industry and the chemical production and synthesis 
of organic materials, the design of catalysts and environ-
mentally friendly high-surface-area solid is essential.

According to the aforementioned, today, the design and 
selection of appropriate ligands in coordination chemis-
try is very significant, because one of the factors that can 
reduce particle size and increase the surface area of the 
nano-catalyst is the type of ligand.

The proper ligand not only prevents the aggregation 
and deposition of particles but also influences the orderly 
and uniform placement of the particles on the surface of 
the nano-catalyst.

In recent years, the use of various ligands on the surface 
of the catalysts and composites has been considered due 
to their stabilizing properties. Indeed, different organic 
and mineral supports have been used such as charcoal, 
inorganic silica, alumina, carbon nanotube, synthetic poly-
styrene [4–7] and magnetic nanoparticles (MNPs) supports 
[8].

In the following, we introduce boehmite as a suitable and 
sustainable support. Boehmite is an aluminum oxide hydrox-
ide and has an orthorhombic structure and many hydroxyl 
groups are located on its surface [9]. Boehmite comes from 
inexpensive and non-toxic raw materials in the presence of 
water as solvent at room temperature in appropriate condi-
tions (without the need for inert atmosphere and calcina-
tion) and has unique properties such as lack of sensitivity to 
weather, thermal and mechanical stability, high dispersity 
of the active phases, non‐toxicity and ease of surface modi-
fication [10–13]. More important, boehmite nanoparticles 
(BNPs) are excellent support for heterogenization of cata-
lysts due to the high chemical stability, availability, biocom-
patibility, low cost and corrosion resistance [13–15].

Boehmite is also used as cosmetic products, coating, 
adsorbent, catalyst, vaccine adjuvants, optical material, and 
composite reinforcement material in ceramics [16–18].

Many methods have been proposed for the synthesis of 
boehmite based on its chemical and physical properties [17], 
but modification of boehmite as heterogeneous support is 
rarely reported [19]. It should be noted that various factors 
affect the synthesis of metallic nanoparticles with suitable 

catalytic properties such as particle size, crystalline structure 
and the nature of ligand [20–22].

Over the past decades, various catalytic systems including 
intermediate metals such as copper [22, 23], iron [24], nickel 
[25], cobalt [26, 27], and palladium [28, 29] have been taken 
into consideration.

Today, the formation of carbon–carbon bonds as one 
of the major reactions in organic chemistry has attracted a 
great deal of attention because cross-reactions are powerful 
tools in both academic and industrial laboratories and the 
most commonly used methods for carbon–carbon bonding 
are Suzuki and Heck reactions. The cross-coupling reac-
tions are considered as key steps in production of complex 
biological molecules and pharmaceutical like cozaar® [30], 
(+)‐dynemicin [31], morphine [32], and paclitaxel (Taxol®) 
[33]. Additionally, coupling reactions catalyzed with palla-
dium nanoparticles are one of the most important and pow-
erful methods for carbon–carbon bonding [34–37]. Two of 
the old methods for the formation of carbon–carbon bond-
ing are the use of palladium salts [38–40] and palladium 
homogenous catalysts [41, 42]. Of course, these methods 
still have environmental restrictions and cannot be recycled 
or reused. Given the cases mentioned and the fact that pal-
ladium is expensive, toxic and rare, the researchers have 
focused on the heterogeneity of palladium catalysts, which 
is very important from both environmental and economic 
points of view [43–45].

Inspired by recent progresses in the field of nano-catalyst, 
in this contribution, we reported the synthesis of boehmite-
supported palladium cyanuric chloride-2-amino-6-meth-
ylpyridine complex (BNPs@SiO2(CH2)3NH-CC-AMP-
Pd(0)) through a simple process without the need for strict 
conditions.

This nano-catalyst found to be stable, efficient, cheap and 
reusable catalyst for the formation of C–C bonds such as 
Suzuki reactions using phenylboronic acid with aryl halides 
in H2O:EtOH (1:1) at 80 °C and Heck reactions using sty-
rene with aryl halides in solvent-free conditions at 100 °C 
(Scheme 1).

2 � Experimental

2.1 � General

The materials were purchased from Merck and Fluka. All 
reactions were monitored by TLC. Stuart Scientific SMP2 
apparatus was used for the determination of Melting points. 
FT‐IR spectra were determined with a PerkinElmer 683 
instrument. Thermogravimetric analysis (TGA) was car-
ried out with a STA PT-1000 Linseis instrument (Germany) 
under air atmosphere at a heating rate of 10  °C min−1. 
FESEM and energy‐dispersive X‐ray (EDX) measurements 
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were performed using a TESCAN‐ MIRA3 operated at 
26 kV with the electron gun filament: tungsten. TEM images 
were carried out with a Zeiss‐EM10C (Germany) operating 
at 100 kV. The elemental palladium content of nano-catalyst 
was determined by Perkin Elmer Optima 7300D inductively 
coupled plasma (ICP). X-ray powder diffraction (XRD) was 
performed on a PANalytical Company X’Pert Pro MPD 
diffractometer with Cu Ka radiation (λ = 0.154 nm). The 
chemical composition of the catalyst on the surface of the 
boehmite was performed using X-ray Photoelectron Spec-
troscopy (XPS), a Kratos Axis Ultra-DLS spectrometer with 
an Al Kα as a source. The data was recorded by CasaXPS 
software.

2.2 � Preparation of the Catalyst

A solution of NaOH (6.490 g) in 50 mL of distilled water 
was added dropwise to a solution of Al(NO3)3·9H2O (20 g) in 
30 mL of distilled water under vigorous stirring. The resulting 
milky mixture was subjected to mixing in an ultrasonic bath 
for 3 h at 25 °C. The resulting nano-boehmite was filtered and 
washed with distilled water and kept in an oven at 220 °C for 
4 h. Then the obtained boehmite nanoparticles (1.5 g) were 
dispersed in 50 mL ethanol and 10 mL of deionized water 
and for the hydrolysis and condensation, TEOS was used as 

silica source (2 mL) and then PEG (5.36 g), ammonia solution 
(10 mL) were respectively added to the mixture and continu-
ously reacted at room temperature for 38 h. Then, the product 
(boehmite-silica) was filtered and washed with ethanol and 
distilled water, the obtained boehmite-silica was dried at room 
temperature. Then, APTMS (2 mL) was added to boehmite-
silica and the mixture was dispersed in toluene (12 mL) and 
the resulting BNPs@SiO2(CH2)3NH2 was filtered, washed 
with ethanol and dried at 70 °C. In the next step, cyanuric 
chloride (2 g) was added to the BNPs@SiO2(CH2)3NH2 (1 g). 
The mixture was sonicated for 30 min and stirred under reflux 
in toluene for 24 h. In the following, a mixture of the BNPs@
SiO2(CH2)3NH2-CC (0.90 g) and 2-amino-6-methyl-pyridine 
(AMP) (1 g) were exposed to reflux in toluene for 24 h. after 
that, the resulted BNPs@SiO2(CH2)3NH2-CC-AMP was fil-
tered, washed with ethanol and dried at 70 °C. In the final step, 
BNPs@SiO2(CH2)3-CC-AMP (0.8 g) was dispersed in 25 mL 
ethanol and then palladium chloride 0.12 g was added to the 
reaction mixture and reaction stirred at 70 °C for 8 h. The final 
product BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0) was filtered, 
washed with ethanol and dried at 60 °C.

Scheme 1   Synthesis of biphenyl and trans-stilbene derivatives with BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0)
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2.3 � General Procedure for Suzuki–Miyaura Cross‐
Coupling Reactions

The BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0) (0.01 g of cat-
alyst containing 0.0142 mmol of Pd) was dispersed in EtOH/
H2O (1:1) and ArX (1.2 mmol), ArB(OH)2 (1 mmol) and 
KOH (2 mmol) were added consecutively. Then, the mix-
ture was stirred at 80 °C for an appropriate period of time 
(Table 2). After completion of the reaction, as monitored by 
TLC (n-hexane/EtOAc, 90:10), the catalyst was separated 
from the reaction mixture by centrifugation and washed by 
ethanol. After that, the organic solvent was evaporated under 
vacuum with a rotary evaporator to obtain pure biphenyl 
derivatives in excellent yields. Then, further purification was 
carried out in ethyl acetate-hexane solvents.

2.4 � General Procedure for Mizoroki–Heck Cross‐
Coupling Reactions

In a round bottom flask, a mixture of aryl halide (1 mmol), 
styrene (1.2 mmol) and Et3N (3 mmol) and catalyst (0.01 g 
of catalyst containing 0.0142 mmol of Pd) was added and 
heated at 100 °C in solvent-free conditions for a specific 
time (Table 4). The progress of the reaction was indicated 
by TLC and when the reaction was completed, (10 mL) ethyl 

acetate was added to the mixture. The catalyst was isolated 
by centrifugation and washed by ethanol. After evaporation 
of the organic solvent, the desired product was obtained and 
further purification in n-hexane–ethyl acetate was performed 
to produce the pure product in excellent yield.

3 � Results and Discussion

The preparation strategy of the BNPs@SiO2(CH2)3NH-CC-
AMP-Pd (0) was summarized in Scheme 2.

3.1 � Characterization of the Catalyst

The synthesized catalyst was analyzed through some charac-
terization techniques including FT-IR, XRD, FESEM, TEM, 
EDX, mapping, TGA, XPS and ICP.

FT-IR confirms the modification of the BNPs surface. 
Figure 1a shows, strong absorption bands at 3383.34 and 
3609.24 cm−1 (black line) correspond to stretching frequen-
cies of the O–H bonds of BNPs. Three bands at 801.56, 
747.74 and 467.92 cm−1 were related to Al–O vibrations 
[46]. Additionally, two absorption bands at 1035.12 and 
1237.25 cm−1 are related to the symmetrical bending vibra-
tions of hydrogen bonds OH···OH. It should be noted that 
vibration of nitrate impurity was indicated at 1630.03 cm−1 

TEOS, PEG, NH4OH

H2O, EtOH, rt, 38 h
BNPs BNPs

APTES

Toluene, Reflux, 24 h

Toluene, Reflux, 
24 h

NH2N CH3

Toluene, Reflux, 
24 h

2

rt

= Pd

= 2-Amino-6-methyl-pyridine

= Cyanuric chloride

N N

N Cl

Cl

Cl

BNPs@SiO2
BNPs@SiO2(CH2)3NH2

BNPs@SiO2(CH2)3NH-CCBNPs@SiO2(CH2)3NH-CC-AMPCatalyst

Scheme 2   Synthetic steps of the catalyst
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[47]. In FT-IR of BNPs@SiO2 (Fig. 1b), Al-O absorptions 
are appeared at 473.01, 611,32 and 795.41 cm−1, also, two 
bands at 3411.80 and 3551.52 are attributed to the O–H 
stretching frequencies. After the connection of APTES to the 
surface of BNPs@SiO2, vibration frequencies of the Al-O 
are appeared at 467.34, 596.30 and 801.56 cm−1, which shift 
slightly with respect to the boehmite and boehmite silica 
FT-IR spectra, indicating a successful modification of the 
boehmite surface (Fig. 1c).

In the next step, cyanuric chloride was placed on the 
nano-catalyst surface (Fig. 1d) and in the FT-IR spectrum 
several frequencies are observed such as Al-O stretching 
absorptions (400 to 790 cm−1), two bending vibrations of 
hydrogen bands OH···OH (1098.61 and 1175.13 cm−1), C=N 
absorption peak (1522.40 cm−1) and bending frequency of 
N–H (1662.20 cm−1).

In the FT-IR spectrum of BNPs@SiO2(CH2)3NH-
CC-AMP (Fig. 1e), the peak of the hydrogen bonding of 
hydroxyl groups is due to the connection of a cyanuric chlo-
ride and 2 amino-6-methyl-pyridine on the boehmite surface 
shifts to region 1074.71 cm−1. Absorption band appeared at 
1661.30 cm−1 ascribe to N–H bending vibration. Moreover, 
the C = N stretching frequency is appeared at 1642.32 cm−1 
which is buried beneath the bending vibration of the N–H. 
Also, the characteristic bands for C-H aliphatic bond are 

appeared at ~ 1465 cm−1 and vibration band at 3416.63 cm−1 
belongs to the amino group attached to the pyridine ring 
[26].

As can be seen from FT-IR spectrum of the final catalyst 
(Fig. 1f), the absorption band associated with N–H vibra-
tion shifts to a lower frequency (3383.16 cm−1) due to the 
connection to the palladium. The position of the hydrogen 
bonds transfers to higher frequencies (1107.30 cm−1 and 
1199.51 cm−1) and the location of bending frequency of N-H 
bond moves to a lower frequency, as well as the binding of 
palladium to the surface of the nano-catalyst is confirmed.

The crystalline structure of boehmite NPs: B1, BNPs@
SiO2: B2, BNPs@SiO2(CH2)3NH-CC-AMP: B3 and 
BNPs@ SiO2(CH2)3NH-CC-AMP-Pd (0): B4 and reused 
catalyst after 7th load: B5 was confirmed by the XRD 
technique (Fig. 2). In the XRD pattern you can see several 
peaks at 2θ = 14.52° (0 2 0), 28.18° (0 2 1), 31.88° (1 1 0), 
38.35° (1 1 0), 45.83° (1 3 1), 48.38° (1 5 0), 49.02° (0 0 2), 
51.55° (0 2 2), 55.16° (1 5 1), 58.28° (0 4 2), 64.85° (2 0 
0), 65.18° (0 0 2), 68.12° (0 6 2), 72.19° (2 2 1) and 86.07° 
(1 1 3) which confirms the orthorhombic structure for boe-
hmite. It should be noted that after attaching the silica layer 
(TEOS) to the boehmite surface, the X-ray spectrum widens 
especially at 2θ = 20-30°, also some peaks shift to lower or 
higher frequencies and the intensity of some peaks decreases 

Fig. 1   a FT-IR spectrum of 
BNPs b BNPs@SiO2 c BNPs@
SiO2(CH2)3NH2 d BNPs@
SiO2(CH2)3NH-CC e BNPs@
SiO2(CH2)3NH-CC-AMP and 
f BNPs@SiO2(CH2)3NH-CC-
AMP-Pd (0)
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[13]. In the BNPs@SiO2(CH2)3NH-CC-AMP XRD pattern: 
B3, peaks were shifted to the boehmite XRD spectrum, indi-
cating a ligand connection to the boehmite. In addition, new 
peaks in regions 2θ = 8.60°, 25.50° and 65.07° are probably 
related to the ligand bonding on the boehmite surface. Also, 
from the XRD survey of the catalyst: B4, the presence of 
palladium (0) on boehmite was confirmed, and peaks in the 
locations of 2θ = 28.475° (1 1 1), 40.67° (2 0 0), 46.145° 
and 68.8° (3 3 1) respectively, are related to Pd (0) (space 

group: Fm − 3 m, JCPDS Card No. 00-001-1201) [9, 48]. 
As B5 XRD spectrum indicates, the structure of the reused 
catalyst is indeed similar to the fresh catalyst and just the 
peak intensity has been slightly reduced.

Subsequently, using the FESEM technique, particle size 
and morphology of BNPs@ SiO2(CH2)3NH-CC-AMP-Pd (0) 
were investigated. According to the (Fig. 3), the prepared 
nano-catalyst showed appropriate dispersity with an average 

Fig. 2   XRD patterns of B1 
BNPs B2 BNPs@SiO2 B3 
BNPs@SiO2(CH2)3NH-
CC-AMP B4 BNPs@
SiO2(CH2)3NH-CC-AMP-Pd 
(0) and B5 reused catalyst after 
7th run

Fig. 3   FESEM Images of the catalyst with different magnifications
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size of 20–35 nm, and the shape of the particles is almost 
spherical.

As can be seen in Fig. 4, TEM reveals well dispersed Pd-
NPs have an irregular geometric shape and a small amount 
of accumulation can be seen. Also, the particle size accord-
ing to the particle size distribution histogram is between 5 
and 40 nm, and the particles with the size of 20-30 nm have 
the largest number.

To investigate all types of elements in the fresh cat-
alyst, the energy-dispersive X-ray (EDX) spectrum 
was used, the EDX results confirm the presence of pal-
ladium A%: 2.82 on the surface of the BNPs- BNPs@ 
SiO2(CH2)3NH-CC-AMP-Pd (0) (Fig. 5). And also the 
atomic percent of the elements are C (A%: 22.93), Al (A%: 
10.87), O (A%: 34.67) N ((A%: 6.60) and Si (A%: 22.11).

Fig. 4   TEM images and particle size distribution histogram of the BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0)

Fig. 5   EDX pattern of BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0)
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The XPS analysis allows us to obtain information about 
the elements in the sample, the chemical environment sur-
rounding them and the oxidation state of the elements. 
The XPS survey of the BNPs@SiO2(CH2)3NH-CC-AMP-
Pd (0) perfectly confirms the presence of palladium, and 
the high-resolution spectrum shows that palladium is Pd 
(0), with a doublet (Pd 3d5/2 at 334.55 eV and Pd 3d3/2 at 
339.64 eV.) (Fig. 6a, b) [13, 49].

It should be noted that nitrogenous ligands, increase the 
dispersion and stability of the metal nanoparticles [46]. 
Furthermore, it is demonstrated that PdCl2 can be reduced 

to Pd NPs using EtOH and nitrogenous ligands as reducing 
agents [50–52].

The synthesis of the Pd (0) catalyst was initially moni-
tored by UV–Visible spectroscopy (Fig. 7). In the UV–Vis-
ible spectrum of the PdCl2 solution, the observed peak at 
425 nm shows the presence of palladium (II) ions. Dur-
ing the attaching of Pd NPs to the surface of BNPs@
SiO2(CH2)3NH-CC-AMP, the information obtained from 
the UV spectrum confirms the conversion of palladium (II) 
to metallic palladium by removing the peak in region 425 
[39]. Another way of confirming the conversion of Pd (II) 

Fig. 6   a XPS survey of BNPs@
SiO2(CH2)3NH-CC-AMP-Pd 
(0) b Pd 3d high resolution 
XPS spectrum of BNPs@
SiO2(CH2)3NH-CC-AMP-Pd (0)
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to Pd (0) is colour change of palladium solution, so that the 
palladium colour changed from brown to black during the 
catalyst synthesis within 12 h (Fig. 7) [11, 43].

The presence of functional groups attached to the catalyst 
surface can be checked using the TGA technique (Fig. 8). 
According to literature, boehmite is stable to 400 °C and 
maintains more than 90% of its weight [5]. The TGA curve 
in Fig. 8 exhibits that the thermal decomposition and weight 
loss of BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0) occurring 
in four steps. In the first step, 2.84% weight loss occurs at 
50 to 150 °C, which is related to the loss of water or organic 
solvent. Also, weight loss in the range of 200 to 560 °C 
which is ascribed to the thermal decomposition of organic 
compounds like cyanuric chloride and 2-amino-6-methyl-
pyridine from the catalyst surface. The fourth weight loss 
occurring after 560 °C is related to the boehmite crystal-
line structure change. As shown in TGA curve, BNPs@
SiO2(CH2)3NH-CC-AMP-Pd (0) was stable even at 200 °C.

Fig. 7   UV-Vis spectrum of catalyst and PdCl2

Fig. 8   TGA curve of BNPs@
SiO2(CH2)3NH-CC-AMP-Pd (0)

Fig. 9   Mapping analysis of 
BNPs@SiO2(CH2)3NH-CC-
AMP-Pd (0)
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Another technique that used to confirm the existence of 
the elements in the catalyst structure is mapping technique, 
that well displays the distribution of all elements in the 
BNPs@SiO2(CH2)3-NH-CC-AMP-Pd (0) structure (Fig. 9).

3.2 � Catalytic Studies

The catalytic activity of the BNPs@SiO2(CH2)3NH-CC-
AMP-Pd (0) was evaluated in the carbon–carbon coupling 
reactions (Suzuki–Miyaura, Mizoroki–Heck reactions). 
To optimize the Suzuki–Miyaura reaction conditions, 
we investigated various factors such as solvent, different 
catalyst amounts, various bases and temperature effect on 
the reaction. Initially, we went through different solvents 
and according to the results, the best solvents for reaction 
between iodobenzene and phenylboronic acid were much 
more polar solvents such as DMF and H2O, EtOH. But, 
we chose H2O, EtOH as solvent for this reaction because 
it is green, safe and environmentally friendly (Table 1, 
entries 4,11). Further experiments were also carried out 
to obtain the optimum ratio of reactants, such as the study 

of different ratios of iodobenzene to phenylboronic acid 
and iodobenzene to base. The results of these surveys are 
shown in Table 1 (entries 13–18).

In this work, the BNPs were coated with a layer of silica 
using tetraethyl orthosilicate (TEOS) to increase thermal 
stability, to provide further reaction sites for further func-
tionalization, to reduce particle aggregation, to make easy 
surface modification and to make easy control of interpar-
ticle interactions, both in solution and within structures. 
Finally, and most importantly, the silica surface is termi-
nated by abundant silanol groups (–Si–OH), which can 
react with various coupling agents [16, 53].

On the other hand, BNPs-APTES-CC-AMP-Pd (0) was 
synthesized with directly attaching of the APTES to the 
BNPs surface and in this case the yield of Suzuki reaction 
is lower than BNPs@SiO2(CH2)3-NH-CC-AMP-Pd (0), 
because the number of hydroxyl groups and ligand-modified 
sites on the surface of the boehmite are lower than BNPs@
SiO2(CH2)3-NH-CC-AMP-Pd (0) (Table 1, entry 19).

Under optimized conditions, our attention was focused 
on checking out the scope of Suzuki reaction using different 

Table 1   Optimization of conditions in the Suzuki‐Miyaura coupling reaction

Reaction conditions: Iodobenzene (1.2 mmol), phenylboronic acid (1 mmol), base (2 mmol), solvent (3 mL), 1 h
a Isolated yields
*BNPs-APTES-CC-AMP-Pd (0)

Entry Cat. (mol%) Base Iodobenzene/phe-
nylboronic

Iodobenzene/
base

Solvent T (°C) Yield (%)a

1 1.42 – 1.2/1 1.2/2 EtOH–H2O 80 –
2 0.56 KOH 1.2/1 1.2/2 EtOH–H2O 80 35
3 0.99 KOH 1.2/1 1.2/2 EtOH–H2O 80 70
4 1.42 KOH 1.2/1 1.2/2 EtOH–H2O 80 96
5 2.13 KOH 1.2/1 1.2/2 EtOH–H2O 80 98
6 1.42 K2CO3 1.2/1 1.2/2 EtOH–H2O 80 65
7 1.42 NEt3 1.2/1 1.2/2 EtOH–H2O 80 45
8 1.42 Na2CO3 1.2/1 1.2/2 EtOH–H2O 80 60
9 1.42 KOH 1.2/1 1.2/2 EtOH–H2O 70 80
10 1.42 KOH 1.2/1 1.2/2 DMF 110 95
11 1.42 KOH 1.2/1 1.2/2 H2O 80 30
12 1.42 KOH 1.2/1 1.2/2 EtOH 70 70
13 1.42 KOH 1/1 1/2 EtOH–H2O 80 78
14 1.42 KOH 1.1/1 1.1/2 EtOH–H2O 80 87
15 1.42 KOH 1.3/1 1.3/2 EtOH–H2O 80 96
16 1.42 KOH 1/1 1/3 EtOH–H2O 80 88
17 1.42 KOH 1/1 1/4 EtOH–H2O 80 91
18 1.42 KOH 1/1 1/5 EtOH–H2O 80 94
19 Cat.* KOH 1.2/1 1.2/2 EtOH–H2O 80 70



	 M. Khodamorady, K. Bahrami 

1 3

substituted aryl halides with aryl boronic acids and the 
obtained results are summarized in Table 2. It was found 
that, aryl boronic acids with both electron-withdrawing and 
electron-donating groups reacted well with different aryl hal-
ides to give the desired products in excellent yields. Based 
on the obtained evidences from Table 2, aryl boronic acids 
with electron-rich groups in the para situation increase the 
rate of the reaction by increasing the nucleophilicity of aryl 
boronic acid. Aryl boronic acids containing electron-with-
drawing groups in the para and meta positions have lower 
reaction rates. In addition, substituted aryl iodides contain-
ing electron-withdrawing groups increase the rate of the 
reactions, whereas the electron donating groups show lower 
activities. As expected, the Suzuki reaction rate is lower 
with aryl chloride and the reaction time is longer, but the 
reaction rate with 4-nitro-1-chlorobenzene is similar to that 
of iodobenzene and is higher than chlorobenzene (Table 2, 
entries 11,12).

In the next step, we surveyed the catalytic efficiency 
of BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0) for the Mizo-
roki–Heck C–C coupling reaction. For this regard, to find 
the best reaction conditions for the Mizoroki–Heck C–C 
coupling reaction, model reaction between styrene and 
boromobenzene was investigated in the presence of different 
amount of the catalyst, different bases such as KOH, K2CO3, 
NEt3, solvents like H2O, EtOH, DMF and solvent-free condi-
tions at 100 °C (Table 3).

Initially, the reaction was performed in the absence 
of base and no product was observed (Table 3, entry 1). 
According to the findings, the lowest time and the highest 
yield were obtained in the presence of 0.01 g of the catalyst 
(1.42 mol%), NEt3 (3 mmol) as base and solvent-free condi-
tions (Table 3, entry 4). Higher amount of catalyst did not 
lead to significant change in the yield of reaction (Table 3, 
entry 5).

More investigations were carried out to obtain the best 
ratio of reactants. In this regard, different ratios of bro-
mobenzene/base and bromobenzene/styrene were inves-
tigated in the solvent-free conditions. The findings are 
summarized in Table 3 (entries 11–16). We also surveyed 
the model reaction under the optimized conditions in the 
presence of BNPs-APTES-CC-AMP-Pd (0) instead of 
BNPs@SiO2(CH2)3NH-CC-AMP-Pd (0). As can you see, 
in this case, the yield is lower than before case (Table 3, 
entry 17).

With this methodology in hand, a variety of aryl bro-
mides, chlorides and iodides have been reacted with sty-
renes in mostly excellent yields (Table 4). The speed and 
efficiency of the reaction in the Heck reaction depend 
on the different halogen types. It should be noted, in the 
presence of aryl bromides and aryl chlorides the yeilds 
of products are lower than that of aryl iodides (Table 4, 
entries 1,3,8). The electronic effects of aryl halides hav-
ing both electron with-drawing and electron donor groups 
in para position are almost identical in the Heck reaction. 

Table 2   Suzuki − Miyaura coupling reactions of aryl halides with aryl boronic acid

Reaction conditions: Aryl halide (1.2 mmol), aryl boronic acid (1 mmol), KOH (2 mmol), EtOH/H2O (3 mL), catalyst (0.01 g: 0.0142 mmol)
a Isolated yields
b TON = mmol product/mmol Pd

Entry X R1 R2 Time (min) Yield (%)a TONb M.p [Refs]

1 I H H 40 96 67.60 66 [54]
2 I 4-CH3 H 48 97 68.30 43–44 [54]
3 I 4-NO2 H 35 94 66.19 114 [55]
4 I H 4-CH3 37 98 69.01 42–44 [55]
5 I 4-NO2 3-NO2 65 96 67.60 182–184 [56]
6 Br H H 40 94 66.19 65–67 [54]
7 Br H 4-OCH3 40 95 66.90 85–88 [55]
8 Br H 4-F 55 90 63.38 74–76 [57]
9 I 4-MeCO 4-OCH3 35 95 66.90 147–148 [54]
10 Br 4-CH3 H 45 98 69.01 45 [55]
11 Cl H H 100 80 56.33 65 [54]
12 Cl 4-NO2 H 60 95 66.90 114 [55]
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Table 3   Optimization of reaction conditions

Reaction conditions: Bromobenzene (1 mmol), styrene (1.2 mmol), base (3 mmol), solvent (3 mL), 100 °C, 1 h
a Isolated yields
*Catalyst: BNPs-APTES-CC-AMP-Pd (0)

Entry Catalyst (mol%) Base Bromobenzene/
styrene

Bromobenzene/base Solvent Yield (%)a

1 – NEt3 1/1.2 1/3 No solvent 0
2 0.56 NEt3 1/1.2 1/3 No solvent 30
3 0.99 NEt3 1/1.2 1/3 No solvent 75
4 1.42 NEt3 1/1.2 1/3 No solvent 96
5 2.13 NEt3 1/1.2 1/3 No solvent 97
6 1.42 K2CO3 1/1.2 1/3 No solvent 70
7 1.42 KOH 1/1.2 1/3 No solvent 75
8 1.42 NEt3 1/1.2 1/3 DMF 80
9 1.42 NEt3 1/1.2 1/3 H2O 60
10 1.42 NEt3 1/1.2 1/3 EtOH 70
11 1.42 NEt3 1/1 1/3 No solvent 80
12 1.42 NEt3 1/1.1 1/3 No solvent 89
13 1.42 NEt3 1/1.3 -1/3 No solvent 96
14 1.42 NEt3 1/1.2 1/2 No solvent 84
15 1.42 NEt3 1/1.2 1/4 No solvent 96
16 1.42 NEt3 1/1.2 1/5 No solvent 97
17 1.42* NEt3 1/1.2 1/3 No solvent 79

Table 4   Coupling reactions of aryl halides with styrene

Reaction conditions: Aryl halide (1 mmol), styrene (1.2 mmol), NEt3 (3 mmol), catalyst (0.01 g: 0.0142 mmol), under solvent-free, 100 °C
a Isolated yield
b TON = mmol product/mmol Pd

Entry X R1 R2 Time (h) Yield (%)a TONb M.p [Refs]

1 I H H 1 96 67.60 117–120 [58]
2 I 4-NO2 H 1 95 66.90 150–153 [58]
3 Br H H 2 92 64.78 121–123 [58]
4 Br 4-NO2 H 2 90 63.38 150–152 [58]
5 Br 4-CH3 H 2 92 64.78 116 [59]
6 Cl 4-NO2 H 1.5 94 66.19 150–152 [59]
7 I H 2-CH3 3 80 56.33 Oil [60]
8 Cl H H 2.5 75 52.81 121–123 [59]
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In addition, all three halides react well but the yields for 
iodobenzene are higher than bromobenzene and chloroben-
zene. Also, in general, styrene compounds with electron 
donor substituents in the para position react faster than 

styrene derivatives with electron poor groups. The sub-
stituents in the ortho position of the styrene ring decrease 
the reaction speed and efficiency due to the space barrier 
of these substituents (Table 4, entry 7). It is of interest to 

Scheme 3   Mechanism for a 
Suzuki–Miyaura and b Mizo-
roki–Heck reactions in the pres-
ence of BNPs@SiO2(CH2)3NH-
CC-AMP-Pd (0)

a Suzuki−Miyaura reaction mechanism
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note that the reaction rate of styrene is higher with 4-nitro-
1-chlorobenzene and the product is higher than that of 
chlorobenzene (Table 4, entries 6 and 8).

Possible mechanism for Suzuki and Heck cross-cou-
pling reactions in the presence of BNPs@SiO2(CH2)3NH-
CC-AMP-Pd (0) is outlined in Scheme 3 [61].

The efficiency of this synthesized nano-catalyst was 
compared with some of the palladium catalysts in Suzuki 
and Heck coupling reactions (Table 5). As can be seen from 
Table 5, the synthesized nano-boehmite is comparable and 
superior to some previously reported methods in terms of 
efficiency, yield and time.

3.3 � Reusability of the Catalyst

Nowadays, one of the important issues in the field of nano-
catalysts is their reusability, and for this purpose, the recy-
clability of the synthesized catalyst was investigated. The 
catalyst is easily separated from the reaction mixture by cen-
trifugation and washed with ethanol and then with water. 
After drying, the catalyst was used in the reaction between 
phenylboronic acid and phenyl iodide under optimized reac-
tion conditions and the product was 96% after 40 min. It is 
worth noting that recovered catalytic system is still more 
active and used for 7 consecutive times without any par-
ticular change in catalytic activity. The results for the seven 
repeat runs are presented in Table 6. Hg poisoning test, hot 
filtration method, ICP and SEM were used to confirm the 
recyclability of the catalyst.

3.4 � Hg Poisoning Test

To carry out the Hg poisoning test, in a round bot-
tom flask, a mixture of phenyl boronic acid (1 mmol), 
iodobenzene (1.2  mmol), KOH (2  mmol) and BNPs@

Table 5   Comparison of the efficiency of the synthesized catalyst with some previously reported catalysts in cross‐coupling reactions

Entry Product Conditions Mol % or g Time (h) Yield (%)

1 Pd‐MPA@MCM‐41, PEG, 100 °C, K2CO3 [62] 1.7 mol% 2 95

2 FMNPs@TPy‐Pd, Na2CO3, reflux, SDS micellar solution [63] 0.1 g 0.6 97
3 GO-CPTMS@Pd‐TKHPP, air EtOH:H2O, K2CO3, 80 °C [48] 10 mol% 0.25 99
4 Pd‐isatin‐boehmite, K2CO3, PEG, 80 °C [64] 0.01 g 0.83 97
5 CA/Pd(0), K2CO3, 100 °C, H2O [65] 0.5 mol% 2 94
6 GO/NHC‐Pd, Na3PO4.12H2O, H2O, 100 °C [66] 1 mo% 6 91.6
7 This work 1.42 mol% 0.66 96
8 GO-CPTMS@Pd‐TKHPP, air, DMF, K2CO3, 120 °C [48] 10 mol% 0.33 95

9 GO/NHC-Pd, Na3PO4.12H2O, H2O, 100 °C [66] 1 mol% 12 55
10 FMNPs@TPy‐Pd, Na2CO3, reflux, SDS micellar solution, 100 °C 

[63]
0.08 g 8 92

11 ERGO-Pd, NEt3, DMF, 120 °C [67] 0.3 mol% 2 91
12 TRGO-NPy-Pd, Na2CO3, DMF, 140 °C [68] 0.3 mol% 5 97
13 (1,4-C6H4)(GO-CPTMS@HPTPy-Pd-TPy)2, NEt3, 110 °C, solvent-

free [52]
1.38 mol% 4 95

14 This work 1.42 mol% 1 96

Table 6   Suzuki and Heck 
reactions catalyzed by recycled 
BNPs@SiO2(CH2)3NH-CC-
AMP-Pd (0)

Entry Suzuki 
yield (%)

Heck 
yield 
(%)

1 96 95
2 96 95
3 95 94
4 92 90
5 92 88
6 90 87
7 88 85
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SiO2(CH2)3NH-CC-AMP-Pd (0) (0.01 g, 1.42 mol %) was 
heated at 80 °C for 20 min. The progress of the reaction was 
screened by TLC (yield 52%). After that, metallic mercury 
was added to the reaction mixture. Then, the reaction was 
continued for another 20 min under the optimized reaction 
conditions (yield 96%) and then the catalyst and the used 
mercury were separated from the reaction mixture. It should 
be noted that the used mercury was metallic and this result 
clearly indicated the leaching of palladium into the reaction 
medium is negligible [69].

3.5 � Hot Filtration Test

To perform hot-filtration test, the model reaction between 
phenylboronic acid and aryl iodide was performed under 
optimal reaction conditions. After the half-reaction time 
(30 min), the product was 50%. The catalyst was separated 
from the medium through filtration, and the reaction con-
tinued uninterrupted in the absence of the catalyst. After 
a long time, the reaction was not completed (yield: 52%), 
which indicates that palladium is not leached to the reaction 
medium. In addition, using the inductively coupled plasma 
(ICP) technique, the amount of palladium on the catalyst 
surface was 1.435 g/mmol and the amount of palladium on 
the catalyst surface after the seventh load was 1.296 g/mmol. 
With great pleasure, the obtained results indicate that the 
catalyst is stable and recyclable. As can be seen in Fig. 10, 
the morphology and catalyst structure are maintained after 

the seventh load. Also, another analysis that confirms the 
stability and recyclability of the catalyst is the XPS anal-
ysis. As Fig. 11 illustrates, the catalyst XPS survey after 
the 7th load shows all the key elements and is quite similar 
to the fresh catalyst spectrum. In addition, in Fig. 11c, the 
FT-IR spectra of the fresh catalyst and the reused catalyst 
after the 7th run are compared, and the catalyst structure 
remains unchanged. 

4 � Conclusion

In summary, we successfully synthesized a well-designed 
heterogeneous catalyst through a fairly simple method and 
inexpensive material. As expected, the introduced nano-
catalyst was effective and stable catalyst and catalyzed the 
carbon–carbon coupling reactions such as Suzuki‐Miyaura 
and Mizoroki‐Heck reactions, which are two important cat-
egories of organic reactions. Some of the salient features of 
this methodology are the thermal and mechanical stability 
of the catalyst, no need for a neutral atmosphere and hard 
conditions, high yields, good times, low palladium leach-
ing (9.7%), and the use of catalyst for at least 7 times. We 
believe that this study will open new paths for the design 
and construction of new nano-catalysts. Further studies in 
this field are under study in our research laboratory, and 
similar works for the heterogenization of metal catalysts are 
underway.

Fig. 10   a SEM image after run 1 b SEM image after run 7
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Fig. 11   a XPS survey of fresh 
catalyst and b XPS survey of 
catalyst after 7th run c FT-IR 
of fresh catalyst and reused 
catalyst after run 7th
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