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Carbonylation of iodobenzene catalyzed by water-souble
palladium–phosphine complexes in ionic liquid
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Abstract

The carbonylation of iodobenzene catalyzed by water-soluble palladium–TPPTS complex (TPPTS: trisodium salt of tri(m-
sulphonylphenyl)phosphine) has been investigated in ionic liquid 1-n-butyl-3-methylimidazolium p-toluenesulfonate ([bmim][p-CH3C6H4SO3])
in the presence of alcohol. The ionic liquid [bmim][p-CH3C6H4SO3] used as the reaction media brings some definitive advantages over the
halogen-containing analogue [bmim]BF4, [bmim]PF6 and conventional organic solvents. The combination of palladium–TPPTS complex and
[bmim][p-CH3C6H4SO3] exhibits excellent catalytic activity and selectivity, and simplifies the separation of the products from catalyst. In the
carbonylation of iodobenzene, TOF (turnover frequency) of up to 1938 h−1 was observed and the selectivity for ethyl benzoate was over 99%. The
catalyst can be easily separated from the organic products and reused for 10 times without the significant decrease of activity and selectivity.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Palladium-catalyzed carbonylation of aryl halides and their
derivatives is a powerful method of C–C coupling reactions
for the synthesis of many aromatic compounds; especially, car-
boxylic acids and their derivatives (Scheme 1) [1], but the dif-
ficult separation of the products from catalyst in the traditional
homogeneous catalysis hinders its application in industrial pro-
cess. This problem can be overcome by means of water-soluble
metal complexes as catalysts in aqueous–organic biphasic sys-
tems [2]. However, the reaction rate in the aqueous–organic
biphasic system is very slow due to the poor solubility of aryl
halides in water.

In recent years, the room temperature ionic liquids (ILs),
as novel environmentally friendly solvents, have been received
increasing recognition and acceptance in the organic synthesis
and catalysis [3]. They exhibit great potential advantages in the
development of novel catalytic technologies of organic synthe-
sis with better yield and selectivity [4–10]. While the most of
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ionic liquids investigated up to date are the compounds con-
taining halogen, the application of halogen-free ionic liquids
has been only described in a few papers [11]. Mizushima [12]
and Calò [13] groups have reported the palladium-catalyzed car-
bonylation and hydroxycarbonylation of aryl halides in ionic
liquids media, but the catalyst recycling is still difficult in the
reports. We have prepared a series of halogen-free ionic liquids
[Rmim][p-CH3C6H4SO3] (R = n-butyl, n-octyl, n-dodecyl, n-
cetyl), which have been successfully applied as reaction medium
in the asymmetric hydrogenation of aromatic ketones [14] and
the hydroformylation of higher olefins [15]. This paper reports
some results of our studies on the carbonylation of iodobenzene
catalyzed by water-soluble palladium complexes and the role
exerted by halogen-free ionic liquid [bmim][p-CH3C6H4SO3]
(1-n-butyl-3-methylimidazolium p-toluenesulfonate) on the cat-
alyst activity and stability.

2. Experimental

2.1. Chemicals and instruments

1-Methylimidazole (Aldrich, >99%), palladium acetate
(Aldrich, 98%), palladium chloride (Fluka, >99%) were
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Scheme 1. The carbonylation of iodobenzene.

used as received without further treatment. The other
reagents are analytically pure. The ionic liquids [bmim][p-
CH3C6H4SO3][15], [bmim]PF6 [16] and [bmim]BF4 [17]
were prepared by the methods described in literatures. TPPTS
[TPPTS: P(m-C6H4SO3Na)3], TPPDS [TPPDS: (C6H5)P(m-
C6H4SO3Na)2], TPPMS [TPPMS: (C6H5)2P(m-C6H4SO3Na)]
and bidentate ligand BISBIS (BISBIS: sodium salt of sul-
fonated 2,2′-bis(diphenylphosphinomethyl)-1,1′-biphenyl)
and PdCl2(TPPTS)2 were prepared by the methods reported
in literatures [18–20]. The compositions of carbonylation
products were determined by 6890/5973N GC–MS (HP-5MS,
0.25 mm × 0.25 �m × 30 m) and GC on HP1890 with a
capillary column SE-30 (0.25 mm × 0.25 �m × 30 m). The
palladium content in the product was measured by inductively
coupled plasma–atomic emission spectrometry (ICP–AES) on
an IRIS Advantage instrument.

2.2. Carbonylation of iodobenzene in ionic liquids

The carbonylation was conducted in 60 ml stainless steel
autoclave with magnetic stirrer. After the desired amounts of
palladium catalyst, ligand and ionic liquid were introduced into
autoclave and the mixture was stirred for 10 min. Subsequently,
iodobenzene, triethylamine and alcohol were added. The auto-
clave was purged with carbon monoxide for three times. The
reaction was carried out under the designed conditions for a
desired time. After the reaction, the autoclave was cooled in an
ice-water bath. The organic products were separated by extrac-
tion with cyclohexane (3× 1 ml) and analyzed by GC–MS and
GC. The triethylammonium iodide formed in the reaction was
separated from ionic liquid by centrifugation. The ionic liquid
layer containing palladium catalysts was reused in the next run.

3. Results and discussion

3.1. Effect of catalyst precursor

The effect of catalyst precursor on the carbonylation of
iodobenzene is investigated, and the results are summarized in
Table 1. In all the runs, the conversion of iodobenzene is higher
than 85% and the selectivity for ethyl benzoate in the products
is over 99%, only trace amounts of by-products PhCO2H and
PhCO2NEt2 are detected by GC–MS. The data in Table 1 indi-
cate that the catalyst precursors exhibit the comparative activities
and selectivity for ethyl benzoate. It suggests that the catalytic
active species could be similar to Pd–TPPTS complexes and
could form through a fast reaction between Pd(OAc)2 or PdCl2
and TPPTS [21,22].

Table 1
Effect of catalyst precursors on the carbonylation of iodobenzene

Catalyst precursor Conversion (%)a TOF (h−1)b

Pd(OAc)2 89.3 797
PdCl2 88.6 791
PdCl2(TPPTS)2 85.3 762

Reaction conditions—[Pd] = 0.01 mol l−1; [TPPTS]/[Pd] = 4 (molar ratio);
[bmim][p-CH3C6H4SO3]: 1 ml; PhI: 8.93 mmol; NEt3: 8.93 mmol; EtOH:
8.93 mmol; PCO = 3.0 MPa; 150 ◦C; 1 h.

a The conversion of iodobenzene was determined by GC (the selectivity for
ethyl benzoate was kept over 99%).

b TOF: mole of ethyl benzoate per mole of palladium per hour (h−1).

3.2. Effect of temperature and pressure

Although optimization was not carried out, several trends
are apparent. The effect of temperature and CO pressure on the
reaction is showed as in Table 2. The conversion of iodobenzene
increases from 72.2% to 89.3% as the temperature increases
from 130 to 150 ◦C (Table 2, entries 1 and 3). In all runs (unless
otherwise stated), the selectivity for ethyl benzoate in the prod-
ucts is over 99%. As CO pressure increases from 1 to 2 MPa
(Table 2, entries 8 and 9), the conversion of iodobenzene and
TOF rise from 92.8% and 829 h−1 to 100% and 893 h−1, respec-
tively. All of these suggest the high temperature and pressure are
advantageous for the carbonylation of iodobenzene.

3.3. Effect of PhI/EtOH and PhI/NEt3 (molar ratio)

The molar ratios of PhI/EtOH and PhI/NEt3 have great influ-
ence on the reaction. When the molar ratio of PhI/EtOH or
PhI/NEt3 increases from 1 to 1.2, iodobenzene completely con-
verts into ethyl benzoate (Table 2, entries 3, 6 and 7). When
both the molar ratios of PhI/EtOH and PhI/NEt3 are kept at 1.2,
the values of TOF increase with the increase of molar ratio of
substrate to catalyst (PhI/Pd) (Table 2, entries 10–12). A high
TOF of 5268 h−1 with good conversion of iodobenzene can be
obtained when the molar ratio of PhI/Pd increases to 6000:1.

3.4. Effect of TPPTS/Pd (molar ratio)

As showed in Table 2, the molar ratio of TPPTS/Pd exhibits
also significant effect on the carbonylation of iodobenzene. The
highest conversion of iodobenzene is obtained at TPPTS/Pd = 4.
When the molar ratio of TPPTS/Pd is lower or higher than that
value, the catalytic activity drops markedly (Table 2, entries
2–5). When the molar ratio of TPPTS/Pd is 2, the lower concen-
tration of TPPTS in ionic liquid is unfavorable for the stability
of palladium complexes, and the palladium complexes are read-
ily reduced by carbon monoxide to the inactive palladium black
under the reaction conditions [2a], which may be responsible
for the low conversion of iodobenzene. The increase of TPPTS
concentration in ionic liquid can effectively prevent the reduc-
tion of palladium complexes to palladium black. So an excess
of TPPTS is often required in order to avoid the catalyst deac-
tivation. However, when the molar ratio of TPPTS/Pd is higher
than 4, TPPTS could coordinate with palladium to form a stable
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