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Abstract 

The synthesis and properties of polymer immobilised ionic liquids (PIILs) have been extensively 

studied. In particular, the Knight-Doherty group has explored and developed novel functionalised 

PIIL systems as supports for transition metal- and nanoparticles-based catalysts for a range of 

chemical reactions. 

Chapter 2 describes the completion of a study of iridium-catalysed aromatic C-H borylation under 

homogeneous conditions, which does not involve PIIL but was used to gain experience in catalysis. 

In situ generated Ir-complexes, formed from [Ir(COD)(acac)] or [Ir(COD)(OMe)]2 and tmphen 

catalysed the C-H borylation of diethyl phenylphosphonate (A, R = H) with B2pin2 or HBpin under 

mild conditions but were nonselective, producing a mixture of 3-, 3,5-di- and 4-boryl substituted 

aryl phosphonates (B). In contrast, aryl phosphonates carrying an existing 3-substituent undergo 

C-H borylation with very high regioselectivity to give the product in which the boronate ester is 

meta to both existing substituents. The resulting meta-substituted arylboronic esters were then 

utilised as the nucleophilic coupling partner for the Pd-catalysed Suzuki–Miyaura cross-coupling 

reaction with a variety of aryl halides to prepare a diverse range of meta-phosphonate substituted 

biphenyls (C). 

 

Chapter 3 builds upon the work carried out in a paper published by our research group in PIIL 

supported AuNPs for the reduction of nitroarenes. The impregnation of a phosphine-decorated PIIL 

with KAuCl4 was anticipated to result in oxidation of the phosphine and reduction of the Au(III) 

to Au(I). A series of 31P NMR experiments were performed with triphenylphosphine, as a model 

compound, which confirmed that treatment with KAuCl4 results in formation of a transient Ph3PCl2 

species, and ultimately the major products Ph3PO and Ph3PAuCl, together with a small amount of 

Ph3PAuCl3. The PIIL Au(I) phosphine complex D (AuCl, Z = PPh2) and Au(III) phosphine oxide 

complex D (AuCl4
-, Z = O=PPh2) were prepared, together with the in situ generated Au(I) 
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containing phosphine oxide D (AuCl, Z = O=PPh2) PIIL in order to investigate the effect of gold 

precursor and the heteroatom donor in the polymer support on the catalyst performance and 

selectivity for reduction of nitroarenes by the derived nanoparticle-containing PIILs E.  

 

These catalytic systems reduce nitrobenzene under mild reaction conditions and with low catalyst 

loading into three distinct products; N-phenylhydroxylamine (NOH), azoxybenzene (N2O), and 

aniline (NH2). Using water as the reaction solvent the phosphine oxide based Au(III) and Au(I) 

precursors were both extremely active and selective for reduction of nitrobenzene (NO2) to form 

the thermodynamically unfavourable N-phenylhydroxylamine (NOH) with either NaBH4 or 

(CH3)2NH·BH3 as the stoichiometric hydrogen source. Changing the solvent system from water to 

ethanol under similar reaction conditions provided azoxybenzene (N2O) as the sole product with 

NaBH4 but the reaction was unselective when using (CH3)2NH·BH3 as hydrogen source. Finally, 

by increasing the number of equivalents of NaBH4, using longer reaction time and higher 

temperature, aniline (NH2) was afforded in almost quantitative yields.  
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In chapter 4, a strongly hydrophobic decyl hydrocarbon chain was incorporated into the polymer 

to investigate the influence of replacing the strongly hydrophilic PEG. Both PdNP@PPh2-PEGPIIL 

(F) and PdNP@PPh2-N-decylPIIL (G) are efficient and selective systems for quinoline 

hydrogenation in the presence of NaBH4 or (CH3)2NH·BH3 under mild conditions and delivered 

100% selectivity for 1,2,3,4-tetrahydroquinoline (THQ). The polyethylene glycol modified catalyst 

(PdNP@PPh2-PEGPIIL, F) had a higher activity than the N-decyl analogue (PdNP@PPh2-N-

decylPIIL, G).  

 

In chapter 5, PIIL supported PtNPs were found to catalyse the aqueous hydrolysis of NaBH4 

efficiently under mild conditions to produce hydrogen. The composition of the polymer effects the 

efficiency of the catalyst. PtNP@PPh2-PEGPIIL (H) was found to be more active as compared to 
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PtNP@PPh2-N-decylPIIL (I). A maximum initial TOF of 169 moleH2.molcat-1.min-1 with 

PtNP@PPh2-PEGPIIL (H) loading of 0.08 mol% was achieved under mild conditions. This 

represents one of the highest TOF values reported for the aqueous hydrolysis of NaBH4 in the 

presence of a PtNP-based system. Arrhenius plots indicated an activation energy (Ea) of 23.9 kJ 

mol-1 for the aqueous hydrolysis of NaBH4 catalysed by PtNP@PPh2-PEGPIIL (H) and 35.6 kJ 

mol-1 for PtNP@PPh2-N-decylPIIL (I). The mechanism of the reaction was explored by primary 

kinetic isotope effect, using either H2O or D2O which produced a kH/kD of 1.8 for hydrolysis 

catalysed by PtNP@PPh2-PEGPIIL and 2.1 for PtNP@PPh2-N-decylPIIL. These values are 

consistent with cleavage of the O-H bond being involved in the rate determining step. The 

PtNP@PPh2-PEGPIIL was recycled up to five times. The drop in conversion to 70% after the fifth 

cycle was ascribed to poisoning by the accumulated byproduct, metaborate. 
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Chapter 1. Introduction 

 

1.1 Catalysis  

A catalyst is a substance that accelerates a chemical reaction by facilitating the breaking and 

making of bonds in reactions by changing the activation energy of the pathway without being 

consumed in the process. The catalytic pathway has lower activation energy than that for the 

uncatalysed reaction (Figure 1.1). Therefore, only a very small amount of catalyst is generally 

required to convert a large quantity of reactants, and this process occurs under milder conditions 

than those required in the absence of the catalyst. If there is a possibility of forming more than one 

product, then the use of a catalyst may change the distribution of products compared to the 

uncatalysed process, hence, enabling control over the selectivity of the chemical reaction.1–3 

 

Figure 1.1: The effect of a catalyst on a reaction/energy coordinate. 

Catalysts can be usefully classified into homogenous and heterogeneous. In homogeneous 

catalysis, the catalyst exists in the same phase as the reaction mixture (usually in the liquid phase). 

Under such conditions, the catalyst species are spatially separated from each other and the nature 

of the active sites is identical, leading to uniform catalysis throughout the reaction. Although 

homogeneous catalysts usually display high activities and selectivities under mild conditions of 
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reaction, the similar solubility properties of the catalyst and products make catalyst separation and 

recycling difficult.4,5  

Heterogeneous catalysis occurs when the catalyst is in a dissimilar phase (usually solid/liquid, 

solid/gas or solid/liquid/gas). Heterogeneous catalysis has an important role in the development of 

procedures since it has the potential to satisfy the objectives of industrial catalysis, and at the same 

time meet the principles of green chemistry. Separation and recovery of the catalyst is often simple, 

and there are fewer challenges due to the distinct differences in solubility and miscibility of the 

catalyst and product. The key challenge in the design of newer heterogeneous catalysts is to reach 

high levels of activity and selectivity that can compete with those of homogeneous catalysts.1,6
 

1.2 Ionic Liquids  

Low melting organic salts, which exist in the liquid state below 100 °C, are generally known as 

ionic liquids. Many of the ionic liquids (ILs) with lower melting points are also known as room 

temperature ionic liquids (RTILs). The reason behind the lower melting point of ionic liquids is 

their low lattice energy. In recent years, ILs have strongly attracted much research attention due to 

their widespread potential for applications in various fields. For instance, they are well known as 

neoteric solvents or designer solvents, possessing several desirable properties like high thermal 

stability, low volatility, and non-flammability, ease of handling, immiscibility with various organic 

solvents, and the IL can be used several times, i.e., they can be recyclable.7 Additionally, ILs can 

be functionalised through careful choice of the anion and cation, which in turn provides the 

opportunity to fine-tune the intrinsic properties of the ILs such as polarity, stability, density, 

conductivity, viscosity and hydrophilicity/hydrophobicity, etc.8 Much of the initial work in this 

area was founded on imidazolium based ILs, however, nowadays a variety of anions and cations 

have been developed to obtain desirable properties. (Figure 1.2) displays some of the structures of 

the various typical cations and anions used for ILs.  
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Figure 1.2: Examples of ionic liquid cations and anions. 

The use of ionic liquids as solvents in the field of catalysis also suffers from some disadvantages 

such as their need to be stored under an inert atmosphere, leaching, and high viscosity. The 

biodegradability of ILs and the associated long-term toxicity is yet unknown and also the high cost 

associated with them has prevented their use for commercial purposes.9–11 As ILs are composed 

only of ions (cations/anions), they can serve as an ideal medium to stabilise reactive charged 

intermediates, which in turn improves the selectivity and reaction rate of several catalytic reactions. 

Accordingly, they have been widely used in organic synthesis. For example, ILs have proved to be 

an effective medium for the dehydration reaction of carbonyl compounds for imine formation.12  

Since ILs have exceptionally broad and diverse properties due to the possibility of functionalisation 

of different cation/anion counterparts, the most significant characteristic associated with an IL is 

its polarity. It is believed that ILs act as super polar solvents due to their ionic nature, nevertheless, 

an accurate measurement the polarity of an IL has yet not been established. Many ILs appear to 

possess moderate polarities similar to acetonitrile, and methanol.13 

The polarities of ILs are thought to be controlled by inter- and intramolecular forces and the ion 

pair Coulombic interactions within the liquid. The most common type of IL is based on the 

dialkylimidazolium cation (Figure 1.3),14 which display several intra and intermolecular 

interactions, including: 
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a) Hydrogen-bond formation between protons in the cation, which serve as donors, and the anion 

as acceptor. 

b) Possible Van der Waals interactions among the different side chain alkyl groups and --

stacking due to the aromatic imidazolium ring.14 

 

Figure 1.3: The different types of interactions present in imidazolium-based ILs.14 

ILs present unique solubility characteristics which allow them to dissolve several polar and 

nonpolar substances.13 In addition, the three-dimensional structure of the IL can play a vital role in 

defining its role in different reactions. The H-bonding interactions involved in dialkylimidazolium 

chloride-based ILs can form polymeric networks which can be identified by using a variety of 

different techniques, for instance, NMR, X-ray diffraction, and NOESY spectroscopy.14–16 Choice 

of a specific anion for a specific cation has also been found useful in perturbing the melting points 

of the ILs. For example, a cation which can coordinate with the hydrophilic anions strongly, like 

halides increases the melting point of the IL whereas a cation which coordinates weakly with the 

hydrophobic anions, like triflates ([OTf]-) and triflimides ([NTf2]
-), lowers the melting point. 

Another way to alter the melting point of the IL is by the fine-tuning of the alkyl side chain length. 

For instance, alkyl side chains with longer lengths decrease the melting point of the IL.17 ILs 

generally possess higher viscosities as compared to conventional organic solvents, which in turn 

has a disadvantageous effect on the dynamics and the kinetics of a particular reaction since mass 
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transfer might be limited. In the field of catalysis, this concept plays a vital role as the reactant must 

possess easy access to the active sites. The viscosity of the IL can often be decreased by adding 

small quantities of water, even as low as the parts-per-million range or by adjusting the ILs where 

the choice of anion has the greater effect.18 

Ionic liquids can be prepared by many routes (Scheme 1.1). Each route has its own inherent 

advantages and disadvantages. IL synthesis has mainly been done by a metathesis process using a 

halide salt of alkali metals having an organic cation or ammonium salt with a suitable anion 

(Scheme 1.1, Route A).19 However, this route often causes many adverse halide by-products which 

are difficult to remove from the desired product. An alternate approach can be neutralisation of a 

base with suitable Brønsted acids (Scheme 1.1, Route B) or by alkylimidazole direct alkylation 

(Scheme 1.1, Route C). Using route B, it is very difficult to get ILs with high purity because traces 

of alkylimidazole or Brønsted acids remain in the final product. (Scheme 1.1, Route C) has been 

reported for synthesis of phosphate, sulfate or sulfonate based ILs.14 Route D is a relatively new 

route which also does not have halides and other by-products by using dimethyl carbonate (DMC) 

instead of alkyl halides as a clean methylating agent.20 
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Scheme 1.1 Preparative routes used to synthesise imidazolium based ionic liquids 

Since the discovery of ionic liquid science and technology, catalysis appeared as one of the most 

suitable areas of application because of their unique features. These features include their unusual 

and highly tunable solubility and miscibility and their extraordinary combinations of polarity and 

nucleophilicity. The main strategies that have emerged for the use of ILs in catalysis are liquid – 

ionic liquid biphasic catalysis and ionic liquid thin film catalysis.21,22  

One of the most well developed applications of ionic liquids in liquid-ionic liquid biphasic catalysis 

is the use of acidic chloroaluminate melts in Friedel-Crafts reaction (also known as refinery 

alkylation). The ionic liquids used here actually constitute the catalytically active part of the 

reaction system.23 Another extensively investigated area is the use of the IL as the bulk solvent for 

a transition metal catalyst, forming a catalytically active ionic catalyst solution. In these two cases, 

catalyst recycling and product isolation are made easier by the immiscibility of the organic phase, 

in which the product usually resides, and the ionic liquid phase, in which the catalyst resides. Mass 
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transfer limitations are, however, often serious due to the higher viscosity of the catalyst-containing 

ionic liquid phase in comparison to organic phase.24 The relatively high liquid viscosity of ionic 

liquid catalysts slows the transfer of substrates in the reaction mixture.25  

Catalysis involving a thin film of ionic liquid can be one of the best approaches to overcome these 

problems in which a catalytically active phase consists of a thin film that reduces the pathway of 

diffusion, and therefore the characteristic diffusion time. There are two conceptually different 

approaches for the use of thin films of IL (Figure 1.4): 

•  “Supported Ionic Liquid Phase (SILP)” which contains a catalyst species that is dissolved 

in a thin IL film on the surface of a support material. This is therefore supported 

homogeneous catalysis.26 

• “Solid Catalyst with Ionic Liquid Layer (SCILL)” in which a catalytically active solid, or 

a solid support containing the catalyst, is coated with a thin IL film. This case represents IL 

modified heterogeneous catalysis.26 

 

Figure 1.4: Two fundamentally different types of IL thin film catalysis. Supported Ionic Liquid Phase (SILP) and 

Solid Catalyst with Ionic Liquid Layer (SCILL).26 

There are some situations when these cases overlap with each other. For example, when under the 

particular conditions of reaction, thermal degradation occurs to a SILP catalyst in a system that 

contains nanoparticles of IL-stabilised catalyst. Moreover, under the particular conditions of 

reaction, it is also possible that transformation of a SCILL catalyst can occur and it becomes a 

SILP-like system due to active species from the solid surface dissolving into the film of IL. Thus, 
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it must be kept in mind that the nature of an IL film under the conditions of catalysis may become 

very complex due to the presence of dissolved side-products, products and substrate with the 

inclusion of catalyst. The occurrence of the interface plays an essential role in the catalytic 

applications of ILs: as in liquid-ionic liquid biphasic catalysis the major concern is the interface 

between the organic phase and IL phase and in IL thin film catalysis both IL-solid support and the 

IL-fluid (liquid or gas) phase interfaces are important.  

1.2.1 Liquid-Ionic Liquid Biphasic Catalysis 

As discussed above, there are two cases that are covered by liquid-ionic liquid biphasic catalysis: 

(i) the presence of IL as an active liquid for catalysis, and 

(ii) the presence of IL as a solvent that dissolves the catalyst (e.g. a transition metal species). 

 

There is a special case that belongs to case (ii) in which stable nanoparticles for catalysis form a 

constant suspension in an IL. 

Acid catalysis is used in many key processes in the chemical, petrochemical and oil refining 

industries. Strong and cheap acids i.e., H2SO4 or AlCl3, are traditionally used and product isolation 

typically involves the complete hydrolysis of the catalyst. At the end of the process, the wastewater 

which is corrosive is formed in huge quantities that must be eliminated with refined down-stream 

procedures because they contain the residues of organic product. Furthermore, hydrolysis of the 

catalyst renders it inactive. Acidic ILs offer specific advantages in these applications because they 

can be highly acidic liquids that can be adjusted in their acid strength, miscibility and 

solubility.18,27,28 The chloroaluminate ILs are the best established and well investigated example, 

which are manufactured by mixing an organic salt of chloride with an excess quantity of AlCl3. In 

all practical applications of the chloroaluminate in its melt state, it contains a degree of water 

contamination because they are found to be highly hygroscopic.29 Consequently, chloroaluminate 

ILs as an acid must contain traces of molecular hydrochloric acid (HCl) and 

hydroxy/oxychloroaluminate species. Brønsted superacidity was discovered during the late 1980’s, 

in which HCl in the gaseous state is added to melts of acidic chloroaluminate. [C2C1Im]Cl/AlCl3 

has been used for the quantitative examination of HCl acidity as function of IL composition (51 to 

66.4 mol% of AlCl3) and HCl pressure.30 Interestingly the acidic nature of chloroaluminates can 

change during vacuum conditions, because of the sublimation/evaporation of AlCl3 and HCl from 
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the IL, therefore the melt’s acidity and composition can be changed. Carbonylation reactions,31 

Friedel–Crafts acylation32 and Friedel–Crafts alkylation33 are the best examples of fundamental 

applications of acidic chloroaluminate ILs with liquid-ionic liquid biphasic catalysis. Refinery 

alkylation reactions, 34 cracking35 and oligomerisation36 are the best examples of liquid-ionic liquid 

biphasic catalysis that are successfully operated as acidic catalysis reactions. 

1.2.2 Liquid-Ionic Liquid Biphasic Transition Metal Catalysis 

Aside from their use in acid catalysed reactions, in the past twenty years ILs have been intensively 

studied for the immobilisation of transition metals that are dissolved homogeneously. There is a 

need for successful methods for the immobilisation of homogenous catalysts for industrial usage 

in order to solve the problem of the separation of catalyst/product. Moreover, it is very expensive 

to recycle and recover dissolved complexes of transition metals. The following properties need to 

be satisfied by the polar ionic–liquid phase for use in multi-phase homogenous catalysis by 

transition metal species: 

• Adequate solubility of the reactants and the starting materials which must have fast mass 

transfer into the catalyst-containing phase. 

• The desired product(s) should not dissolve well in the IL. 

• Extremely good catalyst solvation to ensure complete immobilisation of the catalyst and to 

avoid leaching. 

• The solvent must not cause the deactivation of the catalyst that is immobilised. 

Due to nucleophilicity properties, polarity and adjustable solvation, ionic liquids are well suited to 

these complex requirements.37 Furthermore, liquid-ionic liquid biphasic catalyst reactions permit 

the efficient recycling of the applied transition metal catalyst, although ionic liquids are relatively 

expensive. Therefore, the application of ILs on a commercial level may offer significant advantages 

and has not yet been fully explored. 

In liquid-ionic liquid biphasic catalysis using transition metal catalysts, the ligands must be highly 

ionic or polar to minimise the leaching of catalyst. In the study of biphasic reactions, much has 

been done to address this issue and to develop versions of ligands carrying an ion-tag that maintains 

the steric and electronic effect of the ligand38,39 Some ion-tagged ionic ligands are shown in Figure 

1.5 that have been effectively used for hydroformylation, oxidation and hydrogenation reactions.18  
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Figure 1.5: Examples of ion-tagged ionic ligands used to immobilise transition metal complexes in liquid-ionic 

liquid biphasic reactions.  

IL media have been used for stabilising and preparing nanoparticles with catalytic properties.40,41 

One possible mechanism of nanoparticles stabilisation involves the formation of a protective layer 

composed of loosely bound N-heterocyclic carbenes (in the case of some 2-unsubstituted 

imidazolium-based ILs) or anions. However, these surface-bound protective species can be 

replaced by other substances. This protective layer improves the comparatively low stability of 

nanoparticles towards agglomeration/aggregation. The addition of polymeric stabilisers or ligands 

can be helpful to achieve stable nanoparticle-based catalysis in ILs and transition metal 

nanoparticles distributed in ILs have been used as active catalysts for many different reactions, 

such as the hydrogenation of ketones, arenes and alkenes.42 In these liquid-ionic liquid biphasic 

systems the catalyst phase is formed by the IL with dispersed nanoparticles in it and the upper 

organic phase is formed by the product and starting material. A simple decantation process has 

been used for the recovery of the IL-nanoparticle phase. There are many reports concerning the 

application of imidazolium-based ILs within catalysis because of the resulting improvement in 

reaction rate and chemoselectivity.10,43  
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1.3 Nanoparticles (NPs) for Catalysis 

Catalysis based on transition metal nanoparticles (NPs) is now among the most versatile and 

powerful technologies because of their nanoscale size dimensions (1-100 nm). In addition, the 

quantum confinement effects of NPs induce several unique physical properties due to which they 

have found applications in various fields including electrochemistry,44 biotechnology,45 drug 

delivery in medicine,46 fuel cell technology,47 etc. The high catalytic activities of metal 

nanoparticles arise due to their high surface area to volume ratio as compared to their bulk 

analogues.48 However, highly active NPs with smaller diameters though kinetically stable, undergo 

rapid agglomeration if a stabilising agent or capping ligand has not been added. The overall process 

has been well understood by using the principle of Ostwald ripening (Figure 1.6).49 According to 

this principle, partially or non-coordinated unsaturated atoms present at the surface of the small 

particles are energetically less stable as compared to those which are completely coordinated and 

well-organised in the bulk material. Larger particles usually possess a lower surface to volume ratio 

and hence, a lower surface energy. The system therefore will reorganise to reduce its overall energy 

via removal of atoms or molecules from the surface of smaller particles and then undergo 

attachment to the surface of the larger particles. As a result, the number of smaller particles 

decreases.  

 

Figure 1.6: Schematic illustration of Ostwald ripening 
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Since, NPs have very small sizes and high catalytic activities, they can be easily used in both 

homogenous and heterogeneous catalysis. A variety of synthetic strategies have been designed to 

synthesise NPs with well-defined size and surface properties. One can immobilise and impregnate 

the NPs with a variety of materials making them advanced and green materials for different 

purposes including efficient recycling. 

1.3.1 Synthesis of Metal Nanoparticles 

Generally, two main approaches are followed for the synthesis of metal nanoparticles as shown in 

Figure 1.7.  

 

Figure 1.7: Different approaches to nanoparticles synthesis.  

1. Top-Down approach 

In the top-down approach, also known as the destructive method, the reduction of the bulk material 

into powder to nano-meter scale particles is carried out via attrition or mechanical milling and 

thermal decomposition. However, this method of nanoparticle synthesis is not preferred (Figure 

1.7).50–52  

2. Bottom-Up approach 

The more practical and common method for the synthesis of metal nanoparticles is the bottom-up 

method. It is conventionally achieved by reduction or decomposition of organometallic precursors 

in the presence of different stabilising agents followed by aggregation into nanoparticles (Figure 
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1.7). This method enables catalyst design due to the possibility of controlling the shape, size and 

dispersity of the nanoparticles. Besides this, the factors that can ultimately govern the catalytic 

activity and selectivity of the newly formed catalyst can also be controlled and tuned.48,53 

Additionally, this method is more applicable to scale-up for its use in commercial purposes.54 

Therefore, the stabilisation of metal nanoparticles is crucial for the synthesis of highly selective 

and active catalysts. A significant amount of research in this context has been accomplished by 

using different nanoparticle stabilisers; for instance, functionalised polymers with organic 

heteroatom donors,55,56 carbon nanotubes (CNTs),57 ionic liquids (IL),58 inorganic 

polyoxometallates (POM)59 and metal organic frameworks (MOFs).60 

1.3.2 Nanoparticles Stabilisation  

The stabilisation of metal nanoparticles typically occurs by three methods (Figure 1.8).  

 

Figure 1.8: Schematic representation of different stabilisation methods of metal nanoparticles.  

a) Electrostatic stabilisation 

The nanoparticles experience a repulsive force when they are surrounded by a double layer of 

electric charges. The Derjaguin, Landau, Verwey and Overbeek (DLVO) theory proposes charged 

colloidal particles at first and then the electric charges are uniformly distributed over the surface 

of the nanoparticles. According to the DLVO theory, the electrostatic stabilisation of the metal 

nanoparticles is provided by the IL via a ‘protective shell’ formation around the nanoparticles. 

Therefore, the inner shell will be anionic and this initial shell is the main and primary source 
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responsible for providing stability to the metal nanocluster.61 The use of ionic liquid (IL) in order 

to improve the stability of metal NPs and the electrostatic protection to prevent NPs from 

undergoing aggregation has been well documented.62–64  

Stabilisation of AuNPs and PtNPs by using imidazolium-based IL has been well reported.65,66 For 

instance, AuNPs of ∼5 nm have been successfully prepared by reducing an aqueous solution of 

HAuCl4 with an excess NaBH4 by using the ionic liquid, 3,3′-[disulfanylbis(hexane-1,6-diyl)]-

bis(1-methyl-1H-imidazol-3-ium) dichloride. The corresponding [BF4]
- or [PF6]

--based derivatives 

were simply prepared by an ionic exchange process. Similarly, AuNPs of approximately 3.6 nm 

have also been prepared and stabilised by using a zwitterionic imidazolium based ionic liquid 

carrying both a terminal thiol and a pendent sulfonate group. These nanoparticles have shown an 

unusually high stability in aqueous solutions of electrolytes and ionic liquid (IL).67 

b) Steric stabilisation 

The second stabilisation method is based on the concept that the steric repulsion between the 

molecules or ions adsorbed on adjacent particles influences the size and chemical nature of these 

molecules or ions, which in turn then determines the degree of stabilisation (Figure 1.8).68 For 

example, the geometric limitations around the surface of the nanoparticles usually permits large, 

and bulky molecules to provide an effective stabilisation, whereas an oblong or round geometry is 

beneficial to keep the approaching nanoparticles apart from each other (Figure 1.9a).68,69 

 

Figure 1.9: Representation of steric stabilisation: a) A round geometry resulting from molecules adsorbed through 

anchoring centres, b) Long stabiliser species encapsulate a nanoparticle, c) Chelate effect, involving a stabiliser with 

more than one adsorption centre.  

a) b) c) 
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Similarly, when the chain length of the stabiliser used is considerably longer than the characteristic 

size of the nanoparticles, then the probability of formation of a sphere encapsulating the 

nanoparticle is more likely (Figure 1.9b).70 It is for this reason, large molecular weight polymers 

are frequently used as nanoparticle stabilisers. Another key condition for the stabiliser is that it 

must strongly adsorb to the surface of the nanoparticles in order to provide longer lifetime at the 

surface and that it must not undergo spontaneous desorption. A stabiliser with more than one 

adsorption centre thus has many advantages, as the chelating effect of the stabiliser increases, the 

probability that the stabiliser remains adsorbed also increases (Figure 1.9c). Chemisorption is the 

key driving force for the strong binding between the stabiliser and the nanoparticle surface of the 

metal.71 

Metals with empty valence orbitals have an “electron deficient” surface, therefore, strongly 

electron “donating” atoms with free lone pair of electrons, such as sulphur (II), phosphorus (III) 

and nitrogen (III) moieties or molecules with π-electrons, such as aromatic systems usually adsorb 

strongly to the surface of the metal nanoparticles.71–73 Thus, the concept of steric stabilisation is 

very important and plays a vital role during process of nanoparticles synthesis.  

Wang and co-workers have prepared several bimetallic Au-Pd nanoparticles by using graphene 

oxide as the stabiliser. They have been employed as effective catalysts for the selective oxidation 

of a range of alcohols. A study by using varying amounts of the metal:graphene oxide ratio was 

carried out in order to fine tune the size of the nanoparticle by minimising the space for growth of 

nanoparticles inside the cavities of the graphene oxide sheets. Moreover, incorporating titania oxide 

(TiO2) as a templating agent, the catalytic activity was further improved via formation of a two-

dimensional graphene oxide layer to inhibit aggregation of the particles under catalysis conditions. 

The beneficial aspect of using this strategy is that no organic surfactants are required which might 

prevent the substrate from reaching the active sites of the catalyst.74 

c) Electrosteric stabilisation 

The use of bulky and highly charged adsorbents in order to achieve the stabilisation of 

nanoparticles rather than a neutral stabilising agent results in electrosteric stabilisation. Stabilisers 

which are ionic in nature, adsorb strongly to the surface and meet the concepts of steric and 

electrostatic stabilisation simultaneously are considered the best stabilisers. This can be 

conventionally accomplished by using amphiphilic block copolymers,75 polyacrylate,76 metal oxide 
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nanoparticles,77 and synthesis of ionic liquids containing long alkyl chains to encapsulate the 

nanoparticles. In this way, the stabilisation is achieved by an electrostatic type of protective layer 

at the nanoparticle surface along with a sterically bulky hydrophobic outer layer.78 

Heteroatom-modified polymer immobilised ionic liquid (PIIL) supports can be considered to 

provide the three types of stabilisation methods (Figure 1.8), providing electosteric stabilisation to 

the nanoparticles against agglomeration. Therefore, the tunable nature of polymer chemistry is very 

advantageous and could enable rational design to control the particle size, particle distribution and 

morphology of the desired nanoparticles. This could be achieved via variations of the heteroatom, 

charge density, charge distribution, hydrophobicity, hydrophilicity, and the ratio of cross linkage 

of the polymer support. Additionally, through the introduction and variation of functional co-

monomers it could be possible to enhance catalyst activity and/ or selectivity. By controlling the 

phase behaviour, or designing insoluble polymers, it could be possible to enable easy and efficient 

recovery and reuse of the catalyst. 

In this context, the use of PIIL based supports to stabilise metal nanoparticles is proving to be an 

effective strategy in catalysis. For example, ionic co-polymers based on 1-vinyl-3-alkyl 

imidazolium chloride and N-vinylpyrrolidone functionalities have been used to stabilise RhNPs 

along with polyvinylpyrrolidone (PVP) stabiliser. The resulting catalysts were found to possess 

longer life time and the total turnover numbers were found to be 5 times greater than those 

previously observed for the hydrogenation of benzene by using IrNPs in [C4mim][PF6].
18,79 The 

stabilisation achieved by using these copolymers emphasised a key synergistic effect between the 

ionic liquid and the polymer, since the reaction proceeds poorly and forms a black precipitate in 

the absence of either the co-polymer or [C4mim][PF6]. Lately, AgNPs, AuNPs and NiNPs stabilised 

by 1-vinyl-3-alkyl imidazolium polymers have been prepared in which the alkyl chain length is 

found to exert a strong effect on the size of the nanoparticle.80,81 Additionally, imidazolium-

decorated styrene-based copolymers have also been found to stabilise AuNPs, PdNPs and PtNPs 

via an electrosteric mechanism.82–84  

Nanoparticles have been shown to be exceptionally active catalysts that combine the advantages 

of homogeneous and heterogeneous catalysis, providing a more environmentally friendly 

alternative to both. Optimisation of the performance of nanoparticle catalysts requires the 

understanding of the role of the catalyst in the manufacturing processes, structure of the active sites 
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on nano-scales and atomic scales, mechanism of reactions in the chemical process and also the 

efficiency, lifetime and selectivity of the catalyst. Hence, the shape, size, structure, support and 

promoters of the catalyst particles all influence the efficiency and the properties of a catalyst. 

1.4 Supported Ionic Liquid Phase (SILP) Catalysis  

The use of ILs in homogeneous catalysis has been well established, however, the major 

disadvantage associated with their use is mostly the product isolation from the reaction mixture 

including the requirement for excess quantities of IL, especially when the reaction is performed on 

large scale. The requirement of excess quantities of IL is not ideal primarily because of the high 

cost associated with the ILs, in addition to the potential toxicity, since there is a lack of proper 

understanding of their biology and also of their long-term stability. The desire to use small 

quantities of ILs, and the profound influence on the homogenous catalysis, prompted the concept 

of the supported IL phase (SILP). Therefore, a representative SILP system (Figure 1.10) comprises 

of small quantities of thin film of IL homogenously dispersed on a large surface area of a support 

material, for instance silica, alumina or activated carbon. In this way, the SILP system displays 

dual properties of homogeneous as well as heterogeneous catalyst; the material thus can be easily 

isolated and reused and also has the beneficial aspect of being a homogeneous system.85 Another 

beneficial aspect of the SILP system is that the homogenously dispersed catalyst within the IL 

phase is very near to the reaction interface, which drastically reduces the length of diffusion 

pathways and minimises the adverse effects which arise due to viscosity associated with the bulk 

or biphasic IL usage. More importantly, SILP systems can display enhanced reaction rates as 

compared to bulk ILs. Some of the very early examples of the use of the SILP system includes the 

saturation of a silica surface by Lewis acid based ILs such as aluminium chloride based derivatives 

which have the capability to catalyse several Friedel-Crafts reactions.86  
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Figure 1.10: A supported ionic liquid phase catalyst (SILP).  

In the context of SILP material preparation, generally four different methodologies have been used, 

as shown in Figure 1.11. Among them, the immersion method (Figure 1.11A) has been used more 

frequently to generate SILP based catalysts.  

 

Figure 1.11: Four main methodologies in the preparation of SILP materials. 

This method has been very commonly used especially for the immobilisation of a homogenous 

metal complex. In this method, the supporting material is saturated simply by dipping in a solution 

of the catalyst or pre-catalyst in IL in the presence of an organic solvent (wet impregnation). Then, 

the organic solvent is evaporated in vacuo leaving the desired dry SILP material, since the IL is 

non-volatile only the organic solvent evaporates in this method. Highly porous silica gels with large 

surface area have been used frequently as the supporting materials, although mesoporous silica and 

silica-alumina based systems like zeolites have also been employed for this purpose.87,88 Other 

a) b) c) d) 
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inorganic support materials, such as alumina, have been occasionally employed, since they possess 

small pore volumes, however, they might be beneficial under specific circumstances as they 

tolerate various pHs. Among organic support materials chiral polymer chitosan,89 membranes 

based on advanced materials,90 carbon based nanotubes (CNTs) and sintered fiber metal91 have 

been frequently used. SILP systems generated in this way have been used to catalyse a variety of 

reactions including hydroformylation reactions, olefin metathesis reactions, carbonylation 

reactions, hydroamination reactions, carbon-carbon coupling reactions.85,87,92,93 An unexpected 

scenario has been observed in the SILP system upon confinement to the support material. For 

instance, the results of Rh-catalysed hydroformylations performed on silica-based SILP materials 

indicated that the organometallic complex formed in the impregnated thin IL layer, possessed 

drastically reduced mobility and this resulted in some unusual behavior in the supported 

complexes.94 Similarly, the immobilisation of copper bis(oxazoline) complexes in [C4mim][PF6] 

on silicate Laponite support imposed several rotational restrictions on the catalyst, resulting in the 

reversal in the enantioselectivity for a cyclopropanation reaction as compared to their homogenous 

analogues.95  

One of the major issues associated with the immersion method based SILP system is the leaching 

from SILP materials. In order to overcome this issue, the covalent anchoring method (Figure 

1.11B) was introduced. Hence, modifications on the surface of the support are carried out either 

via a covalent attachment of a particular functionalised IL fragment or through a sol-gel synthetic 

protocol.96 Finally, the catalyst can then be immobilised following the wet impregnation method 

either with or without the use of additional IL. For instance, the surface of the silica can be modified 

through covalent attachment followed by immobilisation using the catalyst in IL.97 Such modified 

materials, using organocatalysts have been widely use in aldol catalysis. These materials have 

delivered a very high catalytic activity and enantioselectivity as compared to their homogeneous 

analogues. Another major beneficial aspect of these materials is that they can be easily isolated and 

can be recyclable with a slight drop in the catalytic efficiency. In the same way, a comparable 

outcome was seen when salen complexes of Mn(III) were immobilised on an imidazolium-

functionalised silica support along with a better enantioselective performance.98 An IL monolayer 

functionalisation method has also been used with other support materials, for instance carbon 

nanotubes (CNTs) (Figure 1.12) have been used for this purpose, as they display better mechanical 

strength, better chemical stability and have large surface to volume ratio. In addition, CNTs surface 
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functionalisation with [C4mim][PF6] allows high loadings of IL, up to 55 wt% with no detectable 

leaching issue.99 Immobilisation of Rh complexes provided a material which was shown to be 

highly active for the hydrogenation of 1-hexene. These SILP materials displayed outstanding 

hydrogenation performance as compared to their oxide-based counterparts and also retained the 

Rh/IL phase completely upon recycling.85,99  

 

Figure 1.12: Surface functionalisation of CNTs with imidazolium based ionic groups.99 

The covalent anchoring of SILP support materials is not restricted to the tethering of IL but also 

the ligand or the catalyst can be covalently anchored to the IL (Figure 1.11C). For instance, a silica 

surface was functionalised with methylimidazolium IL fragments by Dieter et al., which form N-

heterocyclic carbenes on adding Pd(OAc)2. The materials obtained in this manner were highly 

active in catalysing the Heck reaction of a wide variety of haloarenes with olefins.100 

Finally, SILP materials (Figure 1.11D) can also be prepared by using a very thin layer of IL coating 

over a preformed heterogeneous catalyst in an analogous manner as the immersion method, this 

method is commonly termed as solid catalyst with ionic liquid layer (SCILL).92,101 The materials 

prepared in this way avoid leaching of the active species from the material surface. For instance, a 

thin layer of hydrophobic IL added over a covalently immobilised Sc-catalyst on silica support 

provided a marked difference in the catalytic activity in the aqueous phase Mukaiyama-aldol 

reaction.102 The utilisation of preformed heterogeneous catalysts is very attractive, since it prevents 

complex functionalisation during immobilisation. Jess and co-workers described the utilisation of 

an imidazolium-based IL on a commercially accessible Ni catalyst in this context.103 
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Supported ionic liquids have recently attracted attention for the use with oxidised metal complexes. 

It was demonstrated that using CuCl2 as a modifier of supported ionic-liquid-phase Au(III) 

catalysts stabilised the Au(III) catalysts against reduction to metallic Au(0). The reduced Au(0) 

can also be re-oxidised to Au(III) species using CuCl2. When the Au-Cu-IL/ on activated carbon 

(AC) catalysts were evaluated for production of vinyl chloride (VCM) during acetylene 

hydrochlorination, they displayed a high turnover frequency (TOF) of 168.5 h−1 that is 1.8 times 

greater than that of the non-promoted catalyst and high selectivity i.e. 99.8%. Beside this, they also 

showed stable catalytic performance under industrial reaction conditions for acetylene 

hydrochlorination with negligible loss of acetylene (C2H2) after 500 hrs. It was proposed from 

XRD, BET, TEM, ICP-MS, XPS, and TGA analyses that the greater catalytic performance is 

because of electronic interaction and inhibition of cationic gold (Au) species by adding Cu2+ to 

reoxidise the reduced metallic Au(0).104 

Ru-based supported ionic liquid phase (SILP) systems effectively catalyse the low-temperature 

water-gas shift reaction (WGSR). Previously, it was suggested that Ru-carbonyl species played a 

significant role in the mechanism although a detailed knowledge regarding active catalytic species 

is lacking. Ru-carbonyl complexes were identified using in situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS) and density functional theory (DFT). It was shown by using 

catalyst [Ru(CO)3Cl2]2/[C4C1C1Im]Cl/Al2O3 that dimer splitting is induced by Cl-. Consequently, 

equilibrium was established among many [Ru(CO)xCly]n in which the ionic liquid served as an 

effectively infinite Cl− reservoir. It was found that the major species in the system synthesised from 

[Ru(CO)3Cl2]2 is indeed [Ru(CO)3Cl3]
− . Smaller quantities of chloride-rich species [Ru(CO)Cl4]2

− 

or [Ru(CO)2Cl4]2
− and [Ru(CO)2Cl3]

− were also found in the SILP. Carbonylation of 

RuCl3/[C4C1C1Im]Cl/Al2O3 using another robust WGSR catalyst led to similar Ru-carbonyl 

species. These results confirmed the presence of the proposed equilibrium.105 

It was investigated during recovery of scandium from its ore bauxite residue (red mud) that 

scandium can be adsorbed in acidic solutions using a supported ionic liquid phase (SILP). For this 

purpose, SILP betainium sulfonyl (trifluoromethanesulfonylimide) poly(styrene-co-

divinylbenzene) [Hbet–STFSI–PS–DVB] was synthesised by covalent linking from IL to the resin. 

It was confirmed from batch experiments during recovery of the Sc(III) which was adsorbed on 

SILP in 1 M sulfuric acid solution that the SILP was stable and can be reused without effecting its 

efficiency; repeating adsorption/desorption cycles seven times. In addition, the ionic liquid was 
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immiscible with the aqueous phase. Thus, SILPs could be designed for the recovery of Sc(III) as 

adsorbents from bauxite residue.106  

Several difficulties arise from the support materials in the SILP methodology, which in turn have 

an effect on the reaction outcome. The complex nature of interactions due to the support material 

and the catalyst and IL hampers complete understanding of the mechanism and kinetics of a 

particular reaction. Confinement of catalyst particles in a narrow IL layer prevents limitations due 

to mass transport, nonetheless, this imposes undesired geometric restrictions on the organometallic 

complexes. Further limitations are associated with the chemical stability of the support material 

under severe conditions of a particular reaction. For instance, silica-based support materials display 

a prominent decline in the catalytic efficiency of Rh-catalysed hydroformylation reaction of 

propene due to an irreversible side reaction occurring between the catalyst, the ligand and the acidic 

silanol groups on the surface of the silica.107 

These difficulties limit the application of SILP materials on large scale and prevent generalisation 

regarding SILP catalysis. Therefore, every catalytic process requires a detailed mechanistic insight 

including an in-depth investigation and understanding about the reaction kinetics. In this context, 

current work is focused on improving the systems, basic understanding of the support, and 

development of novel support materials.108 

1.5 Polymer Immobilised Ionic Liquid (PIIL) Phase Catalysis  

A new class of polymers which consists of a polymer backbone attached to an IL-like group is poly 

(ionic liquid)s (PILs). Materials based on PILs allow easy tuning of the properties of IL-like groups 

attached to the polymers.109 One of the major beneficial aspect of PILs over SILP based analogues 

is that the PILs show flexibility and swelling characteristics in solution which contrasts to the 

conventional heterogeneous versions obtained from inorganic materials. The swelling property of 

the polymer support may enhance access of the reactants to the catalytically active sites, which in 

in case of rigid SILP-based systems was not possible.110 Moreover, the component-based assembly 

of PILs permits a wide range of ILs to be tagged to monomers and the inclusion of various other 

neutral task specific monomers which in turn provides the opportunity to regulate the ionic micro-

environment and optimisation of the physical properties of the polymer, for instance the flexibility, 

integrity and porosity via the degree of crosslinking, the thermal stability and the compatibility 

with a variety of solvents. Such advantages have permitted their use in a variety of scientific fields 
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such as biotechology,111 applications in fuel cell technology,112 energy based materials,113 and in 

the field of drug delivery.114 Polymer Immobilised Ionic Liquid (PIIL) Phase materials can be used 

in place of Supported Ionic Liquid Phase (SILP) to aid catalyst recovery and reuse. The covalent 

attachment of the IL-like component of a PIIL prevents leaching into the surrounding conventional 

solvent and one major advantage is it is possible to design a cross-linked polymer network that 

encapsulates the active species. Figure 1.13 shows a visual representation of the concept of Polymer 

Immobilised Ionic Liquid (PIIL) Phase. 

 

Figure 1.13: Polymer Immobilised Ionic Liquid (PIIL) Phase Concept 

Materials based on PIIL are now well recognised in catalysis, and the incorporation of metal 

nanoparticles into polymer matrices is a simple process.115,116 Several methods for preparing 

polymeric materials based on PIIL are present in the literature, however, the most general method 

is through NPs stabilisation via rational design of IL-like monomers. These monomers are then 

combined with a neutral comonomers via polymerisation.109,116 It is also possible to assemble the 

PIIL through post polymerisation, for example by modifying imidazole functionalised polymers, 

but this process is unlikely to be quantitative and suffers issues related to the uniformity of the 

resulting polymer, and the purification and isolation of the product. The direct synthesis of styrenic 

imidazolium IL monomers delivers an easy method for preparing IL-based polystyrene. The PIIL 

produced in this way are then impregnated with an appropriate precursor of a specific metal before 

reduction with sodium borohydride or other reducing agents to obtain the respective metal NPs. 

The NPs obtained via this method can be electrosterically protected by the PIIL, which overcomes 
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the problem of aggregation via weak interactions among the IL and the NP surface including steric 

protection from the polymer backbone. The nature of various interactions present at the interface 

of the polymer and catalyst can be easily controllable through polymer composition tuning, which 

in turn has proved to be very useful in improving the rates and selectivity for different reactions.117 

The Knight/Doherty research group has extensively investigated the development of PIIL phase 

catalysis to address the difficulties associated with ILs in homogenous/biphasic catalysis. As 

discussed above, the modular preparation of PIIL permits incorporation of IL-like monomers and 

task specific monomers into the polymer backbone easily and fine tuning of the material properties, 

catalytic activity and selectivity in a rational and systematic way. 

For instance, the peroxometalate-based PIIL system [PO4{WO(O2)2}4]@PIIL 1.1 (Scheme 1.2) 

developed by the Knight and Doherty group was prepared through a Ring-Opening Metathesis 

Polymerisation (ROMP) strategy between cis-cyclooctene and a pyrrolidinium-functionalised 

norbornene, using the first-generation Grubbs catalyst. This catalyst efficiently and selectively 

catalyses the epoxidation of allylic alcohols and oxidation of sulphides mediated by hydrogen 

peroxide and could easily be recycled.118  

 

Scheme 1.2: Peroxometallate PIIL catalyst for epoxidation of allylic alcohols and oxidation of sulphides. 

An efficient Suzuki-Miyaura cross-coupling between phenyl boronic acid and aryl bromides was 

developed in aqueous media under mild conditions using ionic liquids immobilised on polystyrene-

based, heteroatom donor-modified polymers (PdNP@HAD-PIIL; HAD = PPh2 1.5, NH2 1.6, 

CH2CN 1.7, OMe 1.8, N-pyrrolidone 1.9) which can stabilise palladium nanoparticles (Figure 

1.14). 
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Figure 1.14: Composition of polymer immobilised ionic liquids PdNP@R-PIIL.  

This catalyst system was more efficient for a variety of substrates than the other examined 

heteroatom donor-modified systems. The catalytic activity was further improved when 

polyethylene glycol (PEG) was incorporated into the phosphine modified immobilised ionic liquid 

support which was proposed to be due to improved access and dispersibility to the active site. 

Catalyst generated in situ from either [PdCl4]@PPh2-PIIL 1.4 or its PEGylated counterpart 

[PdCl4]@PPh2-PEGPIIL 1.2, by reduction with phenylboronic acid, outperformed their pre-formed 

Pd(0) counterparts for several substrates. The turnover frequency i.e. 16,300 h-1 is one of the 

highest for Suzuki-Miyaura cross-couplings catalysed by palladium nanoparticles (Scheme 1.3).82  

 

Scheme 1.3: PdNP@R-PIIL catalysed Suzuki-Miyaura cross-coupling between phenyl boronic acid and aryl 

bromides. 
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The research group has also prepared mildly cross-linked phosphine functionalised PIIL to stabilise 

palladium nanoparticles. A comparison between PEGylated (PEGPIIL) 1.3 and non-PEGylated 

analogues (PIIL) 1.5 indicated that the PEGylated counterparts (PEGPIIL) 1.3 are highly effective 

catalysts for aqueous phase hydrogenation. A wide range of nitro-aromatic and -heteroaromatic 

compounds were reduced with sodium borohydride using PIIL supported palladium under mild 

conditions with low catalyst loading. The extensive cross-linking of tris(4 vinylphenyl) phosphine 

on PEGylated (PSty3-PEGPIIL) 1.10 and non-PEGylated analogues (PSty3-PIIL) 1.11 were 

explored as a way to isolate the phosphine-based heteroatom and limit the number of phosphines 

bound to the surface of the Pd. In fact, no significant influence on catalyst performance was evident 

as a result of this modification. PdNPs immobilised on lightly cross-linked phosphine-decorated 

PEGylated polymer 1.3 was shown to be a highly active catalyst for aqueous phase reduction of 

nitroarenes using H2 as reducing agent with a TON of 36,000 and even higher performance (TON 

of 274,000, TOF = 17,125 h-1) for the transfer hydrogenation using NaBH4 as reducing agent, the 

highest reported value for this process at room temperature. A continuous flow nitrobenzene 

reduction in a packed bed reactor operated over a 250 min time period with no sign of catalyst 

deactivation.119 Figure 1.15 shows the composition of polymer imobilised ionic liquid supports 

palladium nanoparticles.  
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Figure 1.15: Composition of polymer immobilised ionic liquid supports palladium nanoparticles. 

A tandem Suzuki-Miyaura cross coupling-nitroarene reduction sequence was also catalysed by the 

same system. That allows a high yield of biaryl amine 1.12 in an operationally straight forward 

single-pot procedure from an arylboronic acid and a nitro-substituted aryl or heteroaryl halide and 

offers a simple route for the synthesis of a diverse range of amines.119  

 

Scheme 1.4: Tandem Suzuki-Miyaura cross coupling hydrogenation for biarylamines synthesis.  

Most recently, the research group have published PdNP@PPh2-PEGPIIL 1.3 and PdNP@PPh2-

PIIL 1.5 stabilised by phosphine-decorated polymer immobilised ionic liquid and have shown these 

to be active and exceptionally selective catalysts for the aqueous phase hydrogenation of α,β -

unsaturated aldehydes, ketones, esters and nitriles. Full conversion and 100% selectivity for the 
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reduction of the double bond (C=C) were achieved with PdNP@PPh2-PEGPIIL 1.3 under mild 

conditions. This is the most selective PdNP-based system reported for the aqueous phase 

hydrogenation of this class of substrate.120  

The group also recently published the use of phosphine-decorated polymer immobilised ionic 

liquids for the stabilisation of gold nanoparticles (AuNP@R-PIIL 1.13). The resulting catalytic 

system is extremely effective and selective for the NaBH4-mediated reduction of nitroarenes 

(Figure 1.16). This catalytic system under milder reaction conditions and with a very low catalyst 

loading reduces nitrobenzene (NO2) into three distinct products; N-phenylhydroxylamine (NOH), 

azoxybenzene (N2O), and aniline (NH2). The partial and complete reduction of nitroarenes to 

obtain three distinct products by using a single nanoparticle-based catalytic system with an 

excellent selectivity is notable. Under optimised conditions using water as the solvent under inert 

atmosphere provides the thermodynamically less favoured N-phenylhydroxylamine (NOH) in 

almost quantitative yields, however, changing the solvent system from water to ethanol under 

similar reaction conditions in open air provides azoxybenzene (N2O) as the sole product. The high 

selectivity for N-phenylhydroxylamine (NOH) is associated with the use of a nitrogen atmosphere 

under which the reaction follows the direct reduction pathway, which is essentially irreversible, 

whereas the change in selectivity under air atmosphere is due to a competing condensation reaction 

pathway which allows reversible formation of N-phenylhydroxylamine (NOH) along with 

significant quantities of the azoxy-based product (N2O). Finally, under slightly different reaction 

conditions by careful adjustment of time and temperature aniline (NH2) is afforded selectively in 

almost quantitative yields. A dramatic enhancement in the catalytic efficiency of the catalyst was 

observed when PEG was introduced onto the polyionic liquid layer. For instance, N- 

phenylhydroxylamine (NOH) was obtained with a TOF of 73,000 h-1, a TON of 100,000 and with 

a selectivity of >99%. Similarly, azoxybenzene (N2O) was obtained with a TOF of 37,000 h-1, a 

TON of 55,000 and with a 100% selectivity, and finally the completely reduced product aniline 

(NH2) was obtained with a TOF of 62,500 h-1, a TON of 500,000, and with a 100% selectivity. 

The key factors responsible for the better catalytic activity and selectivity are very difficult to 

identify precisely, however, the ionic liquid and phosphine combination is considered important to 

achieve a high activity and selectivity. Interfacial electronic effects, which directly affect the 

adsorption and thus selectivity and the channeling of the substrate by creating an electrostatic 

potential around the AuNPs are thought to be major factors for the higher catalytic activity. 
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Nevertheless, this is the only report of AuNP-based catalytic system for the selective reduction of 

nitroarenes, which also provides the foundation for the discovery and development of continuous 

flow processes for easy scale-up.83  

 

Figure 1.16: PIIL stabilised AuNPs 

A variety of PIILs with differing structural architectures are possible, regardless of the same 

number of IL monomer units, for instance, linear shaped, hyper-branched shaped or star shaped 

polymers. Moreover, PIIL block copolymers are also accessible through covalent post modification 

between suitable block copolymers and the IL-like modification. PIIL have the capability of 

developing stabilising interactions with metal nanoparticles resulting in modification to the activity 

and selectivity of derived catalysts and this project aims to expand on our work in this area. The 

use of PIILs is not limited to academia but also has potential for applications in industries related 

to energy because of the tunable physicochemical properties of the PIIL.  
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1.6 Method of Polymerisation  

The polymerisation method should allow a high degree of functionalisation so that the properties 

of the surface, the micro-structure, and the ionic micro-environment, the stability and the porosity 

can be altered in a controlled way, ideally using a straightforward synthetic protocol. As a result, 

the interactions at the catalyst surface, the easy accessibility to the substrate and efficiency can be 

optimised, which in turn enables an accurate property-function relationship and activity-selectivity 

relationship to be established.  

1.6.1 Radical Polymerisation  

Among the polymerisation techniques, the radical polymerisation method is the most versatile and 

commonly used method. The polymers obtained through radical polymerisation typically have high 

molecular weights, and are easily and cost effectively produced by using a wide range of different 

monomers. The mechanism of radical polymerisation is believed to proceed through successive 

addition of two or more unsaturated monomers to a terminal radical, generally known as the active 

center. The active center then in turn attacks the π-bond of a monomer which undergoes homolytic 

bond cleavage. The main condition of such processes is to create an air or oxygen free system 

before the activation in order to avoid inhibition of polymerisation by oxygen. In labs, such systems 

can usually be obtained by repeated freeze, pump and thaw processes.121,122 
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Scheme 1.5: Initiation and propagation steps of radical polymerisation of styrene initiated by AIBN. 

Free radicals can form via a homolytic bond fission or via a single electron transfer pathway. In 

the homolytic pathway, the two bonding electrons of a bond are each transferred to the associated 

atoms forming two free radical species as a result, while the single-electron transfer pathway 

involves transfer of a single electron to or from an ion or molecule.121,122 Scheme 1.5 shows an 

azobisisobutyronitrile (AIBN) initiated radical polymerisation pathway during which homolysis 

through a thermolytic bond cleavage at low temperature occurs to form N2 which is the 

thermodynamic driving force of the initiation reaction. In addition, benzoyl peroxide, and tert-butyl 

hydroperoxide can also be used as thermal initiators. Photolytic bond cleavage using UV radiation 

can also be used for homolysis, for instance, benzophenone can be used as an appropriate photolytic 

initiator. The photolytic pathway of homolysis has the beneficial aspect of producing or ceasing 

the free radicals efficiently, since the UV source can be easily turned on and off.  

Finally, the radical polymerisation can be terminated via an irreversible bimolecular reaction of 

two propagating chains to form one single polymer. The other termination pathway proceeds via a 

disproportionation during which a hydrogen atom is abstracted from the penultimate carbon of one 

chain by an active center, as a result two deactivated polymer molecules are formed. Among the 

two polymers formed one contains a saturated terminus while the other contains an unsaturated 

terminus (Scheme 1.6).  
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Scheme 1.6: Mechanisms of combination and disproportionation termination.  

One of the major disadvantages of radical polymerisation is the uncontrolled nature of free radical 

formation which results in the formation of various poorly and unevenly distributed molecular 

weight polymer mixtures. In the same way, this issue also prevents controlled formation of block 

co-polymers.121,122 

1.7 Polymer and NPs Characterisation 

A variety of methods will be used to characterise the polymer and nanoparticles materials 

synthesised in this project: 

▪ X-ray Photoelectron Spectroscopy (XPS) is a quantitative technique used for analysis 

of the material surface, in particular allowing measurement of the elemental composition 

and the electronic state of the atoms on the material surface. XPS uses a focused beam of 

X-rays that cause the excitation, and emission of photoelectrons from the top 1-10 nm of 

the sample surface being studied. The energy of the photoelectron emission is measured 

by an electron energy analyser. The identity of the elements present, their chemical states, 

and quantity can be determined from the measured binding energy and photoelectron peak 

intensity. Spectral analysis, peak fitting and deconvolution are carried out using CasaXPS 

software.  

 

▪ Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) is an analytic 

technique which is used for the quantitative detection of elements. The atoms and ions are 
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excited by means of an inductively coupled plasma. Elements are identified by the 

characteristic wavelengths of the electromagnetic radiation emitted from exited atoms and 

ions. The elemental concentration inside the sample is indicated by the emission intensity.   

 

▪ Transmission Electron Microscopy (TEM) is a microscopy technique in which an 

electron beam is used to produce an image by transmission through a sample or specimen. 

The specimen can be a suspension or ultra-thin sample section with thickness less than 

100 nm. When the beam of electrons is passed through the specimen the electrons interact 

with the sample ultimately producing an image. An imaging device, for example 

photographic film layer and fluorescent screen, or sensors, such as a charge coupled 

device, are used for magnifying and focusing the specimen image. 

 

▪ ThermoGravimetric Analysis (TGA) is a thermal analysis in which the sample’s mass 

is measured with change of temperature over time. This method can provide details about 

physical changes, including desorption, absorption and phase transitions; and chemical 

facts, including solid-gas reactions i.e., oxidation or reduction reactions, thermal 

decomposition, and chemisorptions.  

 

▪ Scanning Electron Microscopy (SEM) produces an image of a sample by detecting 

secondary electrons which are emitted from the surface of material as it is scanned with a 

focused beam of electrons. The technique is most often used to provide information about 

the morphology of the sample.  

 

▪ Energy Dispersive X-Ray Spectroscopy (EDX) is an analytical method used to identify, 

characterise, and quantify the elemental compositions of a sample. EDX is based on the 

emission of specific X-rays from the sample. A focused beam of high-energy charged 

particles such as electrons or protons is directed into the sample being studied. This beam 

interacts with the atom, ejecting an electron from its shell and creating a void in its place. 

Another electron from higher binding energy falls into the void and an X-ray with the 

energy of the difference of the electron level binding energies is released. EDX analysis 

provides a spectrum that shows the peaks associated with the elemental composition of 

the studied sample. 
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▪ Dynamic Light Scattering (DLS) is an analysis method used to measure the 

hydrodynamic diameter of nanoparticles which have been dispersed in a liquid. A laser 

beam is focused on a cuvette containing the sample. The differences in scattered light are 

detected over time at a specific scattering angle  and this signal used to determine the mean 

particle size.  

1.8  Project Aims 

The main objective of this project was to extend the Polymer Immobilised Ionic Liquid (PIIL) 

concept previously developed by the Knight/Doherty research group and primarily focus on the 

styrene-based heteroatom donor modified PIIL based systems for the stabilisation of metal 

nanoparticles. The significance of this project lies in the systematic modification of the PIIL 

support by introducing additional functionalities to design the catalyst rationally. These 

modifications affect the catalyst-support interactions and are crucial to probing the factors 

responsible for improving the catalyst lifetime, selectivity profile, and recyclability. Additionally, 

to control the morphological growth, the activity of the nanoparticles and the ionic micro-

environment can be tuned by modulating the charge density. Therefore, an in-depth investigation 

to identify the optimum property performance profiles of the polymer immobilised ionic liquid 

(PIIL) supported nanoparticle catalysts is of much significance. In order to investigate these things, 

we chose to study the selective reduction of nitroarenes, quinoline hydrogenation and hydrolytic 

hydrogen evolution from sodium borohydride.  
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Chapter 2. Iridium-Catalysed C-H borylation of diethyl phenylphosphonate 

 

This chapter describes the completion of a study of iridium-catalysed aromatic C-H borylation 

under homogeneous conditions, the initial work for which was undertaken by previous member of 

the group, but which does not involve PIIL. This work was used to gain experience in catalysis and 

in order to complete the study for publication.  

 

2.1 Introduction 

Arylphosphonates are a versatile class of organic compounds whose structure is found in some 

natural products and agrochemicals.123–126 They serve as precursors for several classes of organic 

compounds such as phosphonic acids and phosphines which in turn play a significant role in the 

field of organometallic synthesis and catalysis.127–133 For these reasons, a substantial amount of 

research has been dedicated to this field. Numerous approaches for the synthesis of C-P bonds are 

found in the literature. Among them, the transition metals-based synthesis of C-P bonds has been 

extensively studied. For instance, arylphosphonates have been prepared by using Ni, Cu and Pd-

catalysed reaction of aromatic halides or pseudo-halides with a dialkyl phosphonate.134–145 

Similarly, in the presence of Ni, Cu, and Pd-catalysts oxidative cross-coupling reaction of aromatic 

boronic acids or silanes with dialkyl phosphonates,146–151 decarbonylative C-P bond formation in 

the presence of a Ni-catalyst,152–154 coupling of diaryliodonium salts and a dialkyl phosphonate in 

the presence of Cu,155 and phosphorylation of aromatic C-H bonds by using Pd-catalysts156–162 have 

been explored for the synthesis of arylphosphonates. Moreover, a late-stage modification by 

utilising transition-metal-catalysed C-H arylation methodology in which the phosphonate serves as 

a directing group,163–171 and Suzuki-Miyaura cross-coupling of halogenated aryl phosphonates are 

also among some of the effective approaches for the synthetic elaboration of arylphosphonates,172–

180 allowing the synthesis of biaryl phosphonates which are potential precursors to chiral 

biarylphosphines. In addition, some reports of P–H dehydrative cross-coupling,181 transition metal-

free photo-induced cross-coupling of heteroaryl and aryl halides with H-phosphonates,182,183 and 

direct P-arylation of arynes which was accomplished through a Michaelis-Arbuzov-type 

reaction,184 are also available in the literature. One of the major drawbacks of all the methodologies 
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described above is that these methods require a pre-functionalised substrate, hence limiting the 

scope and access to a variety of substrate combinations. 

For the synthesis of substituted biaryl and heterobiaryl phosphonates, the Knight and Doherty 

group developed a new strategy by coupling ortho-phosphonate functionalised aryl- and 

naphthylboronate esters as the nucleophilic partners (Figure 2.1a).185 Previous literature protocols 

had introduced the o-phosphonate group as an electrophile in multiple steps. A general and efficient 

protocol for the synthesis of o-boryl arylphosphonates has been recently reported by Clark and 

Watson via a regioselective C-H borylation strategy and by utilising the phosphonate group as the 

directing group (Figure 2.1b).186
 Advantages of this method include tolerance towards various 

functional groups, readily accessible, commercially available starting materials and catalysts, and 

good levels of regioselectivity. Furthermore, the boronic esters so obtained can be converted into 

a variety of further functionalised organic compounds. Previously, phosphines have been widely 

explored as directing groups for the o-selective C-H borylation, however, the limitations of 

substrate scope restrict the use of phosphines. The use of arylphosphonate-directed o-selective C-

H borylations, extends the substrate scope.170,187–190
  

We were interested in studying the C-H borylation of aryl phosphonates as a route to new cross-

coupling partners to synthesise biaryl-based structural motifs. By using this method, phosphonate-

substituted arylboronic esters will be prepared without the need of pre-functionalisation of the aryl 

phosphonate (Figure 2.1c). Aryl borylation has been achieved via an Ir-catalysed C-H borylation 

strategy in which the regioselectivity is primarily controlled by steric factors.191–193
 The regio-

selective meta-selective C-H borylation of 1,3-disubstituted arenes is a well-established protocol 

for the preparation of 3,5-disubstituted arylboronic esters. A plethora of meta-substituted products 

such as phenols,194 ethers, arylamines and arylamine boronate esters,195,196 arylboronic acids, 

trifluoroborates and pentafluorosulfanyl-substituted aryltrifluoro-borates,197,198
 aryl nitriles and 

nitrated arenes,199,200 alkylarenes and disubstituted bromoarenes,201,202 difluoro- and 

trifluoromethylated arenes 203–205 and borylated aryl alkynes,206 etc. have already been reported in 

the literature. Alternative strategies to achieve meta-selective C-H borylation have also been 

reported. For example, by a directed non-covalent secondary interaction between a modified 

bipyridine and the substrate by using Ir-catalyst has been recently reported.207,208
 Other strategies 

towards regioselective meta-borylation of aromatic substrates include: noncovalent ion-pair 

interaction between a cationic substrate and anionic liqand;209 Lewis acid−Lewis base (LA−LB) 
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direct C–H borylation by using bifunctional catalysts,210 or a mixture of electrostatic interactions 

between a ligand-substrate complex and B-N-based secondary interactions;211 nevertheless, each 

strategy needs the preparation of a dedicated ligand backbone. Among them, the simple use of 

steric factors is very reliable for controlling the regioselectivity of C-H borylation, therefore, we 

have chosen the Ir-catalysed C-H borylation of 3-substituted aryl phosphonates as a route to 

phosphonate-substituted arylboronic esters (Figure 2.1c). 

 

Figure 2.1: Preparation of phosphonate substituted arylboronic ester. (a) 2-bromo substituted aryl phosphonate 

borylation, (b) Ir-catalysed arylphosphonate-directed ortho-selective C-H borylations and (c) Ir-catalysed meta-aryl 

phosphonate C-H borylation.  

A recent report of the aryl and acyl cross-coupling of amides by using an Ir-catalyst in a highly 

selective and divergent manner via a C-H borylation/N-C(O) activation strategy for the preparation 

of ketones and biaryl ketones212 and Clark’s strategy of aryl phosphonate-directed ortho-C-H 

borylation186 motivated us to explore the borylation of aryl phosphonates. 
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2.2 Results and Discussion 

Iridium-catalysed C-H borylation is a well-established protocol in organic synthesis,213,214, 

therefore, the initial experiments were performed by following a literature procedure.215 We 

investigated diethyl phenylphosphonate 2.1 as the benchmark substrate in order to determine the 

selectivity by optimising the procedure for simple analysis. The initial reaction was performed in 

hexane using 2.5 mol% of Ir-catalyst loadings at room temperature and monitoring the conversion 

and products through 31P NMR spectroscopy since the substrate and the products display distinct 

and perfectly separated resonances as shown in Figure 2.2.  

 

Figure 2.2: 31P NMR (121 MHz, CDCl3) spectrum of a reaction mixture after 1 hour at 50 °C in hexane indicating 

phenylphosphonate 2.1, m-substituted 2.2, 3,5-diboryl substituted product 2.3 and p-substituted 2.4. 

The active catalyst was generated in situ from the dimeric precursor (1,5-

cyclooctadiene)(methoxy)iridium(I) in the presence of 3,4,7,8-tetramethyl-1,10-phenanthroline 

(tmphen) ligand (Table 2.1, entry 1). This catalyst was used because it has been extensively 

explored for the non-directed Ir-catalysed C-H borylations of several alky, aryl, and heteroaryl C-
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H bonds. It has been reported that this electron rich catalyst and the corresponding complexes 

obtained activate C-H bonds more effectively than corresponding electron poor counterparts.216–219 

The reaction after 24 hours at room temperature with 2.5 mol% of catalyst loading in hexane 

showed a conversion of 97%. The m-substituted and p-substituted arylphosphonates 2.2 and 2.4 

were formed in approximately the same amount (40±5% and 35±5% by 31P NMR), while 3,5-

diboryl substituted product 2.3 (22%) was found to be the minor product (Table 2.1, entry 1). 

Interestingly under identical reaction conditions, except that the reaction temperature was increased 

to 50 °C, almost quantitative conversions were achieved only after 1 hour. However, the 

regioisomer product distribution was similar to the products achieved at room temperature (Table 

2.1, entry 2). Then, the effect of different solvents on the reaction was evaluated under the 

conditions of 2.5 mol% catalyst loadings at 50 °C for 1 hour. Excellent conversions were observed 

when the reaction was performed in hexane (94%) and methylcyclohexane (91%), while dioxane 

(88%) and tetrahydrofuran (70%) provided moderate conversions, and a very low conversion was 

observed when the reaction was performed in DMF (3%) (Table 2.1, entries 2-6). Considering the 

best results were observed in hexane, this solvent was selected as the best choice for further 

experimental studies. 

Catalyst loading experiments were then performed first by reducing the catalyst loading to 1.25 

mol%, a corresponding lower conversion of only 71% was observed. However, the product 

distribution was not affected. On the contrary, when the catalyst loading was increased to 5 mol%, 

a conversion of 96% after 30 min was observed (Table 2.1, entries 7 and 8).  

Next, we evaluated the effected of the Ir-source, although [Ir(COD)(OMe)]2 is well-known for C-

H borylations, other efficient Ir-sources for C-H borylations are also reported in the literature, 

therefore, [Ir(COD)(acac)], [Ir(COD)Cl]2 or [Ir(COD)2]BF4 in the presence of tmphen ligand were 

investigated. C-H borylation by using B2pin2 with diethyl phenylphosphonate 2.1 under the 

optimised reaction conditions of 1 hour at 50 °C in hexane provided 93% conversion when 

[Ir(COD)(acac)] was used as the catalyst precursor, a 77% conversion for [Ir(COD)2] BF4 and only 

7% conversion was observed when [Ir(COD)Cl]2 was used as the catalyst precursor. However, a 

conversion of 51% for [Ir(COD)Cl]2 after 1 hour was observed when the reaction temperature was 

increased from 50 °C to 70 °C (Table 2.1, entries 9-11). The product distribution for each catalytic 

system was nonetheless comparable to that observed for [Ir(COD)(OMe)]2. Since the highest 
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conversions were obtained by employing [Ir(COD)(OMe)]2 as the precursor, we used it to evaluate 

the effect of different ligands on the reaction. The use of 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy), 

4,4’-dimethyl-2,2’-bipyridine (4,4’-Me2bpy) or 4,4’-dimethoxy-2,2’-bipyridine [4,4’-(OMe)2bpy] 

instead of tmphen under optimum conditions of 1 hour at 50 °C in hexane showed no significant 

difference on the conversion and yield of the desired products (Table 2.1, entries 12-17).  

The effect of the boron source was then investigated as the Ir-catalysed C-H borylation of 

phosphines had shown some dramatic enhancements on the overall outcome of the reaction when 

a different type of borylation agent was employed.190 Therefore, HBpin was used instead of B2Pin2 

under the optimum conditions. Reactions conducted in hexane and dioxane delivered 95% and 

86%, respectively, with 2 eq. of HBpin. The product distribution for m-substituted 2.2, 3,5-diboryl 

substituted product 2.3 and p-substituted 2.4 was similar to that observed when using B2pin2 (Table 

2.1, entries 18 and 19). When a 1:1 ratio of HBpin:substrate was used, the conversion dropped 

significantly (Table 2.1, entry 20). However, complete conversion was observed when the ratio 

was increased to 3 or 5. Additionally, 3,5-diboryl substituted 2.3 was obtained as the main product 

when 5 eq. of HBpin was used (Table 2.1, entries 21 and 22 cf. 20).  

Furthermore, the sequence of addition also demonstrated significant effects on the reaction. When 

[Ir(COD)(OMe)]2 and tmphen were added first and then HBpin, a slightly lower conversion was 

observed. However, when HBpin and catalyst were added first, and then the ligand, a significantly 

higher conversion was observed (Table 2.1, entries 2 and 23). This observation is consistent with 

the literature.215  

  



Chapter 2  

41 

Table 2.1: Ir-catalysed C-H borylation of diethyl phenylphosphonate 2.1. 

 

 

Entry Ir source Ligand Solvent Boron 

source 

%Conva %2.2a %2.3a %2.4a 

1b [Ir(COD)(OMe)]2 tmphen hexane B2pin2 97 40 22 35 

2 [Ir(COD)(OMe)]2 tmphen hexane B2pin2 94 42 18 34 

3 [Ir(COD)(OMe)]2 tmphen dioxane B2pin2 88 40 18 30 

4 [Ir(COD)(OMe)]2 tmphen Me-Cy B2pin2 91 43 16 32 

5 [Ir(COD)(OMe)]2 tmphen THF B2pin2 70 29 20 21 

6 [Ir(COD)(OMe)]2 tmphen DMF B2pin2 3 3 0 0 

7c [Ir(COD)(OMe)]2 tmphen hexane B2pin2 71 42 8 29 

8d [Ir(COD)(OMe)]2 tmphen hexane B2pin2 96 36 26 34 

9 [Ir(COD)(acac)] tmphen hexane B2pin2 93 38 21 34 

10 [Ir(COD)2]BF4 tmphen hexane B2pin2 77 39 14 24 

11 [Ir(COD)Cl]2 tmphen hexane B2pin2 7 4 1 2 

12 [Ir(COD)(OMe)]2 dtbpy hexane B2pin2 91 44 21 26 

13 [Ir(COD)(OMe)]2 4,4'-(OMe)2-bpy hexane B2pin2 83 44 10 29 

14 [Ir(COD)(OMe)]2 4,4'-Me2-bpy hexane B2pin2 93 39 25 29 

15 [Ir(COD)(acac)] dtbpy hexane B2pin2 91 43 21 27 

16 [Ir(COD)(acac)] 4,4'-(OMe)2-bpy hexane B2pin2 87 43 16 28 

17 [Ir(COD)(acac)] 4,4'-Me2-bpy hexane B2pin2 79 41 11 27 

18 [Ir(COD)(OMe)]2 tmphen hexane HBpin 95 40 23 32 

19 [Ir(COD)(OMe)]2 tmphen dioxane HBpin 86 36 21 29 

20e [Ir(COD)(OMe)]2 tmphen hexane HBpin 54 33 2 19 

21f [Ir(COD)(OMe)]2 tmphen hexane HBpin 100 33 30 37 

22g [Ir(COD)(OMe)]2 tmphen hexane HBpin 100 38 27 35 

23h [Ir(COD)(OMe)]2 tmphen hexane HBpin 67 34 10 23 
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Reaction conditions: 0.37 mmol of diethyl phenylphosphonate 2.1, 0.28 mmol B2pin2 or 0.74 mmol HBpin, 1.25 or 

2.5 or 5 mol% Ir-catalyst, 5 mol% ligand, 4 mL solvent, 1 or 24 hour, 50 or 70 °C.  

a Yields determined by 31P NMR spectroscopy. Average of at least three runs. Error ±5%. 

c Reaction conducted with 1.25 mol% [Ir(COD)(OMe)]2 and 2.5 mol% ligand under identical conditions. 

d Reaction conducted with 5 mol% [Ir(COD)(OMe)]2 and 10 mol% ligand for 30 min under otherwise identical 

conditions. 

e Reaction run with 0.37 mmol HBpin. 

f Reaction run with 1.1 mmol HBpin 

g Reaction run with 1.85 mmol HBpin 

h 0.74 mmol of HBpin added after the tmphen.  

We also investigated the effect of reaction time at 50 °C in hexane by using B2pin2 and HBpin as 

borylation agents and the results obtained are shown in Figure 2.3a and 2.3b for B2pin2 and HBpin, 

respectively. The composition time profile experiments revealed that by using 2.5 mol% of 

[Ir(COD)(OMe)]2 and 5 mol% tmphen, B2pin2 undergoes an induction period initially and then 

reacts with diethyl phenylphosphonate 2.1 with simultaneous formation of m-substituted 2.2 and 

p-substituted 2.4, while 3,5-diboryl substituted 2.3 was observed to be formed after significantly 

longer reaction times (Figure 2.3a). The composition time profile is in agreement with the 

previously reported non-regioselective C-H borylation because the ratio of (m-substituted 2.2 + 

3,5-diboryl substituted 2.3):(p-substituted 2.4) is almost 2 throughout, reflecting the fact that there 

are two meta-hydrogen atoms and just one para in the substrate.191 In contrast, the composition-

time profile experiments with HBpin (Figure 2.3b) revealed that diethyl phenylphosphonate 2.1 

consumption was very fast and provided m-substituted 2.2 and p-substituted 2.4 as major products 

while 3,5-diboryl substituted 2.3 was provided in only small quantities. Nevertheless, the reaction 

with HBpin for longer reaction times (> 1 hour) showed a similar composition time profile as 

observed for B2pin2 (Figure 2.3a). Moreover, no induction period was observed for HBpin 

(Figure 2.3b). The induction time with B2pin2 is attributed to the necessity for reduction of 1,5-

cyclooctadiene to form the corresponding active bipyridine-ligated iridium trisboryl complex 

catalyst.220 It has been reported that elimination of this induction period observed for B2pin2 in the 

presence of [Ir(COD)Cl]2/dtbpy, can be achieved by addition of a small amount of HBpin to the 

reaction mixture.220 It has also been reported for Ir-catalysed C-H borylation that HBpin performs 

similarly to B2Pin2 when added prior to the ligand and the addition order for the Ir-catalysed C-H 

borylations has a significant influence on the performance of the catalyst.215 
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Figure 2.3: Composition time profile of Ir-catalysed borylation of diethyl phenylphosphonate 2.1 in hexane 

at 50 °C using 2.5 mol% [Ir(COD)OMe)]2, 5 mol% tmphen, (a) 2 mole eq. of B2(pin)2 and (b) 2 mole eq. of 

HBpin.  

2.3 Conclusion  

The C-H borylation of diethyl phenylphosphonate 2.1 with B2pin2 and HBpin by using catalytic of 

Ir-catalyst generated in situ from the catalyst precursors [Ir(COD)(acac)]/tmphen or 

[Ir(COD)(OMe)]2/tmphen proceeds under mild reaction conditions to deliver a mixture of m- and 

p-borylated products, however, apart from the lack of any ortho-borylation (presumably due to 

steric control) the reaction was found to be non-regioselective.   

After this work, other students in the group completed this study by following the C-H borylation 

strategy thus employed to synthesise m-substituted phosphonate-functionalised arylboronic esters 

with complete regioselectivity by incorporating 3-substituted aryl phosphonates as the substrates. 

The presence of an additional substituent meta to the phosphonate in the substrate leaves only one 

position which is not sterically encumbered. The resulting m,m’-disubstituted arylboronic esters 

were then utilised for the Pd-catalysed Suzuki–Miyaura cross-coupling reaction as the nucleophilic 

coupling partners with a variety of aryl halides to prepare a diverse range of m-phosphonate 

substituted biphenyls, as shown in Figure 2.4.221  
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Figure 2.4: Suzuki–Miyaura cross-coupling reaction of aryl bromide and m-phosphonate substituted esters.  
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Chapter 3. Selective Transfer Hydrogenation of Nitroarenes Using PIIL-

Stabilised Gold Nanoparticles   

 

3.1 Introduction 

Aromatic amines represent an important class of organic compounds due to their applications in 

pharmaceuticals, agrochemicals, dyes and pigments.222 Many synthetic approaches for the 

synthesis of aromatic amines have been well documented in the literature, including metal-

catalysed N-arylation of simple amines. Nevertheless, these protocols suffer from limitations of 

using stoichiometric quantities of metals, including requirement of toxic additives, and sometimes 

require high catalyst loadings.223 In addition, the use of volatile, flammable, and potentially toxic 

organic solvents is often required due to the solubility profile of most of the organic substrates. 

Finally, poor selectivity for the desired product remains to be addressed with priority for their 

frequent use, especially during the large scale production of these useful synthetic precursors.224 

Furthermore, the accumulation of residual organic solvent, leaching of precious metals and the 

continuous deposition of toxic by-products based on azo-derivatives all lead to contamination of 

the product streams and makes the industrial application less sustainable. The undesired azo-based 

by-products are formed due to the condensation of intermediates during the reaction.225 The most 

widely accepted reaction mechanism for nitrobenzene (NO2) reduction was first proposed by 

Haber (Scheme 3.1). This mechanism generally involves two competing pathways, the direct 

pathway (a) and the condensation pathway (b).226 
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Scheme 3.1: General mechanisms (Haber) for the reduction of nitroarenes (a) direct pathway (b) condensation 

pathway. 

The first step of nitrobenzene (NO2) reduction is generally identical in either pathway and involves 

the addition of one equivalent of H2 molecule to nitrobenzene (NO2) on the surface of the catalyst 

followed by removal of a water molecule, resulting in nitrosobenzene (NO) formation, which then 

reacts with another equivalent of H2 to form the thermally labile N-phenylhydroxylamine (NOH). 

The N-phenylhydroxylamine (NOH) in the direct pathway further undergoes hydrogenation to give 

the completely hydrogenated aryl amine. Most of the Pd-based catalysts are known to follow this 

common pathway during nitroarene reduction.113 The N-phenylhydroxylamine (NOH), in some 

cases, does not undergo complete reduction, rather accumulates on the surface of the catalyst under 

certain reaction conditions to form azoxybenzene (N2O) via the condensation pathway. A low 

concentration of reducing agent and/or substrate might be responsible for this condensation 

pathway, as reported by Kralik et.al.227 Consequently, the reaction may then proceed from the 

azoxybenzene (N2O) via a cascade of two successive hydrogenations, i.e., via azobenzene (N2) 

and diphenyl hydrazine (N2H2) formation before producing the desired final product aryl amine. 

As a result, six different products are expected under slightly different reaction conditions, 
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emphasising design and discovery of more selective catalysts for the efficient production of a single 

product in high yields.  

Both homogeneous and heterogeneous metal catalysts for the reduction of nitroarenes have been 

studied extensively. For instance, Ru and Rh-based catalytic systems have been used for nitroarene 

reduction under homogenous conditions. However, the homogeneous catalytic process is not 

considered a preferred route since the recovery and reuse of the expensive metals are often 

challenging, and the majority of these reactions only proceed with the use of expensive metals, 

often also with the requirement for complex and specific ligands.228,229 In this aspect, heterogeneous 

catalysts, including Pd,119,230 Au,83,231 and Ru232,233 display several beneficial aspects compared to 

their homogeneous counterparts. For example, the use of heterogeneous catalytic systems offers 

simple removal or recovery of the catalyst from the complex reaction mixture and provides the 

opportunity to reuse the catalytic system multiple times with no significant loss of catalytic activity. 

Several metal nanoparticles (MNP’s) stabilised by either carbon-containing or inorganic-based 

materials have displayed outstanding efficiencies for the reduction of nitroarenes into 

corresponding amines. These catalytic systems demonstrate excellent catalytic activity and 

selectivity, along with the advantage of recycling. 

Catalytic systems based on heterogeneous supports with encouraging reaction capability for either 

hydrogenation or transfer hydrogenation of nitroarenes include palladium nanoparticles (PdNPs) 

of controlled size immobilised on carbon nanospheres,234 gold nanoparticles (AuNPs) supported 

on imidazolium based organic polymers235 and ruthenium nanoparticles (RuNPs) stabilised and 

supported on polystyrene.236 Recent heterogeneous catalytic systems with excellent catalytic 

activities include nitrogen-doped carbon-based ruthenium nanoparticles (RuNPs),237 mesoporous 

titanium dioxide,238 or functionalised phosphine based ionic liquid polymers.239 Only a few of these 

examples possess all of the essential features required for a sustainable and environmentally green 

catalytic system. For instance, only a few catalytic systems have shown the capability to operate 

under mild conditions in short reaction times with high selectivity and low catalyst loadings, 

making the synthetic pathway operationally straightforward and efficient with the beneficial aspect 

of recyclability the catalytic system. Thus, there is still a need, opportunity and potential to design 

and develop new catalyst technologies with improved catalytic efficiency to synthesise useful 

organic compounds. 
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A heterogeneous catalytic system developed in our lab recently has demonstrated the potential to 

fulfil the majority of the requirements described above, displaying eco-friendly and selective 

aqueous phase reduction of nitroarenes at room temperature. This catalytic system is comprised of 

Au or Pd nanoparticles based on immobilised phosphine decorated PEGylated polymer.83,119 

 

 

Scheme 3.2: Reported 31P NMR shift and proposed structures of the AuNP@PPh2-PEGPIIL catalyst from 

reference.83 

As indicated in Scheme 3.2, the previous report83 from the Knight and Doherty groups indicated 

that the gold nanoparticles used as catalysts for the reduction of nitrobenzene (NO2) were 

supported on a phosphine-functionalised polymer. However, it can be seen that the 31P NMR 
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chemical shift (δ 24 ppm) observed for the postulated gold(III) loaded material [AuCl4]@PPh2-

PEGPIIL remains unchanged on subsequent in situ reduction by NaBH4 to obtain the active AuNP-

based catalyst. Although the chemical shift of phosphine-bound Au(0) might be expected to appear 

below δ 24 ppm, the literature value for Ph3P-capped gold nanoparticles is actually δ 56 ppm.240 

Nonetheless, the value of δ 24 ppm which we observed is surprising insofar as the chemical shift 

obtained for the postulated Au(III)-phosphine material remains unchanged on reduction with 

NaBH4. In fact, the reaction of PPh2-PEGPIIL with KAuCl4 to give a 31P NMR peak at δ 24 ppm 

suggests that the reaction product is actually due to phosphine oxide and not gold(III)-coordinated 

phosphine since NaBH4 does not reduce O=PPh2. Therefore, it is possible that the higher activity 

of the nanoparticles reported in the previous work may be attributed to P=O - Au in the precursor 

used for the generation of the nanoparticles. 

In the reported work, nitrobenzene (NO2) was used as the model substrate to optimise the initial 

catalytic reaction conditions for the ‘AuNP@PPh2-PIIL’-based system using an identical procedure 

previously reported for the corresponding PdNPs-based system.119 When the reaction was 

performed by using 0.05 mol% of ‘AuNP@PPh2-PIIL’ loading, the reaction of nitrobenzene (NO2) 

in water under a nitrogen atmosphere at room temperature (25oC) for 2 hours showed a complete 

conversion of the substrate and provided N-phenylhydroxylamine (NOH) with a 97% selectivity 

(Scheme 3.3). Under similar reaction conditions, the corresponding PEGylated polymer-based 

catalyst, ‘AuNP@PPh2-PEGPIIL’, also showed complete conversion. However, the selectivity for 

N-phenylhydroxylamine (NOH) was increased to 99% after 40 mins. Next, the effect of different 

solvents on the catalytic reaction was studied which revealed a complete inversion in selectivity 

for the reduction of nitrobenzene (NO2) to azoxybenzene (N2O) instead of N-

phenylhydroxylamine (NOH) when the solvent was changed from water and water/ethanol mixture 

to dry ethanol. A complete conversion of nitrobenzene (NO2) in 2.5 hours at room temperature by 

using 0.05  mol% loading of the ‘AuNP@PPh2-PEGPIIL’-based system in dry ethanol provided 

azoxybenzene (N2O) as the only reduced product (Scheme 3.3).83 
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Scheme 3.3: Solvent dependent selective reduction of nitrobenzene (NO2) catalysed by 0.05 mol% AuNP@PPh2-

PEGPIIL.83  

In following these initial results, and particularly to investigate the role of phosphine oxides, we 

aimed to synthesise: phosphine polymers that will be coordinated to gold(I); phosphine oxide 

polymers that will be coordinated to gold(III); and phosphine polymers coordinated to gold(III). 

Additionally, the catalytic activity of the nanoparticle generated from each of the precursors will 

be determined towards the reduction of nitrobenzene (NO2). Synthesis of the phosphine modified 

polymer immobilised ionic liquid phase requires the three functionalised styrene monomers shown 

in Figure 3.1 which were chosen to be incorporated into the PIIL materials to achieve required 

functionality such as swelling, dispersion, structural integrity and catalyst efficiency.120 

 

Figure 3.1: Target monomers; cross-linker 3.7, neutral functionalised monomer 3.5 and PEGylated monomer 3.4 

A Polymer-Immobilised Ionic Liquid (PIIL) can be defined as a polymer/copolymer formed from 

one or more types of prefabricated ionic liquid-like monomer. Our chosen PIIL system incorporates 

the imidazolium cationic monomer 3.4 based on the extensive uses of imidazolium-based ionic 

liquids for catalytic applications.241 The imidazolium-centred bis (styrene) 3.7 would act as a cross-

linker, the amount of which can be varied to control structural integrity and physical characteristics 
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(such as porosity) of the resulting polymer and the neutral phosphine 3.5 is included due to its 

ability to coordinate to metals, potentially controlling the growth of metal nanoparticles and 

modulating their ultimate catalytic activity (Figure 3.2).  

 

Figure 3.2: Polymer Immobilised Ionic Liquid Phase (PIIL) concept. 
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3.2 Results and Discussion 

3.2.1 Synthesis of Monomers  

3.2.1.1  Synthesis of 2-methyl-1-PEG-3-(4-vinylbenzyl) imidazolium bromide (3.4) 

A PEG functionalised imidazolium-based ionic liquid, 2-methyl-1-PEG-3-(4-vinylbenzyl) 

imidazolium bromide (3.4), was employed as the monomeric unit for the preparation of the PPh2-

PEGPIIL support. A four-step convergent strategy was used to prepare this compound 3.4 (Scheme 

3.4). 

 

Scheme 3.4: Synthesis of PEGylated monomer 3.4 
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Firstly, PEG-chloride 3.1 was prepared as shown in Scheme 3.4. For this, a toluene solution of 

polyethylene glycol monomethyl ether and pyridine was gently stirred and heated until 80 °C, 

followed by the addition of thionyl chloride, and heating under reflux for two days. The reaction 

mixture was quenched by adding water, the mixture was extracted with toluene and the solvent 

was removed under reduced pressure to give PEG-chloride 3.1 as a red oil in 89% yield. Overall, 

this reaction (Darzens halogenation) displays a nucleophilic substitution of an –OH group from the 

polyethylene glycol monomethyl ether by a halide (Cl-). The 1H and 13C NMR spectra were 

consistent with the data previously reported for compound 3.1.120  

Deprotonation of 2-methylimidazole by reaction with NaH in THF was followed by dropwise 

addition of the PEG-chloride 3.1 and the reaction mixture was stirred overnight at 75 °C. The 

reaction was then quenched by adding water, the solvent was removed by external trap, and the 

residue was washed with diethyl ether to produce the pure PEG-imidazole 3.2 as a red oil in 90% 

yield. The structure of compound 3.2 was confirmed by analysis of the 1H spectrum (Figure 3.3), 

which showed a key singlet peak at δ 2.27 ppm corresponding to the methyl group on the imidazole 

ring and a slight downfield shift of the triplet corresponding to the CH2 protons at δ 3.90 ppm 

compared to δ 3.69 ppm in PEG-chloride 3.1 due to the greater electron-withdrawing effect of the 

imidazole nitrogen compared to the chloride.120  
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Figure 3.3: 1H NMR spectrum (300 MHz, CDCl3) of PEG-Cl 3.1 and 2-methyl-1-PEG-imidazole 3.2 

4-Vinylbenzyl bromide 3.3 was prepared by a Finkelstein-type reaction from 4-vinylbenzyl 

chloride as shown in (Scheme 3.4). Thus, a mixture of 4-vinylbenzyl chloride and 4 equivalents of 

NaBr in acetonitrile was allowed to react overnight at 85 °C. 4-Vinylbenzyl bromide 3.3 was 

isolated as a yellow oil in 86% yield. In the 1H NMR spectrum the singlet due to the benzylic 

protons in the benzyl bromide 3.3 was shifted upfield to δ 4.41 ppm in comparison to the 

corresponding resonance for 4-vinylbenzyl chloride (δ 4.7 ppm). In addition,13C NMR 

spectroscopy was used to confirm the differences in chemical shift between 4-vinylbenzyl chloride 

and 4-vinylbenzyl bromide 3.3 (δ 46.55 ppm for C-Cl and δ 33.50 ppm for C-Br).242 

Finally, quaternisation of the 2-methyl-1-PEG-imidazole 3.2 was accomplished by treatment with 

4-vinylbenzyl bromide 3.3 in dichloromethane and allowing the reaction mixture to stir overnight 

at 35 °C to produce 2-methyl-1-PEG-3-(4-vinylbenzyl) imidazolium bromide 3.4 (Scheme 3.4). 

The solvent was removed under reduced pressure and the residue was triturated with diethyl ether 

and dried under high vacuum to provide the imidazolium bromide 3.4 as a yellow oil in 89% yield. 

3.1 

3.2 
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As the ionic liquid component, the resulting imidazole-based ammonium cation is expected to play 

a vital role in stabilising the gold nanoparticles and for the catalytic activity. The 1H spectrum of 

the imidazolium salt 3.4 (Figure 3.4), showed a downfield shift of the singlet peak corresponding 

to the CH2 protons at δ 5.45 ppm compared to δ 4.50 ppm in 3.3 due to the greater electron-

withdrawing effect of the imidazolium nitrogen compared to the bromide confirming successful 

synthesis of the monomer unit containing PEG functionalised, imidazolium-based ionic liquid.120  

 

Figure 3.4: 1H NMR spectrum (300 MHz, CDCl3) of 4-vinylbenzyl bromide 3.3 and 2-methyl-1-PEG-3-(4-

vinylbenzyl) imidazolium bromide 3.4.  

  

3.3 

3.4 

a 

a  
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3.2.1.2  Synthesis of diphenyl(4-vinylphenyl) phosphine (3.5) 

 

Scheme 3.5: Synthesis of phosphine neutral functionalised monomer 

Tertiary phosphines (PR3) are excellent ligands for various metal ions and transition metals. By 

varying the R groups, phosphines can be electronically and sterically tuned systematically and 

predictably. Like amines, phosphines can behave like π acids. The characteristics of phosphines 

allow them to stabilise transition metal ions in low oxidation states and they are significant 

components of homogeneous and heterogeneous catalysts. Steric influences also affect the 

behaviour of phosphines as a ligand.243  

The synthesis of the known diphenyl(4-vinylphenyl) phosphine 3.5 monomer for the preparation 

of PIIL support is shown in Scheme 3.5. For this, a Grignard reagent was prepared by treating 4-

bromostyrene with Mg turnings in dry THF in the presence of a crystal of iodine under reflux for 

4 hours. This particular phosphine was found to be rather easily oxidised, so all the steps must be 

performed exclusively under N2. All the solvents must be degassed to prevent the formation of the 

phosphine oxide. The resulting Grignard reagent formed in situ was then added dropwise to a 

solution containing chlorodiphenylphosphine in dry THF via a cannula and left for overnight 

stirring. After work-up and solvent evaporation in vacuo, the desired diphenyl(4-vinylphenyl) 

phosphine 3.5 was obtained as a white powder in 64% yield. Observation of a single peak in the 

31P spectrum at δ -5.74 ppm, indicated a successful reaction with no peaks appearing between δ 

25-30 ppm (Figure 3.5) which would indicate the presence of phosphine oxide. 4-

Diphenylphosphinostyrene 3.5 was stored under N2 to prevent oxidation.244  
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Figure 3.5: 1H (400 MHz, CDCl3) and 31P (121 MHz, CDCl3, inset) NMR spectra of phosphine monomer 3.5. 

3.2.1.3  Synthesis of 2-methyl-1,3-bis(4-vinylbenzyl)-1H-imidazol-3-ium chloride (3.7) 

The preparation of the cross-linking monomer was accomplished by utilising a two-step synthetic 

protocol according to the previously reported method (Scheme 3.6).245 

 

Scheme 3.6: Synthesis of 2-methyl-1,3-bis(4-vinylbenzyl)-1H-imidazol-3-ium chloride 3.7. 

Firstly, 2-methyl imidazole was deprotonated by reacting it with sodium hydride in dry DMF 

followed by dropwise addition of 4-vinylbenzyl chloride at 75 °C for 1 hour. The use of the polar, 

aprotic solvent DMF facilitates the SN2 reaction. This reaction produced the imidazole 3.6 as a 

yellow oil in 95% yield.  
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The resulting pale yellow coloured oil intermediate imidazole 3.6 was subsequently reacted by 

dropwise addition of 4-vinylbenzyl chloride in chloroform and stirring at 50 °C overnight. After 

removing the solvent under reduced pressure, the residue was dissolved in DCM and added 

dropwise to a large volume of diethyl ether with stirring. The resulting precipitate was filtered, 

washed with diethyl ether, and dried under high vacuum to afford the desired imidazolium salt 3.7 

as a white powder in 98% yield.  

3.2.2 Synthesis and Characterisation of PPh2-PEGPIIL (3.8) 

PPh2-PEGPIIL was prepared by the free radical copolymerisation of the PEGylated styryl 

imidazolium salt 3.4 with styryl diphenyl phosphine 3.5 and the cross-linker 3.7 in a ratio of 

1.86:1:0.14, respectively, as shown in (Scheme 3.7). The monomers and 5 mol% AIBN were 

dissolved in dry ethanol:THF (1:1). In the (extensive) previous work in the group a molar ratio of 

2:1 has been used for the cationic, ionic-liquid like monomers to the neutral phosphine monomer 

(i.e. a 2:1 charge:P ratio). This ensures that, in the case of metal precursors such as PdCl4
2- and 

PtCl4
2- exhaustive metal loading by ion exchange results in a metal:phosphine ratio of 1:1. 

Although, in the present case using the monoanionic AuCl4
- exhaustive ion exchange between the 

metal source and polymer-associated halides during the catalyst loading would lead to a Au to 

phosphine ratio = 2:1 , the nature of the polymer was not changed in order to enable comparison to 

previous work and also because the other physical properties of the polymer (tractability, solubility 

etc.) would not be in doubt. Eventually, achievement of the desired 1:1 Au:P ratio in the metal-

loaded polymer would require control of the stoichiometry during the metal loading step (see later) 

rather than relying on exhaustive ion exchange.83,120 The polymerisation reaction mixture was then 

degassed six times using the freeze-pump-thaw technique to remove the oxygen from the system, 

which might interfere with the reaction and produce ultimately undesired compounds. The reaction 

was stirred at 80 °C for four days, after which a further 5 mol% of AIBN was added to the mixture, 

and the degassing process was repeated six times. Subsequently, the reaction was heated for one 

more day to ensure complete polymerisation.  
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Scheme 3.7: Synthesis of PPh2-PEGPIIL functionalised PIIL 3.8 

After completion of the reaction, the solvent was removed under reduced pressure and the residue 

was re-dissolved in DCM followed by re-precipitation in diethyl ether to remove unreacted 

monomers to afford the polymer 3.8 as a fine off-white powder in 90% yield. The absence of vinylic 

signal peaks (which would appear at δ 5.2, 5.7, 6.7 ppm) in the 1H NMR spectrum (Figure 3.5) 

indicates the completion of the polymerisation. Furthermore, because of the random nature of the 

polymer and the tumbling effects of polymer molecules in solution, the spectrum showed 

significant peak broadening, confirming that the reaction was completed successfully. The 31P 

NMR spectrum revealed a single peak at δ -6.95 ppm, indicating a tertiary phosphine group. The 

PPh2-PEGPIIL 3.8 obtained was extremely hygroscopic because it consists of a hydrophilic PEG 

chain, absorbing atmospheric moisture. Due to this reason, and the potential for air oxidation of 

the phosphine to the undesired phosphine oxide, the product 3.8 was stored under a nitrogen 

atmosphere.  
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The 1H NMR spectrum of PPh2-PEGPIIL 3.8 (Figure 3.6), was used to measure the actual ratio of 

monomer units incorporated in the polymer. The peaks at δ 2.78 ppm were assigned to the methyl 

groups on the two imidazolium rings, δ 3.30-3.40 ppm were assigned to the methoxy protons in 

the PEG functionalised monomer and the signal at ca. δ 5.50 ppm was assigned as the CH2 adjacent 

to the imidazolium ring. The aromatic and imidazolium protons were assigned at δ 6.70-7.80 ppm. 

Integration of each of these peaks enables the calculation of the relative proportions of each 

monomer. The values obtained agreed with the expected 2:1 ratio of imidazolium 

groups:phosphine.   

 

3.2.2.1  FT-IR analysis of the PPh2-PEGPIIL (3.8) 

The PPh2-PEGPIIL 3.8 was characterised by FT-IR and the spectrum is shown in Figure 3.7, which 

contains a characteristic broad band at 3404 cm-1 assigned to H2O because the compound was 

hygroscopic, bands at 3126 and 3050 cm-1 assigned to imidazolium and aryl (C-H) stretching, a 

band at 2870 cm-1 to aliphatic C-H stretching, bands at 1600, 1525, 1513 cm-1 to the various 

Figure: 3.6 1H (400 MHz, CDCl3) and 31P (121 MHz, CDCl3, inset) NMR spectra for PPh2-PEGPIIL 3.8. 

CDCl3 
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aromatic (C=N) and (C=C). In addition, a band stretching at 1118 cm-1 to imidazolium skeletal 

symmetric stretch, and a band at 1094 cm-1 assigned to ether (C-O-C).  

 

Figure 3.7: FT-IR spectrum of PPh2-PEGPIIL 
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3.2.2.2  Scanning Electron Microscopy (SEM) 

The surface morphology of PPh2-PEGPIIL (3.8) was studied by Scanning Electron Microscopy 

(SEM), as shown in Figure 3.8.  

 

Figure 3.8: High-resolution scanning electron microscopy (SEM) images of PPh2-PEGPIIL (3.8) 

The high-resolution SEM images were taken on a Tescan Vega 3LMU scanning electron 

microscopy with digital image collection. The SEM images in Figure 3.8 show that the surface 

morphology of PPh2-PEGPIIL 3.8 appeared as porous, which may be due to the hydrophilic PEG 

group.  

Unfortunately, due to the intrinsic porosity and hydrophilicity of PEGPIIL material, a significant 

amount of solvent was trapped, making elemental analysis inaccurate for determining the polymer 

composition and causing difficulty in filling the rotor to record the solid-state NMR.  
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3.2.3 Synthesis and Characterisation of Gold-loaded Catalyst Precursors 

3.2.3.1  Synthesis of ‘[AuCl4]@PPh2-PEGPIIL’ adduct (3.9) 

 

Scheme 3.8: Synthesis of ‘[AuCl4]@PPh2-PEGPIIL’ adduct 3.9. 

In order to synthesise the ‘[AuCl4]@PPh2-PEGPIIL’, we followed the published method83 for 

anionic exchange of [AuCl4]
- with the halide anions in the polymer as shown in Scheme 3.8. The 

AuCl4 loaded catalyst precursor was synthesised by impregnation of PPh2-PEGPIIL 3.8 with 

KAuCl4. This procedure required stirring PPh2-PEGPIIL 3.8 in water, and an aqueous solution of 

one equivalent of K[AuCl4] per phosphine was added. After stirring overnight at room temperature, 

the water was removed by an external trap and the residue was re-dissolved in DCM, then 

reprecipitated in diethyl ether, filtering, washing, and drying under high vacuum to afford 

‘[AuCl4]@PPh2-PEGPIIL’ adduct 3.9 as an orange powder in 80% yield and which was stored in 

a Schlenk flask under N2. PPh2-PEGPIIL 3.8 support was chosen to determine the effect of various 

modifications on the activity and selectivity of the catalyst. The 31P NMR spectrum of 

‘[AuCl4]@PPh2-PEGPIIL’ adduct 3.9 showed a single peak at δ 29.7 ppm, as shown in Figure 3.9.  
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Figure 3.9: 31P (121MHz, CDCl3) NMR spectrum for [AuCl4]@PPh2-PEGPIIL adduct 3.9. 

Although, in the published work,83 the resulting gold-loaded PIIL was proposed to be a gold(III)-

phosphine as shown in Scheme 3.9, it was suspected that oxidation of the phosphine occurs, 

concomitant with reduction of Au(III) to give a phosphine oxide-gold adduct. It should be noted 

that O=PPh3 in 31P NMR shows a single peak at δ 29 ppm.246–248  

In fact, preparation of a true Au(III):phosphine complex AuI(PPh3)Cl3 has been reported in the 

literature.249,250 This literature method reports that the Au(III) species must be prepared first from 

AuI(PPh3)Cl and then by subsequent oxidation to form the AuIII(PPh3)Cl3 by bubbling of Cl2 gas 

into the solution of AuI(PPh3)Cl. There is no previous report for the synthesis of AuIII(PPh3)Cl3 

directly from KAuCl4 and PPh3, and the resulting Au(I) species and O=PPh3 were proposed to be 

formed from a redox type reaction. Thus, in situ reduction of Au(III) would result in the formation 

of a Au(I) species, and concomitant oxidation of PPh3 might occur to generate O=PPh3. 

Considering this possibility, if KAuCl4 reacts with PPh2-PEGPIIL, the postulated structure of the 

actual product 3.9 would be the corresponding diphenylphosphine oxide from oxidation of PPh2-

PEGPIIL, associated with the Au(I)Cl species (Scheme 3.9). 
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Scheme 3.9: The suspected potential reaction occurring during the synthesis of catalyst precursor 3.9. 

In order to support this hypothesis, we planned to attempt to prepare the authentic [AuCl4]@PPh2-

PEGPIIL by Cl2-induced oxidation of a Au(I) precursor. Before attempting this chemistry on the 

polymer-supported system, we first chose to undertake all of the necessary reactions on the simple 

Ph3P series: this would entail preparation of O=PPh3 3.10, AuI(PPh3)Cl 3.12, and then 

AuIII(PPh3)Cl3 3.15 by subsequent oxidation using Cl2 gas. These model compounds would also be 

useful for exploring the NMR characteristics of each species. 

3.2.3.2  Synthesis of O=PPh3 (3.10) 

 

Scheme 3.10: Synthesis of O=PPh3 3.10. 

The oxidation of triphenylphosphine to triphenylphosphine oxide was performed using H2O2 in 

order to confirm the method to be used later for the polymer supported phosphine. The preparation 
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of O=PPh3 3.10 was carried out according to a method used previously by Dubován et al. 247 PPh3 

was oxidised by H2O2 in 5 hours using dichloromethane as solvent. After that time, the two layers 

were separated, and the solvent was removed to afford O=PPh3 3.10 as a fine white powder in 94%. 

The 31P NMR spectrum of O=PPh3 3.10 indicated a change in chemical shift from δ -5.46 ppm for 

PPh3 to δ 29.4 ppm for O=PPh3, which agrees with the literature.247 

3.2.3.3  Synthesis of AuI(PPh3)Cl (3.12)   

 
 

Scheme 3.11: Synthesis of AuI(PPh3)Cl 3.12. 

AuI(PPh3)Cl 3.12 was synthesised in two steps following literature procedures, shown in Scheme 

3.11. Firstly, we started by synthesising AuI(THT)Cl 3.11 by the reaction of KAuCl4 with excess 

THT in ethanol/water mixture, which resulted in the formation of a white precipitate.392 The 

obtained white precipitate was isolated by filtration and washed with ethanol. In this reaction, the 

Au(III) is reduced to Au(I), and one equivalent of the THT is oxidised to tetrahydrothiophene-1-

oxide. In the next step, AuI(THT)Cl 3.11 and triphenylphosphine were dissolved in 

dichloromethane and stirred overnight at room temperature. The resulting white precipitate was 

filtered and washed with ethanol, diethyl ether, dried under high vacuum and then recrystallised 

from chloroform/hexane to give 3.12 in 71%. The 31P NMR spectrum of 3.12 showed a single peak 

at δ 33.19 ppm, as shown in Figure 3.10, and this agrees with work reported by Price et al.251 
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Figure 3.10: 31P (121 MHz, CDCl3) NMR spectrum of AuI(PPh3)Cl 3.12. 

Figure 3.11 shows the stacked 31P NMR spectra of pure samples of PPh3, O=PPh3 3.10, and 

AuI(PPh3)Cl 3.12 and illustrates the chemical shift differences between the three species. 
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Figure 3.11: 31P (121 MHz, CDCl3) NMR spectra of PPh3, O=PPh3 3.10 and AuI(PPh3)Cl 3.12.  

In order to explore the proposed Au(III)-induced phosphine oxidation, a solution of KAuCl4 in dry 

ethanol and a solution of PPh3 in dry dichloromethane were mixed in a Schlenk flask under N2 and 

stirred vigorously overnight. The 31P NMR spectrum of the resulting mixture revealed that PPh3 

was completely consumed. In addition to a singlet at δ 33 ppm, assigned to AuI(PPh3)Cl, a singlet 

at δ 29 ppm was confirmed to be due to O=PPh3 by subsequent spiking of the mixture with pure 

O=PPh3 3.10. In addition, a new peak appeared at δ 62 ppm, which was assigned as a PPh3Cl2-

based transient intermediate. This assignment was confirmed by spiking the sample with a small 

amount of the commercially-available PPh3Cl2.
246 In a separate experiment, after 15 hours of 

stirring, a white precipitate was obtained through filtration and 31P NMR analysis indicated that it 

was AuI(PPh3)Cl (Figure 3.12).  

PPh3 

-5.4 ppm 

O=PPh3 

29.4 ppm 
3.10 

AuI(PPh3)Cl 

33.19 ppm 
3.12 
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Figure 3.12: 31P (202 MHz, EtOH/CH2Cl2) NMR spectrum of the reaction mixture (KAuCl4 + PPh3) after 15 hours. 

A similar experiment was scaled down to fit inside an NMR tube, allowing us to monitor the 

reaction at different times using 31P NMR. Over 18 hours, this experiment showed that the intensity 

of the O=PPh3 3.10 peak at δ 29 ppm rises with time, the AuI(PPh3)Cl 3.12 signal at δ 33 ppm also 

rises with time, but much less strongly, while the signal at δ 62 ppm diminishes over time (Figure 

3.13). 

O=PPh3 

AuI(PPh3)Cl 

PPh3Cl2 
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Figure 3.13: A stacked plot of 31P (202 MHz, EtOH/CH2Cl2) NMR spectra over 18 hours. 

Interestingly, a new peak appeared at δ 44 ppm after 24 hours, as shown in Figure 3.14. The 

chemical shift of this peak would be consistent with AuIII(PPh3)Cl3 as reported by Attar et al.249, 

who oxidised AuI(PPh3)Cl to AuIII(PPh3)Cl3 by treatment with Cl2 gas. Consequently, we decided 

to synthesise AuIII(PPh3)Cl3 by oxidising AuI(PPh3)Cl 3.12 in order to enable an NMR spiking 

experiment to confirm the identity of the new species in the reaction mixture.  
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Figure 3.14: 31P (202 MHz, EtOH/CH2Cl2) NMR spectrum of the reaction mixture (KAuCl4 + PPh3) after 24 hours 

indicating the possible formation of a gold(III) phosphine complex (δ 44.5 ppm). 

3.2.3.4  Synthesis of AuIII(PPh3)Cl3 (3.13)  

 

Scheme 3.12: Synthesis of AuIII(PPh3)Cl3 3.12  

Following Attar's procedure, chlorine gas was bubbled through a chloroform solution containing 

AuI(PPh3)Cl 3.12 while the solution was stirring. The solution turned from colourless to bright 

yellow within seconds. The solvent was removed, and the solid result was washed with hexane and 
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diethyl ether. The 31P spectrum of AuIII(PPh3)Cl3 3.13 revealed (Figure 3.15 ) a single peak at δ 44 

ppm, consistent with that previously reported by Attar et al.249  

 

Figure 3.15: 31P (162 MHz, CDCl3) NMR spectrum of AuIII(PPh3)Cl3 3.13.   

Therefore, with the desired AuIII(PPh3)Cl3 3.13, we proceed to do a spiking experiment by addition 

to the NMR sample we had in Figure 3.14. Notably, an increase in the peak that appeared at δ 44 

ppm confirmed that this peak indeed corresponds to AuIII(PPh3)Cl3. (Figure 3.16). 
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Figure 3.16: The spiking 31P (202 MHz, EtOH/CH2Cl2) NMR spectrum after adding AuIII(PPh3)Cl3 3.13 (compare to 

Figure 3.14). 

The previous experiments demonstrated that when triphenylphosphine is mixed with KAuCl4, a 

redox reaction occurs, with most of the phosphine being oxidised to triphenylphosphine oxide and 

most of the gold(III) being reduced to gold(I). In addition, a small amount of the gold(III)-

phosphine complex is also formed. A question remains over the source of the oxygen atom which 

becomes incorporated into the phosphine oxide. It is possible that this arises simply from a very 

small amount of adventitious water, which is difficult to exclude from ethanol. Alternatively it may 

come from ethanol itself, which would require the concomitant formation of either chloroethane or 

diethyl ether. A proposed mechanism for the formation of O=PPh3, Au(I), and Au(III) species is 

shown in the scheme below (Scheme 3.13); the use of both ethanol and water as potential 

nucleophilic sources of the oxygen are included for illustration.  
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Scheme 3.13: Proposed redox mechanism for reaction between Au(III) and phosphine. 

We have established that, in practice, attempted formation of [AuCl4]@PPh2-PEGPIIL adduct 3.9 

proceeds by unexpected oxidation of the phosphine and reduction of the gold(III) to gold(I) during 

the impregnation of the PPh2-PEGPIIL support 3.8 with KAuCl4 to give a mixture of phosphine 

oxide, Au(I) and a small amount of Au(III) after 24 hours. 

Thus, the next plan was to synthesise an authentic sample of [AuCl4]@PPh2-PEGPIIL by oxidation 

of the corresponding gold(I) to gold(III) by treatment with Cl2 gas in the same way as was used 

above to prepare AuIII(PPh3)Cl3 3.13.  
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3.2.3.5  Synthesis [AuCl]@PPh2-PEGPIIL (3.14) 

 
 

Scheme 3.14: Synthesis of [AuCl]@PPh2-PEGPIIL 3.14. 

[AuCl]@PPh2-PEGPIIL 3.14 was synthesised in two steps, as shown in Scheme 3.14. Firstly, 

Au(THT)Cl 3.11 was prepared as reported previously in the synthesis of AuI(PPh3)Cl 3.12. 

Secondly, Au(THT)Cl 3.11 was reacted with PPh2-PEGPIIL 3.8 in DCM overnight. After that, the 

solvent was removed under reduced pressure. The residue was dissolved in dichloromethane and 

purified by re-precipitation in diethyl ether, filtering, washing, and drying under high vacuum to 

afford [AuCl]@PPh2-PEGPIIL 3.14 as an off-white solid in 95% yield. The 31P NMR spectrum of 

3.14 indicated complete disappearance of the singlet around δ -5 to -8 ppm for PPh2-PEGPIIL and 

appearance of a single peak at δ 33.65 ppm, indicating the formation of phosphine coordinated to 

AuCl. 



Chapter 3 

76 

3.2.3.6 Attempted synthesis of [AuCl4]@PPh2-PEGPIIL (3.15)  

 

Scheme 3.15: Attempted synthesis of [AuCl4]@PPh2-PEGPIIL 3.15. 

Following Attar's procedure,249 chlorine gas was bubbled through a dry dichloromethane solution 

containing [AuCl]@PPh2-PEGPIIL 3.14 while the solution was stirring. As observed in the 

corresponding reaction using triphenylphosphine, the solution turned from colourless to bright 

yellow within seconds. The solvent was removed by an external trap, and the resulting oily product 

was washed with hexane, diethyl ether and dried under high vacuum to afford what was hoped to 

be [AuCl4]@PPh2-PEGPIIL 3.15 as a yellow oil. Unfortunately, the 31P NMR spectrum indicated 

two peaks; the first peak appeared at δ 44 ppm, which was assigned to the desired gold(III) 

phosphine complex, and the second was an intense peak at δ 29 ppm which was assigned to the 

formation of the phosphine oxide. Also, no peak was observed at δ 33 ppm, which indicates the 

Cl2 oxidised all the gold(I) to the gold(III) (Figure 3.17). 
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Figure 3.17: 31P (121 MHz, CDCl3) NMR spectrum for [AuCl4]@PPh2-PEGPIIL 3.15. 

The reaction was repeated increasing both the reaction time and Cl2 gas amount bubbling through 

the solution to ensure complete oxidation of the gold(I) to gold(III) and minimise formation of 

O=PPh3, but still we got the same results. In addition, the colour of the (impure) gold(III) complex 

was observed to change from a yellow oil to black overnight. The [AuCl4]@PPh2-PEGPIIL appears 

to be thermally unstable and decomposed even in the absence of light, when stored in an inert 

atmosphere in the freezer. Due to the difficulty and high cost of preparation, the formation of a 

mixture with phosphine oxide, and the instability of the gold(III)-phosphine containing polymer 

we chose not to undertake further work on this species. 

Consequently, we choose to oxidise the polymer in order to synthesise a phosphine oxide-derived 

gold precursor, to enable testing and comparison of the selectivity and activity to in situ formed 

gold(I) phosphine oxide adduct 3.9.  
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3.2.3.7  Synthesis of O=PPh2-PEGPIIL (3.16) 

 
 

Scheme 3.16: Synthesis of O=PPh2-PEGPIIL 3.16. 

O=PPh2-PEGPIIL 3.16 was synthesised in the same manner as O=PPh3 3.10. Hydrogen peroxide 

was used to oxidise PPh2-PEGPIIL 3.8 and delivered a clean product 3.16 as a white solid in a 90% 

yield. A single peak at δ 29.63 ppm was observed in 31P NMR spectrum of 3.16, indicating 

phosphine oxide formation. Also, no peak was observed between δ -5 to δ -8 ppm, indicating 

complete phosphine consumption.   
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3.2.3.8  Synthesis of [AuCl4]@O=PPh2-PEGPIIL (3.17)  

 
 

Scheme 3.17: synthesis of [AuCl4]@O=PPh2-PEGPIIL 3.17. 

To synthesise the [AuCl4]@O=PPh2-PEGPIIL, we followed the published method83 as shown in 

Scheme 3.17. The phosphine oxide-containing polymer 3.16 and KAuCl4 were dissolved in water, 

and the mixture was stirred overnight at room temperature. After that, the water was removed by 

an external trap. The residue was re-dissolved in DCM followed by re-precipitation in diethyl ether 

filtering, washing, and drying under high vacuum to afford [AuCl4]@O=PPh2-PEGPIIL 3.17 as an 

orange powder in 92% yield and stored in a Schlenk flask under N2.  

3.2.3.9  ICP Optical Emission Spectrometry (ICP-OES) 

The gold content in the precursors [AuCl]@O=PPh2-PEGPIIL 3.9, [AuCl]@PPh2-PEGPIIL 3.14 

and [AuCl4]@O=PPh2-PEGPIIL 3.17 was determined by inductively coupled plasma optical 

emission spectroscopy (ICP-OES) (Table 3.1).  
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Table 3.1: Gold content of PIIL precursors as determined by ICP-OES. 

Entry precursor mmol Au/ g Au wt% 

1 [AuCl]@O=PPh2-PEGPIIL adduct 3.9 0.43 8.61 

2 [AuCl]@PPh2-PEGPIIL 3.14 0.45 8.94 

3 [AuCl4]@O=PPh2-PEGPIIL 3.17 0.41 8.15 

The low Au contents are likely because of the PEG functionality, which may be associated with 

absorbed solvent and moisture from the air. 

3.2.3.10 Scanning Electron Microscopy (SEM)  

SEM analysis of the freshly prepared gold precursors exposed a clear difference in the surface 

morphology against the polymer 3.8 (Figure 3.8). In this instance, the gold precursors materials 

have a more granular texture, potentially due to the additional processing step during the 

impregnation with the polymer materials.  
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Figure 3.18: SEM images of (a) [AuCl]@O=PPh2-PEGPIIL adduct 3.9, (b) [AuCl]@PPh2-PEGPIIL 3.14 and (C) 

[AuCl4]@O=PPh2-PEGPIIL 3.17. 

3.2.3.11 Transmission Electron Microscopy (TEM) of Gold Nanoparticle-Containing 

PIIL.  

In order to generate gold nanoparticle-containing PIIL, each of the three precursors 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9, [AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-

PEGPIIL 3.17 was reduced in situ by treatment with water and 2.5 equivalents of NaBH4 under the 

conditions used for nitrobenzene (NO2) reduction. 

(a) (b) 

(c) 
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TEM analysis was performed to characterise the isolated AuNPs and to determine their mean 

diameters. TEM micrographs revealed that the AuNPs are small, near monodisperse with average 

diameters of 2.9 ± 0.9, 1.7 ± 0.5 and 2.1 ± 0.7, respectively. The representative micrographs and 

histograms of particle distribution based on >100 particles are shown in Figure 3.19. 

 

Figure 3.19: HRTEM micrographs of nanoparticles formed from: (a-b) [AuCl]@O=PPh2-PEGPIIL adduct 3.9, (c-d) 

[AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-PEGPIIL 3.17 (e-f) and corresponding size distributions 

determined by counting >100 particles. 

It can be seen from the histograms that nanoparticles generated from [AuCl4]@O=PPh2-PEGPIIL 

3.17 have a mean diameter of 2.1 ± 0.7 nm, which is similar to those formed from the in situ-

dNP = 1.7 ± 0.5 nm 

 

dNP = 2.9 ± 0.9 nm 

 

dNP = 2.1 ± 0.7 nm 

 

a b 

c d 

e f 
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generated [AuCl]@O=PPh2-PEGPIIL adduct 3.9. The size distribution of the nanoparticles 

generated from 3.9 is similar to that reported in the previously published paper.83 

In contrast, the TEM images of nanoparticles derived from [AuCl]@PPh2-PEGPIIL 3.14 show that 

gold nanoparticles are smaller than the other two catalysts. While this result is unexpected, this 

may help to explain differences in catalyst performance caused purely by the Au-support 

interaction.  

3.2.4 Catalytic Reduction of Nitrobenzene (NO2) 

3.2.4.1  Sodium borohydride as reducing agent  

The catalytic reduction of nitrobenzene (NO2) was thus explored in order to assess and compare 

the catalytic efficiency of AuNP@PPh2-PEGPIIL derived from the [AuCl]@O=PPh2-PEGPIIL 

adduct 3.9 with that of [AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-PEGPIIL 3.17. For 

this, we have followed and adopted the exact approach established previously83 with the intention 

of comparing our findings with that of the previous results and to investigate the influence of the 

nature of both the support and nanoparticles on the catalytic efficiency. The transfer-hydrogenation 

reaction of nitrobenzene (NO2) mediated by NaBH4 was therefore selected as the benchmark for 

the catalyst testing experiments. NaBH4 plays a dual role in these reactions, it not only serves as 

the hydrogen source for nitro group reduction but also reduces the Au-based catalyst precursors 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9, [AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-

PEGPIIL 3.17 in situ to form the corresponding AuNPs (Scheme 3.18).  
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Scheme 3.18: Preparation of AuNP@PPh2-PEGPIIL catalysts from gold precursors. 

The conversion and selectivity of the reduction of nitrobenzene (NO2) by using the AuNPs were 

calculated by utilising 1H NMR spectroscopy. For this, the reaction mixture was directly analysed 

by 1H NMR. All the key intermediates of reduction of nitrobenzene (NO2) were identified by 

careful determination of their characteristic signals (Figure 3.20).  
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Figure 3.20: 1H NMR spectrum (300 MHz, CDCl3) of a mixture of the commercially available materials; 

Characteristic signals are indicated with their splitting and chemical shifts. 

All reactions were carried out in triplicate, and the results are the average of the three runs, with a 

maximum error of 10% to ensure the reliability of the results. Then, the integration of each 

characteristic signal was used to calculate the corresponding conversions and selectivity following 

Equations 3.1. 

Equation 3.1: 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
× 100 

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =  
𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑎𝑙𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 & 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡
× 100 
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3.2.4.1.1  Initial optimisation:  

In the beginning, we focused on the selective partial reduction of nitrobenzene (NO2) into N-

phenylhydroxylamine (NOH). A complete and selective reduction of nitrobenzene (NO2) into the 

corresponding (NOH) using [AuCl]@O=PPh2-PEGPIIL adduct 3.9 has been achieved previously 

with an excellent selectivity of 99%. This reaction in water with a catalyst loading of 0.05 mol% 

(based on ICP) at room temperature and 60 minutes delivers the desired N-phenylhydroxylamine 

(NOH) in excellent yield. Therefore, a test reaction under a similar reaction was undertaken first 

using [AuCl]@O=PPh2-PEGPIIL adduct 3.9 to confirm the reproducibility of the reaction 

followed by test reactions using [AuCl4]@O=PPh2-PEGPIIL 3.17 and [AuCl]@PPh2-PEGPIIL 

3.14 under identical conditions to evaluate the comparative potential between the three catalysts 

precursors. Gratifyingly, complete reduction of nitrobenzene (NO2) into N-phenylhydroxylamine 

(NOH) with a 100% selectivity was observed for [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and 

[AuCl4]@O=PPh2-PEGPIIL 3.17. However, only a 24% conversion of nitrobenzene (NO2) with a 

100% selectivity for N-phenylhydroxylamine (NOH) was observed for [AuCl]@PPh2-PEGPIIL 

3.14 (Figure 3.21). The poor conversion of the Au(I)-phosphine derived catalyst might be due to 

the difference in nature of nanoparticles formed from the Au(I) catalyst precursor 3.14 and may be 

influenced by the difference in the interaction between the nanoparticles and the phosphine 

heteroatom donor compared to the corresponding phosphine oxide.  
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Figure 3.22: Conversion and selectivity of nitrobenzene (NO2) reduction toward N-phenylhydroxylamine (NOH) 

using 0.05 mol% 3.9, 3.14 and 3.17 precursors, 1mmol nitrobenzene (NO2), 2 mL H2O and 2.5 mmol NaBH4. Reactions 

were carried out in water at room temperature for 60 min.  

3.2.4.1.2  Reaction time profile 

In order to investigate the differences in activity of the gold precursors, [AuCl]@O=PPh2-

PEGPIIL adduct 3.9, [AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-PEGPIIL 3.17 a study 

was undertaken to determine the variation in composition of the reaction mixture with time. 

Therefore, several experiments were performed using 0.05 mol% of each of the gold precursors 

3.9, 3.14 and 3.17 based on ICP-OES catalyst loadings and 2.5 equivalents of NaBH4 for the 

selective reduction of nitrobenzene (NO2) between 0 min and 300 min under a N2 atmosphere. 

Then conversion and selectivity for each experiment were determined by 1H NMR spectroscopy 

using 1,4-dioxane as internal standard. The results obtained are summarised in Figure 3.23.  
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Figure 3.23: Time profile for reducing nitrobenzene (NO2) to N-phenylhydroxylamine (NOH) catalysed by 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9, [AuCl4]@O=PPh2-PEGPIIL 3.17 and [AuCl]@PPh2-PEGPIIL 3.14. Reaction 

conditions: 1 mmol nitrobenzene (NO2), 2.5 mmol NaBH4, 0.05 mol% catalyst (based on ICP), 2 mL water, room 

temperature. Conversion and selectivity were determined using 1H NMR spectroscopy with dioxane as the internal 

standard. Selectivity for N-phenylhydroxylamine (NOH) = [% N-phenylhydroxylamine (NOH) / (% N-

phenylhydroxylamine (NOH) + % aniline (NH2) + % azoxybenzene (N2O))] x 100.  

The time-conversion profile studies for reducing nitrobenzene (NO2) catalysed by 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9, [AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-

PEGPIIL 3.17 indicate that a significant catalytic efficiency of AuNPs was observed when the 

phosphine oxide in [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-PEGPIIL 3.17 

was incorporated into the support. N-Phenylhydroxylamine (NOH) was obtained with 97% and 

96% selectively respectively and 100% conversion for both catalysts within 60 minutes. In contrast, 

the AuNP catalyst derived from [AuCl]@PPh2-PEGPIIL 3.14 without phosphine oxide showed a 

substantial drop in the catalytic efficiency and provided only 24% conversion of nitrobenzene 

(NO2) with a selectivity of 100% after 60 minutes and complete conversion nitrobenzene (NO2) 

with a selectivity of 98% for N-phenylhydroxylamine (NOH) after 300 minutes (Figure 3.23). 

These results demonstrate that the activity of nanoparticle catalysts generated from phosphine 

oxide-functionalised gold precursors 3.9 and 3.17 is higher that of catalyst generated from the 

phosphine-functionalised gold precursor 3.14. This marked difference in the catalytic efficiency of 
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the phosphine oxide incorporated catalyst might be due to the greater polarity of the phosphine 

oxide allowing improved access to the active site in the aqueous phase besides the small size of the 

AuNPs. One might also speculate that differences in activity could be due to the supplementary 

electronic interactions provided by the phosphine oxide in the polymer and the AuNPs surface. As 

a consequence, this might cause variations in the relative reaction barriers. Furthermore, the non-

homogeneous dispersion of the AuNPs, providing uneven access to the corresponding active sites 

of the catalysts [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-PEGPIIL 3.17 

might lead to slight differences in activity between these species. Despite the differences in activity, 

the selectivity of the catalysts appears to be very similar and all were highly selective for the 

formation of N-phenylhydroxylamine (NOH). 

Several nanoparticle-based catalytic systems for the reduction of nitrobenzene (NO2) are present 

in the literature, however, there are only a very few reports available in the literature that 

demonstrate selective reduction of nitrobenzene (NO2) into N-phenylhydroxylamine (NOH), 

which includes amberlite supported PtNPs, titania-supported AuNPs or AgNPs, and polystyrene 

supported RuNPs.252–255 In all cases, the selective formation of N-phenylhydroxylamine (NOH) is 

believed to be due to the interfacial electronic effects of the supports or additives, which stabilises 

the corresponding nanoparticles and allows slow and selective adsorption of N-

phenylhydroxylamine (NOH) intermediate compared to the reactant. The catalytic efficiency and 

selectivity of catalysts [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-PEGPIIL 

3.17 are superior to the reported catalytic systems since these systems require high catalyst loadings 

or require toxic additives and reducing agents, and in many cases, organic solvents. In contrast, the 

reaction of nitrobenzene (NO2) using [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and 

[AuCl4]@O=PPh2-PEGPIIL 3.17 has been accomplished in water. 

Thus, the superior selectivity obtained for reducing nitrobenzene (NO2) into N-

phenylhydroxylamine (NOH) selectively by using precursors 3.9, 3.14 and 3.17 under milder 

reaction conditions without any additives is unique and a pivotal discovery considering the 

challenging aspect of selective reduction.  
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3.2.4.1.3  The selective formation of azoxybenzene (N2O) 

In the previously published work, unique solvent-dependent behaviour was observed for the 

selective reduction of nitrobenzene (NO2) into azoxybenzene (N2O).83 This study led us to 

evaluate the effect of solvent on the outcome of reduction using each of our catalyst precursors.  

A time-conversion profile experiment (Figure 3.24) demonstrates that azoxybenzene (N2O) was 

obtained as the sole product of the reduction of nitrobenzene (NO2) using [AuCl]@O=PPh2-

PEGPIIL adduct 3.9 in neat ethanol and can be obtained with 100% conversion and 100% 

selectivity after 180 minutes. A comparative experiment under identical reaction conditions using 

[AuCl4]@O=PPh2-PEGPIIL 3.17 delivered 100% azoxybenzene (N2O), with a 100% selectivity 

after 120 minutes, faster than [AuCl]@O=PPh2-PEGPIIL adduct 3.9. The high activity obtained 

for [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-PEGPIIL 3.17 might be 

attributed to the phosphine oxide modification since the reduction reaction using[AuCl]@PPh2-

PEGPIIL 3.14 under identical reaction conditions showed a complete conversion with 100% 

selectivity after 480 minutes. Apparently, the phosphine oxide modification again seems to be 

playing a critical role in improving the activity of the catalyst. 
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Figure 3.24: Time profile for reducing nitrobenzene (NO2) to azoxybenzene (N2O) catalysed by [AuCl]@O=PPh2-

PEGPIIL adduct 3.9, [AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-PEGPIIL 3.17. Reaction conditions: 1 

mmol nitrobenzene (NO2), 2.5 mmol NaBH4, 0.05 mol% catalyst (based on ICP), 2 mL ethanol, room temperature. 

Conversion and selectivity were determined using 1H NMR spectroscopy with dioxane as the internal standard. 

Average of three runs. Selectivity for azoxybenzene (N2O) = [100 x % azoxybenzene (N2O) / (% azoxybenzene 

(N2O) + % aniline (NH2) + % N-phenylhydroxylamine (NOH))]. 

A literature survey showed that catalytic systems for selective reduction of nitrobenzene (NO2) to 

azoxybenzene (N2O) are very rare. A comparative analysis of these catalytic systems with 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-PEGPIIL 3.17 revealed that both 

precursors are superior catalysts in terms of catalytic efficiency and environmental compatibility 

since the reaction is performed in ethanol. For instance, magnetically separable urchin-like 

Ni/graphene nanocomposites have been shown to be effective catalysts for reducing nitrobenzene 

(NO2) to azoxybenzene (N2O) with the advantage of performing recycling experiments. However, 

this catalytic system requires hydrazine as a reducing agent, which is highly toxic. Likewise, 

AuNPs supported on mesostructured ceria (Au/meso-CeO2) also retain switchable selectivity based 

on solvent composition since the addition of water to 2-propanol resulted in a drastic shift in the 

selectivity from azoxybenzene (N2O) to azobenzene (N2).256 But this was obtained with 1 mol% 

catalyst loading, which is distinctly higher loading than that obtained with [AuCl]@O=PPh2-

PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-PEGPIIL 3.17.  

3.2.4.1.4  The selective formation of aniline (NH2) 

Catalytic systems based on gold nanoparticles (AuNPs) have been extensively studied for the 

reduction of nitroarenes (NO2) into the corresponding anilines (NH2). Therefore, we aimed to 

explore and compare the catalytic efficiency of the catalysts [AuCl]@O=PPh2-PEGPIIL adduct 

3.9, [AuCl]@PPh2-PEGPIIL 3.14 and [AuCl4]@O=PPh2-PEGPIIL 3.17 with the existing literature 

systems to accomplish selective and complete reduction of nitroarenes into anilines (NH2). By 

employing the established protocol83 using 0.05 mol% precursors, 1 mmol nitrobenzene (NO2) and 

5 mmol NaBH4 were stirred in water at 60 °C. The reduction of nitrobenzene (NO2) was then 

monitored as a function of time, while the composition was quantified using 1H NMR. The 

composition-time profile (Figure 3.25a) obtained displays a rapid conversion of nitrobenzene 

(NO2) into corresponding N-phenylhydroxylamine (NOH) within 10 min (82%), along with the 

aniline (NH2) (14%) as the minor product with [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and 
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complete conversion of N-phenylhydroxylamine (NOH) into aniline (NH2) was achieved after 220 

minutes. As expected, the composition−time profile obtained for [AuCl4]@O=PPh2-PEGPIIL 3.17 

(Figure 3.25b) which shows complete conversion of N-phenylhydroxylamine (NOH) into aniline 

(NH2) after 200 minutes was closely similar to that obtained using [AuCl]@O=PPh2-PEGPIIL 

adduct 3.9.  

(a) [AuCl]@O=PPh2-PEGPIIL adduct 3.9 
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(b) [AuCl4]@O=PPh2-PEGPIIL 3.17 

 

(c) [AuCl]@PPh2-PEGPIIL 3.14 

 

 Figure 3.25: Time profile for reduction of nitrobenzene (NO2) to aniline (NH2) catalysed by (a) [AuCl]@O=PPh2-

PEGPIIL adduct 3.9, (b) [AuCl4]@O=PPh2-PEGPIIL 3.17 and (c) [AuCl]@PPh2-PEGPIIL 3.14. Reaction conditions: 

1 mmol nitrobenzene (NO2), 5.0 mmol NaBH4, 0.05 mol% catalyst (based on ICP), 2 mL water, 60 °C. Conversion 

and selectivity were determined using 1H NMR spectroscopy with dioxane as the internal standard. Average of three 
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runs. Selectivity for aniline (NH2) = [100 x % aniline (NH2) / (% aniline (NH2) + % N-phenylhydroxylamine 

(NOH))]. 

For comparison, the composition time profile obtained for the [AuCl]@PPh2-PEGPIIL 3.14 

(Figure 3.25c) showed that complete conversion of nitrobenzene (NO2) into 75% N-

phenylhydroxylamine (NOH) and 25% aniline (NH2) was achieved after 22 hours, a considerably 

slower reaction. For all three catalysts, the time profiles suggest a direct pathway for the formation 

of aniline (NH2) from N-phenylhydroxylamine (NOH) since no indication of the formation of 

azoxybenzene (N2O) was observed during the reaction.  

3.2.4.2  Hydrogen source screening  

The utility of gold precursors [AuCl]@O=PPh2-PEGPIIL adduct 3.9, [AuCl]@PPh2-PEGPIIL 

3.14 and [AuCl4]@O=PPh2-PEGPIIL 3.17 for nitrobenzene (NO2) reduction using H-sources 

other than sodium borohydride was explored. A range of potential hydrogen donors (the azeotropic 

mixture of formic acid/triethylamine (5:2)257, hydrazine hydrate258 and dimethylamine borane 

complex259) were selected, all of which have previously been reported in transfer hydrogen 

reactions. 

Table 3.2 shows the results of nitrobenzene (NO2) reduction catalysed by [AuCl]@O=PPh2-

PEGPIIL adduct 3.9 using different hydrogen transfer agents. The azeotropic mixture of formic 

acid/triethylamine (5:2) and hydrazine hydrate were ineffective, giving no conversion (Table 3.2, 

entries 1, 2). In contrast, the dimethylamine borane complex (Table 3.2, entry 3) gave a high 

conversion and good selectivity toward N-phenylhydroxylamine (NOH).  
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Table 3.2: Screening of hydrogen source for the transfer hydrogenation of nitrobenzene (NO2). 

 

Entrya H-source Conversionab (%) Selectivity % 

NOHb 

Selectivity % 

NH2b 

Selectivity % 

N2Ob 

1 (5:2) HCOOH/Et3N 0 0 0 0 

2 NH2-NH2 hydrate 0 0 0 0 

3 (CH3)2NH·BH3 100 85 15 0 

Reaction conditions: 1 mmol nitrobenzene (NO2), 2.5 mmol reducing agent, 0.05 mol% catalyst (based on ICP), 2 mL 

water, room temperature. bConversion and selectivity were determined using 1H NMR spectroscopy with dioxane as 

the internal standard. Average of at least 3 runs. 

Dimethylamine borane complex ((CH3)2NH·BH3) was chosen from the table 3.2 results as the best 

hydrogen source for further investigation due to the high conversion and selectivity toward N-

phenylhydroxylamine (NOH).  
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3.2.4.2.1  Reaction time profile  

Figure 3.25 shows the conversion and selectivity profile vs time for the nitrobenzene (NO2) 

reduction with dimethylamine borane complex using all three catalyst precursors.  

(a) [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-PEGPIIL 3.17   

 

(b) [AuCl]@PPh2-PEGPIIL 3.14 
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Figure 3.26: Time profile for reducing nitrobenzene (NO2) to N-phenylhydroxylamine (NOH) catalysed by (a) 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9, [AuCl4]@O=PPh2-PEGPIIL 3.17  and (b) [AuCl]@PPh2-PEGPIIL 3.14. 

Reaction conditions: 1 mmol nitrobenzene (NO2), 2.5 mmol (CH3)2NH·BH3, 0.05 mol% catalyst (based on ICP), 2 

mL water, room temperature. Conversion and selectivity were determined using 1H NMR spectroscopy with dioxane 

as the internal standard. Selectivity for N-phenylhydroxylamine (NOH) = [100 x % N-phenylhydroxylamine (NOH) / 

(% N-phenylhydroxylamine (NOH) + % aniline (NH2) + % azoxybenzene (N2O)]. 

After 10 minutes, [AuCl]@O=PPh2-PEGPIIL adduct 3.9 had reached complete conversion 

(100%) and 99% selectivity for N-phenylhydroxylamine (NOH). Similarly, [AuCl4]@O=PPh2-

PEGPIIL 3.17 had complete conversion and 95% selectivity within 8 minutes. However, as the 

reaction time increases above 8 minutes, the selectivity tends to decrease. In contrast, to achieve 

100% conversion and 99% selectivity of [AuCl]@PPh2-PEGPIIL 3.14, the reaction time was 

increased to 100 minutes. 

The conversion-selectivity profile in (Figure 3.26) shows that the reaction rate is significantly 

higher upon using (CH3)2NH·BH3 as a hydrogen source compared NaBH4 with all three catalyst 

precursors (Figure 3.23). 

3.2.4.2.2  The selective formation of azoxybenzene (N2O)  

In the case of NaBH4 as a reducing agent, significant solvent-dependent behaviour was observed 

(see above) and the selectivity for nitrobenzene (NO2) reduction switched from N-

phenylhydoxylamine to azoxybenzene (N2O) when changing from water to ethanol as solvent. We 

therefore explored the use of dimethylamine borane complex as a reducing agent in ethanol at room 

temperature (Figure 3.27). 
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(a) [AuCl]@O=PPh2-PEGPIIL adduct 3.9 

 

(b) [AuCl4]@O=PPh2-PEGPIIL 3.17 

 

Figure 3.27: Time profile for reducing nitrobenzene (NO2) to azoxybenzene (N2O) catalysed by (a) 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9 and (b) [AuCl4]@O=PPh2-PEGPIIL 3.17. Reaction conditions: 1 mmol 

nitrobenzene (NO2), 2.5 mmol (CH3)2NH·BH3, 0.05 mol% catalyst (based on ICP), 2 mL ethanol, room temperature. 

Conversion and selectivity were determined using 1H NMR spectroscopy with dioxane as the internal standard. 
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Average of three runs. Selectivity for Selectivity for azoxybenzene (N2O) = [100 x % azoxybenzene (N2O) / (% 

azoxybenzene (N2O) + % aniline (NH2) + % N-phenylhydroxylamine (NOH))].  

After 30 hours, the conversion of nitrobenzene (NO2) was complete and gave a mixture of 6% N-

phenylhydroxylamine (NOH), 52% aniline (NH2) and 42% azoxybenzene (N2O) with 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9. Moreover, [AuCl4]@O=PPh2-PEGPIIL 3.17 produced a 

mixture of 15% N-phenylhydroxylamine (NOH), 55% aniline (NH2) and 30% azoxybenzene 

(N2O).  

Consequently, we decided to increase the catalyst loading from 0.05 to 0.25 mol% to increase the 

rate of reaction. Unfortunately, this attempt gave essentially the same product distribution as with 

0.05 mol% loading but in a shorter time, as shown in Figure 3.28. 

(a) [AuCl]@O=PPh2-PEGPIIL adduct 3.9 
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(b) [AuCl4]@O=PPh2-PEGPIIL 3.17 

 

Figure 3.28: Time profile for reducing nitrobenzene (NO2) to azoxybenzene (N2O) catalysed by (a) 

[AuCl]@O=PPh2-PEGPIIL adduct 3.9 and (b) [AuCl4]@O=PPh2-PEGPIIL 3.17 Reaction conditions: 1 mmol 

nitrobenzene (NO2), 2.5 mmol (CH3)2NH·BH3, 0.05 mol% catalyst (based on ICP), 2 mL ethanol, room temperature. 

Conversion and selectivity were determined using 1H NMR spectroscopy with dioxane as the internal standard. 

Average of three runs. Selectivity for Selectivity for azoxybenzene (N2O) = [100 x % azoxybenzene (N2O) / (% 

azoxybenzene (N2O) + % aniline (NH2) + % N-phenylhydroxylamine (NOH))].  

The results of nitrobenzene (NO2) reduction using (CH3)2NH·BH3 as a hydrogen source in ethanol 

toward azoxybenzene (N2O) catalysed by [AuCl]@O=PPh2-PEGPIIL adduct 3.9, 

[AuCl4]@O=PPh2-PEGPIIL 3.17 in (Figure 3.28) revealed that the reactions are notably slower 

and less selective than the reactions using NaBH4 (Figure 3.24).  

3.3 Conclusion  

In conclusion, the research revealed that attempted preparation of AuCl4@PPh2-PEGPIIL by 

impregnation of PPh2-PEGPIIL support 3.8 with K[AuCl4] results in the unanticipated oxidation 

of the phosphine and reduction of the gold(III) to gold(I). Careful analysis of the 31P NMR spectra 

provides solid evidence related to this precursor, and clearly indicates the presence of phosphine 

oxide. Attempted unambiguous synthesis of [AuCl4]@PPh2-PEGPIIL by oxidation of the 

corresponding gold(I) 3.14 to gold(III) 3.15 by treatment with Cl2 gas was ultimately unsuccessful. 
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Unfortunately, the gold(III) species was unstable and decomposed even in the absence of light 

when stored in an inert atmosphere in the freezer. Consequently, we chose to oxidise the polymer 

in order to synthesise a phosphine oxide-derived gold precursor to enable testing and comparison 

of the selectivity and activity to in situ formed gold(I) phosphine oxide adduct 3.9. TEM 

micrographs showed that in all cases the AuNPs are small, near monodisperse, with those derived 

from the gold(I) precursor having slightly smaller mean diameters.  

The nitrobenzene (NO2) reduction in water-mediated by NaBH4 in the presence of 0.05 mol% 

[AuCl]@O=PPh2-PEGPIIL 3.9 and [AuCl4]@O=PPh2-PEGPIIL 3.17 displayed a 100% 

conversion of nitrobenzene (NO2) to N-phenylhydroxylamine (NOH) within 60 minutes, while 

[AuCl]@PPh2-PEGPIIL 3.14 without phosphine oxide showed a substantial drop in the catalytic 

efficiency and complete conversion nitrobenzene (NO2) with a selectivity of 98% for N-

phenylhydroxylamine (NOH) after 300 minutes. Furthermore, a solvent change to from water 

ethanol resulted in a shift in selectivity and yielded azoxybenzene (N2O) quantitatively.  

The gold precursors were very efficient when (CH3)2NH·BH3 was used as a hydrogen source 

instead of NaBH4 in water. [AuCl]@O=PPh2-PEGPIIL adduct 3.9 and [AuCl4]@O=PPh2-

PEGPIIL 3.17 had reached complete conversion 100% and (>95%) selectivity for N-

phenylhydroxylamine (NOH) within 10 minutes. While [AuCl]@PPh2-PEGPIIL 3.14 needed a 

longer time to achieve 100% conversion and 99% selectivity. On the contrary, the gold precursors 

were non-selective in ethanol. 

The results reveal that nanoparticle catalyst formed from phosphine oxide-functionalised gold 

precursors 3.9 and 3.17 have a higher activity than catalysts derived from phosphine-functionalised 

gold precursor 3.14. So, surface investigations, such as in situ DRIFTS, XAS and XPS analysis, 

would be required to demonstrate the nature of the P=O-Au interaction and understand how PIIL 

supports affect the catalyst's efficacy. 
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Chapter 4. Synthesis of PIIL Stabilised Palladium Nanoparticles and 

Application in the Selective Hydrogenation of Quinoline 

 

4.1 Introduction 

Functionalised 1,2,3,4-tetrahydroquinolines (1,2,3,4-THQs) are well known for being biologically 

active building blocks, key intermediates for several pharmaceuticals, agrochemicals, and other 

fine chemicals. Therefore, a substantial amount of research has been dedicated to methods for their 

synthesis during the last four decades.260 Conventionally, three protocols have been extensively 

explored for the synthesis of 1,2,3,4-THQs, which includes chemoselective catalytic hydrogenation 

of N-heterocyclic compounds, catalytic cyclizations,261,262 and Beckmann rearrangement of N-

heterocycles (Scheme 4.1).263 

 

 

Scheme 4.1: Common synthetic routes to 1,2,3,4-THQ. 

Among them, the catalytic hydrogenation of quinolines provides the most straightforward approach 

to access functionalised 1,2,3,4-THQs both in matter of simplicity and high atom efficiency. 

However, certain drawbacks associated with the catalytic hydrogenation of quinolines, such as the 

presence of high energy barriers, make the reaction inherently sluggish and, most of the time 

necessitates utilisation of drastic conditions limiting the scope of the reaction. Additionally, during 

hydrogenation, multiple intermediates and by-products may be formed (Scheme 4.2), especially in 

the presence of other reducible functional groups such as unsaturated functional groups like alkenes 
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and alkynes, carbonyl compounds like aldehydes and ketones, nitriles, amines, and halogens, 

among other functional groups, ultimately creating selectivity issues. Lastly, the leaching of the 

active catalyst from the catalytic surface and the catalytic poisoning of the active sites of the 

catalyst due to coordination of the nitrogen atom of the N-heterocycles often results in poor 

efficiency and limits the reusability of the catalyst.  

 

 

Scheme 4.2: Possible pathways for the hydrogenation of quinoline. 

Despite all the drawbacks mentioned above, catalytic hydrogenations are still the most widely 

explored methodology for the selective and efficient hydrogenation of quinolines. Fish and co-

workers achieved the first catalytic and selective hydrogenation of quinolines in 1982 using a Ru-

based homogeneous catalyst.264 Since then, various homogeneous catalysts based on several 

transition metals such as Ru,265,266 Ir,267,268 Rh,269 Au,270 and Co271 have been synthesised and 

reported. Although the use of homogenous transition metals-based catalysts displays a better 

catalytic efficiency and selectivity, the difficulties associated during the separation of products and 

the recovery of the active catalyst from the reaction mixture limits the scope of the reaction, 

especially during large scale production. In addition, the need for certain additives such as iodine 

(I2) for the catalytic hydrogenation of N-heterocycles by using Ir-based homogeneous catalysts 

sometimes limits the scope of the reaction, particularly when the reaction is applied on an industrial 

level.272 Therefore, many research laboratories are currently focusing on designing and 
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synthesising novel and efficient heterogeneous catalysts for the selective and atom efficient 

synthesis of functionalised quinolines. 

The beneficial aspect of using heterogeneous catalysts over homogeneous ones is that they are cost-

effective, easily separated from the reaction mixtures, and recycled. Over 90% of all the chemicals 

produced worldwide are estimated to have been achieved by using transition metals based catalysts. 

Among them, the use of heterogeneous catalysts themselves alone accounts for 80% of chemical 

production.273,274 Therefore, several Pd,275,276 Pt,277,278 Ru,279,280 and Rh-based281 catalysts have 

been transformed into chemoselective catalysts by choosing tuneable supports via fine-tuning of 

the support properties. For example, the surface of mesoporous silica hollow nanospheres 

(HMSNs) have been modified by using amino groups by Li and co-workers and found to be 

selective and with improved catalytic activity for the hydrogenation of N-heterocycles.282 

Similarly, homogeneously dispersed gold nanoparticles (NPs) on the relatively high surface area 

of TiO2 have been synthesised successfully by Cao and co-workers for the selective hydrogenation 

of quinolines in the presence of other functional groups.283 One of the drawbacks of using 

heterogeneous catalysts is that in most cases, high temperature and pressure are required to convert 

quinoline into 1,2,3,4-THQ, as a result the selectivity of the reaction is tuned by using various 

organic solvents.   

Since water is a green solvent and plays a promoting role in several catalytic reactions by improving 

catalytic efficiency, water could be the most interesting solvent for these catalytic hydrogenations 

based on its green potential and cost-effective nature.284 However, only a few heterogeneous 

catalysts are known for the aqueous phase catalytic hydrogenation of quinolines. For instance, 

silica spheres supported ruthenium nanoparticles (RuNPs) with an outer shell of microporous 

silica,279 black wattle tannin stabilised palladium nanoparticles (PdNPs)285,286 and polymer-

supported PdNPs have been used to achieve aqueous phase hydrogenations of quinoline.287 

Unfortunately, even with these catalysts, the complete conversion of quinoline to 1,2,3,4-THQ still 

requires harsh reaction conditions, such as high temperature, high hydrogen pressure, long reaction 

times, need of large quantities of hydrogen sources and high catalyst loadings relative to quinoline. 

Therefore, the design and synthesis of a chemoselective heterogeneous catalyst with industrially 

desirable and ‘green credentials’ and with the ability of operating under milder conditions is still 

anticipated. An ideal catalytic system in this aspect would be one operating at mild conditions with 
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low catalyst loadings in water and possessing high selectivity and short reaction times. The protocol 

must also display simple strategies for catalyst recovery, and finally, the catalyst must be 

sustainable in order to avoid the use of organic solvents.   

The enhanced catalytic efficiency of PEG-modified PIIL-based catalysts for the aqueous phase 

reduction of nitroarenes in Chapter 3 and previous publications82,83,120 might be due to mutual 

solvent-support interactions which promote polymer morphology/tertiary structure with enhanced 

properties for catalysis in the PIIL-based catalysis. Consequently, we aimed to evaluate the 

catalytic efficiency of the same systems for the chemoselective reduction of quinoline in an 

aqueous medium. The presence of heteroatom donor groups (e.g. phosphine) and modification in 

the PEG chain of the immobilised IL support are known to affect the catalytic activity of the catalyst 

in the hydrogenation of nitroarenes. Hence, we planned to investigate the influence of similar 

modifications for catalysis of other reductive reactions. 

We aimed to develop an alternate and versatile, scalable, recyclable and environmentally friendly 

catalyst for such type of reactions. In terms of variation of the imidazolium side-chain, we proposed 

to investigate the influence of replacing the strongly hydrophilic PEG chain with a strongly 

hydrophobic decyl hydrocarbon chain 4.1. This functional group substitution might influence the 

compatibility of catalysts with the aqueous phase but is also likely to influence the stability of the 

nanoparticles in theory because the PEG chain is likely to stabilise the metal nanoparticles via 

electrostatic interactions which are not available in the corresponding decyl chain. 
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4.2 Results and Discussion 

4.2.1 Synthesis of 1-decyl-2-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium bromide (4.1)  

 
 

Scheme 4.3: Synthesis of 1-decyl-2-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium bromide 4.1. 

In order to prepare the new hydrocarbon functionalised monomer 4.1, 1-decyl-2-methyl imidazole 

was reacted with 4-vinylbenzyl bromide 3.3 in dichloromethane overnight at 35 °C. The solvent 

was removed, and the resultant residue was triturated with diethyl ether and dried under a high 

vacuum to afford 1-decyl-2-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium bromide 4.1 as fine 

white powder in 94% yield. The 1H NMR spectrum displayed all the characteristic signals 

consistent with that of 4.1.  

4.2.2 Synthesis and Characterisation of PPh2-N-decylPIIL (4.2).  

PPh2-decylPIIL 4.2 was prepared by the free radical copolymerisation of 1-decyl-2-methyl-3-(4-

vinylbenzyl)-1H-imidazol-3-ium bromide 4.1 with diphenyl(4-vinylphenyl) phosphine 3.5 and the 

cross-linker 3.7 in a ratio of 1.86:1:0.14, respectively, as shown in Scheme 4.4. The monomers and 

5 mol% AIBN were dissolved in dry ethanol/THF ratio 1:1. The reaction mixture was then 

degassed six times using the freeze-pump-thaw technique to eliminate the presence of oxygen, 

which might interfere with the radical reaction and also lead to unwanted phosphine oxidation. The 

reaction was carried out at 80 °C for four days, after which a further 5 mol% of AIBN was added 

to the mixture, and the degassing process was repeated six times. Subsequently, the reaction was 

heated for one more day to ensure complete polymerisation.  
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Scheme 4.4: Synthesis of PPh2-N-decylPIIL 4.2. 

After completion of the reaction, the solvent was removed under reduced pressure. The residue was 

re-dissolved in DCM followed by re-precipitation in diethyl ether to remove unreacted monomer 

to afford the polymer 4.2 as a fine off-white powder in 91% yield. The absence of vinylic signal 

peaks in the 1H NMR spectrum (Figure 4.1) indicates the completion of the polymerisation and 

revealed well-defined signals with the characteristic broad peaks expected for the desired polymer 

4.2. The peaks at δ 0.87 ppm corresponding to CH3 on the end of the decyl chain, the peaks at δ 

1.24 ppm corresponding to methylene protons on the decyl chain and the saturated polymer 

backbone and the signal at ca. δ 5.65 ppm was assigned as the protons of the benzylic CH2 groups 

adjacent to the imidazolium rings. The aromatic and imidazolium protons were assigned at δ 6.50-

7.40 ppm. The ratio of imidazolium groups:phosphine 2:1 was calculated by comparison of the 

relative integrals. Also, the 31P NMR spectrum showed a single peak at δ -6.64 ppm, indicating the 

phosphine group and absence of any unwanted phosphine oxide.  
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Figure 4.1: 1H (400 MHz, CDCl3) and 31P (121 MHz, CDCl3, inset) NMR spectra for PPh2-N-decylPIIL 4.2. 

The solid-state 31P NMR spectrum for PPh2-N-decylPIIL 4.2, as shown in Figure 4.2, demonstrates 

one phosphorous containing species at δ -6.12 ppm with spinning side-bands. The value agrees 

with the value reported by Iwai et al. for the synthesis of Threefold Cross-Linked Polystyrene – 

Triphenylphosphane Hybrids.288  

CDCl3 
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Figure 4.2: Solid-state 31P NMR spectrum of PPh2-N-decylPIIL 4.2. 

4.2.2.1  Scanning Electron Microscopy (SEM) 

SEM analysis was used to determine the surface morphology of PPh2-N-decylPIIL 4.2. The SEM 

images in Figure 4.3 show that PPh2-N-decylPIIL appears to have a smooth surface with only small 

areas of granular structure, which exhibit some porous features.  
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Figure 4.3: High-resolution scanning electron microscopy (SEM) images of PPh2-N-decylPIIL 4.2. 

4.2.2.2  ThermoGravimetric Analysis (TGA) 

The thermal stability of PPh2-N-decylPIIL 4.2 was evaluated by thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC). Figure 4.4 shows a slight initial weight loss (~5%) at 

approximately 100 °C, assigned to water or residual reaction solvent evaporation. The more 

significant weight loss observed at ~270 °C is likely to be due to degradation of the imidazolium 

pendants, which has been proven to happen in related polymers through dealkylation and carbene 

production.289 This is followed by degradation likely to involve the PPh2 moiety at 370 – 400 °C, 

and finally significant decomposition at around 550 °C,290 which is associated with the polystyrene 

backbone. The analysis indicates that PIIL degradation occurred above 250 °C, indicating that the 

polymer is thermally stable above the temperature required for liquid-phase catalysis. 
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Figure 4.4: TGA curve for PPh2-N-decylPIIL 4.2; wt% v temperature (green) and (b) derivative wt% v temperature 

(blue). Heating rate of 10 °C min-1 in air. 

4.2.3 Synthesis and Characterisation of PIIL Supported Palladium Nanoparticles 

(PdNP@PIIL) 

Palladium loading experiments to the PIIL supports were performed by using an ion-exchange 

reaction protocol previously described in the literature (Scheme 4.5).82,119,291 The optimised ratio 

for the ionic liquid-like cations to the neutral phosphine of 2:1 in the PIIL supports was designed 

to facilitate achievement of a Pd to phosphine ratio in the final catalyst of 1:1 simply by complete 

ion exchange as long as the metal precursor has a charge of -2. This ratio is key for the activity of 

the catalyst because it ensures effective stabilisation of the surface of the Pd nanoparticles and 

prevents the PdNPs from agglomerate formation and ultimately decreased catalytic activity. Thus, 

the ion exchange reaction was accomplished by treating the desired PIIL with sodium 

tetrachloropalladate Na2[PdCl4] in water. As a result, the tetrachloropalladate anion substitutes both 

halides from PIIL. The imidazolium cations and the negatively charged Pd salt is expected to have 

a strong electrostatic attraction that will allow effective immobilisation of the Pd within the 

polymer. After stirring overnight at room temperature, the PdCl4@PPh2-PEGPIIL 4.3 and 
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PdCl4@PPh2-N-decylPIIL 4.4 were isolated by filtration as orange powders in >90% yield in each 

case.  

The preparation of PdNP@PIIL catalysts was achieved by reducing the PdII species in the presence 

of excess NaBH4 in ethanol. In each case, the solution immediately turned from orange to black 

colour, indicating that PdII had been reduced to Pd0. The mixture was stirred overnight to ensure 

that the reaction was complete. The solvent volume was reduced, the residue was filtered, washed 

with water, ethanol, diethyl ether, and dried under high vacuum to afford PdNP@PPh2-PEGPIIL 

4.5 and PdNP@PPh2-N-decylPIIL 4.6 as black powders in >70% yield.  

 

 

Scheme 4.5: Synthetic route used to impregnate the PIIL materials with Na2[PdCl4] followed by NaBH4 reduction to 

give the corresponding PIIL-stabilised PdNPs. 
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4.2.3.1  Solid-State Nuclear Magnetic Resonance (SSNMR) 

The existence of Pd-P interactions in PdCl4@PPh2-PEGPIIL 4.3 and PdCl4@PPh2-N-decylPIIL 

4.4 was examined by using solid-state 31P NMR experiments (Figure 4.5). Pd-P interactions were 

suggested by a significant shift of the signals resonating at δ -6 to 28 ppm for PdCl4@PPh2-

PEGPIIL 4.3 (Figure 4.5a) and δ -6 to 27 ppm for PdCl4@PPh2-N-decylPIIL 4.4 (Figure 4.5b). A 

single peak (plus spinning side-bands) in the solid-state 31P NMR spectrum of both 4.3 and 4.4 

further confirmed the complete consumption of the starting material. The solid-state 31P NMR 

spectrum of PdNP@PPh2-PEGPIIL 4.5 (Figure 4.5c) indicated two distinct signals, a signal 

resonating at δ 29 ppm was assigned for Pd(0) species while the minor signal resonating at δ 24 

ppm was assigned for the Pd(II) species. In contrast, the solid-state 31P NMR spectrum of 

PdNP@PPh2-N-decylPIIL 4.6 (Figure 4.5d) presented three signals resonating at δ 28, 10 and δ 0 

ppm. The signal resonating at δ 28 ppm was assigned to PdNP@PPh2-N-decylPIIL 4.6, the small 

downfield shift to δ 10 ppm from the free phosphine may be due in part, to the coordination of the 

phosphine to more electron rich Pd0 clusters and the δ 0 ppm signal might be due to different 

binding modes of phosphine functionalised supports with the non-homogenous PdNPs 

surface.119,288,292 A survey of the relevant literature reveals that these values are consistent with the 

data previously reported. For instance, PdCl4@PPh2-PEGPIIL (δ 26.8 ppm), PdCl4@PPh2-

PEGPIIL (δ 27.9 ppm), PdNP@PPh2-PIIL (δ 29.5 ppm) and PdNP@PPh2-PEGPIIL (δ 28.8 ppm), 

these values were reported previously by the Knight/Doherty group.82,119,120 Also, from other 

research groups: PdNP stabilised by Phosphine-Functionalised imidazolium Ionic Liquids 

PdNP@PFILS (δ 29.5 ppm),293 Pd nanoparticles stabilised with phosphine functionalised Porous 

Organic Polymer PdNP@POP-Ph3P (δ 28.5 ppm),55 phosphine-stabilised monodisperse palladium 

nanoparticles ((dba)Pd(0)TPP2) (δ 29.4 ppm )294 and phosphine modified binaphthyl palladium 

nanoparticles BINAP/Bin-PdNP (δ 28.6 ppm).295 
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Figure 4.5: Solid state 31P NMR spectrum of (a) PdCl4@PPh2-PEGPIIL 4.3, (b) PdCl4@PPh2-N-decylPIIL 4.4, (c) 

PdNP@ PPh2-PEGPIIL 4.5 and (d) PdNP@PPh2-N-decylPIIL 4.6.  

4.2.3.2  ICP Optical Emission Spectrometry (ICP-OES) 

The palladium content of catalysts PdCl4@PPh2-PEGPIIL 4.3, PdCl4@PPh2-N-decylPIIL 4.4, 

PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 was determined using ICP-OES 

analysis, and the values are listed in Table 4.1. Interestingly, the palladium content in the PPh2-N-

decylPIIL tetrachloropalladate and the corresponding PdNP was higher than PPh2-PEGPIIL, which 

may be due to a greater amount of absorbed solvent associated with the PEG functionality.  

  

(a) (b) 

(d) 
(c) 
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Table 4.1: Palladium content of PIIL catalyst as determined by ICP-OES. 

Entry Catalyst mmol Pd/ g Pd wt% 

1 PdCl4@PPh2-PEGPIIL 4.3 0.63 6.80 

2 PdCl4@PPh2-N-decylPIIL 4.4 0.72 7.68 

3 PdNP@PPh2-PEGPIIL 4.5 0.51 5.45 

4 PdNP@PPh2-N-decylPIIL 4.6 1.06 11.3 

4.2.3.3  Scanning Electron Microscopy (SEM)  

SEM microscopy was used further to investigate the morphology of PdCl4@PPh2-PEGPIIL 4.3, 

PdCl4@PPh2-N-decylPIIL 4.4, PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 

(Figure 4.6)  compared to the parent polymers. With the exception of PdCl4@PPh2-N-decylPIIL 

4.4, the samples have a much more granular texture, possibly due to the additional processing steps 

needed for the impregnation and reduction of PdCl4 with the polymer materials. 

 

(a) (b) 
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Figure 4.6: SEM images of (a) PdCl4@PPh2-PEGPIIL 4.3, (b) PdCl4@PPh2-N-decylPIIL 4.4, (c) PdNP@PPh2-

PEGPIIL 4.5 and (d) PdNP@PPh2-N-decylPIIL 4.6. 

4.2.3.4  Transmission Electron Microscopy (TEM) 

TEM analysis was used to determine the size distribution of Pd nanoparticles for PdNP@PPh2-

PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6. All the samples analysed consisted of small near 

monodisperse nanoparticles with an average diameter of 1.4 ± 0.3 nm and 1.3 ± 0. 3 nm 

respectively. The representative micrographs and histograms of particle distribution based on >100 

particles are shown in Figure 4.7. 

 

 

dNP = 1.4 ± 0.3 nm 

 

(c) (d) 

a 
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Figure 4.7: HRTEM micrographs of (a) PdNP@PPh2-PEGPIIL 4.5 and (b) PdNP@PPh2-N-decylPIIL 4.6 and 

corresponding size distributions determined by counting >100 particles. The white scale bar is 20 nm.  

In comparison, the Lei et al. group has successfully generated highly active palladium NPs ex-situ 

stabilised with phosphine functionalised porous ionic polymer with an average diameter of 2.7 nm, 

which effectively catalysed the hydrogenation of nitroarenes in water.55
 The Luska et al. group has 

also succeeded in generating palladium nanoparticles stabilised by 6 different phosphine 

functionalised ionic liquids synthesised in imidazolium-based ionic liquids using H2 to generate 

the PdNPs with an average diameter of 3 nm.293  

4.2.4 Optimisation of Quinoline Hydrogenation 

Hydrogenation of one, or both, rings in Quinoline may give three possible products (1,2,3,4-

tetrahydroquinoline, 5,6,7,8-tetrahydroquinoline and decahydroquinoline), as shown in Figure 4.8.  

 

Figure 4.8: The main hydrogenation products of quinoline afford (5,6,7,8-THQ), (1,2,3,4-THQ), and (DHQ). 

dNP = 1.3 ± 0.3 nm 

 

b 
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Quinoline is composed of a pyridine ring fused with a benzene ring and forms a conjugated π 

system of 10 atoms and 10 π electrons which is therefore overall aromatic since it obeys Hückel’s 

rule of aromaticity. Because nitrogen is more electronegative than carbon, an inductive effect is 

induced within the pyridine ring and creates a stronger dipole than in the benzene-like ring, as 

shown in the electron density of quinoline (Figure 4.9).   

 

Figure 4.9: Net atomic charges of the nuclear sites in quinoline (left), along with the surface of the electrostatic 

potential, plotted from -0.1 V in red to +0.1 V in blue. (The image is adapted from reference 300). 

The impact of the inductive effect in the pyridine ring towards its thermodynamic susceptibility for 

hydrogenation in comparison to benzene can be gauged by the delocalisation energy. The 

delocalization energy for benzene is 150 kJ mol-1, while for pyridine is 117 kJ mol-1.296 This 

difference in energy suggests that hydrogenation of the pyridine ring in quinoline is likely to be 

easier than that of the benzene ring. Therefore, PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-

decylPIIL 4.6 were expected to exhibit better chemoselectivity for the hydrogenation of quinoline 

toward 1,2,3,4-tetrahydroquinoline. In this research, quinoline is used as the benchmark substrate 

to examine the efficacy and selectivity of the catalyst for the quinoline hydrogenation using mild 

conditions and a green solvent with a hydrogen source.  

 

Scheme 4.6: General procedure for the hydrogenation reaction toward 1,2,3,4-tetrahydroquinoline.  

The conversion and selectivity of quinoline hydrogenation by using the PIIL supported PdNPs and 

PdCl4 were measured by adding 1 mmol of 1,3-dinitrobenzene to the reaction mixture after the 
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work-up, which serves as an internal standard for 1H NMR analysis. Assignment of the components 

present in the product mixture of the hydrogenation was confirmed by comparison with a mixture 

of commercially available materials (Figure 4.10). 

 

Figure 4.10: 1H NMR spectrum (300 MHz, CDCl3) of a mixture of quinoline, 1,2,3,4-THQ and the internal standard 

1,3-dinitrobenzene; characteristic signals are listed with their splitting and chemical shifts.  

4.2.4.1  Hydrogen source screening.  

The catalytic transfer hydrogenation using hydrogen donors such as sodium borohydride,297 formic 

acid,298 dimethylamine borane complex,259 hydrazine hydrate258 and the azeotropic mixture of 

formic acid/triethylamine (5:2)257 is a straightforward and versatile method that has been proposed 

as an alternative for conventional hydrogenation using H2. PdNP@PPh2-PEGPIIL 4.5 was chosen 

as the catalyst to be optimised since the Knight/Doherty group had previously discovered good 

results in PPh2-PEGPIIL supported nanoparticles.82,83,119,120  

1,2,3,4-THQ 

 2H, m,  

δ 1.86 ppm 

 

Quinoline 

1H, dd, 

δ 7.33 ppm 

 

1,3-DNB 

1H, s, 

δ 9.00 ppm 
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Table 4.2: Screening of hydrogen source for the transfer hydrogenation of quinoline 

 

Entrya Hydrogen source Conversiona,b (%) 

Selectivity % 

1,2,3,4-THQ 

1 (5:2) HCOOH/Et3N 15 100 

2 HCOOH 9 100 

3 NH2-NH2 hydrate 4 100 

4 NaBH4 85 100 

5 (CH3)2NH·BH3 90 100 

aReaction conditions: 0.5 mol% catalyst (based on ICP), 3 mL H2O and 2.5 mmol of a hydrogen source were stirred 

for 5 minutes before adding 1 mmol quinoline, then heated at 40 °C for 4 hours. bConversion of quinoline and 

selectivity for 1,2,3,4-THQ were determined using 1H NMR spectroscopy with 1,3-dinitrobenzene as the internal 

standard. Average of at least 3 runs.  

The azeotropic mixture of formic acid/triethylamine (5:2) gave only 15% conversion with 100% 

selectivity toward 1,2,3,4-THQ (Table 4.2, entry 1). Formic acid and hydrazine hydrate gave very 

low conversion 9% and 4%, respectively (Table 4.2, entries 2 and 3). Interestingly, sodium 

borohydride and dimethylamine borane complex appeared to be the best hydrogen sources for 

quinoline hydrogenation and gave 85% and 90% conversion respectively and 100% selectivity 

toward 1,2,3,4-THQ (Table 4.2, entries 4 and 5). Initially, sodium borohydride was used as a 

hydrogen source for further reaction optimisations before examining the use of dimethylamine 

borane complex.  
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4.2.4.2  Solvent optimisation 

The solvent significantly influences the reaction rate and selectivity in catalytic hydrogenation 

reactions.299 Furthermore, the solvent is pivotal in heterogeneous catalysis because it mediates and 

dictates the interaction between the catalyst surface and the reactants. A range of different reaction 

solvents were screened to achieve optimal performance of PdNP@PPh2-PEGPIIL 4.5 ideally to 

find conditions which exhibit green credentials.  

Table 4.3: Optimisation of reaction solvent for the transfer hydrogenation of quinoline 

 

Entrya Solvent Conversiona,b (%) 
Selectivity % 

1.2,3,4 -THQ 

1 H2O 85 100 

2 EtOH 71 100 

3 
EtOH/H2O 

(1:1) 

34 100 

4 MeOH 0 0 

5 THF 0 0 

aReaction conditions: 0.5 mol% catalyst (based on ICP), 3 mL solvent and 2.5 mmol NaBH4 were stirred for 5 minutes 

before adding 1 mmol quinoline, then heated at 40 °C for 4 hours. bConversion of quinoline and selectivity for 1,2,3,4-

THQ were determined using 1H NMR spectroscopy with 1,3-dinitrobenzene as the internal standard. Average of at 

least 3 runs.  
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As shown in Table 4.3, the best result was obtained with H2O as 85% conversion with 100% 

selectivity for 1,2,3,4 THQ (Table 4.3, entry 1). In addition, EtOH gave a good result with 71% 

conversion and 100% selectivity for 1,2,3,4 THQ (Table 4.3, entry 2). In contrast, the catalyst 

performed poorly in a 1:1 mixture of ethanol: water with 34% conversion. Although the conversion 

varied widely depending on the solvent used, the selectivity remained 100% for 1,2,3,4-THQ 

(Table 4.3, entries 1-3). Besides the variation in the nature of the solvents, the low solubility of 

NaBH4 in aprotic polar solvents (such as THF) and the decomposition of NaBH4 in methanol may 

explain the lack of reaction in these cases (Table 4.3, entries 4 and 5).300 For the remaining studies, 

water was chosen as a solvent as it gave the highest conversion, is potentially a green solvent which 

is eco-friendly, accessible, and frequently reported to be a promoter in increasing the hydrogenation 

rate.287,301,302  

4.2.4.3  Catalyst loading 

To determine the optimum catalyst loading, several reactions were carried out in the presence of 

PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 with a range of catalyst loading 

(0.05, 0.10 and 0.5 mol%). In addition, NaBH4 2.5 mmol was used as a hydrogen source and 3 mL 

H2O at 40 °C for 1 hour (Table 4.4).  
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Table 4.4: Catalyst loading optimisation for the transfer hydrogenation of quinoline 

Entrya Catalyst 
Catalyst      

loading % 

Conversiona,b 

(%) 

Selectivity % 

1.2,3,4 THQ 

1 PdNP@PPh2-PEGPIIL 4.5 0.05 15 100 

2 PdNP@PPh2-N-decylPIIL 4.6 0.05 11 100 

3 PdNP@PPh2-PEGPIIL 4.5 0.1 15 100 

4 PdNP@PPh2-N-decylPIIL 4.6 0.1 10 100 

5 PdNP@PPh2-PEGPIIL 4.5 0.5 34 100 

6 PdNP@PPh2-N-decylPIIL 4.6 0.5 22 100 

aReaction conditions: mol% catalyst (based on ICP), 3 mL H2O and 2.5 mmol NaBH4 were stirred for 5 minutes before 

adding 1 mmol quinoline, then heated at 40 °C for 1 hour. bConversion of quinoline and selectivity for 1,2,3,4-THQ 

were determined using 1H NMR spectroscopy with 1,3-dinitrobenzene as the internal standard. Average of at least 3 

runs.  

The selectivity for 1,2,3,4-THQ was excellent at all levels of catalyst loading, and the best 

conversions (34% and 22%) were achieved with 0.5 mol% of PdNP@PPh2-PEGPIIL 4.5 and 

PdNP@PPh2-N-decylPIIL 4.6 (Table 4.4, entries 5 and 6) while there was no significant difference 

in conversion between 0.05% and 0.1 mol% loading (Table 4.4, entries 1,2,3 and 4). As a result of 

Table 4.4, 0.5 mol% loading was selected for further optimisation due to the higher conversion 

within one hour compared to other catalyst loadings.  
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4.2.4.4  In-Situ Nanoparticles Formation 

The Knight-Doherty research group previously demonstrated that it is possible to generate 

PdNP@PPh2-PEGPIIL 4.5 in situ from its precursor PdCl4@PPh2-PEGPIIL 4.3 immediately prior 

to the addition of the substrate for reaction, resulting in monodisperse nanoparticles with high 

activity.119 Under the conditions determined previously, we aimed to study the selectivity and 

activity of the catalysts and their precursors (Table 4.5).  

Table 4.5: Comparison between pre-formed and in situ generated PdNP catalysts for quinoline reduction. 

aReaction conditions: 3 mL H2O and 2.5 mmol NaBH4 were stirred for 5 minutes before adding 1 mmol quinoline then 

heated at 40 °C for 4 hours. 

Entry Catalyst Conversionb (%) 

Selectivity % 

1.2,3,4 THQ 

1a No catalyst 8 100 

2c PdCl4@PPh2-PEGPIIL 4.3 36 100 

3c PdCl4@PPh2-N-decylPIIL 4.4 34 100 

4d PdCl4@PPh2-PEGPIIL 4.3 66 100 

5d PdCl4@PPh2-N-decylPIIL 4.4 51 100 

6c PdNP@PPh2-PEGPIIL 4.5 85 100 

7c PdNP@PPh2-N-decylPIIL 4.6 74 100 
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bConversion of quinoline and selectivity for 1,2,3,4-THQ were determined using 1H NMR spectroscopy with 1,3-

dinitrobenzene as the internal standard. Average of at least 3 runs. 

cReaction conditions: 0.5 mol% precursor or catalyst (based on ICP), 3 mL H2O and 2.5 mmol NaBH4 were stirred for 

5 minutes before adding 1 mmol quinoline, then heated at 40 °C for 4 hours. 

dReaction conditions: 0.5 mol% precursor (based on ICP) and 3 mL H2O were stirred overnight, then 2.5 mmol NaBH4 

was added stirred for 5 minutes before adding 1 mmol quinoline then heated at 40 °C for 4 hours. 

Initially, a background test was done in the absence of the catalyst. As we expected, the conversion 

was very low 8% (Table 4.5, entry 1) and advocates the need for an active catalyst for this 

hydrogenation reaction to achieve a substantial conversion of quinoline. In situ palladium reduction 

by direct use of the Pd(II) precursors PdCl4@PPh2-PEGPIIL 4.3 and PdCl4@PPh2-N-decylPIIL 

4.4, which were stirred in the presence of the NaBH4 for five minutes prior to substrate addition, 

showed similar conversions but unfortunately gave low activity after 4 hours reaction at 40 °C 

(Table 4.5, entries 2 and 3). In order to ensure maximal solvent-polymer saturation, we decided to 

stir the precursors overnight in water prior to adding NaBH4, then stirring for 5 minutes before 

adding the quinoline. The longer stirring of the precursors with water shows a dramatic increase in 

the catalytic activity and achieved 66% and 51% conversion, respectively whilst retaining the 100% 

selectivity for 1,2,3,4-THQ after 4 hours (Table 4.5, entries 4 and 5). Finally, the PdNP@PPh2-

PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 results clearly showed that performance is highly 

efficient with ex-situ formed (pre-prepared) nanoparticles and achieved conversions of 85% and 

74%, respectively, and 100% selectivity for 1,2,3,4-THQ in 4 hours (Table 4.5, entries 6 and 7). 

Therefore, the further study of the conversion time profile and a comparative catalyst test was 

undertaken using the ex-situ generated PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-PIIL 4.6 to 

gain further insight into the quinoline hydrogenation.  

4.2.4.5  Conversion-time profile and comparative catalyst test for Quinoline 

hydrogenation 

Having identified the optimum conditions, comparative catalyst testing was performed to 

determine the effect of the PEG chain, which has been shown to be critical for activity and 

selectivity of the catalyst in previously published papers82,83,119 and Chapter 3 compared to the 

decyl alkyl chain we synthesised in this chapter. Hence, a series of reactions were performed 

between zero hour and 5 hours under the optimum conditions. The conversion and selectivity for 
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each experiment were determined by 1H NMR spectroscopy using 1,3-dinitrobenzene as internal 

standard. The results obtained are summarised in Figure 4.11.  

 

Figure 4.11: Time profile for quinoline hydrogenation to 1,2,3,4-THQ catalysed by PdNP@PPh2-PEGPIIL 4.5 and 

PdNP@PPh2-N-decylPIIL 4.6. Reaction conditions: 0.5 mol% catalyst (based on ICP), 3 mL H2O and 2.5 mmol 

NaBH4 were stirred for 5 minutes before adding 1 mmol quinoline, then heated at 40 °C at different intervals of time. 

Conversion of quinoline and selectivity for 1,2,3,4-THQ were determined using 1H NMR spectroscopy with 1,3-

dinitrobenzene as the internal standard. Average of at least 3 runs. 

The time conversion profile for quinoline hydrogenation catalysed by PdNP@PPh2-PEGPIIL 4.5 

and PdNP@PPh2-N-decylPIIL 4.6 revealed 1,2,3,4-THQ was obtained in 95% and 86% conversion 

respectively and 100% selectivity for both catalysts after 5 hours (Figure 4.11). Notably, high 

conversions were obtained with both catalysts, the PEGylated system slightly outperforming the 

alkyl chain system. The higher activity of PdNP@PPh2-PEGPIIL 4.5 might be due to the presence 

of a hydrophilic influence. However, the excellent catalytic efficiency in water is mainly attributed 

to incorporating the highly hydrophilic polyethylene glycol into the PEG monomer within the 

catalyst’s backbone. In this case, quinoline might efficiently coordinate to the catalysts active site 

in water, providing better molecular interactions via hydrogen bonding and organic interactions 

between the catalyst and the quinoline. In addition, a more homogenous dispersion of the catalyst 

in water might be achieved by PEGylation, which in turn will provide a quasi-homogeneous 

character with enhanced catalytic activity.  
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A literature survey showed that catalysts PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decyPIIL 

4.6 outperformed many reported catalytic systems for quinoline hydrogenation in water and NaBH4 

as a hydrogen source. For instance, 5 mol% of a polymer supported Pd catalyst (Pd-pol) gave 30% 

in conversion and >99% selectivity for 1,2,3,4-THQ after 9 hours at 60 ◦C in 5 mL water and 10 

mmol of NaBH4.
303 Also, nanoRu0@hectorite gave 56% conversion and 100% selectivity for 

1,2,3,4-THQ after 20 hours at 40 ◦C in water using 8 equivalents of NaBH4 and when the number 

of equivalents of NaBH4 was increased to 10, and the temperature raised to 60 ◦C the system gave 

95% conversion and 100% selectivity for 1,2,3,4-THQ after 4 hours.300 

4.2.4.6  Comparisons to a commercially available catalyst Pd/C 

The activity of PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 against a 

commercially available sample of Pd/C (10 wt%) at the same Pd loading was explored under the 

optimum conditions. The conversions achieved with the Pd/C catalyst are listed in Figure 4.12, 

along with the results obtained using PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 

4.6. 

  



Chapter 4 

128 

 
 

 

Figure 4.12: A comparison of the PdNP@PIIL systems to Pd/C. 

Reaction conditions: 0.5 mol% catalyst (based on ICP), 3 mL H2O and 2.5 mmol NaBH4 were stirred for 5 minutes 

before adding 1 mmol quinoline, then heated at 40 °C for 4 hours. Conversion and selectivity were determined using 

1H NMR spectroscopy with 1,3-dinitrobenzene as the internal standard. Average of at least 3 runs. 

Commercially available Pd/C gave 39% conversion with 100% selectivity for 1,2,3,4-THQ. 

Gratifyingly, The PdNP@PIIL systems outperform the commercially Pd/C (10 wt%) by a wide 

margin, as shown in Figure 4.12.  

Having investigated the use of sodium borohydride, we then repeated the study using an alternative 

reducing agent, the dimethylamine borane complex. 
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4.2.4.7  Dimethylamine Borane complex as a hydrogen source 

4.2.4.7.1  Solvent optimisation  

The effect of the reaction solvent on quinoline hydrogenation with dimethylamine borane complex 

as a hydrogen source was examined. Reactions in a range of polar solvents were performed under 

the optimum conditions to identify the ideal solvent and assess the performance of PdNP@PPh2-

PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 catalysts. The results in Table 4.8 show that 

varying the solvent considerably influences performance for both catalysts.  
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Table 4.6: Optimisation of reaction solvent for quinoline hydrogenation.  

 

Entry Catalyst Solvent 
Conversionab 

(%) 

Selectivity % 

1.2,3,4 THQ 

1a PdNP@PPh2-PEGPIIL 4.5 MeOH 55 100 

2a PdNP@PPh2-N-decylPIIL 4.6 MeOH 56 100 

3a PdNP@PPh2-PEGPIIL 4.5 EtOH 59 100 

4a PdNP@PPh2-N-decylPIIL 4.6 EtOH 62 100 

5a PdNP@PPh2-PEGPIIL 4.5 
EtOH/H2O 

(1:1) 

82 100 

6a PdNP@PPh2-N-decylPIIL 4.6 
EtOH/H2O 

(1:1) 

80 100 

7a PdNP@PPh2-PEGPIIL 4.5 H2O 90 100 

8a PdNP@PPh2-N-decylPIIL 4.6 H2O 100 100 

9c No catalyst H2O 0 0 
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aReaction conditions: 0.5 mol% catalyst (based on ICP), 3 mL solvent and 2.5 mmol (CH3)2NH·BH3 were stirred for 

5 minutes before adding 1 mmol quinoline, then heated at 40 °C for 4 hours. 

bConversion of quinoline and selectivity for 1,2,3,4-THQ were determined using 1H NMR spectroscopy with 1,3-

dinitrobenzene as the internal standard. Average of at least 3 runs.  

cReaction conditions: 3 mL H2O and 2.5 mmol (CH3)2NH·BH3 were stirred for 5 minutes before adding 1 mmol 

quinoline then heated at 40 °C for 4 hours. 

The conversions obtained in methanol with PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-

decylPIIL 4.6 were 55% and 56%, respectively, with 100% selectivity for 1,2,3,4-THQ (Table 4.6, 

entries 1 and 2). In the presence of ethanol, the conversion improved slightly to 59% and 62% with 

100% selectivity for 1,2,3,4-THQ (Table 4.6, entries 3 and 4). Furthermore, the combination of 

EtOH and water resulted in a dramatic increase to 82% and 80% conversion with 100% selectivity 

for 1,2,3,4-THQ (Table 4.6, entries 5 and 6). Interestingly, the conversion was increased to 90% 

and 100%, respectively, and 100% selectivity for 1,2,3,4 -THQ with only water (Table 4.6, entries 

7 and 8). As we expected, the conversion was zero when the reaction was done in the absence of 

catalyst under identical conditions (Table 4.6, entry 9). Hence water was deemed to be the optimum 

solvent for the remaining study.  

4.2.4.7.2  Time profile and comparative test  

Next, the hydrogenation of quinoline by using PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-

decylPIIL 4.6 in the presence of dimethylamine borane complex ((CH3)2NH·BH3) as the reductant 

was studied under the optimum conditions to evaluate their activity compared to sodium 

borohydride (Figure 4.13).   
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Figure 4.13: Time profile for quinoline hydrogenation to 1,2,3,4-THQ catalysed by PdNP@PPh2-PEGPIIL 4.5 and 

PdNP@PPh2-N-decylPIIL 4.6. Reaction conditions: 0.5 mol% catalyst (based on ICP), 3 mL H2O and 2.5 mmol 

(CH3)2NH·BH3 were stirred for 5 minutes before adding 1 mmol quinoline, then heated at 40 °C for different intervals 

of time. Conversion of quinoline and selectivity for 1,2,3,4-THQ were determined using 1H NMR spectroscopy with 

1,3-dinitrobenzene as the internal standard. Average of at least 3 runs.  

Surprisingly, PdNP@PPh2-N-decylPIIL 4.6 gave 100% conversion and 100% selectivity for 

1,2,3,4-THQ within 2 hours (Figure 4.13). In contrast, PdNP@PPh2-PEGPIIL 4.5 gave 90% 

conversion and 100% selectivity for 1,2,3,4-THQ after 4 hours. In principle, the more hydrophobic 

nature of the decyl-functionalised support material might lead to preferential interaction with the 

substrate and/or reductant and thus result in a higher effective concentration. But notably, 

PdNP@PPh2-PEGPIIL 4.5 reached 82% within the first 30 minutes and therefore the initial 

reaction rate appears to be higher than PdNP@PPh2-N-decylPIIL 4.6 which produced 76% 

conversion in the same time. Following the rapid initial conversion to 82%, subsequent reaction is 

then much slower, and reaches 90% after 4 hours. (Figure 4.13). If saturation of the PdNP surface 

with the activated hydrogen occurs very rapidly, the reaction rate would be expected to directly 

depend on the available surface area of the PdNPs catalyst.304 
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The conversion/time profile reveals a significant improvement in reactivity of the catalysts 

compared to sodium borohydride. 

4.2.4.7.3  Comparisons to a commercially available catalyst Pd/C 

A comparative study between PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 

against a commercially available sample of Pd/C (10 wt%) was carried out using dimethylamine 

borane complex under the optimum conditions for 4 hours (Figure 4.14).  

 
 

 

Figure 4.14: A comparison of PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 to Pd/C. 

Reaction conditions: 0.5 mol% catalyst (based on ICP), 3 mL solvent and 2.5 mmol (CH3)2NH·BH3 were stirred for 5 

minutes before adding 1 mmol quinoline, then heated at 40 °C for 4 hours. Conversion of quinoline and selectivity for 

1,2.3,4-THQ were determined using 1H NMR spectroscopy with 1,3-dinitrobenzene as the internal standard. Average 

of at least 3 runs.  
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Satisfyingly, the PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 gave conversions 

of 90% and 100%, respectively, while the selectivity for both is 100% for 1,2,3,4-THQ. The 

PdNP@PIIL catalysts outperform the commercially available Pd/C (10 wt%) which produced 53% 

conversion and 100% selectivity for 1,2,3,4-THQ. 

4.3 Conclusion  

Palladium nanoparticle catalysts supported on two different phosphine-decorated polymers 

immobilised ionic liquids are highly efficient catalysts for quinoline hydrogenation in the presence 

of NaBH4 and (CH3)2NH·BH3 under mild conditions. PPh2-N-decylPIIL 4.6 has been synthesised 

via free radical polymerisation and the solid-state 31P NMR spectrum demonstrates one 

phosphorous containing species at δ -6.12 ppm. TGA analysis of PPh2-N-decylPIIL 4.6 showed 

that the polymer is thermally stable above 250 °C which is required for liquid phase catalysis. SEM 

analysis of PPh2-N-decylPIIL 4.6 has a smooth surface compared to PPh2-PEGPIIL 3.8.  

The PIIL supports were impregnated  with PdCl4
2- and reduced by NaBH4 to give the corresponding 

PdNP@PIIL catalyst. The solid state 31P NMR spectra were used to confirm the presence of Pd-P 

interactions, and most of the phosphine was coordinated to Pd. TEM analysis of PdNP@PPh2-

PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 revealed small near monodisperse nanoparticles 

with an average diameter of 1.4 ± 0.3 nm and 1.3 ± 0. 3 nm, respectively.  

For quinoline reduction using either NaBH4 or (CH3)2NH·BH3 as hydrogen source, solvent 

optimisation studies demonstrated that the catalysts were most efficient in water delivering the 

highest conversion. Pre-formed generated PdNP catalyst showed higher catalytic activity than in 

situ generated PdNP for quinoline hydrogenation.  

Quinoline hydrogenation performed in water under mild conditions and NaBH4 as hydrogen source 

afford 100% selectivity toward 1,2,3,4-THQ and conversion (95% and 86%) were achieved with 

0.5 mol% of PdNP@PPh2-PEGPIIL 4.5 and PdNP@PPh2-N-decylPIIL 4.6 after 5 hours at 40 °C. 

Interestingly, the use of (CH3)2NH·BH3 as hydrogen source under identical conditions, resulted in 

a dramatic increase in the catalytic activity and achieved 90% conversion with PdNP@PPh2-

PEGPIIL 4.5 after 4 hours and 100% with PdNP@PPh2-N-decylPIIL 4.6 after 2 hours while 

maintaining the 100% selectivity for 1,2,3,4-THQ. Comparative catalyst testing against 
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commercially available Pd/C (10 wt%), demonstrated that the catalysts outperformed Pd/C in the 

activity using both NaBH4 and (CH3)2NH·BH3.  

Having established that these phosphine-functionalised PIIL are effective supports for palladium 

nanoparticle catalysed transfer hydrogenation of quinoline using both NaBH4 and (CH3)2NH·BH3 

as hydrogen source, further studies will include: 

• Increasing the equivalence of NaBH4 and (CH3)2NH·BH3, to achieve 100% conversion in 

a short time.  

• Investigation of the dependence of reaction rate on temperature in order to measure the 

activation energy (Ea) by Arrhenius plots. 

• Exploration of the nature of the rate determining step by measuring kinetic isotopic effects 

using NaBD4 and/or D2O. 

• Catalyst recycling studies including the importance of catalyst poisoning by adding 1,2,3,4-

THQ to the reaction mixture. 

• Substrate screening to functionalised quinolines with varying steric and electronic 

properties and additional potentially reducible groups (such as carbonyl, nitrile, halogen, 

nitro, alkene/alkyne) and other quinoline-like heterocycles (isoquinoline, quinoxaline, 

quinoline N-oxide, quinolinium salts) 
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Chapter 5. Platinum Nanoparticles Stabilised by PIIL for Evolution of 

Hydrogen from Hydrolysis of Sodium Borohydride 

 

5.1 Introduction 

The primary source of energy available currently is fossil fuels which are both limited and 

decreasing at an alarming rate.305 In addition, the use of fossil fuels produces harmful byproducts 

for example, CO2, CO, NOx, SO2,3, and H2S the atmospheric concentration of all of which has 

increased in the last two decades.306,307 As a result, fossil fuel use has a harmful effect on increasing 

the Earth’s temperature, biodiversity, oceanic acidification of the environment and, of course, 

human health.308–310  

Hydrogen has excellent potential as a clean and renewable energy carrier to ease the change from 

fossil fuels to renewable and environmentally friendly energy sources due to its high chemical 

energy per unit mass of hydrogen (142 MJ kg−1) and the availability from different sources (e.g. 

H2O, solar energy and biomass).311–313 The use of solar energy to produce hydrogen as clean and 

renewable energy is currently among the hot topics among the scientific community. Not only 

because it is clean and renewable energy, but also has the beneficial aspect of producing CO2-free 

energy and the only by-product formed during this process is water, which is beneficial and eco-

friendly.314–318 The issues associated with hydrogen are that it is dangerously flammable and 

possesses a low energy density per unit volume, therefore, efficient storage systems are required to 

handle and transport hydrogen safely. As a consequence, the use of hydrogen energy as an 

alternative to fossil fuel energy is quite challenging, especially in the automotive applications.319–

321 In order to apply this technology for commercial purposes, it is imperative to solve these 

potential issues. In this context, the identification or development of novel low molecular weight 

solid-state or hydrogen storage infrastructure materials has remained crucial since these materials 

have the capability of releasing hydrogen under normal conditions.322–326  

Sodium borohydride (NaBH4) is one of the most studied hydrogen storage materials because it has 

a high hydrogen capacity (up to 10.8 wt.%). In addition, it is very stable, non-hazardous, produces 

high purity hydrogen, cost-effective, lightweight, easily handled, water-soluble, and NaBH4 

solutions are non flammable.312,313,322,327–329 The need for high temperatures to release hydrogen 
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from NaBH4, limits its scope to some extent. However, NaBH4 hydrolysis has been achieved with 

various catalysts under mild conditions (Equation 5.1).  

 

Equation 5.1: The reaction of NaBH4 and H2O to generate hydrogen. 

Although the aqueous hydrolysis of NaBH4 solution can be achieved by using homogeneous 

catalytic systems,313,330–333 the use of heterogeneous catalysis has received increasing attention for 

several reasons. For instance, the morphology, uniform size, large surface area and catalyst-support 

interactions of supported metal nanoparticles can be fined tuned and controlled according to 

requirements.306,334–336 The high catalytic efficiencies of these systems  are due to the nanoparticles' 

small size which result in a high surface energy area/volume ratio and the quantum confinement 

effects. Nevertheless, the high surface energy and Van der Waals attraction between particles mean 

that NPs tend to aggregate to reduce the surface energy.337–341 As described earlier in this thesis, to 

address this issue for catalytic hydrogen generation, the nanoparticles can be stabilised by using 

nanoporous materials such as carbon structures,342–347 zeolites,48,348–351 mesoporous 

organosilica,329,352,353 organic polymers,354,355 and metal-organic frameworks (MOFs).344,356–358 In 

this regard, Astruc et.al reported that "click" dendrimers can be used as supports for noble metals-

based nanoparticles and bimetallic nanoparticles-based catalytic systems for the production of 

hydrogen from NaBH4 and NH3BH3. For instance, a dramatic synergy between platinum and cobalt 

stabilised by "click" dendrimers (Pt/CoNP@dendrimer) has been found and reported in the 

literature.359–361   

In the course of examining, optimising and studying the use of platinum nanoparticles (PtNPs) 

supported on phosphine-decorated polymer immobilised ionic liquids as catalysts for quinoline 

hydrogenation mediated by NaBH4, it was discovered that the competing production of hydrogen 

from the aqueous hydrolysis of NaBH4 was found to be the reason for the observed lower 

conversions of quinoline (a similar observation was made in the case of the PdNPs used in Chapter 

4). This prompted us to investigate the use of PIIL stabilised PtNPs as catalysts in hydrogen 

evolution from the hydrolysis of NaBH4 under ambient conditions. We chose to compare the 

efficacy of phosphine-functionalised PIIL which differed in their hydrophilicity. This was explored 

using PIIL which incorporated either a more hydrophilic PEGylated- or a more hydrophobic N-
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decyl-imidazolium-based backbone. Additionally, kinetic isotope experiments were conducted to 

probe the reaction mechanism.  

5.2 Results and Discussion 

5.2.1 Synthesis and Characterisation of the Tetrachloroplatinate (PtCl4) Pre-catalysts 

and Nanoparticles 

The general synthesis method and relative structure of the polymers, catalyst precursors, and 

corresponding PIIL stabilised PtNPs are shown in Scheme 5.1. Using an ion-exchange procedure, 

the PPh2-PEGPIIL 3.8 and PPh2-N-decylPIIL 4.2 were impregnated with an appropriate quantity 

of potassium tetrachloroplatinate(II), via the addition of an aqueous solution of K2[PtCl4] to a 

suspension of the polymer in water to afford the precursors with a phosphine to metal in a 

stoichiometric ratio of 1:1. After overnight stirring at room temperature, PtCl4@PPh2-PEGPIIL 5.1 

and PtCl4@PPh2-N-decylPIIL 5.2 were isolated by filtration then washed with water, ethanol, 

diethyl ether and dried under a high vacuum to afford the precursors as a red/brown powder in 

>90% yield. 

PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 were synthesised by reducing the PtII 

precursor with excess amount of sodium borohydride in ethanol. The red solution mixture was 

instantaneously changed to a black colour, signifying that reduction from PtII to Pt0 was almost 

immediate. After overnight stirring at room temperature, the black mixture was filtered, washed 

with water to remove the excess salts, ethanol, and diethyl ether, then dried under high vacuum to 

give PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 as grey/black powder in >78% 

yield.  
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Scheme 5.1: Synthetic route used to impregnate the PIIL materials with K2[PdCl4] and reduce to NPS with NaBH4 to 

give the corresponding PIIL-stabilised PtNPs. 

5.2.1.1  ICP Optical Emission Spectrometry (ICP-OES) 

ICP-OES analysis of PtCl4@PPh2-PEGPIIL 5.1, PtCl4@PPh2-N-decylPIIL 5.2, PtNP@PPh2-

PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 was used to determine their platinum content 

(Table 5.1). Interestingly, platinum uptake was more efficient with the PPh2-N-decylPIIL support 

in comparison with the PPh2-PEGPIIL modified support. This might in principle be due to greater 

solvent/water retention in the PEG-functionalised material. 
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Table 5.1: Platinum content of PIIL catalysts and precursors as determined by ICP-OES. 

Entry Catalyst mmol Pt/ g Pt wt% 

1 PtCl4@ PPh2-PEGPIIL 5.1 0.43 8.52 

2 PtCl4@PPh2-N-decylPIIL 5.2 0.67 13.05 

3 PtNP@ PPh2-PEGPIIL 5.3 0.36 7.10 

4 PtNP@PPh2-N-decylPIIL 5.4 0.77 15.13 

5.2.1.2  Solid-State Nuclear Magnetic Resonance (SSNMR) 

As expected, all of the catalysts and precursors were of very low solubility in deuterated solvents, 

therefore solid-state NMR spectroscopy was utilised to determine any interactions between the 

donor modified supports and the metal surface.  

The solid state 13C NMR spectra of PtCl4@PPh2-PEGPIIL 5.1, PtCl4@PPh2-N-decylPIIL 5.2, 

PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 displayed the expected signals 

corresponding to their structures (Figure 5.1). For example, signals resonating around  123 ppm 

and  144 ppm were assigned for the carbon atoms of the imidazolium ring and the aromatic rings. 

The up-field signals resonating at  12-51 ppm were assigned to the methyl and methylene carbons 

on the imidazolium ring as well as the aliphatic carbon atoms of the polystyrene backbone. The 

characteristic strong signal resonating at  70 ppm, seen only for the PEGPIIL materials, and a 

relatively weaker signal resonating at  59 ppm was assigned to the carbon atoms and the terminal 

methoxy (OMe) group of the PEG chain of PtCl4@PPh2-PEGPIIL 5.1 and PtNP@PPh2-PEGPIIL 

5.3. 
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Figure 5.1: Solid state 13C NMR spectrum of (a) PtCl4@PPh2-PEGPIIL 5.1, (b) PtCl4@PPh2-N-decylPIIL 5.2, (c) 

PtNP@PPh2-PEGPIIL 5.3 and (d) PtNP@PPh2-N-decylPIIL 5.4.  

The formation of PtCl4@PPh2-PEGPIIL 5.1, PtCl4@PPh2-N-decylPIIL 5.2, PtNP@PPh2-PEGPIIL 

5.3 and PtNP@PPh2-N-decylPIIL 5.4  were further confirmed by performing solid state 31P NMR 

spectroscopy (Figure 5.2). The solid state 31P NMR spectra showed signals consistent for the Pt---

P interactions by displaying signals around  23 ppm and  18 ppm for PtCl4@PPh2-PEGPIIL 5.1 

and PtCl4@PPh2-N-decylPIIL 5.2, respectively. While the corresponding 31P NMR signals for the 

polymers PPh2-PEGPIIL 3.8 and PPh2-N-decylPIIL 4.2 resonate at  -6.7 and  -6.6 ppm, 

respectively.82,83,119,120 In addition, the 31P NMR signals resonating around  25 ppm and  23 ppm 

observed for PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 respectively, strongly 

infers incorporation of phosphine to the surface of the PtNPs. A similar 31P NMR spectrum has 

been reported for triphenylphosphine-modified silica stabilised ultra-small PtNPs , with a chemical 

shift at  28.5 ppm, while the corresponding 31P NMR signal for the triphenylphosphine-modified 

silica support was reported at  -5.6 ppm.362  

(a) (b) 

(c) (d) 
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Figure 5.2:31P solid state NMR spectrum of (a) PtCl4@PPh2-PEGPIIL 5.1, (b) PtCl4@PPh2-N-decylPIIL 5.2, (c) 

PtNP@PPh2-PEGPIIL 5.3 and (d) PtNP@PPh2-N-decylPIIL 5.4. 

5.2.1.3  X-ray Photoelectron Spectroscopy (XPS) 

The surface of PtCl4@PPh2-PEGPIIL 5.1, PtCl4@PPh2-N-decylPIIL 5.2, PtNP@PPh2-PEGPIIL 

5.3 and PtNP@PPh2-N-decylPIIL 5.4 was characterised by using X-ray photoelectron spectroscopy 

(XPS) to evaluate the chemical state and chemical composition of the sample (Figure 5.3). A single 

Pt 4f electronic environment is expected to produce a ‘doublet’ in which the two peaks correspond 

to Pt 4f7/2 and Pt 4f5/2. In the case of PtCl4@PPh2-PEGPIIL 5.1, two distinct Pt 4f electronic 

environments were indicated by the presence of two doublets in the XPS analysis. A binding energy 

of 72.7 eV and 73.8 eV was determined for the two Pt 4f7/2 peaks of PtCl4@PPh2-PEGPIIL 5.1 and 

indicates the presence of both of Pt0 and Pt2+ species, respectively. Likewise PtCl4@PPh2-N-

decylPIIL 5.2 also produced two doublets, indicating two Pt 4f environments. A binding energy 

for the Pt 4f7/2 peaks in this case, was found to be 72.3 eV and 74.8 eV, and supports presence of 

(a) (b) 

(c) (d) 
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both Pt0 and Pt4+ species, respectively. The XPS analysis of PtNP@PPh2-PEGPIIL 5.3 and 

PtNP@PPh2-N-decylPIIL 5.4 each showed only a single Pt 4f7/2 and Pt 4f5/2 doublet. The 

corresponding binding energies were found at 72.6 eV and 75.9 eV respectively and supports 

presence of Pt0 species only.363 Spectral analysis, peak fitting and deconvolution were carried out 

using CasaXPS software.  

             

Figure 5.3: (a) Pt 4f core-level XPS spectra and (b) Cl 2p core-level spectra of (top-bottom) PtNP@PPh2-PEGPIIL 

5.3, PtCl4@PPh2-PEGPIIL 5.1, PtNP@PPh2-N-decylPIIL 5.4 and PtCl4@PPh2-N-decylPIIL 5.2, referenced to the Au 

4f7/2 peak at 84.0 eV.  

  

PtNP@PPh2-PEGPIIL 5.3 

PtCl4@PPh2-PEGPIIL 5.1 

PtCl4@PPh2-N-decylPIIL 5.2 

PtNP@PPh2-N-decylPIIL 5.4   
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5.2.1.4  Scanning Electron Microscopy (SEM)  

SEM analysis was performed to examine the surface morphology of the freshly prepared 

PtCl4@PPh2-PEGPIIL 5.1, PtCl4@PPh2-N-decylPIIL 5.2, PtNP@PPh2-PEGPIIL 5.3 and 

PtNP@PPh2-N-decylPIIL 5.4 (Figure 5.4). This showed that the surface of the precursor and the 

NPs are uneven and more granular compared to the polymers. This may be a result of the additional 

processing of the materials resulting in damage and fragmentation. 

 

 

Figure 5.4: SEM image (a) PtCl4@PPh2-PEGPIIL 5.1, (b) PtCl4@PPh2-N-decylPIIL 5.2, (c) PtNP@PPh2-PEGPIIL 

5.3 and (d) PtNP@PPh2-N-decylPIIL 5.4. 

(a) (b) 

(c) (d) 
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5.2.1.5  Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) was used to assess the size and the shape of the PtNPs. 

The TEM images of PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 showed spherical 

and near-monodisperse nanoparticles with an average diameter of 3.0 ± 0.8 nm and 2.7 ± 1.1 nm, 

respectively, as shown in Figure 5.5.  

 

Figure 5.5: HRTEM images of (a) PtNP@PPh2-PEGPIIL 5.3 and (b) PtNP@PPh2-N-decylPIIL 5.4 along with the 

distribution histograms showing particle size distribution based on >100 particles.  

In comparison, triphenylphosphine-modified silica-supported and stabilised PtNPs reported in the 

literature revealed an average diameter of 1 nm size and were smaller in comparison to unmodified 

silica-supported PtNPs.362 In contrast, PtNPs embedded in ZIF-8 with an average diameter of 3.4 

nm356 or the first or second generation click dendrimers-stabilised PtNPs with an average diameter 

of 2.3 nm361 were of similar size to PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4.  

5.2.2 PtNP-Catalysed Hydrolysis of NaBH4  

The generation of hydrogen gas via hydrolysis of a solution of NaBH4 under ambient conditions 

was then measured as a function of time at different temperatures (21 to 40 °C). All the data 

collected was corrected by subtracting the background hydrogen gas produced without catalyst 

under identical reaction conditions. A typical procedure for the production of hydrogen gas was 

performed by hydrolysing a 0.27 M solution of NaBH4 in the presence of 0.32 mol% of 

PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 at 30 °C. The resulting hydrogen 

evolved was measured with respect to time and temperature as shown in Figure 5.6. The reaction 
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progress was monitored by measuring the displacement of water inside a burette, which is directly 

proportion to the amount (volume) of hydrogen produced as a function of time. Under optimised 

reaction conditions, immediate hydrogen production without an induction period was observed, 

which agrees with platinum's metallic state. The hydrolysis of a solution of NaBH4 in the presence 

of the non metal-loaded polymers PPh2-PEGPIIL 3.8 and PPh2-N-decylPIIL 4.2 showed that both 

polymers are catalytically inactive.  

 

Figure 5.6: Comparison of H2 evolution upon hydrolysis of NaBH4 in water as a function of time at 30 °C catalysed 

by 0.32 mol% of PtNP@PPh2-PEGPIIL 5.3, 0.08 mol% PtNP@PPh2-PEGPIIL 5.3, 0.32 mol% of PtNP@PPh2-N-

decylPIIL 5.4, 0.08 mol% of PtNP@PPh2-N-decylPIIL 5.4 and the corresponding initial TOF value [(mol. H2) (mol. 

cat)-1min-1].  

The initial TOF values calculated showed a considerably higher TOF value of 82 moleH2.molcat
-

1.min-1 for PtNP@PPh2-PEGPIIL 5.3 as compared to 29 moleH2.molcat
-1.min-1 for PtNP@PPh2-N-

decylPIIL 5.4. In contrast, a TOF of 6.09 moleH2.molcat 
-1.min-1 has been reported when 1wt% Pt/C 

at 40 °C was used as catalyst for the hydrolysis of a dilute solution of NaBH4.
364 Likewise, a TOF 

of 52 moleH2.molcat
-1.min-1 was reported when the commercially available 5 wt% Pt/C was used.365 

The high TOFs obtained with the catalysts PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-

decylPIIL 5.4 led us to screen a variety of reaction conditions. We found that the reaction with 

lower catalyst loadings (0.08 mol%) and more highly diluted NaBH4 solution (10 mL of 0.054 M) 

improved the initial TOFs to 169 moleH2.molcat
-1.min-1 for PtNP@PPh2-PEGPIIL 5.3 and 78 

0

200

400

600

800

0 2 4 6 8 10

n
(H

2
)/

n
(c

at
)

Time / min

0.08 mol% PtNP@PPh2PEGPIIL 5.3 0.32 mol% PtNP@PPh2PEGPIIL 5.3

0.08 mol% PtNP@PPh2-N-decylPEGPIIL 5.4 0.32 mol% PtNP@PPh2-N-decylPEGPIIL 5.4



Chapter 5 

147 

moleH2.molcat
-1.min-1 for PtNP@PPh2-N-decylPIIL 5.4. These improved TOF values are probably 

more representative of the intrinsic turnover rates of such catalytic systems, therefore, a 

comparative study with the literature protocols was carried out.  

Although a conclusive comparison is hard to achieve via a direct comparison with the existing 

protocols reported for different Pt-based catalytic systems, because of the variations in the 

experimental conditions and different methodology adopted, a few selected examples with 

relatively similar conditions applied revealed that the TOF value of 169 moleH2.molcat
-1.min-1 for 

PtNP@PPh2-PEGPIIL 5.3 at 30 ºC is markedly higher than most of the reported methods in the 

literature. 

For instance, a recent report showed a TOF of 133 moleH2.molcat-1.min-1 by using a 

PtNP@dendrimer as the catalyst.359 Similarly, a TOF of 117 moleH2.molcat-1.min-1 at 80 °C has 

been reported when monodisperse PtNPs based on a mesoporous silicon nitrides support was used 

as the catalyst,366,367 for PtNPs supported on multi-walled carbon nanotubes a TOF of 8.35 

moleH2.molcat-1.min-1 was recorded,368 82.6 moleH2.molcat-1.min-1 TOF was calculated for PtNPs 

on a graphene support,369 a TOF of 69 moleH2.molcat-1.min-1 for Pt clusters on a CeO2-Co7Ni2Ox 

support,370 53 moleH2.molcat-1.min-1 TOF was obtained when a flow reactor based on a monolithic 

PtNP/Al2O3/cordierite catalyst was used,371 41-60 moleH2.molcat-1.min-1 using PtNPs impregnated 

on a Si/Al/C/N framework.372 Use of CoPtNPs supported on poly(3,4-

ethylenedioxythiophene)/poly(styrenesulfonate) ((PEDOT:PSS)) functionalised CNTs gave a TOF 

of 60 moleH2.molcat-1.min-1,373  78 moleH2.molcat
-1.min-1 was acquired at 80 ºC with PtNPs 

supported on a TiN/Si3N4 nanocomposite.374 similar to that of 156 moleH2.molcat
-1.min-1, which was 

obtained at 70 oC using PtNPs coated on fiber-shaped cobalt.375 On the contrary, a TOF of 330 

moleH2.molcat-1.min-1 was reported by using micro/mesoporous Pt-SiCN nanocomposites,376 and a 

TOF of 780 moleH2.molcat-1.min-1.min-1 (90,000 mL min-1g-1 cat) by using the nonporous Pt 

catalysts;377 both much higher than that of PtNP@PPh2-PEGPIIL 5.3, are indeed the most active 

catalysts known so far for the catalytic hydrolysis of NaBH4 using noble metal nanoparticle-based 

catalytic systems. 

5.2.3 Influence of NaOH 

Several reports describe the beneficial effect of using NaOH as an additive along with metallic 

nanoparticles-based catalysts. For instance, for the hydrolysis of NaBH4 and NH3BH3, coordination 
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of hydroxide to the surface of the metallic NPs has been proposed to play a significant role by 

enhancing the electron density around the nanoparticles, which ultimately results in a smooth 

oxidative addition of the O-H bond. In this context, improved hydrolysis rates were recorded for 

several noble transition metals such as RhNPs, RuNPs, PdNPs, AuNPs and NiNPs on click 

dendrimers,359 embedded CoNPs and NiNPs on zeolitic imidazolate backbone of ZIF-8,356,378 

bimetallic nanoparticles such as CoPt and Ni2Pt based nanoparticle systems,357,361 nanoparticles 

derived from non-noble metals such as Cu-Co-Mo,379 and Ni-Co-P on oxygen-doped porous carbon 

(OPC-300) .342 Nevertheless the addition of NaOH has been reported to have a negative effect on 

the hydrolysis catalysed by nanoparticles based on Pt. Since Pt itself is electronically rich and is 

proposed to facilitate smooth oxidative addition of the O-H bond at the surface via an activated 

hydrogen-bonded adduct [BH3H
-]---H-OH, no additional enhancement of electron density is 

required. In the case of Pt then, the additional OH- occupies active sites on the nanoparticle surface 

and prevents coordination and activation of the desired substrate on the surface of the PtNPs and 

ultimately adversely affects the final outcome.359,361,380  

In order to exploit any potential beneficial effect of NaOH addition on the hydrolysis of NaBH4 by 

using the most active catalyst PtNP@PPh2-PEGPIIL 5.3, varying concentrations of NaOH between 

0.035 - 1.12 mM were screened, and the initial TOFs obtained as a function of the quantity of 

NaOH added at 21 °C were recorded (Figure 5.7). A slight increase in the initial TOF was observed 

as the concentration of NaOH was increased (optimum of 49 moleH2.molcat
-1.min-1 in 0.14 mM), 

then the TOF started to decrease with increasing NaOH concentration further. It is worth 

mentioning that a TOF of 39 moleH2.molcat
-1.min-1 was measured under similar reaction conditions 

in the absence of NaOH.  

 



Chapter 5 

149 

 

Figure 5.7: TOFs for 0.32 mol% PtNP@PPh2-PEGPIIL 5.3 in the presence of various concentrations of sodium 

hydroxide and corresponding TOF value. 

High concentrations of NaOH may indeed exert a negative effect via coordination to the PtNPs 

surface, as previously proposed. The slight enhancement of the initial TOF observed using low 

concentrations of NaOH is notable. The effect of catalyst dispersion on the hydrogenation reaction 

mixture was investigated by dynamic light scattering (DLS) (This experiment was done by Dr 

Thomas Chamberlain group at University of Leeds). DLS measurement revealed that the average 

hydrodynamic diameter index did not change as a function of NaOH, so this can be excluded as 

the reason for the marked change in TOF (Figure 5.8). 
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Figure 5.8: The average hydrodynamic diameter of PtNP@PPh2-PEGPIIL 5.3 in the presence of various 

concentrations of sodium hydroxide at 21 °C while catalysing the degradation of NaBH4.  

5.2.4 A Comparative Kinetic Study 

The difference in the catalytic activities of PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-

decylPIIL 5.4 further prompted us to perform a comparative kinetic study by monitoring the 

dependency of rate on temperature. Furthermore, the impact of catalyst and NaBH4 concentration 

on the rate of hydrolysis was also studied.  

5.2.4.1  Temperature Study  

The evolution of hydrogen as a function of time at temperatures between 294-313 K is summarised 

in Figure 5.9a-b for the hydrolysis of a 0.27 M solution of NaBH4 in the presence of 0.32 mol% of 

PtNP@PPh2-PEGPIIL 5.3 and 0.69 mol% of PtNP@PPh2-N-decylPIIL 5.4 respectively. The initial 

rates (k) were calculated from the linear portion of the graph. Arrhenius plots of ln k versus 1/T (ln 

k = ln A - Ea/RT) allowed calculation of the activation energies (Ea) of 23.9 kJ mol-1 and 35.6 kJ 

mol-1, respectively (Figure 5.9c-d). The Ea values obtained were quite similar to the activation 

energies reported for other catalytic systems based on noble metal nanoparticles. For example, for 

a nanoporous platinum based catalytic system synthesised by chemical etching, an activation 

energy of 32.1 kJ mol-1 has been reported.374 Similarly, for a Pt/Co@dendrimer-based catalyst an 

Ea of 24.9 kJ mol-1,359 for Pt atomic cluster on Co-NiO-CeO2 an Ea of 47.4 kJ mol-1,370 for a 
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polymer-derived silicon carbonitride supported PtNPs an Ea of 46.3 kJ mol-1,373 for the 

homogenously dispersed PtNPs an Ea of 39.2 kJ mol-1,381 for PtNPs supported on carbon an Ea of 

36.0 kJ mol-1,368 and for the RuNPs electrodeposited on nickel foams and RuNPs confined on 

zeolite support, Ea of 39.8 kJ mol-1,382 and 32 kJ mol-1 350 respectively, has been reported.  

        

            

Figure 5.9: Volume of generated H2 versus time obtained from the hydrolysis of 2 mL of 0.27 M NaBH4 at different 

temperatures catalysed by (a) PtNP@PPh2-PEGPIIL 5.3 and (b) PtNP@PPh2-N-decylPIIL 5.4; corresponding 

Arrhenius plots for the hydrolysis of NaBH4 catalysed by (c) PtNP@PPh2-PEGPIIL 5.3 and (d) PtNP@PPh2-N-

decylPIIL 5.4.  

The lower Ea observed for the catalyst PtNP@PPh2-PEGPIIL 5.3 than PtNP@PPh2-N-decylPIIL 

5.4 might be due to the additional interactions generated between the catalyst and the support due 

to the PEG fragment. Another possible reason might be that the hydrophilic nature of the 

PEGylated support facilitates access of the substrate to reach the active sites of the catalyst. Thus, 

for an efficient NaBH4 hydrolysis in the presence of a catalyst, a prompt penetration of the substrate 

into the polymer support followed by penetration of the BH4
- to the surface of the PtNPs is essential. 
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In this way the hydrophilicity of the PEGylated support might enable enhanced homogenous 

dispersion of catalyst in water. This in turn will create hydrophilic surroundings at the surface of 

the PtNPs and also allow an efficient interaction with the BH4
-, resulting in the formation of a [BH3-

H---H-OH]- adduct and thereby enhancing oxidative addition via activation of water. 

5.2.4.2  Catalyst concentration study  

The activity of the catalysts PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 for 

hydrogen production via hydrolysis of NaBH4 as a function of catalyst concentration was then 

studied. For this, several catalyst loading experiments were performed by using 0.27 M NaBH4 at 

35 °C (Figure 5.10a-b). The logarithmic plots for the rate of hydrogen production against the 

concentration of PtNPs are shown below in Figure 5.10c-d. A straight line with slopes of 0.72 and 

0.87 for the catalyst PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4, respectively, 

suggested a first order rate of hydrolysis with respect to the concentration of catalyst. For 

comparison, a brief literature survey of the relevant catalytic systems was also performed. The 

results obtained with catalyst PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 appear 

to be quite consistent with the literature reports describing hydrolysis of hydrogen-rich boron 

derivatives by using other noble and non-noble metallic NPs. For instance, a slope of 0.85 was 

reported for the hydrolysis of NaBH4 or BH3-NH3 by using Pt/Co@dendrimer.359,361 Similarly, 

slopes of 0.73, 0.94, 0.82, 0.98,0.83, 0.92, 0.88, 0.79, and 1.17 are reported for the hydrolysis of 

NaBH4 or BH3-NH3 by using the zeolite-confined RuNPs,350 RuNPs stabilised on PVP-supports,383 

Ni2Pt@ZIF-8,357 NiNP@ZIF-8,356 PtNP@MWCNTs,368 RuNP@dendrimer,380 

PtNP@dendrimer,380 CoNP@dendrimer380 and porphyrin-ring stabilised RuNPs, respectively.384 
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Figure 5.10: Volume of generated H2 versus time for the hydrolysis of 2 mL of 0.27 M NaBH4 at 35 °C catalysed by 

different concentrations of (a) PtNP@PPh2-PEGPIIL 5.3 and (b) PtNP@PPh2-N-decylPIIL 5.4; the logarithmic plots 

for the rate of hydrogen production versus the concentration of (c) PtNP@PPh2-PEGPIIL 5.3 and (d) PtNP@PPh2-N-

decylPIIL 5.4.  

5.2.4.3  NaBH4 concentration study  

The variation in the rate of hydrolysis of NaBH4 with respect to concentration of the substrate was 

also studied by using the catalyst PtNP@PPh2-PEGPIIL 5.3. For this, varying initial concentrations 

of NaBH4 ([NaBH4]0 = 0.13, 0.26, 0.39, 0.52, 0.65, 0.78 mM) were studied at 30 °C. These 

concentrations of NaBH4 correspond to catalyst:substrate ratios from 1:1 to 1:6; the kinetic data 

are shown in Figure 5.11a. The corresponding logarithmic plot of rate of hydrogen produced 

against the concentration of NaBH4 used provided a straight line with a slope of 1.08 (Figure 5.11c). 

These results suggest the catalytic hydrolysis of NaBH4 to be first order with respect to substrate. 

A similar kinetic study by using PtNP@PPh2-N-decylPIIL 5.4 as the catalyst under identical 

reaction conditions described above for PtNP@PPh2-PEGPIIL 5.3 also suggested a first order 
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kinetics with respect to substrate (Figure 5.11b). A slope of 1.16 for the logarithmic plot of the 

hydrogen produced versus NaBH4 concentration was obtained for PtNP@PPh2-N-decylPIIL 5.4 

(Figure 5.11d). All these experiments are consistent with rate-limiting activation of NaBH4 in the 

catalytic hydrolysis of NaBH4.   

       

      

Figure 5.11: Volume of generated H2 versus time for the hydrolytic dehydrogenation with different concentrations of 

NaBH4 at 30 °C catalysed by (a) PtNP@PPh2-PEGPIIL 5.3 (0.0725 g, 0.026 mmol) and (b) PtNP@PPh2-N-decylPIIL 

5.4 (0.0340 g, 0.026 mmol). The plots of H2 generation rate against concentration of NaBH4 in logarithmic scale for 

(c) PtNP@PPh2-PEGPIIL 5.3 and (d) PtNP@PPh2-N-decylPIIL 5.4.  

5.2.5 Kinetic Isotope Effect (KIE) 

Several complications are anticipated when studying the kinetics of dehydrogenation of NaBH4 via 

hydrolysis because the process of hydrolysis is dependent on several factors. For instance, the 

hydrolytic dehydrogenation is dependent on the catalyst nature, the catalyst support and also on the 

substrate concentration. Therefore, several plausible pathways have been reported.297,325,365,385–387 
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Nevertheless, the majority of studies suggest that one of the two H atoms of hydrogen is provided 

by NaBH4 in the form of a hydride and other H atom comes from water in the form of a proton.388 

The reported primary kinetic isotope effects observed with D2O are also consistent with the 

activation of one of the O-H bonds of water being involved in the rate determining step of this 

reaction.359,378,389 The activation of the O-H bond of H2O is proposed to proceed via an oxidative 

addition of the absorbed water on the surface of catalyst. This activation is further expedited via a 

hydrogen-bonding interaction from the water proton and the surface-coordinated borohydride 

[H3B-H---H-OH]-, by diminishing the electron density of the O-H bond. Finally, a molecule of 

hydrogen is released from the surface of the catalyst in either a reductive elimination step or via a 

-bond metathesis-type pathway. The reductive elimination pathway might proceed via bond 

formation between water- and borohydride-derived metal hydrides (Figure 5.12a), while the -

bond metathesis-type pathway proceeds via surface-coordinated-[H3B-H] and water-coordinated 

M-H [H-M-OH], conceivably aided by a surface hydroxide (Figure 5.12b). The borohydride-

derived metal hydrides may arise from hydrogen transfer onto the nanoparticle either through an 

oxidative addition pathway of B-H bond or through a hydride transfer pathway. The hydride 

transfer pathway is most likely for this process, since borohydride reagents are well known for their 

hydride transfer capabilities.390 Nevertheless, the possibility of activation of the O-H bond of H2O 

via a hydrogen bonding interaction pathway with a surface coordinated hydride, i.e. M-H---H-OH, 

cannot be excluded. 

 

Figure 5.12: Suggested mechanism for NaBH4 hydrolysis catalysed by PtNP@PIIL followed by either (a) reductive 

elimination or (b) a -bond metathesis-type process.     

With this theoretical background knowledge, we then explored the role of H2O in the hydrolysis of 

NaBH4 by using PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4. All the reactions 
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were therefore performed in both H2O and D2O at 35 °C in order to determine the catalytic 

efficiency of catalyst and to determine the kinetic isotope effect (KIE). The results obtained clearly 

demonstrate that the reaction is faster in H2O as compared to D2O. A primary KIE of (kH/kD) of 1.8 

for PtNP@PPh2-PEGPIIL 5.3 and 2.1 for PtNP@PPh2-N-decylPIIL 5.4 was determined (Figure 

5.13a-b). These KIE values clearly suggest that the rate determining step of this reaction involves 

cleavage of one of the O-H bonds of H2O. Furthermore, a KIE value of 1.8 was obtained by Guella 

and co-workers for aqueous hydrolysis of NaBH4 by using 5 wt% Pt/C,365 which also supports this 

pathway. In addition, a primary KIE (kH/kD) of 2.49 by using NiNP@ZIF-8,390 2.3 by using the 

dendrimer stabilised RhNPs,380 2.8 by using the dendrimer stabilised PdNPs,380 and 2.4 for the 

PtCo@dendrimer have been reported very recently and were consistent with our observations.361  

       

Figure 5.13: Comparison of hydrogen evolution from 0.27 M solution of NaBH4 in H2O and D2O catalysed by (a) 

0.32 mol% PtNP@PPh2-PEGPIIL 5.3 and (b) 0.69 mol% PtNP@PPh2-N-decylPIIL 5.4 performed at 35 °C.  

Next, the efficiency of the catalysts PtNP@PPh2-PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 

for the aqueous hydrolysis of NaBH4 and NaBD4 was evaluated. Both the catalysts displayed a 

similar result by showing a very slight variation in the hydrogen evolution rate during hydrolysis. 

A KIE of 1.3 for PtNP@PPh2-PEGPIIL 5.3 and 1.2 for PtNP@PPh2-N-decylPIIL 5.4 was 

determined. This minor deviation in the KIEs from a value of 1, suggests that the rate determining 

step of this reaction does not proceed via the B-H(D) bond cleavage. Further support for this 

observation was obtained from the literature, where the aqueous hydrolysis of amine-borane 

complex and NaBD4 by using NiNP@ZIF-8356and Pt/C365 also showed a very small KIE values. 

Although, all the experiments performed fully support the mechanism of an oxidative addition 

pathway via rate limiting O-H bond activation, a pathway involving surface coordinated BH4 and 
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a borohydride-derived Pt-H species cannot be excluded. Therefore, both the pathways might 

involve a surface-coordinated hydrogen bonded species, such as [H3BH-]---H-OH. The oxygen 

atoms of the PEG chain and the ionic liquid (IL) moiety are expected to enhance the hydrophilicity 

at the surface of the catalyst and may support H-transfer and/or O-H bond cleavage.  

In order to get further evidence of the course of this reaction, a tandem reaction was then performed. 

For this, the hydrogen generated in situ via hydrolysis of NaBH4 in D2O in the presence of 0.32 

mol% of catalyst PtNP@PPh2-PEGPIIL 5.3 at 30 °C was used as the hydrogen source for the 

hydrogenation of 1,1-diphenylethene. The hydrogen produced inside the sealed reaction Schlenk 

flask after 1 hour was opened to another directly connected reaction Schlenk flask containing 1,1-

diphenylethene solution in deuterated methanol and 0.5 mol% Pd/C. The reaction mixture was 

allowed to stir for 18 hours at 30 °C then the reaction mixture was analysed by 1H NMR 

spectroscopy which showed a 100% conversion of 1,1-diphenylethene. The distribution of the 

product mixture formed was then analysed by using a combination of 1H-, 2H-, 13C NMR 

spectroscopy and GC-MS. A detailed analysis of the product mixture indicated a total of 8 

isotopologues, as shown in Scheme 5.2.  

 

Scheme 5.2: The distribution of 8 isotopologues found and measured by 13C NMR spectroscopy after 1,1-

diphenylethene hydrogenation in deuterated methanol using HD produced by hydrolysis of NaBH4 in D2O catalysed 

by PtNP@PPh2-PEGPIIL 5.3. 

The 13C NMR spectrum of reaction mixture revealed clear methine region signals with four distinct 

singlet signals resonating at  44.88,  44.81,  44.74,  44.66 ppm corresponding to the 

isotopologues I, II, III and IV, respectively. The assignment of these isotopologues is based on the 

chemical shift expected for a two bond 13C-D shift of ca. 0.07 ppm. The four triplets (1:1:1) 

resonating at  44.46,  44.39,  44.31 and  44.24 ppm (JCD =19.5 Hz) were assigned to the 

isotopologues V, VI, VII, VIII respectively. Each of them contains at least one deuterium on the 



Chapter 5 

158 

methine carbon and 0, 1, 2 or 3 D atoms on the methyl group. The stacked spectra of the reaction 

mixture is shown in Figure 5.14.  

 

Figure 5.14: A stacked plot of 13C NMR spectrum, displaying the separate simulated spectra in the methine region of 

the eight possible products. 

Figure 5.14 displays the detailed simulated spectrum for every isotopologue individually including 

the simulated spectrum for all the isotopologues together and the observed spectrum of the reaction 

mixture obtained experimentally. The simulated spectrum is consistent with the assignments along 

with the respective integration of each isotopologue (Table 5.2). The J values, isotopic chemical 

shifts, line width and the intensity of the signals are also in agreement with the assigned values. In 

addition, the 13C-resonances of the methyl groups (ca.  21 ppm) were also identified and were also 

in complete agreement with the corresponding simulated spectrum along with their relative 

integrations.  
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Table 5.2: Relative proportion of each of the isotopomers identified and quantified by assignment of the resonances 

in the methine region of the 13C NMR spectrum. The hydrogen was generated from either NaBH4 in D2O, NaBH4 in 

H2O or NaBD4 in D2O and the hydrogenation was conducted in either d4-methanol or toluene as indicated in row 1. 

Isotopomer 

NaBH4/D2O 

d4-methanol 

NaBH4/H2O 

d4-methanol 

NaBH4/D2O 

toluene 

NaBD4/D2O 

toluene 

I 3.8 29.8 38.2 19.4 

II 11.0 22.3 30.5 24.4 

III 24.4 11.5 14.2 20.5 

IV 25.8 3.7 3.8 9.4 

V 1.0 14.0 6 5.7 

VI 5.0 10.2 4.5 9 

VII 13.1 5.9 2.1 7.5 

VIII 15.9 2.6 0.7 4.1 

The interpretation of relative ratios of the experimental spectra was expected to show a total 

deuterium count of 1 across the isotopologues II-VIII for the hydrogen production via hydrolysis 

of aqueous sodium borohydride in D2O due to combination of a hydride derived from the 

borohydride and a proton derived from D2O. In contrast, a total deuterium count of 2.51 across the 

isotopologues II-VIII was actually determined by interpreting the relative ratios. This significant 

and unanticipated magnification of the total deuterium count might be due to generation of a D:H 
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ratio of >1:1 in the nanoparticle-catalysed hydrolysis phase. This might be possible by H/D 

exchange at the surface of the nanoparticle to produce a mixture of D2 and HD with some of the 

NaBH4 derived hydride ‘leaking’ away as HO- or HOD rather than ending up as HD or H2. If such 

an exchange pathway was possible, it would be expected to lead to loss of H relative to D due to 

the vastly greater amount of D2O relative to NaBH4. Another plausible reason might be due to the 

H/D exchange with the deuterated methanol on Pd/C surface during hydrogenation. Again, such a 

process would be expected to deplete the H relative to D due to the large amount of MeOD. 

Therefore, experiments to further investigate the behaviour of H/D exchange, hydrogenation of 

1,1-diphenylethane in deuterated methanol was carried out by using hydrogen generated from 

NaBH4 and H2O. In this case, any exchange at the nanoparticle hydrolysis stage should not affect 

the H:D ratio, since H2 is formed in this case and the expected total deuterium incorporation is 0. 

In contrast, any exchange at the Pd/C stage will lead to incorporation of some deuterium into the 

products. The analysis of the reaction mixture provided a total deuterium incorporation of 1.19, 

suggesting a rapid H/D exchange involving the solvent, on Pd/C surface. Next, the H/D exchange 

experiment at the surface of the nanoparticle in the presence of catalyst PtNP@PPh2-PEGPIIL 5.3 

was explored using NaBH4 with D2O for the hydrolysis phase and using toluene as the solvent in 

the Pd/C hydrogenation stage. A total deuterium incorporation of 0.94 was obtained for this, close 

to the expected deuterium count of 1. This suggests that H/D exchange does not occur with the 

D2O solvent at the hydrolysis stage. A final possibility, that no exchange with the solvent occurs 

at either stage, but the outcome results from the availability of a large excess of HD and also that 

delivery of Pd-bound deuterium is simply faster than the delivery of hydrogen in the hydrogenation 

stage, i.e. a kinetic isotope effect favouring C-D formation over C-H formation (kD > kH), seems 

highly unlikely. Furthermore, the substantial quantities of isotopologues containing -CD2H and -

CD3 (III, IV, VII and VIII) formation was noteworthy for this reaction. This observation was 

consistent with a facile scrambling via -hydride elimination from the surface of the palladium in 

such a way that the Pd-CPh2CH2D species produces Ph2C=CHD. A reinsertion into the Pd-D bond 

then delivers the corresponding M-CPh2CHD2 which is then followed by the reductive elimination 

step. This pathway is far more likely than a pathway involving any exchange of the diphenylethane 

reduction product, i.e. a -bond metathesis reaction between the Pd-D bond and the C-H bond of 

the methyl fragment in CPh2HCH2D. A similar observation with a higher value than the 

stoichiometric deuteration of phenylethylene by using tetrahydroxydiboron/D2O-derived 

deuterium has been reported and is attributed to the olefin insertion/extrusion equilibrium involving 
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the metal-hydride/deuteride species.307 Moreover, the scrambling effect was also observed for the 

hydrogenation reaction performed in toluene by using NaBD4 and D2O as a source of D2. In this 

case, a total deuterium count of 1.65 was determined which was close to the expected value of 2.  

5.2.6 Catalyst Recycling Studies 

Catalyst recycling experiments were then studied using the catalyst PtNP@PPh2-PEGPIIL 5.3 for 

NaBH4 hydrolysis to assess the efficiency and lifetime of the catalyst, including its potential for 

deployment into a continuous flow system. For this, the protocol described previously for the 

reduction of nitroarenes using PdNP@PPh2-PEGPIIL was followed.119 Because of the difficulty 

associated with the recovery of small quantities of the catalyst, conventional filtration which might 

lead to the loss of the catalyst during the recycling was avoided. The experiments were thus 

performed by measuring the amount of gas produced till the completion of the reaction without 

isolating the catalyst. Then, an additional amount of NaBH4 (0.021 g, 0.57 mmol) was added 

directly to the aqueous mixture and this sequence of reactions were repeated 5 times. The catalytic 

efficiency of the catalyst as a function of reaction time and reuse number was then plotted (Figure 

5.15a).   

       

Figure 5.15: Plots of the hydrogen volume versus time for NaBH4 hydrolysis catalysed by 2 mol% of PtNP@PPh2-

PEGPIIL 5.3 at 30 °C. (b) Conversion and percentage of initial activity achieved in each run after consecutive recycles.  

Initially, high conversions were observed across 5 cycles. It is noteworthy to mention that to attain 

an analogous conversion to the first cycle, the successive cycles were allowed to stir for longer 

reaction time for each run (Table 5.3). For instance, the conversion 85% after 8 min of the 2nd cycle 

decreased to 82% in the 5th cycle after 12 min. The loss of catalytic efficiency of the catalyst in the 
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successive cycles is shown in Figure 5.15b and the % decrease in the initial rates of each run is 

based on the slope of the linear portion of the plots in Figure 5.15a. Figure 5.15b clearly 

demonstrates that the catalytic activity of PtNP@PPh2-PEGPIIL 5.3 is retained to a level of about 

70% across the 5th cycle. For comparison, catalytic recycling studies by using the dendrimer-

stabilised PtCo-NPs, RhNPs and PtNPs,359,361,380 embedded amine functionalised MIL-53(A1) 

stabilised RuNPs,391 zeolite confined RuNPs and polyvinylpyrollidine stabilised RuNPs,350,383,391 

zeolitic imidazolate framework of ZIF-8 based NiNPs,356 and -cyclodextrin derived highly 

dispersed PtNPs,381 also showed a comparable recycling pattern and conversions in the range of 

61-75% up to the 5th cycle. 

 Table 5.3: Conversion as function of time for the recycle of PtNP@PPh2-PEGPIIL 5.3.  

Run Conversion Time (min) 

1 86 8 

2 85 8.75 

3 86 10 

4 83 10.25 

5 82 12 

The rapid loss of the catalytic activity after the 5th cycle led us to analyse the aqueous phase after 

the 5th cycle by using ICP-OES to measure the Pt content. The result showed that the Pt content (< 

0.1 mg L-1) is too low to be detected. This observation suggests that the loss of catalyst activity is 

not due to the leaching of Pt-metal to produce homogeneous species. The Energy Dispersive X-

Ray Spectroscopy (EDX) analysis of the catalyst after 5th cycle showed the presence of substantial 

quantities of boron accumulating on the catalyst (0.48 boron:1.00 platinum), which might be the 

major reason for the loss of catalytic activity. Therefore, a hot filtration study was used to 
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investigate the heterogeneous nature of the active species. For this, the hydrolysis of NaBH4 in the 

presence of 0.32 mol% PtNP@PPh2-PEGPIIL 5.3 was allowed to progress until complete 

consumption. After that, a micro syringe filter was used to filter the reaction mixture, then an 

additional amount (0.021 g, 0.57 mmol) of NaBH4 was added to the filtrate. The resulting hydrogen 

gas produced corresponds to the background hydrolysis only, further confirming that the active Pt-

species has been removed by filtration. In an analogous hot filtration experiment, the hydrolytic 

reaction mixture was filtered using a micro syringe filter to remove the catalyst PtNP@PPh2-

PEGPIIL 5.3 from the reaction mixture when the reaction had reached ca. 50% conversion after 8 

minutes. The resulting hydrogen produced was then quantified which showed again the background 

hydrolysis only (Figure 5.16).  

 

Figure 5.16: Hot filtration study for for NaBH4 hydrolysis catalysed by 0.32 mol% PtNP@PPh2-PEGPIIL 5.3 

displaying that turnover has been totally stopped after filtration of the catalyst at t = 8 minutes (Blue line). Red line - 

reaction with catalyst PtNP@PPh2-PEGPIIL 5.3.  

This supports the conclusion that the active catalyst for this reaction is heterogeneous in nature. 

Nevertheless, the ICP analysis and the hot filtration test cannot distinguish between heterogeneous 

catalysis occurring at defect sites on the nanoparticle surface and homogeneous reactions in which 

leaching and fast re-deposition of the metal occurs.  

TEM analysis was carried out by isolating PtNP@PPh2-PEGPIIL 5.3 after the 5th cycle. The TEM 

analysis showed that the NPs remained monodisperse with an average diameter of 2.6 ± 0.7 nm 

compared to 3.0 ± 0.8 nm for the freshly prepared PtNPs (Figure 5.17). 
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Figure 5.17: HRTEM image and nanoparticles size after 5 experimental cycles of PtNP@PPh2-PEGPIIL 5.3. 

5.2.7 Poisoning Study 

Agglomeration was ruled out for the rapid drop in conversion in the successive cycles, nonetheless, 

formation of the sodium metaborate (NaBO2) hydrolysis product might be responsible for this. 

There are several reports describing deactivation of the catalyst due to the formation of NaBO2 and 

its adsorption on the surface of nanoparticles.307,329,361,391 In order to address this behaviour, several 

experiments were performed by pre-stirring an aqueous solution of PtNP@PPh2-PEGPIIL 5.3 with 

NaBO2 (1.0 eq.) before the addition of NaBH4. The catalytic activity was then measured as a 

function of pre-stirring time in the presence and absence of NaBO2. The plot of the activity against 

the pre-stirring time suggests NaBO2 poisoning and hence deactivation of the catalyst (Figure 

5.18a). Figure 5.18b further shows that NaBO2 poisoning is immediate and leads to a significant 

decline in the conversion rates. A conversion of 86% in the absence of NaBO2 can be achieved 

while the corresponding conversion of 63% was observed upon the direct addition of NaBO2 even 

with no pre-stirring. The drop in conversion was clearly correlated to the pre-stirring time. For 

instance, a conversion of 39% was obtained when the reaction was allowed for 60 min pre-stirring 

and dropped down to 32% after the pre-stirring time was raised to 18 hours. These stirring time-

conversion experiments apparently show the kinetics of the adsorption of NaBO2 on the surface of 

the NPs.   



Chapter 5 

165 

       

Figure 5.18: Plots of the hydrogen volume versus time for NaBH4 hydrolysis catalysed by 2 mol% PtNP@PPh2-

PEGPIIL 5.3 (b) the corresponding conversions and TOFs as a function of NaBO2 pre-stirring time. 

Finally, experiments for the stability of the catalyst in the reaction medium were performed. For 

this, a baseline experiment was set up for the catalyst PtNP@PPh2-PEGPIIL 5.3 and allowed to stir 

for 18 hours in an aqueous solution before adding NaBH4. Analogously, another experiment was 

performed by adding NaBH4 to a freshly prepared PtNP catalyst. Both experiments provided a 

similar initial TOF and conversion profile indicating that stirring the catalyst in aqueous solution 

alone, does not adversely affect the catalytic activity. This suggests that the immediate reduction 

in the conversion rate after 18 hours of pre-stirring with NaBO2 was due to adsorption of the 

hydrolysis product i.e., NaBO2 on the support and/or on the surface of the NPs. In addition, the 

trivial growth in the size of the PtNPs and also the slight increase in the viscosity of the reaction 

mixture might also limit the diffusion of the substrate and hence contribute to the observed 

deactivation.391 
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5.3 Conclusion  

Polymer immobilised ionic liquid (PIIL) stabilised PtNPs catalyse the aqueous hydrolysis of 

NaBH4 to produce hydrogen. The hydrolysis proceeds efficiently in the presence of catalyst derived 

from PtNP@PPh2-PEGPIIL 5.3 which was found to be more efficient than PtNP@PPh2-N-

decylPIIL 5.4.  

The PIIL were loaded with PtII by anion exchange using an aqueous solution of K2[PtCl4] to afford 

PtCl4@PIIL. Reduction of PtCl4@PIIL by NaBH4 gave the corresponding PIIL stabilised PtNPs. 

Analysis of the materials by solid state 31P NMR spectroscopy confirmed the presence of a Pt---P 

interaction and that all the phosphine was coordinated to Pt. XPS analysis showed complete 

reduction of the PdII precursor to Pt0 for both catalysts. TEM analysis of PtNP@PPh2-PEGPIIL 5.3 

and PtNP@PPh2-N-decylPIIL 5.4 showed near-monodisperse distribution with an average 

diameter of 3.0 ± 0.8 nm and 2.7 ± 1.1 nm, respectively.  

An initial TOF of 169 moleH2.molcat
-1.min-1 with PtNP@PPh2-PEGPIIL 5.3 is one of the highest 

TOF obtained for any PtNP-based catalyst to date. The reaction follows first order reaction kinetics 

with respect to both catalyst and NaBH4. An activation energy of 23.9 kJ mol-1 for PtNP@PPh2-

PEGPIIL 5.3 and 35.6 kJ mol-1 for PtNP@PPh2-N-decylPIIL 5.4, was also determined during the 

kinetic studies. Albeit the primary function of the PIIL support is to provide stability to the metal 

NPs, the better catalytic efficiency of the catalyst due to introduction of the N-PEGylated 

imidazolium chain as compared to its N-decyl analogue might be due to the dramatic change in the 

hydrophilicity/hydrophobicity balance. This change might be responsible for improved 

homogenous dispersion of the catalyst on the surface and facilitate access to more active sites. 

Also, it might alter the catalyst-support interactions in order to provide a better substrate activation 

and better interaction with the borohydride by forming surface bound hydrogen-bonded [BH3-H--

-H-OH]- species and also facilitate activation of H2O to undergo a facile oxidative addition. 

Addition of NaOH to the hydrolysis of NaBH4 by PtNP@PPh2-PEGPIIL 5.3 leads to a slight 

increase in initial TOF as the concentration of NaOH was increased and the TOF reached a 

maximum of 49 moleH2.molcat-1.min-1 in 0.14 mM NaOH, increasing the NaOH concentration 

further then leads to a decline in the TOF. A TOF of 39 moleH2.molcat
-1.min-1 was measured under 

similar reaction conditions in the absence of NaOH.  
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Primary kinetic isotopic labelling experiments revealed a KIE (kH/kD) 1.8 for PtNP@PPh2-

PEGPIIL 5.3 and 2.1 for PtNP@PPh2-N-decylPIIL 5.4 in D2O indicating the O-H bond cleavage 

of H2O to be involved in the rate determining step. This O-H bond cleavage is likely to be facilitated 

via hydrogen bonding with a hydridic B-H bond of surface bound borohydride. 

PtNP@PPh2-PEGPIIL 5.3 recycling experiments revealed a retention of 70% of the catalytic 

activity up to 5 cycles and TEM analysis after 5 cycles indicated that the average size of the 

nanoparticles remained unchanged. The EDX analysis showed a substantial amount of boron 

accumulating on the catalyst, which has been proposed as the cause of the catalyst's decreased 

activity. Catalytic poisoning experiments suggested that the loss of the catalytic activity was due 

to the formation of sodium metaborate and deactivation due to adsorption at the surface of the 

catalyst.  

Hydrogenation of 1,1-diphenylethene was performed with the hydrogen produced from NaBH4 

hydroysis in D2O, and the products was analysed by 13C NMR. The result shows that the product 

is formed a mixture of 8 isotopologues and further studied indicated that H/D scrambling occurs 

on the surface of the Pd/C catalyst at the hydrogenation stage and not at the nanoparticle surface 

during borohydride hydrolysis. 

Having demonstrated that these Pt PIIL systems are highly effective catalysts for hydrogen 

generation by hydrolysis of NaBH4, further investigation into the use of other hydrogen carriers 

remains to be explored. We plan to study the efficiency of PtNPs derived from PtNP@PPh2-

PEGPIIL 5.3 and PtNP@PPh2-N-decylPIIL 5.4 as catalysts for evolution of hydrogen from 

hydrolysis of NH3BH3 and (CH3)2NH·BH3.  
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Chapter 6. Experimental 

• General comments 

All manipulations involving air-sensitive compounds were carried out using standard Schlenk line 

techniques under an atmosphere of N2 in oven-dried glassware. All reaction solvents were distilled 

before use; toluene, dichloromethane and chloroform were dried over calcium hydride; diethyl 

ether and tetrahydrofuran were dried over sodium wire in the presence of benzophenone; methanol 

and ethanol from magnesium; acetonitrile from potassium carbonate; dimethyl formamide was 

dried over molecular sieves. All chemicals were purchased from commercial suppliers and used as 

received without further purification. 1H, 13C and 31P spectra were recorded on either JEOL ECS-

400 MHz, JEOL ECS-500 MHz, Bruker Avance III 300 MHz, or Bruker Ascend 700 MHz 

spectrometer. FT-IR spectroscopy was performed using Perkin Elmer spectrum two with 

the UATR accessory spectrometer scanning from 6000-550 cm-1.  

The (SEM/ EDS) analysis was taken using high-resolution imaging of surfaces by a Tescan Vega 

3LMU scanning electron microscope fitted with a detector (Bruker XFlash® 6 | 30). Mass 

spectrometry analysis was performed using a Micromass LCT premier Mass Spectrometer in 

Electro Spray (ES) mode by the National Mass Spectrometry Facility (NMSF) Swansea. XPS 

measurements were carried out using a Theta Probe system (Thermo Scientific, UK) equipped with 

a micro-focused monochromatic AlK source. For transmission electron microscopy (TEM), 

samples were dispersed in ethanol using an ultrasonic bath and deposited on lacey carbon film-

coated copper grids. TEM images were acquired on a FEI Tecnai TF20 field emission gun 

microscope operating at 200 kV. NP size distribution histograms were obtained from 

measurements of at least 100 different NPs assuming a spherical shape and with random 

distribution. EDX spectra were taken using a field emission SEM FEI Nova 450, EDAX TEAM 

software and a voltage of 18 kV. Inductively coupled plasma (ICP-OES) analysis to calculate metal 

loadings was conducted using a Perkin-Elmer Optima 4300. 
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6.1 Chapter 2 experimental.  

6.1.1 General Procedure for the Iridium-Catalysed Borylation of Diethyl 

Phenylphosphonate with B2pin2.221  

An oven dried Schlenk flask under N2 was charged with iridium precursor (2.5 mol%), ligand (2.5 

mol%) and bis(pinacolato)diboron (0.06 g, 0.28 mmol) or pinacolborane (0.09 g, 0.74 mmol). 

Diethyl phenylphosphonate (0.09 g, 0.08 mL, 0.37 mmol) and dry solvent (4 mL) were added, and 

the reaction mixture was stirred for the allocated time at the specified temperature. After this time, 

the resulting solution was left to cool to room temperature, diluted by adding acetonitrile (2 mL). 

The resulting solution was passed through a silica plug and the solvent was removed under reduced 

pressure. The crude product was dissolved in CDCl3 and analysed by 31P and 1H NMR spectroscopy 

to quantify the composition and determine the selectivity profile.  
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6.1.2 General Procedure for the Iridium-catalysed Borylation of Diethyl 

Phenylphosphonate with HBpin.221 

Addition of tmphen before HBpin: An oven dried Schlenk flask under N2 was charged with 

[Ir(COD)(OMe)]2 (0.006 g, 0.009 mmol, 2.5 mol%), tmphen (0.004 g 0.018 mmol, 5 mol%) and 

dry hexane (4 mL). After stirring for two minutes, pinacolborane (0.09 g, 0.74 mmol) was added 

followed by diethyl phenylphosphonate (0.09 g, 0.08 mL, 0.37 mmol) and the reaction mixture was 

stirred for the allocated time at the specified temperature. After this time, the resulting solution was 

left to cool to room temperature, diluted by the addition of acetonitrile (2 mL), the resulting solution 

was passed through a silica plug and the solvent was removed under reduced pressure. The crude 

product was dissolved in CDCl3 and analysed by 31P and 1H NMR spectroscopy to quantify the 

composition and determine the selectivity profile. 

Addition of HBpin before tmphen: An oven dried Schlenk flask under N2 was charged with 

[Ir(COD) (OMe)]2 (0.006 g, 0.009 mmol, 2.5 mol%), pinacolborane (0.09 g, 0.74 mmol) and dry 

hexane (4 mL). After stirring for two minutes, tmphen (0.004 g 0.018 mmol, 5 mol%) was added 

followed immediately by diethyl phenylphosphonate (0.09 g, 0.08 mL, 0.37 mmol) and the reaction 

mixture was stirred for the allocated time at the specified temperature. After this time, the resulting 

solution was left to cool to room temperature, diluted by the addition of acetonitrile (2 mL), the 

resulting solution was passed through a silica plug and the solvent was removed under reduced 

pressure. The crude product was dissolved in CDCl3 and analysed by 31P and 1H NMR spectroscopy 

to quantify the composition and determine the selectivity profile 
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6.2 Chapter 3 experimental.  

6.2.1 Synthesis of PEG-chloride (3.1). 

 

 

 

An oven dried Schlenk flask under N2 was charged with polyethylene glycol monomethyl ether 

(7.00 g, 20.0 mmol), pyridine (3.16 g, 40.0 mmol) and dry toluene (40 mL). The mixture was 

stirred, heated slowly to 80 °C and then thionyl chloride (4.74 g, 40.0 mmol) was added over 20 

minutes. The mixture was stirred for two days under reflux. After this time, the reaction mixture 

was cooled to room temperature, and then water (10 mL) was added to quench the excess of thionyl 

chloride. The mixture was extracted with toluene (3 x 30 mL), the organic fractions were combined 

and dried over MgSO4, filtered and the solvent was removed under reduced pressure. The oily 

product was dissolved in dichloromethane (40 mL) and washed with water (4 x 30 mL). The 

organic layer was dried over MgSO4, filtered and the solvent was removed under reduced pressure 

to afford PEG-chloride 3.1 as a red oil (6.37 g, 85%). 1H NMR (300 MHz, CDCl3) δ 3.69 (t, J = 

5.5 Hz, 2H), 3.63 – 3.55 (m, 28H), 3.50 – 3.46 (m, 2H), 3.31 (s, 3H); 13C NMR (75 MHz, CDCl3) 

δ 71.79, 71.88, 70.60, 70.53, 70.45, 58.96, 42.69.  

This is consistent with data reported in the literature.120  
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6.2.2 Synthesis of 2-methyl-1-PEG-imidazole (3.2). 

 

 

 

An oven dried Schlenk flask under N2 was charged with sodium hydride (1.41 g, 60% dispersion 

in mineral oil, 58.7 mmol) which was washed with dry hexane (3 x 15 mL) to remove the mineral 

oil. The resultant was suspended in dry tetrahydrofuran (70 mL). The mixture was cooled to 0 °C, 

then 2-methylimidazole (1.93 g, 23.5 mmol) was added dropwise, resulting in the liberation of 

hydrogen gas. Once the exotherm had subsided, PEG-chloride 3.1 (10.5 g, 28.2 mmol) was added 

dropwise. The mixture was heated overnight at 75 °C. After this time, the mixture was cooled to 

room temperature and water (2 mL) was added to quench the excess of sodium hydride. The solvent 

was removed using an external trap and the residue was washed with diethyl ether (4 x 40 mL), the 

ether fractions were combined, and the solvent was removed under reduced pressure to afford 2-

methyl-1-PEG-imidazole 3.2 as a red oil (9.49 g, 90%). 1H NMR (400 MHz, CDCl3) δ 6.78 (d, J 

= 1.3 Hz, 1H), 6.75 (d, J = 1.3 Hz, 1H), 3.90 (t, J = 5.5 Hz, 2H), 3.66 – 3.37 (m, 30H), 3.25 (s, 3H), 

2.27 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 144.59, 126.84, 119.39, 71.76, 70.59, 70.41, 70.32, 

58.82, 45.87, 12.97.  

This is consistent with data reported in the literature.120  
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6.2.3 Synthesis of 4 vinylbenzyl bromide (3.3). 

 

 

 

An oven dried Schlenk flask under N2 was charged with 4-vinylbenzyl chloride (5.72 g, 37.5 

mmol), sodium bromide (15.4 g, 150 mmol) and dry acetonitrile (50 mL). The reaction mixture 

was heated overnight at 85 °C. After this time, the mixture was allowed to cool to room 

temperature, filtered then the solvent was removed under reduced pressure to afford 4 vinylbenzyl 

bromide 3.3 as a yellow oil (6.37 g, 86%). 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.33 (m, 4H), 6.71 

(dd, J = 17.6, 10.9 Hz, 1H), 5.77 (d, J = 17.5 Hz, 1H), 5.28 (d, J = 10.9 Hz, 1H), 4.50 (s, 2H). 13C 

NMR (101 MHz, CDCl3) δ 137.80, 137.29, 136.24, 129.35, 126.67, 114.71, 33.52. 

This is consistent with data reported in the literature.242 
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6.2.4 Synthesis of 2-methyl-1-PEG-3-(4-vinlbenzyl) imidazolium bromide (3.4). 

 

 

 

An oven dried Schlenk flask under N2 was charged with 4-vinylbenzyl bromide 3.3 (7.40 g, 34.7 

mmol), 2-methyl-1-PEG-imidazole 3.2 (12.0 g, 28.9 mmol) and dry dichloromethane (200 mL). 

The mixture was stirred overnight at 35 °C. The solvent was removed under reduced pressure, the 

resultant residue was triturated with diethyl ether (5 x 50 mL) and dried under high vacuum to 

afford 2-methyl-1-PEG-3-(4-vinlbenzyl) imidazolium bromide 3.4 as a yellow oil (16.6 g, 89%). 

1H NMR (400 MHz, CDCl3) δ 7.82 (s, 1H), 7.45 (s, 1H), 7.35 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 7.9 

Hz, 2H), 6.60 (dd, J = 17.6, 10.9 Hz, 1H), 5.70 (d, J = 17.6 Hz, 1H), 5.45 (s, 2H), 5.23 (d, J = 10.9 

Hz, 1H), 4.46 (t, J = 4.8 Hz, 2H), 3.83 (t, J = 4.7 Hz, 2H), 3.63 – 3.38 (m, 28H), 3.34 – 3.23 (m, 

3H), 2.73 (s, 3H);13C NMR (75 MHz, CDCl3) δ 144.57, 137.66, 135.73, 132.99, 128.18, 126.72, 

121.90, 121.62, 114.78, 71.58, 71.47, 70.19, 70.14, 70.07, 68.99, 58.66, 53.70, 51.46, 48.84, 10.66. 

This is consistent with data reported in the literature.120 
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6.2.5 Synthesis of diphenyl(4-vinylphenyl)phosphine (3.5). 

 

 

 

An oven dried two necked round bottom flask under N2 was charged with Mg turnings (3.75 g, 154 

mmol) and dry tetrahydrofuran (40 mL). A crystal of iodine was added to the mixture, which was 

cooled to 0 °C. 4-Bromostyrene (14.4 g, 78.6 mmol) was dissolved in dry tetrahydrofuran (35 mL) 

in a dropping funnel and the solution was added dropwise to the Mg turnings to start Grignard 

formation. Then the mixture was stirred and heated at 65 °C for 4 hours. Another round bottom 

flask was charged with chlorodiphenylphosphine (12.9 g, 58.5 mmol) dissolved in dry 

tetrahydrofuran (40 mL). The solution was cooled to 0 °C, the Grignard solution was filtered and 

transfer by cannula into the chlorodiphenylphosphine solution and the resultant mixture was left to 

stir overnight at room temperature. The reaction was quenched with degassed water (100 mL) and 

extracted with dry diethyl ether (3 x 150 mL). The organic fractions were combined and dried over 

MgSO4, filtered and the solvent was removed by an external trap. Diphenyl(4-vinylphenyl) 

phosphine 3.5 was obtained as a white powder (10.8 g, 64%) and stored under nitrogen. 1H NMR 

(300 MHz, CDCl3) δ 7.48 – 7.24 (m, 14H), 6.71 (dd, J = 17.6, 10.9 Hz, 1H), 5.79 (d, J = 17.6 Hz, 

1H), 5.28 (d, J = 10.9 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 137.95, 137.23, 137.09, 136.4, 

134.09, 133.86, 133.83, 133.60, 128.75, 126.35; 31P NMR (121 MHz, CDCl3) δ -5.74 ppm.  

This is consistent with data reported in the literature.244 
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6.2.6 Synthesis of 2-methyl-1-(4-vinylbenzyl)-1H-imidazole (3.6). 

 

 

 

An oven dried Schlenk flask under N2 was charged with sodium hydride (1.22 g, 60% dispersion 

in mineral oil, 50.8 mmol) in dry dimethylformamide (20 mL). The mixture was stirred and cooled 

in an ice bath to 0 °C. 2-Methylimidazole (3.00 g, 36.5 mmol) was added portion wise, resulting 

in the liberation of hydrogen gas. Once the exotherm had subsided, then 4-vinylbenzyl chloride 

(4.65 g, 30.4 mmol) was added to the mixture. The reaction mixture was heated for 1 hour at 75 

°C. Then the mixture was poured onto water (250 mL) and extracted with ethyl acetate (2 x 100 

mL). The combined organic extracts were washed with water (180 mL), brine (50 mL) and then 

extracted with 6N HCl (2 x 25 mL). The aqueous layer was washed with diethyl ether (20 mL) and 

basified through addition of 1M NaOH solution until pH 12. Then, the product was extracted with 

diethyl ether (3 x 50 mL), dried over MgSO4, filtered and the solvent was removed under reduced 

pressure to afford 2-methyl-1-(4-vinylbenzyl)-1H-imidazole 3.6 as a yellow oil (5.73 g, 95%). 1H 

NMR (300 MHz, CDCl3) δ 7.30 (d, J = 8.2 Hz, 2H), 6.94 (d, J = 8.3 Hz, 2H), 6.88 (d, J = 1.3 Hz, 

1H), 6.76 (d, J = 1.3 Hz, 1H), 6.62 (dd, J = 17.6, 10.9 Hz, 1H), 5.67 (d, J = 17.6 Hz, 1H), 5.19 (d, 

J = 10.9 Hz, 1H), 4.96 (s, 2H), 2.27 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 144.77, 137.14, 135.98, 

135.77, 126.96, 126.81, 126.60, 119.83, 114.32, 49.30, 12.85; FT-IR (neat, cm-1): ῠ = 3350, 3005, 

2932, 2360, 1630, 1510, 1495, 1420, 1407, 1282, 1133, 988, 914, 825, 735, 675. 

This is consistent with data reported in the literature.245  
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6.2.7 Synthesis of 2-methyl-1,3-bis(4-vinylbenzyl)-1H-imidazol-3-ium chloride (3.7). 

 

 

 

An oven dried Schlenk flask under N2 was charged with 2-methyl-1-(4-vinylbenzyl)-1H-imidazole 

3.6 (2.40 g, 12.1 mmol), 4-vinylbenzyl chloride (2.21 g, 14.5 mmol) and dry chloroform (50 mL). 

The reaction mixture was stirred overnight at 50 °C. The solvent was removed under reduced 

pressure, the resulting residue was washed with ethyl acetate, then dissolved in the minimum 

amount of dichloromethane and added dropwise to diethyl ether (250 mL) with stirring. After 60 

minutes of stirring, the product was allowed to settle then filtered, washed with diethyl ether (50 

mL) and dried under high vacuum to afford 2-methyl-1,3-bis(4-vinylbenzyl)-1H-imidazol-3-ium 

chloride 3.7 as white powder (4.20 g, 98%). 1H NMR (300 MHz, CDCl3) δ 7.55 (s, 2H), 7.42 (d, J 

= 8.2 Hz, 4H), 7.30 (d, J = 7.5 Hz, 4H), 6.69 (dd, J = 17.6, 10.9 Hz, 2H), 5.77 (d, J = 18.2 Hz, 2H), 

5.53 (s, 4H), 5.32 (d, J = 10.9 Hz, 2H), 2.82 (s, 3H); 13C NMR (75 MHz, CDCl3) δ
 13C NMR (75 

MHz, CDCl3) δ 144.37, 138.46, 135.77, 132.09, 128.51, 127.14, 121.93, 115.35, 52.18, 11.35.; mp 

= 115– 117 °C; FT-IR (neat, cm-1): ῠ = 3379, 3110, 3070, 2970, 1635, 1580, 1525, 1513, 1409, 

1170, 985, 910, 829, 785, 715. 

This is consistent with data reported in the literature.245 
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6.2.8 Synthesis of PPh2-PEGPIIL (3.8).  

 

 

 

An oven dried Schlenk flask under N2 was charged 2-methyl-1-PEG-3-(4-

vinylbenzyl)imidazolium bromide 3.4 (7.91 g, 12.9 mmol), diphenyl(4-vinylphenyl)phosphine 3.5 

(2.00 g, 6.93 mmol), 2-methyl-1,3-bis(4-vinylbenzyl)-1H-imidazol-3-ium chloride 3.7 (0.34 g, 

0.97 mmol), AIBN (0.05 g, 0.34 mmol, 5 mol%), dry ethanol (40 mL) and dry tetrahydrofuran (40 

mL). The mixture was degassed using the freeze-pump-thaw method six times before being heated 

for four days at 80 °C. After this time, an additional equivalence of AIBN (0.05 g, 0.34 mmol, 5 

mol%) was added, the degassing procedure was repeated and then the mixture was heated for 24 

hours at 80 °C. The solvent was removed under reduced pressure, the resulting residue was 

dissolved in dichloromethane (10 mL /g polymer) and added dropwise to diethyl ether (350 mL) 

with stirring. After 60 minutes of stirring, the product was allowed to settle, filtered, washed with 

diethyl ether, and dried under high vacuum to afford PPh2-PEGPIIL 3.8 as a white powder (8.70 

g, 85%). 31P NMR (162 MHz CDCl3) δ -6.68; FT-IR (neat, cm-1): ῠ = 3401, 2869, 1584, 1514, 

1436, 1349, 1248, 1188, 1093, 943, 848, 753, 721, 701, 672, 539.  

This is consistent with data reported in the literature.120  
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6.2.9 Attempted Synthesis of [AuCl4]@PPh2-PEGPIIL (3.9). 

 

 

 

An oven dried Schlenk flask under N2 was charged with PPh2-PEGPIIL 3.8 (2.50 g, 1.66 mmol), 

KAuCl4 (0.63 g, 1.66 mmol) and water (40 mL). The reaction mixture was stirred overnight at 

room temperature. The solvent was removed under reduced pressure and the resulting residue was 

dissolved in dichloromethane (10 mL /g polymer) and added dropwise to a large volume of diethyl 

ether (350 mL) and stirred for 60 min. After this time, the mixture was allowed to settle and the 

product was filtered through a frit, washed with water (2 x 10 mL), ethanol (2 x 10 mL) and diethyl 

ether (2 x 30 mL) to give what was expected to be [AuCl4]@PPh2-PEGPIIL adduct 3.9 as an orange 

powder (2.20 g, 80%). 31P NMR (202 MHz, CDCl3) δ 29.46; FT-IR (neat, cm-1): ῠ = 3355, 2871, 

1585, 1513., 1437, 1349, 1250, 1185, 1093, 943, 830, 752, 722, 704, 539. ICP-OES data: 8.61 wt% 

gold corresponding to a gold loading of 0.43 mmol g-1. 

This is consistent with data reported in the literature83 but note that the 31P NMR chemical shift 

indicates that, in fact, the phosphine oxide may be formed along with concomitant reduction of the 

Au(III). 
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6.2.10 Synthesis of Ph3=O (3.10). 

 

 

An oven dried Schlenk flask under N2 was charged with triphenylphosphine (1.00 g, 3.81 mmol), 

and dichloromethane (5 mL), and a solution of hydrogen peroxide (30% w/w in water, 4 mL) and 

water (45 mL). The mixture was vigorously stirred for 5 hours at room temperature. After this time, 

the two layers were separated, and the organic layer was dried over MgSO4, filtered, and the solvent 

was removed under reduced pressure to afford Ph3P=O 3.10 as a white powder (1.00 g, 94%). 31P 

NMR (121 MHz, CDCl3) δ 29.4 ppm.  

This is consistent with data reported in the literature.247 
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6.2.11 Synthesis of AuI(THT)Cl (3.11). 

 

 

 

An oven dried Schlenk flask under N2 was charged with KAuCl4 (2.04 g, 5.30 mmol), ethanol (50 

mL) and water (10 mL). Tetrahydrothiophene (1.17 g, 13.2 mmol) was added dropwise which 

resulted in the formation of a yellow precipitate which changed into a white solid. Ethanol (10 mL) 

was added to the mixture to ensure efficient mixing. The reaction mixture was stirred for 40 min 

at room temperature. The white precipitate was filtered, washed with ethanol, diethyl ether and 

dried under high vacuum to get AuI(THT)Cl 3.11 as a fine white powder (1.50 g, 88%), which was 

stored in the freezer. 1H NMR (400 MHz, CDCl3) δ 3.48 – 3.27 (m, 4H,), 2.08 – 1.91 (m, 4H); 13C 

NMR (101 MHz, CDCl3) δ 31.10, 31.11, 28.08, 28.0.  

This is consistent with data reported in the literature.392 
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6.2.12 Synthesis of AuI(PPh3)Cl (3.12).  

 

 

 

An oven dried Schlenk flask under N2 was charged with AuI(THT)Cl 3.11 (0.38 g, 1.20 mmol), 

triphenylphosphine (0.31 g, 1.20 mmol) and dichloromethane (50 mL). The reaction mixture was 

stirred overnight at room temperature. The white precipitate was filtered and washed with ethanol, 

diethyl ether and dried under high vacuum. Then, the white precipitate was recrystallised 

(chloroform:hexane 1:3) to give AuI(PPh3)Cl 3.12 as a white crystalline solid (0.42 g, 71%). 1H 

NMR (400 MHz, CDCl3) δ 7.49-7.44 (m, 6H); 7.44-7.37 (m, 9H); 13C NMR (121 MHz, CDCl3) δ 

134.17, 132.01, 129.25, 128.42;31P NMR (162 MHz, CDCl3) δ 33.20 ppm.    

This is consistent with data reported in the literature.251 
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6.2.13 Synthesis of AuIII(PPh3)Cl3 (3.13).  

 

 

 

This experiment was performed in a well-ventilated fume hood. Chlorine gas was generated by 

adding concentrated HCl dropwise to potassium permanganate. The gas released was bubbled 

through H2SO4 to remove any HCl gas, then through the reaction mixture, then through sodium 

hydroxide solution pH 14 to destroy any unreacted chlorine. 

Chlorine gas was gently bubbled through a chloroform (20 mL) solution containing AuI(PPh3)Cl 

3.12 (0.15 g 0.30 mmol) while the solution was stirring. The solution turned from colourless to 

bright yellow within few seconds. The solvent was removed under reduced pressure and the 

resulting solid was washed with hexane, diethyl ether and dried under high vacuum to give 

AuIII(PPh3)Cl3 3.13 as a yellow solid (0.14 g, 82%). The product was stored in the freezer and 

covered with aluminium foil. 1H NMR (400 MHz, CDCl3) δ 7.66-7.75 (m, 9H), 7.54-7.60 (m, 6H); 

31P NMR (121 MHz, CDCl3) δ 43.59 ppm.  

This is consistent with data reported in the literature.249 
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6.2.14 Synthesis of [AuCl]@PPh2-PEGPIIL (3.14). 

 

 

 

According to an adapted literature procedure,83 an oven dried Schlenk flask under N2 was charged 

with PPh2-PEGPIIL 3.8 (2.00 g, 1.33 mmol), AuI(THT)Cl 3.11 (0.42 g, 1.33 mmol), water (35 mL) 

and dichloromethane (10 mL). The reaction mixture was stirred overnight at room temperature. 

The solvent was removed under reduced pressure and the resulting residue was dissolved in 

dichloromethane (10 mL /g polymer), added dropwise to a large volume of diethyl ether (400 mL) 

and stirred for 60 min. After this time, the product was allowed to settle and filtered through a frit, 

washed with water (2 x 10 mL), ethanol (2 x 10 mL), and diethyl ether (2 x 30 mL) to give 

[AuCl]@PPh2-PEGPIIL 3.14 as a white powder (2.00 g, 95%). 31P NMR (202 MHz, CDCl3) δ 

33.47; FT-IR (neat, cm-1): ῠ = 3353, 2871, 1585, 1514, 1436, 1349, 1184, 1099, 945, 847, 751, 

695, 667, 610, 540, 509. ICP-OES data: 8.94 wt% gold corresponding to a gold loading of 0.45 

mmol g-1. 

  



Chapter 6 

185 

6.2.15 Attempted synthesis of [AuCl4]@PPh2-PEGPIIL (3.15).  

 

 

 

According to an adapted literature procedure,249 chlorine gas was gently bubbled through 

chloroform (50 mL) solution containing [AuCl]@PPh2-PEGPIIL 3.14 (0.10 g 0.06 mmol) while 

the solution was stirring. The solution turned from colourless to bright yellow within a few seconds. 

The solvent was removed under reduced pressure and the resulting solid was washed with hexane, 

diethyl ether and dried under high vacuum to give [AuCl4]@PPh2-PEGPIIL 3.15 as a yellow solid 

(0.09 g, 90%). 31P NMR (283 MHz, CDCl3) indicated a mixture of the AuIII δ 43.59 and P=O δ 

28.95. The product mixture was stored in the freezer and covered with aluminium foil. The next 

day, 31P NMR showed that further decomposition to phosphine oxide had occurred.  
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6.2.16 Synthesis of O=PPh2-PEGPIIL (3.16). 

 

 

 

According to an adapted literature procedure,120 an oven dried Schlenk flask was charged with 

PPh2-PEGPIIL 3.8 (1.50 g, 1.00 mmol), dichloromethane (50 mL) and H2O2 (35% w/w, 1.70 mL, 

15.0 mmol), dissolved in water (2 mL) and stirred vigorously overnight at room temperature. The 

organic layer was separated, dried over MgSO4, filtered and the solvent was removed under 

reduced pressure to afford O=PPh2-PEGPIIL 3.16 as a white powder (1.40 g, 90%). 31P NMR (162 

MHz, CDCl3) δ 29.26; FT-IR (neat, cm-1): ῠ = 3340, 2921, 2861, 1911, 1585, 1529, 1511, 1436, 

1420, 1400, 1355, 1300, 1257, 1185, 1113, 1093, 1027, 1001, 946, 820, 756, 722, 703. 673, 531. 
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6.2.17 Synthesis of [AuCl4]@O=PPh2-PEGPIIL (3.17). 

 

 

 

According to an adapted literature procedure,83 an oven dried Schlenk flask under N2 was charged 

with O=PPh2-PEGPIIL 3.16 (1.18 g, 0.78 mmol), KAuCl4 (0.29 g, 0.78 mmol) and water (25 mL). 

The reaction mixture was stirred overnight at room temperature. The solvent was removed under 

reduced pressure and the resulting residue was dissolved in dichloromethane (10 mL /g polymer), 

added dropwise to a large volume of diethyl ether (350 mL), and stirred for 60 min. After this time, 

the mixture was allowed to settle and the product was filtered through a frit, washed with water (2 

x 10 mL), ethanol (2 x 10 mL) and diethyl ether (2 x 30 mL) to give [AuCl4]@O=PPh2-PEGPIIL 

3.17 as an orange powder (1.10 g, 92%); 31P NMR (202 MHz, CDCl3) δ 29.45; FT-IR (neat, cm-

1): ῠ = 3346, 3130, 2871, 1642, 1586, 1514, 1436, 1349, 1250, 1174, 1116, 941, 824, 752, 722, 

703, 605, 538. ICP-OES data: 8.15 wt% gold corresponding to a gold loading of 0.41 mmol g-1. 
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6.2.18 ICP gold sample preparation 

The amount of gold sample needed for approximately 80 ppm Au in 100 mL (assumed 100% 

loading) was calculated, accurately weighed out, and added to a test tube. Aqua regia (2 mL) and 

a stirrer bar were added to the test tube. Layers of parafilm were used to cover the top of the test 

tube before being heated at 90 °C and stirred for two days. The test tube contents were then 

transferred to a 100 mL volumetric flask made up to 100 mL with distilled water. A standard 

solution of 100 ppm Au in 2% aqueous aqua regia was prepared. This stock solution was then used 

to prepare standards of 20, 40, 60 and 80 ppm Au by dilution. The samples were then filtered 

through a syringe filter (0.45 µm) and submitted for ICP-OES analysis in a screw-top vial. 
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6.2.19 General procedure for the selective reduction of nitrobenzene to N-phenyl 

hydroxylamine.83  

An oven dried Schlenk flask under N2 was charged with catalyst (0.05 mol% based on the gold 

content determined by ICP-OES) and NaBH4 or (CH3)2NH·BH3 (2.5 mmol) and water (2.5 mL) 

was added immediately. The mixture was stirred for 5 min at room temperature. Then nitrobenzene 

(1 mmol) was added, and the mixture was stirred for the appropriate time at room temperature. 

After this time, the reaction was quenched by addition of water (5 mL), the product was extracted 

with ethyl acetate (20 mL) and the solvent was removed under reduced pressure. The resulting 

residue was analysed by 1H NMR spectroscopy using 1,4-dioxane as the internal standard to 

measure the composition of the starting material and the product, determine the selectivity and 

conversion.  
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6.2.20 General procedure for the selective reduction of nitrobenzene to azoxybenzene.83 

An oven dried Schlenk flask under N2 was charged with catalyst (0.05 mol% based on the gold 

content determined by ICP-OES) and NaBH4 or (CH3)2NH·BH3 (2.5 mmol) and ethanol (2 mL) 

was added immediately. The mixture was stirred for 5 min at room temperature. Then nitrobenzene 

(1 mmol) was added and the mixture was stirred for the appropriate time at room temperature. 

After this time, 1,4 dioxane (85 μL, 1 mmol) was added as the internal reference and a 0.05 mL of 

solution was taken and diluted with CDCl3. The resulting solution was analysed by 1H NMR 

spectroscopy to measure the composition of the starting material and the product, determine the 

selectivity and conversion.  

  



Chapter 6 

191 

6.2.21 General procedure for the selective reduction of nitrobenzene to aniline.83 

An oven dried Schlenk flask under N2 was charged with catalyst (0.05 mol% based on the gold 

content determined by ICP-OES) and NaBH4 (5 mmol) and water (2 mL) was added immediately. 

The mixture was stirred for 5 min at 60 °C Then nitrobenzene (1 mmol) was added and the mixture 

was stirred for the appropriate time at 60 °C. After this time, 1,4 dioxane (85 μL, 1 mmol) was 

added as the internal reference and a 0.05 mL of solution was taken and diluted with CDCl3. The 

resulting solution was analysed by 1H NMR spectroscopy to measure the composition of the 

starting material and the product, determine the selectivity and conversion.  
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6.3 Chapter 4 experimental  

6.3.1 Synthesis of 1-decyl-2-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium bromide (4.1).  

 

 

 

An oven dried Schlenk flask under N2 was charged with 1-decyl-2-methylimidazole (1.00 g, 4.49 

mmol) and 4-vinylbenzyl bromide 3.3 (1.15 g, 5.84 mmol) and dry dichloromethane (20 mL). The 

mixture was stirred overnight at 35 °C. The solvent was removed under reduced pressure and the 

resultant residue was triturated with diethyl ether (3 x 10 mL) and dried under high vacuum to 

afford the product 1-decyl-2-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium bromide 4.1 as a fine 

white powder (1.43 g, 94%).1H NMR (300 MHz, CDCl3) δ 7.59 (d, J = 2.0 Hz, 1H), 7.44 – 7.30 

(m, 5H), 6.68 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (d, J = 17.6 Hz, 1H), 5.59 (s, 2H), 5.30 (d, J = 11.5 

Hz, 1H), 4.15 (t, J = 7.2 Hz, 2H), 2.80 (s, 3H), 1.81 (t, J = 7.6 Hz, 2H), 1.41 – 1.14 (m, 14H), 0.86 

(t, J = 6.7 Hz, 3H) ; 13C NMR (75 MHz, CDCl3) δ 143.68, 138.32, 135.80, 132.35, 128.66, 127.03, 

122.32, 121.21, 115.24, 52.18, 48.99, 31.81, 29.82, 29.42, 29.35, 29.21, 29.00, 26.36, 22.63, 14.09, 

11.38; Mp: 88-90 °C; IR (neat, cm-1): ῠ = 3086, 2923, 285.3, 1631, 1582, 1525, 1513, 1467, 1424, 

1366, 1168, 992, 902, 830, 783, 767, 715, 671, 472. Found [M-Br]+; 339.2791 C23H35N2Br: 

requires [M-Br]+; 339.2795.  
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6.3.2 Synthesis of PPh2-N-decylPIIL (4.2).  

  

 

 

According to an adapted literature procedure,120 an oven dried Schlenk flask under N2 was charged 

with 1-decyl-2-methyl-3-(4-vinylbenzyl)-1H-imidazol-3-ium bromide 4.1 (5.00 g, 11.9 mmol), 

diphenyl(4-vinylphenyl) phosphine 3.5 (1.85 g, 6.42 mmol) , 2-methyl-1,3-bis(4-vinylbenzyl)-1H-

imidazol-3-ium chloride 3.7 (0.31 g, 0.89 mmol), AIBN (0.05 g, 0.32 mmol, 5 mol%), dry ethanol 

(30 mL) and dry tetrahydrofuran (30 mL). The mixture was degassed using the freeze-pump-thaw 

method six times before being heated for four days at 80 °C. After this time, an additional 

equivalence of AIBN (0.05 g, 0.32 mmol, 5 mol%) was added and the degassing procedure was 

repeated six times, and then heated for 24 hours at 80 °C. The mixture was allowed to cool to room 

temperature and the solvent was removed under reduced pressure and the resulting residue was 

dissolved in dichloromethane (10 mL /g polymer) and added dropwise to diethyl ether (350 mL) 

with stirring. After 60 minutes of stirring, the product was allowed to settle, filtered, washed with 

diethyl ether, and dried under high vacuum to afford the product PPh2-N-decylPIIL 4.2 as a white 

powder (6.50 g, 91%). 31P NMR (121 MHz, CDCl3) δ -6.61; FT-IR (neat, cm-1): ῠ = 3413, 2923, 

2853, 1581, 1513, 1527, 1465, 1455, 1433, 1425, 1358, 1262, 1184, 1091, 1018, 822, 773, 744, 

721, 697, 669, 639, 610, 558, 504, 475, 461, 452, 438, 425, 411.  
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6.3.3 Synthesis of PdCl4@PPh2-PEGPIIL (4.3).  

  

 

 

A round-bottomed flask was charged with PPh2-PEGPIIL 3.8 (5.00 g, 3.33 mmol) and water (60 

mL) and stirred vigorously while adding a solution of Na2[PdCl4] (0.98 g, 3.33 mmol) in water (5 

mL). The resulting orange mixture was stirred overnight at room temperature. The solvent was 

removed under reduced pressure, the resulting residue was dissolved in a minimum amount of 

dichloromethane and added dropwise to a large amount of diethyl ether with stirring. After 60 

minutes of stirring, the product was allowed to settle, filtered, washed with water (3 x 15 mL), 

ethanol (3 x 20 mL) and diethyl ether (3 x 20 mL) to afford PdCl4@PPh2-PEGPIIL 4.3 as a brown 

powder (2.42 g, 46.5%). ICP-OES data: 6.8 wt% palladium corresponding to a palladium loading 

of 0.63 mmol g-1. 

This is consistent with data reported in the literature.120 
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6.3.4 Synthesis of [PdCl4]@PPh2-N-decylPIIL (4.4).  

 

 

 

According to an adapted literature procedure,120 a round-bottomed flask was charged with PPh2- 

PPh2-N-decylPIIL 4.2 (3.20 g, 2.85 mmol), water (45 mL) and stirred vigorously while adding a 

solution of Na2[PdCl4] (0.84 g, 2.85 mmol) in water (5 mL). The resulting red mixture was stirred 

overnight at room temperature. The solvent was removed under reduced pressure, the resulting 

residue was dissolved in a minimum amount of dichloromethane and added dropwise to a large 

amount of diethyl ether with stirring. After 60 minutes of stirring, the product was allowed to settle, 

filtered, washed with water (3 x 15 mL), ethanol (3 x 20 mL) and diethyl ether (3 x 20 mL) to 

afford [PdCl4]@PPh2-N-decylPIIL 4.4 as a brown powder yield (3.00 g, 89%). ICP-OES data: 7.6 

wt% palladium corresponding to a palladium loading of 0.72 mmol g-1. 
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6.3.5 Synthesis of PdNP@PPh2-PEGPIIL (4.5).  

 

 

 

A round bottom flask was charged with PdCl4@PPh2-PEGPIIL 4.3 (2.22 g, 1.42 mmol) and ethanol 

(30 mL) and the resulting suspension was treated dropwise with a solution of NaBH4 (0.43 g, 11.3 

mmol) in water (3 mL). The solution immediately turned from orange to black. After stirring 

overnight at room temperature, the solvent was removed under reduced pressure and the resulting 

solid was triturated with acetone (20 mL), then transferred to a sintered glass frit and washed with 

water (2 x 20 mL), ethanol (3 x 20 mL) and diethyl ether (3 x 20 mL) and dried under high vacuum 

to afford PdNP@PPh2-PEGPIIL 4.5 as a black solid (0.69 g, 48%). ICP-OES data: 5.4 wt% 

palladium and a palladium loading of 0.51 mmol g-1.   

This is consistent with data reported in the literature.120 
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6.3.6 Synthesis of PdNP@PPh2-N-decylPIIL (4.6).  

 

 

 

According to an adapted literature procedure,120 a round bottom flask was charged with PdCl4@ 

PPh2-N-decylPIIL 4.4 (2.50 g, 2.11 mmol), ethanol (50 mL) and the resulting suspension was 

treated dropwise with a solution of NaBH4 (0.63 g, 16.5 mmol) in water (4 mL). The solution 

immediately turned from orange to black. After stirring overnight at room temperature, the solvent 

was removed under reduced pressure and the resulting solid was triturated with acetone (20 mL), 

then transferred to a sintered glass frit and washed with water (3 x 20 mL), ethanol (3 x 20 mL) 

and diethyl ether (3 x 20 mL) and dried under high vacuum to afford PdNP@PPh2-N-decylPIIL 

4.6 as a dark grey solid (1.68 g, 72%). ICP-OES data: 11 wt% palladium and a palladium loading 

of 1.06 mmol g-1.   
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6.3.7 ICP palladium sample preparation 

The amount of palladium sample needed for approximately 80 ppm Pd in 100 mL (assumed 100% 

loading) was calculated, accurately weighed out, and added to a quartz vial. The quartz vial was 

secured in metal tongs and held over a Bunsen flame for approximately 10 minutes until the sample 

turned to ash. The quartz vial was cooled to room temperature and transferred to a boiling tube. To 

the quartz vial, conc. HCl (2 mL) was added together with a stirring bar. Layers of parafilm were 

used to cover the top of the test tube before being heated to 90 0C and stirred for two days. The 

boiling tube mixture was then transferred to a 100 mL volumetric flask, washing with distilled 

water and made up to 100 mL with distilled water. A standard solution of 100 ppm Pd in 2% HCl 

was prepared. This stock solution was then used to prepare standards of 20, 40, 60 and 80 ppm Pd 

by dilution. The samples were then filtered through a syringe filter (0.45 µm) and submitted for 

ICP-OES analysis in a screw-top vial. 
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6.3.8 General procedure for the selective reduction of quinoline to 1,2,3,4-

tetrahydroquinolines.   

An oven dried Schlenk flask under N2 was charged with catalyst (0.5 mol%) based on the palladium 

content determined by ICP-OES and NaBH4 (2.5 mmol) or (CH3)2NH·BH3 (2.5 mmol) and water 

(3 mL) was added immediately. The mixture was stirred for 5 min at 40 °C. Then, quinoline (1 

mmol) was added and the mixture was stirred for the appropriate time at 40 °C. The reaction was 

quenched by addition of water (10 mL), the product was extracted with ethyl acetate (20 mL) and 

the solvent was removed under reduced pressure. The resulting product mixture was analysed by 

1H NMR spectroscopy using 1,3-dinitrobenzene (1 mmol) as the internal standard to measure the 

composition of the starting material and the product, determine the selectivity and conversion.   
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6.4 Chapter 5 experimental   

6.4.1 Synthesis of PtCl4@PPh2-PEGPIIL (5.1). 

 

 

 

According to an adapted literature procedure,120 a round-bottomed flask was charged with PPh2-

PEGPIIL 3.8 (3.04 g, 2.02 mmol), water (45 mL) and stirred vigorously while adding a solution of 

K2[PtCl4] (0.84 g, 2.02 mmol) in water (5 mL). The resulting orange mixture was stirred overnight 

at room temperature. The solvent was removed under reduced pressure and the resulting residue 

was dissolved in a minimum amount of dichloromethane and added dropwise to a large amount of 

diethyl ether with stirring. After 60 minutes of stirring, the product was allowed to settle, filtered, 

washed with water (3 x 15 mL), ethanol (3 x 20 mL) and diethyl ether (3 x 20 mL) to afford 

PtCl4@PPh2-PEGPIIL 5.1 as a brown powder (2.80 g, 80%). ICP-OES data: 8.5 wt% platinum 

corresponding to a platinum loading of 0.43 mmol g-1. 
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6.4.2  Synthesis of PtCl4@PPh2-N-decylPIIL (5.2).  

 

 

 

According to an adapted literature procedure,120 a round-bottomed flask was charged with PPh2-N-

decylPIIL 4.2 (5.00 g, 4.48 mmol) and water (65 mL) and stirred vigorously while adding a solution 

of K2[PtCl4] (1.86 g, 4.48 mmol) in water (5 mL). The resulting red mixture was stirred overnight 

at room temperature. 50 mL of water was removed under reduced pressure and the resulting 

precipitate was collected by filtration through a frit and the resultant red solid was washed with 

water (3 x 20 mL), ethanol (3 x 20 mL) and diethyl ether (3 x 20 mL) to afford PtCl4@PPh2-N-

decylPIIL 5.2 as a red powder (5.50 g, 92%). ICP-OES data: 13 wt% platinum corresponding to a 

platinum loading of 0.66 mmol g-1. 
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6.4.3 Synthesis of PtNP@PPh2-PEGPIIL (5.3).  

 

 

 

According to an adapted literature procedure,120 a round bottom flask was charged with 

PtCl4@PPh2-PEGPIIL 5.1 (2.50 g, 1.45 mmol) and ethanol (50 mL) and the resulting suspension 

was treated dropwise with a solution of NaBH4 (0.43 g, 11.6 mmol) in water (3 mL). The solution 

immediately turned from orange to black. After stirring overnight at room temperature, the solvent 

was removed under reduced pressure and the resulting solid was triturated with acetone (20 mL), 

then transferred to a sintered glass frit and washed with water (2 x 20 mL), ethanol (3 x 20 mL) 

and diethyl ether (3 x 20 mL) and dried under high vacuum to afford PtNP@PPh2-PEGPIIL 5.3 as 

a black solid (1.80 g, 78%). ICP-OES data: 7.1 wt% palladium and a palladium loading of 0.36 

mmol g-1.   
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6.4.4 Synthesis of PtNP@PPh2-N-decylPIIL (5.4). 

 

 

 

According to an adapted literature procedure,120 a round bottom flask was charged with PtCl4@ 

PPh2-N-decylPIIL 5.2 (3.58 g, 2.67 mmol) and ethanol (60 mL) and the resulting suspension was 

treated dropwise with a solution of NaBH4 (0.80 g, 21.3 mmol) in water (5 mL). The solution 

immediately turned from red to black. After stirring overnight at room temperature, the solvent 

was removed under vacuum and the resulting solid was triturated with acetone (20 mL), then 

transferred to a sintered glass frit and washed with water (3 x 20 mL), ethanol (3 x 20 mL) and 

diethyl ether (3 x 20 mL) and dried under high vacuum to afford PtNP@PPh2-N-decylPIIL 5.4 as 

a dark grey solid (2.60 g, 81%). ICP-OES data: 15 wt% platinum and a platinum loading of 0.77 

mmol g-1.   
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6.4.5 ICP platinum sample preparation 

The amount of platinum sample needed for approximately 80 ppm Pt in 100 mL (assumed 100% 

loading) was calculated and accurately weighed out. To a quartz vial, the Pt sample and sodium 

carbonate in a 1:2 weight ratio were added. The quartz vial was secured in metal tongs and held 

over a Bunsen flame for approximately 10 mins until the sample turned to ash. The quartz vial was 

cool to room temperature and transferred to a boiling tube. To the quartz vial, aqua regia (2 mL) 

was added together with a stirring bar. Layers of parafilm were used to cover the top of the test 

tube before being heated to 90 0C and stirred for two days. The boiling tube mixture was then 

transferred to a 100 mL volumetric flask, washing with distilled water and made up to 100 mL with 

distilled water. A standard solution of 100 ppm Pt in 2% aqueous aqua regia was prepared. This 

stock solution was then used to prepare standards of 20, 40, 60 and 80 ppm Pt by dilution. The 

samples were then filtered through a syringe filter (0.45 µm) and submitted for ICP-OES analysis 

in a screw-top vial. 
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6.4.6 Platinum Nanoparticle Catalysed Hydrolysis of Sodium Borohydride.84  

Catalytic hydrolysis reactions were conducted in water at the appropriate temperature in a 50 mL 

round bottom flask. The flask was charged with a stir bar, an appropriate quantity of catalyst (0.32 

mol%, 0.0050 g PtNP@PPh2-PEGPIIL 5.3; 0.32 mol% 0.0026 g PtNP@PPh2-N-decylPIIL 5.4) 

and NaBH4 (0.02 g, 0.57 mmol) and fitted with a gas outlet which was connected to the top of an 

inverted water-filled burette. The reaction was initiated by adding water (2 mL), immediately 

sealing the system by replacing the gas outlet, opening the tap of the water filled burette and 

recording the time zero volume. Gas evolution began immediately, and the progress of the reaction 

was monitored by measuring the amount of gas generated by recording the volume of water 

displaced from the burette at regular time intervals (15 sec). The optimum turnover frequency for 

each catalyst was determined by conducting a series of experiments with catalyst loadings ranging 

from 0.08 – 0.32 mol% at 30 °C and measuring the hydrogen generated, as described above.  

Kinetic studies were also conducted as described above using 0.32 mol%, 0.0050 g PtNP@PPh2-

PEGPIIL 5.3 and 0.69 mol%, 0.0050 g PtNP@PPh2-N-decylPIIL 5.4 across a range of 

temperatures (21 °C, 25 °C, 30 °C, 35 °C and 40 °C) to determine the activation energy (Ea).  
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6.4.7 Determination of the Reaction Order for the PtNP Catalysed Hydrolysis of Sodium 

Borohydride.84  

The rate law was investigated by conducting the catalytic hydrolysis reactions at 35 °C with a 

constant concentration of NaBH4 (0.28 M, 0.02 g in water (2 mL)) across a range of catalyst 

concentrations from 0.08 mol% to 0.64 mol% for PtNP@PPh2-PEGPIIL 5.3 and 0.34 mol% to 

1.73 mol% for PtNP@PPh2-N-decylPIIL 5.4.  

The influence of sodium borohydride concentration on the rate of hydrolysis was determined by 

conducting reactions at 25 °C in water (200 mL) with 26.5 µmole of catalyst PtNP@PPh2-PEGPIIL 

5.3 and PtNP@PPh2-N-decylPIIL 5.4 and varying the quantity of NaBH4 from 26.5 µmmol to 158 

µmmol ([NaBH4]0 = 0.13, 0.26, 0.39, 0.52, 0.65, 0.78 mM), which corresponds to catalyst: NaBH4 

ratios between 1:1 and 1:6.   
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6.4.8 Catalyst Recycle Studies for the Hydrolysis of Sodium Borohydride.84   

Recycle studies were conducted at 30 °C as described above using 2 mol%, 0.03 g PtNP@PPh2-

PEGPIIL 5.3 to catalyse the hydrolysis of NaBH4 (0.02 g, 0.57 mmol in water (20 mL). After gas 

evolution had ceased, the flask was recharged with a fresh portion of NaBH4 (0.02 g, 0.57 mmol). 

The gas evolution was monitored by recording the volume of water displaced from the burette at 

regular time intervals; this procedure was repeated five times.  

6.4.9 Hot Filtration Tests.84  

Hot filtration studies were conducted at 30 °C following the protocol described above using 0.32 

mol%, 0.0050 g PtNP@PPh2-PEGPIIL 5.3 to catalyse the hydrolysis of NaBH4 (0.02 g, 0.57 mmol 

in water (2 mL)). The reaction was monitored by periodically measuring the amount of gas 

generated. After 8 min, when the reaction had reached about 50% conversion, the reaction mixture 

was quickly filtered through a 0.45 µm pore-size syringe filter. The gas generated was monitored 

for a further 30 min. In an alternative procedure, a catalytic hydrolysis of NaBH4 (0.02 g, 0.57 

mmol in water (20 mL)) using 0.32 mol%, 0.0050 g PtNP@PPh2-PEGPIIL 5.3 was allowed to 

reach completion after which the reaction mixture was filtered through a 0.45 µm pore-size syringe 

filter, a further portion of NaBH4 added (0.02 g, 0.57 mmol mmol) and the amount of gas evolved 

measured.  
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6.4.10 Catalyst Poisoning Study.84 

A 50 mL round bottom flask was charged with a stir bar, an appropriate quantity of catalyst (2 

mol%, 0.03 g PtNP@PPh2-PEGPIIL 5.3), water (20 mL) and NaBO2 (0.07 g, 0.57 mmol) and the 

mixture stirred for the allocated time (t = 0 min, 20 min, 40 min, 60 min 18 h) to explore the effect 

of poisoning time on catalyst efficacy. The reaction was initiated by adding NaBH4 (0.02 g, 0.57 

mmol) and the progress of the reaction was monitored by periodically measuring the amount of gas 

generated, according to the procedure described above.  

6.4.11 Tandem Reaction for the Hydrogenationof 1,1-Diphenylethene.84 

Tandem reactions were conducted in a double Schlenk flask system connected by tubing. One flask 

was charged with a stir bar, NaBH4 (0.04 g, 1.11 mmol) or NaBD4 (0.04 g, 1.11 mol), PtNP@PPh2-

PEGPIIL 5.3 (0.0050 g, 0.32 mol%). The hydrolysis was initiated by adding deuterium oxide (2 

mL) or water (2 mL) and the reaction flask was sealed with a stopper and isolated from the second 

flask. Meanwhile the second flask was charged with a stir bar, 1,1-diphenylethene (0.18 g, 1.00 

mmol), Pd/C (0.0053 g, 10 wt%, 0.5 mol%) and methanol (2 mL) or deuterated methanol (2 mL). 

The hydrolysis was left for 30 mins after which time the second flask was evacuated briefly, and 

the connector opened. The hydrogenation mixture was stirred at 30 °C for 18 h, after which time 

the solvent was removed under vacuum and the resulting residue analysed by 13C spectroscopy and 

GC-MS to determine the composition and the distribution of isotopologues.  
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