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(33
Life is not easy for any of us. But what of that?

We must have perseverance and above all confidence in ourselves.

We must believe that we are gifted for something

L)
and that this thing must be attained.

Marie Curie, 1867 to 1934

(93
Chemistry, unlike other sciences,

sprang originally from delusions and superstitions

and was at its commencement exactly

”»
on a par with magic and astrology.

Thomas Thomson, 1773 to 1852

(93 . .
Experimental science hardly ever affords us

more than approximations to the truth,
and whenever many agents are concerned

L1
we are in great danger of being mistaken.

Humphry Davy, 1778 to 1829

(33
You may encounter many defeats, but you must not be defeated

In fact, it may be necessary to encounter the defeats,
so, you can know who you are, what you can rise from,

2
how you can still come out of it.

Maya Angelou, 1928 to 2014
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ABSTRACT OF THE THESIS

Polymer-Immobilised lonic Liquid Phase (PIILP) Catalysis: Supports for Molecular and
Nanoparticles Catalysts
by
Einas Abdulaziz Abood

The Polymer Immobilised lonic Liquids (PlILs) has been an area of interest recently,
particularly, Doherty-Knight group has recently explored and developed this concept,
with the aim of designing novel functionalised PIILPs and utilising them as supports to
immobilise transition metals catalysts and nanoparticles and then exploring their

applications.

The second chapter describes the synthesis of tungstate and polyoxotungstate based
catalysts for the selective oxidation of sulfides. The polymer immobilised ionic liquids
were based on linear pyrrolidinium-modified norbornene-cyclooctene co-polymers
prepared by ring opening metathesis polymerisation and the corresponding catalysts
were prepared by exchange of the polymer anions with either tungstate or
polyoxotungstate. High selectivity for sulfoxide was obtained across a range of aryl-alkyl
sulfides using either (WO4@ROMPx or PW1,0:0@ROMP1) in either acetonitrile or
methanol with 2.5 equivalents of hydrogen peroxide for 15 minutes at room
temperature. Different catalytic activity was observed based on the nature of the cross-

linker whether it is linear (ROMP1) or cyclic (ROMP,).

The third chapter describes the synthesis and characterisation of a range heteroatom
donor modified polymer immobilised palladium nanoparticles. Three types of
polystyrene-based PIILP (amino-, phosphino-, and pyrrolidino-) were prepared via free
radical polymerisation and used to support platinum group metal nanoparticles
(MNP@R-PIILP; R = CH;NH2, PPh;, CH2Pyrr). All the prepared catalysts have been
characterised by a range of techniques including solid-state NMR spectroscopy, SEM,

TEM, XRD, XPS, EDX, ICP, TGA and BET analysis.

Chapter 4 presents the results of our systematic evaluation of the efficacy of the newly
prepared MNP@PIILP (M = Pd, Pt) systems as catalysts for the selective hydrogenation

of o, f-unsaturated aldehydes. Our studies have shown that PANP@PPh,-PIILP catalyses



X

the hydrogenation of trans-cinnamaldehyde in water with high selectivity for reduction
of the C=C double bond to afford dihydrocinnamaldehyde in 76 % selectivity at 96 %
conversion under mild conditions and in short reaction times. Notably, the addition of
base (K2COs) to the reaction allows higher selectivities to be obtained (up to 95 % for

C=C reduction), however, this results in a decrease in reaction rate (96 to 67.5 %).

Chapter 5 explores the use of PANP@R-PIILP (R = NH;, PPh;) as catalysts for the Suzuki-
Miyaura cross-coupling. Interestingly, palladium NPs stabilised by amino-decorated
polymer immobilised ionic liquids (PANP@NH-PIILP) were shown to be inactive for the
Suzuki-Miyaura cross-coupling of aryl bromides with phenyl boronic acid. However, the
corresponding PANP@NH,-PIILP generated by in-situ by reduction of PdCla@NH,-PIILP
was highly active for the Suzuki-Miyaura cross-coupling. Kinetic studies, reaction dilution
experiments, mercury poisoning and catalyst loading studies have been employed to
investigate the difference between the performance of pre-reduced PANPs and those

generated in-situ.
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POLYMER-IMMOBILISED IONIC LIQUIDS



Chapter 1: Introduction

Chapter 1. POLYMER-IMMOBILISED IONIC LIQUIDS

1.1 lonic Liquids

It has been about two decades since Michael Freemantle published an article in
Chemical & Engineering News Entitled “Designer Solvents - lonic Liquids May Boost
Clean Technology Development” engage with an effective renaissance in scientific and
engineering interest in both “salts” and “liquids”.% 2 lonic liquids (ILs) are an inorganic or
organic salt, comprised of anion and cation pairs, with a melting point below 100 °C.2 In
1914, Walden synthesized the first ionic liquid ethylammonium nitrate [C2HsNH3][NOs]
(melting point 13-14°C) by neutralisation of ethylamine with concentrated nitric acid.*
>Since the mid 1980’s, ionic liquids have attracted considerable attention due to their
fundamental scientific curiosity as well as their potentially useful and quite remarkable
properties, such as negligible vapour pressure, non-flammable, tunable polarity, high
thermal stability, high ionic conductivity, broad electrochemical potential window,
versatile synthetic flexibility, ease of recyclability and suitable choices of cations and
anions, they are classified as green solvents for chemical synthesis.>® Properties such as
hydrophilicity/hydrophobicity, viscosity, density and Lewis acidity can be modified as
required by fine-tuning parameters through a judicious choice of cation and anion and
the length of the chain attached to cation.” This structural diversity which gives desirable
aspects of ILs applications allow fine tuning of their properties to fit specific needs. In
general, the physical properties if ionic liquids such as melting point, density and
viscosity are controlled by the cation whilst the chemical properties and reactivity are

controlled by the anion.®

While a great number of cation and anion permutations (Figure 1) are possible only
limited number are in common use. Those containing imidazolium cations are among
the most widely used, because of their low viscosity, stability within oxidative and
reductive conditions, and the ease of synthesis. Many reports have been published
concerning the application of imidazolium-based ILs as solvents for catalysis due to their

improvement in reaction rate, yield and chemoselectivity.® > 8

5
[
¢}



Chapter 1: Introduction
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Figure 1 A selection of cations and anions to composition ionic liquids.

There are numerous advantages associated with the use of ionic liquids as solvents in
catalysis but there are also several drawbacks, which includes their sensitivity to air and
moisture, leaching, and high viscosity. The long-term toxicity and biodegradability of
ionic liquids has yet to be determined and they are also prohibitively expensive which

has prevented their commercial implementation on a wide scale.>’ 10

Since the ionic liquids consist entirely of ions (cations/anions), they were considered as
an ideal medium to stabilise reactive charged intermediates which have resulted in an
improvement in the selectivity and reaction rate. As a result of their green potential in
enhancements of selectivity and reaction rates, they find increasing applications in the
synthesis of organic compounds. Furthermore, ionic liquids act as an effective media in

dehydration reaction for imine formation.*!

As stated previously, ionic liquids have incredibly broad and varied properties due to
functionalisation of the cation/anion combination. The most important property of ILs
is polarity, and how this will affect the interaction between the lonic liquids and the
solutes. It could be expected that the ILs behave as super polar solvents due to their
ionic nature, however, there is no accurate measurement of an ionic liquid’s polarity,

but they show moderate polarities similar in magnitude to acetonitrile and methanol.'*

13

The inter- and intramolecular force of ILs and the ion pair Coulombic interactions play

an important role in determining the properties of ionic liquids. The common type of IL

Page | 2



Chapter 1: Introduction

used is the dialkylimidazolium type (Figure 2) shows the possible multiple intermolecular

interactions, including:

1) Hydrogen-bond donation between the cation protons as the donor and the
anion as acceptor.

2) The possible Van der Waals interactions between the alkyl side chains and
the n-stacking from the imidazolium aromatic ring.

Electrostatic interaction

Aromaticity of the Cation
(possible bi-stacking)

@ H-bond donor (C(2)- acidic)
Hydrophobic domain
possible Van der Waals interaction

CH3 Hydrophilic domain

possible delcalisation of the charge
lewis base

O ( H-bond accoptor
[A

Figure 2 The different possible interactions in an imidazolium-based ionic liquid.*?

As a result of what it is described above about the combination of the interactions, ILs
have a unique solubility which enables them to dissolve both polar and nonpolar
substrates. There are several aspects about the imidazolium-based ILs and their anions
that need to be considered, including the strength of the interaction between the anion
and the imidazolium, the hydrogen bonding between the ionic species, the type of
anions and its symmetry and delocalisation of the positive charge of the imidazolium.*3
Furthermore, the ionic liquid bulk structural organisations, for instance, its three-
dimensional structure can play a considerable role in understanding their reactions role.
The H-bonding interactions with dialkylimidazolium chlorides formed polymeric
networks that could be observed by a host of different techniques such as NMR, X-ray
diffraction?, NOESY NMR spectroscopy.'* The choice of anion for a specific cation has
been shown to have a profound effect on the melting point. The melting points will be
higher if the cations coordinate with hydrophilic anions such as halides while it will be
lower when it is weakly coordinate with hydrophobic anions such as triflates ([OTf]") and
triflamides ([NTf.]"). Furthermore, the melting point can also be altered by fine-tuning

the length of the alkyl side chain with longer chains lowering the melting point.'® In
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addition to the positive charge delocalisation and the molecular symmetry disruption
which make the crystallisation process more difficult. Another concern of ILs is their
viscosity, in general, ILs exhibit high viscosities in comparison with conventional organic
solvent. This, in turn, can have a detrimental effect on the dynamics and kinetics of a
reaction as the mass transfer may be inherently limited. In catalysis, this concept is
important as the reactant must have access to the active site. However, it is possible to
lower the viscosity by tuning the ILs where the choice of anion has the greater effect, or
by addition of a small amount of water.® (Figure 1) illustrates a selection of the different
kinds of IL architectures, however, the most frequent ILs used are those based on the
dialkylimidazolium cation. (Scheme 1) below shown possible pathways that are used to

prepare ILs and each route has it is own advantages and disadvantages.
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Scheme 1 The typical Pathways used to synthesise imidazolium based ILs.

The first pathway (anion exchange quartenisation metathesis) is the most popular
where the synthesis could be achieved via metathesis of a halide salt with a suitable
group (1) metal-based anion (MA), while the second path is a Brgnsted-Lowry

neutralization using a Brgnsted acid. (Path 3) involves alkylation of an alkylimidazole,
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while (Path 4) is carbonation reaction. In case of using (Path 2), it would be difficult to
generate a highly pure ILs using pathway 2 as there is likely to be a trace amount of acids
or alkylimidazole, while (Path 3) has been used to synthesis phosphate, sulfonate or
sulfate based ILs. (Path 4) is a new pathway that uses dimethyl carbonate as a

methylating agent instead of an alkyl halide. 13 17,18

In 1986 Wilkes et al. developed binary catalysts consisting of mixtures
dialkylimidazolium chloride and aluminium chloride and explored their use in Friedel-
Crafts acylations and alkylations. The imidazolium chloroaluminate was used as a solvent
and catalyst.’® Friedel-Crafts is an important and widely used reaction in the industry
and synthetic chemistry, Malhotra and Xiao published an investigation of using
pyridinium based ILs as media for acylation reactions. Two ionic liquid catalysts were
employed, 1-ethyl-pyridinium trifluoroacetate and 1-ethyl-pyridinium tetrafluoroborate
(Figure 3). High yields were obtained when [EtPy]*[CF3COO]-FeCls was used at a lower
temperature in comparison with the literature studies which reported similar results but

at high temperatures.?°

X X
| @, JICF;co0] | @, ) BRI
N N

~ ~

([EtPy]*[CF5CO0]") ([EtPy]*[BF,])

Figure 3 Pyridinium-based ILs Catalysts.

They also applied the same solvent-catalyst system to another study on benzene
alkylation, and a good improvement was achieved in the form of the green credentials

of the reaction by the successful catalyst-ILs recycling and reuse.?!

The use of a solid catalyst with ionic liquids (SCIL) is a relatively new concept that has
been rarely used. Essentially, synergistic effects could be gained by the combination of
the benefits of using an IL as a solvent with the fundamental properties of a solid catalyst
in a single system. Several studies have been published on the advantages of IL for solid
catalyst-based. For example, Schiith et al. demonstrated the advantages of using a
combination of 1-butyl-3-methylimidazolium chloride [BMIm]CI with dry Amberlyst-15

as a solvent-catalyst system for the depolymerisation of cellulose. In this case of using
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[BMIm]CI which has the ability to disperse the cellulose by solvation, and the catalyst
proved to be highly effective in the depolymerisation reaction where it cannot be
hydrolysed by the conventional acids used.?? There is currently great interest in the use
of ionic liquids in catalysis as more than half of the publication involving ionic liquids are
based in this area. In this sense, ionic liquids have unique solvation properties allowing
them to simplify the product isolation either by distillation or extraction. In addition, the
physiochemical properties of ILs can be fine-tuned to tailor the hydrophilicity,
hydrophobicity, and miscibility for use in biphasic or triphasic systems (Figure 4). In the
biphasic system, the catalyst is dissolved in the ionic liquid layer while the reactant(s)
and products are retained in the organic phase. Moreover, the limited solubility of the
reaction product in the ionic phase allows a simple decantation of both layers. Even
though this kind of reaction systems require a several subsequent extractions steps for
enhancing the obtained yields, in which this may lead to a leaching problem which is a
major limitation of using ionic liquids. In addition to that, the resulting product could be
contaminated if one or both of the catalyst or IL leaches into the organic phase which
means an additional purification step may be required in addition to the problem of

losing the expensive designer solvents, catalyst and ligand.?*2*

IL+Catalyst/
IL+Catalyst Organic phase

Organic layer

Decantation/
Extraction

)

Reuse of IL phase

Figure 4 An ionic liquid-based aqueous biphasic catalytic system.

Furthermore, the Liquid-liquid biphasic systems shown an altering in the selectivity and
the product distribution, and this may attribute to the differences in the products
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solubility in such reaction system. Again, in this regard, the ILs performance can be
optimised by fine-tuning of catalysts, in order to demonstrate the reaction selectivity,
activity, retention, and stability in a rational manner. The neutral catalytic species are
less soluble in the reaction system therefore they are more likely to leach during
extraction, while when the catalyst is charged the probability of the metal leaching or
the ligand leaching or even both will be likely occurred, and it depends on existence of

the catalyst active species in equilibrium between the metal bound and unbound.?> 26

The use of a biphasic system also enables the catalyst to be recycled and reused after
removal of the product, the ionic liquid phase could be directly reused or after drying
and purification. Reuse of catalyst or ionic liquid is one of the most important benefits
due to their high cost, however, there is often a decrease in activity and/or selectivity
on successive recycles. This problem is connected to leaching as it is stated previously,
so, from this sense, the need for developing ionic liquid systems has become urgent to
improve catalyst retention. In this regard, tagged-ionic liquids or task-specific ionic
liquids (TSILs) have been developed. In a TSIL the ionic liquid is functionalised by a ligand
which coordinates to a metal to form the active catalyst. The resulting ionic liquid tagged
catalyst should have improved retention in the ionic liquid phase and thereby recycle
more efficiently. However, this success of this approach will depend on the rate and

equilibrium of metal-ligand dissociation.

Both chiral and achiral tagged ligands have a wide variety application on transition
metal-catalysed reactions such as transfer hydrogenation, hydroformylation,
metathesis and Suzuki-Miyaura cross-coupling.?’ In 2006, the Doherty research group
published details of an imidazolium-tagged bis(oxazoline) ligand for use in Cu(ll)-
catalysed Mukaiyama-Aldol additions (Scheme 2). The functionalised catalyst showed
an improvement in stability as it recycled 10 times without any marked decrease in
either activity or enantioselectivity, in contrast with the uncharged ligand which
suffering from considerable leaching problem then the activity had significantly

dropped.?®
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Scheme 2 Tagged and untagged imidazolium bis(oxazolines) ligands used in Cu(ll)-catalysed Diels-Alder
reactions.

The practical advantage of using the TSIL catalysts and its wide applications is associated
with improved retention in the IL phase, and this benefit is not limited to retention of
tagged-catalyst but also about the IL fragments functionalisation which is working on
facilitating mechanisms of the reactions and improving the catalyst activity.?® For
example: using fluorous-tagged IL-toluene in hydrosilylation reaction3Y, in addition to
using IL- water catalytic systems in hydrogenation reactions3¥ 32 In this sense, the
formation of favourable reaction transition state could be stabilised depending on a
suitable functional group presence, in addition to that, this functional group could

provide a kind of interactions between ligands and the transition metal centres.

Despite all the facts about the benefits of using TSILs catalysts, there is a major limitation
that must be taken into account which is the expense and the difficulty of synthesis to

prepare a special tagged-ligand for specific needs.

The oxidation of sulfides has received an increasing amount of interest, particularly, in
industrial organic synthesis because of the importance of sulfoxides and sulfones as
manufacturing intermediates and valuable products.33 Recently, Farsani and co-workers
reported a new catalyst consisting of Keplerate POM-anions based on IL-cations
[(NH4)2(MimAm)ao[Mo01320372(CH3C0O0)30(H20)72]. They have been proven it as an
efficient, green catalyst in the oxidation of sulfides which is carried out under mild

conditions where H,0; is used as green oxidant and water as green solvent (Scheme 3).33
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Recycled Catalytic System

Scheme 3 Catalytic sulfide oxidation to corresponding sulfoxides and sulfones.

Since the catalyst helped to provide the reaction an easy and practical protocol, such as
shorten the reaction time, increasing the chemical recyclability and selectivity, this
method become more suitable for large scale industrial production chemistry.?®

To conclude, ILs have unique and important properties which enables them to enhance
catalyst performance especially in terms of recycling and reuse by providing an excellent
reaction media with a sufficient stability to hold an ionic or polar catalytically active
species, in addition, their variety and tuneability allows their properties to be optimised
for a specific need. Although their role and impact on the reaction system is quite
complex and cannot be easily predicted. ILs simply considered sources of an ionic
environment for the reaction system with their special physicochemical properties that
play an important role in the mechanism of the reactions. Despite their clear
advantages, the high viscosity and cost and the problem of leaching may limit their use,
this has led researchers to develop various methodologies that reduce their drawbacks
such as immobilised the ionic liquids on supporting materials or incorporating them as

fragments within a polymer matrix.
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1.2 Supported lonic Liquid Phase

The concept of Supported lonic Liquid Phase (SILP) catalysis was developed by Mehnert
et al.3* 3> to overcome some of the limitations associated with using ionic liquids as the
bulk solvent for catalysis. In SILP catalysis a thin film of IL is confined to the surface of a
porous solid such as silica, alumina, activated carbon and clay and used to support a

homogeneous catalyst (Figure 5).5 3637
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Figure 5 A schematic diagram of Supported lonic Liquid Phase Catalyst (SILP).

The use of only a thin film of IL to coat a solid support increases the available interphase
area and thereby decreases the diffusion pathway and reduces the likelihood of
reactions being limited by mass transfer. From a thermodynamic point of view, the IL
film still acts like a bulk liquid. The SILP catalysis is a heterogenisation of homogeneous
catalyst and therefore combines the favourable properties of both systems to thereby
enhance the performance of the catalytic processes. The homogeneous catalyst is
dissolved in the ionic liquid film with the advantage that the surface area of the ionic
liquid is greatly enhanced relative to its volume and the substrate can therefore readily
diffuse to the catalyst. SILP catalysis is ideally suited for gas phase reactions and has the

potential for continuous-flow operation. However, for use with liquid phase reactions,
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careful tuning of the polarities of all reaction constituents is required in order to prevent
or limit leaching of the catalyst and/or the ionic liquid.3® SILP catalysis also overcomes
the mass transport limitations from the gas to the liquid phase due to this high interfacial
area, while the non-volatile nature of the IL also prevents loss of the solvent into the
liquid or gas phase. Despite the clear advantages of SILP catalysis, several limitations
such as pore blocking of the catalyst support, low activities, and selectivities,
irreproducibility and leaching of the catalyst can be affected by the nature of the support
surface.3” In this regard, understanding the effect of the support material has on the

nature of the catalyst is still lacking.?®

The polarity of an ionic liquid is one of the basic standards that determine the ILs final
properties, therefore the SILPs properties will be also affected. In addition to, the
advanced SILP catalytic properties which could be tuned by using different functional
groups have a different polarity.® One of the most significant problems facing recovery
and recycling of a SILP system is the frequent purification after each reuse, typically by
distillation purification which will stand like an obstacle stone preventing their
application to the industrial field. In addition to the above, the cost of the ILs compared
to the conventional organic solvents remains high, therefore, finding another way to

reduce the amount of ILs used and hence the cost has become a necessity.*°

1a .® 1b ] 10

Figure 6 Type 1/a (catalyst/IL/support) and type 1/b (catalyst/IL/IL-support).

There are three kinds of SILP material divided into four subclasses depending on their
preparation methods: Firstly, (Figure 6, type 1/a) the immersion is one of the most
important methods that have received great attention and the easiest way to prepare
SILP which involves immobilising the IL as a thin film on a porous support. Practically, the

preparation of SILP by wet impregnation is straightforward as an IL solution is simply
Page | 11
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prepared by dissolving a small amount of IL in a conventional organic solvent with the
catalyst complex. The support material is then added to this solution and the solvent is
then removed under reduced pressure to afford a thin layer of the ionic liquid-catalyst
mixture adhering to the support. In another approach (Figure 6, type 1/b) the surface of
the support is first modified by a monolayer of IL which is covalently anchored to the

surface.*!

Next, additional IL and the catalyst are impregnated onto the modified support.
Advantages associated with SILP-based catalysts include the ease of isolation,
recyclability and enhancement in rates due to the ILs thickness which make the ILs much
closer the reaction interface, however, there is some an unexpected effects as
consequence of the confinement effects of the support material should be taken into

account.*?

Mehnert and co-workers reported a SILP-based catalyst for hydroformylation of hexene
to produce heptanal (Figure 7). The modified silica gel which was prepared by covalently
anchoring a monolayer of the ionic liquid [bmim]-[PFs] in the presence of tri(m-sulfonyl)
triphenyl phosphine tris(1-butyl-3-methyl-imidazolium) salt (tppti) ligand. The support
material was then loaded with HRh(CO)(tppti)s to afford the target multi-layer SILP
catalyst. This catalyst improves the reaction rate due to the high concentration of active
rhodium species at the supporting material interface. However, unfortunately, because
of there is no solvent in the system which was removed under reduced pressure in the

catalyst preparation step so there is no ability for catalyst regeneration.3% 3>

HRh(CO)(tppti);

Alkene Aldehyde > Organic Phase

L

> The Modified
Supporting Material

J

Figure 7 Hydroformylation reaction catalysed by supporting material Type 1/b.
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The leaching issue associated with SILP materials was one of the drivers behind
developing type 2 supported catalysts (Figure 8). This type of catalyst, also known as
prepared by modifying the support material with a monolayer of ionic liquid; this can be
achieved either by covalently anchored the functionalised ionic liquid or via sol-gel
synthesis. In this regard, the IL is covalently bonded to the surface of support material
via the cation; ion exchange occurs between the IL anion and an anionic catalyst such
as: ([W04]%, [CuCla]?, [PACl4]%, [SNCls], [NiCl4]%*) or binding via the anion, in this case,
the ligand or the (catalyst - IL fragments) will covalently anchor binding with surface

instead of the IL fragments in (type 1/b).*!

Figure 8 Type 2 (catalyst-IL-support + IL-support).

The main difference between this type and the type one system is that there is no excess
free ligand immobilised on the supporting material.*> Moreover, this procedure will
reduce the amount of expensive ionic liquid required and this is a desirable benefit. The
investigation about immobilising the L-proline on modified silica to catalyse the aldol

reaction is a good example of this type (Figure 9).44
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Figure 9 Aldol reaction catalysed by supporting material Type 2.

Type 3 systems (Figure 10) are “solid catalysts with ionic liquid layer” (SCIL), in which the
SCIL is prepared by impregnating IL on the surface of a support material; these supports
are typically conventional heterogeneous catalysts or supported transition-metal
nanoparticles.*! For example, SCIL catalysts have recently been applied to the oxidative
S-S coupling of aliphatic and aromatic thiols, where the nature of the IL was shown to
have a significant impact on the activity of the catalyst, as well as provide extra

stabilisation by providing a protective layer against sulfation.*

® ®

IIIIIII

Figure 10 Type 3 (IL/catalyst-support).

A significant difference between SILP and SCIL strategies is that in the former the IL is
immobilised on inert material while in the latter, the IL is bound through intermolecular
interactions to a pre-formed heterogeneous catalyst. Furthermore, the activity and
selectivity of SCIL would be changed and affected depending on nature of IL on the
internal surface of the solid catalyst. There are two possible reasons for this; firstly, the
IL coating may alter the chemical properties of the solid catalyst by interacting with it at
the interface, or secondly, the nature of the IL (polarity/hydrophobicity, etc.) may
increase the concentration of the reactants through favourable intermolecular

interactions.®
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1.3 Polymer-Immobilised lonic Liquid Phase Catalysis

The Doherty group has recently been exploring the concept of Polymer Immobilised
lonic Liquid Phase (PIILP) catalysis, which could be considered to be a polymer-based
version of SILP in which the ionic liquid is immobilised in the form of a cation decorated
polymer (Figure 11). This is in principle a potentially powerful concept as it should be
possible to tune polymer properties such as charge density and distribution,
functionality, porosity, hydrophobicity/hydrophilicity as well as microstructure in a

rational manner and thereby optimise support-catalyst interactions and performance.
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Figure 11 The structure of Polymer Immobilised lonic Liquid Phase (PIILP).

In this regard, there are two general pathways to generate poly-ionic liquids; the first
type is the post polymerisation modification of polymer by covalently anchoring or
tagging a suitable IL fragment. The other one (Scheme 4) is the most common, where a
suitable monomer is functionalised with specific IL moieties (ILMs) and then

polymerised with a co-monomer to generate the target poly-ionic liquid (PIL).
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Polymerisation

lonic liquid

Scheme 4 Preparation steps of poly-ionic liquids (PILs) from ionic liquids monomers (ILMs).

Polymer immobilised ionic liquids are synthesized by the free radical polymerisation of
suitable ionic liquid monomers. The first PIL was reported in the 70's by Salamone and
co-worker?’, however, this development did not attract much attention until the 90's
when Ohno and co-workers used several kinds of IL monomer to prepare PlLs for use as

solid conductor materials.*8

The use of polymer immobilised ionic liquids as supports for catalysis has started to
receive increasing attention in recent years.*> 0 For example, the Doherty/Knight group
have shown that the peroxometalate-based PIILP system, [POi{WO(Oz).}a]@PIILP,
(Scheme 5) is an efficient, selective and recyclable catalyst for the hydrogen peroxide-
mediated epoxidation of alkenes and allylic alcohols. In this case, the PIILP was prepared
via Ring-Opening Metathesis Polymerisation (ROMP) between cis-cyclooctene and the
functionalised monomer (a pyrrolidinium-functionalised norbornene), using the first
generation Grubbs’ catalyst.>! Since this initial foray, there have been several additional
seminal papers describing the efficiency of Polymer Immobilised lonic Liquid Phase

catalyst in organic reactions.”'>*
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Scheme 5 Preparation of peroxometalate-based PIILP from a pyrrolidinium-based ROMP-derived
polymer.

While the overwhelming majority of studies on the use of poly-ionic liquids as supports
have been conducted with polystyrene-based systems the Doherty group initially
targeted ROMP-derived PlILs as it is a well-behaved living process and the catalyst is

highly active, stable and functional group tolerant.

Palladium nanoparticles chemistry has received a great attention especially in the field
of catalysis due to their high catalytic activity in addition to their importance in carbon-
carbon bond formation such as Stille, Heck and Suzuki coupling reactions.>® The active
Pd(0) species could generate quite easily via the reduction of Pd(ll)-precursor using
NaBH4, for instance, Han et.al published a paper entitled "Immobilisation of Pd
nanoparticles with functional ionic liquid grafted onto cross-linked polymer for solvent-
free Heck reaction" where they synthesized (Scheme 6) a 1-aminoethyl-3-
vinylimidazolium bromide [VAIM]Br cross-linked co-polymer from 1-vinyl-imidazole, 2-
bromoethylamine hydrobromide and the cross-linker divinylbenzene (DVB) using AIBN
to producing PDVB-IL, which was shown to be an effective support material for the
stabilisation of PANPs. The synthesised PANP@PDVB-IL was a highly active and stable
catalyst for the Heck coupling reaction for a range of substrates. The system also
recycled efficiently due to its ease separation from the reaction products; this was
attributed to the insolubility nature of Pd@PDVB-IL and the strong coordination
between the PANPs and NH;, groups. The authors claimed that the supported metal
nanoparticles could be used to prepare active and stable catalysts for various

reactions.>®
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Scheme 6 Synthesis of the PDVB-IL co-polymer and its catalytic performance in the Heck reaction.

Towards developing novel PILs all the efforts were concentrated on vinyl-imidazolium-
based PILs with different functional substituents. Cinzia et.al described a new type
(Figure 12) of highly cross-linked vinyl imidazolium-based polymer grafted to the surface
of silica gel which was used to immobilise palladium catalysts. The influence of the linker

and its length on catalyst performance and reusability was studied.>’
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Figure 12 Synthesis of new series of PANPs supported on poly cross-linked imidazolium catalysts.

Again, in this sense, there is an increasing interest in developing a system that is
environmentally friendly and solving the problems associated with homogeneous
catalysts. To this end, immobilisation of an active catalyst on to a solid support is one
way to avoid the problems of using homogeneous catalysts. Particularly, when the
supporting material is a polymer, this technique has recently become a very hot topicin
synthetic organic chemistry. Furthermore, the active catalytic species could be either an
organometallic (transition-metal) fragment or a metal nanoparticle.>® In this regard, two
directly relevant examples have been reported by Barbaro et.al, the first of these
investigated the efficiency and reusability of a hydrogenation catalyst, in which PANPs
were generated in-situ in the flask used for the catalytic reaction.>® The second reported
the generation of PdNPs on gel type ion-exchange resin under catalytic conditions which
were highly active, selective and durable in the partial hydrogenation of substrates
containing C=C and C=0 bonds under mild conditions, where the reduction was selective
for C=C multiple bonds.®® Nagashima et.al have recently reported that Pd@cotton and
Pd@filter paper are reusable catalysts in cross-coupling and hydrogenation reactions,
especially the filter paper (Scheme 7) catalyst was highly active for hydrogenation and

cross-coupling.>®
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Scheme 7 The catalyst recycle reaction using Pd@cotton and Pd@filter paper, HPS (Hyperbranched
polystyrenes).

Although, there is no clear and precise definition for PILs it is possible to explain the
concept through their preparation method i.e. conventional polymerisation. Mostly,
PILs and ILs have similar physical properties but not necessarily to be linked to each
other. The ILs structural diversity could be affected by ion metathesis i.e. the
replacement/exchange of the anions or cations, while the PlILs structure could vary by
using a different diversity of both components (anions or cations), and/or the backbone

of the polymer.

A PIIL could be designed to have an entirely different structural architecture, even if the
PIIL has the same number of ILs monomer units, for the instant: linear, hyperbranched
or star shaped polymers. In addition to the types which mentioned previously, there is
another type of polymer called PIIL block copolymer and can be formed by covalent
binding between polymers and PlILs.%! The disadvantages of using PlILs is limited in
comparing with ILs disadvantages which include the catalyst reactivity under specific
reaction conditions, while the only consideration about using PlILs is the side reactions
of the planned reactions. However, the PlILs may well find industrial applications

specifically in the industry of energy due to their tuneable physicochemical properties.?
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1.4 Polymerisation Methods

To synthesise polymers decorated with ionic liquids, particularly PIILP materials, there
is a range of different polymerisation methods that should be considered. Moreover,
the chosen polymerisation method should also provide a high degree of
functionalisation to enable the microstructure, surface properties, ionic
microenvironment, stability and porosity to be modified in a rational manner. Moreover,
which could affect the optimisation of the substrate efficiency accessibility, enabled the
catalyst-surface interactions to be tailored to establish an activity/selectivity

relationships.61-¢>

1.4.1 Radical Polymerisation

Radical polymerisation is a widely used polymerisation by which variety of polymers
could be formed, through thermal or photolytic free-radical initiation. Free radicals
could be formed by several mechanisms including separate initiator molecules, followed
by propagation to generate a growing chain, by the addition of the initiating free radical

to a monomer unit.%®

The radical polymerisation chemistry is the most common and versatile polymerisation
method used in industry. Radical polymerisation proceeds via the addition of an
unsaturated monomer to the active centre of the polymer growing chain, the use of this
polymerisation consist of three steps, initiation followed by propagation then
termination. This active site of the grown chain can be attacked the m-bond of the
peroxides and azo-compounds such as 2,2’-azobisisobutyronitrile (AIBN) which undergo
homolytic bond breaking through either photolysis or thermal decomposition to

produce an active radical (Scheme 8).66 67
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Scheme 8 Initiation and propagation of radical polymerisation of styrene initiated by AIBN.
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However, there are few limitations via using the free radical polymerisation technique,
such as the poorly control on molecular weights of the polymers and their distribution.
And the lack of control of architectural of polymers formations, also it could prevent of

the desirable formations of block copolymers.

1.4.2 Ring-Opening Polymerisation

Ring-Opening Metathesis Polymerisation (ROMP) is a type of olefin metathesis chain-
growth polymerisation that produces important products and has industrial
applications.®®7! The driving force for the reaction is relief of ring strain in cyclic olefins
(e.g. norbornene or cyclopentene) and a wide variety of catalysts have been

discovered/developed.

ROMP is now a well-developed and highly versatile methodology that has a wide range
of application in synthesis and polymer chemistry.’?> 7> The main advantages of ROMP
polymerisation are the ease of synthesis of the ionic liquid-like monomers and functional
co-monomers, the functional group tolerance and stability of the catalyst, which
combined will enable a range of PlILs to be prepared directly. Moreover, it avoids the
need for post polymerisation modification, which is often required to prepare

polystyrene based PlILs.
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Figure 13 (a), (b) The first and second generation of Grubbs’ ruthenium metathesis catalysts; (c), (d) The
first and second generation of Hoveyda— Grubbs’ third-generation catalysts, respectively.

ROMP based polymerisation with 15t generation Grubbs’ catalyst (Figure 13 a) occurs via
cycloaddition between the ruthenium carbene and the double bond of the strained
bicyclic monomer to afford a metalocyclobutane intermediate (Scheme 9) which
subsequently ring opens to generate a new carbene that can react with another

equivalent of monomer; the reaction is driven by relief of steric strain.

R
- anu%\@/\/

Scheme 9 Cycloaddition reaction using 1st generation of Grubbs’ catalyst.
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Typically, in ROMP, the rate of initiation will be larger than the rate of propagation which
ensures that the polymer chain grows at a constant rate to afford a polymer with a very
narrow molecular weight distribution, i.e. all the polymer chains are of comparable
length. A measure of this is the polydispersity index (PDI), the proportion of the weight
average molecular weight to the number average molecular weight of a sample. The
ideal value for PDI will be 1 when the two averages are equal; PDIs < 1.1 are typical in
ROMP reactions when the Grubbs’ catalyst is used. Thus, the use of Grubbs’ catalyst for
ROMP will enable the length of polymer chains, microstructure, and ionic
microenvironment to be controlled simply by altering the concentration of catalyst and
the ratio of monomer to co-monomer. A further advantage of the use of ROMP to
prepare PIILs is that the monomers required can be prepared in a straightforward
manner using Lewis acid catalysed Diels-Alder cycloaddition between cyclopentadiene
and an appropriate enophile; the resulting adduct can then be further
modified/functionalised to afford a wide-range of IL.-based monomers and functional
co-monomers. For example, the Doherty group have prepared PlILs via ROMP of
pyrrolidinium-based monomer (Figure 14) using cyclooctene as a neutral co-

monomer.>1 >4

2
o)

N

Figure 14 The chemical structure of (pyrrolidinium- functionalised norbornene) monomer unit.

Pyrrolidinium monomer was designed to ensure high stability with the 2-methyl
substituent and N-benzyl group being chosen to avoid decomposition by a S-elimination

Hofmann pathway (Scheme 10).
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Scheme 10 Possible beta elimination pathway.

1.5 PIILP - Stabilized Metal Nanoparticles for Catalysis

The use of noble metal nanoparticles (NPs) for catalysis is a rapidly evolving and
potentially powerful and enabling technology with applications across a range of areas
including reduction and oxidation chemistry, carbon-carbon and carbon-heteroatom
bond formation and more recently biomass conversion. The activity and selectivity of a
NP catalyst is influenced by a number of factors including the size, the type of exposed
crystal faces, the interactions between the surface and the stabilising agent, as well as
the presence of modifiers.”*’” One of main problems facing the use of NPs for catalysis
is aggregation’® which in turn reduces the surface area and activity. This is because
smaller nanoparticles are less stable and more disposed to aggregation (Ostwald
ripening) by attractive Van der Waals forces. Early studies showed that ionic liquids
provided stabilisation of NPs, however, the large quantities required for catalysis, their
excessively high cost and loses that arise as a result of leaching are major issues that

limit their use in catalysis.”®8!

More recently styrene-based IL-like polymers have been
shown to stabilise transition metal NPs with respect to aggregation with the advantage
that they are not as expensive and do not leach.*® 8 Recently, alkyl ammonium ions
have been used to control the morphological growth of nanoparticles. In this regard, the
ability to control the shape and the size of the metal particles is an important factor in
optimising catalyst activity and selectivity, efficiently utilising the metal/maximising the
surface area.®3 Furthermore, mixtures of ionic polymer (IP) and IL have been shown to
stabilise palladium nanoparticles with respects to aggregation and interestingly the
palladium-NP-IP-IL combination was markedly more active than the corresponding NP-
IL system.®% 8 Again this discovery has been limited to polystyrene-based systems and
there appear to be no studies aimed at understanding how the microenvironment of the

polymer influences surface properties and interactions. If noble metal NP catalysts
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supported by ionic liquid-based polymers are to be utilised properly it will be necessary
to establish whether or not it is possible to stabilise the NPs with respect to aggregation
as well as control nanoparticle size, morphological growth, and size distribution through
the ionic microenvironment and/or the microstructure and porosity of the support
material and how these factors influence catalyst performance. These effects will need
to be investigated in a methodical and systematic manner in order to achieve
understandable and rational trends; this is unlikely to be achievable using polystyrene-
based systems due to the random nature of conventional radical-based polymerisation.
More controlled means of generating polystyrene systems such as RAFT polymerisation
are also not ideal due to the harsh reaction conditions that limit the polymer
functionality. In contrast, the mild conditions and well-behaved living nature of ROMP
will allow the polymer architecture to be systematically modified which may enable
property-function relationships to be developed. Interestingly, the addition of
heteroatom donors to ionic liquid stabilised NPs either in the form of an additive or as a
functional group attached to the ionic liquid has been shown to improve their lifetime
and modify their selectivity.®>®” The latter approach should improve retention of the
catalyst in the ionic liquid and thereby reduce leaching and facilitate recycling.”8!
However, there only a limited number of reports of the use of heteroatom-modified
ionic liquids for the stabilisation of NPs and as far as we are aware there have not been
any reports of the use of heteroatom donor modified PlILs for the stabilisation of NPs
for use in catalysis. To his end, the innovation and timeliness of this project lie in the use
of heteroatom decorated polymer immobilised ionic liquids to stabilise noble metal NPs
and developing an understanding of how the macromolecular architecture and
functionality control their size and morphology and thereby performance as catalysts
across a range of reactions. In addition to improving the lifetime and/or activity of NP
catalysts, heteroatom donors have also been shown to modify catalyst selectivity or
been crucial to achieving the desired reactivity and to this end, a recent perspective
discusses the influence of N- and O-heteroatom donors on the chemoselectivity of
hydrogenation.® For example, PANPs immobilised on an amine-decorated polymer
catalyse the hydrogenation of alkynes with high selectivity for the Z-alkene®® while resins
bearing amino groups cooperated with PdNPs to affect the highly selective
decomposition of formic acid to CO, and hydrogen, amine capped PtCoNPs selectively

catalyse the hydrogenation of the C=0 bond in a,f-unsaturated aldehydes®® and alkyl
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amine stabilised RuNPs are efficient highly stable recyclable catalysts for the
hydrogenation of arenes.®® Part of this project (Scheme 11) is about preparing
functionalised polymer immobilised ionic liquids by ROMP as well as free radical
polymerisation methods with the aim of exploring how the performance of the resulting
MNP@PIILP catalyst depends on the ionic microenvironment, functionality, porosity

and microstructure of the support.

MNP catalysts based on the PIILP are usually prepared in a similar method to
conventional heterogeneous metal catalysts by loading the supporting material with a
soluble metal salt followed by the metal reduction process either by hydrogenation
using hydrogen gas or by a reducing agent such as NaBHa4. One of the best advantages
of using PIILP is that stabilisation of NPs occurs via the IL charge which is part of the

synthetic polymer supporting material.®

Scheme 11 Preparation of PIILP-Stabilized Metal Nanoparticles.

In addition, the use of nanomaterial catalysts based on a supporting material has gained
widespread attention due to its unique dual properties which are the high efficiency and
the ease of catalyst separation in addition to the possibility of recycling the catalyst or

developing a continuous flow process.
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Although, the preparation of this type of catalyst can suffer from some negative effects
including difficulty reproducing the NPs size and shape of controlling. In addition to all
the previous, the preparation process is difficult and not environmentally friendly.
Mostly, the majority of the research in this area is to improve the MNP synthesis i.e. to
be more acceptable, more sustainable, as well as to identify industrial applications by
using minimal amounts of regents at mild conditions, for instance: the using of in-situ
version of PANPs supported on resin as a green catalyst in the hydrogenation reactions.®?
Using PIILP to stabilise the MNPs has significant advantages such as it could be
commercially available with low cost or easy to moderate preparation pathway, the
PIILP also has steric and electrostatic effects to immobilise the NPs, the high resistance

to the thermal, chemical and mechanical factors.
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Chapter 2. TUNGSTATE AND POLYOXOTUNGSTATE BASED-ROMP FOR
CATALYSED THE OXIDATION OF SULFIDES

2.1 Introduction

Catalytic oxidation reactions are important chemical reactions due to their wide
applications in industry for the synthesis of key intermediates and value-added
products.®® %4 For instance, sulfoxidations have attracted much attention recently due
to their valuable products (sulfoxide and sulfone) in the chemical industry and
pharmaceutical industry.®> Many studies showed the application of various types of
catalysts and reaction conditions to achieve sulfoxidation reactions, however, there are
a number of limitations associated with catalytic oxidations such as the harsh reaction
conditions, high cost, and the generation of undesirable products. From this point of
view, there is an urgent need to identify a selective catalyst which could lead the
reaction under mild conditions, for example using the ionic liquids as a solvent or to
stabilise the catalyst by immobilising to provide an ideal environment for improving the

sulfoxidation reaction production.®3 94 96

On the other hand, using hydrogen peroxide as the oxidant in the presence of catalyst
has attracted considerable attention since it is both economically and environmentally
friendly. In addition, a variety of organometallic catalytic system has been developed?*
as well as, catalytic systems based on transition metal such as tungsten®” molybdenum?®”
%, ruthenium?®, vanadium!®, and titanium have been explored in the sulfoxidation
reaction.'® Despite the fact of numerous advantages of using such catalysts, for
instance, the high stability and selectivity and the ease preparation process, unlikely
there are some disadvantages such as the isolation of the catalyst and its recovery,

recyclability properties.

The use of polyoxometalates (POMs) as a catalyst in oxidation reactions has received
considerable attention and it is the most investigated areas due to their special
framework, the a-Keggin structure which has metal-oxo cages.!?? Other considerable
advantages have been noticed in using this kind of catalyst which is the high oxidative
stability, in addition to the possibility of accessing to different simple structural types by
changing either the stoichiometry or the pH of the reaction during their synthesis.'% In
this regard, phosphotungstic acid (Hs3PW12040) is considered as one of the most common
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POMs and it is usually used as a catalyst, especially in hydrogen peroxide-based
oxidations. A group of various structures formed from the degradation of the
phosphotungstic acid during its interaction with the hydrogen peroxide and were
detected by phosphorus NMR. One of the most important structure is the Venturello
peroxoxometalate [PO4{WO(0,).}4]> which is identified and considered as the

catalytically active species (Scheme 1).104
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Scheme 1 The degradation of [PW12040]* using H20:to form [POs{WO(0:)2}4]*.

In addition to that, the choice of the cation can affect the catalytic properties, for
example, the epoxidation reaction of lipophilic alkenes in an aqueous H;0; by using
phosphotungstate-functionalised IL in an amphipathic IL solution mixture which consists
of ([Bpy]BF2 and [Dopy]BF4). The IL-based catalytic system shown high activity, and
efficient reusability.1® Several transition metals have also been applied in order to
increase activity and selectivity for sulfide oxidation.1% The tungstate anion WO42 has
been shown to form a very effective species for the catalytic oxidation of sulfides as well
as epoxidations of olefin (Scheme 2a)!%” and the oxidation of amines to nitrones

(Scheme 2b).108
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Scheme 2 (a) Epoxidations of olefins and (b) Oxidation of secondary-amines.

Due to the high activity and selectivity of tungstate and peroxoxometalate species, they
have widely applied as combined catalytic systems consist of the catalyst based on
catalytic active species and hydrogen peroxide.%%112 |n this sense, hydrogen peroxide is
considered to be a green and environmentally friendly, and economically oxidant as it is
highly efficient and cheap, it has a high content of active oxygen and water is the only
by-product. In 1998 Noyorois was first to use an aqueous solution Na,WQO4 and H,0; as
a homogeneous catalytic oxidation system.!3 Although, this catalyst is considered to be
a highly active and selective phase transfer catalyst,!'# it still suffers from some
drawbacks such as the difficulty of reuse and recycling. Hence the urgent need arose to

stabilise the tungstate species onto a solid supporting such as mesoporous material, >

116 117

silica,'® polymers,*” or magnetic nanoparticles.'® Regarding the previous point of
view, our project was to explore the possibility of loading the tungstate anion on a
ROMP-derived cationic polymer to afford [WO4]2@ROMP. The benefit from using ionic
liquids in the supporting material design is to increase the stability of a catalyst and
minimise tungstate anions leaching to the reaction solution or to the final product,*

120in addition to reducing the final product contamination with tungsten residues.'??

2.2 Synthesis of Styrene Based Monomer

The Doherty group have previously used pyrrolidinium-tagged norbornene 2.4 as an IL-
like monomer to prepare a PIILP support through ROMP (Scheme 3). The Diels-Alder
cycloaddition between methacrylonitrile and freshly cracked cyclopentadiene catalysed

by BCl; was conducted without solvent to give 2.1 as an 89:11 mixture of the exo- and
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endo- diastereoisomers, respectively, as indicated by the integrals of the 3H singlets
characteristic of methyl groups in the *H NMR spectrum of the adduct.'?? As is reported
in the literature the degree of diastereoselectivity is consistent with that observed in the

BCls-catalysed Diels-Alder reactions of methacrylonitrile.*?3

The major diastereocisomer was the endo-isomer in which the larger nitrile group is
pointing down from the norbornene ring as Schréder and co-workers suggested, which
they claimed was due to favourable secondary orbital interactions between the HOMO
of cyclopentadiene and the LUMO of methacrylonitrile. Due to the ease of pyrrolidinium
bromide production, it was selected as an initial functional ionic liquid monomer; in
addition, it is relatively straightforward to obtain different kind of counter anion by ion
exchange. The unwanted f-elimination would be prevented by the quantisation of the
pyrrolidine centre between the methyl group attached to the 2-position norbornene and
benzyl group. We believe that the major isomer is, in fact, the exo-diastereoisomer with
the nitrile group pointing up and away from the norbornene bicycle on the basis that
the linear nature of the nitrile group prevents efficient HOMO-LUMO overlap in the
endo-transition state. Referable to the larger nitrile group, which is coordinated to the
large Lewis acid catalyst, the exo-transition state would be more favourable
energetically due to the lower steric interaction as an outcome of looking away from the
cyclopentadiene ring. The corresponding methylamine adduct 2.2 was obtained in 60 %
yield by a reduction of 2.1 using lithium aluminium hydride. The base-mediated
intramolecular dialkylation of compound 2.2 with 1,4-dibromobutane gave the desired
pyrrolidine 2.3 in reasonable yield. This reaction was conducted under high dilution to
limit the formation of dimers by intermolecular alkylation. The next step was the
quaternisation of 2.3 with benzyl bromide in acetone to give the desired pyrrolidinium-
based monomer 2.4. Although, the synthesis of monomer 2.4 requires a linear four steps
procedure each product was isolated in sufficiently high purity that column

chromatography was not required (Scheme 3).
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Scheme 3 Synthesis of pyrrolidinium-based monomer 2.4.

These four synthesis steps to prepare monomer 2.4 are very simple in terms of cost
reduction, whilst there is no need to use column chromatography for purification.
Moreover, the synthetic approach described in (Scheme 3) is modular and highly
versatile in that it will enable the norbornene unit to be functionalised through a
judicious choice of dienophile used in the Diels-Alder reaction. On the other hand, the
alkylation step could also be used to modify the architecture by altering the chain of
dialkylbromide length or type. In addition to the possibility of produce a set of the lonic
Liquid library. The stereochemistry of monomer 2.4 was highly recommended to be
endo-selective, due to the favourable interactions between secondary orbital (HOMO)
of cyclopentadiene and (LUMO) of methacrylonitrile through the transition state
formation reaction.'?? Despite this there are several reports that claim that the major
product is the exo-diastereiomer.1??

And because of all the above, it was necessary to undertake a single crystal X-ray
structure determination of 2.4 (Figure 1) to determine precisely and unequivocally the
stereochemistry of the final adduct; this is clear, the exo-isomer. The X-ray analysis was

undertaken by Jack Ellison who was a member of the Doherty research group.
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C11

Figure 1 X-ray structure of 2.4 confirm the major stereoisomers is exo-isomer.!

Monomer 2.4 was obtained in quite a good yield in each step of the synthesis, the minor
product percentage was approximately 11% (determined by 'H NMR), and as the major
product in 2.4 was exo-isomer, it could be assumed that the same isomer would be the
major productin 2.1. As the nitrile group of methacrylonitrile is linear this would prevent
the sufficient orbital overlapping between the (HOMO) and (LUMO) in the endo-
transition state formation, therefore the thermodynamic drive to form the endo-isomer

is sufficiently suppressed to favour formation of the exo-isomer as the major product.!

2.3 Ring-Opening Polymerisation

Ring-opening metathesis polymerisation of monomer 2.4 with cis-cyclooctene afforded
the target pyrrolidinium-based co-polymer 2.5 and afforded 2.6 when the cis-
cyclooctene was replaced with dicyclopentadiene; both polymerisations were catalysed

by the st generation Grubbs catalyst (Scheme 4).
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Scheme 4 Synthesis of target pyrrolidinium-based polymers 2.5 and 2.6.

The reason behind using 2.4 co-monomer is the charged nature which would prevent
the homo-polymerisation, so the producing of the undesirable soluble product would
be also prevented, and this is what the study requires production an insoluble
supporting material. In this study, two kinds of strained olefins were used as co-
monomers in order to explore two different polymers, one has a linear alkyl spacer and
another one has a cyclic alkyl spacer. In Ring-Opening Metathesis Polymerisation of 2.4
either with cis-cyclooctene or with dicyclopentadiene is catalysed by Grubbs 1%t
generation catalyst then followed by ruthenium end group removal from the chains of
the polymer. We have chosen Grubbs 15t generation catalyst instead of the Grubbs 2"
generation to catalyse the ROMP due to its high activity towards the formation of linear
polymers. An overnight polymerisation was carried out under mild conditions, the
temperature was 40 °C in chloroform, followed by ethyl vinyl ether addition to quench

and remove the active ruthenium carbene species from the chain.

Extraction with an agueous solution of tris(hydroxymethyl)phosphine was employed to
remove the cleaved ruthenium carbene. The endo-isomer form is less active with a
different type of catalysts through the ROMP reaction.?*128 |n this scene, some activity
differences appeared as result of some steric effects of the reacting endo- form which

could occur via one of three different modes (Figure 2).
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Figure 2 Three different modes of catalyst intermediates.

The rate-determining step of the ROMP reaction is metallacyclobutane ring formation.
In this regard, (Figure 2A) also showed the protons steric interaction which may occur
between the two protons the one on the newly formed sp3 centre and a methylene
proton of the ionic liquid group.'?®: 130 In the propagating step of ROMP, the propagated
centre will coordinate with one of the favour places which is available on the site of
cyclopentadiene terminal unit. While in (Figure 2B) the unfavourable interaction may
occur between the polymer chain and the endo- group of the approaching substituted
monomer.12® Further deactivation affect the endo-isomer can happen during the chelate
interactions where the ionic liquid species coordinates to the metal either during the
initial metallocyclobutane intermediate ring opening or by the monomer approach as is
shown in (Figure 2C).1?% 131 From all mechanistic aspects that described previously, it can
be assumed that the minor product (endo-form) of 2.4 monomer will be polymerised at
areduced rate in comparing with the exo-form producing, and as a result the percentage
of the polymer produced from the endo-form would be negligible. However, due to the
complexity of the *H and 3C NMR polymer spectra, the determination of the exo/endo
ratio would be complicated.

Pederson and co-workers have reported that the addition of ethyl vinyl ether quenched
the polymerisation reaction, and the catalyst can be removed by extraction with an
aqueous solution of tris(hydroxymethyl)phosphine. ICP-OES analysis showed that the
content of ruthenium in the polymer was less than 0.001 wt % which was considered as
evidence of the effectiveness of this protocol.! In spite of the efficiency of this method

for the removal of the chain end ruthenium from the polymer other polymers produced
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during the development of PIILP are likely to have different solubility, as evidenced by
the water solubility of the imidazolium-based polymer developed by Dyson and co-
workers; as such alternative methods of removing the Grubbs catalyst which does not

employ an aqueous workup may well be required.?

2.4 Immobilisation of Tungstate and Polyoxotungstate Species

The heterogeneous tungstate-based catalyst 2.7 and 2.8 (Scheme 5) were prepared by
stoichiometric exchange of the bromide anion with [WO4]?; in both cases the catalyst
precipitated as an off-white solid after the addition of an aqueous solution of sodium
tungstate dihydrate to an ethanol suspension of polymer 2.5 or 2.6; the product was

isolated by filtration, washed with diethyl ether and dried to give an off-white powder.

ROMP ROMP-WO,
R1* P R1%:
N ; R
2.5 : 2.7
E R2*: E E R2*:
2.6 2.8

....................................................................

Scheme 5 Synthesis of the heterogeneous tungstate-based catalyst 2.7 and 2.8.

Another type of catalyst was prepared by using the Keggin phosphotungstic acid where
the anion [PW12040]3 formed and exchange with the bromide anions. Many studies refer
to the Venturello peroxometalate as the active species for catalytic oxidations, however,
there are reports that it suffers from decomposition in presence of H,0,in the reaction
media. For the purposes of overcoming this drawback, our group has worked on
developing new catalyst system by immobilising [PW12040]3 on the PIIL and generating
the active Venturello peroxometalate [POs{WO(02):}a]*" in-situ by treatment with
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hydrogen peroxide immediately prior to addition of the substrate. Thus, pre-catalyst 2.9
was prepared by dissolving phosphotungstic acid in the minimum amount of water and
stirring for half an hour at room temperature before transferring it to a solution of 2.5
in ethanol to afford 2.9 as an off-white solid which was isolated by filtration and dried

under high vacuum (Scheme 6).1
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Scheme 6 Synthesis of the heterogeneous phosphotungstic acid -based pre-catalyst 2.9.

The proposed mechanism for sulfoxidation catalysed by 2.9 is shown in (Scheme 7)%32
and involves three major steps, the first is rate determining attack of sulfide at the
tungsten activated peroxo in [POs{WO(02)2}a]> @PIILP to afford Il, the second is oxygen
atom transfer to generate oxo-tungsten Ill via dissociation of sulfoxide and the third step
regenerates the catalyst, between steps two and three there is a minor step based on
conversion of sulfoxide to sulfone in presence of hydrogen peroxide. In this regard, the
factors which could influence the catalyst efficiency would be possible to control via the
accessibility of active site through immobilising the active species over the poly-ionic

liquid, and this supporting material could be functionalised with a specific cross-linker.
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Scheme 7 The proposed mechanism of sulfoxidation reaction by WO1@ROMPyx, PW12040@ROMP: as

catalysts.
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2.5 Experimental Studies on Optimisation of Sulfide Oxidation System Process
Parameters

In recent years there has been a growing interest in the oxidation of sulfides to give the
corresponding sulfoxide and sulfone, stimulated by applications as useful intermediates
in several different transformations used in the pharmaceutical, agrochemical and fine
chemicals industries!33-13% as well as the synthesis of asymmetric chiral auxiliaries.'34 137
138 |n this regard, the hydrogen peroxide-mediated oxidation of a range of sulfides has
previously been catalysed by tungstate species immobilised on IL-modified silica
materials, poly-ionic liquid as well as embedded in meso-channels of SBA-15 and as such
this reaction was deemed to be an ideal candidate with which to evaluate our new
catalysts.!®™> Our group previous work were included using the Venturello
peroxometalate catalytic active species anions which were preformed then supported
on ROMP as [POs{WO(02)2}a]>* @ROMPY >4, however, this project works on a
comparative study with an in-situ generation version of Venturello peroxometalate from

PW1,040@ROMP; (2.9), in addition to the new catalysts WO4s@ROMP (2.7, 2.8) (Figure

3).
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Figure 3 Tungstate and Polyoxotungstate Based-ROMP for the Catalytic Oxidation of Sulfides.
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Thioanisole was selected for initial investigation due to its high boiling point and the
distinct singlet in its *H NMR spectrum; this corresponds to the methyl group attached
to sulfur and shifts downfield upon successive oxidation. This makes it possible to
analyse reaction mixtures and quantify both conversion and selectivity using *H NMR

spectroscopy based on an average of two runs (Figure 4).
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Figure 4 Stacked 'H NMR spectra between thioanisole (purple) and sulfoxidation of thioanisole reaction
mixture (navy).

The oxidation of thioanisole was conducted and the influence of hydrogen peroxide to
substrate ratio and the reaction time and temperature were systematically investigated

(Scheme 8).
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Scheme 8 Typical oxidation of thioanisole with H20: catalysed by our prepared catalysts.

As sulfoxides and sulfones are both useful classes of compound, the conversion-
selectivity profile was also monitored as a function of time and temperatures in
methanol and acetonitrile using a catalyst loading of 0.3 mol % and a peroxide to
substrate ratio of 2.5 with the aim of identifying optimum conditions for the formation

of either methyl phenyl sulfoxide or sulfone.

0 AN
s WL R A
H,0, . Hy0,
Sulfide Sulfoxide Sulfone

Scheme 9 Typical reaction equation illustrating the two-oxidation steps of thioanisole with H2O..

The first oxidation to convert sulfide to sulfoxide is followed by the second oxidation to
form sulfone. The objective of this project was to develop a robust catalyst that was

selective for either product and to undertake comparative catalyst testing (Scheme 9).
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Sulfoxidations were carried out in two different solvents (methanol or acetonitrile) at a

range of different temperatures starting from room temperature to 45 °C.
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Figure 5 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole

catalysed by WO4s@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL methanol; 2.5 mmol of 35 % H202; 15
min; conversion measured by 1H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide

+ % sulfone) ].

Table 1 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole in

methanol catalysed by WO4@ROMP; (average of two runs).

Temp. | %Conversion %Sulfoxide %Sulfone
°C Selectivity Selectivity
20 100.0 56.5 43.5
25 100.0 54.5 455
30 100.0 47.0 53.0
35 100.0 44.5 55.5
45 100.0 40.5 59.5
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Figure 6 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole
catalysed by WO4@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL acetonitrile; 2.5 mmol of 35 % H20z; 15
min; conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide
+ % sulfone) ].

Table 2 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole in
acetonitrile catalysed by WO.@ROMP; (average of two runs).

Temp. | %Conversion %Sulfoxide %Sulfone
°C Selectivity Selectivity
20 54.5 87.1 12.9
25 81.0 87.0 13.0
30 86.5 83.2 17.4
35 92.0 78.2 21.8
45 96.0 65.3 34.7

The reaction is rapid and reaches completion when methanol is used as a solvent,
whereas in acetonitrile the conversion gradually increases from 54.5 % at room
temperature to 95 % at 45 °C. Varying the reaction temperature revealed that for both
solvents the optimum selectivity for sulfoxide was obtained at 25 °C for a reaction time
of 15 min. Moreover, selectivity for sulfoxide decreases as the temperature increases
due to a second oxidation to sulfone. In this regard, selectivity for sulfone reached the
maximum at 45 °C in methanol and at 30 °C in acetonitrile, details of which are shown

in (Figures 5, and 6).
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Figure 7 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole

catalysed by PW12020@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL methanol; 2.5 mmol of 35 % H202; 15
min; conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide

+ % sulfone) ].

Table 3 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole in
methanol catalysed by PW1,0.,0@ROMP;: (average of two runs).

Temp. | %Conversion %Sulfoxide %Sulfone
°C Selectivity Selectivity
20 100.0 98.0 2.0
25 100.0 97.5 2.5
30 100.0 96.5 3.5
35 97.0 97.9 2.1
45 98.5 96.5 3.5
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Figure 8 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole
catalysed by PW12020@ROMP1;

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL acetonitrile; 2.5 mmol of 35 % H20z; 15
min; conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide
+ % sulfone) ].

Table 4 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole in
acetonitrile catalysed by PW1,040@ROMP; (average of two runs).

Temp. | %Conversion %Sulfoxide %Sulfone
°C Selectivity Selectivity
20 100.0 99.0 1.0
25 100.0 94.0 6.1
30 100.0 94.5 5.8
35 84.0 96.0 4.4
45 81.5 95.1 5.1
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Figure 9 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole

catalysed by WO4@ROMP:.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL methanol; 2.5 mmol of 35 % H202; 15
min; conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide

+ % sulfone) ].

Table 5 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole in
methanol catalysed by WO4@ROMP: (average of two runs).

Temp. | %Conversion %Sulfoxide %Sulfone
°C Selectivity Selectivity
20 100.0 94.0 6.0
25 100.0 92.0 8.0
30 85.5 90.7 9.3
35 81.5 94.5 7.3
45 72.0 96.5 3.5
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Figure 10 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole
catalysed by WO4@ROMP:.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL acetonitrile; 2.5 mmol of 35 % H202; 15

min; conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide
+ % sulfone) ].

Table 6 The Influence of temperature on conversion and selectivity for the oxidation of thioanisole in
acetonitrile catalysed by WO1@ROMP; (average of two runs).

Temp. | %Conversion %Sulfoxide %Sulfone
°C Selectivity Selectivity
20 100.0 93.0 7.0
25 100.0 96.0 4.0
30 97.5 93.9 6.1
35 74.5 97.9 2.1
45 67.0 97.1 2.9

From all the temperature profiles of the reactions which are catalysed by
PW12040@ROMP10r WO4@ROMP; (Figure 7, 8,9, and 10), both reactions reached 100%
at room temperature and the selectivity also reached a maximum and stayed on the

same level in methanol while it is slightly decreased in acetonitrile.
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2.5.2 Time Optimisation Studies

The composition as a function of time shown using WO4s@ROMP; in (Figure 11) reveals
that there is a dramatic decrease in selectivity from 94 % -22 % over 60 mins. For
reactions conducted in methanol whereas there is only a slight drop in selectivity from

98 % - 81 % over the same time in acetonitrile.
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Figure 11 The influence of reaction time on the conversion of (sulfide, sulfoxide, and sulfone) in the
oxidation of thioanisole catalysed by WO+@ROMP:.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL solvent; 2.5 mmol of 35 % H>0z; rt;

conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide +
% sulfone) ].
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Gratifyingly, complete conversion and high selectivity for sulfoxide were obtained in
both methanol and acetonitrile after only 15 min with catalyst generated from
PW1,040@ROMP; (Figure 12); however, selectivity dropped at longer reaction times due

to the formation of increasing amounts of sulfone.
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Figure 12 The Influence of reaction time on the conversion of (sulfide, sulfoxide, and sulfone) in the
oxidation of thioanisole catalysed by PW12020@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL solvent; 2.5 mmol of 35 % H>0z; rt;

conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide +
% sulfone) |.
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Similarly, WO4@ROMP;, gave complete conversion and high sulfoxide selectivity (Figure

13) in both methanol and acetonitrile up to 93 % after 15 min, and while the selectivities

decreased at longer reaction times, this decrease was more dramatic in methanol.
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Figure 13 The Influence of reaction time on the conversion of (sulfide, sulfoxide, and sulfone) in the
oxidation of thioanisole catalysed by WO+@ROMP:.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL solvent; 2.5 mmol of 35 % H>0z; rt;
conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide +

% sulfone) |.
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2.5.3 Hydrogen Peroxide Concentration Optimisation Studies

Initially, the effect of hydrogen peroxide on the selectivity of sulfoxidation was examined
in both solvents (methanol and acetonitrile) by using 0.3 mol % of ROMP-based catalysts
(WO2@R0OMP1(2.7), WO4s@ROMP;(2.8), PW1,040@ROMP; (2.9)) at room temperature
and 15 minutes.

The behaviour of the reaction in terms of selectivity and effectiveness was different
between methanol and acetonitrile when WOs@ROMP1 was used as a catalyst. A series
of batch reactions were first conducted to explore the effect of the H,0,: substrate ratio
on selectivity in methanol and acetonitrile, details of which are shown in (Figures 14,
and 15). In methanol, the best compromise of sulfoxide selectivity 57 % and conversion
100 % was achieved using a 0.3 mol % loading of WO4@ROMP; with a H20;: S mole ratio
of 2.5. In contrast, in acetonitrile, the highest sulfoxide selectivity of 87 % for the
oxidation of thioanisole was obtained at 55 % conversion. Although, higher sulfoxide

selectivities were obtained at lower H,03: S ratios, conversions were too low to be

practical.
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Figure 14 The Influence of hydrogen peroxide mole ratio on conversion and for the oxidation of thioanisole
catalysed by WO4@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL methanol; rt; 15 min; conversion
measured by *H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide + % sulfone) ].
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Table 7 The Influence of hydrogen peroxide mole ratio on conversion and selectivity for the oxidation of
thioanisole in methanol catalysed by WO4s@ROMP: (average of two runs).

H202 | %Conversion %Sulfoxide %Sulfone
eq. Selectivity Selectivity
0 0.0 0.0 0.0
1 70.5 85.0 15.0
2 94.5 66.7 33.3
2.5 100.0 56.5 435
3 100.0 55.0 45.0
5 100.0 45.0 55.0
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Figure 15 The Influence of hydrogen peroxide mole ratio on conversion and for the oxidation of thioanisole

catalysed by WO4s@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL acetonitrile; rt; 15 min; conversion
measured by *H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide + % sulfone) ].

Table 8 The Influence of hydrogen peroxide mole ratio on conversion and selectivity for the oxidation of
thioanisole in acetonitrile catalysed by WO4s@ROMP: (average of two runs).

H202 | %Conversion %Sulfoxide %Sulfone
eq. Selectivity Selectivity
0 0.0 0.0 0.0
1 22.5 95.5 4.5
2 40.5 90.2 9.8
2.5 54.5 87.1 12.9
3 85.5 66.8 32.2
5 100.0 30.5 69.5
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Figure 16 The Influence of hydrogen peroxide mole ratio on conversion and for the oxidation of thioanisole
catalysed by PW12020@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL methanol; rt; 15 min; conversion
measured by *H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide + % sulfone) ].

Table 9 The Influence of hydrogen peroxide mole ratio on conversion and selectivity for the oxidation of
thioanisole in methanol catalysed by PW12040@ROMP; (average of two runs).

H202 | %Conversion %Sulfoxide %Sulfone
eq. Selectivity Selectivity
0 0.0 0.0 0.0
1 62.0 98.4 1.6
2 100.0 99.0 1.0
2.5 100.0 98.0 2.0
100.0 96.0 4.0
5 100.0 97.0 3.0
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Figure 17 The Influence of hydrogen peroxide mole ratio on conversion and for the oxidation of thioanisole
catalysed by PW12020@ROMP;.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL acetonitrile; rt; 15 min; conversion
measured by *H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide + % sulfone) ].

Table 10 The Influence of hydrogen peroxide mole ratio on conversion and selectivity for the oxidation of
thioanisole in acetonitrile catalysed by PW12040@ROMP; (average of two runs).

H202 | %Conversion %Sulfoxide %Sulfone

eq. Selectivity Selectivity
0 0.0 0.0 0.0
1 59.0 98.3 1.7
2 100.0 99.0 1.0
2.5 100.0 99.0 1.0
3 100.0 96.0 4.0
5 100.0 99.0 1.0

The results are shown in (Figures 16, and 17) reveals that complete conversion and a

sulfoxide selectivity of 99 % can be achieved with PW1,020@ROMP; and two equivalents

of hydrogen peroxide. Moreover, high sulfoxide selectivity is retained in both solvents

even when the H,0;: S ratio is increased to five.

Page | 55



Chapter 2.

MeOH

100 - $ '} g 9

80 -
§ ¢
5960-
c
S 40 -
[J]
o Py

20 -

0* f ; L T T 1

0 1 2 3 4

@ Conversion

Equivalent of H,0,

¢ Sulfoxide Selectivity

A Sulfone Selectivity

Figure 18 The Influence of hydrogen peroxide mole ratio on conversion and for the oxidation of thioanisole

catalysed by WO4@ROMP:.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL methanol; rt; 15 min; conversion
measured by *H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide + % sulfone) ].

Table 11 The Influence of hydrogen peroxide mole ratio on conversion and selectivity for the oxidation of
thioanisole in methanol catalysed by WO4@ROMP: (average of two runs).

H2,02 | %Conversion %Sulfoxide %Sulfone
eq. Selectivity Selectivity
0 0.0 0.0 0.0
1 100.0 96.0 4.0
2 100.0 97.0 3.0
2.5 100.0 94.0 6.0
3 100.0 73.5 26.5
5 100.0 64.0 36.0
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Figure 19 The Influence of hydrogen peroxide mole ratio on conversion and for the oxidation of thioanisole
catalysed by WO4@ROMP:.

Reaction conditions: 0.3 mol % catalyst; 1 mmol thioanisole; 3 mL acetonitrile; rt; 15 min; conversion
measured by 1H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide + % sulfone) ].

Table 12 The Influence of hydrogen peroxide mole ratio on conversion and selectivity for the oxidation of
thioanisole in acetonitrile catalysed by WO4@ROMP: (average of two runs).

H2,02 | %Conversion %Sulfoxide %Sulfone
eq. Selectivity Selectivity
0 0.0 0.0 0.0
1 95.0 95.3 4.7
2 100.0 96.0 4.0
2.5 100.0 93.0 7.0
100.0 75.0 25.0
5 100.0 80.0 20.0

Under the same conditions the sulfoxidation of thioanisole catalysed by WO:@ROMP;
reached complete conversion with 96 % selectivity for sulfoxide after 15 min with two
equivalents of hydrogen peroxide, however, this decreased slightly to 75 % and 80 %
with three and five equivalents, respectively, in the same time. For comparison, while
the WO4@ROMP; catalysed the oxidation of thioanisole reached completion with 2.5
equivalents of hydrogen peroxide in methanol, five equivalents of hydrogen peroxide
were required for complete consumption of sulfide in acetonitrile, however, in both
cases the sulfoxide selectivity was at best moderate (Tables 7 and 8). Regarding this, the
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first oxidation reaction rate to convert sulfide to sulfoxide is faster than the second
oxidation reaction rate to form sulfone from sulfoxide with both catalysts

(PW12020@ROMP1, WO1s@ROMP;) in both solvents (Scheme 8).

Earlier work undertaken in the Doherty group reported that immobilisation of the pre-
formed active species, [POs{WO(02):}a]*, on ROMP materials gives good vyields and
selectivity for the sulfoxidation of thioanisole to methyl phenyl sulfoxide. In MeOH
(conversion 90 % and selectivity 88 %) is achievable at 0.5 mol %, however, the catalyst
does not perform well in MeCN (68 % conversion and 65 % selectivity)>*. For
comparison, this work demonstrates that immobilisation of the polyoxometallate
precursor, [PW12040]%, and generating [POs{WO(02):}4]*> in-situ allows the sulfoxide
products to be obtained in 99% selectivity at full conversion at catalyst loadings as low
as 0.3 mol %. Furthermore, the catalyst also operates efficiently even on lowering the
molar equivalents of the H,0; oxidant to 2:1 with the substrate. On the other hand, if
we compare our work with others where the tungstate or peroxotungstate anions are
immobilised on modified silica containing IL'> or IL containing brushes!*® or Keggin
heteropolycompounds#9, higher catalyst loadings, longer reaction times and/or higher

temperatures were required to achieve similar performance.

As sulfones are also a useful class of compound, there is interest in generating these
products in high yield and selectivity; this can be achieved either by increasing the mole
ratio of hydrogen peroxide and/or raising the temperature and increasing the reaction
time. A blank experiment conducted without catalyst gave no conversion under the
same conditions and sulfide was recovered in quantitative yield; this clearly shows that
either tungstate of phosphotungstate is required to achieve sulfide oxidation. Another
blank experiment was run in order to investigate the effectiveness of the catalyst active
species (WO42, PW1,040°3), the oxidation reaction was conducted in the absence of the
tungstate anion to determine its role in the catalytic system. ROMP; used to catalyse
the reaction and the results were only a minor amount of sulfoxide (15 %) were
observed when the reaction solvent was MeCN/water and (16 %) when the reaction was
conducted in methanol at 30 °C; this indicates that the tungstate anion is required to

catalyse sulfide oxidation.
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From the above optimisation studies, we have chosen a catalyst loading of 0.3 mol %,
room temperature and a substrate: hydrogen peroxide ratio of 2.5 to undertake

substrate screening in methanol and acetonitrile.

2.5.4 Sulfide Substrate Screening Studies

Due to the encouraging optimisation results for the sulfoxidation of thioanisole
particularly with WO4@ROMP; the oxidation of a range of alkyl and aryl alkyl sulfides
was investigated under the optimum conditions described above. Gratifyingly, (Table
13) showing different range conversions and selectivity, which were obtained across the
range of the examined substrates. The oxidation of allyl phenyl sulfide is less selective
than the corresponding oxidation of homo allyl phenyl sulfide as the latter is more
chemoselective towards sulfoxide 91 %. The moderate conversion of 74 % obtained for
the WO4@ROMP; catalysed sulfoxidation of dibenzothiophene (DBT) at 60 °C for 60 min
(in methanol) is entirely consistent with the proposed electrophilic pathway due to the
lower nucleophilicity of this substrate as well as previous reports that the rate of

oxidation increases with increasing nucleophilicity of the sulfide.'4!

For comparison, there was no conversion of DBT in acetonitrile under the same
conditions which may be due to the poor solubility of the substrate in acetonitrile. There
is an obvious decrease in conversion with 4-nitrothioanisole (in acetonitrile) which may
be caused by the strong electron withdrawing nitro group. In contrast, a conversion of
98 % was obtained in methanol.!'> 142143 The results in (Table 13), clearly show that
higher conversions were obtained in methanol (74 - 100 %) compared with acetonitrile

(0 - 100 %).
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Table 13 The sulfoxidation of sulfides to sulfoxides and sulfones with hydrogen peroxide catalysed by

WO4s@ROMP;
Entry Substrate Solvent | %Conv.” | %Sulfoxide | %Sulfone | Sulfoxide Sulfone
b b Selectivity™ | Selectivity®

c d
1 S CHsCN 76 65 11 86 14
©/ CHsOH 98 54 44 66 44

2 S CHsCN 67 60 7 90 10
©/ CHsOH 98 54 44 55 45

3 S CHsCN 93 64 29 67 33
©/ CHsOH 92 69 23 75 25

4 S CHsCN 29 26 3 90 10
/©/ CHsOH 98 30 68 31 69

O,N

5 S CHsCN 0 0 0 0 0
f CHsOH 74 27 47 36 64

6 S~~~ | CHsCN 57 52 5 91 09
©/ CHsOH 97 59 38 61 39

7 S~_-Ph CHsCN 70 61 9 87 13
©/ CHsOH 98 62 36 63 37

8 >r5\ CHsCN 100 82 18 82 18
CHsOH 100 73 27 73 27

9Reaction conditions: 0.3 mol % catalyst; 1 mmol substrate; 3 mL solvent; 2.5 mmol of 35 % H>0; ((3 mL)
CHsCN, 45 min) or ((3 mL) MeOH, 15 min) at rt.

bDetermined by 'H NMR spectroscopy (average of two runs).

¢ Sulfoxide selectivity = [ % sulfoxide / (% sulfoxide + % sulfone) ] x 100 %.

4 Sulfone selectivity = [ % sulfone / (% sulfoixde + % sulfone) ] x 100 %.

fReaction conditions: 0.3 mol % catalyst; 1 mmol substrate; 3 mL solvent; 2.5 mmol of 35 % H20; 60 °C,

60 min.

2.5.5 Recycle Studies

A series of recycling experiments were conducted using thioanisole to establish the

efficacy of the catalyst as a function of its reuse. In a typical recycle experiment, when

the reaction was completed, the catalyst was removed and isolated by centrifuge,

washed with diethyl ether and reused again for another cycle by charging the reaction

flask with more solvent and substrate.

The results in (Table 14) shown a dramatic reducing in the catalyst performance after

the second cycle in terms of the percentages of conversion and the selectivity towards

sulfone which may attribute to the high solubility of the WO4@ROMP;in methanol.
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Table 14 Comparative recycle studies for the sulfoxidation of thioanisole in methanol catalysed by
WOs@ROMP;.

Run %Conversion % Sulfone Selectivity
1 100 90
2 65 18
3 42 2
4 16 0

Reaction conditions: 0.9 mol % catalyst; 3 mmol substrate; 9 mL methanol; 7.5 mmol of 35 % H20z; rt; 45
min; conversion measured by *H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide
+ % sulfone) ].

While, in acetonitrile (Table 15), the results did not show any significant decrease in the
performance of the catalyst after six cycles in terms of the percentages of conversion
and selectivity towards sulfoxide which may indicate that the tungstate active species is

effectively stabilised on the ROMP.

Table 15 Comparative recycle studies for the sulfoxidation of thioanisole in acetonitrile catalysed by
WOs@ROMP;.

Run %Conversion %Sulfoxide Selectivity
1 77 77
2 73 86
3 79 85
4 81 84
5 84 86
6 81 90
7 13 92
8 20 95

Reaction conditions: 0.9 mol % catalyst; 3 mmol substrate; 9 mL acetonitrile; 7.5 mmol of 35 % H>0z; rt;
60 min; conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (%
sulfoxide + % sulfone) ].

For comparison, the results of recycling experiments in acetonitrile and in methanol are
shown in (Tables 14 and 15), the sulfoxide selectivity of thioanisole in acetonitrile
increased from 77 — 95 % as a function of recycling while conversions decreased from
77 — 20 % after the 8" run (Table 15). In contrast, the catalyst recycled only very poorly
in methanol as conversion and selectivity dropped quite dramatically after the first run

(Table 14). We believe that the rapid drop in conversion for recycling sulfoxidations
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reactions conducted in methanol is due to solubilisation and leaching of the tungstate

during the catalyst recovery stage.

Table 16 Comparative recycle studies for the sulfoxidation of thioanisole in methanol catalysed by
PW12020@ROMP;.

Run %Conversion %Sulfoxide Selectivity
1 100 98
2 89 82
3 37 78
4 17 94
5 21 100
6 20 100

Reaction conditions: 0.9 mol % catalyst; 3 mmol substrate; 9 mL methanol; 7.5 mmol of 35 % H20z; rt; 15
min; conversion measured by *H NMR (average of two runs); product selectivity = [ % product / ( % sulfoxide
+ % sulfone ) ].

Table 17 Comparative recycle studies for the sulfoxidation of thioanisole in acetonitrile catalysed by
PW12020@ROMP;.

Run %Conversion %Sulfoxide Selectivity
1 100 99
2 100 91
3 97 65
4 36 97
5 9 100
6 6 100

Reaction conditions: 0.9 mol % catalyst; 3 mmol substrate; 9 mL acetonitrile; 7.5 mmol of 35 % H20; rt;
15 min; conversion measured by 'H NMR (average of two runs); product selectivity = [ % product / (%
sulfoxide + % sulfone) ].

In comparison, recycle studies conducted under the same conditions with
PW1,040@ROMP; resulted in a dramatic drop in conversion after the third recycle for
reactions in both methanol and acetonitrile (Tables 16 and 17) conversion is dropped

really quickly after third recycle.
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Table 19 Comparative recycle studies for the sulfoxidation of thioanisole in methanol catalysed by
WOs@ROMP:.

Run %Conversion %Sulfoxide Selectivity
1 100 96
2 97 99
3 91 97
4 88 98
5 81 100
6 82 100

Reaction conditions: 0.9 mol % catalyst; 3 mmol substrate; 9 mL methanol; 2.5 mmol of 35 % H:0;; rt; 15
min; conversion measured by *H NMR (average of two runs); product selectivity = [ % product / (% sulfoxide
+ % sulfone) ].

The results of recycling sulfoxidation experiments conducted with WO4s@ROMP; in
methanol and acetonitrile are shown in (Tables 18 and 19) and surprisingly conversions
dropped only very slowly in methanol over six runs 100 — 82 % and the selectivity
remained high 96 — 100 %. On the other hand, conversions dropped quite dramatically
after the 4™ run for recycling reactions conducted in acetonitrile; this is in stark contrast
to the corresponding recycle studies catalysed by WO4s@ROMP1 which gave poor

conversions even after the second run in methanol.

Table 18 Comparative recycle studies for the sulfoxidation of thioanisole in acetonitrile catalysed by
WOs@ROMP>.

Run %Conversion %Sulfoxide Selectivity
1 100 92
2 83 88
3 81 89
4 79 92
5 23 96
6 21 90

Reaction conditions: 0.9 mol % catalyst; 3 mmol substrate; 9 mL acetonitrile; 2.5 mmol of 35 % H>0; rt;
15 min; conversion measured by H NMR (average of two runs); product selectivity = [ % product / (%
sulfoxide + % sulfone) ].

Our preliminary evaluation and optimisation studies have shown that high selectivity for
sulfoxide can be obtained through a judicious choice of solvent and reaction conditions,
Moreover, recycle studies have shown that ROMP;is an effective support for tungstate-

derived catalysts, for sulfoxidation in methanol.
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Our catalysts have outperformed many of the heterogeneous systems published in
literature especially regarding reaction conditions that are considered as mild
conditions. For example, sulfoxidation reactions catalysed by peroxotungstate (VI)
catalysts based on poly(acrylonitrile) [W(0)2(02)(CN)2]-PAN (PANW) were conducted in
aqueous media at room temperature for 35 min in methanol using 2 mole ratio of 30 %
H20,. The authors report 72 % sulfoxide yield and 49 % with 1 molar equivalent, while
when replacing methanol with acetonitrile, the reaction was slower, as more time was

required to reach 67 % (45 minutes).'4?

2.6 Characterisations Methods

2.6.1 Elemental Analysis (CHN)

Table 19 CHN analysis of the prepared materials.

Entry Sample %C %H %N
1 ROMP1 62.69 8.31 2.61
62.75 8.41 2.67

2 WO4@ROMP1 49.36 6.78 2.15
49.44 6.90 2.23

3 PW12040@ROM P1 33.18 4.61 1.31
33.27 4.70 1.37

4 ROMP2 71.56 8.81 1.91
71.43 8.88 1.97

5 WO4@ ROMP2 66.05 8.09 1.88

2.6.2 BET Surface Area Analysis

As the performance of the catalysts would be affected by the morphology and/or the
porosity of the catalyst the Brunauer-Emmett-Teller (BET) method was used to measure
the specific surface area from the adsorption curve and pore size distribution was
measured by Barrett-Joyner-Halenda (BJH) method using the desorption curve. All

samples were degassed at 90 °C for 30 hours prior to analysis.
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Figure 20 (a) Nitrogen adsorption—desorption isotherm profile, (b) Pore size distributions profile of ROMP:.

The nitrogen adsorption varied considering the size and the shape of the anions and the
structure of the ROMP, therefore, the pore size distribution would be varied also
depending on the cations species size. In this regard, the nitrogen gas adsorption
measurements would be detected the type of isotherm and the pore size which depends
on the pore diameter where the micropores (pore diameter; < 2 nm), the mesopores
(pore diameter; 2 ~ 50 nm), the macropores (pore diameter; > 50 nm). According to the
nitrogen adsorption-desorption isotherms the specific surface area, pore size
distributions, and total pore volume of the materials all increased after loading the
ROMP-based support with tungstate or polyoxotungstate with the exception of
WOs@ROMP; (Table 20). Moreover, the isotherms for ROMP1, PW1;020@ROMP;,
WO,@ROMP; are type (IV) and the hysteresis loop is type Hs, while the isotherms for
WO,@ ROMP;, ROMP; are type (l) according to IUPAC.'* In this regard, the material is
classified as mesoporous if it is under type (IV) isotherm while it likely to be a

microporous solid if its type (I).

Table 20 Specific surface and pore size distributions of the prepared materials.

Entry Sample Specific Surface Maximum Average
Area (m?/g) Diameter (nm) Diameter (nm)
1 ROMP1 10.75 3.13 14.99
2 WOA@ROMP1 3.02 - -
3 PW O @ROMP 36.5 8.33 9.99
12 40 1
4 ROMP2 9.07 - -
5 WO4@ROMP2 30.65 - 14.99

Page | 65



Chapter 2.

150, 0.144
20 0.123 b
Py —_
£ L
= 100] "g 019
3 S oo
.g g 0.08:
2 2 0.067
© Q
o 501 € E
£ S 0.04]
=] (=] 3
° >
> 0.02]
o 0.007
0.0 0.2 0.4 0.6 0.8 1.0 1 10 100
Relative Pressure (P/PO) Pore Diameter (nm)

Figure 21(a) Nitrogen adsorption—-desorption isotherm profile, (b) Pore size distributions profile of
PW12040@ROMP;.

*See Appendices for all Nitrogen adsorption-desorption isotherm profiles and pore size

distributions profiles traces.

2.6.3 Solid-State Nuclear Magnetic Resonance (SSNMR)

PW1,040@ROMP; was analysed by solid-state 3'P NMR spectroscopy. (Figure 22) shows
a large peak at 6 -11.97 ppm which can be assigned to the [PW12040]> @ROMP. On
comparison with the literature, the parent H3[PW1,040] has been reported at
approximately & -154°, small shifts in the polymer immobilised material may well be due
to interactions between the phosphorus and the cationic support, which suggests
successful loading of the polymer with the phosphotungstate. The absence of peaks in
the area between 6 -5 and -10 suggest that no decomposition into the [PO4{WO(0,),}4]*
species has occurred. In comparison with previous work in the Doherty/Knight group, in
which the pre-formed [PO4{WO(02):}4]* species was immobilised on ROMP, there is

clear evidence of residual H3[PW1,040] and the decomposition product (Figure 23).1
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Figure 22 Solid-state 1P NMR of PW12050@ROMP1.

[POs(WO(0,),)s]* peroxophosphotungstate

6514

(1 [PW1,0,0] > interacting with the polymer

|
\ £ B
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§
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ppm (referenced to H;PO,)

Figure 23 Solid-state 3P NMR of [PO4(WO(0:)2)s]> @ROMP1.*

*See Appendices for all (SSNMR&NMR) spectrum traces.
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2.6.4 Infrared Radiation (FT-IR)

The fresh catalysts were characterised by FT-IR and are shown in (Figure 24), which
contain characteristic bands at 1077 cm™ attributed to v (P-O) stretching, a band at 974
cmfor v (W=0), bands at 893 cm%, 803 cm™ for 0-0O, and 900-725 cm™for v (W-O-W).
In addition bands at 595 cm™ and 508 cm™* were attributed to v (W-0-0) symmetric and

asymmetric vibrations for PW1,040@ROMP; catalyst.10> 146

1000 500 400

Figure 24 FT-IR of (a) ROMP3, (b) WOs@ROMP1, and (c) PW12040@ROMP;.
The new peaks in (Figure 25) appeared in WO4@ROMP; at 827 cm* which confirmed the

presence of (W=0) and successful exchange of bromide for tungstate on the ROMP

based PIIL.
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Figure 25 FT-IR of (a) ROMPz, and (b) WO1@ROMP:-.

2.6.5 Scanning Electron Microscope (SEM)
Further investigation was carried out on the morphology of both the polymers and their

loaded materials by scanning electron microscopy (SEM).

SEM images of ROMP; (Figure 26) show different images with a range of size

distributions. The pore diameter was in a good agreement with the result obtained by

BET (Table 20). However, the images show some macropores in a range of 50 ~ 150 nm.

Figure 26 SEM images of ROMP1(a) 1 um, and (b) 100 nm.
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While the SEM images in (Figure 27) show smooth surface of the polymer immobilised
with [WOa]?, there are small regions of granular-like structures (Figure 27 b, and c),
which exhibit some porous features. This could be one possible reason why

WO,@ROMP1 shows a low surface area in BET measurement which could, in turn, affect

the catalyst performance.

Figure 27 SEM images for WO4@ROMP; (a) 1 um, (b) 1 um, and (c) 100 nm.

PW12040@ROMP1 shows a significant improvement in the surface area (Figure 28).

Figure 28 SEM images for PW1,020@ROMP; (a) 1 um, and (b) 100 nm.
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The differences in surface morphology between (Figure 26, and 29) could possibly be
attributed to different monomers as ROMP; has a linear alkyl spacer and ROMP;
features a cyclic alkyl spacer, this may affect the surface area ROMP; to be the uneven

surface.

Figure 29 SEM images for ROMP; (a) 1 um, (b) 1 um, and (c) 100 nm.

(Figure 30) is shown the loaded version of ROMP,, it is obvious, there is mesopores and

macropores which working on increasing the surface area.
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Figure 30 SEM images for WO4@ROMP; (a) 1 um, (b) 1 um, and (c) 100 nm.

*See Appendices for all SEM images.

2.6.6 Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy
(SEM/EDX)

To identify the content of elements in the prepared catalysts (SEM/EDX) spectroscopy
was used (Figure 31). The pure ROMP1 showed peaks for oxygen, nitrogen, carbon, and
bromine, while the peaks of bromine were absent in the sample of WO4@ROMP1, which
confirms that all the bromide has been replaced with tungstate and new peaks are
attributed to tungsten and trace amounts of Na due to the Na;WO4 which was the

source of W04 in the catalyst preparation steps.
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Figure 31 (SEM/EDX) spectroscopy of (a) ROMP;, (b) WOs@ROMP1, and (c) PW12020@ROMP;.

In comparison, the EDX spectrum of WO4@ROMP; (Figure 32), showed no evidence for

sodium which indicating the exchanging process of the bromide anions with WO47? is

complete and that there is unlikely to be excess Nax[WO4] in the product. The aluminium

atom signal which should be alerted, it is attributed to the aluminium stubs used in EXD

sample which is present in some of the spectra.
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Figure 32 (SEM/EDX) spectroscopy of (a) ROMP;, and (b) WOs@ROMP:.

2.6.7 Thermogravimetric Analysis (TGA)

The thermogravimetry analysis (TGA) (Figure 33) were used to evaluate the thermal
stability of the prepared polymers (ROMP1 and ROMP;), and some of their loaded
versions (PW12020@ROMP1 and WO4@ROMP3).

All the TGA traces of the polymers has not shown any initial loss in the percent weight
while the loaded versions have shown about an initial loss less than (~ 2 %). This could
be attributed to the evaporation of some existence residual reaction solvent or water.
All the measured samples were followed three main degradation steps, which occur
from c.a. 200 °C, well above the temperature required for this type of catalysis, except

the polymer (ROMP;) which has followed two steps (Figure 33 b).
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Figure 33 TGA traces of (a) ROMP;, (b) PW12020@ROMP3, (c) ROMP;, and (d) WO4s@ROMP:.
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2.7 Conclusions

Tungstate and polyoxotungstate anions have been successfully loaded onto ROMP-
derived ionic liquid-based polymers through a simple anion exchange process. The
monomers required for the polymerisation were prepared in a straightforward linear
synthesis without the need for purification by column chromatography. Also, all
materials were characterised by various physical techniques. ROMP was chosen as the
monomers can be modified which will enable the nature of the architecture,
microenvironment and charge distribution on polymer properties to be explored with

the aim of identifying an optimum support for catalyst immobilisation.

The pyrrolidinium-functionalised ROMP based polymer has been used to immobilise
tungstate [W0O4]?; and polyoxotungstate [PW12040]*" the resulting Polymer Immobilised
lonic Liquid supported systems form efficient catalysts for the oxidation of sulfides. High
selectivity for sulfoxide across a range of aryl alkyl sulfides was obtained in methanol
and in acetonitrile, using 2.5 equivalents of hydrogen peroxide as a green oxidant for 15
minutes at room temperature.

Although, a profound difference in catalyst activity was observed between systems
based on the nature of the cross-linker whether it is linear in ROMP1 or cyclic in ROMP;
which may affect the support structure and then the catalyst performance. In this sense,
WOs@ROMP; recycled only very poorly in methanol with both conversion and
selectivity decreasing dramatically after the first run; in contrast, both conversion and
selectivity remained relatively constant over six runs when acetonitrile was used as a
solvent. More importantly, catalyst generated from WO4s@ROMP; was recovered and
reused for up to six runs without any marked decrease in either activity or selectivity
towards sulfoxide in both solvents. Furthermore, the efficacy of catalyst generated from
[WO4]>* @ROMP and [PW12040]> @ROMP was compared with [PO4{WO(02)2}4]> @ROMP
which is based on the active Venterullo peroxometalate®, and our catalysts showed
remarkable efficacy under mild conditions and in a short reaction time at low catalyst

loadings ( 0.3 mol %).
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2.8 Laboratory Preparation Procedures
e General Comments

All manipulations involving air-sensitive compounds were carried out using standard
Schlenk line techniques under an atmosphere of nitrogen in oven-dried glassware. All
the solvents were dried and distilled under a nitrogen atmosphere, (chloroform and
dichloromethane) were distilled from calcium hydride, and (diethyl ether and
tetrahydrofuran) from sodium wire/benzophenone; (toluene and hexane) from sodium
wire; acetonitrile from potassium carbonate; (methanol and ethanol) from magnesium;
while (dimethylformamide) were distilled under vacuum. Cyclopentadiene was obtained
by distillation of dicyclopentadiene over iron(lll) oxide powder and was used without
any further purification process. All chemicals were purchased from commercial
suppliers and used as received without further purification. *H and *C{*H} NMR spectra
were recorded on either JEOL ECS-400 or a Bruker Avance Ill 300 spectrometer. CHN
analysis was performed using Elemental Analysis Service of London Metropolitan
University. Spectrum Two™ FT-IR Spectrometers by PerkinElImer were used to record
the on FT-IR spectrums, and all the data were collected over a spectral range (4000-400)
cml. Specific surface area and pore size measurements were obtained from N3
adsorption-desorption curves that characterise by Thermo Scientific™ SURFER at the
Newcastle University. Brunauer-Emmett-Teller (BET) method was used to measure the
specific surface area of the adsorption curve and pore size distribution was measured
by Barrett-Joyner-Halenda (BJH) method using the desorption curve. All sample were
outgassed at 90 °C for 30 hours prior to analysis. Also, we have used a high-speed
centrifuge (Eppendorf™ 5804 Series Centrifuge) for the recycling study. The (SEM/ EDS)
analysis was taken using a high-resolution imaging of surfaces by a Tescan Vega 3LMU
scanning electron microscope fitted with a detector (Bruker XFlash® 6 | 30). Solid-state
NMR were recorded using a Bruker Avance Il HD, and a 4 mm HX MAS / magic-angle
spinning probe. They were obtained using the type of measurement (cross-polarisation
(CP), Direct excitation (DE)), Chemical shifts were referenced: Carbon to neat

tetramethylsilane, Phosphorus to 85% H3POa, Proton to neat tetramethylsilane.

*See Appendices for all characterisation results.
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2.8.1 Synthesis of 2-methylbicyclo [2.2.1] hept-5-ene-2-carbonitrile (2.1)

N
/

2.1

An oven-dried three neck round-bottom flask was charged with boron trichloride (0.02
equivalent of 1.0 M in hexane, 0.034 mL, 0.034 mmol) and allowed to cool to 0 °C. To
this was added methacrylonitrile (0.143 mL, 1.707 mmol) dropwise with rapid stirring. A
white precipitate formed which re-dissolved upon slow addition of freshly cracked
cyclopentadiene (0.181 mL, 2.05 mmol). The reaction was allowed to stir overnight then
left to warm to room temperature to give a pale-yellow solution which was poured onto
an ice-cold solution of saturated sodium bicarbonate which was subsequently extracted
with diethyl ether (3 x 100 mL). The organic fractions were dried over magnesium
sulfate, filtered, then the solvent was removed under reduced pressure to afford the

desired product 2.1 as pale oil in (14.47 g, 108.6 mmol, 66 %, 133.19 g/mol).

'H NMR (399.78 MHz, CDCls, 8): (94:6 exo:endo mixture, major exo) 6.18 (dd, J=5.7, 3.0
Hz, 1H, H.C=CHb), 5.94 (dd, J = 5.7, 3.1 Hz, 1H, HaC=CHs), 3.00 (dd, J = 3.1, 1.6 Hz, 1H,
bridgehead CH), 2.90 (td, J = 3.7, 1.8 Hz, 1H, bridgehead CH), 2.25 (dd, J = 12.1, 3.9 Hz,
1H, CH2), 1.72 (dd, J = 9.0, 1.6 Hz, 1H, bridge CH,), 1.63 — 1.54 (m, 1H, bridge CH,), 1.15
(s, 3H, CHs), 1.00 (dd, J = 12.0, 2.9 Hz, 1H, CH>); 3C{*H} NMR (100.52 MHz, CDCls, §):
138.9, 131.8, 126.38, 51.81, 49.25, 42.83, 40.35, 35.92, 23.64.
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2.8.2 Synthesis of (2-methylbicyclo[2.2.1]hept-5-en-2-yl)methylamine (2.2)*

Zb/\NHz

2.2

An oven-dried three neck round-bottom flask was charged with lithium aluminium
hydride (8.9 g, 235 mmol) freshly distilled diethyl ether (100 mL) and cooled down to
0°C under a nitrogen atmosphere. A solution of 2.1 (14.00 g, 117 mmol) in c.a. 20 mL of
diethyl ether was added dropwise resulting in a vigorous and instantaneous exotherm.
The reaction mixture was allowed to cool down to room temperature and stirring was
continued for an additional 20 hours. The resulting mixture was worked-up by slow
addition of (1.0 M, ~ 12 mL) sodium hydroxide solution with vigorous stirring and then
distilled water until there was no exotherm. The resulting reaction mixture was filtered
through a pad of celite with an additional 150 mL of diethyl ether. The organic phase
then washed with distilled water, separated and the solvent removed under high
vacuum. The product was further purified by an acid-base extraction sequence which
involved addition of (1.0 M, 180 mL, 180 mmol) hydrochloric acid extraction with diethyl
ether (3 x 75 mL) and treatment of the aqueous layer with sodium hydroxide (1.0 M) to
pH 12.0 to liberate the amine which was extracted into diethyl ether (3 x 100 mL). The
organic phase was dried over magnesium sulfate and the solvent removed to afford 2.2

as a yellow-orange oil in (8.64 g, 62.96 mmol, 60 %, 137.23 g/mol).

14 NMR (399.78 MHz, CDCls, 8): 6.06 (dd, J = 5.7, 2.9 Hz, 1H, H.C=CH), 6.02 (dd, J = 5.9,
2.9 Hz, 1H, H,C=CHb), 2.70 (t, J = 2.4 Hz, 1H, bridgehead CH), 2.64 (s, 2H, CH2NH3), 2.42
—2.34 (m, 1H, bridgehead CH), 1.52 (m, 1H, bridge CHz), 1.42 (dd, J = 11.6, 3.8 Hz, 1H,
CH>), 1.31 (br d, J = 2.2 Hz, 1H, bridge CH;), 1.13 (s, J = 1.13, Hz, 2H, NH>), 0.80 (s, 3H,
CHs), 0.73 (dd, J = 11.7, 2.7Hz, 1H, CH,); 3C{*H} NMR (100.52 MHz, CDCls, &):136.62,
136.29, 53.28, 48. 58, 47. 54, 43.17, 42.63, 38.40, 22.88.
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2.8.3 Synthesis of 1-(-2-methylbicyclo[2.2.1]hept-5-en-2- yl)methyl)pyrrolidine (2.3)*

A0

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 mmol) and acetonitrile (300 mL) and
the resulting mixture refluxed with rapid stirring under nitrogen for 20 hours. The
solvent was removed under high vacuum and the residue diluted with diethyl ether (100
mL) followed by hydrochloric acid (1.0 M, 74 mL, 74 mmol). The aqueous layer was
extracted with (2 x 70 mL) diethyl ether, treated with a sodium hydroxide (1.0 M) until
pH 12.0 and then the product extracted into diethyl ether (3 x 75 mL). The combined
organic fractions were dried over magnesium sulfate, filtered and the solvent removed
under reduced pressure to afford 2.3 as an orange oil in (5.4 g, 28.22 mmol, 70 %, 191.32

g/mol).

Exo-diastereoisomer: 'H NMR (399.78 MHz, CDCls, §): 6.07 (m, 2H, =CH), 2.71 (s, 1H),
2.66 — 2.49 (br m, 5H, pyrrolidine CH2 + bridgehead CH), 2.47 (s, 2H, CH»), 1.71 (td, J =
6.4, 2.9 Hz, 4H, pyrrolidine CH2), 1.62 — 1.56 (m, 1H, bridgehead CH), 1.52 (dd, J = 11.7,
3.8 Hz, 1H, CH2), 1.35—1.27 (m, 1H, bridge CH), 0.89 (s, 3H, CH3), 0.78 (dd, J = 11.5, 2.7
Hz, 1H, bridge CH); 3C{*H} NMR (100.52 MHz, CDCls, &): 136.69, 135.99, 68.64, 56.63,
50.81,47.7543.51, 42.78, 39.79, 24.96, 23.78.
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2.8.4 Synthesis of 1-benzyl-1-((2-methylbicyclo[2.2.1]hept-5 en2yl)methyl)pyrrolidin-
1-ium bromide (2.4)*

2.4

A round-bottom flask was charged with 2.3 (5.09 g, 27 mmol), benzyl bromide (12.6 mL,
81 mmol), and acetone (30 mL) and the mixture stirred at ambient temperature for 19
hours. The resulting white precipitate was filtrated, washed with hexane (20 mL), diethyl
ether (2 x 40 mL) and acetone (20 mL) and dried under reduced pressure to give the

desired product 2.4 as a pure white solid in (6.56 g, 18.1 mmol, 70 %, 362.35 g/mol).

Exo-diastereoisomer: *H NMR (300.13 MHz, CDCls, §): 7.69 — 7.61 (m, 2H, Ar-H), 7.47 —
7.34 (m, 3H, Ar-H), 6.17 (dd, J = 5.7, 3.0 Hz, 1H, H.C=CHp), 6.03 (dd, J = 5.7, 3.2 Hz, 1H,
HaC=CHp), 5.29 (d, J = 12.8 Hz, 1H, N-CHaHv-Ph), 4.74 (d, J = 12.8 Hz, 1H, NCHaHs- Ph),
4.14 (d, J = 13.8 Hz, 1H, CMeCH.Hg¢-N), 4.07 (dt, J = 8.4, 5.0 Hz, 1H, pyrrolidine NCH2CH,),
3.94 (ddd, J = 12.2, 8.3, 6.6 Hz, 1H, pyrrolidine NCH,CH), 3. 86 (d, J = 4.0 Hz, 1H,
CMeCHH4-N), 3.84 — 3.69 (m, 2H, pyrrolidine NCH,CH3), 2.88 (s, 1H, bridgehead CH),
2.62(dd,/=3.2,1.6 Hz, 1H, bridgehead CH ), 2.10 (d, /= 3.9 Hz, 1H, pyrrolidine NCH,CH.),
2.06 (d, J = 3.8 Hz, 1H, CHeH¢), 1.94 (s, 1H, pyrrolidine NCH2CH>), 1.92 — 1.73 (m, 2H,
pyrrolidine NCH,CH), 1.66 — 1.52 (m, 1H, bridge CH), 1.44 — 1.34 (m, 1H, bridge CH ),
1.20 (s, 3H, CHs), 0.97 (dd, J = 11.7, 2.6 Hz, 1H, CHcHs); 3C{*H} NMR (75.48 MHz, CDCls,
6): 138.11, 134.76, 133.21, 130.68, 129.29, 128.45, 72.73, 65.35, 62.99, 60.75, 53.23,
48.37,44.48,42.83,40.72, 25.73, 22.69, 21.95.
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2.8.5 Ring Opening Metathesis Polymerisation of 1-benzyl-1-((2-
methylbicyclo[2.2.1]hept-5-en-2-yl)methyl)pyrrolidin-1-ium bromide with cis-
cyclooctene (2.5)!

2.5

An oven-dried three neck round-bottom flask under a nitrogen atmosphere was charged
with dry chloroform (80 mL) cis-cyclooctene (3.04 mL, 23.3 mmol) and 2.4 (4.23 g 11.7
mmol). To this was added a solution of [RuClz(PCys)2(=CHPh)] (0.576 g, 0.7 mmol) in
chloroform (c.a. 10 mL) and the resulting mixture heated at 40 °C and left for overnight
stirring. The reaction mixture was allowed to cool to room temperature before adding
ethyl vinyl ether (1.68 mL, 17.5 mmol, 10 eq. with respect to Grubbs catalyst); the
solution was then left to stir for an additional hour. The polymer was precipitated by
slowly adding the reaction mixture portion wise to diethyl ether (c.a. 600 mL) with
vigorous stirring for a further 60 minutes. The resulting solid was filtered using a sintered
frit washed with diethyl ether and dried to afford a pale green solid. A solution of
tetrakis(hydroxymethyl)phosphonium chloride adding (2.5 mL, 17.5 mmol, 25 eq. with
respect to Grubbs catalyst) in nitrogen-degassed 2-propanol was prepared and treated
with potassium hydroxide (0.98 g, 17.5 mmol, 25 eq. with respect to Grubbs catalyst) to
generate tris-(hydroxymethyl) phosphine. A white precipitate formed over 15 min after
which time a chloroform solution of the polymer was added. The reaction mixture was
heated at 60 °C for 19 hours after which sodium bromide (18.02 g, 175 mmol, 250 eq.
with respect to Grubbs catalyst) was added and the resulting mixture stirred for an
additional 3 hours at 60 °C. Then the reaction mixture was filtered, washed rigorously
with distilled water (3 x 50 mL) and the organic layer added dropwise to diethyl ether
(c.a. 500 mL) with rapid stirring for a minimum of 60 minutes. The polymer was isolated
by filtration through a sintered frit, washed with diethyl ether (2 x 50 mL) and dried
under high vacuum to afford 2.5 as a pale-green solid in (5.57 g, 7.58 mmol, 65 %, 735
g/mol).

FT-IR: ¥ = 2823, 2851, 1455, 1077, 973, 892, 803, 595, 508.
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2.8.6 Ring Opening Metathesis Polymerisation of 1-benzyl-1-((2-methylbicyclo[2.2.1]
hept-5-en-2-yl)methyl)pyrrolidin-1-ium bromide with dicyclopentadiene (2.6)

2X

2.6

An oven-dried three neck round-bottom flask under a nitrogen atmosphere was charged
with dry chloroform (80 mL) dicyclopentadiene (2.25 g, 17.0 mmol) and 2.4 (3.08 g, 8.5
mmol). To this was added a solution of [RuClz(PCys)2(=CHPh)] (0.42 g, 0.51 mmol) in (c.a.
10 mL) chloroform and the mixture heated at 40 °C overnight stirring. The reaction was
allowed to cool to room temperature, ethyl vinyl ether (0.92 mL, 12.8 mmol, 10 eqg. with
respect to Grubbs catalyst) added and the solution stirred for an additional hour. The
polymer was precipitated by slowly adding the reaction mixture portion wise to diethyl
ether (c.a. 600 mL) with vigorous stirring for a further 60 minutes. The polymer was then
filtrated, using a sintered frit, washed with diethyl ether and dried to afford 2.6 as brown

solid in (3.7 g, 5.6 mmol, 65 %, 666.93 g/mol).

FT-IR: v = 3376, 2926, 1698, 1428, 1451, 971, 708.
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2.8.7 Synthesis of Polymer Supported Tungstate (2.7)

2.7

A beaker charged with a suspension of 2.5 (2.8 g, 3.8 mmol) dissolved in ethanol (20 ml)
was stirred at room temperature and a solution of sodium tungstate dihydrate dissolved
in @ minimum volume of water (1.26 g, 3.8 mmol) was added portion wise. The reaction
mixture was allowed to stir at room temperature for 2.5 hours after which time the
precipitate was filtered through a sintered glass frit, washed with a minimum volume of
water (1 x 5 mL), ethanol (1 x 10 mL), and diethyl ether (3 x 75 mL) and dried under

vacuum to afford 2.7 as an off-white solid in (3.54 g, 4.12 mmol, 87 %, 859 g/mol).

FT-IR: v = 3371, 2924, 2853, 1561, 1455, 968, 840 (W=0), 702, 473 W (02) sym, asym:.
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2.8.8 Synthesis of Polymer Supported Tungstate (2.8)

\
2X 0 X/2

C/N

2.8

A beaker was charged with a suspension of 2.6 (2.5 g, 3.75 mmol) dissolved in ethanol
(20 ml) and stirred at room temperature. A solution of sodium tungstate dihydrate (1.24
g, 3.75 mmol) dissolved in a minimum volume of water was then added portion wise
and stirring continued at room temperature for 2.5 h, to afford a greenish-white
precipitate. The reaction mixture was filtered through a sintered glass frit and the
precipitate washed with a minimum volume of water, ethanol and then diethyl ether (3
x 75 mL) and dried under vacuum to afford 2.8 as an off-white powder in (3.74 g, 4.7
mmol, 92 %, 790.85 g/mol).

FT-IR: v = 2930, 1705, 1452, 972, 827 (W=0), 705 W (O) sym, asym:.
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2.8.9 Synthesis of Polymer Supported Polyoxotungstate (2.9)

©3
[Pwio |
2X X/3

C/N

2.9

A beaker was charged with a suspension of 2.5 (1 g, 1.36 mmol) dissolved in ethanol (15
mL) and stirred at room temperature. To this was added a solution of phosphotungstic
acid (3.9 g, 1.36 mmol) dissolved in @ minimum volume of water. The reaction mixture
was allowed to stir at room temperature for 2.5 hours after which time the resulting
precipitate was filtered through a sintered glass frit, washed with a minimum volume of
water (1 x 5 mL), ethanol (1 x 10 mL), and diethyl ether (3 x 75 mL) and then dried under
vacuum to afford 2.9 as an off-white solid in (4.27 g, 2.5 mmol, 87 %, 1694 g/mol).

FT-IR: v = 2927, 1710, 1455, 1077 (P-0), 974 (W=0), 893 (W=0), 803 (0-0), 595, 508 W

(O2) sym, asym:.
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2.8.10 Catalysts Applications and Optimisation Studies
e Typical Procedure for Catalytic Sulfoxidation Reaction

An oven-dried Schlenk flask equipped with a magnetic stirrer bar was cooled to room
temperature under vacuum, subsequently refilled with nitrogen gas and then charged
with sulfide (1.0 mmol), catalyst (0.003 mmol, 0.3 mol %) and solvent (3 mL) and then
activated by the addition of 35 % hydrogen peroxide (0.24 mL, 2.5 mmol). The reaction
mixture was allowed to stir at room temperature for 15 minutes after which time it was
diluted with dichloromethane (25 mL) and washed with water (c.a. 50 mL). The organic
phase was separated, dried over magnesium sulfate and the solvent removed under
reduced pressure. The resulting residue was analysed by 'H NMR spectroscopy to
guantify the composition of starting material and products using 1, 3-dinitrobenzene as

an internal standard.

o Reaction Temperature Optimisation Studies

An oven-dried Schlenk flask equipped with a magnetic stirrer bar allowed to cool to
room temperature under vacuum, backfilled with nitrogen and then charged with
thioanisole (0.13 mL, 0.97 g/mL, 1.0 mmol), catalyst (0.003 mmol, 0.3 mol %) and solvent
(3 mL) and then activated by the addition of 35 % hydrogen peroxide (0.24 mL, 2.5
mmol). The reaction mixture was allowed to stir for 15 minutes at different
temperatures (20, 25, 30, 35, 40, 45) °C after which time dichloromethane (25 mL) was
added and the mixture washed with water (c.a. 50 mL). The organic phase was separated
dried over magnesium sulfate and the solvent removed under reduced pressure. The
resulting residue was analysed by 'H NMR spectroscopy to quantify the composition of

starting material and products with 1,3-dinitrobenzene as an internal standard.



Chapter 2.
e Reaction Time Optimisation Studies

An oven-dried Schlenk flask equipped with a magnetic stirrer bar was cooled to room
temperature under vacuum, back with nitrogen, and charged with thioanisole (0.13 mL,
0.97 g/mL, 1.0 mmol), catalyst (0.003 mmol, 0.3 mol %) and solvent (3 mL) and then
activated by the addition of 35 % hydrogen peroxide (0.24 mL, 2.5 mmol). The reaction
mixture was stirred at room temperature for a series of different times after which
dichloromethane was added (25 mL) and the mixture washed with water (c.a. 50 mL).
The organic phase was separated, dried over magnesium sulfate and the solvent
removed under reduced pressure. The resulting residue was analysed by H NMR
spectroscopy to quantify the composition of starting material and products using 1,3-
dinitrobenzene as an internal standard. For each substrate tested 'H NMR spectra were
recorded with relaxation delays of 10, 20 and 30 seconds to establish the optimum time
to ensure accurate integration of the signals chosen to determine the selectivity and
conversion. Well-resolved resonances were used to calculate the yield and conversion

by normalising the integration according to the number of protons.

e Hydrogen Peroxide Concentration Optimisation Studies
An oven-dried Schlenk flask equipped with a magnetic stirrer bar was cooled to room
temperature under vacuum, backfilled with nitrogen and then charged with thioanisole
(0.13 mL, 0.97 g/mL, 1.0 mmol) catalyst (0.003 mmol, 0.3 mol %) and solvent (3 mL) and
then activated by addition of varying amounts of 35 % hydrogen peroxide equivalent (0,
1, 2, 2.5, 3, 5) mmol. The reaction mixture was stirred at room temperature for 15
minutes after which time it was diluted with dichloromethane (25 mL) and then washed
with water (c.a. 50 mL). The organic phase was dried over magnesium sulfate and the
solvent removed under reduced pressure. The resulting residue was analysed by *H NMR
spectroscopy to quantify the composition of starting material and products using 1,3-

dinitrobenzene as an internal standard.

Page | 88



Chapter 2.
e General Procedure for Catalytic Sulfoxidation Recycle Studies with Catalyst
(2.7)

An oven-dried Schlenk flask was cooled to room temperature and charged sequentially
with thioanisole (0.39 mL, 0.97 g/mL, 3.0 mmol) catalyst (0.018 g, 0.009 mmol, 0.9 mol
%) solvent (9 mL) solvent. The reaction was initiated by addition of 35 % H.0, (0.72 mL,
7.5 mmol) and the resulting mixture allowed to stir at room temperature for either 45
minutes (methanol) or 60 minutes (acetonitrile). After this time the solution was allowed
to settle, then decanted using a pipette and the remaining catalyst washed with the
reaction solvent and dried prior to reuse under the same conditions. The remaining

solution was subject to the same work-up and analysis as described above.
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e General Procedure for Catalytic Sulfoxidation Recycle Studies with Catalyst (2.8

and 2.9)

An oven-dried Schlenk flask was allowed to cool to room temperature and charged
sequentially with thioanisole (0.39 mL, 0.97 g/mL, 3.0 mmol), catalyst (0.009 mmol, 0.9
mol %) and solvent (9 mL) solvent. The reaction was initiated by addition of 35 % H,0;
(0.72 mL, 7.5 mmol) and the resulting mixture allowed to stir at room temperature for
15 minutes. After this time the solution was allowed to settle, decanted using a pipette
and the remaining catalyst washed with the reaction solvent and dried prior to reuse
under the same conditions. The remaining solution was subject to the same work-up

and analysis as described above.
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Chapter 3. PALLADIUM AND PLATINUM NANOPARTICLES LOADED ON
POLYMER-IMMOBILISED IONIC LIQUIDS

3.1 Introduction

Nowadays, the process of producing fuels and chemicals using alternative energy
sources and feedstocks has attracted a lot of attention, this led to an increased focus on
green chemistry and the renewable sources. Green chemistry considered as a modern
aspect of chemistry, has its significance in the manufacturing, using and design
chemicals. The major purpose of using green chemistry principles is to reduce pollution
and risk which affect the environment.#” Most importantly, there are major problems
facing the green production of fine chemicals because they often require multi-step
reactions which necessarily results in the consumption of a large amount of solvents and
the need to protect active groups and the use of expensive catalysts.'*® In the regard,
many multistep reaction sequences involve at least one catalytic step#® and therefore
organometallic chemistry has attracted a lot of attention in preparation, design, and
modification of catalysts to obtain high activity and selectivity.®® One of the most
common catalysts for hydrogenation and cross-coupling are metal nanoparticles based
on palladium, rhodium, and ruthenium. However, since these metals are expensive, the
cost usability issues must be considered. In this sense, the catalyst must be stable,
efficient, and reusable in order to reduce the cost. Several issues limited the usage of
the naked metal nanoparticle such as leaching during the purification which may also
lead to heavy metal contamination of the product.?® Due to their small size and high
surface area metal nanoparticles (i.e. it is having more active sites to catalyse the
reaction) are more favoured as catalysts than the corresponding bulk metal. The high
activity of nanoparticles makes them have the ability to achieve catalysis reaction under
milder conditions than the bulk. Furthermore, the (high surface area/volume) ratio of
the nanoparticles makes them very reactive and unstable with respect to their bulk
counterparts. In addition, the large surface tension of the nanoparticles makes the outer

atoms highly reactive.

Again, the nanoparticles size is another factor has the same effect on nano-catalysis

ability, where the smaller particles, the more reactive to catalyse reactions.
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In this regard, small nanoparticles are thermodynamically unstable and are prone to
agglomerate together undergoing the Ostwald ripening process.’> 1>2 The larger
particles are more energetically favourable than smaller particles, the reason behind this
is in the larger particle most of the atoms would be in full coordinate and in good order
in the bulk. Thus, nanoparticles are often immobilised on a support material to control
their size and distribution as well as prevent agglomeration by keeping the NPs highly

dispersed.’3 Interestingly, there is several kinds of a stabilising agent such as

152 156

heteroatom donors,*? polyvinylpyrrolidone (PVP)¥** 155 and poly-ionic liquids.
Another factor that must be considered while stabilising the NPs is that the more stable
nanoparticle is likely to be less active. To this end, a catalytically competent nanoparticle
should have a good balance between stabilising interactions and accessibility of the
reactant to the active site.>> 7 For stabilising nanoparticles on polymers, there are two

main different ways: steric effects or electrostatic stabilisation for instance via

heteroatoms (Figure 1).1°®

Steric Electrosteric Electrostatic Electrostatic-Steric
Stabilasation Stabilasation Stabilasation Stabilasation

Figure 1 Type of nanoparticles stabilisation.

In order to design catalyst system combines the benefits of homogeneous and
heterogeneous catalysis, while providing a suitable environment to immobilise
nanoparticles, polymers would be a great choice.*>® Moreover, the polymers flexibility
allow catalysts greater movement in the reaction media in comparison with other
supporting materials such as silica (Si02)*® >°, carbon materials®® 161, zeolite!6? 163,
metal oxide!641%6, etc.), while the ability to graft heteroatom donors, functional groups
and ionic liquids to polymers could be used to tune the properties and performance of
metal nanoparticles.'®” lonic liquids have been widely used to stabilise metal
nanoparticles; popular ionic liquids are those based on a bulky substituted imidazolium

cation, which stabilise nanoparticles through electrostatic effects.1>®
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Incorporation of an ionic liquid and a heteroatom donor into a single polymer would be
expected to provide both steric and electrostatic stabilisation which might work
synergistically to prevent nanoparticle agglomeration.''> An imidazole co-monomer
would provide more stabilisation via coordination with the metal surface and in this
regard, Dyson has reported that a styrene-based polymer containing imidazolium

chloride stabilises transition metal nanoparticles by electrostatic effects.!6®

It has been frequently reported that on the generation of metallic state metal, the
resultant average particle size is dependent on the relative nucleation rate, with fast
nucleation rates yielding smaller particles. lonic liquids tend to exhibit low interfacial
enabling fast nucleation in solution, therefore PIILP materials may prove to be a valuable

tool for the synthesis of small nanoparticles (Figure 2).16% 170

OOO %c‘ence.
row QQQQ Ostwald Ripening
N o 3

OO - growth
vy Small :: -
M* . Y -
) nanoparticals A y-
o ™M P s
m (v
- _ Shrinkage
Metal 5

precursors

; @Growth O )
w® O
» Large

nanoparticals

Figure 2 Schematic representation of the nucleation and the growth steps of nanoparticles.

The charge surrounding the nanoparticle ‘the first shell or protective shell” would be
anionic according to the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory; this
provides the metal nanoparticles with the necessary electrostatic effects for

stabilisation as shown in (Figure 2).1°6, 170, 172-174

3.2 Synthesis of Monomers and Cross-linker

This phase of the project is concerned with the design and synthesis of amino-,
phosphino-, and pyrrolidino-decorated polymer immobilised ionic liquids (Figure 3), and
of the effects of the heteroatom donor on the stability and dispersity of noble metal

nanoparticles.
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Heteroatom donor

Cross-linker
Immobilised ionic
liquid like unit & gélGX
2 S
N/IK\\ . //)\\N
/ Metal© H
|

Active catalytic species

R=CH,NH,
R=PPh,
R=CH,Pyrr

Figure 3 Schematic structure of the prepared catalysts.

Monomer 3.2 was synthesised in an overnight reaction between 1,2-dimethyl imidazole
and 4-chloromethyl styrene 3.1 at 50 °C and isolated in nearly quantitative yield by
removing the solvent and washing the oily residue with ethyl acetate.'’* The synthesis
of monomer 3.4 is a two steps sequence, the first step is the production of N-[(4-
vinylphenyl)] phthalimide 3.3 from the reaction between 4-chloromethyl styrene 3.1
and potassium phthalimide in DMF. The second step involves hydrazinolysis of 3.3 to
afford (4-vinylphenyl) methanamine 3.4.17> The preparation of the cross-linker 3.6 was
adapted from lJingsong You et.al Y7 and is a two-step reaction. First intermediate
imidazole 3.5 was prepared by deprotonation of 2-methyl imidazole with sodium
hydride in dry DMF, followed by the drop-wised addition of 4-chloromethyl styrene 3.1
to the solution; the desired product was isolated as a pale-yellow oil after work-up.
Cross-linker 3.6 was then prepared from the reaction of 4-chloromethyl styrene 3.1 with
3.5 in an overnight reaction at 50 °C. In a 75 % yield, the pyrrolidino-monomer 3.7 was
synthesised in one simple step overnight reaction, in dry hexane, by treating of 4-
chloromethyl styrene 3.1 with pyrrolidine. Monomer 3.9 was synthesised from 4-
chlorostyrene 3.8 according to the method of Leebrick and Marcus,'’® The Grignard
preparation was modified by adding only 0.8 equivalents of chlorophosphine and
because of the sensitivity of the phosphine, the entire reaction and work-up were per-
formed under a nitrogen atmosphere. The crude product was purified by column
chromatography and obtained as a white solid after crystallisation from

dichloromethane/ethanol (Scheme 1).
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N
/
3.2
= =
H,N—NH, H,0
o EtOH, 85 °C, reflux, 4 h
90 %

N H,N
0 3.3 / 3.4
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CHCl;, 50 °C, overnight ®N
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3.5 / 3.6

3.7

P
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3.8

3.9

Scheme 1 Synthesis of functionalised styrene monomers 3.2, 3.4, 3.6, 3.7, and 3.9.
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3.3 Radical Polymerisation of Cross-linked Poly lonic Liquid

The polystyrene-based PlILs 3.10, 3.11, and 3.12 were synthesised by the free radical
copolymerization of neutral co-monomers 3.2 with either 3.4, 3.7, or 3.9, respectively,
in the presence of 0.16 eq. of cross-linker 3.6 using 5 mol % azobisisobutyronitrile (AIBN)
as initiator; all reactions were conducted in ethanol and heated at 85 °C for 4 days. An
additional amount of 5 mol % AIBN after 4 days and the reaction extended for another
day to ensure complete polymerisation. The solvent was removed under reduced
pressure and the residue washed with diethyl ether then dried to give the polymer as
an off-white fine powder (Scheme 2). This procedure is desirable as it is highly efficient,
straightforward to execute and afford the desired polymer in high yield. However, re-
dissolving the sample followed by re-precipitation in diethyl ether reduced the amount
of unreacted monomer by about 5 % as the 1, 2-dimethyl-3-(4-vinylbenzyl) imidazolium
chloride 3.2 was added in excess relative to the 3.4, 3.7, and 3.9, respectively. The
overall charge ratio of imidazolium-based monomer/cross-linker to neutral monomer is
2 such that the final polymer would have two positive charged imidazolium groups for
each heteroatom donor and exchange of all the chloride for [PdCl4]> would afford a

heteroatom donor to metal ratio of one.

®
N N
= - \—/
- =
0.16 eq. of 3.6
+
EtOH, 85 °C, 4 days
® 5 mol % AIBN
N"O R N
/\’ g \ 7 N o N
N/K N N
/ 3.4:R=CH,NH, N /
N 3.10:NH,-PIILP
3.2 3.7:R=PPh,
A\ 3.11:PPh,-PIILP
3.9:R=CH,Pyrr N

3.12:Pyrr-PIILP

off- white Powder

Scheme 2 Synthesis of Cross-linked Polymer Immobilised lonic Liquids.
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3.4 Synthesis of Polymer Decorated with Palladium and Platinum Nanoparticles

All prepared polymers were impregnated by stoichiometric exchange of chloride with
[PdCl4)? (Scheme 3). This was achieved by the addition of the polymer to an aqueous
solution of Naz[PdCls] generated in-situ from PdCl, and excess NaCl at 80 °C. After
stirring for 5 hours the desired [PdCl4]J@PIILP was isolated by filtration as an orange
powder.>” 77 Polymer immobilised ionic liquid-stabilised palladium nanoparticles 3.16,
and 3.17 were generated by reduction of 3.13, and 3.14 with sodium borohydride in
ethanol; the suspension turned from orange to black, which indicated a successful
reduction of Pd" to PANP.>”" 177 However, reduction for 3.15 was performed under 70
psi of hydrogen by stirring an ethanol solution overnight at 60 °C; the PANP@Pyrr-PIILP
was isolated by reducing the volume of the solvent by vacuum, followed by addition of
diethyl ether and filtering the resulting solid, which was dried under reduced pressure.
The reason behind using hydrogenation to produce the PANP@Pyrr-PIILP instead of

using NaBH4 as a reducing agent is the low yield when the latter method was used.

NaBH,  ,--eereeeeeeeoeeen, .

3.16:R=CH,NH,

RS
% .R=
pdCl, oo . q‘% 3.17:R=PPh,
> :‘PdC|4@R—PIILP; E— [

NaCl  eeeoroieenene g
3.13:R=CH,NH,
3.14:R=PPh, Hy, 600C  .oeeeccomeecne,
3.15:R=CH,Pyrr :PANP@R-PIILP;
H H 'Y 100 psi e nannnnne .
— Overnight 3 1g.R=CH,Pyrr
0.16X
@ &)
e P
N/KCI Cl)\N K,PtCl, poTTmTETEIERIATE . NaBH, ponnnnmm .
/ i PtCl,@PPh,-PIILP: :‘PtNP@PPhZ-PIILP;
3.10:NH,-PIILP H Temmmmmmmmnmesnanees T T ’
3.11:PPh,-PIILP 3.19 3.20
3.12:Pyrr-PIILP Beige Powder Brown Powder

off- white Powder

Scheme 3 Synthesis of polymer stabilised palladium and platinum nanoparticles.
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For comparison, the platinum nanoparticles of PPh; polymer ware prepared following
the same procedure, but instead of using PdCl,, K;PtCla was used to afford

PtCla@PPh2PIILP which was then reduced with sodium borohydride.

3.5 Characterisations Methods

3.5.1 BET Surface Area Analysis

As it is mentioned in the previous chapter that the performance of the catalysts may
well be affected by the morphology and/or the porosity of the catalytic species, the
specific surface area of all the prepared sample was measured from the adsorption
curve by using the Brunauer-Emmett-Teller (BET) method while the pore size
distribution was determined from the nitrogen desorption curve using the Barrett-

Joyner-Halenda (BJH) method.

The specific surface area (Brunauer-Emmett-Teller (BET)) were determined by nitrogen
adsorption-desorption isotherms (Table 1). The specific surface area of the polymers
(NH2-PIILP, Pyrr-PIILP) increased about three times after loading with [PdCls]? anions
and increased even more after reduction to the palladium nanoparticles. Although PPh;-
PIILP has a high surface 62.4 (m?/g), this is decreases to 14.09 (m?/g) in the polymer
loaded with [PdCl4]%, but then increases again to 54.65 (m?/g) when loaded with Pd
nanoparticles. However, the corresponding [PtCls]> loaded PPh,-PIILP as has a specific
surface area of 10.08 (m?/g) which decreases to 6.3 (m?/g) after reduction with sodium
borohydride, this it may attribute to the low loading of platinum nanoparticles 28.5% in

PtNP@PPh,-PIILP (Table 1).

Exchange of amino/ pyrrolidino with the PPh; functionalisation appears to dramatically
alter the surface area of the material. This may alter the fundamental physicochemical
properties of the support as the PPh; is more hydrophobic and may well interact very
differently with solvent during processing enabling more facile solvent
trapping/polymer swelling which could decrease the overall surface area. Evidenced by
SEM analysis (See Appendices), it is clear that indeed the surface morphology of
PPh;PIILP is different to its amino and pyrrolidino counterparts. Furthermore, after the
additional processing involved during impregnation and reduction steps, the SEM
analysis of PPh; functionalised supports reveals a more granular surface which may be

the reason for the increase in surface area.
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Table 1 Specific surface and pore size distributions of the prepared materials.

Entry Sample Specific Surface Maximum Average
Area (m?/g) Diameter (nm) | Diameter (nm)
1 NH»-PIILP 5.56 - -
2 PdCl,@NH,-PIILP 14.1 - -
3 PANP@NH,-PIILP 49.41 2.82 5.92
4 | Pyrr-PIILP 4.64 - -
5 PdCl,@Pyrr-PIILP 47.09 2.82 6.86
6 PANP@Pyrr-PIILP 61.24 3.71 8.25
7 PPh,-PIILP 62.4 - -
8 PdCl,@PPh,-PIILP 14.09 - -
9 PANP@PPh,-PIILP 54.65 - -
10 PtCl,@PPh,-PIILP 10.08 - -
11 PtNP@PPh,-PIILP 6.3 - -

Moreover, all isotherms are type (l) (Figure 4) except the isotherms for PANP@NH;-

PIILP, PdCla@Pyrr-PIILP, PANP@Pyrr-PIILP which are a mix between type (I and V)

hysteresis loop Hs (Figure 5) according to IUPAC.'** In this regard, the material would be

a mixture of microporous and mesoporous if it is under type (I and 1V) isotherm while it

is likely to be microporous solid if it is type (1).
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Figure 4 Nitrogen adsorption—-desorption isotherm profile for NH2-PIILP.
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Figure 5 (a) Nitrogen adsorption—desorption isotherm profile, (b) Pore size distributions profile for
PANP@NH-PIILP.

*See Appendices for all Nitrogen adsorption-desorption isotherm profiles and pore size

distributions profiles traces.
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3.5.2 Solid-State (SSNMR) &Solution Nuclear Magnetic Resonance (NMR)

The solid-state 3P NMR spectrum of PdCls@PPh,-PIILP (Figure 6 c) confirms the
presence of a Pd—P interaction which is clearly evident from the change in the chemical
shift from 6 -5 to & 28 ppm. In addition, the solid-state 3P NMR spectrum of
PANP@PPh,-PIILP (Figure 6 d) does not contain any signals associated with
uncoordinated PPh;y; this suggests that the surface of the palladium nanoparticles is
decorated with phosphine groups. There are, however, multiple phosphorus
environments between 6 -7 and & 30. This could be as a result of oxidation of the
phosphine, generating the corresponding phosphine oxide or the multiple binding
modes associated with polymer-tethered phosphines to a Pd surface rather than an
isolated Pd atom. This effect has been observed by Iwai et al. where mono-, bi- and
tridentate interactions between phosphorus and palladium were reported using
crosslinked phosphine functionalised supports.1’® The same effect observed when the

PPh2-PIILP loaded with PtClsand PtNPs (Figures 6, and 7).
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Figure 6 Stacked 3P NMR spectra for: solution NMR (a) PPh2-PIILP; solid-state NMR (b) PPhx-PIILP; (c)
PdCls@PPh»-PIILP; and (d) PANP@PPhx-PIILP.
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Figure 7 Superimposed Solid-state 1P NMR for PPh2-PIILP red spectra, PtCla@PPh2-PIILP green spectra;
and PtNP@PPh2-PIILP blue spectra.

A colour coded 'H NMR spectrum of the phosphino-decorated polymer is shown in
(Figure 8). The spectra show evidence that all the monomers were fully incorporated in

the polymerisation, there are no sharp well-resolved signals characteristic of monomer.
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Figure 8 1H NMR spectra for polymer (PPh2-PIILP) in MeOD.

*See Appendices for all (SSNMR&NMR) spectrum traces.

Page | 102



Chapter 3.
3.5.3 Transmission Electron Microscopy (TEM)
TEM analysis was performed for PANP@NH;-PIILP, PANP@PPh,-PIILP and PANP@Pyrr-
PIILP, and all the samples analysed consist of a small near monodisperse nanoparticles
with an average diameter of 1.8 + 0.525 nm, 2.87 + 0.83 nm, and 1.57 + 0.85 nm,

respectively (Figures 9, 10, and 11).
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Figure 9 The calculated nanoparticles distribution of PANP@NH>-PIILP fitted by Gaussian equation.

The nanoparticles size distribution analysis (Figure 9) is demonstrated from a TEM image

by Imagel, then the frequency fitted by Gaussian equation.
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For example, the calculation for PANP@NH-PIILP
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Figure 10 The calculated nanoparticles distribution for PANP@PPh2-PIILP fitted by Gaussian equation.
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The TEM image of PANP@PPh,-PIILP shows that palladium nanoparticles are highly
dispersed in the polymer matrix. The particle size distribution was determined by
counting > 190 particles, and the average NP size was 2.87 + 0.83 nm, with a

polydispersity 28.9% (Figure 10).

However, the TEM images of PANP@Pyrr-PIILP shows that palladium nanoparticles are
large in comparison with the other two catalysts. The particle size distribution was
determined by counting > 2900 particles which gave an average NP size of 1.57 + 0.85

nm, with a polydispersity of 54.14 % (Figure 11).
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Figure 11 The calculated nanoparticles frequency of PANP@Pyrr-PIILP fitted by Gaussian equation.
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3.5.4 Energy-Dispersive X-Ray Spectroscopy (EDX)

To identify elements, present in the prepared catalysts each sample was analysed by
SEM/EDX spectroscopy. The pure PPh»-PIILP showed peaks for oxygen, nitrogen, carbon,
phosphorus, and chlorine. New peaks appear attributed to palladium, chloride, and a
trace of sodium, presumably due to the use of excess sodium chloride used to [PdCl4]*
in preparation of PdCla@PPh,-PIILP. While the peaks of sodium disappeared with some
traces of chloride in the sample of PANP@PPh,-PIILP, that’s mean all the [PdCls] anions
are reduced to produce PdNP, in addition to the intensity of the Pd increased which

indicates high palladium content (Figure 12).
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Figure 12 (SEM/EDX) spectroscopy of (a) PPh2-PIILP, (b) PdCls@PPh>-PIILP, and (c) PANP@PPh2-PIILP.
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The EDX spectra of PtCla@PPh;-PIILP, and PtNP@PPh,-PIILP are shown in (Figure 13).
Again, there is a significant reduction in the intensity of chloride peak which may indicate

the reduction process of the [PtCls]> to PtNP has almost completely done.
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Figure 13 (SEM/EDX) spectroscopy of (a) PtCla@PPh2-PIILP, and (b) PtNP@ PPh2-PIILP.

*See Appendices for all (SEM/EDX) spectra.

3.5.5 X-Ray Powder Diffraction (XRD)

In (Figures 15, and 16) the X-Ray powder diffraction patterns of all prepared catalysts
(PANP@NH2-PIILP, PANP@Pyrr-PIILP, PANP@PPhy-PIILP, and PtNP@PPh,-PIILP) are
shown. All patterns (Figure 14) show broad peaks (the centre approximately at 26 = 20°)
which belongs to the amorphous structure of the polymer. The expected sharp intensity
of metals was lower in the immobilised samples due to the effect of a very large amount

of polymeric material in those samples.
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Figure 14 Powder XRD stacked patterns of NHz-PIILP, PPh2-PIILP, and Pyrr-PIILP.

Diffraction peaks at 26 = 40°(111), 26 = 46.7° (200), 26 = 68° (220), 26 = 82° (311), and
20 =86.7° (222) correspond to the palladium metal in PANP@NH>-PIILP which confirms
successful Pd loading and reduction, however, the peaks are is less intense in
PANP@Pyrr-PIILP (Figure 15). In comparison, the powered XRD patterns for
PANP@PPh,-PIILP, and PtNP@PPh;-PIILP (Figure 16) show some variation in the Bragg
intensities, indicating the successful loading of Pd or Pt nanoparticles in the PPh,-
PIILP.17? In addition, no diffraction peaks corresponding to Pd crystallite can be observed
over the PANP@PPh;-PIILP and PtNP@PPh;-PIILP which implies that the highly

dispersed Pd or Pt species exist as hanoparticles or in an amorphous component.”?

The above diffraction peaks are consistent with face-centered cubic (fcc) crystalline
palladium and platinum. According to the Debye-Scherrer equation,® the average
palladium and platinum nanoparticle crystallite size for each sample was calculated

using the (111) reflection as shown below.
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kA

Debye-Scherrer Equation = 7 = (Bs cos0)

k: Shape factor (a value of 0.9 assumes spherical crystallites).

A: The wavelength of the x-ray radiation (A).

ﬁs: ﬂstructural = Bobserved - Bstandard (the full-width at half-maximum

(FWHM) of the peak).
0: The angle of diffraction (half the Bragg angle in radians).

For example, the calculation for PANP@NH>-PIILP

0.9x1.541874 o
T == b =36.10 A=3.61 nm

(& cos(E22)m/180)))

The size of the palladium nanoparticle in PANP@NH;-PIILP, PANP@PPh,-PIILP, and
PANP@Pyrr-PIILP were calculated to be 3.61, 3.01, and 1.79 nm, respectively, while the
calculated platinum nanoparticle size for PtNP@PPh;-PIILP was 6.11 nm. All the
calculated average sizes were in good agreement with the analysed size measured by
TEM. In this regard, it’s important to take into an account the accuracy of the sizes
determined using the Scherrer equation as it is affected by the uncertainties of k and S

values, and the error percentage may well be as high 20 percent.!®!
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Figure 15 Powder XRD patterns of (a) PANP@NH2-PIILP, and (b) PANP@Pyrr-PIILP.
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Figure 16 Powder XRD patterns of (a) PANP@PPh2-PIILP, and (b) PtNP@PPh2-PIILP.
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3.5.6 ICP Optical Emission Spectrometry (ICP-OES)

The palladium and platinum contents were determined by ICP-OES. (Table 2) shows the
calculated amount of metal per gram of polymer and the metal percent loading based
on repeating unit. Interestingly, the palladium content in the phosphine-based
tetrachloropalladate and the corresponding PANP was similar indicating negligible loss
of palladium in the reduction step. However, in contrast, the palladium content in the
tetrachloropalladate and PdNP amino-based systems were markedly disparate

indicating significant leaching of the palladium in the reduction step.

Table 2 ICP Optical Emission Spectrometry (ICP-OES) results of the preperd catalysts.

Entry Sample Metal Metal content (wt %)
(mol/ g of polymer)
1 PdCl,@NH,-PIILP 1.109*103 11.8
2 PANP@NH,-PIILP 0.633*103 6.7
3 PdCl,@Pyrr-PIILP 1.298*103 13.8
4 PANP@Pyrr-PIILP 1.038*103 11.0
5 PdCl,@PPhy-PIILP 0.854*10°3 9.1
6 PANP@PPh,-PIILP 1.095*103 11.7
7 PtCl.@PPh,-PIILP 0.252*10°3 4.9
8 PtNP@PPh,-PIILP 0.385*103 7.5

3.5.7 Thermogravimetry Analysis (TGA)
Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of all
prepared polymers and some of their loaded materials detail of which are shown in

(Figures 17, and 18).

All the TGA traces showed an initial loss in the percent weight about ( ~ 5 %), and this
could be attributed to the evaporation of some residual reaction solvent or water. The
degradation of the amino-, phosphino-, and pyrrolidino-decorated polymer was
characterised by three steps (Figure 17). The first degradation stage was around (~ 230
°C), then the degradation of the imidazole pendants around ( ~ 320 °C) followed with
final large decomposition step around ( ~ 410 °C) which corresponds to the
decomposition of the main polymer backbone, interestingly, by ( ~ 500 °C) about 20 %

of the material weight remained even when the temperature reached ( ~ 800 °C).182 183
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Figure 17 TGA traces of (a) NH2-PIILP, (b) Pyrr-PIILP, and (c) PPh2-PIILP.

In comparison (Figure 18) shows the TGA curves of PPh-PIILP polymer loaded with

tetrachloropalladate and platinate as well as the corresponding PANP and PtNP systems.

Unlike, the free polymers and PANP@PPh,-PIILP which showed three main degradation

stages, here there are only two steps around ( ~ 250 °C), then ( ~ 450 °C) corresponding

to a weight loss of c.a. 50 %. This weight loss remained constant above 450 °C until the

temperature reached ( ~ 800 °C); this suggests extremely high thermal stability which

may well be affected by the metal contents.
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Figure 18 TGA traces of (a) PdCla@PPh2-PIILP, (b) PANP@PPh2-PIILP, (c) PtCla@PPh2-PIILP, and (d)
PtNP@PPh>-PIILP.

3.5.8 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spettroscopy (XPS) analysis was conducted on PdCls@R-PIILP,
PANP@R-PIILP (R=CH2NH3, PPhy, CH2Pyrr), PtCla@PPh»-PIILP, and PtNP@PPh,-PIILP to
find out the oxidation state of palladium or platinum in the analysed samples. XPS
spectra were calibrated based on the binding energy of the C 1s electron at 284.6 eV
and were fitted by using CASAXPS software. XPS fitted spectra were obtained for each
of Pd", PANP two spin-orbital (3ds/2, 3d3/2), and also for Pt" and PtNP two spin-orbital
(4772, 8f5/2).-

All the PANP samples have Pd" doublet peaks and it has appeared in high composition,
this may attribute to incomplete reduction of the sample; this agrees with studies
published recently on the sodium borohydride reduction of polymer supported PdCl,.18%

185 This was attributed to the lack of accessibility of the reducing agent to the Pd" sites
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which were dispersed within the matrix of polymer. Alternatively, the presence of Pd"
in PANP based systems have been reported to arise from the oxidation of surface PANP

by exposure to air.'®
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Figure 19 XPS spectra (a) PdCla@NH:z-PIILP, (b) PANP@NH2-PIILP, (c) PdCla@Pyrr-PIILP, and (d)
PANP@Pyrr-PIILP.

Although PANP@Pyrr-PIILP sample was reduced using hydrogen gas it still had a high
Pd" content as shown in (Figure 19 d). The previous XPS results led us to do an extend
studies by preparing samples of PANP@PPh;-PIILP for XPS samples freshly under vacuum
and the results of this study are shown in (Figures 20-b, ¢, and d). Interestingly, the
percentage of Pd"and the area of the peak decreased, which strongly suggests that the
Pd'" peaksin PANP samples are associated with oxides, hydrides and/or carbenes species
which are available in the reaction media or re-oxidation of the metal nanoparticle
surface by exposure to air.>® 186 187 (Figures 20-e, and f) clearly show that PtCls@PPh>-

PIILP contains both Pt"V and Pt'" and that PtNP@PPh,-PIILP also contains PtV and Pt" as
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well as PtNP. Again, both the Pt"Y and Pt" species appear upon exposure of the measured

sample to air.188-190

*See Appendices for all XPS survey traces.
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Figure 20 XPS spectra (a) PdCla@PPhz-PIILP, (b) PANP@PPh,-PIILP 1, (c) PANP@PPh3-PIILP 2, (d)
PANP@PPh3-PIILP 3, (e) PtCla@PPh2-PIILP, and (f) PtNP@PPhz-PIILP.
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3.6 Conclusion

Amino-, phosphino- and pyrrolidino-decorated polystyrene-based PliLs were
successfully synthesised by the free radical copolymerization. The PlILs were loaded with
either Pd" or Pt" by anion exchange using an aqueous solution of Na2PdCls and K2PtCls,
respectively to afford MCla@R-PIILP (M = Pd, Pt, R = CH2NH;, PPh,, CH2Pyrr). Reduction
of MCls@R-PIILP with either NaBHs or by hydrogenation gave the corresponding
polymer immobilised ionic liquid supported nanoparticles PANP@R-PIILP with average
diameters of 1.8 + 0.525 nm, 2.87 + 0.83 nm, and 1.57 £ 0.85 nm, respectively.
Interestingly, the nanoparticlesin PANP@PPh;-PIILP were much more dispersed and had
a noticeably smaller size distribution than those of their amino and pyrrolidino
counterparts which suggests that it may well be possible to control the properties and
thereby the performance of metal nanoparticles with heteroatoms donor modified
polymer immobilised ionic liquids. The following two chapters evaluate the performance
of the prepared catalysts for the selective reduction of ¢, f-unsaturated aldehydes, and

the Suzuki-Miyaura cross coupling.
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3.7 Laboratory Preparation Procedures
e General Comments

All manipulations involving air-sensitive compounds were carried out using standard
Schlenk line techniques under an atmosphere of nitrogen in oven-dried glassware. All
the solvents were dried and distilled under a nitrogen atmosphere, chloroform and
dichloromethane were distilled from calcium hydride, and diethyl ether and
tetrahydrofuran from sodium wire/benzophenone; toluene and hexane from sodium
wire; acetonitrile from potassium carbonate; methanol and ethanol from magnesium;
while dimethylformamide was distilled under vacuum. All chemicals were bought from
commercial suppliers and used as received without further purification. *H and *3C{1H}
NMR spectra were recorded on either JEOL ECS-400 or a Bruker Avance Il 300
spectrometer. Spectrum Two™ FT-IR Spectrometers by PerkinElImer were used to record
the on FT-IR spectrums, and all the data were collected over a spectral range (4000-400)
cmL. Specific surface area and pore sizes were obtained from N2 adsorption-desorption
curves that obtained using Thermo Scientific™ SURFER at the Newcastle University.
Brunauer-Emmett-Teller (BET) method was used to measure the specific surface area of
the adsorption curve and pore size distribution was measured by Barrett-Joyner-
Halenda (BJH) method via using the desorption curve. All sample were outgassed at 90
°C for 30 hours prior to analysis. The (SEM/EDS) analysis was taken using a high-
resolution imaging of surfaces by a Tescan Vega 3LMU scanning electron microscope
fitted with a detector (Bruker XFlash® 6 | 30). Solid-state NMR were recorded using a
Bruker Avance Il HD, and a 4 mm HX MAS/magic-angle spinning probe. They were
obtained using the type of measurement (cross-polarisation (CP), direct excitation (DE)),
Chemical shifts were referenced:carbon to neat tetramethylsilane, phosphorus to 85 %
HsPOs, proton to neat tetramethylsilane. Powder X-ray diffraction patterns (XRD) were
recorded using a PANalytical X'Pert Pro Multipurpose Diffractometer (MPD) using Cu
Ko/B radiation of wavelength of 1.5418 A. Thermogravimetric analysis (TGA) was per-
formed using a Simultaneous Thermal Analyser (STA) 6000 instrument/Perkin Elmer, at
a heating rate of 10 °C min™! under argon gas atmosphere (BOC), argon flow 40ml/min.
The onset of the weight loss in each thermogram was used as a measure of the
decomposition temperature. The palladium loading was quantified using inductively
coupled plasma optical emission spectroscopy (ICP-OES) ICP analysis was conducted

using a Perkin-ElImer Optima 4300 ICP-OES analyser. SEM images were acquired on a
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Tescan Vega 3LMU scanning electron microscope with digital image collection. TEM
images were acquired in a bright field using a Tecnai 200 kV F20 Transmission Electron
Microscope with a Field Emission Gun. A few drops of the sample were pipetted onto an
Agar holey carbon film copper TEM grids and the prepared grid was set aside for c.a. 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 per-formed 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

per-formed with the CasaXPS software.

*See Appendices for all characterisation results.
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3.7.1 Synthesis of 1, 2-dimethyl-3-(4-vinylbenzyl) imidazolium chloride [DMVBIM][CI]
(3 2)174

=

©J) o
/>N ¢l
X

3.2

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
a mixture of 1, 2-dimethyl imidazole (5.25 g, 54.6 mmol) and 4-chloromethyl styrene
(10.84 g, 71.0 mmol) then stirred in (50 mL) of chloroform overnight at 50 °C. The solvent
was then removed under vacuum. The residue washed with ethyl acetate (4 x 50 mL) to
give a white solid that was filtered and dried under vacuum to afford 3.2in (13.5 g, 54.27
mmol, 100 %, 248.75 g/mol).

1H NMR (399.78 MHz, CDCls, 8): 7.72 — 7.57 (dd, J = 14.5, 2.0 Hz, 2H), 7.35 (d, J = 8.2 Hz,
2H), 7.26 (d, J = 9.0 Hz, 2H), 6.63 (dd, J = 17.6, 10.9 Hz, 1H), 5.71 (d, J = 17.7 Hz, 1H), 5.51
(s, 2H), 5.25 (d, J = 10.8 Hz, 1H), 3.92 (s, 3H), 2.73 (s, 3H); 3C{*H} NMR (101 MHz, CDCls,
5): 144.33,138.42, 135.84,132.47, 128.58, 127.13, 122.95, 121.94, 115.39, 52.17, 35.91,
10.96.
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3.7.2 Synthesis of N-[(4-vinylphenyl) alkyl] phthalimide (3.3)'">

=

N
O 33

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
a mixture of 4-chloromethyl styrene (26.6 mmol), potassium phthalimide (27.4 mmol)
and dry DMF (25 mL). The reaction mixture was heated at 55 °C under nitrogen with
stirring for 17 hours. The reaction solvent was reduced under low pressure, then DCM
(350 mL) was added to the residue, washed with water (6 x 250 mL), and then dried over
magnesium sulfate. The solvent was removed under reduced pressure, then the product
was dissolved in chloroform (50 mL) and washed with 0.2 M sodium hydroxide (15 mL),
washed with water (2 x 15 mL) and dried over magnesium sulfate. The removal of the
solvent at reduced pressure afforded a crude solid which was crystallised from methanol

to afford 3.3 in (5.2 g, 19.74 mmol, 75 %, 263.30 g/mol).

1H NMR (300.13 MHz, CDCls, 8): 7.78 (dd, J = 5.5, 3.0 Hz, 2H), 7.64 (dd, J = 5.5, 3.0 Hz,
2H), 7.37 — 7.24 (m, 4H), 6.60 (dd, J = 17.6, 10.9 Hz, 1H), 5.64 (d, J = 18.5 Hz, 1H), 5.15
(d, J=10.9 Hz, 1H), 4.76 (s, 2H); 3C{*H} NMR (75 MHz, CDCls, §): 168.14, 137.32, 136.24,
135.84, 134.01, 132.11, 128.87, 126.49, 123.37, 114.17, 41.35.
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3.7.3 Hydrazinolysis of Phthalimides to Afford (3.4)'"°

=

H,N

3.4

An oven-dried three neck round-bottom flask was allowed to cool to room temperature
and charged with phthalimide 3.3 (38.3 mmol) and 95 % ethanol (100 mL) under
nitrogen. A solution of hydrazine hydrate (2.74 g, 54.7 mmol) in 95 % ethanol (5 mL) was
added and the resulting mixture was stirred and heated at reflux for 3.5 hours up to the
disappearance of 3.3 (TLC, eluent benzene). The solvent was removed under reduced
pressure the solid residue was taken into chloroform (50 mL) and treated with 20 %
aqueous sodium hydroxide (50 mL). The aqueous phase was separated, extracted with
chloroform (3 x 50 mL) and the extracts combined and dried over magnesium sulfate.
The removal of chloroform afforded monomer 3.4 in (4.59 g, 34.5 mmol, 90 %, 133.19

g/mol) as a pale-yellow oil.

'H NMR (300.13 MHz, CDCls, 8): 7.32 — 7.23 (m, 2H), 7.20 — 7.02 (m, 2H), 6.60 (dd, J =
17.6, 10.9 Hz, 1H), 5.63 (dd, J = 17.6, 1.0 Hz, 1H), 5.12 (dd, J = 10.9, 1.0 Hz, 1H), 3.72 (d,
J=5.7 Hz, 2H), 1.36 (br s, NH2); 13C{*H} NMR NMR (75 MHz, CDCls, §): 142.95, 136.53,
136.21, 127.27, 126.40, 113.49, 46.25.
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3.7.4 Synthesis of Cross-linker (3.6)
e Synthesis of 2-methyl-1-(4-vinylbenzyl)-1H-imidazole (3.5)
=

3.5

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
sodium hydride (0.73 g, 30.4 mmol) and dry DMF (20 mL) and cooled to 0 °C. 2-methyl
imidazole (3.0 g, 36.5 mmol) was added resulting in the liberation of gas and on
exothermic reaction. The reaction mixture was cooled in anice bath, and 4-chloromethyl
styrene (4.29 mL, 30.4 mmol) was added drop-wise. The reaction was heated to 75 °C
for 30 minutes. The reaction mixture was poured onto water (250 mL) and the product
extracted with ethyl acetate (2 x 100 mL). The combined extracts were washed with
water (180 mL) and brine (50 mL) before being extracted with 6N hydrochloric acid (2 x
25 mL). The aqueous layer was washed with diethyl ether (20 mL) then treated with
sodium hydroxide solution (1.0 M) to pH 12.0 and the product extracted with diethyl
ether (3 x 100 mL), dried over magnesium sulfate and the solvent removed under
reduced pressure to afford 3.5 as a pale-yellow oil in (5.55 g, 28 mmol, 92 %, 198.27

g/mol).

1H NMR (300.13 MHz, CDCls, 6): 7.30 (d, J = 8.2 Hz, 2H), 6.93 (d, J = 8.2 Hz, 2H), 6.82 (dd,
J=35.3,1.3 Hz, 2H), 6.61 (dd, J = 17.6, 10.9 Hz, 1H), 5.66 (dd, J = 17.6, 0.8 Hz, 1H), 5.18
(dd, J = 10.9, 0.8 Hz, 1H), 4.95 (s, 2H), 2.25 (s, 3H). 3C{*H} NMR (75 MHz, CDCls, &):
144.92, 137.33, 136.05, 135.81, 127.36, 126.86, 126.73, 126.11, 119.89, 114.47, 49.50,
13.14.
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e Synthesis of 2-methyl-1,3-bis(4-vinylbenzyl)-1H-imidazol-3-ium chloride
(3.6)174

§

///QJ o’ 3.6

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
a solution of 3.5 (5.16 g, 26.0 mmol) in dry chloroform (50 mL) under a nitrogen
atmosphere. 4-Chloromethyl styrene was added and the reaction mixture stirred and
heated at 50 °C under nitrogen for 19 hours. After removal of the solvent under reduced
pressure the solid residue was washed with ethyl acetate. The product was dried under
reduced pressure and the resulting crude product dissolved in dichloromethane then
added drop-wise to diethyl ether (c.a. 250 mL) with vigorous stirring. After stirring for a
minimum of 60 minutes the product was allowed to settle, isolated by filtration through
a frit, washed with diethyl ether (2 x 50 mL) and dried under high vacuum to afford 3.6
as a white powder in (8.961 g, 26 mmol, 98 %, 350.89 g/mol).

1H NMR (399.78 MHz, CDCls, 8): 7.57 (s, 2H), 7.37 - 7.25 (m, 8H), 6.64 (dd, J = 17.6, 10.9
Hz, 2H), 5.72 (d, J = 17.5 Hz, 2H), 5.50 (s, 4H), 5.27 (d, J = 10.8 Hz, 2H), 2.76 (s, J = 22.6
Hz, 3H); 3C{*H} NMR (75 MHz, CDCls, §): 144.3, 138.3, 135.7, 132.2, 128.5, 127.1, 121.9,
115.3,52.1, 11.2.
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3.7.5 Synthesis of 1-[(4-ethenylphenyl) methyl]-pyrrolidine (3.7)

=

&
3.7

An oven-dried Schlenk flask was charged with hexane (25 mL) and 4-chloromethyl
styrene (4.6 mL, 32.9 mmol) and cooled using ice-bath. Dropwise addition of pyrrolidine
(5.4 mL, 65.7 mmol) to the cooled solution resulted in an obvious colour change from
white to yellow. The reaction mixture was allowed to warm to room temperature and
left to stir for a further 18 h after which the solid product was isolated by filtration and
washed with hexane. The sample was dried under vacuum to afford 3.7 as a yellow oil

(5.17 g, 27.6 mmol, 84 %, 187.29 g/mol).

1H NMR (CDCl3, 300.13 MHz, 6): 7.25 (d, J = 8.2 Hz, 2H), 7.18 (d, J = 8.2 Hz, 2H), 6.59 (dd,
J=17.6,10.9 Hz, 1H), 5.61 (dd, J = 17.6, 1.0 Hz, 1H), 5.10 (dd, J = 10.9, 1.0 Hz, 1H), 3.48
(s, 2H), 2.44 — 2.34 (m, 4H), 1.75 — 1.62 (m, 4H); 13C{*H} NMR (75 MHz, CDCls, 6):139.10,
136.70, 136.29, 129.07, 126.11, 113.33, 60.44, 54.16, 23.51.
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3.7.6 Synthesis of diphenyl (4-vinylphenyl) phosphine (3.9)*7°

=

o0
3.9
An oven-dried three neck round-bottom flask was allowed to cool to room temperature
and charged with Mg turnings (1.77g, 72.84 mmol) and anhydrous THF (60 mL). A crystal
of iodine was added, the mixture was cooled to 0 °C and c.a. 20 % of a solution of 4-
chlorostyrene (4.70 mL, 39.34 mmol) in anhydrous THF (40 mL) was added under a
nitrogen atmosphere using cannula transfer techniques. The solution was heated until
Grignard formation initiated after which the remaining 4-chlorostyrene solution was
added at such a rate as to maintain a gentle reflux. Once addition was completed the
solution was heated at 65 °C for 4h. The resulting Grignard solution was added drop-
wise using cannula transfer to a solution of chlorophosphine solution in anhydrous THF
(30 mL) and the resulting mixture left to stir at room temperature overnight. The
solution was then quenched by addition of degassed water (100 mL) and extracted with
a large excess of diethyl ether (3 x 170 mL) whilst bubbling nitrogen through the solution.
The organic extracts were combined dried over magnesium sulfate and the solvent
removed via an external trap to give the 3.9 as a white crystalline solid in (5.43 g, 18.8

mmol, 75 %, 288.33 g/mol).

1H NMR (300.13 MHz, CDCls, &8): 7.33 — 7.13 (m, 14H), 6.61 (dd, J = 17.6, 10.9 Hz, 1H),
5.68 (dd,J=17.6,0.9 Hz, 1H), 5.18 (dd, J = 10.8, 0.9 Hz, 1H); *C{*H} NMR (75 MHz, CDCI3,
5): 137.93, 137.21, 137.07, 136.80, 136.66, 136.39, 134.09, 133.86, 133.83, 133.60,
128.76, 128.58, 128.49, 126.35, 126.26, 114.70; 3P NMR (121 MHz, CDCls, &): -5.90.
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3.7.7 Procedure for the Polymerization (3.10, 3.11, 3.12)

0.14X
® ©)
/ 3.10:NH,-PIILP H

3.11:PPh,-PIILP
3.12:Pyrr-PIILP

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
a mixture of (5 g, 20.1 mmol) of 3.2 (10.92 mmol) of (3.4, 3.7, 3.9), (0.29 g, 1.75 mmol)
azobisisobutyronitrile (AIBN), and (0.61 g, 1.75 mmol) of 3.6 followed by addition dry
ethanol (100 mL) when monomer (3.4, 3.7), however in the case of 3.9, the solvent
choice was modified and a mixture of 1:1 THF/ethanol was used in order to solubilise
the phosphine. Then the resulting mixture was degassed via freeze-thaw method (6
cycles), next allowed to warm to room temperature, after that the reaction mixture was
heated at 85 °C for 96 hours, after cooling to room temperature and additional
equivalent of AIBN was added to the mixture, which was then degassed again (5 times)
as above before, stirring at 85 °C overnight. After cooling to room temperature, the
solvent was removed under reduced pressure. Then we scratch using spatula the yellow
puff product was washed with diethyl ether and filtered then dried under reduced
pressure to afford an off-white powder of 3.10 (6.2 g, 9.6 mmol, 88 %, 647.03 g/mol),
3.11 (8.4 g, 10.5 mmol, 96 %, 802.17 g/mol), and 3.12 (7.1 g, 10.1 mmol, 93 %, 701.13

g/mol).
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3.7.8 Procedure for Synthesis of Palladium Chloride Loaded on Polymer (3.13, 3.14,
3.15)

3.13:R=CH,NH, H
3.14:R=PPh,
3.15:R=CH,Pyrr

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
palladium chloride (0.5 g, 2.82 mmol), sodium chloride (3.3 g, 56.4 mmol) and water (40
mL). The reaction mixture was heated at 80 °C until the PdCl, was fully dissolved. This
resulting clear red solution of Naz[PdCls] was cooled to room temperature and a
suspension of (2.82 mmol) of (3.10, 3.11, or 3.12) dissolved in water (20 mL). The
mixture was stirred at room temperature for 4 h, filtered under reduced pressure and
the solid washed with water, ethanol and then diethyl ether and dried to afford an
orange powder of 3.13 (1.54 g, 1.72 mmol, 84 %, 895.25 g/mol), 3.14 (2.1 g, 2 mmol, 93
%, 1050.39 g/mol), and 3.15 (1.74 g, 1.83 mmol, 88 %, 949.35 g/mol).
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3.7.9 Procedure for Synthesis of Palladium Nanoparticles Amino- And Phosphino-
Decorated Polymer Immobilised lonic Liquids (3.16, 3.17)

3.16:R=CH,NH, H
3.17:R=PPh,

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
(3.13, 3.14) (2.27 mmol) and ethanol (30 ml). To this suspension was added a solution
of sodium borohydride (0.6 g, 15.86 mmol) in water (5 mL) drop-wise resulting in an
immediate colour change to black. The resulting suspension was stirred at room
temperature for 5 h. The reaction solvent was reduced under low pressure, then the
residue washed with water, ethanol and then diethyl ether and dried overnight under
reduced pressure to afford a black powder of 3.16 (1.3 g, 1.73 mmol, 64 %, 753.45
g/mol), and 3.17 (2.1 g, 2.3 mmol, 88 %, 908.59 g/mol).
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3.7.10 Palladium Nanoparticles Loaded on Pyrrolidino- Decorated Polymer
Immobilised lonic Liquids (3.18)

3.18

A reaction vessel and charged with 3.15 (0.5 g, 0.53 mmol) and ethanol (25 ml) and the
suspension heated at 100 °C under hydrogen gas (65 psi) overnight. The reaction solvent
was reduced under low pressure, then the residue washed with water, ethanol and then
diethyl ether and dried overnight under reduced pressure to afford a black powder of

3.18 (0.42 g, 0.52 mmol, 84 %, 807.55 g/mol).
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3.7.11 Synthesis of Platinum Chloride Loaded on Polymer (3.19)

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
K2PtCls (0.52 g, 1.25 mmol) and water (15 mL). The reaction mixture was stirred at room
temperature and a suspension of 3.11 (1.0 g, 1.25 mmol) in water (20 mL) was added.
The mixture was stirred at room temperature for 4 h, filtered under reduced pressure
and the solid washed with water, ethanol and then diethyl ether and dried to afford 3.19
as a beige powder (0.86 g, 0.76 mmol, 86 %, 1137.01 g/mol).
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3.7.12 Platinum Nanoparticles Loaded on Amino- and Phosphino-Decorated Polymer
Immobilised lonic Liquids (3.20)

An oven-dried Schlenk flask was allowed to cool to room temperature and charged with
3.19 (0.75 g, 0.66 mmol) and ethanol (10 ml). To this suspension was added a solution
of sodium borohydride (0.175 g, 4.62 mmol) in water (2 mL), resulting in the immediate
appearance of a black colour. The resulting suspension was stirred at room temperature
for 5 h. The reaction solvent was reduced under low pressure, then the residue washed
with water, ethanol and then diethyl ether and dried overnight under reduced pressure

to afford a brown powder of 3.20 (0.71 g, 0.71 mmol, 95 %, 997.26 g/mol).
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Chapter 4. CATALYTIC HYDROGENATION OF a,-UNSATURATED
ALDEHYDES WITH POLYMER-IMMOBILISED IONIC LIQUIDS
STABILISED PALLADIUM NANOPARTICLES

4.1 Introduction

The selective hydrogenation of ¢,f-unsaturated aldehydes to their corresponding
aldehyde is considered as one of the most challenging synthetic reactions in a field of
fine-chemical production.? 192

This is a highly important transformation as the products of hydrogenated a,f-
unsaturated aldehydes are important and valuable chemical intermediates especially in
the production of fragrances and flavours.®3 In this regard, the chemo-selectivity of o, -
unsaturated aldehyde affected this type of chemistry. Trans-cinnamaldehyde is one of
such substrate in this category; it is isolated for the first-time from cinnamon oil. An a, -
unsaturated aldehyde (Scheme 1) contains two functional groups conjugated to each
other which is the alkene group (C=C) and the carbonyl group (C=0). As such it is
important to be able to selectively reduce one of these functional groups while leaving
the other intact, for example, to obtain (3-phenylpropanal (2)) by selective
hydrogenation of the conjugated alkene group, whilst avoiding further reduction of the
carbonyl group (C=0) to afford 3-phenyl-1-propanol (4) as these products are not easy
to separate.'* The reactivity and the unhindered nature of the aldehyde (1) made the
selectivity towards hydrogenation very difficult in comparison with the corresponding
ketone, further to undergoing competitive side reactions from (1) to (2) Path A and from

(1) to (3) to (4) path B and C.
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0]
I
Cinnamaldehyde (1) 3-phenylpropionaldehyde (2)
B |H, D |H,
OH OH
AN H,
C
Cinnamyl alcohol (3) 3-phenyl-1-propanol (4)

Scheme 1 The hydrogenation of trans-cinnamaldehyde.

The transition metal catalysts are usually used for this kind of reaction where the catalyst
increases the reaction rate and/or modifies the reaction selectivity. Palladium, platinum,
and ruthenium are the most notable transition metal catalysts used for this
hydrogenation reaction. Conventionally palladium hydrogenates the alkene group while

the platinum has been used for selective reduction of the carbonyl group.t° 1%

4.2 Optimisation Studies

All PANP loaded amino-, phosphino-, and pyrrolidino- decorated PIILPs, 3.16, 3.17, and
3.18, respectively, were initially examined as catalysts for hydrogenation of the model

substrate trans-cinnamaldehydes to optimise selectivity and activity.

In the selective hydrogenation reaction of an a,-unsaturated aldehyde, there are three
possible products. The highly desirable reduction is the carbon-carbon double bond
(C=C) to produce the corresponding saturated aldehyde (2), however, due to the
probability of carbonyl hydrogenation is higher, so the main product is unsaturated
alcohol. In this regard, there are many publications that report the thermodynamically
favourable reduction of the C-C double bond of ¢, f-unsaturated carbonyl compounds
with palladium catalysts.'® 1 |n this project, we have examined the efficacy of the

prepared PANP@R-PIILP for the hydrogenation of trans-cinnamaldehyde (Scheme 2).
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? 1 mol % Pd°@R-PIILP C" OH OH
X , N S N
Water, 1 hour
70 psi H,
A D B c
Major 0 Minor

Scheme 2 Selective hydrogenation of trans-cinnamaldehyde catalysed by PANP@R-PIILP.

Catalysts efficiencies were tested on the hydrogenation of carbon-carbon bond of trans-
cinnamaldehyde to afford hydrocinnamaldehyde. All the catalytic hydrogenation
reactions were conducted in a Parr bench top pressure reactor equipped with a
magnetically coupled stirrer and a gas ballast. Reactions were conducted in a glass vessel
charged with trans-cinnamaldehyde (1 mmol) and 1 mol % of catalyst MNP@R-PIILP
(M=Pd, Pt; R=CH;NH,, PPhy, CH,Pyrr) dissolved in (13 mL) solvent under (70 psi)
hydrogen gas atmosphere for one hour at room temperature. The conversion and
selectivity of each reaction were determined by analysing the 'H NMR spectrum of the
crude reaction mixture. The calculation depends on the integral of the highlighted
proton in each compound which is the best choice to avoid overlap with other signals.
The conversion was calculated depends on the difference between cinnamaldehyde and
the products, while the selectivity was calculated using the difference between one of

the products (the desired) and all other as shown in (Figure 1).
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[o]
Conversion=(5+C+0D)/(2A+E+C+D) SN . w
Selectivity=0/(5+C+0)

I

,. L

11.010.510.0 9.5 9.0 85 80 7.5 7.0 6.5 6.0 5.5 50 45 40 35 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 1 Stacked 'H NMR spectra of cinnamaldehyde (CA) (purple); 3-phenyl propanol (PPL) (blue);
cinnamyl alcohol (CAL) (red); hydrocinnamaldehyde (HCA) (green).

4.2.1 Solvent Screening Studies

As the solvent is known to have a dramatic influence on reaction selectivity and activity,
the hydrogenation of cinnamaldehyde was catalysed by PANP@NH;-PIILP in a range of
different solvents (polar, non-polar, protic and aprotic) at room temperature and 60 °C,

and each of which is summarised in (Figure 2).

*All the catalysts have higher performance at 60 °C than at room temperature.
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Figure 2 Solvent-screening studies using PANP@NH2-PIILP (a) at room temperature (b) at 60 °C.

Reaction Conditions: 0.1 mol % PANP@NHz-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL solvent; 70 psi
Ha; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

Generally, at both temperatures, PANP@NH;-PIILP appears to perform well in hydrogen
bonding solvents ethanol, water, and a water/ethanol solvent mixture while it is
performing poorly in the organic solvents. Although the conversion varied widely
depending on the solvent used, the selectivity remained high.

Many reasons make water the best choice as a reaction solvent such as the greenest
solvent, environmentally friendly, non-hazardous, accessible, cheap alternative for any

other organic solvents, easy product isolation by extraction and the ease of recycling.*®®

197

Page | 137



Chapter 4.

In this sense, water as used as the solvent of choice even though the highest conversion
(100 %) and selectivity (80 %) were obtained in a water/ethanol mixture at 60 °C.

As there was only a minor drop in selectivity from 67 % to 62 % between reactions
conducted at 60 °C and room temperature (Figure 2), all further optimisation studies

and substrate screening were performed at room temperature.

100
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i Conversion (%)
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P44 4 4444000000000

M Selectivity (%)
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Figure 3 Solvent-screening studies using PANP@PPh2-PIILP(a) at room temperature (b) at 60 °C.

Reaction Conditions: 0.1 mol % PdNP@PPhz-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL solvent; 70 psi
Ha; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

Again, the PANP@PPh,-PIILP performs well in ethanol, water and a water/ethanol
mixture at both temperatures, with a slightly higher selectivity of 82 % at 60 °C

compared with 76 % at room temperature (Figure 3).
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Figure 4 Solvent-screening studies using PANP@Pyrr-PIILP(a) at room temperature (b) 60 °C.

Reaction Conditions: 0.1 mol % PdNP@Pyrr-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL solvent; 70 psi
Ha; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

In contrast, PANP@Pyrr-PIILP gave a much lower selectivity for hydrocinnamaldehyde in
ethanol, water or water/ethanol mixture than its amino-, and phosphino-based
counterpart at room temperature. However, selectivity improved quite dramatically to

69.5 % at the higher temperature (Figure 4).

From all above studies, both PANP@NH-PIILP and PANP@PPh,-PIILP showed a similar
trend in conversion and selectivity, while PANP@Pyrr-PIILP was markedly less selective

across the range of solvents examined.
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4.2.2 Temperature Optimisation Studies

The hydrogenation reactions of each catalyst were carried out in water, under 70 psi
hydrogen at a range of different temperatures from room temperature to 60 °C. (Figure
5) shows the effect of increasing the temperature on the conversion and the selectivity
of PANP@NH>-PIILP. The conversion reached 100 % at 30 °C, however, the selectivity
obtained at 60 °C was 60 % while it was 67 % at 20 °C, this means the selectivity of the

catalyst has not affected by rising temperature.

The trend appears to show that at the higher temperatures, the selectivity is higher,
however for the reaction conducted at 20 °C, there is an obvious difference in selectivity.
This may well be due to the fact that at the higher conversion of the starting material,
there is intrinsically a high concentration of saturated aldehyde that can react further to
form the saturated alcohol. Further studies at a predetermined conversion would allow

for a more accurate temperature dependence on selectivity.

100 - " o 0 v
80 -
2 ]
% 60 & A A
g 4
3 40 -
()]
a.
20 -
0 1 1 1 1 1
20 30 40 50 60 70

Temperature °C

@ Conversion (%) A Selectivity (%)
Figure 5 Temperature optimisation profile using PANP@NH 2-PIILP.

Reaction Conditions: 0.1 mol % PANP@NH>-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
1 h; determined by 'H NMR spectroscopy (average of 2 runs).
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In contrast, the conversion/selectivity profile for PANP@PPh,-PIILP showed less

variation with temperature than PANP@NH-PIILP and the optimum conversion of 82 %

was a significant improvement on that obtained with its amino counterpart (Figure 6).

Percentage %

100 o Y @ o

80 A
3 4 s A

60 -

40 -

20 -

O 1 1 1 1 1

20 30 40 50 60 70

@ Conversion (%)

Temperature °C

A Selectivity (%)

Figure 6 Temperature optimisation profile using PANP@PPh-PIILP.

Reaction Conditions: 0.1 mol % PdANP@PPh2-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
1 h; determined by 'H NMR spectroscopy (average of 2 runs).

Interestingly, selectivity increased with increasing temperature from 21.5 % at room

temperature to 78 % at 50 °C for pyrrolidine-based catalyst PANP@Pyrr-PIILP, while

complete conversion was obtained at each temperature (Figure 7).
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Figure 7 Temperature optimisation profile using PANP@Pyrr-PIILP.

Reaction Conditions: 0.1 mol % PANP@Pyrr-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
1 h; determined by 'H NMR spectroscopy (average of 2 runs).

The mild reaction conditions using PANP@R-PIILP are ideal as catalyst lifetimes would
be affected by the reaction temperatures and nanoparticles tend to aggregate at higher
temperatures, which lowers surface area and activity. In addition, the ambient reaction

condition would reduce the reaction costs and safety risks management.

4.2.3 Pressure Experiment Optimisation Studies

The effect of the reaction pressure on catalyst performance was investigated as it could
affect activity through the concentration of dissolved hydrogen. Thus, a series of
reactions were conducted in which the hydrogen pressure was varied between 8 - 800
psi in water at room temperature in order to explore the influence of pressure on the
catalytic performance. (Figure 8) shows that conversions increased quite dramatically
with increasing pressure for reactions catalysed by PANP@NH,-PIILP whereas selectivity
increased slightly from 60.5 % at 8 psi to a maximum of 68.5 % at 40 psi; above this

pressure selectivity decreased slowly with increasing pressure.
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Figure 8 Pressure optimisation profile using PANP@NH2-PIILP.

Reaction Conditions: 0.1 mol % PANP@NH>-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

In comparison, PANP@PPh,-PIILP gave a low conversion at 8 psi whereas complete
conversion of cinnamaldehyde was obtained at 70 psi and above (Figure 9). While

selectivity varied erratically between 8 and 800 psi the changes were relatively small.

100 -
80 - e

60 - e

40 - 4 i Conversion (%)

Percentage %
+

84 M Selectivity (%)

8 40 70 300 800
Pressure psi

Figure 9 Pressure optimisation profile using PANP@ PPh2-PIILP.

Reaction Conditions: 0.1 mol % PANP@PPhz-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).
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Figure 10 Pressure optimisation profile using PANP@Pyrr-PIILP.

Reaction Conditions: 0.1 mol % PANP@Pyrr-PIILP;, 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

The conversion pressure profile for PANP@Pyrr-PIILP (Figure 10) was qualitatively
similar to that for PANP@PPh,-PIILP in that low conversions were obtained below 70 psi
with complete conversion above this pressure. While selectivity also varied erratically,
it was significantly lower than that obtained with its phosphino- counterpart at each

pressure tested.

4.2.4 Effect of Additives Studies (Base Addition)

Recently, many studies on the hydrogenation of C=C double bonds have suggested that
the presence of the base in the reaction mixture could increase the selectivity. From this
point of view, the effect of introducing a range of inorganic and organic bases was

examined.

1. Sodium hydroxide (NaOH)
Addition of sodium hydroxide to reactions catalysed by PdNP@NH,-PIILP or

PANP@PPh,-PIILP resulted in a decrease in conversion with increasing amount of base
and a slight increase in selectivity details of which are shown graphically in (Figures 11,

and 12).
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Figure 11 The effect of addition NaOH for PANP@NH2-PIILP.

Reaction Conditions: 0.1 mol % PANP@NH>-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).
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Figure 12 The effect of addition NaOH for PdNp@PPh2-PIILP.

Reaction Conditions: 0.1 mol % PdANP@PPh2-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

In contrast, the addition of base to the reaction catalysed by PANP@Pyrr-PIILP resulted
in a dramatic drop in the conversion from 96 % to 29 %, whereas selectivity increased
from 21.5 % to 73 % upon addition of one equivalent of sodium hydroxide but decreased

slightly in the presence of an additional base (Figure 13).
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Figure 13 The effect of addition NaOH for PANP@Pyrr-PIILP.

Reaction Conditions: 0.1 mol % PANP@Pyrr-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

2. Potassium carbonate (K2CO3)
The addition of varying amounts of potassium carbonate from 0.1 to 1.0 equivalents was

next examined. Reactions catalysed by amino- modified catalyst showed a steady
decrease in conversion as the amount of base was increased from 0 to 1.0 while
selectivity increased quite sharply from 66.5 % to 84.5 % in the presence of 0.1 mol %
K2COs (Figure 14). The conversion/selectivity profile as a function of added potassium
carbonate for reactions catalysed by PANP@Pyrr-PIILP was qualitatively similar to its
amino counterpart but the improvement in selectivity from 21.5 % to 78 % upon

addition of 0.1 equivalents of K,CO3 was more dramatic (Figure 16).
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Figure 14 The effect of addition K2COz for PANP@NH2-PIILP.

Reaction Conditions: 0.1 mol % PANP@NH:z-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

Gratifyingly, there was a marked improvement in selectivity from 76 % to 90 % on
addition of one equivalent of potassium carbonate to the PANP@PPh;-PIILP catalysed
hydrogenation of cinnamaldehyde (Figure 15). Surprisingly, an addition of 0.1
equivalents of base resulted in a marked decrease in the conversion from 98 % to 46.5

% while the addition of an additional base up to one equivalent improved conversions.
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Figure 15 The effect of addition K2COs for PANP@PPh2-PIILP.

Reaction Conditions: 0.1 mol % PANP@PPhz-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).
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Figure 16 The effect of addition K2COs for PANP@Pyrr-PIILP.

Reaction Conditions: 0.1 mol % PdANP@Pyrr-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

3. Potassium phosphate (K3PO4)
Similarly, the addition of one equivalent of potassium phosphate resulted in a drop in

conversion for each of the catalysts examined (Figure 17) while in all cases selectivity

increased, quite significantly for reactions catalysed by PANP@Pyrr-PIILP.
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Figure 17 The effect of addition (1 mmol) K3PO4 for PANP@R-PIILP.

Reaction Conditions: 0.1 mol % PANP@R-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz; rt;
1 h; determined by 'H NMR spectroscopy (average of 2 runs).

Page | 148



Chapter 4.

4. Triethylamine (NEt3)
Addition of triethylamine (Figure 18) also resulted in a decrease in conversion and a

concomitant increase in selectivity with reactions catalysed by PdNP@Pyrr-PIILP

showing the most disparate changes.

Although the role of the base within the reaction mixture is currently unknown it
appears that the increase in selectivity is intrinsically linked to a drop in conversion,
which is consistent for competing reactions. Further studies were applied by using the
addition of 0.1 mL of (1M) HCI which appear to show a dramatic drop in both of

conversion and selectivity.
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Figure 18 The effect of addition (1 mmol) NEts PANP@R-PIILP.

Reaction Conditions: 0.1 mol % PdANP@R-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz; rt;
1 h; determined by 'H NMR spectroscopy (average of 2 runs).

4.2.5 a,f-unsaturated Compounds Screening Studies

The studies were extended to examine a range of o,f-unsaturated aldehydes, and
ketones including trans-chalcone, cis-citral, 4-phenyl-3-butene-2-one, 2,6,6-trimethyl-2-

cyclohexene-1,4-dione, and trans-2-pentenal (Table 1).

The hydrogenation of af-unsaturated ketones was generally slower than for
cinnamaldehyde, possibly due to the increased steric hindrance of the R group attached
to the carbonyl fragment (Entries 1, 3, and 4) however, high selectivity for the C=C

reduction is achievable. Of these substrates, trans-chalcone was particularly slow, which
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is perhaps not surprising due to the high steric encumbrance of the phenyl ring of the
substrate, which may decrease access to the catalyst active site. Generally, quantitative
amounts of saturated ketones were recovered however the phosphino-functionalised
catalyst appears to yield small amounts of the saturated alcohol for entry 1, highlighting
the effect that heteroatom donors may have on catalyst activity. High selectivity was
achieved for the selective C=C reduction of 4-phenyl-3-butene-2-one (Entry 3), most
likely again due to the fact that the carbonyl bond of the ketone bearing substrates is

less reactive than the corresponding aldehydes.

Interestingly, ketoisopherone (Entry 4) gave high selectivity for reduction of both the
C=C and the C=0 group shown in (Scheme 3) below for NH; and PPh; functionalised
catalysts but high selectivity for the only C=C reduction in the case of the pyrrolidine
functionalised catalyst, again demonstrating the complexity of the system and possible

heteroatom-metal interactions.

1 mol % Pd°@R-PIILP

o Water, 1 h, 60 °C 0 OH OH
70 psi H,

Scheme 3 Selective hydrogenation of 2,6,6-Trimethyl-2-Cyclohexene-1,4-dione catalysed by PdNP@R-
PIILP.

Trans-2-pentenal also gives high selectivities at quantitative conversions (Entry 5), and
the hydrogenation of cis-citral (Entry 2) gave 3,7-dimethyloct-6-enal as the sole product
in all cases suggesting that the less hindered and conjugated C=C bond is more accessible

for hydrogenation that the isolated one.
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Table 1 The hydrogenation of profile a,f-unsaturated compounds catalysed by PANP@NH2-PIILP;
PANP@PPh;-PIILP, and PANP@Pyrr-PIILP, respectively.

Substrate PdNP@NH; -PIILP PdNP@PPh; -PIILP PANP@Pyrr -PIILP
z' . - Q - Q -
£ g | 9 z = g 9 |z = 2 | 8 | =z =
w ] Q (@] (7' o Q (@] T8 o [7) (@] (T8
8 |F | [B B|F | [ &]|F |8
1 o 31 100 310 310 33 | 877 | 387 387 68 97 690 690
T
2 ? 100 | 100 | 1001 | 1001 | 100 | 100 | 1171 | 1171 | 100 | 100 | 1014 | 1014
X
|
3 o 100 | 100 1001 | 1001 | 100 | 94 | 1171 | 1171 |} 100 | 100 | 1014 | 1014
SA
4 100 = 85° 1001 | 1001 | 100 | 84° | 1171 | 1171 | 82 | 75° | 832 832
(0]
5 NN 100 96 1001 | 1001 J 100 | 92 | 1171 | 1171 J 100 | 96 | 1014 | 1014

Reaction Conditions: 0.1 mol % PANP@R-PIILP;, 1 mmol o, f-unsaturated compounds; 13 mL water; 70 psi
Ha; at 60 °C; 1 h; determined by *H NMR spectroscopy (average of 2 runs).

9 Selective hydrogenation towards saturated alcohol (1,3-diphenylpropan-1-ol).
bSelective hydrogenation towards unsaturated alcohol (Levodione).

Selective hydrogenation towards unsaturated alcohol (4-hydroxy-3,5,5-trimethylcyclohex-2-en-1-one).

4.2.6 Recycling Studies

As the ability of a catalyst to be recycled without any loss if activity and selectivity are
an important feature, recycle studies were conducted on trans-cinnamaldehyde under
the optimum reaction conditions using each of the prepared catalysts PANP@R-PIILP. As
only a small amount of catalyst was used it was extremely difficult to recover the entire
sample, simply because of the nature of the physical protocol. After running the
experiment, the pressure was released; the diethyl ether was removed, followed by
recharging the reaction system with further water and cinnamaldehyde. (Figure 19)
shows that PANP@NH»-PIILP recycles with a slight decrease in selectivity from 68 % to
51 % after six runs and a gradual but significant drop in the conversion from 58 % to 17
%.
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Figure 19 Recycling studies using PANP@NH2-PIILP catalysed hydrogenation of cinnamaldehyde.

Reaction Conditions: 0.1 mol % PANP@NH>-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy.

Interestingly, selectivity remained relatively stable for the first five recycles with
PANP@PPh,-PIILP after which there was a significant increase to 100 %, however, this
was accompanied by a dramatic drop in conversion (Figure 20). The gradual drop in
conversion may be attributed to catalyst attrition during the workup of each individual
run. In this regard, ICP analysis of the aqueous phase after recycling with similar systems
developed by the Doherty Knight group has shown a decrease in Pd content. However,
catalyst deactivation cannot be discounted in which TEM analysis of the spent catalyst

may show aggregation of the NPs after multiple runs.
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Figure 20 Recycling studies using PANP@PPhz-PIILP catalysed hydrogenation of cinnamaldehyde.

Reaction Conditions: 0.1 mol % PdANP@PPh2-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy.

In general, the gradual decrease in conversion overruns 1-3 may be attributed to
poisoning of the active sites, nanoparticle agglomeration, or leaching during the work-
up, all of which are known to decrease activity. Interestingly, there is an increase in
conversion after recycle No. 3. This may be due to the reduction of any residual PdCla
precursor or PdO from surface oxidation over the first three cycles generating a higher
concentration of metallic Pd°. Indeed, this phenomenon has been reported for other

transition metal nanoparticle systems.1%®
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Figure 21 Recycling studies using PANP@Pyrr-PIILP catalysed hydrogenation of cinnamaldehyde.

Reaction Conditions: 0.1 mol % PdANP@Pyrr-PIILP; 1 mmol trans-cinnamaldehyde; 13 mL water; 70 psi Hz;
rt; 1 h; determined by *H NMR spectroscopy.

Surprisingly, the corresponding recycling studies with PANP@Pyrr-PIILP (Figure 21) gave
complete conversion for each run and a stable selectivity profile, however, the

selectivity is very low rendering the system impractical even though conversions were

high.

4.2.7 Transmission Electron Microscopy (TEM)

Comparative TEM analysis were performed for some of the newly prepared catalysts
(PANP@NH-PIILP and PdNP@Pyrr-PIILP) before and after recycling, to establish
whether the decreases in conversions were related to any change in the nanoparticle
size as a result of aggregation which would decrease the surface area of the

nanoparticles and the number of active sites (Figures 22, and 23).

As described in Chapter 3 the nanoparticle size distribution analysis is demonstrated
from a TEM image by Imagel, then the frequency fitted by Gaussian equation. The TEM
image of PANP@NH,-PIILP after recycling shows that palladium nanoparticles were still
highly dispersed in the polymer matrix and not significantly affected during recycling.
The particle size distributions determined by counting > 1373 particles revealed a mean

NP diameter of 1.54 + 0.46 nm, with 29.9 % of polydispersity. However, the particle size
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before recycling by counting > 1755 particles was 1.8 £ 0.525 nm, and the polydispersity
was 29.2 %, which mean there was not any indication of nanoparticles aggregation

(Figure 22).
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Figure 22 The calculated nanoparticles frequency of (a) recycled sample; (b) stacked diagram
before and after recycling of PANP@NH:-PIILP fitted by Gaussian equation.

For comparison, the palladium size calculated from the TEM image of PANP@Pyrr-PIILP
after recycling by counting > 237 particles were 1.56 + 0.43 nm, which is closely similar
to before recycling which was 1.57 + 0.85 nm by counting > 2900 particles. While the
polydispersity increased from 54.1 % before recycling sample to 78 % after recycling,
which indicates a significant change in the nanoparticles dispersity; this may be

attributed to catalyst aging in the reaction mixture (Figure 23).
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Figure 23 The calculated nanoparticles frequency of (a) recycled sample; (b) stacked
diagram before and after recycling of PANP@Pyrr-PIILP fitted by Gaussian equation.
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4.2.8 Further Comparison Investigation Using Platinum Nanoparticles Loaded PIILP
As platinum catalysed hydrogenations are widely precedented in the literature
diphenylphosphino modified polymer immobilised ionic liquid stabilised PtNPs were
also prepared and their efficacy as catalysts for the hydrogenation of cinnamaldehyde

examined for comparison with its palladium counterpart (Scheme 4).

? 1 mol % Pt°@PPh,-PIILP ?
AN o + AN +
©/\) Water, 1 hour ©/\) ©/\) ©/\)
70 psi H,

Scheme 4 hydrogenation of trans-cinnamaldehyde hydrogenation catalysed by PtNP@PPh>-PIILP.

From several initial experiments (Table 2), unfortunately, the results were discouraging
and PtNP@PPh,-PIILP was a poor catalyst for the hydrogenation of trans-
cinnamaldehyde giving 30 % conversion with 64 % selectivity for hydrocinnamaldehyde.
Even after extending to reaction time to 2 h the conversion only increased to 64 % with
a selectivity of 69 % while the reaction at 60 °C increased the conversion to 78 % with
69 % selectivity. From the literature, the desired selectivity of PtNPs is cinnamyl alcohol,
through the reorientation of cinnamaldehyde wherein hydrogenation of the C=0 bond

would be favoured over the C=C bond.*9% 1%

Table 2 The hydrogenation results of trans-cinnamaldehyde catalysed by PtNP@PPh-PIILP.

Reaction Condition %Conversion %Selectivity
Water 30 64
Ethanol:Water (1:1) 32 51
Ethanol 37 70
Water; 60 °C 78 56
Water; 2 Hours 64 69
(1 mmol) K2CO3 20 78
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4.3 Conclusion

Two systems palladium and platinum nanoparticles stabilised by a heteroatom donor
modified PIIL support were applied as catalysts for the selective hydrogenation of a,f-
unsaturated aldehydes. Solvents screening studies revealed that the catalysts
performed most efficiently in protic solvents, with reactions in water giving the best
balance of conversion and selectivity. This may be attributed to the dissolution of the

catalyst in water resulting in efficient dispersion and access to the active site.

The study of the effect of reaction temperature on catalyst efficacy between 20 - 60 °C
showed that selectivity typically increased with increasing temperature, albeit by only a
small amount, and that highest selectivity was obtained at 50 °C. TEM analysis of the
catalyst recovered after recycling revealed that the mean diameter of the NPs was
similar to that of the unspent catalyst. As discussed earlier in Chapter 3, although there
is no specific trend with regard to particle size and surface morphology, changing the
heteroatom donor does seem to result in a dramatic change in the catalysts
performances. In order to deduce whether this is a direct result of the many possible
metal-heteroatom donor interactions or due to differences in particle size distributions,
more studies on the electronic effects of the donors, which may well dominate catalyst

activity would be needed.
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4.4 Laboratory Preparation Procedures
e General Comments

All manipulations involving air-sensitive compounds were carried out using standard
Schlenk line techniques under an atmosphere of nitrogen in oven-dried glassware. All
solvents dried and distilled under a nitrogen atmosphere, (chloroform and
dichloromethane) were distilled from calcium hydride, and (diethyl ether and
tetrahydrofuran) from sodium wire / benzophenone; (toluene and hexane) from sodium
wire; acetonitrile from potassium carbonate; (methanol and ethanol) from magnesium;
while (dimethylformamide) were distilled under vacuum. All chemicals were purchased
from commercial suppliers and used as received without further purification. *H and
13C{1H} NMR spectra were recorded on either JEOL ECS-400 or a Bruker Avance Il 300

spectrometer.

*See Appendices for all characterisation results.
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4.4.1 General Procedure for Catalytic Hydrogenation of a,ff-Unsaturated Aldehydes
in Batch

A glass flask insert was charged with (139 ul, 1 mmol) of trans-cinnamaldehyde, catalyst
(1 mmol) and solvent (13 mL) and placed in a reactor equipped with a magnetically
coupled stirrer and gas ballast. The reactor was assembled, pressurised with 70 psi of
hydrogen, left to stand for 10 seconds and then the gas released through an outlet valve.
This sequence was repeated ten times after which the reactor was pressurized to the
desired pressure and the solution stirred vigorously at room temperature for 1 hour
(unless otherwise stated). The product was extracted with ethyl acetate (3 x 25 mL) the
organic fractions combined, dried over MgSO,, filtered and the solvent removed. The
resulting residue was analysed by H NMR spectroscopy to quantify the composition of
starting material and products and to determine the selectivity; for each substrate
tested an internal standard of 1,3-dinitrobenzene was initially employed to ensure mass

balance.
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Chapter 5. PIILP PALLADIUM NANOPARTICLES-CATALYSED SUZUKI-
MIYAURA CROSS-COUPLING REACTION

5.1 Introduction

Palladium catalysed cross-couplings have attracted considerable attention recently and
the area is still evolving, particularly, when it was acknowledged by the Nobel Prize in
2010 which was awarded to Heck, Negishi, and Suzuki for their work in this field. This
field includes a diverse range of carbon-carbon and carbon-heteroatom bond forming
reactions which now form an important component of organic synthetic methodology

(Scheme 1).1°2:200
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Scheme 1 Representative of palladium catalysed cross-couplings.

The Suzuki-Miyaura reaction is one of the most important and widely used cross-
couplings for construction of the biaryl motif. Many reasons behind the success of this
synthesis such as the functional groups tolerance and the availability of boronic acid and
its stability.2! Both Pd?* and Pd° complexes typically form highly active catalysts for
these types of reactions especially when the reaction contains phosphines or any other

ligands in an organic or aqueous reaction media.?%?
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The mechanism of PANP catalysed cross-coupling remains unclear and may occur at
palladium atoms leached from the nanoparticle or on the surface of the nanoparticle. In
this sense, several different theories have appeared in the past decade which try to
discuss this matter. Rothenburg et.al suggested that catalysis occurs on the leached Pd
atoms in case of the Heck and Suzuki-Miyaura cross-coupling,8% 293 similarly Vries et.al
204,205 proposed that nanoparticles catalysed the reaction by working as a reservoir of
palladium atoms. As there are numerous examples of palladium nanoparticles
immobilised on a range of supports for the Suzuki-Miyaura cross-coupling the efficacy
of PANP@R-PIILP for this transformation was also examined to compare their efficacy
and evaluate the relative merits of an ionic liquid decorated heteroatom modified

support.

The proposed catalytic cycle for Suzuki-Miyaura cross-coupling reaction catalysed by
palladium nanoparticles is shown in (Scheme 2). Palladium nanoparticles would either
be pre-formed, in this case, it will involve the reaction cycle directly or generated in-situ
by reduction of PdCls@R-PIILP. The reaction then follows three essential steps: the first
step is an oxidative addition; this step comprises the addition of Pd® species to the aryl
halide (Ar-X). In the second step, the base K,COs will either exchange with halide on the
palladium to afford a Pd-CO3'K* after metathesis, which assists transmetalation with
ArB(OH), to afford the [ArB-(OH).CO3K*] anion which is activated towards
transmetalation.?°® The reductive elimination is the final step which generates the
desired product and reproduces the Pd° catalyst. As mentioned previously, the rate of
the first and final steps of the catalytic cycle can be increased by using bulky electron-

donating ligands.207, 208
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Scheme 2 The proposed catalytic cycle for the palladium catalysed Suzuki-Miyaura cross-couplings.

5.2 Experimental Studies on Optimisation of Suzuki-Miyaura Cross-Coupling System
Process Parameters

For this phase of the project, we chose to examine the efficacy of amino-and phosphino-
based PANP@R-PIILP as catalysts for the Suzuki-Miyaura cross-coupling with the aim of
exploring whether the presence of a heteroatom donor affects catalyst performance

(Scheme 3).

Br B(OH), Catalyst
o T
R R' Solvent, Base

Scheme 3 Suzuki-Miyaura cross-coupling reaction between aryl halides and aryl boronic acids.

As there are numerous literature reports of highly efficient cross-coupling with metal

nanoparticles immobilised on supporting material, 4 77,85 182,209 g the comparison with
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the efficiency of PANP@R-PIILP (R = CH;NH;, PPhz) may well be highly informative

towards future design and modifications.

It should be noted that reaction optimisation studies for PANP@PIILP (namely
PANP@OMe-PIILP) systems have previously been conducted by other members of the
Doherty/Knight group.?1° The optimum conditions were identified from the data shown
below, which have been employed for this study. Solvent screening studies using EtOH,
H,0, toluene, THF; DMF; EtOH:H,0; toluene:H,0; THF:H,0O were carried out, and the

best solvent was identified as a 1:1 mixture of EtOH:H,0 (Table 1).2%°

Table 1 Solvent screening studies using catalysed by (PANP@OMe-PIILP).*6

Entry Solvent %Conversion
1 EtOH 24
2 H.O 14
3 Toluene 2
4 THF 5
5 DMF 13
6 EtOH:H,0 84
7 Toluene:H,0 3
8 THF:H,0 17

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2COs; 30 °C; 0.5 h; (50:50) solvent mixture; determined by GC with 1 mmol GC standard n-decane;
determined by *H NMR spectra (average of 2 runs).

In addition to previous studies, further experiments on choosing the best solvent volume
ratios. In this sense, catalyst efficacy as a function of the ethanol to water ratio was
examined (100:0; 75:25; 50:50; 25:75; 0:100) and the best conversion was achieved with
a 50:50 mixtures (Table 2).21°
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Table 2 Optimisation of solvent water content catalysed by (PANP@OMe-PIILP).%6

Entry EtOH: H,O %Conversion
1 100:0 24
2 75:25 71
3 50:50 84
4 25:75 82

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 30 °C; 0.5 h; (50:50) solvent mixture; determined by GC with 1 mmol GC standard n-decane;
determined by *H NMR spectra (average of 2 runs).

Thus, all further optimisation studies and substrate screening was undertaken in a 50:50
mixture of ethanol and water. The high-performance of the catalyst in this solvent
system is most likely due to the ability to dissolve the organic reagents including aryl
halides and aryl boronic acids at the same time as dissolving the inorganic base in the
reaction mixture.>’ Base screening studies were conducted with a range of bases
(NaOAc, CsOAc, NBus, K3POa, CsF, NaHCO3, K2COs3, Cs2C03) and the best was K,COs and

this agreed with the literature presented.®* 210-213

From all previous studies above, the optimum conditions for all further Suzuki-Miyaura
cross-couplings in this study are one to one ratio of the co-solvent (ethanol:water) and

the base is potassium carbonate.

5.2.1 Aryl Bromide Substrate Screening Studies

With the aim of evaluating the influence of the heteroatom donor on catalyst
performance, the efficiency of PANP@NH;-PIILP and PANP@PPh;-PIILP was examined in
the Suzuki—Miyaura reaction between the phenylboronic acid and a series of aryl
bromides in ethanol:water at 30 °C in the presence of K,COs as a base (Scheme 4). All
the reactions were run at different times depending on the conversion starting with 19
hours. The catalysts were used in 0.1 mol % loading and reactions were conducted at 30
°C. Comparative catalysts testing was also undertaken with nanoparticles generated in-
situ from the tetrachloropalladate-based precursors PdCls@NH2-PIILP and PdCls@PPh;-
PIILP (Table 3).>°
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Br B(OH), 1 mol % Catalyst O
R 2.4 mL (1 ethanol: 1 water),
R

K,CO5, 30 °C

Scheme 4 Suzuki-Miyaura cross-coupling reaction.

Interestingly, the pre-reduced PANP@NH,-PIILP was inactive for the Suzuki-Miyaura
cross-coupling across the entire range of substrates tested, whereas those generated in-
situ from PdCla@NH;-PIILP gave good to excellent conversions across a range of electron

rich and electron poor electrophiles.

The performance of each catalyst system with a range of aryl bromides substituted with
electron withdrawing groups was first examined. The high conversion was obtained with
4-bromoacetophenone and 4-bromobenzonitrile in only 30 min (Entries 1, and 2)
whereas 4-bromobenzaldehyde only required 5 min to conversions of 70 — 95 % (Entry
3). For each substrate, catalyst generated in-situ from PdCla@PPh,-PIILP was the most
efficient. In contrast, 4-bromonitrobenzene required longer reactions times with in-situ
generated and pre-formed PANP@PPh,-PIILP both giving conversions of 98 % after 4 h
whereas catalyst generated in-situ from PdCls@NH»-PIILP only reached 32 % conversion
in the same time (Entry 4). In comparison, aryl bromide decorated with mild electron
donating groups are slightly deactivated and more challenging. For example, 4-
bromotoluene required a longer reaction time of 6 h to reach good conversions and in
this case, the most efficient catalyst was generated in-situ from PdCls@PPh;-PIILP.
Similarly, 4-bromoanisole required a reaction time of 5 h but, in contrast, catalyst
generated in-situ from PdCla@NH;-PIILP gave higher conversions than its phosphino-
counterpart. Substrates substituted with an electron withdrawing group at the 3-
position such as 3-bromoacetophenone, 3-bromobenzonitrile, 3-bromonitrobenzene
and 3-bromobenzaldehyde all required longer reaction times than their 4-substituted
counterparts. For example, 3-bromobenzonitrile and 3-bromonitrobenzene required
reactions time of 1 h and 2 h, respectively, and in both cases, PANP@PPh,-PIILP was
more efficient than in-situ generated PdNP@NH,-PIILP. In contrast, 3-
bromoacetophenone and 3-bromobenzaldehyde required a reaction time of 19 h, and
in both cases, the highest TOFs were obtained with catalyst generated in-situ from

PdCls@PPh;-PIILP. Good conversions were also obtained for 3-bromotoluene after 6 h
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and whereas much lower conversions were obtained for 3-bromoanisole in the same
time; however, in both cases catalyst generated in-situ from PdCls@PPh,-PIILP proved
to be the most efficient. Surprisingly, 5-bromo-m-xylene proved to be an extremely
challenging substrate and while a conversion of 29 % could be obtained after 19 h with
in-situ generated PANP@NH;-PIILP, both in-situ generated and pre-formed PANP@PPh;-
PIILP were inactive. The reason behind the extreme reduction in the activity of the meta-
substituents may be attributed to a decrease of the ipso- carbon positive charge,
resulting in a stronger C-Br bond and a slower oxidative addition. While good
conversions could be obtained with 2-bromobenzonitrile (81 — 95 %) and diethyl (2-
bromophenyl)phosphonate (57 — 99 %) after 1 h and 6 h, respectively, each catalyst was
inactive towards 2-bromoacetophenone. Gratifyingly, reasonable conversions could
also be obtained with 2-bromotoleune, albeit after a reaction time of 16 h, and the

highest TOF was obtained with in-situ generated PANP@PPh;-PIILP.

Interestingly, for the majority of substrates in-situ generated and pre-formed
PANP@PPh,-PIILP give comparable conversions which are generally higher than those
obtained with in-situ generated PANP@NH,-PIILP, with the exception of 4-

bromoanisole.

Low conversions were obtained with heteroaromatic substrates 2-bromopyridine and
5-bromopyrimidine (Entries 20, and 21) for all catalysts, even after prolonged reaction
times. This suggests that PANP@PIILP systems are slow with this class of substrate. This
could suggest a potential poisoning of the catalyst although further studies would be

required to validate this.
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Table 3 Aryl bromide Substrate Screening Studies catalysed by PdCla@NHz-PIILP, PdCla@PPh»-PIILP, and

PANP@PPh;-PIILP.

Electrophile PdCl;@NH; -PIILP PdCl,@PPh; -PIILP PANP@PPh,-PIILP
> = : : :
£ ] z 2 = g 2 = g2 | 2 P
. ElS (B |8 |8 |® |8 |8|8 |8
= X = ~ X = X =
1 Br 0.5 78 781 | 1562 99 1160 | 2320 99 | 1004 | 2008
2 /©/Br 0.5 100 1000 | 2000 100 1171 | 2343 | 100 | 1014 | 2029
NC
3 Br 5 70 701 | 8446 95 1113 | 13409 | 79 801 9655
ov©/ Min.
4 /©/Br 4 32 320 80 98 1148 287 98 994 249
O,N
5 /©/Br 6 89 891 149 96 1125 187 85 862 144
6 /©/Bf 5 80 801 160 62 726 145 45 456 91
MeO
7 ﬁBr 19 6 60 3 0 0 0 0 0 0
8 19 96 961 51 95 1113 59 41 416 22
Br
0
9 /@\ 1 97 971 971 81 949 949 98 994 994
NC Br
10 /@\ 2 100 1001 | 501 99 1160 580 100 | 1014 507
0,N Br
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Electrophile PdCl;@NH, -PIILP PdCl;@PPh, -PIILP PAdNP@PPh,-PIILP
> < : . : . ) .
= @ 2 z c 2 2 = 2 z c
. ElS |2 |8 |8 |B |8 |8 B |8
= N = = X = X =
11 \/@\ 16 98 981 61 93 1089 68 83 842 53
O Br
12 \©/Br 6 75 751 125 80 937 156 87 882 147
13 /@\ 6 23 230 38 33 387 64 31 314 52
MeO Br
14 \Q/Br 19 29 290 15 0 0 0 0 0 0
15 C[Br 1 90 901 901 81 949 949 95 964 964
CN
16 ©:Bf 6 63 631 105 99 1160 193 57 578 96
P(OEt),
6
17 Cl‘;r( 16 0 0 0 0 0 0 0 0 0
(o]
18 ©13" 16 57 571 36 67 785 49 60 609 38
19 ©:Bf 19 80 801 42 99 1160 61 100 1014 53
OMe
20 N Br 19 10 100 5 22 258 14 17 172 9
| N
21 N\ 19 32 320 17 34 398 21 28 284 15
BrJ/\% N

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2COs3; 2.4 mL (1 ethanol: 1 water); 30 °C; determined by GC with 1 mmol GC standard n-decane;

determined by *H NMR spectra (average of 2 runs).
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5.3 Further Studies on the Suzuki-Miyaura Cross-Coupling Catalyzed by PANP@R-
PIILP

5.3.1 Kinetic Studies

The aryl bromides for these studies were selected depending on their reaction times
ranging from long to short and reactions were catalysed by PdCla@NH-PIILP (3.13),
PdCls@PPh;,-PIILP (3.14), and PANP@PPh2-PIILP (3.17).

» Kinetic Studies with 4-bromotoluene
A kinetic study on the Suzuki-Miyaura cross-coupling between phenyl boronic acid and

4-bromotoluene (Figure 1) was performed by sampling a reaction and monitoring
progress by 'H NMR spectroscopy. Qualitatively, each of the catalysts showed similar
conversion time profiles, and all reactions reached maximum conversion after c.a. 360
min. However, close inspection of the profiles for 3.13 and 3.14 revealed subtle
differences in the early stages (0 - 20 min) which may well be attributed to an induction

associated with the reduction of the tetrachloropalladate precursor.

Br B(OH), 1 mol % Catalyst O
+
2.4 mL (1 ethanol: 1 water), O

K,CO3, 30 °C

100 - °
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Figure 1 Kinetic profiles of 4-bromotoluene catalysed by PdCla@NH2-PIILP (3.13); PdCls@PPh2-PIILP (3.14);
and PANP@PPh>-PIILP (3.17).

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; determined by GC with 1 mmol GC standard n-decane;
determined by 'H NMR spectra (average of 2 runs).

Page | 170



Chapter 5.

The conversion-time profile was subsequently studied as a function of catalyst loading
using 0.1 and 0.5 mol % PdCls@PPh,.PIILP. As expected, the reaction catalysed by 0.1
mol % 3.14 was markedly slower than that with a loading of 0.5 mol % initial reaching 8
% and 25 % conversion respectively after 5 min, however, both reached near complete

conversion after the same time (Figure 2).
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Figure 2 Kinetic profiles of 4-bromotoluene catalysed by) 0.1 mol %) PdCls@PPh2-PIILP (3.14), and 0.5 mol
%) PdCls@PPh-PIILP (3.14 *5).

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; determined by GC with 1 mmol GC standard n-decane;
determined by 'H NMR spectra (average of 2 runs).

» Kinetic Studies of 4-bromobenzonitrile

Interestingly while the conversion-time profiles for the highly activated 4-
bromobenzonitrile were qualitatively similar for each catalyst, PANP@PPh;-PPILP
showed a short induction period; this may well be associated with the different
dispersibility and/or slower solvation preventing access to the active site. While all
reaction was complete within 15 min PdCla@NH;-PIILP slightly more active than its

phosphino-counterpart (Figure 3).
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Figure 3 Kinetic profiles of 4-bromobenzonitrile catalysed by PdCls@NH2-PIILP (3.13); PdCla@PPh2-PIILP
(3.14); and PANP@PPh3-PIILP (3.17).

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; determined by GC with 1 mmol GC standard n-decane;
determined by *H NMR spectra (average of 2 runs).

» Kinetic Studies of 1-bromo-3-nitrobenzene

The conversion-time profile for the Suzuki-Miyaura coupling with 1-bromo-3-
nitrobenzene showed a similar trend to 4-bromobenzonitrile in that catalyst generated
from PdCls@NH,-PIILP was the most active while both phosphine-based systems
showed a short but definite induction, which may be due to solvation and/or swelling

effects (Figure 4).

Br B(OH), 1 mol % Catalyst O
+
2.4 mL (1 ethanol: 1 water), O

[}
NO, K,CO,, 30 °C
NO,
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Figure 4 Kinetic profiles of 1-bromo-3-nitrobenzene catalysed by PdCla@NH2-PIILP (3.13); PdCl.@PPh:-
PIILP (3.14); and PANP@PPh2-PIILP (3.17).

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; determined by GC with 1 mmol GC standard n-decane;
determined by *H NMR spectra (average of 2 runs).

In general, all the reactions with all the substrates (4-bromotoluene, 4-
bromobenzonitrile and 1-bromo-3-nitrobenzene) showing the high average of the initial

reactions rates with all catalysts through the early stages of the reactions.

Further studies have also been undertaken to explore the effect of catalyst loading,
reaction dilution and mercury on catalyst performance with the aim of establishing

whether catalysis occurs via a heterogeneous or homogenous pathway.

The Suzuki coupling of 4-bromotoluene (Scheme 5) was chosen to be a model reaction

for these studies.

Br B(OH), 1 mol % Catalyst O
2.4 mL (1 ethanol: 1 water), O
K,CO3, 30 °C

Scheme 5 The Suzuki-Miyaura cross-coupling between 4-bromotoluene and phenylboronic acid.
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5.3.2 Catalyst Loading Studies

The effect of catalyst concentration from 0.025 to 3 mol % was first investigated for each
of the catalysts. Conversions increased with increasing the catalyst loading up to 0.5 mol
% for each catalytic system (Figure 5). Above 0.5 mol % conversions reached a plateau
and then ultimately decreased as the loading reached 3 mol %. If the reaction rate is
controlled at 0.025 mol %, one would expect conversions to increase with increasing
catalyst loading and the plateau above 0.5 mol % may well signify the onset of diffusion
control while the decrease in conversion at high catalyst loadings may well be due to
agglomeration of nanoparticles. However, this agglomeration may well be interpreted
either as catalysis at the nanoparticle due to a reduction in the number of active sites or
catalysis by a soluble species as the agglomeration may well effect leaching or release

of active palladium from the surface of the nanoparticle.
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Figure 5 Catalyst loading studies of 4-bromotoluene catalysed by PdCls@NH2-PIILP (3.13); PdCls@PPh;-
PIILP (3.14); and PANP@PPh2-PIILP (3.17).

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; 6 h; determined by GC with 1 mmol GC standard n-decane;
determined by 'H NMR spectra (average of 2 runs).

5.3.3 Reaction Dilution Studies

In a similar manner, the effect of reaction dilution was also investigated (Figure 6). The
total reaction volume was varied from 1.2 mL to 250 mL while maintaining a 1:1 ratio of
water to ethanol. For each catalyst, the increase in conversion when the reaction volume

was diluted from 1.2 mLto 2.4 mL may be due to complete solubilisation of the substrate
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or may indicate catalysis by nanoparticles as agglomeration-based deactivation is less
likely in dilute solution. Interestingly, while PANP@PPh;-PIILP also showed an increase
in conversion for the first dilution to 2.4 mL, conversions plateaued between 2.4 mL and

6 mL increased again in 10 mL and then remained constant up to a dilution of 80 mL.

Furthermore, the effect of the reaction dilution would behave differently based on the
nature of the catalytic system, if the system were homogeneous, i.e. leaching of soluble
Pd species was responsible for the activity, and the reaction rate would decrease with
increasing reaction dilution. However, the opposite effect would be expected for a
heterogeneous catalytic system, i.e. the activity would decrease under more
concentrated conditions due to an increase in agglomeration of the nanoparticles

leading to catalyst deactivation.
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Figure 6 Reaction dilution studies for 4-bromotoluene catalysed by PdCla@NH>-PIILP (3.13); PdCls@PPh>-
PIILP (3.14); and PANP@PPh2-PIILP (3.17).

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; solvent (1 ethanol: 1 water); 30 °C; 6 h; determined by GC with 1 mmol GC standard n-decane;
determined by *H NMR spectra (average of 2 runs).

5.3.4 Comparison with Commercially Available Pd/C
To determine the viability and relative merits of the newly prepared PANP@PIILP,
several comparative studies were run by using the most popular heterogenous catalyst

used for Suzuki coupling which is palladium on activated charcoal catalyst?® (5 % Pd
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basis) supplied from different commercial sources. Satisfyingly, under the same
conditions, the conversions of 85 — 96 % obtained with PANP@PIILP were significantly
higher than those of 45 — 57 % obtained with three commercial samples of Pd/C; full

details are illustrated in (Figure 7).

89 96
85
57 55
45
3.13 3.14 3.17

Pd/C1 Pd/C2 Pd/C3

Figure 7 Comparisons studies of 4-bromotoluene catalysed by PdCla@NH2-PIILP (3.13); PdCls@PPh2-PIILP
(3.14); PANP@PPh2-PIILP (3.17); (Pd/C1): Aldrich 276707; (Pd/C2): Aldrich 75992; and (Pd/C3): Palladium-
on-Charcoal catalysts/Johnson Matthey.

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; 6 h; determined by GC with 1 mmol GC standard n-decane;
determined by *H NMR spectra (average of 2 runs).

5.3.5 Mercury Poisoning Experiments

Mercury poisoning experiments were undertaken in order to investigate whether
catalysis occurs via a homogeneous or heterogeneous pathway (Figure 8).18 The role of
mercury is to poison the surface of the nanoparticle by forming an amalgam which
blocks the active sites and quenches the reaction. While the mercury poisoning test has
conventionally been used to distinguish between heterogeneous and homogeneous
catalysis on the basis that mercury does not form an amalgam with metal-ligand
complexes, more recent evidence suggests that “naked” molecular palladium species
are examples of homogeneous catalysts that should be affected by Hg(0), as a
consequence of their lack of strong protecting ligands and their M(0) state and a such

this test may lead to false positive result and should be treated with caution.
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The reaction vessel charged with all the reactants (the catalyst, phenylboronic acid,
K2CO3s) and pre-stirred with mercury (200 eq. to the catalyst, ~ 0.008 mL) for a range of
times as shown in (Figure 8) prior to adding the aryl bromide. The phenylboronic acid
was added to the reaction mixture from the beginning of the reaction to reduce the
tetrachoropalladate precursor and form the PdNPs in-situ. The obtained results showed
the conversions decreased with increasing pre-stirring time and complete deactivation
was only obtained with 3.14 and 3.17 after 24 h, whereas PdCla@NH;-PIILP remained
active. As mercury poisoning tests as generally performed by adding mercury to a
reaction mixture and observing an immediate effect on activity, it is difficult to
confidently assign such a pre-stirring conversion profile to catalysis by a heterogeneous
system. However, mercury may well influence leaching of palladium from the NP surface
and such a process may well be time-dependent, i.e. the profile may well be explained
by the NPs acting as a source of soluble palladium, but such an interpretation should be

treated with caution.

X 100
S “s0
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S 40
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S %

NA 10 20 40 60 1440
Catalyst stirred with Hg before RXN (min)

H3.13 ®3.14 E3.17

Figure 8 Mercury poisoning studies of 4-bromotoluene catalysed by PdCla@NH2-PIILP (3.13); PdCls@PPh.-
PIILP (3.14); and PANP@PPh2-PIILP (3.17).

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol

K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; 6 h; determined by GC with 1 mmol GC standard n-decane;
determined by *H NMR spectra (average of 2 runs).

Comparative mercury studies were run by using palladium on activated charcoal

catalysts (5 % Pd basis) and a similar trend was observed (Figure 9).
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Figure 9 Mercury poisoning studies of 4-bromotoluene catalysed by (Pd/C1): Aldrich 276707;

(Pd/C2): Aldrich 75992, and (Pd/C3): Palladium-on-Charcoal catalysts/Johnson Matthey.

Reaction Conditions: 0.1 mol % catalysts; 1 mmol aryl halide; 1.13 mmol phenylboronic acid; 1.2 mmol
K2CO3; 2.4 mL (1 ethanol: 1 water); 30 °C; 6 h; determined by GC with GC standard n-decane (1 mmol),
determined by *H NMR spectra (average of 2 runs).

The graduated performance of the prepared catalysts reduction upon mercury
poisoning might imply that a portion of the reaction has behaved as homogeneous
reaction system via the palladium nanoparticles leached into the reaction mixture, while
the other portion would behave as heterogeneous, as a result of Hg blocking of the
PdNps immobilised within the PIILP matrix. From all the previous studies, we tentatively

suggest that catalysts occur by both homogeneous and heterogeneous pathways.

5.4 Mechanism of the Palladium Nanoparticle Catalysed Suzuki-Miyaura Cross-
Coupling

All the studies observations are strongly suggested that the catalytic activity may
attribute to a combination of both homogeneous and heterogeneous catalytic reaction

systems which is in agreement with the mechanism proposed by Pérez-Lorenzo (Figure

10).152
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Figure 10 The proposed homogeneous and heterogeneous mechanisms for Suzuki-Miyaura cross-

coupling catalysed by PANP@PIILP.

The true nature and the exact mechanism of the active palladium species remain
unclear, there are two different possible pathways for nanoparticles loaded on PIILP
(PANP@PIILP). In one case the NPs act as a reservoir for soluble palladium atoms which
leach from the surface and act as a homogenous catalyst.’>22%5 Conversely, in the
heterogonous pathway the catalytic steps occurs on the surface of the nanoparticle and

activity will be affected by agglomeration.1>% 215 216

However, the reactions may be occurring simultaneously, and the dominant pathway
would be determined depending on the nature of the stabilising agent of the
nanoparticles. In this regard, the hetero-atom donor decorated PIILP materials may well
operate as a “catch and release” system in which leached molecular palladium interacts
with and is stabilised by a heteroatom donor; this may well be the active species which
is deactivated in the mercury poisoning experiments. Alternatively, the leached

palladium may well redeposit on the NP surface.?17-21°
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5.5 Conclusion

Hetero-atom decorated styrene-based poly-ionic liquid stabilised palladium
nanoparticles have been tested in the Suzuki—-Miyaura cross-coupling. Interestingly,
while pre-reduced PANP@NH;-PIILP was completely inactive across the range of
substrates tested, the corresponding catalyst generated in-situ by reduction of
PdCla@NH;-PIILP gave good conversions under mild conditions and competed with the
in-situ generated and pre-formed phosphine stabilised counterparts.

A study of the conversion time profile for several electronically disparate substrates
revealed that in-situ generated PANP@PPh,-PIILP displays similar trends to that of the
pre-formed NPs, in that they both achieve high conversions after prolonged reactions
times. There appears to be no prolonged induction period for the Pd?* precursor in
comparison with the pre-reduced PPh; functionalised catalyst indicating that reduction
of this species to form the active catalyst is fast. The NH; functionalised catalyst appears
to have a shorter induction period than that of the PPh; catalyst however as the course
of the reaction proceeds, all of the catalysts seem to reach similar conversions.

A comparison with the literature reveals that PANP@R-PIILP is highly efficient under
mild conditions (30 °C), while the other system need reaction temperatures in excess of
70 °C.2% The results obtained from a mercury poisoning studies suggest that catalysis
may be occurring both at the NP surface and leaching of soluble palladium which may

be ‘captured’ and stabilised by interaction with the heteroatom donor.
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5.6 Laboratory Preparation Procedures
e General Comments

All manipulations involving air-sensitive compounds were carried out using standard
Schlenk line techniques under an atmosphere of nitrogen in oven-dried glassware. All
solvents were dried and distilled under a nitrogen atmosphere, chloroform and
dichloromethane was distilled from calcium hydride, and diethyl ether and
tetrahydrofuran from sodium wire/benzophenone; toluene and hexane from sodium
wire; acetonitrile from potassium carbonate; methanol and ethanol from magnesium
while dimethylformamide was distilled under vacuum. All chemicals were purchased
from commercial suppliers and used as received without further purification. *H and
13C{1H} NMR spectra were recorded on either JEOL ECS-400 or a Bruker Avance Il 300
spectrometer. Gas chromatography was performed using a Shimadzu 2010 series gas
chromatograph with a Supelco Beta DEX column. Total flow 92.5 mL/min; column flow
1.76 mL/min; pressure 21.2 psi; makeup flow 30 mL/min; H; flow 40 mL/min; air flow

400 mL/min.

*See Appendices for all characterisation results.
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e General Procedure for Catalytic Suzuki-Miyaura Couplings in Batch

An oven-dried Schlenk flask was allowed to cool to room temperature and charged
sequentially with catalyst (0.001 mmol, 0.1 mol %), aryl bromide (1 mmol),
phenylboronic acid (0.138 g, 1.13 mmol), K,CO3 (0.166 g, 1.2 mmol), a mixture of 50:50
(ethanol:water) (2.4 mL). The reaction mixture was stirred at 30 °C for the desired time
of reaction after which decane (0.195 mL, 1 mmol), water (5 mL) and diethyl ether (10
mL) were added, the mixture was shaken vigorously, and the organic phase separated
and passed through a short plug of silica. A small portion of the organic extract was
diluted with diethyl ether for analysis by GC and the remaining solvent was removed

under reduced pressure and the resulting residue analysed by *H NMR spectroscopy.
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Chapter 6. Summary

Drawing from previous work in the Doherty group, the results presented in this thesis
demonstrate that concept of Polymer Immobilised lonic Liquid Phase (PIILP) catalysis is
a powerful and extremely versatile catalyst technology. Under this concept, two PIILP
materials have been successfully synthesised using a modular synthesis and well
characterised by a range of techniques including solid-state NMR spectroscopy, SEM,

TEM, XRD, XPS, EDX, ICP, TGA and BET analysis.

Molecular catalysts were successfully immobilised within pyrrolidinium-decorated
polymers prepared via ROMP and both tungstate and polyoxotungstate based catalysts
were shown to be extremely active and selective catalysts for the oxidation of sulfides.
The high activity of the catalysts which can be used either pre-formed or in-situ allows
the reaction to proceed under extremely mild conditions and the catalysts recycled well.
Furthermore, by applying the appropriate conditions, either sulfoxide or sulfone can be

obtained in high selectivity.

The use of imidazolium functionalised styrene based monomers combined with various
heteroatom donor modified monomers allows the fabrication of a new class of PIILP
materials via free radical polymerisation which were shown to successfully support and
stabilise Pd and Pt nanoparticles. PANP@PIILP catalysts were shown to be highly active
for the hydrogenation of @, f-unsaturated aldehydes and it was shown that the
heteroatom donor had a strong influence on the catalyst activity and selectivity. In this
regard, it may be possible to optimise these systems further and introduce other
functionality via the simple PIILP synthesis to generate highly active and selective
catalysts. Furthermore, the versatility of these systems is evident as the same catalysts
are also extremely active for the Suzuki-Miyaura cross-coupling reaction under
extremely mild conditions and low catalyst loadings (0.5 mol %). Again, the heteroatom
donor showed a strong influence on the catalysis with the PPh; catalyst outperforming

its amino- and pyrrolidino- counterparts.

The concept of PIILP catalysis has span across a range of chemical transformations and
as a result of the work presented here, the group are now continuing to harness the idea

to extend the applications of PIILP. In this regard, immobilisation of different catalytically
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active metals can expand the potential applications, in particular, RUNPs have shown
excellent potential as candidates for the production of platform and fuel chemicals from
bio derived sources. Furthermore, bimetallic NPs have been shown to modulate activity
and selectivity of catalyst systems in order to achieve optimum systems for the selective
formation of reactant intermediates that may not have been accessible via
monometallic NPs. The efficacy and facile synthesis of recyclable PIILP catalysts also
highlights them as ideal materials for large scale catalysis and this methodology may

enable us to develop systems suitable for continuous flow processes.
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Phosphino-decorated polymer immobilised ionic liquid phase stabil-
ised palladium nanoparticles (PdNP@PPh,-PIILP) and their PEGylated
counterparts (PANP@PPh,-PEGPIILP) are remarkably active and
exceptionally selective catalysts for the aqueous phase hydrogen-
ation of a,p-unsaturated aldehydes, ketones, esters and nitriles with
PdNP@PPh,-PEGPIILP giving complete conversion and 100% selecti-
vity for reduction of the C—C bond, under mild conditions. This is
the most selective PdNP-based system to be reported for the
aqueous phase hydrogenation of this class of substrates.

Ionic liquids are an intriguing class of solvents that have been
widely used in catalysis as a result of their low vapour pressure,
chemical and thermal stability, wide electrochemical window,
excellent solvation properties and potential green credentials.”
In particular, their dual role as both a solvent and stabilizer,
and the ability to modify and tune their physiochemical pro-
perties and functionality, has fuelled their development in the
synthesis of metal nanoparticles for use in catalysis.> Even
though there has been considerable progress in this area and
our understanding of these systems is now reasonably well-
advanced, the use of ionic liquids suffers a number of practical
limitations including their high cost compared with tra-
ditional solvents, high viscosity, leaching of the ionic liquid
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Highly efficient aqueous phase chemoselective
hydrogenation of a,f-unsaturated aldehydes
catalysed by phosphine-decorated polymer
immobilized IL-stabilized PANPs+}

S. Doherty,*®* J. G. Knight,*® T. Backhouse,® E. Abood,? H. Alshaikh,?
. J. S. Fairlamb,*® R. A. Bourne,© T. W. Chamberlain® and R. Stones®

during work-up and recovery and aggregation of metal nano-
particles under catalytic conditions.

The concept of supported ionic liquid phase (SILP) catalysis
was introduced to reduce the volume of ionic liquid required
and facilitate catalyst separation and recovery.® However, these
systems suffer drawbacks such as pore blocking and leaching
of ionic liquid and/or catalyst. In a more recent development,
ionic liquids have been covalently immobilised on to poly-
mers, either as a single or multi-layer, which further reduces
the amount of ionic liquid and prevents leaching while retain-
ing the advantageous properties of an ionic liquid environ-
ment such as catalyst stabilisation, facile catalyst activation,
enhancements in rate and selectivity and efficient recyclabil-
ity.* In this regard, there have been numerous successful appli-
cations of this strategy to the immobilisation and stabilisation
of metal nanoparticles. Examples include aqueous phase
Suzuki-Miyaura coupling and Heck reactions with multi-
layered supported ionic liquid phase palladium nano-
particles®® as well as tris-imidazolium salt-stabilised PANPs,”
carbonylative Suzuki-Miyaura coupling with supported ionic
liquid phase-stabilised PANPs,® Heck reactions catalysed by
palladium immobilised on a gel-supported ionic liquid-like
phase,’ selective hydrogenations with ion exchange resin
stabilised PANPs'® and aqueous phase oxidation of 1-phenyl-
ethanol with SIILP-stabilised gold nanoparticles.'*

The stabilisation of nanoparticles by ionic liquids has been
thoroughly explored and is believed to result from weak
electrostatic interactions that are easily displaced to generate
the active site.'> However, while these interactions must be
efficiently displaced to achieve high activity they are often not
sufficient to prevent nanoparticle aggregation under the con-
ditions of catalysis. One potential solution to this problem has
been to incorporate a metal-binding heteroatom donor group
such as an amine,”® nitrile," thiolate,"> bipyridine,'
hydroxyl'” or phosphine®® on to the ionic liquid on the basis
that an additional covalent interaction will improve the long-
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term stability of the nanoparticles and/or control the kinetics
of nanoparticle formation. As this approach has been reported
to improve stability, solubility, activity and recyclability of NP
catalysts we became interested in extending this concept and
developing heteroatom donor-decorated polymer immobilised
ionic liquids with the intention of combining the favourable
properties and characteristics of an immobilised ionic liquid
with heteroatom donor functionalisation. Moreover, there
may well be additional benefits associated with incorporating
heteroatom donors into polymer immobilised ionic liquids
arising from changes to the electronic structure of the metal
surface and/or hydrophilicity of the ligand environment as the
presence of an amino or thiol group has been reported to
improve or switch the chemoselectivity of NP-catalysed hydro-
genations'® as has a secondary phosphine oxide*® and tertiary
phosphines;'® the former two appear to operate via specific
noncovalent molecular interactions and the latter via a metal-
ligand cooperative mechanism. In addition, P-containing iono-
philic ligands have been reported to generate smaller PANPs
than when a ligand was not present and the resulting catalysts
were markedly more selective for the hydrogenation of
2-pentyne and cyclohexadiene."® Herein we report the first
example of phosphino-decorated PIILP-stabilised palladium
nanoparticles (PANP@PPh,-PIILP) and their PEGylated
counterparts (PANP@PPh,-PEGPIILP) and their use as cata-
lysts for the aqueous phase chemoselective hydrogenation of
a,p-unsaturated aldehydes and ketones. To this end, the stabil-
isation of palladium nanoparticles for use in aqueous phase
catalysis is currently a burgeoning area of interest as it offers
immense potential for developing greener sustainable pro-
cesses.”’ The nomenclature chosen to describe these polymers
and the corresponding NP-loaded systems attempts to identify
their composition and/or modification according to Fig. 1. The
most noteworthy developments in this project include (i) the
highest selectivities to be reported for the aqueous phase
PdNP-catalysed hydrogenation of «,f-unsaturated aldehydes
with up to 100% selectivity for addition to the C=C bond
under mild conditions and (ii) a marked improvement in

ClO0), (A0,

@/N\ ° Pth/,\,g@ (@N ° Pth ),q\@

Cl :1 CI
~

PPho-PIILP 1a PPh,-PEGPIILP 2a

Summary of Pd(Il) and PdNP-based PlILs

PdCI,@PPh,-PIILP, 1b; PdCl,@PPh,-PEGPIILP, 2b
PANP@PPh,-PIILP, 1¢; PANP@PPh,-PEGPIILP, 2¢

Fig.1 Composition and formulation of polymer immobilised ionic
liquids 1a—2a and their [PdCl,]?>~ loaded counterparts (Lb—2b) and PANP
(1c-2c).
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performance for PEGylated PPh,-decorated polymer immobi-
lised ionic liquid stabilised PANPs (PdNP@PPh,-PEGPIILP)
compared with PANP@PPh,-PIILP.

Phosphino-decorated PIILP 1a was prepared by AIBN-
initiated radical polymerisation of the corresponding imidazo-
lium-modified monomer, dicationic cross-linker and 4-diphe-
nylphosphino styrene in the desired ratio (x = 1.84,y =1, z =
0.16) and its PEGylated counterpart 2a was prepared in a
similar manner with the intention of introducing additional
weak NP-stabilising interactions and improving water solubi-
lity for aqueous phase catalysis;** full details and the corres-
ponding characterisation data are provided in the ESL}

A 1:2 ratio of PPh,-based monomer to imidazolium co-
monomer and cross-linker was chosen such that complete
exchange of halide in polymers 1a and 2a for [PdCl,]*~ would
correspond to a palladium to heteroatom ratio of one. Thus,
both polymers were impregnated with [PdCL,]*~ to afford 1b
and 2b (1b, PdCl,@PPh,-PIILP; 2b, PdCl,@PPh,-PEGPIILP) as
red-brown solids in near quantitative yield; full characteris-
ation data are provided in the ESL} The solid state *'P NMR
spectra of PdCl,@PPh,-PIILP 1b and PdCl,@PPh,-PEGPIILP
2b confirm the presence of a Pd-P interaction which is clearly
evident from the change in the chemical shift from § —8 and
—10 ppm, respectively, to § 29 and 32 ppm, respectively. The
corresponding PIILP-stabilised nanoparticles 1¢ and 2c¢ (1c,
PANP@PPh,-PIILP; 2¢, PANP@PPh,-PEGPIILP) were prepared
by sodium borohydride reduction of 1b and 2b, respectively, in
ethanol and isolated as black powder in good yield. As for 1b
and 2b, the solid state *'P NMR spectra of 1c and 2¢ do not
contain signals associated with uncoordinated PPh,; this
suggests that the surface of the palladium nanoparticles is
decorated with phosphino groups. TEM analysis showed that
1c and 2c consist of small near monodisperse nanoparticles
with average diameters of 2.29 + 0.96 nm (1c) and 1.93 +
0.67 nm (2c¢) (Fig. 2 and the ESI), XPS analysis confirmed that

g20
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Fig.2 HRTEM images of (a) PdNP@PPh,-PIILP (1c) and (b)
PdNP@PPh,-PEGPIILP (2c) and particle size distributions determined by
counting >100 particles revealing mean NP diameters of 2.29 + 0.96 nm
and 1.93 + 0.67 nm for (c) 1c and (d) 2c respectively. Scale bars are
25 nm (black) and 5 nm (white).

This journal is © The Royal Society of Chemistry 2017
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©/\)\ — (CAL)
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cinnamaldehyde Hy H, 3-phenyl propanol
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hydrocinnamaldehyde
(HCA)

Fig. 3 Reaction
cinnamaldehyde.

pathways for the hydrogenation of trans-

both 1c and 2¢ were composed of mixtures of Pd(u) and Pd(0)
and the palladium content was determined by ICP-OES.

The hydrogenation of cinnamaldehyde was identified as an
initial benchmark transformation for catalyst evaluation as the
products of this reaction are valuable intermediates for the
synthesis of fine chemicals, pharmaceuticals and perfumes
(Fig. 3).>* Furthermore, numerous palladium nanoparticle
based systems have been reported to be highly selective for
hydrocinnamaldehyde and as such will be suitable bench-
marks for comparison. For example, palladium-decorated
carbon nanotubes/charcoal composites gave hydrocinnamalde-
hyde in 96% selectivity albeit at a relatively low conversion of
41% as did AuPd on ordered mesoporous carbon (OMC),>**”
palladium nanoparticles deposited on nitrogen-doped meso-
porous carbon gave 93% selectivity at complete conversion>®
and palladium nanoparticles supported on ZIF-8 were 90%
selective for hydrocinnamaldehyde.>®

Preliminary catalytic reactions were conducted in a stirred
bench-top reactor using 0.5-1.0 mol% 1c or 2¢ and varying the
temperature, pressure and solvent in order to identify an
optimum system and conditions. Table 1 reveals that the
solvent has quite a dramatic effect on both selectivity and con-
version with 1c and 2c¢ both giving high conversions and good
selectivity in water and water/ethanol while reactions con-
ducted in conventional organic solvents gave lower conversions
and/or selectivities. The potential green benefits and practical
advantages associated with aqueous phase catalysis promoted
us to use this solvent for the remainder of our studies. For
comparison, 1 mol% Pd/C catalysed this hydrogenation under
the same conditions but only reached 60% conversion and
67% selectivity after 1 h at 60 °C.

Further optimisations explored the effect of temperature
and pressure on performance. Interestingly, the selectivity for
hydrocinnamaldehyde increased with temperature from 85%
at 20 °C to 92% at 60 °C with 0.5 mol% PdNP@PPh,-PEGPIILP
under 70 psi of hydrogen in water; a similar improvement in
selectivity was also obtained for PANP@PPh,-PIILP under the
same conditions (Table S1, ESIf). While these selectivities
compare favourably with the vast majority of polymer and
mesoporous carbon or silica-stabilised PANP systems they fall
short of the 96% obtained with AuPd-ordered mesoporous
carbon. However, the overwhelming majority of these studies
have been conducted in either isopropanol or a conventional
organic solvent whereas PANP@PPh,-PEGPIILP has the dis-
tinct advantage of operating most efficiently in water.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Selective hydrogenation of cinnamaldehyde to hydrocinnamal-
dehyde as a function of catalyst, solvent and temperature®

[¢] (o]
w H catalyst w H
solvent, H,
Temp. Conv.”? TOF®  Selectivity”
Catalyst  Solvent (°C) (%) (h™ (%)
1c Toluene 25 0 0 0
2¢ Toluene 25 23 46 78
1c Ethanol 25 57 57 69
2¢ Ethanol 25 54 108 76
1c Hexane 25 35 35 58
2¢ Hexane 25 52 104 82
1c Ethyl acetate 25 10 10 58
2¢ Ethyl acetate 25 29 58 85
1c 2-MeTHF 25 22 22 48
2¢c 2-MeTHF 25 35 70 62
1c Water 25 75 75 74
2¢ Water 25 81 162 85
1c Water/ethanol’ 25 82 82 72
2¢ Water/ethanol? 25 75 150 74
Pd/C Water® 60 60 60 67

“Reaction conditions: 1 mmol cinnamaldehyde, 1c¢ (1.0 mol%), 2¢c
(0.5 mol%), 10 mL solvent, 70 psi H,, time = 1 h, temperature. bYields
and selectivities determined by 'H NMR spectroscopy using 1,3-
dinitrobenzene as an internal standard. Average of three runs. “ Moles
product per mole catalyst per hour based on the total palladium
content. 1/1 water/ethanol. 1 mol% Pd/C, reaction run at 60 °C.

Interestingly, addition of a base to the catalytic reaction
mixture resulted in a marked and substantial improvement in
the selectivity for hydrocinnamaldehyde such that reactions
catalysed by 2c¢ in the presence of either potassium carbonate,
potassium phosphate or sodium hydroxide gave complete con-
version with 100% selectivity for hydrocinnamaldehyde at
room temperature in short reaction times (Table 2). This is the

Table 2 Selective hydrogenation of cinnamaldehyde to hydrocinna-
maldehyde as a function of base catalysed by PANP@PPh,-PIILP (1c) and

PdNP@PPh,-PEGPIILP (2c)®
(o}
(>/\)‘\H

(0}
X H catalyst
water, Hy

Catalyst ~ Base Conversion” (%)  TOF (h™")  Selectivity” (%)
1c NaOH 27 27 90
2¢ NaOH >99 200 100
1c K,CO,4 43 43 95
2¢ K,CO;  >99 200 100
Pd/C K,CO; 42 44 93
1c K;PO, 49 49 93
2¢ K;PO, 100 200 100
1c NEt, 24 24 91
2¢ NEt; 90 180 88

“Reaction conditions: 1.0 mmol cinnamaldehyde, 1.0 mmol base, 1c
(1.0 mol%), 2¢ (0.5 mol%) or Pd/C (1.0 mol%), 12 mL water, 70 psi H,,
reaction time = 1 h, 25 °C. ?Yields and selectivities determined by
'H NMR spectroscopy using 1,3-dinitrobenzene as an internal stan-
dard. Average of three runs. “Moles product per mole catalyst per hour
based on the total palladium content.
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highest selectivity to be reported for the aqueous phase hydro-
genation of cinnamaldehyde and even though near 100%
selectivity has been obtained with Pd/C in ionic liquids, reac-
tions were slower than in conventional solvents and the ionic
liquid was extremely expensive.>” A survey of the conversion as
a function of the amount of base revealed that high activity
and selectivity were retained even in the presence of as little as
10 mol% base. Although an increase in selectivity was also
obtained for reactions catalysed by 1c the conversion dropped
quite significantly for each base tested, reinforcing the value of
the PEGylated design feature.

A marked improvement in the activity and selectivity has
previously been reported for the hydrogenation of cinnamalde-
hyde over CeO,-ZrO,-supported platinum in the presence of
an added base; in this case the selectivity for cinnamyl alcohol
increased from 60% to 97% while TOFs increased from 586 to
1233 h™".*® A benchmark comparison with Pd/C achieved 93%
selectivity for hydrocinnamaldehyde under the optimum con-
ditions but a much lower conversion of 42%; although mark-
edly less efficient than PANP@PPh,-PEGPIILP this represents
a significant improvement on the 67% selectivity and 60% con-
version obtained at 60 °C in the absence of a base (Table 1).

The optimum conditions identified above have also
been applied to the hydrogenation of a selection of other
a,p-unsaturated aldehydes including citral, trans-pentenal,
3-methylcrotonaldehyde 4-dimethylaminocinnamaldehyde,
4-methoxycinnamaldehyde and 3-(furan-2-yl)acrolein (Table 3).

Table 3 Selective hydrogenation of «,f-unsaturated aldehydes and
ketones catalysed by PANP@PPh,-PEGPIILP (2c)

Substrate® AN H
N Y hah¢
o o o
J
Conversion”  99% (75 min) 98% (75 min) 99% (75 min)
Selectivity”  100%° 100% 100%
Substrate” o 9 o o
O~ o G
Me,N MeO
Conversion”  98% (75 min) 99% (75 min) 97% (75 min)
Selectivity”  97% 98% 67%
Substrate® 0 o o
©/\)K0Et Ph/\)J\Ph Ph/\)J\Me
Conversion”  99% (360 min) 98% (240 min)  94% (240 min)
Selectivity” ~ 100% 100% 100%
Substrate® & ©/\/CN o
o
Conversion”  99% (120 min) 96% (120 min) 100% (240 min)
Selectivity”  100% 100% 92%

“Reaction conditions: 1.0 mmol substrate, 1.0 mmol K,CO;, 2¢

(0.5 mol%), 12 mL water, 70 psi H,, reaction time given in parentheses
after conversion (min), reaction temp = 25 °C. ” Yields and selectivities
determined by "H NMR spectroscopy using 1,3-dinitrobenzene as an
internal standard. Average of three runs. °Selectivity of the
a,p-unsaturated double bond.
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The first three gave the saturated aldehyde as the sole product
in excellent yield while 4-dimethylaminocinnamaldehyde and
4-methoxycinnamaldehyde gave high conversions with 98%
and 99% selectivity for the corresponding hydrocinnamalde-
hyde. However, 3-(furan-2-yl)acrolein reached 97% conversion
but only 67% selectivity for the desired saturated aldehyde
with 3-tetrahydrofuran-2-yl-propionaldehyde as the only other
significant product. In this regard, high selectivities for 3-
(2-furyl)propanal have recently been reported with a RuNP cata-
lyst stabilised by a poly(citric acid-B-cyclodextrin) polymer but
in each case the conversion was very low (8-38%).>° Similarly,
ethyl cinnamate, benzylidene acetone, chalcone and cyclo-
hexenone all gave the corresponding saturated ketone as the
sole product in high yield (94-99%) albeit after longer reaction
times of 2—-4 h. The same protocol was successfully extended to
cinnamonitrile to afford the corresponding saturated nitrile as
the sole product in high yield after only 2 h at room tempera-
ture. Finally, ketoisophorone gave 2,6,6-trimethyl-1,4-cyclohex-
anedione (levodione) as the major product in 92% selectivity
together with minor amounts of 4-hydroxy-3,3,5-trimethyl-
cyclohexanone and 4-hydroxy-3,5,5-trimethyl-cyclohex-2-enone.

The effect of the base on selectivity was particularly dra-
matic for the hydrogenation of ketoisophorone as the selecti-
vity dropped to 50% when the reaction was run under identical
conditions in the absence of potassium carbonate. High
selectivity for the C=C bond in ketoisophorone has previously
been reported for alumina-supported platinum in the presence
of tertiary amine bases whereas its palladium counterpart
was more selective for reduction of the sterically hindered car-
bonyl group.®® Gratifyingly, 2¢ is also a highly efficacious cata-
lyst for the aqueous phase reduction of aromatic nitro com-
pounds giving the corresponding amines as the sole product
in quantitative yields under mild conditions; further details
will be disclosed in a subsequent report.

Reasoning that an aqueous phase compatible catalyst
should lend itself to facile separation and recovery, recycle
experiments were conducted on the hydrogenation of cinna-
maldehyde with 0.5 mol% PANP@PPh,-PEGPIILP under
optimum conditions by extracting the product and unreacted
substrate and recharging the catalyst solution with cinnamal-
dehyde. The data in Fig. 4 are encouraging as the catalyst
retained its high selectivity over the first five runs with only a
minor drop in conversion; the latter is most likely due to cata-
lyst attrition during the separation and catalyst recovery proto-
col rather than deactivation. To this end, ICP analysis of the
aqueous phase collected after the fifth run revealed that the
palladium content had decreased from 44 ppm (0.5 mol%) to
28 ppmy; this corresponds to a 38% decrease in catalyst across
five recycles which would account for the gradual decrease in
conversion. TEM analysis of the catalyst solutions after the
fifth run confirmed that the palladium nanoparticles in 2c¢
remained monodisperse with a mean diameter of 1.97 +
0.38 nm (see the ESI for details?).

Finally, we have recently begun to examine the influence on
catalyst performance of each component and started by pre-
paring PANP@PPh,PEGstyrene (3c) and PANP@PEGPIILP (4c)
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Fig. 4 (a) Recycling study for the hydrogenation of cinnamaldehyde in
water catalysed by PANP@PPh,-PEGPIILP (2c) and (b) HRTEM images
and (c) particle size distribution for PANP@PPh,-PEGPIILP (2c) after five
recycles revealing an average NP size of 1.97 + 0.38 nm. Scale bars are
25 nm (black) and 5 nm (white).

Table 4 Selective hydrogenation of cinnamaldehyde as a function of
catalyst composition

Catalyst?
PPh; O GNo NG,
®, " Ve L@
O I [¢] Cl
7\ v
PANP@PPh,PEGstyrene (3c) PANP@PEGPIILP (4c)
Conversion” 72% 93%
TOF* (h ™) 144 132
Selectivity” 96% 82%

“Reaction conditions: 1.0 mmol substrate, 1.0 mmol K,CO;, 3c
(0.5 mol%) or 4¢ (0.7 mol%), 12 mL water, 70 psi H,, reaction time =
1 h, 25 °C. ”Yields and selectivities determined by "H NMR spec-
troscopy using 1,3-dinitrobenzene as an internal standard. Average of
three runs. “Moles product per mole catalyst per hour based on the
total palladium content.

in order to systematically explore the effect of the immobilised
ionic liquid and the PPh,, respectively (Table 4). Although our
initial study has been restricted to two modifications, removal
of the imidazolium appears to reduce the activity while
removal of phosphine reduces the selectivity. A series of
additional modifications are currently underway to further elu-
cidate the role of each component, full details of which will be
reported in due course.

Conclusions

Phosphino-decorated polymer immobilised ionic liquid stabil-
ised PANPs are highly efficient catalysts for aqueous phase
chemoselective hydrogenation of a,p-unsaturated aldehydes
and ketones. Modification of the support with PEG improved
catalyst performance such that near quantitative conversions
and 100% selectivity for addition to the C=C double bond

This journal is © The Royal Society of Chemistry 2017
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could be achieved under mild conditions and in short reaction
times; these are the highest selectivities to be reported for the
aqueous phase hydrogenation of this class of substrates. At
this stage we do not have sufficient data to speculate about the
mechanism of catalysis but in situ investigations on modified
catalysts are now underway to explore the role of the phos-
phine, imidazolium and PEG. We are currently extending this
family of catalysts to include a range of protic and aprotic
heteroatom donors in order to explore their influence on the
properties of the NP and their performance as catalysts, engin-
eering a continuous flow process for aqueous phase chemo-
selective hydrogenation and developing a parallel approach
based on tailor made heteroatom donor-modified mesoporous
ionic liquid functionalised silica.
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2.1 Proton NMR
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Appendix A. Nuclear magnetic resonance spectra (NMR)
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2.2 Proton NMR
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Appendices

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
2.3 Carbon NMR
T T T T T T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

Page | 195

r15

14

13

r12

r11

r10

r3.0

2.8

2.6

r2.4

r2.2

r2.0

1.8

1.6

r1.4

r1.2

r1.0

r0.8

0.6

r0.4

0.2

r0.0




Appendices

2.4 Proton NMR
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3.1 Proton NMR
7500
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r 6500
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3.1 Carbon NMR
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3.2 Proton NMR
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3.2 Carbon NMR
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3.3 Proton NMR
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3.4 Proton NMR
7500
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3.5 Proton NMR

A ) A
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3.6 Proton NMR L36
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3.7 Proton NMR
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1 (ppm)
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.
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3.9 Proton NMR
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3.9 Phosphorus NMR
3.9 Phosphorus NMR 36000
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3.10 Proton NMR
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Appendix B. Solid-State Nuclear Magnetic Resonance

1. ROMP1

(SSNMR)

50000

45000

40000

35000

30000

25000

20000

15000

10000

5000

~-5000

ROMP1 a LT YL
Parameter Value 2 8 FEBRBAA
VSN
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent cp2Ci2
7 Temperature 298.0
8 Pulse Sequence cptossf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!
11 Number of Scans 2500
12 Receiver Gain 724
13 Relaxation Delay 1.0000
14 Pulse Width 2.0000
15 Presaturation Frequency
16 Acquisition Time 0.0149
17 Acquisition Date 2017-01-10T12:39:44
18 Modification Date 2017-01-10T12:39:46
19 Class
20 Spectrometer Frequency 100.63
21 Spectral Width 39682.5
22 Lowest Frequency -9781.1
23 Nucleus 13C
24 Acquired Size 593
25 Spectral Size 2048
L e e e B e B e e e e T T T T T
290 270 250 230 210 190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90
1 (ppm)
@
ROMP1 n 28
8 mo
Parameter Value i "; 7
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent cp2ci2
7 Temperature 298.0
8 Pulse Sequence depthhpdecf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000:
11 Number of Scans 960
12 Receiver Gain 724
13 Relaxation Delay 1.0000
14 Pulse Width 3.3000
15 Presaturation Frequency
16 Acquisition Time 0.0249
17 Acquisition Date 2017-01-10T12:57:10
18 Modification Date 2017-01-10T12:57:12
19 Class
20 Spectrometer Frequency 100.63
21 Spectral Width 39682.5
22 Lowest Frequency -9781.1
23 Nucleus 13C
24 Acquired Size 990
25 Spectral Size 2048
L B L L L A T T T T T
290 270 250 230 210 190 170 150 130 110 20 70 50 30 10 -10 -30 -50 -70 -90
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2. WOs@ROMP;
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ROMP1WO4 8 & 0 - PO DN r 140000
< o N O~ Ao M
o o LR R R RN
Parameter Value N cowmsaaad
¥ NS | 130000
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site r 120000
4 Instrument spect
5 Author
r 110000
6 Solvent C€D2CI2
7 Temperature 298.0
8 Pulse Sequence cptoss 100000
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!
90000
11 Number of Scans 3496
12 Receiver Gain 575.0 L 80000
13 Relaxation Delay 1.0000
14 Pulse Width 2.0000
15 Presaturation Frequency 70000
16 Acquisition Time 0.0102
isitio 2016-09-08T15:28:38 L 60000
18 Modification Date 2016-09-08T16:28:40
19 Class
20 Spectrometer Frequency 100.63 r 50000
21 Spectral Width 50000.0
22 Lowest Frequency -14935.9
23 Nucleus 13C 40000
24 Acquired Size 512
25 Spectral Size 1024 L 30000
r 20000
r 10000
ro
T T T T T T T T ~-10000
300 250 200 150 100 50 -50 -100
1 (ppm)
ROMP1WO4 2
<
Q 19000
Parameter Value v
1 Origin Bruker BioSpin GmbH 18000
2 Owner Service 17000
3 Site
4 Instrument spect 16000
5 Author
6 Solvent co2ci2 [ 15000
7 Temperature 298.0 L 14000
8 Pulse Sequence cp
9 Experiment 1D 13000
10 Probe 4 mm MAS BB/ 1H H13777/ 000!
12000
11 Number of Scans 54000
12 Receiver Gain 724.0 [ 11000
13 Relaxation Delay 1.0000 L 10000
14 Pulse Width 2.0000
15 Presaturation Frequency L 9000
16 Acquisition Time 0.0102
17 Acquisition Date 2016-09-08T16:50:31 8000
18 Modification Date 2016-09-09T08:54:26
7000
19 Class
20 Spectrometer Frequency 40.56 6000
21 Spectral Width 100000.0
22 Lowest Frequency -58146.6 5000
23 Nucleus 15N
24 Acquired Size 1024 4000
25 Spectral Size 2048 [ 3000
2000
1000
ro
r-1000
r-2000
T T T T T T T T T T
1000 800 600 400 200 0 -200 -400 -600 -1000 -1200 -1400
1 (ppm)
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ROMP1WO4 g
&
Parameter Value o
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Instrument spect
5 Author
6 Solvent CcD2CI2
7 Temperature 298.0
8 Pulse Sequence cp
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000:

11 Number of Scans

12 Receiver Gain

13 Relaxation Delay

14 Pulse Width

15 Presaturation Frequency
16 Acquisition Time

17 Acquisition Date
18 Modification Date

60000
724.0
1.0000
2.0000

0.0102
2016-09-09T15:31:08
2016-09-10T09:26:54

20000

18000

16000

14000

12000

10000

8000

r 6000

19 Class
20 Spegtrometer Freguency 40.56
21 Spedal Width 104000,0 4000
2 Lqwaet Frequency
Ni
g Ii; | 2000
il ””W {I”\ “F Lo
r-2000
r-4000
r-6000
T T T T
1000 800 600 400 200 [} -200 -400 -600 -800 -1000 -1200 -1400
f1 (ppm)
ROMP1WO4 2as3
oSN r55
Parameter Value N
1 Origin Bruker BioSpin GmbH
2 Owner Service r50
3 Site
4 Instrument spect
5 Author r4s
6 Solvent CcD2CI2
7 Temperature 298.0 L a0
8 Pulse Sequence depth
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!
r35
11 Number of Scans 16
12 Receiver Gain 8.0
13 Relaxation Delay 1.0000 30
14 Pulse Width 3.4000
15 Presaturation Frequency I
16 Acquisition Time 0.0205 r25
17 Acquisition Date 2016-09-09708:36:03
18 Modification Date 2016-09-09T09:36:04
19 Class ~20
20 Spectrometer Frequency 400.17
21 Spectral Width 100000.0
22 Lowest Frequency -48287.0 15
23 Nucleus 1H
24 Acquired Size 2048
25 Spectral Size 131072 10
r5
ro
-5
T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120
1 (ppm)
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=) ]
ROMP1WO4 a & nwo < = 17
w < o m o o s
o " Val < B M=o o A
arameter alue
Gy 16
1 Origin Bruker BioSpin GmbH
2 Owner Service 15
3 Site
4 Instrument spect 14
5 Author
6 Solvent cp2Ci2 13
7 Temperature 298.0
8 Pulse Sequence 29 12
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000: L11
11 Number of Scans 4 L10
12 Receiver Gain 8.0
13 Relaxation Delay 1.0000 Lo
14 Pulse Width 3.4000
15 Presaturation Frequency 8
16 Acquisition Time 0.0205
17 Acquisition Date 2016-09-09T15:24:41 L7
18 Modification Date 2016-09-09T16:24:42
19 Class
-6
20 Spectrometer Frequency 400.17
21 Spectral Width 100000.0 Ls
22 Lowest Frequency -48287.0
23 Nucleus 1H La
24 Acquired Size 2048
25 Spectral Size 131072 3
2
r1
ro
-1
T T T T T T T T T T T T T T T T T T T T T T
120 110 100 9 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120
f1 (ppm)
3. PW12040@ROMP;
ROMP1PW12040 g8 8 4
g = > {
Rl o <
Parameter Value "“ "“ © o L 12000
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 site 11000
4 Spectrometer spect
5 Author 10000
6 Solvent cp2Ci2
7 Temperature 298.0 L 9000
8 Pulse Sequence depthhpdecf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000; L 8000
11 Number of Scans 1000
12 Receiver Gain 724 7000
13 Relaxation Delay 1.0000
14 Pulse Width 3.3000
15 Presaturation Frequency - 6000
16 Acquisition Time 0.0249
17 Acquisition Date 2017-01-12T14:54:41 5000
18 Modification Date 2017-01-12T14:54:52
19 Class
4000
20 Spectrometer Frequency 100.63
21 Spectral Width 39682.5
22 Lowest Frequency -9781.1 3000
23 Nucleus 13C
24 Acquired Size 990
25 Spectral Size 2000
1000
ro
r-1000
r-2000
L e . A B S B B B T T T T T T T T T T T T L e
290 270 250 230 210 190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90
1 (ppm)
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ROMP1PW12040 R 300
Parameter Value ™
280
1 Origin Bruker BioSpin GmbH
2 Owner Service L 260
3 Site
4 Spectrometer spect 240
5 Author
r220
6 Solvent cp2ci2
7 Temperature 300.0 L 200
8 Pulse Sequence hpdecf3
9 Experiment 1D 180
10 Probe 4 mm MAS BB/ 1H H13777/ 000;
160
11 Number of Scans 200
12 Receiver Gain 724 140
13 Relaxation Delay 2.0000
14 Pulse Width 2.8000 r120
15 Presaturation Frequency
100
16 Acquisition Time 0.0199
17 Rcquisition Daf 2017-01-11T16:14:29 L 80
1 1 D 2017-01-11T16:19:54
Flass 60
1p1
rei:t 040§ r40
| F20
‘ o
r-20
r-40
r-60
r-80
r-100
r-120
T T T T T T T T T T T T T T T T T T T T T
300 260 220 180 140 100 60 20 -20 -60 -100 -140 -180 -220 -260 -300
f1 (ppm)
o
ROMP1PW12040 ; L 160
Parameter Value 1
1 Origin Bruker BioSpin GmbH r150
2 Owner Service
3 Site r140
4 Spectrometer spect L 130
5 Author
6 Solvent CD2CI2 120
7 Temperature 300.0
8 Pulse Sequence hpdecf3 110
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000! L 100
11 Number of Scans 16 90
12 Receiver Gain 724
13 Relaxation Delay 60.0000 80
14 Pulse Width 2.8000
15 Presaturation Frequency =70
16 Acquisition Time 0.0199
17 Acquisition Date 2017-01-11T16:39:44 60
18 Modification Date 2017-01-11T16:39:48
19 Class rso
20 Spectrometer Frequency 161.99 L a0
21 Spectral Width 100000.0
22 Lowest Frequency -49955.9 L 30
23 Nucleys i
24 Aqquirgd 9 1994
k 20
| sfh 496||I Im. Il
l L10
ro
r-10
r-20
r-30
~-40
T T T T T T T T T T T T T T T T T T T T T
300 260 220 180 140 100 60 20 -20 -60 -100 -140 -180 -220 -260 -300
f1 (ppm)
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o
ROMP1PW12040 hsd 3 8 RB&3
el " N Nowod
Parameter Value "{ T © T “‘“ "‘\"; ""
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent CcD2CI2
7 Temperature 298.0
8 Pulse Sequence cptossf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000
11 Number of Scans 1200
12 Receiver Gain 724
13 Relaxation Delay 2.0000
14 Pulse Width 2.0000
15 Presaturation Frequency
16 Acquisition Time 0.0149
17 Acquisition Date 2017-01-12T14:37:02
18 Modification Date 2017-01-12T14:37:06
19 Class
20 Spectrometer Frequency 100.63
21 Spectral Width 39682.5
22 Lowest Frequency -9781.1
23 Nucleus 13C
24 Acquired Size 593
25 Spectral Size 2048
L B B B e L e T T LI B B T LI B B B B T
290 270 250 230 210 190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90
f1 (ppm)
ROMP1PW12040 R
=
Parameter Value |
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent cp2ci2
7 Temperature 300.0
8 Pulse Sequence hpdecf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000;
11 Number of Scans 28
12 Receiver Gain 724
13 Relaxation Delay 120.0000
14 Pulse Width 2.8000
15 Presaturation Frequency
16 Acquisition Time 0.0299
17 Acquisition Date 2017-01-12T15:56:24
18 Modification Date 2017-01-12T15:57:12
19 Class
20 Spectrometer Frequency 161.99
21 Spectral Width 100000.0
22 Lowest Frequency -49955.9
23 Nucleus 31p
24 Acquired Size 2994
25 Spectral Size 8192
T T T T T T T T T T T T T T T T T T T T T T T T T T
300 260 220 180 140 100 60 20 -20 -60 -100 -140 -180 -220 -260 -300
1 (ppm)
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ro
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ROMP1PW12040
Parameter Value
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent cp2Ci2
7 Temperature 300.0
8 Pulse Sequence hpdecf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!

11 Number of Scans

12 Receiver Gain

13 Relaxation Delay

14 Pulse Width

15 Presaturation Frequency

16 Acquisition Time

17 Acquisition Date

18 Modification Date
19 Class

20 Spectrometer Frequency
21 Spectral Width

22 Lowest Frequency

23 Nucleus

24 Acquired Size

25 Spectral Size

28

724
120.0000
2.8000

0.0299
2017-01-12T15:56:24
2017-01-12T15:57:12

161.99
100000.0
-49955.9
31P
2994
8192

-11.75

160

150

140

130

120

110

100

90

r 80

70

r 60

50

r40

r30

r20

r10

300 260 220 180 140

4. ROMP;

131.55/

ROMP2
Parameter Value
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Instrument spect
5 Author
6 Solvent CD2CI2
7 Temperature 298.0
8 Pulse Sequence cptossf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!

11 Number of Scans

12 Receiver Gain

13 Relaxation Delay

14 Pulse Width

15 Presaturation Frequency

16 Acquisition Time

17 Acquisition Date

18 Modification Date
19 Class

20 Spectrometer Frequency
21 Spectral Width

22 Lowest Frequency

23 Nucleus

24 Acquired Size

25 Spectral Size

2000
724.0
1.0000
2.0000

0.0149
2017-01-10T11:30:27
2017-01-10T11:37:20

100.63
39682.5
-9781.1
13C
593
2048

— 65.50
"\ 5537
_46.06
~ 4173
3562
—22.40

290 270 250
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r 3500

r 3000

r 2500

2000

r 1500

r 1000

r 500

r-500

70000

r 65000

r 60000

r 55000

r 50000

r 45000

r 40000

r 35000

30000

25000

20000

r 15000

r 10000

r 5000

r-5000

ROMP2 E 3
bl o
Parameter Value n N
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent cp2Ci2
7 Temperature 298.0
8 Pulse Sequence depthhpdecf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000:
11 Number of Scans 960
12 Receiver Gain 724
13 Relaxation Delay 1.0000
14 Pulse Width 3.3000
15 Presaturation Frequency
16 Acquisition Time 0.0249
17 Acquisition Date 2017-01-10T11:53:54
18 Modification Date 2017-01-10T11:53:54
19 Class
20 Spectrometer Frequency 100.63
21 Spectral Width 39682.5
22 Lowest Frequency -9781.1
23 Nucleus 13C
24 Acquired Size 990
45 Spectral Size | |2018 I |
LI B B B LI B B B B B T T T T T T T T T T T T T
290 270 250 230 210 190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90
1 (ppm)
ROMP2 a aonsdroon
o NSO T A~ O
R I RCER ]
Parameter Value “‘ 7 W\m\ﬂ‘ 4 = N\r\l\ T
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Instrument spect
5 Author
6 Solvent CD2CI2
7 Temperature 298.0
8 Pulse Sequence cptoss
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!
11 Number of Scans 1600
12 Receiver Gain 575.0
13 Relaxation Delay 1.0000
14 Pulse Width 2.0000
15 Presaturation Frequency
16 Acquisition Time 0.0102
17 Acquisition Date 2016-09-08T16:03:03
18 Modification Date 2016-09-08T17:03:36
19 Class
20 Spectrometer Frequency 100.63
21 Spectral Width 50000.0
22 Lowest Frequency -14935.9
23 Nucleus 13C
24 Acquired Size 512
25 Spectral Size 1024
T T T T
300 250 200 150 100 50 -100
1 (ppm)
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ROMP2 a
o
Parameter Value 90
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site L 8o
4 Instrument spect
5 Author
6 Solvent C€D2C12 70
7 Temperature 298.0
8 Pulse Sequence depth
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000! L 6o
11 Number of Scans 16
12 Receiver Gain 8.0
13 Relaxation Delay 1.0000 L 50
14 Pulse Width 3.4000
15 Presaturation Frequency
16 Acquisition Time 0.0205
17 Acquisition Date 2016-09-09T08:31:21 r40
18 Modification Date 2016-09-09T09:31:22
19 Class
20 Spectrometer Frequency 400.17 k30
21 Spectral Width 100000.0
22 Lowest Frequency -48287.0
23 Nucleus 1H
24 Acquired Size 2048 20
25 Spectral Size 131072
10
-0
r-10
T T T T T T T T T T T T T T T T T T T T T T T T T
120 110 100 9 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120
f1 (ppm)
5. NHz-PIILP
NH2-PIILP ] 3 ~ o o ©
o d = = 0 N F70
S b 2 ® N b=t
Parameter Value | |
1 Origin Varian 65
2 Owner
3 Site r 60
4 Spectrometer vnmrs
5 Author solids r55
6 Solvent none
7 Temperature 23.0 L 50
8 Pulse Sequence onepul
9 Experiment 1D 45
10 Probe 6.0_MM_PENCIL
11 Number of Scans 1536
12 Receiver Gain 26 r40
13 Relaxation Delay 1.0000
14 Pulse Width 4.0000 L35
15 Presaturation Frequency
16 Acquisition Time 0.0300 L30
17 Acquisition Date 2015-03-10T10:26:12
18 Modification Date 2015-03-18T12:10:24
19 Class r25
20 Purity 100.00 %
21 Spectrometer Frequency 100.56 20
22 Spectral Width 40322.6
23 Lowest Frequency -7470.1 L1s
24 Nucleus 13C
25 Acquired Size 1210
26 Spectral Size 4096 r1o
5
ro
-5
r-10

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
150 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30
1 (ppm)
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NH2-PILP 8 35% N m o I
B oo~ n QY ~ r30
£ 288 gesg o
Parameter Value
NP NP
1 Origin Varian
2 Owner
3 Site
4 Spectrometer vnmrs r2s
5 Author solids
6 Solvent none
7 Temperature 23.0
8 Pulse Sequence tancpxtoss
9 Experiment 1D 20
10 Probe 6.0_MM_PENCIL
11 Number of Scans 216
12 Receiver Gain 26
13 Relaxation Delay 5.0000
14 Pulse Width 4.0000
15 Presaturation Frequency L1s
16 Acquisition Time 0.0300
17 Acquisition Date 2015-03-10T10:07:39
18 Modification Date 2015-03-18T12:10:24
19 Class
20 Purity
r10
21 Spectrometer Frequency 100.56
22 Spectral Width 40322.6
23 Lowest Frequency -7470.1
24 Nucleus 13C
25 Acquired Size 1210
26 Spectral Size 4096 Ls
ro
T T T T T T T T
300 250 200 150 100 50 0 -50
1 (ppm)
6. PdCl;@NH>-PIILP
PACI4@NH2-PIILP e 3 3 3 n - ~
< © < © 3 hat b L18
g 8 g 3 g g g
Parameter Value N
1 Origin Varian r7
2 Owner L1e
3 Site
4 Spectrometer vnmrs ris
5 Author solids L1g
6 Solvent none
7 Temperature 23.0 13
8 Pulse Sequence tancpx
9 Experiment 1D 12
10 Probe 4.0_MM_PENCIL
11 Number of Scans 152 ri11
12 Receiver Gain 26
13 Relaxation Delay 10.0000 10
14 Pulse Width 4.0000
15 Presaturation Frequency r9
16 Acquisition Time 0.0300 Lg
17 Acquisition Date 2015-04-24T12:35:07
18 Modification Date 2015-04-24T13:00:44 L7
19 Class
20 Purity 100.00 % ré
21 Spectrometer Frequency 100.56 5
22 Spectral Width 40322.6
23 Lowest Frequency -7489.8 La
24 Nucleus 13C
25 Acquired Size 1210 L3
26 Spectral Size 4096
r2
r1
ro
-1
F-2
r-3
T T T T T T T T
300 250 200 150 100 50 0 -50
1 (ppm)
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7. PANP@NH:>-PIILP

PdO@NH2-PIILP 5 B3 & 528§ o @ 0w ® o
S B8 I RgE i sose  oq L13
Parameter Value & o 3 o ~ © < S o -
1 origin Varian [ Y I N Y NI v
2 Owner i ri2
3 Site
r11
4 Spectrometer vnmrs
5 Author solids
6 Solvent none r10
7 Temperature 23.0
8 Pulse Sequence tancpx Lo
9 Experiment 1D
10 Probe 4,0_MM_PENCIL
11 Number of Scans 400 r8
12 Receiver Gain 26
13 Relaxation Delay 10.0000 Ly
14 Pulse Width 4.0000
15 Presaturation Frequency
16 Acquisition Time 0.0300 ré
17 Acquisition Date 2015-04-24T13:02:11
18 Modification Date 2015-04-24T14:09:44 r5
19 Class
20 Purity La
21 Spectrometer Frequency 100.56
22 Spectral Width 40322.6 L3
23 Lowest Frequency -7489.8
24 Nucleus 13C
25 Acquired Size 1210 r2
26 Spectral Size 4096‘ l II l
rl
ro
-1
r-2
F-3
T T T T T
300 250 200 150 100
f1 (ppm)
8. Pyrr-PIILP
Pyrr-PIILP & 83N © o nN oW L130
o INE ! QN 0 sQuw
g 88T g%  g3uad
Parameter Value
12 IEEPENDNN
1 Origin Varian r120
2 Owner
3 Site 110
4 Spectrometer vnmrs
5 Author solids L 100
6 Solvent none
7 Temperature 23.0
8 Pulse Sequence onepul ~90
9 Experiment 1D
10 Probe 6.0_MM_PENCIL
11 Number of Scans 2640 80
12 Receiver Gain 26
13 Relaxation Delay 1.0000 L70
14 Pulse Width 4.0000
15 Presaturation Frequency
16 Acquisition Time 0.0300 r 60
17 Acquisition Date 2015-03-10T10:55:41
18 Modification Date 2015-03-18T12:10:24 L 50
19 Class
20 Puri
v a0
21 Spectrometer Frequency 100.56
22 Spectral Width 40322.6
23 Lowest Frequency -7470.1 r30
24 Nucleus 13C
25 Acquired Size 1210 L20
26 Spectral Size 4096
10
-0
r-10
r-20
T T T T T
300 250 200 150 100
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9. PdCl,@Pyrr-PIlILP

PdCl4@Pyrr-PIILP 3 ] 5 S o n n o v
o0 =) ) o < @ oS S ®
o & < 1) o oS -] < o 85
Parameter Value "“ T "“ "“ “" "‘ T T T "“
1 Origin Varian | 80
2 Owner
3 Site 75
4 Spectrometer vnmrs
5 Author solids r70
6 Solvent none
7 Temperature 23.0 r65
8 Pulse Sequence tancpx
9 Experiment 1D r 60
10 Probe 4,0_MM_PENCIL
11 Number of Scans 432 55
12 Receiver Gain 26
13 Relaxation Delay 10.0000 50
14 Pulse Width 4.0000
15 Presaturation Frequency 45
16 Acquisition Time 0.0300
17 Acquisition Date 2015-04-27T08:15:38 40
18 Modification Date 2015-04-27T09:28:14
19 Class r35
20 Purity
30
21 Spectrometer Frequency 100.56
22 Spectral Width 40322.6 L 25
23 Lowest Frequency -7489.8
24 Nucléus ] 13C L 20
25 Acquired Size 1210
26 Spectral Size 4096
P r15
r10
5
-0
-5
~-10
T T T T T T T T
300 250 200 150 100 50 0 -50
f1 (ppm)
10. PANP@Pyrr-PIILP
PAO@Pyrr-PIILP 8 = EXE- I -
< a 48 o9 o = r17
Parameter Value N "‘ ”i;’ T "" N‘ "‘
1 Origin Varian 16
2 Owner
3 Site [
4 Spectrometer vnmrs, 14
5 Author solids
6 Solvent none ~13
7 Temperature 23.0
8 Pulse Sequence tancpxtoss L12
9 Experiment 1D
10 Probe 6.0_MM_PENCIL 11
11 Number of Scans 388
12 Receiver Gain 26 r10
13 Relaxation Delay 5.0000
14 Pulse Width 4.0000 9
15 Presaturation Frequency
16 Acquisition Time 0.0300 s
17 Acquisition Date 2015-07-02T10:55:45
18 Modification Date 2015-07-02T11:28:24 r7
19 Class
6
20 Purity 100.00 %
21 Spectrometer Frequency 100.55 Ls
22 Spectral Width 40322.6
23 Lowest Frequency -16308.5 g
24 Nucleus 13C
25 Acquired Size 1210 L3
26 Spectral Size 4096
r2
1
ro
F-1
-2
-3

— T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60
1 (ppm)
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11.PPh2-PIILP

PPh2-PIILP 2 3 age 5
$ 8 nes E 100
Parameter Value
/SA
1 Origin Varian
2 Owner L 9o
3 Site
4 Spectrometer vnmrs
5 Author solids - 80
6 Solvent none
7 Temperature 23.0
8 Pulse Sequence tancpxtoss
9 Experiment 1D r70
10 Probe 6.0_MM_PENCIL
11 Number of Scans 180
12 Receiver Gain 26 L 60
13 Relaxation Delay 5.0000
14 Pulse Width 4.0000
15 Presaturation Frequency
r50
16 Acquisition Time 0.0300
17 Acquisition Date 2015-03-10T12:41:01
18 Modification Date 2015-03-18T12:10:24
19 Class r40
20 Purity
21 Spectrometer Frequency 100.56
22 Spectral Width 40322.6 r30
23 Lowest Frequency -7470.1
24 Nucleus 13C
25 Acquired Size 1210 L20
26 Spectral Size 4096
r10
Y
r-10
T T T T T T T
300 250 200 150 100 50 -50
1 (ppm)
PPh2-PIILP 2 R 23¢ 5
el EE P I 100
Parameter Value 2 \ S
1 Origin Varian
2 Owner L 9o
3 Site
4 Spectrometer vnmrs
5 Author solids 80
6 Solvent none
7 Temperature 23.0
8 Pulse Sequence tancpxtoss
9 Experiment 1D r70
10 Probe 6.0_MM_PENCIL
11 Number of Scans 180
12 Receiver Gain 26 L 60
13 Relaxation Delay 5.0000
14 Pulse Width 4.0000
15 Presaturation Frequency o
r5
16 Acquisition Time 0.0300
17 Acquisition Date 2015-03-10T12:41:01
18 Modification Date 2015-03-18T12:10:24
19 Class 40
20 Purity
21 Spectrometer Frequency 100.56
22 Spectral Width 40322.6 r30
23 Lowest Frequency -7470.1
24 Nucleus 13C
25 Acquired Size 1210 L20
26 Spectral Size 4096
10
-0
r-10
T T T T T T T
300 250 200 150 100 50 -50
f1 (ppm)
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PPh2-PIILP 2 3 < 3 ]
3 2 v 0 ~ 3000
n & © o ©
Parameter Value
1 Origin Bruker BioSpin GmbH 2800
2 Owner nmr
3 site | 2600
4 Instrument spect
5 Author
2400
6 Solvent C6D6
7 Temperature 298.4
8 Pulse Sequence hpdec 2200
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H/ 19F H12048/ 001 2000
11 Number of Scans 163 L 1800
12 Receiver Gain 128.0
13 Relaxation Delay 60.0000
14 Pulse Width 45000 1600
15 Presaturation Frequency
16 Acquisition Time 0.0199 1400
17 Acquisition Date 2015-03-17T13:29:00
18 Modification Date 2015-03-18T12:06:21 L1200
19 Class
20 Spectrometer Frequency 202.28 L 1000
21 Spectral Width 100000.0
22 Lowest Frequency -50004.4
23 Nucleus 31P 800
24 Acquired Size 1994
25 Spectral Size 4096 L 600
400
200
A, -0
r-200
T T T T T T T T T T T T T T T T T T T T T T T T T
240 220 200 180 160 140 120 100 80 60 40 20 [} -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240
f1 (ppm)
12. PdCl;@PPh;-PIILP
PAClA@PPh2-PIILP 5 3 2 8 o 8w ~ f50
w @ v ) n ! o <
o o < S a < © —
I - = = o n o= =
Parameter Value ‘ ‘
1 Origin Varian Las
2 Owner
3 Site
4 Spectrometer vnmrs 40
5 Author solids
6 Solvent none
7 Temperature 23.0
8 Pulse Sequence tancpx r35
9 Experiment 1D
10 Probe 4.0_MM_PENCIL
11 Number of Scans 324 L 30
12 Receiver Gain 26
13 Relaxation Delay 10.0000
14 Pulse Width 4.0000
15 Presaturation Frequency L 25
16 Acquisition Time 0.0300
17 Acquisition Date 2015-04-27T06:28:21
18 Modification Date 2015-04-27T07:22:50 L20
19 Class
20 Purity
21 Spectrometer Frequency 100.56 L15
22 Spectral Width 40322.6
23 Lowest Frequency -7489.8
24 Nucleus 13C
25 Acquired Size 1210 10
26 Spectral Size 4096
r5
ro
r-5
T T T T T T T T
300 250 200 150 100 50 [} -50

1 (ppm)

Page | 221



Appendices

PdCI4@PPh2-PIILP g 2 ) ris
N a ©
g € ¢
Parameter Value i
1 Origin Varian 14
2 Owner
3 Site ris
4 Spectrometer vnmrs
5 Author solids ri2
6 Solvent none
7 Temperature 27.0 L11
8 Pulse Sequence onepul
9 Experiment 1D
10 Probe 4.0_MM_PENCIL r1o
11 Number of Scans 48
12 Receiver Gain 26 Lo
13 Relaxation Delay 60.0000
14 Pulse Width 4.0000
15 Presaturation Frequency ré
16 Acquisition Time 0.0300
17 Acquisition Date 2015-04-27T09:46:20 r7
18 Modification Date 2015-04-27710:37:34
19 Class Le
20 Purity
21 Spectrometer Frequency 161.87 r5
22 Spectral Width 100000.0
23 Lowest Frequency -50016.7 4
24 Nucleus 31p [
25 Acquired Size 3000
26 Spectral Size 8192 r3
F2
rl
ro
-1
T T T T T T T T T T T T T T T T T T T T T T T T T T T
300 260 220 180 140 100 60 20 -20 -60 -100 -140 -180 -220 -260 -300
f1 (ppm)
13. PANP@PPh;-PIILP
PdO@PPh2-PIILP 29w
NI 20
IR
Parameter Value /7 NN 19
1 Origin Varian
2 Owner 18
3 Site [17
4 Spectrometer vnmrs
5 Author solids r16
6 Solvent none L1s
7 Temperature 27.0
8 Pulse Sequence onepul 14
9 Experiment 1D
10 Probe 4,0_MM_PENCIL 13
11 Number of Scans 136
12 Receiver Gain 26 riz
13 Relaxation Delay 60.0000 L11
14 Pulse Width 4.0000
15 Presaturation Frequency 10
16 Acquisition Time 0.0300
17 Acquisition Date 2015-04-27T10:43:40 r9
18 Modification Date 2015-04-27T13:00:44 Lg
19 Class
20 Purity r7
21 Spectrometer Frequency 161.87 Le
22 Spectral Width 100000.0
23 Lowest Frequency -50016.7 -5
24 Nucleus 31P
25 Acquired Size 3000 ré
26 Spectral Size 8192 L3
r2
r1
ro
F-1
F-2
-3
T T T T T T T T T T T T T T T T T T T T T
300 260 220 180 140 100 60 20 -20 -60 -100 -140 -180 -220 -260 -300
f1 (ppm)
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PdO@PPh2-PIILP

Parameter Value
1 Origin Varian
2 Owner
3 Site
4 Spectrometer vnmrs
5 Author solids
6 Solvent none
7 Temperature 27.0
8 Pulse Sequence onepul
9 Experiment 1D
10 Probe 4.0_MM_PENCIL
11 Number of Scans 112
12 Receiver Gain 26
13 Relaxation Delay 60.0000
14 Pulse Width 4.0000
15 Presaturation Frequency
16 Acquisition Time 0.0150
17 Acquisition Date 2015-04-27T13:01:27
18 Modification Date 2015-04-27T14:56:38
19 Class
20 Purity
21 Spectrometer Frequency 161.87
22 Spectral Width 100000.0
23 Lowest Frequency -50016.7
24 Nucleus 31p
25 Acquired Size 1500
26 Spectral Size 4096

90.08
—13.03

034
— 3434

™\ 28.37
— -49.63

Appendices

r30

r25

r20

15

r10

300 260 220 180 140

14. PtCl;@PPh;-PIILP

PtCl4@PPh2-PIILP

15 Presaturation Frequency

16 Acquisition Time 0.0149

17 Acquisition Date 2017-01-10T15:32:46
18 Modification Date 2017-01-10T15:50:32
19 Class

20 Spectrometer Frequency 100.63

21 Spectral Width 39682.5
22 Lowest Frequency -9781.1
23 Nucleus 13C

24 Acquired Size 593

25 Spectral Size 2048

146.47

129.43
—39.68
—~36.32

10.71

Parameter Value
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent CD2CI2
7 Temperature 298.0
8 Pulse Sequence cptossf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!
11 Number of Scans 1000
12 Receiver Gain 724
13 Relaxation Delay 2.0000
14 Pulse Width 2.0000

290 270 250 230 210 190

-300

f 24000
23000
22000
21000
20000
19000
18000
17000
16000
15000
14000
13000
12000
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000

r-1000
r-2000
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PtCl4@PPh2-PIILP

Parameter
Origin
Owner
3 Site

N

Spectrometer
Author

[LREN

Solvent
Temperature
Pulse Sequence
Experiment

10 Probe

© o N o

11 Number of Scans

12 Receiver Gain

13 Relaxation Delay

14 Pulse Width

15 Presaturation Frequency

16 Acquisition Time
17 Acquisition Date
18 Modification Date
19 Class

20 Spectrometer Frequency
21 Spectral Width

22 Lowest Frequency

23 Nucleus

24 Acquired Size

25 Spectral Size

Value

Bruker BioSpin GmbH
Service

spect

CD2CI2

298.0

depthhpdecf3

1D

4 mm MAS BB/ 1H H13777/ 000

1200
724
1.0000
3.3000

0.0249
2017-01-10T16:11:48
2017-01-10T16:11:50

100.63
39682.5
-9781.1
13C
990
2048

129.53

T
110

6500

6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

r-500

r-1000

25000

20000

15000

10000

5000

290 270 250 230 210 190 90
1 (ppm)
15. PtNP@PPh»-PIILP
PtO@PPh2-PIILP 8% g 5 3
n & S 3 S
Parameter Value "\‘ ?‘ "" "“ "“
1 Origin Bruker BioSpin GmbH
2 Owner Service
3 Site
4 Spectrometer spect
5 Author
6 Solvent C€D2CI2
7 Temperature 298.0
8 Pulse Sequence cptossf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000
11 Number of Scans 1800
12 Receiver Gain 724
13 Relaxation Delay 2.0000
14 Pulse Width 2.0000
15 Presaturation Frequency
16 Acquisition Time 0.0149
17 Acquisition Date 2017-01-11T11:30:55
18 Modification Date 2017-01-11T11:30:56
19 Class
20 Spectrometer Frequency 100.63
21 Spectral Width 39682.5
22 Lowest Frequency -9781.1
23 Nucleus 13C
24 Acquired Size 593
25 Spectral Size 2048
LI B B LI B B B T T T T T
290 270 250 230 210 190 110 90
f1 (ppm)
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@
PtO@PPh2-PIILP nan 8 5500
Parameter Value Sa4 B
N2
1 Origin Bruker BioSpin GmbH
o o oo 5000
2 Owner Service
3 Site
4 Spectrometer spect L 4500
5 Author
6 Solvent CD2CI2
7 Temperature 298.0 4000
8 Pulse Sequence depthhpdecf3
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000, 3500
11 Number of Scans 2100
12 Receiver Gain 724 3000
13 Relaxation Delay 1.0000
14 Pulse Width 3.3000
15 Presaturation Frequency 2500
16 Acquisition Time 0.0249
17 Acquisition Date 2017-01-11T12:06:56 L 2000
18 Modification Date 2017-01-11T12:07:12
19 Class
20 Spectrometer Frequency 100.63 1500
21 Spectral Width 39682.5
22 Lowest Frequency, -9781.1
23 Nucleus 13C 1000
24 Acquirer 4;ize 91 l
svecrfdee 1 | [ilbl | | g1
500
-0
r-500
r-1000
L e B e A L e A T T
290 270 250 230 210 190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70 -90
1 (ppm)
PtO@PPh2-PPILP 8 g 8Boh
3 N d49
Parameter Value | VA 60000
1 Origin Bruker BioSpin GmbH
2 Owner Service L 55000
3 Site
4 Spectrometer spect
5 Author 50000
6 Solvent CD2CI2
7 Temperature 300.0
8 Pulse Sequence cptossf3 45000
9 Experiment 1D
10 Probe 4 mm MAS BB/ 1H H13777/ 000!
40000
11 Number of Scans 400
12 Receiver Gain 724
13 Relaxation Delay 2.0000 [ 35000
14 Pulse Width 5.6000
15 Presaturation Frequenc
aveney 30000
16 Acquisition Time 0.0051
17 Acquisition Date 2017-01-11T14:40:31
18 Modification Date 2017-01-11T14:40:34 L 25000
19 Class
20 Spectrometer Frequency 161.99
21 Spectral Width 100000.0 20000
22 Lowest Frequency -49955.9
23 Nucleus 31P
24 Acquired Size 512 15000
25 Spectral Size 1024
10000
5000
ro
r-5000
T T T T T T T T T T T T T T T T T T T T T T T T T
300 260 220 180 140 100 60 20 -20 -60 -100 -140 -180 -220 -260 -300
f1 (ppm)
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Appendix C. Scanning Electron Microscope (SEM)

1. ROMP;

e

- ~
L S &
NE Do Tl
LEMAS 2.0kV 5.2mm x50.0k SE(U)

2.0kV 5.2mm x10.0k SE(U)
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2. WO4s@ROMP;

2.0kV 4.6mm x25.0k SE(U)

LEMAS 2

kV 4.8mm
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LEMAS 2.0kV 4.7mm x5.00k SE(U)

Vv 4.7mm
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3. PW1,04@ROMP;
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((

SN s
e { o

Pari|

25.0k SE(U)

- T (S
OkV 4.8mm x100k SE(U) 500nm
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4. ROMP;

2.00pum
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vV 5.0mm
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5. WOs@ROMP;

LEMAS 2.0kV 4.8mm x5.00k SE nm x10.0k S
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1 x100k SE(U)
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6. NH>-PIILP
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7. PdCl,@NH>-PIILP

500nm
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8. PANP@NH>-PIILP

§ IS
Lt S e e e e e B R |

2.8mm x20.0k SE(U) 2.00pm

K\ 2.8mm x100k S!

0k SE(U)

L
500nm

1.00um
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2.8mm x50.0k SE(U)
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9. Pyrr-PIILP

i
10.0pm

T 1 \. T
5.00um
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10. PdCl,@Pyrr-PIILP

(R S
LEMAS 2.0kV 2.5mm x20.0k SE(U) LEMAS 2.0kV 2.5mm x90.0k SE(U) 500nm

LEMAS 2.0kV 2.5mm x20.0k SE(U) V 2.5mm x100k SE(U)

=\ X
LEMAS 2.0kV 2.5mm x20.0k SE(U) / mm x50.0k SE(U)

LEMAS 2.0kV 2.5mm x100k SE(U) 500nm LEMAS 2.0kV 2.5mm x40.0k SE(U)
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LEMAS 2.0k\ n 500nm

"

—

- '««k

LEMAS 2.0kV 2.5mm x50.0k SE(U) LEMAS 2.0kV 2.5mm x100k SE(U)
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11. PANP@Pyrr-PIILP

500nm

LEMAS 2.0kV 3.0mm x50.0k SE(U)
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- 9 ;
“Wl -
LEMAS 2.0kV 3.0mm x20.0k SE(U) LEMAS 2.0kV 3.0mm x50.0k SE(U)

[ | . . A
LEMAS 2.0kV 3.0mm x100k SE(U) ) 2.00pm

LEMAS 2.0kV 3.0mm x50.0k SE(U LEMAS 2.0kV 3.0mm x100k "' 500nm
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12. PPhy-PIILP

T Vo
LEMAS 2.0kV 8.1mm x2.00k SE( 20.0pm

P v \ sl 25y

LEMAS 2.0kV 5.1mm x5.00k SE(U)

LEMAS 2.0kV 5.1mm x25.0k SE(U) LEMAS 2.0kV 5. 1mn 00k SE(U)
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L

LEMAS 2.0kV 5.1mm x 2.0kV 5.1mm x25.0k SE(U)
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-

13. PdCl,@PPh2-PIILP

p N

LEMAS 2.0kV 2.6mm x20.0k SE(U)
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.

LEMAS 2.0kV 2.6mm x100k SE(U)

.

LEMAS 2.0kV 2.6mm x100k SE(U) 500nm < ) 2.00pm
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LEMAS 2.0

B ' t

| > A

A\ N :

&\\ \
T

LEMAS 2.0kV 3.0mm x20.0k SE(U)

1 OOLllm I
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S

V
500nm

LEMAS 2.0kV 3.0mm x100k SE(U) 500nm
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15. PtCl,@PPh;-PIILP

T '
LEMAS 2.0kV 4.9mn Ok J 10.0pm

N

e Y '
w

/ [ ) Y“j 5 Sl
% SN Y s A

v & o

A

LEMAS 2.0kV 4.9mm x10.0k SE(U) LEMAS 2.0kV 4.9mm x25.0k SE(U)

S ey !
LEMAS 2.0kV 5.0mm x5.00k SE(U)
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LEMAS 2.0kV 5.0mm x25.0k SE(U)
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16. PtNP@PPh;-PIILP

i (|
/ 4.8mm x5.00k SE(U) 10.0pm LEMAS 2.0kV 4.8mm x10.0k SE(U) IS.bGl‘Jm ‘

1.00pm ‘

0kV 4.8mm x10.0k SE(U) 5.00um
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LEMAS 2.0kV 4.8mm x25.0k SE(U) LEMAS 2.0kV 4.8mm x50.0k S|
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Appendix D. Energy-Dispersive X-Ray Spectroscopy (EDX)

1. NHz-PIILP

259
SE MAG: 434x HV:20kV WD: 15.0 mm
Px: 0.79 pm

cps/eV

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Energy [keV]
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2. PdCl,@NH3-PIILP

N o PR
"260
SE MAG:446x HV:20kV WD: 15.0 mm
Px: 0.77 pm

v
-~

cps/eV

w £ +
w o w

w
o

M
i

]
o
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Appendix E. X-Ray Photoelectron Spectroscopy (XPS)

1. NHz-PIILP
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2. PdCl.@NHz-PIILP
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3. PANP@NH>-PIILP
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4. Pyrr-PIlILP
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5. PdCl,@Pyrr-PIILP
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6. PdNP@Pyrr-PIILP

Survey
xlO4
CILMM CKLL KLL D KLL d 3s 1s 1s [pd 3dC[ts 12p1/2 d s <
B Pd MNN dBpl/2 12s 12p d
d 3p3/2 d 3d3/ 12p3/2
1 Name Pos.| FWHM Area At% d3p d 3db/]
1 Ols | 531.08 5J615 43535146 12.35
Cls | 28408 2)912 91495678 76.07
30 N1s | 401.08 3214 130873p4  6.04 c
Cl2p | 198.0 3/278 56884.62 2.07 N
g Pd3d | 337.08 4J046 66710624  3.47 N
N
1 cl:
| cl
cl
4 cl
25 | Pd 4p3/
Pd 4pl
P
P
| P
20 |
o |
o
| PdO@Pyrr-PIILP
15 |
10 |
SA//J
T T T T T T T T T T T T T T
1200 900 600 300 0

Binding Energy (eV)

Page | 270




CPS

7. PPhy-PIILP

Appendices

Survey
16 ><104
“<MMCILMM CKLL N KLL D KLL 1s 1s Cl1is 2pl/. 4
12s 12p 2pl/2
12p3/.
Name Pos. FWHM Area At% 2s 2p3/2
O1ls |532.08 2.y24 24935229 17.24 2p
Cls 284.08 2.625 385144.01 78.00 J
N1s |401.08 2.422 23897.76 2.69 6‘ Cc
14 ] Cl2p |196.08 3.097 11022.98 0.97 N
P2p |[132.08 2.538 6474.91 1.10 N
N
Cl 3
T cl
cl
Cl
12| Pz
P
P
P
d
10_|
8_]
6|
4 3
2 |
L] w s
D D
| I
0
T T T T T T T T T T T
1200 900 600 300 0

Binding Energy (eV)

Page | 271



Appendices

8. PdCl.@PPhz-PIILP
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9. PANP@PPh;-PIILP

Appendices

Survey
XlO4
{MMEILMM CKLL N KLL D KLL d3s 1s 1s |pd 3dffts 2p1/ dis [
Pd MINN dBp1/2 d 3d3/. 12p P 2p1f2
] d 3p3/2 d3d 12p3/.
Name Pos.| FWHM Area At% d3p 12s 2s 2p3f2
O1ls | 532.08 4[387 301647018 13.89 2p
20 | Cls | 28508 2/822 56491785 76.21
N1s | 401.08 3[295 62413p0  4.68 c
Pd3d | 337.08 3900 32955915 2.78 N
1 Cl2p | 198.08 3J088  20827p8  1.23 N
P2p | 13208 2692 1078869  1.22 N
i Pd 4p3/
Pd 4p P
Pd 4p1
g P
P
cle
) cl
cl
15| cl
Pz
P
1 P
P
PdO@PPh2-PIILP
10 |
5]
| e
T T T T T T T T T T T T
1200 900 600 300 0

Binding Energy (eV)

Page | 273



Appendices

10. PtCl,@PPh2-PIILP
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11. PtNP@PPh;-PIILP
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Appendix G. BET Surface Area Analysis
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Pores Distribution (B.J.H)
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16. PtNP@PPh-PIILP
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