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ABSTRACT OF THE DISSERTATION

lonic liquids (ILs) have been paid particular interest in the field of catalysis over the past 2 decades,
offering not only enhancements in catalyst performance but also the ability to heterogenise
molecular species and effectively combine the benefits homogenous and heterogeneous catalysis.
Although advantageous, significant limitations remain, particularly with respects to leaching and
mass transport. As a result the heterogenisation of IL moieties, in the form of the Supported lonic
Liquid Phase (SILP), has been widely investigated to avoid these issues. By extension of the SILP
concept, polymer materials can offer additional benefits through the well-defined, controllable
nature of polymer chemistry. The work presented herein focuses on the application of pre-fabricated
ionic liquid tagged monomers to prepare well-defined polymer supports under mild, controllable
conditions, termed the Polymer Immobilised lonic Liquid Phase (PIILP). These well-defined materials
were then used to support various homogeneous catalytic species as a means to give highly active,
recyclable systems which effectively combine the positive aspects of homogeneous and
heterogeneous catalysis with the enhancement effects associated with ionic liquids. Chapter 1
discusses the use of ionic liquids, SILP and PIILP-type systems in catalysis across the literature, before
briefly assessing common polymerisation methods in order to determine the most suitable means to
prepare PIILP materials. The initial evaluation of the PIILP methodology is discussed in chapter 2,
wherein a linear pyrrolidinium-functionalised support was prepared by ring-opening metathesis
polymerisation (ROMP). The resulting material was used to immobilise a peroxophosphotungstate
species to give a heterogeneous catalyst which was highly active in epoxidation, alcohol oxidation
and sulfoxidation reactions under relatively mild conditions with H,0, as the oxidant. Chapter 3
discusses the implementation of the PIILP-catalysed sulfoxidation chemistry under continuous flow
conditions, with the promising performance highlighting the potential application of PIILP in the
preparation of pharmaceutical intermediates and in the purification of crude oil. In chapter 4 cross-
linked polystyrene-based PIILP materials are shown to be effective supports in asymmetric Diels-Alder
and Mukaiyama-Aldol reactions, with PIILP supports giving enhancements in ee compared to
analogous IL and SILP systems. Similarly, in chapter 5 polystyrene-based supports are effectively used
to immobilise Pd nanoparticles whilst also investigating the effect of heteroatom donating co-
monomers. Although moderately promising catalytic performance was observed in a range of Suzuki
Miyaura couplings, no clear trends with regards to nanoparticle size and catalyst performance were
noted. The results obtained throughout this thesis highlight the vast potential of the PIILP
methodology in heterogeneous catalysis, however the incredibly complex nature of the relationship
between the catalyst, support and substrate makes it difficult to fully rationalise performance trends.
As such, further, more extensive studies into the support properties will be required to realise PIILP

to its fullest potential.
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1.1. Abstract

The use of ionic liquids in catalysis has seen an extended growth phase over the past two decades due
to their unique and tuneable physicochemical properties which can not only offer enhancements in
catalyst performance but also act as a means to heterogenise catalytic species. Whilst the use of ionic
liquids has been successfully applied across a wide variety of chemistry, in some cases on an industrial
scale, there are clear limitations. In an attempt to address these, the concept of the Supported lonic
Liquid Phase (SILP) catalysis was developed which proved to be largely successful, particularly in fixed-
bed gas-phase reactors. However, limitations still remained with regards to ionic liquid/catalyst
leaching as well as unfavourable characteristics of the generally inorganic support materials. The
incorporation of ionic liquid fragments into the architecture of polymeric materials, which we have
termed Polymer-Immobilised lonic Liquid Phase (PIILP), has become increasing popular over the past
few years as either a subset or an evolution of the SILP methodology. By using PIILP, leaching of the
ionic liquid moieties is negated whilst the use of polymer chemistry affords materials with tuneable
chemical and physical properties. As this work will focus on the development and use of PIILP the
application and relative merits of ionic liquids, SILP and PIILP in catalysis are discussed, and ubiquitous
polymerisation methods are assessed as a means to generate PIILP materials for the immobilisation

of catalytic species.

1.2. Introduction

Efficient organic synthesis plays a key role across a broad spectrum of scientific disciplines ranging
from chemistry to biology and materials. At present there is considerable drive to develop more
environmentally benign, sustainable processes in accordance with parameters such as the “12
Principles of Green Chemistry”,! E-factor? and atom efficiency.® Catalysis is an essential and vital tool
in the development of “green” processes. The advantages of the use of molecular, homogeneous
catalysts are well-established, including the use of a well-defined single active site that is markedly
more active and selective than their heterogeneous counterparts. In this regard, the use of molecular
catalysts has found widespread application across the chemical industry, including processes based
on oxidation, metathesis, hydroformylation, carbonylation, hydrocyanation and oligomerisation.*
Major drawbacks occur with regards to separation and recycling of the catalytic species, with isolation
of the active catalyst after reaction often difficult and potentially resulting in contamination of both
the catalyst and products. This scenario often leads to expensive purification procedures which

generally disagree with the aforementioned green principles as well as adding additional cost to the

process. Whilst the use of heterogeneous catalysts negates this requirement and vyields easily



recyclable systems, there is generally a pronounced reduction in catalyst performance due, in part,
to the more ill-defined nature of the active sites; in fact, some of the listed industrial transformations

above have no heterogeneous counterpart.

Further to the use of catalysis to improve the “green” credentials of processes, the solvents
used are coming under increasing scrutiny. With regards to conventional volatile organic solvents,
concerns arise from their volatility, flammability and lasting effect on the environment; for example,
the use of solvents accounts for 50% of the post-treatment greenhouse gas emissions and 60% of the
energy used in industrial pharmaceutical processes.’ In an attempt to address issues with organic
solvents as well as immobilisation and recycling of homogeneous catalysts, numerous non-
conventional reaction media have been investigated including water, supercritical carbon dioxide
(scCO,) and perfluorinated solvents.® Generally, these alternate media form biphasic systems in which
the product can be extracted either by solvent or by the gaseous reagent stream and have been
successfully applied to a variety of transformations including hydrogenation, hydroformylation,
metal-catalysed C-C bond coupling and oxidation.> Despite their successes there are severe
limitations to this approach including the solubility of the catalyst or reagent and, in the case of
fluorous solvent, the generation of hydrofluoric acid under harsh reaction conditions. Of all the non-
conventional reaction media investigated it is ionic liquids, with their unique, tuneable
physicochemical properties, which have received the most attention and have shown the greatest

promise.

1.3. lonic Liquids

lonic liquids (ILs) are a fascinating class of solvent comprised entirely of anion and cation pairs which
remain in the liquid state at low temperatures, conventionally below 100 °C, which have received
widespread attention across a range of chemistry due to their low volatility, low vapour pressure and
tuneable properties. ILs have been widely acknowledged to have been first reported in 1914 with
observations made by Paul Walden about the physical properties of ethylammonium nitrate, mp 13-
14 °C, which formed in the neutralisation of ethylamine with concentrated nitric acid.” Despite this
observation ILs received very little attention over subsequent decades; select examples include
“liquefied quaternary ammonium salts”, which were reported to dissolve cellulose in 19342, and
mixtures of aluminium (I1) chloride and alkylpyridinium halide salts that were reported in 1948° and
1975.1%|Ls, as they are understood today, were not truly realised until 1992 with the preparation and
characterisation of a series of compounds based on the 1-ethyl-3-methylimidazolium cation with a

range of different anions including [CHsCO], [NOs] and [BF4].** Since this development, room-
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temperature ILs have become more readily available as reaction media for synthetic chemistry. As
opposed to previous iterations, which largely revolved around electrochemical applications, ILs have
seen a meteoric rise in popularity over the past 20 years (figure 1.1). Most modern ILs are
comprised from cations which bear a quaternary ammonium ion, preferably a substituted

imidazolium, pyridinium, pyrrolidinium, or phosphonium
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Figure 1.1 Number of articles in the field of chemistry with “ionic liquids” as the topic (Source: Web of Science
21/11/2014)

cation (figure 1.2). Unlike the early examples of ILs that heavily favoured the use of mixed
chloroaluminate counterions (which exhibited varying properties as a result of mixed composition as
well as a lack of stability towards hydrolysis!?) a whole plethora of anions are now available to
chemists, ranging from halides, to perfluorinated anions, to triflates, and bistriflimides. Through
functionalization of both ions and by varying anion-cation pairings it is possible to generate an
estimated 108 different ILs.B? It is this incredible potential for structural diversity which gives rise to
one of the most desirable aspects of the application of ILs: allowing for fine tuning of their
physicochemical properties to fit a specific need. Generally, the cation is responsible for control over
the ILs physical properties, such as melting point, viscosity and density, whilst the anion controls
chemical properties and reactivity.'* The ability to fine tune physiochemical properties coupled with
generally low volatility/vapour pressure has led to a wide range of application for ILs; however, it is
5

estimated that over half of all publications involving ILs concern their use in synthesis and catalysis,*

and as such this section will focus solely on evaluating their use in this capacity.

Due to the incredibly diverse nature of ILs it can be difficult to make statements about their
properties, as varying cation-anion combinations give rise to markedly different physicochemical

properties; however general statements, as well as comparisons to conventional organic solvents,
5



can be made (table 1.1). One of the common properties amongst ILs is their negligible vapour

pressure, although there are some examples of “distillable ionic liquids” which
Cations Anions
®)R2 b O halide © [(CF3S0,),N]©
®
R1\N 7 N’RS @ N/ ,N\
\—/ 'l?1 R; R,
imidazolidium pyridinium pyrrolidinium BF, © NO3 ©
® R, R PFs © ACl, ©
Ri~N7 | ® |
N ONyg, PR,
R’2 Ri R4 Ri R,
pyrazolium ammonium phosphonium CF380; © Al,Cl, ©

Figure 1.2 Commonly used cations and anions for ionic liquids

require high temperatures.® This low vapour pressure limits exposure to toxic solvent vapour that is

associated with conventional organic solvents whilst also allowing for effective immobilisation of the

reaction solvent and a suitable thermally stable catalyst, which in turn allows the product to be

isolated by distillation. The general lack of vapour pressure can also be advantageous in catalysis

when employing the use of transition metal catalysts, which are often air- and moisture-sensitive,

Table 1.1 General comparison of organic solvents with ionic liquids outlined by Plechkova and Seddon®’

Property

Organic solvents

lonic liquids

Number of solvents

Applicability
Catalytic ability
Chirality
Vapour pressure
Flammability
Solvation
Polarity
Tuneability
Cost
Recyclability
Viscosity/cP
Density/g cm?

Refractive index

>1000

Single function
Rare

Rare

Obeys  the

equation
Usually flammable

Clausius-Clapeyron

Weakly solvating

Conventional polarity concepts apply
Limited range of solvents available
Normally cheap

Green imperative

0.2-100

0.6-1.7

1.3-1.6

>1,000,000

Multifunction

Common and tuneable

Common and tuneable

Negligible vapour pressure under normal
conditions

Usually non-flammable

Strongly solvating

Polarity concept questionable

Virtually  unlimited
“designer solvents”
Typically between 2 and 100 times the

cost of organic solvents
Economic imperative

range means

22-40,000

0.8-3.3

1.5-2.2




allowing for the straightforward removal of water impurities by heating the solvent under high

vacuum prior to reaction.

As stated previously, the combination and functionalization of both anion and cation in ILs
leads to an incredibly broad variation in their properties, possibly the most notable and important of
which is polarity and, by extension, how the IL interacts with solutes. Due to the fully ionic nature of
ILs it may be expected that they would behave as superpolar solvents, however ILs generally exhibit
moderate polarities of a similar magnitude to acetonitrile and methanol, although there is no
definitive way to accurately measure the polarity of the IL in question.!®® Whilst straightforward
Coulombic interactions of the ion pair play a considerable role, the inter- and intramolecular forces
involved with ILs are considerably more complex. Taking the commonly used dialkylimidazolium type
IL as an example (figure 1.3) it can be seen that multiple intermolecular forces are possible, including
hydrogen-bond donation by the protons of the cation and acceptance by the anion, p-stacking from

the aromatic ring of the imidazolium unit and possible Van der Waals interactions

Electrostatic interaction

" Aromaticity of the cation
/ (possible n—stacking)
ayY——(s @ H-bond donor (C(2)-H acidic)

N @ N v Hydrophobic domain
IR A CH Possible Van der Waals interaction
Rz < 3
H

Hydrophilic domain

H-bond acceptor
[A] possible delocalisation of the charge
Lewis base

.

Figure 1.3 Representation of the different types of interactions present in imidazolium-based ILs reported by
Olivier-Bourbigou et al.*®

from the alkyl side chains. As a result, ILs have unique solubility properties, being able to dissolve
polar and non-polar substrates through a combination of the interactions listed above. The complex
combination of potential intermolecular forces at play also gives rise to complicated, sometimes
ordered mesoscopic structures in bulk ILs. Again this effect can be difficult to quantify in general
terms for all ILs; for example, there are several aspects to consider for imidazolium-based ILs with
different anions such as the anion symmetry, its proximity with regards to the positively charged
imidazolium delocalised, the strength of the anion-cation interaction, and the potential for H-bonding
between ionic fragments.?® The bulk structural organisation of ILs can play a key role in the
understanding of their role within a reaction. Three-dimensional, almost polymeric networks formed

by H-bonding interactions with dialkylimidazolium chlorides have been observed through a number



of techniques including X-ray diffraction and NMR spectroscopy,? whilst a similar effect has also been
observed by NOESY NMR for imidazolium salts with tetrafluoroborate ([BF4]) and
bis(trifluoromethanesulfonyl)amide ([NTf,]") anions through p-p stacking interactions of the
imidazolium cations.?’ Such mesoscopic arrangements can give rise to both hydrophilic and
hydrophobic domains from the ionic regions and alkyl side chains of the IL fragments, respectively.
This presence of microdomains can have a profound effect on reactions conducted in ILs and how the
solvent interacts with the solutes, potentially even directing reagents/mechanisms in a similar fashion
to porous solid supports. For example, significant rate enhancements, as high as a 167% increase,
were observed in bimolecular substitution reaction of N-(p-fluorophenyldiphenylmethyl)-4-
picolinium chloride and various simple alcohols by varying the length of the alkyl side chain of the
imidazolium IL solvent.?? The authors postulated that the rate enhancements were a direct result of
pseudo-encapsulation of the reactants within the polar domains of the IL, essentially altering the
effective concentration of the reagents. Similarly the presence of polar and non-polar domains can
have a profound effect on the formation of catalytically active species. For example, a direct
correlation exists between the alkyl side chain length, and hence size of the non-polar domains, and
the size of in situ generated Ru nanoparticles from [Ru(cycloocta-1,5-diene)(cyclooctatetrane)]. In
this regard the size of the forming nanoparticles is limited by the local concentration of the non-polar
organometallic precursor, which in turn is determined by the size of the corresponding non-polar

domains within the ionic liquid.?

Whilst the complex nature of ILs can make it incredibly difficult to determine how a reaction
will be influenced, it is possible to fine-tune the physicochemical properties in order to meet a specific
need. For example, while the general definition of a an IL states their melting point as < 100 °C it is
often preferential to use ILs which remain liquid at room temperature and below, further expanding
the scope of their application. For a particular cation, the choice of anion has been shown to have a
profound effect on the melting point, with coordinating and hydrophilic anions such as halides
yielding higher melting points, and weakly coordinating and hydrophobic anions such as triflates
([OTf]) and triflamides ([NTf,]") giving lower melting points.?* Further to this, fine-tuning of the length
of the alkyl side chain can alter the melting point, with longer chains generally lowering the melting
point.?* Disruption of the ILs molecular symmetry can also lower the melting point of ILs by making
crystallisation more difficult whilst a delocalisation of the positive charge has also been shown to
have a similar effect.? In terms of viscosity ILs demonstrate one of their key drawbacks. Generally ILs
will exhibit viscosities which are considerably higher than conventional organic solvents; this can have
a strong deleterious effect on reactions with regard the dynamics and kinetics of a process. This effect
is most profound when considering catalysis, with the rate-determining step often being the

association of a reactant with the catalyst molecule. Mass transport limitations imposed by an ILs

8



high viscosity can significantly slow this, and hence the entire reaction quite considerably. Despite
this it is possible to tune and lower the viscosity of an IL, with the choice of anion having the strongest
effect, whilst the addition of small amounts of water, even as low as the parts-per-million range, can
also significantly lower viscosity.?” Although the presence of water is a less than ideal when
considering catalysis in ILs it does highlight that it is possible to significantly alter an ILs properties

relatively easily.

As illustrated previously (figure 1.2) numerous different types of IL architectures are
available, however, of these the most frequently used are those based on the dialkylimidazolium
cation. In this regard, there are essentially 4 synthetic pathways to yield the desired IL (scheme 1.1),
each exhibiting both advantages and disadvantages. Often the most popular method of IL synthesis

employs the use of quaternisation-metathesis sequences which utilises quaternisation of an

R, R, X© A R, A©®
R3X ® ®
i) Anion Metathesis R1‘N)§N —_— R1\N)§N’R3 ﬁ» R1\N)§N’R3
MX
R HX e
" o ®
i) Neutralisation R1‘N)§N _ R1\N)§N’H
Re R;X Re X©
iii) Direct Alkylation R1\N)§N 3 R1\N)§$,R3
\—/ —
X o
R ©0,C R, X
. Meo”owme Lo HX Lo
iv) Carbonate Route R,—\"XN Ri~N N -Me Ri=~N XN-Me
\—/ A — \—/
COo,

Scheme 1.1 General routes used to synthesise imidazolium-based ionic liquids

imidazole unit with an alkyl halide, followed by metathesis with a suitable metal-counter anion
species (MA). While this chemistry is relatively simple, it severely reduces any ‘green’ credentials of
the IL in question by the necessary generation of stoichiometric amounts of metal halide (MX) by-
products which can often be difficult, time consuming and costly to remove. This can be especially
problematic when considering hydrophilic ILs, as both filtration and aqueous extraction are rendered
unusable as a means to remove the metal salt by-product. Despite this there have been recent
breakthroughs which circumnavigate both the use of silver salts in the metathesis step and issues
associated with the use of water, by preparing water miscible ILs in the melt of onium-halide salts in
the presence of either the lithium or sodium salt of the desired anion; the resulting IL can then be
extracted with either CH,Cl, or THF.%® Other common routes to synthesise ILs include neutralisation

of a base with a Brgnsted acid or by direct alkylation. Although these methods have attractive
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features such as high atom efficiency, both the neutralisation and alkylation processes are often non-
guantitative and form impurities which are difficult to remove, whilst the functionality of the final IL
is limited by the reactivity and availability of the alkylating agent. The use of alkylhalides has also been
negated in order to generate further ILs through the use of dimethylcarbonate (DMC) as an
alternative green methylating agent. Subsequent anion exchange with either a suitable Brgnsted acid
or water can yield a wide variety of ILs with varied physicochemical properties whilst avoiding the use
of metal-based reagents.?’ Numerous non-conventional procedures have also been reported for the
synthesis of ILs; these employ the use of either microwave or ultrasound irradiation.'® For example,
microwave activation has been used to achieve an efficient one-pot solvent-free synthesis of
imidazolium and pyridinium ILs through an Sn2-metathesis sequence followed by either extraction or
precipitation, with the use of microwave heating affording much higher yields than conventional
heating under otherwise analogous conditions.?® Whilst the use of such activation methods has been
proven to be an efficient methodology in terms of both product yield and the energy requirements,
many ILs are in fact unstable and prone to decompose under sonochemical conditions, and as such

the scope of functionality is once again limited.?*

The purity of the IL used in catalytic processes has proven to be a crucial factor in
performance. The presence of impurities such as inorganic halides, unreacted alkyl halides, and protic
reagents (in particular water) can drastically alter both the physical and chemical properties of the IL
and hence influence catalyst performance.3® Whilst water is particularly problematic due to the
generally hydroscopic nature of ILs, the rest of the impurities are artefacts arising during the IL
synthesis. For example, the presence of halide ions in ILs has been shown to cause deactivation of an
arene hydrogenation precatalyst [HsRus(h®-CsHs)a][BF4]23! as well as Cu(ll)-bis(oxazoline)-based Lewis
acid catalysts. While impurites often act as a catalyst poison, water has been shown to play a key role
in the hydrogenation of arenes catalysed by [(p-cymene)RuCl(dppm)] under biphasic conditions.?
The key step in the mechanism of this reaction is dissociation of a chloride from the ruthenium; as
such the ability of the IL medium to solvate Cl"is an important factor. When the reaction is conducted
in neat or dried 1-butyl-3-methylimidazolium triflate ([Camim][OTf]) no reaction was observed as a
result of poor dissociation of chloride in the IL, rendering the precatalyst inactive; however, upon
addition of water ([Camim][OTf] : H,0 50 : 50), formation of the active hydride species is observed
and the reaction proceeds via an entirely different mechanism (scheme 1.2). A similar effect can be
observed with residual unreacted N-alkylimidazole impurities present after alkylation to yield
dialkylimidazolium ILs. For example, unreacted N-methylimidazole has been shown to act as an
effective base in several organic reactions,® in fact, it has been observed that the imidazole acts as a
34

much more efficient base catalyst than L-proline or piperidine in Michael additions conducted in ILs.

In the synthesis of Au and PdAu nanoparticles, N-methylimidazole, even at incredibly low
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concentrations, has also been shown to act as an effective base, stabilising the nanoparticles and
preventing aggregation.3® From these select examples it is clear that the purity of an IL plays a critical
role in its performance when used as a catalyst, with the presence of impurities being both
advantageous and detrimental under the right circumstances. This again highlights the complex
nature of ILs as solvents and illustrates that an extensive understanding is required before their
implementation. In this regard, numerous analytical protocols have been used to quantify the

30, 36

impurities in ILs including 'H NMR spectroscopy, electrochemical methods® and X-ray

photoelectron spectroscopy.®
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Scheme 1.2 Proposed mechanism of formation of the active ruthenium species in the hydrogenation of arenes
in the presence of [Camim][OTf] and water.3?

As stated previously, more than half of all publications concerning ILs revolve around their
use in catalysis. In this regard the use of ILs as a bulk solvent can greatly simplify product isolation
through their non-volatility and unique solubilities, allowing for either product extraction or
distillation. In this sense, ILs effectively combine the benefits of homogeneous catalysis with the
immobilisation benefits associated with heterogeneous catalysis. In a similar manner to the fluorous
phase and aqueous phase-based approaches discussed above, it is also possible to pass a stream of
gaseous reagents through an IL containing dissolved catalyst to give a highly efficient heterogeneous
system. Further to this the unique, tuneable phase behaviour of ILs can be exploited to give bi- or
even triphasic IL/water/organic systems as ILs can be fine-tuned to render them hydrophilic,
completely hydrophobic or partially miscible with water. In an ideal liquid-liquid biphasic system
(figure 1.4) the IL is able to dissolve the active catalytic species while also being partially miscible with
the substrate, with the reaction product having limited solubility in the ionic phase; this would allow
for simple decantation of the organic or aqueous layer. While appealing, the reality of these systems

often requires subsequent extraction steps in order to enhance the obtained yields, increasing the
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reliance on conventional volatile organic solvents. These extraction steps often highlight one of the
major limitations of the use of IL-based liquid-liquid systems with regards to leaching of both the
catalyst and the IL fragments into the extraction solvent, resulting in potential product contamination
and loss of expensive designer solvents, catalysts and ligands. Liquid-liquid biphasic systems have also
been shown to drastically alter reaction selectivity and alter product distributions due to solubility of
products in processes such as the hydrogenation of dienes and olefin oligomerisation and metathesis.
Again, in this sense, the tuneable nature of ILs allows for optimisation of performance with regards
to catalyst retention, activity, selectivity and stability in a rational fashion. While this methodology
has proven particularly effective for charged catalysts and catalyst precursors through efficient
immobilisation by Coulombic interactions, neutral species are often much less soluble and are hence
more prone to leaching during the extraction process. Even when the catalyst is charged, leaching of
either the metal and/or ligand may still occur when the active species exists in an equilibrium
between a bound and unbound metal centre, as is the case for copper(ll)-bis(oxazoline)-catalysed

Diels-Alder reactions.?®

RXN product ——
—_——
catalyst, catalyst,
reactant reactant

Figure 1.4 An ideal IL-based liquid-liquid biphasic catalytic system

decantation/extraction,
reuse of IL phase

In addition to simplifying product separation, the use of a liquid-liquid biphasic systems
greatly also enables the catalyst to be recycled and reused. In principle, once the product has been
removed either by decantation or extraction, the IL phase can be reused directly or after an additional
drying/purification step. This is of particular benefit as often the catalyst and/or the IL used constitute
the most costly aspect of a reaction. Unfortunately in many cases a drop in catalyst activity and
selectivity is often observed upon successive reuse; again this is often associated with leaching of
both the catalyst and ligand during the extraction or purification processes between catalytic cycles.
In an attempt to further improve catalyst and ligand retention within the IL phase, the concept of
tagged or task-specific ionic liquids (TSILs) was developed. In TSILs an IL fragment is functionalised
with a remote ligand which will coordinate to a metal; this functionalization can be incorporated
either onto the anion or cation. By incorporating an IL unit into the architecture of a catalyst, its
miscibility with the IL media is vastly improved. Since the inception of this concept, tagged ligands,
both chiral and achiral, have been applied to a wide variety of transition metal-catalysed reactions

including hydroformylation, olefin metathesis, Suzuki-Miyaura cross-coupling, and transfer
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hydrogenations, with more recent examples concerning the functionalization of organocatalysts such
as L-proline.*° Previous work by the Doherty group developed imidazolium-taggedbis(oxazoline)
ligands for the use in Cu-catalysed Diels-Alder reactions (figure 1.5). The resulting functionalised
catalyst was recycled 10 times without any loss in activity or enantioselectivity, which was a stark
contrast to the conventional, uncharged ligand.** This improved retention in the IL phase is consistent
throughout the application of TSILs in catalysis, illustrating the practical benefit of tagging on catalyst
retention, while appropriate functionalization of the IL fragments could also facilitate reaction
mechanisms, further improving catalyst activity. In this regard the presence of an appropriate
functional group could help stabilise the formation of a preferred transition state during a reaction,
or provide ligand-type interactions with transition metal centres. Despite this, however, the
additional expense and difficulty involved in the often incredibly complex synthesis of optimum
tagged ligands for specific needs could potentially outweigh the benefits afforded by the use of ILs

and as such should be considered a major limitation.

R=Pr, Bu
X = Br, NTf,

Figure 1.5 imidazolium-tagged and untagged bis(oxazoline) ligands used in asymmetric Diels-Alder reactions

As an extension of the use of ILs to give liquid-liquid biphasic conditions their unique,
tuneable properties have been exploited to give systems in which the ILs miscibility with the co-
solvent can be reversibly switched. At high temperatures the mixture of IL and co-solvent remains
homogeneous which enables the reactant and catalyst to mix efficiently, while upon cooling the
mixture separates to afford a biphasic system which allows the product-containing organic layer to
be separated as described above. Select early examples include the use of a fluorous-tagged IL-
toluene combination used in hydrosilylation*? and IL-water systems in hydrogenation,*® while more
recently polyether,* heteropolyanion® and dicationic Brgnsted acid* based ILs have all exhibited
thermoregulated biphasic properties when used in catalysis. The use of such thermoregulated
systems can effectively avoid major mass transport limitations associated with conventional liquid-

liquid biphasic systems.

While the use of conventional organic solvents to extract products and unreacted reagents
has been largely successful in their application their use can significantly decrease the
environmentally benign/green aspects of a liquid-liquid biphasic system. In this sense the alternate
fluorous phase, aqueous and super critical carbon dioxide (scCO;) solvents discussed in the

introduction have all been used in conjunction with ILs in biphasic systems. The use of scCO; has
13



received considerable interest due to its non-toxic nature, easy recovery and ability to extract a wide
range of substrates from ILs, as well as finding additional interest as a means of addressing
environmental concerns by developing a practical for CO; generated in other areas of industry which
would otherwise be released into the environment. The first successful example of the use of scCO;
was demonstrated in the hydrogenation of 1-decene catalysed by rhodium species in 1-butyl-3-
methylimidazolium hexafluorophosphate ([Camim][PFs]) with extraction of products with scCO,
allowing for efficient recycling and reuse of the IL-catalyst phase.*’” A later development
demonstrated that the use of 1-ethyl-3-methylimidazolium-based IL ([Ccmim][PFs]) in the iridium-
catalysed asymmetric hydrogenation of imines gave an enhancement in the rate of reaction,
attributed to the enhanced availability of H; in the IL phase.*® The use of scCO; in conjunction with ILs
also allows for the development of continuous flow processes (figure 1.6). For example, early work
by Cole-Hamilton et al., concerning the rhodium-catalysed hydroformylation of 1-octene, developed
a system in which the catalyst was immobilised in a stationary IL phase whilst scCO, was used as the
transport vector for the substrates and resulting products. The high solubility of scCO; in the IL media
proved to be highly advantageous by resulting in a reduction in the IL viscosity. To this end the mass-

transport limitations often encountered during catalysis in ILs were significantly reduced.*®
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Figure 1.6 Example schematic of continuous flow homogeneous catalysis using a scCO>-IL biphasic system>®

As stated previously, the incredibly diverse nature of ILs makes it difficult to categorise their
effect on a reaction, with each IL often being specifically suited to a single reaction system. Despite
this, the use of ILs in catalysis has demonstrated clear general advantages in a wide spectrum of
ubiquitous catalytic processes. The clear advantages of catalyst immobilisation, stabilisation and ease
of separation are often the driving force behind the application of ILs, however, numerous reports
have documented considerable enhancements in both reaction rate and selectivity, in particular for
Lewis acid carbon-carbon bond forming reactions.” For example, the Sc(OTf)s-catalysed Diels-Alder
reaction between 2,3-dimethylbutadiene and 1,4-naphthoquinone and the related cyanosilyation of

benzaldehyde both gave high conversion in relatively short reaction times in [Csamim]-based ILs at low
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catalyst loadings (0.1-0.2 mol%), while the same reaction in dichloromethane proceeded incredibly
slowly. What is of particular interest is the enhancement in rate was also observed with just one
equivalent of IL, demonstrating that the positive effects an IL can have on a reaction can sometimes
be achieved when using the IL as an additive rather than as a bulk solvent.>? A similar effect is also
observed in a more pronounced fashion in the Sc-catalysed Friedel-Crafts alkylation of benzene with
1-hexene, which proceeded to near quantitative conversion when conducted in the same IL at room
temperature; the same system in organic solvents remained completely inactive.>® The same effect
was also observed for the alkylation of benzene with 1-phenyl-propyne catalysed by 10 mol% Sc(OTf)s
or Hf(OTf)4. Again, very high yields of the desired Z-alkenylation product were observed in just 4 h in
IL whilst yields dropped below 30 % even after 96 h when the reaction was conducted in organic
solvent. It was reported that the observed increase in activity could be attributed to an anion
exchange process between the catalyst and the IL giving rise to an enhancement of the metal’s Lewis
acidity (scheme 1.3).5% In addition to the formation of a highly Lewis acidic metal species there is also
some evidence for the stabilisation of cationic vinyl and arenium reaction intermediates during

Friedel-Crafts reactions in ILs which can

Ph

M(OTf),
10 mol % X-Me
+ Ph——=——Me >
85°C
anion
exchange
M(OTf), +  X[C,mim][SbFg] > IM(OTf)l[SbFelk  +  X[C4mim][OTf]

more electrophilic
Lewis acid catalyst

Scheme 1.3 Lewis acid-catalysed alkenylation of benzene with 1-phenyl-1-propyne and proposed ion exchange
between the metal catalyst and [C4amim][SbFs] ionic liquid medium

further contribute to the rate enhancement.> Similar enhancements in rate have also been reported
for a range of Lewis acid-catalysed reactions including Sc-catalysed Beckmann rearrangements® as
well as the Cu-catalysed Diels-Alder®® and the Mukaiyama-aldol reaction.’” Enhancements in the rate
of carbon-carbon bond forming reactions are not only limited to Lewis acid-catalysed processes, a
similar profound effect has also been reported for palladium-catalysed reactions such as Heck, Stille
and Suzuki-Miyaura couplings. In this regard, the enhancement in rate is thought to be associated
with the formation of an electron-rich anionic species of the type [L,PdX]". This reactive species has
been reported to be highly active towards oxidative addition®® as well as giving a nucleophilic
assistance effect for the transmetalation step in the case of Stille and Suzuki-Miyaura couplings. In
these cases the anionic species promotes exchange by expanding the coordination sphere of the Sn

t'59

(or B) reagent.”” While these effects are often associated with nanoparticle-based catalysis it is
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possible that an anion-cation pair or a TSIL could also afford similar optimisation for well-defined

molecular complexes.

Further to enhancements in reaction rate, the use of ILs in catalysis has also been widely
documented to yield dramatic improvements in reaction selectivity. One of the more profound
examples is for the regioselectivity of the Heck arylation of electron-rich olefins (scheme1l.4).
Generally, under standard conditions, electron rich olefins will give a mixture of regioisomers with
very low selectivity in comparison to electron-withdrawing functionalised terminal olefins which give
high yields of the b-regioisomer. Whilst it is possible to achieve high a-arylation selectivity when using
either aryl triflates as the coupling partner, or by employing stoichiometric amounts of thallium or
silver salts, both these approaches have clear drawbacks.®° By using the IL [Csmim][BF4] as the solvent
the a-selectivity for the Pd/dppf-catalysed arylation of electron-rich olefins was vastly improved
compared to the same reaction in conventional organic solvents. Improvements were observed
across a range of substrates and in some cases complete selectivity for the a-arylated product was
achieved; the authors reasoned that the ionic environment afforded by the IL facilitated dissociation
of halide to allow for an ionic reaction pathway, a route which is known to yield high a-selectivity
through a combination of electrostatic and frontier orbital interactions.® A similar enhancement in
regioselectivity was also observed in the arylation of 4-bromotoluene with trans-ethyl cinnamate, in
this case the improvement in selectivity was attributed to rapid intramolecular neutralisation of an
olefin-coordinated Pd-H species by a metal bound acetate.® Similar improvement in ILs with

regards to enantioselectivity have also been well-documented
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Scheme 1.4 Pd-catalysed Heck arylation to give a mixture of regioisomers

across a range of Lewis acid-catalysed reactions. Previous work by the group concerning the Diels-
Alder reaction between N-acryloyloxazolidinone and cyclopentadiene (scheme 1.5) catalysed by
either Cu(OTf),/bis(oxazoline) or Pt/diphosphine species reported significant enhancements in ee, as
well as rate, when reactions were conducted in ILs.%*®* With regards to the latter example a
comparison between BINAP/Pt and the conformationally more flexible NUPHOS/Pt complexes in
both IL and dichloromethane was conducted, indicating that the enhancement in ee was attributed
to a decrease in the rate of racemisation of the NUPHOS/Pt catalyst as well as an intrinsic solvent
effect. When considering enhancements in ee the use of ILs also affords a more general advantage in
that high ee’s can be obtained at room temperature which avoids the use of low temperatures often

required in organic solvents.
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Due to their advantageous role in catalysis with regards to both catalyst
immobilisation/product separation and potential enhancements in reaction performance, ILs have
found application in new process technologies across all areas of the chemical industry, either at the
pilot plant or fully commercialised scale.’” One of the more pronounced applications of ILs in industry
is the isobutene/butane alkylation peformed by PetroChina, China’s largest oil producer, which tested
a variety of acidic methylimidazolium and pyridinium IL catalysts up to a 1000 ton scale,® arguably

the largest commercial usage of an IL."’
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Scheme 1.5 Lewis acid-catalysed Diels-Alder reaction between N-acryloyloxazolidinone and cyclopentadiene

Despite the clear advantages afforded by the use of ILs there are several limitations that
hinder their application, and as such these issues must be addressed in order to optimise ILs in
catalysis. Common dialkylimidazolium-based ILs can often be incredibly expensive while the
functionalised TSILs by merit of their more complex structures are even more costly, often prohibiting
their large scale application. As such it is necessary to strive to develop more simplistic IL synthesise
or develop methodologies which require the use of much less IL. With regards to the synthesis of ILs
the purity of the end product can often be problematic as discussed above due to the non-
guantitative nature of IL synthesis. Impurities such as unreacted imidazolium bases, inorganic salts
and water can all have a profound effect on catalysis. Whilst this influence is not always negative it
does highlight the necessary deep understanding of the IL being used and its purity when used in
catalysis. Further issues arise with regards to the synthesis of ILs when considering their overall ‘green
credentials’. As ILs have found considerable interest largely as green alternatives to organic solvents,
the sometimes protracted synthesis could potentially outweigh any positive effects. Whilst ILs are
generally considered highly stable, the evaluation, and indeed application, of ILs is often conducted
under Schlenk-type conditions, i.e. under vacuum or a nitrogen atmosphere. Under more harsh
reaction conditions (such as high acidities, basicity and temperatures etc.) ILs, particularly the
functionalised TSILs, may not be as stable as previously envisioned. The often high viscosity of ILs is
arguably one of their more prominent drawbacks, imposing mass transport limitations on the system
as discussed above. Whilst it is possible to minimise this problem through fine tuning of the ion pair
or by functionalization, the added difficulty in this procedure does highlight that the use of ILs in the
liquid phase, either as a bulk solvent or in a liquid-liquid biphasic system, is less than ideal. Further

issues also arise with regards to the biphasic system due to the requirement of a co-solvent, again
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potentially negating the ILs ‘green credentials’. Whilst it is possible to recycle and reuse the catalyst/IL

phase this process is by no means perfect with catalyst and IL leaching often occurring.

To conclude, ILs possess unique properties and scope in the usage of catalytic processes,
allowing for improvement in catalyst performance as well as it’s recycle and reuse, while their diverse,
tuneable nature allows for optimisation for almost any conceivable system. However, their role and
effect on a reaction system is often incredibly complex, making predictions very difficult. It is easy to
consider ILs simply providing an “ionic environment”, however the multiple possible inter- and intra-
molecular forces, as illustrated in figure 1.3, illustrate the need for a more in-depth understanding of
the ILs physicochemical properties and the role it plays in a reaction mechanism. While clearly
advantageous under the correct conditions, the sometimes severe limitations of ILs, in particular their
high viscosity and high cost, has led to considerable drive within the chemical community to develop

new, different methodologies for their usage.

1.4. Supported lonic Liquid Phase Catalysis

The major concerns evident when using ILs in homogeneous catalysis are most predominantly
product isolation as well as the large quantities required, particularly when processes are conducted
on a large scale. With regards to the latter point, the large quantities of IL required can be
disadvantageous due primarily to the prohibitively high cost of the IL, as well as the potential
toxicological concerns which arise from the lack of understanding of their long term stability. As such
there has been a considerable drive to reduce the amount of IL used whilst still maintaining the
positive influences in homogeneous catalysis; this led to the concept of the Supported lonic Liquid
Phase (SILP). In a typical SILP system (figure 1.7)% a small amount of IL is dispersed through a high
surface area material, such as silica, alumina or an activated carbon, resulting in a high surface area
thin film of IL. The catalyst of choice is then dissolved in the thin layer of IL to give what is essentially
a homogeneous catalyst that can react in the same fashion described above; as such SILP effectively
combines the positive properties of homogeneous and heterogeneous catalysis by providing a solid,
insoluble material which can be easily isolated and reused but has the favourable performance of a
homogeneous system. Further advantages of SILP over catalysis in bulk IL phases arises from the
incredibly thin IL film on the support surface, which generally falls in the range of 10-50 A.®” As a
result, the dissolved catalyst within the IL layer is close to the reaction interface, drastically reducing
diffusion pathways and negating potential problems which arise from viscosity when using bulk or
biphasic ILs. As such the use of SILP can often lead to enhanced rates when compared to the use of

bulk ILs.
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Figure 1.7 Schematic representation of Supported lonic Liquid Phase (SILP) materials for catalysis®

Early examples of the application of SILP include the impregnation of silica with pre-formed
Lewis acidic ILs, most commonly consisting of aluminium chloride derivatives, which catalysed a range
of Friedel-Crafts reactions.®® As with their IL forbear, SILP materials have become increasingly popular,
and as such, much more diverse in subsequent years, incorporating a variety of ILs, catalyst and
support materials. In this regard there are essentially four main methodologies in the preparation of

SILP materials (figure 1.8). The immersion method (figure 1.8 A) is arguably
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Figure 1.8 Illustrations of the four main categories of SILP-based catalyst materials: A) immersion method; B)
and C) covalent anchoring methods; D) solid catalyst with ionic liquid layer

the most straightforward means of generating a SILP catalyst and is by far the most commonly used,
particularly for the immobilisation of a homogenous metal complex. Preparation occurs by simple
impregnation of the support material with a pre-prepared solution of the catalyst or precatalystin IL,
often in the presence of a suitable organic solvent (wet impregnation). Following the impregnation
process the non-volatile nature of the IL allows for the organic solvent to be removed in vacuo leaving
the desired dry SILP material. The use of highly porous silica gels (c.a. surface area of 300-500 m?g’
1189 3s the support material appears to be the most prevalent choice by far, though mesoporous silica
as well as silica-alumina systems such as zeolites have also been used.”® The use of other inorganic
materials, such as alumina, are much less frequently used due to their lower pore volume but may
be favoured under certain conditions due to their greater tolerance to pH. Organic materials, such as

the chiral polymer chitosan,”* and more advanced materials such as membranes,’? carbon nanotubes
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and sintered metal fibres” have all found use. Materials generated through the immersion method
have been well-documented in applications across a wide variety of catalysis including
hydroformylation, olefin metathesis, carbonylation and hydroamination, as well as metal-catalysed
carbon-carbon coupling.t” %74 As stated previously the use of SILP materials affords advantages over
bulk ILs with regards to ease of catalyst isolation and reuse as well as improved reaction rates due to
the thickness of the IL being close to the reaction interface. However, unexpected effects can also
occur upon confinement to the support material. For example, early work concerning Rh-catalysed
hydroformylations on silica-based SILP materials showed that the organometallic complex formed in
solution was also formed within the thin IL layer, with such an ordering effect leading to drastically
reduced mobility of both the IL fragments and metal complex, which in term resulted in unusual
properties in the supported complexes.”> A more profound example can be found in immobilisation
of copper bis(oxazoline) complexes dissolved in [Csamim][PFs] on the layered, charged silicate
Laponite. Proximity of the chiral metal complex to the support surface imposed rotational restrictions
on the catalyst, giving what was essentially a two-dimensional nanoreactor which was suggested to
be the cause of the reversal in enantioselectivity for cyclopropanation reactions compared to their
homogenous counterparts.”® The use of immersion-prepared SILP catalysts has been particularly
successful in gas phase fixed-bed reactors, for example silica-immobilised Rh-catalysed

70 whilst the use of scCO; as the transport vector

hydroformylation’” and methanol carbonylation,
has also been used in continuous enantioselective hydrogenations.” The use of such continuous
processes has clear advantages with regard to catalyst reuse, an increased turnover frequency, and
vastly improved space time yields as well as the potential for different reaction activities and
selectivities. Despite the successful application of these SILP materials in continuous processes,
examples are severely limited to gas phase processes, with the use of the liquid phase generating

clear issues with regards to leaching of the IL and the immobilised catalyst.

In order to address the prevalent issues with leaching in SILP materials the covalent anchoring
method (figure 1.8B) was established. In this methodology the surface of the support of choice is
modified by either covalent attachment of a monolayer of an appropriate functionalized IL fragment
or by sol-gel synthesis.” The desired catalyst, with or without additional ‘free’ IL, can then be
immobilised on the material through wet impregnation. Numerous examples of this methodology
have investigated the immobilisation of the organocatalyst L-proline on the surface of modified
silica.?® The application of these materials to the aldol reaction between acetone and several
aldehydes gave good activity and enantioselectivity when compared to the homogeneous
counterpart and, more importantly, was easily isolated and recyclable with only a minor drop in
performance. A similar effect was also observed with the immobilisation of Mn Ill salen complexes

on imidazolium-functionalised silica while also giving an enhancement in enantioselectivity.’!
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Functionalization of the support surface with an IL monolayer has also been extended to other
support materials, for example carbon nanotubes (CNT) have been investigated due to their good
mechanical strength, high chemical stability and high surface area-to-volume ratio.®?
Functionalization of the surface of CNTs (figure 1.9) increases the material’s affinity for [Camim][PF]
and allows for high loadings of IL up to 55 wt% to be achieved with no detectable leaching.
Immobilisation of Rh complexes afforded a material which proved to be highly active for the
hydrogenation of 1-hexene, drastically outperforming analogous oxide-based support materials

whilst fully retaining the Rh/IL phase upon recycle.
IL film + catalyst

Functionalised surface

- .. Reactant

X- X .@
X I.@ Product
¥

Carbon nanotube
support —¥

Figure 1.9 Surface functionalization of CNT material with imidazolium-based IL fragments used by Serp et al in
the immobilisation of Rh hydrogenation catalysts®?

The use of covalent anchoring within SILP materials is not limited to tethering of the IL. In this
regard, the ligand or the catalyst can also be covalently bound to the IL fragments (figure 1.8C). For
example, work by Karimi and Enders functionalised the surface of silica with pendant
methylimidazolium IL fragments. The resulting immobilised ILs were able to form N-heterocyclic
carbenes upon addition of Pd(OAc);; the resulting material was highly active in the Heck reaction of

various haloarenes whilst also exhibiting high thermal stability and promising recycle properties.®

The final SILP methodology (figure 1.8D) involves the coating of a preformed heterogeneous
catalyst with a thin layer of IL in a similar fashion to the immersion method; by using a heterogeneous
catalyst leaching of the active species can be avoided. This type of methodology, generally referred
to as “solid catalyst with ionic liquid layer” (SCIL),”*® has been applied to a range of chemistry, with
the presence of the IL film giving enhancements in catalytic performance. For example, the use of a
covalently immobilised Sc catalyst on silica for the aqueous phase Mukaiyama-aldol reaction gave a
marked improvement in activity when a thin film of hydrophobic IL was introduced.> Whilst the use
of this methodology still suffers the same potential leaching issues with regards to the IL fragments
the use of a preformed heterogeneous catalyst can be extremely attractive as it avoids complex
functionalization of the insoluble material which occurs in other immobilisation methods. For

example, Kernchen and co-workers reported the use of imidazolium-based ILs on a commercially
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available Ni catalyst.®® In the sequential hydrogenation of 1,5-cyclooctadiene to cyclooctene and
cyclooctane the presence of the IL film facilitated a marked improvement in both activity and yield
when compared to conventional biphasic systems, illustrating the promise and potential of this

approach for application across a wider range of commercially available catalysts.

SILP catalysis has been widely demonstrated to successfully combine the attractive aspects
of both heterogeneous and homogeneous catalysis whilst also offering additional advantages with
regards to product separation and catalyst recycle when compared to IL-based liquid-liquid biphasic
systems. In particular SILP catalysts are most successful when used in fixed bed reactors for
continuous gaseous phase reactions and offer the potential to improve catalyst turnover and space
time yields which would render such systems incredibly attractive for industrial processes. The use of
alternative transport vectors, such as scCO,, as well as covalent attachment of the ILs to the support
material have, to an extent, circumnavigated the limitations of SILP imposed by leaching when used
in liquid phase systems. Despite this, multiple limitations still remain; with regards to the former, high
investment and operating costs as well as the limited solvating ability of scCO, can mar the
advantages associated with its use, whilst the later method suffers from the same added complexity

issues as TSILs discussed previously.

Further complexities in the general application of the SILP methodology arise from the use of
the support material, which can have a profound influence on the reaction. Considerations must be
made about the effect the support has on catalyst performance as well as the interactions between
the support material and the catalyst and IL; this makes SILP systems incredibly difficult to understand
mechanistically and kinetically. Confinement of catalytic species in a thin layer of IL has proven to be
a largely positive effect by overcoming mass transport limitations, however, it cannot be assumed
that this will be the case for every support-IL-catalyst combination as confinement can also
occasionally impose unexpected geometric constraints on organometallic complexes. Proximity of
the catalyst to the support surface has been shown to also have a profound effect on chiral catalysts,
drastically altering selectivity in sometimes unexpected ways. Further issues can arise with regards
to the chemical stability of the support material under harsher reaction conditions. For example, in
the Rh-catalysed hydroformylation of propene using silica-based supports, a significant drop in
catalyst performance was associated with an irreversible reaction between the catalyst, ligand and
the acidic silanol groups present on the silica surface. The study illustrated that partial

dehydroxylation was essential to achieve efficient SILP catalysts under these conditions.®”

The complex nature of the relationship between support-IL-catalyst in SILP materials has led
to less-defined fundamental understandings of numerous aspects of the systems, making it difficult

to make broader, more general statements about SILP materials. Instead, an in-depth understanding
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for each specific catalytic process will require detailed mechanistic studies as well as thorough
investigation of the basic reaction kinetics. In this regard, the use of SILP methodologies is a constantly
evolving field, with considerable emphasis on improving the fundamental understanding of the
supported catalysts as well as developing novel materials which may address the limitations

associated with SILP.

1.5. Polymer-Immobilised lonic Liquid Phase Catalysis

As discussed previously, the concept of supported ionic liquid phase catalysis has been applied to a
wide variety of different materials, which are predominately high surface area inorganic matrices. By
extension of the application of SILP, organic polymers have also been explored as the support
material,® essentially combining the advantages of SILP with the tuneable microstructure, ionic
microenvironment, charge density and distribution, functionality and hydrophilicity/hydrophobicity
of polymers. While there are examples of polymers being used in conventional SILP systems, such as
the biopolymer chitosan for the immobilisation of Pd(OAc); and [Camim] ILs for allylic substitution
reactions,’ the majority of examples concern the use of covalent anchoring type materials. In this
regard a suitably functionalised polymer can be tagged with an IL moiety in a manner similar to that
discussed above or, more commonly, an IL fragment can be functionalised in to a suitable monomer
and subsequently polymerised. The latter methodology has been extensively used in recent years to
generate a subclass of polyelectrolytes dubbed poly(ionic liquid)s (PIL). Such materials have been
well-documented and found applications in a range of different disciplines including electrochemical
devices, sensor technology and in purification/scavenging systems.%8< 8¢ The use of PILs in catalysis
is dominated by vinylimidazolium and polystyrene-based polymers due to the relative ease of
synthesis of suitable polymerisable ILs, often generated by the straightforward alkylation of an
imidazole with a vinylbenzyl halide. Such systems have been applied to various different areas of
catalysis, however, the scope of application again appears to be rather limited with most examples
concerning the immobilisation of transition metal nanoparticles. For example, palladium immobilised
on the imidazolium-tagged cross-linked polystyrene resin 1 (figure 1.10) has shown to be an active
catalyst for the Heck arylation, acting as a reservoir to release and recapture the active palladium
species.? Dubbed a gel-supported ionic liquid-like phase (g-SILP) by the authors, the system supports
the Pd via a N-heterocyclic carbene functionality, giving an active catalyst which was both air- and
moisture-stable and that could be recycled over 5 runs with very little Pd leaching or drop off in
catalyst performance. This system also effectively demonstrates the importance of control of the
support microenvironment with the catch and release mechanism being dominated by the ionic
environment whilst the resulting metal nanoclusters were stabilised by additional imidazolium

23



cations. A high ionic loading (and hence charge density) caused a reduction in catalyst activity but
increased the efficiency of recycle, while the anion of the IL had a profound effect on activity, with
strongly coordinating anions reducing the activity and weakly coordinating anions, such as [SbFs] and
[BF4], giving high catalyst activity but poorer recyclability. A similar fine tuning effect can be observed
across numerous different polymer systems, through judicious choice of the anion and cation and by
adjusting the ionic loading and morphology the properties of these materials, such as thermal
stability, hydrophilicity, swelling and polarity can all be tuned in a rational manner, highlighting the
advantages of using a polymer as the support material over other inorganic supports.*® Similarly, Pd
nanoparticles were produced through the complexation of PdCl, with linear main-chain viologen
polymers and subsequent reduction.’® Through this procedure, ionically convoluted insoluble
polymer matrices were obtained, with the interaction between polymer chains and the metal species
providing effective cross-linking. These materials proved to be highly efficient, recyclable catalysts for
the a- alkylation primary alcohols under mild, solvent free conditions. Systems such as these highlight
the synergistic effect with regards to a material’s physical properties which can be achieved between

well-defined catalysts and polymer species.
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Figure 1.10 Examples of different functionalised polymers used as catalyst supports taken from the literature

Other examples of the application of polymer supports in SILP-type systems include a dual
catalyst system comprised of Pd nanoparticles stabilised by the sulfonated, water-soluble polymers
2 and 3, and a heteropoly acid (HPA).?? The resulting system was incredibly active and selective
catalyst for the hydrogenation of phenol and gave cyclohexanone in almost quantitative yield (>99%
selectivity). The combination of Pd and the HPA proved to be the most efficient catalyst,
outperforming similar systems based on Pt, Ru and Rh nanoparticles, a Pd/C catalyst or when
conducted in the absence of acid. The authors postulated that the ionic polymer was able to both
stabilise the Pd nanoparticles and control the reaction selectivity through the creation of
macromolecular cavities which were lined with ion pairs and the sulfonic acid groups. The presence
of these cavities effectively concentrated the phenol through favourable hydrogen-bonding
interactions whilst also displacing cyclohexanone before it could react further. The success of this

system demonstrates the potential impact of control over the support microenvironment and
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morphology on catalyst performance, and that the control of these factors through polymer

modification could be a useful concept that could be applied across a range of reaction types.

The application of IL-tagged polymers to support catalysts has also been extended to
commercially available materials. In this regard ion-exchange resins, commonly used in water
purification, metal recovery/separation and chromatography applications, have been well
documented as supports for catalytic applications.®® The vast majority of ion-exchange resins, such
as the sulfonic acid-functionalised Amberlyst® and the quaternary ammonium-functionalised
Amberlite®, consist of a polystyrene network which is cross-linked to varying degrees bearing
different ionic moieties (figure 1.11). As readily available insoluble materials, ion-exchange resins can
be an attractive prospect when preparing heterogeneous catalysts, in particular, quaternary
ammonium based anion exchange resins which can mimic the effects of IL on a catalyst centre. In this
regard heterogeneous analogues of homogenous catalysts can be prepared by simple ion exchange
of the resin’s counterion with a suitably charged precatalyst, negating the need for any prior material
synthesis. Functionalization of the ionic sites on the resin can also be exploited to give suitable IL
moieties which will have improved ionic affinity to the desired catalyst or even bind it covalently.%
To this end, ion-exchange resins have been used to immobilise a wide variety of organometallic
complexes which have been successfully applied to recyclable processes across a range of reactions

including carbonylation,® hydroformylation,®® hydrogenation®” and oxidation.%
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Figure 1.11 Common commercially available ion-exchange resins

As stated previously PILs, by merit of their unique, tuneable properties which can combine
the attractive aspects of both ILs and polymers, have been receiving increasing interest across varying
different chemical disciplines. However, despite the clear advantages offered by the ability to fine
tune the microenvironment and morphology of support materials as well as the enormous range of
functionalization possible, the use of PILs is somewhat more limited in scope when applied to the
field of catalysis, which is often considered more of an upcoming field.® 88 |n this regard the use of
IL-functionalised polymers is largely limited to the use of polystyrene-based systems which are most
often used for the stabilisation of transition metal nanoparticles.®® °® As such the work presented in
this thesis was undertaken to develop the use of IL-decorated polymers as general tools in the
heterogenisation of homogeneous catalysts for use across the whole spectrum of synthesis. By
exploring appropriate, well-defined polymer chemistry it will be possible to generate materials that

possess chemical and physical properties which are both suitable for different reaction conditions
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and can, in principle, be altered in a rational manner to fine tune the resulting materials to give
optimum catalyst performance. As an evolution of the SILP methodology the materials developed in
this work have are described as the Polymer-Immobilised lonic Liquid Phase (PIILP) and can be defined
as a polymer/co-polymer formed from one or more types of prefabricated ionic liquid-like monomer
and, if required, an appropriate co-monomer, therefore they do not require post-polymerisation
modification (figure 1.12). Following the preparation of a suitable support material, the desired
catalyst can be immobilised via impregnation methods. By immobilising pre-formed homogeneous
catalysts or their corresponding precursors in this manner, it will be possible to effectively combine
the high activity and selectivity of homogeneous catalysts with the positive aspects of heterogeneous
catalysis.'® Through the use of a prefabricated IL-tagged monomer an additional degree of control
over the final PIILP material can be achieved with regards to purity of the product as post-
polymerisation modifications can often be difficult and non-quantitative. Although challenging it will
be necessary to undertake detailed studies into the nature of the relationship between the polymer
support and the catalyst if PIILP is to be utilized to its full potential, in this regard allowing for the
rational alteration of the support material through controlled, operationally straightforward polymer

chemistry to achieve optimum, highly efficient heterogeneous catalysts.

POLYMERISATION

monomer-tagged Polymer-Immobilised PIILP-supported
lonic liquid lonic Liquid Phase catalyst

Figure 1.12 Basic principle behind Polymer-Immobilised lonic Liquid Phase (PIILP) catalysis

1.6. Polymerisation Methods

Polymers decorated with ILs, particularly PILs, are largely well-documented and have been prepared
through a range of different polymerisation methods.® 884 However, as stated previously the use of
these materials in a manner similar to the proposed PIILP is largely limited to radical-initiated
polystyrene-based systems, which can not only limit the scope of functionalization possible in the
final polymer material but often requires post-polymerisation modification. If the PIILP methodology

is to be used to its full extent it will be necessary to consider different polymerisation methods to
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achieve the broadest design potential possible, as such common polymerisation methods are briefly

discussed and evaluated as tools of the synthesis of PIILP catalyst supports.

1.6.1. Step Polymerisation

Step polymerisation consists of successive conventional organic reactions between mutually reactive
functional groups on the monomers to generate oligomeric materials and is ubiquitous in the
production of everyday polymers. The majority of step polymerisations involve reactions between
heteroatom-containing functional groups resulting in highly functionalised polymer backbones, for
example polycondensation reactions to generate polyesters, polyethers and polyamides. Due to the
nature of chain formation in step polymerisations incredibly high degrees of conversion are required
to achieve long chain lengths, as such it is often difficult to obtain high molecular weight polymer
molecules. The number and type of functional groups present in the monomers used is of key
importance, with chain growth requiring two mutually reactive units on each monomer. The presence
of three or more reactive groups on each monomer leads to polymer chain branching and cross-
linking, while one group results in chain termination. As step polymerisation relies on the extent of a
straightforward organic reaction the chain length, or degree of polymerisation, in linear systems is
related to the reaction time. As such desired molecular weight products can be potentially obtained
by quenching the reaction at an appropriate time. This method, however, can result in the isolation
of polymers containing unreacted end groups and hence alterations in the desired chain lengths. In
order to effectively control the chain length of a linear polymer the stoichiometry of the reacting
monomers must be carefully controlled. In this sense one of the reagents is present in a slight excess
to ensure that the other monomer is completely consumed, and that the chain ends therefore have
the same functional group as the reagent in excess to prevent further polymerisation. Other methods
include the addition of monofunctionalised monomers to essentially cap the growing polymer

chain.®*
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Polymers containing ILs prepared through step growth polymerisation have been prepared
by various means (figure 1.13). The most direct method involves quarterisation of alkyldihilides with
a suitable nitrogen-containing unit such as an imidazole to afford 4 which can be further modified by
anion exchange to give the desired PIL.2%? |onic polyolefins such as 5 have also been prepared via
acyclic diene metathesis polymerisation (ADMET)¥2 whilst hydroboration polymerisation of
diallylimidazolium ILs lead to polymer 6.1° Polycondesation reactions have also been exploited to

yield PIL materials such as polyimide 7.2%4 In each case these materials were used as solid electrolytes.
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Figure 1.13 Examples of PlLs prepared through step growth polymerisation methods

The use of step growth polymerisation methods to generate materials used in catalysis is
largely unexplored, which is most likely an artefact of the reactive groups required to form the
polymer backbones. The presence of heteroatoms and vinyl groups could potentially be attacked by
the supported catalyst, which would alter the composition of the polymer and potentially affect
catalyst performance upon recycle and reuse. The requirement for specific functionality in the
monomers in order to achieve polymerisation also severely limits the scope of IL moieties which can
be accessed, with more varied functionalities potentially leading to unwanted polymer

branching/cross-linking or degradation of the IL fragment during polymerisation.

1.6.2. Radical Polymerisation

The use of radical polymerisation chemistry is by far the most commonly used and versatile method
for polymerisation used across chemical disciplines. As with all chain-growth polymerisations, in
which an unsaturated monomer adds to the active site of the growing chain, the use of free-radicals
consists of 3 reaction steps, initiation, propagation and termination.'® While there are numerous
means to achieve initiation, most commonly an initiating molecule, such as a peroxide or azo-
compound like azobisisobutyronitrile (AIBN), undergoes homolytic bond fission through either
thermal decomposition or photolysis to generate an active radical species. The active species then
attacks the p-bond of the unsaturated monomer (most commonly a C=C double bond) to generate
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another active radical centre. Propagation of the polymer chain then proceeds via rapid sequential
addition of the monomer to the active centre which repeats until the radical is terminated either by
combination of two radical species, radical disproportionation (in which a hydrogen atom from one
polymer chain is abstracted to another to give a saturated group) or by interaction with inhibitors,

such as oxygen.'® Termination type events are also possible in which only one radical centre is
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Scheme 1.6 Initiation, propagation, termination and disproportionation steps of free-radical polymerisation

destroyed, Mechanistically these proceed in a similar manner to disproportionation, accompanied by
a transfer of an active radical centre to another forming polymer chain (scheme 1.7). These chain-
transfer events can occur with different components of the reaction mixture such as the initiator,
unreacted monomer and solvent, meaning it is important to take careful considerations into account
when preparing designer polymers which may require unsuitable solvents or other reagents. The
presence of chain-transfer reactions can often be problematic with regards to reduction in polymer
chain lengths as well as unwanted cross-linking. Whilst problematic, steps can be taken to avoid
chain-transfer: for example the amount of chain-transfer which occurs with the solvent molecules is
dependent on the amount of solvent present, allowing for a reduction by essentially increasing the
reaction concentration, whilst the stability of the forming radical also increases the probability of

7 meaning that avoiding the use of

chain-transfer. For example, halogen radicals are relatively stable
halogenated solvents in polymer synthesis can reduce chain-transfer. This methodology may not be
entirely appropriate for the preparation of functionalised PIILP-type materials due to limitations

imposed by reactant solubility and functional group tolerance in the presence of free radicals.
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The kinetics of free radical polymerisation are well understood and the rates of initiation,
propagation, termination and chain-transfer can all be easily defined.!®> Under the steady state
approximation the concentration of the reaction intermediate, in this case the growing polymer
chain, remains constant. In this regard the rate of initiation and termination are the same, as a result
there is little control over the polymer chain lengths present in the synthesised sample. A measure of
the uniformity of chain lengths can be expressed by the polydispersity index (PDI), which is defined
as the weight average molecular weight (My), the statistical mean molecular weight taking the weight
fraction of each species in the sample into account, divided by the number average molecular weight
(My), the statistical mean average molecular weight of all polymer chains in the sample. In the ideal,
completely uniform sample, Mw will be equal to My giving a PDI value of 1. Due to the largely
uncontrolled way in which chains propagate during free radical polymerisations there can be
considerable variation in the average polymer chain length, as highlighted by the polystyrene

standard used in gel permeation chromatography (GPC) which possess PDIs close to c.g. 1.2.1%®
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Scheme 1.7 Different modes of chain-transfer in free radical polymerisations

To conclude, although the free-radical polymerisation process, particularly utilizing styrene-
based monomers, is well-documented and thoroughly understood, its application could potentially
lead to issues in the production of PIILP materials. For instance, the requirement of radical initiators
may not be compatible with all functionalities required for designer IL moieties whilst the largely
uncontrolled nature of the polymerisation leads to non-uniformity within the sample through varied
chain lengths as well as unwanted cross-linking through chain-transfer reactions. Due to the complex
relationship between catalyst, IL and support material it is important to produce materials which are
as well-defined as possible in order to assist in the rational understanding and eventual alteration of
the support micro-environment to give optimum catalyst performance. Whilst these effects on
polymer composition can be minimised through careful choice of reagent and solvent the potential

imposition on reaction conditions required may also limit the overall design principle of PIILP.
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1.6.3. Living Radical Polymerisation

As the use of standard free radical polymer chemistry can lead to somewhat ill-defined polymer
samples with regards to uniformity of polymer chains, numerous methods have been developed to
address this. In this sense, the desired effect is to remove the ability of the propagating polymer to
undergo termination or chain-transfer reactions, resulting in systems in which the propagating chains
grow at a much more consistent rate. With regards to radical systems, this generally involves the
trapping and temporary deactivation of chain radicals.!® Additional benefits can also be achieved by
ensuring that the rate of initiation is much higher than the rate of propagation, further improving the
uniformity between the growing polymer chains. Such systems are deemed living polymerisations as
the lack of termination leaves the forming chains with active centres and polymerisation will continue
as long as there is unreacted monomer present. The combination of the more uniform manner in
which polymer chains propagate and the ability to control the chain length of the sample through the
monomer stoichiometry/concentration makes living polymerisation highly desirable for the
controlled synthesis of well-defined polymer materials. Numerous living systems have been explored;
however, with regards to radical polymerisations two methodologies are most prominent. The first
method, atom-transfer radical polymerisation (ATRP), is arguably the most documented and well
developed. First introduced in 1995 ATRP (scheme 1.8) employs the use of transition metal
catalysts which undergo single-electron transfers with organic halides, leading to homolysis of the R-
X bond and the formation of an alkyl radical initiator. During this process the oxidation state of the
metal centre is increased by 1 unit and subsequently the formed halide radical is trapped. During
chain propagation the reverse of this process occurs which causes the oxidised transition metal to
donate a halogen atom to the active centre on the chain thereby terminating the polymerisation
through the formation of a new C-X bond and regeneration of the active metal centre. In this regard,
chain growth proceeds through a series of activation-propagation-deactivation cycles. Through
careful choice of the initiator, activator complex and reaction temperature it is possible to ensure
that the equilibrium in these cycles favours capped polymer chains with no active centre. This results
in rapid exchange and ensures that the concentration of active propagating chains is low, drastically

reducing the probability of bimolecular termination reactions.
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Scheme 1.8 Basic representation of atom-transfer radical polymerisation (ATRP)

The use of ATRP has proven to be incredibly useful in synthesis by showing good functional
group tolerance, including amino-, hydroxy- and vinyl groups, whilst also employing the use of
inexpensive, commercially available catalysts, often comprised of copper complexes in conjunction
with pyridine-based ligands.'®” As such ATRP has been used to prepare different PILs, including

110

various hydrophobic tetraalkylammonium-based PlLs**® and the production of environmentally

friendly, well-defined alkylammonium PILs for different purposes.!!

Although ATRP has been successfully used to generate a wide variety of polymers with
narrow molecular weight distributions, whilst also exhibiting good functional group tolerance, some
limitations still remain, in particular, with regards to the often high temperatures required to achieve
reaction. Again this may not be entirely appropriate in the application of the PIILP methodology as

some of the more complex functionalised IL moieties may be unable to tolerate harsher conditions.

The second common method of living radical polymerisation is reversible addition-
fragmentation chain-transfer (RAFT), in which chain-transfer is exploited to achieve control over the
growing polymer chains. First discovered in 1998, RAFT uses thiocarbonyl compounds as chain-
transfer agents which fragment during the chain-transfer step to generate a new radical and a new
dithioester species (scheme 1.9).1%>1%7 |n order for the chain-transfer reaction to be straightforward,
the reactivity of the active radical centre in the forming chain and the radical generated by
fragmentation of the thioester group must be similar, whilst still being reactive enough to activate
the exchange process. Through this process, the active radical centre on the propagating chain is
trapped by the dithioester RAFT agent to afford 1.9 A which remains inactive until another radical
species adds to the resulting thioester end group. As with ATRP, the effective concentration of radical-
containing propagating chains remain very low throughout the polymerisation with initiation and
addition-fragmentation chain-transfer events with the dithioester agent being more dominant; this

severely reduces the probability of bimolecular terminations. Unlike ATRP, in which the metal acting
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as a single-transfer agent is catalytic, the RAFT agent will eventually be consumed with the thioester

groups forming part of the polymer architecture.

e — torr

Scheme 1.9 Reversible-addition-fragmentation chain-transfer (RAFT) process between a propagating polymer
chain and the dithioester RAFT agent

Whilst RAFT shows very high functional group tolerance with regard to the monomers used
(for example methacrylates, methacrylamide and acrylonitrile based monomers), the relative
reactivity of the reacting components must be finely balanced in order to achieve effective reversible-
addition-fragmentation chain-transfer. In this sense, the constituents on the RAFT agent are of
particular importance as the R’ has a dramatic influence on the stability of the C=S double bond as
well as the subsequent adduct radical which forms after fragmentation. These in turn affect the
position and rates of the equilibria throughout the polymerisation. The leaving radical A must be
stable enough to push the equilibria shown in scheme 1.9 to the right yet reactive enough to reinitiate
growth of a new polymer chain, as such the RAFT agent employed must be carefully tailored with

consideration to both the monomers being used as well as the reaction temperature.

Due to its living nature, RAFT (as well as ATRP) can be exploited for the synthesis of block
copolymers. In this regard, one monomer of choice is added to the reaction mixture and completely
consumed to afford a homopolymer with a narrow molecular weight distribution and an active radical
centre, addition of a second monomer continues the polymerisation to afford a block co-polymer.
Through this procedure and careful control over reaction stoichiometry it is possible to generate well-
defined block lengths within the copolymer. Although advantageous, the production of such block
copolymers under RAFT conditions can prove challenging with regards to finding a RAFT agent which
is compatible with two different monomer systems.'? The use of multifunctional RAFT agents can
also be used to generate highly branched materials such as star, brush and comb polymers. Thus, the
combination of multifunctional raft reagents and living polymerisation could present an opportunity
to prepare designer PIILP supports with functionalised channels within the matrix which could
facilitate and direct reagents during a reaction. Again there are numerous examples of PILs produced

through RAFT, including various imidazolium-based block copolymers.t3
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Whilst showing promise for the development of the PIILP methodology, the effective use of
RAFT may prove somewhat challenging. Despite the relatively large functional group tolerance the
use of a RAFT agent can still somewhat limit the potential for monomer functionalization, whilst the
incorporation of thioester groups, albeit in very low concentrations, could potentially affect the
performance of a supported catalyst, leading to the need for post-polymerisation chemical and
physical purification steps. Again the ability of both ATRP and RAFT to form block copolymers could
prove to be a highly desirable tool in the production of designer catalyst supports, however, a rational
understanding of how these properties influence catalyst performance may prove to be difficult to

obtain.

1.6.4. lonic Polymerisation

lonic polymerisations are chain growth polymerisations in which the active centres are comprised of
either ions or ion pairs and can be considered an alternative to radical systems for olefinic monomers.
Due to the presence of an ionic charge in the active centre, ionic polymerisations are much more
monomer-specific than radical-initiated systems and require substituent functionality that can

stabilise the active centre.

Anionic polymerisations have been studied since the early days of polymer chemistry, often
employing a strong base as initiator in a solvent that allows chain transfer; however, these conditions
severely limited the degree of polymerisation which could be achieved. Despite these limitations,
anionic polymerisation has become ubiquitous in modern chemistry, for example, in the production
of synthetic rubbers and elastomers.!* In modern anionic polymerisations the desired active
carbanion is generated through two means, either single electron transfer from a suitable metal
centre to give a monomeric radical-anion, or by reaction with an organometallic such as
butyllithium.2719 For the former, initiation occurs via a dicarbanion species which is formed from
the organic radical-anion. Commonly this can be achieved through the use of alkali metals such as
sodium with aromatic compounds such as naphthalene (scheme 1.10 a). The use of alkali metals can
present issues related to the solubility of the electron-transfer complex, with heterogeneous
conditions yielding incredibly slow imitation, as such the solvent choice is generally limited to ethers,
such as THF. Initiation via the use of organolithium bases can negate this limitation as these
compounds are often soluble in non-polar media. Although aggregation of the organolithium species
can lead to a reduced activity the addition of a small amount of polar solvent can solvate lithium ions

which is often sufficient to reduce this effect.!® Increasing the polarity in this fashion favours the
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disaggregation of the organolithium species, increasing the amount of free alkyllithium responsible

for initiation (figure 1.10 b). As such an increase in initiation speed is observed.

a) Initiation by Electron Transfer
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Scheme 1.10 Initiation steps in anionic polymerisations

One of the more favourable aspects of anionic polymerisation is the often absent termination
process. Due to the charged nature of the active centre, bimolecular termination is not possible due
to Coulombic repulsion. As such, anionic polymerisations are largely considered to be living processes
with a high degree of control over chain formation and polydisperisty. In order to fully utilise the lack
of termination, anionic polymerisations must be conducted under high purity condition as trace
amounts of oxygen, CO, and water all lead to termination. As such intentional termination can be
achieved through the addition of alcohols, water or Brgnsted acid which can also act as a chain

transfer agent through neutralisation of the anionic active centre.'?®

As with its anionic counterpart, cationic polymerisation has been extensively studied since
the early days of polymer chemistry; however, due to the restricted range of monomers, with
predominately olefinic and heterocyclic monomers reactive under these conditions, it has found

relatively few applications.1®

In this regard, polymerisation occurs through highly reactive
carbocations which have a strong tendency to undergo chain transfer and rearrangements, which
severely limits the control available over chain length as well as the skeletal structure in the end
product. Initiation in cationic polymerisation is commonly achieved through the use of strong acids,
either classical protic or Lewis acids/Friedel-Crafts catalysts such as BF; of AlICl;. With regards to the

latter, a much faster rate of reaction is achieved using water, alcohols or even carbocation donors
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such as esters and acid anhydrides as the cation source scheme 1.11). Functionality present in the
initiator and monomer is clearly important for polymerisation process, for example halide-based
acids such as HF are clearly unsuitable due to the ability of the counter-ion to rapidly combine with
the generated carbocation. In a similar fashion the initiated monomer cannot bear any nucleophilic

functionality as this too will instantly react with the carbocation active centre.
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Scheme 1.11 Initiation with Lewis acids and Friedel-Crafts catalysts in cationic polymerisations

As in anionic polymerisation, the charge present on the active centre prevents bimolecular
termination, however, unlike anionic polymerisation unimolecular termination events are possible.
In this regard, termination occurs either by the generation of a terminal C=C bond by molecular
rearrangement to release a proton or by chain transfer yielding a monomeric carbocation (scheme
1.12). In both cases the resulting electrophile is associated with a counter anion, beginning the growth
of a new polymer chain; as such little change to the concentration of propagating species is observed.
Terminal C=C bonds formed through termination of chain transfer are of very low activity due to the
steric hindrance brought about by the 1,2-substitution and such bonds are unlikely to reinitiate for
the rest of the polymerisation process. Again, chain transfer is also possible with the solvent or trace

impurities in the reaction mixture such as water, meaning that the solvent of choice and purity is of
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Scheme 1.12 Termination and chain transfer steps in cationic polymerisations

the utmost importance.

The use of cationic polymerisation is a largely limited technique with respect to the scope of
monomer functionality as well as limited control over the growing polymer chain length and
branching features and as such is unlikely to be a viable method for use in the synthesis of PIILP

supports. Whilst this aspect is somewhat improved in anionic systems, with the lack of any formal
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termination step the presence of a charged active centre will clearly prohibit the use of preformed IL
moieties as outlined in the initial PIILP method rationale; standard post-polymerisation procedures
have to be employed to apply ionic polymerisation to the synthesis of polymer immobilised ionic

liquids.

1.6.5. Ring-Opening Polymerisation

Ring-opening polymerisations are a subclass of polymerisation reactions in which the reaction is
driven by the relief of bond-angle strain and/or steric repulsion in cyclic monomers. Commonly ring-
opening polymerisations can proceed through sequential addition of cyclic monomer to an ionic
centre in a similar fashion discussed above but with additional enthalpic driving forces, however,
there are also non-ionic mechanisms which can also proceed through condensation or radical
reactions.’® As such ring-opening polymerisations encompass a wide variety of cyclic monomers
including alkanes and alkenes as well as heteroatom-containing species such as ethers, phosphates
and siloxanes.!*® Due to this, ring-opening polymerisation is considered a versatile polymer

methodology, particularly with regards to the production of biopolymers.

Of particular note within ring-opening polymerisations is ring-opening metathesis
polymerisation (ROMP), which utilises transition metal-based carbene complexes including W, Mo,
Re, Ru and Ti, to give unsaturated polymers from strained olefin monomers.X®” Early ROMP catalysts
were based on W and Mo-mixed alkylidene-imido complexes (figure 1.14A), however, more recently
Ru-carbene containing Grubbs’ catalysts (figure 1.14B-C) have evolved as powerful tool for the C-C
bond formation; this methodology been applied in the agrochemical and pharmaceutical
industries.’” Although Grubbs’ catalysts are generally less active than the traditional Schrock-type
metathesis catalysts they exhibit exceptional functional group tolerance and are air- and water-

stable.’® This is a direct result of the electron-rich ruthenium centre, as opposed to the electron-
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Figure 1.14 General Schrock-type and 1% and 2" generation Grubbs metathesis catalysts
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poor molybdenum and tungsten centres present in Schrock-type catalysts, which require catalyst
preparation prior to use and an inert atmosphere whilst handling.}'® Due to its soft nature, the
ruthenium centre of Grubbs’ catalysts will bind preferentially to soft Lewis bases and p-acids such as
olefins over harder centres like N- and O-donors. By exploiting this functional group tolerance it is
possible to use ROMP to generate functionalized polymers which contain the desired IL-like
fragments simply by a judicious choice of monomer. Thus, the use of ROMP to directly incorporate
the ionic fragments negates the need for post-polymerisation modification which is generally

associated with the alternative polymerisation methods described above.

ROMP catalysed by Grubbs’ catalyst proceeds via a cycloaddition reaction between the
metal-carbene bond of the catalyst and a strained double bond of a cyclic olefin. The resulting
metallocyclobutane intermediate reopens to reduce ring-strain to afford the first unit of polymer
attached to the catalyst via a new metal carbene (scheme 1.13). Another unit of monomer then
inserts into this newly formed metal-carbene to propagate the polymerisation. As the rate of
initiation in ROMP is typically far greater than the rate of propagation the polymer chain grows at a
consistent rate to afford a polymer with a very narrow mass distribution and of a desired molecular
weight, based on the catalyst loading. Typically ROMP reactions using Grubbs’ catalyst have been
illustrated to be capable of achieving PDIs < 1.11%; in contrast, the polystyrene standards used in gel
permeation chromatography experiments to determine the weight and number molecular weight
averages typically have a PDI of 1.2. As the metal-carbene responsible for propagation is present and
relatively stable throughout the reaction!'® ROMP is a living process; this allows the length of polymer
chain, as well as the microstructure and ionic microenvironment, to be controlled directly by altering

the concentrations of catalyst and functional co-monomers.
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Scheme 1.13 General mechanism of ring-opening metathesis polymerisation (ROMP) catalysed by Grubbs Ru-
carbene catalysts

Utilizing ROMP to generate suitable materials for PIILP catalysis requires monomers which
contain strained cyclic systems. In this regard, bicyclic norbornene-based monomers have been
polymerised efficiently using ROMP under relatively mild conditions and as such it is an ideal
framework with which to introduce ionic liquid like fragments into a polymer.'® Furthermore
norbornene derivatives are readily prepared via a single step Lewis acid catalysed Diels-Alder
cycloaddition between cyclopentadiene and a functional dienophile; the resulting adduct can be
further modified/functionalised to afford a wide range of IL-based monomers. Previously Grubbs-

catalysed ROMP has been exploited to prepare robust PIL-type cross-linked copolymers for the use
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in fuel cell technology,* whilst more recently Dyson and co-workers have prepared a water-soluble

imidazolium-tagged homopolymer which was used to stabilise gold nanoparticle catalysts.'?

In conclusion, ring-opening polymerisation is often utilised as a means to prepare well-
defined polymers, overcoming the difficulties often under standard methods by exploiting favourable
enthaplic changes during ring opening. This approach has been particularly successful with the use of
metal carbene catalysts in ROMP, particularly the Ru-based Grubbs catalyst. Although such catalysts
are relatively expensive, which may be considered a limitation to their use for the synthesis of
polymer immobilised ionic liquids, the potential benefits greatly outweigh this cost. In this regard,
both the mild reaction conditions required for polymerisation and the high functional group tolerance
coupled with modular and versatile synthesis of the ionic liquid-like monomers and co-monomers will
allow for an incredibly broad design potential for PIILP materials. The well-behaved nature of living
polymerisation will also allow the morphology and microenvironment of polymer immobilised ionic

liquids to be modified in a rational manner in order to optimise catalyst performance.

1.7. Conclusions

In recent decades the use of ILs has developed into an invaluable tool across a range of
chemical disciplines, particularly for developing efficient immobilised homogeneous catalysts. Whilst
the nature of the relationship between catalyst, IL and substrate is often complex, the unique,
tuneable physicochemical properties of ILs can allow for significant improvements in catalyst
performance across a range of industrially relevant reactions. Additionally their application in
biphasic systems allows them to be recycled and reused, which combines the benefits of
homogeneous and heterogeneous catalysis. Despite the successes, the limitations imposed on the
use of ILs as a reaction media with regards to leaching of the catalyst, ligand and IL upon recycle as
well as mass transport issues renders them unviable for use on a larger scale. Whilst many of these
issues have been effectively solved by use of SILP methodology, particularly the cost associated with
large quantities of ILs and the mass transport limitations, broader applications can still be somewhat
limited. Again the relationship between catalyst, IL, substrate and support material can be incredibly
complex, making it difficult to make broader statements about materials as well as how exactly they
will behave under particular reaction conditions. The use of various inorganic matrices as the support
material has proven to be highly effective in SILP procedures, however successes are predominately
limited to gas phase reactions with leaching remaining a major issue. Although modification of the
support surface can improve this problem the process can often be synthetically complex and is often

non-quantitative, leading to an extra aspect of ambiguity in an already complex systems. In this
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regard, the use of living polymerisation to generate polymer supports should enable polymer
properties and functionality to be modified in a rational manner in order to identify an optimum
support-catalyst combination. Despite this, while numerous different methodologies have been used
to prepare PILs for a variety of different applications, their use in catalysis appears to be viewed as a
somewhat developing field. As such the use of IL-functionalised polymers as support materials
remains somewhat limited in scope, with the area largely focused on the stabilisation of metal
nanoparticles by polystyrene-based materials. Whilst the use of such polymer immobilised ionic
liquids is by no means without its issues (for example, the incredibly complex nature of the
interactions involved in these catalytic systems) the control afforded through the use of polymer
chemistry should allow structure-performance relationship to be developed and an understanding of

how these interactions influence catalyst efficiency.

Brief evaluation of common polymerisation methods indicates that the use of living radical-
initiated systems, such as ATRP and RAFT, do show promise for the production of PIILP materials;
however, the use of Grubbs metathesis catalyst to generate well-defined living polymers under mild
conditions appears to offer the greatest degree of functional group tolerance, and hence maximises
the overall design potential of any PIILP materials. As such, initial studies into the application of PIILP

in catalysis will be undertaken using supports prepared via ROMP.
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2.1. Abstract

Ring-Opening Metathesis Polymerisation (ROMP) was utilised to generate a well-defined linear
polymer decorated with pyrrolidinium-based ionic liquid moieties through a modular synthetic route
in a controlled manner and under relatively mild conditions. The resulting material underwent
complete ion exchange with an in situ generated peroxophosphotungstate polyanion to afford the
heterogeneous oxidation catalyst POM-2.1. This proved to be both highly efficient and recyclable in a
range of different oxidation reactions under varying mild conditions, with hydrogen peroxide as the
oxidant. Following this initial success, the effect of polymer composition on catalyst performance was
investigated by the preparation of similar polymers of varying chain lengths and co-monomer ratio,
as well as an analogous polystyrene-based analogue to be used under select oxidation reactions.
Though these comparisons showed no clear relationship between the polymer composition and
catalyst behaviour it was determined that the polystyrene backbone was comparable to the one
generated through ROMP; as such the synthetically more straightforward approach offered by the
former was exploited to generate a range of supports with varying ionic liquid groups as a means to
determine their effect on catalysis. By investigating the rapid, mild oxidation of sulphides with these
materials a more profound effect on performance was observed, indicating that for this particular
catalyst it is the IL functionality which dominates its behaviour, rather than the composition of the

polymer backbone.

2.2. Introduction

Oxidation reactions have been described as the cornerstone of synthetic chemistry, often yielding
key intermediates in the synthetic process or offering a direct route to numerous valuable
compounds. Through the years a diverse range of different catalysts and conditions have been
employed to achieve this reaction; however, despite the ubiquitous nature of oxidation catalysis
limitations do remain, in particular with regard to reaction selectivity and the ‘green credentials’ of
the process, with classical oxidations often requiring incredibly harsh conditions, expensive catalysts
and the generation of large quantities of by-product. As such, like all processes, there is constantly a
drive to deliver catalytic systems which can perform well under the mildest possible conditions. In
this regard, numerous different mild, selective catalysts have been used with ionic liquids, either as
a solvent or under SILP-type conditions, often exploited to immobilise and stabilise the catalyst whilst
also offering enhancements in its performance.'? Of this mild subclass of oxidation catalysts one of
the most widely investigated areas is the use of polyoxometalates (POMs). POMs have received this

considerable attention, as highlighted by the breadth of research covered in the entirety of Chemical
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Reviews 1998 issue 1, as an architecturally and structurally diverse® class of redox active anionic
transition metal-oxygen-based materials which have proven to be effective Brgnstead acid catalysts
in a range of commercially important transformations.* Further to this, POMs offer a number of
additional advantageous over other organometallic catalysts including their high oxidative stability
and the access to various structural types through simple variation of reaction stoichiometry or pH

during their synthesis.®

Amongst the commonly used POMs one of the most widely documented in catalysis is the
commercially available phosphotungstic acid (HsPW12040), which is often employed in oxidation
catalysis in combination with hydrogen peroxide as the sole oxidant, vastly improving its green
credentials over other transition metal-based systems. Early studies monitoring the reaction between
phosphotungstic acid and hydrogen peroxide by 3P NMR spectroscopy identified the active species
as the Venturello peroxometalate [PO4{WO(0,):}4]> which is formed by degradation of the initial
polyacid (figure 2.1).® Commonly, phosphotungstic acid and its derived peroxometalate are used

in conjunction with quaternary ammonium-based counterions in order to avoid issues associated

H20,

[PW4,0,40%

[POA{WOL(02)z}a]*

Figure 2.1 Hydrogen peroxide-mediated degradation of the Keggin structure phosphotungstic acid to give the
corresponding Venturello peroxometalate.

with the acidity of the protons present. In this regard, such POMs have been extensively used in
conjunction with ILs, for example recent studies in which guanidinium-based ILs were used in
combination with either phosphotungstic acid or the derived peroxometalate and H,0, to give an
efficient epoxidation catalyst.” Systems using ILs as both solvent and a source of cations as the
counterion, rather than standard tetraalkylammoniums, consistently gave higher conversions and/or
better recyclability. ILs have also been used for homogeneous catalytic systems based on
phosphotungstic acid and H,0,; careful choice of the cation and fine tuning of the IL reaction medium
allowed for a water soluble catalyst which could also accommodate lipophilic alkene substrates. Again
the IL-based system gave high conversions and recycled efficiently over three cycles, however the
eventual build-up of water in the IL-catalyst mixture yielded a biphasic system and partial
precipitation of the catalyst.® Various polymeric ammonium-containing supports have been
successfully employed to immobilise heteropolyacids, for example a poly(ethylene oxide-pyridinium)
matrix (figure 2.2)° and an IL-modified polystyrene,® whilst different solid supports have also been
used to immobilise the active Venturello peroxometalate in various stages of the synthesis.!! Taking
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these considerations into account the peroxometalate [PO4{W0O4(0,):}4]> was identified as an ideal
candidate to prepare new oxidation catalyst based on ammonium decorated polymer immobilised

ionic liquids.

| A | X
N = A
® ® 0 3
3n
2n[PW,0,,]

Figure 2.2 Poly(ethylene oxide-pyridinium) matrix developed by Yamada et al for the immobilisation of
phosphotungstic acid

2.3. Results and Discussion
2.3.1. Polymer and Catalyst Design and Synthesis

As discussed in chapter 1, ring-opening metathesis polymerisation (ROMP) was identified as the
optimum polymerisation method for the preparation of our first generation PIILP materials due to a
combination of the high degree of control during living polymerisation, as well as the mild reaction
conditions and high functional group tolerance which yields the broadest possible design potential.
As discussed in chapter 1, ROMP is generally facilitated by transition metal-based carbenes, the
reactivity of which are summarised in table 2.1. Unlike the electron-poor tungsten and molybdenum
centres utilised in more traditional Schrock-type metathesis catalysts, ruthenium-based Grubbs
catalysts possess an electron-rich metal centre. It is this relatively soft reaction centre which affords
Grubbs-catalysed ROMP both its high functional group tolerance and ease of handling, which make it

an ideal tool for the incorporation of pre-made IL moieties into a polymer network.?

Table 2.1 Comparison of the relative reactivity of different transition metal carbene metathesis catalysts

Titanium Tungsten Molybdenum Ruthenium
Acids Acids Acids Olefins
Alcohols, Water Alcohols, Water Alcohols, Water Acids
Aldehydes Aldehydes Aldehydes Alcohols, Water Increasing
Ketones Ketones Olefins Aldehydes Activity
Esters, Amides Olefins Ketones Ketones
Olefins Esters, Amides Esters, Amides Esters, Amides

The mechanism of ROMP catalysed by Grubbs catalyst (scheme 2.1) has been well
documented and proceeds by initial dissociation of a ligated phosphine.!® This dissociation process
can allow for fine-tuning of the activity of the metathesis catalyst through a combination of steric and
electronic effects of the other ligands around the metal centre. For example, the
tricyclohexylphosphine-functionalised 1% generation Grubbs catalyst is considered more electron-

rich, therefore phosphine dissociation is rapid. In contrast, the 2" generation catalyst, in which one
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of the tricyclohexylphosphine ligands is replaced by a large N-heterocyclic carbene, yields a more
electron-deficient metal centre and slower phosphine dissociation.'* As such Grubbs-type metathesis
catalysts are constantly evolving with regard to the ligands surrounding the Ru centre as a means of
fine tuning the catalyst activity to give optimum stability/functional group tolerance whilst also being
sufficiently active to give good reaction rates. Following dissociation, the newly formed vacant site is
occupied by coordination of the reacting olefin which subsequently undergoes cycloaddition with the
metal carbene to form a metalocyclobutane intermediate which has been observed by NMR
spectrscopy. The highly strained four-membered intermediate then reopens in order to relieve ring-
strain to yield the first unit of the polymer chain attached to a newly formed metal carbene bond.
The presence of this relatively stable metal carbene bond throughout the propagation process'?

lends ROMP its living nature which, when coupled with the typically faster rates of initiation than

propagation, gives polymer chains of comparable length with a very narrow molecular weight

distribution.
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Scheme 2.1 Catalytic cycle involved in Ring-Opening Metathesis Polymerisation (ROMP) facilitated by the Ru
carbene Grubbs catalysts

As ROMP is primarily driven by the relief of ring-strain, a fundamental feature of any
monomer is the presence of a suitably strained cyclic system; in this regard several different olefin
substrates have been investigated. Among these, the bicyclic norbornene has been shown to undergo
polymerisation with remarkable efficiency and is thus one of the most commonly used monomers.?
Further advantages of using norbornene as a framework for IL-tagged monomers under ROMP
conditions arise from the Diels-Alder cycloaddition between a suitable dienophile and
cyclopentadiene, as it is relatively straightforward to introduce functionality into the norbornene
fragment that can be further modified to afford a range of different IL moieties. The use of such
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systems has been successfully exploited to produce well-defined IL-tagged ROMP-based polymers;
for example, the robust cross-linked alkylammonium-decorated copolymer used as an alkali anion
exchange membrane in fuel cell technology,’® whilst more recently an imidazolium-tagged
homopolymer was prepared by Dyson et al. to give a support for highly active water-soluble gold

nanoparticle catalysts (figure 2.3).%
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Figure 2.3 Imidazolium mesylate-functionalised homopolymer prepared by Dyson et al through ROMP used as
a support for active gold nanoparticle catalysts

Taking these successes into consideration, norbornene was identified as a suitable monomer
and the pyrrolidinium-tagged compound 2.4 was proposed as an initial target. Pyrrolidinium bromide
was selected as the initial IL-type functionality due to the synthetic ease by which it could be
produced, and it was proposed that different counteranions could be easily obtained through ion
exchange reactions if required. The methyl group present on the 2-position of the norbornene group,
and the benzyl group used to quaternise the pyrrolidine centre, were incorporated to prevent
unwanted b-elimination reactions which could occur if this system were used under broader catalytic
conditions, adding an extra degree of chemical robustness to the monomer. The synthesis of 2.4 is

shown in scheme 2.2 and begins with the BCls-catalysed Diels-Alder cycloaddition between

O

B
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Scheme 2.2 Synthesis of the pyrrolidnium bromide-functionalised norbornene monomer 2.4

methacrylonitrile and freshly cracked cyclopentadiene in the absence of solvent to yield 2.1. High
exo-diastereoselectivity was achieved with a 89 : 11 mixture of exo and endo as confirmed by *H NMR
spectroscopy in agreement with a previous synthesis.'® Following this 2.1 was reduced to by lithium
aluminium hydride to give the corresponding primary amine 2.2, a versatile intermediate in the

synthesis of different onium-based monomers. The desired pyrrolidine ring was then generated
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through an intramolecular diakylation with 1,4-dibromobutane before subsequent quaternisation of
the nitrogen atom using benzyl bromide in acetone to yield 2.4, isolated as a spectroscopically and
analytically pure white solid. Whilst the use of a four step linear synthesis to yield 2.4 may not be
considered ideal with regard to minimising synthetic complexity, each step can be achieved without
the need for purification by column chromatography; this significantly simplifies the overall process
and reduces cost. By using a modular route, the overall design potential for monomers is greatly
increased. For example, numerous different dienophiles could be employed in the initial Diels-Alder
reaction to yield norbornene units with different functionalities which could be further modified to
incorporate a range of IL moieties, whilst different chain lengths and chain types could be used in the
dialkylbromide alkylation step to give rings with different architectures. The use of different
quaternising groups could also be used to yield a library of structurally diverse IL groups.

The stereochemistry of 2.4 is determined in the initial Lewis acid-catalysed Diels-Alder
reaction between methacrylonitrile and cyclopentadiene. Recently this reaction was reported to be
highly endo-selective as a result of favourable secondary orbital interactions between the HOMO of
cyclopentadiene and the LUMO of methacrylonitrile during the formation of the transition state.®
Despite this, previous assignments have reported the exo-diastereiomer to be the major product.!®
As a result of this apparent discrepancy in reported reaction selectivity, a single-crystal X-ray structure
determination of 2.4 was undertaken in order to unequivocally establish which diastereoisomer was
the major product. The molecular structure shown in Figure 2.4 confirms that the major
diastereoisomer is the exo-isomer with the pyrrolidinium centre anti- to the norbornene bridge. The

high yields obtained from each step in the synthesis of 2.4 rule out selective reactions of the minor

Cl1

Figure 2.4 Molecular structure of 2.4 confirming the stereochemistry of initial cycloaddition. Hydrogen atom:s,
the water molecule of crystallisation and the bromide counterion have been removed from clarity

diastereoisomer (11% determined by *H NMR), as such the major diastereoisomer present in 2.4 can
be assumed to be the same as in the initial Diels-Alder reaction to give 2.1. This diastereoselectivity
is believed to be attributed to steric effects during the formation of the transition state. Due to the

linear nature of the nitrile group of methacrylonitrile, sufficient orbital overlap cannot occur between
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the HOMO-LUMO pair in forming the endo-transition state, and as such there is not a sufficient
reduction in energy to favour the endo-product.

Following the successful synthesis of 2.4 the initial target polymer IP-2.1 was generated via
ring-opening metathesis polymerisation according to scheme 2.3. Due to the charged nature the
material it was elected to not produce a homopolymer as this would most likely be water-soluble and
we required/desired an insoluble support material; in this regard, a co-monomer was selected. ROMP
has been well documented to proceed with numerous different strained olefins; for the purpose of
our initial study we chose to use cis-cyclooctene as co-monomer on the basis that it would act as a
linear alkyl spacer and confer a high degree of hydrophobic character to the polymer material.
Grubbs 1°t generation catalyst was selected as the relative reactivity of two co-monomers towards
ROMP and the linear nature of the forming polymer should not provide a particularly challenging
environment for the catalyst. As such the much more reactive, and considerably more expensive
metathesis catalysts such as the NHC-functionalised Grubbs 2™ generation catalyst, which are

traditionally employed for more sterically congested and challenging systems, was not required.

i) 2 mol% [RUCIy(PCy3),(=CHPh), T 7 ; Ph
Br®© CHCIg, 40°C, 19 h
a . - @ 33
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KOH, excess NaOH, CHCl3, 40°C ©pr Ph
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- =17
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Scheme 2.3 Ring-Opening Metathesis Polymerisation of 2.4 and cis-cyclooctene catalysed by Grubbs 1°
generation catalyst and subsequent removal of Ru end groups from polymer chains. lonic loading (mmol g2) is
shown

After successful polymerisation under mild conditions of 40 °C overnight in chloroform, the
reaction was quenched by addition of ethyl vinyl ether to remove the active Ru carbene from the
propagating polymer chains. The cleaved Ru species was then removed by extraction with an aqueous
solution of tris(hydroxymethyl)phosphine, in accordance with a procedure developed by Pederson et
al.?® Analysis of IP-2.1 by ICP-OES indicated that the ruthenium content of the polymer sample was
less than 0.001 wt%, showing that the Ru-based species in the material had been efficiently removed.
Elemental analysis of IP-2.1 gave a nitrogen content corresponding to an ionic loading of 1.72 mmol
g?! and a co-monomer ratio of 1 : 2; combining this information with the stoichiometry of the
polymerisation the average polymer chain consists of 17 units of ionic monomer and 33 units of alkyl
co-monomer. As discussed above the *H NMR spectrum of 2.4 showed that the sample consists of
approximately 11% of the endo- diastereomer, and although a minor component, this difference in
stereochemistry within the monomer could have a profound effect on the polymer

microenvironment by reducing the uniformity within the molecule. Previously, the relative rates of
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reaction for both the exo- and endo-isomers have been extensively investigated, with a consensus
that the endo- forms of norbornene-derived monomers are considerably less active during ROMP
with different catalysts.?! In this regard, the difference in activity may be predominately associated
with unfavourable steric effects arising from the reacting endo- isomer, which can occur through
different modes (figure 2.4). During the ROMP process catalysed by Grubbs first generation catalyst,
the formation of the metallacyclobutane ring is considered to be the rate-determining step.?? As the
four-membered intermediate forms, a steric interaction between the protons on the newly formed
sp3 centre and those on the pendant IL group may occur (figure 2.5 A). During the polymerisation
process, the propagating species needs to favour a coordination which places the available
coordination site of the catalyst over the terminal unit’s cyclopentadiene ring in order to
accommodate the steric bulk of the catalyst P(Cy)s ligand. In this instance the unfavourable steric
interaction arises from proximity of the polymer chain’s penultimate unit and the endo substituent
of the approaching monomer (figure 2.4 B). Further interactions occur from the alkylidene formed
during reaction of endo monomers, which have substituents of the cyclopentadiene ring in a cis
relationship, again creating a highly congested area which could hinder approach of a monomer.?%¢
Further deactivation with endo isomers can occur through the formation of chelate-type interactions.
In this regard, the pendant IL fragment could coordinate to the metal centre either upon monomer
approach or after opening of the initial metallocyclobutane intermediate (figure 2.4 C). This chelating
effect could slow the dissociation process and hence inhibit the approach of monomer.21¢ % Taking

these mechanistic aspects into account it can be assumed that the minor endo form of 2.4 will react
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Figure 2.5 Different modes of catalyst deactivation associated with the ring-opening metathesis polymerisation
of endo-substituted norbornene monomers illustrated using 2.4

at a significantly reduced rate to the corresponding exo form, and as such its incorporation into the
final structure of IP-2.1 is likely to be negligible. In previous reports concerning the tacticity of
polymers produced through ROMP, the resulting monomer geometries and stereochemistry within
the polymer chain were determined by combinations of *H and *C NMR experiments. Unfortunately
due to the complex environment provided by the copolymer, the H and 3C NMR spectra of I1P-2.1
consisted of very broad signals making formal assignment and overall confirmation of the

assumptions about endo/exo incorporation as well as the ratio of cis/trans alkenes incredibly difficult.
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As such it will be necessary to conduct more in depth studies into the ROMP process of 2.4 if these
PIILP systems are to be fully understood and utilised to their full potential.

The thermal stability of IP-2.1 was evaluated by thermogravimetric analysis and differential
scanning calorimetry (TGA-DSC, figure 2.5); the TGA showed that there were two main degradation
stages, also indicating that IP-2.1 was thermally stable up to a temperature of 170°C, well above the
reaction temperatures employed in liquid phase catalysis. Despite this apparent thermal stability, the
heat flow plot (lower trace) clearly shows an endotherm at 100 °C; this could correspond to Hoffmann
elimination with no loss in mass or polymorphic rearrangements. As such, it can be assumed that the
architecture of IP-2.1 may change through different degradation pathways at higher temperatures
without necessarily losing mass. It will therefore be necessary to conduct further studies into the
thermal stability and the degradation/decomposition pathways if materials like IP-2.1 are to be used
under more extreme conditions (i.e. >100 °C).

~exo

% | 'ITGARDB

100 TGAT208, 58000 mg

e e e e B e LBy By Sy e ey ey ey B ey e B s s my By e e
50 100 150 20 250 300 350 400 450 °c

T MITGAINB

T flow

4ar D00 mg

L S O e e B B o B L L O Sy s s s s O BBy s Sy BN S s SO Sy I B S S B HE H S H B |
50 100 150 200 250 300 350 100 150 °C

Lab: METTLER STAR® SW 9.10
Figure 2.6 TGA and DSC curves for IP-2.1 taken with a heating rate was 5 °C min*

As discussed in the introduction, the Keggin phosphotungstic acid and its associated active
Venturello anion [PO4{WO(0,).}4]*, were identified as ideal candidates for initial evaluation as
oxidation catalysts for immobilisation on the newly developed PIILP materials. The H,0,-mediated
decomposition of phosphotungstic acid is well documented, with examples of support materials
being used to stabilise the active anion at different stages in this decomposition. For the purposes of
this exercise it was decided to first generate the active peroxometalate anion before immobilisation
by ion exchange with IP-2.1, theorising that the ionic microenvironment provided by the PIILP support

would sufficiently stabilise the active species over time. In this regard, phosphotungstic acid was
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reacted with 200 equivalents of H,O, before addition of the reaction mixture to a rapidly stirred
solution of IP-2.1 in EtOH, resulting in the immediate precipitation of the product as an amorphous
white solid; this was isolated by filtration and dried under vacuum to afford PIILP-supported catalyst
POM-2.1. The presence of [PO4{WO(0,),}4]* as the major species was confirmed by solid state 3P
NMR spectroscopy (figure 2.6), although the spectra clearly shows that POM-2.1 consists of a number
of different phosphorous-containing compounds. This observation has previously been reported
during a study into the formation, reactivity and stability of [PO4{WO(0,).}4]*.%¢ ICP-OES analysis of
POM-2.1 showed that the sample consisted of 26.0 wt% tungsten, indicating that both complete

anion exchange with the polymer bromide had occurred and that the proposed formulation was

correct.

[PO{WO(02)2}4]* peroxophosphotungstate
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Figure 2.7 Solid state 3'P NMR spectrum of POM-2.1 and corresponding assignments in agreement with work

conducted by Hill and co-workers®®

As the morphology and porosity of the catalytic species will have a distinct effect on the
reaction outcome, nitrogen sorption analysis was conducted on POM-2.1. A Brunauer-Emmett-Teller
(BET) plot gave a total surface area of 42 m? g whilst pore size distribution curves calculated by the
Barret-Joyner-Halenda (BJH) method indicated an average pore size of 8.3 nm and an average pore
volume of 0.15 cm? gl. For comparison, similar polyoxometalate-based polyammonium cation
decorated meoporous materials reported previously exhibited comparable surface areas of 27 — 51
m? g but with smaller pore sizes of just 3.6 nm.?* Further investigation into the morphology of POM-
2.1 by transmission electron microscopy (TEM) showed highly contrasting features approximately <1

nm in size, corresponding to the peroxophosphotungstate surrounded by the poorly contrasting

polymer material which appears granular in nature (figure 2.8).
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Figure 2.8 High resolution transmission electron microscopy images of prepared catalyst POM-2.1

2.3.2. Epoxidation Catalysis

The efficiency of the newly produced catalyst POM-2.1 as an oxidation catalyst was first investigated
for the epoxidation of allylic alcohols and alkenes. As a route to versatile synthetic precursors, the
green oxidation to give epoxides has gained considerable interest and, in this regard, heterogeneous
polyoxometalate catalyst has been used in conjunction with hydrogen peroxide as the sole oxidant.
For example, a broad range of alkenes have been oxidised by [{W(=0)(03)2(H20)},(m0O)] immobilised
on imidazolium IL-functionalised silica to give selectivity values and yields that compared favourably
to the corresponding homogeneous analogue in acetonitrile.”® As discussed previously
[PO4{WO(02),}4]* has also been successfully used in conjunction with various different polymer-based
supports.!! As such the efficiency of POM-2.1 was evaluated across a range of different allylic
alcohols and olefins, and compared against an analogous homogeneous catalyst POM-TBA, prepared
by the anion exchange of [PO4{WO(0,),}4]* with tetrabutylammonium bromide (table 2.2). Initial
evaluation of both catalysts focused on the epoxidation of trans-hex-2-en-1-ol using two equivalents
of hydrogen peroxide, 0.5 mol% catalyst and a temperature of 50 °C in acetonitrile (entries 1 and 2).
Interestingly under these conditions POM-2.1 gave a conversion of 99% after just 4 hours whilst the
homogenous analogue POM-TBA gave just a yield of 74% in the same time, implying that the porous,
charged nature of POM-2.1 could be providing a positive synergistic effect during catalysis; for
example the porous nature of the material could direct and trap substrates in close proximity to active
centres, enhancing the reaction rate. Gratifyingly this enhancement between the two catalysts was
observed across the range of substrates summarised in table 2.2, with the heterogeneous POM-2.1
giving comparable performance, and often even outperforming its homogeneous counterpart. Whilst

clearly highly active, it is also possible to achieve a high degree of selectivity with both
59



peroxometalate catalysts. For example, the epoxidation of geraniol (entries 7 and 8) occurred with
complete regioselectivity for the allylic alcohol to give the 2,3-epoxy alcohol as the sole product in
high yield. Mechanistically, as with all the allylic substrates, this effect can be attributed to initial

coordination

Table 2.2 Epoxidation of allylic alcohols and alkenes with hydrogen peroxide in acetonitrile catalysed by POM-
2.1 and POM-TBA?

entry substrate Catalyst Time Conversion® Isolated
yield
1 POM-2.1 4 >99 (94) 94
2 T ow POM-TBA 4 74 (66) 66
3 POM-2.1 4 89 (81) 81
4 o POM-TBA 4 87 (74) 74
5 POM-2.1 4 >99 (92) 92
6 )\AOH POM-TBA 4 94 (86) 86
7 JOUSH POM-2.1 4 96 (91) 91
8 OH  POM-TBA 4 97 (89) 89
9 POM-2.1 12 88 (81) 81
10 T om POM-TBA 12 82 (71) 71
11 O POM-2.1 4 98 (91) 91
12 POM-TBA 4 74 (68) 68
13 @ POM-2.1 4 89 (79) 79
14 POM-TBA 4 80 (71) 71
15 Ab POM-2.1 4 81(72) 72
16 POM-TBA 4 98 (89) 89
17 N POM-2.1 12 76¢ -
18 @A POM-TBA 12 79¢ -

9Reaction conditions: 0.5 mol% catalyst, 1 mmol substrate, 2 mmol 35% H20,, 3 mL MeCN, 50°C. ®Determined
by GC of reaction mixture using n-decane as an internal standard. ‘Determined by 'H NMR.

of the alcohol oxygen to one of the tungsten centres which holds the allylic C=C double bond in close
proximity to the active O-O group of the catalyst (scheme 2.4). This coordination effect also explains
the relative reactivity of both catalysts towards homoallylic substrates, with both catalysts giving
much slower reaction rates (entries 9 and 10). In this regard the increased distance between the C=C
double bond and the alcohol leads to suboptimal coordination of the double bond to the active
peroxo-bridge of the catalyst upon coordination of the alcohol group to an adjacent tungsten. Despite
this effect good conversions could still be achieved with both catalysts by increasing reaction times.
Encouragingly, the conversion achieved for cis-cyclooctene using POM-2.1 approached that reported
for the same heterogeneous peroxometalate polyanion immobilised within an organic dendrimer
matrix?® as well as peroxometalate-based room temperature IL systems.?’

Reasoning that the PIILP support of POM-2.1 would effectively retain and stabilise the active
peroxometalate species, the recyclability and reusability of POM-2.1 was explored to assess the
longevity of the catalyst. Cis-cyclooctene was selected as the test substrate and the catalyst

reusability was studied up to four cycles, details of which are shown in figure 2.8. After each cycle the

60



catalyst was isolated by centrifugation of the crude reaction mixture, siphoning off of the liquid phase
and washing with diethyl ether; the recovered catalyst was then used directly with no make-up

quantity of fresh catalyst added for subsequent cycles. The reaction profiles obtained for POM-2.1
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Scheme 2.4 Mechanism for the epoxidation of allylic alcohols involving coordination to an adjacent tungsten
centre modified from the mechanism proposed by Stapleton et a/?®

show that the catalyst recycles effectively, with the reaction reaching completion within each cycle,
however minor reduction in reaction conversion of approximately 6% occurred upon each successive
recycle. Analysis of the reaction solvent by ICP-OES after each filtration and recovery of the catalyst
revealed that the tungsten content was below the detection limit of 1 ppm. As such it was determined
that negligible leaching of the peroxophosphotungstate occurred during the recycling process and
that the active catalyst was effectively retained within the polymer framework of the PIILP support.
The observed gradual decrease in catalyst performance was instead attributed to attrition during
filtration and recovery of the catalyst. TEM images of POM-2.1 obtained after the 4" recycle showed
some aggregation of the peroxometalate (figure 2.9); however, the solid state 3P NMR spectrum
obtained for the same sample indicated that the tetranuclear [PO,{WO(0O,),}s]* anion is stable and
remains the major phosphorous-containing species (figure 2.10), in agreement with earlier studies by
the Ishii and Venturello groups.® Due to the polyolefin backbone of IP-2.1 concerns were raised with
regards to the oxidation of the PIILP material under the reaction conditions, which could alter the
morphology and physical properties of the support material. Whilst the TEM images obtained for the
recycled catalyst showed no obvious visual changes to the morphology of the support material,
additional testing was required. Fourier transform infrared (FT-IR) spectroscopy of a recycled sample
of POM-2.1 showed no signals corresponding to either epoxide (U 1280 — 1230, 950 — 815 and 880
— 750 cm™?) or alcohol (u 3550 — 3200 cm™) functionalities, implying that the alkene groups within

the polymer backbone did not react under the mild reaction conditions. FT-IR spectroscopy also
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confirmed the observations from the TEM images and 3P NMR spectrum of recycled POM-2.1 that

the active peroxophosphotungstate remained largely unchanged under the reaction conditions.
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Figure 2.9 Conversions with respect to time for successive hydrogen peroxide-mediated epoxidations of cis-
cyclooctene using recycled POM-2.1

As discussed above the tendency of POM-2.1 to outperform its homogeneous counterpart
POM-TBA would imply that the microenvironment provided by the PIILP support helps facilitate the
epoxidation. Although it would be incredibly difficult to achieve, these initial results suggest that the
elucidation of catalyst activity-polymer structure relationships combined with the controlled,
modular polymer synthesis utilised in this work would be an effective means to design and develop
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Figure 2.10 High resolution transmission electron microscopy images of POM-2.1 taken after 4'" recycle
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highly active, well-defined heterogeneous catalysts. The results summarised in table 2.2 show that

the positive aspects of catalysis in IL can be successfully harnessed through PIILP materials, whilst the
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catalyst longevity study clearly shows that PIILP supports can effectively retain polyionic transition
metal catalysts and recycle efficiently with negligible leaching and little change to the materials

morphology under mild reaction conditions.
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Figure 2.11 Solid state 3!P NMR spectrum of POM-2.1 taken after 4™ recycle

2.3.3. Alcohol Oxidation

As with the oxidation of alkenes the oxidation of aliphatic alcohols has received considerable interest
over the past few decades in an attempt to move away from traditional, harsher oxidants towards
greener alternatives. In this regard, ILs have again been extensively investigated as a means to
achieve these green credentials. Again this paved the way for efficient heterogeneous catalysis under
SILP conditions and, like their epoxidation counterparts discussed above, the oxidation of alcohols to
afford ketones or aldehydes catalysed by immobilised polyoxometalates has been previously
investigated with PIILP-type supports, including polycationic dendrimers,?*® IL-modified polystyrene?
as well as a poly(ethylene oxide-pyridinium) matrix.> With this in mind and in order to more
extensively evaluate the efficiency of POM-2.1 as an oxidation catalyst, further studies were
conducted with a range of aliphatic alcohols (table 2.3). The much higher reaction temperature and
time required to achieve high degrees of conversion make this transformation less viable for wider
applications such as continuous flow processes. However, the evaluation of POM-2.1 under these
harsher conditions will further illustrate the robustness of the PIILP-peroxophosphotungstate
catalyst. Under the reported reaction conditions the selection of benchmark secondary alcohols gave
excellent conversions using POM-2.1 as the catalyst. Despite these high yields, the rates of reaction
reported for the same peroxometalate catalyst supported on different materials, including the IL-
modified silica’® and poly(ethylene oxide-pyridinium) matrix’ mentioned previously, are significantly

higher even when using reduced catalyst loadings and fewer equivalents of hydrogen peroxide. While
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it was possible to achieve good conversions for the oxidation of 2-phenylethanol to acetophenone
with lower temperatures and a catalyst loading of just 0.5 mol% a large excess of hydrogen peroxide

and prolonged reaction time was required. The reduced activity of POM-2.1 under these reaction

Table 2.3 Epoxidation of aliphatic alcohols to corresponding carbonyls with hydrogen peroxide in acetonitrile
catalysed by POM-2.1°

entry substrate Conversion®
OH

1 A~~~ 97

OH

2 /W\N 98

3 ase >99

OH
Bu

5 O/OH 08

9Reaction conditions: 2 mol% catalyst, 1 mmol substrate, 6 mmol 35% H.0,, 3 mL MeCN, 80 °C, 24 h.
bDetermined by *H NMR.

4 94

conditions when compared to similar heterogeneous catalysts could, in part, be attributed to the
deposition of the catalyst material on to the reaction vessel through the course of the reaction. This
process could essentially cause the active [PO4{WO(0,),}4]* to become much less accessible to the
substrate. This observation is further vindicated by the fact that incredibly poor degrees of conversion
in the range of 15-40% were obtained across all substrates if the sample POM-2.1 used was not
sufficiently dispersed upon initial addition to the reaction mixture, indicating a strong dependence
on catalyst accessibility. The TGA curves obtained for POM-2.1 (figure 2.12) demonstrated that there
was no significant loss of mass or notable endotherms until a temperature of ~170 °C was reached,
implying that the catalyst is structurally stable under the reaction conditions. As such the limitations
observed for POM-2.1 under these reactions conditions might be mechanical in nature. In this regard,
the deposition effect discussed above could be significantly improved by appropriate modification of
the polymer structure and microenvironment. It is also possible that the pore size offered by POM-
2.1 may not be compatible with large substrates such as 1-decanol and 2-decanol. Again appropriate
modification of the polymer morphology could negate this effect. Due to the clear limitations
encountered with the use of POM-2.1 for alcohol oxidation the polymer support structure was
deemed inappropriate for this particular reaction, as such it was not investigated further with this

catalyst. The results obtained also highlight the necessity to achieve an understanding about how the
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polymer microenvironment will change under harsher conditions, for example, through polymer

swelling, which may render the pore structure of the catalyst inappropriate for reaction.

Sample: JRE344 File: C:\TA\Data\TGA\NOV-2013\Pete\JRE344.001
Size: 5.5386 mg TGA Operator: suzi

Run Date: 19-Nov-2013 16:42

Instrument: TGA Q5000 V3.17 Build 265
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Figure 2.12 TGA curve for POM-2.1 taken with a heating rate of 10 °C min!

2.3.4. Sulfoxidation Catalysis

The selective oxidation of sulfides to yield sulfoxides or sulfones has received considerable interest
over recent years due to the importance of both products as intermediates across a range of
important chemistry including fine chemical, agrochemical and pharmaceutical production,® as chiral

3% 3nd, more recently, as ligands in transition metal-catalysed asymmetric synthesis.3! The

auxiliaries
oxidation of sulphur-based impurities in crude oil also provides a more environmentally benign,
milder means of removing the impurities when compared to more traditional catalytic
hydrodesulfurisation methods.>? As a result the crux of research has again generally focused on
moving away from more traditional, harsher oxidation systems towards more environmentally
benign and milder reagents, such as hydrogen peroxide, whilst maintaining high activity and
selectivity. To this end the application of IL-based systems, either as a bulk solvent or under SILP
condtions, has significantly aided this aim. For example, peroxotungstate catalysts immobilised on a
supported IL brush silica-based SILP system are highly active catalysts which exhibit high selectivity
towards sulfoxides using aqueous hydrogen peroxide as the oxidant.?® With this in mind, sulfoxidation
catalysis was identified as an ideal means to further evaluate the POM-2.1-H,0, system, particularly
with regard to aspects of potential product selectivity. Initial investigation focused on the benchmark

substrate thioanisole as this substrate has recently been oxidised by peroxometalate-based systems

immobilised on the surface of IL-modified silica,®*3* IL-based POM salts,** temperature responsive
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phase transfer catalysts,*® tungstate-loaded SBA-15% and poly(ionic) liquid immobilised magnetic
nanoparticles.®® Initially the effect of product selectivity as a function of H,0; : sulphur ratio was
investigated in MeCN (table 2.4). Using 0.5 mol% of POM-2.1 moderate conversions an high sulfoxide
selectivities of 96% were achieved at room temperature with either one or two equivalents of H,0,,
while complete conversion was achieved with 3 equivalents, albeit at a slightly lower sulfoxide
selectivity of 80% (entries 1 to 4). Previous reports have noted a profound effect of solvent choice on
the selectivity of the oxidation, with protic solvents favouring the formation of the sulfoxide

through favourable hydrogen-bond forming capabilities. This effectively solvates and stabilises the

Table 2.4 Oxidation of thioansiole catalysed by POM-2.1 with varying equivalents of H.0,?
entry solvent eq.H,0, % Conv.® % sulfoxide? % sulfone? Sulfoxide selectivity?c

1 MeCN 1.0 54 52 2 96
2 MeCN 2.0 68 65 3 96
3 MeCN 2.5 88 74 14 84
4 MeCN 3.0 100 80 20 80
5 MeCN 5.0 100 53 47 53
6 MeOH 1.0 70 70 0 100
7 MeOH 2.0 90 88 2 98
8 MeOH 2.5 95 91 4 96
9 MeOH 3.0 100 95 5 95
10 MeOH 5.0 100 85 15 85
11 MeCN? 2.5 100 5 95 5

12 MeOH" 2.5 100 93 7 93
13 MeCN¢® 2.5 2.2 -- -- --

14 MeOH? 2.5 0 -- -- --

9Reaction conditions: 0.5 mol% catalyst, 1 mmol substrate, 35% H.0,, 3 mL solvent, room temperature, 15 min.
bDetermined by 'H NMR. ‘Sulfoxide selectivity = [%sulfoxide / (%sulfoxide + %sulfone)] x 100%. “Reactions
conducted under same conditions using 0.5 mol% POM-TBA. ¢Reactions conducted under same conditions using
0.5 mol% IP-2.1.

sulfoxide formed from the initial oxidation of thioanisole which could significantly slow the second
oxidation to the corresponding sulfone.?® As such a parallel study was conducted using MeOH as the
solvent under the same reaction conditions in order to investigate the influence of solvent on
selectivity. High sulfoxide selectivities were maintained even at high conversion when MeOH was
used as the solvent (entries 8-9) in stark contrast to analogous reactions in MeCN (entries 3-4).
Sulfoxide selectivity also seems to decrease at a much more dramatic rate as a function of increasing
H>0, concentration in MeCN compared to MeOH (entries 5 and 10). This solvent effect is much more
evident for the homogeneous analogue of POM-2.1 in which sulfoxidation proceeds to completion
with just 2.5 equivalents of H,0, with both solvents giving almost complete selectivity for opposite
products (entries 11-12). The heterogenisation of the [PO,{WO(0,),}s]* anion appears to significantly
reduce the catalyst’s activity, essentially giving an inversion of reaction selectivity to favour the
sulfoxide rather than sulfone. Despite this, high yields of sulfone can still be obtained using POM-2.1

with an excess of H,0,, higher temperatures and/or longer reaction times. Gratifyingly POM-2.1
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appears to give comparable performance to analogous heterogeneous oxidation catalysts published
in the literature; for example Merrifield resin-supported peroxomolybdenun (V1) compounds*® and
polymer-immobilised peroxotungstates®! can achieve high sulfoxide and sulfone selectivites under
similar mild conditions and low catalyst loadings. In comparison, peroxotungstates immobilised on
multi-layer IL brushes-modified silica®? or IL-modified silica®” and Keggin heteropolyacids*® require
much higher reaction temperatures, higher catalysts loadings and considerably longer reaction times
to achieve similar performance, highlighting the highly efficient nature of POM-2.1 under
relatively mild conditions. Due to the mild reaction conditions required to achieve oxidation, blank
experiments were conducted in the absence of the [PO4{WO(0,):}4]* anion in order to determine the
extent, if any, of background reaction in presence of IP-2.1. Reassuringly only very minor amounts of
sulfoxide (2%) were observed when the reaction was conducted in MeCN while no reaction was

observed in MeOH (entries 13-14), illustrating that the peroxometalate is required for reaction.

0
o, ,0
0.5 mol% POM-2.1 X W

S S S
S+ xH0, > ~ + ~
solvent, RT, 15 min

Scheme 2.5 Oxidation of thioanisole with hydrogen peroxide catalysed by POM-2.1

Encouraged by the high reactivity of thioanisole under relatively mild conditions and the
potentially useful solvent dependent selectivity the evaluation of POM-2.1 was extended to a range
of aryl alkylsulfides, using 2.5 equivalents of H,0, as the optimum amount of peroxide with regards
to achieving high conversion and sulfoxide selectivity (table 2.5). High conversions were obtained
across the full scope of substrates tested and the same solvent dependent selectivity was seen for
the different sulfides with sulfoxide selectivity significantly higher for MeOH, ranging from 89-
98% compared to just 58-98% in acetonitrile. Complete chemoselectivity was observed for
oxidation of the sulphur in allylphenyl sulfide and homoallylphenyl sulfide with no evidence for
epoxidation of the double bond, most likely as a result of the mild reaction conditions and short
reaction times (entries 5-6 and 11-12).43741 The poor performance of POM-2.1 in the oxidation of
dibenzothiophene (entry 9) is consistent with the electrophilic reaction mechanism previously
reported, as a decrease in nucleophilicity of the sulfide results in a slower rate of oxidation,3¢4%3%
Despite this limitation a high conversion could be achieved by increasing the reaction temperature to
65 °C, albeit at the cost of sulfoxide selectivity which was only 19% (entry 10). Unfortunately the

preference for sulfoxide selectivity in MeOH solvent could not be exploited due to the limited

solubility of dibenzothiophene.
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Table 2.5 Selective oxidation of sulfides to sulfoxides with hydrogen peroxide catalysed by POM-2.1¢

entry substrate solvent % % % Sulfoxide TOF?
Conv.®  sulfoxide®  sulfone®  selectivity®c
1 SN MeCN 88 74 14 84 704
2 ©/ MeOH 95 91 4 96 760
3 S MeCN 92 74 18 80 736
4 ©/ MeOH 92 86 6 93 736
5 S MeCN 98¢ 64°¢ 34¢ 65¢ 784
6 ©/ MeOH 99¢ 97¢ 2¢ 98¢ 792
7 /©/5\ MeCN 89 78 11 88 712
8 O,N MeOH 56 53 3 95 448
9 S MeCN 24 21 3 88 192
10 MeCN/ 95 18 77 19 760
11 SaF MeCN 98 58 40 58 792
12 ©/ MeOH 62 56 6 90 456
13 S~_Ph MeCN 99 75 24 76 792
14 ©/ MeOH 92 90 2 98 736
15 \i/S\ MeCN¢ 59 58 1 98 472
16 MeOH?¢ 99 77 22 78 792

9Reaction conditions: 0.5 mol% POM-2.1, 1 mmol substrate, 2.5 mmol 35% H20;, 3 mL solvent, RT, 15 min.
bDetermined by *H NMR. ‘Sulfoxide selectivity = [%sulfoxide / (%sulfoxide + %sulfone). “TOF = moles sulfide
consumed per mole catalyst per hour. ¢Determined by *C NMR. fReaction conducted at 65 °C. 9Reactions
conducted in deuteriated solvent for 2 minutes and monitored by *H NMR.

Taking encouragement from the positive recycle experiments conducted for the epoxidation
of cis-cyclooctene and the efficient catalyst performance across the range of sulfides a catalyst
longevity study was conducted using thioanisole (figure 2.13). Again the reaction was completed

before the catalyst was isolated by centrifugation, washed with Et,0 and reused for another cycle.
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Figure 2.13 Conversion and sulfoxide selectivity profiles as a function of time for subsequent catalyst recycles
in the oxidation of thioansiole with 2.5 equivalents hydrogen peroxide catalysed by POM-2.1

Reassuringly analysis of the reaction composition over time gave profiles which showed almost no
decrease in catalyst performance with regard to conversion and sulfoxide selectivity between
successive runs, implying that the catalyst is effectively stabilised within the PIILP support in both
solvents investigated. As MeOH has been shown to give a much high sulfoxide selectivity and may be
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considered the more environmentally benign solvent of the two a more thorough recycle study was
conducted (table 2.6). Again no notable decrease in catalyst performance was observed, with both
conversion and selectivity decreasing by just 4% over six successive cycles. Analysis of the MeOH
solvent after the isolation and reuse of the catalyst from the first two runs of the experiment again
showed that the tungsten content was too low for detection (<1 ppm) in keeping with the
observations from the cyclooctene recycle experiment conducted previously. Further to this, analysis
of the catalyst isolated after the 6 cycle gave a tungsten content of 25.84%, showing a reduction of
just 0.16% from the initial value of 26% for unused catalyst, further evidence that catalyst leaching

occurring for POM-2.1 is almost negligible.

Table 2.6 Conversion and sulfoxide selectivity values obtained for subsequent catalyst recycles in the oxidation
of thioanisole in MeOH catalysed by POM-2.1°
Run  Conversion® Sulfoxide selectivity®*

1 88 92
2 87 92
3 88 92
4 86 91
5 86 90
6 84 88

9Reaction conditions: 0.5 mol% POM-2.1, 1 mmol substrate, 2.5 mmol 35% H20;, 3 mL solvent, RT, 20 min.
bDetermined by *H NMR. ‘Sulfoxide selectivity = [%sulfoxide / (%sulfoxide + %sulfone).

The promising results obtained for the oxidation of various sulfides catalysed by POM-2.1
coupled with the high degree recyclability shows that PIILP supported catalysts are an effective means
to achieve mild oxidations, often outperforming other heterogeneous catalysts published in the
literature, particularly with regard to the reaction temperature, time and amount of H,0, required.
The use of PIILP supports also appears to have a dampening effect on the catalyst activity, which can
be greatly advantageous allowing for high selectivity to be achieved for both sulfoxide and sulfone,
an aspect which can be fine-tuned through solvent choice or reaction time. Due to the largely
industrially relevant nature of both sulfoxides and sulfones, be it in fine chemical production or the
purification of crude oil, the use of a an efficient environmentally benign, selective catalyst is highly
desirable in the scale up of reactions. As such a more in depth study into heterogeneous
sulfoxidations using PIILP catalysts and their implementation into continuous flow processes was

conducted, full details of which are outlined in chapter 3.

2.3.5. Polymer Support Comparisons

Due to the clear influence of the support morphology and microenvironment over catalyst
performance in heterogeneous reactions, an investigation into the effect of the polymer backbone

IP-2.1 as a lead was conducted. A range of ionic polymers of varying composition were prepared; this
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included varying the ratio of co-monomer to IP-2.1 for a constant average chain length as well as
varying the average polymer chain length while retaining the co-monomer to IP-2.1. In this regard,
IP-2.2 and IP-2.3 were prepared which consisted of a co-monomer ratio of 1 IL unit every 6 alkyl
monomers, with the former having the same average chain length as IP-2.1 of ~50 units, and hence
a reduced IL loading, while the latter maintained the same number of IL units but with a longer
average chain length of approximately 120 units. Despite the relatively well behaved nature of ROMP
elemental analysis obtained for IP-2.2 and IP-2.3 showed that both polymers consisted of an average
co-monomer ratio closer to 1 : 5.5 rather than the 1 : 6 proposed by the reaction stoichiometry,
corresponding to ionic loadings of 1.08 mmol g and 1.09 mmol g, respectively. As the ROMP
mechanism is dominated by the relief of ring strain, the incomplete incorporation of cis-cyclooctene
in the final polymers may be due to the lower ring strain of the monomer of 7.4 kcal mol* compared

to that of the norbornene bicycle of 27.2 kcal mol™.*®* While the difference in ring strain did not cause
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Figure 2.14 IPs 2.2 — 2.5 used to illustrate the effect of different polymer support structure on catalyst
performance in H.0>-mediated oxidations. In each case the ionic loading (mmol g?) is shown.

issue in the generation of IP-2.1 with respects to correct co-monomer incorporation, the excess of
cis-cyclooctene present in the formulation of IP-2.2 and IP-2.3 appears to exacerbate this difference,
leading to incomplete incorporation of cis-cyclooctence. The apparent inability to fully incorporate
the desired larger amounts of cis-cyclooctene into produced co-polymers highlights a significant
limitation of this particular ROMP system. In order to address this issue it will be necessary to use
more reactive metathesis catalysts such as the 2" generation Grubbs catalyst and/or by using a co-
monomer with comparable ring strain to norbornene. However, as these materials were to be used
for exploratory work and the co-monomer ratio of 1:5 was deemed significantly different to the 1 :

2 ratio of IP-2.1 that they could be used as is. In order to evaluate the effect of the nature of the IL
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group present on the polymer support, IP-2.4 was proposed as a direct imidazolium-functionalised
comparison to the pyrrolidinium-functionalised IP-2.1. The desired monomer 2.6 was prepared by
first constructing the imidazole ring from 2.2 using a modified of the conditions reported by Matsuoka

et al (scheme 2.6).%

NH4 OAc
\
O 7 7 Br@
50 OC N7\ RT, acetone
MeOH, 5 h k/ 19
2.5

Scheme 2.6 Synthe5|s of the imidazolium bromide-functionalised norbornene monomer 2.6

Following purification by column chromatography the imidazole-functionalised monomer
was quaternized with benzyl bromide under the same conditions outlined in scheme 2.2, before
undergoing ROMP under the same conditions used for the preparation of IP-2.1. Elemental analysis
of IP-2.4 gave an ionic loading of 1.73 mmol g%, a value consistent with the expected co-monomer
ratio of 1: 2 and confirming that IP-2.4 was a direct analogue of IP-2.1; this would allow for a direct
comparison between the pyrrolidinum and imidazolium IL functionalities. Finally a direct styrene-
based analogue of IP-2.1 was prepared as a means to assess the relative merits of the two
polymerisation methods. The desired pyrrolidinium-tagged styrene monomer 2.8 was prepared
through a straightforward two step synthesis starting with the quantitative alkylation of pyrrolidine

with 4-vinylbenzyl chloride which was then quaternised with an excess of benzyl bromide

k©\ L : Br©

hexa”e N MeCN, RT, //O/\( ;

0°CtoRT, 19h 19 h ©/\
27 2.8

5 mol % AIBN,
MeOH, 75 °C, 48 h

L -
%

Ph
IP-2.5, IL 1.68 mmol g

Scheme 2.7 Synthesis of the pyrrolidinium bromide-functionalised styrene monomer 2.8 and subsequent free
radical initiated polymerisation to give IP-2.5
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as described above (scheme 2.7). The resulting analytically pure monomer was then subjected to
free radical-initiated polymerisation in ethanol with 5 mol% azobisisobutyronitrile (AIBN) and two
equivalents of styrene as a co-monomer to yield IP-2.5. While the synthesis of 2.8 is considerably
more straightforward and higher yielding than its norbornene-based counterpart 2.4, the need to
employ much harsher polymerisation conditions highlights the advantages of using ROMP to prepare
PIILP materials. Elemental analysis of IP-2.5 also demonstrated the comparatively uncontrolled way
in which free radical polymerisation proceeds, giving an ionic loading which corresponded to a co-

monomer ratio of 1 : 2.3 as opposed to the 1 : 2 ratio obtained for the IP-2.1.

Following the preparation of the desired IPs the corresponding catalysts POM-2.2, POM-2.3,
POM-2.4 and POM-2.5 were generated through the same H,0,-mediated degradation of
phosphotungstic acid followed by ion exchange according to the procedure used for POM-2.1. Again
all catalysts were obtained as amorphous, insoluble solids which all possessed tungsten loadings
consistent with complete ion exchange and the proposed formulation as determined by elemental
analysis. The freshly prepared PIILP catalysts were evaluated against a selection of substrates
representative of the three different oxidation reactions previously investigated with POM-2.1, the
results of which are summarised in table 2.7. The reduction in the ionic loading for a polymer chain
of comparable length observed between POM-2.1 and POM-2.2 appears to have no influence on

Table 2.7 Comparison of the catalytic performance of the different prepared PIILP catalysts in select hydrogen
peroxide-mediated epoxidations, alcohol oxidations and sulfoxidations

entry substrate POM-2.1 POM-2.2 POM-2.3 POM-2.4 POM-2.5

1 O 98¢ 96° 83¢ 97¢ 96°

2 Iy, 96 987 >99° >99° >99°

3 » o9 93" >99" 98" 11°
OH
4 Y 98" 98" 97" 99" 21°
N
5 Cr 88°(84)"  94°(64)"  85°(61)!  97°(68)¢  74°(97)
N
6 89°(78)"  80°(64)  87°(45)!  52°(83)  99°(75)
ol 78 80 (64 87U 52 (83 9% (75)

9Reaction conditions described in table 2.2. Determined by GC of reaction mixture using n-decane as an internal
standard. YReaction conditions described in table 2.3. Determined by *H NMR. ‘Reaction conditions described
in table 2.5, conducted in MeCN solvent. Determined by *H NMR. Sulfoxide selectivity = [%sulfoxide /
(%sulfoxide + %sulfone).

catalyst performance in both epoxidation and alcohol oxidation reactions (entries 1 — 4). This effect
is also observed for the longer polymer chain of POM-2.3, which also gave a comparable performance
except for the epoxidation of cis-cyclooctene which experienced a minor reduction in activity. While

the investigation into the oxidation of alcohols showed that there was a strong correlation between
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the accessibility of the peroxometalate anion and catalyst performance, the differences in polymer
morphology between POM-2.1-2.3 may not be significant enough to demonstrate this effect. Due to
the polynuclear nature of the active peroxometalate there are numerous active sites for each anion;
as such the subtle differences in polymer morphology may not prevent effective approach of the
substrates to an active site. Interestingly, in the oxidation of 4-nitrothioanisole POM-2.3 showed
markedly different selectivity to POM-2.1 (entry 6). This increased affinity for the sulfone product
could be the result of different pore sizes within the catalysts, retaining the 4-ntirothioanisole
substrate in close proximity to the active peroxometalate for longer times. This in turn would help
facilitate further reaction by allowing more time for the second oxidation to yield sulfone. This effect
on product selectivity is also observed in the oxidation of thioansiole with POM-2.3 and in both
sulfoxidation reactions catalysed by POM-2.2 albeit to a lesser extent (entries 5 and 6). The higher
sulfone selectivity of catalyst based on the two alkyl-rich polymers demonstrates that it should be
possible to control product selectivity by altering support morphology, however, the effect appears

to be somewhat subtle and substrate specific.

Altering the IL fragment between the analogous supports from pyrrolidinium in POM-2.1 to
imidazolium in POM-2.4 also appears to have no significant effect on catalyst performance in both
epoxidation and alcohol oxidation, again most likely as a result of the multisite nature of the active
species. However, aspects of product selectivity are again observed in the sulfoxidation reactions
investigated, with POM-2.4 appearing to be a more efficient catalyst in the oxidation of thioanisole,
albeit with poorer sulfoxide selectivity, whilst simultaneously giving a markedly poorer performance
for 4-ntirothioanisole when compared to POM-2.1 (entries 5 and 6). During the electrophilic attack
of the substrates during catalysis the cation of the IL fragment will influence the formation of partial
charges in the transition state, which is likely to affect the rate of reaction. While having a more
profound effect than the structure of the backbone, this difference in rate caused by altering the
nature of the ionic liquid cation still appears to remain more subtle and substrate specific. For
example, it would be reasonable to assume that the enhancement obtained with the imidazolium
decorated PIILP catalyst would extend to a range of sulfides rather than substrate specific to
thioanisole. This again shows the incredibly complex relationship between the substrate, catalyst and

support material and the need for more thorough studies.

The very minor influence of the structure of the polymer backbone over catalyst behaviour is
further highlighted by the performance of POM-2.5, the polystyrene-based analogue of POM-2.1
which gave comparable conversions and product selectivity in epoxidations and sulfoxidations.
Despite this, POM-2.5 performed very poorly for alcohol oxidations and gave very low conversions.

This appears to be a direct result of the poor stability of the polystyrene support under the harsher
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reaction conditions, as evidenced by the significant clumping of the catalyst material in the reaction
vessel post reaction. Despite this, the TGA curve obtained for IP-2.5 showed no significant loss of
mass until temperatures approximately 160 °C (figure 2.15); the gradual slight decrease in mass
before this point is believed to be solvent trapped within the polymer sample. This would imply that
any thermal degradation pathway that is occurring does not result in loss of mass, while no notable

exotherms/endotherms were observed in the corresponding DSC.

Sample: JRE457 File: C:\TA\Data\TGA\NOV-2013\Pete\JRE457.001
Size: 2.3380 mg TGA Operator: suzi

Run Date: 19-Nov-2013 17:44

Instrument: TGA Q5000 V3.17 Build 265
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Figure 2.15 TGA curve for POM-2.5 taken with a heating rate of 10 °C min!

Despite the apparent increased robustness of the polystyrene-based support with regards to
higher thermal stability compared to its norbonene-based counterparts, the materials produced
through the ROMP process still appear much more appropriate for harsher reaction conditions, and
as such can be considered better multipurpose catalyst supports to be used across different reactions.
A comparison of the 5 prepared ionic polymer supports demonstrated that it is possible to change
the performance of the peroxometalate catalyst by modifying the polymer backbone structure and
composition as well as by altering the nature of the cation. With regard to the former, the differences
in pore structure arising from the increase in co-monomer content may be responsible for the
enhancement in rate as the cavities could effectively retain the substrates in close proximity to the
active sites. The relative spacing of the IL moieties will also clearly influence the microenvironment
around the active sites making it difficult to rationalise the effect of co-monomer ratio on
performance. The differences in reaction rates caused by these structure differences appear to be
incredibly subtle and are much more notable in the sulfoxidations in which differences in product
selectivity can be observed. While alteration of the IL cation used has a more prominent, albeit

substrate specific, effect on catalyst performance the differences are again mostly notable in the
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sulfoxidation reactions. With this in mind a more thorough investigation into the role of the polymer

support was conducted under sulfoxidation conditions.

2.3.6. lonic Liquid Functionality Comparisons

In order to more thoroughly investigate the effect on sulfoxidation selectivity of different IL
functionalities in PIILP supports a range of different IL-functionalised monomers are required. During
the preparation of the norbornene-based monomers 2.4 and 2.6 and the comparative styrene based
analogue 2.8 it was noted that the latter was much more straightforward to prepare in high yield. In
this regard, styrene-based monomers would be ideal to produce large quantities of different polymer
materials for exploratory development type investigations. In the oxidation of thioanisole and 4-
nitrothioanisole investigated in table 2.6 the analogous ROMP and polystyrene-based PIILP catalysts
POM-2.1 and POM-2.5 showed almost the same behaviour, giving selectivities and yields within 10%
of each other. This would imply that the structural difference between the two polymers does not
have a significant influence over catalyst performance. As such the evaluation of these two catalysts
was extended to the full selection of sulfides from table 2.5 in order to undertake a more thorough

comparison between these the two supports (table 2.8).

Table 2.8 Selective oxidation of sulfides to sulfoxides with hydrogen peroxide catalysed by POM-2.1 POM-2.57

POM-2.1 POM-2.5
% Sulfoxide % Sulfoxide
entry substrate solvent  Conv.”  selectivity®  Conv.  selectivity?*
1 S MeCN 88 84 74 97
2 ©/ MeOH 95 96 99 92
3 S MeCN 92 80 77 95
4 ©/ MeOH 92 93 97 95
5 S MeCN 98¢ 65¢ 97¢ 819
6 ©/ MeOH 994 987 899 794
7 /@/S\ MeCN 89 88 99 75
8 oN MeOH 56 95 92 90
9 S MeCN 24 88 34 79
10 MeCN¢ 95 19 85 25
11 ©/5\/\/ MeCN 98 58 55 80
12 MeOH 62 90 55 85
13 S._Ph MeCN 99 76 99 73
14 ©/ MeOH 92 98 99 84
15 \{/5\ MeCN/ 59 98 90 70
16 MeOH/ 99 78 96 73

9Reaction conditions: 0.5 mol% catalyst, 1 mmol substrate, 2.5 mmol 35% H.0, 3 mL solvent, RT, 15 min.
bpetermined by *H NMR. ‘Sulfoxide selectivity = [%sulfoxide / (%sulfoxide + %sulfone). “Determined by 3C NMR.
¢Reaction conducted at 65 °C. /Reactions conducted in deuteriated solvent for 2 minutes and monitored by *H
NMR.
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Comparison of POM-2.1 and POM-2.5 shows no discernible trend in performance between
the two catalysts. Catalysis conducted in MeCN gave comparable conversions and sulfoxide
selectivities across the full range of substrates tested, with the exception of ethyl phenyl sulfide which
performed more poorly with POM-2.5 (entry 3) and tert-butyl methyl sulfide, which gave a conversion
of just 59% with POM-2.1 compared to the 90% with POM-2.5 (entry 15). For the latter the incredibly
short reaction times required for this substrate will make minor differences in catalyst rates seem
much more profound. The most notable difference in catalyst performance was for the oxidation of
4-nitrothioanisole in MeOH with POM-2.1 giving a conversion of just 56% while POM-2.5 gave 92%
conversion in the same time. Interestingly, despite the significant difference in rates as evidenced by

the conversions, both were highly selective for sulfoxide.

With the exception of a few specific substrate/solvent combinations, the results in table 2.8
strongly suggest that any differences between the structures of the two support materials that may
result from the polymerisation method or the nature of the carbon polymer backbone does not have
a significant effect on catalyst performance. In keeping with the observations made in table 2.7 it
would appear that it is the nature of the IL fragments within the support which has a more significant
influence on the performance of POM-based PIILP catalysts. Combining this knowledge with the fact
that styrene-based polymers are synthetically more straightforward it was decided to prepare a range
of different IL-decorated polystyrene PIILP materials (figure 2.16) in order to investigate the influence
of the ionic liquid cation on catalyst performance. . To this end IP-2.6, IP-2.7 and IP-2.8, prepared by
A. Clemmet for work conducted as a larger overarching project concerning PIILP, were selected for
comparison against the pyrrolidinium-based IP-2.5 (figure 16). As in the analogous synthesis of IP-2.5

polymerisations involving styrene based imidazolium gave materials with less accurate co-monomer
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IP-2.5, IL 1.68 mmol g IP-2.6, IL 1.76 mmol g™
X 2x X 2x
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_NOBr |§/N ©Br
IP-2.7, IL 1.64 mmol g™ IP-2.8, IL 1.72 mmol g™

Figure 2.16 Polystyrene-based IPs 2.5 — 2.8 used to illustrate the effect of IL group functionality on catalyst
performance in H.02-mediated sulfoxidations. In each case the ionic loading (mmol g1) is shown
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ratios, typically in the region of 1 : 2.3, compared to their ROMP-based PIILP counterparts. Using the
same procedure described above for the preparation of 2.5 each of the new ionic polymers were first
impregnated with peroxometalate by ion exchange to yield the corresponding POM catalysts as
amorphous solids. Despite the inaccuracy in polymer composition which arose from the largely
uncontrolled polymerisation method, elemental analysis of POM-2.6 — 2.8 indicated tungsten
loadings which corresponded to complete ion exchange, allowing for accurate catalyst loadings to be
determined. The performance of the 3 imidazolium-functionalised PIILP catalysts were evaluated
against their pyrrolidinium-functionalised counterpart POM-2.5 in the oxidation of the aryl alkyl

sulfides (figure 2.17).

MeCN

100

% conversion

% conversion
c88838388

sulfoxide selectivity
sulfoxide selectivi

Brom-2.5 M rPOM2E | POM-2.7 POM-2.8

Figure 2.17 Conversion and selectivity profiles for the oxidation of various sulfides catalysed by POM-2.5 — 2.8
under reaction conditions outlined in tables 2.5 and 2.8
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General observations show that POM-2.5 far outperforms any of the imidazolium-based
catalysts in terms of conversions achieved, however, POM-2.5 consistently produced lower sulfoxide
selectivity than its imidazolium-based counterparts across all substrates tested. The most notable
outperformance was seen in the oxidation of 4-nitrothioanisole, in which POM-2.5 gave conversions
above 90% in both solvents while other catalysts gave only values ranging from 9 to 30%.
Interestingly, in contrast to this trend the imidazolium-based systems POM-2.7 and POM-2.8

outperformed POM-2.1 in both solvents (figure 2.18).
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Figure 2.18 Graphical summary of the performance of POM-2.1 in the H202-mediated oxidation of aryl alkyl
sulfides in MeCN and MeOH solvents

This higher activity could be caused by an increase in the affinity of the substrate for the
support materials in POM-2.7 and POM-2.8 as a result of the increased hydrophobicity of the
imidazolium cation compared with pyrrolidinium.*” This effect is most evident with the benzyl side
chains in POM-2.8 which could create more hydrophobic regions and effectively retain the homoallyl
phenyl sulfide substrate in close proximity to the active centres. This observation, however, does not
hold for the highly hydrophobic dibenzothiophene which performed poorly with all three
imidazolium-based catalysts. It is likely that the microstructure in these materials gives pore sizes and
structures which are not suited for larger substrates. Due to the electrophilic nature of the oxidation
mechanism it is likely the presence of an ionic environment could stabilise the forming partial charges
in the transition state, and hence facilitate the reaction. In this regard, the delocalised, softer positive
charge of the imidazolium groups in POM-2.6 — 2.8 may be unable to achieve this effect to the same
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extent of the harder cationic charge of the pyrrolidinium group of POM-2.5, potentially explaining
the higher performance of the latter system. Despite the considerable difference in catalyst activity
all four catalysts gave similar sulfoxide selectivities. When the sulfoxidation reactions catalysed by
POM-2.6 — 2.8 were conducted for longer periods of time in order to increase the conversions
achieved, a notable drop in sulfoxide selectivity was also observed, illustrating that the high selectivity
initially observed was a product of reduced catalyst activity.

While the results obtained in figure 2.17 highlight that the IL functionality of the PIILP support
can exert an incredibly profound effect on catalyst performance (as evidenced by the markedly higher
conversions achieved with POM-2.5) it is difficult to infer any significant trend with regard to the
nature of cation, its role and the substrate structure. Attributing the differences in activity solely to
the nature of the IL cation is most likely an oversimplification as differences in IL structure most likely
results in differences in the overall morphology of the catalyst material. These results again highlight
the incredibly complex nature of the relationship between catalyst, support and the reacting

substrate.

2.4. Conclusions

ROMP has been used to prepare a well-defined IL-decorated polymer support that can be
impregnated with the peroxometalate anion [PO4{WO(0,).}s]*> via anion exchange to give an
amorphous, insoluble catalyst POM-2.1. Analysis of this material showed that the catalyst is granular
in nature and that complete ion exchange had occurred. This initial PIILP catalyst proved to be highly
effective in the mild epoxidation of various substrates, often outperforming comparable
heterogeneous catalysts reported in the literature, while also efficiently recycling with almost
negligible leaching of the active tungsten species. These promising results show that PIILP catalysis is
an effective means to transfer the positive attributes of ILs to well-defined, solid supports to give
highly active, environmentally benign catalysts. This observation was further vindicated in the
oxidation of various sulfides, which was not only highly active but gave controllable product
selectivity. Taking these positive results as a basis, the use of PIILP may be a viable approach to
obtaining highly efficient, mild continuous flow processes, as discussed in chapter 3. Unfortunately
the oxidation of alcohols revealed one of the major limitations of PIILP catalysis with regard to catalyst
clumping and much lower activity under the reaction conditions, although the origin of this poor

performance has not been unequivocally established.

Investigations into the effect of the nature of the polymer support on catalysts performance
showed that differences in activity and selectivity were largely subtle and somewhat substrate

specific, making patterns difficult to predict and rationalise. Although a profound difference in
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catalyst activity was observed between systems based on pyrrolidinium and imidazolium IL cations
the relationship between support structure and performance still remains incredibly complex. Due to
the multisite nature of the active peroxometalate anion the subtle differences in polymer
morphology and microstructure may not significantly alter or hinder the approach of different
substrates during reaction. Differences in catalyst performance may be much more obvious when
investigating more well-defined, single site active species. Although further studies are clearly
required to elucidate a full understanding of the complex relationship between the structure and,
function of the support and catalyst performance, the well behaved nature of ROMP process used to
generate PIILP supports combined with the synthetically diverse, modular means of generating the
required monomers will allow systematic modification of the support to explore and develop
structure-activity patterns. Taking the promising initial results discussed in this chapter coupled with
these considerations, PIILP catalysis can be further exploited and optimised for use as a general tool

across the full spectrum of catalysis.
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2.5. Experimental

All manipulations involving air-sensitive compounds were carried out using standard Schlenk line
techniques under an atmosphere of nitrogen in oven-dried glassware. Chloroform, dichloromethane
and methanol were distilled from calcium hydride and diethyl ether and hexane from sodium wire.
Dicyclopentadiene was cracked by distillation over Fe,03; powder to give cyclopentadiene which was
used without further purification. All reagents were purchased from commercial suppliers and used
without further purification. *H and 3C{*H} NMR spectra were recorded on a JEOL ESC-400
instrument. Solid state 3P NMR were recorded at 161.87 MHz using a Varian VNMRS 400
spectrometer and a 4 mm (rotor o.d.) magic-angle spinning probe. They were obtained using cross-
polarisation with a 2 s recycle delay, 3 ms contact time, at ambient temperature and at a sample spin-
rate of 10 kHz. Between 1000 and 3600 repetitions were accumulated. Spectral referencing was with
respect to an external sample of neat tetramethylsilane (carried out by setting the high-frequency
signal from adamantane to 38.5 ppm). Gas chromatography-mass spectrometry was performed on a
Saturn 2220 GC-MS system using a factorFour VF-5ms capillary column, 30 m, 0.25 mm, 0.25 nm and
high resolution mass spectrometry was conducted on a Waters Micromass LCT Premier mass
spectrometer. CHN analysis was undertaken using a Carlo-Erba 1100 elemental combustion analyser
controlled with CE Eager 200 software and metal analysis was performed using a Perkin-ElImer Optima
4300 ICP-OES analyser. Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC)
was performed using a Ta TGA Q5000, at a heating rate of either 5 °C min"tor 10 °C min. All samples
were sealed in a glovebox into aluminium pans. The onset of the weight loss in each thermogram was
used as a measure of the decomposition temperature. TEM images were acquired in bright field using
a Tecnai 200 kV F20 Transmission Electron Microscope with a Field Emission Gun. A few drops of
sample were pipetted onto an Agar holey carbon film copper TEM grids and the prepared grid was
set aside for ca. 20 min prior to inserting it into the microscope, in order to allow the solvent to
evaporate. Images were taken with a Gatan CCD digital camera attached to the microscope. X-Ray
Crystallography data were measured on an Agilent Gemini A Ultra diffractometer at 150 K, with Mo
Kot (A = 0.71073A) radiation. Semiempirical absorption corrections were applied based on symmetry-
equivalent and repeated reflections. Structures were solved by direct methods and refined on all
unique F2 values, with anisotropic non-H atoms and constrained riding isotropic H atoms for carbon
atoms ; U(H) was set at 1.2 (1.5 for methyl groups) times Ueq of the parent atom. Hydrogen atoms
for the water molecule were constrained to a distance of 0.94 A and U(H) set at 1.2 times Ueq of the

parent atom. Programs were CrysAlisProl0 for data collection, integration, and absorption

corrections and SHELXTL11 for structure solution, refinement, and graphics. FT-IR spectrums were
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record on a Varian 800 FT-IR spectrometer system using a pike technologies diamond crystal plate

ATR unit. lonic polymers IP-2.6, IP-2.7 and IP-2.8 were prepared by A. Clemmet and used as is.

2-Methylbicyclohept-5-ene-2-carbonitrile (2.1)*

A three-neck round bottomed flask was charged with boron trichloride 1M in hexanes (23.0 mL, 23.0
mmol) and cooled to 0 °C after which methacrylonitrile (15.2 mL, 182.0 mmol) was added slowly
causing the instant formation of a white solid. After the drop-wise addition of freshly cracked
cyclopentadiene (10.0 mL, 151.0 mmol) the white solid redissolved and was allowed to stir for 19 h
and warm to room temperature. The resultant pale yellow oil was then poured onto an excess of
NaHCOs on ice and allowed to stir for approximately 10 mins after which time the product was
extracted with diethyl ether (3 X 100 mL) and the combined extracts dried with MgSO4 before the
solvent was removed under reduced pressure to give the product as a pale oil in 72% yield (14.50 g).
'H NMR (399.78 MHz, CDCls, d): (94 : 6 endo : exo mixture, major exo) 6.25 (dd, J = 5.4, 1.9 Hz, 1H,
H.C=CHpy), 5.96 (dd, /= 5.4, 1.9 Hz, 1H, H,C=CH,), 3.02 (m, 1H, bridgehead), 2.93 (m, 1H, bridgehead)
2.27 (dd, /= 13.7, 1.5 Hz, 1H, CH,), 2.25 (dd, J = 13.7, 1.5 Hz, 1H, CH,), 1.76 (dt, J = 14.3, 2.0 Hz, 1H,
bridge CH,), 1.53 (dt, J = 14.3, 2.0 Hz, 1H, bridge CH,), 1.18 (s, 3H, CHs); 3C{*H} NMR (100.52 MHz,
CDCls, d): 138.9, 131.8, 127.3, 52.5, 49.6, 43.2, 40.7, 30.2, 23.9; LRMS (EI*) m/z 134 [M+H]".

(2-Methylbicyclohept-5-en-2-yl)methylamine (2.2)

A solution of 2.1 (13.48 g, 101.0 mmol) in diethyl ether (ca. 20 mL) was added drop-wise to a stirred
suspension of lithium aluminium hydride (7.7 g, 202 mmol) in freshly distilled diethyl ether (100 mL)
cooled to 0 °C. Upon complete addition of 2.1 the reaction was allowed to warm to room temperature
and stirred for a further 20 h. NaOH (1.0 M, 12 mL) was then added drop-wise to the mixture which
had again been cooled to 0 °C followed by distilled water (100 mL) and allowed to stir for 1 h after
which time the mixture was filtered through celite. After washing celite with diethyl ether (150 mL)
the combined organic extract was then treated with HCI (1 M, 180 mL) and extracted with diethyl
ether (3 X 75 mL). The resulting aqueous layer was then treated with NaOH solution (1 M) to
approximately pH 12. The product was then extracted with diethyl ether (3 X 100mL), dried with
MgS0O, and the solvent removed under reduced pressure to give 2.2 as a yellow-orange oil in 61%
yield (8.5 g). 'H NMR (400 MHz, CDCls, d): 6.08 (dd, J = 5.4, 1.9 Hz, 1H, H.C=CHy), 6.04 (dd, J = 5.4, 1.9
Hz, 1H, =CH), 2.70 (m, 1H, bridgehead), 2.65 (br, 2H, CH.H,-NH,), 2.26 (m, 1H, bridgehead), 1.53 (br
d, J = 8.2 Hz, 1H, bridge CH), 1.42 (dd, J = 13.0, 4.5 Hz, 1H, CH,), 1.33 (br d, J = 8.2 Hz, 1H, bridge CH),
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1.15 (br, 2H, NH,), 0.82 (s, 3H, CHs), 0.73 (dd, J = 13.0, 2.5 Hz, 1H, CH,); 3C NMR (100 MHz, CDCls, d):
136.7, 135.5, 53.2, 48.7, 47.7, 43.3, 43.0, 38.3, 22.7; LRMS (EI*) m/z 138 [M+H]*.

1-(-2-Methylbicyclohept-5-en-2-yl)methyl)pyrrolidine (2.3)*

A round bottom flask was charged with 2.2 (5.0 g, 37.0 mmol), 1,4-dibromobutane (4.42 mL, 37.0
mmol), potassium carbonate (10.23 g, 74.0 mmol) and acetonitrile (300 mL) and heated to reflux with
rapid stirring under nitrogen for 20 h. The mixture was filtered through a frit to remove excess
potassium carbonate and the solvent was removed under reduced pressure. The resultant residue
was diluted with diethyl ether (ca. 50 mL) followed by the addition of HCI (1.0 M, 74.0 mL, 74.0 mmol).
The aqueous layer was extracted with diethyl ether (2 X 70 mL), treated with NaOH solution (1.0 M)
until the solution reached pH 12. Product was extracted with diethyl ether (3 X 75 mL) and the
combined organic fractions were dried with MgSQ,, filtered and the solvent removed under reduced
pressure to give the product as and orange oil in 72% yield (5.09 g). Exo-diastereoisomer: *H NMR
(400 MHz, CDCls, d): 6.06 (br m, 2H, =CH), 2.70 (br s, 1H, bridgehead CH), 2.58 (br m, 5H, pyrrolidine
CH, + bridgehead CH), 2.42 (br's, 2H, CH,), 1.70 (br m, 4H, pyrrolidine CH,), 1.58 (br d, J = 8.3 Hz, 1H,
bridge CH), 1.51 (dd, J = 11.4, 3.6 Hz, 1H, CH,), 1.29 (br d, J = 8.3 Hz, 1H, bridge CH), 0.88 (s, 3H, CHs),
0.78 (dd, J = 11.4, 1.9 Hz, 1H, bridge CH); **C NMR (100 MHz, CDCls, d): 136.6, 135.9, 68.5, 56.6, 50.8,
47.7,43.5,42.8,39.7, 25.0, 23.7; LRMS (EI*) m/z 192 [M+H]*; HRMS (ESI*) exact mass calcd for Ci13H2oN
[M*H]* requires m/z 192.1752, found m/z 192.1749; Anal. Calc for C13H2:N: C, 81.61; H, 11.06; N, 7.32.
Found: C, 81.77; H, 11.34; N, 7.56.

1-Benzyl-1-((2-methylbicyclohept-5-en-2-yl)methyl)pyrrolidinium bromide (2.4)

A round bottom flask was charged with 2.3 (5.09 g, 27.0 mmol), benzyl bromide (12.6 mL, 81.0 mmol)
and acetone (30 mL) and the resulting yellow solution was left to stir at ambient temperature for 19
h, during which time a white precipitate formed. The solid was isolated by filtration, washed with
hexane (20 mL), diethyl ether (2 X 40 mL) and acetone (20 mL) and dried under high vacuum to give
the product as a spectroscopically pure white powder in 73% yield (7.09 g). Crystals suitable for X-ray
structure determination were grown by slow diffusion of a chloroform solution layered with hexane
at room temperature. Exo-diastereoisomer: *H NMR (400 MHz, CDCls, d): 7.63 (br d, J = 6.4, Hz, 2H,
Ar-H), 7.37 (m, 3H, Ar-H), 6.13 (dd, J = 5.4, 2.0 Hz, 1H, =CH), 6.00 (dd, J = 5.4, 2.0 Hz, 1H, =CH), 5.14
(d, J = 12.1 Hz, 1H, N-CH.Hu-Ph), 4.62 (d J = 12.1 Hz, 1H, NCH.Ho- Ph), 4.02 (d, J = 13.6 Hz, 1H,
CMeCH:Hq4-N), 3.93 (m, 1H, pyrrolidine NCH,CH,) 3.79 (m, 1H, pyrrolidine NCH,CH,), 3.71 (d, /= 13.6
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Hz, 1H, CMeCH.H4-N), 3.70 (m, 2H, pyrrolidine NCH,CH,), 2.44 (br s, 1H, bridgehead CH), 2.51 (brs,
1H, bridgehead CH), 2.06 (m, 1H, pyrrolidine NCH,CH,), 1.97 (dd, J = 11.4, 3.6 Hz, 1H, CH.Hs), 1.90 (m,
1H, pyrrolidine NCH,CH,), 1.73 (m, 2H, pyrrolidine NCH,CH,), 1.66 (d, /= 9.2 Hz, 1H, bridge CH), 1.27
(brd, J=9.2 Hz, 1H, bridge CH), 1.18 (2, 3H, CHs), 0.87 (dd, J = 11.4, 2.3 Hz, 1H, CHeH); **C NMR (100
MHz, CDCls, d): 138.8, 134.9, 133.2, 130.7, 129.3, 128.2, 72.9, 65.1, 62.8, 60.9, 53.2, 48.1, 44.5, 42.9,
40.5, 25.8, 22.8, 21.8; HRMS (ESI*) exact mass calcd for CyoH2sN [M]* requires m/z 282.2222, found
m/z 282.2221; Anal. Calc for CxHsBrN: C, 66.29; H, 7.79; N, 3.87. Found: C, 66.54; H, 8.13; N, 4.09%.

1-((2-Methylbicyclohept-5-en-2-yl)methyl)imidazole (2.5)*

An oven-dried Schlenk flask was charged with ammonium acetate (3.30 g, 42.8 mmol), 2.2 (4.90 g,
35.7 mmol and MeOH (25 mL) which was allowed to stir and heat to 50 °C. A solution of formaldehyde
(37%, 5.35 mL, 71.4 mmol) and glyoxal (40%, 8.15 mL, 71.4 mmol) in MeOH (25 mL) was then added
drop wise to the stirred solution which was subsequently allowed to stir at 50 °C for 20 h. Upon
cooling to room temperature the solvent was removed under reduced pressure and the resulting
residue was washed with 2 M KOH (500 mL) before the product was extracted with dichloromethane
(3 X 50 mL), dried with MgS0, and the solvent removed under reduced pressure to give the crude
product. Purification was achieved via column chromatography with a 40 : 1 dichloromethane : MeOH
eluent to give the product as a dark brown oil in 60 % yield (4.05 g). Exo-diastereoisomer: *H NMR
(400 MHz, CDCls, d): 7.46 (s, 1H, N=CH-N), 7.04 (m, 1H, H.C=CH, imidazole), 6.91 (m, 1H, H,C=CH,
imidazole), 6.15 (dd, J=5.4, 1.9 Hz, 1H, H,C=CH,), 6.02 (dd, /= 5.4, 1.9 Hz, 1H, H.C=CH,), 3.97 (m, 2H,
C-CH,-N), 2.86 (m, 1H, CH bridgehead), 2.46 (m, 1H CH bridgehead), 1.60 (m, 2H, CH, bridge, CH-CH>-
C), 1.48 (m, 2H, CH, bridge, CH-CH,-C), 0.83 (s, CHs). *C NMR (100 MHz, CDCl;, d): 138.1, 137.2, 135.1,
128.8, 120.5, 58.0, 49.1, 47.4, 43.5, 43.2, 38.9, 24.1. HRMS (ESI*) exact mass calcd for CioHi6N, [M]*
requires m/z 188.2682, found m/z 188.2678.

3-Benzyl-1-((2-methylbicyclohept-5-en-2-yl)methyl)imidazolium bromide (2.6)

A round bottom flask was charged with 2.5 (3.84 g, 20.4 mmol), benzyl bromide (7.78 mL, 50.0 mmol)
and toluene (150 mL) and allowed to stir under ambient conditions for 24 h, after which time the
resulting fine precipitate was isolated by filtration. The product was then washed with diethyl ether
(c.a. 150 mL) before drying under high vacuum to give a white powder in 44 % vyield (3.23 g). Exo-
diastereoisomer: 'H NMR (400 MHz, CDCls, d): 10.70 (s, 1H, N=CH-N), 7.50 (m, 2H, H.C=CH,
imidazolium), 7.45 (m, 1H, Ar-H), 7.38 (m, 1H, Ar-H), 7.32 (m, 3H, Ar-H), 6.13 (dd, J = 5.4, 1.9 Hz, 1H,
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H.C=CH), 5.98 (dd, J = 5.4, 1.9 Hz, 1H, H.C=CHb), 5.61 (m, 2H, N-CH,-Ph), 4.35 (m, 2H, C-CH»-N), 2.85
(m, 1H, CH bridgehead), 2.43 (m, 1H, CH bridgehead), 2.46 (m, 1H CH bridgehead), 1.60 (m, 2H, CH,
bridge, CH-CH,-C), 1.48 (m, 2H, CH, bridge, CH-CH»-C), 0.85 (s, CHs). 3C NMR (100 MHz, CDCls, d):
137.7, 137.6, 138.7, 133.4, 129.5, 129.1, 123.7, 121.8, 60.4, 53.2, 49.4, 47.8, 43.7, 43.0, 38.6, 23.8.
HRMS (ESI*) exact mass calcd for CigH23N; [M]* requires m/z 279.3984, found m/z 279.3989.

General Procedure for the Ring-Opening Metathesis Polymerisation of cis-cyclooctene with Cationic

Monomers 2.4 and 2.6

In a typical procedure a flame-dried Schlenk flask was charged with dry chloroform (80 mL), the
specified amount of cis-cyclooctene and the cationic monomer (11.7 mmol). To the stirred solution
was added the appropriate amount of [RuCly(PCys)2(=CHPh)] in chloroform (ca. 10 mL) and the
resulting mixture was heated to 40 °C and left to stir for 19 h. Upon completion the reaction was
allowed to cool to room temperature, ethyl vinyl ether (10 eq with respects to Grubbs catalyst) added
and the solution stirred for an additional hour at 40 °C. Upon cooling to room temperature the
polymer was precipitated by the slow addition of the reaction mixture to rapidly stirred diethyl ether
(ca. 600 mL); after stirring for 60 minutes the polymer was isolated by filtration using a sintered glass
frit, washed with diethyl ether and dried to give a pale green solid. A solution of tris-(hydroxymethyl)-
phosphine was prepared by degassing 2-propanol (90 mL) with nitrogen for 30 min before adding
tetrakis(hydroxymethyl)phosphonium chloride (25 eq with respects to Grubbs catalyst). Potassium
hydroxide pellets (25 eq with respects to Grubbs catalyst) were added slowly to the vigorously stirred
solution over the course of 15 minutes during which time a white precipitate formed. The mixture
was allowed to stir for a further 10 min and then added to a solution of the polymer in chloroform
(ca. 100-150 mL). After heating at 60 °C for 19 h, NaBr (250 eq with respects to Grubbs catalyst) was
added and the mixture stirred for an additional hour at 60 °C. The mixture was then filtered, washed
rigorously with distilled water (3 X 50 mL) and the resultant organic layer was added drop-wise to
vigorously stirred diethyl ether (ca. 500 mL) to induce precipitation of the polymer. After stirring for
approximately 60 min the polymer was allowed to settle, isolated by filtration through a frit, washed

with diethyl ether (2 X 50 mL) and dried under high vacuum.

1-(4-Vinylbenzyl)pyrrolidine (2.7)

An oven-dried Schlenk flask was charged with hexane (25 mL) and 4-vinylbenzyl chloride (4.6 mL,

32.8 mmol) and cooled using ice water. Pyrrolidine (5.4 mL, 65.6 mmol) was added to the cooled
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mixture over the course of 1 h causing an instant colour change of cloudy white to clear yellow.
Following the complete addition of pyrrolidine the reaction vessel was removed from the ice water
and allowed to stir for 19 h at room temperature after which time the mixture was filtered and the
solvent removed under reduced pressure to give the product as a yellow oil in 98% yield (6.02 g). 'H
NMR (400 MHz, CDCls, d): 7.31 (m, 4H, Ar-H), 6.66 (dd, J = 17.4, 10.6 Hz, 1H, H.C=CHyH.), 5.71 (d, J =
17.4 Hz, 1H, H,C=CHyH.), 5.16 (d, J = 10.5 Hz, 1H, HsC=CHyH.), 3.56 (s, 2H, Ar-CH-N), 2.46 (m, 4H, N-
CH-), 1.73 (m, 4H, pyrrolidine N-CH,-CH,). **C NMR (100 MHz, CDCls, d): 139.03, 136.55, 128.93,
125.97, 113.20, 60.33, 54.05, 23.34.

1-Benzyl-1-(4-vinylbenzyl)pyrrolidin-1-ium bromide (2.8)

A round bottom flask was charged with 2.7 (3.38 g, 18.0 mmol), benzyl bromide (4.2 mL, 27.0 mmol)
and acetonitrile (20 mL). The yellow solution was allowed to stir at room temperature for 19 h after
which time the reaction mixture was added drop-wise to vigorously stirred diethyl ether (ca. 500 mL)
to induce precipitation of the product. The resultant yellow-white solid was isolated by filtration,
washed with diethyl ether and dried under high vacuum to give 2.8 as a yellow-white powder in 82%
yield (5.32 g). *H NMR (400 MHz, CDCls, d): 7.57 (m, 4H, Ar-H), 7.39 (m, S5H, Ar-H), 6.66 (dd, J = 17.4,
10.6 Hz, 1H, H.C=CHuH,), 5.79 (d, J = 17.4 Hz, 1H, H.C=CH,H.), 5.34 (d, J = 10.6 Hz, 1H, H,C=CH,H.),
5.04 (s, 4H, Ar-CH,-N), 3.68 (m, 4H, N-CH.), 2.04 (m, 4H, pyrrolidine N-CH,-CH,). *C NMR (100 MHz,
CDCls, d): 139.59, 135.48, 133.46, 133.22, 130.49, 129.15, 127.71, 126.92, 126.75, 116.12, 63.31,
57.64, 21.28.

Radical Initiated Polymerisation of 1-benzyl-1-(4-vinylbenzyl)pyrrolidin-1-ium bromide with styrene

(IP-2.5)

An oven-dried Schlenk flask was charged with 2.8 (1.5 g, 4.2 mmol), azobisisobutyronitrile (0.1g, 0.6
mmol), and styrene (0.96 mL, 8.4 mmol) before the mixture was diluted with dry methanol (20 mL).
The resulting reaction mixture was degassed using the freeze/thaw method with liquid nitrogen (after
3 cycles no more escaping gas was observed). Upon warming to room temperature the reaction
mixture was heated to 75 °C and allowed to stir for 48 h, after which time the mixture was added
drop-wise to rapidly stirred diethyl ether (ca. 100 mL) to induce precipitation of the product. The
resulting white solid was isolated by filtration, washed with hexane and diethyl ether and dried under
high vacuum to give IP-2.5 as a white powder (2.6 g). Anal. Calc for CsgHsoNBr: C, 76.31; H, 7.12; N,
2.47.Found: C, 77.01; H, 7.14; N, 2.36.
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Synthesis of Polymer Supported peroxophosphotungstates

A hydrogen peroxide solution (35% w/w, 9.7 mL, 100 mmol) was added to phosphotungstic acid (1.73
g, 0.6 mmol) dissolved in a minimum volume of water and stirred at room temperature for 30 min.
After this time, a solution of the ionic polymer (1.8 mmol, based on polymer repeat unit) in the
minimum volume of ethanol was added, which resulted in the immediate precipitation of an
amorphous white solid. The mixture was cooled to 0 °C, filtered through a sintered glass frit and the
precipitate washed with water (2 x 10 mL) and diethyl ether (3 x 75 mL) and dried under vacuum to
afford the desired supported peroxophosphotungstate catalyst. FT-IR (KBr plates): v = 1086, 1058,
1028 (P-0), 957 (W=0), 837 (0-0), 585, 535 W(O3)asym,sym-

General Procedure for Catalytic Epoxidations

A Schlenk flask was charged with substrate (1.0 mmol), catalyst (2 mol% based on W) and acetonitrile
(3 mL) and the resulting mixture was heated to 50 °C with rapid stirring. The reaction was initiated by
the addition of hydrogen peroxide (35% solution, 0.18 mL, 2.0 mmol) and allowed to stir for the
allocated time. Upon cooling to room temperature decane (0.195 mL, 1.0 mmol) was added as an
internal standard and the resulting mixture was diluted with diethyl ether (25 mL) and washed with
water. The organic layer was separated, dried with MgS0,, concentrated under reduced pressure and

analyzed by GC-MS to determine conversion before being purified by column chromatography.

General Procedure for Epoxidation Recycle Experiments

An oven dried Schlenk flask charged with polymer supported catalyst (0.0405 g, 1.5 mol %) and
acetonitrile (12 mL) was heated to 60 °C. Cyclooctene (0.40 mL, 3.0 mmol) was added, the reaction
initiated by the addition of hydrogen peroxide (35% solution, 0.75 mL, 6.0 mmol) and the resulting
mixture left to stir at 60 2C for 3 hours. After this time, decane (0.195 mL, 1.0 mmol) was added as
internal standard, the solution centrifuged (10 min, 12000 rpm), decanted and the remaining catalyst

washed with water and diethyl ether and dried prior to reuse under the same conditions.
Trans-2,3-epoxyhexan-1-ol*

'H NMR (400 MHz, CDCls, d): 3.91 (m, 1H), 3.60 (m, 1H), 2.92 (m, 2H), 1.77 (t, J = 6.2 Hz, 1H), 1.44 (m,
4H), 0.95 (t, J = 7.1 Hz, 3H); *C NMR (100 MHz, CDCl;, d): 61.6, 58.2, 55.7, 33.5, 19.2, 13.8.
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Cis-2,3-epoxyhexen-1-o/*°

IH NMR (399.78 MHz, CDCls, d): 3.81 (dd, J = 12.2, 3.9 Hz, 1H), 3.60 (dd, J = 12.2, 7.0 Hz, 1H), 3.20-
3.13 (m, 1H), 3.07-3.00 (m 1H), 2.14-2.03 (m 1H), 1.61-1.39 (m 4H), 1.05-0.99 (m, 3H); 3C{*H} (100
MHz, CDCls, d): 61.1, 57.4, 56.8, 30.1, 19.9, 14.2.

3-Methyl-2,3-epoxybutan-1-o/°t

IH NMR (400 MHz, CDCls, d): 3.83 (m, 1H), 3.65 (m, 1H), 2.95 dd, J = 6.5, 2.5 Hz, 1H), 1.78 (m, 1H),
1.31 (s, 3H), 1.29 (s, 3H); 3C NMR (100 MHz, CDCls, d): 63.8, 61.2, 58.7, 24.5, 18.6.

2,3-Epoxy-3,7-dimethyl-6-octene-1-0/*?

IH NMR (300 MHz, CDCls, d): 5.11 (br t, J = 7.1 Hz, 1H), 3.72 (dd, J = 12.2, 4.2 Hz, 1H), 3.60, dd, J =
12.2, 6.8 Hz, 1H), 2.99 (dd, J = 6.6, 4.2 Hz, 1H), 2.04 (m, 2H), 1.70 (s, 3H), 1.63 (s, 3H). 1.31 (s, 3H); 1C
NMR (100 MHz, CDCls, d): 132.1, 123.2, 63.1, 61.4, 61.0, 33.1, 25.4, 24.2, 17.7, 16.5.

Trans-3,4-epxoyhexan-1-0/*%5°

IH NMR (400 MHz, CDCls, d): 3.71 (d, J = 6.1 Hz, 2H), 2.79 (ddd, J = 7.6, 4.4, 2.2 Hz, 1H), 2.71 (dt, J =
5.4, 2.3 Hz, 1H), 2.15 (s, 1H), 1.91-1.80 (m, 1H), 1.66-1.54 (m, 1H), 1.58-1.43 (m, 2H), 0.91 (t, J = 7.7
Hz, 3H); 3C NMR (100 MHz, CDCls, d): 62.4, 50.0, 56.2, 33.9, 19.7, 14.1.

Cis-cycloctene epoxide®® 53

IH NMR (400 MHz, CDCls, d): 2.88 (m, 2H), 2.12 (m, 2H), 1.65-1.42 (m, 8H), 1.22 (m, 2H); *C{*H} (100
MHz, CDCls, d): 55.6, 26.5, 26.2, 25.7. GC-MS (EI), m/z = 126 [M"].

Cyclohexene epoxide®*
IH NMR (400 MHz, CDCls, d): 3.11 (s, 2H), 1.95-1.72 (m, 4H), 1.44-1.12 (m, 4H); *C NMR (100 MHz,
CDCl5, d): 52.2, 24.7, 19.6.

2,3-Epoxybicyclo[2.2.1]heptanes>*

IH NMR (400 MHz, CDCls, d): 3.01 (s, 2H), 2.38 (br s, 2H), 1.45.-1.40 (m, 2H), 1.30-1.25 (m, 1H), 1.18-
1.12 (m, 2H), 0.64 (d, J = 9.8 Hz, 1H); 3C MNR (100 MHz, CDCls, d): 51.2, 36.5, 26.1, 24.9.
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Styrene epoxide®

IH NMR (400 MHz, CDCls, d):7.30 (m, 5H), 3.82 (dd, J = 4.1, 2.5 Hz, 1H), 3.11 (dd, J = 5.4, 4.1 Hz, 1H),
2.77 (dd, J = 5.2, 2.5 Hz, 1H); 3C{*H} (100 MHz, CDCls, d): 137.4, 128.2, 128.0, 125.4, 52.2, 51.3.

General Procedure for Catalytic Oxidation of Alcohols

A Schlenk flask was charged with substrate (1.0 mmol), catalyst (2 mol %) and acetonitrile (3 mL) and
the resulting mixture was heated to 80 °C with rapid stirring. The reaction was initiated by the
addition of hydrogen peroxide (35% solution, 0.58 mL, 6.0 mmol) and allowed to stir for 24 h. Upon
cooling to room temperature the reaction mixture was diluted with diethyl ether (25 mL) and washed
with water. The organic layer was separated, dried with MgSOQ,, filtered, and the solvent removed in
vacuo. The resulting residue was analyzed by H and 3C NMR spectroscopy to determine conversion

before being purified by column chromatography.

2-Decanone®®

IH NMR (400 MHz, CDCls, d): 2.41 (t, 2H, J = 7.6 Hz), 2.13 (s, 3H), 1.60-1.53 (m, 2H), 1.25 (bs, 10H),
0.88 (t, 3H, J = 7.0 Hz); 3C NMR (100 MHz, CDCls, d): 209.3, 43.9, 32.0, 29.8, 29.7, 29.5, 29.5, 29.4,
29.2,23.9,22.7, 14.1.

4-Decanone®

'H NMR (500 MHz, CDCls, d): 2.40-2.36 (m, 4H), 1.63-1.53 (m, 4H), 0.92-0.86 (m, 6H); *C NMR (100
MHz, CDCls, d): 211.55, 44.78, 42.93, 31.71, 29.03, 23.91, 22.60, 17.39, 14.11, 13.85.

Acetophenone®®
'H NMR (CDCls, 400 MHz, d): 7.97 (d, J = 8.2 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 7.6 Hz, 2H),
2.61 (s, 3H). 3C NMR (CDCls, 100 MHz, d): 198.0, 136.9, 133.0, 128.4, 128.2, 26.5.

2,2-Dimethylbutan-2-one®’

'H NMR (200 MHz, CDCls, d): 2.15 (s, 3H), 1.14 (s, 9H); *C NMR (50 MHz, CDCls, d): 214.4, 44.4, 26.5,

24.81.
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Cyclohexanone®®

IH NMR (400 MHz, CDCls, d): 2.36-2.32 (t, 4H), 1.90-1.84 (m, 4H), 1.75-1.70 (m, 2H); 3C NMR (400
MHz, CDCls, d): 212.37, 41.97, 27.00, 24.89.

General Procedure for Catalytic Oxidations of Sulfides

An oven-dried schlenk was charged sequentially with sulfide (1 mmol), catalyst (0.013 g, 0.005 mmol)
and solvent (3 mL), the reaction was then activated by the addition of 35% H,0; (0.24 mL, 2.5 mmol)
and allowed to stir at room temperature for 15 min. The reaction mixture was then diluted with
CH,Cl, (25 mL) and washed with water (c.a. 50 mL) before the organic extract was dried with MgS0,
and the solvent removed under reduced pressure. The resulting residue was analysed by *H NMR.
Relative percentages of starting material and products was determined using integrals in the *H NMR

spectra.

General Procedure for Kinetic Monitoring of Sulfide Oxidation

An oven-dried Schlenk flask was charged with sulfide (4 mmol) and either MeCN or MeOH (12 mL for
4-nitrothioanisole and 16 mL for dibenzothiophene) and allowed to stir for approximately 5 min to
ensure that the solution was homogeneous. The solid catalyst (0.02 mmol based on catalyst repeat
unit) was then added, washing the sides of the vessel with the reaction mixture to ensure that no
material remained out of the reaction mixture. After the activation of the reaction by the addition of
35% H,0, (0.86 mL, 10 mmol) 0.2 mL aliquots were taken via syringe at the designated times and
added to sample vials containing dichloromethane (5 mL) and distilled water (10 mL). After shaking
vigorously the dichloromethane layer was decanted and dried with MgSQO. before the solvent was
removed and the resulting residues were analysed by 'H NMR in order to determine the relative

composition of the aliquot.

Methyl phenyl sulfoxide®
IH NMR (400 MHz, CDCls, 8): 7.69-7.62 (m, 2H), 7.50-7.41 (m, 2H), 7.36-7.30 (m, 1H), 2.73 (s, 3H); 13C
NMR (100.5 MHz, CDCls, §): 145.42, 130.95, 128.63, 123.54, 43.93.

Methyl phenyl sulfone*
'H NMR (400 MHz, CDCls, 8): 7.95-7.87 (m, 2H), 7.71-7.61 (m, 2H), 7.59-7.52 (m, 1H), 3.02 (s, 3H); 13C
NMR (100.5MHz, CDCls, 6): 137.44, 133.21, 128.54, 126.23, 44.88.
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Ethyl phenyl sulfoxide®

'H NMR (400 MHz, CDCls, 6): 7.84-7.49 (m, 2H), 7.48-7.13 (m, 3H), 2.91 (q, 1H, J = 6.61 Hz), 2.78-2.69
(9, 1H, J = 6.61 Hz), 1.23 (t, 3H, J = 6.61 Hz); 3C NMR (100.5 MHz, CDCls, 8): 145.69, 131.47, 129.85,
125.42, 47.19, 10.39.

Ethyl phenyl sulfone®
'H NMR (400 MHz, CDCls, 8): 7.99 (m, 2H), 7.59 (m, 3H), 3.09 (q, 2H, J = 7.11 Hz), 1.30 (t, 3H, J = 7.11
Hz); 13C NMR (100.5MHz, CDCls, 8): 138.31, 133.47, 128.92, 127.86, 50.28, 7.34.

Allyl phenyl sulfoxide*®

IH NMR (400 MHz, CDCls, 8): 7.64-7.60 (m, 2H), 7.39-7.36 (m, 2H), 7.31-7.26 (m, 1H), 5.44 (ddt, 1H, J
=7.11, 10.22, 17.10 Hz), 5.16 (dg, 1H, J = 1.12, 10.22 Hz), 5.01 (dq, 1H, J = 1.42, 17.10 Hz), 3.43 (dt,
2H, J=7.11, 1.12 Hz); 3C NMR (100.5 MHz, CDCls, 8): 142.13, 131.24, 129.06, 125.09, 124.71, 117.93,
60.63.

Allyl phenyl sulfone®®

IH NMR (400 MHz, CDCls, §): 7.95-7.91 (m, 2H), 7.69-7.62 (m, 2H), 7.37-7.44 (m, 1H), 5.63 (ddt, 1H, J
=7.19, 10.31, 17.21 Hz), 5.18 (dq, 1H, J = 1.22, 10.31 Hz), 5.02 (dg, 1H, J = 1.48, 17.21Hz), 3.91 (dt,
2H, J=7.19, 1.22Hz); 3C NMR (100 MHz, CDCls, §): 138.27, 133.74, 129.02, 128.88, 124.63, 117.51,
60.67.

4-Nitro-methylphenyl sulfoxide®®
'H NMR (400 MHz, CDCls, §): 8.39 (d, J = 8.0 Hz, 2H), 7.90 (d, J = 7.5 Hz, 2H), 2.85 (s, 3H); 3C NMR (100
MHz, CDCls, 6): 152.4, 150.0, 126.2, 125.8, 43.5.

4-Nitro-methylphenyl! sulfone®®
IH NMR (400 MHz, CDCls, 8): 8.43 (d, J = 8.8 Hz, 2H), 8.16 (d, J = 8.8 Hz, 2H), 3.12 (s, 3H); 3C NMR (100
MHz, CDCls, 6): 150.9, 145.9, 129.0, 124.6, 44.3.

Dibenzothiophene sulfoxide*

IH NMR (400M Hz, CDCls, §): 7.98-7.91 (m, 4H), 7.75-7.71 (m, 2H), 7.59-7.52 (m, 2H); 3C NMR (100.5
MHz, CDCls, §): 143.33, 132.67, 129.83, 126.37, 124.16, 123.45.
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Dibenzothiophene sulfone*®
'H NMR (400 MHz, CDCls, 8): 7.85-7.77 (m, 4H), 7.66-7.61 (m, 2H), 7.55-7.51 (m, 2H); 1*C NMR (100.5
MHz, CDCls, 6): 137.62,133.77, 131.53, 130.16, 121.97, 121.54.

Homoallyl phenyl sulfoxide®*

'H NMR (300 MHz, CDCls, 8): 7.75-7.55 (m, 5H), 6.04-5.90 (m, 1H), 5.31-5.20 (m, 2H), 2.98-2.83 (m,
2H), 2.73-268 (m, 1H), 2.50-2.45 (m, 1H); *C NMR (100 MHz, CDCls, §): 135.4, 130.4, 129.0, 124.1,
117.0, 56.2, 26.3.

Homoallyl phenyl sulfone®?

'H NMR (400 MHz, CDCls, §): 7.89-7.87 (m, 2 H), 7.65-7.62 (m, 1H), 7.56-7.53 (m, 2 H), 5.73-5.64 (m,
1 H), 5.04-4.99 (m, 2 H), 3.15-3.11 (m, 2 H); 2.46-2.40 (m, 2H); *C NMR (100 MHz, CDCls, &) 138.9,
133.7,133.6,129.2,128.0,117.1, 55.3, 26.7

Benzyl phenyl sulfoxide*®
IH NMR (400 MHz, CDCls, 8): 7.55-7.42 (m, 2H), 7.36-7.17 (m, 3H), 7.11-6.63 (m, 5H), 3.98 (s, 2H); 13C
NMR (100.5 MHz; CDCls, 6): 142.59, 130.83, 130.26, 128.87, 128.57, 128.24, 128.15, 124.21, 63.44.

Benzyl phenyl sulfone®®
IH NMR (400 MHz, CDCls, 8): 7.74-7.65 (m, 2H), 7.41-7.32 (m, 3H), 7.14-7.06 (m, 5H), 4.41 (s, 2H); 13C
NMR (100.5 MHz; CDCls, 6): 137.49, 133.44, 130.53, 128.61, 128.47, 128.39, 128.31, 62.53.

tert-butyl methyl sulfoxide®®
'H NMR (300 MHz, CDCls, 8): 2.42 (s, 3H), 1.37 (s, 9H); 3*C NMR (100 MHz; CDCls, 8): 57.80, 36.68,
26.60.

tert-Butyl methyl sulfone®

1H NMR (300 MHz, CDCls, 8): 2.70 (s, 3H), 1.41 (s, 9H); *C NMR (100 MHz; CDCls, 8): 50.51, 32.05,
23.25.
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3.1. Abstract

The oxidation of aryl alkylsulfides catalysed by the highly efficient, mild oxidation catalyst POM-2.1,
prepared in chapter 2, was further investigated in order to fully determine the extent of
chemoselectivity possible. Through control of the reaction time, temperature and solvent high
selectivity (c.a. >80%) for both sulfoxide and sulfone across the full range of substrates tested was
achieved. Reduction of the catalyst loading enabled high turnover frequencies (TOF) to be achieved,
showing that the active species remains productive through extensive catalytic cycles. Coupling this
knowledge with the promising catalyst recycle data obtained in the oxidation of thioansiole, which
showed negligible deterioration in conversion and product selectivity upon successive recycles, POM-
2.1 was identified as an ideal candidate for developing continuous flow processes. Using a cartridge
packed with POM-2.1 and silica an operationally straightforward system was designed which, through
segmented flow experiments, gave controllable product selectivity as a function of residence time and
solvent choice. High conversions and selectivity for either the sulfoxide (92% in methanol at 96%
conversion at a residence time of 4 minutes) or sulfone (96% in acetonitrile at 96% conversion and a
residence time of 15 minutes) was achieved for thioanisole; similar activity/selectivity profiles were
obtained for the five substrates investigated. The immobilised catalyst also remained active for 8
hours under continuous flow operation for the oxidation of thioanisole, showing little drop in either
activity or selectivity over time; this allowed for the processing of 6.5 g of substrate corresponding to
a turnover number of c.a. 46,000. Use of a single catalyst cartridge for the consecutive oxidation of
multiple substrates gave activity-selectivity profiles that matched closely those obtained with fresh

catalyst, further confirming the long term stability of the catalyst under reaction conditions.

3.2. Introduction

As discussed in chapter 2 the efficient, mild and selective oxidation of sulifdes to yield either sulfoxide
or sulfone is of particular interest due to their diverse applications across the chemical industry,
including the production of fine chemicals, bioactive compounds and agrochemicals.® To this end
traditional oxidants, such as nitric acid or KMnO, which suffer from low yields, extremely harsh
reaction conditions and poor E-factors? have fallen out of favour. Other oxidants such as m-
chloroperbenzoic acid,® NalO4,* and oxone® also suffer from high cost, the need for a large excess of
oxidant to be used and the requirement for complicated handling procedures. Again, as discussed in
chapter 2 the use of hydrogen peroxide as an oxidant is highly favourable due to the mild conditions
required to achieve reaction and the production of H,0 as the sole by-product, in particular when

used in conjunction with polyoxometalate catalysts. The initial extensive evaluation of the supported
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peroxometalate [PO4{WO(0,):}4]*> PIILP catalyst POM-2.1 in chapter 2 showed that these systems
were highly active and selective under incredibly mild conditions while also being highly recyclable,
making them ideal candidates for the use in scaled up, heterogeneous synthesis. In recent years
continuous flow chemistry has been extensively investigated as a means to achieve effective reaction
scale up and as an intermediary between bench top chemistry and manufacturing scales. The
implementation of flow conditions affords numerous advantages over the obvious use of
heterogeneous catalyst, which predominantly arise from the unique reaction environment.
Conducting the reaction under microfluidic conditions the narrow channels in which the reaction
occurs significantly increase the surface area to volume ratio (illustrated with 1 cm? volume in figure
3.1). This high ratio greatly assists heat transfer, allowing for more rapid, efficient and uniform
heating to occur in the reaction media. When fluids pass through the confined regions in a
microfluidic reactor two predominant modes of flow may occur, laminar and turbulent flow. The
former system tends to occur at slower velocities and results in the formation of a series of parallel
layers.® Under these conditions mixing is radial and diffusion is limited, however, due to the small
reactor size radial diffusion is extremely rapid.® This highly ordered system allows for incredibly
uniform and efficient mixing of reaction constituents, which in turn can lead to higher degrees of
product purity.” The sealed nature of the flow systems under pressure also allows for superheating
of solvents, giving access to novel reaction conditions which could drastically improve traditional
synthesis.® To this end continuous flow systems have been successfully employed across a range of
different chemistry both with and without catalysis, delivering products of high purity under

reproducible conditions.”

lemxlemxlem 1mmx1mmx 100cm 1pmx1pumx 100 m
Volume Surface area = Surface area = Surface area =

3 3 3 3
=1cm 6cm 40 cm 400 cm

Figure 3.1 Representation of the increasing surface area to volume ratio present in microfluidic systems

As discussed in chapter 1, ILs have been successfully employed to immobilise catalysts in
continuous flow reactors across the full spectrum of chemistry, either as co-solvents in biphasic
systems or in the form of SILP and PIILP type systems. While dramatically improving the green
credentials of these transformations problems often remain with regards to catalyst leeching and

lower catalyst activities. To this end the highly efficient, well-defined PIILP catalysts prepared in
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chapter 2 are ideal candidates for implementation under continuous flow conditions; our exploratory

studies in this area are presented herein.

3.3. Results and Discussion

3.3.1. Batch Optimisation

Out of the 8 catalysts prepared in chapter 2 the pyrrolidinium-functionalised ROMP-based system
POM-2.1 was the most extensively investigated and demonstrated promising recycle properties in
the epoxidation of cis-cyclooctene and the oxidation of thioanisole, with almost negligible tungsten
leeching and very little reduction in reactivity across successive cycles. Initial studies concerning
sulfoxidation reactions with this catalyst showed strong aspects of product selectivity as a function
of solvent choice, allowing for high yields of either the sulfoxide or sulfone to be obtained under mild
conditions and in short times. Though MeCN was shown to an effective solvent for the sulfoxidation
of various aryl alkyl sulfides in chapter 2, it’s use is considered to be less than environmentally benign,
with simple alcohols such as MeOH and EtOH exhibiting much greater green credentials.’ In order to
further optimise this catalytic system with regard to tuneable product selectivity and the overall
green credentials of the reaction a full solvent screen was conducted for the oxidation of thioanisole
under optimum conditions established in the previous chapter (table 3.1). As discussed previously,

the use of protic solvents heavily favours the formation of the sulfoxide through hydrogen bond

Table 3.1 Oxidation of thioansiole catalysed by POM-2.1 conducted in varying solvents?
entry solvent % Conv.” % sulfoxide? % sulfone® Sulfoxide selectivity®*

1 MeCN 88 74 14 84
2 MeOH 95 91 4 96
3 EtOH 85 71 14 84
4 i-PrOH 52 52 0 100
5 EGY 21 21 0 100
6 pPCe 75 56 16 78

9Reaction conditions: 0.5 mol% catalyst, 1 mmol substrate, 2.5 mmol 35% H20:, 3 mL solvent, room
temperature, 15 min. ’Determined by *H NMR. ‘Sulfoxide selectivity = [%sulfoxide / (%sulfoxide + %sulfone)] x
100%. “EG = ethylene glycol. ¢PC = propylene carbonate.

interactions which slow the second oxidation to the sulfone.'® This effect was observed across the
three alcohols tested, however, the increase in aliphatic character seen between MeOH, EtOH and i-
PrOH clearly has a deleterious effect on catalyst performance (entries 2-4). Interestingly, ethylene
glycol gave incredibly poor conversion (entry 5), which may due to catalyst clumping , in much the
same manner as described for the oxidation of alcohols outlined in chapter 2, which would render
active sites of the catalyst inaccessible. Propylene carbonate was selected as an environmentally

benign alternative solvent due to its highly polar aprotic nature and green credentials arising from its
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synthesis from epoxides and captured CO,.!* The synthesis of propylene carbonate from CO, gives
the solvent an added desirable aspect for the scaling up of reactions under flow conditions with
regard to a sustainable chemical feedstock, while also potentially providing a viable means of
capturing CO; and reducing greenhouse gas emissions.? Gratifyingly POM-2.1 performed well in all
solvents except ethylene glycol, however, MeCN and MeOH were identified as the optimum solvents
for this study. As such these two solvents were more thoroughly investigated, however, future work
conducted with PIILP catalysts for use in continuous flow applications will focus on modification of
the polymer support in order to increase catalyst performance in alternative solvents, such as
propylene carbonate, further increasing the overall green credentials of these mild heterogeneous

oxidation systems.

Following the promising results reported in chapter 2 for the oxidation of various sulfides to
yield high sulfoxide selectivity, more forcing reaction conditions were employed to also demonstrate
that it is possible to achieve high selectivity for sulfone, as these are also incredibly versatile and
useful compounds. As part of the preliminary study conducted in chapter 2 using thioanisole as a
benchmark substrate (table 2.4), 5 equivalents of H,O, were observed to significantly increase
reaction selectivity towards the sulfone product (entry 5). As such these conditions were selected to
monitor the conversion-selectivity profile of the oxidation as a function of time and temperature in

both MeCN and MeOH (figure 3.2). Unsurprisingly sulfone selectivity was observed to increase with
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Figure 3.2 Influence of reaction conditions on the selectivity for methyl phenyl sulfone in the hydrogen
peroxide-mediated oxidation of thioansiole catalysed by 0.5 mol% POM-2.1. Influence of (a) temperature at a
reaction time of 15 min (b) reaction time at 45 °C. Reaction conditions: 1 mmol thioanisole, 5 mmol 35% H.0>,
3 mL solvent.

anincrease in reaction temperature, reaching a maximum value at a temperature 45 °Cin both MeCN
and MeOH. The data shown in figure 3.2 (a) also highlight the solvent dependent chemoselectivity,
with the protic nature of MeOH significantly slowing the second oxidation to give a maximum sulfone
selectivity of just 39%, compared to the 86% in MeCN under the same conditions. Taking 45 °C as an

optimum temperature for sulfone selectivity the influence of reaction time was investigated. Again

102



the disparate difference in the rate of the second oxidation in both solvents is clearly evident, with
the reaction reaching completion in just 30 minutes in MeCN as opposed to 60 minutes in MeOH.
Gratifyingly, while MeOH proved to be the poorer of the two solvents investigated, similarly high
sulfone selectivity was achieved for the oxidation of thioanisole in MeOH catalysed by the IL
functionalised [Csmim]3[PMo012040] under comparable conditions.® This similar performance further
highlights the highly efficient nature of the heterogeneous POM-2.1 catalyst. The preference for
these systems to form sulfone in MeCN has been previously observed, both in chapter 2 and with
similar polymer-immobilised peroxotungstate anions reported in the literature.'® To further illustrate
the high efficiency of POM-2.1 the catalyst loading was reduced to just 0.025 mol% under optimum
conditions of 45 °C in MeCN. Under these conditions a total turnover number of 3960 mole sulfone

per catalyst was achieved, however, a prolonged reaction time of 6 hours was required.
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Figure 3.3 PIILP-immobilised peroxometalate catalyst POM-2.1

Having identified the optimum reaction conditions with regards to sulfone selectivity as 45
°C and MeCN as the solvent the full scope of sulfides investigated in chapter 2, with the exception of
tert-butyl methyl sulfide, were tested. A reaction time of 15 minutes was selected in order to
effectively highlight the differences in product selectivity between substrates (table 3.2). Under these
conditions complete conversion was achieved for all substrates, except dibenzothiophene, with high
levels of sulfone selectivity ranging from 77% for 4-nitrothioansiole to 100% with ethyl phenyl sulfide.
As with the sulfoxide selective reaction conditions used previously the variation in performance, with
regard to selectivity for the desired product, appears to be a direct reflection of the nucleophilicity of
the reacting sulfide, which again supports an electrophilic mechanism.*> While POM-2.1 performed
relatively poorly in the oxidation of dibenzothiophene under these optimum conditions, as evidenced
by the TOF of just 280 h! (entry 5), the results obtained in the previous chapter (table 2.5 entry 10)
demonstrated that it is possible to achieve TOFs comparable to the other substrates as well as high
sulfone selectivity by increasing the reaction temperature to 65 °C. Though conducted under harsher
conditions the TOF of 760 h! achieved for the oxidation of dibenzothiophene to the corresponding
sulfone at this temperature is a marked improvement over analogous heterogeneous
polyoxometalate-based catalysts reported in the literature. For example, a temperature responsive
phase transfer system [(CisH37)2(CH3)2N]7[PW11039] gave a turnover frequency of just 248 h* at 60
°C,*® while similar polymer immobilised peroxotungstates gave a TOF of just 9 h! at 78 °C.}* This
poorer performance appears to be somewhat more frequent in the literature, with the IL-immobilised
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V,05/[C12mim][HSO4] giving 4 h'! at a temperature of 45 °C! and a commercially available Merrifield
resin supported peroxomolybdenum which gave a TOF of 7.2 h at 78 °C.Y” The results obtained in
table 3.2 not only illustrate that very high degrees of sulfone selectivity can be achieved alongside
the high sulfoxide selectivity discussed in chapter 2, under relatively mild reaction conditions, but
also further highlight the incredibly high efficiency of POM-2.1 compared to other reported
heterogeneous oxidation catalysts in the literature. It is also important to note that even under these
harsher oxidation conditions of increased temperature and H;0, concentration complete
chemoselectivity for oxidation of the sulphur is retained, as evidenced by the complete absence of

epoxide in the oxidation of allyl and homoallyl phenyl sulfide (entries 3 and 6).

Table 3.2 Selective oxidation of sulfides to sulfones with hydrogen peroxide catalysed by POM-2.1°

entry substrate % % % Sulfoxide TOF?
Conv.?  sulfoxide®  sulfone®  selectivity®c
1 @ ™ 100 14 86 86 688
S
2 o 100 0 100 100 800
S
3 o 99¢ 1¢ 98¢ 99¢ 792
N
4 100 33 77 77 616
OZNQ
S
5 68 33 35 51 280
S =
6 7T 100 3 97 97 776
S._Ph
7 r 100 4 96 9 768

9Reaction conditions: 0.5 mol% POM-2.1, 1 mmol substrate, 5 mmol 35% H.02, 3 mL MeCN, 45 °C, 15 min.
bDetermined by 'H NMR. ‘Sulfoxide selectivity = [%sulfoxide / (%sulfoxide + %sulfone). “TOF = moles sulfide
consumed per mole catalyst per hour. ¢Determined by 3C NMR.

Encouraged by the high activity and selectivity for both products and the promising recycle
data obtained in chapter 2, further studies were conducted to illustrate the positive effect of the IL
functionality within the PIILP support of POM-2.1. To this end the homogeneous analogue of POM-
2.1, [nBu4)3[PO4{WO(0,).}a] (POM-TBA) was absorbed onto silica for comparison as a heterogeneous
SILP type catalyst. The recycle study was then repeated for the oxidation of thioanisole in order to
obtain a direct comparison between the two catalysts (table 3.3). Although POM-TBA immobilised on
silica was initially more efficient in terms of conversion and sulfoxide selectivity a considerable
reduction in conversion was observed upon successive recycles, such that the system was completely
inactive after the third cycle. ICP-OES analysis of the combined aqueous and organic phases taken
after the first run showed that 23% of the tungsten from the catalyst had either been removed or
extracted from the silica support. This level of catalyst leaching can be directly linked to the poor

performance of POM-TBA/SiO, which, when compared to the high recyclability of POM-2.1 highlights
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the positive effect of the ionic liquid support. Furthermore, analysis of POM-2.1 by IR after the 6
recycle showed characteristic bands at 1079 cm™ (P-0), 957 cm™ MW=0), 585 cm™ /%sym(W-0,) and
531 cm 72ym(W-0), reported in the literature,’® implying that here was no significant change to the
peroxometalate anion during the reaction. The IR spectrum also showed no evidence for oxidation of
the benzylic group of the IL within the PIILP support to the corresponding benzoyl pyrrolidinium
cation, indicating that no significant changes occurred to the support structure. This observation was
further confirmed by a benchmark oxidation of thioanisole in the presence of ethylbenzene, which
also showed that benzylic oxidation did not occur under the mild reaction conditions.

Table 3.3 Conversion and sulfoxide selectivity values obtained for subsequent catalyst recycles in the oxidation
of thioanisole in MeOH catalysed by POM-2.1 and POM-TBA immobilised on silica®

POM-2.1 POM-TBA/SiO;
Run  Conversion® Sulfoxide selectivity®® Conversion®  Sulfoxide selectivity®*
1 88 92 99 97
2 87 92 44 97
3 88 92 14 96
4 86 91 - -
5 86 90 - -
6 84 88 - -

9Reaction conditions: 0.5 mol% catalyst, 1 mmol substrate, 2.5 mmol 35% H202, 3 mL solvent, RT, 20 min.
bDetermined by *H NMR. ‘Sulfoxide selectivity = [%sulfoxide / (%sulfoxide + %sulfone).

The additional studies conducted in this chapter confirm that POM-2.1 is a highly active
catalyst for the oxidation of sulfides, whilst also demonstrating that high product selectivity for either
sulfoxide or sulfone can be achieved under relatively mild reaction conditions, often greatly
outperforming similar heterogeneous catalysts reported in the literature. The positive influence of
the IL functionality present within the PIILP support is further highlighted by the high recyclability of
POM-2.1, with no detectable catalyst leeching or structural/chemical alterations observed to the
catalyst under the reaction conditions. These considerations strongly confirm that POM-2.1, and by
extension the PIILP methodology, are ideal tools for use in continuous flow processes centred around
mild, efficient heterogeneous catalysis and product scale up. To this end a full investigation into the

use of POM-2.1 in a bespoke mild continuous flow oxidation system was conducted.

3.3.2. Segmented Flow Experiments

Following the successful implementation of POM-2.1 in mild, recyclable batch sulfoxidation reactions
an operationally straightforward flow set-up was designed using a Unigsis FlowSyn reactor (figure
3.4). Due to the highly active nature of POM-2.1 as illustrated in the batch studies above and in
chapter 2 it was decided to minimise the amount of catalyst used. It was also deemed necessary to

ensure sufficient surface area in the solid reactor bed as a means to provide an effective reaction
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environment. To this end 0.1 g of POM-2.1 was diluted by mixing with 2.0 g of silica before packing
in the cartridge reactor. Two separate reagent reservoirs for the sulfide and hydrogen peroxide were
utilized, each with an individual pump. Through a selection valve both pumps can switch to a
communal solvent reservoir which acts as the mobile phase. Using this set-up mixing of the two
reagents was achieved at a T-piece before the mixture passed through the catalyst cartridge mounted
in a heating mantle. The reaction stoichiometry was controlled through the concentration of each
reagent reservoir rather than altering the amount of solution each pump processes, ensuring that
each pump operates under the same flow rate, removing an extra aspect of variability and error
within the system. Following reaction, the reagent stream passes through a backpressure regulator

before collection and processing using the same work-up conditions as for the batch sulfoxidation

% A: 0.147- 4.4 mL min™

Sulfide

- Collect
Solvent B: 0.147- 4.4 mL min” POM-2.1/Silica
30°C

H,0, 35 %

reactions.

Figure 3.4 Schematic representation of the Unigsis FlowSyn set-up used in the segmented and continuous flow
sulfoxidation reactions catalysed by a cartridge of POM-2.1 mixed in silica

One of the limiting drawbacks of continuous flow operation arises when establishing
optimum conditions for new/developing chemical reactions. Reaching the steady state, in which
variations in flow rate, substrate mixing and heat transfer need no longer be considered, under
continuous flow conditions is time consuming. Typically five times the residence time, R;, the time
which reagents remain in contact with the reactor, is required to achieve the steady state and hence
remove any variability in experimental throughput.’® In this regard optimisation is often less than
ideal when numerous reaction components such as stoichiometry, residence time and temperature,
must be considered. As continuous flow experiments must, by their nature, be conducted
sequentially optimisation can become very time consuming while also requiring vast amounts of
solvent and reagent. To this end the use of segmented flow conditions in which a specific volume of
the effective reaction mixture is passed through the flow system by a transport solvent is often
utilized for rapid and efficient reaction screening and optimisation. Conducting investigations in this

manner allows a small volume of ‘reaction mixture’ to be effectively exposed to varying conditions in

106



a rapid manner while utilizing significantly less reagent. As such the initial optimisation of the newly

designed flow system was conducted under segmented flow conditions.

Flow Flow
— —
Segmented Continuous

Figure 3.5 Schematic representation of the modes of mixing observed in segmented and continuous laminar
flow conditions

From the solvent screening study conducted under batch conditions in table 3.1 MeCN and
MeOH were identified as the optimum solvents and as such were also used for all flow investigations,
under the rationale that once the ideal operating parameters were identified the polymer properties
could then be altered to improve performance in greener solvents. Again thioanisole was selected as
a benchmark substrate and using the identified batch conditions as a lead the effect of residence time
(Rt), temperature and equivalents of H,0, were investigated. Initially, the effect of temperature was
studied using 3 equivalents of H,0; and a flow rate of 1.1 mL min; this corresponded to a residence

time of 4 minutes (figure 3.6).
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Figure 3.6 Conversion-selectivity profile as a function of reaction temperature in the segmented flow oxidation
of thioansiole catalysed by POM-2.1 in MeCN and MeOH solvents

When reactions were conducted in MeCN conversions steadily increased with increasing
temperature from 44% at 20 °C up to 100% at temperatures above 45 °C, while a corresponding
increase in sulfone selectivity was also observed as expected (figure 3.6 (a)). In contrast, the sulfoxide
selectivity obtained in MeOH remained high even at higher temperatures and decreased by only 10%,

which is entirely in keeping with this solvents ability to retard the second oxidation to the sulfone. A
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comparable increase in conversion to that obtained in MeCN was also observed as a function of
temperature when reactions were conducted in MeOH, ranging from just 24% at 20 °C to 88% at 50
°C (figure 3.6 (b)). The lower activity but considerably higher sulfoxide selectivity in MeOH over MeCN
is again in keeping with observations made in previous batch studies. From the results obtained in
both studies a temperature of 30 °C was identified as the optimum condition that gave the best

compromise between conversion and sulfoxide selectivity.

Following identification of an optimum reaction temperature the effect of varying residence
time was investigated. As anticipated a gradual increase in conversion was observed with increasing
residence time. Using MeCN as the solvent rapid initiation of the reaction was observed to give a
conversion of 21% and high sulfoxide selectivity after a residence time of only 0.5 minutes (figure 3.7
(a)). This high selectivity was maintained up to a residence time of 4 minutes, over this time
converions increased up to 90%. However, a subsequent increase in reaction time significantly
reduced sulfoxide selectivity, such that the sulfone was obtained as the major product with 96%
selectivity at a residence time of 15 minutes. Comparative studies conducted in MeOH showed a
similar conversion-selectivity profile. However the optimum balance between conversion and
sulfoxide selectivity of 96% and 92%, respectively, was obtained at a residence time of 5 minutes,
rather the 4 minutes observed in MeCN in keeping with the slower oxidation in the former solvent
(figure 3.7 (b)). The second oxidation is again observed to be much slower in MeOH, as evidenced by
the maximum sulfone selectivity of 63% (R: = 15 min) compared to the 96% achieved at the same
residence time in MeCN. The data summarised in figure 3.5 clearly shows that a high degree of control
over product selectivity is achievable under flow conditions through careful selection of solvent and

residence time.
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Figure 3.7 Conversion-selectivity profile as a function of residence time (Rt) in the segmented flow oxidation of
thioansiole catalysed by POM-2.1 in MeCN and MeOH solvents
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A study conducted on the effect of H,0, concentration on conversion and product selectivity
as a function of residence time showed markedly different behaviour in each solvent. Concentration
was varied from 2 through to 20 equivalents of H,0, for the oxidation of thioanisole with residence
times between 0.5 and 15 minutes and in each case both solvents exhibited conversion-selectivity
profiles similar to those obtained in figure 3.6 (results shown in Appendix A.1). Interestingly for MeCN
a strong dependence of rate on [H,0] was observed up to 12 equivalents of H,0,, with a further
increase to 20 equivalents having limited effect on rate. In contrast, similar experiments conducted
in MeOH showed a much less pronounced dependence of [H.0;] on rate corresponding to
approximately zero order behaviour. Due to the apparent saturation kinetics observed in MeCN,
approximate rate constants for the formation of the sulfoxide (k,) and the sulfone (k,) were estimated
through fitting the concentration-time profile for the consumption of sulfide and the formation of
product through pseudo steady state analysis. Using consecutive elementary reaction kinetics (figure
3.8) the relationships between the rate constants k, and k, were used to simulate reaction profiles.
Initial estimates for the values of k, and ky, were obtained by determining approximate half-lives from
the experimental sulfoxide and sulfone curves respectively, these values were then used in equations
1-3 to generate the data. The values for k, and k, were then adjusted appropriately in order to give
the simulated data a good fit with the experimental values (results for 12 eq H,0, shown in figure
3.9). Equations 4 and 5 were used to determine the maximum concentration of sulfoxide and the

time at which it occurred as an additional means of confirming the accuracy of the simulated data.

A ka > B ko > C
1. 0 0o Q
2. 0 — Q Q
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4, 0 0 —
5 0 __

Figure 3.8 Equations 1-5 used to estimate rate constants through pseudo steady state analysis for consecutive
elementary reactions

As 2.5 equivalents of H,0, are consumed in the complete oxidation to sulfone only the
derived rate constants for systems with a large excess of H,O, were calculated, i.e. 12 and 20
equivalents in MeCN and MeOH (table 3.4, plots shown in figure 3.9 and Appendix A.2, respectively).

The rate constants k,; and k, were calculated assuming a first order dependence on the sulfide and
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sulfoxide respectively. Interestingly they appear to show that the solvent has a much more profound
effect on the rate of the first oxidation compared to the second oxidation. It is possible that the
observed weaker dependence on [H,0;] in MeOH may be a direct result of the solvent’s increased
hydrogen bonding capability facilitating more effective solvation of the oxidised products and/or the
H>0,, thereby reducing interaction with the catalyst surface/active sites. Interestingly, the results in
table 3.4 seem to show a reduction in rate constant with increasing H,0; concentration. It is possible
that this difference could be the result of experimental error due to the approximation which occurs

during the steady state analysis of the reaction.
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Figure 3.9 Kinetic plots obtained through equations 1-3 for the oxidation of thioanisole with 12 eq H202 in MeCN
and MeOH
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Table 3.4 Estimated rate constants for the formation of methyl phenyl sulfoxide (ko) and methyl phenyl sulfone
(ks) in MeCN and MeOH?

MeCN MeOH
Entry  Eq. H20; kq kb kq kb
1 12 2.89 0.2 0.82 0.07
2 20 2.68 0.17 0.55 0.11

9Data obtained using 0.2 M thioanisole and 2.4 M or 4.0 M solutions of H202 with flow rates between 0.293 mL
mintand 8.8 mL mintat 30 °C.
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Figure 3.10 Comparison of the conversion-selectivity profiles obtained in the segmented flow oxidation of
thioanisole conducted in MeCN and MeOH with and without doping with an extra equivalent of H,0>
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As the investigated reactions were conducted using a solution prepared from aqueous H,03,
increasing the peroxide concentration will also increase the water content of the reaction. The
increased hydrogen bonding capacities of these systems as a result of the increased water content
could potentially have an effect on the two oxidation rates. To this end doping experiments were
conducted using 3 equivalents H,0; as well as the corresponding system doped with an amount of
water representative of the extra amount present with 6 equivalents of H,0, (figure 3.9).
Interestingly, doping with additional water caused a notable increase in the rate of the first oxidation
when reactions were conducted in MeCN while also causing a slight decrease in the rate of the second
oxidation to sulfone. In contrast, when the reactions were conducted in MeOH there was only a minor
change in the rate of both oxidations. The enhancement in the rate of the first oxidation in the water-
doped MeCN system could possibly be attributed to the formation of a hydrogen bond network which
could facilitate access of the substrate to the active peroxometalate within the catalyst surface. These
hydrogen bond interactions would also serve to slow the second oxidation in a similar fashion to that
observed in MeOH described above. Due to the small impact on the MeOH system caused by the
addition of water, and in an attempt to further improve the green credentials of the PIILP flow system
the amount of water was further increased. To this end a dual solvent system was designed,
consisting of an aqueous H,0; reservoir and methanolic thioanisole. Under analogous conditions to
those conducted in MeOH (figure 3.6) a high degree of activity and sulfoxide selectivity was retained
with the addition of extra water to the solvent (figure 3.10). Under these conditions optimum

performance with regards to a balance between conversion and sulfoxide selectivity was observed

100 -
90 -
80 -
70 -

60 -
50 M av sulfide

%

40 - M av sulfoxide

30 A av sulfone
20 -

0.5 1 2 3 4 5 10 15
Rt

Figure 3.11 Conversion-selectivity profile as a function of residence time for the segmented flow sulfoxidation
of thioanisole in MeOH-H20 (1 : 1, v/v) at 30 °C with 3 equivalents of H.0: catalysed by POM-2.1

at a flow rate of 0.88 mL min (R: = 5 min), giving 93% and 92% respectively; this performance is a

significant improvement on those obtained by varying the H,0, concentration. In comparison, when
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the analogous solvent system was transferred to the batch oxidation of thioanisole under the
sulfoxide selective conditions a conversion of just 22% was achieved with a catalyst loading of 0.5
mol%, 2.5 equivalents H,0; and a reaction time of 15 minutes. This poor performance was attributed
to agglomeration of the catalyst during the reaction which further highlights the significant potential
of utilizing PIILP catalysts under flow conditions.

Table 3.5 Summary of the optimum sulfoxide and sulfone selectivity for the segmented flow sulfoxidations of
selected aryl sulfides catalysed by POM-2.1°

% Sulfoxide Sulfone

entry substrate Rt solvent  Conv.’  selectivity>* selectivit®
1 S 4 MeOH 83 98 -
2 ©/ 15 MeCN 100 - 96
3 S._Ph 4 MeOH 93 90 -
4 ©/ 15 MeCN 100 - 79
5 /@/5\ 4 MeOH 61 90 -
6 o, 15  MeCN 100 - 75
7 @SN 4 MeOH 80 89 -
8 15 MeCN 100 - 89
9

S -- MeOH - - -
10 15 MeCN 76 - 76
9Reaction conditions: 0.1 g POM-2.1/2.0 g silica, 0.2 M aryl sulfide, 0.6 M 35% H»0>, residence time 0.5 — 15

min. 30 °C. ®Determined by 'H NMR spectroscopy. ‘sulfoxide selectivity = [%sulfoxide/%sulfone + %sulfoxide] x
100%. sulfone selectivity = [%sulfone/%sulfone + %sulfoxide] x 100%.

Following the optimisation process conducted with thioanisole, a reaction temperature of 30
°C and 3 equivalents of H,0, were identified as the optimum balance between high catalyst activity
and product selectivity under the mildest conditions possible. As such the substrate scope was
extended in order to establish the full extent of the efficiency of this system under these conditions.
Conversion-selectivity profiles for residence times between 0.5 and 15 minutes, similar to those
shown in figure 3.6, were produced for each substrate in MeCN and MeOH and table 3.5 shows a
summary of the optimum product selectivities achieved (the associated conversion-selectivity
profiles are shown in appendix A.3). For all substrates, similar selectivity profiles to those shown
above for thioanisole were obtained, and, as with thioanisole the selectivity for the sulfoxide was
much higher at any given residence time when the reaction was conducted in MeOH compared with
MeCN. In the majority of cases the optimum compromise between conversion and sulfoxide
selectivity was achieved at a flow rate of 1.1 mL min? (R; = 4 minutes), with the exception of 4-
nitrothioanisole which required a slightly longer residence time of 5 minutes. Under the investigated
reaction conditions sulfoxide selectivities as high as 90% were obtained across the substrate scope
with moderate to high conversion (61-93%). As above sulfone selectivity was generally higher in
MeCN with an increase in residence time resulting in an increase in sulfone selectivity, reaching 75-

89% at complete conversion. Unfortunately, oxidation of dibenzothiophene under these conditions
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proved to be more challenging than other substrates and its limited solubility prevented oxidation

under flow conditions in MeOH.

3.3.3. Continuous Flow, Scale Up and Sequential Reactions

Encouraged by the performance of POM-2.1 under mild, segmented flow conditions across a range
of aryl sulfides, as well as the promising recyclability data obtained under batch conditions a series of
comparative scale-up continuous flow studies were conducted. To this end, the optimum conditions
identified under segmented flow of 30°C and 3 equivalents of H,O, were selected to evaluate the
long term stability of POM-2.1 in both MeCN and MeOH, again using thioanisole as a benchmark
substrate. For this study, a flow rate of 1.1 mL min (R; = 4 min), was identified from the data above
as the optimum flow rate with regard to the balance between conversion and sulfoxide selectivity.
Under these condtions, a 0.2 M solution of thioanisole was continuously processed for 8 hours at this
flow rate, with 1 mL samples taken once every hour and analysed by *H NMR spectroscopy to evaluate
the catalyst performance (figure 3.12). When MeCN was used as the solvent (figure 3.12 (a)) the
resulting time-performance profile showed a slight but steady reduction in activity over time, as
highlighted by the decrease in conversion of 89% to 79%, accompanied by a decrease in sulfone
composition from 29% to just 16% over the 8 hour period. While these results are in keeping with the
minor decrease in catalyst performance observed over successive cycles in the batch recycle studies
described in chapter 2 and table 3.3, the effect appeared to be much more pronounced under flow
conditions. Again, from the recycle studies conducted it was shown that an almost negligible level of
tungsten leaching occurred with POM-2.1, as such it was inferred that the deactivation observed
under flow conditions could not solely be attributed to loss of the active tungsten species. Evaluation
of the set up described in figure 3.3 highlighted that a possible decomposition of the H,0; present in
the reagent reservoir could occur over prolonged periods of time as the vessel, whilst protected from
sunlight, was standing under ambient conditions, rather than the 2 to 8 °C storage suggested by the
supplier. As such the experiment was repeated but the apparatus was stopped after 4 h and the H,0;
reservoir replaced with a fresh sample (figure 3.12 (b)). Under this revised procedure the steady
minor decline in activity was no longer observed, instead catalyst performance with regard to
conversion and sulfoxide selectivity remained relatively consistent within experimental error
throughout the 8 hour operating time. Interestingly, when MeOH was used as the solvent, much more
profound variations in both the conversion and product selectivity were observed with prolonged
continuous usage of POM-2.1 (figure 3.12 (c) and (d)). As with the corresponding MeCN system
replenishment of the H,0, reservoir after 4 h reduced this effect, offering additional stability with

regard to the absolute change in conversion and selectivity, however, despite this improvement a
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profound decrease in performance over time was still observed (figure 3.12 (d)). While the batch
recycle studies discussed previously indicated that the IL fragments within the PIILP framework
effectively retained the active peroxometalate anion, catalyst leaching would effectively explain the
apparent decrease in catalyst performance over time in MeOH. As such ICP-OES analysis was
conducted on the hourly aliquots taken in the continuous experiments described by figure 3.12 (b)

and (d). Interestingly, despite there being little observable difference in performance over time in

(a)

100 1

90 A

80 A

70 A

60 -

%

40 A
30 7
20
10

0 -

MeCN

50 A

(b)

100 +
90 A
80 -
70 A
60 -

%

40
30
20 -
10 -

o -

MeCN H;O; replenish

50 A

3 4
time (hour) time (hour)
(c) MeOH (d) MeOH H,0; replenish

100 7

90

100 7

90 A

time (hour) time (hour

B sulfide B sulfoxide [ sulfone

Figure 3.12 Conversion-selectivity profile as a function time for an 8 hour continuous flow sulfoxidation of
thioanisole catalysed by POM-2.1 at 30 °C with a residence time of 4 minutes in (a) MeCN, (b) MeCN with
replenishment of the H202 reagent stream after 4 hours (*), (c) MeOH and (d) MeOH with replenishment of the
H20:2 reagent stream after 4 hours (*)

in performance over time in MeCN, analysis of these aliquots corresponded to a loss of 4.3% of the
total tungsten used in the system. Similar analysis for the corresponding MeOH system indicated a
total loss of 21% W over the 8 hour period. The significantly higher degree of W leaching observed in

MeOH aligns with the prominent decrease in catalyst performance observed in figure 3.12 (c) and (d),
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and can be attributed to the hydrogen bonding capability of the solvent, which would result in
improved solubility of the charged tungsten species present in the catalyst cartridge. Analysis of POM-
2.1 by solid state 3!P NMR (see chapter 2) indicated that while the peroxometalate anion
[PO4{WO(02),}4]* was the major species, numerous other phosphorous-containing compounds were
also present. The H,0,-mediated degradation of phosphotungstic acid has been well-documented to
produce numerous different possible tungsten species,?® some of which will not be catalytically
active. This could explain the almost negligible change in catalyst performance over time observed
when MeCN is used as the solvent despite the leaching of 4.3% of the total W content, with the
detected tungsten possibly corresponding to smaller, non-active species formed as by-product during
catalyst generation. Taking this consideration into account, it is likely that the decrease in catalyst
performance as a function of operation time observed in MeOH is the result of a combination of
factors, not just solely leaching of inactive tungsten species. One possible additional factor again
arises from the hydrogen bonding capability of MeOH. In this regard the relatively low polarity of the
thioansiole starting material will lead to poorer solubility compared to the corresponding sulfoxide
and sulfone. This could result in the deposition and gradual build-up of thioanisole over time in the
catalyst/silica surface, which could in turn progressively block active catalyst sites within the material.
Again this potentially complex relationship highlights a major limitation of POM-2.1 when used with
polar protic solvents over prolonged reaction time. One possible solution to this issue would be
modification of the polymer morphology and ionic microenvironment in order to limit the support-
starting material interaction which might allow for the successful use of PIILP catalysts under

continuous operation in greener, protic solvents such as EtOH.

A semi-quantitative repeat of the continuous flow experiments under the conditions
corresponding to figure 3.12 (b) and (d) showed that a total of 6.5 g of thioanisole could be processed
over an 8 hour period (0.81 g h*) with a conversion of 88% and a sulfoxide selectivity of 78% when
the reaction was conducted in MeCN. While the corresponding MeOH system gave a conversion of
just 52% a sulfoxide selectivity of 98% was achieved. Fine tuning of the PIILP architecture will again
allow for further optimisation of these catalytic systems to achieve more efficient substrate
processing. By way of comparison, a recent study reported that a polystyrene supported
bezenesulfonic acid Amberlite IR 120 H catalysed the oxidation of sulfides under continuous flow
conditions and gave high sulfoxide selectivity at 22 °C with excellent long term catalyst stability, albeit
with a catalyst to substrate ratio of 0.3.2! This again highlights the efficiency of POM-2.1 and its high

turnover capability under relatively mild conditions.
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Figure 3.13 Conversion-selectivity profile as a function time for an 8 hour continuous flow sulfoxidation of
thioanisole catalysed by POM-TBA at 30 °C with a residence time of 4 minutes in (a) MeCN and (b) MeOH with
replenishment of the H202 reagent stream after 4 hours (*)

In order to further highlight the positive effect associated with the presence of the ionic
microenvironment in the PIILP support of POM-2.1 a comparative set of lifetime studies were
conducted using TBA-POM. In this respect an amount of TBA-POM, representative of the total
amount of W present in the catalyst cartridge loaded with POM-2.1, was absorbed on silica to give a
comparative reactor volume to that described above. Under the same conditions described in figure
3.12 (b) and (d) the POM-TBA based catalyst exhibited considerably higher initial activity than POM-
2.1, however, gratifyingly, a dramatic decrease in performance was observed in both solvents (figure
3.13). When MeCN was used as the solvent quantitative conversion of the sulfide was achieved for
the first 3 hours, however, a steady decrease in conversion and a corresponding increase in sulfoxide
selectivity from 60% to 90% was observed; the end performance was comparable to the
corresponding profile observed for POM-2.1 shown in figure 3.7 (a) at a residence time of 4 minutes
(figure 3.13 (a)). ICP analysis of aliquots taken corresponded to a tungsten leaching of 7% which was
considerably higher than the 4.3% observed for POM-2.1in MeCN. However, this increase in tungsten
leaching does not account for the considerable decrease in performance observed for POM-TBA over
the 8 hour period, again highlighting the complex nature of the PIILP support with regard to
interactions with the catalyst and substrates. This result would imply that additional stabilisation
effects are present when using PIILP supports over time, and as such further studies will be necessary
to fully determine the nature of this positive effect. When MeOH was used as the solvent an almost
complete drop off in catalyst activity was observed after just one hour of operation. Analysis of the

aliquot taken after this hour showed that 21% of the total tungsten had been removed from the
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catalyst bed, again partially accounting for the dramatic loss in activity. One possible additional
explanation for this pronounced reduction in catalyst activity could be attributed to the long term
stability of the active peroxometalate anion. In this regard the initial H,O, formation of the anion
from phosphotungstic acid yields a variety of different W-based species. It is therefore plausible that
prolonged exposure of the catalytic anion to large quantities of H,0, and MeOH solvent whilst in close
proximity to the mildly acidic silica surface could facilitate degradation into different, catalytically
inactive polyanions. Again this would imply the positive influence of the PIILP support in POM-2.1,
which seemingly provides an additional stabilisation effect to the peroxometalate anion as evidenced
by the less pronounced drop off in catalyst performance over time in MeOH (figure 3.12 (d)).
Encouraged by the promising long term stability of POM-2.1 under continuous flow oxidation
of thioanisole, a study was conducted to determine if the same PIILP loaded catalyst column could be
used consecutively for the oxidation of different substrates. To this end a proof of principle exercise
was conducted by processing thioanisole under the optimum segmented flow conditions described
above in triplicate at residence times of 5 and 15 minutes. Upon completion of the last experiment
the system was purged using the appropriate carrier solvent at a flow rate of 1 mL min for 5 minutes
to remove any residual sulphur containing material before switching the reagent reservoir for a
different substrate and repeating the process. Reassuringly the conversion-selectivity profiles
obtained through this procedure in MeCN were similar to those obtained from the corresponding
individual segmented flow experiments conducted on the same substrates (figure 3.14). Gratifyingly,

even though the substrate sequence of thioanisole, 4-nitrothioansole and finally dibenzothiophene
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Figure 3.14 (a) Conversion-selectivity profile at residence times of 5 and 15 minutes for segmented flow POM-
2.1 catalysed consecutive sulfoxidation of three different substrates using the same catalyst cartridge. (b)
Conversion-selectivity profile at residence times of 5 and 15 minutes for segmented flow POM-2.1 catalysed
consecutive sulfoxidation of three different substrates using fresh catalyst
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decreased in relative reactivity, POM-2.1 still achieved the same high activity, further highlighting the
stability of the supported catalyst. A similar effect was also observed when the procedure was
repeated using MeOH as solvent, although it was again not possible to process dibenzothiophene due
to its limited solubility. These results would imply that a fully optimized PIILP catalyst could be a viable
fixed-bed catalyst for a general purpose continuous flow system, which could be used for numerous

different substrates without the need for any modification to the system.

3.4. Conclusions

The heterogeneous oxidation of various sulfides catalysed by the PIILP-based POM-2.1 under mild
conditions was further investigated. While not quite as effective as in MeCN and MeOH, high catalyst
performance is achievable in a variety of different alternative solvents, implying that further
optimisation of the catalyst material could enable highly efficient, environmentally benign oxidation
systems to be developed. Alteration of the batch reaction conditions showed that it is possible to
achieve high conversion to the sulfone under relatively mild conditions which further highlighting the
efficiency of the immobilised peroxometalate. Extension of the use of the PIILP catalyst to flow
systems showed that the highly active behaviour of the catalyst transferred effectively, with
observations about catalyst behaviour observed under batch conditions seemingly mirrored in both
segmented and continuous flow conditions. In particular, the efficiency and stability of POM-2.1 was
demonstrated for the continuous flow oxidation of thioanisole which processed 6.5 g of material,
corresponding to a turnover number of 46,428. As under batch conditions, POM-2.1 remains less
active than the homogeneous counterpart POM-TBA, however, the long term stability of the former
gave a constant performance over time under continuous operation whereas the activity and
selectivity of the latter gradually decreased over the same time scale. While this could be due in part
to enhanced retention of the active peroxometalate species by the polymer immobilised ionic liquid
support, the degrees of tungsten leaching determined by ICP analysis for both the POM-2.1 and POM-
TBA systems do not appear to correspond to the significant differences in performance. Again this
highlights the complex nature of the relationship between the catalyst, support and reacting
substrate, illustrating the necessity for further investigations into the true nature of the catalyst and
its surrounding environment. As with the batch studies reported in chapter 2 it will be challenging yet
necessary to fully study and understand the nature of this relationship if the PIILP methodology is to
be utilized to its full potential. Despite the apparent limitations of POM-2.1 the promising initial
results suggest that PIILP materials could be a viable means of generating highly active and stable
catalysts for use under mild conditions, as such both the substrate and reaction scope under

continuous flow should be extended to fully evaluate the merits of PIILP supports. The processes
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described in this chapter are by no means ideal, for example in the continuous flow sulfoxidation an
aqueous work up is still required; highlighting that there is significant room for improvement and
optimisation. Despite this the performance of POM-2.1 under continuous flow conditions shows that
the PIILP methodology could be applied to industrially relevant processes. For example, if chiral
functionality were incorporated into the polymer backbone it would be possible to prepare chiral
oxidation catalysts which were highly active and selective under mild conditions, allowing for the
continuous flow generation of chiral sulfoxides which act as valuable intermediates in the synthesis
of pharmaceuticals. As well as this, the setup described in figure 3.4 could be modified as illustrated
in Figure 3.15 to develop operationally straightforward and environmentally benign process for the

oxidative desulfurization of crude oil.

-

Model oil with
sulphur
impurity

. A
y Collect
Carrier PIILP/Silica
solvent

H,0, in
MeOH

Figure 3.15 Proposed continuous flow setup for the PIILP catalysed oxidative desulfurization of crude oils
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3.5. Experimental

All reagents were purchased from commercial suppliers and used without further purification. POM-
2.1 and TBA-POM were prepared as described previously in chapter 2. *H and 3C{*H} NMR spectra
were recorded on JEOL LAMBDA-500 or ECS-400 instruments. Metal analysis was performed using a
Perkin-Elmer Optima 4300 ICP-OES analyser. FT-IR spectrums were record on a Varian 800 FT-IR
spectrometer system using a pike technologies diamond crystal plate ATR unit. Flow reactions were

performed using a Unigsis FlowSyn Maxi using PTFE fittings supplied by Unigsis.

Synthesis of [nBusN]3[PO.{WO(0;),}4]/SiO;

An oven-dried Schlenk flask was charged with [nBusN]3[PO4s{WO(0,).}4] (0.094 g, 0.05 mmol) and
dichloromethane (6 mL) with the resulting mixture allowed to stir for 15 min before the addition of
1.0 g Geduran® Si60 (43-60 nmm) followed by a further 2 h stirring at room temperature. The
dichloromethane solvent was then removed under high vacuum to afford a free flowing powder. FT-
IR (KBr plates): ¥ =1086, 1058, 1028 (P-0), 957 (W=0), 837 (0-0), 585, 535 W(O2)asym,sym- The tungsten

loading was confirmed to be 0.19 mmol of W g of silica by ICP-OES analysis.

General Procedure for Catalytic Sulfide Batch Oxidations

An oven-dried Schlenk was charged sequentially with sulfide (1 mmol), catalyst (0.013 g, 0.005 mmol)
and solvent (3 mL), the reaction was then activated by the addition of 35% H,0, (0.24 mL, 2.5 mmol)
and allowed to stir at room temperature for 15 min. The reaction mixture was then diluted with
CH,Cl; (25 mL) and washed with water (c.a. 50 mL) before the organic extract was dried with MgS0,
and the solvent removed under reduced pressure. The resulting residue was analysed by 'H NMR.
Relative percentages of starting material and products were determined using integrals in the *H NMR

spectra.

General Procedure for Catalytic Sulfoxidation Recycle Studies

An oven-dried Schlenk was charged sequentially with sulfide (1 mmol), polymer immobilised catalyst
POM-2.1 (0.039 g, 0.015 mmol) or [nBusN]3[PO+{WO(0,),}4] (100 mg, 6.5 wt% W) and solvent (9 mL),
the reaction was then activated by the addition of 35% H,0; (0.72 mL, 7.5 mmol) and allowed to stir
at room temperature for 20 min. After this time the solution was centrifuged (10 min, 12000 rpm),

decanted using a pipette and the catalyst washed with the reaction solvent (10 mL) and dried under
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high vacuum prior to reuse under the same conditions. The remaining solution was subjected to the

same work up and analysis described above.

General Procedure for Flow Oxidations

Two reservoirs were charged with sulfide (5.0 mmol) dissolved in the appropriate solvent (total
volume of 25 mL, 0.2 M) and hydrogen peroxide 35% (1.46 mL, 15.0 mmol) in the same. A Unigsis
FlowSyn reactor was used to pump 1 mL of each reagent with total flow rates between 0.293 mL min-
1 and 8.8 mL min* (using either MeCN or MeOH as an appropriate stock solvent) through a T-piece
mixer to combine the two streams. The reaction stream was then flowed through a Unigsis glass/PEEK
column reactor (10 mm id) packed with 0.1 g of POM-2.1 and 2.0 g of SiO, (Geduran® Si60 (43-60
mm)) with a volume of 4.4 mL. The column was mounted in the FlowSyn column heater to achieve
the desired reaction temperature. The exiting stream was passed through a back pressure regulator
(BPR) and 2 mL fractions were collected into separate vials with a 2 mL post-collect to ensure that no
sulfide material remained on the column. Each sample was diluted with dichloromethane (10 mL),
washed with water (c.a. 15 mL), the organic extract dried over MgSQ,, the solvent removed under
reduced pressure and the resulting residue analysed by 'H NMR to quantify the composition of

starting material and products.

General Procedure for Continuous Flow Oxidations

Two reservoirs of thioanisole (6.20 mL, 52.8 mmol) and hydrogen peroxide (7.69 mL, 79.2 mmol) in
the appropriate solvent (total volumes of 264 mL, 0.2 M and 132 mL, 0.6 M respectively) were run at
a constant total flow rate of 1.1 mL min (R, of 4 min) for 4 h through the set-up described previously,
collecting 1 mL samples every hour. Upon reaching the 4 h mark the apparatus was stopped and the
hydrogen peroxide reservoir was replenished before resuming flow for a further 4 h. After a total of
8 h of collecting the combined reagent streams the system was flushed with the solvent at a flow rate
of 1 mL min* for 15 min to ensure that no sulfide material remained on the column. The collection
vessel, which had been cooled to 0 °C, containing the sample run through the 8 h was then diluted
with dichloromethane (c.a. 500 mL) and washed with water (c.a. 500 mL). The organic extract was
dried over MgS0., the solvent removed under reduced pressure and the resulting residue weighed
and analysed by 'H NMR to quantify both the yield of material collected and the composition of

starting material and products. The 1 mL samples collected each hour were diluted with 70 % nitric
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acid (5 mL) and allowed to stand overnight before being diluted to a volume of 15 mL with distilled

water and analysed by ICP in order to determine the extent of tungsten leaching.

General Procedure for Flow Oxidations Using varying substrates

Using the FlowSyn set-up described previously, experiments at residence times of 5 min and 15 min
were conducted in triplicate using thioanisole. The sulfide reagent stream was then replaced with a
different sulfide solution of the same concentration. After priming the reagent line with the new
sulfide for 5 min at a flow rate of 1 mL min* and subsequently washing the column with solvent for a
further 5 min at 1 mL min! the experiments at different residence times were repeated for the new
substrate. This cycle could be repeated numerous times provided there was a sufficient supply of
hydrogen peroxide in the corresponding reservoir. Samples collected were analysed by *H NMR

spectroscopy.

Methyl phenyl sulfoxide’
'H NMR (400 MHz, CDCls, 8): 7.69-7.62 (m, 2H), 7.50-7.41 (m, 2H), 7.36-7.30 (m, 1H), 2.73 (s, 3H); 13C
NMR (100.5 MHz, CDCls, 8): 145.42, 130.95, 128.63, 123.54, 43.93.

Methyl phenyl sulfone’
4 NMR (400 MHz, CDCls, 8): 7.95-7.87 (m, 2H), 7.71-7.61 (m, 2H), 7.59-7.52 (m, 1H), 3.02 (s, 3H); 1°C
NMR (100.5MHz, CDCls, 6): 137.44, 133.21, 128.54, 126.23, 44.88.

4-nitro-methylphenyl sulfoxide*
'H NMR (400 MHz, CDCls, §): 8.39 (d, J = 8.0 Hz, 2H), 7.90 (d, J = 7.5 Hz, 2H), 2.85 (s, 3H); **C NMR (100
MHz, CDCls, §): 152.4, 150.0, 126.2, 125.8, 43.5.

4-nitro-methylphenyl! sulfone®
'H NMR (400 MHz, CDCls, §): 8.43 (d, J = 8.8 Hz, 2H), 8.16 (d, J = 8.8 Hz, 2H), 3.12 (s, 3H); **C NMR (100
MHz, CDCls, 6): 150.9, 145.9, 129.0, 124.6, 44.3.

Dibenzothiophene sulfoxide®’
IH NMR (400M Hz, CDCls, §): 7.98-7.91 (m, 4H), 7.75-7.71 (m, 2H), 7.59-7.52 (m, 2H); *C NMR (100.5
MHz, CDCls, §): 143.33, 132.67, 129.83, 126.37, 124.16, 123.45.

123



Dibenzothiophene sulfone'’
'H NMR (400 MHz, CDCls, 8): 7.85-7.77 (m, 4H), 7.66-7.61 (m, 2H), 7.55-7.51 (m, 2H); *C NMR (100.5
MHz, CDCls, 6): 137.62,133.77, 131.53, 130.16, 121.97, 121.54.

Homoallyl phenyl sulfoxide**

'H NMR (300 MHz, CDCls, §): 7.75-7.55 (m, 5H), 6.04-5.90 (m, 1H), 5.31-5.20 (m, 2H), 2.98-2.83 (m,
2H), 2.73-268 (m, 1H), 2.50-2.45 (m, 1H); 3C NMR (100 MHz, CDCls, &): 135.4, 130.4, 129.0, 124.1,
117.0, 56.2, 26.3.

Homoallyl phenyl sulfone®

IH NMR (400 MHz, CDCls, 8): 7.89-7.87 (m, 2 H), 7.65-7.62 (m, 1H), 7.56-7.53 (m, 2 H), 5.73-5.64 (m,
1 H), 5.04-4.99 (m, 2 H), 3.15-3.11 (m, 2 H); 2.46-2.40 (m, 2H); 3C NMR (100 MHz, CDCls, §) 138.9,
133.7,133.6, 129.2,128.0,117.1, 55.3, 26.7

Benzyl phenyl sulfoxide'”
IH NMR (400 MHz, CDCls, 8): 7.55-7.42 (m, 2H), 7.36-7.17 (m, 3H), 7.11-6.63 (m, 5H), 3.98 (s, 2H); 1C
NMR (100.5 MHz; CDCls, 6): 142.59, 130.83, 130.26, 128.87, 128.57, 128.24, 128.15, 124.21, 63.44.

Benzyl phenyl sulfone'?
IH NMR (400 MHz, CDCls, 8): 7.74-7.65 (m, 2H), 7.41-7.32 (m, 3H), 7.14-7.06 (m, 5H), 4.41 (s, 2H); 13C
NMR (100.5 MHz; CDCls, 6): 137.49, 133.44, 130.53, 128.61, 128.47, 128.39, 128.31, 62.53.
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4.1. Abstract

A range of linear and cross-linked ionic polymers based on materials generated by both Ring-Opening
Metathesis and free radical initiated polymerisation were prepared as PIILP supports to immobilise
copper (ll)-bis(oxazoline) catalysts. The resulting heterogeneous catalysts were evaluated in the
asymmetric Diels-Alder reaction between N-acryloyloxazolidinone and cyclopentadiene and the
Mukaiyama-aldol reaction between methylpyruvate and 1-phenyl-1-trimethylsilyloxyethane; both
systems revealed that selectivity and ee were heavily influenced by the polymer used and its
microenvironment. A range of analogous SILP heterogeneous catalysts based on more conventional
supports, such as silica and their homogeneous counterparts, were also tested in order to evaluate

the relative merits of PIILP and SILP in asymmetric heterogeneous catalysis.

4.2. Introduction

Encouraged by the positive results observed using PIILP in both batch and continuous flow oxidations
it was decided to extend the use of this concept into other catalytic systems, in particular in
asymmetric catalysis. Aside from the use of enzymatic reactions, the industrial applications of
asymmetric catalysts remains rather limited with most examples concerning hydrogenations due
largely to the relatively high cost of metal-based systems.! In this regard, research over the past two
decades has concerned the immobilisation of transition metal-based catalysts using ionic liquids.? The
selection of SILP-type immobilisation methods published have also illustrated modification of the
activity and selectivity of the catalyst as a result of conformational limitations imposed by the support
material, restricting the possible pathways available for reagents to attack.>*> Whilst polymer
supports with chirality incorporated in their backbone have been widely studied in a range of metal-
catalysed asymmetric C-C bond forming reactions, including Diels-Alder cycloadditions, oxidations
and hydrogenations,®”®° the use of polyelectrolyte PIL and PIILP-type materials has been less
thoroughly investigated.'®!! Extensive work conducted previously by the group demonstrated the
positive effect of the immobilisation of the Lewis-acidic chiral bis(oxazoline) complexes on a range of
transition metals in Diels-Alder cycloadditions through the use of both modified ionic liquids and SILP
supports.’? As a result of this work, and in order to extend the scope of the application of the PIILP
methodology, it was decided to undertake a collaborative project with Queen’s University Belfast into
the immobilisation of chiral copper(ll) bis(oxazoline) catalysts using PIILP systems similar to those

outlined in chapters 2 and 3.
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4.3. Results and Discussion
4.3.1. Polymer and Catalyst Synthesis

As a result of the successful use of the pyrrolidinium-based ROMP polymer IP-2.1 described in
chapters 2 and 3 as a support for the immobilisation of peroxometalate catalysts this system was
selected as an initial template for the desired PIILP material. Due to the lack of a large counter anion
as with the previous peroxometalate catalyst it was decided that a degree of cross-linking should be
introduced into the polymer in order to yield a more robust, insoluble material whilst also affording
an additional means to control the pore size and morphology of the polymers produced. To this end
the pyrrolidine-based 2.3, prepared as in chapter 2, underwent alkylation with half an equivalent of
p-xylylene dibromide to yield the dicationic cross-linker 4.2. In previous chapters the PIILP materials
consisted of a bromide counterion; however, it has been well documented that during catalysis the
active Cu(ll) bis(oxazoline) forms a complexes with the reacting dienophile acting as a two-point
binding chelate.?> 3 As such it is necessary to have poorly coordinating, more labile counterions in
order to allow this complex to form readily, meaning that halide counterions would act to poison the
supported Cu catalyst.!* In this regard, Cu(OTf), has been widely used as the source of Cu(ll) in
bis(oxazoline) complexes, however, it was believed that the ionic liquid fragments within the polymer
architecture will behave in a similar fashion to bulk ionic liquids and replace the triflate counterions
of the copper complex. Based on previous observations in which the less coordinating bistriflimide
anion led to a marked improvement in catalyst performance?® it was decided to convert compounds
4.1 and 4.2 into their corresponding bistriflimide forms through metathesis with an excess of lithium
bis{(trifluoromethyl)sulfonyllimide.
0.5 mol% Grubbs' 2,
L@\ 1) BnBr, acetone l@\ 5mol% 4.2.NTf,, — _
7 - % © [NTfy] 2eqCOT L i

\_ DLINTR), CHoCl-H,0 N®/—Ph CH3Cl, 40 °C MM

O O Cﬁj CN O [NTH,]

4.1.NTf, ONTH,N

®
© [NTf,] N(j
y O [NTf]  © [NTfy N
1) p-xylene dibromide, MeCN N N
2) Li(NTf2), CH2Clp-H0 O [) IP-4.1, IL 1.44 mmol g

4.2.NTf,
Scheme 4.1 Synthesis norbornene-based ionic monomers and ring-opening metathesis polymerisation
catalysed by Grubbs 2" generation catalyst to yield IP-4.1, ionic loading (mmol g) is shown.
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Once the two desired cationic monomers were obtained they underwent ROMP with cis-

cyclooctene as the co-monomer, as described in chapter 2, however, the reaction was instead
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catalysed by 2 mol% Grubbs’ 2" generation catalyst. Due to a sterically hindered environment being
formed as a result of polymer cross-linking a more reactive catalyst was required. As discussed in
previous chapters Grubbs’ 2" generation catalyst has been reported to be much better suited to
transformations involving sterically demanding and deactivated olefins.® Despite having a slower
rate of initiation, the 2" generation catalyst has a much higher affinity for olefinic substrates over the
labile phosphine ligand, resulting in preferential binding of the catalyst to propagating species.”’
Polymerisation of a 1 : 2 ratio of cation to neutral co-monomer together with a cross-linker content
of 5 mol% yielded IP-4.1 in 78% vyield, with the elemental analysis obtained for the sample consistent

with the expected ratio of each monomer, corresponding to an IL loading of 1.44 mmol g™.

S
(©/\ 1) BnBr, MeCN @jg:ﬁ@_//
2) Li(NTf,), CH,Cl,-H,0O <N 7

N

Q

25 4.3.NTf,

O NTf,

@
N

1) 4.4, MeCN /
2) Li(NTf,), CHoCly-H,0 < 7
4.5.NTf,
Scheme 4.2 Synthesis of styrene-based ionic monomers 4.3.NTf2 and 4.5.NTf:

As with chapter 2, in order to evaluate the relative merits of ROMP in the production of PIILP
based supports an analogous polystyrene-based system was required. The co-monomer and
dicationic cross-linker required to synthesise IPs were prepared by quaternisation of 2.5 with benzyl
bromide and 4-vinylbenzyl bromide, respectively. Due to the widely used nature of divinyl benzene
as a cross-linker in polystyrene-based materials it was also decided to generate a range of ionic
polymers with varying amounts of either DVB or 4.5.NTf; as the cross-linker. In this regard, it was
hoped that it would be possible to evaluate the effect a neutral and cationic cross-linker would have
on polymer microstructure. As such the ionic polymers IP-4.2 —4.5 (figure 4.1) were synthesised by
the AIBN-initiated radical co-polymerisation of 4.3.NTf, with styrene and the desired amount of cross-

linker in methanol at 70 °C for 48 h.
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LU Se®
O O O [Nsz]@@ ® [NTf,]©
INTF,]© CN CN

® D
CNlh Ph

IP-4.2, 0 mol% DVB, IL 1.42 mmol g
IP-4.3, 5 mol% DVB, IL 1.42 mmol g'1
IP-4.4, 25 mol% DVB, IL 1.10 mmol g’ IP-4.5, 5 mol% 4.5.NTf,, IL 1.58 mmol g

Figure 4.1 IPs 4.2-4.5 used in the immobilisation of Cu(ll)-bis(oxazoline) catalysts for the asymmetric Diels-Alder
reaction. In each case the degree of cross-linking and ionic loading (mmol g1) is shown.

4.3.2. Copper Bis(oxazoline)-Catalysed Diels-Alder Reactions

The benchmark Diels-Alder reaction between N-acryloyloxazolidinone and cyclopentadiene (Scheme
4.3) has previously been investigated extensively under both homogeneous and heterogeneous
conditions with a range of metal (l1) bis(oxazoline) catalysts!? and was therefore selected as an initial
reaction with which to test the newly prepared PIILP-systems. In order to fully evaluate these new
heterogeneous catalysts the reaction was first conducted in dichloromethane, diethyl ether and the
ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethyl)sulfonylimide ([C;mim][NTf;]) under
homogeneous conditions, and in the case of diethyl ether heterogeneous conditions (table 4.1). With
the exception of diethyl ether catalyst A consistently outperformed catalyst B with higher ee’s and
endo selectivities as a result of the bulky t-butyl groups. The presence of ionic liquid, either as an
additive or as a bulk solvent, led to a marked improvement in both conversion and ee for both
catalysts under the same conditions in molecular solvents, a result in keeping with previous

observations by the group.'?

o}

o Cu(OTf),, ; y
\)LN)J\O 10 mol% . o L@\ 0
+ L +
-/ @ OTKVO o NJ(O © '\E/(/O
T L

R R

(S)-endo (R)-endo

Catalyst A R = CMej3
Catalyst BR = Ph

Scheme 4.3 Diels-Alder reaction between N-acryloyloxazolidinone and cyclopentadiene catalysed by 10 mol%
Cu(OTf)2/bis(oxazoline) complexes

In order to compare the efficiency of our PIILP-supports to more conventional SILP-systems,
catalysts A and B were also supported on silica, multi-walled carbon nanotubes (CNT) and a
commercially available polystyrene through wet impregnation with dichloromethane and

[Camim][NTf;] as the ionic liquid. In an attempt to minimize leaching of both the catalyst and the IL
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the reactions were conducted in diethyl ether due to the relatively low solubility of [Comim][NTf;]
within this solvent compared to dichloromethane. As with the homogeneous conditions, significant
improvements in both conversion and ee were observed for reactions conducted in the presence of
SILP catalysts compared to the corresponding support with no IL present. Interestingly, for
polystyrene with no IL no reaction was observed even after aging the catalyst for 3 hours (entry10).
It is possible that this is a result of poorer binding of the Cu(ll) complexes on the non-ionic surface of
the polystyrene which was, at least in part, supported by ICP analysis of the etheral phase of the
reaction mixture which indicated that up to 50% of the copper had been removed. For the silica
support (entries 6 and 7) the low conversion and ee could be attributed to the formation of the
cyclopentadiene dimer, facilitated by the surface silanols, which can coordinate to the active copper
centre resulting in a non-chiral catalyst.'® For all supports examined the configuration of the Diels-
Alder adduct was the same as those obtained under homogeneous conditions in both molecular
solvents and in ionic liquids. As such it would appear that the heterogenisation of a chiral catalyst
does not significantly alter its chiral environment, whilst immobilisation in an ionic environment can
lead to a marked performance improvement when compared to homogeneous and non-ionic
heterogeneous analogues. This enhancement effect, however, appears to be catalyst specific as
illustrated by the poor ees obtained for catalyst B. While support effects could contribute to these
observations the enhancements obtained in the presence of [C;mim][NTf,], both as a solvent and in
SILP, could possibly be attributed to the less coordinating nature of [NTf,]" compared with [OTf] in
the original catalyst.’ By being less coordinating the bistriflimide anions in the copper-ligand complex
can dissociate or be displaced more readily in the formation of the chelate transition state with the

N-acryloyloxazolidinone substrate.

Table 4.1 Comparison of the Diels-Alder reaction between N-acryloyloxazolidinone and cyclopentadiene
catalysed by 10 mol% Cu(OTf)2/bis(oxazoline) complexes in Et20, CH2Cl2 and [Comim][NTf;] under homogeneous
conditions and on SiO2, CNT- and polystyrene-SILP under heterogeneous conditions

Catalyst A Catalyst B
Entry Solvent/ Time % conv.%? endo % endo® % conv.*? endo % endo®
support (min) eeb eeb
1 CH,Cl 15 78 70(S) 88 44 16(R) 82
2 Et,0 15 32 14(S) 87 38 15(R) 80
3 IL 1 100 90(5) 89 100 19(R) 88
4 IL/Et,0 5 100 91(S) 89 100 18(R) 78
5 CH,Cl,/1L 5 64 82(S) 96 100 16(R) 70
6 SiO, 5 32 16(S) 88 76 4(R) 84
7 SiO,/IL 5 100 87(S) 85 100 8(R) 84
8 CNT 5 64 66(S) 87 44 20(R) 83
9 CNT/IL 5 100 92(S) 87 100 3(R) 80
10 PS 5 0 0 0 0 0 0
11 PS/IL 5 74 84(S) 88 100 30(R) 73

@ Conversion at 20 °C. ? Determined by HPLC, ee’s based on the endo isomer were calculated from the HPLC
profile
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To further evaluate the in-house generated PIILP support materials, the commercially
available IP-4.6 and IP-4.7 were also converted to the bistriflimide form and used to support catalysts
A and B. Significant conversions were obtained for systems based on IP-4.1- 4.7 which, when
compared to the inactivity achieved with the non-ionic polystyrene support, illustrates the positive
role that the ionic environment has on catalytic systems and their immobilisation (table 4.2).
Gratifyingly, in agreement with previous studies conducted on these type of copper systems in ionic
liquid solvents,'?® the active bis(oxazoline) complex formed after only 5 minutes stirring of the
Cu(OTf); precursor and the ionic polymer supports, as indicated by the distinct green colour. In
contrast, considerably longer catalyst aging times (c.a. 3 hours) have been reported to be necessary
to achieve efficient and reproducible catalysis in molecular solvents in the absence of added ionic
liquid.2 This further highlights that the ionic liquid moieties present within the ionic polymer
architectures behave in a similar fashion to their homogeneous counterparts in bulk ionic liquids

either as a solvent or additive.

x y
O O IP-4.6, 0 mol% DVB, IL 2.64 mmol g”!
INT,]O IP-4.7, 25 mol% DVB, IL 2.48 mmol g'1
®
Me;N
Figure 4.2 The commercially available IPs 4.6 and 4.7 used in the immobilisation of Cu(ll)-bis(oxazoline) catalysts

for the asymmetric Diels-Alder reaction. In each case the degree of cross-linking and ionic loading (mmol g) is
shown

The ROMP-generated IP-4.1 achieved high ees (entries 1 and 2) but with a considerably lower
conversion compared to its polystyrene-based counterparts, highlighting the important role of the
support microenvironment on catalysis. Reassuringly both catalysts A and B gave high ees when
immobilised on the in-house synthesised polystyrene-based polymers 1P-4.2-4.5 compared to their
commercially available counterparts IP-4.6 and IP-4.7. IP-4.5 proved to be the most efficient system
for both catalysts A and B giving cycloadduct endo-(2S) in 99% ee and endo-(2R) in 41% ee at 100%
conversion, respectively, with the former result being the highest ee reported to date for this reaction
under either heterogeneous or homogeneous conditions (entry 9). Further to this, the ee of 90% (S)
obtained using IP-4.2 in combination with A matched the results obtained using both neat IL and IL-
diethyl ether in table 4.1, illustrating that the positive effects associated with bulk ionic liquids can be
successfully utilized in solid supports.

Due to the positive influence of a thin film of IL on activity and selectivity for the various
heterogeneous supports used in table 4.1, the effect of combining IPs 4.1-4.7 with [C;mim][NTf;] was
also investigated. Interestingly, the introduction of ionic liquid gave varying results amongst the
polymer samples and the two catalysts. In some cases a marked improvement in catalyst

performance was observed, most notably with IP-4.1 and IP-4.7 which gave improvements of 43% to

134



89% and 47% to 91% (entries 1, 2, 13 and 14), respectively, in terms of conversion. IP-4.7 also
exhibited a significant increase in the ee from 44(S) to 84(S) upon the introduction of an IL film.
Enhancements in ee were also observed with catalyst A immobilised on IP-4.2 and IP-4.4, in particular
IP-4.4 which showed an increase of 41% (entries 7 and 8), however, very little change in both the
endo/exo-selectivity and conversion was observed. In contrast, IP-4.6 exhibited a significant increase
in conversion upon the introduction of [C;mim][NTf;] but without any significant change in ees which
consistently remained very poor. Conversely the introduction of a thin film of ionic liquid to systems
based on IP-4.3 and IP-4.5 led to significant reductions in both ee and endo selectivity. Whilst systems
based on catalyst B performed consistently well in terms of conversion for all ionic polymers both
with and without [Ccmim][NTf,] there appears to be more discrepancy in terms of the ees and
endo/exo selectivities, with the former showing very little change and the latter showing considerable
variations in the presence of an IL film when compared to catalyst A under the same conditions.
Interestingly, for all ionic polymers the introduction of IL caused catalyst B to give a considerable
reduction in ee as opposed to systems using catalyst A, with the exception of IP-4.3, which
experienced an increase (entry 6). Despite this reduction in ee, all combinations of PIILP catalysts and
ionic liquid gave either a higher or equivalent ee when compared to the homogeneous system in

dichloromethane (table 4.1).

Table 4.2 Comparison of the Diels-Alder reaction between N-acryloyloxazolidinone and cyclopentadiene
catalysed by 10 mol% Cu(OTf)2/bis(oxazoline) complexes immobilised onto a range of polymer supports and
polymer-IL supports

Catalyst A Catalyst B
Entry polymer solvent % conv.%? endo % endo® % conv.®? endo % endo”
ee? ee’
1 IP-4.1 Et,O 43 83(S) 92 100 45(R) 76
2 IP-41  ELO/IL 89 95(S) 97 100 25(R) 73
3 IP-4.2 Et,0 86 90(S) 88 100 35(R) 78
4 IP-42  Et0/IL 100 99(S) 95 100 27(R) 76
5 IP-4.3 Et,0 80 48(5) 92 100 32(R) 79
6 IP-4.3 Et,0/IL 65 31(9) 85 100 26(R) 74
7 IP-4.4 Et,0 69 28(S) 86 100 38(R) 73
8 IP-4.4 Et,0/IL 77 69(9) 89 100 15(R) 76
9 IP-4.5 Et,0 100 99(S) 93 100 41(R) 76
10 IP-45  EtO/IL 60 80(S) 91 100 31(R) 73
11 IP-4.6 Et,O 27 7(5) 88 100 16 (R) 92
12 IP-4.6 Et,O/IL 98 9(S) 88 100 18(R) 79
13 IP-4.7 Et,O 47 44(S) 84 100 38(R) 80
14 IP-4.7 Et,O/IL 91 84(S) 91 99 18(R) 91
15 PS Et,O0 0 0 0 0 0 0
16 PS Et,O/IL 74 84(S) 88 100 30(R) 73

@ Conversion at 20 °C after 5 minutes. ? Determined by HPLC, ee’s based on the endo isomer were calculated
from the HPLC profile
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Whilst it is possible to achieve high ees, selectivities and conversions with most of the ionic
polymer supports, the apparent unpredictable variations in enantioselectivity and endo/exo
selectivity as a function of both catalyst and the support system highlights the need for a rational
understanding of how catalyst-support interactions influence catalysis. One possible explanation for
some of these observations relates to the extent of swelling of the polymer support under the
reaction conditions, with less swelling resulting in poorer access to catalytic sites within the porous
structure of the polymer.?® The negligible swelling of the IPs in diethyl ether and subsequent catalyst
inaccessibility could account for some of the low conversions observed when using catalyst A,
however, this explanation does not hold for catalyst B which exhibits high activity and conversions
under the same conditions. In order to address the potential swelling problem dichloromethane and
toluene were employed as reaction solvents in an attempt to deliberately swell the polymer supports.
This, however, lead to a complete stripping of the catalyst from the PIILP support as confirmed by ICP
analysis, showing that while the effect of solvent on the polymer structure is clearly an important
factor the solvent choice is limited for systems employing ionic immobilisation rather than covalent
tethering. Another likely cause of the somewhat erratic variations in conversion and ee for catalyst A
is the geometric constraints imposed on the complex upon confinement within the porous network
of the polymer support. Due to the bulky (S5,5)-t-Bu-Box ligand the square planer geometry adopted
by the active complex is much more sensitive to geometric changes than the much smaller and more
flexible (S,5)-Ph-Box in catalyst B,*?*%° leading to an equilibrium between the bis(oxazoline) complex
and the non-chiral catalytically active ligand free copper.?! A similar effect has been highlighted in a
recent study in which a chiral Cu(Box) complex immobilised on laponite was used to catalyse the
Mukaiyama-Michael reaction between N-(E)-but-2-enoyloxazolidinone and 2-
(trimethylsilyloxy)furan.?? The authors speculated that the immobilisation of the copper catalyst on
the support surface eliminates the C, symmetry of the complex which effectively increases the
number of possible coordinations of the bidentate dienophile. Placement of the large oxazolidinone
ring in the Michael acceptor Cu-Box complex close to the surface would lead to a large increase in
steric hindrance already imposed by the bulky ligand substituents and hence enhance the
enantioselectivity effect even further. However, due to the decrease in enantioselectivity observed it
was believed that the disposition with the less hindered double bond close to the surface was in fact
the more likely case as this would result in both faces of the double bond being shielded by either the
oxazolidinone ring or the support surface. The imposition of these geometric constraints on
catalyst A would appear to be most evident for IPs 4.1, 4.4 and 4.7, with the former only effecting
conversion and not enantioselectivity. It is possible that this poor conversion is a result of the
equilibrium between complexed and ligand-free copper discussed above and the polymer

morphology leading to catalyst inaccessibility while the chiral centre in the monomeric pyrrolidinium
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units help to maintain a chiral environment and hence give the observed high ee. For IP-4.4 and IP-
4.7 the high degree of cross-linking could disrupt the square planar geometry and lead to the poor
catalyst selectivity. Catalysts derived from both A and B have been prepared from bis(oxazoline)s
grafted to polymers and used in the cyclopropanation of styrene with diethyl azoacetate; in this study
the introduction of cross-linking led to a significant reduction in both the cis/trans selectivity and the
enantioselectivity compared with their homogeneous counterparts.® This drop in activity and
selectivity was again attributed to the support morphology which resulted in poor accessibility to the
tethered bis(oxazoline) ligand which restricted interaction with the Cu(OTf),. Using a Nafion support
as a benchmark system it was seen that catalyst A also suffered from additional steric hindrance
between the chiral ligand and the material’s surface, resulting in a shift in the metal-ligand
equilibrium in favour of the free metal and a subsequent reduction in enantioselectivity when
compared to the homogeneous analogue. In contrast, the corresponding Nafion-immobilised catalyst
B exhibited a much smaller reduction in ee as a result of a more favourable metal-ligand equilibrium
due to the smaller (S,5)-Ph-Box ligand. As such it is possible that the enhancement in performance
achieved upon addition of ionic liquid to catalyst A with IPs 4.1, 4.4 and 4.7 could be the result of
metal/ligand leaching, as migration of the catalyst away from the polymer surface into the thin IL
layer could reduce unfavourable steric interactions between the support surface and the ligand of
the catalyst. Further to this, ionic liquids have been shown to swell polymers, this would in turn give
improved access to the active catalytic sites within the polymer microstructure which were previously

inaccessible.?*

For catalyst B, smaller changes in enantioselectivity across the range of ionic polymers used
were observed. Similar Lewis acid catalysts using Mg(Il) have been previously documented to exist as
an equilibrium of numerous different geometries which can all act as an active catalyst during the
reaction, essentially giving a mixture of R- and S- catalyst-substrate complexes.?® It can therefore be
inferred that a similar case is possible for the Cu(ll) metal centre, with the labile bistriflimide anion
present completing the octahedral type geometry (figure 4.3). The presence of multiple active
geometries could be the cause of the considerably higher conversions achieved with catalyst B when
compared to catalyst A as well as the possibility of forming Diels-Alder adducts with the opposite
configuration reducing the product enantioselectivity. The large amount of active geometries present
may also be the source of the differences in endo selectivity (c.a. D20%), a result which has not been
previously observed in work conducted by the group previously using silica and carbon-based SILP

supports.'?
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Figure 4.3 Possible geometries of catalyst B based on those proposed by G. Desimoni et al. for Mg(ll)
bis(oxazoline) complexes?

In SILP, an ionic environment is required for high catalyst performance, as such it is also
possible that the concentration and distribution of the ionic sites within the polymers used as PIILP
supports may also influence the selectivity of the reaction.? In this regard, the loading of Cu in each
PIILP system of approximately 0.1 mmol g* is considerably lower than the relative concentration of
bistriflimide anions present, which generally ranged from approximately 5 to 10 times as high. If the
anion present had a major effect in determining the selectivity of the reaction it stands to reason that
higher concentrations of bistriflimide could result in higher enantioselectivities; however, the
opposite of this appears to be true, with the highest ee’s being achieved with IP-4.2 and IP-4.5 which
have relatively low [NTf,]” concentrations of 1.42 mmol g and 1.58 mmol g?, respectively, compared
to IP-4.6 and IP-4.7 which have markedly higher loadings of 2.64 mmol g* and 2.48 mmol g™. This
provides further evidence that it is the more complex relationship between the structure of the
support and its subsequent interaction with the catalyst and the IL which is responsible for changes
in activity and selectivity. Despite the apparent limitations imposed on selectivity and its complex
relationship as a function of the support material higher conversions were obtained for all PIILP and
PIILP-IL combinations when compared to analogous homogeneous conditions, highlighting the

positive/synergistic effect of the catalyst-polymer-IL interaction.

Encouraged by the largely positive results obtained using PIILP supports and reasoning that
the immobilised ionic liquid phase within the polymer microstructure would sufficiently retain the
catalyst in diethyl ether, a series of recycle experiments were conducted. In order to determine the
effect of cross-linking on catalyst recyclability the linear IP-4.2 and the highly cross-linked IP-4.7 were
selected as well as the silica support as a benchmark, all with and without ionic liquid present (table
4.3). For all PIILP systems used the catalyst recycled incredibly poorly with a considerable and rapid
drop in both conversion and enantioselectivity, while the silica supported system recycled much more
efficiently; most notably the silica SILP was used for three successive runs with only a very minor
reduction in conversion and ee (entries 12-14). ICP analysis of the diethyl ether layer used to extract
the product between each recycle determined that for IP-4.2 and IP-4.7 only 4.2% and 8.0%,

respectively, of the copper was removed, whilst HPLC analysis showed that only 10.2% and 14.3% of
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the ligand had leached. As in table 4.2 the addition of a thin layer of IL led to an increase in
enantioselectivity and conversion as well as a significant reduction in copper leaching to just 0.2% for
both ionic polymers as well as ligand leaching which was below the level of quantification by HPLC.
Whilst some catalyst/ligand leaching occurred the low levels observed do not correlate to the
significant drop in both enantioselectivity and conversion. Further to this, no significant alteration in

the polymer structures is observable by FT-IR spectroscopy upon recycle (figure 4.4).
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Figure 4.4 IR spectrum of IP-4.2 (green), IP-4.2-catalyst A (orange) and IP-4.2-catalyst A after use (purple) in a
Diels-Alder reaction

Based on previous observations by the group when using other SILP materials in Diels-Alder
reactions, it is believed that the drop in catalyst efficiency is a result of the build-up of
cyclopentadiene dimer on the support surface.'?®?’ In order to test this theory dicyclopentadiene (10

molar equivalents with respects to substrate) was added to the ethereal layer of a freshly prepared

Table 4.3 Recycle of the Diels-Alder reaction between N-scryloyloxazolidinone and cyclopentadiene using
catalyst A immobilised on IPs and SiO2 with and without additional IL.

Entry Support Run Conv. &b endo ee® % endo®
1 1 86 90(S) 88
2 IP-4.2 2 68 73(S) 86
3 3 30 7(5) 85
4 IP-42/IL 1 100 99(5) 95
5 2 98 74(S) 77
6 IP-4.7 1 47 44(S) 86
7 2 - No RXN -
8 IP-4.7/IL 1 91 84(S) 91
9 2 41 88(S) 92
10 SiO, 1 90 54(S) 85
11 2 83 43(S) 84
12 1 100 87(S) 86
13 SiOL/IL 2 100 84(S) 85
14 3 93 81(S) 86

@ Conversion at 20 °C after 5 minutes. ? Determined by HPLC, ee’s based on the endo isomer were calculated
from the HPLC profile
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sample of IP-4.2-catalyst A; this resulted in a drop in conversion from 86% to 32% and a reduction in
ee from 90% to 19%. The ability of the silica-based SILP system to maintain high conversions and ee’s
upon recycle could be the result of more efficient removal of the cyclopentadiene dimer due to the
hydrophilic surface of the silica, as opposed to the more hydrophobic alkyl nature of the PIILP
systems. In this regard, it should be possible to enhance the recyclability of our PIILP supports by
increasing the hydrophilicity of the polymer architecture, either by incorporation of polyethylene
glycol-derived co-monomers or by functionalising the existing pyrrolidinium monomers with PEG
motifs (figure 4.5).
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Figure 4.5 Proposed structures of potential PEG-functionalised cationic monomers based on compounds 2.4
and 2.6

4.3.3. Copper Bis(oxazoline)-Catalysed Mukaiyama-Aldol Reactions

While there are clearly limitations imposed on the effectiveness of the PIILP-type supports by catalyst
poisoning with regards to the build-up of the cyclopentadiene dimer, solvent choice and the support
structure, it is still possible to achieve results which are comparable or better than those obtained
under homogeneous and SILP conditions. Encouraged by this fact and by previous work by the group
using SILP systems?® it was decided to investigate the Mukaiyama-aldol reaction between 1-phenyl-
1-trimethylsiloxyethene and methyl pyruvate (scheme 4.4) catalysed by 10 mol% catalyst A under
homogeneous conditions in different solvents, as well as under analogous SiO; and CNT-based SILP

and selected PIILP conditions (table 4.4).

o] Cu(BOX), OHO s
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Scheme 4.4 Mukaiyama-aldol reaction between 1-phenyl-1-trimethylsiloxyethene and methyl pyruvate
catalysed by 10 mol% Cu(OTf)2/bis(oxazoline) complexes

In a similar fashion to the Diels-Alder reaction discussed previously, a significant increase in
the rate of reaction is observed under homogeneous conditions upon the addition of ionic liquid,
either as a bulk or co-solvent, with the reaction reaching completion in just 1 or 5 minutes for IL and
IL/Et,0, respectively, as opposed to the low conversions obtained after 15 minutes in both
dichloromethane and diethyl ether. Further to this, the use of IL as the bulk solvent gave a noticeably
higher ee than in either diethyl ether and dichloromethane, however, this also led to the formation

of a minor amount (c.a. 10%) of the 3-hydroxy-1,3-diphenyl-butan-1-one side product identified by
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IH NMR spectroscopy. This by-product has been previously identified as the result of a Mukaiyama-
aldol reaction between 1-phenyl-1-trimethylsiloxyethene and acetophenone, which is generated by
hydrolysis of the 1-phenyl-1-trimethylsiloxyethene facilitated by trace amounts of water in the IL.2
Interestingly this hydrolysis only occurs in reactions conducted in ionic liquid. No by-product was
observed when using SILP, PIILP and PIILP/IL systems. One possible explanation is that the trace
amounts of water present are absorbed onto the support surface rendering them inaccessible for the
hydrolysis of 1-phenyltrimethyoxysilane to generate the acetophenone required for this side

reaction.
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Scheme 4.5 Hydrolysis and subsequent Mukaiyama-aldol reaction of 1-phenyltrimethoxysilane to yield 3-
hydroxy-1,3-diphenyl-butan-1-one by-product.

Both SILP systems based on SiO, and CNT gave complete conversions after only 5 minutes
with only a slight reduction in ee when compared to the use of bulk IL as the solvent (entries 3, 5 and
6). In contrast, the ees obtained using PIILP and PIILP/IL systems were generally considerably lower
than under homogeneous conditions, with the exception of IP-4.3 which gave a comparable ee of
86% (S) without a thin layer of IL and 90% (S) in the presence of IL (entries 9 and 10). Despite the
comparable ees obtained, IP-4.3 gave significantly lower conversions than the analogous
homogeneous systems (entry 1 to 3). As previously discussed it is likely that poor catalyst access and
stability in the PIILP systems could be responsible for the poor conversions and enantioselectivities.
In this regard, it would be reasonable to suggest that an increase in cross-linking could result in a
more confining polymer microenvironment. This effect has been reported in a recent study on the
effect of the degree of support cross-linking on the ees obtained in the chiral Lewis acid-catalysed
asymmetric Mukaiyama-Aldol reactions between silyl ethers and aldehydes, in which the authors
noted decreases in catalyst performance with an increase in cross-linking.?° Interestingly, in our study
the opposite appears to be true, the performance of IP-4.2 was poorer than the cross-linked 1P-4.3
which further highlights the complex relationship between the catalyst, support and substrates
involved in the reaction. As previously observed in the Diels-Alder study, the non-ionic environment
provided by the polystyrene support proved to yield a completely inactive system, again this could
possibly be attributed to a high affinity for the phenyl ring of 1-phenyltrimethoxysilane with the
hydrophobic surface of the polymer in a similar fashion to cyclopentadiene discussed previously.
Oddly, however, the addition of a thin layer of IL yielded no improvement to the polystyrene support
which remained completely inactive, whilst the addition of IL to the IP supports appears to have a
dramatic effect, albeit varied and erratic . Again this further highlights the complex, reaction-specific

nature of these supported catalysts.
141



Table 4.4 Mukaiyama-aldol reaction between 1-phenyltrimethoxysilane and methyl pyruvate using catalyst A
under homogeneous, SILP and PIILP conditions

Entry system Time (min) % conv.’ ee’
1 CHyCl, 15 43 82(S)
2 Et.O0 15 32 80(S)
3 IL 1 100 89(S)
4 IL/Et,0 5 100 84(S)
5 SiOL/IL 5 100 86(S)
6 CNT/IL 5 100 85(S)
7 IP-4.2 5 49 24(S)
8  IP-4.2/IL 5 47 11(5)
9 IP-4.3 5 63 86(S)
10 IP-4.3/IL 5 56 90(S)
11 IP-4.5 5 56 13(S)
12 I1P-4.5/IL 5 69 48(S)
13 IP-4.7 5 36 40(S)
14 1P-4.7/IL 5 55 63(5)
15 PS 5 0 -
16 PS/IL 5 0 -

@ Conversion at 20 °C after 5 minutes. ? Determined by HPLC, ees based on the endo isomer were calculated
from the HPLC profile

While all the IP supports used performed relatively poorly in terms of conversion it is possible
to achieve ees that compare favourably to those obtained under homogeneous conditions using ILs
as the bulk solvent, for instance using the combination of IP-4.3 and catalyst A. A similar observation
has been demonstrated in the Mukaiyama-aldol reaction between ketene thioacetal and methyl
pyruvate, in which heterogeneous conditions using an insoluble polymer-bound copper(ll)-
bis(oxazoline) catalyst gave an ee comparable to that obtained under homogeneous conditions but

at the cost of markedly longer reaction times that were required to achieve similar conversions.°

4.4. Conclusions

Through the catalyst screening results obtained by collaborators at Queens’ University Belfast it is
clear that there are limitations in the application of PIILP-type supports in the immobilisation of
copper(ll)-bis(oxazoline) catalysts. Despite this, PIILP based copper bis(oxazoline) systems have been
identified that either compare with or outperform their homogeneous counterparts as catalysts for
the asymmetric Diels-Alder and Mukaiyama-aldol reaction. Immobilisation of the catalyst via ionic
association rather than covalent tethering limits the deleterious geometric constraints imposed on
catalyst, whilst proximity to the support surface can still limit the approach of the reagents and
enhance enantioselectivity. For the Diels-Alder reaction catalysts based on in-house synthesised
polystyrene-based IPs 4.2-4.6 were notably more active and selective than the commercially available

IP-4.6 and IP-4.7 and, in some cases produced higher endo selectivities and ees compared to those
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obtained under homogeneous and SILP conditions. The poor performance of the ROMP-derived IP-
4.1 highlights the sensitivity of these catalytic systems to the polymer support morphology; an effect
which is evident from the markedly different performance of IP-4.3 which was designed to be a direct
styrene-based counterpart to the norbornene-based IP-4.1. For the Mukaiyama-aldol reaction using
catalyst A-based systems the in-house synthesised ionic polymers performed much more poorly with
only IP-4.3 producing ees comparable to those obtained under homogeneous and SILP conditions.
The contrasting performance in terms of conversion and ees for both these reactions highlights the
complex nature of the non-covalent immobilisation of the copper catalysts under PIILP conditions.
From selected results, it can be seen that under the right conditions the ionic environment of the
support material is the determining factor in the catalysts efficiency and stability, rather than simple
ionic solvation of the metal triflate complexes in a bulk IL or under SILP conditions as previously
encountered by the group. To this end, tailoring of the ionic environment of the PIILP materials should
be sufficient to maximise both catalyst efficiency and stability and, in this regard, the use of ROMP-
based systems might perhaps be more appropriate. Although IP-4.1 proved to be a poorer support
and the monomers required to produce it are more challenging to prepare than their styrene-based
counterparts, the living, reproducible nature of the ROMP process affords much more control over
the formation of the polymer microstructure, while the mild, functional group-tolerant reaction
conditions allow for easier incorporation of catalysis-enhancing motifs in the polymer architecture.
Using the norbornene unit as a basic motif for ROMP-suitable ionic monomers also affords alternate
methods to improve the selectivity of supported chiral catalysts. For instance, the use of a chiral Lewis
acid in the Diels-Alder reaction to prepare the norbornene will afford an enantiopure ionic monomer
which, through ROMP, could be used to generate a well-defined short-chain polymer with chiral

functionality incorporated in the architecture.

Whilst it will be challenging to achieve, it will be necessary to develop a full understanding
of how the polymer’s ionic microenvironment interacts with both the chiral catalyst and the reagents

if the application of PIILP in asymmetric catalysis is to be implemented to its full potential.

Although the majority of the PIILP systems used showed good initial results for activity and
selectivity, deleterious results were observed upon the recycling of the catalysts which was attributed
to unfavourable interactions between the polymer structure and the reagents used. Again, in this
regard it should be possible to minimize these negative interactions and maximize the performance

and recyclability of the catalysts through efficient tailoring of the ionic polymer architecture.
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4.5. Experimental

All manipulations involving air-sensitive compounds were carried out using standard Schlenk line
techniques under an atmosphere of nitrogen in oven dried glassware. Diethyl ether and
dichloromethane were dried and degassed prior to use. Unless otherwise stated all reagents were
used as received. 1-Ethyl-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}imide, [Comim][NTf],
was prepared in house after drying for 24 h at 60 °C under a high vacuum whilst stirring and found
to contain <0.10 wt% water, determined by Karl-Fischer analysis and <10 ppm halide, determined by
suppressed ion chromatography.3! SI11320 silica support was obtained from GRACE Davison and
calcined at 400 °C prior to use. Carbon nanotubes were obtained from Bayer Material Science.
Commercial polymers IRA-400 and IRA-900 were purchased from Aldrich as Cl salts and exchanged
into the [NTf;]" form using LiNTf,. All polymers were ground using a pestle and mortar and particles
of <250 um were used for catalyst immobilisation. *H and *3*C{*H} spectra were recorded on a JEOL
LAMDA 500 or a ESC-400 instrument. Thin-layer chromatography (TLC) was performed on alumina
sheets pre-coated with silica gel 60F 254 and column chromatography was performed using Merck
Kieselgel 60. CHN analysis was undertaken using a Carlo-Ebra 1100 elemental combustion analyser
controlled with CE Eager 200 software and metal analysis was performed using a Perkin-Elmer Optima
4300 ICP-OES analyser. High resolution mass spectrometry was conducted on a Waters Micromass
LCT Premier mass spectrometer. For SEM examination, samples were mounted upon aluminium stubs
with carbon tape and analysed using a FEI Quanta 250 FEG SEM at 20kV. The non-ionic sample was
coated with Au in order to prevent charging before being mounted on carbon tape. ATR IR spectra
were recorded using a Perkin Elmer 100 with a horizontal plate containing a ZnSe crystal. The spectra
were recorded with a wavenumber resolution of 4 cm™ following 16 scans accumulated for a single
spectrum. The working temperature was 25 °C. HPLC analysis was conducted using an Agilent 1100

equipped with an UV Diode Array detector.

For the copper-catalysed Diels-Alder reaction the endo selectivity and conversions were
determined by HPLC and the ees based on the endo isomer were calculated from the HPLC profile
using a Chiralcel OD-H column hexane : propan-2-ol 90 : 10 flow rate 1 cm® mint at 210 nm. The
retention times of the endo enantiomers were major (25)-enantiomer tg ~ 18 min and minor (2R)-

enantiomer tg ~ 20 min.

For the Mukaiyama-aldol reaction, conversions and selectivities were determined by *H NMR
spectrscopy. Enantioselectivity was calculated from the HPLC profile using a Chiralcel OD-H column
hexane : propan-2-ol 96 : 4 flow rate 1 cm® min! at 254 nm. The retention times of the enantiomers

were major (2S)-enantiomer tg ~ 23 min and minor (2R)-enantiomer tz ~ 19 min.
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1,4-Bis(1-((2-methylbicyclohept-5-en-2-yl)methyl)pyrrolidinium)benzene dibromide (4.2.Br)

A mixture of 2.3 (4.3 g, 22.5 mmol) and p-xylylene dibromide (2.97 g, 11.2 mmol) in acetonitrile (140
mL) was allowed to stir at 50 °C for 48 h after which time the resulting precipitate was isolated by
filtration and washed with acetone (c.a. 100 mL) followed by diethyl ether (c.a. 100 mL). Drying under
high vacuum gave the product as a brown-white powder in 64% yield (4.60 g). *H NMR (400 MHz,
D,0, d): 7.85 (m, 4H, Ar-H), 7.24 (s, 4H, Ar-CH,-N), 6.22 (dd, J = 5.4, 2.0 Hz, 2H, =CH), 6.21 (dd, /= 5.4,
2.0 Hz, 2H, =CH), 5.56 (d, J = 7.11 Hz, 2H, N-CH-C), 5.05 (d, J = 7.11 Hz, 2H, N-CH,-C), 4.18-3.60 (m,
4H, N-CH, pyrrolidinium), 2.97 (m, 2H, CH,-CH-CH bridgehead), 2.57 (m, 2H, C-CH-CH bridgehead),
2.54-1.91 (m, 12H, CH-CH,-CH bridge and -CH,-CH2- pyrrolidinium), 1.60 (s, 6H, Me), 1.59-1.45 (m,
2H, C-CH»-CH), 1.23-1.17 (m, 2H, C-CH,-CH); *C NMR (100 MHz, D,0, d): 138.0, 134.9, 133.9, 133.7,
130.9, 72.8, 65.1, 63.5, 61.1, 52.3, 47.4, 44.0, 42.2, 40.4, 24.5, 22.1, 21.6. HRMS (ESI*) exact mass
calcd for Ca4HsoN> [M]* requires m/z 486.7722, found m/z 486.7717.

1-Benzyl-1-((2-methylbicyclohept-5-en-2-yl)methyl)pyrrolidinium
bis{(trifluoromethyl)sulfonyl}imide (4.1.NTf;)

A solution of lithium bis{(trifluoromethyl)sulfonyl}imide (2.67 g, 9.3 mmol) in distilled water (10 mL)
was added drop-wise to a rapidly stirred solution of 4.1.Br (1.12 g, 3.1 mmol) in dichloromethane (20
mL) and allowed to stir under ambient conditions for 30 min. The organic layer was then extracted
and washed with distilled water (10 mL) repeatedly, checking washings for bromide content with
AgNOs. After the third wash the aqueous layer did not become turbid upon the addition of AgNOs,
the organic layer was then dried in vacuo to give a viscous clear oil in 92% yield (1.60 g). 7.63 (br d, J
= 6.4, Hz, 2H, Ar-H), 7.37 (m, 3H, Ar-H), 6.13 (dd, J = 5.4, 2.0 Hz, 1H, =CH), 6.00 (dd, J = 5.4, 2.0 Hz, 1H,
=CH), 5.14 (d, / = 12.1 Hz, 1H, N-CH,Hp-Ph), 4.62 (d J = 12.1 Hz, 1H, NCH.H,- Ph), 4.02 (d, J = 13.6 Hz,
1H, CMeCHHq4-N), 3.93 (m, 1H, pyrrolidine NCH>CH,) 3.79 (m, 1H, pyrrolidine NCH,CH,), 3.71 (d, J =
13.6 Hz, 1H, CMeCH:H4-N), 3.70 (m, 2H, pyrrolidine NCH,CH,), 2.44 (br s, 1H, bridgehead CH), 2.51 (br
s, 1H, bridgehead CH), 2.06 (m, 1H, pyrrolidine NCH,CH,), 1.97 (dd, J = 11.4, 3.6 Hz, 1H, CHHs), 1.90
(m, 1H, pyrrolidine NCH,CH>), 1.73 (m, 2H, pyrrolidine NCH,CH>), 1.66 (d, J = 9.2 Hz, 1H, bridge CH),
1.27 (br d, J = 9.2 Hz, 1H, bridge CH), 1.18 (2, 3H, CHs), 0.87 (dd, J = 11.4, 2.3 Hz, 1H, CHcHs); 3C NMR
(100 MHz, CDCls, d): 138.8, 134.9, 133.2, 130.7, 129.3, 128.2, 72.9, 65.1, 62.8, 60.9, 53.2, 48.1, 44.5,
42.9,40.5,25.8,22.8, 21.8; °F NMR (376.17 MHz, CDCls, d): -78.67 (s, NTf2); HRMS (ESI*) exact mass
calcd for CyoHasN [M]* requires m/z 282.2222, found m/z 282.2221; Anal. Calc for CxoH2sBrN: C, 66.29;
H, 7.79; N, 3.87. Found: C, 66.54; H, 8.13; N, 4.09%.
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1,4-Bis(1-((2-methylbicyclohept-5-en-2-yl)methyl)pyrrolidinium)benzene
bis{(trifluoromethyl)sulfonyl}imide (4.2.NTf,)

A solution of lithium bis{(trifluoromethyl)sulfonyl}imide (2.76 g, 9.6 mmol) in distilled water (10 mL)
was added drop-wise to a rapidly stirred solution of 4.2.Br (1.00 g, 1.6 mmol) in dichloromethane (30
mL) and allowed to stir under ambient conditions for 30 min. The organic layer was then extracted
and washed with distilled water (10 mL) repeatedly, checking washings for bromide content with
AgNOs. After the third wash the aqueous layer did not become turbid upon the addition of AgNOs,
the organic layer was then dried in vacuo to give a fine white powder in 81% yield (1.32 g). Complete
ion exchange was confirmed by the ratio of C and N present in the sample. *H NMR (400 MHz, D,0,
d): 7.85 (m, 4H, Ar-H), 7.24 (s, 4H, Ar-CH--N), 6.22 (dd, J = 5.4, 2.0 Hz, 2H, =CH), 6.21 (dd, /= 5.4, 2.0
Hz, 2H, =CH), 5.56 (d, J = 7.11 Hz, 2H, N-CH,-C), 5.05 (d, J = 7.11 Hz, 2H, N-CH,-C), 4.18-3.60 (m, 4H,
N-CH, pyrrolidinium), 2.97 (m, 2H, CH,-CH-CH bridgehead), 2.57 (m, 2H, C-CH-CH bridgehead), 2.54-
1.91 (m, 12H, CH-CH,-CH bridge and -CH,-CH,- pyrrolidinium), 1.60 (s, 6H, Me), 1.59-1.45 (m, 2H, C-
CH,-CH), 1.23-1.17 (m, 2H, C-CH»-CH); *C NMR (100 MHz, D0, d): 138.0, 134.9, 133.9, 133.7, 130.9,
72.8,65.1, 63.5,61.1, 52.3, 47.4, 44.0, 42.2, 40.4, 24.5, 22.1, 21.6. 9F NMR (376.17 MHz, CDCls, d): -
78.67 (s, NTfz); HRMS (ESI*) exact mass calcd for CssHsoN2 [M]* requires m/z 486.7722, found m/z
486.7717.

Ring-Opening Metathesis Polymerisation of 1-benzyl-1-((bicyclohept-5-en-2-
yl)methyl)pyrrolidinium bis{(trifluoromethyl)sulfonyl}imide (4.1.NTf;) with cis-cyclooctene and
cross-linker (4.2.NTf,)

An oven-dried Schlenk flask was charged with 4.1.NTf, (1.39 g, 2.5 mmol), 4.2.NTf, (0.39 g, 0.38
mmol), cyclooctene (0.65 mL, 5.0 mmol) and CHCIs (20 mL) and allowed to stir for approximately 15
minutes. Once all reagents were dissolved a solution of Grubbs 2" generation catalyst (0.032g, 0.038
mmol) in CHCl; (5 mL) was added to the mixture which was subsequently allowed to stir at 40 °C for
18 h, after which time a brown precipitate was observed. Ethyl vinyl ether (0.37 mL, 3.75 mmol) was
then added to the mixture which was then refluxed for 2.5 h. After cooled to room temperature the
resulting green solid was isolated by filtration and washed with ethyl vinyl ether (c.a. 50 mL) to
remove the liberated Ru-containing species followed by Et,0 ( c.a. 100 mL). After drying under high
vacuum the polymer was isolated as an off-white powder (1.84 g). Anal. Calcd for CasHsaN3S30sFs

(polymer repeat unit): C, 54.87; H, 6.70; N, 4.36. Found: C, 56.19; H, 6.84; N, 4.04.
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1-Benzyl-1-(4-vinylbenzyl)pyrrolidinium bis{(trifluoromethyl)sulfonyl}imide (4.3.NTf,)

A solution of lithium bis{(trifluoromethyl)sulfonyl}imide (4.82 g, 16.8 mmol) in distilled water (30 mL)
was added drop-wise to a rapidly stirred solution of 4.3.Br (3.00g, 8.4 mmol) in dichloromethane (30
mL) and allowed to stir under ambient conditions for 30 min. The organic layer was then extracted
and washed with distilled water (20 mL) repeatedly, checking washings for bromide content with
AgNOs. After the third was the aqueous layer did not become turbid upon the addition of AgNOs, the
organic layer was then dried in vacuo to give a yellow/white crystalline solid in 92% yield (4.32 g). *H
NMR (399.78 MHz, CDCls, d): 7.57 (m, 4H, Ar-H), 7.39 (m, 5H, Ar-H), 6.66 (dd, J = 17.4, 10.6 Hz, 1H,
HC,=CHpHe). 5.79 (d, J = 17.4 Hz, HC,=CHsH.), 5.34 (d, J = 10.6 Hz, HC.=CHyuH.), 5.04 (s, 4H, Ar-CH-N),
3.68 (m, 4H, N-CH-), 2.04 (m, 4H, pyrrolidine N-CH>-CH,); *C{*H} NMR (100.52 MHz, CDCls, d): 139.59,
135.48, 133.46, 133.22, 130.49, 129.15, 127.71, 126.92, 126.75, 116.12, 63.31, 57.64, 21.28; *°F NMR
(376.17 MHz, CDCls, d): -78.67 (s, NTf2); Anal. Calcd for CxH24FsN204Sy: C, 47.31; H, 4.31; N, 5.02.
Found C,47.49; H, 4.67; N, 5.33; HRMS (ESI*): exact mass calcd for C;oH24N [M*] m/z 278.19009, found
m/z 278.1904.

4-Vinylbenzyl bromide (4.4)

A round bottom flask was charged with 4-vinylbenzyl chloride (0.93 mL, 6.6 mmol), *butyl-catechol
(0.0033 g, 0.2 mmol), sodium bromide (2.72 g, 26.4 mmol) and acetone (30 mL). The resulting mixture
was brought to reflux and allowed to stir for 19 hours after which time the reaction mixture was
filtered and the solvent removed in vacuo to give a yellow oil. Analysis by 'H NMR spectroscopy
showed that the sample still contained approximately 50 % of the chloride starting material, the reflux
was therefore repeated for a further 19 hours. After filtration and drying the resultant yellow oil was
again analysed by 'H NMR spectroscopy showing that the reaction had gone to 94% completion. *H
NMR (399.78 MHz, CDCls, d): 7.39 (m, 4H, Ar-H), 6.76 (dd, J = 17.4, 10.6 Hz, 1H, H.C=CHuH.), 5.78 (d,
J=17.4 Hz, 1H, H,C=CH,H.), 5.29 (d, J = 10.6 Hz, 1H, H,C=CHuH.), 4.58 (s, 2H, Ar-CH,-Cl), 4.48 (s, 2H,
Ar-CH»-Br). 3C{*H} NMR (100.52 MHz, CDCls, d): 137.51, 137.43, 136.32, 129.14, 126.78, 114.39,
33.62.
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1,1-Bis(vinylbenzyl)pyrrolidinium bromide (4.5.Br)

A round bottom flask was charged with 2.5 (0.66 g, 3.5 mmol), 4-vinylbenzyl bromide (0.82 g, 4.2
mmol) and acetonitrile (4 mL), the mixture was then allowed to stir under ambient conditions for 18
h. The product was precipitated by the drop-wise addition of the reaction mixture into rapidly stirred
diethyl ether (ca. 100 mL) and then isolated by filtration and dried under high vacuum to give 4.5.Br
as a yellow/white powder in 74% vyield (1.00 g). *H NMR (399.78 MHz, CDCls, d): 7.55 (m, 4H, Ar-H),
6.67 (dd, J = 17.4, 10.6 Hz, 2H, H,C=CHyH), 5.81 (d, J = 17.4 Hz, HC.=CH,H.), 5.34 (d, J = 10.6 Hz,
HC,=CHuH.), 5.03, (s, 4H, Ar-CH,-N), 3.47 (m, 4H, CH,-N-CH>), 2.05 (m, 4H, pyrrolidine N-CH,-CH,);
13C{*H} NMR (100.52 MHz, CDCls, d): 139.6, 135.5, 133.5, 126.9, 126.8, 116.2, 63.1, 57.6, 21.3; Anal.
Calcd for C2H26NBr: C, 68.75; H, 6.82; N, 3.64. Found: C, 69.08; H, 7.11; N, 3.89; HRMS (ESI*): exact
mass calcd for CoHa6N [M*] m/z 304.2065, found m/z 304.2054.

1,1-Bis(4-vinylbenzyl)pyrrolidinium bis{(trifluoromethyl)sulfonyl}imide (4.5.NTf,)

A solution of lithium bis{(trifluoromethyl)sulfonyl}imide (1.12 g, 3.9 mmol) in distilled water (5 mL)
was added drop-wise to a rapidly stirred solution of 4.5.NTf, (0.5 g, 1.3 mmol) in dichloromethane (5
mL) and allowed to stir under ambient conditions for 30 min. The organic layer was then extracted
and washed with distilled water (10 mL) repeatedly, checking washings for bromide content with
AgNOs. After the third was the aqueous layer did not become turbid upon the addition of AgNOs, the
organic layer was then dried in vacuo to give an off-white crystalline solid in 92% yield (0.69 g). *H
NMR (399.78 MHz, CDCls, d): 7.55 (m, 4H, Ar-H), 6.67 (dd, J = 17.4, 10.6 Hz, 2H, H.C=CH,H.), 5.81 (d,
J=17.4 Hz, HC.=CHyH.), 5.34 (d, J = 10.6 Hz, HC.=CH,H.), 5.03, (s, 4H, Ar-CH,-N), 3.47 (m, 4H, CHa-N-
CH,), 2.05 (m, 4H, pyrrolidine N-CH,-CH,); *C{*H} NMR (100.52 MHz, CDCls, d): 139.5, 135.4, 133.6,
126.8, 126.75, 126.7, 116.4, 63.2, 57.7, 21.5; °F NMR (376.17 MHz, CDCls, d): -78.67 (s, NTf); Anal.
Calcd for Cy;Ha6FsN204S,: C, 49.31; H, 4.48; N, 4.79. Found: C, 49.77; H, 4.67; N, 5.09; HRMS (ESI*):
exact mass calcd for Cx;Ha6N [M*] m/z 304.2065, found m/z 304.2054.

General procedure for radical initiated polymerisations of 1-benzyl-1-(4-vinylbenzyl)pyrrolidinium

bis{(trifluoromethyl)sulfonyl}imide with styrene and cross-linker

In a typical procedure, an oven-dried Schlenk flask was charged with the 1-benzyl-1-(4-vinylbenzyl)
pyrrolidinium monomer 4.3.NTf, (5.2 mmol), styrene (10.3 mmol) and the specified amounts of
azobisisobutyronitrile and corresponding cross-linker. After dilution with dry methanol (50 mL) the
resulting reaction mixture was degassed with 5 freeze/thaw cycles using liquid nitrogen. Upon
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warming to room temperature the reaction mixture was heated to 75 °C and allowed to stir for 48 h.
In the case of insoluble polymers the solvent was decanted and the resulting precipitate washed with
hexane and diethyl ether before drying under high vacuum, whereas the reaction mixture containing
soluble polymers was added drop-wise to rapidly stirring diethyl ether to induce precipitation. The
product was subsequently isolated by filtration and washed with diethyl ether before drying under

high vacuum. Each of the polymers was isolated as an off white crystalline solid.

General procedure for anion exchange for the commercial resins

A solution of lithium bis{(trifluoromethyl)sulfonyl}imide (1.00 g, 3.49 mmol) in distilled water (30 mL)
was added drop-wise to a rapidly stirred slurry of the IRA resins (2.00 g) and allowed to stir under
ambient conditions overnight. The aqueous layer was then removed and the resin was stirred for a
further 1 h in fresh distilled water (20 mL). This process was repeated twice more with fresh water
before drying the resin in vacuo at 60 °C for 48 h. The resulting ionic polymer was then used as a

heterogeneous support for the Diels-Alder reaction.

General procedure for the homogeneous Lewis acid catalysed Diels-Alder and Mukaiyama-aldol

reaction in 1-ethyl-3-methylimidazolium bis{(trifluoromethyl)sulfonyl}imide ([Comim][NTf.])

A flame-dried Schlenk flask was charged with ligand (0.011 mmol), Cu(OTf), (0.010 mmol, 10 mol%)
and dichloromethane (5 mL) and the resulting solution stirred at room temperature for 3 h to afford
a clear green solution. Thereafter, N-acryloyloxazolidinone (0.0143 g, 0.1 mmol) was added followed
by freshly distilled cyclopentadiene (50 ni). For the Mukaiyama-aldol reaction, methyl pyruvate
(0.0102 g, 0.1 mmol) followed by 1-phenyl-1-trimethylsiloxyethene. The reaction mixture was stirred
at the desired temperature for the specified amount of time and then diluted with 5 mL of 1 : 1 ethyl

acetate-hexane.

Following concentration of the Diels-Alder reaction mixture, the crude adduct was dissolved
in diethyl ether (5 mL) and filtered through a small plug of silica gel to afford unpurified product which

was analysed directly.

Following concentration of the Mukaiyama-aldol reaction mixture, the residual oil was
redissolved in THF (5 mL) and the corresponding silyl-adduct was hydrolysed by stirring for 1 h in the
presence of 2 M HCI (10 mL). The THF was removed under vacuum and the keto-alcohol was extracted
from the aqueous phase by washing with diethyl ether (3 x 5 mL). The crude product was analysed

directly.
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For reactions conducted in diethyl ether, the catalyst was activated in dichloromethane the
solvent was then removed under vacuum and diethyl ether added (5 mL); the resulting mixture was
stirred for 30 min after which time the substrates were added. The reaction was worked up as

previously described to afford the unpurified product which was analysed directly.

General procedure for the liquid-liquid biphasic Lewis acid catalysed Diels-Alder and Mukaiyama

reactions in [Comim][NTf.]/diethyl ether

A flame-dried Schlenk flask was charged with ligand (0.011 mmol) and metal(ll) triflate (0.010 mmol,
10 mol%). To this was added dichloromethane (5 mL) and [C;mim][NTf,] (0.15 g, 0.23 mL) and the
resulting solution stirred at room temperature for 5 min. The dichloromethane was then removed
under high vacuum for one hour leaving the active catalyst dissolved in the ionic liquid. Thereafter,
diethyl ether (5 mL) was added followed by the Diels-Alder or Mukaiyama-aldol substrates. The
resulting mixture was stirred at the desired temperature for the specified amount of time after which
the diethyl ether was removed and the remaining ionic liquid was extracted with diethyl ether (2 x
10 mL) in air. The Diels-Alder or Mukaiyama-aldol products were worked up as previously described

to afford the unpurified product which was analysed directly.

General procedure for the heterogeneous Lewis acid catalysed Diels-Alder and Mukaiyama-aldol

reactions in diethyl ether/support

A flame-dried Schlenk flask was charged with ligand (0.011 mmol), metal(ll) triflate (0.010 mmol, 10
mol%) and dichloromethane (5 mL) and the resulting solution stirred at room temperature for 5 min.
To the resulting green solution was added silica, carbon or ionic polymer support (0.1 g) and for
catalysis using a supported ionic liquid film, 0.1 mL of ionic liquid was also added. (For the non-ionic
polystyrene support the resulting metal triflate-ligand solution was stirred for 3 h before the addition
of the polymer support). After stirring for 5 min, the dichloromethane was removed under vacuum
for one hour to afford a free flowing powder after which the flask was charged with diethyl ether (5
mL) followed by the Diels-Alder or Mukaiyama-aldol substrates. The reaction mixture was stirred at
room temperature for the specified amount of time after which the silica was extracted with diethyl
ether (3 x 5 mL) in air. The reaction was worked up as previously described to afford the unpurified

products which was analysed directly.
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Procedure for the recycle of heterogeneously catalysed reactions

The catalyst/ether slurry solution was left to settle in order to separate the phases after which the
ethereal layer was removed by pipette and the heterogeneous catalyst was further extracted with
diethyl ether (2 x 5 mL). After extraction fresh diethyl ether (5 mL) was added to the heterogeneous
catalyst and the resultant slurry was charged with further portions of Diels-Alder substrate. ICP

analysis was conducted on a portion of the supernatant phase between recycles.

(R)-methyl 2-hydroxy-2-methyl-4-oxo-4-phenylbutanoate®?

IH NMR (400 MHz, CDCls, 8): 7.94-7.97 (m, 2H), 7.57-7.61 (m, 1H), 7.47-7.49 (m, 2H), 3.78 (s, 3H),
3.67(d, ) =17.9 Hz, 1H), 3.36 (d, J = 17.6 Hz, 1H), 1.52 (s, 3H).

1,3-diphenyl-3-hydroxy-1-butanone>?

IH NMR (500 MHz, CDCls, 8): 7.89-7.91 (d, J = 8.0 Hz, 2H), 7.56-7.58 (t, J = 7.0 Hz, 1H), 7.44-7.49 (m,
4H), 7.30-7.33 (t, J = 8.0 Hz, 2H), 7.20-7.22 (t, J = 7.0 Hz, 1H), 4.87 (s, 1H), 3.77-3.80 (d, J = 17.0 Hz,
1H), 3.32-3.36 (d, J = 17.0 Hz, 1H), 1.62 (s, 3H).
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5.1. Abstract

Free radical initiated polymerisation was used to prepare two imidazolium chloride functionalised
polymers, both with and without a nitrile bearing co-monomer. The resulting materials were used to
immobilise sodium tetrachloropalladate through ion exchange and the resulting palladium(ll) loaded
materials were subsequently reduced by hydrogenation to afford the corresponding polymer
immobilised ionic liquid stabilised palladium nanoparticles. With the aim of investigating the potential
stabilising effect of the nitrile groups on nanoparticle formation, the materials were analysed by
transmission electron microscopy to show both supports gave small, asymmetrically spherical
nanoparticles. The observed size distributions for both supports appeared relatively broad, ranging
from 1 — 15 nm, however, the presence of the nitrile-functionalised co-monomer gave slightly smaller
nanoparticles with a tighter distribution than the unfunctionalised counterpart. The catalytic activity
of the two supported nanoparticle catalysts was evaluated in the Suzuki-Miyaura coupling between
various aryl bromides and phenylboronic acid in the presence of base, with both catalysts giving
moderate to good performance across the substrate scope under mild conditions. Analysis of the
catalysts after use showed much smaller nanoparticles with a smaller size distribution, suggesting
leaching and redeposition of molecular palladium during the reaction, with the excess of substrate
further stabilising smaller nanoparticles towards agglomeration. Comparison of the supported
unreduced PdCl, precursors showed comparable activity to the pre-reduced nanoparticles, with no
induction period required, indicating efficient in situ reduction of the supported Pd species. Mercury
poisoning tests suggest that the reaction proceeds, at least in part, through a homogeneous

mechanism resulting from leached Pd, again supporting a “catch and release” mechanism.

5.2. Introduction

As previously discussed in chapter 1, the existing precedent for the use of ionic polymer supports in
catalysis seemingly favours the stabilisation of transition metal nanoparticles. While metal
nanoparticles offer many unique properties which fuel their continued interest across a range of
technical applications, including electrochemistry, sensors, opto-electonics, biotechnology as well as
catalysis,! it is their high surface area to volume ratio which is particularly beneficial in catalysis. In
this regard, it is of paramount importance to be able to synthesise nanoparticles with a small, well-
defined size distribution in a controlled and reproducible fashion.? While the unique favourable
properties of nanoparticles is typically attributed to their small size, the surface energy effects
associated with these particles can also be detrimental for their long term stability and usability, with

small nanoparticles being kinetically stable and prone to forming thermodynamically favourable
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larger particles through agglomeration.? This thermodynamically-driven spontaneous agglomeration
is based on the principle of Ostwald ripening (figure 5.1).% The tendency towards agglomeration arises
from the relatively high number of coordinatively unsaturated atoms or molecules present in small
particles which are considerably less energetically stable than fully coordinated, well-ordered atoms
or molecules present in bulk substances. Conversely larger particles have a much smaller surface area
to volume ratio, and therefore possess relatively fewer surface atoms which in turn results in a lower
energy state for the particle. As a system attempts to lower its overall energy atoms or molecules will
detach from the surface of a particle before diffusing through a solution. These free atoms or
molecules then attach to a larger particle, essentially reducing the number of smaller particles whilst

increasing the number of larger, more energetically favourable particles in the system.

Figure 5.1 Schematic representation of Ostwald ripening

As a means to prolong the life of smaller nanoparticles and prevent agglomeration to their
larger counterparts, the kinetically unstable surface sites must be stabilised. In this regard, the
addition of protective groups, typically during the formation of the nanoparticles through reductive
methods or thermal decomposition, achieves stabilisation through electrostatic or steric forces, or a
combination of the two.> Once the nanoparticle is formed various different interactions between the
surface sites and the stabiliser can occur via three prominent modes of stabilisation (figure 5.2).
Firstly, traditional ligand type interactions, which involve a lone pair from a heteroatom such as thiols
and thioethers,® phosphines’ and various different N-8 an O-donors.® As with molecular catalysis the
use of ligands can have a profound effect on performance, with both the electronic and steric
properties of the ligands affecting how they interact with the metal surface, while the use of chiral
ligands has been shown to influence asymmetric transformations.’® The second common mode of
stabilisation used for metal nanoparticles employs the use of ionic species such as salts, for example
the ubiquitous N-alkylammonium halides, or surfactants.!! To this end stabilisation is achieved
through strong adsorption of a layer of anions to the surface of the metal which in turn necessitates
the formation of a layer of counter cations to maintain charge neutrality to afford an ionic double
layer surrounding the metal particle (figure 5.2 (B)).>* 11> 12 The use of charged species in this manner
can have a dramatic effect on the metal’s behaviour, with both anion and cation playing a key role in

the stabilisation. For example, varying the nature of the cation used can alter the phase behaviour of
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the catalyst and allow for movement between organic and aqueous media. Additionally the use of
certain surfactants can lead to the generation of anisotropically shaped particles such as rods.** lonic
liquids have also been heavily exploited in this fashion, in particular imidazolium-based systems.'
While stabilisation occurs through the same electrostatic mechanism additional stabilisation may also
occur from steric effects, for example long alkyl chain based imidazolium ILs have been shown to
provide additional stabilisation.’® As discussed in chapter 1 however, the complex inter- and
intramolecular forces present in ILs make simple electrosteric (i.e. a combination of electronic and
steric) interactions an oversimplification. Effects within the IL such as hydrogen bonding and
hydrophobicity as well as sterics all potentially have an influence over size, size distribution and shape
of metal nanoparticles.'® The functionalization of ILs can also afford several additional benefits. For
example the addition of heteroatom-containing groups to either the anion or cation of the IL can
provide additional ligand-type interactions to the metal surface.!” To this end imidazolium ILs
functionalised with thiols,® ethers, carboxylic acids,'” amines,'” 2° hydroxyls,*®® 2! and nitriles?> have
all been shown to be more efficient stabilisers for noble metal nanoparticles compared to their non-
functionalised counterparts. As with most forms of catalysis the use of ILs has also been exploited to
yield effective heterogeneous catalysts, either through biphasic media or under SILP conditions,
allowing for the stable nanoparticles to be reused for successive cycles. The third mode of
stabilisation predominantly employs the use of polymers, such as poly(N-vinyl-2-pyrrolidone) (PVP)
or poly(vinyl alcohol) (PVA), to coat the surface of the metal particle and provide steric protection
from agglomeration (figure 5.2 (C)).%2 Dendrimers, with their well-defined molecular structures and
cavities, have also been extensively exploited for this purpose. The use of dendrimers in this manner
has the additional benefit of providing a well-defined environment surrounding the nanoparticles,
which generally remain encapsulated within the pores and channels of the polymer material. Such
porous systems can even control the passage of reactants and products to and from the active

species, leading to enhancements in reaction performance.?

(€

Figure 5.2 Schematic representation of the stabilisation of metal nanoparticles using different types of
protective groups: (A) ligands; (B) lonic species such as salts or surfactants; and (C) polymers
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While clearly an oversimplification of the complex nature of the relationships between the
nanoparticle surface and the capping agent, a heteroatom-modified polymer immobilised ionic liquid
support could be considered to combine the three modes of stabilisation outlined in figure 5.2,
effectively providing electrosteric stabilisation to agglomeration. Through the tuneable nature of
polymer chemistry it could be possible to rationally control the particle size, size distribution and
morphology of the desired nanoparticles through careful variations in the charge density, charge
distribution, hydrophobicity/hydrophilicity and degree of cross-linking of the polymer support.
Further to this, the introduction of functional co-monomers could also allow for additional
modification to the particle surface through ligand-like interactions to influence catalyst activity
and/or selectivity. Through controlling the phase behaviour, or by preparing insoluble polymers it
should also be possible to easily separate and reuse the stabilised catalyst. In this regard, the use of
PIILP type supports to stabilise metal nanoparticles is proving to be an increasingly popular and
effective strategy across the full spectrum of catalysis. For example, ionic co-polymers consisting of
1-vinyl-3-alkyl imidazolium and N-vinyl-2-pyrrolidone functionalities have been prepared to stabilise
Rh nanoparticles to combine the beneficial influence of ILs with the commonly used PVP stabiliser.
The resulting catalyst showed considerable longevity and total turnover numbers five times greater
than those previously observed in the hydrogenation of benzene catalysed by Ir nanoparticles in
[Camim][PF¢].?> The stabilisation provided by these co-polymers highlighted a synergistic effect
between the IL and the polymer, with the reaction proceeding poorly and forming a black precipitate
when conducted in the absence of either the co-polymer or [Camim][PF¢]. More recently poly(1-vinyl-
3-alkyl imidazolium) polymers were used to prepare Ag, Au and Ni nanoparticles, with the alkyl chain
length exhibiting a profound effect on the size of the nanoparticle.?® Imidazolium-decorated styrene-
based homopolymers have also been shown to stabilise Au, Pt and Pd nanoparticles through a
combination of electrosteric effects as well as the formation of micelles. Under these conditions it
was also possible to transfer the nanoparticles from the aqueous phase to a hydrophobic IL without
any aggregation by preforming anion exchange of the chloride-based polymer.? Similarly, ROMP-
based imidazolium-functionalised homopolymers have been used to prepare highly stable Au
nanoparticles which proved to be highly active and moderately selective catalysts for the reduction
of nitrophenol and cinnamaldehyde.? Cross-linked dicationic imidazolium polymers have also been
used to immobilise Pd nanoparticles for catalytic carbonylative Suzuki couplings. Again the size and
dispersion of the nanoparticles could be influenced by varying the composition of the polymer
material, while the introduction of cross-linking amine groups proved to be substantially favourable.?
The considerable literature precedent for the positive, often synergistic effect of IL moieties
combined with polymer materials clearly indicates that the PIILP principle developed in the previous

chapters would be ideal for the preparation of metal nanoparticle for catalysis.
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5.3. Results and Discussion
5.3.1. Polymer Design and Synthesis

While PILs and other PIILP-like materials have been extensively used in the preparation of transition
metal nanoparticles for a range of applications arguably one of the more versatile, and widely
investigated metals is palladium. This interest in Pd catalysts arises from the critical impact traditional
homogenous and heterogeneous systems have had on synthetic organic chemistry, in particular, the
variety of Pd-catalysed carbon-carbon bond-forming reactions (scheme 5.1).3° In this regard, Pd-
catalysed coupling reactions have proved to be widely applicable across chemistry, including the
production of pharmaceuticals, agrochemicals, polymers and other high-tech materials.3! With these
considerations in mind, Pd was selected as the initial catalytic metal of choice for investigating the

application of the PIILP methodology in the preparation of stable nanoparticle catalysts.
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Scheme 5.1 Representatlve Pd-catalysed cross-coupling reactions to form carbon—carbon bonds

The norbornene framework investigated in chapters 2 and 4 was again initially targeted as a
suitable monomer backbone to give well-defined PIILP supports through the ROMP process. The role
of the IL fragment in catalysis with metal nanoparticles is potentially more profound than in previous
examples, with both the anion and cation of ILs interacting directly with the nanoparticle surface.'*
While the pyrrolidinium cation was previously chosen for synthetic convenience, imidazolium was
instead selected for the application of PIILP as a stabiliser for metal nanoparticles. In this regard, the
imidazolium moiety was selected due to the existing, extensive precedent for their use in metal
nanoparticle preparation3? as well as the proven strong interactions between the imidazolium ring
and both the nanoparticle surface and cleaved free metal.}*> 32 The use of the imidazolium cation
could also offer additional control over the size and shape of the supported nanoparticles which, in
part, are related to the volume of polar and non-polar nanoregions within ILs and IL-functionalised
supports. For example, when ionic metal precursors are used they tend to reside within the polar
region, causing the size of the forming nanoparticle to be directly related to the volume of the counter

anion of the IL.3* Conversely, when neutral precursors are used they reside in the non-polar regions,
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with the size of the forming nanoparticles reported to be directly related to the length of the N-alkyl
side chain of the imidazolium IL.3> As such the use of the imidazolium cation in PIILP could allow an
additional, methodical means to control the prepared nanoparticle properties. In part, the interaction
of imidazolium based ILs with metal nanoparticles has been attributed to the formation of N-
heterocyclic carbenes (NHCs), either through direct oxidative addition of the C(2)-H bond or via
deprotonation of the imidazolium.3* 3¢ While this carbene formation has often proven to be
advantageous, occasionally even being responsible for the positive IL effects observed, there are also
several reports of catalyst deactivation. For example, formation of a stable Pd-imidazolylidene in the
Pd-catalysed telomerisation of butadiene-methanol in the presence of [Camim][NTf,] as a co-
solvent.?” In order to avoid an extra degree of ambiguity with regards to the environment around the
supported Pd nanoparticles it was decided to prevent the formation of NHCs by the PIILP support. To
this end we identified C2-methylated methylimidazolium 5.5 as the IL cation, which has also been
previously used for the preparation of ROMP-based homopolymers to support water soluble Au
nanoparticles.® As discussed above, the introduction of N-, O-, S- or P-containing functionalities,
either as part of the imidazolium side chain or as ligands, can provide extra stabilisation through
coordination to the metal surface. This observation also stands for PIILP-type polymer supports, for
example when cross-linked dicationic imidazolium-based polystyrene polymers were used in the
preparation of Pd nanoparticles for carbonylative Suzuki cross coupling. In this work the authors
reported a notable increase in nanoparticle stability accompanied by smaller particle sizes and tighter
size distributions upon the introduction of amine functionality to the cross-linked IL units when
compared to their unfunctionalised counterparts.?® To this end, it was also decided to introduce a
heteroatom-functionalised co-monomer. Numerous different groups which behave like ligands have
been employed throughout the literature, however, there has been extensive work conducted by
Dyson et al introducing nitrile groups into the alkyl chains of pyridinium and imidazolium-based ILs
for the stabilisation of Pd nanoparticles. In this regard nanoparticles in the nitrile-functionalised ILs
are highly stable and remain active after numerous recycles; this was associated with weak
coordination of the nitrile to the metal surface as evidenced by IR spectroscopy. The authors
postulated that the nitrile groups form a protective sheath around the nanoparticles which further
prevents aggregation.??® 3° As such the nitrile-functionalised co-monomer 5.6 was initially proposed,
rationalising that it may be possible to allow for additional modulating of catalyst performance in a

similar way to classical organometallic/coordination chemistry. The cationic cross-linker 5.8 was also
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proposed as a means to ensure that the produced PIILP material was both robust and insoluble in a

similar fashion to the pyrrolidinium-based counterpart prepared in chapter 4.
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Scheme 5.2 Synthesis of the norbornene-based imidazolium chloride monomer 5.5

As with the norbornene-based monomers prepared in chapters 2 and 4 a modular approach
was taken to prepare monomers 5.5, 5.6 and 5.8. The imidazolium-functionalised monomer 5.5 was
prepared in a similar manner to its pyrrolidinium counterpart (scheme 5.2). This involved a Diels-
Alder reaction to give methyl ester-functionalised norbornene 5.1, which was reduced with LiAlH, to
afford the corresponding methyl alcohol 5.2. This was then converted to the corresponding mesylate
5.3, before quaternisation with 1,2-dimethylimidazole and subsequent ion exchange to give the
desired imidazolium monomer 5.5. The second monomer 5.6 was prepared in one step via a Diels-
Alder reaction between cyclopentadiene and acrylonitrile. Unfortunately, the attempted synthesis of
cross-linker 5.8 by reaction of 2-methylimidazole and 2 equivalents of the mesylate was unsuccessful,
with only the monosubstituted imidazole 5.7 isolated (scheme 5.3). The failure to add the second
norbornene unit was attributed to the sterically congested environment around the imidazole ring
and, as such, monomer 5.8 was deemed unviable. Formation of a linear polymer using a 2 : 1 ratio of
5.5 to 5.6 was attempted using Grubbs 2" generation catalyst, however, the reaction was observed
to be incredibly slowly, with poor incorporation of the nitrile monomer. This poor polymerisation
performance was thought to be caused by coordination of both the imidazolium ring and nitrile group
to the Ru metal, leading to catalyst deactivation as discussed in chapter 2. In order to overcome this
deactivation effect it would be necessary to prepare 5.5 as the exo-isomer rather than the endo- form
given by the initial Diels-Alder reaction. Although the use of ROMP affords a greater design potential
for PIILP based materials, this particular system requires considerable development if it is to be used
as a viable means to prepare suitable polymers. Due to the poor performance of the polymerisation

reaction, the inability to prepare the desired cationic cross-linker as well as the difficulty in the
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preparation and handling of 5.5, which was highly hydroscopic as both the mesylate and chloride, it
was decided to investigate alternate polymerisation methods. To this end, the implementation of the
PIILP concept in the preparation of nanoparticle was to be investigated as a proof of principle

exercise, rather than undertaking an extensive polymer development project.
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Scheme 5.3 Synthesis of the norbornene-based co-monomer 5.6 and cross-linker 5.8

In chapters 2 and 4 analogous polystyrene-based PIILP materials were shown to behave
similarly to their ROMP-based counterparts and, in the case of Cu-catalysed Diels-Alder reactions,
appeared to outperform the ROMP-based systems. Combining these observations with the extensive
literature precedent for the use of free-radical initiated polystyrene-based PIL supports the styrene-
based analogues of 5.5, 5.6 and 5.8 were proposed (scheme 5.4). The desired methylimidazolium
monomer 5.9 was prepared as an analytically pure white powder in an operationally straightforward
single step reaction between 1,2-dimethylimidazole and 4-vinylbenzyl chloride. Similarly the nitrile
functionalised co-monomer 5.10 could also be prepared in a single step from 4-vinylbenzyl chloride
and potassium cyanide in the presence of 18-crown-6. Through deprotonation of 2-methylimidazole
with NaH the intermediate 5.11 was obtained, which was then reacted with a second equivalent of
4-vinylbenzyl chloride to yield the cationic cross-linker 5.12. The relatively straightforward synthesis
of all three functionalised monomers highlights the advantageous nature of polystyrene chemistry as
all monomers were obtained in high yield as stable, easy to handle solids, unlike the hydroscopic
imidazolium-functionalised norbornene monomers. In addition to the straightforward synthesis, no
considerations are needed with regards to endo- or exo-isomers within the polymer backbone as is

the case with norbornene-based PIILP materials.

Following the preparation of the three functionalised monomers, two polystyrene-based
PIILP supports were prepared through free radical-initiated polymerisation. 5 mol% AIBN was used
as the initiator with an imidazolium to co-monomer ratio of 2 : 1, corresponding to an average of 2 IL
fragments and 1 heteroatom donor per supported Pd atom in the desired polymer. Commercially
available polystyrene-based ion exchange resins have been extensively investigated for the

immobilisation of transition metal nanoparticles,* and lightly cross-linked resins were found to
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Scheme 5.4 Synthesis of functionalised styrene monomers 5.9, 5.10 and 5.12 from 4-vinylbenzyl chloride

develop microporous gels structures when swollen by solvent. This tendency to give microporous
cavities is particularly suited to accommodate nano-sized materials,*! as such, a low degree of cross-
linking of 5 mol% was selected in order to reproduce this effect (scheme 5.5). Two polymers were
prepared in order to evaluate any added effects the presence of the nitrile functionality would have
on forming nanoparticles and their catalytic behaviour, one using styrene as the sole co-monomer
(IP-5.1) and one using 5.10 (IP-5.2). Initial attempts at polymerisation were conducted at a
temperature of 75°C over 48 hours in the same fashion as the pyrrolidinium-based styrene polymers
prepared in previous chapters. However, analysis of the resulting polymers by *H NMR spectroscopy
showed significant amounts of vinylic protons corresponding to unreacted monomer for both the
nitrile-functionalised and unfunctionalised systems. The polymerisations were repeated for an
extended reaction time of 96 hours, before the addition of an extra equivalent of AIBN and a further
19 hours reaction. These modified conditions resulted in successful polymerisation of both IP-5.1 and
IP-5.2, obtained as white powders, with approximately 15% unreacted monomer present in both
cases as evidenced by 'H NMR. Size exclusion chromatography (SEC) trials were conducted on 200
mg samples of IP-5.1 and IP-5.2 in an attempt to remove residual unreacted monomer. Gratifyingly
the chromatograms obtained for both polymers indicated largely monomodal molecular weight
distributions, suggesting that the polymerisations proceeded with a negligible degree of unwanted
termination and chain transfer events (example shown in figure 5.3). Removal of the highly UV active
monomer containing fractions by chromatography successfully gave clean samples of both IP-5.1 and
IP-5.2, however, because of the large quantities of solvent required as well as the extensive time

taken to achieve purification it was deemed unviable to conduct SEC on the larger samples of polymer
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produced. To this end, both samples were redissolved and re-precipitated in diethyl ether twice,

which reduced the amount of monomer present in both polymers to approximately 5%.
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Scheme 5.5 Free-radical initiated polymerisation of 5.9 with functionalised and unfunctionalised co-monomers
to give the cross-linked polymers IP-5.1 and IP-5.2

While the presence of free monomer in the polymer samples could affect catalysis by providing
different coordination environments for the supported nanoparticles, the small amounts present in
the samples of IP-5.1 and IP-5.2 were believed to be not present in large enough quantities to
significantly affect the supported metal. As well as this, the loading of Pd and subsequent reduction
of the metal both involve precipitation steps, which would further reduce the amount of the more
soluble monomer. As such the samples IP-5.1 and IP-5.2 were used without further purification.

3000
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2000
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Figure 5.3 Chromatogram obtained at a wavelength of 254 nm for the SEC conducted on a sample of IP-5.2.
Unreacted monomer was observed in fractions taken around the 300 mL mark and after 400 mL

Elemental analysis of IP-5.1 indicated an ionic liquid loading of 2.76 mmol g%, corresponding
to a ratio of approximately 1.70 imidazolium cations, from both the monomer 5.4 and the cross-linker
5.7 incorporated in the polymer, to one styrene comonomer. Analysis of IP-5.2 by H NMR
spectroscopy allowed for comparison between the signals corresponding to the methyl groups of the
imidazolium cation and the CH; group between the phenyl ring and nitrile group of the functionalised
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monomer. Despite the broad nature of the signals in the spectra of the polymers, a ratio of 2.13 : 1
was determined for the imidazolium to nitrile content. Combining this result with the elemental
analysis the ionic loading for IP-5.2 was estimated to be 2.11 mmol g. Gratifyingly both the nitrile-
functionalised system and its unfunctionalised counterpart appear to show good incorporation of all
three of the desired co-monomers, however, the discrepancy in the imidazolium to co-monomer
ratios observed for IP-5.1 and IP-5.2 again highlights the largely uncontrolled nature of free radical-
initiated polymerisations. Due to the structural similarities of the monomer 5.9 and the cross-linker
5.12 it was also not possible to estimate the degree of cross-linking for both polymers. However,
analysis of the monomer fractions isolated in the SEC experiments at the 300 mL mark and after 400
mL (figure 5.3) for both polymers suggested that 5.12 and 5.9 were present in similar amounts. As
such it can be inferred that both these monomers exhibit similar activity towards polymerisation, and
that the degree of cross-linking is of a comparable level to the 5% proposed by the reaction

stoichiometry.

The straightforward, high-yielding synthesis of the three styrene-based monomers 5.9, 5.10
and 5.12 proved to be highly advantageous over the production of their norbornene-based
analogues, as the latter were difficult to synthesise and handle and appeared to be inactive to the
ROMP process. However, the harsh radical initiated polymerisation conditions required to give
reasonable levels of reaction may not be able to accommodate more unstable heteroatom-
functionalised co-monomers. This would imply that use of these styrene-based systems would not be
entirely practical for extensive modification of PIILP in a bid to give optimum nanoparticle catalysts.
As previously observed in earlier chapters, the free-radical initiated polymerisation also gives more
ill-defined polymer materials, in contrast to the use of ROMP which consistently gave co-monomer
ratios in agreement with the proposed formulations. To this end the use of ROMP offers significantly
greater design potential as well as seemingly better defined materials, allowing for the methodical,
rational and systematic modification of the PIILP support to allow for effective optimisation of the

metal nanoparticle catalyst.

Following the preparation and characterisation of IP-5.1 and IP-5.2 the two polymers were
to be loaded with a suitable metal precursor. Commonly Pd has been introduced to supports as either
the neutral Pd®-containig Pdx(dba)s or as Pd" in the form of [PdCls]* which is subsequently reduced
to form nanoparticles. While the use of Pd,(dba); allows for nanoparticle formation with just heating,
the often rapid formation under decomposition can lead to larger nanoparticles with broader size
distributions.*? As such we chose loading the polymer with Na,PdCl, via ion exchange as there are a
number of recent literature examples that use this method with similar IL-functionalised supports,

including IL-functionalised CNTs,*® cross-linked imidazolium-based microgels** and dicationic
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imidazolium-functionalised polymers.? To this end, samples of IP-5.1 and IP-5.2 underwent complete
ion exchange with Na,PdCl,. Estimation of the Pd loading by elemental analysis conducted on the
resultant IP-5.1-PdCl,s gave a Pd content of 9 wt%, corresponding to 0.87 mmol of Pd g*. Similar
analysis and estimation of the Pd content of IP-5.2-PdCl, gave a Pd loading of 12 wt% corresponding
to 1.16 mmol Pd g?. Interestingly, the presence of the nitrile functionality of IP-5.2 appears to have
led to better Pd incorporation than its unfunctionalised counterpart IP-5.1. Solid state *C NMR
analysis conducted on IP-5.2 and the corresponding PdCls-loaded material (figure 5.4) indicated a
direct interaction between the nitrile group and the Pd, as evidenced by the slight downfield shift of
the signal corresponding to the CH;, group adjacent to the nitrile. FT-IR analysis of IP-5.2 and IP-5.2-
PdCl, further confirmed this by showing an increase in wavenumber for the signal corresponding to
the CN stretch from 2254 cm™ to 2322 cm™ upon the introduction of PdCl,. These changes in
wavenumber are in agreement with previous observations made in the literature with other nitrile-
functionalised ILs and Pd species. For example, a notable increase in the CN stretch wavenumber
from 2244-2252 cm™ to 2319-2326 cm™ was observed in the immobilisation of PdCl,; with a range of

N-butyronitrile pyridinium ILs.??® Similarly, the introduction of Pd(OAc), to nitrile-functionalised

= (b)

imidazolium ionic liquids showed an increase in the CN stretch from 2251 cm™ to 2359 cm™.%°

Figure 5.4 Solid state 3C NMR spectra for (a) IP-5.2 and (b) IP-5.2-PdCls. Signals corresponding to CH»-CN
highlighted for clarity. A shift downfield from 23.753 to 24.218 ppm was observed upon the introduction of Pd

Following the successful preparation and characterisation of IP-5.1-PdCl, and IP-5.2-PdCl, it
was postulated that the ionic environment present in the PIILP supports would stabilise Pd
nanoparticles and allow the active catalyst to be stored. To this end initial attempts to reduce the
metal-loaded IP-5.1-PdCl; and IP-5.2-PdCl, were carried out by stirring a methanol suspension of the
polymer and NaBH4. While a colour change from orange to black, indicative of successful reduction
of Pd" to Pd® was observed for both polymer supports a white solid by-product was also present.

Theorised to be a mixture of NaCl and borates formed from the MeOH solvent these impurities
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proved to be difficult to remove due to the partial solubility of the supported catalysts in alcohols and
water. Due to the potentially sensitive nature of the supported nanoparticles, with regards to their
shape and size, these impurities were deemed to be potentially detrimental as they could coordinate
or interact with the metal surface and effect catalysis. Decreasing the solubility of the polymer
supports, either by increasing the degree of cross-linking or increasing the hydrophobicity and alkyl
character, would allow for easy separation of these borate impurities, however these differences to
the polymer architecture will clearly have a profound effect on the nature of the nanoparticles. Issues
such as these highlight one of the more limiting factors of the PIILP methodology, illustrating the need
to finely balance the physical properties of the material whilst also considering the nature of the
microenvironment which surrounds and stabilises the supported catalyst. Despite this fact, the
controllable nature of polymer chemistry should allow for suitable alterations to be made in a rational
manner, allowing for a highly efficient catalyst with the corresponding desirable material properties

to be identified.

In order to obtain supported nanoparticles from IP-5.1-PdCl, and IP-5.2-PdCl, the reduction
was instead conducted under 70 psi of hydrogen in MeOH. Again the colour change to black was
observed for both polymer supports suggesting successful reduction of the Pd metal, and, under
these conditions the solid white by-product was no longer observed. Elemental analysis of both the
supported Pd catalysts after reduction showed little change in the relative ionic loading, implying that
negligible leaching occurred during reduction. X-ray photoelectron spectroscopy (XPS) analysis was
conducted on IP-5.1-Pd® and IP-5.2-Pd®in order to confirm the oxidation stage of the palladium in the
sample (figure 5.5). Peak fitting conducted on the XPS spectra obtained for IP-5.1-Pd° for the 3ds,
and 3ds; binding energy regions showed that Pd" accounted for 68% of the Pd in the sample
indicating that only 32% of the metal had been reduced (figure 5.5 (a)). Interestingly, similar analysis
of IP-5.2-Pd® indicated that only 8% of the Pd had been reduced (figure 5.5 (b)). These observations
would imply that the presence of the nitrile groups somehow inhibits the reduction, while
simultaneously implying a direct interaction between the nitrile group and the Pd metal. The degree
of reduction and apparent high composition of Pd" in IP-5.1-Pd® is in agreement with recent studies
conducted on polymer supported nanoparticles produced by the NaBH4 reduction of Na,PdCls.?° In
this respect, it is largely accepted that the surface of metal nanoparticles are often functionalised
with various different species such as oxides, hydrides and carbenes resulting from the reaction
media,* which would in part account for the large amounts of Pd" present in both catalysts. Indeed
incomplete reduction of tetrachloropalladate to Pd® during the synthesis of nanoparticles in the
presence of polymer networks has been reported previously,*” with the authors attributing this effect

to poor accessibility of the Pd" sites within the polymeric matrix or to air oxidation of the Pd°.%®
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Figure 5.5 XPS spectra and corresponding peak fits for (a) IP-5.1-Pd®and (b) IP-5.2-Pd®, assignments based on
those recently published by Lemke et a/*®

Transmission Electron Microscopy (TEM) images obtained for IP-5.1-Pd° (figure 5.6 (a) and
(b)) show the highly contrasting Pd nanoparticles with irregular spherical shapes surrounded by the
more poorly contrasting polymer. Interestingly the well-defined particles appear to group together
to form small clusters, rather than being dispersed throughout the entire sample (figure 5.6 (a)). This
could be due in part to the largely uncontrolled nature in which IP-5.1 formed. In this regard, the
random arrangement of monomers throughout each polymer chain could potentially give areas of
high charge density due to poorly localised incorporation of the styrene co-monomer. Processing of
the images obtained for IP-5.1-Pd® showed a relatively broad, bimodal size distribution between 2
and 15 nm, with a particle size of 5 nm being the most abundant present (figure 5.6 (c)). The irregular
spherical shape and size of the nanoparticles in IP-5.1-Pd° is in agreement with general observations
about nanoparticles formed by the reduction of Pd(ll) with either NaBH; or hydrogen in ILs,*
indicating that the ionic environment in the PIILP support may provide a similar mode of stabilisation
and to comparable degrees to its IL counterpart. TEM images obtained for IP-5.2-Pd° show a similar
arrangement of particles (figure 5.6 (d) and (e)), despite the apparent lower content of Pd° as
suggested by the XPS analysis. Again the nanoparticles appear roughly spherical and seem to
congregate in high concentration regions. Despite these similarities the nanoparticles in I1P-5.2-Pd°
appear to have a slightly tighter size distribution, ranging from 2 to 11 nm (figure 5.6 (f)). As with IP-
5.1-Pd°, particles of 5 nm were the most abundant within the sample, however, the size distribution
for IP-5.2-Pd® is considerably shifted towards smaller sizes, with a considerably larger proportion of
particles between 2 and 4 nm. This shift towards smaller particles in 1P-5.2-Pd® could again be an
indication that the nitrile groups interact directly with the Pd species and provide additional

stabilisation with respect to agglomeration when compared with IP-5.1.
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Figure 5.6 TEM images and corresponding size distributions for IP-5.1-Pd° ((a) to (c)) and IP-5.2-Pd®((d) to (f))

While the nanoparticles present in IP-5.2-Pd® are generally smaller than those in IP-5.1-Pd°
both systems exhibit relatively broad size distributions. This is likely due to the largely uncontrolled
nature of free radical initiated polymerisation, which results in an ill-defined, random polymer
morphology and microenvironment. Again, this highlights the possible benefits of using a well-

defined, controlled living polymerisation such as ROMP, however, the synthetic difficulties associated
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with these systems must be considered during future development. Interestingly, by comparison, a
recent study using Pd supported on dicationic imidazolium divinylbenzene-based polymers for
carbonylative Suzuki coupling gave a tight size distribution generally between 2 and 7 nm, with
particles as small as 0.5 nm obtained under specific conditions.? Similarly cross-linked acrylamide-
functionalised imidazolium microgels have also been used to generate Pd nanoparticles with tight
size distributions.** The authors also reported that using NaBH, as the reducing agent gave much
smaller nanoparticles as opposed to hydrogen, with the latter system giving an average particle size
of 7 nm. Both these literature examples used imidazolium cations with C(2)-H. It is therefore probable
that NHC formation occurs during the generation of the supported nanoparticles. While the use of a
C(2)-Me group in IP-5.1 and IP-5.2 was proposed as a means to prevent non-innocent cation
behaviour during catalysis, the lack of acidic imidazolium protons and the associated NHC formation
may be responsible for the formation of slightly larger nanoparticles. This could be confirmed by
preparing the corresponding C(2)-H imidazolium based polymers and the corresponding polymer

immobilised ionic liquid stabilised palladium and undertaking a comparative study.

5.3.2. Suzuki-Miyaura Cross-Couplings

As discussed above Pd catalysis, in particular when used to achieve carbon-carbon bond formation,
is a profoundly versatile, powerful tool throughout synthetic organic chemistry. Amongst the various
different couplings possible (scheme 5.1), the Suzuki-Miyaura coupling between an aryl halide and a
aryl boronic acid (scheme 5.6) is viewed as one of the most important transformations in biaryl
synthesis.* In this regard, biaryls are versatile building blocks in liquid crystal, pharmaceutical,

conducting polymer, herbicide and natural product applications.>®

X B(OH).
| N + | N Pd catalyst, base
N X

Scheme 5.6 Pd-catalysed Suzuki-Miyaura cross-coupling between aryl halides and aryl boronic acids in the
presence of base

Y

Pd nanoparticles have been successfully used as catalysts in Suzuki couplings whilst
immobilised on a variety of IL-functionalised supports, for example, in mesoporous silica frameworks
functionalised with imidazolium cations®® and guanidinium-grafted poly(p-phenylene)
microspheres.>? In both cases the authors report efficient, recyclable catalysis across a range of aryl

iodides, bromides and even the more challenging chlorides,>*

with the former attributing the
recyclability of the Pd nanocatalysts to the ordered support structure which acted as a nanoscaffold,

effectively catching and releasing active Pd during reaction. More recently highly cross-linked
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imidazolium-modified silica was used to give an efficient catalyst which was utilised in a novel,
bespoke continuous flow reaction.>® Jiao et al have also reported that the ionic loading of dicationic
imidazolium divinylbenzene-based polymer supports, as well as the introduction of additional amino
groups, has a profound effect on nanoparticle size and performance in carbonylative Suzuki
couplings.? To this end, the Suzuki-Miyaura coupling of arylhalides with boronic acids was identified

as an ideal means to evaluate the newly prepared PIILP Pd nanoparticle catalysts.

Initially the evaluation of PIILP nanoparticles focused on the unfunctionalised IP-5.1-Pd°,
reasoning that this would act as a control and allow the effect of the nitrile groups of IP-5.2 on
catalysis to be determined under optimum conditions. In order to screen appropriate conditions the
Suzuki coupling between 4-bromoacetophenone and phenylboronic acid (scheme 5.7) was selected
as a model reaction for optimisation due to the relatively short reaction times required to achieve

high conversion.

o) IP-5.1-Pd®, 0.1 mol%, O
/©)k B(OH), Base O
Lo :] >
Br

solvent
o

Scheme 5.7 Suzuki-Miyaura cross-coupling between 4-bromoacetophenone and phenylboronic acid catalysed
by 1P-5.1-Pd°

In order to ensure an optimum balance between catalyst performance and the green
credentials of the reaction system a full solvent screen was conducted (table 5.1). Poor conversions
were obtained in a range of protic and aprotic solvents under mild conditions, with a slight excess of
base and phenylboronic acid and a catalyst loading of 0.1 mol% (entries 1-5). Catalyst performance
appears to improve in polar, protic solvents with ethylene glycol giving a conversion of 80% under
mild conditions in just 30 minutes (entry 6). It is possible that the improvement in performance

for reactions conducted in polar protic solvents could, in part, be the result of polymer swelling,

Table 5.1 Solvent effect in the Suzuki-Miyaura coupling of 4-bromoacetophenone and phenylboronic acid
catalysed by IP-5.1-Pd%

entry solvent % conv’
1 EtOH 36
2 H,O 32
3 toluene 2
4 THF 0
5 DMF 15
6 EG® 80
7 EtOH-H,0¢ 88
8 toluene-H,0? 7
9 THF-H,0? 25
10 EG-H,0%? 49

9Reaction conditions: 0.1 mol% catalyst based on repeat unit, 1 mmol 4-bromoacetophenone, 1.13 mmol
phenylboronic acid, 1.2 mmol K2COs, 2.4 mL solvent, 30°C, 0.5 h. ®Determined by GC of reaction mixture with
n-decane as an internal standard. °EG = ethylene glycol. 950:50 mixture.
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allowing ready access to the active Pd centres within the porous polymer network of IP-5.1.
Interestingly the addition of water as a co-solvent in a 1 : 1 volume ratio resulted in a significant
improvement in catalyst performance, with the exception of ethylene glycol which gave a marked
decrease in conversion (entry 10). The most profound increase in performance was observed when
EtOH was used as the co-solvent which gave the highest observed conversion of 88%. The optimum
performance of the EtOH-H,0 system is in keeping with recent work conducted with highly cross-
linked imidazolium supported Pd nanoparticles; in this case the authors attributed the high activity
to the co-solvent’s ability to effectively dissolve both the organic reagents and the inorganic base.>
In addition to this, investigations into the catalytic cycle involved in traditional Suzuki couplings with
homogeneous catalysts in water-containing solvent systems in the presence of base leads to the in
situ formation of [OH]" anions. The presence of these hydroxide anions is thought to be directly
involved in the transmetallation step of the catalytic cycle, either by displacement of the halide
species from the Pd(Il) centre to give PAOH complexes, or by direct attack to the arylboronic acid
(scheme 5.8).* As such it is reasonable to suggest that the water present in the reaction mixtures of

table 5.1 play an integral role in catalysis whilst also providing additional reagent solubility effects.

Ar-Ar + B(OH);

PdOL,,
Ar-Ar'
e Ar'-B(OH),
©
(A) Ar-B(OH); Ar-X LnPA(AN)OH) (B)
©OH
Y
Ar'-B(OH), OX
LnPd(Ar)(X)

©OH
Scheme 5.8 Catalytic cycle for Pd-catalysed Suzuki-Miyaura cross couplings, proceeding through
transmetallation via (A) direct attack of hydroxide to the boronic acid, and (B) by generation of a PdOH complex

Following the observed positive role water plays on the performance of IP-5.1-Pd® in the
Suzuki coupling of 4-bromoacetophenone an investigation into the effect of water content in EtOH-
based solvent systems was undertaken (table 5.2). Catalyst performance increases significantly upon
the introduction of water in a 3 : 1 EtOH : H,0 mixture, with the conversion increasing from 36% to
80% (entries 1 and 2); a further increase in conversion to 88% was obtained with the 50 : 50 EtOH :
H,0 system. A further increase in the water content of the solvent system had a deleterious effect
on catalyst performance and the conversion decreased dramatically to 56% at a water content of
75%. It is likely that the poor results obtained for higher water contents is a direct result of the poor

solubility of the organic reagents used, which were observed to not fully dissolve during the reaction.
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As such 50 : 50 EtOH : H,0 was identified as the optimum solvent system, and was used for all further

Suzuki couplings.

Table 5.2 Effect of water content in the IP-5.1-Pd%catalysed Suzuki coupling of 4-bromoacetophenone and
phenylboronic acid in EtOH?

entry EtOH : H,0 % conv®
1 100:0 36
2 75:25 80
3 50:50 88
4 25:75 57
5 0:100 32

9Reaction conditions: 0.1 mol% catalyst based on repeat unit, 1 mmol 4-bromoacetophenone, 1.13 mmol
phenylboronic acid, 1.2 mmol K2COs, 2.4 mL solvent, 30°C, 0.5 h. ®Determined by GC of reaction mixture with
n-decane as an internal standard.

The initial evaluation of reaction conditions for the PIILP Pd nanoparticle systems employed
potassium carbonate as the base due to its ubiquitous use in Suzuki-Miyaura coupling chemistry.> In
order to ensure optimum catalyst performance with regards to conversion additional bases were also
screened (table 5.3). Unsurprisingly, and in keeping with literature precedent, the carbonate bases
gave the most efficient systems,?> 6 with potassium carbonate giving the best conversion (entries 7
to 8). As such potassium carbonate was selected as the base of choice for all further Suzuki couplings.

Table 5.3 Effect of base in the IP-5.1-Pd%catalysed Suzuki coupling of 4-bromoacetophenone and
phenylboronic acid

entry base % conv’

1 NaOAc 19
2 CsOAc 17
3 NBus 5

4 K3PO4 68
5 CsF 43
6 NaHCO; 53
7 N32CO3 77
8 K.COs 88
9 Cs,CO3 85

9Reaction conditions: 0.1 mol% catalyst based on repeat unit, 1 mmol 4-bromoacetophenone, 1.13 mmol
phenylboronic acid, 1.2 mmol base, 2.4 mL 50:50 EtOH:H,0 solvent, 30°C, 0.5 h. “Determined by GC of reaction
mixture with n-decane as an internal standard.

With the optimum reaction conditions in hand, the efficiency of IP-5.1-Pd°® and IP-5.2-Pd® was
evaluated for the coupling between a range of aryl bromides and phenylboronic acid; comparative
catalyst testing was also undertaken with the Pd(ll) loaded IP-5.1-PdCl; and IP-5.2-PdCl, (table 5.4).
Under mild reaction conditions of 30°C and a catalyst loading of 0.1 mol% with respect to Pd, IP-5.1-
Pd°gave varying performance across the range of substrates, varying from very poor to excellent. The

initial oxidative addition of the aryl halide to the Pd® centre is largely accepted to be the rate
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Table 5.4 Suzuki-Miyaura cross-couplings of arylbromdes with phenylboronic acid catalysed by PIILP catalysts
based on IP-5.1 and IP-5.2°

entry substrate time (h) support Pd® Npb© PdCl,*
1 IP-5.1 43 41
2 Brj© 16 IP-5.2 44 37
3 IP-5.1 66 54
4 Br/@ 6 IP-5.2 69 58
5 IP-5.1 58 72
6 Br/©/ 6 IP-5.2 66 64
7 IP-5.1 38 16
Br 19
8 IP-5.2 41 31
9 ‘Bu IP-5.1 41 16
10 Br/© 19 IP-5.2 49 46
11 i IP-5.1 35 28
12 jD 16 IP-5.2 34 31
13 . 19 IP-5.1 2 6
14 Br IP-5.2 9 10
15 0 IP-5.1 88 98
16 o~ ) 0-5 IP-5.2 93 91
17 MeOD 19 IP-5.1 39 78
18 Br IP-5.2 53 71
19 IP-5.1 65 66
20 Br/©\OMe 6 |P-5.2 66 66
21 QOMe s IP-5.1 72 74
22 Br IP-5.2 60 54
23 IP-5.1 38 81
24 Br/©v0 16 IP-5.2 82 70
25 ~o IP-5.1 9 >99
26 Br/©/\ 0.5 IP-5.2 99 99
27 NCD A IP-5.1 74 43
28 Br IP-5.2 77 79
29 IP-5.1 79 >99
30 Br/©\CN 4 IP-5.2 >99 >99
31 QCN 05 IP-5.1 90 99
32 Br ' IP-5.2 57 92
33 @\ 4 IP-5.1 93 >99
34 Br NO, IP-5.2 89 >99
35 QNOZ A IP-5.1 95 89
36 Br IP-5.2 94 98

9Reaction conditions: 0.1 mol% catalyst based on repeat unit, 1 mmol arylbromide, 1.13 mmol phenylboronic
acid, 1.2 mmol K2COs3, 2.4 mL 50:50 EtOH:H20 solvent, 30°C. °Np = nanoparticle. ‘Determined by GC of reaction
mixture with n-decane as an internal standard.

determining step in the catalytic cycle.*® To this end, coupling of electron-deficient aryl halides
proceeds efficiently, most notably 4-bromoacetophenone gave 88% conversion while 4-
bromobenzonitrile gave 93% conversion in just 30 minutes (entries 15 and 31 respectively).
Conversely, mildly electron donating groups on the aryl bromide resulted in deactivation, as shown
in the case of 4-bromotolune which only reached 58% conversion in 6 hours (entry 5). The

performance of IP-5.1-Pd° appears to be highly sensitive to steric effects, with meta- and, particularly,
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ortho-substituents decreasing conversions, for example, the sterically demanding 5-bromo-m-xylene
gave a conversion of only 38% even after a prolonged reaction time of 19 hours (entry 7). While the
activity of IP-5.1-Pd° generally follows the expected trend with regards to the substituent effects of
the arylbromide, substrate specific anomalies are apparent. Most notably the Suzuki-Miyaura
coupling of 3-bromoacetophenone gave negligible conversion (entry 13) under mild conditions with

attempts to improve catalyst performance with elevated reaction temperatures failing.

Interestingly, catalysis conducted with IP-5.2-Pd° appears to proceed very similarly, giving
comparable performance and similar reactivity trends across the range of substrates tested, with only
a few differences in performance. Most notably IP-5.2-Pd° gave a significantly better performance
than its unfunctionalised counterpart in the coupling of 3-bromobenzaldehyde, giving a conversion
of 82% compared to just 38% under the same conditions (entries 23 and 24). Similarly IP-5.2-Pd° gave
a notable increase in performance for the coupling of 3-bromobenzonitrile which reached complete
conversion compared with the 79% achieved using IP-5.1-Pd® (entries 29 and 30). Conversely, a
significant decrease in performance was observed in the coupling of 4-bromobenzonitrile as the
reaction only reached 57% conversion compared with 90% for IP-5.1-Pd° (entries 31 and 32). Despite
an apparent difference in the composition of Pd nanoparticles between IP-5.1-Pd® and IP-5.2-Pd°, as
evidenced by the lower ratio of Pd® by XPS and the seemingly narrower particle size distribution from
the TEM images (figures 5.4 and 5.5, respectively), the presence of the nitrile groups appears to have
no overriding influence on catalytic performance. In this regard, the difference in catalyst activity
appears to be much more subtle and substrate specific. The similar performance of the seemingly
very different nanoparticle catalysts could, in part, be the result of in situ reduction of the Pd (ll). As
such, although it will be extremely challenging, it will be necessary to conduct further studies into the
nature of the mechanism and the influence and eventual fate of the Pd within the system if PIILP

based catalysts are to be properly utilised.

Although only moderate performance of IP-5.1-Pd® and IP-5.2-Pd° under mild reaction
conditions was observed, the two PIILP catalysts appear to compare reasonably favourably with
recent reports in the literature. For example, Li and co-workers have reported that Pd nanoparticles
immobilised on imidazolium functionalised mesoporous silica networks catalyse the Suzuki coupling
of a similar range of aryl bromides under comparable reaction conditions, albeit at higher reaction
temperatures and in the presence of more base in water.> Similar conversion to both PIILP catalysts
were obtained for 4-bromoacetophenone and 4-bromotoluene (entires 5, 6, 13 and 14) but higher
reation temperatures, longer times and a catalyst loading of 0.2 mol% were required. Despite the
need for more forcing conditions, these catalysts successfully couple more challenging substrates

including a range of aryl chlorides; a feat which has only been achievd by a few solid catalysts.’” More
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recently highly cross-linked imidazolium networks were reported to catalyse coupling between a
range of aryl bromides and iodides under the same reaction conditions used in table 5.4. The catalyst
is highly active and required only a slightly elevated temperature of 50°C compared to the 30°C used
above.”® However, unlike the two PIILP catalysts reported herein, these systems were able to
efficiently catalyse the Suzuki coupling of sterically more demanding substrates such as 2-

bromotoluene and 5-bromo-m-xylene to near completion.

IP-5.1-Pd°, 0.1 mol%,
B(OH K-,CO O
Br NO EtOH:H,0, 30°C, 3 h O
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Figure 5.7 TEM image and corresponding nanoparticle size distribution for IP-5.1-Pd® taken after catalysis in the
Suzuki coupling of 3-bromonitrobenzene and phenylboronic acid.

In order to determine the influence of the PIILP microenvironment on the supported Pd
nanoparticles during catalysis with regards to agglomeration ex situ studies were undertaken for the
Suzuki coupling of 3-bromonitrobenzene catalysed by IP-5.1-Pd°® (table 5.4, entry 33); this reaction
was chosen because of the relatively short reaction time and the high solubility of both the reagents
and product in the reaction solvent. After a time of 3 hours a small fraction of the reaction mixture
was dried and analysed by TEM, the results of which are summarised in figure 5.7. As with the sample
of IP-5.1-Pd® analysed before catalysis (figure 5.6), the nanoparticles appear to retain their irregular
spherical shape as well as the tendency for individual nanoparticles to cluster in relatively small
regions. Interestingly, processing of the TEM image showed that both the modal particle size and the
size distribution decreased significantly (figure 5.7 (b)), while the size distribution also appears to be
more monomodal. While this apparent decrease in nanoparticle size seems counterintuitive with
regards to phenomena like Ostwald ripening, one possible explanation for this observation arises
from the catalytic mechanism. The precise nature by which nanoparticles catalyse coupling reactions

has been the subject of intense debate over the past decade.®® In this regard there are two prevailing
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theories; the first involves a heterogeneous mechanism in which both the oxidative addition and
transmetallation steps of the catalytic cycle occur on the surface of the nanoparticle.’” %>° The
second possibility involves extraction of active molecular Pd from the nanoparticles which act as a
reservoir.’® ®© While there have been numerous compelling arguments for both mechanisms, it is
likely that both occur simultaneously for a given system, with the reaction conditions used, as well as
the nature of the nanoparticle stabilising agent, determining which pathway is dominant (figure
5.8).58 When functionalised solid supports, such as the PIILP materials IP-5.1 and IP-5.2, are used the
release of molecular Pd is believed to be followed by redisposition to reform the nanoparticles, often
described as a “catch and release” system.>”" ¢ The results obtained from the ex situ analysis of IP-
5.1-Pd°® would indeed suggest such a system is in play, with the excess of substrate present supplying
an additional stabilisation effect during the redisposition and reformation of nanoparticles,
preventing agglomeration. A similar observation has been made with resin-supported Pd
nanoparticles used in the hydrogenation of various industrially relevant substrates, including 3-
hexyn-1-ol. The nanoparticles formed by in situ reduction of the metal precursor under catalytic
conditions were found to be much smaller than those in the pre-reduced catalyst. The authors
speculate that the excess of substrate present during catalysis further restricts the growth of the
forming nanoparticles.®?
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Figure 5.8 Mechanism of the Pd nanoparticle-catalysed Suzuki cross-coupling involving both homogeneous and
heterogeneous pathways proposed by Pérez-Lorenzo>®
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The seemingly comparable performance of the two PIILP nanoparticle catalysts, despite the
notably different content of Pd®, together with the results from the ex situ analysis conducted on IP-
5.1-Pd° would imply in situ reduction of the Pd (II) metal during catalysis, most likely via a reductive
elimination mechanism with the boronic acid.®® To this end the substrate screen was repeated using

catalyst precursors IP-5.1-PdCl, and IP-5.2-PdCl, (table 5.4). Interestingly, both catalysts gave
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comparable performance to their reduced counterparts, showing similar reactivity trends throughout
the substrate scope with only a few exceptions. For selected substrates the catalyst generated in situ
from supported PdCl, appears to outperform pre-reduced species, for example, catalyst generated
from IP-5.1-PdCl, gave 78% conversion for the coupling of 2-bromoanisole, which was a marked
improvement on the 39% achieved with IP-5.1-Pd° (entry 17). As the active Pd® centres are generated
in situ from Pd" it would be reasonable to expect an induction period for reduction of the palladium.
This effect would be most evident with shorter reaction times; however, this does not appear to be
the case between the supported Pd® and PdCl, catalysts. In fact, IP-5.1-PdCl, and IP-5.2-PdCl, appear
to achieve similar degrees of conversion in rapid reactions, such as 4-bromoacetophenone, 4-
bromobenzealdehyde and 4-bromobenzonitrile, often even outperforming their pre-reduced
counterparts (entries 15, 16, 25, 26, 31 and 32). Similar observations have been reported by Barbaro
et al. in a series of hydrogenation reactions catalysed by Pd nanoparticles supported on polystyrene-
based ion exchange resins.®?® The authors postulate that the lack of an induction period when using
Pd" as the catalyst is the result of partially reduced Pd species, which are present in minimal amounts
and exhibit very high activity during the early stages of reaction. To this end, there is existing literature
precedent for the apparent ability of functionalised polymers to stabilise monovalent or mixed-
valence metastable Pd species, often dubbed “Pd®* or “Pd clusters”.%* These partially reduced
species often exhibit much higher activity than standard Pd° centres.% As such, it can be argued that
the comparable, sometimes enhanced, performance of the two PdCl, PIILP catalysts is the result of
fast, partial reduction of Pd" to the metastable Pd® ‘under the catalytic conditions used in the Suzuki
couplings.

While the presence of the nitrile groups of IP-5.2 seemingly had little effect on catalysis, their
apparent influence over the formation of Pd nanoparticles from PdCls, as evidenced by the XPS and
TEM data obtained above, cannot be ignored. To this end, one would expect markedly different
catalytic performance as there is strong evidence for the in situ reduction and formation of Pd
nanoparticles. However, the results obtained in table 5.4 clearly show no distinct trends in activity
between the two PIILP catalysts across the substrate range. This in turn highlights the complex nature
of the interaction between the Pd metal, ionic microenvironment of the PIILP support and the
reacting substrates during the catalytic cycle. In order to further probe the in situ reduction of the
supported PdCl,, TEM analysis was conducted on samples of IP-5.1-PdCl, and IP-5.2-PdCl, exposed to
catalytic conditions in the absence of the aryl bromide (figure 5.9). The excess of phenylboronic acid
under catalytic conditions with both PIILP supports appears to favour the formation of smaller
nanoparticles whilst also giving a significantly narrower size distribution compared to the pre-reduced
supported nanoparticles generated by hydrogenation (figure 5.7). Again, these observations are in

keeping with a previous report by Barbaro et al in which resin-supported Pd nanoparticles formed in
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situ are notably smaller than their pre-reduced counterparts.®? As with the formation of the PIILP-
supported pre-reduced nanoparticles, the presence of the nitrile groups of IP-5.2 appears to have a
minor effect on the forming nanoparticles, resulting in a slightly higher proportion of smaller particles

compared to those supported by IP-5.1 (figure 5.9 (d) and (c) respectively).
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Figure 5.9 TEM images and corresponding size distributions for nanoparticles generated from IP-5.1-PdCls ((a)
and (c)) and IP-5.2-PdCls ((b) and (d)) in the presence of phenylboronic acid under catalytic conditions

The evidence gathered from TEM images of the PIILP catalysts, both from the ex situ analysis
and from the in situ nanoparticle formation in the absence of electrophile, clearly shows the
formation of Pd® nanoparticles under catalytic conditions. To this end, additional experiments were
conducted in order to determine the effect of metal loading and reaction dilution, rationalising that
both factors would have an effect on nanoparticle formation, and hence catalyst performance. Again
both pre-reduced Pd nanoparticles and the PdCl, precursor supported on IP-5.1 were selected as the
model systems for this study, with investigations focusing on the Suzuki coupling of 4-bromotoluene.
Initially the reaction volume was varied between 0.5 volumes with respect to the standard conditions

used above up to 3 volume equivalents (figure 5.10 (a)). For both IP-5.1-PdCl; and IP-5.1-Pd® a notable
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decrease in performance was observed at lower volumes, which appears to improve to a maximum
conversion of about 80% at a volume of 3.6 mL upwards. One possible explanation for this
observation is the closer proximity of the Pd metal centres, be it within the PIILP architecture or in
the form of leached species, leading to the formation of a greater proportion of larger, less active Pd
nanoparticles. Interestingly, however, the decreased performance at lower volumes is much more
profound for the pre-reduced catalysts than the supported PdCls, implying that the effect could in
fact be due to agglomeration of the Pd® nanoparticles. Furthermore, the performance of both
catalysts appears to reach a maximum and shows no obvious decrease at higher reagent dilutions as
one would expect. In order to fully investigate these systems it will be necessary to conduct further

dilution studies in order to determine the point at which a decrease in catalytic performance is

observed.
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Figure 5.10 Effect of (a) solvent volume and (b) catalyst loading on the Suzuki Miyaura coupling of 4-
bromotoluene with phenylboronic acid catalysed by IP-5.1-Pd® and IP-5.1-PdCls

In a similar manner the effect of Pd loading was also investigated for both IP-5.1-based
catalysts (figure 5.10 (b)). Again, as expected, there appears to be a distinct general increase in
conversion with increasing catalyst loading for both systems. However, optimum performance
appears to be achieved at a loading of 1.5 mol%, at higher loadings conversions appear to plateau for
the pre-reduced catalyst but decrease for the PdCl, system. These observations further support the
in situ reduction of Pd(ll) and the aforementioned generation of highly active Pd%* species.®® In this
regard, the efficiency of pre-reduced IP-5.1-Pd® drops at lower loadings which may reflect a

straightforward dependence on the relative concentration of the active species. Conversely for IP-
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5.1-PdCls, in which the active species forms in situ, increased catalyst loadings appear to have a
deleterious effect on performance which may be associated with the formation of larger, less active

nanoparticles.

The results gathered in table 5.4 showed that catalysts supported on both PIILP materials IP-
5.1 and IP-5.2 gave a comparable, mixed performance over the range of coupling partners
investigated, while the Suzuki couplings of more sterically and electronically challenging substrates
appears to stall, with no improvement in conversion after prolonged reaction times. In order to
determine the nature of the reaction rate for these systems, as well as to probe the differences which
occur due to in situ nanoparticle formation for the PdCls systems, a series of kinetic studies were
undertaken. Again IP-5.1 was selected as the model support and our investigations focussed on the
Suzuki-Miyaura coupling of 4-bromotoluene, 4-bromobenzonitrile, 2-bromotoluene and 3-
bromonitrobenzene as a representative sample of the full substrate scope. Examples of the data
gathered for the two extreme cases, i.e. poor performance with 2-bromotoluene and highly efficient
coupling with 4-bromobenzonitrile, are shown in figure 5.11, with the full data sets presented in

appendix A.4. For both reactions the PdCls catalyst appears to show a more rapid initial rate than its
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Figure 5.11 Reaction profiles for the Suzuki Miyaura coupling of (a) 2-bromotoluene and (b) 4-
bromobenzonitrile with phenylboronic acid catalysed by IP-5.1-Pd° and IP-5.1-PdCls

pre-reduced Pd° counterpart. The lack of an induction period and enhanced initial activity observed
with PdCl, further supports the formation of metastable active Pd® species during in situ Pd
reduction, as discussed previously. Following the formation of Pd® nanoparticles the PdCls-based
system exhibits very similar reaction profiles to their pre-reduced counterpart, with both IP-5.1-Pd°
and IP-5.1-PdCl, showing very rapid initial rates during the early stages of the reaction. With regards

to the poorly performing coupling, the reaction appears to plateau. For example, the Suzuki coupling
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of 2-bromotoluene (figure 5.11 (a)) reaches a maximum conversion of approximately 45% with both
catalysts after 90 minutes with no further sign of conversion observed up to a time of 19 hours. One
possible explanation for this apparent deactivation effect may be due to the insolubility of many
biaryl coupling products in the EtOH-H,0 solvent. In particular, the coupling of 2-bromotoluene
results in a slurried reaction mixture, which could in turn lead to mass transport issues after the
formation and precipitation of significant product. Additionally, deposition of both the product and
reagents onto the polymer support surface over time could lead to a poisoning effect, essentially
blocking the active sites within the porous polymer structure. As such the catalyst deactivation effect
observed upon the formation of insoluble products could be interpreted to mean either a
heterogeneous catalytic mechanism, with the deactivation caused by blocking of the active sites
within the PIILP materials, or a homogenous mechanism, with the viscous slurry reaction media
leading to poor mass transport of the active molecular Pd species. These seemingly contrasting

arguments again highlight the complicated nature by which supported nanoparticle catalysis occurs.

The results obtained from both pre-reduced Pd®and the corresponding PdCl, precursor PIILP-
supported catalysts could be interpreted as occurring through either a homogeneous or
heterogeneous mechanism. With regards to the former, the observed formation of smaller
nanoparticles from IP-5.1-Pd° after reaction implies leaching and deposition of molecular Pd through
the widely postulated “catch and release” mechanism.>”" ¢! It is important to note however that the
observed smaller nanoparticles may also be the result of reduction of the PdCl, present in these
systems, as evidenced by the XPS data shown in figure 5.6. In contrast, the poor performance and
apparent deactivation observed during the coupling of more challenging substrates could be the
result of pore/active site blocking effects within the polymer architecture, suggesting a
heterogeneous mechanism. As such, in order to further explore the mechanistic nature of PIILP
nanoparticle catalysis it was deemed necessary to undertake further investigations. To this end, the
hot filtration test has traditionally been used as a straightforward means of identifying the presence
of leached molecular Pd. Removal of the supported catalyst by filtration followed by exposure of the
filtrate to the reaction conditions can show a lack of leached Pd, as evidenced by a lack of further
conversion. However, despite the seemingly straightforward nature of the hot filtration test there
still appears to be some dispute over the meaning of the results obtained, with some authors
attributing a lack of catalysis to a number of factors. For example, deactivation of the leached Pd
species could occur during the filtration process, either by redeposition of the soluble Pd back onto
the solid support, over-coordination of active Pd species or the formation of Pd black.>® As such the
use of solid, insoluble poisons as a means of identifying the presence of solution phase catalytic
species has been widely investigated.®® For this, mercury is used as the poison of choice and has been

applied across a range of different supported nanoparticle catalysts including different Suzuki
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reactions. Despite this, the conclusions drawn are often markedly different, depending on the nature
of the system investigated and the reaction conditions.>’ %% ®7 Additionally the three-phase test, in
which one of the coupling partners is covalently attached to the surface of a suitable support has
been used. If leaching of the supported Pd occurs the corresponding biaryl product formed from the
anchored reactive group will be observed. Again, the conclusions drawn about the mechanistic nature

of the Suzuki coupling appear to be dependent on the particular system investigated.>’® 58 68
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Figure 5.12 Effect of stirring the catalyst with Hg poison before reaction for the Suzuki coupling of 4-
bromotoluene with phenylboronic acid catalysed by IP-5.1-Pd® and IP-5.1-PdCls, results obtained without Hg
are shown for reference

Initially Hg poisoning tests were conducted on the Suzuki coupling of 4-bromotoluene
catalysed by IP-5.1-Pd° and IP-5.1-PdCls, with the solid catalysts suspended in the reaction solvent
and stirred with Hg for varying times before addition of the remaining reagents and heating to
reaction temperature (figure 5.12). The addition of Hg before reaction appears to impact the catalytic
performance of both the supported Pd® and PdCls systems, reducing the conversions from the 58%
and 72%, respectively, achieved in the absence of poison (table 5.4 entry 5). The observed poisoning
appears to be more profound for IP-5.1-PdCls, however, reasonable conversions were still achieved
with both catalysts and, interestingly, aging of the catalyst with the Hg poison for longer periods of
time before the reaction appears to have no significant effect on performance. While a slight
decrease in performance was observed these results would suggest that the Suzuki couplings
proceed, at least in part, via leaching of active Pd species from the support. However, the slight
decrease in performance upon the introduction of catalyst poison could suggest that a portion of the
reaction does indeed occur via a heterogeneous mechanism, with the Hg blocking a small proportion

of the active Pd which has remained encapsulated within the PIILP support. These observations are
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in keeping with the mechanism proposed by Pérez-Lorenzo discussed above, in which catalytic

activity can be attributed to a combination of both homogeneous and heterogeneous pathways.>®

5.4. Conclusions

Through straightforward synthesis it is possible to prepare imidazolium-functionalised monomers
and cross-linkers, as well as a nitrile-functionalised co-monomer which can be polymerised under
standard free radical-initiated conditions. While elevated temperatures and prolonged reaction times
are required to achieve high degrees of polymerisations, which in turn may limit the potential
polymer functionality scope, both PIILP materials IP-5.1 and IP-5.2 were isolated as air-stable easy to
handle solids. Immobilisation of suitable Pd(ll) precursor can be achieved through a simple ion
exchange procedure with [PdCls])%; reduction of resulting material gave the desired polymer
immobilised ionic liquid stabilized PANPs with a relatively broad size distribution. Although ROMP-
based systems proved to be unsuitable for these investigations, due to the difficulties encountered
during the monomer synthesis and the poor co-monomer incorporation during the subsequent
ROMP, the corresponding synthetically straightforward polystyrene-based counterparts proved to be
effective tools in a proof of principle study. The presence of the nitrile co-monomer in IP-5.2 appears
to have a minor effect on nanoparticle formation, giving smaller particle sizes and size distribution
than the corresponding unfunctionalised system. Despite this difference between the two
nanoparticle catalysts, very little difference in activity was observed, with both catalysts showing
moderate performance across the substrate scope. The tendency for both supported catalysts to
seemingly stall in the Suzuki coupling of sterically and electronically more demanding substrates
could be the result of either blocking of the active sites by the product/starting material over time,
or by mass transport limitations resulting from the precipitation of many of the products in the
reaction mixture. This seemingly raises a degree of ambiguity about the precise mechanism of
catalysis, be it either homogeneous or heterogeneous. The Hg poisoning study, however, strongly
suggests leaching of molecular Pd, while the TEM images taken after catalysis suggests the smaller
nanoparticles may be the result of redeposition, consistent with the “catch and release” mechanism.
Leaching of Pd during the reaction could in part explain the seemingly comparable performance of
both catalysts despite the clearly different microenvironment provided by IP-5.1 and IP-5.2. Although
moderately promising initial results were obtained, it was not deemed practical to perform recycling
studies due to the difficulty of retrieving the catalyst from the by-product solids generated during the
reaction. One possible way to overcome this issue and evaluate the longevity of PIILP nanoparticle
catalysts would be to apply them to continuous flow systems, in a similar fashion to recent work by

I.53

Pavia et al.”* Although the initial results discussed herein are promising, extensive work must still be
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conducted if the PIILP methodology is to be become a practical tool for nanoparticle catalysis. To this
end, it will be necessary to optimise the chemical and physical properties of the desired PIILP supports
in order obtain well-defined nanoparticle distributions in a controlled and rational manner, and to
understand how factors such as the ionic microenvironment and the presence of heteroatom donors
influence nanoparticle formation and catalyst performance. From the extensive precedent in the
literature concerning the enhanced activity of nanoparticles due to the formation of NHCs from
imidazolium based ILs, C(2)-H based imidazolium co-monomers would be ideal candidates to enhance
the performance of PIILP nanoparticle catalysts. In this regard, current work by the larger research
group is investigating PIILP materials analogous to IP-5.1 and IP-5.2 bearing an imidazole co-monomer
instead of the nitrile group, as well as phosphine, methoxy and amino containing copolymers, whilst
also extending their use to hydrogenation reactions and, eventually, attempting the support of

alternative metal nanoparticles such as Ru and Rh.
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5.5. Experimental

All manipulations involving air-sensitive compounds were carried out using standard Schlenk line
techniques under an atmosphere of nitrogen in oven-dried glassware. Chloroform and
dichloromethane were distilled from calcium hydride, methanol from magnesium and diethyl ether
and hexane from sodium wire. All reagents were purchased from commercial suppliers and used
without further purification. *H and 3C{*H} NMR spectra were recorded on a JEOL ESC-400
instrument. Solid-state 3C NMR spectra were recorded at 100.56 MHz using a Varian VNMRS
spectrometer and a 6 mm (rotor o.d.) magic-angle spinning probe. They were obtained using cross-
polarisation with a 2 s recycle delay, 3 ms contact time, at ambient probe temperature (~25 °C) and
at a sample spin-rate of 6 kHz. Between 1000 and 1600 repetitions were accumulated. Spectral
referencing was with respect to an external sample of neat tetramethylsilane (carried out by setting
the high-frequency signal from adamantane to 38.5 ppm). FT-IR spectrums were record on a Varian
800 FT-IR spectrometer system using a pike technologies diamond crystal plate ATR unit. Gas
chromatography was performed using a Shimadzu 2010 series gas chromatograph with a Supelco
Beta DEX column. ICP analysis was conducted using a Perkin-Elmer Optima 4300 ICP-OES analyser.
TEM images were acquired in bright field using a Tecnai 200 kV F20 Transmission Electron Microscope
with a Field Emission Gun. A few drops of sample were pipetted onto an Agar holey carbon film
copper TEM grids and the prepared grid was set aside for ca. 20 min prior to inserting it into the
microscope, in order to allow the solvent to evaporate. Images were taken with a Gatan CCD digital
camera attached to the microscope and processed using Image J software. XPS analysis was
performed with a Kratos Axis Nova spectrometer. The solid catalysts were fixed on the support using
a carbon double-sided adhesive tape. The spectra were excited by the monochromatized Al Ka source
(1486.6 eV) run at 15 kV and 10 mA. For the individual peak regions a pass energy of 20 eV was used.
Survey spectrum was measured at 160 eV pass energy. Analysis of the peaks was performed with the
CasaXPS software. SEC was conducted on 200 mg of polymer sample dissolved in 5 mL MeOH using
an AKTA Prime system. UV absorbance chromatograms were collected with PrimeView software v5.0
(GE Healthcare). Note, all solutions used were filtered (0.45 um) and degassed. Chromatography was
typically performed at a flow rate of 1 ml/min. Traces listed were collected at a wavelength of 254

nm.

methyl bicyclo[2.2.1]hept-5-ene-2-carboxylate (5.1)

A solution of methyl acrylate (10.53 mL, 116.2 mmol) in toluene (25 mL) was cooled to 0°C before the

slow addition of boron trifluoride etherate (1.43 mL, 11.6 mmol). Freshley cracked cyclopentadiene
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(19.54 mL, 232.4 mmol) was then added to the mixture which was subsequently allowed to warm to
room temperature and stir for 20 h. The reaction mixture was then quenched by addition to 10%
sulphuric acid (100 mL) on ice and stirring for 10 minutes. The organic layer was then extracted before
washing with saturated sodium carbonate (100 mL) and brine (100 mL) before drying over MgSQO,.
Removal of the solvent under reduced pressure gave the product as a clear yellow oil in 85% vyield
(14.99 g). *H NMR (400 MHz, CDCls, d): 6.19 (m, 1H), 6.14 (m, 1H, CH), 5.97 (m, 1H, CH,), 3.40 (m, 1H,
CH,), 3.63 (m, 3H), 3.26 (m, 1H, CH), 2.93 (m, 1H, CH), 2.81 (m, 1H, CH), 2.31 (m, 1H, CH), 1.82 (m, 1H,
CHy), 1.45 (m, 1H, CHy), 1.28 (m, 1H, CH,), 0.53 (m, 1H, CH,); *C{*H} NMR (100.52 MHz, CDCl;, d):
181.8, 137.8,137.7 132.5, 46.7,45.6, 43.2, 41.7, 29.1.

(bicyclo[2.2.1]hept-5-en-2-yl)methanol (5.2)

A solution of 5.1 (14.99 g, 98.5 mmol) in THF (50 mL) was added dropwise to a stirred suspension of
LiAIH4 (10.0 g, 263.5 mmol) in THF cooled to 0°C. Following complete addition the reaction mixture
was allowed to warm to room temperature before stirring for 19 h. The mixture was then quenched
by the addition of water (100 mL) followed by 3M potassium hydroxide (100 mL) whilst cooling to 0°C
before stirring for 2 h. Celite was then added to the reaction mixture and the product solution
decanted. The celite was then washed exhaustively with Et,0 and the combined organic extract dried
over MgS04. Removal of the solvent in vacuo gave the product as a pale yellow oil in 80% yield (9.73
g). 'H NMR (400 MHz, CDCls, d): 6.14 (m, 1H, CH), 5.97 (m, 1H, CH>), 3.40 (m, 1H, CH,), 3.26 (m, 1H,
CH), 2.93 (m, 1H, CH), 2.81 (m, 1H, CH), 2.31 (m, 1H, CH), 1.82 (m, 1H, CH,), 1.45 (m, 1H, CH,), 1.28
(m, 1H, CHy), 0.53 (m, 1H, CH,); *C{*H} NMR (100.52 MHz, CDCls, d): 137.5, 136.9, 66.5, 49.6, 45.0,
43.3,41.7,28.9.

(bicyclo[2.2.1]hept-5-en-2-yl)methyl methanesulfonate (5.3)

A solution of methanesulfonyl chloride (6.7 mL, 86.2 mmol) in CH,Cl, (25 mL) was added dropwise to
a stirred solution of 5.2 (9.73 g, 78.4 mmol) in CH,Cl, cooled to 0°C, with the resulting mixture allowed
to warm to room temperature before stirring for 19 h. The reaction mixture was then washed with
water (100 mL), 1M HCI (100 mL) then brine (2 x 100 mL) before drying the organic extract over
MgS0.. Removal of the solvent in vacuo gave the product as a yellow-orange oil in 75% vyield (11.82
g). 'H NMR (400 MHz, CDCls, d): 6.14 (m, 1H), 5.96 (mm, 1H), 2.73 (br's, 1H), 2.64 (br's, 1H), 2.15 (m,
1H), 1.85 (m, 1H), 1.55 (s, 1H), 1.35 (m, 1H), 1.33 (m, 1H), 1.23 (s, 1H), 1.05 and 0.75 (m, 3H), 0.41
(2m, 1H); 3C{*H} NMR (100.52 MHz, CDCls, d): 137.5, 136.9, 66.5, 49.6, 45.0, 43.3, 41.7, 37.9, 28.9.
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3-(bicycle[2.2.1]hept-5-en-2-ylmethyl)-1,2-dimethyl-1H-imidazolium methanesulfonate (5.4)*

A solution of 1,2-dimethylimidazole (4.60 g, 47.9 mmol) in toluene (4 mL) was added to a solution of
5.3 (8.79 g, 43.5 mmol) in toluene (6 mL) before allowing the mixture to stir vigorously under reflux
for 48 h. The reaction mixture was then diluted with CH,Cl, (75 mL) before precipitation of the
product by addition to Et,O (500 mL). The resulting precipitate was then isolated by filtration under
N> as a highly hydroscopic brown powder in 84% vyield (10.90 g). *H NMR (400 MHz, CDCls, d): 7.35
(m, 1H), 7.23 (m, 1H), 7.22 (m, 1H), 7.06 (m, C-H), 6.34 (m, CH=CH), 6.13 (m, CH=CH), 6.04 (m, CH=CH),
4.30-4.10 (m, 2H, CH2N,) 3.97 (s, 3H, NCH3), 3.88-3.77 (m, 5H), 2.94 (m, 1H), 2.88 (m, 1H), 2.79 (m,
1H), 2.74 (s, 3H), 2.71 (s, 3H), 2.69 (s, 3H), 2.55-2.50 (m, 1H), 1.98-1.84 (m, 1H), 1.54-1.26 (m, 2H),
0.67-0.64 (m, 1H); *C{*H} NMR (100.52 MHz, CDCls, d): 144.1, 139.5, 137.7, 135.6, 123.2, 118.8, 52.6,
49.8,45.1,44.1, 41.8, 39.5, 30.9, 11.0.

3-(bicycle[2.2.1]hept-5-en-2-yImethyl)-1,2-dimethyl-1H-imidazolium chloride (5.5)

LiCl (10.47 g, 247 mmol) was added to a solution of 5.4 (7.36 g, 24.7 mmol) in CHxCl; (50 mL) and the
resulting slurry was allowed to stir for 16 h at room temperature. The reaction mixture was then
filtered and the product precipitated by the dropwise addition of the filtrate to Et,O (600 mL). The
resulting filtrate was then isolated via filtration under N; to give the product as a light brown powder
in 79% yield (4.64 g). '"H NMR (400 MHz, CDCls, d): 7.35 (m, 1H), 7.23 (m, 1H), 7.22 (m, 1H), 7.06 (m,
C-H), 6.34 (m, CH=CH), 6.13 (m, CH=CH), 6.04 (m, CH=CH), 4.30-4.10 (m, 2H, CH20,) 3.97 (s, 3H, NCHj3),
3.88-3.77 (m, 5H), 2.94 (m, 1H), 2.88 (m, 1H), 2.79 (m, 1H), 2.74 (s, 3H), 2.71 (s, 3H), 2.69 (s, 3H), 2.55-
2.50 (m, 1H), 1.98-1.84 (m, 1H), 1.54-1.26 (m, 2H), 0.67-0.64 (m, 1H); 3 C{*H} NMR (100.52 MHz, CDCls,
d): 144.1, 139.5, 137.7, 135.6, 123.2, 118.8, 52.6, 49.8, 44.1, 41.8, 39.5, 30.9, 11.0.

bicyclo[2.2.1]hept-5-ene-2-carbonitrile (5.6)

A three-neck round bottomed flask was charged with boron trichloride 1M in hexanes (15.0 mL, 15.0
mmol) and cooled to 0 °C after which acrylonitrile (7.8 mL, 118.7 mmol) was added slowly causing
the instant formation of a white solid. After the drop-wise addition of freshly cracked cyclopentadiene
6.52 mL, 98.5 mmol) the white solid redissolved and was allowed to stir for 19 h and warm to room
temperature. The resultant pale yellow oil was then poured onto an excess of NaHCOs on ice and
allowed to stir for approximately 10 mins after which time the product was extracted with diethyl

ether (3 x 100 mL) and the combined extracts dried with MgSO. before the solvent was removed
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under reduced pressure to give the product as a pale oil in 69% yield (9.76 g). *H NMR (399.78 MHz,
CDCls, d): 6.25 (dd, J = 5.4, 1.9 Hz, 1H, H,C=CHy), 5.96 (dd, J = 5.4, 1.9 Hz, 1H, H,C=CH,), 3.02 (m, 1H,
bridgehead), 2.93 (m, 1H, bridgehead), 2.54 (m, 1H), 2.27 (dd, J = 13.7, 1.5 Hz, 1H, CH,), 2.25 (dd, J =
13.7, 1.5 Hz, 1H, CH>), 1.76 (dt, J = 14.3, 2.0 Hz, 1H, bridge CH-), 1.53 (dt, /= 14.3, 2.0 Hz, 1H, bridge
CH,); 3C{*H} NMR (100.52 MHz, CDCls, d): 138.9, 131.8, 127.3, 52.5, 49.6, 43.2, 40.7, 30.2.

1-((bicyclo[2.2.1]hept-5-en-2-yl)methyl)-2-methyl-1H-imidazole (5.7)

A mixture of 5.3 (2.0 g, 9.9 mmol) and 2-methylimidazole (2.44 g, 29.7 mmol) in DMF (10 mL) was
heated to reflux and allowed to stir for 48 h. The reaction mixture was then allowed to cool to room
temperature before diluting with CH,Cl; (100 mL) and washing with water (3 x 75 mL). The organic
extract was then dried over MgS0O, before removal of the solvent in vacuo to give the product as a
brown oil in 63% yield (1.17 g). *H NMR (400 MHz, CDCls, d): 6.87 (m, 1H), 6.79 (m, 1H), 7.22 (m, 1H),
6.13 (m, CH=CH), 6.04 (m, CH=CH), 4.30-4.10 (m, 2H, CH,N,) 3.97 (s, 3H, NCHs), 3.88-3.77 (m, 5H),
2.94 (m, 1H), 2.88 (m, 1H), 2.79 (m, 1H), 2.51 (s, 3H), 2.71 (s, 3H), 2.69 (s, 3H), 2.55-2.50 (m, 1H), 1.98-
1.84 (m, 1H), 1.54-1.26 (m, 2H), 0.67-0.64 (m, 1H); 3C{*H} NMR (100.52 MHz, CDCls, d): 142.3, 138.9,
131.8,126.9, 118.5,48.9 47.3,46.9, 42.9, 32.7, 10.3; LRMS (EI*) m/z 189 [M+H]".

1,3-bis((bicyclo[2.2.1]hept-5-en-2-yl)methyl) imidazolium methanesulfonate (5.8)

A solution of 5.7 (4.60 g, 47.9 mmol) in toluene (4 mL) was added to a solution of 5.3 (8.79 g, 43.5
mmol) in toluene (6 mL) before allowing the mixture to stir vigorously under reflux for 48 h. The
reaction mixture was then diluted with CH,Cl, (75 mL) before removing the solvent in vacuo. Analysis

of the resulting brown oil confirmed identity as 5.7.

General Procedure for the Ring-Opening Metathesis Polymerisation of 5.5 and 5.6

In a typical procedure a flame-dried Schlenk flask was charged with dry chloroform (80 mL), 5.5 (2.38
g, 10 mmol) and the 5.6 (0.60 g, 5 mmol). To the stirred solution was added Grubbs 2" generation
catalyst (0.13 g, 0.15 mmol) in chloroform (ca. 10 mL) and the resulting mixture was heated to 40 °C

and left to stir for 48 h. Polymerisations were monitored by *H NMR.
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1,2-Dimethyl-3-(4-vinylbenzyl)imidazolium chloride (5.9)°

An oven-dried Schlenk flask was charged with 1,2-dimethylimidazole (5.25 g, 54.6 mmol) and CHCls
(50 mL) followed by the slow addition of 4-vinylbenzyl chloride (10 mL, 71.0 mmol) with stirring. The
resulting mixture was then heated to 50 °C and allowed to stir for 16 h. Upon cooling back to room
temperature the solvent was removed in vacuo and the resulting residue washed with ethyl acetate
(4 X 50 mL) before drying under high vacuum gave the product as a white powder in 99% yield (13.57
g). 'H NMR (399.78 MHz, CDCls, d): 7.67 (dd, J = 5.4, 1.9 Hz, 1H, H,C=CH, imidazolium), 7.29 (m, 4H,
Ar-H), 6.58 (dd, J = 17.4, 10.6 Hz, 2H, H.C=CHH.), 5.66 (d, J = 17.4 Hz, HC.=CHyH.), 5.49 (s, 2H, Ar-
CH»-N), 5.20 (d, J = 17.4 Hz, HC,=CHyH.), 3.88 (s, 3H, Me (C2 imidazolium)), 2.68 (s, 3H, N-Me); C{*H}
NMR (100.52 MHz, CDCls, d): 144.0, 138.1, 135.6, 132.4, 128.4, 126.9, 122.8,121.8, 115.1, 51.9, 35.7,
10.7.

2-(4-Vinylphenyl)acetonitrile (5.10)7

4-vinylbenzyl chloride (9.86 mL, 70.0 mmol) and potassium cyanide (6.4 g, 100.0 mmol) were added
to a solution of 18-crown-6 (0.7 g, 2.8 mmol) in MeCN (55 mL) under Schlenk conditions and the
resulting orange mixture was allowed to stir at room temperature for 18 h after which time a colour
change to yellow was observed. The solvent was then reduced to a volume of approximately 5 mL
under high vacuum before the resulting residue was diluted with distilled H,0 (100 mL) and extracted
with Et,0 (2 x 100 mL). The organic extract was then washed with H,0 (50 mL), brine (50 mL), dried
with MgSQ,and finally dried under vacuum to give the product as a yellow oil in 92% yield 9.21 g). 'H
NMR (399.78 MHz, CDCls, d): 7.38 (m, 4H, Ar-H), 6.66 (dd, J = 17.4, 10.6 Hz, 2H, H.C=CHyH.), 5.77 (d,
J =17.4 Hz, HC,=CH,H.), 5.26 (d, J = 17.4 Hz, HC,=CHyH.), 3.69 (s, 2H, CH>-CN); C{*H} NMR (100.52
MHz, CDCls, d): 137.3, 135.8, 129.2, 128.0, 126.7, 117.7, 114.5, 23.2.

2-Methyl-1-(4-vinylbenzyl)imidazole (5.11)"*

An oven-dried Schlenk flask was charged with sodium hydride (0.73 g, 30.4 mmol) and DMF with the
resulting slurry cooled to 0 °C. 2-methylimidazole (3.00 g, 36.5 mmol) was then added to the mixture
under N,. Once the exotherm had subsided the mixture was heated to 75 °C and allowed to stir for
30 min before the temperature was increased to 95 °C with a further 15 min stirring. The mixture was
then once again cooled to 0 °C before the drop-wise addition of 4-vinylbenzyl chloride (4.29 mL, 30.4
mmol) followed by heating to 75 °C and a further 30 min stirring, after which time the mixture was

allowed to cool to room temperature before being poured onto H,0 (250 mL). The product was then
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extracted with ethyl acetate (2 x 100 mL) with the organic extract then being washed with H,0 (180
mL) and brine (50 mL) before acidification with 6 M HCI (2 x 25 mL). After washing with Et,0 (20 mL)
to remove any organic impurities the aqueous layer was neutralised with a NaOH solution (1 M)
before the product was finally extracted with Et,0 (3 x 50 mL). After drying with MgS0O, and removal
of the solvent under reduced pressure the product was obtained as a yellow oil in 86% yield (5.18 g).
IH NMR (399.78 MHz, CDCls, df: 7.26 (m, 2H, Ar-H), 6.88 (m, 2H, Ar-H), 6.81 (d, J = 7.6 Hz, 1H, HsC=CHs
imidazole), 6.71 (d, J = 7.6 Hz, 1H, H.C=CHypimidazole), 6.57 (dd, J = 17.4, 10.6 Hz, 4H, 2 x H.C=CHyH_),
5.61 (d, J = 17.4 Hz, 2H, 2 x HC,=CHyH.), 5.15 (d, J = 17.4 Hz, 2H, 2 x HC,=CHyH.), 4.90 (s, 2H, Ar-CH,-
N), 2.21 (s, 3H, Me); *C{*H} NMR (100.52 MHz, CDCls, d): 144.8, 137.3, 136.0, 135.6, 127.1, 126.8,
126.6,119.8,114.4,49.4, 12.9.

2-Methyl-1,3-bis(4-vinylbenzyl)imidazolium chloride (5.12)

An oven-dried Schlenk flask was charged with 5.11 (4.00 g, 20.2 mmol) and CHCls3 (40 mL) followed
by the slow addition of 4-vinylbenzyl chloride (3.7 mL, 35.5 mmol) with stirring. The resulting mixture
was then heated to 50 °C and allowed to stir for 16 h. Upon cooling back to room temperature the
solvent was removed in vacuo and the resulting residue washed with ethyl acetate (4 x 50 mL) before
drying under high vacuum gave the product as a white powder in 74% yield (5.26g). '"H NMR (399.78
MHz, CDCls, df: 7.65 (dd, J = 5.4, 1.9 Hz, 1H, H,C=CH, imidazolium), 7.24 (m, 8H, Ar-H), 6.62 (dd, J =
17.4, 10.6 Hz, 4H, 2 x H.C=CHyH.), 5.69 (d, J = 17.4 Hz, 2H, 2 x HC,=CHyH.), 5.49 (s, 4H, 2 x Ar-CH-N),
5.23(d,J=17.4 Hz, 2H, 2 x HC,=CHyH.), 2.71 (s, 3H, N-Me); *C{*H} NMR (100.52 MHz, CDCls, d): 144.1,
138.2,135.7,132.2,128.4,127.0,121.0, 115.2, 51.9, 11.1.

General procedure for radical initiated polymerisations of  1,2-dimethyl-3-(4-

vinylbenzyl)imidazolium chloride, 2-methyl-1,3-bis(4-vinylbenzyl)imidazolium and co-monomer

In a typical procedure, an oven-dried Schlenk flask was charged with 5.9 (5.00 g, 20.1 mmol), the
cross-linker 5.11 (0.53 g, 1.52 mmol), the appropriate co-monomer (10.9 mmol) and
azobisisobutyronitrile (0.25 g, 1.52 mmol). After dilution with dry methanol (100 mL) the resulting
reaction mixture was degassed with 5 freeze/thaw cycles using liquid nitrogen. Upon warming to
room temperature the reaction mixture was heated to 75 °C and allowed to stir for 96 h after which
time the mixture was cooled to room temperature and another equivalent of AIBN was added. After

repeating the freeze/thaw degassing the mixture was again heated to 75 °C and allowed to stir for a
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further 19 h. Upon cooling to room temperature once more the solvent was removed under high

vacuum to yield the desired polymer generally as an off-white brittle powder.

General procedure for the immobilisation of tetrachloropalladate with functionalised cross-linked

polymers

In a typical procedure a mixture of palladium (ll) chloride (0.319 g, 1.80 mmol), NaCl (1.92 g, 32.8
mmol) in H,0 (30 mL) was allowed to stir at 80 °C for approximately 30 min to give a homogenous
orange solution. The appropriate polymer support (0.91 mol eq, based on the mass of the polymer
repeat unit) in H,0 (10 mL) was then added to the solution drop wise, causing the instant formation
of an orange precipitate, and the resulting slurry allowed to stir under ambient conditions for 5 h.
The product was then isolated by filtration and washed with H,O (50 mL), EtOH (50 mL) and finally

Et,0 (100 mL) before drying under high vacuum to give a fine orange powder.

General procedure for the reduction of polymer-immobilised tetrachloropalladate

In a typical procedure the polymer-immobilised palladium species was suspended in EtOH (c.a. 60 mL
g material) before being placed in a Parr reactor and allowed to stir at 40 °C for 19 h under an H,
pressure of approximately 70 psi. Once the reaction vessel had cooled and the pressure had been
released the resulting black suspension was decanted into a Schlenk flask and the volume reduced to
one fifth. After the addition of a large excess of Et,0 to induce precipitation the product was isolated

by filtration and washed with Et,0 before drying under high vacuum to give a deep black fine powder.

General procedure for the heterogeneous Pd-catalysed Suzuki Miyaura coupling reactions

An oven-dried Schlenk flask was charged with aryl halide (1 mmol), phenylboronic acid (0.138 g, 1.13
mmol), potassium carbonate (0.166 g, 1.2 mmol) and the catalyst (0.001 mmol, 0.1 mol%, based on
mass of polymer repeat unit with assumed complete Pd loading) before being diluted with 50 : 50
EtOH : H,0 (2.4 mL). The reaction mixture was then heated to 30 °C and allowed to stir for the desired
amount of time before the addition of the decane standard (0.195 mL, 1 mmol). The mixture was
then diluted with Et,0 (10 mL) and H,O (5 mL) and, after vigourous shaking, the ethereal layer was
decanted and passed through a small plug of silica. A small aliquot of the organic extract was then
diluted with Et,0 before analysis by GC and the remaining solution dried under reduced pressure with

the resulting residue being analysed by *H NMR.
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2-Methylbiphenyl”

IH NMR (400 MHz, CDCls, d): 7.42 (t, ) = 7.4 Hz, 2H), 7.35 (t, ) = 7.4 Hz, 3H), 7.31-7.21 (m, 4H), 2.29 (s,
3H).

3-Methylbiphenyl”

IH NMR (400 MHz, CDCls, d): 7.66 (d, J = 7.2 Hz, 2H), 7.46-7.52 (m, 4H), 7.40 (t, ) = 7.4 Hz, 2H), 7.25
(d, ) =7.6 Hz, 1H), 2.50 (s, 3H).

4-Methylbiphenyl™

IH NMR (400 MHz, CDCls, d): 7.46 (2H, d, J = 7.6 Hz), 7.38 (2H, d, J = 8.0 Hz), 7.32-7.29 (2H, m), 7.20
(1H,t,1=7.6 Hz), 7.13 (2H, d, J = 7.6 Hz), 2.28 (3H, s).

3,5-Dimethylbiphenyl”

IH NMR (400 MHz, CDCls, d): 7.63 (d, J = 7.4 Hz, 2H), 7.47 (t, ) = 7.5 Hz, 2H), 7.37 (t, J = 7.3 Hz, 1H),
7.27 (s, 2H), 7.05 (s, 1H), 2.44 (s, 6H).

4-(tert-Butyl)-1,1"-biphenyl”

IH NMR (400 MHz, CDCls, d): 7.71 (d, J = 8.0 Hz, 2H) ; 7.66 (t, J = 6.8 Hz, 2H) ; 7.59 (d, J = 8.0 Hz, 2H);
7.54 (t, ) = 7.6Hz, 2H); 7.43 (t, ) = 7.6 Hz, 1H); 1.49 (d, J = 1.6 Hz, 9H).

1-(Biphenyl-2-yl)ethanone’®

'H NMR (400 MHz, CDCls, d): 7.56-7.49 (m, 2H), 7.43-7.38 (m, 5H), 7.35-7.33 (m, 2H), 2.00 (s, 3H).

1-(Bipehnyl-3-yl)ethanone’”

IH NMR (400 MHz, CDCls, d): 8.18 (s, 1H, ArH), 7.93-7.91 (m, 1H, ArH), 7.77 (d, J = 8.0 Hz, 1H, ArH),
8.00 (s, 2H, ArH), 7.52—7.37 (m, 4H, ArH), 2.64 (s, 3H, CHs).
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1-(Biphenyl-4-yl)ethanone”™

'H NMR (400 MHz, CDCls, d): 8.03 (2H, d, J = 8.4 Hz), 7.68 (2H, d, J = 8.4 Hz), 7.62 (2H, d, ) = 7.6 Hz),
7.48-7.45(2H, m), 7.40 (1H, t, ) = 7.6 Hz), 2.63 (3H, s).

2-Methoxybiphenyl”

IH NMR (400 MHz, CDCls, d): 7.58=7.56 (2H, m), 7.43=7.39 (2H, m), 7.35-7.31 (2H, m), 7.17-7.12 (2H,
m), 6.87 (1H, dd, J = 8.4 and 2.4 Hz), 3.82 (3H, s).

3-Methoxybiphenyl™

IH NMR (400 MHz, CDCls, d): 7.52 (2H, d, ) = 7.2 Hz), 7.40 (2H, t, J = 7.2 Hz), 7.32—7.29 (3H, m), 7.04—
6.96 (2H, m), 3.78 (3H, s).

4-Methoxybiphenyl™

IH NMR (400 MHz, CDCls, d): 7.59-7.55 (4H, m), 7.44 (2H, t, J = 7.6 Hz), 7.33 (1H, t, J = 7.6 Hz), 7.01
(2H, d, J = 8.8 Hz), 3.87 (3H, s).

3-biphenylcarbaldehyde”

H NMR (400 MHz, CDCls, d): 10.09 (s, 1H, CHO), 8.10 (s, 1H, ArH), 7.86 (d, J = 7.2 Hz, 2H, ArH), 7.62
(d, J = 6.0 Hz, 3H, ArH), 7.49-7.41 (m, 3H, ArH), 7.40 (s, 1H, ArH).

4-biphenylcarbaldehyde”

IH NMR (300 Hz, CDCls) &: 9.94 (s, 1H, CHO), 7.83 (d, J = 7.6 Hz, 2H, ArH), 7.64-7.61 (m, 2H, ArH), 7.51
(d,J = 7.6 Hz, 2H, ArH), 7.36-7.34 (m, 3H, ArH).
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2-Biphenylcarbonitrile’””

'H NMR (300 Hz, CDCls) 6: 7.76 (dd, J1 = 8.0 Hz, J, = 1.2 Hz, 1H), 7.64 (td, J1 = 7.6 Hz, J, = 1.2 Hz, 1H),
7.58 —7.54 (m, 2H), 7.54 — 7.40 (m, 5H).

3-Biphenylcarbonitrile”

IH NMR (300 Hz, CDCls) : 7.86 (s, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.63 (d, J = 7.5 Hz, 1H), 7.57-7.53 (m,
3H), 7.48 (t, ) = 7.4 Hz, 2H), 7.42 (t, ) = 7.2 Hz, 1H);

4-Biphenylcarbonitrile”™

'H NMR (400 MHz, CDCls, d): 7.74-7.67 (4H, m), 7.59 (2H, d, J = 8.0 Hz), 7.50-7.41 (3H, m).

3-Nitrobiphenyl™

IH NMR (400 MHz, CDCls, d): 8.46 (1H, s), 8.22-8.20 (1H, m), 7.93 (1H, d, J = 8.0 Hz), 7.65-7.62 (3H,
m), 7.53=7.49 (2H, m), 7.46=7.43 (1H, m).

4-Nitrobiphenyl™

H NMR (400 MHz, CDCls, d): 8.30 (2H, d, J = 8.8 Hz), 7.74 (2H, d, J = 8.8 Hz), 7.65-7.62 (2H, m), 7.53—
7.49(2H, m), 7.47-7.44 (1H, m).
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Appendices

A.1. Segmented Flow Oxidation of Thioanisole with Varying H.0, Concentrations

A.1.1. Conversion-selectivity profiles at 30°C with 2 equivalents of H20-
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A.1.2. Conversion-selectivity profiles at 30°C with 3 equivalents of H20-
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A.1.3. Conversion-selectivity profiles at 30°C with 6 equivalents of H20-
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A.1.4. Conversion-selectivity profiles at 30°C with 12 equivalents of H20>
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A.1.5. Conversion-selectivity profiles at 30°C with 20 equivalents of H20>

MeCN MeOH
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A.2. Kinetic plots for the oxidation of thioanisole using 20 equivalents of H.O at 30°C
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A.3. Conversion-Selectivity Profiles for Segmented Flow Sulfoxidations at 30°C with 3

equivalents of H.0;

A.3.1. Thioanisole
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A.3.3. 4-nitrothioanisole
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A.3.4. Homoallyl phenyl sulfide
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A.3.5. Dibenzothiophene

MeCN

5 10 15

4

Rt
B sulfoxide

sulfone

sulfide

209



A.4. Reaction Profiles for PIILP Catalysed Suzuki Miyaura Cross-Couplings
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A.5.3. 4-bromobenzonitrile
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