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Anovel and environmentally friendly catalytic system based on palladium nano-
particles supported on poly (N-vinylimidazole) (PVI) grafted silica was prepared.
The advantages of this system lie not only in its easy separation from the prod-

ucts, recycling and preventing the loss of metal, it has also excellent chemical and 
thermal stability, good accessibility and the dispersion of catalytic sites. The com-
plexation of (PVI)-grafted silica with PdCl2 was carried out to obtain the heterogeneous
catalytic system. X-ray diffraction (XRD) technique and transmission electron
microscopy (TEM) image showed that palladium dispersed through the support in
nanometer size and there was no change in the size and morphology of the palladium
nanoparticles after coupling reactions. This catalytic system exhibited excellent activity in
cross-coupling reactions of aryl iodides, bromides and also chlorides in Heck,
Sonogashira and Suzuki reactions in short reaction times and high yields. The use of
aryl chlorides in cross-coupling reactions is usually hardly successful, but excellent results
were gained in the presence of tertabutylammonium bromide (TBAB) as an additive.
Elemental analysis of Pd by inductively coupled plasma (ICP) technique and hot 
filtration test showed low leaching of the metal into solution from the supported catalyst
and that the catalyst behaves as a heterogeneous system. The catalyst can be reused
several times in repeating coupling reactions cycles without considerable loss in its
activity.

INTRODUCTION

The immobilization of homoge-
neous catalysts on polymeric
organic [1-5] or inorganic [6,7]
supports is an expanding research
area offering the advantages of
easy product separation, catalyst
recovery, recycling and inhibiting
the loss of metal. Among inorganic
supports, those supported on silica
or modified silica [6,7] are good
alternatives to traditional homoge-
neous catalysts and are environ-
mentally friendly and display some
advantageous properties, such as

excellent stability (chemical and
thermal), good accessibility and
good dispersion of catalytic sites.

There has been growing interest
in grafting polymer chains onto the
surface of silica for practical appli-
cations and fundamental studies of
interfacial phenomena [8-10]. This
technique has provided an 
opportunity to take the advantage
of a solid linear functional polymer
that can be totally compatible with 
solvents and substrates and at the
same time having high mechanical
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stability and good dispersion [11-13]. Chemical bind-
ings of polymer chains to silica have been studied
with various monomers, such as styrene [14], vinyl
acetate [15], acrylic acid [16], methyl acrylate [17],
vinylpyrrolidone, vinylimidazole [18] and vinyl-
pyridine [19].

Palladium-catalyzed cross-coupling reaction is an
important organic transformation for the generation
of C-C bonds [20-24]. Different kinds of cross-
coupling reactions have been developed, among them
coupling reactions of aryl, vinyl, benzyl or allyl
halides, acetates or triflates with alkene known as
Heck-Mizoraki reaction [25-27], the reaction of 
terminal alkynes with aryl halides known as
Sonogashira-Hagihara reaction [28-30] and the 
reaction of organoboron compounds with organic
halides or pseudohalides known as Suzuki-Miyaura
reaction [31,32] are interesting examples of C-C bond
formation.

Coupling reactions are carried out in the presence
of palladium catalysts involving ligands such as
phosphines, amines, carbenes, dibenzylidine acetone
(DBA), etc. [20]. Nitrogen chelating ligands are good
candidates in replacement of phosphine ligands in 
palladium-catalyzed cross-coupling reactions since
they are inexpensive and stable. Polynitrogenated
compounds offer functional ligands that can 
coordinate with palladium [27]. Among these com-
pounds, imidazolium types are of great interest,
because of the availability of starting material, and
amenability to facile chemical modification. So far,
functional polymers containing imidazolium ligand
[33] and imidazolium group immobilized on silica
support [34] have been introduced in palladium-
catalyzed cross-coupling reactions. Imidazolium-type
ligands supported onto silica, show higher catalytic
activity. Furthermore, there are also reports in the 
literature on C-C coupling reactions catalyzed by
modified mesoporous molecular sieves-based 
catalysts, such as palladium nanoparticles embedded
in sponge-like porous silica [35], mesoporous
organosilica containing a carbapalladacycle complex
[36], palladium catalysts deposited on silica materials
[37], palladium catalysts deposited on SBA-15 type
molecular sieve modified with amine donor groups
[38] and mesoporous molecular sieves modified with
various N-groups [39], etc.

Keeping in mind with the application and interest
of heterogeneous palladium catalysts especially those
of silica-based in academic and industry; there is a
need to design and develop stable, active, re-usable
and easily recoverable catalysts. Furthermore, the
study of new types of supported palladium catalysts
which might be suitable for the coupling reactions of
all aryl halides especially those of less active types
has practical significance. As far as we know there is
no report in the literature on polyvinylimidazole
grafted-silica palladium complex to be used as a 
catalyst in cross-coupling reactions. In continuation
of our previous studies on heterogeneous palladium
catalyst based on polymeric support [40] and polymer
grafted silica [41,42], here we report the synthesis
and application of poly(N-vinylimidazole)-grafted
silica palladium complex and its application as an
efficient and heterogeneous catalyst in Heck, Suzuki
and Sonogashira reactions with various substrates
including chloroarenes.

EXPERIMENTAL

General Remarks
The reagents and solvents were obtained from Fluka
(Switzerland) and Merck (Germany) Chemical
Companies. Aminopropylsilica with an average 
particle size of 0.015-0.035 mm and a loading of 
0.95 mmol.g-1 was supplied by Fluka (Switzerland).
The products were identified by comparison of their
IR and NMR spectra and physical data with those
reported in the literature. Progress of reactions was 
followed by tine layer chromatography (TLC) on sil-
ica-gel Polygram SIL/UV 254 plates (Germany) or by
GC on Shimadzu GC 10A instrument (Japan) with
hydrogen flame ionization detector. IR Data were col-
lected on a Shimadzu FTIR-8300 spectrophotometer
(Japan). 1H and 13C NMR Spectra were recorded on
a Bruker Avance DPX instrument (250 MHz)
(Germany). TGA Thermograms were recorded on a
Perkin Elmer instrument (USA) with N2 carrier gas
and the rate of temperature change of 20°C/min was
used. The Pd analysis and leaching test were carried
out by ICP-OES analyzer (Varian, Vista-Pro) (The
Netherlands). X-Ray diffraction data were obtained
with XRD, D8, Advance, Bruker, AXS (Germany).
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Transmission electron microscopy (TEM) analyses
were performed on a Philips model CM 10 instrument
(Germany) at an accelerated voltage of 100 kV. The
sample for TEM image was made by grinding, using
the mortar and pestle, dispersed in ethanol, sonicated,
and dropped into a wholly carbon coated copper grid.
Scanning electron micrographs (SEM) were obtained
by a Philips SEM, XL-30 FEG (Germany), at 20 kV.
The samples were sputter-coated with gold prior to
SEM observation.

Preparation of Poly(N-vinylimidazole)-grafted
Silica (Si-PVI)
Acrylamidopropylsilica was prepared according to
the previous procedure [41,42]. To a suspension of
acrylamidopropylsilica (2.0 g) in fresh N-vinylimida-
zole (4 mL), recrystallized benzoyl peroxide (0.05 g)
was added in a 10-mL sealed tube. The mixture was
heated at 100°C in an oven for 15 h. The product was
Soxhlet-extracted with CHCl3 (200 mL) for 24 h, 
followed by washing with methanol (200 mL), water
(2×100 mL) and acetone (2×100 mL) and dried for 
12 h under vacuum. The amount of poly(N-vinylimi-
dazole) grafted on silica, determined by TGA, was
measured approximately 1.3 mmol PVI/g based on
weight loss upon heating the silica particles in a 
nitrogen atmosphere at 20°C/min from 0 to 700°C. 

Preparation of Supported Palladium Catalyst 
(Si-PVI-Pd)
Poly(N-vinylimidazole)-grafted silica (1.0 g) was
added to a solution of PdCl2 (0.177 g, 1.0 mmol) in
DMF (30 mL) and stirred at 80°C for 5 h under a
nitrogen atmosphere. The solid catalyst was filtered,
washed thoroughly with DMF and water and dried
under reduced pressure. For determination of its Pd
content the catalyst was treated successively with 
30 mL mixture of concentrated H2SO4 and HCl (1/1)
and filtered. The filtrate was diluted to 50 mL with
distilled water and it was determined by inductively
coupled plasma (ICP) using calibration curve method.

General Procedure for Mizoroki-Heck Reaction
A suspension of aryl halide (1.0 mmol), K2CO3
(2.0 mmol), Pd complex (0.5 mol%) and DMF (5 mL)
were mixed in a reaction flask and n-butyl acrylate or
styrene (1.2 mmol) was added. The reaction mixture

was stirred at 120°C for an appropriate time. On 
completion of the reaction determined by TLC or GC,
the mixture was filtered and the filtrate was poured
into water (50 mL) and extracted with EtOAc (3×
15 mL). The combined organic phases were dried
over Na2SO4, filtered and evaporated in vacuum. The
product was isolated by flash chromatography using
petroleum ether or EtOAc or their mixture as eluents.
Characterization of the products was performed by 
comparison of their FTIR, 1H NMR, 13C NMR and
physical data with those of the authentic samples.

Selected Spectral Data for Products of Table 2
Entries 1, 3 and 7: 1H NMR (250 MHz, CDCl3): δ
7.80 (d, 1H, J = 16 Hz), 7.41-7.62 (m, 2H), 7.17-7.29
(m, 3H), 6.32 (d, 1H, J = 16 Hz), 4.12 (t, 2H, J = 
6.8 Hz), 1.54-1.69 (m, 2H, J = 7.3 Hz), 1.17-1.42 (m,
2H, J = 7.3 Hz), 0.87 (t, 3H, J = 7.3 Hz) ppm; 
13C NMR (60 MHz, CDCl3): δ 167.1, 144.5, 134.4,
130.2, 129.8, 128.1, 118.2, 64.3, 30.7, 19.1, 13.7 ppm.

Entries 4 and 9: 1H NMR (250 MHz, CDCl3): δ 7.87
(d, 1H, J = 16 Hz), 7.55 (d, 2H, J = 8.5 Hz), 7.25 (d,
2H, J = 8.5 Hz), 6.60 (d, 1H, J = 16 Hz), 4.90 (t, 2H,
J = 6.5 Hz), 2.80 (s, 3H), 1.99 (m, 2H, J = 6 Hz), 
1.20 (m, 2H, J = 7.3 Hz), 0.88 (t, 3H, J = 7.5 Hz) ppm;
13C NMR (60 MHz, CDCl3): δ 175.5, 150.6, 144.5,
130.0, 129.0, 128.5, 119.0, 70.5, 41.3, 25.7, 17.5, 
13.0 ppm.

Entries 12, 14 and 18: 1H NMR (250 MHz, CDCl3):
δ 7.55 (d, 4H, J = 7.5 Hz), 7.36 (t, 4H, J = 7.5 Hz),
7.30 (t, 2H, J = 7.5 Hz), 7.26 (s, 2H) ppm; 13C NMR
(60 MHz, CDCl3): δ 137.3, 128.7, 127.6, 126.5 ppm.

Entries 15 and 20: 1H NMR (250 MHz, CDCl3): δ
7.43-6.92 (m, 11H), 2.27 (s, 3H) ppm, 13C NMR 
(60 MHz, CDCl3): δ 137.5, 134.5, 129.4, 128.67,
128.63, 127.7, 127.4, 126.44, 126.41, 21.2 ppm.

General Procedure for Copper-free Sonogashira
Reaction
A suspension of aryl halide (1.0 mmol), K2CO3
(2.0 mmol), Pd complex (0.5 mol%) and DMF (5 mL)
were mixed in a reaction flask and phenylacetylene
(1.2 mmol) was added. The reaction mixture was
stirred at 100°C for an appropriate time. After com-
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pletion of the reaction, the procedure was followed as
outlined above.

Selected Spectral Data for Products of Table 3
Entries 1, 3 and 7: 1H NMR (250 MHz, CDCl3): 
δ 7.16-7.23 (m, 6H), 7.39-7.44 (m, 4H), ppm; 
13C NMR (60 MHz, CDCl3): δ 131.2, 128.5, 128.2,
123.3, 89.5 ppm.

Entries 4 and 9: 1H NMR (CDCl3, 250 MHz): δ 7.52-
7.48 (m, 2H), 7.41 (d, 2H), 7.29-7.26 (m, 3H), 7.10
(d, 2H), 2.30 (s, 3H) ppm; 13C NMR (60 MHz,
CDCl3): δ 138.3, 131.5, 129.0, 128.2, 128.0, 123.4,
120.2, 89.6, 88.7, 21.4 ppm.

Entries 5 and 10: 1H NMR (250 MHz, CDCl3): δ 7.91
(d, 2H), 7.58 (d, 2H), 7.54-7.52 (m, 2H), 7.36-7.33
(m, 3H), 2.57 (s, 3H) ppm; 13C NMR (60 MHz,
CDCl3): δ 197.1, 136.1, 131.7, 131.6, 128.7, 128.4,
128.2, 128.1, 122.6, 92.6, 88.6, 26.5 ppm.

General Procedure for Suzuki-Miyaura Reaction
A suspension of aryl halide (1.0 mmol), K2CO3
(2.0 mmol), Pd complex (0.3 mol%) and DMF 
(5 mL) were mixed in a reaction flask and phenyl-
boronic acid (1.2 mmol) was added. The reaction
mixture was stirred at 100°C for an appropriate time.
After completion of the reaction, the procedure was
followed as outlined above.

Selected Spectral Data for Products of Table 4
Entries 1, 3 and 10: IR (KBr disk): ν 3035.7, 1948.0,
1878.5, 1568.9, 1515.9, 1477.4, 1427.2, 1342.2,
1168.8, 1091.6 cm-1; 1H NMR (250 MHz, CDCl3): δ
7.26-7.63 (m, 10H) ppm; 13C NMR (60 MHz,
CDCl3): δ 141.3, 129.4, 127.7, 127.3 ppm.

Entries 4 and 11: IR (KBr disk): ν 3032, 1487, 1402,
1377, 824, 754, 689 cm-1; 1H NMR (250 MHz,
CDCl3): δ 2.38 (s, 3H), 7.20-7.24 (m, 2H), 7.29-7.32
(m, 1H), 7.38-7.49 (m, 4H), 7.55-7.58 (m, 2H) ppm;
13C NMR (60 MHz, CDCl3): δ 141.14, 138.33,
136.95, 129.45, 128.68, 126.93, 21.05 ppm.

Entries 8 and 13: IR (KBr disk): ν 1594, 1513, 1447,
1351, 1104, 1077 cm-1; 1H NMR (250 MHz, CDCl3):
δ 8.29 (d, 2H, J = 8.5 Hz), 7.73 (d, 2H, J = 8.5 Hz),

7.63 (d, 2H, J = 7.6 Hz), 7.52-7.44 (m, 3H) ppm; 
13C NMR (60 MHz, CDCl3): δ 147.6, 147.0, 138.7,
129.1, 128.9, 127.8, 127.3, 124.1 ppm.

Recycling of the Catalyst
After completion of the reaction of iodobenzene 
(1.0 mmol) with phenylacetylene or n-butyl acrylate
or phenylboronic acid (1.2 mmol) according to the
above procedures, the reaction mixture was filtered
off and the catalyst was separated, washed with
diethyl ether, dried and re-used for the similar 
reaction. The recycling of the catalyst was repeated
for seven runs without appreciable loss of its 
catalytic activity.

Heterogeneity Tests
Experiment (1)
Palladium complex (0.5 mol%), bromobenzene 
(1.0 mmol), styrene (1.2 mmol), K2CO3 (2.0 mmol)
and DMF (5 mL) were taken in a round-bottomed
flask and stirred at 120°C for 4 h under a nitrogen 
atmosphere, and the leached palladium in solution
was analyzed by ICP at time intervals.

Experiment (2)
Palladium complex (0.5 mol %), bromobenzene 
(1.0 mmol), styrene (1.2 mmol), K2CO3 (2.0 mmol),
and DMF (5 mL) were taken in a round-bottomed
flask and stirred at 120°C for 1 h under a nitrogen
atmosphere. At this stage (25% conversion), the cata-
lyst was filtered off and the experiment was continued
with the filtrate for another 24 h. The composition of
the reaction mixture was determined by GC again.

RESULTS AND DISCUSSION

Synthesis and Characterization of Supported
Palladium Catalyst (Si-PVI-Pd)
Supported palladium catalyst (Si-PVI-Pd) was 
prepared as demonstrated in Scheme I. Acrylamido-
propylsilica was obtained by the reaction between
aminopropylsilica (AMPS) and acryloylchloride
according to a previously adopted procedure [39,40].
FTIR Spectrum of acrylamidopropylsilica shows
absorption frequencies of amide groups at 1558 and
1662 cm-1, and double bond at 1627 cm-1 (Figure 1).
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The appearance of these bands suggests that the 
reaction between amine groups of AMPS and 
acryloylchloride has occurred successfully. Poly(N-
vinylimidazole)-grafted silica was obtained by free
radical copolymerization between acrylamidopropyl-
silica and vinylimidazole monomer in the presence of
benzoyl peroxide as an initiator in a sealed tube. FTIR
Spectrum of the resulting product shows the 
characteristic band of N-C=N group at 1647 cm-1 and
C=N group of imidazole at 1504 cm-1 (Figure 1). The
amount of grafted poly(N-vinylimidazole) onto silica
was found to be 1.3 mmol/g (2.84% water and 22.5%
PVI) which was determined by thermogravimetric
analysis in measuring the weight loss upon heating
the polymer grafted silica in nitrogen atmosphere at 

Figure 1. FTIR Spectra of: (a) aminopropyl silica, (b) 
acrylamidopropylsilica and (c) poly(N-vinylimidazole)-
grafted silica (Si-PVI).

20°C/min from 0 to 700°C (Figure 2). Finally, the
complexation of the PdCl2 with PVI-grafted silica
was carried out in DMF at 80°C to obtain the desired
palladium catalyst. The Pd content of the catalyst 
was determined by ICP analysis and found to be 
0.20 mmol/g. To obtain a visual image of the 
supported Pd catalyst, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
were carried out. SEM and TEM images of the 
catalyst are presented in Figure 3. By SEM image,
some information about the morphology of the 
catalyst particles was obtained. The SEM image
showed particles with diameters in the range of
nanometers to micrometers. The TEM image of Pd
catalyst showed well-defined spherical particles 

Figure 2. Thermogravimetric analysis (TGA) of poly(N-
vinylimidazole)-grafted silica (Si-PVI).
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dispersed in the polymer-silica matrix. The mean
diameter of the nanoparticles determined by TEM was
about 20 nm.

Coupling Reactions
Mizoroki-Heck Reaction
To check the potency of this supported Pd catalyst, it

was first used in Heck coupling reactions (Scheme II).
Initially the coupling of bromobenzene with n-butyl
acrylate was studied as a model reaction. The reaction
conditions were optimized, and the results are 
summarized in Table 1. The best result was DMF in
combination with K2CO3, which yielded 100% 
conversion of bromobenzene within 4 h using 
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(a) (b)

Figure 3. (a) Scanning electron microscopy (SEM) and (b) transmission electron microscopy (TEM)
images of palladium supported on poly(N-vinylimidazole)-grafted silica (Si-PVI-Pd).

R2

R1

X

R1
+ R2

DMF, 120°C

0.5 mol% cat./ 2eq. K2CO3

X= Cl, Br, I
R1= H, Me, OMe, COMe, NO2

R2= CO2Bun, Ph

Scheme II. Mizoraki-Heck cross-coupling reactions.

Table 1. Optimization of base and solvent for Heck reaction of bromobenzene with 
n-butyl acrylatea.

(a) Reaction conditions: bromobenzene (1.0 mmol), n-butyl acrylate (1.2 mmol), base (2 mmol),

Pd catalyst (0.5 mol%), in solvent (5 mL) at 80-120°C; (b) conversion based on bromobenzene.

Entry Solvent Base Time (h) Conversionb (%)

1
2
3
4
5
6
7
8
9

THF
H2O
MeOH
CH3CN
DMF
DMF
DMF
DMF
DMF

K2CO3

K2CO3

K2CO3

K2CO3

K2CO3

None
KF
NaOAc
Et3N

24
24
24
24

4
24

8
8
8

30
60
70
85

100
trace
70
85
65

O

O
nBu

+

Br

O

O
nBu

solvent/80-120°C

0.5 mol% cat./ 2eq base
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Table 2. Heck reaction of n-butyl acrylate or styrene with various aryl halidesa.

Entry Ar-X R2 Product Time (h) Yieldb (%)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

CO2Bun

CO2Bun

CO2Bun

CO2Bun

CO2Bun

CO2Bun

CO2Bun

CO2Bun

CO2Bun

CO2Bun

CO2Bun

Ph

Ph

Ph

Ph

Ph

Ph

1a

1b

1a

1c

1d

1e

1a

1b

1c

1d

1e

1f

1g

1f

1h

1i

1j

0.5

1.0

4.0

6.0

2.0

1.0

15.0

24.0

12.0

2.0

1.0

1.0

2.5

4.0

6.0

3.0

2.0

95

90

80

85

94

95

60c

35c

80c

85c

95c

96

95

90

88

90

85

I

IMeO

Br

Br

Br
O

BrO2N

Cl

ClMeO

Cl

Cl
O

ClO2N

I

IMeO

Br

Br

Br
O

BrO2N

R2

+

X

DMF, 120°C

0.5 mol% cat./2eq K2CO3

R1
R2

R1
1

Continued



Figure 4. X-Ray diffraction (XRD) pattern of palladium 
supported on poly(N-vinylimidazole)-grafted silica (Si-PVI-
Pd).

0.5 mol% of Pd catalyst (entry 5).
The optimized conditions were applied in

Mizoroki-Heck reactions of n-butyl acrylate or
styrene with different aryl halides. The results are 
tabulated in Table 2. The electron-neutral, electron-

rich and electron-poor aryl iodides and bromides
reacted with n-butyl acrylate or styrene smoothly to
produce the desired products in high to excellent
yields. We have also shown the utility of the method
for using less active but more easily accessible and
cheaper aryl chlorides. The reaction with aryl 
chlorides was performed in the presence of 
tetrabutylammonium bromide (TBAB) as an additive
(entries 7-11 and entries 18-22) which increased the
conversion rate by formation and stabilization of Pd
colloids. In general, the reaction with styrene 
proceeds slower compared to n-butyl acrylate.

The powder X-ray diffraction (XRD) pattern of the
catalyst after a successful Heck reaction shows the
expected crystallinity of Pd (0) nanoparticles at (111),
(200), (220) and (311) crystallographic planes 
(Figure 4). The Pd nanoparticle size was estimated by
Scherrer equation from XRD pattern data to be 
19.2 nm. The calculated size matches approximately
the size observed from TEM image. The same result
was also obtained for the XRD pattern of the catalyst
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Entry Ar-X R2 Product Time (h) Yieldb (%)

18

19

20

21

22

Ph

Ph

Ph

Ph

Ph

1f

1g

1h

1i

1j

18.0

24.0

15.0

5.0

3.0

60c

30c

70c

85c

85c

Table 2. Continued.

Cl

ClMeO

Cl

Cl
O

ClO2N

(a) Molar ratio of the reagents: ArX:n-butyl acrylate:K2CO3:Pd catalyst = 1.0:1.2:2.0:0.0005; reaction conditions:

DMF, 120°C; (b) isolated yield of product; (c) with additional tetrabutylammonium bromide (0.05 mmol).

 

Scheme III. Sonogashira-Hagihara cross-coupling reactions.

PhR

X

R
Ph+

DMF, 100°C

0.5 mol% Pd cat. / 2 eq. K2CO3

X = Cl, Br, I
R = H, Me, OMe, COMe, NO2



after its use in the Heck reaction for several cycles.
This reveals the excellent stability and recovery of the
catalyst. 

In spite of numerous reports on silica-supported Pd
catalysts for Heck coupling reactions, many of these
methodologies may suffer from different drawbacks.
Some of these catalysts are not sufficiently re-cyclable
because of metal leaching from the supported system
[43]. Furthermore, many of these methods are applied
for aryl iodides and activated aryl bromides but rarely
for aryl chlorides [44]. Other drawbacks may be due
to the use of organic bases such as amines [45], high

palladium catalyst loading [46], performing the reac-
tion under anaerobic condition [47] for palladium
complex or ligand that are expensive or hard to make
[48]. In comparison, our catalytic system surmounts
almost all the problems mentioned above and we
therefore believe that it has many advantages over
many reported silica-supported Pd catalysts.

Copper-free Sonogashira-Hagihara Reaction 
We decided to explore the utility of this supported 
catalyst for Sonogashira-Hagihara coupling reaction
(Scheme III). Generally, Sonogashira reaction is 
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Table 3. Sonogashira reaction of phenylacetylene with aryl halidesa.

Entry Ar-X Product Time (h) Yieldb (%)

1

2

3

4

5

6

7

8

9

10

11

2a

2b

2a

2c

2d

2e

2a

2b

2c

2d

2e

1.0

5.0

4.0

6.0

3.0

3.0

10.0

20.0

10.0

5.0

3.5

91

90

80

80

90

89

60c

50c

75c

86c

90c

I

IMeO

Br

Br

Br
O

BrO2N

Cl

ClMeO

Cl

Cl
O

ClO2N

+

R

X
PhRPhH

DMF, 100°C

0.5 mol% cat/ 2 eq K2CO3

2

(a) Molar ratio of the reagents; ArX:phenylacetylene:K2CO3:Pd catalyst = 1.0:1.2:2.0:0.0005; reaction
conditions: DMF, 100°C; (b) isolated yield (in all reactions, the corresponding homo-coupled products
were also isolated in 6-9%); (c) with additional tetrabutylammonium bromide (0.05 mmol).



performed in the presence of copper salt as a co-
catalyst and large amount of amine as a solvent or a
co-solvent. We decided to apply catalytic amounts of
this air-stable Pd catalyst for Sonogashira reaction of
aryl halides with phenylacetylene under copper-,
amine- and phosphine-free condition. Initially, the
reaction conditions were optimized using bromoben-
zene and phenyl acetylene as a coupling partner. After
screening a range of usual bases and exploring the
scope of various solvents, we found that the 
best system for a model reaction is DMF in com-
bination with K2CO3 using 0.5 mol% Pd catalyst at
100°C. 

To survey the generality of the Sonogashira 
reaction, a variety of aryl halides containing electron
donating and electron withdrawing groups were 
coupled with phenylacetylene under optimized 
condition. The results are presented in Table 3.
Similar to Heck reactions, aryl chlorides need 
tetrabutylammonium bromide (TBAB) as an additive.
In all reactions, the corresponding homo-coupled
products were also isolated in 6-9%.

Suzuki-Miyaura Reaction
Our supported catalytic system was also used for the
Suzuki coupling of different aryl halides with 
phenylboronic acid to afford the corresponding
biaryls (Scheme IV). In order to find a suitable 
condition for Suzuki coupling, the reaction of
iodobenzene as a model compound with phenyl-
boronic acid was studied. The results indicate that
among different solvents and bases tested, NMP in
combination with K2CO3 was chosen as the 
best system which yielded a 100% conversion 
of iodobenzene within 30 min using 0.3 mol% of Pd
catalyst.

As demonstrated in Table 4, the conditions 
tolerated the presence of a wide variety of functional

groups from either aryl iodides or bromides (Entries
1-9). Moreover, similar to the Heck and Sonogashira
coupling reactions, the reaction of aryl chlorides was
performed in the presence of TBAB (Table 4, Entries
10-13).

Palladium Leaching and Catalyst Recycling
Capacity
Finally, we investigated the possibility of recycling
the catalyst. After the completion of a Heck reaction
between iodobenzene and n-butyl acrylate, the cata-
lyst was separated from the product-containing 
solution, washed and used in the next reaction cycle
with a new portion of the substrate. Seven consecutive
cycles of the coupling reaction showed that the 
catalyst did not lose its activity and could be 
completely recycled (Table 5). This reaction record a
TON (mole of product/mole of Pd catalyst) of 1400 in
total for these seven runs.

Furthermore, we investigated the recovery and re-
usability of the supported catalyst for Sonogashira and
Suzuki coupling reactions. Seven consecutive cycles
of these reactions showed that the catalyst did not lose
its activity and could be completely recycled. 

The issue of metal leaching from the supported 
catalyst can be a very important problem. Thus, 
we decided to investigate palladium leaching in our 
system. In this regard as described in experiment 
(1), the filtrate of the reaction between bromobenzene
and styrene was analyzed by ICP. Analysis of the
crude reaction mixture indicated negligible Pd 
leaching.

In order to explore whether the catalyst was 
behaving in a truly heterogeneous manner, or whether
it is merely a reservoir for more active soluble form of
Pd that re-deposit to the support after reaction, hot 
filtration test was performed according to experiment
(2). Here, the reaction of bromobenzene and styrene
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Scheme IV. Suzuki-Miyaura cross-coupling reactions.

X B(OH)2

R
R

+
NMP, 100°C

0.3 mol% Pd cat. / 2 eq. K2CO3

X= Cl, Br, I
R=H, Me, OMe, COMe, NO2, Cl



stopped at 25% conversion. After that, the catalyst
was filtered off and the experiment was continued
with the filtrate for another 24 h. There was no
detectable increase in the product concentration, as
was evident from the GC analysis. The heteroge-

neous character of the catalytically active species in
this reaction was then confirmed. 

In addition, in order to show no aggregation of 
palladium nanoparticles after coupling reactions,
TEM image and XRD pattern of the used catalyst 
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Table 4. Suzuki reaction of phenylboronic acid with aryl halidesa.

Entry Ar-X Product Time (h) Yieldb (%)

1

2

3

4

5

6

7

8

9

10

11

12

13

3a

3b

3a

3c

3d

3e

3f

3g

3h

3a

3c

3f

3g

0.5

2.0

2.5

4.0

15.0

24.0

5.0

2.0

2.0

10.0

12.0

8.0

2.0

96

91

80

80

70

65

90

85

88

65c

70c

80c

90c

I

IMeO

Br

Br

Br

Br

Br
O

BrO2N

BrCl

R
B(OH)2X

R
+

NMP, 100oC

0.3 mol% cat/ 2eq K2CO3

3

(a) Molar ratio of the reagents; ArX:phenylboronic acid:K2CO3:Pd catalyst = 1.0:1.2:2.0:0.0003; reaction 

conditions: NMP, 100°C; (b) isolated yield; (c) with additional tetrabutylammonium bromide (0.05 mmol).

Cl

Cl

Cl
O

ClO2N



Table 5. Coupling of iodobenzene with n-butyl acrylate
using recycled Pd catalyst.

(a) Reaction conditions: iodobenzene (1.0 mmol), n-butyl acrylate

(1.2 mmol), K2CO3 (2 mmol), Pd catalyst (0.5 mol%), in DMF 

(5 mL) at 120°C; (b) conversion based on iodobenzene.

were investigated. It was revealed that there was no
change in the size and morphology of the palladium
nanoparticles after coupling reactions.

CONCLUSION

In summary, a new recyclable palladium catalyst 
supported on poly(N-vinylimidazole)-grafted silica,
was synthesized and characterized. The catalyst was
used successfully in Heck, Sonogashira and Suzuki
coupling reactions with a variety of aryl halides.
Different aryl halides including readily available
chloroarenes showed good reactivity to generate the
corresponding products in good to excellent yields.
The system tolerated well a variety of functional
groups on aryl halides. The catalyst was easily 
separated from the reaction mixture (filtration) and
re-used after washing without appreciable loss in its
activity. The heterogeneity studies displayed no
remarkable leaching of active species in this 
catalytic system. TEM and XRD images showed high
metal dispersion and small particle sizes in
nanoscale. Good dispersion of the catalyst in the
reaction system along with its high efficiency and
short reaction times, high yields and easy purification
were demonstrated for the Heck, Sonogashira 
and Suzuki coupling reactions. This supported 
catalyst is air-stable and all reactions can be 
conducted in air.
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