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a  b  s  t  r  a  c  t

A  new  palladium  grafted  mesoporous  organic  polymer  catalyst  has  been  synthesized  through  the  reaction
of palladium(II)  acetate  with  mesoporous  poly-triallylamine  (MPTA-1)  in  methanol.  Powder  XRD,  HR
TEM,  FE  SEM-EDS,  AAS,  UV–vis  spectroscopic  tools  are  employed  to characterize  this  supported  palladium
catalyst  Pd–MPTA-1.  The  Heck  coupling  reactions  between  a  series  of aryl  halides  and  alkenes  have
afforded  the  corresponding  C–C  coupling  products  in  good  yield  over  this  Pd-catalyst  using water  as
reaction  medium.  This  protocol  provides  a simple  strategy  for the  generation  of a variety  of  new  C–C
eywords:
arbon–carbon bond
eck coupling
eterogeneous catalyst
alladium nanoparticles
esoporous polymer

bonds  by  using  this  recyclable  heterogeneous  catalyst  under  environmentally  benign  conditions.
© 2011 Elsevier B.V. All rights reserved.
ater as solvent

. Introduction

Palladium catalyzed coupling of aryl halides with olefins usu-
lly referred to as Heck coupling and this is a well-established
ethodology in modern organic synthesis for the designing new

–C bond in a target organic molecule [1–5]. The importance
nd versatility of this strategy for C–C bond formation is felt in

 diverse array of research interests ranging from natural prod-
ct [6] to bioactive compound syntheses [7–9] as well as to the
evelopment of organic electronics [10]. This C–C bond formation
eaction has a wider application on industrial scale production of
onsteroidal anti-inflammatory drugs naproxen [11] and nime-
ulide [12] too. Heck arylation has wide-scale research interest
ver other cross-coupling reactions due to functional group tol-
rance, ready availability and low cost of simple olefins [13].
alladium nanoparticle based heterogeneous catalysts supported
n insoluble inorganic matrices have gained an increasing atten-
ion in the environment-friendly catalytic applications over the
ast decade [14–18].  Homogeneous palladium nanoparticle sys-
ems usually have higher catalytic activity compared to their
eterogenized counterpart. However, successful heterogenization
s essential since Pd has a tendency to leach out irreversibly from
he support preventing recyclability of the catalyst. Heterogeniza-
ion is usually achieved by immobilizing palladium nanoparticles

∗ Corresponding author. Tel.: +91 33 2473 4971; fax: +91 33 2473 2805.
E-mail address: msab@iacs.res.in (A. Bhaumik).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.09.002
on insoluble solid support such as porous silica [19–22],  alumina
[23] and also polymers [24]. Very recently, the use of function-
alized mesoporous materials grafted with active metal centers at
their surfaces has attracted considerable attention due to their huge
potential applications in different catalytic reactions [25–29].  High
surface area and distribution of the active metal sites at the surface
of the pores make these materials exceptionally useful to carry out
organic transformations under liquid phase conditions.

In this context, mesoporous organic polymers carrying the
organic functional groups at the surface of the mesopores [30–34]
can provide an ideal tethering agent for the active metals to bind at
its surface strongly. Due to extensive cross linking, polymeric mate-
rials are highly desirable material for long term stabilization of the
entrapped metal centers, which reduces the possibility of leaching
of the metal under reaction conditions [35]. On the other hand, Heck
reactions are most frequently performed in dipolar aprotic organic
solvents such as DMF, DMSO, CH3CN, N-methylpyrrolidone (NMP),
THF, triethanolamine or dioxane [36–38].  Due to the hydrophobic
nature of the mostly used homogeneous catalysts (metal com-
plexes bearing organic ligands), use of water as a solvent is quite
rare in those coupling reactions. Instead, the reactions have been
conducted using ionic liquid [39] as the solvent and under high
temperature conditions (ca. 200 ◦C) to overcome this problem asso-
ciated with the interaction between the catalyst and solvent. In

this context the prospects of Pd-grafted heterogeneous catalysts
are very exciting as they can provide ease of product separation,
recovery of catalyst by simple filtration and excellent recycling
efficiency compared to their homogeneous counterparts. Though

dx.doi.org/10.1016/j.molcata.2011.09.002
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:msab@iacs.res.in
dx.doi.org/10.1016/j.molcata.2011.09.002
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eterogeneous Pd-catalysts have been used for Heck reaction in dif-
erent organic solvents, it would be environmentally acceptable if
he reaction can be carried out in water. Today a considerable effort
as been devoted to perform organic reactions in aqueous medium
eplacing the hazardous organic solvents, because of its environ-
ental acceptability, abundance and low cost [40–42].  Catalytic

eactions that can be carried out using water as solvent and having
ood catalyst separation and recycling efficiency are of immense
mportance as they can meet these growing demands of green
hemistry.

Very recently we have reported the synthesis of a mesoporous
oly-triallylamine (MPTA-1) using an anionic surfactant sodium
odecylsulfate as template [43]. Surface of this mesoporous poly-
er  contains N-donor sites, which can tether with Pd strongly.
erein we report, the strategy for the synthesis of a new meso-
orous poly-triallylamine supported Pd-NPs (Pd–MPTA-1) and its
xcellent catalytic activity in the Heck coupling reaction of aryl
alides and olefins, where the reactions are carried out in aqueous
edium.

. Experimental

.1. Preparation of the catalyst

Synthesis of mesoporous polymer MPTA-1 was carried out as
escribed before [43]. To a well stirred solution of this mesoporous
olymer (500 mg  of extracted MPTA-1 suspended into 20 ml  of
ethanol) 50 mg  of palladium(II) acetate was added and the result-

ng mixture was refluxed for about 6 h under nitrogen atmosphere.
he color of the mixture was slowly changed from light yellow
o black and no further color change occurred on further reflux.
hen the reaction mixture was cooled to room temperature, filtered
nd washed by methanol. The black colored material was  dried in
ir. This Pd-loaded mesoporous polymer has been designated as
d–MPTA-1 and used as a catalyst for the Heck coupling reactions.

.2. General procedure for Heck coupling of aryl halide with
tyrene

In a typical reaction a solution of iodobenzene (204 mg,  1 mmol),
tyrene (156 mg,  1.5 mmol) in 4 ml  of water, Pd–MPTA-1 (10 mg)
nd K2CO3 (276 mg,  2 mmol) were added, and the mixture was
efluxed at 100 ◦C in an oil bath under nitrogen atmosphere. The
rogress of the reaction was monitored with TLC. After completion
f reaction, the mixture was allowed to cool at room tempera-
ure. The reaction mixture was diluted with Et2O (20 ml)  and was
xtracted with Et2O with the addition of water (2× 2 ml). The
ombined organic layer was washed with brine and dried over
nhydrous Na2SO4. Then the organic phase was evaporated to
ryness to leave the crude product as white colored solid trans-
tilbene. The isolated crude product was characterized by 1H and
3C NMR. This procedure was followed for all the reactions of aryl
odide with styrene listed in Table 1. The same procedure was
ollowed for aryl bromides and chlorides using Cs2CO3 as a base
nstead of K2CO3 and the results are listed in Tables 2 and 3, respec-
ively.

.3. General procedure for Heck coupling of aryl halide with
crylic acid

In a typical reaction 10 ml  of round bottomed flask iodobenzene
204 mg,  1 mmol), acrylic acid (108 mg,  1.5 mmol), K2CO3 (276 mg,
 mmol), and Pd–MPTA-1 (10 mg)  were mixed with the addition
f 4 ml  of water. The resulting mixture was refluxed under nitro-
en atmosphere at 100 ◦C till completion (monitored through TLC).
he reaction mixture was cooled down to room temperature and
Fig. 1. Wide angle powder XRD pattern of the MPTA-1 (a) and Pd–MPTA-1 (b).

solid catalyst was separated by filtration. A white precipitate was
appeared after acidification with concentrated sulfuric acid. Then
the filtrate was  extracted with ethyl acetate (20 ml) with the addi-
tion of water (2× 2 ml). The combined organic layer was washed
with brine and dried over anhydrous Na2SO4. The organic phase
was  evaporated to dryness to give the crude product trans-cinnamic
acid as a white colored solid. The crude product was  characterized
by 1H and 13C NMR. The same procedure was  followed for aryl bro-
mides and chlorides using Cs2CO3 as a base and the details are listed
in Tables 2 and 3, respectively.

2.4. Recovery of the catalyst

After the reaction was  over, reaction mixture was  centrifuged
and filtered. Then the catalyst was  washed with water (5×  3 ml)
followed by Et2O (3× 4  ml). Then the catalyst was dried at 75 ◦C for
6 h for further use. Then the catalyst was  recycled for three times for
Wavelength (nm)

Fig. 2. UV–vis spectrum of the Pd(OAc)2 in chloroform (a) and diffuse reflectance
spectrum of Pd–MPTA-1 in solid state (b).
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Table 1

Pd–MPTA-1 catalyzed C–C cross-coupling of aryl iodidesa .

Entry Aromatic bromidesa Aromatic alkenes Time (h) Yield (%)b Products TOF (h−1)c

1 6 92 217

2d 8 – – –

3 4 94 332

4  5 93 263

5  5 93 263

6  4 95 336

7  6 89 210

8  5 90 255

9  5 92 260

10  4 88 182
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Table 1 (Continued)

Entry Aromatic bromidesa Aromatic alkenes Time (h) Yield (%)b Products TOF (h−1)c

11 7 90 182

12  6 92 217

13  7 90 182

a Reaction conditions: Ar–I (1.0 equiv.), alkene (1.5 equiv.), K2CO3 (2 equiv.), water (4 ml), reaction temp. 100 ◦C, catalyst (10 mg).
b Isolated yield of pure product.
c Turn over frequency (TOF) = moles of substrate converted per mole of Pd per h.
d Reaction was  carried out at 298 K.

Fig. 3. TEM image of the Pd–MPTA-1 (a). HR TEM image of Pd–MPTA-1 (b) and crystalline palladium nanoparticles with resolvable atomic lattice (c).
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Table 2

Pd–MPTA catalyzed C–C cross-coupling of aryl bromidesa .

Entry Aromatic bromidesa Aromatic alkenes Time (h) Yield (%)b Products TOF (h−1)c

1 4 90 318

2 5 88 249

3  5 92 260

4  6 88 208

5  4 90 318

a Reaction conditions: Ar–Br (1.0 equiv.), alkene (1.5 equiv.), Cs CO (2 equiv.), water (4 ml), 100 ◦C, catalyst (10 mg).

2

t
P
c
d
l
a
2
w

3

3

M

2 3
b Isolated yield of pure product.
c Turn over frequency (TOF) = moles of substrate converted per mole of Pd per h.

.5. Sample preparation for the estimation of Pd

Palladium loading in the Pd–MPTA-1 catalyst was  determined
hrough AAS analysis. In order to measure palladium loading in the
d–MPTA-1 at first three standard solutions with different con-
entrations Pd, 1 ppm, 2 ppm and 4 ppm have been prepared by
issolving required amount of Pd(OAc)2 in water. Then 0.040 g Pd

oaded catalyst Pd–MPTA-1 was dissolved into 5 ml  5 wt%  of HNO3
nd it was digested. Then the resulting solution was  diluted into a
5 ml  volumetric flask by adding distilled water. This stock solution
as used for the chemical analysis of Pd.

. Results and discussion
.1. Characterizations

The catalyst was prepared by refluxing the mesoporous polymer
PTA-1 with palladium(II) acetate in methanol solvent. Methanol
acts as solvent and reducing agent to reduce Pd(II) to Pd(0), which
can be capped at the surface of the mesoporous polymer MPTA-
1. The formation of palladium nanoparticles was  confirmed from
the wide angle powder XRD pattern of Pd–MPTA-1 (Fig. 1). The fig-
ure shows two  characteristic diffractions at 2� value of 40.10 and
46.47, which are attributed to the presence of (1 1 1) and (2 0 0)
planes of Pd(0), respectively. This result indicates that the pal-
ladium nanoparticles forms face centered cubic structure at the
surface of Pd–MPTA-1. Another prominent peak at the 2� value
of 19.61 of the mesoporous polymer indicates that the presence
of the mesoporous polymer matrix of MPTA-1 in the catalyst [43].
The BET surface areas of the template-free MPTA-1 and Pd–MPTA-
1 are 134 m2 g−1 [43] and 12 m2 g−1, respectively. A considerable
decrease in the BET surface area of Pd–MPTA-1 material suggests

that considerable amount of Pd centers have been anchored on
the inner surface of the pores. UV–vis spectrum of the Pd(OAc)2
shows the absorption band with the maximum at 400 nm (Fig. 2),
which is referred to the existence of Pd(II). On the other hand in
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Table 3

Pd–MPTA catalyzed C–C cross-coupling of aryl chloridesa .

Entry Aromatic chloridesa Aromatic alkenes Time (h) Yield (%)b Products TOF (h−1)c

1 14 55 55

2  12 60 70

3  10 62 87

4  12 58 68

5  14 58 59

ter (4
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l
b
s
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t
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i
t
s
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(
m

a Reaction conditions: Ar–Cl (1.0 equiv.), alkene (1.5 equiv.), Cs2CO3 (2 equiv.), wa
b Isolated yield of pure product.
c Turn over frequency (TOF) = moles of substrate converted per mole of Pd per h.

he UV–vis spectrum of Pd–MPTA-1 (Fig. 2) this peak at 400 nm
as entirely removed, indicating the reduction of Pd(II) to Pd(0)

n Pd–MPTA-1. The new broad absorption band in the wave-
ength range 310–360 nm is observed in Pd-MPTA-1. This could
e attributed to the formation of Pd-nanoparticles capped at the
urface of the mesoporous polymer that absorbs light via valence-
onduction band transitions and also light scattering due to their
anoscale size [44]. The TEM image of the catalyst is shown in
ig. 3a. From this image it is clear that Pd–MPTA-1 has nanosphere
ike morphology with particles of dimensions ca.  5.0–10.0 nm and
hese are distributed uniformly throughout the material. The high-
esolution TEM image in the (Fig. 3b) shows crystalline nature of
he Pd nanoparticles. The interplanar spacing of the 1D fringes is
.214 nm (Fig. 3c), which agrees well with the (1 1 1) lattice spac-

ng of face-centered cubic Pd(0) [45]. The TEM image (Fig. 4) of
he recovered catalyst after one catalytic cycle revealed that the
ize of palladium nanoparticles is retained after the catalytic reac-

ion. FE SEM image shown in Fig. 5 further illustrates uniform
pherical particle morphology of the Pd–MPTA-1 catalyst. The EDX
energy dispersive X-ray) spectrum (Fig. 6) of the black colored

aterial confirmed the presence of Pd and its loading amount was
 ml), 100 ◦C, catalyst (10 mg).

marginally higher than that obtained from AAS bulk chemical anal-
ysis (0.397 wt%  vis-à-vis 0.325 wt%).

3.2. Catalysis

Substituted aryl iodides underwent coupling reaction with a
variety of olefins in the presence of Pd–MPTA-1 and K2CO3 in
water very efficiently. The results are reported in the Table 1. The
reaction was consistent irrespective on the nature of substituent
groups (electron withdrawing or electron donating) attached with
the aromatic ring. A heteroaryl iodide also underwent this reac-
tion with similar efficiency (Table 1, entry 12). meta-substituted
aryl iodide couples with styrene (Table 1, entry 13) without any
difficulty. Fluoro group present in the aromatic ring of aryl iodide
(Table 1, entry 13) remains inert during the course of reaction. Sev-
eral sensitive functional groups such as –OCH3, –CH3, –CN, –CHO,
–NO2 attached with the aromatic ring are compatible for this proce-

dure leading to the formation of coupling products [46] that can be
manipulated in the synthesis of important molecules. Bromoben-
zenes with different functionalities underwent coupling reaction
very efficiently in presence of Cs2CO3 base (Table 2). The turn over
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Fig. 4. TEM image of the recovered catalyst after one catalytic cycle.

Fig. 5. FE SEM image of the catalyst Pd–MPTA-1.

Fig. 6. EDX spectrum of the Pd–MPTA-1 catalyst.
Fig. 7. Conversion as a function of reaction time for the Pd–MPTA-1 catalyzed Heck
reaction between iodobenzene and styrene: first (a), second (b) and third cycles (c).

frequencies (TOFs) for different reactions are also quite high, sug-
gesting the catalytic efficiency of Pd tethered mesoporous organic
polymer. A heteroaryl bromide (Table 2, entry 5) is compatible for
this coupling too. Substituted chlorobenzenes underwent this cou-
pling reaction (Table 3) and gave the coupling products with low
TOFs. They took long reaction times and gave the coupling prod-
ucts in low yield compared to that of substituted iodobenzenes
and bromobenzenes. However, catalytic activity of our Pd–MPTA-1
is considerably higher than the other heterogeneous Pd-catalysts

used in the Heck coupling of aryl chlorides [47]. This result follows
the general trend of the catalytic activity in the decreasing order:
iodobenzenes > bromobenzenes > chlorobenzenes.

Table 4
Heck coupling over Pd–MPTA-1 in water using different bases.

Bases used Yield (%)

Na2CO3 80
K2CO3 92

33

40

65

35
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Table 5
Heck coupling over Pd–MPTA-1 using different solvents.

Solvent Temperature (◦C) Yield (%)

THF 66 40
Toluene 110 15
Acetonitrile 82 25
DMF 110 70
Dichloromethane 40 10

t
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Ar X + R Pd-MPTA-1
Ar

R

Ar= Aryl, Heteroaryl

R= Pheny l, -C O2Et, -C O2nBu, -CO2H

X= I, Br, Cl

Base, H2O,
Reflux

enhanced the conversion to a considerable extent otherwise) and
In order to optimize the reaction conditions for a particular base
he coupling reaction of iodobenzene and styrene was carried out
n water by using different bases and the results are given in Table 4.
s seen in this table that inorganic bases showed maximum con-
ersion over the organic bases. This could be attributed to greater
olubility of the inorganic bases in water. The reaction becomes
ery fast when K2CO3 was used as a base. Although the coupling
eaction of iodobenzene and styrene proceeds in the conventional
rganic solvents such as DMF, CH3CN (Table 5) but the best result
as obtained when water was used as the solvent. It may  be partly
ue to the fact that K2CO3 have greater solubility in water and thus
howing stronger basicity than in organic solvents [48].

The catalytic activity of Pd anchored mesoporous polymer is
tudied both at high temperature (373 K) as well as at room tem-
erature (298 K). As seen from the table, catalyst is highly reactive
t high temperature and it takes only 4–7 h for the completion of
oupling reactions, whereas at room temperature no conversion of
roduct of coupling reaction is observed (Table 1, entry 2). The cou-
ling reaction between iodobenzene and styrene has been taken
s a representative case to check the recycling efficiency of the
alladium anchored catalyst. The Pd loading in the fresh catalyst
as estimated by AAS analysis. Pd loading in the fresh catalyst was

.325%. We  have plotted the progress of the reaction as the func-
ion of time for three consecutive catalytic cycles for the coupling
eaction of iodobenzene and styrene in Fig. 7 over Pd–MPTA-1 cat-
lyst. Pd content of the catalyst has been reduced marginally at this
tage (Pd loading 0.314%). As seen from the figure that Pd–MPTA-1

atalyst can be efficiently recycled and reused for three repeating
ycles without appreciable decrease in product yield.

Fig. 8. Proposed mechanistic pathway fo
Scheme 1. Cross coupling of aryl halides and olefins over Pd-containing mesoporous
polymer.

Plausible reaction pathway for Heck coupling reaction over
Pd–MPTA-1 is shown in Fig. 8. Here the palladium nanoparticles
present at the surface of Pd–MPTA-1 facilitates the oxidative addi-
tion with aryl halide to generate complex (A). Alkene, which inserts
itself into the palladium–carbon bond in a syn-addition fashion
gives complex (B) [49,50]. Complex (B) follows beta-hydride elim-
ination step to produce alkene with the formation of another
palladium complex (C). Pd(0) species could be regenerated by
reductive elimination of (C) by Cs2CO3 or K2CO3 in the final step
[51]. AAS elemental analysis of the filtrate of the reaction mixture
indicates no detectable amount of palladium leached out dur-
ing the catalytic reaction. Hot filtration technique was used for
the establishment of the fact further. In this technique, a mix-
ture of iodobenzene (204 mg,  1 mmol), styrene (156 mg,  1.5 mmol),
Pd–MPTA-1 (10 mg)  and K2CO3 (276 mg,  2 mmol) in 4 ml  of water
was  kept into reflux at 100 ◦C for 4 h. At this stage yield of the
product was  67.2%. The catalyst was  filtered off under hot condi-
tion and with the filtrate the reaction was continued at the same
temperature and for another 4 h in presence of base. No increase
in yield of product compared to the yield that was obtained after
4 h was observed (67.2 and 67.0%, before and after hot filtration
test, respectively as determined by 1H NMR). This result suggests
that almost no leaching of palladium occurred during the course of
reaction (at this stage any leached Pd into the reaction would have
thus our Pd–MPTA-1 catalyzed Heck coupling reaction using water
as reaction medium is purely heterogeneous in nature (Scheme 1).

r Heck coupling over Pd–MPTA-1.
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. Conclusion

In summary we have developed an environment-friendly
atalytic system based on functionalized mesoporous polymer
aterial grafted with Pd nanoparticle at its surface. Heck C–C

oupling reaction for a variety of aryl and heteroaryl iodides,
romides and chlorides undergoes very efficiently using this meso-
orous polymer supported palladium catalyst in water as reaction
edium. The method provides green protocol that water as a

olvent/reaction medium prevents environmental concerns. The
atalyst can be recycled without loss of efficiency and thus the strat-
gy described herein has high potential in eco-friendly catalysis.
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