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Abstract 

Chapter 1: Background information on the polymers relevant to the research described herein is 

provided. The structure, properties and synthesis of polylactide (PLA), polyhydroxybutyrate 

(PHB), polymandelic acid (PMA) and other polyesters are discussed. Further to this, in-depth 

literature reviews of the copolymerisation of lactide (LA) with β-butyrolactone (BBL) and 

polyesters from the ring-opening polymerisation (ROP) of orthocarboxy anhydride monomers 

are provided. General literature reviews of both metal-based and organic catalysts for the ROP 

of cyclic esters are included.  

Chapter 2: This chapter documents a range of group 4 amine tris- and bis(phenolate) complexes 

and their utility in the ring-opening polymerisation (ROP) of the cyclic esters lactide (LA) and 

β-butyrolactone (BBL). The synthesis and characterisation of a range of complexes based on 

novel and previously reported amine-phenolate ligands of varying steric bulk is reported. A 

number of zirconium and hafnium complexes were found to be efficient initiators for both LA 

and BBL. The stereoselective ROP of both LA and BBL under similar conditions was achieved 

with a limited number of these initiators. The challenging copolymerisation of LA and BBL was 

also possible, leading to block-like copolymers that were found to be amorphous based on 

thermal analysis. 

Chapter 3: The synthesis and ring-opening of mandelic acid orthocarboxy anhydride 

(manOCA), the activated equivalent of mandelic acid, is discussed. It was found that typical 

combinations organocatalysts and initiators such as 4-dimethylaminopyridine (DMAP) and 

primary alcohols gave poorly-controlled polymerisations. Specifically, racemisation of the 

monomer and transesterification led to low molecular weight atactic polymer. Decreasing the 

basicity of the pyridine catalyst was found to improve some aspects of the polymerisation but 

results were generally unsatisfactory. It was found that the combination of pyridine and the 

monomer’s parent acid, mandelic acid, yielded well-controlled reactions with predictable 

molecular weights and low polydispersities. Most importantly, a high degree of stereoretention 

of the monomer was achieved. For the first time, high molecular weight isotactic polymandelic 

acid (PMA) has been prepared. The glass transition temperature of these isotactic polymers was 

found to be ~105°C, the highest reported for PMA.  

Chapter 4: The experimental section gives general details of materials and analytical techniques 

as well as detailed preparations and characterisation data for all compounds synthesised. 

Procedures for the different polymerisation methods are included. 
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 Introduction 

Since the early discoveries of modern plastics in the first half of the 20th century, materials and 

technologies based on synthetic polymers have made huge advances, ultimately for the 

improvement of human living standards and quality of life. The current worldwide production of 

plastics is in the region of 250 million tonnes per annum,1 which serves a population of around 7 

billion people. With the population estimated to increase to 9 or 10 billion in the next 50 years 

and the continuing economic development of much of the world, the production of plastics is 

expected to increase year on year to meet the burgeoning demand.2 

This presents two problems for humanity. Firstly, the vast majority of polymers are derived from 

oil, which, whilst still reasonably abundant, is a finite resource. Increased production of the 

current commodity polymers, such as polyolefins, will lead to an increase in oil consumption. 

Secondly, and perhaps more importantly, is the serious environmental pollution caused by waste 

plastics. Indeed, 25 % of the 250 million tonnes produced per annum goes unaccounted for and 

conservative estimates say that ~ 5 billion tonnes of plastic enters the world’s oceans every year, 

equal to 10,000 kg every minute.3 The inherent longevity of most synthetic polymers resulting 

from their inert chemical structures means that they can persist for hundreds of years under typical 

environmental conditions.  

One method to counteract increased oil consumption and pervasiveness of plastics in the 

environment is through improved management and recycling of terrestrial waste plastic. Whilst 

recycling has become more popular across the globe, recycling rates vary from country to country 

but are generally low (<40 %) even in developed countries.1 The drawbacks are that, even with 

much higher recycling rates, not all plastics can be recovered. Mechanical and chemical recycling 

also consume considerable thermal energy and plastics cannot be endlessly recycled, meaning 

that eventually they will be burned for energy reclamation or landfilled.2 Considering these points, 

the necessity for polymers that are derived from renewable sources and that are degradable is 

clear.   
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1.1 Degradable polyesters 

Degradable polymers can be categorised in to three main groups: (1) biodegradable polyesters 

produced by microorganisms, typically polyhydroxyalkanoates (PHAs); (2) natural 

polysaccharides, polypeptides and other biopolymers which are also biodegradable; (3) synthetic 

polymers, specifically aliphatic polyesters. In this context biopolymers are specifically those 

produced in biological systems; accordingly, biodegradation is defined as that which is mediated 

by living cells, microorganisms, fungi etc. Of the three categories, synthetic polyesters currently 

provide the most economically competitive and scalable processes and allow access to materials 

with desirable physical and mechanical properties.2 In order for a degradable polymer to have a 

significant advantage in reducing environmental pollution, its lifetime under typical conditions 

needs to be much shorter than traditional polymers, and its degradation products non-toxic. Thus, 

polyesters which degrade to natural metabolites are of particular interest.  

1.1.1 Polylactide 

Polylactide fits in to the third group of degradable polymers, synthetic aliphatic polyesters, and is 

unquestionably the most important degradable polymer to date. It was the first commodity 

polymer to be commercially produced from annually renewable resources. It is reported to share 

many properties with polypropylene and is suitable for processing in current industrial equipment 

making it an ideal ‘drop-in’ technology. It can be formed into films and fibres for textiles, or 

injection moulded in to beverage containers. PLA is also suitable for food contact and related 

packaging applications,4 and has found use in load bearing medical implants such as stents and 

screws.5  

The monomer of PLA, lactide, is a dimer of the chiral α-hydroxy acid lactic acid. L-lactic acid is 

the naturally-occurring enantiomer which is isolated from the fermentation of glucose. D-lactic 

acid can also be produced by microorganisms or by racemisation of L-lactic acid. This chirality 

leads to three stereoisomers of lactide, which are commercially available: the pure enantiomers 

(S,S)-lactide (L-LA) and (R,R)-lactide (D-LA) as well as the (R,S) form (meso-LA) and the 

racemic mixture of (S,S) and (R,R) (rac-LA). These different isomers have different melting 

temperatures. Meso-LA is the lowest melting at 57°C, L-LA and D-LA melt at 97°C whereas rac-

LA has a higher melting point of 126-27°C owing to the stereocomplexation of the enantiomers.  

The commercial synthesis of lactide employed by Natureworks involves the formation of 

oligomeric PLA by the condensation of lactic acid.6 This prepolymer is then thermally cracked to 

give the cyclic dimer, which is purified by distillation. Typically, this gives a mixture of L-LA, 

D-LA and meso-LA. In the Natureworks process this purified lactide stream is fed directly into a 



5 
 

polymerisation system, where high molecular weight PLA is produced using an tin catalyst; the 

whole synthesis being achieved under solvent-free conditions negating the need for costly and 

environmentally deleterious solvents. Any unreacted monomer is removed and recycled.4 

Recent advances in the ring-opening polymerisation (ROP) of lactide have focussed on the 

development of stereoselective catalysts for the production of tactically enriched PLA from rac-

LA, and identification of more environmentally benign catalysts.7,8 

1.1.2 Stereochemistry of PLA 

The different lactide stereoisomers give rise to polymers with different microstructures. The 

possible tacticities of polylactide from the stereoisomers are shown in Figure 1.01. rac-LA can 

give atactic PLA, which is defined by a random arrangement of L-LA and D-LA units in the 

polymer chain, heterotactic PLA which has an alternating pattern of D-LA and L-LA units and 

isotactic PLA where all the LA units have the same stereochemistry. Isotacticity can be the result 

of only one of the enantiomers in rac-LA being polymerised, or from stereo diblock 

polymerisation. This is where the polymer chain consists of two isotactic blocks; one of poly-D-

lactide and the other poly-L-lactide. Homopolymerisation of L-LA or D-LA gives isotactic PLLA 

or PDLA respectively. Finally, meso-LA can give atactic and heterotactic PLA, but also 

syndiotactic PLA where the stereocentres are in the order -(R-S-R-S-R-S)- etc. Of course, varying 

degrees of these tacticities are possible and these are defined by the values Pr; the probability of 

racemic enchainment, and Pm; the probability of mesomeric enchainment, which are simply the 

inverse of one another. A Pr value of 1 indicates perfect heterotactic enchainment and 0 shows 

perfect isotactic enchainment, in the case of PLA. Atactic PLA has a Pr value of 0.5. The variable 

degree of tacticity arises from the effectiveness of any stereocontrol mechanism which is in 

operation. For polymerisations of L-LA or D-LA, where perfect isotacticity is expected, 

racemisation during the reaction can result in a degradation of Pr.   
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Figure 1.01: Microstructures of polylactide from rac-LA and meso-LA. 

Each monomer unit in the polymer chain is sensitive to the stereochemistry of the adjacent 

monomer units. For polylactide there are several possible discrete sequences of chiral centres. If 

the stereochemistry of two adjacent chiral centres is different, i.e. R-S, then this is a syndiotactic 

diad (s). Conversely, two similar adjacent chiral centres are labelled as an isotactic diad (i).  Two 

adjacent chiral centres are called a diad, three; a triad, four; a tetrad, and so on.   
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Figure 1.1.2.1: Examples of tetrads in isotactic di-block (top) and atactic PLA (bottom). 

The resolution of the PLA methine region at common 1H NMR frequencies (300 MHz – 500 

MHz) reveals tetrad sensitivity. The method of probing these tetrad sequences is homonuclear 

decoupled 1H{1H} NMR spectroscopy as each sequence exhibits its own signal. It is necessary to 

decouple the methyl and methine regions to resolve these signals. It has been shown, using high-

resolution NMR spectroscopy, that PLA shows at least hexad sensitivity. For the purpose of 

tacticity elucidation usually the tetrad signals are used. Atactic PLA from rac-lactide has 5 signals 

in the methine region representing the 5 tetrads, iii, iis, sii, sis and isi (Figure 1.1.2.2).9,10 In pure 

heterotactic PLA only the sis and isi tetrads are present, whereas purely isotactic PLA only has a 

single iii tetrad signal. The 1H NMR spectra of PLAs from meso-lactide have different peak 

distributions to polymers from rac, L and D-lactide due to the possibility of ss triads and not ii 

triads. 

 

Figure 1.1.2.2: Tetrad signals of the methine protons in 1H{1H} NMR spectra of atactic (left), 

heterotactic (centre) and isotactic (right) PLA from rac-LA. 

The relationship between the 1H{1H} NMR integral of each of these tetrads and the tacticity of 

the PLA is determined by Bernoullian probability.9 Table 1.01 gives the equations used to 

calculate the Pr and Pm values based on the tetrad integrals. Thus, the tacticity of PLA from rac-

lactide can be found by taking the integral of the sis tetrad, relative to the integral of all five 

tetrads, normalised to 1, and applying the Bernoulli probability: 

Integral of sis = (Pr
2)/2 

Pr = √(2sis) 

As an example, perfectly heterotactic PLA has an sis tetrad peak with an integral of 0.5, therefore 

Pr = √(2 × 0.5) = 1.0 
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Table 1.01: Tetrad probabilities based on Bernoulli statistics 

Tetrad 
Probability 

rac-LA meso-LA 

[iii] Pm
2 + PrPm/2 0 

[iis] PrPm/2 0 

[sii] PrPm/2 0 

[sis] Pr
2/2 (Pm

2 + PrPm)/2 

[sss] 0 (Pm
2 + PrPm)/2 

[ssi] 0 Pr
2 + PrPm/2 

[iss] 0 PrPm/2 

[isi] (Pr
2 + PrPm)/2 Pm

2/2 
 

Polylactide has limited use in higher temperature applications due its reasonably low glass 

transition temperature (Tg), a characteristic of is inherently flexible backbone. Table 1.02 shows 

that the microstructure of PLA influences its thermal properties, with different tacticities having 

Tgs between 34 – 60°C. Isotactic PLA is semi-crystalline and this is reflected in its higher Tg 

(~55°C) and Tm (~170°C). Syndiotactic PLA, which is usually amorphous, displays lower Tg and 

Tm whilst atactic and heterotactic PLA, also amorphous, have Tgs somewhere in between and no 

melting points are observed.  

Table 1.02: Thermal properties of different degradable polyesters 

Polymer Glass transition 
temperature Tg / °C 

Melting temperature 
Tm / °C 

Atactic PLAa 45–55 - 

Isotactic PLAa 55–60 170 

Syndiotactic PLAb 34 151 

Heterotactic PLAc <45 - 

Stereocomplex PLAb 65-72 220-230 
a Figures quoted from Jerome et al.,11 b figures quoted from Tsuji,12 c figures quoted from Nozaki 

et al.,13 

The greatest difference is observed when PLA forms a stereocomplex between poly-D-lactide 

(PDLA) and poly-L-lactide (PLLA). Stereocomplexed PLA has a higher Tg and much higher Tm 

(~220°C) as well as improved mechanical properties, and greater resistance to thermal and 

hydrolytic degradation. Stereocomplexes can be formed by mixing homopolymers of PDLA and 

PLLA but also by stereoselective polymerisation of rac-LA to give polymers which have similar 
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properties. Stereo-diblock and multiblock copolymers can be synthesised using an appropriate 

initiator to give polymers which behave similarly to stereocomplexed homo-PLA.12 

1.1.3 Copolymers of lactide 

One method of tailoring the properties of lactides is by copolymerisation with other cyclic esters. 

All aspects of the physical and mechanical properties of polymers, including thermal properties, 

can be modified through copolymerisation. The desire to diversify the potential applications of 

PLA necessitates the need to improve mechanical properties and tune the degradation rate. Thus, 

there are examples of copolymers of lactide with glycolide (GA),14 ε−caprolactone (CL),15 

trimethylene carbonate (TMC),16 γ−butyrolactone (GBL)17 and many others.18,19  

Generally speaking, copolymers with random and block distribution of the monomers units can 

be achieved via living ROP of LA with different cyclic esters. The distribution of the monomer 

units within the polymer chain is determined by the reactivity ratio of the monomers and the 

reaction conditions. Two monomers with very different reactivity ratios will tend to form block 

copolymers. Interestingly, the reactivity of caprolactone in homopolymerisations is greater than 

that of lactide. This leads us to believe that in a copolymerisation, the caprolactone should be 

consumed more quickly than the lactide. However, the opposite is observed and lactide is 

polymerised more quickly, leading to a block copolymer.20,21 This explained by the high 

probability of a LA addition in to a metal-caproyl linkage and the low probability of a CL addition 

to a metal-lactyl linkage. Similar results were seen with copolymerisations lactide of trimethyl 

carbonate22 or 1,5-dioxepan-2-one.5 

The thermal properties of copolymers are highly dependent on the sequence distribution of the 

monomers. If the sequence is random then the Tg is intermediate between the Tgs of the 

homopolymers and is proportional to the percentage of each monomer. For example, the Tg of a 

copolymer consisting of polymer 1 (Tg1) with volume fraction V1, and polymer 2 (Tg2) with volume 

fraction V2, is defined by the equation: 

Tg = V1Tg1 + V2Tg2 

If the copolymer has a more block-like distribution then the thermal properties are dependent on 

the resulting miscibility or separation of the phases. A copolymer with miscible phases and no 

phase separation should display similar thermal properties to the equivalent copolymer with 

random distribution. However, if the phases are separated then multiple thermal transitions, 

attributable to the discreet homopolymer blocks, may be observed. As with homopolymers, the 

annealing and processing conditions will affect the degree of phase separation and crystallinity in 

copolymers.  
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Copolymers of lactide with the abovementioned monomers, whose homopolymers have 

decreased Tgs, have lower Tgs (and Tms) than PLA. The lactide regions in block copolymers can 

retain some of the crystallinity of the homopolymer. Semi-crystalline PLA is a brittle material 

with a high modulus and poor impact strength. Copolymerisation with more elastomeric polymers 

with lower Tgs, such as polycaprolactone, can result in materials with lower tensile strength, 

greater elongation and increased impact strength.18 

1.1.4 Polyhydroxybutyrate 

Polyhydroxybutyrate (PHB) belongs to the family of biopolymers known as the 

polyhydroxyalkanoates (PHAs). PHAs are a class of natural, enantiomerically pure polymers with 

polyester functionality. The R- stereochemistry of PHAs is a consequence of the stereospecificity 

of the polymerising enzyme, PHA synthase.23 They are produced by a wide variety of microbes 

and algae as an energy and carbon store.24 There are over 100 known PHAs each with different 

structure and properties, a selection of which are given in Figure 1.02.25,26  

 

Figure 1.02: Examples of natural polyhydroxyalkanoates. 

The properties of PHAs vary widely from brittle plastics to rubbery elastomers, and melting points 

vary from 40°C to 180°C.27 Generally, PHAs with short side-chains and backbones are more 

brittle, increasing the side-chain length gives more elastomeric behaviour. By far the most widely 

studied PHAs are PHB, poly-3-hydroxyvalerate (PHV) and copolymers of these (PHVB).26 Other 

studied PHAs are poly-4-hydroxybutyrate (PH4B)28 and poly-3-hydroxyoctanoate (PHO).29,30  
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PHB is one of the most commonly occurring PHAs and is typically isolated with molecular 

weights (Mn) between 200 kDa and 3 MDa, with specific examples as high as 20 MDa, and a PDI 

of roughly 2. The perfect isotacticity results in crystallinities between 55 – 80%, with a Tg around 

4°C and Tm near 180°C.  The mechanical properties are not dissimilar from isotactic 

polypropylene; a Young’s modulus of 3.5 GPa and tensile strength of 43 MPa. However, 

elongation at break is only 5 %, which is far lower than polypropylene (400 %), meaning natural 

PHB is a brittle thermoplastic with limited applications.23 Its highly crystalline nature means that 

high temperatures are needed for processing. This, coupled with reasonably poor thermal 

degradation properties and the biochemical synthesis, means it is more expensive and difficult to 

manufacture than PLA on large scale.31 

An attractive synthetic route to PHAs is via the ROP of β- and γ-lactones. This could potentially 

give access to materials with a wide range of properties by introduction of different structural 

pendant groups and copolymerisation with other cyclic monomers.32 Much attention has been 

focussed on the ROP of β−butyrolactone (BBL), being one of the simplest β-lactones. This gives 

access to PHBs with different microstructures to those produced by living organisms.  

BBL and related β-substituted β-lactones have been described as peculiar in relation to other 

cyclic esters. Despite the intrinsically high ring-strain of the 4-membered ring, BBL does not 

readily ring-open. In contrast to the unsubstituted analogue β-propiolactone, which is highly 

reactive and can be polymerised by alkali metal salts, and higher lactones where ring-strain is 

considerably decreased, BBL is rather unreactive and typically polymerised extremely slowly by 

most initiators.33 Another quirk is that initiators which are highly stereoselective in the ROP of 

lactides may offer no stereocontrol in the ROP of BBL.32 However, the potential for materials 

with desirable and tuneable physical and mechanical properties makes them a worthy target for 

research.  

1.1.5 Stereochemistry of polyhydroxybutyrate 

Polymerisations of racemic BBL and enantiomerically pure (S)-BBL and (R)-BBL have been 

reported. At the time of writing, only rac-BBL is commercially available, with synthetic routes 

to the enantiomerically pure monomers being available.34 Unlike LA, BBL only possesses 1 

stereocentre. Therefore the alternating insertion of enantiomers in rac-BBL yields syndiotactic 

PHB in contrast to heterotactic PLA from the alternating insertion of D-LA and L-LA. This means 

that Pr values between 0.5 and 1 describe the degree of syndiotactic enchainment in PHB. The 

different possible microstructures of PHB are shown in Figure 1.03. 
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Figure 1.03: Microstructures of polyhydroxybutyrate. 

Like PLA, the microstructure of PHB can be analysed by NMR spectroscopy. There is precedent 

for using 1H NMR spectra to determine the tacticity.35 Figure 1.04 is a representation of the methyl 

region in 1H NMR spectra of atactic PHB. This displays 2 diad signals; s for syndiotactic linkages, 

i for isotactic linkages. These doublets are of equal intensity for atactic polymer.  

 

Figure 1.04: Methyl region of the 1H NMR spectra of atactic PHB. 

Unlike PLA, it is not possible to use 1H{1H} NMR spectra to resolve the peaks in the methine 

region of PHB, as these protons are also coupled to the methylene protons. For this reason the 

most common method is analysis of the 13C{1H} NMR spectrum. Figure 1.05 is a representation 

of the carbonyl, methylene and methyl regions in 13C{1H} NMR spectra of atactic PHB. The 
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methyl signal shows diad sensitivity making it simple to analyse, however, it is not always well 

resolved. The carbonyl signal displays greater resolution making it the most favoured signal. The 

methylene signal, which has triad sensitivity can also be used.36  

 

Figure 1.05: Carbonyl, methylene and methyl signals in 13C{1H} NMR spectra of atactic PHB. 

A detailed study on the stereochemical assignment of the NMR signals of PHB of varying 

tacticities synthesised using aluminium catalysts was completed by Hocking and Marchessalt.36 

A range of statistical models was applied to interpret the relative intensities of the observed diads 

and triads. Whilst no model fitted exactly the predicted intensities, the first-order Markovian 

model was reasonably accurate for syndiotactic and low isotactically enriched PHB. The 

Bernoullian model was disregarded as the triad intensities of the methylene carbons did not match 

well. An enantiomorphic model was suitable for isotactic PHB but less so for syndiotactic 

enrichment. Thus, the authors suggested a two-site model involving both first-order Markovian 

and enantiomorphic sites be considered. For the purposes of tacticity assignment herein, simple 

integration of the carbonyl i and s diads will be used. For example, if the relative intensities of the 

signals are observed as i = 0.35 and s = 0.65, then the tacticity will be reported as Pr = 0.65. 

1.1.6 Copolymers of LA and BBL 

Compared to the number of studies in to the copolymerisation of LA with other cyclic esters, such 

as caprolactone and valerolactone, investigations in to copolymerisation of BBL with cyclic 

esters, and specifically LA, remain scarce. This may, in part, be a consequence of the difficulties 

involved in polymerising BBL itself in a controlled way (vide supra). 

The first ventures into PLA-PHB copolymers in the 1990’s took a macro-initiator approach 

whereby naturally produced poly-(R)-hydroxybutyrate was subjected to acidic methanolysis to 

yield short chain (Mn = 2,200 Da) hydroxyl-terminated PHB. This short chain PHB was 

subsequently reacted with AlEt3 to give the macroinitiator species PHB-O-AlEt2, which was then 

used in the ROP of L-LA (Scheme 1.01).  
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Scheme 1.01: Synthesis of PHB-b-PLA diblock copolymer. 

From the analysis of the properties of the diblock copolymers by DSC and X-ray diffraction, it 

was concluded that both the PHB and PLA segments could form crystalline regions. By 

comparison against a PHB/PLA blend it was determined that the effect of the covalent linkage 

between the respective chain segments of the diblock was to decrease the rate of crystallisation 

and phase separation.37  

Haynes et al. used an unmodified, naturally sourced PHA, consisting of >90 % 3-hydroxybutyrate 

units and <10 % 3-hydroxyhexanoate units, as a macroinitiator in the ROP of L-LA.38 They 

reported that when tin(II)octoate was used as the catalyst, random transesterification and chain 

scission of the PHA competed with initiation of L-LA resulting in a random multiblock copolymer 

(Scheme 1.02). These random copolymers exhibited significant changes in thermal and 

mechanical behaviour compared with the homopolymers and blends of the homopolymers. 

 

Scheme 1.02: PHB-PHV-PLLA multiblock copolymer. 

Another study of PHB-b-PLA by Hiki et al. took a different approach to the macroinitiator 

methodology. 1,4-Butanediol was used as the initiator to polymerise BBL using a distannoxane 

catalyst.39 The resulting telechelic hydroxyl-terminated PHB was then used as the macroinitiator 

in the ROP of L-LA using tin(II)octoate catalyst (Scheme 1.03). This essentially formed a PLLA-

b-PHB-b-PLLA triblock copolymer with the PHB acting as a ‘soft’ block between the two ‘hard’ 

PLLA blocks. Contrary to the previous example, the authors showed that transesterification 

catalysed by tin(II)octoate did not occur; no 3HB-LA sequence signals were observed in the NMR 

spectra. 
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Scheme 1.03: Synthesis of PLLA-b-PHB-b-PLLA triblock copolymer using tin initiators. 

It was noted that the PHB block had a low degree of syndiotactic enrichment (Pr = 0.60 - 0.63). 

Thermal analysis of the triblocks suggested that, under favourable annealing conditions, the 

phases could be separated giving high degrees of crystallinity in the PLLA block. DSC 

thermograms of rapidly quenched samples showed, however, that the phases were miscible. 

Mechanical properties were found to be improved with PLLA as the ‘hard’ block compared with 

PHB alone. 

Oligomeric PLA-co-PHB was prepared by transesterification in the absence of a catalyst by 

reacting 1:1 mixtures of BBL and L-lactic acid, or 3-hydroxybutyric acid and L-lactide at 70°C. 

The short chain polymers were analysed my mass spectrometry to determine the random nature 

of the sequence distribution as well as the end-groups.40 

The first example of simultaneous ROP of LA and BBL was reported by Abe et al. in 1997.41 (R)-

BBL (92 % enantiomeric excess) was copolymerised with L-LA under solvent-free conditions at 

100°C using 1-ethoxy-3-chlorotetrabutyldistannoxane as an initiator (Scheme 1.04). Under these 

conditions the composition of the isolated copolymers matched closely the monomer feed ratios 

and molecular weights of up to 91,000 Da were achieved. By integration of the diad and triad 

signals in the 13C{1H} NMR spectra and comparison against the calculated Bernoullian statistical 

values, the authors were able to conclude that the sequence distribution of the (R)-HB and L-LA 

units was statistically random.  
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Scheme 1.04: Simultaneous ROP of R-BBL and L-LA using 1-ethoxy-3-

chlorotetrabutyldistannoxane catalyst. 

Thermal analysis of these random copolymers showed that the glass transition temperature 

increased from 4°C to 59°C as the percentage of L-LA increased from 0 to 100 %. Melting 

temperatures decreased from 176°C to 59°C as the L-LA content was increased from 0 % to 47 

%, and then increased from 115°C to 176°C as the percentage was increased from 70 % to 100 

%. Percentage crystallinity followed a similar trend going from 62 % to 42 % between 0 % and 

100 % L-LA respectively, with the copolymer being amorphous between 47 % and 70 % L-LA. 

Analysis of the rates of crystallisation by observation of spherulite growth showed that 

copolymerisation markedly decreased the rates of crystallisation of both PHB and PLA segments. 

Very recently there have been a number of examples of co-ROP of BBL and LA using non-tin-

based catalytic systems. Dibutylmagnesium was briefly explored by Liu et al. for use in the bulk 

copolymerisation of BBL and LA and was shown to be active for both monomers. The inclusion 

of BBL units in the copolymer chain was found to be comparable to the monomer feed ratio but 

no assessment of the sequence distribution was discussed. The observed polydispersity of the 

copolymer was broad (PDI = 2.29).42 

A series of aluminium salan and salen complexes was reported as being active in the co-ROP of 

BBL and LA and able to produce very well-controlled copolymers under solvent free conditions.43 

The work was based on previously reported aluminium complexes that are efficient and 

stereoselective initiators in the ROP of rac-LA. A chloro-substituted salan complex was found to 

be the most suitable for both monomers (Figure 1.06, right). 
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Figure 1.06: Semi-logarithmic kinetics plot of the copolymerisation of BBL and rac-LA (left) 

and the chloro-substituted aluminium initiator (right). 

The results from copolymerisations over a range of [BBL]0:[LA]0 ratios showed reasonable 

molecular weight control with very narrow polydispersities (PDI < 1.1); inconsistencies in the 

Mns were attributed to monomer decomposition at the high reaction temperature. Discrepancies 

between the monomer feed ratio and the copolymer composition were confirmed by kinetics 

studies which showed a strong preference for the insertion of rac-LA (kapp = 3.5 × 10-3 min-1) over 

BBL (kapp = 2.1 × 10-3 min-1) (Figure 1.06, left). At higher [LA]0:[BBL]0 ratios, long heterotactic 

PLA segments were observed by 1H NMR; only when the [LA]0:[BBL]0 ratio was 1:2 was a 1:1 

copolymer achieved. Based on the relative rates of insertion, the copolymer was described as 

gradient PLA-co-PHB. Thermal analysis of the polymers showed only single glass transition 

temperatures indicating no phase separation between the PLA and PHB segments. It was noted 

that the aluminium salan catalyst yielded only atactic PHB. 

Further to this, a dinuclear indium catalyst, which has previously been used in the controlled ROP 

of rac-LA, was used to synthesise PLLA-b-PHB-b-PLLA and PLLA-b-PHB-b-PDLA triblock 

copolymers by sequential addition of the LA and BBL monomers (Scheme 1.05).44 The 

polymerisations were conducted in THF at 25°C with a very low [M]0 of 1 mM; high conversions 
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were achieved for each monomer addition. Again, the catalyst was non-stereoselective for BBL 

yielding atactic PHB blocks. The PLLA-b-PHB-b-PLLA copolymer with an amorphous PHB 

block crystallised and melted at comparable temperatures to pure PLLA and PDLA, whereas the 

PLLA-b-PHB-b-PDLA analogue exhibited exclusively stereocomplex crystallinity (Tm > 200°C). 

Longer PLLA and PDLA blocks acted to increase the Tm suggesting that the crystallisation was 

hindered by the PHB block. 

 

Scheme 1.05: Preparation of PLA-PHB-PLA triblock copolymers using a dinuclear indium 

initiator. 

Examples of metal-free catalysts for copolymerisation of BBL and LA include N-heterocyclic 

carbene carboxylate salts and triflic acid. Mesityl substituted NHC carboxylate (IMes·CO2) was 

active in the simultaneous co-ROP of BBL with rac-LA or L-LA in toluene and toluene/THF 

solutions at 60°C (Scheme 1.06).45 Only low to moderate conversions were achieved after 5 hours 

whilst sequential polymerisations were unsuccessful, yielding a mixture of homopolymers. 1H 

NMR analysis gave the sequence distribution as largely block-like and not random. Mass spec 

analysis showed that (IMes·CO2) did not decarboxylate to give the free carbene during initiation, 

and that the mechanism of propagation of (IMes·CO2) was found to be via O-alkyl cleavage 

resulting in carboxylic acid end-groups. 

 

 
Scheme 1.06: Polymerisation of BBL using an NHC carboxylate initiator. 

Further to these examples of PHB-PLA copolymers, there are examples of copolymerisation of 

BBL with several other cyclic monomers including ε-CL,46,47,48 cyclic carbonates,49 and 

macrolides.50 
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1.1.7 Ortho-carboxy anhydrides (OCAs) 

The typical synthetic routes to polyesters are either through polycondensation or ring-opening 

polymerisation. ROP is generally preferred as it allows high levels of control over molecular 

weight and polydispersity as well as end-group functionality and tacticity. The drawback of ROP 

is that, due to the relatively low reactivity of the monomers, highly active initiators are required. 

These can be intolerant of functionalised monomers; transesterification and related side-reactions 

can be caused by side-groups such as alcohols and amines which leads to a loss of reaction 

control.51 Further to this, in the case of α-hydroxy acids, it is necessary to first convert them to 

their cyclic dimer via a condensation reaction. As shown in the synthesis of the dimer of 

phenylglycolic (mandelic) acid, mandelide, this can be problematic for sterically bulky 

monomers.52 

Another method is to convert the α-hydroxy acids in to 1,3-dioxolan-2,4-diones, also called ortho-

carboxyanhydrides (OCAs). The benefit of OCAs over cyclic esters is the large increase in 

reactivity due to the entropically favourable release of carbon dioxide augmenting the enthalpic 

relief of ring-strain. For example, the calculated thermodynamics of the polymerisation of LA are 

ΔH298K = -15.7 kcal/mol, ΔS298K = -32.2 kcal/mol and ΔG298K = -6.1 kcal/mol compared with 

ΔH298K = -19.5 kcal/mol, ΔS298K = -8.0 kcal/mol and ΔG298K = -17.1 kcal/mol for lactic acid 

orthocarboxy anhydride (lacOCA).53 This permits the use of much milder conditions, more 

tolerant initiators and sterically bulky monomers which may otherwise show low reactivity. The 

phenyl-substituted 1,3-dioxolan-2,4-dioxones (ortho-carboxy anhydrides) reported by Smith and 

Tighe54–56 are examples of activated equivalents of cyclic diesters with bulky side-groups. 

The high reactivity of aryl-OCAs and their facile racemisation was demonstrated by Tang and 

Deng in a paper describing the dynamic kinetic resolution of α-hydroxy acids.57 A range of 

racemic aryl-OCAs were synthesised in high yield then resolved in to single enantiomers using 

the modified chiral cinchona alkaloid catalyst DHQD(AQN)2 at low temperatures (Scheme 1.07). 

In the presence of 1.5 equivalents of ethanol at -78°C, the amine functionality in the 

DHQD(AQN)2 catalysed both the rapid racemisation of the OCAs and esterification yielding 

solely the R-α-hydroxy esters in enantiomeric excesses ranging from 60 – 96 %.  
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Scheme 1.07: Dynamic kinetic resolution of aryl α-hydroxy acids via aryl-OCAs using a modified 

chiral cinchona alkaloid catalyst. 

Kricheldorf and Jonté reported the synthesis and ROP of L-lactic acid ortho-carboxy anhydride 

(L-lacOCA). Tertiary nitrogen bases and potassium and titanium tert-butoxides were used as 

initiators in a range of polar solvents, including pyridine, at 20 or 100°C. It was observed that 

with potassium tert-butoxide or triethylamine as initiator, polymerisation was accompanied by 

some racemisation. Pyridine gave PLLA with at Tm of 124°C. All reactions yielded low molecular 

weight polymers (Mn  = 1,500 – 3,000 Da). The propagation was thought to proceed via a carbonyl 

carbonate species (Scheme 1.08), with the two main termination steps being either 

decarboxylation resulting in a less reactive hydroxyl, or by disproportionation of the carbonyl 

carbonate species with loss of CO2 to give 2 new carbonate species. It was concluded that OCAs 

are unsuitable for the preparation of high molecular weight polyesters.58 

 

Scheme 1.08: Proposed mechanism for the polymerisation of L-lacOCA using pyridine catalyst. 

In 2006 Thillaye du Boullay et al. revisited the ROP of L-lacOCA using the organocatalyst 4-

dimethylaminopyridine (DMAP).53 When run in CH2Cl2 at 25°C the polymerisations were 
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extremely rapid compared with LA, high conversion was reached in <5 minutes rather than days. 

The reactions were living with predictable molecular weights up to 60,000 Da and narrow 

dispersities (PDI = 1.16 – 1.34). Even after prolonged reaction times transesterification was not 

observed to a significant extent. A range of primary and secondary alcohols were all efficient 

initiators including 2-bromoethanol. The mechanism was suggested as being via nucleophilic 

activation of the monomer by DMAP, shown in Scheme 1.09, in keeping with the mechanism 

proposed for the ROP of L-LA by DMAP.59  

 

Scheme 1.09: Ring-opening of L-lacOCA using DMAP via an acyl-transfer mechanism. 

Further to this work, the same group published a DFT study on the mechanism of the ROP of 

lacOCA and LA.60 In accordance with DFT studies on the TBD catalysed ROP of LA,61 it was 

found that basic activation of the attacking alcohol by hydrogen bonding was favoured over 

nucleophilic activation of the monomer. The mechanism is shown in Scheme 1.10. 

 

Scheme 1.10: Ring-opening of L-lacOCA using DMAP via a hydrogen bonding mechanism. 

L-lacOCA has also been polymerised with rare-earth metal alkoxides. 

Neodymium(III)isopropoxide was found to facilitate high conversions after 4 hours at 25°C over 

a range of initiator loadings.62 The polymers possessed isopropoxy and hydroxyl end-groups 

expected from a typical coordination-insertion mechanism, however, the molecular weights were 

not well-controlled. In contrast, aluminium(III)isopropoxide was found to be inactive. 

An important example of a bulky OCA was reported by Yin et al. in their work on hydrophobic 

polymer-drug nanoconjugates.63 Polyphenyllactic acid, derived from L-phenylalanine via the 
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corresponding ortho-carboxyanhydride (L-pheOCA), was synthesised using hydroxyl 

functionalised drug molecules as initiators and Coates’ BDI zinc catalyst (Scheme 1.11).9 The 

molecular weights were predictable and well-controlled, reaching high conversions after 12 hours 

at 25°C. All tested drug molecules were efficient initiators with nearly 100 % drug incorporation 

in all cases. It was noted that DMAP was inactive under these conditions, possibly due to the 

tertiary nature of the alcohol or the sterics of the monomer. 

 

Scheme 1.11:  Drug-initiated ROP of L-pheOCA using a zinc(II)BDI catalyst. 

More recently there have been developments in the use of OCAs with challenging functional 

groups. Polymerisations of lactides derived from glutamic acid are problematic and do not 

proceed to high conversion even under forcing conditions. In contrast, the OCA derived from γ-

benzyl L-glumatic acid (L-gluOCA) was found to polymerise rapidly under mild conditions using 

the same DMAP/ROH initiator system (Scheme 1.12).64 Reaction rates were slightly greater than 

L-lacOCA indicating the side-group functionality had no detrimental effect, in contrast to the 

analogous lactides. The polymerisations were living and well-controlled with no observed 

racemisation. Well-controlled block and random copolymers of L-gluOCA and L-lacOCA were 

also synthesised by sequential and simultaneous addition of the monomers. Complete 

deprotection by hydrogenolysis was possible without compromising the polymer backbone giving 

a polyester with pendant carboxylic acid groups. 

 

Scheme 1.12: ROP of L-gluOCA followed by hydrogenolysis of the benzyl groups. 

Taking a similar approach, Pounder et al. synthesised stereoregular polymalic acid from the OCA 

of L-malic acid (L-malOCA).51 The DMAP/ROP initiator system facilitated well-controlled 

polymerisations of L-malOCA in analogy to L-gluOCA, however, impurities were observed in 

the NMR and MALDI spectra which could not be removed by precipitation. The major impurity 
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was identified as the result of misinsertion of a single monomer unit in the polymer chain yielding 

a carbonate linkage and a carboxylic acid end-group, as shown in Scheme 1.13. Optimisation by 

tuning the pKa of the pyridine catalyst led to well-controlled polymers without unwanted side-

products. Using 4-methoxypyridine (pKa = 6.6) proved the best compromise between activity and 

side-product formation. Decreasing the pKa further to 5.2 with pyridine resulted in inefficient 

initiation and decreased molecular weights. 

 

Scheme 1.13: ROP of L-malOCA using 4-methoxypyridine and misinsertion of monomer using 

DMAP. 

Similarly, the polyester derived from L-serine was synthesised from the benzyl-protected OCA 

L-serOCA.65 DMAP catalyst was used with different alcoholic initiators to give well-controlled 

polymerisations. Hydrogenolysis of the protecting group yielded a water-soluble, hydroxyl-

functionalised polyester. The benzyl protected monomer was also sequentially polymerised with 

L-lacOCA and L-pheOCA to give diblock copolymers (Scheme 1.14). This gives potential (after 

hydrogenolysis) for copolymers with blocks possessing opposite solubility characteristics.    

 

Scheme 1.14: Polymerisation of L-serOCA and copolymerisation with L-lacOCA and L-

pheOCA. 

Expanding the range of functionality in polyesters, an alkyne-protected analogue of the hydroxyl-

functionalised aromatic amino acid tyrosine has also been polymerised. A multistep synthesis was 
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needed to synthesise the L-tyrOCA monomer. In this study, the DMAP/pyrenebutanol initiator 

system furnished very well-controlled polymerisations achieving high molecular weights (Mns up 

to 116 kDa) closely matching theoretical values with very narrow dispersities (PDI = 1.02 – 1.15). 

The alkyne group allowed for post-polymerisation modification using thiol-yne click chemistry 

using 2,2-dimethoxy-2-phenylacetophenone (DMPA) photoinitiator under UV irradiation 

(Scheme 1.15).66 

 

Scheme 1.15: Polymerisation of L-tyrOCA and post-polymerisation modification of the side-

chain functionality. 

In summary, OCAs provide a convenient route to well-defined poly(α-hydroxy acids) that are 

not accessible via other synthetic routes.  

1.1.8 Substituted poly(α-hydroxy acids) 

Without modifications to the poly(α-hydroxy acid) (or polyglycolide) backbone, the most 

effective way to tune the glass transition temperature (Tg) of these degradable polymers is to 

increase or decrease the chain rotational barrier by altering the pendant side-groups. 

The glass transition temperature is one of the most important physical properties of a polymer as 

this dictates many of its possible applications based on its useful temperature range.67 For 

polymers, the glass transition temperature may be defined as the temperature at which a material 

changes between a glass-like solid and a rubber-like solid. Many physical and mechanical 

properties change upon heating polymers through their glass transition temperatures, including 

Young’s modulus, heat capacity, permeability and dimensional stability.68 This leads to the 

generalisation that a polymer with Tg above room temperature (glass-like at room temperature) is 

called a plastic whereas one with a Tg below room temperature is called a rubber (flexible at room 

temperature). Unlike polymer melting temperatures (Tm) which represent true first-order 

thermodynamic solid-liquid phase transitions, glass transitions are not true phase transitions and 
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are termed second-order thermodynamic transitions. Glass transitions do not have a sharp 

transition temperature and are characterised by a step change in the thermal expansion coefficient 

and specific heat capacity.69 

There are several experimental techniques for determining Tg, including differential scanning 

calorimetry (DSC), dynamic mechanical analysis (DMA), thermal mechanical analysis (TMA) 

and thermal expansion analysis (dilatometry). The most commonly used techniques are DSC and 

DMA. Experimental values for Tgs and Tms are dependent on a number of factors that can give 

significant variations for similar polymer systems. The experimental method used is important; 

DMA generally gives values ~15 K greater than DSC. Faster heating rates used in DSC analysis 

afford greater sensitivity at the expense of accuracy and vice versa. The purity of the polymer 

sample is also critical, where residual solvents, plasticisers and other low molecular weight 

impurities act to lower the Tg. The thermal history of the polymer can effect measurements 

therefore it is common practice to rapidly quench ‘molten’ samples to erase the history and give 

an amorphous polymer.67 Prolonged storage below Tg can allow sample relaxation towards 

equilibrium which is often observed in DSC traces as an endothermic peak in the glass transition 

step.70 

The movement of polymer chains in the bulk material can be modelled as translational motion 

where a chain diffuses through a convoluted pathway defined by other polymer chains, and chain 

segment movement where sections of the main chain rotate, kink and unkink.67 Thus, it can be 

surmised that the most important factor governing Tg is chain flexibility, specifically backbone 

flexibility. Incorporating rigid linkages in the polymer chain such as phenyl rings and carbonates 

can lead to very high Tgs, for example, polyethylene has a Tg of -120°C compared with the 

polycarbonate of bisphenol A, which has a Tg of 150°C. In accordance, selecting polymer 

backbones which are inherently flexible leads to materials with low Tgs. Steric hindrance caused 

by pendant side-groups also plays a significant role in chain flexibility by restricting rotational 

movements. Generally, increasing the steric bulk leads to increased Tg as in the case of 

polystyrene (Tg = 100°C) where the phenyl side-groups increase the Tg by 220 K compared with 

unsubstituted polyethylene. The inclusion of large but flexible side-groups, such as long chain 

alkyls, can actually decrease the Tg despite the sterics, as they can act as internal plasticisers and 

block dipole-dipole chain interactions. Increased symmetry leads to decreased glass transitions 

temperatures whereas increased polarity from the inclusion of polar side-groups increases inter-

chain interaction, thus restricting rotation and increasing Tg. 

Factors which affect the Tg of any particular polymer, regardless of backbone and side-group 

functionality, are molecular weight, crystallinity, and, in the case of chiral polymers, tacticity. 

The predicted relationship between molecular weight and Tg is Tg = Tg∞ - K/Mn, where Tg∞ is the 
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glass transition temperature of a polymer of infinite molecular weight and K is a constant.68 Whilst 

glass transitions only concern amorphous materials or the amorphous regions, crystallinity in 

polymers can influence the Tg. As crystallinity increases, the mobility of the amorphous regions 

becomes more restricted which is observed as an increase in Tg.71 The tacticity of a polymer 

influences the preferred orientation of the chains and their ability to pack regularly, and therefore 

also inherently affects Tg. 

Polyglycolides bearing alkyl substituents containing from 2 to >8 carbons (Figure 1.07, top row) 

have been investigated.67,72 Linear alkyl groups followed a trend of decreasing Tg with increasing 

number of carbons (polyethylglycolide Tg = 15°C, polyhexylglycolide Tg = -37°C). 

Polyglycolides with n-alkyl groups >9 carbons demonstrated no Tg due to the facile crystallisation 

of the pendant groups. Branched alkyl chains followed a similar pattern despite offering increased 

steric bulk (polyisopropylglycolide Tg = 56°C, polyisobutylglycolide Tg = 15°C), highlighting the 

trade-off between increased steric bulk and decreased dipole-dipole interaction. 

 

Figure 1.07: Glass transition temperatures of substituted polyglycolides. 

Glycolides bearing aryl substituents (Figure 1.07, bottom row) have been proposed as potential 

high Tg, degradable materials as replacements for polystyrene, something that is viewed as 

particularly challenging. Polyphenyllactic acid, the α-hydroxy acid analogue of phenylalanine, 

was found to have a Tg of only 50°C for high molecular weight material, despite the bulk of the 

phenyl ring and potential for π-π interactions.73 The lower than expected Tg was attributed to the 

methylene group distancing the aryl ring from the polymer chain. A parallel was drawn between 

polyphenyllactic acid and polyallylbenzene in relation to polystyrene, where the additional CH2 

unit decreases the Tg by ~30°C. The addition of a para-methyl group to the phenyl ring acted to 
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increase the Tg to 59°C. The direct α-hydroxy acid analogue of polystyrene is mandelic acid. In 

contrast to polylactic acid and polylactide, which have been very well studied and are now 

produced on a commercial scale, polymandelic acid (PMA) has received only limited attention 

despite offering a potential replacement for polystyrene. This may be a reflection of the 

difficulties associated with producing high molecular weight PMA in a controlled way. A 

selection of the methods that have been reported are discussed herein.  

It has been reported that polycondensation of mandelic acid and polytransesterification of methyl 

mandelate, 2 typical routes for the synthesis of polyesters, only produced low molecular weight 

PMA.74,52 

Kobyashi et al. demonstrated that when 6-membered cyclic phophites were heated with 

phenylglyoxylic acid in acetonitrile, polymandelic acid was one of the products.75 The proposed 

mechanism for the polymerisation was a deoxy-copolymerisation whereby the phosphite reduces 

the phenylglyoxylic acid in the process of forming a spiro acyloxyphosphorane. Under heating, 

the mandelic acid fragment of the spiro compound is susceptible to nucleophilic attack by the 

carboxylate end group of an initiating species or growing polymer chain. Polymers with molecular 

weight of up to 3,160 Da were produced by this method with one equivalent of cyclic phosphate 

produced for every monomer unit polymerised. NMR analysis of the polymer indicated atactic 

PMA.  

Following the successful preparation of polyglycolides from the corresponding haloacetic acids 

and tertiary amines,76 Pinkus et al. reported the preparation of polymandelic acid from α-

bromoacetic acid and triethylamine (Scheme 1.16).77  Only low molecular weight oligomers with 

between 12 and 20 repeated units were synthesised. No glass transition temperatures were 

observed and onset of thermal degradation was around 205°C. The PMA was described as having 

tacticity based on the presence of 2 CH singlets in the 1H NMR and 13C{1H} NMR spectra. The 

signals for all environments were broad, though this may be an artefact of the low resolution (90 

MHz) NMR spectrometer.  

 

Scheme 1.16:  Polymerisation of α-bromo phenylacetic acid with triethylamine. 
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Some of the first studies on the synthesis of polymandelic acid were reported by Smith and Tighe; 

they examined the ROP of phenyl-substituted OCAs. Initial studies used thermal decomposition 

to polymerise 5-methyl-5-phenyl-1,3-dioxolan-2,4-dione and 5-diphenyl-1,3-dioxolan-2,4-dione. 

Whilst 5-methyl-5-phenyl-1,3-dioxolan-2,4-dione decomposed smoothly to give polymer and 

carbon dioxide, ring fragmentation of 5-diphenyl-1,3-dioxolan-2,4-dione lead to some ketone 

formation. The mechanism shown in Scheme 1.17 was hypothesised to involved loss of CO2 to 

form an α-lactone which then rapidly polymerised.54  

 

Scheme 1.17: Thermal polymerisation of phenyl-substituted orthocarboxy anhydrides via an α-

lactone. 

Following this, polymerisations initiated with alcohols of varying steric bulk showed that a 

hydroxyl-initiated mechanism would prevail over a thermal one. However, the necessity to 

maintain a low concentration of growing chains in order to achieve high molecular weight meant 

that production of even moderate molecular weights was a slow process.55  

The most interesting results were observed when a series of pyridines was employed to catalyse 

the polymerisation of mandelic acid orthocarboxy anhydride (manOCA).56 The reactions were 

first order in pyridine and monomer and the rates were dependent on the pyridine substituents, 

with electron-donating groups increasing the rate and vice versa. The resulting polymandelic acids 

were found to have hydroxy and carboxylic end-groups implying that adventitious water was 

acting as the initiator. Increasing the moisture content acted to reduce the molecular weight but 

[pyridine] had no effect. Molecular weights (Mn) between 2,100 and 3,940 Da were achieved with 

narrow dispersities (PDI = 1.20 - 1.30). It was noted that addition of mandelic acid to the reactions 

significantly reduced the molecular weights (280 - 1,300 Da), depending on concentration, and 

gave very narrow dispersities (PDI = 1.07 - 1.11). When enantiomerically pure R- and S-

monomers were polymerised, optical activity was retained in the polymer. 1H NMR spectra of the 

polymers showed broad resonances centred at 7.29 and 6.08 ppm typical of atactic polymer. The 

role of the pyridine was hypothesised as being to aid decomposition of the monomer to carbon 

dioxide and the readily polymerisable α-lactone (Scheme 1.18). Thermal decomposition studies 

showed the onset of degradation at 205°C. 
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Scheme 1.18: Pyridine-catalysed polymerisation of mandelic acid orthocarboxy (manOCA) 

anhydride via an α-lactone. 

Another potentially attractive route to the production of polymandelic acid is via the ring-opening 

polymerisation of the cyclic dimer of mandelic acid, mandelide (Scheme 1.19). In analogy to 

lactide, the cyclic dimer of lactic acid, which has garnered huge academic interest and commercial 

success, ROP of mandelide could provide a feasible route to a practical and usable material. At 

the time of writing, however, the only known study on the ROP of mandelide was done by Liu et 

al. in 2007,52 a reflection of the challenges associated with this method. Unlike lactide which is 

simple to produce from the condensation of lactic acid, mandelide requires harsh conditions 

(reflux in xylenes for days) and produces a mixture of diastereomers in only moderate yields (~50 

%). The mandelides, especially rac-mandelide are poorly soluble in organic solvents making 

solution polymerisations difficult. With regards to melt polymerisations, rac-mandelide 

decomposes on melting (mp = 248°C) whereas the lower melting meso-mandelide (mp = 137°C) 

is labile under basic conditions and rapidly epimerizes to rac-mandelide. 

 

Scheme 1.19: Synthesis and tin-catalysed ROP of mandelide, the cyclic diester of mandelic acid. 

Despite these difficulties, the authors were able to polymerise a mixture of meso- and rac-

mandelide (3:1) using tin(II)octoate catalyst and 4-tert-benzyl alcohol initiator in acetonitrile at 

70°C. The meso-mandelide epimerised under these conditions precipitating rac-mandelide. 

However, the heterogeneous rac-monomer was solubilised as the reaction progressed and 

exhibited ‘living’ character. Melt polymerisations at 160°C using the same catalyst/initiator 

system were rapid (high conversion in <5 min) and gave predictable molecular weights with low 

PDIs (1.17 – 1.29). Melt polymerisation in the absence of added initiator ([M]/[C] = 500) 

produced high molecular weight polymers with Mns of 68,300 and 80,100 Da. Under all 
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conditions epimerisation occurred which resulted in the formation of exclusively atactic 

polymandelide. DSC and X-ray analysis showed the atactic polymer to be amorphous with Tgs 

between ~95°C for Mn of 16,000 Da and 100°C for Mn of 68,000 Da. Other comparisons against 

polystyrene showed similar physical and mechanical properties such as appearance after 

processing, solubility and rheology. Degradation studies in buffered phosphate solution at 55°C 

showed a gradual decrease in Mn and increase in PDI via bulk erosion at a rate ~100 fold slower 

than PLA. Onset of thermal decomposition was also similar to polystyrene at around 300°C. 

To circumvent some of the drawbacks associated with the polymerisation of mandelide, 

dicyclohexylglycolide was proposed by Jing et al. (Figure 1.07).78 Indeed, dicyclohexylglycolide 

was found to polymerise in toluene solution and under solvent free conditions to give high 

molecular weight (up to 100 kDa) polymer without the instability caused by the benzylic proton. 

Poly(rac-dicyclohexylglycolide) and poly(meso-dicyclohexylglycolide) were found to have Tgs 

of 98 and 96°C respectively whereas poly(R,R-dicyclohexylglycolide) displayed an increased Tg 

of 104°C.  

1.2 Metal-based polymerisation initiators 

1.2.1 Polymerisation mechanisms 

There are two main types of metal-based initiators employed in the ROP of cyclic esters, anionic 

and coordination-insertion. They initiate and propagate polymerisations by different mechanisms. 

In the case of β- and γ-lactones, anionic initiators proceed by nucleophilic attack at the monomer 

carbonyl and the β- or γ- carbon resulting in both acyl-oxygen and alkyl-oxygen bond scission 

and formation of propagating alkoxide and carboxylate species respectively.79 It is important to 

note that in the case of small chiral lactones, such as BBL, propagation via alkyl-oxygen bond 

cleavage results in inversion of the stereocentre, whereas acyl-oxygen cleavage gives 

stereoretention. In the case of lactide and larger lactones, only acyl-oxygen bond scission occurs 

with the propagating species being alkoxides (Scheme 1.20). 
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Scheme 1.20: Anionic initiation mechanisms. O-Alkyl and O-acyl bond cleavage in β-lactones 

(top) and O-acyl bond cleavage in LA (bottom). 

The coordination-insertion mechanism relies on coordination of the monomer carbonyl oxygen 

to the lewis-acidic metal centre. Initiation then occurs by attack of the alkoxide ligand, ring-

opening the monomer via O-acyl bond cleavage and leading to a propagating alkoxide species 

(Scheme 1.21). 

 

Scheme 1.21: Coordination-insertion mechanism. 

Possible side-reactions which can occur during ROP are inter- and intramolecular 

transesterification. These occur when a carbonyl in the growing polymer chain, rather than a 

monomer carbonyl, coordinates to the metal centre. In the case of intermolecular 

transesterification, this leads to chain transfer and broadening of the polydispersity. The result of 

intramolecular transesterification is the formation of cyclic products (Scheme 1.22). Generally, 

both are undesirable and can lead to a loss of reaction control, yielding lower quality polymer 

with less useful properties. 
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Scheme 1.22: Intramolecular (top) and intermolecular (bottom) transesterification mechanisms. 

The coordination-insertion ROP of BBL can also suffer from poor chemoselectivity with 

competition between O-acyl cleavage, which yields the desired propagating hydroxyl chain-end, 

and O-alkyl cleavage resulting in a carboxylic acid chain-end.46 PHB can also undergo 

crotonisation, an elimination reaction that results in chain scission and the formation of crotonate 

and carboxylic acid end-groups, in the presence of certain polymerisation catalysts.31 A possible 

mechanism for the formation of crotonate end groups in the presence of metal alkoxide initiators 

was proposed by Rieth et al. in their work on β-diiminate zinc catalysts. Based on the model 

compound 4-acetoxy-2-butanone, they hypothesised that a concerted E2 elimination reaction is 

responsible (Scheme 1.23). The limitation of this proposed mechanism is that, when applied to 

PHB, cis-crotonate end-groups would be formed contrary to the trans-crotonate end-groups 

observed in 1H NMR studies.31 

 

Scheme 1.23: O-alkyl and O-acyl cleavage in the ROP of BBL and formation of crotonate and 

carboxylate end-groups. 
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1.2.2 Group 1 initiators 

Early initiators of vinyl polymerisations were simple metal compounds such as group 1 metal 

alkoxides.80 These were effective for living polymerisation whereby growth of the polymer could 

be continued until termination. Such initiators have been used for ROP of lactide to produce 

polymers with high molecular weights (~40,000 Da).81  

Lithium is the only Group 1 metal to have been successful in introducing stereocontrol in the 

polymerisation of rac-lactide. Lithium tert-butoxide has been used to give heterotactic PLA with 

Pr values as high as 0.94 when polymerised at -20oC. Increasing the temperature and time of 

reaction reduced the stereocontrol indicating that transesterification was occurring.81,82 

Butyllithium has also been used as an initiator and gave modest heterotactic enrichment of PLA 

with Pr of 0.72,83 although transesterification reactions were also observed. Changing the metal 

from lithium to magnesium gave reduced stereocontrol with Pr of 0.63, but transesterification was 

absent. 

It has been shown that simple anionic and cationic initiators, such as metal alkoxides, are 

unsuitable for β-lactones as unwanted side-reactions such as chain-transfer, transesterification 

and formation of unsaturated crotonate end-groups are unavoidable.84,85 Generally, for anionic 

initiators it is necessary to use macromolecular or bulky ligands to polymerise β-lactones in a 

controlled fashion. Jedlinski et al. demonstrated that sodium R-3-hydroxybutyrate activated with 

a crown ether was able to polymerise S-BBL to give R-PHB with predictable Mns up to 20,000 

Da with narrow PDIs (<1.10). Alkyl-oxygen bond scission led to inversion of the stereocentre 

resulting in a fully isotactic polymer without the formation of crotonate end-groups.86   

1.2.3 Tin initiators 

Tin compounds have been used in the efficient ROP of lactide87 and β-butyrolactone.37,88 Tin(IV) 

compounds have been shown to be very active in the ROP of a range of cyclic esters including 

lactide and BBL. Sn(n-Bu)3OCH3 has been shown to polymerise β-butyrolactone giving methoxy 

and hydroxyl end-groups indicative of coordination-insertion and cleavage of the acyl-oxygen 

bond. Syndiotactic enrichments of up to Pr = 0.70 were achieved.88 Changing the catalyst to Sn(n-

Bu)2(OCH3)2 greatly improved the rate of polymerisation.37  

Tin(II)2−ethylhexanoate, also known as tin(II)octoate (Figure 1.08), is currently used to 

manufacture PLA on an industrial scale.87 It is industrially preferred due its solubility in molten 

lactide, high activity, low racemisation of the monomer and compatibility with protic impurities.4 

Mechanistic studies have shown that tin(II)octoate alone is neither catalyst nor initiator. It is the 
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reaction products of tin(II)octoate and protic impurities or added alcoholic co-initiators that are 

the active species.89  End group fidelity is possible by changing the alcoholic co-initiator. The 

drawback of this particular system is its tendency to catalyse transesterification which leads to 

increased polydispersity.  

 

Figure 1.08: Tin(II)octoate (left) and tin(II)triflate (right). 

Some tin salts have demonstrated improved activity and selectivity over tin(II)octoate. 

Tin(II)triflate, amongst others, is more active for ROP than tin(II)octoate and can produce 

polymers with controlled molecular weights and narrow PDIs.90 One drawback of tin compounds 

is their potential toxicity, which makes PLA containing residual tin catalyst less favourable for 

applications such as biomedical implants and microelectronics.91 It should be noted that tin-

catalysed PLA is FDA approved for food and medical applications. 

1.2.4 Aluminium initiators 

More recent developments in metal based initiators have focussed on discrete and well-defined 

metal complexes over homoleptic complexes. The first example of stereocontrolled ROP of 

lactide using a discrete metal initiator was in 1993 by Spassky et al. using a binap-salen 

aluminium complex (Figure 1.09, 1a-b). The initiator, (R)-SALbinaphtAlOCH, produced highly 

isotactic stereo di-block PLA from rac-lactide by favouring the insertion of D-lactide over L-

lactide in an enantiomorphic site control mechanism. At low monomer conversions, where [D-

LA] ≈ [L-LA], a Pm of 0.88 was achieved. At 70°C the D-lactide was polymerised 20 times faster 

than L-lactide (kD/kL = 20).92 A different study demonstrated that the same binap-salen complex 

produced highly syndiotactic PLA (Ps = 0.96) from meso-lactide.93 

Another chiral Schiff-base complex employing Jacobsen’s ligand demonstrated the opposite 

stereoselectivity to Spassky’s binap-salen complex, with the R,R-catalyst favouring L-lactide.94 

Again, highly isotactic PLA was produced with Pm values up to 0.93 in solution and 0.88 in the 

melt at 130°C.95 (Figure 1.09, 2). 



35 
 

 

Figure 1.09: Aluminium bis(phenolate) initiators. 

Achiral salen aluminium complexes have also achieved high levels of stereocontrol. Facile 

modifications to the backbone and substituents on the phenolate rings allowed excellent control 

over the steric and electronic nature of the ligands (Figure 1.09, 3). Extensive studies have led to 

optimisation of reaction rates, stereoselectivity and reduction of transesterification. It was found 

that a flexible propyl backbone coupled with sterically demanding ortho-substituents favoured 

isotacticity.96 In total, a large number of Al-salen compounds have been synthesised and 

investigated resulting in a library of initiators which are active and selective in the ROP of rac-

LA.84 

Reduced salicaldimines (salan) ligands have also been used in the stereocontrolled ROP of rac-

LA (Figure 1.09, 4a – 4d). By altering the substituents R1 and R2, a range of different 

microstructures could be accessed. When the phenoxy rings were unsubstituted i.e. R2 = H, then 

isotactic PLA was produced. When substituents were present on positions 3 and 5 of the phenyl 

rings, heterotactic PLA was produced. Altering R1 had an effect on the degree of isotactic 

enrichment; 4b gave greater stereocontrol (Pm = 0.79) than 4a (Pm = 0.68).97 

1.2.5 Zinc initiators 

Chamberlain et al. reported a series of beta-diiminate (BDI) complexes with varying steric bulk 

of the ortho-substituents (R1) were active in the ROP of cyclic esters (Scheme 1.24). Zinc(II)BDI 

complexes were found to be highly active (turnover frequency of 100 h-1 at 0°C) and highly 

heteroselective (Pr = 0.94) in the ROP of rac-LA, with the best selectivity observed when R1 = 
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isopropyl.9,98  The same isopropyl-zinc(II)BDI complex also demonstrated high activity in the 

ROP BBL with turnover frequencies of 150 h-1 at 23°C and as high as 2,250 h-1 at 75°C. Molecular 

weights were not proportional to [BBL]/[Zn] ratios, possibly due to crotonate formation. 

Polydispersities were narrow with PDI values between 1.06 and 1.20. Despite the high levels of 

stereoselectivity observed with rac-LA, only atactic PHB was produced from rac-BBL with this 

initiator. The analogous magnesium complex displayed similar activity in the ROP of rac-LA but 

initiation was slow resulting in broadened dispersities. Stereocontrol was absent, a surprising 

result compared to the isostructural zinc complex. 

 

Scheme 1.24: Zinc(II)BDI isopropoxide initiators. 

1.2.6 Group 3 and rare-earth initiators 

The first use of a group 3 metal in the ROP of β-lactones was by Spassky and co-workers in 1994. 

An homoleptic yttrium 2-methoxyethoxide complex Y(OCH2CH2OCH3)3 was found to be highly 

active under ambient conditions, although no stereocontrol was observed.99 This initial discovery 

has led to the development of a range of group 3 complexes suitable for the ROP of β-lactones 

and the related lactide monomers.32 Amongst the myriad group 3 and rare-earth metal complexes, 

bis(phenolate) complexes have been reported to show some of the highest activities and give very 

high levels of stereocontrol in the ROP of both rac-LA and BBL.100  
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Figure 1.10: Group 3 bis(phenolate) initiators. 

The scandium complex (Figure 1.10, 1) from a series rare-earth metal complexes synthesised by 

Ma et al.101 yielded heterotactic PLA with Pr of 0.95, when the polymerisation was conducted in 

THF at 25°C. However, the polydispersity was broad with PDI of 1.85, indicating poor reaction 

control. Addition of one equivalent of isopropanol to the reaction increased the heterotacticity 

slightly (Pr = 0.96) but improved the polydispersity (PDI = 1.55). Addition of two equivalents of 

isopropanol markedly reduced the PDI to 1.15 without significant detriment to the stereocontrol 

(Pr = 0.94). It should be noted that when these reactions were run in toluene the stereocontrol was 

drastically decreased (Pr = 0.67).  

Following on from work by Amgoune et al. on rare earth metal complexes,102 Liu et al. reported 

similar yttrium complexes (Figure 1.10, 2a – 2b) which gave heterotactic PLA with Pr values as 

high as 0.99.103 These complexes are also reliant on solvent THF for the high degree of selectivity; 

when run in toluene, the Pr value was reduced to 0.67. The postulated propagation mechanism 

shows the reversible coordination of THF to the metal centre to be fundamental to stereocontrol. 

One of the most impressive initiators for BBL is an alkoxy amine bis(phenolate) complex reported 

by Carpentier et al. (Scheme 1.25, 1c).104,105,102 A range of yttrium complexes with modified 

phenolate substituents were examined. The optimised complex, with cumyl substituents on the 

phenolate rings, was very active and highly stereoselective. Turnover frequencies were extremely 

high reaching 12,000 h-1 in both toluene and in bulk at 20°C. Polymerisation in THF proceeded 

considerably slower but gave very narrow polydispersity (PDI = 1.03). The selectivity for 

syndiotactic PHB was one of the highest reported with Pr up to 0.90 at 20°C, increasing to 0.94 

at -20°C.  

Another study by Bouyahyi et al.106 on yttrium amine bis(phenolate) complexes examined the 

effects of ligand electronics and sterics on the polymerisation. The previous reports of yttrium 

amine bis(phenolates) showed that stereoselectivity depended largely on the ortho-substituents of 

the phenyl rings.102 To define this relationship, a wider range of ligands bearing bulky ortho-

substituents (Scheme 1.25) was synthesised and tested in the ROP of rac-LA and BBL. 
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Scheme 1.25: Yttrium amine bis(phenolate) initiators bearing bulky ortho-substituents. 

The authors observed that the tacticity of PLA strongly followed the order of steric bulk of the 

ortho-substituents; Cl (Pr = 0.56) < CMe3 (Pr = 0.80) < CMe2Ph (Pr = 0.90) < CMe2(4-CF3-Ph) 

(Pr = 0.93–0.94) < CMe2
tBu (Pr = 0.94–0.95) < CPh3 (Pr = 0.95–0.96). This pattern was not 

adhered to, however, by the PHBs; Cl (Pr = 0.42–0.45) < CMe2
tBu (Pr = 0.62–0.70) < CMe3 (Pr 

= 0.80) < CMe2(4-CF3Ph) (Pr = 0.82–0.84) < CMe2Ph (Pr = 0.89) < CPh3 (Pr = 0.94). As with 

PLA, the bulkiest trityl (MePh3) groups produced PHB with the highest syndiotacticity, however 

the second bulkiest group, CMe2
tBu, gave significantly less stereocontrol. In fact substituents 

containing a phenyl ring gave the best syndiotacticity. DFT calculations showed weak C-H-π 

interactions between one of the methylene hydrogens of the ring-opened BBL monomer and the 

π cloud of the phenyl rings. This interaction gave the most stable structure for BBL but not for 

LA. It is interesting that different factors, solvent included, govern the stereoselectivity of PLA 

and PHB. This highlights some of the challenges in copolymerising LA and BBL in a controlled 

and stereoselective fashion. 

1.2.7 Group 4 initiators   

One of the most well-known and important uses of group 4 metals in modern chemistry is in the 

polymerisation of olefins. Ziegler and Natta first reported that transition metal complexes, 

including TiCl4, formed highly active catalysts for the production of linear polyethylene and 

isotactic polypropylene.107, 108 Since these initial discoveries using heterogeneous catalysts, there 

have been great leaps forward in the study and understanding of homogeneous ‘single-site’ 

polymerisation catalysts. It was first shown by Sinn and Kaminsky that zirconocene dichloride 

that was activated with methylaluminoxane (MAO) was very active in the production of perfectly 

random atactic polypropylene with turnover rates comparable to enzymatic systems.109, 110 When 

chiral ansa-bridged zirconocenes were introduced isotactic polypropylene became accessible.111 

This spurred great interest in this research area and over the following decade hundreds of patents 

and research papers were published. Evolution of chiral zirconocenes has yielded catalysts that 
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are extremely active whilst being highly stereoselective for either isotactic or syndiotactic 

polypropylene.112 For example, zirconocene B in Figure 1.11 can produce polypropylene with 

molecular weights up to 920,000 Da and with over 99 % isotacticity. 

In the context of ROP of cyclic esters, the most efficient catalysts are alkoxide complexes of 

magnesium, zinc, aluminium, yttrium and the lanthanides, group 4 metals and iron.113 

Comparatively, the group 4 metals zirconium and hafnium have received less attention than 

titanium and others.114  

 

Figure 1.11: Examples of zirconocene catalysts for the production of isotactic (A and B) and 

syndiotactic (C and D) polypropylene. 

Zirconocene based complexes have also been used in the ROP of cyclic esters as well as olefins, 

but examples are rare. Some example of such initiators are given in Figure 1.12. 

 

 
Figure 1.12: Zirconocene initiators for the ROP of cyclic esters. 

Ning et al. reported the use of neutral zirconocene bis(ester enolate) complexes for the ROP of L-

LA and CL.115 It was found that the cationic alkyl or alkoxy analogues were inactive for these 

cyclic esters. The C2 and C2v complexes were only marginally active compared to the Cs complex 

(Figure 1.12) which was >100 fold more reactive. The polymerisations displayed living behaviour 

absent of monomer epimerisation and concurrent with a coordination-insertion mechanism. 
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Group 4 phenolate complexes have also been shown to be effective olefin polymerisation 

catalysts.116,117 Following on from this, amine-phenolate type ligands have been used extensively 

to produce a range of group 4 complexes active in the ROP of lactide.118  

Amongst the simplest phenolate ligands are Schiff-bases, which are ready prepared by the 

condensation of a salicylaldehyde and an amine. Chmura et al. examined a set of chiral Schiff-

base complexes of titanium and zirconium, these are shown in Scheme 1.26.119 Only the zirconium 

initiators were active in solution, producing well-controlled polymers with moderate heterotactic 

enrichment (PDI = 1.08 - 1.23, Pr = 0.68 - 0.78) based on one growing chain per metal centre. In 

contrast to most metal alkoxide catalysts, the initiators performed comparably well when 1 

equivalent of water was added to the reaction highlighting their robust nature. Under solvent free 

conditions the Ti initiators were active, yielding atactic PLA. The Zr initiators retained their 

selectivity but lost some control under the more demanding conditions. It was noted, however, 

that their performance was undiminished when unpurified monomer was used. The chirality and 

ligand substituents had very little effect on the polymerisations. 

 

 

Scheme 1.26: Titanium and zirconium Schiff-base initiators. 

Gendler et al. have reported a series of dianionic and trianionic amine phenolate ligands and their 

complexes with titanium and zirconium (Scheme 1.27).113 Different wrapping modes were 

observed for the different ligand types with the dianionic bis(phenolates) giving hexacoordinate 

species and the bulkier trianionic tris(phenolate) giving pentacoordinate C3-symmetric 

complexes.  
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Scheme 1.27: Group 4 bis- and tris(phenolate) initiators. 

Whilst all complexes were active in the ROP of L-LA, the activity was dependent on the metal 

centre, its coordination number, and the substituents on the phenolate rings of the ligands. The 

zirconium complexes were much more active than the titanium analogues, with smaller phenolate 

substituents and pentacoordinate species also showing increased rate of polymerisation. This 

implies that a more open active site leads to higher activity.  

 

Scheme 1.28 shows a series of modified bis(phenolate) initiators, based on those in Scheme 1.27, 

which were trialled in the ROP of LA and CL. Whilst the majority of the initiators were inactive 

in toluene solution, under solvent free conditions the majority were active. The titanium initiators 

yielded only atactic PLA with greater than expected molecular weights and broader PDIs. The 

zirconium and hafnium analogues exhibited well-controlled reactions with isotactic selectivity 

(Pm up to 0.75). Generally, the tripodal ONNO complexes were less selective than the linear 

ONNO (salan) series and increased steric bulk also resulted in the formation of atactic PLA.114 
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Scheme 1.28: Modified group 4 bis(phenolate) initiators. 

Studies of titanium and zirconium complexes with a phenylenediamine bis(phenolate) ligand 

(Scheme 1.29) showed that whilst dinuclear species were favoured, mononuclear analogues could 

be prepared exclusively by modification of the stoichiometry and steric bulk of the alkoxide 

ligand. The dinuclear complexes were found to be less active than the mononuclear equivalents 

and yielded atactic PLA. Of the mononuclear complexes the titanium complexes displayed far 

higher activity than the zirconium counterparts, an unusual observation. Under solvent free 

conditions at 130°C, 300 equivalents of rac-LA were completely consumed in ca. 1 minute using 

the titanium complex; however, non-living behaviour was exhibited. When using the zirconium 

complex, it was observed that rac-LA was polymerised much more rapidly than L-LA, a 

characteristic of heterotactic selectivity. The zirconium complexes gave the greatest selectivity, 

Pr  values up to 0.87 were achieved at lower temperatures in toluene solution.120 

 

 
Scheme 1.29: Group 4 phenylenediamine bis(phenolate) initiators. 

Other examples of diamine backbones in bis(phenolate) salan-type ligands are piperazine and 

homopiperazine. Hancock et al. reported a series of group 4 piperazine and homopiperazine 

bis(phenolates) (Scheme 1.30). The titanium complexes of the piperazine ligands were isolated 

as dinuclear species and were reported to be more active than the traditional ethylenediamine 

bis(phenolates) under solvent-free conditions with quantitative conversion of 300 equivalents of 

rac-LA in 2 hours. Only atactic PLA with broad polydispersities was produced.121 The zirconium 
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and hafnium analogues were observed as di- and tetranuclear species in the solid-state and 

mixtures in solution, based on the ligand substituents. However, pure compounds could not be 

isolated for polymerisation studies. In contrast, the homopiperazine ligands formed 1:1 

monomeric complexes with zirconium and hafnium with unusual trans geometry, where the 

ligand is fully equatorial. The complexes were active in the ROP of rac-LA in toluene solution 

and under solvent free conditions yielding PLA with predictable molecular weights and low PDIs 

and some heterotactic bias (Pr ≤0.65).122  

 
Scheme 1.30: Piperazine and homopiperazine bis(phenolate) initiators. 

Recently there have been two examples of group 4 metal complexes being used in the ROP of 

BBL and other cyclic esters.123,124 The first were zirconium bis(imino)phenoxides (Figure 1.13, 

1a – 1b), which were tested for activity under solvent-free conditions with several cyclic esters. 

The bulk reactions; 80°C for BBL, CL and VL; 130°C for L-LA and rac-LA, and at 200:1 

[monomer]:[catalyst] ratio, reached near completion after several minutes in all cases. The 

polydispersities were reasonably narrow (PDI = 1.11 - 1.39) but the molecular weights were very 

high; several times the theoretical value in some cases. Whilst not quantified, it is claimed that 

heterotactic PLA and highly syndiotactic PHB are produced by both catalysts. The defining NMR 

spectra accompanying these claims are somewhat dubious, however, they do appear to show 

syndiotactic enrichment of the PHB.123 

The second such catalyst, reported by the same group, was based on the well-known Jacobsen 

salen ligand system (Figure 1.13, 2a – 2b).125 Both zirconium and hafnium complexes were 

reported and were tested against the same four cyclic esters under solvent-free conditions. 

Although conversions were not given, the molecular weights correspond well to theoretical values 

for 100% conversion. The rates were somewhat slower, with reaction times between 35 and 95 

minutes required for high conversion. The polymerisations appear well-controlled with very low 
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polydispersities (PDI = 1.01 - 1.08). Like the bis(imino)phenoxide catalysts, these salen catalysts 

are reported give syndiotactic PHB but only atactic PLA.124  

 

Figure 1.13: Group 4 metal complexes of Schiff-bases (left) and salen ligands (right). 

Whitelaw et al. investigated a ligand set that combined aspects of salen and salan ligands, these 

ligands being referred to as salalen (Scheme 1.31).  When complexed to group 4 metals the ligands 

occupied fac-mer geometry with the salan fragment fac and the salen mer. All complexes 

displayed high activity in the ROP of rac-LA in solution and in bulk. Molecular weights were 

generally well-controlled and PDIs reasonably narrow (1.08 – 1.82), more so for the Zr and Hf 

complexes. Despite having showing lower activity than Ti and Zr, the hafnium initiators with R3 

= Me were able to impart moderate isotactic selectivity on the polymerisation (Pr = 0.30 – 0.25).126 

 
Scheme 1.31: Group 4 salalen initiators. 

Further studies on the complexes where R1 = R2 = H, R3 = Me and R1 = R3 = Me, R2 = H, showed 

that upon addition of methanol during workup the long chain polymer was depolymerised to 

methyl lactate and methoxy-ended oligomeric PLA. Depolymerisation of a range of PLAs using 

methanol and ethanol was achieved using these highly active catalysts as a potential route to 

chemically recycling PLA.127 
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The work by Davidson et al. on group 4 initiators, is an example of complexes with uncommon 

C3-symmetry (Figure 1.14, 1a - 1c).128 Similar to the zirconium amine tris(phenolate) complex 

reported by Gendler et al.,113 an isopropoxide initiating group rather than a tert-butoxide was 

employed. In toluene solution the zirconium and hafnium initiators were found to give exquisite 

stereocontrol in the ROP of rac-lactide with Pr values as high as 0.98. Under solvent-free 

conditions, activity was high with 95% conversion within 30 minutes whilst retaining living 

behaviour (PDI = 1.19-1.22). The titanium analogues gave atactic PLA under all conditions. What 

sets these initiators apart is their ability to maintain stereoselectivity under solvent-free high-

temperature conditions; Pr values up to 0.96 were reported for the zirconium analogue. The high 

efficiency of stereoselectivity observed for these complexes is attributed to inversion of axial 

chirality during chain propagation. This alternating stereochemistry at the metal centre favours 

heterotactic enchainment via dynamic enantiomorphic site control. 

 

 

Figure 1.14: Group 4 amine tris(phenolate) complexes. 

Whitelaw et al. have reported a series of pseudo-C2 symmetric titanium and zirconium amine 

tris(phenolate) complexes, related to the C3-symmetric amine tris(phenolate) complexes, which 

are active in the ROP of rac-lactide and other cyclic monomers (Figure 1.14, 2a - 2d).129 All 

reported zirconium and most titanium complexes are active for ROP of rac-lactide in both toluene 

solution and in the bulk at 130°C. The polymers initiated with 2c and 2d showed slight heterotactic 

enrichment (Pr = 0.6) both in bulk and in solution whereas the titanium complexes all gave atactic 

polymers. It is interesting to see how desymmetrisation of a highly stereoselective C3-symmetric 

initiator128 to pseudo-C2 symmetry results in near total loss of stereocontrol.  

Scheme 1.32 shows a different type of titanium tris(phenolate) complex, which was shown to be 

active and stereoselective in the ROP of rac-LA, an unusual observation for a titanium initiator.130 

Reactions run in toluene or CHCl2 at different temperatures reached high conversion after 

multiple hours and demonstrated well-behaved living characteristics (PDI = 1.06 – 1.21). 

Reasonably high levels of heterotacticity were achieved (Pr = 0.79 – 0.82) regardless of the 
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reaction temperature or solvent, with the stereocontrol mechanism being hypothesised as chain-

end controlled. 

 
Scheme 1.32: Titanium tris(phenolate) initiator. 

Inclusion of N-heterocyclic carbene (NHC) functionality into a phenolate ligand has given a 

highly selective initiator for rac-LA (Scheme 1.33).131 The complex was active in CDCl2 solution 

at room temperature giving PLA with predictable molecular weights and very narrow dispersities 

(PDI = 1.02 - 1.08) and very high heterotacticity (Pr > 0.95). Activity and selectivity were also 

maintained when unpurified monomer was used and when benzyl alcohol was used as a chain 

transfer agent.  

 
Scheme 1.33 Zirconium NHC bis(phenolate) initiator. 

Examples of non-phenolate group 4 complexes that have been used in the ROP of LA include 

cyclam based initiators132, β-diketonates133 and dithiodiolates (Figure 1.15).134 

 
Figure 1.15: Cyclam (left), β-diketonate (centre) and dithiodiolate (right) initiators. 

In summary, a number of ligand scaffolds have been utilised for the complexation of group 4 

metals, yielding a range of efficient and stereoselective initiators for LA and other cyclic esters. 

In general, there is an observed trend of increasing activity descending the group, with zirconium 

and hafnium initiators commonly showing greater reactivity than their titanium analogues. Whilst 
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reaction control and stereoselectivity are also usually improved for zirconium and hafnium, the 

ligand architecture is highly influential. As observed with other metals, subtle modification to the 

ligand sterics can influence the polymerisations.135 
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1.3 Organic polymerisation catalysts 

The first example of an organic catalyst used in the ROP of lactide was only reported in 2001 by 

Nederberg et al.59 This discovery sparked a great deal of interest in the use of organic catalysts 

for ROP of cyclic esters and an array of different organic molecules has been shown to be active. 

A representative selection of these organic polymerisations catalyst is shown in Figure 1.16. The 

drive behind using metal free catalysis is in high-value polymer applications such as 

microelectronics and biomedicine where the presence of residual metal impurities is 

undesirable.136 

 

Figure 1.16: Examples of organic polymerisation catalysts. 

4-Dimethylaminopyridine (DMAP), which has been employed as a nucleophilic acylation 

catalyst,137 was shown to be active in the ROP of LA when combined with an alcoholic initiator.59 

Monomer to initiator ratios from 15:1 to 140:1 were explored using ethanol or benzyl alcohol 

initiators. Generally, 2 equivalents of DMAP, relative to the initiator, were required to achieve 

high conversions. The polymerisations appeared well-controlled with narrow polydispersities 

(<1.2) and predictable molecular weights. This is true of both reactions in solution at 35°C and 

under solvent free conditions at 135°C. 
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Scheme 1.34: Acyl transfer (nucleophilic activation) mechanism for the ROP of LA using 

DMAP. 

Scheme 1.34 shows the proposed catalytic mechanism for the ROP of LA using DMAP, which is 

similar to that of a DMAP catalysed acylation. The DMAP acts as a nucleophile to ring-open the 

cyclic ester giving an activated intermediate, which can then react with the alcoholic initiator. 

Propagation can then occur with the terminal hydroxyl group on the polymer chain acting as the 

alcoholic initiator. 

Work by Kadota et al. demonstrated that a dual catalytic system of DMAP and protonated DMAP 

(DMAP•HX) (Scheme 1.35) was more active in the ROP of L-lactide than DMAP alone.136 

Generally, transesterifications are catalysed either under acidic conditions, which activates the 

electrophilic monomer, or under basic conditions, which activates the nucleophilic alcohol. This 

system provides acidic and basic sites allowing activation of both the monomer and the initiator, 

thus increasing the reactivity. The reactivity was also seen to increase as the acidity of HX 

increased (CF3SO3H > MeSO3H > HCl). The polymerisations were well-controlled having very 

narrow polydispersities (PDI < 1.1 when optimised) and molecular weights closely matching 

theoretical values. 
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Scheme 1.35: DMAP/DMAP•HX activation of initiator and LA. 

Certain guanidine catalysts possess both hydrogen bond accepting and donating sites. An example 

is 1.5.7-triazabicyclo-[4.4.0]dec-5-ene (TBD), which has been investigated by Pratt et al. in the 

ROP of lactide as well as VL, CL and BBL.138 They reported that TBD was extremely active for 

L-lactide, polymerising 100 equivalents ([M]/[I] = 100) in seconds at room temperature with a 

catalyst loading of only 0.1 mol%. This gives a turnover frequency approaching 30,000 h-1, 

comparable with the most active metal-based catalysts. The reactions were also well-controlled 

despite the very fast rate. δ-Valerolactone was polymerised more slowly than lactide and ε-

caprolactone considerably more slowly than both. Interestingly, BBL did not polymerise under 

similar conditions, and when heated to 50°C only oligomers were seen. Scheme 1.36 shows the 

proposed acyl-transfer mechanism whereby the TBD can activate both the monomer and the 

initiating alcohol. 

 

Scheme 1.36: Acyl-transfer mechanism of TBD catalysed ROP of LA. 

Further work by Lohmeijer et al. studied N-methyl-TBD (MTBD) and 1,8-diazabicyclo[5.4.0]-

undec-7-ene (DBU), alongside TBD, with the same monomers (LA, VL, CL, BBL).139 The rates 

observed for ROP of L-lactide using MTBD and DBU were much lower than for TBD. All three 

catalysts demonstrated slight stereocontrol over the polymerisation of rac-lactide giving Pm 

values of 0.58-0.60. VL and CL did not react in the presence of MTBD or DBU even at 20 mol% 

catalyst loadings. The addition of 5 mol% thiourea gave good conversions of both VL and CL, 
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again, with narrow polydispersities and predictable molecular weights (Figure 1.17, left). BBL 

did not react with DBU or MTBD even in the presence of thiourea. The reason given for these 

observations is that TBD is able to activate both the monomer and the initiator whereas DBU and 

MTBD only activate the initiator. Whilst this is sufficient to polymerise LA, the thiourea is needed 

to activate VL and CL monomers. In the case of BBL, an adduct is formed between one of the 

TBD nitrogens and the acyl end of a ring-opened monomer (Figure 1.17, right). The hydroxyl 

group of the ring-opened lactone is hydrogen bonded to the remaining nitrogen, blocking 

polymerisation. MTBD and DBU were equally ineffective in the ROP of BBL, even with addition 

of a thiourea. 

 

Figure 1.17: Dual activation of initiator with MTBD and monomer with a thiourea (left); adduct 

formed between TBD and BBL (right). 

In a study of TBD-catalysed ROP of LA by Chuma et al., the two proposed mechanisms, one 

reliant purely on hydrogen bonding shown in Scheme 1.37, and the other on nucleophilic 

activation of monomer (Scheme 1.36), were scrutinised.61 The computational modelling clearly 

showed that the hydrogen bonding pathway is energetically favoured. This is supported by a 

similar study of TBD-catalysed ROP of CL, which drew the same conclusion.140 

 

Scheme 1.37: Mechanism of hydrogen bonding dual activation of monomer and initiator. 

Thioureas have been further investigated as monomer activators in combination with amines other 

than TBD.141 N,N-dimethylaminocyclohexane (NCyMe2), DMAP, 1,4-diazabicyclo[2.2.2]-

octane (DABCO), N,N,N’,N’-tetramethylethylenediamine, (TMEDA), N,N,N’,N’-tetramethyl-
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trans-1,2-diaminocyclohexane (TMCHD) and (-)-sparteine are all active in the ROP of LA. The 

observed rates were similar except for TMCHD where chelation is enforced and the reaction was 

significantly faster. The most effective amine was (-)-sparteine, also a chelating diamine, which 

was approximately 25 times faster than the simple amines, e.g. NCyMe2, at half the catalyst 

loading (5 mol% vs. 10 mol%). What is apparent with nearly all the amine/thiourea systems is 

that the reactions are very well-controlled. Transesterification seems to be largely disfavoured 

compared to polymerisation; even at high monomer conversion and extended reaction times the 

polydispersities remain very narrow. Interestingly, all systems demonstrated reasonable levels of 

stereocontrol over rac-lactide polymerisation. Pm values of 0.64-0.77 were achieved, again, with 

(-)-sparteine having the highest efficacy. The use of enantiomerically pure amines gave no 

advantage over their racemates indicating a chain-end control mechanism. It is worth noting that 

polymerisations proceeded only when both the thiourea and NCyMe2 were present. No reaction 

was seen when only one was present, implying both functionalities are required.  

Some variations of the thiourea have been examined, including alterations to the electronics of 

the phenyl ring141 and even use of thioamido-indole and thio-amidobenzimidazole142 systems 

(Figure 1.18). It is apparent that at least one of the nitrogen substituents needs to be aromatic; 

simple alkyl groups are inactive, and that the more electronegative the ring the faster the rate of 

reaction. Bulky ortho-substituents on the phenyl ring decrease the rate via steric hindrance. The 

thioamido-indoles and thio-amidobenzimidazoles formed hydrogen bonded dimers which 

decreased the likelihood of hydrogen bonding to the substrates thus decreasing the rate. 

 

Figure 1.18: Examples of thiourea variants. 

It is possible to include both monomer and initiator activating sites by tethering a tertiary amine 

to the cyclohexyl ring (Figure 1.19, left).141,143,144 This catalyst was not as active as the binary 

system with thiourea and (-)-sparteine, but did display a similar rate to thiourea/NCyMe2. Like 
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the binary systems, the polymerisations were very well-controlled with transesterification being 

strongly disfavoured. A modification of this catalyst, whereby the cyclohexane ring was replaced 

by linear alkane linkers, allowed greater flexibility of the pendant group (Figure 1.19, right). 

Large decreases in activity were observed when ethyl and n-propyl linkers were employed, owing 

to the interaction between the lewis acidic and basic sites. 

 

Figure 1.19: Thiourea catalysts containing H-bond accepting and donating sites. 

In summary, the tertiary amine-thiourea catalytic systems give very well-controlled 

polymerisations with rates comparable to organometallic catalysts and some with ability to impart 

stereocontrol on the polymer chain. What is evident from the experimental and computational 

data presented in the literature is that hydrogen bonding is a highly influential factor governing 

the efficacy of these organo-catalytic systems. Any modifications which lead to an improvement 

of hydrogen bonding, including electronic, steric and chelation factors, give rise to an increase in 

rate and vice versa. The original nucleophilic activation mechanism proposed by Nederberg et 

al.59 is unlikely to be correct in light of this.  
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2.1 Group 4 metal amine tris(phenolate) complexes  

2.1.1 Preamble 

Chmura et al. have shown that group 4 C3-symmetric amine tris(phenolate) complexes are 

highly active and stereoselective in the ROP of rac-LA for the synthesis of heterotactic PLA.1 

Whitelaw et al. have further demonstrated that group 4 pseudo-C2 symmetric amine 

tris(phenolate) complexes are active but not stereoselective in the ROP of rac-LA.2 

Polyhydroxybutyrate (PHB), the aliphatic polyester synthesised by the ROP of β-butyrolactone 

(BBL), has been shown to have desirable physical properties similar to polypropylene with 

potential for engineering applications.3 There is precedent for the use of group 4 complexes for 

the ROP of BBL to produce PHB with syndiotactic enrichment.4,5 

This section describes the examination of the previously reported C3-symmetric and pseudo-C2 

symmetric group 4 amine tris(phenolate) complexes for the polymerisation of BBL and its 

copolymerisation with LA. The objective is to impart stereoselctivity in the ROP of BBL using 

the group 4 C3-symmetric amine tris(phenolate) complexes to give syndiotactic PHB. In 

addition, stereoselective copolymerisation of rac-LA with BBL is investigated, allowing access 

to new polymers with tuneable physical properties.  

2.1.2 Group 4 C3-symmetric amine tris(phenolate) complexes  

Initial investigations centred around the use of C3-symmetric zirconium and hafnium amine 

tris(phenolates) (C3-Zr-OiPr and C3-Hf-OiPr) in the ROP of BBL. Such compounds have 

previously shown high activity and stereoselectivity in the ROP of rac-LA.1 It was anticipated 

that the stereoselective mechanism that governs the heterotactic polymerisation of rac-LA 

would have similar efficacy for BBL, as shown in Scheme 2.01. 

 

Scheme 2.01: Polymerisations of BBL using C3-M-OiPr initiators. 
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The C3-H3 ligand and C3-Hf-OiPr were synthesised according to literature procedures;1 

quantities of C3-Zr-OiPr were kindly donated by Dr Daniel García Vivó.  Polymerisation 

reactions were performed under similar conditions to those reported for rac-LA; in toluene at 

80°C and solvent-free at 130°C.  

Table 2.01: Polymerisations of BBL using C3-Zr-OiPr and C3-Hf-OiPr 

Entry Complex Time / 
hours Conva / % Mn

b
 GPC / 

gmol-1 
Mn THEO 
/ gmol-1 PDIb 

1d C3-Zr-OiPr 4 42 2,000 11,000 1.28 

2e C3-Zr-OiPr 24 2 - - - 

3d C3-Hf-OiPr 2 70 5,350 18,000 1.25 

4e C3-Hf-OiPr 24 0 - - - 
a Conversion determined by 1H NMR; b determined by GPC referenced to polystyrene 

standards; c determined by 13C{1H} NMR. d Polymerisations run at 130°C solvent-free; e 

polymerisations run at 80°C in toluene; [monomer]0 = 6.0 M. [monomer]0/[initiator] = 300. 

The initiators displayed essentially no activity in toluene after 24 hours at 80°C. In contrast, 

both initiators were found to be active under solvent-free conditions at 130°C. C3-Hf-OiPr 

achieved 70 % conversion after two hours compared with 42 % conversion with C3-Zr-OiPr 

after four hours. However, the isolated products were viscous oils rather than the expected 

solids. As shown in Table 2.01, GPC analysis of the products from both C3-Zr-OiPr and C3-Hf-

OiPr indicated that only low molecular weight oligomers were produced. ESI MS analysis of 

this oligomeric material (Table 2.01, entry 1) showed the major series to have a repeat monomer 

unit mass of 86.04 Da, as shown in Figure 2.01. The peaks correspond to n(86.04) + 22.99, 

which are attributable to the sodium adducts of cyclic species. Furthermore, Figure 2.01 also 

shows no evidence of linear polymer chains with iPrO- and -H end-groups. It is suggested, 

therefore, that intramolecular transesterification is prevalent for these initiators.  

 

Figure 2.01: ESI mass spectrum of cyclic oligomeric PHB from C3-Zr-OiPr, Table 2.01 entry 3. 

Such intramolecular transesterification could, in part, be due to the increased backbone 

flexibility and reduced steric constraints of PHB compared with PLA. This could be caused by 
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the additional CH2 units present in PHB, which favour coordination of an enchained carbonyl to 

the metal centre compared to an analogous enchained carbonyl in PLA, where 

transesterification is absent. As discussed in Chapter 1, the ROP of BBL commonly suffers 

from side-reactions such as transesterification and eliminations with a range of initiators. 

Further to this, initiators which are active and selective in the ROP of LA are not guaranteed to 

perform well with BBL. 

Attempts to copolymerise BBL and rac-LA were also unsuccessful. An all-in approach only 

yielded PLA whilst the BBL remained unreacted. Sequential additions of the monomers also 

resulted in the lactide being polymerised and the BBL remaining unreacted. Following this, 

investigations using the C3-symmetric initiators were discontinued. 

2.1.3  Group 4 pseudo-C2-symmetric amine tris(phenolate) complexes 

Whitelaw et al. demonstrated that a series of pseudo-C2 symmetric amine tris(phenolate) 

complexes of titanium and zirconium have shown activity in the ROP of lactide.2 As discussed 

in Chapter 1, the modifications to the ligand system, compared with the related C3-symmetric 

amine tris(phenolate), effectively removed the stereocontrol with Pr values between 0.5 - 0.6 

being observed compared with Pr = 0.96 - 0.98 for the C3-symmetric zirconium counterpart.  

Based on their activity in the ROP of LA, this series of group 4 amine tris(phenolate) complexes 

(Scheme 2.02) was tested for activity in the ROP of BBL and its copolymerisation with LA. The 

work was completed in collaboration with Dr E. L. Whitelaw and Dr M. D. Jones. 

 

Scheme 2.02: Synthesis of group 4 complexes of ligands L1H3-L4H3. 

The titanium and zirconium complexes of ligands L1H3-L4H3 had been synthesised and 

characterised previously by E. L. Whitelaw and were used as such. The titanium initiators were 
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previously found to be monomeric in the solid-state and in solution with the metal centre being 

5 coordinate in pseudo-trigonal bipyramidal geometry (Figure 2.02).2 

 

Figure 2.02: Representation of the structure of L1Ti-OiPr - L4Ti-OiPr. 

In contrast, the zirconium complexes {L1Zr-OiPr}2 - {L4Zr-OiPr}2 were shown to be dimers in 

the solid-state, with the zirconium metal centres pseudo-octahedral and bridged by the 

aminophenolate bearing the R group (Figure 2.03). 1H NMR spectra of the complexes recorded 

in CDCl3 and d8-toluene at 298 K and 230 K showed broad complex signals typical of 

fluxionality. Spectra recorded in d8-THF at 298 K showed suppression of monomer-dimer 

interconversion presumably by coordination of THF to the metal centre favouring the 

monomeric species. Spectra recorded at 230 K further decreased fluxionality to show 

inequivalence of the methylene protons. In the case of {L3Zr-OiPr}2, which possesses a bulky 

tert-butyl R group, all four CH2 protons became inequivalent at low temperature.6

 

Figure 2.03: Representation of the structure of {L1Zr-OiPr}2 - {L4Zr-OiPr}2 in the solid-state 

(left) and in THF solution (right). 

The full series of hafnium complexes, which wasn’t previously reported, was synthesised 

similarly by the 1:1 reaction between the ligands L1H3 - L4H3 and Hf(OiPr)HOiPr in toluene 

solution at ambient temperature. In analogy to the zirconium complexes, when in solution in a 

non-coordinating solvent such as CDCl3, the hafnium complexes exhibited a complex fluxional 

equilibrium between monomeric and dimeric species on the 1H NMR timescale. However, 
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spectra acquired in d8-THF were consistent with the results for the zirconium counterpart 

reported by Whitelaw et al., showing a monomeric species with THF coordinated to the metal 

centre.2,7 Figure 2.04 shows 1H NMR spectra of {L3Hf-OiPr}2 over a range of temperatures 

between 298 K and 230 K. At 298 K the methylene protons were observed as a doublet at 4.1 

ppm and a broad singlet at 3.8 ppm. However, when the spectrum was recorded at 230 K the 

methylene protons were resolved in to 4 doublets (the 4th doublet at 3.6 ppm is partially 

obscured by the d8-THF solvent peak, confirmed by COSY NMR). 

 

Figure 2.04: 1H NMR spectra of {L3Hf-OiPr}2 between 230 K (top) and 298 K (bottom). 

Attempts to produce X-ray quality crystals of the hafnium complexes were successful only for 

{L1Hf-OiPr}2.6 The solid state structure of {L1Hf-OiPr}2 was found to be analogous to {L1Zr-

OiPr}2. An X-ray structure was determined for a hafnium complex similar to {L3Hf-OiPr}2, 

however, it appears to be the reaction product of {L3Hf-OiPr}2 with silicone grease (Figure 

2.05). The isopropoxide group has been displaced by a siloxane and an isopropanol is 

coordinated to the metal rendering the complex monomeric. Whilst this was not the desired 

species, it does at least give an indication of the geometry of this type of complex when 

monomeric in THF solution.   

3.23.33.43.53.63.73.83.94.04.14.24.34.44.54.64.74.84.9 ppm
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Figure 2.05: Solid-state structure of the reaction product of {L3Hf-OiPr}2 with silicone grease 

(50 % ellipsoids). The hydrogens except iPrOH and methyl groups of the tBu moieties have 

been removed for clarity. Key atoms are labelled.  

Table 2.02: Selected bond lengths (Å) and angles (°) for the structure in Figure 2.05; estimated 

standard deviation in parenthesis  

Hf-O(1) 1.979(4) 

Hf-O(2) 2.064(4) 

Hf-O(3) 1.967(3) 

Hf-O(4) 2.267(4) 

Hf-O(5) 1.951(4) 

Hf-N 2.411(4) 

O(1)-Hf-O(3) 99.79(15) 

O(2)-Hf-O(3) 148.11(14) 

N-Hf-O(5) 178.22(16) 
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2.1.4 Polymerisations of BBL 

The group 4 complexes of L1H3 - L4H3 shown in Scheme 2.02 were tested for activity in the 

ROP of BBL. Reactions were performed at 80°C in toluene for 24 hours at a monomer 

concentration [M]0 of 6.0 M. In order to synthesise polymers of reasonably high molecular 

weight, a [monomer]0:[initiator] ratio of 300:1 was used, to give a theoretical Mn of ~ 26,000 Da 

with full conversion of monomer.  

2.1.4.1 Titanium initiators 

Table 2.03: Polymerisations of BBL using L1Ti-OiPr - L4Ti-OiPr 

Entry Complex Conva / % Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 L1Ti-OiPr 15 1,200 4,000 1.06 0.5 

2 L2Ti-OiPr 38 3,300 9,900 1.08 0.5 

3 L3Ti-OiPr 3 - 900 - - 

4 L4Ti-OiPr 38 3,400 9,900 1.07 0.5 
Polymerisations run at 80°C in toluene; [monomer]0 = 6.0 M; [monomer]0/[initiator] = 300. a 

Conversion determined by 1H NMR; b determined by GPC referenced to polystyrene standards; 
c determined by 13C{1H} NMR. 

As shown in Table 2.03, the titanium complexes L1Ti-OiPr - L4Ti-OiPr all showed low 

conversion after 24 hours with L3Ti-OiPr showing almost no activity (3 % conversion). The 

products isolated from the reactions were brown and oily even after thorough washing with 

methanol. The molecular weights given by GPC showed the products to be only oligomeric (Mn 

< 3,500 Da). Figure 2.06 shows the carbonyl region of the 13C{1H} NMR spectrum of PHB 

from L2Ti-OiPr, which is a characteristic example for all PHBs isolated from the 4 titanium 

complexes. Integration of the i and s diad peaks gave the polymer as being completely atactic.8 

No further reactions were conducted with the titanium complexes due to their low activity, 

absence of stereocontrol and propensity for oligomeric PHB. 
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Figure 2.06: Carbonyl signal of the 13C{1H} NMR spectrum of PHB from L2Ti-OiPr (Table, 

entry 2). 

2.1.4.2 Zirconium initiators 

Table 2.04: Polymerisations of BBL using {L1Zr-OiPr}2 - {L4Zr-OiPr}2 

Entry Complex Time / 
hours 

Conva / 
% 

Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {L1Zr-OiPr}2 24 97 26,700 25,000 1.31 0.62 

2 {L2Zr-OiPr}2 24 94 18,800 24,000 1.09 0.60 

3 {L3Zr-OiPr}2 24 98 29,000 25,000 1.25 0.64 

4 {L4Zr-OiPr}2 24 99 19,000 26,000 1.27 0.58 

5 {L1Zr-OiPr}2 6 96 21,800 25,000 1.29 0.65 

6 {L2Zr-OiPr}2 6 72 9,700 19,000 1.11 0.58 

7 {L3Zr-OiPr}2 6 >99 26,900 26,000 1.19 0.64 

8 {L4Zr-OiPr}2 6 22 - 5,800 - - 
Polymerisations run at 80°C in toluene; [monomer]0 = 6.0 M; [monomer]0/[initiator] = 300. a 

Conversion determined by 1H NMR; b determined by GPC referenced to polystyrene standards; 
c determined by 13C{1H} NMR. 

169.0169.1169.2169.3 ppm

0.
50
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In contrast to the titanium complexes, the zirconium analogues were far more active with all 

reactions reaching high conversion after 24 hours (Table 2.04, entries 1 - 4). High molecular 

weights were achieved up to 29,000 Da, which were reasonably consistent with theoretical 

values. PDI values were higher than those for the titanium complexes, but still low (PDI = 1.09 

- 1.31). In all cases the polymers were isolated as white to pale yellow solids by precipitation 

and washing with methanol. 1H NMR analysis of the purified polymers showed no evidence of 

unsaturated crotonate end-groups resulting from deleterious elimination reactions.  

When the polymerisations were repeated using the shorter reaction time of 6 hours (Table 2.04, 

entries 5 - 8), {L1Zr-OiPr}2 and {L3Zr-OiPr}2 progressed to near completion, yielding molecular 

weights, PDIs and Pr values that were similar to the 24 hour reactions. This indicates that 

detrimental side reactions, namely transesterification, are not prevalent even at prolonged 

reaction times. {L2Zr-OiPr}2 gave lower conversion (72 %) after 6 hours compared with the 24 

hour reaction, whereas {L4Zr-OiPr}2 showed only very low conversion after 6 hours and no 

solid product could be isolated. The PDI and Pr values observed for {L2Zr-OiPr}2 over 6 hours 

were similar to the 24 hour reaction, however, the molecular weight was considerably lower 

than the theoretical value. The discrepancies between the 6 and 24 hour reactions for {L4Zr-

OiPr}2 are anomalous. 

Most interestingly, a low degree of stereocontrol was exhibited by the zirconium complexes that 

was not evident in their titanium counterparts. These complexes gave syndiotactically enriched 

PHB with Pr values of 0.58 - 0.65, with {L1Zr-OiPr}2 and {L3Zr-OiPr}2 showing the highest 

stereocontrol (Pr  = 0.65 and 0.64 respectively) after a reaction time of 6 hours. Figure 2.07 

shows the augmented s diad in the 13C{1H} NMR spectrum. 
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Figure 2.07: Carbonyl signal of the 13C{1H} NMR spectrum of PHB from {L3Zr-OiPr}2 (Table 

2.04, entry 3). 

2.1.4.3 Hafnium initiators 

The hafnium complexes showed similar activity to the zirconium complexes in the 24 hour 

reactions with the exception of {L2Hf-OiPr}2, which reached only 40% conversion and yielded 

an oily product (Table 2.05, entries 1 - 4). In analogy to their zirconium equivalents, {L1Hf-

OiPr}2 and {L3Hf-OiPr}2 yielded high molecular weight polymers in agreement with the 

calculated values. Improvements over the zirconium complexes were seen in the PDIs, which 

were <1.15, and in the stereoselectivity, suggesting better controlled reactions. The Pr value of 

0.74 for {L3Hf-OiPr}2 shows a moderate level of syndiotactic enrichment of the polymer chain. 

Polymers isolated from {L1Hf-OiPr}2 and {L3Hf-OiPr}2 were found to precipitate very readily 

from methanol as fine white powders. Again, there was no evidence of formation of crotonate 

groups in the 1H NMR spectra. 

 

 

169.1169.2169.3169.4 ppm
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Table 2.05: Polymerisations of BBL using {L1Hf-OiPr}2 - {L4Hf-OiPr}2 

Entry Complex Time / 
hours 

Conva / 
% 

Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {L1Hf-OiPr}2 24 96 27,500 25,000 1.12 0.73 

2 {L2Hf-OiPr}2 24 40 - 10,000 - - 

3 {L3Hf-OiPr}2 24 96 28,500 25,000 1.11 0.74 

4 {L4Hf-OiPr}2 24 96 12,800 25,000 1.14 0.67 

5 {L1Hf-OiPr}2 6 81 21,100 21,000 1.06 0.76 

6 {L3Hf-OiPr}2 6 56 4,900 15,000 1.07 0.74 

7 {L1Hf-OiPr}2 48 82 19,400 21,000 1.06 0.74 

8 {L3Hf-OiPr}2 48 92 24,900 24,000 1.08 0.75 
Polymerisations run at 80°C in toluene except entries 7 and 8 run a 40°C; [monomer]0 = 6.0 M; 

[monomer]0/[initiator] = 300. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards; c determined by 13C{1H} NMR. 

The low Mn observed for {L4Hf-OiPr}2 and the low conversion for {L2Hf-OiPr}2 reinforce the 

observations made by E. L. Whitelaw in the ROP of rac-LA, that {L2Hf-OiPr}2 and {L4Hf-

OiPr}2 are, generally, less effective catalysts than {L1Hf-OiPr}2 and {L3Hf-OiPr}2.6 For this 

reason, no further reactions were undertaken with {L2Hf-OiPr}2 and {L4Hf-OiPr}2. 

For comparison against the zirconium counterparts, polymerisations using {L1Hf-OiPr}2 and 

{L3Hf-OiPr}2 were repeated over 6 hours. The monomer conversions observed for were lower 

than the 24 hour reactions (Table 2.05, entries 5 and 6) suggesting that they are less active than 

the zirconium complexes. Minor improvements in the polydispersity and stereocontrol were 

seen compared to the 24 hour reactions (PDI = 1.06 - 1.07, Pr = 0.76 - 0.74); however, the 

molecular weight for {L3Hf-OiPr}2 was very low. This does not correlate with the other 

reactions utilising {L3Hf-OiPr}2 and so may be anomalous.  

In an effort to improve stereocontrol, polymerisations were run at a lower temperature of 40°C 

using {L1Hf-OiPr}2 and {L3Hf-OiPr}2. As can be seen in Table 2.05 (entries 7 and 8), reducing 

the reaction temperature from 80°C to 40°C had little influence on the polymerisations. 

Comparison of the Pr values at 40°C and 80°C indicated that stereocontrol was unaffected at the 

lower temperature. The 13C{1H} NMR spectrum in Figure 2.08 shows the dominant s diad with 

an integral value of 0.75. 
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Figure 2.08: Carbonyl signal of the`13C{1H} NMR spectrum of PHB from {L3Hf-OiPr}2 (Table 

2.05, entry 8). 

Some increase in syndiotacticity might be observed if the temperature were reduced to 20°C or 

even 0°C, as has been observed for some yttrium bis(phenolate) complexes.9 However, at such 

low temperatures, the turnover rate may decrease such that reactions times would be 

impractical, or the reaction may not proceed. 

From analysis of the MALDI-ToF mass spectrum in Figure 2.09 of the polymer isolated from 

{L1Hf-OiPr}2 (the dominant s diad with an integral value of 0.75. 

 2.05, entry 1) it was deduced that the repeat unit was 86.09 Da with H and OiPr end-groups. 

This confirms that the polymerisation mechanism is coordination-insertion via acyl-oxygen 

bond scission initiated by the ligating isopropoxide. 
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Figure 2.09: MALDI-ToF mass spectrum of PHB from {L1Hf-OiPr}2 (Table 2.05, entry 7). 

A sample of polymer from {L3Hf-OiPr}2 (Table 2.05, entry 8) was analysed by differential 

scanning calorimetry to determine the thermal properties. This polymer was selected as it had a 

high Mn of 24,900 Da with a low PDI of 1.08 and amongst the highest syndiotacticity observed 

herein (Pr = 0.75). It was necessary to heat the sample to 200°C to erase the thermal history 

followed by rapid cooling to -20°C. As can be seen in Figure 2.10, the DSC trace shows the 

glass transition temperature (Tg) at 5.3°C with a small exothermic peak due to slight sample 

relaxation. The exothermic peak at 56.8°C represents cold crystallisation of polymer chains 

which leads to the broad melting range which has a maximum of 112.0°C. This is significantly 

lower than Tms reported for highly syndiotactically enriched PHB. Amgoune et al. reported that 

PHB with Pr = 0.94 has a Tm of 178°C, whilst atactic PHB has a Tm of 91°C.9 Given the 

broadness of the melting range and comparison to highly syndiotactic PHB, it is likely that PHB 

with Pr = 0.75 has low percentage crystallinity. 
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Figure 2.10: DSC trace of PHB from {L3Hf-OiPr}2 (Table 2.05, entry 8), scan rate 10°C min-1, 

exotherm up. 

To simulate a more industrially relevant process, {L1Hf-OiPr}2 and {L3Hf-OiPr}2 were tested 

under solvent-free conditions. The complexes have been shown be highly active in the solvent-

free ROP of rac-LA giving near quantitative conversion in 15 minutes at 130°C.2 However, for 

a more direct comparison with the solution polymerisations, the reactions were run at 80°C. 

Table 2.06: Solvent-free polymerisations of BBL using {L1Hf-OiPr}2 and {L3Hf-OiPr}2 

Entry Complex Conva / 
% 

Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {L1Hf-OiPr}2 63 5,100 16,400 1.31 0.71 

2 {L3Hf-OiPr}2 31 3,200 8,100 1.27 0.71 
Polymerisations run at 80°C in toluene; [monomer]0 = 6.0 M; [monomer]0/[initiator] = 300. a 

Conversion determined by 1H NMR; b determined by GPC referenced to polystyrene standards; 
c determined by 13C{1H} NMR. 

Table 2.06 shows that whilst {L1Hf-OiPr}2 and {L3Hf-OiPr}2 were active under solvent-free 

conditions, they did not perform as well as in solution. The lower conversions were surprising 

as the effective monomer concentration had more than doubled compared with the reactions run 

in toluene at [M]0 6.0 M. Also, the molecular weights were lower than expected and the PDIs 
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were increased compared to the analogous reactions in toluene (Table 2.05). The results indicate 

that the higher monomer concentration promoted unwanted side reactions. Despite this, a 

moderate level of stereocontrol was maintained (Pr = 0.71). 

2.1.5 Kinetics studies 

The reactivity rates of the zirconium and hafnium complexes of ligands L1H3 and L3H3 were 

investigated to determine the applied rate constant (kapp) for each initiator. The kinetics of the 

titanium complexes were not investigated. Kinetics experiments were undertaken on NMR scale 

allowing the reactions to be easily monitored. Initially, identical conditions to the lab scale 

reactions, i.e. 6.0 M solution in d8-toluene, were used. However, after only low monomer 

conversion, mass transfer effects, due to the increased viscosity, could be seen with the rate 

becoming non-linear. Thus, subsequent kinetics experiments were run at 0.58 M in accordance 

with the kinetics studies completed by Whitelaw et al.2 

2.1.5.1 Zirconium initiators 

 

Figure 2.11: Semi-logarithmic plot of ln([BBL]0/([BBL]t) versus time (minutes) for {L1Zr-

OiPr}2 (blue) and {L3Zr-OiPr}2 (red). Run at 80°C, [BBL]0 = 0.58 M in d8-toluene, 

[BBL]:[initiator] = 300:1. 

The observed kapp values for {L1Zr-OiPr}2 and {L3Zr-OiPr}2 were 7 × 10-4 min-1 and 2.6 × 10-3 

min-1 respectively (Figure 2.11). This in is agreement with the kinetics data for rac-LA 
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produced by E. L. Whitelaw,6 where the initiator bearing the bulky tBu substituent showed a 

faster rate of propagation than the unsubstituted analogue. In this case {L3Zr-OiPr}2 was 

significantly faster than {L1Zr-OiPr}2. 

2.1.5.2 Hafnium initiators 

 

Figure 2.12: Semi-logarithmic plot of ln([BBL]0/([BBL]t) versus time (minutes) for {L1Hf-

OiPr}2 (blue) and {L3Hf-OiPr}2 (red). Run at 80°C, [BBL]0 = 0.58 M in d8-toluene, 

[BBL]:[initiator] = 300:1. 

The observed kapp values for {L1Hf-OiPr}2 and {L3Hf-OiPr}2 were 4.3 × 10-3 min-1 and 2.9 × 10-3 

min-1 respectively (Figure 2.12). This does not correlate with the zirconium complexes in that 

the H-substituted initiator ({L1Hf-OiPr}2) has a faster rate than the more sterically encumbered 

{L3Hf-OiPr}2. In contrast, the kinetics data reported by E. L.Whitelaw for the same complexes 

showed that the rate constants were consistent between the different metal centres in the ROP of 

rac-LA. Further to this, the relative rate constants for the different complexes obtained from the 

kinetics experiments with BBL did not agree with the results seen in the lab; the hafnium 

complexes were slower than the zirconium complexes in large-scale reactions. This may be a 

consequence of the difference in reaction conditions between the large-scale and kinetics 

polymerisation. 
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2.1.6 Copolymerisations of LA and BBL 

2.1.6.1 All-in copolymerisations 

Comparison of the reported kinetics data for the ROP of rac-LA6 against the values shown in 

Figures 2.11 and 2.12 highlighted that {L1Hf-OiPr}2 and {L3Hf-OiPr}2 have comparable rates 

for both rac-LA and BBL. Thus, it was thought that copolymerisations of LA and BBL with 

these initiators may lead to random insertion of the different monomers if they were 

copolymerised in a 1:1 ratio.  

The all-in copolymerisations were carried out using similar conditions to the BBL 

homopolymerisations; 1.0 g of monomer (total) in 1.0 mL of toluene and [monomer]:[initiator] 

= 300:1 at 80°C. Copolymerisations with a LA:BBL ratio of 1:1 were carried out using {L1Hf-

OiPr}2 and {L3Hf-OiPr}2 for 24 hours. It was observed that, under these conditions, the lactide 

was soluble at 80°C. This is in contrast to homopolymerisations of LA where approximately 5 

mL of toluene was used to dissolve 700 mg of the monomer (sections 2.2 and 2.3). Thus, the 

BBL must act as a solvent for the LA.  

Table 2.07: All-in copolymerisations of BBL and LA 

Entry Complex [BBL]:[LA]:[I] Conva / % Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb 

1 {L1Hf-OiPr}2
 150:150:1 BBL: 95 

rac-LA: >99 31,300 34,000 1.61 

2 {L3Hf-OiPr}2
 150:150:1 BBL: 97 

rac-LA: >99 39,500 34,000 1.76 

3 {L3Hf-OiPr}2
 150:150:1 BBL: 98 

L-LA: >99 64,000 34,000 1.59 

Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 6 M. a Conversion 

determined by 1H NMR; b determined by GPC referenced to polystyrene standards. 

As Table 2.07 shows, high conversion of BBL and quantitative conversion of LA was achieved 

after 24 hours with both initiators. The resulting copolymers were isolated as white powders by 

precipitation with methanol. The polydispersities were higher than those seen for 

homopolymerisations but for the rac-LA-co-BBL copolymers the molecular weights matched 

the theoretical values. The Mn of the L-LA-co-BBL copolymer was far higher than the 

theoretical value at 64,000 Da. The stereochemistry of the LA should have no influence on 

molecular weight, therefore the variation may be due to residual impurities in the L-LA 

monomer. GPC analysis of the polymers showed monomodal traces supporting the formation of 

copolymers (Figure 2.13).  
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Figure 2.13: GPC trace of PLA-co-PHB from {L1Hf-OiPr}2 (Table 2.07, entry 1). 

1H NMR analysis indicated that for {L1Hf-OiPr}2 there was a 1:0.9 ratio (LA:BBL) of the 

monomers in the copolymer (Figure 2.14); for {L3Hf-OiPr}2 the ratios were 1:1 for rac-LA:BBL 

(Figure 2.15) and 1:0.9 for L-LA:BBL (Figure 2.16).  
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Figure 2.14: 1H NMR spectrum of PLA-co-PHB from {L1Hf-OiPr}2 with expanded methylene 

and methyl regions, inset (Table 2.07, entry 1). 

 

Figure 2.15: 1H NMR spectrum of PLA-co-PHB from {L3Hf-OiPr}2 with expanded methylene 

and methyl regions, inset (Table 2.07, entry 2). 
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Figure 2.16: 1H NMR spectrum of PLLA-co-PHB from {L3Hf-OiPr}2 with expanded methylene 

and methyl regions, inset (Table 2.07, entry 3). 

It was evident from the 1H NMR spectra of the copolymers that for both {L1Hf-OiPr}2 and 

{L3Hf-OiPr}2 the signals for LA and BBL were similar to those seen in homopolymer spectra. 

The difference, however, was that additional multiplet signals were observed within 0.2 ppm of 

the parent peaks. These peaks are attributed to adjacent LA and BBL units in the polymer chain. 

Integration shows that the additional peaks are ~10% the integral of the parent peaks. This 

suggests that the copolymers are largely block-like in nature with some tapering rather than 

statistically random. If random insertion was prevalent it would be expected that the 

homopolymer linkage (A-A) signals and copolymer linkage (A-B) signals would have equal 

integrals. If the copolymer was alternating then only signals corresponding to copolymer 

linkages would be observed. 
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Assessment of the tacticity of the homopolymer blocks in the copolymer chain could not be 

done by the standard protocols. Due to the overlapping methine signals of the PHB and PLA in 

the 1H NMR spectra, it was not possible to deduce the tacticity of the PLA block by 

homonuclear decoupling. However, as these initiators are not particularly stereoselective for 

rac-LA it was not expected that the PLA block would show much heterotactic or isotactic 

enrichment. It was also observed that the carbonyl signals of the PLA and PHB blocks overlap 

in the 13C{1H} NMR spectra (Figure 2.17). 

 

Figure 2.17: 13C{1H} NMR spectrum of PLA-co-PHB from {L1Hf-OiPr}2 with expanded 

carbonyl region, inset. 

The tacticity of the PHB block could still be quantified, however, as the PLA and PHB methyl 

signals do not converge in the 13C{1H} NMR spectra (Figure 2.18). It appears that the tacticity 

of the PHB block remains unchanged in the copolymer. Signals due to the adjacent BBL and 

LA units in the chain were also present in the carbon NMR. 
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Figure 2.18: Comparison of 13C{1H} NMR spectra; PHB methyl signals in PHB (left) and 

PLA-co-PHB (right). 

Thermal analysis of the PLLA-co-PHB copolymer by DSC showed 2 broad endothermic peaks 

at ~80°C and ~135°C on the first heating cycle, the latter of which may be attributed to melting 

of any crystalline regions in the PLLA block. However, on the second heating cycle, no 

crystallisation peaks or melting temperatures were seen. Further to this, a single glass transition 

temperature of 36.8°C was observed implying the phases are miscible and behaving as 

homogenous random polymers rather than discreet blocks. This is inconsistent with previous 

studies of diblock PLLA-b-P(R)HB where melting temperatures were observed for both blocks 

on the second heating cycle.10 This suggests that the BBL units in the PLLA block interfere with 

packing of the chains and prevents, or impairs the rate of, phase separation and crystallisation.  

X-ray studies on PLLA-co-P(R)HB samples with varying  ratios of L-LA:R-BBL have shown 

that samples with between 47 % and 70 % L-LA were amorphous.11  

2.1.6.2 Copolymerisation kinetics 

The kinetics of the 1:1 copolymerisations of rac-LA and BBL were studied in an identical way 

to the homopolymerisations. The initiators {L1Hf-OiPr}2 and {L3Hf-OiPr}2, which were used 

for larger scale copolymerisation studies, as well as {L3Zr-OiPr}2 for comparison of the 

different metals, were investigated. The total monomer concentration ([rac-LA]0 + [BBL]0) was 

19.619.820.0 ppm 19.619.820.0 ppm
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kept at 0.58 M with a [BBL]:[rac-LA]:[initiator] ratio of 150:150:1. The applied rate constants 

for the different monomers were calculated from the semi-logarithmic plots. 

 

Figure 2.19: Semi-logarithmic plot of ln([M]0/([M]t) versus time (minutes) for the 

copolymerisation of rac-LA (blue) and BBL (red) using {L1Hf-OiPr}2. Run at 80°C; [M]0 = 

0.58 M in d8-toluene; [BBL]:[rac-LA]:[initiator] = 150:150:1. 

Figure 2.19 shows the semi-logarithmic plot for {L1Hf-OiPr}2 which gives the rate of 

polymerisation of rac-LA to be approximately 10 times that of BBL; kapp = 1.7 × 10-3 min-1 for 

rac-LA and 1.6 × 10-4 min-1 for BBL. Similar results were observed with {L3Hf-OiPr}2;  kapp = 

1.8 × 10-3 min-1 for rac-LA and 1.3 × 10-4 min-1 for BBL. In a long running experiment it was 

observed that, once all the rac-LA had been consumed, the rate of polymerisation of BBL 

increased dramatically. Kinetics profiles such as this, where the reactivity of one monomer is 

much greater than the other, are expected to produce copolymers that are largely block-like. In 

the case of {L1Hf-OiPr}2, the first block was mostly PLA with the inclusion of some BBL 

monomer units; the ratio was approximately 10:1 LA:BBL. The second block was almost 

exclusively PHB as all rac-LA was consumed in the first block. For comparative purposes, the 

copolymerisation kinetics of {L3Zr-OiPr}2 were also examined (Figure 2.20). Whilst the general 

behaviour was similar to the hafnium analogues; kapp = 2.8 × 10-3 min-1 for rac-LA and 1.8 × 10-

4 min-1 for BBL, the rate of polymerisation of rac-LA was ~15 times that of BBL which results 

in a decreased proportion of BBL units in the PLA block. 
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Figure 2.20: Semi-logarithmic plot of ln([M]0/([M]t) versus time (minutes) for the 

copolymerisation of rac-LA (blue) and BBL (red) using {L3Zr-OiPr}2. Run at 80°C; [M]0 = 

0.58 M in d8-toluene; [BBL]:[rac-LA]:[initiator] = 150:150:1. 

Table 2.08: Kinetics data for {L1Hf-OiPr}2, {L3Hf-OiPr}2, and {L3Zr-OiPr}2 in the 1:1 

copolymerisations of BBL and rac-LA 

Initiator 
kapp / min-1 

BBL rac-LA 

{L1Hf-OiPr}2 1.6 × 10-4 1.7 × 10-3 

{L3Hf-OiPr}2 1.3 × 10-4 1.8 × 10-3 

{L3Zr-OiPr}2 1.8 × 10-4 2.8 × 10-3 
 

Initially this disparity in rates was somewhat surprising given the comparable rates of 

homopolymerisations of rac-LA and BBL. However, after further consideration, there are more 

complex competing processes occurring which are not present in the homopolymerisations. 

Based on the kinetics data, it was thought that by increasing the [BBL]:[rac-LA] ratio in  

copolymerisations the probability of insertion of a BBL monomer in to the M-PLA linkage 

could be increased. This would result in the PLA block containing a greater ratio of BBL units. 

Thus, copolymerisations were carried out at [BBL]:[LA]:[I] ratios of 210:90:1 and 270:30:1, 

giving [BBL]:[LA] ratios of 7:3 and 9:1 respectively. 

y = 2.77E-03x + 6.36E-02
R² = 9.98E-01

y = 1.84E-04x + 3.44E-03
R² = 9.95E-01

0

0.5

1

1.5

2

2.5

0 100 200 300 400 500 600 700 800

ln
([M

] 0
/[M

] t)

Time (mins)



87 
 

Table 2.09: Copolymerisations of BBL and rac-LA 

Entry Complex [BBL]:[LA]:[I] Conva / 
% 

Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb 

1 {L1Hf-OiPr}2
 210:90:1 BBL: 78 

LA: 99 30,300 27,100 1.21 

2 {L1Hf-OiPr}2
 270:30:1 BBL: 98 

LA: 99 38,000 27,200 1.23 

Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 6 M. a Conversion 

determined by 1H NMR; b determined by GPC referenced to polystyrene standards. 

As stated earlier, for a 1:1 copolymer, the peaks associated with adjacent BBL-LA units were 

~10 % of the integral of the parent peaks. In the 210:90:1 copolymer (Table 2.09, entry 1) these 

peaks are ~15 %; in the 270:30:1 copolymer (Table 2.09, entry 2) these peaks are ~20 %. As 

expected, increasing the [BBL]:[LA] ratio does affect the degree of insertion of BBL into the 

PLA block. However, these observed increases are small given the large excess of BBL; even 

with [BBL]:[rac-LA] at 9:1, insertion of a LA monomer into the growing polymer chain must 

still be heavily favoured over insertion of a BBL monomer.    

2.1.6.3 Sequential copolymerisations 

Copolymerisations of rac-LA and BBL were also performed by sequential addition of the 

monomers in order to produce true diblock copolymers. Due to the solubility of LA in toluene, 

the reactions were run in 5.0 mL of toluene rather than 1.0 mL as in the all-in 

copolymerisations. The [BBL]:[LA]:[I] was maintained at 150:150:1 and each monomer was 

reacted for 24 hours giving a total reaction time of 48 hours.  

Table 2.10: Sequential copolymerisations of BBL and rac-LA 

Entry Sequence [BBL]:[LA]:[I] Conva / % Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb 

1 rac-LA 
then BBL 150:150:1 BBL: 84 

rac-LA: >99 38,900 32,000 1.33 

2 BBL then 
rac-LA 150:150:1 BBL: >99 

rac-LA: 89 41,750 32,000 1.09 

Polymerisations run at 80°C in toluene for 48 hours using {L3Hf-OiPr}2; [monomer]0 = 0.8 M. a 

Conversion determined by 1H NMR; b determined by GPC referenced to polystyrene standards. 

Table 2.10 shows that quantitative conversion of the first added monomer was achieved in both 

reactions with the second added monomer achieving high conversion. The molecular weights 

are comparable between the 2 copolymerisation which are reasonably close to the expected 
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values. The greatest improvement over the all-in method was the decreased polydispersities 

which were significantly lower, indicating improved reaction control. Whilst this might be 

expected as there is no competition between the 2 monomers, it was also observed that the order 

of monomer addition had some influence on the PDI. When BBL was first polymerised 

followed by rac-LA, the PDI was 1.09, which is very narrow. When the addition sequence was 

reversed (rac-LA followed by BBL), the PDI was increased to 1.33.  

Thermal analysis of the diblock copolymers by DSC only showed glass transition temperatures 

on the second heating cycle, no crystallisation peaks or melting temperatures were seen. PLA-b-

PHB had an observed Tg of 38.3°C, PHB-b-PLA had an observed Tg of 25.8°C. Like PLLA-co-

PHB (Table 2.07, entry 3) this implies that the chains are miscible rather than forming discreet 

blocks. It should be noted that suitable annealing conditions may lead to phase separation and 

allow formation of some crystalline regions in the PHB block. 

The kinetics of the polymerisations reported in Table 2.08 indicate that the reactivity ratios of 

LA and BBL are significantly different with this series of group 4 initiators. It is surmised that, 

during copolymerisation, rate of initiation is greater for lactide than for BBL, specifically that 

insertion of a LA monomer into an M-LA or M-BBL bond is more favourable than insertion of 

a BBL monomer. This is reflected in the sequential copolymerisations where the rapid insertion 

of LA in to the metal-PHB linkage, which is analogous to initiation, led to a very narrow 

polydispersity in the PHB-b-PLA copolymer. The slower insertion of BBL in to the metal-PLA 

linkage resulted in a broader PDI in the PLA-b-PHB copolymer.  

Factors affecting the rate of insertion of the different monomers in to the growing chain include 

coordination to the lewis acidic metal and the thermodynamics of the ring-opening. It is not 

obvious by simple inspection whether LA or BBL would coordinate more favourably to the 

metal centre. LA has the advantage of having 2 carbonyls for coordination and ring-opening 

compared with 1 for BBL, however, LA is more sterically encumbered being six-membered 

with an α-methyl substituent. If coordination of the monomer to the metal centre was the rate 

determining step, it would be expected that, as the rac-LA is consumed and the concentration of 

the different monomers tended towards [BBL] >> [rac-LA], the kapp of BBL would increase and 

kapp of LA would decrease. Taking the kinetics of {L3Zr-OiPr}2 as an example (Figure 2.20), 

even when [BBL] was far greater than [rac-LA] at high conversion of rac-LA, the kapp values 

remained unchanged. With this in mind, it seems unlikely that coordination of the monomer to 

the metal centre is the limiting factor and instead the ring-opening must be influencing the 

difference in rates. If we consider the coordination-insertion mechanism for the different 

monomers, there are important discrepancies between the two. Maintaining the assumption that 

the initiators are monomeric in the presence of the coordinating monomers, ring-opening a 
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lactide results in the formation of a five-membered chelate with the α-carbonyl as a donor;12 

ring-opening a beta-lactone results in a homologous six-membered chelate (Scheme 2.03). It 

may be the difference in the thermodynamic stability of the five- and six-membered chelates 

that strongly favours insertion of lactide over BBL. 

 

Scheme 2.03: Coordination-insertion products of lactide (top) and BBL (bottom).  

2.1.7 Concluding remarks and further work 

The hafnium analogues {L1Hf-OiPr}2 - {L4Hf-OiPr}2 of the previously reported zirconium 

complexes were synthesised and appear to adopt similar coordination geometry in solution and 

in the solid-state. The hafnium and zirconium complexes {L1M-OiPr}2 - {L4M-OiPr}2 which 

were reported by Whitelaw et al. as being active in the ROP of LA, were active in the ROP of 

BBL. Complexes {L1M-OiPr}2 and {L3M-OiPr}2 were found to mediate well-controlled 

polymerisations yielding PHB with predictable molecular weights. Unwanted side-reactions 

such as transesterification and crotonisation appeared to be absent. In contrast, the complexes 

L1Ti-OiPr - L4Ti-OiPr were poor initiators for BBL, showing low activity and no selectivity. 

{L1Zr-OiPr}2 and {L3Zr-OiPr}2 were able to impart slight syndiotacticity with Pr values up to 

0.65. {L1Hf-OiPr}2 and {L3Hf-OiPr}2 were able to impart moderate syndiotacticity with Pr 

values up to 0.76, yielding partially crystalline PHB with a Tm around 112°C.  

Copolymers of LA and BBL were synthesised using {L1Hf-OiPr}2 and {L3Hf-OiPr}2. 

Simultaneous addition of the monomers yielded block-like copolymers with some tapering of 

the PLA block. Kinetics studies showed that insertion of LA is favoured over insertion of BBL. 
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Sequential addition of the monomers resulted in diblock copolymers. Thermal analysis by DSC 

showed that the phases were miscible in all cases, with only a single glass transition temperature 

observed and no crystalline regions were formed. 

A logical progression from this initial investigation in to the copolymerisation of LA and BBL 

would be to synthesise a range of copolymers with varying ratios of [LA]:[BBL] and perform an 

in-depth assessment of their physical and mechanical properties. It may be desirable to prepare 

copolymers with low proportions of BBL such that the thermal properties would not be too 

dissimilar from pure PLA but other properties such as toughness and gas barrier may be 

improved.  

A second avenue of investigation would be to prepare di- and triblock copolymers using L- and 

D-lactide for the purpose of forming stereocomplexed materials. If both PHB-b-PLLA and 

PHB-b-PDLA diblock copolymers were prepared by sequential addition of the monomers, it 

would be expected that the PLLA and PDLA blocks would form a stereocomplex. Similarly, 

PLLA-b-PHB-b-PLLA and PDLA-b-PHB-b-PDLA triblock copolymers should stereocomplex 

with one another, as should PLLA-b-PHB-b-PDLA stereocomplex with itself. Indeed, it has 

been shown that this type of triblock with atactic PHB blocks does stereocomplex.13 The 

novelty afforded by these group 4 complexes would be in having a syndiotactic PHB block. 
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2.2 Sterically demanding group 4 amine tris(phenolate) 

complexes 

2.2.1 Preamble 

The polymerisations of BBL using group 4 complexes {L1M-OiPr}2 - {L4M-OiPr}2 in section 

2.1 highlighted how even subtle changes to the structure of ligands can have a marked effect on 

the activity and stereocontrol of the initiators. Modification of ligand sterics for the purpose of 

tuning the behaviour of metal complexes is common practice in catalysis. Relating to phenolate 

ligands for the ROP of cyclic esters, there is literature precedent that the ortho-substituents of 

amine bis(phenolate) complexes are responsible for significant variation in the tacticity of both 

PLA and PHB.1 It has been observed that increased steric bulk of the ortho-substituents led to 

improved heterotactic selectivity in PLA and syndiotactic selectivity in PHB, with the hindered 

CPh3-substituted complexes giving the best results for both monomers.1 

 Based on these observations, it was thought that new ligands based on L1H3 – L4H3 with 

modified ortho-groups may exhibit improved stereocontrol in the ROP of rac-LA and BBL. A 

series of group 4 complexes of novel ligands L5H3 - L11H3 bearing ortho-substituents of varying 

steric bulk were synthesised and tested in the ROP of rac-LA and BBL. 

2.2.2 Synthesis of ligands L5H3 - L11H3 

The structure of ligands L5H3 - L11H3 are shown in Figure 2.21. The general synthetic procedure 

for ligands L5H3 - L11H3 was similar to that used for L1H3 – L4H3. The synthetic starting point 

was the ortho-substituted phenol. A large number of substituted phenols are commercially 

available with a great range of non-commercially available ones being synthetically 

accessible.2,3 For the purposes of this study, phenols which were expected to produce the most 

outstanding results, based on previous studies, were used. It should be noted that a number of 

other potential ligands bearing sterically undemanding or electron-donating substituents were 

investigated but are not reported herein. This is because of difficulties encountered during 

synthesis and purification, or that rapid degradation of the ligand was observed.  
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Figure 2.21: ChemDraw structures of ligands L5H3 – L11H3. 

2.2.2.1 Ligands L5H3 - L8H3 

The 2,4-dicumylphenol used in the preparation of ligand L5H3, like 2,4-di-tert-butylphenol, was 

commercially available. 2-Adamantyl-4-tert-butylphenol used in the preparation of ligand L6H3 

was synthesised by the facile condensation of adamantan-1-ol and 4-tert-butylphenol catalysed 

by sulphuric acid.4 This was a high yielding reaction (83 %) that proceeded at ambient 

temperature in a matter of hours. The synthesis of 2-trityl-4-methylphenol used in the 

preparation of ligands L7H3 and L8H3 required more forcing conditions; the addition of sodium 

metal to a large excess of the molten p-cresol at 130°C followed by trityl chloride. Multiple 

basic washes were needed in the work-up to remove the excess p-cresol from the dark coloured 

reaction but the clean product was isolated in modest yield (45 %).2 
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A direct one-pot synthesis of amine bis(phenolate) ligands involves a double Mannich 

condensation between a phenol, an amine and a formaldehyde source.5 This methodology has 

proven efficacy even for phenols bearing very large substituents such as the triphenylmethyl 

(trityl) group. A prolonged reflux (days) of the reaction components at very high concentration 

in methanol is usually sufficient to produce the desired products in modest yield, sometimes 

without need for further purification. Unfortunately this method was unsuitable for the ligands 

L5H3 - L11H3 as none of the desired products could be isolated. This may be due to the anilinic 

nature of the nitrogen in L5H3 - L11H3 compared with mono-alkylamines such as the 2-

methoxyethylamine used in certain bis(phenolate) systems.6  

The method employed by Whitelaw et al. in the synthesis of ligands L1H3 - L4H3
7 involved the 

synthesis of 3,5-di-tert-butylsalicyl alcohol by direct substitution of the corresponding 3,5-di-

tert-butylphenol with paraformaldehyde catalysed by lithium hydroxide.8 This was then 

brominated using phosphorus tribromide giving 3,5-di-tert-butylbenzyl bromide, which could 

be coupled with the desired 2-aminophenol in an SN2 type reaction to yield the amine 

tris(phenolate) product. It was hoped that ligands L5H3 - L8H3 could be synthesised by the same 

method. However, several attempts to synthesise 2,4-dicumylsalicyl alcohol from 2,4-

dicumylphenol via this method, and another using dimethoxyethane and excess 

paraformaldehyde in xylene,9 failed to yield any product. An alternative two-step synthesis was 

found to be effective, if more time consuming. This involved firstly the ortho-formylation of the 

phenol followed by reduction of the salicylaldehyde to the salicyl alcohol (Scheme 2.04).  

 

Scheme 2.04: Alternative two-step synthesis of 3,5-dicumyl-2-hydroxybenzyl alcohol from 2,4-

dicumylphenol. 

The ortho-formylation of phenols is a well-documented transformation. It is an industrially 

relevant process, for example, Jacobsen’s epoxidation catalysts that employs a chiral salen 

ligand is synthesised by the condensation of 1,2-diaminocyclohexane and 3,5-di-tert-

butylsalicylaldehyde.10 For laboratory scale preparations, a convenient method reported by 

Skattebol and co-workers uses magnesium chloride and triethylamine with 

paraformaldehyde.11,3 This has the advantage over other systems of giving high yields whilst 

using relatively cheap and non-toxic reagents. Where very bulky substituents are present a 

stannic chloride/lutidine system4 or even Duff formylation12,2 have been used. 
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The reagents used in the preparation of the various salicylaldehydes are given in Scheme 2.05. 

The magnesium chloride/triethylamine method was used for the synthesis of many of the less 

sterically hindered salicylaldehyes, including those reported in the literature.3 In contrast to the 

literature method, laboratory grade rather than anhydrous acetonitrile, triethylamine and 

paraformaldehyde were used. Generally, it was found that this did not significantly affect the 

yields of the products. Although not previously published, 3,5-dicumyl-salicylaldehyde was 

synthesised using this method. The yields were lower than those published for less sterically 

bulky phenols such as 2-methylphenol (~65 % vs > 90 %), despite increased reaction times (> 4 

hours), presumably due the increased steric bulk. 3-Adamantyl-5-tert-butylsalicylaldehyde was 

synthesised using tin(IV)chloride and lutidine with paraformaldehyde, in accordance with the 

literature procedure,4 giving the product in moderate yield (73 %). A variation of the Duff 

reaction was used to formylate 2-trityl-4-methylphenol, using trifluoroacetic acid and 

hexamethylenetetramine at 130°C followed by acidic hydrolysis.2 Again, the product was 

isolated in moderate yield (75 %). These bulky salicylaldehydes were readily purified by 

washing in hot methanol. 

 

Scheme 2.05: Synthesis of disubstituted salicylaldehydes. 

Conversion of the substituted salicylaldehydes to the corresponding salicylalcohols was 

achieved using sodium borohydride.13 It was necessary to use a 1:1 mixture of chloroform and 

methanol due to the low solubility of the salicylaldehydes in methanol. This is a facile 

transformation that afforded the products in high yields (~90 %). Once the salicylalcohols had 
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been isolated, the synthesis followed that used for L1H3 - L4H3. Bromination of the primary 

alcohol with phosphorus tribromide was straightforward, usually giving the benzyl bromide 

derivatives in quantitative yield, without the need for purification beyond aqueous washing and 

drying.  

In section 2.1, it was observed that in the polymerisations of BBL, complexes {L1Zr-OiPr}2 and 

{L3Zr-OiPr}2, which were H- and tBu-substituted respectively, had improved activity and 

stereocontrol compared with complexes {L2Zr-OiPr}2 (Me-) and {L4Zr-OiPr}2 (Cl-). This was 

also true of the hafnium analogues. For these reasons, it was planned that a series of ligands, 

with H- and tBu-substituted aminophenols coupled to the 3 new ortho-substituted 

hydroxybenzyl bromides, would be synthesised. The 3 tBu-substituted ligands (L5H3 – L7H3) 

were prepared without considerable difficulty, according to Scheme 2.06. Ligands L5H3 and 

L6H3 required purification by chromatography on silica gel giving final yields of 50 % and 53 % 

respectively. Fortunately L7H3 could be purified simply by trituration in hexane.  

 

Scheme 2.06: Synthesis of amine tris(phenolate) ligands L5H3 - L7H3. 

In contrast, attempts to prepare the analogous H-substituted ligands resulted in either rapid 

decomposition during or after purification, or the desired product was inseparable from a 

complex mixture of side-products. Of the 3 planned ligands, L8H3 was the only H-substituted 

one that was successfully synthesised, according to Scheme 2.07, although in low yield (47 %) 

compared with L7H3. 
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Scheme 2.07: Synthesis of amine tris(phenolate) ligand L8H3. 

2.2.2.2 Ligands L9H3 - L11H3 

Ligands L9H3 - L11H3 feature 2-aminophenolic residues that are substituted in the ortho and 

para positions. As the disubstituted 2-aminophenols are not commercially available it was 

necessary to synthesise them from the corresponding phenols. This was done firstly by nitration 

of the ortho position followed by reduction of the nitro group to the amine. As it is possible to 

dinitrate phenols under forcing conditions, the nitrations were carried out in acetic acid using 1 

equivalent of nitric acid.14 2-Methyl-4-tert-butylphenol and 2,4-di-tert-butylphenol were soluble 

in acetic acid and turned a deep red colour upon addition of nitric acid that resulted in brown 

coloured crude products. Recrystallisation of the crude products afforded the pure materials as 

orange solids. 2-trityl-4-tert-Butyl-phenol was insoluble in acetic acid but the stirred slurry 

turned pale green on addition of nitric acid, indicating some reaction had occurred. Fortunately, 

after filtration and washing with water the resulting yellow solid was found to be the pure 

product; 2-nitro-4-tert-butyl-6-tritylphenol.  

Reduction of the nitro compounds to their amine analogues was less straightforward. Attempts 

were made to reduce 2-nitro-4,6-di-tert-butylphenol to 2-amino-4,6-di-tert-butylphenol using 

palladium 10 wt% on activated carbon under hydrogen, at atmospheric pressure and at 15 bar in 

a Parr bomb. Whilst this type of reaction is usually very clean and efficient using hydrogen,15 

none of the desired product was recovered. In hindsight, it is likely that the palladium on carbon 

was of substandard quality. Another method using hydrazine and graphite16 was equally 

unsuccessful. It has been reported that tin(II)chloride in ethanol can selectively reduce aromatic 

nitro groups to anilines.17 It was found that with 5 equivalents of SnCl2 at reflux in ethanol or 

methanol for 75 minutes, 2-amino-4-tert-butyl-6-methylphenol and 2-amino-4,6-di-tert-

butylphenol were produced in reasonable yields (74 % and 63 % respectively). Owing to poor 

solubility in alcohols, 2-nitro-4-tert-butyl-6-tritylphenol needed a 1:1 mixture of methanol and 

chloroform, but again, the product was isolated in acceptable yield (77 %). The drawbacks of 

this method are that emulsions formed during work-up that were difficult to separate, and that 

large quantities of aqueous tin waste were generated relative to quantities of product produced. 
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Ligands L9H3 - L11H3 were prepared from the disubstituted 2-aminophenols and 3,5-di-tert-

butyl-2-hydroxybenzyl bromide as per ligands L1H3 - L4H3, according to Scheme 2.08. L9H3 

was purified by filtration through silica whilst L10H3 and L11H3 could conveniently be purified 

by precipitation from methanol. 

 

Scheme 2.08: Synthesis of amine tris(phenolate) ligands L9H3 - L11H3. 
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2.2.3 Synthesis of complexes  

2.2.3.1 Complexes L5M-OiPr - L8M-OiPr 

Ligands L5H3 - L8H3 were complexed to group 4 metals by the 1:1 stoichiometric reaction with 

the metal isopropoxide isopropanol adduct in toluene solution at ambient temperature according 

to Scheme 2.09.  

 

Scheme 2.09: Complexation of bis(phenolate) ligands L5H3 – L8H3 with group 4 metals. 

Pure samples of L5Zr-OiPr - L8Zr-OiPr, L6Hf-OiPr and L7Hf-OiPr were isolated.  L5Hf-OiPr 

could not be isolated as the pure complex and L8Hf-OiPr was not prepared due to the difficulties 

with the ligand synthesis; these complexes are not discussed further.  
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Figure 2.22: Solid-state structure of {L5Zr-OiPr}2 dimer (50 % probability ellipsoids). 

Hydrogens and cumyl groups have been removed for clarity. Key atoms are labelled.  

Crystals suitable for X-ray diffraction were isolated for {L5Zr-OiPr}2. As Figure 2.22 shows, the 

solid-state structure was found to be dimeric in accordance with zirconium and hafnium 

complexes of L1H3 - L4H3.7,18
 The structural data for {L5Zr-OiPr}2 is summarised in Table 2.11. 

The zirconium centres occupy pseudo-octahedral geometry with N-Zr-OiPr angles of around 

170°. Some bond angles are quite distorted from octahedral; O(2)-Zr(2)-O(4) = 133.93(7)°, 

O(5)-Zr(1)-O(4) = 67.03°. The metal centres are bridged by O(5) and O(4) of the less sterically 

hindered phenoxides. This results in an elongation of these bond lengths; Zr(2)-O(4) = 2.1613 Å 

and Zr(2)-O(5) = 2.2939 Å. The bond lengths and angles found for {L5Zr-OiPr}2 are similar to 

those reported for {L1Zr-OiPr}2 and {L3Zr-OiPr}2 indicating that the additional steric bulk of 

the cumyl groups compared to tert-butyl groups has little effect on the geometry of complexes. 
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Table 2.11: Selected bond lengths (Å) and angles (°) for {L1Zr-OiPr}2, {L3Zr-OiPr}2 and 

{L5Zr-OiPr}2; estimated standard deviation in parenthesis.  

 {L1Zr-OiPr}2
7 {L3Zr-OiPr}2

7 {L5Zr-OiPr}2 

Zr(2)-O(1) 1.9878(19) 1.988(3) 1.9983(16) 

Zr(2)-O(2) 1.9950(19) 1.996(3) 2.0029(17) 

Zr(2)-O(3) 1.9178(19) 1.916(3) 1.9330(18) 

Zr(2)-O(4) 2.1568(18) 2.151(3) 2.1613(18) 

Zr(2)-O(5) 2.2686(18) 2.288(3) 2.2939(16) 

O(1)-Zr(2)-O(2) 109.61(8) 106.55(11) 108.10(7) 

N(1)-Zr(2)-O(3) 168.18(8) 167.01(11) 168.96(7) 

Zr(2)-O(3)-CiPr 164.8(2) 172.4(3) 164.6(2) 
 

Comparison of the 1H NMR spectrum of {L5Zr-OiPr}2, shown in Figure 2.23 (top), against that 

of {L3Zr-OiPr}2 showed similar broad peaks attributed to monomeric but fluxional species when 

recorded in d8-THF at 298 K. Cooling the sample to 200 K (Figure 2.23, bottom) resolved the 

broad peaks observed for the methylene groups in to four doublets with geminal J-couplings of 

13.2 and 12.0 Hz for the two respective pairs of anisotropic CH2 protons. At low temperature 

each of the 8 CH3 groups from the 4 cumyl groups were also inequivalent. 

 

Figure 2.23: 1H NMR spectra of {L5Zr-OiPr}2 between 5 ppm and 3 ppm. Top spectrum 

recorded at 298 K, bottom spectrum at 200 K. 

3.23.33.43.53.63.73.83.94.04.14.24.34.44.54.64.74.84.9 ppm
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Complexes {L6Zr-OiPr}2 and {L6Hf-OiPr}2 could only be isolated as powders after several 

attempts at recrystallization from various solvents. The 1H NMR spectra recorded in d8-THF at 

298 K, shown in Figure 2.24, were consistent with monomeric species similar to {L3Zr-OiPr}2. 

The methylene protons were observed as a doublet at 4.1 ppm with a geminal J-coupling of 12.5 

Hz and a very broad singlet at 3.8 pm. In contrast to {L5Zr-OiPr}2, where broad peaks were 

observed for nearly all environments at 298 K, {L6Zr-OiPr}2 and {L6Hf-OiPr}2 had largely 

resolved and well defined 1H NMR spectra at 298 K. It is surmised that the ortho-adamantyl 

substituents give complexes with a lower degree of fluxionality than complexes with cumyl 

groups. It is likely that {L6Zr-OiPr}2 and {L6Hf-OiPr}2 are dimeric in the solid-state based on 

the similarity of the 1H NMR spectra compared with {L1Hf-OiPr}2 - {L4Hf-OiPr}2 and from the 

absence of any isopropanol to occupy the sixth coordination site in a monomeric octahedral 

geometry.

 

Figure 2.24: 1H NMR spectrum of {L6Zr-OiPr}2 at 298 K with expanded region between 5 ppm 

and 3 ppm, inset 

Cooling a sample of {L6Hf-OiPr}2 in d8-THF from 298 K to 220 K, shown in Figure 2.25, led to 

a gradual resolution of the methylene signal in to the expected four doublets as seen for {L3Zr-

OiPr}2 and {L5Zr-OiPr}2. 
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Figure 2.25: 1H NMR spectra of {L6Hf-OiPr}2 between 220 K (top) and 298 K (bottom). 

In contrast, the solid-state structures of L7Zr-OiPr(iPrOH), shown in Figure 2.26, and L7Hf-

OiPr(iPrOH) were found to be monomeric, likely due to the very large steric bulk of the ortho-

trityl groups, which block dimerisation. The orientation of the different phenoxide arms was 

consistent throughout the dimeric complexes {L1M-OiPr}2 - {L5M-OiPr}2; the benzylic 

phenolates were cis to one another. In L7Zr-OiPr(iPrOH) and L7Hf-OiPr(iPrOH) the benzylic 

phenoxides were trans to each other, again, likely due to the large steric interaction of the trityl 

groups. The three phenoxide oxygen atoms were meridional with the isopropoxide trans to the 

nitrogen. The structural data for L7Zr-OiPr(iPrOH) and L7Hf-OiPr(iPrOH) is summarised in 

Table 2.12. The metal centres retained the pseudo-octahedral geometry, although less distorted 

than in {L5Zr-OiPr}2, possibly because the least bulky phenoxide is no longer µ2 bridging. For 

example, the N-Zr-O(5) bond angle is around 174° compared with around 169° for {L5Zr-

OiPr}2. The M-N bond lengths were also elongated, especially for L7Zr-OiPr(iPrOH) at 

2.4927(16) Å. An isopropanol molecule occupies the sixth coordination site and has elongated 

M-O bonds lengths of 2.2778(16) Å and 2.254(4) Å for L7Zr-OiPr(iPrOH) and L7Hf-

OiPr(iPrOH) respectively. The M-O and M-N bond lengths for L7Zr-OiPr(iPrOH) were 

significantly longer than for L7Hf-OiPr(iPrOH), attributed to the slightly smaller ionic radius of 

hafnium compared with zirconium.  

 

3.23.33.43.53.63.73.83.94.04.14.24.34.44.54.64.74.84.9 ppm
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Figure 2.26: Solid-state structure of L7Zr-OiPr(iPrOH) (50 % probability ellipsoids). The 

hydrogens except iPrOH have been removed for clarity. Key atoms are labelled.  

Table 2.12: Selected bond lengths (Å) and angles (°) for L7Zr-OiPr(iPrOH) and L7Hf-

OiPr(iPrOH); estimated standard deviation in parenthesis  

 L7Zr-OiPr(iPrOH) L7Hf-OiPr(iPrOH) 

M-O(1) 2.0368(13) 2.022(3) 

M-O(2) 2.0191(14) 2.006(3) 

M-O(3) 2.0396(13) 2.029(3) 

M-O(4) 2.2778(16) 2.254(4) 

M-O(5) 1.9116(14) 1.904(3) 

M-N 2.4927(16) 2.463(3) 

O(1)-M-O(3) 152.00(5) 153.15(12) 

N-M-O(5) 173.43(5) 174.21(14) 

M-O(5)-CiPr 163.69(13) 161.7(3) 
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Figure 2.27: 1H NMR spectrum of L7Zr-OiPr(iPrOH) in d8-THF at 260 K with expanded region 

between 4.2 ppm and 2.8 ppm, inset. 

The 1H NMR spectrum of L7Zr-OiPr(iPrOH) in CDCl3 at 298 K showed signals indicative of 

monomeric species, although some fluxionality was observed. This may be due to the reversible 

coordination of the isopropanol as well as fluxionality of the ligand. 1H NMR analysis in d8-

THF at 298 K yielded spectra that displayed largely resolved peaks with some broad peaks in 

the aromatic region. Cooling the sample to 260 K led to increased resolution of the broad 

signals as can be seen in the 1H NMR spectrum in Figure 2.27. The 1H NMR spectra of L7Zr-

OiPr(iPrOH) and L7Hf-OiPr(iPrOH) (Figure 2.28) clearly show the isopropanol, which is easily 

distinguished from the isopropoxide by the coupling between the CH and OH resulting in a 

double septet for the CH. Integration of the CH3 doublet of the isopropanol shows that there is 

less than the expected 1 equivalent for both complexes. Both samples were subjected to high 

vacuum drying and this is possibly the cause of loss of isopropanol. If the isopropanol had been 

removed then there are several possible geometries in the solid state. Dimerisation appears 

unlikely given the large steric bulk of the trityl groups; if the metal centre remains five 

coordinate then either square pyramidal or rearrangement to trigonal bipyramidal are possible, 

both likely to be distorted. Assuming that the coordinated isopropanol can act as a chain transfer 

agent during polymerisation then the non-stoichiometry will influence the expected chain 

lengths of the polymers.  
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In contrast to the dimeric complexes {L1M-OiPr}2 - {L5M-OiPr}2, the methylene protons of 

L7Zr-OiPr(iPrOH) and L7Hf-OiPr(iPrOH) were observed as a pair of doublets at 298 K. Cooling 

the samples to 230 K did not resolve the signals further suggesting that the CH2 groups are 

equivalent with the two protons on each group being anisotropic. Inspection of the solid-state 

structure confirms that the two methylene groups are equivalent, being related by a plane of 

symmetry.  

 

Figure 2.28: 1H NMR spectra of L7Hf-OiPr(HOiPr) at 230 K with expanded region between 4.2 

ppm and 2.6 ppm, inset. 

Complex L8Zr-OiPr(HOiPr) did not produce crystals suitable for X-ray diffraction, however, 

based on the NMR spectra it is believed to occupy very similar geometry to L7Zr-OiPr(HOiPr). 

The 1H NMR spectrum of L8Zr-OiPr(HOiPr), shown in Figure 2.29, is comparable to that of 

L7Zr-OiPr(HOiPr) with the absence of 1 tert-butyl signal. The methylene groups were observed 

as a pair of doublets between 298 and 230 K. Based on integration of the isopropanol CH3 

signal, there were 1.4 equivalents of isopropanol present. Again, the non-stoichiometry between 

the complex and the isopropanol will affect the molecular weight of the polymers produced 

using this initiator.  
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Figure 2.29: 1H NMR spectrum of L8Zr-OiPr at 260 K with expanded region between 4.2 ppm 

and 2.8 ppm, inset. 
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2.2.3.2 Complexes L9M-OiPr - L11M-OiPr 

Ligands L9H3 - L11H3 were complexed to group 4 metals by the 1:1 stoichiometric reaction with 

the metal isopropoxide isopropanol adduct in toluene solution at ambient temperature according 

to Scheme 2.10. 

 

Scheme 2.10: Complexation of bis(phenolate) ligands L9H3 – L11H3 with group 4 metals 

Crystals of X-ray quality could not be grown for {L9Zr-OiPr}2, instead the complex was isolated 

as a powder from hexane. {L9Hf-OiPr}2 could not be isolated as the pure complex in any form 

and is not discussed further. 

The 1H NMR spectrum of {L9Zr-OiPr}2 in d8-THF at 298 K showed similarities to those of 

{L5Zr-OiPr}2 and {L6Zr-OiPr}2; at 298 K the methylene protons were observed as a doublet and 

a broad singlet (Figure 2.30, top). When a sample of {L9Zr-OiPr}2 in d8-THF was cooled to 232 

K the signals were resolved in to four doublets. The fourth CH2 doublet in Figure (bottom) is 

obscured by the d8-THF solvent peak at 3.6 ppm. The presence of four doublets indicates that 

the benzylic phenoxides are cis in accordance with the structure of other dimeric complexes. 

There is also no evidence of the isopropanol adduct and so it is likely that {L9Zr-OiPr}2 is also 

dimeric in the solid-state. Thus, it is surmised that the ortho-methyl group on the aminophenolic 

arm of the ligand is not sufficiently bulky to prevent dimerization.  
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Figure 2.30: 1H NMR spectra of {L9Zr-OiPr}2 between 5 ppm and 3 ppm. Top spectrum 

recorded at 298 K, bottom spectrum at 232 K. 

The solid-state structures of both L10Zr-OiPr(iPrOH) and L10Hf-OiPr(iPrOH), which is given in 

Figure 2.31, were found to be monomeric with distorted-octahedral geometry. The increase in 

steric bulk of the ortho-tert-butyl group compared with the ortho-methyl group of {L9Zr-OiPr}2 

appears to favour the formation of a monomeric isopropanol adduct over dimerisation. 

Comparison of the structural data in Table 2.13 shows that the bond lengths are generally 

comparable with the other complexes reported herein, with phenolate oxygen-metal bonds 

around 2 Å. A contraction of the M-O and M-N bond lengths in L10Hf-OiPr(iPrOH) compared 

with L10Zr-OiPr(iPrOH) was observed, as in L7Hf-OiPr(iPrOH) and L7Zr-OiPr(iPrOH).  

Interestingly, L10Zr-OiPr(iPrOH) and L10Hf-OiPr(iPrOH) adopt a ligand orientation more akin to 

the dimeric complexes than the bulky monomeric complexes L7Zr-OiPr(iPrOH) and L7Hf-

OiPr(iPrOH). As can be seen in Figure 2.31, the benzylic phenoxides are in a cis rather than 

trans arrangement, with O(1)-M-O(2) angles around 100°. In fact, the solid-state structure is 

similar to what would be expected for the dimeric complexes when in solution in THF, with the 

coordinated isopropanol replaced with a coordinated THF molecule, and resembles the structure 

shown in Figure 2.05. 

 

 

 

3.23.33.43.53.63.73.83.94.04.14.24.34.44.54.64.74.84.9 ppm
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Figure 2.31: Solid-state structure of L10Hf-OiPr(iPrOH) (50 % probability ellipsoids) with 

methyl groups of the tBu moieties and the hydrogens except iPrOH removed for clarity. Key 

atoms are labelled. 

Table 2.13: Selected bond lengths (Å) and angles (°) for L10Zr-OiPr(iPrOH) and L10Hf-

OiPr(iPrOH); estimated standard deviation in parenthesis 

 L10Zr-OiPr(iPrOH) L10Hf-OiPr(iPrOH) 

M-O(1) 2.0024(18) 1.9931(18) 

M-O(2) 2.0101(18) 2.0065(19) 

M-O(3) 2.0302(18) 2.029(2) 

M-O(4) 2.305(2) 2.273(2) 

M-O(5) 1.9301(18) 1.9267(18) 

M-N 2.453(2) 2.419(2) 

O(1)-M-O(2) 99.39(7) 100.27(8) 

N-M-O(5) 176.11(8) 174.81(8) 

M-O(5)-CiPr 167.2(2) 164.9(2) 
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Figure 2.32: 1H NMR spectrum of L10Hf-OiPr(iPrOH) at 225 K with expanded region between 

5 ppm and 3 ppm, inset. 

The 1H NMR spectra of L10Zr-OiPr(iPrOH) and L10Hf-OiPr(iPrOH) at 298 K in d8-THF were 

characterised by broad signals for all ligand environments including the methylene groups. 

Cooling the samples to 225 K resolved the broad methylene signals in to four doublets seen in 

Figure 2.32 representing the cis relationship of the benzylic phenoxides in analogy to the 

dimeric complexes.  
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Figure 2.33: 1H NMR spectra of L10Zr-OiPr(iPrOH) (top) and L10Hf-OiPr(iPrOH) (bottom) 

between 5 ppm and 3 ppm. 

As observed in L7Zr-OiPr(iPrOH) and L7Hf-OiPr(iPrOH), the coordinated isopropanol in L10Hf-

OiPr(iPrOH) was not stoichiometric after the complex was subjected to vacuum drying. 

Integration of the iPrOH CH3 signal in the 1H NMR spectrum gave 3.7 H, meaning a significant 

proportion of the isopropanol had been removed. Surprisingly, there was no evidence of any 

isopropanol in the NMR spectra of L10Zr-OiPr(iPrOH). Figure 2.33 shows the region between 5 

ppm and 3 ppm in the 1H NMR spectra of L10Zr-OiPr(iPrOH) (top) and L10Hf-OiPr(iPrOH) 

(bottom). In the lower spectrum, the signal at around 3.8 ppm is the overlapping CH and OH 

peaks of the isopropanol. The corresponding peaks are entirely absent in the upper spectrum 

confirming that the coordinated isopropanol was quantitatively removed from L10Zr-

OiPr(iPrOH) during the drying process. This suggests that, in the solid-state, either formation of 

the dimeric complex {L10Zr-OiPr}2 is possible, or the complex remains monomeric but the 

zirconium centre is 5-coordinate. L10Zr-OiPr(iPrOH) was designed to be structurally very 

similar to the C3-symmetric amine tris(phenolate) complexes reported by Chmura et al.19 The 

difference is that one of the methylene groups is absent in L10Zr-OiPr(iPrOH)  thus removing the 

C3-symmetry. The C3-symmetric group 4 amine tris(phenolate) complexes have been isolated 

with 5-coordinate trigonal bipyramidal geometry. Given the close structural and steric 

similarities, it seems likely that L10Zr-OiPr and L10Hf-OiPr would adopt trigonal bipyramidal 

geometry rather than dimerise (Figure 2.34).  

3.23.33.43.53.63.73.83.94.04.14.24.34.44.54.64.74.84.9 ppm
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Figure 2.34: Possible trigonal bipyramidal geometry of L10Zr-OiPr after removal of isopropanol 

from L10Zr-OiPr(iPrOH). 

The solid-state structures of both L11Zr-OiPr(iPrOH), which is shown in Figure 2.35, and L11Hf-

OiPr(iPrOH) were also found to be monomeric. The orientation of the ligand around the metal 

centres was comparable to L10Zr-OiPr(iPrOH) and L10Hf-OiPr(iPrOH), with the benzylic 

phenoxides cis. The structural data for L11Zr-OiPr(iPrOH) and L11Hf-OiPr(iPrOH) is 

summarised in Table 2.14. The increased steric bulk of the ortho-trityl group did not result in 

significantly different M-O bond lengths, including M-O(3), compared with complexes L10M-

OiPr(iPrOH). It was noted that the O(1)-M-O(2) bond was decreased to ~95°, ~5° less than 

L10M-OiPr(iPrOH). This may be a consequence of the trityl group forcing the two benzylic 

phenoxides closer together. 
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Figure 2.35: Solid-state structure of L11Zr-OiPr(iPrOH) (50 % probability ellipsoids). The 

hydrogens except iPrOH and methyl groups of the tBu moieties have been removed for clarity. 

Key atoms are labelled.  

Table 2.14: Selected bond lengths (Å) and angles (°) for L11Zr-OiPr(iPrOH) and L11Hf-

OiPr(iPrOH); estimated standard deviation in parenthesis 

 L11Zr-OiPr(iPrOH) L11Hf-OiPr(iPrOH) 

M-O(1) 1.9954(14) 1.988(3) 

M-O(2) 2.0006(14) 1.999(3) 

M-O(3) 2.0382(13) 2.036(2) 

M-O(4) 2.3130(15) 2.293(3) 

M-O(5) 1.9297(14) 1.911(3) 

M-N 2.4662(16) 2.448(3) 

O(1)-M-O(2) 96.63(6) 95.28(11) 

N-M-O(5) 174.97(6) 175.13(12) 

M-O(5)-CiPr 169.79(15) 177.7(6) 
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The 1H NMR spectra of L11Zr-OiPr(iPrOH) and L11Hf-OiPr(iPrOH) showed fluxionality 

when recorded in d8-THF at 298 K; the methylene and tert-butyl protons were observed 

as broad signals. Cooling the samples to 260 K, as shown in Figure 2.26 for L11Hf-

OiPr(iPrOH), gave well-resolved spectra consistent with the expected monomeric 

species. Whilst L11Hf-OiPr(iPrOH) retained 1 equivalent of isopropanol during drying, 

L11Zr-OiPr(iPrOH) retained only ~0.7 equivalents. 

 

Figure 2.36: 1H NMR spectra of L11Hf-OiPr(iPrOH) at 260 K with expanded region between 

4.6 ppm and 3.2 ppm, inset.  
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2.2.4 Polymerisations  

2.2.4.1 Zirconium initiators 

The zirconium complexes of ligands L5H3 – L11H3 were tested for activity in the ROP of both 

BBL and rac-LA. The same conditions as used in the ROP of BBL with complexes {L1M-

OiPr}2 - {L4M-OiPr}2 in section 2.1.4 were employed; 80°C in toluene for 24 hours and [BBL]0-

:[initiator] of 300:1. For rac-LA a [rac-LA]0:[initiator] of 100:1 and [rac-LA]0 of 1.0 M were 

used in accordance with the work done by Whitelaw et al.7  

Table 2.15: Polymerisations of BBL using {L5Zr-OiPr}2 – L11Zr-OiPr(iPrOH) 

Entry Complex Conva / % Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {L5Zr-OiPr}2 96 22,500 25,000 1.08 0.72 

2 {L6Zr-OiPr}2
 99 26,600 26,000 1.14 0.52 

3 L7Zr-OiPr(iPrOH) 9 - 1,400 - - 

4 L8Zr-OiPr(iPrOH) 20 - 2,200 - - 

5 {L9Zr-OiPr}2
 99 36,700 26,000 1.32 0.66 

6 L10Zr-OiPr 46 6,600 12,000 1.16 0.58 

7 L11Zr-OiPr(iPrOH) 85 9,100 13,000 1.15 0.74 
Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 6.0 M; 

[monomer]0/[initiator] = 300. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards; c determined by 13C{1H} NMR. 

The results of the polymerisations of BBL are shown in Table 2.15. The complexes that are 

considered dimeric in the solid-state; {L5Zr-OiPr}2, {L6Zr-OiPr}2 and {L9Zr-OiPr}2, gave near 

quantitative conversion of the monomer after 24 hours. {L5Zr-OiPr}2 and {L6Zr-OiPr}2 

produced polymers with expected molecular weights and narrow PDIs that indicate very well-

controlled reactions. {L9Zr-OiPr}2 yielded PHB with an Mn greater than expected and a broader 

PDI of 1.32. This may be due to impurities in the initiator. Whilst the elemental analysis 

confirmed high sample purity, there are clearly some additional species present in the 1H NMR 

spectrum (Figure 2.30). If a percentage of the initiator is inactive, or impurities are present, then 

the actual [M]:[I] ratio will greater than 100:1 and side-reactions may prevail.  

The stereocontrol exhibited by {L5Zr-OiPr}2 of Pr = 0.72 was a small improvement over that 

observed for {L1Zr-OiPr}2 (Pr = 0.65). {L6Zr-OiPr}2 produced atactic PHB, whilst {L9Zr-OiPr}2 

was comparable with its closest analogue, {L3Zr-OiPr}2, with Pr = 0.66. Whilst there is no clear 

trend between these initiators in terms of steric bulk and stereoselectivity, it is interesting that 
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the cumyl-substituted complex {L5Zr-OiPr}2 gave significantly more control than the 

adamantyl-substituted complex {L6Zr-OiPr}2. Bouyahyi et al. have shown through DFT studies, 

that stereocontrol in the ROP of BBL is not solely dependent on steric bulk of the ortho-

substituent in the way that rac-LA is.1 Instead the presence of phenyl rings in the ortho-groups 

favours syndiotactic enchainment by stabilisation of some reaction intermediates through C-H-π 

interactions. It is possible that similar interactions between the cumyl groups {L5Zr-OiPr}2 and 

BBL are the reason for the increased syndiotactic selectivity. 

In contrast, the monomeric initiators L7Zr-OiPr(iPrOH), L8Zr-OiPr(iPrOH), L10Zr-OiPr, L11Zr-

OiPr(iPrOH) gave much lower conversions after 24 hours ranging from 9 % - 85 %. The very 

low conversions for L7Zr-OiPr(iPrOH) and L8Zr-OiPr(iPrOH), 9 % and 20 % respectively, 

resulted in oily products from which no solid could be isolated, thus they were not characterised 

by GPC or NMR. It is likely that the steric crowding of the metal centre achieved by having 

ortho-trityl substituents on 2 of the 3 phenolate groups restricts coordination of the monomer 

and is detrimental to the rate of propagation. It is clear from the solid-state structure (Figure 

2.26) that the metal centre is severely hindered by the peripheral trityl groups. It is assumed that 

during initiation the favourable locus for coordination of the monomer is through displacement 

of the coordinated isopropanol (or coordination to this vacated site). It may be the case that 

upon ring-opening of a BBL monomer, the resulting chelating species, coupled with the large 

steric bulk of the ligand, disfavours the insertion of another BBL by blocking the coordination 

site.  

Complexes L10Zr-OiPr and L11Zr-OiPr(iPrOH) also produced PHBs with molecular weights 

lower than calculated although PDIs were narrow. L10Zr-OiPr is particularly interesting being 

the closest relative of the C3-symmetric zirconium amine tris(phenolate) complex C3-Zr-OiPr. 

Where C3-Zr-OiPr produced cyclic oligomers of PHB (section 2.1.2), L10Zr-OiPr produced 

linear-chain atactic PHB. The theoretical molecular weight for PHB from L11Zr-OiPr(iPrOH) 

(Mn = 13,000 Da) was calculated based on there being 0.7 equivalents of coordinated 

isopropanol, as per the 1H NMR. Based on the observed molecular weight (Mn = 9,100 Da) it is 

assumed that the coordinated isopropanol does act as a chain transfer agent. The only 

outstanding characteristic of L11Zr-OiPr(iPrOH) was that PHB with the highest syndiotactic 

enrichment of any of the zirconium complexes was produced. The Pr of 0.74 is comparable to 

{L1Hf-OiPr}2 and {L3Hf-OiPr}2. Clearly the inclusion of 1 ortho-trityl group is beneficial over 2 

ortho-trityl groups in terms of activity and selectivity. 
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Table 2.16: Polymerisations of rac-LA using {L5Zr-OiPr}2 - L11Zr-OiPr(iPrOH) 

Entry Complex Conva / 
% 

Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {L5Zr-OiPr}2 98 12,400 14,000 1.36 0.50 

2 {L6Zr-OiPr}2
 98 15,400 14,000 1.78 0.49 

3 L7Zr-OiPr(iPrOH) 78 6,200 6,700 1.05 0.44 

4 L8Zr-OiPr(iPrOH) 93 6,400 5,600 1.05 0.59 

5 {L9Zr-OiPr}2
 99 12,100 14,000 1.60 0.54 

6 L10Zr-OiPr 56 5,400 8,100 1.14 0.61 

7 L11Zr-OiPr(iPrOH) 97 7,900 8,300 1.12 0.80 
Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 1.0 M; 

[monomer]0/[initiator] = 100. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards and corrected using 0.56(Mn); c determined by homonuclear 

decoupled 1H{1H} NMR. 

The results of the polymerisations of rac-LA, shown in Table 2.16, are similar to those for BBL 

in that the dimeric and monomeric complexes behaved differently. Again, complexes {L5Zr-

OiPr}2, {L6Zr-OiPr}2 and {L9Zr-OiPr}2, gave near quantitative conversion of the monomer after 

24 hours. However, whilst the molecular weights were close to the expected values, the PDIs 

were reasonably broad (PDI = 1.36 – 1.78). Similar results were reported by Whitelaw et al. for 

complexes {L1Zr-OiPr}2 -{L3Zr-OiPr}2 when the reactions were run for 24 hours. When the 

reaction time was reduced to 2 hours, high conversion was still achieved but the PDIs were  

narrow.7 Therefore it may be the case that the polymerisations using {L5Zr-OiPr}2, {L6Zr-OiPr}2 

and {L9Zr-OiPr}2 had progressed to near completion before 24 hours and subsequent 

transesterification broadened the dispersities. None of the 3 complexes demonstrated 

stereocontrol, yielding only atactic PLA. 

The monomeric complexes L7Zr-OiPr(iPrOH), L8Zr-OiPr(iPrOH), L10Zr-OiPr and L11Zr-

OiPr(iPrOH) were all active in the ROP of rac-LA. L7Zr-OiPr(iPrOH) and  L8Zr-OiPr(iPrOH) 

demonstrated a remarkable increase in activity compared with BBL, with conversions of 78 % 

and 93 % respectively. The molecular weights achieved were close to the calculated values 

based on the assumption that the coordinated isopropanol is a chain transfer agent, as was the 

case in the ROP of BBL with these complexes. Further to this, the PDIs were very narrow at 

1.05, characteristic of very well-controlled polymerisations and absence of side-reactions. The 

large steric bulk of the ortho-trityl groups may block coordination of the enchained PLA 

carbonyl groups to the metal centre, thus significantly reducing any transesterification. 

Stereocontrol was also absent with essentially atactic PLA being produced.  



120 
 

The results obtained for L10Zr-OiPr were, again, particularly interesting owing to the structural 

relationship to C3-Zr-OiPr. C3-Zr-OiPr is highly active in the ROP of rac-LA in toluene solution 

and produces very well-controlled and near perfectly heterotactic PLA.19 In contrast, L10Zr-OiPr 

only produced PLA with only slight heterotactic enrichment (Pr = 0.61). The only difference 

between the two complexes is the removal of a single methylene group in L10Zr-OiPr. Yet this 

small modification removes the C3-symmetry that is hypothesised as being instrumental in the 

selectivity of the initiator. The results from polymerisations using L10Zr-OiPr reinforce this 

hypothesis and show that factors other than steric constraints can dominate stereoselective 

processes.  

L11Zr-OiPr(iPrOH) was again the only outstanding initiator of the series, achieving high 

conversion with well-controlled reaction characteristics (Mn = 14,100 Da, PDI = 1.14) whilst 

demonstrating good heterotactic selectivity (Pr = 0.80). As in the ROP of BBL, the inclusion of 

1 ortho-trityl group yielded much improved selectivity compared with L7Zr-OiPr(iPrOH), L8Zr-

OiPr(iPrOH) and L10Zr-OiPr. 

2.2.4.2 Hafnium initiators 

The hafnium complexes of ligands L6H3, L7H3, L10H3 and L11H3 were tested for activity in the 

ROP of both BBL and rac-LA. 

Table 2.17: Polymerisations of BBL using {L6Hf-OiPr}2 - L11Hf-OiPr(iPrOH) 

Entry Complex Conva / % Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {L6Hf-OiPr}2 58 9,400 15,000 1.10 0.60 

2 L7Hf-OiPr(iPrOH) 65 1,000 9,400 1.34 - 

3 L10Hf-OiPr(iPrOH) 56 9,700 9,100 1.14 0.61 

4 L11Hf-OiPr(iPrOH) 78 10,150 10,000 1.10 0.75 
Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 6.0 M; 

[monomer]0/[initiator] = 300. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards; c determined by 13C{1H} NMR. 

The results of the polymerisations of BBL in Table 2.17 indicate that complex {L6Hf-OiPr}2 

was less active than its zirconium counterpart {L6Zr-OiPr}2, reaching 58 % conversion after 24 

hours. The Mn was also lower than expected suggesting that unwanted side-reactions are 

prevalent. Despite this, the PDI was narrow at 1.10 and there was a slight increase in 

heterotacticity compared to {L6Zr-OiPr}2 (Pr = 0.60). L7Hf-OiPr(iPrOH) appeared to be much 

more active than its zirconium counterpart with a monomer conversion of 65 %, however, only 
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oligomeric PHB was produced (Mn = 1,000 Da). Although no analysis by mass spectrometry 

was done, these results are reminiscent of those of the C3-symmetric initiators (C3-M-OiPr) in 

section 2.1.2, suggesting that the products were cyclic oligomers. Despite having some 

coordinated isopropanol, L10Hf-OiPr(iPrOH) produced very similar results to L10Zr-OiPr, only 

with improved molecular weight control. L11Hf-OiPr(iPrOH) showed slightly improved 

characteristics compared to L11Zr-OiPr(iPrOH), with Mn = 10,150 Da being very close to the 

calculated value and a narrower PDI of 1.10. 

Unlike {L6M-OiPr}2 and the other dimeric initiators, where there was a marked increase in 

syndiotacticity (ΔPr ≈ 0.1) between the Zr and Hf metal centres, the monomeric initiators 

achieved very similar stereocontrol for both Zr and Hf metal centres. L10Hf-OiPr(iPrOH) yielded 

PHB with slight syndiotactic enrichment (Pr  = 0.61 cf. 0.58 for L10Zr-OiPr) and L11Hf-

OiPr(iPrOH) moderate sydiotacticity (Pr  = 0.75 cf. 0.74 for L11Zr-OiPr(iPrOH)).  

Table 2.18: Polymerisations of rac-LA using {L6Hf-OiPr}2 - L11Hf-OiPr(iPrOH) 

Entry Complex Conva / % Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {L6Hf-OiPr}2 99 11,300 14,000 1.68 0.57 

2 L7Hf-OiPr(iPrOH) 55 3,400 4,500 1.06 0.42 

3 L10Hf-OiPr(iPrOH) 99 7,400 9,000 1.47 0.63 

4 L11Hf-OiPr(iPrOH) 97 7,100 7,000 1.07 0.80 
Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 1.0 M; 

[monomer]0/[initiator] = 100. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards and corrected using 0.56(Mn); c determined by homonuclear 

decoupled 1H{1H} NMR. 

The results of the polymerisations of rac-LA are shown in Table 2.18. In contrast to the ROP of 

BBL, {L6Hf-OiPr}2 displayed similar activity to {L6Zr-OiPr}2 in the ROP of rac-LA, reaching 

99 % conversion after 24 hours. The reaction was still reasonably uncontrolled though, with a 

broad PDI of 1.68 and atactic PLA being produced. L7Hf-OiPr(iPrOH) was less active than 

L7Zr-OiPr(iPrOH) reaching only 55 % conversion compared with 78 %. Otherwise, the results 

were very similar; atactic PLA with very narrow dispersity (PDI = 1.06) was produced. L10Hf-

OiPr(iPrOH) showed increased activity over the zirconium analogue giving near quantitative 

conversion but also much broader disperstity (PDI = 1.47 cf. 1.14 for L10Zr-OiPr). This may, 

again, be a result of the reaction being complete after a short time and transesterification 

occurring in the absence of any monomer. Furthermore, there was essentially no improvement 

in the tacticity over L10Zr-OiPr. As observed in the the ROP of BBL, complexes L11Zr-

OiPr(iPrOH) and L11Hf-OiPr(iPrOH) produced very similar results in the the ROP of rac-LA; 
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very well-controlled reactions in terms of molecular weight and polydispersity and with good 

stereocontrol (Pr = 0.80). As observed for the monomeric zirconium analogues, the molecular 

weights of the PLAs produced appear to be dependent on the coordinated isopropanol as a 

chain-transfer agent. 

2.2.5 Concluding remarks and further work 

The objective of this study was to investigate in greater depth the effects of varying ligand 

substituents on group 4 amine tris(phenolate) complexes and their efficacy as stereoselective 

initiators in the ROP of BBL and rac-LA.  

Attempts to synthesise a library of ligands bearing ortho and para substituents of varying steric 

bulk highlighted several challenges. Likely due to the anilinic nature of the amine group, single 

step synthesis of the ligands was not possible and instead multi-step preparations were required. 

Further to this, it can be concluded that for this particular type of amine tris(phenolate) the 

substituents affect the synthesis and stability of the ligands. Generally, bulkier substituents 

yielded ligands which were simpler to synthesise and purify and that were more stable than 

sterically unhindered ligands.     

The group 4 complexes of ligands L5H3 - L11H3 provided some interesting, if unsurprising, 

observations. In general, larger substituent groups resulted in the formation of monomeric 

complexes which retained a ligating isopropanol to satisfy the coordination number. In the case 

of complexes of ligands L5H3 - L8H3, where the size of the ortho-substituents on the benzylic 

phenolates was varied, only the very large CPh3 groups in L7H3 and L8H3 were sufficient to 

render the complexes monomeric. These complexes also exhibited unique trans arrangement of 

the 2 benzylic phenolates, whereas all other complexes favoured cis benzylic phenolates. 

Despite having ortho-substituents larger than tert-butyl, complexes of the ligands L5H3 and 

L6H3 gave the familiar dimeric geometry as observed for Zr and Hf complexes of ligands L1H3 

– L4H3. In ligands L9H3 - L11H3 where an ortho-substituent was added to the anilinic phenolate, 

both monomeric and dimeric geometries were observed, with the larger tert-butyl and trityl 

groups blocking dimerisation. The common observation that monomeric complexes did not 

retain stoichiometric equivalents of isopropanol implies that geometries other than pseudo-

octahedral are possible in the solid-state. These are hypothesised as being trigonal bipyramidal, 

although there is no direct evidence to support this. For all complexes, when in solution in a 

coordinating solvent or in the presence of a coordinating monomer, such as BBL or rac-LA, it is 

assumed that pseudo-octahedral geometry is favoured. When samples of the complexes were 

dissolved in d8-THF, 1H NMR spectra consistent with monomeric species were observed.  
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The results of the polymerisations did not reveal any trends in stereoselectivity based on steric 

bulk of the ligands as was observed by Bouyahyi et al. for yttrium amine bis(phenolate) 

complexes.1 For rac-LA, only L11Zr-OiPr(iPrOH) and L11Hf-OiPr(iPrOH) showed improved 

stereoselectivity (Pr = 0.80) compared with {L1M-OiPr}2 – {L4M-OiPr}2. All other complexes 

yielded atactic or slightly heterotactic PLA. For BBL, none of the complexes demonstrated 

improved selectivity over {L1M-OiPr}2 – {L4M-OiPr}2, with the highest syndiotacticity (Pr = 

0.75) being matched by L11Hf-OiPr(iPrOH). It was interesting to see that the best results were 

seen with ligands that had ortho-substituents containing phenyl rings (L5H3 and L11H3). This 

agrees with the calculations by Bouyahyi et al. that ortho-phenyl rings favour syndiotactic 

enchainment.1 Clearly for this initiator system, factors other than outright steric bulk are 

important in achieving high levels of stereoselectivity. However, other conclusions can be 

drawn. In the ROP of rac-LA, the more open active sites of the dimeric complexes gave higher 

activity than more hindered monomeric complexes. Similar behaviour was observed for BBL, 

with the bulkiest ligand L7H3 showing very low activity and poor reaction control. In general, 

the initiators mediated well-controlled reactions producing polymers of predictable molecular 

weight, regardless of the complexes’ geometry and steric hindrance. The higher PDIs observed 

for a limited number of polymerisations are attributed to excessively long reaction times which 

led to transesterification. In the case of the initiators where some isopropanol was present, the 

molecular weight of the polymers was dependent on both the isopropoxide and the additional 

coordinated isopropanol. The low PDIs achieved for such initiators imply rapid chain transfer 

occurs.  

In summary, alterations to the ortho-substituents of amine tris(phenolate) ligands has yielded a 

range of complexes with different geometries and steric hindrance of the metal centre. These 

complexes were active as initiators in the ROP of rac-LA and BBL, but only complexes L11M-

OiPr(iPrOH) demonstrated significant advantages over {L1M-OiPr}2 - {L4M-OiPr}2.  

A sensible continuation of this work would be to assess the kinetics of the copolymerisations of 

LA and BBL with these initiators. Clearly the initiators which showed poor activity in the ROP 

of either monomer would likely be unsuitable candidates for the synthesis of copolymers. 

However, the active initiators may show a more random insertion of the monomers compared 

with {L1M-OiPr}2 - {L4M-OiPr}2. The selective initiators, specifically L11Zr-OiPr(iPrOH) and 

L11Hf-OiPr(iPrOH), could provide PLA-b-PHB copolymers with a heterotactic PLA block and a 

syndiotactic block. Such copolymers have not yet been reported and could exhibit desirable 

physical properties.   
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2.3 Chiral group 4 amine bis(phenolate) complexes 

2.3.1 Preamble 

A range of amine bis(phenolate) ligands have been used to complex group 4 metals in the 

pursuit of efficient catalysts for the ROP of cyclic esters.1 Tripodal amine bis- and 

tris(phenolate) ligands have proven to be particularly effective  structural motifs in the the ROP 

of LA.2,3 The majority of reported ligands are achiral but some are able to form chiral 

complexes by virtue of their coordination or wrapping mode around the metal centre. A 

particularly elegant example is that of C3-symmetric zirconium and hafnium amine 

tris(phenolate) complexes, where axial flipping between the Δ and Λ enantiomers strongly 

favours heterotactic enchainment in the ROP of rac-LA.2 There are some examples of initiators 

that employ ligand chirality to impart stereoselectivity on the ROP of rac-LA, notably 

aluminium salen complexes based on binap4,5 and diaminocyclohexane (Jacobsen’s ligand).6,7 In 

contrast, a study of dinuclear group 4 complexes of Jacobsen’s ligand found that whilst active in 

the ROP of rac-LA, the initiators were non-stereoselective and produced only atactic PLA.  

In the field of asymmetric catalysis, ephedrine derivatives have found use in stereoselective 

transformations including C-C bond formation.8,9 The 2-aminoethanol functionality and phenyl 

substitution of the ephedrines makes them ideal candidates for the synthesis of tripodal 

bis(phenolate) ligands. It is believed that there are no published examples of group 4 complexes 

of chiral tripodal phenolate ligands. This section describes the synthesis, characterisation and 

polymerisation studies of novel group 4 complexes of chiral tripodal amine bis(phenolate) 

ligands L12H3 and L13H3 containing ephedrine residues.  

2.3.2 Synthesis of ligands 

The structures of amine bis(phenolate) ligands L12H3 and L13H3 are shown in Figure 2.35. These 

ligands were synthesised in a  similar way to ligands L1H3 - L4H3, by the reaction of 3,5-di-tert-

butyl-2-hydroxybenzyl bromide with the desired amine.  
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Scheme 2.35: Preparation of ligands L12H3 and L13H3. 

Both the D-(+)-L12H3 enantiomer and racemic DL-L12H3 ligands were prepared, as both D- and 

DL-norephedrines are commercially available. L-norephedrine as well as the diastereoisomers 

(1R, 2R)-(-)-norpseudoephedrine and (1S, 2S)-(+)-norpseudoephedrine are also available but 

were not investigated in this study. It should be noted that ephedrine derivatives are 

psychoactive molecules and are controlled substances. 

D-(+)-norephedrine was purchased as the free base which was a tacky orange solid and very 

hygroscopic. Whilst this was used successfully in the synthesis of the D-(+)-L12H3 ligand, it was 

found that the hydrochloride salt of DL-norephedrine, a white and easily handled solid, was 

considerably simpler to work with. An additional equivalent of triethylamine was added to the 

reaction to generate the free base in situ. D-(+)-L12H3 was isolated as fine yellow crystals after 

purification by recrystallisation from hexane. DL-L12H3 was, conversely, a white solid after 

being recrystallised then washed in hot hexane to remove yellow colouration.  
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Figure 2.37: 1H NMR spectrum of DL-L12H3 including expanded region between 2.7 and 5.5 

ppm showing diastereotopic CH2 doublets, inset. 

The 1H NMR spectra of D-(+)-L12H3 and DL-L12H3 (Figure 2.37) showed that, unlike the 

tris(phenolate) ligands L1H3-L11H3, the CH2 protons are diastereotopic, as a result of the 

chirality imposed by the norephedrine arm of the ligand. The different environments of Ha and 

Hb in Figure 2.37 give the doublets of integral 2H at 4.32 and 3.38 ppm, with a geminal J-

coupling of 13.6 Hz.  

Ligand L13H3 was prepared from (1S,2R)-(+)-2-amino-1,2-diphenylethanol, which conveniently, 

is not a controlled substance. The enantiomer and both diastereomers of (1S,2R)-(+)-2-amino-

1,2-diphenylethanol are also commercially available but are not discussed herein. It was 

necessary to purify L13H3 by column chromatography on silica gel as it could not be crystallised 

easily due to its ready solubility in organic solvents. Figure 2.28 shows the 1H NMR spectrum 

of L13H3. Like both D- and DL-L12H3, the CH2 protons are diastereotopic and are observed as 

doublets at 4.30 and 3.12 ppm with a J-coupling of 13.5 Hz.  
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Figure 2.38: 1H NMR spectrum of L13H3 including expanded region between 2.2 and 6.0 ppm 

showing 2 diastereotopic CH2 doublets, inset. 
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2.3.3 Synthesis of complexes 

Ligands L12H3 and L13H3 were complexed to group 4 metals by the stoichiometric reaction with 

the metal isopropoxide isopropanol adduct in toluene solution at ambient temperature according 

to Scheme 2.36.  

 

Scheme 2.36: Complexation of bis(phenolate) ligands L12H3 and L13H3 with group 4 metals. 

Both {DL-L12Zr-OiPr}2 and {DL-L12Hf-OiPr}2 were crystallised from toluene as structurally 

similar dimers. The solid-state structures are given in Figure 2.39 and Figure 2.40 respectively. 

The norephedrine arm of the ligand, being the least sterically bulky of the three, provides the 

bridging alkoxide between the metal centres. The structural data for {DL-L12Zr-OiPr}2 and {DL-

L12Hf-OiPr}2 is summarised in Table 2.19. As observed with the dimeric group 4 complexes in 

sections 2.1 and 2.2, the pseudo-octahedral geometry around the metal centres is quite distorted; 

for example, the N(1)-M(1)-O(6) bond angles are approximately 141°. The M-O bonds lengths 

are generally comparable to the amine tris(phenolate) complexes with the exception of M-O(6) 

which were noticeably shorter (2.097(2) and 2.075(2) Å vs. ~2.15 Å). There are also significant 

discrepancies between certain bond lengths in {DL-L12Zr-OiPr}2 and {DL-L12Hf-OiPr}2. It was 

observed in the tris(phenolate) complexes that the bond lengths were generally longer in the 
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zirconium complexes than the hafnium analogues. This was generally the case for these 

complexes with the exception of the Zr(1)-O(1) bond length of 2.021(3) Å compared with 

2.050(3) Å for Hf(1)-O(1). A key geometric difference between these bis(phenolate) complexes 

and the tris(phenolate) complexes in sections 2.1 and 2.2 is that the isopropoxide is cis to the 

nitrogen, with M-N-OiPr bond angles around 110°, meaning the benzylic phenolates are trans 

rather than cis. This may be a consequence of the pendant phenyl ring of the norephedrine arm 

which could clash with one of the tBu groups were the ligand coordination different. Another 

peculiarity is that the two isopropoxides groups in each dimer are inequivalent, with M-O-CiPr 

bond angles of around 150° for one and 170° for the other. 

Table 2.19: Selected bond lengths (Å) and angles (°) for {DL-L12Zr-OiPr}2 and {DL-L12Hf-

OiPr}2; estimated standard deviation in parenthesis.  

 {DL-L12Zr-OiPr}2
 {DL-L12Hf-OiPr}2

 

M(1)-O(1) 2.021(2) 2.050(2) 

M(1)-O(2) 2.252(2) 2.240(2) 

M(1)-O(3) 2.044(2) 2.018(2) 

M(1)-O(4) 1.918(2) 1.925(2) 

M(1)-O(6) 2.097(2) 2.075(2) 

M(1)-N(1) 2.383(3) 2.336(3) 

N(1)-M(1)-O(6) 141.42(8) 141.21(9) 

N(1)-M(1)-O(4) 109.79(9) 109.11(9) 

M(1)-O(4)-CiPr 171.2(2) 151.6(3) 
 

The solid-state structures of both {DL-L12Zr-OiPr}2 and {DL-L12Hf-OiPr}2 show that the dimers 

consisted of only one enantiomer of ligand. The structure of {DL-L12Zr-OiPr}2 is in fact the 

dimer {D-(+)-L12Zr-OiPr}2 with the stereochemistry of C(16) and C(18) being S and R 

respectively. Interestingly, the structure of {DL-L12Hf-OiPr}2 consists of a dimer of the opposite 

enantiomer {L-(-)-L12Hf-OiPr}2. It is possible that both enantiomeric dimers (D-(+)-L12M-

OiPr)2 and (L-(-)-L12M-OiPr)2 crystallise separately and that the structures here were selected by 

chance from the mixture of crystals. 
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Figure 2.39: Solid-state structure of {DL-L12Zr-OiPr}2 (50 % probability ellipsoids) with 

methyl groups of the tBu and iPr moieties and the hydrogens removed for clarity. Key atoms are 

labelled. 
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Figure 2.40: Solid-state structure of {DL-L12Hf-OiPr}2 (50 % probability ellipsoids) with 

methyl groups of the tBu and iPr moieties and the hydrogens removed for clarity. Key atoms are 

labelled. 

The 1H NMR spectrum of {DL-L12Zr-OiPr}2 is shown in Figure 2.41. Analysis of the 1H NMR 

spectra of both {DL-L12Zr-OiPr}2 and {DL-L12Hf-OiPr}2 at 298 K in CDCl3 showed that, unlike 

the amine tris(phenolate) complexes discussed in sections 2.1 and 2.2, these complexes are not 

fluxional at 298 K. It is assumed that {DL-L12Zr-OiPr}2 and {DL-L12Hf-OiPr}2  remain dimeric 

in solution in CDCl3 at 298 K. The CH2 protons, which were anisotropic in the free ligand, were 

observed in the complexes as 4 doublets. The methyl groups of the isopropoxides were also 

inequivalent in the complexes, being observed a pairs of doublets around 0 ppm. 
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Figure 2.41: 1H NMR spectrum of {DL-L12Zr-OiPr}2 including expanded region between 2.5 

and 4.8 ppm showing 4 diastereotopic CH2 doublets, inset. 

Attempts to crystallise {D-(+)-L12M-OiPr}2 from hexane or toluene were unsuccessful as the 

complexes were considerably more soluble in these solvents than {DL-L12Zr-OiPr}2 and {DL-

L12Hf-OiPr}2. Crystals were eventually grown from concentrated solutions of the complexes in 

THF after months at ambient temperature, resulting in the monomeric complexes D-(+)-L12Zr-

OiPr.THF and D-(+)-L12Hf-OiPr.THF. The crystals isolated of D-(+)-L12Hf-OiPr.THF were of 

unsuitable quality for crystallography. Fortunately, better quality crystals were isolated for D-

(+)-L12Zr-OiPr.THF. The solid-state structure is shown in Figure 2.42. Unfortunately, the 

remaining D-(+)-L12Zr-OiPr.THF degraded after exposure to air and so was not further 

characterised or tested for catalytic activity. The synthesis was not repeated due to the 

impractically long purification time.  
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Figure 2.42: Solid-state structure of D-(+)-L12Zr-OiPr.THF (50 % probability ellipsoids) with 

methyl groups of the tBu moieties and the hydrogens removed for clarity. Key atoms are 

labelled.  

The solid-state structure of D-(+)-L12Zr-OiPr.THF was found to be the monomeric THF adduct 

rather than the dimeric form {D-(+)-L12Zr-OiPr}2 as was observed for {DL-L12Zr-OiPr}2 and 

{DL-L12Hf-OiPr}2. The structural data is summarised in Table 2.20. The ligand adopts the more 

familiar arrangement around the metal centre with the isopropoxide trans to the nitrogen with 

N-Zr-O(5) and Zr-O(5)-CiPr bond angles of 174.1(4) Å and 175.5(15) Å respectively. The 

phenolates are also cis as observed in the dimeric complexes discussed in sections 2.1 and 2.2. 

In comparison with {DL-L12Zr-OiPr}2 the Zr-N and Zr-OiPr bond lengths are significantly 

longer, possibly as a consequence of the additional electron density supplied by the coordinated 

THF. It is assumed that D-(+)-L12Hf-OiPr.THF adopts the same monomeric geometry in the 

solid-state. 
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Table 2.20: Selected bond lengths (Å) and angles (°) for D-(+)-L12Zr-OiPr.THF; estimated 

standard deviation in parenthesis 

 D-(+)-L12Zr-OiPr.THF 

Zr(1)-O(1) 2.018(9) 

Zr(1)-O(2) 2.020(8) 

Zr(1)-O(3) 2.010(9) 

Zr(1)-O(4) 2.340(9) 

Zr(1)-O(5) 1.946(11) 

Zr(1)-N(1) 2.462(11) 

N(1)-Zr(1)-O(5) 174.1(4) 

O(1)-Zr(1)-O(3) 148.0(4) 

Zr(1)-O(5)-CiPr 175.5(15) 
 

The NMR spectra of D-(+)-L12Hf-OiPr.THF were very similar to {DL-L12Hf-OiPr}2 when 

recorded in CDCl3 at 298 K, therefore is seems likely that D-(+)-L12Hf-OiPr.THF dimerises in 

non-coordinating solvents to form {D-(+)-L12Hf-OiPr}2. 

Attempts to crystallise {L13Zr-OiPr}2 from THF, hexane and toluene were unsuccessful. Pure 

material was isolated by precipitation from hexane in the freezer. The 1H NMR spectrum of 

{L13Zr-OiPr}2 is shown in Figure 2.43. The methylene protons are all inequivalent as are the 

methyl groups of the isopropoxide, in analogy to {DL-L12Zr-OiPr}2 and {DL-L12Hf-OiPr}2. 

Thus, it is assumed that {L13Zr-OiPr}2 is also dimeric in the solid-state and in solution. An 

interesting feature of the 1H NMR spectrum is that a single proton on the pendant phenyl rings 

is shifted downfield by around 2 ppm compared with the other aromatic protons. It is not clear 

which of the protons this is or why is should be deshielded to such an extent. 
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Figure 2.43: 1H NMR spectrum of {L13Zr-OiPr}2 including expanded regions between 2.5 and 

4.8 ppm showing 4 diastereotopic CH2 doublets, and between -0.05 and 0.06 ppm showing the 

inequivalent CH3 groups of the isopropoxide. 
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2.3.4 Polymerisations 

The complexes{DL-L12Zr-OiPr}2 - {L13Zr-OiPr}2 were tested for activity in the ROP of rac-LA 

and BBL in toluene solution and in THF solution. Conditions for the reactions in toluene were 

identical to those used in sections 2.1.4 and 2.2.4; 80°C for 24 hours. Reactions in THF were 

run at 50°C due to the lower boiling point of the solvent.  

Table 2.21: Polymerisations of rac-LA in toluene  

Entry Complex Conva / 
% 

Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {DL-L12Zr-OiPr}2
 97 18,100 14,000 1.41 0.65 

2 {DL-L12Hf-OiPr}2 97 13,000 14,000 1.34 0.76 

3 D-(+)-L12Hf-OiPr.THF 98 11,000 14,200 1.78 0.73 

4 {L13Zr-OiPr}2 98 13,100 14,000 1.61 0.65 
Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 1.0 M; 

[monomer]0/[initiator] = 100. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards and corrected using 0.56(Mn); c determined by homonuclear 

decoupled 1H{1H} NMR. 

The results of the polymerisations of rac-LA in toluene at 80°C are given in Table 2.21. All 

complexes were highly active under these conditions, with reactions progressing to high 

conversion after 24 hours. Molecular weights were reasonably close to the expected values, 

ranging from 11,000 - 18,100 Da but with reasonably broad polydispersties (PDI = 1.34 – 1.78). 

These dispersity indexes correlate with the PLAs synthesised using the dimeric complexes in 

sections 2.1 and 2.2. The broadening of the PDIs may be due to transesterification resulting 

from the prolonged reaction time. It may be the case that the monomer was largely consumed 

after a much shorter time than 24 hours. Whitelaw et al. observed that, in the ROP of rac-LA 

using complexes {L1Zr-OiPr}2 - {L3Zr-OiPr}2 , when reaction times were decreased from 24 

hours to 2 hours, the polydispersities decreased significantly.3 The zirconium complexes {DL-

L12Zr-OiPr}2 and {L13Zr-OiPr}2 yielded PLA with some heterotactic enrichment (Pr = 0.65), a 

minor improvement over the zirconium tris(phenolate) complexes {L1Zr-OiPr}2 - {L10Zr-

OiPr(iPrOH). However, in contrast to the hafnium amine tris(phenolate) complexes {L1Hf-

OiPr}2 - {L10Hf-OiPr(iPrOH), {DL-L12Hf-OiPr}2 and D-(+)-L12Hf-OiPr.THF produced PLA with 

moderate heterotactic bias; Pr = 0.76 and 0.73 respectively.  

Based on the observed tacticities, the increased steric constraints offered by the additional 

phenyl group in {L13Zr-OiPr}2 compared to {DL-L12Zr-OiPr}2 has no influence on 

stereocontrol. It can also be surmised by the heterotacticity observed for these complexes, that 
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the stereoselectivity is chain-end controlled as enantiomorphic site-control would favour 

isotactic enchainment.  

Table 2.22: Polymerisations of rac-LA in THF  

Entry Complex Time / 
days 

Conva / 
% 

Mn
b

 GPC 
/ gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1d {DL-L12Zr-OiPr}2 4 97 15,400 14,000 1.48 0.81 

2 {DL-L12Hf-OiPr}2 7 94 13,200 14,000 1.17 0.88 

3 D-(+)-L12Hf-OiPr.THF 5 94 13,900 14,000 1.17 0.86 

4 {L13Zr-OiPr}2 7 95 13,500 14,000 1.27 0.82 
Polymerisations run at 50°C in THF, [monomer]0 = 1.0 M except d [monomer]0 = 2.5 M; 

[monomer]0/[initiator] = 100. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards and corrected using 0.56(Mn); c determined by homonuclear 

decoupled 1H{1H} NMR. 

The results of the polymerisations of rac-LA in THF at 50°C are given in Table 2.22. All 

complexes were also active under these conditions, although reaction times of days were 

required to achieve high conversion. The molecular weights were more consistent than in 

toluene, being very close to the calculated values. Generally, the polydispersites were 

significantly decreased with the exception of {DL-L12Zr-OiPr}2. The greatest difference was the 

considerable increase in heterotactic enrichment of the PLAs produced. {DL-L12Zr-OiPr}2 and 

{L13Zr-OiPr}2 went from inducing low heterotactic bias (Pr = 0.65) in toluene to reasonably 

high values (Pr = 0.81 and 0.82 respectively) in THF. The hafnium complexes {DL-L12Hf-

OiPr}2 and D-(+)-L12Hf-OiPr.THF yielded high levels of stereocontrol (Pr = 0.88 and 0.86 

respectively).  

Table 2.23: Polymerisations of BBL in toluene 

Entry Complex Conva / 
% 

Mn
b

 GPC / 
gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {DL-L12Zr-OiPr}2 89 26,650 23,000 1.10 0.61 

2 {DL-L12Hf-OiPr}2 83 22,150 21,000 1.06 0.71 

3 D-(+)-L12Hf-OiPr.THF 87 24,900 22,600 1.08 0.64 

4 {L13Zr-OiPr}2 67 18,200 17,000 1.05 0.62 
Polymerisations run at 80°C in toluene for 24 hours; [monomer]0 = 6.0 M, 

[monomer]0/[initiator] = 300. a Conversion determined by 1H NMR; b determined by GPC 

referenced to polystyrene standards; c determined by 13C{1H} NMR. 
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The results of the polymerisations of BBL in toluene at 80°C are given in Table 2.23. All 

complexes were active under these conditions, with conversions between 67 % and 89 % 

observed after 24 hours. Analysis of the GPC data implies very well-controlled polymerisations. 

The molecular weights are in good agreement with the theoretical values and the 

polydispersities are very narrow (PDI = 1.05 – 1.10). Low to moderate syndiotactic enrichment 

was observed, with {DL-L12Hf-OiPr}2 giving the highest Pr of 0.71. It was interesting see that 

the inclusion of THF in D-(+)-L12Hf-OiPr.THF led to a marked decrease in stereoselectivity 

compared with {DL-L12Hf-OiPr}2. As observed in the polymerisations of rac-LA, the steric 

differences between {DL-L12Zr-OiPr}2 and {L13Zr-OiPr}2 had no influence on stereocontrol. 

The stereocontrol mechanism must also be chain-end for BBL as syndiotactic PHB was 

produced by all complexes. 

Table 2.24: Polymerisations of BBL in THF 

Entry Complex Time / 
days 

Conva / 
% 

Mn
b

 GPC 
/ gmol-1 

Mn THEO 
/ gmol-1 PDIb Pr

c 

1 {DL-L12Zr-OiPr}2 16 81 18,050 21,000 1.05 0.64 

2 {DL-L12Hf-OiPr}2 16 75 8,900 19,000 1.04 0.64 

3 D-(+)-L12Hf-OiPr.THF 5 12 - 22,600 - - 

4 {L13Zr-OiPr}2 16 67 18,200 17,000 1.05 0.62 
Polymerisations run at 50°C in THF; [monomer]0 = 6.0 M; [monomer]0/[initiator] = 300. a 

Conversion determined by 1H NMR; b determined by GPC referenced to polystyrene standards; 
c determined by 13C{1H} NMR. 

The results of the polymerisations of BBL in THF at 50°C are given in Table 2.24. The activity 

of the initiators was profoundly decreased when the polymerisations were under these 

conditions. When run for 5 days, D-(+)-L12Hf-OiPr.THF only achieved 12 % conversion from 

which not solid product could be isolated. After 16 days at 50°C the remaining 3 initiators only 

achieved moderate conversions. Aside from a low Mn for {DL-L12Hf-OiPr}2, the reactions were 

well-controlled and comparable to the polymerisations run in toluene solution. Unlike the 

polymerisations of PLA, there was no increase in syndiotacticity when the reactions were run in 

THF solution compared with in toluene solution, in fact {DL-L12Hf-OiPr}2 showed decreased 

selectivity (Pr = 0.64 vs 0.71). This mirrors the results observed for yttrium and rare-earth 

bis(phenolate) initiators where the THF solvent was critical for the high levels of heterotactic 

selectivity in the ROP of rac-LA but not in the ROP of BBL.10,11,12 In one study, it was observed 

that the syndiotacticity of PHB also decreased when the polymerisation of BBL was run in 

THF; (Pr = 0.83) compared with toluene (Pr = 0.88).13 
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The polymerisation results from the 4 chiral initiators clearly show that enantiomorphic site-

control is not the governing stereocontrol mechanism. Instead, it is most likely that chain-end 

control, which favours syndiotacticity in PHB and heterotacticity in PLA, is responsible. The 

improved levels of stereocontrol observed in the ROP of rac-LA in THF solution compared 

with in toluene solution may be a result of structural difference in the initiator, or altered 

coordination of the monomer. It is assumed that in THF solution, the initiators form monomeric 

THF adducts in accordance with the solid-state structure of D-(+)-L12Zr-OiPr.THF. The large 

differences between the dimeric and monomeric structures may alone be responsible for the 

observed improvement. Likewise, the coordinated THF may enhance the energetic difference 

between insertion the D- and L-lactide monomers by restricting the coordination sphere and 

augmenting steric interactions. Whichever factor prevails in the enhanced selectivity for rac-LA 

in THF, does not function in the ROP of BBL where the coordination of THF to the metal 

centre is detrimental to stereoselectivity. 

2.3.5 Concluding remarks and further work 

In summary, a set of chiral tripodal amine bis(phenolate) complexes of zirconium and hafnium 

were synthesised and trialled in the ROP of rac-LA and BBL. Based on X-ray structures and 

NMR spectra it is thought that the complexes are dimeric in non-coordinating solvents and 

monomeric in THF, forming solvent adducts. All the initiators were active in the well-controlled 

ROP of both monomers in toluene 80°C and in THF at 50°C. The increase in steric bulk 

between complexes of L12H3 and L13H3 only acted to improve the reaction control to a low 

degree. There was no difference between polymerisations using enantiopure and racemic 

complexes and the chirality of complexes did not influence the stereoselctivity. Instead it is 

likely that the observed stereoselectivity for both monomers is via chain-end control. Altering 

the metal centre and the solvent yielded the greatest improvements in stereocontrol. Hafnium 

complexes were more selective than their zirconium counterparts for both monomers, whilst 

running the polymerisations in THF instead of toluene yielded PLA with high levels of 

heterotacticity (Pr up to 0.88). The compromise was that polymerisation rates were drastically 

reduced in THF. 

Whilst this study does not advocate the use of chiral bis(phenolates) for the enantiomorphic site-

controlled ROP of BBL or LA, it does add a new ligand architecture to the very few which are 

active and selective in the ROP of both rac-LA and BBL. 

The promising results demonstrated by these amine bis(phenolate) complexes warrant further 

development of the ligands. As discussed in Chapter 1 and in depth in this chapter, the ortho-

groups in phenolate ligands can have dramatic effects on the stereoselectivity of the complexes. 
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It should be possible to modify the ortho-groups of ligands L12H3 and L13H3, as described in 

section 2.2, without undue difficulty. It would be of interest to synthesis complexes of the 

ligands which contained 1 and 2 phenolates bearing trityl ortho-groups in analogy to ligands 

L7H3 and L11H3. 
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Chapter 3 

 

 

Synthesis of poly(mandelic acid) 
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 Poly(mandelic acid)  

3.1 Preamble 

The most common approach employed to manipulate the glass transition temperature of 

polylactides is to alter the pendant side-groups of the monomer. Generally, larger side-groups 

act to increase the chain-rotational barrier and raise the Tg. There are, however, competing 

factors, with flexibility of the side group and dipole shielding effects counteracting increased 

steric bulk in certain cases. Judicious choice of side-group sterics and functionality can allow 

fine tuning of a polymer’s thermal properties. 

In analogy to polystyrene, where the phenyl substitution imparts a much higher Tg than the 

methyl substituents of polypropylene, polymandelide, or poly(mandelic acid) (PMA) has been 

shown to exhibit glass transition temperatures around 95 – 100°C, ~50°C higher than 

polylactide. As a degradable polymer with potential for high temperature applications, well-

controlled polymandelide is an attractive synthetic target. 

To date, the majority of proposed synthetic routes to PMA are of limited use, producing only 

oligomeric materials (Mn < 3,500 Da). The singular successful route to high molecular weight 

PMA via the ring-opening of the cyclic diester, mandelide, also suffered drawbacks. Most 

notably, facile racemisation under the necessary polymerisation conditions yielded only atactic 

polymer.1 

This chapter documents the synthesis of PMA from the activated mandelide equivalent, 

mandelic acid ortho-carboxy anhydride (manOCA). Further to the work by Tighe and Smith on 

manOCAs,2–4 it was hypothesised that the use of organic catalysts under mild conditions could 

lead to controlled and stereoregular PMA through suppression of racemisation.    

3.2 Synthesis of manOCA 

In accordance with literature procedures, manOCAs were synthesised by reacting mandelic acid 

with diphosgene in the presence of activated charcoal (Scheme 3.01).5 Whilst some procedures 

report the use of phosgene alongside tertiary amines,4,6 or diphosgene at elevated temperatures,7 

the use of charcoal under ambient temperature results in high product yields and a significant 

decrease of 4-chlorobutyl chloroformate side-product formation.  
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Scheme 3.01: Synthesis of R-mandelic acid OCA (R-manOCA). 

Whilst replicating this method, it was found that the dryness of the THF solvent was critical to 

avoiding residual mandelic acid in the product. THF used directly from a solvent purification 

system was not sufficiently dry, thus further drying by distillation from sodium/benzophenone 

or simply by standing over activated 4 Å molecular sieves was needed. As a precaution, the 

activated charcoal was stored in an oven at 130°C and dried under vacuum with the mandelic 

acid to remove trace water. It was found that the reaction worked equally well when the 

diphosgene was added directly to the mandelic acid solution via syringe or when added drop-

wise as a solution in THF. Generally, 1.1-1.2 equivalents of diphosgene, which equates to 2.2-

2.4 equivalents of phosgene, were used to ensure full conversion of the mandelic acid to the 

OCA. Reactions were run overnight to minimise the risks to other lab users although such long 

reaction times are likely not required. Removal of the charcoal by filtration through dry celite 

(oven dried at 130°C) was the only stage of the synthesis not conducted under air-sensitive 

conditions; this short exposure was found not to be detrimental to the product.  

Tang and Deng’s work claims that this procedure provides the desired OCA in greater than 95 

% purity.5 Whilst this may be sufficiently pure for the esterifications they were examining, the 

purity has to be far higher for use in polymerisations, and thus it was necessary to further purify 

the material by crystallisation. Many of the literature procedures report diethyl ether or diethyl 

ether/petroleum solvent systems for crystallisation of L-lactic acid OCA and other monomers 

such as L-malic acid OCA.8,9 Diethyl ether was found to be less suitable for R- and S-manOCAs 

due to decreased solubility and slow crystallisation. Pure, crystalline material was isolated from 

diethyl ether but in unacceptably low yields. A considerably more simple and effective method 

was to concentrate the filtered reaction solution (THF) to ~10 % of the original volume then 

layer this with a large volume of dry hexane. Allowing the product to crystallise at ambient 

temperature resulted in very large colourless crystals, although it was usually necessary to store 

the Schlenk in the fridge to maximise the yield. This optimised procedure gave the desired R- 

and S-manOCAs in consistently >75 % yield. If required, the recrystallization could be repeated 

without a significant decrease in the yield, as long as the volume of THF used was minimal. 

Residual THF and hexane were difficult to remove even after long periods of drying under high-

vacuum with stirring to pulverise the crystals. These residual solvents did not appear to 

adversely affect polymerisations of the monomers. 
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Figure 3.01: 1H NMR spectrum of R-manOCA crystallised from THF/hexane. 

Figure 3.01 shows that the only observable impurities by 1H NMR spectroscopy were the 

residual THF and hexane. The integrals gave THF as being present at 0.4 mol % whereas 

hexane was present at 0.5 mol %. High purity was confirmed by elemental analysis.  

 rac-ManOCA did not readily crystallise from THF/hexane, therefore purification was achieved 

by concentrating the filtered reaction mixture to an oil then layering with dry hexane and storing 

in the freezer. This would precipitate the product as a white solid which was subsequently 

broken up by trituration, filtered then washed several times with hexane. 

Purification of R-, S- and rac-manOCAs by vacuum sublimation was attempted with limited 

success. Whilst some material free of solvent impurities was isolated, a large percentage of the 

material reacted to form oligomeric PMA. The mild heating needed for sublimation to occur 

eventually caused the material to liquefy and polymerise. Tighe and Smith have reported that 

manOCAs can undergo thermal polymerisation,3 therefore this method of purification was 

abandoned. 
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Figure 3.02: Solid-state structure of S-manOCA. 

The solid-state structure of S-manOCA in Figure 3.02 shows that the 1,3-dioxolan-2,4-dione 

ring is planar and the geometry around C(3) is distorted tetrahedral. The phenyl ring is 

orientated slightly away from the O(3) carbonyl group with an C(2)-C(3)-C(4) angle of 115.9° 

and does not sit orthogonal to the 1,3-dioxolan-2,4-dione ring, possibly to reduce repulsion 

between the methine and aromatic hydrogens. 

Owing to the hazards associated with handling diphosgene, which is volatile and extremely 

toxic, an alternative synthesis using carbonyl diimidazole (CDI) was trialled. Whilst CDI is far 

safer and easier to handle than diphosgene it soon became apparent that it was not suitable for 

synthesising manOCAs. The 2 equivalents of imidazole that are ejected during the ring-closing 

can act as polymerisation catalysts and indeed, analysis of the resulting material by 1H NMR 

spectroscopy showed broad peaks corresponding to PMA. The proposed reaction product is 

given in Scheme 3.02. Efforts to replace diphosgene with a safer analogue were rapidly 

discontinued given the additional complications.   

 

Scheme 3.02: Possible route for CDI to produce PMA from mandelic acid by autocatalysis.  
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3.3 Polymerisations of manOCAs with neo-pentanol initiator 

The work on the ROP of manOCAs by Smith and Tighe has shown that pyridine, and 

substituted pyridines, are active catalysts with adventitious water as the initiator, for the 

synthesis of low molecular weight PMA.2 More recent papers concerning the ROP of cyclic 

monomers, including α-hydroxy acid OCAs, have demonstrated that a range of nitrogen 

containing organic compounds are active ROP catalysts.10,11 Specifically relating to OCAs, a 

variety of pyridines with varying pKa values have been examined as catalysts.9 DMAP has been 

shown to have high activity for the well-controlled, stereoretentive ROP of L-lactic acid OCA 

when an alcoholic initiator is used.8 

Based on these published works, a range of nitrogen heterocycles was tested for catalytic 

activity in the ROP of manOCA. A series of 4 pyridines with pKaH values ranging from 9.7 to 

2.8 have been assessed, the structures of which are shown in Figure 3.03.  

 

Figure 3.03: Pyridines with their pKaH values. 

The polymerisations were performed under air-sensitive anhydrous conditions using controlled 

ratios of [alcoholic initiator]:[monomer], rather than adventitious water being the initiator. For 

this purpose neo-pentanol was chosen as it convenient to use and the CH3 units have a 

distinctive 1H NMR signal that does not overlap with those of the monomer or polymer. CDCl3 

was chosen as the solvent as the reactions were run on a 100 mg  scale in sealed NMR tubes. 

3.3.1 Polymerisations using DMAP catalyst and neo-pentanol 

The investigations in to the ROP of manOCAs began using DMAP catalyst. The results of the 

polymerisations are shown in Table 3.01. At 5 mol% catalyst loadings (entries 1 – 3) the 

reactions proceeded very quickly indeed. The reaction times given are the shortest practical time 

possible between injection of the catalyst stock solution in to the reaction tube inside a glovebox 

and measurement of conversion by 1H NMR spectroscopy. The reactions were sufficiently fast 

that upon injection of the catalyst solution the reactions instantly effervesced vigorously from 

the evolution of CO2. It is possible that complete conversion of the monomer was achieved 
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during this short time, although it would be difficult to measure this. All reactions produced a 

white solid when precipitated from CDCl3 with methanol. The GPC molecular weights (Mn) for 

all [M]:[I]  ratios were similar at around 1,200 Da and in very poor agreement with the 

theoretical values.   

Table 3.01: Polymerisations of S-manOCA with DMAP and neo-pentanol 

Entry 
Ratio 

[M[:[C]:[I] 
Time 

Conva / 

% 

Mn
b

 GPC / 

gmol-1 

Mn
b

 THEO / 

gmol-1
 

PDIb 

1 50:2.5:1 12 min >99 1,150 6,800 1.29 

2 100:5:1 15 min >99 1,150 14,000 1.29 

3 200:10:1 17 min >99 1,250 27,000 1.30 

4 20:1:1 10 min >99 1,150 2,800 1.27 

5 50:1:1 7 hr 98 1,600 6,700 1.36 

6 100:1:1 47 hr 95 2,150 13,000 1.47 

7 200:1:1 47 hr 84 2,750 23,000 1.59 
Polymerisations run at 25°C in CDCl3; [S-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards. 

Analysis of the polymers from the 5 mol% catalyst reactions by NMR spectroscopy showed 

broad and complex signals for the methine and aromatic protons typical of atactic polymer. 

Figure 3.04 shows the 1H NMR spectrum of entry 2, Table 3.01. Multiple peaks were observed 

in the region 0.7 - 0.9 ppm associated with the CH3 units of the neo-pentyl end-group. It would 

be expected that, for the neo-pentyl end-group of a polymer chain, the CH3 groups should 

appear as a singlet in the 1H NMR spectrum as they are equivalent. This was observed by 

Pounder et al. in the synthesis of poly-L-malic acid; the neo-pentyl CH3 units appear as a singlet 

at 0.89 ppm in 1H NMR spectra in CDCl3.9 The multiple signals observed here are attributed to 

multiple initiation and transesterification products, indicative of poor reaction control. 
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Figure 3.04: 1H NMR spectrum of crude poly-R-manOCA from DMAP/neo-pentanol (Table 

3.01, entry 2) and expanded view of the methine region, inset. 

When a [C]:[I] ratio of 1:1 was used (entries 4 - 7) the activity was drastically reduced. As can 

be seen in Table 3.01, reaction times increased from a few minutes at 5 mol% to many hours. It 

should be noted that the 20:1:1 reaction (entry 4) has a 5 mol% catalyst loading as well as a 

[C]:[I] ratio of 1:1 and was complete in 10 minutes. The reason for this dramatic decrease in rate 

of reaction is not obvious although it may be attributed to the formation of side-products that 

quench the reaction. Again, the measured molecular weights were in very poor agreement with 

the theoretical ones despite showing some chain elongation as [M]:[I] increased. Unlike the 5 

mol % DMAP reactions, the polydispersities were seen to increase as [M]:[I] increased, further 

indicating a poorly controlled polymerisation. Figure 3.05 and Figure 3.06 show the 1H NMR 

and 13C{1H} NMR spectra respectively of entry 6. Complex signals for all proton and carbon 

environments were observed, indicating atactic polymer. 
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Figure 3.05: 1H NMR spectrum of PMA from DMAP (Table 3.01, entry 6) and expanded view 

of the methine region, inset. 

 

Figure 3.06: 13C{1H} NMR spectrum of PMA from DMAP (Table 3.01, entry 6) and expanded 

views of the carbonyl, aromatic and methine regions, inset. 
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Atacticity of the polymer as a consequence of monomer racemisation is not a surprising result 

given the basicity of DMAP (pKaH = 9.7) and the relatively acidic methine proton of manOCA 

monomer (Scheme 3.03). This was confirmed by optical rotation studies that gave [α]20
D values 

of ~5 for the polymers from DMAP. In contrast, the polymer appears to be far less susceptible 

to racemisation than the monomer. To demonstrate this, a polymer sample with low isotactic 

enrichment (synthesised using 4-methoxypyridine catalyst) was dissolved in CHCl3 (26 mg of 

polymer in 2.0 mL CHCl3) and DMAP (10 mg) was added. The [α]20
D of -14 remained 

unchanged after 20 hours in solution. 

 

Scheme 3.03: Base-catalysed racemisation of manOCA via an enolate intermediate. 

Analysis of the 50:1:1 polymer (entry 5) by electrospray ionisation mass spectrometry showed 

three series each with a repeat unit mass of 134.035 Da. The major series was assigned as linear 

chain polymer that is terminated with OH and H (CO2H) end-groups. The ion peak at 1247.3360 

corresponds to the sodium adduct of an oligomer containing 9 monomer units; (134.035 Da × 9) 

+ 18.01 Da (end-groups) + 22.99 Da (sodium) = 1247.32 Da. This implies that either there is 

adventitious water present in the reaction, although this seems unlikely, or that during the 

workup, where the reaction is quenched with aqueous acid, hydrolysis of the neo-pentyl end-

group or the polymer backbone occurs. Of the two significant minor series, one is the sodium 

adducts of the expected polymer products with neo-pentoxy and H end-groups. For example, a 

peak observed at 1049.3396 can be calculated by (134.035 Da × 7) + 88.09 Da (end-groups) Da 

+ 22.99 Da (sodium) = 1049.33 Da, which is the oligomer containing 7 monomer units. The 

other minor series corresponds to the sodium adducts of cyclic species, assigned based on the 

absence of an end-group mass. The presence of a series of cyclic oligomers is evidence for 

intramolecular transesterification whereby the growing hydroxyl-terminated end of the polymer 

is attacks an enchained group carbonyl. The mechanism for this is given in Scheme 3.04. 
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Scheme 3.04: Representation of intramolecular transesterification leading to cyclic oligomeric 

PMA. 

Overall, it can be concluded that the DMAP/neo-pentanol system gives very poorly-controlled 

polymerisations. There is almost no retention of stereochemistry of the monomer and essentially 

no control over the molecular weight of the polymer. Given the very low molecular weights 

achieved for all catalyst loadings, and the presence of cyclic products, it seems that 

transesterification is prevalent. No thermal analysis of the polymers was done due to the very 

low molecular weights.  

3.3.2 Polymerisations using 4-methoxpyridine catalyst and neo-

pentanol 

The results of the polymerisations are shown in Table 3.02. Pounder et al. reported in their work 

on L-malic acid OCA that, when screening pyridines with a range of pKaH values, 4-

methoxypyridine offered the best compromise between activity, molecular weight control and 

side-product formation.9  Similarly for manOCA it was observed that, compared to DMAP, 4-

methoxypyridine was considerably less active but gave improved molecular weight control. 

Polymerisations using 5 mol% catalyst (entries 1 – 3) all reached completion after an hour but 

again, only produced low molecular weight material that did not correspond well to the 

expected molecular weights. In contrast, reactions with a [C]:[I] ratio of 1:1 (entries 4 – 8) 

demonstrated good molecular weight control, whilst maintaining activity; entry 6 reaching 98 % 

conversion after 3 hours. Entry 9 had a GPC Mn of 17,000 Da which was significantly lower the 

expected 26,000 Da. The disparity between GPC molecular weights and the theoretical values in 

entries 1 - 3 and 9, is likely to be a result of transesterification which, as expected, is more 

prevalent at the higher catalyst loading of 5 mol%.  
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Table 3.02: Polymerisations of manOCA with 4-methoxypyridine and neo-pentanol 

Entry Monomer 
Ratio 

[M[:[C]:[I] 
Time 

Conva / 

% 

Mn
b

 GPC / 

gmol-1 

Mn THEO / 

gmol-1
 

PDIb 

1 S- 50:2.5:1 60 min >99 3,350 6,800 1.30 

2 S- 100:5:1 62 min >99 4,150 14,000 1.31 

3 S- 200:10:1 65 min >99 4,400 27,000 1.30 

4 S- 20:1:1 55 min >99 2,300 2,800 1.37 

5 S- 50:1:1 3 hr >99 6,900 6,800 1.22 

6 S- 100:1:1 3 hr 98 11,400 13,000 1.29 

7 R- 100:1:1 6 hr >99 11,500 13,000 1.24 

8 rac- 100:1:1 6 hr >99 11,350 13,000 1.26 

9 S- 200:1:1 5 hr 95 17,000 26,000 1.31 
Polymerisations run at 25°C in CDCl3; [manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards. 

One observation that was idiosyncratic of the polymers synthesised using 4-methoxypyridine 

was a bimodal GPC trace. For entries 4 – 9, a secondary peak in the chromatogram, generally 

with a Mn between 1,500 and 2,000 Da, was observed. An example chromatogram is shown in 

Figure 3.07, where peak ‘2’ has an Mn of 1,700 Da. These peaks were not baseline resolved and 

so may represent a wide range of molecular weights that are obscured by the major polymer 

peak. This minor peak may be due to transesterification products, both inter- and intramolecular. 
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Figure 3.07: GPC chromatogram of PMA from 4-methoxypyridine (Table 3.02, entry 6). 

 

Figure 3.08: 1H NMR spectrum of PMA from 4-methoxypyridine (Table 3.02, entry 6) and 

expanded view of the methine region, inset. 
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The 1H NMR spectrum of entry 6 is shown in Figure 3.08. The 1H NMR spectra of PMAs from 

R-, S- and rac-manOCAs were all similar with broad multiplet methine signals matching those 

reported by Liu et al. for atactic mandelide.1 Figure 3.09 (left) shows the similarity between the 

methine signals of PMA from R-manOCA (entry 7) and rac-manOCA (entry 8). Analysis of the 

carbonyl region of the 13C{1H} NMR spectrum in Figure 3.09 (right) supports the conclusion 

the polymers from the enantiomerically pure monomers are essentially atactic. The signals for 

all environments were broad (0.6 ppm for the carbonyl signal) and were comparable to the 

published spectra for atactic PMA. Polarimetry gave an optical rotation of [α]D = -14 for entry 6, 

which indicates that, whilst the monomer has not been fully racemised, this low level of 

stereoretention is not discernible by NMR. Again there were multiple end-group environments 

observed for the neo-pentyl CH3 groups. Calculation of the molecular weight based on 

integration of the CH3 end-group region gave an Mn of 11,900 Da which is in good agreement 

with the GPC value. This cannot be taken as an accurate measure of Mn, however, as it is not 

clear which of the multiple signals are the actual polymer end-groups.  

     

Figure 3.09: Left: Stacked 1H NMR spectra of the methine region of polymers from R- 

manOCA (Table 3.02, entry 7) (top) and rac-manOCA (Table 3.02, entry 8) (bottom). Right: 
13C{1H} NMR spectrum of the carbonyl region of polymer from R-manOCA. 

A study of the reaction kinetics gave the rate dependency on monomer concentration as pseudo-

first order. Figure 3.10 shows the semi-logarithmic kinetics plot of a reaction run under the 

5.655.705.755.805.855.905.956.006.056.106.156.206.256.306.356.40 ppm 165.8166.0166.2166.4166.6166.8167.0167.2167.4167.6167.8 ppm
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standard polymerisation conditions, from which the applied rate constant (kapp) was found to be 

0.0262 min-1 

 

Figure 3.10: Semi-logarithmic plot of the polymerisation of R-manOCA using 4-

methoxypyridine and neo-pentanol; [M]:[C]:[I] = 100:1:1; [M]0 = 0.56 M in CDCl3. 

Analysis of entry 4 by electrospray ionisation mass spectrometry showed one major series that 

corresponds to the sodium adducts of the linear polymers terminated with neo-pentoxy and H 

end-groups. The analogous series of potassium adducts was also present. There was evidence of 

polymer chains terminated with OH and H end-groups, possibly from hydrolysis during 

quenching of the reaction, as seen in the DMAP-catalysed polymerisations. This was, however, 

represented by a very low intensity series. Also observed was a series of peaks that characterises 

a linear polymer that contains a single carbonate linkage. This linkage is the outcome if the 

propagating OH attacks the carbonate carbonyl instead of the ester carbonyl of the monomer 

and carbon dioxide is not ejected during the ring-opening. A possible mechanism for this is 

shown in Scheme 3.05. The favourability of ring-opening at the carbonate carbonyl has been 

examined previously. DFT calculations found that, whilst disfavoured compared to ester 

formation, carbonate formation is energetically feasible.9 Given that no cyclic species were 

observed in the mass spectrum, monomer misinsertion may be the cause of the minor peak (Mn 

= 1,500 – 2,000 Da) observed in the GPC chromatograms (Figure 3.07). 
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Scheme 3.05: Possible mechanism of ring-opening at the carbonate carbonyl. 

Thermal analysis of entry 6 by DSC gave the glass transition temperature as 91.2°C. This is 

comparable to the literature value given of ~95°C for atactic PMA with Mn = 16,000 Da and 

PDI = 1.33.1 

3.3.3 Polymerisations using pyridine catalyst and neo-pentanol 

The results of the polymerisations are shown in Table 3.03 The decreased pKaH value of 

pyridine (pKaH = 5.2), compared with DMAP (pKaH = 9.7) and 4-methoxypyridine (pKaH = 6.6), 

had pronounced effects on the reactions.  

Table 3.03: Polymerisations of R-manOCA with pyridine and neo-pentanol 

Entry 
Ratio 

[M]:[C]:[I] 

Time / 

hr 

Conva / 

% 

Mn
b

 GPC / 

gmol-1 

Mn THEO / 

gmol-1
 

PDIb 

1 50:2.5:1 20 >99 7,800 6,800 1.40 

2 100:5:1 20 >99 10,300 14,000 1.38 

3 200:10:1 20 >99 15,050 27,000 1.49 

4 20:1:1 20 >99 4,850 2,800 1.29 

5 50:1:1 23 >99 14,050 6,800 1.24 

6 100:1:1 23 98 22,750 13,000 1.33 

7 200:1:1 47 99 34,650 27,000 1.34 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards. 
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Once again, it was observed that catalyst loadings of 5 mol% (entries 1 - 3) produced polymers 

with molecular weights that did not correlate to the calculated values. However, entry 1 actually 

yielded PMA with a higher Mn than expected. Despite being lower than expected, entries 2 and 

3 produced polymers with far greater molecular weights than either DMAP or 4-

methoxypyridine catalysts at the same [M]:[C]:[I] ratios. 

The polymerisations with [C]:[I] ratios of 1:1 (entries 4 - 7) all produced polymers of greater 

molecular weight than calculated. This is attributed to slow and poorly-controlled initiation 

yielding fewer growing polymer chains. This effectively means the [M]:[I] is increased and this 

is reflected in the significantly increased molecular weights. Importantly, this shows that, whilst 

not well-controlled, manOCA can be polymerised to give what can be classed as high molecular 

weight material using pyridine as a catalyst. Despite the higher molecular weights, the PDI 

values were comparable to DMAP and 4-methoxypyridine. 

The hypothesis of slow initiation is supported by the kinetics study. The rate of reaction was 

decreased compared with 4-methoxypyridine as would be expected for a decrease in basicity. 

Figure 3.11 shows the semi-logarithmic plot for the 100:1:1 polymerisation, from which the kapp 

was found to be 0.0036 min-1, which is considerably lower than 4-methoxypyridine at 0.0262 

min-1. There is an observable induction period of around 100 minutes, which is representative of 

the slow initiation. 

 

Figure 3.11: Semi-logarithmic plot of the polymerisation of R-manOCA using pyridine and 

neo-pentanol; [M]:[C]:[I] = 100:1:1, [M]0 = 0.56 M in CDCl3. 

The 1H NMR spectra of the PMAs synthesised using pyridine catalyst indicated multiple 

environments for the neo-pentanol CH3 groups in analogy to DMAP and 4-methoxypyridine. 

y = 0.0036x - 0.3058
R² = 0.99928

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 100 200 300 400 500 600

ln
([M

] o
/[M

] t)

Time / minutes



163 
 

However, the distinctive feature of the spectra was the appearance of a more intense peak in the 

complex methine signal, which was not observed for the atactic PMAs from either DMAP or 4-

methoxypyridine. Inspection of the methine region of the 1H NMR spectrum of entry 6 in Figure 

3.12 shows the appearance of a singlet at 5.98 ppm. This coincides with an increase in optical 

rotation for the pyridine catalysed polymers; an [α]20
D value of -47 was recorded for entry 6. 

Thermal analysis of the same polymer showed a Tg of 97.9°C, which is an increase of ~ 6°C 

compared with the atactic material produced by 4-methoxypyridine (Table 3.02, entry 6). Based 

on these observations, the singlet peak at 5.98 ppm was assigned as a marker for isotactic 

enrichment as a result of stereoretention of the monomer. 

 

Figure 3.12: 1H NMR spectrum of PMA from pyridine (Table 3.03, entry 6) and expanded view 

of the methine region, inset. 

Analysis of the 13C{1H} NMR spectrum of entry 6 in Figure 3.13 supports the hypothesis of 

stereoretention by the presence of singlet peaks with increased intensity amongst the complex 

signals. The peak in the carbonyl signal at 166.8 ppm is a clear example of this.  

Whilst pyridine catalyst gives rise to some degree of stereoretention, even by qualitative 

analysis of the 1H and 13C{1H} NMR spectra, it is clear that the polymers are still largely atactic.  
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Figure 3.13: 13C{1H} NMR spectrum of PMA from pyridine (Table 3.03, entry 6) and 

expanded views of the carbonyl, aromatic and methine regions, inset. 

3.3.4 Polymerisations using 3-bromopyridine catalyst and neo-

pentanol 

3-Bromopyridine was the least basic of the pyridines (pKaH = 2.8) that was found to have 

activity in the ROP of manOCAs (2-chloropyridine (pKaH = 0.5) was found to have negligible 

activity). The results of the polymerisations are shown in Table 3.04. All the polymerisations 

produced PMAs with molecular weights greater than the calculated values. The reaction with 5 

mol% catalyst loading (entries 1 and 2), which produced lower than expected molecular weights 

for DMAP, 4-methoxypyridine and pyridine, had considerably longer chain lengths than 

calculated. However, in reactions with a [C]:[I] ratio of 1:1 (entries 3 - 5) the molecular weights 

were far higher than expected. For example, entry 4 produced a polymer with Mn = 31,600 Da, 

nearly three times the theoretical value. Again, this is attributed to the decreased basicity of the 

catalyst resulting in poorly-controlled and slow initiation resulting in fewer growing polymers 

chains, each with greater chain length. The observed trend of increased molecular weights 

indicates that a low pKaH value for a catalyst favours the formation of products during the 

initiation which have dead chain-ends. Unwanted side-reactions such as ROP of the OCA at the 

carbonate carbonyl, which can yield carboxylic end-groups, may the reason behind this. 
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Table 3.04: Polymerisations of R-manOCA with 3-bromopyridine and neo-pentanol 

Entry 
Ratio 

[M[:[C]:[I] 

Time / 

days 

Conva  

/ % 

Mn
b

 GPC / 

gmol-1 

Mn THEO / 

gmol-1
 

PDIb 

1 50:2.5:1 14 99 15,800 6,700 1.27 

2 100:5:1 14 97 24,650 13,000 1.32 

3 20:1:1 8 98 9,750 2,700 1.23 

4 50:1:1 16 97 15,750 6,600 1.44 

5 100:1:1 18 83 31,600 11,000 1.29 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards. 

The rate of polymerisation was also significantly decreased, with the reactions taking many 

days or even weeks to reach high conversion. For example, entry 5 was quenched and worked 

up after 18 days having reached only 83 % conversion. Due to the expected reaction times being 

extremely long, polymerisations at [M[:[C]:[I] ratios of 200:1:1 and 200:10:1 were not 

performed. 

 

Figure 3.14: 1H NMR spectrum of PMA from 3-bromopyridine (Table 3.05, entry 5) and 

expanded view of the methine region, inset. 
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Another consequence of the reduced basicity of 3-bromopyridine was that a reduction in the 

racemisation of the monomer was observed. As can be seen in 1H NMR spectrum of entry 5 in 

Figure 3.14, the dominant peak in the complex methine signal is the singlet peak that is 

attributed to isotactic enrichment.  

 

Figure 3.15: Methine region of the 1H NMR spectrum of PMA from pyridine (Table 3.01, entry 

5). 

Closer inspection of the methine signal in the 1H NMR spectrum in Figure 3.15 shows that there 

are at least 8 peaks, with the possibility of several smaller peaks that are not fully resolved. 

Based on this, PMA must at least show tetrad sensitivity. Splitting the normalised integral of the 

methine signal gives an integral for the singlet of 0.47; deconvolution of the multiplet gives an 

integral value of 0.53. If the PMA were 100 % isotactic, meaning zero racemisation of the 

monomer, then this singlet would be the only observed peak (effectively the integral would 

equal 1). The fact that any racemisation occurs in the presence of a base as weak as 3-

bromopyridine, highlights just how acidic the methine proton is. 

As discussed, previous reports of PMA have produced either atactic polymer or polymer with 

some isotactic enrichment. Unfortunately, the reported isotacticity was not quantified in any 

way and no spectra were published for comparison; the only description of the 1H NMR signals 

being given as ‘broad’.2 To date there are no known assignments of the tacticity of PMA based 

on NMR data or any other analysis. Thus no attempt is made here to assign a Pm value to the 

isotactic PMAs synthesised. 
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Figure 3.16: 13C{1H} NMR spectrum of PMA from pyridine (Table 3.01, entry 5) and 

expanded views of the carbonyl, aromatic and methine regions, inset. 

The carbonyl and methine signals in the 13C{1H} NMR spectrum shown in Figure 3.16 are in 

agreement with the 1H NMR data in that the dominant feature of the signals is a singlet peak. 

Some minor peaks are distinguishable from the background noise in the methine signal. These 

minor peaks are more clearly observed in the aromatic carbon signals, for example, the signal 

between 128.1 and 127.5 ppm exhibits a large singlet accompanied by 6 minor peaks. 

For thermal analysis, the 50:1:1 polymer with Mn = 15,750 Da and PDI = 1.44 (entry 4) was 

selected for closer comparison against samples from 4-methoxypyridine (Table 3.02, entry 6, 

Mn = 11,400 Da) and pyridine (Table 3.03, entry 5, Mn = 14,050 Da). A Tg of 105.8°C was 

observed, which is ~15°C higher than the atactic polymers with similar molecular weight. 

Although this polymer is clearly not fully isotactic, its Tg of 105.8°C is the highest Tg value 

reported for PMA. The previous highest reported Tg of 100°C, by Liu et al.1  was of atactic 

PMA with a much higher molecular weight of 68,000 Da. 

3.3.5 Concluding remarks 

The polymerisations of manOCA catalysed by DMAP, 4-methoxypyridine, pyridine and 3-

bromopyridine using neo-pentanol initiator have demonstrated the dramatic influence catalyst 

basicity has over the reaction. The use of basic catalysts in the polymerisation of an acidic 

monomer has presented several challenges, namely facile racemisation and poor-reaction 
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control. The PMAs from DMAP and 4-methoxypyridine were essentially atactic, the monomer 

having been racemised during the reactions. However, an increase in stereoretention of the 

monomer was observed as the pKaH decreased. Pyridine gave a low degree of isotactic 

enrichment, but it was only when the pKaH was decreased to 2.8 in 3-bromopyridine that 

significant levels of stereoregularity were achieved. Importantly, 3-bromopyridine is the first 

catalyst that has produced highly isotactic PMA. Furthermore, it can be surmised that the 

reaction rate is dependent of the basicity of the pyridine catalyst. DMAP demonstrated 

extremely high activity at the higher catalyst loading of 5 mol%, achieving high conversions in 

a matter of minutes. As the pKaH decreased, the observed reaction times increased, with 3-

bromopyridine requiring many days to reach high conversions. 

Generally, the molecular weight control of these catalysts was poor. Of the 4 pyridines 

examined, 4-methoxypyridine was the only one to yield polymers with molecular weights that 

were close to the theoretical values, and this was only the case for [M]:[I] ratios ≤100:1. It was 

observed that for any [M]:[I] ratio, the polymers molecular weight increased as the pKaH of the 

catalyst decreased. This trend is attributed to the catalysts with lower pKaH favouring chain-

terminating side-reactions during the initiation, and unwanted transesterification, both inter- and 

intramolecular, in the case of DMAP.  

Most interestingly, isotactically enriched PMA demonstrates substantial improvement in glass 

transition temperature over atactic PMA. An increase of ~15°C was observed between 

isotactically enriched and atactic samples. This highlights the potential for the use of isotactic 

PMA in higher temperature applications.  

Overall, every catalyst in this set represents a compromise between reaction rate, molecular 

weight, stereoretention and unwanted side reactions. None of the catalysts perform well in all 

criteria, however, 3-bromopyridine has been used to produce high molecular weight, highly 

isotactic PMA. 

3.4 Polymerisations with mandelic acid initiator 

3.4.1 Polymerisations using pyridine catalyst and mandelic acid 

During the investigation in to the polymerisation of manOCA initiated with neo-pentanol, a set 

of interesting results was observed for one particular batch of R-manOCA. The monomer was 

prepared in the same way as all other batches, being purified by crystallisation from 

THF/hexane then filtered and dried under vacuum. It was observed, however, that when this 

monomer was polymerised using pyridine catalyst and neo-pentanol initiator, it appeared to be 

highly isotactically enriched based on the 1H and 13C{1H} NMR spectra. The level of 
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isotacticity was comparable to that observed for 3-bromopyridine and neo-pentanol (Figure 

3.14), but high conversion was achieved far more quickly than with 3-bromopyridine. 

Interestingly, the molecular weights observed for a whole range of catalyst and initiator 

loadings were invariably ~6,000 – 7,000 Da with narrow PDI ≤1.1. These peculiar results are 

shown in Table 3.05.  

Table 3.05: Polymerisations of contaminated R-manOCA with pyridine/neo-pentanol 

Entry 
Ratio 

[M[:[C]:[I] 

Time / 

hr 

Conversiona 

/ % 

Mn
b

 GPC / 

gmol-1 

Mn THEO / 

gmol-1
 

PDIb 

1 100:1:1 17 98 6,650 13,400 1.09 

2 200:1:1 18 99 7,300 26,800 1.08 

3 100:5:1 3 99 6,200 13,400 1.08 

4 100:10:1 3 99 6,100 13,400 1.10 

5 200:10:1 3 98 6,200 26,800 1.10 

6 300:15:1 4 99 6,400 50,200 1.10 

7 20:1:0 17 99 6,800 0 1.08 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR, b determined by GPC referenced to polystyrene standards. 

After meticulous drying and purification of all other components of the reaction, it was 

determined that the monomer was contaminated, most likely with adventitious water. It was 

apparent that the product of initiation with water would be different from the initiation product 

with an alcohol. When the first monomer is ring-opened with an alcohol, in this case neo-

pentanol, then the esterification product is neo-pentyl mandelate, an α-hydroxy ester. 

Essentially, an α-hydroxy ester end-group is then the propagating species until the monomer is 

consumed and the reaction stops or is terminated with acid. However, when water is the 

initiator, hydrolysis of the monomer occurs and the initiation product is mandelic acid, an α-

hydroxy acid with a pKa of 3.4. Given that the pKaH of pyridine is 5.2, it is reasonable to assume 

that the pyridine will not exist as the free base but will deprotonate the mandelic acid to form 

pyridinium mandelate. The reaction products with neo-pentanol and water are shown in Scheme 

3.06. As discussed in the polymerisations using 4-methoxypyridine and neo-pentanol, 

misinsertion of the monomer gives a carbonate linkage and carboxylic acid end-group which is 

thought to be a dead chain-end and not able to propagate. Similarly, it would be expected that 

the formation of the pyridine mandelate salt would effectively quench the catalyst. 
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Scheme 3.06: Reaction products with neo-pentanol and pyridine (top) and water and pyridine 

(bottom). 

Based on this reasoning, a control experiment was run using pyridine as the catalyst with R-

mandelic acid as the initiator (instead of neo-pentanol) at 100:1:1 [M]:[C]:[I] ratio. Surprisingly 

the reaction produced a polymer with Mn = 13,100 Da and PDI = 1.08; excellent results and a 

considerable improvement over any previous polymerisations. Following this promising result, 

pyridinium-R-mandelate was synthesised by the 1:1 stoichiometric reaction between R-mandelic 

acid and pyridine in anhydrous ether, according to Scheme 3.07  

 

Scheme 3.07: Synthesis of pyridinium R-mandelate. 

Pyridinium-R-mandelate crystallised as clusters of fine needles from diethyl ether. Pyridinium-

S-mandelate and pyridinium-rac-mandelate were synthesised in a similar manner.  These are not 

only more convenient as ‘all-in-one’ catalyst and initiators, but also allow for exact 

stoichiometry between the acid and base.  
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Figure 3.17: 1H NMR spectrum of pyridinium R-mandelate in CDCl3. 

Figure 3.17 shows the 1H NMR spectrum of pyridinium R-mandelate, which contains peaks that 

have very similar chemical shifts to the parent chemicals; pyridine and mandelic acid. The 

carboxylic acid proton and the hydroxyl proton of the mandelic acid are observed as a singlet of 

integral 2H at 10.48 ppm.  

X-ray quality crystals were grown by storing a dilute solution of pyridinium R-mandelate in 

diethyl ether in the fridge. The solid-state structure in Figure 3.18 shows a hydrogen bonding 

interaction between the pyridine nitrogen and the carboxylic acid of the mandelic acid, rather 

than an ion pair where the acidic proton is more closely associated with the pyridine. 

Interestingly, the proton of the hydroxyl group is not hydrogen bonded to the carbonyl oxygen 

as would be expected for an α-hydroxy acid. Indeed, the increased acidity of α-hydroxy acids, 

compared with their carboxylic acid analogues, is due to intramolecular hydrogen bonding 

between the α-hydroxyl group and the carboxylic acid moiety. 
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Figure 3.18: Solid-state structure of pyridinium R-mandelate. 

 

Figure 3.19: Extended solid-state structure of pyridinium R-mandelate showing intermolecular 

hydrogen bonds between adjacent mandelic acid units. Hydrogens except OH and CO2H 

omitted for clarity. 

Modelling the bulk structure using 6 pyridine R-mandelate molecules, as shown in Figure 3.19, 

reveals hydrogen bonding between the α-hydroxyl group of each mandelic acid with both the 
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carbonyl and α-hydroxyl oxygens of an adjacent mandelic acid molecule, presumably offering 

greater stabilisation over intramolecular hydrogen bonding. 

Polymerisation reactions with pyridinium R-mandelate were conducted under identical 

conditions to those using the pyridine/neo-pentanol system. Fortunately, the pyridinium 

mandelates were also soluble in chloroform and so CDCl3 was used for the polymerisations 

(Scheme 3.08). 

 

Scheme 3.08: Polymerisation of R-manOCA with pyridinium R-mandelate. 

Table 3.06: Polymerisations of manOCA with pyridinium R-mandelate 

Entry Mon 
Ratio 

[M]:[I] 
Time 

Conva 

/ % 

Mn
b

 GPC 

/ gmol-1 

Mn THEO 

/ gmol-1
 

PDIb [α]20
D

c Tg
d 

/°C 

1 R- 20:1 2 hr >99 3,000 2,800 1.09 -102 - 

2 R- 50:1 4 hr >99 6,900 6,900 1.08 -91 100.5 

3 R- 100:1 25 hr >99 12,850 13,000 1.08 -82 104.8 

4 S- 100:1 14 hr 99 11,600 13,000 1.07 +92 103.6 

5 rac- 100:1 14 hr >99 10,400 13,000 1.08 - 91.0 

6 R- 200:1 25 hr >99 24,950 27,000 1.09 -76 105.5 

7 R- 500:1 89  hr 97 47,600 65,000 1.17 -62 105.1 

8 R- 1000:1 12 d 97 62,900 130,000 1.22 -62 104.0 
Polymerisations run at 25°C in CDCl3; [manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards; c determined by polarimetry in 

CDCl3; d determined by DSC referenced to indium.   

The results for the polymerisations with pyridinium R-mandelate are given in Table 3.06. High 

monomer conversions were achieved for all [M]:[I] ratios. The molecular weight control 

demonstrated by this system is impressive. For [M]:[I] ratios between 20:1 and 200:1 the 

experimental molecular weights (Mn) match closely the calculated values. The polydispersities 

of these polymers were consistently very narrow (PDI <1.1), which is a marked improvement 

over the neo-pentanol initiated reactions that varied in polydispersity between PDIs of 1.24 and 

1.49. This is evidence that the polymerisation is living and well-controlled, specifically 
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indicating that the rate of initiation (ki) is fast relative to the rate of propagation (kp) and side-

reactions are absent, in contrast to pyridine/neo-pentanol. 

To prove the living behaviour of these polymerisations, an experiment at a [M]:[I] ratio of 100:1 

was performed and samples were taken at predetermined intervals. The conversion of each 

sample was measured by 1H NMR spectroscopy, followed by immediate quenching with a 

dilute acid wash. Each sample was purified by precipitation in methanol and analysed by GPC. 

The results are presented in Figure 3.20. The molecular weight (triangular data points) increases 

in a linear fashion as conversion increases whilst the polydispersity remains almost unchanged 

(square data points). This supports the data in Table 3.06 in that the polymerisations are living 

and termination steps are absent, which allows for control of molecular weight by variation of 

the [M]:[I] ratio. 

 

Figure 3.20: Graph of molecular weight (Mn) (triangles) and polydispersity (PDI) (squares) 

versus conversion. Reaction run at [M]:[I] of 100:1, 0.56 M in CDCl3.  

The two reactions which deviated from living behaviour were entries 7 and 8. Entry 7, with a 

[M]:[I] ratio of 500:1, produced PMA that was ~17,000 Da less than the calculated 65,000 Da. 

Entry 8, where [M]:[I] = 1000:1, produced PMA with a Mn of 62,900 Da which is a 

considerable achievement, despite being less than half the theoretical Mn of 130,000 Da. An 

increase in the polydispersity values of entries 7 and 8, 1.17 and 1.22 respectively, was also 

observed. These lower molecular weights are unsurprising at such low initiator loadings. 

Impurities, including water, even at ppm concentrations, become comparable to the 

concentration of the initiator at [M]:[I] = 1000:1. 
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Analysis of the purified polymers by 1H NMR and 13C{1H} NMR showed them to be very clean 

with no trace of catalyst and minimal residual monomer. Figure 3.21 shows the 1H NMR 

spectrum of entry 2. In contrast to the 1H NMR spectra of neo-pentanol initiated PMAs, only 

peaks corresponding to the aromatic CH and methine CH protons are visible. It is possible to 

distinguish the methine CH of the ‘end-group’ mandelic acid as this proton is shifted upfield to 

5.31ppm and resembles the methine signal of mandelic acid. 

 

 

Figure 3.21: 1H NMR spectrum of PMA from a 50:1 polymerisation with pyridinium R-

mandelate (Table 3.06, entry 2) and expanded view of the methine region, inset. 

What was immediately obvious from the 1H NMR spectra was that the PMAs from pyridinium 

R-mandelate are considerably more isotactically enriched that the PMAs from the pyridine/neo-

pentanol system. As can be seen in Figure 3.21, splitting the total integral of the methine signal 

in the 1H NMR spectrum gives a singlet integral of 0.44; deconvolution of the multiplet using 

NMR software gave a value of 0.49. Figure 3.22 shows the 13C{1H} NMR spectrum of entry 2. 

Analysis of the CO signal gives a similar degree of isotacticity. Splitting the integral manually 

gives a singlet integral of 0.47 (Figure 3.23). 
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Figure 3.22: 13C{1H} NMR spectrum of PMA from a pyridinium R-mandelate (Table 3.06, 

entry 2) and expanded views of the carbonyl, aromatic and methine regions, inset. 

 

Figure 3.23: 13C{1H} NMR spectrum showing the carbonyl region of PMA from pyridinium R-

mandelate (Table 3.06, entry 2). 
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Analysis of the tacticity of the PMAs in Table 3.06 by 1H NMR spectroscopy and optical 

rotation showed a trend of decreasing isotacticity with increasing chain length. The polymer 

from entry 2 has an optical rotation [α]D = -91. In comparison, entry 3 (Mn = 12,850 Da) has an 

optical rotation of [α]D = -82 and deconvoluted methine integration 0.45; both lower than entry 

2 (Mn = 6,900 Da). This decrease continues through the series to entries 7 and 8, which have 

similar optical rotation and singlet integral values. Optical rotation and singlet integral are 

plotted against molecular weight in Figure 3.24. The plot clearly shows the corresponding 

decrease in optical rotation and isotactic signal integral value as Mn increases.  

 

Figure 3.24: Plot of optical rotation and singlet integration versus molecular weight. 

Polymerisation of S-manOCA using pyridinium R-mandelate (entry 4) produced a polymer with 

opposite optical rotation ([α]D = +92) to the polymer from R-manOCA, whereas rac-manOCA 

yielded atactic PMA (entry 5) based on analysis of the 1H NMR spectrum. This confirms some 

stereochemical characteristics of this polymerisation system. At 298 K, this system does not 

exhibit chain-end stereocontrol over the polymerisation. Were this the case, some degree of 

tacticity, whether it be isotacticity or syndiotacticity, would be observed in the polymerisation 

of the rac-monomer. Furthermore, as there is no chain-end control, the stereochemistry of the 

initiating mandelate species does not affect the overall stereochemistry of the polymer chain.   

Figure 3.25 shows the MALDI-ToF mass spectrum on entry 1 (Mn = 3,000 Da). Analysis of the 

spectrum confirmed the repeat unit mass as 134 Da and that the end-groups are HO2CCH(Ph)O- 

(mandelate) and –H that correspond to mandelic acid as the initiating species. The major ion 

peak at 2740.3 Da equates to the potassium adduct of a PMA chain containing 19 monomer 

units with mandelate and –H end-groups. 
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Figure 3.25: MALDI-ToF mass spectrum of a PMA from pyridinium R-mandelate (Table 3.06, 

entry 1). 

The thermal properties of the PMAs in Table 3.06 were analysed by DSC. Purified samples, 

typically 4 - 6 mg, were passed through two heating/cooling cycles with a heating rate of 

10°C/min. Calculation of glass transition temperatures was done using the second heating cycle. 

Despite a variation in molecular weight of 50,000 Da, the R-polymers with [M]:[I] ratios 

between 100:1 and 1000:1 (entries 3, 4, 6 - 8) all had glass transition temperatures comparable 

to that from 3-bromopyridine/neo-pentanol (Table 3.04, entry 5, Mn = 15,750) of around 105°C. 

This observation may be attributed the decrease in isotacticity through entries 3 - 8 and increase 

in PDI through entries 4 - 8, as the higher molecular weight polymers would be expected to 

have higher Tg values. As discussed in Chapter 1, these factors all directly impact glass 

transition temperature. As expected, the S-PMA (entry 4) had a similar Tg to the R-PMAs of 

103.6°C. Liu et al. also reported a Tg of ~95°C for a atactic PMA with an Mn of 16,000 Da.1 By 

comparison, the polymerisation of rac-mandelic acid (entry 5) yielded atactic PMA with a Tg of 

91.0°C. This is comparable to the atactic PMA from 4-methoxypyridine (Mn = 11,400 Da and 

PDI = 1.29) which had a Tg of 91.2°C (Table 3.02, entry 6). None of the polymers exhibited 

melting temperatures and instead were observed to degrade at temperatures above 280°C. A 

PMA sample which was annealed at 130°C for 24 hours displayed unaltered thermal properties. 
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Figure 3.26 shows the thermogravimetric analysis (TGA) of a polymer sample run under N2. 

This revealed the onset of degradation at around 280°C followed by a rapid loss of mass 

between 300 and 340°C leaving a residual sample mass of around 4 %. Smith and Tighe have 

reported the onset of degradation of low molecular weight PMA as ~205°C with the main 

decomposition products being benzaldehyde and carbon monoxide.2  

 

Figure 3.26: Plot of mass % versus temperature for the thermogravimetric analysis of PMA 

(Table 3.06, entry 3) from pyridinium R-mandelate. 

Liu et al. observed an onset of decomposition at 320°C for a sample of purified atactic PMA for 

which the molecular weight was not reported.1 In their evaluation they stated that whilst both 

ester and carboxylic acid end-groups of poly(α-hydroxy acids) have degradation pathways to 

aldehydes and carbon monoxide, the acid group decarbonylates far more readily. The 

mechanism of decarboxylation is given in Scheme 3.09. Thus, the lower decomposition onset 

temperature observed for PMA from pyridinium R-mandelate compared to PMA from 

tin(II)octoate, which has ester and alcohol end-groups, is attributed to the carboxylic acid end-

group.  
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Scheme 3.09: Given thermal degradation pathway for carboxylic acid end-groups of 

polyesters.1 

The kinetics of these polymerisations were investigated using pseudo-first order 1H NMR 

experiments with R-, S- and rac-manOCAs initiated with pyridinium R-mandelate. The 

experiments were performed under identical conditions as standard polymerisations; at 298 K 

with a monomer concentration [M]0 of 0.56 M. The higher resolution NMR machines (400 MHz 

and 500 MHz) allowed accurate measurement of conversion as the aromatic signals of the 

monomer and polymer remained resolved throughout the reactions. The conversion was 

calculated by integrating the entire methine region (integral = 1), then integrating the aromatic 

region of the polymer between 7.53-7.46 ppm, which corresponds to 3 of the phenyl protons. By 

dividing the integral of the aromatic region by 3 and finally subtracting this number from 1, the 

decimal conversion is given. Figure 3.27 gives an example 1H NMR spectrum of a reaction that 

has reached 62 % conversion, calculated thus: 1 − (1.14/3). 

 

Figure 3.27: An example 1H NMR spectrum from a kinetics experiment where the reaction has 

reached 62 % conversion. 
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Figure 3.28: Graph of semi-logarithmic kinetics plots for polymerisations of R- (diamonds), S- 

(squares) and rac- (triangles) manOCAs in CDCl3 and R-manOCA in C6D6 (circles). 

The results of the kinetics experiments, shown in  Figure 3.28, were essentially the same for the 

three monomers R-, S- and rac-manOCA with respective applied constants (kapp) of 0.0077 min-

1, 0.0078 min-1 and 0.0074 min-1. As expected, having an initiator and monomer of opposite 

stereochemistries, i.e. pyridinium R-mandelate and S-manOCA, does not have an effect on the 

reaction rate. By comparison, the kapp for the reaction using pyridinium R-mandelate was 

approximately twice that of the pyridine/neo-pentanol system, at a [M]:[C]:[I] ratio of 100:1:1, 

and no induction period was observed. In polymerisations catalysed by the pyridine/neo-

pentanol system racemisation may compete with propagation. Thus, the increased kapp observed 

for pyridinium R-mandelate is attributed to the suppression of such detrimental side-reactions. 

When the kinetics was performed in a less polar solvent (C6D6) the rate was significantly 

decreased, the kapp of 0.0041 min-1 being nearly half the value of the reaction in CDCl3. When 

d3-acetonitrile was used as the reaction solvent the rate was observed to be drastically reduced 

such that kapp appeared to be zero over a timescale of hours. Even after several days at 25°C 

only low conversion was achieved. Clearly the polarity of the solvent has a profound effect on 

the catalysis. It would be expected that in a solvent of low polarity, such as C6D6, formation of 

localised charge would be disfavoured, and as such a reaction pathway which includes transient 

charged intermediates would be slower. Conversely, in a d3-acetonitrile, a highly-polar solvent, 

charged species would be stabilised. Specifically, the pyridinium mandelate salt may be the 
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favoured product with the proton closely associated with the pyridine base. The intermediate 

polarity of CDCl3 showed the highest rate of polymerisation. This may allow the protons to 

shuttle between the catalytic base and the propagating species efficiently, which is likely to be 

the basis of the reaction mechanism, based on previous DFT studies.12,13 The fact that the 

reaction rate was so low in d3-acetonitrile implies that the protonated pyridine base is not the 

active catalytic species. 

Given the improvement in tacticity observed when the initiator was changed from neo-pentanol 

to mandelic acid is attributed to the presence of an acidic species, it was thought that the 

tacticity could be controlled simply by varying the [I]0. Thus, a series of polymerisations was 

carried out where the ratio of [pyridine]:[mandelic acid] was decreased. The ratios were chosen 

so the [M]:[I] ratio remained 50:1, but the [pyridine] was decreased.  

Table 3.07: Polymerisations of R-manOCA with pyridine and mandelic acid 

Entry Ratio 
[M]:[C]:[I] 

Time / 
hr 

Conva 
/ % 

Mn
b

 GPC 
/ gmol-1 

Mn THEO / 
gmol-1

 
PDIb [α]20

D
c Tg

d 

/°C 

1 100:1:2 14 99 6,550 6,700 1.08 -105 98.7 

2 150:1:3 14 98 7,600 6,700 1.07 -103 101.5 

3 250:1:5 14 97 6,700 6,500 1.07 -106 100.0 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards; c determined by polarimetry in 

CDCl3; d determined by DSC referenced to indium. 

The results of the polymerisations are shown in Table 3.07. All reactions reached high 

conversion after 14 hours despite the decreased catalyst loadings. The molecular weights were 

comparable to one another and in agreement with the theoretical values, whilst the 

polydispersities were, as observed previously, very narrow (PDI = 1.07 - 1.08). This confirms 

that Mn is determined by the [M]:[I] ratio and that the polymerisations remain very well-

controlled regardless of the [C]:[I] ratio. With a [M]:[C]:[I] ratio of 100:1:2 (entry 1), a definite 

increase in tacticity was observed based on analysis if the 1H NMR spectrum and optical 

rotation measurements. Deconvolution of the methine signal in the 1H NMR spectrum gave a 

singlet integral of 0.57, compared with 0.49 for the 50:1:1 polymer (Table 3.06, entry 2). The 

optical rotation was also observed to increase from [α]20
D = -91 to [α]20

D = -105. However, 

when the [C]:[I] ratio was decreased further, no significant increase in tacticity was observed; 

entries 2 and 3 had similar methine integrations to entry 1 in the 1H NMR spectra and similar 

optical rotations.  
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These results suggest that by whatever mechanism the carboxylic acid groups supress 

racemisation, the mechanism becomes saturated with at a [C]:[I] ratio of 1:2. In order to 

investigate this further, the orders of reaction with respect to both mandelic acid and pyridine 

were examined using 1H NMR kinetics. 

Table 3.08: Results of pseudo-first order kinetics experiments at varying catalyst loadings 

[M]:[C]:[I] kapp
a / min-1 ln(kapp) [C]0 / mol dm-3 ln[C]0 

100:0.5:1 0.0047 -5.36019 0.00281 -5.87457 

100:1:1 0.0075 -4.89285 0.00561 -5.1832 

100:1.5:1 0.0094 -4.66705 0.00842 -4.77715 

100:2:1 0.0132 -4.32754 0.0122 -4.40632 

100:3:1 0.0157 -4.15409 0.0168 -4.08638 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a kapp value taken from the 

gradient of the semi-logarithmic kinetics plot for each [M]:[C]:[I] ratio. 

 

Figure 3.29: Plot of ln(kapp) versus ln[C]0 kinetics plot for polymerisations of R-manOCA in 

CDCl3. 

The results of the kinetics experiments at different [C]0 are given in Table 3.08. When the graph 

of ln(kapp) versus ln[C]0 was plotted (Figure 3.29), a non-integer reaction order of 0.68 in 

pyridine was found. Non-integer reaction orders are indicative of non-elementary or complex 

reaction mechanisms. It should be noted that there was still some racemisation of the monomer 

in the reactions initiated using pyridinium R-mandelate, and this may also contribute to the non-

integer order value. 
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The results of the kinetics experiments at different [I]0 are given in Table 3.09. When the graph 

of ln(kapp) versus ln[I]0 was plotted (Figure 3.30), a mixed reaction order in mandelic acid was 

found. Between [C]:[I] ratios of 1:0.5 and 1:2 approximately first order behaviour was 

observed, however, no increase in reaction rate was observed when the [C]:[I] ratio was 

decreased below 1:2. Thus the dependency is zero order in mandelic acid below a [C]:[I] ratio 

of 1:2.  

Table 3.09: Results of pseudo-first order kinetics experiments at varying initiator loadings 

[M]:[C]:[I] kapp
a / min-1 ln(kapp) [I]0 / mol dm-3 ln[I]0 

100:1:0.5 0.0035 -5.65499 0.0028 -5.87814 

100:1:1 0.0075 -4.89285 0.00561 -5.1832 

100:1:2 0.0108 -4.52821 0.0112 -4.49184 

100:1:3 0.0105 -4.55638 0.02245 -3.79646 

100:1:4 0.0108 -4.52821 0.0449 -3.10332 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a kapp value taken from the 

gradient of the semi-logarithmic kinetics plot for each [M]:[C]:[I] ratio. 

 

Figure 3.30: Plot of ln(kapp) versus ln[I]0 kinetics plot for polymerisations of R-manOCA in 

CDCl3. 

The zero order dependency on [I] below a [C]:[I] ratio of 1:2 corroborates the observed 

differences in tacticity when the catalyst loading was varied; there was no increase in 

stereoretention below a [C]:[I] ratio of 1:2 (Table 3.07). For these polymerisations where the 

[C]:[I] ratio is 1:2 and below, the pyridine-mediated mechanism is assumed to be the same as 

the 1:1 reactions. Indeed, it has been shown that each mandelic acid initiates its own polymer 

y = 0.813x - 0.8102
R² = 0.96075

y = -2E-05x - 4.5377
R² = 8.6E-07

-5.8

-5.6

-5.4

-5.2

-5

-4.8

-4.6

-4.4

-4.2
-7 -6 -5 -4 -3 -2 -1 0

ln
(k

ap
p)

ln[I]0



185 
 

chain, implying that there is not a synergistic effect between multiple mandelic acids molecules 

and a single pyridine. 

End-group analysis of mandelic acid-initiated PMA by 1H NMR spectroscopy is possible as the 

methine CH of the initiator is resolved from the bulk methine region. However, determination 

of molecular weight by integration of this methine signal versus integration of the bulk methine 

signal cannot be highly accurate as it has an integral of only 1H. An end-group that is distinct 

from the main polymer chain and has an integral of >1H allows for more accurate NMR 

assessment of Mn, as well as providing a marker for analysis by mass spectrometry. For this 

reason, R-4-methylmandelic acid was used as an initiator. The para- methyl group gives a 

singlet of integral 3H at 2.22 ppm and a mass difference of 14.01 Da compared with mandelic 

acid. 

 

Scheme 3.10: Polymerisation of R-manOCA with pyridine and R-4-methylmandelic acid. 

The polymerisations were conducted in an identical manner to those with pyridinium R-

mandelate at the four [M]:[C]:[I] ratios from 20:1:1 - 200:1:1. The results of the 

polymerisations, including the molecular weights as determined by 1H NMR spectroscopy and 

by GPC, are given in Table 3.10. The correlation between the two analysis methods is good for 

all molecular weights, which are also in agreement with theoretical values. The addition of a 

para-methyl group to the initiator did not have any detrimental effect on the initiation as the 

polydispersities are very narrow and the polymerisations remained well-controlled. 
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Table 3.10: Polymerisations of R-manOCA with pyridinium R-4-methylmandelate 

Mon Ratio 
[M]:[C]:[I] 

Time / 
hr 

Conva 
/ % 

Mn
b

 GPC / 
gmol-1 

Mn
c
 NMR / 

gmol-1 
Mn THEO / 

gmol-1
 

PDIb 

R- 20:1:1 17 97 3,200 3,100 2,800 1.08 

R- 50:1:1 17 99 6,900 6,700 6,800 1.09 

R- 100:1:1 17 99 13,050 14,050 13,000 1.07 

R- 200:1:1 17 97 23,100 22,200 26,000 1.08 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards; c determined by 1H NMR. 

 

 

Figure 3.31: 1H NMR spectrum of PMA initiated with pyridine and R-4-methylmandelic acid 

(Table 3.10, entry 2). 

Figure 3.31 shows the integrated 1H NMR spectrum of entry 2. Integrating the para-methyl 

signal to 3H gives a bulk methine CH integral of 48.88H. Multiplication of this integral by the 

repeat unit mass followed by addition of the end-group mass gives the molecular weight: 

Mn = (total methine integral × repeat unit mass / Da) + end group mass / Da 

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

3.
00

48
.8
8

25
3.
48



187 
 

For entry 2: Mn = (49 × 134.13 Da) + 166.17 Da 

Mn = 6,700 Da 

Entry 1 (Mn = 3,200 Da) was analysed by ESI mass spectrometry. The major series showed a 

repeat unit mass of 134.04 Da and end-group mass of 166.06 Da confirming the 4-

methylmandelate and H end-groups. 

Density functional theory calculations were employed to better understand the reaction 

mechanism. The thermodynamics of the products of the reaction between pyridine, mandelic 

acid initiator, and up to two molecules of R-manOCA (to account for both initiation and 

propagation steps) were examined. Calculations were carried out using a temperature of 298 K 

and the following protocol: ωB97XD/6-31++G(d,p)/SCRF=(cpcm,solvent=chloroform), which 

includes an attractive dispersion term and has been shown to reproduce reaction barriers 

effectively.14,15 All transition states were characterized by normal coordinate analysis revealing 

precisely one imaginary mode corresponding to the intended reaction. 

Figure 3.33 illustrates the overall free energy surface for the most favourable reaction path in 

the ROP of R-manOCA. In accordance with previous calculations of DMAP-catalysed ROP of 

OCAs,12 in the attack of the monomer, basic activation of the α-hydroxy moiety of mandelic 

acid by hydrogen bonding is energetically favoured over nucleophilic activation by pyridine. 

ROP initiated via activation of the CO2H moiety of mandelic acid by pyridine, resulting in the 

formation of a carbonyl carbonate species, could not be found. This is an important result. The 

improvements in tacticity and molecular weight control of the pyridinium-mandelate system 

over the pyridine/neo-pentanol system are assumed to be a result of the carboxylic acid group 

interacting with the pyridine base. Indeed, the solid-state structure of pyridinium R-mandelate 

was shown to be an adduct of the carboxylic acid moiety and the heterocyclic nitrogen (Figure 

3.28). However, based on the DFT calculations, there must be an equilibrium in solution 

between the carboxylic acid adduct that prevents racemisation and side-reactions, the hydroxyl 

adduct that allows propagation, and possibly the free species (Scheme 3.11). It seems likely that 

the equilibrium lies in favour of carboxylic acid adduct based on the pKa values and the 

stereoretention that is observed in the polymerisations. 
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Scheme 3.11: Equilibrium the pyridine-carboxylic acid adduct and pyridine-hydroxyl adduct. 

This also helps the explain the mixed-order dependence on mandelic acid. The results in Figure 

3.30 indicate that the catalytic activity of the pyridine becomes saturated at a [C]:[I] ratio of 1:2, 

possibly because the equilibrium, shown in Scheme 3.11, is shifted to the left, favouring the 

carboxylic acid adduct. Therefore, the increased concentration of initiator acts to increase the 

concentration of the catalytically inactive pyridinium species. 

The ring-opening and evolution of CO2 were found to be discrete processes rather than being 

concerted, with the pyridine mediating the proton transfer stepwise through tetrahedral 

intermediates. Given the multiple transition states and intermediates predicted by DFT 

calculations, the non-integer order in pyridine observed in Figure 3.29 is feasible. Limiting 

energy barriers of ΔΔG= +20.6 and +15.9 kcal mol-1, for the initiation and the propagation steps 

respectively, are low enough for the reaction to happen at room temperature. The overall ΔG for 

the initiation is calculated to be -8.8 kcal mol-1 and the propagation -20.2 kcal mol-1 at 298 K.  

The role of pyridine was confirmed by two control experiments; one containing R-manOCA and 

R-mandelic acid only and the other containing R-manOCA and para-toluenesulphonic acid 

monohydrate only. The purpose of both the mandelic acid and the para-toluenesulphonic acid 

monohydrate was to provide a lewis acid and an initiating species. Both reactions showed 

negligible activity, indicating that activation of the monomer alone is insufficient and that basic 

activation of the initiator is vital for the polymerisation to proceed. 

Two proposals that, for pyridinium R-mandelate, ki might be enhanced by lewis-acid activation 

of the electrophilic carbonyl by the carboxylic acid group of the mandelic acid (Scheme 3.12), 

or a neighbouring mandelic acid (Figure 3.32), were found to have similar energetics to the 

original mechanism (Figure 3.33) for the initial attack of the monomer. However, in the 

calculations these were both found to hinder the multi-step proton transfer in the ring-opening 

steps and had much higher energy barriers.  
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Scheme 3.12: Possible mechanism for the intramolecular lewis-acid activation of the R-

manOCA by pyridinium R-mandelate. 

 

Figure 3.32: Activation of the monomer carbonyl by a second mandelic acid molecule. 

The thermodynamics of the attack of the initiator at the carbonate carbonyl of the monomer, 

leading to misinsertion and formation of carbonate species, were also calculated. All products of 

the misinsertion were found to be thermodynamically disfavoured. The DFT energy profiles for 

these pathways are provided in the Appendix. 
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Figure 3.33: DFT energy profile of the reaction between pyridine, mandelic acid initiator, and 

two molecules of R-manOCA. 
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3.4.2 Polymerisations using DMAP catalyst and mandelic acid 

Further to the improvements observed in the polymerisations using pyridine with mandelic acid 

as the initiator, DMAP, 4-methoxypyridine and 3-bromopyridine were trialled under similar 

conditions. [C]:[I] ratios of both 1:1 and 1:2 were tested.  

Table 3.11: Polymerisations of R-manOCA with DMAP and mandelic acid 

Entry Ratio 
[M]:[C]:[I] Time Conversiona 

/ % 
Mn

b
 GPC / 

gmol-1 
Mn THEO / 

gmol-1
 

PDIb 

1 20:1:1 50 min >99 2,000 2,800 1.22 

2 50:1:1 3.75 hr 98 3,000 6,700 1.21 

3 100:1:1 71 hr 97 3,900 13,000 1.32 

4 200:1:1 5 days 93 5,100 25,000 1.28 

5 20:0.5:1 2.25 hr 98 2,500 2,800 1.10 

6 50:0.5:1 2.25 hr 97 4,200 67,00 1.13 

7 100:0.5:1 4.5 hr 95 5,500 13,000 1.18 

8 200:0.5:1 45 hr 84 3,500 23,000 1.48 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards. 

The results of the polymerisations with DMAP are shown in Table 3.11. The reactions with a 

[C]:[I] ratio of 1:1 (entries 1 - 4) were equally as unsatisfactory as those with the neo-pentanol 

initiator (Table 3.01, entries 4 - 7). Molecular weights were low (< 6,000 Da) for all [M]:[I] 

ratios and again, it was observed that the reactions at 100:1:1 and 200:1:1 (entries 3 and 4) were 

very slow. Minor improvements were seen in the polymerisations where [C]:[I] = 1:2 (entries 5 

- 8) in as much as the polydispersities were decreased, generally, and that the rates of 

polymerisation were increased. However, the molecular weight control of these reactions was 

similarly poor with the GPC Mn values being far lower than the theoretical values. These results 

indicate that transesterification and chain-termination reactions are prevalent despite the 

presence of a carboxylic acid group. 

The 1H NMR spectra in Figure 3.34Figure show the comparison of PMAs with [C]:[I] ratios of 

1:1 (left) and 1:2 (right). In terms of tacticity assignment, the polymers where [C]:[I] = 1:1 

(entries 1 - 4) appear completely atactic. In contrast, the polymers where [C]:[I] = 1:2 (entries 5 

- 7) showed some stereoretention albeit to a low degree, observed as the enhancement of the 

‘isotactic’ peak at 6.0 ppm in the complex methine signal. 
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Figure 3.34: Methine regions from 1H NMR spectra of PMA from DMAP and mandelic acid 

1:1 (left, Table 3.11, entry 3) and 1:2 (right, Table 3.11, entry 7). 

Given the pKaH values of mandelic acid and DMAP of 3.4 and 9.7 respectively, it would be 

expected that the DMAP would be deprotonate the mandelic acid to form the mandelate salt. 

However, the monomer is clearly being racemised to a large extent. This racemisation may be 

due the DMAP or even the mandelate anion, which could itself be basic enough to deprotonate 

the monomer. It is surmised that DMAP is a poor catalyst for the controlled ROP of manOCAs.  
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3.4.3 Polymerisations using 4-methoxypyridine catalyst and mandelic 

acid 

Table 3.12: Polymerisations of R-manOCA with 4-methoxypyridine and mandelic acid 

Entry Ratio 
[M]:[C]:[I] 

Time /  
hr 

Conversiona 
/ % 

Mn
b

 GPC / 
gmol-1 

Mn THEO / 
gmol-1

 
PDIb 

1 20:1:1 1 98 2,850 2,800 1.08 

2 50:1:1 1 99 6,050 6,800 1.08 

3 100:1:1 2 99 10,850 13,000 1.10 

4 200:1:1 2 99 9,850 27,000 1.10 

5 20:0.5:1 2.5 97 3,000 2,800 1.09 

6 50:0.5:1 2.5 97 7,200 6,700 1.07 

7 100:0.5:1 2.5 95 12,450 13,000 1.07 

8 200:0.5:1 22 99 21,950 27,000 1.08 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards. 

The results of the polymerisations with 4-methoxypyridine are shown in Table 3.12. The 

reactions showed some improved reaction characteristics compared to the 4-

methoxypyridine/neo-pentanol system. The reactions with a [C]:[I] ratio of 1:1 (entries 1 - 4) all 

reached high conversion after 2 hours and yielded molecular weights comparable to the 4-

methoxypyridine/neo-pentanol system (Table 3.02, entries 4 - 9), being slightly lower than 

theoretical values. The exception was entry 4 where the Mn was far lower than expected; this is 

an anomalous result. Despite this, the polydispersities were narrow (PDI ≤1.10) in all cases and 

the secondary peaks (~1,500 Da) that were seen the GPC chromatograms of PMAs from 4-

methoxypyridine/neo-pentanol (Figure 3.07) were absent, suggesting suppression of monomer 

misinsertion and other detrimental side-reactions. Decreasing the [C]:[I] ratio to 1:2 (entries 4 -

8) had the effect of improving molecular weight control, resulting in PMAs with Mn values close 

to the theoretical values. 

The 1H NMR spectra in Figure 3.35Figure show the comparison of PMAs with [C]:[I] ratios of 

1:1 (left) and 1:2 (right). Inspection of the methine regions showed some stereoretention. The 

degree of tacticity for the PMA from the 1:1 reaction (Figure 3.35, left) is comparable to that 

observed for the pyridine/neo-pentanol system. As can be seen in Figure 3.35, right, decreasing 

the [C]:[I] ratio to 1:2 significantly increased stereoretention. It is surmised that the combination 

of 4-methoxypyridine and mandelic acid in the ratio 1:2 can produce well-controlled PMA with 

moderate isotactic enrichment, although this is inferior to pyridine and mandelic acid. 
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Figure 3.35: Methine regions from 1H NMR spectra of PMA from 4-methoxypyridine and 

mandelic acid 1:1 (left, Table 3.12, entry 3) and 1:2 (right, Table 3.12, entry 7). 

3.4.4 Polymerisations using 3-bromopyridine catalyst and mandelic 

acid 

Table 3.13: Polymerisations of R-manOCA with 3-bromopyridine and mandelic acid 

Entry Ratio 
[M]:[C]:[I] 

Time / 
days 

Conversiona 
/ % 

Mn
b

 GPC / 
gmol-1 

Mn THEO / 
gmol-1

 
PDIb 

1 20:1:1 13 97 3,200 2,800 1.08 

2 50:1:1 13 99 7,100 6,800 1.08 

3 100:1:1 13 95 12,900 13,000 1.08 

4 20:0.5:1 15 96 2,200 2,700 1.20 

5 50:0.5:1 15 97 5,650 6,700 1.13 

6 100:0.5:1 15 83 10,000 11,000 1.12 
Polymerisations run at 25°C in CDCl3; [R-manOCA]0 = 0.56 M. a Conversion determined by 1H 

NMR; b determined by GPC referenced to polystyrene standards. 

The results of the polymerisations with 3-bromopyridine are shown in Table 3.13. As expected, 

the reactions were significantly slower than those catalysed the other pyridines. Based on the 

number of days required to reach high conversion, there was a small improvement in reaction 

rate compared to the 3-bromopyrine/neo-pentanol system. The three reactions with a [C]:[I] 

5.96.06.16.2 ppm 5.96.06.16.2 ppm
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ratio of 1:1 (entries 1 - 3) yielded polymers with very well-controlled molecular weights and 

consistently narrow polydispersities (PDI = 1.08). This is a marked improvement over the 

polymerisations using 3-bromopyrine and neo-pentanol (Table 3.04), where the molecular 

weights were far higher than the calculated values. This is further evidence for the suppression 

of side-reactions facilitated by the carboxylic acid group. Surprisingly, the polymerisations with 

a [C]:[I] ratio of 1:2 (entries 4 - 6) showed a slight loss of reaction control compared with 

entries 1 - 3.  

The most outstanding observation was that the levels of stereoretention were the highest of all 

the polymerisations reported herein. Figure 3.36 shows the 1H NMR spectrum of entry 3 (Mn = 

12,900 Da). By analysis of the methine region, the ‘isotactic’ singlet at 5.98 ppm is enhanced 

and the other peaks diminished compared with the methine signals of PMAs from all other 

pyridine catalysts. Deconvolution of the methine signal gives an isotactic singlet integration of 

0.62, the highest value obtained.  

 

Figure 3.36: 1H NMR spectrum of poly-R-manOCA from 3-bromopyridine (Table 3.13, entry 

3) and expanded view of the methine region, inset. 

The 13C{1H} NMR spectrum in Figure 3.37 is convincing evidence for the highly isotactic 

nature of the PMAs with each signal being heavily dominated by the singlet peaks attributed to 

isotactic enchainment.  This is also supported by the optical rotation of [α]20
D = -116 for entry 3, 

which is the highest value seen for any of the PMAs synthesised.  
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Figure 3.37: 13C{1H} NMR spectrum of poly-R-manOCA from 3-bromopyridine (Table 3.13, 

entry 3) and expanded views of the carbonyl, aromatic and methine regions, inset. 

Analysis of entry 3 by DSC showed a Tg of 103.1°C, which is lower than expected given the 

degree of isotacticity, but still comparable with other isotactically enriched PMAs. Despite the 

high level of isotacticity, no melting temperature was observed. This reinforces the assertion 

that the melting temperature is higher than the onset of degradation temperature for PMA.  

3.5 Concluding remarks and further work 

The latter half of this chapter revealed some surprising and largely unexpected results. The 

combination of pyridine and mandelic acid, which was expected to be inactive, was found to be 

an excellent system for the well-controlled and stereoretentive ROP of manOCAs. Experiments 

have shown the polymerisations to be living in nature with the ability to produce polymers with 

predictable molecular weights and narrow polydispersities. Based on analysis of NMR spectra, 

it is believed that high levels of stereoretention have been achieved. The outcome of these high 

levels of isotactic enrichment is an improvement in thermal properties. Materials with Tg values 

approximately 15°C higher than atactic PMA have been synthesised, which expands the 

potential for PMA in high-temperature applications. No melting temperatures were observed for 

any polymer samples regardless of isotactic enrichment, implying that either the Tm is higher 

than the onset of degradation temperature, or PMA does not readily crystallise. 

405060708090100110120130140150160170 ppm

167 ppm 74.575.075.5 ppm129130131132 ppm
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When compared to the polymerisations initiated with alcohols such as neo-pentanol, it is clear 

that the improvements in reaction characteristics are due the carboxylic acid functionality that is 

provided by mandelic acid. It is surmised that the acidic group tempers the reactivity of the 

catalytic pyridine species against unwanted side-reactions such as racemisation and 

transesterification. A caveat of this is that there appears to be a careful balance between the 

pKaH values of the pyridine base and the acid group. Clearly the more basic DMAP was still 

able to racemise the monomer and catalyse transesterification in the presence of the carboxylic 

end-group. Based on DFT calculations, the catalytically active species in the initiation and 

propagation is the adduct formed between α-hydroxyl of the mandelic acid and the pyridine 

base. Furthermore, the acid functionality is not proposed to play an active role in the most 

energetically favourable propagation mechanism. 

The observation that increasing the mandelic acid concentration led to a further increase in 

stereoretention is intuitive, however, the lack of tacticity improvement and zero order 

dependency on [I], above a [C]:[I] ratio of 1:2, implies that the mechanism becomes saturated at 

this ratio. It seems likely that at increased [I] the catalytically inactive adduct formed between 

carboxylic acid of the mandelic acid and the pyridine base is favoured and this limits the rate of 

reaction. 

In summary, a previously unreported catalyst and initiator combination has been found to be 

efficient in the highly specific and challenging application of well-controlled ROP of 

manOCAs.  

Whilst highly isotactic PMA has been synthesised, there is definitely scope for improvement on 

the catalytic system and the reaction conditions. Firstly, optimisation of the reaction solvent and 

temperature may well lead to an improvement in stereoretention. Secondly, and this 

encompasses a huge area of chemistry, is the possibility of using stereoselective catalysts. This 

could provide access to PMAs with different microstructure, namely syndiotactic PMA, from 

rac-manOCA. This would alleviate the need for the much more costly R- and S-manOCA 

monomers and could provide materials with different physical and mechanical properties to 

isotactic PMA. 

The most exciting avenue opened by this work, however, is the possibility of stereocomplexed 

PMA. If highly isotactic R-PMA and S-PMA were synthesised then it should be possible to 

form a stereocomplex of two in a similar way to stereocomplexed PLA. This could yield PMA 

with significantly enhanced thermal and mechanical properties in analogy to PLA.  
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4 Experimental 

4.1 General considerations 

All reactions with air or water-sensitive compounds were carried out under dry argon in a 

glovebox or using standard Schlenk line techniques. NMR spectra were recorded on Bruker 250 

MHz, 300 MHz, 400 MHz and 500 MHz spectrometers which had been temperature calibrated 

using MeOD. All spectra are referenced versus shifts of solvents containing residual protic 

impurities. Reaction conversions were deduced by 1H NMR. Mn, Mw and PDI were deduced by 

gel permeation chromatography (GPC). Gel permeation chromatography was performed on a 

Polymer Laboratories PL-GPC 50 integrated system. The PLgel 5 µm MIXED-D 300 × 7.5 mm 

column at 35°C eluted with GPC grade THF (1.0 mL/min) was calibrated with 9 narrow 

molecular weight polystyrene standards with a range of Mw 615 – 568,000 Da. Electrospray-

ionization mass spectrometry was carried out on a MicroTOF Open Access 1.2 Mass 

Spectrometer. X-ray structures were collected on a Bruker Nonius KappaCCD single crystal 

diffractometer. Differential scanning calorimetry was carried out on a TA Instruments Q20 DSC 

machine calibrated with indium; a heating rate of 10°C/min was used under an atmosphere of 

N2. TGA spectra were recorded using a Perkin Elmer TGA 4000 Thermogravimetric Analyzer. 

A typical TGA experiment would heat a sample from 50°C to 500°C at a heating rate of 

10°C/min under an atmosphere of N2. Polarimetry measurements were carried out on an Optical 

Activity LTD AA-10 automatic polarimeter at 20°C; samples were dissolved in chloroform. 

Elemental analysis was done by Stephen Boyer at London Metropolitan University. 

 

Most materials were used as received. L-lactide (Purac) and rac-Lactide (Aldrich) were 

recrystallised from toluene and sublimed twice; rac-β-butyrolactone (Aldrich) was stirred over 

freshly powdered CaH2 for 48 hours then distilled and the process repeated; R-, S- and rac-

mandelic acids (Aldrich) were recrystallised from dry toluene and dried under vacuum; 4-tert-

butyl phenol (Aldrich) was recrystallised from hexane; DMAP was recrystallised twice from 

toluene and stored under argon; neo-pentanol (Aldrich) was distilled over CaH2, CDCl3 was 

distilled over CaH2 and stored over 4Å molecular sieves; acetonitrile-d3 was dried over 3Å 

molecular sieves. C6D6 was distilled over sodium/benzophenone and stored over sodium; d8-

THF was dried over 4Å molecular sieves; THF was distilled over sodium/benzophenone and 

stored over 4Å molecular sieves. Other solvents used for air and moisture sensitive applications 

were dried on an MBraun solvent purification system and stored over 4Å molecular sieves. 

Activated charcoal (Aldrich) and celite (Aldrich) were dried at 130°C. 
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4.2 Synthetic procedures 

4.2.1 Experimental for Chapter 2 

Ligands L1H3 and L2H3 were kindly donated by E. L. Whitelaw, complex C3-Zr-OiPr was 

kindly donated by D. García Vivó. 

 

Preparation of C3-H3 ligand: HMTA (1.88 g, 13.2 mmol), 37 % aqueous formaldehyde (6 mL, 

74 mmol), water (5 mL) and 2,4-di-tert-butyl phenol (33.0 g, 160 mmol) were heated under 

reflux at 130°C for 24 hours. 2 aliquots of 2,4-di-tert-butyl phenol (10.0 g, 48 mmol) were 

added after 24 and 48 hours. After 5 days the reaction was cooled to ambient temperature and 

methanol (250 mL) was added to precipitate the product as a white solid. The solid was filtered, 

washed with methanol (100 mL) then dried under vacuum. Yield 16 g. 1H NMR (250 MHz, 

CDCl3) δ 7.16 (3H, d, J = 2.1 Hz, Ar-H), 6.90 (3H, d, J = 2.1 Hz, Ar-H), 6.50 (3H, bs, OH), 

3.57 (6H, s, CH2), 1.32 (27H, s, tBu), 1.20 (27H, s, tBu). 

 

Preparation of C3-Hf-OiPr: C3-H3 (1.32 g, 1.98 mmol) was added to hafnium(IV)isopropoxide 

isopropanol adduct (0.94 g, 2.0 mmol) in toluene (10 mL). The solution was stirred at ambient 

temperature for 4 hours then the solvent removed under vacuum. Resulting white solid was 

dissolved in hexane and stored in the freezer to precipitate the solid.  Supernatant hexane was 

decanted and the solid was dried under vacuum. Yield 586 mg, 33 %. 1H NMR (250 MHz, 

CDCl3) δ 7.24 (3H, d, J = 2.3 Hz, Ar-H), 6.95 (3H, d, J = 2.3 Hz, Ar-H), 4.66 (1H, sept, J = 6.0 

Hz, CH OiPr), 4.02 (3H, bs, CH2), 3.01 (3H, bs, CH2), 1.43 (27H, s, tBu), 1.37 (6H, d, J = 6.0 

Hz, CH3 OiPr), 1.28 (27H, s, tBu). 

 

Preparation of 3,5-di-tert-butyl-2-hydroxybenzyl alcohol: 2,4-Di-tert-butyl phenol (60.7 g, 

0.29 mol) in MeOH (80 mL) was added drop-wise over 25 minutes to paraformaldehyde (9.1 g, 

0.3 mol) and lithium hydroxide monohydrate (1.0 g, 0.02 mol) in MeOH (80 mL). The solution 

was heated at reflux for 6 hours then cooled to ambient temperature. The solvent was removed 

under vacuum and hexane (40 mL) was added to the resulting oil to give a dark green solid. The 

mixture was stored in the freezer for 72 hours. Hexane (60 mL) was added before filtering. The 

green solid was washed with hexane until white then dried under vacuum. A second crop was 

isolated by storing the filtrates in the freezer to precipitate more solid. Yield 36.54 g, 53 %. 1H 

NMR (250 MHz, CDCl3) δ 7.48 (1H, s, OH), 7.21 (1H, d, J = 2.4 Hz, Ar-H), 6.83 (1H, d, J = 

2.4 Hz, Ar-H), 4.79 (2H, s, CH2), 1.36 (9H, s, tBu), 1.22 (9H, s, tBu). 
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Preparation of 3,5-Di-tert-butyl-2-hydroxybenzyl bromide: Phosphorus tribromide (1.45 

mL, 4.1 g, 0.015 mol) in chloroform (50 mL) was added drop-wise to 3,5-di-tert-butyl-2-

hydroxybenzyl alcohol (8.78 g, 0.037 mol) in chloroform (50 mL). The solution was stirred 

under argon for 1 hour. Water (50 mL) was added, the mixture stirred for 5 minutes, then the 

phases separated. The organic phase was washed with water (3 × 50mL) then dried over 

magnesium sulphate and filtered. The solvent was removed under vacuum to give a viscous oil. 

The oil was stored in the freezer to induce crystallisation. The resulting white solid was then 

dried under vacuum. Quantitative yield. 1H NMR (250 MHz, CDCl3) δ 7.26 (1H, d, J = 2.4 Hz, 

Ar-H), 7.03 (1H, d, J = 2.4 Hz, Ar-H), 4.51 (2H, s, CH2), 1.36 (9H, s, tBu), 1.22 (9H, s, tBu). 

 

Preparation of L3H3: 2-Amino-4-tert-butylphenol (1.97 g, 11.9 mmol) was dissolved in THF 

(40 mL), to which a solution of 3,5-di-tert-butyl-2-hydroxybenzyl bromide (7.5 g, 25 mmol) in 

THF (40mL) was added. Triethylamine (2.5 g, 3.4 mL, 25 mmol) was added and the mixture 

stirred under reflux overnight. The reaction was cooled to ambient temperature then the 

triethylammonium bromide by-product was filtered off and the solvent removed under vacuum. 

The resulting solid was recrystallised from hexane. Yield 3.82 g, 43 %. 1H NMR (300 MHz, 

CDCl3) δ 7.27 (1H, s, Ar-H), 7.17 (2H, d, J = 2.2 Hz, Ar-H), 6.98 (2H, d, J = 2.2 Hz, Ar-H), 

6.96 (1H, d, J = 8.5 Hz, Ar-H), 6.76 (1H, d, J = 8.5 Hz, Ar-H), 4.15 (4H, s, CH2), 1.37 (18H, s, 
tBu), 1.24 (27H, s, tBu). 

 

Preparation of L4H3: 2-Amino-4-chlorophenol (1.34 g, 9.33 mmol) was dissolved in THF (40 

mL), to which a solution of 3,5-di-tert-butyl-2-hydroxybenzyl bromide (5.60 g, 18.7 mmol) in 

THF (40mL) was added. Triethylamine (2.0 g, 2.8 mL, 20 mmol) was added and the mixture 

stirred under reflux overnight. The reaction was cooled to ambient temperature then the 

triethylammonium bromide by-product was filtered off and the solvent removed under vacuum. 

The resulting brown solid was dissolved in toluene (100 mL) and washed with water (2 × 100 

mL) then brine (30 mL). The solvent was removed under vacuum and the product purified by 

repeated recrystallization from hexane. Yield 2.5 g, 46 %. 1H NMR (300 MHz, CDCl3) δ 7.21-

7.18 (3H, m, Ar-H), 6.99 (2H, d J = 2.4 Hz, Ar-H), 6.91 (1H, dd, J = 8.7, 2.4 Hz, Ar-H), 6.77 

(1H, d, J = 8.7 Hz, Ar-H), 4.09 (4H, s, CH2), 1.39 (18H, s, tBu), 1.27 (18H, s, tBu). 

 

Preparation of {L1Hf-OiPr}2: L1H3 (0.30 g, 0.55 mmol) was added to 

hafnium(IV)isopropoxide isopropanol adduct (0.26 g, 0.55 mmol) in toluene (20 mL). The 

solution was stirred at ambient temperature for 4 hours then the solvent removed under vacuum. 

Resulting pale yellow solid was dissolved in hexane and stored in the freezer to precipitate the 

solid.  Supernatant hexane was decanted and the solid was dried under vacuum. Yield 260 mg, 

61 %. 1H NMR (400 MHz, d8-THF) δ 7.47 (1H, dd, J = 8.0, 1.5 Hz, Ar-H), 7.19 – 7.13 (3H, m, 
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Ar-H), 6.84 (2H, td, J = 8.0, 1.5 Hz, Ar-H), 6.62 (1H, td, J = 8.0, 1.5 Hz, Ar-H), 6.33 (1H, dd, J 

= 8.0, 1.5 Hz, Ar-H), 4.67 (1H, sept, J = 6.0 Hz, CH OiPr), 4.12 (2H, d, J = 12.5 Hz, CH2), 3.82 

(2H, bs, CH2), 1.48 (18H, s, tBu), 1.38 (6H, d, J = 6.0 Hz, CH3 OiPr), 1.20 (18H, s, tBu). 
13C{1H} NMR (100 MHz, d8-THF) δ 163.0, 162.8 (Ar-O), 140.4, 140.2, 137.1 (Ar-C), 129.7, 

129.1, 126.3 (Ar-CH), 125.1 (Ar-C), 123.9, 119.0, 118.2 (Ar-CH), 72.4 (CH OiPr), 60.0 (CH2), 

35.7, 34.7 (C tBu), 32.2 (CH3
 tBu), 28.3 (CH3 OiPr). Analysis: Calculated % for C39H55NO4Hf: 

C, 60.03; H, 7.10; N, 1.79. Found: C, 60.7; H, 7.41; N, 1.69. 

 

Preparation of {L2Hf-OiPr}2: L2H3 (0.25 g, 0.44 mmol) was added to 

hafnium(IV)isopropoxide isopropanol adduct (212 mg, 0.44 mmol) in toluene (10 mL). The 

solution was stirred at ambient temperature for 4 hours then the solvent removed under vacuum. 

Resulting pale yellow solid was dissolved in hexane and stored in the freezer to precipitate the 

solid.  Supernatant hexane was decanted and the solid was dried under vacuum. Yield 155 mg, 

44 %. 1H NMR (400 MHz, d8-THF) δ 7.28 (1H, d, J = 2.0 Hz, Ar-H), 7.23 – 7.14 (2H, m, Ar-

H), 6.95 – 6.77 (2H, m, Ar-H), 6.62 (1H, dd, J = 8.5, 2.0 Hz, Ar-H), 6.21 (1H, d, J = 8.0 Hz, Ar-

H), 4.66 (1H, sept, J = 6.0 Hz, CH OiPr), 4.10 (2H, d, J = 12.5 Hz, CH2), 3.84 (2H, bs, CH2), 

2.23 (3H, s, CH3), 1.48 (18H, s, tBu), 1.37 (6H, d, J = 6.0 Hz, CH3 OiPr), 1.20 (18H, s, tBu). 
13C{1H} NMR (100 MHz, d8-THF) δ 160.7, 158.6 (Ar-O), 140.2, 139.9, 137.2 (Ar C), 129.7, 

126.4 (Ar CH), 125.3 (Ar C), 124.2, 123.9, 118.6, (Ar CH), 72.4 (CH OiPr), 63.8 (CH2), 34.8, 

35.8 (C tBu), 32.3 (CH3
 tBu), 29.4 (CH3 OiPr), 20.9 (CH3). Analysis: Calculated % for 

C40H57NO4Hf: C, 60.48; H, 7.23; N, 1.76. Found: C, 59.4; H, 7.17; N, 1.74. 

 

Preparation of {L3Hf-OiPr}2: L3H3 (1.01 g, 1.68 mmol) was added to 

hafnium(IV)isopropoxide isopropanol adduct (650 mg, 1.68 mmol) in toluene (20mL). The 

solution was stirred at ambient temperature overnight then the solvent removed under vacuum. 

Resulting pale yellow solid was dissolved in hexane and stored in the freezer to precipitate the 

solid.  Supernatant hexane was decanted and the solid was dried under vacuum. Yield 660 mg, 

52 %. 1H NMR (400 MHz, d8-THF) δ 7.46 (1H, d, J = 2.0 Hz, Ar H), 7.29 – 7.04 (3H, m, Ar-

H), 6.90 (2H, dd, J = 8.5, 2.0 Hz, Ar-H), 6.26 (1H, d, J = 8.5 Hz, Ar-H), 4.66 (1H, sept, J = 6.0 

Hz, CH OiPr), 4.11 (2H, d, J = 12.5 Hz, CH2), 3.90 (2H, bs, CH2), 1.47 (18H, s, tBu), 1.37 (6H, 

d, J = 6.0 Hz, CH3 OiPr), 1.30 (18H, s, tBu), 1.20 (9H, s, tBu). 13C{1H}NMR (100 MHz, d8-

THF) δ 160.0, 158.7 (Ar-O), 141.1, 139.5, 137.2, 135.0 (Ar-C), 126.3, 125.9 (Ar-CH), 125.3 

(Ar-C), 124.0, 120.5, 118.2 (Ar-CH), 72.4 (CH OiPr), 64.6 (CH2), 35.8, 35.0, 34.8 (C tBu), 32.4, 

32.3 (CH3
 tBu), 26.1 (CH3 OiPr). Analysis: Calculated % for C43H63NO4Hf: C, 61.74; H, 7.59; 

N, 1.67. Found: C, 60.3; H, 7.83; N, 1.52. 

 



205 

 

Preparation of {L4Hf-OiPr}2: L4H3 (0.26 g, 0.46 mmol) was added to 

hafnium(IV)isopropoxide isopropanol adduct (0.21 g, 0.45 mmol) in toluene (20mL). The 

solution was stirred at ambient temperature for 5 hours then the solvent removed under vacuum. 

Resulting pale brown solid was dissolved in hexane and stored in the freezer to precipitate the 

solid.  Supernatant hexane was decanted and the solid was dried under vacuum. Yield 180 mg, 

49 %.  1H NMR (400 MHz, d8-THF) δ 7.59 (1H, d, J = 2.5 Hz, Ar-H), 7.53 (1H, d, J = 2.5 Hz, 

Ar-H), 7.23 – 7.15 (2H, m, Ar-H), 6.84 (2H, td, J = 8.5, 2.5 Hz, Ar-H), 6.28 (1H, dd, J = 8.5, 2.5 

Hz, Ar-H), 4.65 (1H, sept, J = 6.0 Hz, CH OiPr), 4.11 (2H, dd, J = 12.5, 6.5 Hz, CH2), 3.84 (2H, 

bs, CH2), 1.47 (18H, s, tBu), 1.37 (6H, d, J = 6 Hz, CH3 OiPr), 1.21 (18H, s, tBu), 1.08 (12H, d, J 

= 6.0 Hz, CH3 OiPr). 13C{1H}NMR (100 MHz, d8-THF) δ 162.3, 162.1 (Ar-O), 140.5, 137.4 

(Ar-C), 129.1, 126.5 (Ar-CH), 125.0 (Ar-C), 124.9, 124.1 (Ar-CH), 123.0, 122.5 (Ar-C), 119.9 

(Ar-CH), 72.6 (CH OiPr), 61.9 (CH2), 35.8, 34.8 (C tBu), 32.2, 32.3 (CH3 tBu), 30.8, 28.2 (C 

tBu), 26.1 (CH3 OiPr). Analysis: Calculated for C39H54NO4ClHf: C, 57.49; H, 6.67; N, 1.72. 

Found: C, 57.6; H, 6.77; N, 1.70. 

 

Preparation of 3,5-dicumyl-salicylaldehyde: Paraformaldehyde (12.2 g, 0.4 mol) was added 

to a mixture of 2,4-dicumylphenol (20.0 g, 60.5 mmol), anhydrous magnesium chloride (8.57 g, 

90 mmol) and triethylamine (22.8 g, 225 mmol) in acetonitrile (300 mL). The mixture was 

heated under reflux for 4 hours then cooled to ambient temperature. 1 M hydrochloric acid (200 

mL) was added with stirring. The acetonitrile was removed under vacuum and the aqueous 

phase extracted with DCM (250 mL). The DCM layer was washed with water (2 × 200 mL) 

then dried over magnesium sulphate, filtered, concentrated and dried under vacuum. The 

resulting oil was triturated with methanol (~100 mL) to precipitate a pale yellow solid. Solid 

was filtered off and washed with methanol (2 × 30 mL) then dried under vacuum. Yield 14.1 g, 

65%. 1H NMR (250 MHz, CDCl3) δ 11.25 (1H, s, OH), 9.75 (1H, s, CHO), 7.51 (1H, d, J = 2.3 

Hz, Ar-H), 7.35-7.09 (11H, m, Ar-H), 1.72 (6H, s, cumyl CH3), 1.63 (6H, s, cumyl CH3). 

 

Preparation of L5H3: 3,5-Dicumyl-salicylaldehyde (6.84 g, 19.0 mmol) was dissolved in 

methanol (50 mL) and chloroform (50mL) and cooled in a water bath (~10°C). Sodium 

borohydride (725 mg, 19.1 mmol) was added portion-wise over 10 minutes with stirring. The 

reaction was stirred for 2 hours at ambient temperature then the solvent removed under vacuum. 

DCM (100 mL) was added and the solution washed with 1 M hydrochloric acid (100 mL) and 

water (100 mL). The organic layer was dried over magnesium sulphate, filtered, concentrated 

and dried under vacuum. The resulting viscous oil was triturated with hexane (~50 mL) to 

precipitate white solid. The solid 3,5-dicumyl-2-hydroxybenzyl alcohol was filtered and washed 

with hexane (30 mL) then dried under vacuum. Yield 6.56 g, 96%. The 3,5-dicumyl-2-
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hydroxybenzyl alcohol (6.0 g, 16.6 mmol) was dissolved in CHCl3 (50 mL) to which 

phosphorus tribromide (0.63 mL 6.6 mmol) in CHCl3 was added drop-wise under argon. The 

solution was stirred for 1 hour then water (50 mL) was added and stirred for 5 minutes. The 

layers were separated and the organic phase washed with water (3 × 30 mL), dried over 

magnesium sulphate, filtered then concentrated and dried under vacuum to give 3,5-dicumyl-2-

hydroxybenzyl bromide as colourless oil. 2-Amino-4-tert-butylphenol (260 mg, 1.57 mmol) was 

dissolved in THF (20 mL), to which a solution of 3,5-dicumyl-2-hydroxybenzyl bromide (1.43 

g, 3.38 mol) in THF (20mL) was added drop-wise. The solution was stirred at ambient 

temperature for 20 minutes then triethylamine (0.50 mL, 3.5 mmol) was added and the mixture 

heated under reflux for 16 hours. The reaction was allowed to cool then filtered to remove the 

triethylammonium bromide by-product. The solvent was removed under vacuum and the 

resulting yellow solid purified by column chromatography on silica gel eluted with 5% ethyl 

acetate in hexane. Yield 680 mg, 50%. 1H NMR (300 MHz, CDCl3) δ 7.29-7.08 (22H, m, Ar-

H), 7.06 (1H, d, J = 1.7 Hz, Ar-H), 6.92 (1H, dd, J = 8.4, 1.7 Hz, Ar-H), 6.83 (2H, d, J = 1.4 Hz, 

Ar-H), 6.64 (1H, d, J = 8.4 Hz, Ar-H), 6.49 (2H, bs, Ar-OH), 3.87 (4H, s, CH2), 1.62 (12H, s, 

cumyl CH3), 1.49 (12H, s, cumyl CH3), 1.19 (9H, s, tBu). 13C{1H} NMR (75 MHz, CDCl3) δ 

151.20, 151.07, 150.05, 149.20, 142.03, 141.63, 135.28 134.12 (Ar-C), 128.76, 128.06, 127.84, 

126.84, 126.26, 125.95, 125.60, 125.37 (Ar-CH), 123.25 (Ar-C), 122.58, 118.79, 115.07 (Ar-

CH), 56.14 (CH2), 42.58, 42.09 (C cumyl), 34.31 (C tBu), 31.77, 31.16 (CH3 cumyl), 29.71 

(CH3
 tBu). m/z calculated: C60H68NO3

+ = 850.5199, found: 850.5228. 

 

Preparation of 2-adamantyl-4-tert-butyl phenol: 1-Adamantanol (10.14 g, 66.6 mmol) and 4-

tert-butyl phenol (10.0 g, 66.6 mmol) were dissolved in DCM (100 mL). The solution was 

cooled to ~ 0°C in an ice bath and concentrated sulphuric acid (3.6 mL) was added drop-wise. 

Stirring was continued for 4 hours at ambient temperature then aqueous sodium hydroxide (50 

mL, 1.3 M) was added to neutralise the acid. The layers were separated and the aqueous layer 

extracted with DCM (2 × 50 mL). The combined organic phases were dried over magnesium 

sulphate, filtered and the solvent removed under vacuum to give a colourless oil. The oil was 

left to stand overnight to give a white solid which was then heated in boiling methanol (100 mL) 

and filtered. The filtrate was concentrated and dried under vacuum giving the product as an off-

white solid. Yield 15.66 g, 83 %. 1H NMR (250 MHz, CDCl3) δ 7.25 (1H, d, 2.5 Hz, Ar-H), 

7.06 (1H, dd, J = 8.2, 2.5 Hz, Ar-H), 6.60 (1H, d, J = 8.2 Hz, Ar-H), 3.43 (1H, s, OH), 2.18-2.04 

(9H, m, adamantyl), 1.79 (6H, m, adamantyl), 1.30 (9H, s, tBu). 

 

Preparation of 3-adamantyl-5-tert-butyl-salicylaldehyde: 2,6-Lutidine (3.25 mL, 28 mmol) 

was added to a solution of 2-adamantyl-4-tert-butyl phenol (10.0 g, 35.2 mmol) in toluene (150 

mL). Under an inert atmosphere, a solution of tin(IV)chloride (0.83 mL, 7.0mmol) in DCM (9 
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mL) was added drop-wise, then the reaction stirred for 25 minutes. Paraformaldehyde (4.22 g, 

0.14 mol) was added and the reaction was stirred for 17 hours at ambient temperature. The 

temperature was increased to 100°C for 7 hours then reduced to ambient temperature for a 

further 18 hours. The reaction mixture was filtered through a plug of silica and celite 1:1 and the 

solid washed with toluene (~50 mL). The combined filtrates were washed with aqueous 

hydrochloric acid (100 mL, 1 M), water (100 mL) and brine (50 mL) then dried over 

magnesium sulphate and filtered. The solvent was removed under vacuum and the resulting 

yellow solid was reprecipitated from hot methanol (~100 mL). The pale yellow solid was 

filtered and washed with methanol (~20 mL) then dried under vacuum. Yield 8.07 g, 73 %. 1H 

NMR (250 MHz, CDCl3) δ 11.70 (1H, s, OH), 9.87 (1H, s, CHO), 7.54 (1H, d, J = 2.4 Hz, Ar-

H), 7.34 (1H, d, J = 2.4 Hz, Ar-H), 2.19-2.06 (9H, m, adamantyl), 1.80 (6H, m, adamantyl), 

1.34 (9H, s, tBu). 

 

Preparation of 3-adamantyl-5-tert-butyl-2-hydroxybenzyl alcohol:  3-Adamantyl-5-tert-

butyl-salicylaldehyde (5.35 g, 17.1 mmol) was dissolved in MeOH (25 mL) and CHCl3 (25 mL) 

and cooled in a water bath. NaBH4 (0.69 g, 18.2 mmol) was added portion-wise over 30 minutes 

with stirring. The reaction was stirred for 1 hour at ambient temperature then the solvent 

removed under vacuum. DCM (75 mL) was added and the solution washed with 1 M 

hydrochloric acid (2 × 50 mL) and water (2 × 50 mL). The organic layer was dried over 

magnesium sulphate, filtered, concentrated and dried under vacuum to give the product as a 

white solid. Yield 4.72 g, 88 %. 1H NMR (250 MHz, CDCl3) δ 7.55 (1H, s, OH), 7.22 (1H, d, J 

= 2.1 Hz, Ar-H), 6.88 (1H, d, J = 2.1 Hz, Ar-H), 4.82 (2H, s, CH2), 2.18-2.04 (9H, m, 

adamantyl), 1.78 (6H, m, adamantyl), 1.28 (9H, s, tBu). 

 

Preparation of 3-adamantyl-5-tert-butyl-2-hydroxybenzyl bromide: Phosphorus tribromide 

(0.41 mL, 1.2 g, 4.4 mmol) in chloroform (50 mL) was added drop-wise to 3-Adamantyl-5-tert-

butyl-2-hydroxybenzyl alcohol (3.47 g, 11.0 mmol) in chloroform (50 mL). The solution was 

stirred under argon for 2 hours. Water (50 mL) was added, the mixture stirred for 5 minutes, 

then the phases separated. The organic phase was washed with water (2 × 50mL) then brine (30 

mL) then dried over magnesium sulphate and filtered. The solvent was removed under vacuum 

to give an off-white solid which was dried under vacuum. Quantitative yield. 1H NMR (250 

MHz, CDCl3) δ 7.28 (1H, d, J = 2.4 Hz, Ar-H), 7.10 (1H, d, J = 2.4 Hz, Ar-H), 4.58 (2H, s, 

CH2), 2.19-2.05 (9H, m, adamantyl), 1.79 (6H, m, adamantyl), 1.30 (9H, s, tBu) 

 

Preparation of L6H3: 2-Amino-4-tert-butylphenol (850 mg, 5.1 mmol) was dissolved in THF 

(50 mL), to which a solution of 3-adamantyl-5-tert-butyl-2-hydroxybenzyl bromide (4.25 g, 

11.3 mmol) in THF (50mL) was added drop-wise. The solution was stirred at ambient 
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temperature for 30 minutes then triethylamine (1.55 mL, 11.1 mmol) was added and the mixture 

heated under reflux for 7 hours. The reaction was allowed to cool then filtered to remove the 

triethylammonium bromide by-product. The solvent was removed under vacuum and the 

residue dissolved in DCM (100 mL) and washed with water (3 × 50 mL) and brine (30 mL). 

The organic phase was dried over magnesium sulphate then filtered and the solvent removed 

under vacuum. The resulting solid was purified by flash chromatography on silica eluted with 5 

% ethyl acetate in hexane. Product was isolated as a pale yellow solid. Yield 2.05 g, 53 %. 1H 

NMR (500 MHz, CDCl3) δ 7.55 (2H, bs, OH), 7.34 (1H, d, J = 2.2 Hz, Ar-H), 7.14 (2H, d, J = 

2.3 Hz, Ar-H), 7.01-6.98 (2H, d, J = 2.3 Hz, Ar-H) and (1H, dd, J = 8.3, 2.2 Hz, Ar-H), 6.80 

(1H, d, J = 8.3 Hz, Ar-H), 4.15 (4H, s, CH2), 2.14 (12H, m, adamantyl), 2.08 (6H, m, 

adamantyl), 1.79 (12H, m, adamantyl), 1.29 (9H, s, tBu), 1.28 (18H, s, tBu). 13C{1H} NMR (75 

MHz, CDCl3) δ 152.59, 148.80, 143.31, 141.73, 135.73, 134.87 (Ar-C), 125.65, 123.61, 122.28 

(Ar-CH), 122.02 (Ar-C), 118.95, 115.38 (Ar-CH), 56.26 (CH2), 40.83, 37.22 (CH2 adamantyl), 

36.95 (C adamantyl), 34.46, 34.31 (C tBu), 31.76, 31.71 (CH3
 tBu), 29.24 (CH adamantyl). m/z 

calculated: C52H71NO3Na+ = 780.5332, found: 780.5338. 

 

Preparation of 2-trityl-4-methylphenol: Under nitrogen, sodium metal (1.07 g, 46 mmol) was 

added to molten p-cresol (39.0 g, 360 mmol) at 100°C with fast stirring to form a dark brown 

melt. Once all the sodium had reacted, trityl chloride (10.0 g, 36 mmol) was added and the 

reaction heated to 140°C for 3.5 hours. The reaction was cooled to ~0°C in an ice bath then 

diethyl ether (100 mL) and aqueous sodium hydroxide (100 mL, 1 M) were added. The layers 

were separated and the organic layer washed with aqueous sodium hydroxide (5 × 80 mL, 1 M), 

water (2 × 50 mL) and brine (30 mL). The ether was removed under vacuum and the resulting 

brown solid heated in boiling ethanol (100 mL) for 5 minutes, then allowed to cooled and stored 

in the freezer overnight. Pale brown solid was filtered and washed with ethanol (2 × 20 mL) 

then dried under vacuum. Yield 5.70 g, 45 %. 1H NMR (250 MHz, CDCl3) δ 7.28-7.11 (15H, 

m, trityl), 6.99 (1H, dd, J = 8.0, 1.3 Hz, Ar-H), 6.81 (1H, d, J = 1.3 Hz, Ar-H), 6.69 (1H, d, J = 

8.0 Hz, Ar-H), 4.29 (1H, s, OH), 2.11 (3H, s, Me). 

 

Preparation of 3-trityl-5-methyl-salicylaldehyde: 2-Trityl-4-methyl phenol (5.70 g, 16 

mmol), hexamethylenetetramine (4.60g, 33 mmol) and trifluoroacetic acid (16 mL, 0.21 mol) 

were heated at 125°C for 4 hours. Reaction was cooled to ~50°C then aqueous sulphuric acid 

(21 mL, 33 %) was added. The reaction was heated at 130°C for 1.5 hours then cooled to 

ambient temperature and diethyl ether (50 mL) and water (50 mL) were added. The layers were 

separated and the aqueous layer extracted with diethyl ether (3 × 20 mL). The combined ether 

extractions were washed with water (100 mL) and brine (40 mL) then dried over magnesium 

sulphate and filtered. The ether was removed under vacuum and the residue heated in boiling 



209 

 

methanol (~70 mL) for 5 minutes then left to stand at ambient temperature overnight. The 

resulting pale yellow solid was filtered, washed with methanol (2 × 10 mL) then dried under 

vacuum. Yield 4.53 g, 75 %. 1H NMR (250 MHz, CDCl3) δ 11.13 (1H, s, OH), 9.79 (1H, s, 

CHO), 7.35 (1H, d, J = 1.9 Hz, Ar-H), 7.29-7.11 (16H, m, trityl and Ar-H), 2.26 (3H, s, Me). 

 

Preparation of 3-trityl-5-methyl-2-hydroxybenzyl alcohol: 3-Trityl-5-methyl-salicylaldehyde 

(4.53 g, 12.0 mmol) was dissolved in MeOH (25 mL) and CHCl3 (25 mL) and cooled in a water 

bath. NaBH4 (0.52 g, 14 mmol) was added portion-wise over 15 minutes with stirring. The 

reaction was stirred for 1 hour at ambient temperature then the solvent removed under vacuum. 

DCM (50 mL) was added and the solution washed with 1 M hydrochloric acid (50 mL) and 

water (50 mL). The organic layer was dried over magnesium sulphate, filtered, concentrated to 

give a tacky off-white solid. The solid was triturated with hexane (20 mL) then filtered and 

dried under vacuum to give the product as a white powder. Yield 4.02 g, 88 %. 1H NMR (250 

MHz, CDCl3) δ 7.35-7.18 (15H, m, trityl), 7.03 (1H, d, J = 1.8 Hz, Ar-H), 6.89 (1H, d, J = 1.8 

Hz, Ar-H), 5.22 (1H, s, OH), 4.63 (2H, d, J = 5.9 Hz, CH2), 2.21 (3H, s, Me). 

 

Preparation of 3-trityl-5-methyl-2-hydroxybenzyl bromide: Phosphorus tribromide (0.40 

mL, 1.2 g, 4.3 mmol) in chloroform (50 mL) was added drop-wise to 3-trityl-5-methyl-2-

hydroxybenzyl alcohol (4.02 g, 10.6 mmol) in chloroform (50 mL). The solution was stirred 

under argon for 1 hour. Water (50 mL) was added, the mixture stirred for 5 minutes, then the 

phases separated. The organic phase was washed with water (3 × 100mL) then dried over 

magnesium sulphate and filtered. The solvent was removed under vacuum to give a pale yellow 

solid which was dried under vacuum. Quantitative yield. 1H NMR (250 MHz, CDCl3) δ 7.30 – 

7.10 (16H, m, Ar-H), 6.84 (1H, d, J = 2.0 Hz, Ar-H), 4.45 (2H, s, CH2), 2.16 (3H, s, Me). 

 

Preparation of L7H3: 2-amino-4-tert-butylphenol (425 mg, 2.57 mmol) was dissolved in THF 

(50 mL), to which a solution of 3-trityl-5-methyl-2-hydroxybenzyl bromide (2.40 g, 5.41 mol) 

in THF (50mL) was added drop-wise. The solution was stirred at ambient temperature for 20 

minutes then triethylamine (0.75 mL, 5.38 mol) was added and the mixture heated under reflux 

for 17 hours. The reaction was allowed to cool then filtered to remove the triethylammonium 

bromide by-product. The solvent was removed under vacuum and the residue triturated in hot 

methanol (~20 mL). The off-white precipitate was filtered, washed with methanol (2 × 20 mL) 

then dried under vacuum. Yield 2.01 g, 88 %. 1H NMR (300 MHz, CDCl3) δ 7.23-7.04 (30H, 

m, trityl), 6.99 (1H, d, J = 2.1 Hz, Ar-H), 6.93 (1H, dd, J = 8.4, 2.1 Hz, Ar-H), 6.90 (2H, d, J = 

1.6 Hz, Ar-H), 6.77 (2H, d, J = 1.6 Hz, Ar-H), 6.68 (1H, d, J = 8.4 Hz, Ar-H), 6.09 (2H, bs, Ar-

OH), 3.97 (4H, s, CH2), 2.13 (6H, s, Me), 1.20 (9H, s, tBu). 13C{1H} NMR (75 MHz, CDCl3) δ 

151.42, 149.71, 144.87, 141.71, 134.19, 133.65 (Ar-C), 131.65, 131.19, 131.00 (Ar-CH),128.25 
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(Ar-C), 127.75, 126.29 (Ar-CH), 124.34 (Ar-C), 122.25, 120.12, 115.18 (Ar-CH), 62.96 (CPh3 

trityl), 56.36 (CH2), 34.26 (C tBu), 31.60 (CH3 
tBu), 20.99 (Me). m/z calculated: C64H60NO3

+ = 

890.4573, found: 890.4532. 

 

Preparation of L8H3: Similar preparation to L7H3 using 2-aminophenol (270 mg, 2.47 mmol) 

and 3-trityl-5-methyl-2-hydroxybenzyl bromide (2.30 g, 5.19 mol). Heated under reflux for 23 

hours. Yield 0.97 g, 47%. 1H NMR (300 MHz, CDCl3) δ 7.25-7.11 (30H, m, trityl), 7.01-6.87 

(2H, m, Ar-H), 6.93 (2H, d, J = 1.4 Hz, Ar-H), 6.83-6.70 (2H, m, Ar-H), 6.76 (2H, d, J = 1.4 

Hz, Ar-H), 5.58 (3H, bs, Ar-OH), 3.97 (4H, s, CH2), 2.14 (6H, s, CH3). 13C{1H} NMR (75 

MHz, CDCl3) δ 152.56, 151.06, 145.12, 144.60, 133.39 (Ar-C), 131.34, 131.07 (Ar-CH), 

128.59 (Ar-C), 127.89, 127.64, 127.17, 126.58, 126.27 (Ar-CH), 125.06 (Ar-C), 122.57, 119.30, 

115.34 (Ar-CH), 62.90 (CPh3 trityl), 55.08 (CH2), 21.07 (Me). m/z calculated: C60H52NO3
+ = 

834.3947, found: 834.3767. 

 

Preparation of {L5Zr-OiPr}2: L5H3 (430 mg, 0.506 mmol) and zirconium(IV)isopropoxide 

isopropanol adduct (195 mg, 0.503 mmol) were dissolved in toluene to give a pale yellow 

solution. The reaction was stirred at ambient temperature for 4 hours then the solvent removed 

under vacuum. The solid was dried under vacuum then recrystallised in toluene at -20°C. The 

crystalline material was isolated by cannula filtration then dried under vacuum. Yield 285 mg, 

57 %. 1H NMR (400 MHz, d8-THF, 200 K) δ 7.49 (1H, d, J = 1.7 Hz, Ar-H), 7.32-6.99 (23H, 

m, Ar-H), 6.93 (1H, dd, J = 7.5, 1.7 Hz, Ar-H), 6.42 (1H, s, Ar-H), 6.27 (1H, d, J = 7.5 Hz, Ar-

H), 4.43 (1H, sept, J = 6.0 Hz, CH OiPr), 3.95 (1H, d, J = 13.2 Hz, CH2), 3.87 (1H, d, J = 13.2 

Hz, CH2), 3.63 (1H, d, J = 12.0 Hz, CH2), 3.44 (1H, d, J = 12.0 Hz, CH2), 1.84 (3H, s, CH3 

cumyl), 1.68 (3H, s, CH3 cumyl), 1.67 (3H, s, CH3 cumyl), 1.55 (3H, s, CH3 cumyl), 1.47 (3H, 

s, CH3 cumyl), 1.44 (3H, s, CH3 cumyl), 1.43 (3H, s, CH3 cumyl), 1.34-1.27 (9H, m CH3 cumyl 

and CH3 OiPr), 1.24 (9H, s, tBu). 13C{H} NMR (400 MHz, d8-THF, 298 K) δ 159.98, 158.20 

(Ar-O), 152.63, 152.36, 140.71, 139.03, 136.18 (Ar-C), 128.25, 127.96, 127.90, 127.22, 126.82, 

126.35, 125.66, 125.13 (Ar-CH), 125.05 (Ar-C), 124.87, 120.15, 116.50 (Ar-CH), 71.96 (CH 

OiPr), 62.39 (CH2), 42.81, 42.75 (C cumyl), 34.59 (C tBu), 31.98 (CH3 tBu), 31.44, 31.13 (CH3 

cumyl), 27.29 (CH3 OiPr). Analysis: Calculated % for C63H71NO4Zr: C, 75.86; H, 7.17; N, 1.40. 

Found: C, 75.78; H, 7.26; N, 1.49. 

 

Preparation of {L6Zr-OiPr}2: L6H3 (500 mg, 0.66 mmol) and zirconium(IV)isopropoxide 

isopropanol adduct (195 mg, 0.66 mmol) were dissolved in toluene to give a pale yellow 

solution. The reaction was stirred at ambient temperature overnight then the solvent removed 

under vacuum. The solid was dried under vacuum then precipitated from hexane at -20°C. The 
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powder was isolated by cannula filtration then dried under vacuum. Yield 270 mg, 45 %. 1H 

NMR (400 MHz, d8-THF, 298 K) δ 7.52 (1H, d, J = 2.3 Hz, Ar-H), 7.09 (2H, bs, Ar-H), 6.94 

(1H, dd, J = 8.5, 2.3 Hz, Ar-H), 6.83 (2H, bs, Ar-H), 6.29 (1H, d, J = 8.5 Hz, Ar-H), 4.69 (1H, 

sept, J = 6.0 Hz, CH OiPr), 4.07 (2H, d, J = 12.5 Hz, CH2), 3.84 (2H, bs, CH2), 2.34-2.19 (12H, 

m, CH2 adamantyl), 2.10-2.03 (6H, m, CH adamantyl), 1.91 (6H, d, J = 11.6 Hz, CH2 

adamantyl), 1.80 (6H, d, J = 11.6 Hz, CH2 adamantyl), 1.33 (6H, d, J = 6.0 Hz, CH3 OiPr), 1.32 

(9H, s, CH3 tBu), 1.19 (18H, bs, CH3 tBu). 13C{1H} NMR (400 MHz, d8-THF, 298 K) δ 160.33, 

158.41 (Ar-O), 140.85, 139.81, 139.27, 137.07 (Ar-C), 125.61, 125.43 (Ar-CH), 124.92 (Ar-C), 

123.43, 119.97, 117.89 (Ar-CH), 71.88 (CH OiPr), 61.96 (CH2), 41.15, 38.06 (CH2 adamantyl), 

37.72 (C adamantyl), 34.65, 34.45 (C tBu), 31.98, 31.92 (CH3 tBu), 30.38 (CH adamantyl), 

27.76 (CH3 OiPr). Analysis: Calculated % for C55H75NO4Zr: C, 72.96; H, 8.35; N, 1.55. Found: 

C, 72.79; H, 8.46; N, 1.61. 

 

Preparation of {L6Hf-OiPr}2: L6H3 (300 mg, 0.40 mmol) and hafnium(IV)isopropoxide 

isopropanol adduct (190 mg, 0.40 mmol) were dissolved in toluene to give a pale yellow 

solution. The reaction was stirred at ambient temperature overnight then the solvent removed 

under vacuum. The solid was dried under vacuum then precipitated from hexane at -20°C. The 

powder was isolated by cannula filtration then dried under vacuum. Yield 235 mg, 60 %. 1H 

NMR (400 MHz, d8-THF) δ 7.52 (1H, d, J = 2.3 Hz, Ar-H), 7.06 (2H, bs, Ar-H), 6.92 (1H, dd, J 

= 8.5, 2.3 Hz, Ar-H), 6.84 (2H, bs, Ar-H), 6.28 (1H, d, J = 8.5 Hz, Ar-H), 4.61 (1H, sept, J = 6.0 

Hz, CH OiPr), 4.02 (2H, d, J = 12.6 Hz, CH2), 3.83 (2H, bs, CH2), 2.33-2.20 (12H, m, CH2 

adamantyl), 2.11-2.02 (6H, m, CH adamantyl), 1.92 (6H, d, J = 11.5 Hz, CH2 adamantyl), 1.80 

(6H, d, J = 11.5 Hz, CH2 adamantyl), 1.33 (6H, d, J = 6.0 Hz, CH3 OiPr), 1.31 (9H, s, CH3 tBu), 

1.19 (18H, bs, CH3 tBu). 13C{1H} NMR (400 MHz, d8-THF) δ 160.05, 158.42 (Ar-O), 140.97, 

139.91, 139.55, 136.44 (Ar-C), 125.74, 125.29 (Ar-CH), 125.09 (Ar-C), 123.36, 120.07, 116.96 

(Ar-CH), 72.07 (CH OiPr), 61.81 (CH2), 41.18, 38.07 (CH2 adamantyl), 37.77 (C adamantyl), 

34.69, 34.50 (C tBu), 31.98, 31.92 (CH3 tBu), 30.38 (CH adamantyl), 27.60 (CH3 OiPr). 

Analysis: Calculated % for C55H75HfNO4: C, 66.55; H, 7.62; N, 1.41. Found: C, 66.41; H, 7.73; 

N, 1.50.  

 

Preparation of L7Zr-OiPr(HOiPr): L7H3 (500 mg, 0.56 mmol) and 

zirconium(IV)isopropoxide isopropanol adduct (218 mg, 0.56 mmol) were dissolved in toluene 

to give a pale yellow solution. The reaction was stirred at ambient temperature for 4 hours then 

the solvent removed under vacuum. The solid was dried under vacuum at 40°C then 

recrystallised from toluene at ambient temperature. The crystalline material was isolated by 

cannula filtration and subsequent washing with hexane (1.5 mL) then dried under vacuum. 

Yield 310 mg, 47 %. 1H NMR (400 MHz, d8-THF, 260 K) δ 7.70-7.23 (6H, bm, Ar-H), 7.36 
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(1H, d, J = 2.3 Hz, Ar-H), 7.23-6.97 (24H, m, Ar-H), 6.85 (1H, dd, J = 8.4, 2.3 Hz, Ar-H), 6.84- 

6.79 (3H, m, Ar-H), 6.73-6.66 (2H, m, Ar-H), 6.62-6.58 (4H, m, Ar-H), 6.55 (1H, d, J = 8.4 Hz, 

Ar-H), 4.01 (2H, d, J = 12.2 Hz, CH2), 3.89 (2H, d, J = 12.2 Hz, CH2), 3.82 (0.7H, sept d, J = 

6.1, 4.1 Hz, CH iPrOH), 3.61 (0.7H, d, J = 4.1 Hz, OH iPrOH), 2.88 (1H, sept, J = 6.0 Hz, CH 

OiPr), 2.31 (3H, s, CH3 toluene), 1.92 (6H, s, Me), 1.30 (9H, s, CH3 tBu), 1.07 (4.7H, d, J = 6.1 

Hz, CH3 iPrOH), 0.48 (6H, d, J = 6.0 Hz, CH3 OiPr). 13C{1H} NMR (100 MHz, d8-THF, 260 K) 

δ 159.64, 159.23 (Ar-O), 150.70, 147.36, 144.72, 140.39 (Ar-C), 138.22 (Ar-C, toluene), 

136.91 (Ar-C), 135.52 (Ar-CH), 134.96 (Ar-C), 132.44, 131.40 (Ar-CH), 129.50, 128.75 (Ar-

CH, toluene), 127.52, 127.22, 125.91 (Ar-C), 125.91 (Ar-CH), 125.88 (Ar-CH, toluene), 125.80 

(Ar-C), 125.46, 125.01 (Ar-CH), 124.89 (Ar-C), 120.80, 115.80 (Ar-CH), 71.26 (CH OiPr), 

63.81 (C trityl), 63.34 (CH2), 63.33 (CH iPrOH), 34.52 (C tBu), 31.82 (CH3 tBu), 26.74 (CH3 

OiPr), 25.80 (CH3 iPrOH), 21.37 (CH3 toluene), 20.73 (CH3 Me). Analysis: Calculated % for 

C70H71NO5Zr: C, 76.60; H, 6.52; N, 1.28. Found: C, 76.52; H, 6.67; N, 1.34. 

 

Preparation of L7Hf-OiPr(HOiPr): L7H3 (215 mg, 0.24 mmol) and hafnium(IV)isopropoxide 

isopropanol adduct (115 mg, 0.24 mmol) were dissolved in toluene to give a pale yellow 

solution. The reaction was stirred at ambient temperature overnight then the solvent removed 

under vacuum. The solid was dried under vacuum then recrystallized from toluene at -20°C. 

The crystalline material was isolated by cannula filtration then dried under vacuum. Yield 160 

mg, 53 %. 1H NMR (400 MHz, d8-THF, 230 K) δ 7.65-7.55 (2H, m, Ar-H), 7.45-7.35 (3H, m, 

Ar-H), 7.29-6.99 (19H, m, Ar-H), 6.86 (1H, dd, J = 8.4, 2.0 Hz, Ar-H), 6.84-6.79 (3H, m, Ar-

H), 6.79-6.73 (2H, m, Ar-H), 6.70-6.65 (2H, m, Ar-H), 6.64-6.55 (5H, m, Ar-H), 4.06 (2H, d, J 

= 12.3 Hz, CH2), 3.93 (2H, d, J = 12.3 Hz, CH2), 3.81 (0.8H, sept d, J = 6.0, 4.0 Hz, CH iPrOH), 

3.75 (0.8H, d, J = 4.0 Hz, OH iPrOH), 2.78 (1H, sept, J = 6.0 Hz, CH OiPr), 1.91 (6H, s, Me), 

1.29 (9H, s, CH3 tBu), 1.06 (5H, d, J = 6.0 Hz, CH3 iPrOH), 0.45 (6H, d, J = 6.0 Hz, CH3 OiPr). 
13C{1H} NMR (100 MHz, d8-THF, 260 K) δ 159.75, 159.29 (Ar-O), 150.74, 147.40, 144.66, 

140.26, 136.52, 135.62 (Ar-C), 135.54, 132.52, 131.27, 128.70, 127.51, 127.22, 125.91 (Ar-

CH), 125.68 (Ar-C), 125.47, 125.11 (Ar-CH), 124.78 (Ar-C), 120.82, 116.72 (Ar-CH), 70.69 

(CH OiPr), 63.75 (C trityl), 63.33 (CH iPrOH), 63.27 (CH2), 34.49 (C tBu), 31.82 (CH3 tBu), 

26.99 (CH3 OiPr), 25.80 (CH3 iPrOH), 20.71 (CH3 Me). Analysis: Calculated % for 

C70H71HfNO5: C, 70.96; H, 6.04; N, 1.18. Found: C, 70.97; H, 5.94; N, 1.17. 

 

Preparation of L8Zr-OiPr(HOiPr): L8H3 (500 mg, 0.60 mmol) and 

zirconium(IV)isopropoxide isopropanol adduct (232 mg, 0.60 mmol) were dissolved in toluene 

to give a pale yellow solution. The reaction was stirred at ambient temperature for 4 hours then 

the solvent removed under vacuum. The solid was dried under vacuum at 40°C then dissolved 
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in toluene (4 mL) and stored at ambient temperature overnight. The crystalline material was 

isolated by cannula filtration and subsequent washing with hexane (1.5 mL) then dried under 

vacuum. Yield 250 mg, 40 %. 1H NMR (400 MHz, d8-THF, 260 K) δ 7.60-7.28 (5H, m, Ar-H), 

7.26 (1H, dd, J = 7.9, 1.3 Hz, Ar-H), 7.24-6.87 (22H, m, Ar-H), 6.84 (1H, td, J = 7.7, 1.4 Hz, 

Ar-H), 6.82-6.63 (4H, m, Ar-H), 6.66 (1H, dd, J = 8.1, 1.3 Hz, Ar-H), 6.64-6.59 (3H, m, Ar-H), 

6.57 (1H, td, J = 7.6, 1.3 Hz, Ar-H), 4.01 (2H, d, J = 12.4 Hz, CH2), 3.87 (2H, d, J = 12.4 Hz, 

CH2), 3.81 (1.4H, sept d, J = 6.1, 3.8 Hz, CH iPrOH), 3.50 (1.4H, d, J = 3.8 Hz, OH iPrOH), 

2.88 (1H, sept, J = 6.0 Hz, CH OiPr), 1.93 (6H, s, Me), 1.07 (8.4H, d, J = 6.1 Hz, CH3 iPrOH), 

0.49 (6H, d , J = 6.0 Hz, CH3 OiPr). 13C{1H} NMR (100 MHz, d8-THF, 260 K) δ 162.16, 159.18 

(Ar-O), 150.77, 147.26, 144.72, 137.52 (Ar-C), 135.45 (Ar-CH), 134.97 (Ar-C), 132.60, 

131.37, 131.27, 128.87, 127.56, 127.24, 125.87 (Ar-CH), 125.74 (Ar-C), 125.46 (Ar-CH), 

125.13 (Ar-C), 123.22, 118.09, 117.20 (Ar-CH), 71.30 (CH OiPr), 63.87 (C trityl), 63.63 (CH2), 

63.36 (CH iPrOH), 26.73 (CH3 OiPr), 25.78 (CH3 iPrOH), 20.75 (Me). Analysis: Calculated % 

for C66H63NO5Zr: C, 76.12; H, 6.10; N, 1.34. Found: C, 75.91; H, 6.15; N, 1.33. 

 

Preparation of 2-nitro-4-tert-butyl-6-methylphenol: 2-Methyl-4-tert-butylphenol (4.0g, 24 

mmol) was dissolved in acetic acid (35 mL). Nitric acid (70%, 1.6 mL, 25 mmol) in acetic acid 

(8 mL) was added drop-wise over 10 minutes with stirring to give a dark red colour. The 

reaction was stirred for 20 minutes then poured in to a solution of sodium carbonate (30 g) in 

water (100 mL) with stirring. Sodium carbonate was added slowly to neutralise the acetic acid 

until a brown solid formed. The solid was filtered and thoroughly washed with water then 

recrystallized from hexane. Orange solid filtered and dried under vacuum. Yield 1.70 g, 33 %. 
1H NMR (300 MHz, CDCl3) δ 10.78 (1H, s, OH), 7.90 (1H, d, J = 2.4 Hz, Ar-H) 7.49 (1H, m, 

Ar-H), 2.32 (3H, m, Me), 1.30 (9H, s, tBu). 

 

Preparation of 2-amino-4-tert-butyl-6-methylphenol: 2-Nitro-4-tert-butyl-6-methylphenol 

(1.70 g, 8.12 mmol) and tin(II)chloride (7.76 g, 40.9 mmol) were dissolved in methanol (30 mL) 

and heated under reflux for 75 minutes. The reaction was poured in to water (100 mL) then 

solid sodium hydroxide was added to render the pH 11, then stirring was continued for 2 hours. 

The product was extracted in to ethyl acetate (4 × 100 mL) then dried over magnesium sulphate 

and the solvent removed under vacuum. The residue was heated in hexane (20 mL) then cooled, 

filtered, washed with hexane (3 × 10 mL) and dried under vacuum. Yield 1.08 g, 74 %. 1H 

NMR (300 MHz, CDCl3) δ 6.69 (1H, s, Ar-H), 6.64 (1H, s, Ar-H), 4.13 (3H, bs, OH + NH2), 

2.23 (3H, s, Me), 1.28 (9H, s, tBu). 
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Preparation of L9H3: 2-Amino-4-tert-butyl-6-methylphenol (700 mg, 3.9 mmol) was dissolved 

in THF (20 mL), to which a solution of 3,5-di-tert-butyl-2-hydroxybenzyl bromide (1.55 g, 8.5 

mmol) in THF (20mL) was added drop-wise. The solution was stirred at ambient temperature 

under argon for 15 minutes then triethylamine (1.18 mL, 8.5 mmol) was added and the mixture 

heated under reflux for 24 hours. The reaction was allowed to cool then filtered to remove the 

triethylammonium bromide by-product. The solvent was removed under vacuum and the 

resulting orange solid purified by dissolution in DCM (10 mL) then filtration through silica gel. 

Solvent removed under vacuum to give pale yellow solid. Yield 2.15 g, 90 %. 1H NMR (300 

MHz, CDCl3) δ 7.45 (3H, bs, OH), 7.20 (3H, m, Ar-H), 7.02 (2H, d, J = 2.1 Hz, Ar-H), 6.90 

(1H, m, Ar-H), 4.15 (4H, s, CH2), 2.26 (3H, s, Me), 1.42 (18H, s, tBu), 1.28 (27H, s, tBu). 
13C{1H} NMR (75 MHz, CDCl3) δ 152.24, 147.36, 142.35, 141.73, 135.48, 134.53 (Ar-C), 

125.89, 124.11, 123.63 (Ar-CH), 123.51, 122.18 (Ar-CH), 116.53 (Ar-C), 56.57 (CH2), 34.66, 

34.37, 34.26 (C tBu), 31.76, 31.73, 29.97 (CH3 tBu), 16.37 (Me). m/z calculated: C41H61NO3Na 

= 638.4549, found: 638.4556 

 

Preparation of 2-nitro-4,6-di-tert-butylphenol: 2,4-Di-tert-butylphenol (10.0g, 48 mmol) was 

dissolved in acetic acid (70 mL). Nitric acid (70%, 3.1 mL, 49 mmol) in acetic acid (10 mL) 

was added drop-wise over 5 minutes with stirring to give a dark red colour. The reaction was 

stirred for 15 minutes then poured in to a solution of sodium carbonate (30 g) in water (400 mL) 

with stirring. Sodium carbonate (75 g) was added slowly to neutralise the acetic acid causing the 

product to form brown clumps. The solid was filtered and thoroughly washed with water then 

recrystallized from methanol. The yellow crystalline solid was filtered and dried under vacuum. 

Yield 6.98 g, 57 %. 1H NMR (250 MHz, CDCl3) δ 11.45 (1H, s, OH), 7.96 (1H, d, J = 2.5 Hz, 

Ar-H), 7.64 (1H, d, J = 2.5 Hz, Ar-H), 1.44 (9H, s, tBu), 1.32 (9H, s, tBu). 

 

Preparation of 2-amino-4,6-di-tert-butylphenol: 2-Nitro-4,6-di-tert-butylphenol (1.55 g, 6.17 

mmol) and tin(II)chloride (5.85 g, 30.9 mmol) were dissolved in EtOH (25 mL) under argon. 

The mixture was refluxed for 75 minutes then poured into water (100 mL). Solid sodium 

hydroxide was added to render the pH approximately 10 then the mixture was stirred for 40 

minutes. DCM (100 mL) was added giving an emulsion. DCM (~500 mL) and water (~500 mL) 

were added to separate the emulsion. The layers were separated and the DCM layer dried over 

magnesium sulphate. The solvent was removed under vacuum and the orange solid washed with 

hexane (4 × 10 mL) then dried under vacuum. Yield 860 mg, 63 %. 1H NMR (250 MHz, 

CDCl3) δ 6.91 (1H, d, J = 2.2 Hz, Ar-H), 6.81 (1H, d, J = 2.2 Hz, Ar-H), 1.41 (9H, s, tBu), 1.28 

(9H, s, tBu). 
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Preparation of L10H3: 2,4-Di-tert-butyl-6-aminophenol (860 mg, 2.89 mmol) was dissolved in 

THF (25 mL), to which a solution of 3,5-di-tert-butyl-2-hydroxybenzyl bromide (2.55 g, 8.52 

mmol) in THF (25mL) was added under argon. Triethylamine (0.857 g, 1.18 mL, 8.47 mmol) 

was added and the mixture stirred at ambient temperature for 10 minutes then under reflux for 

24 hours. The reaction was cooled to ambient temperature then the triethylammonium bromide 

by-product was filtered off and the solvent removed under vacuum. The residue was dissolved 

in methanol (30 mL) and heated to precipitate a white solid. The solid was filtered, washed with 

methanol (2 × 10 mL) and dried under vacuum. Yield 1.89 g, 74 %. 1H NMR (300 MHz, 

CDCl3) δ 7.20 (1H, d, J = 2.2 Hz, Ar-H), 7.17 (2H, d, J = 2.4 Hz, Ar-H), 7.02 (1H, d, J = 2.2 Hz, 

Ar-H), 6.95 (2H, d, J = 2.4 Hz, Ar-H), 4.11 (4H, bs, CH2), 1.41 (18H, s, tBu), 1.35 (9H, s, tBu), 

1.29 (9H s, tBu), 1.25 (18H s, tBu). 13C{1H} NMR (75 MHz, CDCl3) δ 151.86, 148.82, 142.01, 

141.13, 135.40, 134.81 (Ar-C), 126.05, 123.55 (Ar-CH), 122.55 (Ar-C), 120.54, 116.47 (Ar-

CH), 57.10 (CH2) 35.00, 34.63, 34.60, 34.27 (C tBu) 31.84, 31.74, 30.03, 29.76 (CH3 tBu). m/z 

calculated: C44H67NO3Na = 680.5019, found: 680.5063. 

 

Preparation of 2-nitro-4-tert-butyl-6-tritylphenol: 2-Trityl-4-tert-butylphenol (3.06 g, 7.80 

mmol) was suspended in acetic acid (20 mL). Nitric acid (70 %, 0.5 mL, 8 mmol) in acetic acid 

(10 mL) was added drop-wise over 5 minutes. The green slurry was stirred at ambient 

temperature for 2 hours then the resulting yellow solid was filtered off and washed with copious 

water and dried under vacuum. Yield 2.98 g, 87 %. 1H NMR (300 MHz, CDCl3) δ 10.95 (1H, s, 

OH), 8.05 (1H, d, J = 2.4 Hz, Ar-H), 7.70 (1H, d, J = 2.4 Hz, Ar-H), 7.31-7.16 (15H, m, trityl 

Ar-H), 1.21 (9H, s, tBu). 

 

 Preparation of 2-amino-4-tert-butyl-6-tritylphenol: 2-Nitro-4-tert-butyl-6-tritylphenol (2.0 

g, 4.6 mmol) and tin(II) chloride (4.35 g, 22.9 mmol) were dissolved in methanol (20 mL) and 

chloroform (20 mL). The reaction was heated under reflux for 3 hours then poured in to water 

(100 mL). Solid sodium hydroxide was added to render the pH 11 then stirring continued for 1 

hour. The product was extracted into chloroform (200 mL) followed by slow filtation to remove 

fine insoluble matter. The solvent was removed under vacuum and the residue recrystallized 

from chloroform. The colourless crystals were washed with hexane (2 × 20 mL) then dried 

under vacuum. Yield 1.44 g, 77 %. 1H NMR (300 MHz, CDCl3) δ 7.32-7.18 (15H, m, trityl), 

6.76 (1H, d, J = 2.3 Hz, Ar-H), 6.48 (1H, d, J = 2.3 Hz, Ar-H), 4.24 (1H, bs, OH), 3.60 (2H, bs, 

NH2), 1.12 (9H, 2, tBu). 

 

Preparation of L11H3: 2-Amino-4-tert-butyl-6-tritylphenol (1.42 g, 3.48 mmol) was dissolved 

in THF (20 mL), to which a solution of 3,5-di-tert-butyl-2-hydroxybenzyl bromide (2.3 g, 7.7 
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mmol) in THF (20mL) was added under argon. Triethylamine (0.80 g, 1.1 mL, 7.9 mmol) was 

added drop-wise and the mixture stirred at ambient temperature for 10 minutes then under reflux 

for 20 hours. The reaction was cooled to ambient temperature then the triethylammonium 

bromide by-product was filtered off and the solvent removed under vacuum. The residue was 

dissolved in methanol (50 mL) causing a white solid to precipitate. The solid was filtered, 

washed with methanol (2 × 10 mL) and dried under vacuum. Yield 2.16 g, 74 %. 1H NMR (300 

MHz, CDCl3) δ 8.16 (2H, bs, OH), 7.31-7.13 (18H, m, Ar-H), 6.96 (2H, d, J = 2.2 Hz, Ar-H), 

6.77 (1H, d, J = 2.1 Hz, Ar-H), 5.18 (1H, bs, OH), 4.01 (4H, bs, CH2), 1.36 (18H, s, tBu), 1.26 

(18H, s, tBu), 1.07 (9H, s, tBu). 13C{1H} NMR (75 MHz, CDCl3) δ 152.90, 146.15, 144.20, 

142.52, 140.81, 136.53, 135.90, 133.20 (Ar-C), 131.09, 128.10, 127.09, 125.31, 124.18, 123.56 

(Ar-CH), 121.17 (Ar-C), 118.69 (Ar-CH), 63.25 (C trityl), 56.77 (CH2), 35.00, 34.61, 34.20 (C 
tBu), 31.81, 31.48, 29.68 (CH3 tBu). m/z calculated: C59H73NO3Na = 866.5488, found: 

866.5494. 

 

Preparation of {L9Zr-OiPr}2: L9H3 (500 mg, 0.814 mmol) and zirconium(IV)isopropoxide 

isopropanol adduct (316 mg, 0.814 mmol) were dissolved in toluene to give a yellow solution. 

The reaction was stirred at ambient temperature overnight then the solvent removed under 

vacuum. The solid was dried under vacuum then precipitated from hexane at -20°C. The powder 

was isolated by cannula filtration then dried under vacuum. Yield 120 mg, 19 %. 1H NMR (400 

MHz, d8-THF, 232 K) δ 7.38 (1H, s, Ar-H), 7.29 (1H, s, Ar-H), 7.25 (1H, s, Ar-H), 6.94 (1H, s, 

Ar-H), 6.81 (1H, s, Ar-H), 6.64 (1H, s, Ar-H), 4.54 (1H, sept, J = 5.8 Hz, CH OiPr), 4.20 (1H, d, 

J = 13.0 Hz, CH2), 4.08 (1H, d, J = 13.0 Hz, CH2),  3.91 (1H, d, J = 12.1 Hz, CH2), 3.64-3.55 

(4H, m, d8-THF and CH2), 1.94 (3H, s, Me), 1.52 (9H, s, CH3 tBu), 1.41 (9H, s, CH3 tBu), 1.38-

1.30 (15H, m, CH3 tBu and CH3 OiPr), 1.28 (9H, s, CH3 tBu), 1.08 (9H, s, CH3 tBu). 13C{1H} 

NMR (125 MHz, d8-THF, 298 K ) δ 158.18, 157.93 (Ar-O), 140.25, 139.76, 138.51, 136.18 

(Ar-C), 126.23, 125.99 (Ar-CH), 125.17, 125.00 (Ar-C), 123.47, 117.56 (Ar-CH), 72.14 (CH 

OiPr), 61.83 (CH2), 35.46, 34.57, 34.47 (C tBu), 32.01, 31.92, 30.19 (CH3 tBu), 27.70 (CH3 

OiPr), 16.42 (Me). Analysis: Calculated % for C44H65NO4Zr: C, 69.24; H, 8.58; N, 1.84. Found: 

C, 69.02; H, 8.61; N, 1.91. 

 

Preparation of L10Zr-OiPr(HOiPr): L10H3 (510 mg, 0.775 mmol) and 

zirconium(IV)isopropoxide isopropanol adduct (300 mg, 0.775 mmol) were dissolved in toluene 

to give a pale yellow solution. The reaction was stirred at ambient temperature overnight then 

the solvent removed under vacuum. The solid was dried under vacuum then recrytallised from 

toluene at -20°C. The crystalline material was isolated by cannula filtration then dried under 

vacuum. Yield 340 mg, 51 %. 1H NMR (400 MHz, d8-THF, 225 K) δ 7.50 (1H, s, Ar-H), 7.30 
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(2H, s, Ar-H), 6.93 (2H, s, Ar-H), 6.34 (1H, s, Ar-H), 4.53 (1H, sept, J = 5.9 Hz, CH OiPr), 4.31 

(1H, d, J = 13.4 Hz, CH2), 4.21 (1H, d, J = 13.4 Hz, CH2), 3.94 (1H, d, J = 11.6 Hz, CH2), 3.31 

(1H, d, J = 11.6 Hz, CH2), 1.55 (9H, s, CH3 tBu), 1.41 (9H, s, CH3 tBu), 1.40-1.32 (24H, m, CH3 

OiPr and CH3 tBu), 1.14 (9H, s, CH3 tBu), 1.02 (9H, s, CH3 tBu). 13C{1H} NMR (100 MHz, d8-

THF, 225 K) δ 159.01, 158.25, 157.45 (Ar-O), 140.18, 139.87, 138.67, 136.38, 136.17, 134.69 

(Ar-C), 126.17, 126.13 (Ar-CH), 125.02, 124.91 (Ar-C), 124.09, 122.57, 121.89, 117.76 (Ar-

CH), 71.98 (CH OiPr), 61.86, 60.61 (CH2), 35.63, 35.37, 35.30, 34.99, 34.70, 34.26 (C tBu), 

32.11, 32.02, 31.85, 30.08, 29.77 (CH3 tBu), 27.84 (CH3 OiPr). Analysis: Calculated % for 

C47H71NO4Zr: C, 70.10; H, 8.89; N, 1.74. Found: C, 66.31; H, 8.65; N, 1.89. 

 

Preparation of L10Hf-OiPr(HOiPr): L10H3 (416 mg, 0.632 mmol) and 

hafnium(IV)isopropoxide isopropanol adduct (300 mg, 0.631 mmol) were dissolved in toluene 

to give a pale yellow solution. The reaction was stirred at ambient temperature overnight then 

the solvent removed under vacuum. The solid was dried under vacuum then recrytallised from 

pentane at -20°C. The crystalline material was isolated by cannula filtration then dried under 

vacuum. Yield 185 mg, 31 %. 1H NMR (400 MHz, d8-THF, 225 K) δ 7.50 (1H, s, Ar-H), 7.32 

(1H, s, Ar-H), 7.29 (1H, s, Ar-H), 6.96 (2H, s, Ar-H), 6.31 (1H, s, Ar-H), 4.61 (1H, sept, J = 5.9 

Hz, CH OiPr), 4.34 (1H, d, J = 13.3 Hz, CH2), 4.24 (1H, d, J = 13.3 Hz, CH2), 4.01 (1H, d, J = 

11.5 Hz, CH2), 3.85-3.76 (1.3H, m, CH iPrOH and OH iPrOH), 3.30 (1H, d, J = 11.5 Hz, CH2), 

1.54 (9H, s, CH3 tBu), 1.41 (9H, s, CH3 tBu), 1.40-1.31 (24H, m, CH3 OiPr and CH3 tBu), 1.13 

(9H, s, CH3 tBu), 1.07 (3.7H, d, J = 5.9 Hz, CH3 
iPrOH), 1.02 (9H, s, CH3 tBu). 13C{1H} NMR 

(100 MHz, d8-THF, 225 K) δ 158.93, 158.61, 157.57 (Ar-O), 140.03, 139.90, 139.71, 138.67, 

137.05, 135.31 (Ar-C), 126.08, 125.99 (Ar-CH), 124.85, 124.83 (Ar-C), 124.18, 122.63, 122.02, 

117.66 (Ar-CH), 71.85 (CH OiPr), 63.29 (CH iPrOH), 61.72, 60.95 (CH2), 35.61, 35.33, 35.27, 

34.96, 34.67, 34.22 (C tBu), 32.13, 32.04, 31.87, 30.09, 29.76 (CH3 tBu), 27.99 (CH3 OiPr), 

25.83 (CH3 
iPrOH). Analysis: Calculated % for C50H79HfNO5: C, 63.04; H, 8.36; N, 1.47. 

Found: C, 62.91; H, 8.40; N, 1.52. 

 

Preparation of L11Zr-OiPr(HOiPr): L11H3 (500 mg, 0.592 mmol) and 

zirconium(IV)isopropoxide isopropanol adduct (230 mg, 0.592 mmol) were dissolved in toluene 

to give a pale yellow solution. The reaction was stirred at ambient temperature overnight then 

the solvent removed under vacuum. The solid was dried under vacuum then recrytallised from 

hexane at -20°C. The crystalline material was isolated by cannula filtration then dried under 

vacuum. Yield 260 mg, 42 %. 1H NMR (400 MHz, d8-THF, 260 K) δ 7.70 (1H, d, J = 1.8 Hz, 

Ar-H), 7.32-7.22 (3H, m, Ar-H), 7.17 (1H, d, J = 1.8 Hz, Ar-H), 7.11-6.96 (9H, m, Ar-H), 6.95-

6.82 (6H, m, Ar-H), 6.60-6.56 (1H, m, Ar-H), 4.30 (1H, sept, J = 6.0 Hz, CH OiPr), 4.23 (1H, d, 
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J = 13.4 Hz, CH2), 3.99 (1H, d, J = 12.9 Hz, CH2), 3.91 (1H, d, J = 11.9 Hz, CH2), 3.82 (0.7H, 

sept d, J = 6.0, 2.0 Hz, CH iPrOH), 3.61 (0.7H, d, J = 2.0 Hz, OH iPrOH), 3.37 (1H, d, J = 11.9 

Hz, CH2), 1.47 (CH3 tBu), 1.33 (CH3 tBu), 1.30 (CH3 tBu), 1.27 (CH3 tBu), 1.21-1.17 (12H, m, 

CH3 tBu and CH3 OiPr), 1.13 (3H, d, J = 6.0 Hz, CH3 OiPr), 1.07 (3.8H, d, J = 6.1 Hz, CH3 
iPrOH). 13C{1H} NMR (100 MHz, d8-THF, 248 K) δ 159.84, 158.91, 157.55 (Ar-O), 146.77, 

141.37, 140.01, 139.64, 138.72, 136.63, 134.79, 133.13 (Ar-C), 131.88, 127.78, 126.18, 126.12, 

125.30 (Ar-CH), 124.99, 124.78 (Ar-C), 124.13, 123.66, 118.97 (Ar-CH), 71.85 (CH OiPr), 

64.03 (C trityl), 63.32 (CH iPrOH), 62.09, 64.35 (CH2), 35.55, 35.32, 35.10, 34.66, 34.46, (C 
tBu), 32.02, 31.96, 31.92, 30.08, 29.87 (CH3 tBu), 27.54, 27.47 (CH3 OiPr), 25.81 (CH3 iPrOH). 

Analysis: Calculated % for C63H71NO5Zr: C, 74.24; H, 8.15; N, 1.33. Found: C, 72.00; H, 8.71; 

N, 1.37. 

 

Preparation of L11Hf-OiPr(HOiPr): L11H3 (533 mg, 0.631 mmol) and 

hafnium(IV)isopropoxide isopropanol adduct (300 mg, 0.631 mmol) were dissolved in toluene 

to give a pale yellow solution. The reaction was stirred at ambient temperature overnight then 

the solvent removed under vacuum. The solid was dried under vacuum then recrytallised from 

pentane at -20°C. The crystalline material was isolated by cannula filtration then dried under 

vacuum. Yield 460 mg, 64 %. 1H NMR (400 MHz, d8-THF, 260 K) δ 7.70-7.68 (1H, m, Ar-H), 

7.34-7.27 (2H, m, Ar-H), 7.24-7.14 (3H, m, Ar-H), 7.10-6.95 (9H, m, Ar-H), 6.90-6.85 (5H, m, 

Ar-H), 6.56-6.56 (1H, m, Ar-H), 4.38 (1H, sept, J = 6.0 Hz, CH OiPr), 4.26 (1H, d, J = 13.2 Hz, 

CH2), 4.03 (1H, d, J = 13.2 Hz, CH2), 3.99 (1H, d, J = 11.9 Hz, CH2), 3.82 (1H, sept d, J = 6.1, 

4.1 Hz, CH iPrOH), 3.61 (1H, d, J = 4.1 Hz, OH iPrOH), 3.39 (1H, d, J = 11.9 Hz, CH2), 1.47 

(CH3 tBu), 1.33 (CH3 tBu), 1.31 (CH3 tBu), 1.27 (CH3 tBu), 1.21-1.18 (12H, m, CH3 tBu and 

CH3 OiPr), 1.13 (3H, d, J = 6.0 Hz, CH3 OiPr), 1.08 (6H, d, J = 6.1 Hz, CH3 iPrOH). 13C{1H} 

NMR (100 MHz, d8-THF, 260 K) δ 159.74, 159.35, 157.66 (Ar-O), 146.80, 141.08, 139.90, 

139.54, 138.77, 137.39, 135.52, 134.06 (Ar-C), 131.90, 128.07, 127.77, 126.04, 125.97, 125.29 

(Ar-CH), 124.79, 124.74 (Ar-C), 124.25, 123.78, 118.83 (Ar-CH), 71.69 (CH OiPr), 64.03 (C 

trityl), 63.34 (CH iPrOH), 62.11, 61.72 (CH2), 35.52, 35.28, 35.06, 34.62, 34.43 (C tBu), 32.05, 

31.98, 31.93, 30.11, 29.91 (CH3 tBu), 27.72, 27.66 (CH3 OiPr), 25.81 (CH3 iPrOH).  

Analysis: Calculated % for C63H71HfNO5: C, 68.55; H, 7.52; N, 1.23. Found: C, 68.39; H, 7.63; 

N, 1.26. 

 

Preparation of DL-L12H3: 3,5-Di-tert-butyl-2-hydroxybenzyl bromide (2.73 g, 9.12 mmol) and 

DL-norephedrine hydrochloride (800 mg, 4.26 mmol) were suspended in THF (30 mL). 

Triethylamine (1.87 mL, 13.4 mmol) was added drop-wise to give a pale yellow precipitate. The 

mixture was heated at reflux for 20 hours then cooled and the triethylammonium halide by-



219 

 

products filtered off. The filtrate was concentrated to dryness under high vacuum. The resulting 

oil dissolved in toluene (30mL) and washed with water (3 × 30mL) then brine (30 mL). The 

solution was dried over magnesium sulphate, filtered and the solvent removed under high 

vacuum. Resulting pale yellow solid recrystallised from hexane to give white solid. Yield 1.63 

g, 65%. 1H NMR (500 MHz, CDCl3) δ 8.42 (2H, bs, -OH), 7.30-7.25 (3H, m, Ar-H), 7.24 (2H, 

d, J = 2.4 Hz, Ar-H), 7.05 (2H, m, Ar-H), 6.89 (2H, d, J = 2.4 Hz, Ar-H), 5.19 (1H, d, J = 3.2 

Hz, CHOH), 4.32 (2H, d, J = 13.6 Hz, CH2), 3.38 (2H, d, J = 13.6 Hz, CH2), 3.07 (1H, dq, J = 

7.0, 3.2 Hz, CHMe), 2.44 (1H, bs, OH), 1.44 (18H, s, tBu), 1.29 (18H, s, tBu), 1.04 (3H, d, J = 

7.0 Hz, Me). 13C{1H} NMR (125 MHz, CDCl3) δ 152.79, 141.81, 141.10, 136.11 (Ar-C), 

128.58, 127.80, 125.79, 125.28, 123.54 (Ar-CH), 122.04 (Ar-C), 78.86 (CHOH), 58.14 

(CHMe), 54.48 (CH2), 35.07, 34.26 (tBu C), 31.83, 29.78 (tBu CH3), 5.28 (Me). m/z Calculated: 

C39H57NO3Na = 610.4236, Found: 610.4246. 

 

Preparation of (1S, 2R)-(+)-L12H3: (1S, 2R)-(+)-Phenylpropanolamine (1.0 g, 6.6 mmol) was 

dissolved in THF (40 mL), to which a solution of 3,5-di-tert-butyl-2-hydroxybenzyl bromide 

(4.02 g, 13.4 mmol) in THF (40mL) was added. Triethylamine (1.9 mL, 13.6 mmol) was added 

drop-wise and the mixture stirred under reflux for 3.5 hours. The reaction was cooled to ambient 

temperature then filtered to remove the triethylammonium bromide by-product and the solvent 

removed under vacuum. The resulting oil was dissolved in toluene (40 mL) and washed with 

water (3 × 30 mL) then dried over magnesium sulphate, filtered and the solvent removed under 

vacuum. The yellow solid was recrystallised from toluene. Yield from four crops 1.98 g, 51%. 
1H NMR (300 MHz, C6D6) δ 8.80 (1H, bs, OH), 7.51 (2H,d, J = 2.4 Hz, Ar-H), 6.97-6.91 (5H, 

m, Ar-H), 6.78-6.83 (2H, m, Ar-H), 4.92 (1H, d, J = 3.0Hz, CH-OH), 4.29 (2H, d, J = 13.6 Hz, 

CH2), 3.06 (2H, d, J = 13.6 Hz, CH2), 3.04 (1H, qd, J = 7.0, 3.0 Hz, CH-Me), 1.73 (18H, s, tBu), 

1.31 (18H, s, tBu), 0.71 (3H, d, J = 7.0 Hz, Me). 13C{1H} NMR (75 MHz, CDCl3) δ 152.77, 

141.74, 141.09, 136.10 (Ar-C), 128.58, 127.80, 125.79, 125.29, 123.56 (Ar-CH), 121.97 (Ar-C), 

78.86 (Ph-CH-OH), 58.11 (N-CH-Me), 54.47 (CH2), 35.05, 34.25 (C tBu), 31.81, 29.75 (CH3
 

tBu), 5.25 (Me). m/z Calculated: C39H58NO3
+ = 588.4417, Found: 588.4558. 

 

Preparation of {DL-L12Zr-OiPr}2: DL-L12H3 (500 mg, 0.851 mmol) and 

zirconium(IV)isopropoxide isopropanol adduct (330 mg, 0.851 mmol) were dissolved in toluene 

to give a colourless solution. The reaction was stirred at ambient temperature overnight then the 

solvent removed under vacuum. The solid was dried under vacuum then recrystallised from 

toluene at -20°C. The crystalline material was isolated by cannula filtration then dried under 

vacuum. Yield 365 mg, 52 %. 1H NMR (400 MHz, CDCl3) δ 7.31-7.22 (5H, m, Ar-H + 

toluene), 7.21 (1H, d, J = 2.5 Hz, Ar-H), 7.20-7.13 (5H, m, Ar-H + toluene), 7.16 (1H, d, J = 2.3 
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Hz, Ar-H), 6.89 (1H, d, J = 2.3 Hz, Ar-H), 6.71 (1H, d, J = 2.5 Hz, Ar-H), 5.99 (1H, d, J = 6.6 

Hz, Ph-CH-O), 4.45 (1H, d, J = 14.2 Hz, CH2), 4.31 (1H, d, J = 12.3 Hz, CH2), 3.89 (1H, dq, J = 

6.8, 6.6 Hz, N-CH-Me), 3.55 (1H, sept, J = 6.1 Hz, CH OiPr), 3.36 (1H, d, J = 14.2 Hz, CH2), 

2.67 (1H, d, J = 12.3, CH2), 2.36 (3H, s, toluene), 1.48 (9H, s, tBu), 1.30 (9H, s, tBu), 1.19 (9H, 

s, tBu), 1.14 (9H, s, tBu), 1.13 (3H, d, J = 6.8 Hz, Me), 0.08 (3H, d, J = 6.1 Hz, CH3 OiPr), 0.07 

(3H, d, J = 6.1 Hz, CH3 OiPr). 13C{1H} NMR (100 MHz, CDCl3) δ 159.46, 157.62 (Ar-O), 

140.25, 139.36, 138.89, 136.45 and 134.82 (Ar-C), 126.88, 124.65, 124.19, 123.79 and 123.74 

(Ar-CH), 122.76 and 121.27 (Ar-C), 84.69 (Ph-CH-O), 71.78 (OiPr CH), 59.87 (CH2), 58.85 

(N-CH-Me), 57.07 (CH2), 35.48, 34.64, 34.26 and 34.09 (C tBu), 31.88, 31.85, 31.58 and 30.15 

(CH3 tBu), 25.39 and 25.27 (CH3 OiPr), 8.34 (Me). Analysis: Calculated % for C42H61NO4Zr: C, 

68.62; H, 8.36; N, 1.91. Found: C, 68.53; H, 8.41; N, 2.00. 

 

Preparation of {DL-L12Hf-OiPr}2: DL-L12H3 (325 mg, 0.55 mmol) and 

hafnium(IV)isopropoxide isopropanol adduct (262 mg, 0.55 mmol) were dissolved in toluene to 

give a pale yellow solution. The reaction was stirred at ambient temperature overnight then the 

solvent removed under vacuum. The solid was dried under vacuum then recrystallised from 

toluene at -20°C. The crystalline material was isolated by cannula filtration then dried under 

vacuum. Yield 150 mg, 33 %. 1H NMR (500 MHz, CDCl3) δ 7.32-7.21 (3H, m, Ar-H), 7.24 

(1H, d, J = 2.4 Hz, Ar-H), 7.19 (1H, d, J = 2.2 Hz, Ar-H), 7.18-7.15 (2H, m, Ar-H), 6.88 (1H, d, 

J = 2.2 Hz, Ar-H), 6.71 (1H, d, J = 2.4 Hz, Ar-H), 6.09 (1H, d, J = 6.7 Hz, Ph-CH-O), 4.47 (1H, 

d, J = 14.3 Hz, CH2), 4.40 (1H, d, J = 12.4 Hz, CH2), 3.94 (1H, dq, J = 6.8, 6.7 Hz, N-CH-Me), 

3.63 (1H, sept, J = 6.1 Hz, CH OiPr), 3.39 (1H, d, J = 14.3 Hz, CH2), 2.75 (1H, d, J = 12.4 Hz, 

CH2), 1.47 (9H, s, tBu), 1.31 (9H, s, tBu), 1.19 (9H, s, tBu), 1.15 (3H, d, J = 6.8 Hz, Me), 1.15 

(9H, s, tBu), 0.10 (3H, d, J = 6.1 Hz, CH3 OiPr), 0.05 (3H, d, J = 6.1 Hz, CH3 OiPr). 13C{1H} 

NMR (125 MHz, CDCl3) δ 159.65, 157.60 (Ar-O), 139.77, 139.27, 138.81, 136.89 and 135.40 

(Ar-C), 126.97, 124.72, 124.33, 123.66 and 123.58 (Ar-CH), 122.62 and 120.96 (Ar-C), 84.26 

(Ph-CH-O), 70.93 (CH OiPr), 59.92 (CH2), 59.03 (N-CH-Me), 57.21 (CH2), 35.45, 34.61, 34.23 

and 34.06 (C tBu), 31.88, 31.87, 31.68 and 30.20 (CH3 tBu), 25.63 and 25.62 (CH3 OiPr), 8.41 

(Me). Analysis: Calculated % for C42H61HfNO4: C, 61.34; H, 7.48; N, 1.70. Found: C, 61.20; H, 

7.52; N, 1.79. 

 

Preparation of (1S, 2R)-(+)-L12Hf-OiPr.THF: (1S, 2R)-(+)-L12H3 (0.39 g, 0.82 mmol) and 

hafnium(IV)isopropoxide isopropanol adduct (0.48 g, 0.82 mmol) were dissolved in toluene to 

give a yellow solution. The reaction was stirred at ambient temperature for 4 hours then the 

solvent removed under vacuum. The solid was dried under vacuum then recrystallised from 

THF at ambient temperature. The orange crystalline material was isolated by cannula filtration, 
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washed with hexane then dried under vacuum. Yield 355 mg, 48 %. 1H NMR (300 MHz, 

CDCl3) δ 7.30-7.02 (5H, m, Ar CH), 7.22 (1H, d, J = 2.4 Hz, Ar CH), 7.17 (1H, d, J = 2.4 Hz, 

Ar CH), 6.87 (1H, d, J = 2.4 Hz, Ar CH), 6.69 (1H, d, J = 2.4 Hz, Ar CH), 6.07 (1H, d, J = 6.6 

Hz, Ph-CH-O), 4.45 (1H, d, J = 14.3 Hz, Ar-CH2-N), 4.38 (1H, d, J = 12.4 Hz, Ar-CH2-N), 3.92 

(1H, dq, J = 6.8, 6.8 Hz, N-CH-Me), 3.76 (7H, m, THF), 3.62 (1H, sept, J = 6.1 Hz, CH OiPr), 

3.37 (1H, d, J = 14.3 Hz, Ar-CH2-N), 2.74 (1H, d, J = 12.4 Hz, Ar-CH2-N), 1.85 (7H, m, THF), 

1.46 (9H, s, tBu), 1.29 (9H, s, tBu), 1.18 (9H, s, tBu), 1.13 (12H, bs, CH3 overlaid by tBu), 0.09 

(3H, d, J = 6.1 Hz, CH3 OiPr ), 0.03 (3H, d, J = 6.1Hz, CH3 OiPr). 13C{1H} NMR (75 MHz, 

CDCl3) δ 159.64, 157.58 (Ar-O), 139.76, 139.26, 138.80, 136.87, 135.38 (Ar-C), 126.96, 

124.71, 124.32, 123.65, 123.57 (Ar-CH), 122.61, 120.95 (Ar-C), 84.25 (CH-O), 70.92 (CH 

OiPr), 68.25 (THF), 59.91 (CH2), 59.02 (CH-Me), 57.19 (CH2), 35.44, 34.60, 34.21, 34.05 (C 
tBu), 31.87, 31.85, 31.66, 30.18 (CH3 tBu), 25.76 (THF), 25.60 (CH3 OiPr), 8.39 (Me). 

Analysis: Calculated % for C50H77HfNO6: C, 62.13; H, 8.03; N, 1.45. Found: C, 61.94; H, 8.16; 

N, 1.54. 

 

Preparation of L13H3: (1S, 2R)-(+)-2-Amino-1,2-diphenylethanol (0.50 g, 2.35 mmol) was 

dissolved in THF (20 mL), to which a solution of 3,5-di-tert-butyl-2-hydroxybenzyl bromide 

(1.5 g, 5.0  mmol) in THF (30mL) was added drop-wise under argon. Triethylamine (1.0 mL, 

7.2 mmol) was added drop-wise and the mixture stirred under reflux for 22 hours. The reaction 

was cooled to ambient temperature then filtered to remove the triethylammonium bromide by-

product and the solvent removed under vacuum. The resulting oil was dissolved in toluene (50 

mL) and washed with water (3 × 30 mL) then brine (30 mL) then dried over magnesium 

sulphate, filtered and the solvent removed under vacuum. The viscous yellow oil was purified 

by flash chromatography on silica gel eluted with 5% EtOAc/hexane to give a white solid. Yield 

0.98 g, 64%. 1H NMR (400 MHz, CDCl3) δ 7.55 (2H, bs, OH), 7.59-7.44 (2H, m, Ar-H), 7.42-

7.33 (3H, m, Ar-H), 7.28-7.23 (3H, m, Ar-H), 7.22 (2H, d, J = 2.3 Hz, Ar-H), 7.21-7.16 (2H, m, 

Ar-H), 6.81 (2H, d, J = 2.3 Hz, Ar-H), 5.53 (1H, dd, J = 6.0, 1.6 Hz, CH-OH), 4.30 (2H, d, J = 

13.5 Hz, CH2), 4.16 (1H, d, J = 6.0 Hz, CH-N), 3.12 (2H, d, J = 13.5 Hz, CH2), 2.33 (1H, d, J = 

1.6 Hz, OH), 1.41 (18H, s, tBu), 1.26 (18H, s, tBu). 13C{1H} NMR (125 MHz, CDCl3) δ 152.67, 

141.35, 140.48, 136.05, 133.74 (Ar-C), 131.40, 128.79, 128.34, 128.27, 128.23, 127.08, 125.68, 

123.59 (Ar-CH), 121.55 (Ar-C), 78.38 (CH-OH), 67.30 (CH-N), 54.43 (CH2), 35.04, 34.29 (C 
tBu), 31.79, 29.78 (CH3 tBu). m/z Calculated: C44H59NO3Na = 672.4393, Found: 672.4402. 

 

Preparation of L13Zr-OiPr: L13H3 (0.40 g, 0.62 mmol) and zirconium(IV)isopropoxide 

isopropanol adduct (0.24 g, 0.62 mmol) were dissolved in toluene to give a colourless solution. 

The reaction was stirred at ambient temperature overnight then the solvent removed under 
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vacuum. The solid was dried under vacuum then precipitated from hexane at -20°C. The powder 

was isolated by cannula filtration then dried under vacuum. Yield 185 mg, 37 %. 1H NMR (300 

MHz, CDCl3) δ 9.04 (1H, d, J = 7.6 Hz, Ar-H), 7.45-7.33 (2H, m, Ar-H), 7.31-7.06 (4H, m, Ar-

H), 7.24 (1H, d, J = 2.4 Hz, Ar-H), 7.21 (1H, d, J = 2.4 Hz, Ar-H), 6.98-6.86 (2H, m, Ar-H), 

6.66 (1H, d, J = 2.4 Hz, Ar-H), 6.51 (1H, d, J = 2.4 Hz, Ar-H), 6.40 (1H, d, J = 7.8 Hz, Ar-H), 

6.23 (1H, d, J = 7.1 Hz, Ph-CH-O), 5.06 (1H, d, J = 7.1 Hz, Ph-CH-N), 4.95 (1H, d, J = 11.8 Hz, 

CH2), 4.41 (1H, d, J = 14.5 Hz, CH2), 3.48 (1H, sept, J = 6.1 Hz, CH OiPr), 2.85 (1H, d, J = 14.5 

Hz, CH2), 2.83 (1H, d, J = 11.8 Hz, CH2), 1.46 (9H, s, tBu), 1.31 (18H, s, tBu), 1.16 (9H, s, tBu), 

0.02 (3H, d, J = 6.1 Hz, CH3 OiPr), -0.01 (3H, d, J = 6.1 Hz, CH3 OiPr). 13C{1H} NMR (75 

MHz, CDCl3) δ 159.78, 157.31 (Ar-O), 140.11, 139.14, 139.00, 136.39, 135.11 (Ar-C), 131.50, 

130.16 (Ar-CH), 130.03 (Ar-C), 129.85, 129.00, 127.45, 125.62, 125.40, 124.94, 124.18, 

123.82 (Ar-CH), 122.80, 121.26 (Ar-C), 80.08 (Ph-CH-O), 71.83 (CH OiPr), 69.60 (Ph-CH-N), 

60.41, 59.25 (CH2), 35.52, 35.04, 34.28, 34.10 (C tBu), 31.87, 31.94, 31.71, 31.03 (CH3 tBu), 

25.40, 25.37 (CH3 OiPr). Analysis: Calculated % for C47H63NO64Zr: C, 70.81; H, 7.97; N, 1.76. 

Found: C, 70.63; H, 7.86; N, 1.82. 

4.2.2 Experimental for Chapter 3 

Preparation of mandelic acid OCAs, general procedure: In a Schlenk, R-mandelic acid (6.0 

g, 39 mmol) and activated charcoal (580 mg) were dried under vacuum for 2 hours then 

dissolved in dry THF (70 mL) under argon. Diphosgene (5.5 mL, 46 mmol) was added slowly 

via syringe with stirring (a glass coated stirrer bar was used). The reaction was stirred at 

ambient temperature for 18 hours under argon. The charcoal was removed by filtration through 

a plug of dry celite then washed with THF (20 mL). The solution was concentrated under 

vacuum to approximately 10 mL volume (CAUTION: The solvent vapours were condensed in a 

separate liquid nitrogen trap then carefully neutralised with IPA/aqueous KOH whilst very 

cold). The solution was layered with dry hexane (50 mL) then stored in a refrigerator to induce 

crystallisation. The supernatant liquid was removed and the crystals washed with hexane (3 × 20 

mL) then dried under vacuum. Yield 5.2 g 75 %. 1H NMR (CDCl3, 500 MHz) δ 7.53-7.46 (3H, 

m, Ar-H), 7.45-7.40 (2H, m, Ar-H), 6.02 (1H, s, CH). 13C{1H} NMR (CDCl3, 75 MHz) 

δ 165.54, 148.23 (CO), 130.87, 129.62 (Ar-CH) 129.37 (Ar-C), 126.28 (Ar-CH), 80.59 (CH). 

Analysis: Calculated % for C9H6O4: C, 60.68; H, 3.40. Found: C, 60.57; H, 3.47. Melting 

point: 77.6 °C. 

 

Preparation of pyridnium mandelates, general procedure: Anhydrous pyridine (0.44 mL, 

5.4 mmol) was added drop-wise to a stirred solution of R-mandelic acid (0.83 g, 5.5 mmol) in 

dry ether (10 mL). The solution was stored in the refrigerator to induce crystallisation. The 
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product was filtered then washed with ether then dried under vacuum. 1H NMR (CDCl3, 500 

MHz) δ 10.48 (2H, bs, OH + CO2H), 8.60-8.57 (2H, m, Ar-H, pyridine 2,6-CH), 7.83 (1H, tt, J 

= 7.7, 1.7 Hz, Ar-H, pyridine 4-CH), 7.52-7.49 (2H, m, Ar-H), 7.42-7.39 (2H, m, Ar-H 

pyridine, 3,5-CH), 7.36-7.32 (2H, m, Ar-H), 7.29 (1H, tt, J = 7.3, 1.4, Hz, Ar-H), 5.17 (1H, s, 

CH). 13C{1H} NMR (CDCl3, 75 MHz) δ 176.74 (CO2H), 149.69 (Ar-CH, pyridine), 139.74 (Ar-

C), 139.02 (Ar-CH, pyridine), 128.47, 128.04, 126.79 (Ar-CH), 124.82 (Ar-CH, pyridine), 

73.21 (CH). Analysis: Calculated % for C13H13NO3: C, 67.52; H, 5.67; N, 6.06. Found: C, 

67.36; H, 5.73; N, 6.12. 

4.3 Polymerisation procedures 

4.3.1 Procedures for Chapter 2 

General polymerisation procedure: In a glovebox, monomer (and solvent if required) was 

added to the initiator in a Young’s ampoule. The sealed Young’s vessel was transferred to a 

fume hood and heated with stirring to the desired temperature for the desired length of time. The 

reaction was quenched by the addition of methanol (and DCM if required). A sample for 1H 

NMR to measure conversion was taken. The product was then precipitated from methanol or 

hexane, filtered and dried under vacuum. Tacticity of PLA was elucidated via homonuclear 

decoupled 1H NMR. Tacticity of PHB was elucidated by integration of the i and s diads of the 

carbonyl signal in the 13C{1H} NMR spectrum. 

 

Kinetics studies procedure: rac-BBL (14 µL, 0.17 mmol), rac-LA (25 mg, 0.17 mmmol) and 

L3Hf-OiPr (0.97 mg, 1.2 µmol) were dissolved in d8-toluene (0.6 mL) in a Young’s NMR tube. 

The reaction was run in a 400 MHz NMR machine at 80°C, scanning every 15 minutes. 

Conversion was calculated by integration of the monomer and polymer methine signals of both 

PHB and PLA. 

4.3.2 Procedures for Chapter 3 

General polymerisation procedure: In a glovebox, the monomer was dissolved in the desired 

solvent in a Young’s NMR tube. Stock solutions of the initiator and catalyst were added to the 

monomer and the sealed Young’s vessel transferred to a fume hood and heated to 25°C. The 

reaction conversion was monitored by 1H NMR. When the desired conversion was achieved the 

reaction was quenched by the addition of dilute HCl. The layers were separated and the product 

was then precipitated by the addition of methanol. The solid was filtered and washed with 

methanol then dried under vacuum. 
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Chapter 2 X-ray data: 

 
Crystal data and structure refinement for {L5Zr-OiPr}2 
  
      Empirical formula                 C294 H331 N4 O16 Zr4 
  
      Formula weight                    4541.51 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       Triclinic,  P 1 
  
      Unit cell dimensions              a = 14.5615(3) A    α = 80.4000(10)°  
                                          b = 19.8362(2) A    β = 84.8660(10)° 

 c = 22.7833(9) A    γ = 70.3120(10)° 

 
      Volume                            6105.4(3) A^3 
  
      Z, Calculated density             1,  1.235 Mg/m^3 
  
      Absorption coefficient            0.230 mm^-1 
  
      F(000)                            2411 
  
      Crystal size                      0.25 x 0.25 x 0.10 mm 
  
      Theta range for data collection   4.82 to 27.47 deg. 
  
      Limiting indices                  -18<=h<=18, -25<=k<=25, -29<=l<=29 
  
      Reflections collected / unique    114657 / 27601 [R(int) = 0.0896] 
  
      Completeness to theta = 27.47     98.6 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission        0.9773 and 0.9447 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    27601 / 0 / 1463 
  
      Goodness-of-fit on F^2            1.027 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0485, wR2 = 0.1002 
  
      R indices (all data)              R1 = 0.0952, wR2 = 0.1184 
  
      Largest diff. peak and hole       0.949 and -0.607 e.A^-3 
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Crystal data and structure refinement for L7Zr-OiPr(iPrOH) 
   
      Empirical formula                 C91 H95 N O5 Zr 
  
      Formula weight                    1373.90 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71069 A 
  
      Crystal system, space group       Triclinic,  P 1 
  
      Unit cell dimensions              a = 14.210(5) A    α = 81.458(5)° 
                                          b = 16.013(5) A    β = 75.021(5)° 
                                          c = 17.279(5) A    γ = 88.748(5)° 
  
      Volume                            3755(2) A^3 
  
      Z, Calculated density             2,  1.215 Mg/m^3 
  
      Absorption coefficient            0.200 mm^-1 
  
      F(000)                            1456 
  
      Crystal size                      0.40 x 0.25 x 0.10 mm 
  
      Theta range for data collection   3.21 to 27.50 deg. 
  
      Limiting indices                  -18<=h<=18, -20<=k<=20, -22<=l<=22 
  
      Reflections collected / unique    54001 / 17141 [R(int) = 0.0485] 
  
      Completeness to theta = 27.50     99.3 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission        0.9803 and 0.9242 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    17141 / 0 / 939 
  
      Goodness-of-fit on F^2            1.029 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0405, wR2 = 0.0941 
  
      R indices (all data)              R1 = 0.0571, wR2 = 0.1032 
  
      Largest diff. peak and hole       0.499 and -0.432 e.A^-3 
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Crystal data and structure refinement for L7Hf-OiPr(iPrOH) 
  
      Empirical formula                 C91 H95 Hf N O5 
  
      Formula weight                    1461.17 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       Triclinic,  P 1 
  
      Unit cell dimensions              a = 14.2431(5) A    α = 81.556(2)° 
                                          b = 16.0237(6) A   β = 75.051(2)° 
                                          c = 17.2989(6) A    γ  = 88.878(2)° 
  
      Volume                            3772.4(2) A^3 
  
      Z, Calculated density             2,  1.286 Mg/m^3 
  
      Absorption coefficient            1.436 mm^-1 
  
      F(000)                            1520 
  
      Crystal size                      0.50 x 0.25 x 0.15 mm 
  
      Theta range for data collection   4.11 to 27.62 deg. 
  
      Limiting indices                  -18<=h<=18, -20<=k<=20, -22<=l<=22 
  
      Reflections collected / unique    41931 / 16631 [R(int) = 0.0893] 
  
      Completeness to theta = 27.62     94.8 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission        0.8134 and 0.5337 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    16631 / 0 / 940 
  
      Goodness-of-fit on F^2            1.052 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0520, wR2 = 0.1195 
  
      R indices (all data)              R1 = 0.0766, wR2 = 0.1369 
  
      Largest diff. peak and hole       2.061 and -2.131 e.A^-3 
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Crystal data and structure refinement for L10Zr-OiPr(iPrOH) 
 
      Empirical formula                 C107 H164 N2 O10 Zr2 
  
      Formula weight                    1820.84 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       Monoclinic,   P 1 21/n 1 
  
      Unit cell dimensions              a = 16.8525(2) A  α = 90° 
                                          b = 17.7657(2) A    β = 108.8910(10)° 
                                          c = 18.7885(3) A    γ = 90° 
  
      Volume                            5322.21(12) A^3 
  
      Z, Calculated density             2,  1.136 Mg/m^3 
  
      Absorption coefficient            0.249 mm^-1 
  
      F(000)                            1960 
  
      Crystal size                      0.40 x 0.30 x 0.30 mm 
  
      Theta range for data collection   4.04 to 27.48 deg. 
  
      Limiting indices                  -21<=h<=21, -22<=k<=23, -24<=l<=24 
  
      Reflections collected / unique    88779 / 12097 [R(int) = 0.0666] 
  
      Completeness to theta = 27.48     99.1 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission        0.9289 and 0.9068 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    12097 / 0 / 611 
  
      Goodness-of-fit on F^2            1.132 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0516, wR2 = 0.1155 
  
      R indices (all data)              R1 = 0.0662, wR2 = 0.1229 
  
      Largest diff. peak and hole       0.654 and -0.798 e.A^-3 
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 Crystal data and structure refinement for L10Hf-OiPr(iPrOH) 
 
      Empirical formula                 C105 H170 Hf2 N2 O10 
  
      Formula weight                    1977.41 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       Monoclinic,  P 21/n 
  
      Unit cell dimensions              a = 16.6200(2) A     α = 90° 
                                          b = 17.6820(2) A   β  = 109.9320(5)° 
                                          c = 18.8860(2) A    γ = 90° 
  
      Volume                            5217.66(10) A^3 
  
      Z, Calculated density             2,  1.259 Mg/m^3 
  
      Absorption coefficient            2.042 mm^-1 
  
      F(000)                            2076 
  
      Crystal size                      0.60 x 0.55 x 0.50 mm 
  
      Theta range for data collection   3.05 to 27.48 deg. 
  
      Limiting indices                  -21<=h<=21, -22<=k<=22, -23<=l<=24 
  
      Reflections collected / unique    68539 / 11881 [R(int) = 0.0551] 
  
      Completeness to theta = 27.48     99.4 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission        0.4283 and 0.3738 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    11881 / 13 / 596 
  
      Goodness-of-fit on F^2            1.118 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0294, wR2 = 0.0662 
  
      R indices (all data)              R1 = 0.0422, wR2 = 0.0736 
  
      Largest diff. peak and hole       1.715 and -1.417 e.A^-3 
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Crystal data and structure refinement for L11Zr-OiPr(iPrOH) 
 
Empirical formula                 C71.76 H100.76 N O5 Zr 
  
      Formula weight                    1148.58 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       Hexagonal,  R 3 
  
      Unit cell dimensions              a = 51.7276(3) A         α = 90° 
                                          b = 51.7276(3) A        β = 90° 
                                          c = 14.39170(10) A     γ = 120° 
  
      Volume                            33349.3(4) A^3 
  
      Z, Calculated density             18,  1.029 Mg/m^3 
  
      Absorption coefficient            0.191 mm^-1 
  
      F(000)                            11129 
  
      Crystal size                      0.50 x 0.50 x 0.25 mm 
  
      Theta range for data collection   3.61 to 27.48 deg. 
  
      Limiting indices                  -67<=h<=67, -67<=k<=59, -18<=l<=18 
  
      Reflections collected / unique    166468 / 16885 [R(int) = 0.0461] 
  
      Completeness to theta = 27.48     99.3 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission        0.9538 and 0.9105 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    16885 / 49 / 777 
  
      Goodness-of-fit on F^2            1.044 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0449, wR2 = 0.1211 
  
      R indices (all data)              R1 = 0.0636, wR2 = 0.1356 
  
      Largest diff. peak and hole       1.047 and -0.448 e.A^-3 
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Crystal data and structure refinement for L11Hf-OiPr(iPrOH) 
 
Empirical formula  C311 H413 Hf4 N4 O20 

Formula weight  5241.39 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P �1 

Unit cell dimensions a = 14.2628(2) Å α = 95.3170(7)° 
 b = 20.8560(3) Å β = 97.3188(7)° 
 c = 26.7583(2) Å γ = 105.5906(5)° 
Volume 7536.94(16) Å3 

Z 1 

Density (calculated) 1.155 Mg/m3 

Absorption coefficient 1.430 mm-1 

F(000) 2755 

Crystal size 0.500 x 0.380 x 0.250 mm3 

Theta range for data collection 3.698 to 27.548°. 

Index ranges -18<=h<=18, -27<=k<=27, -34<=l<=34 

Reflections collected 104168 

Independent reflections 34298 [R(int) = 0.0754] 

Completeness to theta = 25.242° 98.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.657 and 0.468 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 34298 / 55 / 1587 

Goodness-of-fit on F2 1.052 

Final R indices [I>2sigma(I)] R1 = 0.0495, wR2 = 0.1193 

R indices (all data) R1 = 0.0772, wR2 = 0.1324 

Extinction coefficient n/a 

Largest diff. peak and hole               1.284 and -2.066 e.Å-3 
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Crystal data and structure refinement for {DL-L12Zr-OiPr}2 
 
Empirical formula                 C192.50 H272 N4 O16 Zr4 
  
      Formula weight                    3263.02 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       triclinic, P1 
  
      Unit cell dimensions              a = 15.5391(4) A    α = 78.8320(14) deg. 
                                          b = 15.8511(3) A   β = 88.5563(11) deg. 
                                          c = 20.6478(5) A    γ = 72.6216(14) deg. 
 
      Volume                            4758.84(19) A^3 
  
      Z, Calculated density             1,  1.139 Mg/m^3 
  
      Absorption coefficient            0.270 mm^-1 
  
      F(000)                            1743 
  
      Crystal size                      0.50 x 0.35 x 0.25 mm 
  
      Theta range for data collection   3.59 to 27.48 deg. 
  
      Limiting indices                  -20<=h<=20, -20<=k<=20, -26<=l<=26 
  
      Reflections collected / unique    93448 / 21572 [R(int) = 0.0936] 
  
      Completeness to theta = 27.48     98.8 % 
  
      Max. and min. transmission        0.9355 and 0.8767 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    21572 / 66 / 1107 
  
      Goodness-of-fit on F^2            1.023 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0550, wR2 = 0.1244 
  
      R indices (all data)              R1 = 0.1047, wR2 = 0.1436 
  
      Largest diff. peak and hole       0.833 and -0.805 e.A^-3 
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Crystal data and structure refinement for {DL-L12Hf-OiPr}2 
 

Empirical formula  C217 H300 Hf4 N4 O16 

Formula weight  3934.55 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P �1 

Unit cell dimensions a = 15.2951(3) Å α = 96.6524(10)°. 
 b = 15.8616(2) Å β = 90.8880(9)°. 
 c = 21.7678(3) Å γ = 107.0248(9)°. 

 
Volume 5008.76(14) Å3 

Z 1 

Density (calculated) 1.304 Mg/m3 

Absorption coefficient 2.126 mm-1 

F(000) 2046 

Crystal size 0.500 x 0.500 x 0.300 mm3 

Theta range for data collection 3.677 to 27.541°. 

Index ranges -19<=h<=19, -20<=k<=20, -28<=l<=28 

Reflections collected 85142 

Independent reflections 22815 [R(int) = 0.0718] 

Completeness to theta = 25.242° 99.2 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 22815 / 78 / 1163 

Goodness-of-fit on F2 1.034 

Final R indices [I>2sigma(I)] R1 = 0.0341, wR2 = 0.0721 

R indices (all data) R1 = 0.0592, wR2 = 0.0798 

Extinction coefficient n/a 

Largest diff. peak and hole 1.132 and -1.066 e.Å-3 
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Crystal data and structure refinement for D-(+)-L12Zr-OiPr.THF 
 
Empirical formula                 C100 H153 N2 O12 Zr2 
  
      Formula weight                    1757.68 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       orthorhombic, P 21 21 21 
  
      Unit cell dimensions              a = 14.2253(7) A     α = 90 deg. 
                                         b = 14.2476(8) A     β = 90 deg. 
                                          c = 48.100(3) A    γ = 90 deg. 
 
      Volume                            9748.7(9) A^3 
  
      Z, Calculated density             4,  1.198 Mg/m^3 
  
      Absorption coefficient            0.271 mm^-1 
  
      F(000)                            3772 
  
      Crystal size                      0.55 x 0.40 x 0.25 mm 
  
      Theta range for data collection   2.92 to 24.99 deg. 
  
      Limiting indices                  -16<=h<=11, -13<=k<=15, -57<=l<=57 
  
      Reflections collected / unique    41278 / 12694 [R(int) = 0.1605] 
  
      Completeness to theta = 24.99     83.5 % 
  
      Max. and min. transmission        0.9352 and 0.8651 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    12694 / 10 / 1033 
  
      Goodness-of-fit on F^2            1.022 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0900, wR2 = 0.1705 
  
      R indices (all data)              R1 = 0.1829, wR2 = 0.2255 
  
      Absolute structure parameter      -0.05(8) 
  
      Largest diff. peak and hole       1.173 and -0.987 e.A^-3 
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Chapter 3 X-ray data: 

Crystal data and structure refinement for R-manOCA 
 
Empirical formula                 C9 H6 O4 
  
      Formula weight                    178.14 
  
      Temperature                       150(2) K 
  
      Wavelength                        0.71073 A 
  
      Crystal system, space group       Orthorhombic,  P 21 21 21 
  
      Unit cell dimensions              a = 5.60200(10) A     α = 90 deg. 
                                          b = 7.4350(2) A     β = 90 deg. 
                                          c = 18.4820(5) A   γ = 90 deg. 
 
      Volume                            769.79(3) A^3 
  
      Z, Calculated density             4,  1.537 Mg/m^3 
  
      Absorption coefficient            0.123 mm^-1 
  
      F(000)                            368 
  
      Crystal size                      0.50 x 0.50 x 0.25 mm 
  
      Theta range for data collection   3.52 to 27.47 deg. 
  
      Limiting indices                  -7<=h<=7, -9<=k<=9, -23<=l<=23 
  
      Reflections collected / unique    10199 / 1753 [R(int) = 0.0532] 
  
      Completeness to theta = 27.47     99.3 % 
  
      Absorption correction             Semi-empirical from equivalents 
  
      Max. and min. transmission        0.9698 and 0.9409 
  
      Refinement method                 Full-matrix least-squares on F^2 
  
      Data / restraints / parameters    1753 / 0 / 118 
  
      Goodness-of-fit on F^2            1.057 
  
      Final R indices [I>2sigma(I)]     R1 = 0.0309, wR2 = 0.0715 
  
      R indices (all data)              R1 = 0.0362, wR2 = 0.0745 
  
      Absolute structure parameter      -0.4(10) 
  
      Largest diff. peak and hole       0.131 and -0.158 e.A^-3 
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Crystal data and structure refinement for pyridinium R-mandelate 

 

Empirical formula  C13 H13 N O3 

Formula weight  231.24 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P 21 21 21 

Unit cell dimensions a = 5.66060(10) Å α= 90°. 

 b = 7.9224(2) Å β= 90°. 

 c = 26.3426(7) Å γ= 90°. 

Volume 1181.35(5) Å3 

Z 4 

Density (calculated) 1.300 Mg/m3 

Absorption coefficient 0.093 mm-1 

F(000) 488 

Crystal size 0.480 x 0.250 x 0.100 mm3 

Theta range for data collection 3.464 to 27.479°. 

Index ranges -5<=h<=7, -10<=k<=10, -34<=l<=34 

Reflections collected 12963 

Independent reflections 2678 [R(int) = 0.0372] 

Completeness to theta = 25.242° 99.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.992 and 0.915 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2678 / 0 / 162 

Goodness-of-fit on F2 1.058 

Final R indices [I>2sigma(I)] R1 = 0.0357, wR2 = 0.0734 

R indices (all data) R1 = 0.0544, wR2 = 0.0800 

Absolute structure parameter 1.9(6) 

Extinction coefficient n/a 
 
Largest diff. peak and hole               0.114 and -0.189 e.Å-3 
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Chapter 3 mass spectra: 
 

 
Figure A1: Mass spectrum of PMA from DMAP and neo-pentanol (Table 3.01, entry 5) 
 

 
 
Figure A2: Mass spectrum (zoomed in) of PMA from DMAP and neo-pentanol (Table 3.01, 
entry 5) 
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Figure A3: Mass spectrum of PMA from 4-methoxypyridine and neo-pentanol (Table 3.02, 
entry 4)  
 
 

 
Figure A4: Mass spectrum (zoomed in) of PMA from 4-methoxypyridine and neo-pentanol 
(Table 3.02, entry 4)  
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Chapter 3 DFT: 

 
Figure A5: DFT energy profiles of the reaction between pyridine, mandelic acid initiator, and 
two molecules of R-manOCA 
 
Publication: 
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