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FOREWORD

Sceptics were predicting that the field of ionic liquids would slow down
or even reverse — but such a situation could not be further from the truth. In
fact, in the last year or so, more and more researchers and technologists in
increasingly diverse areas have become interested in ionic liquids. While this
is great for the subject, it presents somewhat of a nightmare to anyone
foolish enough to contemplate writing a book on the subject, even a book
restricted to metal catalysed reactions facilitated by ionic liquids.

At the time we started writing on this book, we were still optimistic that
we could give a comprehensive overview on metal-catalysed reactions in
ionic liquids. Yet, a literature search with the term “ionic liquid” gives some
3,100 references up to the end of 2004, of which more than 1,000 stem from
2004 alone. Thus, at some point we were forced to concede defeat and it is
likely that some important contributions have been overlooked. This is
probably particularly true for those papers, which are less easily accessible
and for which no translated versions exist. We tried to include papers that
appeared during the writing for as long as possible, but it could be that some
of the most recent publications do not get the detailed description they
should deserve.

Nevertheless, we hope to have succeeded in providing a useful overview
of what has been done in the field of metal catalysed reactions in ionic
liquids, covering most of the literature until early 2005. Not all reactions
described on the following pages are strictly within the theme of this series —
“Catalysis with Metal Complexes” — as reactions catalysed by simple metal
salts are also described.

There are now several nomenclatures for ionic liquids in use and we hope
that the system we settled on is sufficiently easy to comprehend.
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Finally, we would like to thank those to help us spotting the most obvious
errors in various chapters, notably Dr. Andre Ohlin, Dr. Zhaofu Fei, Adrian
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Chapter 1

INTRODUCTION
Changing the way chemists think and work

1.1 A Brief History of Biphasic Catalysis

Like the first paper dealing with ionic liquids — their history will be
described later on — the origin of the concept of biphasic catalysis is not
entirely clear. In the book edited by Cornils and Herrmann entitled
‘Aqueous-Phase Organometallic Catalysis’, Cornils and Kuntz credit the
field to Manassen at the Weizmann Institute in Israel.!"! Due to the
popularity of this book with those working in the field, many authors have
subsequently cited the seminal work of Manassen, published in 1973, as
representing the first paper on biphasic catalysis.”! Yet, at the same time, Jo6
at the University of Debrecen in Hungary was also working on the concept
of aqueous-organic biphasic catalysis.”! In a recent publication, Cornils (one
of the pioneers of the field), acknowledges the seminal contribution by Joo:
“He [Jod] has always been recognised as the earliest pioneer in this field, but
I was not previously aware that his first publications on the subject in 1973
(which were somewhat hidden away in Hungarian journals) appeared at the
same time as those of Manassen’s group, and that therefore the two
developed the ideas independently.”"

However, in 1972, one year before Manassen’s and Joo’s first publica-
tions, Parshall working at Dupont in Delaware reported that the hydrogena-
tion and alkoxycarbonylation of alkenes could be catalysed by PtCl, when
dissolved in tetraalkylammonium chloride/tin dichloride at temperatures of
less than 100°C.") It was even noted that the product could be separated by
decantation or distillation. Parshall recognised the separation problem asso-
ciated with homogeneous catalysis and in this paper states, ‘An approach
that seems under utilised is the use of molten salts as stable, non-volatile
solvents from which organic products are readily separated by distillation ...
or decantation’. An even earlier report by a group working for the U.S.
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Industrial Chemicals Co. on biphasic catalysis can be found in a 1962 edition
of the Journal of the American Chemical Society describing hydrogenations
with [Co(CN)sH]*™ under aqueous-organic conditions.' Although we are not
yet aware of any publication prior to that, it is highly likely that biphasic
catalysis has a longer history than thought until recently. Yet, it was the
systematic studies of Jo6 and Manassen that really laid the foundations to the
field.

On an industrial scale, biphasic catalysis was first employed in the Shell
Higher-Olefin Process (SHOP), which involves the use of two immiscible
organic solvents, one containing the catalyst and substrates, the other being
the formed product, which is immiscible with the reaction phase. The
process consists of the nickel-catalysed oligomerisation of ethylene to give
the majority of the worlds linear o-olefins, which are used in various
applications, most importantly as detergents.”’ Subsequently, it did not take
long for the first aqueous-organic biphasic processes to be implemented on
an industrial scale (see below).

In the past decades, a number of alternatives to common organic solvents
and water for use in biphasic catalysis have emerged. These include fluorous
solvents, supercritical fluids and ionic liquids. The concept of fluorous
biphasic catalysis originated from the work of Horvath and Rabai who were
searching for a novel approach to selectively oxidise methane to methanol,
and noticed that the solubility of methanol in fluorous solvents is low while
the solubility of oxygen is extremely high.®) When they realised that the
miscibility of perfluoroalkanes, perfluorodialkyl ethers and perfluorotri-
alkylamines is low with many common organic solvents they demonstrated
the utility of the technique, and elegantly showed that at low temperature the
fluorous and organic solvents formed two phases, which on warming gave a
single phase.™” By careful design the reaction can be carried out homogene-
ously with the added advantage of a biphasic separation of catalyst and
products after the reaction. This technique is particularly applicable to those
reactions where non-polar compounds are converted to products with a
higher polarity since the solubility of compounds in the fluorous phase de-
creases with increasing polarity. Apart from oxidation, many different reac-
tions have been studied in fluorous phases including hydroformylation,"”
hydrogenation,!""! Diels-Alder,""”) C-C cross coupling reactions "' and
polymerisations,''*! to name but a few.

Supercritical fluids, another class of alternative reaction medium, have
been used as solvents in catalysis for many years. Ipatiev reported the isom-
erisation of cyclohexane to methylcyclopentane under supercritical condi-
tions using Al,Os as the catalyst''”! and shortly afterwards communicated the
oligomerisation of supercritical ethylene catalysed by AlCl;." However, it
took another 60 years before supercritical fluids were used as solvents for
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homogeneous catalysts, which was reported by Kramer and Leder working
at Exxon. In their patent, the isomerisation of hexane to methylpentane or
dimethylbutane in a supercritical hexane/CO, mixture employing AlBr; as
the catalyst is described (AICI; is only poorly soluble under the conditions
used).!"” To date, many homogeneously and heterogeneously catalysed
reactions in supercritical fluids are known, and those employing gaseous
substrates, such as hydrogenation and oxidation reactions, are particularly
well characterised.""® The use of supercritical CO, in industrial processes
such as decaffeination of coffee!"” and polymerisation of ethylene!*” has
been known for many years. Recently the first continuous flow supercritical
fluid plant, with a capacity of up to 1,000 tons per year, has been developed
by Thomas Swan & Co with the intention of conducting small-scale custom
synthesis of high value products.’*!

lonic liquids continue to receive increasing interest as alternative solvents
for catalysis and the historical developments in the field are described in
Section 1.4.

1.2 The Importance of Biphasic Catalysis

In a relatively short time biphasic catalysis, and notably aqueous-organic
biphasic catalysis, has had an enormous impact on the way many chemists
work. The study of alternative solvents is clearly of considerable academic
interest, but it is perhaps the demand for cleaner chemical processes that has
led to the explosion of research activity in this area. A major challenge for
chemists today, when developing new products or more economic routes to
existing products, is to do so with a consideration of minimising the impact
that the synthesis of the product may have on the environment. Critical
issues include the amount of materials and energy used in manufacture, the
dispersion of chemicals in the environment, the use of resources and the
durability and recyclability of the products. There are numerous approaches
by which the above criteria can be achieved. These include the development
of new synthetic pathways that require fewer steps and/or are more selective,
alternative reaction conditions and improved solvents or methods for higher
selectivity and energy minimisation. One of the most effective methods that
influences all of the above criteria is to reduce or remove volatile organic
compounds, i.e. solvents. Solvents are among the most ubiquitous classes of
chemicals throughout society and the chemical industry because their
applications are so broad and varied. In particular, solvents are used on a
huge scale in manufacturing as a reaction medium for chemical
transformations.
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An ideal system would not require any solvent at all. However, solvents
are extremely helpful for a number of reasons. They allow reactants to come
together in a homogeneous fashion improving selectivity and yields. They
also have an important role as a heat transfer medium, dissipating heat
liberated by an exothermic reaction or supplying the thermal energy required
to initiate an endothermic one. As such, elimination of solvents from many
manufacturing processes is highly unlikely, especially for processes involv-
ing reactants and products that are solids under ambient conditions, and
biphasic catalysis represents one of the best ways of improving the environ-
mental efficiency of a chemical process. Apart from reducing the amount of
volatile organic solvents, there are numerous other benefits obtained by
using biphasic catalytic processes, of which preventing the loss of the cata-
lyst, which tends to be both expensive and potentially toxic, is the most
obvious.

The effectiveness of biphasic catalysis can be illustrated with reference to
the synthesis of aldehydes via hydroformylation of alkenes in an aqueous-
organic process pioneered by Kuntz. While the majority of aldehydes pre-
pared from alkene hydroformylation were done so in organic solvents, in
1975 research showed that thodium complexes bearing sulfonated phosphine
ligands can be immobilised in water and are able to catalyse the hydrofor-
mylation of propene with virtually complete retention of rhodium in the
aqueous phase.'””! Catalyst loss is always a major problem in the production
of bulk chemicals of this nature and accordingly, Rhone-Poulenc filed a
series of patent applications in order to protect the discovery. The hydro-
formylation reaction showed considerable promise and after a few years of
development, Rhone-Poulenc joined forces with Ruhrchemie to develop a
continuous biphasic hydroformylation process.'””! While many benefits were
envisaged, virtually everything to do with the technology was unknown. But
in less than two years a completely new process that had no precedent was
developed, tested and, using a scale-up factor of 1:24,000, went into opera-
tion. The beauty of the process is that the substrates, propene, H, and CO,
are gases at room temperature and dissolve in the water, whereas the prod-
uct, which contains over 96% n-butyraldehyde, is a liquid under the process
conditions and forms a second phase which is easily removed and is virtually
free from rhodium contamination. During the production of the first
2,000,000 tonnes of n-butyraldehyde only 2 kg of rhodium were lost, which
in the parts-per-billion range.

Ever since the plant went online, a great deal of fundamental research has
been conducted, the process has been scaled-up further and new plants have
come into operation. The economic and environmental benefits of the
Ruhrchemie-Rhone-Poulenc process have been closely scrutinised. Overall
the cost of the production is reduced, but it is the benefits to the environment
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that are the greatest.” These include the replacement of toxic organic sol-
vents by water, the conservation of energy resources as the process operates
under milder conditions compared to conventional methods, a higher selec-
tivity towards the desired n-butyraldehyde product and the low loss of the
toxic rhodium catalyst. Overall, the efficiency is extremely impressive and
the environmental emissions are almost zero. Rhone-Poulenc is now also
using aqueous-organic biphasic processes to conduct C-C coupling reactions
for the small-scale production of vitamin precursors."*”

1.3 The Alternatives to Aqueous-Organic Biphasic
Processes

Not surprisingly, the most well developed biphasic system is that using
water and organic solvents, despite the first industrial biphasic process
involving only organic solvents. Obviously, water is the solvent of choice as
it is abundant, cheap, non-flammable, non-toxic and has many other desir-
able properties such as being polar (and therefore relatively easy to separate
from apolar compounds), high thermal conductivity, heat capacity and heat
of evaporation. Nevertheless, alternative solvents to water for applications in
biphasic catalysis are needed for several reasons:

* Many catalysts do not dissolve in water and thus their ligands must be
modified with hydrophilic groups that can be expensive, especially for chiral
ligands. Furthermore, some catalysts are unstable in water and decompose.

* The solubility of organic compounds in water is often poor. While this
may be an advantage for product separation, lower reaction rates and yields
are frequently observed. This problem may be overcome by increasing the
stirrer rate or the temperature of the aqueous-organic biphasic system. Other
protocols have also been developed to overcome solubility problems
including the addition of phase transfer reagents, co-solvents, detergents and
surfactants as well as the use of ultrasound and microwave dielectric heating.

» The high specific heat capacity of water means that distillation requires
high energy, and reaction mixtures are difficult to heat or cool rapidly.’*

* Other, more general problems faced when using water in catalysis
include, for example, viscosity and pH effects.

Reaction media such as ionic liquids, fluorous solvents and supercritical
fluids may offer a solution in avoiding some of the above mentioned
problems. In addition to the physicochemical properties of solvents that are
crucial when selecting a solvent for a particular task, within the context of
producing cleaner chemical processes, other criteria are also important.
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These include toxicity, flammability, explosivity, stratospheric ozone
depletion, atmospheric ozone production and global warming potential.*”
Bearing all these criteria in mind, the alternative solvents mentioned above
provide an excellent range of properties with considerable potential.

Various combinations of solvents that lead to biphasic and multiphasic
systems have been evaluated in catalysis. For practical purposes, it is essen-
tial that the catalyst and product phase effectively separate after the reaction,
and in this respect the most important solvent combinations used in multi-
phasic chemistry include aqueous-organic and fluorous-organic (see above),
jonic liquid-organic,** jonic liquid-aqueous™’ and ionic liquid-supercritical
(or dense phase) CO, (the CO, does not necessarily have to be supercriti-
cal).’” Other biphasic systems have also been demonstrated such as ionic
liquids incorporating fluorous groups which exhibit high miscibility with
apolar compounds such as alkenes and resemble fluorous solvents in their
phase behaviour with organic solvents”" and phase vanishing systems."*”!
Here an organic solvent containing one reagent with the same organic sol-
vent containing another reagent is separated by a different solvent phase of
higher density. The organic phase at the bottom diffuses through the central
phase into the organic phase at the top. The reagent also slowly diffuses and
reacts in a controlled manner with the substrate in the upper phase and only
two phases remain once the reaction is complete. Triphasic processes
employing three immiscible solvents have also been reported, for example,
fluorous-organic-aqueous®” and ionic liquid-water-organic systems.""!
Fluorous catalysis has even been reported without the need of a fluorous sol-
vent®” and ionic liquids may even be heterogenised on fixed-beds giving
what has been termed supported ionic liquid catalysis.*® In principle, how-
ever, there is no reason why not even more than three phases could be
employed in a multiphasic process. One could envisage different phases
supporting different catalysts, which transform a substrate to a product in a
number of steps in a sequential fashion.

1.4 Key Developments in the Chemistry of Ionic
Liquids

Ionic liquids are sometimes, especially in the older literature, also
referred to as molten salts, non-aqueous ionic liquids or room temperature
molten salts. While all of these names are entirely valid, their meaning has
somewhat changed over the years. The term molten salt is now used less fre-
quently in the field of ionic liquids and generally refers to salts with melting
points greater than 100°C. The expression non-aqueous ionic liquid was
originally coined to differentiate synthetic ionic liquids from water, since
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liquid water is partially composed of ions, although the dissociation constant
for pure water is 107", The last term, room temperature molten salts, is
sometimes used to differentiate those that are truly low melting from molten
salts with high melting points. Apart from ionic liquids, molten salts repre-
sent a huge field of study in their own right, based on inorganic salts and salt
mixtures.®”! Applications for these range from organic waste processing by
high temperature oxidation, through electrodeposition and separation, to the
preparation of superconductors.

We intend to give an outline of the key historic events in the field based
on the generally accepted definition of an ionic liquid. However, it is worth
noting in advance that many ionic liquids have been around for a long time,
but have just not been recognised as such. Davies describes such ionic
liquids as ‘incognito ionic liquids’, and comments that a survey of the
chemical catalogues reveals over 100 commercially available salts that melt
below 150°C, which implies that many new ionic liquids could be easily
generated by matching a desired cation from such a salt with a different
anion, or vice versa.”®! Many phase transfer reagents that have been used for
years in organic synthesis and catalysis are actually low melting salts and
recently these types of compounds have been recognised as being ionic
liquids and exploited as such.””

The work most often cited as describing the first ionic compound which
is liquid at room temperature is that by Walden, published in 1914. The low
melting salt, [EtNH;][NOs], was prepared from the reaction of ethylamine
with concentrated nitric acid,'*” and has a melting point of 12-14°C.
However, in a review by Wilkes entitled, ‘A short history of ionic liquids —
from molten salts to neoteric solvents’, he notes that some materials which
would now be classed as ionic liquids were observed as far back as the mid
19" century."! These early studies on liquid salts did not lead to an
explosion of interest in ionic liquids and it was not before the late 1940’s
that the next ionic liquids were discovered by Hurley and Wier at the Rice
Institute in Texas. While looking for an inexpensive and facile method for
aluminium electroplating they noted that by mixing powdered
alkylpyridinium chlorides with AICl; a reaction took place resulting in the
formation of a liquid.l*? These ionic liquids incorporate organic cations, i.e.
the type of cations used in the ionic liquids that now form the basis of
modern synthetic applications, and chloroaluminate anions. While such
anions are still being used in synthesis and catalysis, they have become less
popular than other more inert anions. This is mainly due to their sensitivity
towards air and moisture and the fact that extraction of certain organic
products may result in the destruction of these particular ionic liquids.
Studies involving low melting inorganic salts, typically eutectic mixtures
based on AICI; and NaCl, as solvents for organic reactions were also
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reported from time to time,'*’! but room temperature ionic liquids were still
not being used as solvents for synthesis.

Osteryoung, Wilkes, Hussey and Zaworotko working on electrochemical
aspects of the chloroaluminates at the U.S. Air Force Academy were largely
responsible for bringing ionic liquids to the attention of a wider scientific
community.”” They were studying chloroaluminates as solvents for transi-
tion metal complexes'*! and as reaction media for stoichiometric organic
synthesis.*) Chauvin and Osteryoung independently combined these two
features, i.e. that ionic liquids could dissolve transition metal complexes and
support organic chemistry. Chauvin showed that nickel complexes dissolved
in acidic chloroaluminate ionic liquids represent an excellent system for the
dimerisation of alkenes'*” while Osteryoung used Ziegler-Natta catalysts in
acidic chloroaluminates to polymerise ethylene./*

It was Zaworotko who made the next leap forward, this being the synthe-
sis of water-stable ionic liquids that contain tetrafluoroborate, hexafluoro-
phosphate, nitrate, sulfate and acetate anions.*” Wilkes comments in his
introduction to the book lonic Liquids in Synthesis that, ‘This was such an
obvious and useful idea that we marvelled that neither we nor others had
tried to do it already.’™ Although many years before an isolated example of
an air and moisture stable room temperature ionic liquid, tetra-n-hexyl-
ammonium benzoate, was reported,””'! it is probably Zaworotko’s discovery
that can be cited as directly leading to the huge growth in the field. We shall
not describe here all the breakthroughs that came in the application and
development of ionic liquids as solvents for catalysis, as these will become
apparent in the subsequent chapters. However, one person who stands out as
having made a considerable contribution to the field, looking at both the
fundamental properties and applications of ionic liquids is Seddon at the
University of Belfast. He is perhaps the person who has done most to popu-
larise ionic liquids resulting in such intensive research activity around the
world. In addition, Grétzel and co-workers at the EPFL showed the scientific
community how to make highly pure ionic liquids,” their interest being in
the application of ionic liquids as electrolytes in solar cells.”*! Tonic liquids
have since been utilised as in separation processes,” as extractants for
heavy metals with potential applications in the nuclear processing indus-
try,”*) as lubricants,”® as matrices in MALDI mass spectrometry”” and even
as propellants for small satellites.”™ The first industrial process using ionic
liquid technology in chemical synthesis has also been reported™ and
numerous others are expected to follow.
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1.5 General Properties of Ionic Liquids that Lend
Themselves to Catalysis

It is worth considering here the general properties ionic liquids possess
which make them so attractive as solvents for conducting organic synthesis,
and notably, transition metal catalysed reactions. There are already a large
number of excellent reviews and edited volumes concerned (at least in part)
with organic synthesis and catalysis in ionic liquids,”*®7" and from these
collations, the following features have emerged:

* JTonic liquids do not evaporate as they have no detectable vapour pres-
sure. Since reducing the emissions of volatile organic compounds is viewed
as one of the most important ways of reducing pollution from the chemical
industry (and other industries) it is perhaps this property of ionic liquids that
makes them so attractive as potentially benign replacements to organic sol-
vents. Volatile organics (reaction products) can thus be easily removed from
the ionic liquid under vacuum, by distillation or using a carrier gas such as
CO..

* Many metal catalysts (notably salts), organic compounds (especially
polar compounds), gases and biocatalysts dissolve in ionic liquids, allowing
homogeneously catalysed reactions to be performed.

e onic liquids are immiscible with many organic solvents and
compounds, which lends themselves to biphasic or multiphasic catalytic
reactions. Most are also immiscible with fluorous phases and some are
immiscible with water. In the ideal biphasic process involving ionic liquids,
a soluble polar substrate is converted to a less polar — and thus insoluble —
product, which will then form a separate phase. Attaching fluorous groups to
the ionic liquid cation can reverse the solubility properties.

* Ionic liquids have polarities comparable to lower alcohols, which are
amongst the most widely used solvents in which to conduct homogeneously
catalysed reactions. In contrast to lower alcohols, however, many ionic
liquids are non-nucleophilic, which can have a pronounced effect on a cata-
lysed reaction. For example, solvated catalytic intermediates are unlikely to
form, and this feature could lead to different reaction mechanisms, and hence
to different yields and selectivities. The non-nucleophilic environment pre-
sented by many ionic liquids is also less likely to deactivate a catalyst and
can lead to increased turnover numbers, which is essential in biphasic proc-
esses where catalyst recycling and reuse is required.

* Jonic liquids have favourable thermal stabilities and operate over large
temperature ranges. Many of the commonly used ionic liquids melt below
room temperature and melting points as low as —80°C or below are not
unusual. On the other hand they often only start to decompose above 300°C,
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providing a large temperature range in which to conduct synthesis compared
to molecular solvents.

* It is not always necessary to modify a catalyst for use in ionic liquids,
and expensive ligands that modify the solubility properties of a catalyst are
not necessarily required. For example, Wilkinson’s catalyst and the highly
active C-C coupling catalyst Pd(PPh;),; have been used in ionic liquids,
although quantification of catalyst loss was not reported, and this might be
high. Many catalysts are salts and in general these are very well retained in
ionic liquids, and where necessary, ligands that anchor a catalyst in an ionic
liquid phase are available.

* Functional ionic liquids, often referred to as task-specific ionic liquids,
can be prepared by incorporating functional groups on the organic cation, or
using functional anions. These liquids have specific chemical properties and
combined with a greater understanding of the factors controlling the physical
properties of ionic liquids, designer ionic liquids are now being made. The
ability to design an ionic liquid for a specific process is essential as there
seems to be essentially no limit to the number of different ionic liquids that
can be made.

* While very little toxicity data are available it would appear that many
ionic liquids do not represent an immediate threat to health if handled
properly. However, at present very little is known about their
biodegradability and aquatic toxicity and it is envisaged that more data are
needed prior to their use on a large scale. In addition, ionic liquids composed
of fluoride containing anions such as [BF4]™ or [PF¢]” cannot be incinerated
and therefore their use on a large scale might be problematic.

One of the chief concerns regarding the large-scale use of ionic liquids is
their cost. However, ionic liquids can be made on a large scale — 100 tons is
now perfectly feasible — with a cost around 10 € per litre, although some
ionic liquids will remain considerable more expensive. Bearing in mind that
the ionic liquid is probably going to be recycled and reused repeatedly this
cost is relatively inexpensive.

Based on the need to design chemical products and processes that reduce
or eliminate the use and generation of hazardous substances, combined with
the properties outlined above, it is not difficult to understand why ionic
liquids are under intensive study as solvents in which to conduct catalysed
reactions. Academics, curious about the prospect of conducting chemistry in
such a unique environment, together with those in the chemical industry who
are keen to exploit their properties, have made considerable progress in a
very short time, and in the remainder of this book we trace the nascent
studies of reactions catalysed by metals in ionic liquids to a field that we
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predict will soon have an considerable impact on the production of chemical
products.
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Chapter 2

IONIC LIQUIDS — PROPERTIES AND
PREPARATION

2.1 Introduction

As described in the introductory chapter, biphasic catalysis has been
around for a long time, but despite a few notable successes such as the Shell
Higher Olefin Process (SHOP) and the Rhone-Poulenc-Ruhrchemie
hydroformylation process, very few biphasic processes have made it into the
industrial arena. The limitations of the solvents used so far in biphasic (or
multiphasic) catalysis appear to be overcome by ionic liquids, and even if the
perfect ionic liquid is not yet available, then there seems to be almost no
limit to the number of new ionic liquids that can be made. It has been
estimated that up to 10'® different ionic liquids may exist''? and with such a
vast number to choose from it is essential that understanding increases in
order to allow accurate predictions of their properties and functions, opening
up the possibility of designer solvents.

The fact that ionic liquids are solvents composed entirely of ions creates
a new set of challenges to chemists and chemical engineers who are not used
to handling such materials in the capacity of a solvent. At present, the most
popular solvents are those which are volatile, since solvents are added to
facilitate reactions, but ultimately they must be removed from the product.
Accordingly, alternative techniques are required for the isolation of reaction
products from ionic liquids, as well as for their disposal. Furthermore, if
catalysed reactions are to be understood in ionic liquids, then new
procedures may be required to delineate reaction mechanisms and identify
catalytic intermediates. With respect to this latter goal, some simple
solutions have already been devised. For example, by using labelled
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substrates as opposed to preparing deuterated ionic liquids, reactions have
been monitored in situ by NMR spectroscopy.”! Alternatively, various mass
spectrometric methods can be used to analyse catalysts present in extremely
low concentrations in ionic liquids."*®! And as ionic liquids do not evaporate,
nanoparticles formed during a reaction can be studied directly by TEM, not
necessitating separation of the particles from the solvent.!”)

2.2 Composition and Physical Properties of Ionic Liquids

The generation of low melting salts requires the use of organic cations
with inorganic or organic anions. Many organic cations, when matched with
an appropriate anion, give rise to ionic liquids and some of the principal
cations are illustrated in Figure 2.1.
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Figure 2.1: Examples of organic cations used to provide ionic liquids

The prediction of the melting point of a given anion-cation combination
remains difficult and the very low melting points of some ionic liquids are
not yet entirely understood. Nevertheless, some trends appear to have
emerged. A fairly general prerequisite is that the charge should be
delocalised over several atoms or buried inside a pocket so that it cannot be
approached too closely. Additionally, melting points tend to be lower when
the cation and/or anion is asymmetrical. The phenomenon of low melting
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salts is not restricted to singly charged species and even multiply charged
cations can give rise to ionic liquids. For example, the phosphazene-based
salt shown in Figure 2.2 has an overall charge of +6, albeit distributed over
six pyridinium groups, and yet it is a liquid at room temperature.™

\ / ‘|6 THN

\
o)
Ty
N =N
/ \

Figure 2.2: A phosphazene centred hexacationic salt that is liquid at room temperature

At present the most frequently encountered type of cation is based on the
1,3-disubstituted imidazolium moiety, but it is likely that other cations will
gain importance in the future. The popularity of imidazolium-based ionic
liquids is owed, at least in part, to the fact that simple (and minor)
modifications lead to significant changes in their physical properties. For
example, the melting points of the 1-alkyl-3-methylimidazolium salts can be
tuned by varying the length of the alkyl substituent. The melting point first
decreases on going from C; to Cqs, but then increases again with longer
alkyl groups until beyond a certain length a liquid crystalline phase is
reached. This is illustrated with the example of some 1-alkyl-3-
methylimidazolium tetrafluoroborate salts, which are listed in Table 2.1.

Table 2.1: Melting points of 1-alkyl-3-methylimidazolium tetrafluoroborate salts

Ionic liquid Melting point [°C] Ref
[C,Cyim][BF4] 10 91

[C,Cyim][BF4] 6 [10]
[C4C im][BF,] 81 [11]
[C¢Cim][BF4] -82 [10]
[C4C,im][BF4] 78 [10]
[C19C,im][BF,] —4 [10]

It is not only the melting point that changes with the alkyl chain length,
but also a number of other physicochemical properties!' including
miscibility with other solvents. While, for example, [C,C;im][BF,] is
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completely miscible with water at room temperature [CgC,im][BF4] only
becomes miscible at ca. 80°C. This property has been exploited in
thermomorphic catalysis in which the reaction is conducted at temperatures
exceeding 80°C under homogeneous conditions. After the reaction the
product extraction is conducted at low temperature with the catalyst retained
in the ionic liquid phase and the product in the aqueous phase.!"*!

In addition to the structure of the cation, the type of anion present also
has a pronounced influence on the physical properties of the ionic liquid.
The melting points of some [C4C;im]" based ionic liquids with different
anions are listed in Table 2.2. Also, the miscibility depends markedly on the
anion present. For example, exchanging [BF.]™ with [PF¢]™ in the 1-alkyl-3-
methylimidazolium liquids leads to hydrophobic liquids that only dissolve
very low concentrations of water. Thus, it can be relatively easy to modify
the physical properties of an ionic liquid to match the requirements of a
particular process.

Table 2.2: Melting points of 1-butyl-3-methylimidazolium salts

Ionic liquid Melting point [°C] Ref
[C4C,im]Cl 41 [11]
[C4Cyim][PF¢] —64 [11]
[C4Cyim][BF4] —81 [11]
[C4Cim][TE,N] —4 [14]
[C4C,im][OT{] 16 [14]

Chlorometallate ionic liquids are worth mentioning in this context as the
ratio of cation to anion not only has a marked influence on the physical
properties of the resulting solvent, but also on the chemical behaviour. These
ionic liquids are made from the direct reaction of the solid [cation]Cl and
metal chloride like AlICl;, SnCl, or CuCl, which together 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]CIL:AICl; is 0.5 the [AICl]™ anion is essentially the only species
present. If the mole fraction of AICl; employed is greater than 0.5 then
multinuclear species such as [ALL,Cl;]” and [Al;Clyy]” are formed and the
ionic liquid is Lewis acidic, whereas below 0.5 a (Lewis) basic ionic liquid is
formed. For this reason chloroaluminate ionic liquids are often written as
[cation]CI-AlCls, rather than [cation]AICl,.

These features can be exploited in synthesis and catalysis. Acidic ionic
liquids have proved to be particularly useful as they strip away halide
ligands attached to catalysts thereby generating coordinatively unsaturated
species that are more reactive towards the substrates. lonic liquids based on
chlorocuprates are prepared in a similar manner from the direct reaction of
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the [cation]Cl and CuCL"® Like the chloroaluminate ionic liquids they also
contain a complex mixture of anionic species including [CuCl,]", [Cu,Cls]”
and [Cu;Cly]". The mole fraction between an ammonium halide and e.g.
AICI; not only affects the chemical properties but also exerts a strong effect
on the melting point of the mixture, as shown in Figure 2.3 for the [C,C,im]-
AICI; system.!'”
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Figure 2.3: Phase diagram for [C,Cim]-AlCl;

Although ionic liquids do not boil it is useful to know the temperature
range under which they can operate. For many ionic liquids, the onset of
decomposition takes place at temperatures exceeding 250°C and often much
higher.!"! However, 1,3-dialkylimidazolium phosphates were found to
slowly decompose below 200°C!"*! and when the liquid is composed of less
common cations or anions, the thermal stability may be considerably lower.
Nevertheless, since the overwhelming majority of catalysed reactions take
place at much lower temperatures, thermally induced solvent decomposition
tends not to be a problem, although chemically induced decomposition can
be a real concern! For example, thermal decomposition of [C4C;im][BF4]
takes place a much lower temperature if nucleophiles are present.*”

From the perspective of a chemical engineer, who eventually will scale
up any ionic liquid based process developed in the laboratory, whether a
solvent melts at —30°C or —80°C makes very little difference. The viscosity
of the solvent, on the other hand, is much more important, which for ionic
liquids is usually high. Table 2.3 lists the viscosity data of a series of ionic
liquids together with some molecular solvents for comparison purposes.
Considerably more extensive series of physical properties of ionic liquids
can be found elsewhere,”'**! the aim here is to illustrate general trends and
principles.
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Table 2.3: Viscosity of some common solvents and ionic liquids

Tonic liquid Viscosity [cP] Temp. [°C] Ref.
H,0 0.890 25 [23]
CH;0H 0.544 25 [23]
CH,Cl, 0.413 25 [23]
DMSO 1.987 25 [23]
Ethylene glycol 16.1 25 [23]
[(CsHi3)(CoHs)sN][TEN] 167 25 [24]
[C4py][BF,] 103 25 [25]
[Capy][TEN] 57 25 [25]
[C,Cim][BF4] 32 25 [25]
[C4Cim][BF,4] 154 20 [26]
[C4Cim][PF¢] 371 20 [26]
[C4Ciim][TEN] 52 20 [14]
[C4Cim][CF3CO,] 73 20 [14]
[CsCim][BF,4] 314 20 [26]
[(CC=C)C,im][BF,] 6110 20 [27]
[(CC=C)C,im][BF;CHCH;CH,CN] 25 20 [27]
[C,Cyim][BF,][BFCF;] 26 25 28]
[C4C im][BF,][BFCF;] 49 25 28]

It is clear from the table that the viscosity of ionic liquids is very high
compared to that of molecular solvents, although it decreases markedly with
increasing temperature. For example, [C,C,im][BF4] has a viscosity of 154
cP at 20°C, which decreases to 40 cP at 50°C and 12 cP at 90°C. Many of
the commonly employed anions are highly symmetric almost spherical
molecules and using less symmetric anions may be another way to markedly
lower the viscosity. Examples of such anions comprise the fluoroborate
anions [BF;CHCH;CH,CN] ! and [BF;CF;],** shown in Figure 2.4. At
present, the long-term stability of these anions remains unknown, but it is
likely that under the reactions conditions not untypical of many catalysed
reactions, they might decompose. Nonetheless these examples provide clues
as to how ionic liquids with low viscosities may be generated and the design
of low ionic liquids with low viscosity may prove to be essential for the
progression from the laboratory to a chemical plant.

g N
F F
Figure 2.4: Anions that provide low viscosity ionic liquids; (left) [BF;CHCH3;CH,CN]™ and
(right) [BF3CF3]”
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Both the melting point and viscosity of an ionic liquid are highly
dependent on their purity and values in the literature differ accordingly. In
the 1-alkyl-3-methylimidazolium tetrafluoroborate and hexafluorophosphate
ionic liquids, which are the ones most widely used in catalysis thus far,
halide impurities are usually present to varying degrees, due to the
metathesis route commonly used for their preparation (see Section 2.3). The
effect of different chloride concentrations present on the viscosity of
[C4C1im][BF,] is shown in Figure 2.5.1"%

2000+

Viscosity [Pa - s]
1

0 T T T T I T 1
0 05 1 15 2 25 3 35

Chloride Concentration [mol - kg')

Figure 2.5: Graph of chloride concentration versus viscosity for [C4C;im][BF,]

The densities of ionic liquids have a propensity to be higher than those of
water or most organic solvents and tend to lie in the range 1.2-2.0 g/cm’,
although ionic liquids with higher densities can be prepared.””! A high
density may be desirable to induce fast phase separation in e.g. biphasic
catalysis, but could, on the other hand, result in less efficient mixing of the
two phases during the reaction.

The heat capacities for a series of 1-alkyl-3-methylimidazolium ionic
liquids have been determined and found to be comparable to other organic
solvents, but lower than those with strong hydrogen bonding interactions
such as water and acids.®" It has been found that the heat capacity of ionic
liquids increases linearly with temperature. Surface tension has also been
measured for a series of 1-alkyl-3-methylimidazolium ionic liquids, showing
that it varies considerably, but can be very low.”*! Essentially, the smaller
the cation, i.e. the shorter the alkyl group, the lower the surface tension, but
further studies are required on a larger range of ionic liquids before a more
detailed analysis can be made.
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Physical properties such as melting, boiling (or decomposition)
temperatures, viscosity and density of a solvent are essential when choosing
a solvent for a particular application. Furthermore, it is also important to
have some assessment of the solvent polarity as this attests the solvation
capability for a solute as well as knowing about other properties such as
donor and acceptor numbers and other solvent scales and parameters.”*!
Solvent polarity is not easily quantified since it depends on the interplay of
electrostatic, inductive, dispersion, charge-transfer and hydrogen bonding
forces,”*! but despite the problems quantifying solvent polarity, numerous
methods have been devised, which are based on various physical and
chemical properties.

The polarity of some 1-alkyl-3-methylimidazolium ionic liquids has been
probed using the solvatochomic dye Nile Red and their polarity was found to
be comparable to that of lower alcohols as compared in Table 2.4.%! These
data put an end to the well cited myth that ionic liquids exhibit incredibly
high polarities greater than that of any organic solvent. Ionic liquid polarity
has also been measured by determining the '*N hyperfine coupling constant
of the nitroxide radical using EPR spectroscopy and these data agree well
with the values obtained using the solvatochromic dye.”®!

Table 2.4: E;" values for some common molecular solvents and ionic liquids

Tonic liquid EN

H,0 201.7
MeOH 217.7
EtOH 218.2
CH;Cl 2225
MeCN 225.0
n-hexane 247.0
[C4Cim][BF,] 217.2
[C4Cim][PFq] 218.5
[C4Cim][TEN] 218.0
[C4C1im][BF,] 216.8
[CC1im][PF] 216.8

As such, polar organic solvents like dichloromethane and propan-2-one
are miscible with ionic liquids, solvents of low polarity show partial
miscibility and non-polar solvents such as hexane are immiscible. The
polarity of ionic liquids can be modified by incorporation of various groups
onto the cation and, for example, perfluorinated chains have the effect of
considerably lowering polarity such that the resulting ionic liquid is miscible
with organic solvents of low polarity and immiscible with polar organic
solvents.
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In general, ionic complexes tend to dissolve well in ionic liquids whereas
neutral complexes are less soluble, but often dissolve on heating. For
example, Wilkinson’s catalyst, Rh(PPh;);Cl, dissolves in [C4C;im][BF4]
after warming, but it is usually poorly retained in the ionic liquid on product
extraction as it also dissolves in organic solvents. Accordingly, charged
ligands are required to improve its immobilisation in ionic liquids and many
examples of ligand design are cited throughout this book, in particular in
Section 4.4.

The solubility of reactive gases such as H,, CO and O, is also very
important in many catalysed reactions such as hydrogenation, carbonylation,
hydroformylation and oxidation. The general trend for the solubility of
relevant gases is as follows:"*"*

CO,>>>C,Hy=CH; > 0,>CO>H,

It is interesting to note that ionic liquids dissolve very high amounts of
CO, (considerably higher than in organic solvents)*'™* and therefore could
find uses in C; chemistry.****! Carbon dioxide is already being successfully
used to extract organic products from ionic liquids and continuous flow
processes are particularly interesting.*’**! While the solubility of neat ionic
liquids in supercritical CO, is very low, a considerable amount may be
dissolved in the presence of a co-solvent or large amounts of substrate."”"!
The solubility of ethylene and methane in ionic liquids is essentially the
same as that observed in organic solvents. Hydrogen and CO tend to be less
soluble in ionic liquids compared to organic solvents. In general, it would
appear that gases with large dipole or quadrupole moments and those which
can form specific (non-covalent) interactions with ionic liquids have the
highest solubilities.””) However, it is worth noting that by careful design of
an ionic liquid it should be possible to increases (or decrease) the solubility
of a particular gas. Since the solubility of CO was determined in an
extensive series of ionic liquids some general trends could be appreciated.
For the 1-butyl-3-methylimidazolium cation the solubility of CO increases
according to the series [BFs]” < [PF¢]” < [SbF¢]” < [CF;CO,]” < [TfN].
This coincides with an increase in the size of the anion, and a decrease in m*
interactions. From the series of [Tf;N]™ ionic liquids additional trends are
apparent; the solubility increases with the chain length of the alkyl
substituent in the pyridinium and imidazolium liquids (the solubility also
increases  with  chain  length  for  1-methyl-3-alkylimidazolium
tetrafluoroborate salts). The Kamlet-Taft parameters, ¢, S, and ©*, have
been evaluated for a number of ionic liquids.”"! In general, n* is higher for
ionic liquids (at least those studied) and varies with both anion and cation:
the o and P values are generally moderate; the former depends mainly on the
cation whereas the latter depends mainly on the anion. It has also been
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shown that, at least for CO, and ethylene, regular solution theory can be used
to model gas solubilties in ionic liquids at low pressures.”” Gas solubility
data relevant to specific catalysed reactions are presented in the appropriate
chapters.

The donor”® and acceptor number™ of a solvent, corresponding to the
Lewis basicity and acidity of the solvent, respectively, are useful parameters
widely studied for molecular solvents, but thus far largely ignored by the
ionic liquid community. The acceptor numbers for a limited range of ionic
liquids containing diphenylcyclopropenone has been determined by Raman
spectroscopy.””’ More generally, the Lewis acidity and basicity of an ionic
liquid is determined by the nature of the anion with strongly basic anions
such as [NOs;] at one extreme and acidic anions such as [ALCl;]" at the
opposite end. Anions such as [BF4]", [PFs]” and [Tf;N]™ are considered as
neutral, or only weakly coordinating, although recent studies have shown
that caution must be applied to such generalisations.’® In addition, with the
introduction of functional groups onto ionic liquid cations, many systems
now exist where the cation could provide the determining role.

Although the treatise above has focused only on those solvent properties,
which are most relevant for applications in catalysis, many other properties
could have been discussed, and a more detailed account that discusses these
parameters in the context of stoichiometric organic reactivity can be found
elsewhere."”) It is worth noting that any generalisation regarding ionic liquid
properties should be taken with caution since ionic liquids can be designed
to exhibit specific properties. Also, in order to fully rationalise reaction
mechanisms in a solvent an understanding of the microscopic dynamics, i.e.
liquid structure and solvation dynamics, are necessary, and in the case of
ionic liquids such fundamental studies are only beginning to be studied.

2.3 Synthesis of Ionic Liquids

The number of available ionic liquids continues to grow at an ever
increasing rate, however only few are used by the wider community. At the
same time, it has become fashionable to label charged compounds that not
long ago would have been (appropriately) described as sticky oil, as ionic
liquids, and a more considerate use of the term would sometimes be
desirable.

The majority of the ionic liquids in use are prepared via salt metathesis
reactions and one of the greatest challenges in the field of ionic liquids con-
cerns their synthesis in high purity. Until ionic liquids of well-defined purity
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are commercially available at acceptable prices, the reliability of the data
reported will remain somewhat ambiguous and catalyst performance in these
new media must be compared with some caution. At present, many research
groups working in the field prepare their solvents themselves, inevitably
leading to variations in quality and purity data are seldom provided.
Throughout this book the reader will find examples where small amounts
of (mainly halide or water) impurities can exert a huge effect on the outcome
of a catalysed reaction. Also examples, where results could not be
reproduced and different conclusions are reached, are not uncommon.
Having given this warning it is also clear that the field is moving at an
incredible pace and new synthetic routes and purification procedures are
being developed all the time, and in general the quality of ionic liquids used
presently is superior to those employed just a few years ago. Such changes
are not untypical of relatively new research areas, especially one which has
captured the imagination of such a large body of researchers worldwide.
Ideally, ionic liquids should be colourless (at least in the absence of
functional groups), clear, odourless and free flowing liquids. While coloured
impurities may subjectively appear more disturbing, they usually cause less
problems then the less obvious halide contaminants. Especially hydrophilic
ionic liquids comprised of e.g. [BF,4]” or [OTf] are likely to contain some
residual halide. If such ionic liquids are prepared via the commonly
employed metathesis route, careful washing of a solution in, for example,
dichloromethane with water is essential until addition of AgNO; to the
water-phase does not lead to a positive reaction for silver halide. While this
does not mean that there is no halide left in the ionic liquid, it could at least
be regarded as a minimum standard that ought to be fulfilled. While halide
impurities are easier to extract from hydrophobic ionic liquids, those based
on [PF¢], and to a lesser degree also those based on [BF,], are susceptible
towards anion degradation and formation of HF. It is increasingly common
to check the results for possible interference from the various impurities.
Numerous examples report on the beneficial effects when catalysis is
performed in an ionic liquid, be it increased rate, selectivity, recycling
potential or even the accessibility of products that were not available
otherwise. Are all these results to be questioned due to insufficiently purified
ionic liquids? Certainly not, rather the contrary is true. While ionic liquids of
poor quality are likely to afford inferior results, it is only in few cases that
the contaminant can be held responsible for any observed catalytic activity.
An example are acid-catalysed reactions where HF from degradation of the
anion could act as the catalyst.
Thus, while the absolute value of reported turnover frequencies and
selectivities are likely to be subject to change, it appears that with increasing
solvent quality results will change for the better, not the worse. Publications,
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which report significant improvements in ionic liquids relative to
conventional solvents, can in most cases be taken for the real thing. Whether
it makes sense to run a given reaction in an ionic liquid both from an
economical as well as an ecological point of view is a different question and
has to be decided in each individual case.

The most widely used synthetic approach used to prepare ionic liquids is
summarised in Scheme 2.1. The scheme depicts the preparation of
imidazolium-based ionic liquids although the method is widely applicable to
other types of cations, notably pyridinium systems.

N

NN
\—/
‘RCI
—vAN-R
N’i\N cr
, |
\ NaBF4 \AICI3 JLinzN
~NANR SNANR O Sy@R_N-R
\—/ BFy \/ AlCly \—/ THN
hydrophilic Lewis-acidic hydrophobic
ionic liquid ionic liquid ionic liquid

Scheme 2.1: Standard route to 1-alkyl-3-methylimidazolium-based ionic liquids

In the first step an alkylhalide (a chloride is shown in the scheme, but
bromides and iodides are also employed), reacts with methylimidazole to
form the imidazolium halide."””® In many cases solvent is not required
during the reaction, although a solvent may be required for separation of the
minor excess of one of the starting materials and if the alkylhalide is
composed of a long alkyl chain. Unfortunately the reaction does not always
go to completion which means that considerable efforts are required to
purify the salt product from the unreacted starting materials. The melting
points of the halide salts tend to be high and replacement with alternative
anions such as [BF4]” or [Tf;N]  via metathesis must be undertaken.
Recrystallisation of the halide salt (e.g. from acetonitrile) prior to anion
metathesis is advisable as removal of organic impurities at a later stage is
considerably more difficult. The salt by-product formed during the anion
exchange reaction is removed by filtration and/or washing with water in a
biphasic purification. However, this step is problematic as quantitative
removal of e.g. NaCl is difficult and residual halide impurities can have a
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significant effect on the resulting physical and chemical properties. To
alleviate this problem an alternative synthesis of [C4C,;im][BF,] has been
developed as outlined in Equation 1. By using tetrafluoroboric acid, HCI is
produced in place of NaCl, which can be removed more effectively by
washing and under vacuum since it is volatile

[C,C,im]Cl + HBF4 —> [C,C,im][BF,] + HCl () (1)

A similar method can be used for the preparation of hexafluorophosphate
liquids, but the [PF¢]™ anion is prone to decomposition with the release of HF
and care must be taken to avoid this problem.

Due to the problems associated with the metathesis route a number of
alternative synthetic procedures have been reported that give rise to halide-
free ionic liquids together with analytical methods for determining low
halide contamination levels®*® in jonic liquids. Two halide-free routes are
illustrated in Scheme 2.2. In the first route alkylimidazoles are methylated
with trimethyloxonium tetrafluoroborate such that the only by-product is
dimethyl ether, which is highly volatile and very easily removed.'®” The
method is most effective when the alkyl chain is short, but as long as good
stoichiometries are used it can be applied to a wide range of alkyl imidazole
precursors. The manufacture of ionic liquids on a large scale using this
method would not be unreasonable to perform, but the cost of the
trimethyloxonium tetrafluoroborate precursor could prove to be inhibitive.
Alternatively, reaction of alkyl imidazoles with dimethyl carbonate affords a
zwitterionic salt (hailde-free) which on subsequent treatment with HBF,
under carefully controlled conditions affords tetrafluoroborate based ionic
liquids in highly pure form.*

Rer /A RN /_|BF4
N N
NN+ (cHy0BF, — NN + (CHg)0
Oj;fo
HBF BF4
REN'SN + (CH0),CH0, —> R-NARNT 4 R‘N%N:'

Scheme 2.2: Routes to ‘halide-free’ imidazolium salts

A relatively inexpensive route to halide-free tetrafluoroborate ionic
liquids has been reported, shown in Scheme 2.3. In this one-pot reaction
between glyoxal, methylamine, #n-butylamine, formaldehyde, and
tetrafluoroboric acid a mixture of dialkylimidazolium tetrafluoroborate salts
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is produced.'”! The mixture can be used without further purification being
necessary.

1.MeNH,  Me~pAxy-BulBF Bu-2xy-Bu[BF
2. HBF,
3-0// Yo 50% 40%

n-BuNH, + HCOH
BF
Me -7 -Me P

10%

Scheme 2.3: One-pot (inexpensive) synthesis of 1-alkyl-3-methylimidazolium tetrafluoro-
borate ionic liquids

An increasing number of ionic liquids are no longer based on
tetrafluoroborate or hexafluorophosphate anions, although these remain the
most widely studied as solvents for catalysis. Alkylation with appropriate
precursors that simultaneously generate the anion represents the most
effective method. Alkylation of the 1-alkylimidazole derivatives are carried
out in trichloroethane, a solvent chosen for its stability toward strongly
alkylating agents, its moderately high boiling point, and the insolubility of
the imidazolium salts in this medium.!"¥

Alternative activation sources have also been applied to the synthesis of
ionic liquids, notably, the use of ultrasound®” and microwave dielectric
heating, which not only reduces the reaction time, but can also increase the
conversion.*>!

There has been some scepticism whether it will be possible to produce
ionic liquids on a large (multi-tonne) scale and in the advent of such a
product, then it would be intolerably expensive. However, a number of
recent papers have hopefully dispelled such perceptions and a number of
companies are ready to prepare ionic liquids on very large scales should
there be demand. It is likely that the ionic liquids prepared on a large scale
at low cost will not be based on the imidazolium cation, although even
this cannot be ruled out, but instead will contain phosphonium®”’ or
N-octylpicolinium cations.®® Lonza, for example, has the facility to prepare
N-octylpicolinium-based  ionic  liquids with  chloroaluminate or
tetrafluoroborate anions on a scale of 100 tonnes. It is worth noting,
however, that large quantities of ionic liquids may not be essential for their
application in biphasic catalysis.
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24 Functionalised Ionic Liquids

Ionic liquids with functional groups attached to the cation are largely
based on the imidazolium unit and are often prepared using the metathesis
route. Commencing with 1-methylimidazole and an appropriately
functionalised alkylhalide the quaternisation method tends to be very
effective and electron withdrawing groups attached to the alkylhalide
enhance the electrophility and thus shorten the reaction time. This method is
suitable for the synthesis of nearly all ionic liquids as long as they are stable
towards base. Because the basicity of imidazole is relatively strong in some
cases, elimination of hydrogen halide or a Hoffmann-type elimination can
occur. [

A wide variety of functional groups have been introduced directly onto
the imidazolium moiety including alcohols,”®”" carboxylic acids,'®*’* amine
and amide,!”! phosphine,[74] urea and thioureas,” thiols,/’*"” alkynes,[78’79]
alkenes,”” dienes,™ fluorous chains**'** and chiral moieties.**' F igure 2.6
shows a series of functionalised imidazolium cations that in combination
with appropriate anions give rise to low melting salts. The figure is not
comprehensive and it is also worth pointing out that not all the
functionalised systems have been prepared with catalytic applications in
mind. For example, the thiol functionalised ionic liquids were prepared in
order to stabilise gold nanoparticles, although here potential catalytic
applications can be envisaged. Additionally, the —P(=O)(OEt), derivatised
system was inspired by potential tribological properties.

The use of functionalised ionic liquids in catalysis is still very much in its
infancy. The presence of a functional group may serve any of the following
purposes in order to improve the catalytic reaction: (i) assist in the activation
of the catalyst; (ii) generate a novel catalytic species; (iii) improve the
stability of the catalyst; (iv) optimise immobilisation and recyclability;
(v) facilitate product isolation and (vi) influence the selectivity of the
reaction. In addition, the functionalised ionic liquid has to meet certain
requirements to be of use in synthesis/catalysis. Most important is their
inertness with respect to the reaction in question. Also, the right balance
between catalyst stabilisation and activation has to be found and this might
require careful tuning of the reaction conditions.
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Figure 2.6: Examples for functionalised imidazolium salts
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The conversion of one functionalised salt to another is possible and may
sometimes provide the only route to certain derivatives. For example, a
carboxylic ester can be converted to a carboxylic acid, affording Brensted-
acidic ionic liquids, as shown in Scheme 2.4."*) As mentioned above, halide
contamination in ionic liquids prepared by the traditional salt metathesis
route can lead to marked differences in their properties. The strategy used to
prepare the carboxylic acid functionalised ionic liquids efficiently eliminates
halide impurities by progressing through a zwitterionic intermediate, which
undergoes protonation with acids such as HBF, and HOTT to afford highly
pure, halide-free, ionic liquids.
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Scheme 2.4: Preparation of carboxylic acid-functionalised ionic liquids via a zwitterionic
intermediate

Sulfonic acid functionalised ionic liquids may also be prepared via a
zwitterionic intermediate from a Michael-type addition, as shown in Scheme
255481 In the first step 1-methylimidazole reacts with the sulfonic acid
precusor 1,3-propane sultone to form a zwitterionic intermediate.
Protonation with Brensted acids affords ionic liquids with high purity that
have proven to be highly efficient reaction media in, for example,
esterification reactions.'*® Task-specific ionic liquids may also be prepared
using semi-combinatorial methods."*”)

0540
NN . o . NN "s0;
\_/ ) i
le
~NARNTs0,H X

Scheme 2.5: Preparation of sulfonic-acid functionalised ionic liquids

It is also relatively easy to functionalise imidazolium cations at the
2-position.™ For example, the phosphine derivatised salts shown in Figure
2.7 illustrate such a substitution pattern and they are easily prepare by virtue
of the acidity of the 2-proton.”* Substitution of the 2-proton tends to yield
relatively high melting salts instead of ionic liquids. Despite this limitation
the imidazolium-phosphine compounds are good ligands for catalysis
improving the immobilisation potential of complexes dissolved in ionic
liquids.
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PPh,
"
~NZN-BU ~NN-BuU

Figure 2.7: Phosphine-functionalised imidazolium salts

Functionalised ionic liquids based on cations other than imidazolium
have also been developed. For example, pyridinium cations functionalised
with pentafluorosulfanyl™ or alkyl-nitrile groups”” have been prepared as
cheaper alternatives to their imidazolium-based counterparts (see Figure
2.8). The latter have been evaluated in palladium catalysed C-C cross
coupling reactions and improved catalyst retention and stability were
observed in the nitrile-functionalised ionic liquid compared to the simple
alkyl-analogue. Consequently, the nitrile-functionalised ionic liquid solution
can be reused repeatedly without significant decrease in activity (see Chapter
6 for further information).

_(CH2)n(CF2)mSF
| SN (CH2)n(CF2)mSFs | SN eN
= =

Figure 2.8: Functionalised pyridinium-based ionic liquids.

Although much less developed than the functionalisation of ionic liquid
cations, some efforts have been made in the development of ionic liquids
containing functionalised anions. Many ‘off the shelf” anions have been
combined with 1,3-dialkylimidazolium cations to afford ionic liquids with
properties that could be beneficial in certain catalysed reactions and some of
these are illustrated in Figure 2.9. Anions such as carboranes”" and metal
carbonylates” may be regarded as interesting curiosities, but can
nevertheless be exploited in organic synthesis and catalysis (see Chapters 3
and 9, respectively).
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Figure 2.9: Selection of functional anions employed in ionic liquids

The Monsanto catalyst for carbonylation of methanol is anionic, viz.
[Rh(CO),(I),]", and has been combined with the [C4C;im]" cation to afford a
room temperature ionic liquid which might have some benefits in catalysis,
although this has yet to be shown.!”! Aminoacid anions could prove useful in
catalysis'”* ) and a series of imidazolium-based ionic liquids with natural
amino acid anions has been prepared.”® Perfluoroated anions may lead to
ionic liquids that dissolve apolar solvents or substrates and can also be used
to immobilised catalysts bearing perfuorated ligands. As and example,
an ionic liquid containing a highly lipophilic anion, viz
[B{CsH4(SiMe,CH,CH,C¢F3)-p}4], was employed in hydrosilylation of
olefins with a perfluorinated rhodium catalyst."””!

Not all the anions shown in Figure 2.9 have been used in ionic liquids
that have been evaluated in catalysis, however, all could prove useful in the
future. The functionalised fluoroborate anions, [BF;R]™ (R = CF;, C5F;, C4F,
and CH;CHCH,CN), combined with imidazolium cations afford low
viscosity ionic liquids, the latter has also been shown to be stable in
hydrogenation reactions.”® The selenium-based anion [SeO,(OCH;)],
prepared from the reaction of SeO, with 0.5 equivalents of K,COs, also
affords low viscosity ionic liquids in combination with imidazolium cations
and they have been used as reaction media for oxidative carbonylation of
aromatic amines.”®

Combining functionalised cations with functionalised anions may lead
to highly task-specific ionic liquids, but very little has been undertaken in
this area in the catalysis domain. However, a number of so-called ‘dual-
functionalised’ ionic liquids have been reported”” and it has been shown
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that combining cations with donor groups with anions with varying donor
properties can have a marked influence on the nature of the catalyst and the
outcome of the reaction.””’

Chiral ionic liquids could become an important class of solvents,'
which may even be relatively cheap when prepared from the natural chiral
pool with anions such as lactate. However, as yet, their ability to induce
enantiomeric excess in catalysed reactions has been only met with limited
success."”"*! With increasing evidence to suggest that carbene ligands
derived from ionic liquid imidazolium cations are involved in certain
catalysed reactions it is likely that chiral ionic liquids that act as both solvent
and ligand could prove highly useful in stereoselective reactions. Some
examples of chiral cations that may lead to ionic liquids are shown in Figure
2.10.
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Figure 2.10: Examples of chiral ionic liquid cations

Under Mitsunobu conditions, see Scheme 2.6, it is possible to prepare
imidazoles with chiral side chains that can subsequently be converted into
ionic liquids."® One of the features of many of the chiral ionic liquids
reported to date, that could limit their application in catalysis, is their high
viscosity. However, by combining chiral imidazolium cations with anions
described above that help to reduce viscosity, this problem could potentially
be overcome.
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Scheme 2.6: Preparation of chiral imidazoles under Mitsunobu conditions
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An area in which functionalised ionic liquids are already playing an
important role in catalysis is heterogenisation on solid supports. The general
concept involves the immobilisation of imidazolium and other cationic
fragments onto solid supports using appropriate functional groups attached
to the cation. An ionic catalyst then resides within the ionic matrix and
several examples of such supported ionic liquid phase catalysts are provided
in the subsequent chapters of this book. The concept is illustrated in Figure

2.11.
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Figure 2.11: Surface modification using a functionalised ionic liquid
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2.5 Toxicological and Environmental Concerns

The toxicological and environmental properties of ionic liquids are
slowly emerging, but are becoming increasingly needed, as ionic liquids
are beginning to be employed in larger quantities. While ionic liquids are
classed as non-toxic and ‘green’ this is not necessarily the case, and such
generalisation must be taken with extreme caution. It would appear that
many ionic liquids are more toxic than commonly used organic solvents.

A strategy for the risk-assessment of ionic liquids has been
developed,!* and the aquatic biodegradation of both imidazolium cations
and a range of anions have been investigated.!'"””) It was found that 1-butyl-3-
methylimidazolium based ionic liquids with a range of different anions
(those currently widely used in catalysis) are essentially poorly
biodegradable. However, with a modified cation, viz. the 3-methyl-1-
(propoxymethylcarbonyl)-imidazolium cation, the analogous series of ionic
liquids were considerable more prone to biodegredation, indicating again
how designer ionic liquids can overcome specific problems."” Likewise,
ionic liquids containing the octylsulfate anion, which is cheap, widely
available and has a well-documented toxicology, have been developed and
are probably amongst the greenest available.!'””! Despite being prepared via
the convensional metathesis route they are readily isolated in halide free
form and are now prepared on the ton scale.

Ionic liquids have been shown to exhibit both antimicrobial and
antifungal activities."'” In general, if the alkyl groups are short then they are
not active, but with Cg chains and above activities become comparable to
effective reagents. The implication here is that if an ionic liquid can enter
microbial or fungal cells then it is likely that they could also enter mamalian
cells, exhibiting toxicity or potentially being mutagenic. In fact, preliminary
assays using human cells have been reported.''"'"*! However, the great
advantage of ionic liquids is that they are non-volatile and therefore cannot
be ingested by inhalation. So as long as they are handled properly and fully
removed from organic products, their expose to humans should approach
zero and therefore not present a serious health risk.
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Chapter 3
HYDROGENATION

The catalytic reduction of unsaturated bonds in the presence of a
hydrogen source, usually molecular hydrogen, is one of the most important
chemical processes for the synthesis of fine and bulk chemicals. Various
innovative hydrogenation catalysts have been developed during the last
century. Of particular importance are homogeneous catalysts, which provide
high activity, selectivity and, if required, enantioselectivity, which is difficult
to achieve with heterogeneous catalysts. Of all catalytic transformations
performed in the presence of ionic liquids, hydrogenation is probably the
best investigated. However, as this is a very diverse field, little is yet
understood in terms of how activity and selectivity can be optimised.

3.1 Introduction

One of the earliest reports on hydrogenation, in, what can possibly be
considered as ionic liquid, dates back to 1982, when Buchanan et al.
reported on the transfer-hydrogenation of polycyclic aromatic hydrocarbons
in molten SbCl; (mp. 73°C) which acts as both reaction medium and
catalyst, see Scheme 3.1.1"

.o 80 °C, 30 min
SbCls
39% yield

Scheme 3.1: Transfer-hydrogenation of anthracene with tetrahydronaphthalene as hydrogen
source in molten SbCly

Although not a catalytic reaction, the reduction of arenes with
electropositive metals like lithium, zinc or aluminium in chloroaluminate
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ionic liquids with gaseous HCI as the hydrogen source is worth mentioning
here.”! At ambient temperature, 9,10-dimethylanthracene was reduced
almost quantitatively within 30 minutes, see Scheme 3.2. Unlike other
reactions with dissolved metals as reducing agent, products containing
conjugated double bonds were not observed.

CH CH CH
® Al, HCI (g) ° °
20°C, 30 min .
—_—
[C5C4im]CI-AICI;
CHs CHy CHs
81% yield 14% yield

Scheme 3.2: Reduction of dimethylanthracene with dissolved aluminium as reducing agent
and HCl as the hydrogen source

Chauvin and co-workers were the first to use room-temperature ionic lig-
uids as media for hydrogenation reactions, employing [Rh(nbd)(PPh;),][PFs]
as catalyst for the reduction of I-pentene.”” Relative to acetone,
hydrogenation rates were almost five times higher in [C4C;im][SbFs].
Inferior rates were observed in [C4C;im][PF¢], ascribed to the lower
solubility of the substrate in this solvent, whereas [C4,C,;im][BF,] gave only
poor results for which chloride impurities in the solvent were believed to be
responsible. Catalyst immobilisation was good in all cases with less than
0.02% of rhodium detected in the organic phase and catalyst reuse was
possible. This early work certainly stands out in the field as it triggered the
development of biphasic ionic liquid catalysis. Furthermore, in the same
paper, the authors also described the partial hydrogenation of
cyclohexadiene to cyclohexene with 98% selectivity, showing the benefit of
different substrate and product solubility in the ionic media.

Since these nascent studies, a wide range of transition metal catalysts,
mainly based on rhodium and ruthenium, but also palladium, platinum and
other metals, have been used together with ionic liquids to hydrogenate vari-
ous substrates with a range of functional groups. These include alkenes,
alkynes, arenes, carbonyls, carboxylates, nitrates and polymers. In general,
the results obtained so far are very promising. Many of the catalysts can be
recovered simply by phase separation and then used for further catalytic
runs. Importantly, higher catalyst activities and chemo-, regio- and enanti-
oselectivities are frequently observed in ionic liquids relative to conventional
molecular solvents.

Immobilisation of the catalyst in an ionic liquid does not appear to affect
the reaction mechanism relative to a homogeneous system.”) However, if
charged intermediates play a role in the catalytic cycle, these are likely to be
stabilised, which might have an impact on the rate and selectivity of a given
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reaction. Like in other biphasic transformations, special protocols for the
separation of the products, such as supporting ionic liquids on solid supports
or using supercritical (or dense phase) carbon dioxide for product extraction,
are attracting growing attention and these will be discussed in more detail
below.

3.2 Hydrogen Solubility in Ionic Liquids

There was, and still is, some ambiguity concerning the solubility of
hydrogen gas in ionic liquids and its effect on activity and selectivity
of hydrogenation reactions. Initially, it was believed that H, is considerably
more soluble in ionic liquids than in conventional solvents and in some of
the early papers this hypothesis was used to explain, at least in part, higher
turnover frequencies relative to conventional homogeneous systems.!®
Various methods have been applied to determine hydrogen solubility,” but
it is only recently that reliable data have become available. High pressure
NMR spectroscopy was successfully used to determine the H, solubility in a
number of different ionic liquids, which are listed in Table 3.1.1'"!

Table 3.1: Hydrogen concentration in common solvents and selected ionic liquids at 298 K
and atmospheric pressure”

Solvent H, [mM]  Ionic liquid H, [mM]
Water 0.81 [C4C im][BF,] 0.86
Methanol 3.75 [C4C im][PFq] 0.73
Ethanol 2.98 [C4Cim][SbF¢] 0.93
Benzene 4.47 [C4Cim][OTH] 0.97
Toluene 3.50 [C4Cim][TH,N] 0.77
Cyclohexane 3.63 [C4C,im][CF;CO0] 0.98
[C¢Cim][BF,] 0.79
[C4Cim][BF,] 0.62

? Calculated from the solubility at 10.1 MPa, assuming that it changes linearly with partial pressure.

This method offers the advantage that only dissolved hydrogen is
observed and that it is significantly more sensitive than, for example, mass-
flow control. With the latter approach large volumes of ionic liquid are
necessary in order to generate reliable data. The solubility of hydrogen in the
majority of the ionic liquids was found to be of the same order as in water,
and lower than in many common organic solvents. Only in the somewhat
exotic ionic liquid [(Ce);(Ci4)P][PF3(C,Fs);] was a significantly higher
hydrogen concentration, 1.84 mM, found. The hydrogen solubility increases
with temperature, but this effect is rather small. However, by using mixtures
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of ionic liquid and scCO,, the hydrogen concentration can be increased
significantly, as is shown in Figure 3.1.'!]

0.204
0.15 4

0.10

Hydrogen [mol/L]

b

=}

o
|

0.00 T T T T
0 20 40 60 80 100
Carbon dioxide [bar]

Figure 3.1: Solubility of hydrogen in [C,C;im][Tf;N] at p(H,) = 30 bar as a function of added
CO, pressure

It is likely that at least some of the hydrogen that is transported to the
catalyst is dissolved in the substrate rather than in the ionic liquid. Therefore
it is difficult to decide whether mass-transfer of the gas into the ionic liquid
is the limiting factor. From the data available it appears, however, that sub-
strate solubility in the ionic liquid is of greater importance with respect to the
reaction rate than hydrogen solubility.

An elegant study on the effect of different hydrogen solubility was
undertaken by Jessop et al., who investigated the enantioselective
hydrogenation of tiglic and atropic acid.''>"*! Whereas tiglic acid requires a
low H, concentration for good ee, the opposite applies to atropic acid.!"* The
selectivity indeed showed a dependence on the ionic liquid employed. In
agreement with the above solubility data, for tiglic acid a higher ee was
obtained in [C4C,im][PF¢] than in [C,C,im][BF4], 93 vs. 88%; for atropic
acid, [C4C,im][BF4] gave better selectivity than [C4Cyim][PFs], 37 vs. 22%.

33 Ionic Liquids in Hydrogenation Reactions

Imidazolium-based ionic liquids, mostly the [BF4]" and [PF¢] salts, are
commonly employed for hydrogenation reactions and it has been observed,
that anions like triflate and acetate, which are reasonably good ligands, can
deactivate the catalyst.!"”

In the acidic ionic liquid [C,C,im]CI-AICl;, stabilisation of Wilkinson’s
catalyst RhCI(PPhs); was observed.'” When the complex is dissolved, a
phosphine ligand dissociates and the vacant coordination site is presumably
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occupied by [AICl4]". Upon addition of hydrogen, the remaining chloride
ligand is substituted for a hydride, see Scheme 3.3. Despite the stabilising
effect provided by the anion, chloroaluminate ionic liquids are rarely used in
hydrogenation due to their tendency to polymerise olefins.!"”

FPhs [C,C4im]CI-AICI RPhs H, i
CI—Rh—PPh; ———"% C|—Rh—PPh; ——2—> PhyP-Rh—PPh,
-PPhs
PPhs

cl cl
“SAICI TAICH

Scheme 3.3: Proposed stabilisation of RhCI(PPh;); in a chloroaluminate ionic liquid

A similar process probably applies when RuCl(PPh;); is dissolved in
[C4Cim]CI-ZnCl,, and such a solution was used in the biphasic hydrogena-
tion of 1-hexene."! Polymerisation was not observed, with the catalyst
activity (TOF = 2,640 mol-mol-h™") being comparable to that in
[C4Cim][BF,4]. However, product separation was more facile using the
chlorozincate ionic liquid as it solidifies at room temperature, allowing the
product phase to be poured off.

The solubility of substrate and product in the ionic liquid may not only
affect the rate of the reaction, but it can also have a significant influence on
the selectivity of a given reaction. Usually, hydrogenation reactions afford
products that are less polar than the starting material. If the substrate con-
tains several functional groups that can be reduced, selectivity of the reaction
may be tuned by varying the ionic liquid. An example of solvent-induced
selectivity involves the reduction of dienes to monoenes. Under homogene-
ous conditions an alkene like butadiene can easily re-associate with the
catalyst once it has been reduced to butene to undergo further hydrogenation.
In ionic liquid biphasic catalysis, the solubility of the monoene is often
significantly lower and the partially reduced product can be obtained with
high selectivity.!'*>

34 Homogeneous Catalysts
3.4.1 Monomolecular Catalysts

It is mostly complexes of ruthenium and rhodium that have been used to
conduct hydrogenation reactions in ionic liquids and little attention has so far
been paid to modifying the employed catalysts to improve their performance
in the ionic environment. The majority of the catalysts used are identical
to those employed in conventional homogeneous catalysis conducted
in molecular solvents like, for example, RhCI(PPhs); and RuCl,(PPh;);.
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Accordingly, many papers serve the purpose to demonstrate that a specific
substrate can be reduced in the presence of an ionic liquid. It has been shown
indeed that these established complexes tend to work rather well in ionic
liquids and the rates of reaction often even exceed those obtained in
homogeneous (single-phase) systems. In many cases, the actual catalyst is
formed in situ by dissociation of a ligand, a step that could proceed faster in
a highly ionic environment if the ligand is charged, although one that could
be impeded by halide-contaminated ionic liquids. Yet, this effect cannot be
generalised and it was shown that chloride dissociation from a metal centre
can be thermodynamically disfavoured in ionic liquids.”® Design of pre-
catalysts bearing better leaving groups may be required to allow the genera-
tion of a vacant coordination site. It is assumed that after dissociation of an
anionic ligand the resulting cationic species is stabilised in the ionic liquid,
leading to increased lifetime and ultimately a higher recycling potential. In
comparison to biphasic aqueous hydrogenation reactions, substrate solubility
is usually significantly higher in ionic liquids, resulting in increased reaction
rates.

In a number of publications, propanol is employed as a co-solvent,
apparently serving a two-fold purpose: To decrease the viscosity of the ionic
liquid and to assist in the catalyst-forming step. With common ruthenium
catalyst precursors of the type Ru(OAc),(PP) (PP = chelate diphosphine), a
reaction sequence as shown in Scheme 3.4 has been proposed to account for
catalyst activation.*"!

) Pk Pl

Me-CiO/"' u"“\P i-PrOH SoIV//,,,Rlu‘.mP B-H-Elimination Solv'“Ru““\P
o7 | Yo sov” | “YSolv PARN
I Solv H
Oo—C Solv
Me

Scheme 3.4: Catalyst activation via B-hydrogen elimination from 2-propanol

The presence of polar co-solvents such as simple alcohols in biphasic
systems could lead to increased catalyst leaching, even if the active complex
is charged, and ligand-modification may be necessary in order to minimise
loss of the catalyst.

Ideally, biphasic catalysis is performed in such a way that mass-transfer
from one phase to the other does not restrict the rate of the reaction. An ele-
gant solution to overcome this potential limitation is reversible two phase-
single phase reaction conditions. An example of a temperature-controlled
reversible ionic liquid-water partitioning system has been demonstrated for
the hydrogenation of 2-butyne-1,4-diol, see Figure 3.2.%*!
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H20 HO_~~on
+
HO, HO _~_~
80°C 20°C | o TN o

@
@ @ o

[CgC1Im][BF4]

= [Rh(n*-C7Hg)(PPh3)z][BF]

Figure 3.2: Hydrogenation under reversible two phase-single phase reaction conditions

An ionic liquid with a relatively long alkyl chain, [CsCiim][BF4], was
selected as it is forms two phases with water at low temperature, but above
80°C gives rise to a homogeneous system. Using the hydrophobic and ionic
catalyst [Rh(nbd)(PPh;),][BF4], 2-butyne-1,4-diol was hydrogenated at 60
bar, 80°C to give a mixture of the corresponding alkene and alkane. After the
reaction, the system was cooled to room temperature and two phases formed
enabling facile separation of the products without catalyst contamination.
The ionic liquid-catalyst system could be reused several times without
depreciation in activity. Some characteristics of this particular system are not
yet optimal in that, for example, the chosen ionic liquid contains ca. 12%
water at ambient temperature and therefore not all of the formed product is
obtained by decantation. Although 2-butyne-1,4-diol is a relatively easy sub-
strate to hydrogenate and, for example, has been hydrogenated in supercriti-
cal CO, with the stainless steal reactor serving as the catalyst,*® the reaction
in [CgCim][BF4] illustrates the potential of eliminating organic solvents
completely from reactions involving water soluble substrates.

There are many examples of hydrogenation reactions in ionic liquids and
only a selection will be shown in greater detail, however a summary of
hydrogenation reactions performed in ionic liquids is provided in Table 3.2.
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The hydrogenation of sorbic acid to afford cis-3-hexanoic acid proceeds
with up to 93% selectivity in [C4C,im][PFs] with [RuCp*(n*-sorbic
acid)][OTf], 1, as catalyst, as shown in Scheme 3.5."" Increasing the
hydrogen pressure led to a drastic decrease in selectivity whereas the effect
of temperature was found to be less pronounced.

“|oTf

Ru
—\(_/—CooH
1
~0.25 mol% 1
o) 10 bar Hz o)
/\/\)j\ 40°C, 85 min /\/\)I\ . —\=/——>:O
OH [C,C4Im][PFg] - MTBE OH HO

7% 93%
52.3% conversion

Scheme 3.5: Reduction of sorbic acid with [RuCp*(n*-sorbic acid)][OTf] as catalyst

Only very few examples of homogeneous catalysts based on other metals
have been reported, namely iridium, cobalt and palladium. With
palladium(II) acetylacetonate, highly selective (up to 100%) hydrogenation
of dienes to monoenes was achieved. The high selectivity was attributed to
the formation of a thermodynamically favoured n’*-allyl Pd-intermediate and
also to the higher solubility of the dienes in the ionic phase compared to the
monoenes."” The catalytic system can be recycled up to fifteen times
following a simple phase separation.

The cobalt salt K;[Co(CN)s] was evaluated for the selective
hydrogenation of dienes in [C4C,im]|[BF4] and at low temperature gave
100% selectivity for the reduction of butadiene to 1-butene.’! The catalytic
system was, however, deactivated after one run and it is proposed that strong
hydrogen bonding interactions between [C4C,im]" cations and [Co(CN)s]*,
to form a species of the formula [C4C,im];[Co(CN)s], prevent the
coordination of the diene substrate to the metal centre.

Of particular importance are enantioselective hydrogenation reactions.
Here, the usually expensive chiral ligands make recyclable systems
particularly attractive. Enantioselective hydrogenation in an ionic liquid-
propanol mixture was first attempted with [Rh(cod)(DIOP)][PF¢], 2, in
[C4Ciim][SbF¢] for the reduction of «a-acetamidocinnamic acid to give
(S)-phenylalanine, see Scheme 3.6.°! The selectivity was only moderate,
64% ee, but catalyst recycling was possible with less than 0.02% rhodium
detected in the organic phase.
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PFg
>
Ph,P Rh/Pth
(cod)
2 1 mol% 2
1 bar H,
©/\(COOH 20°C #\COOH
HN \( [C4C4im][SbFg] - PrOH HN \(
0 0

64% ee

Scheme 3.6: Enantioselective reduction of ai-acetamidocinnamic acid

Chiral rhodium-DuPHOS complexes are highly efficient catalyst for
the enantioselective hydrogenation of enamides. One drawback of these
catalysts is that they are easily oxidised and inert conditions are required
for optimal results. The methyl- and ethyl substituted Rh-DuPHOS
compounds, 3a and 3b, have been successfully applied in the reduction of
o-acetamidocinnamic acids in [C4C,im][PFs], Scheme 3.7.°°" While
activities and selectivities are slightly lower compared to the homogeneous
reaction in 2-propanol, the ionic liquid-immobilised catalyst is less prone to
oxidation and recycling is feasible at least three times.

OTf
R R
D%
(cod) =
R R

3a:R=Me
3b: R=Et
3a
2 bar H,
©/\(COOM9 25 °C, 20 min x,CO0Me
HN\n/ [C4C4im][PFg] - PrOH HN\n/
(0] (0]

Cycle 1: 83% Yield, 96% ee
Cycle 3: 62% Yield, 95% ee
Cycle 5: 58% Yield, 94% ee

Scheme 3.7: Asymmetric reduction of a-acetamidocinnamate

Numerous other bidentate phosphine ligands have also been tested in this
reaction.*”) Interestingly, addition of water to the employed ionic liquids
[CsC,im][BF4] and [C4,C;im][Tf;N] led to increased ees and/or reaction rates
compared to common organic solvents when ferrocene-based di-phosphines
such as 4 and 5, shown in Figure 3.3, were used.
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QD Dl
O Q

S S=

4

Figure 3.3: TANIAPHOS and JOSIPHOS-type ligands used in the asymmetric reduction of
enamides

Modification of a phosphine ligand with imidazolium substituents affords
the highly charged rhodium catalyst 6, illustrated in Scheme 3.8, which was
successfully used for the enantioselective reduction of N-acetyl-
phenylethenamine in [C4C,im][SbF]/2-propanol.*'! Use of this charged
phosphine ligand reduced catalyst leaching to below ICP-OES detection
limits, relative to 2% catalyst loss with the underivatised ligand, and this is
mirrored in improved retention of catalytic activity.

T

N N
Me—(+ | Ph,P_ ,PPh, E)}‘Me
N Rh N

_|SBF4

/ v
Me (cod) Me
6
1 mol% 6
1 bar H,
NHAc 20°C,1h + NHAc

[C4C4im][SbFg] - PrOH

Cycle 1: 100% Yield, 97% ee
Cycle 4: 82% Yield, 95% ee

Scheme 3.8: Asymmetric reduction of N-acetylphenylethenamine

The enantioselective hydrogenation of imines was also undertaken with
iridium complexes bearing bidentate phosphine!*! or phosphine-oxazoline!'"!
ligands. With the latter ligands the presence of CO,; as co-solvent was found
to lead to an increase in catalytic activity in the reduction of N-
(phenylethylidene)aniline when [C,C,im][Tf,N] was used. With other ionic
liquids, rate enhancement was also observed, though to a lesser extent. The
positive effect was attributed to both reduced viscosity and increased hydro-
gen solubility in the solvent mixture. Besides the structure of the ligand, the
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selectivity of the reaction depended on the coordinating ability of the ionic
liquid anion and highest ees (78%) were found with [C,C,im][BARF], while
[C4C,im][BF,] gave only 30% ee. Using scCO, to extract the product gave a
highly stable catalytic system with no significant decrease in activity after
seven runs.

Instead of charged moieties, the presence of polar functional groups may
be sufficient to enhance catalyst immobilisation in ionic liquids. The
ruthenium complex 7a, containing a BINAP ligand with phosphonic acid
substituents in the 4,4’-position, has been employed in the asymmetric
hydrogenation of B-keto esters, see Scheme 3.9.°'°%1 Bulky or electron-
donating substituents in this position were found to markedly increase the
enantioselectivity relative to unsubstituted BINAP. In [C4C,C;im][Tf,N],
deterioration in activity and selectivity occurs only after the fourth cycle,
whereas in [C4C,im][BF,] and [C4C,im][PF], deactivation takes place much
more rapidly. For both 7a and 7b no appreciable leaching occurred during
product extraction and it is believed that loss of catalytic activity is caused
from decomposition of the active hydride species.

R R'" R R
0 :
Phy C| OO Ph; Br OO Phy CI Hy
Ph
p\éu/DMF p\éu/Solvent p\éu/Nj;\
7> an’ N
P p P | N
sl des L uNeoe
R
R R R R
7a: R = P(O)(OH), 8a: R = CHyNH3Br, R'=H 9a: R = P(O)(OH), R'=H
7b: R = SiMey 8b: R = H, R' = CH,oNH3Br 9b: R = H, R' = P(O)(OH),
1mol% 7a
105 bar Hy

o 0 20°C, 20h OH O
)j\/”\o/ [C3C1C4im][Tf,N] - MeOH /'\)J\O/
Cycle 1: >99% Yield, 98% ee

Cycle 4: >99% Yield, 97% ee
Cycle 5: 77% Yield, 96% ee

Scheme 3.9: Asymmetric hydrogenation of S-keto esters

When 8a and 8b are employed as catalysts for the hydrogenation of ethyl
acetoacetate, the enantioselectivity shows a pronounced dependence on the
nature of the ionic liquid anion with [PFs]  giving the lowest selectivity,
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as shown in Table 3.3.°* An increase in selectivity was observed after
recycling of the catalyst solution, but this observation is not yet understood.
The presence of small amounts of water were found to be detrimental to the
ee. Unfortunately, recycling of the catalyst was restricted to two runs and it
is therefore not clear whether the presence of the charged ammonium groups
on the BINAP ligand offer any advantage relative to the polar, uncharged
groups.

Table 3.3: Effect of the ionic liquid on the enantioselectivity in the reduction of ethyl
acetoacetate with catalyst 8a (50°C, 40 bar H,)

ITonic Liquid ee [%)]
[C4Cim][PFq] 75
[C4C im][BF,] 86
[C4Cim][TH,N] 78
[Capy][THN] 85

Similar complexes, 9, with DPEN as ligand were tested in the hydro-
genation of aromatic ketones.””! With 9a, excellent enantioselectivity was
achieved while 9b gave much poorer results. The presence of an acidic pro-
ton on the imidazolium led to inferior results, presumably due to catalyst
deactivation via formation of carbene complexes. Accordingly, best activi-
ties were obtained with [C;C,C,im][Tf,N]. After three catalytic runs, activity
decreased markedly, however, the selectivity remained high.

A somewhat more unusual system consists of the rhodacarborane
catalyst precursor [closo-1,3-{p-(n*-3-CH,=CHCH,CH,)}-3-H-3-PPh;-3,1,2-
RhC,ByH ], 10, illustrated in Scheme 3.10, which contains what is termed a
suicide alkene ligand,. Together with the chiral co-ligand (R)-BINAP, it has
been used to catalyse the reduction of ketones to alcohols under
hydrogenation conditions.”™® The catalyst was immobilised in either
[CsCyim][BF,], [C4Ciim][PF¢] or an ionic liquid containing a 1-
carbadodecaborate anion, [Cypy][CB,;H,,]. The latter ionic liquid showed a
beneficial effect, which was attributed to a catalytically active species in
which the carborane anion of the ionic liquid is bound to the metal centre. In
the hydrogenation of acetophenone and ethyl benzoylformate to their
corresponding alcohols, quantitative conversion and high ee (>97%) were
obtained in the ionic liquids, while only moderate conversion and
enantioselectivity was observed in THF. The catalyst could be recycled at
least six times without deactivation or loss of selectivity following the
removal of the reaction product under high vacuum.
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0 0.1 mol% 10 OH
0 1.5 equiv. BINAP 0
©)\n/ ~ 12 bar Hy, 50°C S
o lonic Liquid o
A
PhsP
P~ Solvent TOF[h"]  ee[%]
THF 107 85.7
‘(H [C4C4Im][BF4] 213 98.2
O =BH [C4C1Im][PF] 201 99.3
®-C [CPYICB1iHia] 306 99.5
10

Scheme 3.10: Asymmetric hydrogenation of ethyl benzoylformate with a rhodacarborane
catalyst

342 Cluster-Catalysed Hydrogenation Reactions

Although the true nature of the catalyst is not always clear when mono-
nuclear complexes are used as pre-catalysts in hydrogenation reactions, with
cluster compounds employed as the pre-catalyst, it is frequently found that
the active species is colloidal and review articles are available on how to
distinguish between homogeneous and heterogeneous regimes.*** A sum-
mary of hydrogenation reactions with metal-clusters in ionic liquids is
provided in Table 3.4.

Table 3.4: Cluster-catalysed hydrogenation reactions in ionic liquids

Tonic liquid Cluster Comments Ref

[C4Cim][BF,] [RusHs (M®-CeHg)u** 60 bar, 90°C; arenes as substrate; similar [35]
performance as in water; catalyst [45]
solution could be reused several times,
product isolated by distillation or decan-
tation.

[C4Cim][BF,] [RugC(CO);6]* 50 bar, 100°C; styrene and other olefins [22]
as substrate; active species probably col-
loidal; with styrene similar activity to
conventional solvents; cyclohexadiene is
selectively reduced to cyclohexene.

[C4C, im][various] [Os4H;5(CO) o] 50 bar, 100°C; styrene as substrate; sig- [22]
[C4C,C im][various] [WOs;H(CO);,]” nificantly higher activity in ionic liquid
[CsCipyl[BF4] than in octane or methanol; cluster is

probably the active species.

The performance of four different anionic carbonyl clusters in the hydro-
genation of styrene, viz [HFe3(CO)y,], [HWOs3(CO)y4], [H30s4(CO)1»] and
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[RusC(CO)i6]*~ has been investigated in octane, methanol and
[C4C,im][BF4].*?! The activities of both the ruthenium and the iron cluster
are essentially independent of the nature of the solvent — the latter being
almost inactive — whereas performance of the osmium-containing cluster
is considerably superior in the ionic liquid, but much lower than for the
ruthenium compound. While [RugC(CO)y¢]*” decomposes under the reaction
conditions to form colloidal ruthenium, [H;0s4(CO),,]” appears to remain
intact and the superior turnover frequencies in the ionic liquid relative to the
molecular solvents are likely to be due to better stabilisation of the charged
cluster catalyst in the ionic liquid.

Arene-hydrogenation was accomplished with the tetranuclear complex
[RugHy(M -CeHe)s][BF 4], in [C4Cyim][BF,4]”**'and this cluster has also been
used to evaluate the effect of hydrogen concentration on catalytic activity.!""!
The chloride-salt of the same cluster has already been tested in aqueous
biphasic catalysis,*® and turnover frequencies in ionic liquid biphasic
catalysis are of the same order of magnitude. The main advantage relative to
the aqueous process lies in the ease of product separation — especially if
different arenes are to be reduced with the same batch of ionic liquid; in
aqueous catalysis arene traces remain in the water and they are difficult to
remove. Under the conditions applied, 60 bar at 90°C, it cannot be excluded
that at least part of the catalytic activity is due to formation of nanoparticles,
although experiments have not been performed to test this hypothesis.

343 Transfer-Hydrogenation

Examples of aqueous biphasic transfer-hydrogenation are rare,*’*! and
likewise, only few reports on transfer-hydrogenation in ionic liquids are
available. lonic liquid biphasic transfer-hydrogenation certainly suffers from
the fact that highly polar hydrogen sources such as 2-propanol or formic
acid/triethylamine azeotrope are required and only very few ionic liquids
will form a stable biphasic system with these reagents. Furthermore, strong
bases are often employed to generate the active catalyst in situ, which further
limits the choice of ionic liquid. As such, when imidazolium-based ionic
liquids are used it is necessary to replace the proton at the 2-position with,
for example, an alkyl group, otherwise deprotonation and the subsequent
formation of carbene complexes is highly likely to take place. An overview
of transfer-hydrogenation in ionic liquids is provided in Table 3.5.
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Table 3.5: Transfer-hydrogenation reactions in ionic liquids

Tonic Liquid Catalyst Comment Ref
[C4CiCim][PF4]  Chiral Ru catalyst 35-40°C; acetophenone as substrate; [50]
with imidazolium tag  /PrOH/KOH or formic acid/NEt;
on the n°-arene azeotrope as hydrogen source; use of

general precursor for biphasic catalysis;
excellent ee; catalyst reuse possible four

times.
[C4Cim][BF,] Chiral Ru catalyst 20°C; arylketones as substrate; formic [51]
[C4Cim][PF¢] with imidazolium tag  acid/NEt; azeotrope as hydrogen source;
on the diamine ligand  catalyst recycled four times; ee > 90%.
[C,R;P][OTs] [Rhy(OAc),] +ligand  120-150°C; acetophenone as substrate; [52]

iPrOH/KOH as hydrogen source; rather
low activity.

[C4Cim][PF¢] Pd/C 150°C; functionalised arenes as sub- [53]
strate; ammonium formate as hydrogen

source; microwave-accelerated catalysis;
reduction of C=C, C=C and NO,.

Activated carbon containing 10% palladium has been used in the micro-
wave-assisted transfer hydrogenation of various organic substrates with
nitro, alkene and alkyne groups at high temperature, ca. 150°C.”*! These
functional groups were reduced selectively in substrates also containing C=0
or C=N bonds. The catalyst was immobilised in [C4C;im][PF¢] and either
ammonium formate or triethylammonium was used as hydrogen source, see
Scheme 3.11. The products were isolated in high purity after extensive
extraction of the ionic liquid phase with methyl-fert-butyl ether and the
catalyst could be reused, but its activity decreased notably with each run.

o 10 mol% Pd/C 0
5 eq. NEt;COOH
AN 150°C, 80 min ©/\)‘\
[C4C4im][PF]
300 W Microwave g\ 1. 100% Yield

Run 3: 68% Yield
Run 5: 59% Yield

Scheme 3.11: Microwave-assisted transfer-hydrogenation of cinnamaldehyde with palladium
on activated charcoal

A variety of phosphonium tosylate ionic liquids have been used for the
enantioselective transfer-hydrogenation of acetophenone with a rhodium
catalyst using 2-propanol as the hydrogen source.”” The active catalyst is
formed in situ from Rh,(OAc), and an excess of chiral ligand, either (1S, 2R)-
cis-aminoindanol or (-)-DIOP with only the latter ligand affording good
selectivities. Reactions were performed at relatively high temperatures, typi-
cally 120-150°C, but conversion after 16 hours was only poor to moderate.
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Due to the high melting point of the employed tosylates (between 68°C and
152°C), product separation is facile at the end of the reaction.

Complexes of the type [Ru(n’-arene)(L)CI]" (L = diamine or amino-
alcohol) are widely used catalysts for enantioselective transfer-hydrogena-
tion reactions.”* In conjunction with highly polar co-solvents/reagents,
modification of the catalyst is required to ensure sufficient retention in the
ionic liquid. Attaching an imidazolium tag to the m°-bound arene of the
common catalyst precursor [Ru(n’-arene)Cl,], results in a versatile starting
material for biphasic catalysis, 11, which allows the use of conventional,
easily accessible ligands, as shown in Scheme 3.12.°% The utility of such
modified dimeric complexes was demonstrated in the highly enantioselective
transfer-hydrogenation of acetophenone and related compounds.

|\,{|le—|ZBF4
Me~<(+J
N
N_ Cl_ JCl
_Ru Ry
N ¢ oTa”
E»\Me
N
Me 11

Z 1N\ 71N BF4
o T om 8
;
—
N
CI\\\" RU\ >/ Me CI\\\" RU\ >/ Me
Cll NH, Me d >nh, Ve
\)""'Ph TsHN 7/4
HO~/ Ph
Ph Ph
12 13

Scheme 3.12: Synthesis of imidazolium-tagged transfer-hydrogenation catalysts

Although the presence of such an ionic tag decreased the leaching sig-
nificantly, the amount of ruthenium found in the alcohol phase is still too
high for practical use and base-induced catalyst degradation was proposed to
be responsible for this observation. The complex bearing a diamine-ligand,
13, proved to be more stable than that containing the aminoalcohol, 12. An
ionic liquid solution containing 12 affords only 5% yield upon recycling,
whereas 66% and 57% yield were obtained with 13 in the second and third
run, respectively.

Despite the presence of the imidazolium tag, best results were obtained
with the conventional catalyst 14 in combination with formic acid/triethyl
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amine azeotrope as hydrogen source and only after the fifth cycle was a
marked decrease in activity observed (see Scheme 3.13). As this reagent
forms a homogeneous phase together with [C4C,C,im][PFs], a product
extraction step with hexane or diethyl ether was also necessary. The
remaining solution can be recharged with ketone and formic acid and reused.
However, this gradually leads to increasing volume of the reaction solution
and thus decreased turnover frequency due to dilution. Accordingly, the
solution containing the catalyst was be washed with water after product
extraction and dried in vacuo prior to the next catalytic cycle. This procedure
could not be applied when complex 13 was used as the presence of the tag
also increases the hydrophilicity of the catalyst.

—~ o<

cv R
4 N,
TsHN >/<
Ph
Ph 44
0.5 mol% 14
o HCOOH/NEt, OH

40°C, 24 h
k
[C4C4C4im][PF¢]

Run 1: >99% Conversion, 99% ee
Run 5: 96% Conversion, 99% ee

Scheme 3.13: Transfer-hydrogenation of acetophenone with HCOOH/NEt; as hydrogen
source

Improved catalyst recycling was also achieved in the reduction of aceto-
phenone with formic acid/triethyl amine azeotrope with the m°-benzene
analogue of 14 bearing an imidazolium moiety on the diamine ligand instead
of on the coordinated arene (see Figure 3.4).5"). In [C,C,im][PF] the stabil-
ity of the catalyst was superior in repeated runs when a mixture of
[RuCly(m®-benzene)], and 15 was employed rather than the neutral complex
RuCl(n®-benzene)(TsDPEN).

N (0]
/\
bN'(CH2)4_OO§—N F/H‘\\Ph
~ 3 +

15

Figure 3.4: A chiral DPEN-ligand bearing an imidazolium tag
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3.5 Nanoparticle Catalysts

Soluble transition metal nanoparticles (or nanoclusters) have attracted
increasing attention in recent years and their preparation, structural
characterisation and application as catalysts in alternative solvents are
currently under intense scrutiny.”’””’ Modern nanoparticle catalysts are
defined by their controlled composition, size, surface-stabilising molecules
and solubility in an appropriate solvent. Due to their intrinsic charge and
steric bulk, ionic liquids can create an electrostatic and steric stabilisation of
nanoparticles similar to polyoxo-anions and tetraalkylammonium salts.!*>*"-
%21 The interaction between ionic liquids and nanoparticles is demonstrated
by the removal of gold nanoparticles from water with [C4C,im][PF].!%"!
Accordingly, ionic liquids are finding increased use as media for the
controlled preparation of nanoparticles which are often obtained within a
fairly narrow size distribution. Functional groups on the ionic liquid like
thiols!**! or nitriles'® can further influence the size, solubility properties
and stability of nanoparticles. A summary of nanoparticle-catalysed
hydrogenation reaction is given in Table 3.6.

Nanoparticles of ruthenium, rhodium and iridium have been prepared in
ionic liquids and tested in biphasic hydrogenation by Dupont and
co-workers. Ruthenium nanoparticles of ca. 2.5 + 0.4 nm were obtained in
situ in [C4C,im][PFs] in the reduction of 1-hexene with Ru0,.[”) Depending
on the anion of the ionic liquid, the reaction rate varies between 147 and 943
mol-mol "-h™!, which compares with 3,300 mol-mol “h™" in neat substrate.
Whereas the particles formed in neat 1-hexene quickly lose their activity,
reaction rates remain relatively stable when the catalyst is immobilised in the
ionic liquid and reuse is possible more than 15 times. Ruthenium particles
have also been applied to the partial hydrogenation of benzene.®! A solution
of Ru(cod)(cot) in [C4C,im][PF¢] was treated with hydrogen (4 bar) at 75°C
and the formed colloid isolated by centrifugation. A maximum of 39%
selectivity for cyclohexene was observed, however at only 1% benzene
conversion, and selectivity decreases to 11% at 15% conversion.

Although ionic liquids have a beneficial effect on stabilising the particles,
the addition of further stabilisers may be necessary. Highly recyclable palla-
dium particles of 2-5 nm size were prepared from the reduction of Pd(OAc),
with H, in [C4C;im][PFe] in the presence of 25 mol% phenanthroline.'*”!
Even after ten repeated hydrogenation runs of cyclohexene no deactivation
was observed. In the absence of phenanthroline, black palladium particles
precipitate and activity rapidly decreases.
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Rhodium, palladium and platinum nanoparticles, stabilised with poly
(N-vinyl-2-pyrrolidone) (PVP), have also been evaluated in the
hydrogenation of olefins and benzene.”! After five catalytic runs, no
aggregation and change in particle size was observed.

The selective reduction of either the C=C or C=0 bond of o,f-
unsaturated aldehydes is a very important reaction.’® The reduction of the
C=C bond in cinnamaldehyde and citral has been catalysed by 10%
palladium on activated carbon in a range of ionic liquids.”””! Compared with
organic solvents, the reaction rates are markedly lower in the ionic liquids.
Much of the metal surface is inside the pores of the carbon support and
depending on the size of the ionic liquid, diffusion into these pores will be
limited and pore-blockage can occur. Much higher selectivity towards the
product of C=C bond reduction was achieved in ionic liquids compared to
organic solvents. By tuning the reaction conditions such as temperature and
H, pressure, and using the appropriate ionic liquid, 100% conversion and
100% selectivity may be achieved. Of the 12 different ionic liquids screened,
100% conversion and selectivity could be obtained for the reduction of
cinnamaldehyde to hydrocinnamaldehyde in [C,C,im][BF4] and
[C4Cim][PF¢], see Scheme 3.14.

(o) Pd/C 0 OH
40 bar H,
N H 60°C, 4 h H H
_— +
ionic liquid
[C4C4im][PFg]: 100% 0%
[C4C4im][BF4]: 100% 0%
[C4C4im][OACc]: 78% 22%
[C4C4im][Tf,N]: 88% 12%

Scheme 3.14: Reduction of cinnamaldehyde with palladium on activated carbon

With citral as substrate, complete selectivity towards the C=C bond was
obtained in several ionic liquids, but at the cost of rather low conversion.
However, 99% conversion and selectivity were achieved in [C4C,im][BF,],
see Table 3.7. Extraction of the product at the end of reaction with diethyl
ether enabled facile catalyst recycling without the need of a filtration step.

Table 3.7: Conversion and selectivity in the reduction of citral as a function of the ionic liquid
after 4 hours at 40 bar, 60°C with 10 mol% Pd/C

Tonic Liquid Conversion [%] Selectivity [%]
[C4C im][PFq] 69 96
[C4C im][BF,] 99 99
[Cspyl[BF,] 84 99
[C,Cim][T£,N] 81 81

[CC,im][TEN] 75 81
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However, there are also examples where the catalyst degrades quickly in
the ionic liquid whereas the same particles are very stable when used in neat
substrate.!””!

3.6 Supported Ionic Liquid Catalysis

The concept of solid-liquid phase supported catalysts probably originated
in 1989 when a water-soluble rhodium catalyst immobilised in a thin film on
porous silica was employed in hydroformylation”” and this methodology
has since been adapted to encompass ionic liquids.”* Using this approach a
homogeneous catalyst is immobilised in a thin film of ionic liquid which
itself is confined to the surface of a solid support. Whereas catalysts, which
are covalently bound to solid supports often afford lower selectivity, these
disadvantages are not observed if the catalyst is immobilised in a liquid film.
Another significant advantage is the drastically reduced amount of ionic
liquid required. Obviously, only co-solvents that do not dissolve the ionic
liquid can be used, although in many reactions these are not required.
A summary of SILP-hydrogenation reactions is provided in Table 3.8.

Table 3.8: SILP-hydrogenation reactions in ionic liquids

Ionic Liquid  Catalyst Comments Ref
[C4Cim][PF¢] [RuCl(n(’-p- 40 bar, 60°C, 97 % ee; 2-propanol as solvent; [79]
cymene)(BINAP)]Cl  poly(diallyldimethylammonium) as support;
reuse possible; markedly lower TOF than in
homogeneous system.

[C4Ciim][PF¢] RhCl,(PPhj)s 5 ‘bar, 30°C; wvarious solvents; poly [79]
(diallyldimethylammonium) as support; higher
activity than in non-supported biphasic
system; reuse possible.

[C4Ciim][PF¢] [Rh(nbd)(PPh;),][PFs] 2-40 bar, 22-50°C; silica gel as support; [80]
much higher TOF than in normal biphasic
system; effect of H,-pressure on activity
studied; no significant loss of activity after
18 cycles; leaching below detection limits.

[C4Ciim][PF¢] Pd/C Catalytic membrane; poly(vinylidene fluo- [81]
ride)-hexafluoropropylene  copolymer as
support.

guanidinium  Pd 20-40°C; nanoparticles immobilised on [82]

lactate molecular sieves by guanidinium-based ionic

(TMGL) liquid; very high activity; particle size un-

changed after five cycles.

A catalytically active membrane was obtained by mixing palladium on
carbon, [C4C,im][PF4] and a poly(vinylidene fluoride) co-polymer.™"! The
presence of the ionic liquid increases the flexibility of the system and thus
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the permeability of the otherwise rigid polymer. The membrane was success-
fully used for the hydrogenation of propene with 70% conversion after two
hours.

A rhodium catalyst immobilised on silica gel/[C4C;im][PF¢] has been
successfully applied to the hydrogenation of simple olefins like 1-hexene
and cyclohexadiene.®™ Preparation of the supported ionic liquid catalyst
involved dissolving [Rh(nbd)(PPh;),][PFs] in a mixture of [C4Ciim][PFg]
and acetone, followed by addition of silica gel. After removal of the acetone
under vacuum, an ionic liquid layer of ca. 0.6 nm thickness remains. The
resulting solid was active for at least 18 batch runs without any significant
decrease in activity. Turnover frequencies of the supported catalyst in neat
olefin were significantly higher than in either an ionic liquid biphasic or
homogeneous system employing acetone as solvent. This observation was
attributed to two factors; first the absence of any coordinating solvent, and
second higher catalyst concentration as the reaction could be performed in
neat substrate.

Nanoparticles have the tendency to agglomerate which is detrimental to
their catalytic activity and different methods have been developed to help
prevent aggregation (vide supra). Excellent results were obtained in the
solvent-free hydrogenation of simple alkenes with palladium nanoparticles
immobilised on molecular sieves with the ionic liquid tetramethylguanidin-
ium lactate.® After five catalytic cycles, no change in the particle size of
1-2 nm was detected. The thickness of the ionic liquid layer was estimated to
be ca. 0.4 nm, which implies that the palladium particles are not fully
immersed in the ionic liquid, as shown schematically in Figure 3.5. The
combination of small particle size, high surface area and exposure of the
particles led to high turnover frequencies of 1,200-4,000 mol-mol -h™" at
room temperature at very low catalyst loadings.

Olefin + H» Alkane

Figure 3.5: Immobilisation of palladium(0)-nanoparticles with a guanidinium-lactate ionic
liquid at the surface of a molecular sieve

A polymeric support, poly(diallyldimethylammonium chloride), has been
used in combination with either RhCI(PPh;); or [RuCly(n°’-
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p-cymene)(BINAP)]CI as catalysts for the hydrogenation of 2-cyclohexene-
1-one, 1,3-cyclooctadiene and methyl acetoacetate.””) In this case however, a
large amount of ionic liquid relative to the polymer was used (4:1 by weight)
so that the polymer serves as a sponge for the ionic liquid rather than as a
support for a thin film. In comparison to the normal biphasic process, cata-
lyst activity is markedly higher. In fast reactions like the enantioselective
hydrogenation of methyl acetoacetate with [RuCl(n’-p-cymene)
(BINAP)]CI, mass transfer becomes critical for the polymeric system and
reaction rates remain below those observed under homogeneous conditions.
Reuse of the catalyst was possible without deterioration of activity in the
second run.

Apart from these examples, nanoparticle-containing ionic liquids can also
be used to impregnate a solid support from which the liquid is finally
removed."™! A solution of palladium colloids in [C4C,im][Tf;N] was added
to an orthosilicate and allowed to gelate. Afterwards, the ionic liquid was
extracted with acetonitrile and the resulting aerogel used to reduce cinna-
maldehyde.

3.7 Outlook

Although hydrogenation reactions in ionic liquids are still in many ways
in their infancy, as are those in other alternative solvents such as
perfluorinated solvents and supercritical fluids, some comparisons can be
made. Water has now been extensively evaluated as an immobilisation
solvent for biphasic hydrogenation reactions and while there are many
excellent systems, water is limited by substrate solubility and the fact that
many catalysts are unstable in water. Clearly, ionic liquids overcome this
limitation and in general the differences in polarity between a substrate and
the related hydrogenated product result in a decrease in polarity and hence a
decrease in solubility of the product in the ionic liquid and improved
separation. There may be some cases, for example, the hydrogenation of
certain functional groups, which do not lend themselves to ionic liquids and
fluorous solvents might be better suited. Cost is sometimes cited as an
inhibitory factor for employing ionic liquids, but apart from continual
reductions in cost, the fact that many catalysts, such as cationic rhodium
complexes bearing chiral phosphine ligands, do not require any modification
to be used in ionic liquids is also advantageous.
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Chapter 4
HYDROFORMYLATION

4.1 Introduction

The transformation of an alkene into an aldehyde by addition of CO and
H, (syngas) across an olefinic double bond represents one of the world’s
most important, homogeneously catalysed processes.'"> Unwanted side-
reactions include isomerisation and hydrogenation and, in the case of
internal olefins, numerous products may arise as shown in Scheme 4.1 for
methyl-3-pentenoate.
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Scheme 4.1: Reaction pathways of methyl-3-pentenoate (M3P)

Various approaches have been used for the immobilisation of
hydroformylation catalysts. These include (i) anchoring the catalyst to a
dendrimer, " polymer!''""*! or inorganic solid;'*'*! (ii) fluorous biphasic
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[1&-181 (iii) aqueous biphasic systems!' >

[17,18

systems; or use of supercritical CO,
for the extraction of the reaction mixture.!'”"® Aqueous biphasic catalysis is
employed on an industrial scale in the Ruhrchemie-RhonePoulenc process
for the conversion of propene and syngas to n-butyraldehyde, with less than
4% i-butyraldehyde produced. The active catalyst is formed in situ from a
rhodium salt and the sulfonated phosphine ligand TPPTS, thus achieving
immobilisation of the complex in the aqueous layer. This allows the product
to be isolated simply by decantation of the organic layer. Turnover
frequencies up to 10,000 mol-mol “h™' have been achieved for the
hydroformylation of propene using the water soluble BINAS ligand, a
sulfonated binaphthyl diphosphine.*"! However, apart from trying to achieve
high turnover frequencies, the main interest is the design of catalysts with
high selectivity for the, usually more commercially valuable, linear products
over branched products.
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Scheme 4.2: Rationalisation for the formation of linear over branched hydroformylation
products

Rhodium complexes with hydrophilic phosphines generally appear to
afford higher linear-to-branched ratios (/:5) than hydrophobic ones.!"**! This
is probably a consequence of greater steric bulk due to the presence of
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e.g. sulfonate groups. Furthermore, intramolecular association of sulfonated
substituents via hydrogen bonding may be of importance for monodentate
phosphines. These interactions may lead to an increased dissociation energy
of the phosphine ligands thereby reducing the formation of the di-carbonyl
complex RhH(CO),(PR;) from the -catalytically active species
RhH(CO)(PR5),. NMR measurements indicate that at low syngas pressure
(1 bar) [C4Ciim][BF,] solutions of a mixture of Rh(acac)(CO), and an
excess of the sulfonated phosphine ligand TPPMS contain mostly the
triphosphine species RhH(CO)(TPPMS);, while at higher pressure (135 bar)
RhH(CO),(TPPMS), is predominantly formed.”*"

With bidentate phosphine ligands, evidence for a dynamic equilibrium
between the ee and the ea isomers under hydroformylation conditions has
been established. In the presence of phosphines with a large bite angle, the
trans intermediate A is stabilised (Scheme 4.2). During catalysis, following
coordination of the alkene and hydride migration, conformer B is favoured
over B’ due to steric bulk arising from the backbone substituents, affording
preferentially the linear product.”*”’

Due to the decreasing solubility of olefins in water with increasing
molecular mass, aqueous biphasic catalysis is not suitable for higher olefins
(>Cs). For example, the water-solubility of 1-pentene at room temperature is
148 ppm, whereas only 50 ppm 1-hexene and 2.7 ppm l-octene are
dissolved.? Accordingly, higher olefins are transformed in industry with
cobalt catalysts under rather forced conditions. Ionic liquids, on the other
hand, offer a large flexibility in terms of tuning the solubility of the olefin by
changing the length of the alkyl substituents on the cation and/or the nature
of the anion.

4.2 Gas and Substrate Solubility in Ionic Liquids

Some experimental data are available with respect to alkene solubility in
ionic liquids. For imidazolium-type ionic liquids, solubility increases in the
order [BF4]” < [PFs]” < [CF3SO;5]” < [CF;CO,] < [T;N] . As an example,
the concentration of 1-hexene was found to be roughly four times higher in
[C4C1im][T;N] as compared to [C4C im][BF4].*” The solubility of 1-octene
in [C4C,im][PF¢] was reported to be 0.025 mol-mol™ at 25°C™** and this
value increases to 4.7 molmol' when the perfluorinated anion
[B{CsH4(SiMe,CH,CH,C¢F3)-p}4]” is employed instead.””” Halide-free
anions like [#n-CgH7SO4]” may even lead to monophasic reaction conditions.
This is reflected in a marked increase in activity and turnover frequencies for
the hydroformylation of 1-octene being almost three-fold faster in
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[C4C1im][n-CsH;7SO4] relative to [C4C,im][BE4].*" In addition, longer alkyl
substituents on the cation also markedly improve the solubility of alkenes.”"!

The Hj-solubility in common ionic liquids appears to be almost inde-
pendent of the salt composition. It varies between 0.62 mmol-1"-bar" in
[CsC1im][BF4] and 0.98 mmol-I -bar " in [C4C,im][CF;CO,], comparable to
water, i.e. 0.81 mmol-I"-bar"’, and markedly lower than in simple alcohols
or hydrocarbon solvents."*”! In contrast to these findings, the concentration of
CO may change by a factor of more than six and was found to range between
0.66 mmol1"bar' in [C4Cipy][CF3CO,] and 4.20 mmol1 " bar' in
[CsCim][Tf,N]. This increased scale in solubility may be due to the perma-
nent dipolar moment of CO, which makes this gas more susceptible to
changes in the composition of the solvent. Figure 4.1 shows the solubility of
1-hexene, 1-octene, H, and CO in [C4C,im]" based ionic liquids with differ-
ent anions, as well as in water and toluene."***! Since the solubility of CO
and H, is markedly higher in the organic substrate than in the ionic liquid the
overall gas concentration in the reaction mixture may be highly dependent
on the amount of substrate dissolved in the ionic liquid.
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Figure 4.1: Substrate solubility in [C4C,im]" based ionic liquids with different anions, and in
selected organic solvents for comparison reasons

4.3 Hydroformylation in Ionic Liquids

Hydroformylation in an ionic liquid was first described by Parshall in
1972, who reported on the reaction of ethylene with PtCl, as catalyst in
liquid [(C,)sN]CI-SnCl, (mp. 78°C).”* In 1987, Knifton employed molten
[(Cy)4P]Br (mp. 103-105°C) as solvent for the reaction of internal octenes
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with ruthenium and cobalt complexes.*” The phosphonium salt matrix was
found to stabilise the active ruthenium carbonyl species. Accordingly, the
products could be obtained by distillation and the catalyst recycled without
loss of activity. The first paper to report on rhodium-catalysed
hydroformylation in a room temperature ionic liquid was published by
Chauvin e al.*® and nearly all subsequent research activity has focused on
this metal. With 1-pentene as substrate and [C4C;im][PFs] as ionic liquid,
catalyst leaching could be successfully suppressed when charged sulfonated
phosphine ligands were used. Although promising results from biphasic
aqueous catalysis with cobalt have been reported,”” this metal, which is still
extensively used in industrial hydroformylation, is practically absent in
biphasic ionic liquid catalysis. An overview on non-rhodium catalysis is
provided in Table 4.1, and reports of rhodium-catalysed hydroformylation
are summarised in Table 4.2.

Table 4.1: Hydroformylation reactions with metals other than rhodium

Tonic Liquid Catalyst Substrate TOF I:b Ref
[(C4)4P]Br Co,(CO)g int. Olefins [35]
[(C4)4P]Br RuO, + various phosphines int. Olefins [35]
[C,Cim][BF,] [RuH(CO)(NCCHjs),(PPhs);]" 1-Pentene 113 [36]
[CCyim]C1 Ru3(CO);, 1-Hexene ~1 [38]
[(Cy)4N]CI-SnCl, PtCl, Ethylene [34]
[C,Cim][BF4] Pt(Cl),(cod) 1-Pentene 113 [36]
[C4Ciim]CI-SnCl,  PtCly(PPh;), + 4 PPh; 1-Octene  103-126 24 [39]
[C4Cipy]Cl-SnCl,

[C4Ciim]CI-SnCl,  PtCly(PPh;), + 4 PPh; Methyl-3-  31-37 1.3 [39]
[C4Cipy]CI-SnCl, pentenoate

In general, in rhodium-catalysed hydroformylation reactions conducted in
ionic liquids the catalyst is generated in situ, typically from catalyst precur-
sors such as Rh(OAc),, or more commonly Rh(acac)(CO),, together with an
excess of an appropriate phosphine ligand. An induction period is often
observed with the full activity only being reached after several catalytic runs.
This has been attributed to sluggish conversion of the catalyst precursor to
the active hydride species,****! and to impurities present in the added ligand
that are only removed after several product-extraction steps.!*")
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4.4 Ligand Design

The success of biphasic hydroformylation has been largely due to ligand
design. As the catalytically active rhodium species, RhH(CO)(PR;), and
RhH(CO),PR; are neutral, phosphines bearing ionic substituents are crucial
to immobilise the catalyst in the solvent phase. A large variety of different
ligands have been synthesised for this purpose and some of these are shown
in Figure 4.2 and Figure 4.3, respectively.

~NE N

=z
A |N+ /' \NtcH
/N\\-(N\nBu NS Ph,P — ’
PPh, PPh, PPh,
DPP-[C,Cqim]  TPPM-[C,C4im]  DPP-[C;Cypy] DPP-[C,Cpy]
SO3 —
N/\\"':\N\
P P o@sog PhP Et|,
3 3
TPPTS TPPOTS MPP-[C,Cim],
Ph,P Ar
2 NMe, NMe, | )
N—<(+ N—<(+ Ar P Ar
NH |, Ar = p-PhSOj5
TPPM-Guanidine TPPD-Guanidine NORBOS

Figure 4.2: Charged monodentate phosphine ligands used in biphasic hydroformylation

With neutral phosphines, the reaction takes place both in the organic and
the ionic liquid phase and much of the catalyst is lost during product
isolation. Sulfonated phosphines such as the commercially available
NaTPPTS, initially developed for aqueous biphasic catalysis, effectively
prevent the catalyst from leaching into the product. Other approaches
involve introduction of NR;' -fragments like guanidinium or use of charged
metallocenes. Although immobilisation of the catalyst is achieved fairly
easily in this manner with leaching below ICP-OES detection limits, high
turnover frequencies and good linear to branched ratios are harder to obtain.
In aqueous media simple monodentate NaTPPTS affords decent linear to
branched ratios, whereas results in ionic liquids are rather disappointing
(>15 vs. <5) and it appears that more elaborate ligands are required to
increase the quantity of linear products. One exception involves the
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monodentate phosphite TPPOTS (/:b6 = 12.6) — a ligand that cannot be used
in aqueous biphasic catalysis as it undergoes hydrolysis.*” Otherwise, good
[:b ratios have so far only been achieved with bidentate ligands, especially
those from the Xantphos family. Here, the large bite angle of ca. 110° shifts
the dynamic equilibrium to the ee-isomer, affording predominantly the linear
product with up to 98% selectivity as demonstrated utilising the
phenoxaphosphino-modified POP-Xantphos ligand introduced by van
Leeuwen and co-workers.*'!

Me Me

PP =X
=" PPh,

038 Slely ] .
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0 Ph,P

2

PPh, PPh, Me ,,Me
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(0D @ &
© / ° \
PR, PR, POP POP
' i
' NMe, P
Ok,
N™ "NH, o
Guanidine-Xantphos POP-Xantphos

Figure 4.3: Charged bidentate phosphine ligands used in biphasic hydroformylation

Whereas the activity with the neutral version of the POP-Xantphos ligand
in common solvents is as high as 1,700 mol-mol™"-h™', only moderate TOFs
around 100 mol-mol "-h™' are observed in ionic liquids under comparable
conditions. This decrease in activity is most likely due to formation of a
dimeric rhodium species, see Scheme 4.3.°*! A higher partial hydrogen pres-
sure and lower catalyst concentration may help to shift the equilibrium to the
monomer. A tremendous increase in activity was observed as a result of
lowering the catalyst concentration from 6.4 mM to 1.7 mM and depending
on the stirring rate, turnover frequencies greater than 6,000 mol-mol "-h™" are
achieved. At such low catalyst concentration, catalyst degradation occurs
upon exposure to air and the ionic liquid solution must be stored under a
pressure of CO/H, in order to retain its activity.

3.5 i
P _. "N\ _P Hy P—
Rh=—Rh _— Rh-CO
PV | \C/ ‘PD CPV |
Co g co

Scheme 4.3: Equilibrium between dinuclear and mononuclear rhodium species
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As always, the correct interplay of steric and electronic effects deter-
mines the success of a given ligand. The latter is nicely demonstrated com-
paring the two bidentate ligands DPP-cobaltocene and DPP'Pr-cobaltocene:
a small spacer between the phosphine and the cationic metallocene, thereby
separating the charge from the phosphorous atom, is all that is needed to
decrease both activity (TOF 810 vs. 66) and [:b ratio (16.2 vs. 2.6)
drastically.”™ The performance of a number of ligands in the
hydroformylation of 1-octene are compared in Table 4.3.

Table 4.3:  Performance of different ligands in the hydroformylation of 1-octene at 100°C in
[C4C1im][PFq]

Ligand, L:Rh p [bar] TOF I:b leaching [%] Ref
POP-Xantphos 4 60 6,200 44 <0.07 [42]
Guanidine-Xantphos 2 30 52 21 <0.07 [40]
DPP-Cobaltocene 2 10 810 16 <02 [28]
Sulfoxantphos 4 15 34 148 not reported  [52]
Sulfoxantphos 4 10 382 7 not reported  [53]
dppf 2 10 828 3.8 significant  [28]
dppe 2 10 35 3.0 significant  [28]
MPP-[C,C,im], 2 30 32 2.8 not significant  [51]
DPP-[C4C im] 2 30 51 2.8 not reported  [50]
DPP'Pr-Cobaltocene 2 10 66 2.6 <02 [28]
TPPTS 2 30 80 2.6 not significant ~ [40]
4.5 Influence of the Solvent

Whereas the rate of the reaction might markedly depend on the chosen
reaction medium, the linear-to-branched ratio does not appear to be affected
by the nature of the solvent. There is only one example to date, where a
marked increase of the /:h ratio was reported as a function of the ionic
liquid."! At high concentration (Rh:P = 1:20) of a charged pyridinium-
phosphine ligand, DPP-[C,C;py]’, I:b ratios up to 19 were achieved in the
rather exotic triazine based ionic liquid tris[2-(oxoethyl-N-2’-fluoro-
ethylimidazolium)]triazine (see Figure 4.4), whereas in 2-oxobutyl-3,3’,
3’-trifluoroproply imidazolium /:b-ratios of 4 were obtained under otherwise
comparable reaction conditions. No explanation for this observation was
given and further studies are necessary to evaluate whether the ionic liquid
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remains innocent or, which seems more likely, is involved in the formation
of a new catalytically active species.

R 4
N 0
&
/=N’
/ = =+
N_<O_/_N\; R = CH2-CH2F

Figure 4.4: Structure of the tris[2-(oxoethyl-N-2’-fluoroethylimidazolium)]triazine cation

=

Ionic liquids based on the imidazolium cation, often utilising [PF¢] as the
anion, have been extensively used in hydroformylation reactions. This choice
is probably a reflection of commercial availability rather than these being the
most suitable reaction media. Under the reaction conditions of hydroformy-
lation, [PFs]™ is susceptible towards hydrolysis to form HF and phosphoric
acid, a process that is also observed to a lesser extent with [BF,], to afford
HF and boric acid." Accordingly, water-free conditions are necessary to
avoid catalyst deactivation via formation of stable metal-fluorine bonds and
to prevent corrosion of the reaction vessel. Hydrolysis is not an issue with
perfluorinated anions like [Tf,N] which are, however, currently
considerably more expensive than either [PF4]” or [BF4] . In the longer term,
fluorine free anions are desirable and the suitability of ammonium tosy-
lates,*®! phosphonium tosylates™ and octylsulfate®® has recently been
demonstrated. The latter is especially interesting as its precursor, Na[n-
CsH7SO4] is a cheap bulk chemical. However, due to the presence of the
long alkyl chain, a co-solvent might be necessary to induce phase separation
and allow for facile isolation of the reaction products. Imidazolium chlorides
have been employed successfully in the ruthenium catalysed
hydroformylation of 1-hexene using CO, as the carbon source.® Normally,
the presence of chloride is detrimental to catalysis, but in this case chloride
facilitates deprotonation of a ruthenium hydride to form an active species
which is capable of converting CO, to CO, as shown in Scheme 4.4.°”)

OH

R
C4Hg/\ +COZ +3H2 4>UB(CO)12 C4H9)\/ + C4Hg/\/\OH +H20

Scheme 4.4: Ruthenium-catalysed hydroformylation with CO, as carbon source

Chlorostannate liquids such as [C4C,im][Sn,Cl;] have also been shown
to be a potential alternative in i.e. platinum-catalysed hydroformylation,
where they activate the catalyst precursor in a Lewis-acid/base reaction, as
depicted in Scheme 4.5.5°”)
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RSP////,/Pt‘\\\Cl R3P///,//Pt\\\\CI R3P//,,// \\\\Cl SnC|3
RP” YCI RsP” YSnCl, RPN

+ + +
[cation]Sn,Clg [cation]SnCl3 [cation]SnCl3

Scheme 4.5: Proposed mechanism for the activation of PtCl,(PR3), in an acidic
chlorostannate ionic liquid

As hydroformylation is performed at elevated temperatures ranging typi-
cally from 80 to 140°C, ionic liquids that melt above ambient temperature
may also be considered as potential solvents, especially as these might
further facilitate product separation once they have solidified at ambient
conditions. lonic liquids derived from pyridinium salts may be problematic
as alkyl transfer from the nitrogen to the phosphine can take place under the
reaction conditions.”"!

No detailed studies on catalyst degradation pathways in ionic liquids
have yet been reported. Due to the reaction of [PF¢]” with water, transforma-
tion of P(OR); to P(OR),Fs., has been observed.'*” In the case of aqueous
biphasic catalysis with TPPTS as ligand, it is known that migration of a
phenyl ring and ultimately elimination of sulfonated phenyl derivatives can
take place.””®! However, when suitable (ionic) ligands are employed, the
catalyst can remain active for more than 10 cycles and may be stable for
more than 14 days under air.*"!

4.6 Special Processes

The recycling potential of hydroformylation catalysts in ionic liquids is
highly dependent on the way the product is isolated. In terms of catalyst
lifetime, simple decantation is certainly the method of choice. However at an
industrial level, distillation is the most common separation technique and
evaluation of catalyst recyclability under somewhat more stressful condi-
tions has been determined.*”!

Whereas extraction with an organic solvent is not desirable from an envi-
ronmental point of view, supercritical CO, represents an environmentally
benign and clean alternative as demonstrated.*®! If the process is run
continuously, as depicted in Figure 4.5, it can even compete with the
industrial cobalt-based process.”*"** Careful tuning is, however, required
and the effects of different ionic liquids, temperature, gas composition and
substrate flow rate are all important.
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Reactor Separator
CO, H, and alkane Products in s¢CO,
in 5¢CO, solution ——

Low density CO, gas,
which is recyclced
—_—

At the lower density,
CO, cannot dissolve
the aldehyde product.

Reactants dissolve
in the ionic liquid
containing the
rhodium catalyst

The product and CO,
separate cleanly

—

Figure 4.5: Diagram of a continuous-flow hydroformylation setup employing ionic liquids
and supercritical CO,

Aldehyde product recovery
—_—

Silica-supported ionic liquid-phase (SILP) catalysis has been developed
as an alternative approach to address the problem of product isolation, a
methodology well known from aqueous catalysis, and an overview of SILP-
hydroformylation reactions in ionic liquids is given in Table 4.4.1"

Table 4.4:  Supported ionic liquid phase hydroformylation in ionic liquids

Ionic Liquid Description Ref
[C4Cim][PF¢] Surface of silica gel modified with covalently anchored ionic [64]
[C4Cim][BF,] liquid fragment; 1-hexene as substrate; TPPTS as ligand;

leaching 0.07% ([C4C,im]PF]) - 2.1% ([C4C,im]BF.]).
TOF 3,360-3,900, /:b 2.4.

[C4Cim][PF¢] MCM-41 mesoporous silica as support; 1-hexene as substrate; [65]
[C4Cim][BF4] TPPTS as ligand; catalyst isolation by centrifugation; activity
TMGL remained stable for at least 11 runs.

TOF: 87-500; /:b: 0.7-3.5.

[C4Cim][PF¢] Continuous fixed-bed gas-phase hydroformylation with non- [66]
[C4C1im][CgH;SO4] modified and partially dehydroxynated silica gel; propene as [67]
substrate; sulfoxantphos as ligand; with dehydroxynated sup-
port, activity and selectivity remained stable for > 60 hours.
TOF: 1.5-40.8; I:b: 1.7-23.7

[C4Cim][PF¢] Continuous fixed-bed liquid-phase hydroformylation with non- [68]
modified silica gel; 1-octene as substrate; NORBOS as ligand.
TOF: 44;1:b: 2.6
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Surface-modified silica gel containing covalently anchored ionic liquid
fragments together with a catalyst/ionic liquid solution has been used for
batch hydroformylation of 1-hexene, and the system is illustrated in Figure
4.6.1Y Furthermore, unmodified silica can be used as demonstrated in
the continuous fixed-bed hydroformylation of propene!®*®” and 1-octene.!*"!
Applying a partially dihydroxylated silica support (heating at 500°C for 15
hours) was found to significantly improve the catalyst stability.*” In a system
comprised of a rhodium-sulfatoxantphos ligand and with [C4C,im][CsH7SO4] as
support phase, the catalyst was stable and active in the continuous flow
propene stream for at least 60 hours.

Organic Phase
Olefin Aldehyde
o

u @h Bu,

1
(CHas
EtOnSi

o’ o

W e

lonic Liquid
Phase

Support Material

Figure 4.6: Silica-supported ionic liquid phase hydroformylation

4.7 Outlook

Hydroformylation in ionic liquids has made considerable progress in the
past decade and catalysts are now available that achieve excellent linear-
to-branched ratios together with good turnover frequencies and negligible
leaching. Surprisingly, enantioselective hydroformylation®’* in ionic
liquids has hardly been studied*! (attempts to determine ees have not been
made), and this would certainly be an interesting expansion to the field.

The beauty of the industrial aqueous biphasic process, where a suffi-
ciently soluble gas is converted into an insoluble liquid will, however, be
hard to match. Ionic liquids that are designed to dissolve higher olefins will
also dissolve some of the formed, more polar product and separation prob-
lems are likely to occur, although elegant approaches to overcome such
problems have been reported.
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The POP-Xantphos ligand, which at the present affords the best turnover
frequencies and /:b ratios is considerably more expensive than the rather
simple TPPTS ligand employed in aqueous biphasic hydroformylation.
Compared to the classical rhodium-phosphine process, manufacturing costs
in the aqueous biphasic process are about 10% lower. Accordingly, require-
ments for a fairly expensive catalyst will be exceptional if it should be con-
sidered in an industrial process, especially if one bears the additional costs
for the required ionic liquid in mind. Nevertheless, the prospect of biphasic
ionic liquid hydroformylation looks very promising.
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Chapter 5
OXIDATION REACTIONS

Ionic liquids were initially developed as solvents for electrochemical
applications. The electrochemical window of clean ionic liquids can be
huge,!" allowing for a wide range of redox reactions.'*! It has further been
demonstrated that they are also suitable solvents for enzymatic oxidations!*”!
but both topics are beyond the scope of this book. Only transformations that
involve the metal-catalysed addition of oxygen to unsaturated carbon bonds
as well as the oxidation of alcohols, aldehydes and ketones to their
corresponding ketones, carboxylic acids and esters shall be discussed in this
chapter.

The first metal catalysed oxidation in an ionic liquid originated in 2000,
describing the oxidation of aromatic aldehydes to their corresponding
carboxylic acids.”® In the few years that have since passed, several dozen
papers have appeared that deal with transition metal catalysed oxidations and
of these epoxidation and dihydroxylation reactions have attracted most
interest. In addition there are also numerous examples where ionic liquids
act as catalyst or co-catalyst in oxidation reactions without serving as the
reaction medium. These include the oxidative carbonylation of amines with
imidazolium and phosphonium alkylselenites,” nickel-catalysed oxidation
of ethylbenzene with [R4N][BF4] and [C4C,im][PFs] as co-catalyst,!'*'"
direct oxidative carboxylation of styrene with [(C4),N]Br'"! and the PdCl,-
catalysed oxidation of styrene with [C4C,im]"-based ionic liquids.!"’!
However, those properties that render ionic liquids a special class of solvents
are not really exploited in these reactions and accordingly no detailed
description will be given here.
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5.1 Oxidants

There are no differences between ionic liquids and molecular solvents
with respect to the reagents used to oxidise a given substrate, but they may
display different properties, especially in terms of their solubility. Oxidants
employed can roughly be divided into three categories, gaseous, aqueous and
solid, and a brief summary of the most common reagents is given in Table
5.1

A comparative study concerning the solubility of O, in ionic liquids is
not yet available. It seems, however, that at least in imidazolium-type ionic
liquids the oxygen solubility is much lower than initially anticipated.
From photochemical quenching experiments, the O, concentration in
[C4C1im][PF4] was estimated to be smaller than 0.2 mmol-I"" at atmospheric
pressure."*! A very low oxygen solubility was also observed in
[C4,Ciim][T£;N], as measured using a gravimetric microbalance.!"”
Molecular oxygen has been predominantly used in ionic liquids to oxidise
alcohols, aldehydes or ketones. To overcome the intrinsic low solubility and
to minimise mass transfer limitations, efficient mixing of the liquid and
gaseous phase must be ensured. Addition of a suitable co-solvent may,
however, be required nevertheless. Perfluorinated solvents exhibit very high
oxygen solubility and combination of ionic and perfluorinated solvents may
help to increase the reaction rate.'® Alternatively, ionic liquids bearing
perfluorinated alkyl chains could probably be used, but little is yet known
about their physical properties.

Table 5.1: Oxidants currently used in ionic liquids

Oxidant Comment

0, Cheap and environmentally friendly; poorly soluble in common
ionic liquids.

H,0, Cheap and environmentally friendly; water may be unwanted;
exact concentration not obvious.

NaOCl Cheap and environmentally friendly; water may be unwanted;
exact concentration not obvious.

(CH3);C-OOH (TBHP)  Relatively cheap; available as aqueous and anhydrous solution.

PhI(OAc), Relatively expensive but easy to dose.
H,N-CO-NH, - H,0, Water-free peroxide source; easy to handle; dissolves much more
(UHP) effectively in ionic liquids than in common organic solvents.

N-morpholine-N’-oxide = Expensive; residual N-methyl morpholine may be problematic.
(NMO)
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As aqueous oxidants, hydrogen peroxide, fert-butyl hydrogenperoxide
(TBHP) and sodium hypochloride are frequently used. Their main
disadvantage is that their exact concentration is not always reliable (unless
assayed directly before use) and therefore over-oxidation of the substrate
and/or catalyst may occur. Also, the presence of relatively large quantities of
water may lead to further, unwanted reactions such as the ring-opening of
epoxides. Aqueous oxidants have been used in combination with both
hydrophilic and hydrophobic ionic liquids although no general statement can
be made, with respect to which is the better choice.

The class of solid oxidants comprises phenyliodide diacetate, urea
hydrogenperoxide (UHP), and N-morpholine-N-oxide (NMO). These water-
free reagents are easy to dose, but are also significantly more expensive than
aqueous oxidants. While UHP is only sparingly soluble in solvents like
dichloromethane or acetonitrile, it readily dissolves in ionic liquids like
[C,Cyim][BF,], affording higher reaction rates relative to conventional
solvents. Obviously, one mole by-product per mole target molecule is
produced with these organic oxidants, which may, for example, complicate
the isolation of the desired product or interfere with the catalyst.
Nevertheless, positive effects like modulation of the pH of the reaction
mixture by formed urea have also been observed.

5.2 Ionic Liquids for Oxidation Reactions

It is of course essential that the ionic liquid is stable in the presence of
the oxidant, which excludes ionic liquids with metallic anions such as
chlorocuprates. In many oxidation reactions water is present as co-solvent,
reagent or it is produced in the course of the reaction, which further
eliminates the use of chloroaluminates. However, less care has to be taken
with respect to drying the ionic liquid compared to other catalytic reactions
when aqueous oxidants are used. Common imidazolium and ammonium
based ionic liquids are neither water-nor oxygen sensitive and thus well
suited and may even act as co-catalyst in the oxidation reaction. Some anions
like [BF4] and [PF¢] are, however, susceptible towards hydrolysis. Where
the ionic liquid is highly viscous, a co-solvent such as dichloromethane
might be necessary to afford acceptable reaction rates, especially when
molecular oxygen is used as reagent.

Those catalysts that are employed in oxidation reactions are often
relatively tolerant with respect to the presence of halide impurities. This is
underlined from the fact that NaOCI or [C4C,im]Br are used as oxidant or
solvent, respectively. However, some catalysts are able to oxidise halides to
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their corresponding hypohalous acids, which in turn catalyse the
disproportionation of hydrogen peroxide to water and molecular oxygen.'”!

In methyltrioxorhenium-catalysed reactions, residual pyridine, pyrazole
or imidazole may deactivate the active catalyst and the ionic liquid should be
purified accordingly."®'” The nature of the ionic liquid may decide the
success or failure of a given reaction and, for example, Ru-catalysed alcohol
oxidations appear to be very sensitive to the type and quality of ionic liquid
used.

5.3 Oxidation of Alkenes
5.3.1 Racemic Epoxidation

The epoxidation of alkenes, both racemic and enantioselective, has been
extensively studied in ionic liquids and Table 5.3 provides a summary of
these reactions. Although no transition metal is involved, the base-catalysed
epoxidation of electrophilic alkenes in ionic liquids is worth briefly
mentioning. Depending on the substrate and the reaction conditions, a,f-
unsaturated carbonyl compounds were oxidised with aqueous H,0O, in
[C4Ciim][BF4] or [C4C,im][PF¢] within minutes under mild conditions and
no hydrolysis products were observed.”"**! The extraction of the products
with scCO, instead of conventional solvents was demonstrated to be
feasible, albeit on a small scale.*

Methyltrioxorhenium (MTO) is an extensively used catalyst for olefin
epoxidation'**! and a number of reviews are available on its application.!*?*!
The complex reacts with hydrogen peroxide to form the mono m’*-peroxo
species mpMTO and the diperoxide dpMTO. Both complexes are capable
of transferring an oxygen atom to olefins or other substrates, as shown in
Scheme 5.1, but the diperoxide species is about five times more reactive than
the monoperoxo complex.!'” Care has to be taken that halide impurities are
absent from the solvent as these are oxidised much faster than olefins.!"”

ﬁ (I? |l
ol 0O
R —_— O=Re—(Q ——— | _~Rel_)
Me— e
e O// \O Me/ \O/ 0 \ 0

Me OH,

MTO w mpMTO w dpMTO
o | ol |

Scheme 5.1: Catalytically active species in MTO-catalysed epoxidation reactions
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In conventional solvents addition of acid, which in return may lead to
ring-opening of the epoxide, is required to stabilise the active complexes,
whereas no such additives are usually necessary in an ionic liquid. Good
conversion and selectivity was obtained in the MTO-catalysed epoxidation
of cyclic alkenes with UHP as oxidant in [C,C,im][BF4].***"! In contrast
only rather poor results were observed with 1-decene as substrate, which
may be a reflection of the very low solubility in the ionic liquid.* A
beneficial effect of using UHP as oxidant is that due to the absence of water
solvolysis of the epoxide to the corresponding diol is generally not observed
whereas with H,0, as oxidant the corresponding diol is often the main
product. In addition, urea liberated during the reaction may have a beneficial
effect in the epoxidation reaction as it modulates the pH and thus prevents
acid-catalysed ring opening. The catalyst appeared to be highly stable in the
ionic liquid and remained active for at least 72 hours, but no attempts were
made to recycle the catalyst.” Good results under similar reaction
conditions were also observed in the domino epoxidation-nucleophilic ring
opening of glycols with UHP as oxidant and dibutylphosphate (DBP) as
nucleophile (Scheme 5.2).5"

4 mol% MTO
OBn 3 equiv. UHP, 5 equiv. DBP OBn
BnO o) 20°C,3.5h BnO% o
BnO —— [C4C4im][BF 4] BnO O~ p-OBuU
OH !

OBu
100% conversion, 80% selectivity

Scheme 5.2: Domino epoxidation-nucleophilic ring opening

A large range of different ionic liquids have been screened in the
epoxidation of cyclooctene with dioxomolybdenum(VI) complexes and
tert-butyl hydrogenperoxide as oxidant, as shown in Table 5.2.5% With the
diazabutadiene complex, 48, as catalyst, inferior turnover frequencies were
observed relative to the reaction in neat substrate or in dichloromethane and
the recycling potential of the catalyst turned out to be only limited. Catalyst
immobilisation was better with the cationic tris(methylaminomethyl)ethane
complex, 49, however at the expense of selectivity. Of the ionic liquids
tested, [C4Ciim][TE;N] gave the best results for both molybdenum

complexes.
e 2 TR
O~ /N\
O;MO‘ | OQI\I/IO/N/\BZ
M 071 N
eﬁ; N

48 49

Figure 5.1: Dioxomolybdenum(VI) complexes used in epoxidation reactions
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Comparable results were further observed when neutral
cyclopentadienyl-molybdenum(II) compounds like MoCpCI(CO); were used
as catalysts in that immobilisation of the catalyst in an ionic liquid afforded
lower turnover frequencies relative to the reaction in neat substrate.**!

Table 5.2: Epoxidation of cyclooctene with TBHP as oxidant and Mo-complexes 48 and 49
as catalysts

Complex 48 Complex 49

Solvent TOF” Conversion” TOF? Conversion”
neat cyclooctene 73 100 48 64
1,2-dichloroethane 53 100 19 71
[C4Cim][PF¢] 24 90 40 71
[C4Ciim][TE,N] 34 96 47 93
[C5Cim][PFg] 25 94

[C4C,Ciim][TH,N] 7 53

[(C50,)Cim][PF] 2 14

 Calculated after 1 hour reaction; ® after 30 hours at 55°C

Macrocyclic ligands are well established in olefin epoxidation reactions.
The Mn(porphyrin) catalyst, 50, was employed in the epoxidation of various
alkenes in a homogeneous [C4C,im][PF¢]-CH,Cl, mixture with good to
excellent conversion and selectivity, as shown in Scheme 5.3.°* From UV-
VIS spectroscopy it appears that the catalytically active Mn-oxo intermediate
is stabilised in this solvent system, thus affording superior results relative to
neat dichloromethane solutions. Significantly better results were obtained
with PhI(OAc), as oxidant compared to PhIO. This was attributed to the
greater Lewis basicity of the former reagent, which may lead to a faster
coordination to the electron deficient metalloporphyrin. Recycling of the
catalyst was thus possible ten times with only a minor deterioration of its
activity. If, however, an excess of oxidant was present, degradation of the
catalyst was observed. Aryl substituents with electron-withdrawing groups,
as in the case of the sulfonated and fluorinated complexes 50b and 50d,
respectively, led to a slight decrease in both activity and selectivity, relative
to the phenyl-substituted complex 50a.5***")
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R
R R
50a: R = CGH5
50b: R = C4F 5
50c: R = p-C¢gHy-OMe
R 50d: R = p-C6H4-SO3'

0.66 mol% catalyst o

1.5 equiv. PhI(OAc),
\ 20°C,2h
[C4C1|m][PF6] - CH2C|2
50a: 90% vyield
50b: 99% yield

50c: 92% yield
50d: 98% yield

Scheme 5.3: Epoxidation of styrene with manganese-porphyrin catalysts

Similar results were also achieved with the highly charged iron(III)
porphyrin catalyst 51, using H,O, as the oxidant.®® In a biphasic
[C4C,im]Br-CH,Cl, system yields decreased from 74% in the first run to
62% in the fifth run, see Scheme 5.4. As in the previous example, catalyst
degradation was observed in the presence of excess oxidant. Depending on
the substrate, aldehydes and alcohols were observed as by-products in
addition to the desired epoxide, which may be due to the rearrangement of
an initially formed iron-oxo-alkene complex.”*”

R
Cl
R R R=
Cl SO5°
R
51
1 mol% 51

H,0, o
©/\ 20°C,4-5h O/Q
CH,Cl,y-[C4C4im]Br
Cycle 1: 74% yield
Cycle 3: 71% yield
Cycle 5: 62% yield

Scheme 5.4: Epoxidation of styrene with an iron-porphyrin catalyst
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The racemic epoxidation of olefins has further been investigated using a
peroxotungstenate catalyst, [{W(=0)(0,),(H,0)},(u-0)]>, supported on
ionic liquid modified silica.”® The solid support was reacted with 1-octyl-3-
(3-triethoxysilylpropyl)-4,5-dihydroimidazolium, affording a SiO, surface
on which the ionic liquid is covalently bound, as depicted in Figure 5.2. This
heterogeneous catalyst was successfully used to epoxidise olefins using
H,0, as oxidant and reaction rates were comparable rates to those under
homogeneous conditions.

_CeHi7
N
- () -
' 1‘?N ' OH, H0 'N—> CaHiz
; (CH)zs 0 o = N
Lk_> _Si f Ol-bl 0~ |Qo LN [))
e O O o/l NS0/ ©Has 1
8 LA 00 007 & (GHa)s
o4 N = ? 6 \0 EtO’;S'
9 |1 0o o

Figure 5.2: Tungstenate complex immobilised on ionic liquid modified silica

532 Enantioselective Epoxidation, Ring-Opening and
Kinetic Resolution of Epoxides

The catalytic asymmetric epoxidation of alkenes offers a powerful
strategy for the synthesis of enantiomerically enriched epoxides and
enantioselective oxidation reactions in ionic liquids have been summarised
previously.””’ Complexes based on chiral salen ligands — usually with
manganese(Ill) as the coordinated metal — often afford excellent yields and
enantioselectivities and the catalytic cycle for the reaction is depicted in
Scheme 5.5.1%%)

Various strategies have been pursued in order to immobilise chiral
epoxidation catalysts and these encompass covalent attachment to solid
supports,*! steric occlusion in nanosized cages of zeolites,**** entrapment
in a polydimethylsiloxane membrane!***! and fluorous biphasic systems."*”
However, these approaches frequently require tedious ligand modifications
and often lead to a marked decrease in both selectivity and activity of the
transition metal catalyst.
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oxidant dl\é> Arg

5

Scheme 5.5: Catalytic cycle for enantioselective epoxidation with salen complexes

Good to excellent enantioselectivity was achieved in the epoxidation of
mainly cyclic olefins with the chiral salen-catalyst 52 immobilised in
[C4Ciim][PFs], but selectivity deteriorated upon catalyst recycling, see
Scheme 5.6.1**) Relative to molecular solvents, higher reaction rates were
observed even under biphasic conditions when the epoxidation reaction was
carried out in the presence of an ionic liquid. UV-VIS spectroscopic”* and
cyclovoltammetric*” studies suggest that the commonly observed superior
reaction rates are a reflection of the solvent’s ability to stabilise the active
metalla-oxo intermediate.

4 mol% (R,R)-52

But
NaOCiI
7 CH2Clo-[C4C4im][PFg] o=
(0]

Cycle 1: 86% yield, 96% ee
Cycle 3: 73% yield, 90% ee
Cycle 5: 53% yield, 88% ee

Scheme 5.6: Epoxidation of 2,2-dimethylchromene with a chiral manganese-salen catalyst

Comparable results were achieved in the asymmetric epoxidation of
dihydronaphthalene with the Katsuki-type catalyst 53 in [C4C,im][PF4].”"
Again, higher reaction rates were observed in the presence of the ionic liquid
and the overall stability of the catalyst appeared to be superior to that with
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catalyst 52. The presence of a co-ligand, 4-phenylpyridine N-oxide (4-PPNO),
was found to be crucial, in order to provide high activity and selectivity
(see Scheme 5.7).

2.5 mol% 53
NaOCl, 4-PPNO

CH,Cl-[C4C1im][PF¢] <
‘0

Cycle 1 (1.0 h):  81% yield, 93% ee
Cycle 3: (2.0 h): 79% yield, 91% ee
Cycle 5: (2.5 h): 69% yield, 90% ee

Scheme 5.7: Epoxidation of 1,2-dihydronaphtalene with a chiral Katsuki-type catalyst

Although not truly oxidation reactions, the kinetic resolution and ring
opening of epoxides with cobalt and chromium salen complexes is worth
mentioning here. Chiral Co(salen) complexes have been successfully used
for the kinetic resolution of racemic epichlorohydrin.”"! Notably, the Co(II)
complex 54a, which is inactive in conventional solvents, effectively
catalysed the resolution of epichlorohydrin in [C4C,im] -based ionic liquids.
It was found that complex 54a was oxidised in situ to the active Co(III)
species without the need to add any acid. Acidic impurities in the ionic
liquids may account for this observation, but no investigations have yet been
undertaken. The catalytic system involving [C4C,im][Tf,N] as solvent was
reusable up to ten times without any loss of activity and enantioselectivity
(>99% ee), as shown in Scheme 5.8.
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But o

But But
54a:no X 54b: X=0Ac 54c: X =PFg

0.5 mol% (R,R)-Co(ll) 54a
0 H,0 O

cl \P'“’A THF-[C4C4im][TfH,N] cl \/g

> 99% ee even after 10th run

Scheme 5.8: Kinetic resolution of racemic epichlorohydrin

The asymmetric ring-opening of meso-epoxides with trimethylsilyl azide,
TMSN;, catalysed by the chromium complex 55 was investigated in
[C4Ciim]" based ionic liquids with different anions (see Scheme 5.9).1°%
Catalyst immobilisation was most efficient when the anion is [BF4]” or
[OTA]", but in these hydrophilic liquids, yield and selectivity were very poor
(<5 %). In contrast, good yields (up to 86 %) and ee’s (up to 97 %) were
obtained when hydrophobic anions such as [PFs]” or [SbFs] were employed.
A 5:1 mixture of [C4Ciim][OTf] and [C4C,im][BF,] offered the best
compromise between catalyst retention and performance, such that the
catalyst could be reused at least four times.

=N_ N=
N
But 0 | 6] But
(¢]]
But But
55
3 mol% (R,R)-Cr(lll) 55
@ TMSN; Q
G [C4CimIOTAIC,CimIBF,] 5:1 Ny OTMs

Cycle 1: 68% yield, 94% ee
Cycle 5: 76% yield, 93% ee

Scheme 5.9: Enantioselective ring-opening of cyclopentene oxide
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533 Dihydroxylation

The osmium-catalysed oxidation of olefins to their corresponding diols
represents a reaction that is widely used in organic synthesis. However, due
to toxicity, high cost performance and volatility of the reagent, few large-
scale industrial applications have evolved. Furthermore, product
contamination with toxic osmium poses another obstacle. These obstacles
have been overcome to some extent by, for example, microencapsulation of
0s0,,°**" polymer-bound catalysts™*” or by use of ion-exchangers,'*”!
allowing facile separation and recycling.

Dihydroxylation reactions in ionic liquids have been undertaken by
several research groups and a summary of that work is provided in Table 5.4.
Imidazolium based liquids have been used almost exclusively and it appears
that the volatility and thereby the acute toxicity of OsO4 is greatly
suppressed in the presence of ionic liquids. For example, after standing for
three months, no OsO, could be detected on the septum of a reaction vessel
containing OsO, in an ionic liquid.””"! Olefins were readily oxidised by OsO,
with NMO as oxidant in neat ionic liquid. The ionic liquid-catalyst solution
was active for at least five cycles, but rather high catalyst loadings (5 mol%)
were required (Scheme 5.10).°"

OH
5 mol% OsOy

O O 20°C, 18 h OH
_—
womo () 8
[C4C4im][PF¢]
Cycle 1: 95%
Cycle 5: 93%

Scheme 5.10: Dihydroxylation of 1,1-diphenylethene

Under the frequently used Upjohn-conditions, which employ a solvent
mixture of H,O and tert-butanol, loss of OsO,4 from the ionic liquid phase
can be considerable. Addition of simple amines such as 4-dimethylamino
pyridine (DMAP) significantly reduces catalyst leaching due to the
formation of a zwitterionic amine-osmium adduct (see Figure 5.3), which is
preferably retained in the ionic liquid phase.!*”!

MeoN—  N-0sO;

Figure 5.3: The DMAP-osmate adduct
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Biomimetic dihydroxylation represents an interesting methodology in
that hydrogen peroxide, which is cheap and environmentally friendly, is used
as oxidant.!”) The key step in the system is an electron transfer mediator
(ETM) which reoxidises N-methyl morpholine (NMM) to N-morpholine-N’-
oxide, as shown in Scheme 5.11. Compounds that can act as an ETM
include, for example, vanadium or rhenium complexes in high oxidation
states or flavin. Catalytic amounts of K;0sO4, NMM and an electron transfer
mediator were immobilised in [C4C;im][PFs] together with the substrate
and acetone as co-solvent and 0.5 equivalents of both DMPA and
tetracthylamine acetate (TEAA) were added. The latter reagent serves to
accelerate the hydrolysis of the osmate ester that forms during the catalytic
cycles.

Me
OSO4 ETMOX Hzo
ETMgep H,0,
Electron Transfer o. II O \(
Mediators M /V\
e //
Me

Flavin

Scheme 5.11: Biomimetic dihydroxylation of olefins with electron transfer mediators

A variety of olefins could be oxidised using this approach and best
results were obtained with flavin as ETM. Activity of the catalyst was
maintained for at least five cycles and both the mediator as well as the
N-morpholine-N’-oxide remain in the ionic liquid, thus only H,O, and
co-solvent need to be recharged.

Of particular interest are asymmetric dihydroxylation (AD) reactions.
Depending on the oxidant employed, which is commonly either NMO or
K;[Fe(CN)s)/K,COs, two different mechanisms may apply (see Schemes
5.12 and 5.13)."" One essential difference is that N-morpholine-N’-oxide
is typically used in a homogeneous acetone-water solvent mixture while a
biphasic reaction mixture is usually observed with aqueous
K;3[Fe(CN)s]/K,CO; as oxidant. In the latter case the olefin is oxidised
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(osmylation) in the organic phase and the hydrolysis takes place at the
organic-aqueous interface.

o primary cycle secondary cycle
Y0s=0 (high ee) (low ee) R
g o NMO :

Scheme 5.12: Catalytic cycle for AD-reaction with N-methylmorpholine-N-oxide as co-
oxidant

(0]
. ::Os::O
HO, OH o 0
/ organic j
/\ N\

aqueous
20H  [Ho_ O oHl?% Ho Q o[> 20H

Os Ve S\\
HO” & “OH HO™ ¢ S0

<

2 OH 2 H,0
2 Fe(CN)g> 2 Fe(CN)g*

Scheme 5.13: Catalytic cycle for AD-reaction with potassium ferricyanide as co-oxidant
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That situation may change in the presence of an ionic liquid. Depending
on the co-solvent used, homogeneous or heterogeneous conditions may
result. Although [C4C,im][PF¢] is essentially immiscible with either water or
tert-butanol, homogeneous mixtures were observed, once substrate and
NMO were added.®"** Monophasic and biphasic reaction conditions were
compared for reactions employing NMO as well as K;[Fe(CN)s]/K,CO; as
oxidant and good yield and selectivity was observed for both reaction
systems. [65]

The combination of K,;[OsO,(OH)4] or OsO,4 with chiral alkaloid ligands
affords highly recyclable systems for the dihydroxylation of olefins. Bis-
Chinona alkaloid ligands containing phthalazine or pyrimidine backbones, as
shown in Figure 5.8, provide superb enantioselectivity and different models
have been devised to rationalise the chirality transfer.!”""

With two equivalents of (DHQD),PHAL as ligand very high
recyclability was reported when the catalyst was immobilised in
[C4Ciim][THEN] In the dihydroxylation of hexane a yield and ee of 92%
were observed even after the catalyst had been reused already 13 times.
When the product was extracted with diethyl ether, 1-2% of the initial
amount of the osmium catalyst was lost from the ionic liquid. With scCO, as
extractant, osmium-leaching was as low as 0.34% if the CO,-pressure was
not too high (100 bar).

A 7

N
\OR , “OR
G ROW S HOOY
MeO N / OMe MeO N
= S 4
N N N
Dihydroquinine DHQ Dihydroquinidine DHQD Dihydroquininyl QN
N=N Ph
4\ )t }gl/\ﬁ:
NYN
Ph
PHAL PYR

Figure 5.8: Stuctures of Chinchona alkaloid derived ligands

Complex formation between OsO, and the alkaloid ligand occurs reversibly
via the quinuclidine nitrogen. Use of an alkaloid ligand bearing polar or even
charged groups should help to immobilise the metal complex and minimise
leaching of toxic osmium during the product extraction step. An elegant
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solution lies in the use of 1,4-bis(9-O-quininyl)phtalazid, (QN),PHAL, as
ligand: Under AD-reaction conditions this ligand is converted to its more
polar derivative (QN),PHAL(4-OH) which leads to a significantly better
catalyst retention in the ionic liquid, see Scheme 5.14.1”) While up to 80% of
(DHQ),PHAL were detected in the organic phase of a diethyl ether -
[C4Ciim][PFs] mixture, less then 1% ligand leaching was detected with
(QN),PHAL(4-OH) as ligand.[ég] With 0.1 mol% of catalyst a total turnover
number of 2,370 was achieved after three cycles.

HO OH
W -
HO N N=N N~ OH N
O\ /70N H
MeO N ~ OMe MeO
= X |
N N
(QN),PHAL(4-OH) (QN)(QN-Benz)PHAL

O e

excess Ligand

NMO OH
O acetone-H,O-[C4C4im][PFg] O

Cycle 1: 92% yield, 98% ee
Cycle 3: 91% yield, 94% ee
Cycle 5: 50% yield, 94% ee

5 mol% (QN),PHAL(4-OH)
1 mol% OsO,4

Cycle 1: 86% yield, 95% ee
2mol% (QN)(QN-Benz)PHAL oy 3. 90% yield, 90% e

1.5 mol% OsO4 Cycle 5: 80% yield, 81% ee

Scheme 5.14: Enantioselective dihydroxylation of trans-stilbene

Catalyst retention can be further optimised if a charged derivative of the
(QN),PHAL-ligand is used. Quaternisation of one of the nitrogen atoms
with benzyl bromide affords the cationic ligand (QN)(QN-Benz)PHAL, and
indeed recyclability was improved in the presence of this ligand, however at
the cost of lower ee, as shown in Scheme 5.14.1°®! The addition of one
equivalent of tetracthylammonium acetate was found to improve the
selectivity .1

With K,O0sO,(OH), as catalyst and K;Fe(CN)¢/K,CO; as oxidant, 1-hexene
was converted to the corresponding diol with good conversion and selectivity. ™"
Only after the ninth run was a marked decrease in catalyst performance
observed, (see Scheme 5.15).
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0.5 mol% K,0s0,(OH),
1 mol% (DHQD),PHAL OH

20°C, 24 h \/\/K/
SN Xy OH

K3FG(CN)6/K2003
t-BuOH-H,0-[C4C4im][PF¢] Cycle 1: 88% yield, 90% ee
Cycle 9: 83% yield, 89% ee
Cycle 12: 32% yield, 64% ee

Scheme 5.15: Enantioselective dihydroxylation of 1-hexene

For this system, a detailed study of the various reaction parameters was
undertaken, using styrene as a model substrate.”! Variations in the
temperature were found to have a strong effect on the catalytic activity, with
best results being obtained between 25°C and 45°C whereas the selectivity
remained essentially unaffected over this temperature range.

5.3.4 Formation of Ketones

Very few examples of the oxidation of olefins to ketones in ionic liquids
have been reported. In one case, [C,C;im][BF4] or [C4C,im][PF¢] were used
in the palladium-catalysed oxidation of styrene to acetophenone with H,O,
as oxidant, however the concept of biphasic catalysis was not exploited and
no attempts were made to recycle the catalyst.!'*! The ionic liquid serves the
purpose of a co-catalyst rather than that of a reaction medium.

A solvent combination of scCO,-[C4C;im][PFs] was found to afford
superior selectivity in the Wacker-type oxidation of 1-hexene with PdCl,-
CuCl as catalyst to afford 2-hexanone as the main product as shown in
Scheme 5.16.7* In the absence of either s¢CO, or ionic liquid, considerably
lower selectivity for 2-hexanone was observed. Catalyst solutions were
recycled five times with a low, but steady, decrease in activity.

PdCl, / CuCl Q
P MeOH, O, - /\/\ﬂ/ ' /\)I\/
5cCO2-[C4C+im][PF¢] o)

Cycle 1:  98% convers., 92% select.
Cycle 6: ~ 70% convers.,~ 75 % select.

Scheme 5.16: Wacker-type oxidation of 1-hexene

5.4 Oxidation of Alcohols and Thiols

The palladium catalysed dehydrogenation of benzylic alcohols was
performed in molten [(C4)4N]Br without addition of base or need for oxygen
(see Scheme 5.17)." Hydrogen gas liberated during the reaction has to be
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removed from the reaction mixture in order to achieve good conversion. The
product was extracted with diethyl ether and recycling of the catalyst phase
was possible, however yields decreased with each run.

oH 3 mol% PdCl, 2

Co BE. o
[(C4)4NIBF

Run 1: 95 %

Run 5: 64 %

Scheme 5.17: Dehydrogenation of indan-1-ol

The aerobic oxidation of benzylic and allylic alcohols to their
corresponding carbonyl compounds in [C4Ciim][PFs] with TEMPO-CuCl
(TEMPO = 2,2,6,6-tetramethylpiperidinyl-1-oxy) as catalyst was found to
proceed at higher rates than that of aliphatic alcohols, which is in agreement
with results in classical solvents.””! After product extraction with diethyl
ether, the ionic liquid was washed with water and dried at 70°C, prior to the
next run. In that manner catalyst activity remained relatively stable for 8
cycles.

A number of different ionic liquids have been screened in the ruthenium-
catalysed oxidation of secondary alcohols (see Scheme 5.18). Three different
ruthenium compounds, RuCls;, RuCl,(PPh;); and [RuClL(p-cymene)], were
compared and best results were obtained with RuCly(PPhs);.™®
While imidazolium-based ionic liquids gave only poor results (anion = Cl)
or suppressed the reaction completely (anion = [BF4]" or [PF¢]),
tetraalkylammonium-based solvents such as Aliquat 336
(tricaprylmethylammonium chloride) or tetramethylammonium hydroxide
afforded much better yields.

1 mol% RUClz(PPh3)3
OH 1 bar O, 0

80°C,5h
ionic liquid

[C4C4im][BF4]: 0% Conversion
[C4Cqim][PFg]: 0% Conversion
[C4C4im]CI: 15% Conversion
Aliquat 336: 99% Conversion

Scheme 5.18: Aerobic oxidation of 1-phenylethanol to acetophenone

A range of primary and secondary alcohols were oxidised to their
corresponding aldehydes and ketones in a variety of different ionic liquids
with high catalytic loadings (5-10 mol%) of tetra-N-propylammonium
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perruthenate, [(C;);N][RuO,] and either NMO or air as oxidant.””™ The
catalyst was found to be active for at least five cycles without loss of activity
when simple substrates were employed. With more complex substrates, as
for example in the oxidation of cinnamyl alcohol, activity decreased rapidly.
When molecular oxygen was employed as oxidant best results were obtained
when the oxygen was bubbled through the solution and CuCl was added as
co-catalyst. In most cases addition of aminopyridine did not have a
beneficial effect on the outcome of the reaction.””™

A range of aliphatic and aromatic thiols may be oxidised with O, to their
corresponding disulfides in neat [C,C,im][BF4] in good to excellent yield
with cobalt(Il) phtalocyanine catalysts 56a and 56b, shown in Scheme
5.19.”) In comparison to common organic solvents, higher yields and
turnover frequencies were observed and product separation was facile.

oD

R

G

R
56a: R=H
56b: R = NO,

1 mol% 56
1 bar O,

_20°C,45min__ Q @
SH
@ TICCimIBF
Catalyst 56a: 95% yield
Catalyst 56b: 99% yield

Scheme 5.19: Oxidation of thiophenol with cobalt(II) phtalocyanine complexes

5.5 Other Oxidation Reactions
5.5.1 Oxidation of Aldehydes and Ketones

The first catalytic oxidation to be carried out in an ionic liquid was
probably the oxidation of aromatic aldehydes with Ni(acac), and molecular
oxygen to the corresponding carboxylic acids, reported by Howarth in 2000
(Scheme 5.20)."*! Overall yields were only moderate, which was attributed to
the low oxygen solubility in the ionic liquid, but the catalyst containing ionic
liquid was successfully reused without deterioration in activity.



5. Oxidation Reactions 111
0] 3 mol% Ni(acac), 0

1 bar O,
H 60 °C,12h OH
R [C4Cqim][PFg] R

catalyst stable for 4 runs

Scheme 5.20: Aerobic oxidation of aromatic aldehydes

The Baeyer—Villiger oxidation of a range of cyclic ketones was undertaken
with ReOsMe in [C4C,im][BF,] with H,O, as oxidant.®™ The ring-strained
cyclobutanone was oxidised quantitatively at room temperature to v-
butyrolactone within one hour and the activity of the ionic liquid phase only
deteriorated after the fourth cycle. Even at elevated temperatures only
moderate yields were observed with unactivated ketones as substrate. The
oxidation of the methylated flavonone naringenin (Scheme 5.21) proceeded
more efficiently and under milder conditions in an ionic liquid as compared
to a system in which the catalyst was immobilised onto a polymer support.*"!

OMe
OMe 2 mol% MTO
o 2 equiv. H,O5 o

MeO 40°C,2h MeO
[C4C4im][BF 4]
© (6]
MeO O MeO
Cycle 1: 83% vyield

Cycle 4: 81% vyield
Cycle 6: 51% yield

Scheme 5.21: Baeyer-Villiger oxidation of naringenin

Baeyer-Villiger oxidations in ionic liquids have also been reported using
either m-chloroperbenzoic acid® or H,0, as the oxidant.®™ In the latter case
Sn-B-molecular sieves served as the catalyst.

5.5.2 Oxidation of Alkanes

The oxidation of cyclic alkanes has been investigated in a mixture of
[C4Ciim][PFs] and dichloromethane using the manganese-porphyrin
catalysts 3a-d and PhI(OAc), as oxidant. Results from stopped-flow UV-
VIS spectroscopy suggest that the oxygen atom transfer occurs via the in situ
formation of a Mn(V) = O oxo-manganese complex. In the absence of the
ionic liquid, only a less active Mn(IV) = O intermediate was detected.*>**!
Depending on the substrate, the presence of a nitrogen base that acts as an
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axial ligand to the manganese porphyrin complex can have a beneficial
effect on the catalytic activity. The addition of dichloromethane as a
co-solvent was found to be necessary to reduce the viscosity of the reaction
mixture and such a solvent mixture afforded higher yields than either of the
neat solvents alone. The substituents on the porphyrin ligand have a major
influence on both the activity and selectivity of the complex, as shown in
Scheme 5.22 for the oxidation of tetralin.*”

R
R R
50a:R = C6H5
50b:R = C6F5
50c: R = p-CgH4-OMe
R 50d: R = p-CgH4-SO5”
0.66 mol% 50 OH 0
1.5 equiv. Phl(OAc),
©© 20°C,2h
+
[C4C1|m][PF6] - CH2C|2
50a: < 1% yield 75% vyield
50b: 1% yield 95% yield
50c: 27% yield 31% yield

50d: 6% yield 64% vyield

Scheme 5.22: Oxidation of tetralin with the manganese-porphyrine catalyst 50

With molecular oxygen as the oxidant, addition of perfluorinated solvents
can help to increase the reaction rate as demonstrated in the Co(acac),-
catalysed oxidation of ethylbenzene to acetophenone.!'®! The function of the
perfluorohexane solvent is to increase the otherwise low oxygen
concentration in the ionic liquid phase.

5.5.3 Oxidation of Arenes

Benzene may be oxidised to phenol in an ionic liquid-aqueous biphasic
system employing dodecanesulfonate salts of Fe’, Fe’*, Cu*", Co*" and Ni*"
as catalyst and hydrogen peroxide as oxidant.® Ionic liquids with long alkyl
chains like [CsC,im][PF¢] form one phase with benzene and at the same time
dissolve the catalyst. As the phenol product is preferably soluble in the
aqueous phase product isolation was facile. Yet, reaction rates were only
moderate and after six hours at 50°C conversion of benzene was in the range
of 35-55%.
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5.6 Conclusion

For many oxidation reactions, the presence of ionic liquids appears to
have a beneficial effect in that increased reaction rates are observed and
stabilisation of catalytically active intermediates in these solvents has been
demonstrated by means of in situ spectroscopic methods in several cases.
And while the oxygen solubility is very poor in common ionic liquids solid
oxidants are often dissolved more efficiently, resulting in increased reaction
rates, ever under biphasic conditions.

It is probably in asymmetric dihydroxylation, where the use of ionic
liquids appears to be most promising. The decreased acute toxicity of
osmium tetroxide due to its suppressed volatility certainly represents a great
benefit for those who work with this reagent and its derivatives.
Furthermore, high cost of both the osmium catalyst, as well as the chiral
ligand, make recycling of the catalyst-ionic liquid particularly attractive. On
the other hand, disposal of osmium-contaminated ionic liquids in an
environmentally benign manner has yet to be addressed.
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Chapter 6
CARBON-CARBON COUPLING REACTIONS

6.1 Introduction

The formation of new carbon-carbon bonds represents probably the most
important synthetic step in organic chemistry and carbon-carbon cross
coupling has had a huge impact over the last 30 years on the way complex
molecules are prepared. This chapter almost exclusively deals with
palladium-catalysed reactions with the only exceptions being a copper-
mediated Heck-coupling as well as an example of a rhodium catalysed
Suzuki-type coupling. Palladium-catalysed C-C coupling reactions in ionic
liquids have been reviewed on a previous occasion, covering the literature
until early 2003.t"

Apart from the omnipresent imidazolium based ionic liquids, other
classes of low melting salts have been successfully applied in carbon-carbon
coupling reactions, notably tetraalkyl ammonium and phosphonium salts.
The former include pyrrolidinium and piperidinium salts, but particularly
tetrabutylammonium bromide, [(C4)4N]Br (mp. 103-105°C), which has been
evaluated quite extensively in Heck reactions and a remarkable increase in
reactions rates is frequently observed with this solvent. Those examples
where [(C4)N]Br acts merely as co-catalyst™® rather than as reaction
medium shall not be discussed here.

It is believed that the accelerated reaction rates that are observed in
ammonium salts are due to their ability to stabilise nanoparticles, and
especially when simple palladium salts are employed under ligand-free
conditions, formation of colloidal palladium is highly likely.” As carbon-
carbon coupling reactions are frequently conducted at elevated temperatures,
typically between 120-150°C, a wide range of low-melting salts may be



118 Chapter 6

considered as potential solvents for such transformations. Those salts which
are solid at ambient temperature may actually facilitate the separation
between product and catalyst, which is the case when the system is
conducted under biphasic conditions in the presence of a co-solvent. In the
absence of a co-solvent, extraction of a solid is required, which can be
impractical.

Very promising results have also been observed using phosphonium-
based ionic liquids in both Heck and Suzuki coupling reactions.!'®"!
Notably, good activities were obtained with arylchlorides as substrate, which
in molecular solvents are often found to react only sluggishly, if at all.

Finally, there are a few examples where task-specific ionic liquids have
been employed. These examples encompass an imidazolium ionic liquid
with a chiral alkyl chain used to induce chirality,!”! an imidazole-
imidazolium liquid which acts as both ligand and solvent''*! and a nitrile-
functionalised pyridinium ionic liquid which also serve as ligand and
solvent."” The application of these specific solvents is discussed in greater
detail below.

Though not a general rule, it is worthwhile pointing out that ionic liquids
with halide anions often give good or superior activities than, for example,
[BF4], [PFe] or [T,N] salts. In this respect C-C coupling reactions stand
out from other catalysed transformations in ionic liquids where the presence
of halide (often due to insufficient purification of the ionic liquid used) is
frequently found to inhibit catalytic activity.

Despite the considerable interest on C-C coupling reactions in ionic
liquids, very little attention has so far been paid to catalyst modification in
order to improve their immobilisation in the ionic medium. This is probably
in part due to the fact that the active species is often generated in situ from
simple metal salts and that the ionic liquid is frequently non-innocent, acting
as both solvent and ligand (see below). Nevertheless, further examples of
well-defined molecular catalysts containing charged ligands would certainly
be a valuable extension to the field. In this context it is also surprising that
enantioselective coupling reactions are essentially absent from the literature.
As chiral catalysts are often very expensive, probing their recyclability in an
ionic liquid medium should be particularly attractive.

6.2 Catalyst Stability in Ionic Liquid Mediated C-C
Coupling Reactions

The influence of the ionic liquid on the performance of a given catalyst
can be relatively complex in C-C coupling reactions. Under the reaction
conditions that usually prevail — presence of a base and elevated
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temperatures — generation of new catalytically active species from the
reaction between the palladium salt and the ionic liquid cation can easily
occur. Imidazolium-based ionic liquids are particularly reactive due to the
presence of the acidic proton at the 2-position of the ring.!"*'”! Indeed, the
formation of N,N-heterocyclic carbene complexes from imidazolium based
ionic liquids is relatively facile and depending on the specific circumstances,
this can be either detrimental or advantageous. Various transition metal
carbene complexes have been deliberately prepared in imidazolium-based
ionic liquids and these compounds are often found to be active catalysts.!'**"

It appears that palladium acetate is always transformed into a new species
under the conditions present in C-C coupling reactions and the formation
of carbene complexes from Pd(OAc), and imidazolium based ionic liquids
is particularly facile. However, the outcome depends strongly on the nature
of the anion present.”"! As an example, Pd(OAc), readily reacts with
[C4Ciim]Br to afford imidazolylidene isomers of the composition
PdBr,(C4C;imy),, as shown in Scheme 6.1.2% These complexes have been
demonstrated to be highly efficient catalysts in Heck coupling reactions
while their chloro-analogues were found to be less active, presumably due to
the stronger palladium-chloride bond. In contrast, no carbene formation was
observed between Pd(OAc), and [C4C,im][BF,] in the absence of a halide
source. Further, when PdBr,(C4C,imy), was immobilised in [C4C;im][BF4]
instead of [C4C,im]Br, markedly lower reaction rates were detected and it
has been suggested, that formation of a catalytically inactive tetrakis-carbene
complex occurs.?>*!

17X AN\ -R2 M\ ZNR
RUX ¢ N R2-NN-R! N(\
N 1'N_—< X X R? ‘Q X
[+)> +Pd(OAc), — R F;diX:Pd R' —=  X-Pd-X + 2 Pd,
", KOO e A v
R RZN\/ N _N K/N-R1
Reaction with X = Br’, CI Catalytically active complexes
No reaction with X = [BF,4]", [PFe]”

X-
; RLGA .R2—|
,31 ‘|2X NN

[N oy X = [BF I, [PFe

inactive

Scheme 6.1: Generation of active bis-imidazolylidene complexes and catalyst deactivation
via formation of a tetrakiscarbene complex
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The presence of a base is not necessarily mandatory for the formation of
carbene complexes, as has been demonstrated in the reaction between
Pd(OAc), with [Mes,im]Cl, shown in Scheme 6.2. However, instead of the
expected symmetric carbene complex a zwitterionic species was isolated
which turned out to be a significantly more active catalyst than the bis-
carbene species.*¥

Mes_| Cl Mes Mes
N N C_ N
[+)> +Pd(OAc), —> [ >—Pd—§:| +
N N | =N.
\ v ClI Mes
Mes Mes

Mes = 2,4,6-trimethylphenyl

Scheme 6.2: Carbene-formation under neutral conditions
Imidazolium salts can further oxidatively add to, for example, nickel(0),

palladium(0) and platinum(0) compounds, leading to stable metal-hydride
complexes as shown in Scheme 6.3.12°%%

Ar Ar Ar N

N N N’ 4( Ar,
[ >—pe—< 1 +rccimmrg —BT— [ >—Pd—i

N N N .

v / \ H Ar

Ar Ar Ar

Scheme 6.3: Formation of a palladium(Il) hydride complex via oxidative addition of
[C4Ciim][BF,]

Finally, chemical or thermal-induced dealkylation (Hofmann elimination)
from tetraalkylammonium salts can occur even in the absence of base as
shown in Scheme 6.4. The formation of a palladium bis-imidazole complex
from [PdCl,]*" and [C4C,im][BF4] has been reported to take place during the
hydrodimerisation of butadiene'®” and an analogous product was obtained
from a [PdBr,;]* imidazolium salt in the presence of the radical initiator 2,
2’-azabisisobutyronitrile."

O tccimErd S A
Cl-Pd-CI _ N—Pd—N
& I%/ 5 NN

Scheme 6.4: Generation of a palladium bis-imidazole complex via alkyl elimination

Frequently, formation of palladium black is observed during C-C coupling
reactions and it appears to be likely that palladium nanoparticles account at
least for some of catalytic activity observed.™**'! This is especially true
when ligand-free conditions are employed and the stability and activity of
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nanoparticle catalysts/catalyst reservoirs can be significantly enhanced in the
presence of an ionic liquid, which control their size and prevent particle
agglomeration. Thus, the species formed during the reaction depends highly
on the catalyst precursor, the ionic liquid used and the type of ligand, e.g.
phosphine or arsine, employed. It would thus appear, that at least some of
the active species may differ significantly in an ionic liquid from those
present in molecular solvents.

6.3 Heck Coupling Reactions
6.3.1 General Considerations

The palladium catalysed arylation of alkenes with an organic halide was
first reported Mizoroki®*! and Heck™ in the early 1970’s. As the reaction is
very versatile and applicable to a wide range of substrates it has since
become one of the cornerstones of palladium chemistry.**>7

The proposed mechanism for a standard Heck reaction is depicted in
Scheme 6.5. Generally, a haloalkene or haloarene undergoes oxidative
addition to an in situ generated, coordinatively unsaturated 14-electron
palladium(0) complex, but other substrates such as tosylates, triflates or
diazonium salts can also be applied. Subsequent syn-insertion into the C=C
double bond of a complexed olefin yields a o-(falkenyl) or
o-(P-aryl)alkylpalladium complex. If no hydrogen atom in a pseudo cis-
position relative to the palladium is present, an internal rotation step is
required prior to syn-elimination of the olefin to afford the trans-olefin
product and a palladium(Il) hydride complex. The latter is restored to the

initial Pd(0) species by base-induced reductive elimination.*’*"
reductive R1x
ellmlnatlon PdL,
base
oxidative
H PdL, X addition
\( R" PdL, X
syn-elimination
. PdL,X A R2
R
2 R! syn-addition
R ‘\ pdLx*
internal
rotation R?

Scheme 6.5: General mechanism for the Heck reaction



122 Chapter 6

Numerous homogeneous palladium catalysts (or palladium catalyst
precursors) have been used as well as less well-defined nanoparticle pre-
catalysts and an extensive literature is available on the topic.**74!*!
A wide range of solvents can be used for Heck reactions, but polar solvents
like DMF, dimethylacetamide (DMA), N-methyl-2-pyrrolidine or 1,4-
dioxane are particularly common. It has further been known for some time
that tetraalkylammonium salts exert a beneficial effect of on the activity and
stability of palladium(I) catalysts.***”! This background may perhaps
explain the relatively large number of publications dealing with Heck
reactions in ionic liquids, but other approaches for the immobilisation and
recovery of catalysts in the Heck reaction, such as using solid supports,**>"
5¢CO; as reaction medium'>* or biphasic fluorous™***! methods have also
been evaluated.

A summary of Heck coupling reactions that have been conducted in ionic
liquids is presented in Table 6.1. Due to the large number of examples
available, only some selected cases will be discussed in detail. Yet, from the
data available it emerges that the Heck reaction not only proceeds with
higher activity in ionic liquids compared to molecular solvents, but in some
cases the stability of the catalyst is also improved. Particularly good
conversions are often obtained when simple palladium salts are used, often
without the addition of co-ligands. As described above, in situ formation of
carbene complexes that exhibit higher activities than the simple salts often
employed in other solvents may account for such positive effects when
imidazolium based ionic liquids are used. Another explanation may lie in the
stabilisation of nanoparticles by the ionic liquid. The formation of palladium
nanoparticles within the Heck reaction has been demonstrated,”” and while
often overlooked, the formation of nanoparticle catalyst reservoirs could
frequently occur when simple palladium salts are used in the presence of a
phase-transfer agent.”" Since ionic liquids are structurally closely related to
phase-transfer agents it is possible that many Heck reactions, and C-C
coupling reactions in general, that take place in ionic liquids involve
nanoparticle catalysts or catalyst precursors. It was, for example, observed
that palladium black re-dissolves above 100°C in imidazolium based ionic
liquids in the presence of Group 15 donor ligands."”*!

The fate of palladium acetate in different ionic liquids was investigated
using in situ XAFS measurements.”” With [BF,] and [PF4] salts of either
imidazolium or pyridinium, formation of metallic palladium was observed.
Conversely, no nanoparticles were formed when the corresponding chloride
salts were used instead. Bis-carbene complexes were detected with
[C4C,im]Cl whereas with [C4C,C;im]Cl, [C4py]Cl and [Cepy]Cl, that unlike
[C4C;C,im]Cl do not contain an acidic proton, only [PdCl,]> was found.
While addition of PPh; did not have a great effect with respect to the nature
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of the palladium species in these chloride salts, markedly less nanoparticle
formation was observed in the [BF4]” and [PF¢] ionic liquids. It was also
found that the formation of nanoparticle clusters is faster in the presence of
substrate, viz. iodobenzene and butyl acrylate and nanoclusters with a
diameter between 0.8 and 1.6 nm were shown to be the main species present
during the reaction.”””!

Apart from palladium(0) and palladium(II) salts, such as Pd,(dba);, PdCl,
and Pd(OAc),, several well-defined Pd-carbene complexes have been
employed in ionic liquids, as have some palladacycle complexes. However,
ligands used are in most cases neutral and have not been included to
facilitate catalyst retention in the ionic liquid.

Co-solvents are occasionally added to the ionic liquid, mainly to facilitate
product isolation and/or to help dissolve inorganic bases. In some cases,
triphasic (aqueous - ionic liquid - organic) systems result, either during the
reaction or in the workup."®®! An organic phase (frequently diethyl ether or
hexane) is used to absorb the product while any inorganic salt which has
formed from the reaction of base with the palladium(Il) complex may be
taken up by the aqueous layer. Tetraalkylammonium or phosphonium ionic
liquids usually form the middle phase."” As one example of such a system,
coupling of ethyl acrylate with arylhalides proceeded with high yield and
selectivity in an organic - Aliquat 336 - aqueous trisolvent system with Pd/C
as catalyst.!%")

As an alternative to such triphasic procedures, washing the ionic liquid
phase with water from time to time may be required to ensure recyclability.
Otherwise, the physical properties of the ionic liquid — especially its
viscosity — may change, and catalyst performance may also deteriorate, due
to accumulated base and other residues in the solvent.

Some studies have been undertaken with respect to anion effects in
imidazolium based ionic liquids. As illustrated above, [C4C,;im]Br may be a
superior solvent to [C4C,im][BF,] for Heck reactions, as highly active
carbene intermediates are more likely to arise in the former while with the
latter these are either not formed or undergo transformation into a less active
species as illustrated in Scheme 6.1.1%%
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6.3.2 Heck Reactions with Homogeneous Catalysts

The first example of a Heck reaction in a molten salt stems from as early
as 1996 when tetraalkylammonium and phosphonium halides were used as
reaction media for the coupling between arylhalides and n-butyl acrylate.!”?
Particularly good results were achieved in trihexyl(tetradecyl)phosphonium
chloride, both in terms of reactivity and ease of product isolation.

In molecular solvents catalytic activity tends to increase as the steric bulk
of the phosphine increases whereas the effect of additional ligands with
respect to their structure is not always obvious in an ionic liquid. A number
of different ligands have been evaluated in the arylation of ethyl acrylate
with 4-bromoanisole in [C,C,im][PFs] with Pd(OAc), as the catalyst
precursor.”® In this system it was found that the relative activity of the
ligands evaluated decreased in the order P(o-Tol); > PPh; > AsPh; > dppf >>
P(O-Ph); > SbPh; > dppe. If, however, a pyridinium based ionic liquid is
used instead, the presence of phosphine ligands appeared to hinder the
reaction. For example, the coupling between iodobenzene and ethyl acrylate
in [Cepy]Cl afforded 98% of the envisaged product after 24 hours at 40°C,
whereas only 82% was obtained when 4 mol% PPh; was added.

A range of different palladium compounds immobilised in [(C4)4sN]Br
have been screened in the coupling between styrene and chlorobenzene, with
or without additional co-ligands. Apart from various simple palladium(II)
salts these compounds included the carbene complexes 16-18 and the
phospha-palladacycles 19 and 20, shown in Figure 6.1.¢":6%]

A Ph
Me Me (\N B 7/M6
1 | \ |
N | N N I N |
[ >—pPd— ] ( Pd [ >—Pd—PPhy
A . N
Me Me &/N“tBu pr’ Me

16 17 18

e
ArQ  OAr
o-Tol o-Tol Buf \ /

|
/O/\O\ P /C\ /P\O
Pd ,Pd o pd pd
R Ox_~0O ~
P, Cl It
o-Tol’ \o-ToI \Mr Bu
e

/\
ArO  OAr

But
19 20

Figure 6.1: Carbene and phosphapalladacyle complexes evaluated for the coupling of styrene
with chlorobenzene in [(C4)4N]Br
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The yields obtained after two and 18 hours are displayed in Table 6.2 and
are impressive given that chlorobenzene is often completely unreactive as a
substrate in Heck coupling reactions, especially with catalysts like PdCl, and
Pd(OAc),. All the tested catalysts gave increased yields relative to DMF.
When [(C4)4sN][OAc] is used as base in the coupling of organobromides the
ionic liquid solvent is generated as the by-product, improving the
recyclability. Products were removed by distillation and depending on the
catalyst, recycling was possible up to 12 times with only a minor reduction
of activity.

Table 6.2: Heck olefination of chlorobenzene with styrene in [(C4)sN]Br to afford 1,2-

diphenylethene.”
Yield after 2 hours Yield after 18 hours
Catalyst DMF [(C4)4N]Br DMF [(C4)4N]Br
PdCl, 0 7 0 50
Pd,(dba), 0 1 2 8
Pd,(dba);+ 2 eq. P(tBu), 56 86 72 92
Pd(OAc), + 3 eq. P(o-Tol); 3 11 29 46
Pd(PPhy), 4 24 17 65
19 + 5 eq. [AsPhy]Cl 19 37 41 84
16 0 4 3 51
20 1 11 5 49

® Chlorobenzene (1.0 equiv.), styrene (1.5 equiv.), Na(OAc) (1.2 equiv.), Pd (2 mol %).

Comparable reaction conditions were applied in the coupling of activated
and non-activated arylchlorides with styrene or 2-ethylhexyl acrylate, using
the palladium carbene catalysts shown in Scheme 6.6. While compounds 22
and 23 were found to be highly active catalysts, complex 21 was thermally
unstable and decomposed to palladium black during the catalysis.!’”! The
yield and selectivity were only moderate in DMA, but results improved
markedly when the reaction was carried out in [(C4)4N]Br.
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0.5 mol% Catalyst 21-23

NaOAc

N, cl 140 °C, 24 h
[BugN]Br

Chapter 6

Catalyst 21: 14% yield
Catalyst 22: 62% vyield
Catalyst 23: 62% yield

Scheme 6.6: Coupling of chlorobenzene and styrene catalysed by Pd carbene-olefin

complexes

High reaction rates and very good selectivity were also observed in the
reaction between aryliodides and acrylates or vinyl compounds with the
bis-imidazole-complexes 24 and 25, shown in Figure 6.2.7%

Cl Me Cl
\ /
Pd

7 ~ e

N~ N N
[NHN] ©:N\>_</

Me Me Me Me

24

Figure 6.2: Palladium bis-imidazole complexes

A somewhat related, highly stable catalyst system was obtained from
PdCl, immobilised in a imidazole-imidazolium ionic liquid which serves
both as solvent and ligand. 'Y In the reaction solution a bis-imidazole
complex, 26, is formed, which has also been synthesised and characterised
separately (see Scheme 6.7). In this system catalyst immobilisation appears
to be very efficient and after 11 runs with three different substrates high
conversion was observed even with chlorobenzene as substrate.
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Bu 2 PFg
BU‘N | —|
N =<
N ONe Bul' o
R\
[ \)—(Q] + PdCly ——— CI,Fl’d‘
NN N B
Bu Bu [ \>_LQI+N—>
[C4im-C4C4im][PFe] N, ’Bu
Bu
26
2 mol% PdC|2
X N82003 ~_R
s g —10°Can ©/\/
[C4im-C4Cim][PFg]
X R run yield
I CO,Me 1 92
CO,Me 5 91
cl CO,Me 6 70
CO,Me 8 75
cl Ph 9 86
Ph 1 83

Scheme 6.7: In situ formation of an ionic liquid stabilised palladium complex in an
imidazole-imidazolium ionic liquid and its performance in the Heck coupling of
various substrates

Good catalyst immobilisation was also realised by attaching a charged
imidazolium moiety onto a palladacycle complex, resulting in the cationic
complex 27, depicted in Figure 6.3. No palladium was detected in the
organic phase after extensive extraction of a solution of [C4C,im][PFs]
containing the catalyst with diethyl ether. Nevertheless, the catalytic activity
was only disappointing and it was proposed that catalyst decomposition
occurred in the presence of a base.

Me
A\
" Cry
AN ¢
T

27
Figure 6.3: Carbapalladacycle tested in Heck and Suzuki-coupling reactions

Apart from improved reaction rates, facilitated product isolation or high
recyclability, performing the reaction in an ionic liquid may result in
improved selectivities. This is illustrated in the arylation of the electron rich
olefin butyl vinyl ether in the presence of [C4C,im][BF,]. In this solvent, a
substantial improvement in the regioselectivity was observed relative to
eithe[r65]DMF or DMSO, yet at somewhat lower reaction rates (Scheme
6.8).
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Br 2.5 mol% Pd(OAc), OBu BUO™\\

1I(E)t§':l<':dagph

wrs - 1D 220 O - OO

Solvent
o B (Z and E isomer)

conversion o/B

toluene 23% 46/54

acetonitrile 36% 69/31

DMF 100% 60/40

DMSO 100% 75125

[C4C4im][BF,] 50% >99/1

Scheme 6.8: Effect of solvent on the regioselectivity of the Heck coupling between butyl
vinylether and 1-bromonaphthalene

As carbene-formation from imidazolium ionic liquids has been
demonstrated in several instances (vide supra) it was reasoned that a chiral
imidazolium ionic liquid might lead to formation of a chiral palladium
complex and thus chiral induction in the synthesis of the product. The effect
of chiral ionic liquids on enantioselective Heck oxyarylation reactions was
therefore explored, but only very low ee (below 5%) was observed in the
reaction between 2-iodophenol and 7-benzyloxychromene with either PdCl,
or Pd(OAc), as catalyst, as shown in Scheme 6.9.!") When PPh; was added
as ligand, no enantiomeric excess was observed at all. It is not
unambiguously clear whether the chiral induction is due to formation of a
carbene complex or due to a solvent template effect. As stated earlier, the
presence of a halide source might be important for the formation of
palladium carbene complexes, and it is therefore possible, that hardly any
Pd-carbene compound was generated under the given reaction conditions. In
addition, silver carbonate can react with imidazole and silver-carbene
complexes have been prepared in a comparable manner.™”

10 mol% Pd(OAc),

BnO 0 | Ag,CO3
CO- 0 e
F S-C4Cim][PF
HO [S-C4C4im][PF¢]
=\ Me H .
/N\\*_-/N\)\/ 13% yield, 5% ee

With 20 mol% PPhj3: 45% yield, 0% ee
[S-C4C1|m][PF6]

Scheme 6.9: Heck oxyarylation in a chiral ionic liquid
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6.3.3 Microwave and Ultrasound Accelerated Reactions

Irradiation of the reaction solution with either microwaves or ultrasound
can lead to dramatically reduced reaction times and both techniques have
been applied successfully to the Heck reaction in ionic liquids. Ultrasound
has been found to greatly accelerate Heck coupling reactions in solutions of
either [C4C;im]Br or [C4C,im][BF,], affording good conversion in less than
three hours at 30°C.[! On the basis of '"H-NMR and mass spectroscopic
data, formation of a palladium carbene species PdX,(C4C,imy), appears to
take place, which was proposed to be a precursor to zero-valent nanoparticle
clusters. TEM analysis reveals monodispersed grains of about 20 nm
diameter, composed of particles of approximately 1 nm size.

Microwave-assisted Heck coupling reactions have been reported in
several instances.”””*"**] Using microwave dielectric heating, reaction times
as short as only a few minutes can be realised and some data from such
experiments are listed in Table 6.3. A wide selection of arylhalides were
reacted with olefins with Pd/C immobilised in [CgCiim][BF,] under
microwave irradiation.™®

Table 6.3: Microwave-assisted olefination of arylhalides

OBu
@X N /\H/OBU micrc.Jwaiwe. hefating | NS O
R// o) ionic liquid R//
4 mol% PdCly; 8 mol% P(o-Tol)s; 1.5 eq. NEt;; [C4Cim][PFq]
R X time [min] temp [°C] yield [%]
H Br 20 220 87
p-MeO Br 20 220 61
p-CF; Br 20 220 90
3 mol% Pd/C; 2 eq. NBus; [C3Cim][BF,]
R X time [min] P[W] yield [%]
H Cl 1.5 375 0
p-NO, Cl 2.0 375 42
H Br 1.5 225 80
p-MeO Br 1.5 225 30
H I 1.5 225 86

6.3.4  Heck Reactions with Heterogeneous Catalysts

Of the heterogeneous catalysts employed in conjunction with ionic

liquids, palladium on activated charcoal is most frequently used.!

60,75,86,88]
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Other examples include palladium species immobilised on other solid
supports®"**! as well as isolated (naked) Pd-nanoparticles®"*!

So far there is only one example where a supported ionic liquid phase
catalyst has been used in the Heck reaction.*”’ Stirring a suspension of
amorphous silica in a mixture of THF, [C4C,im][PFs] and Pd(OAc), afforded
a powdery immobilised catalyst. The coupling reaction was performed with
the catalyst suspended in n-dodecane and following filtration it could be
reused several times, with only a minor decrease in activity. The decrease in
activity might be due to blockage of the silica pores with the ammonium salt
formed during the reaction and washing the solid catalyst with aqueous
sodium hydroxide indeed restored the original activity almost completely.
From ICP-OES analysis it was established that less than 0.24% of the
palladium leached into the organic layer.

In an other example where palladium was also immobilised on silica, but
the reaction carried out in [C4C,im][PF;] as solvent, considerable leaching of
the palladium(0) and palladium(II) catalyst from the support into the ionic
liquid as well as into the organic phase was observed."®!

It has been suggested that active sites in heterogeneous Heck reactions
are actually dissolved palladium species.”” Such a hypothesis is in
agreement with a mechanism where palladium nanoparticles suspended in an
ionic liquid are suggested to act as reservoir to a molecular catalyst, which is
formed upon oxidative addition, as shown in Figure 6.4.5°"

ArX

Pd(ll)
Nanoparticle Main catalytic cycle
reservoir
Pd(0)

Figure 6.4: Proposed pathway for nanoparticle-promoted Heck reactions in ionic liquids

Palladium nanoparticles were further immobilised on chitosan flakes and
from TEM it was established that they have a core-shell structure in which
the metallic palladium is surrounded by a stabilising shell composed of a
[(C4)sN]" monolayer that is surrounded by Br~ and [PdC1,]* species.* High
catalytic activity for arylhalides including activated arylchlorides was
observed at 130°C in [(C4)4N]Br using tetrabutylammonium acetate as base.



6. Carbon-Carbon Coupling Reactions 135

Nonetheless, chlorobenzene was essentially unreactive under the conditions
employed.

A charged support, double layered hydroxide, that can be described by
the general formula, Mg, ,Aly(OH),Cl-zH,O, was used to immobilise
[PACL,]* .Y While results with this catalyst were only poor in N-methyl
pyrrolidinone, good conversion and selectivity was obtained in [(C4)4sN]Br
with arylchlorides as substrates. By employing microwave irradiation
coupling between chlorobenzene and styrene afforded the desired product in
95% yield within 30 minutes. The products were isolated by distillation and
the catalytic activity remained essentially stable for at least 5 runs.

Although copper salts are well-known additives for C-C coupling
reactions,” only few examples on copper-catalysed Heck reactions exist.”>*¥
The coupling of arylhalides with butyl acrylate has been achieved in
[(C4)N]Br with 3 mol% copper bronze as pre-catalyst.** When the
reactions were recycled, the rates increase markedly and it was suggested
that the arylhalide reacted with the copper bronze to yield highly active
nanoparticles. The average size of these colloids was determined by TEM to
be 4.2 nm, which appear to be homogeneously dispersed in the ionic liquid.

6.4 Other Palladium Catalysed Cross-Coupling
Reactions

While Heck coupling reactions have been studied in some detail in ionic
liquids, other important C-C bond forming reactions have received less
attention. Overall, the data available indicate that ionic liquids have
considerable potential to not only facilitate product extraction and catalyst
recovery, but also to improve reaction rates and catalyst lifetimes.

Many of the following reactions, e.g. Suzuki, Stille, Negishi and
Sonogashira couplings, follow the same basic reaction mechanism shown in
Scheme 6.10, but more complicated pathways can also be involved. Initially,
the cis-adduct is formed during oxidative addition, which subsequently
isomerises to the trams-complex. Trans-metallation with, for example, an
organo-boron, -tin, -zinc or -copper reagent affords PdRR’L,, which
undergoes reductive elimination to give the desired product.
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R'-R PdL, R-X
reductive elimination oxidative addition
% )
R'—Fl’d—L X—Pd—R
) % L
X-Y R'-Y
_ / /
Suzuki: R-X + R‘—B\ —_— R'—R + R"O—B\
. / :
Stille: R-X + R'—Sn— —— R'—R + X—Sn-—-
\ \
Negishi: R-X + R'—Zn— _— R'—R + X—Zn-
Sonogashira: R-X + R'———=Cu R'———R + X—Zn-—-

Scheme 6.10: Proposed general mechanism for some palladium catalysed cross-coupling
reactions other than the Heck reaction

6.4.1 Suzuki Coupling Reactions

The Suzuki reaction comprises the coupling of an arylhalide with a
boronic acid and it is perceived to be one of the most environmentally
benign methods for the formation of new C-C bonds."””! Numerous reviews
are available and only some of the more recent shall be referenced here.!”**")
The mechanism, as depicted in Scheme 6.10,1'%! shares close similarities to
that of the Heck reaction although other intermediates have also been
suggested.'”"! Addition of a base is usually required to account for the low
nucleophilicity of the borane reagent. In polar solvents such as THF or
water, NaOH or NaOMe are commonly employed, while Na,CO; or K;PO4
are frequently used in DMF. Likewise, rather weak bases such as Et;N,
NaOAc or Na,COs; are usually used in ionic liquids. In conventional solvents
such as toluene and dioxane extensive catalyst decomposition is often
observed as is evident from the formation of black deposits.

A number of studies concerning Suzuki coupling reactions in ionic
liquids have been undertaken and they are summarised in Table 6.4.
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In keeping with Heck reactions, both palladium(0) and palladium(II)
catalyst precursors have been successfully used and there seems to be little
to distinguish the two in terms to activity, stability and reuse. Relatively mild
reaction conditions have been realised by means of ultrasound irradiation or
in phosphonium-based ionic liquids.

Rather long reaction times tend to be required in imidazolium-based
ionic liquids when the established protocol!'®™ for the Suzuki coupling
reaction is applied. However, catalyst activity increases markedly if an
initiation procedure is put into operation, i.e. prior to the addition of the
boronic acid reagent, Pd(PPhs), is stirred for one hour under inert conditions
at 110°C in [C4Cyim][BF,] in the presence of an arylhalide and a halide ion
source.""' Only then is an aqueous solution of Na,CO; and the boronic
acid added. After such an induction period handling of the catalyst solution
in air was possible without any observed catalyst decomposition. In this
manner markedly increased reaction rates were achieved for aryliodides and
bromides, whereas arylchlorides remained unreactive. It was subsequently
found that mixed ligand phosphine-imidazolylidene palladium species,
[PdX(PPhs),(C4C imy)]" (X = Br or Cl), are formed under the conditions
employed, as outlined in Scheme 6.11."") The isolated chloride derivative
[PACI(PPh;),(C4Cimy)][BF4] was found to be highly active and reaction
rates as high as 930 mol-mol"-h™ were observed in the coupling of
bromobenzene with phenylboronic acid. A similar process also takes place
when other palladium sources, e.g. PdCl,, Pd,(dba); or Pd(OAc),, are used
together with a phosphine ligand. It thus appears that the formation of a
mixed phosphine-carbene palladium complex is crucial in imidazolium ionic
liquids in order to achieve high reaction rates. Accordingly, much lower
activity and extensive catalyst decomposition was observed with
[C4C,Ciim][BF,] as in this solvent formation of a carbene complex is not
possible due to the presence of the methyl substituent in the 2-position.
Anion effects were also observed and inferior results were obtained with
[PFs]™ or [SbF¢]", while no reaction took place in [C4C;im]Cl.
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PPhg

PhsP—Pd—PPh; + ArX PdCl, / Pd(OAc),

BPh, +4 PPhy
[C4Cyim]* [CoCyim]*

NaX NaX

A PPhs aq. base PPhs

r—Pd—X ArX X=Pd=X

PPh; PPhs

Me
aq. base N E’Ph3 aq. base
(-t
N PPhs
Bu

Scheme 6.11: Proposed mechanism for the formation of palladium-imidazolylidene species
under the conditions employed in Suzuki reactions

Only few palladium salts readily dissolve in [C4C,im][BF,], one
exception being [C4C,im],[PdCly]. It was found that this salt can form
N-donor palladium(II) complexes when an aqueous base is present'® although
water alone may already be sufficient (Scheme 6.4).*”) Such species were
deliberately prepared in situ from [C4C,im],[PdCly] and four equivalents of
methylimidazole and the resulting complex exhibits good activity in the Suzuki
reaction with arylbromides. However, reaction rates were inferior to those in
molecular solvents (Table 6.5). Nonetheless, no visible catalyst decomposition
takes place in the ionic liquid and recycling was possible. Ionic liquids which
cannot form palladium carbene complexes afforded activities similar to
molecular solvents, but at the expense of catalyst decomposition. Activity also
depended on the nitrogen ligand employed and the most encouraging results
were found with 1-methylbenzimidazole.

Table 6.5: Reaction of bromobenzene and tolylboronic acid with catalyst formed in situ
from [C4C,im],[PdCl,] and 4 equivalents of 1-methylimidazole

Solvent yield (%) TOF
dioxane 96% 236
toluene 90? 225
[C4C,im]Cl 0 0

[C4C,im]Br 25 63

[C4Cyim][BFy] 42 106
[C4C,im][PFq] 60 150
[C4C,C1im][BF,] 859 213
[C4Cipy][TE:N] 83% 209

Conditions: 110°C, 20 minutes; ¥ Extensive catalyst decomposition and leaching.
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The coupling between arylhalides and phenylboronic acid proceeds
under very mild conditions (30°C) and in a short time in [C4C4im][BF4]
when the reaction mixture is sonicated. Methanol was required as co-solvent
to dissolve the phenylboronic acid, affording a homogeneous solution. In air,
homo-coupling of the boronic acid was significant, but under inert
conditions, no such products were observed. A stronger base such as sodium
methoxide was required when arylchlorides are used as substrates.
Formation of the palladium bis-carbene complex [Pd(C4Csimy),]*" occurs
during the reaction, and palladium colloids are also formed, preventing
efficient recycling of the catalyst. If, however, the preformed bis-carbene
complex is employed as the catalyst with methanol as the only solvent
present, the formation of zerovalent palladium species was not observed and
reuse was possible, though with a steady decrease in activity.

Rather mild reaction conditions, 50-70°C were also realised when the
reaction was performed in a phosphonium ionic liquid and even aryl-
chlorides prove to be suitable substrates in this solvent. A range of
arylhalides were coupled with the palladium(0) precursor Pdy(dba); in
[C14(Ce)sP]Cl in the presence of potassium phosphate base.!'"'*! High yields,
typically greater than 85% were observed after 1-3 hours for arylbromides
and iodides at 50°C, see Table 6.6. A slightly higher temperature is required
with arylchlorides together with triphenylphosphine as a co-ligand, but
the reaction was very slow when an electron rich substrate such as
4-methoxychlorobenzene was used. The active species has not been
identified, but it has been suggested'”! that the phosphonium ionic liquid
might act as a source for alkylphosphines and such ligands have previously
been found to be successful in Suzuki reactions of arylchlorides.!''*!"%
Water and toluene were added in small quantities to facilitate salt and
substrate solubility, and in many cases the biaryl product crystallised from
the reaction as it formed. At the end of the reaction, water and hexane was
added, resulting in the formation of a triphasic system with the ionic liquid
as the middle phase. The resulting biaryl is thus extracted into the upper
hexane phase while inorganic salts dissolve in the aqueous phase. In this
manner recycling of the ionic liquid phase was possible for at least five runs
with essentially stable activity.

Table 6.6: Coupling between phenylboronic acid and p-haloacetophenone in [C,4(Ce);P]C1 ¥

Halide Ligand Temp. [°C] Time [h] Yield [%]
I None 50 1 100
Br PPhy 50 1 99
Cl PPh; 70 30 84

9 1 mol% Pdy(dba),; 3.3 equiv. of KsPO,
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Molten tetrabutylammonium bromide was shown to be another suitable
solvent for the coupling of arylhalides with arylboronic acids.!"" With 1.2
mol% of Pd(PPh;), and two equivalents of aqueous K,CO; high yields were
observed after 10 minutes at 120°C. Both the presence of water and base was
necessary for the reaction to proceed. Other palladium sources such as
Pd(OAc), or palladium black were also active, albeit with lower reaction
rates. Notably, arylchlorides also react and chlorobenzene reacted with
phenylboronic acid to afford biphenyl in 64% yield after 30 minutes.
Recycling of the catalyst was possible and a higher activity was observed in
the second and third cycles.

The Suzuki-coupling reaction between iodobenzene and phenylboronic
acid was further investigated in the nitrile-functionalised pyridinium ionic
liquid [C5CNpy][Tf,N], shown in Figure 6.5. The reaction was performed at
110°C with 1.2 mol% of either of the palladium complexes 28-32, derived
from [C3CNpy]" and PdCl,, immobilised in [C;CNpy][Tf,N] or in the non-
functionalised analogue [Cspy][Tf;N]. After 12 hours at 110°C vyields
between 81-88% were observed in either [C;CNpy][TfN] or [Cypy][THN],
bromobenzene as substrate afforded only poor conversion, ca. 35% yield,
while less than 1% yield was detected with chlorobenzene as substrate.

+ TH,N [ _A* (CHp)sCN | PdCIs>
O\l/\/\c\\\’“—' 2 O\l (CHy)3
= =
L 42
[C3CNpy][Tf2N] 28
[@/(CH»SCNT%CIZ [~ - (CHz)CNY-PaC,
| > I
> ) PdCly -Q 1 2 x-
29 30: X = PFg
31: X = BF,
32: X = Tf,N

Figure 6.5: Nitrile-functionalised pyridinium ionic liquid and palladium derivatives

The difference between the reactions conducted in the nitrile-
functionalised ionic liquid and [C4py][Tf;N] became apparent upon
recycling of the catalyst. After nine cycles with complex 32 as catalyst
precursor in the functionalised ionic liquid, there was no significant decrease
in activity, but if 32 was immobilised in [C4py][Tf;N], the catalyst solution
rapidly lost its activity to become completely inactive after the fifth cycle.
ICP-OES analysis shows that less than 5 ppm of palladium was lost from
[C;CNpy][TE,N] into the organic phase, whereas typically 28 ppm of
palladium was leached from [C4py][Tf;N]. It is conceivable to attribute the
superior retention of the palladium complex in [C;CNpy][TEHN] to
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coordination of the palladium to the ionic liquid via the nitrile moiety,
resulting in higher capacity for immobilisation of the palladium complex.
Formation of carbene complexes from pyridinium-based ionic liquids is
highly unlikely and attempts to identify the nature of the catalyst failed,
which prevents delineation of the role of the nitrile group in the Suzuki
reaction.

The cross-coupling of allyl alcohols with aryl- and vinylboronic acids has
been accomplished in [C4C,im][BF,] and [C4C,im][PFs] with rhodium
catalysts.""*) While no reaction takes place in polar solvents such as water or
DMF, good results were obtained in [C4C;im][PF¢], see Scheme 6.12, and
rhodium(I) as well as rhodium(IIl) compounds worked well in the latter
solvent. The presence of copper salts as well as acids led to an increase of
the reaction rate.

3 mol% RhC|3
©/\/\OH /O/B(OH)z 50 °C, 2-5 h
+ —_—
Me solvent Me

CH,Cl,, 5 hrs: 10% yield
[C4C4im][BF 4], 5 hrs: trace
[C4C4im][PFg], 2 hrs: 62% yield

Scheme 6.12: Rhodium-mediated coupling of cinnamyl alcohol and p-tolylboronic acid

6.4.2 Stille Coupling Reactions

The Stille reaction involves the coupling of organic electrophiles,
typically aryl triflates or halides, with organostannane reagents such as
vinyltributyltin, and base is not required for the reaction to proceed.!''*!
Copper(I) salts are frequently added as co-catalyst and their role is
presumably to capture free ligand liberated from the metal complex prior to
the reductive elimination of the coupling product.'"”’ Depending on the
solvent (and other factors), different intermediates have been
proposed.'*"") With coordinating solvents such as water or THF an open
transition state appears to be formed, weakly coordinating solvents (such as
most ionic liquids) seem to lead to the formation of a cyclic intermediate, as
shown in Figure 6.6.

Ry ,L
R1\ /R2\ / | - | /
L_,.—/P ,Pd—C—Sn—-

d\ /Snw |
XN s 4NN
Figure 6.6: Cyclic (left) and open (right) transition states proposed in the Stille coupling
reaction: S = solvent (or ligand)
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The coupling between organic halides and stannanes is very general with
respect to the employable halides and stannanes and many functional groups
are tolerated. Arylbromides and iodides were reacted in [C4Cim][BF,]
with either tributylphenyltin or tributylvinyltin.!'""®! In the reaction with
a-iodoenones reaction rates were inferior in the ionic liquid relative to
N-methylpyrolidone (NMP) as solvent. The performance of a given catalyst
depends on the organo halide used. PdCl,(PhCN), afforded the best results
when iodides were used, while Pd(PPh;); worked best for bromides, as
shown in Scheme 6.13. The product may be extracted with diethyl ether and
reuse of the catalyst is possible for 2-5 more runs, depending on the
substrate, with only a slight decrease in activity.

5 mol% catalyst

PhSnBug
°C,18 h
Or — 2o (V)
[C4C4im][BF 4]
R X catalyst system yield
H Br PdCI,(PhCN),, Cul, AsPh3 35%
H Br Pd(PPh3), 90%
OMe | PdCI,(PhCN),, Cul, AsPh3 82%
OMe | Pd(PPh3), 30%

Scheme 6.13: Stille-coupling of arylhalides

An array of ionic liquids, mostly based on the imidazolium cation, but
also including pyridinium and pyrrolidinium salts, have been screened in
the Stille-coupling of iodobenzene with tributylvinyltin in the presence (or
absence) of AsPh; and the results are shown in Table 6.7.111] Pd,(dba); was
used in the presence of AsPh; while Pd(OAc), was used as catalyst in the
ligandless reaction. Reaction rates were always lower when no arsine ligand
was present, independent of the nature of the ionic liquid, and it took up to
24 hours (relative to 4 hours with Pd,(dba);/AsPh;) to achieve complete
conversion. Ionic liquids with nucleophilic anions, namely with Br or
[OTs] generally afforded inferior yields, while [OTf] and [CsH;7SO4] gave
the best results. Catalytic activity was lost in most cases after the first run,
presumably due to the precipitation of Pd(0) during the product extraction
step. The reaction between iodobenzene and tetraalkyltin proceeded only
sluggishly and in the best case only ca. 60% of the desired product was
observed after 48 hours at 80°C in [C4C,im][Tf,N].
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Table 6.7: Conversion in the Stille-coupling reaction between iodobenzene and
tributylvinyltin with respect to different ionic liquids at a catalyst loading of 4

mol%
Solvent L hour st 80°C.__ & hours t BO°C
[C4Cim]Br 41 10
[C4C,im][BF,] 50 49
[C.4C,im][PFg] 49 30
[C4Cim][TH,N] 73 75
[C4C1im][CgH7SO4] 99 55
[Cepyl[TF:N] 85 84
[C4Cipyrr][TF,N] 74 85

Copper-free coupling between 4-iodotoluene and tributylphenyltin in
[C4Cyim][TE,N] with 2 mol% of the palladium carbene complex
PdCl,(PPh;)(C4C,imy) is of only modest activity, ca. 39% yield after 3 hours
at 100°C."**1 Addition of 10 mol% AsPh; increased the yield to 75% and
recycling was possible, giving 68% yield upon reuse of the catalyst solution.

The effect of nitrile-functionalised ionic liquids on the recycling potential
was investigated in the coupling between iodobenzene and
tributylphenyltin."> Several, closely related palladium-precursors, based on
the ionic liquid cation [C3CNpy]” and PdCl, (Figure 6.5), were tested in the
reaction, but the nature of the pre-catalyst did not have a significant
influence on the rate. Independent from the ionic liquid used, rather low
catalytic activity was observed and with 5 mol% catalyst, yields ranged
between 43-65% after 12 hours at 80°C.

50

1 2 3 4 5 6 7
Catalytic Run

Figure 6.7: Recyclability of the pre-catalyst 32 in [C3CNpy][Tf,N] (dark) and [C4py][TEN]
(light) in the Stille reaction between phenyltributylstannane and iodobenzene; 5
mol% catalyst, 80°C, 12 hours
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While the activity remains essentially constant in the nitrile
functionalised ionic liquid, activity decreased rapidly in [Cspy][Tf;N], as is
clear from Figure 6.7. The catalyst in the reaction was shown to be colloidal
and isolated nanoparticles from the first run afforded similar conversion to
those formed in situ. A much lower palladium content was found in the
organic phase with [C;CNpy][Tf,N] relative to [Cspy][TE:N], ca. 7 versus 46
ppm, indicating that the nitrile-functionalised ionic liquid improves catalyst
retention and stability. Transmission electron microscopy images of the
isolated palladium nanoparticles are shown in Figure 6.8.

— —
10 nm 5nm

Figure 6.8: Comparison of TEM images of the palladium nanoparticles isolated after the
Stille reaction from [Cspy][TE,N] (left) and [C;CNpy][T£,N] (right)

The nanoparticles obtained from [C4py][TfN] and [C;CNpy][TfN] both
have a diameter of ca. 5 nm, but they exhibit different states. Those isolated
from [C4py][Tf,N] are aggregated whereas the nanoparticles generated in the
nitrile-functionalised ionic liquid were evenly distributed and the surface
lattice can be clearly observed. The TEM images support the hypothesis that
the nitrile-functionalised ionic liquid stabilises the palladium nanoparticles.
In either case, agglomeration is prevented and ultimately catalyst deactivation
suppressed. The former hypothesis has been suggested previously
for a different system.'"!

6.4.3 Negishi Coupling Reactions

In the Negishi cross-coupling reaction an aryl or benzyl zinchalide is reacted
with an arylhalide to yield the corresponding biaryl. The reaction of a range
of aryl zinc compounds with mostly aryliodides proceeds well in a biphasic
system comprised of [C4C,C;im][BF,] and toluene (Scheme 6.14)."**! With
2 mol% Pd(dba), as catalyst precursor and 4 mol% of the charged phosphine
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ligand DPP-[C4C,im]", fast conversion was observed at room temperature
with aryliodides. Arylbromides and triflates are also suitable substrates but
require longer reaction times (3-5 hours). The catalyst could be reused after
decantation of the organic phase, but a significant decrease in activity was
observed by the third run.

Me- NN gy

PPh,
DPP-[C,C+im]
2 mol% Pd(dba),
4 mol% DPP-[C4Cim]

ZnBr X — —_R
S o R 20°C, 20 min - 5 h ¢ ) \7 2
A O [C4C+1C4im][BF,] - toluene R1/

R!=MeO, CI, NC
RZ = CO,Et, NO,, OAc
X =1, Br, OTf

Scheme 6.14: Negishi-coupling between arylzinc bromides and arylhalides

6.4.4 Sonogashira Coupling Reactions

The coupling between an alkyne and an arylhalide is referred to as
Sonogashira coupling. Highly active solid supported palladium bis(pyrimidine)
complexes have been shown to catalyse the reaction in the absence of
copper(I) co-catalysts.'">'**  With PdCl,(PPh;), as catalyst and
diisopropylamine or piperidine as base, the coupling reaction proceeds
efficiently in [C4C,im][PF¢] in the absence of a copper(I) co-catalyst.!'*”!
Slightly lower yields were obtained in either [C4C,im][BF4] or
[C,Cyim][BF,]. The product could be extracted with hexane and the ionic
liquid washed with water to remove the ammonium salt formed during the
reaction. Following this procedure, recycling of the catalyst was possible,
albeit with gradual loss of activity (Scheme 6.15).

5 mol% PdCIly(PPh3),
3.6 equiv. iPr,NH

Ql + H—==—FPh 60°C.2h =
_ [C4C4im][PFé] N\ / — \ 7/

Run 1: 96% yield

Run 4: 63% yield

Scheme 6.15: Sonogashira-coupling of phenyliodide and phenylacetylene
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6.4.5 Homocoupling Reactions

The homocoupling of aryliodides has been investigated in
[C4C,im][PF¢]!"*® as well as in [C4C,im][BF4] and [CsC,im][BE4].l"*"! The
reaction proceeds well with the cyclopalladated complex 33, as illustrated in
Scheme 6.16, but rather high reaction temperatures of 160°C were required.
Relative to DMA as solvent, catalytic activity decreased when the reaction
was performed in either [C4C;im][BF4] or [CsC,im][BF,], but the isolation
of the product was simplified. In contrast to some of the coupling reactions
described previously, no reaction took place in [C4C,im]Br.

Me2

N
 _CI
de/ >Pd
NA7
c N

Me,
33

0.2 mol% 33
1.5 equiv. NEt3

B —————
ionic liquid

[C4C4im]Br: trace
[C4Cqim][BF4]: 99% vyield
[CgCqim][BF4): 33% yield

Scheme 6.16: Homocoupling of iodobenzene with a cyclopalladated complex

A series of palladium salts and complexes was further screened for the
coupling of arylbromides in [C4C,im][PF¢]. A stronger base such as
tetrakis(dimethylamino)ethylene was required for electron-poor arenes and
good conversion was observed independent from the catalyst precursor
employed. However, bromoanisole remained unreactive under the conditions
used. Catalyst recycling was possible after extraction of the product with
diethyl ether but activity decreased considerably with each run.

6.5 Allylic Alkylation

The palladium(0) catalysed allylic alkylation of soft carbon nucleophiles
represents a very useful tool for organic synthesis. The reaction conditions
often involve heating a mixture of stabilised carbanions together with the
substrate and the catalyst mixture in THF.

The biphasic allylic alkylation of ethylcinnamyl carbonate with ethyl
acetoacetate has been studied in [C4C;im]Cl-methylcyclohexane with
PACL/TPPTS as catalyst.'” Relative to the same reaction under aqueous
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biphasic conditions, much higher reaction rates were observed, probably due
to the improved solubility of the substrates in the imidazolium chloride. In
addition, formation of cinnamyl alcohol was entirely suppressed in the ionic
liquid.

A series of different nucleophiles was tested in the reaction with
3-acetoxy-1,3-diphenylprop-1-ene in [C4Ciim][BFs;] with Pd(OAc), as
catalyst precursor.'*” As with molecular solvents, the presence of an excess
of phosphine ligand was found to be necessary for the reaction to take place.
The effect of employing different phosphines has been studied and it was
found that the reaction rate is greatly enhanced with electron-rich or
o-donating phosphines.'*”! With n-accepting phosphines, little or no reaction
took place. As can be seen from Table 6.8, the reaction proceeds faster in the
ionic liquid than in THF and a wider range of phosphines can be applied.

Table 6.8: Ligand effects in the allylic alkylation of 3-acetoxy-1,3-diphenylprop-1-ene with
dimethyl malonate

[C4C im][BF,] THF

Ligand time [h] conversion [%] time [h] conversion [%]
P(nBu); 1 100 1 100

PCy; 1 100 20 0

PPh; 6 100 6 33
P(tBu); 22 75 22

P(OPh), 18 0 18

P(p-C¢H,CF3); 20 0 20

It was reasoned, that in the ionic liquid the electronic effects appear to be
the dominating factor while in THF both steric and electronic effects are
significant. As the organic compounds dissolve in the ionic liquid, a product
extraction step was required, and unless charged phosphine ligands like
TPPTS were used, palladium leaching was considerable. DBU gave better
results than K,CO; and this is probably a reflection of their different
solubilities in the ionic liquid. While the latter is only sparingly soluble,
DBU readily dissolves.

The effect of hydrogen bonding on allylic alkylation was studied in the
base-free reaction of phenylallyl carbonate with dimethyl malonate.!*!"*
While the reaction proceeds rapidly in THF in the presence of four
equivalents of PPhs, it is very sluggish in [C4C;im][BF,]. The reaction in
THF was significantly inhibited when small quantities of the ionic liquid
were added. Only with excess external base did the reaction proceed in a
comparable rate in the ionic liquid. It was shown that the oxidative addition
of allylic acetate to Pd(0) is reversible and in THF the resulting acetate anion
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and Pd-allyl cation can form tight ion pairs rather than free ions. The free
carbonate anion hydrogen bonds to the acidic 2-proton of the imidazolium
cation and methoxide formation, which is required to deprotonate the
nucleophile, can therefore not function effectively, see Scheme 6.17. It was
argued that the slow conversion in the ionic liquid was due to insufficient
availability of nucleophiles.

Nu Nu
o N
MeO-C_  + H—<(+] — c O---H—<<j
(0] N O
Me Me

-cozj

MeO™ + MGOZC COzMe W MeOZC COzMe

Scheme 6.17: Role of the imidazolium cation as H-bond donor, thus inhibiting nucleophilic
attack from Nu™ in allylic alkylation reactions

The same reaction conditions as above (2 mol% Pd, P:Pd 1:4) were
employed in the enantioselective allylation of 3-acetoxy-1,3-diphenylprop-1-
ene in [C4C,im][PF4], using ferrocenylphosphine ligands."'**! Relative to the
reaction in THF, the ee increased from 40% to 68% in the ionic liquid. After
extraction of the product with toluene, reuse of the catalyst was possible,
however both yield and selectivity decreased.

A series of chiral chelate phosphine ligands, mainly based on the
ferrocene backbone (Figure 6.9), have been tested in [C,C,im][PF¢] as
catalysts for enantioselective allylic alkylation reactions and results are listed
in Table 6.9."*"

HO

\/\
PPh, NMe; NMe2 D‘/\/OH
‘/R =\
o PCY2 ,': PPh,
@Pphz @\PCYZ S,
(S,R)-BPPFA (R,S)-BCyPFA (R,S)-BPPFDEA
‘) PPh, O‘)
1y, N !y
U G
FePPhZ Fe
(S,S)-iPr-Phosferrox (S,R)-iPr-Phosferrox

Figure 6.9: Chiral ferrocene-based ligands tested in allylic alkylation
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Table 6.9: Allylic alkylation of 3-acetoxy-1,3-diphenylprop-1-ene with dimethylmalonate in
[C4Cim][PFg] at 20°C with 2 mol% Pd,(dba); and 4 mol% chiral ligand

Ligand Base Cycle  Yield [%] ee [%]
BPPFDEA K,CO; 1 81 74
iPr-Phosferrox K,CO; 1 34 86
iPr-Phosferrox K,COs 2 27 84
iPr-Phosferrox BSA/AcOK 1 55 68
iPr-Phosferrox BSA/AcOK 2 47 66
BCyPFA BSA/AcOK 1 69 56
BCyPFA BSA/AcOK 2 25 46

The product was extracted with toluene and the remaining ionic liquid
phase washed with water to remove residual base. Bis(trimethylsilyl)acetamide
afforded higher yields than K,CO;. While the selectivity decreased only
slightly upon recycling, yields dropped markedly. This behaviour was
ascribed to a 10-20% loss of ionic liquid during the workup. Reaction
conditions were optimised for the (RS,S)-iPr-Phosferrox ligand and almost
quantitative yield (98%) and good selectivity (88%) was obtained after 15
hours at 60°C. In contrast to higher reaction temperatures the selectivity
decreased significantly during the reaction at room temperature.
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Chapter 7
OLEFIN METATHESIS

7.1 Introduction

Catalytic olefin metathesis represents one of the most important methods
for C-C bond formation. Specifically, ring-closing metathesis (RCM) can
often provide an elegant solution in the synthesis of complex organic mole-
cules.!! To date, numerous well-defined homogenous catalysts have been
used and many reviews are available on the topic.””’ Among the most
widely used homogeneous catalysts are molybdenum and tungsten alkylide-
nes of the general formula M(OR’),(NAr)(=CHR) 34, and the more air- and
water-stable ruthenium complexes RuCl,(PCy;3)(L)(=CHR) 35, and
[RuCl(m®-p-cymene)(PCy;)(=C=C=CRR’)]" 36.

One drawback of homogeneously catalysed metathesis reactions lies in
the high catalyst loadings that are required for acceptable reaction rates.
Catalyst ratios of 0.5 - 10 mol% are commonly employed and contribute
notably to the reaction costs. Furthermore, removal of ruthenium-based
catalysts from the product, especially from polymers, is not always facile.[”!
Accordingly, significant effort has been directed towards the immobilisation
and recovery of the catalyst, by attaching the complex onto a solid support,”*'”
use of scCO, as reaction medium!"'” or via biphasic (aqueous)
catalysis.”**!"! Within this context, ionic liquids have only very recently been
recognised as a potential solution. With the exception of the pioneering work
by Chauvin et al., in 1995 on the cross-metathesis of linear olefins with
W(OAr),Cly as catalyst in a chloroaluminate ionic liquid,m] the remaining
literature stems from 2000 onwards and is focused almost exclusively on
ring-closing metathesis with ruthenium catalysts.

The widely accepted mechanism for olefin metathesis™” is shown in
Scheme 7.1, exemplified by the ring closing metathesis of diallyltosylamide

[23]
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to tosyldihydropyrrole, using either of the ruthenium complexes 35 or 36.
Formation of the active catalyst proceeds via dissociation of a neutral ligand,
e.g. tricyclohexyl phosphine or cymene, respectively, a step that is
accelerated by the presence of Lewis and Brensted acids such as CuCl or
HCI. The actual catalytic cycle consists of a series of cycloaddition and
cycloreversion steps, with metal-carbenes and metalacyclobutanes as
intermediates. In principle, all steps are reversible, but as the catalyst is
sensitive to the substitution pattern of the olefins, the equilibrium usually lies
well to one side. It should be noted that the charge of the catalyst remains
unchanged during the entire catalytic cycle, which may have implications for
immobilisation in an ionic liquid.

Cl Il_ | —IX
///RLIa
L 4 \RU\
cl ||:C Ph crry SCse._ph
ys PCy3 \c|;
35aL =PCy; 36 Ph
35b L = IMes

N 4

X,

I I
“RU=CH, 2N
N
PC)/3
\_\
NTs
TSNC[[Ru] g

O A

[Ru]
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o4
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Scheme 7.1: Mechanism in ruthenium-catalysed ring-closing metathesis

7.2 General Considerations

A summary of metathesis reactions in ionic liquids is presented in Table
7.1. From the data available it appears that these reactions can easily be
performed in neat ionic liquids and increased reaction rates are sometimes
observed relative to molecular solvents. Co-solvents are used in some cases,
mainly to obtain a biphasic system and thereby facilitate product isolation.
So far, only imidazolium-type solvents have been employed with variations
in the alkyl substitution pattern and the nature of the anion. Apart from the
common perfluorinated anions, chloroaluminates have also been used,
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specifically in cases where early transition metals were employed as
catalysts.”>****! When choosing the solvent one should remember that the
imidazolium cation may alter or deactivate the catalyst via formation of sta-
ble carbene complexes. Indeed, it was shown that the presence of a relatively
weak base, such as Cs,COs, is sufficient to promote this step.[26'28]
Alternatively, silver(I) oxide can be used as base and halide abstracting
agent.” Several ruthenium carbene catalysts or catalyst precursors have
been prepared in this way, though not tested with an ionic liquid as solvent,
and Scheme 7.2 shows some recent examples. In some instances, the carbene
complex is prepared in situ and directly used in catalysis. Other ruthenium
sources than [RuCl,(p-cymene)], have also been employed and these include
Ru(methallyl),(Ph,P(CH,),PPh,), RuCl,(DMSO),;, [RuCly(cod)], and
[RuCly(nbd)],.1 "

c —~=<
/g//:\/ R1\N$N'R2_|CI i |

2
/RU\CI( Ru\// * \—/ - CI“‘/'Ru R
7——-N

Cl =
C|R1—N\/

NN i): Ag0, CH,Cl
ii): Cs,COj3; toluene; 110 °C
MeO iii): p-xylene; 140 °C
iv): AgOTf; 1,1-diphenyl-2-propyn-1-ol; CH,Cl,

OMe OMe OMe

Scheme 7.2: Formation of ruthenium carbene complexes from imidazolium salts

Carbene formation can be suppressed by substituting the acidic proton in
the 2-position by, for example, a methyl group, although this has the effect
of increasing the melting point and the viscosity of the ionic liquid.
Alternatively, a protic ionic liquid such as [HC4im][OTf] may be used.”"
Here, the presence of an acidic NH -functionality prevents formation of a
carbene complex and further accelerates the formation of the catalytically
active species.
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The reaction products are usually obtained in good to excellent yield and
in most cases can be separated by decantation or extraction of the reaction
mixture with a suitable solvent. With neutral Grubbs-type ruthenium com-
plexes, a significant amount of catalyst is lost during the product-isolation
step as these are partially soluble in the organic phase and reaction rates tend
to decrease drastically after the first run. To achieve good retention of the
catalyst in the ionic liquid phase, the presence of charged moieties within the
coordination sphere are therefore crucial. Retention in the ionic phase seems
to be somewhat better when the charged allylidene complex 36 is employed.
However, with this compound catalyst-stability is an issue and ionic liquid
solutions containing 36 remain reasonably active for only about 36 hours at
ambient temperature.”?) The nature and charge of the catalytically active
species arising from allylidene complexes derived from 36 is not
unambiguously resolved. Recent results from ring-closing metathesis with a
n°-polystyrene analogue of 36 suggest that complexation of the arene is not
entirely lost during catalysis.'*) With complex 36, the nature of the anion of
both the ionic liquid and the catalyst are important factors influencing both
rate and selectivity:******! For ring-closing metathesis, best results are
obtained with [OTf] whereas in ring-opening polymerisation, [PF¢]” gives
the highest reaction rates. It is highly unlikely that this is an effect of ion-
pairing,”***! but rather a reflection of the fact that on the one hand anions
such as [BF4] and [PF¢] are susceptible towards hydrolysis[36] and on the
other hand [OT{] is a reasonably good ligand which can coordinate to the
metal centre.
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7.3 Task-Specific Catalysts

Consideration of the widely used second generation metathesis pre-
catalyst 35b, reveals four different sites where an ionic tag could be attached
to improve catalyst retention in an ionic liquid phase: (i) the phosphine
ligand, (ii) the N-heterocyclic carbene, (iii) the alkylidene and (iv) exchange
of the chloride for a strongly electron withdrawing group like e.g. a
functionalised perfluoro carboxylate. In principle, the lessons learnt from
solid-supported metathesis catalysts!'®'”! can be applied to the synthesis of
novel ionic liquid phase metathesis catalysts, simply substituting the support
for an appropriate charged moiety. Accordingly, two separate research
groups have described almost identical solutions to enhance both catalyst
lifetime and retention in ionic liquids."*** Both adopted the (boomerang)
concept, first introduced with complex 37 by Hoveyda and co-workers.**! It
is proposed that, after consumption of the substrate, the catalytically active
species encounters the initially released 2-isopropoxystyrene to regenerate
complex 37, hence prolonging its lifetime, as shown in Scheme 7.3.

O

|'//, — 4( Cluy, &

Ru o G RU=CH,
PCy3 _ PCy3

i ~_ _/ —

Termination

c
cr~

Scheme 7.3: Boomerang-concept to increase the lifetime a metathesis catalyst

Various polymeric and solid supports, such as polyethylene glycol
(PEG), can be used to immobilise these catalysts.[****) Exchanging the poly-
mer support on the styrene moiety for charged ionic liquid tags affords
complexes 38 and 39, which are retained to a significantly higher degree in
the ionic liquid phase (Scheme 7.4).

The combined features of charge and catalyst stabilisation find their
expression in markedly enhanced recyclability. Using catalyst loadings of
2.5 - 5 mol%, the activity decreased by only a few percent after 10 cycles
and remained above 90% of the initial value. Furthermore, the catalyst
solution could be kept for months without measurable loss in activity. By
substituting the tricyclohexylphosphine ligand for a N-heterocyclic carbene,
catalyst stability was further improved which finds its expression in very low
residual ruthenium levels in the isolated product.* As these are only the
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first examples of metathesis catalysts specifically designed to operate in
ionic liquids, the potential for further optimisation is probably considerable.

ya s
— /=N _< g ) =N
o—_/< >—R—Nf: 0 R-N"*
CI//'IlQ — \% Cl\IIQU_ \)
u — \\ p—
cI” PFg cr PFg
PCys Mes~\~ >\-Mes
38aR = _<CH2)3_
38b R=—0—(CHy)s— 39 R = —(CHy)s —

Scheme 7.4: Task-specific complexes for ring-closing metathesis

Many ionic liquids appear to be sufficiently transparent to microwave
irradiation.”®*”! By using microwave dielectric heating, diallylaminotosylate
was cyclised quantitatively in 15 seconds in [C4C,im][BF,] using complex
35b as the catalyst. Conversions were considerably inferior with 36 in a
mixture of CH,Cl, and [C4C,im][PFs], which is attributed to catalyst
degradation under the conditions employed. No attempts were made to reuse
the catalyst solution, but it is conceivable that such short reaction times may
increase the recyclability and thus the turnover number of a given catalyst.

7.4 Ring-Opening Polymerisation

By the end of 2004 ring-opening polymerisation in ionic liquids has been
reported in only one paper, using complexes 35a, 35b or 36 as catalysts."*!
A biphasic system comprised of [C4C,C,im][PFs] and toluene in a 1:4 ratio
was used to minimise catalyst loss during product isolation and the polymer
could be obtained almost quantitatively by simple decantation. The activity
of ionic liquid solutions of 35a drop markedly after the first cycle and
become inactive in the third cycle, whereas 35b and 36 could be used for
three and five cycles, respectively, with very good conversions, as shown in
Scheme 7.5.

0.3 mol% [36][OTH]
:é 40 °C, 30 min m
[C4C4C4im][PFg]-toluene n
Run 1: 95% yield

Run 4: 97% yield
Run 6: 27% yield

Scheme 7.5: Ring-opening polymerisation metathesis of norbornene

The molecular weight of the polymers obtained increased with the
number of catalytic runs, ranging between 79 and 303 kDa, indicating a
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gradual loss of active catalyst able to initiate a polymer chain. The
polydispersity as well as the cis/trans-ratio remained almost constant during
the recycling.

7.5 Concluding Remarks

As in many other areas of catalysis in ionic liquids, the research of the
past years in ionic liquid supported olefin metathesis has been dominated by
demonstrating the general feasibility in this reaction medium. With the
development of the task-specific complexes new prospects have been opened
and the improved recyclability of these compounds relative to the common
metathesis catalysts is impressive. Apart from more active and stable
catalysts, the development of enantioselective catalysts and of continuous
processes are likely to be the next goals.

It would appear that some more fundamental improvements are required
to make metathesis in ionic liquids sufficiently attractive: rather than
extracting the product, which commonly requires a large amount of
conventional solvent, biphasic systems that allow decantation of the product
ought to be envisaged. As metathesis reactions are often performed at
elevated temperatures, ionic liquids with higher melting points could also be
considered to optimise and facilitate product separation.
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Chapter 8
DIMERISATION - POLYMERISATION

8.1 Dimerisation and Oligomerisation
8.1.1 Introduction

Dimerisation of olefins is a major industrial process, and is carried out on
a multi million ton scale annually.'"! One of the most important methods is
represented by the Shell Higher Olefin Process (SHOP), which can even be
run under biphasic conditions. In the oligomerisation of ethylene, the
catalyst is generated in situ in 1,4-butanediol from a nickel salt, Na[BH,] and
a chelating ligand. The olefins formed in the reaction are immiscible with the
polar solvent and are isolated by phase separation and subsequent
distillation.”

The oligomerisation of propenes and butenes is frequently catalysed by
trialkylaluminium or trialkylaluminium/nickel species, the latter being
applied in the IFP-Dimersol® process. Here, the reaction is commonly
performed in neat substrate under mild conditions. With [NiBr(n’-
C;Hs5)(PCys)]-AlEtCl, as catalyst, turnover frequencies as high as 800,000
mol-mol™"-h™ have been observed in the oligomerisation of propene.!"

Selectivity is of major concern in dimerisation reactions. Even if no
oligomers are formed, the product can comprise a mixture of vinylidenes and
linear or branched olefin dimers (of which various isomers can be present).
The possible pathways in the dimerisation of terminal olefins are illustrated
in Scheme 8.1, not taking oligomerisation products into account. As
solubility properties of ionic liquids can be tuned over a wide range these
solvents should facilitate the synthesis of well-defined oligomers with a
narrow weight distribution. Once the oligomer chain exceeds a certain
length, it no longer dissolves in the ionic liquid and the chain growth should
come to a halt. Such beneficial effects due to the formation of a separate
product phase are demonstrated in some of the following examples.
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M-H
=\ —
R R
1,2-ins. 2,1-ins.
R
R R R R

| B-H elimination |

Y ' v Y
R R R
R R R
vinylidene internal olefin vinylidene internal olefin
isomers isomers

Scheme 8.1: Reaction pathways in olefin dimerisation, excluding higher oligomerisation
products

Summaries on dimerisation and oligomerisation reactions in ionic liquids
have been published previously.”* Predominantly complexes of either
palladium or nickel have been employed in ionic liquids for
dimerisation/oligomerisation reactions, but there are also examples where
iron,™ tungsten!® and rhodium!” have been used. Apart from metal catalysed
dimerisation/oligomerisation reactions in ionic liquids, examples of
electrochemical dimerisation have been reported, which include
arylhalides® and 3-(4-fluorophenyl) thiophene!” as substrates.

8.1.2 Nickel-Catalysed Reactions

The first example for biphasic oligomerisation of olefins in ionic liquids
was published in 1990, reporting on the dimerisation of propene by
nickel(Il) catalysts in chloroaluminate ionic liquids of the general formula
[cation]Cl,-(AICl3), with either [C,C,im]", [Capy]” or [(C4)4P]" as cation.'”
It was found that in basic ionic liquids, y < 0.5, no catalysis took place.
Excess chloride, which is present in such basic chloroaluminates, poisons the
catalyst and it was shown that nickel compounds of the type NiCl(PRj),
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were transformed into inactive, paramagnetic complexes, as described in
Equation 1.['"

[NICIy(PR3),] + 2CI° =——= [NiCl,]> + 2PR; (1)

In acidic ionic liquids, where the molar fraction of AICl; is greater than
0.5, unwanted formation of trimers and higher oligomers was observed
during catalysis. However, such acid-induced side reactions are successfully
suppressed if small amounts of ethylaluminium dichloride, which acts as a
proton scavenger, are present. Thus, when the pre-catalyst
[Ni(MeCN)¢][BF4], was immobilised in a mixture of [C,C;im]CI-AIClI;-
AIEtCl, (0.41:0.50:0.04), Cs-products with a selectivity of 92-98% were
obtained from the dimerisation of n-butenes.!'” While addition of PPhs, PCy;
or PBu; did not affect the reaction rates, turnover frequencies were almost
one order of magnitude higher in the presence of PCy;CS,. The composition
of the dimer products was independent from the phosphine additive used
with an observed branch-index (BI) of 1.3, which is similar to that obtained
in the homogeneous Dimersol® system. Higher TOFs at comparable
selectivity were further achieved when [Ni(MeCN)][AICl;], was employed
as catalyst instead of the analogous tetrafluoroborate salt.!'*) The product was
isolated by decantation and in that manner the catalyst was reused for six
runs without change in activity or product composition. It was proposed that
the difference in activity between the two nickel salts was due to
decomposition of the [BF4]” anion upon contact with alkyl aluminium
chloride, affording a species that ultimately gave rise to a less active Ni-
compound.

The above protocol for the dimerisation of butenes has also been tested
on a pilot-plant scale and the reaction run continuously for 5,500 hours, after
which it was stopped deliberately. By immobilising the catalyst in the
chloroaluminate ionic liquid, nickel consumption was lowered by a factor of
10 relative to the process in neat substrate. The process is meanwhile
available for licensing from IFP under the name of Difasol® but has not yet
been commercialised. The technical implications of the process are
described in some detail elsewhere.”'*!

Square planar nickel complexes bearing O,O’-chelating ligands are
known to afford the linear dimerisation product with good selectivity.!"” In
toluene the dimerisation of 1-butene with the Ni(hfacac) complex 40 (shown
in Scheme 8.2) yields linear octene with 75% selectivity. Yet, high ligand
cost and low activity, 500 mol-mol-h™" at 90°C, together with difficult
catalyst recovery are factors that have so far prevented the industrial
application of this otherwise useful complex. When this catalyst is
immobilised in a slightly acidic chloroaluminate melt buffered with small
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amounts of weak organic bases, markedly higher reaction rates are obtained
with only a slightly inferior selectivity.!"*'”! For example, with [C4C py]Cl-
AICl;-chinoline (0.43:0.53:0.04) as solvent system, linear octenes were
formed with 64% selectivity and a turnover frequency of 1,240 mol-mol "-h™'
at 25°C.

CF3
N O0=<
Nil P
il
CF3
40
0.05 mol% 40
base
25°C
[C4C1py]CI-AICI5 (0.45/0.55)
TOF Cg-Dimer [%]  Linear [%]
Pyrrole 1,350 86 56
Chinoline 1,240 98 64
Pyridine 550 78 33
1,6-Lutidine 2,480 55 68

Scheme 8.2: Dimerisation of 1-butene with Ni(hfacac)(cod)

The role of the base is to trap free acidic species generated during the
reaction and thereby to suppresses cationic side reactions, as outlined in
Equation 2. The relatively high selectivity of complex 40 for the formation
of linear dienes is thus maintained in the ionic liquid.

AlLCl;” + Base == Base-AICl3 + AICl4”
Base-AICl; + HCI =—== HBase* + 2AICl,

Turnover frequencies could be further increased (reaction rates as high as
7,500 mol-mol™"-h™") if LiCl was added instead of an organic base, however
at a pronounced cost to the selectivity. While a temperature of 50°C is
required in toluene to activate the catalyst, complex 40 exhibits activity
already at —10°C in the ionic liquid. This indicates that the in sifu generation
of the catalyst, which is believed to require the formation of a Ni-hydride
complex, proceeds more efficiently in the ionic liquid. On the other hand, the
use of aluminiumalkyles as the proton scavenger led to poor results and the
catalyst decomposed rapidly at ambient temperature. The catalyst stability
was sufficient at low temperature, —10°C, but the linear product was formed
with only 12% selectivity under these conditions. The biphasic nature of the
system allows for easy product separation and catalyst recycling.
Accordingly, the performance was also tested in a continuous mode and
catalytic activity was maintained for at least three hours.!"”! After that time,
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an overall turnover number greater than 18,000 was realised. Linear
selectivity decreased somewhat with time, which might be indicative of slow
abstraction of the hfacac-ligand from the nickel catalyst.

Several (bis)carbene nickel complexes were tested as catalysts for the
dimerisation of propene or 1-butene (Scheme 8.3)."® While the activity of
these complexes was very poor in the dimerisation of 1-butene when toluene
was used as solvent, turnover frequencies as high as 7,000 mol-mol™-h™
were observed at ambient temperature with [C4C;im]CI-AICl;-N-
methylpyrrole (0.45:0.55:0.10) as solvent. With propene as substrate, TOFs
of 75,000 mol-mol"-h™" were achieved. Compared to NiCl,(PCys),, the
activity of the carbene complexes is considerably higher, but selectivity
towards the desired, highly branched propene dimer is low.

R | R 41a: R=Me, R ="Pr
. 41b: R = Me, R' = "Bu
i 41c:R=Me R’ = Pr
IR

"

41d:R='Pr, R ='Pr

0.02 mol% 41
N-methylpyrrole
AN 25°C P + isomers
MM ANN
[C4C4im]CI-AICI3 (0.45/0.55)
41a: 5,360 TOF

41b: 7,020 TOF
41c: 3,820 TOF
41d: 5,070 TOF

Scheme 8.3: Dimerisation with Nickel bis-carbene complexes

The oligomerisation of ethylene has been investigated in a series of
hydrophobic ionic liquids with the nickel complex 42 as catalyst (Scheme
8.4).1"" Use of high quality ionic liquids, i.e. those in which chloride and
water impurities are absent, was mandatory for good activity. With
[C4Cim][PFs] as solvent and under an ethylene pressure of 50 bar, turnover
frequencies as high as 12,000 mol-mol -h™' were observed. The product
formed a separate phase, which allowed for facile recycling of the catalyst,
although accompanied by a slight decrease in catalyst activity. When 1,4-
butanediol was used as solvent instead of the ionic liquid, hardly any
ethylene conversion was detected. lonic liquids with longer alkyl chains, Ce-
Cyo, also led to markedly lower reaction rates, possibly a consequence of
their greater lipophilicity. Relative to dichloromethane, narrower oligomer
distributions were observed under biphasic conditions.



172 Chapter 8

Ph, |SbFe
P
s 7
—CNY
2 7
0.05 mmol 42
50 bar ethylene
25 °
HiC=CH, ——225—~ Oligomers
ionic liquid

[C4Cqim][PFg]: 12,712 TOF
[C6Cq im][PFg]: 5,527 TOF
[C gCq im][PFg]: 2,885 TOF
C1oc1 im][PFG]: 2,058 TOF

Scheme 8.4: Ethylene oligomerisation in different ionic liquids

8.1.3 Palladium-Catalysed Reactions

The dimerisation of methyl acrylate is an important reaction since the
product, dimethyl dihydromuconate, represents a useful precursor for
speciality chemicals such as cyclopentenones, as well as for the production
of nylon-6,6. The synthetic challenge is to avoid formation of head-to-tail
dimerisation products. The tail-to-tail dimerisation of methyl acrylate with
palladium catalysts has been evaluated in protic and common imidazolium
ionic liquids.!*'*!

CO,Me CO,Me
~ Meozc/\,\r’\/ 2 Meozc/\/"‘w 2
Z “CO,Me —> . . + . )
cis and trans isomers cis and trans isomers
AZ-DHM A3-DHM

Scheme 8.5: Tail-to-tail dimerisation of methyl acrylate

Higher reaction rates were found in the Pd(acac),/PBu;-catalysed
dimerisation of methyl acrylate in [C4C;im][BF,] relative to when no ionic
liquid was present and this enhancement in activity was accredited to the
stabilisation of a cationic transition state.”” Carbene formation was ruled out
by testing a separately prepared palladium-carbene complex, which showed
no catalytic activity. At ca. 80% conversion, the reaction is quenched,
indicating that the product inhibits the reaction. Accordingly, the reaction
was run under biphasic conditions with toluene as a co-solvent to induce the
formation of two phases in the otherwise monophasic reaction. While the
ligand PBu; is readily extracted from the ionic liquid, activity remains
essentially stable for at least four runs when an ammoniumphosphine ligand,
1-dibutylphosphino-2-(dimethylamino)ethane, is used instead. Not only can
this ligand stabilise the active catalytic species by means of chelation, it can
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also reoxidise the Pd(0) species and assist in the opening of the metallacycle
via o-bond metathesis involving the acidic N-H bond, as shown in Scheme
8.6. The biphasic system was also tested in a continuous-flow reactor and
after 50 hours a total turnover number above 4,000 was achieved.

2+ 3+ 3+
FB>U2 COOMe Euz COOMe Euz COOMe
AN +H* AN N
|: _Pd [ Pd —_— [ _Pd
+
'\N/|92 -H MeZN I\N/Ie
COOMe i COOMe 2 COOMe
‘\/\COOMe J
COOMe 3+
BU2 —|2+ BU2 —|
PQ PO
Meo,c” o COMe [ “Pd - [ ~Pd!
€0 N \l:l N H
Me, Mey COOMe

Scheme 8.6: Catalyst stabilisation with a chelating P-N ligand

An acceleration of the reaction rate in the palladium-catalysed
dimerisation of methyl acrylate was observed with a protic ionic liquid,
[HC4im][BF,], affording a turnover frequency of 220 mol-mol "-h™, relative
to 72-100 mol-mol"-h™" in [C4C,im][BF,]."” The reason for the improved
activity is probably twofold. First, as this liquid is commonly made from the
reaction of N-butylimidazole with HBF,4, no halide impurities, which were
found to inhibit the reaction, are present. Second, Pd(acac), was found to
react with [HC4im][BF4] to yield a mixture of [Pd(acac)(C4im),][BF4] and
[PA(C4im)4][BF4],. Thus, the ionic liquid acts as proton reservoir for the
protonation of the acetyl acetonate ligand in Pd(acac),, facilitating the
generation of the catalytically active species. However, if [HC,;im][BF,] is
used as solvent instead, formation of a biphasic system takes place, which,
under the same conditions, led to lower turnover frequencies, 25-30
mol-mol "-h™!, probably due to mass-transfer limitations.

Biphasic reaction conditions, and thereby easy isolation of the product,
are also obtained with a scCO,-ionic liquid mixture.”!’ Methyl acrylate is
highly soluble in CO, over a wide density range while a density higher than
ca. 04 gem” is required to dissolve the resulting product dimethyl-
dihydromuconate. Therefore reactions were run at 80°C and at a CO,
pressure greater than 150 bar, allowing the product to be extracted into the
CO,-rich phase. Under these conditions the selectivity, TOF and TON values
were comparable to those achieved under monophasic conditions.
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The linear dimerisation of butadiene with palladium(Il) catalyst
precursors has been investigated in [C4Ciim]" with a variety of different
anions.™ Observed turnover frequencies, which range from 37-49 mol-mol "-h™',
are affected only slightly by the nature of the ionic liquid or catalyst
precursor. Best activities were obtained with four equivalents of
triphenylphosphine per palladium at a reaction temperature of 70°C.
Contrary to the reaction in THF, no formation of metallic palladium was
observed and reuse of the catalyst solution was possible. Pressurising the
reaction mixture with 5-10 bar of carbon dioxide led to a decrease in reaction
rates, which was explained by decreased substrate solubility in the CO,-
expanded ionic liquid.

Dimerisation, rather than the expected Heck coupling, took place in the
reaction between styrene and arenediazonium salts in [C,C,im][PF¢] to
afford 1,3-diphenyl-1-butene.'””! Only catalytic amounts of the diazonium
salt were required to trigger the reaction and their role in the reaction remain
so far unclear.

The hydrodimerisation of butadiene was achieved in a phosphine-free
system affording the telomer octa-2,7-dien-1-ol with a selectivity of 84-95%,
as shown in Scheme 8.7.°%! At ambient temperature the reaction mixture,
comprising of substrate, the palladium catalyst, water and [C4C,im][BF4],
forms a homogeneous phase, but the products are insoluble in the ionic
liquid-water solution below 5°C and could be separated by decantation.
Higher TOFs were observed in CO,-expanded ionic liquids, but at the cost of
decreased selectivity. Whereas formation of metallic palladium took place in
the ionic liquids with catalyst precursors such as [(77-C4H7)Pd-u-Cl], or
Pd(OAc),, hardly any decomposition was observed when [C4C;im],[PdCly]
was used as the catalyst.

0.08 mol% [C4C PdCl OH
o~ mol% [C4C4im][PdCly] .
[C4C4im][BF 4] - H,O P N

Scheme 8.7: Hydrodimerisation of butadiene

The number of alkyl substituents attached to the imidazolium cation was
found to be of great importance in the telomerisation of butadiene and
methanol with a palladium/phosphine catalyst system, see Scheme 8.8.2” In
the presence of imidazolium ionic liquids with an acidic proton in the
2-position, rapid deactivation of the catalyst took place and it was proposed
that formation of stable and inactive palladium-carbene species occurred. In
contrast, both a pyridinium-based ionic liquid as well as imidazolium ionic
liquids bearing a methyl substituent in the 2-position led to active systems.
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However, with the former liquid, formation of palladium black was
observed, together with increased yields of linear dimerisation and
oligomerisation products. It is well known that alkyl-pyridinium species can
transfer an alkyl group to a phosphine ligand,*®**! giving rise to
phosphonium salts which in turn are no longer capable of stabilising the
Pd(0) species. Thus, [C4C,C,im]" with either [BF,]” or [Tf;N] as the anion
proved to be the better choice of solvent and the desired telomeres were
formed with around 83% selectivity. After the reaction was complete, both
phases are yellow indicating that immobilisation of the palladium catalyst is
not yet very efficient. When the ionic phosphine TPPMS was used as ligand
instead, a single phase was observed, suggesting that the sulfonated ligand
also acts as surfactant. Accordingly, heptane was added as co-solvent to
induce phase separation, but some 1-4% palladium was nevertheless present
in the organic phase. Despite the loss of palladium catalyst recycling was
possible several times with only a slight deterioration of activity.

OCH;
0.07 mol% Pd(OAc), /\/\)\/
3 equiv. TPPMS
85°C,3h +

# + CH30H
hd : [C4C1C4im][Tf,N] - heptane /\/\/\/\OCH3

+ dimerisation products

Scheme 8.8: Palladium-catalysed telomerisation of butadiene with methanol

8.1.4 Dimerisation Reactions with other Metal-Catalysts

Ethylene was dimerised and oligomerised in acidic [C4C;im]CI-AICI;
with the tungsten catalyst WCI,(=NPh)(PMe;);, affording a mixture of
butenes and hexenes.”! The products formed a separate phase and could be
isolated by simple decantation, allowing reuse of the ionic liquid phase. The
same reaction also proceeded with WCl4(=NAr) as catalyst, but addition of
AIEtCl, was necessary to activate the complex. Furthermore, the organic
phase was coloured after the reaction, indicating that some tungsten species
had been extracted.

Cyclodimerisation of 1,3-butadiene was performed with [Fe(NO),Cl], as
catalyst precursor, together with a reducing agent such as zinc or AIEt,Cl in
[C4C1im][BF,] or [C4C,im][PF], as shown in Scheme 8.9.°! At 10°C, higher
turnover frequencies were observed in the hydrophilic ionic liquid
[C4C,im][BF,] while at 50°C the activity was greater in the hydrophobic
ionic liquid. The addition of phosphine ligands led to lower reaction rates.
Highest activities were obtained with ca. 0.5 mol% zinc at 50°C, affording
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turnover frequencies above 1,400 molmol-h™ with 100% selectivity
towards 4-vinyl-1-cyclohexene. With isoprene as substrate, four isomeric
products were observed. After the reaction conditions were tuned by addition
of zinc and phosphine ligands, 1,4-dimethyl-4-vinylcyclohexene was
obtained with up to 70% selectivity, although at relatively low reaction rates.

0.028 mol% [FeCI(NO),]»
0.5 mol% Zn

PNF 50 °C, 70 min O/\
[C4C4im][PFg]

94% conversion

100% selectivity

Scheme 8.9: Cyclodimerisation of 1,4-butadiene

Tail-to-tail dimerisation of methyl acrylate has been investigated with a
rhodium catalyst in protic and neutral imidazolium ionic liquids.!”” While
acidic ionic liquids showed some advantage with palladium catalysts (vide
supra), reaction rates with Rh(Cp*)(C,H,), as catalyst were much lower in
[HC4im][BF,4] and [HC,im][BF,] relative to those in [C4C,im][BF,]. It was
suggested that this was due to coordination of imidazole to the rhodium
centre.

In the classical oxidative alkyne-dimerisation reaction large quantities of
solvent are often required which makes alternative procedures attractive.
With 20 mol% CuCl and 20 mol% TMEDA, the dimerisation product of
phenylacetylene, viz. 1,4-diphenyl-1,3-butadiene, was obtained at ambient
temperature in [C4Ciim][PFs] in 95% yield."* Products were isolated by
extraction of the ionic liquid phase with toluene and reuse of the catalyst was
possible, but addition of further catalyst was necessary every two runs to
keep reaction rates more or less constant.

20 mol% CuCl
20 mol% TMEDA

@ 20°C,4.5h Q o O
= H = =
— [C4C4im][PF¢]

95% yield

Scheme 8.10:  Oxidative alkyne dimerisation
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8.2 Polymerisation
8.2.1 Introduction

A summary of polymerisation reactions in ionic liquids, which also
covers non-metal catalysed reactions, is available”” and ring-opening
polymerisation (ROMP) was described in Chapter 6.

Polymerisation reactions in ionic liquids have so far focused on processes
that do not involve a transition metal catalyst. Examples include acid-
catalysed,[34'36] free-radical,’”" electrochemical®’'**! and laser™ induced
polymerisation reactions and a review is available on the topic.”>”

As polymers are not volatile, separation of the ionic liquid from the
polymer will almost inevitably involve extraction and/or washing with
conventional organic solvent. The proposed environmental advantage of
using ionic liquids will therefore be at least partially lost. On the other hand
the often low solubility of polymerisation catalysts in common reaction
media, as well as arduous separation of catalyst residue from the resulting
polymer may provide a justification for employing ionic liquids as solvents
in polymerisation reactions. The prospect of controlling the molecular
weight of the polymer using task-specific ionic liquids represents another
motivation for studying polymerisation reactions in ionic liquids. As they
can be easily tuned with respect to their solubility properties ionic liquids
appear to be promising solvents for the synthesis of block co-polymers.
From the few examples available it seems that, compared to polymerisation
in neat substrate, higher rates of propagation with lower rates for termination
are observed in ionic liquids.

8.2.2 Atom Transfer Radical Polymerisation (ATRP)

The general mechanism in atom transfer radical polymerisation is
depicted in Scheme 8.11. The main difference to conventional radical
polymerisation is in the presence of a metal complex. Free radicals are
generated from reaction between the initiator (such as an organic halide) and the
metal species which further controls the reaction by reversibly transforming the
free radicals into a dormant species.”® However, it ought to be pointed out that in
ATRP contrary to, for example, Ziegler-Natta-type catalysts, the polymerisation
does not take place at the metal centre.
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Initiator + CuBr ———— Radical®+ CuBr,

CH=CH
COOR
[ )
CH,=CH +CuBr, ——> —CH,—CH-Br + CuBr
COOR COOR
active macromolecules
: irreversible
propagation / \ ibdbheiat
[ ]
_CHZ_?H_CHZ_(I:H _CHZ_?HZ
COOR COOR COOR

Scheme 8.11:  Propagation and termination steps in ATRP with CuBr as catalyst

In the classic ATRP system, the activity of the catalyst depends
dramatically on the nature of the preferably polydentate N-containing
ligands. Mainly copper(I) salts have been used for radical polymerisation in
ionic liquids,”** but an example involving an iron catalyst has also been
reported.'””! Apart from ionic liquid immobilised catalysts, solid-supported
catalysts have been widely used to avoid polymer contamination.’® A major
drawback of copper-mediated radical polymerisation reactions lies in the
high catalyst concentrations that are required. Equimolar amounts of metal
relative to the initiator are frequently used in order to achieve acceptable
reaction rates. Accordingly, protocols for catalyst reuse and facile product
separation are highly desirable.

Most of the metal-catalysed atom transfer radical polymerisation
reactions so far conducted in an ionic liquid focus on methyl methacrylate
(MMA) or closely related olefins as substrate. The first example was
published in 2000, reporting on the polymerisation of methyl methacrylate in
[C4C im][PFs] with a CuBr/alkylpyridylmethanimine catalyst system using
ethyl-2-bromoisobutyrate as the initiator.”” As the substrate is soluble in the
ionic liquid the polymerisation proceeded under homogeneous conditions.
After 90 minutes at 70°C, a conversion of 87% was reached which is
substantially faster than in non-polar organic solvents or in bulk substrate.
A further acceleration in the reaction rate can be achieved by using two
equivalents of ligand per copper ion. Depending on the reaction temperature
and ligand concentration, polydispersity varied between 1.30 and 1.43. Since
the polymer is insoluble in the ionic liquid it was removed by washing the
reaction mixture with toluene. Due to the good solubility of the catalyst in
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the ionic liquid contamination of the polymer product with copper was
markedly reduced.

In another study, the possible interaction of different anions in a series of
imidazolium-based ionic liquids with the transition metal catalyst was
investigated.'” The anions included halides, carbonate, dodecylsulfate and
dibutyl phosphonate, and it was found that ATRP in these ionic liquids
proceeded with rather low initiation efficiency. This was ascribed to the
relatively low concentration of the copper catalyst in the organic medium
and the high metal concentration in the ionic liquid phase. Yet, after a short
non-stationary state polymerisation proceeded in a controlled manner and
molecular weights evolved linearly with conversion, resulting in polymers
with low polydispersity. A high ionic liquid/initiator ratio, 10:1, led to higher
reaction rates and lower initiation activity while ionic liquid/initiator ratios
of 5:1 afforded higher initiation activity at lower reaction rates, however,
with the benefit of lower polydispersity.

No organic ligand was needed for the iron-catalysed atom transfer radical
polymerisation of MMA in the ionic liquids used. In contrast, controlled
ATPR of methyl methacrylate was possible, for the first time, in the absence
of an organic ligand with a copper catalyst using [C,C;im][PO,(OBu),] as
solvent.'”] However, when copper(I) bromide was used as a catalyst, an
organic ligand was required in those ionic liquids that contained a halide or
carbonate anion. After the removal of the polymer and the unreacted dimer
the catalyst was successfully regenerated.

The effect of substrate solubility on polymerisation was studied in
[C4Ciim][PF4] with a CuBr/alkyltriamine catalyst system employing ethyl-
2-bromopropionate as initiator.””! Whereas methyl acrylate is miscible with
[C4C,im][PFs], only traces of decyl acrylate are soluble in the ionic liquid
and the solubility of the substrate also affects that of the initiator, as shown
in Table 8.1. In the polymerisation of butyl acrylate it was possible to isolate
the product essentially free of catalyst residues by a simple phase separation.
Independent of the nature of the substrate, more than 99.9% of catalyst was
retained in the ionic liquid phase in all cases. Under homogeneous reaction
conditions, fairly narrow molecular weight distributions were observed,
which correlated well with the calculated values according to the ATRP
mechanism. Significant deviations from controlled polymerisation
conditions were observed for acrylates that were only sparingly soluble,
namely with hexyl and dodecyl substituents. This may be taken as an
indication that a different mechanism operates, although this result could
also be due to mass transfer effects.
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Table 8.1: Solubility of acrylates and ethyl 2-bromopropionate in [C4Cim][PF].
Monomer/ionic liquid/initiator 1:1:0.1 by weight

Monomer Monomer dissolved Initiator  dissolved
in IL phase [wt.-%] in IL phase [wt.-%]

Methyl acrylate 100 100

Butyl acrylate 38 41

Hexyl acrylate 10 25

Dodecyl trace <10

acrylate

An important benefit of performing the polymerisation of acrylates in
[C4Ciim][PF¢] is that the number of undesirable side-reactions is
considerably reduced. This observation correlates with the fraction of active
macromolecules found in the reaction mixture, which was much higher in
the ionic liquid relative to the solvent-free reaction, see Table 8.2.*
Especially towards the end of a polymerisation reaction, when the monomer
concentration is low, side-reactions such as irreversible chain termination
become increasingly important.

Table 8.2: Fraction of potentially active macromolecules in ATRP of butylacrylate

Monomer Active macromolecules Active macromolecules
conversion in bulk in ionic liquid solution
23 88 90
95 44 84

Irreversible termination of growing macromolecules during the final
stages of ATRP are particularly disadvantageous if the synthesis of block
co-polymers by sequential polymerisation is attempted. Due to different
solubilities of catalyst, monomer and polymer in the ionic liquid phase, a
larger amount of active molecules may be observed in the presence of an
ionic liquid.

Block co-polymers have been synthesised in [C4C;im][PFs] by ATRP of
butylacrylate and acrylate monomer.'” The outcome of the reaction depends
significantly on the order of substrate addition. If, for example, methyl
acrylate was added to a two-phase system of poly-butylacrylate and ionic
liquid, the resulting copolymer has a narrow polydispersity and is essentially
free of homopolymer. A markedly higher amount of homopolymer was
formed when butyl acrylate was added to a solution of poly-methyl acrylate
and the degree depended on the stage of the MA polymerisation. Below 70%
conversion, copolymer without homopolymer was formed, while above 90%
conversion, practically no co-polymer was produced.

By using an imidazolium ionic liquid with a chiral alkyl chain, R-(+)-2-
methyl butane, induction of isotactic sequences in the poly(methyl acrylate)
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was attempted.'**! It was found that fractions of isotactic sequences increased
with increasing ratio of chiral ionic liquid to monomer, but the effect was
relatively small.

Transition metal compounds in their higher oxidation states are used in
reverse ATRP, and initiators such as 2,2’-azabisisobutyronitrile (AIBN) or
benzoyl peroxide may be used in place of toxic organic halides. In
conventional solvents, the CuCl,/bipyridine catalysed reverse ATRP reaction
proceeds in an uncontrolled manner, probably due to poor solubility of the
catalyst. In contrast, the reverse atom transfer radical polymerisation of
methyl methacrylate in [C,C,im][PF¢], with 2,2-azobisisobutyronitrile as the
initiator affords polymethyl methacrylate with My/M, values below 1.2.1°%
However, the polymerisation also proceeded in an uncontrolled manner in
the ionic liquid if CuCl, was absent or not present in sufficient quantities.
Excess CuCl,, on the other hand, not only slows the polymerisation rate
significantly, but it could also contaminate the resulting polymer. The ionic
liquid phase could be recycled, with the reaction again proceeding in a
controlled fashion, after addition of further aliquots of AIBN, initiator and
substrate.

A well controlled reverse ATPR of MMA was further achieved in
[C,C,im][BF,] with AIBN/CuCl,/bipy as the initiating system.°"! The ionic
liquid could be reused, but more copper(Il) chloride had to be added in order
to sustain catalytic activity.

8.2.3 Non-Radical Polymerisation Reactions

Classic Ziegler-Natta catalysts of the general formula MCp,Cl, (M = Ti,
Zr, Hf) have been evaluated in the polymerisation of ethylene in [C,C,im]CI-
AICL.! No catalysis occurred in basic chloroaluminate ionic liquid and
from electrochemical experiments it appears that [TiCp,Cl;]” is formed in
such media. In acidic melts, with Al,Me;Cl; as co-catalyst, only TiCp,Cl, is
active, giving 0.02-0.15 (g PE) min™' (mmol Ti)" bar . It is likely that the
lack of catalytic activity with zirconium and hafnium analogues is due to the
stronger metal-chloride bond in these complexes, which precludes formation
of an active catalyst species, believed to be TiCp,R " in the active system.

Ethylene may also be polymerised in [C4C;im]CI-AlCl;-AICLEt
(1:1:0.32) in the presence of the nickel(IT) bisimine complex, 43, and toluene
as co-solvent.) After the reaction, the upper toluene layer contains the
product while the catalyst remains in the ionic liquid. After decantation, the
second run was initiated by introducing a new batch of ethylene-saturated
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co-solvent and an aliquot of trimethyl aluminium, in order to compensate for
the extraction of the free alkylaluminium compound into the organic phase.
While in the first run only 5 kg-mol-h™" polyethylene was produced at
—10°C, productivity increased to 96 kg-mol-h™" in the second run, and to
198 kg:mol "-h™" in the third run, and raising the temperature by 20°C led to
a further increase in activity. It is important to note, that the polymer
properties change upon recycling of the catalyst and this is a reflection of the
changing content and nature of organoaluminates in the ionic liquid phase,
giving rise to different active species.

PhsP. _PPhs Me Me i
O ™y o
AN I\
RN~ ~N N~ -
/R Ar-N NSAr Ar
7N\ ' Pd
— p— -— / N
AN NTA @ n c’ Me ipr
/NI\
cl” “ci
43 44a: R = Me 45
44b: R = Ph

Scheme 8.12: Nickel and palladium catalysts used in biphasic olefin polymerisation

Polystyrene supported nickel(Il) carborane complexes 44a and 44b have
been tested in the polymerisation of ethylene, styrene and vinyl chloride in
[C4C1im][BF,]. The compounds were active for all three substrates, even in
the absence of a co-catalyst. Increased catalytic activity was observed
relative to THF, affording polymers with higher molecular weight and, in
most cases, lower polydispersity.®”

Polymerisation of ethylene was also attempted in [C,C,;im][PF¢] or
[Cepy][TE:N], employing the palladium compound 45 together with either
Ag[SbFs] or Na|[BARF] to activate the complex.[68] However, the best
activity obtained in these ionic liquids was one order of magnitude lower
compared to using dichloromethane as solvent.

Phenylacetylene has been polymerised in ionic liquids using rhodium(I)
catalysts. The polymerisation of phenylacetylene, using the rhodium
complexes Rh(acac)(diene) and [RhCl(diene)], (diene = norbornadiene or
1,5-cyclooctadiene), was tested in [C,C,im][BF4] and [Cspy][BF4]. Those
complexes with norbornadiene generally afforded higher yields. It was found
that halide impurities present in the ionic liquid suppress the catalytic
activity and the presence of NEt; was therefore be essential in order to
trigger the catalytic cycle. Indeed, phenylacetylene was polymerised
smoothly with Rh(acac)(nbd) at 25°C within one minute to give 91%
isolated yield when halide-free [C4C,im][BF,4] was used.*”!
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A series of ionic liquids have been tested for the polymerisation of
phenylacetylene with the pyrazolylborate rhodium complexes 46 and 47,
shown in Scheme 8.13.7" Complex 46 afforded higher molecular weights
and lower polydispersity at comparable activity in the ionic liquid relative to
dichloromethane. The addition of small amounts of methanol to the ionic
liquid was found to have a positive effect on the catalytic activity. With
complex 47 best results were obtained in [C4C,im]Cl, giving 64% yield after
2 hours at 65°C. Molecular weights were usually lower with 46 than those
obtained with either 47a or 47b as catalyst.

R

H Py ROH T )R
‘natN~ ‘nat N~ 7
H—B N, | 7 “N—B N, |
\N (I'Rh"'\ ) \N (I'Rh"“
N M K R N7 Y
./ \
R
46 47a:R=H
47b: R = Me
Ph Ph
Ph—==—H EErT———— — —
ionic liquid — —
Ph

46 (65°C) 47a (65°C) 47b (20 °C)

CH,Cly: My = 21,800
[C4C4im][BF4): My = 50,800 55,000 61,600
[CgCqim][BF4]: My = 67,800 60,000 94,800

Scheme 8.13: Rhodium pyrazolylborate complexes for polymerization of phenyl acetylene

Alternating co-polymerisation of styrene and carbon monoxide has been
tested with palladium complexes in a range of ionic liquids (see Scheme
8.14).17 With [Pd(bipy),][PFs], as catalyst, yields were found to decrease
in the order [TEEN]™ > [PF¢]” > [BF,4] for both imidazolium and pyridinium
ionic liquids.”" The length of the alkyl substituent also plays a significant
role in terms of reactivity and recyclability. For [C,py][Tf;N], yields
increased as the alkyl chain was increased from n = 4 to n = 10. However,
with long alkyl chains, the isolated polymer was grey in colour, indicating
that inclusion of palladium had occurred. Turnover numbers in [Cgpy][TEHN]
were much higher than in alcohols. Raising the temperature from 20°C to
100°C resulted in marked increase in activity while increasing the CO
pressure only had a positive effect up to ca. 10 bar. Further increasing the
pressure led to polymers with lower molecular weight. Recycling of the
catalyst phase was possible for at least four runs without decrease in activity
or a change in the polymer quality.
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0.001 mol% Pd(bipy),
1,4-benzochinone 0

X 80°C,8h
+CO
[CopyI[Tf2N]

10 bar CO: M,, = 16,150
40 bar CO: M,, = 8,480

S

Scheme 8.14: Alternating co-polymerisation of styrene and CO

With Pd(OAc),(bipy) as the catalyst, methanol was necessary as a co-
solvent in [Cepy][T£:N] in order to accomplish co-polymerisation.!®®) In the
absence of methanol polystyrene was the only product observed. At an ionic
liquid-methanol ratio of 10:1, 70°C and 40 bar CO, 2.73 kg co-polymer per
gram palladium was obtained although residual halide inhibits catalytic
activity. lonic liquids with non-coordinating anions are important as the
inactivity in [C4C,im][CF;CO;] suggests that CO cannot compete with
trifluoroacetic acid for the open site on the palladium catalyst. About three
times as much co-polymer was produced in [Cspy][TEN] at 50°C relative to
dichloromethane as solvent, using PdCI(CH;)(bipy) and Ag[SbFs] as the
catalyst system.
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Chapter 9
MISCELLANEOUS REACTIONS

Over the past ten years, ionic liquids have been applied to a wide array of
organic transformations and within the confines of this book it is not
possible to cover all the different reactions. The following pages provide a
selection of catalysed reactions in ionic liquids that have not been covered in
the previous chapters. In many cases, there are only a few examples of a
certain reaction available, making it difficult to deduce any clear trends with
respect to the possible potential of ionic liquids as reaction media. As the
following pages will show, rare-earth metal salts are often used with
remarkable success to catalyse reactions in ionic liquids. This is probably
due to the fact that this class of solvents offers an environment in which
these salts exhibit good solubility but that is less reactive than water,
allowing for the presence of more sensitive functional groups in the
substrate. It is surprising that in many examples hydrophobic ionic liquids
give much better results with these strong Lewis-acid catalysts although their
solubility is much higher in hydrophilic ionic liquids, and some cases are
certainly worth studying further in order to rationalise these solvent effects.

9.1 Halogenation and Dehalogenation

There are numerous examples in which ionic liquids have been used as
reaction media for the halogenation of organic substrates in the absence of a
metal catalyst and only some of the more recent references are listed." In
this context, it is worth mentioning task-specific ionic liquids such as
pentylpyridinium tribromide, a non-volatile ionic liquid analogue of
bromine, which acts as both solvent and reagent, as shown in Scheme 9.1 1o
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In a similar manner, easy-to-handle solvents/reagents for electrophilic
iodochlorination and iodobromination have been demonstrated.!'!)

\N/\/v—|3r \N/\/v—|3r3
3 o

Scheme 9.1: Synthetic pathway to a vapour-pressure free ionic liquid analogue of bromine

Not all ionic liquids are sufficiently inert towards the often highly
reactive reagents used in halogenation reactions. As an example,
decomposition of imidazolium-based ionic liquids was observed in
nucleophilic fluorination reactions employing alkali metal fluorides as the
fluorinating reagent.'” Analysis of the volatile decomposition products of
the solvent by GC-MS revealed the formation of several species including
alkyl imidazoles, fluoroalkanes and alkenes. Similar observations were also
made with N-alkylmorpholinium based ionic liquids and recycling was not
possible due to decomposition of the solvent.!'’!

A wide selection of halogenation agents are available and as a reflection
of their generally high reactivity, transition metals are seldom required to
mediate such transformations. Even enantioselective halogenation can be
performed in the absence of a catalyst. However, the chiral reagents required
are fairly expensive and metal-catalysed asymmetric halogenation represents
a relatively new methodology for the synthesis of enantiopure
organohalides.!""

Enantioselective fluorination is commonly conducted with chiral agents
such as quinine-based [N-F]" compounds, and these have been successfully
utilised in ionic liquids.">' Very good yields and selectivities have been
obtained in the enantioselective fluorination of B-ketoesters catalysed by the
chiral palladium complex 57, see Scheme 9.2.'"! Depending on the substrate
employed, substantial acceleration of the reaction rate relative to that in
ethanol was observed with yields and selectivities comparable to those
obtained in water or ethanol. The reaction rate was found to depend on both
the length of the alkyl substituent of the imidazolium cation as, well as on
the type of anion present, whereas the selectivity was not affected by such
variations. The products were extracted from the ionic liquid phase with
diethyl ether, and in that manner catalytic activity was maintained for up to
ten cycles.
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—|2 OTf
OO Ar, H Ary OO
Ppa”O>pacP Ar = 3 5-dimethylpheny
P’Pd\o/Pd\ r = 3,5-dimethylpheny
SOARENG®
57
? 2.5 mol% 57 2
COBu  pho,S. 50 °C. 60 h CO,'Bu
+ NF ———— £
PhO,S’ ionic liquid F
[C4C4im][TfoN]: 88% yield, 92% ee
[C4C4im][BF4]: 68% yield, 92% ee

[C6C4im][BF4): Run 1: 93% yield, 92% ee
Run 6: 91% yield, 91% ee
Run 10: 67% yield, 91% ee

Scheme 9.2: Palladium-catalysed enantioselective fluorination of S-ketoesters

Dehalogenation reactions are particularly interesting as many
halogenated aromatic compounds such as dioxins and polychlorinated
biphenyls represent a serious environmental and toxicological hazard. The
presence of the ionic liquid phase-transfer agent Aliquat 336 was found to
have a marked influence on the selectivity of dehalogenation where Pd/C or
Pt/C were employed as catalysts together with hydrogen gas as the reducing
agent"™ In the presence of Aliquat 336 the main products in the
dechlorination of p-chlorobenzaldehyde with Pd/C were benzaldehyde and
benzylalcohol, while in its absence, toluene was obtained almost exclusively.

Dehalogenation of polyhalogenated arenes and fullerenes was
accomplished with palladium catalysts in an ionic liquid composed of a
pyridinium cation and a carborane anion, viz. [Cspy][closo-CB,H,,].""! For
any substrate, the catalyst efficiency decreased in the order PdCl(dppf) >
PdCly(dppe) > PdACly(PPh;s),. With an excess of TMEDA and NaBH, as
reagents and 0.5 mol% of [PdCl,(dppf)], hexabromobenzene was converted
quantitatively to benzene in less than three hours at room temperature. The
beneficial effect of the ionic liquid is exemplified in the dechlorination
of 1,2,4-trichlorobenzene with PdCly(dppf). While a mixture of
dichlorobenzene isomers was obtained when the reaction was conducted in
organic solvents, 1,2-dichlorobenzene was formed with considerably higher
selectivity in the ionic liquids, as shown in Scheme 9.3.
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Cl
¢l 0.5 mol% [PdCly(dppf)] ¢

cl TMEDA, NaBH, ©/C' ©/C'
+ +

Cl Cl Cl
solvent [%] [%] [%]
THF 40 20 40
CH3CN 50 20 30
[Cspyl[CB14H42] 95 4 1

Scheme 9.3: Effect of solvent on the dechlorination of 1,2,4-trichlorobenzene

The reaction products were isolated by distillation from the ionic liquid
and all of the palladium catalysts could be reused several times before
turnover frequencies noticeably deteriorated. However, once the ionic liquid
catalyst solution was saturated with either NaBr or NaCl, it had to be
regenerated by dissolving in chloroform or dichloromethane and filtering
through celite. If this procedure was not followed then the precipitated
sodium halide led to increased reaction times due to decreased diffusion of
the substrate in the ionic liquid.

The dehalogenation of bromoketones in an organometallic ionic liquid is
also worth mentioning here. The solvent is obtained from the reaction of
[C4C1im]Cl with Na[Co(CO),] in acetone to afford a clear, blue liquid.”*"
The debromination proceeded efficiently, but as no detailed mass balance
studies were undertaken, it is not clear whether the ionic liquid really
remains unchanged after the reaction or whether some of it is consumed in
the course of the reaction.

o) (@)

5 M NaOH OO
OO Br  [C4Cyiml[Co(CO)y]

Scheme 9.4: Debromination with an organometallic ionic liquid as catalyst and reaction
medium

9.2 Addition to Carbon-Hetero Multiple Bonds
9.2.1 Aldol-and Mannich-Type Reactions

Aldol-type reactions are among the most important methods for the
formation of carbon-carbon bonds. A number of examples of aldol-reactions
in ionic liquids have been reported,”'* of which those involving chiral
organic catalysts are particularly promising.”*” While, for example,
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asymmetric cross-aldol reactions with a chiral organic catalyst have been
performed in ionic liquid media with good yields and excellent
stereoselectivity,*® chiral metal catalysts have not yet been applied to the
reaction under such biphasic conditions. The Mannich reaction provides a
facile approach to the synthesis of natural products and pharmaceuticals and
Brensted-acidic ionic liquids have been used as both catalysts and reaction
media for this reaction.’*”)

The reaction between cycloalkanones and benzaldehydes affords a,a’-
bis(substituted benzylindene)cycloalkanones in good to excellent yield in
[C4C,im][BF,] with FeCl; as catalyst, see Scheme 9.5.°%*! Despite the ease
of the reaction, a very high catalyst loading is required, 50 mol%, together
with the need for the presence of one equivalent of trimethylsilyl chloride as
co-catalyst, making the system less attractive. Catalyst recycling was,
however, possible for at least five runs with only a slight deterioration in
activity.

50 mol% FeCly 6H,0

(0]
0 0 1 equiv. TMSCI
O (Y 2= (O
[C4C1im][BF 4]

92% yield

Scheme 9.5: Preparation of disubstituted cycloalkanones

The coupling of benzaldehydes with 3-buten-2-ol proceeds with
moderate to good yield in [C4C;im][PFs] with RuCl,(PPh;); as catalyst at
elevated temperatures.”>”!  In contrast to the analogous reaction in
conventional solvents, high yields were even obtained with electron-
deficient aldehydes such as 2-naphthylaldehyde, but the reaction did not
proceed with ketones as substrates. When a-vinylbenzyl alcohol is the
substrate, addition of a Lewis acid co-catalyst is necessary in order to obtain
good yields, and from screening a range of metal salts it was found that
addition of 10 mol% In(OAc); gives the best results. Compared with other
solvents, the reaction between a-vinylbenzyl alcohol and the aldehyde
progressed at higher rates and with better yields in the ionic liquid. Contrary
to the case in aqueous or organic solvents, the anti products were favoured,
although the selectivity was very low, as shown in Scheme 9.6.

5 mol% RuCl,(PPh),

0 10 mol% In(OAc)3 OH O OH O
" OH 90 °C )\Hj\ N /\HJ\
D S —— Ph Pho— Ph Fh
Me Me

83% yield, 43/57 synl/anti

Scheme 9.6: Ruthenium catalysed aldol reaction with indium(III) acetate as co-catalyst
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As in the above described aldol-reaction, RuCly(PPh;); also gave good
results in the Mannich-type reaction between imines and allyl alcohols.****!
It was proposed that the ruthenium complex first isomerises the allyl alcohol
to an enol which subsequently undergoes coupling with either an aldehyde or
an imine to generate the aldol and Mannich-type products, respectively. An
important advantage of performing the reaction in an ionic liquid is that,
unlike under biphasic aqueous conditions, where aldol products are also
formed as a result of decomposition of the imine, only Mannich products are
observed. Catalyst recycling was tested with 2-naphthaldehyde, p-anisidine
and 3-buten-2-ol as substrates, see Scheme 9.7. After extraction with diethyl
ether, the ionic phase was dried and reloaded with substrate. When the
catalyst was recycled in this manner, the activity was retained for at least
five runs.

N’R OH 2 mOlOAJORUC|2(PPh)3 NHR' O NHR' O
)I\ + \)\ 90 °C, 2-4 h . =
R H Me [C4C4im][PFg] R Me R Me
Me Me

R =2-naphthyl; R" = 4-anisy| Run 1: 92% yield, 72/28 syn/anti

Run 3: 90% vyield, 70/30 syn/anti
Run 5: 88% vyield, 70/30 syn/anti

Scheme 9.7: Mannich-type reaction between 2-naphthylaldehyde, p-anisidine and 3-buten-
2-ol.

Various aliphatic aldehydes, alkynes and dialkyl amines have been
coupled using silver(I) iodide as catalyst in [C4,C,im][BF4] with moderate to
excellent yield, as illustrated in Scheme 9.8.**! The nature of the aldehyde
has a much greater influence on the outcome of the reaction in the ionic
liquid than in water. With aliphatic aldehydes, the reaction proceeded cleanly
with hardly any trimer formation whereas aromatic aldehydes afforded

complex product mixtures.
Q

3 mol% Agl
_ 100°C,16h —
[C4C1'm [BF4]

86% yield

Scheme 9.8: Silver-catalysed formation of propargyl amines

Asymmetric Mannich-type reactions, using a chiral imine as substrate
and high loadings of indium(III) chloride as catalyst, proceed with moderate
yield and good diastereoselectivity in [C4C,im][BF,], see Scheme 9.9.5 It is
interesting to note that higher conversion with a reduced formation of the
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aldol product were observed in [C4C;im][BF,4] relative to [CsC,im][BF,], and
that the selectivity of the reaction can thus be tuned by altering the ionic
liquid. An advantage of ionic liquids compared to water is that enolisable
aldimines can be used as substrates. While efforts to recycle InCl; did not
afford the desired Mannich products, In(OTf); showed some recycling
potential in [C¢C,im][BF,], although by the third catalytic run very poor
conversion was obtained.

2

M602C NH, (0]
OTMS 20 mol% InCI3
- * OMe
MeOZC OMe [C4C1|m][BF4]
Cl
71% yield, 93/7 RIS

Scheme 9.9: Mannich-type reaction with a chiral substrate

Ytterbium(IIl) triflate has been found to be to be a highly efficient
catalyst in the reaction between imines and trimethylsilyl enolates, affording
good to excellent yields after 15 minutes at ambient temperature at low
catalyst loadings (0.1-1 mol%), see Scheme 9.10.°%' Markedly higher
reaction rates were observed in [C4C,im][PFs] compared to the
corresponding [BFs]” and [SbF¢] salts, and it appears likely that fluoride
generated from hydrolysis of the [PF¢] anion acts as a co-catalyst in the
reaction. Indeed, the reaction between benzaldehyde, aniline and
acetophenone trimethylsilylenolate afforded the same product in 55% yield
after 26 hours at room temperature even if no ytterbium salt was added to the
ionic liquid.

1 mol% Yb(OTf)s PhAN @
20 °C, 15 min
sHoglogit =
[C4Cqim][PFel:  91% yield

[C4C4im][SbFg]: 72% yield
[C4Cqim][BF4]:  47% yield

Scheme 9.10: Mannich-type reaction with trimethyl silyl enolate as substrate

9.2.2 Carbonylation Reactions

Imidazolium alkylselenite ionic liquids were found to be efficient
catalysts/solvents for the oxidative carbonylation of amines,”” but in general
the synthesis of carbonyl compounds is carried out in the presence of a
palladium catalyst. The first example of such a transformation stems from
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2001, when arylhalides were carbonylated in an ionic liquid in the presence
of either alcohols or amines.”® The reaction between bromobenzene,
methanol and CO in [C4C,im][BF,], together with 0.5 mol% of Pd(OAc), as
catalyst and four equivalents of triphenylphosphine afforded methylbenzoate
in much higher yield than in methanol, 82 vs. 30%. A higher ratio (20:1) of
phosphine to palladium was required in order to accomplish recycling and
reuse of the system, as shown in Scheme 9.11, while at a lower phosphine
concentration the formation of colloidal palladium and rapid deterioration of
catalytic activity was observed. In contrast to molecular solvents there was
less double carbonylation under high CO-pressure in the ionic liquids. The
mono-carbonylated product was formed almost exclusively in [C4C;im][PF]
and this could be due to the generally low solubility of carbon monoxide in
ionic liquids.

0.5 mol% Pd(OAc), o
20 equiv. PPh3 _

Br
. o
©/ + CO (30 bar) + MeOH + NEt; —— 20 C.3h
[C4C1im][BF4]

Run 1: 99% yield
Run 4: 74% yield
Run 7: 25% vyield

Scheme 9.11: Carbonylation of bromobenzene

Methylbenzoate was obtained from iodobenzene in moderate to good
yield with polymer-stabilised palladium nanoparticles as the catalyst.*”) Of
the ionic liquids screened in the reaction, those based on the pyridinium
cation generally gave better results than imidazolium-type liquids. The latter
probably deactivate the catalyst by formation of stable carbene complexes.

The same reaction was also investigated using the palladium-carbene
complex, 58, as catalyst (Scheme 9.12).*) Of the different ionic liquids
studied, tetrabutylammonium bromide gave by far the best results while
imidazolium based solvents afforded only poor conversions. At atmospheric
pressure, only iodobenzene was carbonylated. The conversion of less
reactive arylhalides not only required higher CO-pressures, but also the
addition of a phosphine ligand. Reuse of the catalyst after extraction of the
product with diethyl ether was possible for at least 6 runs with only a
moderate decrease in activity.
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Me
N I s
Saties
s N
Me

58

1 mol% 58 (0]
3 equiv. PPh3
Br 130 °C, 8 h o~
+ CO (8 bar) + MeOH + EtsN —————
[(C4)4NIBr
85% vyield

Scheme 9.12: Carbonylation of bromobenzene with a palladium-carbene catalyst

Palladium-catalysed carbonylation was also undertaken with amines as
substrates.*'**! Very good results were obtained in the aminocarbonylation
of a steroid with morpholine using either [C4Cim][BF,] or [C4,C,im][PF] as
solvent. Retention of catalytic activity was usually better with the
tetrafluoroborate based ionic liquid. With 5 mol% Pd(OAc), and six
equivalents of triphenylphosphine, catalyst activity decreased from
quantitative conversion in the first run to 94% in the fifth run at constant
reaction time. Two equivalents of ligand had to be added in each run as some
of the phosphine is lost during product extraction with toluene. This could
probably easily be avoided if a charged phosphine ligand was to be used in
place of the neutral phosphine.

The palladium(II) phenanthroline complex 59 (Scheme 9.13) was found
to be a highly active catalyst for the oxidative carbonylation in ionic liquids
with turnover frequencies above 4,000 mol-mol"-h™'.** While aliphatic
amines afforded ureas as products, carbamates were obtained with aromatic
amines. With [C4C,im]" as cation, good conversions were obtained with both
[BF4] and [FeCly]” whereas with [PF¢]” degradation of the ionic liquid
occurred at the high reaction temperatures employed (175°C). The absence
of an ionic liquid resulted in very poor conversion. The way the product was
isolated is somewhat untypical in that addition of water causes the product to
precipitate from the reaction mixture allowing for its facile isolation. Reuse
of the ionic liquid after removal of water was possible, although the activity
of the system decreases.
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Cl
| \N—Ptli\—CI
¥ Ny
G
59
0.025 mol% 59 'Tl
B sy
+ CO (4.5 bar) + MeOH T ——
©/ [C4C1im][BF ] 0
91% yield

Scheme 9.13: Oxidative carboanylation of aniline

The aminocarbonylation of iodobenzene and iodo-alkenes with
aminoacid methylesters proceeds well in [C4C,im][BF,] with Pd(OAc), as
catalyst.”] Both PPh; as well as 4-(diphenylphosphino)benzoic acid as
ligands gave good results. The hydroxycarbonylation of iodobenzene with
Pd(OAc),/PPh; as catalyst system was compared in a range of different
solvents including [C4C,im][BF,], [C4C,im][PF,s] and Aliquat 336.*4 At
120°C and 30 bar CO pressure, 83% yield was obtained after 5 hours
with [C4C,im][PFs]. While higher reaction rates were observed with DMF
and THF, catalyst-recycling was facile using the hydrophobic ionic liquid
and total turnover numbers above 3,000 were achieved.

Carbonylation of 3-butyne-1-ol to yield the corresponding exo-methylene
lactone proceeded well in both [C,C,im][BF4] and [C4C,im][PF¢] catalysed
by Pd(OAc),/PPh,Py.*"] However, the catalytic activity decreases rapidly
upon recycling and therefore there is no significant advantage compared to
the reaction conducted in toluene. Carbonylation of methanol with PdCl, as
the catalyst and [C4C,im][PF¢] as the solvent to afford dimethyl carbonate
was also attempted.*” Relative to the reaction in the absence of the ionic
liquid, a markedly higher selectivity towards the desired dimethyl carbonate
was found. However, dimethyloxymethane remained the major product and
methanol conversion was rather low.

There is only one example of a catalytic Pauson-Khand reaction in an
ionic liquid“" although the reaction has also been conducted in ionic liquids
using stoichiometric amounts of Co,(CO)s.**! In the catalysed reaction 10
mol% of Co,(CO)g was used in [C4C,im][PF¢] under 10 bar of CO. Under
these conditions, diethylallyl malonates could be obtained in 90-99% yield
within 90 minutes at 80°C, as shown in Scheme 9.14. However, with hetero-
bridged enynes, as well as in the reaction between norbornene and
phenylacetylene, only poor to moderate yields were achieved. A slight
increase in activity was observed with the analogous tetrafluoroborate ionic
liquid.
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10 mol% Co,(CO)g
10 bar CO

EtOOC =—H 80 °C, 90 min EtOOCm
X : o}
EtOOC N [C4C4im][PFg] EtOOC

90% vyield

Scheme 9.14: Catalytic Pauson-Khand reaction

Recently, colloidal cobalt has been used for catalytic Pauson-Khand
reactions.*! Bearing in mind the encouraging results from other
nanoparticle-catalysed reactions in ionic liquids, such catalysts may prove to
be highly promising.

9.2.3 Reactions Employing CO, as Substrate

The remarkably high solubility of CO; in ionic liquids makes this class of
solvent highly attractive for reactions involving this substrate. While there
are plenty of examples where CO, is used as an extractant or a co-solvent in
conjunction with ionic liquids, there are surprisingly few examples for
reactions involving CO,. One case, hydroformylation with CO, instead of
CO as substrate has already been described in Chapter 4.1°%

The transformation of CO, to yield cyclic carbonates represents one of
the best-known examples of successful chemical CO, fixation, yielding
carbonates, which can be used, for example, in the synthesis of polymers.
Examples include the cycloaddition of CO, to propylene oxide!”””* and
turnover frequencies above 400 mol-mol-h™' have been achieved in the
absence of a catalyst in [C4Cim][BF4] at 140°C. High turnover frequencies
were also observed with [CgCiim][BF4]-scCO, at 100°C and 140 bar CO,-
pressure, leading to almost quantitative conversion to propylene oxide in five
minutes.”” With imidazolium based ionic liquids with zinc(I) halide anions,
reaction rates approaching 5,000 mol-mol "-h™" were observed.””

Chromium-salen complexes have been used for the reaction between
styrene epoxide and scCO, in [C4C;im][PF¢], as illustrated in Scheme
9.15.:"At low catalyst concentrations, 1-phenyl-1,2-ethanediol was
detected as a by-product while at a catalyst loading of ca. 0.35 mol%, 100%
selectivity was obtained. Recycling of the catalyst was possible, but the ionic
liquid phase needed to be exhaustively purified with volatile organic
solvents prior to its reuse.
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0.35 mol% Cr-salen o)
100 bar )I\
° h
I [C4C4im][PF¢]
Ph

50% Conversion
100 % Selectivity

Scheme 9.15: CO,-fixation via formation of cyclic carbonate

Numerous metal salts have been screened as potential catalysts for the
reaction between propargyl alcohols and CO, to afford the corresponding a-
methylene cyclic carbonates in a benzene sulfonate ionic liquid, viz.
[C4C1im][PhSO;], see Scheme 9.16.1°") Highest activities were obtained with
copper(l) halides while noble metal salts afforded poor results, since they
catalysed the polymerisation of the alkyne-substrate. With 2-methyl-3-
butyne-2-ol as substrate 97% yield was obtained in [C4C,im][PhSOs] after 8
hours at 120°C, which compares to 60% after 24 hours in DMF. When
primary and secondary alcohols are used as substrates, the desired product is
not formed. Recycling of the ionic liquid phase containing the catalyst was
demonstrated for three runs without loss of activity.

R 4 mol% CuCl Ri
! 120 °C Rz
:—|—0H + CO, (10bary ——————— 0__0O
R, [C4C4im][PhSO4] \"/

O

Scheme 9.16: CO,-Fixation via reaction with propargyl alcohols

9.24 Synthesis of Bis(indoyl)methanes

The common route to bis(indoyl)methanes is via condensation of indoles
with aldehydes or ketones in the presence of either protic or Lewis acids.
The reaction has been evaluated in tetrafluoroborate  and
hexafluorophosphate ionic liquids and of the metal salts tested best results
were obtained with In(OTf); and FeCl;-6H,0. Although In(OTf); is
somewhat more active, its higher price makes the use of iron(Ill)chloride
more attractive. Furthermore, whereas the activity of In(OTf); decreases
quickly upon recycling, ionic liquid solutions of FeCl; remain reasonably
active for at least four runs.!®” It was found that in hydrophilic ionic liquids
the reaction did not proceed at all, whereas fast conversion was observed
with the [PF¢] -anion, see Scheme 9.17. As water is produced in the course
of the reaction it is possible that elimination of the water from the reaction
medium helps to protect the catalyst, however, it cannot be excluded that at
least some of the catalytic activity is due to the formation of HF. While the
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reaction proceeds well with a range of aldehydes, no coupling product was
observed when benzophenone was used.

0 5 mol% FeCls - 6H,0
GU + /©)\H 25°C, 30 min
N
|

[CeC+im][PF¢]

96% yield

Scheme 9.17: Indole condensation with p-chlorobenzaldehyde

This limitation was overcome, when Dy(OTf); was used in place of
In(OTf);. This catalyst exhibited similar activity in both [C4C,im][BF,] and
[C4C,im][PFs], and afforded better yields and reaction rates in these solvents
relative to aqueous media.'! With either hexanal or acetone as substrates,
only a slight deterioration in activity occurred after six catalytic runs. The
dysprosium salt also catalysed the reaction between the indole and various
imines, but with relatively low selectivity towards the condensation product.

9.2.5 Prins-Cyclisation

The synthesis of tetrahydropyranols from the reaction between an
aldehyde and a homoallylic alcohol with catalytic amounts of Ce(OTf);
immobilised in [C4C,im][PF¢] affords the desired product in moderate yield
after 12 hours at room temperature, see Scheme 9.18.1 Addition of one
equivalent of benzoic acid as co-catalyst was found to increase the isolated
yield, but its role is not yet clear. A beneficial effect of performing the
reaction in the ionic liquid is that, contrary to the reaction in chloroform, no
ether derivatives were observed.

0 10 mol% Ce(OTf)3 HO
1 equiv. benzoic acid
O o e (O
[C4C1|m][PF6] - Hzo 0

69% vyield

Scheme 9.18: Prins-cyclisation of benzaldehyde
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9.2.6 Synthesis of Cyanohydrins

The synthesis of chiral cyanohydrins represents an important type of
reaction with enantiopure mandelonitrile being produced on a scale of
several hundred tons per year. With the chiral vanadium(IV) salen complex,
60a, the reaction between benzaldehyde and trimethylsilyl cyanide proceeds
with a comparable rate and selectivity in [C,C,im][PF¢] relative to
dichloromethane, see Scheme 9.19.°) Inferior results were observed in
[C4Cyim]Cl and [C4C,im][BF,]. In the latter solvent, poor chiral induction
(ca. 5% ee) was observed, thus the selectivity is highly dependent on the
nature of the solvent. As [C4C,im]CI gave much better results, 35% ee, this
observation cannot be attributed to halide impurities. After extraction with
hexane, the yield and ee remained constant for at least five catalytic runs.
Loss of vanadium catalyst was observed in [C4C,im][PF¢] as evidenced by
the colour of the organic phase, which was green after the extraction
process. !

0 B
o) u

OTMS

o)
1 mol% 60a o
20°C,24h
H + TMSCN L CN
[C2Cqim][PFe]

Run 1: 85% conv. 89% ee
Run 5: 83% conv. 89% ee

Scheme 9.19: Asymmetric cyano-silylation

Various strategies for catalyst recycling — viz. anchoring the catalyst onto
a silica support, a single walled nanotube, activated charcoal and
immobilisation in [C4C;im][PFs] — have been evaluated in the synthesis of
cyanohydrines.'®” While the reaction rate in the ionic liquid was by far the
highest, only moderate selectivity was achieved in this system. This was
attributed to residual chloride present from the tagged catalyst 60b, see
Scheme 9.20. Therefore, immobilisation on silica was considered as the
more promising solution. No catalyst leaching was observed when the
catalyst was attached to a silica support while data for the imidazolium
tagged complex were not given. It is conceivable that equally high
enantioselectivity could be obtained with the ionic liquid immobilised
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catalyst if the chloride would be replaced for a non-coordinating anion via
metathesis.

\
S
N

/”\Nb N/\N /\/\SH—| Cl

V.
AN
OCrofo
S

~
N
I\/ 60b

Scheme 9.20: Synthesis of a chiral vanadyl salen complex with an ionic tag

9.2.7  Acetylation and Thioacetylation

A number of Lewis acidic metal salts have been tested in the acetylation
of alcohols with acetic anhydride and acetic acid.'’”’ Of these, copper(Il)
triflate showed by far the highest activity, but the recycling potential was
low. The recyclability was found to be much better with either Sc(OTf); or
Yb(OTf);. The reaction between benzyl alcohol and acetic anhydride
proceeded to completion within one hour, whereas with acetic acid two days
were required under identical reaction conditions. Of the ionic liquids tested,
the best activities were obtained in [C4C im][PFg].

Carbonyl compounds as well as their O,O-acetals undergo
thioacetalisation and tranms-thioacetalisation in ionic liquids with
scandium(IIl) triflate as catalyst under facile reaction conditions.”®! Both
hydrophilic and hydrophobic ionic liquids give good results and the catalyst
could be recycled at least three times without change in activity after
extraction of the product with diethyl ether. Higher reaction rates were
observed relative to the reaction in dichloromethane. The procedure is highly
chemoselective in that in the presence of both an aldehyde and a ketone only
the aldehyde reacts to form the corresponding thioacetal.
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9.3 Aromatic Substitution Reactions
9.3.1 Friedel-Crafts-Type Reactions

The first example of a Friedel-Crafts type reaction in an ionic liquid
medium dates back to 1976 when the electrochemical oxidation of
hexamethylbenzene in [C,py]|Br-AlCl; afforded a mixture of alkylated
polyphenyl compounds.'® Other early examples include the alkylation of
benzene in [C2C]im]C1—AlCl3[70] and the acylation of ferrocene in [C,C im]I-
AICL;.""Y There are now numerous examples of Lewis- or Bronsted acid-
catalysed Friedel-Crafts type reactions in ionic liquids. These include
alkylation,!’*”"® acylation,’"7#! arylation,””*"] sulfonylation,®
sulfoamylation™ and O-acetylation of alcohols.***!

The mechanism of the AICl; and FeCl; catalysed Friedel-Crafts
acetylation of benzene by acetyl chloride has been studied in situ in
[C4Cim]Cl by means of IR and Mdssbauer spectroscopy and was found to
be identical to that in 1,2-dichloroethane, as shown in Scheme 9.21.5%%°! The
species formed when FeCl; is mixed with an imidazolium chloride are
similar to those in present in chloroaluminate liquids. Addition of FeCl; to
[C4Ciim]Cl leads to an equilibrium mixture containing solid FeCls,
[C4C im][Fe,Cl;], and Fe,Clg or [C4Ciim][FeCly], depending on the molar
ratio of the two components.””

2 MCls O — MCls 0— MCly |
H3C_C\ —— H3C_C\ —_— ch_C\
o] Cl Cl— MCl;

and/or
CHj

O o= Mol
O—= MCl, _ HsC-C
-~ H3;C-C=0||MCI M
() . [no-c=ofvay %

Scheme 9.21: Mechanism of the Friedel-Crafts acetylation in [C4C,]CI-MCl;

Relative to common organic solvents, it appears that the combination of
aluminium(III) chloride and an ionic liquid offers several advantages in that
the isolation of the product is easier, the liquid catalyst is reusable and that
the alkylated product is obtained with a higher selectivity. The acidity, and
hence the catalytic activity of the ionic liquid, depends on the ratio between
[cation]Cl and AICI;, although the amount of AICI; in chloroaluminate
systems is limited by the liquid range of the ionic liquid to a maximum of 2
mol AlCI; per mol [cation]Cl. Much higher amounts, up to 5 mol AICl;, may
be dissolved in [cation][Tf;N] ionic liquids, and recycling of this ionic
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reaction solution is considerably superior to the ‘pure’ ionic liquid.”"! One
drawback to the use of chloroaluminate or chloroferrate ionic liquids lies in
their susceptibility towards hydrolysis, forming HCI and aluminium oxides.
Furthermore, not many functional groups are tolerant toward the extreme
oxophilicity of these solvents, leading to adducts with C-O functionalities.
Instead, Brensted acidic ionic liquids consisting of e.g. hydrogensulfate and
hydrogensulfato borate anions can be used,”” and ionic liquids composed of
perfluorinated anions, together with late transition-metal or lanthanide salts
as catalysts represent another, easier to handle alternative.

One characteristic of Friedel-Crafts reactions in ionic liquids is their
pronounced solvent dependence in that different anion-cation combinations
can determine complete and fast conversion and total inactivity of a given
catalyst. It is somewhat striking that the catalytic activity is often lowest in
hydrophilic ionic liquids from which halide impurities are harder to remove.
In any case, screening of a selection of cations and anions appears to be
necessary in order to evaluate the suitability of any potential catalyst.

Several metal triflate salts have been tested in the Friedel-Crafts acylation
of anisole with benzoyl chloride in [C4C,im][BF,]. At a reaction temperature
of 80°C and catalyst loadings of 10 mol%, all salts led to 100% conversion
with reaction rates decreasing in the order Cu(OTf), > Zn(OTf), > Sn(OTf),
>> Sc(OTH);, see Scheme 9.22.°%

OMe 0]
10 mol% M(OTf),
Cl 80 °C, 1 h
+
ionic I|qU|d OMe

Catalyst Solvent Conversion [%]  ortholpara
Cu(OTf), [C4C+im][BF4] 100 4796
Cu(OTf), CH3CN 64 7/93
Zn(OTf), [C4C4im][BF 4] 87 496
Zn(OTf), CH,CN 82 8/92
Sn(OTf), [C4C4im][BF4] 74 25/75
Sn(OTf), CH3CN 80 7/93
Sc(OTf), [C4C+im][BF4] 10 16/84
Sc(OTf), CH;CN 53 9/91

Scheme 9.22: Solvent and catalyst effects in the benzoylation of anisole

The surprisingly low activity of Sc(OTf); was markedly improved if
triflic acid was added. Greater regioselectivities and enhanced reaction rates
were achieved in the Friedel-Crafts acylation of activated aromatic
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compounds in the ionic liquid with Cu(OTf),, and to a lesser extent also with
Zn(OTY),, relative to conventional solvents. However, deactivated aromatics
gave less satisfactory results as was also the case when anhydrides, instead
of acyl halides, were used for acylation. In [C4C,im][BF,4] the copper(Il)
triflate reacts with the anhydride to form a precipitate of inactive
Cu(OAc),-H,0, a process that is not observed in conventional solvents.
Recycling of the catalyst led to a steady decrease of activity with each run
whereas the selectivity remained unchanged.

Various bismuth(III) salts have also been found to act as catalysts for the
acylation of benzoylchloride.”* Complete conversion could be achieved
within five minutes with 10 mol% Bi,O; or Bi(OTf);, though at a relatively
high reaction temperature of 150°C. The product was obtained quantitatively
with Bi(OTf); even at low catalyst loadings of 1 mol%, but reaction times of
several hours were required under such conditions. As previously mentioned,
catalytic activity is often highly sensitive to the nature of the ionic liquid. In
this case, tetraalkylammonium and phosphonium cations led to much lower
reaction rates while hydrophilic anions, explicitly [BF,]” and [OT{], led to
poor levels of conversion. Recycling of the catalyst solution was possible
after either extraction or distillation of  the product
in vacuo.

A series of imidazolium ionic liquids with various anions has been tested
in the Sc(OTf);-catalysed Friedel-Crafts alkylation at a high catalyst loading
of 20 mol%.°*! When hydrophobic liquids containing [PFe]” or [SbFe] as
anions were used, quantitative conversion was observed in the reaction
between benzene and 1-hexene, although the scandium salt is only sparingly
soluble in these liquids. The product could be isolated by simple decantation
and the ionic phase reused at least two more times without decrease in
catalytic activity. In contrast, no reaction took place with [BF4]” and [OT{]"
as anions as was the case when various common solvents were used.
Rearrangement of the olefin took place prior to ring substitution, indicating
that the carbonium ion is formed first.

Numerous transition and rare earth metal triflates were screened as
catalysts for the alkenylation of arenes with alkynes, a transformation that
can be performed only with difficulty in conventional solvents, see Scheme
9.23. Particularly with electron deficient alkynes such as p-
trifluormethylphenylacetylene and p-chlorophenylacetylene the presence of
an ionic liquid was found to be mandatory to observe any catalysis. Highest
activity was obtained with Hf(OTf);, In(OTf); and Sc(OTf); and the reaction
proceeded smoothly, even at relatively low catalyst loadings. It is proposed



Miscellaneous Reactions 205

that the dramatic rate acceleration in the ionic liquid is due to stabilisation of
the unstable cationic vinyl intermediate. Products were isolated via
decantation and the catalyst could be reused, but the catalyst performance
was markedly decreased in the second run. This protocol was also
successfully extended to intra-molecular alkenylations of phenyl propiolates
and aryl amides.

Ph
10 mol% HF(OTf); ’
85°C,1h N
+ Ph—==—CH, ,
[C4C4im][SbFg] CHj
90% yield

Scheme 9.23: Friedel-Crafts alkenylation of arenes

9.4 Cycloadditions
94.1 Diels-Alder-Reactions

The Diels-Alder reaction is one of the most important carbon-carbon
bond forming reactions used to prepare cyclic structures. As an example,
anthraquinone is synthesised via 1,4-cycloaddition of naphthoquinone and
butadiene on an industrial scale. The reaction often affords a mixture of
isomers and both selectivity and reaction rate show a strong solvent
dependence.”**! A number of factors, including the polarity of the
solvent,”” hydrogen bonding interactions”® and solvophobicity!”” are all
important. In addition, the presence of Lewis acid catalysts can substantially
affect the reaction and lead to very high selectivity.

The Diels-Alder reaction has been extensively studied in organic solvents
and in water, and dramatic enhancements in rate and stereoselectivity are
frequently observed in water compared to non-polar solvents. This has been
attributed largely to enhanced hydrogen bonding between the solvent and the
transition state, as well as to enforced hydrophobic association of reactants,
essentially creating a hydrophobic pocket which facilitates alignment of the
substrates.!'””! The typical benchmark reaction for this transformation is the
addition of cyclopentadiene to methyl acrylate and the main synthetic
challenge is in achieving good endo:exo ratios, see Scheme 9.24.

@ ¥ l ﬂb ¥ ﬂbcozw3
CO,CHs

endo exo

Scheme 9.24: The benchmark Diels-Alder reaction.
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As results for the cycloaddition in water are often very good and catalysts
used are frequently relatively cheap, performing the reaction in an ionic
liquid has to offer significant advantages to be attractive from both an
environmental and economical point of view.

The first example of a Diels-Alder reaction involving an ionic liquid,
[EtNH;][NO;], was published by Jaeger and Tucker in 1989."° In the
cycloaddition of cyclopentadiene to methyl acrylate, better rates and
selectivities were obtained in the ionic liquid relative to non-polar organic
solvents, but reaction rates remained significantly below those observed in
water at comparable selectivity. Subsequently, chloroaluminate ionic liquids
were investigated as solvents for the reaction between cyclopentadiene and
methyl acrylate and markedly higher rates and selectivities, endo:exo 19:1,
relative to water were achieved when the mole fraction of AICl; was
sufficiently high (>0.5 relative to [C,C;im]CI)."™

The use of ionic liquids can in some cases lead to reverse selectivity
compared to conventional molecular solvents. Commonly, the exo-product is
favoured in the reaction between cyclopentadiene and methyl methacrylate,
but in acidic [C4Ciim]" or [C4py]” chloroaluminate ionic liquids endo:exo
ratios up to 4.55:1 were observed.!'” In another example, reaction between
furan and methyl acrylate in either [C4C,im][BF,4] or [C4C,im][PFs] also
affords predominantly the endo-product, contrary to results in conventional
solvents.!'%!

Welton and co-workers tested a series of imidazolium-based ionic liquids
with respect to their influence on the endo:exo ratio in the addition of methyl
acrylate to cyclopentadiene.!"*'*! With [C,C,im]", the selectivity decreased
in the order [CF;CO,]” > [TE;N] > [OTE]” > [BF4] > [PFs], which is in
good agreement with the measured change of the charge-transfer absorption
band of the nile red dye in these solvents, expressed in the EN-value. More
recently some 30 different ionic liquids have been screened with respect to
solvent effects on the regioselectivity, see Table 9.1.'”" Although some
results did not match previous findings, the most important observation is
that even with functionalised imidazolium ionic liquids, the endo:exo ratio
remained within a relatively narrow range, 3.8-5.6, which is clearly inferior
to the results achieved in highly Lewis acidic media.

While it is clear that acidic chloroaluminate ionic liquids give very good
results, their use is often not practicable and alternatives are desirable.
Excellent stereoselectivity was obtained with phosphonium tosylate ionic
liquids, [R3PR’][OTs], in the reaction between isoprene and methyl acrylate
affording essentially exclusively the 1,4-isomer.'” However, with
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cyclopentadiene as substrate, only poor to moderate selectivity was
achieved.!""

Table 9.1: Cation effect on endo.exo selectivities in the cycloaddition of cyclopentadiene to
methyl acrylate in [Tf,N] based ionic liquids

R R’ endo:exo

H -CH, S )R\ R
3C~NAN-

H -C,H; 43 o/

H -C4H, 42

H -CeHy3 4.1

H -CgHy; 3.9

H -C3H4CO,H 5.4

H -C3HCN 44

H -CH,CgH; 5.1

CH; -C,H; 4.6

CH; -C,H, 44

Good to excellent stereoselectivity has been obtained with ZnCl, as
catalyst.!"'*!"" Relative to chloroaluminate ionic liquids, chlorozincate ionic
liquids are insensitive towards water and thus far easier to handle. Choline-
ZnCl, mixtures are fairly viscous (their viscosity typically exceeds 1,000 cP)
and necessitate the use of either a co-solvent, heating or mechanical
stirring,''”! whereas lower viscosities were observed when zinc(II) chloride
was added to imidazolium chloride ionic liquids.!''") Here, best results were
obtained with an imidazolium chloride to ZnCl, ratio of 1:2, in which case
the ionic liquid anion is the Lewis acidic species [Zn,Cls]™ (c.f. [ALCl;]” and
[Fe,Cls]” which are observed in acidic chloroaluminate and chloroferrate
ionic liquids, respectively).

Scandium triflate is a highly active catalyst for Diels-Alder''' and
hetero-Diels-Alder reactions.!'"*! With 0.2 mol% Sc(OTf); the cycloaddition
of a variety of substrates proceeds in [C4C,;im][OT{] with almost complete
stereoselectivity and good rates at room temperature, see Scheme 9.25. After
extraction with diethyl ether, the ionic liquid phase could be recycled with
hardly any loss of activity even after the tenth run. Higher catalyst loadings
of 3 mol% were used in the hetero-Diels-Alder reaction between aryl amines
and cyclic enol ethers, affording the product in good yield and selectivity.
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(0]
0.2 mol% Sc(OTf,
o] 20°C,2h
O /A [CC1im][OTA
Run1: 94% yield

Run 6: 85% yield
Run 10: 91% yield

Scheme 9.25: Scandium catalysed Diels-Alder reaction

The cyclisation of a range of dienes and dienophiles has been evaluated
in [C4Ciim][PF¢] using the tungsten(Il) complex 61 as catalyst (Scheme
9.26)."" A wide range of substrates was applied affording very good yield
and selectivity in all cases. While reaction rates and selectivities in the ionic
liquids were comparable to those in water, a wider scope of substrates could
be used in [C4C im][PF¢]. Furthermore, recyclability of the complex was
found to be superior in the ionic liquid and even after ten runs only a
moderate decrease in activity was observed. Extremely short reaction times
were realised when the reaction mixture was conducted with microwave
dielectric heating with the reaction complete in less than one minute.

3 mol% 61

0 microwave irradiation
© + H‘\ 25 sec
| [C4CAim][PFg]

(0]
90 % yield
6:1 endo:exo

Scheme 9.26: Microwave-assisted Diels-Alder reaction

Very short reaction times were also observed in microwave-assisted
hetero-Diels-Alder reactions carried out in solutions doped with an ionic
liquid.""!

Some attempts have been made towards asymmetric Diels-Alder
reactions by using chiral ionic liquids. However, neither with a chiral cation,
viz. N,N-di(2’S-2’-methylbutane)imidazolium,""'®" nor a chiral anion, viz.
L-lactate,!"'” could any significant chiral induction be observed. However,
substantial chiral induction was achieved with a chiral organic catalyst
immobilised in either [C4C;im][PF¢] or [C4Cim][SbFs], as shown in Scheme
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9.27.""8 In the reaction between cyclohexadiene and acrylate, ees as high as
93% could be observed. An ionic liquid composed of a structurally related
chiral cation is thus likely to promote asymmetric Diels-Alder reactions.

o |Hcl
5 mol% m/
o 20°C,20h Lb\
TN 2 CHO

[C4C4im][PFg] / H,0

85% yield, 93% ee

Scheme 9.27: Organo-catalysed asymmetric Diels-Alder reaction

Transition-metal catalysed asymmetric Diels-Alder reactions in ionic
liquid media would certainly be an interesting area of study. Kiindig and
co-workers have recently shown that ruthenium complexes such as 62 afford
enantiomeric excess greater than 90% in the reaction between
cyclopentadiene and methyl acrylate with, at the same time, acceptable
regioselectivity.!''”! This system is particularly attractive as a strong anion-
dependence on the rate and selectivity due to ion-pairing was observed in
conventional solvents and it would be interesting to investigate the
performance of such a compound in an ionic environment.

= X

942 Cylcopropanation

Numerous synthetic methods have been developed for the synthesis of
cyclopropanes, which represent an important core structure in a number of
biologically active compounds. Of these techniques, metal-catalysed
cyclopropanation of alkenes with ethyl diazoacetate constitutes a particularly
simple and straightforward approach. The metal reacts with the azo
compound to form a carbene complex which in turn reacts with the olefin,
via formation of a metallabutacycle. Copper-complexes are most commonly
employed, but other metals like rhodium and palladium are also used.
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Chiral copper-bisoxalzoline complexes have successfully been used for
the enantioselective cyclopropanation of styrene (Scheme 9.28) and other
substrates with ethyl diazoacetate in an ionic liquid."'**'*! Results compara-
ble in activity and selectivity to the same reaction performed in chloroform
or dichloromethane were observed.

N + >
Ph  COOEt Ph  COOEt

AN (e} Cu-salt
B P e— e
* Nz\)l\OEt chiral oxazoline A . A trans

ligand =
Ph COOEt Ph COOEt

cis

Scheme 9.28: Enantioselective cyclopropanation of styrene

However, high purity of the ionic liquid is crucial for good conversions
as halide impurities were found to have a strong impact on the performance
of the catalyst. Addition of 5% [C4C,im]Cl or [C4C,im]Br to the otherwise
essentially halide-free ionic liquid solution led to almost complete inhibition
of catalytic activity. An indication of the presence of halide impurities is
given by the colour of the ionic liquid-catalyst solution, which is clear blue
in colour. In the presence of Cl, the colour changes to green-yellow whereas
upon addition of Br", a deep red-brown solution is obtained.!'”! Catalyst
recycling was superior with [BF4]" and [PF¢]” as anions whereas some
leaching was observed when [OTf]” or [Tf;N]  were used. Activity and
selectivity remain stable in [C4C,im][BF,] for four cycles after which some
deterioration occurs.

The stability of the copper-oxazoline complex is the determining factor in
terms of achieving good enantioselectivity."*"! In solution, an equilibrium
between the free and complexed ligand exists, as shown in Scheme 9.29. If
the catalyst solution is to be recycled, uncomplexed ligand is easily lost in a
product extraction step. Of course, this problem can be overcome by adding
further ligand after each catalytic cycle, but this is clearly not ideal.

I I
o-N_o o-N_ o0
N Lol + \II/TJ — TD
N N N.@ N~
By —’Bu By ?u ”Bu

“ R

Scheme 9.29: Equilibrium between free and complexed azabis(oxazoline) ligand

Modification of the oxazoline ligand with a charged moiety is an obvious
solution to the problem, but potentially not synthetically trivial. Increasing
the binding constant of the ligand was found to be a suitable alternative.
By using a more electron-rich azabis(oxazoline) ligand, 63, the
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enantioselectivity remained stable at 90-92% towards the frans isomer for
eight cycles. Only when the catalyst solution was exposed to a non-inert
atmosphere for several days was a marked decrease in selectivity observed.
This was attributed to an increasing water-content in the ionic liquid with the
water partially replacing the chiral ligand. Indeed, when the wet ionic liquid
was subsequently dried under vacuum, selectivities increased again.

At the present stage, the main advantage of performing asymmetric
cyclopropantion with copper catalysts in ionic liquids is that the catalyst can
be recycled a number of times. However, the high requirements on the purity
of the solvent together with the additional cost and time during solvent
recycling reduces this advantage to some degree.

Racemic cyclopropanation reactions have been performed with
rhodium''** and palladium!'**! catalysts. The reaction between an olefin and
ethyl diazoacetate in the presence of 1 mol% Rh;(OAc), in [C4Ciim][PF]
proceeded with higher rates, improved yields and better frans-selectivity
relative to conventional solvents for both electron-rich and electron-deficient
styrene derivatives. The product was obtained by extraction with diethyl
ether and in this manner only trace amounts of the catalyst were leached
from the ionic liquid. Nevertheless, yields drop from 88% in the first run to
72% in the fifth run.

Simple palladium salts such as PdCIl, and Pd(OAc), are highly active
catalysts for cyclopropanation. Whereas the use of palladium(II) chloride is
not very efficient in common organic solvents due to its poor solubility, this
salt shows considerable activity in [CsC,im][BF4]. At low catalyst loadings,
ca. 0.07 mol%, almost quantitative yields are obtained after 10 hours at
ambient temperature and the product could be isolated by simple decantation
of the organic layer. The recycling potential of PdCl, was found to be
considerably higher than that of Pd(OAc), as the latter is slowly reduced to
colloidal palladium in the course of the reaction. Use of the cyclopalladated
complexes 64 and 65 at low catalyst concentration of 0.03-0.07 mol% only
led to a slight increase in reactivity at comparable selectivity, relative to the
above palladium salts. As with Pd(OAc),, complex 64 is reduced to a Pd(0)
species and thereby rapidly decreases in activity, whereas 65 shows a
decrease in activity only after the sixth cycle.
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/N /\
PhsP  ClI 7 Cl
7 2
64 65

0.07 mol% 64 or 0.03 mol% 65

©/\ 0 20°C, 10 h

+
N . A
2\)]\0Et [CeC1imI[BF,] PN COOEt

Catalyst: 64 65

Run 1: 98% yield  99% yield
Run 6: 8% yield 97% vyield

Scheme 9.30: Palladium-catalysed cyclopropanation

9.43 Other [2+2]-Cycloadditions

In the iron-catalysed reaction between styrene derivatives and quinine,
reaction rates increase dramatically on changing the solvent from acetonitrile
to [C4C,im][PF¢]."* The desired cycloadduct in the reaction between
quinone and 4-methoxystyrene was obtained within 10 minutes in the ionic
liquid, while the reaction took 2.5 hours in acetonitrile under identical
conditions, see Scheme 9.31. Highest reaction rates were observed with
iron(Il) tetrafluoroborate but FeCl; and Fe(ClO,4);-AlLO; also gave good
yields. Much lower rates were obtained in [C4C,im][BF,] while no reaction
took place at all in [C4C,im][OTI].

3 mol% Fe(CIO4)3 / A|203
Ar/\/Me + 20°C, 10 min
[C4C1im][PF¢]

Ar
OH

=
(D//,/ o

Ar = 4-anisyl
90% yield, 15:1 trans:cis

Scheme 9.31: Cycloadition of quinine with 4-methoxystyrene

Aziridines have been synthesised in ionic liquids from diazoacetate and
imines."””’  The copper-mediated  aziridination between  [N-(p-
tolylsufonyl)imino]phenyliodinane and an excess of olefin proceeded in
good yield at room temperature (Scheme 9.32).'**! In most cases, the
reaction progressed considerably faster in the ionic liquid than in
acetonitrile. No marked differences were observed between the reaction rates
in [C4Cyim][BF4] and [C4C,im][PF¢]. After extraction with diethyl ether, the



Miscellaneous Reactions 213

catalyst solution could be reused at least four more times with a consistent
conservation of activity.

7.7 mol% Cu(acac), NTs
A ° i
©/\ + PhI=NTs 20 °C, 25 min (j/Q
[C4C1im][BF4]

Run 1: 88% vyield
Run 5: 88% vyield

Scheme 9.32: Synthesis of aziridines with styrene as substrate

The reaction between an arylaldehyde, amine and ethyl diazoacetate
proceeds in most cases rapidly in [C,C,im][PF¢] at room temperature with
Bi(OTf); as catalyst, see Scheme 9.33.'*! The products were obtained with
high stereoselectivity with the cis-aziridine carboxylates being formed
predominantly. Both amines with electron-donating or withdrawing groups
reacted readily and no carbene self-coupling products were detected under
the reaction conditions. After extraction with diethyl ether, the catalyst
solution could be reused, but with a gradual decrease in activity. Although
the reaction proceeds smoothly in other solvents, better selectivity was
obtained in the ionic liquid and the unwanted formation of enamines was
reduced.

Ph

0 NH; 5 mol% Bi(OTf)s ,
H 27°C,2.5h N
+ + N20HCOzEt N > A
[C4Cqim][PF¢] Ph COOEt

Run 1: 87% yield
Run 4: 79% yield

Scheme 9.33: Synthesis of cis-aziridine carboxylates

9.5 Isomerisation and Rearrangements

Not much attention has been directed to isomerisation and rearrangement
reactions in ionic liquids. Beckmann rearrangements of ketoximes have been
performed in neat ionic liquids catalysed by phosphorus(V) chlorides and
oxides!"”! and Fries rearrangements of phenylbenzoates have been carried
out in chloroaluminate ionic liquids with moderate to good selectivity.!'*")

The catalytic isomerisation of 2-methyl-3-butenenitrile into 3-
pentenenitrile was studied with Ni(cod), as catalyst, see Scheme 9.34.!"*?!
After screening almost 20 different ionic liquids and an array of cationic and
anionic phosphine ligands, [C4C,;C,;im][TE,N] as solvent and TPPMS as
ligand were found to give the best results. Ionic liquids based on [C4C im]"
generally gave lower conversions than those where the acidic proton in the
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2-position has been substituted by a methyl group. Formation of a nickel-
carbene complex could be responsible for this observation although no such
species were detected by in situ >C NMR spectroscopy. On the other hand,
detection of such compounds via NMR is not trivial, especially at high ionic
liquid/catalyst ratios. Although the catalyst could be successfully
immobilised with charged phosphine ligands, recyclability remained poor.

0.7 mol% Ni(cod),
5 equiv. Na[TPPMS]

100°C, 3 h
CN [C4C4C4im][Tf,N] - heptane 89% yield

Scheme 9.34: Catalytic isomerisation of 2-methyl-3-butenenitrile

The skeletal reorganisation of enynes can be a useful transformation for
the synthesis of natural products. Platinum(II) chloride represents one of the
most widely used catalysts for this transformation, but due to its low
solubility in organic solvents, usually toluene, high reaction temperatures are
often necessary. While no 1-vinylcycloalkene was formed at 40°C in toluene
with PtCl, as catalyst, the product was obtained with 92% yield at room
temperature after 20 hours in [C4C,im][PFs], see Scheme 9.35.%% 1n
addition to PtCl,, [RuCl,(CO);], and AuCl; also gave good conversions, of
which the latter gradually decomposed in the course of the reaction.
The product was extracted from the ionic liquid with diethyl ether and
the slightly yellow colour of the organic phase indicates that some of the
platinum catalyst is lost in the process. Accordingly, the catalytic activity
slowly decreases upon repeated use of the catalyst solution.

E/— 4 mol% PtCl, E@/\
E \ solvent £

E = ethyl ester  toluene: 80°C 3h 86% yield
[C4C4im][PFg]: 80°C 15 min 79% yield

40°C 5h  81%yield

23°C 20h  92% yield

Scheme 9.35: Skeletal reorganisation of enynes

Another example describes the Claisen rearrangement of allylphenyl
ethers in ionic liquids mainly based on the 1,8-diazabicyclo[5.4.0]-7-
undecenium cation. Under the chosen conditions, with scandium(III) triflate
as catalyst, these substrates were found the undergo a subsequent cyclisation
reaction.!**]

Finally, (homo-)allylic alcohols were isomerised to their corresponding
saturated ketones with good to excellent selectivity at 120°C in molten
[(C4)sN]Br with either PdCl,, Pd(OAc), or palladium black.!"*)
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9.6 Additions Across Carbon-Carbon Multiple Bonds
9.6.1 Hydroamination

Despite the industrial importance of amines and imines, hydroamination,
i.e. the direct reaction of alkenes or alkynes with primary or secondary
amines, is only used in one commercial process where isobutene and
ammonia are converted in the presence of a zeolite catalyst to #-butylamine.
Turnover frequencies are generally very low and consequently, high catalyst
loadings are necessary, which in turn demands efficient recycling.

Many of the late transition metal catalysts that can be used for
hydroamination reactions are cationic and thus well suited to the
environment provided by ionic liquids. Inter- and intramolecular
hydroamination in an ionic liquid was first reported in 2002.*%! The system,
which could also be run continuously, comprised of the catalyst Zn(OTf),
immobilised in [C,C,im][OTf] with heptane as the second phase, as depicted
in Figure 9.1. Relative to the homogeneous reaction in toluene, markedly
higher turnover rates were observed using the ionic liquid-toluene biphase,
which were only somewhat lower than those achieved with the
heterogeneous Zn-beta catalyst.'*”! The concentration of zinc ions in the
toluene phase was three orders of magnitude lower when the ionic liquid was
present, implying that the reaction in the two-phase system occurs either in
the ionic liquid or at the phase boundary. Retention of the zinc salt in the
ionic liquid phase is very efficient and the amount of zinc found in the
product phase is in the range of the ICP-OES detection limit.

.Ph
Organic Phase H—==—Fh HQN—Q )NL
| T
Ph e Ph
- I
C---N-Ph v
[zn2+]___@ Hg an Ph)\CHa
Phase Boundary H T
Ph }—‘ "ﬁiph
ez\fﬁ Ph” ~CH,
== N-Ph
[Zn*) LR
2+
- A‘Zn.- r gl
lonic Liquid % z3 (za' ) , . 2+
Phase \ (721 =

Figure 9.1: Proposed reaction mechanism for the Zn>* catalysed hydroamination
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The same catalytic system was also applied to the reaction of
phenylacetylene or cyclohexadiene with primary amines.*® Whereas the
substrates dissolve well in the ionic liquid, the formed products are only
poorly soluble. With phenylacetylene, electron rich anilines react more
slowly than electron poor anilines such as 4-fluoro-phenylamine. With a
two-fold excess of amine the reaction proceeds much faster than under
stoichiometric conditions. With n-octylamine, the reaction proceeds
smoothly at low to medium conversion, but after longer reaction times an
increasing amount of by-products are formed.

In an extension of this work, either zinc(Il), palladium(II), rhodium(I) or
copper(I) salts were immobilised in an ionic liquid film (SILP, vide supra)
onto diatomic earth and the catalysts tested for activity in the reaction
between phenylacetylene and 4-isopropyl-phenylamine.!"**'**! The supported
rhodium, ruthenium and zinc complexes afford higher rates and selectivities
relative to their use under homogenous reaction conditions. Lower rates are,
however, observed with the copper salt, which is rationalised by strong
complexation of the ionic liquid to the Cu(l) centre.

A series of thodium and platinum compounds have been tested in the
hydroamination of norbornene with aniline, as shown in Scheme 9.36.1'*!!
Selectivity and activity were highly dependent on the nature of the ionic
liquid, but were always superior to those observed in THF. Solvents with
chloride anions led to essentially no catalytic activity, whereas [PF¢] or Br~
afforded some catalysis. Nonetheless, even with the best solvent/catalyst
combination, less than 40 turnovers are achieved after 6 days at 140°C.

HoN

0.4 mol% P1tBry(PPhoMe), bNHPh
+ PhNH *
Lb 2 [(Ca)sPIBr H H

30 TON 5.6 TON
Scheme 9.36: Hydroamination of norbornene with aniline

Similarly, hydroamination of ethylene with aniline and PtBr, was
achieved.!'"*” The influence of a number of parameters such as reaction time,
temperature, ethylene pressure and aniline/catalyst ratio have been
investigated. It was found that the catalyst is gradually poisoned by the
formed N-alkylated aniline. Accordingly, a biphasic system with [(C4)4P]Br
and decane as the organic phase afforded higher turnover numbers, see
Scheme 9.37.
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NH, NHEt NEt,
N _M
ooy, _03mol% PiBr . . S e
+ = 42>
2 2 [(Ca)PIBF 7
115 TON 2 TON 17 TON

Scheme 9.37: Hydroamination of ethylene with aniline

Asymmetric hydroamination using a chiral PIGIPHOS-Ni(II) complex
has also been achieved in ionic liquids, as shown in Scheme 9.38.'*! A
number of different imidazolium and picolinium ionic liquids were tested
and relative to THF, much higher turnover numbers (300 vs. 20) were
observed in the reaction between methacrylonitrile and morpholine at
comparable selectivity (64% ee vs. 69%). Moreover, the catalyst in the ionic
liquid solution is less sensitive to air and moisture so that non-distilled
reagents can be used.

Cy :  PPh,
Py
PPP = PPh2 Fe
PIGIPHOS
1-5 mol% [Ni(PPP)(THF)](CIO4),] /_(
NH 20°C N
<CN o— ionic liquid o—

up to 64% ee

Scheme 9.38: Hydroamination of methacrylonitrile with morpholine

Finally, though not strictly a hydroamination reaction, the asymmetric
addition of alkynes to imines with a copper-bis(oxazoline) complex is worth
briefly mentioning."** The nature of the ionic liquid cation has a strong
effect on the enantioselectivity of the reaction and it appears that a good
balance between hydrophobicity and acidity play an important role with best
results obtained with [C4Cim][Tf,N].

9.6.2 Hydroboration and Hydrosilylation

Very little has been reported so far on catalytic hydroboration and
hydrosilylation in ionic liquids, which makes it difficult to judge whether
they could offer significant improvements over existing methods. Platinum-
catalysed hydrosilylation, for example, is a highly efficient process with
catalyst loadings as low as 1 ppm relative to the substrate. Due to the low
catalyst loading and the fact that hydrosilylation products are not for human
consumption, efforts to remove the catalyst are from the final product are
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seldom made. However, the biphasic process could be very attractive if it
was found to be economically and environmentally advantageous.

The hydroborylation of terminal alkynes with pinacolborane (PinBH) and
RhCI(PPh3); or NiCly(dppe) as catalyst has been studied in a variety of ionic
liquids including chloroaluminates and chlorozincates, see Scheme 9.39.!'*”)
In the absence of a catalyst, the reaction between 1-hexyne and PinBH is
100% selective whereas in the presence of a catalyst, faster rates are
achieved at the cost of selectivity.

H 0.8 mol% RhCI(PPh3);

B .
N ° B B BP Bu
CiHg——=+ Qo 40°C, 1.5h u \— + ! \— n + >=
%_% [C4C1|m]CI-ZnCI2 BPin PinB
Cycle 1: 83% Yield 80% 5% 15%
Cycle 3: 73% Yield 85% 1% 14%
Cycle 6: 44% Yield 95% 0.5 % 4.5%

Scheme 9.39: Hydroborylation of 1-hexyne

A slight increase in temperature led to a significant reduction of the
reaction time (1.5 h at 40°C vs. 48 h at 20°C), which might to some extent be
due to the different viscosities of the ionic liquid at these temperatures. After
product isolation via distillation, reuse of the catalyst solution was feasible,
but with a steady decrease in activity.

While the rhodium catalyst RhCI(PPh;); gives good results in the
hydrosilylation of 1-octene in benzene, its recycling potential, when
immobilised in [C4C,im][BF,], is low because the catalyst dissolves
preferentially in the product phase. By synthesising an analogue of
Wilkinson’s catalyst, bearing fluorinated phosphine ligands, the stability of
the system could be markedly improved, see Scheme 9.40.!"*! Crucial to the
retention of the catalyst was the use of an imidazolium-based ionic liquid
with a highly fluorinated anion, [B{CcH4(SiMe,CH,CH,CeF3)-p}4]". In this
manner a total turnover number of 4,000 after 15 cycles was achieved at ca.
4% loss of rthodium per cycle. In contrast, thodium leaching with the same
catalyst in biphasic fluorous catalysis was 12% per cycle.

0.2 mol% RhCI(P(ArF3)s)

\S'/ C
o~ 84°C, 1h '\ Coftia
SiMeo,H + Z CgH13 - F
[C4Cqim][BAr 4]

Cycle 1: TOF 400
F ) Cycle 3: TOF 280
Ar" = CgHy(SiMeo(CH2)2C6F 13) Cycle 15: TOF 130

Scheme 9.40: Hydrosilylation of 1-octene
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A series of ionic liquids have been tested in the hydrosilylation of
monosubstituted alkynes with H,PtClg (Speier’s catalyst), as shown in
Scheme 9.41.1"*! After completion of the reaction, the products were isolated
by vacuum distillation. The catalyst solution was reused two times and
average yields for the isolated vinylsilanes are in a range of 80-96%.
Reaction rates are highest in [(Cg);CN][Tf,N] which is a reflection of the
homogeneity of the reaction mixtures with this particular ionic liquid. No
reaction was observed with [(Cg);CiN]Cl (Aliquat 336), probably due to
catalyst deactivation from the nucleophilic chloride.

0.18 mol% H,PtClg

° Bu Bu SiR; Bu
CaHg—== + Me,SiHCI 20°C =+ =
solvent SiR, RsSi
CHyCly: 0.5h 92% yield 98% 0% 2%
[CoC4im][TfN]: 48 h 95% vyield 94% 0% 6%
[C4C4im][TN]: 24 h 87% yield 85% 0% 14%
[(Cg)3sC4N][THN]: 1 h 95% yield 95% 0% 5%

Scheme 9.41: Hydrosilylation of 1-hexyne

Additionally, AICl; was also tested as catalyst in [C4C,im][BF,] for the
hydrosilylation of 1-hexyne, but the reaction was rather difficult to control,
and formation of polymers was frequently observed.

9.6.3 Hydrovinylation and Hydroarylation

Hydrovinylation, or co-dimerisation of alkenes with ethylene to yield
3-substituted 1-butenes, is a reaction that is catalysed with high
enantioselectivity by Wilkes’ catalyst, 66, shown in Scheme 9.42. Usually, a
chloride-abstracting agent, such as an alkyl aluminium chloride, is required
to activate the catalyst. Ionic liquids were found to activate the complex, but
the effectiveness depends highly on the nature of the anion of the ionic
liquid."*"" Highest activities were obtained with [BARF] and
[AI{OC(CF;),Ph}4] while [BF4]" gave only poor results. This is expressed
in different enantioselectivities, which are highest in [C,C,;im][BARF], and
this specific ionic liquid also led to the highest degree of consecutive
reactions i.e. isomerisation and oligomerisation. A cation effect on the
selectivity was also observed in that pyridinium-type ionic liquids afforded
better results than those based on the imidazolium cation. If the reaction was
run under batch-conditions, catalyst degradation occurred after three to four
catalytic runs. It was speculated that the catalytically active species
decomposed in the absence of substrate and accordingly a continuous-flow
process was developed in which the product is extracted with scCO,. In this
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manner, the catalyst remains active for at least 61 hours with only a small
decrease in selectivity during that period.

catalyst 66
X 0 °C, continous flow
+ HC=CH, [C,C4im][Tf,N]-scCO,

Scheme 9.42: Asymmetric hydrovinylation

The hydroarylation of diphenylacetylene proceeds well with a
palladium(0) catalyst bearing a triazacyclopentadecatriene ligand in
[C4Cim][BF4] (Scheme 9.43).[]48] Inferior conversions were obtained with
either Pd(PPh;), or Pdy(dba); as catalyst or with [C4C,im][PF¢] as solvent.
After extraction of the product with diethyl ether the catalyst remained
relatively stable for several runs. Likewise, propargylic alcohols were used
as substrate and the reaction with Pd(OAc), in [C4C,im][BF4] proceeded
under mild conditions (40°C) at higher rates and with better regioselectivity
than in common molecular solvents.!'*"!

J)/ H\’ MeO
TSNS NTs O

2 mol% Pd(0)L
Etz;N, HCOOH -

O __ 80°C.8h
O—= om0 O
Run 1: 89% vyield

Run 4: 74% yield
Run 6: 86% vyield

Scheme 9.43: Hydroarylation of diphenylacetylene with p-iodoanisole

9.6.4 Silylstannation

Tributylsilyltin readily reacts with terminal alkynes in [C,C;im][PF¢] to
afford the corresponding 1-trialkylsilyl-2-tributylstannyl-1Z-alkenes regio-
and stereoselectively in near quantitative yield, as shown in Scheme
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9.44.1%131 Depending on the substrate, fairly long reaction times, frequently
longer than 24 hours, were required at 70°C in either [C,C,im][PF¢] or
[C4Ciim][BF,] to obtain good conversion. While reactions proceeded
considerably faster in THF, catalyst stability appeared to be superior in the
ionic liquid and catalyst recycling was possible for up to 10 runs without loss
of activity. Diethyl ether as co-solvent serves the purpose to “wash”
substrate condensing at the walls of the flask during the reaction back into
the ionic liquid. Palladium nanoparticles as well as Pd-imidazolylidene
carbene complexes have been suggested to be the active species in the
reaction, but their exact nature remains unclear.

1-5mol% Pd(PPhs),
Bu3SnSiMe;
70 °C, 15-120 h R_H

[C4C1|m][PF6] - Etzo Bu3Sn SiMe3

R-C=CH

Scheme 9.44: Silylstannation of terminal alkynes

9.6.5 Sakurai-Reaction

The reaction of several o,funsaturated ketones with allyltrimethyl silane
in either [C4C;im][BF,4] or [C4,C;im][PF¢] has been compared with several
classical solvents, see Scheme 9.45.!"*1 With indium(III) chloride as catalyst,
only in some cases was a higher activity observed in the ionic liquids, but the
differences relative to the commonly used solvent, dichloromethane, were
small and no obvious advantage in performing the reaction in the ionic
media was evident. Very high catalyst loadings, ca. 20-50 mol%, were used
but no attempts were made to recycle the catalyst phase.

50 mol% InCl
0 4 eq TMSCI o)

) 20°C,3h
SiMe - e = )I\/\/\
P a s 3+ Me)j\/ Me AN

[C4Cqim][PFg]
81% yield

Scheme 9.45: Sakurai reaction to afford 6-hepten-2-one

9.6.6 Ferrier-Rearrangement

Glycals react with nucleophiles such as allylsilanes and alcohols under
Lewis-acid catalysed conditions. The reaction is usually highly
stereoselective in favour of the o-enantiomer. Several lanthanide salts,
Dy(OTY);, Sc(OTf); and Yb(OTH); have been successfully used as catalysts
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in the reaction between 24,6-tri-O-acetyl-D-glucal and different
nucleophiles in [C4C,im][BF,] and [C4C,im][PF], see Scheme 9.46.1'>>1>4

With alcohols as nucleophiles, superior results were obtained in
hydrophobic ionic liquid although the catalyst Dy(OTf); formed a
suspension in the liquid.">* However, at elevated temperatures, the reaction
proceeds in [C4C,im][BF,] in the absence of a catalyst. After extraction with
diethyl ether reuse of the catalyst was possible without deterioration of
activity. With allyl and propargyl silanes as nucleophiles and Yb(OTf); as
catalyst in [C4C,im][BF,], re-addition of catalyst was necessary after each
run to drive the reaction to completion.!*"

OAc 5 mol% Yb(OTf), OAc
A oé& ™S 20°C. 31 AcO Q
c = + — c
AcO i [CaCimI[BF4 =~
80% yield

Scheme 9.46: Carbon-Ferrier rearrangement with allyl silane as nucleophile.

9.7 Concluding Remarks

There seems to be no limit to the type of reactions that can be conducted
in ionic liquids, although it is not always clear what advantage is offered by
the ionic environment. However, the overwhelming majority of reactions
have been evaluated in a very narrow range of ionic liquids, notably
[C4Cyim][BF,] and [C4C,im][PFs]. With more than one trillion ionic liquids
potentially available,"'> it is highly likely that considerable improvements in
the reactions described in this chapter, as well as in many other reactions not
yet evaluated in ionic liquids, will emerge over the next few years.
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- 49
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[RugHy M®-CsHe)a]*" - 57
[SeO,(OCH;)]™ - 33
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1,3-propane sultone - 31

1,4-butanediol - 167, 171

1,4-dimethyl-4-vinylcyclohexene
- 176

1,4-dioxane - 122

1-decene - 78, 93

1-dibutylphosphino-2-
(dimethylamino)ethane - 172

1-hexene - 45, 48, 62, 63, 66, 73ff,
82, 84, 85,107, 108, 159, 204

1-hexyne - 218, 219



I-methylbenzimidazole - 139
1-methylimidazole - 29
1-octene - 73ff, 81, 84, 85, 218
I-pentene - 42, 73, 75, 76, 159
1-phenyl-1,2-ethanediol - 197
1-vinylcycloalkene - 214
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9,10-dimethylanthracene - 42

A

2,2’-azabisisobutyronitrile - 120,
181

2-butyne-1,4-diol - 46, 47, 48

2-ethylhexyl acrylate - 129

2-hexanone - 108

2-iodophenol - 132

2-isopropoxystyrene - 162

2-methyl-3-butenenitrile - 213,
214

2-naphthaldehyde - 192

2-position - 31, 58, 119, 138, 157,
174,214

3

3-(4-fluorophenyl) thiophene -
168

3-buten-2-ol - 191, 192

3-butyne-1-ol - 196

3-hexanoic acid - 52

3-pentenenitrile - 213

4

4-(diphenylphosphino)benzoic
acid - 196

4-bromoanisole - 128

4-dimethylaminopyridine - 102

4-fluoro-phenylamine - 216

4-methoxystyrene - 212

4-phenylpyridine N-oxide - 98

7

7-benzyloxychromene - 132

acetate - 8, 44, 100, 101, 104, 107,
119, 122, 124, 134, 148, 191

acetic anhydride - 201

acetophenone - 50, 56, 59ft, 108,
109, 112, 193

acetylacetonate - 52

acetylation - 201, 202

acrylates - 124, 125, 127, 130,
179, 180

acrylonitrile butadiene rubber - 48

aerogel - 67

Ag[SbF¢] - 182, 184

Ag,CO; - 125

AL,O; 2,212

AIBI'3 3

AlCI; - 2,7, 18, 19, 44, 49, 159,
160, 168, 169, 170, 171, 175,
181,202, 206, 219

alcohols - 9, 22, 29, 46, 56, 74, 89,
90, 95, 108, 109, 124, 142, 183,
192, 194, 198, 201, 202, 214,
220,221,222

aldehydes - 4, 64, 71, 89, 90, 95,
109, 110, 111, 191, 192, 198,
199, 201

aldol - 190

Aliquat 336 - 109, 123, 126, 189,
196, 219

alkaloid - 106

alkenes - 1,4, 6, 8, 29, 42, 45, 56,
59, 66, 71,73, 74, 921f, 121,124
188, 196, 209, 215, 219, 220

alkoxycarbonylation - 1

alkylation - v, 28, 147

alkylidene - 155, 162

alkylidenes - 155

b
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alkylpyridinium - 7

alkylpyridylmethanimine - 178

alkylselenites - 89, 193

alkynes - 29,42, 59, 124, 146,
176, 192, 198, 204, 215, 217{f

allylation - 149

allylic alkylation - 147ff

allylidene - 158

allyltrimethyl silane - 221

aluminium - 7, 41, 42, 169, 182,
202,219

aluminium oxides - 203

aluminiumalkyles - 170

amide - 29

amine - 29, 61, 102, 103, 213, 216

aminoacid - 33

aminoalcohol - 60

aminocarbonylation - 195, 196

ammonium - 19, 56, 59, 82, 91,
117, 134, 146

anhydrides - 204

aniline - 193, 196, 216, 217

anisole - 203

aqueous-organic biphasic
catalysis - 1f

arenediazonium - 125, 174

arene-hydrogenation - 58

arylation - 121, 124, 125, 126,
127,128, 131, 202

arylbromides - 126, 137, 139, 140,
143, 146, 147

arylchlorides - 118, 124, 126, 129,
134, 135, 138, 140, 141

arylhalides - 123, 124, 126, 127,
128, 133ff, 140, 141, 143, 145,
146, 168, 194

aryliodides - 124ff, 130, 138, 145,
147

AsPh; - 128, 143, 144

asymmetric dihydroxylation -
104ff

atom transfer radical
polymerisation - see ATRP

atropic acid - 44, 48

ATRP - 1771,

AuCl; - 214

azabis(oxazoline) - 211

azeotrope - 58, 59, 61

aziridination - 212

B

Baeyer—Villiger oxidation - 111

Beckmann rearrangement - 213

benchmark reaction- 205

benzaldehyde - 189, 191, 193,
199, 200

benzene - 43, 61ff, 124, 189, 198,
202,204, 218

benzophenone - 199

benzoylchloride - 203, 204

benzoylformate - 56, 57

benzylalcohol - 189

benzylbromide - 107

benzylformate - 50

benzylic alcohols - 108

Bi(OTf); - 204, 213

Bi203 ‘ 204

bidentate - 50, 53, 54, 73, 80, 81

BINAP - 48, 49, 50, 55, 56, 65,
67,

BINAS - 72,

biodegradation - 36

biomimetic - 104

bipyridine - 181

bis(indoyl)methanes - 198

bis(trimethylsilyl)acetamide - 150

bismuth - 204

bite angle - 73, 80

borane - 136

boronic acid - 136, 138, 140

branch-index - 169

bromoanisole - 147



bromobenzene - 138, 139, 141,
194, 195

bromoketones - 190

butadiene - 45, 48, 50, 52, 120,
174, 175, 176, 205

butylacrylate - 180

butylimidazole - 173,

C

carbamates - 195

carbanions - 147

carbene - 34, 56, 58, 119, 120,
122ff, 128, 129, 130, 132, 133,
138ff, 142, 144, 157,162, 171,
172,174, 194, 195, 209, 213,
214,221

carbon monoxide - 183, 194

carbonyl - 57, 73, 75, 92, 100,
109, 193

carbonylates - 32

carbonylation - 23, 33, 89, 193,
195

carboranes - 32

carboxylates - 42, 213

carboxylic acids - 29ff, 89, 110

carboxylic ester - 30

catalytic cycle - 42, 61, 96, 137,
156, 182,210

C-C cross coupling - 2, 32, 117ff

chinoline - 170

chinona - 106

chiral - 5, 29, 34, 35, 50, 52, 56,
59, 61, 67,96, 97, 98, 103, 106,
113,118,125, 132, 149, 150,
180, 188, 190, 192, 193, 200,
201,208,211, 217

chiral induction - 132, 200, 208

chiral ligands - 5, 52, 125

chitosan - 126, 134

chloroaluminates - 7, 8, 18, 19,
28,41, 45,91, 155, 156, 168,
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169, 181, 202, 206, 207, 213,
218

chlorobenzene - 124, 128ff, 135,
141

chlorocuprates - 18, 91

chloroferrate - 203, 207

chlorometallate - 18

chloroperbenzoic acid - 111

chlorostannate - 82

chlorozincate - 45, 207

chromium - 98, 99, 197

cinnamaldehyde - 59, 63, 64, 67

citral - 63, 64

Claisen rearrangement - 214

cluster - 57, 58

CO - 4,23,71, 74, 80, 82, 183,
184,194, 196, 197

Co(acac), - 50, 112

Co(acac); - 50

CO, - 48, 82, 197ff

Co,(CO)s - 75, 196

cobalt - 52, 73, 75, 83, 98, 110, 197

colloidal - 57, 58, 117, 145, 194,
197,211

condensation - 198, 199

contaminants - 25

continuous reactions - 3, 4, 23, 76,
84, 85, 125, 164, 170, 173, 219

continuous fixed-bed - 84

continuous flow - 3, 23, 76, 85

co-polymer - 65, 180, 184

co-polymerisation - 183, 184

copper - 117, 135, 142, 146, 178,
179, 181, 198, 201, 204, 210,
211, 212,216,217

cross-metathesis - 155

CSQCO3 - 157

Cu(OTY), - 203, 204

CuBr- 178,179

CuCl - 18,19, 108, 109, 110, 156,
176
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CuCl, - 19, 181

cyanohydrins - 200

cyclisation - 199, 208, 214

cycloaddition - 156, 197, 205,
206, 207

cycloalkanones - 191

cyclobutanone - 111

cyclodimerisation - 175, 176

cyclohexadiene - 42, 57, 66, 209,
216

cyclohexane - 2, 43, 124{f

cyclohexene - 42,49, 57, 62, 63,
67,717,176

cyclooctadiene - 67, 182,

cyclooctene - 93, 94, 100

cyclopalladated - 147, 211

cyclopentadiene - 205, 206, 207,
209

cyclopropanation - 209ff

cyclovoltammetric - 97

D

DBU - 148

decomposition - 19, 22, 27, 55,
78,131, 136, 137, 138, 139,
160, 169, 174, 188, 192

degradation - 25, 60, 80, 83, 94,
95,101, 163, 195, 219

dehalogenation - 189, 190

dendrimer - 71

density - 6, 21, 22, 173

diallyltosylamide - 155, 159ff

diamine - 49, 59ff

diazoacetate - 212

diazonium - 121, 174

dibutylphosphate - 93, 100,

Diels-Alder - 2, 205ff

dienes - 29, 45, 52, 1591, 170,
208

dienophiles - 208

Difasol - 169

dihydronaphthalene - 97

dihydroxylation - 89, 102ff, 113,

diisopropylamine - 146

dimerisation - 8, 50, 167ff, 219

dimethylacetamide - 122,

dimethylbutane - 3

dimethylcarbonate - 27, 196

dimethyl-dihydromuconate - 173

diols - 100, 102

DIOP - 50, 52, 59,

dioxane - 136, 139

dioxomolybdenum - 93

diphenylacetylene - 220

disulfides - 110

DMA - 122,129, 147,

DMF - 49, 122, 124, 129, 131,
136, 137, 142, 196, 198

DMPA - 104

DMSO - 20, 48, 131, 157

dodecanesulfonate - 112

dodecylsulfate - 179

DPEN - 56, 61

dual-functionalised - 33

DuPHOS - 50, 53

Dy(OTf); - 199, 221, 222

dysprosium - 199

E

electrochemical - 8, 89, 168, 177,
181, 202

electrodeposition - 7

electrolytes - 8

electron transfer mediator - 103,
104,

electrophilic - 92, 100, 188

electroplating - 7

enamides - 50, 53, 54, 126

enantiomeric excess - 34, 44, 48ff,
55, 56,59, 65, 73, 80, 85, 98,
99, 106, 107, 132, 149, 150,
200, 209, 217

enantioselective - 44, 52ff, 53, 54,
59, 60, 67, 85,92, 96,97, 103,



107, 108, 118, 125, 132, 149,
164, 188, 189, 210

enantioselectivity - 41, 42, 48, 50,
55, 56, 96ft, 101, 106, 200,
210,211, 217,219

environmental - 4, 36, 83, 177,
189, 206

enynes - 196, 214

enzymatic - 89

epichlorohydrin - 98, 99, 101

epoxidation - 89, 92ff, 100, 101

epoxide - 93, 95, 100, 101, 197

EPR spectroscopy - 22

esterification - 31

Et;N - 124ff, 136, 137

ethanol - 43

ethyl acetoacetate - 55, 56, 147

ethyl diazoacetate - 209ff, 213

ethyl-2-bromopropionate - 179

ethylaluminium - 169

ethylamine - 7

ethylene - 2, 8, 20, 23, 49, 74, 75,
147,159, 167, 171, 172, 175,
181, 182,216, 217,219

ethylene glycol - 20

Er"-value - 22, 206

eutectic mixtures - 7

extractants - 8

F
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formic acid - 58ff

Friedel-Crafts reaction: 202ff

Fries rearrangements - 213

functional groups - 10, 24, 25, 29,
35,42, 45,55,59, 67, 143, 187,
203

functionalised ionic liquids - 10,
29, 30, 31, 35, 144

G

gas solubility - 23, 24

glycals - 221

glyoxal - 27

gold - 29, 62

Grubbs-type - 158
guanidinium - 65, 66, 79, 248

H

Fe(acac); - 50

Fe(ClOy); - 212

FeCl; - 191, 198, 202, 212

Ferrier-rearrangement - 221

ferrocene - 54, 149, 202,

flammability - 6

flavin - 104

fluorination - 188, 189

fluorous - 2, 5, 6, 9, 29, 67, 71, 96,
122,218

fluorous biphasic catalysis - 2

formaldehyde - 27

H,PtCls - 63, 219

hafnium - 181

halide contamination - 27, 30, 46

halide-free - 27, 30, 182, 210

halogenation - 187, 188

HBF, - 27, 30, 173

HC1- 27,42, 156,203

heat capacity - 5, 21

heat transfer - 4

Heck-coupling - 117ff

hetero-Diels-Alder reactions - 207

hexabromobenzene - 189

hexafluorophosphate - 8, 21, 27,
28, 198

hexamethylbenzene - 202

hexane - 3, 22, 61, 78, 100, 101,
106, 123, 124, 125, 127, 137,
140, 146, 159, 160, 200

HF - 25,27, 82, 198

Hoffmann-type elimination - 29,
120

HOTf- 30

hydroamination - 215ff

hydroarylation - 220
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hydroboration - 217

hydrocinnamaldehyde - 64

hydrodimerisation - 120, 174

hydroformylation - 2, 4, 15, 23,
65, 711f, 197

hydrogen - 4, 23, 43, 44, 48, 50,
56, 62, 64, 65,71, 74, 78, 80,
108

hydrogen bonding - 21, 22, 52, 73,
148, 205

hydrogen peroxide - 90ff, 95, 96,
100, 101, 103, 104, 108, 111,
112

hydrogen solubility - 43, 44, 55

hydrogenation - 1, 2, 3, 23, 33,
411t, 71

hydrogensulfate - 203

hydrolysis - 80, 82, 91, 92, 104,
105, 158, 193, 203

hydrophilic - 5, 25, 72, 91, 99,
175,187, 198, 201, 203, 204

hydrophobic - 18, 25, 47, 72, 91,
99,171, 175, 187, 196, 201,
204, 205, 222

hydrosilylation - 33, 217ff

hydrovinylation - 219

hydroxycarbonylation - 196

I

imines - 54, 192, 193, 199, 212,
215,217

immobilisation - 23, 29, 31, 35,
42,55,67,71,79,93, 94, 99,
118,122, 130, 131, 142, 155,
156, 175, 200

In(OAc); - 191

In(OTf); - 193, 198, 199, 204

indium - 191, 192, 221

indium(III) chloride - 192, 221

indoles - 198

induction period - 75, 77, 78, 138

intermediates - 9, 15, 42, 113,
123, 136, 142, 156

1odobenzene - 123, 125, 128, 141,
143, 144, 147, 194, 196

iodobromination - 188

1odochlorination - 188

ionic tag - 60, 162, 201

IR spectroscopy- 78, 202

iridium - 52, 54, 62

isomerisation - 2, 3, 71, 213, 214,
219

isotactic - 180

J

ICP-OES - 54, 79, 134, 141, 215,

IFP-Dimersol - 167

imidazole - 27, 29, 92, 118, 120,
125, 126, 130, 131, 132,176

imidazolium - 17, 23, 26ff, 49, 54,
56, 58ff, 73, 81, 82, 89, 90, 91,
100, 109, 117ff, 126, 130ff,
137, 138, 143, 148, 149, 156,
157,172,174, 176, 179, 180,
183, 188, 194, 197, 200ff,
217ff

imidazolylidene - 119, 138, 139,
221

JOSIPHOS - 54

K

K,[0sO,(OH),] - 103, 106, 107

K,[0s04] - 104

K,CO; - 33, 103, 104, 106, 107,
124, 126, 127, 137, 141, 148,
150

K;3[Co(CN)s] - 50, 52

K;[Fe(CN)g] - 103, 104, 106

K3PO4 : 136, 140

Kamlet-Taft - 23

Katsuki-type catalyst - 97, 98

ketones - 49, 56, 61, 89, 90, 108ff,
191, 198, 201, 214, 221

ketoximes - 213



kinetic resolution - 98

L

lactate - 34, 65, 66, 208, 248

leaching - 46, 48ff, 54, 55, 60, 65,
751t, 81, 84, 85, 100, 102, 106,
134, 139, 148, 160, 161, 200,
210,218

Lewis acidic - 18, 201, 206, 207

Lewis basic - 18, 24, 94

LiCl - 170

ligand-free - 117, 120, 127

linear-to-branched - 72, 81, 85

lipophilic - 33, 51

lithium - 41

low viscosity - 20, 33

lubricants - 8

M

MALDI mass spectrometry - 8

malonate - 148

mandelonitrile - 200

manganese - 95ff, 111, 112

Mannich reaction - 190ff

mass spectrometric - 16

mass-transfer - 44, 46, 173

melting points - 6, 9, 16ff, 26, 164

membrane - 65, 96

metallabutacycle - 209

metallocenes - 79, 81

metathesis - 21, 25ff, 36, 155ff,
173, 201

methacrylonitrile - 217

methane - 2, 23

methanol - 2, 43, 49, 50, 57, 58,
140, 174, 175, 183, 184, 194,
196

methyl acetoacetate - 67

methyl acrylate - 125, 172, 173,
176, 179, 180, 205ff

methyl methacrylate - 178, 179,
181, 206
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methyl-3-hydroxy-2-
methylenebutanoate - 48

methyl-3-pentenoate - 71,

methyl-3-pentenoate - 75

methylamine - 27

methylbenzoate - 194

methylcyclopentane - 2

methylimidazole - 26, 29, 31, 139

methylpentane - 3

methyltrioxorhenium - 92

Michael-type addition - 31

microencapsulation - 102

microwave dielectric heating - 5,
28, 59, 126, 133, 159, 160, 163,
208

miscibility - 2, 6, 17, 18, 22

Mizoroki-reaction - 121

MMA - 178, 179, 181,

Mo(OR’),(NAr)(=CHR) - 159

MoCpCI(CO); - 94

molten salts - 1, 6, 7, 128

molybdenum - 93, 94, 155

monoenes - 45, 52

morpholine - 90, 91, 104, 195,
217

Maéssbauer spectroscopy - 202

MTO - 92, 93,

multiphasic - 6, 9, 15

mutagenic - 36

N

N-(phenylethylidene)aniline - 54
N,N-heterocyclic carbene - 119
Na[BARF] - 182

Na[BH,] - 167

Na[Co(CO),] - 190

Na[ReO4] - 159

Na,COs; - 124ff, 136ff
N-acetylphenylethenamine - 54
NaCl - 7, 26, 190

NaHCOs - 124, 125, 126
N-alkylmorpholinium - 188
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nanoparticles - 16, 29, 58, 62ff,
117, 120, 122, 124, 126, 127,
134, 135, 145, 194, 221

NaOAc - 124ff, 136, 137

NaOClI - 90, 91, 101

NaOH - 136

NaOMe - 136

naringenin - 111

n-butylamine - 27

n-butyraldehyde - 4, 5, 72

n-dodecane - 134

Negishi - 135, 145, 146

N-heterocyclic carbene - 162

Ni(acac), - 50, 110

Ni(cod), - 213

Ni(hfacac) - 169, 170

nickel - 2, 8, 89, 120, 167, 168,
169, 171, 181, 182,214

NiCly(dppe) - 218

nitrates - 8, 42

nitric acid - 7

nitriles - 32, 62, 118, 137, 141,
144, 145

N-methyl morpholine - 90, 104,

N-methyl-2-pyrrolidine - 122

N-methylpyrolidone - 143

NMO - 90, 91, 102ft, 106, 110,

N-morpholine-N-oxide see
NMO

NMR - 16, 43, 73, 76, 78, 133,
214

norbornene - 159, 160, 163, 196,
216

nucleophiles - 19, 147ff, 221, 222

nucleophilic - 9, 93, 100, 143,
149, 188, 219

nucleophilicity - 136

nylon-6,6 - 172

0]

octane - 57, 58, 77, 78, 126

octylsulfate - 36, 82

olefin metathesis - 155

oligomerisation - 2, 167ff, 175,
219

organostannane - 142

osmium - 58, 102, 103, 106, 113

0s0, - 102, 103, 106

oxazoline - 54, 210, 217

oxidation - 2, 3, 7, 23, 53, 89ff,
181, 202

oxidative addition - 120, 121, 134,
135, 148

oxyarylation - 132

oxygen - 2, 891f, 108ff

oxygen solubility - 90

P

palladacycles - 123, 127, 128, 131
palladium - 32, 42, 52, 59, 62, 64,
65, 66, 67, 108, 117, 119ft,
151, 168, 172ff, 182ff, 188ff,
1931t, 209, 211, 214ft, 220, 221
palladium acetate - see Pd(OAc),
palladium black - 120
p-anisidine - 192
Pauson-Khand reaction - 196, 197
PBu; - 169, 172
p-chlorobenzaldehyde - 189, 199
p-chlorophenylacetylene - 204
PCy; - 48, 148, 155,167, 169, 171
Pd(acac), - 51, 172, 173
PA(NCPh),CI, - 125
Pd(OAc), - 62, 119, 120, 123,
1244f, 132, 134, 1371f, 148,
174, 184, 194ft, 211, 214, 220
Pd(OAc),(bipy) - 184
Pd(PPh;), - 10, 127, 129, 137,
138, 141, 143, 220



Pd/C - 59, 63ff, 123, 126, 127,
133, 189

Pdy(dba); - 123, 125, 129, 137,
138, 140, 143, 144, 150, 220

PACI(CH;)(bipy) - 184

PdCl, - 89, 108, 123ff, 137ft, 189,
196, 211, 214

PdCly(dppe) - 189

PdCly(dppf) - 189

PdCI,(PhCN), - 143

pentylpyridinium - 187

perfluorinated - 22, 67, 73, 203

pH - 5,91, 93

phase separation - 21, 42, 52, 82,
167,175, 179

phase transfer - 5, 7

phase vanishing systems - 6

phenanthroline - 62, 63, 195

phenol - 112

phenylacetylene - 146, 176, 182,
183, 196, 216

phenylbenzoate - 213

phenylboronic acid - 137, 138,
140, 141

PhI(OAc), - 90, 94, 101, 111

phosphates - 19

phosphazine - 17

phosphine - 29, 31, 44, 50, 53, 54,
67, 72ft, 791f, 86, 121, 125,
126, 128, 137, 138, 145, 148,
149, 156, 162, 169, 174, 175,
194, 195, 213, 218

phosphite - 79

phosphonic acid - 55

phosphonium - 28, 59, 75, 82, 89,
117, 118, 123, 128, 138, 140,
175,204, 206

phosphoric acid - 82

phtalocyanine - 110

phthalazine - 106

picolinium - 217
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PIGIPHOS - 217

pinacolborane - 218

piperidine - 146

piperidinium - 117

platinum - 42, 64, 82, 120, 214,
216,217

polarity - 2, 22, 67, 205

poly(N-vinyl-2-pyrrolidone) - 64

polydispersity - 164, 178ff

polyethylene - 162, 182

polyethylene glycol - 162

polymer - 66, 67, 71, 102, 111,
1621f, 177{f, 194

polymerisation - 2, 3, 45, 49, 158,
163, 167, 1771t, 198

polystyrene - 182

porphyrin - 94, 95, 101, 111

PPh; - 10, 23, 42, 44ff, 56, 65, 66,
75,76, 109, 122, 126f1f, 132,
137, 138, 140ft, 146, 148, 169,
189, 191, 192, 196, 218, 220

Pr;N - 125

propan-2-one - 22

propanol - 46, 52ff, 58, 59, 65

propellant - 8

propene - 4, 66, 72, 84, 85, 167,
168, 171

propylene oxide - 197

Pt(Cl)y(cod) - 75

PtBr, - 216

PtCl, - 1, 74, 75, 83, 214

p-trifluormethylphenylacetylene -
204

pyrazolylborate - 183

pyridinium - 17, 23, 26, 32, 81,
83,118, 122, 128, 141, 142,
143, 174, 183, 189, 194, 219

pyrimidine - 106, 146,

pyrrolidinium - 117, 143

pyrrolidinone - 135
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Q

quaternisation - 107
quinine - 188, 212
quinuclidine - 106

R

Raman spectroscopy - 24

reaction mechanism - 9, 15, 24,
42,135,215

recyclability - 3, 29, 83, 106, 107,
118, 123, 124, 129, 131, 160ff,
183,201, 208, 214

recycling potential - 25, 46, 83,
93, 144, 193, 201, 211, 218

redox reactions - 89

reduction - 41, 42, 45, 52ff, 59,
61ff, 129, 218

reductive elimination - 121, 135,
142

ReOsMe - 100, 111

Rh(acac)(CO), - 73, 75

Rh(acac)(nbd) - 182

Rh(nbd)(PPh;),][BF,] - 47

Rh(OAc), - 75

Rh(PPh;);Cl - 23

Rhy(OAc), - 59, 211

RhCI(PPhy); - 44, 45, 49, 66, 76,
218

RhCI(TPPTS); - 49

rhenium - 104

RhH(CO)(PR3), - 73, 79

RhH(CO)(TPPMS); - 73

RhH(CO),(PR3) - 73

RhH(CO),(TPPMS), - 73

RhH(CO),PR; - 79

rhodacarborane - 56, 57

rhodium - 4, 5, 33, 42, 45, 52, 53,
54,59, 62, 65ff, 72, 75, 76, 79,
80, 85, 86, 117, 142, 168, 176,
182, 183, 209, 211, 216, 218

ring-closing metathesis - 155, 158

ring-opening polymerisation -
163, 177

Ru(cod)(cot) - 62, 63

Ru(OAc),(t0l-BINAP) - 48

RU3(CO)12 - 75

RuCl,(DMSO), - 157

RuCly(dppe), - 48

RuCly(p-cymene)(PTA) - 49

RuCl,(PPh;); - 45, 48, 109, 191,
192

RuCl,(TPPMS);(DMSO) - 48

RuCl; - 109

RuO, - 62, 63,75

ruthenium - 42, 45, 46, 55, 58, 60,
62,75, 82, 109, 155ff, 192,
209, 216

S

Sakurai reaction 221

salen - 96ff, 101, 197, 200, 201

salt metathesis - 24, 30

Sc(OTH); - 201, 203, 204, 207,
221

scandium - 201, 204, 207, 208,
214

scCO, - 3,23,44,47, 48, 49, 51,
55,72, 83, 84,92, 100, 103, 106,
108, 122, 155,173, 197, 219

selenium - 33

8602 - 33

Shell Higher Olefin Process - 2,
15,167,

silica gel - 65, 66, 84, 85

silica support - 85, 200

SILP - 35, 65, 84ff, 100, 127, 134,
216

silver carbonate - 132

silver(I) iodide - 192

silylstannation - vi, 220, 221



skeletal reorganisation - 214

Sn(OTY), - 203

SnCl, - 18, 74, 75

sodium hypochloride - 91

solar cells - 8

solid supports - 35, 43, 65, 96,
100, 122, 134, 155, 162

solubility - 2, 5, 9, 10, 23, 421f, 50,
52,55,62,67,73, 74,77, 90, 93,
110, 113, 140, 148, 167, 174,
1771t, 187, 194, 197, 211, 214

solvatochromic - 22

solvophobicity - 205

Sonogashira reaction- 135, 146

sorbic acid - 49, 52

Speier’s catalyst - 219

stannanes - 143

stereoselective - 34, 221

Stille reaction - 135, 142ff, 153

styrene - 57, 89, 95, 101, 108,
124, 126, 128ftf, 135, 162, 174,
182ff, 197, 210, 21 1{f

sulfate - 8

sulfoamylation - 202

sulfonated - 4, 72, 73, 75,79, 83,
94,175, ,

sulfonated phosphine - 4, 72ff

sulfonic acid - 31

sulfonylation - 202

Sulfoxantphos - 78, 81

supercritical CO, - see scCO,

supercritical fluids - 2

supported ionic liquid phase - see
SILP

surface tension - 21

Suzuki reaction - 117, 118, 131,
135ff, 153

syngas - 71ff

T

TANIAPHOS - 54

241

task-specific - 10, 33, 118, 163,
177

TBHP - 90ff, 100

telomerisation - 174, 175

TEM - 16, 133ff, 145

TEMPO - 109

tert-butanol - 102, 106

tert-butyl hydrogenperoxide - see
TBHP

tetraalkylammonium - 1, 62, 109,
120, 122, 128, 204

tetrabutylammonium - 117, 134,
141, 194,

tetraethylamine acetate - 104

tetrafluoroborate - 8, 17, 21, 23,
27,28, 169, 195, 196, 198, 212

tetrafluoroboric acid - 27

tetrahydropyranols - 199

tetralin - 112

tetramethylguanidinium - 66, 248

tetra-n-hexylammonium benzoate
8

thermal stability - 9, 19

thermomorphic - 18

THF - 50, 56, 76, 101, 134, 136,
142, 147ff, 174, 182, 196, 216,
217,221

thioacetalisation - 201

thiols - 29, 62, 110

thioureas - 29

tiglic acid - 44, 48

tin- 1, 135

TMEDA - 176, 189

TMGL - 65, 84

tosylates - 59, 60, 82, 121, 206

tosyldihydropyrrole - 156

toxicity - 4ff, 10, 36, 102, 106,
113,181

toxicological - 36, 189

TPPDS - 76

TPPMS - 48, 73, 76, 175, 213
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TPPTS - 49, 72, 76, 77, 81, 83,
84, 86, 147, 148
transfer-hydrogenation - 41, 58ff
trans-metallation - 135
trialkylaluminium - 167
triazacyclopentadecatriene - 220
triazine - 77
tributylphenyltin - 143, 144
tributylsilyltin - 220
tributylvinyltin - 143, 144
triethylamine - 58
triethylammonium - 59
triflate - 44, 49, 121, 142, 146,
201, 203, 204, 207, 214
trimethylindoline - 51
trimethyloxonium - 27
trimethylsilyl azide - 99
trimethylsilyl cyanide - 200
triphasic - 6, 123

triphenylphosphine - 140, 174, 195

tungsten - 155, 168, 175, 208

U

W

W(OAr),Cly - 155, 159

Wacker-type oxidation - 108

water - 2ff, 18, 21, 25, 26, 43ff,
53, 56ff, 61ff, 721f, 82, 83,
90ft, 100, 101, 104, 106, 109,
123,124, 127, 136, 139ff, 146,
150, 155, 171, 174, 187, 188,
192, 193, 195, 198, 2051f, 211

WC12(=NPh)(PMe3)3 - 175

WCI4(=NAr) - 175

WClg - 159

Wilkes’ catalyst - 219

Wilkinson’s catalyst - 10, 23, 44,
218

X

XAFS - 122
Xantphos - 78, 80, 81, 86

Y

UHP - 90, 91, 93, 100, 248
ultrasound - 5, 28, 124, 133, 138
urea - 29, 91, 93

urea hydrogenperoxide - 91, 248
UV-VIS- 94,97, 111

\4

Yb(OTf); - 201, 221, 222
Ytterbium(III) triflate - 193

Z

vanadium - 104, 200

vapour pressure - 9

vinylboronic acids - 142

viscosity - 5, 19, 20ft, 34, 46, 55,
112, 123,157,207

zeolites - 96

Ziegler-Natta - 8, 177, 181

zinc - 41, 135, 145, 175, 197, 207,
215,216

zirconium - 181

Zn(0TY), - 203, 204, 215

ZnCl, - 45, 48,207

zwitterionic - 27, 30, 31, 102,
120



ABBREVIATIONS

[(C2)aN]
[(C4);CiP]
[(C4)aN]
[(C4)4P]
[(C50,)C im]
[(Cs)3C14P]
[(C6)3Ci6P]
[(Cg)sCiN]
[(CC=C)C im]
[(Mes),im]
[CoCim]
[C 1 zc 1 1m]
[C,C,Cyim]
[C,Ciim]
[CQC 1 C 1 ll’Il]
[C,Ciim]
[Copy]
[C3C 1 C 1 1m]
[C;CNpy]
[C4CiCiim]
[C4C 1 C 1 1m]
[C4Ciim]
[C4Cipy]
[C4Capyrr]
[Capy]
[C6C11m]
[Cepy]
[CsCiim]

tetracthylammonium
tributyl(methyl)phosphonium
tetrabutylammonium
tetrabutylphoshonium

1-(1-ethoxy-3-methylimidazolium)-2-methoxyethane

trihexyl(tetradecyl)phosphonium
trihexyl(hexadecyl)phosphonium
trioctylmethylammonium
1-propene-3-methylimidazolium
1,3-dimesityl-imidazolium
1-decyl-3-methylimidazolium
1-dodecyl-3-methylimidazolium
1,2,3-trimethylimidazolium
1-methyl-3-methylimidazolium
1-ethyl-2,3-dimethylimidazolium
1-ethyl-3-methylimidazolium
N-ethylpyridinium
1-propyl-2,3-dimethylimidazolium
N-butyronitrile-pyridinium
1-butyl-2,3-dimethylimidazolium
1-butyl-2,3-dimethylimidazolium
1-butyl-3-methylimidazolium
N-butyl-4-methylpyridinium
N,N-dibutylpyrrolidinium
N-butylpyridinium
1-hexyl-3-methylimidazolium
N-hexylpyridinium
1-octyl-3-methylimidazolium
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[HC4im] 1-butylimidazolium

[S-C4Ciim] 1-(S-2-methylpropane)-3-methylimidazolium

4-PPNO 4-phenylpyridine N-oxide

acac acetylacetonate

AD asymmetric dihydroxylation

AIBN 2,2’-azabisisobutyronitrile

Aliquat 336 tricaprylmethylammonium chloride

Ar aryl

ATRP atom transfer radical polymerisation

BARF tetrakis-(3,5-bis(trifluoromethyl)phenyl)borate

BI branch index

BINAP 2,2-bis(diphenylphosphino)-1,1’-binaphthyl

BINAS sulfonated 2,2-bis(diphenylphosphino)-1,1’-binaphthyl

bipy bispyridine

Bu butyl

C4Ciimy 1-butyl-3-methyl-imidazolylidene

C4im 1-butylimidazole

cod cyclooctadiene

cot cyclooctatriene

cP centi Poise

Cp cyclopentadienyl

Cp* 1,2,3,4,5-pentamethylcyclopentadienyl

Cy cyclohexyl

dba di(benzylidene)acetone

DBP dibutylphosphate

DHM dihydromuconate

DHQ dihydroquinine

DHQD dihydrquinidine

DIOP O-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphino)butane

DMA N,N-dimethylacetamide

DMAP dimethylaminopyridine

DMF N,N-dimethylformamide

DMPA 4-(dimethylamino)-pyridine

DMSO dimethylsulfoxide

DPEN 1,2-diphenylethylenediamine

DPP-[C,Cpy] [PPh,(2-(1,6-dimethyl-pyridinyl))]"

DPP-[C,Cpy] diphenylphosphine-1-ethyl-3-methylimidazolium

DPP-[C4C,im] [PPh,(2-(1-butyl-3-methyl-imidazolyl))]"

dppe 1,2-bis(diphenylphosphino)ethane

dppf 1,1-bis(diphenylphosphino)ferrocene

dppp 1,3-bis(diphenylphosphino)propane



DuPHOS
ee

ETM
EN

h

hfacac
ICP-OES

IFP
IL
IMes
iPr
kDa
I:b
M3P
MA
Me
MeDuPHOS
mM
MMA
MTO
Mw
ndb
nm
NMM
NMO
NMR
NORBOS
OAc
OTf
OTs
PEG
Ph
PHAL
ppm
Pr
PTA
PVP
Py
PYR
QN
RCM
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1,2-bisphospholano-benzene
enantiomeric excess

electron transfer mediator
transition energy of nile red dye
hour(s)
hexafluoroacetylacetonate
inductive coupled plasma optical emission
spectroscopy

Institut Francais de Petrol

ionic liquid
N,N’-dimesityl-imidazolinylidene
isopropyl

kilo Dalton

linear to branched ratio
methyl-3-pentenoate
methacrylate

methyl
1,2-bis(2,5-dimethylphospholano)benzene
milli molar

methyl methacrylate
methyltrioxorhenium(VII)
molecular weight

norbornadiene

nanometer
N-methyl(morpholine)
N-morpholine-N -oxide

nuclear magnetic resonance
sulfonated trimethyl-dimethyl-phosphanorbonadiene
acetate

trifluoromethylsulfonate

tosylate

polyethylene glycole

phenyl

phthalazine

parts per million

propyl
1,3,5-triaza-7-phosphaadamantane
poly(N-vinyl-2-pyrrolidone)
pyridine

pyrimidine

dihydroquininyl

ring-closing metathesis
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ROMP

scCO,

SHOP

SILP

TBHP

tBu

TEAA

TEM

TEMPO

TEHLN

TMEDA

TMGL

TMSN;

TOF

tol

TON
TPPD-Guanidine
TPPDS
TPPM-[C 1 C 1 lm]
TPPM-Guanidine
TPPMS
TPPOTS
TPPTS
TsDPEN

UHP

ring-opening polymerisation
supercritical carbon dioxide

Shell Higher Olefin Process

supported ionic liquid phase

tert-butyl hydrogenperoxide

tert-butyl

tetracthylammonium acetate
Transmission Electron Microscopy
2,2,6,6-tetramethylpiperidinyl-1-oxy
bis(trifluoromethylsulfonyl)imide
tetramethylethylene diamine
1,1,3,3-tetramethylguanidinium lactate
trimethylsilylazide

turnover frequency

tolyl

turnover number
[PPh,(m-C¢H,-guanidinium),]*
[PPh(0-CsH4-SO5),]*
[PPh,(p-C¢H4-2-(1,3-dimethyl-imidazolyl)]"
[PPh,(m-Cg¢H4-guanidinium)]”
[Pth(O-C6H4-SO3)3]_
[P(O-(0-CsHa-803))s]"
[P(0-CsH4-SO5):]™
N-toluenesulfonyl-1,2-diphenylethylenediamine
urea hydrogen peroxide





