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Abstract

Abstract

Ionic liquids have been used as novel solvénts in chemical reactions with higher
yields than common organic solvents. The present work starts by showing an
introduction where ionic liquids are discussed as a green alternative as solvents. After
this the background of ionic liquids is explained, including a short review of recent
results that include the use of organometallic compounds as catalysts in these solvents.
Many of those works do not give details about the interaction of catalysts with the ionic
solvents. After this, the experimental part is explained and the results are shown.

The first part of the results examines the chemistry of Wilkinson’s catalyst
[RhCI(PPhs)3] in [emimCI][AICLs] ionic liquids with xaic; = 0.65 (acidic). These resﬁlts
propose an interaction between the rhodium compound and the anionic species [AICLy]™
of the ionic solvent. The complete dissociation of one phosphine to yield [Rh(Cl){(p-
CDAICI3}(PPhs).], 24, is observed. The reaction with H; in the ionic solvent shows the
formation of one symmetric hydride, [Rh{(p-C1)AIC);}H(PPh;);] , 25. Secondly, the
study of [Rh(PPh3)3Cl] in CD,Cl, by adding AICl;/HCI yielded the formation of Rh(III)
species that have been partially identified as three isomeric forms of [Rh{p-
C1LAICI} {(p-CDAICI; } (H)CL(PPh;),], 31a, 31b and 31¢, depending on the position of
[CIAICI;] anion and the p-coordination.

Thirdly, the reaction of 25 in [emim][Al,Cl;] with CO yields a tricarbonyl as
intermediate [Rh{(p-Cl)AlCl:,}(CO)3(PPh3)], 37, that is unstable and a biscarbonyl as
final product [Rh(CO){(u-C1LAICL}(PPh3),] , 68. The solution of
[RhCI(CO)(PPh3),], 36, yields a hydride of the type [Rh{(un-CDHAICL}{(n-
CDAICI;}H(CO)(PPh3)], 38, that reacts with CO to give 37 and 68 in the same way as
25. The study of complexes with other PR3 groups such as PMe,Ph, 45b, PEt;, 54,
PMePh;, 55, PEtPhy, 56, PBu'Et,, 57, PBu'Bu',, 58, PBu'Pr';, 59, PCys, 60, PBu',Ph, 61
- in the Vaska’s type complex was compared with 36. These showed the formation of an
analogue hydride to 38 and the reaction with CO gave the formation of similar
complexes to 37 and 68 in each case. Also, the solution of [Rh(CO),Cl]; in

[emim][ALCl,] produced a new species that corresponds to the cleavage of the
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dimer to yield [Rh{(u-Cl)AICl3}2(CO),] . The addition of PPh; to the last solution gave
the formation of [HPPhs]", 68, 38, 37 and the formation of three more complexes that
have been partially identified as Rh(III) species.

Finally, the study of [RhCI(CO)PR;),], where PR3 = PPh;, Me,Ph, Et;, MePh,,
EtPh, in [bmim][Sn;Cls), Xss,cis = 0.6 was followed by *'P NMR. The ''*''"Sn coupling
to phosphorus suggests the formation of trans-[Rh(SnCl;),(PPh;),] for PPh; and
[Rh(SnCl3),(CO)PR3),]  for the case of PR3 = Me,Ph, Et;, MePh,, EtPh,.

The separation of resulting species has been impossible because of the high

solubility of the species in ionic solvents.



1, Introduction

1. Introduction

1.1. Chemistry and Society

The last century witnessed a new era for human beings. Drugs such as antibiotics
were used to treat diseases that had ravaged mankind for millennia. A medical revolution
had begun.

The role of chemistry in this pharmaceutical achievement was essential and the
advances that emerged in this century as the application of technology, resulted in the

average life expectancy rising from 47 in 1900 to 75 years in the 1990’s.

Chemistry has also been important in other areas and we know that the world’s
food supply has seen a huge expansion in the 20th century, partly because of the
development of chemicals that protect crops and enhance growth. Chemistry has been
involved in the advances in transportation, communications, clothing, efc. resulting in an

improvemént in quality of life for human beings.

Unfortunately, the public image of chemistry has not been that positive. The
creation of new materials has brought the synthesis of by-products that are harmful to
human beings. They often use toxic materials that are dangerous and they are released into

the environment in almost all cases.

The image that chemistry has to face nowadays is a negative one. Chemistry is
blamed as the direct creator of pollution arising from chemical waste in factories and

industry.

In the 1960°s there were some incidents that helped to increase the bad reputation
of chemistry.!

e In 1962 Rachel Carson illustrated the irreparable damage that DDT can cause to some

bird eggs and showed how it can spread into the food chain.?

e In 1961 the studies on thalidomide that was used to decrease the effect of nausea in

pregnant women showed that it caused malformation in the embryos.!

Over the following years, the chemical industry was partly responsible for a
number of natural disasters that transformed the image of chemistry into that of a science

of pollution and environmental damage:
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e In 1971 Love Canal, a small town in Niagara Falls, NY, was built after a chemical and
plastic company was closed and this company had been used as the channel to discard
toxic and carcinogenic substances such as benzene, chlorinated hydrocarbons and
dioxin. This has resulted in a high level of health effects in the region because of the

exposure at Love Canal. The region was declared an official disaster area.'

e In 1983 in Times Beach, Missouri, roads were contaminated by dioxin, a toxic
chemical present in the oil that had been sprayed on the roads a decade before. Another

disaster area was declared.’

All these incidents, in the United States, resulted in an outcry in society about the

use of toxic compounds. Scientists were blamed as the originators of disasters.

The Government of the United States had to think of ways to regulate the disposal
of material, ways of discarding toxic material into the environment and ways to protect the
environment and society by decreasing the risk of exposure. It introduced the Creation of
Clean Air Act in the 1970’s. In 1990, the Pollution Prevention Act (PPA) was passed by
the United States Congress and this helped to control pollution and regulate the disposal of

chemical substances.

Green chemistry is a particular method of pollution prevention. There are many
other useful methods of decreasing pollution, however green chemistry offers an essential
way to abate the level of pollution by changing the methodology of synthesis or obtaining
products, by generating clean processes that reduce or eliminate the quantity of by-

products, hazardous solvents or raw materials.

1.2. Green Chemistry

Anastas and Warner have defined green chemistry as “the utilization of a set of
principles that reduces or eliminates the use or generation of hazardous substances in the
design, manufacture and application of chemical products”.!

Advances in chemical methodologies will help to achieve this goal. The efficiency
of a synthetic method influences both the expenses and the overall quality of the process.
Economic considerations have played a major role in desi gning syntheses that use the most
available and least expensivé feedstock.

Recently, new concepts have been introduced to help efficiency. ‘Specificity’

4



1. Introduction

emphasises the efficiency term and ‘atom economy’ is a substitute for the term ‘yield’.
These new concepts help to describe the quality of a synthetic process whose goal is to

decrease the overall risk of harm to people and the environment.

Basically, the risk can be described as a function of hazard and exposure. Using less
hazardous materials during the synthesis of chemicals must decrease the risk. Therefore the
reduction of toxic material makes the inevitable exposure safer for humans and the waste

environmentally more benign. In practice, this is difficult to implement.

Current practice has achieved the use of less hazardous material, which
correspondingly decreases the risk but does not eliminate it. Exposure will lead to risk.
Clearly, decreasing hazard is better than decreasing exposure in industrial processes.

Security rules concerning exposure for workers represent an economic drain to industries.
In this way, green chemistry has some tools to reduce the hazards in processes:

1. Alternative feedstocks, starting material. Currently, more than 90% of organic products
come from petroleum oxidation, which is one of the most environmentally polluting

processes. Alternatives are agricultural or biological feedstocks.

2. Alternative reagents. Efficiency, atom economy, availability and the effect of each step

during transformation must be considered when choosing the necessary reactants.

3. Alternative solvents. This area has a special importance in green chemistry. About 90%
of chemical syntheses are developed in solution. However, almost all used solvents are
volatile organic compounds (VOC) that cause smog when released into the atmosphere.
Alternatives such as aqueous systems, ionic liquids, immobilised solvents and
supercritical fluids are being applied in syntheses. Present work has special interest in

this area and supports the use of ionic liquids as new solvents due to their reusability.

4. Alternative product, target molecule. All chemical transformations have a specific
molecule as a goal, with a particular group in the compound. The pharmaceutical
industry is interested in producing safer medicines that reduce or eliminate secondary
effects. Identifying the group which make a medicine biologically active and/or
produce toxic effects can reduce the hazards. Choosing the proper molecule isa worthy

challenge for synthetic research.

5. Alternative catalyst. The use of catalysts in processes has not only improved the

efficiency and selectivity in industrial chemistry, but also brought about benefits to the

5



1. Introduction

environment. However, it has been shown that heavy transition metal based catalysts

are extremely toxic and their use has to be avoided.

The principle of these green alternatives is to prevent waste rather than to treat or
clean up waste after it is formed. There are certainly alternatives to the traditional use of
auxiliary substances, which are being pursued for the reasons that drive all the elements of
green chemistry. The present chapter pays attention to alternatives to traditional organic
solvents. The next section examines some of the alternatives: solvent free synthesis, use of
water as solvents, use of supercritical fluids as solvents. Moreover, it provides a deeper

explanation of ionic liquids, the focus of this thesis.

Exposing the advantages of the use of ionic liquids as green solvents will
demonstrate their versatility as materials. Rather than just trying to convince the reader of
their real advantage, this thesis will attempt to unravel their mechanistic chemistry, how
they work and why they represent a good alternative to organic solvents. Moreover, it aims
to encourage new researchers, eager to explore new areas in chemistry, to continue the

investigation in this field that has always been a challenge since its beginning,.

1.3. Alternatives to organic solvents

The last section has shown that environmental legislation has generated a pressing
need for cleaner methods of chemical production. Therefore the chemical industry wishes
to introduce green technologies that reduce or preferentially eliminate the generation of
waste and avoid the use of toxic or hazardous reagents and solvents. Reducing the
chemical waste to zero will benefit the environment, but it will also provide a more cost-
effective use of starting materials. In order to achieve the zero-waste gozil it will be

necessary to rethink and redesign many of the chemical processes that are in use today.

The current method to evaluate the efficiency of a process 1s focused on chemical
yleld Any trend towards green chemistry requires a change from the traditional concept of
process efficiency to one that assigns economic value to eliminating waste, called atom

efficiency.’
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The proportion of waste is defined by the magnitude of by-products generated per
kg of product, designated as the E factor in various segments of the chemical industry.
Table 1.1 shows this proportion.

E= weight of byproducts Eq 1.1
weight of products

The atom efficiency, atom utilization* or atom economy® concept is an extremely
useful tool for rapid evaluation of the amount of waste generated by alternative routes to a
specific product. The theoretical E factor is readily derived from the atom efficiency
concept.

Waste is defined as everything produced in the process except the desired product.
It consists mainly of inorganic salts formed in the reaction or subsequent neutralization
steps. The E factor increases dramatically on going from bulk to fine chemicals and
specialities such as pharmaceuticals, which involve multi-step syntheses. It is also a

reflection of the use of stoichiometric reagents rather than catalytic methodologies.

Table 1.1. E factor for representative industries. The higher the E factor the higher
: amount of waste in the transformation.’

Industry Production/tons p.a. E-factor
Oil refining 10°%10° 0.1
Bulk chemicals 10°-10° 1-5
Fine chemicals 10>-10* 5-50
Pharmaceuticals 10°-10° 25-100

This means that oil refining and bulk chemicals have low waste production, while
fine chemical syntheses are inefficient and dirty, even though they are performed on a
smaller scale. However, even oil refining and bulk chemicals processes produce huge
amounts of waste products because the processes are on such a large scale.® Industries that

do not answer quickly to the need of introducing cleaner technologies will die.

One of the main sources of chemical waste is without doubt the use of organic
solvents in industrial reactions. Both petrochemical and pharmaceutical processes use
organic solvents during transformations. Many of these solvents are harmful to the

environment and present problems of disposal.
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Therefore, looking for new alternatives to undesirable solvents is one of the main

interests of the chemical industry and a main concern in academia. Perhaps the latter is the

source of solutions to problems in the industry and a starting point for building new, green

technologies. Alternatives ranging from industrial application to solutions in current

research are described below:

Supercritical fluids. This state is reached when compressible gases are compressed at a
specific temperature, which is called critical temperature, and the fluid shows special
characteristics between the two possible states of liquid and gas. Ethane (C;Hg) and
ammonia (NH3) are cheap gases and possible supercritical fluid solvents.” The use of
supercritical carbon dioxide as a substitute for organic solvents already represents an
important tool for waste reduction in the chemical industry and related areas. Coffee
decaffeination, hops extraction, and essential oil production, as well as waste
extraction/recycling and a number of analytical procedures already use this non-toxic,
non-flammable, renewable, and inexpensive compound as a solvent.® The extension of
this approach to chemical production, using CO; as a reaction medium, is a promising
approach to pollution prevention. Of the wide range of supercritical carbon dioxide
reactions that have been explored, asymmetric catalytic reductions, particularly
hydrogenations and hydrogen transfer reactions, have shown exceptional promise.’
They can be carried out in supercritical carbon dioxide with selectivity comparable or

superior to that observed in conventional organic solvents.

Solventless reactions. They have the most obvious advantages for human health and

the environment as far as hazard is concerned. Many companies and scientists in
academia are developing methods where the reagents and feedstock serve as the
solvents as well. There is also some innovative work being carried out where reactions
take place in solid surfaces such as specialised clays. Unfortunately, all these

approaches need auxiliary substances (solvents) to be used in the process.lo
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o Aqueous reaction. Obviously water is the most innocuous substance on Earth and is
therefore the safest solvent possible. A brilliant reaction recently published
demonstrated a Grignard reaction with the element indium in aqueous media.'! It has -
been particularly useful in the synthesis of carbohydrates and their analogues.'
However, one has to be careful of the amounts of contamination in the remaining
water. It is possible that waste water can contain larger amounts of contaminants than

common organic solvents.'?

o Immobilization. This consists of making a solvent soluble in the solid phase, hence
there is no exposure of humans or the environment to the hazards of the substance. The
solid phase can consist of a polymer phase and the solvent is introduced into the

molecular layer.'*

These advantages represent attractive options to industrial application in mény
cases. Some of these options are, in specific cases, being studied at present. With the
exception of sc-CO,, their actual development can be very different from real applications.
There are also a few other examples that are used as alternatives today. Nevertheless, ionic
liquids have been proposed as an outstanding new replacement for solvents for many

organic and inorganic transformations.

This option has been mentioned at the end for obvious reasons. The present work
shows the significant alternatives that these novel solvents represent in industrial
applications, their advantages over organic solvents and their actual research in laboratory
reactions. The next section explains the definition of these substances and the development
of their chemistry.

1.4. lonic liquids

Firstly, we have to understand the definition of ionic liquids. These substances are
made entirely from ions. One example is molten sodium chloride (NaCl) with a melting
point of 803°C."” There are other examples, which contain only inorganic ions, whose
melting points are higher than room temperature (LiCl, 610°C; KCl, 772°C, etc.). In
addition, there are salts that are liquids at room temperature, called room temperature ionic
liquids. The first reported example of such compounds was [EtNH;][NOs], which was
synthesized in 1914 and has a melting point of 12°C.'® Nevertheless, these kinds of
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compounds were not seriously examined until 1951, when Hurley and Wier reported the
syntheses of some alkylpyridinium chloroaluminates (Fig. 2.1) as materials with new
electrochemical properties and applications.!” After this, many kinds of ionic liquids were

synthesized.

In 1967, Swain described the use of tetra-n-hexylammonium benzoate as a solvent
for kinetic and electrochemical investigations. It contained a quantitative determination of

the ionization strength of the ionic medium.'®

The most widely studied ionic liquids have been the ones that contain imidazolium
and pyridinium cations and halogenoaluminate (III) anions, because of their application as
new electrolytes. Moreover, their preparation is easy and cheap.!® Seddon and Hussey
began to use chloroaluminates as non-aqueous polar solvents in 1983 for investigations
concerning transition metal complexes (section 2.5).2° '

The first study of homogeneous transition metal catalysis in an ionic liquid was the
hydroformylation of ethene catalysed by platinum (II) in tetracthylammonium
trichlorostannate in 1972.2! This ionic liquid has a melting point of 78°C but at the time of
the report, it was described as a molten salt. This report seems to have been ignored as all
subsequent studies were focused on ionic liquids containing cyclic cations. All of these
studies concerned chemical physics and electrochemical properties until Osteryoung and
coworkers reported the first organic reaction using them as solvents and catalysts in

19762

In fact, there are many special properties of ionic liquids that make them attractive

as solvents:?*

¢ They have a liquid range of 300°C, allowing tremendous kinetic control.

e They are outstandingly good solvents for a wide range of inorganic, organic and

polymeric materials.
e They are relatively cheap and easy to prepare.
e They have no effective vapour pressure.
e They exhibit Brensted, Lewis and Franklin acidity, as well as superacidity.
e Their water sensitivity does not restrict their industrial applications.

e They are often composed of poorly coordinating ions, so they have the potential to be

10
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highly polar yet non-coordinating solvents. This can strongly affect the rate-enhancing

effect on reactions involving cationic intermediates.

e They are immiscible with a number of organic solvents and provide a non-aqueous,

polar alternative for two-phase systems.

e The solubility with gases such as H,, CO, O, is generally good which makes them
attractive solvents for catalytic hydrogenation, carbonylations, hydroformylations and

aerobic oxidations.

o They have been described as ‘designer solvents’. This means that the polarity and
hydrophilicity/lipophilicity of the ionic environment can be adjusted with a suitable

choice of cation/anion.

All these advantages have increased the importance of ionic liquids and their
applications in syntheses. For example, chloroaluminate ionic liquids have been used as
solvents and catalysts in reactions such as Friedel-Craft acylation?* and phosphonium

halide melts were used successfully in nucleophilic aromatic substitution reactions.?

Many other reactions such as Diels-Alder reactions (section 2.4.5), alkylations,
olefin dimerisation and oligomerisation (sections 2.4.3, 2.4.4) have also been reported. In
addition, ionic liquids have been mixed with coordination compounds like [Ni(acac),] for
the dimerization of propene, first reported in 1990.%° Around the same time, ethylene
polymerization with Ziegler-Natta catalysts using chloroaluminates melts was studied. .
Examples with [NiCl,(PCys);] in the dimerization of olefins using the same ionic solvents

are described in Section 2.5.4.7

Halogenoaluminate ionic liquids‘were the main focus of attention among molten
salts until the 1980’s, but because of their water sensitivity, they did not représent a good
option for important applications. In 1992, Wilkes described the synthesis of

tetrafluoroborate ionic liquids that are water stable.”® In contrast to chloroaluminates,
 tetrafluoroborates represent a better option for future industrial application, especially for

transition metal catalysis.

Section 2.4.1 illustrates some examples of organometallic catalysts such as the use

of [HsRuy(n®-CeHe)q][BFs), for hydrogenation. Examples of the Heck reaction and

11
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hydroformylation using Pd" complexes in tetrafluoroborates are described in sections
2.4.3,and 2.4.4.

Before all of this research, the known chemistry of ionic liquids was mainly limited
to chloroaluminates. The use of tetrafluoroborates and other ionic liquids as solvents in

catalysis is relatively new and they have only been studied over the last decade.

Despite all this new research into catalysts in ionic liquids, there has been little
research into the interactions of the catalyst with these solvents and how such interaction
could increase the catalyst activity in comparison with organic solvents. In fact, there has
been only one paper where a partially evident intermediate is reported, which included the
use of [Rh(NBD)(PPh3),] as catalyst.?? The intermediates reported for Heck reaction in
[emim][BF,] illustrated the formation of carbenes that are already known in palladium
chemistry.>® This means that there are many aspects of the chemical properties of ionic

liquids that continue to be unclear. Some questions which can be asked are:

e What happens to a solute in an ionic liquid? What interactions occur between the solute

and the ionic liquid?
e What does the ionic liquid do to the reactivity of a solute?

¢ Do solutes such as MCl, ionize significantly to give [MCl,.;] and hence generate a

vacant site for the coordination of an organic substrate and catalysis?
¢ How important is the structure of the ionic liquid for the higher activity of the catalyst?

o Is it possible that poor coordinating cations can not interact with the metallic centre at
all leaving available places for the coordination and transformation of substrates to

products?

¢ How important is hydrogen bonding?

There are many useful techniques that can help us understand what is happening with
the interactions in ionic solution, such as electrochemistry or UV-vis spectroscopy.
However, nuclear magnetic resonance (NMR) spectroscopy is one of the strongest, and can

provide more detailed information about structures in solution.

12
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The mechanism of alkene hydrogenation by Wilkinson's catalyst is well known in non-
coordinating organic solvents. By replacing the solvent media with ionic liquids of interest,
it is expected that behavioural changes will be observed. These may provide sufficient
clues to determine the nature of the interaction. Other compounds that have a known
chemistry for catalytic hydrogenation generally contained coordinated dienes such as
[Rh(COD){Ph,P(CH,),PPh,}]X, where COD = cycloocta-1,5-diene, n = 2, 3, 4, X =
[BF4]™, [CI]” or [PFe] .

In this situation NMR continues to be one of the best tools to give detailed information
about solutions. Take, for example, the 3'P{'"H} NMR spectra of Wilkinsons's catalyst in
an ionic liquid: ’

e Chemical shifts give information concerning charge distribution.

e Intensity lends data about how many species in solution are present.

e Coupling constants can give us information about the oxidation state of the rhodium
centre, the bonding and the conformation. *'P{'H} NMR gives information about the

configuration in Wilkinson's catalyst (cis or frans) while the reaction is occurring.

" In addition, multinuclear NMR can give information. 2’ AI-NMR, in the case of
chloroaluminates, can provide information about the formed aluminate species. °F and !'B
NMR may be useful tools in the case of [BFs]~ and [PFe]™ anions. Also '®Rh NMR can

corroborate the number of phosphorus and hydrogen atoms attached to the metal centre.

So, it is proposed by using Rh based catalytic complexes and multinuclear NMR,
we can elucidate coordinating or non-coordinating features of ionic liquids, their
preference to dissolve some complexes and the way that they react. It may provide new

details or reinforce existing information about special intermediates.
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2. Background

2. Background

2.1. lonic Liquids

Until recent years room temperature ionic liquids were considered to be rare, but it
is now known that many salts form liquids at or close to room temperature. Invariably,
these ionic liquids are either organic salts or mixtures consisting of at least one organic
component. The most common salts in use are those with alkylammohium,

alkylphosphonium, N-alkylpyridinium, and N,N-dialkylimidazolium cations (Fig. 2.1).

INRyH4 " [PRyH4I" R1/N\®/N\R2 @

N

I
R3
a b c d

Fig. 2.1. a) alkylammonium; b) alkylphosphonium,; c) N,N-dialkylimidazolium,
d) N-alkylpyridinium cations.

Salts with different anions can be obtained by many routes. The ionic liquids used
in this work focus on choice ¢, N,N-dialkylimidazolium cations. The next section shows
common methods to synthesise this organic cyclic cation (c, Fig. 2.1), gives examples of
common anions in these ionic salts and compares some proﬁerties of the cations with
alkylammonium and alkylphosphonium (a and b respectively, Fig. 2.1) cations. After the
synthetic procedure, important characteristic properties such as melting points, solubility

and their relationship with different anions or cations are mentioned.

Finally, applications of ionic liquids as solvents in catalytic reactions are discussed

as examples of the advances that have been made in this area.
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2.2, Synthesis of ionic liquids

The synthesis of any ionic liquid with imidazolium rings starts with the synthesis of
N-substituted azolium salts. These precursors are generally accessible by nucleophilic
substitution starting with the imidazole heterocycle.' Potassium imidazolate reacts with
one equivalent of alkylhalide to give 1-alkylimidazole. The second alkylation is obtained

with a subsequent addition of a second equivalent of the alkyl halide (Fig. 2.2).

[\ T\ (D
NN NN TN
1 2

Fig. 2.2. Preparation of imidazolium salts from imidazole. *>*

1 is a common monosubstituted imidazolium ring that is commercially available
and is a common starting material. The procedure ji in Fig. 2.2 allows the synthesis of ionic
liquids by direct quaternization of imidazole rings, depending on the alkylation reagent.
These kinds of salts are extremely hygroscopic, and it is therefore difficult to remove
water.” Interestingly, melting points less than 100°C can be obtained for a series of
cation/anion combinations in this way.® Table 2.1 shows some examples containing
imidazolium rings, phosphonium and ammonium salts that are synthesised by the same

method.

When an ionic salt with desired anion cannot be obtained by direct quaternization,

there are two further options.

The first option is addition of a Lewis acid after the synthesis of the imidazolium
salt (Table 2.2). For the case of chloroaluminate (IIT) ionic solvents, phosgene can be used
in order to remove moisture and oxygen impurities.” The chemistry of oxygen impurities in
chloroaluminate ionic liquids has been studied in order to understand the species that can
be formed in the presence of water.> Moreover, residual protons present in the melt have

significant effects on the chemistry of certain solutes.®
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Table 2.1. Examples of ionic liquids that can be formed by direct quaternization.

Ionic liquid Alkylation M.p. | Ref.
reagent

[Emim][CF3SO:]* | Methyl triflate 9 ’

[Bmim][CF3S0s] | Methyl triflate 16 s

[PhsPOc][OTs]® | (Oc)OTs 70-71 | 1°

[BusNMe][OTs] | (Me)OTs 62 3

[Bmim]Cl Chlorobutane 6569 | °

Emim = ethylmethylimidazolium;
bmim = butylmethylimidazolium;

a) CF;S0; = triflate anion.

b) OcOTs = H;CCsH,SO; = octyl tosyl.

Table 2.2. Examples of ionic liquids that can be generated by the reaction of a halide with

a Lewis acid.
Ionic liquid Established anion Ref.
[emim]CVAIC | CI, [AICL], [ALCHT, [ALCLe” |
[emim]CVAIEtCl, | [AIEtCL]™, [ALELCLs]™ e
[emim]CI/BCl; Cl~, [BCL]™ ' 13
[emim]CV/CuCl | [CuCl]~,[CuCh] ™, [CusCla]™ 14
[emim]Cl/SnCL | [SnCh], [SnoCls]™ 15

Alternatively, a halide imidazolium and an acid or metal salt which contains the
desired anion (iii, iv, Fig. 2.3) can be mixed giving the youngest family of ionic salts.
These are frequently stable in air, which make them more attractive for applications. In this
method, the dialkylimidazolium chloride is commonly used as starting material when other
anions such as [BF4]” ' and [PF¢]” are required. Other salts prepared by anion exchange
are:  [emim]SbFs  [NR([NOs;], [cation][CH;CO,],"”  [cation][HSO,]  and

[cation][BEt;Hex],'® where cation refers to any option given in Fig. 2.1.

Seddon has summarised ionic liquids in two main categories, namely simple salts
(made of a single anion and cation) and binary ionic liquids (salts where an equilibrium is
involved). For example, [emim][BF,4] is a simple salt while mixtures of aluminium (III)

chloride with [emim]Cl contain several different ionic species (binary ionic liquid
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system), and their physical and chemical properties depend upon the mole fraction of the

aluminium (IIT) chloride and 1,3-dialkylimidazolium chloride present.

/7 \ s ReHal — HOXLS

)N N NN
N -

)

/ \ Hal~ _“f_'"x". Hal/MX,,
/NQD/N\R /“@/N\R
[\ Ha™ BX [N\ x4 HeHal }
i) /N@/N\H: /N\@/Ni(R+ H-Hal

/@\ Hal =™ MX_ /@\

X+ M*-Hal ¥
/N\/N\R /N\/N\R

iv)

Fig. 2.3. Review: Synthesis of imidazolium ionic liquids: i) alkylation of the ring by direct
quaternization, yielding an imidazolium halide; ii) Addition of Lewis acid to an
imidazolium halide to decrease the melting point; iii) Metathesis of the halide salt with the
desired anion; iv) Metathesis by precipitation with metal halide, often Ag".

2.3. Characteristic properties of ionic liquids

This section illustrates the relationship between the structural features of an ionic
liquid and its important physical and chemical properties. It compares melting points or
solvation strength and their relationship with the structure of cations or anions in the ionic

solvents.
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2. Background

This characteristic is the key criterion for giving the name of ionic liquid to a salt.

Evaluating melting points of different chloride salts illustrates the influence of the cation.

Alkali metal chlorides have high melting points, whereas chlorides with big organic

cations melt at temperatures near room temperature (Table 2.3).

Recent publications have reported there is no reliable way to predict the precise

melting point of inorganic salts. However, the study of substituents in imidazolium ionic

liquids has showed the longer chains are, the lower melting points they have,'® as ionic

liquids consist of a salt where one or both ions are large, and the cation has a low degree of

symmetry.?® Other features such as distribution of charge in the cation’ and weak

intermolecular interactions (such as the avoidance of hydrogen bonding points)® are

related to low-melting salts.

Table 2.3. Melting points of some chlorides.

Salt M.P. (°C)
NaCl 803

KCl 772
1-R-3-R’-imidazolium

chloride:

R =R’ "=methyl ([mmim]Cl) 125
R=methyl, R "=ethyl 87

R = methyl, R"=n-butyl 65

The melting point of binary ionic salts is affected by the molar ratio of reactants.

The presence of several anions in mixtures with chloroaluminates (III) (such as [AICl;]™

and [AL;Cl7]7) decreases the melting point, while the maximum temperature is observed at

an exact 1:1 stiochiometry, where only the [AICLy] " anion exists (Fig. 2.4).
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100
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X (AICI3)

Fig. 2.4. Experimental phase diagram in the system [emim]Cl/AICI;.

Welton? has pointed out that salts which have melting points of 20°C and 30°C are
similar in their structures and interionic interactions. Another effect of the alkyl
substitution in these rings is the increasing lipophilicity, decreasing hydrophilicity and

acidity or stability of H" abstraction.*

2.3.2. Viscosity and thermal stability

Hydrogen bonds determine the viscosity of ionic liquids. The comparison of the
viscosity of chloroaluminates (III) with different compositions shows clearly that the
absence or presence of hydrogen bonds causes this property to vary. At the same
temperature basic mixtures, where the presence of chloride can produce interaction with
imidazolium ring hydrogens, show higher viscosity. Acidic mixtures, where [AICly]” and
[ALCI;]™ are present, have lower viscosity due to a better charge distribution and weaker

interaction with hydrogen in the ring.2>%

The other property that has to be noted is the maximum working temperature for

ionic salts. While 150°C has to be considered as this maximum in ammonium chloride -
| salts, [emim][BF,] salts are stable up to 300°C. [Emim][(CF3SO;);N] is even stable to
above 400°C.% |
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2.3.3. Solvation strength and solubility characteristics

Changing the substitution in the imidazolium ring can dissolve specific organic
substances, depehding on how long or short the substituted chain is. Non-miscibility of

some ionic salts with water has been used in liquid-liquid extraction.

In recent years, the use of ionic liquids as solvents for extraction has increased
considerably. Rogers and co-workers have showed that the extraction of organic
- components from water into [bmim][PF] is ten times larger than with the use of octan-1-
ol,%7 also the addition of a metal to coordinate the organic substrate increases the solubility
in the jonic phase.?® The option of extraction with ionic liquids is an interesting candidate
in separation processes, especially if they represent a decrease in the use of volatile organic

solvents.

Further studies of solubility of supercritical CO; in [bmim][PFs] have shown that
the sc-CO; is soluble in [bmim][PF¢] but the latter is insoluble in the supercritical fluid.
This property has been very useful and has been applied to extract naphthalene from the
ionic part by using sc-CO, with success. The extraction is quantitative without

contamination of the fluid by the ionic salt.?

The next table shows the coordinating ability of the anions in common ionic liquids
that have been proposed by Wasserscheid and Keim,*® based on results of Chauvin and

Olivier-Bourbigou.'*

Table 2.4. Coordinative characteristics of various anions.

Basic/Strongly coordinating Neutral/weakly coordinating  Acidic/non-coordinating

o [AICL]™ [ALCl]™ |
[AcO]™ [CuCL]™ | [ALClio]”
[NO:]™ ’ [SbFe]™

[SO4* [BF4]™ [Cu,CL]™
[PFq] [CusClg]™
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24, lonic liquids as solvents and catalysts

The use of ionic liquids as solvents and catalysts has been widely studied in the last
decade because of their application in homogeneous catalytic reactions. Nowadays it is
believed that the homogeneous catalyst is the best option for “atom economy” in the
synthesis of fine chemicals and pharmaceuticals. This means trying to maximise the
number of atoms that are converted from reactants to products. As the number of catalytic
centres involved in the reaction during homogeneous catalysis is larger in comparison with

the heterogeneous one, it makes the transformation more effective.

In order to have the advantages of atom economy, high activity, high selectivity and
good reproducibility, along with those characteristics of a heterogeneous catalyst, i.e. long
lifetime and ease of separations, the “heterogenization” (immobilization or anchoring) of

homogeneous catalysts has been proposed.

Biphasic media (two-phase technique) is one procedure to heterogenize a
homogeneous reaction. It uses a homogeneous catalyst, dissolved in water or organic
solvent, as a “mobile” phase or support. The reaction mixture, catalyst and
reactants/products are separated after the reaction, approximately at the same temperature.
This procedure has the advantage of homogeneous catalysis and it is supplemented by
immediate separation after reaction without the addition of any chemical but only
temperature. Ruhr Chemie Rhone-Poulenc’s oxo process31 and Shell’s SHOP process32 are

important industrial applications which use this system.

Table 2.5 shows the advantages and disadvantages of biphasic media that have been

o . 3
proposed as a heterogenization of homogeneous reactions.’

The problem with the extraction of the products from the ionic liquids can be
solved in many cases by using an organic solvent. Although it could seem paradoxical,

using ionic liquids to increase the atom efficiency and reduce the atmospheric emissions,
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Table 2.5. Biphasic media options for the heterogenization of homogeneous catalyst.

Biphasic media

Advantage

Disadvantage

Water-Organic solvents

High effectiveness for industry

Difficulties to remove the
organic traces from water.
Insolubility and instability of
many expensive catalysts

Fluorous-organic solvents

Permit the use of water sensitive
materials

Specially and  expensively

prepared catalysts

Ionic liquids-organic solvents

Wide solubility
materials.

of many

Separations continue being a
problem in some cases

they can increase the total yield of the transformation having an environmental benefit (as

was discussed in the introduction). In addition there are other scenarios using ionic liquids

. . 34
in catalysis:

e Monophasic systems in which the catalyst and substrate are dissolved in the ionic

liquid (section 2.5.3).

Mondphasic systems in which the ionic liquid acts as both the solvent and the catalyst,
e.g. Friedel-Craft catalysis (sections 2.4.5 and 2.5.1).

Biphasic systems in which the catalyst resides in the ionic liquid and the

substrate/product in the second phase or vice-versa (section 2.4.1).

Mono or biphasic systems in which the anion of the ionic liquid acts as a ligand for the

homogeneous catalyst (section 2.4.2).

Triphasic systems compromising of an ionic liquid, water and an organic phase in
which the catalyst resides in the ionic liquid, the substrate and product in the organic
phase and the salts formed in the reaction are extracted into the aqueous solution (Heck

reaction, section 2.4.4).

The use of ionic liquids in biphasic media has opened an interesting area of

research. For example the hydrogenation of 2-(6-methoxy-2-naphthyl)acrylic acid to give
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quzintitatively (S)-Naproxen (see next section) using bmim[BF4] and methanol in the
reaction mixture proposes the use of ionic salts in biphasic media in important organic
syntheses. The next section provides some examples of catalytic reactions in biphasic
media with ionic salts but it focuses on the general use of the ionic liquids as novel media

for catalysis.

2.4.1. lonic liquids in reactions: Hydrogenation

Because of its industrial application, the first reaction that caught the attention of
many research groups was the hydrogenation of C=C bonds, catalysed by transition-metal
complexes. Initial experiments using [Rh(nbd)(PPh3),][PFs] (nbd = norbornadiene) for
hydrogenation of pent-1-ene in [bmim][BF,], [bmim][PFs] and [bmim][SbF¢] showed five
times higher activity than in acetone (TOF: 0.55 vs. 2.54) with 98% selectivity and 96%
conversion in the case of [bmim][SbFs].>> The *'P-NMR spectrum of an ionic solution of
Rh compound and H, gas showed a doublet at & 40.6 ppm with “J('”Rh-*'P) 103 Hz. As
ionic liquids are knoWn to stabilize preferably cationic species, the formation of a
symmetrical Rh-hydride during the reaction is proposed, with two free coordination sites
(eq. 2.1). Similar behaviour was observed when Wilkinson's catalyst, [RhCl(PPh;);], was
dissolved in [emimCIl][AICl3] (chapter 4).

[H;Rh(PPhs)y(solv),]" === [HRh(PPhs),(solv),] + H" Eq 2.1

Another important investigation involves the asymmetric hydrogenation of 2-(6-
methoxy-2-naphthyl)acrylic acid to give quantitatively (S)-Naproxen (3) in 80% ee in
bmim([BF4] (eq. 2.2). This yield is slightly higher than in the homogeneous media. The
reaction is carried out at 75 atm, room temperature for 20 h. and the catalyst is [{(S)-
BINAP}Ru(OAc),]. The catalyst is “immobilized” in the ionic liquid and can be separated

from the products.*®
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COZH [Ru-(S)-BINAPJH, OO +~COH
[bmim][BF,}/Pr'OH MeO Eq 2.2

3

MeO

[RuCly(PPh;);] and K;[Co(CN)s] in the same ionic liquid have been used to
catalyse the hydrogenation of hexene and cyclohexene with 100% conversion. However,
the latter gives [bmim];[Co(CN)s] after the first catalytic reaction. This species is inactive

because of the strong hydrogen bonds between [Co(CN)s]z— and [bmim]J'.37

The use of clusters such as [H4Rusm®-CeHe)s][BFs)2 in [bmim][BF,] has
hydrogenated 91% of benzene at 60 atm H, 90°C in 2.5 h, while the same reaction in
water gives 88% conversion. The same active catalyst in both media is proposed but
conditions in the ionic phase are much milder than in the industrial process.*® In addition,

the separation of reactants and products is easier in the ionic phase.

2.4.2. Hydroformylation

Another kind of reaction widely studied is hydroformylation. One example is the
conversion of hex-1-ene to heptanal and 2-methylhexanal in the presence of [Rhy(OAc)4]
in phosphonium-tosylates as ionic solvents (Fig. 2.5). This study offers the advantage of
easy separation and recovery of the catalyst after its use because of the high melting point
of the ionic liquid. Moreover, the authors propose the formation of [(PPh3;);Rh(CO)H] as

the active catalyst.*

[Rhy(OAC),]

R,R*P'OTs
AN\ + COMHy e

40 bar, 120°C H

4h, PPh, o +
H)K(\/\/
0

]
R;R*P*OTs = [RfR‘]*[O—ﬁ;—@»Me}

@)

Fig. 2.5. Hydroformylation of hex-1-ene with rhodium. The solvent is a new phosphonium
ionic liquid whose synthesis was reported in 1999."°
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2.4.3. Polymerization

Another interesting reaction is the hydrodimerization of 1,3-butadiene by
[bmim],[PACls] (4) in [bmim][BF4].** The new catalyst is completely soluble in the ionic
phase and it is obtained by the addition of PdCl; to [bmim]Cl. The IR spectrum of this
compound shows bands associated with a C-H---Cl interaction, characteristic of hydrogen
bonding.*! This species reacts with H,O in the ionic liquid to undergo B-elimination
affording but-1-ene, HCl and 5§ (Fig. 2.6). The authors propose the ionic liquid as an
ionizing agent which can stabilize the palladium species involved in this process.
Moreover, the use of 5 in the hydrodimerization is the same as 4. So, the true catalyst is §.
Unfortunately the authors did not mention the importance of the cleavage of the Ca;ker

bond in the imidazolium ring.

"%u "Bu
2 @ ci__PdCh @B—H—Cl—Pd—CI— —-—<@
) N
Me Me 4
H,0
[bmim]{BF 4]

IO\ T AN e
Me/ N\/ N—‘Pg—N\ @/
5

+HCl + 277

Fig. 2.6. The use of [(bmim)PdCl,] in ionic liquids gives a new catalyst 5 which is active
for the hydrodimerization of but-1-ene.'?

2.4.4. Alkylation and C-C bond formation

Xiao*? and coworkers, have reported the use of [Pd(OAc),] in [bmim][BF,] in the
allylic alkylation and amination of some malonate derivatives (Fig. 2.7). Total conversion

was obtained when the proportion of free PPh; was four times greater than [Pd(OAc),].
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Other palladium catalysts have been used with great success in the synthesis of C-C bonds
as Suzuki cross-coupling43 and Trost-Tsuji coupling44 reaction in [bmim][BF4].

OAc [PA(OAC),)/PPhs, base Nu
Ph/\)\Ph *NUH e IBF ) Ph/\/kph

CO,Me COMe COMe CN

NuH =
CO,Me CO,Me COMe CO,Me

Fig. 2.7. Synthesis of malonate derivatives using Pd compound as catalyst.

The study of Heck reaction in [bmim][BF4] and [bmim]Br using Pd(OAc); resulted
in C-C bond formation between aryl halides and acrylates.*> The formation of palladium

carbenes has been identified as the active species in this kind of formation (Fig. 2.8).

—

Me—N N—Bu

o
7\ ' Br—Pd—Br
Me—N
U

N | + PdOAC)y——— | |
X7 B NaOAc Br—Pd—Br

Bu—N N—Me
|/\N-—Bu K\N-—Bu [\ [\

N N Me’N N\Bu Bu’N N‘Me
Me” Br Me” Br Y
pal 7
Bu

Br—Pd—Br Br—-Pd—Br

Pd
Br Me_ pr
N Bu )\ _Me Bu_ )\ Me

\
N
N—Me —Bu N N N N
K/ !\/N \—/ \oeer/

Fig. 2.8. All isomeric carbenes observed in [bmim]Br due to the coordinating
characteristic of Br. These kind of species were not observed when [bmim][BF,] was
used.

2.4.5. Diels-Alder reaction and Friedel-Craft acylation

It is necessary to emphasise the use of ionic liquids like [bmim][TfMS], (TIMS =

trifluoromethanesulfonate), as solvents in Diels-Alder reactions.*® This medium offers an
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alternative possibility to the lithium perchlorate-diethyl ether system, which is now used in
the industry. In addition, the alkylation of naphthalene and its derivatives has also been

reported.*” 43

Another example, which uses the same ionic salt, is the Friedel-Craft alkylation of
benzene with alkenes. In this case the conversion is more than 99% and the ionic salt can
be recovered and reused.* Trifluoromethanesulfonate ionic liquids have been used to
synthesise benzoxazine in a one-pot reaction. The yield is more than 90%, the recovered
ionic liquid yield is almost 99% and this can be reused without a decrease in the yield in

the second and third cycles.?®

2.5. Chloroaluminate (lll) ionic liquids: Chemical properties

Because of their historical importance, these kinds of ionic salts have to be
mentioned in a separate section than the rest of the ionic liquids. Despite their sensitivity to
the air, halogenoaluminates have been the most largely studied of the ionic liquids,
especially 1-methyl-3-ethylimidazolium chloroaluminate ([emim]Cl/AlCh) and (1-
butyl)pyridinium chloroaluminate (III) ([bupy]CI/AICI;) which are easy to prepare.”® Both
ionic liquids can be made to exhibit a wide range of Lewis acidity and solvation
characteristics at room temperature simply by varying the relative amount of AICI; and
organic salt. The acid-base properties of these solvents are well established. Mixtures that
contain a molar excess of AICl; are designated as “acidic” (x4ic;3 > 0.5) while those
containing a molar excess of the organic salt are denoted as “basic” (x4ci3 < 0.5).°! In
addition, those mixtures at the compound formation point are called neutral. Over much of
the liquid range, the anions present in significant quantities are CI™, [AICl4] and [ALL,Cl,]™

and their relative amounts are controlled by the equilibrium shown below.*?
2[AICl,] (base) === [ALCl;] (acid)+ CI (base) Eq. 2.3
The equilibrium constant for this reaction is in the order of 107'® at ambient
temperature,”> hence, in melts containing more than a slight excess of AICl;, the

concentration of Cl” is very small. Thus, the [Al,Cl;]™ anions are powerful CI™ acceptors

and are the source of high Lewis acidity. In addition to eq. 2.3, there are two more
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equilibria to be considered in the ionic liquid. They are shown in eq. 2.4 and 2.5. The
equilibrium constant for eq. 2.5 is 2.09 £ 0.06 x1 02 at40°C.>*

[ALCI + Cl === [AL,Cl,] Eq. 2.4
2[ALCL] === [AL,C];,]” +[AIC],] Eq. 2.5

~ The high moisture sensitivity of chloroaluminates has led to many studies of their
behaviour with water. The first work that showed this chemistry was published by
Zawodzinski and Osteryoung.® They prdposed the formation of one hydroxo and at least
two O-bridged chloroaluminate or oxochloroaluminate species in acidic solutions, where
both “Al-O” showed a higher chemical shift than “Al-OH” in ’O-NMR (Fig. 2.9).

L
Frequency (DDml

b T c

Frequency (ppm)

Fig. 2.9. O-NMR spectra of 50mM of H;0 in a) emimCl/AICI; with xqcis = 0.45 or
[emzm][AlC’L,] b) emimCl/AICI; with Xaicis = 0.54 or [emim][Al;Cl;]; c) the same solution
a’ after HCI is bubbled through it.%

+

A more detailed work has been reported by Seddon and coworkers. Basically, the
results by 1’O-NMR and FAB mass spectra showed the formation of [Al,C1s0]” ions. No
evidence for [AICI3(OH)] ions was observed. Seddon suggests that the‘ reactiori in
equation 2.6 is most favoured. The negative fast atom bombardment mass spectrometry
showed the presence of ions [CI], [CLo] , [AICL], [AL:Cls0T, [ALCl{(OH)], [ALCl;],
[ALCls0,] ™, [ALCI,O(OH)], [ALCIs0] ™, and [AlClyO,] "> This study was compared to
that reported by Zawodzinski and Osteryoung. The first-formed hydroxide-containing

species is the [AL;Cl¢(OH)] " ion, and it became dominant as the level of oxide
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impurities increases. Clearly, this is the species detected in the "O-NMR spectrum of
acidic emim[A1,Cl;] ionic liquids at 8 49.7 ppm. Perhaps oxo-species shown in the FAB as
[AL,Cls0]™ and [Al;ClsO]  are responsible for the previously reported NMR signals at &
91.8 and 73.8 ppm respectively.®

[ALCL]T + H,0 — [ALCLO0]™ + 2HCI Eq. 26

Highly purified chloroaluminate (III) ionic liquids are produced by using phosgene.

Seddon and coworkers reported the removal of oxide contamination by passing this poison

stream through the ionic solution. The reaction to eliminate the impurities is summarised in
eq. 2.7.

[ALCIO]™ COCl, === 2[AICl,]+ CO, Eq. 2.7

Also, the electrochemistry of transition metal halide complexes in chloroaluminate
(II1) ionic liquids has been widely studied and reviewed.”® The use of this technique
together with electronic spectroscopy has established the interaction of chlorometalates in
acidic chloroaluminate (III) jonic mixtures. Initial studies with oxochlorouranate®’ ions and
oxochloromolybdates®® determined a change in the E;z of the complex in the organic and
the acidic ionic solvents but did not indicate any direct interaction with [A1C14]— ions.
Some oxochlorometalates have shown larger stability in acidic [emim][Al,Cl;] than in
common organic solvent and such is the case for oxoiridium ions.” Later reports suggest
an interaction of the chlorides of the metal and the [AICl;]” ions by comparison of the
electrochemistry between chloride complexes derived from clusters in CH;CN and
[emim][AL,Cly], such as {TasCli2}"" (z =5, 4, 3) and {NbeCli2}" (y = 2, 3, 4).5° In the
case of tantalum, it has been proposed that there is a replacement of the chlorides in the
initial cluster when it is dissolved in [emim][Al,Cl;]. The difference in the E;;» goes from
1.160 V in the ionic liquid to —0.274 V in CH;CN for the redox couple [TasCl;2]***. This
clearly suggests the interaction of the cluster with the environment and the partial or
complete replacement of the peripherial CI~ with [CIAICI;]” in the tantalum cluster.®
Similar results are observed with niobium.®' In addition, acidic ionic liquids have shown
the existence of tetrachloroaluminate (III) as a ligand by EXAFS, even if it has not been

).82 However, in basic ionic liquids, chlorometalate species form

3

completely accepted (6a

well-defined halogenometalate species.®
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Acidic mixtures of chloroaluminates, where [AL,Cl;]” and [Al;Clj¢]™ are present,
were considered as non-coordinating anions by Chauvin,'® but there have been crystal
structures where [ALCl;]” and [AICL] are ligands on metallic centres such as Pd* and
Hg.®® The last species have not been isolated from any chloroaluminate (IIT) ionic liquid
but they have been synthesised from AICl; and metal chlorides in aromatic solvents; such
as 6b and 6¢. Section 4.4 describes two more examples of these kinds of complexes and
with these examples it is clear that the interaction of [AICly]™ ions with metals has been

well documented since the 1970°s and it had been considered rare until the 1980°s.6

2.5.1. Reactions in chloroaluminate (lll) ionic liquids: Friedel Craft
acylation

Because of their possible function as both catalyst and solvents, these ionic liquids
were first used in organic chemistry for Friedels-Craft acyiation. Lauer and Bartak
‘demonstrated that the acidic ion [ALCl;] could extract a CI™ from alkyl carbons and give
the carbonium ion. For example, the formation of the triphenylmethyl carbonium ion (eq.

2.8) in acidic ionic liquids from the respective halogen was performed.®’
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Ph;CCl + [ALCHL]™ — [PhsC]* + 2[AICL]™  k,,=20.420.3mol dm”® Egq. 2.8

Another example is the cyclopentadiene/methyl acrylate Diels Alder reaction. It
should be noted that acidic mixtures of chloroaluminate ionic liquids have given better
results for this reaction than many others. In this reaction, acidic melts offer a better media
for the hydrophobic association of reactants and hydrogen bonding to the activating group
of the dienophile. The yield is far superior in this solvent than in water or ethyl ammonium
nitrate (EAN). Unlike EAN, chloroaluminates are not potentially explosive. Furthermore,
unlike water, many organic molecules are very soluble in ionic liquids. This means that

reactions can be performed at synthetically useful scales in chloroaluminate jonic liquids.®®

Other organic reactions performed in these solvents have included the alkylation of
many organic substances such as isobutane,®® benzene,?® naphthalene’ and the

polymerization of olefins such as ethene, propene or ethylbenzene.”!

Nevertheless, the first acylation of organometallic compounds was reported a few
years ago with the study of ferrocene in [emimCl][AlCl;] (eq. 2.9). The mono (7) and
diacetylation (8) is perfectly controlled and a higher yield is obtained with the addition of
toluene and the formation of a clathrate.”? The AICl; catalyzes the:'replacement of one
éyclopentadiene with arenes in ferrocene. Chloroaluminate ionic liquids have been used as

solvents and catalysts for these reactions.

0

() L~ L2 i
; (RCO),0 or RCOCI ~ . . Eq. 2.9
" . 4 Fe q. <.
s T & Q\n/@

" o
8

For example, the substitution of Cp in ferrocene by cyclophane was reported some
years ago. This study included the kinetic chemistry followed by 'H-NMR. The advantage
of the use of ionic liquids is the high purity in the final compounds, which do not need

chromatographic separation.”
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2.5.2. Transition metal catalysed reactions in chloroaluminate (Ill)
ionic liquids
Another important example of the use of organometallic compounds in this solvent
is the reductive carbonylation of [Cp;TiCly] to [Cp,Ti(CO),]" by forming a Ti(Ill)
intermediate which has the labile ligand (AICl;) . This is a labile species that is easily
replaced by CO (equations 2.10-2.12).74

[Cp2TiCl] + [ALCL]T === [Cp,TiCI(AICL)] + [AICL]™ Eq.2.10
[CpTiCI(AICLY)] + [ALCL] + 16~ === [Cp,Ti(AICl),]” +[AICL]™ Eq. 2.11
[Cp2Ti(AICL),]” +2CO + 1~ === [Cp,Ti(CO)** +2[AICL]”  Egq.2.12

The reduction of the carbonyl Ti(III) leads to the precipitation of [Cp,Ti(CO).].

2.5.3. Hydrogenation in chloroaluminate (lll) ionic liquids

The catalytic hydrogenation of aromatic rings in chloroaluminate (III) ionic liquids
has been reported. The stercoselective hydrogenation of aromatic compounds like
anthracene and pyrene with [emim][AICI;)/Li/H,O in very gentle conditions (eq. 2.13),
have been reported before.”” This contrasts with the catalytic hydrogenation used in
industry, which requires high temperatures, high pressures and usually gives rise to

isomeric mixtures.’®

[emim]Cl/AlC|3; Xq1c13= 0.67;
ool
Li/H,0

2.5.4. Dimerization in chloroaluminate (lll) ionic liquids

Linear dimerisation of but-1-ene to give Cg-olefins has been reached by using
square planar Ni-O,0" chelating systems. For example, complex 9 is active in organic
solvents but its combination with expensive ligands has prevented industrial development.

Using chloroaluminates with this catalyst increases the yield and makes the separation of
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reactants and products easier. The ionic liquid used was (bmim)X/AlICl3/AlEtCl,, and the

acidic mixture gave much higher yields than basic mixtures.”’

FiC ON1

N\{

AIEtCl, transfers an ethyl group to the Ni at temperatures higher than —10°C and
destroys the Ni-X-Y chelating system which is known to be responsible for the desired high
1in<~:arity.78

The dimerization of ethene with [Ni(MeCN)s][BF4)2 in [bmim]CI/AIEtCl,/AICI;
(eq. 2.14) shows the same yield as [NiClo(PPr's),] in [bmim]CVAICI;.”

[INi"/AIE(C1,/AICI, P
- +
[bmim]C1™ AN NF Eq. 214

+ higher oligomers

These results provide a very advantageous technological alternative to the industrial

IFP Dimersol X process operating world-wide nowadays.*

As we can see, ionic liquids have been widely studied in organic and catalytic
reactions. In most cases the syntheses have been improved in the new ionic solvents, hence
they represent an alternative route to industrial processes. As their applications in industrial
processes have been emphasised, the analysis of species involved during transformations
has not been the focus of all these works. Nowadays, the understanding of the mechanistic
routes has contributed to developing and improving the processes which are now used. We
can now understand the importance of clarifying the principal steps during catalytic

reactions in ionic liquids.

The next section gives an introduction to rhodium chemistry as a catalyst for the -
hydrogenation of olefins using [RhCI(PPhs);]. Because of its historic importance, it has
been chosen as a good starting point to study its catalytic chemistry in ionic liquids. The

advantage of having a phosphine ligand attached to 100% NMR active metal centre

kY,
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("®Rh), is that it permits the use of NMR spectroscopy as a tool to understand the
chemistry in solution. Other compounds such as [Rh(diolefin)(diphosphine)], (diolefin =
NBD, COD; diphosphine = PR,P(CH;),PR;), which have been studied for catalytic
hydrogenation are also discussed. The mechanism for both complexes, Wilkinson’s and

diphosphine compounds, are briefly explained. ‘

2.6. Catalytic hydrogenation with rhodium complexes

2.6.1. Wilkinson's catalyst: [RhCI(PPh3)s]

Rhodium was discovered by William Hyde Wollastone in 1803. The first rhodium
complexes were synthesised and studied at the beginning of that century. All those
compounds were basically coordination complex types, but a totally new field of rhodium
chemistry was opened up by the discovery of the remarkable batalytic properties of
[RhCI(PPhs)s] by Wilkinson’s group in the 1960°s.*' This work showed that [RhCI(PPh;);]

accelerated the hydrogenation of olefins in homogeneous media.*

The importance of the chemistry of rhodium increased after this report, and many
new rhodium compounds were synthesized for sophisticated reactions. This achievement
certainly marked a great step forward in the chemistry of this metal and contributed to the
development of the chemistry of the transition metals. Before the Wilkinson paper, it was
known that an iridium complex worked as a catalyst for the hydrogenation of olefins at 40-
60°C, but it was slower than [RhCI(PPh;);] catalyst.®®> Hence, there was an increasing
interest in Wilkinson’s catalyst [RhCI(PPhj)3], its involvement in the mechanism of

hydrogenation and the general chemistry of the compound.

The general reaction for catalytic hydrogenation is described by eq. 2.15.

H H H H '
>__<—— +Hy ————— ) \,H
Eq. 2.15
H H [Rhleaa R H 1
H

335



2. Background

Tolman reported a study of hydrogenation of olefins with Wilkinson’s catalyst in
1974.3* He described the initial formation of the dihydride [Rh(H),CI(PPh;);] from
[RhCI(PPh;);] and H,. More studies were published in order to explain the intriguing
mechanism by which this complex works but there were some differences in the kinetic
constants. A widely accepted mechanism in the 1970’s is outlined in Fig. 2.10, but

certainly it did not give any specific details.

—H

-CH3;CHg >—_—_—<

H

—CH,CH
ii g Rh3
i e—————

Fig. 2.10. Catalytic hydrogenation of olefins: mechanism accepted in the 1970°s.”

The complexity of the mechanism lies both in its multistep character and also in the
lability of dissociation of each ligand, phosphine or olefin, in each proposed intermediate

and in the olefin insertion or substitution processes.

Halpern reported a complete cycle for the hydrogenation using [RhCI(PPh3)3] in the
1980°s (Fig. 2.11).%° The catalytic cycle involves 16 and 18 electron rhodium species. This
mechanism describes two routes: the initial coordination of hydrogen or of the olefin to
[RhCI(PPhs)s]. In both cases the rate-determining step is the insertion of alkene into the
Rh-H bond. These intermediates were proposed by kinetic studies using direct
measurements on the individual stages of the reaction. In addition, recent theoretical
calculations agree with the experimental results: the insertion of the olefin is the rate

determining step in the whole cycle.®
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In addition, the catalytic mechanism depends upon the olefin used. For example,
catalytic hydrogenation of styrene includes an additional pathway with the observation of a
monophosphine  bis-olefin  complex [RhCI(H),(PPh;)(PhHC=CH,),;], while for
cyclohexene the formation of the mono-olefin intermediate [Rh(C1)(H)2(PPh3)2(CeHi0)] is
seen (Fig. 2.11, inner or outer cycle). Different kinetic rates for cyclohexene and styrene

arise from this difference.®

RCHCH,
RCH,CH; RhCIL;
(RCHCHz)RhCIL3

RCHchthCIL:; HthC]L3
L L
RCHCHthCILZ
RCH CH RhHCl
(RCH,CHy) L, H,RhCIL,
RCHCH
27 H2
(RCHCH,)RhH,CIL,

Fig. 2.11. Catalytic cycle proposed by Halpern in 1981.%
Brown and co-workers used *'P NMR and molecular modelling to study some
proposed intermediates, Fig. 2.12.8” The DANTE pulse NMR sequence was used to

elucidate some dynamic aspects that had not been clear earlier.,

Firstly, the dissociation of one phosphine from [RhCI(PPh3);] (10), to yield
[RhCI(PPhs),] (11), is required in order to add H; to the catalyst and form
[Rh(H,)CI(PPh3);] (12). The structure of the intermediate 11 is unknown but it is well
recognised that three possible geometrical isomers can exist, the geometry is ‘T’-shaped
and “Y’-shaped.®® Compounds of general type [Rh(X)(P),] are “T’-shaped with phosphines
in the frans position, maybe due to steric constraints, because all known examples have

bulky phosphines.

The DANTE spin saturation was recorded in order to determine which phosphine

dissociates more rapidly in 10. The saturation of P! in a solution of 10 with free PPh;
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showed fast magnetisation transfer from P! to P? and a much more slow magnetisation
transfer from P! to free PPhs, eq. 2.16. This important result shows a fast exchange rate

between P! and P2, which makes the phosphine sites equivalent without dissociation.

Cl\ /P1Ph3 cl . ‘
R = | + P Ph; Eq. 216
Phs P! P2Ph, PhsP—Rh—PPhg
10 1

The second part of Brown’s study was the dissociation of PPh; in the hydride
[Rh(H;)C1(PPh;3);] 12. It is well established that 12 releases a PPhj in order to form ‘the
bis(PPh3) pentacoordinate complex 13 which traps olefin in the catalytic pathway. The
structure of complex 13 is unknown. Previous to Brown’s paper, studies had proposed the
formation of the trans-axial bi(PPh;), 13t instead of cis-equatorial bi(PPh;) 13¢ due to
higher steric hindrance in 13¢. The use of magnetization transfer in *'P and 'H NMR and
molecular modelling in Brown’s study suggested that: H and H* in 12 exchanged rapidly,
with the same rate as the P! and P? exchange in 12. The dissociation of P'Ph; may give the
formation of 13c¢ but the exchange rate between P! and P? in 13c is faster than the
coordination of free P'Phy. This coordination of P'Ph; is trans to a hydride and occurs
through an intermediate with C,, symmetry that may be 13t, where both phosphines are

equivalent. The formation of 13t is due to the exchange in 13c.

T1Ph3 TPha T
Pha %, | _.wCl Hu, Ph,P%
,..Rh.- ., Rh"‘"_C' 3 ., Rh————P1Ph
- 3
H '1\H* H/ l H/ l
P'Phjs PPh, Cl
12 13t : 13¢

Brown’s results suggest the existence of a detailed mechanism depicted in Fig.
2.12, The existence of a bis(phosphine) 13¢ is possible in the TOF hydrogenation rate. This
complex 13¢ may be more important in the catalytic cycle due to the formation of a more
constrained bis(phosphine)(mono-olefin) 14 instead of the less constrained 15. Hence, the

migration of the hydride in 14 to give 16 might be very fast and the determining step in the
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whole cycle. Recent theoretical calculations have revealed that the isomerization of 13t to
13c has a large activation barrier of 113 kJ mol™” in Brown’s mechanism vs the barrier of
the insertion of the olefin in Halpern’s mechanism of 60-70 kJ mol!. In general, theoretical
calculation agrees that when the insertion of the olefin is the determining step of the cycle,
Halpern’s mechanism is the most likely pathway, while theoretical results of Brown’s
mechanism suggest that the rate determining step is the reductive elimination of the olefin
and the last mechanism could only be a possibility when bulky olefins are used.’ In any
case, theoretical studies at the beginning of the 1980°s have discussed the possibility of a
square based pyramid such as 17 instead of the bipyramidal trigonal geometry, due to the
lower energy state of the PH; complex instead of the PPh;. Clearly PH3 as a model of the
PPh; may not give rise to the same steric effect.”” The last report did not calculate
activation energies of any route, hence the proposal of the existence of species such as 17

in the cycle cannot be conclusive.

H
H3P’n. B l'll ______ wH
N
PPhy PPh
Cly, | M o T
R oM L .\\\\\ \\\\\Ppha
~ C—Rh = H~Rh
Hp , PhaP” | VH G | ¥ePh,
/ PPhy PPh; 13¢ ¢
PPhs 12 13t
CI—RT-""PPhs H, %_ }/\
PPh,
10 H T PPh
\ TRy
PPha PR ;s . PPhg an:
Cl—Rh C'/'IML.“\\\H Cl
v I\H 14

PPh
3 Q PPh3 /
H Cl//, \\\\PPhs
Ny
y PPh3 |

Fig. 2.12. Mechanism proposed by Brown from the DANTE sequence pulse (NMR).> This
proposal is based on the orginal study by Halpern, Fig. 2.11.

39



2. Background

The last study shows the power of NMR spectroscopy as a technique to elucidate
mechanisms where fast inter-conversions are involved. Studies on catalytic hydrogenation
with Wilkinson’s catalyst have cleared up many aspects of the mechanism and have been
used to understand other catalytic transformations. Finally, it is worth noting that the
proposed intermediates have not been isolated. Only have 12 and similar compounds to 16
been directly observed by NMR. The rest have been proposed on the basis of results of
multinuclear NMR studies.

The present work reports the results of the chemistry of Wilkinson's catalyst in
[emim][AL,Cl;] ionic liquids. It shows a different chemistry (chapter 4) from the well-

known behaviour reported before.

2.6.2. Monocationic Rhodium-olefin catalyst for hydrogenation

As has been said, following the report of the Wilkinson’s catalyst in homogeneous
media, the chemistry of rhodium compounds increased hugely. Some reports following
these cdmplexes included the syntheses of compounds of the type [Rh(diolefin)(L,)}X.
The diolefin is either 1,5-cyclooctadiene (COD) or 2,5-norbornadiene (NBD). L; is either
(PPh3),, (PMePhs),, 1,2-bisdiphenylphosphinoethane, (dppe); %0 1,3-
bisdiphenylphosphinopropane, (dppp); 1,4-bisdiphenylphosphinobutane, (dppb). The
counterion is either [Cl], [BF4]™ or [PFs] .

The complexes are active as hydrogenation catalysts of olefins. Osborn and Shrock
reported on only a few studies in 1967. They proposed a cycle, based on the formation of a

solvated intermediate, which is an air and oxygen sensitive active species (eq. 2.17).>!

i F’f\ Ph 1+
/ Ph\P/Ph T
e 2H
CHa, /\Rh/& i CHI NSO + Noromane  £q.2.17
P -
N\ N /P\ sl
PR i Ph “en

The presence of some anions is quite important as in the case of chloride. The latter
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species can enter into the coordination sphere of the rhodium centre and inhibits the
hydrogenation process by blocking one position. This behaviour is not followed when
[CI]” is replaced by [BF4] or [PFe] , because of the lack of coordination abilities in the

last two ions.

Table 2.6. ' P NMR data for solvated complexes obtained from the hydrogenation of NBD

in [Rh(NBD)(L),][BF,].
Phosphine |Free Phosphine in complex Solvated complex
L2 phosphine [Rh(NBD)(L>)][BF,] [Rh(L;)(MeOH),][BF]
8 ppm 8, ppm IJ(31P‘103Rh), Hz 8, ppm ]J(31P'103R.h),
Hz
dppe -12.3 55 157 80 203
dppp -17.0 14 148 38 190
dppb -15.0 26 152 52 196

The chemistry of the solvated intermediates has been well reported. Halpern,®®
Brown and Baird92 have observed the solvated complexes in solution in the case of

bidentate phosphines.

The last works proposed more detailed mechanisms during the hydrogenation
process by >'P-NMR studies. All of them suggest initial formation of 18a (Fig. 2.13) and

the consequent formation of 18b.

Those intermediates have [BF4]~ or [PFg] as anions and they can only coordinate
to the metal centre with difficulty. In fact, there have been few reports where these kinds of

anions coordinate to metal centres in solution.

+ + H +
P< N P~ Sol P< | _Sol
~ + 2H ~ ~
Rh Rh — Rh
[P/ \277] j‘[l” \SOI] [H’ | ~p
Sol .
18a 18b

Fig. 2.13. Hydrogenation process with Osborn and Shrock complexes.””

There is a study where the initial hydrogenation of the diene is examined. The same
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work cbmpares the hydrogenation rate of NBD and COD, NBD being the faster substrate
to hydrogenate.”

There is no mention of any addition of hydride to the active catalyst at room
temperature when L, = dppe, dppp and dppb in acetone or coordinating solvents. However,
the hydrogenation in CD;Cl, or CDCl; has been reported and a mixture of dimeric
hydrides may be formed by using dppe.>* The solution of [{{Pr,P(CH,),P'Pry} (H)Rh(p-
H);Rh{'Pr,P(CH,),P'Pr2}], 19, is stable under a H, atmosphere and it has been
characterized by *'P NMR spectroscopy.” Finally, the substitution of COD in the cluster
[Rh(COD)(H)]s with dppb yields the formation of the n-allyl complex, 20, under H,
atmosphere. This complex is rapidly hydrogenated and changes to [RhH(dppb),].>¢

Phy
PhZH th Pin.. RE
.» - v
: Bh Ph,
2
19 20

All these compounds have been widely studied and the chemistry of hydrogenation

has been well elucidated.”>*’

2.7. Interaction of [SnCl;]” with metallic centres

This section explains some chemical aspects of SnCl; in order to understand the

chemistry of some rhodium complexes in [bmim][Sn,Cls], chapter 5.

In general, the structural chemistry of Sn(Il) halides is particularly complex, partly
because of the stereochemical activity (or non-activity) of the nonbonding pair of electrons
and partly because of the propensity of Sn(l) to increase its coordination number by
polymerisation into larger structural units such as rings or chains. For example, SnCl; in
the gas phase forms bent molecules but the crystalline material has a layer structure with
chain of corner-shared trigonal pyramidal {SnCls} groups. Sn(Il) rarely adopts structures
typical of spherically symmetrical ions because the nonbonding pair of electrons, which is

55’ in the free gaseous ion, readily distorts in the condensed phase and this can be
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described in terms of ligand-field distortion or the adoption of some ‘p character’ 27 The
dihydrate also has a coordinated structure with only one of the H,O molecules directly
bonded to the Sn™. If the aquo ligand is replaced by Cl the pyramidal [SnCl;] ion is

obtained, and has been observed in CsSnCl;.%

There seems little tendency to add a fourth ligand: e.g. the compound K,SnCl4-H,0
has been shown to contain pyramidal [SnCl;]” and ‘isolated® CI™ ions, ie.
K>[SnCL]CI-H,0. Apart from its structural interest, SnCl; is important as a widely used
mild reducing agent in acid solution. The dihydrate is commercially available for use in
electrolytic tin-plating baths, as a sensitizer in silvering mirrors, in the plating of plastics
and as a perfume stabilizer in toilet soaps. The anhydrous material can be obtained either

by dehydration using acetic anhydride or directly by reacting heated Sn with dry HCI gas.

SnCl, can be considered as a stannylene, it is bent with a lone pair and undergoes
the general type of carbene reactions to give new bonds, eq. 2.18.*® According to this
reaction SnCl, can break the Rh-Cl bond and it can be inserted to form Rh-SnCl; species.
The new ligand [SnCl;]™ in the metallic centre has a strong trans-effect due to the strong &
donation from tin to the metal and it is comparable to CN~ and CO.*® The nonbonding pair
in the Sn(II) can act as a donor to ‘d’ vacant orbitals in the metal, and the vacant ‘third’ 5p

orbital and 5d orbitals can act as acceptors in tin.

~
R2Sn: —» R.Sn Eq. 218
~

The interest of trichlorostannato ligands was increased with the discovery of
homogeneous hydrogenation of ethene and ethyne at room temperature and low H;
pressure in solutions containing chloro(trichlorostannato)platinum (II) complex anions.'®
The first examples of Rh-SnCl; interactions were described in 1964.!%! The observation of
catalytic dehydrogenation of propan-2-ol yielding acetone and dihydrogen was reported to
proceed in a propan-2-ol solution containing RhCl3:3H,0, SnCl-2H,0 and LiCl in
1970.192 The characterization of the possible active catalyst [RhH(SnCls)s]:>~ has been
proposed by '"Sn and 'H NMR.!® The stability of the catalytic system in Pt and Rh
complexes is not well understood but the [SnCl;] ligand stabilizes Pt and Rh low valent
species and its strongly ‘m acid’ nature labilizes the often kinetically inert complexes of the

platinum group metals to ligand substitution.
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Surprisingly, the interaction of SnCl; and platinum chloride had been documented
for more than 190 years'® and the interaction with Rh for more than a half century.'®
Remarkably, the detailed nature of the interaction of SnCl, with platinum group metals has
only been elucidated relatively recently (1980°s). Nowadays, SnCl, is still used as a

colorimetric reagent to detect traces of Pt(II/IV) in the sub parts per million range. %106

Some examples where chlorostannates (II) act as ligands in rhodium complexes
have been isolated. Ligands such as [SnCl3]7,'"7 [u-SnCl),'* and alkylstannates have
been known in complexes such as 21-23 and they have been identified by X-ray diffraction
in the 1990’s and *'P or }**Sn NMR spectroscopy in the 1980’s, 19110

PMea Cl PMe3
PPhg PPhg Clu,, | l PMe,
h——- n—Rh
ﬁ" % Me,P” T / c
PMe Ci Me,P
23

The interaction of Vaska’s type complexes with [bmim][Sn;Cls] is described in
chapter 7. This small review gives a general idea about the chemical behaviour of the

[SnCl;]™ species in the [Sn,Cls] ionic liquid.

2.8. Interaction of metallic centres with weak coordinating anions

Finally, this section mentions the compounds where weakly coordinating anions
bond to the metal. The interaction of characteristic non-coordinating anions such as [BF4] ",
[PF¢]  and [OSO,CF;]  has been observed for such métallic centres as Ir,'!! P12 Re!??
and Os.!"* All these complexes are highly air and moisture sensitive and only a few

crystalline structures have been reported. The coordination is shown in eq. 2.19.

H
PhoPl,, OO, e PP | Q20 Eg. 2.19
cI*” ppn, c1*” | “Vpph,

FBF,
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Organic solvent molecules or any neutral ligand quickly replace these types of
ligands. The anion remains in the complex as the counter anion. Large anions have the
ability to stabilize such species that have been impossible to isolate with small anions. This
is the case for carboanions, where the large anion [1-Et-CB,;F);] enables the isolation of
the non-classical cation [Rh(CO)sJ*.!*° In such a case, the interaction of fluorine with the
metallic centre gives enough stability to the centre for it to be characterized by X-ray

crystallography.
2.9. Summary

This section has shown the chemistry of well studied metallic compounds such as
the historically important Wilkinson’s catalyst [Rh(CI)(PPh3)s], Vaska’s type complexes
such as [Rh(C)(CO)(PR3),] and diphosphine complexes [Rh(diolefin}(L,)]X. It is
important to note that their chemistry has been studied for four decades and there is a clear

mechanism understood in each case.

Any éhange in chemical behaviour of the complexes in the ionic liquids will be
discovered when these rhodium compounds are compared with their original behaviour in
the common organic solvents. The use of chloroaluminate (III) ionic liquids, which are the
highest polar media known in an ionic liquid, give the best opportunity for seeing the
difference between organic and ionic solvents. Chloroaluminates (III) have been tested to
stabilize species that are unstable in common organic solvents and this characteristic could

be crucial for explaining the enhancement of catalytic activity in this ionic medium.

The aims of the project are explained next followed by the experimental procedure
of the thesis. Chapters 4-8 include the results and discussion of the chemistry of
Wilkinson’s catalyst and some organometallic complexes in representative ionic liquids.
Chapter 4 discusses the chemistry of [RhCl(PPh;);] in [emim][Al;Cl;]. Chapter 5 shows
the results when the same complex is dissolved in CH,Cl, in the presence of different
quantities of AlCl3. Chapter 6 takes back the chemistry of chloroaluminate ionic liquids
and discusses the carbonylation of dissolutions of [Rh(CI)(CO)(PR;),] in [emim][Al,Cl;]
giving evidence of completely new species. After that, chapter 7 shows the chemistry of
the same kind of rhodium complexes in [bmim][Sn,Cl;s] and the strong ability of [SnCl;]™

to stabilize species that were difficult to isolate in common organic solvents. In
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general, the results will show the behaviour of Rh species that are completely different to
the established one. Solutions of organometallic complexes in the ionic liquids in this study
have shown a different reactivity at the metallic centre, giving species that have been

proposed as intermediates in common organic solvents.

2.10. Aim of the work

The solutions of complexes such as [Rh(CI)(PPhs);], [Rh(CI)}(CO)(PR3),;] and
[Rh(diolefin)(dppb)][BF] in [ALCl;], [SnyCls] ™, [BF4]™ and [PFs]  ionic liquids will be
studied by multinuclear NMR: *'P, ®C and 'H mainly. The spectroscopy data will be
* analysed and compared with the established in common organic solvents. The use of
rhodium complexes with catalytic activity in ionic liquids can give detailed information of .

different reactivity of these complexes in ionic substances.

The solution of [Rh(CI)(PPh3);] and [Rh(CI)(CO)(PR3);] in [ALLCl;] ionic liquids
will be studied by NMR techniques of '“Rh{INEPT} and 2’Al when necessary.
Spectroscopy data will be compared with that established in common organic solvents.
Chloroaluminate (IIT) ionic liquids with x4cn = 0.67 offers the highest acidic medium
known in an ionic liquid. Hence, they have been chosen as the initial option to develop the

present thesis.

The solutions of [Rh(C1)(PPh;);] and [Rh(CI)(CO)(PR3),] in chlorostannate (II)
ionic liquids with xssc;z = 0.60 will also be studied by >'P NMR and this can establish the
synthesis of new species by the addition of chlorostannate anions to the metallic centre.
The coordination of ‘Sn’ will show a highly coordinating environment. he results will give

information about the reactivity of such systems in hydrogenation reactions.
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3.1. Instrumentation

Compounds and solutions were prepared and handled under an argon atmosphere,
using Schlenk line techniques. All the solvents were dried and freshly distilled before use.
Johnson Matthey supplied RhCl3:3H,0. Aldrich supplied AICl;, AgBFs, GaCls, PCys,
PEt;, PMePh;, PMe,Ph and TIPFs, which were used without further purification. The
complexes [Rh(CO)(CI)(PRs);] where PR3 = PBu'Bu”,, PBu'Et;, PBu'Phy, PBu'Pr,, were
kindly donated by Prof. Shaw from the University of Leeds. 'H, °F and *'P NMR Qere
recorded on a Bruker AMX-250 MHz, at 249.9, 234.9 and 100.9 MHz respectively for
compounds that were already reported. 'H, *'P, °C, *’Al and '®Rh NMR for new
compounds in solution were recorded on a Bruker AMX-400, at 399.8, 161.8, 100.5,
103.8, 12.6 MHz respectively. A capillary tube with toluene-dg was used to lock the NMR
equipment when ionic liquids were used as solvents. Infrared spectra were recorded on a
Paragon-1000 Perkin-Elmer Spectrometer, using a 0.2mm CaF, solution cell or KBr for
solids. The synthesis of [emim]Cl was performed in an autoclave or a Fisher-Porter
reaction vessel. The catalytic reaction products were analyzed by GC on a HP5890
instrument, with a 50m A-1 capillary column. The temperature programming was
isothermally for 10 min at 373K (100°C). The composition of the cyclohexane produced
and the remaining cyclohexene were compared to a standard solution of 5% of each

component (cyclohexene and cyclohexane) in hexane.

Table 3.1. Desiccant agents used for each solvent. Using benzophenone.

Solvent and reactants Desiccant agent
Acetonitrile P,0;
Dichloromethane CaH; or CaCl,
Diethylether® Na
1-methylimidazole CaH,

Hexane Na
Tetrahydrofuran* Na

Toluene Na
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Fig. 3.1. Bruker AMX-400 NMR Magnet.

3.2. Synthesis of lonic liquids

3.2.1. Purification of AICI3
20 g of commercial AICl; was sublimed three times at 140°C in an argon stream.
NaCl was added in the final sublimation and the white free-flowing crystal powder

sublimed was transferred and kept in a glove box."

3.2.2. Synthesis of 1-ethyl-3-methylimidazolium chloride, [emim]CI

Freshly distilled 1-methyl imidazole (130 mL, 1.636 mol) was added to
ethylchloride (141.0 mL, 1.964 mol) at —32°C in an autoclave. The container was filled
with nitrogen at 1 bar. The mixture was heated to 80°C for 72 h. This yellow-white product
was transferred to a Schlenk tube and dissolved in acetonitrile. The viscous oil was
allowed to stand at 4°C for 8 hours. The white crystals were removed from the solution and
washed with acetonitrile at 4°C. The solid was dried at 40°C under vacuum for 96 hours.
Yield = 85-90%.2 '"H NMR, CDCls, §, ppm: 10.12 (s, NCHN), 7.65, (s) 7.82 (s), 4.24 (c,
NCH,, *JHH = 7.32 Hz), 3.89 (s, NCH3), 1.41 (t, NCH,CH,CH,CHj, *JHH = 7.32).
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3.2.3. Synthesis of 1-butyl-3-methylimidazolium chloride [bmim]CI

Freshly distilled 1-methyl imidazole (50 mL., 0.545 mol) was added to a 250 mL
three neck round bottomed flask with 50 mL of dry toluene. 1.2 equivalents of n-
butylchloride (61.5 mL, 0.654 mol) was added and the mixture was heated at 90°C for 48
hours. The mixture was allowed to cool to room temperature and left at 4°C for 12 hours.
The toluene was eliminated by filtration and the white powder was dried under vacuum for
42 hours. The product was quite pure and ready to be used in the next synthesis. Yield 89-
92%.? '"H NMR, CDCls, §, ppm: 9.84 (s, NCHN), 8.75, 8.70 (d, NCHCHN *JHH = 1.57
Hz), 5.38 (t, NCH,, *JHH = 7.32 Hz), 5.10 (s, NCH3), 2.98 (p, NCH,CH, *JHH = 7.32
Hz), 2.43 (h, NCH,CH,CH,, >JHH = 7.32 Hz), 2.00 (t, NCH,CH,CH,CH;, >JHH = 7.32).

3.2.4. Synthesis of 1-ethyl-3-methylimizolium chloroaluminate ()
acidic, ionic liquid, [emim][Al:CI;]

[emim]Cl (7 g, 0.047 mol) was mixed with AICl; (12.90 g, 0.097 mol). The
inorganic salt was added slowly taking care that the mixture does not exceed 80°C because
the organic part can decompose. The mixture was made in a glove box, avoiding any
contact with water and air.>** '"H NMR, CDCls, 8, ppm: 8.30 (s, NCHN), 7.60, 7.20 (d,
NCHCHN *JHH = 1.57 Hz), 430 (t, NCH,, >JHH = 7.32 Hz), 3.80 (s, NCH3), 0.90 (t,
NCH,CH;, *JHH = 7.32).

3.2.5. Synthesis of 1-butyl-3-methylimidazolium trichlorostannate (i)
acidic ionic liquid, [bmim][Sn,Cls] |

SnCl; (5 g, 0.026 mol) was mixed slowly with [bmim]Cl (3.06 g, 0.017 mol)
avoiding the high temperature that comes from the exothermic reaction. After 5 minutes
the colourless liquid was left under vacuum for 8 hours. The final mixture has xg,c;2 = 0.6.
'H NMR, CDCl;, 8, ppm: 8.51 (s, NCHN), 7.15, 7.09 (d, NCHCHN), 3.85 (s, NCH,), 3.55
(s, NCHs3), 1.38 (s, NCH,CH3), 0.83 (s, NCH,CH,CH), 0.35 (s, NCH,CH,CH,CH;).
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3.2.6. Synthesis of 1-butyl-3-methylimidazolium trichlorostannate
(IV), [bmim][Sn2Cl,]

The mixture tin (IV) chloride follows the same procedure as in 3.2.5 but using
SnCly (5 g, 0.019 mol) with [bmim]Cl (2.22 g, 0.012 mol). The final mixture has xs,cy =
0.6. "H NMR, CDCl;, 8, ppm: 7.87 (s, NCHN), 6.80, 6.76 (d, NCHCHN), 3.55 (s, NCH,),
331 (s, NCH;), 123 (s, NCH,CH;), 0.70, 0.68, (NCH;CH,CH;), 0.65 (s,
NCH,CH,CH,CHj).

3.2.7. Synthesis of 1-ethyl-3-methylimidazolium tetrafluoroborate ionic
liquid [emim][BF,]

3.2.7.1.Method a: Metathesis of the chloride

Dry [emim]CI (20 g, 136.5 mmol, with 50°C as melting point) was dissolved in 5
mL of water (minimum quantity). NaBF, (1.5 eq, 22.52 g, 204.77 mmol) was dissolved in
H;0 (5 eq, 18 ml) and was added to the solution of [emim]Cl/H,O. The solution was
stirred for 8 hours at room temperature under nitrogen. Finally, the [emim][BF;] was
extracted into CH,Cl,. The organic extracts were combined, washed with water an‘d put
into the fridge for one hour to allow complete separation of phases. The washing was
repeated at least 3 times. The ionic liquid was dried over MgSOy4 for 8 hours and filtered
through a plug of celite. The solvent was removed under vacuum while the ionic liquid was
heated at 100°C for 8 hours. This procedure gave 50% yield but with a significant amount
of a CI” impurity.?

3.2.7.2.Method b: Metathesis by precipitation

Dry [emim]Cl] (5 g, 34.12 mmol) was dissolved in water (5 mL). Ag;O (9.46 g,
- 40.95 mmol) and HBF, (4.33 mL, 54% by weight in Et,0) were added and stirred for 5
hours, protected from light. The colourless solution was filtered and concentrated under
vacuum. The mixure reaction was left under vacuum for 24 hours to allow the precipitation
of AgCl. This solution was filtered three times more through celite to remove all of the
silver residues. This procedure gave a 20% yield of a highly pure [BF4]” ionic liquid with

low CI" impurities. The [emim][BF4] ionic liquid must be heated at 100°C under nitrogen
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for an hour every time before use, to avoid traces of moisture. "H NMR, CDCl;, 9,
ppm.8.76 (s, NCHN), 7.27, 7.22 (d, NCHCHN 3JHH = 1.57 Hz), 4.11 (¢, NCH,, *JHH =
7.41 Hz), 3.89 (s, NCH3), 0.90 (t, NCH,CH3, 3JHH = 7.41).

3.2.8. Synthesis of 1-ethyl-3-methylimidazolium hexafluorophosphate
ionic liquid, [emim][PF¢]

Dry [emim]Cl (5 g, 34.15 mmol, with 50°C as melting point) was dissolved in
water (3 mL, minimum quantity). HPFg (1.2 eq, 8.3 g, 40.95 mmol, 60 % weight in water)
was added drop wise to the emimCI/H;O solution. During the addition the reaction mixture
was cooled in an ice bath with vigorous stirring. After the addition the cloudy reaction
mixture was left for 1 hour with stirring. The yellow solution was then left to stand for one
hour to allow the separation of the phases. The upper phase contains the aqueous HPFg
with some HCI as a by-product. The bottom phase, which contains the ionic liquid, was
recovered by decantation and washed twice with 5 cm’ CH,CI; to eliminate traces of
[emim]CI. The ionic liquid phase was dried with MgSO, with stirring for 8 hours. It was
left to stand for 24 hours and filtered through celite. It was dried under vacuum at 100°C
for 24 hours to remove the CH,Cl,. This procedure gives a 50% yield. '"H NMR, CDCls, §,
ppm: 8.37 (s, NCHN), 7.32, 7.29 (d, NCHCHN *JHH = 1.31 Hz), 4.10 (c, NCH,, 3 JHH =
6.83 Hz), 3.85 (s, NCH3), 0.87 (t, NCH,CH3, >JHH = 7.01).

3.3. Syntheses of tris(triphenylphosphine)chloride rhodium [Rh(CI)-
(PPh3)s] and its reactions in [emim][Al.Cl;] '

3.3.1. Chlorobis(triphenylphosphine)rhodium (I), [RhCI(PPhs);], 10

This compound was synthesized using an Inorganic Synthesis method.® RhCl3-3H,0
(0.200 g, 0.5 mmol) was dissolved in 3.5 mL of ethanol. 1.5 g of phosphine PPh; (15
mmol) was dissolved in 30 mL of ethanol and added to the Rh solution slowly. The
mixture was heated at reflux for two hours under argon. The red powder was filtered and

washed five times with 3 mL of dried ether. The powder was dried under vacuum. M.P.
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148 °C. 3'P{H} NMR: & P! = 23 ppm, 'J('®Rh->'P!) = 145 Hz, 2J(*'P!-'P%) = 28 Hz; § P?
=48 ppm, 'T(*®Rh-*'P?) = 196 Hz.

3.3.2. Solutions of [RhCI(PPhs)s], (10) in [emim][Al.Cl;], synthesis of
[Rh(CI{(u-CIAICI3}(PPhs),], 24

The solution was prepared by dissolving 40 mg of 10 in 1 mL of [emim][Al,Cl,]

(xaici3 = 0.65) and waiting for 30 minutes until complete dissolution has occurred. The

solution was reddish-brown. The separation of the observed compound 24, as was reported

by Dupont et.al., proved impossible.”

3.3.3. Reaction of 24 with hydrogen in [emim][Al.Cl;], synthesis of
[Rh{(u-CDAICIs}(H)(PPh3).]", 25
H, was bubbled though a solution of [RhCI(PPh3);] in [emim][Al,Cl;] at 1 atm of

pressure for 5 minutes. The solution changes from reddish-brown to light brown.

'3.3.4. Reaction of 10 with AICI; in dichloromethane. Determination of
three isomers of [Rh{(u-Cl)AICI3)}{(u-Cl),AICI>}(H)(PPh;3),], 31a,
31b, 32
Freshly sublimed AICl; (10 mg, 0.075 mmol) was dissolved in 1 mL of CH,Cl,, 10
mL of HCl was bubbled in this solution and finally [RhCI(PPh3);] (20 mg, 0.021 mmol)
was added. 'H, 3'P{'H}, and ZTA1 NMR spectra of the final solution were recorded at room
temperature and at 257, 241, and 225 K (-16°C, -32°C and —-48°C).

3.3.5. Reaction of 10 in dichloromethane and excess of AICls,
Observation of 25

‘ Freshly sublimed AICl3 (10 mg, 0.075 mmol) was dissolved in 1 mL of CH,Cl,, 10

mL HCI was bubbled through the solution and then [RhCI(PPhs);] (20 mg, 0.021 mmol)

was added. 'H, 3blP{IH}, and Al NMR spéctra of final solution were recorded at room

temperature.
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3.3.6. Reaction of 10 in toluene and excess of AICl;. Observation of
25

AlCl; (10 mg, 0.075 mmol) was dissolved in 1 mL of toluene and stirred for 5
minutes. The solution becomes slightly yellow. [RhCl(PPh3);] (25 mg, 0.027 mmol) was
added. The solution changes initially to deep yellow and while the raw materials were
dissolved, a brown-oil appears. After 30 minutes of heating at 80°C the solution changes to
orange with an orange oil. The oil was separated and characterized by 'H, *'P and ?’Al
NMR. The upper part contains AL,Cls in toluene, 2’A1 NMR = 90.8 ppm, 350 Hz of width
(literature 91 ppm, 300 Hz width)?, while the oil in the bottom shows 27A1 NMR at 102
ppm with a linewidth of 2200 Hz.

3.3.7. Reaction of 38 with carbon monoxide in [emim][Al.Cl;].
Synthesis of [Rh{(u-CI)AICI3}(CO)s(PPh3)], 37
CO was bubbled though a solution of [RhCl(PPh;);] in [emim][Al,Cl+] at 1 atm of

pressure for 5 minutes. The solution changed from reddish-brown to a light brown colour.

3.4. Synthesis of chloride monocarbonyl bis(trialkylphosphine)
rhodium compounds, [RhCI(CO)(PR3);] '

3.4.1. Tetracarbonyl pz-dichloro dirhodium, [Rh(u~Cl)(CO).].

RhCl3-3H,0 (5 g, 18.97 mmol) was mixed with 5 g of acid sand. The mixture was
put in a tube with sintered glass on the bottom that was connected to CO. The upper part
was connected to a bubbler with NaOH/H,0 20%. The mixture was heated at 100°C for
one hour in a stream of CO, or until all water has been released. Then, it was heated at
120°C for 5 hours in CO. The solid mixture was sublimed under argon at 120°C. The red-
orange sublimed needles were separated and kept under argon. The product was water

sensitive.’

3.4.2. Synthesis of enriched tetracarbonyl uxdichloro dirhodium *C,
[RhCI(**CO),],, 69
[Rh(p-CI)(CO);]2 (100 mg, 0.257 mmol) was dissolved in 10 mL of dry pentane
and stirred under an atmosphere of >CO for 2 h.
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3.4.3. Chloride carbonyldiphosphine rhodium (I), [RhCI(CO)(PR3)J],
36, 45-49
The respective phosphine (3.904 mmol) was added to a solution of
[Rh(u—CI1)(CO);)2 (0.10 g, 0.976 mmol) in 5 mL of methanol under argon. Reaction time
" and ¥'P-NMR data for products were specified in Table 3.2 for each phosphine. NMR
10,11

samples were prepared under an argon atmosphere.
Table 3.1. Properties of Chloridecarbonyldiphosphine rhodium (I) complexes, NMR data

in CDCl;,
Phosphine  |Reaction |§ >'P-NMR, | *'P-NMR, ppm | 'J('®Rh->'P)
Time (h) |ppm® free |complex Hz
45 PMe,Ph  {12,1.t. -47.5 -1.1 117.7
46 PEt; 24 -20.1 23.6 116.1
47 PMePh, |24 -27.6 14.2 1224
48 PEtPh; 12 12.3 27.0 123.3
36 PPh; 24 -9.9 29.1 126.2
49 PCy; 24 37.2 37.1 118.2

3.4.4. Oxidative addition of HCI to [Rh(CI)(CO)(PPh;),] in CDCI;, 38,
45¢,62-67
[Rh(C1)(CO)(PPh;3),] (20 mg) was dissolved in 1 mL of CDCl; and HCl was
bubbled though the solution for 1 min. The yellow solution was transferred to an NMR
tube. 3'p {'"H} NMR and 'H NMR spectra were recorded and shown in Table 3.2,

Discussion appears in chapter 6.
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Table 3.2.3'P {' H} and {' H} NMR spectra parameters for [Rh(C1)(H)(CO)(PR3),] in
CDCl3. P'Bu>Ph and PBU"Pr did not react with HCI.

Phosphine [§3'P{'H}-NMR, | J("Rh-"P) [§'HNMR [J°'P-'H) 2J ("Rh-'H)
ppm® complex
45¢ PMe,Ph 3.5 80.2 -13.39 Broad signal Broad signal
62 PEt; 26.5 80.1 -13.42 9.9 - 99
63 PMePh, 18.7 84.0 -12.31 Broad signal Broad signal
g
64 PEtPh, 25.1 82.9 -12.67 9.9 15.1
ET8 PPhs 25.3 85.9 -12.05 9.9 13.9
|65 PBU'Et, 44.6 80.0 -13.49 15.1 8.9
66 PBu'Bu”, 40.6 79.9 -13.50 15.1 8.2
67 Pcy; 35.0 79.3 -14.75 9.9 13.9

Compounds 63, 66, 38 and 67 were isolated from the CDCI; solution by
evaporating the solvent and drying under vacuum. Yellow products were isolated and
dissolved in the corresponding ionic liquid. The rest lose HCI gradually and cannot be

isolated pure.

3.4.5. Synthesis of hydride monocarbonyl tris(triphenylphosphine)

rhodium ()

A solution of rhodium trichloride 3-hydrate (0.26 g, 1.0 mmol) in ethanol (20mL)
was added to a vigorously stirred, boiling solution of triphenylphosphine (2.64 g, 10 mmol)
in ethanol (100 mL). After a delay of 15 s, aqueous formaldehyde (10 mL, 40 % w/v
solution) and a solution of potassium hydroxide (0.8 g) in hot ethanol (20 mL) were added
rapidly and successively to the vigorously stirred, boiling reaction mixture. The mixture
was heated under reflux for 10 min and then allowed to cool to room temperature. The
bright yellow, crystalline product was removed by filtration, washed with ethanol, water,

ethanol, and pentane, and dried under vacuum. Yield was 80% based on RhCl3-3H,0. 1
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3. Experimental

3.5. Reaction of chloroaluminate (lll) ionic liquids with rhodium
carbonyl chloride bis(trialkylphosphine) [RhCOCI(PR;);]:
formation of rhodium (I) carbonyls from rhodium (ll) complexes
by carbonylation

3.5.1. Solutions of [RhCI(CO)(PR;);] in [emim][AI.CI;], formation of
[Rh{(u-Cl);AICI}{(1-Cl)AICI3}(H)(CO)(PR3)] 39, 45b, 54-61

These complexes were prepared by dissolving 40 mg of the compound in 1 mL of

[emim][ALCl;] (x4ici3 = 0.67) and waiting for 30 minutes until complete solubilization.

The solutions range from brown to orange, depending on the phosphine. They were

transferred to an NMR tube to run *'P{'H} and 'H NMR spectra. The separation of the

observed compound was impossible in all the solutions.

3.5.2. Solutions of [Rh(H)(CO)(PPh3)3] in [emim][Al.Cl;], formation of

39 and 37 7 ,
[Rh(H)(CO)(PPh3)3] (30 mg. 0.032 mmol) was disolved in 0.7 mg of [emim]- |
[AL,Cl;]. The *'P and 'TH NMR spectra of the solution were recorded at room temperature

and the results were shown in section 6.6.

3.5.3. Addition of CO to [Rh{(u-Cl)AICI)}{(u-CI)AICI3}(H)(CO)(PR3)] in
[emim][Al;Cl;]. Formation of 68, 45h-I, 54a,b-61a,b
[RhCI(CIAICL)(H)(CO)(PR3),] in 1 mL of [emim][AL,Cl7] (X4ici3 = 0.67) solution
was subjected to a CO stream for 20 min. The colour of the solution lightens and was
transferred to an NMR tube to run 'P{'H} and 'H NMR spectra.

3.54. Addition of "CO to [Rh{(u-Cl)AICI}(H)(CO)(PPh3)] in
[emim][Al.CI;]/CH:ClI,, 1:1. Formation of [Rh{(u- |
CI)AICI3}(CO)s3(PR;)], 37

[RhCI{(u-CHAICI3}(H)(CO)(PPhs),] (40 mg) in 1 mL of [emim][ALCl7] (x4ici3 =

0.67) solution was put in a Shlenk tube that was previously filled with >CO. The reaction
was stirred for 1, 5 and 20 minutes until the colour changes slightly. This solution was

transferred to an NMR tube and *'P{'H}, 'H and C spectra were run at room temperature.
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3. Experimental

The temperature decreases during the NMR experiment and the spectrum was run every
10°C from 0°C to —-30°C (273K to 243K).

3.5.5. Synthesis of isotopic enriched *C [Rh(CI)("*CO)(PPh;),], 36
This synthesis follows the same procedure as complex 16 by using Bco 60%
isotopically enriched [Rh(u-CI)(**CO),1,.

3.5.6. Addition of °CO to 36 to obtain *CO [Rh{(u-Cl)AICI}{(1-
CI)AICI}(H)(**CO)(PPh;)], 37 in [emim][Al,CI;]/CD,CI;

Compound [RhCI(CO)(PPh3);], 36 (40 mg, 0.057 mmol) was dissolved in
[emim][AL;Cl;] (0.3 mL) in a 5 mL Schlenk flask. The container was filled with 1B3CO and
the solution reacted with the gas for 1 min. The solution was transferred to an NMR tube
where CD,Cl, (0.4 mL) was added. The NMR tube was closed under N and *'P{'H},
BC{'H} with 2D-COSY 2C{'H} NMR spectra were recorded at 223K, (-50°C) and 2D-
EXSY C {'H} NMR was recorded at 230K (-43°C).

3.6. Synthesis of chlorostannate diphosphine rhodium complexes
using 1-butyl-3-methylimidazolium chlorostannate (ll) ionic liquid,
90, 91, 93, 94

[RhCI(CO)(PR3),] (40 mg, 0.107 mmol) was dissolved in 1 mL CH,Cl,. 0.2 mL of
[bmim][Sn;Cls] were added while stirring. The red solution was transferred to an NMR
tube and *'P, 'H NMR spectra were recorded. For the case of [Rh(SnCl;3),(CO)(PPh;),] the
3'P NMR was recorded at 250K, —23°C.
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3. Experimental

3.7. Synthesis of [Rh(diolefin)(Ph.P(CH2),Ph2)]X, diolefin = cyclo-
octadiene,  norbornadiene; n = 4; X=[BFy , [PFs ; [Rh(PPh;)s
(solvent)]PFs and their reaction with H; in 1-butyl-3-methylimidazolium
tetrafluoroborate ionic liquid [bmim][BF,] and 1-ethyl-3-methylimidazolium
hexafluorophosphate ionic liquid [emim][PF¢]

3.7.1. Synthesis of dicyclooctadiene-di-u-chloride-dirhodium,
[Rh(COD)ClI].

RhCl;3-3H,0 (0.20 g, 0.759 mmol) was dissolved in 2 mL of a solution 5:1 of
cthanol:water. 0.5 ml of cyclooctadiene (4.62 mmol) was added. After 18 hours of stirring
and refluxing, the yellow-orange powder was dried under vacuum and washed with
pentane (3 mL) and methanol:water 1:5 (2 mL each time) until no more chloride was
present. The filtered liquid was tested with 0.1 mM of AgBF4 until no more cloudiness

occurs. It was dried under vacuum. Yield: 67%, M.P. 220°C (with decomposition).”

3.7.2. Synthesis of  bisnorbornadiene-di-u-chloride-dirhodium,
[Rh(NBD)CI].
This synthesis follows the same procedure as 3.7.1, but the reaction time was for 6

h only.

3.7.3. Synthesis of cyclooctadiene-n’-1,4-(1,2-bis(diphenylphosphi-
no)butane) rhodium (I) tetrafluoroborate, [Rh(COD)(dppb)]-
[BF4]

[RhCI(PPh3)3] (50 mg, 0.101 mmol) and AgBF4 (20.3 mg, 0.105 mmol) were
dissolved and heated in 5 mL of dry acetone. After 30 min of stirring the reaction was
filtered. Dppb (43 mg, 0.101 mmol) in 20 cm® of THF was added slowly to &e filtered
liquid. The mixture was stirred at room temperature for 30 minutes more. The colour
changes from yellow to slightly orange. The filtered solution was concentrated to 30% of
the original volume and ethyl ether was added until complete precipitation was reached.
The orange solid was filtered and dried under vacuum. Yield: 80%. 3'P-NMR & = 56 ppm,
IJ(103Rh-3‘P) =146 Hz. "
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3. Experimental

The synthesis of cyclooctadiene-n>-1,4-(1,2-bis(diphenylphosphino)propano)
rthodium (I) tetrafluoroborate, [Rh(COD)(dppp)|BFs," follows the same procedure. A
solution of dppp (44.5 mg, 0.101 mmol) in dry acetone (15 mL) was used.

The procedure using NBD (norbornadiene) was the same. However the addition of

the phosphine must be slower, avoiding the complexation of two bisphosphines.

3.7.4. °'P NMR determination of n°-1,4-(1,2-bis(diphenylphosphino)-
butane) bis(solvent) rhodium  (I) tetrafluoroborate,
[Rh(COD)(dppb)][BF4] in acetone and CH,CI,

30 mg of [Rh(COD)(dppb)][BFs] was dissolved in 1 mL of acetone
CH;COCH,/CD3COCD; 10%. H, was bubbled for 30 min through the solution. 3'P{'H}
NMR was recorded for this solution. The same procedure was followed for the dissolution
in CH,Cl/CD,Cl; 10%. In the last case, 'H and *'P were recorded.

3.7.5. 3P NMR determination of rhodium tris(triphenylphosphine)-
(solvent) hexafluorophosphate. [Rh(PPhs)s(solvent)][PF¢] in
CH.Cl; and [bmim][PF]

40 mg (0.043 mmol) of [RhCI(PPhs3);] were mixed with TIPFg (15.4 mg, 0.043
mmol) in 5 mL CH,Cl,, stirring for 30 min and filtered. The liquid was concentrated until
dry. The yellow powder was characterized by NMR at 250K using 3'P{'H}. 49.3 ppm, dt
U(%Rh31PY) = 244 Hz, 4C'P-31P?) = 30.5 Hz; 31.0 ppm, dd, 'J(®Rh->'P?) = 133 Hz
Coalescence temperature at 300K (broad peak) at 36 ppm.'¢

3.7.6. Reaction of cyclooctadiene-n-1,4-(1,2-bis(diphenylphosphino)-
butane) rhodium (l) tetrafluoroborate, [Rh(COD)(dppb)][BF]
with Hz in 1-butyl-3-methylimidazolium tetrafluoroborate ionic
liquid [bmim][BF,]

30 mg of [RhClI(COD),], were dissolved in 1 mL of [bmim][BF,]. Hydrogen was
bubbled through the solution for 30 min. 'H and *'P NMR were recorded. Identification of
[Rh(dppb)(S)][BF], [(H)(dppb)Rh(p-H);Rh(dppb)(H)] and [Rh(dppb))s* was performed
by >'P NMR.
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3.8.

ionic

in [bmim][BF]/hexane

liquid/hexane.

[RhCI(PPhy);]  in
Xaici5=0.67/hexane; [Rh(NBD)(dppb)]BF, or [Rh(COD)(dppb)I[BF]

3. Experimental

Hydrogenation of cyclohexene by using biphasic conditions:
[emim][Al:Cl;]

[RhCI(PPh;3);] (46 mg, 0.05 mmol) was dissolved in 2 mL of [emim][ALCly] x41c0=
0.67. 3 mL of hexane and 0.46 mL of cyclohexene (5 mmol) were added. The biphasic
mixture was heated at 40°C, with H; at 1 atm for 24 h. At the end of this time, the products

in the organic phase were quantified by gas chromatography. The inorganic mixture, which

contains the ionic liquid and the coordination catalyst, was characterised by *'P{'H}-NMR

spectroscopy.

Table 3.3. Parameters for the hydrogenation of cyclohexene by using [Rh(Cl)(PPh3)3] in

[emim][Al>Cl;] and [Rh(COD)(dppb)] in [emim][BF ] and [emim][BFg].

Time | Temperature | mg/mmol | mL, g, mmol mL [Rh]
(h) (°C) Rh cyclohexene hexane | in
ionic
liquid
M
[emim][ALCl;] | 24 40 23.5/0.0254 | 0.2/0.162/1.978 | 1.5
x41c15=0.67 0.0127
ImL
[bmim][BF] 19 40 35/0.0483 0.42/0.34/4.153 | 1.5
1mL 19:30 [r.t. 0.1/0.081/0.989 | 1.5 0.0483
20 r.t. 0.3/0.243/2.967 { 1.5
[bmim][PF] 20:30 |30 30/0.0414 0.1/0.081/0.989 | 1.5 0.0414
ImL 20 It 0.3/0.243/2.967 [ 1.5
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4. Results and discussion:

Solution in [emim J[AI;CI;]

This chapter discusses the different behaviour found in chloroaluminate ionic liquids
when the complex [RhCI(PPh;);] is dissolved in acidic [emim]{ALCl;], with AICl3 molar

fraction x4cs; = 0.67. The molar fraction is given by equation 4.1 and refers to the quantity of
AlCl; added to [emim]Cl.

_ Ryicls
Xaicr; =

Eq. 4.1
PAICI3 M PemimCl :

All the rhodium complexes are insoluble in neutral or basic chloroaluminate (x4ci; <

0.5). Hence all the work reported here is based on acidic mixtures of [emim] [A12Cl7]k.

4.1. [RhCI(PPhs)al in [emim][Al.Cl;]

Fig. 4.1 shows the 3'P{'"H}-NMR spectrum of Wilkinson's catalyst dissolved in
[emim}[ALCly] x4ic1; = 0.67. Three signals are observed (details in Table 4.1).

Table 4.1. 162 MHz > P{' H) NMR data fbr Fig. 4.1. Couplings are in Hz and chemical shifis

in ppm.
Nuclei { Chemical shift | Integration ® | multiplicity | 2JC'P->'P) | 'J(“Rh-"'P)
Py 45.5 1 dd 37 216
P, 43.7 1 dd 37 201
P, 6.8 1 s - -
¢ Without Nuclear Overhauser Effect (NOE). Integration with NOE is 1.6 for P + P’ and 1
Jor the singlet in 6.8 ppm.
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4. Results and discussion: [RhCI(PPh;);] in [emim][Al,CI;]
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Fig.4.1. 162 MHz*'P{' H} NMR of [RhCI(PPh3)3] in [emimCl][Al;Cl;].

The singlet at low frequency does not show Rh-P coupling and its integration is one,
which means that one PPh; is no longer attached to the metal. The spectrum of this signal
without H decoupling showed a doublet with coupling constant of 504 Hz (Fig. 4.2). This
coupling constant is consistent with a P-H interaction and is assigned to [HPPh;]"." It is well
known that strong acids such as fluorosulfuric acid are able to protonate PR3 to form species
such as [HPR3]". Table 4.2 shows the NMR parameters of protonated PR; that have been
reported before and the values of coupling 'JC'P-'H) are quite large due to a direct
interaction of protons with the phosphorus.? The large coupling *'P-'H for all the [HPR3]" in
Table 4.2, are in the same order of magnitude as the coupling observed for [HPPhs]"
[emim][AL,Cly]. The protonation of PPh; in chlorolaluminate ionic liquid may be due to the
presence of H' species in the ionic medium. It is known that AICl; and any chloroaluminate
(IIT) anion reacts with traces of H,O (present during the synthesis of the organic cation) to
produce HCI, [ALL,OClg] and other chlorooxoaluminate (III) species. Also, the presence of
HCI in an ionic medium gives a superacidity to the ionic liquid® where PPh; is easily
protonated. The counterion of [HPPh;]" may be [AICl4]” or any oxochloroaluminate (IIT)

anion that has been studied by Osteryoung and Seddon’s group (section 2.6).*

The signals at high frequency in Fig. 4.1 correspond to two different phosphorus

nuclei that are still attached to rhodium. There are eight lines, where each four lines
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4. Results and discussion: [RhCI(PPh;);] in [emim][Al,Cl;]

correspond to each phosphorus atom and are a result of 153Rh-*"P coupling and * 'p-3lp

coupling, for the two phosphorus atoms. The expansion of this region appears in Fig. 4.3.

| |
: .
Il
| |
| f
| .
I 'i I
1‘ |
)\ a / \
\‘ '-‘ »\ LN (R E ”m,"\/-aw'r_{v \v\”nwij M Mo
10 8 6 4 APPSR
(bpm) . 8
(ppm)

Fig. 4.2. 162 MHz 3 p NMR spectrum [RhCI(PPh3)s] in [emim]/AlgCl7]. a) Signal at low
Jfrequency in Fig. 4.1, 'H decoupled; b) The same signal but with " H coupling, 1./(3 'P-'H) 504
Hz.

Table 4.2. NMR spectral parameters for protonated PR; with fluorosulfuric acid’

PR 8 free PR3 | 8°'P NMR S'HNMRin | 'JC'P-'H)
’ ppm of [HPRs] ppm | [HPRs]' ppm | Hz
PH; -238 -101 2.2 548
PMe; -62 -3 6.3 497
PEt; -19 22 5.9 471
PPr’; 19 44 5.5 448
PBu’ 61 58 5.4 436
PBu"3 32 13 6.0 470
PPt 32 13 6.0 465
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4. Results and discussion: [RhCI(PPh;);] in [emim][A,CI;]

The analysis of the 3'p{'H} NMR signals gives 8(P") 45.5 ppm, J('PRR-PY 216
Hz; 2JC'P2-'PY) 37 Hz ; 8(P?) 43.5 ppm, 'J('®Rh-*'P?) 201 Hz. It is worth noting that line 1
and 3 in Fig. 4.3 have slightly different intensities than 2 and 4. In the same manner signal 6
and 8 have less intensities than 5 and 7. This ‘lean’ of the signals of P' and P? is indicative of
spin-coupling between them that was corroborated by 3'p{'H}-COSY NMR (Fig. 4.4). The
small coupling constant P2-P' is consistent with a cis conformation at the metal. Large

coupling constants 'J(")3 Rh-*'P) of both phosphorus nuclei to the rhodium centre suggest a
Rh(I) centre.

l](l(nRh_3lP)
/ ; ; \2J(3]P_3|p)

—

|

W A
At MAH' Wrw "L\(‘!&WW

1 Y \‘# ol
o T o i J "1{, "gz

48 46 44 42
(ppm)

Fig. 4 3. Expansion of high frequency region in Fig. 4.1. Each phosphorus shows a double
doublet, with a large coupling to " Rh and a smaller *' P->' P coupling.

In addition, these large couplings suggest a similar weak frans-influence ligand. For
comparison, in the case of Wilkinson's catalyst (Fig. 4.5, 10) P', which is trans to chlorine,

has 'J('®Rh-*'P) 192 Hz, while for the P? atoms, which are mutually frans to each other,
LJ(PRK-31P?) is 146 Hz.
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Fig. 4.4. 162 MHz *' P COSY-NMR of[RhC 3(PPh / { in [emtm][AlaCl%] 241 K. 24P p)
35 Hz suggests a cis stereochemisiry. "10%RR-3'P') 216 Hz and'J('R-'P?) 201 Hz.

P2Ph;
Cl—Rh—P'Ph,
P?Ph;

Fig. 4.5. Wilkinson’s catalyst, 10.

Considering the values 'J('®Rh-*'P') 216 Hz and 'J('®Rh-'P?) 201 Hz for the
solution of [RhCI(PPh3);] in [emim][Al,Cl;], we can assume that in the ionic liquid each
phosphorus should be frans to ligands ‘similar’ to chloride or a “solvent” molecule. Ligands

with similar trans-influence properties produce the proposed structure in Fig. 4.6.

P'Phg
Phs P>—Rh—Cl

X
24

Fig. 4.6. Proposed structure for [RhCI(PPh;3)s3] in [emim][Al;Cl;] according to
the results of NMR.
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4. Results and discussion: [RhCI(PPhs);] in [emim][ALCl,;]

This structure fits with the >'P-NMR spectrum. It has two cis-PPh; ligands attached to
rhodium (I) and two similar #rans ligands. In this case, X the ligand #rans to one phosphorus,

should be similar to C1 . The possibilities for X are:

1. A vacant site.

2. N,

3. A carbene derived from the 1-ethyl-3-methyl imidazolium ion.
4

. [AICLy] ", whose co-ordination must be by chloride as a bridge between rhodium
and aluminium. Other possibilities are any oxochloroaluminate (III) that can act as
a ligand too. The possibilities of [ALCl;] or [Al;Clyo]  are less likely as they are
less coordinating than [AICl,]”.°

4.1.1. A vacant site

Initially, the possibility of a vacant site is discussed. A tricoordinated centre in
[RhCI(PCys);] has been reported and the >'P NMR spectrum shows both phosphorus atoms to
be equivalent, with 'J('*Rh-*'P) 209 Hz.® The authors do not clearly discuss any difference
between ‘Y’ or “T’-shape structures but the >'P NMR suggests equivalence in both PCys;
ligands due to a rapid exchange or ¢Y’-shape structure. It is known thatv compounds such as
cis-[Pt(R")(MeOH)(PR%),] (R'= Ph, Et, Me and R? = Et, Me) exchange a molecule of
methanol at low temperature and they rearrange to the frans isomer. This mechanism was
deduced by 'H and C{'H} NMR and does not discard the possibility of a ‘Y’ shaped
intermediate, but there is no clear evidence for this proposal.” However, a ‘Y’ structure for 24
in Fig. 4.6 would give a simple signal (doublet) in the 3'P NMR spectrum, but not two

different phosphorus atoms as is observed in Fig. 4.3.

On the other hand, the crystal structure of [Rh(PPh;)3]ClO4 has been reported with a
‘“T’-shape structure due to the presence of a coordinating solvent such as THF.® This first
report does not discuss the possibility of interchange between phosphorus sites and no *'P

NMR parameters were reported.

More recently, the fragment [Rh(PPh;);]" has been observed in CD,Cl/[NBu"4][PFg] °
and in CD,Cl, with the anion [7-[(1’-(closo-1",2’-C,BoH|)]-7,8-C2BoH 1] ™."° In the first
case, the solution in CD,Cl,/[NBu"4][PFs] produces a clear AB)M pattern in the 3p NMR
spectrum at 250K for [Rh(PPhs)s]": P! (a, Fig.4.7), doublet of triplets at 49.3 ppm, 'J('*Rh-
31p)) 244 Hz, 23'P-*'P) 30.5 Hz; P2, doublet of doublets, 31.0 ppm, V(' ®Rh->'P?) 133.5 Hz,
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2‘](311)1'3]1)2) 30.5 Hz. In the second case, with the carborane as an anion, the fragment
[Rh(PPhs);]" gives a similar result in the *'P NMR at 185K: Pj, doublet of triplets at 48.5
ppm, J('®Rh-3'P') 244 Hz, UC'P''P?) 32 Hz; P2 doublet of doublets at 29.9 ppm,
J(®Rh-'P?) = 134 Hz. The large coupling 'J('*Rh->'P') 244 Hz is due to the PPh; with a
trans vacant site. When the fragment [Rh(PPh3)3]+ is dissolved in coordinating organic
solvents such as acetone or CH;CN, the coupling lJ("BRh-3 ]Pl) for the PPh;3 trans to the
solvent is reduced to 171 Hz, (b, Fig. 4.7)."" It is worth noting that in [emim][A1,Cl,] ionic
liquids this coupling is not as large as 244 Hz and it is not as small as 171 Hz (208 and 216
Hz, Fig. 4.3).

P2Phg P?Ph;

—Rh——P'Ph;  S—Rh——P'Ph;

P2Ph, P2Phy
a b

Fig. 4.7. Elimination of a Cl” from Wilkinson’s catalyst to produce: a) vacant site
in non-coordinating solvents with large IJ(I 03Rh-'P) or b) the coordination of
the solvent, S = CH;CN or THF and reduction of \J(“Rh->'P)).

The two examples in Fig. 4.7 have shown that the fragment [Rh(PPh;);]" has a fast
exchange ratio at room temperature with a broad signal at 31 ppm in the *'P NMR,*? but has
a ‘T’-shape structure at 185-250K with a vacant site in a weakly coordinating solvent such as
CH,Cl,. This contrasts with 24, where separate PPh; signals are observed at room

temperature, showing that exchange is slow.

In thé case of 24, Fig. 4.6, a ‘T’ shape molecule in solution has two possibilities for
[RhCI(PPhs),] that are depicted in Fig. 4.8. Only one has two non-equivalent PPh3 ligands
(11-T,) and could have two kinds of phosphorus in the *'P NMR spectrum,

PPh;
Rh—Cl Ph;P—Rh—Cl
PPh; PPhg
1 l-T1 1 1'T1
Fig. 4.8. Elimination of PR3 from Wilkinson’s catalyst to produce a ‘T’ shaped

complex.
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However, the coupling constant for the PPh; rans to the vacant site in 11-T; is not as
big as 244 Hz and is closer to the range of 200 Hz. The coupling constant of P?Phs in
Wilkinson’s catalyst, 10, is 196 Hz. It is trans to a chlorine and the last value is more in the
average for PPh; trans to a weak ligand. This result implies once again that the group frans to

one of the PPh; ligands must be a similar ligand to chlorine,

4.1.2. The coordination of nitrogen or the formation of a carbene

The second option, having N, on the metallic centre, was avoided by using Ar in
every synthesis. The possibility of a carbene derived from [1-Et-3-Me-imidazolium]" can be
discarded because such ligands have as largé a trans-influence as a tertiary PPhs, and it would
produce a smaller coupling lJ("BRh-3 IP)."" Also, di(PR3)carbenes have a trans structure with
coupling 'J(*®*Rh->'P) of about 136-119 Hz."? In addition it is known that carbenes such as
M-CR;, where M can be Ir or Rh, are observed under basic conditions, in the presence of
alkoxo ligands on the metal,” but not in acidic conditions as exist in [emim][AL,Cl;]. The
formation of a carbene would give new signals in '"H NMR and *C NMR spectroscopy, but
no new signals were observed, essentially due to the large concentration of the organic cation

in the ionic solvent.

4.1.3. [AICI]  as ligand

Finally, the possibility of [AICl4] as ligand was considered. There are reports where
this anion can act as a ligand in transition metals such as Ti (a, Fig. 4.9),"* Zr (b, Fig. 4.9),"
W'S and more recently in Hg." In addition, [AICL]™ as a bridge has been reported by
electrochemical studies.'® In contrast, there is only one example of a crystal structure where
[ALCI;]™ is coordinated to a transition metal in [(1°~CsHe),Pd, {(n-CDAICL(u-CDHAICI;}],Y
and the structure of [AL,Cl;] has been observed as an anion in metallic complexes but

without interaction with the metallic centre (b, Fig. 4.9).2
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Fig. 4.9.a) Structure for [Ti{(1-CI)2AICI2} 2 776~benzene) ];I Oa b) Structure of
[ALCl;] ™ determined by x-ray diffraction in the complex

[{1f (Me;CsHy) Zr{(1~Cl)2AICI}] [ALCl;]. "

If that is the case, considering that there is a high concentration of the anion, X can be
[(1-CD)AICL;]™ in Fig. 4.6 and it can be assumed that P? is trans to chloride and P' is trans to
[(-CDAICL3]™, because of the lower trans influence of bridging chlorides. For these reasons,

the most likely species in solution, with [AlIC1L4]™ as a ligand, is that shown in Fig. 4.10.
Cl -
Ph3P—-Rr|1—CIAICl3

PPhy
Fig. 4.10. Proposed structure for [Rh(C) {(u-CDAICI3}(PPh3);] ", 24, in [emim][ALCl;].

This example is one of a few structures where two bulky PPhj are in the cis position
with weak trans-effect ligands in solution. It is clear that the highly acidic medium in
[emim][AL,Cl;] can pull out a PPh; from the metallic centre. The most labile PPh; is the one
that is trans to other PPh; due to the higher trans-effect of PPhs, instead of the PPh; trans to |
chlorine. Then the cis-bis(PPhs); isomer is trapped due to the coordination of [(u-CI)AICL]™

in the vacant site. No indication of the formation of the frans-isomer has been found.

The mechanistic details, proposed by Halpern and Brown for the hydrogenation cycle
of [RhCI(PPhs);] in organic solvents, suggest the initial liberation ofa PPh; and the formation
of trans-[Rh(CI)(PPhs);] (section 2.6). The last intermediate has been proposed but never
observed. Theoretical calculations of the fragment [Rh(CI)(PH3);] suggest the higher
stabilization of the cis-isomer in a “T-shaped’ arrangement.?' Theoretical studies with bulkier
PR3 groups have not been reported for the last intermediate, but would probably suggest the

isomerisation to the frans isomer due to the higher steric demand in PPhs. It has been
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calculated that the initial formation of “T’~rans-[Rh(C1)(PPhs);] in the cycle, reacts with H;
10* times faster than [Rh(C1)(PPhs);].>

The present section has given evidence of a cis-di(PPh;) rhodium complex that has |

not been observed before in any organic solvent. This clearly suggests two things:

* The ionic liquid [emim][AL,Cl;] is stabilizing a species cis-[Rh(CD{(p-
C1AICI;}(PPhs),]” that may be nonexistent in the organic solvent, which suggests the

existence of another mechanistic pathway in the ionic liquid, or

* If [Rh(CI)(PPh;),] in organic solvents has a cis configuration and not the frans as has
been proposed, then the ionic liquid [emim][Al,Cl;] has been able to trap the intermediate

due to the coordination of a [AICl4]  anion in the medium.

Whichever of the last two options is true, both show the new chemistry of
Wilkinson’s catalyst in acidic chloroaluminate (III) ionic liquids. The existence of cis-
[Rh(C1){(u-CAICL;}(PPhs),]~ in [emim][ALCl;] has certainly given an alternative for a
new mechanistic pathway for the hydrogenation in ionic liquids and it may help to support

certain intermediates in the already proposed mechanism in organic solvents.

4.1.4. Attempts to record Al NMR of [Rh{(u-Cl)AICI}(Cl)(PPh3)]~ 24,
in [emim][AlCl;]

It is known that Al NMR has been used to study the chemical shift of
chloroaluminate (III) anions in ionic solutions.? Also, *C NMR signals of the organic cation
shift according to the AlCl; molar fraction (xcs3, €q. 4.1) in the ionic mixture.? In an attempt
to observe any shift of the 2’A1 NMR resonance of the solution with 24 or any extra signal for
the coordination of [(u-C1)AICL;]~ with the thodium complexes in the ionic solution, the 2’Al
NMR was recorded. It did not show any new signal due to the coordination of the anion,
while the signal due to the ionic liquid that is the solvent shows a broad signal at 104 ppm
corresponding to the equilibrium of [AICl4]™ and [AL,Cl;]™ as was pointed out by Wilkes.”

It is worth noting that the concentration of the ionic solvent was 9.9 M while the
thodium complex is 0.061 M, at most (with 40 mg of initial [Rh(CI)(PPh;);]) and it is 145

times less than the concentration of the solvent. The diminutive concentration of the new
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complex 24 makes it very hard to see in the ionic liquid and attempts to see any change in the

“AINMR spectrum were unsuccessful.

4.2.  Solution of [Rh(CI)(PPh3)3] in [emim][AI;Cl;}/AF

The last section has shown results from using a highly pure batch of [emim][ALCl4].
However, when [Rh(CI)(PPhs)s] is dissolved in [emim][A1,Cl;] that has been prepared by
Schlenk techniques, the formation of a hydride is observed. The 3'p NMR spectrum of the
solution of Wilkinson’s catalyst in impure [emim][Al,Cl;] is shown in Fig. 4.11: 1P, singlet,
6.4 ppm, 'JC'P-'H) 504 Hz; 2P, doublet, 57.2 ppm, 'J('®Rh->'P) 144 Hz. 'H NMR signal at
8 -17.4 ppm as a quartet, "J('*Rh-"H) 15 Hz, 2/C'P-'H) 15 Hz.

The quartet that is observed in the 'H NMR spectrum results from the coupling to
l03Rh, (doublet: 'J (***Rh-"H)), and from the coupling to two equivalent PPh; (triplet 2J ('P-
IH)). Both couplings are similar so the multiplet is seen as a pseudo-quartet that comes from
two overlapping triplets. Selective decoupling of the >'P NMR signal at 57.2 resulted in the
hydride signal collapsing to a doublet. This shows that there is a triplet structure for the *'P
coupling to the hydride signal. Two PPh; ligands are coordinated to rhodium and théy are
equivalent. In addition the magnitude of 2J(*'P-"H) demonstrates that both PPh; ligands are
cis to the hydride.
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50 40 30 20 10
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Fig. 4. 11. NMR spectra for [Rh{(u-C)AICI3}H(PPh3),] a) 162 MHz °'P NMR
spectrum of [RhCI(PPh3);] in impure [emim][Al;Cl;]. The solution shows two
equivalent phosphorus attached to rhodium with 'J (" Rh-'P) 144 Hz and [HPPh;]".
b) Hydride region of 400 MHz 'H NMR spectrum of [RhCI(PPh3);] in impure
[emim][AI;Cl;]. ¢) 12.6 MHz, " Rh INEPT NMR spectrum; d) proposed structure for
the product in impure [emim][Al;Cl;].

The formation of one symmetric hydride with two PPh; groups attached to rhodium is

deduced from these results and one possibility for the formed species in solution is 25.

PPh, T~
CLAICI—Rh—H
PPh,
25
Here, [(u-CDAICl;]” may be interacting with the rhodium centre once again.
Configuration 25 is proposed because the value 'J ("®Rh->'P) 144 Hz in this compound is
similar to phosphorus-rhodium coupling of P? in [RhCI(PPhs);] where 'J('Rh-*'P?) 146 Hz

(Fig. 4.5) for the phosphorus atoms that are frans to each other. This spectrum corroborates

the presence of two equivalent PPh; groups attached to a rhodium centre with one hydride in
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the cis-position and this agrees with structure 25. In addition, a similar hydride complex,
[Rh(H)(CO)(PCy;),], has been reported which shows a *'P NMR doublet at 59.3 ppm
J('Rh-*'P) 146.5 and a hydride signal at —5.9 ppm.”*

The '“Rh{INEPT} NMR spectrum was collected and is shown in Fig. 4.11, ¢, 1155
ppm. The 'Rh NMR spectrum shows a triplet (J('®Rh->'P) 144 Hz) of doublets (‘J('*Rh-
'H) 15Hz). Normally, doublets have a +1:+1 splitting, but the INEPT pulse sequence does not
follow usual intensity patterns and a doublet due to the hydride is -1:+1 with the separation
given by 'J('Rh-'H). Other kinds of splitting in the Rh spectrum are: a) —1:0:+1 for
dihydrides with 2'J('Rh-3'P) as the separation between —1:+1 signals; b) —1:-1:+1:+1 for
trihydrides with separation of “J('*Rh-'P) among each signal. In [emim][ALCl;], the
doublet -1:+1 in the 'Rh NMR signal suggests the presence of only one hydride and the
triplet shows the presence of two PPhs ligands. The possible structure for the hydride in
impure [emim][AL,Cl;] is shown in Fig. 4.11d, and the complex 25 with a square planar

structure is considered in the first instance due to the large coupling ( LU(%Rh->'P) 144 Hz).

In addition, the 8 ('®Rh) of the hydride 25 is quite large in comparison with the
known Rh(I) complexes already reported. Unfortunately, there are few examples of 183Rh
NMR of Rh(I) hydrides and the known Rh(I) complexes that preSent a similar chemical shift
to 25 present weak ligands such as acac and nitrogen in [Rh(acac)(rf-
MeNBEtCEtCMeSiMez)] at 2344 ppm.* All other known Rh(I) compounds contain strong
ligands such as CO or dppb and the (*Rh) NMR signal appears between —100 to ~1000
PPm,* which are quite far from the ('’Rh) shift in 25. Hence, the '®Rh chemical shift for 25
may be consistent with Rh(I) hydride with a weak ligand such as CI™ and interactions with a

high concentration of CI” in the environment make the & (‘®*Rh) appear at higher frequency.

The formation of a hydride in the impure [emim][Al,Cl;] may be the result of the
presence of HCI (section 4.2.2). Traces of H,O react with chloroaluminates (II) producing
HCI and oxochloroaluminate (I11) species. It is known that Rh(IIT) complexes such as
[Rh(CI)3(PPhy);] in CH,Cl, present a small coupling (44 Hz, section 6.2.2).” However, in the
case of impure [emim][Al,Cl;], the large coupling 'J('®Rh-*'P) 144 Hz indicates a Rh(l)
centre instead of a Rh(III). Then, it is worth noting that a Rh(I) complex is being formed in a
highly acidic environment w1th [emim][Al;Cl;}/HCL. The mechanism pathway is not clear but
a possible reductant of the rhodium complex can be: i) interaction with the hydrides in the

organic ring or ii) the presence of metallic Al° obtained during the sublimation of AICl;. Both
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alternatives are explained below but the evidence suggests that the presence of aluminium

metal may be the most likely reason for the reduction of the rhodium centre.

4.2.1. Interaction with the imidazolium ring to give Rh(l) hydride

An alternative to explain the formation of the hydride may be the interaction with the
imidazolium ring where there are two sources of hydrogen: the aromatic protons and the alkyl

protons.

In the first case, it was considered that H; on the ring could easily be lost in the
presence of any base. In fact, the solution of 1-ethyl-3-methy] imidazolium chloride in MeOD
experiences total exchange of the H' for D from the solvent after 3 months, Fig. 4.12. The

same process has also been studied by electrochemistry in MeOH.?

If these processes can occur in the solution of [emim][Al,Cl;], then the insertion of
the rhodium complex would have given the observation of the carbene, Fig. 4.13. Attempts to
observe the presence of any carbene by BC NMR were unsuccessful due to the high

concentration of the organic ion from the solvent.

\, ~ H3 H?
/N\fN*\}_ J%OL /Y\F( -

MeOH
oy

Fig. 4.12. Exchange of H, from the ring in the presence of MeOH is observed by losing the
NMR signal of H'. This process is observed after 3 months in dissolution and by
electrochemistry.”’

Also, as was mentioned, this kind of reaction has been observed only in a basic
medium, and the coupling 'J('®Rh-'P) with dialkylimidazoliumrhodium carbenes is smaller
(119-135Hz).!! The mass spectrometry FAB* and EI" of the reaction mixture does not show
any fragment corresponding to [Rh(H)(emim)(PPh;),]. It has been known that carbenes with
Pd(0) and Ni(0) are highly stable in [emim]{ALCl;] (x4ics; = 0.55) and they are used as

catalysts for the dimerization of olefins with high stability while they do not last long in
toluene ? "
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Fig. 4.13. Formation of a carbene rhodium hydride in [emim][Al,Cl;]. This compound is
unlikely due to the absence of a basic agent to produce the stabilization of the negative
charge in C and the production of a carbene.

The other source of hydrogen in the imidazolium ring is the ethyl group. It is known
that ethyl groups may interact with the metal and produce the corresponding C-C double
bond, but the efforts to look for representative signals in the vinyl region, around 4.0-6.0 ppm
in the "H NMR spectrum, were unfruitful®® It is worth noting that the ethyl group is bound to
the ring and the insertion of metal in the N(ring)-sp°C', to produce a N(ring)-Rh-CH,CH;
may be unlikely although this process has been proposed by Dupont’s group with Pd.*! Then,
the hydrogen migration from the p-C to produce (Nring)-Rh-H and ethene was not observed
by mass spectrometry FAB* or EI'. The interaction of the metal with the organic ring was
finally discarded when the same hydride 25 was formed in the solution of [RhCI(PPhs)s] in
toluene with an excess of AICl; without the presence of any imidazolium salt, section 5.2.
For this reason, the possibility of the formation of the hydride 25, due to the interaction of
cis-[Rh(CH{(u-C1)AICI;}(PPhs)a] ™, 24, with the ethyl group or any part of the imidazolium

Ting was no longer considered.

It is worth noting that the same hydride 25 is formed when hydrogen is passed
through the solution and section 4.3 explains the whole reaction. Also, 25 is formed when
[emim][A1,Cl;] is old or impure. It means that the formation of 25 is dependent on the batch
of [emim][A1,Cl;] used, where [emim]* concentration is constant. Hence the formation of 25
must be impurity driven. The next section shows that another possibility to produce the Rh(I)

hydride may be the presence of AI° impurities in the ionic liquid.

4.2.2. AP as a reductive agent

An alternative explanation for the formation of 25 is the presence of metallic AI°. It is
worth noting that a rhodium (I) centre is being formed in a highly acidic environment with
[emim][ALCl;)/HC]. The mechanistic pathway is not clear, but the sublimation of AICl; at
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140°C was considered as a possible source of impurities. This purification of AICl; may
produce small quantities of AICI and Cl,, It is known that AICI is highly unstable and can
disproportionate to form the more stable AlCl; and Al° according to eq. 4.2.% The reverse
reaction to give gaseous AICI accounts for the ready volatilisation of Al° in the presence of
AICI3, hence the presence of Al° in the sublimed needles of AICl;. Then, when the ionic
liquid [emim] [AL,Cl7] is produced by mixing [emim]Cl and freshly sublimed AICl;, the final
Product has a considerable concentration of AI°. This produces a darker coloration in
[emim]{ALCl;]. These traces may react with [Rh(CD){(p-CDHAICI3}(PPh;),] ", 24, to produce
[Rh{(H'CI)AICh}(H)(PPh3)2]—, 25, while Al° produces AI(III).

AIX(s) === 2/3Al(s) + 1/3A1X5(s) AH isprop=-105kI mol™  Egq. 4.2

A possible mechanism to form the hydride 25 observed in [emim][A1,Cl;] from 24 is
the interaction of Al° with CI* from the rhodium complex and the formation of Al-Cl as an
intermediate that can consequently trap CI" and produce AICl; that can be incorporated into
the jonic solution. Fig. 4.14 shows the summary of two reactions occurring in clean
[emim][AL,Cl;] and impure [emim][AL,Cl;)/HCL.

[HPPh,J* : -
PPh, PPh,
Cl—Rh—PPh, ™1 Ph,P—Rh—Cl
pure :
PPh, [emim]{ALCl,] CIAICI,
10 24
[emim][ALCl,]
impure
25
TPha -
I:CIsAICI-—-Rh-H jI

PPh,

Fig. 4.14. The highly pure [emim][Al,Cl;] gives the formation of [Rh(C)/{(u-
CDAICI3)(PPh);] ™. The impurities of A’ in [emim][Al,Cl;] reduce 24 10 25.
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4.2.3. Hydrogenation of [Rh(Cl){(,u-CI)AIClq}(PPhq)z]_ in [emim][AI.Cl;],
Xaciz = 0.67

In order to understand the formation of the hydride 25 in [emim]{Al,Cl;], the
hydrogenation of a solution of 24 was studied. Hydrogen was bubbled through the solution of
24 in pure [emim][AL,Cl;]. The mixture was allowed to stand and the 3P{'H} NMR was
recorded. This shows the formation of a signal at 6.2 ppm, [PhsPH]". A new signal appears at
high frequency 8 57.2 ppm, '"J('®Rh-*'P) 144 Hz, as does a "H NMR signal at & -17.4 ppm as
a quartet, lJ(”BRh-'H) 15 Hz, 2JC'P-'H) 15 Hz. This hydride corresponds to the same
hydride as 25, Fig. 4.11. Surprisingly, the hydrogenation of 24 in [emim][Al,Cl;] shows the
formation of a Rh(I) hydride, while the hydrogenation of [Rh(C1)(PPh;);] in common organic
solvents gives the well known Rh(III) cis-hydride 12 with two signals in 3'P NMR, assigned
to P and P2 Fig, 4.15 illustrates the species that have been observed in [emim][AL,Cl;).

PPhs 71— P'Phs
Ph, Pz"”"-||ah"““‘C|
CLAIC—Rh—H
R | Sy
PPhy P'Ph,
25 12

The hydride 25 is formed when the initial compound [Rh(CH{(n-CDAICI;}(PPhs),] ™,
24, in pure [emim][ALCl;] is allowed to stand under argon for two weeks. This certainly
allOWed the presence of a large amount of moisture that produced HCI in the ioni¢ mixture.
Hence, the production of any Rh(III) centre is due to the oxidative addition of HCI and is
reduced by the Al° traces to produce Rh(I) hydride, 25.

The addition of 1-methylcyclohexene to the solution of 25 in impure [emim][Al,Cl;]
(a, Fig. 4.17) produces cis-[Rh(C){(u-CDAICI;3} (PPh3),] ", 24, two double doublets at lower
frequency & 45.8 and 5 43.6 ppm with similar coupling constants 'J(‘**Rh-*'P) 216.5 and
200.7 Hz respectively. Cis-[Rh(Cl){(n-C1)AICI3}(PPh;),]  in Fig. 4.1, Table 4.1 has & 45.5
and § 43.5 ppm with coupling constant 'J('®Rh->'P) 216 and 201 Hz respectively which are

within the experimental error when these are compared with values in Fig. 4.17, b.
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PPhy
Cl-Rh—PPhg
L
10
pure
[emim][Al,Cl] Uppnar
PPhy 1-
PhsP-Rh—Cl
émmh
femimlIALCl7] 4 +H,
[RhCI(H)2(PPhj),]
PPhs 1™ Possible intermediate
CLAICI-Rh—H Hel
PPhy
25

Fig 4.15. Proposed mechanism to explain the existence of a symmetrical hydrzde in
[emim][AL,Cl;]. The possible intermediate Rh(IIl) has not been observed by *'P NMR but
explains the formation of 25.

When the solution of trans-[Rh(Cl){(n-C1)AICl;}(PPhs),] ™ is allowed to stand for an
hour, the starting material reappears and three new species at 8 48.5, singlet, 44.7 doublet and
32.3 ppm doublet are observed (d, Fig. 4.16). The singlet at 48.5 ppm corresponds to the

decomposition of the free PPh; in the presence of impure [emim][Al,Cl5].

The signals at low frequency 32.3 ppm correspond to an organic interaction between
the PPh; and the olefin. This compound is formed when PPh; is added to a mixture of
lemim][A1,Cl,] with olefin only, without any rhodium complex. The doublet at 44.7 ppm isa
new hydride species with 'J('*Rh->'P) 134.8Hz and 'H & -11.4 ppm, 'J('®*Rh-"H) ~ 2J(*'P-
lH) 19.9 Hz. The hydride signal appears as a pseudo-quartet that corresponds to two
overlapping triplets. The triplets come from the coupling to two similar PPh; ligands. The
coupling constant 'J('®*Rh-*!P) and chemical shift for this Rh hydride are smaller than the
initial hydride 25 and may correspond to a Rh(II) centre interacting with the [AICL] in
solution (Fig. 4.17). This corhpound has not been isolated. The presence of [AICly]™ produces
the polymerisation of the olefin and not the Rh complex because the polymerisation occurs

€ven without rhodium. It has been proved that hydrogenation of the olefin occurs in basic and
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neutral [emim][AICI4]*® but also it is believed that the hydrogenation can occur in acidic
[emim][AL,Cl,] if it is carried out under the right conditions (section 4.3.1).* In the
conditions used in this experiment, instant polymerisation occurs without any signal

corresponding to the respective alkane.

PhsP/_ CIAICl;
a H " ~pph, 25
MJ {MWWWWWWNMWWWWWWMMWMWMWWWWWWW
PhsP . .Cl | |
b | N\ M\ jﬁ phapm " ~ciac, 24 |
Mw\h*wwm»kwhw LN NG RF O PIPIY) | 1Y %
¢ MNWMWW \4 MMWWWMMWWWWNMMMWW W
d Jw M Wwﬁmemwuwmwwwwmmmwwaw
ll\illllI]\ll!l\ill!\\!ll‘l!\I]\I\\T\![!l\[ll'{ll!ll
30 20 10
(ppm)

Fig. 4.16. Addition of olefins to the hydride trans-[Rh{(u-CD)AICI3}(H)(PPh;),] ~ gives trans-
[RR(CD {(-CDAICI;)(PPh3),] . *'P NMR of @) [Rh{(-CDAICI;}(H)(PPhs)2] " b) addition of
10 equivalent of I-methylcyclohexene to a, the formation of [Rh(C){(u-C))AICI3}(PPh3),] ;
¢) the same sample as b afier 30 min; d) the same as b after 1 hr.

The alkene, 1-methylcyclohexene, is insoluble in [emim][Al,Cl;], as are others such
as cyclohexene or 4-methylcyclohexene. Each olefin polymerises instantly with the ionic
solvent. The presence of chloroaluminate (IIT) permits the interaction with the double bond in
the olefin. The olefin can be inserted into the Al-Cl or Al-H bond producing a o-bond Al-C
(Fig. 4.18), and then the olefin can be consecutively inserted into the Al-C bond and this can

produce the polymerisation of the olefin. This reaction is known as ‘Aufbaureaktion’ (growth
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reaction) and was discovered by K. Ziegler.** Alkylchloroaluminate (III) ionic liquids have

been used to polymerise ethene in the presence of a nickel catalyst with very good results.’

- PhyP., .CIAIC,
Ph,P.,  LCIACKL |~ . RN,
H=Ri=ppn, O/ 2

25
HCI

24 - T
Cl,  .CIAICI AP, |
- 5 POgPr, o CIAICH,
+ ” ~.
Ph,P” “pph, (l)l PPh,

Rh(ll)
Fig. 4.17. Proposed mechanism for the formation of 24 in the presence of olefin.
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Fig. 4.18. Polymerization of cyclohexene in the presence of AICl;. Ziegler-Natta
polymerisation.

4.2.4. Hydrogenation of cyclohexene in [emim][Al.Cl;]

It has been noted that the addition of cyclohexenes to the solution of 25 in
[emim] [ALCl;] produces the polymerisation of the olefins and a rhodium complex that was
unidentified due to the difficulties of isolation (25a, signal at 44.7 ppm). However, the
addition of hydrogen to the solution d in Fig. 4.16, produces the formation of 25 again and

the signal at 44.7 ppm disappears. Then the extra addition of cyclohexene, dissolved in
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hexane, to 25 in [emim][ALCl;] that had been enriched with hydrogen, produced the
hydrogenation of the olefin in 99% yield at 40°C, after 24 hours, with a TOF 3.24 h™.
Changes or degradation of 25 were not observed. The concentration of the cyclohexene in
hexane is 1.31M and the concentration of initial [Rh(CI)(PPh3);] to produce 25 in
[emim][ALCl;] is 0.0127M. This produces a rétio of 103:1 for cyclohexene:Rh (details in
Table 3.3), ¥

This could be contradictory: the excess of hydrogen in the ionic liquid produces the
hydrogenation of cyclohexene when it is diluted, while the absence of hydrogen in a large
Concentration of cyclohexene produced just the polymerisation product. However, it is known
that reactions such as the Heck reaction is a highly condition sensitive reaction that only
Works at certain conditions and can be stopped by a slight change in temperature or
Concentration.® Then, conditions dependence can be applied to the hydrogenation of
Cyclohexene, especially the concentration. The hydrogenation can be carried out when
Cyclohexene is diluted and there are more chances to interact with a rthodium centre than with
another cyclohexene, while in pure cyclohexene, the polymerisation occurs faster due to the
large interaction with aluminium and other cyclohexenes and a poor concentration of the

thodium complex, in comparison with cyclohexene.

The hydrogenation of cyclohexene with 25 in [emim][Al,Cl;] represents a good
option to develop a hydrogenation system and shows the versatility of the present ionic liquid
to develop certain conditions where hydrogenation can be carried out and occurs faster than
the polymerisation.

In addition, the polymerisation of cyclohexene agrees with the results of Dupont™
ctal. but the hydrogenation of cyclohexene in acidic ionic liquids has not been reported
before and this may show that acidic chloroaluminate (III) ionic liquids are a versatile solvent

to produce important hydrogenation conditions although it is a highly air sensitive material.

4.3.  Attempts to isolate rhodium () from [emim][Al,Cl;]

Finally, it should be mentioned that the isolation of 24 and 25 from the ionic solvents
has proved impossible due to the high solubility of such compounds in [emim][Al,Cl;].
’ Extractions with organic solvents like petroleum ether; toluene or hexane were unsuccessful.

The production of ionic rhodium species makes the separation and the extraction from an
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ionic media into a molecular solvent difficult. Solvents such as dichloromethane or
chloroform are completely miscible with the ionic part and any attempt to crystallize any
product results in the formation of brown-red oily solutions at room temperature that become
more viscous at 4°C or below due to the phase change of [emim][Al;Cl;]. Isolation by
chromatography cannot be considered because of the high air and moisture sensitivity of the
ionic liquid.

The product 25 disappeared gradually from the ionic solution until it vanished after 1
month as was observed from the *'P NMR spectrum. Such disappearance was assigned to the
degradation of the ionic liquid. Old solutions of [Rh{(p-Cl)AICI3}(H)(PPhs);] produce new
signals in the *'P NMR spectrum corresponding to phosphorus without rhodium interaction.
The explanation of the decomposition of [HPPh;]" are explained by the reaction of PPh; with
Cly. The degradation products of the PPh; were also identified as [CIPPh;][AICl4] at 65 ppm®
and Ph,POCI at 42 ppm.*' The oxidative addition of Cl, to the metal produces the elimination
of PPh; that reacts with the highly acidic medium producing more [HPPhs]" and PPh;Cl,.
The metal centre, on the other hand, may produce rhodium chloride anionic species that are
Completely soluble in [emim][Al,Cl7] and cannot be extracted into organic solvents. During
One of the attempts of separation, slow crystallization with a mixture 1:1:1 of

CHzClz:ether:[emim][A12Cl7] gave the precipitation of an anionic decomposition product:

Irans -[RhCly(PPhs),] [emim]" 26, Fig. 4.19.

Fig. 4.19. Complex 26 isolated from the solution of [RhCI(PPh3);] in
[emim][Al,Cl,]/CH,Cly. Hydrogen atoms have been omitted due to clarity.
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4. Results and discussion: [RhCI(PPh3)s] in [emim][ALCL]

This product has not been reported, though the anion has been known since the 1960’s
and crystallized with [PPhy(CH,CH=CH,)]" as cations.” It is clear that the presence of

moisture and oxygen avoid the proper crystallization of [AICl]  species around the metallic

centre because they decompose to oxochloroaluminate (ITT). The presence of such impurities

around the crystal, that were impossible to remove with any solvent, did not make the

diffraction clear. Table 4.3 shows the parameters of the X-ray diffraction of 26, and the

complete diffraction Tables appears in appendix 1.

Table 4.3. Crystal data and structure refinement for trans-[RhCly(PPhs);][emim], 26.

[ ————

| Empirical formula C42H41CuN2P2Rh Reflections collected 12295
 Formula weight 880.42 Independent reflections 8840 [R(int) = 0.1294]
Completeness to theta = 90.1 %
Temperature 150(2) K
- 28.33°
| Wavelength 0.71073 A Absorption correction Semi-empirical
| Crystal system Triclinic Max. and min. transmission | 0.9524 and 0.8029
Refinement method Full-matrix least-squares on
Space group P-1

F2

a=9.7840(12) A;

o= 94.293(2)°. -13<=h<=11,
. = : -11<=k<=15,
Unit cell dimensions b =11.7699(14) A; Index ranges
B=104.517(2)°. -20<=1<=23
c = 18.438(2) A;
y = 104.563(2)°.
v Data / restraints / 8840/0/464
| Volume 1967.7(4) A3 parameters
z Goodness-of-fit on F2 0.960
- — 2
Denci Final R indices [I>2sigma(l)] | R1 = 0.0739, wR2 = 0.2143
onsity (calculated) | 1.486 Mg/m3
A . R indices (all data) R1=0.1015, wR2 = 0.2367
| Absorption coefficient | 0.820 mm-1
Largest diff. peak and hole - -3
F(000 900 rgest ditt. p 4.242 and -1.840 . A
Crystal size 0.28x0.14x 0.06 mm3 | Theta range for data 1.15t0 28.33°.
—— collection

Another attempt to isolate 24 or 25 by extraction with [AsPh]" was unsuccessful and

the addition of [AsPh4]Cl to the ionic solution of each compound gave a complex mixture,

Which made the identification quite difficult due to the formation of new ionic species that

obviously are still soluble in the ionic liquid and stay there instead of the organic solvent.
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4.4, Summary

It is worth noting that the coordination of the ion [AICls]  made the identification of
new species that have been unknown in organic solvents possible and the efforts to isolate 24
and 25 from [emim][A],Cl;] agreed with the proposal of the ionic nature of these rhodium
Species in the ionic liquid. The high solubility of 24 and 25 does not permit their isolation

from [emim) [AL,C17], which is considered a highly polar medium.,

The next section shows that the formation of ionic species will depend basically of the
addition of AICl;, but later sections will show that the presence of the cation in the ionic

liquid may be important to the stability of the substances.
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5. Results and discussion:

Solution of [RhCI(PPhs)s] in CH,CI> with AICI;

5.1.  [RhCI(PPh3)s] in CH,CI/AICI/HCI

In order to elucidate whether the ready formation of Rh(I) rather than Rh(III)
complexes in reactions of [RhCI(PPh;3);] in acidic [emimCl)/AICl; were as a result of the
ionic liquid or were due to the presence of AlCl;, [RhCI(PPh;);] was dissolved in CH,Cl,
containing AICl; and HCL. The 3'P-NMR spectrum at room temperature of a solution of
Wilkinson's catalyst in CH,Cly/AICI;/HCl is shown in Fig. 5.1: sharp signal at & 6 ppm,
broad signal at 45 ppm and an impurity that does not show an interaction with Rh at § 47.5
ppm. The sharp signal at low frequency is assigned to [HPPh;]". This signal shows a large
coupling 'JC'P-'H). |

Decreasing the temperature for this sample to 241K showed a different spectrum, Fig.
5.2. The brbad signal (~45 ppm) at room temperature was split in well-resolved signals at low
temperature as two doublets of triplets at & 46.6, 2JC'P-'H) 18Hz, 2J(*'P-3'P) 18Hz, 'J(*®*Rh-
*'P) 136Hz; & 46.0, 2JC'P-"H) 18 Hz, 2JCC'P-*'P) 18 Hz, "J('®Rh->'P) 139 Hz and a doublet
of doublets at 543.6, 2J'P-'H) 16 Hz, J('®Rh-'P) 136 Hz. Each 3P signal is
apprdximately of equal intensity. The coupling 2JC'P-"H) arises from the failure to decouple
the hydride signals at 5 —16.49 and —16.68 ppm. The '"H NMR spectrum shows two hydrides
at & —16.49, as doublets, 'J'®Rh-"H) 14 Hz, of triplets, 2J*'P-'H) 21 Hz, and & -16.68, as
doublets, 2J(*®Rh-'H) 14 Hz of triplets, 2/'P-'H) 21, with intensities of 2:1, Fig, 5.3a. These
correspond to two different hydrides. Table 5.1 shows the spectral data. Selective irradiation
of *'P NMR signals permitted the elucidation of which phosphorus signal corresponds to
which hydride signal. Tickling the *'P NMR signal at 3 46.6 and 46.0 produced a change in
the hydride signal at & —16.49 while tickling the phosphorus signal at & 43.7 produced a
change in the hydride at & —16.78 (Fig. 5.3.b). A *'P{'H} COSY NMR spectrum at this
temperature established: i) signals at & 46.6 and 46.1 ppm are coupling each other; ii) the
signal at 8 47.0 couples to the one at & 46.5 and the signal at § 46.5 couples to the signal at &
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5. Results and discussion: [RhCI(PPh;);] in CH,Cly/AICIy/HCI

45.6. This permits the determination of 'J('*>Rh->'P) 136 and 139 and not 84 and 86; iii) the
lack of coupling between the signals at & 46.1 and 46.6 and that at 8 43.7. Possible structures
are discussed below (Fig. 5.6).

M

% o 1) 2 10
Fig. 5.1 162 MHz *'P{' H]-NMR spectrum of [RhCI(PPh3)3] in CH>Cl/AICIy/HCI,
room temperature.

"'l' L O O L Vrvjf['f L L L I ]‘ T T T T T 17 17 l T T 1T 1T 1 1 171 T T T

40 30 20 10
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Fig. 5.2. 162 °' P{' H}-NMR spectrum of [RhCI(PPh3)3] in CH:Cly/AICIy/HCI, 241K,
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5. Results and discussion: [RhCI(PPh;);] in CH,CI/AICI;/HCI

Table 5.1. 162 *' P NMR data for Fig. 5.1.

Nuclei | Chemical shift (ppm) | Multiplicity | 'J('”Rh-"'P) | 2JC'P=""Py) |  2JC'P-'P)
o 46.6 td 136 18 21
P’ 46.0 td 139 18 21
P’ 43.6 dd® 136 16 21
bp! 6 s - - JE'P-"H) 504

a) Residual 'H->'P coupling; b) assigned to [PhsPH]" cation as in ionic solvent.

From this result we could deduce there are two different species in solution, each one

contains a hydride.

H' H? H' H®

I I ﬂ

il
i w_“ /J“l “;1‘ N J’ !
I ) VWt

1 ™ T T 1 1 ’ - s ; s
-16.8 -16.8

(ppm) (ppm)

a b

Fig. 5.3. 400 MHz 'H NMR spectrum of [RhCI(PPh;3);] in CH,Cl/AICI;/HCI, 241K.

a) hydride region without perturbation; b) perturbation of signal in>' P NMR frequency at
low chemical shift (543.6 ppm, P°).

Firstly, 'J('”Rh-’'P) values in Table 5.1 are smaller than U('PRh-'P) for
[RhCI(PPh;);] in [emim][ALCl;], suggesting a Rh(IIl) centre. The broadness of *'P{'H}
NMR at room temperature raises the possibility of exchange and hence a *'P{'H} EXSY
Spectrum was recorded at 254 K. This shows exchange between the two inequivalent *'P
nuclei of one compound at § 46.6 and 46.0 and with the second compound at 43.7, Fig. 5.4.
This spectrum shows only cross peaks associated with the retention of the '’Rh spin state.
The signal at 47.0 correlates with 46.1 and the signal at 46.4 correlates with the signal at 45.6.
These exchanges do not involve Rh spin exchange. This condition reveals an intramolecular
mechanism. Exchange between & 46.6 and 46.0 signals gave a rate of 2.2 + 0.2s-1 (P'-P? and
P»-P; exchange between the *'P NMR signal at 43.7 with both signals at 46.0 and 46.6 with a
rate of 5.3 + 0.4 5™ (P,—P3 exchange rate). These rates correspond to AG”5s4 = 60 and 58 kJ
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mol™' respectively. These values were recorded by using [D8] = 70 ms in the NOESY pulse
sequence for the solution [RhCI(PPhs);]/CH,Cly/AICI/HCI (Fig. 5.4), 254K.

p* p?
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Fig. 5.4.%p phase sensitive NOESY spectrum of [RhCI(PPh;3)3] in CH>CIy/AICIy/HCI,
254K. The signal at 46.78 correlates with 46.5 and the signal at 46.1 correlates with the
signal at 45.7. This exchange does not break Rh-P bonds.

The *’A1 NMR of this solution showed two sharp signals at 98.3 and 89.9 ppm, Fig.
5.5. The solution of [AICI3] in CH,Cl/CD,Cl; shows a broad signal at 102.5 ppm with line
width around 300 Hz, corresponding to free [AICl;]"." This suggests that signals at 98.3 and
89.9 ppm correspond to a species where aluminium trichloride is interacting with rhodium via
a chloride bridge. Chloride bridges between Rh and Al reduce the ¢ donation from Al to Cl
because now the Cl is drawing density from the Rh centre. This must increase the electronic

density at the aluminium centre, producing a more shielded aluminium nucleus.
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98384
89.971
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Fig. 5.5. 2741 NMR of dissolution of: a) [AICI3] in CD;Cly; b) [RhCI(PPh3)s] with
AICl; (1:5 fold excess).

The broadness of the signal at 102.5 ppm in Fig. 5.5 a may be related to the
concentration of the AICl; added to the solution in comparison with b, where the

concentration of AICl; is not as large as the solution of spectrum a in the same figure.

The structure of the product presents a problem. The isomer with inequivalent PPhs
groups is first considered. The *'P{'"H} NMR clearly shows the presence of fac-RhH(PPh;),
as 2J(“P-:”P) 18 Hz and “JC'P-'H) 18 Hz shows a mutual cis-relationship between the PPh;
ligands and between the PPh; and the hydride ligand. This rules out the possibility of a square
planar structure. Five coordinate structures were also considered. Based on the geometry of
crystal structures of complexes of the type [RhHCIy(PR3),], the compounds have a square
pyramidal structure with an axial hydride frans to a solvent molecule, with chemical shifts
around —31 ppm. The other possibility, a PPh; in the axial position, is unknown for rhodium
centres but this kind of complex occurs in [RuCly(PPhs);] with a very substantial high
frequency shift for the axial PPhs. Hexacoordinated rhodium (III) centres have small
U('Rh-'P) as is the case for [Rh(Cl)(H)(CO)PRs)s], (27), (section 3.3, synthesis 20-27)
and anions such as [Rh(Cl)s(CO)(PPh3)]” (28) , 'J('Rh-*'P) 70-80 Hz.

y cl -
RaP/1o| 1O cin, | o
<Lt R I Rh:
Rh
o | Ver, a” | ~co
& PPh,
27 28

A possible six-coordinate structure is 29. However, the value of 136-139 Hz for

lJ(mRh-“P) presents some problems. [RhyClg(PEt3)s], (30), has been reported, with 'J('**Rh-
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5. Results and discussion: [RhCI(PPh;);] in CH,Cl/AICIyHCI

3 1P) 115 Hz for P'Et; and 81 Hz for P?Et;. In 30, the P'Et; is frans to a bridging chloride. The
terminal chloride in 29 should exert a stronger trans influence than the Rh-(p-Cl) and result
in a reduction in 'J('®Rh-*'P) below 115 Hz rather than the observed 135 Hz. It is generally
found that 'J("®Rh->'P) is a little larger when the tertiary phosphine is PPh;, rather than PEt;,
but this difference is normally only a few percent, not 17%. It is possible that aluminium
weakens the Rh(u-Cl) bond more than a second rhodium, as in 31, with the consequential |

reduction in trans-influence. Hence a possible alternative structure to 29 is 31.

H
Phs P2/,,,,. I Gl (|;| Et,P?
R : cl
EtsP u, o
Ph3 P1/ |\(_:,| 3 /1, thQ\ClI;R'L;
Clso % ~ Ep™ | o | e
“AICl, cl PEt;
29 30
H
T Ph,3 P/,,,,__th'ﬂ“\\CI\\ -
Phs Pz/’l,,' anCl----- AlICl5 - - Alll3
Rh-i Phed P? | %
Phs P’ | el cl
.\ ;
T AICI, ClAl
31 32

On this basis, the structure of the isomer with equivalent PPh; ligaﬁds is 32. The
observed interchange between PPh; ligands in 31 and between 31 and 32 can be achieved by
either breaking Rh(u-Cl) or Al(n-Cl) bonds (Fig. 5.6).

It means that P' and P* are in equilibrium in the same species because they have the
same spin flipping rate, and both of them are exchanging with P? because they have the same

equilibrium rate.

So, analysing these results, the addition of AICL/HCl to a solution of [RhCI(PPh3)s] in
common organic solvents, CD,Cl; in this case, gave the expected'oxidative addition in the
Rh(I) centre. Surprisingly, the addition of AICl; produced a mixture of isomers because of its
interaction with the chlorides attached to rhodium. A larger 'J(®Rh-*'P) coupling constant is
clear evidence of the decrease in the frans-effect of the chloride as a ligand when it is
attached to the chloroaluminium species. The formation of these kinds of Rh(IIl) species is

not observed in the chloroaluminate (II), x4ci3 = 0.67 ionic liquid.
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H
Phs P%.. | WCl---AICI g
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3la 2 32 ACkL
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Fig. 5.6. Equlibrium of isomeric [Rh{(m-CDAICI3}{(u-Cl)>AICI>} (H)(PPh3);] in
CD,CIly/AICIy/HCI. [(u-CDAICI3]  anion can interact with the metallic centre by one or two
bridging chlorides.

This solution was allowed to stand for more than one month under nitrogen and the
precipitation of a white powder and a cloudy solution was observed. The precipitation of the
oxoaluminate cannot be avoided even in sealed tubes. Impurities such as moisture and air get
into the solution within a few days and react with the highly sensitive aluminium trichloride.
This permits the elimination of the chloroaluminate (III) from the complex but the chloride
remains in the solution. After this period a dimeric face sharing species frans,cis-
[(PPh;3),CIRh(nCI);RhC1,PPhs], 33, is crystallized. The structure of this species is shown in
Fig. 5.7 and 5.8, the crystallographic data is given in Table 5.2 and the complete parameters

are found in appendix 1.

Fig. 5.7. Metallic core of 33.

99



5. Results and discussion: [RhCI(PPh;);] in CH,CIl/AICIy/HCI

This kind of structure was widely studied in the 1980’s’ and presented two kinds of
conformation, depending on the concentration of free PR3 and chloride anions. In this case
the unexpected complex presented three PR; ligands in the dimeric species and two Rh(III)

centres.

Fig. 5.8. Crystal structure for trans,cis-[ (PPh3)2(CORK(1Cl)sRh(CI)5(PPh3)], 33.

Unfortunately, the highly water sensitive [CIAICI;] was eliminated from the rhodium
centre resulting in the formation of the dimer 33. A simple mechanism for the formation of
33 can be proposed as follows. Chloroaluminate (III) can produce HCI, oxo and
hydroxochloroaluminate (III) in the presence of moisture and oxygen (section 2.5). Oxygen
can interact with the rhodium complexes and then be transferred to the aluminium to produce
hydroxochloroaluminate anions. Then, Cl™ that is abundant in the solution, can occupy the
vacant place left by the oxygen on the rhodium complex. Finally, this could produce an
oxidation of the rhodium complex and the addition of more chlorides. Also, the high
concentration of the initial [RhCI(PPhs);], 50mg dissolved in 1 mL of CD,Cl, which gives a

concentration [Rh(I)] = 0.05 mM, may be the reason for the dimerization.
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Table 5.1. Crystal data and structure refinement for trans,cis-
[(PPh3)2(CYR(1Cl)sRR(C)2(PPh)], 33.

Empirical formula Ces He1 Cis P3 Rhy Theta range for data collection | 1.38 to 28.36°.
Formula weight 1389.60 R indices (all data) R oy 2o WR2 =
Temperature 150(2) K Reflections collected 38401
Wavelength 0.71073A Independent reflections (1)42527157] [Rin) =
Crystal system Monoclinic Completeness to theta= 28.36° | 96.4 %
Space group P2¢/n Absorption correction Semi-empirical
a=13.430(4)A;
a =90°
: = 18.758(6)A; 16<=h<=16,-
Unit cell dimensions b = 18.758( )o Index ranges 17<=k<=24,-
B = 96.554(7) 32<=|<=25
c=24.185(7) A,
y=90°
Volume 6053(3) A3 Max. and min. transmission 0.9637 and 0.8964
z 4 Refinement method Full-matrix 0 least-
squareson F
Density (calculated) | 1.525 Mg/m3 Data / restraints / parameters 14575/ 126/ 688
Absorption
coefﬁgelm 0.932 mm-1 Goodness-of-fit on F2 0.798
F(000) 2824 Final R indices [I>2sigma(l)] | & {10 0 02 WR2 =
Crystal size 0.12x0.08x004mm3 | Largest diff. peak and hole 2'2‘_’3 and -0.668

The complexes of interest 31 and 32 could not be crystallized. The observation of a
Rh(III) species in common organic solvents, even with AICl; suggested the idea of studying
the chemistry of the same rhodium complex with a higher excess of AICl;. The next section
shows the results when [RhCI(PPh;)s] is dissolved in CD,Cl; and toluene with a 10-fold

excess of AlICl;.

The presence of oxygen in impure [emim][Al,Cl;] was corroborated by adding pure
CLPPh; to an impure batch of [emim][AL,Cl;]. The formation of signals at 5 65 ppm assigned
to [CIPPh;]"CI™ and OPPhCl, at 42 ppm were observed.
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5. Results and discussion: [RhCI(PPh;);] in CH,CIl/AICIy/HCI

5.2,  Reaction of [RhCI(PPh3)s] in CH,Cl; and toluene with 10-fold excess
of AICI;

When looking for more evidence of the interaction of AICl; in CH,Cl,, the reaction of
Wilkinson’s catalyst in this organic medium was performed in an excess of AICl3. 70 mg of
AICI;3 was dissolved in 1 mL of CD,Cl, and 40 mg of [RhCI(PPh;);] was added. The species
observed by *'P NMR spectra was the same species as that of the hydride complex 25, in the
ionic liquid (see section 4.2). The chemical shift and J('®Rh-*"P) coupling constant was
exactly the same. Surprisingly, the species [HPPh;]" was observed in this solution as can be

seen in Fig. 5.9.

607
598
7.20.
17.2
17.3
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Fig. 5.9. a) ’'P{'H} NMR of solution of [Rh(C1)(PPh3)3] in CH>Cl> with 10 fold excess
of AICI3; b) 'H NMR, hydride region of the same solution; b) 'H NMR, hydride region of the
same solution.

These results were unexpected, because [RhCI(PPh;);] in CH,Cly/AlICI3/HCI made a
mixture of isomers, where HCl was oxidatively added and AICl; may interact with the
species. However in the absence of HCI and excess of AlCls, the species showed the presence
of a Rh(I) hydride. The origin of this hydride may be the remaining moisture in the mixture
that reacted with AICI; and produced HCI, (the same explanation as for the ionic liquid, see
section 4.2). This produces Rh(I) with the elimination of [HPPh;]". The proposed mechanism
is explained in section 4.2.2. The AICl; formed can be incorporated into the ionic dissolution

once again producing [ALCl,] .

On the basis of this result, the stabilization of the Rh(I) centre can be attributed to the
existence of [Al,Cl,] species. Chloroaluminate (III) may extract chlorine species from the
metallic centre due to the availability of many anions in equilibrium.** The other source of

hydride may be the presence of a [HAI,,X,]  species. The hydride would have come from the
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5. Results and discussion: [RhCI(PPh;3);] in CH,CIl/AICIy/HCI

reaction of [Al,,X,,] with CH,Cl,, which forms [HAI,,X,] and CHCl,". However, the reaction

was performed in toluene and gave the same results.

The interaction of the chloroaluminate (III) with the metallic centre may be seen in the
Al NMR spectrum. Here, the broad signal at 94.6 ppm with a linewidth of 1950 Hz may be
attributed to the presence of the [(u-Cl)AICI;]  anion interacting with the rhodium centre by
a chlorine bridge (Fig. 5.10b).

100 50 150 100 50
(ppm) (ppm)

Fig. 5.10. ?’41 NMR of a) AICI3 in CD,Cly; b) [RhCI(PPh3)3] dissolved in a). Evidence
of interaction of chloroaluminate (I1]) in the metallic centre.

This kind of proposal is known. Compounds based on Hg centres have recently been
characterized by X-ray diffraction (34, 35) with Al NMR & 104-105 ppm and linewith 1870
Hz was reported for the dissolution of both species.® Essentially, the chemical shift towards
lower frequency in the case of the rhodium complex may be attributed to the higher
electronic density at the rhodium (I) centre, surrounded by a hydride and phosphines, which

are known as being o-basic, increasing the shielding in the aluminium centre.

34 35
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5. Results and discussion: [RhCI(PPh3);] in CH,Cly/AICly/HCI

When the reaction was repeated in toluene, a different solution was observed.” In this
case, the addition of AICl; to toluene gave a yellow-green solution. Al NMR of this
complex shows a broad singlet at 91 ppm with a linewith of 300 Hz, as in Fig. 5.11a.° The
broad signal at 71 ppm came from the alumina in the probe of the NMR equipment and the
glass from the NMR tube. The consecutive addition of the rhodium complex gave red-brown
oil. When the mixture was allowed to stand, a deep brown oil separated from the organic
phase. *'P NMR of the oily product shows the same pattern as [Rh{(u-C1)AICl3} (H)(PPhs),]
and [HPPh;]" in the ionic liquid and in CD,Cl, with an excess of AlCl;. However, the 2TAl
NMR spectrum (Fig. 5.12b) shows a broader signal than Fig. 5.11b at 102.6 ppm.

91.6
~71.0
102

(ppm) (ppm)

Fig. 5.11. a) ”’Al NMR of AICI; in toluene-ds. Signal at 91 ppm [Al;Clg], signal at 71
ppm due to the Al in glass and ceramics; b) Addition product, [Rh(Cl){(u-
CDAICI3}(H)(PPh3),] |, 24, in toluene.

This result agrees with the proposal that [(u-CI)AICI3] is interacting with the metallic
centre, giving a Rh(I) species. Clearly, the presence of chloroaluminate (III) is the reason for
the stabilization of the Rh(I) centre. Unfortunately, the crystallization of this complex was not
possible. This could be a result of the high concentration of hydrogen bonds that chlorines
can have around the phosphines in the complex. The higher concentration of chlorines the
stronger the bonding of [(u-C1)AICl3]  to the complex. This avoids the separation from the
organic solvent. The other reason is the highly viscous dissolution that increases in viscosity

when it is cool and does not permit the proper crystallization of the compound.
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5. Results and discussion: [RhCI(PPh3);] in CH,ClyAICIyHCI

A conclusion from these results can be that the stabilization of species that do not
exist in organic solvents has occurred. The dissolution of [RhCI(PPh;);] gives new
compounds that have been characterized. This example marks a new beginning in the
chemistry of Wilkinson’s catalyst. It is necessary to know more about the differences that can
occur when using chloroaluminate (IIT) ionic liéluids and organic solvents. Hence, the next
section explains the results of carbonylation of [Rh(Cl){(u-CD)AICL;}(PPh;);] 24, and
[Rh{(u-CDAICI3}(H)(PPh3);] , 25 in [emim][ALCl;]. The results are compared with the
corresponding chemistry of Wilkinson’s catalyst in organic solvents. After that, the chemistry
of Vaskas type complexes in such ionic media is discussed. The results once again are quite
surprising. The solution of such complexes gave different species from the one already
known in organic solvents. The carbonylation of such compounds was carried out and some
important intermediates have been observed and partially characterized by *'P and '*C NMR

spectroscopy.
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6. Results and discussion: Carbonylation of

rhodium complexes in [emim]J[Al;Cl;]

The last chapter has examined solutions of [RhCI(PPh;);] in organic solvents with
the addition of AICI;. It has been proved that the presence of [AICl4] changes the chemistry
of [Rh(CI)(PPhs);] due to an interaction of the metallic centre, possibly through chlorine
bridges and the elimination of a PPh; group. The difficulties of separation of the Rh(I)
species formed in [emim][Al,Cl7] and the difficulties of crystallization of Rh(III) from the
CH,Cly/AICI; systems have been discussed. However, in order to know more about the
chemistry of the [Rh(CI)(PPh;);] in [emim][Al;Cl;], carbonylation of [RhCI{(p-
CDAICI;}(PPh;),] , 24, was carried out in [emim][Al,Cl7]. This chapter shows the results of
this study from *'P NMR spectroscopy and the carbonylation of [RhCI(CO)(PR;),]

compounds in this ionic liquid.

6.1.  Carbonylation of [RhCI{(u-Cl)AICI3}(PPh3);]” in [emim][Al,Cl;]

CO was bubbled through the solution of [RhCI{(u-CI)AICI3}(PPhs),] , 24, in pure
[emim][ALCl5]. The colour of the solution changed from dark to light brown. The *'P{'H}

NMR spectrum of this solution is shown in Fig. 6.1.

(ppm)

Fig. 6.1. 162 MHz *' P{' H} NMR of [RhCI{(u-CDAICI3}(PPh3)>] " in [emimCl][Al-Cl;] with
CO. 'J'PRh-'P) 107.5 Hz.
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6. Results and discussion: Carbonylation of rhodium complexes in femim][Al,Cl;]

The same compound was formed when CO was bubbled through the solution of
[Rh{(u-CDAICL;}(H)Y(PPh3),] 25, in impure [emim][AL,Cl;]). The final complex does not
show any hydride signal in the "H NMR spectrum. The 3'p{'H} NMR spectrum corresponds
to: singlet, 6.5 ppm (2P); doublet, 23.3 ppm, (1P), 'J(®Rh->'P) 107.5 Hz. The singlet at low
frequency corresponds to [HPPh;]" and integrates as two PPh; ligands while the doublet at
high frequency is due to one PPh; attached to the rhodium centre. The elimination of a PPh;
from the initial [RhC1{(n-C1)AICl3}(PPh3),] , complex 24, gives the possibility of the
coordination of CO to the metallic centre (complex 37 in Fig. 6.2). It is known that
carbonylation of [Rh(CI)(PPh3;);] in CH,Cl, yields the Vaska’s type complex
[Rh(CI)(CO)(PPh3),], 36, as a yellow powder with 829, 'J(®Rh-*'P) 127 Hz.! In the

[emim][ALCl;] solution, complex 36 is not observed.

It was clear that the reaction with CO involved the removal of a PPh; from 24. The
reaction of [Rh{(u-CHAICI3;}(H)(PPhs),] , 25, with CO gave the same results and the
formation of the same species. The nature of the compound found in the carbonylation of 24

and 25 are discussed in section 6.3. A summary of reactions appears in Fig. 6.2.

P, R oGl [emim]{ALCH] [P”'"'Rh ..... wCl :l

\ v N
10 p P 24 CIAICh
+CO, CD,Cl2 +H, or impure
[emim][AlCl5]
Pl/,,_ \\\CI
rR Y
ocC P [ p,,, CIAICK
36 ~¢
6 29 ppm, +CO 25
IJ(103Rh 31P) 127 HZ
+CO

37
& 22 ppm, 'J('®Rh->'P) 107 Hz;
No hydride signal in the "H NMR spectrum.

Fig. 6.2. Summary of reactions until now. The carbonylation of 24 and 25 gives an
unexpected signal 37 that does not show any hydride signal in the 'H NMR spectrum. The
carbonylation of [Rh(CIl)(PPhs3)s] in organic solvents gives [Rh(CI)(CO)(PPh3);].

The coupling constant of the carbonyl complex observed in the ionic liquid, 37, is
compared with known complexes in section 6.3, where the reaction with enriched *CO is
followed. A partial explanation of the structure of 37 is given with a clearer scenario for its
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6. Results and discussion: Carbonylation of rhodium complexes in [emim][Al,Cl;]

formation. It is clear that cis-[Rh(C1){(u-C1)AICI3}(PPhs),] , 24, in [emim][Al,Cl;] releases
a phosphine, and coordinates CO but no [RhCI(CO)(PPh;),] is formed. In order to know
more about the formation of the new carbonyl, the monocarbonyldiphosphine,
[RhCI(CO)(PPh;),] was added to a fresh sample of [emim][Al,Cl;]. The next section
describes the study of this solution, giving details about the carbonyls observed as
intermediates in [emim][ALCl;], and compares the >'P NMR parameters with known Rh

complexes in organic solvents.

6.2.  Reaction of [Rh(CI)(CO)(PPhs)5] in [emim][Al:Cl;] Xaici3 = 0.67

As with the previous results with [RhCI(PPh;);] in impure [emim][Al,Cl;] (section
4.2), *'P{'"H} NMR of a solution of [Rh(CI)(CO)(PPhs),] in the ionic liquid showed the
liberation of one phosphine which was protonated forming [HPPhs]" (singlet at 6 ppm,
lJ(3'P-'H) 504 Hz, 1P). A doublet at high frequency 52 ppm, 'J('Rh-*'P) 105 Hz, 1P,
appears and the 'H NMR spectrum shows the presence of a hydride with &-12.5 and
(o Rh-"H) ~ 2J'P-'H) 15 Hz, with the multiplicity of a pseudotriplet, Fig. 6.3b.

529
-52.2¢
~16.58¢

50 40 30 20 10 540 1350 950 945 940
a (pom) b teem) C (ppm)

Fig. 6.3. NMR spectra for solution of[Rh(Cl)(CO)(PPhg)g ] in [emim][AL,Cl;]; a) 3 P{'H)
NMR, b) Hydride region in '"HNMR ; ¢) 'Rh {INEPT} NMR spectrum.

BC{'H} NMR of the complex shows a signal at 172.8 ppm, as a doublet, 'J('**Rh-

1C) 76.5 Hz, of doublets 2/*'P-C) 10.3 Hz. The vco in the FT-IR spectrum is at 2117
cm . The presence of the hydride enables the application of the l°3Rh{'H} INEPT NMR
pulse sequence to get the rhodium signal. The '“Rh {INEPT} spectrum is shown in ¢, Fig.
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6. Results and discussion: Carbonylation of rhodium complexes in [emim] [Al,Cl;]

6.3, 5 945, where two couplings are evident: 'J('®Rh-"H) 15 Hz; 'J('®Rh-*'P) 105 Hz. The
coupling constant 'J(®®Rh-*'P) 105 Hz can indicate Rh(I) or Rh(III), the vco at 2117 cm’
for this compound could indicate Rh(III). From the integration of the *'P NMR spectrum
(Fig. 6.3a) and from the multiplicity in the *C and Rh NMR spectra, it can be seen that
the complex has only one PPh; attached to the rhodium, which is cis to CO, due to the small
coupling 2J(*'P-*C). In the *C NMR spectrum with 'H coupling, 2J(*C-"H) is not observed
at all, which is consistent with a cis-arrangement C-Rh-H, otherwise the coupling would be
in the range of 15-60 Hz.>* The '®Rh {INEPT} NMR spectrum shows the presence of only
one hydride and one PPh;. The isolation of this compound was unsuccessful, but an
additional experiment was performed. The synthesis of [Rh(CI);(H)(CO)(PPhs),], 39, from
36 and HCl gives: >'P & 38 ppm, 'J('*Rh->'P) 85.9 Hz. This compound was dissolvéd in
[emim][AlL,Cl;] and the same complex with the spectra in the Fig. 6.3, was observed. Fig.

6.4 shows a summary of reactions.

Ph3P//,,,‘R .‘\“‘\CI +HCI Ph3P/I/,,_R:|:: -“\\\\CI
he .
oc” 36 pph, oc” |\PPh3_
Cl
[emim]{AILCl;] 39
HPPhs]*
38

52 ppm, 'J("*Rh-*'P) 105Hz.
Fig. 6.4. Formation of 38, a new monocarbonyl rhodium species in [emim][Al,Cl;] whose
structure is proposed in the following sections.
From the NMR evidence, the initial proposal of structure 38 must have a hydride, a
PPh; and a CO, all cis to each other. Possible structures are: i) Rh(I) pentacoordinated
trigonal bipyramidal structure or i) hexacoordinated rhodium (III) complex; the next two

sections discuss both oxidation states as alternatives.

6.2.1. The alternative of a rhodium (I) complex for 38

It has been discussed that the NMR evidence agrees with a structure based on 38a,
where the PPh; group, the hydride and CO are mutually cis. Hence, a square planar Rh(I)
complex such as 38b or 38b’ can be discarded completel