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Abstract A new nitrogen-containing phosphinite ligand

based on modified Merrifield resin was synthesized and

characterized. This ligand was combined with PdCl2 to

afford efficient catalyst for Heck and Suzuki cross-coupling

reactions. The catalyst was highly efficient for cross-cou-

pling reactions of aryl iodides, bromides and also chlorides

with olefinic compounds. Aryl chlorides are usually inac-

tive in coupling reactions, but with this catalytic system,

excellent result was gained in the presence of tetrabutyl-

ammonium bromide. Transmission electron microscopy of

catalyst shows that palladium was well dispersed and of

typical diameter of 8–30 nm. The X-ray powder diffraction

pattern of the Pd catalyst was consistent with the metallic

Pd (0). Elemental analysis of Pd by ICP-OES and hot fil-

tration test shows low leaching of the metal into solution

from the supported catalyst which confirms the full heter-

ogeneous character of the catalytically active species. Short

reaction times, excellent yields and recyclability are among

the advantages of this polymeric catalytic system. The

catalyst can be reused for many times without loss in its

efficiency.
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Heterogeneous catalysis � Heck reactions � Suzuki reactions

Introduction

Insoluble polymer-supported catalysts are among the most

powerful and convenient tools in organic synthesis. The

main advantage of using such heterogeneous catalysts is

their easy separation from the reaction mixture. In the past

decades, much attention has been paid to the development

of polymer supported metal complexes as catalysts in

organic reactions [1–3].

A large number of organic polymers have been used as

supports for reagents and catalysts. One of such polymers is

polystyrene due to its ready availability, inexpensiveness,

mechanical robustness, chemical inertness and facile func-

tionalization [4]. Polystyrene-based catalysts for organic

synthesis have been widely reported. Merrifield resin is one

of the derivatives of polystyrene that has been modified by

functional groups. The functional groups of these modified

polymers act as surface active sites for metal complexes

with high suitable catalytic properties [1–7].

Efficient assembly of ligands on a solid support is a

possible way towards the successful preparation of polymer

immobilized transition metal catalysts [8–10]. The choice

of ligand allows the tuning of the catalytic activity and

selectivity. In general, these catalysts are positioned on the

support activated by ligands such as diphosphines, phos-

phines, phosphinite and carbenes [11–15]. High cost of the

precious metal catalysts has led to the development of the

supported complexes that can be recovered from the

reaction mixtures and can be recycled and reused. Many

efforts have been focussed on the development of new

ligand-derivatised polymeric supports for the attachment of

metals [16].

Transition metal-mediated catalytic cross-coupling

reactions are among the most powerful tools for modern

organic synthesis [17]. The palladium-catalyzed Heck

reaction, involving cross-coupling of aryl halides with

unsaturated compounds [18–20] and coupling reaction of

aryl halides with organo boronic acids (Suzuki–Miyaura

reactions) [21–23] have been used in the simplest way to
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obtain C–C bound formations. The important goals in these

reactions are the synthesis of chemicals, natural products,

bioactive compounds, and advanced materials [24]. These

reactions are carried out in the presence of Pd catalyst

involving ligands such as phosphines [1], carbon [14] and

phosphinite [25]. Phosphinites are efficient ligands for

generation of the C–C bonds because they can stabilize

palladium and increase its reactivity [26–31]. In continu-

ation of our previous studies on heterogeneous Pd catalyst

based on polymeric support [32] and polymer-grafted silica

[33, 34], herein, we report the synthesis and application of

stable and active heterogeneous palladium catalysts con-

taining phosphinite ligand based on modified Merrifield

resin to be used in Heck and Suzuki reactions.

Experimental

General

Substrates were purchased from Aldrich, Fluka and Merck

companies. All products were characterized by comparison

of their FT-IR and NMR spectra and physical data with

those reported in the literature. All yields refer to the iso-

lated products. Progress of reactions were followed by TLC

on silica-gel Polygram SILG/UV 254 plates or by GLC on

a Shimadzu model GC 10-A instrument with hydrogen

flame ionization detector. IR spectra were run on a Shi-

madzu FT-IR-8300 spectrophotometer. The 1H NMR and
13C NMR spectra were recorded on a Bruker Avance DPX

instrument (250 MHz). The Pd analysis and leaching test

were carried out by inductively coupled plasma analyzer

(ICP-OES) (Varian, Vista-Pro). CHN analysis was carried

out on Thermo Finningan FIASHEA 1112 series instru-

ment. X-ray diffraction data obtained with XRD, D8,

Advance, Bruker, axs. Transmission electron microscope

(TEM) analyses were performed on a Philips model CM 10

instrument. Scanning electron micrographs were obtained

by, XL-30 FEG SEM, Philips, at 20 kV.

Preparation of polystyrene immobilized

ethanolamine (II)

Trioxane (0.9 g, 10 mmol) and chlorotrimethylsilane

(3.8 mL, 30 mmol) were dissolved in chloroform (10 mL).

Polystyrene (1 g, 2 % Cross-linked) and SnCl4 (0.5 mL,

4.3 mmol) were added to the solution. The mixture was

stirred at 0 �C for 30 min and then for 2 h at room tem-

perature. The resin was washed with methanol, THF, and

water, successively to obtain white powdery beads of

chloromethylated polystyrene containing 3.21 meq of Cl/g.

FT-IR m: 1263.3 cm-1 (C–Cl), CHN Anal. Found: C.

81.65; H. 6.85; Cl.11.50.

Chloromethylated resin (1 g) was suspended in DMF

(10 mL) and to this were added ethanolamine (0.23 mL,

4 mmol) and triethylamine (0.48 mL, 4 mmol). The mix-

ture while stirred was heated at 90–100 �C for 17 h. It was

cooled, filtered and washed thoroughly with water, DMF

and acetone and dried under vacuum overnight to give the

desired product. The hydroxyl group capacity of the

polymer was determined by CHN analysis and was found

to be 2.3 mmol/g of polymer.

CH2Cl

n

NH2CH2CH2OH

/90-1000C

CH2NHCH2CH2OH

n

ClPPh2/Et3N

THF/ 00C

n

PdCl2

DMF/800C

O O

O SnCl4 ClSiMe3
C

H

H

O

Cl

SnCl4

SiMe3

C

H

H
Cl

O

SnCl4

SiMe3 +

n

CH2Cl

n

CH2 O
SnCl4

CH2NHCH2CH2OPPh2

DMF

I

IIIII

(IV)

L

LnPd(0)

Scheme 1 Synthesis of

modified Merrifield-supported

Pd nanoparticles
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Synthesis of polystyrene immobilized

b-aminophosphinite ligand (III)

Polystyrene immobilized b-aminoalcohol (II) (1 g) and

triethylamine (0.54 mL, 4.6 mmol) were suspended in

THF (10 mL) at 0 �C. A solution of chlorodiphenylphos-

phine (0.82 mL, 4.6 mmol) in THF (2 mL) was added

dropwise in the period of 20 min while stirring. The

reaction mixture was then stirred for additional 10 h at R.T,

and filtered. The solid was washed with water, THF, eth-

anol and dried under reduced pressure. Phosphorous con-

tent of the polymer was determinated by iodometric

titration method and was found to be 1.6 mmol/g of the

polymer.

Preparation of the Pd catalyst (IV)

The polystyrene supported phosphinite ligand (1 g) was

treated with a solution of PdCl2 (0.14 g, 0.8 mmol) in

DMF (15 ml) at 100 �C for 18 h. The mixture was filtered

and washed thoroughly with DMF, water and acetone. It

was then conditioned for a total of 18 h (3 9 2 h) each

refluxing in water, ethanol and acetone and finally dried

under vacuum. This was done to remove any physisorbed

palladium. To determine the Pd content of the black cata-

lyst, a mixture of concentrated H2SO4 and HNO3 was

added to the catalyst and filtered. The filtrate was diluted to

50 cm3 with distilled water and subjected to ICP determi-

nation using calibration curve method. The Pd capacity of

catalyst was determined by elemental analysis. ICP anal-

ysis revealed that the complex contained an average of

0.19 mmol Pd/g of polymer.

General procedure for Heck cross-coupling reactions

Aryl halide (1 mmol), n-butyl acrylate or styrene

(1.2 mmol), K2CO3 (0.27 g, 2.0 mmol), Pd catalyst (0.016,

0.3 mol%) and DMF (3 mL) were mixed in a flask. The

mixture was heated with stirring at 100 �C for the appro-

priate time. Progress of the reaction was followed by TLC

(or GC if necessary). On completion of the reaction, the

catalyst was easily recovered by filtration and the residue

diluted with EtOAc and the organic layer was washed with

water and brine (10 mL). The organic phase was dried over

Na2SO4, and evaporated under vacuum. The mixture was

then purified by column chromatography (n-hexane/ethyl

acetate 7:3) over silica gel or recrystallization to afford the

product with high purity. Characterization of the product

was performed by comparison of its FT-IR, 1H-NMR, 13C-

NMR, and physical data with those of the authentic sample.

General procedure for Suzuki cross-coupling reactions

Aryl halide (1 mmol), phenylboronic acid (0.14 g,

1.2 mmol), K2CO3 (0.27 g, 2.0 mmol), Pd catalyst

Fig. 1 Powder XRD patterns of Pd catalyst

Fig. 2 TEM image corresponding to Pd catalyst

Fig. 3 SEM image of Pd catalyst
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(0.016 g, 0.3 mol%) and DMF (3 mL) were mixed in a

flask. The mixture was heated with stirring at 80 �C for the

appropriate time. The reaction was followed by TLC (or

GC if necessary). After completion of the reaction, the

procedure outlined above was followed.

Catalyst recycling

After completion of reaction, the catalyst was isolated by

filtration. It was washed with acetone and water and dried

in air. The resulting solid catalyst was charged into another

batch for repeating cycle.

Results and discussion

The synthesis of Pd catalyst was accomplished according

to Scheme 1. Simple and efficient process for the chlo-

romethylation of cross-linked polystyrenes (Merrifield

resin I) involves the reaction of cross-linked polystyrene

(2 %) with trioxane and chlorotrimethylsilane in the pres-

ence of stannic chloride in chloroform [35]. The IR

spectrum of polymer showed the characteristic absorption

peak of (C–Cl) at 1263.3 cm-1. Polymer-bound b-amino-

alcohol (II) was synthesized according to the literature

procedures by nucleophilic substitution reaction of b-ami-

noalcohol with the Merrifield resin [10]. IR spectrum of the

modified polymer showed a broad band at 3420 cm-1 due

to overlapping of OH stretching and amine NH. The

appearance of these bands suggests that the reaction have

occurred successfully. The hydroxyl group capacity of II

was determined by CHN analysis and was found to be

2.3 mmol/g of polymer. b-Aminophosphinite ligand was

prepared on modified polystyrene by the reaction of II with

ClPPh2 in THF [36]. The phosphorous content of the III

was determinated by iodometric titration method and was

found to be 1.6 mmol/g. The complexion between obtained

polymer and palladium chloride was carried out in DMF to

obtain black polymeric Pd (0) complex (IV). Two P atoms

coordinated to Pd (G) center and followed by the reduction

to Pd (0) by another phosphinite group. This reduction

pathway is generally known for Pd (G) compounds [26–28,

37]. The Pd capacity of catalyst was determined by ele-

mental analysis. ICP analysis revealed that the complex

contained an average of 0.19 mmol Pd/g. XRD pattern of

the Pd catalyst is presented in Fig. 1. It shows the crys-

tallographic planes of the Pd (0) nanoparticles at (111),

(200), (220) and (311). [38]. Transmission electron

microscopy (TEM) image of Pd catalyst is shown in Fig. 2.

TEM image shows that particles are dispersed in the

polymer matrix with a size in the range of 10–30 nm.

Table 1 Optimization of base and solvent for Heck reaction of iodobenzene with n-butyl acrylate

I

+
O

OBun

Solvent, Base,

Cat. 1000C

O

OBun

Entry Base Solvent Pd (mol%) Time (h) Conversiona (%)

1 K2CO3 NMP 0.3 3 100

2 K2CO3 CH3CN 0.3 4 50

3 K2CO3 EtOH 0.3 4 20

4 K2CO3 H2O 0.3 4 60

5 K2CO3 DMF 0.3 2 100

6 Et3N DMF 0.3 4 85

7 NaOAC DMF 0.3 4 50

8 KF DMF 0.3 4 30

9 – DMF 0.3 4 10

10 K2CO3 DMF 0.2 4 100

11 K2CO3 DMF 0.1 6 100

12 K2CO3 DMF 0.01 10 100

Reaction condition: iodobenzene (1 mmol), n-butyl acrylate (1.2 mmol), base (2 mmol), pd catalyst (0.3–0.1 mol%), and 3 ml of solvent at

100 �C
a Conversion based on iodobenzene

X

R1
+ R2

Cat. (0.3mol%)/ 2eq K2CO3

DMF/ 1000C

R2

R1

R2: CO2Bu, Ph

Scheme 2 Heck cross-coupling reactions
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Table 2 Heck reaction of n-butylacrylate or styrene with aryl halides

Entry Aryl halides R2 Time (h) Yield (%)a

1 I CO2Bun 2 94

2 I

OMe

CO2Bun 2 91

3 Br CO2Bun 4 85

4 Br

COMe

CO2Bun 7 82

5 Br

NO2

CO2Bun 2 94

6 Br

CN

CO2Bun 3 90

7 Br

Cl

CO2Bun 8 75

8 Br

Me

CO2Bun 10 81

9 Br
Me

CO2Bun 14 83
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Table 2 continued

Entry Aryl halides R2 Time (h) Yield (%)a

10 Br

Me

CO2Bun 16 72

11 Cl CO2Bun 20 68b

12 Cl

NO2

CO2Bun 13 95b

13 Cl
NO2

CO2Bun 24 63b

14 Cl

COMe

CO2Bun 8 79c

15 Cl

Me

CO2Bun 12 80c

16 I Ph 3.5 90

17 I

OMe

Ph 5 94

18 Br Ph 5.30 78
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Scanning electron microscopy (SEM) images of Pd catalyst

is shown in Fig. 3. SEM image shows the morphology of

the nanoparticles of Pd.

The activity of catalyst was first tested in the Heck

reaction. Coupling of iodobenzene with n-butyl acrylate

was initially studied as a model reaction. The reaction

condition was optimized for the Pd catalyst and results are

presented in Table 1. The amount of catalyst can be

reduced down to 0.01 mol% of Pd by prolonging the

reaction time to 10 h. Generality of this reaction system

was shown when coupling reactions of n-butylacrylate or

styrene as olefinic substrate, with other aryl halides were

carried out (Scheme 2). The results are presented in

Table 2. Electron-neutral, electron-rich and electron-poor

aryl iodides and bromides reacted with olefins very well.

Aryl halides with electron-withdrawing groups were

excellent for Heck reaction (entries 4–7, 12–14 and 20–23).

In general, the reaction with styrene proceeds slower

compared to n-butyl acrylate. Less reactive aryl chlorides

have not been employed much, in palladium-catalyzed

coupling reactions because the oxidative addition of C–Cl

bond to Pd (0) species is usually difficult [39, 40]. Only a

few heterogeneous Pd catalysts have been reported to

Table 2 continued

Entry Aryl halides R2 Time (h) Yield (%)a

19 Br

Me

Ph 15 79

20 Br

NO2

Ph 4 91

21 Br

CN

Ph 6 90

22 Br

COMe

Ph 8.30 80

23 Br

Cl

Ph 12 82

Molar ratio of the reagents ArX: n-butyl acrylate or styrene:K2CO3:palladium catalyst = 1.0:1.2:2.0:0.003. Reaction conditions: DMF, 100 �C
a Isolated yields
b With additional tetrabutylammonium bromide (0.05 mmol)

X

R
+

B(OH)2

Cat. (0.3 mol%) / 2eq K2CO3

DMF, 800C R

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

Scheme 3 Suzuki–Miyaura cross-coupling reactions
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Table 3 Suzuki reaction of phenylboronic acid with aryl halides

Entry Aryl halides Time (h) Yield (%)a

1 I 1.40 96

2 I

OMe

3 93

3 Br 5 88

4 Br

COMe

4.50 85

5 Br

NO2

3 94

6 Br

CN

5 95

7 Br

Cl

4.20 89

8 Br

Me

6 81

9 Br
Me

15 81
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convert activated aryl chlorides [26, 30, 32, 41], the reac-

tion with chlorides had to be run in the presence of tetra-

butylammonium bromide (TBAB) (Jeffery catalyst) as an

additive [42]. Polymer catalyst was also examined for the

Suzuki reaction which is one of the most powerful methods

for generation of new biaryls (Scheme 3). We optimized

the reaction condition similar to Heck reactions, the best

result was obtained with 0.3 mol% of catalyst in the

presence of K2CO3 as a base and DMF as a solvent at

80 �C. As shown in Table 3 different aryl halides react

with phenylboronic acid to give the corresponding biaryl.

Aryl chlorides can also give the coupling products in the

presence of TBAB.

Heterogeneity test and catalyst reuse

The recovery and reusability of the supported catalyst was

investigated using reaction of iodobenzene with n-butyl

acrylate as a model reaction. The recovered catalyst was

successfully used in 6 subsequent reactions without change

in its efficiency (Table 4). To find the amount of palladium

leaching in our system, the filtrate of model reaction was

analyzed by ICP in six repeating cycles. Palladium leach-

ing was neglected.

Hot filtration test was performed to understand the cat-

alyst behavior in a truly heterogeneous manner or whether

it is merely a reservoir for more homogenous active form

Table 3 continued

Entry Aryl halides Time (h) Yield (%)a

10 Br

Me

16 75

11 Cl 16 74b

12 Cl

NO2

14 93b

13 Cl
NO2

16 76b

14 Cl

COMe

15 87b

15 Cl

Me

18 76b

Molar ratio of the reagents ArX: phenylboronic acid: K2CO3: palladium catalyst = 1.0:1.2:2.0:0.003. Reaction conditions: DMF, 80 �C
a Isolated yields
b With additional tetrabutylammonium bromide (0.05 mmol)
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of Pd. In a model reaction, Pd complex (0.3 mol%) iodo-

benzene (1 mmol) n-butyl acrylate (1.2 mmol), K2CO3

(2 mmol) and DMF (5 ml) were stirred at 100 �C for

30 min (25 % conversion). The catalyst was filtered off

and the residue was stirred at 100 �C for another 24 h.

There was no increase in the product concentration as is

evidence from the GC analysis. The heterogeneous char-

acter of the catalytically active species is illustrated.

Conclusions

A new palladium catalyst based on modified Merrifield

resin carrying phosphinite ligand was synthesized and

characterized. Through TEM and XRD we can observe

high Pd dispersion and small particle sizes in nano scale.

The catalyst exhibits excellent activity and stability in

Mizoroki–Heck and Suzuki–Miyaura cross-coupling reac-

tions. Short reaction times, high yields, easy purification,

recyclability and very low Pd leaching are the main char-

acteristics of the process. The electron-rich, electron-poor

and electron-neutral aryl halides showed good yields with

high TON. Excellent results were gained with inactive aryl

chlorides in the presence of TBAB.
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