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GRAPHICAL ABSTRACT

Abstract A novel polystyrene-supported palladium(II) complex, an excellent and recyclable

catalyst, was synthesized for Sonogashira reactions. The present complex shows high catalytic

activity for Sonogashira cross-coupling reaction of aryl halides with phenylacetylene under

phosphine-freeand copper-free reaction conditions inaqueous (DMF–H2O)medium.The cata-

lyst could be reused for at least six reaction cycles with almost unchanged catalytic properties.

Keywords Aqueous medium; aryl halides; palladium(II) complex; Sonogashira

cross-coupling

INTRODUCTION

Palladium-catalyzed reactions have been recognized as powerful tools in mul-
tiple organic transformations.[1–5] Despite the remarkable utility of Pd catalysts in
organic synthesis, they suffer from one significant drawback: They often remain in
the organic products at the end of the reaction. In recent years, the search for envir-
onmentally benign chemical processes or methodologies has received much attention
from chemists, because they are essential for the conservation of the global ecosys-
tem. Homogeneous palladium–catalyst system suffers from a major drawback in
that the catalyst recovery and=or its reuse is difficult, affecting the overall economics
of the process.[6–8] Heterogeneous catalysts, which are widely used in industry, have
good thermal stability, can be easily separated from the reaction mixture, and often
can be regenerated and reused. Therefore, heterogenizing homogeneous metal
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complex by supporting it on an insoluble support has attracted a lot of interest as a
suitable method for solving many practical problems, including recovery of the cata-
lyst from the reaction mixture and recycling. Palladium supported on materials such
as carbon,[9] amorphous silicates,[10] polymers,[11] and zeolites[12] is commonly
employed in heterogeneous catalysis.

The palladium-catalyzed coupling of terminal acetylenes with aryl and vinyl
halides (Sonogashira reaction) is one of the important and widely used carbon–carbon
bond-forming reactions in organic synthesis.[13–19] The most commonly used catalytic
systems for this transformation include PPh3 as ligand together with CuI as the coca-
talyst. The main disadvantages of the palladium catalysts containing simple phosphine
ligands is of high cost of phosphine, air- and thermosensitivity, low activity toward
deactivated substrates, and contamination of the products with the phosphine-based
by-products. The presence of copper iodide in the reaction mixture also has several
drawbacks: Oxidative homocoupling of acetylenes (Glaser-type reaction) cannot be
avoided in a copper-mediated reaction,[20,21] in which by-products (diaryldiacetylenes)
are generally difficult to separate from the desired products, and copper acetylide is a
potentially explosive reagent. Use of water as a reaction medium for transition-metal-
catalyzed reactions is very attractive for organic synthesis because water is a readily
available, safe, and environmentally friendly solvent. In water or water–organic sol-
vent mixtures, the Sonogashira reaction is very effectively catalyzed by palladium cata-
lyst containing no copper salt and=or phosphine ligands.[22–28]

Herein, we have reported a truly heterogeneous palladium catalyst for the
Sonogashira cross-coupling reactions in aqueous medium under copper-free and
phosphine-free reaction conditions. The catalyst shows good catalytic activity in
the coupling reactions of various aryl halides with phenylacetylene. Furthermore,
easy catalyst recovery and excellent recycling efficiency of the catalyst make it an
ideal system for coupling reactions in the aqueous phase.

The synthesis of the polymer-anchored Schiff base palladium(II) catalyst is illu-
strated in Scheme 1. It was readily prepared through a two-step procedure. The poly-
styrene amine (1 g) was reacted with benzaldehyde (3mL) in dry toluene (10mL)
under reflux conditions for 72 h to afford polymer Schiff base ligand (2). This poly-
mer Schiff base ligand (1 g) subsequently reacted with palladium acetate (0.5 g) in
acetic acid (10mL) at 80 �C for 10 h to generate the corresponding polystyrene-
supported palladium(II) catalyst.

Scheme 1. Synthesis of polymer-anchored Pd(II) Schiff base complex.
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Because of insolubility of the polymer-anchored Pd(II) complex in all common
organic solvents, its structural investigations was limited only to its physicochemical
properties, SEM-EDX, TGA-DTA, infrared (IR), and ultraviolet-visible (UV-vis)
spectral data. The complete incorporation of the organic substructure in the material
was confirmed by elemental analysis. The metal content of polymer anchored Pd(II)
complex determined by atomic absorption spectrometry (AAS) suggested 2.23wt%
metal loading in the immobilized palladium complex. The SEM images of
polymer-anchored ligand and metal complex clearly show the morphological change
that occurred on the surface of the polymer matrix after loading of the metal (Fig. 1).
EDX data also support the metal attachment on the surface of polymer matrix
(Fig. 2).

The catalyst is thermally stable up to 250 �C. The IR spectrum of polymer-
anchored Schiff base ligand showed characteristic IR peak at 1635 cm�1, which
may be assigned to the -C=N stretching vibration of imine which on complexation
with metal shifted toward lower frequency to 1615 cm�1. This suggested bond forma-
tion between Pd and ligand. Other characteristic peaks at 1585 cm�1, 1430 cm�1

(n COO bridged), 720 cm�1 (orthometallation),[29] and 455 cm�1 (n Pd-N)[30] also
support the formation of the palladium(II) complex. The UV-vis spectra provided
further evidence for the presence of palladium(II) on polymer support. The absorp-
tion maxima at 295 nm may be attributed to the p!p� transition in polymer and
phenyl moiety, and the absorption at higher range (370–440 nm) may be due to
the p!p� and n!p� transitions of imine system in conjugation with the aromatic
nuclei.

In our previous study of cross-coupling reactions, it was found that the present
catalyst is highly efficient for the Suzuki cross-coupling reaction, which furnished
biaryl products with good yields.[31] Therefore, continuing the search for further
catalytic reactions, we decided to investigate the catalytic activity of the present cata-
lyst for the Sonogashira reaction. We began our investigation of the Sonogashira
coupling reaction with the present catalyst using the coupling of bromobenzene with
phenylacetylene as a model reaction (Scheme 2). Because the performance of a suc-
cessful metal-catalyzed cross-coupling reaction is known to be governed by a number

Figure 1. FE SEM image of polymer-anchored Schiff base ligand (A) and PS-[(C6H4CH=N)Pd(OAc)]2
complex (B).
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of factors, at first the effects of various bases, solvents, temperatures, and catalyst
concentrations on the Sonogashira cross-coupling reaction were surveyed. Using
tetrabutylammonium bromide (TBAB) as an additive enhanced the rate of the
reaction. All the reactions were carried out under an air atmosphere.

We first examined the effect of reaction temperature on the Sonogashira coup-
ling reaction. The results are reported in Table 1. At room temperature, very poor
yield of the cross-coupled product was obtained. As expected, raising the tempera-
ture substantially increased the conversion of bromobenzene, and a temperature
of 70 �C provided the greatest conversion. The reaction was carried out under an
air atmosphere.

To verify the solvent effect in Sonogashira coupling reactions, we have inves-
tigated a series of reactions by taking the model reaction in different solvents
(Table 1). The results showed that the nonpolar solvents such as toluene or p-xylene
gave moderate to low amount of conversions (entries 5 and 6). Quantitative yields
were observed with polar solvents such as dimethylsulfoxide (DMSO), dimethylfor-
manide (DMF), or methanol (entries 7–9). The catalytic activity was also observed in
neat water, and the desired product was obtained in 70% yields. The reaction per-
formed in DMF–H2O (1:1) was found to be the best for the present catalytic system

Scheme 2. Sonogashira reaction of phenylacetylene with bromobenzene.

Figure 2. EDX spectrum of PS-[(C6H4CH=N)Pd(OAc)]2 complex.
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(entry 4), as the greatest conversion was obtained in this mixed aqueous–organic
solvent.

The base usually plays an important role in the Sonogashira cross-coupling
reaction. Thus, different kinds of bases were screened, and the results are summar-
ized in Table 1. From the results, it is seen that triethylamine is the most effective
base in the present catalytic system. Inorganic bases are less effective and gave mod-
erate yield of the coupled product. No conversion was observed in the absence of
base. The effect of base substrate ratios on the coupling reaction was also examined.
Using a base–substrate molar ratio of 2:1, the greatest conversion of bromobenzene
was obtained.

We next evaluated the catalytic activity of the present catalyst using a variety
of aryl halides under optimized reaction conditions, and the results obtained were
collected as shown in Table 2. From the results, it is seen that the reaction was effec-
tive in the presence of a wide variety of functional groups on the aryl iodides, bro-
mides, and chlorides, giving good to excellent conversions to the corresponding
products. Electron-poor aryl halides were coupled with phenylacetylene efficiently
in the presence of catalyst. The electron-rich arylhalides also afford moderate to
good conversions. The electronically neutral iodo and bromobenzene produced a
large amount of the desired product when coupled with phenylacetylene. The
ortho-substituted aryl halide, 2-bromotoluene, gave good yields of coupled product
but requires longer reaction times, which might be due to steric hindrance. Under the
same reaction conditions, heteroaryl bromide such as 2-bromopyridine furnished the
desired coupled product in good yields. In addition, 1-bromonaphthalene was suc-
cessfully coupled with phenylacetylene to afford the corresponding coupled product
in 89% yields. The less reactive chlorobenzene showed low conversion. The activated

Table 1. Optimal conditions for polymer-anchored Pd(II) Schiff base complex–catalyzed Sonogashira

reaction of bromobenzene and phenylacetylenea

Entry Temperature (�C) Solvent Base

Base–substrate

ratio Time (h) Yield (%)

1 30 DMF–H2O (1:1) Et3N 2:1 12 Trace

2 50 DMF–H2O (1:1) Et3N 2:1 12 23

3 60 DMF–H2O (1:1) Et3N 2:1 12 75

4 70 DMF–H2O (1:1) Et3N 2:1 12 97

5 120 p-xylene Et3N 2:1 24 22

6 110 Toluene Et3N 2:1 24 14

7 100 DMF Et3N 2:1 12 87

8 100 DMSO Et3N 2:1 12 79

9 70 Methanol Et3N 2:1 12 76

10 70 H2O Et3N 2:1 12 70

11 70 DMF–H2O (1:1) K2CO3 2:1 12 69

12 70 DMF–H2O (1:1) K3PO4 2:1 12 57

13 70 DMF–H2O (1:1) NaOH 2:1 12 34

14 70 DMF–H2O (1:1) No base 2:1 24 No reaction

15 70 DMF–H2O (1:1) Et3N 0.5:1 12 26

16 70 DMF–H2O (1:1) Et3N 1:1 12 32

aReaction conditions: bromobenzene (1.0mmol), phenylacetylene (2.0mmol), catalyst (1.0mol% Pd),

and solvent (6mL). Yields determined by GC analysis.
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aryl chloride, 4-chloroacetophenone, gave the corresponding coupled product in
moderate yields. However, in both reactions high temperature and longer reaction
time were required.

Table 2. Sonogashira cross-coupling reaction of aryl halides with phenylacetylene with polymer-anchored

Schiff base complex catalysta

Entry ArX Time (h) Productb (no.) Conv.c (%) Isolated yield (%)

1 8 100 100

2 12 100 100

3 8 100 99

4 8 96 95

5 12 95 95

6 12 88 87

7 12 92 92

8 12 98 98

9 12 99 99

10 24 87 83

11 12 89 88

12 15 91 89

13 24 42 42

14 24 71 70

aReaction conditions: aryl halide (1.0mmol), phenylacetylene (2.0mmol), catalyst (1.0mol% Pd), Et3N

(2.0mmol), TBAB (1.0mmol), and DMF–H2O (1:1, 6mL) at 70 �C.
bProducts were identified by comparison of their GC-MS and 1H NMR spectral data with those

reported in the literature.
cConversion of reactant was determined by GC and GCMS analysis using dodecane as internal

standard.
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Themain advantage of the present polymer-anchored Pd(II) Schiff base complex
catalyst for the Sonogashira coupling compared to previous literature reports[11,32] is
that it achieves good yields and selectivity of Sonogashira coupling products in the
absence of toxic copper salt and expensive phosphine ligands. The reaction was carried
out in an aqueous medium in open air instead of an inert atmosphere.

To determine whether the catalyst is actually functioning in a heterogeneous
manner, a hot-filtration test was performed for the Sonogashira coupling reaction
of bromobenzene and phenylacetylene. During the reaction, the solid catalyst was
separated from the reaction mixture by filtration after 4 h of reaction, and the
determined conversion was 55%. The obtained filtrate was continually stirred
under the same reaction conditions for a further 3 h. The gas chromatographic
analysis showed no increase in the conversion. Atomic absorption spectrometric
analysis of the filtrate confirms that no metal is present. These results confirm
that no leaching of the metal from the catalyst takes place during the catalytic
reaction.

The lifetime is an important point concerning the use of the catalyst both for
industrial and pharmaceutical applications. As the solid catalyst can be recovered
easily from the reaction mixture, we examined the reuse of the present catalyst using
the reaction of bromobenzene and phenylacetylene. The capability of recycling the
polymer-anchored Pd(II) Schiff base complex was confirmed after six consecutive
reactions in DMF–H2O (1:1) medium. After the first run, the catalyst was separated
by filtration, washed thoroughly, dried under vacuum, and then subjected to the next
run under the same reaction conditions. The results summarized in Fig. 3 demon-
strate that there was almost no change in catalytic activity even after the sixth
run. The metal content of the recycled catalyst remained almost unaltered, indicating
no leaching of the metal from the polymer support.

Figure 3. Recycling activity of PS-[(C6H4CH=N)Pd(OAc)]2 complex catalyst toward the Sonogashira

cross-coupling reaction of bromobenzene with phenylacetylene. Reaction conditions: bromobenzene

(1.0mmol), phenylacetylene (2.0mmol), catalyst (1.0mol% Pd), Et3N (2.0mmol), TBAB (1.0mmol),

and DMF–H2O (1:1, 6mL) at 70 �C.
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In conclusion, we have developed a mild copper-free Sonogashira coupling
reaction of arylhalides and acetylene in aqueous medium (DMF–H2O, 1:1) using
Et3N as base under aerobic conditions using polymer-anchored Schiff base complex
catalyst. The main advantages associated with this catalyst are (i) easy preparation
and handling of the catalyst and commercial availablility of the support; (ii) no need
for copper salt and phosphine ligand in the catalytic system; and (iii) excellent yield
and selectivity in an aqueous medium. Easy product recovery and the recycling
efficiency, along with high selectivity of this catalyst, may be useful for the synthesis
of different fine chemicals under ecofriendly conditions.

EXPERIMENTAL

The reagents and solvents were obtained from commercial sources and were
generally used without further purification. Poly(styrene-co-divinyl benzene) and
palladium acetate were supplied by Aldrich Chemical Company, USA, and other
organic reagents were purchased from Merck.

Surface morphology and particle size of the samples were analyzed using a
scanning electron microscope (Zeiss EVO40, England) equipped with EDX facility.
Thermogravimetric analysis (TGA) of the immobilized catalyst was determined
using a Mettler Toledo TGA 851. The Fourier transform (FT–IR) spectra were
recorded on a Perkin-Elmer FTIR 783 spectrophotometer using KBr pellets. Diffuse
reflectance UV-vis spectra were taken using a Shimadzu UV-2401PC doubled-beam
spectrophotometer having an integrating sphere attachment for solid samples. A
Perkin-Elmer 2400C elemental analyzer was used to collect microanalytical data
(C, H, and N). Palladium content in the catalyst was determined using Varian
AA240 atomic absorption spectrophotometer. The 1H NMR spectra were recorded
on 250-, 300-, or 500-MHz spectrometers. The chemical shifts were measured in
parts per million (ppm), using tetramethylsilane (TMS) as an internal standard
and CDCl3 as the solvent.

General Procedure for the Conduct of Sonogashira Cross-Coupling
Reaction in DMF–H2O (1:1) Medium

To a suspension of the polymeric Pd(II) catalyst (1.0mol% of Pd) in DMF–
H2O (6.0mL, 1:1), aryl halides (1.0mmol), phenylacetylene (2.0mmol), TBAB
(1.0mmol), triethylamine (2.0mmol), and n-dodecane (15–20mg) as an internal
gas chromatography (GC) standard were added. The resulting mixture was stirred
at the prearranged temperature for the appropriate reaction time. Samples were
withdrawn periodically and analyzed by GC. GC yield was determined using
n-dodecane as an internal standard and based on the amount of aryl halide
employed. After completion of the reaction, the reaction mixture was cooled to room
temperature and extracted with Et2O three times. The organic phase in the combined
filtrates was separated and dried over Na2SO4. The solvent was evaporated under
reduced pressure, and the crude material was purified by flash column chromato-
graphy on silica gel. The product was analyzed by GC-MS and 1H NMR. All
prepared compounds were known and compared with authentic samples.
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Sonogashira Coupling Products

Diphenylacetylene (2a). White solid,mp: 54 �C (lit.mp[33] 54–55 �C). 1HNMR
(CDCl3, 300MHz): d (ppm) 7.75–7.52 (m, 4H), 7.36–7.33 (m,6H). GC-MS: m=z 178.

1-Acetyl-4-phenylethynyl-benzene (2b). Pale yellow solid, mp: 98–99 �C
(lit. mp[34] 97 �C). 1H NMR (CDCl3; 250MHz): d (ppm) 7.93 (d, 2H,), 7.62–7.54
(m, 4H), 7.38–7.35 (m, 3H), 2.60 (s, 3H). GC-MS: m=z 220.

4-Phenylethynyl-toluene (2c). White solid, mp: 70–72 �C (lit. mp[35]

72–73 �C). 1H NMR (CDCl3, 300MHz): d (ppm) 7.55–7.52 (m, 2H), 7.44 (d, 2H),
7.36–7.32 (m, 3H), 7.16 (d, 2H), 2.38 (s, 3H). GC-MS: m=z 192.

1-Methoxy-4-phenylethynyl-benzene (2d). Pale yellow solid, mp: 59–60�C
(lit. mp[36] 59–60 �C). 1H NMR (CDCl3, 300MHz): d (ppm) 7.55–7.48 (m, 4H),
7.37–7.33 (m, 3H), 6.90 (d, 2H), 3.83 (s, 3H), GC-MS: m=z 208.

1-Cyano-4-phenylethynyl-benzene (2e). White solid; mp 105–106�C (lit.
mp[28] 106–108 �C). 1H NMR (300MHz, CDCl3): d 7.36–7.39 (m, 3H), 7.52–7.59
(m, 2H), 7.61–7.62 (m, 4H); GC-MS: m=z 203.

1-Nitro-4-phenylethynyl-benzene (2f). Yellow solid, mp: 119 �C (lit. mp[36]

119–120 �C). 1H NMR (CDCl3, 300MHz): d (ppm) 7.38–7.40 (m, 3H), 7.54–7.58 (m,
2H), 7.65 (d, 2H), 8.21(d, 2H); GC-MS: m=z 223.

1-Phenylethynyl-toluene (2g). White solid. 1H NMR (CDCl3, 500MHz): d
(ppm)7.44–7.39 (m,3H), 7.25–7.21 (m, 3H), 7.12–7.10 (m, 2H), 7.08–7.04 (m,1H),
2.41 (s, 3H). GC-MS: m=z 192.

2-Phenylethynyl-pyridine (2h). Yellow oil. 1H NMR (CDCl3, 250MHz): d
(ppm) 8.55 (d, 1H), 7.64–7.54 (m, 3H), 7.50 (d, 1H), 7.34–7.29 (m, 3H), 7.22–7.14
(m, 1H). GC-MS: m=z 179.

1-(1-Naphthyl)-2-phenylacetylene (2i). Yellow oil. 1H NMR (CDCl3,
500MHz): d (ppm) 8.44 (d, 1H), 7.83 (ddd, 2H), 7.75 (d, 1H), 7.64 (d, 2H), 7.58
(t, 1H), 7.52 (t, 1H), 7.44 (t, 1H), 7.39–7.34 (m, 3H). GC-MS: m=z 228.
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