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bstract

We studied the Suzuki cross-coupling reaction between bromobenzene and phenylboronic acid at room temperature in aqueous media containing
2CO3 as the base and solids consisting of Pd(II) supported on an Mg/Al hydrotalcite as catalysts. Based on the results, a surfactant facilitating the
issolution of phenylboronic acid in water is required for the reaction to develop at room temperature. Sodium dodecylsulphate proved the most
ffective surfactant among those tested for this purpose, which included anionic, cationic and neutral compounds. The conversion and selectivity

esults were excellent and on a par with previously reported values. However, ICP-MS measurements of palladium content before and after the
eaction revealed that some metal in the catalyst was dissolved, so the catalytic process was not completely heterogeneous; rather, the reaction
nvolves substantial homogeneous catalysis.

2008 Published by Elsevier B.V.
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. Introduction

The Suzuki cross-coupling reaction, which involves the for-
ation of biphenyl by coupling of an aryl halide or triflate

o a phenylboronic acid in the presence of a palladium cat-
lyst (see Scheme 1), constitutes one of the most widely
sed methods for the formation of carbon–carbon bonds in
rganic synthesis [1–5]. In most cases, the reaction is con-
ucted with homogeneous catalysts, which are effective even
ith inactivated substrates [6] and provide excellent turnover
alues; also, the reaction medium is most often an organic
olvent. However, removing residual palladium and its lig-
nds from the reaction medium is usually a labour-intensive
rocess [7], which has restricted the industrial use of these cat-
lysts; also, the organic solvents employed can be the source
f environmental problems. In addition, the high cost of pal-

adium ligands and the difficulty of removing the catalyst
rom the reaction mass for reuse have further restricted the
se of homogeneous catalysts on a large scale. The previous
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roblems can in principle be minimized by using heteroge-
eous catalysts, which are usually more inexpensive, readily
btained and easily removed from the reaction medium (e.g.
y filtration) than are homogeneous catalysts. However, few
eterogeneous catalysts can compete in activity with homoge-
eous catalysts for the Suzuki cross-coupling reaction; specially
ffective among the former are palladium ligands supported on,
r bound to, inorganic solids [8–12], Pd(0) and Pd(II) salts
eposited on various supports [13–16]. Although the Suzuki
ross-coupling reaction has scarcely been conducted with het-
rogeneous Pd catalysts and water as solvent, an increasing
umber of applications have been reported in recent years
17–20].

Based on its generally accepted mechanism (Scheme 2) [1],
he Suzuki reaction requires the presence of a base to develop to
n adequate extent. In previous work, we reported the synthesis
f catalysts consisting of palladium ligands and salts [12,16,21],
nd their use in the cross coupling of arylbenzenes with phenyl-
oronic acid in the presence of various bases. The results showed

2CO3 to be the most effective base and toluene the best solvent:
o leaching was observed at a reaction temperature of 55 ◦C.
n this work, we conducted the reaction under more environ-
entally benign conditions; to such an end, we used the same

mailto:qo1ruarj@uco.es
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Scheme 1. General Suzuki cross-coupling reaction.
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cheme 2. Generally accepted mechanism for the Suzuki reaction in a homo-
eneous phase.

atalysts as in previous work, but room temperature and water
ather than toluene as solvent.

Hydrotalcites have aroused much interest by virtue of their
otential uses in various scientific fields such as organic
ynthesis [22–24]. The structure of these compounds is
ased on that of a natural mineral called hydrotalcite [25].
his is a magnesium–aluminium hydroxyl-carbonate of for-
ula Mg6Al2(OH)16CO3

•4H2O structurally similar to brucite,
g(OH)2, except for the fact that some Mg2+ ions have been

eplaced with Al3+, which results in the presence of layers
earing positive charge that is countered by carbonate ions in
he interlayer spacing. Replacing the magnesium, aluminium
r both cations with another metal, or the carbonate with
nother anion, allows a large family of compounds known as
ydrotalcite-like compounds (HTs) or layered double hydrox-
des (LDHs) to be prepared.

. Experimental

.1. General procedure for the preparation of Mg/Al
ydrotalcite

Hydrotalcite (HT) was prepared from solutions of
g(NO3)2

•6H2O and Al(NO3)3
•9H2O in an Mg(II)/Al(III)

atio of 2, using a coprecipitation method described elsewhere
25]. In a typical synthetic run, a solution containing 0.2 mol of

g(NO3)2
•6H2O and 0.1 mol of Al(NO3)3

•9H2O in 250 mL
f de-ionized water was used. This solution was slowly dropped
ver 500 mL of an Na2CO3 solution at pH 10 at 60 ◦C under vig-
rous stirring, the pH being kept constant by adding appropriate

olumes of a 1 M solution of NaOH during precipitation. The
uspension thus obtained was kept at 80 ◦C for 24 h, after which
he solid was filtered off and washed with 2 L of de-ionized
ater.

b
l
a
i
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The resulting HT was ion-exchanged with carbonate to
emove intercalated ions between layers. The procedure
nvolved suspending the solid in a solution containing 0.345 g
f Na2CO3 in 50 mL of bidistilled, de-ionized water per gram
f HT at 100 ◦C for 2 h. Then, the solid was filtered off
n vacuo and washed with 200 mL of bidistilled, de-ionized
ater. The HT thus obtained was subjected to a second

on-exchange operation under the same conditions. The final
olid was characterized from its X-ray diffraction pattern,
hich exhibited the typical signals for hydrotalcite [26], and
y elemental analysis, which provided the empirical formula
g0.70Al0.35(OH)2(CO3)0.225

•0.72H2O.

.2. General procedure for synthesizing the catalysts

The HT solid was used to support the Pd(CH3COO)2Py2
omplex by mixing appropriate amounts of palladium acetate,
yridine and HT at 80 ◦C for 1 h, after which the solid was fil-
ered off and washed with 100 mL of toluene. The catalyst thus
btained was named HT-Pd(AcO2)Py2. The other catalysts were
ynthesized by impregnation, intercalation or precipitation as
escribed elsewhere [26].

.3. Suzuki cross-coupling reaction

The Suzuki cross-coupling reaction was conducted in a two-
outh flask containing appropriate amounts of boronic acid,

henyl bromide and K2CO3 in addition to 5 mL of water,
.02 mmol of Pd and 75 mg of surfactant, at room tempera-
ure. One of the flask mouths was fitted with a reflux condenser
nd the other was used for sampling at regular intervals. The
eaction mass was stirred throughout the process. The resulting
roducts were identified from their retention times by GC–MS
nalysis.

. Results and discussion

.1. Preliminary tests

One of the primary aims of modern chemical industry is the
voidance or reduction of the use of environmentally undesir-
ble reactants. As noted in the Introduction, one way of reducing
he environmental impact of industrial processes is by replac-
ng polluting organic solvents with more benign alternatives or
ven water if at all possible. Massive energy consumption is one
ther serious problem with many industrial processes. In this
ork, we conducted the Suzuki reaction by using room temper-

ture and water as solvent. The final working conditions were
stablished by performing preliminary tests involving various
olvents and temperatures. In previous work, we found 55 ◦C
nd toluene containing K2CO3 to be the optimum choice for
he Suzuki cross-coupling reaction of phenylboronic acid not
nly with bromobenzene [12], but also with fluorobenzene [21],

oth of which occurred with no palladium leaching. The pre-
iminary tests in this work were performed in different solvents
t room temperature. Table 1 shows the conversion to biphenyl
n the reaction between bromobenzene and phenylboronic acid
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Table 1
Conversion results obtained in the Suzuki cross-coupling reaction of bromoben-
zene with phenylboronic acid in various solventsa

Entry Solvent T (◦C)b Conversion (%)c t (h)d

1 DMF R.T. 20 3
2 THF R.T. 19 3
3 1-Butanol R.T. 72 3
4 Ethanol R.T. 82 3
5 Toluene R.T. 0 3
6 Water R.T. 0 3
7 DMF 55 29 3
8 THF 55 76 3
9 Toluene 55 100 0.25

10 Water 55 59 3

a Reaction conditions: solvent, 5 mL; BrPh, 1.98 mmol; PhB(OH)3, 3 mmol;
K2CO3, 3.96 mmol; Catalyst HT-Pd(AcO)2Py2, 0.04 mmol Pd.
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Table 2
Conversion results obtained in the Suzuki cross-coupling reaction of bromoben-
zene with phenylboronic acid in the presence of various surfactantsa

Entry Surfactant Conversion (%)b

1 Sodium dodecylsulphate 51
2 Sodim dodecylbenzenesulphonate 16
3 Sodim antraquinone 1,5-disulphonate 21
4 Sodium bis-2-(ethylhexyl)succinate 13
5 Cetyltrimethylammonium bromide 32
6 Tween-20c 21
7 Tween-40d 34
8 Tween-60e 11
9 Tergitol 15-S-9f 18

10 Tergitol 15-S-12f 24
11 Tergitol NP-35f 20
12 Triton N-101f 22
13 Octanoic acid 11
14 Palmitic acid 15
15 Lauric acid 14

a Reaction conditions: water, 5 mL; surfactant, 75 mg; PhBr, 0.99 mmol;
PhB(OH)3, 1.5 mmol; K2CO3, 1.98 mmol; 0.02 mmol Pd [HT-Pd(AcO)2Py2];
room temperature; reaction time, 3 min.

b Conversion to biphenyl.
c Polyoxyethylen sorbitan monolaurate.
d
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b R.T., room temperature.
c Conversion to biphenyl.
d Reaction time.

nder such conditions. Because phenylboronic acid is insolu-
le in water and toluene, the reactions in both media failed.
he catalyst used consisted of the ligand Pd(AcO)2Py2 sup-
orted on a hydrotalcite, which was previously found to provide
he best results among various heterogeneous Pd(II)-based cat-
lysts in toluene [26]. Hydroxylated solvents (entries 3 and 4
n Table 1) provided excellent conversion results at room tem-
erature. However, they also resulted in substantial dissolution
f palladium and hence in heterogeneous catalysis. In order to
mprove the results, we raised the reaction temperature to 55 ◦C,
here phenylboronic acid was completely dissolved in all sol-
ents. However, neither water, DMF or THF improved the results
btained with toluene; in fact, although THF provided better
esults than at room temperature, the other solvents continued
o perform poorly in the reaction. Neither ethanol nor butanol
as tested at 55 ◦C since, if they caused substantial palladium

eaching at room temperature, the effect would have been even
tronger at the higher temperature.

.2. Influence of the surfactant

As noted earlier, phenylboronic acid is insoluble in water
t room temperature. The literature abounds with procedures
or increasing the aqueous solubility of organic compounds. An
dditional problem arises from the low contact surface areas
vailable when water is used as the solvent for an organic com-
ound. Contact areas between aqueous and organic phases can
e increased in various ways including the use of a surfactant.
n fact, surfactants raise the solubility of organic reactants and
xpand the contact area between the organic and aqueous phase,
hereby increasing the reaction rate. Thermodynamically, the
ddition of a surfactant to an aqueous solution is a spontaneous
rocess, the two interacting in a way that depends on the surfac-
ant structure and concentration [27]. We studied the effect of

dding a surfactant to our reaction system. The most immedi-
te outcome was that phenylboronic acid was dissolved at room
emperature, which allowed the reaction to be conducted under

ilder conditions. We then examined the influence of the con-

t
c
[

Polyoxyethylen sorbitan monopalmitate.
e Polyoxyethylen sorbitan monoestearate.
f Polyglycolethers.

entration of various surfactants on conversion. Based on the
esults, the conversion to biphenyl was fairly similar for amounts
f surfactant over the range 75–300 mg; we therefore chose to
se the smallest amount (75 mg) in subsequent tests.

One other variable to be considered was the nature of the
urfactant (i.e. whether it was anionic, cationic or neutral).
or example, Paetzold and Oehme performed the reaction
f iodoanisole and phenylboronic acid in the presence of
ater-soluble palladium complexes with phosphine ligands and
btained near-quantitative yields in the presence of cationic and
nionic surfactants at temperatures from room level to 78 ◦C
28]. Bhattacharya et al. used pure water and aqueous solutions
f various surfactants in Suzuki cross-coupling reactions involv-
ng non-chelated palladium catalysts [29]; the actual catalysts for
he process were nanometric colloids formed under the reaction
onditions used. The surfactant employed, cetyltrimethylammo-
ium bromide (CTAB), only acted as a phase transfer agent since
he reaction was conducted at 100 ◦C, where phenylboronic acid
s completely soluble. In this work, we used various anionic,
ationic and neutral surfactants. As can be seen from Table 2,
he results were excellent in most instances; thus, the conver-
ion to biphenyl was generally in the range of 15–30% – and
xceeded 50% with sodium dodecylsulphate (entry 1) – after
nly 3 min.

.3. Influence of the catalyst
Once the addition of a surfactant was found to facilitate
he reaction, we examined the effects of other heterogeneous
atalysts which had previously been used in toluene at 55 ◦C
26] in order to find whether they continued to be less active
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Table 3
Conversion results obtained in the Suzuki cross-coupling reaction of bromoben-
zene with phenylboronic acid in water containing sodium dodecylsulphate in
the presence of various catalystsa

Entry Catalyst Conversion (%)b

1 HT-Pd(AcO)2Py2 52
2 HT-Pd(AcO)2

c 3
3 HT-PdCl2c 20
4 HT-PdCl4c <1
5 HT-PdCl4-INTd 13
6 HT-Pde <1
7 Pd(AcO)2

f 14
8 PdCl2f 4
9 Na2PdCl4f 5

a Reaction conditions: water: 5 mL; sodium dodecylsulphate, 75 mg; PhBr,
0.99 mmol; PhB(OH)3, 1.5 mmol; K2CO3, 1.98 mmol; catalyst, 0.02 mmol Pd;
room temperature.

b Conversion to biphenyl.
c Supported catalyst (Ref. [26]).
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d Catalyst containing PdCl4= anions in the interlayer region of the hydrotalcite.
e Catalyst containing Pd(II) in hydrotalcite lattice.
f Homogeneous processes.

han the above-described palladium–pyridine complex under
hese conditions. Table 3 shows the conversion results obtained
fter 3 min. As before, the chelated catalyst was the most
ffective—even more so than salt-based homogeneous catalysts
entries 7–9).

Finally, we checked for potential homocoupling in phenyl-
oronic acid by performing a test in the absence of
romobenzene and another three with the three-bromotoluene
somers. As can be seen from Table 4, the homocoupling path-
ay produced a certain amount of biphenyl that was greater with

he three-bromotoluene isomers than with the parent compound.
his may have been the result of a decreased reaction rate with

he methyl-substituted substrates relative to bromobenzene.

.4. Study of leaching

The phase where the catalytic process occurred was iden-

ified via a hot filtration test in one of the reactions. This test
nvolves stopping the reaction after a preset conversion level
s reached, filtering the reaction mass in order to remove the

able 4
omocoupling in the Suzuki cross-coupling reaction in water containing sodium
odecylsulphatea

ntry Arylbromide Conversion to
cross-coupling
product (%)

Conversion to
homocoupling
product (%)

b – – 4
c 2-Bromotoluene 5 12

3-Bromotoluene 3 4
4-Bromotoluene 16 19

a Reaction conditions: water, 5 mL; sodium dodecylsulphate, 75 mg;
H3BrPh, 0.99 mmol; PhB(OH)3, 1.5 mmol; K2CO3, 1.98 mmol; HT-
d(AcO)2Py2, 0.02 mmol Pd; room temperature.
b Reaction in absence of bromotoluene.
c Conversion values at reaction time of 30 min.
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ig. 1. Palladium leached in the Suzuki cross-coupling reaction studied with
ifferent catalysts.

olid catalyst and then allowing the reaction to proceed in its
bsence. The results obtained under these conditions revealed
hat the filtrate was catalytically active and the reaction contin-
ed to develop in the absence of Pd-HT catalyst. This indicates
ot only that heterogeneous catalysis is present, but also that
ome soluble palladium species with catalytic activity even after
ltering exists in the reaction medium.

All catalysts were subjected to a leaching test after one reac-
ion cycle. Except for the catalyst containing Pd as a constituent
f the hydrotalcite crystal lattice, all solids lost some palladium
see Fig. 1). For example, the catalyst exhibiting the highest
atalytic activity, HT-Pd(AcO)2Py2, lost 27% of its initial Pd
ontent. Also, it lost another 54% upon use in a second reaction
ycle.

. Conclusions

A solid consisting of a Pd(II) chelate with pyridine and
cetate, Pd(AcO)2Py2, supported on an Mg/Al hydrotalcite is
n active catalyst in the Suzuki cross-coupling reaction between
romobenzene and phenylboronic acid under environmentally
enign conditions including ambient temperature and the use of
ater as solvent. However, a surfactant is required to facilitate
issolution of the acid in the reaction medium. These conditions
esult in Pd(II) leaching from the catalyst. None of the other
atalysts studied improved the results obtained with the previ-
us one; also, all except solid HT-Pd, where palladium was a
onstituent of the hydrotalcite crystal lattice, exhibited substan-
ial losses of metal. Finally, sodium dodecylsulphate proved the

ost suitable surfactant for the reaction.
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