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Abstract 

Many catalytic processes rely on the use of transition metal complexes, frequently utilising 

precious metals, such as ruthenium, iridium, palladium or platinum. While these metals exhibit 

excellent performances in well-established processes, they also bear the inherent disadvantages 

of high cost and low abundance. It is therefore desirable to move towards more sustainable 

alternatives. In this work, molecular titanium complexes were investigated as potential 

replacements for noble metals in photocatalysis and as polymerisation catalysts. 

Titanium is an abundant, inexpensive metal with low toxicity. Consequently, TiO2 is used widely 

in ‘low cost’ applications, for example as white pigments and as a photocatalyst, although it only 

absorbs in the ultraviolet region of the electromagnetic spectrum. Ideally, a photocatalyst 

should be able to utilise visible light (i.e. sunlight) to drive chemical reactions, therefore the 

application of molecular, visible-light-absorbing titanium complexes as photosensitisers was 

explored here. A series of mono- and bimetallic complexes with amine bis(phenol) ligands was 

synthesised, characterised and subsequently trialled in the generation of singlet oxygen under 

visible light irradiation (420–450 nm). The active, singlet oxygen species was trapped using -

terpinene, cyclopentadiene, 1,3-cyclohexadiene and anthracene. All complexes were found to 

be active photosensitisers, however, the presence of a ‘TiO2-like’ titanium-oxo moiety was found 

to be crucial for the activity of the complexes. These experiments were conducted both under 

continuous flow conditions and as batch reactions. Structure-activity relationships were 

investigated, giving rise to a better understanding of the key features of these complexes and 

targets for further development of the photosensitisers. 

Moreover, the synthesised complexes were utilised as polymerisation catalysts in the ring-

opening polymerisation of the cyclic ester -caprolactone. The polymeric form, 

poly(-caprolactone), is biodegradable and of interest in food packaging and medical 

applications. Using benzyl alcohol initiator, the complexes afforded polymers, with molecular 

weights of up to 21,000 g mol-1 and reasonably narrow dispersities (1.09–1.73), suggesting 

moderate to good control over the polymerisations. Two vanadium complexes and two 

manganese complexes were synthesised for comparison, although it was found that the 

titanium complexes typically had a more favourable balance between catalytic activity and 

properties of the resulting polymer. Mechanistic aspects of these polymerisation reactions were 

explored and a first indication of potential reaction mechanisms was uncovered. 
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Chapter 1 – Introduction 

Ti complexes have been widely studied in academia as catalysts for the ring-opening 

polymerisation (ROP) of cyclic esters and have proved to be viable alternatives to commonly 

used catalysts containing toxic metals, such as Sn and Al. Further, Ti is an excellent metal to use 

in environmentally friendly processes, as it has low toxicity, is inexpensive and abundant and 

finds widespread use in the form of titanium dioxide (TiO2), which is an excellent photocatalyst. 

With Ti being a sustainable metal, this work aims to expand the chemistry of molecular Ti 

complexes with the prospect of applications in photocatalysis, but also in the ROP of 

-caprolactone (-CL).  

The ligands chosen in this study are amine bis(phenol) (ABP) compounds, which offer a facile 

synthesis and a wide range of possible steric and electronic modifications. ABPs (Figure 1.1) are 

versatile pro-ligands, which can be modified by choosing different substituents on the phenol 

groups, but also by changing the nature of the side arm, thereby changing the binding mode of 

the ligand when coordinated to the metal. Depending on the pendent arm, ABPs can be either 

X2L2 or X3L type ligands, however, in some cases the pendent arm can be found not binding to 

the metal, making the ligand three-coordinate instead.1 As the ligand backbone offers flexibility, 

the phenol groups can bind to the metal either in cis or trans positions.2, 3 ABPs are generally 

synthesised through a Mannich condensation of phenols, formaldehyde and a primary amine.4 

The solvent of choice is usually methanol or ethanol, allowing for the reaction mixtures to be 

heated to 65°C–78°C. The ABP product is purified through either recrystallisation or column 

chromatography.  

While ABPs are used as ligands with a variety of main group metals, transition metals (TMs) and 

lanthanides, this chapter will focus on the group four TM titanium. Ti, Zr and Hf complexes with 

ABP ligands have shown excellent catalytic activity for polymerisation reactions, especially for 

the ROP of lactide. Generally, Ti complexes show higher activities, whereas Zr and Hf complexes 

offer better stereocontrol over the resulting polymer,3, 5 however, ligand design also plays an 

important role in improving the properties of the catalyst. For example, less sterically 

demanding groups in the ortho- or para-positions of the phenolates lead to higher activities, 

while electron-withdrawing substituents can also increase the reaction rate.6 

A range of monometallic as well as larger polymetallic Ti complexes have been reported, 

typically using the monometallic complexes as polymerisation catalysts or showing that larger 

Figure 1.1: General structure of ABP pro-ligands. 
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aggregates tend to dissociate into smaller, mono- or bimetallic active species. Mountford and 

co-workers investigated monometallic dichloride and diamide Ti complexes with 

2-methylpyridineamino bis(phenolate) ligands, generated from titanium tetrachloride (TiCl4) 

and tetrakis(dimethylamido)titanium (Ti(NMe2)4) precursors.7 The structures of the complexes 

exhibited an octahedral geometry around the metal centres, with the phenolate groups in cis 

positions.  

Further, an imidotitanium complex was synthesised, which dimerised upon reaction with CO2 to 

form a bimetallic complex A1 (Figure 1.2), with two oxo bridges between the metal centres. 

Davidson and co-workers prepared monometallic complex A2 using titanium isopropoxide 

Ti(OiPr)4 as the metal precursor, affording a complex structurally similar to the complexes 

described by Mountford.5, 7   

Similar monometallic complexes with ethyldimethylamine and carboxylic acid side arms were 

reported by Kol and co-workers4 and the McIntosh group8, respectively. Bimetallic complexes 

with single oxo bridges have also been published, where a terminal chloride9 or alkoxide group10 

was still attached to each metal centre. Moreover, larger aggregates with three or four metal 

centres have been observed; the latter have been employed as catalysts in the ROP of lactide. 

Interestingly, the pendent arm can also participate in supramolecular interactions between 

metal centres when forming polymetallic complexes. For example, pendent arms with carboxylic 

acid moities can form bridges between metal centres and thereby stabilise multinuclear 

complexes.11 Further, polyoxometallate (POM) clusters of titanium, called polyoxotitanates 

(POTs), of up to 34 metal atoms have been reported.12 These POTs can be modified through 

functional ligand design and often exhibit promising photophysical properties which renders 

them suitable for photocatalytic applications.13, 14 While the complexes listed so far were Ti(IV) 

complexes, lower oxidation state Ti(III) ABP complexes have also shown activity as 

polymerisation catalysts.9 Shaver and co-workers recently reported a series of Ti(III) complexes, 

which were applied as mediators for the organometallic-mediated radical polymerisation of 

methyl methacrylate.15 

Figure 1.2: Complexes A1 and A2 with corresponding ligands. 
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As this work focused on the applications of the aforementioned Ti ABP complexes, the following 

introduction will give an overview of TiO2 photocatalysis, photosensitisation and the applications 

of molecular first row TM complexes in the generation of singlet oxygen (1O2) and polymerisation 

of -CL. 

1.1 TiO2 Photocatalysis 

Ti is an attractive TM for catalysis, as its low toxicity and high abundance allow for it to be used 

as a ‘green’ alternative to expensive noble metal catalysts. Common applications of Ti in catalysis 

include the use of low-cost TiO2 in photocatalysis, but also molecular Ti complexes as 

polymerisation catalysts, mainly in academic research. The following introduction will outline 

traditional TiO2 photocatalysis as well as address molecular TM photocatalysis and explore 

potential benefits of combining the two fields. 

TiO2 photocatalysis has become a widely studied field after its photophysical and -chemical 

properties were discovered, with research first published over sixty years ago.16 In 1957, the 

adsorption of oxygen and nitric oxide onto a TiO2 surface under UV light irradiation (< 330 nm) 

was reported by Ritchie and co-workers.17 In the following years, a plethora of reactions, both 

in the liquid and in the gas phase, were reported.18  

Today, countless publications exploit TiO2 photocatalysis and mechanisms are generally well 

studied and understood.19, 20 One of the major applications lies within the degradation of organic 

pollutants in the air and in water. TiO2 is insoluble in water, allowing for the heterogeneous 

catalyst to be separated easily after the reaction is complete. Many different forms of TiO2-based 

photocatalysts are known, from bulk TiO2 to nanosized particles to ‘TiO2-like’, polymetallic 

titanium-oxo clusters.  

1.1.1 Bulk TiO2 Photocatalysis 

The structure and properties of TiO2 surfaces are the most important aspects towards 

understanding their reactivity. There are three different polymorphs of TiO2, namely rutile, 

anatase and brookite with band gaps of 3.0 eV (413 nm) for rutile and 3.2 eV (387 nm) for both 

anatase and brookite.21, 22 While these three polymorphs all consist of octahedral TiO6 units, they 

differ in connectivity of these building blocks, resulting in different properties.23 The band gap 

describes the energy difference between the valence and the conduction band in a 

semiconductor. Light of lower energy than the band gap will not be absorbed by the 

semiconductor, hence why TiO2 polymorphs absorb mostly in the UV region of the 

electromagnetic spectrum. The synthesis of these polymorphs is straightforward and can be 

conducted readily by hydrolysing Ti precursors, such as titanium bis(ammonium lactate) 

dihydroxide24 or titanium tetrachloride.18 Rutile is the most thermodynamically stable 
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polymorph, however, the stability of the phases is also dependent on particle size, which allows 

for the synthesis of even the metastable phases.25 This is crucial because the phases exhibit 

different catalytic activities. For example, in the photooxodiation of methanol, brookite shows 

a higher photocatalytic activity than anatase and mixtures of phases, whereas rutile was found 

to have the lowest activity. This is attributed to several factors, including differences in 

crystallinity and conduction band levels.26  

The first studies of the semiconducting materials TiO2 and zinc oxide under UV light irradiation 

(< 400 nm) were published in the late 1950s to early 1960s.18, 27 In initial studies, photosorption 

and subsequent decomposition of small molecules, such as nitric oxide, was reported;17 later 

the photosorption of ethylene and propylene onto the TiO2 surface was also investigated.18 One 

of the first major breakthroughs in TiO2 photochemistry was published in 1972, when Fujishima 

and Honda achieved the electrochemical photolysis of water, using a TiO2 electrode in 

combination with a Pt counter electrode.28 Upon irradiation of the TiO2 surface, a current was 

observed, which was identified as photosensitised electrolytic oxidation, proven by oxygen 

evolution observed on the TiO2 electrode. In 1977, Schrauzer and Guth also reported the 

photolysis of water, this time on TiO2 powder under near-UV light irradiation.29 In the presence 

of nitrogen, ammonia was formed instead of H2, however, the oxygen formation was not 

affected. They also investigated doping of TiO2 with TMs and it was shown that Fe doping of up 

to 0.2 wt% increased the efficiency of rutile. Doping with other metals, such as Co and Mo, led 

to similar results. Up to this date, TM30 and main group element31 doping of TiO2 remain at the 

centre of photocatalysis research in order to optimise the material’s photocatalytic properties. 

TiO2 photocatalysis is an excellent technique for removing pollutants from the air and also from 

water. One of the first examples of pollutant degradation was reported in 1977, when Frank and 

Bard found that cyanide ions could be photocatalytically oxidised with TiO2 while bubbling 

oxygen through the solution.32, 33 Both anatase and rutile were tested, and rutile was found to 

be less efficient in cyanide conversion than anatase. Interestingly, TiO2 was found to be 

catalytically active under both irradiation from a xenon lamp, which matches the solar spectrum, 

as well as sunlight, which indicated that TiO2 could be used in environmental applications using 

sunlight as the irradiation source.  

Fundamental mechanistic studies of TiO2 photocatalysis are based on electron-hole separation 

upon exposure of the material to light (Figure 1.3).34 When a photon is absorbed, an electron is 

excited from the valence band into the conduction band, leaving a hole in the valence band. The 

free charge carriers then migrate through the semiconductor particle and either recombine 

through unreactive pathways, on the surface (pathway A1) or in the bulk (pathway A2), or 

migrate onto the particle surface to then interact with adsorbed substrates, causing either 

reduction (pathway B1) or oxidation (pathway B2) of the adsorbed species. The ideal design of 
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a photocatalyst supports fast charge carrier transfer between the catalyst particle and the 

substrate and slow charge recombination within the TiO2 particle.  

1.1.2 TiO2 Nanoparticles in Photocatalysis 

While doping provides a versatile route to altering the properties of the TiO2 catalyst, perhaps 

the most obvious way to adjust photoactivity of the bulk material lies in changing the 

morphology. An important aspect is to increase the surface area of the particles.35 In the early 

days of photocatalysis, TiO2 was commonly used in bulk, until the 1980s, when new research 

emerged showing that the activity of TiO2 as a photocatalyst could be increased dramatically by 

dispersing the bulk material. Anpo and co-workers anchored TiO2 onto porous Vycor™ glass and 

studied the photoluminescence of the material under UV light irradiation.36 When exposed to 

oxygen or nitrous oxide, photoluminescence was quenched more efficiently compared to bulk 

TiO2, suggesting highly dispersed complexes on the glass surface have an enhanced reactivity. 

Subsequently, extensive research has been conducted into using TiO2 nanoparticles for 

photochemical applications.37 In 1991, O’Regan and Graetzel reported one of the first solar cells 

employing nanosize TiO2 particles.38 A TiO2 film deposited onto conducting glass sheets was 

covered with a layer of a charge-transfer dye, which sensitised the colloidal film to harvest light. 

In fact, dye-sensitised photovoltaic cells using TiO2 films have been of growing interest since the 

early 1990s.39, 40 

As mentioned earlier, TiO2 plays an important role in environmental purification. The 

degradation of organic pollutants, especially dyes, which are major pollutants in industrial 

wastewater, has been in the focus of research for many years. Dye degradation using TiO2 

nanoparticle-based photocatalysts has been studied extensively, both under visible and UV light 

irradiation.41-45 Factors affecting the photocatalysis, such as pH, choice of substrate and catalyst 

Figure 1.3: Schematic of photoexcitation events in a TiO2 semiconductor particle (black circle). Electrons 

are promoted from valence band to conduction band (green circle), subsequently free charge carriers can 

follow either unreactive (A1 and A2) or reactive pathways (B1 and B2). 
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concentration, morphology of the catalyst, intensity and wavelength of light have been 

optimised for many dye/catalyst combinations, and again, doping of the catalyst has shown 

potential to improve the efficiency.46 

With TiO2 materials being able to activate a variety of bonds, including C-C, C-H and C-X bonds, 

the idea of using TiO2 photocatalysis in organic synthesis has become increasingly popular in 

recent years, as this could provide an alternative to using rare, expensive and also comparatively 

toxic TMs used for coupling reactions, such as Pd or Pt.47 For example, nanostructured TiO2 has 

the ability to oxidise aromatic alcohols to aldehydes. Palmisano and co-workers reported the 

oxidation of benzyl alcohol and 4-methoxybenzyl alcohol to give benzaldehyde and 4-

methoxybenzaldehyde, respectively.48 Selectivities of up to 60% for the aldehyde were achieved 

using rutile TiO2 under irradiation with a mercury lamp (200–600 nm), while CO2 formation was 

observed as a side reaction. One of the most important tools in organic synthesis is the 

formation of C-C bonds. TiO2 has shown potential to photocatalyse C-C bond formation 

reactions, which again could be advantageous towards the replacement of expensive noble 

metal catalysts.49 Rueping and co-workers investigated the arylation of heteroarenes, in 

particular furan, pyridine and thiophene, using TiO2 as a catalyst under visible light irradiation 

and found that this method worked for electron-rich as well as electron-poor substrates.50 For 

rutile, with a band gap of 3.0 eV (413 nm), both white (400–800 nm) and blue light (455 nm) led 

to high conversion of the heteroarenes, whereas anatase with a band gap of 3.2 eV (387 nm) 

and P25 TiO2, containing a 3:1 mixture of anatase and rutile, yielded significantly lower 

conversion.51 Separation of the catalyst through filtration and subsequent reuse was also 

investigated and showed no decrease in activity even after five experimental runs. Similar C-C 

bond forming reactions, with a wide scope of arenes, were done in flow reactors and also yielded 

excellent conversions.52 While heterogeneous catalysis does not always proceed with good 

control over stereochemistry and isomer mixtures are often obtained, König and co-workers 

investigated the stereoselectivity of alkylation reactions catalysed by TiO2 under visible light 

irradiation.53 In combination with chiral organocatalysts, specifically different secondary amines, 

the reactions proceeded with moderate yields and enantiomeric excess of around 70%. A variety 

of dehydrogenative cross coupling reactions has been published by Mayer and co-workers, who 

tested TiO2 as a catalyst under visible light irradiation for couplings, such as oxidative Mannich 

and cyanation reactions, with a variety of substrates, achieving good to excellent yields (54–

99%).54  

TiO2 can also be used as a heterogeneous support for other metal catalysts, often enhancing the 

catalytic activity. Further, through anchoring onto a TiO2 support, the particle dispersity of the 

secondary metal catalyst is increased and particle aggregation is reduced.47 Such TiO2-supported 

catalysts have found applications in organic synthesis, for example in hydrogenation reactions, 
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and can offer better selectivity and milder conditions than conventional metal nanoparticle 

catalysts. Hardacre and co-workers reported the hydrogenation of carboxylic acids to alcohols 

catalysed by Pt on TiO2 support.55 As opposed to the harsh conditions usually required for this 

reaction, they were able to decrease temperatures from over 200°C to 60°C and also decrease 

H2 pressures from a minimum of 50 bar to as low as 5 bar while maintaining high turnover 

frequencies.  

1.1.3 New Materials 

Nanosized TiO2 particles have been established as efficient and active photocatalysts. In the past 

decades new materials have been introduced to the field, including nanomaterials with varying 

surface areas, such as spheres, fibres, tubes, sheets and three-dimensional structures like 

monoliths.56  

One-dimensional TiO2 nanofibers and -tubes offer a high surface to volume ratio, which is 

favourable to the charge carrier transfer rate in the photocatalysis, and thus decreases the 

recombination rate of holes and electrons. Nanotubes of TiO2 can be applied as photoanodes in 

photoelectrochemical cells used for water splitting, while exhibiting high photocurrent 

densities.57 Two-dimensional nanosheets of TiO2 provide a smooth surface and increased 

photocatalytic activity. 

Wang and co-workers described an inexpensive one-pot hydrolysis method of titanium 

trichloride with ethylene glycol as the solvent to give TiO2 nanosheets.58 During the degradation 

of the azo dye, methyl orange (Figure 1.4) under UV irradiation, the nanosheets decoloured the 

solution four times faster than standard P25 TiO2. Sun and co-workers synthesised sulfur doped 

TiO2 nanosheets with incorporated reduced graphene oxide, which resulted in a narrower band 

gap, making the sheets photocatalytically active under visible light.59 The hybrid material was 

tested as a catalyst in the degradation of methylene blue (Figure 1.4) dye and yielded excellent 

activity and conversion.  

Figure 1.4: Methyl orange (left) and methylene blue (right). 
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1.1.4 Modification of TiO2 Materials 

While TiO2 is a versatile and environmentally friendly photocatalyst, one of its biggest drawbacks 

is the large bandgap of the material, which limits its catalytic activity under visible light 

irradiation. Therefore, modification of the catalyst to shift its maximum absorption wavelength 

into the visible region (400–700 nm) of the electromagnetic spectrum (Figure 1.5) is strongly 

desirable.  

One way to do this is by doping the TiO2 structure with either TMs or main group elements, 

which can not only shift its maximum absorption, but also improve catalytic activity, as 

mentioned previously.30, 60, 61 This section will be focussing on a different way to modify TiO2 

photocatalysts, namely by incorporating ligands and forming complexes on the TiO2 surface. 

Scaiano and co-workers reported the TiO2 catalysed Diels-Alder reaction between 

cyclohexadiene and indole under visible light irradiation and observed a bathochromic shift 

(redshift) of the absorption band, which extended up to 520 nm, caused by an association of 

indole with the TiO2 surface.62 Irradiation of the photoactive complex with a blue LED light 

(460 nm) was sufficient to initiate the cyclisation reaction affording a yield of 60%.  

Similarly, Lang and co-workers published a TiO2 complex with salicylic acid bound on the surface, 

which exhibited excellent selectivity in the oxidation of benzylamine to form N-

benzylidenebenzylamine.63 As the ligand association shifted the absorption band, an excitation 

wavelength of 460 nm could be used. Substituent effects were also studied showing that 

electron-donating groups on the salicylic acid ligand were beneficial; an increase from 29% 

conversion for 5-bromosalicylic acid to 77% for 5-methoxysalicylic acid was observed. 

Interestingly, when catechol was used instead of salicylic acid as described in an earlier 

publication, electron-withdrawing substituents were found to be more beneficial than electron-

donating ones.64 Furthermore, modification of the TiO2 surface with dyes is also possible, as 

investigated by Xu and co-workers using two yellow dyes to form a surface complex with TiO2, 

namely chrysoidine G and tolylene-2,4-diisocyanate (Figure 1.6), and then used the complex in 

the photocatalytic degradation of methylene blue.65 

Figure 1.5: Electromagnetic spectrum with visible region highlighted. 
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Association of the dye with the TiO2 surface not only shifted the absorption band more into the 

visible region, meaning visible light could be used to excite the catalyst, but also increased the 

adsorption capacity for substrate. Tian and co-workers formed a TiO2 photocatalyst with 

hydrazine groups associated to the surface.66 The material was green in colour, which 

remarkably extended the absorption band into the near IR region up to 1100 nm. Under visible 

light irradiation, the hydrazine TiO2 complex exhibited an almost eight times higher activity in 

the degradation of methylene blue than anatase TiO2. These examples show that surface 

modifications represent a simple way to tune absorption properties of TiO2, thereby allowing 

for visible light to be used as the irradiation source for photocatalysed reactions. 

1.1.5 Polyoxotitanates 

POTs are clusters consisting of a cage of Ti and oxygen atoms in the core structure, with ligands 

(often alkoxides) attached to the metal centres, providing solubility in a range of different 

solvents. The synthesis of POTs consists of the controlled hydrolysis of Ti alkoxide precursors. If 

too much water is added, bulk TiO2 is usually formed, at high temperatures, typically at 120–

150°C. Once the core has been formed, the alkoxide ligands can be substituted at ambient 

temperatures.  

POTs come in different sizes and shapes, and clusters of up to 34 Ti atoms are known. As the 

structure of the cluster core resembles that of TiO2, POTs are studied for their photocatalytic 

properties, as modification of the cluster size and the absorption wavelength can be achieved 

using different synthetic methods and ligands.12 

While modification of the POT clusters is possible through variation of the ligands, more research 

has been conducted into substitutional doping. Compared to the doping of TiO2, where 

determination of the dopant distribution and how the dopants are incorporated in the TiO2 

lattice can be difficult, doped POTs can be conveniently studied due to their solubility. However, 

there are relatively few examples in the literature to date, as this is a currently emerging 

research field. Wang and co-workers reported a series of isostructural Ti11 POTs with different 

metal halide dopants showing that TMs, such as Ni and Co, shifted the absorption band further 

into the visible region, thereby significantly increasing the absorption of solar light, while also 

reducing the absorption of UV light.67 Interestingly, altering the type of halide only had a minor 

Figure 1.6: Chrysoidine G (left) and Tolylene-2,4-diisocyanate (right). 
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effect on the absorption of the cluster. A similar study was published by Coppens and co-workers 

where doping of a series of Ti11 POTs with Mn, Fe and Co obtained comparable results.68  

POTs have also been investigated for their photocatalytic activities. For example, Liu and co-

workers developed a hetero-POT consisting of twelve Ti and six Cr atoms, which was used as a 

photocatalyst for the formation of H2 from water, in combination with Pt nanoparticles as co-

catalysts.14 The cluster exhibited an absorption maximum at 610 nm, but the absorption 

extended into the UV and the near-IR region, hence simulated solar light was used to irradiate 

the reaction mixture. The catalyst was found to be stable in both basic and acidic solutions and 

could be recycled and reused multiple times. A water-soluble cluster with a Ti6O9 core and six 

iminodiacetate ligands was described by Zhou and co-workers, who investigated the 

photocatalytic degradation of rhodamine B under visible light irradiation.69 After 45 minutes, 

almost 99% of the dye had been degraded. It is worth noting that this is an example of 

homogeneous photocatalysis, as opposed to the traditional heterogeneous catalysis with TiO2. 

Although POTs can be considered the molecular form of TiO2, investigating smaller Ti-oxo 

complexes could also be advantageous towards finding new photocatalysts. Zhang and co-

workers have reported a stable, water-soluble tetrametallic Ti complex, which was found to 

photocatalytically degrade dyes including acid blue 93 and alkali blue 4B.70 Unlike the synthesis 

of POTs, this complex was assembled by heating Ti(OiPr)4 with embonic acid as the ligand, 

affording a tetrahedral structure. 

One of the major differences between molecular Ti complexes and POTs lies in the synthesis. 

While the large clusters are synthesised by hydrolysing Ti precursors and substituting the ligands 

on the obtained cages, smaller molecular aggregates can be synthesised through formation of 

monometallic complexes, followed by the assembly of monomeric units to give polymetallic 

complexes. This allows for a range of more complex ligands to be introduced.  

1.1.6 Summary and Conclusions 

TiO2 photocatalysis has attracted a lot of attention for many years now, due to the fact that the 

materials are inexpensive, highly stable under a range of conditions and have low toxicity. Today, 

it is a well-studied field and TiO2 has been exploited as a highly active and efficient catalyst under 

UV light irradiation, as well as under visible light. Being insoluble in organic and aqueous 

solvents, TiO2 as a catalyst in heterogeneous reactions offers facile separation by filtration as 

one of its most attractive properties. Further, the recovered TiO2 can be reused multiple times 

without showing any significant decreases in activity. 

However, the low solubility can also be a disadvantage, as the activity of the TiO2 photocatalyst 

strongly depends on the adsorption of the substrate on the surface. Having a large surface area 

in form of nanosize particles is desirable, but aggregate formation of these nanoparticles can 
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decrease catalytic activity substantially.71 Moreover, as mentioned earlier, the most significant 

drawback is the large band gap of TiO2. As a ‘green’ photocatalyst, the absorption band of the 

material would ideally lie in the visible region of the electromagnetic spectrum, in order to 

exploit sunlight as the excitation source. With a band gap of 3.0–3.2 eV, excitation can solely be 

achieved using UV light, which only contributes about 5% to solar light.72 

Therefore, it is worth conducting more research into molecular Ti complexes as alternatives for 

traditional TiO2 photocatalysts. Due to ligand to metal charge transfer (LMCT) absorption bands, 

these complexes can absorb more light in the visible region of the spectrum. Through 

appropriate ligand design, the absorption can be tuned even further. Besides, molecular 

complexes are usually soluble in a range of solvents, which can be of advantage for catalysis, as 

they offer better mixing with the substrate in solution. 

1.2 Background Photosensitisation – 1O2 Generation 

While photocatalysis involves a direct electron transfer between the photocatalyst and the 

substrate, it is also possible to facilitate reactions through energy transfer from a compound in 

its excited state to a substrate. This process is called photosensitisation and will be explained in 

more detail in the following section. 

1.2.1 General Triplet Photosensitisation 

Generally speaking, photosensitisation comprises an excitable compound, the photosensitiser 

(PS), which absorbs light and is promoted into an excited state, via a one-photon transition. The 

PS, in the excited state, can then go on to excite a substrate molecule, thereby relaxing back to 

the ground state itself. In the case of triplet photosensitisation (Figure 1.7), as observed in the 

generation of 1O2, the PS is excited from a singlet ground state (S0) to a singlet excited state (Sn). 

In order to undergo intersystem crossing (ISC) to a triplet excited state, the singlet excited state 

Sn needs to relax back to the lowest singlet excited state S1, this process is called internal 

Figure 1.7: Schematic triplet photosensitisation cycle for the formation of 1O2. 
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conversion. ISC generates the triplet excited state (T1), which can in turn excite a substrate in a 

triplet ground state T0, such as 3O2, which then converts to 1O2.73, 74  

The key to an efficient PS is the presence of an accessible, low-lying excited state, an appropriate 

lifetime of the triplet excited state and the efficiency of the ISC. This is defined by the quantum 

yield of the PS, which describes the ratio of ISC to unfavourable relaxation pathways, both 

radiative, for example fluorescence, and non-radiative quenching.75 

1.2.2 1O2 Generation – Mechanisms and Reactions 

The mechanisms of the photosensitisation process are depicted in the Jablonski diagram in 

Figure 1.8. When an excited sensitiser collides with ground state O2, 1O2 is generated via a 

transfer of energy, which results in the relaxation of the PS back to the singlet ground state S0. 

As the oxidation potential of 1O2 is ca. 1 V higher than that of 3O2, it is highly electrophilic and 

reacts readily with a range of chemical species, such as amines, sulfides or unsaturated C-C 

bonds. These cannot react with O2 in its ground state as this would be a spin-forbidden process.  

A commonly seen reaction with 1O2 is the 1,4-addition to dienes, where the 1O2 acts as the 

dienophile. This [4+2] cycloaddition can be compared to the Diels-Alder reaction, where only 

C-C bonds are formed, rather than C-O bonds. Examples of substrates reacting with 1O2 to give 

cyclised endoperoxide products are -terpinene and 1,3-cyclohexadiene. Other reactions with 

1O2 include a [2+2] cycloaddition, the ‘ene’ reaction and heteroatom oxidations, as shown in 

Scheme 1.1. 

Figure 1.8: Jablonski diagram of photosensitised 1O2 generation. 
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The exact mechanisms of these reactions is often unclear and there are multiple possible 

reaction pathways. Scheme 1.2 shows the proposed mechanisms of the photooxygenation of 

-terpinene with 1O2. This [4+2] cycloaddition is thought to either undergo a concerted process, 

much like in the Diels-Alder reaction, however, studies have shown that this reaction 

preferentially proceeds via a stepwise process.76, 77 

It is worth noting that the excited PS can also undergo side-reactions with other substrates, 

which yield free radicals through hydrogen abstraction or electron transfer. These radicals can 

then react with 3O2 to form other excited oxygen species, like superoxide radicals. The efficiency 

of 1O2 generation is expressed as the 1O2 quantum yield of a PS, which is a measure of how many 

1O2 molecules are generated per photon absorbed.74, 75  

1.3 Common Photosensitisers 

Common 1O2 PSs are either organic compounds, such as dyes, or TM complexes. Most 

commonly, TM complexes for 1O2 photosensitisation utilise precious metals, such as Ir, Ru or Re, 

Scheme 1.1: 1O2 reactions - [4+2] cycloaddition to -terpinene (a) and 1,3-cyclohexadiene (b), [2+2] 

cycloaddition (c), ‘ene’ reaction (d) and heteroatom oxidation (e). 

Scheme 1.2: Proposed reaction mechanisms for the photooxygenation of -terpinene with 1O2.  
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however, more recently also complexes of more abundant metals, such as Fe and Cu, have been 

reported to have very good photosensitising properties. Some examples of well-established PSs 

are outlined below. 

1.3.1 Organic 1O2 Photosensitisers 

A prominent class of organic 1O2 PSs are metal-free dyes, such as methylene blue or BODIPY 

(Figure 1.9).73, 75 These dyes absorb visible light and exhibit excellent ISC, and therefore often 

have a high 1O2 quantum yield. For methylene blue, this value was found to be 0.49 in DMSO, 

whereas rose bengal exhibits a 1O2 quantum yield of 0.76.78  

The generation of 1O2 is typically followed by trapping it with an organic molecule. For example, 

eosin Y was found to be an excellent triplet PS for 1O2 formation, which was confirmed by the 

oxidation of triphenylphosphine, to form triphenylphosphine oxide.79 Further, these dyes can be 

incorporated into materials, such as graphene or polymers, to act as heterogeneous PSs.80 For 

example, a BODIPY-based, conjugated microporous polymer showed excellent triplet 

photosensitising abilities for 1O2 formation, which was followed by trapping with -terpinene.81 

1O2 can also oxidise sulfides to sulfoxides, which was achieved by the visible light irradiation of a 

porphyrin based PS.82 

As most organic dyes absorb long wavelength and therefore low energy light, they are ideal 

candidates for the use in photodynamic therapy (PDT), which usually utilises red or infrared light 

(600–1000 nm).83 In PDT, a photosensitising drug is administered and then activated with light, 

thereby producing 1O2, which is cytotoxic and can destroy malignant cells, such as cancer cells. 

PDT has advantages over other therapies, as it causes little damage to healthy cells and the drug 

does not accumulate in the system, thereby not causing any organ damage. However, the 1O2 

produced can be more difficult to control than conventional treatment agents, as the accuracy 

of the treatment depends on the photosensitivity of the drug and requires good control of the 

light exposure.84 Commonly used dyes in PDT include porphyrins, xanthene dyes, like rhodamine 

or fluorescein, phenothiazine (methylene blue and derivatives thereof) and BODIPY.85 

Moreover, by incorporating these dyes into other carrier materials, such as carbon dots83 or 

silicone polymers,86 their biocompatibility can be improved even further, which is essential for 

the use in PDT.  

Figure 1.9: Methylene blue (left), rose bengal (centre) and BODIPY (right). 
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1.3.2 Transition Metal 1O2 Photosensitisers 

Perhaps the best-known TM PSs are Ru and Ir bipyridine complexes and derivatives thereof 

(Figure 1.10). These complexes have accessible, low-lying and long-lived excited metal to ligand 

charge transfer (MLCT) states, providing them with an advantageous electronic structure 

compared to similar complexes of first row TMs. The latter possess low-energy metal centred 

(MC) states due to smaller d-orbital splitting, that make electron transfer to ligand-based states 

less favourable.87 Further, long luminescence lifetimes, the absorption of visible light and good 

chemical stability make Ru and Ir complexes excellent PSs.88, 89  

Extensive research showed that the ligand has a vital impact on the activity of the PS, for 

example, complexes with highly conjugated substituents on the bipyridine ligands exhibit 

enhanced photosensitising efficiency.90 Moreover, by introducing bridging components, and 

thereby synthesising binuclear complexes, the triplet excited state lifetimes could be lengthened 

significantly.91 Ru and Ir complexes with simple bipyridine ligands absorb visible light with 

absorption maxima around 450 nm. By attaching dye molecules, such as porphyrin92 or BODIPY93 

onto the ligand framework, the absorption can be shifted into the red (> 600 nm) region of the 

visible spectrum, making the complexes suitable candidates for PDT. Further, not only are these 

complexes used for the generation of 1O2, but also as photoredox catalysts, for example in 

organic synthesis.94, 95 More recently, homogeneous complexes of Re,96, 97 Os98 and Pt99 have 

been the focus of much attention. However, they also bear disadvantages with respect to 

abundance, cost and toxicity. Therefore, it is desirable to move to more abundant and less 

expensive systems that retain good photosensitising abilities.  

This section summarises and critically evaluates recent advances in the utilisation of discrete 

first row TM complexes, which have become the focus of increased attention over recent years 

as potential replacements for noble metals as PSs. 

Titanium Photosensitisers 

Ti in the various forms of TiO2, has been shown to have outstanding photophysical properties, 

which have resulted in it becoming the ubiquitous heterogeneous photocatalyst.16, 56 

Surprisingly, although Ti is abundant, inexpensive and non-toxic, discrete Ti complexes have only 

been sparsely studied as PSs. To the best of our knowledge, the Ti-O-Ti ABP complexes PSs 

Figure 1.10: [Ru(bpy)3]2+ (left) and [Ir(bpy)3]3+ (right). 
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introduced in this work (Chapters 3 and 4) are among the only examples of molecular Ti PSs 

published to date.100 Further, the first example of a molecular Ti photoredox catalyst was only 

reported very recently.101 In this publication, titanocene complex A3 (Scheme 1.3) was irradiated 

with green LEDs (530 nm) and used to promote the reduction and cyclisation of epoxides. 

Although not strictly a PS, this photoredox catalyst is included at this point, to display the scarcity 

of reports of photoactive Ti complexes and highlight the opportunities for future research, which 

may arise from these innovative examples. 

Iron Photosensitisers 

Fe is one of the most abundant elements in the earth’s crust, but its applications in PSs are 

currently limited due to low energy MC states, which make excitation to MLCT states 

unfavourable. Recent studies, however, have shown that ligand design can significantly improve 

the lifetime of the MLCT excited states in Fe complexes.87, 102 Good examples of this are N-

heterocyclic carbenes (NHCs), such as in complex A4 (Figure 1.11).  

By utilising these ligands, the MC states can be destabilised, which significantly lengthens the 

excited state lifetime by two orders of magnitude compared to [Fe(py)6]2+.103 [Ru(bpy)3]2+ 

complexes are excellent PSs but surprisingly, similar complexes where the metal is exchanged 

for the first row element in the same group are ineffective for photosensitising applications. For 

example, Fe-polypyridyl analogues of [Ru(bpy)3]2+ exhibit a promising bathochromic shift of the 

absorption maximum in their UV-vis absorption spectrum compared to the Ru species, but this 

does not seem to translate into a potent PS. Fe(II) NHC complexes, however, can be used as PSs 

in photovoltaic devices.104 By anchoring the Fe complexes on a TiO2 surface, a dye-sensitised 

solar cell was created, without the need for precious metal-containing dyes. Moreover, Fe can 

Scheme 1.3: Titanocene photoredox catalyst Cp2TiCl2 (A3) used in the reduction of epoxides. 

Figure 1.11: Example of a homoleptic Fe(II) NHC complex (A4) and a heteroleptic Fe(II) complex (A5) with 

terpyridine and NHC ligands. 
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be used to create efficient PSs when combined with another metal atom. A heteroleptic Fe(II) 

NHC complex (Figure 1.11, A5) was incorporated into a hetero-bimetallic system by linking the 

Fe complex to a Co dimethylglyoxime complex through a bridging bipyridine ligand.105 The 

combination of the metal centres was shown to extend excited state lifetimes in the Fe PS, while 

simultaneously lowering their energies, making the MLCT excited states more accessible. This 

bimetallic system consisting of only first row TMs is encouraging with respect to the future 

development of abundant and inexpensive dual systems for the reduction of water or CO2. Other 

examples of Fe PSs include an Fe(III) porphyrin complex, which has shown promising potential 

for application in PDT.106  

Copper Photosensitisers 

Among the first row TMs, Cu complexes are probably the most commonly studied examples of 

molecular PSs, as they combine sufficiently long excited state lifetimes with the strong 

absorption of visible light. Predominately, the reported examples consist of heteroleptic Cu 

complexes (Figure 1.12, A6) containing diimine and diphosphine chelating ligands. These are of 

particular interest, as the lifetime of the excited state can be manipulated by altering the 

substituents on the ligand framework (e.g. R1/R2 in Figure 1.12, A7).107 The lability of these 

ligands poses a challenge as these complexes are thought to undergo dissociation of the 

diphosphine ligands and rearrange to form equilibria of homoleptic bis-diimine complexes.108 

Furthermore, their use is currently limited by the uncertainty over the nature of their excited 

state. Upon photoexcitation, a geometric reorganisation of the complex is observed, 

transforming the pseudo-tetrahedron into an almost square planar shape.109 This then spatially 

allows for easier coordination of a solvent molecule to the metal centre, forming a low energy 

excited state, also called ‘exciplex’ (A7), which relaxes back to the ground state readily through 

emissive decay, thereby shortening the excited state lifetime of the complex. In order to obtain 

efficient PSs, the relationship between photoexcitation and geometrical changes needs to be 

determined definitively. 

Figure 1.12:  Schematic of a heteroleptic Cu(I) complex (A6) containing a diphosphine and a diimine ligand 

and a pseudo-square planar, homoleptic exciplex Cu(I) complex (A7). 
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In recent efforts to replace precious metal PSs in photovoltaic applications, Cu complexes have 

been investigated as viable alternatives. For example, Cu(I) complexes with 

bis(arylimino)acenaphthene (BIAN) ligands (Figure 1.13, A8) have been found to be efficient PSs 

for use in dye-sensitised solar cells.110 Further, Cu(I) PSs with phenanthroline- and bipyridine-

based ligands (A9) can be used as Cu-dye-sensitisers (Figure 1.13).111, 112 

Copper Photosensitiser Units in Bimetallic Systems 

Current research in Cu PSs is dominated by heterobimetallic systems, where Cu PS units operate 

in tandem with a second, catalytically active metal. In these systems, the PS is excited by a light 

source in order to then either reduce or oxidise the second metal centre. This can in turn catalyse 

a reaction, such as the reduction of water or CO2. Heteroleptic Cu complexes are also commonly 

used here, often but not exclusively in combination with noble metals.113 For example, a 

bimetallic system consisting of a Cu(I) PS and a Pd(II) complex (A10) with a bridging bipyrimidine 

ligand was reported (Scheme 1.4).114 

Under irradiation with a white light (> 420 nm), the system was found to be an active catalyst 

for the polymerisation of p-methoxystyrene. By utilising a sterically demanding ligand moiety 

around the Cu metal centre, the photophysical properties of the PS were enhanced through 

Figure 1.13: Cu(I)BIAN complex (A8) (left) and Cu(I) complex (A9) with phenanthroline- and bipyridine-

based ligands (right).  

Scheme 1.4: Polymerisation of p-methoxystyrene with heterobimetallic Cu-Pd complex A10. 
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minimisation of the deleterious effects of the Jahn-Teller distortion. Although noble metals are 

often the pairings of choice for Cu in bimetallic systems, recent examples have also incorporated 

first row TMs. Examples utilising Fe(II) complexes as water or CO2 reduction catalysts, in 

combination with Cu(I) PSs, are commonly reported.115, 116, 117 Studies have shown that the ligand 

design plays a crucial role with regards to the efficiency of the PS, for example by minimising 

unfavourable geometrical distortion upon excitation. In each of these examples, the Cu PSs were 

used as an alternative to the previously essential precious metal complexes, such as [Ru(bpy)3]2+ 

or [Ir(bpy)3]2+, while still achieving high conversions. This shows that there are immense 

possibilities beyond the choice of metal to optimise molecular PSs.  

Zinc Photosensitisers 

Examples of Zn PSs are dominated by Zn porphyrin complexes (A11, Scheme 1.5). A Zn 

tetraphenyl porphyrin species, in combination with a Mn reduction catalyst, has been shown to 

be an active system for the reduction of CO2 in a solvent mixture of acetonitrile and water.118  

In this reaction, the Zn PS gave high product selectivity to yield CO and formic acid, without the 

formation of H2. Further, Zn porphyrin complexes have been found to be potent triplet PSs.119 

The strong absorption of these Zn porphyrin complexes in the red (600–700 nm) region of the 

electromagnetic spectrum and their efficient ISC makes them feasible alternatives to precious 

metal complexes.  

Other Metals 

While the aforementioned PSs consist of complexes of Ti, Fe, Cu or Zn, there remain a small 

number of PSs containing other first row TMs. The limited number of these is largely due to the 

limited accessibility of their excited states. As Cr(0) is isoelectronic with Fe(II), a Cr(0) isocyanide 

complex was prepared120 and studies revealed excellent luminescence properties with similar 

absorption spectra to [Fe(bpy)3]2+. The MLCT excited state lifetime of the Cr(0) complex was 

found to be two orders of magnitude greater than in the Fe(II) species, and even exceeded 

excited state lifetimes of previously reported Fe(II) NHC PSs. These findings are promising with 

respect to application in dye-sensitised solar cells as Cr has the potential to replace Ru or Ir. 

Scheme 1.5: Example of a Zn porphyrin complex (A11) used as a PS in the reduction of water. 
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Although Cr is far more abundant than the precious metals, the supply of Cr is considerably less 

than that of Fe. Ni(II) and Co(II) complexes with dihydrazide-based ligands were reported to be 

active triplet PSs for the generation of 1O2, which makes these compounds attractive for 

potential applications in PDT.121 Moreover, Ni(0) complexes with a variety of organic ligands 

have been studied for their luminescence properties, which make them promising candidates 

for future photosensitising applications.122 Lastly, a potential V(V) PS was identified, with strong 

absorption in the visible region of the spectrum.123 By calculating the energies of triplet excited 

states in the complexes, the LMCT states were deemed accessible for possible applications in 

PDT. 

1.3.3 Summary 

The application of discrete TM complexes as photosensitisers has progressed considerably over 

the last few decades. Although precious metals are extremely well studied, first row TMs have 

been relatively underexplored, which initially was presumably due to their less favourable 

electronic structure, which typically results in lower activity in photosensitisation. As with all 

first row TM PSs, ligand lability and the relative inaccessibility of MLCT excited states will 

continue to play a crucial role in the viability of these complexes to deliver photosensitisation. 

However, increased interest in issues surrounding the sustainability of materials used in 

photocatalysis has highlighted that a balance has to be found between abundance and cost of 

the metals, and efficiency of the PS. The first row TMs are attractive with respect to their 

availability and relative cost, marking their potential to replace traditional Ir or Ru catalysts, even 

though their activities and efficiencies are not matching their second and third row counterparts 

yet.  

1.4 Ring-Opening Polymerisation of -Caprolactone 

Polyesters, especially poly(ethylene terephthalate) (PET), are produced in large volumes in 

industry. As with all materials, ‘green’ alternatives to traditional synthetic methods are sought 

after.124-126 For example, ‘green’ PET is produced using bio-sourced ethylene glycol, but other 

bio-based replacements, such as poly(ethylene furanoate), are also used. Important aspects of 

sustainable polyesters, however, is how easily they can be recycled and whether they are 

biodegradable. 
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While currently poly(lactic acid) (PLA) is the most popular industrially applied sustainable 

polyester, polymers of cyclic esters such as -caprolactone are also emerging, providing 

polyesters with beneficial physical properties with respect to biodegradability. -Caprolactone 

(-CL) is traditionally made through the Baeyer-Villiger oxidation of cyclohexanone with either 

peracids or hydrogen peroxide (Scheme 1.6) although it is also possible to produce -CL from 

starch.127  

The -CL monomer can be polymerised through ring-opening polymerisation (ROP), the 

mechanism of which will be described in more detail later in this chapter. Poly(-caprolactone) 

(PCL) has a very low biotoxicity, which makes it an excellent polymer to use in medical devices, 

tissue engineering, and is approved by the American food and drug administration (FDA) for 

clinical use and in food packaging. Further, it is biodegradable and its degradation product 

6-hydroxyhexanoic acid naturally occurs in the human body.128 Mechanical properties and 

degradation times of PCL can be modified through adjustment of chain length, crystallinity and 

extent of branching in the structure.129 This makes PCL, and copolymers thereof, ideal tools for 

drug delivery.130 For example, a block copolymer of PCL and poly(N-isopropylacrylamide) has 

been shown to be an excellent drug delivery agent for an anti-inflammatory drug (prednisone 

acetate) with a temperature-controlled release.131 A copolymer of PCL and poly(ethylene glycol) 

has been used for the delivery of honokiol, a poorly water-soluble compound used in cancer 

treatment. The soluble copolymer particles were found to have low toxicity and slowly released 

the honokiol.132 Further, copolymers of caprolactone and glycolide have been used in heart 

valves, nerve grafts and osteochondral replacements.133 

Food packaging often contains antioxidants or antimicrobial agents to extend the shelf life of 

the packaged food and it is desirable to have a controlled release of these additives. Polyesters 

with low toxicity, such as PLA and PCL, have been studied extensively for slow-release 

applications in food packaging.134, 135 For example, PCL-based active films containing 

-tocopherol, which is an antioxidant used to preserve food, have been studied. It was shown 

that the addition of mesoporous silica to the active film improved the control over the release 

of the antioxidant.136 

The following sections will summarise mechanisms of -CL polymerisations and review some of 

the most common metal catalysts used, with a focus on first row TMs. 

Scheme 1.6: Baeyer-Villiger oxidation of cyclohexanone with peracetic acid to give -CL. 
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1.4.1 Coordination-Insertion Mechanism and Polymer Characterisation 

PCL can be prepared either through the intermolecular polycondensation of 6-hydroxyhexanoic 

acid or the ROP of -CL. Shen and co-workers reported the lipase-catalysed polycondensation of 

linear esters, such as 6-hydroxyhexanoic acid.137, 138 Using the same catalyst, the corresponding 

cyclic ester monomers were polymerised through ROP and it was found that the molecular 

weights achieved through ROP were significantly higher than through the polycondensation of 

linear monomers. Due to this difference in molecular weight control, there are far more reports 

in the literature on ROP and subsequently much of the research on PCL has focused on the ROP 

of -CL.139 

Ring-opening Polymerisation 

The ROP of cyclic esters is generally driven by thermodynamic considerations, as these cyclic 

monomers hold a certain ring strain.140 Figure 1.14 shows examples of cyclic esters that can be 

polymerised through ROP. Four- or seven-membered rings, such as -CL, have greater ring strain 

than five- or six-membered rings, such as lactide, hence there is a stronger thermodynamic 

driving force for their ROP. Further, the presence of additional substituents on the monomer 

tends to decrease the ring strain. For example, glycolide is more strained than lactide and 

therefore polymerises more readily.  

The ROP of cyclic esters can proceed through different initiation mechanisms, for example 

through anionic or cationic initiation. However, with metal catalysts, the most commonly 

observed ROP initiation mechanism is a coordination-insertion mechanism, as shown in Scheme 

1.7 for the ROP of -CL.139, 140 In most cases these metal complexes are not true catalysts, as the 

original species often cannot be recovered after the catalysis. For clarity, this work will refer to 

the metal complexes as catalysts and the initiating ligands will be referred to as initiators, as is 

done frequently in the literature. The coordination-insertion mechanism leads to a living 

polymerisation, which can yield high molecular weight polymers. In general, the metal complex 

is Lewis acidic and contains a ligand which can initiate the ring opening of the monomer.127, 141 

This is often, but not limited to, an alkoxide or alkyl substituent, which can either be bound to 

the metal complex to begin with, or added to the reaction prior to the polymerisation. In the 

latter case, an external initiator, such as benzyl alcohol, is added to the polymerisation and 

Figure 1.14: Examples of cyclic esters: -butyrolactone, glycolide, lactide and -CL. 
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replaces a substituent on the metal centre before the ROP proceeds. In the next step, an -CL 

monomer coordinates to the metal centre through the ester moiety. This is followed by an attack 

of the initiating group at the carbonyl carbon in the monomer, leading to insertion of the 

initiating group into the ring structure, thereby opening the seven-membered ring through 

cleavage of the ester moiety. The propagation of the polymer chain then proceeds the same 

way; another monomer coordinates to the metal and the growing polymer chain is inserted into 

the ring, which is opened in the process. The polymerisation reaction is terminated, usually 

through the addition of a proton source such as water or acid, which cleaves the polymer chain 

from the metal centre and adds a proton end group to the polymer. As a consequence of this 

mechanism, the initiating group (e.g. alkoxide) remains attached to the polymer as the other 

terminating group. In practice, inter- and intramolecular transesterification side reactions can 

lead to shorter polymer chains and sometimes cyclic oligomers, which can be promoted by long 

reaction times and high reaction temperatures.142 These transfer reactions are caused by the 

alkoxide initiator, which not only reacts with the cyclic monomer, but can also react with any 

ester moiety along the polymer chain. It is desirable to minimise these side reactions as they 

typically result in broader polydispersities. In many cases, ROP reactions are living 

polymerisations, which means that all polymer chains remain active and able to grow until the 

polymerisation is terminated. This property can be confirmed by sequential addition of more 

monomer after full conversion of the first batch is achieved. If the polymerisation is living, the 

polymer chains continue to grow (and the Mn increases) as long as there is a continuous supply 

of monomer. 

Scheme 1.7: Coordination-insertion mechanism of -CL polymerisation with a metal catalyst. 
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Polymer Characterisation 

Polymers are typically characterised using a range of techniques, such as NMR spectroscopy, gel 

permeation chromatography (GPC) and matrix assisted laser desorption/ionisation–time of 

flight (MALDI-ToF) mass spectrometry. One of the quickest, simplest and most informative 

analysis techniques is 1H NMR spectroscopy, which can be used to determine the percentage of 

conversion during and after the polymerisation by comparing the relative integrals of monomer 

and polymer signals, as can be seen in the exemplary 1H NMR spectrum shown in Figure 1.15. 

The signals highlighted represent the two protons in the same chemical environment in the 

monomer and the polymer, as indicated in the molecular structures shown to the left of the 

spectrum.  

Further, in some cases even the end group signals can be detected by 1H NMR spectroscopy, 

however, this is usually the case for polymers of lower molecular weight or oligomers. If the 

integral of the end group can be obtained, an approximate calculation of the polymer’s 

molecular weight can be made through relative integration. GPC analysis determines the 

molecular weight of the polymer and the dispersity (Đ). The molecular weight is described 

through two values, Mn and Mw.143 Mn describes the molar mass in terms of number average, 

which takes into account the number of molecules to calculate the average mass of each 

molecule. Mw describes the molar mass in terms of weight average, which refers to the mass of 

each molecule type and not to the number of molecules in the sample. Dispersity is used to 

reflect the distribution of the molecular weights. The dispersity is the ratio of Mw/Mn and 

describes the distribution of molecular weights found in the sample, i.e. a small Đ indicates a 

narrow distribution. A narrow dispersity suggests that the catalyst exhibits good control over 

the polymerisation, not promoting transesterification side reactions that can shorten the chains 

and create a discrepancy between chain lengths and molecular weights in the sample. Large 

dispersities, on the other hand, indicate broad molecular weight distributions caused by an 

Figure 1.15: 1H NMR spectrum of the -CL monomer and the PCL polymer. 
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uncontrolled polymerisation. Further, a well-controlled polymerisation affords a polymer of a 

molecular weight Mn, which closely matches the theoretical Mn. MALDI-ToF analysis is used to 

determine the end group attached to the polymer chains, which is useful to determine the 

initiating groups and gain insight into the mechanism of the polymerisation. Moreover, the 

mechanical properties of the polymer are crucial with respect to applications. These properties 

include melting points, glass transition temperature (Tg) and tensile strength and are determined 

via differential scanning calorimetry (DSC) or thermal gravimetric analysis (TGA).144 

1.4.2 Transition Metal Complexes as ROP Catalysts for -CL 

There is a wide range of well-established metal catalysts for the ROP of cyclic esters, utilising 

main group elements, lanthanides and TMs. Main group metals, such as Li, Mg and Al,145 but 

also lanthanide complexes, for example of Sm or Nd,2, 146 have been the focus of much attention. 

The most commonly used ROP metal catalyst in industry to date is Sn(II) octanoate (Figure 1.16), 

not only for the polymerisation of -CL, but also other cyclic esters.147 Butanol is often used as 

an alcohol initiator for the ROP with Sn(Oct)2, which forms the active species containing a Sn-

alkoxide bond.148 The polymerisation has been confirmed to proceed via coordination and 

insertion of the monomer into the Sn-OBu bond, indicating the importance of the external 

initiator. This mechanism is dominant for both -CL and lactide monomers.  

The ROP of cyclic esters using Sn complexes under different reaction conditions has also been 

studied extensively. For example, photoactive initiating groups (e.g. benzoin) have been 

incorporated into the PCL polymer, which could give rise to light-induced free radical 

polymerisation initiators.149 Further, the effects of different solvents, including supercritical CO2, 

have been researched.147 Though Sn(Oct)2 is approved by the FDA for the production of food 

packaging, Sn complexes, especially organotin species, bear the issue of toxicity, hence more 

recent research has been focussing on metals with lower toxicity. For example, TiO2 and related 

Ti complexes exhibit low toxicity to humans, however, it is worth mentioning that toxicities are 

dependent on the metal oxidation state and the ligands, which can make it more difficult to 

quantify the individual toxicities. Generally, complexes of first row TMs tend to be less toxic than 

their second and third row counterparts.150 The work presented in this introduction focuses on 

first row TM complexes, as a comprehensive review of all ROP metal catalysts would go beyond 

the scope of this thesis. 

Figure 1.16: Structure of Sn(II) 2-ethylhexanoate or Sn(II) octanoate (Sn(Oct)2). 
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Titanium Catalysts 

Due to its high abundance and low toxicity, Ti is also an ideal candidate for the development of 

polymerisation catalysts. Perhaps the most well-known Ti polymerisation catalyst is the Ziegler-

Natta catalyst, which utilises a Ti complex in combination with an Al alkyl co-catalyst.151 It is 

applied in the polymerisation of alkenes, such as ethylene and propylene, but also styrene and 

dienes. Although not a ROP catalyst for cyclic esters, it is worth mentioning this system due to 

its ubiquity in polymer production. The original Ziegler-Natta catalyst consisted of TiCl4 and AlEt3. 

Today, more complex Ti species, such as titanocenes are often used in combination with 

methylaluminoxane (MAO).152, 153 

Common Ti(IV)-based ROP catalysts typically feature cyclopentadienyl ligands as well as O- and 

N-donor ligands, such as salen or ABP derivatives. Titanocene complexes A12 and A13 (Figure 

1.17), for example, have been used as polymerisation catalysts for -CL by Postigo and co-

workers.154 While they were only mildly active at 100°C (14% conversion), they yielded 76% 

conversion at 140°C with a metal–monomer ratio of 1:110 in toluene. Even though higher 

temperatures usually lead to higher dispersities owing to increased transesterification rates, 

these titanocene complexes produced polymers with relatively narrow dispersities (1.10 for 

complex A12 and 1.20 for complex A13) at these elevated temperatures. Strunkina et al. found 

that a zwitterionic complex A14 (Figure 1.17) exerted low activity, with only 45% conversion 

observed at 75°C over eight days with a catalyst–monomer ratio of 1:1000.155 While high 

molecular weights were determined (69,000 g mol-1), the dispersity was high at 1.47, likely due 

to the long reaction time.  

Ti complexes with simple alkoxide or aryloxide ligands include Ti(OnPr)4 and Ti(OPh)4 and have 

been studied for their activities as ROP catalysts for -CL by Cayuela and co-workers.156 MALDI-

ToF analysis of the polymers showed -OnPr and -OPh end groups, which confirmed that the 

polymerisation proceeded via a coordination-insertion mechanism. Both species were highly 

active catalysts at 100°C with 300 equivalents of monomer, with Ti(OnPr)4 reaching quantitative 

conversion in three minutes and Ti(OPh)4 yielding full conversion in eight minutes. It was 

proposed that these excellent activities were due to the number of active sites on the metal 

centres as there are four equivalent substituents. For Ti(OnPr)4, the molecular weight obtained 

was 10,400 g mol-1 and for Ti(OPh)4 it was found to be 21,600 g mol-1, however, broad 

Figure 1.17: Titanocene complexes A12, A13 and A14. 
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dispersities (1.89 and 3.13 for the propoxide and phenoxide species, respectively) indicated a 

poorly controlled reaction. To gain more control over the polymerisations, bulky ancillary ligands 

were found to be beneficial, yielding narrower dispersities by limiting side reactions, such as 

transesterification and the formation of macrocycles. Davidson et al. synthesised a range of 

bimetallic Ti aryloxide complexes with bulkier aryl groups.157 These complexes exhibited very 

good activities, yielding up to 79% conversion in 24 hours at room temperature with a metal–

monomer ratio of 1:100. Narrow dispersities around 1.20 were obtained, however, the 

molecular weights obtained were lower than expected, at 4,400 g mol-1. Further ligands 

containing only O-donor atoms are bis(phenolates), two examples of their Ti complexes are 

shown in Figure 1.18. Monometallic complex A15 was synthesised by Takeuchi and co-workers 

and yielded quantitative conversion of 100 equivalents of -CL in 75 hours at room 

temperature.158 A narrow dispersity (1.10) indicated few transesterification side reactions. Jiang 

and et al. studied bimetallic complex A16, which yielded full conversion of 100 equivalents of -

CL in two hours at 50°C, affording a polymer with a molecular weight of 4,800 g mol-1 and a 

narrow dispersity (1.18).159 

Expanding from the ligands containing only O-donors, mixed systems with both N- and O-donor 

atoms were investigated, such as salen- and half-salen-type ligands. Figure 1.19 shows examples 

of Ti complexes containing these mixed donor ligand systems. Mandal and co-workers reported 

the synthesis of complex A17, incorporating two tridentate half-salen ligands.160 It was found to 

polymerise 200 equivalents of -CL in 94% yield after 46 minutes at 80°C with the addition of 

benzyl alcohol as initiator, resulting in a polymer with a weight of 21,000 g mol-1 and a narrow 

dispersity of 1.15. Interestingly, MALDI-ToF analysis revealed that the polymerisation was 

actually initiated by the ligand, as the polymer contained these as end groups. Complex A18 was 

reported by Seo and co-workers, containing three isopropoxide groups on the metal centre.161 

In six hours, this catalyst yielded 97% conversion at 80°C with a metal–monomer ratio of 1:200, 

with a molecular weight for the resulting polymer of 3,700 g mol-1. They found that all three of 

the isopropoxide groups were active in initiating the ring opening of a monomer, thereby 

growing three polymer chains per metal. This led to poorer control over the polymerisation, as 

suggested by the broad dispersity of 1.76, although the observed Mn is not far off the theoretical 

Figure 1.18: Ti bis(phenolate) complexes A15 and A16. 
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molecular weight of 7,400 g mol-1. This ties in with the poor control observed for catalysts with 

multiple initiation sites (e.g. Ti(OnPr)4), as mentioned earlier. Ti salen complex A19 was 

synthesised by Tsai et al.162 Without the addition of an external initiator, it was found to be 

moderately active for the polymerisation of -CL at 80°C and yielded 73% conversion in eight 

hours for a metal–monomer ratio of 1:100, with a polymer molecular weight of 7,000 g mol-1 

and a dispersity of 1.38. 

Aside from salen ligands, a lot of research concerning mixed donor ligand systems has been 

conducted into ABP complexes of Ti. Complex A20, as shown in Figure 1.20, was synthesised by 

Chmura and co-workers, with a tridentate ABP ligand binding through two O- and one 

N-donor.163 The pendent arm on the ligand is not binding to the metal centre in this case, 

resulting in a five-coordinate complex. It was found to be active in the ROP of -CL, yielding 

quantitative conversion in 24 hours at room temperature with a catalyst–monomer ratio of 

1:100. The resulting polymer had a molecular weight of 14,300 g mol-1 and a dispersity of 1.11. 

The observed Mn was close to the calculated Mn of 11,400 g mol-1, assuming one polymer chain 

growing per metal centre, indicating very good control over the polymerisation. End group 

analysis confirmed that the isopropoxide groups bound to the metal centre initiated the 

polymerisation. Further, the group synthesised complex A21 containing a tetradentate ABP 

ligand with an additional binding site on the pyridine pendent arm.3 Interestingly, this complex 

was found to be inactive for the polymerisation of -CL at room temperature, despite featuring 

isopropoxide initiating groups on the metal. Moreover, complex A22 was reported by Liang and 

co-workers.1 Similar to complex A20, the ligand was tridentate with a propyl group as the 

pendent arm. It was found to be active for the ROP of -CL, yielding full conversion in 24 hours 

at room temperature with a catalyst-monomer ratio of 1:200. The resulting polymer had a 

molecular weight of 15,500 g mol-1 with a dispersity of 1.17, suggesting good control over the 

polymerisation. The metal centres in five-coordinate complexes A20 and A22 are more Lewis 

acidic than in their six-coordinate counterparts, which is an important factor in the coordination 

of the cyclic ester monomer. This is supported by the fact that complex A23, containing another 

Figure 1.19: Ti complexes A17–A19 with salen- and half-salen-type ligands. 
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tetradentate amine bis(phenolate) ligand, was found to be inactive for the ROP of -CL at 60°C.164 

This highlights the significant impact of ligand design on the efficiency of the catalyst.  

Lastly, a heterobimetallic Ti-Zn complex, containing a diphenolate tetra(amine) macrocyclic 

ligand, was reported by Williams and co-workers.165 In 90 minutes, this complex yielded 94% 

conversion of -CL to PCL at 70°C, with a metal-monomer ratio of 1:100. The resulting polymer 

was found to have a molecular weight of 5,800 g mol-1 and a dispersity of 1.33. As confirmed 

through end group analysis, the polymer chain was initiated on the Ti metal centre through the 

isopropoxide co-ligands. The group further compared the activity of the heterobimetallic 

complex to the monometallic Ti complex and discovered that the presence of the additional 

metal centre significantly improved the catalytic performance through cooperative effects. 

Even though this review focuses on first row TMs, it is worth noting that also heavier group four 

TMs (Zr and Hf) have also been researched extensively and exhibit excellent activities as ROP 

catalysts of cyclic esters.166-169 Zr and Hf complexes are often more active than their Ti analogues, 

however, this increase in rate sometimes comes at the cost of lower control over the 

polymerisations. 

Vanadium Catalysts 

V complexes used as ROP catalysts to date are relatively underrepresented in the literature.170 

Complex A24, as shown in Figure 1.21, was synthesised by Yamada and co-workers in 2005, as 

one of the first reports of a discrete V complex initiating the ROP of -CL.171 The catalyst yielded 

21% in 24 hours at 100°C, using 250 equivalents of monomer. The resulting polymer was found 

to have a molecular weight of 18,000 g mol-1 with a dispersity of 1.30. Complex A25 containing 

a half-salen-type ligand was reported by Bialek and co-workers as an active polymerisation 

catalyst for -CL.172 At 120°C and a catalyst–monomer ratio of 1:600, it yielded 42% in two hours. 

Figure 1.20: Ti amine bis(phenolate) complexes A20–A23. 

Figure 1.21: V complexes A24 and A25 used in the ROP of -CL. 
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Analysis of the obtained polymer showed a molecular weight of 7,400 g mol-1 and a dispersity of 

1.60. These values are a sign of moderate control and good activity, showing that there is 

potential to further develop V ROP catalysts. 

Bimetallic complex A26, shown in Figure 1.22, was reported by Ge and co-workers, featuring 

two bis(phenolate) ligands and two propoxide moieties bridging between the metal centres.173 

A26 was active for the ROP of -CL at 45°C, yielding quantitative conversion of 200 equivalents 

of -CL in 24 hours without the addition of an external initiator. The molecular weight 

determined by GPC analysis was 4,600 g mol-1 with a dispersity of 1.15. As expected, upon 

increasing the temperature to 80°C, the dispersity broadened to 1.66, while the molecular 

weight only increased slightly to 5,100 g mol-1. Assuming one chain could grow per metal centre, 

the expected molecular weight would be 12,000 g mol-1, indicating poor control over the 

polymerisation. In comparison to monometallic complexes reported in the same work, the 

presence of two metal centres was found to not give any significant advantages. A similar 

complex with an organoimido group on the two metal centres was reported by Arbaoui and co-

workers and exhibited good activity for the ROP of -CL at 60°C.174 For 500 equivalents of 

monomer, a conversion of 82% was reached, with a molecular weight of 9,400 g mol-1 and a 

dispersity of 1.20. Further, complex A27 containing a salen ligand was reported by Clowes and 

co-workers.175 In 72 hours at 80°C, with a metal–monomer ratio of 1:400 and the addition of 

benzyl alcohol, this complex yielded 94% monomer conversion. This catalyst showed moderate 

control over the polymerisation with a narrow dispersity of 1.10, however, the observed 

molecular weight of 3,100 g mol-1 remained well below the expected value of 42,800 g mol-1, 

indicating competing initiating mechanisms. Increasing the steric bulk on the ligand backbone 

was found to decrease the conversion rate significantly, which can be attributed to more 

hindered monomer coordination. Moreover, the group synthesised a bimetallic V complex with 

two calixarene ligands, which are essentially a cyclic form of two conjoined bis(phenolate) 

ligands, featuring both oxide and propoxide co-ligands on the metal centres.176 In the ROP of 

400 equivalents -CL, the complex proved to be active, yielding 94% conversion in 72 hours at 

80°C. The resulting polymer was found to have a relatively low molecular weight of 3,100 g mol-1 

with a narrow dispersity of 1.10. Interestingly, the imido derivative of this complex was less 

active and only achieved 46% conversion. Complex A28 with a tetradentate imine ligand was 

synthesised by Ma et al.177 This species exhibited moderate activity for the polymerisation of -

CL at 110°C, yielding 30% conversion in 24 hours for 800 equivalents of monomer in the 

presence of benzyl alcohol co-initiator. The molecular weight observed was 7,500 g mol-1 with a 

narrow dispersity of 1.10, indicating a moderately controlled polymerisation. In all of these 

examples, the observed Mn values were significantly smaller than the theoretical molecular 

weights, which shows that there is still room for improvement with respect to polymerisation 
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control. It is worth noting that even though the V complexes reported in this section have 

oxidation states of either +3 or +5, no clear trends with respect to activities have been observed, 

suggesting a more delicate interplay of steric and electronic structures of the ligands. 

Iron Catalysts 

Simple Fe chloride complexes were used as catalysts to polymerise -CL by Gowda and co-

workers.178 Using FeCl2.4H2O at 27°C, with a catalyst–monomer ratio of 1:200, full conversion 

was reached in 24 hours. With the addition of five equivalents of benzyl alcohol, full conversion 

was reached in 14 hours, indicating that in situ formed Fe-alkoxide species outperform Fe-

chloride catalysts. The molecular weights achieved were 48,500 g mol-1 without added initiator 

and 82,100 g mol-1 with additional alcohol, with dispersities of 2.15 and 1.43, respectively, which 

indicates poor control over the polymerisation. The values observed for Mn were significantly 

higher than expected (22,800 g mol-1), indicating insufficient initiation. Further, when the Fe (III) 

derivative, FeCl3.6H2O was used, a significant increase in reaction rate was observed. Without 

the addition of an external initiator, full conversion was reached in 27 minutes, the resulting 

polymer having a molecular weight of 36,100 g mol-1 and a dispersity of 2.22. While this did not 

improve the control over the polymerisation, it is clear that the change from a +2 oxidation state 

to +3 is beneficial for the catalytic activity, as a more Lewis acidic metal centre facilitates 

monomer coordination. Complex A29 (Figure 1.23), with an oxidation state of +2 and a 

monoanionic bis(imino)pyridine ligand, was studied by Delle and co-workers.179 It was found to 

achieve 99% conversion in ten minutes at room temperature using 50 equivalents of monomer, 

resulting in a polymer with a molecular weight of 24,200 g mol-1 and a dispersity of 1.40. This 

observed Mn is over four times higher than the theoretical Mn, indicating that not every metal 

centre grew a polymer chain. Further, the complex was compared to a bisalkoxide derivative 

with the same oxidation state, but containing a neutral bis(imino)pyridine ligand. This complex, 

despite formally having the same oxidation state, was found to be inactive for the 

polymerisation of -CL at room temperature. This suggests a delicate interplay of electronic 

structures in both the ligand and the metal, which significantly impacts the activity of the 

catalysts. Computational studies of complex A30 conducted by Ortuno et al. showed that the 

Figure 1.22: V ROP catalysts A26–A28. 
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spin state of the metal centre plays an important role on the catalytic activities of the 

complexes.180 High spin metal centres were determined to be more Lewis acidic and therefore 

preferential as polymerisation catalysts. This again highlights the importance of choosing an 

appropriate ligand system, as spin states are affected by using strong/weak field ligands. 

Complex A31, containing a di(pyrazole)pyridine ligand, was utilised in the ROP of -CL by Fang 

and co-workers.181 At a temperature of 100°C, with 300 equivalents of -CL and water as the 

initiator, 74% conversion was reached in 24 hours. The molecular weight of the resulting 

polymer was determined to be 16,600 g mol-1 (close to the expected Mn of 25,300 g mol-1) with 

a dispersity of 1.13, suggesting much better control over the polymerisation than in previous 

examples. When the metal was reduced to a +2 oxidation state, it was found to be inactive. 

Further, an Fe(III) calixarene complex, containing only O-donor ligands, was studied by Arbaoui 

and co-workers.182 At room temperature, with a metal–monomer ratio of 1:300, 83% conversion 

was reached in 40 hours. The resulting polymer was found to have a molecular weight of 

28,000 g mol-1, which matches the theoretical value, though with a dispersity of 1.7, suggesting 

moderate control over the reaction. 

Fe complexes featuring ligands with both N- and O-donors were also explored, for example by 

Chen et al.183 Complex A32, shown in Figure 1.24, contains NHC ligands with aryloxo substituents 

and was found to be active in the ROP of -CL. Full conversion was reached after twelve hours 

at 80°C, using a 1:300 catalyst–monomer ratio, resulting in a polymer with a molecular weight 

of 40,000 g mol-1. 1H NMR analysis of the polymer confirmed a coordination-insertion 

mechanism, as the end group was found to be an imidazolium salt. Complex A33, containing a 

salen ligand and a metal centre with an oxidation state of +3, was synthesised by Duan and co-

workers.184 Propylene oxide was added as an initiator and 97% conversion of -CL to PCL was 

reached in 3.6 hours, at 100°C with 100 equivalents of -CL.  The molecular weight of the 

polymer was found to be significantly higher than expected at 112,000 g mol-1, with a dispersity 

of 1.93. Different substituents on the backbone of the ligand were explored, with more flexible 

groups facilitating higher activity. Complex A34, containing a salan ligand, was studied as a ROP 

catalyst for -CL by Cozzolino and co-workers.185 At room temperature and with a metal–

monomer ratio of 1:100, this complex delivered 78% conversion in eight hours, resulting in a 

polymer with a molecular weight of 12,100 g mol-1 and a dispersity of 1.07. This Mn was very 

Figure 1.23: Fe ROP catalysts A29–A31. 
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close to the theoretical molecular weight of 8,800 g mol-1, indicating an extremely well 

controlled polymerisation. The corresponding salen or salalen complexes were considerably less 

active, which was attributed to the enhanced flexibility of the salan backbone, allowing for the 

complex to be in a distorted square planar geometry, thereby facilitating the coordination of the 

monomer in trans position to the chloride co-ligand on the metal centre.  

Lastly, a heterobimetallic Fe-Li complex containing ketiminate ligands was reported by Geng et 

al.186 For a catalyst–monomer ratio of 1:100 at room temperature, 98% conversion was achieved 

in 100 minutes, the resulting polymer having a molecular weight of 8,000 g mol-1 and a dispersity 

of 1.28. The group proposed that the catalytic activity of this complex and the excellent control 

over the polymerisation were enhanced through the presence of both metals. 

Zinc Catalysts 

Figure 1.25 shows the structure of efficient Zn catalysts for the ROP of -CL. Quinoline-based 

complex A35 was reported by Ma and co-workers, achieving high activity in combination with 

benzyl alcohol.187 At 90°C, a conversion of 96% for a metal–monomer ratio of 1:200 was reached 

after ten minutes. The molecular weight of the polymer was found to be 16,200 g mol-1 with a 

dispersity of 1.37. This Mn was very close to the expected molecular weight of 22,200 g mol-1, 

indicating good control over the polymerisation. 

Another Zn complex with an amidinate heteroscorpionate ligand, containing only N-donor 

atoms, was studied as a polymerisation catalyst by Sanchez-Barba and co-workers.188 At a 

temperature of 50°C and a metal to -CL monomer ratio of 1:500, this complex achieved near 

full conversion after 30 minutes. GPC analysis of the polymer revealed a molecular weight of 

56,400 g mol-1 (compared to a theoretical Mn of 55,800 g mol-1) and a dispersity of 1.26, 

indicating a very well controlled polymerisation. End group analysis found that the amide group 

of the ligand acted as the initiator for the ROP. Bimetallic Zn complex A36 with amido-

oxazolinate ligands was reported as a ROP catalyst by Chen et al.189 For a catalyst–monomer 

ratio of 1:200 at 50°C, this complex achieved 96% conversion in 40 minutes in the presence of 

benzyl alcohol. The molecular weight of the resulting polymer was found to be 26,700 g mol-1, 

which is only slightly higher than the theoretical Mn, with a dispersity of 1.13. The group further 

explored the effects of the ligand design on the catalytic performance and showed that a more 

Figure 1.24: Fe complexes A32–A34 with mixed donor atom ligand systems. 
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flexible ligand backbone was beneficial for monomer coordination to the metal centre. 

Moreover, by incorporating aliphatic groups onto the amine moieties, the Lewis acidity of the 

metal could be fine-tuned, thereby optimising the catalytic activity. Darensbourg and co-

workers reported complex A37 with a phenylalanine-derived Schiff base ligand system 

containing both N- and O-donor atoms.190 This complex reached 85% conversion from -CL to 

PCL in one hour, using 700 equivalents of -CL at 110°C. The molecular weight observed was 

31,900 g mol-1 with a dispersity of 1.43, suggesting only moderate control over the 

polymerisation. Further, the effects of ligand design were studied in complexes A38 and 

derivatives by Sen and co-workers.191 For a metal–monomer ratio of 1:100 at 25°C, 99% 

conversion was reached in 54 minutes. The molecular weight of the polymer was determined to 

be 25,200 g mol-1 with a dispersity of 1.14. When the methyl groups on the ligand N-donors were 

replaced with cyclohexyl groups, only 21% conversion was reached under identical conditions, 

with a significantly lower molecular weight of 3,900 g mol-1, albeit with a narrow dispersity of 

1.06. This decrease in catalytic activity was attributed to both steric and electronic effects, as 

was confirmed by DFT calculations. These examples clearly indicate that careful ligand design is 

crucial for the development of efficient ROP catalysts. 

Other Metals 

While the aforementioned TMs are currently at the centre of research concerning the ROP of 

cyclic esters, other first row TMs have also been explored as ROP catalysts. For example, 

Oshimura et al. reported Sc complexes with simple perfluoroalkanesulfonate and -sulfonimide 

ligands, which were active for the ROP of -CL. Molecular weights of up to 9,800 g mol-1 and 

dispersities as low as 1.12 were reached using these systems at room temperature for 24 hours, 

using a catalyst–monomer ratio of 1:10.192 Further, Otero and co-workers studied Sc complexes 

with heteroscorpionate ligands.193 For a metal to -CL ratio of 1:200 at 25°C, conversions of up 

to 75% were reached after ten minutes. The resulting polymers were found to have molecular 

weights of up to 33,300 g mol-1 and dispersities of 1.19–1.30, suggesting moderate control over 

the polymerisation. Moving to heavier first row metals, Mn salen complexes were reported as 

ROP catalysts for cyclic esters by Yang and co-workers.194 The best performing complex achieved 

Figure 1.25: Zn catalysts A35–A38 for the ROP of -CL. 
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90% conversion of -CL at 100°C in ten hours, with a metal–monomer ratio of 1:1000. The 

resulting polymer had a molecular weight of 40,700 g mol-1 and a dispersity of 1.45. Moreover, 

the effects of the ligand design on the catalytic performance were investigated, showing that a 

flexible backbone and reduced steric hindrance were most beneficial for the activity of the 

complex. Electronegative substituents on the phenol moieties were found to be unfavourable 

and decrease the polymerisation rate. A bimetallic Co complex with a binucleating phenoxide 

ligand was synthesised by Breyfogle et al, achieving molecular weights of up to 25,000 g mol-1 

and dispersities of 1.20–1.50 for PCL at 25°C using ten equivalents of -CL.195 The Mn was 

significantly higher than expected for ten equivalents of monomer, suggesting that only very 

few metal centres actually initiate. A Co complex with a Schiff base macrocyclic ligand was 

reported by Wang and co-workers, however, unlike its Fe analogue, it was found to be inactive 

as a ROP catalyst for -CL.196 Wu and co-workers investigated a Ni complex with a tetraphosphine 

ligand in the polymerisation of -CL.197 For a catalyst–monomer ratio of 1:200, this complex 

achieved 92% conversion in twelve hours at 100°C. GPC analysis of the resulting polymer 

revealed a molecular weight of 19,300 g mol-1 and a dispersity of 1.17. Lastly, a series of Cu 

complexes with bis(imino)phenoxide ligands was investigated as ROP catalysts by Wang and co-

workers.198 The mono- as well as tetrametallic complexes in this study were found to have no or 

very low activity in the polymerisation of -CL. 

1.4.3 Summary 

Among first row TMs, Ti, V, Fe and Zn complexes have been studied extensively. Popular ligand 

systems, such as salen ligands or derivatives thereof, contain both O- and N-donor atoms, which 

have been shown to be beneficial to the catalytic activity of the complexes. The activity of the 

catalysts can further be controlled by adjusting the steric bulk on the ligand backbones. 

Furthermore, halide co-ligands on the metal centres have been found to decrease the rate of 

initiation. These observations show that through careful design of the complexes, the steric and 

electronic properties of the catalysts can be fine-tuned to deliver excellent catalytic activities 

and polymers with high molecular weights and narrow dispersities. Other first row TMs such as 

Mn, Co and Ni have also been studied as ROP catalysts for cyclic esters, however, the 

optimisation of these systems remains a challenge to match the efficiency of main group 

catalysts. 
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Chapter 2 – Titanium Amine Bis(phenolate) Complexes: Synthesis and 

Characterisation 

2.1 Introduction and Aims 

The main focus of this work was Ti ABP complexes, as elucidated in the introduction. Previous 

research in the McIntosh group further explored Ti complexes with ABP ligands for the ROP of 

lactide.1, 2 These ligands had carboxylic acid side arms, which provide multiple binding sites and 

can be employed as either L- or X-type ligands; L-type ligands donate an electron pair to the 

metal centre, while X-type ligands donate a single electron to the metal. This flexibility was 

found to facilitate the formation of bridges between metal centres, leading to larger Ti 

aggregates of up to four metal centres. Further, ABP ligands with methylpyridine side arms were 

explored and a series of monometallic, bimetallic and even tetrametallic Ti complexes was 

synthesised, with oxo bridges connecting the metal centres. These were found to readily form 

in the presence of residual moisture in the solvents used during the synthesis. 

Considering these results, it was proposed that the oxo-bridged Ti complexes could be 

synthesised reliably in different sizes by carefully optimising the reaction conditions. Moreover, 

the Ti-oxo cores resembled the widely studied TiO2 structures, which are known to be excellent 

photocatalysts.3, 4 Therefore, the aim was to investigate these Ti ABP complexes for their 

potential photocatalytic properties. This chapter describes the synthesis of ABP pro-ligands and 

their Ti complexes and discusses the impact of the ligand design on the complex formation. As 

the steric and electronic properties of the ABP pro-ligands can be fine-tuned by choosing 

different substituents on the phenol groups, a range of different combinations of phenols and 

amine moieties were explored in the search for a reliable synthetic route towards making 

robust, polymetallic Ti complexes. 

To investigate these novel Ti-oxo complexes and their properties, a series of ABP pro-ligands and 

Ti complexes thereof were synthesised and characterised via NMR, mass spectrometry and 

SCXRD.  
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2.2 Results and Discussion 

2.2.1 Synthesis of Amine Bis(phenol) Pro-ligands 

In this section, a library of six ABP pro-ligands with a methylpyridine pendent arm (Figure 2.1) 

and varying phenol substituents is described. In the literature, the most common synthesis route 

proceeds through a double Mannich condensation, using 2-picolylamine, the corresponding 

phenol and paraformaldehyde in methanol.5, 6  

When this strategy was employed to synthesise H2L1A, however, it proved to be fairly inefficient. 

After 48 hours of heating the reaction mixture at 65°C, a mixture of starting materials and 

product was obtained. Purification by recrystallisation in chloroform afforded the product in low 

yield (17%). A better conversion was obtained for ligand H2L1B, which was isolated in a slightly 

higher yield (37%). These poor yields were attributed to insufficient reaction temperature or too 

short reaction times. In an attempt to improve the efficiency of the synthesis, water, with a 

higher boiling point of 100°C, was used instead of methanol. A different synthesis was trialled, 

taking inspiration from literature procedures for compounds H2L1B7 and H2L1C,7, 8 where the 

Mannich condensation for all the pro-ligands was conducted in water and an aqueous 

formaldehyde solution was used instead of paraformaldehyde. This afforded ligands H2L1A–

H2L1C, H2L1E and H2L1F in moderate to excellent yields (54–85%) (Scheme 2.1), as opposed to 

the low yields obtained in previous experiments (17% and 37% for H2L1A and H2L1B, 

respectively). These pro-ligands were characterised by 1H and 13C NMR spectroscopy, which 

matched the reported data of these known compounds. 

Not only did this approach improve the yields, but also employed an environmentally friendly, 

green solvent. Further, the work-up of the reaction was enhanced significantly, as impurities 

Figure 2.1: Pro-ligands H2L1A–H2L1F. 

Scheme 2.1: Optimised ABP synthetic route. 



Chapter 2 – Titanium ABP Complexes: Synthesis and Characterisation 
 

52 
 

could be removed from the crude product by triturating in methanol, rather than through 

recrystallisation, as reported in the literature.5, 6 

Pro-ligand H2L1D was synthesised using an adapted literature procedure.9 Rather than using 

phenol as the starting material and conducting a Mannich condensation, salicylaldehyde was 

used to form a Schiff base with 2-picolylamine, which was then reduced using sodium 

borohydride (Scheme 2.2). This procedure was repeated after forming the monosubstituted 

amine, in order to obtain the desired disubstituted ABP pro-ligand. 

Substituting 2-picolylamine for N,N-dimethylethylenediamine or 2-methoxyethylamine yielded 

pro-ligands H2L2A and H2L3A–H2L3C (Figure 2.2), respectively. These alternative pro-ligands 

were prepared according to the procedure described in Scheme 2.1, by heating in methanol 

(65°C) or water (100°C) for 48 hours. Compared to methylpyridine, these pendent arms exhibit 

enhanced flexibility while still having neutral L-type end groups for binding to metals. 

Excellent yields were achieved for H2L3A and H2L3B, whereas H2L3C was obtained in moderate 

yield, which was attributed to the decreased solubility caused by the phenol substituents. Figure 

2.3 shows the crystal structure of pro-ligand H2L3C, illustrating the reduced steric bulk of the 

side arm. Synthesis of the unsubstituted pro-ligand using salicylaldehyde was attempted 

multiple times, however, only the monosubstituted product could be obtained. 

Figure 2.3: Crystal structure of pro-ligand H2L3C, with ellipsoids of the non-carbon atoms set at the 50% 

probability level. Hydrogen atoms have been omitted for clarity.  

Scheme 2.2: Synthetic route to unsubstituted ABP pro-ligand H2L1D. 

Figure 2.2: Pro-ligands H2L2A and H2L3A–H2L3C. 
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Pro-ligands H2L4A and H2L4B (Figure 2.4) were prepared according to the method described in 

the previous section affording good (85%) and moderate (51%) yields, respectively. The aim of 

using an ethanolamine pendent arm was to study both its influence on the complex formation 

and the binding mode of the hydroxyl group, which could be either an X- as well as an L-type 

donor. This binding mode might later play a role when the complex is applied in photo- or 

polymerisation catalysis, through both electronic and steric effects. For example, an L-type 

donor pendent arm would be expected to be hemi-labile, thereby facilitating the creation of a 

vacant coordination site. 

2.2.2 Synthesis of Titanium Amine Bis(phenolate) Complexes 

a) N-Donor Pendent Arms 

Methylpyridineamino Ligands 

For the complexation of the ABP pro-ligands, two different precursors were employed, TiCl4 and 

Ti(OiPr)4. In order to synthesise the proposed Ti dichloride monometallic complexes 1–3 

(Scheme 2.3), the pro-ligand was deprotonated with sodium hydride prior to the addition of 

TiCl4.  

The complexes were recrystallised from chloroform or DCM to give red crystals suitable for 

SCXRD studies. A typical example of the molecular structure is given with complex 2 (Figure 2.5). 

The phenolate groups are cis to one another, with Ti-O distances of 1.850(2) Å and 1.803(2) Å, 

which are typical of the distances found for other reported X-type phenol donors.10 The 

arrangement of the ligand, especially the positions of the phenolate groups is worth 

investigating, as this might later influence the catalytic activity of the complex through electronic 

Figure 2.4: Pro-ligands H2L4A and H2L4B. 

Scheme 2.3: Synthetic route to monometallic Ti dichloride complexes 1–3. 
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or steric effects. For example, if used as polymerisation catalysts, the ligand arrangement could 

potentially facilitate or prevent substrate coordination to the metal. The N-donor atoms are also 

in cis positions, with Ti-N distances of 2.273(2) Å and 2.188(2) Å, indicating L-type donation. The 

chloride ligands show Ti-Cl distances of 2.3112(9) Å and 2.373(1) Å, suggesting X-type donation, 

as expected for a Ti(IV) complex. These values fall in line with previously reported Ti(IV) ABP 

complexes.11 The monometallic dichloride complexes 1–3 were found to be stable towards air 

and moisture, as all crystals were grown from undried solvents. The stability was expected for 

compound 1, as the steric bulk of the tert-butyl groups was predicted to protect the metal centre 

from undergoing hydrolysis, though no hydrolysis was observed for compounds 2 and 3 bearing 

significantly less steric bulk on the ligands. This suggests that the Ti-Cl bonds are more stable to 

moisture than expected. Comparing the 1H NMR spectra of these complexes to those of the pro-

ligands, metal coordination was indicated by the shift of the CH2 resonances. For example, pro-

ligand H2L1A shows two singlets at 3.85 ppm and 3.81 ppm (25°C, CDCl3), corresponding to the 

Py-CH2 and the Ar-CH2, respectively. In complex 1, these signals are split into four doublets and 

one multiplet, ranging from 5.39 ppm to 3.08 ppm. 

Further, the synthesis of monometallic diisopropoxide complexes was attempted by stirring the 

ABP ligand and Ti(OiPr)4 in dry THF (Scheme 2.4). An immediate colour change from colourless 

to yellow indicated the formation of a complex, however, upon crystallisation from non-dried 

solvent, these monometallic complexes dimerised to form double oxo-bridged bimetallic Ti 

complexes.  

Figure 2.5: Crystal structure of complex 2, with ellipsoids of the non-carbon atoms set at the 50% 

probability level. Hydrogen atoms have been omitted for clarity. Selected bond distances (Å): Ti1-O1 

1.803(2), Ti1-O2 1.850(2), Ti1-N1 2.273(2), Ti1-N2 2.188(2), Ti1-Cl1 2.3112(9), Ti1-Cl2 2.3726(10). Selected 

bond angles (°): O1-Ti1-O2 99.64(9), N1-Ti1-N2 74.71(9), Cl1-Ti1-Cl2 93.00(3), N1-Ti1-Cl1 172.63(7), O1-

Ti1-N2 158.90(9), O2-Ti1-Cl2 164.15(7). 

Scheme 2.4: Proposed synthetic route to monometallic diisopropoxide complexes. 
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An example of this is shown in Figure 2.6. The top spectrum (red) shows the crude product of 

the reaction, where the circled signals (5.30 ppm and 4.03 ppm, 25°C, CDCl3) represent the 

methine hydrogens on the isopropoxide groups. These are significantly shifted compared to 

corresponding resonances in the free Ti(OiPr)4 precursor (4.48 ppm and 4.02 ppm), 

corroborating the formation of the proposed monometallic complex (L1C)Ti(OiPr)2.  

The suggested structure of this compound is shown in Figure 2.7. Upon crystallisation from 

undried solvent, these isopropoxide signals disappeared, in addition an upfield shift of a 

characteristic pyridine proton signal was observed (8.83 ppm to 8.57 ppm, 25°C, CDCl3), 

suggesting the formation of a bimetallic species 6 (Figure 2.7, right), which was confirmed by 

SCXRD. As described for monometallic complexes 1–3, a splitting of the ligand CH2 signals was 

observed upon complexation. 

Figure 2.8 shows the structure of complex 6 (left) and the Ti2O2 core of the compound (right). 

Similar to monometallic complexes 1–3 described earlier, the phenolate groups are cis to one 

another. The two metal centres are bridged by two oxygen atoms, with Ti-O bond lengths of 

1.774(1) Å and 1.950(1) Å, forming a slightly distorted, ‘diamond-shaped’ core, with angles of 

83.48(5)° (O-Ti-O) and 96.52(5)° (Ti-O-Ti).  

Figure 2.7: Compounds (L1C)Ti(OiPr)2 (left) and (L1C)2Ti2O2 (6) (right). 

Figure 2.6: Comparison of 1H NMR spectra for (1C)Ti(OiPr)2 (top) and (1C)2Ti2O2 (6) (bottom) (25°C. CDCl3). 
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Structurally similar bimetallic complexes were also formed with ligands H2L1A and H2L1B (Figure 

2.9, 4 and 5). Comparing the monometallic complex (2) and a typical bimetallic complex (5), the 

bonds between the metal centre and the phenolate oxygens in compound 5 are slightly longer, 

with Ti-O distances of 1.883(1) Å and 1.925(1) Å, as opposed to 1.803(2) Å and 1.850(2) Å for the 

respective bonds in the monometallic compound 2. This can be explained with the increased 

steric bulk around the metal centres through the Ti-O bridges and the addition of a second 

metal-ligand unit.  

It is worth noting that all complexes obtained from ligands with the methylpyridine side arm (1–

7) featured the phenolate groups in cis positions, whereas Davidson and co-workers reported 

Ti-OiPr complexes with identical ligands, but with the phenolate groups trans to one another.12 

These were synthesised in DCM and recrystallised from hexanes and DCM. Nielson and co-

workers also found the phenolate groups to be in trans positions.13 In this case, the metal 

precursor and the pro-ligand were heated to 78°C in ethanol for a day. These reaction conditions 

suggest that both the solvents, as well as temperature can influence the ligand arrangement of 

Figure 2.9: Complexes (L1A)2Ti2O2 (4) (left) and (L1B)2Ti2O2 (5) (centre), both grown from ASU) with 

ellipsoids set at the 50% probability level. Hydrogen atoms have been omitted for clarity. Selected bond 

lengths for 5 (Å): Ti1–O1 1.9249(11), Ti1-O2 1.8827(13), Ti1-O3 1.7748(12), Ti1-O3’ 1.9550(11), Ti1-N1 

2.3261(14), Ti1-N2 2.2280(15). Selected bond angles for 5 (°): O1-Ti1-N1 83.84(5), O1-Ti1-O3 105.35(5), 

O3-Ti1–O3’ 83.54(5), N1-Ti1-N2 73.31(5), N2-Ti1-O2 160.71(5). 

 

Figure 2.8: Crystal structure of (L1C)2Ti2O2 (6) (left, grown from asymmetric unit (ASU)), with ellipsoids set 

at the 50% probability level, and representation of Ti2O2 core (centre). Hydrogen atoms have been omitted 

for clarity. Selected bond lengths (Å): Ti1–O1 1.9332(12), Ti1-O2 1.8965(13), Ti1-O3 1.7743(12), Ti1-O3’ 

1.9495(12), Ti1-N1 2.3169(14), Ti1-N2 2.2063(15). Selected bond angles (°): O1-Ti1-N1 85.63(5), O1-Ti1-

O3 103.23(5), O3-Ti1–O3’ 83.48(5), N1-Ti1-N2 73.82(5), N2-Ti1-O2 158.47(5). 
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the complexes. As these bimetallic species formed readily by crystallising the crude reaction 

mixtures from non-dried solvents, this was a promising method for the more general synthesis 

of polymetallic Ti-oxo complexes.  

In an attempt to prepare the double oxo-bridged bimetallic complex 4 directly from the 

monometallic dichloride complex, 1 was treated with sodium methoxide. However, the 1H NMR 

spectrum (Figure 2.10) showed that the crude product contained a monometallic alkoxide 

species, where the chloride co-ligands had been replaced by methoxide groups (circled in 

bottom spectrum), and as observed for 6, bimetallic complex 4 (top spectrum) only formed upon 

crystallisation from undried solvent.  

In order to synthesise polymetallic complexes, larger than the bimetallic species discussed in the 

previous section, different approaches were investigated. To begin with, direct hydrolysis of the 

monometallic dichloride complexes with stoichiometric amounts of water was attempted, 

however, this did not lead to the desired results, as these compounds proved to be fairly stable 

in the presence of moisture and only the starting material could be recovered. Other methods, 

including the in situ formation of monometallic diisopropoxide complexes, or the addition of a 

base (DMAP) followed by heating the mixtures at 110°C for two days were unsuccessful. These 

experiments resulted in the precipitation of an insoluble inorganic compound, which was 

tentatively identified as Ti oxides or Ti hydroxides. Consequently, an alternative solvothermal 

approach was chosen. In a 15 mL PTFE vessel under air, ABP ligands and Ti(OiPr)4 were stirred in 

toluene for a few minutes and an immediate colour change from colourless to yellow was 

observed, which indicated the complex formation. Subsequently, triethylamine was added, the 

vessel was closed, sealed in a stainless steel autoclave and then heated at 130°C for four days. 

Figure 2.10: Comparison of 1H NMR spectra for crude reaction product (bottom) and crystals of complex 4 

(top). 
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For ligand H2L1B, this method resulted in the same bimetallic double oxo-bridged complex 5 

observed previously. Using the unsubstituted ligand H2L1D, however, tetrametallic Ti-oxo 

complex 7 was obtained (Figure 2.11), which suggested that the reduced steric bulk on the ligand 

enabled the formation of larger aggregates. As can be seen from the representation of the Ti4O4 

core, the phenolate groups are again in cis positions. Further, similar to the bimetallic 

complexes, the ligand orientation is alternating between adjacent metal centres, with the 

pyridine side arm orientation varying between pointing upwards and downwards. While this was 

a promising result in terms of synthesising a tetrametallic complex, the unsubstituted ligand 

H2L1D significantly decreased the solubility, which not only made analysis by NMR spectroscopy 

difficult, but also was disadvantageous with respect to the aim of finding homogeneous 

photocatalysts. The synthesis was also attempted with monometallic dichloride complex 1, 

however, the result was a white precipitate, indicating the formation of Ti oxides and 

hydroxides. This was attributed to the potential cleavage of the chloride ligands, and subsequent 

formation of HCl with residual moisture in the solvent, which can contribute to the 

decomposition of the complex. 

From these results, it was concluded that reduced steric bulk on the ligand promotes the 

formation of larger aggregates, although the lack of alkyl substituents also dramatically 

decreases the solubility. In order to overcome these limitations, the ligand design was altered 

to provide enhanced solubility by keeping the alkyl substituents on the phenolates, but 

introducing a more flexible pendent arm to facilitate the formation of polymetallic complexes. 

Dimethylethylenediamino Ligand 

Utilising pro-ligand H2L2A was aimed at investigating the effect of more flexible alkyl chain 

pendent arms on the formation of the Ti complexes and their geometries. While the 

aforementioned methylpyridine ligands are also N-donor pendent arms, they exhibit lower 

Figure 2.11: Complex (L1D)4Ti4O4 (7) (left) (grown from ASU) and a representation of its core (centre), with 

ellipsoids set at the 50% probability level. Hydrogen atoms have been omitted for clarity. Selected bond 

distances (Å): Ti1-O1(phenol) 1.8872(13), Ti1-O2(phenol) 1.9577(13), Ti1-N1(amine) 2.3457(16), Ti1-

N2(pyridine) 2.1987(15), Ti1-O3(bridging) 1.7583(13), Ti1-O3’(bridging) 1.8926(13). Selected bond angles 

(°): Ti1-O3-Ti1’ 163.55(8), O3-Ti1-O3’ 100.49(8). 
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flexibility and increased steric bulk compared to the straight-chain ethyldimethylamine group. 

Upon stirring pro-ligand H2L2A and Ti(OiPr)4 in THF at room temperature, and subsequent 

crystallisation from diethyl ether, complex 8 was formed in good yield (58%) as yellow block 

crystals (Figure 2.12). Similar to complex 6, the initial monometallic complex was not stable to 

residual moisture in the crystallisation solvent and a bimetallic species 8 was formed. This was 

observed by the disappearance of one of the isopropoxide signals in the 1H NMR spectrum going 

from crude product to the crystal, indicating the formation of an oxo bridge in its place. 

Interestingly, as opposed to complexes 1–7, the phenol groups in compound 8 are in trans 

positions with longer Ti-O bond lengths of 1.923(4) Å and 1.922(4) Å, which is typical of the 

distances reported for similar X-type phenol donors that are trans to one another.12, 14 In the 

interest of a clear structural image, all complexes are drawn with the phenol groups in cis 

arrangements, though this does not accurately represent the actual molecular geometry. In line 

with bimetallic complexes 4–6, the central N atom of the ligand is in an equatorial position, albeit 

with a shorter bond length Ti-N1 of 2.284(5) Å. Unlike in previous examples, however, the 

pendent arm N-donor atom can also be found in an equatorial position, with a significantly 

longer distance (2.444(7) Å) to the metal centre. The distance to the bridging O atom was found 

to be 1.831(1) Å, which is consistent with it being an X-type donor atom.15, 16  

Based on this significant change in conformation achieved with careful ligand design by 

introducing a more flexible side arm to the metal–ligand systems, it was desirable to investigate 

not only N-donor atoms, but also O-donor atoms, coordinating both as L- and X-type 

substituents. The next section describes the effects of methoxyethyl and ethanol pendent arms 

on the ABP ligands. 

Figure 2.12: Complex (L2A)2Ti2(OiPr)2O (8) (left, grown from ASU) and a representation of its Ti2O core 

(centre) with ellipsoids set at the 50% probability level. Hydrogen atoms have been omitted for clarity. 

Selected bond lengths (Å): Ti1–O1 1.923(4), Ti1-O2 1.922(4), Ti1-O3 1.8311(12), Ti1-O4 1.801(5), Ti1-N1 

2.284(5), Ti1-N2 2.444(7). Selected bond angles (°): O1-Ti1-N1 84.22(18), O1-Ti1-O3 94.57(15), O3-Ti1–O4 

104.79(16), O1-Ti1-O2 162.49(15), O1-Ti1-O4 94.03(18). 
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b) O-Donor Pendent Arms 

Methoxyethylamino Ligands 

Complexation was attempted using the previously described methodology (Scheme 2.3). First, 

TiCl4 was used as the metal precursor in order to synthesise monometallic dichloride complexes 

similar to compounds 1–3 described previously. While 1–3 were stable to residual solvent 

moisture, for the complexes containing the methoxyethyl side arm, this was not the case.  

Similar to the previous example (8), when crystallised from non-dried chloroform, bimetallic 

single oxo-bridged complex 9 (Figure 2.13) was formed, as opposed to double oxo-bridged 

complexes 4–6. Interestingly, like in complex 8, the phenolate groups are in trans positions, 

however with shorter Ti-O bond lengths of 1.856(2) Å and 1.854(2) Å. This is likely a 

consequence of the electron-withdrawing chloride group on the metal centres. The distance 

between the metal centre and the pendent arm oxygen was found to be 2.305(2) Å, which 

indicates the pendent arm being an L-type donor, as observed by Goldschmidt and co-

workers.17, 18 Further, the distance between both metal centres and the bridging oxygen atom 

was found to be similar to that of complex 8, with 1.8002(4) Å, as was the Ti-N1 distance with 

2.267(2) Å. The fact that in both complexes 8 and 9 the phenol group were arranged in trans 

positions indicated that this arrangement may be a consequence of the decreased steric bulk 

and the increased flexibility of the pendent arms.  

Similarly, complex 10 (Figure 2.14) was prepared using metal precursor Ti(OiPr)4. Again, a single 

oxo-bridged bimetallic complex was obtained after crystallisation from methanol, where the 

solvent had replaced the remaining isopropoxide ligand on the metal centre with a methoxide 

group. The presence of the methoxide groups was corroborated by a singlet resonance in the 1H 

NMR spectrum at 3.98 ppm (25°C, CDCl3). The phenolate groups were found to be in trans 

Figure 2.13: Complex (L3A)2Ti2Cl2O (9) (left, grown from ASU) and a representation of its Ti2O core (right) 

with ellipsoids set at the 50% probability level. Hydrogen atoms have been omitted for clarity. Selected 

bond lengths (Å): Ti1–O1 1.8555(15), Ti1-O2 1.8543(15), Ti1-O3 1.8002(4), Ti1-O4 2.3046(16), Ti1-N1 

2.2671(18), Ti1-Cl1 2.3312(6). Selected bond angles (°): O1-Ti1-N1 83.36(7), O1-Ti1-O3 95.67(5), O3-Ti1–

Cl1 101.20(2), O1-Ti1-O2 163.69(7), O1-Ti1-Cl1 93.68(5). 
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positions, with Ti-O bond lengths of 1.884(4) Å and 1.889(4) Å, which is slightly longer than in 

complex 9. Moreover, the distances between metal centre and side arm as well as the metal 

centre and nitrogen are also slightly longer than in complex 9, which further highlights the effect 

of replacing electron-withdrawing chloride ligands by electron-donating alkoxide ligands. 

In a different experiment using Ti(OiPr)4 as the metal precursor, a trimetallic Ti-oxo complex 11 

(Figure 2.15) was obtained upon crystallisation from chloroform. Strikingly, the methoxyethyl 

side arms do not coordinate to the metal centres, leading to five-coordinate Ti atoms. 

It is worth noting that the experiments producing compounds 10 and 11 were conducted with 

different metal–ligand ratios, with the aim of investigating the effect on the complex formation 

and enhancing the formation of multimetallic complexes. For compound 10, a metal–ligand ratio 

of 2:1 was used, for compound 11, however, a metal–ligand ratio of 1:1 was applied. It appeared, 

however, that this did not significantly influence the outcome of the reactions, as the metal–

ligand ratio in the complexes is still 1:1, even when an initial ratio of 2:1 was used. It is therefore 

Figure 2.14: Crystal structure of (L3A)2Ti2(OMe)2O (10) (grown from ASU) with ellipsoids set at the 50% 

probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ti1–O1 

1.884(4), Ti1-O2 1.889(4), Ti1-O3 1.8066(11), Ti1-O4 2.305(4), Ti1-O5 1.807(4), Ti1-N1 2.288(5). Selected 

bond angles (°): O1-Ti1-N1 83.26(18), O1-Ti1-O3 96.31(14), O3-Ti1–O5 104.96(14), O1-Ti1-O2 161.29(19), 

O1-Ti1-O5 94.79(19). 

Figure 2.15: Crystal structure of (L3A)3Ti3O3 (11) (left, grown from ASU) and representation of its Ti3O3 core 

structure (centre), with ellipsoids set at the 50% probability level. Hydrogen atoms and tBu groups have 

been omitted for clarity. Selected bond distances (Å): Ti1-O1(phenol) 1.871(9), Ti1-O2(phenol) 1.871(9), 

Ti1-O3(bridging) 1.731(12), Ti1-N1 2.291(16), Ti1-O3’(bridging) 1.940(13). Selected bond angles (°): O3-Ti-

O3’ 104.3(7), O1-Ti-O2 133.3(6), Ti1-O3-TI1’ 135.7(7).  
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likely that the complex formation is more dependent on the choice of crystallisation solvent and 

the capture of adventitious water.  

Finally, a bischelated complex 12 was obtained (Figure 2.16). This phenomenon is commonly 

observed in Zr ABP complexes.19, 20 Here, the utilisation of the dimethylphenol-substituted pro-

ligand H2L3B enabled the formation of a bischelated complex, due to reduced steric crowding 

around the metal, whereas in Zr complexes, di-tert-butylphenol-substituted ABP ligands also led 

to similar species. Analogous to complex 11, the methoxy groups of the pendent arm are not 

binding to the metal and could potentially be investigated for forming bridges to other metal 

centres. Again, the phenolate groups are in trans arrangement and the bond distances are 

similar to previous complexes. Interestingly, the ligands bind with different bond distances. 

Ligand one has shorter Ti-O bonds (1.8838(6) Å and 1.8678(6) Å), as opposed to ligand two with 

Ti-O distances of 1.8985(6) Å and 1.8965(6) Å. The opposite is observed for the Ti-N distances, 

which are 2.2814(6) Å and 2.2745(6) Å, respectively. As the change in pendent arm produced 

drastically different complex structures, we decided to investigate other possible backbones for 

the ABP ligands. As both amines used so far made for an L-type side arm, a potential X-type 

donor was chosen, namely ethanolamine. 

Ethanolamino Ligands  

Using pro-ligand H2L4A and Ti(OiPr)4 as the metal precursor, monometallic complex 13 (Figure 

2.17) was obtained upon crystallisation from methanol. As observed before, a ligand exchange 

took place in which the isopropoxide ligands were replaced by a methoxide group and a 

methanol solvent molecule, with distances to the metal centre of 1.802(4) Å and 2.163(4) Å, 

respectively. Concluding from the Ti-O distance of 1.923(3) Å, the pendent arm binds as an X-

type donor, which is consistent with the metal oxidation state of +4 and no counter ions present. 

It is worth noting that here, the phenolate groups are in cis positions.  

Figure 2.16: Crystal structure of (L3B)2Ti (12), with ellipsoids set at the 50% probability level. Hydrogen 

atoms have been omitted for clarity. Selected bond distances (Å): Ti1-O1 1.8838(6), Ti1-O2 1.8678(6), Ti1-

N1 2.2814(6), Ti1-O4 1.8985(6), Ti1-O5 1.8965(6), Ti1-N2 2.2745(6). Selected bond angles (°): O1-Ti1-N1 

82.96(2), O1-Ti1-O2 168.48(3), O4-Ti1-N2 81.18(2), O4-Ti1-O5 166.61(2), N1-Ti1-N2 177.25(2). 
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Complex 14 (Figure 2.18) was obtained by using TiCl4 as the metal precursor and after 

crystallisation from acetonitrile. Complexation of the pro-ligands with the ethanol side arm was 

indicated by a splitting of the CH2 resonances in the 1H NMR spectrum. These range from 

3.88 ppm to 2.73 ppm for the pro-ligand, whereas for the complex, a downfield shift is observed, 

ranging from 4.69 ppm to 3.10 ppm (25 °C, CDCl3). The phenolate groups in this case are in trans 

positions, with bond distances around the metal centre similar to complex 9. As opposed to 

complex 13, however, the pendent arm binds as an L-type ligand with the oxygen still being 

protonated, which is indicated by the relatively long Ti-O distance of 2.2052(7) Å.  

Moreover, a bimetallic complex 15 (Figure 2.19) was obtained after treating the monometallic 

dichloride analogue with sodium methoxide in methanol. Single crystals suitable for SCXRD were 

obtained through crystallisation from deuterated chloroform. Interestingly, this complex 

consists of a six-coordinate metal centre, with a water molecule coordinating to Ti, as well as a 

five-coordinate metal centre, with the phenolate groups again being cis to one another in both 

cases. The side arm binds as an X-type ligand, with Ti-O bond distances of 2.116(2) Å on the six-

coordinate metal centre and 1.889(2) Å on the five-coordinate metal centre. This highlights the 

Figure 2.17: Crystal structure of (L4A)Ti(OMe)(OHMe) (13), with ellipsoids set at the 50% probability level. 

Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ti1-O1 1.876(3), Ti1-O2 1.868(3), 

Ti1-O3 1.923(3), Ti1-O4 1.802(4), Ti1-O5 2.163(4), Ti1-N1 2.304(4). Selected bond angles (°): O1-Ti1-N1 

86.19(14), O1-Ti1-O3 94.12(14), O1-Ti1-O2 94.25(14), O1-Ti1-O5 168.64(15). 

Figure 2.18: Crystal structure of (L4A)2Ti2Cl2O (14) (grown from ASU), with ellipsoids set at the 50% 

probability level. Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å): Ti1-O1 

1.8608(6), Ti1-O2 1.8684(6), Ti1-O3 1.80575(14), Ti1-O4 2.2052(7), Ti1-N1 2.2556(7), Ti1-Cl1 2.3342(3). 

Selected bond angles (°): O1-Ti1-O2 165.71(3), N1-Ti1-Cl1 161.64(2), O1-Ti1-O3 93.93(2). 
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fact that the bond distances are generally shorter around the five-coordinate metal centres due 

to decreased steric repulsion.  

Lastly, two unexpected Ti-oxo clusters were obtained. Complex 16 (Figure 2.20, left) consists of 

six Ti atoms and four ligands (L4A) and was obtained by treating a monometallic dichloride 

derivative with sodium methoxide, followed by crystallisation from acetonitrile. The Ti-oxo 

complex had a ‘ladder-like’ core structure, with some of the oxygen bridges provided by the 

ligand pendent arms, and the phenolate groups, which are again cis to one another. Complex 17 

(Figure 2.20, right), which consisted of ten Ti atoms and six ligands (L4A), was obtained using a 

1:1 metal–ligand ratio. Pro-ligand H2L4A and Ti(OiPr)4 were stirred in dry THF and crystals of 

complex 17 were obtained from diethyl ether. The core shows the same ‘ladder-like’ structure 

as complex 16. As with complex 16, even after repeated attempts, the amount of crystals 

obtained for the clusters was insufficient to conduct further analysis. This result suggested that 

by finding the right reaction and crystallisation conditions, larger, ‘POT-like’ clusters could be 

synthesised with ABP ligands, although the large scale, reproducible synthesis of these species 

may be an open challenge. 

Figure 2.20: Crystal structures of (L4A)4Ti6O6(CO2)2 (16) (left) and (L4A)6Ti10O15 (17) (right) (both grown 

from ASU), with ellipsoids set at the 50% probability level. Hydrogen atoms and tBu groups have been 

omitted for clarity. 

Figure 2.19: Crystal structure of (L4A)2Ti2O(OH2) (15), with ellipsoids set at the 50% probability level. 

Hydrogen atoms and tBu groups have been omitted for clarity. Selected bond lengths (Å: Ti1-O1 1.819(2), 

Ti1-O2 1.832(2), Ti1-O3 1.808(2), Ti1-O4 2.116(2), Ti1-O5 2.136(2), Ti1-N1 2.300(3), Ti2-O3 1.833(2), Ti2-

O6 1.811(2), Ti2-O7 1.819(2), Ti2-O8 1.889(2), Ti2-N2 2.284(3). Selected bond angles (°): O1-Ti1-O2 

103.74(11), N1-Ti1-O3 173.26(11), Ti1-O3-Ti2 148.67(14), O6-Ti2-O7 112.18(12), O3-Ti2-N2 169.07(10). 
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2.3 Summary and Conclusion 

In this chapter, a range of twelve ABP pro-ligands and seventeen Ti complexes thereof were 

introduced. While the majority of the pro-ligand structures were already known in literature, 

their synthesis was significantly improved by substituting the usual alcohol solvent for water. 

Not only is water a green solvent, but it also facilitated a much simpler purification of the 

products, as in most cases the impurities could be easily removed with methanol or petroleum 

ether, rather than using more tedious recrystallisation or column chromatography methods. 

Throughout this synthetic development process, moderate to high yields were achieved and 

improved from literature procedures. 

Eleven novel Ti ABP complexes were synthesised and fully characterised, including thorough 

SCXRD studies. The relationships between ligand design, crystallisation method, presence of 

water and complex structures were established. A summary of the synthetic methods and the 

core structures of the bimetallic complexes formed is shown in Figure 2.21. 

Through careful modification of the pro-ligands, the arrangement of the ligands around the 

metal centres and the solubility of the complexes could be controlled, establishing a diverse 

range of Ti ABP complexes for a variety of catalytic applications. Reliable synthetic methods were 

developed for mono- and bimetallic complexes, however, this proved to be more challenging 

for multinuclear complexes containing three or more metal centres. The majority of the 

bimetallic complexes with a Ti-oxo core were found to be air- and moisture stable and are 

therefore ideal candidates for potential applications as PSs and polymerisation catalysts, as will 

be described in the following chapters. 

Figure 2.21: General synthetic scheme for the formation of bimetallic Ti-oxo ABP complexes. 
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2.4 Experimental Section 

2.4.1 General Considerations 

Starting materials were purchased and used as received from Merck, Acros and Fluorochem. 

Unless stated otherwise, experiments were carried out under ambient atmosphere. Dry solvents 

were purified in an MBRAUN SPS-800 solvent drying system and stored over activated 4 Å 

molecular sieves under a dry N2 atmosphere. 1H and 13C NMR spectroscopy data was acquired 

with a Bruker AVIII 300 MHz instrument or Bruker AVIII 400 MHz instrument at 298 K in CDCl3 

unless specified otherwise. Electrospray ionisation mass spectrometry (ESI) was recorded using 

a Bruker micrOTOF II. Single-crystal X-ray diffraction data were collected on a Rigaku Oxford 

diffraction SuperNova diffractometer or a Bruker venture d8 diffractometer with CCD detector 

with Mo-Kα radiation (λ = 0.7107 Å) or Cu-Kα radiation (λ = 1.5418 Å). The structures were solved 

by direct methods using SHELXS or SHELXT and refined by full-matrix least-squares on F2 using 

SHELXL interfaced through Olex2.21, 22 Molecular graphics for all structures were generated using 

Mercury.  

All pro-ligands7, 8, 23, 24 and complexes 111 and 211 have been reported before, therefore only 1H 

NMR spectra are listed in this experimental section. 

2.4.2 Pro-ligands H2L1A–H2L4B 

Synthesis of 2-pyridylamino-N,N-bis(2-methylene-4,6-di-tert-butyl)phenol (H2L1A) 

2,4-Di-tert-butylphenol (5.00 g, 24.2 mmol) was suspended in water (50 mL). 2-picolylamine 

(1.36 g, 1.30 mL, 12.6 mmol) and aqueous formaldehyde solution (37% wt., 2.0 mL, 25 mmol) 

were added and the mixture was heated to 100°C for 48 hours. The suspension was filtered and 

the resulting off-white solid was triturated in methanol to yield H2L1A as a white powder (5.82 g, 

85%). 1H NMR (300 MHz, CDCl3): δ 10.54 (s, 2H, OH), 8.69 (m, 1H, ArH), 7.69 (td, J = 7.7, 1.8 Hz, 

1H, ArH), 7.28 (m, 1H, ArH), 7.23 (d, J = 2.5 Hz, 2H, ArH), 7.12 (d, J = 7.8 Hz, 1H, ArH), 6.94 (d, 

J = 2.5 Hz, 2H, ArH), 3.85 (s, 2H, Py-CH2), 3.81 (s, 4H, Ar-CH2), 1.41 (s, 18H, CCH3), 1.29 (s, 18H, 

CCH3). 
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Synthesis of 2-pyridylamino-N,N-bis(2-methylene-4,6-di-methyl)phenol (H2L1B) 

H2L1B was prepared according to H2L1A, with 2,4-dimethylphenol (3.00 g, 2.97 mL, 24.6 mmol), 

2-picolylamine (1.36 g, 1.30 mL, 12.6 mmol) and aqueous formaldehyde solution (37% wt., 

2.1 mL, 26 mmol) to yield H2L1B as a white powder (3.33 g, 68%). 1H NMR (300 MHz, CDCl3): 

δ 10.44 (s, 2H, OH), 8.71 (m, 1H, ArH), 7.70 (td, J = 7.7, 1.8 Hz, 1H, ArH), 7.28 (m, 1H, ArH), 7.12 

(d, J = 7.8 Hz,  1H, ArH), 6.87 (s, 2H, ArH), 6.71 (s, 2H, ArH), 3.84 (s, 2H, Py-CH2), 3.75 (s, 4H, Ar-

CH2), 2.22 (s, 12H, CH3).  

Synthesis of 2-pyridylamino-N,N-bis(2-methylene-4,6-di-chloro)phenol (H2L1C) 

H2L1C was prepared according to H2L1A, with 2,4-dichlorophenol (2.00 g, 12.3 mmol), 

2-picolylamine (0.66 g, 0.63 mL, 6.1 mmol) and aqueous formaldehyde solution (37% wt., 

1.0 mL, 12 mmol) to yield H2L1C as an off-white powder (1.94 g, 69%). 1H NMR (300 MHz, CDCl3): 

δ 11.36 (s, 2H, OH), 8.72 (m, 1H, ArH),  7.80 (td, J = 7.7, 1.8 Hz, 1H, ArH), 7.36 (m, 1H, ArH), 7.30 

(d, J = 2.5 Hz, 2H, ArH), 7.19 (d, J = 7.9 Hz, 1H, ArH), 6.97 (d, J = 2.5 Hz, 2H, ArH), 3.87 (s, 2H, Py-

CH2), 3.81 (s, 4H, Ar-CH2). 

Synthesis of 2-pyridylamino-N,N-bis(2-methylene)phenol (H2L1D) 

Salicylaldehyde (2.44 g, 2.12 mL, 20.0 mmol) was added to a solution of 2-picolylamine (2.16 g, 

2.09 mL, 20.0 mmol) in methanol (70 mL). The yellow solution was stirred under N2 for two 

hours. NaBH4 (0.85 g, 22.5 mmol) was added slowly. Gas evolved and the colour changed to pale 

yellow. The solution was stirred for one hour, after which the volatiles were removed under 

reduced pressure. The colourless oil was taken up in water and acidified with 1M HCl (to pH 6). 

The monosubstituted amine was extracted with DCM (3 x 30 mL). The combined organic phases 

were dried over MgSO4 and the solvent removed under reduced pressure. The resulting yellow 

oil was stirred in methanol (100 mL). Salicylaldehyde (2.44 g, 2.12 mL, 20.0 mmol) was added 
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and the solution was stirred under N2 for two hours. NaBH4 (0.85 g, 22.5 mmol) was added 

slowly, the solution turned colourless and a white precipitate formed immediately. After two 

hours of stirring, the solvent was removed under reduced pressure, the resulting white solid was 

taken up in water, acidified with 1M HCl (to pH 6) and the product was extracted with DCM (3 x 

30 mL). The combined organic phases were dried over MgSO4 and the solvent was removed 

under reduced pressure to yield the crude product as a white solid. Recrystallisation from hot 

chloroform/methanol yielded H2L1D as a white powder (3.47 g, 54%). 1H NMR (300 MHz, CDCl3): 

δ 10.79 (s, 2H, OH), 8.67 (d, J = 1.9 Hz, 1H, ArH), 7.72 (td, J = 7.7, 1.8 Hz 1H, ArH), 7.30 (m, 1H, 

ArH), 7.17 (m, 3H, ArH), 7.07 (m, 2H, ArH), 6.90 (m, 2H, ArH), 6.79 (m, 2H, ArH), 3,90 (s, 2H, Py-

CH2), 3.83 (s, 4H, Ar-CH2).  

Synthesis of 2-pyridylamino-N,N-bis(2-methylene-4-methyl)phenol (H2L1E) 

H2L1E was prepared according to H2L1A, with p-cresol (5.00 g, 46.2 mmol), 2-picolylamine 

(2.52 g, 2.40 mL, 23.3 mmol) and aqueous formaldehyde solution (37% wt., 4.0 mL, 49 mmol). 

The suspension was filtered and the resulting off-white, sticky solid was recrystallised from hot 

chloroform/methanol to yield H2L1E as a white powder (4.31 g, 54%). 1H NMR (300 MHz, CDCl3): 

δ 10.54 (s, 2H, OH), 8.66 (d, J = 1.9 Hz, 1H, ArH), 7.71 (td, J = 7.7, 1.7 Hz, 2H, ArH), 7.28 (m, 1H, 

ArH), 7.13 (d, J = 7.9 Hz, 1H, ArH), 6.97 (m, 2H, ArH), 6.86 (m, 2H, ArH), 6.80 (s, 1H, ArH), 6.78 (s, 

1H, ArH), 3.88 (s, 2H, Py-CH2), 3.78 (s, 4H, Ar-CH2), 2.24 (s, 6H, CH3). 

Synthesis of 2-pyridylamino-N,N-bis(2-methylene-4-bromo)phenol (H2L1F) 

H2L1F was prepared according to H2L1A, with 4-bromophenol (3.02 g, 17.5 mmol), 

2-picolylamine (0.94 g, 0.90 mL, 8.7 mmol) and aqueous formaldehyde solution (37% wt., 2.0 

mL, 25 mmol). The suspension was filtered and the resulting orange, sticky solid was 

recrystallised from hot chloroform/petroleum ether to yield H2L1F as a white powder (2.32 g, 

54%). 1H NMR (300 MHz, CDCl3): δ 10.80 (br s, 2H, OH), 8.63 (m, 1H, ArH), 7.75 (td, J = 7.7, 1.8 Hz, 

1H, ArH), 7.32 (m, 1H, ArH), 7.28 (d, J = 2.5 Hz, 1H, ArH), 7.25 (s, 1H, ArH), 7.17 (m, 3H, ArH), 6.79 

(s, 1H, ArH), 6.76 (s, 1H, ArH), 3.91 (s, 2H, Py-CH2), 3.78 (s, 4H, Ar-CH2).  



Chapter 2 – Titanium ABP Complexes: Synthesis and Characterisation 
 

69 
 

Synthesis of N,N-Dimethylethylenediamine-N,N-bis(2-methylene-4,6-di-tert-

butyl)phenol (H2L2A) 

This pro-ligand was synthesised by Dr Eszter Fazekas according to previously reported literature 

procedures.25 1H NMR (300 MHz, CDCl3): δ 9.78 (br s, 2H, OH), 7.19 (d, J = 2.5 Hz, 2H, ArH), 6.87 

(d, J = 2.5 Hz, 2H, ArH), 3.60 (s, 4H, Ar-CH2), 2.58 (m, 4H, N-CH2CH2), 2.31 (s, 6H, NCH3), 1.38 (s, 

18H, CCH3), 1.27 (s, 18H, CCH3). 

Synthesis of 2-Methoxyethylamino-N,N-bis(2-methylene-4,6-di-tert-butyl)phenol (H2L3A) 

H2L3A was prepared according to H2L1A, with 2,4-di-tert-butylphenol (7.04 g, 34.1 mmol), 

2-methoxyethylamine (1.30 g, 1.50 mL, 17.3 mmol) and aqueous formaldehyde solution (37% 

wt., 2.8 mL, 34 mmol). The suspension was filtered and the resulting off-white solid was 

triturated in petroleum ether to yield H2L3A as a white powder (7.70 g, 87%). 1H NMR (300 MHz, 

CDCl3): δ 8.48 (bs, 2H, OH), 7.21 (d, J = 2.5 Hz, 2H, ArH), 6.88 (d, J = 2.4 Hz, 2H, ArH), 3.74 (s, 4H, 

Ar-CH2), 3.56 (t, J = 5.2 Hz, 2H, CH2), 3.47 (s, 3H, OCH3), 2.74 (t, J = 5.2 Hz,2H, CH2), 1.41 (s, 18H, 

CCH3), 1.27 (s, 18H, CCH3). 

Synthesis of 2-Methoxyethylamino-N,N-bis(2-methylene-4,6-di-methyl)phenol (H2L3B) 

H2L3B was prepared according to H2L1A, with 2,4-dimethylphenol (5.00 g, 4.90 mL, 40.9 mmol), 

2-methoxyethylamine (1.54 g, 1.80 mL, 20.5 mmol) and aqueous formaldehyde solution (37% 

wt., 3.5 mL, 43 mmol) to yield H2L3B as a white powder (5.48 g, 78%). 1H NMR (300 MHz, CDCl3): 

δ 8.36 (bs, 2H, OH), 6.86 (d, J = 1.7 Hz, 2H, ArH), 6.68 (d, J = 1.7 Hz, 2H, ArH), 3.73 (s, 4H, Ar-CH2), 

3.59 (t, J = 5.2 Hz, 2H, CH2), 3.47 (s, 3H, OCH3), 2.72 (t, J = 5.2 Hz, 2H, CH2), 2.21 (d, J = 2.7 Hz, 

12H, CH3).  
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Synthesis of 2-Methoxyethylamino-N,N-bis(2-methylene-4,6-di-chloro)phenol (H2L3C) 

H2L3C was prepared according to H2L1A, with 2,4-dichlorophenol (2.91 g, 17.8 mmol), 2-

methoxyethylamine (0.67 g, 0.77 mL, 8.9 mmol) and aqueous formaldehyde solution (37% wt., 

1.5 mL, 9.0 mmol). The suspension was filtered and the resulting brown, sticky solid was 

dissolved in methanol, dried over MgSO4 and recrystallised at -18°C to yield H2L3C as a white 

powder (1.20 g, 32%). 1H NMR (300 MHz, CDCl3): δ 7.25 (d, J = 1.3 Hz, 2H, ArH), 6.96 (d, J = 2.5 Hz, 

2H, ArH), 3.79 (s, 4H, Ar-CH2), 3.58 (t, J = 5.2 Hz, 2H, CH2), 3.40 (s, 3H, OCH3), 2.73 (t, J = 5.2 Hz, 

2H, CH2).  

Synthesis of Ethanolamino-N,N-bis(2-methylene-4,6-di-tert-butyl)phenol (H2L4A) 

H2L4A was prepared according to H2L1A, with 2,4-di-tert-butylphenol (4.03 g, 19.5 mmol), 

ethanolamine (0.61 g, 0.60 mL, 10.0 mmol) and aqueous formaldehyde solution (37% wt., 

1.8 mL, 22 mmol). The suspension was filtered and the resulting off-white solid was triturated 

in petroleum ether to yield H2L4A as a white powder (3.58 g, 85%). 1H NMR (300 MHz, CDCl3): δ 

7.21 (d, J = 2.5 Hz, 2H, ArH), 6.90 (d, J = 2.4 Hz, 2H, ArH), 3.88 (t, J = 5.3 Hz, 2H, CH2), 3.76 (s, 4H, 

Ar-CH2), 2.73 (t, J = 5.3 Hz, 2H, CH2), 1.40 (s, 18H, CCH3), 1.27 (s, 18H, CCH3).  

Synthesis of Ethanolamino-N,N-bis(2-methylene-4,6-di-methyl)phenol (H2L4B) 

H2L4B was prepared according to H2L1A, with 2,4-dimethylphenol (5.00 g, 4.90 mL, 40.9 mmol), 

ethanolamine (1.22 g, 1.20 mL, 20.0 mmol) and aqueous formaldehyde solution (37% wt., 

3.5 mL, 43 mmol). The suspension was filtered and the resulting off-white solid was triturated 

in petroleum ether to yield H2L4B as a white powder (3.35 g, 51%). 1H NMR (300 MHz, CDCl3): 

δ 6.85 (s, 2H, ArH), 6.69 (s, 2H, ArH), 3.86 (t, J = 5.3 Hz, 2H, CH2), 3.73 (s, 4H, Ar-CH2), 2.69 (t, 

J = 5.3 Hz, 2H, CH2), 2.19 (d, 12H, CH3).  



Chapter 2 – Titanium ABP Complexes: Synthesis and Characterisation 
 

71 
 

2.4.3 Complexes 1–17 

Synthesis of (L1A)TiCl2 (1) 

H2L1A (1.51 g, 2.8 mmol) was dissolved in dry toluene (50 mL). Under a dry N2 atmosphere, 

sodium hydride (60% wt. dispersion in mineral oil, 0.22 g, 5.6 mmol) was added and the mixture 

was stirred for 30 minutes until the colourless solution was clear. TiCl4 (1M solution in toluene, 

2.8 mL, 2.8 mmol) was added slowly, the colour immediately changed to dark red. The solution 

was stirred for three hours, filtered and product 1 crystallised upon slow evaporation of the 

solvent. (0.41 g, 23%). 1H NMR (300 MHz, CDCl3): δ 9.04 (m, 1H, ArH), 7.52 (td, J = 7.7, 1.6 Hz, 

1H, ArH), 7.29 (m, 1H, ArH), 7.05 (d, J = 2.2 Hz, 1H, ArH), 6.90 (d, J = 2.2 Hz, 1H, ArH), 6.79 (d, 

J = 2.3 Hz, 1H, ArH), 5.39 (d, J = 13.1 Hz, 1H, CH2), 5.01 (d, J = 14.8 Hz, 1H, CH2), 3.91 (m, 2H, CH2), 

3.55 (d, J = 13.1 Hz, 1H, CH2), 3.08 (d, J = 13.0 Hz, 1H, CH2), 1.57 (s, 8H, CCH3), 1.42 (s, 2H, CCH3), 

1.33 (s, 8H, CCH3), 1.30 (s, 8H, CCH3), 1.27 (s, 2H, CCH3), 1.11 (s, 8H, CCH3). 

Synthesis of (L1B)TiCl2 (2) 

(L1B)TiCl2 (2) was prepared according to 1, with H2L1B (1.50 g, 4.0 mmol), sodium hydride (60% 

wt. dispersion in mineral oil, 0.32 g, 8.0 mmol) and TiCl4 (1M solution in toluene, 4.0 mL, 

4.0 mmol) in dry toluene (50 mL) to give a red suspension. The solvent was removed under 

reduced pressure and the crude was recrystallised from chloroform to give 2 (0.29 g, 15%). 1H 

NMR (300 MHz, CDCl3): δ 9.17 (d, J = 4.8 Hz, 1H, ArH), 7.53 (td, J = 7.7, 1.6 Hz, 1H, ArH), 7.14 (t, 

J = 6.6 Hz, 1H, ArH), 6.93 (m, 2H, ArH), 6.84 (s, 1H, ArH), 6.52 (d, J = 11.6 Hz, 2H, ArH), 5.24 (d, 

J = 15.3 Hz, 1H, CH2), 4.90 (d, J = 15.3 Hz, 2H, CH2), 3.96 (d, J = 13.3 Hz, 1H, CH2), 3.79 (d, 

J = 15.2 Hz, 1H, CH2), 3.51 (d, J = 13.2 Hz, 1H, CH2), 3.00 (d, J = 12.8 Hz, 1H, CH2), 2.93 (s, 3H, CH3), 

2.28 (s, 3H, CH3), 2.04 (d, J = 4.5 Hz, 6H, CH3). HRMS (ESI): m/z [M-Cl-]+ 455.1206; calcd [M-Cl-]+ 

455.1209. 

Synthesis of (L1E)TiCl2 (3) 

(L1E)TiCl2 (3) was prepared according to 1, with H2L1E (0.51 g, 1.5 mmol), sodium hydride (60% 

wt. dispersion in mineral oil, 0.12 g, 3.0 mmol) and TiCl4 (1M solution in toluene, 1.6 mL, 
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1.6 mmol) in dry toluene (50 mL) to give a red suspension. The mixture was stirred for three 

hours, then the solvent was removed under reduced pressure to give the crude product. (0.55 

g, 79%). Red crystals of 3 were grown from DCM / petroleum ether. 1H NMR (400 MHz, CDCl3): 

δ 9.12 (d, J = 1.1 Hz, 1H, ArH), 7.54 (dt, J = 7.7, 1.6 Hz 1H, ArH), 7.18 (m, 1H, ArH), 7.06 (m, 1H, 

ArH), 7.00 (m, 1H, ArH), 6.90 (d, J = 8.9 Hz, 1H, ArH), 6.83 (d, J = 8.2 Hz, 1H, ArH), 6.70 (d, 

J = 1.9 Hz, 1H, ArH), 6.63 (m, 1H, ArH), 6.21 (d, J = 8.2 Hz, 1H, ArH), 5.29 (d, J = 13.3 Hz, 1H, CH2), 

4.94 (d, J = 15.0 Hz, 1H, CH2), 3.99 (d, J = 12.5 Hz, 1H, CH2), 3.81 (d, J = 15.3 Hz, 1H, CH2), 3.55 (d, 

J = 13.3 Hz, 1H, CH2), 3.04 (d, J = 12.9 Hz, 1H, CH2), 2.32 (s, 3H, CH3), 2.08 (s, 3H, CH3). 13C NMR 

(100.6 MHz, CDCl3): δ 162.0 (C), 158.6 (C), 155.6 (C), 149.2 (CH), 139.0 (CH), 132.3 (C), 130.0 (CH), 

129.6 (CH), 128.6 (CH), 124.2 (C), 123.5 (CH), 121.3 (CH), 115.1 (CH), 115.0 (CH), 65.9 (CH2), 64.9 

(CH2), 61.0 (CH2), 20.7 (CH3), 20.4 (CH3).  

Synthesis of (L1A)2Ti2O2 (4) 

Pro-ligand H2L1A (0.54 g, 1.0 mmol) was dissolved in dry toluene (30 mL). Under a dry N2 

atmosphere, sodium hydride (60% wt. dispersion in mineral oil, 0.08 g, 2.0 mmol) was added 

and the solution was stirred for 30 minutes. TiCl4 (1M solution in toluene, 1.0 mL, 1.0 mmol) was 

added slowly. The mixture was stirred for three hours, the solvent was removed under reduced 

pressure and the crude product was dissolved in methanol (50 mL). Sodium methoxide (0.11 g, 

2.0 mmol) was added and the solution was stirred for four hours. The crude product was washed 

with deionised water and recrystallised from diethyl ether, yielding 4 as yellow crystals (0.39 g, 

64%). 1H NMR (400 MHz, CDCl3): δ 8.65 (m, 2H, ArH), 7.17 (t, J = 7.7 Hz, 2H, ArH),  7.02 (d, 

J = 2.0 Hz,  2H, ArH), 6.88 (d, J = 2.0 Hz,  2H, ArH), 6.84 (s, 1H, ArH), 6.83 (s, 1H, ArH), 6.67 (m, 

4H, ArH), 6.46 (d, J = 7.7 Hz,  2H, ArH), 4.93 (d, J = 13.7 Hz, 2H, CH2), 4.75 (d, J = 12.6 Hz, 2H, CH2), 

3.50 (m, 4H, CH2), 3.16 (d, J = 11.8 Hz, 2H, CH2), 2.57 (d, J = 13.0 Hz, 2H, CH2), 1.31 (s, 18 H, CCH3), 

1.24 (s, 18H, CCH3), 1.06 (s, 18H, CCH3), 0.90 (s, 18H, CCH3). 13C NMR (75.5 MHz, CD2Cl2): δ 161.2 

(C), 159.1 (C), 156.7 (C), 151.7 (CH), 139.8 (C), 138.5 (C), 137.9 (CH), 136.2 (C), 134.4 (C), 126.1 

(C), 125.8 (C), 124.9 (CH), 124.1 (CH), 123.7 (CH), 122.8 (CH), 122.5 (CH), 121.5 (CH), 64.1 (CH2), 

62.4 (CH2), 59.3 (CH2), 35.2 (CCH3), 35.0 (CCH3), 34.3 (CCH3), 34.0 (CCH3), 31.9 (CH3), 31.8 (CH3), 

30.4 (CH3), 30.3 (CH3). HRMS (ESI): m/z [M+H]+ 1213.6652; calcd [M+H]+ 1213.6675. 
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Synthesis of (L1B)2Ti2O2 (5) 

(L1B)2Ti2O2 (5) was prepared according to 4, using H2L1B (0.38 g, 1.0 mmol), yielding 5 as pale 

yellow crystals (0.24 g, 56%). 1H NMR (400 MHz, CDCl3): δ 8.66 (m, 2H, ArH), 7.36 (t, J = 7.6 Hz, 

2H, ArH), 6.73 (m, 8H), 6.37 (d, J = 10.0 Hz, 4H, ArH), 4.73 (d, J = 12.6 Hz, 2H, CH2), 4.63 (d, 

J = 14.0 Hz, 2H, CH2), 3.78 (d, J = 12.9 Hz, 2H, CH2), 3.55 (d, J = 15.0 Hz, 2H, CH2), 3.26 (d, 

J = 12.1 Hz, 2H, CH2), 2.66 (d, J = 12.6 Hz, 2H, CH2), 2.23 (s, 6H), 1.97 (s, 6H) 1.90 (s, 6H), 1.52 (s, 

6H). Due to low solubility in conventional NMR solvents, a 13C NMR spectrum with appropriate 

quality could not be recorded. HRMS (ESI): m/z [M+H]+ 877.2903; calcd [M+H]+ 877.2919. CCDC 

number 1992707. 

Synthesis of (L1C)Ti(OiPr)2/(L1C)2Ti2O2 (6) 

Pro-ligand H2L1C (0.46 g, 1.0 mmol) was dissolved in THF (20 mL). Ti(OiPr)4 (0.28 g, 0.30 mL, 

1.0 mmol) was added and the solution was stirred for two hours. The solvent was removed 

under reduced pressure and the crude product was recrystallised from diethyl ether to yield 6 

as pale yellow crystals (0.36 g, 62%). 1H NMR (300 MHz, CDCl3): δ 8.57 (m, 2H, ArH), 7.57 (td, 

J = 7.9, 1.6 Hz, 2H, ArH), 7.19 (d, J = 2.7 Hz, 2H, ArH), 7.01 (d, J = 2.5 Hz, 2H, ArH), 6.98 (s, 1H, 

ArH), 6.95 (s, 1H, ArH), 6.89 (m, 2H, ArH), 6.82 (d, J = 2.4 Hz, 2H, ArH), 6.68 (d, J = 2.5 Hz, 2H, 

ArH), 4.73 (d, J = 15.6 Hz, 2H, CH2), 4.66 (d, J = 13.0 Hz, 2H, CH2),  3.74 (d, J = 11.7 Hz, 2H, CH2), 

3.63 (d, J = 15.1 Hz, 2H, CH2), 3.33 (d, J = 13.5 Hz, 2H, CH2), 2.82 (d, J = 12.8 Hz, 2H, CH2). Due to 

solubility issues, a 13C NMR spectrum could not be recorded. HRMS (ESI): m/z [M+H]+ 1036.8566; 

calcd [M+H]+ 1036.8549. CCDC number 1992708. 
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Synthesis of (L1D)4Ti4O4 (7) 

In a teflon vessel, H2L1D (0.30 g, 0.94 mmol) was dissolved in toluene (5 mL) to give a colourless 

solution. Ti(OiPr)4 (0.27 g, 0.28 mL, 0.94 mmol) was added, resulting in an immediate colour 

change to yellow. The solution was stirred for five minutes, then triethyl amine (0.10 g, 0.13 mL, 

0.94 mmol) was added, the vessel was sealed in an autoclave and the reactor was heated at 

130°C for 96 hours. The reactor was allowed to cool down and the solvent was removed under 

reduced pressure to give the crude product as a brown solid (0.24 g, 67%). Pale yellow crystals 

of 7 were grown from slow evaporation in toluene. 1H NMR (300 MHz, CDCl3): δ 8.62 (d, J = 

6.3 Hz, 1H, ArH), 7.44 (m, 1H, ArH), 7.09 (m, 2H, ArH), 6.81 (m, 2H, ArH), 6.70 (m, 3H, ArH), 6.28 

(m, 1H, ArH), 6.19 (m, 2H, ArH), 4.68 (t, J = 13.5 Hz, 2H, CH2), 3.86 (d, J = 12.4 Hz, 1H, CH2), 3.62 

(d, J = 15.2 Hz, 1H, CH2), 3.37 (d, J = 12.9 Hz, 1H, CH2), 2.80 (d, J = 12.7 Hz, 1H, CH2). Due to 

solubility issues, a 13C NMR spectrum could not be recorded. 

Synthesis of (L2A)2Ti2(OiPr)2O (8) 

(L2A)2Ti2(OiPr)2O (8) was prepared according to 6, with H2L2A (1.0 g, 1.9 mmol) and Ti(OiPr)4 

(0.65 g, 0.68 mL, 2.3 mmol). The crude product was recrystallised from THF to give 8 as yellow 

crystals (0.69 g, 58%). 1H NMR (300 MHz, CDCl3): δ 7.24 (d, J = 2.6 Hz, 4H, ArH), 6.88 (d, J = 2.5 Hz, 

4H, ArH), 5.06 (m, 4H, CH2), 4.18 (d, J = 13.2 Hz, 4H, CH2), 4.03 (sept, J = 6.1 Hz, 2H, OCH), 3.47 

(m, 4H, CH2), 2.70 (m, 4H, CH2), 2.38 (s, 12H, NCH3), 1.51 (s, 36H, CCH3), 1.30 (s, 36H, CCH3), 0.77 

(d, J = 6.1 Hz, OCHCH3). MS (ESI): m/z [C34H54N2O4Ti]+• 601.3851 (monometallic oxo radical 

fragment). 
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Synthesis of (L3A)2Ti2Cl2O (9) 

(L3A)2Ti2Cl2O (9) was prepared according to 1, with H2L3A (0.51 g, 1.0 mmol), sodium hydride 

(60% wt. dispersion in mineral oil, 0.08 g, 2.0 mmol) and TiCl4 (1M solution in toluene, 1.0 mL, 

1.0 mmol) to yield 9 as red crystals (0.35 g, 57%). 1H NMR (300 MHz, CDCl3): δ 7.09 (d, J = 2.3 Hz, 

4H, ArH), 6.91 (d, J = 2.2 Hz, 4H, ArH), 5.44 (d, J = 14.0 Hz, 4H, CH2), 3.48 (s, 2H, CH2), 3.44 (s, 2H, 

CH2), 3.42 (s, 6H, OCH3), 3.19 (t, J = 5.5 Hz, 4H, CH2), 2.86 (t, J = 5.4 Hz, 4H, CH2), 1.27 (s, 36H, 

CCH3), 1.05 (s, 36H, CCH3). 13C NMR (75.5 MHz, CDCl3): δ 159.7 (C), 159.5 (C), 140.7 (C), 136.4 (C), 

136.2 (C), 134.8 (C), 124.6 (C), 124.3 (C), 124.1 (CH), 123.8 (CH), 123.7 (CH), 123.2 (CH), 66.2 

(CH2), 65.9 (CH2), 63.6 (CH2), 58.3 (CH2), 35.4 (CCH3), 35.2 (CCH3), 34.6 (CCH3), 34.4 (CCH3), 31.8 

(OCH3), 30.3 (CH3), 30.1 (CH3), 29.9 (CH3), 29.2 (CH3). MS (ESI): m/z [C33H50ClNO4Ti]+• 608.2923 

(monometallic oxo radical fragment). CCDC number 1992709. 

Synthesis of (L3A)2Ti2(OMe)2O (10) 

(L3A)2Ti2(OMe)2O (10) was prepared according to 6, with H2L3A (0.51 g, 1.0 mmol) and Ti(OiPr)4 

(0.56 g, 0.60 mL, 2.0 mmol), to yield 10 as yellow crystals (0.43 g, 71%). 1H NMR (300 MHz, 

CDCl3): δ 7.16 (d, J = 2.4 Hz, 4H, ArH), 6.71 (d, J = 2.4 Hz, 4H, ArH), 4.91 (d, J = 13.2 Hz, 4H, CH2), 

3.98 (s, 6H, OCH3), 3.28 (s, 6H, OCH3), 3.03 (s, 2H, CH2), 2.99 (s, 2H, CH2), 2.86 (t, J = 5.8 Hz, 4H, 

CH2), 2.57 (t, J = 5.8 Hz, 4H, CH2), 1.53 (s, 6H, CCH3), 1.48 (s, 30H, CCH3), 1.29 (s, 6H, CCH3), 1.24 

(s, 30H, CCH3). 13C NMR (100.6 MHz, CDCl3): δ 160.3 (C), 159.8 (C), 139.0 (C), 138.5 (C), 135.8 (C), 

134.9 (C), 124.7 (C), 124.3 (C), 124.2 (CH), 123.5 (CH), 123.0 (CH), 71.9 (CH2), 64.3 (CH2), 63.2 

(CH2), 62.0 (CH2), 35.4 (CCH3), 35.1 (CCH3), 34.2 (CCH3), 34.1 (CCH3), 32.0 (OCH3), 31.9 (OCH3), 

30.7 (CH3), 30.2 (CH3), 30.1 (CH3), 30.0 (CH3). HRMS (ESI): m/z [M+H]+ 1193.7087; calcd [M+H]+ 

1193.7087. CCDC number 1992710. 
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Synthesis of (L3A)3Ti3O3 (11) 

(L3A)3Ti3O3 (11) was prepared according to 6, with H2L3A (0.50 g, 1.0 mmol) and Ti(OiPr)4 (0.28 g, 

0.29 mL, 1.0 mmol) to give the crude product (0.54 g, 83 %). Pale yellow crystals of 11 were 

grown from chloroform, NMR spectra could not be obtained. 

Synthesis of (L3B)2Ti (12) 

(L3B)2Ti (12) was prepared according to 6, with H2L3B (1.0 g, 3.0 mmol) and Ti(OiPr)4 (0.85 g, 

0.89 mL, 3.0 mmol). Orange crystals of 12 were grown from acetonitrile (0.89 g, 82%). 1H NMR 

(300 MHz, CDCl3): δ 6.90 (m, 2H, ArH), 6.83 (m, 2H, ArH), 6.79 (d, J = 4.4 Hz, 4H, ArH), 4.86 (d, 

J = 13.5 Hz, 2H, CH2), 4.59 (d, J = 12.3 Hz, 2H, CH2), 3.95 (d, J = 12.4 Hz, 2H, CH2), 3.84 (d, 

J = 13.6 Hz, 2H, CH2), 3.65 (m, 2H, CH2), 3.51 (m, 2H, CH2), 3.15 (m, 2H, CH2), 3.07 m, 2H, CH2), 

2.23 (d, J = 14.5 Hz, 12H, CH3), 2.06 (s, 6H, CH3), 1.53 (s, 6H, CH3). 13C NMR (75.5 MHz, CDCl3): 

δ 160.4 (C), 159.4 (C), 131.4 (CH), 130.9 (CH), 128.1 (CH), 127.7 (CH), 126.9 (C), 123.1 (C), 123.0 

(C), 122.6 (C), 122.5 (C), 68.1 (CH2), 60.1 (CH2), 59.8 (CH2), 58.8 (CH3), 47.8 (CH2), 20.8 (CH3), 20.7 

(CH3), 17.1 (CH3), 16.6 (CH3). HRMS (ESI): m/z [M+H]+ 731.3528; calcd [M+H]+ 731.3534. 

Synthesis of (L4A)Ti(OMe)(OHMe) (13) 

(L4A)Ti(OMe)(OHMe) (13) was prepared following the procedure of 7, with H2L4A (0.31 g, 

0.60 mmol), Ti(OiPr)4 (0.17 g, 0.18 mL, 0.60 mmol) and triethyl amine (0.06 g, 0.08 mL, 

0.60 mmol). Yellow crystals of 13 (0.26 g, 72%) were grown from methanol, which resulted in an 
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exchange between the initial propoxide ligands and the solvent. 1H NMR (300 MHz, CDCl3): 

δ 7.23 (d, J = 2.3 Hz, 2H, ArH), 6.98 (d, J = 2.4 Hz, 2H, ArH), 4.47 (s, 4H, CH2), 3.86 (bs, 2H, CH2), 

3.49 (s, 6H, OCH3), 2.93 (bs, 2H, CH2), 1.47 (s, 7H, CCH3), 1.44 (s, 11H, CCH3), 1.28 (s, 18H, CCH3). 

13C NMR (75.5 MHz, CDCl3): δ 160.26 (C), 159.7 (C), 142.4 (C), 141.9 (C), 136.4 (C), 136.0 (C), 

124.6 (C), 124.4 (CH), 124.3 (CH), 123.8 (C), 123.5 (CH), 123.3 (CH), 64.6 (OCH3), 57.8 (CH2), 56.7 

(CH2), 51.1 (OCH3), 35.2 (CH2), 34.4 (CH2), 31.8 (CH3), 31.7 (CH3), 30.2 (CH3), 29.8 (CH3). 

Synthesis of (L4A)2Ti2Cl2O (14) 

(L4A)2Ti2Cl2O (14) was prepared according to 1, with H2L4A (0.30 g, 0.6 mmol), sodium hydride 

(60% wt. dispersion in mineral oil, 0.09 g, 2.1 mmol) and TiCl4 (1M solution in toluene, 0.6 mL, 

0.6 mmol) in dry toluene (25 mL) to give a red solution. The reaction mixture was filtered and 

the solvent was removed under reduced pressure and to give the crude product (0.29 g, 87%). 

Red crystals of 14 were grown from acetonitrile. 1H NMR (300 MHz, CDCl3): δ 7.27 (d, J = 2.4 Hz, 

4H, ArH), 7.02 (d, J = 2.2 Hz, 4H, ArH), 4.69 (bs, 4H, CH2), 4.00 (bs, 4H, CH2), 3.63 (d, J = 13.3 Hz, 

4H, CH2), 3.10 (bs, 4H, CH2), 1.44 (s, 36H, CCH3), 1.29 (s, 36 H, CCH3). 13C NMR (75.5 MHz, CDCl3): 

δ 160.1 (C), 144.2 (C), 136.2 (C), 124.3 (CH), 124.0 (CH), 123.1 (C), 74.8 (CH2), 58.0 (CH2), 35.1 

(CH2), 34.6 (CH2), 31.7 (CH3), 29.8 (CH3). HRMS (ESI): m/z [M+Na]+ 1192.5349; calcd [M+Na]+ 

1192.5379. 

Synthesis of (L4A)2Ti2O(OH2) (15) 

The crude product of 14 (0.10 g, 0.2 mmol) was stirred in methanol (25 mL). Sodium methoxide 

(0.01 g, 0.2 mmol) was added, then the solution was stirred for three hours, after which the 

solvent was removed under reduced pressure to give the crude product (0.09 g, 74%). Crystals 

of 15 were grown from deuterated chloroform, NMR spectra could not be obtained due to an 

insufficient amount of crystalline product. 
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Synthesis of (L4A)4Ti6O6(CO2)2 (16) 

(L4A)4Ti6O6(CO2)2 (16) was prepared according to 4, with H2L4A (0.15 g, 0.3 mmol), sodium 

hydride (60% wt. dispersion in mineral oil, 0.05 g, 1.2 mmol), TiCl4 (1M solution in toluene, 

0.3 mL, 0.3 mmol) and NaOMe (0.03 g, 0.6 mmol). Orange crystals of 16 were obtained from 

acetonitrile, NMR spectra could not be obtained due to an insufficient amount of crystalline 

product. 

Synthesis of (L4A)6Ti10O15 (17) 

(L4A)6Ti10O15 (17) was prepared according to 6, with H2L4A (0.30 g, 0.6 mmol) and Ti(OiPr)4 

(0.18 g, 0.18 mL, 0.6 mmol) to give the crude product (0.28 g, 76%). Orange crystals of 17 were 

grown from diethyl ether, NMR spectra could not be obtained due to an insufficient amount of 

crystalline product. 
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Chapter 3 – 1O2 Generation with Ti-O-Ti Complexes under Continuous 

Flow Conditions 

3.1 1O2 Generation and Trapping using -Terpinene under Flow Conditions 

In order to explore the photosensitisation abilities of the discrete Ti ABP complexes synthesised 

in Chapter 2, a well-understood and easily traceable experiment was chosen as model reaction. 

The generation of 1O2 and its subsequent trapping using -terpinene was traced via 1H NMR 

spectroscopy. Scheme 3.1 shows the reaction of -terpinene and 1O2 to form the oxygenated 

product ascaridole and also highlights the corroborating alkene protons that were used to follow 

the reaction spectroscopically. 

A series of 1H NMR spectra taken at regular intervals (Figure 3.1, 25°C, CDCl3) clearly shows the 

two-proton resonance at 5.60 ppm, assigned to the starting material -terpinene, decreasing 

over time and the resonance at 6.45 ppm increasing due to formation of the ascaridole product. 

The conversion percentage is easily calculated by integrating the corresponding signals in the 

spectra.  

Figure 3.1: 1H NMR spectra (25°C, CDCl3) of the reaction mixture (Scheme 3.1), highlighting the 

transformation of -terpinene to ascaridole over time. 

Scheme 3.1: Photooxygenation of -terpinene to ascaridole. 
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Furthermore, in order to obtain near ideal reaction conditions, i.e. excellent mixing of O2 and 

solution, and efficient light penetration of the reaction mixture, the experiments were 

conducted in a Vapourtec photoreactor under flow conditions.  

Complexes 4, 5, 6, 9 and 10 (Figure 3.2), were chosen for the photocatalytic activity studies, as 

these are all bimetallic complexes with two different types of Ti-oxo moieties. Complexes 4–6 

contain a double oxo-bridged, diamond shaped core, whereas complexes 9 and 10 contain a 

single oxo bridge. 

In order to be able to draw conclusions as to how the properties of the complexes affect the 

photocatalytic activity, complexes 4–6 only differ in their substituents on the ABP ligands (L1A–

L1C, Figure 3.3), ranging from electron-withdrawing chloro groups to electron-donating alkyl 

groups, the latter of different steric bulk (methyl vs. tert-butyl groups). Complexes 9 and 10 

contain the same ABP ligand L3A, however, complex 9 features electron-withdrawing chloride 

co-ligands on both metal centres, whereas complex 10 has electron-donating methoxide co-

ligands on both Ti atoms. 

3.1.1 UV-vis Spectroscopy Studies 

In order to determine the absorption properties of complexes 4, 5, 6, 9 and 10, solution phase 

UV-vis spectra were recorded, with chloroform as the solvent. All complexes exhibited similar 

absorption profiles, consisting of a LMCT band with a maximum at around 330–400 nm, and a 

ligand absorption band at around 280 nm. To confirm these band assignments, separate spectra 

of the pro-ligands were recorded, which corroborated that the stronger absorption band at 

lower wavelength corresponded to the ligand itself. An example of this is given in Figure 3.4 

Figure 3.2: Bimetallic titanium complexes 4, 5, 6, 9 and 10. 

Figure 3.3: Pro-ligands H2L1A–H2L1C and H2L3A. 
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(left), which shows the UV-vis absorption spectrum of complex 9. An absorption band with a 

maximum at 404 nm represents the LMCT, which correlates with the observed red/orange 

colour of the crystals. It is worth nothing that this absorption band tails off into the visible region 

of the electromagnetic spectrum beyond 400 nm and reaches zero absorption at around 

460 nm. Further, the second absorption band at 280 nm corresponds to the absorption of the 

ligand. This was confirmed by recording a spectrum of pro-ligand H2L3A (Figure 3.4, right), which 

showed a single absorption band at 280 nm, as expected for an organic framework containing 

two aromatic rings.  

All complexes studied exhibited similar absorption maxima (332–404 nm, Table 3.1), with 

significant response detectable in the visible region (>400 nm). The corresponding spectra are 

shown in Figure 3.5.  

Table 3.1: Absorption maxima of selected complexes. Spectra were recorded in CHCl3 with a concentration 

of 0.02 mmol L-1. 

Complex max [nm] 

4 345 

5 334 

6 332 

9 404 

10 361 

Figure 3.4: UV-vis absorption profiles of complex 9 (left) and pro-ligand H2L3A (right). Spectra were 

recorded in CHCl3 with a concentration of 0.02 mmol L-1. 

Figure 3.5: UV/vis absorption spectra of complexes 4, 5, 6, 9 and 10. Spectra were recorded in CHCl3 

with a concentration of 0.02 mmol L-1. 
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Importantly, this property allowed the photosensitisation experiments to be carried out with 

irradiation at 420 nm, offering an advantage over the traditional TiO2 catalysts, such as anatase, 

that do not absorb in the visible region. The UV/vis absorption spectrum of commercially 

available TiO2 (P25, a 3:1 mixture of anatase and rutile) in Figure 3.6, shows absorption 

exclusively of UV light (< 400 nm). 

Computational studies of the complexes were carried out by Prof. Martin Paterson. The 

absorption properties of complexes 5, 6, 9 and 10 were found to agree well with the 

experimental absorption spectra. The calculations revealed that the excited states consist of 

different LMCT transitions, from  orbitals, localised on the aromatic units on the ligands, to d* 

orbitals on the Ti atoms. 

In order to investigate the emissive properties of the complexes, an investigation into the 

fluorescence properties of these complexes was conducted. However, no fluorescence emission 

was detected for any of the complexes, which indicated that the relaxation after excitation 

through photon absorption proceeds exclusively via non-radiative pathways. 

Extinction Coefficients of Complexes 9 and 10 

For further characterisation, the extinction coefficients were determined for 

complexes 9 and 10. These complexes were chosen based on their performances in 

the 1O2 generation photosensitisation experiments, as 10 was found to be the most active, 

whereas 9 was found to be least active and was slow to convert -terpinene to ascaridole.  

The extinction coefficients were determined experimentally by measuring the absorbance of 

samples of known concentrations ranging from 2.5x10-6 mol L-1 to 9.0x10-5 mol L-1. 

Subsequently, the absorbance was plotted against the concentration to give a straight-line 

graph. According to the Beer-Lambert law, the slope of this straight line is the extinction 

coefficient:  

A= εlc,  

where A is the absorbance,  is the extinction coefficient in L mol-1 cm-1, l is the path length in 

cm and c is the concentration in mol L-1. The extinction coefficient is a measure of how strongly 

Figure 3.6: UV/vis absorption spectrum of TiO2 (P25). 
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a compound absorbs light and can also be used in reverse to determine the concentration of a 

solution.1, 2 

Interestingly, even though complexes 9 and 10 exhibit different photosensitising activities, their 

extinction coefficients at their corresponding maximum absorption wavelengths were found to 

be very similar, 14.5*103 L mol-1 cm-1 for 9 at 404 nm and 13.7*103 L mol-1 cm-1 for 10 at 

361 nm. The corresponding plots are shown below (Figure 3.7 and Figure 3.8). 

Among high performing Ru bipyridine PSs, which are used in dye-sensitised solar cells, a wide 

range of extinction coefficients has been observed, from 11.6*103 L mol-1 cm-1  to 

18.4*103 L mol-1 cm-1,3, 4 but  even exceptionally high values of 30.6*103 L mol-1 cm-1 and 

72.1*103 L mol-1 cm-1 have been reported.5 Compared to these values, the coefficients 

determined for the sustainable Ti ABP complexes (9 and 10) in this work lie within the typical 

range for highly active, well-established noble metal PSs. 

Figure 3.7: Plot of absorbance at 404 nm vs. concentration of complex 9. 

Figure 3.8: Plot of absorbance at 361 nm vs. concentration of complex 10. 
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3.1.2 Photocatalytic Activity under Continuous Flow Conditions 

Complexes 4, 5, 6, 9 and 10 were screened for activity as triplet PSs in the generation of 1O2 

using a commercial flow photoreactor under visible light (420 nm) irradiation (Figure 3.9). The 

reaction mixture was cycled through the photoreactor under continuous flow conditions. 

The activity was monitored via the photooxygenation reaction of α-terpinene towards 

ascaridole, which only proceeds in the presence of 1O2 (Scheme 3.1).6 All experiments were 

carried out in CDCl3 solvent, as deuterated solvents are known to be beneficial for increased 1O2 

lifetime. Collisions of 1O2 molecules with solvent molecules can lead to quenching and relax the 

excited state 1O2 back to 3O2.7, 8 Deuterated solvents exhibit vibrational frequencies that are 

lower in energy compared to non-deuterated analogues and are therefore less likely to quench 

1O2. Further, the use of a deuterated solvent enabled convenient sampling for the determination 

of conversion via 1H NMR spectroscopy (Figure 3.1).9, 10 The reaction mixtures were saturated 

with O2 prior to the experiments and flow rates of both the substrate solution and a continuous 

oxygen supply were kept constant at 1 mL min-1.  

Using 5 mol% catalyst loading, all five complexes showed good activity in the production of 1O2 

at ambient temperature (Figure 3.10). α-Terpinene was selectively converted to ascaridole, the 

Figure 3.9: Schematic setup of a Vapourtec flow reactor. 

Figure 3.10: Conversion of -terpinene to ascaridole vs. time. 
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formation of common by-products such as p-cymene was not detected in the reaction mixtures 

(Scheme 3.2).11 

The most active PS was complex 10, achieving full conversion in two hours (Figure 3.11). Kinetic 

studies with samples taken at 15 minute intervals showed a near linear reaction profile, which 

revealed a pseudo first order dependence on substrate concentration; comparable kinetic 

profiles were previously observed in the photooxygenation of -terpinene.12, 13 Similar rates 

were observed using 4, which reached full conversion of the α-terpinene in three hours. While 

these reaction rates generally fall below those achieved with precious metal (Re and Ir) PSs,14-16 

it is clearly demonstrated that these simple and stable Ti ABP complexes are capable of reaching 

1O2 generation activity levels comparable to TiO2 and POT-based systems.  

Complexes 5, 6 and 9 exhibited a slower rate in the first 30 minutes of the reaction, therefore 

full conversion was reached in up to four hours. This lag period suggested an initial 

transformation of these PSs into a different catalytically active species. However, when the 

photostability of 9 was investigated under 420 nm irradiation for 24 hours, the complex 

remained unchanged according to 1H NMR spectroscopy studies. This was further supported by 

the unchanged dark orange colour of the solution, indicating that the complex had not 

degraded. Furthermore, mass spectrometry analysis of the reaction mixtures after the 

photocatalytic experiment verified the presence of the initial bimetallic complexes. It was 

therefore concluded that the active PSs were the dimeric Ti-O-Ti bridged structures. It appears 

that there is an acceleration in reaction rate at higher conversions, which can be attributed to a 

combination of different effects, such as some autocatalytic behaviour of the ascaridole formed, 

Figure 3.11: -Terpinene ln(C0/C) vs. time using complex 10. 

Scheme 3.2: -Terpinene conversion to ascaridole and p-cymene by-product. 
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or the increased ratio of 1O2 versus α-terpinene. -Terpinene was found to slightly self-sensitise 

under irradiation at 420 nm and yielded 4% conversion to ascaridole in three hours without the 

addition of a catalyst. 

With respect to structural properties, the tert-butyl groups on the ligands showed a positive 

impact on the production of 1O2, likely due to the increased solubility of these complexes (4, 9, 

10). In complex 6, chlorine atoms were introduced as ligand phenol substituents in an attempt 

to potentially exploit the heavy-atom effect, which is commonly observed in 1O2 PSs. It has been 

shown that by adding heavier atoms, such as halogens, to a structure, the ISC efficiency and 

subsequently the rate of 1O2 generation could be enhanced.17, 18 This effect was not confirmed 

by the experimental results, as complex 6 took 4.5 hours to completely convert -terpinene, 

which was significantly longer than the tert-butyl analogue 4, which yielded full conversion in 

three hours. Possibly, this could be attributed to the chlorine atoms being too far away from the 

metal centres and therefore having limited impact on the energy levels involved in the 

photosensitisation, moreover, the reduced solubility may have also diminished the 

enhancement of the heavy atoms. A similar case could be made for complex 9, which features 

chloride co-ligands directly on the metal centres. Compared to complex 10, which has electron-

donating methoxide groups attached to the Ti atoms, 9 took twice as long to convert the-

terpinene (2 hrs for 9 vs. 4 hrs for 10). Again, no heavy-atom effect was observed experimentally, 

although this could have also been concealed by the electron-withdrawing properties of the 

chloride co-ligands. These results suggest a delicate interplay of factors is responsible for the 

overall activity of the PSs. 

Importantly, it was shown that the presence of the Ti-O-Ti moiety is crucial for the efficient 

photosensitisation: Control reactions with a monometallic complex 1 (Figure 3.12) only achieved 

18% conversion in four hours cf. 100% was achieved in three hours with the bimetallic µ-oxo-

bridged analogue 4.  

Moreover, the remarkable conversion achieved with 10 showed that the activity is enhanced by 

the methoxide groups on the metal centres, which further extend the oxo-bridged framework. 

Control experiments revealed that the free pro-ligands (H2L1A, H2L1C and H2L3A) also exhibit 

some catalytic activity under these reaction conditions, however, they yielded similarly low 

conversions (9–28% after 4 hrs). Figure 3.13 compares the activities of monometallic complex 1, 

Figure 3.12: Monometallic complex 1. 
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bimetallic complex 10 and pro-ligand H2L3A. This control experiment confirmed that the 

presence of the metal is essential (comparing complex 1 and H2L3A).  

3.1.3 Control Experiments 

In order to confirm the integrity of the obtained results, control experiments were conducted 

under identical flow conditions with complex 9 (9.5*10-3 mmol) and α-terpinene (0.19 mmol). 

Firstly, without irradiation, but in the presence of O2, no conversion was observed after 2.5 

hours. Under irradiation of the 420 nm LED, without mixing with O2, a conversion of 25% was 

observed in three hours, which can be attributed to contact with air, delivering a limited amount 

of O2 to the system. 

Initial experiments were carried out both with and without using 1,3,5-trimethoxybenzene as 

an internal standard to ensure that the potential loss of the volatile -terpinene over the course 

of the reaction is taken into consideration. It was found that the loss of -terpinene stayed 

below 10% (i.e. below the standard error of NMR integration). Therefore, further experiments 

were conducted without the addition of internal standards. 

Comparative studies using TiO2 (P25) under identical reaction conditions afforded exclusive 

transformation into p-cymene as indicated by the appearance of an aromatic resonance at 

Figure 3.13: -Terpinene conversion in the presence of 1, 10 and H2L3A. 

Figure 3.14: Appearance of p-cymene peak at 7.11 ppm in control experiment with TiO2. 
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7.11 ppm in the 1H NMR spectra of reaction mixtures (Figure 3.14).11, 19 The lack of oxygenated 

products in these experiments confirms that traditional TiO2 catalysts are not suitable for 1O2 

generation under visible light irradiation. Further, the characteristic p-cymene resonance was 

not observed in any of the experiments utilising the Ti ABP complexes, indicating that these 

selectively convert -terp inene into ascaridole, without forming any by-products (Scheme 3.3). 

Through the systematic elimination of reaction components, such as the irradiation, the O2 gas 

mixing or the catalyst, it was highlighted that the presence of the bimetallic Ti ABP catalysts is 

essential to achieve high activity and selectivity. These experiments proved that the Ti ABP 

complexes are essential in the generation of 1O2 and yield selective formation of ascaridole 

without the formation of by-products. 

3.2 Conclusions and Future Work 

Six Ti ABP complexes were studied for their activity in the generation of 1O2 and subsequent 

oxygenation of -terpinene. Five of these complexes, comprising a Ti-oxo moiety, showed high 

activities and excellent selectivities for the formation of ascaridole. To this date, these catalyst 

systems are among the first examples of discrete well-defined Ti complexes employed as PSs 

under visible light irradiation.20, 21 

It was demonstrated that the Ti-O-Ti moiety is crucial in the generation of 1O2 because 

monometallic complex 1 only achieved 18% conversion in three hours, whereas bimetallic 

analogue 4 yielded full conversion in three hours. Further control experiments confirmed that 

the presence of the Ti complex is in fact critical in achieving effective photosensitisation. 

The shorter conversion times observed using PSs 4 and 10 were attributed to the tert-butyl 

groups, which significantly increased the solubility. Moreover, complex 10 achieving full 

conversion in only two hours was associated with the electron-donating methoxide groups on 

the metal centres, which also extend the Ti-O-Ti moiety to more closely resemble the TiO2 model 

photocatalyst. 

Scheme 3.3: Competing pathways in the conversion of -terpinene. 
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These results highlight that smaller, modular complexes of Ti(IV) can be competitive alternatives 

of the widely researched TiO2 and POT photocatalyst systems. Future modifications could 

include extending the Ti-O-Ti network by adding further metal-ligand units onto the bimetallic 

complexes or experimenting with additional electron-donating or -withdrawing groups on the 

ABP ligands. Moreover, fine-tuning of the ligand design may extend the absorption further into 

the visible region, which would allow the utilisation of this inexpensive and non-toxic metal to 

replace the traditional Ru- and Ir-based catalysts in a wider scope of photochemical reactions. 

Furthermore, additional tuning of the Ti ABP complexes and the flow reaction conditions is 

possible in order to maximise their photosensitising abilities. 

To conclude, this study has expanded the work on photosensitisation experiments with novel 

Ti-oxo complexes and some promising results were obtained. The complexes proved to be very 

robust and were also active under more accessible batch conditions. Optimisation of reaction 

conditions in the future could further improve the yields obtained. Most importantly, however, 

future work should explore the complex design with respect to the structure-activity 

relationships discovered in this work. By adding different electron-donating groups to the metal 

centres and possibly the ligand pendent arms, both the absorption properties and the 

photosensitising abilities of the complexes may be optimised further. 

3.3 Experimental Section 

Photosensitised reactions under flow conditions were carried out using a commercial 

photochemical flow reactor equipped with an LED array emitting a wavelength at 420 nm with 

61 W light output and a light intensity of 10.2 W.cm-2 (easy-Photochem, Vapourtec Ltd.). Ti 

complex (12 mg, 5 mol%) and α-terpinene (0.16-0.26 mmol) were dissolved in CDCl3 (12 mL). 

The solution was saturated with O2 for ten minutes. The solution was then pumped through the 

photochemical reactor at a flow rate of 1 mL min-1. O2 was pumped through a second pump at 

the same flow rate, mixing with the solution at a T-junction before entering the photochemical 

reactor. Samples (450 μL) were taken at regular intervals for analysis. Figure 3.9 (section 3.1.2) 

shows a schematic setup of the flow photoreactor. Solution-state UV-Vis spectra were recorded 

in chloroform on a Shimadzu UV-2550 system with 10 mm quartz cuvettes. Fluorescence spectra 

were recorded in chloroform on a Perkin Elmer LS 55 spectrometer using a 10 mm quartz 

fluorescence cell. 

Computation studies were conducted by Prof. Martin Paterson at Heriot-Watt University. Each 

of the target molecules was optimised using CAM-B3LYP/6–311G(d,p) starting from the crystal 

structure coordinates. A polarizable continuum model (PCM) was used to model a chloroform 

solvent (dielectric constant = 4.7113). Time-dependent (TD) CAM-B3LYP was used to determine 
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the excited singlet and triplet electronic states. S0 and T1 states were optimised and the 

analytical Hessian was confirmed as positive definite to verify the structures as minima. The 

nature of the excited electronic states was determined using the response eigenvectors with the 

canonical Kohn–Sham orbitals. All computations were performed using a local version of 

Gaussian16.22 
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Chapter 4 – 1O2 Generation with Ti-O-Ti Complexes in Batch 

Reaction 

4.1 Introduction 

Considering the initial positive results obtained in Chapter 3 and the fact that Ti PSs are 

underexplored in the literature, it became apparent that further studies of the photochemistry 

of these Ti-O-Ti ABP complexes were crucial. The focus of these experiments was to utilise these 

complexes under more accessible conditions. While experiments in flow provided ideal 

conditions with respect to light penetration of the solution and mixing with oxygen, this setup 

might not always be practicable. Therefore, further investigations into the activities of the 

complexes were conducted under batch conditions, in a commercially available Penn PhD m2 

photoreactor. In addition, more Ti complexes, including different ligands, and a wider range of 

substrates in the 1O2 reactions were explored, which will be elucidated in the following section. 

4.2 Titanium Complexes with Carboxylic Acid Pendent Arms 

In Chapter 3, five novel bimetallic Ti-oxo complexes were tested for their photosensitising 

activities. Three of these complexes (4–6) contained ligands with a pyridine pendent arm while 

two of the complexes (9, 10) contained ether pendent arms. Further, the effects of the 

substituents on the phenol moieties were studied and tert-butyl groups were found to be most 

beneficial with respect to solubility, thereby increasing the availability of the PSs. In this chapter, 

additional complexes with an expanded library of ligand pendent arms are explored to further 

investigate structure-activity relationships regarding both ligand and complex design. In addition 

to complex 8, which comprises a dimethylamine donor side arm, two Ti compounds (18, 19) 

containing ligands with carboxylate pendent arms were screened as PSs. Furthermore, the 

substrate scope was expanded and the 1O2 experiments were conducted in batch under more 

accessible conditions. Although the flow conditions utilised in Chapter 3 were ideal with respect 

to light penetration of the solution and mixing with oxygen, this represented an important step 

towards industrial applications. For example, 1O2 is used in wastewater disinfection and 

purification, where the water is placed in a large vessel, such as a sedimentation pool, and the 

PS is added to the batch.1 It is therefore crucial to investigate the complexes in batch, as these 

conditions are closer to the reality of most applications. Further, a batch setup bears the 

advantages of lower cost, easier setup and more user-friendly handling and troubleshooting. 
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4.2.1 Ester-protected Amino Acid Ligands 

Previous work in the McIntosh group has included the development of ABP pro-ligands with 

pendent arms based on amino acids.2, 3 These were found to promote the formation of larger 

polymetallic aggregates, as the carboxylic acid moiety is able to form bridges between Ti atoms 

by bonding through both the carbonyl and the hydroxy groups. The synthesis and purification of 

these carboxylic acid ligands, however, was initially challenging and time-consuming, and often 

afforded low yields. Therefore, ester-protected derivatives of the amino acid precursors were 

utilised instead, which allowed for facile recrystallisation rather than purification through 

column chromatography.4 These pro-ligands were synthesised by Dr Eszter Fazekas through a 

Mannich condensation in water to afford H2L5A and H2L6A (Figure 4.1). As with the pro-ligands 

synthesised previously, the characteristic methylene resonances in the 1H NMR spectra of the 

products ( = 3.69 ppm for H2L5A and  = 4.11 ppm for H2L6A, 25°C, CDCl3) were strong 

indicators for the formation of the desired products. 

4.2.2 Structures of Amino Acid-derived Complexes 18 and 19 

To synthesise Ti complexes of pro-ligands H2L5A and H2L6A, they were both stirred in THF with 

Ti(OiPr)4 at room temperature. Crystallisation from chloroform afforded complexes 185 (Figure 

4.2) and 19 (Figure 4.3). Interestingly, in both cases the ethyl ester protective groups on the pro-

ligands were hydrolysed during the complexation, therefore the pendent arms on the bound 

ligands were found to be carboxylate moieties. Further, the formation of oxo bridges to yield 

complexes comprising multiple metal-ligand units was observed, potentially due to residual 

moisture in the solvents used during synthesis and recrystallisation. 

Figure 4.1: Amino acid ester-derived pro-ligands H2L5A and H2L6A. 
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Complex 18 (Figure 4.2) was synthesised using pro-ligand H2L5A. Upon crystallisation from 

chloroform, a tetrametallic structure was formed, consisting of two bimetallic Ti-O-Ti units 

bridged by the four carboxylate groups in the ligand pendent arms.5 Within the bimetallic units, 

the Ti atoms are connected through covalent bent oxo bridges with a Ti1-O5-Ti1’ bond angle of 

145.7(1)°. As with all of the Ti complexes described previously, a distorted octahedral geometry 

around the metal centres is observed, indicated by a bond angle of 167.32(8) Å for the N1-Ti1-O5 

connectivity. Interestingly, the phenol groups are in cis positions to each other, which was 

previously observed for the more sterically demanding methylpyridine pendent arm ligands, 

whereas for more flexible pendent arms (e.g. methoxyethyl), the phenol groups were found to 

be in trans arrangements. This might suggest that the carboxylate group bears sufficient steric 

bulk to favour the formation of cis-derivatives. Furthermore, the C-O bond lengths in the 

carboxylate group are 1.269(3) Å for C1-O1 (bonded to Ti1) and 1.247(3) Å for C1-O2 (bridging 

to Ti2). Compared to the free carboxylic acid pro-ligand, where the corresponding bond 

distances are 1.219(2) Å (C=O) and 1.303(2) Å (C-OH),2 these distances indicate a degree of 

charge delocalisation in the bonded ligand moiety, as expected for a carboxylate group. Previous 

NMR studies of this type of tetrametallic complexes have shown that in solution, the 

tetrametallic complexes exist in a dynamic equilibrium with their bimetallic components, where 

the carboxylate bridges can be replaced by coordinating solvent.3 

When pro-ligand H2L6A was stirred with Ti(OiPr)4 in THF, a bimetallic complex 19 formed upon 

crystallisation from chloroform, with a covalent oxo bridge connecting the metal centres (Figure 

4.3). In the solid-state crystal structure, bridging of the carboxylate groups to other bimetallic 

units was not observed, which was attributed to the increased steric bulk on the ligand pendent 

arm. The remaining coordination sites on the metal centres were filled by bound water 

molecules, stemming from residual moisture in the solvents used during the synthesis. As 

Figure 4.2: Tetrametallic Ti complex 18 with glycine-based pendent arm ligand (left, grown from ASU) and 

schematic of the tetranuclear core structure (right). Hydrogen atoms have been omitted for clarity, 

ellipsoids set at the 50% probability level. Selected bond distances (Å): Ti1-O1 (ester pendent arm) 

2.0148(16), Ti1-O3 (phenol) 1.8261(16), Ti1-O4 (phenol) 1.8656(17), Ti1-O5 (bridging) 1.8215(8), Ti1-O7 

(bridging ester group) 2.1217(16), Ti1-N1 2.300(2), Ti2-O6 (ester pendent arm) 2.0270(16), Ti2-O10 

1.8261(16), C1-O1 1.269(3), C1-O2 1.247(3). Selected bond angles (°): O4-Ti1-O7 167.55(7), N1-Ti1-O5 

167.32(8), O1-Ti1-O3 158.82(7), O1-Ti1-O7 86.40(6), O1-Ti1-O5 94.36(7). 
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observed in complex 18, the C-O bond distances (1.30(1) Å and 1.26(1) Å) in the carboxylate 

moiety suggest a partially delocalised charge distribution. Again, the complex exhibits a slightly 

distorted octahedral geometry and the phenol groups are in cis arrangement. 

4.3 Photosensitisation under Batch Conditions 

In the previous chapter, photosensitisation experiments were conducted in flow, which 

provided optimal conditions with respect to light penetration of the solution and mixing of the 

solution with oxygen. Herein, the experiments were conducted in a batch photoreactor, with a 

450 nm light source, in order to assess how the activity of the complexes compared under more 

accessible conditions, without the need for specialist flow chemistry equipment. 

Moreover, both the substrate scope and the library of PSs were expanded, beyond those tested 

in Chapter 3. Figure 4.4 shows complexes 4, 5, 8, 9 and 10, which were introduced previously 

and were further trialled as PSs in this chapter. Additionally, complexes 18 (Figure 4.2) and 19 

(Figure 4.3) with carboxylate ligand pendent arms were tested for their activities as triplet PSs. 

Figure 4.3: Bimetallic complex 19 with phenylalanine pendent arm ligand (left) and its crystal structure 

(right). Hydrogen atoms have been omitted for clarity, ellipsoids set at the 50% probability level. Selected 

bond distances (Å): Ti1-O1 (ester pendent arm) 2.010(7), Ti1-O2 (phenol) 1.872(6), Ti1-O3 (phenol) 

1.822(6), Ti1-O5 (H2O) 2.145(6), Ti1-O6 (bridging) 1.827(6), Ti1-N1 2.289(8), Ti2-O7 (ester pendent arm) 

2.004(7), C2-O1 1.295(12), C2-O4 1.259(13). Selected bond angles (°): O1-Ti1-O3 159.8(3), O1-Ti1-O6 

93.3(3), O5-Ti1-O6 86.2(3). 

Figure 4.4: Complexes 4, 5, 8, 9 and 10. 
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These bi- and tetrametallic Ti-oxo complexes were chosen to give a comprehensive exploration 

of structure-activity relationships, as a range of different ABP ligands as well as different metal 

co-ligands are included in this selection. In addition to -terpinene, new substrates (1O2 trapping 

agents) were introduced, such as cyclopentadiene, 1,3-cyclohexadiene and anthracene. In the 

following, UV-vis characterisation of the newly introduced complexes is presented. 

4.3.1 UV-vis Spectroscopy Studies 

UV-vis absorption spectra were recorded for the additional complexes trialled as PSs in this 

chapter. Figure 4.5 shows the spectra for complexes 8, 18 and 19. As observed previously, the 

spectra show an absorption band below 300 nm, which corresponds to ligand absorption, and a 

further LMCT absorption band between 350–450 nm. 

The absorption maxima of the complexes screened in Chapter 3 plus those of complexes trialled 

in this chapter are summarised in Table 4.1. Although the maxima are all within a relatively close 

range, some trends with respect to structural aspects can be observed. Firstly, double oxo-

bridged complexes 4–6 with methylpyridine ligands have the lowest absorption maxima (332–

345 nm).  

Table 4.1: Absorption maxima of selected complexes. Spectra were recorded in CHCl3 with a concentration 

of 0.02 mmol L-1. 

Complex 
max 

[nm] 
ABP Pendent Arm 

ABP Phenol 

Substituents 
Co-ligands on Ti 

4 345 methylpyridine tert-butyl double oxo-bridged 

5 334 methylpyridine methyl double oxo-bridged 

6 332 methylpyridine chloro double oxo-bridged 

8 383 dimethylamine tert-butyl propoxide 

9 404 methoxyethyl tert-butyl chloride 

10 361 methoxyethyl tert-butyl methoxide 

18 364 glycine tert-butyl carboxylate-bridged 

19 354 phenylalanine tert-butyl water 

Figure 4.5: UV-vis absorption spectra of complexes 8, 18 and 19. Spectra were recorded in CHCl3 with a 

concentration of 0.02 mmol L-1. 
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tert-Butyl substituents on the phenol rings seem to be beneficial for shifting the absorption 

towards the visible region, with a λmax of 345 nm observed for complex 4, compared to 334 nm 

and 332 nm for the methyl- and chloro-substituted analogues 5 and 6, respectively. Complex 8 

also comprises an N-donor ligand pendent arm, however, it is single oxo-bridged and has two 

isopropoxide groups on the metal centres. The absorption maximum for this complex is 

significantly red-shifted to 383 nm. This suggests that single oxo bridges in combination with 

electron-withdrawing ligands are more beneficial for shifting the absorption towards the visible 

region than double oxo bridges. Complex 10, which is also singly bridged, has an L-type O-donor 

pendent arm on the ligand in contrast to 8, and methoxide groups on the Ti atoms, exhibits an 

absorption maximum of 361 nm, which might suggest that the N-donor is better suited to 

shifting the absorption maximum bathochromically. Remarkably, analogue 9, which is analogous 

to 10 apart from chloride co-ligands on the metal centres displays a substantial bathochromic 

shift in absorption maximum to 404 nm, indicating that the absorption can be influenced majorly 

by adding electron-withdrawing groups directly onto the metal. Lastly, the absorption of 

complexes 18 and 19 lies at 364 nm and 354 nm, respectively. This indicates that the nature of 

ABP ligand pendent arms does not significantly contribute to the absorption properties while 

the co-ligands (e.g. Cl, OMe) bound directly to the metal exhibit a greater influence. 

Overall, a balance needs to be found between shifting the absorption maximum more into the 

visible region and maintaining the activity of the PS. While electron-withdrawing chloride co-

ligands on the Ti shift the maximum absorption above 400 nm, electron-donating groups on the 

metal centres are more beneficial for the performance of the PS, as determined in the previous 

chapter. Nonetheless, all the Ti-oxo complexes investigated in this work show pronounced 

absorption in the visible region of the electromagnetic spectrum, allowing for irradiation with 

blue light. 

4.3.2 General Considerations for the Experiments under Batch Conditions  

The photosensitisation experiments in batch were conducted using a commercially available 

Photoreactor from PennPhD, equipped with a 450 nm and a 420 nm light source, and a high-

powered fan for cooling. Solutions of each PS (4, 5, 8–10, 18 and 19) in CDCl3 were prepared at 

a concentration of 1 mg/mL and oxygenated by bubbling O2 through the solutions for ten 

minutes. Vials equipped with a magnetic stirrer were filled with 1 mL of oxygenated solution and 

irradiated in the reactor. For kinetic studies, a stock solution was divided into individual vials 

with 1 mL volume and samples for 1H NMR spectroscopy were each taken from separate vials. 

This experimental procedure was adopted in order to avoid recording a false increase in reaction 

rate caused by a decrease in reaction volume leading to improved light penetration of the 

solution over time. Unlike in flow, where a 420 nm light source was utilised, in this chapter a 
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light source of longer wavelength (450 nm) was used for irradiation. This change represents a 

bathochromic shift more into the visible region, moving closer to the ultimate goal of using 

natural light.  

It is worth noting that although a high-powered cooling fan is incorporated in the photoreactor, 

the temperature inside the reactor still rises a few degrees above room temperature, which 

promotes the evaporation of the substrates. In order to account for possible loss of volatile 

starting materials or products through evaporation, all experiments were conducted with non-

volatile mesitylene as an added internal standard. In its 1H NMR spectrum, mesitylene shows a 

resonance for its aromatic protons at 6.68 ppm (25°C, CDCl3), which did not overlap with any 

substrate signals. To verify that the internal standard would not contribute to the 

photosensitisation, control experiments were conducted without PS and no conversion was 

observed. Moreover, experiments without mesitylene did not show any significant difference to 

the runs with the standard, indicating that there are no interactions between the complex and 

mesitylene that would influence the photosensitising activity.  

4.3.3 Photooxygenation of -Terpinene in Batch Photoreactor 

The first substrate to be trialled in batch reaction conditions was -terpinene (Scheme 4.1). The 

formation of p-cymene by-product became significant under batch conditions, while under flow 

conditions, no by-products were observed. The p-cymene was shown to compete with the 

conversion into the desired product ascaridole, therefore, no ascaridole yields over 60% could 

be achieved. The abstraction of H atoms from dialkene structures, such as terpenes, to form 

aromatic structures, has been observed previously. This usually proceeds through a reaction 

with hydroxyl radicals,6, 7 but can also arise from initial reaction with molecular oxygen and 

subsequent propagation through hydroperoxyl radicals.8 The proposed mechanism for this is 

shown in Scheme 4.2. It is initiated by photochemical homolytic cleavage of a C-H bond in the 

substrate, followed by the reaction with molecular oxygen. Subsequent cleavage of the 

hydroperoxyl radical yields p-cymene. This suggested route is further supported by the fact that 

p-cymene is also formed when -terpinene is irradiated without the presence of a PS, therefore 

it is unlikely that the complexes contribute to the formation of hydroperoxyl radicals. It is worth 

Scheme 4.1: Photooxygenation of -terpinene to ascaridole. 



Chapter 4 – 1O2 Generation in Batch Reaction 
 

100 
 

noting that the presence of these radicals does not seem to diminish the activity of the PSs, 

which indicates remarkable stability of the Ti-oxo complexes. 

It is not completely clear why this side reaction is observed under batch conditions, but not in 

flow. As the oxygenation to form ascaridole and the formation of p-cymene are competing 

pathways, it can be attributed to the rate-determining 1O2 generation in flow being significantly 

more efficient than in batch, making the aromatisation of the substrate less likely to occur. This 

is supported by shorter reaction times, as will be elucidated below.  

The results for the photooxygenation of -terpinene are listed in Table 4.2. For the complexes 

already trialled under flow conditions, similar trends were observed under batch conditions. 

Complex 10 showed the best performance, with a conversion to ascaridole of 60% in four hours. 

The amount of p-cymene by-product was found to be low at only 10%. 

Table 4.2: Results for the photooxygenation of -terpinene with 1O2 in CDCl3 under 450 nm irradiation. 

Complex Time [h] 
Conversion to 
ascaridole [%] 

Conversion to 
p-cymene [%] 

4 6 41 10 

5 
6 

10 

14 

15 

9 

14 

8 6 40 11 

9 12 14 31 

10 4 60 10 

18 
6 

12 

8 

8 

10 

20 

19 10 50 18 

Scheme 4.2: p-Cymene formation from -terpinene. The reaction is initiated by photochemical homolytic 

cleavage, followed by reaction with O2, and then proceeds via hydroperoxyl radicals. 
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Figure 4.6 shows the conversion of -terpinene into both ascaridole and p-cymene over time 

using complex 10. A fairly consistent pace in conversion is observed for the first three hours, 

after which the conversion levels out at 60%. Irradiating for longer facilitated the formation of 

increased amounts of p-cymene, while the yield of ascaridole seemed to plateau at 60%. This 

trend was also observed for the other complexes, therefore the conversions to ascaridole given 

here are the highest reached.  

Notably, the final mass balance of starting material and both products against the internal 

standard showed a loss of approximately 20% of starting material after six hours, likely due to 

evaporation into the head space of the vial, caused by the high vapour pressure of -terpinene.  

Ti-Cl complex 9 yielded only 14% conversion in twelve hours; this poorer performance was 

attributed to the presence of electron-withdrawing chloride co-ligands on the metal centres. In 

order to better understand the effect of the substituents on the Ti atoms, complex 8 was trialled, 

which is a similar single oxo-bridged bimetallic complex with two propoxide groups on the 

metals, in contrast to the chloride co-ligands on 9. Although the ligand on this complex has a 

slightly different pendent arm with a dimethylamine donor, compared to the methoxy pendent 

arm in complex 9, due to the fact that the binding mode is the same as in the methoxyethyl side 

arm (L-type donor) and the steric bulk and flexibility being very similar, this was deemed a 

suitable comparison. Complex 8 yielded 40% conversion to ascaridole in six hours, suggesting 

that the propoxide groups on the metal centres reduced the activity compared to its methoxide-

substituted counterpart complex 10. Complex 4, which also performed well under flow 

conditions (full conversion in three hours), delivered 40% conversion to ascaridole in six hours. 

Interestingly, complexes 18 and 19 with carboxylic acid-derived ABP ligans were found to have 

very different photosensitising abilities. Tetrametallic complex 18 yielded 8% conversion to 

ascaridole in twelve hours. This complex likely exists in a dynamic equilibrium in a solution, as 

shown previously for a similar tetrametallic complex with different substituents on the ligand 

phenol groups.3 A potential explanation for this could be the nature of the pendent arm, which 

Figure 4.6: Conversion of -terpinene into ascaridole and p-cymene over time, using complex 10 as the 

triplet PS. 
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consists of a carboxylate donor group, bonding as an X-type ligand. Bimetallic complex 19 

performed significantly better and yielded 50% conversion in ten hours. The difference here is 

that the added steric bulk on the ligand pendent arm in form of the benzyl group hinders the 

formation of a tetrametallic structure like in complex 18. This makes the metal centres overall 

less crowded, which could be a contributing factor to the increased activity of complex 19. 

Another explanation could be that the coordinating water molecules are beneficial as co-ligands. 

The experiments were then conducted using a 420 nm light source for direct comparison to the 

experiments under flow conditions in Chapter 3. Interestingly, when using the shorter 

wavelength light source in batch, increased by-product formation was observed, showing that 

using an irradiation source of lower energy is beneficial to selective product formation. 

Control reactions with PS but without light did not afford any endoperoxide product. Utilising 

complex 10 without prior saturation with O2 still led to some conversion of -terpinene to 

ascaridole (34% in seven hours), which is not surprising as the solution was constantly in contact 

with air during the experiment. Moreover, utilising only the pro-ligand yielded very low 

conversions for all substrates (5% in twelve hours), suggesting that the ligand does absorb some 

visible light, however, the activity of the ligand is negligible compared to that of the complexes. 

Lastly, experiments without PSs were carried out, only p-cymene was observed after twelve 

hours. 

4.3.4 Photosensitisation Experiments with Expanded Substrate Scope  

In addition to the photooxygenation of -terpinene, three more substrates were included in this 

study and their conversion was followed through 1H NMR spectroscopy. Cyclopentadiene, 1,3-

cyclohexadiene and anthracene were used as further 1O2 traps (Scheme 4.3) to examine the 

versatility of the reaction. 

Scheme 4.3: 1O2 trapping with cyclopentadiene (a), 1,3-cyclohexadiene (b) and anthracene (c). 
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Photooxygenation of Cyclopentadiene 

For the reaction of cyclopentadiene with 1O2 (Scheme 4.4), the reaction did not stop at the 

endoperoxide product, but proceeded through a ring-opening reaction, whereby the peroxide 

was converted into a linear compound containing both an epoxide and an aldehyde group, as 

observed previously by Trabanco and co-workers.9 This is likely due to the smaller ring size of 

the substrate, which leads to the endoperoxide intermediate being more strained than 

substrates with six-membered rings. This process is slow enough that it can be followed by 1H 

NMR over several hours. The 1H NMR trace of this conversion can be seen in Figure 4.7 (25°C, 

CDCl3). The spectrum at t = 0 shows the alkene protons in the starting material at 6.45–6.59 ppm. 

After two hours, two different peaks were observed, which were later assigned to two different 

species. The transient resonance at 5.27 ppm (circled in red) stems from the alkene protons in 

the endoperoxide intermediate, which then opens to completely convert into the final product 

over time, while the endoperoxide signals decrease, as can be seen after 4.5 hours. A signal at 

6.08–6.24 ppm depicts the alkene protons and a distinct doublet at 10.18 ppm (J = 6.6 Hz) 

indicates the presence of the aldehyde moiety. For the conversion calculations, the integrated 

peaks’ height of both the endoperoxide and the ring-opened product were combined to provide 

an overall conversion of the starting material.   

 

  

Scheme 4.4: Photooxygenation of cyclopentadiene to endoperoxide and subsequent ring-opening to give 

epoxide product. 

Figure 4.7: 1H NMR trace of the photooxygenation of cyclopentadiene over time. 
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Control experiments with an internal standard revealed a loss of approximately 20% of starting 

material to evaporation over the course of a typical experiment, due to the low boiling point of 

41°C for cyclopentadiene. This was the only substrate for which no other by-product was 

observed. Control experiments without the addition of a PS showed unchanged starting 

material.  

Table 4.3: Results for the photooxygenation of cyclopentadiene with 1O2 in CDCl3 under 450 nm irradiation. 

Complex Time [h] 
Conversion to endoperoxide 

+ epoxide [%] 

4 8 76 

5 12 66 

8 7 81 

9 
12 

24 

11 

22 

10 6 79 

18 
12 

24 

25 

34 

19 
12 

24 

53 

63 

The results of the photooxygenation of cyclopentadiene are listed in Table 4.3. Similar trends as 

with -terpinene can be observed in these experiments. As before, complex 10 performed best, 

delivering 79% conversion in six hours.  Figure 4.8 shows the conversion over time using complex 

10. No lag time is observed with this substrate; the conversion was found to follow a linear trend, 

suggesting a first order reaction. This might be explained by the fact that no by-products are 

observed, whose formation could compete with the oxygenation of the starting material. 

Complex 8, with propoxide instead of methoxide co-ligands on the metal centres, yielded 81% 

in seven hours. Interestingly, complex 5 yielded 66% conversion in twelve hours, which is 

Figure 4.8: Conversion of cyclopentadiene to endoperoxide/epoxide products over time using complex 10. 
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significantly better than its performance with -terpinene, where only 15% conversion in ten 

hours was achieved. Again, the chloride co-ligands containing complex 9 proved to be a less 

active triplet sensitiser; a conversion of only 11% was observed in twelve hours. Among the 

carboxylate ligand containing complexes, 19 yielded 53% conversion in twelve hours, whereas 

18 gave 25% in the same time.  

Photooxygenation of 1,3-Cyclohexadiene 

The photooxygenation of 1,3-cyclohexadiene to give the cyclic endoperoxide product is shown 

in Scheme 4.5. Figure 4.9 shows the 1H NMR spectra of the photooxygenation of 1,3-

cyclohexadiene (25°C, CDCl3). The signal at 5.76–5.93 ppm shows the four alkene protons in the 

starting material, while the signal at 6.68 ppm represents the two alkene protons remaining in 

the endoperoxide product. As with -terpinene, an aromatic by-product was observed through 

the appearance of a characteristic singlet for benzene at 7.16 ppm in the 1H NMR spectrum. 

Control experiments under blue light irradiation without the addition of a PS only afforded 

benzene. After twelve hours of irradiation, starting material was still detectable in the 1H NMR 

spectrum. Further, after formation of the endoperoxide product, conversion to benzene was 

observed. For example, complex 10 yielded 40% endoperoxide in four hours (Table 4.4), 

however, when left for longer, integrals corresponding to the endoperoxide were found to 

decrease with concomitant growth of the benzene signal. After six hours, the conversion 

determined through 1H NMR spectroscopy had decreased to 32%, while the amount of benzene 

had increased from 9% to 11%. Similar results were observed with complexes 8 and 19, 

Figure 4.9: 1H NMR trace of the photooxygenation of 1,3-cyclohexadiene over time. 

Scheme 4.5: Photooxygenation of 1,3-cyclohexadiene to give endoperoxide product. 
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suggesting that the endoperoxide product converts into benzene. Especially at elevated 

temperatures, the endoperoxide products formed from the reaction with 1O2 tend to be 

unstable,10, 11 it is therefore not surprising that conversion to benzene is observed. Interestingly, 

complex 18 performed poorly with 1,3-cyclohexadiene as the 1O2 trap, affording only 6% of 

endoperoxide after twelve hours, while complex 19 still yielded 44% conversion to the 

endoperoxide in six hours.  

Table 4.4: Results for the photooxygenation of 1,3-cyclohexadiene with 1O2 in CDCl3 under 450 nm 

irradiation. 

Complex Time [h] 
Conversion to 

endoperoxide [%] 

Conversion to 

benzene [%] 

4 
4 

10 

10 

12 

4 

13 

8 
4 

6 

36 

26 

7 

9 

9 
6 

12 

9 

20 

4 

10 

10 
4 

6 

40 

32 

9 

11 

18 
6 

12 

6 

6 

3 

7 

19 
6 

8 

44 

28 

15 

17 

Photooxygenation of Anthracene 

Lastly, anthracene was trialled as a trap for the 1O2 produced by the Ti-oxo complexes (Scheme 

4.6). Figure 4.10 depicts the 1H NMR spectra of the photooxygenation of anthracene over time 

(25°C, CDCl3). The singlet at 8.43 ppm represents the two protons on the central ring in the 

anthracene molecule, whereas the singlet appearing at 6.02 ppm shows the same protons in the 

endoperoxide product. While some conversion to the endoperoxide product was observed, it 

was found that the dominant reaction in this case was the photodimerisation of anthracene, as 

shown in Scheme 4.7. This phenomenon is commonly observed and widely studied.12, 13  

Scheme 4.6: Photooxygenation of anthracene to give endoperoxide product. 
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The formation of the dimeric structure was confirmed by 1H NMR spectroscopy through the 

appearance of additional multiplets at 7.28 ppm and 7.42 ppm, and by mass spectrometry, 

which showed a signal at m/z 353.13, corresponding to the [M+H]+ dimeric structure. When 

anthracene was irradiated without the addition of a PS, only the dimerised product was 

observed.  

The observed conversions of anthracene to the photooxygenated product are listed in Table 4.5. 

The highest conversion to the endoperoxide product was reached using complex 10, with 28% 

after twelve hours of irradiation time. Complexes 4 and 9 both performed poorly and yielded 

only 4% endoperoxide after eight hours. This was surprising, as with the previous substrates the 

double oxo-bridged complex 4 delivered significantly better results than the single oxo-bridged, 

chloride co-ligands containing complex 9. Overall, this substrate was found to favour 

dimerisation over reaction with 1O2 under the conditions in this experimental setup, likely due 

to the wavelength of the light used. Literature examples utilise PSs that can be irradiated with 

light of longer wavelength (around 600 nm).14, 15 It is plausible that the higher energy 450 nm 

light source used in these experiments facilitates and favours the photodimerisation, hence 

anthracene was deemed unsuitable to accurately monitor the generation of 1O2 by the Ti-oxo 

complex PSs.  

  

Scheme 4.7: Photodimerisation of anthracene. 

Figure 4.10:  1H NMR trace of the photooxygenation of anthracene over time. 
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Table 4.5: Results for the photooxygenation of anthracene with 1O2 in CDCl3 under 450 nm irradiation. 

Complex Time [h] Conversion to peroxide [%] 

4 8 4 

8 6 12 

9 8 4 

10 
6 14 

12 28 

These results suggest that the photooxygenation of anthracene under the trialled conditions is 

slow, which might be improved by altering the reaction conditions. Fudickar and Linker 

investigated the photooxygenation of naphthalene and found that the successful formation of 

the endoperoxide is highly dependent on the reaction conditions, including the temperature; 

substantial conversion was only observed at -10°C.16 This indicates that by carefully adjusting 

the reaction temperature, the conversions of the photooxygenation of anthracene in this 

chapter might be improved in the future. Furthermore, diluting the solutions might decrease the 

rate of dimerisation. 

4.4 Summary and Conclusions 

The results presented in this chapter have shown that the Ti-oxo complexes are efficient PSs 

even under batch conditions, which represent more challenging conditions compared to the 

flow reactor with regards to mixing of the solution with oxygen and light penetration. However, 

this setup was chosen to more closely resemble conditions used in industrial applications. The 

fact that by-products are observed in some of these batch reactions might stem partially from 

the longer reaction times needed under these conditions. However, the move to batch allowed 

for the use a light source of longer wavelength than used previously in flow (450 nm vs. 420 nm). 

In fact, the availability of a 420 nm light source for use with the photoreactor enabled the direct 

comparison of these two wavelengths. Remarkably, using the shorter wavelength lamp did not 

result in an increase in reaction rate and even facilitated the increased formation of by-products 

through the higher energy irradiation, thereby decreasing the yields of desired products. This 

means that the use of a lower energy light source does not have a diminishing effect on the 

efficiency of the PSs. These findings are highly encouraging with respect to the initial aim of the 

project, which was to synthesise Ti-oxo complexes that would absorb a large amount of visible 

light.  

While different substrates showed different affinity to trapping 1O2, the overall activity trends 

for different complexes were complementary to the initial results from the photosensitisation 
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experiments under flow conditions. Overall, complex 10 offered the best performance as a 

triplet PS for 1O2 and yielded the best results with respect to reaction times and conversions to 

the expected oxygenated products. Structurally similar complex 8 delivered comparable results, 

further confirming the importance of the electron-donating alkoxide co-ligands on the metal 

centres, which also extend the Ti-oxo network. While double oxo-bridged complex 4 showed 

very good activity for -terpinene and cyclopentadiene, it was found to be less efficient in the 

oxygenation of 1,3-cyclohexadiene and anthracene. Further experiments would be required to 

determine whether this is due to different rates in 1O2 formation in the presence of these 

substrates or in transfer of the 1O2 to the substrate. Complex 9 produced low conversions, 

further supporting the hypothesis that electron-withdrawing groups on the metal centres 

decrease the triplet photosensitising activities. Newly introduced complexes 18 and 19 notably 

exhibited significant differences in activities. While tetrametallic complex 18 was found to be 

less active, the bimetallic complex 19 with more accessible metal centres performed much 

better. Compared to complexes 4, 8 and 9, however, the carboxylate ligand containing 

complexes showed lower activities, which might be an indicator that X-type donor pendent arms 

are less beneficial for the structure of the PS. 

In this chapter, further results of studying the Ti-oxo complexes as triplet PSs were presented. 

While the overall conversions were found to be lower and by-products were observed, this 

conclusively proved that the Ti-oxo complexes are efficient triplet PSs for the generation of 1O2 

under batch conditions. Initial hypotheses regarding structure-activity relationship were further 

supported by the findings in this chapter. Electron-donating co-ligands, such as alkoxide groups, 

on the metal centres were found to be most beneficial to the photosensitisation. While electron-

withdrawing chloride co-ligands resulted in a significant bathochromic shift of the maximum 

absorption wavelength into the visible region of the electromagnetic spectrum, this was 

disadvantageous to the activity as a PS. This suggests that a balance needs to be found between 

tuning the absorption of the complexes and not diminishing the activity. Complexes with X-type 

donor ligand pendent arms were introduced in this chapter and delivered some promising 

results, which might be further enhanced by appropriately altering the design of the ABP ligand 

and the co-ligands on the metal centres. For example, pro-ligands with two different groups on 

the phenol substituents could be synthesised, including a tert-butyl group to maintain good 

solubility and pairing it with a halide group. Furthermore, amine co-ligands directly bonded to 

the metal centres could be trialled to explore their influence on the activities of the complexes. 
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4.5 Experimental Section 

4.5.1 General Considerations 

Starting materials were purchased and used as received from Merck, Acros and Fluorochem. 

Experiments were carried out under ambient atmosphere. NMR spectroscopy data was acquired 

with a Bruker AVIII 300 MHz instrument or Bruker AVIII 400 MHz instrument at 298 K in CDCl3. 

Solution-state UV-vis spectra were recorded in chloroform on a Shimadzu UV-2550 system with 

10 mm quartz cuvettes. Cyclopentadiene was acquired by cracking dicyclopentadiene through 

heating to 200°C and subsequent distillation from the dimer. Photosensitisation experiments in 

batch were conducted in a Penn PhD Photoreactor m2, equipped with LED arrays emitting at a 

wavelength of either 420 nm or 450 nm. Ti complex (5 mg, 5 mol%) and substrate (-terpinene, 

cyclopentadiene, 1,3-cyclohexadiene or anthracene, 0.08 mmol) were dissolved in CDCl3 (5 mL). 

The solution was saturated with O2 for ten minutes. The solution was then divided into four 

separate vials and 500 μL samples were taken at regular intervals, from a different vial each 

time. This was done to avoid recording a false increase in rate through decreasing volumes in 

the vials enabling better light penetration of the solution. 

4.5.2 Pro-ligands H2L5A and H2L6A 

Synthesis of H2L5A 

Pro-ligand H2L5A was synthesised by Dr Eszter Fazekas according to the published procedure.4 

1H NMR (300 MHz CDCl3): 8.46 (s, 2H, OH), 7.24 (d, J = 2.4 Hz, 2H, ArH), 6.88 (d, J = 2.4 Hz, 2H, 

ArH), 4.27 (q, J = 7.1 Hz, 2H, CH2CH3), 3.69 (s, 4H, NCH2), 3.35 (s, 2H, CH2COOEt), 1.40 (s, 18H, 

CCH3), 1.29 (t, J = 7.1 Hz, 3H, CH2CH3), 1.28 (s, 18H, CCH3). 

Synthesis of H2L6A 

Pro-ligand H2L6A was synthesised by Dr Eszter Fazekas according to the published procedure.4 

1H NMR (300 MHz CDCl3): δ 8.30 (s, 2H, OH), 7.36–7.27 (m, 2H, ArH), 7.25–7.16 (m, 3H, ArH), 

7.22 (d, J = 2.3 Hz, 2H, ArH) 6.81 (d, J = 2.4 Hz, 2H, ArH), 4.28–4.18 (m, 2H, CH2CH3), 4.11 (d, J = 

13.4 Hz, 2H, NCH2), 3.95 (dd, J = 7.6, 6.2 Hz, 1H, NCHCH2Ph), 3.50 (d, J = 13.4 Hz, 2H, NCH2), 3.31–

3.04 (m, 2H, NCHCH2Ph), 1.39 (s, 18H, CCH3), 1.28 (s, 18H, CCH3), 1.23 (t, J = 7.1 Hz, 3H, CH2CH3). 
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4.5.3 Complexes 18 and 19 

Synthesis of (L5A)4Ti4O2 (18)  

Complex 18 was synthesised by Dr Eszter Fazekas according to the published procedure.5 

1H NMR (300 MHz, CDCl3, 25°C): δ 7.30 (d, J = 2.3 Hz, 4H, ArH), 7.22 (d, J = 2.3 Hz, 4H, ArH), 6.87 

(d, J = 2.3 Hz, 4H, ArH), 6.76 (d, J = 2.3 Hz, 4H, ArH), 3.58 (d, J = 12.6 Hz, 4H, CH2), 3.37 (d, J = 12.6 

Hz, 4H, CH2), 3.07 (m, 8H, CH2), 2.76 (d, J = 12.6 Hz, 4H, CH2), 2.62 (d, J = 12.6 Hz, 4H, CH2), 1.59 

(s, 36H, CCH3), 1.49 (s, 36H, CCH3), 1.25 (s, 36H, CCH3), 1.24 (s, 36H, CCH3). 

Synthesis of (L6A)2Ti2(OH2)2 (19)  

Complex 19 was synthesised by Dr Eszter Fazekas according to the published procedure.17 

1H NMR (300 MHz, CDCl3, 25°C): δ 7.40–7.27 (m, 12H, ArH), 7.25–7.20 (m, 2H, ArH), 7.03 (s, 2H, 

ArH), 6.72 (s, 2H, ArH), 4.06 (s, 4H, CH2), 3.83-3.72 (m, 4H, CH2), 3.57 (d, J = 12.6 Hz, 4H, CH2) 

3.44–3.30 (m, 4H, OH2), 3.22-3.10 (m, 2H, CH), 1.67 (s, 18 H, CCH3), 1.42 (s, 18 H, CCH3), 1.30 (s, 

18 H, CCH3), 1.24 (s, 18 H, CCH3).  
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Chapter 5 – Ring-Opening Polymerisation of -Caprolactone 

5.1 Synthesis and Characterisation of Vanadium and Manganese Complexes 

In addition to the Ti complexes discussed in previous chapters, two Mn and two V complexes 

will be introduced here. Their activity as polymerisation catalysts for -CL was studied and the 

synthesised polymers were fully characterised.  

Firstly, Mn complex 20 (Figure 5.1) was synthesised using pro-ligand H2L2A and Mn(OAc)3.2H2O 

as the metal precursor. Both starting materials were dissolved in methanol and an immediate 

colour change from colourless to purple was observed, suggesting coordination of the ligand to 

the metal. After two hours, triethylamine was added to neutralise acetic acid formed in the 

reaction mixture. Upon removal of the volatiles under reduced pressure, a dark purple solid was 

obtained, which was dissolved in acetonitrile and the salt by-product was removed by filtration. 

The complex was recrystallised from acetonitrile in good yield (64%), moreover, single crystals 

suitable for SCXRD were obtained. X-ray analysis of the crystals revealed one acetate co-ligand 

and a water molecule coordinating to the metal centre, as indicated by the Mn-OH2 bond length 

of 2.315(1) Å, which is slightly longer than the Mn-OH2 bond distance of 2.24 Å reported for a 

Mn complex with a similar ABP ligand.1 In addition to the acetate co-ligand, the ligand features 

two X-type donors, agreeing with a +3 oxidation state of the metal. The L-type donor ligand 

pendent arm binds to Mn with an Mn-N bond distance of 2.313(1) Å. The phenolate groups are 

in trans positions with respect to each other, similar to the trends observed with Ti complexes 

containing ligands with more flexible pendent arms in Chapter 2. 

For the synthesis of complex 21 (Figure 5.2), a pro-ligand with a potential X-type donor pendent 

arm was utilised to examine the effect of changing from the L-type donor in the previous 

example. Pro-ligand H2L4A (introduced in Chapter 2), contains an ethanol pendent arm, which 

can be deprotonated upon complexation and consequently bind as an X-type donor. Following 

Figure 5.1: Crystal structure of 20, with ellipsoids set at the 50% probability level. Hydrogen atoms omitted 

for clarity. Selected bond lengths (Å): Mn1-O1 1.8759(11), Mn1-O3 1.9823(11), Mn1-O5 2.3146(12), Mn1-

N1 2.0942(12), Mn1-N2 2.3127(13). Selected bond angles (°): O1-Mn1-O2 177.59(5), O1-Mn1-O3 89.23(5), 

N2-Mn1-O3 89.22(5), O3-Mn1-O5 91.89(5). 
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the same procedure as for complex 20, the pro-ligand and the MnCl2.4H2O metal precursor were 

mixed in methanol solvent and an immediate colour change from colourless to purple was 

observed. Sodium methoxide was added in an attempt to form a bimetallic complex, similar to 

Ti complex 14 (Figure 2.17), and to remove uncoordinated chloride from the reaction mixture. 

Single crystals were grown from toluene and X-ray analysis revealed a bimetallic structure. 

Unlike previously synthesised Ti complexes (4–6), featuring oxo bridges that were most likely 

incorporated from residual moisture in crystallisation solvents, in complex 21 the two metal 

centres are bridged by both ligand pendent arms, which are deprotonated. Both Mn atoms are 

five-coordinate with a distorted trigonal bipyramidal geometry around the metal centres. This 

distortion is evident by the O1-Mn1-O2 bond angle of 134.9(3)°, which in a perfect trigonal 

bipyrimidal geometry would be 180°. Further, the equatorial co-ligands exhibit bond angles of 

158.8(3)° (N1-Mn1-O6) and 80.8(3)° (N1-Mn1-O3), which deviate significantly from the expected 

120° angle for this geometry. The pendent arm has a Mn1-O3 bond distance of 2.076(7) Å and a 

Mn2-O3 distance of 1.895(8) Å for the bridge to the other metal centre. The Mn-phenolate bond 

lengths of 1.858(6) Å and 1.899(6) Å are within the expected range for X-type oxygen donors.1, 2  

Further, two V ABP complexes from the McIntosh group supply were included in this study to 

compare other TM ABP complexes to Ti and Mn. Both complexes 22 and 23 were made using 

the same pro-ligand H2L5A and utilising the same initial reaction conditions. H2L5A and 

VO(SO4).2H2O were dissolved in warm ethanol (40°C) and stirred overnight. Complex 22 was 

then recrystallised from THF, and SCXRD analysis of the single crystals revealed a monometallic 

structure, shown in Figure 5.3. Interestingly, as observed with Ti complexes 18 and 19 (Chapter 

4), the ethyl ester protecting group from the amino acid moiety was hydrolysed over the course 

of the reaction, leaving a carboxylate group binding to the V metal centre. The V1-O3 bond 

length of 1.968(4) Å indicates an X-type bonding character of the carboxylate pendent arm. The 

phenolate groups are in cis positions. As seen in the crystal structure, an oxygen is bound to the 

Figure 5.2: Crystal structure of 21  with ellipsoids set at the 50% probability level. Hydrogen atoms omitted 

for clarity. Selected bond lengths (Å): Mn1-O1 1.858(6), Mn1-O2 1.899(6), Mn1-O3 2.076(7), Mn1-O6 

1.916(7), Mn1-N1 2.039(9), Mn2-O6 2.079(7), Mn2-O3 1.895(8). Selected bond angles (°): O1-Mn1-O2 

134.9(3), O1-Mn1-O6 96.8(3), N1-Mn1-O3 80.8(3), N1-Mn1-O6 158.8(3), N2-Mn2-O6 80.5(3), O4-Mn2-O5 

134.0(3), N2-Mn2-O3 158.6(3). 
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metal centre with a V1-O6 bond distance of 1.597(3) Å, which is indicative of a double bond. 

Further, a water molecule is bonded to the V atom, with a V1-O5 bond length of 2.062(4) Å, 

likely originating from residual moisture in the crystallisation solvent. This value falls in line with 

similar V phenolate complexes with a bonded water molecule.3 Overall, the oxidation state of 

the metal centre is +5, which means the metal precursor has been oxidised over the course of 

the reaction, possibly through contact with air or residual moisture. 

A similar monometallic complex 23 is shown in Figure 5.4. Despite identical reaction conditions 

during the synthesis, a different structure was observed for this compound upon crystallisation 

from DCM and methanol. Instead of the ethyl ester protected glycine moiety in the pro-ligand, 

complex 23 features a methyl ester pendent arm, which is binding to the metal centre through 

the carbonyl group with a V1-O3 bond distance of 2.352(1) Å. This structural change was likely 

the consequence of transesterification with the methanol solvent, possibly catalysed by residual 

sulfate from the metal precursor. The phenolate groups are found in axial positions, albeit in a 

distorted octahedral geometry, with a O1-V1-O2 bond angle of 155.32(4)°. Similar to 22, the 

V=O bond stemming from the metal precursor, remained intact, with a V1-O6 bond length of 

1.592(1) Å. Furthermore, an additional methoxide group coordinates to the metal centre with a 

V1-O5 bond distance of 1.785(1) Å, likely originating from the methanol solvent used during the 

crystallisation. These results show that using the amino acid-derived pro-ligand and a V sulfate 

precursor, two different complexes could be synthesised depending on fine-tuning of the 

crystallisation method.  

Figure 5.3: Crystal structure of 22, with ellipsoids set at the 50% probability level. Hydrogen atoms omitted 

for clarity. Selected bond lengths (Å): V1-O1 1.810(4), V1-O3 1.968(4), V1-O5 2.062(4), V1-O6 1.597(3), V1-

N1 2.338(4). Selected bond angles (°): O1-V1-O3 158.84(15), O1-V1-O2 97.85(16), N1-V1-O6 174.48(17), 

N1-V1-O5 81.15(14), O5-V1-O6 94.61(17).  
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5.3 Ring-Opening Polymerisation of -CL 

The Ti complexes (1, 4, 8–10, 14, 18, 19, Figure 5.5) introduced in earlier chapters and the V and 

Mn complexes (20–23) presented in this chapter were trialled as ROP catalysts for -CL. In order 

to explore structure-activity relationships, a variety of complexes with a range of different 

properties was examined, including monometallic vs. bimetallic complexes, single vs. double 

oxo-bridged complexes, ligands with rigid vs. flexible pendent arms, electron-donating 

vs. -withdrawing metal co-ligands etc. It is worth noting, however, that a comprehensive 

comparison of all these properties was not possible, as the study was limited by which 

complexes were formed. For example, bimetallic complexes with ligands L1A–L1C would only 

form with two oxo bridges, therefore a direct comparison to single oxo-bridged complexes 

featuring these ligands could not be drawn. It was attempted to carefully draw conclusions from 

comparing structurally similar complexes by strategically choosing a variety of different species 

for this study, as will be elucidated in the following sections. As a final introductory remark, the 

use of the word catalyst should be discussed. Although the mechanistic aspects of the 

polymerisations are not definitively proven, it is highly likely that the leaving groups, which allow 

for coordination of the initiator and the cyclic ester monomer, do not re-coordinate to the metal 

centre. Further, some of the bimetallic complexes may disassociate into monometallic active 

species in solution state, therefore such compounds would technically be called initiators rather 

than catalysts, however, literature examples use these terms interchangeably.4 In the interest 

Figure 5.4: Complex 23 and ligand derived from H2L5A. Crystal structure of 23 is shown on the left, with 

ellipsoids set at the 50% probability level. Hydrogen atoms omitted for clarity. Selected bond lengths (Å): 

V1-O1 1.8756(10), V1-O3 2.3515(10), V1-O5 1.7851(10), V1-O6 1.5920(10), V1-N1 2.2733(11). Selected 

bond angles (°): O1-V1-O3 80.62(4), O1-V1-O2 155.32(4), N1-V1-O6 92.60(5), N1-V1-O5 163.07(4), O5-V1-

O6 104.11(5).  
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of simplicity, the complexes in this work will be called catalysts, bearing in mind that the original 

species might not be recoverable after the polymerisation. 

5.3.1 ROP of -CL in Solution 

Firstly, the polymerisation reactions were conducted in toluene solution. For these experiments, 

the use of non-dried starting materials and solvents was chosen, i.e. these reagents were added 

as received and not dried prior to use. This choice was made because a major aim of this work 

was to synthesise robust, air- and moisture-stable complexes, which could be easily applied as 

catalysts under industrially relevant conditions.  

Generally, 5 mg of complex (0.03–0.1 mmol) and 360 μL (375 equivalents per metal) of -CL 

were dissolved in 1 mL of a stock solution of benzyl alcohol in toluene (2.6 μL benzyl alcohol per 

mL of toluene). The catalyst loading was determined using metal–monomer ratios, not mol%. 

This approach was chosen based on the assumption that in a bimetallic complex, both metal 

centres may grow a polymer chain simultaneously. The vials equipped with magnetic stirrers 

were sealed and heated to the appropriate temperatures for several hours. Aliquots for 1H NMR 

spectroscopy were taken at regular intervals with the non-dried CDCl3 quenching the 

polymerisation, to monitor the conversion and to avoid heating beyond the point of completion. 

Once the samples had cooled down after the reaction, the bulk mixture was quenched by slowly 

Figure 5.5: Ti complexes 1, 4, 8–10, 14, 18 and 19. 
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dropping it into cold, acidified methanol. The resulting precipitate was then collected and air-

dried. Table 5.1 shows the results of the polymerisations in toluene solution. It is worth noting 

that the conversion stated is determined via 1H NMR spectroscopy of the crude mixture. All of 

the results were validated by conducting the appropriate control experiments, i.e. blank 

polymerisations without the addition of a metal complex or benzyl alcohol. This included -CL 

monomer in toluene only, and also -CL monomer with benzyl alcohol in toluene, in a 

temperature range from 80–130°C. None of these control runs resulted in oligomerisation or 

polymerisation, as confirmed by 1H NMR spectroscopy, confirming that the presence of the 

metal catalyst is indeed crucial for the ROP to initiate and proceed. 

Table 5.1: Results of solution polymerisations of -CL in toluene (1 mL) for a metal–monomer ratio of 1:375 

with 5 eq. of benzyl alcohol. a) Determined by 1H NMR spectroscopy of the reaction mixture. b) Determined 

in THF solvent at 25°C by GPC calibrated against polystyrene standards (see Experimental section for 

details). c) Mn
calc = 114 g mol-1 * 375 * conversion. d) Mw/Mn, determined by GPC. 

Entry Complex 
Temp.  

[°C] 

Time  

[h] 

Conversion 

[%]a 

Mn
obs 

[g mol-1]b 

Mn
calc 

[g mol-1]c 
Đd 

1 

2 
1 

110 

130 

44 

24 

87 

91 

2800 

2600 

37200 

38900 

1.09 

1.12 

3 4 130 24 55 2300 23500 1.18 

4 8 130 24 54 2400 23100 1.09 

5 

6 
10 

110 

130 

48 

20 

81 

87 

2500 

3000 

34600 

37200 

1.10 

1.14 

7 

8 
14 

110 

130 

48 

24 

62 

89 

2100 

3100 

26500 

38000 

1.14 

1.17 

9 

10 
18 

110 

130 

48 

20 

59 

86 

2500 

3200 

25200 

36800 

1.13 

1.10 

11 

12 
19 

110 

130 

24 

18 

85 

96 

3200 

3700 

36300 

41000 

1.12 

1.15 

13 

14 
20 

110 

130 

48 

24 

87 

88 

3000 

2900 

37200 

37600 

1.10 

1.14 

15 21 130 48 64 5900 27600 1.14 

16 

17 
22 

80 

110 

24 

24 

100 

100 

2800 

2600 

42800 

42800 

1.35 

1.16 

18 

19 
23 

80 

110 

24 

24 

100 

100 

2500 

3900 

42800 

42800 

1.15 

1.21 

To start with, monometallic Ti-Cl complex 1 and bimetallic Ti complexes 4, 8, 10 and 14 were 

studied (Figure 5.5). These were trialled at 110°C initially and at the elevated temperature of 
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130°C, though complexes 4 and 8 were found to be completely inactive at 110°C. It was 

anticipated that these six-coordinate Ti ABP complexes studied in this work would only be active 

at elevated temperatures. Literature examples have demonstrated that while five-coordinate Ti 

ABP complexes were active at lower temperatures, six-coordinate analogues were not (see 

section 1.4.2).5-8 For complex 1, 87% conversion was reached in 44 hours at 110°C (entry 1). The 

Mn of the resulting polymer was determined to be 2,800 g mol-1, with a narrow dispersity of 

1.09. At 130°C, 91% conversion was recorded after 24 hours, with a similar Mn of 2,600 g mol-1 

and a dispersity of 1.12 for the polymer (entry 2). These results indicate a moderate activity of 

this monometallic complex, producing a polymer with fairly low molecular weight, however, 

with a very narrow molecular weight distribution. Interestingly, increasing the temperature 

resulted in a faster rate of polymerisation but did not appear to increase the rate of 

transesterification, as the dispersity was still found to be low at 1.12. Double oxo-bridged 

bimetallic complex 4 yielded 55% conversion in 24 hours (entry 3). This outcome is perhaps not 

surprising, as there are no immediate leaving groups on the metal centres that could facilitate 

monomer coordination. In this case, one would expect either the ligand pendent arm to detach 

from the metal centre, or one or both of the oxo bridges to break to create an available 

coordination site for the monomer, which explains the slower reaction rate. The former 

mechanism has been proposed in the literature for other hemilabile ligands, which dissociate 

from the metal centres to enable monomer coordination prior to the polymerisation.9-11 The 

single oxo-bridged complex 8 showed no activity at 110°C, but moderate activity at 130°C, with 

an Mn of 2,400 g mol-1 and a dispersity of 1.09 (entry 4). Complexes 10 and 14 were both found 

to be moderately active at 110°C and 130°C, producing polymers with slightly broader 

dispersities (1.10–1.17, entries 5–8). Further, complexes 18 and 19 (Figure 5.5) with carboxylic 

acid-derived ligands were tested as ROP catalysts. Complex 18 showed very similar activity to 

the Ti complexes (1, 4, 8, 10 and 14) tested previously, however, complex 19 exhibited 

considerably higher activity. At 110°C, 85% conversion was observed in 24 hours, whereas at 

130°C, 96% were reached in 18 hours, the latter resulted in a polymer with a slightly higher Mn 

of 3,700 g mol-1 and a dispersity of 1.15 (entry 12). This was attributed to the coordinated water 

molecules, which can initiate ring opening of the monomer, thereby eliminating the 

coordination step of the benzyl alcohol, leading to a faster reaction rate. In fact, MALDI-ToF 

analysis of the polymers showed both benzyl alcohol- and water-initiated polymer chains, vide 

infra. Lastly, Mn complexes 20 and 21 and V complexes 22 and 23 were trialled as polymerisation 

catalysts. Monometallic Mn species 20 was found to be active at both 110°C and 130°C, yielding 

88% conversion at the latter temperature in 24 hours (entry 14). The resulting polymer had a 

molecular weight of 2,900 g mol-1 and a dispersity of 1.14. The bimetallic Mn species 21 was only 

active at 130°C, reaching 64% conversion in 48 hours (entry 15). This yielded a polymer with a 
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higher Mn of 5,900 g mol-1 and a dispersity of 1.14, which is relatively narrow considering the 

reaction was heated to a high temperature for two days. Both V complexes were found to be 

active even at lower temperatures. Complex 22 reached full conversion in 24 hours at 80°C, 

giving a polymer with a molecular weight of 2,800 g mol-1 and a dispersity of 1.35 (entry 16). At 

110°C, a polymer with a molecular weight of 2,600 g mol-1 and a dispersity of 1.16 was produced 

(entry 17). This result is somewhat surprising, as the dispersity would be expected to be broader 

at elevated temperatures. Complex 23 yielded PCL with a molecular weight of 3,900 g mol-1 and 

a dispersity of 1.21 after heating at 110°C for 24 hours (entry 19). At this point it is worth 

comparing these masses to the calculated Mn which are given in Table 5.1. For all reactions 

listed, these values are a magnitude larger than the observed Mn values obtained via GPC 

analysis. This could suggest a large degree of transesterification and significant presence of 

impurities acting as chain transfer agents during the polymerisations. 

5.3.2 Solvent-free ROP of -CL 

Once the general activity of the complexes had been investigated in solution, it was desirable to 

optimise the reaction conditions to achieve faster reaction rates and polymers with higher 

molecular weights. The first step was to remove the solvent and conduct the polymerisations 

neat, which eliminated the solvent waste produced and more importantly significantly 

shortened the reaction times through concentration effects. For samples which achieved near 

full conversion, a highly viscous and in some cases almost solid mixture formed limiting the 

efficient stirring of the reaction mixture. These samples had to be dissolved in a small amount 

of toluene before they could be successfully quenched in acidified methanol.  

Table 5.2 shows the results of the solvent-free polymerisations of -CL with a metal–monomer 

ratio of 1:375. One observation made for all complexes was the significantly shortened reaction 

time when compared to reactions carried out in toluene, as was expected due to the increased 

monomer concentration at the catalyst.12, 13 This was most prominent at 130°C, but the trend 

was also observed at 110°C. The majority of the complexes was still found to be inactive at 80°C. 

Overall, the molecular weights of the polymers were higher than those observed for solution 

polymerisations, albeit this improvement was accompanied by a slight broadening in 

dispersities, suggesting that the higher reaction rates come at the cost of lower control over the 

polymerisations. Among the Ti catalysts, as in the solution experiments, complexes 10, 18 and 

19 were found to perform best. At 130°C, Ti-OMe complex 10 yielded 79% conversion in six 

hours (entry 8). The molecular weight of the resulting polymer was determined as 7,600 g mol-1, 

which means it more than doubled compared to the result achieved in solution, with a dispersity 

of 1.25. This is likely due to the elimination of the solvent impurities when conducting these 

experiments solvent-free, which means there are fewer possible chain transfer agents present, 
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resulting in longer polymer chains. When the reaction mixture was heated to 110°C, 65% 

conversion was reached in 22 hours, whereas 75% conversion was reached in 26 hours (entries 

6 and 7). Interestingly, the molecular weight of the resulting polymer was found to double in 

these additional four hours, from 2,700 g mol-1 to 4,700 g mol-1.  

Table 5.2: Results of solvent-free polymerisations of -CL for a metal–monomer ratio of 1:375 with 5 eq. 

of benzyl alcohol. a) Determined by 1H NMR spectroscopy of the reaction mixture. b) Determined in THF 

solvent at 25°C by GPC calibrated against polystyrene standards (see Experimental section for details). c) 

Mn
calc = 114 g mol-1 * 375 * conversion. d) Mw/Mn, determined by GPC. 

Entry Complex 
Temp.  

[°C] 

Time  

[h] 

Conversion 

[%]a 

Mn
obs 

[g mol-1]b 

Mn
calc 

[g mol-1]c 
Đd 

- 1 130 7 51 Could not be isolated 

1 4 130 11 84 4900 35900 1.22 

2 

3 
8 

110 

130 

26 

6 

65 

90 

3900 

3500 

27800 

38500 

1.15 

1.24 

4 

5 
9 

110 

130 

22 

9 

58 

89 

2800 

3500 

24800 

38000 

1.10 

1.18 

6 

7 

8 

10 

110 

110 

130 

22 

26 

6 

65 

75 

79 

2700 

4700 

7600 

27800 

32100 

33800 

1.12 

1.31 

1.25 

9 14 130 7 77 3400 32900 1.18 

10 

11 
18 

110 

130 

26 

6 

95 

86 

6000 

8200 

40600 

36800 

1.25 

1.14 

12 

13 

14 

19 

80 

110 

130 

24 

8 

6 

64 

91 

95 

2800 

3600 

6000 

27600 

38900 

40600 

1.11 

1.16 

1.37 

15 20 130 12 88 2600 37600 1.17 

16 21 130 28 78 6000 33300 1.18 

17 

18 

19 

22 

80 

110 

130 

24 

22 

2 

91 

88 

88 

3900 

6000 

3100 

38900 

37600 

37600 

1.24 

1.47 

1.19 

20 23 130 6 78 5200 33300 1.41 

Comparing complexes 8 and 10 directly, both are single oxo-bridged, bimetallic complexes 

containing a flexible pendent arm with an L-type donor atom (-OMe vs. –NMe2), therefore one 

could argue that the major difference might be the co-ligands on the metal centres, however, it 

appears that this change has little impact on the activities. Ti-OiPr complex 8 appeared to be 

slightly more active and reached 90% conversion in six hours (entry 3). This might be attributed 

to the isopropoxide moiety being a better leaving group, which is replaced by the benzoxide in 
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order to ring-open the monomer. Compared to the simple Ti-alkoxide species (Ti(OnPr)4 and 

Ti(OPh)4) mentioned in the introduction (section 1.4.2), which yielded molecular weights of 

10,400  g mol-1 and 21,600  g mol-1, respectively, Ti-alkoxide complexes 8 and 10 afforded 

polymers of significantly lower Mn.14 Through the reduction of the number of active sites and 

addition of the bulkier ancillary ABP ligand, however, the Ti ABP complexes produced polymers 

with narrower dispersities (1.12–1.31) compared to the broad distributions obtained by 

Ti(OnPr)4 and Ti(OPh)4 (1.89 and 3.13, respectively). Although complexes 8 and 10 were less 

active than other Ti-alkoxide complexes (A14–A18, section 1.4.2), they afforded polymers of 

comparable molecular weights and dispersities when the reactions were carried out at higher 

temperatures (130°C).15-19 

Complex 18 with a glycine-derived ABP ligand afforded 86% conversion in six hours at 130°C, 

resulting in a polymer with an Mn of 8,200 g mol-1 and a dispersity of 1.14 (entry 11). This is a 

promising result, as the molecular weight had more than doubled from its performance in 

solution, but the dispersity had stayed narrow. At 110°C, 95% conversion were reached in 

26 hours, yielding a molecular weight of 6,000 g mol-1 and a dispersity of 1.25 for the polymer 

(entry 10). Further, complex 19 with a phenylalanine-derived ABP ligand achieved 95% in six 

hours at 130°C, the resulting polymer having a molecular weight of 6,000 g mol-1 and a dispersity 

of 1.37 (entry 14). This species was also found to be active at 80°C, yielding 64% conversion in 

24 hours (entry 12). The Mn of the polymer was determined as 2,800 g mol-1 with a dispersity of 

1.11. These results suggest that in terms of steric aspects, single oxo bridges and more flexible 

pendent arms on the ligands are beneficial towards the catalytic activity of the complexes in 

solvent-free polymerisations. Further, complexes 18 and 19 contain X-type carboxylate donor 

pendent arms, which could potentially improve the catalytic activity by making the metal centre 

more Lewis acidic.  

In order to examine the effect of the co-ligands on the metal centre, Ti-Cl complexes 9 and 14 

were studied (Figure 5.6). Complex 9 yielded 89% 130°C in nine hours, resulting in a polymer 

with a molecular weight of 3,500 g mol-1 and a dispersity of 1.18 (entry 5). At 110°C, 58% were 

reached in 22 hours (entry 4). Complex 14 produced 77% conversion in seven hours at 130°C 

(entry 9), however, was found to be inactive at lower temperatures. The Mn of the polymer was 

Figure 5.6: Complexes 9 and 14 for comparison. 
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determined as 3,400 g mol-1 with a dispersity of 1.18. These observations fall in line with 

literature examples, which have shown that TM-Cl complexes are sparsely active as ROP 

catalysts and often form a TM-alkoxide active species, which can initiate polymerisation.20-22 

These observations highlight the difficulty in extrapolating structure-activity relationships in a 

complex system of different ligand/co-ligand combinations. Moving from Ti to Mn, complex 20 

was found to be more active than in solution but still produced a polymer of fairly low molecular 

weight (2,600 g mol-1, entry 15). Bimetallic Mn complex 21, however, afforded a polymer with a 

higher Mn of 6,000 g mol-1 and a dispersity of 1.18 (entry 16), though it required 28 hours of 

heating at 130°C to reach 78% conversion. This might be attributed to the initial bimetallic 

species being inactive, and the propagation only beginning following an induction period where 

the active species is formed, which could involve the complex dissociating into monometallic 

units. Compared to the significantly better performance of Mn salen complexes in the literature 

(see section 1.4.2), these results show that there is room for improvement with respect to the 

design of the catalysts.23 V complexes 22 and 23 were again found to perform well, even at lower 

temperatures, though the dispersities were found to be broader than in solution, indicating a 

reduction of control over the polymerisations. Complex 22 was found to be active at 80°C, 

yielding 91% conversion in 24 hours (entry 17), whereas an increase to 110°C did not improve 

the performance significantly, reaching 88% in 22 hours (entry 18), while the polymerisation 

control was affected negatively. At 80°C, a molecular weight of 3,900 g mol-1 with a dispersity of 

1.24 was achieved, while at 110°C, a polymer with a molecular weight of 6,000 g mol-1 was 

detected, with a slight increase in dispersity to 1.47. When heated to 130°C, 88% conversion 

were reached in only two hours, but the molecular weight reached remained relatively low at 

3,100 g mol-1 (entry 19). Compared to literature reports by Clowes24, 25 and Ma,26 complex 22 

was found to be more active and convert the monomer significantly faster (24 hours vs. 72 hours 

at 80°C, see section 1.4.2), with similar results regarding Mn and dispersity. Moreover, complex 

23 was only found to be active at 130°C, reaching 78% conversion in six hours, resulting in a 

polymer with a molecular weight of 5,200 g mol-1 and a dispersity of 1.41 (entry 20). These initial 

results suggest that while the V complexes seem to be very active in the ROP of -CL, their ability 

to control the polymerisations appear to be highly dependent on the reaction conditions, calling 

for further investigations into their optimisation. These observations fall in line with reports in 

the literature, which described V complexes as active ROP catalysts, however, the majority of 

these complexes exerted low to moderate control over the reactions (see section 1.4.2).27, 28 As 

observed for the polymerisations conducted in toluene solvent, the observed Mn values are 

significantly smaller than the calculated Mn values, although the dispersities have stayed 

reasonably narrow in most cases. This indicates that while there seems to be good control over 
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the dispersity, there is little control over the molecular weight and there seem to be various 

different initiation events. 

Effects of Catalyst Loadings 

As all previous experiments were conducted with a metal–monomer ratio of 1:375, different 

catalyst loadings were trialled in order to examine the performance of the complexes with larger 

quantities of -CL. The temperature in these experiments was kept at 130°C, with five 

equivalents of benzyl alcohol added as an external initiator. The results are shown in Table 5.3.  

To begin with, the amount of -CL monomer added was doubled to 750 equivalents. The first 

complex studied was Ti-OMe compound 10, which delivered 85% conversion in 17 hours (entry 

1). As expected, this was considerably slower than under the previously loading, however, the 

molecular weight of the polymer was found to have more than doubled to 16,300 g mol-1 with 

a dispersity of 1.73, indicating a loss of control over the polymerisation, presumably caused by 

the prolonged reaction time. Complex 18 performed well, yielding 85% conversion in six hours 

(entry 2), though the polymer only reached a molecular weight of 4,500 g mol-1, which is slightly 

surprising as with 375 equivalents of -CL, a molecular weight of over 8,200 g mol-1 had been 

reached (Table 5.2, entry 11). A similar observation was made for complex 19, which gave near 

full conversion in six hours (entry 3), but the polymer also presented with a lower molecular 

weight than before. These results suggested that for the Ti complexes, adding more equivalents 

of monomer might not necessarily result in longer reaction times, however, a decrease in Mn 

can be observed, possible caused by a higher concentration of impurities contained in the larger 

amount of monomer. In the interest of further analysis, V complexes 22 and 23 were studied in 

order to investigate the effects of different catalyst loadings with other metals. Using complex 

22, three different metal–monomer ratios were trialled, as this compound had shown excellent 

performance with short reaction times earlier. To account for the larger amounts of monomer, 

all reactions were run for six hours. First, 500 equivalents of -CL were added and near full 

conversion was achieved in the reaction time (entry 4). The resulting polymer had a molecular 

weight of 8,000 g mol-1. For 750 equivalents of monomer, a high conversion of 95% was reached 

with a turnover frequency of 119 h-1, but the polymer only had a molecular weight of 

4,300 g mol-1 (entry 5). Lastly, a metal–monomer ratio of 1:1000 was applied, 73% conversion 

were recorded, again with a high turnover frequency of 122 h-1, and the Mn for the polymer was 

determined as 5,300 g mol-1 (entry 6). The dispersities for these runs ranged from 1.33–1.42, 

indicating only moderate control over the polymerisations. So far, the results for complex 22 

cover a large range for both molecular weights and dispersities, again confirming that while the 

complex exhibits decent activity, the reactions are lacking control over the polymerisations 

under the trialled conditions. Lastly, complex 23 was used with a metal–monomer ratio of 1:750, 
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which was again found to decrease the reaction rate (entry 7). In 17 hours, 85% conversion was 

reached, resulting in a polymer with a molecular weight of 4,500 g mol-1 with a dispersity of 1.15. 

These results suggested that a metal–monomer ratio of 1:375, as previously used, was beneficial 

with respect to keeping the reaction times short enough to ensure the polymerisations proceed 

in a controlled manner. 

Table 5.3: Results of solvent-free polymerisations of -CL at 130°C with 5 eq. of benzyl alcohol. a) 

Determined by 1H NMR spectroscopy of the reaction mixture. b) Determined in THF solvent at 25°C by GPC 

calibrated against polystyrene standards (see Experimental section for details). c) Mn
calc = 114 g mol-1 * [-

CL] * conversion. d) Mw/Mn, determined by GPC. e) Turnover frequency. 

Entry Complex 
[M]:-

CL 

Time  

[h] 

Conversion 

[%]a 

Mn
obs 

[g mol-1]b 

Mn
calc 

[g mol-1]c 
Đd 

TOF 

[h-1]e 

1 10 1:750 17 85 16300 72700 1.73 38 

2 18 1:750 6 85 4500 72700 1.15 106 

3 19 1:750 6 92 5200 78700 1.29 115 

4 

5 

6 

22 

1:500 

1:750 

1:1000 

6 

6 

6 

96 

95 

73 

8000 

4300 

5300 

54700 

81200 

83200 

1.36 

1.33 

1.42 

80 

119 

122 

7 23 1:750 17 85 4500 72700 1.15 38 

Effects of External Initiators and the Role of Water 

In order to investigate the effect of the added initiator, experiments with different amounts of 

benzyl alcohol were conducted. Further, polymerisation runs without the addition of an external 

initiator are reported. Table 5.4 lists the results of these polymerisations, utilising a 1:375 metal–

monomer ratio at 130°C. First, the polymerisation runs without the addition of benzyl alcohol 

should be compared. For Ti-OiPr complex 8, 81% conversion are reached in 17 hours (entry 1). 

Although significantly slower than with the addition of initiator (entry 2), a large increase in Mn 

to 20,200 g mol-1 is observed, presumably due to fewer chains being initiated. This improvement 

on control over Mn was accompanied by a broadening of the dispersity from 1.24 to 1.59, which 

was to be expected considering the prolonged reaction time. This result, however, raises the 

question if the ring opening of the monomer is in this case initiated through the isopropoxide 

group on the metal centre or through adventitious water. This will be investigated through 

MALDI-ToF mass spectrometry analysis of the polymers in section 5.3.3. Subsequently, Ti-OMe 

complex 10 was trialled under identical conditions and performed equally well with a high rate 

of ROP, the molecular weight of the resulting polymer was found to be only slightly lower at 

16,900 g mol-1 with a dispersity of 1.62 (entry 3). As with complex 8, there is an alkoxide group 

(-OMe) on the metal centre, which likely contributed to the initiation of the polymerisation. Ti 

complex 19 and V complex 23 both reached around 70% conversion in only six hours (entries 7 
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and 9), the former producing a polymer with a molecular weight of 14,900 g mol-1 and a 

dispersity of 1.30. Interestingly, while compared to the reaction in the presence of benzyl alcohol 

(see Table 5.2), the molecular weight doubled, but the dispersity did not change significantly. 

This suggests that the external initiator is not needed in this case, perhaps because there is a 

water co-ligand on both metal centres which could be initiating the ROP. The polymer produced 

by 23 showed a slight increase in Mn to 7,600 g mol-1 with a dispersity of 1.46.  

The effect of different amounts of added benzyl alcohol will be elucidated using only one of the 

examples, as the trends are very similar for all of the complexes investigated. As a typical 

example, complex 10 yielded a polymer with a molecular weight of 3,800 g mol-1 using ten 

equivalents of benzyl alcohol (entry 4), compared to 7,600 g mol-1 achieved with five equivalents 

(Table 5.2, entry 8). Upon addition of larger amounts of external initiator, the molecular weight 

is found to decrease to 3,300 g mol-1 for 20 equivalents (entry 5) and 2,900 g mol-1 for 

30 equivalents (entry 6). This result is unsurprising, as the initiator not only ring-opens the 

monomer but can also act as a chain-transfer agent, which consequently results in an increased 

number of (shorter) polymer chains. Moreover, an increase in reaction rate is observed upon 

addition of more benzyl alcohol, reducing the reaction time from seven to five hours. These 

observations make it obvious that a balance between optimising the reaction times and 

producing polymers with desirable properties needs to be struck when choosing the reaction 

conditions. While more initiator results in shorter reaction times and narrower dispersities, this 

improvement is counterbalanced by a reduction in molecular weights. 

Table 5.4: Results of solvent-free polymerisations of -CL at 130°C with a metal–monomer ratio of 1:375. 

a) Determined by 1H NMR spectroscopy of the reaction mixture. b) Determined in THF solvent at 25°C by 

GPC calibrated against polystyrene standards (see Experimental section for details). c) Mn
calc = 114 g mol-1 

* 375 * conversion. d) Mw/Mn, determined by GPC. 

Entry Complex 
BnOH 

[eq.] 
Time [h] 

Conversion 

[%]a 

Mn
obs 

[g mol-1]b 

Mn
calc 

[g mol-1]c 
Đd 

1 

2 
8 

- 

5 

17 

6 

81 

90 

20200 

3500 

34600 

38500 

1.59 

1.24 

3 

4 

5 

6 

10 

- 

10 

20 

30 

17 

7 

7 

5 

81 

88 

86 

87 

16900 

3800 

3300 

2900 

34600 

37600 

36800 

37200 

1.62 

1.19 

1.14 

1.15 

7 

8 
19 

- 

10 

6 

6 

69 

95 

14900 

8500 

29500 

40600 

1.30 

1.43 

9 

10 
23 

- 

10 

6 

6 

70 

75 

7600 

7500 

29900 

32100 

1.46 

1.45 
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In contrast to all of the previous experiments, control reactions were carried out solvent-free, 

under dry conditions and a nitrogen atmosphere. The aim of this was to compare the outcome 

of these optimised conditions to the experiments under non-dried conditions. The results are 

shown in Table 5.5. The bimetallic Ti-OiPr complex 8 was trialled first, as it was proposed that 

the isopropoxide co-ligand on the metal might be able to initiate the ring opening of the 

monomer. Therefore, no benzyl alcohol was added either. After heating to 130°C for 17 hours, 

only 27% conversion was reached, suggesting that although the isopropoxide group is able to 

initiate the ring opening of -CL, however in practice an external initiator is beneficial to reduce 

reaction times. The resulting polymer could be isolated, which was slightly surprising, as usually 

polymer would only precipitate from reaction mixtures achieving a higher conversion (>50%). 

This was attributed to the experiments under dry conditions being conducted on a four times 

larger scale to account for the size difference between the polymerisation vials and the Schlenk 

flask. GPC analysis of the product revealed a molecular weight of 3,600 g mol-1 and a dispersity 

of 1.13. Further, V complex 23 was assessed under dry conditions, but with the addition of five 

equivalents of benzyl alcohol. In six hours, a conversion of 58% was reached, yielding a polymer 

with a molecular weight of 2,900 g mol-1 and an excellent dispersity of 1.02.  

Table 5.5: Results of dry, solvent-free polymerisations of -CL under N2 with a metal–monomer ratio of 

1:375. a) Determined by 1H NMR spectroscopy of the reaction mixture. b) Determined in THF solvent at 

25°C by GPC calibrated against polystyrene standards (see Experimental section for details). c) Mn
calc = 

114 g mol-1 * 375 * conversion. d) Mw/Mn, determined by GPC. 

Complex 
BnOH 
[eq.] 

Temp.  
[°C] 

Time  
[h] 

Conversion 
[%]a 

Mn
obs 

[g mol-1]b 
Mn

calc 
[g mol-1]c 

Đd 

8 - 130 17 27 3600 11500 1.13 

23 5 130 6 58 2900 24800 1.02 

Concluding from this data, it becomes apparent that these air- and moisture-free conditions are 

in fact not ideal when utilising the complexes presented in this work. Considering that the aim 

here was to synthesise robust polymerisation catalysts that perform well under accessible non-

dry conditions, these are very encouraging findings, which perhaps might be the basis for future 

research on this project. 

5.3.3 Kinetic and Mechanistic Studies 

Further investigations of the reaction profiles of the polymerisation reactions were conducted 

by more frequent sampling of the mixtures. For all the kinetic experiments, a metal–monomer 

ratio of 1:375 was utilised under solvent-free conditions at 130°C. Firstly, bimetallic Ti-OMe 

complex 10 was investigated (Figure 5.7) with NMR samples taken every hour. As only a small 

drop of reaction mixture was removed during sampling, the change in volume was considered 

negligible. 
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An initial lag time in the first 30 minutes was observed, after which the polymerisation slowly 

started. During the first two hours, 14% conversion are reached, after this time, an increase in 

reaction rate is observed, which seems to slow down again after five hours. This initial lag time 

might be explained by the formation of an active species, which is more able to initiate the ring 

opening of the monomer. The structure of this active species presumably contains coordinating 

benzoxide initiator groups, which would most likely have to replace one of the original co-ligands 

on the complex, thus resulting in the lag time.  

Ti-OiPr complex 8 was utilised in order to compare the difference in activity to structurally similar 

complex 10, the result of this experiment is shown in Figure 5.8. In this case, the lag time was 

found to be longer, with a significant increase in reaction rate only observed after three hours 

of reaction time. Subsequently, a near-linear reaction profile was observed similar to the 

previous experiment. Again, this lag time might be explained by the formation of an active 

species, perhaps in this case the replacement of the metal co-ligand is less favourable and 

therefore requires more time.  

Figure 5.7: Plot of -CL conversion vs. time using complex 10. 

Figure 5.8: Plot of -CL conversion vs. time using complex 8.  
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Subsequently, V complex 22 was investigated, this was of particular interest as the reaction time 

had been found to be significantly shorter compared to the Ti complexes. The reaction profile 

can be seen in Figure 5.9. Near full conversion is reached in only two hours, therefore aliquots 

were taken every twenty minutes. Interestingly, no initial lag time is observed with this complex, 

after twenty minutes, a conversion of 22% is observed. The reaction was found to follow a linear 

profile from start to end, indicating that either the complex itself is the active species or that the 

formation of the active species happens instantaneously upon heating of the reaction mixture.  

To determine whether the coordinating water molecule is beneficial with respect to eliminating 

the lag time, the same experiment was conducted using Ti complex 19, also containing a water 

co-ligand. The reaction profile is shown in Figure 5.10. No initial lag time is observed, the 

reaction again follows a linear profile. This supports the hypothesis that the water molecule on 

the metal centre acts as an initiator in the ring opening of the -CL monomer, though this does 

not mean that this is the only path of initiation. Another active species, where a benzoxide group 

is coordinating to the metal, might still be formed in parallel, which will be investigated through 

further mechanistic studies in the following section. 

Figure 5.9: Plot of -CL conversion vs. time using complex 22.  

Figure 5.10: Plot of -CL conversion vs. time using complex 19. 
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Mechanistic Aspects  

In order to investigate the mechanistic aspects of these ROP reactions, experiments were 

conducted in a 1:1 ratio of metal to -CL, and the resulting species were analysed using a mixture 

of different techniques, including mass spectrometry and SCXRD. Further, the synthesised 

polymer samples were investigated using MALDI-ToF mass spectrometry, which allowed for the 

determination of the polymer end groups. In the following section, these mechanistic 

investigations will be described and the results will be connected in an attempt to form a 

preliminary picture of the mechanism of these polymerisation reactions using the broad 

spectrum of catalysts detailed here. 

Initiation and Propagation 

Firstly, the nature of the polymerisation was examined. To determine whether this ROP was in 

a fact a living polymerisation, a second batch of -CL was added sequentially, after the initial 

amount of monomer was fully converted. In theory, if the polymerisation is living, the 

propagation of the polymer chains should restart upon addition of the second batch of -CL and 

continue until it is also converted. A living polymerisation should only terminate upon 

quenching, for example through addition of acid. The results of these experiments are shown in 

Table 5.6. At the start of the experiment, 360 μL of -CL (375 eq.) were added to Ti-OiPr complex 

8 in toluene, along with five equivalents of benzyl alcohol. After 24 hours, near full conversion 

was reached. Subsequently, another 360 μL of -CL were added and the mixture was heated for 

another 24 hours, after which an overall conversion of 90% was recorded. The crude product 

was then quenched and worked up as before. The resulting polymer was analysed by GPC and a 

molecular weight of 12,100 g mol-1 was determined, with a dispersity of 1.69 (entry 2). A similar 

observation was made using Ti-OMe complex 10, where a polymer with a molecular weight of 

20,800 g mol-1 and a dispersity of 1.51 was produced (entry 4), compared to the 3,000 g mol-1 

achieved earlier (entry 3) with only one equivalent of monomer. These findings confirm that the 

nature of the ROP is indeed living, as the addition of more -CL after 24 hours continued the 

propagation of the polymer chains, and the molecular weight of the polymers increased 

accordingly.  
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Table 5.6: Results of solution polymerisations of -CL in 1 mL of toluene at 130°C with a metal–monomer 

ratio of 1:375(x2) and 5 eq. of benzyl alcohol. The second batch of -CL was added after 24 hours, then the 

reaction was heated for another 24 hours. a) Determined in THF solvent at 25°C by GPC calibrated against 

polystyrene standards (see Experimental section for details). c) Mn
calc = 114 g mol-1 * 375 * conversion. c) 

Mw/Mn, determined by GPC. 

Entry Complex -CL [eq.] 
Mn

obs 
[g mol-1]a 

Mn
calc 

[g mol-1]b 
Đc 

1 
2 

8 
375 

2 x 375 
2400 

12100 
38000 
85500 

1.09 
1.69 

3 
4 

10 
375 

2 x 375 
3000 

20800 
37200 
85500 

1.14 
1.51 

Subsequently, the initiation process was examined. For this purpose, experiments were 

conducted with a 1:1 ratio of metal to -CL monomer. Owing to the small amount of monomer 

added in this case, these experiments were conducted in toluene solvent at 130°C for 24 hours, 

with the addition of five equivalents of benzyl alcohol. Once the vials had cooled down, the 

solvent was removed under reduced pressure and the residual mixtures were analysed via 

1H NMR spectroscopy. Firstly, bimetallic Ti-OMe complex 10 was utilised for this study. The 

1H NMR spectrum of the reaction mixture suggested that the methoxide group had detached 

from the metal centre, as the characteristic peak at 3.98 ppm had disappeared. This could 

suggest that the methoxide group leaves the metal centre, presumably to allow for coordination 

of the benzyl alcohol. All the characteristic peaks of the monomer were still present with slight 

upfield shifts, however this cannot be classed as conclusive evidence that the monomer had 

ring-opened as these shifts might also be indicative of the initial coordination to the metal 

centre. Aside from these changes, the original resonances of the bimetallic complex were still 

present, giving a good indication that the complex had not broken into monometallic fragments. 

Based on these findings, the same experiment was repeated with double oxo-bridged Ti complex 

4. The mechanism for this compound was of particular interest, as it contains two oxo bridges, 

which might make the coordination of both initiator and monomer without breaking the 

bimetallic structure more complicated. The 1H NMR spectrum of the reaction mixture, however, 

suggested that the complex had broken up into monometallic fragments at least partially, as a 

multitude of different signals were detected, none of which aligned with the signals of the 

original complex, clearly indicating that a new species have formed. Further, in addition to the 

residual Ph-CH2-OH signal at 4.70 ppm of the unreacted benzyl alcohol, a new singlet had 

appeared at 5.12 ppm, indicating coordinated benzoxide (25°C, CDCl3). 
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To gain further insight into the nature of the active catalytic species, the reaction mixtures were 

analysed via ESI mass spectrometry. For complex 10, a bimetallic complex with two ring-opened 

monomer units capped by benzoxide, as shown on the left in Figure 5.11, is suggested. This is 

supported by a mass spectrometry signal at m/z 1543.91, which matches this species after 

fragmentation of the two methyl groups from the ligand pendent arms. 

Shown on the right in Figure 5.11 is the suggested catalytically active species for complex 4. In 

order to create space for the coordination of the initiator, one of the oxo bridges might have 

broken, leaving a single oxo-bridged bimetallic complex, again with one monomer/initiator 

group per metal centre. The presence of this species was corroborated by a signal in the mass 

spectrum at m/z 1640.95. These results support the initial assumption that in bimetallic species, 

both metals are able to grow a polymer chain independently. Further evidence for this is 

depicted in Figure 5.12, which shows a crystal structure of complex 10 with two benzoxide units. 

The crystals were grown from a reaction mixture after heating the complex with benzyl alcohol 

in toluene. The structure shows that upon heating, the benzyl alcohol initiator, which is added 

to the polymerisations, replaces the methoxide co-ligands on both metals. Based on this 

observation, future work might focus on the synthesis of a bimetallic complex with benzoxide 

co-ligands, which could potentially make the addition of an external initiator redundant. 

Unfortunately, the corresponding structure could not be recorded for complex 4 due to 

difficulties with the crystallisation of this species. 

Figure 5.12: Crystal structure of complex 10, where the two methoxide groups have been replaced by 

benzoxide groups (marked in green circle). 1H atoms and tBu groups are omitted for clarity. 

Figure 5.11: Proposed structures of catalytically active species with two ring-opened monomer from mass 

spectrometry evidence for complexes 10 (left) and 4 (right). 
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The experiments were then repeated in an NMR tube and variable temperature 1H NMR 

spectroscopy was performed on the samples. Catalyst (complexes 4 or 10), one equivalent of -

CL and five equivalents of benzyl alcohol were dissolved in d8-toluene. A 1H NMR spectrum was 

recorded at room temperature, then the sample was heated for 15 minutes, until a temperature 

of 90°C was reached. At this point, another spectrum was recorded. For both complexes, 

however, no significant changes in the NMR spectra were observed, which could be attributed 

to insufficient heating within the NMR magnet, or the temperature of 90°C simply being too low, 

which correlates to the complexes’ negligible activities at lower temperatures. Unlike in the 

polymerisation vials, the samples could not be heated above the boiling point of the solvent in 

the NMR tubes. Although no conclusions with respect to mechanistic aspects could be drawn 

from these experiments, the results do indicate an enhanced stability of the complexes towards 

heat, explaining any lag time that might precede the polymerisation reaction.  

The other possibility would be the momentary formation of a seven-coordinate complex, where 

the -CL monomer coordinates to the metal without an empty coordination site being created 

first. It is worth noting that the formation of a seven-coordinate Ti complex is not unprecedented 

in the literature.29, 30 Both of these transitions are presumably short lived, however, depending 

on the ligand pendent arm, steric strain is likely to be an important factor in the coordination of 

the monomer.  

End Group Analysis with MALDI-ToF mass spectrometry 

Based on the earlier findings that both benzyl alcohol and water could be used as initiators for 

the ROPs, the polymers were further analysed to determine the end groups on the polymer 

chains using MALDI-ToF mass spectrometry. Samples were prepared with a dithranol matrix and 

Figure 5.13: Typical MALDI-ToF mass spectrum of a PCL sample initiated by both benzyl alcohol and water. 

Polymerised using Ti-Cl complex 9, at 130°C, with 5 eq. of benzyl alcohol. 
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potassium iodide as the cationisation source. Figure 5.13 shows a typical MALDI-ToF mass 

spectrum of a polymer sample, where the reaction was run under non-dry conditions.  

Analysis of the spectra showed that in most polymer samples, polymer chains with two different 

end groups were present, namely benzoxide and a proton form benzyl alcohol initiation, and 

hydroxide and a proton end groups, from water initiation (Figure 5.14). This was indicated by 

the appearance of four series of peaks with repeat units corresponding to the molecular weight 

of a CL unit (114 Da). Each end groups are represented with two series, one with a sodium and 

one with a potassium counter ion. Though MALDI-ToF is a soft ionisation technique and is 

suitable for ionising molecules of masses over 2,000 Da, it was found that the shorter chains 

tend to be ionised more easily and therefore the larger chains detected by GPC might not be 

apparent in the MALDI-ToF mass spectrum. Interestingly, a few samples also presented with a 

third type of end groups, which were determined as a methoxide group and a proton. A typical 

spectrum for samples of this kind is shown in Figure 5.15. Ti complex 19, featuring only water 

co-ligands and a phenylalanine-based ABP ligand, was used to synthesise this PCL sample. The 

spectrum exhibits six signals very close together, as shown in the zoomed in area of the 

spectrum. It was found that in this sample, the polymer chains with the methoxide end groups 

did not have a proton on the other end, but a hydroxide group. This indicates that the ring 

opening of the monomer was initiated by water, with the methoxide group being picked up 

Figure 5.15: Example of a MALDI-ToF mass spectrum of a PCL sample initiated by both benzyl alcohol and 

water, with some chains containing -OMe end groups. Polymerised using Ti complex 19, at 130°C in toluene 

solvent, with 5 eq. of benzyl alcohol. 

Figure 5.14: PCL chains initiated by –OBn (left) and –OH (right). 
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during the work-up of the polymer sample, as there were no methoxide co-ligands on complex 

19. This had only occurred with a few samples, perhaps due to unintended variations in acidity 

of the acidified methanol used to quench the reaction mixtures. 

Lastly, the polymer samples obtained from the dry reactions under N2 atmosphere were 

examined. The polymer produced with V catalyst 23 and benzyl alcohol again showed two 

different end groups on the polymer chains, benzoxide and a proton or hydroxide and a proton. 

Even though great care had been taken to keep the conditions as dry as possible, experimental 

limitations with respect to drying reagents and subsequent storing of the dry reagents could not 

prevent residual amounts of water being present. Further, the experiment utilising complex 8 

without the addition of benzyl alcohol also showed water initiation, as pictured in Figure 5.16. 

In contrast to the initial hypothesis, no initiation through the propoxide co-ligands on the metal 

centre was observed, the only end groups found in this sample were hydroxide groups. 

5.3.4 Summary and Complex Comparison 

To summarise, it was found that all polymer chains were initiated by either benzyl alcohol or 

water, no participation of co-ligands already present on the metal centre was discovered. This 

might explain why Ti complex 19 and V complex 22 exhibited better activities than the other 

complexes as these species already had water co-ligands present, enabling a faster ring opening 

through elimination of the first step of initiator coordination to the metal. With respect to future 

complex design, it might be beneficial to have coordinated water molecules or benzoxide co-

ligands directly on the metal centres in order to minimise the lag time in the polymerisation 

reactions. For the complexes studied, methoxide co-ligands proved to be good leaving groups, 

followed by propoxide and then chloride groups, as complexes 9 and 14 exhibited significantly 

Figure 5.16: MALDI-ToF spectrum of PCL sample initiated by water only. Polymerised using Ti-OiPr complex 

8, with dried -CL and no BnOH. 
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lower activitites. Further, mechanistic studies strongly suggested that in bimetallic complexes, 

both metal centres are able to grow a polymer chain at the same time. For bimetallic complexes, 

single oxo bridges were found to be more beneficial than double oxo bridges, as mass 

spectrometry and 1H NMR spectroscopy results provided evidence that for the latter, at least 

one of the oxo bridges breaks in order to create a vacant coordination site for the initiator, which 

further contributes to the lag time. It could not be conclusively determined whether mono- or 

bimetallic complexes perform better, for lack of direct comparison. Monometallic complexes 

with alkoxide co-ligands tend to be unstable to moisture, and therefore the bimetallic complexes 

are usually formed upon prolonged exposure to residual water. As this work was aimed at 

finding robust and stable polymerisation catalysts, the efforts were focussed on the studies of 

the bimetallic complexes. The coordination mechanism of the -CL monomer could not be 

confirmed conclusively, but a plausible suggestion would be that the ligand pendent arm 

temporarily detaches from the metal centre, thereby creating space for the monomer. 

Unfortunately, we were unable to record any evidence of this short-lived intermediate. Lastly, 

X-type donor ligand pendent arms, i.e. the carboxylate ligands, were found to enhance the 

activity of the catalyst, presumably by increasing the Lewis acidity of the metal. 

5.4 Conclusions 

A range of Ti, Mn and V complexes was synthesised and showed activity as catalysts for the ROP 

of -CL. Some of these catalysts produced polymers of high molecular weight (up to 21 kg mol-1) 

and narrow dispersities. These complexes were found to be stable under a range of different 

conditions, even though the experiments were not conducted under dry or air-free conditions. 

Through variation of the reaction conditions, structure-activity relationships were proposed, 

which can be used as guidance for future catalyst design. MALDI-ToF mass spectrometry analysis 

of the synthesised polymers and NMR scale experiments in a 1:1 metal–monomer ratio provided 

some insight into the mechanistic aspects of the polymerisations. To conclude, a variety of 

robust polymerisation catalysts was synthesised and characterised, their successful application 

under non-dry conditions provided promising results with respect to potential larger scale 

applications in the future. 

5.5 Experimental Section 

5.5.1 General Considerations 

Starting materials were purchased and used as received from Merck, Acros and Fluorochem. 

Unless stated otherwise, experiments were carried out under ambient atmosphere. NMR 

spectroscopy data was acquired with a Bruker AVIII 300 MHz instrument or Bruker AVIII 400 
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MHz instrument at 298 K in CDCl3 unless specified otherwise. Electrospray ionisation mass 

spectrometry (ESI) was recorded using a Bruker micrOTOF II. Single-crystal X-ray diffraction data 

were collected on a Rigaku Oxford diffraction SuperNova diffractometer or a Bruker venture d8 

diffractometer with CCD detector with Mo-Kα radiation (λ = 0.7107 Å) or Cu-Kα radiation 

(λ = 1.5418 Å). The structures were solved by direct methods using SHELXS or SHELXT and 

refined by full-matrix least-squares on F2 using SHELXL interfaced through Olex2.31, 32 Molecular 

graphics for all structures were generated using Mercury. Complexes 22 and 23 were 

synthesised by final year undergraduate students Brendan Gallagher and Leonardo Amicosante. 

The size exclusion chromatography analysis of the polymer samples was carried out using a 

Shimadzu High Performance Liquid Chromatograph fitted with a 7.5 mm internal diameter 

Agilent GPC column. The signals were detected with a refractive index detector (Shimadzu RID-

20A). HPLC grade THF (99.8%, Acros Organics) was utilised as the eluent with a flow rate of 

1 mL min-1 with an oven temperature of 25°C. The measurements were calibrated against ten 

polystyrene standards in the molecular weight range of 162–364,000 g mol-1 and corrected using 

the Mark-Houwink parameters for PCL (K = 0.01395, α = 0.786)33 and polystyrene (K = 0.016, 

α = 0.706).34 MALDI-ToF mass spectrometry was performed on a Bruker UltraflexExtreme 

MALDIToF spectrometer, samples were prepared with a dithranol matrix and potassium iodide 

as the ionisation source. 

5.5.2 Complexes 20–23 

Synthesis of (L2A)Mn(OAc)(OH2) (20) 

Pro-ligand H2L2A (0.40 g, 0.8 mmol) was dissolved in methanol (50 mL). Mn(OAc)3.2H2O (0.20 g, 

0.8 mmol) was added, the colour immediately changed from colourless to purple. The mixture 

was stirred for two hours, then triethylamine (0.30 g, 0.4 mL, 3.0 mmol) was added. The mixture 

was stirred for two more hours, after which the solvent was removed under reduced pressure 

to give the crude product as a purple solid. Single crystals were grown from acetonitrile (0.33 g, 

64%). Due to the paramagnetic nature of this complex, NMR spectra could not be recorded. MS 

(ESI): m/z [C34H58MnN2O2]+• 577.3596 (M-(OAc)-(OH2)). 
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Synthesis of (L4A)2Mn2 (21)  

Complex 21 was synthesised according to 20, with pro-ligand H2L4A (0.30 g, 0.6 mmol), 

MnCl2.4H2O (0.12 g, 0.6 mmol) and NaOMe (0.07 g, 1.4 mmol) to give the crude product as a 

dark brown solid. Single crystals were grown from toluene (0.19 g, 59%). Due to the 

paramagnetic nature of this complex, NMR spectra could not be recorded. HRMS (ESI): m/z 

[M+H]+ 1099.6096; calcd [M+H]+ 1099.6102. 

Synthesis of (L5A)V(OH2)O (22) 

Pro-ligand H2L5A (1.08 g, 2.0 mmol) was suspended in ethanol (80 mL) and heated to 40°C to 

dissolve the pro-ligand. VO(SO4).3H2O (0.40 g, 2.0 mmol) was added and the solution turned 

dark blue. The solution was left to stir overnight, after which the solvent was removed under 

reduced. The crude was recrystallised from THF to give 22 as a dark blue solid (0.51 g, 43%). 

1H NMR (300 MHz, CDCl3): δ 7.21 (d, J = 2.5 Hz, 2H, ArH), 6.90 (d, J = 2.5 Hz, 2H, ArH), 4.23 (d, 

J = 13.1 Hz, 2H, CH2), 3.97 (d, J = 13.1 Hz, 2H, CH2), 3.51 (d, J = 13.2 Hz, 2H, CH2), 1.39 (s, 18H, 

CCH3), 1.26 (s, 18H, CCH3). 13C NMR (100.6 MHz, CDCl3): δ 168.9 (C), 152.8 (C), 132.0 (CH), 128.1 

(CH), 122.2 (C), 77.3 (C), 35.1 (CH2), 34.3 (CH2), 31.7 (C), 31.4 (CH2), 30.5 (C), 29.9 (CH), 29.4 (CH3), 

14.1 (CH3). HRMS (ESI): m/z [M-H]- 592.2821; calcd [M-H]- 592.2843. 

Synthesis of (L5A)V(OMe)O (23)  

Complex 23 was synthesised according to 22, single crystals of 23 were grown from DCM and 

methanol (0.68 g, 55%). 1H NMR (300 MHz, CDCl3): δ 7.28 (d, J = 2.4 Hz, 2H, ArH), 6.96 (d, 

J = 2.4 Hz, 2H, ArH), 5.70 (q, J = 7.0 Hz, 2H, CH2), 4.84 (d, J = 13.2 Hz, 2H, CH2), 3.73 (q, J = 7.1 Hz, 

3H, CH3), 3.63 (d, J = 13.2 Hz, 2H, CH2), 3.36 (s, 3H, CH3), 1.44 (s, 18H, CCH3), 1.30 (s, 18H, CCH3). 

13C NMR (100.6 MHz, CDCl3): δ 174.5 (C), 163.1 (C), 140.9 (C), 136.5 (C), 123.8 (CH), 119.6 (C), 
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81.2 (CH2), 64.9 (CH2), 63.3 (CH2), 56.8 (C), 35.2 (C), 34.3 (C), 31.9 (CH3), 30.0 (CH), 19.2 (CH3), 

13.9 (CH3). HRMS (ESI): m/z [M+H]+ 622.3293; calcd [M+H]+ 622.3307. 

5.5.3 General Procedure for Polymerisations of -CL 

Catalyst (5 mg, 0.03–0.1mol%) and -CL (360–960μL) were placed in a vial fitted with a PTFE-

lined screw cap. In the cases with an external initiator, benzyl alcohol (5–25 eq.) was added. For 

polymerisations in solution, 1 mL of toluene was added. The sealed vials were then heated (80–

130°C) for the appropriate time. Aliquots were taken for 1H NMR analysis to determine the 

conversion. After cooling down, the bulk was quenched with cold, acidified methanol and the 

precipitate was collected via gravity filtration.  

For the experiments under dry conditions, the catalyst was placed in a Schlenk flask. -CL 

previously dried over CaH2 and anhydrous benzyl alcohol were added and the mixture was 

heated under N2. Once cooled, the reaction mixture was opened up to air and worked up as 

before. 

GPC analysis: 5 mg of polymer sample were dissolved in 1 mL of HPLC grade THF and filtered 

through syringe filters with a pore size of 0.2 μm. 20 μL of sample were then injected into the 

GPC column.  
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Chapter 6 – Conclusions 

In this thesis, fourteen ABP pro-ligands and nineteen titanium complexes thereof were 

synthesised and fully characterised. The structures of the resulting complexes were found to be 

dependent on the steric and electronic properties of the ligands. For example, bimetallic 

complexes with methylpyridine pendent arms formed containing double oxo bridges, while 

complexes with more flexible pendent arms (e.g. ethanol, ethylmethoxy) formed single oxo 

bridges. The bimetallic titanium-oxo complexes were produced reliably in excellent yields by 

using metal precursors like titanium tetrachloride and titanium isopropoxide and crystallising 

the products from non-dried solvents. The resulting complexes were found to be stable to air 

and moisture, which was a key motivation for this project.  

The UV-vis absorption properties of the complexes were investigated and they were found to 

absorb wavelengths in the visible region, which was promising with respect to the ultimate goal 

of using natural sunlight to drive chemical reactions. The co-ligands on the metal centres were 

found to be critical for tuning the maximum absorption wavelengths. This indicates that 

bathochromic shifts of the absorption more into the visible region of the spectrum may be 

achieved by appropriate choice of metal precursors. A selection of these complexes was then 

trialled as photosensitisers for the generation of 1O2 under visible light irradiation. Good to 

excellent activities were achieved, both under continuous flow conditions and in batch 

reactions. A range of substrates for the trapping of the active 1O2 species was explored, including 

-terpinene, cyclopentadiene, 1,3-cyclohexadiene and anthracene. As hypothesised initially, 

these experiments confirmed that the titanium-oxo moieties of the complexes are crucial for 

the activities of the photosensitisers. These molecular titanium photosensitisers are among the 

first in the literature. So far, only monochromatic light sources were trialled, therefore future 

work should include the use of white light and ideally natural light. Further, structure-activity 

relationships with respect to the substituents on the ligands, as well as the co-ligands on the 

metal centres, were established. These might give inspiration for future research on this project, 

with focus on careful ligand design in order to optimise the photosensitising activities. While the 

performance of these titanium species is not yet on par with well-established noble metal 

photocatalysts, such as [Ru(bpy)]2+ and [Ir(bpy)]3+, these results are promising as titanium bears 

inherent advantages over these precious metals, such as high abundance, lower cost and low 

toxicity. Further, the stability of the newly established complexes in this work exceeds many 

second and third row transition metal complexes, eliminating the need for dry and oxygen-free 

reaction conditions. 

Moreover, the titanium ABP complexes were utilised as polymerisation catalysts for -

caprolactone and were found to have good activities, producing polymers with molecular 
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weights of up to 21,000 g mol-1 and reasonably narrow dispersities, indicating moderately to 

well-controlled polymerisations. Two manganese ABP complexes and two vanadium ABP species 

were introduced and trialled for comparison. While the manganese compounds were found to 

have only moderate activities, the vanadium species performed very well, affording high 

molecular weight polymers in short reaction times, albeit this improvement in rate came at the 

cost of significantly lower control over the polymerisations, as evidenced by the higher 

dispersities. This suggests that the titanium complexes strike a better balance between activity 

of the complexes and control of the polymerisations. The delicate interplay of steric and 

electronic factors is rarely examined in detail, which was attempted in this work by investigating 

a range of comparable complexes. Some conclusions regarding structure-activity relationships 

could be drawn, suggesting that the ligand design and the choice of co-ligands on the metal 

centres is crucial for the performance of the catalysts, though more work is required to gain 

better insight into the optimal catalyst design. Mechanistic studies revealed that bimetallic 

complexes are capable of growing a polymer chain from both metal centres. The external 

initiator (benzyl alcohol or water, as determined through MALDI mass spectrometry) was found 

to replace the co-ligand on the metal before initiating the ring opening of the cyclic ester 

monomer. It was hypothesised that the hemi-lability of the ligand pendent-arm enables the 

coordination of the -CL monomer and might later re-attach to the metal centre. Future work 

might include a closer inspection of the complex design, by changing the ABP ligand design or 

the co-ligands on the metal centres, for example to amine or amide groups. Further, polymetallic 

complexes represent a way to grow multiple polymer chains from a single complex, though this 

can result in lower control over the reactions. Appropriate catalyst design might increase the 

control over the polymerisations, which should be investigated by utilising larger titanium-oxo 

aggregates. 

Overall, robust titanium ABP complexes were synthesised and shown to be active 

photosensitisers, as well as polymerisation catalysts for the ROP of -caprolactone. Even though 

these complexes do not yet compare to state-of-the-art precious metal catalysts used 

industrially, they do represent an environmentally friendly, ‘greener’ potential alternative for 

both types of catalysis. The use of sustainable metals may come at the cost of lower activity, but 

perhaps environmental aspects are an equally important metric to measure the success of the 

catalysts. Through increased use in academic research, these might one day become suitable for 

larger scale, industrial applications. This work showed that there is a potential in these species, 

which is still underexplored to this day. With the aim of reducing the use of rare and expensive 

noble metals in catalysis, molecular titanium complexes will conceivably be the subject of future 

research in a bid to move to ‘greener’, more sustainable processes. 
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Appendix 

Crystal Data 

Pro-ligand H2L3C, Complexes 2 & 3 

 Pro-ligand H2L3C Complex 2 Complex 3 

Identification code Kb051 Kb011 Kb044 

Empirical formula C17H17Cl4NO3 C24H26Cl2N2O2Ti C22H22Cl2N2O2Ti 

Formula weight 425.11 493.25 465.20 

Temperature/K 273.15 100 100.0 

Crystal system triclinic monoclinic monoclinic 

Space group P-1 C2/c C2/c 

a/Å 9.4386(9) 23.5355(19) 26.5294(5) 

b/Å 9.9936(10) 17.0514(13) 16.0891(4) 

c/Å 11.0157(11) 14.7234(11) 11.6077(3) 

α/° 103.710(3) 90 90 

β/° 112.905(3) 103.536(3) 114.3010(10) 

γ/° 90.526(3) 90 90 

Volume/Å3 923.87(16) 5744.6(8) 4515.57(19) 

Z 2 8 4 

ρcalcg/cm3 1.528 1.973 1.494 

μ/mm-1 0.657 2.602 0.757 

F(000) 436.0 3294.0 2088.0 

Crystal size/mm3 0.3 × 0.17 × 0.13 0.12 × 0.01 × 0.01 0.09 × 0.01 × 0.02 

Radiation MoKα (λ = 0.71073) λ = 0.7288 MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
4.716 to 56.548 3.918 to 45.178 5.654 to 54.212 

Index ranges 

-12 ≤ h ≤ 12,  

-13 ≤ k ≤ 13,  

-13 ≤ l ≤ 14 

-24 ≤ h ≤ 24,  

-17 ≤ k ≤ 17, 

-15 ≤ l ≤ 15 

-33 ≤ h ≤ 34,  

-20 ≤ k ≤ 20, 

-14 ≤ l ≤ 14 

Reflections collected 12393 32605 74420 

Independent 

reflections 

4572 [Rint = 0.0374, 

Rsigma = 0.0413] 

3519 [Rint = 0.0743, 

Rsigma = 0.0410] 

4976 [Rint = 0.0326, 

Rsigma = 0.0117] 

Data/restraints/ 

parameters 
4572/0/229 3519/0/284 4976/0/278 

Goodness-of-fit on F2 1.048 1.071 1.052 

Final R indexes  

[I>=2σ (I)] 

R1 = 0.0375,  

wR2 = 0.0975 

R1 = 0.0378,  

wR2 = 0.1066 

R1 = 0.0350,  

wR2 = 0.1036 

Final R indexes [all 

data] 

R1 = 0.0437,  

wR2 = 0.1042 

R1 = 0.0497,  

wR2 = 0.1129 

R1 = 0.0396,  

wR2 = 0.1079 

Largest diff. 

peak/hole/ e Å-3 
0.68/-0.47 0.36/-0.37 0.48/-1.16 
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Complexes 5–7 

 Complex 5 Complex 5 Complex 7 
 

CCDC number 1992707 1992708 - 

C80H72N8O12Ti4 

1528.97 

100.15 

tetragonal 

I41/a 

21.7300(8) 

21.7300(8) 

16.3316(6) 

90 

90 

90 

7711.7(6) 

2 

1.959 

2.585 

4392.0 

0.21 × 0.11 × 0.09 

MoKα (λ = 0.7288) 

3.198 to 59.954 

-29 ≤ h ≤ 29, -29 ≤ k ≤ 29,  

-22 ≤ l ≤ 22 119071 

5198 [Rint = 0.0934,  

Rsigma = 0.0359] 5198/0/235 

1.136 

R1 = 0.0518, wR2 = 0.1639 

R1 = 0.0550, wR2 = 0.1699 

0.69/-1.01 
 

Identification code Kb021 Kb016 Kb023 

Empirical formula C24H27N2O3Ti C20H14Cl4N2O3Ti C80H72N8O12Ti4 

Formula weight 439.37 520.03 1528.97 

Temperature/K 120.01(10) 120.01(10) 100.15 

Crystal system trigonal triclinic tetragonal 

Space group R-3 P-1 I41/a 

a/Å 32.5530(11) 7.8843(2) 21.7300(8) 

b/Å 32.5530(11) 11.9265(4) 21.7300(8) 

c/Å 12.9542(5) 13.0653(5) 16.3316(6) 

α/° 90 79.281(3) 90 

β/° 90 74.536(3) 90 

γ/° 120 85.952(3) 90 

Volume/Å3 11888.4(9) 1163.14(7) 7711.7(6) 

Z 23 2 2 

ρcalcg/cm3 1.412 1.485 1.959 

μ/mm-1 0.443 0.851 2.585 

F(000) 5313.0 524.0 4392.0 

Crystal size/mm3 0.365 × 0.247 × 0.212 0.282 × 0.216 × 0.104 0.21 × 0.11 × 0.09 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.7288) 

2Θ range for data 

collection/° 
6.086 to 57.592 6.142 to 59.336 3.198 to 59.954 

Index ranges 

-36 ≤ h ≤ 43,  

-43 ≤ k ≤ 40,  

-16 ≤ l ≤ 15 

-10 ≤ h ≤ 10,  

-16 ≤ k ≤ 15, 

-18 ≤ l ≤ 17 

-29 ≤ h ≤ 29,  

-29 ≤ k ≤ 29,  

-22 ≤ l ≤ 22 

Reflections collected 42184 21157 119071 

Independent 

reflections 

6451 [Rint = 0.0636, 

Rsigma = 0.0472] 

5813 [Rint = 0.0367,  

Rsigma = 0.0404] 

5198 [Rint = 0.0934, 

Rsigma = 0.0359] 

Data/restraints/ 

parameters 
6451/0/275 5813/0/271 5198/0/235 

Goodness-of-fit on F2 1.037 1.020 1.136 

Final R indexes  

[I>=2σ (I)] 

R1 = 0.0458,  

wR2 = 0.1029 

R1 = 0.0364,  

wR2 = 0.0795 

R1 = 0.0518,  

wR2 = 0.1639 

Final R indexes [all 

data] 

R1 = 0.0598,  

wR2 = 0.1081 

R1 = 0.0466,  

wR2 = 0.0848 

R1 = 0.0550,  

wR2 = 0.1699 

Largest diff. 

peak/hole/  

e Å-3 

0.31/-0.35 0.50/-0.49 0.69/-1.01 
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Complexes 8–10  

 Complex 8 Complex 9 Complex 10 

CCDC number - 1992709 1992710 

Identification code KB315 Kb054 Kb081 

Empirical formula C37H63.37N2O3.5Ti C66H102Cl2N2O7Ti2 C68H108N2O9Ti2 

Formula weight 640.161 1202.19 1193.35 

Temperature/K 100.0 100.0 100.0 

Crystal system monoclinic monoclinic monoclinic 

Space group C2/c P21/c P21/n 

a/Å 21.2553(15) 16.1685(6) 23.3829(6) 

b/Å 10.8568(6) 11.5807(4) 13.0475(3) 

c/Å 32.2641(13) 17.4316(5) 24.3364(6) 

α/° 90 90 90 

β/° 102.428(4) 90.6268(17) 112.893(2) 

γ/° 90 90 90 

Volume/Å3 7270.9(7) 3263.74(19) 6839.9(3) 

Z 8 2 4 

ρcalcg/cm3 1.170 1.223 1.376 

μ/mm-1 2.274 3.233 4.326 

F(000) 2804.8 1292.0 2960.0 

Crystal size/mm3 0.12 × 0.04 × 0.02 0.18 × 0.16 × 0.06 0.13 × 0.12 × 0.03 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 
5.6 to 130.64 9.168 to 149.226 4.448 to 96.998 

Index ranges 

-24 ≤ h ≤ 24,  

-12 ≤ k ≤ 11,  

-37 ≤ l ≤ 38 

-20 ≤ h ≤ 20,  

-14 ≤ k ≤ 13,  

-21 ≤ l ≤ 21 

-22 ≤ h ≤ 22,  

-12 ≤ k ≤ 12,  

-23 ≤ l ≤ 23 

Reflections collected 36075 64722 44476 

Independent 

reflections 

6178 [Rint = 0.3063,  

Rsigma = 0.1827] 

6623 [Rint = 0.1261, 

Rsigma = 0.0664] 

6511 [Rint = 0.0748, 

Rsigma = 0.0510] 

Data/restraints/ 

parameters 
6178/69/435 6623/15/402 6511/87/807 

Goodness-of-fit on F2 1.035 1.053 1.048 

Final R indexes  

[I>=2σ (I)] 

R1 = 0.1008,  

wR2 = 0.2610 

R1 = 0.0496,  

wR2 = 0.1251 

R1 = 0.0643,  

wR2 = 0.1294 

Final R indexes [all 

data] 

R1 = 0.1786,  

wR2 = 0.3206 

R1 = 0.0749,  

wR2 = 0.1349 

R1 = 0.0984,  

wR2 = 0.1500 
Largest diff. 

peak/hole/ e Å-3 
1.66/-1.29 0.64/-0.41 0.55/-0.43 
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Complexes 11–13  

 Complex 11 Complex 12 Complex 13 

Identification code Kb080 Kb099 Kb052 

Empirical formula C99H153N3O12Ti3 C44H57N3O6Ti C34H55NO5Ti 

Formula weight 1720.92 771.82 605.68 

Temperature/K 100.0 100.0 273.15 

Crystal system hexagonal triclinic orthorhombic 

Space group P63/m P-1 Pna21 

a/Å 14.7484(4) 12.3152(3) 22.8209(18) 

b/Å 14.7484(4) 13.6880(3) 11.1285(11) 

c/Å 32.2311(12) 13.7730(3) 28.819(2) 

α/° 90 95.5790(10) 90 

β/° 90 113.0770(10) 90 

γ/° 120 104.1220(10) 90 

Volume/Å3 6071.5(4) 2022.41(8) 7319.0(11) 

Z 3.99996 2 4 

ρcalcg/cm3 1.079 1.267 1.102 

μ/mm-1 3.319 0.263 0.270 

F(000) 1951.0 824.0 2636.0 

Crystal size/mm3 0.22 × 0.43 × 0.3 0.5 × 0.46 × 0.36 0.16 × 0.09 × 0.06 

Radiation CuKα (λ = 1.54178) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
5.484 to 84.1 5.208 to 72.666 4.554 to 56.512 

Index ranges 

-12 ≤ h ≤ 12,  

-12 ≤ k ≤ 11,  

-27 ≤ l ≤ 27 

-20 ≤ h ≤ 20,  

-22 ≤ k ≤ 22,  

-22 ≤ l ≤ 22 

-23 ≤ h ≤ 30,  

-14 ≤ k ≤ 14,  

-38 ≤ l ≤ 37 

Reflections collected 31979 111457 72531 

Independent 

reflections 

1429 [Rint = 0.1750, 

Rsigma = 0.0567] 

19586 [Rint = 0.0290, 

Rsigma = 0.0215] 

17622 [Rint = 0.0677, 

Rsigma = 0.0630] 

Data/restraints/ 

parameters 
1429/286/263 19586/0/498 17622/202/838 

Goodness-of-fit on F2 1.083 1.039 1.030 

Final R indexes  

[I>=2σ (I)] 

R1 = 0.0968,  

wR2 = 0.2536 

R1 = 0.0362,  

wR2 = 0.0958 

R1 = 0.0619,  

wR2 = 0.1467 

Final R indexes [all 

data] 

R1 = 0.1381,  

wR2 = 0.2953 

R1 = 0.0450,  

wR2 = 0.1020 

R1 = 0.0860,  

wR2 = 0.1644 

Largest diff. 

peak/hole/ e Å-3 
0.59/-0.63 0.58/-0.58 1.99/-0.31 

Flack parameter - - 0.112(13) 
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Complexes 14–16  

 Complex 14 Complex 15 Complex 16 

Identification code Kb047 Kb050 Kb078 

Empirical formula C63H96Cl2N2O7Ti2 C63H96N2O8Ti2 C71H106N5O11Ti3 

Formula weight 1160.10 1105.20 1349.30 

Temperature/K 100.0 273.15 100.0 

Crystal system triclinic triclinic monoclinic 

Space group P-1 P-1 C2/c 

a/Å 12.2231(3) 15.2948(12) 36.6850(8) 

b/Å 15.9536(4) 18.9035(15) 14.8419(3) 

c/Å 21.8295(5) 20.2873(16) 33.1470(11) 

α/° 95.0510(10) 115.454(2) 90 

β/° 99.2810(10) 90.884(3) 121.5360(10) 

γ/° 110.1130(10) 113.190(2) 90 

Volume/Å3 3897.30(17) 4746.3(7) 15382.3(7) 

Z 2 4 8 

ρcalcg/cm3 1.139 1.184 1.165 

μ/mm-1 0.324 0.661 3.035 

F(000) 1432.0 1692.0 5768.0 

Crystal size/mm3 0.52 × 0.48 × 0.34 0.26 × 0.23 × 0.18 0.13 × 0.24 × 0.09 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 
5.29 to 72.64 4.456 to 56.626 5.652 to 149.776 

Index ranges 

-20 ≤ h ≤ 20,  

-26 ≤ k ≤ 26,  

-36 ≤ l ≤ 36 

-18 ≤ h ≤ 20,  

-25 ≤ k ≤ 25,  

-26 ≤ l ≤ 27 

-45 ≤ h ≤ 45,  

-18 ≤ k ≤ 17,  

-41 ≤ l ≤ 41 

Reflections collected 231091 49224 296748 

Independent 

reflections 

37748 [Rint = 0.0329, 

Rsigma = 0.0246] 

23307 [Rint = 0.0411, 

Rsigma = 0.0684] 

15800 [Rint = 0.0682, 

Rsigma = 0.0212] 

Data/restraints/ 

parameters 
37748/6/839 23307/6/824 15800/3/880 

Goodness-of-fit on F2 1.031 1.030 1.042 

Final R indexes  

[I>=2σ (I)] 

R1 = 0.0418,  

wR2 = 0.1180 

R1 = 0.0823,  

wR2 = 0.2411 

R1 = 0.0474,  

wR2 = 0.1413 

Final R indexes [all 

data] 

R1 = 0.0557,  

wR2 = 0.1278 

R1 = 0.1092,  

wR2 = 0.2611 

R1 = 0.0547,  

wR2 = 0.1486 

Largest diff. 

peak/hole/  

e Å-3 

1.55/-1.00 1.06/-0.76 0.93/-0.84 
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Complexes 17, 20 & 21 

 Complex 17 Complex 20 Complex 21 

Identification code Kb039 Kb113 Kb093 

Empirical formula C192H290N6O33Ti10 C36H57MnN2O5 C64H96Mn2N2O6 

Formula weight 3689.04 652.78 1099.33 

Temperature/K 100.0 100.0 100.0 

Crystal system triclinic monoclinic monoclinic 

Space group P-1 P21/n C2/c 

a/Å 19.2591(8) 14.3835(2) 33.299(10) 

b/Å 21.7152(8) 11.3501(2) 26.084(8) 

c/Å 28.3451(13) 23.3765(4) 17.742(5) 

α/° 79.663(2) 90 90 

β/° 76.260(2) 94.4440(10) 107.538(13) 

γ/° 77.897(2) 90 90 

Volume/Å3 11153.8(8) 3804.84(11) 14693(8) 

Z 12 4 24 

ρcalcg/cm3 1.066 1.232 1.182 

μ/mm-1 3.385 5.699 3.191 

F(000) 3541.0 1504.0 5653.0 

Crystal size/mm3 0.2 × 0.14 × 0.1 0.12 × 0.1 × 0.13 0.24 × 0.03 × 0.02 

Radiation CuKα (λ = 1.54178) CuKα (λ = 1.54178) CuKα (λ = 1.54178) 

2Θ range for data 

collection/° 
4.2 to 130.894 8.666 to 149.544 4.384 to 141.604 

Index ranges 

-22 ≤ h ≤ 22,  

-25 ≤ k ≤ 25,  

-33 ≤ l ≤ 33 

-18 ≤ h ≤ 17,  

-14 ≤ k ≤ 14,  

-29 ≤ l ≤ 29 

-40 ≤ h ≤ 40,  

-29 ≤ k ≤ 31,  

-21 ≤ l ≤ 21 

Reflections collected 196832 100906 133133 

Independent 

reflections 

36320 [Rint = 0.0627, 

Rsigma = 0.0410] 

7796 [Rint = 0.0669,  

Rsigma = 0.0276] 

13809 [Rint = 0.2542,  

Rsigma = 0.1507] 

Data/restraints/ 

parameters 
36320/18/2503 7796/3/453 13809/0/788 

Goodness-of-fit on F2 1.019 1.078 1.598 

Final R indexes  

[I>=2σ (I)] 

R1 = 0.0540,  

wR2 = 0.1411 

R1 = 0.0351,  

wR2 = 0.0945 

R1 = 0.1535,  

wR2 = 0.3411 

Final R indexes [all 

data] 

R1 = 0.0740,  

wR2 = 0.1546 

R1 = 0.0413,  

wR2 = 0.0978 

R1 = 0.3091,  

wR2 = 0.3987 
Largest diff. 

peak/hole  

/e Å-3 

1.55/-0.82 0.26/-0.37 2.04/-0.91 
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Complexes 22 & 23 

 Complex 22 Complex 23 

Identification code BG27 LA007 

Empirical formula C32H48NO6V C34H52NO6V 

Formula weight 593.67 621.70 

Temperature/K 100.0 100.0 

Crystal system monoclinic triclinic 

Space group P21/c P-1 

a/Å 14.6963(2) 9.3183(3) 

b/Å 30.4275(5) 12.4523(3) 

c/Å 17.4417(3) 15.3215(5) 

α/° 90 106.0570(10) 

β/° 98.4440(10) 103.0420(10) 

γ/° 90 91.6080(10) 

Volume/Å3 7714.9(2) 1656.60(9) 

Z 4 2 

ρcalcg/cm3 1.067 1.246 

μ/mm-1 2.465 0.343 

F(000) 2640.0 668.0 

Crystal size/mm3 0.15 × 0.18 × 0.05 0.28 × 0.2 × 0.04 

Radiation CuKα (λ = 1.54178) MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.808 to 149.584 5.05 to 61.064 

Index ranges -18 ≤ h ≤ 18, -37 ≤ k ≤ 37,  
-21 ≤ l ≤ 21 

-13 ≤ h ≤ 13, -17 ≤ k ≤ 15,  
-21 ≤ l ≤ 21 

Reflections collected 234881 56695 

Independent reflections 15791 [Rint = 0.2015,  
Rsigma = 0.0695] 

10119 [Rint = 0.0439,  
Rsigma = 0.0367] 

Data/restraints/parameters 15791/0/749 10119/33/406 

Goodness-of-fit on F2 0.984 1.036 

Final R indexes [I>=2σ (I)] R1 = 0.0892, wR2 = 0.2308 R1 = 0.0391, wR2 = 0.0928 

Final R indexes [all data] R1 = 0.1527, wR2 = 0.2831 R1 = 0.0548, wR2 = 0.1014 

Largest diff. peak/hole /e Å-3 1.12/-0.67 0.61/-0.45 

 

 


