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. Introduction

For economical and ecological reasons, synthetic
chemists are confronted with the increasing obliga-
tion of optimizing their synthetic methods. Maximiz-
ing efficiency and minimizing costs in the production

* Corresponding author. Fax: ++ 55 51 3316 73 04. E-mail:
dupont@ig.ufrgs.br.

10.1021/cr010338r CCC: $39.75

Received January 30, 2002

of molecules and macromolecules constitutes, there-
fore, one of the most exciting challenges of synthetic
chemistry.’2 The ideal synthesis should produce the
desired product in 100% yield and selectivity, in a
safe and environmentally acceptable process.* It is
now well recognized that organometallic homoge-
neous catalysis offers one of the most promising
approaches for solving this basic problem.? Indeed,
many of these homogeneous processes occur in high
yields and selectivities and under mild reaction
conditions. Most importantly, the steric and elec-
tronic properties of these catalysts can be tuned by
varying the metal center and/or the ligands, thus
rendering tailor-made molecular and macromolecular
structures accessible.>® Despite the fact that various
efficient methods, based on organometallic homoge-
neous catalysis, have been developed over the last
30 years on the laboratory scale, the industrial use
of homogeneous catalytic processes is relatively lim-
ited.”

The separation of the products from the reaction
mixture, the recovery of the catalysts, and the need
for organic solvents are the major disadvantages in
the homogeneous catalytic process. For these reasons,
many homogeneous processes are not used on an
industrial scale despite their benefits. Among the
various approaches to address these problems, liquid—
liquid biphasic catalysis (“biphasic catalysis”) has
emerged as one of the most important alternatives.t~*!
The concept of this system implies that the molecular
catalyst is soluble in only one phase whereas the
substrates/products remain in the other phase. The
reaction can take place in one (or both) of the phases
or at the interface. In most cases, the catalyst phase
can be reused and the products/substrates are simply
removed from the reaction mixture by decantation.
Moreover, in these biphasic systems it is possible to
extract the primary products during the reaction and
thus modulate the product selectivity.'? For a detailed
discussion about this and other concepts of homoge-
neous catalyst immobilization, the reader is referred
elsewhere.®” These biphasic systems might combine
the advantages of both homogeneous (greater catalyst
efficiency and mild reaction conditions) and hetero-
geneous (ease of catalyst recycling and separation of
the products) catalysis.

The advent of water-soluble organometallic com-
plexes, especially those based on sulfonated phos-
phorus-containing ligands, has enabled various bi-
phasic catalytic reactions to be conducted on an
industrial scale.'®~15> However, the use of water as a
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catalyst immobilizing phase has its limitations: (i)
It is a highly polar and coordinating protic solvent.
(if) It is reactive toward many organometallic com-
plexes and substrates. (iii) From an environmental
perspective, trace amounts of organic compounds in
water are notoriously difficult to remove.'® Moreover,
the synthesis of specially designed water-soluble
ligands/organometallic complexes is essential for its
use. More recently, perfluorocarbons have been used
as the nonaqueous phase for various catalytic liquid—
liquid biphasic reactions such as the hydroformyl-
ation, oxidation, and oligomerization of olefins. 61721
However, the synthesis of specially designed ligands/
transition metal compounds to immobilize the cata-
lyst precursors in the fluorinated phase is also
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indispensable. More recently, supercritical fluids, in
particular CO,, have been investigated as an alterna-
tive green solvent for synthesis and catalysis but
catalyst recycling apparently remains a problem.??

One of the greatest challenges in this field is to
devise an immobilizing agent that could act as a
simple “solvent” for classical organometallic catalysts.
In principle, this might enable the direct transposi-
tion of the plethora of known homogeneous catalytic
reactions to biphasic systems without ligands/com-
plexes design and synthesis.

lonic liquids or molten salts, especially those
derived from the combination of quaternary am-
monium salts and weakly coordinating anions, have
been demonstrated to be ideal immobilizing agents
for various “classical” transition-metal catalyst pre-
cursors in reactions ranging from those of the Zie-
gler—Natta type to the hydroformylation of olefins.

The synthesis and physical—chemical properties of
ionic liquids, in particular haloaluminate derivatives,
have been extensively studied, and a series of books?®
on this subject and a review?* are available. Reviews
on the use of ionic liquids as green solvents for
chemical reactions and processes are also avail-
able.?526 The use of room-temperature ionic liquids,
in particular haloaluminates, as solvents for organic
synthesis and catalysis has been already reviewed.?”~3°
More recently, a review describing their synthesis,
properties, and potential applications as solvents in
transition metal catalysis, with particular emphasis
on the type of ionic liquid, has appeared. Impressive
overviews of catalytic reactions in ionic liquids have
appeared very recently.3'=3” However, in these latter
reviews catalytic reactions are catalogued without
more in-depth discussion of the catalytic process
operating in these media. The aim of our review,
however, is focused on the use of ionic liquids as
immobilizing agents for organometallic catalysis. The
present review concentrates on the catalytic behavior
of transition-metal complexes, including catalyst
stability, catalytically active species, reaction mech-
anisms in these media, and catalyst recycling. More-
over, particular attention has been paid to the
comparison of the catalytic behavior in ionic liquids
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to those observed in homogeneous conditions and/or
in aqueous biphasic organometallic catalysis.

Il. lonic Liquids

A. Overview

lonic liquids or molten salts are in general defined
as liquid electrolytes composed entirely of ions. More
recently, the melting point criterion has been pro-
posed to distinguish between molten salt (“high-
melting, highly viscous, and very corrosive medium”)
and ionic liquids (“liquid below 100 °C and relatively
low viscosity”).3* However, molten salts or ionic
liquids are better described as liquid compounds that
display ionic—covalent crystalline structures. This
definition involves pure inorganic compounds (so-
dium chloride, mp 801 °C), organic compounds (tetra-
butylphosphonium chloride, mp 80 °C), or even
eutectic mixtures of inorganic salts (such as lithium
chloride/potassium chloride, 6/4, mp 352 °C) or or-
ganominerals (triethylammonium chloride/copper chlo-
ride, 1/1, mp 25 °C). Among the various known ionic
liquids, those based on quaternary ammonium or
phosphonium salts exhibit a relatively wide electro-
chemically stable window, good electrical conductiv-
ity, high ionic mobility, a broad range of room-
temperature liquid compositions, negligible vapor
pressure, and excellent chemical and thermal stabil-
ities.2438-43 These properties have been primarily
explored for applications in electrochemistry tech-
nologies and as solvents in electronic absorption
spectroscopy for highly charged complex ions with
high- or low-oxidation states. These materials have
also been used as media for the clean liquid—liquid
extraction processes,***® as recyclable alternatives to
aprotic solvents or catalysts for organic*¢~“® and
organometallic synthesis,*® catalytic cracking of poly-
ethylene,® and radical polymerization,®® and as
media for analytical and physical chemistry,? and
some of them possess liquid crystal®® or lubricant
properties.>* Moreover, ionic liquids can be used in
biocatalysis with great advantages as compared to
those reactions performed in organic solvents.®®

The ionic liquids can be divided, for the purpose of
this review, into two classes: organoaluminates; air-
and water-stable ionic liquids. For a short review of
the different classes of these materials the reader is
invited to refer elsewhere.>®

B. Organoaluminate lonic Liquids

Organoaluminate melts are the most investigated
class of molten salts.??-26 These compounds are easily
prepared by mixing quaternary ammonium salts,
especially N-alkylpyridinium and 1,3-dialkylimida-
zolium halides (Chart 1), with AICI3.4°

Indeed, N-ethylpyridinium halides/aluminum ha-
lides were among the first ambient-temperature ionic
liquids, prepared in 1951.5" The physical—chemical

Chart 1
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Table 1. Melting Point (Mp) and Viscosity (v) of
1-Ethyl-3-methylimidazolium Chloride/Aluminum
Chloride lonic Liquid at Different Molar Fractions (x)
of the Aluminum Compound?>8

X v (P) mp (°C)
0.36 1.59 ~60
0.50 0.20 2
0.66 0.16 -80

properties®® and the structure® of these ionic liquids
have been investigated in detail.

The combination of 1-ethyl-3-methylimidazolium
chloride ((EMI)CI) or 1-n-butyl-3-methylimidazolium
chloride (BMI1)CI) with aluminum chloride produces
ionic liquids whose physical—chemical properties
depend mainly upon the molar fraction of the alu-
minum compound (see Table 1).58

Thus, ionic liquids with the liquid phase ranging
down to —80 °C can be prepared with a relatively
small viscosity. Since these organoaluminate ionic
liquids have donor and acceptor patterns, the Lewis
acidity can also be modulated by the relative amount
of the aluminum compound. This Lewis acidity can
be expressed by the molar fraction (x) of the alumi-
num compound.3® Conventionally, when x = 0.5 the
mixture is called neutral, x > 0.5 is acidic, and x <
0.5 is basic. The advantage of these controlled Lewis
acid ionic liquids is their use in Ziegler—Natta type
catalytic reactions. The acidity of these organoalu-
minate ionic liquids have been investigated in detail
by Osteryoung and Wilkes, and reviews about this
subject are available.?® Although these compounds
are reactive toward air and water and difficult to
handle, they are particularly suitable for several
reactions. Indeed, these Lewis acid properties have
been extensively explored in organic synthesis
(Friedel—Crafts and Diels—Alder reactions)*647:60 and
for the polymerization® of olefins and in Ziegler—
Natta type reactions (see later). However, since these
melts are extremely air and water unstable and
several organic substrates and organometallic com-
pounds are not chemically inert in these media, their
application as immobilizing agents for biphasic ca-
talysis is limited.

C. Ambient-Temperature, Air- and Water-Stable
lonic Liquids

Simple quaternary ammonium and phosphonium
halides, such as tetrabutylammonium bromide (mp
102—104 °C) and tetrabutylphosphonium bromide
(mp 100—103 °C), can be used for the immobilization
of transition-metal catalyst precursors. These ionic
liquids are particularly suitable for reactions that
operate at relatively high temperatures. Moreover,
the use of these relatively high melting point ionic
liquids allows one to pour off the organic products
from the catalyst medium at room temperature.
However, since a great number of reactions involving
transition metals occur under mild conditions, the
use of ambient-temperature, air- and water-stable
ionic liquids is indicated.

Ambient-temperature, air- and water-stable ionic
liquids can be obtained by the substitution of the
halide anion of the 1,3-dialkylimidazolium cation by
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Table 2. Physical-Chemical Properties of

Room-Temperature lonic Liquids Based on the
1-Alkyl-3-methylimidazolium Cation

=\
RNGN e x°

I'Tlpal Vgob dgoc Keod EWe
R X °C) (P) (@mL™Y (scm™1107?) (V) ref
Et BF, 15 42
n-Bu BF, —-81 233 1.15 0.864 6.1 63—-65
Et PFe 60 66
n-Bu PFg 109 3.12 1.37 0.656 7.0 63—65
Et AICl, —-80 48" 58,67
n-Bu AICl, —-88 294 1.23 2.413 58

aMp = melting point. ® v3o = viscosity at 30 °C. ¢dz =
density at 30 °C. 9 Kgo = electrical conductivity at 60 °C. ¢ EW
= electrochemical window. f For ionic liquids with x = 0.5.
9 Melting point determined by DSC at heating rate of 1 °C/
min. However, when the sample was measured at the heating
rate of 10 °C/min, only a glass transition at around —72 °C is
observed.

other “weakly” coordinating anions (Table 2).4262-68
Among the various known ionic liquids, (BMI)BF,
and (BMI)PF¢ (Table 2) are most popular and used
in biphasic catalysis particularly due to their distinct
physical—chemical properties.5®

These properties as well as the structure of these
ionic liquids have been recently reviewed.®®~"* For
example, these ionic liquids have a limited miscibility
with various polar and nonpolar organic substrates
and solvents, and they dissolve classical organo-
metallic catalyst precursors based on rhodium, ru-
thenium, palladium, nickel, cobalt, and iron com-
plexes (a more detailed discussion of the solubilities
of organic and organometallic compounds in ionic
liquids is presented later). Moreover, due to their
inherent ionic nature, one might expect that ionic
liquids can effectively stabilize cationic transition-
metal species that are known to be more active than
their neutral analogues.” Indeed, it was recently
observed that, for example, Ni(1)7® species or high-
valent manganese—oxo compounds (see later) are
easily stabilized in these media.

These ionic liquids are easy accessible by the
alkylation of commercially available methylimidazole
with n-chlorobutane giving the corresponding 1-bu-
tyl-3-methylimidazolium chloride followed by anion
metathesis, as shown for (BMI)PFs in eq 1. A simple
colorimetric method can be used to monitor the
production of the (BMI)CI intermediate,’”* and a
microwave-assisted method can be used for a sol-
ventless synthesis of imidazolium ionic liquids.”™
Moreover, most of these ionic liquids are now com-
mercially available and general procedures for their
preparation are part of classical organic synthesis.”®?”

/\ [\
[\ N NNn KPFg or MVNN”B 1
me NN BuCl | MmN TBU o NGO e (1)

Clo PF@
Alternatively, the one-pot reaction of formaldehyde,
methylamine, glyoxal, tetrafluoroboric acid, and n-
butylamine can be used to obtain a mixture of
tetrafluoroborate compounds containing the 1,3-di-
butylimidazolium (41%), 1-butyl-3-methylimidazo-
lium (50%), and 1,3-dimethylimidazolium (9%) cat-
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ions (eq 2).787 It is important to note that this
mixture is liquid at room temperature and can be
used as a mobile phase for technological purposes.”

. =\
HBF
HCHO = TV 4+ MeNH, —roFs meNON g, )
6 © ii) "BuNH, BFO

D. Catalyst Immobilization and Recycling

Organometallic catalysis performed in ionic liquids
can lead to various phase systems—as obtained in
aqueous biphasic catalysis—where in most of the
cases the catalyst resides in the ionic liquid. Before
the reaction starts, and where there is no involve-
ment of gas reactants, two systems can usually be
formed: a monophase, i.e., the substrates are soluble
in the ionic liquid; biphasic systems where the one
or all the substrates reside preferentially in an
organic phase. If a gas reactant is involved, biphasic
and triphasic systems can be formed. At the end of
the reaction three systems can be obtained: a
monophasic system; a biphasic system where the
residual substrates are soluble in the ionic catalytic
solution and the products reside preferentially in the
organic phase or vice-versa; triphasic systems, formed,
for example, by ionic catalytic solutions, with an
organic phase containing the desired product and a
third phase containing the byproducts (solid phase
or water, for example). All of these cases have been
reported, and the catalyst recycling and product
isolation will be discussed later along with the
reactions involved. For an elegant discussion of these
types of biphasic catalysis, the reader is referred
elsewhere.58

With regard to biphasic catalysis, the solubility of
organic compounds, gases, and transition-metal com-
plexes in these ionic liquids merits further discussion
since these factors are usually determinant on cata-
lytic activity and selectivity. Moreover, solubility
considerations are extremely relevant for catalyst
immobilization, separation processes of the products
from the reaction mixture, and catalyst recovery.

The physical—chemical properties of imidazolium-
based ionic liquids can be specifically tuned over a
wide range by the suitable choice of cations and
anions (see Table 2). The physical—chemical proper-
ties of ionic liquids, in particular those based on the
1,3-dialkylimidazolium cation, have been recently
reviewed.?83! The influences of chloride, water, and
organic solvents on the physical properties (density,
viscosity, etc.) of imidazolium ionic liquids have been
systematically investigated.”%80

The water concentration in these liquids exceeds
1.0 mol dm~3 when exposed to air. The strength of
hydrogen bonding between water molecules and
anions in 1-n-butyl-3-methylimidazolium ionic liquids
increases in the order PFgs < SbFs < BF4, < (CFs-
SOZ)2N < ClO4 < CF3S03 < NOj3 < CF3C02.81 This
order is the same as that for the strength of hydrogen
bonding between the cation and anion observed in
the gas phase.? It is also of note that apparently the
solvation of organic compounds in imidazolium ionic
liquids occurs only with the anion.8.83

It is interesting to note that the density of 1-alkyl-
3-methylimidazolium ionic liquids decreases fairly
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linearly with increasing temperature but at a rate
less than that for molecular organic solvents.®*
Several attempts have been made to correlate the
electronic and steric properties of the anions and
cations with the physical— chemical properties of the
ionic liquids, such as the melting point.623! These
rationales were not entirely successful since it is
almost impossible to correlate the macroscopic physi-
cal—chemical properties regarding only the cation
and anion and their interaction as isolated pairs. It
is now well accepted that 1,3-dialkylimidazolium
ionic liquids, in the solid and liquid states and even
in solution, should be better considered as three-
dimensional networks of anions and cations, linked
together by weak interactions (such as hydrogen
bonds, van der Waals, and Coulombic forces). lonic
liquids, in particular those based on the imidazolium
cation, should be thus regarded as supramolecular
polymeric structures with weak interactions. Indeed,
this supramolecular structure has been evidenced
several times in the solid state by X-ray diffraction
analysis studies,*?5966:8586 in the gas-phase phase,®’
and also observed even in solution at least in solvents
of low dieletric constant.88-%0

It is well accepted that polarity and polarizability
are the simplest indicators of solvent strength and
organic solvents are classified on their ability to
dissolve and stabilize dipolar or charged species.
Solvatochromic probes are commonly used to deter-
mine the solvent strength, and several of these probes
have been used to determine the "polarity” of imida-
zolium ionic liquids.62°1-% However, in molecular
solvents the exact meaning of polarity is complex
since various interactions can be involved (hydrogen
bonding, van der Waals forces, etc.) and most of the
probes allow examination of mainly one interaction
with a solvent. In ionic liquids the situation is even
more complicated since the cation and the anion have
their own distinct interactions. Indeed, the magni-
tude of the “polarity” of the imidazolium ionic liquids
is dependent on the probe used (Reichardt's dye,
pyrene, dansylamide, Nile Red, or 1l-pyrenecarb-
aldehyde).®® Nonetheless, all these studies suggest
that the polarity of the imidazolium-based ionic
liquids is comparable to that of lower alcohols and it
is largely controlled by the nature of the cation.

In terms of biphasic organometallic catalysis, ionic
liquids are better regarded as “polymeric liquid
supports” than “solvents”. Therefore, in most of the
cases the catalyst precursors are “immobilized” in the
ionic liquid rather than “dissolved”. Indeed, pure
imidazolium-based ionic liquids are highly ordered
hydrogen-bonded polymeric liquids.®>~% However,
“wet” ionic liquids may not be regarded as homoge-
neous structures (solvents) but have to be considered
as nanostructures with polar and nonpolar regions,®°
similar to those encountered in some liquid crystal-
line or concentrated surfactant media.’®® These
nanocinhomogeneities can be generated by the addi-
tion of controlled amounts of water (up to 12 wt % in
(BMI)PFg) or other molecules, which allows neutral
molecules to reside in less polar regions and ionic
species in the more polar or wet regions. Note that
(BMI)PFg seems to display dual behavior when used
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Table 3. Partial Miscibility (wt %) of Organic
Compounds in Selected lonic Liquids

ionic lig toluene  'PrOH  but-l1-ene  butadiene
(BMI)BF,4 162 222 1.0° 4.4b
(BMI)PFs 232 118 1.0° 2.20

aDetermined at 26 °C.° Determined at 25 °C and 771
mmHg.

as a stationary phase for gas chromatography. It acts
as a low-polarity stationary phase to nonpolar com-
pounds whereas molecules with proton donor groups
are strongly retained.>?® These properties can be also
used in the product separation and catalyst recycling
steps by using for example pH-dependent partition-
ing ionic liquids.1o?

Moreover, gases, organic compounds, and solvents
have different miscibilities with ionic liquids. In this
context (BMI)PF¢ can be viewed as a liquid similar
to long alkyl chain alcohols and is suitable for liquid—
liquid extraction processes.** The partitioning data
of various organic solutes (aniline, benzene, phthalic
acid, etc.) between (BMI)PFs and water show a close
correlation with partition coefficients of the same
solutes between 1-octanol and water. Although the
distribution coefficients for the ionic liquid—water
system are, in general, 1 order of magnitude lower
than those for the 1l-octanol—water system, these
values are suitable for practical purposes. Traditional
extractants such as crown ethers dissolved in ionic
liquids can be used in the extraction of Na*, Cs*, and
Sr?* cations.10?

The partial miscibility of some organic compounds
in ionic liquids is summarized in Table 3, and the
solubility of various organic compounds in (BMI)PFg
has been recently reported.1%3

The data concerning the partial miscibility of gases
in these ionic liquids is scarce. It is, however,
interesting to note that carbon dioxide is highly
soluble in (BMI)PFg, attaining a mole fraction of 0.6
at 8 bar.104

Air- and water-stable ionic liquids exhibit different
solubilities with water.%>1% For instance, (BMI)BF,4
and water are miscible in all compositions above 6
°C and below this temperature a miscibility gap was
observed. This behavior is particularly useful for
reactions involving water and water miscible com-
pounds.'% In opposition, (BMI)PFs saturated with
relatively low quantities of water'® (12 wt %’%%
determined by electrochemistry or 2.67 wt %'
measured by Karl-Fischer) forms, above this compo-
sition, a biphasic system.”1.%°

In most of the applications the organic compounds
can be easily separated from the ionic solution by
decantation or distillation. In some cases until now
only liquid—Iliquid extraction using organic solvents,
resulting in cross-contamination, could be used.
However, nonvolatile organic compounds, at least
some aromatic compounds, can now be removed by
using another environmental benign solvent—super-
critical carbon dioxide.'® This process was investi-
gated using (BMI)PF¢ as ionic liquid and naphthalene
as a low-volatility model solute. Spectroscopic analy-
sis indicated the quantitative recovery of the solute
in the supercritical solvent phase without ionic liquid
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contamination. This result should provide a new
simple way to separate the organic products from the
ionic catalytic solution'®® and indeed has been suc-
cessfully used in a hydroformylation process (see
later).

The transition-metal catalyst precursors are usu-
ally soluble in imidazolium ionic liquids, and they are
prepared by simple mixing of the metal complex with
the ionic liquid. When the solubilization of the metal
complex is difficult, it can be first dissolved in an
organic solvent and added to ionic liquid and then
organic solvent removed under reduced pressure.
Although, in only a few cases the metal partitioning
distributions between the ionic and the organic
phases have been systematically investigated, in
most of the cases the metal complex is not removed
from the ionic liquid solution by nonpolar organic
solvents. This is probably one of the greatest advan-
tages of the use of ionic liquids as “solvents” for
biphasic catalysis; i.e., classical transition-metal
catalyst precursors can be used directly without the
use of specially designed ligands. In the case of
aqueous or fluorous biphasic catalysis, the ligands
need to be modified to ensure catalyst solubility in
these media. However, in certain cases transition-
metal complexes are removed by polar products
(aldehydes, for example) from the ionic liquid cata-
lytic solution. In these cases the catalyst leaching can
be avoided by the use of ionic ligands such as
sulfonated phosphines (see later).

The stability of transition-metal complexes is
strongly dependent upon the nature of the ionic
liquid. In organoaluminate imidazolium-based ionic
liquids various reactions have been reported to occur,
such as alkylation of the transition-metal center in
acidic melts, decomposition processes in basic ionic
liquids, and generation of N-heterocyclic carbene
metal complexes.*° Moreover, cationic catalytic side
reactions, such as polymerization, are usually ob-
served between unsaturated substrates and basic
organoaluminate ionic liquids. Halo-organic ionic
liquids, such tetrabutylammonium bromide, undergo
facile Hofmann elimination processes in the presence
of strong bases whereas deprotonation of halo-1,3-
dialkylimidazolium ionic liquids with the formation
of imidazole carbenes is also possible. Moreover, the
formation of HF was also observed in particular in
the case of (BMI)PFs, where decomposition of PFg
anion is relatively facile in the presence of water (see
later in the Oxidation and Hydroformylation sec-
tions).

However, in most cases transition-metal catalyst
precursors are stable in ionic liquids (in particular
(BMI)BF, and (BMI)PFg) and are not removed by
nonpolar organic solvents. The “solvent” properties
of haloaluminate ionic liquids in spectroscopy and in
the electrochemistry of transition-metal complexes
(in particular metal halides) have been well investi-
gated and reviewed.?*1%° The Bronsted superacidity
of protons in acidic chloroaluminate ionic liquids have
been also investigated in detail.10:111

Although some workers have proposed the exist-
ence of cationic halide complexes solvated by haloalu-
minate ionic liquids, it is believed that transition-
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metal complexes dissolved in these ionic liquids
usually do not undergo solvation and solvolysis.?*
However, these phenomena are usually present in
molecular solvents such as water and acetonitrile.
Further investigation of the behavior of classical
transition-metal complexes in air- and water-stable
ionic liquids such as (BMI)BF, and (BMI)PFs is
clearly needed.

E. Brief History of the Use of lonic Liquids as
Immobilizing Agents for Transition-Metal
Catalysts Precursors

In 1965 Sundermeyer published the review “Fused
Salts and Their Use as Reaction Media” containing
more than 200 references. Various aspects of fused
salts such as physical properties, structure, solubility
of gases, salts and metals, applications in electro-
chemical and electrometallurgical processes, and use
as reaction media and as catalysts were addressed.!?

However, initial attempts for the immobilization
of transition-metal compounds using quaternary am-
monium ionic liquids for biphasic catalysis were
reported by Parshall in 1972.11% He showed that the
hydrogenation and alkoxy—carbonylation of C=C
bonds could be performed by PtCl, dissolved in
tetraalkylammonium chloride associated with tin
dichloride, at temperatures between 60 and 100 °C.
“A substantial advantage of the molten salt medium,
however, is that the product may be separated by
decantation or simple distillation” (compared to reac-
tions run in conventional organic solvents).''® This
statement was made almost 3 decades ago, i.e. many
years before the popularization of “biphasic” cataly-
sis.

In 1981 it was reported that ruthenium compounds
immobilized in ionic liquids based on the tetrabutyl-
phosphonium cation are able to catalyze the hydro-
genation of carbon monoxide to ethylene glycol at 220
°C.1* The high liquid temperatures associated with
these ionic liquids limited their utilization as solvents
for biphasic catalysis. This was shortly followed by
the investigation of Fischer—Tropsch catalysis pro-
moted by Ir,(CO);, in molten AICIz/NaCl at 175 °C.115

At the beginning of the 1990s Chauvin et al.
showed that the oligomerization of olefins can be
performed by nickel complexes immobilized in orga-
noaluminate ionic liquids.16~118 This Ziegler—Natta
type reaction occurs in a typical biphasic catalytic
system where the products are easily separated from
the reaction mixture by simple decantation and the
recovered ionic catalyst solution can be reused sev-
eral times without any significant changes in cata-
lytic performance.

The advent of ambient-temperature, air- and water-
stable 1-butyl-3-methylimidazolium tetrafluoroborate
and hexafluorophosphate ionic liquids, independently
reported by our® and Chauvin's group,*® provided
new impetus for the use of these materials as
immobilizing agents for transition-metal catalyst
precursors.
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A. Oligomerization

As we have already pointed out, Lewis acidity can
be modulated in 1,3-dialkylimidazolium chloroalu-
minate ionic liquids with liquid phases below ambient
temperature. Moreover, classical nickel complexes
such as (n3-allyl)nickel bromide are soluble in this
media, whereas alkenes are not. Chauvin et al. have
ingeniously taken advantage of these properties and
have developed a biphasic propene catalytic dimer-
ization process.'16118 The catalytic system was pre-
pared by the dissolution of the nickel catalyst pre-
cursor in the ionic liquid composed of (BMI)AICI, with
different acidities which were controlled by the
addition of AIEtCI,. Thus, the complex NiCly(P'Pr3),
dissolved in the (BMI)AICI/AIELCI; ionic liquid (0.54
Al molar fraction) catalyzes the oligomerization of
propene with productivities of up to 3300 g of oligo-
mers/g of Ni and 76% selectivity in 2,3-dimethyl-
butenes, under mild reaction conditions (=15 °C, 1
bar).

The addition of ethylaluminum dichloride is es-
sential to avoid cationic side reactions since AIEtCl,
acts as a proton scavenger in these media. We can
note that various nickel catalyst precursors are active
in the propene dimerization. In contrast to what was
observed in the acidic melts, the catalytic system is
not active in basic melts. This behavior is attributed
to the displacement of most of the ligands on nickel
by the chloride anions present in the medium, form-
ing NiCls>~ and NiClsL™ anionic species (detected by
UV —spectroscopy), without alkylation of the nickel
center. The selectivity in 2,3-dimethylbutene, under
homogeneous conditions, is well-known to increase
with the increasing steric hindrance of the ligands,
and this was also the case in the biphasic reactions.
This result demonstrates the effectiveness of the
phosphine effect in ionic liquids. In fact, there is no
displacement of the trialkylphosphine coordinated to
the nickel center by the anionic species present in
the ionic liquid.

The selective dimerization of ethene to butenes can
also be accomplished by nickel catalyst precursors
dissolved in organoaluminate ionic liquids.'?® Thus,
the dicationic complex [Ni(MeCN)g][BF4]. dissolved
in the (BMI)AICI4/AIEtCI; ionic liquid (0.54 Al molar
fraction) catalyzes the oligomerization of ethene with
turnover frequencies (TOF) of 5954 h~! and 56%
selectivity in butenes, under mild reaction conditions
(25 °C, 8 bar). The selectivity in butenes could be
raised to 100% (TOF = 1731 h™?) by increasing the
ethylene pressure (18 bar) and reducing the reaction
temperature to —10 °C. In these reactions, the use
of aromatic cosolvents is essential for the selectivity
in butenes, since other hydrocarbons induce the
formation of higher ethylene oligomers. The effect of
aromatic cosolvents in these systems can be ascribed
to the modulation (“buffering”) of the acidity of the
melt due to the aromatic ring being able to coordinate
to aluminum chloride centers.

The catalytic system [Ni(MeCN)¢][BF4]. dissolved
in the (BMI)AICI/AIEtCI; ionic liquid (0.54 Al molar
fraction), used for ethylene dimerization, catalyzes
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also the oligomerization of butenes under mild reac-
tion conditions (10 °C and atmospheric pressure)
when associated with 1 equiv of PCy3CS,.12%122 The
main products formed in these reactions are butene
dimers with TOF up to 1.9 s~ corresponding to a
productivity of 6 kg of oligomers/g of Ni in 1 h! These
activities are higher than those usually obtained
using homogeneous catalytic systems. It is worth-
while noting that, in these cases, branched butene
dimers are formed preferentially (up to 94%).12*

Linear 1-butene dimers can be selectively obtained
from Ni(cod)(hfacac) catalyst precursor immobilized
in 1-butyl-4-methylpyridinum chloride/AICI; ionic
liguid (Chart 2).123
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To avoid cationic side reactions, the ionic liquid,
in this case, was buffered by the addition of weak
organic bases (such as N-methylpyrrole, quinoline,
or pyridines). It is interesting to note that the
addition of AICIEt, causes rapid catalyst decomposi-
tion. Selectivities up to 68% in linear 1-butene dimers
and TOF of 0.68 s~ were reported. These selectivi-
ties, in biphasic conditions, are similar to those
obtained under homogeneous conditions (typically
75%). However, the catalytic activity is significantly
enhanced compared with those observed in organic
solvents (TOF of 0.14 s™1). Moreover, this catalytic
system can be used for the dimerization of butenes
with higher selectivities and activities then those
observed in toluene.’®* Catalytic oligomerization pro-
cess by non-nickel catalyst precursors in ionic liquids
has been also described in a recent patent applica-
tion.*?®

The catalytic oligomerization of alkenes by nickel
catalyst precursors dissolved in ionic liquids has been
performed in batch and semicontinuous reactors.
Experimentally, in semicontinuous reactors, as the
reaction proceeds, the amount of the liquid hydro-
carbon phase (upper phase) increases until the reac-
tor is filled. The organic phase is simply removed by
decantation, and the reaction can be carried out again
several times.

The catalytically active species involved in the
oligomerization reactions are probably nickel—hy-
dride complexes as indicated by their activity in
carbon—carbon bond formations (oligomerization)
and carbon—carbon double-bond shifts (isomeriza-
tion). The proposed mechanism of these biphasic
reactions is analogous to the reactions occurring
under one-phase conditions, and it is exemplified for
the dimerization of butenes in Scheme 1.1

More recently, a new catalytic system containing
a tungsten complex (Cl,W'"V=NPh(PMe3)s) dissolved
in (BMI)CI/AICI; mixture was described as being able
to catalyze ethene oligomerization without using any
cocatalyst.’?¢ Indeed, at 60 °C and 40 bar, an oligo-
meric mixture containing butenes (81%), hexenes
(18%), and heavier olefins (1%) was obtained.

Chart 2
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It is well-known that the homogeneous hydro-
vinylation of styrenes is catalyzed by various Ni(ll)/
phophine compounds under mild reaction condi-
tions.*?” Wilke's complex (Scheme 2) is by far the most

Scheme 2
Wilke's catalyst =
X it A
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CF;
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active and selective catalyst precursor for performing
the enantioselective hydrovinylation of styrene.!?8
However, this nickel complex is only active when
associated with alkylaluminum compounds, which
act as chlorine abstractors and akylating agents.
An impressive optimization process was disclosed
by the combination of imidazolium ionic liquids such
as tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(BARF) and compressed CO,. This biphasic system
allows one to activate, tune, and immobilize the Ni
catalyst in a continuous flow system.'?°® The activa-
tion of the catalyst is probably aided by the formation
and stabilization of ionic catalytically active species
involved in the process by the ionic liquid. The use
of compressed CO; greatly decreases the ionic liquid’s
viscosity and facilitates the mass transfer. Moreover,
the product separation is performed without exposing
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the catalytic system to variations of pressure, tem-
perature, or substrate concentration. This protocol
opens the possibility of using a reactor design very
similar to that of classical fixed-bed reactors.

A simple and a continuos flow biphasic Pd-
catalyzed dimerization of methylacrylate to dihydro-
dimethylmuconate has been recently described.'3°
The catalytic system was obtained by the combina-
tion of Pd(acac), with N,N-dimethyl-2-ethenyl-di-n-
butylphosphine and tetrafluoroboric acid in (BMI)-
BF,.

B. Polymerization

As described for oligomerization, Ziegler—Natta
type polymerizations can also be carried out in
dialkylimidazolium halides/aluminum halide ionic
liquids using AICI;_«Ry as cocatalysts.

Thus, ethylene was polymerized using (7°-Cp),TiCl,
dissolved in acidic 1-ethyl-3-methylimidazolium chlo-
ride/AICI; (EMIC) using AICI;_Rx (R = Me, Et) as
cocatalysts.'®* The reaction was performed by bub-
bling ethylene (1 bar) into the (y°Cp).MCI, solution.
At the end, the reaction was quenched with THF, and
the polymer was extracted by this solvent. It was
observed that all metallocenes are inactive in basic
EMIC/AICI; mixtures. However, in acid media, the
(7°-Cp)2MCI; catalyst precursor was able to promote
polymerization with a catalytic activity up to 0.023
g of ethylene min~t. Nevertheless, no recycling experi-
ments have been apparently performed.

It is known that the complex [NbO(CisH1106)-
(C204)] is able to polymerize 1,3-butadiene to a
polybutadiene with a high 1,4-cis units content under
homogeneous conditions using AICIEt, as cocata-
lyst.132 Surprisingly, when this reaction was carried
out in 1-n-butyl-3-methylimidazolium chloride/AlCl;
using AIEt,CI as cocatalyst, an unusual inversion on
the selectivity was observed; i.e., polybutadiene with
a high 1,4-trans units content was obtained.

Polyethylenes with bimodal molecular weight dis-
tribution have been obtained from the polymerization
of ethylene by (1,4-bis(2,6-diisopropylphenyl)acenaph-
thenediimine)dichloronickel(11) (Chart 3) dissolved in

Chart 3
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1-n-butyl-3-methylimidazolium organochloroalumi-
nate ionic liquid under mild reaction conditions (1050
mbar and temperatures ranging from —10 to 10 °C).

The reaction proceeds as a typical biphasic system
where the nickel catalyst is immobilized in the ionic
liquid and the products in the organic phase (tolu-
ene). The ionic catalyst solution could be reused in
successive polymerization cycles upon addition of
alkylaluminum cocatalyst.*®® The recycled ionic liquid
catalyst solution showed enhanced activity as com-
pared to those reactions performed in organic sol-
vents. This suggests the predominance of dissociated
cationic nickel centers in the ionic phase (allowing
easier monomer access to the catalytic active species)
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Table 4. Hydrogenation C=C Bonds by Transition-Metal Complexes Dissolved in

1-Butyl-3-methylimidazolium-Based lonic Liquids

[olefin]/ select (%)
entry olefin ionic lig catal [catal] time (h) p(H) (bar) T (°C) conv (%) alkenes alkane TOF (h71) ref
1 cyclohexene (BMI)BF, Rh# 15000 120 10 25 40 56 63
2 cyclohexene (BMI)PFs Rh2 15000 120 10 25 40 50 63
3 cyclohexene (BMI)BF;, Ru® 15000 4.5 25 30 30 170 139
4  cyclohexene (BMI)BF, RuP 15000 20 25 60 100 73 139
5 hex-1-ene (BMI)BF; Ru® 15000 6 25 30 100 328 139
6 hex-1-ene (BMI)BF, RuP 15000 3 25 30 84 537 139
7  butadiene (BMI)BF; RuP 5000 4.5 25 30 68 71 29 493 139
8 butadiene (BMI)BF, RuUP 5000 8 40 30 100 87 13 377 139
9 butadiene (BMI)BF,; Co° 5000 72 25 25 100 100 72 139
10 butadiene (BMI)BF,; Co° 5000 72 25 60 22 100 15 139
11 butadiene (BMI)BF; Cod 5000 22 25 50 18 93 7 10 138
12 butadiene (BMI)PFg  Cod 5000 22 25 50 23 72 28 13 138
13 cyclohexa-1,3-diene (BMI)SbFs Rhe 370 2 10 30 96 98 2 192 119

a Rhcl(PPh3)3 b RUClz(PPh3)2 ¢ Na3Co(CN)5. d CO(aCﬂC)z. € [Rh(nbd)(PPh3)2][PF5]

over the contact ion pair usually observed in nonpolar
organic media. The polyethylenes obtained present
typical bimodal molecular weight distribution indi-
cating the formation of nonuniform nickel catalytic
active centers in the ionic liquid phase. In opposition,
the polyethylenes obtained under homogeneous con-
ditions present only slightly bimodal molecular weight
distribution.***

Rh(nbd)(acac) (nbd = norbornadiene) catalyst pre-
cursor immobilized in (BMI)BF, in the presence of
triethylamine catalyzes the polymerization of phenyl-
acetylene producing poly(phenylacetylene) with mo-
lecular weights between 55 000 and 200 000 Da. The
polymer precipitates as a yellow solid which is
extrated with toluene, and the recovered ionic cata-
lytic solution could be reused without loss in activ-
ity.135

Copper(l) N-propyl-2-pyridylmethanimine immo-
bilized in (BMI)PFs ionic liquid promote methyl
methacrylate living radical polymerization.’3¢ The
reaction rate is enhanced as compared to the polym-
erization performed in polar organic solvents, and
narrow polydispersity polymers are obtained. The
poly(methyl methacrylates) are easily isolated from
the catalyst ionic solution and are recovered es-
sentially copper-free by a simple solvent wash. How-
ever, the recycling of the recovered ionic liquid
catalyst mixture has not yet been possible.

IV. Hydrogenation

A. Hydrogenation of Simple Alkene and Dienes

The classical catalyst precursors RhCI(PPhjz)s3,"
RuCl,(PPhs),, and Co(CN)s®~ that activate the hy-
drogen molecule by oxidative addition and heterolytic
and homolytic cleavage, respectively, when dissolved
in the ionic liquid (BMI)BF,4, reduce the C=C bond
of olefins (Table 4).63119.138.13% These reactions are
typically performed in liquid—liquid biphasic systems
where the substrates and products (upper phase) are
not miscible with the ionic catalyst solution. The
products are removed from the reaction mixture by
simple decanting, and the recovered ionic catalyst
solution can be reused several times without any
significant change in catalytic performance (activity
and selectivity).

Consumption of
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>
(=)

©
)

0 500
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Figure 1. Consumption of hydrogen in the two first
recharges of hex-1-ene.138

The reuse of the catalytic system is best visualized
by Figure 1, where the consumption of hydrogen is
plotted against the reaction time for the catalyst
recharge in the hydrogenation (25 bar) of 1-hexene
by RuClI,(PPh3); dissolved in (BMI)BF, at 30 °C. A
total of seven recharges were performed leading to a
productivity of 12 kg of hexane/g of Ru.138

It is important to note that the metal content in
the ionic phase was always greater than 99.5%
(confirmed by atomic absorption analysis). Moreover,
in comparison to what was described for the aqueous
biphasic catalytic systems, there was no formation
of stable emulsions in all the cases involving ionic
liquids.140

The observed reaction rates are generally higher
than those obtained with classical water-soluble
phosphine transition-metal complexes, which give
generally lower TOFs and require the use of more
drastic conditions (temperature and hydrogen pres-
sure). For example, a TOF of 19 h! with 50%
conversion was attained in the biphasic catalytic
hydrogenation of hex-1-ene with RuHCI(dpm)s-2H,0
[dpm = PPh,(m-CsH,SO3Na)] at 80 °C under 3 bar
of H, for 24 h.** Moreover, alkene isomerization
products are formed in these reactions. It is worth
noting that using ionic liquids, no alkene isomeriza-
tion products were detected. However, Chauvin et al.
observed isomerization products in the hydrogenation
of pent-1-ene by [Rh(nbd)(PPhs),]PFs (nbd = norbor-
nadiene) dissolved in (BMI)BF,, (BMI)PFg, or (BMI)-
SbFs.11% Notwithstanding it was observed that alkene
isomerization might occur, when the ionic liquids
contain trace amounts of the strongly coordinating
chlorine anions. However, when chlorine-free ionic
liquids were used, the isomerization reaction was not
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detectable.’®?140 |t is interesting to note that olefin
hydrogenations by Wilkinson’s catalyst immobilized
in (BMI)PFs and supercritical CO, gave similar
results to those obtained in the absence of a cosolvent
or when using hexane as cosolvent.'*> However, the
use of supercritical CO,/(BMI)PF¢ for the reduction
of CO, by RuCl,(dppe). (dppe = diphenylphosphin-
ethane) in the presence of secondary amines gave
excellent results for the generation of formamides.

A temperature-controlled reversible (BMI)BF, ionic
liquid—water portioning system for the catalytic
hydrogenation of 2-butyne-1,4-diol to 2-butene-1,4-
diol by [Rh(7*-C7Hsg)(PPhs),][BF4] catalyst precursor
has been recently reported.’®® The reaction was
conducted in one-phase conditions at 80 °C, and the
product separation was performed at 20 °C whereby
a biphasic system ((BMI)BF./water) is formed. This
process is similar to the one reported earlier for the
hydrodimerization of butadiene (see later) by pal-
ladium compounds immobilized in (BMI1)BF,.

The cobalt catalyst precursor NasCo(CN)s dissolved
in (BMI)BF, has been shown to be extremely selective
in the reduction of one double bond of 1,3-butadiene
producing 1-butene with 100% selectivity. However,
in this particular case the ionic catalyst solution
cannot be reused. The cobalt complex is transformed
into (BMI)3;Co(CN)s in this medium, and this new
compound is inactive for the hydrogenation reac-
tion.1%® This limitation can be overcome by the use
of Pd(acac), (acac = acetylacetonate) as the catalyst
precursor dissolved in (BMI)BF, or (BMI)PF¢ ionic
liquids, which is able to hydrogenate up to 95% of
butadiene into butenes before starting the butane
formation.'* Indeed, the ionic phase containing the
palladium compound was recycled at least 15 times
without any loss in its catalytic activity. This cata-
lytic system is also able to hydrogenate hexadienes,
cyclohexadienes, and cyclooctadiene giving excellent
selectivities in monoenes. The catalyst precursors Co-
(acac),, Ni(acac),, Co(acac)s, and Fe(acac); are also
active in the selective hydrogenation of butadiene to
butenes without deactivation, and it is possible to
reuse the recovered ionic solution. It is interesting
to note that the selectivity in butenes is greater in
(BMI)BF,4 than in the hexafluorophosphate analogue
and that the butenes are twice as soluble in this
latter ionic liquid. The same trend was reported for
the hydrogenation of cyclohexadiene to cyclohexene
by [Rh(nbd)(PPhs);]PFs (nbd = norbornadiene) dis-
solved in (BMI)SbFs.*'® These results are strong
indications that the hydrogenation reaction occurs
preferentially in the ionic phase. The reaction activity
(TOF) achieved in the hydrogenation reactions are
presented in Table 4 and are comparable to those
observed for the same catalyst precursors dissolved
in organic solvents.

The hydrogenation of cyclohexene, styrene, and
1-octene by Ru3(CO)12—«(TPPTS)x (x = 1-3, TPPTS
= triphenylphosphine trisulfonate, sodium salt) clus-
ters immobilized in (BMI)BF, gave extremely low
catalytic activity.1*® It is interesting to note that these
Ru clusters are only sparingly soluble in the ionic
liquid. The authors also mentioned that these transi-
tion-metal carbonyl clusters react with chloroalumi-
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nate ionic liquids but the products were not charac-
terized.

RuCl,(PPhs); immobilized in organozincate ionic
liquids prepared by mixing (BMI)CI with ZnCl; are
also interesting catalytic systems for the hydrogena-
tion of olefins.'*” These low-melting zincate salts (60
°C), containing Ru compounds, promote the hydro-
genation of 1-hexene (TOF up to 44 min~1), and the
recovered solid catalyst phase has been reused sev-
eral times.

Catalytic solutions of PtCl; immobilized in [Et;N]*-
[SnCI3]™ ionic liquid are also able to hydrogenate
olefins and polyenes.’'3 In particular, this catalyst
promotes the selective hydrogenation of 1,5,9-cyclo-
dodecatriene to cyclododecene (87% selectivity) at 160
°C and 100 bar. For other polyenes, such as 1,5-
cycloocadiene, the isomerization reaction to give the
1,3-diene is more rapid than the reduction process.
The isolation, from the catalytic ionic solid, of the
complex [HPt(SnCls)4]®~ suggests that the hydroge-
nation in this media proceeds by a classical olefin
insertion mechanism.

The high selectivity in the hydrogenation of poly-
enes when monoenes are present is generally as-
sumed to originate from the exceptional stability of
the n3-allyl intermediate complexes, formed by M—H
addition to the conjugated diene. In a homogeneous
hydrogenation mixture there is a competition be-
tween the diene and the monoene for the catalytically
active site (Scheme 3). The reaction pathway involv-

){—[M]—H

Scheme 3
A YN
Q[M—H] — [M]-H

S
§_[M] HHM]_H — w
") H "|

) e
ERVAN butane

" AN

butenes

ing the n3-allyl intermediate is thermodynamically
favored. Consequently, the diene in the reaction
medium is almost completely hydrogenated before
the concentration of the monoene increases to the
point that it gains access to the metal center.’'3 In
the case of biphasic catalysis in ionic liquids a similar
pathway can explain the observed results. Moreover,
in these cases, the high selectivity in monoenes can
also be attributed to the higher concentration of the
diene in the ionic phase, where the reaction is
presumably taking place, since in most of the cases
the dienes are much more soluble in the ionic phase
than the monoenes (see Table 3).

The selective hydrogenation of functionalized dienes
into their monoenes has found technological applica-
tions since starting materials for fine chemicals can
be obtained. In this respect, two successful trends
using biphasic catalysis have recently appeared.44148
Thus, sorbic acid dissolved in methyl-tert-butyl ether
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(MTBE) could be selectively hydrogenated to 3-hex-
enoic acids using Cp*Ru(sorbic acid) complex dis-
solved in (BMI)PF¢s. The formation of hexanoic acid
has been observed only after almost complete con-
sumption of sorbic acid.**® Moreover, Pd(acac), dis-
solved in (BMI)BF,4 was shown to be active for methyl
sorbate, sorbic acid, and 1-nitro-buta-1,3-diene hy-
drogenations.'* Methyl sorbate and nitrobutadiene
hydrogenations produce almost exclusively the con-
jugated trans monoene, whereas sorbic acid was
completely hydrogenated into hexanoic acid. It is
important to note that both ruthenium and pal-
ladium containing ionic solutions could be recovered
after the catalytic reactions and recycled. However,
during the hydrogenation of sorbic acid using Pd-
(acac),, the formation of metallic palladium was
observed which rendered its reuse impractical.

B. Hydrogenation of Polymers

The technological applicability of the ionic liquids
in the immobilization of organometallic catalysts
precursors has been recently reported on the selective
biphasic hydrogenation for NBR (acrylonitrile—buta-
diene rubber) dissolved in toluene by RuHCI(CO)-
(PCys), dissolved in (BMI)BF,; under mild condi-
tions.* The selective hydrogenation of the C=C bond
of NBR is usually performed by homogeneous or
heterogeneous catalysts under severe reaction condi-
tions. However, these catalytic systems are inhibited
by the presence of the nitrile group in the polymer
and only low catalytic activities are generally
achieved.*® It has been found that RUHCI(CO)(PCys),
dissolved in (BMI)BF, is able to reduce selectively
NBR to HNBR (hydrogenated acrylonitrile—butadi-
ene rubber) under hydrogen pressures between 10
and 40 bar at 100—160 °C with rate constants up to
1.65 mmol Ru™* min~! (higher than the 0.30 mmol
Ru~! min~! observed under homogeneous conditions).
The reaction rate increases with increasing ionic
liquid volume indicating that the reaction occurs
preferentially in the ionic phase. At the end of the
reaction the hydrogenated polymer solution was
recovered by decantation and, again, the ionic cata-
lytic system could be reused several times without
any loss in catalytic performance.

C. Hydrogenation of Arenes

The catalytic hydrogenation of arenes (benzene,
toluene, cumene) to cycloalkanes can be performed
by the ruthenium cluster catalyst precursor [H4sRu,4-
(78-CsHs)4][BF4]2 immobilized in (BMI)BF, ionic lig-
uid.’® The reaction occurs under relatively mild
reaction conditions (60 bar H,, 60 °C), and TOF
values ranging from 136 h™! for cumene to 364 h™!
for benzene hydrogenation have been achieved. These
TOF values obtained in the ionic liquid are similar
to those obtained with the same catalyst precursor
dissolved in water or by the known homogeneous
catalytic systems such as [(175-CsMeg)Ru,(u-Cl)]Cl,. 152
The products were separated from the catalyst ionic
solution by distillation under high vacuum, thus
eliminating the environmental problems associated
with the related aqueous—organic biphasic regimes.
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Table 5. Asymmetric Hydrogenation of C=C Bonds by
Transition-Metal Complexes Dissolved in lonic
Liquids

COH
~ COH O‘ COH
PH  NHAC MeO

1 2 3

[subs]/
entry catal ionic lig substrate [catal] P (bar) % ee® ref

1 (-)-Rh (MBI)SbFs 100 10 64(S) 119
2 (S)-Ru (MBI)BF, 20 50 78(S) 154
3 (S)-Ru (MBI)BF, 400 25 72(S) 154
4 (R)-Ru (MBI)BF, 40 25 86(R) 154
5 (S)-Ru (MBI)BF, 200 75 80(S) 154

a At 100% conversion.

WNNN PP

It is interesting to note that colloidal Rh catalysts
dissolved in (BMI)BF, are not active for the hydro-
genation of arenes whereas they are active in aque-
ous/supercritical fluid biphasic media.'%®

D. Asymmetric Hydrogenation and Transfer
Hydrogenation Reactions

Asymmetric hydrogenation reactions can also be
performed with classical Ru and Rh complexes dis-
solved in ionic liquids. However, in these cases the
substrates should be dissolved in an appropriate
solvent. 2-Propanol was shown to be the best cosol-
vent for these reactions. The substrates are soluble
in this alcohol, whereas the reaction mixture is only
partially miscible with the ionic liquids.11%1%4 More-
over, the catalyst precursors are not removed from
the ionic catalytic solution by 2-propanol. Nonracemic
cationic [Rh(cod)((—)-DIOP)]PF; (cod = cycloocta-1,5-
diene) dissolved in (BMI)SbF¢ catalyzes the asym-
metric hydrogenation of o-acetamidocinnamic acid (1)
to (S)-phenylalanine in 64% ee (Table 5).11° Similarly,
the optically active [RuCI,BINAP],:NEt; (BINAP =
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) catalyst
precursor immobilized in (BMI)BF, catalyzes the
asymmetric hydrogenation of 2-phenylacrylic acid (2)
and 6-methoxy-2-naphthylacrylic acid (3) (Table 5).1%*

The ee’s obtained in these asymmetric hydrogena-
tions are similar to those obtained under homoge-
neous conditions.'®® In these cases, again, the cata-
lytic ionic solution could be reused several times
without any loss in catalytic activity or selectivity.

The Rh—EtDUPHOS and Rh—MeDuPHOS'%¢ com-
plexes, when immobilized in (BMI)PF¢//PrOH or
(BM1)BF4/PrOH, catalyze the asymmetric hydroge-
nation of enamides (Scheme 4) with enantioselectivi-
ties similar to those obtained by the same catalyst
dissolved in organic solvents.'®"15%8 Moreover, this
process of immobilization provides extra stability for

Scheme 4
+
CF3803'

ﬁ R=Me, MeDuPHOS

---- R= Et, EtDUPHOS
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Table 6. Cyclodimerization of 1,3-Butadiene with [Fe2(NO),Cl;] Dissolved in (BMI)PFs and (BMI)BF, lonic Liquids

under Various Reaction Conditions?®?

reducing butadiene
entry ionic liq agent (mmol) T (°C) (mmol) [Fe] (mmol) select (%) TOF (h™Y)

1 (BMI)BF,4 Zn (2.5) 50 466 0.26 100 1440

(BMI)BF,4 Zn (3.3) 30 296 0.33 100 480
3 (BMI)BF,4 Zn (3.3) 10 220 0.32 100 60
4 (BMI)PFs Zn (3.5) 50 364 0.36 100 420
5 (BMI)PFg Zn (3.5) 10 263 0.36 100 240
6 b Zn (2.0) 50 295 0.35 100 240

a At 100% conversion. ° In toluene.

the otherwise air-sensitive rhodium complex and the
ionic catalytic solution could be reused for further
reactions. Remarkable effects on the enantioselec-
tivity of these reactions were observed as a function
of the molecular hydrogen concentration in the ionic
phase. It was demonstrated, in these cases, that the
hydrogen concentration, rather than hydrogen pres-
sure in the gas phase, is the important Kinetic
parameter to be considered under different gas—
liquid mass transfer conditions. This is particularly
true for the imidazolium ionic liquids, where the
hydrogen solubility is almost four times greater in
(BMI)BF, than in (BMI)PFe.157

Classical Ru—BINAP complexes immobilized in
(BMI)PF¢/'PrOH promote the kinetic resolution of
methyl-3-hydroxy-2-methylenebutanoate'® (eq 3) with
the same degree of enantiomer selection as those
obtained under homogeneous conditions (metha-

nol).%°
OH
RU(BINAP)] / H
coMe RUBINAPI/H, COMe + coMe (3)
TBMIBF,/PrOH

The asymmetric hydrogenation of tiglic acid by the
Ru—BINAP catalyst precursors proceeds readily in
wet (BMI)PFg, and the product was extracted from
the ionic liquid catalytic solution by using supercriti-
cal CO,.1% The enantioselectivity was hydrogen
“pressure” dependent as usually observed under
“homogeneous conditions”. The use of supercritical
CO;, for product extraction allows the recovered ionic
liquid catalytic solution to be reused for up to four
times without any significant changes in the conver-
sion and enantioselectivity of the system.

Tetralkyl- and tetraarylphosphonium tosylates have
been used in rhodium-catalyzed transfer hydrogena-
tion reactions. For example, the reduction of ac-
etophenone by Rhy(OAC)4/2(—)-DIOP immobilized in
ethyl-tri-n-octylphosphonium tosylate salt (mp = 90
°C) in the presence of KOH//PrOH at 120 °C affords
1-phenethylethanol (92% ee, L = DIOP) in 50% yield
(eq 4).'%' These tosylate salts are liquid at the
reaction temperature and solid at room temperature,
thereby facilitating catalyst recovery (“pouring off”
the organic products).

(0]
S

OH

©)\ Me 4

[R3PEt]*OTs"
[Rhy(OAc),)/2L
iPrOH, KOH

V. Dimerization and Telomerization of Dienes

A. Cyclodimerization of 1,3-Dienes

The 1,3-butadiene cyclodimerization reaction can
be performed by iron complexes, prepared in situ by
the reduction of [Fey(NO),Cl;] with metallic zinc,
dissolved in (BMI)BF, or (BMI)PF; ionic liquids (eq
5 and Table 6). In the reactions performed with
(BMI)BF4, at 50 °C, 4-vinylcyclohexene was obtained
in 100% conversion and selectivity with TOFs up to

1440 h~1.162
"Fe(NO),"
N O/\ ®)
BMI.PFg

It is interesting to note that the conversion in-
creases with the solubility of the diene in the ionic
liquid (1,3-butadiene is two times more soluble in the
BF,4-based ionic liquid than in the PFg salt) and with
increasing reaction temperature. All these results
indicate that the catalytic reaction occurs preferen-
tially in the ionic phase and that the reaction follows
analogous mechanisms proposed for the reactions
occurring in homogeneous media. Again, the achieved
TOFs are comparable or even higher to those ob-
served in organic solvents. Such a rate acceleration
effect of ionic liquids has been observed in related
Diels—Alder reactions catalyzed by scandium triflate
immobilized in imidazolium ionic liquids such as
(BMI)BF, and (BMI)PFs (eq 6).163

o

e I j@/‘k 0)

This ionic catalytic system gave much higher
reaction rates and selectivities than those performed
in classical organic solvents and allowed easy catalyst
recycling. This immobilized Diels—Alder catalytic
system has been reused up to 10 times without any
changes in catalytic activity or selectivity. Moreover,
in these reactions the ionic liquid can be used in
stoichiometric amounts. The rate acceleration effect
of ionic liquids has been observed in several other
condensation reactions such as the Baylis—Hillman
reaction, and an internal pressure effect has been
postulated.1®4 Here again, more in-depth studies are
clearly needed.

The scandium triflate catalyst precursor immobi-
lized in 1-ethyl-3-methylimidazolium trifluoromethane-
sulfonate or 8-ethyl-1,8-diazabicyclo[5,4,0]-7-undece-
nium trifluoromethanesulfonate ionic liquids form a

ionic I|qund
Sc(CF;,SO3
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recyclable catalytic system for aza-Diels—Alder reac-
tions to produce 5,6-dihydro-4-pyridone derivatives
(eq 7).165

(o)

OMe
ionic liquid
R N jonic )
RV SN i Se(CFSOgy |, N'

Z>08SiMe, .
R2

B. Linear Dimerization of 1,3-Butadiene

The linear dimerization of 1,3-butadiene can also
be performed with transition-metal complexes im-
mobilized in ionic liquids (eq 8).1% Thus, Pd(II) salt
(chloride or acetate for example)/PPhs catalyst pre-
cursors dissolved in (BMI)F,4 or (BMI)PF catalyze the
linear dimerization of 1,3-butadiene to 1,3,6-octa-
triene that was isolated by extraction with toluene.
For example, when the catalyst precursor derived
from PdCI, with 2 equiv of PPh; was used as the
catalyst precursor, dissolved in (BMI)BF, ionic liquid,
octatriene was formed with 100% selectivity after
13% conversion. The TOF of 49 h™! is significantly
higher than in homogeneous conditions (THF, TOF
6 h™1) under the same reaction conditions (70 °C, 3
h, butadiene/Pd = 1250).

2 X [Pd] XN (8)

C. Hydrodimerization of 1,3-Butadiene

Palladium catalyst precursors dissolved in (BMI)-
BF, are also able to promote the hydrodimerization
of 1,3-butadiene (eq 9).1% 1,3-Butadiene conversions
of up to 28%, TOF of 118 h™1, and a selectivity of 94%
in octa-2,7-dien-1-ol were achieved with (BMI),PdCl,
(BMI = 1-n-butyl-3-methylimidazolium) dissolved in
(BMI)BF,.

Pd
2 —>l[-{O] ) NP ©)
2

The 1,3-butadiene conversion and TOF were sig-
nificantly increased to 49% and 204 h™1, respectively,
by employing a 5 bar pressure of carbon dioxide.
These reactions were performed under homogeneous
conditions at 70 °C. However, at temperatures below
5 °C, a biphasic system is formed and the products
are easily removed from the reaction mixture by
simple decanting. As already pointed out earlier for
the other reactions, the recovered ionic catalytic
solution could be reused several times without any
significant changes in the catalytic performance. The
achieved TOFs are similar to those observed in the
aqueous systems.67

The direct characterization of the active catalytic
species in these ionic media is not easy. It was,
however, found that the catalyst precursor (BMI),-
PdCl, dissolved in (BMI)BF, and in the presence of
water is almost quantitatively transformed into
PdCIy(MI), (Ml = methylimidazole) with evolution of
1-butene and an increase in the medium acidity (pH
from 7 to 3). PdCI,(MI),; was shown to be the effective
catalyst precursor in these hydrodimerization reac-
tions. This result indicates that the ionic liquids
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cannot be considered as simple solvents, but that they
can induce reactions that do not occur in organic
solvents.

VI. Carbonylation

A. Hydroformylation

The hydroformylation of olefins has been employed
industrially since the 1940s, and it is one of the most
important catalytic industrial chemical processes.
The oxo process is usually performed in industry
using cobalt and rhodium complexes in homogeneous
conditions or by aqueous rhodium complexes under
biphasic conditions.® Although hydroformylation is
one of the most investigated catalytic reactions, in
view of its importance it is still attracting continuous
and increasing academic and industrial interest. In
this respect several homogeneous catalytic systems
including supercritical C0,?? and biphasic aque-
ous®814 or fluorous!®17~21 systems based mainly on
modified rhodium catalyst precursors are currently
being investigated.

Not surprisingly, this reaction was one of the first
to be investigated using molten sats as immobilizing
agents but employing Ru catalyst precursors.16816°
The catalyst precursor was prepared by the disper-
sion of RuO; hydrate, Ru(acac),, and Ru3(CO);»
cluster in low-melting phosphonium salts such as
tetrabutylphosphonium bromide (melting point 100—
103 °C). Hydroformylation of terminal or internal
olefins with this catalytic system under moderate
syngas pressures are facile, and the major products
are linear alcohols. Aldehydes may also be predomi-
nant under certain reaction conditions, and internal
olefins can be converted into oxo products. Spectro-
scopic investigation indicated that the major species
in solution is the [H(Ru3(CO)11]~ polynuclear anion.
The modification of the catalytic system by the
combination of bidentate ligands such as 2,2'-bipy-
ridine and 1,2-bis(diphenylphosphino)ethane allows
the regioselective hydroformylation of internal olefins
to linear alcohols and aldehydes with selectivities
greater than 99%. The species involved in this
modified catalytic system is probably the anion
cluster [HRu3(CO)o(L—L)]” (L—L = bidentate ligand)
that is known to catalyze this reaction under one-
phase conditions with selectivities in linear products
of up to 95%.27° The anionic ruthenium catalytically
active species in the tetrabutylphosphonium ionic
liquid are high stable, probably due to the formation
of ion pairs of the type [P(Bu)4]"[Ru]~. This property
allows the easy separation of the products (even
employing thermal separation techniques) and reuse
of the ionic catalytic solution. The mechanism sug-
gested for this process is similar to that proposed for
homogeneous conditions.

Although these highly promising results were
published more than a decade ago, this study was
not followed up. However, the hydroformylation of
1-hexene to heptanals using Rhz(OAc), and PPhj as
catalyst precursors and new high-melting phospho-
nium tosylates salts, such as n-butyltriphenylphos-
phonium tosylate (mp 116—117 °C), was recently
described.'”* Upon cooling of the reaction mixture,
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these salts solidify and the organic products are
separated by filtration. This system affords, in 100%
yield, n-heptanal and 2-methylhexanal (n/i = 2)
under 40 bar for 4 h at 120 °C. The recovered ionic
phase, where the catalyst precursor is retained, could
be reused several times, without changes in its
catalytic performance.

Inasmuch as hexanals are poorly soluble in the
ionic liquids, a biphasic hydroformylation of 1-pen-
tene can be performed by classical rhodium catalyst
precursors.'® Chauvin et al. have shown that Rh-
(CO),(acac) associated with PPhs dissolved in (BMI)-
PF¢ catalyzes the hydroformylation of 1-pentene into
hexanals (eq 10) with a 99% yield (n/i (n-hexanall/i-
hexanal) = 3) and a TOF of 333 h~! under relatively
mild reaction conditions (p(H./CO, 1/1) = 20 bar, 2 h
at 80 °C). However, in this particular case, a small
part of the rhodium catalyst is extracted into the
organic phase. The extraction of the catalyst can be
suppressed by the use of polar ligands such as the
sodium salts of monosulfonated (tppms) and trisul-
fonated (tppts) phosphine ligands. Thus, the Rh(CO),-
(acac)/tppms system dissolved in (BMI)PFg produces
hexanals (n/i = 3.9) in 16% yield with TOF of 59 h~!
under the same conditions as described above. In this
case, the extraction of the rhodium catalyst from the
ionic solution was completely avoided. It is now clear
that the use of modified phosphine ligands with polar
groups such sulfonates or quaternary ammonium
salts associated with the rhodium precursors is
essential to avoid metal leaching in the hydroformy-
lation reactions. Thus, classical water-soluble ligands
such as sulfonated triphenylphosphine and xantphos
(Chart 4) have been successfully applied in the

Chart 4

NaO3;S ‘ ‘ SO;Na
0

Ph,P PPh,

gasiiek N

H PFy

hydroformylation of long-chain olefins with signifi-
cant advantages over the classical biphasic aqueous-
phase systems.172.173

._—>CO/H2 \/Y NN
A~ Lo CHO (10

Moreover a series of modified imidazolium*’* and
pyridinium ionic phosphines have been recently
prepared (Chart 5) by the P-nucleophilic addition to
1-vinylimidazole!” or 4-vinylpyridine.1’¢

The corresponding Rh complexes immobilized in
various imidazolium and pyridinium ionic liquids
Chart 5

= —\
- Nﬁ NON PPhs,
\_/ PPh, </ 7 n "

BFy n=1,2

Dupont et al.

have been employed in the hydroformylation of
various olefins.

Electron-poor ionic phosphine ligands with cobal-
tocenium backbones can be also used to effectively
immobilize the rhodium catalyst in the ionic liquid
phase.r”” Thus, Rh—1,1"-bis(diphenylphosphino)co-
baltocenium hexafluorophosphate (Chart 6) dissolved
in (BMI)PFs is an effective catalytic system for the
biphasic hydroformylation of 1-octene.

Chart 6
PPh,

Co®

Ph,P

PFS

For example, catalytic activities (TOF) up to 810
h™1, 94% selectivity in n-nonanal (n/i = 16.2), and no
detectable catalyst leaching were observed at 100 °C
and 10 bar of syngas pressure. The 1-octene solubility
(around 2.5 mol % at 25 °C) in the (BMI)PFs ionic
liquid, although limited, allows higher reaction rates
than the biphasic reactions performed in water.

Using PtCI,(PPhs), dissolved in the ambient-tem-
perature liquid (BMI)CI/SnCl, (x(SnCl;) = 0.51)
mixture, a remarkable n/i selectivity appears to be
achieved in the hydroformylation of 1-octene.l”®
Indeed, at 120 °C and 90 bar CO/H,, nonanals (n/i
= 19/1) were obtained with TOF up to 126 h™L.

It is now apparent that the (BMI)PF; ionic liquid
is the ionic liquid of choice for the biphasic hydro-
formylation of olefins in particular for product isola-
tion and catalyst recycling steps. (BMI)PFg has been,
indeed, essential for the stabilization of the Rh
catalyst under thermal stress during product distil-
lation. Moreover, since this ionic liquid is almost
nonmiscible with water as well as with nonpolar
solvents such as hexanes, extraction methods can be
used for the separation and catalyst regeneration
steps and thus circumvent the problems associated
with distillation cycles. It is, however, interesting to
note that the presence of water in (BMI)PF; or the
use of organic cosolvents causes a dramatic change
in the selectivity of the hydroformylation of long-
chain olefins.'”? Although this effect can be attribut-
able to the changes in the polymeric structure of this
well-organized nanostructured ionic liquid, more in-
depth studies in this area are needed.

Rh(CO),(acac) associated with 2,2'-bis((((4-meth-
oxy-6-tert-butyl)phenoxy)phosphino)oxy)-1,1'-binaph-
thyl (Chart 7) dissolved in (BMI)PFs has also been
successfully used in the homogeneous hydroform-
ylation of methyl-3-pentanoate (eq 11). Indeed, re-

@) O
MeO O o 0 Q OMe

Chart 7
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Table 7. Hydroesterification of Styrene Derivatives
by PdCI,(PhCN)./(+)-(NMDPP) Dissolved in
(BMI)BF,482

R group
H 4-Me 4-Cl 2-Cl 4-MeO
yield (%) 89 76 71 60 22

cycling the same ionic catalyst solution 10 times
yields a total turnover number (TON) of 6640.17° This
TON is almost 7-fold greater than those obtained in
reactions performed in organic solvents (CH,CI;, or
toluene). In this case, the product, which is of
significant importance for an alternative synthesis
of adipic acid, has been separated from the ionic
catalyst solution by distillation at 110 °C under
reduced pressure (0.2 mbar).

/\/\n/ OMe CO/MH,

0 [Rh] / BMI.PFq

0/\/\/\g0Me 1y

+ isomers

A significant breakthrough for catalyst recycling
and product separation for the hydroformylation of
olefins has been disclosed by the use of a continuous-
flow process in supercritical carbon dioxide—ionic
liquid mixtures.’® In this case again the rhodium
complexes are associated with sulfonated triphenyl-
phosphine and immobilized in (BMI)PFe. The hydro-
formylation of 1-octene was performed at a constant
rate in a continuous-flow process in which the olefin,
syngas, and products were transported in and out of
the reactor dissolved in supercritical CO,. Catalyst
leaching in this case was less than 1 ppm. The
catalyst ionic solution was reused up to 11 times.

Rh-catalyzed hydroformylations of olefins have
been also performed in 1,2,3-trimethylimidazolium
triflate and 1-ethyl-2,3-dimethylimidazolium triflate
ionic liquids that are easily prepared by alkylation
of 1,2-dimethylimidazole with the corresponding tri-
flates. High conversions were obtained in the reac-
tions performed in these ionic liquids but with a
higher tendency toward olefin isomerization and
hydrogenation byproducts as compared to those
performed in toluene.!8

B. Alkoxy Carbonylation

Palladium compounds dissolved in (BMI)BF, cata-
lyze the hydroesterification of styrene derivatives to
produce 2-arylpropionic esters in very good yields and
regioselectivities (eq 12).182

| co,Pr
coger | Q/V 12
R

The best catalyst precursor was found to be PdClI,-
(PhCN), associated with (+)-neomenthyldiphenylphos-
phine (NMDPP) and p-toluenesulfonic acid (TsOH)
dissolved in (BMI)BF,. The reaction was performed
under relatively mild reaction conditions (10 bar of
CO at 70 °C for 20 h). In all the cases described in
Table 7 the regioselectivity was >99.5% for the
branched ester (eq 12). The phosphine ligand was
selected to achieve high regioselectivities. The use of

CO/’PrOH/H"
[Pd]/BMI BF,
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triphenylphosphine or cyclohexyldiphenylphosphine
(sterically less hindered than NMDPP) reduces the
regioselectivity to 80%. On the other hand, the use
of the highly hindered tri-o-tolylphosphine inhibited
the hydroesterification reaction. It is interesting to
note that although (+)-NMDPP is optically active, the
observed degree of asymmetric induction was very
low (<5%) similar to those observed in organic
solvents (under the same reaction conditions). The
2-arylpropionic esters formed in these reactions are
easily separated from the ionic solution by simple
decanting. However, the recovered ionic catalytic
solution could not be recycled. The palladium catalyst
was partially or totally decomposed after the catalytic
reaction. Nevertheless, the formed esters are free of
metal. The simple separation of the products and the
use of lower CO pressures are the major advantages
of the use of ionic liquids in the hydroesterification
of styrene derivatives as compared with the reactions
performed under homogeneous conditions.83

Palladium—benzothiazole carbene catalyst precur-
sor immobilized in molten N(n-Bu),Br promotes the
alkoxy carbonylation of various aryl halides.'8 The
beneficial effect exerted by N(n-Bu),Br on the cata-
lytic activity as compared to the reactions performed
in organic solvents and other ionic liquids was
attributed to the formation and stabilization of [L,-
PdBr] [N(n-Bu)4]" (L = benzothiazole carbene) as the
catalytic active species. It is interesting to note that
the formation of the large [L,PdBr] [N(n-Bu),]"
complex should impede of palladium clusters by
imposing a Coulombic barrier.

Palladium(I1)/PPhz compounds dissolved in (BMI)-
BF, or (BMI)PF; catalyze the alkoxy carbonylation
of aryl halides under relatively mild reaction condi-
tions (eq 13) to afford the corresponding benzoates!®®
The carbonylation reaction performed by the Pd
compounds immobilized in the ionic liquids is greatly
accelerated compared to those effected in alcohols.28¢
The benzoates were separated by distillation or
extraction with diethyl ether, and the ionic catalytic

mixture could be recycled.
Q(OR + [HNEtx  (13)

+ CO
© + ROH
[0}

X + NEt

Pd(II)/PPh,
_
BMI.PFg or

BMI.BF,4

Similarly, the intramolecular alkoxy carbonylation
of alkynols has been successfully performed by Pd-
(IN/PyPh,P complexes immobilized in (BMI)BF, or
(BMI)PF; to afford selectively exo-methylene five- and
six-membered lactones in high yields (eq 14).187
Product isolation and catalyst recycling was the same
as described above for the carbonylation of aryl

halides.
RA_ Pd(OAc)/Ph,PyP ) R?
R - CO, BMI.PFg R K (14)
r‘OH n=0,1 0
VII. Oxidation and Radical Reactions

lonic liquids have been used as media and catalysts
for oxidation reactions since the 1950s.''?> More
recently, it has been reported that the bis(acetyl-
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acetonato)nickel(ll)/tetra-n-butylammonium tetra-
fluoroborate salt system can be used in the liquid
phase oxidation of ethyl benzene in air yielding
ethylbenzene hydroperoxide at atmospheric pres-
sure.'® Moreover, bis(acetylacetonato)nickel(11)/(BMI)-
PFs promotes also the oxidation of ethylbenzene at
atmospheric pressure, showing that this catalytic
system is an important industrial alternative to the
heterogeneous catalysts presently used for this oxi-
dation process.18°

Low-melting imidazolium and pyridinium ionic
liquids are stable toward strong chemical oxidizing
agents, such as fuming sulfuric acid, have a large
stable electrochemical window (up to 7 V),5487 and
are, therefore, suitable media for oxidation reactions.
However, it should be pointed out that (BMI)PFg in
the presence of ruthenium compounds decomposes
in the presence of molecular oxygen and at higher
temperatures (100 °C).

Nonetheless, it is surprising that only recently
typical transition-metal-catalyzed oxidation reactions
have been performed in these media. The results
obtained so far demonstrated the advantage of ionic
liquids over other immobilizing agents.

Various aromatic aldehydes can be oxidized to the
corresponding carboxylic acids using bis(acetylaceto-
nato)nickel(ll) immobilized in (BMI)PF¢ and dioxygen
at atmospheric pressure as the oxidant (eq 15).1%°

o o ,
R )L et R ) Yeds (15)
1 O2 BMILPFg OH  47-66%

It is interesting to note that a similar catalytic
system based on nickel complexes dissolved in per-
fluorinated solvents gave similar results for the
oxidation of aromatic aldehydes. However, in this
case modification of the 1,3-diketone nickel ligand
(incorporating perfluorinated chains) was necessary
to ensure the solubility of the catalyst in the per-
fluorinated phase and reduce leaching.®®

More recently, classical oxidations of alcohols pro-
moted by tetra-N-propylammonium perruthenate!®!
have been performed in tetraethylammonium bro-
mide or 1-ethyl-3-methylimidazolium hexafluoro-
phosphate ionic liquid.*®?> The use of this catalytic
system in oxidation reactions with oxygen or N-
methylmorpholine N-oxide allows the facile recovery
and reuse of the ionic solution (the products are
simply extracted with organic solvents).

lonic liquids can be also used in classical organic
oxidation reactions with great advantages (yield and
selectivity) compared to those performed in organic
solvents. For example, (BMI)BF, has been used to
remove or extract excess of MnO; and associated
impurities from the oxidation reaction of codeine
methyl ether to thebaine (eq 16).1%

Alkenes and allylic alcohols can be epoxidized using
methyltrioxorhenium (MTO) immobilized in (EMI)-

Dupont et al.

BF, and urea hydrogen peroxide as the oxidizing
agent (eq 17).1°* Urea hydrogen peroxyde (UHP) and
MTO are completely soluble in the ionic liquid, thus
forming a homogeneous solution (note, the mixture
UHP—MTO is heterogeneous in organic media).
Conversion falls with decreasing alkene solubility in
the ionic liquid, and the epoxidation reaction rates
are comparable to those obtained in classical solvents.

UHP, MTO i
O “EmiBF, QO s an
Wacker-type oxidation reactions have been also
performed with great advantages (compared to the

reactions performed in water) by PdCI, immobilized
in (BMI)BF, and (BMI)PFs using hydrogen peroxide

as the oxidant (eq 18).1%
[¢]
@/‘K 18)

H,0,, 60°C
_ 252 00%
BMI.BF/PdCl,

Sh
Jacobsen’s chiral Mn(l11) salen ([N,N’'-bis(3,5-di-

tert-butylsalicylidene)-1,2-cyclohexanediamine]man-
ganese(lll) chloride)'®® (Chart 8) immobilized in

Chart 8
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M= Mn (Mn(salen))
M= Cr (Cr(salen))

(BMI)PF; ionic liquid constitutes one the most ef-
ficient and recyclable catalytic systems for the asym-
metric epoxidation of alkenes using aqueous NaOCI
as the oxidizing agent and CH,CI, as the cosolvent
(eq 19).%°7 The electrochemical investigation of the
activation of molecular oxygen by Jacobsen’s epoxi-
dation catalyst immobilized in (BMI)PFg ionic liquid
showed the formation of the postulated high-valent
manganese—oxo active intermediate, which was oth-
erwise undetectable in organic solvents.1%

o
/@C’;ﬁ Mn(salen), NaOCI /©1J< 72% yield 19
—_—_—
BMI.PFg / CH,CI !
> 6 2Clp e
NC NC %

94% e.e.

The conversion of alkenes to epoxides and enantio-
selectivities were comparable to those obtained with-
out an ionic liquid. Moreover, these oxidation reac-
tions proceeded faster than those performed without
(BMI)PFs.

The same group has disclosed an impressive new
and highly practical recycling procedure of Cr—salen-
catalyzed asymmetric ring-opening reactions of meso-
epoxides in RTILs.?® The procedure consists of
running the reaction of trimethylsilyl azide (TMSN3)
with meso-epoxides (cyclopentene oxide, mainly) in
the presence of catalytic amounts of N,N’'-bis(3,5-di-
tert-butylsalicylidene)-1,2-cyclohexanediamine]chro-
mium(lll) chloride dissolved in 1-n-butyl-3-meth-
ylimidazolium ionic liquids (eq 20). The yield and
enantioselectivity are strongly dependent upon the
nature of counteranion; while the reaction performed
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Table 8. Heck Reaction by Palladium Compounds Immobilized in lonic Liquids

Or - L,

~ _R?
—_—
molten ©/\/
B

salt

R R
entry catal precursor ionic lig X R? R2 conv (%) TON? ref
1 PdCIy(PPhg), (C16H34)(Bu)sPBr Br H CO.Bu 99 90 204
2 PdClI,(PPhg), (C16H34)(Bu)sPBr Br 4-OMe CO,Bu 99 51 204
3 PdCI,(PPhs), BusNBr Br H COzBuU 86 51 204
4 palladacycle BusNBr Br 4-COCHgs; Ph 929 106 213
5 palladacycle Ph4PCI Cl 4-NO; Ph 929 100 213
6 palladacycle Ph4PCI Cl H Ph 39 390 213

a2 TON = mol of product/mol of Pd.

in hydrophobic (BMI)PFs ionic liquid gave high yields
and degrees of enantioselectivity (similar to those
obtained in organic solvents), the system is almost
inactive when performed in hydrophilic (BMI)BF,.
The best recyclable catalytic system was obtained by
immobilizing the catalyst precursor in a mixture (5/1
viv) of hydrophobic (BMI)PFs and the hydrophilic
(BMIN)OTT ionic liquids (eq 20).

() mowowsen 7)o ) somyes 20
., Y e il ”,
BMI.PFe/BMLOTF /" “47yg MeOH “OH 94%ee.

o] N3

Transition-metal-mediated C—C bond-forming radi-
cal reactions have also been performed with signifi-
cant advantages compared with those performed in
organic solvents. For example, the yields in cyclic
ethers (eq 21) obtained from Mn(OAc)s-mediated
radical cyclization reactions in (BMI)BF4/CH,CI,2%
are similar or higher than those performed in acetic
acid or by alternative cyclization methods.?0!

R3_ R?

o R2 Mn(OAc); o
_—
R,)J\/ COEt * )\Rg BMI.BF /CH,Cl, @1)

RY  'COEt

VIIl. Heck, Suzuki, Stille, Sonogashira Negishi,
and Ullmann Coupling Reactions

The homogeneous palladium-catalyzed C—C cou-
pling reactions of aromatic and vinylic systems
(“Heck” reaction)?°22%3 have received increasing at-
tention due to their synthetic versatility.?®* The need
for high amounts of palladium catalyst is one of the
technical limitations for the applicability of this
reaction. However, this limitation can be overcome
by immobilizing the catalyst. Inasmuch as the Heck
reaction is usually performed in polar solvents and
that salt additives?®2%° such as N(n-Bu),Br can
activate and stabilize the catalytically active pal-
ladium species, ionic liquids appear to be the ideal
immobilizing agents. Indeed, Kaufmann?®* has dem-
onstrated that the vinylation of aryl halides can be
performed by simple palladium catalyst precursors
such as palladium chloride, palladium acetate, and
PdCI,(PPhj3), dissolved in hexadecyltributylphospho-
nium bromide and tetrabutylammonium chloride
ionic liquids, without the addition of phosphine
ligands. The conversion of bromoarenes and reaction
yields up to 99% have been reported (see Table 8).
The product was separated by distillation, and the

remaining catalyst showed catalytic activity in the
melt in two following runs. However, the reaction
failed with chlorobenzene.

The Heck coupling of aryl iodides and bromides
with allylic alcohols catalyzed by PdCI, in molten
n-BusNBr furnishes the corresponding j-arylated
carbonyl compounds (eq 22) that are extracted with
diethyl ether, and the recovered ionic liquid/pal-
ladium mixture could be reused.?'® Substituted acry-
lates also undergo?** Heck couplings catalyzed by
palladium—benzothiazole carbene complex in molten
n-BusNBr.

R? R2

PdCl, / NaHCO:
R1¢\KR3 +  AX 2 i R1WR3 22)

n-BuyNBr
OH Ar O

The use of molten n-BuysNBr for the immobilization
of palladium-containing dipyridyl or pyridylquinoyl
ligands was essential for the promotion of the Heck
coupling of aryl chlorides or for the amination of aryl
bromides.?12

Herrmann?3214 has also reported that chloro- and
bromoarenes can be vinylated (styrene) by different
palladium compounds, such as a phosphapallada-
cycle?!® catalyst precursor (Chart 9), Pd(OAc), and

Chart 9
o-tol  o-tol
p \_/
/O' ‘O\ P.
P” 0.0
o-tol/ \O~t0|

PdCl,, immobilized in tetrabutylammonium bromide
ionic liquid. Conversions up to 99% with TON of
1 000 000 have been reported on the reaction of
styrene with 4-bromoacetophenone (see Table 8).213
These systems are suitable for catalyst recycling
depending on the stability of the catalyst precursors.
Whereas, for the reaction of bromobenzene with
styrene using PdClI, as catalyst precursor, the reac-
tion yield in stilbene decreases after 4 runs, when
using the phosphapalladacycle compound, at least 12
runs could be performed without loss in the reaction
yield.?'* Most importantly, the reactions performed
in ionic liquids have various advantages as compared
to all previously described molecular solvents, such
as catalytic efficiency for the vinylation of chloroare-
nes?'% and improved thermal catalyst stability and
lifetime during the reaction. The mechanism of the
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Heck reaction in ionic liquids still remains unclear,
and more research in this area is necessary.

Heck type reactions can be also performed by
palladium-containing benzothiazole carbene ligands
immobilized in tetrabutylammonium bromide ionic
liguid.?'” The reaction of bromobenzene with n-butyl
acrylate is extremely fast, 94% yield in 10 min at 130
°C using 1% of Pd. In these reactions the use of
sodium bicarbonate as base is crucial to avoid ionic
liquid decomposition since other bases such as NaOAc
and Na,CO3; promote the Hofmann elimination. N-
heterocyclic carbene complexes of palladium can also
be formed in situ under the Heck reaction conditions
using imidazolium melts as the immobilizing agents.?8
Palladium—carbene complexes were formed from the
deprotonation of the imidazolium cation of (BMI)Br
in the presence of the catalyst precursor (eq 23).

7 N,’]BU

NaOA Br
meNON g, + paon0), o™ N (23)
Br e de{
Br 2

Palladium—carbene complexes?'® were also formed
when the reactions were performed in (BMI)BF, ionic
liquid, clearly indicating the noninnocent nature of
these media in palladium-catalyzed coupling reac-
tions (in particular in the presence of strong bases).?2°
The Heck reaction of iodobenzene or bromoarenes
substituted with electron-withdrawing groups with
acrylates or styrene are markedly more efficient in
(BMD)Br than in (BMI)BF,4 and this was attributable
to the formation of more active palladium carbene
catalytic active species in the imidazolium bromide
salt. Interestingly, iodo arenes are efficiently coupled
with alkenes and alkynes, by Pd(Il) compounds
dissolved in 1,3-n-butylimidazolium ionic liquids at
room temperature and ultrasonic irradiation.??* In
this case, the presence of monodispersed grains with
nearly spherical shape was observed by transmission
electron microscopy (TEM). These clusters of Pd(0)
nanoparticles in ionic liquids were found to be stable
even after 1 week. A heterogeneous version for the
Heck reaction has been performed by Pd/C in (BMI)-
PFe, but only highly activated aryl iodides were
tested.??? It is however interesting to note that even
reaction vessel ultratrace amounts of palladium
catalyze the Heck reaction involving aryl iodides.??3
Moreover, it highly recommendable the use of the
three-phase test in these cases, to verify if the reaction
is promoted by metal particles (bulk) or single metal
compounds dissolved during the process.??*

Palladium complexes associated with 1,3-bis-
(diphenylphosphino)propane (dppp) immobilized in
(BMI)BF, promote the regioselective arylation of
butyl vinyl ether, affording almost exclusively the
a-isomer (eq 24). In opposition the reactions per-
formed in organic solvents afford variable mixtures
of the a- and j-isomers.??

Pd(OAc),/dppp J\ (24)
BMI.BF/NEt; n-BuO” " Ar

n—BuO/= + AX

The Heck reaction can also be performed in room-
temperature ionic liquids such as (BMI)PFs and
N-hexylpyridinium hexafluorophosphate.??622” The

Dupont et al.

main difference of these media over the others is the
workup procedure for the catalyst recycling. The
vinylated products can be simply distilled off under
reduced pressure or extracted with hexanes. The use
of the hydrophobic (BMI)PF¢ allows the generation
of a three-phase system ((BMI)PFs/water/hexane).
The palladium catalyst remains in the ionic liquid,
the organic products remain in the hexane phase, and
the salt byproducts remain in the aqueous phase. The
greater catalytic activity observed in the reactions
performed in the imidazolium ionic liquids compared
to those in the pyridinium analogues was attributed
to the formation of palladium—carbene complexes (by
base abstraction of the 2H imidazolium proton) in the
former melt.

Suzuki cross-coupling reactions catalyzed by pal-
ladium compounds have been also successfully per-
formed in room-temperature ionic liquids (eq 25).228

X . B(OH), Pd(PPhs), O R? (25)
! R BMIBF,, Na,CO, ‘
R1

The reactions of phenyl boronic acids with haloare-
nes have been conducted by Pd(PPhs), immobilized
in (BMI)BF, ionic liquid with several advantages over
reactions performed in classical organic solvents. The
reactions show a significant increase in reactivity, the
homocoupling aryl byproducts can be eliminated, the
reaction can be performed in air, and the catalyst can
be reused several times without loss of catalyst
activity. In these cases the products were extracted
with diethyl ether and the byproducts (NaHCO3; and
Na[XB(OH),]) washed out with water affording the
clean ionic liquid catalytic solution. The use of
ultrasound in palladium—bis(carbene) complex dis-
solved in (BMI)BF, allows the Suzuzki coupling of
various aryl halides with phenylboronic acid to be
conducted at 30 °C.??° However, the performance of
these catalytic systems involving aryl bromides and
activated aryl chlorides should be taken with caution
since almost any palladium complex promotes the
Suzuki coupling even at room temperature.?30231

The use of palladium complexes immobilized in
(BMI)BF, also offers great advantages over classical
organic solvents for Stille-**2 and Negishi-type®®?
coupling reactions. For example, Pd(Il) or Pd(0)
catalyst precursors associated with PhszAs, dissolved
in (BMI)BF, and the in the presence of Cul, promote
the reaction of vinyl and aryl stannanes with a-io-
doenones (eq 26) and aryl halides under mild reaction
conditions; the Pd/(BMI)BF, catalytic mixture has
been reused up to five times with minimal loss of

O

activity.
O
O e

Nickel-catalyzed homocouplings of various aryl
halides have been conducted in (BMI)PF¢.2%* The
homocoupling reaction of iodo- and bromoarenes was
performed by a catalytic system composed of NiCl,-
(PPh3),/Zn/PPh; mixture under reaction conditions
similar to those employed in homogeneous condi-

Pd(I1)/Cul/PhsAs
BMI.BF,
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tions.?%® The yields obtained in (BMI)PF; as solvent
for the reaction were comparable to those observed
in DMF, the usual solvent for this reaction.

The Sonogashira?®® coupling of iodoarenes with
1-alkynes can be performed in absence of Cul (neces-
sary when the reaction is performed in organic
solvents) when the palladium catalyst, PdCl,(PPhs),,
is immobilized in (BMI)PF¢.2%7 This recyclable cata-
lytic solution could be applied in a microflow system
in conjunction with an IMM micromixer. Moreover,
the combination of Pd(OAc), with mesytilene imida-
zolium salt in the presence of Cs,CO3; as base ef-
ficiently promotes the coupling of aryl bromides with
alkynylsilanes.?3®

IX. Allylation Reactions

Palladium(0)-catalyzed allylic alkylations of soft
carbon nucleophiles represent a very useful tool for
organic synthesis, and several efficient homogeneous
systems have been developed. More recently, it has
been reported that palladium acetate, with PPhj
dissolved in (BMI)BF,, catalyzes the alkylation of
3-acetoxy-1,3-diphenylprop-1-ene by dimethyl mal-
onate and other active methylene compounds (eq
27).2% The reactions were performed at 80 °C, and
guantitative yields were achieved.

OAc Nu

Pd(OACc),/PPhs, base \ (27)

XN
O ‘ + NuH [BMI.BF4]
BN
) CO,Et
NuH = { 4 ( >< AcHN—(
CO,Me CO,Me cOoMe CO,Me y 0 CO,Et
o

CO,Me COMe COMe <CN

When using PPhgs, separation or solvent extraction
of the products from the ionic phase is not feasible.
However, when the hydrophilic phosphine P(m-Cg¢Hj-
SO3Na); was used, the ionic liquid could be recovered
and recycled three times without losing activity in
the alkylation by dimethyl malonate.

The asymmetric version of this reaction is also
feasible by using palladium complexes associated
with nonracemic ferrocenylphosphine ligands im-
mobilized in (BMI)PF¢.2*° The degree of asymmetric
induction obtained in the allylic substitution of rac-
E-1,3-diphenyl-3-acetoxyprop-1-ene with dimethyl
malonate is of the same order of magnitude as those
obtained in reactions performed in organic solvents.
However, a continuous drop in the reaction yield
using recycled ionic catalyst solution was observed
as a result of catalyst leaching during the product
extraction step.

The palladium-catalyzed allylic alkylation is slower
in THF than in (BMI)BF,, and these observations
were rationalized in terms of different allylpalladium
intermediates arising from the oxidative addition of
the acetato substrates to active Pd(0) species. These
allylpalladium intermediates may exist as free cat-
ions in the ionic liquid but contact ion pairs in the
organic solvent (Scheme 5).2*! In these reactions the
phosphine ligands exert a profound effect on the
catalytically active species, with more electron-donat-
ing phosphines affording faster reaction rates.
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Scheme 5
BMI.BF, PPl
OAc il d+ + "OAc
oS Apy  PAPR); RP~ PR,
Ph__~__Ph
Pd* “OAc
RsP~ PRy

Yields of up to 90% with TOF of 23 h™! have been
achieved in the Trost—Tsuji C—C coupling of cin-
namyl carbonate and ethyl acetoacetate with a water-
soluble Pd/TPPTS catalyst (TPPTS = triphenylphos-
phine trisulfonate, sodium salt) immobilized in
(BMI)CI ionic liquid (eq 28).24?

Ph_~_OCOEt + (e PaCTPPTS | §OMe o
Z cOMe BMI.CliMeCy 7 CO,Et

The ionic liquid catalytic system has definite
advantages over aqueous catalytic analogues such as
faster reaction rates and selectivity (the formation
of cinnamyl alcohol byproduct is suppressed in the
reactions performed in (BMI)CI), and common or-
ganic layers can be used for product extraction
without catalyst deactivation. This advantages were
also significant in related Ni(acac),-catalyzed Michael
additions in (BMI)BF, (eq 29).243

ojj:/Y (29)
(0]
X. Olefin Metathesis

Homogeneous transition-metal-catalyzed olefin
metathesis—encompassing reactions such as ring-
opening metathesis polymerization (ROMP), acyclic
diene metathesis (ADMET), ring-closing metathesis
(RCM), and metathesis of acyclic olefins—is a focal
issue in both organic synthesis and polymer chem-
istry.24

Initial attempts to immobilize Ru?*>246 and Mo—
carbene?’ homogeneous catalyst precursors in (BMI)-
BF, and (BMI)PF¢ have failed.?*® However, the ring-
closing metathesis of dienes such as 1,7-octadiene
was achieved with the Grubbs Ru catalyst precur-
sor?* initially “dissolved” in (BMI)PFs. The reaction
in fact takes place in the organic phase where the
Ru species are leached from the ionic liquid phase.?*
However, it has been recently reported that the
Grubbs Ru catalyst precursor in (BMI)PFg promoted
the RCM of various dienes and the Ru catalyst were
recycled (after extraction of the product with diethyl
ether) for at least three cycles (Scheme 6). The diene
conversion drops from 97% on the first run to 61%
on the second recycling.?+°

RCM of dienes has recently been performed by
ruthenium allenylidene salts immobilized in imida-
zolium ionic liquids such as in eq 30.2°° In these cases
the N-tosyldihydropyrrole product was isolated by
extraction with toluene and the ionic catalytic solu-
tion could be efficientely reused only once. The
catalytic activity is strongly dependent on both
anions, X = OTf being the the anion of choice. The

o O =

21277

Ni(acac),
BMI.BF,
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Scheme 6

0 0
S [Ru] (6 mol%)
_
NBn BMI.PFg | NBn

/\/N\< Nj<
(o] (0]
[\
PCys Mes— N-Mes
[Ru] = C';I'ah: Cl.
pcy, P C'/,',% Ph

same trend was observed in RCM by the same Ru
catalyst precursors dissolved in toluene.?>!

/
ToN R 2.5 mol®) TsNij (30)

\_\\ BMI.X

[Ru] = [RuCI(=C=C=CPh,)(PCy)(p-cymene)][X]

X= BF,, PFg, OTf

Moreover, transition-metal-catalyzed RCM and
ROMP in ionic liquids such as (EMI)PFs has been
also described in a recent patent application.?5?

Olefin disproportionation can also be performed by
transition-metal metathesis catalysts based on W(VI)
and Mo(V) compounds immobilized in (BMI)AICI,
ionic liquid.?®® This is a practical method for the
conversion of terminal or internal linear olefins into
a thermodynamic mixture of olefins. For example,
2-pentene can be converted into the thermodynamic
50/25/25 mixture of 2-pentene/2-butene/3-hexene at
room temperature in the presence of (2,6-Ph,C3H30),-
WCl, dissolved in (BMI)AICI,, activated by AICILEt
(eq 31).

AN VN NG Y 31

The authors claimed that related hindered aryloxy
W(VI) and Mo(V) compounds were effective and that
various quaternary ammonium and phosphonium
ionic liquids are also useful as immobilizing agents.

XI. Miscellaneous Reactions

The lanthanide triflate (such as Sc(OTf)s;, Yb(OTf)s,
and Sm(OTf);) catalyzed three component synthesis
of a-amino phosphonates has been investigated in
various imidazolium ionic liquids ((BMI)PFs, (BMI)-
SbFs, (BMI)BF,4, and (BMI)OTf). The catalytic activi-
ties were very dependent on the imidazolium coun-
terion as well as on the phosphorus nucleophile. It
was found that anhydrous Sc(OTf); dissolved in the
hydrophobic (BMI)PFs ionic liquid was the best
system for the three component reactions of alde-
hydes, amines, and P(OEt); (eq 32).%°* o-Amino
phosphonates—an important class of compounds in
pharmaceutical chemistry?>>—were obtained in high
yields (>90%) by extraction with benzene, and the
immobilized catalyst could be reused several times
without any loss of activity.

Dupont et al.
o + PhNH, Sc(OTI)3 PhNH
) r)j\H (1 mol%) Ar)\l‘?(OEt)z (32
+ P(OEt);  BMIPFg o)

Imidazolium ionic liquids containing organometal-
lic anions such Co(CO), have been recently prepared
and were shown to be active for the catalytic debro-
mination of 2-bromoketones in the presence of
NaOH.?% Thus, NaOH?*" dissolved in (BMI1)Co(CO),
catalyzes the debromination of 2-bromoacetophenone
(eq 33) and the organometallic containing ionic liquid
could be recovered unchanged after catalysis.

o} o
@33)
Br

The silylformylation of 1-alkynes has been per-
formed by the zwitterionic [Rh(cod)][#%-CsHs)BPh3]
catalyst precursor immobilized in (BMI)PFs in a
typical biphasic system. Once again, the ionic cata-
lytic solution could be reused (eq 34).258

BMI.Co(CO),
5M NaOH

[Rh(cod)né-CgHsBPhs] (1 mol%)

R—= + Me,PhSiH
BMI.PFg; CO; 40°C; 24h

OHC  SiPhMe,

= (34)
R H

1,4-Dicyano-2-butene can be produced from the
reaction of 3-butene-1,2-diol or 2-butene-1,2-diol with
hydrogen cyanide in the presence of a molten catalyst
comprising cuprous chloride or bromide and am-
monium chloride or bromide salts (eq 35).2%°

HCN

. NC
BMI.CuCl, ~NTNCN (35)

HO o~ OH

A recyclable bis(oxazoline)copper catalytic system
immobilized in ionic liquids such as (EMI)BF, for the
enantioselective cyclopropanation of styrene with
ethyl diazoacetate has been recently reported (Scheme
7).280 Cyclopalladated compounds have been also

Scheme 7
o CutL Ph CO,Et
——
+ EMI.BF 4 or *
N,CHCO,Et ~ EMINTR A
Ph* CO,Et

o X a

L= | | R=Ph, B

LD
R

effectively immobilized in 1-n-octyl-3-methylimida-
zolium tetrafluoroborate ionic liquid and used as
recyclable catalyst for the cyclopropanation of styrene
with ethyl diazoacetate.?¢!

Moreover, a catalytic hydroamino methylation
process in ionic liquids such as (EMI)PFs has been
also described in a recent patent application.?? A
continuous hydroamination method has been devel-

Py
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oped using Zn(CF3S0O3), immobilized in 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate (eq
36).263

/ NH, _Zn(CF3S0y),

o\(/)l) TEMICFS0, \(J (36)

A significant breakthrough in the preparation and
stabilization of transition-metal nanoparticles for
biphasic catalysis has been very recently reported.
In this context (BMI)PF¢ ionic liquid is not only a
suitable medium for the preparation and stabilization
of iridium nanoparticles but also ideal for the genera-
tion of recyclable biphasic catalytic systems for
hydrogenation reactions. 1r(0) nanoparticles with a
mean diameter of 2 nm have been prepared by
reduction of Ir(l) dissolved in the ionic liquid with
H,, and this catalytic solution can be reused several
times for the biphasic hydrogenation of olefins under
mild reaction conditions (room temperature, 4 atm).264

XIl. Mechanistic Aspects of the Reactions in
lonic Liquids

Although is difficult to know exactly in which phase
the catalytic reaction is occurring (ionic phase, or-
ganic phase, both phases, or at the interface), in most
of the cases investigated so far it is most likely that
the reaction occurs preferentially in the ionic phase
and that it follows a similar mechanism assumed to
occur in one-phase reactions. In this context it is
important to note that, in most of the cases, the metal
complexes are not removed by organic solvents from
the ionic solution. In the cases where extraction of
the complexes did occur, this leaching process could
be suppressed by the use of sulfonated phosphine
ligands. Moreover, it is believed that transition-metal
complexes are not solvated by ionic liquids.?* There-
fore, it can be anticipated that the catalytic species
formed in ionic liquids (especially cationic species)
are more electronically unsaturated than those present
in polar organic solvents. Indeed, this effect was
nicely put into evidence by Chauvin when investigat-
ing the species involved in the hydrogenation of C=
C bonds by rhodium—phosphine complexes dissolved
in BMI-based ionic liquids.’® In homogeneous ca-
talysis it is assumed that the formation of a cationic
Rh—dihydrido complex (responsible for the hydroge-
nation path) is in equilibrium with a neutral Rh—
monohydrido complex (responsible for both hydroge-
nation and C=C bond isomerization paths, eq 37).

[Rh(H),(PPhy),(Solv),]" === [RhH(PPh,),(SolV),]

37)

The 3P NMR spectrum of the rhodium phosphine
complex dissolved in (BMI)SbF activated by molec-
ular hydrogen indicates the formation of a sym-
metrical Rh—hydrido complex. The results also sug-
gest the formation of a single catalytic species,
namely a cationic nonsolvated Rh—dihydrido complex
with two free coordinating sites.

Another interesting parallel between the reactions
in ionic liquids with those occurring in homogeneous
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conditions is that ligand effects are still operative in
biphasic conditions (see for example the oligomer-
ization and asymmetric hydrogenation of C=C bonds).
At the present time there is no evidence indicating
that the ligands are replaced by the (BMI)BF, and
(BMI)PF; ionic liquids, except in the case of strong
bases where carbene complexes are formed. More-
over, with the exception of organoaluminate ionic
liquids, where cationic side reactions can occur, the
organic reactants and products are the same as those
obtained by transition-metal catalysts dissolved in
organic solvents.

Although the Kkinetics of the catalytic reactions in
ionic liquids have been investigated in only a few
cases, it is interesting to note that the observed
reaction order in the catalyst is very similar to those
determined for one-phase reactions.'*® The use of
deuterium NMR spectroscopy is a potential tool for
monitoring the reaction kinetics in ionic liquids, as
for example in oxidation reactions.?%> However, these
observations should be taken with caution since mass
transfer aspects in these biphasic systems are ex-
tremely important?%® and they have not been inves-
tigated in detail so far.

XIl. Conclusions and Perspectives

Although the exploration of 1,3-dialkylimidazo-
lium-based ionic liquids in organometallic biphasic
catalysis is in its early days, these salts have already
been shown to be the immobilizing agents of choice
for various classical transition-metal complexes. The
achieved catalytic performance in this medium is
similar and in some cases superior to reactions
performed in organic solvents or aqueous systems.
Moreover, the unique physical—chemical properties
of ionic liquids should boost clean technology devel-
opment, especially in industrial catalytic processes.
Indeed, IFP (Rueil-Malmaison, France) has just
launched a commercial process for the dimerization
of butenes to isooctenes (Difasol process).?®” This new
process provides significant benefits over the existing
homogeneous Dimersol X process, which is currently
in operation in five industrial plants, producing
nearly 200 000 tons/year of isooctenes.?®

It is now evident that various one-phase transition-
metal-catalyzed reactions can be transposed directly
to biphasic systems using ionic liquids as the mobile
phase. Organoaluminate ionic liquids derived from
the combination of alkylaluminum compounds and
1l-alkyl-3-methylimidazolium chloride are the im-
mobilizing agents of choice for Ziegler—Natta type
organometallic catalytic reactions. (BMI)BF, (“hy-
drophilic”) and (BMI)PFs (“hydrophobic”), or their
combination, are the most suitable media for other
transition-metal catalyst precursors for processes
operating under biphasic or homogeneous conditions.

In the cases of imidazolium and pyridinium cations,
by simply varying the anion and the alkyl chain on
the aromatic ring, one can increase the number of
different ionic liquids. Thus, a further knowledge of
the synthesis and physical—chemical properties of
ionic liquids should enable one to access tailor-made
ionic liquids for organometallic catalysis.
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“lonic liquids, which still represent a wide territory,
will take their place alongside nonpolar and water-
like solvents, and, like these, will frequently be the
best solvents for given preparations.”'*?
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