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New solvents provide synthetic chemists with the opportunity of conducting new reactions and
carrying out new processes. In this paper the author’s own work on organometallic chemistry in
ionic liquids is reviewed and placed in context with studies from other groups in this area.
Specifically, the paper will describe the use of ionic liquids in the synthesis of organometallic
complexes and clusters and the use of ionic liquids in hydrogenation catalysis. The synthesis and
reactivity of ionic liquids with organometallic anions will also be discussed. Copyright © 2002 John

Wiley & Sons, Ltd.
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INTRODUCTION

Ionic liquids are often defined as ionic compounds that melt
below 100°C, although the ones of most use to synthetic
chemists melt at room temperature or below. Many ionic
compounds, or mixtures of ionic compounds, have melting
points around 100°C, but ionic compounds that are actually
liquid at room temperature are comparatively rare. The first
truly ionic liquid, [EtNH;3][NO;], with a melting point of
12°C, was discovered in 1914.! About 30 years later the next
ionic liquid was discovered; the liquid was composed of an
alkylpyridinium cation with a tetrachloroaluminate(III)
anion.? The newest class of ionic liquids, however, are based
on 1,3-dialkylimidazolium cations; many of these have very
low melting points, some considerably below 0°C.* In order
to achieve low melting points the two alkyl groups must be
different, presumably because this lowers the symmetry of
the cation and helps to prevent crystallization. The 1,3-
dialkylimidazolium-based ionic liquids most frequently
encountered in synthetic and catalytic applications incorpo-
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rate a methyl group in combination with a C,-Cy alkyl chain.
The physical properties of a wide range of these liquids are
listed elsewhere,* but the general properties of ionic liquids
that make them suited to chemical synthesis and catalysis
include:

e they have no (or negligible) vapour pressure and,
therefore, do not evaporate;

o they have favourable thermal properties;

o they dissolve many metal complexes, catalysts, organic
compounds, and gases;

e they are immiscible with many organic solvents and
water.

However, what really makes ionic liquids such fascinating
solvents for synthetic chemists is that there is no limit to the
number of different liquids that can be made, and, as our
understanding of them increases, it should be possible to
design specific ionic liquids for specific reactions and
processes. For example, ionic liquids composed of 1,3-
dialkylimidazolium cations interact with water in different
ways according to the anion. With chloroaluminate anions,
the resulting liquid is extremely water-sensitive; with the
hexafluorophosphate anion the liquid is hydrophobic; and
with the tetrafluoroborate anion the ionic liquid is hydro-
philic. Furthermore, as the alkyl groups attached to the
cation are increased in length, the amount of water that
dissolves in the hydrophilic ionic liquid decreases. Based on
this simple example, one can envisage how ionic liquids
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could be tailored to give desirable properties for specific
reactions and processes.

This paper describes aspects of organometallic synthesis
and hydrogenation catalysis conducted in ionic liquids. It
includes a section on cluster synthesis in ionic liquids that
has not been reported previously.

CLASSIFICATION OF
1,3-DIALKYLIMIDAZOLIUM-BASED IONIC
LIQUIDS

Ionic liquids can be classified as either inert or reactive,
depending on the type of anion present. This is not to say
that the 1,3-dialkylimidazolium cation is completely un-
reactive. The proton in the 2-position is acidic, and under
certain basic conditions it may be lost with the formation of a
carbene. These carbenes have been trapped by reaction with
metals (see below) and have also been found to be produced
during certain catalytic reactions that require base.

Reactive ionic liquids contain anionic metal halides, such
as the chloroaluminates, chlorocuprates, and chlorostan-
nates. These ionic liquids are made from the direct reactions
of the solid [cation]Cl and metal chloride, which collapse to
form a liquid.>® The identity of the anion present depends
upon the stoichiometry (mole fraction) of the reactants used.
When the mole fraction of [cation]Cl:AlICl; is 0.5 the AICI,
anion is essentially the only species present. If the mole
fraction of AICl; employed is greater than 0.5, then multi-
nuclear species such as ALCl; and Al3Cly, are formed and
the ionic liquid is referred to as (Lewis) acidic. When the
mole fraction is less than 0.5 the ionic liquid is basic. For this
reason, chloroaluminate ionic liquids are often written as
[cation]CI-AICl;, rather than [cation]AlICl,. These features
can be exploited in synthesis and catalysis and, in general,
acidic ionic liquids have proved to be the most useful. Ionic
liquids based on chlorocuprates are also prepared from the
direct reaction of the [cation]Cl and CuCl’ Like the
chloroaluminates, they also contain a complex mixture of
anions, and several have been shown to be present,
including [CuCl,]~, [CuxCls]™, and [CusCly] .

Inert ionic liquids are produced when anions such as
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BF,, PF;, or SbF; are employed.® Many other anions have
also been used, but these are among the most popular. These
ionic liquids are made in exchange reactions (e.g. see Scheme
1). One of the main difficulties of the preparation is
removing all the chloride by-product, and elaborate pur-
ification procedures have been devised.” The presence of
chloride contamination can markedly affect the physical
properties of the ionic liquid, such as melting point, density,
and viscosity. In addition, the chemical properties of the
ionic liquid can be affected by chloride, e.g. certain catalysts
are deactivated by nucleophilic chloride ions.

Although these ionic liquids are referred to as inert, the
anions can react under certain conditions. In particular, the
PF¢ anion is prone to oxidation with the formation of HF,
and care must be taken to avoid this problem.

ORGANOMETALLIC SYNTHESIS IN
CHLOROALUMINATE IONIC LIQUIDS

As mentioned above, the chloroaluminate ionic liquid
[bmim]CI-AICl;, with a mole fraction of AICl;=0.65,
contains significant concentrations of the Lewis acid
[ALCl;]". The Lewis acidity of this ionic liquid has been
exploited in the synthesis of organometallic compounds
traditionally carried out in organic solvents in the presence
of AICI; (see Scheme 2).

The piano-stool complexes [Mn(CO)s(n-arene)]™ are use-
ful intermediates in organic synthesis.'” They can be
prepared in a number of ways, and perhaps the most
straightforward route is the direct reaction between
Mn(CO)sBr and an appropriate arene in an organic solvent
containing a slurry of AlCl5."" The AICl; acts as a Lewis acid,
removing the bromide ion, which initiates the formation of
the Manganese-arene bond. We have shown that the organic
solvent-AlCl; slurry may be replaced with acidic
[bmim]CI-AICI; to afford [Mn(CO)s(i7-arene)]" products in
good yield."

Although less widely used in organic synthesis, the
sandwich complexes [Fe(y-CsHs)(n-arene)]t have attracted
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much interest."® Typically, these complexes are made from
the direct reaction of ferrocene, with the arene in an organic
solvent containing AICl; and aluminium powder.'* A
Brensted acid is also required to initiate loss of one of the
cyclopentadienyl rings of the ferrocene, and in some cases
the fortuitous presence of water produced this acid, viz.
HAICl,;, from water and aluminium trichloride. In the
alternative synthesis using acidic [bmim]Cl-AICl; in place
of an organic solvent, the Bronsted acid [bmim][HCI,] is
used to initiate loss of the cyclopentadienyl ring."

Isolation of both the manganese and iron complexes from
the acidic ionic liquid involves the addition of an aqueous
solution of HBF, that also destroys the ionic liquid. Though
this is clearly undesirable, the high reaction rates and yields
that can be obtained by virtue of the Lewis acid constituting
the solvent may be advantageous.

The acylation of ferrocene has also been conducted in
acidic choroaluminate ionic liquids. In [emim]I-AlCI;,
ferrocene reacts with acylating reagents (RCO),O and
RCOCI1 (where R=Me, Ph, Pr, nBu and tBu) to afford
mono-substituted and 1,1'-bis-substituted products.'® Under
slightly different conditions, using acidic [bmim]CI-AICl;
and ethanoyl chloride as the acylating reagent, a further
product, 1,2-diethanoylferrocene, is isolated in low yield (see
Scheme 3)."”

The other main class of organometallic complexes that
have been prepared in chloroaluminate (and other ionic
liquids) are carbene complexes, since the acidic proton on the
2-position of the imidazolium cation may be removed with
base to form a carbene. For example, heating a mixture of
PtCl, and PtCl, under a high pressure of ethylene affords cis-
Pt(n-CoHy)(1-ethyl-3-methylimidazol-2-ylidene)Cl, in mod-
erate yield."®'® Carbene complexes may also be isolated
from inert ionic liquids and have also been identified during
palladium-catalysed Heck reactions that employ base as a
co-catalyst.?>?!

CLUSTER SYNTHESIS IN
TETRAFLUOROBORATE IONIC LIQUIDS

High temperatures can be reached in ionic liquids because
they do not evaporate, and this property has been exploited
in the synthesis of transition metal carbonyl cluster
compounds, as shown in Scheme 4. The thermolysis of
Ru3(CO)4, in [bmim][BF,4] at 250°C for several hours affords

Copyright © 2002 John Wiley & Sons, Ltd.

[RugH(CO)4g] ~ and [HzRulo(CO)zs]%. These reactions sug-
gest that the ionic liquid behaves more like an alcohol than a
hydrocarbon solvent, although it is not clear from where the
hydride ligands originate. The polarity of [bmim][BF,] is
comparable to that of methanol.”?> Ruthenium-hydride
clusters like these are conveniently made from thermolysis
reactions in methanol,®® whereas related reactions of
Ru3(CO)y2 in hydrocarbon solvents give ruthenium-carbide
clusters.***

Interestingly, the high nuclearity decaosmium cluster,
[OswC(CO)M]Zf, can also be prepared from Osz(CO)qg
(NCMe); in high yield. Usually, this cluster is isolated from
solid-state pyrolysis reactions,”® which suggests that the
inert ionic liquid mimics the pyrolysis environment to some
extent. At this stage it is not possible to say why the
thermolysis with ruthenium affords the hydride-containing
products whereas the corresponding reaction with osmium
gives the carbide-containing product. However, in cluster
chemistry it is well known that the type of product isolated
from a thermolysis reaction is very solvent dependent.
Recently, it has been found that these types of cluster
reaction can be studied by electrospray mass spectrometry in
order to optimize the yield of the products.”*® Attempts to
apply this procedure to reactions conducted in ionic liquids,
either neat or by dilution in electrospray-friendly solvents,
proved unsuccessful, although it has been shown that ionic

[bmim][BF]
Ru3(CO)yy ——>

[RugH(CO)1g] [HoRu1o(CO)asl*~

{bmim][BF ]
Os3(CO)1p(NCMe), ————

[0846C(COYsl*~

Scheme 4.
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liquids can be used as matrices for laser desorption mass
speC’crometry.29

Ionic coupling reactions are widely used in cluster
chemistry as a way to build up clusters in a step-wise
fashion, and also to introduce ligands other than CO in a
controlled manner. The pentaruthenium dianionic cluster
[Ru5C(CO)14]27 undergoes ionic coupling with a range of
mononuclear dicationic species to afford neutral hexaruthe-
nium clusters.3%3! Traditionally, these reactions are carried
out in polar organic solvents, typically CH,Cl,. For example,
[RusC(CO)14]*>~ reacts with [Ru(y-CeHg)(NCMe)s]*" or
[Rh(7-CsHs)(NCMe)s]*" in dichloromethane under reflux
to afford the hexanuclear clusters RusC(CO)14(-CoHg)*? and
Ru_r,RhC(CO)14(;7-C5H5).33 We have repeated these reactions
using the two-phase ionic liquid-organic approach (Scheme
5). The starting materials are dissolved in [bmim][BF,] and
stirred gently. As the neutral product is formed it migrates

into the organic phase and is isolated without the need for
any further purification. Although the reactions of clusters in
ionic liquids reveal some interesting possibilities, the main
aim is to be able to make new compounds, and, as yet, this
goal has not been reached.

Clearly, there is considerable potential for ionic liquids in
the synthesis of transition metal complexes. The ionic
coupling reactions appear to be particularly suited to these
types of solvent, and perhaps this is where most benefits lie.
One can envisage ionic protecting groups in organic and
organometallic intermediates that, once removed to give the
desired (neutral) product, release the product into the
organic phase, allowing its immediate extraction and
purification in a single step.

Table 1. Hydrogenation of alkene, arene, and alkyne substrates in ionic liquids using transition metal catalysts and H,

Solvent Hydrogenation reaction/ catalyst Comment Ref.
ydrog y
[bmim][BF,] or Considerably higher 7
. [Rh(nbd)(PPhs)2][PFg] .
[bmim][PF¢] or turnover frequencies
[bmim][SbFg] compared to acetone
[bmim][BF,] or @ _[RhCI(PPhg)3] or O 39
[bmim][PFg] [Rh(cod),][BF 4] Good recovery
. [RRCly(PPha)s] Slightly higher turnover . 40
[bmim][BF,] SNy frequencies compared with
aqueous-organic system
acrylonitrile- [RUHCI(CO)}PCys)2] gx(rgl(;%(ietrr]i:li;?d Achieved under mild 41
[bmim][BF,] butadiene rubber butadiene rubber conditions
. (M4RU(CoHe)allBFalo Slightly hlgher turnover . 42
[bmim][BF,] © O frequencies compared with
aqueous-organic system
[Rh(cod)(PPh3)2l[BF 4] Two-phase to one-phase 43
— - OH
[bmim][BF,] HO oH Ho system with water
y
Oy -OH OH
Cp*Ru{Me(CH)4CO,H}[CF3S0
[bmim][PFq] = (CPTRUME(CH:C02MICT 35091 Activation energies 44

=

determined
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HYDROGENATION CATALYSIS IN IONIC
LIQUIDS

The first reports of transition-metal-catalysed reactions in
ionic liquids were carried out in acidic chloroaluminates.***
Since the chloroaluminates are extremely air- and moisture-
sensitive, catalytic studies have tended to move away from
these liquids, to those that contain more inert anions, such as
BF; and PFg. Although ionic liquids have been used as
biphasic support solvents in a wide range of different
catalysed reactions,**** only hydrogenation reactions will
be discussed here, as this is where the author’s own interests
lie. Key hydrogenation reactions carried out in ionic liquids
that do not involve prochiral or chiral substrates are
summarized in Table 1. Asymmetric reductions have also
been demonstrated using rhodium and ruthenium catalysts
incorporating chiral bis-phosphine ligands.”*>~*

Some general features of 1,3-dialkylimidazolium ionic
liquids with BF; or PFs anions that are useful in
hydrogenation catalysis have emerged in the last few years.
First, compared with water, they dissolve high concentra-
tions of hydrogen, which leads to increased reaction rates in
biphasic reactions. Second, they are non-nucleophilic and
present an inert environment that often increases the lifetime
of the catalyst and subsequent reaction rates.

Our own interests are largely concerned with the hydro-
genation of aromatic substrates to their corresponding
cyclohexanes, a process important for the production of
cleaner fuels*® and prevention of yellowing of paper.*’ The
ruthenium-cluster [H4Ru4(11-C6H6)4]2Jr is highly soluble in
ionic liquids; it is also a precatalyst that has been used to
hydrogenate aromatic compounds under aqueous-organic
biphasic conditions.”*** The active catalyst is [HsRuy(y-
CeHg)4]*", which is readily formed from [HyRuy(n-CeHe)a]*"
under an atmosphere of hydrogen. We have compared the
activity of this catalyst in water and [bmin][BF,] ionic liquid
using neat arene substrates without any co-solvent.** The
turnover frequencies obtained in the ionic liquid are higher
than those obtained in the aqueous system, arising from the
higher concentration of dissolved hydrogen gas and the
arene substrates in the ionic liquid compared with water.
The solubility of the products is also lower than that of the
starting materials in the [bmim][BF,] ionic liquid, which
facilitates separation.

We have found that ionic liquids are not always superior
to other solvents for conducting hydrogenation reactions.
The ruthenium clusters Rus(CO)_,(tpptn), (x =1-3) and
HsRuy(CO)11(tpptn)  (where tpptn= P{m—C6H4SO3Na)3)53
and the cubane [Ru4(116—C6H6)4(OH)4]4+ catalyse hydro-
genation of alkene and arene substrates in water, but they are
far less effective catalysts in ionic liquids. This is because the
water reacts with the clusters and cubane to generate the
active catalyst species, and a similar process cannot take
place in dry ionic liquids.

All the biphasic ionic liquid-organic processes illustrated

Copyright © 2002 John Wiley & Sons, Ltd.
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in Table 1, except that taken from Ref. 43, involve rapidly
mixing the two phases so that they form an emulsion. The
reaction is not truly homogeneous, and the rate of reaction
depends on the rate at which the reaction is stirred. We have
developed an ionic liquid-water catalyst system that under-
goes a temperature-controlled, and reversible, two-phase-
single phase transition.*” At room temperature the ionic
liquid  1-octyl-3-methylimidizolium  tetrafluoroborate,
[omim][BF,], forms a separate layer to water. On heating to
80°C, the two phases become completely miscible, allowing
homogeneous reactions to occur. Using this solvent system,
the water-soluble substrate butyne-1,4-diol was hydroge-
nated with [Rh(y-C;Hg)(PPhs),][BF,] as the catalyst. The
reaction was carried out at 80°C, giving a homogeneous
single-phase solution; on cooling to room temperature, the
two phases reform, with the ionic liquid phase containing
the catalyst and the aqueous phase containing a mixture of
2-butene-1,4-diol and butane-1,4-diol that were extracted
without contamination of the catalyst. The rhodium(I)
catalyst was selected for this reaction as it is highly ionic-
liquid soluble (since it is a salt) and it is also hydrophobic by
virtue of the phosphine ligands.

ORGANOMETALLIC IONIC LIQUIDS

Ionic liquids containing some rather exotic anions have been
prepared; notable examples include gold chloride,” carbor-
anes,®® and transition metal Carbonyl57 anions. The transi-
tion-metal-carbonyl-based ionic liquid [bmim][Co(CO)4]
catalyses the debromination of 2-bromoacetophenones to
their corresponding ketones. Such a system in which the
ionic liquid is also the catalyst could prove to be a very clean
way of conducting reactions, and there are many anionic
compounds that could be converted into ionic liquids by
combining them with 1,3-dialkylimidazolium cations.
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