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Abstract

One of the most important recent developments in homogeneous catalysis is the introduction of the aqueous two-phase
technique. This method uses a homogeneous catalyst dissolved in water. The catalyst separation from the products can be
easily achieved by simple phase decantation. Room-temperature ionic liquids based on organic cations, such as dialkylimida-
zolium, and inorganic anions, such as AlCly, Al Cly, BFy, PFy and SbFy, offer an extension to this field especially when4 2 7 4 6 6

substrates, organometallic complexes and ligands are poorly soluble or unstable in water. They present a large spectrum of
physical and chemical properties which can be adjusted at will to a given catalytic organic reaction. Nickel catalyzed butene
dimerization has been recently developed using chloroaluminate based ionic liquids as the solvent. Ionic liquids containing
weakly coordinating anions such as BFy, are good solvents for Diels–Alder reactions. q 1999 Elsevier Science B.V. All4

rights reserved.
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1. Introduction

Homogeneous catalysis offers many advan-
tages such as selectivity, low investment cost
and flexible operations under mild conditions
with easy mixing and heat removal but one area
which has to be improved is the catalyst con-
sumption and its disposal. The quest for new
catalyst immobilization or recovery strategies to
facilitate its reuse are incessant.

An approach which has been industrially ap-
plied, is the use of liquid–liquid two-phase sys-
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tems. In such systems, the catalyst is immobi-
lized in a polar liquid phase in which the or-
ganic products are poorly miscible. The use of

w xwater 1 as a second phase has been largely
developed but may have its limitations. Water
may be coordinating toward the active metal
center or may react with the metal–carbon bond.
In addition, since the reaction is supposed to
occur in the aqueous phase, the potential appli-
cations are limited by the solubility of the reac-
tants in water.

The technique of aqueous biphasic catalysis
has been extended to other solvents. Fluorous

Ž .biphasic systems FBS have been recently de-
veloped in numerous stoichiometric and cat-
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alytic reactions. It consists of a fluorous phase
Ž .perfluorinated hydrocarbons or derivatives
containing dissolved reactants or catalyst, and a
product phase with a limited solubility in the
fluorous phase. FBS technology has advantages
but involves modifying catalysts with fluori-
nated ligands. The specially tailored ligands
necessary for such applications can be expected

w xto be expensive 2 .
Quite obviously, the development of biphasic

catalysis should parallel that of highly polar
new solvents. The polar phase has to be able to
dissolve the catalyst in order to retain it after
phase separation.

( )2. Non-aqueous ionic liquids NAILs

w xNAILs are of particular interest 3–7 . They
have been developed, many years ago, by elec-
trochemists for use as electrolytes in batteries or

w xfor metal electrodepositions 8 . For such appli-
cations, the properties required are a wide liquid
range and low vapor pressure, a large electro-
chemical window and a high ionic mobility. As
a nonconventional class of novel solvents,
NAILs are becoming increasingly important.
They are generally composed of organic cations
and inorganic or organic anions. The organic
cations, which are relatively large, mainly ac-
count for the low melting point of the salts. This
is the reason why dialkylimidazolium, such as

Ž .1-butyl 3-methyl imidazolium BMI cations,
have been generally preferred. However, other
type of cations have been envisioned. The an-
ions determine, to a large extent, the chemical
properties of NAILs. The most frequently de-
scribed anions are:

– halides, tin and germanium halides,
– BFy, SbFy, PFy, FSOy,4 6 6 3

y Ž . y y– CF SO , CF SO N , CF CO3 3 3 2 2 3 2

– tetraalkylborides
Ž y y .– chloroaluminates AlCl , Al Cl , etc.4 2 7

– some other anions have been considered.
For applications as solvents in catalytic reac-

tions, one of the most important property re-

quired is a controlled coordinating ability
andror reactivity of the solvent toward the cata-
lyst complex. The coordinating ability of NAILs
depends essentially on the nature of the anions
Ž .size, charge but also on the metal complex

Žinvolved in catalytic reactions its oxidation state
.and its surrounding ligands . With this vast

variety of anions giving liquids at room temper-
ature, it is possible to tailor the solvents to
specific chemical reactions. Most of the anions
are air stable and the resulting salts are non
volatile. The miscibility of organic substrates
with NAILs can be altered by varying the alkyl
chain length of the dialkylimidazolium cation or
by varying the nature of the anions. Following
are given some properties of NAIL’s as liquid
support of two-phase catalysis:
Ø low melting point: can have a liquid range of

about 3008C
Ø very low vapor pressure
Ø high heat conductivity
Ø stable toward various organic chemicals
Ø controlled miscibility with organic com-

pounds, easy to separate from a large range
of organic products

Ø tunable Lewis acidity
Ø compatible with organometallics, these latter

may be stabilized with usual ligands
Ø adjustable coordinating ability.

Because of this large range of physical and
chemical properties, NAILs proved to be suit-
able solvents, for many organic reactions.

3. Some examples of the use of organo-
chloroaluminates as solvents andrrrrror cata-
lysts in organic catalytic reactions

3.1. The olefin dimerization catalyzed by nickel
[ ]complexes in organochloroaluminates 9

The mixture 1-butyl 3-methyl imidazolium
Ž . Ž .chloride BMIC and aluminium III chloride is

Ž .liquid at room temperature and below over a
large range of composition. The nature of the
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anions present in this system depends on the
BMIC:AlCl molar ratio. For example, in pres-3

ence of an excess of aluminium chloride, there
is formation of the polynuclear Al Cly or2 7

Al Cly anions. The ionic liquid is potentially3 10

acidic, the Lewis acidity can be adjusted with
the relative amount of AlCl . These solvents3

may be used for reactions which need the pres-
Žence of Lewis acidity for example, Ziegler–

.Natta type reactions and for which there is no
interaction of the anions with the reaction prod-
ucts. It has been demonstrated by Wilke et al.
w x w 310 that the family of cationic h -allyl

Ž .xq Ž .Ni PR nickel II complexes is effective3

catalyst, in organic solvent, for the dimerization
of olefins. We have shown that this type of
catalyst can be generated and are stabilized in
acidic organochloroaluminate based ionic liq-
uids. The anions present in the solvent proved
to be weakly coordinating toward nickel.

IFP has a good experience of the dimeriza-
tion reaction which is carried out industrially in
one homogeneous phase without any solvent
Ž w .Dimersol process . This process is in opera-
tion in more than 30 plants. Dimersol X w pro-
cess produces isooctenes from n-butenes which
are used as starting material for isononanol
manufacture. Esterification of these alcohols
yields dialkylphthalates that are used as PVC
plasticizers. Dimerization was developed in ionic
liquids on pilot plant, in continuous two-phase
operation. Butenes are introduced continuously
into the reactor which contains the ionic liquid.
The products which form a second upper phase
are separated in a settler. Compared to homoge-
neous process, the biphasic system makes much
better use of the catalyst and therefore leads to
reduced catalyst disposal and cost. The conver-
sion of butenes is between 70 and 80% even
when the butenes are diluted with inert sub-

Ž .strates. The dimer selectivity is high 90–95% .
This can be ascribed to the lower miscibility of
dimers into the ionic liquids compared to
monomers. Consecutive reactions responsible
for the formation of trimers are minimized.
Current Dimersolw units can be fitted with this

two-phase system, named Difasol process. The
overall economy of the process is improved.
This system is now available for licensing.

Propylene dimerization can also be per-
formed in acidic chloroaluminates. With nickel
complexes which do not contain phosphine lig-
and, dimers and oligomers are produced with
uncontrolled regioselectivity. In presence of
sterically demanding phosphine, the dimeriza-
tion regioselectivity is directed to the formation
of 2,3-dimethylbutenes, in spite of the poten-
tially strong Lewis acidity of acidic organo-
chloroaluminates. These isohexenes are of par-
ticular interest as pharmaceutical intermediates,
agricultural chemicals, perfumes and monomers
w x11 .

3.2. The olefin dimerization catalyzed by tung-
sten complexes in organochloroaluminates

Tungsten complexes have been known for a
long time as catalysts for olefin metathesis.
However certain tungsten systems may be
changed into efficient olefin dimerization cata-

w x Ž .lysts 12 . As an example, Cl W5NPh PMe2 3 3

complex selectively dimerizes ethene into
butenes using acidic BMIC:AlCl ionic liquids3

w xas the solvent 13 .

3.3. Chloroaluminates as solÕents and acidic
catalysts

Other potential applications of chloroalumi-
nate based ionic liquids are as acidic catalysts
and solvents in all reactions usually performed
with AlCl . In addition to AlCl , their Lewis3 3

acidity can be tuned at will. For example, olefin
Ž .ethylene or butenes alkylation with isoparaf-
fins is catalyzed by acidic chloroaluminates with

w xgood reaction selectivity 14 . Other reactions
such as alkylation of benzene with olefins and
isobutene polymerization have also been

w xachieved in these media 15–18 . Saturated and
unsaturated fatty acids and esters can be isomer-
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Scheme 1. Reaction of cyclopentadiene with methylvinyl ketone.

ized and dimerized by such salts, but in a
w xstoichiometric reaction 19,20 .

4. Some examples of the use of NAILs con-
taining the BF I, SbF I or PF I anions4 6 6

4.1. Hydrogenation and hydroformylation reac-
[ ]tions with rhodium complexes 21

Tetrafluoroborate and hexafluorophosphate
are among other type of anions that are attract-
ing the interest of ionic liquid research groups.
These anions do not combine with their corre-

sponding Lewis acid and are therefore not po-
tentially acidic. Contrary to organochloroalumi-
nates, they can be used with organic products
containing basic functions. In addition, they are
air stable and are easily prepared.

Hydrogenation reaction of olefins has been
performed in this media with cationic rhodium

w Ž .Ž . xq Žcomplexes of the type Rh nbd PPh nbd3 2
.snorbornadiene . The same ionic liquid can be

used repeatedly with no loss of rhodium in the
organic phase. These types of anion can also be
used with molecular transition metal complexes.
However, in that case, the complex catalyst has
to be tailor-made to be nonextractable in the
product second phase. An example is the hydro-

Ž .Fig. 1. Solvent effect on cyclopentadiene Cp reaction with methylvinyl ketone. Operating conditions: room temperature, cyclopentadiene
Ž . Ž . Ž .2.7 g methylvinyl ketone 2.8 g , solvent 3 ml .
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formylation of olefins with rhodium complexes.
Ž .Ž .Rh acac CO can be used as catalyst precursor2

with phosphine ligand. 1-Hexene is transformed
selectively in linear and branched aldehydes
with high reaction rates.

4.2. Diels–Alder reactions

Aqueous solutions used as reaction solvents
may affect dramatically some Diels–Alder reac-

w xtion rate constants and stereoselectivities 22,23 .
Such an usual acceleration has been attributed
to the ‘hydrophobic effect’ which would result
in the aggregation of nonpolar reactants in water
and in a gain in free energy. The use of LiClO4

in diethyl ether has been shown to further accel-
erates reactions. When performed at room tem-
perature, with vigorous stirring, the reaction of
cyclopentadiene with methylvinyl ketone
Ž . yScheme 1 is faster in BF based ionic liquids4

Žthan in water or organic classical solvents Fig.
. w x1 24 . The stabilization of a polarized transi-

tion state may not be probably discounted. Di-
alkylimidazolium salts have been recently de-
scribed as additives for the reaction of croton-

w xaldehyde with cyclopentadiene 25 .

5. Conclusions

The infinite range of NAILs makes possible
to design the right solvent to specific reaction or
metal catalyst complex. These solvents consti-
tutes an unique class with no equivalent in the
organic solvents. They offer the advantages of
polar solvents in dissociating the ionic pairs but
in addition their coordinating ability toward
cations may be weak. Their low vapor pressure
can also bring potential benefits for the environ-
mental impact of chemical processes. Their mis-
cibility with organic substrates can be varied
with the cation or anion involved. Their use can
probably be extended to many organic reac-
tions. NAILs are very attractive solvents for
two-phase catalysis.
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