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Abstract

Imidazolium-based ionic liquids with [PF6]−, [BF4]− and [GaCl4]− counterions have been synthesised and used in hydroethoxycarbonylation
of styrene. In addition to the formation of the expected ethyl 2-phenyl- and 3-phenyl-propionates, the oligomerization (polymerization) of the
substrate depending on the counterion of the ionic liquid was also observed. Moderate to high regioselectivities towards branched esters have
been obtained with the ‘preformed’ PdCl2(PPh3)2 catalyst. The addition of 1,1′-bis(diphenylphosphino)ferrocene (dppf) favoured the formation of
t ate. It was
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he linear isomer, however, complete linear regioselectivity has been obtained only in acetonyl-methyl-imidazolium hexafluorophosph
ound that the regioselectivity is strongly influenced by the structure of the ionic liquid: in [BMIM][PF6] the formation of the linear ester is sligh
avoured, however, the substitution of the butyl substituent with benzyl or acetonyl group resulted in complete branched selectivity.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Among the recently used alternative solvents ionic liquids
lay an important role due to their environmentally benign prop-
rties like extremely low vapour pressure, chemical and thermal
tability, high ionic conductivity and good solvent properties
owards both ionic and covalent compounds[1–6]. A major
rive of these efforts with ionic liquid in industry and fun-
amental research is the substitution of more environmentally

riendly technologies for traditional ones in which damaging
nd volatile organic solvents are generally used. Ionic liquids
re considered as promising substitutes for organic solvents, not
nly because of their properties above, but also because of their
bility to act as catalysts. Several well-known organic reactions

ike Diels–Alder reaction, Friedel–Crafts reaction, esterifica-
ion, alkylation, etc. have been carried out successfully in ionic
iquids [1,2].

Among the several types of homogeneous catalytic reactions
hydrogenation, oxidation, hydrodimerization, various coupling

reactions like Heck-reaction, Suzuki and Trost–Tsuji coupli
carried out in ionic liquids[2], less carbonylation reactions ha
been published under similar conditions[1,2,7]. Some exam
ples for hydroformylation with various transition metal cataly
in ionic liquid are known[8–12], however, to the best of o
knowledge, sporadic results can be found for palladium c
ysed hydroalkoxycarbonylation of olefins in ionic liquid[13,14].

The transition metal catalysed hydroalkoxycarbonylatio
various olefins under conventional conditions is one of the b
reactions in synthetic organic chemistry[15,16]. The use o
carbon monoxide as a ‘carboxyl-source’ in rhodium or pa
dium catalysed hydroalkoxycarbonylation reaction is a wi
known methodology for the synthesis of chiral esters[17]. Due to
the pharmacological importance of the resulted branched e
(2-aryl-propionates) as intermediates for non-steroidal an
flammatory agents (NSAI), vinylaromatics (styrene, 2-vin
naphthalene, 2-phenyl-propene) were mainly used as subs
[18–21].

The influence of the reaction conditions (temperature, ca
monoxide pressure and solvent) has been discussed for
time [22]. Similarly, detailed investigations have been car
∗ Corresponding author. Tel.: +36 72 327622/4153; fax: +36 72 501527.
E-mail address: kollar@ttk.pte.hu (L. Kolĺar).

out by the variation of the catalytic precursor as well as poten-
tial additives like acids[23]. It has to be added that most of
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the investigations have been carried out in conventional organic
solvents like toluene and benzene.

In addition to vinylaromatics, various unsaturated steroids
and terpenes have been converted to the corresponding esters of
practical importance by palladium catalysed hydroalkoxycar-
bonylation showing its synthetic potential[24–29]. Similarly,
the intramolecular version of this reaction, i.e. the carbonyla-
tion of hydroxy-olefins resulted in lactones in high yields[30].

In this paper, the palladium catalysed hydroethoxycarbony-
lation of styrene in imidazolium type ionic liquids will be
described.

2. Experimental

2.1. Reagents

Palladium(II) chloride, 1,1′-bis(diphenylphosphino)ferro-
cene (dppf), chloroacetone, 4-chlorobutyronitrile and 1,4-
dichlorobutane were purchased from Aldrich and were used
without further purification. [BMIM][PF6] ionic liquid was pur-
chased from Aldrich and also prepared according to a published
procedure[31]. Similarly, [dodecyl-MIM][PF6] was synthe-
sised as described before[32]. The synthesis and characteri-
zation of tetrachlorogallate ionic liquid [EMIM][GaCl4] pos-
sessing closely related structure to [BMIM][GaCl4] has been
published during the preparation of the present paper[33]. A
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remove HPF6-solution and any water-soluble impurities) until
it was neutral. The final product was dried under high vacuum
(<1 mmHg) at 70◦C for 3 h.

1H NMR (DMSO-d6/CDCl3, 400 MHz):δ 8.88 (s, 1H); 7.54
(s, 1H); 7.44 (s, 1H); 5.22 (s, 2H); 3.86 (s, 3H); 2.18 (s, 3H);13C
NMR (DMSO-d6/CDCl3, 100.6 MHz):δ 199.0; 137.4; 123.5;
122.8; 57.1; 35.8; 26.6. Mp: 59–67◦C.

2.3.2. Synthesis of [cyanopropyl-MIM][PF6]
4.93 g (60 mmol) of 1-methylimidazole and 7.46 g (72 mmol)

of 4-chlorobutyronitrile were mixed under argon atmosphere
and stirred at 70◦C (oil bath) for 4 days. The excess of 4-
chlorobutyronitrile was removed under high vacuum at 70◦C
(oil bath) for 2 h. The [cyanobutyl-MIM]Cl product was dis-
solved in 60 g distilled water and 19 g 60 w/w% HPF6-solution
(containing 78 mmol HPF6) was added dropwise then stirred
at room temperature for 3 h. The solid product was separated
by a (Büchner-funnel), and was washed with distilled water (to
remove HPF6-solution and any water-soluble impurities) until it
was neutral. The final product was dried under vacuum at 70◦C
for 3 h.

1H NMR (DMSO-d6/CDCl3, 400 MHz):δ 9.09 (s, 1H); 7.67
(s, 1H); 7.59 (s, 1H); 4.23 (t, 5.7 Hz, 2H); 3.82 (s, 3H); 2.48
(t, 5.8 Hz, 2H); 2.12 (qi, 11.5 Hz, 2H);13C NMR (DMSO-
d6/CDCl3, 100,6 MHz):δ 136.8; 123.7; 122.2; 118.8; 47.6; 35.7;
25.3; 13.5. Mp: 69–74◦C.

2
ibed

a nt
a g of
5 d
d olu-
t dest
a PF
s eu-
t
3

8
(
N ;
1

2
ol)

o e and
s
p g of
5
a . The
s y a
r move
H as
n
3

2
( r s,
imilar ‘metallate method’ has been used for the synthes
BMIM][GaCl 4].

Solvents were dried according to standard proced
tyrene was freshly distilled before use. PdCl2(PPh3)2 was pre
ared on the bases of an early described method[34].

.2. General procedures

1H, 13C and 31P NMR spectra were recorded on a V
an Inova 400 spectrometer at 400.13, 100.62 and 161.9
espectively. Chemical shiftsδ are reported in ppm relative
HCl3 (7.26 and 77.00 ppm for1H and 13C, respectively) o
3PO4 (85%). Elemental analyses were measured on a
arlo Erba apparatus.
Samples of the catalytic reactions were analysed w

ewlett Packard 5830A gas chromatograph fitted with a
llary column coated with OV-1.

.3. Synthesis of ionic liquids

.3.1. Synthesis of [acetonyl-MIM][PF6]
4.93 g (60 mmol) of 1-methylimidazole was stirred un

rgon atmosphere at room temperature and 5.55 g (60 m
f chloroacetone was added dropwise (five drops per min
fter an exoterm reaction the black highly viscous material
tirred at 70◦C (oil bath) for 24 h under argon atmosphere.
acetonyl-MIM]Cl product was dissolved in 60 g of distill
ater and 19 g of 60 w/w% HPF6-solution (containing 78 mmo
PF6) was dripped to it, then stirred at room temperature
h. The organic phase was separated from the aqueous
y a separating funnel and was washed with distilled wate
f

.

,

8

-

l)
.

se

.3.3. Synthesis of [acetonyl-MIM][BF4]
The [acetonyl-MIM]Cl product was synthesised as descr

bove (synthesis of [acetonyl-MIM][PF6]). The same amou
s above was dissolved in 60 g distilled water and 13.7
0 w/w% HBF4-solution (containing 78 mmol HBF4) was adde
ropwise then stirred at room temperature for 3 h. The s

ion was carefully (because of foaming) distilled by a rota
pparatus and washed with distilled water (to remove H6-
olution and any water-soluble impurities) until it was n
ral. The final product was dried under vacuum at 70◦C for
h.

1H NMR (DMSO-d6/CDCl3, 400 MHz):δ 8.72 (s, 1H); 7.4
s, 1H); 7.38 (s, 1H); 5.18 (s, 2H); 3.85 (s, 3H); 2.17 (s, 3H);13C
MR (DMSO-d6/CDCl3, 100.6 MHz):δ 199.1; 137.1; 123.4
22.8; 57.0; 35.7; 26.3. Mp: 70–72◦C.

.3.4. Synthesis of [butylene-MIM2][BF4]2

6.57 g (80 mmol) of 1-methylimidazole and 5.08 g (40 mm
f 1,4-dichlorobutane were mixed under argon atmospher
tirred at 70◦C (oil bath) for 4 days. The [butylene-MIM2]Cl
roduct was dissolved in 60 g distilled water and 18.3
0 w/w% HBF4-solution (containing 104 mmol HBF4) was
dded dropwise then stirred at room temperature for 3 h
olution was carefully distilled (because of foaming) b
otadest apparatus and washed with distilled water (to re
PF6-solution and any water-soluble impurities) until it w
eutral. The final product was dried under vacuum at 70◦C for
h.

1H NMR (DMSO-d6/CDCl3, 400 MHz):δ 8.84 (s, 1H); 7.5
s, 1H); 7.48 (s, 1H); 4.14 (br s, 2H); 3.80 (s, 3H); 1.79 (b
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2H); 13C NMR (DMSO-d6/CDCl3, 100,6 MHz):δ 136.2; 123.4;
122.0; 48.1; 35.5; 25.9. Mp: 52–55◦C.

2.3.5. Synthesis of [benzyl-MIM][BF4]
4.93 g (60 mmol) of 1-methylimidazole and 7.60 g (60 mmol)

of benzyl chloride were mixed under argon atmosphere and
stirred at 70◦C (oil bath) for 24 h. The [benzyl-MIM]Cl product
was dissolved in 60 g distilled water and 13.7 g 50 w/w% HBF4-
solution (containing 78 mmol HBF4) was added dropwise then
stirred at room temperature for 3 h. The product (organic phase)
was separated from the aqueous phase by a separating funnel
and was washed with distilled water (to remove HPF6-solution
and any water-soluble impurities) until it was neutral. The final
product was dried under vacuum at 70◦C for 3 h.

1H NMR (DMSO-d6/CDCl3, 400 MHz):δ 9.04 (s, 1H); 7.55
(s, 1H); 7.51 (s, 1H); 7.38-7.32 (m, 5H); 5.34 (s, 2H); 3.82 (s,
3H); 13C NMR (DMSO-d6/CDCl3, 100.6 MHz):δ 136.3; 133.9;
128.8; 128.7; 128.4; 128.3 128.1; 123.7; 122.1; 52.2; 35.7. Mp:
28–32◦C.

2.3.6. Synthesis of [BMIM][GaCl4]
22.7 g (276 mmol) of 1-methylimidazole and 35 ml

(331 mmol) of 1-chlorobutane were mixed under argon atmo-
sphere and stirred at 75◦C (oil bath) for 4 days. The excess of
1-chlorobutane was removed under vacuum at 80◦C. The pale
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Fig. 1. The ionic liquids used in hydroethoxycarbonylation in the present work.

3. Results

3.1. Synthesis of ionic liquids

Since the ionic liquid itself is one of the most important vari-
ables in synthesis, we decided to synthesise some imidazolium-
based ionic liquids for systematic investigation of homogeneous
catalytic reactions.

The synthesis of the [BMIM]+ analogues ([acetonyl-
MIM] +, [cyanopropyl-MIM]+, [benzyl-MIM]+ and [butylene-
MIM 2]+]) is based on the alkylation of 1-methyl-imidazol
with chloroacetone, 4-chlorobutyronitrile, benzylchloride and
1,4-dichlorobutane, respectively (Fig. 1). In addition to these
imidazolium-cations the parent [BMIM]+ and [dodecyl-MIM]+

analogues have been also used in carbonylation reactions. This
way, the corresponding chlorides have been obtained which were
transferred to the tetrafluoroborate, hexafluorophophate or tetra-
chlorogallate derivatives by metathesis or metallate methods[1],
respectively (see Section2). A tetrachlorogallate ionic liquid
[EMIM][GaCl4], a close analogue to the [BMIM][GaCl4] [33]
as well as a cyanomethyl-tetramethylammonium based ionic
liquid have been published quite recently[35].

It has to be noted that only a few of the imidazolium salts can
be considered as room temperature ionic liquid (RT-IL) but all
of them possess melting point below 100◦C [2] and are suitable
for hydroalkoxycarbonylation reactions.

3
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ellow [BMIM]Cl ionic liquid solidified at 60◦C forming a
hite solid.
5.13 g (28.4 mmol) of [BMIM]Cl and 5.00 g of gallium(III

hloride were mixed under argon atmosphere and stirred at◦C
oil bath) for 24 h. The viscous material was used as obtain

1H NMR (DMSO-d6, 400 MHz):δ 9.07 (s, 1H); 7.69 (s, 1H
.63 (s, 1H); 4.12 (t, 5.8 Hz, 2H); 3.82 (s, 3H); 1.74 (qi, 11.8
H); 1.24 (sx, 15.1 Hz, 2H); 0.87 (t, 6.0 Hz, 3H);13C NMR
DMSO-d6, 100,6 MHz):δ 136.4; 123.6; 122.2; 48.6; 35.8; 31
8.8; 13.2. Mp: liquid even at−78◦C.

.3.7. Hydroalkoxycarbonylation reaction
In a typical reaction 7.0 mg (0.01 mmol) of PdCl2(PPh3)2

and in case of the in situ systems 0.01 mmol dppf) was diss
n 0.5 ml of ionic liquid under argon. Fifty-seven microlitr
0.5 mmol) of styrene, 2 mmol of ethanol was added. The a
phere was changed to carbon monoxide and the reaction
ure was kept at 100◦C for 24 h. The organic products we
xtracted with 1.0 ml of toluene. Samples of the catalytic r
ions were analysed with a Hewlett Packard 5830A gas c
atograph fitted with a capillary column coated with OV-1
singn-dodecane as internal standard.

Fig. 2. Palladium catalysed
d

-
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.2. Hydroethoxycarbonylation of styrene in
midazolium-based ionic liquids in the presence of
dCl2(PPh3)2 catalytic precursor or that of the
dCl2(PPh3)2 + dppf in situ catalyst

Styrene (1) as a model substrate was reacted with ca
onoxide and ethanol in the presence of either a ‘preform
alladium catalyst (Pd(PPh3)2Cl2) or the in situ palladium cata

yst obtained from Pd(PPh3)2Cl2 and dppf. Imidazolium-base

ethoxycarbonylation of styrene.
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Table 1
Ethoxycarbonylation of styrene in various imidazolium-based ionic liquids in
the presence of PdCl2(PPh3)2 catalysta

Run Ionic liquid Composition of the
reaction mixture (%)

Rbr
c (%)

Olig./polym.b2 3

1 [BMIM][PF6] 32d 13 19 41
2 [Acetonyl-MIM][PF6] 30d 70 0 100
3 [Cyanobutyl-MIM][PF6] 33d 35 8 81
4 [Dodecyl-MIM][PF6] 28d 54 18 75
5 [BMIM][BF 4] 19d 48 11 81
6 [Acetonyl-MIM][BF4] 14e 86 0 100
7 [Butylene-MIM2][BF4]2 15e 39 6 87
8 [Benzyl-MIM][BF4] 35d 65 0 100
9 [BMIM][GaCl4] 13e 67 20 77

a Reaction conditions: Pd/styrene = 1/50; reaction temperature: 100◦C;
p(CO) = 100 bar; reaction time: 24 h.

b Dimers, oligomers, polymers [determined by GC (dodecane internal stan-
dard)], the amount of the non-converted substrate1 is not indicated in the
columns.

c Regioselectivity towards branched ester regioisomer [mole of2/(mole of
2 + mole of3) × 100].

d Mainly styrene polymer was formed (dimers < 1%).
e ca. 10% styrene polymer was formed.

ionic liquids of systematically varied structure (Fig. 1) have been
used as solvents at 100◦C under 100 bar carbon monoxide pres-
sure.

The hydroalkoxycarbonylation of styrene (1) resulted in the
formation of the branched (ethyl 2-phenylpropionate,2) and the
linear (ethyl 3-phenylpropionate,3) ester regioisomers (Fig. 2).
As a general observation it has to be noted that in all cases th
oligomerization (polymerization) of styrene took also place to
some extent resulting in the ‘loss’ of part of the substrate.

Table 2
Ethoxycarbonylation of styrene in various imidazolium-based ionic liquids in
the presence of PdCl2(PPh3)2 + dppf in situ catalysta

Run Ionic liquid Composition of the
reaction mixture (%)

Rbr
c (%)

Olig./polym.b2 3

1 [BMIM][PF6] 20d 11 49 18
2 [Acetonyl-MIM][PF6] 17d 0 83 0
3 [Cyanobutyl-MIM][PF6] 18d 18 54 25
4 [Dodecyl-MIM][PF6] 22d 17 61 22
5 [BMIM][BF 4] 14d 23 41 36
6 [Acetonyl-MIM][BF4] 27e 13 60 18
7 [Butylene-MIM2][BF4]2 24e 22 54 29
8 [Benzyl-MIM][BF4] 30e 33 37 47
9 [BMIM][GaCl4] 31e 26 43 38

0
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Moderate to high regioselectivities towards branched ester
have been observed in the presence of the ‘preformed’
Pd(PPh3)2Cl2 catalyst (Table 1). The regioselectivity of
hydroethoxycarbonylation was varied by the structure of the
ionic liquid in the range of 41–100%. It is worth noting
that the lowest branched selectivity has been obtained with
the most widely used [BMIM][PF6] (run 1). Total conver-
sion and complete branched selectivity have been observed
with [acetonyl-MIM][PF6], [acetonyl-MIM][BF4] and [benzyl-
MIM][BF 4] (runs 2, 6 and 8). The application of tetrafluorobo-
rate or terachlorogallate counterions seems to enhance branched
selectivity compared to hexafluorophosphate.

The formation of the linear ester (3) was favoured by using
all of the ionic liquids when dppf has been used as bidentate lig-
and in the in situ system (Table 2). The regioselectivity towards
branched ester was varied in the range of 0–47%. The reaction
in [benzyl-MIM][BF4] ionic liquid shows the nearly equimolar
formation of 2 and 3 (run 8). The application of [acetonyl-
MIM][PF6] resulted in the exclusive formation of the linear ester
(run 2).

4. Discussion

The hydroethoxycarbonylation of styrene in ionic liquids of
systematically varied structure resulted in the following major
observations:
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a Reaction conditions: Pd/styrene = 1/50; reaction temperature: 10◦C;
(CO) = 100 bar; reaction time: 24 h.
b Dimers, oligomers, polymers [determined by GC (dodecane internal
ard)], the amount of the non-converted substrate1 is not indicated in th
olumns.
c Regioselectivity towards branched ester regioisomer [mole of2/(mole of
+ mole of3) × 100].
d Mainly styrene polymer was formed (dimers < 1%).
e Mainly dimers were formed (ca. 5% styrene polymer was formed).
e

-

(i) Some oligomerization (polymerization) reactions h
been observed in all cases being most striking in
of hexafluorophosphate ionic liquids. (It has to be no
that hydroalkoxycarbonylation reactions in conventio
solvents are also accompanied by these ‘undesired’
reactions but their extent is much lower. However, a
contrast to ionic liquid catalysis, it has to be noted tha
case of aromatic solvents the addition of a few drop
cc.HCl is also necessary in order to avoid metallic pa
dium formation[36].) While the side-reactions are of le
importance in case of tetrafluoroborate and tetrach
gallate type ionic liquids, extended polymerization up
35% can be detected with hexafluorophosphates.31P NMR
investigations showed that [PF6]− cannot be considered
innocent ion in ionic liquids and can be responsible for
acidification of the solvent[11,37].

(ii) The linear ester3 has been observed as major regio
mer in all cases in the presence of dppf. The preva
formation of the linear ester in the presence of pallad
diphosphine systems in conventional solvents is kn
for a long time[38,39,22]. Pd(dppf)Cl2 is formed in situ
via ligand substitution depending on the ionic liquid
are responsible for the decrease of the branched s
tivity, i.e. the preferential formation of3. The formation
of Pd(dppf)Cl2 can be followed by31P NMR, e.g. in
[BMIM][BF 4] the signal at 28.2 ppm (assigned to the
alytic precursor PdCl2(PPh3)2) disappears upon substi
tion with dppf while a signal at 37.2 ppm (assigned
PdCl2(dppf)) builds up together with the signal at−4.6 ppm
(assigned to PPh3). Similar chemical shifts these spec
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(within the range of deviation of 0.5–0.7 ppm) have been
observed also for other ionic liquids.

(iii) The regioselectivity shows strong dependence also on the
structure of the ionic liquid. Moderate branched selectivi-
ties have been obtained with Pd(PPh3)Cl2 catalyst when the
butyl substituent is substituted for dodecyl, 4-cyanopropyl
or butylene group of similar character. The introduction
of acetonyl or benzyl substituent resulted in the exclusive
formation of branched esters (Table 1, runs 2, 6 and 8).
On the basis of our previous investigations these differ-
ences can be explained by the different structure of the
ionic liquid. Even in the case of 1,3-dialkyl-imidazolium-
based ionic liquids ([C14MIM][PF6]) the coordination of
PF6

− anion has been proved[40]. In case of the acetonyl
and benzyl substituents the coordination of the PF6

− or
BF4

− anions to the methylene hydrogens in a-position has
to be much stronger. (The quantum mechanical calculations
as well as spectrometric studies are under progress.) The
use of palladium–monodentate phosphine ligand systems
in conventional organic solvents results in the preferential
formation of the branched ester[22].

(iv) Similarly, ionic liquids with electron releasing substituents
on the imidazolium ring are less sensitive towards regios-
electivity changes even in the presence of dppf. Nearly
equal (low) branched selectivities have been obtained in
these ionic liquids by using dppf containing in situ systems
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liquids can be carried out. Ethyl 2-phenyl-propionate and 3-
phenyl-propionate with moderate to high regioselectivities can
be obtained by tuning the structure of the ionic liquid. The regios-
electivity of hydroalkoxycarbonylation is strongly influenced by
the phosphine ligands. The application of a chelating diphos-
phine is favourable to the formation of the linear ester, which is
the exclusive product in imidazolium-based ionic liquids pos-
sessing electron-withdrawing groups.
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