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bstract

The carbonylation of iodobenzene catalyzed by water-soluble palladium–TPPTS complex (TPPTS: trisodium salt of tri(m-
ulphonylphenyl)phosphine) has been investigated in ionic liquid 1-n-butyl-3-methylimidazolium p-toluenesulfonate ([bmim][p-CH3C6H4SO3])
n the presence of alcohol. The ionic liquid [bmim][p-CH3C6H4SO3] used as the reaction media brings some definitive advantages over the
alogen-containing analogue [bmim]BF , [bmim]PF and conventional organic solvents. The combination of palladium–TPPTS complex and
4 6

bmim][p-CH3C6H4SO3] exhibits excellent catalytic activity and selectivity, and simplifies the separation of the products from catalyst. In the
arbonylation of iodobenzene, TOF (turnover frequency) of up to 1938 h−1 was observed and the selectivity for ethyl benzoate was over 99%. The
atalyst 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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. Introduction

Palladium-catalyzed carbonylation of aryl halides and their
erivatives is a powerful method of C–C coupling reactions
or the synthesis of many aromatic compounds; especially, car-
oxylic acids and their derivatives (Scheme 1) [1], but the dif-
cult separation of the products from catalyst in the traditional
omogeneous catalysis hinders its application in industrial pro-
ess. This problem can be overcome by means of water-soluble
etal complexes as catalysts in aqueous–organic biphasic sys-

ems [2]. However, the reaction rate in the aqueous–organic
iphasic system is very slow due to the poor solubility of aryl
alides in water.

In recent years, the room temperature ionic liquids (ILs),
s novel environmentally friendly solvents, have been received
ncreasing recognition and acceptance in the organic synthesis

nd catalysis [3]. They exhibit great potential advantages in the
evelopment of novel catalytic technologies of organic synthe-
is with better yield and selectivity [4–10]. While the most of
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onic liquids investigated up to date are the compounds con-
aining halogen, the application of halogen-free ionic liquids
as been only described in a few papers [11]. Mizushima [12]
nd Calò [13] groups have reported the palladium-catalyzed car-
onylation and hydroxycarbonylation of aryl halides in ionic
iquids media, but the catalyst recycling is still difficult in the
eports. We have prepared a series of halogen-free ionic liquids
Rmim][p-CH3C6H4SO3] (R = n-butyl, n-octyl, n-dodecyl, n-
etyl), which have been successfully applied as reaction medium
n the asymmetric hydrogenation of aromatic ketones [14] and
he hydroformylation of higher olefins [15]. This paper reports
ome results of our studies on the carbonylation of iodobenzene
atalyzed by water-soluble palladium complexes and the role
xerted by halogen-free ionic liquid [bmim][p-CH3C6H4SO3]
1-n-butyl-3-methylimidazolium p-toluenesulfonate) on the cat-
lyst activity and stability.

. Experimental
.1. Chemicals and instruments

1-Methylimidazole (Aldrich, >99%), palladium acetate
Aldrich, 98%), palladium chloride (Fluka, >99%) were

mailto:scuhchen@163.com
dx.doi.org/10.1016/j.molcata.2006.08.059
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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.
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tion of palladium complexes to palladium black. So an excess
Scheme 1. The carbonylation of iodobenzene.

sed as received without further treatment. The other
eagents are analytically pure. The ionic liquids [bmim][p-
H3C6H4SO3][15], [bmim]PF6 [16] and [bmim]BF4 [17]
ere prepared by the methods described in literatures. TPPTS

TPPTS: P(m-C6H4SO3Na)3], TPPDS [TPPDS: (C6H5)P(m-
6H4SO3Na)2], TPPMS [TPPMS: (C6H5)2P(m-C6H4SO3Na)]
nd bidentate ligand BISBIS (BISBIS: sodium salt of sul-
onated 2,2′-bis(diphenylphosphinomethyl)-1,1′-biphenyl)
nd PdCl2(TPPTS)2 were prepared by the methods reported
n literatures [18–20]. The compositions of carbonylation
roducts were determined by 6890/5973N GC–MS (HP-5MS,
.25 mm × 0.25 �m × 30 m) and GC on HP1890 with a
apillary column SE-30 (0.25 mm × 0.25 �m × 30 m). The
alladium content in the product was measured by inductively
oupled plasma–atomic emission spectrometry (ICP–AES) on
n IRIS Advantage instrument.

.2. Carbonylation of iodobenzene in ionic liquids

The carbonylation was conducted in 60 ml stainless steel
utoclave with magnetic stirrer. After the desired amounts of
alladium catalyst, ligand and ionic liquid were introduced into
utoclave and the mixture was stirred for 10 min. Subsequently,
odobenzene, triethylamine and alcohol were added. The auto-
lave was purged with carbon monoxide for three times. The
eaction was carried out under the designed conditions for a
esired time. After the reaction, the autoclave was cooled in an
ce-water bath. The organic products were separated by extrac-
ion with cyclohexane (3× 1 ml) and analyzed by GC–MS and
C. The triethylammonium iodide formed in the reaction was

eparated from ionic liquid by centrifugation. The ionic liquid
ayer containing palladium catalysts was reused in the next run.

. Results and discussion

.1. Effect of catalyst precursor

The effect of catalyst precursor on the carbonylation of
odobenzene is investigated, and the results are summarized in
able 1. In all the runs, the conversion of iodobenzene is higher

han 85% and the selectivity for ethyl benzoate in the products
s over 99%, only trace amounts of by-products PhCO2H and
hCO2NEt2 are detected by GC–MS. The data in Table 1 indi-
ate that the catalyst precursors exhibit the comparative activities
nd selectivity for ethyl benzoate. It suggests that the catalytic

ctive species could be similar to Pd–TPPTS complexes and
ould form through a fast reaction between Pd(OAc)2 or PdCl2
nd TPPTS [21,22].

o
t
t

a The conversion of iodobenzene was determined by GC (the selectivity for
thyl benzoate was kept over 99%).
b TOF: mole of ethyl benzoate per mole of palladium per hour (h−1).

.2. Effect of temperature and pressure

Although optimization was not carried out, several trends
re apparent. The effect of temperature and CO pressure on the
eaction is showed as in Table 2. The conversion of iodobenzene
ncreases from 72.2% to 89.3% as the temperature increases
rom 130 to 150 ◦C (Table 2, entries 1 and 3). In all runs (unless
therwise stated), the selectivity for ethyl benzoate in the prod-
cts is over 99%. As CO pressure increases from 1 to 2 MPa
Table 2, entries 8 and 9), the conversion of iodobenzene and
OF rise from 92.8% and 829 h−1 to 100% and 893 h−1, respec-

ively. All of these suggest the high temperature and pressure are
dvantageous for the carbonylation of iodobenzene.

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

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

.4. Effect of TPPTS/Pd (molar ratio)

As showed in Table 2, the molar ratio of TPPTS/Pd exhibits
lso significant effect on the carbonylation of iodobenzene. The
ighest conversion of iodobenzene is obtained at TPPTS/Pd = 4.
hen the molar ratio of TPPTS/Pd is lower or higher than that

alue, the catalytic activity drops markedly (Table 2, entries
–5). When the molar ratio of TPPTS/Pd is 2, the lower concen-
ration of TPPTS in ionic liquid is unfavorable for the stability
f palladium complexes, and the palladium complexes are read-
ly reduced by carbon monoxide to the inactive palladium black
nder the reaction conditions [2a], which may be responsible
or the low conversion of iodobenzene. The increase of TPPTS
oncentration in ionic liquid can effectively prevent the reduc-
f TPPTS is often required in order to avoid the catalyst deac-
ivation. However, when the molar ratio of TPPTS/Pd is higher
han 4, TPPTS could coordinate with palladium to form a stable
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Table 2
Effect of reaction parameters on the carbonylation of iodobenzene

Entry PhI/Pd
(mol/mol)

PhI/EtOH
(mol/mol)

PhI/NEt3
(mol/mol)

TPPTS/Pd
(mol/mol)

Temperature (◦C) PCO (MPa) Conversion (%) TOF (h−1)

1 893 1 1 4 130 3.0 72.2 645
2 893 1 1 2 150 3.0 51.9 463
3 893 1 1 4 150 3.0 89.3 797
4 893 1 1 6 150 3.0 61.9 553
5 893 1 1 8 150 3.0 50.9 435
6 893 1.2 1 4 150 3.0 100 893
7 893 1 1.2 4 150 3.0 100 893
8 893 1.2 1.2 4 150 1.0 92.8 829
9 893 1.2 1.2 4 150 2.0 100 893

10a 2000 1.2 1.2 4 150 3.0 96.9 1938
11a 4000 1.2 1.2 4 150 3.0 95.8 3833
12a 6000 1.2 1.2 4 150 3.0 87.8 5268
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eaction conditions—Pd(OAC)2: 0.01 mmol; [bmim][p-CH3C6H4SO3]: 1 ml; 1
a Pd(OAC)2: 4.3 × 10−3 mmol.

omplex, and thereby cause the decrease of the catalytic activity
Table 2, entries 4 and 5).

.5. Effect of different phosphine ligands

The carbonylation of iodobenzene was performed using pal-
adium catalyst modified with different water-soluble phosphine
igands, such as TPPTS, TPPDS, TPPMS and BISBIS. The
esults (in Table 3) indicate that the activity of Pd–TPPTS
atalyst is higher than Pd–TPPDS or Pd–TPPMS under the
ame reaction conditions. Because the basicity of TPPDS or
PPMS is stronger than that of TPPTS, the palladium com-
lexes modified by TPPMS or TPPDS are more stable than
hat modified by TPPTS, resulting in the decrease of the
atalytic activity of Pd–TPPMS or Pd–TPPDS in compari-
on to that of Pd–TPPTS. Similarly, the palladium complex
odified by bidentate ligand BISBIS is more stable; there-

ore, the catalyst exhibits very low catalytic activity (Table 3).
n good agreement with this experimental result, the palla-
ium complex modified by the chelate ligand BINAS (BINAS:
odium salt of sulfonated 2,2′-bis(diphenylphosphinomethyl)-
,1′-binaphthalene) also showed lower catalytic activity

han that modified by monophosphine ligand TPPTS in
d-catalyzed biphasic carbonylation of benzyl chloride
23].

able 3
ffect of ligand on the carbonylation of iodobenzene

hosphine ligand Conversion (%) TOF (h−1)

PPTS 96.9 1938
PPDS 73.5 1470
PPMS 57.8 1156
ISBIS 3.2 64

eaction conditions—[Pd] = 4.3 × 10−3 mol l−1; P/Pd = 4; [bmim][p-
H3C6H4SO3]: 1 ml; PhI: 8.93 mmol; NEt3: 10.7 mmol; EtOH: 10.7 mmol;

CO = 3.0 MPa; 150 ◦C; 1 h.
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.6. Effect of reaction media

The catalytic activities are compared in different ionic liquids
nd organic solvents. The results are summarized in Table 4.
he data in Table 4 showed that hydrophilic ionic liquids, e.g.

bmim][p-CH3C6H4SO3] and [bmim]BF4, have the definitive
dvantage over hydrophobic media, e.g. [bmim]PF6. The rate
nhancement effect of hydrophilic ionic liquids in palladium-
atalyzed carbonylation can be attributed to the higher solubility
f palladium catalytic species in [bmim][p-CH3C6H4SO3] and
bmim]BF4 than that in hydrophobic [bmim]PF6. The reaction
ates in dioxane and THF are almost the same as in [bmim][p-
H3C6H4SO3] and [bmim]BF4, but the separation of palla-
ium catalyst from products is difficult in both the organic
olvents.

.7. Effect of different alcohols

The rate of ester formation is dependent on the structure
f the alcohol used in the carbonylation of iodobenzene. The
esults listed in Table 5 suggest that the conversions of iodoben-
ene decrease gradually with increasing alkyl chain-length
f alcohol from methyl to n-butyl. This is possible attributed

o the increase of steric hindrance of alcohols. Consistent
ith the conclusion are our data showing the low reaction

ctivities as iso-propanol and benzyl alcohol are used as
eactants.

able 4
ffect of reaction medium on the carbonylation of iodobenzene

ntry Medium Conversion (%) TOF (h−1)

[bmim][p-CH3C6H4SO3] 96.9 1938
[bmim]BF4 83.0 1660
[bmim]PF6 74.5 1490
Dioxane 96.5 1930
THF 84.6 1692

eaction conditions are the same as in Table 3.
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Table 5
Effect of alcohol on the carbonylation of iodobenzene

Alcohol

MeOH EtOH PrOH i-PrOH n-BuOH PhCH2OH

Conversion (%) 99.4 96.9 85.0 81.7 82.5 64.5
TOF (h−1) 2000 1938 1700 1634 1650 1290

Reaction conditions are the same as in Table 3.

Table 6
Recycling of experiment

Entry

1 2 3 4 5a 6 9 10

Conversion (%) 96.9 99.5 99.1 98.8 95.1 95.0 92.1 88.9
T −1 19
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OF (h ) 1938 1990 1982

eaction conditions are the same as in Table 3.
a One milliliter of additional ionic liquid was added.

.8. Recycling of palladium catalyst

The reuse of Pd–TPPTS catalyst is investigated. The organic
ompounds are extracted with cyclohexane from the ionic liquid
edia after reaction. The ionic liquid layer containing palladium

omplex is directly reused in the successive recycling runs. The
xperimental results (Table 6) indicate that the catalyst immo-
ilized in ionic liquid is reused for 10 runs without significant
ecrease in the activity and selectivity. Two experiments are
esigned to prove that palladium catalyst is immobilized in ionic
iquid after the extraction. First, the extraction is directly trans-
erred into autoclave and used as catalyst in the next run with
ddition of raw materials; the experimental result shows that
nly 2.3% iodobenzene is converted. Second, the extraction is
etected by ICP–AES, the content of palladium in the extraction
s only 0.15% of total amount of palladium. All of these demon-
trate that the leaching of palladium catalyst to the extraction
olution is rarely occurred. The gradual decrease in the activities
ould be due to the loss of the catalyst during handling and trans-
erring of the solution. Although the triethylammonium iodide
ormed in the reaction does not influence the catalytic activ-
ty, its accumulation in the solution causes the reaction media
ecome more viscous and increases the difficulty of further han-
ling and transferring of materials. Triethylammonium iodide
s separated by centrifugation. It is precipitated as solid after
entrifugation. The upper ionic liquid containing catalyst can
e conveniently transferred to autoclave and reused for next
un.

. Conclusion

The carbonylation of iodobenzene catalyzed by the
ater-soluble Pd–TPPTS complexes in the ionic liquid

bmim][p-CH3C6H4SO3] can be realized with high rate and

igh selectivity. Compared with halogen-containing ionic liq-
ids such as [bmim]BF4 and [bmim]PF6, the halogen-free ionic
iquid [bmim][p-CH3C6H4SO3] as media greatly enhances the
ate of iodobenzene carbonylation. Furthermore, the catalyst

[

[

76 1902 1900 1842 1778

an easily be separated from products by simple extraction and
an be reused for 10 times without significant decrease of the
ctivity and selectivity. This is advantageous to develop the
ovel green organic synthesis process.
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