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In  this  study,  we have  presented  a new  catalytic  system  in  which  Pd(OAc)2 has  been  used  as  a  pre-
catalyst  and  agarose  as  a degradable  bioorganic  ligand,  support  and  reductant  for  carbon–carbon  bond
formation  via  homocoupling  reaction  of  different  aryl  halides,  ˇ-bromo  styrene,  phenylboronic  acid  and
phenylacetylene  as  the  substrates.  The  reactions  proceeded  smoothly  with  high  yields  at  temperature
<100 ◦C  in  water  without  using  any  organic  co-solvent,  phosphorus  ligand  or reducing  agents.  The  catalyst
eywords:
ryl halide
omocoupling
garose hydrogel
alladium
ater

is recyclable  and  has  been  recycled  for four  times  with  a tiny  amount  of leaching  of Pd  into  the  reaction
media.  The  amount  of  leaching  has  been  determined  by ICP  analysis.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

In recent years, palladium catalyzed reductive homocoupling
eaction of aryl halides has been of great interest for the syn-
hesis of agrochemicals and natural products [1–4]. This reaction
as first reported by Ullmann over a century ago [5].  Most of the

raditional methods suffer from both high temperatures >200 ◦C
nd using stoichiometric amounts of copper salts [6].  As time goes
n, many procedures have been reported for avoiding the drastic
eaction conditions [7–9]. In recent years for this purpose, uti-
izing other transition metals such as palladium [10–12],  barium
13], indium [14], zinc [15], gold [16] and nickel [17] have been
eported.

The increasing troubles of environmental pollution have
ecome a serious subject of concern among scientists [18–20].
long this line, an endless activity in chemical communities has
een started in academia and industries. For this effort, over the
ast few years, green media such as water, PEG and ionic liquids
21,22] have been under much attention for the replacement of

rganic solvents.

Although, many methods are reported for palladium catalyzed
eductive homocoupling reaction of aryl halides [23], the use

∗ Corresponding authors. Tel.: +98 711 228 4822; fax: +98 711 228 0926.
E-mail addresses: firouzabadi@chem.susc.ac.ir (H. Firouzabadi),

ranpoor@chem.susc.ac.ir (N. Iranpoor).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.08.010
of aqueous solvent for this function has received less attention.
Since most of the phosphine ligands used for the reaction are
expensive, water-insoluble and toxic, we made a decision to inves-
tigate the possibility of employing a naturally occurring, non-toxic
and degradable bioorganic material to replace phosphine lig-
ands suitable for the reaction to be conducted in water. First,
we decided to investigate the capacity of agarose hydrogel for
this endeavour. Agarose is a polysaccharide, which is consisting
of 1,3-linked-d-galactopyranose and 1,4-linked-3,6-anhydro-�-l-
galactopyranose. This basic agarobiose repeat unit forms long
chains with an average molecular mass of 120,000 Da (Fig. 1)
[24]. Agarose shows distinctive properties such as flexibility, non-
toxicity, freely soluble in hot water and forms a gel network that
contains double helices, which are formed by the presence of
water molecules bound inside the double helical cavity. Moreover,
agarose contains free hydroxyl groups on its backbone, which has
the potential for the reduction and chelation with transition metals.
Therefore, is able to reduce Pd(II) to Pd(0) species without using any
extra reducing agent. It also acts as a highly functionalized support
to catch up and stabilize the Pd(0) species formed in the mixture
by their ligation with agarose hydrogel. Furthermore, its low costs
also add to its many advantages, which make it a high potential
candidate for such an important venture.
In this article, we have presented a useful environmentally
friendly method for C–C bond formation via homocoupling reaction
of various aryl iodides, bromides and chlorides as well as heteroaryl
halides, ˇ-bromo styrene and phenylboranic acid using agarose

dx.doi.org/10.1016/j.molcata.2011.08.010
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:firouzabadi@chem.susc.ac.ir
mailto:iranpoor@chem.susc.ac.ir
dx.doi.org/10.1016/j.molcata.2011.08.010
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sphere for 12 h. The mixture was cooled down to room temperature
to result a hydrogel mass. Extraction of the gel by diethylether
Fig. 1. Agarose structure unit.

ydrogel as an effective bioorganic ligand, support and reducing
gent for these reactions in water in the presence of Pd(OAc)2 as
he pre-catalyst.

Conjugated enzymes form building blocks of biologically active
ompounds, natural products, electronic and optical materials
25]. We  have also presented that homocoupling of the terminal
cetylenic groups in the presence of this catalytic system. For this
urpose, the reaction of phenylacetylene as a model compound in
ater in the presence of Pd(OAc)2 as the pre-catalyst and agarose
ydrogel has been presented.

However, in recent years, water-soluble palladium catalysts
ave received significant attention from different sources due to
heir potential environmental and economic benefits [26].

. Experimental

.1. General

All chemicals were purchased from Merck, Fluka or Acros Chem-
cal Companies and used without any further purification. NMR
pectra were recorded with a BrukerAvance DPX-250 Spectrom-
ter (1H NMR  250 MHz  and 13C NMR  62.9 MHz) in CDCl3 with
MS  as the internal standard. UV–Vis spectra were recorded by
erkinElmer, Lambda 25, UV/Vis spectrometer to visualize the con-
ersion of Pd(II) to Pd(0). Leaching of Pd into the mixture from
garose hydrogel was measured by ICP analysis using Varian, Vista-
ro. All products are known compounds and their spectral data
long with their references are given in Section 2.

.2. Homocoupling reaction of aryl halides (I, Br, Cl) catalyzed by
d-supported agarose hydrogel catalyst in water

Agarose (0.05 g) and Pd(OAc)2 (0.0044 g, 2 mol%)were dissolved
n water (2 mL). The resulting solution was heated for 5 min  at 90 ◦C.
hen the aryl halide (1 mmol) and NaOH (0.6 g, 1.5 mmol) were
dded to the vessel containing the catalyst. The mixture was  stirred
or the specified time at 90 ◦C in the air (Table 3). After consumption
f the starting material (TLC or GC), the reaction mixture was cooled
o room temperature. A dark jelly like mass was appeared, which
as extracted with Et2O (2 × 3 mL). Evaporation of the solvent, gave

he desired biaryl in an almost pure state. Further purification, if
as necessary, was performed by silica gel column chromatogra-
hy using n-hexane/Et(OAc)2 as the eluent to give the pure product

n high to excellent yields (Table 2).

.3. Large-scale homocoupling reaction of 4-iodoanisole
atalyzed by Pd-supported agarose hydrogel catalyst in water

To a flask containing water (20 mL), agarose (0.5 g) and Pd(OAC)2
0.022 g, 20 mol%) were added and the resulting mixture was
eated at 90 ◦C for 10 min. To the obtained dark black-grayish mass,
-iodoanisole (2.34 g, 10 mmol) and NaOH (6 g, 15 mmol) were
dded and the mixture was stirred at 90 ◦C for 2 h under the air.
fter completion of the reaction (TLC), the mixture was extracted

ith Et2O (3 × 10 mL)  and the ethereal solution was evaporated to

ive the desired biphenyl product in high purity>95% (GC). Further
urification was accomplished by silica gel column chromatog-
aphy eluted with an appropriate mixture of n-hexane/Et(OAc)2.
talysis A: Chemical 348 (2011) 94– 99 95

Evaporation of the solvent gave the desired pure product as a crys-
talline compound.

2.4. Highly green procedure for homocoupling reaction of
4-iodoanisole catalyzed by Pd-supported agarose hydrogel
catalyst in water

In a flask containing water (4 mL), agarose (0.1 g) and Pd(OAc)2
(0.009, 4 mol%) were added and the resulting mixture was heated at
90◦ for 10 min. To the obtained black-grayish mass, 4-iodoanisole
(0.468 g, 2 mmol) and NaOH (1.2 g, 3 mmol) were added, while the
mixture was  stirred at 90 ◦C under the air for 1.5 h. After completion
of the reaction (TLC), the resulting hot mixture was filtered quickly
through a thick cellulose paper under diminished pressure. The fil-
ter cake was  washed with a portion of hot water (3 mL)  and the
combined hot aqueous filtrates were allowed to cool down to room
temperature upon which the desired 4,4′-dimethoxybiphenyl was
precipitated as white crystals which after drying under vacuum the
desired product was isolated in 70–74% in a highly pure state.

2.5. Homocoupling reaction of ˇ-bromo styrene catalyzed by
Pd-supported agarose hydrogel catalyst in water

A mixture of agarose (0.05 g) and Pd(OAc)2 (0.0044 g, 2 mol%)
in a flask (5 mL)  containing water (2 mL)  was prepared and heated
at 90 ◦C with stirring for 5 min. To the resulting mixture, ˇ-bromo
styrene (185 g, 1 mmol) and NaOH (0.6 g, 1.5 mmol) were added
and stirred at 90 ◦C under the air for 12 h. The mixture was cooled
to room temperature and the resulting jelly mass was extracted
with diethyl ether (3 × 5 mL)  and decanted. The ethereal solution
was  evaporated to give the desired crude homocoupled product.
Purification of the crude was performed by silica gel column chro-
matography eluted with a mixture of n-hexane/ EtOAc. Evaporation
of the solvent gave the pure product in 80–85% yield.

2.6. Homocoupling reaction of phenylboronic acid catalyzed by
Pd-supported agarose hydrogel catalyst in water

Agarose (0.05 g) and Pd(OAc)2 (0.0044 g, 2 mol%) were dissolved
in water (2 mL)  and heated at 90 ◦C for 5 min  in a flask. To the result-
ing solution, phenylboronic acid (0.12 g, 1 mmol) and NaOH (0.6 g,
1.5 mmol) were added while being stirred at 90 ◦C under the air
atmosphere for 10 h. The mixture was cooled to room tempera-
ture in which a gelatinous mass was  appeared. EtOAc or diethyl
ether (3 × 5 mL)  were used to extract the desired product from the
hydrogel mass. Evaporation of the solvent gave the crude biphenyl
product. Purification of the product was performed by column chro-
matography on silica gel eluted with an appropriate mixture of light
petroleum ether/EtOAc to afford the pure biphenyl compound in
75–80% isolated yield.

2.7. Homocoupling reaction of phenylacetylene catalyzed by
Pd-supported agarose hydrogel catalyst in water

Phenylacetylene (0.102 g, 1 mmol) and NaOH (0.6 g, 1.5 mmol)
were added to a solution composed of a preheated (90 ◦C) mixture
of agarose (0.05 g), Pd(OAc)2 (0.0044 g, 2 mol%) and water (2 mL).
The resulting mixture was  stirred at 90 ◦C under the air atmo-
(2 × 10 mL)  and evaporation of the solvent gave the desired crude
dienyne product, which was  purified by column chromatography
on silica gel eluted with a mixture of n-hexane/EtOAc to give the
pure product in 75% isolated yield.
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Fig. 2. (A) Slight brownish colour homogenous solution of the mixture of agarose
hydrogel and Pd(OAc)2 in water. (B) Black homogenous solution of Pd(OAc)2in water
after heating in the presence of agarose hydrogel. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of the
article.)

3 4
Pr3N and K2CO3 as bases (Table 1).

The results show that using NaOH at 90 ◦C in H2O (as indicated
in Table 1 in bold letters) was the most suitable condition for this

Table 1
Optimization studies for the homocoupling reaction of 4-iodoanisole (0.234 g,
1  mmol) with respect to different bases (1.5 mmol) and the solvents using Pd(OAc)2

(0.0044 g, 2 mol%) as a pre-catalyst in the presence of agarose hydrogel (0.05 g) in
different solvents

MeO

I
Pd(OAc)2, Agarose

Solvent, Base, 90 °C 
MeO

OMe

.

Entry Base Solvent Temperature
(◦C)

Time (h) Conversion %
(GC)

1 NaOH H2O 90 1.5 100
2  NaOH PEG 90 5 45
3  NaOH NMP  100 5 35
4  NaOH DMSO 90 7 45
5  KOAC TABA 100 7 77
6  NaOH PEG/H2O 100 5 64
7  NaOH DMSO/H2O 100 5 55
8  KOAC Dioxane 100 5 44
9  NaOH Toluene 90 5 55

10  DBU H2O 90 5 70
6 H. Firouzabadi et al. / Journal of Molecu

.8. Recycling of the catalyst

To a flask (5 mL)  containing agarose hydrogel (0.05 g), Pd(OAc)2
0.0044 g, 2 mol%) and water (2 mL)  while being stirred at 90 ◦C,
-iodoanisole (1 mmol, 0.233 g) and NaOH (1.5 mmol, 0.6 g) were
dded and steering was continued for 1.5 h at 90 ◦C. The resulting
ixture was cooled to room temperature upon which a gelati-

ous mass was formed. Addition of diethyl ether (5 × 10 mL)  to
he jelly mass produced two distinct phases. The ethereal solution
as decanted and the dark gelatinous mass was reused for another

atch of the similar reaction. This process was repeated for four
epeated runs (Table 4).

.9. Spectral data

2a: White crystals, m.p. 71–72 ◦C (lit. 69–70 ◦C) [27], 1H NMR
250 MHz, CDCl3): 7.64–7.32 (m,  10H), 13C NMR  (62.5 MHz, CDCl3):
45.5, 130.3, 127.4, 127.2.

2b:  White crystals m.p. 119–120.5 ◦C (lit. 118–120 ◦C) [28], 1H
MR  (250 MHz, CDCl3): 7.41–7.38 (m,  4H), 7.2–7.1 (m,  4H), 2.52 (s,
H), 13C NMR  (62.5 MHz, CDCl3): 139.2, 137, 129.5, 126.8, 21.0.

2d: White crystals m.p. 176–177 ◦C (lit. 178–179 ◦C) [29], 1H
MR (250 MHz, CDCl3): 7.42–7.38 (m,  4H), 6.9–6.8 (m,  4H), 3.75 (s,
H), 13C NMR  (62.5 MHz, CDCl3): 159, 133.4, 127.7, 114.7, 55.83.

2i: White crystals m.p. 142–143 ◦C (lit. 142–145 ◦C) [28], 1H
MR  (250 MHz, CDCl3): 7.42–7.38 (m,  2H), 7.36–7.2 (m,  2H), 13C
MR (62.5 MHz, CDCl3): 138.5, 133.7, 129.0, 128.2.

2h: White crystals m.p. 234–237 ◦C (lit. 236–240 ◦C) [30], 1H
MR (250 MHz, CDCl3): 7.7–7.6 (m,  4H), 7.4–7.2 (m,  4H), 13C NMR

62.5 MHz, CDCl3): 109.2, 120.2, 126.5, 133.4, 148.6.
2c:  Yellow solid, m.p. 237–239 ◦C (lit. 240 ◦C) [31], 1H NMR

250 MHz, CDCl3): 7.85–7.82 (m,  4H), 7.45–7.43 (m,  4H), 13C NMR
62.5 MHz, CDCl3): 152.5, 147.5, 125.7, 124.5.

2j: Orange solid, m.p. 230–231 ◦C (lit. 232 ◦C) [32], 1H NMR
250 MHz, CDCl3): 8.8 (s, 2H), 8.4–8.6 (m,  6H), 7.8–7.9 (m,  4H),
.42–7.45 (m,  5H), 13C NMR  (62.5 MHz, CDCl3): 150.4, 149.5, 136.8,
33.5, 123.3.

2k: White crystals m.p. 131–132 ◦C (lit. 131–133 ◦C) [33], 1H
MR  (250 MHz, CDCl3): 7.27 (s, 1H), 7.20–7.18 (m,  2H), 13C NMR

62.5 MHz, CDCl3): 118.9, 118.2, 115.7, 93.3.
3i: White crystals m.p. 85–87 ◦C (lit. 86–87 ◦C) [34], 1H NMR

250 MHz, CDCl3): 7.38–7.34 (m,  4H), 7.29–7.23 (m,  4H), 7.19–7.15
M,  2H), 6.9–6.86 (d of d, J = 15.8 Hz, J = 2.7 Hz), 6.65–6.61 (d of d,

 = 15.8 Hz, J = 2.7), 13C NMR  (62.5 MHz, CDCl3): 136.7, 133.8, 129.7,
28.5, 126.9, 126.1.

5j:  White crystals m.p. 84–85 ◦C (lit. 85–86 ◦C) [35], 1H NMR
250 MHz, CDCl3): 7.5–7.45 (m,  4H), 7.32–7.2 (m,  6H), 13C NMR
62.5 MHz, CDCl3): 133.6, 129.2, 128.5, 121.7, 80.7, 73.1.

. Results and discussion

First of all, for preparation of the catalyst, agarose (0.05 g) and
d(OAc)2 (0.0044 g, 2 mol%) were dissolved in water (2 mL)  to pro-
uce a homogenous solution in slight brownish colour (Fig. 2A). The
esulting solution was stirred for 5 min  at 90 ◦C. In this operation,
he colour of the solution turned black (Fig. 2B). The resulting mix-
ure on cooling to room temperature produced a gelatinous mass in
he reaction vessel. Our preliminary investigations were focused on
he characterization of the resulting composite. UV–Vis spectrum
f the produced hydrogel reveals the disappearance of the peak at
20, which shows the reduction of Pd(II) to Pd(0) is occurred by

garose hydrogel in the reaction mixture (Fig. 3) [36].

Pd-catalyzed organic reactions are sensitive towards the nature
f the base and the solvent used for the reaction. Therefore, opti-
ization of the reaction condition with respect to bases and the
Fig. 3. (A) UV–Vis spectra of Pd(II) before reduction with agarose hydrogel before
heating. (B) UV–Vis spectra for the formation of Pd(0)species after reduction with
agarose hydrogel after heating.

solvents was investigated for the reaction of 4-iodoanisole (0.234 g,
1 mmol) as a model compound employing a variety of bases and sol-
vents in the presence of agarose (0.05 g) using Pd(OAc)2 (0.0044 g,
2 mol%) as the pre-catalyst. For this purpose, PEG, NMP, DMSO,
TBAB, PEG/H2O, DMSO/H2O, dioxane, toluene and H2O were exam-
ined as the solvents in the presence of NaOH, KOAc, DBU, K PO ,
11 K3PO4 H2O 90 3 81
12 KOAC H2O 90 3 84
13 Pr3N H2O 90 5 75
14 K2CO3 H2O 90 2 78
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Table  2
Optimization condition with respect to the amounts of Pd(OAc)2 in the presence of agarose hydrogel (0.05 g) using NaOH (0.6 g, 1.5 mmol) and 4-iodoanisole (0.234 g, 1 mmol)
in  water

Pd(OAC)2, Agarose

NaOH, Water, 90  °C
I OMe MeO OMe .

Entry Pd(OAc)2 (mol%) Agarose (g) Time (h) Conversion % (GC)

1 1 None 48 0
2  2 None 48 0
3  5 None 48 0
4 10 None 48 0
5  1 0.05 48 70
6 2  0.05 1.5 100
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aim, we have studied the homocoupling reaction of iodobenzene
under the above mentioned optimized conditions. The hot reac-
tion mixture was  filtered after 20% conversion of iodobenzene (GC)

NaOH (1.5 mmol), H2O (2 mL)
90 °C, 80-85%, 12 h

Br
Pd(OAc)2(0.02 mmol)

Agarose(0.05 g)

3 3 i

Scheme 1. Homocoupling reaction of ˇ-bromo styrene in the presence of agarose
hydrogel containing Pd(OAc)2 in water using NaOH as a base.

B(OH)2

Pd(OAc)2(0.02mmol) 
Agarose(0.05g)

NaOH(1.5 mmol), H 2O(2mL)
90 °C, 75-80%, 12 h4 2 a

Scheme 2. Homocoupling reaction of phenylboranic acid by agarose hydrogel con-
taining Pd(OAc)2 in water using NaOH as base.

Pd(OAc)2(0.02 mmol)
Agarose(0.05g)

NaOH(1.5 mmol), H2O(2 mL)
7  5 0.05 

8  10 0.05 

omocoupling reaction producing the desired biphenyl compound
n a quantitative yield within 1.5 h (Table 1, entry 1).

In order to show the importance of using agarose hydrogel as
he ligand, reductant and support in the reaction, we studied the
eaction of 4-iodoanisole (0.234 g, 1 mmol) as a model compound
n the presence of NaOH (0.6 g, 1.5 mmol) using Pd(OAc)2 (0.022 g,
0 mol%) in water at 90 ◦C in the absence of agarose hydrogel. Under
hese conditions, the reaction failed even after a long reaction time
24 h).

For optimization of the reaction conditions with respect to the
mounts of Pd(OAc)2, we have studied the reaction of 4-iodoanisole
nder the reaction conditions mentioned above by using 1, 2, 5 and
0 mol% of Pd(OAc)2. First, we tried to conduct the reaction in the
resence of 1 mol% of Pd(OAc)2 in the absence of agarose hydrogel.
he reaction was failed after 48 h reaction time (Table 2, entry 1).
ncreasing the amounts of Pd(OAc)2 was not also successful for the
eaction to proceed (Table 2, entries 2–4). Surprisingly, addition of
garose hydrogel to the reaction mixture put an excellent impact
n the reaction. The homocoupling reaction of 4-iodoanisole in the
resence of 1 mol% of Pd(OAc)2 and agarose hydrogel (0.05 g) pro-
eeded within 48 h to give 70% (GC) of the product (Table 2, entry 5).
ncreasing the amount of the catalyst to 2 mol% was accompanied

ith a quantitative conversion 4-iodoanisole (GC) to the homocou-
led product in 1.5 h (Table 2, entry 6). Increasing the amounts of
d(OAc)2 did not affect noticeably the yields and the rates of the
eaction. The results are summarized in Table 2.

In order to indicate the general application and the merit of this
atalytic system for C–C bond formation, first we have applied it for
eductive homocoupling reaction of a wide variety of aryl halides
ncluding the chlorides with success.

Substrates with electron-donating or electron-withdrawing
unctional groups afforded good yields of the desired products. The
ature of the halides substituted on the aromatic rings affects the
ates of the reaction and the sequence of the reactivity follows;

 > Br > Cl (Table 3). However, the reductive homocoupling of aryl
alides (I and Br) substituted with a nitro group was  a rather diffi-
ult task and proceeded in longer reaction times. The reaction of an
ryl chloride substituted with nitro group under similar reaction
ondition was failed completely (GC).

We have also scaled up the reaction of 4-iodoanisole (2.34 g,
0 mmol) in the presence of Pd(OAc)2 (0.044 g, 20 mol%), NaOH
6 g, 15 mmol), agarose (0.5 g) at 90 ◦C. The reaction proceeded well
ithin 2 h producing the desired biphenyl compound in 75–78%

solated yield.
However, we have also shown that by using this catalytic sys-

em, isolation of the pure product can be performed under highly

reen process. For this purpose, the reaction of 4-iodoanisole
s a model compound was performed to completion under the
ptimized reaction conditions as discussed in the preceeding para-
raphs. The hot reaction mixture was immediately filtered through
1.5 100
1.25 100

a thick cellulose paper which adsorbs the Pd–agarose mass. The
resulting filter cake was washed with hot water. Combination of
the filtrates followed by cooling gave the pure white crystals of
4,4′-dimethoxybiphenyl in a high yield.

In order to show the more application of this catalytic sys-
tem in water, the homocoupling reaction of ˇ-bromo styrene and
phenylboronic acid under similar reaction conditions have been
also presented. The reactions were performed well as shown in
Schemes 1 and 2 and the desired coupled products were isolated
in 80–85% and 75–80%, respectively.

By applying this catalytic system, we have also investigated the
homocoupling reaction of phenylacetylene as a model compound
for the coupling of terminal acetylenes in water at 90 ◦C. The reac-
tion was  performed well with a high isolated yield (75%) within
12 h as shown in Scheme 3.

In order to show that the catalyst acts heterogeneously in the
reaction mixture, we have used the hot filtration test [37]. For this
90 °C, 12h, 75%
5 j5

Scheme 3. Dimerization of phenylacetylene catalyzed by agarose hydrogel and
Pd(OAc)2 using NaOH in water.
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Table  3
Homocoupling reaction of different aryl halides (I, Br, Cl) by Pd(OAc)2 in the presence of agarose hydrogel using NaOH in water

Pd(OAc)2 (0.02 mmol)
Agarose(0.05 g )

NaOH (1.5 mmol)
 H2O (2 mL), 90 °C

XR RR

2

.

Entry Aryl halide Product Time (h) Isolated yield (%)a

1
I

1a 2a 1.5 96

2
IH3C

1b  
CH3H3C

2b 3 85

3
IO2N

1c
NO2O2N

2c 18 68

4
IMeO

1d
OMeMeO

2d 1.5 85

5
Br

1e 2a 3 91

6
BrH3C

1f
CH3H3C

2b 6 87

7
BrO2N

1g
NO2O2N

2c 18 62

8 BrNC
1h

CNNC
2h 3 89

9
BrCl

1i
ClCl

2i 4 91

10 N
Br

1j N N 2j 16 56

11 S
Br

1k S S 2k 2 91

12
Cl

1l 2a 24 83

13
ClH3C

1m
CH3H3C

2b 24 80

14 ClNC
1n

CNNC
2h 24 86

ol) an

t
r
(
o
a
Q
h
b

e
a
t

a Reaction conditions:  substrate (1.0 mmol), agarose (0.05 g), NaOH (0.6 g, 1.5 mm

o remove the Pd catalyst. Continuation of the reaction upon the
esulting filtrate under the same conditions showed 35% conversion
GC) of iodobenzene after 4 h. This result shows that the amount
f leaching of the catalyst into the reaction mixture should be low
nd confirms that the catalyst acts heterogeneously in the reaction.
uantitative measurement of the amount of Pd leached into the
omocoupling reaction mixture of iodobenzene was determined
y ICP analysis to be <3.5% after completion of the reaction.
Recycling of the catalyst is an important process from differ-
nt aspects such as environmental concerns, costs of the catalyst
nd its toxicity. However, Pd salts are expensive, some of them are
oxic, which makes the amounts of their leaching into the reaction
d Pd(OAc)2 (0.0044 g, 0.02 mmol) at 90 ◦C.

mixture a serious worry. Therefore, we studied the recycling of the
Pd-supported agarose hydrogel for the homocoupling reaction of 4-
iodoanisole. The reaction was  allowed to proceed under optimized
conditions as described in the preceeding section. After comple-
tion of the reaction and cooling the mixture to room temperature, a
dark gelatinous mass was accumulated at the bottom of the reaction
vessel. Upon addition of diethyl ether to the resulting jelly accumu-
lation, two  distinct phases were produced. The organic phase was

decanted and the amount of the leached Pd form the agarose hydro-
gel core into the decanted ethereal solution was  measured by ICP
and atomic absorption analysis to be <3.5%. This amount of leach-
ing makes this catalytic system suitable for the reactions conducted
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Table  4
Recycling of the Pd-supported agarose hydrogel catalyst for homocoupling reaction
of  4-iodoanisole in water at 90 ◦C using NaOH as base

Pd(OAc)2, Agarose

NaOH, H2O
90 °C

I OMe MeO OMe
.

Run Time (h) Conversion % (GC)

1 1.5 100

i
h
w
r
a
t
i
c
p

4

v
i
a
a
n
w
h
u
r
a
b
c
l
i
a
m

A

a
a
n

A

t

R

[

[
[
[

[
[
[

[

[
[
[

[

[

[
[
[
[

[

[
[

[
[

[
[

[
[35] K. Yin, C. Li, J. Li, X. Jia, Appl. Organomet. Chem. 25 (2011) 16–20.
2  2 100
3  2 100
4  3.5 100

n water. The leaching amounts of Pd also show that the agarose
ydrogel has a high ability to entrap palladium in a good quantity
ithout remarkable amounts of discharge of the Pd species into the

eaction media. The resulting dark agarose hydrogel mass obtained
fter washing with diethyl ether was reused for another batch of
he reaction. This process was repeated for four runs. As shown
n Table 4, the catalytic activity of Pd-supported agarose hydrogel
atalyst has been preserved to some extent during the recycling
rocess.

. Conclusion

In this study, a new protocol for carbon–carbon bond formation
ia homocoupling reaction of using different aryl halides includ-
ng aryl chlorides in the presence of Pd(OAc)2 as the pre-catalyst
nd agarose hydrogel as a reductant, support and bioorganic lig-
nd in water at the temperatures <100 ◦C is discussed. Agarose is a
aturally occurring polysaccharide, which is cheap, soluble in hot
ater, nontoxic and degradable in nature. All these make agarose
ydrogel an attractive and a highly green material for conducting
seful carbon–carbon bond formation using versatile substrates as
eported in this article. In addition to the homocoupling reactions of
ryl halides, important high yielding homocoupling reactions of ˇ-
romo styrene, phenylboronic acid and phenylacetylene using this
atalytic system have been conducted in the presence of this cata-
yst. The protocol has been also applied for a large-scale operation
n which a high yield of the product was obtained. This catalyst is
lso a recyclable system. The leaching of Pd species into the reaction
ixture was found to be rather small amounts <3.5%.

cknowledgments

The authors are thankful to TWAS Chapter of Iran based at ISMO
nd Shiraz University Research Council for their supports. F.K. is
lso thankful to Arash Ghaderi and Yasaman Ahmadi for their tech-
ical assistance.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.molcata.2011.08.010.

eferences

[1] V. Penalva, J. Hassan, L. Lavenot, C. Gozzi, M.  Lemaire, Tetrahedron Lett. 39
(1998) 2559–2560.

[2] W.M.  Seganish, M.E. Mowery, S. Riggleman, P. Deshong, Tetrahedron 61 (2005)
2117–2121.
[3] H.S. He, C. Zhang, C.K.W. Ng, P.H. Toy, Tetrahedron 61 (2005) 12053–12057.
[4]  N. Ma,  Z. Duan, Y. Wu,  J. Organomet. Chem. 691 (2006) 5709–5712.
[5]  F. Ullman, Ber. Bunsen, Phys. Chem. 36 (1903) 2389.
[6] J. Hassan, M.  Sevignon, C. Gozzi, E. Schulz, M.  Lemaire, Chem. Rev. 102 (2002)

1359–1469.

[

[

talysis A: Chemical 348 (2011) 94– 99 99

[7] (a) R. Bedford, C.S.J. Cazin, M.B. Hursthose, M.E. Light, V.J.M. Scordia, Dalton
Trans. (2004) 3864–3868;
(b) R. Bedford, C.S.J. Cazin, D. Holder, Coord. Chem. Rev. 248 (2004) 2283–2321;
(c)  R.B. Bedford, Chem. Commun. 21 (2003) 1787–1796;
(d) U. Nettekoven, F. Naud, A. Schnyder, H.U. Blaser, Synlett (2004) 2549–2552.

[8] O. Navarro, N. Marion, Y. Oonishi, R.A. Kelly III, S.P. Nolan, J. Org. Chem. 71
(2006) 685–692.

[9] (a) V. Calò, A. Nacci, A. Monopoli, Eur. J. Org. Chem. 17 (2006) 3791–3802;
(b)  C.C. Cassol, A.P. Umpierre, G. Machado, S.I. Wolke, J. Dupont, J. Am. Chem.
Soc. 127 (2005) 3298–3299;
(c) V. Calò, A. Nacci, A. Monopoli, F. Montigelli, J. Org. Chem. 70 (2005)
6040–6044;
(d)  G.A. Grasa, M.S. Viciu, J. Huang, S.P. Nolan, J. Org. Chem. 66 (2001)
7729–7737;
(e) A. Corma, H. Garcia, A. Leyva, Tetrahedron 60 (2004) 8553–8560.

10] N. Iranpoor, H. Firouzabadi, A. Tarassoli, M.  Fereidoonnezhah, Bull. Chem. Soc.
Jpn.  83 (2010) 1367–1373.

11] M. Kuroboshi, Y. Waki, H. Tanaka, J. Org. Chem. 68 (2003) 3938–3942.
12] C. Liu, L. Jin, A. Lei, Synlett (2010) 2527–2536.
13] A. Yanagisawa, H.  Hibino, S. Habaue, Y. Hisada, H. Yamamoto, J. Org. Chem. 57

(1992) 6386–6387.
14] B.C. Rann, P. Dutta, A. Sarkar, Tetrahedron Lett. 39 (1998) 9557–9558.
15] Y.L. Hu, F. Li, G.L. Gu, M.  Lu, Catal. Lett. 141 (2011) 467–473.
16] (a) N.G. Willis, J. Guzman, Appl. Catal. A 339 (2008) 68–75;

(b)  S. Carrettin, A. Corma, M.  Lglesias, Appl. Catal. A 291 (2005) 247–252.
17] A. Benameur, T. Boumoud, B. Boumoud, S. Rhouati, Eur. J. Org. Chem. 7 (2010)

1196–1199.
18] P. Anastas, M. Kirchhoff, Acc. Chem. Res. 35 (2002) 686–694.
19] R.A. Sheldon, Chemtech 24 (1994) 38–47.
20] C. Jimenez-Gonzalez, A.D. Curzons, D.J.C. Constable, V. Cunningham, Int. J. LCA

9  (2004) 114–121.
21] (a) H. Firouzabadi, N. Iranpoor, M.  Abbasi, Adv. Synth. Catal. 351 (2009)

755–766;
(b) H. Firouzabadi, N. Iranpoor, M.  Gholinejad, Tetrahedron 65 (2009)
7079–7084;
(c) H. Firouzabadi, N. Iranpoor, A. Garzan, Adv. Synth. Catal. 347 (2005)
1925–1928;
(d) H. Firouzabadi, N. Iranpoor, A.A. Jafari, E. Riazymontazer, Adv. Synth. Catal.
348 (2006) 434–438;
(e) H. Firouzabadi, N. Iranpoor, F. Nowrouzi, Chem. Commun. (2005) 789–791;
(f)  H. Firouzabadi, N. Iranpoor, A. Khoshnood, J. Mol. Catal. A: Chem. 274 (2007)
109–115;
(g)  H. Firouzabadi, N. Iranpoor, M. Abbasi, Tetrahedron 65 (2009) 5293–5301;
(h) H. Firouzabadi, N. Iranpoor, M.  Gholinejad, J. Mol. Catal. A 321 (2010)
110–116;
(i)  H. Firouzabadi, N. Iranpoor, M.  Gholinejad, Adv. Synth. Catal. 352 (2010)
119–124;
(j) H. Firouzabadi, N. Iranpoor, M.  Gholinejad, J. Hoseini, Adv. Synth. Catal. 353
(2011) 125–132;
(k) H. Firouzabadi, N. Iranpoor, A. Ghaderi, M.  Ghavami, S.J. Hoseini, Bull. Chem.
Soc. Jpn. 84 (2011) 100–109.

22] (a) C.A. Fleckenstein, H. Plenio, Green Chem. 9 (2007) 1287–1291;
(b) C.A. Fleckenstein, H. Plenio, J. Org. Chem. 73 (2008) 3236–3244;
(c)  B. Karimi, D. Elhamifar, J.H. Clark, A.J. Hunt, Chem. Eur. J. 16 (2010)
8047–8053;
(d)  T. Nishikata, B.H. Lipshutz, J. Am. Chem. Soc. 131 (2009) 12103–12105;
(e) A. Krasovskiy, C. Duplais, B.H. Lipshutz, Org. Lett. 12 (2010) 4742–4744;
(f)  C. Duplais, A. Krasovskiy, A. Wattenberg, B.H. Lipshutz, Chem. Commun. 46
(2010) 562–564;
(g) B.H. Lipshutz, T.B. Petersen, A.R. Abela, Org. Lett. 10 (2008) 1333–1336.

23] M. Kurooshi, Y. Waki, H. Tanaka, J. Org. Chem. 68 (2003) 3938–3942.
24] C. Araki, Bull. Chem. Soc. Jpn. 29 (1956) 543–544.
25] C. Yang, S.P. Nolan, J. Org. Chem. 67 (2002) 591.
26] (a) K.H. Shaughnessy, R.B. DeVasher, Curr. Org. Chem. 9 (2005) 585–604;

(b)  K.H. Shaughnessy, Chem. Rev. 109 (2009) 643–710.
27] G.W. Kabalka, L. Wang, R.M. Pagni, C.M. Hair, V. Namboodiri, Synthesis (2003)

217–222.
28] D.J. Koza, E. Carita, Synthesis (2002) 2183–2186.
29] (a) S. Chen, J. Zhang, Y.H. Li, J. Wen, S.Q. Bian, X.Q. Yu, Tetrahedron Lett. 50

(2009) 6795–6797;
(b) E.S. Yoo, J. Adv. Eng. Technol. (2009) 345–347.

30] M.A. Ogliaruso, L.A. Shadoff, E.I. Becker, J. Org. Chem. 28 (1963) 2725–2728.
31] S. Padmanabhau, K.V. Gavaskar, D.J. Triggle, Synth. Commun. 26 (1996)

3109–3113.
32] G. Lunn, J. Org. Chem. 57 (1992) 6317.
33] Y. Xie, G.K. Tan, Y.K. Yan, J.J. Vittal, S.Ch. Ng, T.S.A. Hor, J. Chem. Soc. Dalton

Trans. (1999) 773–779.
34] S.E. Denmark, M.H. Ober, Org. Lett. 5 (2003) 1357–1360.
36] H. Firouzabadi, N. Iranpoor, A. Ghaderi, Org. Biomol. Chem. 9 (2011)
865–871.

37] R.A. Sheldon, M.  Wallau, I.W.C.E. Arends, U. Schuchardt, Acc. Chem. Res. 31
(1998) 485–488.

http://dx.doi.org/10.1016/j.molcata.2011.08.010

	Carbon–carbon bond formation via homocoupling reaction of substrates with a broad diversity in water using Pd(OAc)2 and ag...
	1 Introduction
	2 Experimental
	2.1 General
	2.2 Homocoupling reaction of aryl halides (I, Br, Cl) catalyzed by Pd-supported agarose hydrogel catalyst in water
	2.3 Large-scale homocoupling reaction of 4-iodoanisole catalyzed by Pd-supported agarose hydrogel catalyst in water
	2.4 Highly green procedure for homocoupling reaction of 4-iodoanisole catalyzed by Pd-supported agarose hydrogel catalyst ...
	2.5 Homocoupling reaction of β-bromo styrene catalyzed by Pd-supported agarose hydrogel catalyst in water
	2.6 Homocoupling reaction of phenylboronic acid catalyzed by Pd-supported agarose hydrogel catalyst in water
	2.7 Homocoupling reaction of phenylacetylene catalyzed by Pd-supported agarose hydrogel catalyst in water
	2.8 Recycling of the catalyst
	2.9 Spectral data

	3 Results and discussion
	4 Conclusion
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


