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iii. Abstract 

The environmental persistence of petrochemical-derived polymers has created an 

increasingly urgent need to develop inexpensive, compostable alternatives, with thermal and 

mechanical properties compatible with use across a variety of sectors. Various compostable aliphatic 

polyesters can be prepared via the metal-catalysed ring-opening polymerisation of cyclic esters. In 

particular, the solvent-free polymerisation of lactide offers an industrially relevant route to the large-

scale delivery of an inexpensive, bio-derived material suitable for a broad range of applications. It is 

desirable to develop initiators for the polymerisation of lactide and other cyclic esters that are highly 

active, biochemically benign, robust, and inexpensive, to maximise the relevance of the resulting 

material to food-contact and biomedical applications. Currently, it is appropriate both to deliver 

protocols for the non-stereoselective polymerisation of stereopure L-lactide, directly applicable to 

contemporary industrial processes, and to undertake more fundamental mechanistic studies of the 

polymerisation of cyclic esters. The latter area of work may inform the design of stereoselective 

initiators in the future, for the efficient production of aliphatic polyesters with enhanced properties.  

Chapter 1 of the current work introduces the various monomers relevant to the 

polymerisation studies described herein, as well as reviewing the application of biochemically benign 

and earth-abundant metals to the polymerisation of cyclic esters. In particular the structure and 

catalytic activity of metal amine tris(phenolate) complexes will be discussed.  

Chapter 2 is concerned with the preparation and reactivity of several amine tris(phenolate)-

supported cationic niobium(V) species, including the synthesis of an unprecedented lactone adduct 

of a metal alkoxide complex. The application of those systems to the polymerisation of -

caprolactone is also discussed, considering their general relevance to the coordination-insertion 

mechanism of ring-opening polymerisation.  

In Chapter 3, the scope of synthetic and catalytic studies described in Chapter 2 is expanded, 

to encompass both tantalum(V)-based systems, and the polymerisation of other lactones. In 

particular, the mechanism of initiation by lactone adducts of metal alkoxide complexes is considered. 

Chapter 4 describes the development of a liquid formulation of a robust and highly-active, 

zwitterionic zirconium(IV) amine tris(phenolate) catalyst, suitable for the industrial solvent-free 

polymerisation of lactide. Kinetic studies were carried out, monitored in-situ via ATR-FT-IR 

spectroscopy, to assess the activity of the catalyst formulation and determine its industrial relevance. 

Chapter 5 describes further optimisation of the catalyst formulation method described in 

Chapter 4, and application of the resulting systems to the ring-opening polymerisation of lactide on 

a large-scale, under industrially relevant conditions. 
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iv. Abbreviations 

LA    Lactide 

L-LA    L-Lactide 

rac-LA    Racemic lactide 

PLA    Poly(lactic acid) 

PLLA    Poly(L-lactic acid) 

PDLA    Poly(D-lactic acid) 

-CL    -Caprolactone 

PCL    Poly(-caprolactone) 

-VL    -Valerolactone 

PVL    Poly(-valerolactone) 

-BL    -butyrolactone 

rac--BL   Racemic--butyrolactone 

P3HB    Poly(3-hydroxybutyrate) 

CHO    Cyclohexene oxide 

BnOH    Benzyl alcohol 

THF    Tetrahydrofuran 

DCM    Dichloromethane 

TMSCl    Chlorotrimethylsilane 

ROP    Ring-opening polymerisation 

MALDI-ToF-MS Matrix-assisted laser desorption ionisation time-of-flight mass 

spectrometry  

NMR    Nuclear magnetic resonance (spectroscopy) 

COSY    Correlation Spectroscopy 

HSQC    Heteronuclear single quantum coherence spectroscopy 
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GPC    Gel permeation chromatography 

RI    Refractive index 

TGA    Thermo-gravimetric analysis 

VTNA    Variable time normalisation analysis 

RPKA    Reaction progress kinetic analysis 

ATR-FT-IR Attenuated total reflectance Fourier transform infrared 

spectroscopy 

DSC Differential scanning calorimetry 

ESI-MS Electrospray ionisation mass spectrometry 

SPS Solvent purification system 

Sn(Oct)2 Tin(II) bis(2-ethylhexanoate) 

TP     Amine tris(phenolate) ligand, used for C3-symmetric systems only 

H+TP    Ammonium tris(phenolate) ligand 

H3LtBu    Tris(2-hydroxy-3,5-di-tert-butylbenzyl)amine 

H3LMe    Tris(2-hydroxy-3,5-dimethylbenzyl)amine 

H3LMe/tBu   Tris(2-hydroxy-3-methyl-5-tert-butylbenzyl)amine 

HDippBDI   N,N’-bis(2,6-diisopropylphenyl)pentane-2,4-diimine 

H(HMDS)   bis(trimethylsilyl)amine, hexamethyldisilazane 

H4TOEED    N,N,N′,N′‑Tetrakis(2-hydroxyethyl)ethylenediamine 

Pr    Probability of racemic enchainment 

Pm    Probability of isotactic enchainment 

Mn
Theo    Theoretical number average molecular weight 

Mn
GPC    Number average molecular weight determined via GPC 

Mn
NMR Number average molecular weight determined via NMR 

spectroscopic end-group analysis 

ÐM    Dispersity (of polymer molecular weights) 
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Tg    Glass transition temperature 

Tm    Melting temperature 

kobs    Observed rate constant 

kp    Propagation rate constant 

TOF    Turnover frequency 

LAAM    Ligand-assisted activated monomer (mechanism) 

DFT    Density functional theory 

NBO    Natural bond orbital 

TS    Transition state 

CPCM    Conductor-like Polarisable Continuum Model 

mEq    Milliequivalent 

ppm    Parts per million 
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1. INTRODUCTION 

1.1  The Contemporary Plastic Production and Disposal Landscape 

The diverse thermal and mechanical properties, robustness, and chemical stability of plastics 

make them invaluable materials for wide-ranging uses throughout industry and domesticity, ensuring 

remarkable proliferation across innumerable applications. As a result, the industrial preparation of 

plastics is undertaken on a vast scale. In 2015, 407 billion kg of plastics were produced globally, and 

approximately 99 % were of petrochemical origin. Moreover, since widespread, industrialised 

plastics production began in the 1950s, enormous and continuing expansion of the sector has 

occurred, with around 8300 billion kg having been produced to date. Of that amount, approximately 

6300 billion kg have now been discarded, with 1000 billion kg having been incinerated, contributing 

to anthropogenic CO2 emissions, and 5000 billion kg estimated to have entered landfill or leaked to 

the wider natural environment. In contrast, and due in-part to the low cost of producing ‘virgin’ 

plastics, only 570 billion kg, or 9 %, of the plastics discarded to date have been recycled, and even 

in the developed economies of Europe, North America and China, the majority of plastic waste is 

not currently recycled.1–3  

 

Figure 1.1. Product lifetime distributions for plastic products in various fields of use.2 

 

Over 38 % of the plastics produced annually are used to manufacture packaging, which 

typically corresponds to low-value, short-term, single-use applications (Figure 1.1). The Ellen 

MacArthur Foundation reported that in 2013, only 2 % of plastic packaging materials were subjected 

to closed-loop recycling, with a further 8 % undergoing cascaded recycling to furnish lower-quality 

materials. 72 % of used plastic packaging directly entered the environment, either as landfill (40 %), 

or through uncontrolled ‘leakage’ (32 %). Energy recovery processes such as incineration, as well as 

small-scale gasification and pyrolysis, accounted for a further 14 % of plastic packaging materials’ 

end-of-life treatment that year. The fate of the remaining 4 % can be attributed to process losses from 

recycling (Figure 1.2).3 Thus, 98 % of the plastics used in the production of new packaging must 
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necessarily be virgin materials, requiring energy-intensive production processes, and depletion of 

petrochemical feedstocks. 

 

Figure 1.2. Material flow of plastic packaging materials, showing end-of-life destinations. Taken from ‘The 

New Plastics Economy, Rethinking the Future of Plastics’, (The Ellen MacArthur Foundation and World 

Economic Forum).3 

 

The extreme longevity of plastics has caused extensive contamination to occur throughout 

the planet’s terrestrial and marine environments, with environmental persistence of these materials 

estimated to extend to thousands of years or longer. As a result, in recent years the unknown impact 

on ecosystems and public health of so-called ‘microplastics’ (plastic particles of millimetre to 

micrometre size formed by the natural photomechanical degradation of non-biodegradable plastic 

waste) has become a matter of widespread concern. Moreover, it is expected that the mass of plastics 

in landfill or the natural environment will amount to 12 000 billion kg by 2050, and that, as 

production continues to increase exponentially (half of the total mass of polymer resin and fibres 

produced between 1950 and 2015 were produced after 2002), 26 000 billion kg of plastic waste will 

have been produced in total by that date (Figure 1.3).1,2,4–6  
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Figure 1.3. Cumulative plastic waste generated and disposed of by various routes. Solid lines are constructed 

from historical data, and dashed lines are projections.2 

 

In addition to the finite nature of petrochemical resources, issues surrounding environmental 

persistence render the established market dominance of oil-derived plastics, and the current 

distribution of end-of-life pathways, undesirable and unsustainable. Provision of alternative, bio-

based materials that that are price-competitive and environmentally benign, whilst retaining useful 

thermal and mechanical properties, is therefore necessary.  

1.2  Poly(lactic acid) 

1.2.1 A Future Commodity Material 

It is in single-use or short-term applications, such as packaging production, that the 

replacement of traditional plastics with compostable, renewable alternatives is of most current 

interest. In materials for this type of use, degradability is a more desirable property than the extreme 

longevity of traditional plastics. Poly(lactic acid), PLA, is a promising candidate for the large-scale 

replacement of petrochemical-derived materials, and can already be encountered in wide-ranging 

applications.7–17 PLA is a thermoplastic, aliphatic polyester, produced from annually renewable 

carbohydrate feedstocks. In addition to eliminating reliance on supply-limited petrochemical 

resources, PLA is compostable and biocompatible. 

PLA currently accounts for less than 0.06 % of plastic used to manufacture packaging in the 

USA.1 As fossil resources become depleted and the cost of petrochemical feedstocks rise, however, 
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the adoption of renewable materials is likely to become more economically favourable for low-value 

applications. As the global production volume increases, the price of PLA will also decrease. 

Similarities between the thermal, mechanical, and barrier properties of PLA and those of some 

widely-used petrochemical-derived thermoplastics also favour adoption of PLA across many 

applications, whilst avoiding costly replacement of existing infrastructure.18 

1.2.2 Preparation of Poly(lactic acid) 

 

Scheme 1.1. The ring-opening polymerisation of lactide in the presence of pre-catalyst Sn(Oct)2 and 

exogenous BnOH. 

 

PLA is generally prepared via the ring-opening polymerisation (ROP) of lactide (LA) 

(Scheme 1.1), the cyclic condensation product of two lactic acid units.10 This route is preferred to the 

direct polycondensation of lactic acid, by which Carothers and co-workers first prepared PLA in 

1932,19 as a polymer product of high molecular weight can be produced even at low or moderate 

conversion.1,8,10,20–24 In a polycondensation process (step-growth polymerisation), high-molecular 

weight polymers can only be produced at extremely high conversion, requiring rigorous removal of 

water from the system.10 The ROP of LA is a chain-growth polymerisation, permitting facile control 

of molecular weight, which in an ideal living system increases linearly with conversion.1,8 

The industrial preparation of PLA is typically carried out under solvent-free conditions, and 

tin bis(2-ethylhexanoate), or tin octanoate, Sn(Oct)2, (Scheme 1.1) is a widely studied pre-catalyst, 

often cited in the literature as being used industrially.10,20,21,25–32 Sn(Oct)2 is inexpensive, highly active 

at low concentration,33 and produces minimal epimerisation of the polymer stereocentres (ensuring 

that crystalline poly(L-lactic acid) (PLLA) can be produced from a stereopure L-lactide (L-LA) 

monomer feed). The polymerisation of LA in the presence of Sn(Oct)2 is immortal, so addition of an 

exogenous alcohol (chain-transfer agent, or co-initiator) can be used to manipulate the molecular 
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weight of the polymer, independently of the pre-catalyst loading.34,35 Additionally, Sn(Oct)2 is a 

liquid, and exhibits reasonable stability toward air and moisture,36 facilitating convenient storage and 

manipulation. The polymerisation kinetics of Sn(Oct)2 have been extensively studied and reported 

upon in the litearture.24,25,37–39 The use of solvent-free conditions is favourable from economic and 

sustainability perspectives, and fulfils several of the Principles of Green Chemistry.40 

The preparation of LA is carried out by first preparing low-molecular weight ‘pre-polymers’ 

via polycondensation of lactic acid. Then, in the presence of a suitable pre-catalyst, such as Sn(Oct)2, 

thermal depolymerisation (backbiting) yields the LA monomer, which is isolated by sublimation 

under reduced pressure (Scheme 1.2).10 Notably, Dusselier and co-workers have reported a method 

for the highly-selective one-step synthesis of LA from lactic acid under mild conditions, which, due 

to the use of an inexpensive and robust heterogeneous zeolite catalyst appears to hold significant 

industrial relevance.41 The preparation and purification of a cyclic monomer permits the 

straightforward and thorough removal of water prior to polymerisation. Lactic acid, in turn, is 

produced industrially by the anaerobic fermentation of hexose sugars in the presence of fungi such 

as Aspergillus Niger, or Lactobacillus bacteria. Hydrolysis of various renewable carbohydrate 

sources, including starches and more complex sugars, provides the starting materials for this process. 

Although not currently commercially viable, the hydrolysis of cellulose, or utilisation of other low-

value carbohydrate sources, could provide an abundant and inexpensive source of sugars for lactic 

acid production.10,42
 

 

Scheme 1.2. The preparation of lactide from renewable feedstocks10 
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1.2.3 The Need for Benign Catalysis in Poly(lactic acid) Production 

Aliphatic polyesters such as PLA and related copolymer poly(lactic-co-glycolic acid) 

(PLGA) are biocompatible because they undergo gradual hydrolysis under biological conditions to 

yield lactic acid (and glycolic acid). Lactic acid is naturally produced in vivo from glucose through 

anaerobic respiration, and is readily metabolised to carbon dioxide and water via the Citric Acid 

Cycle.43 In principle, therefore, lactic acid-derived materials are well suited to use in the manufacture 

of bioabsorbable and biocompatible products for the biomedical sector, such as scaffolds for tissue 

engineering, drug-delivery systems, sutures, and other implantable devices.10,18,44–55 The 

compatibility of PLA with additive manufacturing techniques is also relevant to the burgeoning area 

of personalised medical devices,45,56–66 and lactic acid-derived polymers already see extensive use in 

high-value medical applications.1,10,18,43,54,57  

Sn(Oct)2 is approved for use as a pre-catalyst in the production of PLA for food packaging 

manufacture, and for biomedical applications, by regulatory bodies such as the US Food and Drug 

Administration (FDA). Clearly, however, the release of Sn-based species on decomposition of the 

polymer matrix of any implanted PLA structure under biological conditions, may be of concern in 

biomedical applications. Similarly, the presence of heavy metal residues is undesirable in packaging 

materials placed in prolonged contact with food, an area in which PLA has the potential to find 

widespread application.9,16,17 As PLA becomes more widely used, the environmental accumulation 

of Sn from discarded plastics may also become significant. It is therefore commercially attractive to 

develop catalytic protocols that meet foreseeable consumer and regulatory demand for heavy metal-

free PLA, especially for use in the biomedical and food packaging sectors.36,43 However, the 

development of a benign drop-in alternative to Sn(Oct)2 that is economically competitive and 

compatible with existing infrastructure has, to date, remained a significant challenge.  

1.3  The Ring-Opening Polymerisation of Lactide 

1.3.1 Mechanistic Considerations 

Whilst organocatalytic methods have been shown to afford great control over the ROP of 

LA, such systems typically exhibit insufficient thermal stability for use under industrially relevant 

solvent-free conditions.67 Only metal-based catalytic protocols will be discussed herein, the focus of 

the current work being on industrially relevant metal complexes.28 There are several pathways by 

which the metal-catalysed ROP of cyclic esters can proceed. Most commonly encountered, and most 

relevant to the industrial, solvent-free ROP of LA, are the coordination-insertion, and activated 

monomer mechanisms.28,54,68,69 
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1.3.1.1 The Coordination-Insertion Mechanism 

 

Scheme 1.3. A general scheme of the metal-catalysed coordination-insertion ROP mechanism. The alkoxide 

initiating group is highlighted in pink.28,54,68,69 

 

Coordination-insertion occurs in the presence of an electropositive metal alkoxide pre-

catalyst, and proceeds first via coordination of the monomer carbonyl oxygen to the metal centre, 

activating the carbon-oxygen double bond, and facilitating nucleophilic attack at the carbonyl carbon 

by the adjacent alkoxide moiety. The carbonyl oxygen is then covalently bonded to the metal centre, 

and rearrangement via a four-membered metallocyclic transition state opens the LA ring, leaving the 

growing polymer chain covalently bonded to the metal centre. Thus, the ring-opened LA unit has 

been inserted into the metal-alkoxide bond (Scheme 1.3). Chain growth occurs through insertion of 

further equivalents of LA into the metal-oxygen bond of the growing chain.8,20,28,37,43,54,68 

The ROP of LA in the presence of Sn(Oct)2 is widely reported to follow a coordination-

insertion mechanism, proceeding initially via formation of a Sn(II) alkoxide pre-catalyst on reaction 

of Sn(Oct)2 with an exogenous alcohol.20,21,28,43,54 Where the polymerisation is immortal, as in the 

case of Sn(Oct)2, the number of polymer chains, and thus the molecular weight of the product, can 

be controlled through addition of an alcohol co-initiator, or chain-transfer agent, to the reaction. In 

that scenario rapid, non-rate-determining exchange between dormant (protonated) and metal-

coordinated growing chains allows controlled, essentially simultaneous, growth of polymer chains 

that are present at higher molar concentration than the catalyst.37 The degree of control exhibited by 

a polymerisation reaction can be described by the dispersity, ĐM, of the product, which quantifies the 

molecular weight distribution. ĐM is defined as the ratio of weight average molecular weight, Mw and 

number average molecular weight, Mn (ĐM = Mw/Mn).  

Although the coordination-insertion mechanism is widely accepted there have, to date, been 

no reports of the isolation of a metal complex simultaneously bearing a coordinated lactone and an 
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alkoxide or other initiating group. Such a species, if catalytically active, would correspond to the first 

intermediate of the coordination-insertion mechanism. The literature does, however, contain several 

crystallographically-characterised examples of cyclic esters coordinated to metals.70–77 Of most 

relevance, Dagorne and co-workers prepared an ε-caprolactone (ε-CL) adduct of a cationic 

methylaluminium monophenolate, elucidating its solid-state structure via x-ray diffraction (Scheme 

1.4). They also prepared an analogous ε-CL adduct of a cationic isobutylaluminium monophenolate, 

and a LA adduct of a cationic methylaluminium monophenolate. However, solid-state structures of 

the two latter systems were not obtained.74 It was proposed in that work that the ROP of ε-CL initiated 

by a structurally-related cationic alkoxoaluminium monophenolate pre-catalyst, not bearing a 

coordinated monomer molecule, would proceed via a hypothetical alkoxoaluminium ε-CL adduct 

intermediate, although that species was not observed.74  

 

Scheme 1.4. Lactone adducts of cationic alkylaluminium monophenolate complexes (top), and the ROP of -

CL in the presence of a cationic alkoxoaluminium monophenolate, proposed to proceed via formation of an 

-CL adduct.74 

 

Lewiński and co-workers also reported coordination of -CL to an Al(III) complex, in that 

case a neutral methylaluminum bis(phenolate) (Scheme 1.5). That -CL adduct initiated ROP on 

exposure to oxygen in the presence of excess ε-CL, this being suggested to proceed via insertion of 

oxygen into the metal-alkyl bond to form the corresponding methoxide complex, although that 

species was not observed, presumably being too shortlived.77  
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Scheme 1.5. Formation of an -CL adduct of a neutral methylaluminium bis(phenolate) complex, and 

activity in the ROP of -CL on exposure to dioxygen, reported by Lewiński and co-workers.77 

 

Examples of Li(I) complexes of γ-butyrolactone and γ-valerolactone,75 and Re(III) 

complexes of γ-butyrolactone and β-propiolactone,76 have also been reported. However, in none of 

those cases were alkoxide groups also present, and the reports were not concerned with 

polymerisation catalysis. Despite the importance of the coordination-insertion mechanism to the 

ROP of cyclic esters, none of the lactone complexes described in the literature bore any sort of 

initiating group. 
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1.3.1.2 The Activated Monomer Mechanism 

 

Scheme 1.6. A general scheme of the metal-catalysed activated monomer ROP mechanism.20,78,79 

 

The activated monomer mechanism can be mediated by metal catalysts that do not bear an 

alkoxide initiating group,20,78,79 although organocatalytic systems proceeding via this mechanism 

have also been widely reported.80–87 Activation of the monomer carbonyl moiety by coordination to 

a Lewis acidic (e.g. metal) centre permits ring-opening by reaction with an exogenous nucleophilic 

co-initiator, generally an alcohol. Propagation occurs because the role of the alcohol in ring-opening 

further equivalents of the monomer is fulfilled by the protonated growing chain (Scheme 1.6). Where 

an activated monomer mechanism occurs, the polymerisation is typically immortal in nature, the 

molar concentration of polymer chains being entirely independent of the catalyst concentration, and 

directly determined by the concentration of the alcohol co-initiator.20,78,79 Furthermore, unlike 

coordination-insertion ROP, the metal complex in an activated monomer process may remain 

unchanged during the reaction, thus being a catalyst rather than a pre-catalyst. 
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1.3.1.3 The Ligand-Assisted Activated Monomer Mechanism 

 

Figure 1.4. Carpentier and co-workers’ cationic aminoether phenolate and aminoether fluoroalkoxide 

alkaline earth and rare earth catalysts.88 

 

Carpentier and co-workers have reported a ‘Ligand-Assisted Activated Monomer’ 

mechanism for the solution-state ROP of LA in the presence of novel, cationic aminoether-

fluoroalkoxide and aminoether-phenolate complexes of divalent rare earth and alkaline earth metals 

(Figure 1.4, Scheme 1.7).88 This mechanism is distinct from the activated monomer pathway 

previously reported by the same authors for structurally analogous neutral Li(I) salts.78  

Each mononuclear, cationic complex in that work was stabilised due to chelation by the 

cyclic aminoether moiety of the respective monoanionic ligand system. The proposed mechanism is 

predicated firstly upon coordination of the monomer carbonyl group to the cationic metal centre, and 

hydrogen-bonding of the acidic proton of the alcohol co-initiator to the metal-ligating fluoroalkoxide, 

or phenolate, oxygen. This is followed by nucleophilic attack at the carbonyl group, by the co-

initiator, in concert with cleavage of the π-bonding interaction of the monomer carbonyl group, 

forming a metal-oxygen σ-bond. A proton transfer event from the alcohol to the fluoroalkoxide, or 

phenolate, oxygen permits simultaneous cleavage of the metal-fluoroalkoxide, or metal-phenolate, 

M-O bond. Finally, ring-opening takes place via proton transfer from the free fluoroalcohol, or 

phenol, group to the α-oxygen of the monomer. This occurs with reformation of the metal-

fluoroalkoxide or metal-phenolate bond and removal of the growing chain from the metal centre, in 

conjunction with reformation of the carbonyl double bond (Scheme 1.7). Kinetic analysis and 

computational studies, respectively, of the ROP of L-LA using the Yb(II) species produced 

concomitant values of ΔG‡, supporting the calculated mechanism. The final protonation and 

dissociation of the growing chain from the metal centre, and reformation of the metal-ligand 

interaction, was found to be rate-determining.88  
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Scheme 1.7. A general scheme of Carpentier and co-workers’ proposed ligand-assisted activated monomer 

mechanism for aminoether phenolate and aminoether fluoroalkoxide complexes of divalent metals.88 

 

The cationic rare earth and alkaline earth catalysts were far more active for the ROP of cyclic 

esters than neutral alkali metal analogues that were reported previously. The alkali metal systems 

were not reported to exhibit dissociation of the ligand fluoroalkoxide or phenolate group from the 

metal centre, or activation of the alcohol co-initiator by the ligand, as observed for the rare earth 

species. The difference in activity and mechanism between such similar species indicates that 

manipulation of metal-ligand bond lability can increase catalytic activity.78,88 Moreover, the role of 

the aminoether moiety in preventing complete ligand dissociation, introduces the possibility of 

catalyst recovery and recycling in a solution-state process. Whilst the cationic rare earth catalysts 

were active, the scarcity and high cost of those metals is, presumably, prohibitive to industrial use. 

Additionally, the polymerisation reactions were carried out only under mild solution-phase 

conditions and inert atmosphere, precluding direct industrial relevance.88 
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1.3.1.4 Transesterification 

 

Scheme 1.8. A general scheme for transesterification of polyester chains. 

 

For an immortal ROP process to be considered well controlled, producing polymer of narrow 

molecular weight distribution (low dispersity, ÐM), the rate of chain transfer must be much greater 

than that of propagation. Transesterification activity, in which the ester linkages of polymer chains 

undergo exchange (Scheme 1.8), must also be negligible, as this process has the effect of broadening 

the dispersity of the polymer product. Both intermolecular and intramolecular transesterification 

processes can occur, although the intramolecular process is generally much slower. As the 

concentration of the monomer decreases during the catalytic ROP of LA, transesterification typically 

becomes the dominant process.8,18,38 For a new catalytic protocol to be adopted for the industrial ROP 

of LA, it is necessary to for the proliferation of deleterious side reactions to be minimised. Therefore, 

the reaction kinetics must be understood, in order to reliably ensure that the reaction time is sufficient 

to afford high conversion, and deliver high-molecular weight PLA, whilst also minimising the extent 

of any subsequent transesterification activity. Clearly it is also commercially desirable to minimise 

the reaction time in order to achieve efficiencies of energy, time, and therefore cost. 

1.3.2 Poly(lactic acid) Microstructure 

1.3.2.1 Overview and Isotactic Poly(lactic acid) 

The thermal and mechanical properties of PLA are influenced by the polymer microstructure 

in addition to the molecular weight (Figure 1.5).1,8,18,43,89 The LA monomer has two stereocentres. In 

L-LA both stereocentres have S-chirality, and D-LA contains two centres of R-chirality. The 

racemate of L-LA and D-LA is referred to as rac-lactide (rac-LA). When a non-stereoselective 

catalyst or pre-catalyst, such as Sn(Oct)2, is used for the ROP of LA, and catalytic epimerisation of 

the polymer stereocentres is negligible, the microstructure of the resulting polymer can be 

manipulated by controlling the composition of the monomer feed. The polymerisation of rac-LA in 

that case will yield atactic PLA, in which L-LA and D-LA units are distributed randomly along the 

polymer chain. This material is an amorphous solid at ambient temperature, with a low glass 

transition temperature (Tg).43 When a stereopure monomer feed is used, and epimerisation is 

minimised, isotactic PLA is produced, poly(L-lactic acid), PLLA, or poly(D-lactic acid), PDLA, 

irrespective of catalyst stereoselectivity.8,43 
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Figure 1.5. Poly(lactic acid) microstructures.1,8,18,43,89 

 

PLLA and PDLA are crystalline solids, melting at around 180 °C. Crystallinity decreases 

when stereochemical defects are introduced, with an amorphous polymer obtained when the defect 

concentration reaches 10 – 15 %.1,43 Commercial PLA is generally isotactic PLLA, due to the ready  

availability of bio-derived L-LA. Typically the monomer feed is contaminated by a small amount 

(~6 %) of D-LA, which reduces the brittleness of the resulting PLA.1,90,91 Commercial PLA of this 

composition has a Tg of around 55 – 66 °C and a Tm of ~141 °C.1,92 Such a low Tg renders current 

commercial PLA unsuitable for use in handling hot beverages, presumably a significant market for 

single-use plastic products.1  

The co-crystallisation, or stereocomplexation, of PLLA and PDLA produces PLA with the 

most useful thermal and mechanical properties.1,10,18,43,54,91 The Tm of this material is ~200 – 230 °C, 

and an elevated Tg increases suitability for high temperature applications.10,43,91,93 In order to favour 
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stereocomplexation, rather than homochiral crystallisation, the preparation of isotactic stereoblock 

PLA,91 in which individual polymer chains contain discrete blocks of PLLA and PDLA, is more 

desirable than simply combining separate PLLA and PDLA chains. Isotactic stereoblock PLA can 

be readily produced in the presence of a non-stereoselective catalyst, by sequential introduction of 

the L-LA and D-LA monomer feeds. Although stereopure D-LA is currently prohibitively expensive 

for commercial use, it is desirable in the long-term to deliver economically competitive isotactic 

stereoblock PLA with properties comparable to those of traditional plastics.10,91 It is therefore 

necessary to develop stereoselective catalytic systems, capable of producing isotactic stereoblock 

PLA from a racemic monomer feed. 

1.3.2.2 Stereoselective Catalysis in the Ring-Opening Polymerisation of Lactide 

Some catalyst systems selectively ring-open rac-LA to produce heterotactic PLA, in which 

L-LA and D-LA residues alternate along the polymer chain, as pairs of adjacent stereocentres of 

identical chirality, whereas other systems are selective towards formation of isotactic PLA.8 In the 

presence of a heteroselective catalyst, rac-LA will be polymerised at a higher rate than stereopure 

D-LA or L-LA. However, in the presence of an isoselective catalyst, a rate difference is not 

necessarily observed between the ROP of stereopure and racemic monomer feeds, depending on the 

mechanism of stereoselectivity, and whether the active species is itself racemic or enantiopure. 

Meso-LA contains two stereocentres of opposing chirality, and in addition to the possibility 

of forming atactic PLA, can be selectively ring-opened to deliver a heterotactic polymer or a 

syndiotactic polymer, the latter case being where adjacent stereocentres are of alternating chirality.8,26 

The ROP of meso-LA is not of industrial interest, due to its incompatibility with the production of 

isotactic PLA, and inherently lower stability than either L-LA or D-LA. Accordingly, the ROP of 

that monomer will not be a focus of the current work. 

For the stereoselective ROP of rac-LA to yield isotactic stereoblock PLA, an enantiopure, 

isoselective catalyst may be used, ensuring rapid formation of one isotactic block, followed by the 

slow incorporation of the other. Alternatively, an achiral, isoselective catalyst that proceeds via a 

chain-end control mechanism can be used (see below), with the occurrence of occasional mis-

insertions affording a periodic switch in the chirality of the isotactic block being produced.  

1.3.3 Mechanisms of Stereocontrol in the Ring-Opening Polymerisation of rac-Lactide 

The two general mechanisms by which ROP catalysts can effect stereocontrol are 

enantiomorphic site control, and chain end control.28,94–96 Enantiomorphic site control is a kinetic 

effect predicated on the steric influence arising from an asymmetric active site on a chiral metal 

complex preferentially accommodating one LA enantiomer over the other.28,97,98 Although such 
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asymmetry is most frequently generated by use of a chiral ligand, stereoselective catalytic systems 

have been reported in which helical chirality,99,100 or point chirality at either the metal centre or the 

ancillary ligand,89,101–103  of the active species has been acquired in-situ on formation from achiral 

pre-cursors. Because of its conformational basis, enantiomorphic site control can only be selective 

toward a single enantiomer, and so, excepting cases where the catalyst chirality is in a dynamic 

state,99,101,104,105 this mechanism is always selective toward producing isotactic PLA. By contrast, the 

chain end control mechanism can selectively produce either isotactic or heterotactic PLA from rac-

LA, and can be observed in the presence of, often sterically congested, achiral catalysts. Under this 

type of regime, the chirality of the metal-coordinated polymer chain end confers asymmetry at the 

active site, determining stereoselectivity in coordination of the next monomer molecule.28 

1.4  Other Aliphatic Polyesters Produced via Ring-Opening 

Polymerisation 

 

Figure 1.6. Lactone monomers and corresponding polymers produced via ring-opening polymerisation. 
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In addition to PLA, various other aliphatic polyesters are most efficiently produced via the 

ROP of the relevant lactones, rather than by polycondensation of the corresponding hydroxy acids. 

Most relevant to the current work, poly(ε-caprolactone), PCL, poly(δ-valerolactone), PVL, and 

poly(3-hydroxybutyrate), P3HB, produced respectively from ε-caprolactone, ε-CL, δ-valerolactone, 

δ-VL, and β-butyrolactone, β-BL, have collectively received significant research attention (Figure 

1.6). 

1.4.1 Poly(ε-caprolactone) and Poly(-valerolactone) 

Like PLA, PCL is a biodegradable and biocompatible thermoplastic polyester. PCL 

gradually degrades in-vivo and its metabolites are excreted.106 As a result, it has received much 

attention with regard to biomedical applications such as the manufacture of implantable scaffolds for 

tissue engineering and controlled drug delivery systems,107–114 and has been commercialised by 

several companies.115 Furthermore, due to its high ductility in comparison to PLA,116 PCL and related 

composites are of interest for use as packaging materials. Although ε-CL is generally prepared from 

petrochemical feedstocks, it can be prepared from carbohydrates,117 and PCL is therefore relevant as 

a potentially sustainable, annually-renewable polymer. In the current work, the ROP of ε-CL is also 

of interest as a model system from which insight can be gained regarding mechanistic aspects of the 

ROP of LA and of cyclic esters in general. δ-VL is chemically similar to ε-CL, but its polymerisation 

has been the focus of a much smaller body of research, with no reviews dedicated to the subject 

having been published to date. 

1.4.2 Poly(3-hydroxybutyrate) 

Poly(3-hydroxybutyrate), P3HB, is produced by several species of bacteria as an energy 

storage medium. Bacterial P3HB is entirely isotactic and highly crystalline, with properties 

comparable to those of isotactic polypropylene.1,118 P3HB and related poly(hydroxyalkanoate) 

materials have received interest regarding potential use in the packaging and biomedical sectors.118 

However, widespread adoption of this material has not been realised, due to high production costs 

and limited scalability. The chemical synthesis of P3HB via the metal-catalysed ROP of inexpensive 

monomer rac-β-BL, has therefore received interest as an alternative strategy.20,27,119–121 However, 

despite over five decades of research, large-scale commercialisation of this process has also not yet 

occurred.118 This is partly due to the difficulty of achieving stereoselectivity, or obtaining a high-

molecular weight product.27 
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1.4.3 Ring-Opening Polymerisation Catalysis for Lactones other than Lactide 

1.4.3.1 Overview and Thermodynamic Considerations 

The ROP of ε-CL, δ-VL, and rac-β-BL proceeds via the same general mechanisms as the 

ROP of LA. Unlike LA, however, ε-CL and δ-VL are achiral, being seven-membered and six-

membered unsubstituted lactones, respectively, whilst rac-β-BL bears a methyl substituent at the β-

carbon, and therefore contains only one chiral centre. As a result, tacticity is not a consideration in 

the characterisation of PCL and PVL homopolymers, and when rac-β-BL is polymerised to yield 

P3HB, only isotactic, syndiotactic and atactic microstructures are generally encountered. 

The respective thermodynamic polymerisabilities of ε-CL and δ-VL are calculated to be 

similar, with the ROP of δ-VL being slightly more favourable.122 This is a result of the combined 

effects of ring-strain, which is greater for the seven-membered ε-CL,122–124 and the conformational 

free energy of the respective homopolymer products.122 Although the calculated reactivity ratio of 

the two monomers is broadly reflected by experimental observations pertaining to a range of catalytic 

systems,73,125–129 there are also examples of pre-catalysts in the presence of which the ROP of ε-CL 

has been reported to be more facile than that of δ-VL.49,130  Five membered γ-lactones will not be 

discussed in the current work, as low ring strain generally renders their homopolymerisation highly 

thermodynamically unfavourable.122,131–133 Indeed, the archetype γ-butyrolactone has only recently 

been homopolymerised for the first time at ambient pressure or to high molecular weight, by Chen 

and co-workers using a lanthanum amide pre-catalyst at –40 °C.131 Notably, however, the unsaturated 

and potentially-bio-renewable five-membered -angelicalactone has been shown to be more readily 

polymerisable.134,135 
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1.4.3.2 The Ring-Opening Polymerisation of ε-Caprolactone, and Comparison with Lactide 

 

Scheme 1.9. Deactivation of Sc(III) phosphasalen system for the ROP of LA after insertion of a single LA 

molecule into the Sc-alkoxide bond, due to chelation of the metal centre by the ring-opened lactyl species. 

The resulting complex was isolated and characterised via X-ray diffraction by Williams and co-workers.136 

 

The metal-catalysed ROP of ε-CL has been widely studied,115 receiving much more attention 

than that of δ-VL. The relative facility of the ROP of ε-CL and of LA has been assessed with respect 

to a wide range of catalytic protocols, producing varying results.52,74,136–145 It has been suggested by 

Nomura and co-workers that the steric profile conferred by the methyl groups of LA may have a role 

in disfavouring the ROP of that monomer relative to ε-CL in some cases.145 Some metal complexes 

that are active for the coordination-insertion polymerisation of ε-CL, however, become irreversibly 

deactivated in the presence of LA. This has been attributed to chelation of the metal centre by the 

ring-opened species formed on insertion of a single equivalent of LA into the metal-alkoxide bond, 

preventing the coordination of further monomer molecules (Scheme 1.9), a phenomenon not feasible 

in the ROP of ε-CL due to the absence of a second carbonyl group on the monomer ring.74,136,139,146–

148 Notably, Williams and co-workers have characterised, in the solid state, a single LA insertion 

product of a phosphasalen-supported Sc(III) ethoxide pre-catalyst, inactive toward further insertion 

events, confirming the chelating ability of the ring-opened dilactly species.136  
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Scheme 1.10. a) Mehrkhodavandi and co-workers’ redox-switchable Zr(IV) salfan and thiolfan pre-catalysts, 

and b) Y(III) and In(III) phosphiniminophenolate pre-catalysts by the same group, for the selective ROP of 

cyclic esters.142,149 

 

Mehrkhodavandi and co-workers have reported redox-switchable bis(alkoxo) Zr(IV) 

complexes of ferrocene-based salfan and thiolfan ligands, that were selective towards the ROP of 

LA in their reduced, neutral forms, and of ε-CL in the oxidised, cationic forms (Scheme 1.10, a). 

Block copolymers were readily produced via in-situ chemical redox switching of the thiolfan-

supported catalyst. The salfan-supported system, however, did not facilitate block copolymer 

synthesis, despite exhibiting greater monomer selectivity under homopolymerisation conditions. 

This was attributed to stronger binding of the PLA chain to the metal centre in the salfan system than 

the thiolfan, preventing coordination of ε-CL.142 
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The redox-switchable nature of the monomer selectivity of Mehrkhodavandi and co-

workers’ Zr(IV) salfan and thiolfan systems suggests that the electronic properties of the metal centre 

are an important factor in determining monomer compatibility.142 Moreover, the subtle nature of such 

effects is further demonstrated by a previous report from Mehrkhodavandi and co-workers, of redox-

switchable LA polymerisation protocols based on Y(III) alkoxide and In(III) aryloxide complexes 

supported by a ferrocene-based phosphiniminophenolate ligand, of structural similarity to the salfan 

and thiolfan scaffolds used for the Zr(IV) systems. In contrast to the Zr(IV)-catalysed protocols, the 

In(III) species was active for the ROP of LA only in the oxidised form, whereas the Y(III) system 

was, like Zr(IV), active only in the reduced form (Scheme 1.10, b).149  

Furthermore, Lamberti and co-workers have reported alkoxo Fe(III) salan, salalen and salen 

complexes for the ROP of LA and ε-CL, wherein monomer selectivity was related to the Lewis 

acidity of the Fe(III) centre, which in turn was determined by the nature of the ancillary ligand.139 

1.4.3.3 The Ring-Opening Polymerisation of rac-β-Butyrolactone 

In addition to various reports of excellent molecular weight control in the metal-catalysed 

ROP of rac-β-BL,120,150 several groups have observed stereoselectivity in the production of high-

molecular weight P3HB. For example, Rieger and co-workers applied Cr(III) salophen complexes to 

the ROP of rac-β-BL, with moderate isoselectivity (Pr = 0.63 – 0.66) reportedly affording useful 

thermal properties for melt processing, although molecular weight control was extremely poor (ĐM 

= 5.2 – 9.6).151 Gauvin and co-workers reported unusual silica-supported (heterogeneous) Nd(III) 

amide and Nd(III) borohydride systems for the isoselective ROP of rac-β-BL, affording selectivities 

as high as Pr = 0.80 and Pr = 0.85, respectively in a well-controlled polymerisation. The heterogeneity 

of those systems is relevant to the development of sustainable industrial protocols.152  

Carpentier and co-workers have reported several Y(III)-catalysed protocols with 

syndioselectivities as high as Pr = 0.94,121,153–155 as well as other lanthanide systems of comparable 

selectivity,156 and Y(III) and Yb(III) salan complexes have been reported, with which 

stereoselectivity in the ROP of rac-β-BL could be changed from isoselective to syndioselective, by 

varying the steric demands of the ligand substituents.157 Mehrkhodavandi and co-workers have 

utilised a Zn(II) species that afforded syndioselectivity up to Pr = 0.75 in the ROP of β-BL, citing 

the wider thermal processing window of syndiotactic P3HB relative to the isotactic material as being 

attractive for commercialisation.151 Syndioselectivities of up to Pr = 0.65 and Pr = 0.76 have also 

been observed by Davidson and co-workers in the well-controlled ROP of rac-β-BL using Zr(IV) 

and Hf(IV) complexes, respectively, of asymmetric amine tris(phenolate) ligands (Scheme 1.11). 

The Zr(IV) complexes were consistently more active than the Hf(IV) systems, and whilst all of the 

complexes of asymmetric amine tris(phenolate) ligands were dimeric in the solid state, the active 
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species in solution were reported to likely be monomeric. Notably, when a C3-symmetric ligand 

scaffold was used, only low-molecular weight P3HB was produced, and stereoselectivity was not 

reported.119,158 Another syndioselective Zr(IV)-based system for the ROP of rac-β-BL, prepared by 

Chakraborty and co-workers using a  bis(imino)phenoxide ancillary ligand was, additionally, active 

for the heteroselective ROP of rac-LA, and the ROP of L-LA, ε-CL and δ-VL under solvent-free 

conditions, showing considerable versatility.159 

 

Scheme 1.11. Asymmetric amine tris(phenolate) ligands and corresponding dimeric complexes of Zr(IV) and 

Hf(IV), active for the syndioselective ROP of rac--BL, reported by Jones and co-workers.119,158 

 

Chen and co-workers recently reported the preparation of perfectly isotactic P3HB via a ROP 

process, catalysed by an Y(III) amide complex bearing a chiral salen ancillary ligand. However, in 

that case the monomer was not rac-β-BL, but a novel, racemic, eight-membered diolide, containing 

two 3-hydroxybutyric acid units (Figure 1.7).118 The same group subsequently reported that 

stereosequenced P3HB could be prepared from a mixed monomer feed consisting of the racemic and 

meso-diolides.160 

 

Figure 1.7. D- and L-diolides produced by Chen and co-workers, and polymerised to yield isotactic poly(3-

hydroxybutyrate).118,160 
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1.5  Kinetic Analysis of the Solvent-Free Ring-Opening Polymerisation of 

Lactide 

1.5.1 Techniques for Quantitative On-Line Reaction Monitoring 

1.5.1.1 Overview and Kinetic Analyses of Industrially relevant Tin(II) Systems 

Whilst it is necessary to elucidate the reaction kinetics of the ROP of LA in the presence of 

any novel catalyst species prior to industrial adoption, the high temperature and viscosity of the 

reaction mixture in any industrially relevant, solvent-free protocol precludes use of standard 1H NMR 

techniques for on-line reaction monitoring. Where industrially relevant catalysts are also active under 

lower-temperature, solution-state conditions, NMR spectroscopy may be used to delineate the 

reaction kinetics. This is not necessarily representative, however, of the catalytic regime under 

solvent-free conditions. In addition to comparing the activities of different catalyst species, and 

informing the construction of rate equations, kinetic analysis of the ROP of LA (or other chiral 

monomers) can provide information regarding catalyst stereoselectivity, activation energy, and other 

mechanistic considerations. 

 

Scheme 1.12. The kinetic model for the Sn(II)-catalysed ROP of L-LA, described by Carpentier and co-

workers, with particular attention given to the exchange of protic and metal-coordinated species during 

initiation and propagation.37 
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Carpentier and co-workers have developed a comprehensive kinetic description of the 

immortal ROP of cyclic esters in the presence of Sn(II) pre-catalysts.37 Unlike Hillmyer and Tolman, 

who employed Michaelis-Menten-type kinetics to describe the Al(III)-catalysed ROP of cyclic 

esters,161,162 Carpentier’s work placed much emphasis upon the initiation phase of the polymerisation, 

considering in particular the continued exchange at the metal centre of growing polymer chains and 

alcohol co-initiator, prior to complete conversion of the co-initiator to growing chains, as well as 

upon chain transfer activity in general (Scheme 1.12).24,37,161,162  

Penczek and co-workers previously showed that, below a threshold ratio of co-initiator to 

pre-catalyst, the rate of ROP of L-LA in the presence of Sn(Oct)2 was proportional to (first-order in) 

the co-initiator concentration. This was attributed to the equilibrium formation of a Sn(II) alkoxide 

species on reaction of Sn(Oct)2 and the co-initiator. This rationalisation of the catalyst activation 

process is relevant to the kinetic model presented by Carpentier and co-workers, wherein Sn(II) 

species are considered to enter the catalytic manifold via reaction with an alcohol.25,37 Furthermore, 

Carpentier and co-workers showed that, where a ROP process is known, from analysis of the polymer 

product, to be immortal, and the co-initiator is present in large excess (> 5 equiv.), a comprehensive 

kinetic model can be constructed without consideration of the co-initiator concentration. This is due 

to the non-rate-determining nature of chain transfer under an immortal regime, ensuring a zero-order 

rate dependency with respect to the co-initiator. Although the pre-catalysts described in Carpentier’s 

work, being Sn(II)-based, are of some industrial relevance, reactions were monitored in solution 

using 1H NMR spectroscopy, at much lower temperatures than those at which industrial solvent-free 

ROP is carried out. Therefore, whilst likely informative of a general mechanism, the kinetic model 

would not be appropriate for direct application to the use of those species under industrial 

conditions.37  

A detailed kinetic model of the solvent-free ROP of LA in the presence of Sn(Oct)2 has also 

been developed by Morbidelli and co-workers, although reaction monitoring methods were not used 

in that case. They showed that when the kinetics of a catalytic system are well understood, the 

proliferation of side-reactions (transesterification, chain scission) can be quantified. Consequently, 

it was shown that when the calculation of polymer molecular weight was informed by knowledge of 

the kinetic behaviour of the various side-reactions (temperature dependency, reaction order with 

respect to the catalyst), the accuracy was consistently improved.23 Whilst clearly valuable for 

industrial processes using Sn(Oct)2, the kinetic model from that work is not applicable to other 

catalytic systems. Modern on-line reaction monitoring techniques are a useful tool for efficiently 

investigating the kinetics of novel catalytic protocols, as is invaluable for industrial use.  
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1.5.1.2 In-Situ ATR-FT-IR Spectroscopic Reaction Monitoring in Kinetic Studies of the 

Ring-Opening Polymerisation of Lactide  

 

Figure 1.8. Region of the FT-IR absorbance spectra showing asymmetric C-H3 stretching, monomer and 

polymer C-O-C stretching and monomer ring breathing bands.163–166 

 

In-situ ATR-FT-IR (Attenuated Total Reflectance Fourier Transform Infra-Red) 

spectroscopy has been used to monitor both the solution-state and solvent-free ROP of LA, providing 

high-resolution data for kinetic analysis.163–166 For example, in Davidson and co-workers’ report of 

robust and benign Group 4 metal isopropoxide pre-catalysts derived from pro-ligand N,N,N′,N′-

tetrakis(2-hydroxyethyl)ethylenediamine, H4TOEED, for the solvent-free ROP of rac-LA, the 

reaction kinetics were investigated using in-situ ATR-FT-IR spectroscopy. In that case, the integrated 

signal area of the C-O-C stretching mode corresponding to the LA monomer (1240cm–1, the 

corresponding mode for  PLA appearing at 1185 cm–1) (Figure 1.8) was calibrated against 1H NMR 

spectroscopic data acquired off-line, and used to monitor the reaction progress.165 Analysis of this 

region of the FT-IR spectrum was first applied to the kinetic study of the ROP of LA by Hillmyer 

and co-workers. However, their Sn(II)-catalysed rac-LA polymerisations were undertaken in 

solution in toluene, and their complete methodology was not reported.166,167 The reaction kinetics of 

the solution-state ROP of rac-LA in the presence of Sn(Oct)2 have also been studied via in-situ ATR-

FT-IR spectroscopic monitoring of the C-O-C stretching mode by Messman and Storey, but in that 

work, peak height was used to determine monomer concentration, rather than peak area.167 

Dorgan and co-workers reported an in-situ ATR-FT-IR spectroscopic technique for 

determination of the residual LA concentration in a molten PLA matrix,163 (analogous to monitoring 
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the ROP of LA at high conversion), in which the area of the signal corresponding to a ‘ring-breathing’ 

band at 935 cm–1 was used to monitor LA concentration, being well-resolved due to its isolation from 

other signals (Figure 1.8).163,168 Ring-breathing is only exhibited by the cyclic monomer species, and 

not the linear polymer, avoiding proximity or overlap of monomer and polymer signals. A signal at 

1454 cm–1 corresponding to an asymmetric C-H3 bending mode of the lactyl methyl group was used 

as an internal standard, that moiety being sufficiently isolated from lactide’s ring structure, or PLA’s 

polyester backbone, to exhibit a negligible difference in absorptivity between monomer and polymer 

species.163,169 Accordingly, normalisation of the LA ring-breathing signal was possible by 

considering the internal standard as representative of the total number of lactyl groups present in the 

reaction mixture, eliminating the need for external calibration. However, Dorgan and co-workers 

reported that their methodology was especially suitable for LA/PLA mixtures of < 25 % LA, 

producing a linear response to lactide concentration in that range. Where, the LA concentration was 

> 25 %, a second order polynomial was used to mitigate errors associated with the splitting of the 

signal at 1454 cm–1 into two distinct peaks, which was attributed to a crystallisation effect. Therefore, 

whilst useful for monitoring LA concentration during PLA processing, Dorgan and co-workers’ 

method does not offer any advantage in kinetic studies of catalytic ROP processes, compared to more 

straightforward methods.163   

Whilst proximate, the IR signals for lactyl C-O-C stretching bands of monomer and polymer 

species have been shown by Davidson and co-workers to be sufficiently well-resolved for use in 

kinetic studies of LA polymerisation. Additionally those signals are of much greater intensity than 

the ring-breathing and C-H3 stretching modes used by Dorgan and co-workers, as well as yielding 

more reproducible results in solution-state work reported by Hillmyer and co-workers, and by 

Messman and Storey.163,165–167 
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Figure 1.9. Raman spectra, from the work of Herres-Pawlis and co-workers, showing polymer and monomer 

peaks.170 

 

Herres-Pawlis and co-workers have employed in-situ Raman spectroscopic reaction 

monitoring in the kinetic study of the ROP of rac-LA in the presence of a robust guanidine-supported 

Zn(II) chloride pre-catalyst. The Raman spectrum of the monomer contained a very intense, well-

resolved signal at 650 cm–1, arising from a vibration of the ring structure. A peak at 870 cm–1 was 

attributed to the C-O stretch of the polymer backbone (Figure 1.9). This was of lower intensity than 

the monomer peak, but also well isolated, facilitating straightforward analysis of reaction kinetics.170 

1.5.1.3 Other Methods for Kinetic Studies of the Solvent-Free Ring-Opening Polymerisation 

of Lactide 

In cases where in-situ ATR-FT-IR analysis is not suitable, or the required apparatus is 

unavailable, kinetic analysis of the solvent-free ROP of LA can be carried out by periodically 

removing from the reaction vessel, and immediately quenching (for example using aqueous acid), 

aliquots of the reaction mixture for analysis via 1H NMR spectroscopy. Alternatively, several 

reactions can be carried out in parallel, quenched after various durations, and the products analysed 

to produce time-resolved data. Information can be acquired using these methods that is not readily 

obtained using in-situ reaction monitoring techniques, such as time-resolved molecular weight data 

obtained via gel permeation chromatography (see 1.6 Polymer Characterisation Techniques). In the 

current work, undertaking kinetic analysis using parallel reactions was useful for small-scale studies 

where extremely vigorous mixing and stringent air-free conditions were required, and for monitoring 
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reactions under industrially relevant conditions where ATR-FT-IR equipment was not available. In-

situ kinetic analysis of solution-state polymerisations can be easily undertaken using 1H NMR 

spectroscopic techniques, a method that in the current work was suitable when using air-sensitive 

pre-catalysts, or when working on a scale too small for ATR-FT-IR monitoring. 

1.5.2 Modern Kinetic Techniques for Analysis of Reaction Monitoring Datasets 

1.5.2.1 Reaction Progress Kinetic Analysis 

Initial rate analysis is a technique commonly used to investigate the reaction kinetics of 

catalytic systems. However, this technique only allows the first part of a reaction to be considered, 

and described using a single value, kobs. This necessarily discards much of the information obtained 

using modern reaction monitoring techniques.  

In 2005, Blackmond developed Reaction Progress Kinetic Analysis (RPKA), for mechanistic 

analysis of complex catalytic systems. Blackmond’s method is predicated upon construction of a 

‘graphical rate equation’ using reaction monitoring data, wherein reaction progress is presented as a 

plot of relative (instantaneous) rate versus substrate concentration. This allows kinetic information 

to be considered without direct dependence on time.171 

 

Figure 1.10. Blackmond’s example graphical rate equations, showing a) adherence to and, b) deviation from, 

first-order reaction kinetics with respect to substrate.171 

 

Linearity of the graphical rate equation is characteristic of first-order kinetics with respect to 

the substrate (Figure 1.10, a), with deviation from linearity indicative of a more complex mechanistic 

scenario (Figure 1.10, b), this being discerned visually. Because the relationship between rate and 

substrate concentration is considered, the graphical rate equation generated from a single reaction 

can be viewed as equivalent to many separate initial rate plots. Accordingly, a first-order rate 

dependency with respect to one reagent can be confirmed via RPKA using data from a single 

reaction. In carrying out kinetic studies with RPKA, it is also not necessary to enforce pseudo-first-

order kinetics by use of large co-reagent excesses.171  
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The rate axis of a graphical rate equation can be normalised against initial catalyst 

concentration, to give turn over frequency (TOF). Then, graphical rate equations for (as few as two) 

reactions with different catalyst concentrations can be plotted on the same axes, with superimposition 

of the plots characteristic of a first-order rate dependency with respect to the catalyst.171 

 

Figure 1.11. Non-superimposable graphical rate equations, indicative of an inhibitive process (catalyst 

deactivation or substrate inhibition).171 

 

The capabilities of initial rate analysis are exceeded by those of RPKA for discerning and 

distinguishing between phenomena such as catalyst deactivation and product inhibition. This is 

achieved by plotting on the same axes graphical rate equations for two reactions, identical except for 

a difference in the initial reagent concentrations. The excess (the difference in the molar quantities 

of reagent and co-reagents present) must be identical for each of the two reactions, such that the 

initial composition of the reaction mixture with the lower reagent concentration (Reaction B) is the 

same as the composition at some partial conversion of the reaction mixture with the higher initial 

reagent concentration (Reaction A), except for the absence of any product. If the graphical rate 

equations cannot be superimposed, an inhibitive process must be occurring (Figure 1.11). Repeating 

Reaction B, with addition of an appropriate quantity of the product to replicate the composition at 

partial conversion of Reaction A, will permit superimposition of the graphical rate equations if 

product inhibition is the cause of the rate discrepancy. If product inhibition is not detected, the rate 

difference can be attributed to catalyst deactivation.171 However, this analysis requires variation of 

the initial reagent and co-reagent concentrations (in the case of the ROP of LA, monomer and co-

initiator) to be possible independently of the introduction or exclusion of additional product. This is 

not feasible for a solvent-free polymerisation, in which the initial monomer concentration is, by 

definition, at the theoretical maximum, and the growing polymer chains are simultaneously the co-

initiator/ nucleophile, product and (as the reaction progresses) solvent. 
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In the immortal ROP of LA, where there is a zero-order rate dependency on the concentration 

of co-initiator (or growing chains) during propagation,25,37 conditions are already suitable for 

determination of the reaction order with respect to the catalyst, and of the propagation rate constant, 

kp, via initial rate analysis. Furthermore, magnification of artifacts as a result of differentiating 

integral (concentration) data to generate relative rate, or TOF, data for RPKA, renders evaluation of 

overlaid plots difficult. However, this can be overcome by use of an alternative kinetic tool, Variable 

Time Normalisation Analysis, in which the reaction order with respect to catalyst concentration can 

be determined using only integral data, whilst still considering the entire reaction profile and 

minimising the number of reactions required.172,173 

1.5.2.2 Variable Time Normalisation Analysis 

 

Figure 1.12. Bures’s examples of variable time normalisation analysis with respect to various species.172,173 

 

Variable Time Normalisation Analysis (VTNA), developed by Burés, is a tool for efficiently 

extracting reaction orders from high-resolution kinetic data.172,173 Like Blackmond’s RPKA, VTNA 

considers the whole reaction profile, and reaction orders with respect to catalyst and reagent species 

can be determined from as few as two experiments.171–173 To determine the reaction order with respect 

to a reagent using VTNA, the time axis of a simple conversion versus time plot containing reaction 
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profiles for two or more reactions of different initial reagent concentrations, is replaced by 

‘normalised time’. That is, the time integral of the concentration of the reagent, raised to a power, a 

(Equation 1.1, Figure 1.12).172,173 

Equation 1.1.  

∫ [𝐴]𝑎𝑑𝑡 = ∑ (
[𝐴]𝑖 + [𝐴]𝑖−1

2
)

𝑎𝑛

𝑖=1

(𝑡𝑖 − 𝑡𝑖−1) =  ∑[𝐴]𝑎∆𝑡
𝑡=𝑛

𝑡=0

 

 

The value of a can then be changed iteratively, until the two reaction profiles overlay, 

discerned visually (Figure 1.12). The power to which each component is raised is then equal to the 

reaction order with respect to that component. Determining the order with respect to the catalyst is 

achieved in the same way, except conversion is simply plotted against time multiplied by the initial 

catalyst concentration raised to a power (it is assumed in that case that the catalyst concentration 

remains constant). VTNA is especially powerful in allowing reaction orders with respect to several 

reagent or catalyst species to be determined simultaneously from a small number of experiments by 

plotting conversion against the time integral of the mathematical product of the concentrations of 

each species, each raised to an appropriate power. An iterative approach to changing each of the 

powers will eventually produce a series of superimposed linear plots, allowing the rate law to be 

easily determined.172,173 Unlike initial rate analysis, and in commonality with RPKA, VTNA is 

compatible with reactions that exhibit slow catalyst induction processes, as well as catalyst 

deactivation and the equilibrium formation of off-cycle catalyst derivatives.171–173 

VTNA has several advantages when compared to RPKA. Firstly, because integral data is 

used, rather than differential data, artifacts are reduced. Secondly, VTNA does not require the 

catalyst concentration to be assumed constant, if this variable can be monitored experimentally. If 

the time axis is normalised against the changing catalyst concentration, complex kinetic processes 

such as catalyst deactivation and equilibrium formation of inactive off-cycle species can be readily 

accommodated in the kinetic model. Similarly, VTNA is compatible with systems in which the order 

with respect to a given reagent changes during the reaction.171–173  

The application of VTNA to the ATR-FT-IR-monitored solvent-free ROP of LA is expected 

to be limited by the insufficient sensitivity of the monitoring technique for detection and 

quantification of the active catalyst. However, qualitative determination of reaction order with 

respect to the catalyst may be feasible using modern kinetic techniques, and any aberrant kinetic 

behaviour corresponding to limiting conditions may be easily discerned.171–173  

For a living polymerisation process in which the molecular weight of the product is inversely 

proportional to the catalyst loading, the viscosity of the reaction mixture at a given conversion will 



 

33 

 

also be inversely related to the catalyst loading, meaning that reactions with different catalyst 

loadings may become diffusion limited at different conversions. Initial rate analysis is therefore more 

appropriate than VTNA or RPKA for quantitative determination of rate constant, kobs, as only at low 

conversion can the reaction mixture’s viscosity be assumed to approximate that of molten LA. 

Moreover, the initial rate method provides separate semi-logarithmic plots for each reaction, with 

the initial linear region, corresponding to first-order kinetics with respect to the monomer, being 

easily visually identified. 

1.6  Polymer Characterisation Techniques 

1.6.1 1H NMR Spectroscopy 

1H NMR spectroscopy has a range of uses in the characterisation of the polymers described 

in the current work. The percentage conversion of a polymerisation reaction is readily determined 

from the relative integrated areas of resonances corresponding to monomer and polymer species in 

the 1H NMR spectrum of the crude product. In general, for the ROP of LA and β-BL, signals 

corresponding to the OCH methine proton adjacent to the ester group are considered, and for ε-CL 

and δ-VL, the OCH2 methylene protons, also adjacent to the ester group, are used. Similarly, in 

solution-phase processes, the relative integrations of resonances corresponding to monomer and 

polymer species can be measured regularly throughout the course of the polymerisation reaction via 

in-situ 1H NMR spectroscopic reaction monitoring (the reaction taking place in an NMR tube), 

allowing kinetic data to be readily obtained.  

End group analysis can also be carried out via 1H NMR spectroscopy. Of particular interest 

in the case of controlled coordination-insertion polymerisation processes, the presence of the pre-

catalyst’s initiating group (typically an alkoxide moiety) as a polymer end group can be identified 

and quantified relative to the repeat unit of the polymer backbone, by 1H NMR analysis of the 

protonated and rigorously purified polymer. This technique can also be used to calculate polymer 

molecular weight, assuming the absence of other initiating species (protic impurities), or undesirable 

transesterification or chain-scission processes, whilst comparison with GPC or MALDI-ToF-MS can 

be useful for identifying such processes. 

1H NMR spectroscopy can be used to determine the composition of copolymers, although 

that is not relevant to the current work, and to assess the tacticity of homopolymers of chiral 

monomers, such as LA. This is of use both for determining the stereoselectivity of catalytic systems 

in the ROP of rac-LA or (or meso-LA), and for identifying any undesirable epimerisation processes 

in the ROP of stereopure L-LA or D-LA. Furthermore, where heteroselectivity has already been 

observed via kinetic methods, the prevalence of epimerisation in the ROP of a racemic monomer can 

also be determined via 1H NMR spectroscopy. Tacticity is determined by selectively decoupling the 
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methine proton signal of PLA from that of the adjacent methyl group. Accordingly, that region of 

the spectrum is simplified from a series of up to five overlapping quartets, to five singlets, each 

corresponding to a different tetrad (Figure 1.13). A tetrad is a sequence of four lactic acid units in 

the polymer chain, comprising three ester linkages (dyads), which can each be denoted iso (i) or 

syndio (s). The five possible tetrads formed on polymerisation of rac-LA, assuming no epimerisation 

has occurred, are therefore denoted iii, isi, sis, sii, and iis (although the ROP of meso-LA produces a 

different set: sss, ssi, and iss, which can also arise due to epimerisation or transesterification in the 

ROP of rac-LA or epimerisation in the ROP of stereopure L-LA or D-LA). As described by Coates 

and co-workers, Bernouillian statistics can be used to determine polymer microstructure from the 

relative integrations of the signals corresponding to each tetrad,174 the assignments of which are 

known.175 Alternatively, the relative signal area corresponding to each tetrad can be determined by 

deconvolution of the methine region of the 1H NMR spectrum, without decoupling, although this 

analysis is more complex. The tacticity of PLA produced from rac-LA is described by the parameters 

Pr, or Pm, which are defined as the probability of heterotactic enchainment, and the probability of 

isotactic enchainment, respectively. The sum of Pr and Pm for a given polymer sample is equal to 1. 

For simplicity, in the current work polymer tacticity is only described using Pr. Where 0 ≤ Pr <0.5, 

Pr = 0.5, and 0.5 < Pr ≤ 1, the polymer is isotactically-enriched, atactic, and heterotactically-enriched, 

respectively, and where the sum of the integrated areas of the 1H NMR signals corresponding to the 

five tetrads is equal to 1, Pr is defined by the equation 𝑃𝑟 =  √(2[𝑠𝑖𝑠]). The relative probabilities of 

each tetrad in terms of Pr and Pm are given in Table 1.1. However, for simplicity, only 𝑃𝑟 =

 √(2[𝑠𝑖𝑠]) will be used to calculate tacticity in the current work. In the ROP of rac-β-BL, tacticity 

is determined via inverse-gated (quantitative) 13C{1H} NMR spectroscopy, using the relative 

integrations of the methylene signals corresponding to rr, rm, mr, and mm triads (where r and m 

denote racemo and meso linkages, respectively), as described by Carpentier and co-workers.121  



 

35 

 

 

 

Figure 1.13. Homonuclear decoupled methine region of the 1H NMR (400 MHz) spectrum in chloroform-d 

at 298 K of heterotactically enriched PLA, showing the five tetrads produced in the ROP of rac-LA.174,175 

 

 

 

Table 1.1. The probability of a proton in a given PLA sample being represented by each distinct tetrad signal 

can be described in terms of Pr and Pm.174 

Tetrad Probability 

[iii] Pm
2+PrPm/2 

[iis] PrPm/2 

[sii] PrPm/2 

[sis] Pr
2/2 

[isi] (Pr
2+PrPm)/2 

 

 

1.6.2 Gel Permeation Chromatography 

Gel permeation chromatography, GPC (also known as size exclusion chromatography, SEC) 

is the method most routinely used for the determination of molecular weights of aliphatic polyesters, 

and other polymers. GPC is a chromatographic technique wherein a polymer solution is passed 

through a column packed with porous microbeads. Polymer molecules of smaller solvodynamic 

radius (low molecular weight) are able to easily enter the pores of the stationary phase, whereas 
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larger polymer molecules are not, and therefore pass through the column more quickly, resulting in 

separation. Commonly, a refractive index (RI) detector is used to observe elution of the polymer by 

quantifying changes in the refractive index of the eluent, relative to a reference sample of the solvent. 

The change in refractive index at an elution time, t, is proportional to the concentration of polymer 

molecules in the eluent at that time. Accordingly, plotting the RI detector response against time can 

be used to determine the molecular weight and dispersity of the polymer by calibration against the 

elution times of polystyrene standards of narrow, well-defined molecular weight. Due to the different 

solvodynamic radii of different types of polymers of equivalent molecular weight, a Mark-Houwink 

correction factor is generally applied to the molecular weight values obtained via GPC with RI 

detection. For PLA, PCL, PVL and P3HB in THF, the Mark-Houwink factors are 0.58, 0.56, 0.57 

and 0.54, respectively.49 RI is suitable for analysis of unbranched polymers, and has the advantage 

of not requiring the concentration of the polymer solution to be accurately known. 

A GPC system can also be equipped with a light scattering detector and a viscometer. A light 

scattering (LS) detector allows the radii of polymer molecules in solution to be determined directly 

from the intensity of light scattered by the polymer solution. Solvodynamic radius is directly 

proportional to molecular weight, rendering calibration against external standards unnecessary. 

However, for LS detection, the concentration of the polymer solution must be accurately known. 

Viscometry is used to construct a universal calibration curve, by measuring the intrinsic viscosity of 

the polymer solution. In conjunction with RI and LS, a combination referred to as triple detection, 

the universal calibration curve can be used to accurately determine absolute molecular weight 

values.176 Additionally, construction of a Mark-Houwink plot, of log(intrinsic viscosity) versus 

log(molecular weight) can allow structural features such as branching to be discerned. However, for 

well-understood, linear polymers such as those with which the current work is concerned, such 

analysis is not required. 

1.6.3 Additional Polymer Characterisation Techniques 

In addition to the NMR and GPC methods described above, molecular weight determination, 

identification of end groups and, in the case of PLA, assessment of transesterification activity can all 

be achieved using Matrix Assisted Laser Desorption Ionisation Time-of-Flight Mass Spectrometry, 

MALDI-ToF-MS. The resolution of MALDI-ToF-MS is much higher than that of GPC, allowing the 

repeat unit of the polymer to be directly determined from the mass interval between individual 

polymer species, but the technique is only compatible with low-molecular weight species. 

Furthermore, desorption of polymer molecules for time-of-flight analysis is reliant upon ionisation 

and charging of the sample in the presence of a highly conjugated matrix and an ion source (such as 

a sodium salt). Accordingly, the distribution of molecules that are successfully desorbed and detected 

may not be representative of the bulk polymer sample.  
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Differential Scanning Calorimetry, DSC, is used to determine the temperatures at which 

phase changes of polymeric materials occur, by measuring the heat flow required to heat a sample 

along a defined temperature profile. Comparison with a reference sample allows such events as glass 

transition and melting to be discerned. This is especially useful for the characterisation of novel 

polymers, but is of limited relevance to the current work. However, in the polymerisation of 

stereopure L-LA, determination of glass transition and melting temperatures, Tg and Tm, respectively, 

and identification of cold crystallisation via DSC can be complementary to homonuclear decoupled 

1H NMR analysis for confirmation that isotactic PLLA has been produced without epimerisation.  

1.7  Earth-Abundant and Benign Metal Catalysis for Poly(lactic acid) 

Production 

1.7.1 Requirements for an Industrially Relevant Catalytic Protocol 

In addition to being environmentally and biochemically benign, an industrially relevant 

catalyst or pre-catalyst for the ROP of LA should be robust, cheap, highly active and easily handled. 

Sn(Oct)2 is a stable liquid under ambient conditions, miscible with a range of solvents, ensuring ease 

of manipulation and storage, and is a pre-catalyst for the highly efficient ROP of LA at low 

concentration and with minimal epimerisation.43 Sn(Oct)2 is also economically attractive, as a simple 

carboxylate salt of an earth-abundant metal. The adoption of any alternative, benign catalytic 

protocol is therefore dependent on provision of a system with otherwise similar properties to those 

of Sn(Oct)2. For the purposes of comparing the current work with systems from the literature, an 

industrially relevant protocol is defined in the current work as being able to quantitatively convert 

LA to PLA in 1 hour under solvent-free conditions, at a [LA]:[Pre-catalyst] ratio of at least 5000:1, 

with appropriate consideration given regarding variation in reaction conditions such as temperature 

and the presence of ambient air. The use of benign and inexpensive metals in the catalytic ROP of 

LA has been extensively researched, as has the development of protocols robust toward ambient air, 

and challenging reaction conditions. Relevant examples will be summarised and discussed forthwith. 

1.7.2 Alkali Metal Catalysis, Examples and Mechanistic Insight 

The alkali metals are attractive for exploitation in the field of polymerisation catalysis, Na 

and K, in particular, being both extremely inexpensive and non-toxic. Although generally not robust 

towards atmospheric or industrially relevant conditions, structurally-diverse alkali metal-catalysed 

protocols for the ROP of LA have been widely reported, beyond the use of cheap but poorly-

controlled alkyllithium salts,22,78,79,94,177–185 variously proceeding via both coordination-insertion and 

activated monomer mechanisms.78,94,178,183,186   



 

38 

 

Several polynuclear Li(I)- and Na(I)-based species have been shown to be active pre-

catalysts for the ROP of LA.50 For example, Chisholm and co-workers reported the use of 

structurally-diverse alkoxides of Li(I), Zn(II) and Al(III), supported by chiral bis(phenolate) ligands, 

for the catalytic ROP of LA. The Li(I)-containing pre-catalyst in that work, a tetranuclear 

bis(isopropoxide) species (Figure 1.14), was highly active toward the ROP of LA in solution 

compared to the Zn(II) and Al(III) pre-catalysts, but offered poor molecular weight control, and 

afforded atactic PLA containing all 8 tetrads, due to extensive transesterification activity (1 hour, 25 

°C, [rac-LA]:[Pre-catalyst] = 200:1. 99% conversion, Mn = 16 000 g mol–1, ĐM = 1.72).187   

 

 

Figure 1.14. Chisholm and co-workers’ tetranuclear lithium complex of a chiral bis(phenolate) ligand.187 

 

Huang and Chen have reported use of several tetranuclear Li(I) complexes for the ROP of 

LA (Figure 1.15, a), sharing the same central Li4O4 motif as that reported by Chisholm and co-

workers, although the Li(I) centres were of higher coordination number than Chisholm’s, and more 

sterically encumbered.187,188 Those species offered good control in producing PLA of narrow 

molecular weight distribution (ĐM ≥ 1.08 at 26.5 °C).188  

 

Figure 1.15. a) General structure of Huang and Chen’s sterically encumbered tetranuclear Li(I) 

complexes,188 b) Tridentate, dianionic bis(phenolate) ligands used to prepare mono- di- and tetra-nuclear 

Li(I) and Na(I) complexes,180 and c) iminophenolate ligands and general structure of tetranuclear Li(I) and 

Na(I) complexes.168 
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Huang and co-workers also reported use of tridentate, dianionic bis(phenolate) ligands 

(Figure 1.15, b) for the synthesis of a range of mono-, di- and tetranuclear Na(I) and Li(I) species, 

similarly exhibiting excellent control in the preparation of PLA of low dispersity (ĐM = 1.04 – 1.07 

for the tetranuclear pre-catalysts). Activity was higher for the tetranuclear species than for 

structurally related dinuclear pre-catalysts, with activation suggested to proceed via a two-step 

decomposition on sequential reaction with the monomer and alcohol. The Na(I)-based pre-catalysts 

were more active than their more electron-deficient Li(I) analogues (Where [L-LA]:[Pre-

catalyst]:[BnOH] = 200:1:2, tetranuclear Na(I) and Li(I) systems afforded 97 % conversion after 8 

minutes at 0 °C, and 93 % conversion after 50 minutes at 20 ° C, respectively), and those pre-catalysts 

with less steric congestion were more active.180 

There have been several reports of discrete monomeric or dimeric alkali metal pre-catalysts 

efficiently yielding PLA of extremely low dispersity.55,78 Carpentier and co-workers reported the 

ROP of LA in the presence of monomeric aminoether-phenolate complexes of Li(I) and K(I) 

(structurally analogous to the rare earth complexes shown in Figure 1.4).78,88 They concluded that 

stabilisation of the Li(I) complexes by increasing the electron donating character and steric bulk of 

the ligand, facilitated a more controlled ROP. They also reported that LA was polymerised via an 

activated monomer pathway, distinct from the ligand-assisted activated monomer mechanism 

favoured by the structurally analogous cationic rare-earth complexes reported by the same group.78,88  

Chen and co-workers found that a less-hindered five-coordinate metal environment in a 

tetranuclear Li(I) or Na(I) iminophenolate system (Figure 1.15, c) afforded higher activity than was 

observed for a closely-related six-coordinate system (wherein a methoxy substituent of the aromatic 

ring of the ligand chelated the metal).189 However in agreement with the findings of Carpentier and 

co-workers, it was also reported that the less-enclosed five-coordinate metal centres produced a 

poorly controlled polymerisation, and yielded a polymer product of comparatively higher dispersity, 

due to greater transesterification activity.78,189  
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Figure 1.16. Wu’s highly isoselective alkali metal phenolates, showing the effect of hybridisation on 

sterics.22,94,182 

 

Wu and co-workers applied mononuclear, crown ether-supported Na(I) and K(I) complexes 

of sterically demanding monophenolate ligands, to the isoselective and controlled ROP of LA.22,94,182 

Access to the active site was controlled by manipulating the position of a large, planar substituent at 

the aromatic ring of the ligand. The angle and proximity of that substituent with respect to the metal 

was determined by the hybridisation of the connecting carbon atom (Figure 1.16). In addition to 

demonstrating remarkable isoselectivity, attributed to a chain end control mechanism (the lowest Pr 

reported in that work was 0.06),  it was shown that greater electron donation from the phenolate 

ligand led to increased catalytic activity,183 in agreement with the findings of others regarding the 

importance of an electron-rich metal centre.78,180 Furthermore, it was proposed that in the absence of 

a co-initiator, a coordination-insertion mechanism facilitated the ROP of LA, at the metal-phenolate 

bond, whereas when alcohol was present, the polymerisation proceeded via a ligand-assisted 

activated monomer mechanism, analogous to that described by Carpentier and co-workers.78,183  

Despite the structural and mechanistic diversity of alkali metal-based protocols for the ROP 

of LA, no systems have been reported to exhibit the robustness necessary to achieve industrial 

relevance. 

1.7.3 Alkaline Earth Metal and Zinc Catalysis, Examples and Mechanistic Insight 

The high crustal abundance and generally low toxicity of the alkaline earth elements, in 

particular Mg(II) and Ca(II), make them attractive for application in bioplastics production. Diverse 

Group 2 metal-catalysed routes to PLA have been developed, and in many cases analogous Zn(II) 

systems have been reported simultaneously. Typically, where analogous Mg(II) and Ca(II) systems 

have been reported, the smaller size of the Mg(II) centre has afforded better molecular weight control, 
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and stereocontrol where relevant, whereas the larger Ca(II) centre has generally afforded increased 

activity, but reduced control, due to the greater accessibility of the active site. This is in agreement 

with trends observed for similarly redox-inactive lanthanide systems.190 

 

Scheme 1.13. The azonaphtholate ligand and divalent metal complexes described by Cano and co-workers.178 

 

Cano and co-workers have compared the catalytic activity of alkali metal, alkaline earth 

metal, and Zn(II) complexes of azonaphtholate ligands (Scheme 1.13) in the ROP of LA. In similarity 

to the trends discussed for alkali metal systems, the alkaline earth pre-catalysts with more 

coordinatively-saturated or sterically congested metal centres were generally less active, but offered 

greater control than those in which the metal was more exposed. The alkali metal systems were the 

most active, whilst Zn(II) had the lowest activity; and within both Groups 1 and 2, the heavier 

elements were more active, confirming that both the size and the electropositivity of the pre-catalyst’s 

metal centre are relevant factors in determining the facility of ROP.178 Mountford and co-workers 

have also shown that, whilst not directly structurally analogous, various Ca(II) and Sr(II) 2,4-di-tert-

butylphenolate complexes displayed a similar relationship between periodicity and ROP activity, 

with the Sr(II) system being more active.191  

The ROP of LA mediated by the alkali metal-based species was found by Cano and co-

workers to proceed by an activated monomer mechanism, the nucleophilicity of the alcohol co-

initiator being enhanced by hydrogen bonding of the acidic proton to the naphthalate oxygen, which 

remained coordinated to the metal. However, in the absence of a co-initiator, both the Na(I) and K(I) 

systems were suggested to follow a coordination-insertion pathway with respect to the metal-

naphthalate bond, producing cyclic PLA. The alkaline earth species, however, were suggested to 

follow a ligand assisted coordination-insertion mechanism (Scheme 1.14).178 In similarity to the 

ligand-assisted activated monomer pathway described by Carpentier and co-workers, the 

nucleophilic attack at the monomer carbonyl by the alcohol co-initiator was promoted through 

dissociation of a ligand naphtholate group from the metal centre, with concerted abstraction of the 
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acidic proton of the alcohol. However, unlike Carpentier’s ligand-assisted activated monomer 

pathway, ligand assistance was only relevant to initiation in this case, with complete dissociation of 

one ligand yielding a metal-coordinated growing chain.88,178  

 

 

Scheme 1.14. The ligand-assisted coordination-insertion mechanism described by Cano and co-workers for 

the alkaline earth azonaphtholate-mediated ROP of LA.178 

 

Cano and co-workers have also reported an azonaphtholate-supported heterometallic, 

tetranuclear Li(I)- and Mg(II)-containing catalyst (Scheme 1.15) for the ROP of LA, proceeding via 

an activated monomer mechanism. Featuring a central Li2Mg2O6 cluster, the polymerisation 

behaviour of that catalyst was compared with that of poorly-defined homometallic Li(I) and Mg(II) 

complexes of the same ligand system. The Li(I)-containing catalyst was more active than the Mg(II) 

system, and the heterometallic species was of intermediate activity. However, the heterometallic 

catalyst was the most stereoselective of the three systems, showing a clear heterotactic bias in the 

ROP of rac-LA (Pr = 0.75 at 84 % or 94 % conversion after 8 hours in dichloromethane or toluene, 

respectively,  at 25 °C, and where [LA]:[Pre-catalyst]:[BnOH] = 100:1:1).79  
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Scheme 1.15. The tetranuclear heterometallic Mg(II) and Li(I) azonaphtholate described by Cano and co-

workers.79 

 

Okuda and co-workers have described alkaline earth bis(trimethylsilyl)amide (HMDS) 

complexes variously supported by chiral polyether and macrocyclic polyamine ligands (Scheme 

1.16), among various other related alkyl and amide complexes that will not be discussed herein. In 

the case of the polyamine complexes, activity was high for the ROP of meso-LA, quantitative 

conversion being consistently reached after 30 minutes at 25 °C in toluene, where [LA]:[Pre-catalyst] 

= 100:1, although the ROP of rac-LA and L-LA was less facile, reaching moderate or high 

conversion after 24 hours. In agreement with trends discussed previously, the polyamine-supported 

Ca(II) system was more active than Mg(II), whilst Mg(II) afforded better control, those systems 

reaching 84 % and 69 % conversion, and producing PLA of ĐM = 1.50 and ĐM = 1.35, respectively, 

after 24 hours.  

 

Scheme 1.16. Chiral polyether- and macrocyclic polyamine-supported alkaline earth HMDS complexes 

reported by Okuda and co-workers.192,193 

 

Despite apparently only initiating one chain per molecule of the bis(HMDS) pre-catalyst, 

Okuda and co-workers’ polyether-supported systems offered much higher activity in the ROP of rac-

LA and L-LA than the polyamine-supported complexes, consistently attaining quantitative 

conversion after 60 minutes at 25 °C in THF. With both types of system, however, control of the 
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polymerisations was variable. Moreover, the polyether complexes exhibited considerable 

transesterification activity, and were not significantly stereoselective, although modest 

syndioselectivity was apparent in the ROP of meso-lactide.192,193  

Heteroleptic β-diketiminato alkaline earth pre-catalysts have been widely applied to the ROP 

of LA. Coates and co-workers, for example, described dimeric diisopropylphenyl-β-diketiminato 

(DippBDI) Mg(II) and Zn(II) isopropoxide complexes, and demonstrated their utility in the solution-

state ROP of LA at 20 °C in dichloromethane (Scheme 1.17). The Mg(II) complex was extremely 

active, but offered poor control, attributed to a slow initiation process. Although the Zn(II) pre-

catalyst was less active, it provided good control of molecular weight, and yielded highly 

heterotactically-enriched PLA on polymerisation of rac-LA (Pr = 0.94, Table 1.2). ROP proceeded 

via a coordination-insertion pathway and stereoselectivity was attributed to chain-end control. No 

significant stereoselectivity was reported for the Mg(II) complex, despite the structural analogy of 

the two species, presumably due to the sensitivity of the chain-end control mechanism to subtle 

changes in the morphology and steric constraints about the active site.194 The Zn(II) species in that 

work was also applied to the ROP of other chiral lactones, specifically rac-β-BL and rac-β-

valerolactone.120 

 

Scheme 1.17. Coates and co-workers’ β-diketiminato Mg(II) and Zn(II) pre-catalysts for the ROP of LA.194 
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Table 1.2. Comparison of Coates’ Mg(II) and Zn(II) β-diketiminate complexes’ catalytic activity and 

selectivity.194 

Entry Pre-catalyst Time, h Conversion, % ĐM Pr 

a,c,e1   [{DippBDI}Zn(OiPr)]2 0.33 97 1.10 0.90 

a,c,f 2  [{DippBDI}Zn(OiPr)]2 2 97 1.09 0.94 

b,c,e 3  [{DippBDI}Mg(OiPr)]2 0.033 97 1.29 - 

b,d,e 4  [{DippBDI}Mg(OiPr)]2 0.083 96 1.35 - 

b,c,e 5  [{DippBDI}Zn(HMDS)] 10 95 2.95 - 

b,c,e 6  [{DippBDI}ZnEt] 20 97 1.83 - 

b,c,e 7  [{DippBDI}Zn(OAc)]2 70 92 2.07 - 

b,c,e 8  [{DippBDI}Zn(OCHMeCO2Me)] 0.33 97 1.14 - 

Conditions: a rac-LA. b L-LA. c [LA]:[Pre-catalyst] = 200:1. d [LA]:[Pre-catalyst] = 500:1. e 20 °C. f 0 °C. 

 

In similarity to the use of -diketiminiate-supported Group 2 metal alkoxides, Chisholm 

reported the ROP of LA in the presence of a monomeric heteroleptic tris(pyrazolyl)borato Mg(II) 

ethoxide complex (Figure 1.17). The resistance of the sterically demanding, tridentate ancillary 

ligand to ligand redistribution, ensured effective suppression of transesterification and epimerisation 

processes. Accordingly, that system was active for the ambient-temperature, solution-state ROP of 

LA, yielding isotactic PLA, with good control of polymer molecular weight (ĐM  1.20).195  

 

Figure 1.17. Chisholm and co-workers’ tris(pyrazolyl)borato Mg(II) ethoxide pre-catalyst.195 

 

Chisholm and co-workers made several further reports of complexes of divalent metals, 

variously supported by, for example, monoanionic Schiff base,196 bis(prazolyl)borate and 

tris(pyrazolyl)borate,197,198 and, most notably, β-diketiminate,198–201 ligand scaffolds being applied to 

the coordination-insertion-type ROP of LA. When -diketiminato Mg(II) tert-butoxide and Zn(II) 

isopropoxide complexes bearing an ancillary ligand with ortho-methoxy aryl substituents 

(structurally analogous to Coates and co-workers’ DippBDI-supported Mg(II) and Zn(II) 

isopropoxide complexes,194 shown in Scheme 1.17), were used for the solution-phase ROP of rac-

LA at 20 °C in dichloromethane, good activity was observed (95 % conversion reached after 3 

minutes, and 91 % conversion reached after 20 minutes, in the presence the Zn(II) and Mg(II) 

complexes, respectively, where [LA]:[Pre-catalyst] = 100:1). When the reaction was carried out in 

THF the rate was reduced (91 % conversion after 10 minutes and 90 % conversion after 90 minutes, 

respectively), while heteroselectivity increased from Pr = 0.59 to Pr = 0.67 for Zn(II), and from Pr = 
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0.49 to Pr = 0.85 for Mg(II), and dispersity remained unchanged for Zn(II) (ĐM = 1.19)  but was 

reduced for Mg(II) from ĐM = 2.23 to ĐM = 1.70. Such variation in rate, molecular weight control, 

and stereoselectivity was attributed to coordination of THF at the metal centre, increasing the steric 

constraints of the active site.200  

Chisholm and co-workers reported that when β-diketiminato Mg(II) and Ca(II) HMDS 

complexes were used for the ROP of rac-LA, a high degree of heteroselectivity was observed for the 

Mg system (Pr  0.90), whilst the analogous Ca(II) species was unselective. This was attributed to 

the reduced steric demands, and greater accessibility, of the larger Ca(II) centre, relative to Mg(II), 

when in the same ligand environment. However, the Ca(II) pre-catalyst also appeared less 

catalytically active, despite having been more reactive toward LA than the Mg(II) complex in 

stoichiometric competition experiments, suggesting catalyst aggregation and deactivation was more 

facile for the less sterically-hindered species.198 

Several other reports have been made of β-diketiminate-supported, single-site divalent metal 

pre-catalysts for the ROP of LA, without alkoxide initiating groups.194,202 For example, in addition 

to their β-diketiminate-supported alkoxide species, Coates and co-workers investigated using 

monomeric Zn(II) acetate, ethyl, and HMDS complexes of the same ancillary ligand (Scheme 1.17). 

In all cases, activity was low, and the polymer product was of very broad dispersity (Table 1.2), this 

being attributed to slow initiation event, relative to propagation, proceeding via formation of alkoxide 

species on reaction of the original complexes with protic impurities in the monomer feed. Moreover, 

the molecular weights of the polymer products were much higher than theoretical values calculated 

assuming initiation of one polymer chain per molecule of the catalyst (Mn
GPC = 63 300 mol−1 versus 

Mn
Theo = 27 900 mol−1 and Mn

GPC 61 400 mol−1 versus Mn
Theo = 26 500 g mol−1 for Zn(II) ethyl and 

acetate complexes, respectively). This suggests that the rate of initiation was much slower than that 

of propagation, or that not all pre-catalyst molecules were converted to alkoxide species, due to 

insufficient abundance of protic impurities. When the HMDS ligand was exchanged for methyl 

lactate, much better control and a large rate increase were observed (Table 1.2; 97% conversion 

reached after 20 minutes, ĐM = 1.14, Mn
GPC = 30 500 g mol−1 versus Mn

Theo = 27 900 g mol−1), 

although it is feasible that activity of Zn(II) ethyl, acetate or HMDS species could also be increased 

by addition of a co-initiator.194  
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Figure 1.18. Mountford and co-workers’ -diketiminato and (phosphinimino)methanido alkaline earth pre-

catalysts with tetrahydroborate initiating group.202 

 

Mountford and co-workers have polymerised rac-LA with both β-diketiminate- (DippBDI) 

and bis-(phosphinimino)methanide-supported alkaline earth pre-catalysts bearing a tetrahydroborate 

initiating group (Figure 1.18).202  Initiation occurred via hydroboration of the monomer carbonyl, 

with ring-opening facilitated by transfer of a second hydrogen atom to the carbonyl carbon, yielding 

a metal-coordinated growing chain with a “CH2OBH2” end group. Propagation then proceeded via a 

coordination-insertion mechanism, and quenching in the presence of aqueous acid removed BH3 and 

the catalyst, to yield PLA with an apparent CH2OH end group (Scheme 1.18).202,203 

 

Scheme 1.18. Mechanism of ROP of LA in the presence of β-diketiminato alkaline earth tetrahydroborate 

pre-catalysts.202,203 
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The Mg(II) β-diketiminate system was the most active in that work (reaching 74 %, 87 % 

and 91 % conversion, and affording PLA of ĐM = 1.46, ĐM = 1.58, and ĐM = 1.62 after 1, 5 and 30 

minutes, respectively, at 23 C in THF, where [rac-LA]:[Pre-catalyst] = 200:1), was highly 

heteroselective, (Pr = 0.74 − 0.86), and produced PLA products with molecular weights in close 

agreement with theoretical values. The related Ca(II) system was not stereoselective, and of low 

activity, attributed to catalyst aggregation arising from insufficient kinetic stabilisation by the 

ancillary ligand. Molecular weight control was also poor (ĐM = 1.79 at 88 % conversion), due to the 

proliferation of cyclisation (intramolecular transesterification) processes. The Mg(II) β-diketiminate,  

Ca(II) β-diketiminate, and Mg(II) (phosphinimino)methanide complexes were all much more active 

for the ROP of -CL, than of rac-LA. This suggests that chelation of the metal centre by the PLA 

chain significantly affected the rate of ROP, although steric repulsion arising from the methyl 

substituents of the LA monomer and the use of sterically demanding ancillary ligands may also 

plausibly have reduced the rate of ROP. However, the agreement between theoretical and observed 

PCL molecular weight values was poor, presumably corresponding to a slow initiation process (the 

three systems reaching 79 %, 100 %, and 100 % conversion after 30, 90, and 40 seconds, respectively, 

affording PCL of ĐM = 1.37, ĐM = 1.59, and ĐM = 1.63, and Mn
GPC = 86 140 mol−1 versus Mn

Theo = 

18 130 g mol−1, Mn
GPC = 18 590 mol−1 versus Mn

Theo = 22 830 g mol−1, and Mn
GPC = 37 500 mol−1 

versus Mn
Theo = 22 830 g mol−1).202 

Mountford and co-workers have also reported neutral tris(pyrazolyl)borato and cationic 

tris(pyrazolyl)methano Ca(II) tetrahydroborate complexes for the ROP of rac-LA (Figure 1.19).204 

The neutral complex, supported by a bulky tert-butyl substituted ligand scaffold, was of comparable 

activity to the same authors’ -diketiminate-supported Ca(II) tetrahydroborate pre-catalyst (>90 % 

conversion in 5 minutes at −20 C), but unlike the -diketiminate system, was also highly 

heteroselective (Pr = 0.88 − 0.90), although molecular weight control remained poor (ĐM = 1.60 − 

1.70). The related cationic system was non-stereoselective, and much less active, polymerising 250 

equivalents of the monomer in 2 hours at ambient temperature, but produced PLA of lower dispersity 

than the neutral species, despite apparently reduced steric encumbrance about the active site, due to 

the absence of tert-butyl groups on the ligand framework (ĐM = 1.20 − 1.40). It was also noted that 

the presence of the ancillary ligand increased the activity of the cationic pre-catalyst relative to the 

precursor complex [Ca(BH4)(THF)5]+ because, although steric congestion at the active site was 

increased in the presence of the ligand, the effects of catalyst aggregation, and chelation of the metal 

centre by the growing PLA chain, were supressed.204 
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Figure 1.19. Neutral tris(pyrazolyl)borato and cationic tris(pyrazolyl)methano Ca(II) tetrahydroborate pre-

catalysts for the ROP of rac-LA, reported by Mountford and co-workers.204 

 

  Cationic complexes of Ca(II) and Sr(II) have been successfully applied by 

Carpentier and co-workers to the ROP of L-LA in the presence of BnOH (Figure 1.20, a).205 

Supported by the same DippBDI ancillary ligand used by both Mountford and Coates,194,202 

Carpentier and co-workers’ species were stabilised by three pyridine donors, and the counterion was 

the bulky, non-coordinating amidodiborate, [H2N{B(C6F5)3}2], first reported by Bochmann and co-

workers.205,206 In the ROP of L-LA, the Sr(II) system was much more active than Ca(II), reaching 82 

% conversion after 10 minutes, compared to 66 % conversion after 180 minutes for Ca(II), at 30 C 

in toluene, where [L-LA]:[Pre-catalyst]:[BnOH] = 1000:1:10. Such high activity was attributed to 

the large size of Sr(II), providing an unsaturated coordination sphere, and the electrophilic nature of 

the cationic metal centre. The dispersity of the polymer products was fairly low for both Sr(II) and 

Ca(II) systems (ĐM = 1.19 and ĐM = 1.29, respectively), and good agreement was seen between 

theoretical and observed molecular weights.205  

Carpentier and co-workers have also made several reports of the well-controlled, activated 

monomer-type ROP of LA in the presence of cationic alkaline earth and Zn(II) complexes of 

sterically demanding, monoanionic, polydentate aminoether-phenolate and aminoether-

fluoroalkoxide ligands (Figure 1.20, b). The non-coordinating [H2N{B(C6F5)3}2] anion was also used 

in those cases.207–209 For isostructural complexes of Mg(II), Ca(II), Sr(II) and Ba(II), activity in the 

ROP of L-LA increased on descending the group. In agreement with the trends widely reported for 

Mg(II) and Ca(II), this was attributed to both the increasingly electropositive character of the heavier 

Group 2  elements, and the accessibility of the larger metal centres in the absence of coordinated 

solvent molecules, though the latter factor was also cited as the origin of poor control.207,208 The 

heaviest alkaline earths, Sr(II) and Ba(II) were, then, extremely active, but extensive 

transesterification prevented good control of polymer molecular weight.208 This is in agreement with 

the findings of Panda and co-workers regarding the activity, control and stereoselectivity respectively 

afforded by Ca(II), Sr(II) and Ba(II) complexes of a bis(phosphineamine selenoid) ligand system.210 
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Figure 1.20. Selected cationic alkaline earth complexes for the ROP of LA prepared by Carpentier and co-

workers; a) -diketiminato species with pyridine donors,205 and b) solvent-free aminoether-phenolate, and 

aminoether-fluoroalkoxide systems.207,208 

 

Sterically-encumbered Mg(II) butyl, Ca(II) amide and Zn(II) ethyl complexes of a 

bis(morpholinomethyl)phenolate ligand (Figure 1.21) have also been applied by Carpentier and co-

workers to the solution-phase ROP of L-LA at 60 °C in toluene, exhibiting considerable tolerance 

towards extremely low pre-catalyst loadings and high alcohol concentrations under immortal 

polymerisation conditions. The alkaline earth complexes were more active than the Zn(II) species 

(94 % conversion reached after 1 minute where [LA]:[Pre-catalyst]:[HOiPr] = 500:1:10, versus 63 

% conversion after 2 minutes where [LA]:[Pre-catalyst]:[HOiPr] = 1000:1:10, and 97 % conversion 

after 60 minutes where [LA]:[Pre-catalyst]:[HOiPr] = 1000:1:10, for Ca(II), Mg(II) and Zn(II) 

systems, respectively), with the larger coordination sphere and increased electropositivity of Ca(II) 

affording higher activity than Mg(II), but with a corresponding reduction in control. The Zn complex 

was, however, extremely robust, reaching 100 % conversion after 16 hours (reaction time not 

optimised), where [L-LA]:[Zn]:[HOiPr] = 50 000:1:500. For all three complexes, molecular weights 

were in excellent agreement with theoretical values, and when polymerisations were carried out in 

the presence of an alcohol co-initiator, polymer dispersity was generally below ĐM = 1.30 (with the 

exception of Zn(II)-catalysed reactions for which extremely low pre-catalyst loadings and long 

reaction times were used, where ĐM ≤ 1.60).211 
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Figure 1.21. Mg(II), Ca(II) and Zn(II) bis(morpholinomethyl)phenolate complexes reported by Carpentier 

and co-workers for the ROP of LA. Ca(II) and Zn(II) systems are shown as bimetallic species, observed in 

the solid state. The Mg(II) system has not been characterised in the solid state and is therefore shown as the 

monometallic complex.211 

 

Alkali and alkaline earth metal-catalysed protocols for the ROP of LA are, in general, of 

little direct industrial relevance, due to the limited stability of the pre-catalyst species, requiring low 

temperature, solution-state polymerisation conditions and arduous preparatory procedures. However, 

trends in activity and control observed in single-site s-block metal-catalysed protocols for the ROP 

of LA supported by bulky ancillary ligands illustrate the subtle role of steric congestion at the catalyst 

metal centre in influencing access to the active site, stereoselectivity, catalyst robustness and the 

proliferation of undesirable side reactions in the ROP of LA. Furthermore, such trends are consistent 

with a correlation between the electropositivity of the metal centre and increased catalytic activity. 

The broad range of different initiating groups and corresponding wealth of initiation mechanisms 

represented in the Group 2-catalysed ROP of LA also provides insight into the role of catalyst design 

in delivering a controlled polymerisation process.  
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1.7.4 Highly Active and Robust Zinc Catalysts for the Ring-Opening Polymerisation 

of Lactide 

1.7.4.1 Highly Active Zinc Catalysis for the Ring-Opening Polymerisation of Lactide 

Although the use of Zn(II) complexes in the catalytic ROP of LA has so far generally been 

discussed in direct relation to analogous alkaline earth systems, there are also diverse examples of 

highly active protocols based on this abundant, inexpensive and biocompatible metal that have been 

developed outside that context.97,196,212–224  

 

Scheme 1.19. Homobimetallic Zn(II) ethoxide pre-catalysts supported by monophenolate tretra(amine) and 

monophenolate di(amine) ligands reported by Tolman and co-workers for the ROP of LA.219,225 

 

In 2002 Tolman and co-workers reported a metalloenzyme-inspired dinuclear Zn(II) species 

for the coordination-insertion ROP of LA (Scheme 1.19, a). Offering high activity in the ambient-

temperature ROP of rac-LA in dichloromethane, that system polymerised 90 % of the monomer in 

30 minutes, where [LA]:[Pre-catalyst] = 300:1.225 The same group subsequently reported that 

modification of the monophenolate tetra(amine) ligand scaffold, replacing one di(amine) arm with a 

tert-butyl group, afforded on reaction with diethylzinc, a mononuclear Zn(II) ethyl species. On 

reaction with ethanol, this in turn yielded a dimeric complex with bridging ethoxide ligands 

(analogous reactivity was observed when the ligand phenolate ring bore a tert-butyl group in the para 

position instead of a methyl group) (Scheme 1.19, b). The resulting dinuclear Zn(II) alkoxide 

complex exhibited much higher activity than the previous, metalloenzyme-inspired dizinc species in 

the ambient-temperature ROP of rac-LA in dichloromethane. Moreover, where [LA]:[Pre-catalyst] 

= 650:1, 95 % conversion was reached in 5 minutes, yielding high-molecular weight PLA (Mn
GPC = 

67 000 g mol–1) with moderate control (ĐM = 1.42), and where [LA]:[Pre-catalyst] = 1500:1, 93 % 

conversion was reached in 18 minutes, yielding PLA of Mn
GPC = 130 000 g mol–1 and ĐM = 1.34.219  

More recently, Williams and co-workers have reported several Zn(II)-based systems for the 

ROP of LA, the most active being dizinc complexes of macrocyclic bis(imino)diphenylamido 

ligands.33,213,226,227 However, the first such example, bearing ethyl groups at each Zn(II) centre 
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(Scheme 1.20, a), was only moderately active, with the ROP of rac-LA reaching 78 % conversion 

after 2 hours in THF at 25 °C, where [LA]:[Pre-catalyst]:[HOiPr] = 200:1:4. Initiation was slow, and 

was suggested to proceed via formation of a bis(isopropoxide) species on reaction with isopropanol. 

That species was successfully isolated, with both alkoxide moieties adopting a bridging coordination 

mode between the two Zn(II) centres (Scheme 1.20, b).226  

 

Scheme 1.20. Monometallic and homobimetallic bis(imino)diphenylamido-supported Zn(II) pre-catalysts for 

the ROP of LA, reported by Williams and co-workers.33,226 

 

Williams and co-workers subsequently reported that the induction period could be 

effectively eliminated, by introducing the alkoxide complex to the polymerisation directly, rather 

than forming it in-situ from the Zn(II) alkyl species, and activity was enhanced further where the 

analogous HMDS complex (Scheme 1.20, c) was used instead (unlike OiPr the HMDS ligands did 

not adopt a bridging coordination mode in that system).33 Moreover, when the dinuclear HMDS 

complex was applied to the ROP of rac-LA in THF at 25 °C, where [LA]:[Pre-catalyst]:[HOiPr] = 

1000:1:10, 97 % conversion was reached in 29 seconds, corresponding to a turnover frequency (TOF) 

of 60 000 h–1, and yielding a polymer product of molecular weight in close agreement with the 

theoretical value (Mn
GPC = 14 000 g mol–1, Mn

Theo = 12 700 g mol–1) and narrow dispersity (ĐM = 

1.07). An analogous system was also prepared wherein the macrocyclic ligand scaffold had been 

expanded by replacing the ethyl linker between imine moieties with an n-propyl group (Scheme 1.20, 

c). Although this system was reported to be slightly less active in the presence of exogenous 

isopropanol (TOF 50 000 h–1), it offered enhanced activity relative to the ethyl-linked system when 



 

54 

 

used in the absence of alcohol (TOF = 45 000 h–1 versus TOF = 20 300 h–1). Furthermore, where a 

mononuclear Zn(II) complex was used, bearing terminal isobutyl groups at the imine nitrogen 

positions instead of a linking group (Scheme 1.20, d), activity was much lower than for the dinuclear 

systems both in the presence and absence of exogenous alcohol (TOF = 35 000 h–1 and TOF = 14 

300 h–1, respectively). Although the catalytic activity of Williams and co-workers’ homodinuclear 

Zn(II) systems is remarkable, they have not been shown to be robust toward oxygen, moisture, or 

solvent-free polymerisation conditions, precluding any claim of industrial relevance. 

 

Scheme 1.21. Preparation of heterodinuclear complexes of Zn(II) and Ti(IV) for the ROP of LA, by 

treatment of the inactive precursor Ti(IV) complex with appropriate organozinc reagents.228 

 

Williams and co-workers have also successfully applied a heterodinuclear complex of Zn(II) 

and Ti(IV), to the ROP of LA (Scheme 1.21). Supported by a macrocyclic bis(phenolate) tetra(amine) 

ligand scaffold, this species was much less active than the bis(imino)diphenylamido dizinc system 

described above. Furthermore, in the absence of Zn(II) (where the ligand was monometallated with 

only a Ti(IV) centre), no ROP activity was observed at all, despite the presence of two isopropoxide 

groups. When an ethylzinc centre was present, however, the molecular weight of the PLA product 

was in agreement with the theoretical value, assuming initiation occurred at only one isopropoxide 

position (presumably Ti-2(O
iPr)-Zn). However, both isopropoxide moieties of the analogous 

phenylzinc species appeared to be active, the terminal Ti-OiPr bond being longer in that species.228 

In similarity to Williams and co-workers’ homobimetallic Zn(II) systems, the heterobimetallic 

Zn(II)-Ti(IV) systems are of no direct industrial relevance, due to their air-sensitivity, absence of 

reported use under solvent-free conditions, modest activity (the most active system reaching 89 % 

conversion in the ROP of L-LA after 40 minutes at 70 C, where [L-LA]:[Pre-catalyst] = 100:1) and 

the relative complexity of their syntheses. 
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1.7.4.2 Robust Zinc Catalysis for the Ring-Opening Polymerisation of Lactide 

 

Figure 1.22. Selected guanidine- and bis(guanidine)-supported Zn(II) chloride complexes reported by 

Herres-Pawlis and co-workers.170,223,229–234 

 

The Zn(II)-catalysed ROP of LA also encompasses some much more robust systems. When 

combined with the low cost, and biocompatibility of Zn(II), this represents a step toward increased 

industrial relevance. Herres-Pawlis and co-workers, among others, have carried out extensive 

investigations into the solvent-free ROP of LA in the presence of Zn(II) complexes supported by 

various neutral guanidine-derived ligands (Figure 1.22).170,223,229–238 Most of those species have been 

Zn(II) chloride or acetate complexes bearing one guanidine or bis(guanidine) ligand, although triflate 

complexes with two neutral ligands were also reported. Whilst generally of quite low activity 

compared to industrially relevant Sn(II) species (in a recent example, where [LA]:[Pre-catalyst] = 

500:1, 55 % conversion was reached after 90 minutes at 150 °C)170  such Zn(II) systems are very 

robust toward air, moisture, and acidic impurities of the monomer feed. Indeed, Herres-Pawlis and 
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co-workers have reported that no exogenous co-initiator is required for the ROP of LA in the presence 

of those species, protic impurities (lactic acid and associated oligomers) in the unpurified, “technical 

grade” monomer feed instead fulfilling that role. Furthermore, the combination of a biochemically-

benign metal with a ligand system closely related to the essential amino acid arginine, is of interest 

for the development of benign and industrially relevant catalytic systems.170,223,229–238 

 

Scheme 1.22. Preparation of Mg(II) and Zn(II) complexes of tridentate, monoanionic Schiff base ligands. 

The structure of the most active system is shown.239 

 

Jones and co-workers have recently reported homoleptic Zn(II), and Mg(II), complexes of 

simple tridentate, monoanionic Schiff base ligands, coordinating the metal centre in a mer fashion, 

via phenolate, imine, and amine moieties (Scheme 1.22).239 Those complexes were readily-prepared 

by a facile route, and were sufficiently rugged for use in the ROP of LA under industrially relevant 

conditions (180 °C, solvent-free). The Zn(II) species were particularly active; when applied to the 

immortal ROP of LA at 130 °C in the ratio [LA]:[Pre-catalyst]:[BnOH] = 10 000:1:100, the most 

active system reached 83 % conversion in 5 minutes corresponding to a TOF = 100 000 h–1, and 

yielding PLA of narrow dispersity (ĐM = 1.09) and with molecular weight in good agreement with 

the theoretical value (Mn
GPC = 12 850 versus Mn

Theo = 12 050). At 180 °C the same species reached 
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94 % conversion in 3 minutes where [LA]:[Pre-catalyst]:[BnOH] = 10 000:1:33. This afforded PLA 

of high molecular weight, in close agreement with theoretical values, although with only moderately 

narrow dispersity (Mn
GPC = 42 500 Mn

Theo = 40 700, ĐM = 1.41) at a rate corresponding to a TOF = 

188 000 h–1. Whilst those simple and highly active systems are, by far, the most industrially relevant 

Zn(II) species reported to date for the ROP of LA, stability toward oxygen and moisture was not 

reported, and in catalytic use under industrially relevant conditions, PLA of only moderately narrow 

dispersity was produced.  

1.7.5 Iron Catalysis in the Ring-Opening Polymerisation of Lactide 

Application of Fe(II) complexes to the ROP of LA has only relatively recently received 

significant research attention.20,101,127,137,139,144,148,212,218,240–262 Most notably however, Herres-Pawlis 

and co-workers have reported highly active and robust Fe(II) guanidine complexes (Figure 1.23), 

structurally similar to their Zn(II) systems, for the solvent-free ROP of LA. Some species in that 

work were reported to be of comparable activity to Sn(Oct)2, and monomer to pre-catalyst ratios as 

high as [LA]:[Pre-catalyst] = 5000:1 were successfully used to produce high-molecular weight  PLA 

from a “technical grade” monomer feed (Mn
GPC = 61 700 g mol–1 at 65% conversion, reached after 

330 minutes at 150 °C), as well as from recrystallised LA (Mn
GPC = 63 000 g mol–1 at 48 % conversion, 

reached after 60 minutes at 150 °C). Moreover, the most active species afforded high molecular 

weight PLA (Mn
GPC = 46 800 g mol–1)  from “technical grade” LA at 69 % conversion, after 96 

seconds at a monomer to pre-catalyst ratio of [LA]:[Pre-catalyst] = 500:1. However, polymer chains 

were initiated, via a proposed coordination-insertion mechanism, by a mixture of protic (acid) 

impurities in the monomer feed, ligand residues from the pre-catalyst and, where relevant, an 

exogenous alcohol co-initiator, giving a mixture of polymer end groups. Furthermore, dispersity 

values suggested only moderate control, being in the range ĐM = 1.50 – 1.80 where “technical grade” 

monomer was used, and ĐM = 1.30 – 1.60 for recrystallised LA. Polymerisations were also not 

reported to have been undertaken at industrially relevant temperatures, above 150 °C.262 

  

Figure 1.23. Robust and highly active Fe(II) guanidine complexes reported by Herres Pawlis and co-workers 

for the solvent-free ROP of LA. Relative activities are described by observed rate constants, kobs, 

corresponding to the ROP of “technical grade” rac-LA under solvent-free conditions at 150 C, where 

[LA]:[Pre-catalyst] = 500:1.262  
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Byers and co-workers have developed various switchable Fe(II)/(III)-catalysed protocols for 

the ROP of LA and for the ring-opening copolymerisation (ROCOP) of LA and epoxides, with 

monomer selectivity controlled via chemical or electrochemical redox processes.148,240,241,247 This is 

in similarity to the In(III), Y(III), Zr(IV) and Ti(IV) systems reported by Mehrkhodavandi and co-

workers.142,149Although not of direct industrial relevance, such switchable systems are of potential 

interest for the provision of PLA-based block co-polymer materials with well-defined structures, 

using benign metal catalysts. Of relevance to the current work, Byers and co-workers have also 

reported an Fe(II)-catalysed protocol for the ROP of rac-LA, in which heteroselectivity was 

attributed to a dynamic enantiomorphic site control mechanism, the metal centre of the active species 

possessing point chirality rather than bearing a chiral ligand.101  

1.7.6 Copper Catalysis in the Ring-Opening Polymerisation of Lactide 

 

Figure 1.24. Cu(II) complexes for the ROP of LA. a) Examples of diiminopyrrole complexes reported by 

Schaper and co-workers,263,264 b) β-diketiminato Cu(II) isopropoxide reported by Schaper and co-workers,265 

and c) the most active Cu(II) methyl-naphthalenylmethyl-(R,R)-1,2-diaminocyclohexane complex reported 

by Jeong and co-workers.266 

 

In similarity to Fe(II), the Cu(II)-catalysed ROP of LA is a burgeoning field, due to the 

biocompatible nature and low cost of the metal, and a diverse range of discrete mononuclear and 

dinuclear Cu(II) complexes have been reported as being active for this process.44,52,224,263–287 Notably, 
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several dinuclear diiminopyrrole-supported alkoxide complexes have been reported by Schaper and 

co-workers to be active for the ROP of rac-LA, some exhibiting significant isoselectivity (Figure 

1.24, a),263,264,274 and several reports have described square-planar Cu(II) complexes exhibiting 

remarkable activity in the ambient temperature solution-phase ROP of LA.265,266,283 For example, 

Schaper and co-workers reported that a β-diketiminato (DippBDI) Cu(II) isopropoxide system 

(Figure 1.24, b) rapidly afforded high-molecular weight PLA (Mn
GPC = 488 000 g mol–1) in 

dichloromethane at ambient temperature, where [LA]:[Pre-catalyst] = 3000:1, reaching ~95 % 

conversion, after 150 seconds.265 Furthermore, where [LA]:[Pre-catalyst] = 100:1, under otherwise 

similar conditions, the most active Cu(II) methyl-naphthalenylmethyl-(R,R)-1,2-

diaminocyclohexane complex (Figure 1.24, c) reported by Jeong and co-workers yielded PLA of 

Mn
GPC = 14 650 g mol–1, in excellent agreement with the theoretical value (Mn

Theo = 14 410 g mol–1), 

and ĐM = 1.29, at quantitative conversion after 10 seconds. In the latter case, highly heterotactic PLA 

was produced via a chain-end control mechanism (Pr = 0.90).266 However, to date, there have been 

no reports of solvent-free or robust, industrially relevant Cu(II)-catalysed protocols for the ROP of 

LA. 

1.7.7 Aluminium Catalysis in the Ring-Opening Polymerisation of Lactide 

Extensive work has been carried out by a number of groups concerning the Al(III)-catalysed 

ROP of LA, for example by the research groups of both Jones,288–305 and Romain.306–308 However, it 

is unclear whether this highly earth-abundant metal can be considered benign.309 Nonetheless, 

remarkable stereoselectivity has been accessed using Al(III) pre-catalysts. Often this has been 

achieved with chiral complexes of ligand systems with electron donating amine and imine 

functionalities under relatively mild, solution-phase conditions.21,28,313–321,187,288,289,299,305,310–312 

Commercially available, Al(III) triflate has been reported to catalyse the solvent-free ROP of LA at 

100 °C in air, but is slow, non-stereoselective, and offers extremely poor molecular weight control 

(ĐM = 1.19 – 4.32).322 

 

Figure 1.25. Feijen and co-workers’ robust Al(III) salen pre-catalyst for the highly isoselective ROP of rac-

LA.317 
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A notable combination of robustness and stereoselectivity was a salen-supported Al(III) 

isopropoxide complex reported by Feijen and co-workers (Figure 1.25). That system, in which a 

bulky, chiral, tert-butyl-substituted ligand system was used, was shown to be sufficiently robust for 

use under solvent-free conditions at 130 °C yielding highly isotactic PLA. Although activity was 

poor, control was good, especially in solution at 70 ºC (Table 1.3). Presumably both the stability and 

selectivity of Feijen’s pre-catalyst can be attributed the considerable steric congestion about the 

Al(III) centre.317  

 

Table 1.3. Selected polymer characterisation data for Feijen and co-workers’ robust aluminium salen pre-

catalyst.317 

Entry Pre-catalyst Monomer Time, 

days 

Conversion, % Mn
GPC,  

g mol–1 

Mn
Theo,  

g mol–1 

ĐM Pr 

a 1 R,R-Al(salen) L-LA 4 97 9 900 8 700 1.05 - 

a 2 rac-Al(salen) L-LA 5.1 93 8 600 8 100 1.09 - 

a 3 R,R-Al(salen) rac-LA 24 88 8 500 7 800 1.08 - 

a 4 rac-Al(salen) rac-LA 12 85 7 700 7 600 1.06 0.12 

b 5 R,R-Al(salen) rac-LA 2 86 21 600 24 700 1.18 - 

b 6 rac-Al(salen) rac-LA 2 95 24 900 27 300 1.37 0.07 

Conditions: a 70 ºC in toluene, [LA]:[Pre-catalyst] = 62:1. b130 ºC solvent-free, [LA]:[Pre-catalyst] = 200:1. 

 

Nomura and co-workers subsequently reported an achiral Al(III) complex supported by a 

very sterically-demanding salen ligand, and bearing a phenolate initiating group, active for the highly 

isoselective ROP of rac-LA under solvent-free conditions at 180 °C (Figure 1.26). Activity for that 

system was good; where [LA]:[Pre-catalyst] = 300:1, 91 % conversion was reached after 20 minutes 

in the ROP of rac-LA, yielding PLA of high molecular weight and low dispersity (Mn
GPC = 59 900 g 

mol–1, ĐM = 1.10, Pr = 0.20), and in the ROP of L-LA under the same conditions, 95 % conversion 

was attained after 10 minutes (Mn
GPC = 59 300 g mol–1, ĐM = 1.10).323  

 

Figure 1.26. Al(III) complex reported by Nomura and co-workers for the controlled and isoselective ROP of 

rac-LA under solvent-free conditions at 180 C.323 
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1.7.8 Indium, Dysprosium and Yttrium in the Ring-Opening Polymerisation of Lactide 

Whilst not necessarily encompassing benign, inexpensive or abundant metals, worthy of 

mention are several reported examples of extremely robust In(III)-, Dy(III)- and Y(III)-catalysed 

protocols for LA polymerisation that have been reported. For example, Sun and co-workers reported 

a dinuclear, water-bridged In(III) complex of a tetradentate bis(phenolate) ligand that was active for 

the solution-phase ROP of rac-LA in refluxing toluene under ambient air (Figure 1.27, a).103 Whilst 

quite well-controlled and slightly stereoselective, the polymerisation was slow (reaching 86 % 

conversion after 24 hours where [LA]:[Pre-catalyst] = 100:1;  ĐM = 1.22, Pr = 0.65), and although 

tolerant toward the presence of alcohol or water, did not exhibit immortal kinetics.  

 

Figure 1.27. Robust homobimetallic In(III) and Y(III) complexes for the ROP of LA. a) water-bridged In(III) 

bis(phenolate) system reported by Sun and co-workers,103 b) Y(III) bis(phenolate) systems of varying steric 

bulk, reported by Wu and co-workers,36 and c) In(III) salan system reported by Mehrkhodavandi and co-

workers.32 

 

Mehrkhodavandi and co-workers have reported a range of In(III) complexes for the ROP of 

LA,32,96,98,149,324–327 including examples of both stereoselective,96,326,327 and redox-switchable 

systems.149  Most notably, they prepared an In(III) salan species (Figure 1.27, c) for the controlled 

ROP of rac-LA under solvent-free conditions in ambient air, efficiently yielding high-molecular 
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weight PLA ([LA]:[Pre-catalyst]:[THMB] = 10 000:1:10, 120 min, 120 °C, > 70 % conversion, 

Mn
GPC = 91 200, ĐM = 1.34, THMB = tris(hydroxymethyl)benzene).32  

Air-stable Dy(III) and Y(III) complexes have been shown by Lin and co-workers to be active 

for the solvent-free ROP of LA at 130 °C. However, those species afforded poor activity and control, 

and did not produce immortal polymerisation kinetics.328 Wu and co-workers, however, have 

reported several immortal Y(III)-catalysed protocols for the ROP of LA under both solution and melt 

conditions. The homodinuclear pre-catalysts described in that work (Figure 1.27, b), supported by 

tridentate bis(phenolate) ligands, exhibited remarkable tolerance towards moisture under a solvent-

free regime, and were active at monomer to pre-catalyst ratios as high as [LA]:[Pre-catalyst] = 100 

000:1, although long reaction times were required (80 % conversion reached in the ROP of rac-LA 

after 48 hours at 150 °C, where [LA]:[Pre-catalyst]:[BnOH] = 100 000:1:1000). When the catalytic 

activities of species bearing various ligand substituents were compared at very low catalyst loading 

([LA]:[Pre-catalyst]:[BnOH] = 50 000:1:500), higher conversion was reached for systems about 

which there was greater steric congestion, (after 48 hours cumyl = 83 %, adamantyl/ tert-butyl = 70 

%, tert-butyl = 58 %). This indicates that the development of robust protocols for the solvent-free 

ROP of LA at extremely high monomer to pre-catalyst ratios is dependent upon effective kinetic 

stabilisation of the active species, to prevent aggregation or degradation.36 However, the reports of 

neither Lin nor Wu can be considered industrially relevant, due to the low crustal abundances of both 

Dy(III) and Y(III). 

1.7.9 The Group 4 Metals in the Ring-Opening Polymerisation of Lactide 

1.7.9.1 Overview and Selected Examples 

The Group 4 metals, Ti, Zr and Hf are generally considered to be biochemically and 

environmentally benign.329 Ti and Zr are also relatively inexpensive due to their moderately high 

crustal abundances, and compounds of these elements are generally of low colouration. 

Consequently, they are attractive for the development of industrially relevant, sustainable catalytic 

protocols for the ROP of LA.330 Although some Group 4 metal complexes have been reported to 

deliver extremely good control and stereoselectivity,305,331 the current work is concerned with robust, 

highly active, industrially relevant systems. The following discussion will therefore be concerned 

principally with species possessing those attributes. 

Previous work in the Davidson group has delivered several structurally diverse Group 4 pre-

catalysts for the ROP of LA. For example, bis(isopropoxide) complexes of Ti(IV), Zr(IV) and Hf(IV) 

supported by two general types of tetradentate amine bis(phenolate) ligands (Scheme 1.23) were 

reported for the homopolymerisation and copolymerisation of LA and ε-CL. That work directly 
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compared the influence of the different metals, ligand topologies (linear and tripodal), and degrees 

of steric congestion on catalytic activity. It was found that for the Ti(IV) species, bulkier ligand 

systems were associated with higher activity in the ROP of LA, presumably due to kinetic 

stabilisation preventing catalyst aggregation. Conversely, the heavier Group 4 metal complexes were 

most active when less demanding ligands were used, consistent with the greater accessibility of a 

less constrained active site, as discussed with regard to Group 1 and Group 2 metals.332  

 

Scheme 1.23. Preparation and geometries of Davidson and co-workers’ Group 4 amine bis(phenolate) 

complexes, showing the structures and coordination modes of linear and tripodal ligand scaffolds.332 

 

The Zr(IV) and Hf(IV) complexes of the linear ligand for which R = R’ = Me, were both 

isoselective in the ROP of rac-LA (for both systems Pr = 0.30, where [LA]:[Pre-catalyst] = 300:1, 

solvent free, 130 ºC, and for the Zr(IV) system Pr = 0.25, where [LA]:[Pre-catalyst] = 100:1 in 

toluene at 110 ºC), whereas the analogous Ti(IV) system was unselective. Complexes of the other 

ligands generally exhibited little or no stereoselectivity. The observed isoselectivity afforded in the 

presence of complexes supported by a linear ligand system, of a magnitude not replicated where a 

tripodal scaffold was used, was attributed to asymmetry conferred by the binding mode of the former. 

By contrast, the latter produced complexes of pseudo-C2 symmetry.  

In solution in toluene, only the least sterically congested Zr(IV) complexes of each ligand 

topology (linear, R = R’ = Me; tripodal, R = R’ = Me) were active for the ROP of LA; at 110 °C, 

where [LA]:[Pre-catalyst] = 100:1, the polymerisation was complete after two hours in both cases, 



 

64 

 

and PLA of dispersity ĐM = 1.17 and ĐM = 1.11 was produced by complexes of the linear and tripodal 

ligands, respectively, suggesting a well-controlled polymerisation. Under solvent-free conditions at 

130 ºC, however, PLA of broader dispersity was obtained using the same pre-catalysts (ĐM = 1.47 

and ĐM = 1.27, respectively) and conversion was relatively low after two hours (55 % and 45 % for 

complexes of the linear and tripodal ligands, respectively, where [LA]:[Pre-catalyst] = 300:1). 

Notably, the molecular weight of PLA produced in the presence of Zr(IV) and Hf(IV) pre-catalysts 

was approximately doubled when bulkier ligands were used. This was determined to be a kinetic 

effect, with reactivity being limited to a single isopropoxide position by the increased steric 

constraints about the metal centre. The robustness of the systems reported in that work towards high 

temperature, solvent-free conditions is significant for the development of novel, industrially relevant 

Group 4 species supported by phenolic ligands as pre-catalysts for the ROP of LA.332  

 

Scheme 1.24. Preparation and geometry of Davidson and co-workers’ Group 4 complexes of chiral Schiff 

base ligands.333 

 

Davidson and co-workers subsequently reported the use of chiral Schiff base ligands to 

prepare chiral Group 4 alkoxide pre-catalysts for the ROP of LA (Scheme 1.24). Those complexes 

were reported to be extremely robust toward the addition of water, or the presence of other impurities, 

during polymerisation. Indeed, following addition of water to the reaction mixture during 

polymerisation, MALDI-ToF-MS did not reveal the presence of –OH polymer end groups, indicating 

minimal chain transfer activity, indicative of a living, rather than immortal, polymerisation. In 

similarity to the previous work, the Ti(IV) pre-catalysts furnished no activity in solution (toluene, 80 

°C), and were active but entirely non-stereoselective under solvent-free conditions. Analogous 

Zr(IV) complexes, however, were active in toluene at 20 °C and 80 °C, and also under solvent-free 

conditions, exhibiting heteroselectivity in all cases (Pr = 0.68 – 0.73 under solvent-free conditions, 

Pr = 0.68 – 0.78 in solution). Unlike Davidson and co-workers’ previously reported Group 4 amine 

bis(phenolate) pre-catalysts, the steric bulk (and chirality) of the Schiff base ligand system appeared 

to be largely inconsequential. Activity was also higher than for the amine bis(phenolate) systems, 

with all species achieving 80 – 97 % conversion in 30 minutes under solvent free conditions (130 
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°C, [LA]:[Pre-catalyst] = 300:1). The solution-phase Zr(IV)-catalysed polymerisation of rac-LA was 

well controlled in all cases, (ĐM = 1.08 – 1.23), although under solvent-free conditions the dispersity 

of the polymer was increased significantly (ĐM = 1.39 – 2.45). Unexpectedly, the use of an unpurified 

monomer feed for the ROP of rac-LA under solvent-free conditions in the presence of the Zr(IV) 

pre-catalysts delivered PLA of much narrower molecular weight distribution than when the monomer 

had been purified by repeated sublimation (ĐM = 1.10 – 1.19, comparable to solution-phase 

reactions). This was attributed to impurities in the monomer feed reducing the reaction rate, and 

therefore also minimising the proliferation of undesirable side-reactions. The Ti(IV)-based pre-

catalysts, however, exhibited good control in the ROP of purified LA under solvent-free conditions 

(ĐM = 1.19 – 1.20). The high activity, selectivity and extreme robustness of the systems reported in 

that work are clearly relevant to the development of novel industrially relevant protocols.333 

 

Figure 1.28. The salalen ligand reported by Jones and co-workers for preparation of Group 4 pre-catalysts 

for lactide polymerisation and degradation.334 

 

Using another imine-containing ligand backbone (Figure 1.28), salalen-supported 

bis(isopropoxide) complexes of Zr(IV) and Hf(IV) have been reported by Jones and co-workers as 

stereoselective pre-catalysts for the production of isotactic PLA from rac-LA under solution 

conditions (Pr = 0.25 – 0.35 at 80°C in toluene). Although the polymerisation conditions in that case 

were not industrially relevant, addition of methanol on completion of the polymerisation afforded 

methyl lactate, suggesting a potential role for pre-catalysts of this type in commercial PLA 

degradation and recycling.334 
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Figure 1.29. Davidson and co-workers’ Ti(IV) N,N,N’,N’-tetrakis(2-hydroxyethyl)ethylenediamine-derived 

complex Ti4(TOEED)(OiPr)12.165 

 

Davidson and co-workers have carried out the ROP of LA in the presence of Group 4 metal 

isopropoxide complexes produced using pro-ligand N,N,N′,N′‑Tetrakis(2-

hydroxyethyl)ethylenediamine, H4TOEED, monitored in-situ by ATR-FT-IR spectroscopy. It was 

shown in that work that, whilst control was poor (ĐM = 1.42 – 2.07), polynuclear complexes were 

more active when the number of alkoxide initiating groups was increased. However, the metal 

tetrakis(alkoxide) precursors, Ti(OiPr)4 and [Zr(OiPr)4]·HOiPr, were less active under industrially 

relevant conditions (165 °C, solvent-free, unpurified monomer) than the tetranuclear complex 

Ti4(TOEED)(OiPr)12 (Figure 1.29). This suggests that even at low ligand:metal ratio, the presence of 

the ancilliary ligand plays a significant role in stabilising the catalytically active species.165  

 

Figure 1.30. N,N’-bis(2-hydroxybenzyl)ethylenediamine ligand used by Davidson and co-workers for the 

preparation of Ti(IV)- and Zr(IV)-based pre-catalysts for the ROP of rac-LA.329 

 

Ti(IV) and Zr(IV) complexes of another simple ethylenediamine-derived ligand system, 

N,N’-bis(2-hydroxybenzyl)ethylenediamine (Figure 1.30), have been reported by the Davidson 

group as pre-catalysts for the solvent-free ROP of rac-LA. In that work the Ti(IV) complex, bearing 

one ancillary ligand and two isopropoxide initiating groups, [LTi(OiPr)2] offered better control and 

higher activity than the homoleptic Zr(IV) complex, [L2Zr] which bore two bis(phenolate) ligands, 

and no isopropoxide groups (After 3 hours at 130 º C, under solvent-free conditions, where 

[LA]:[Pre-catalyst] = 300:1, Ti(IV) and Zr(IV) systems reached 71 % conversion, Mn
GPC = 22 200 g 

mol–1, ÐM = 1.25, and 25 % conversion, Mn
GPC = 20 500 g mol–1, ÐM = 1.48, respectively). Given the 

absence of any aliphatic alkoxide moiety, initiation of ROP in the presence of the latter, homoleptic, 
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species was suggested to proceed through insertion of the monomer into the metal-phenolate bond. 

No stereoselectivity was observed.329 

 

Figure 1.31. Robust oxo-bridged bimetallic Zr(IV) complex reported by Ko and co-workers.335 

 

Ko and co-workers have reported several oxo-bridged bimetallic Group 4 complexes for the 

ROP of LA (Figure 1.31). Those species were prepared in the presence of water and were sufficiently 

robust for polymerisation of L-LA under solvent-free conditions at 130 °C, suggesting potential 

industrial relevance. Using the most active pre-catalyst reported in that work, PLLA of narrow 

molecular weight distribution was produced after 1 hour, although the catalyst loading was high (93 

% conversion, Mn
GPC = 16 500 g mol–1, Pr = 1.21, [LA]:[Pre-catalyst] = 300:1). When rac-LA was 

used under identical conditions, very slight heterotactic enrichment was observed (Pr = 0.55), and 

the molecular weight distribution was slightly narrowed (ĐM = 1.13), presumably due to the increased 

favourability of heterotactic propagation events over transesterification processes.335 
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Scheme 1.25. Preparation and structure of Group 4 amine tris(phenolate) complexes reported by Hu and co-

workers.89 

 

Hu et al. have reported consistent isotactic enrichment (Pr = 0.32 – 0.19) of PLA produced 

via the ROP of rac-LA in the presence of homoleptic complexes of Zr(IV) and Hf(IV) supported by 

asymmetric tripodal, tetradentate bis(phenolate) ligands (Scheme 1.25). The achiral ligands were 

reported to acquire point chirality about the nitrogen centre on ligation of the metal, this presumably 

being the origin of stereocontrol. Under solvent-free conditions, at 130 °C, control was good in the 

presence of those species (ĐM = 1.02 – 1.25). However activity was quite low, precluding industrial 

relevance (where [LA]:[Pre-catalyst]:[MeOH] = 100:1:1, the most active Hf(IV)-catalysed system 

reached 92 % conversion after 1.5 hours. ĐM = 1.03). The combination of stereoselectivity, molecular 

weight control and modest activity suggests a tightly constrained active site. In conjunction with the 

apparent chirality of the ancillary ligand, this is compatible with stereocontrol occurring via an 

enantiomorphic site control mechanism.89  
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1.7.9.2 Group 4 Metal Amine Tris(phenolate) Complexes  

The coordination chemistry of C3-symmetric, tripodal amine tris(phenol) pro-ligands  is 

diverse.336 Henceforth in the current work, amine tris(phenolate), abbreviated to TP, denotes the 

trianionic ligand scaffold derived from pro-ligand tris(2-hydroxybenzyl)amine, and any C3-

symmetric substituted derivatives thereof. The literature contains reports of the preparation, and in 

some cases catalytic application, of complexes of metals and main group elements supported by C3-

symmetric TP ligands, including Sc,337 Ti,100,338–354 Zr,99,338,355–358 Hf,99,358 V,342,359–361 Nb,362,363 

Ta,362,364–368 Mo,369–372 W,373–375 Cr,342,376 Mn,342,376,377 Fe,377–386 Co373,376,377,387 Ni,388 Zn,389 B,390,391 

Al,298,392–400 Ga,401 In,401 Si,402–404 Ge,100 Sn,355,405 Sb,406 Bi,407 U,373,408–415 Y,337,416,417 Sm,337,416,417 

Nd,337,416,417 La,373,416,417 Ce,337 Gd,337,373 Tb,373 Dy,373 Ho,373 Yb,337 Li,418 Na,418 and P.419–421 

Discussion herein will be limited to relevant examples concerning the Group 4, Group 14 and Group 

5 elements. 

 

Scheme 1.26. Highly active and stereoselective C3-symmetric amine tris(phenolate)-supported Group 4 and 

Group 14 isopropoxide complexes, showing dynamic inversion of helical chirality.99 

 

Davidson and co-workers have reported several examples of TP-supported Group 4 and 

Group 14 metal complexes as pre-catalysts for the highly stereoselective ROP of rac-LA. Reaction 

of the relevant Ti(IV), Zr(IV) Hf(IV), or Ge(IV) isopropoxide precursor with the bulky, achiral pro-

ligand tris(2-hydroxy-3,5-di-tert-butylbenzyl)amine, H3LtBu, afforded in each case a C3-symmetric 

complex of formula [LtBuM(OiPr)]·(HOiPr)n (where M = Ti(IV), n = 0; M = Zr(IV), n = 0; M = 
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Hf(IV), n = 0; M = Ge(IV), n = 1), exhibiting dynamic helical (P/M) chirality (Scheme 1.26) 

(although formally pseudo-C3-symmetric due to the presence of the isopropoxide moiety, in the 

current work complexes of this structure will henceforth be described as C3-symmetric). In similarity 

to both amine bis(phenolate)- and chiral Schiff-base-supported systems also reported by Davidson 

and co-workers, [LtBuTi(OiPr)] exhibited no stereoselectivity in catalytic use, and was less active than 

the heavier Group 4 systems. The Zr(IV) and Hf(IV) analogues [LtBuZr(OiPr)] and [LtBuHf(OiPr)], 

however, delivered highly heterotactic PLA (Pr = 0.96 for Zr(IV), Pr = 0.88 for Hf(IV)) under 

solvent-free conditions, with Zr(IV) exhibiting higher activity than Hf(IV) (reaching 78 % 

conversion and 95 % conversion after 6 minutes and 30 minutes, respectively, at 130 °C, where 

[LA]:[Pre-catalyst] = 300:1). The polymerisation was also well controlled in both cases; ĐM = 1.22 

and ĐM = 1.19, for Zr(IV) and Hf(IV), respectively, attributed to the enclosure of the active site by 

the C3-symmetric TP ligand scaffold. However, the molecular weights of the polymer products 

produced in the presence of the two systems were very different (Mn
GPC = 32 300 g mol–1 and Mn

GPC 

= 71 150 g mol–1 for Zr(IV) and Hf(IV), respectively). The ambient temperature ROP of rac-LA in 

toluene (48 h, [LA]:[Pre-catalyst] = 100:1) was slow (50 % and 30 % conversion for Zr(IV) and 

Hf(IV), respectively) but both pre-catalysts yielded heterotactic PLA; Pr = 0.98, ĐM = 1.09 and Pr = 

0.97, ĐM = 1.08 for the Zr(IV) and Hf(IV) complexes, respectively.99  

The Ge(IV) system, [LtBuGe(OiPr)]·HOiPr,  was reported to be much less active, and less 

stereoselective, than both the Zr(IV) and Hf(IV) species, under identical solvent-free conditions at 

130 °C, reaching 85 % conversion after 24 hours, and yielding PLA of Pr = 0.79 ([LA]:[Pre-catalyst] 

= 300:1). However, control was slightly improved (ĐM = 1.15) and the polymer molecular weight 

was in excellent agreement with the theoretical value (Mn
GPC = 35 700 g mol–1, and Mn

Theo = 36 700 

g mol–1).100 Presumably the reduced activity of the Ge(IV) complex can be attributed to reduced 

lability of the alkoxide moiety (or metal-coordinated growing chain), relative to the Group 4 systems. 

In the solid state, the metal-alkoxide, M-OiPr, bond of the Ge(IV) system was considerably shorter 

than that of Hf(IV), despite the alkoxide oxygen of the Ge(IV) complex being hydrogen bonded to a 

molecule of HOiPr (Ge-O = 1.799(2) Å, Hf-O = 1.920(2) Å).99,100  Notably, despite the extra 

equivalent of HOiPr presumably being present under polymerisation conditions, the molecular 

weights of the polymer products produced in the presence of [LtBuGe(OiPr)]·HOiPr corresponded to 

initiation of one polymer chain per molecule of the pre-catalyst, suggesting that chain transfer 

activity was negligible. Alternatively, it is conceivable that the alkoxide moiety of the pre-catalyst 

was completely inactive, and that ROP in the presence of that species proceeded via an activated 

monomer mechanism, facilitated by the stoichiometric quantity of HOiPr present (with respect to the 

metal complex).  

The pre-catalysts [LtBuZr(OiPr)] and [LtBuHf(OiPr)] offered an unprecedented combination 

of activity and selectivity under melt conditions, and the potential value of Group 4 TP systems for 
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delivery of benign, industrially relevant protocols for the ROP of LA is significant.99 Furthermore, 

the pre-catalyst [LtBuZr(OiPr)] has been the subject of investigation regarding suitability for 

production of PLA for biomedical use. In that study, the Zr-containing PLA better accommodated 

cell growth than PLA produced with a Sn(II) pre-catalyst.53 This suggests that, in addition to the 

benign nature of Zr(IV), the TP ligand scaffold is not significantly cytotoxic. 

1.7.9.3 The Dynamic Enantiomorphic Site Stereocontrol Mechanism in the Group 4 Metal-

Catalysed Ring-Opening Polymerisation of Lactide  

Davidson and co-workers postulated that the remarkable heteroselectivity of [LtBuMOiPr] (M 

= Zr(IV), Hf(IV)) in the ROP of LA may be attributable to a dynamic enantiomorphic site control 

mechanism, predicated upon inversion of the helical chirality of the TP ligand scaffold occurring on 

each monomer insertion event (between (P)-[LtBuZr(OiPr)] and (M)-[LtBuZr(OiPr)]) (Scheme 1.26, 

Scheme 1.27), although the possibility of chain end control was not eliminated.99 

 

Scheme 1.27. Heterotactic propagation due to a proposed dynamic enantiomorphic site control mechanism 

for the ROP of rac-LA in the presence of [LtBuZr(OiPr)], reported by Davidson and co-workers.99 

 

A pseudo-C3-symmetric, chiral analogue of [LtBuZrOiPr] was also synthesised, in which a 

methyl group was present at the methylene position of one phenolate arm of the ligand, inhibiting 

inversion of helical chirality with minimal disruption to the steric or electronic properties of the pre-

catalyst. The ligand was stereopure, denoted as (R)-H3*LtBu, and the Zr(IV) complex was found to 

favour the (R,M)-[*LtBuZr(OiPr)] form, with the methyl group in the axial position (Scheme 

1.28).337,422  

When the activity of the methylated complex [*LtBuZr(OiPr)] was compared to that of the 

C3-symmetric system, [LtBuZr(OiPr)], in the ROP of rac-LA, there was a 19-fold rate difference, the 

asymmetric species being slower, suggesting that propagation did indeed involve inversion of helical 

chirality. Heterotactic enrichment of the PLA product was still observed, however, suggesting that 
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helical inversion did still occur for the methylated system, albeit much more slowly than in the C3-

symmetric system, due to the instability of the isomer (R,P)-*LtBuZr(OiPr). Nonetheless, helical 

inversion apparently remained more favourable than isotactic enchainment, consistent with the 

extreme heteroselectivity observed for the C3-symmetric species. Furthermore, when stereopure D-

LA was polymerised with the methylated pre-catalyst, the rate was reduced by a further factor of 10, 

relative to the ROP of rac-LA in the presence of the same pre-catalyst. Although D-LA is the 

favoured LA enantiomer for insertion into the stable (R,M) form of the active catalyst when an L-LA 

(S,S) chain end is present, the slow rate was attributed to the absence of the correct chain end at the 

highly-constrained active site. Moreover, in the attempted ROP of L-LA, no activity was observed, 

confirming that where both chain end and catalyst stereochemistry did not favour insertion, the 

kinetic barrier to polymerisation became insurmountable.337 

 

Scheme 1.28. Synthesis and structure of pseudo-C3-symmetric Zr(IV) complex [*LtBuZr(OiPr)], and 

propagation of the ROP of rac-LA, D-LA, and L-LA in the presence of that species.337,422 
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Further evidence for the presence of a dynamic enantiomorphic site control mechanism is 

offered by Davidson and co-workers’ report of dimeric complexes of unsymmetrical amine 

tris(phenolate) ligands in the catalytic ROP of rac-LA (Scheme 1.29). Those systems were not 

pseudo-C3-symmetric, and did not exhibit helical chirality. Where steric congestion about the metal 

centre was similar to that of the C3-symmetric species (R = R’ = tBu), significantly reduced 

stereoselectivity was observed for the non-C3-symmetric pre-catalyst. However, when isostructural 

dimeric species supported by asymmetric ligands of varying steric demand were compared, there 

was not a significant relationship between the ligand bulk and stereoselectivity. This indicates that 

the helical chirality of the C3-symmetric system was likely the primary factor influencing 

stereoselectivity, via a dynamic enantiomorphic site control mechanism.423,424 

 

Scheme 1.29. Preparation and geometry of Zr(IV) complexes of asymmetric amine tris(phenolate) ligands.119 

 

Kol and co-workers have reported Zr(IV) bis(tert-butoxide) complexes supported by 

tetradentate imine-thiobis(phenolate) ancillary ligands with various substitution patterns for the ROP 

of rac-LA (Scheme 1.30). It was shown that stereoselectivity could be manipulated to deliver either 

isotactically enriched or heterotactically enriched PLA, by changing the ligand substituents. This was 

tentatively suggested to be due to variation in the flexibility of the ligand backbone; more rigid 

systems being isoselective, and more flexible species being heteroselelctive, favouring static and 

dynamic enantiomorphic site control mechanisms, respectively. Although only modest 

stereoselectivities were delivered (Pr = 0.33 – 0.72, at 70 °C in toluene), rational control of 

stereoselectivity is relevant to pre-catalyst design for the industrial preparation of PLA and associated 

co-polymers with well-defined thermal and mechanical properties.104 
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Scheme 1.30. Syntheses of Zr(IV) alkoxide complexes of Kol and co-workers’ imine-thiobis(phenolate) 

ligands, affording tunable dynamic enantiomorphic site control.104 

 

Fluxional C2v symmetry has also been posited by Kol and co-workers as the origin of 

heterotactic enrichment in the production of PLA from rac-LA by N,N’-bis(2-hydroxy-3,5-di-tert-

butylphenyl)-1,2-phenylenediamine-supported isopropoxides of Zr(IV) and Ti(IV).425 

1.7.9.4 A Robust Zirconium Complex for the Ring-Opening Polymerisation of Lactide 

Davidson and co-workers have reported that reaction of Zr(IV) isopropoxide isopropanol 

complex, [Zr(OiPr)4]·HOiPr, with the achiral pro-ligand tris(2-hydroxy-3,5-dimethylbenzyl)amine, 

H3LMe, afforded the homoleptic, zwitterionic, air-stable complex [Zr(HLMe)2], 1 (Scheme 1.31).  

 

Scheme 1.31. Preparation of C3-symmetric Zr(IV) amine tris(phenolate) complexes. Zwitterionic complexes 

1 and 2 are shown.99,355,356 
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The homoleptic, C3-symmetric complex, 1, contains a formally dianionic, six-coordinate 

metal centre. Correspondingly, both ligands were reported to be protonated at the bridgehead 

nitrogen, with the corresponding proton in each case being hydrogen bonded in an unusual trifurcated 

motif to the three phenolate oxygen atoms of the respective ligand. Henceforth in the current work, 

this protonated ligand scaffold, (HLMe)2–, and differently-substituted derivatives thereof, with be 

denoted H+TP.  

Significantly, in [Zr(HLMe)2] there is elongation of the Zr-O bonds, when compared to the 

isopropoxide species [LtBuZr(OiPr)] also reported by Davidson and co-workers. This was attributed 

to steric repulsion arising from the sterically-congested ligand environment about the metal centre, 

and may be anticipated to reflect enhanced reactivity at the metal-ligand bond.99,355 Structurally 

related H+TP complexes of Hf(IV), Ce(IV), and Sn(II) have all been described, the latter example 

bearing only one ligand, the metal centre being formally monoanionic.337,355 Tasker and co-workers 

subsequently reported that two other zwitterionic Zr(IV) H+TP complexes, structurally analogous to 

1 (including 2, which was synthesised using pro-ligand tris(2-hydroxy-3-methyl-5-tert-

butylbenzyl)amine, H3LMe/tBu) could be prepared using C3-symmetric pro-ligands bearing various 

substituents at the aromatic rings, and exhibited considerable hydrolytic stability (the other example 

was prepared using pro-ligand tris(2-hydroxy-3-chloro-5-tert-butylbenzyl)amine, H3LCl/tBu).356 

Although lacking an alkoxide initiating group, 1 has been shown to be an active catalyst for 

the ROP of LA under solvent-free conditions, a process that must necessarily proceed via an activated 

monomer mechanism.337,426 Additionally, 1 is stable to atmospheric conditions, and is prepared by a 

straightforward synthetic procedure.355 Accordingly, 1 is of great interest for the replacement of 

existing catalytic protocols for the industrial ROP of LA with a benign, inexpensive and industrially 

relevant alternative. To date, however, the reaction kinetics of the solvent-free polymerisation of LA 

in the presence of 1 have not been fully elucidated, and in previous polymerisation experiments 1 

has always been introduced to the monomer melt as a solid material. This is not a suitable system for 

the drop-in replacement of the liquid pre-catalyst Sn(Oct)2.337,426 
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1.8  Amine Tris(phenolate) Complexes of Group 5 Metals 

 

Scheme 1.32. Synthesis and structures of Group 5 TP complexes reported by Nomura and co-workers. 

Modified Newman projections of the complexes [LtBuNb(OTf)Cl] and [LMeNbCl2] show the C1-symmetric 

and pseudo-C3-symmetric conformations adopted by the ligands (LMe)3–  and (LtBu)3–, respectively.363  

 

There are only two reports in the literature of Nb(V) TP complexes; Nomura and co-workers 

prepared pseudo-octahedral dichloro complexes of tetradentate trianionic ancillary ligands (LMe)3– 

and (LtBu)3–, demonstrating in both cases the selective abstraction of the chlorine atom located cis to 

the bridgehead nitrogen of the ancillary ligand, on treatment with Ag(I) triflate (Scheme 1.32). The 

Cl position trans to the nitrogen donor apparently remained unreactive. They also prepared a 
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complex, [LMeNb(HLMe)], in which two (LMe)3–  ligands were coordinated to the metal centre, one 

adopting a bidentate coordination mode, with a pendent OH group remaining protonated.363 The 

structures of the mono- and bis-ligated mononuclear complexes of ligand (LMe)3– reported in that 

work indicate that formation of a zwitterionic Nb(V) complex, in the manner of Zr(IV), Hf(IV), 

Ce(IV) or Sn(II), is not favourable.337,355,356  

The phenolate groups of tetradentate ancillary ligand, (LMe)3–, of complexes [LMeNbCl2] and 

[LMeNb(HLMe)], were reported to adopt C1-symmetry about the axis described by the Nb-N bond, 

whereas the more sterically demanding phenolate groups of ligand (LtBu)3–, adopted a pseudo-C3-

symmetric conformation in the complex [LtBuNb(OTf)Cl].363 A TP-supported cyclopentadienyl 

Nb(V) chloro complex was prepared by Bruno and co-workers, in which the Cp– ligand was situated 

trans to the bridgehead nitrogen of the TP ligand. However, the solid-state structure of that species 

was not elucidated.336,362   

 

Scheme 1.33. Coordination of water to a C3-symmetric V(V) TP complex. Modified Newman projections 

show rearrangement of the phenolate groups of the ancillary ligand (LMe)3–, to adopt a C1-symmetric 

conformation in the pseudo-octahedral six-coordinate water adduct, reported by Kol and co-workers.360 

 

Bruno and co-workers,359 and Kol and co-workers,360 (among others,342,361) have reported 

several V TP systems, in which the metal centres were variously V(III), V(IV), and V(V). In those 

cases, all five-coordinate species adopted trigonal-bipyramidal geometry at the V centre, with the 

ligand scaffolds being C3-symmetric about the V-N axis. However, Kol and co-workers reported that 

when a water molecule coordinated to the metal centre of a TP-supported V(V) oxo complex 

prepared from pro-ligand tris(2-hydroxy-3,5-dichlorobenzyl)amine, H3LCl, the ancillary ligand of the 
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resulting pseudo-octahedral species adopted C1-symmetry (Scheme 1.33).360 Similarly the ancillary 

ligand, (LCl)3–, of a pseudo-octahedral V(V) TP complex bearing a coordinated, ring-opened 

propylene oxide molecule, isolated by Kleij and co-workers as a catalytic intermediate in the 

coupling of propylene oxide and CO2 to produce propylene carbonate, exhibited C1-symmetry.427 

V TP complexes have been shown to catalyse various transformations, including cyclic 

carbonate synthesis via the coupling of epoxides and CO2,427 olefin epoxidation,360 and the 

sulfoxidation of sulfides in the presence of hydrogen peroxide,428 with the latter two processes being 

of interest as models for the study of bioinorganic V-based haloperoxidases.360,428  

There are several literature examples of Ta(V) TP complexes.362,364–368 Notably, Kol and co-

workers, and Verkade and co-workers have both independently prepared a Ta(V) bis(ethoxide) 

complex supported by the TP ancillary ligand (LMe)3– (Scheme 1.34). Verkade and co-workers 

reported that pseudo-octahedral species to be inactive for LA polymerisation.364 Notably, however, 

Kol and co-workers found that the alkoxide position cis to the bridgehead nitrogen donor of the TP 

scaffold could be selectively substituted in the presence of even a large excess of a halide source, 

chlorotrimethylsilane (TMSCl), with the alkoxide trans to the amine group remaining remarkably 

unreactive in the presence of that or other strong chlorinating agents.364,365 

 

Scheme 1.34. Preparation of amine tris(phenolate)-supported Ta(V) complexes with one reactive site (blue) 

and one inert site (red), reported by Kol and co-workers.364,365  

 

Similar facility of selective chlorination was observed for the analogous bis(dimethylamido) 

Ta(V) TP complex.365 The ligand scaffolds of both the bis(ethoxide) complex, and the 

monochlorinated derivative exhibited C1-symmetry about the axis of the Ta-N bond.  Kol and co-

workers subsequently reported the preparation of Ta(V) bis(dimethylamido) and bis(ethoxo) 

complexes supported by the bulky TP ligand (LtBu)3–. Although a solid-state structure of the alkoxide 

complex was not obtained in that case, the amido system was observed to be mononuclear, supported 

by one TP ligand which, unlike other Group 5 metal complexes of the same ligand reported in the 

literature and discussed herein, adopted C1 symmetry about the Ta-N axis.368 Presumably this atypical 

geometry can be attributed to the steric demands of the dimethylamido ligands. Spectroscopic data 
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apparently indicated that, in solution, the (LtBu)3–-supported bis(ethoxide) complex adopted a similar 

structure to the dimethylamido system, but the symmetry of the ligand system was not discussed. 

Chlorination of neither the bis(dimethylamido) nor the bis(ethoxo) complex of (LtBu)3– was 

reported.368  

On reviewing the various examples in the literature of six-coordinate TP-supported 

complexes of the Group 5 metals, two empirical trends are clear. Firstly, ligands positioned cis to the 

bridgehead nitrogen of the TP scaffold undergo substitution much more readily than those located in 

the trans position. Secondly, the phenolate groups of the bulky TP ligand (LtBu)3– generally adopt 

pseudo-C3 symmetry about the M-N axis (M = V(III), V(IV), V(V), Nb(V), Ta(V)), whereas the less 

sterically demanding ligands (LMe)3– and (LCl)3– exclusively favour C1 symmetry. 

1.9  The Group 5 Metals in the Ring Opening Polymerisation of Cyclic 

Esters 

1.9.1 Overview and Selected Examples 

The heavier Group 5 metals, Nb and Ta, are biochemically benign, relatively inexpensive, 

and the existence of an established supply chain for Nb in particular, due to its use in structural alloys, 

makes it attractive for exploitation in catalytic applications.429 It is therefore surprising that these 

elements have received little attention with regard to for the ROP of cyclic esters, with only a small 

handful of such reports in the literature.51,130,143,364,430–432 Furthermore, complexes of Nb or Ta have 

never been applied to the ROP of β-BL, and only once has either been used for the ROP of δ-VL, 

that example concerning an unusual trihydridoniobocene system reported by Otero and co-workers 

(Scheme 1.35).130 Notably, there are only four reports concerning the application of structurally 

analogous Nb and Ta complexes to the polymerisation of cyclic esters,51,143,430,431 and from only three 

of those can any comparison of relative activity be drawn.51,143,430 Additionally, only one  V-catalysed 

protocol has been reported for the ROP of cyclic esters, by Redshaw and co-workers, in which ε-CL, 

L-LA and rac-LA were polymerised in the presence of various poly(phenolate) complexes of that 

metal.432 However, V catalysis is not a focus of the current work and will not be discussed further. 

 

Scheme 1.35. Otero and co-workers’ trihydroniobocene pre-catalyst, activated by thermolytic elimination of 

H2.
130 
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Otero and co-workers’ trihydroniobocene species was reported to be a pre-catalyst for the 

living ROP of both ε-CL and δ-VL, but negligible activity was observed when the polymerisation of 

rac-LA or rac-β-BL was attempted. When ε-CL was polymerised at 60 °C in toluene, where [ε-

CL]:[Pre-catalyst] = 500:1 (no co-initiator was used), 89 % conversion was reached in 2 hours. The 

number average molecular weight of the polymer was in good agreement with the theoretical value, 

although the molecular weight distribution was broad (Mn
GPC = 53 000 g mol–1, Mn

Theo = 50 700 g 

mol–1, ĐM = 1.60). When the reaction was repeated under solvent-free conditions (60 °C, [ε-CL]:[Pre-

catalyst] = 500:1) 50 % conversion was achieved after 1 hour (Mn
GPC

 = 20 500 g mol–1, Mn
Theo

 = 28 

500 g mol–1), but the molecular weight distribution of the product in that case was broader still (ĐM 

= 1.72). The solvent-free ROP of δ-VL at 60 °C appeared well controlled, producing PVL of well-

defined molecular weight, in close agreement with the theoretical value (Mn
GPC = 30 800 g mol–1, 

Mn
Theo = 31 000 g mol–1, ĐM = 1.20), although activity was low for a solvent-free process ([δ-

VL]:[Pre-catalyst] = 500:1, 62 % conversion reached after 4 hours). The ROP of ε-CL and δ-VL in 

the presence of the trihydroniobocene pre-catalyst was suggested to proceed via thermolytic 

elimination of H2, to expose a metal coordination site, followed by a coordination-insertion 

mechanism at the remaining metal-hydride bond. Accordingly, the ambient-temperature, solution-

phase ROP of ε-CL was unsuccessful.130 

Nb(V) and Ta(V) complexes of two different tetraphenolate ligands have also been reported 

for the catalytic ROP of ε-CL by Redshaw and co-workers (Scheme 1.36). Those species were all 

inactive at temperatures below 100 °C, but at higher temperatures, both in toluene and under solvent-

free conditions, the monomer was successfully polymerised. Each pro-ligand in that work comprised 

a central benzene ring bearing two bis(2-hydroxy-3,5-di-tert-butylphenyl)methyl groups, positioned 

para and meta to each other in the two systems, respectively. When the first (para) pro-ligand was 

reacted with 2 equivalents of NbCl5 in refluxing toluene for 12 hours, then recrystallised from 

acetonitrile, a homodinuclear Nb(V) complex was obtained, in which each Nb(V) centre bore three 

chloro ligands and a coordinated molecule of acetonitrile. When a similar synthetic procedure (25 

ºC, 48 hours) was carried out with NbCl5 or TaCl5, respectively, in the presence of ethanol, and the 

product recrystallised from acetonitrile and dichloromethane, structurally analogous species were 

produced, in which one ethoxide moiety was present at each metal centre, replacing a chloro ligand. 

However, when the second (meta) pro-ligand was reacted with two equivalents of NbCl5 in refluxing 

toluene for 12 hours, and recrystallised from acetonitrile, a mononuclear complex was isolated 

wherein the metal centre was coordinated by two tetraphenolate ligands, both in a bidentate fashion, 

and each also having two pendant OH groups. The metal centre also bore one chloro ligand, and a 

coordinated molecule of acetonitrile.431  
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Scheme 1.36. Synthesis and structures of various Nb(V) and Ta(V) complexes of two tetraphenolate ligands, 

described by Redshaw and co-workers.431 

 

A direct comparison of the relative catalytic activities of the structurally analogous Nb(V) 

and Ta(V) complexes of the first (para) ligand cannot be made from the experiments described in 

that work, as reaction times were not optimised. However, the Ta(V) system was able to polymerise 

the monomer in the absence of a co-initiator (reaching 98 % conversion, and affording PCL of Mn
GPC 

= 2 100 g mol–1, ÐM = 1.73, after 20 hours at 110 ºC, where [ε-CL]:[Pre-catalyst] = 400:1), whereas 

the Nb(V) species was inactive under those conditions. Furthermore, the Nb(V) species produced a 

bimodal distribution of polymer molecular weights, a phenomenon not observed for the Ta(V) 

complex which yielded only low-molecular weight material. Molecular weight control was generally 

poor for all four species, and the dinuclear Nb(V) complex without alkoxide groups required an 

exogenous alcohol co-initiator to successfully effect the ROP of the monomer. As might be expected, 
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all species were more active under solvent-free conditions than at comparable temperature in the 

solution phase. Notably, the mononuclear bis-ligated Nb(V) complex of the second (meta) ligand, 

was active in the absence of a co-initiator (reaching 96 % conversion, and affording PCL of Mn
GPC = 

1 100 g mol–1, ÐM = 1.11, after 20 hours at 110 ºC, where [ε-CL]:[Pre-catalyst] = 400:1).431 

1.9.2 Relative Catalytic Activities of Niobium and Tantalum Complexes in the ROP of 

Cyclic Esters 

 

Figure 1.32. Tetrakis(alkoxo) Group 5 α-aminoacidato (L-phenylalanine) complexes reported by Pamaloni 

and co-workers.430 

 

Pampaloni and co-workers have reported the use of Nb(V) and Ta(V) tetrakis(ethoxide) 

complexes supported by an α-aminoacid (L-phenylalanine) ancillary ligand for the ROP of L-LA and 

rac-LA (Figure 1.32). Under solvent-free conditions (130 °C, [LA]:[Pre-catalyst] = 300:1) these non-

heteroselective pre-catalysts were of relatively low activity, although Nb(V) was slightly more active 

than Ta(V) (after 15 hours at 135 °C, the Nb(V) and Ta(V) α-aminoacidato complexes reached 95 % 

and 88 % conversion, yielding PLA of Mn
GPC = 34 500 g mol–1 and Mn

GPC = 32 300 g mol–1, and ĐM 

= 1.50 and ĐM = 1.70, respectively, in the ROP of L-LA, and  86 % and 77 % conversion, yielding 

PLA of Mn
GPC = 35 700 g mol–1 and Mn

GPC = 32 300 g mol–1, and ĐM = 1.70 and ĐM = 1.90, 

respectively, in the ROP of rac-LA). Both the Nb(V) and Ta(V) complexes afforded marginally 

higher polymerisation activity than the corresponding metal pentakis(ethoxide) precursors from 

which they were prepared, although the degree of control was comparable. The polymerisation 

proceeded via a coordination-insertion pathway, and the authors attributed the high dispersities of 

the polymer products to transesterification activity, which it seems plausible may have arisen from 

the presence of multiple active alkoxide positions at the metal centre. Despite the low activity, use 

of a Group 5 metal and biocompatible ligand system for the facile preparation of a polymerisation 

pre-catalyst, robust towards solvent-free conditions, is relevant to the development of industrially 

relevant systems.430 
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Figure 1.33. Zwitterionic Group five aminophenolate complexes described by Chakraborty and co-

workers.51 

 

Chakraborty and co-workers, similarly, observed slightly higher activity for Nb(V) than 

Ta(V) in the ROP of rac-LA and L-LA initiated by zwitterionic aminophenolate complexes (Figure 

1.33). The six-coordinate metal centre was formally anionic in each of those species, with protonation 

of the ligand amine group balancing the charge. The pre-catalysts exhibited only modest activity for 

the ROP of rac-LA and L-LA under solvent-free conditions (140 °C, [LA]:[Pre-catalyst] = 200:1) 

with conversions of 92 % – 96 % reached in reaction times between 9 and 22 hours. However, control 

was excellent; the polymer dispersity did not exceed ĐM = 1.20 for any of the pre-catalysts, and the 

value of Mn
GPC was consistently within 14 % of the theoretical value. When rac-LA was used, Pr was 

always in the range Pr = 0.66 – 0.69, showing consistent heterotactic enrichment of the polymer. 

ROP proceeded via a coordination-insertion mechanism involving insertion into the metal-phenolate 

bond. Although some of the pre-catalysts also bore ethoxide groups, this did not appear to reduce the 

molecular weight of the polymer obtained in those cases, suggesting that the ethoxide moieties were 

not active initiating groups. Immortal polymerisation kinetics were accessible in the presence of five 

equivalents of exogenous benzyl alcohol, polymer dispersity remaining low (ĐM ≤ 1.14), and under 

those conditions a rate increase was observed, conversions of 96 % – 98 % being reached in reaction 

times between 5 and 18 hours, compatible with non-rate-determining chain transfer activity.51 
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Figure 1.34. Iminophenolate complexes of Nb(V) and Ta(V) described by Chakraborty and co-workers.143 

 

Structurally-related iminophenolate systems (Figure 1.34), also reported by Chakraborty and 

co-workers, were more active than the aminophenolate complexes in the ROP of rac-LA and L-LA 

(97 % – 99 % conversion reached in 40 – 75 minutes, under solvent-free conditions at 130 ºC, where 

[LA]:[Pre-catalyst] = 200:1), and slightly more stereoselective in the ROP of rac-LA (Pr = 0.70 – 

0.72 versus Pr = 0.66 – 0.69). Those systems were also active for the ROP of ε-CL, providing PCL 

of high molecular weight and low dispersity (ĐM ≤ 1.08). Like the aminophenolate systems, ROP 

proceeded via a coordination-insertion mechanism at the metal-phenolate bond. In the ROP of LA 

and ε-CL, there was, again, a subtle increase in activity when Nb(V) was used, relative to Ta(V).143  

Chakraborty and co-workers have also reported the controlled ROP of glycidol, at the 

epoxide moiety, mediated by Nb(V) and Ta(V) benzotriazole and benzoxazole phenoxide complexes, 

producing a hyperbranched polyether. In that work, the Nb(V) species exhibited higher activity than 

analogous Ta(V) systems, attributed to greater electropositivity.433 

The consistent observation of higher activity in the Nb(V)-catalysed ROP of cyclic 

monomers, relative to Ta(V)-catalysed systems, is in agreement with the relative activities of Zr(V) 

and Hf(V) species applied to the stereoselective ROP of rac-LA and rac-β-BL by Davidson and co-

workers,99 and Jones and co-workers,119 respectively.  
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1.10 Summary and Project Objectives 

As discarded oil-derived plastics accumulate at ever-increasing concentrations in terrestrial 

and marine environments the provision of inexpensive, bio-based and compostable plastics, with 

useful thermal and mechanical properties, becomes an increasingly urgent research challenge. A bio-

derived, compostable polyester, poly(lactic acid) is currently the most promising candidate material 

for the drop-in replacement of traditional polyesters such as polyethylene terephthalate in the low-

value packaging applications that are the current source of much plastic waste. The role of catalysis 

is central to the economical production of poly(lactic acid) with useful physical properties. Indeed, 

the application of stereoselective catalysis to the production of thermally-robust poly(lactic acid) has 

been the subject of much research attention. Similarly, due to anticipated consumer and regulatory 

demand, much research in this field has been concerned with the provision of catalytic systems for 

lactide polymerisation based on the use of inexpensive, earth-abundant, and biochemically benign 

metals, for the drop-in replacement of tin-catalysed protocols. Notably however, to date, no reported 

systems have achieved true industrial relevance, by combining low cost, low toxicity, easy handling 

as a liquid, high activity, and good molecular weight control, with robustness toward oxygen, 

moisture, and solvent-free, high temperature polymerisation conditions. Nonetheless, the use of 

Group 4 metal complexes supported by amine tris(phenolate) ancillary ligands has variously yielded 

highly active, very robust, and extremely stereoselective initiators for the ring-opening 

polymerisation of lactide and other cyclic esters. 

The objectives of the current work are therefore twofold: 

1. To investigate the mechanism of polymerisation and stereocontrol in amine tris(phenolate)-

supported Group 4 metal alkoxide pre-catalysts for the ring-opening polymerisation of lactide, 

by synthesising structurally related, cationic Group 5 complexes as model systems. Application 

of those systems to the ring-opening polymerisation of cyclic esters is anticipated to inform 

future development of benign, industrially relevant and stereoselective amine tris(phenolate)-

based systems, whilst also expanding the sparse catalogue of Group 5-catalysed protocols for the 

ring-opening polymerisation of cyclic esters.  

2. To develop further an existing robust, homoleptic Zr(IV) amine tris(phenol)-derived catalyst, 1, 

to deliver an industrially relevant catalytic protocol as a potential drop-in replacement for tin-

based systems in the efficient, well-controlled and cost-effective production of isotactic 

poly(lactic acid) from stereopure L-lactide. This will require optimisation of the polymerisation 

process, and elucidation of a practical kinetic picture of the ROP of LA under the resulting 

protocol, suitable for scale-up and industrial adoption. 
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Chapter 2. Cationic Niobium(V) Alkoxide Complexes 

for the Catalytic Ring-Opening Polymerisation of -

Caprolactone: Insight into the Coordination-Insertion 

Mechanism 
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2. CATIONIC NIOBIUM(V) ALKOXIDE COMPLEXES FOR THE 

CATALYTIC RING-OPENING POLYMERISATION OF -

CAPROLACTONE: INSIGHT INTO THE COORDINATION-

INSERTION MECHANISM 

2.1  Background 

The complexes [LtBuZr(OiPr)], [LtBuHf(OiPr)], and [LtBuGe(OiPr)]·(HOiPr) are highly active 

and stereoselective pre-catalysts for the ROP of rac-LA, proceeding via a coordination-insertion 

mechanism, with stereoselectivity attributed to dynamic enantiomorphic site control (see 

introduction).1–4 In the current work, it was initially proposed that by manipulating the steric demands 

of the TP ligand scaffold of such systems, insight may be gained into the mechanism of 

stereoselectivity. In particular, it was anticipated that decreasing the steric bulk of the ligand would 

increase the facility with which inversion of helical chirality could occur. This would be expected to 

influence the degree of heteroselectivity observed in the ROP of rac-LA, whilst the concomitant 

reduction in steric congestion at the active site would presumably afford higher catalytic activity, 

relative to an analogous system supported by the bulkier (LtBu)3– ligand framework. The Zr(IV) 

complex, [LtBuZr(OiPr)], was of particular interest, due to the degree of stereoselectivity and activity 

reportedly exhibited by that system, in addition to the relatively low cost of the metal.  However, as 

has been noted previously, reaction of [Zr(OiPr)4]·(HOiPr)  with amine tris(phenol) pro-ligands 

bearing substituents of low steric demand (such as Me, Cl) in the position ortho to the phenol OH 

moiety affords homoleptic zwitterionic species bearing no alkoxide initiating group, such as 

[Zr(HLMe)2)], 1 and [Zr(HLMe/tBu)2], 2.3,5,6  

Kol and co-workers have reported that treatment of Ta(OEt)5 with the pro-ligands H3LtBu and 

H3LMe, respectively, yielded in both cases heteroleptic Ta(V) bis(alkoxide) systems, [LtBuTa(OEt)2] 

and [LMeTa(OEt)2].7,8 Similarly, Nomura and co-workers have reported the preparation of 

heteroleptic Nb(V) bis(chloro) complexes, [LtBuNbCl2] and [LMeNbCl2], by reaction of NbCl5 with 

the relevant amine tris(phenol) pro-ligands.9 Furthermore, Kol and co-workers reported the selective 

substitution of the ethoxide ligand located cis to the bridgehead nitrogen position of complex 

[LMeTa(OEt)2] on treatment with a large excess of a strong chlorinating agent (e.g. TMSCl, 

Et3N·HCl, or HCl), to yield the monochlorinated product [LMeTa(OEt)Cl].7 The selective 

monochlorination of the analogous tert-butyl-substituted species has not been reported.8 

Nonetheless, it was considered in the current work that mutually structurally analogous cationic, C3-

symmetric mono(alkoxide) complexes of a Group 5 metal, supported by TP ligands (LtBu)3– and 

(LMe)3–, respectively,  could possibly be prepared by abstraction of the chloro ligand of the 

appropriate monochlorinated precursor, via metathesis reaction with a Ag(I) salt of an appropriate 
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non-coordinating anion (Scheme 2.1). Such cationic species were anticipated to be structurally 

reminiscent of the aforementioned neutral tetravalent Group 4 systems, [LtBuZr(OiPr)] and 

[LtBuHf(OiPr)], therefore providing a means to investigate the effect of reducing the steric profile of 

the ligand on heteroselectivity in the catalytic ROP of rac-LA. 

 

Scheme 2.1. Proposed synthetic route to mutually structurally analogous C3-symmetric, cationic Nb(V) 

alkoxide complexes of TP ligands (LtBu)3– and (LMe)3–. 

 

Also motivated by the relative sparsity of reports relating to the synthesis and application of 

Group 5 complexes for the catalytic ROP of cyclic esters, the current chapter will be concerned with 

the preparation of several cationic TP-supported Nb(V) alkoxide systems, and their activity for that 

transformation. Consideration will also be given to the insight provided by the resulting protocols 

into both the coordination-insertion mechanism of ROP in the presence of homogeneous metal-based 

catalysts, and the provision of stereocontrol in the presence of TP-supported alkoxide complexes, by 

a dynamic enantiomorphic site. 
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2.2  Synthesis and Reactivity of Niobium(V) Amine Tris(phenolate) 

Complexes 

2.2.1 Neutral and Cationic Nb(V) Alkoxide Complexes of Ligand (LtBu)3– 

 

 

Scheme 2.2. Syntheses and selected reactivities of complexes 3 – 6, of ligand (LtBu)3–. 

 

  



 

101 

 

2.2.1.1 Preparation of Neutral Nb(V) Alkoxide Complexes of Ligand (LtBu)3– 

On reaction of Nb(OEt)5 with pro-ligand H3LtBu, the pseudo-octahedral bis(ethoxide) 

complex, [LtBuNb(OEt)2], 3, was obtained in good yield (79 %) (Scheme 2.2, Figure 2.1). 

Characterisation of complex 3 in the solid state revealed it to be structurally similar to the Ta(V) 

complex [LMeTa(OEt)2], of ligand (LMe)3–, prepared both by Kol and by Verkade.7,10 However, unlike 

the C1-symmetric species [LMeTa(OEt)2], the phenolate groups of the bulky TP scaffold, (LtBu)3–, of 

complex 3 were found to adopt a pseudo-C3-symmetric conformation about the N-Nb axis. Whilst 

this is consistent with the structure of Nb(V) triflate complex [LtBuNb(OTf)Cl], reported by Nomura,9 

it is in contrast to the C1-symmetric conformation adopted by the ancillary ligand of the 

bis(dimethylamido) complex [LtBuTa(NMe2)2], reported by Kol and co-workers. The Ta(V) 

bis(ethoxide) species [LtBuTa(OEt)2], analogous to Nb(V) complex 3, was also reported by Kol, but 

was not characterised in the solid state.8 Presumably the difference in the symmetry adopted by 3 

and Kol’s bis(dimethylamido) complex, [LtBuTa(NMe2)2], can be attributed to the greater steric 

requirements of the Me2N– ligands, in comparison to those of EtO–.8 The pseudo-C3 symmetry of the 

ancillary ligand of 3 is of more direct relevance than a system of C1 symmetry would be to the 

structure of neutral Zr(IV) complex [LtBuZr(OiPr)], and may be anticipated to be more amenable to 

dynamic inversion of helical chirality. 

 

Figure 2.1. Solid-state structure of neutral Nb(V) complex [LtBuNb(OEt)2], 3. Ellipsoids are shown at the 30 

% probability level. Hydrogen atoms and lattice solvent have been omitted for clarity. Selected bond lengths 

(Å) and angles (°): Nb(1)-O(1) 1.8737(16), Nb(1)-O(2) 1.8828(17), Nb(1)-N(1) 2.3765(17); N(1)-Nb(1)-O(1) 

173.24(7), O(1)-Nb(1)-O(2) 97.40(7), O(1)-Nb(1)-O(3) 101.60(7), O(1)-Nb(1)-O(4) 93.40(7), O(1)-Nb(1)-

O(5) 100.30(7), O(2)-Nb(1)-O(3) 87.04(7), O(2)-Nb(1)-O(5) 88.62(7), O(2)-Nb(1)-N(1) 88.84(7). 
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On treatment of 3 with excess TMSCl, the ethoxide position cis to the bridgehead nitrogen 

of the ancillary ligand was selectively substituted, affording the monochlorinated product 

[LtBuNb(OEt)Cl], 4 (Figure 2.2), in high yield (86 %). Such reactivity is analogous to that observed 

by Kol and co-workers for the Ta(V) complex [LMeTa(OEt)2], supported by the less sterically 

demanding ligand (LMe)3–.7  Spectroscopic and solid state analyses confirmed that the ligand system 

of  4 retained the pseudo-C3 symmetry of 3, in similarity to the retention of C1 symmetry by 

[LMeTa(OEt)Cl],7 and analogous to the pseudo-C3-symmetric conformation of TP-supported Nb(V) 

complex [LtBuNb(OTf)Cl], reported by Nomura and co-workers.9  

 

 

Figure 2.2. Solid-state structure of neutral Nb(V) complex [LtBuNb(OEt)Cl], 4. Ellipsoids are shown at  the 

30 % probability level. Hydrogen atoms and lattice solvent have been omitted for clarity. Selected bond 

lengths (Å) and angles (°): Nb(1)-O(1) 1.8510(19), Nb(1)-Cl(1) 2.4203(7), Nb(1)-N(1) 2.371(2); N(1)-Nb(1)-

O(1) 174.45(8), O(1)-Nb(1)-O(2) 100.82(8), O(1)-Nb(1)-O(3) 94.81(8), O(1)-Nb(1)-O(4) 100.17(8), O(1)-

Nb(1)-Cl(1) 95.73(6), O(2)-Nb(1)-Cl(1) 83.86(5), O(4)-Nb(1)-Cl(1) 84.37(6), N(1)-Nb(1)-Cl(1) 89.12(5). 
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Both 3 and 4, as well as all other Nb(V) complexes discussed in the current work, were 

pseudo-octahedral and C1-symmetric about the hexacoordinate metal centre. NMR spectroscopic and 

elemental (CHN) analyses confirmed that the solid-state structures of both 3 and 4 were 

representative of the bulk material in each case, and were retained in solution. In the 1H NMR 

spectrum of 3, acquired in toluene-d8 at 298 K, the methylene NCH2 signals had coalesced into a 

single broad peak. Such an absence of distinct resonances corresponding to diastereotopic 1H 

environments at that temperature suggested that dynamic inversion of the helical chirality of the 

ligand was occurring on the NMR timescale. This was not observed for 4, the 1H NMR spectrum of 

which contained well-resolved methylene signals at 298 K, indicative of a higher barrier to inversion.   
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2.2.1.2 Preparation of a Monocationic, Dinuclear Nb(V) Alkoxide Complex of Ligand 

(LtBu)3– 

Preparation of the proposed C3-symmetric, cationic Nb(V) mono(alkoxide) complex 

[LtBuNb(OEt)]+, from chloro complex 4, was attempted via reaction with AgSbF6 to install the non-

coordinating [SbF6]– anion. Unexpectedly however, treatment of 4 with 1.5 equivalents of AgSbF6 

at ambient temperature in toluene afforded the hexafluoroantimonate salt [{LtBuNb(OEt)}-μ2-F-

{LtBuNbF}]+[SbF6]–, 5, of a fluoro-bridged, homodinuclear, monocationic Nb(V) mono(alkoxide) 

complex (Scheme 2.2, Figure 2.3), which was readily isolated in high yield (78 %). 5 was a dark red, 

crystalline solid, that began to form immediately on allowing the reaction mixture to stand, after 

filtration to remove the AgCl by-product (Scheme 2.1).  

 

Figure 2.3. Solid-state structure of the dinuclear, monocationic fragment of Nb(V) species [{LtBuNb(OEt)}-

μ2-F-{LtBuNbF}]+[SbF6]–, 5 Ellipsoids are shown at the 30 % probability level. Hydrogen atoms, lattice 

solvent, and [SbF6]– anion have been omitted for clarity. The alkoxo and terminal fluoro ligands are 

distributed in a 50:50 ratio at the O(4)/F(2) position. Selected bond lengths (Å) and angles (°): Nb(1)-F(1) 

2.1058(3), Nb(1)-O(4)/F(2) 1.866(2), Nb(1)-N(1) 2.333(3); N(1)-Nb(1)-O(4)/F(2) 174.36(9), O(2)-Nb(1)-

O(3) 161.51(9), O(1)-Nb(1)-O(4)/F(2) 100.12(9), O(2)-Nb(1)-F(1) 85.73(6), O(2)-Nb(1)-O(4)/F(2) 98.47(9), 

O(3)-Nb(1)-F(1) 85.48(6), O(3)-Nb(1)-O(4)/F(2) 97.87(9), F(1)-Nb(1)-O(4)/F(2) 90.69(6), F(1)-Nb(1)-N(1) 

83.70(6). 
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Characterisation of 5 in the solid state revealed that the position trans to the bridgehead 

nitrogen was occupied by both fluoro and alkoxo ligands in a 50:50 ratio, and only one half of the 

cationic fragment of 5 appeared in the unit cell, the other being generated by symmetry. Accordingly, 

both Nb-2-F bond lengths of 5 were identical, suggesting the Nb(V) environments were similar. The 

formation of the Nb-μ2-F-Nb linkage of 5 by fluoride abstraction from the [SbF6]– anion is consistent 

with the reactivity exploited by the groups of Reger, Rath, and Sessler, for the synthesis of a various 

other homodinuclear fluoro-bridged metal complexes.11–17 Moreover, the presence in 5 of two fluoro 

ligands, in bridging and terminal coordination modes, respectively, was indicative of the Nb(V) 

centres of that species being extremely Lewis acidic. Consequently, when the synthesis or solvation 

of 5 was attempted in THF, the solvent was rapidly polymerised at ambient temperature. 

The solid-state structure of 5 could conceivably be reconciled with the dinuclear cation being 

either the C1-symmetric species [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+, or a mixture of the Ci-symmetric 

systems [{LtBuNbF}2-μ2-F]+ and [{LtBuNb(OEt)}2-μ2-F]+ (Figure 2.4). However, analysis of a sample 

of 5 via high-resolution mass spectrometry revealed that the abundance of Ci-symmetric cation 

[{LtBuNbF}2-μ2-F]+, corresponding to the hexafluoroantimonate salt 5a, was negligibly low, and that 

the cation [{LtBuNb(OEt)}2-μ2-F]+, corresponding to 5b, was present only as a minor constituent of 

the sample. Although samples for that analysis were prepared in ambient air, using ‘wet’ acetonitrile, 

and the spectrum therefore contained many unidentified peaks, presumed to arise from 

decomposition of 5, the relative residual abundances of cationic species corresponding to 5, 5a and 

5b, and relevant adducts of those species, provided empirical evidence that the synthetic route to 5 

was satisfactorily selective. This is consistent with the precise 50:50 ratio of ethoxide and terminal 

fluoride ligands present in the solid-state structure of 5. Acceptable elemental (CHN) analysis results 

were also obtained for 5.  

 

Figure 2.4. Structures of the hexafluoroantimonate salts 5, 5a and 5b, of dinuclear, monocationic Nb(V) 

complexes of C1, Ci, and (presumed) Ci symmetry, respectively. 

 

Unlike precursors 3 and 4, and in similarity to Kol and co-workers’ bis(dimethylamido) 

complex [LtBuTa(NMe2)2],8 both TP ligands of 5 were observed to adopt C1 symmetry in the solid 

state. This can presumably be attributed to steric repulsion, arising from the proximity of the two TP-

supported Nb(V) centres.  



 

106 

 

5 was found to be highly insoluble in toluene-d8, benzene-d6 and chloroform-d, and 1H NMR 

spectra acquired at 298 K were poorly resolved, indicating that the 1H environments were fluxional 

on the NMR timescale. Such fluxionality may plausibly originate from reversible cleavage of the 

dinuclear species at either of the Nb-2-F bonds, to yield [LtBuNb(OEt)]+[SbF6]– and neutral fragment 

[LtBuNbF2], or  [LtBuNb(OEt)]+[SbF6]– and [LtBuNbF(OEt)]. The methylene resonance corresponding 

to the ethoxide group appeared in the 1H NMR spectrum of 5 in toluene-d8 at 223 K at H = 3.41 

ppm, in benzene-d6 at 283 K at H = 3.56 ppm, and in chloroform-d at 233 K at H = 3.99 ppm (see 

Experimental), assignments being made with the aid of 2-dimensional spectra (COSY). However, in 

chloroform-d at 298 K, the alkoxide methylene signal appeared at a much higher chemical shift of 

H = 5.07 ppm, integrating in the correct ratio with the other signals present. These observations are 

consistent with the dinuclear species remaining intact at low temperature, and in apolar solvents, 

with quantitative dissociation occurring at ambient temperature in more polar media, to afford 

mononuclear fragments. The chemical shift of the alkoxide methylene protons in chloroform-d at 

298 K was very similar to that of complex 6 (see below), presumably corresponding to cationic 

complex [LtBuNb(OEt)]+[SbF6]–. The dominance of the dinuclear species in chloroform-d at 233 K, 

after the relevant sample was prepared at ambient temperature, confirms the reversibility of the 

dissociation event. 

Although a quartet resonance corresponding to the methylene group of the alkoxide moiety 

was clearly discernible in 1H NMR spectra acquired in both benzene-d6 and chloroform-d at 298 K, 

resolution of methylene signals corresponding to the TP ligand systems required samples to be 

cooled. At 223 K in toluene-d8 the methylene NCHH signals comprised six distinct, broad doublets, 

with coupling constants characteristic of geminal coupling (J = 13.0 – 13.5 Hz). The COSY spectra 

of 5 in toluene-d8 at 223 K and in chloroform-d at 233 K both indicated that those resonances 

corresponded to the diastereotopic protons of three distinct methylene environments. The presence 

of only six such signals suggests that the two TP ligand environments of 5 (at Nb(V) centres bearing 

ethoxide and terminal fluoro ligands, respectively) were extremely similar. 19F NMR analysis of 5, 

and other hexafluoroantimonate salts of cationic Nb(V) complexes described herein, yielded poorly 

resolved and uninformative spectra. 

The synthesis of 5 was repeated using a larger excess of AgSbF6 (2.33 equivalents), in an 

effort to selectively produce the hexafluoroantimonate salt, 5a, of trifluorinated complex 

[{LtBuNbF}2-μ2-F]+, a Ci-symmetric dinuclear cation bearing no alkoxide initiating group, discussed 

previously. Although a solid-state structure of 5a was obtained from a single crystal (Figure 2.5), the 

purity of the bulk material was not conclusively determined. However, stoichiometric reaction with 

-CL indicated that 5 was present in large quantity (see Section 2.2.1.4, below). Further attempts to 

prepare complex 5a were not undertaken, due to the presumably limited relevance of such a species 
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to the coordination-insertion ROP of cyclic esters. The preparation of the bis(alkoxide) species 

[{LtBuNb(OEt)}2-μ2-F]+[SbF6]–, 5b, was also attempted, by reaction of complex 4 with a sub-

stoichiometric quantity of AgSbF6 (0.93 equivalents) in the presence of excess -CL. However, no 

solid-state structure of 5b was obtained, and in the high-resolution mass spectrum of the product, the 

peaks corresponding to 5 were approximately three times more intense than those corresponding to 

5b. The formation of 5 as the major product under those conditions further indicated that formation 

of 5 was much more favourable than formation of 5b. Therefore, no further attempts were made to 

isolate 5b. Furthermore, when the synthetic procedure for the preparation of 5 was repeated using 

AgPF6 or AgBF4 instead of AgSbF6, no crystalline product was obtained. 

 

 

Figure 2.5. Solid-state structure of the dinuclear, monocationic fragment of Nb(V) species [{LtBuNbF}2-μ2-

F]+[SbF6]–, 5a. Ellipsoids are shown at the 30 % probability level. Hydrogen atoms, lattice solvent, and 

[SbF6]– anion have been omitted for clarity. The complete molecule was generated by symmetry. Selected 

bond lengths (Å) and angles (°): Nb(1)-F(1) 2.0998(3), Nb(1)-F(2) 1.871(2), Nb(1)-N(1) 2.323(3); N(1)-

Nb(1)-F(2) 173.07(9), Nb(1)-F(1)-Nb(1) 180.00. 
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2.2.1.3 Preparation of an -Caprolactone Adduct of a Cationic Nb(V) Alkoxide Complex 

of Ligand (LtBu)3– 

The C3-symmetric Zr(IV) complex [LtBuZr(OiPr)] has been reported to initiate the ROP of 

rac-LA at ambient temperature in toluene (reaching 50 % conversion after 48 hours where [LA]:[Pre-

catalyst] = 100:1).2 It was therefore anticipated that, although a cationic, C3-symmetric Nb(V) 

ethoxide analogue of [LtBuZr(OiPr)] could not be directly prepared via chloride abstraction from 

complex 4, carrying out the same reaction in the presence of a stoichiometric quantity of a cyclic 

ester may afford the intermediate formed on insertion of the monomer into the metal-alkoxide bond 

(Scheme 2.3). Such a system would presumably be structurally analogous to a key intermediate of 

the Zr(IV)-catalysed ROP of rac-LA.  

 

Scheme 2.3. Proposed, but inaccessible, synthetic route to an insertion product, that was anticipated to form 

on stoichiometric ring-opening of -CL in the presence of complex 4 and AgSbF6. [SbF6]– anion omitted for 

clarity. 

 

Complete solvation of the cyclic ester prior to addition of AgSbF6 was anticipated to be 

necessary when attempting to synthesise a monomer insertion product, to prevent any formation of 

5 arising from 4 and AgSbF6 reacting in the presence of a sub-stoichiometric quantity of the 

monomer. -CL was therefore used in the first instance, rather than LA, due to its miscibility with 

aromatic hydrocarbon solvents. A sub-stoichiometric quantity (~0.7 equivalents) of AgSbF6 was 

added to an equimolar solution of complex 4 and -CL in benzene-d6, which was then filtered to 

remove the AgCl by-product. Although NMR spectroscopic analysis of the reaction mixture was 

inconclusive, large yellow crystals were obtained after the sample was allowed to stand for several 

hours at ambient temperature. Characterisation in the solid state revealed the crystals to be of the 

hexafluoroantimonate salt, [LtBuNb(OEt)(ε-CL)]+[SbF6]–, 6, of a monomeric, monocationic Nb(V) 

ethoxide complex bearing a coordinated molecule of -CL (Scheme 2.2, Figure 2.6). 
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Subsequently it was found that reaction of complex 4 with 1 equivalent of AgSbF6 in the 

presence of excess ε-CL (4 equivalents) at ambient temperature in toluene, afforded 6 in good yield 

(68 %). In a manner reminiscent of 5, the crystalline product, 6, readily formed from toluene solution 

when the reaction mixture was allowed to stand, after filtration to remove AgCl. The preparation of 

6 on a gram-scale was also facile, enabling thorough characterisation and catalytic studies to be 

undertaken. The isolation of a species in which a coordinated cyclic ester molecule and an alkoxide 

ligand are simultaneously in-situ at a metal centre, as in 6, is both unprecedented within the literature, 

and of clear interest for the mechanistic study of the coordination-insertion ROP of cyclic esters. 

 

 

Figure 2.6. Solid state structure of the cationic fragment of hexafluoroantimonate salt [LtBuNb(OEt)(ε-

CL)]+[SbF6]–, 6, of an ε-CL adduct of a cationic, TP-supported Nb(V) alkoxide complex. Ellipsoids are 

shown at the 30 % probability level. Hydrogen atoms, lattice solvent, and [SbF6]– anion have been omitted 

for clarity. Selected bond lengths (Å) and angles (°): Nb(1)-N(1) 2.340(3), Nb(1)-O(6) 1.833(2), Nb(1)-O(4) 

2.165(2), O(4)-C(46) 1.244(4), O(5)-C(46) 1.293(5); N(1)-Nb(1)-O(6) 176.69(11), O(4)-Nb(1)-O(6) 

95.64(10), O(1)-Nb(1)-O(4) 164.76(10), O(1)-Nb(1)-O(6) 99.27(11), O(2)-Nb(1)-O(3) 153.87(10), O(2)-

Nb(1)-O(4) 77.76(10), O(2)-Nb(1)-O(6) 100.06(11), O(3)-Nb(1)-O(4) 82.75(10), O(3)-Nb(1)-O(6) 

99.00(11), O(4)-Nb(1)-N(1) 82.40(9), C(46)-O(4)-Nb(1) 135.5(3). 
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2.2.1.4 Reactivity of a Cationic Nb(V) Alkoxide Complex of Ligand (LtBu)3– 

Addition of excess ε-CL to a suspension of 5 in chloroform-d at ambient temperature also 

yielded 6. In that experiment, 5 was quickly solubilised on addition of the lactone, and 1H NMR 

analysis of the reaction mixture at 233 K confirmed the presence of the adduct, 6, which appeared to 

be in equilibrium with 5 (Figure 2.7). Formation of 6 presumably proceeded via displacement of 

neutral by-product [LtBuNbF2] (Scheme 2.2). However, that species was not directly observed. It is 

feasible that equilibrium concentrations of various other species, 5a, 5b, [LtBuNb(OEt)F] and 

[LtBuNbF(ε-CL)]+[SbF6]–, were also present (Scheme 2.4), although likely at lower concentration 

than 5, 6 and [LtBuNbF2], as reflected by the low relative abundances of 5a and 5b observed in the 

mass spectrum of 5. The facile preparation of 6 directly from 5 indicates that 6 is the first intermediate 

of the coordination-insertion ROP of ε-CL in the presence of 5. When the material isolated during 

the attempted preparation of 5a was treated with ε-CL under the same conditions, a large methylene 

signal corresponding to the alkoxide moiety of 6 was observed in the 1H NMR spectrum of the 

resulting mixture (see Section 7.7). Accordingly, that material was determined to be composed 

primarily of 5. 

 

 

Figure 2.7. Stacked 1H NMR (400 MHz) spectra in chloroform-d at 233 K, corresponding to 5 (red, bottom), 

5 with addition of excess ε-CL (green, middle), and 6 (blue, top), showing that exposure of 5 to ε-CL yields 6 

in equilibrium. The intense signal at δH = 4.25 ppm corresponds to excess free ε-CL.  

 

5 

5 + ε-CL 

6 
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Scheme 2.4. The range of species suggested to be present in equilibrium on addition of ε-CL to 5 at ambient 

temperature. The species inside the dashed area correspond to the observed equilibrium formation of 6 on 

addition of ε-CL to 5, whilst those outside the dashed area may feasibly also be present, although their 

presence has not been confirmed. 

 

When excess L-LA was added to a suspension of 5 under the same conditions as were used 

for addition of ε-CL to 5, little change was observed to occur in the 1H NMR spectrum acquired at 

233 K (see Section 7.7). This suggests that coordination of L-LA to the metal centre of the current 

system was much less favourable than coordination of -CL, and that cleavage of the dinuclear 

species did not occur to any significant extent. Efforts to prepare an L-LA adduct by exchange of the 

coordinated lactone on exposure of 6 to excess L-LA in solution were also consistently unsuccessful, 

as were attempts to prepare such a species by treating 4 with AgSbF6 in the presence of excess L-LA 

(analogous to the synthetic procedure for preparation of 6, see Section 2.2.1.3, above) (Scheme 2.5). 

Although unsuccessful LA polymerisation studies carried out using 5 were concerned with rac-LA, 

L-LA was used for the current stoichiometric experiments in order to ensure that 1H NMR spectra 

remained as uncomplicated as possible. Whilst the literature contains examples of ROP catalysts that 
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are deactivated by lactide, this has typically been reported to occur after one equivalent of the 

monomer has been ring-opened, due to chelation of the metal centre by the ring-opened dilactyl 

product of the first insertion event.18–20 The apparent failure of L-LA to coordinate at all to a metal 

centre on exposure to 5 is therefore attributed to steric congestion arising from both the TP ligand 

scaffold, and the methyl groups of L-LA.21  

 

Scheme 2.5. Various synthetic routes used, without success, in the attempted synthesis of an L-LA adduct of 

a cationic Nb(V) alkoxide complex, analogous to ε-CL adduct 6. Interaction between L-LA and the Nb(V) 

centre was found to be negligible in all cases. 

 

Unlike the dinuclear cation of hexafluoroantimonate salt 5, and in agreement with the 

structures of monomeric complexes 3 and 4, the ancillary ligand of 6 was found to adopt pseudo-C3 

symmetry in the solid state. It was also notable that the carbonyl C=O bond length of the coordinated 

ε-CL molecule of 6 was 1.244(4) Å, suggestive of greater activation of the monomer than in the 

cationic methylaluminum species reported by Dagorne and co-workers; C=O = 1.217(6) Å.22 It 

should be noted, however, that the uncertainty in the carbonyl bond lengths of both 6 and Dagorne’s 

methylaluminium system, respectively, was greater than the discrepancy between the two values, 

rendering such comparison inconclusive. There are two examples of solid state structures containing 

ε-CL, in which the lactone is not coordinated to a metal centre: Yartseva et al. co-crystallized two 

equivalents of ε-CL with a triisocyanurate, and Yan et al. co-crystallised one equivalent of ε-CL with 

a trinitrotriazinane, the C=O distances in those systems being 1.230(8) Å and 1.203(9) Å, and 

1.217(3) Å, respectively.23,24 

The alkoxide and ε-CL moieties of 6 are spatially orientated such that initiation of ROP via 

intramolecular nucleophilic attack at the carbonyl carbon of the monomer appears feasible (O(6)-
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C(46) distance (not bonded) = 3.435 Å). However, at ambient temperature this was not observed to 

occur, and 6 appeared to be indefinitely stable under an inert atmosphere. Moreover, when a 0.017 

mol dm–3 solution of 6 in chloroform-d was heated to 65 C for 30 minutes in a sealed J Youngs 

NMR tube, no change in the sample’s 1H NMR spectrum was observed. However, when the same 

sample was heated to 75 C for 165 minutes, with periodic acquisition of 1H NMR spectra (at 298 

K), gradual changes were observed to occur, consistent with intramolecular nucleophilic attack and 

insertion of the metal-coordinated ε-CL moiety into the metal-alkoxide bond (Figure 2.8). This is 

significant in demonstrating the mechanistic relevance of -CL adduct 6 to the coordination-insertion 

ROP of cyclic esters, as the first stable example of the intermediate formed after the coordination 

event. 6 underwent intramolecular nucleophilic attack and insertion of the monomer into the metal-

alkoxide bond much more slowly than might be anticipated at 75 C, given the complex’s ability to 

quantitatively convert 250 equivalents of -CL to PCL within a six hour period at 80 C (see Section 

2.3, below). However, this may be attributed to the insertion event being much more favourable in 

the presence of a large excess of free -CL, able to occupy the vacant coordination site resulting from 

intramolecular nucleophilic attack. Moreover, stabilisation of the unsaturated Nb(V) complex by 

coordination of the carbonyl group of the linear ester may not be as favourable as coordnation of ε-

CL, conceivably due to the steric constraints of the surrounding ligand environment. 

 

Figure 2.8. The methylene region of the 1H NMR (400 MHz) spectrum of 6 in chloroform-d at 298 K before 

heating (red, bottom) and after being heated to 65 °C for 30 minutes, and then to 75 °C for: 45 minutes 

(green), 105 minutes (blue) and 165 minutes (purple, top). 

Not heated 

30 minutes at 65 °C + 45 minutes at 75 °C  

30 minutes at 65 °C + 165 minutes at 75 °C 

30 minutes at 65 °C + 105 minutes at 75 °C 
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On heating the sample of 6 in chloroform-d to 75 C, the quartet signal in the 1H NMR 

spectrum corresponding to the alkoxide methylene group of 6 shifted upfield from  = 4.95 ppm to 

 = 4.83 ppm, and a resonance concurrently appeared at  = 5.18 ppm, integrating in a 1:1 ratio with 

the shifted ethoxide signal. Simultaneously, consumption of the signal at  = 4.39 ppm, that 

corresponding to the OCH2 methylene protons of the coordinated -CL molecule of 6, was observed 

to occur. The resonance appearing at  = 5.18 ppm was attributed to the OCH2 methylene protons of 

the metal-coordinated chain-end of the ring-opened species, with the migration of the ethoxide 

quartet occurring due to insertion of the monomer into the metal alkoxide bond, to render an ethyl 

ester. A signal also appeared at  = 4.35 ppm, corresponding to the OCH2 protons of the polymer 

backbone, in species where the number of ε-CL repeat units exceeded 1, as a result of the ROP of 

residual uncoordinated ε-CL present as a contaminant of 6. A white precipitate gradually appeared 

as the sample was heated, suggested to comprise catalyst decomposition or aggregation products, 

formed as a result of the instability of the Nb(V) system following the insertion event without further 

equivalents of ε-CL present to occupy the vacant coordination site. The signal at  = 4.35 ppm, 

corresponding to oligomeric species comprising >1 -CL repeat unit, was larger, relative to the other 

methylene resonances, than would be expected based on the relative abundance of free -CL in the 

sample of 6 that was used. However, this can presumably be attributed to the aforementioned 

deactivation of the catalyst reducing the concentration of that species in solution, relative to -CL. 

This possibility could be further investigated by repeating the current study in the presence of an 

internal NMR standard, although this was not undertaken. The formation of insoluble catalyst 

degradation products was not observed to occur on catalytic application of 6 in toluene, where the 

concentration of 6 was much lower, the ratio of [-CL]:[6] much higher, and the solvent less polar. 

It was surmised that the inertness of 6 towards intramolecular nucleophilic attack at ambient 

temperature was due to the stabilisation of the alkoxide moiety by its position trans to the bridgehead 

nitrogen of the TP scaffold. In addition to being consistent with the known selectivity of related 

systems toward ligand substitution at the position cis to the nitrogen donor, both from the current 

work and the literature,7,9 this suggestion was supported by computational studies (carried out by Dr 

Antoine Buchard, University of Bath, see Section 2.4, below).25 Furthermore, the slow consumption 

of the ethoxide methylene resonance on heating, and concurrent appearance of the ethyl ester signal, 

with no intermediate species being detectable, is indicative of the intramolecular nucleophilic attack 

being the rate-determining step of the initiation process. This is further supported by computational 

results.25 

Whilst 6 was much more soluble than 5 in chloroform-d, low temperature 1H NMR 

spectroscopic techniques were still required to resolve dynamic signals in the spectrum of 6. The 

NMR spectra of 6 were consistent with the structure observed in the solid state being retained in 
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solution. In similarity to complex 3, a single broad resonance was observed at ambient temperature, 

originating from the six methylene protons of the TP ligand. Corresponding to rapid exchange of 

axial and equatorial environments, this is indicative of dynamic inversion of the helical chirality of 

the pseudo-C3-symmtric ligand scaffold. When 6 was analysed by high-resolution mass 

spectrometry, the major species detected was [LtBuNb(OEt)]+, formed on  dissociation of ε-CL from 

the cationic component of 6. However, the intact cation, [LtBuNb(OEt)(ε-CL)]+, was also detected, 

and elemental (CHN) analysis confirmed that 6 was isolated in high purity. Like 5, solvation of 6 in 

THF resulted in polymerisation of the solvent at ambient temperature. 

2.2.2 Neutral and Cationic Nb(V) Alkoxide Complexes of Ligand (LMe)3– 

 

 

 

Scheme 2.6. Syntheses and selected reactivities of complexes 7 – 10, of ligand (LMe)3–. 
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2.2.2.1 Preparation of Neutral Nb(V) Alkoxide Complexes of Ligand (LtBu)3– 

The synthetic procedure for complex 3 was replicated using the less sterically demanding 

pro-ligand H3LMe, affording the complex [LMeNb(OEt)2], 7, in good yield (70 %) (Scheme 2.6, Figure 

2.9). The heteroleptic nature of both 3 and 7, supported by (LtBu)3– and (LMe)3–, respectively, is in 

contrast to the structural distinction between the heteroleptic mono(alkoxide), and homoleptic, 

zwitterionic Zr(IV) TP complexes, [LtBuZr(OiPr)] and [Zr(HLMe)2], 3, formed on reaction of H3LtBu 

and H3LMe, respectively, with [Zr(OiPr)4]·(HOiPr).2,6 Unlike 3, the TP ligand of 7 exhibited C1-

symmetry about the N-Nb axis, in analogy to the Ta(V) system [LMeTa(OEt)2], reported by both Kol 

and Verkade,7,10. The 1H NMR spectra of 7 both in chloroform-d and in toluene-d8 at 298 K contained 

three distinct signals corresponding to the methylene protons of the TP ligand. Two doublets (at  = 

3.41 ppm and  = 4.17 ppm in chloroform-d) corresponded to the diastereotopic NCHH protons, 

respectively, of the two chemically equivalent phenolate groups positioned cis to both ethoxide 

moieties (corresponding to O(5) and O(3) in the solid-state structure in Figure 2.9). A singlet 

resonance (at  = 3.46 ppm in chloroform-d) represented the methylene group of the remaining, more 

flexible, phenolate group (corresponding to O(4)), the diastereotopic 1H environments of which were 

fluxional on the NMR timescale. 

 

Figure 2.9. Solid state structure of neutral Nb(V) complex [LMeNb(OEt)2],  7. Ellipsoids are shown at the 30 

% probability level. Hydrogen atoms and lattice solvent have been omitted for clarity. Selected bond lengths 

(Å) and angles (°): Nb(1)-O(1) 1.8669(15), Nb(1)-O(2) 1.9147(15), Nb(1)-N(1) 2.4195(15); N(1)-Nb(1)-O(1) 

173.19(7), O(1)-Nb(1)-O(2) 98.27(7), O(1)-Nb(1)-O(3) 99.27(7), O(1)-Nb(1)-O(4) 94.61(7), O(1)-Nb(1)-

O(5) 98.17(7), O(2)-Nb(1)-O(3) 87.76(6), O(2)-Nb(1)-O(5) 92.64(6), O(2)-Nb(1)-N(1) 88.46(6). 

 

 



 

117 

 

On treatment of 7 with excess TMSCl, the monochlorinated product [LMeNb(OEt)Cl], 8, was 

obtained in high yield (77 %) (Scheme 2.6, Figure 2.10). The ancillary ligand of 8 retained C1 

symmetry about the N-Nb axis, both in the solid state and in solution, in agreement with the complex 

[LMeTa(OEt)Cl] prepared by Kol and co-workers.7 Like complex 7, the methylene proton resonances 

in the 1H NMR spectra of 8 at 298 K were well resolved, and characteristic of there being only one 

methylene group sufficiently flexible to undergo dynamic inversion of the diastereotopic 1H 

environments at that temperature (corresponding to O(3) in the solid-state structure, Figure 2.10). 

 

Figure 2.10. Solid state structure of neutral Nb(V) complex [LMeNb(OEt)Cl], 8. Ellipsoids are shown at the 

30 % probability level. Hydrogen atoms and lattice solvent have been omitted for clarity. Selected bond 

lengths (Å) and angles (°): Nb(1)-O(1) 1.838(5), Nb(1)-Cl(1) 2.4211(16), Nb(1)-N(1) 2.418(5); N(1)-Nb(1)-

O(1) 178.7(2), O(1)-Nb(1)-O(2) 98.4(2), O(1)-Nb(1)-O(3) 100.2(2), O(1)-Nb(1)-O(4) 99.4(2), O(1)-Nb(1)-

Cl(1) 93.04(16), O(2)-Nb(1)-Cl(1) 90.51(13), O(4)-Nb(1)-Cl(1) 88.23(13), N(1)-Nb(1)-Cl(1) 86.21(12). 

 

2.2.2.2 Preparation and Reactivity of a Monocationic, Dinuclear Nb(V) Alkoxide 

Complex of Ligand (LMe)3– 

When 8 was reacted with 1.5 equivalents of AgSbF6 in toluene, small, red crystals of 

[{LMeNb(OEt)}2-μ2-F]+[SbF6]–, 9, were isolated in low yield (35 %) (Scheme 2.6, Figure 2.11). 

Analysis in the solid state revealed that the structure of 9 was broadly reminiscent of 5. Unlike 5, 

however, ethoxide groups remained at both Nb(V) centres of 9, the cation bearing only one fluoro 

ligand, at the bridging position. This suggests that the metal-alkoxide bond of 8 was less labile than 

that of 4, and the ethoxide moieties of 9 may therefore also be anticipated to be less reactive than that 
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of 5. The Nb-O bond lengths corresponding to the alkoxide moieties were also significantly shorter 

in 9 (1.838(3) Å and 1.841(3) Å) than in 5 (1.866(2) Å), further indicating that 5 would be expected 

to exhibit greater catalytic activity than 9 for the ROP of cyclic esters. Surprisingly, the two ligand 

systems of the dinuclear cation of 9 adopted different symmetries, being C1-symmetric and pseudo-

C3-symmetric, respectively, and the unit cell therefore contained the whole complex. Also, unlike 5, 

the Nb-F-Nb linkage of 9 was not linear (171.70(14)), and despite the reduced steric demands of the 

ancillary ligand, the Nb-2-F bonds were slightly longer than those in 5 (2.112(2) Å and 2.110(2) Å, 

versus 2.1058(3) Å). 

 

Figure 2.11. Solid-state structure of the dinuclear, monocationic fragment of Nb(V) species 

[{LMeNb(OEt)}2-μ2-F]+[SbF6]–, 9. Ellipsoids are shown at the 30 % probability level. Hydrogen atoms, lattice 

solvent, and SbF6- anion have been omitted for clarity. Selected bond lengths (Å) and angles (°): Nb(1)-N(1) 

2.368(4), Nb(1)-O(4) 1.838(3), Nb(1)-F(1) 2.112(2), Nb(2)-F(1) 2.110(2), Nb(2)-N(2) 2.379(4), Nb(2)-O(8) 

1.841(3); Nb(1)-F(1)-Nb(2) 171.70(14), N(1)-Nb(1)-O(4) 174.86(13), N(2)-Nb(2)-O(8) 174.71(14), O(1)-

Nb(1)-O(4) 94.05(14), O(2)-Nb(1)-O(3) 153.17(13), O(2)-Nb(1)-O(4) 100.47(14), O(2)-Nb(1)-F(1) 

80.64(12), O(3)-Nb(1)-O(4) 100.24(14), O(3)-Nb(1)-F(1) 81.23(12), O(4)-Nb(1)-F(1) 93.55(12), O(5)-

Nb(2)-O(7) 160.92(13), O(5)-Nb(2)-O(8) 99.53(15), O(5)-Nb(2)-F(1) 86.98(12), O(6)-Nb(2)-O(8) 

101.70(14), O(7)-Nb(2)-O(8) 98.61(15), O(7)-Nb(2)-F(1) 86.68(12), O(8)-Nb(2)-F(1) 91.42(12), N(1)-

Nb(1)-F(1) 91.39(11), N(2)-Nb(2)-F(1) 83.30(11). 

 

  

Pseudo-C3-symmetric  

C1-symmetric 
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The results of elemental (CHN) analysis of complex 9 were consistently unsatisfactory. This 

was attributed to decomposition of the crystalline material during sample preparation, in the absence 

of the kinetic stabilisation afforded to 5 by the bulkier (LtBu)3– ligand system. Similarly, 9 was not 

detected by high-resolution mass spectrometry, for which the sample was prepared under ambient 

conditions.  The 1H NMR spectrum of 9 at 213 K exhibited highly fluxional character, with no 

distinct resonances visible in the methylene region, although assignment some of chemical shifts was 

possible using the COSY spectrum. Such dynamic behaviour was attributed to reversible dissociation 

of the dinuclear species, with possible exchange of both TP ligands between C1- and pseudo-C3-

symmetric conformations also occurring, along with inversion of the helical chirality of the pseudo-

C3-symmetric form. Facile control of polymer molecular weight in the catalytic application of 9, 

confirmed via both GPC and 1H NMR spectroscopic polymer end group analysis, indicated that the 

pre-catalyst was acceptably pure, and that the unsatisfactory results of elemental (CHN) analysis and 

high-resolution MS were indeed likely to originate from decomposition during sample preparation.  

Following addition of excess ε-CL to a solution of 9 in chloroform-d at ambient temperature, 

well-resolved 1H NMR data of the resulting sample was obtained at 213 K (Figure 2.12). This was 

consistent with reversible cleavage of the dinuclear cation of 9 on addition of the monomer, in a 

manner reminiscent of the reactivity of 5, to form an ε-CL adduct, [LMeNb(OEt)(ε-CL)]+[SbF6]–, 10, 

structurally similar to 6 (Scheme 2.6).  

 

 

Figure 2.12. Stacked 1H NMR (500 MHz) spectra in chloroform-d at 233 K, corresponding to complex 9 

(bottom), complex 9 with addition of excess ε-CL (top), showing that exposure of 9 to ε-CL yields 10. The 

intense signal at δH = 4.25 ppm corresponds to excess free ε-CL. 

9 

9 + ε-CL 

ε-CL 

2 alkoxide environments 
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Formation of 10 presumably proceeded via cleavage of 9, and elimination of neutral by-

product [LMeNb(OEt)F]. Unlike in the case of 5, evidence of the neutral by-product was provided by 

the presence of two alkoxide methylene signals in the 1H NMR spectrum at 213 K, assigned to the 

neutral and cationic fragments, respectively, formed on cleavage of 9. The alternative possibility was 

considered that the presence of a second alkoxide signal was due to insertion of the coordinated 

monomer molecule of 10 into the adjacent metal-alkoxide bond at ambient temperature. However, 

this was determined to be incompatible with the shorter metal-alkoxide bond lengths of 9, relative to 

5, and with the lower catalytic activity of 9 than of 5 in the ROP of ε-CL (see Section 2.3, below). 

Whilst the monomeric species, 10 and [LMeNb(OEt)F], presumably exist in equilibrium with 9, this 

could not be confirmed using 1H NMR spectroscopic techniques, due to the highly dynamic nature 

of the 1H environments in 9. Despite 10 exhibiting sufficient stability for 1H NMR analysis, attempts 

to isolate that species were consistently unsuccessful. Like 5, treatment of 9 with L-LA produced no 

reaction, and solvation of 9 in THF led to polymerisation of the solvent at ambient temperature.  
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2.3  Catalytic Activity of Nb(V) Complexes in the Ring-Opening 

Polymerisation of Cyclic Monomers 

2.3.1 Application of Cationic Complexes to the Ring-Opening Polymerisation of -

Caprolactone 

2.3.1.1 Application of [LtBuNb(OEt)(-CL)]+[SbF6]
–, 6, to the Ring-Opening 

Polymerisation of -Caprolactone 

As discussed, mutually analogous C3-symmetric Nb(V) alkoxide complexes supported by 

(LtBu)3– and (LMe)3– were not successfully prepared in the current work, and the systems that were 

isolated exhibited negligible reactivity towards L-LA. Nonetheless, it was desirable to assess the 

facility with which complexes 5, 6 and 9 could catalyse the ROP of -CL. The activity of 6 was of 

particular interest, due to the anticipated structural analogy of that system to the active species in the 

ROP of rac-LA catalysed by [LtBuZr(OiPr)] and related systems.1,2 The cationic complexes 5, 6, and 

9 were all found to readily initiate the immortal ROP of ε-CL in toluene at 80 °C, affording PCL of 

which the value Mn
GPC was generally predictable. 

When 6 was applied to the catalytic ROP of ε-CL in the absence of a co-initiator there was 

a reasonable correlation between Mn
Theo and Mn

GPC, compatible with one initiation event occurring 

per molecule of 6, and the polymer dispersity was consistently in the range ĐM = 1.42 – 1.57. This 

is indicative of a controlled living ROP process, proceeding via insertion of the metal-coordinated 

monomer molecule into the adjacent metal-alkoxide bond in a classical coordination-insertion 

mechanism (Scheme 2.7). At the lowest catalyst loading that was assessed ([ε-CL]:[6] = 250:1), the 

value of Mn
GPC of the PCL product was much lower than anticipated, tentatively attributed to the 

presence of protic impurities in the monomer feed.  

 

Scheme 2.7. The ROP of -CL in the presence of 6, showing the incorporation of ethoxide and metal-

coordinated -CL moieties into the PCL chain-end. [SbF6]– anion omitted for clarity. 
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When the polymerisation of ε-CL was carried out in the presence of 6 and exogenous co-

initiator BnOH, Mn
GPC was reduced relative to when the co-initiator was not present, and the polymer 

dispersity remained low (ĐM = 1.41 – 1.46), characteristic of the non-rate-determining chain transfer 

process of an immortal kinetic regime (Table 2.1, Reactions Nb-5 versus Nb-8, and Nb-2 versus Nb-

7). Whilst Mn
GPC was significantly reduced in the presence of BnOH, agreement with Mn

Theo was 

poor, although this may be attributed to inaccurate dosing of the viscous co-initiator on the very small 

scale upon which the polymerisation reactions were undertaken. 

 

Table 2.1. Polymerisation data for the ROP of ε-CL in the presence of 6. 

Reaction d [ε-CL]:[6]:[BnOH] e Conversion, % f Mn
Theo, g mol–1 g Mn

GPC, g mol–1  g ĐM
 

a Nb-1 30:1:0 >99 3470 4900 1.46 

b,c Nb-2 50:1:0 >99 5750 9100 1.46 

a Nb-3 60:1:0 >99 6890 8150 1.57 

a Nb-4 90:1:0 >99 10320 12000 1.54 

b Nb-5 100:1:0 >99 11460 16400 1.42 

b Nb-6 250:1:0 >99 28580 20250 1.50 

b Nb-7 50:1:1 >99 2930 4550 1.41 

b,c Nb-8 100:1:1 >99 5780 4400 1.46 

Conditions: 0.80 mol dm–3 ε-CL solution in toluene, 80 °C for six hours, in the presence of 6, and exogenous BnOH where 

applicable. a 500 mg ε-CL. Reaction times not optimised. b 200 mg ε-CL. c Reaction was carried out for five hours. d Molar 

ratio. e Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer OCH2 methylene 

resonances. f Mn
Theo

 calculated from conversion and catalyst concentration, {(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) +

((
(𝑀𝑟,𝐸𝑡𝑂𝐻×[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟])+(𝑀𝑟,𝐵𝑛𝑂𝐻×[𝐵𝑛𝑂𝐻])

([𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]+[𝐵𝑛𝑂𝐻])
))}. g Determined via GPC analysis in THF using a refractive index detector and 

with application of a Mark-Houwink factor of 0.56.26,27 

 

2.3.1.2 Application of [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+[SbF6]
–, 5, to the Ring-Opening 

Polymerisation of -Caprolactone 

Encouraged by the observed formation of 6 on exposure of a suspension of 5 in chloroform-

d to ε-CL at ambient temperature, the utility of 5 as a pre-catalyst for the ROP of ε-CL, proceeding 

via intermediate 6, was explored. As anticipated, the molecular weights of polymer samples produced 

in the presence of various loadings of 5 (in the absence of BnOH) were commensurate with one 

initiation event occurring per molecule of the dinuclear, mono(alkoxide) pre-catalyst (Table 2.2). 

This is compatible with coordination of the monomer occurring, effecting cleavage of 5, with 

elimination of inactive fragment [LtBuNbF2], followed by insertion of the monomer into the metal-

alkoxide bond of the active cationic species. Agreement between values of Mn
GPC and Mn

Theo was 

better in polymerisations for which pre-catalyst 5 was used, than in those for which when 6 was used, 

and the dispersity of the PCL produced in the presence of 5 was comparable to that obtained in the 
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presence of 6 (ĐM = 1.50). In similarity to the use of 6, the value of Mn
GPC was unexpectedly low 

when the catalyst loading was reduced to 0.4 mol% ([ε-CL]:[6] = 250:1), with good agreement 

between the values obtained in the presence of 5 and 6, respectively (Mn
Theo = 28 581 g mol–1; Mn

GPC 

= 19 500 g mol–1 and Mn
GPC = 20 250 g mol–1), compatible with the presence of a consistent 

concentration of protic impurities. 

When exogenous BnOH was present, the ROP of ε-CL in the presence of 5 yielded PCL of 

lower dispersity (ĐM = 1.19 – 1.29), and of lower molecular weight than when BnOH was absent 

(Table 2.2, Reactions Nb-11, Nb-12 versus Reactions Nb-13, Nb-14). In contrast to the catalytic use 

of 6, Mn
GPC values for samples of PCL produced in the presence of 5 and exogenous BnOH were in 

good agreement with the corresponding values of Mn
Theo, where each molecule of BnOH was 

assumed to initiate one polymer chain, in addition to those initiated by the alkoxide moiety of 5. 

 

Table 2.2. Polymerisation data for the ROP of ε-CL in the presence of 5. 

Reaction c [ε-CL]:[6]:[BnOH] d Conversion, % e Mn
Theo, g mol–1 f Mn

GPC, g mol–1  f ĐM
 

a Nb-9 30:1:0 >99 3470 5000 1.40 

a Nb-10 60:1:0 >99 6890 7350 1.50 

 bNb-11 106:1:0 >99 12190 11700 1.38 

 bNb-12 250:1:0 >99 28580 19500 1.49 

 bNb-13 100:1:1 >99 5760 6450 1.29 

 bNb-14 250:1:2.5 >99 8230 7750 1.19 

Conditions: 0.80 mol dm–3 ε-CL solution in toluene, 80 °C for six hours, in the presence of 5, and exogenous BnOH where 

applicable. Reaction times not optimised. a 500 mg ε-CL. b 200 mg ε-CL. c Molar ratio. d Conversion determined via 1H 

NMR spectroscopy, by integration of the monomer and polymer OCH2 methylene resonances. e Mn
Theo

 calculated from 

conversion and catalyst concentration, {(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + ((

(𝑀𝑟,𝐸𝑡𝑂𝐻×[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟])+(𝑀𝑟,𝐵𝑛𝑂𝐻×[𝐵𝑛𝑂𝐻])

([𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]+[𝐵𝑛𝑂𝐻])
))}. 

ffDetermined via GPC analysis in THF using a refractive index detector and with application of a Mark-Houwink factor of 

0.56.26,27  
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2.3.1.3 Application of [{LMeNb(OEt)}2-μ2-F]+[SbF6]
–, 9, to the Ring-Opening 

Polymerisation of -Caprolactone 

Whilst 9 could not be easily isolated in large quantities, a cursory study of its use as a pre-

catalyst for the ROP of ε-CL was nevertheless carried out, although no polymerisations were 

undertaken in the presence of exogenous BnOH. Molecular weight control was good, especially at 

high catalyst loadings (Table 2.3, Reactions Nb-15 – Nb-17). In similarity to pre-catalyst 5, the value 

of Mn
GPC of PCL produced in the presence of 9 generally appeared to correspond to one initiation 

event having occurred per molecule of the pre-catalyst. Despite the reduced steric congestion about 

the Nb(V) centres of 9, relative to 5 or 6, the dispersity was observed to be generally lower for PCL 

produced in the presence of that species than of 5 or 6, under identical conditions. This may be 

attributed to 9 being generally less active than 5, due to reduced lability of the metal-alkoxide (or 

metal-polymer) Nb-O bond, as reflected by the respective pre-catalysts’ structures in the solid state. 

Indeed, kinetic studies confirmed that 9 is a significantly less active initiator for the ROP of ε-CL 

than 5 or 6 (see below). 

 

Table 2.3. Polymerisation data for the ROP of ε-CL in the presence of 9. 

Reaction c [ε-CL]:[6]:[BnOH] d Conversion, % e Mn
Theo, g mol–1 f Mn

GPC, g mol–1  f ĐM
 

 aNb-15 30:1 >99 3470 3150 1.23 

 bNb-16 50:1 >99 5750 5200 1.30 

 aNb-17 60:1 >99 6890 6750 1.59 

 bNb-18 100:1 >99 11460 8500 1.32 

 bNb-19 250:1 >99 28580 15700 1.33 

Conditions: 0.80 mol dm–3 ε-CL solution in toluene, 80 °C for six hours, in the presence of 9. Reaction times not optimised. 
aa500 mg ε-CL. b 200 mg ε-CL. c Molar ratio. d Conversion determined via 1H NMR spectroscopy, by integration of the 

monomer and polymer OCH2 methylene resonances. e Mn
Theo

 calculated from conversion and catalyst concentration, 

{(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. f Determined via GPC analysis in THF using a refractive index detector and 

with application of a Mark-Houwink factor of 0.56.26,27  
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2.3.2 1H NMR Spectroscopic End Group Analysis of Poly(-caprolactone) Produced in 

the Presence of Cationic Nb(V) Complexes 5, 6, and 9 

Polymer end group analysis was carried out via 1H NMR spectroscopy, to confirm the 

proposed coordination-insertion mechanism of ROP, with initiation occurring at the respective 

alkoxide moieties of 5, 6 and 9. PCL samples produced in the presence of various loadings of each 

complex were first purified by precipitation from, and copious washing with, methanol to remove 

catalyst and monomer residues, then dried under dynamic vacuum. In the cases of initiators 5 and 6, 

the ratio of methylene signals corresponding to the polymer backbone and ethoxy (EtO-/H-) end 

group (appearing at δH = 4.05 ppm and δH = 4.12 ppm, respectively, in chloroform-d, Figure 2.13) 

was consistently in close agreement with the molar concentration ratio of -CL and the relevant 

Nb(V) complex present at the beginning of the polymerisation (Table 2.4). Along with good 

molecular weight control in the ROP of -CL, established via GPC, this confirmed the role of the 

ethoxide moieties of 5 and 6, respectively, as initiating groups in a living coordination-insertion ROP 

pathway. Consequently, it was concluded that the ε-CL adduct, 6, is indeed the first intermediate of 

a coordination-insertion mechanism, the ethoxide moiety being a functional initiating group at 

elevated temperatures. This is consistent with the changes in the 1H NMR spectrum of 6 in 

chloroform-d observed on prolonged heating to 75 °C, corresponding to intramolecular nucleophilic 

attack and ring-opening of -CL. It is also apparent, based on both stoichiometric and catalytic 

studies, that the ROP of -CL in the presence of 5 proceeds first via cleavage of the dinuclear cation 

of the pre-catalyst to yield 6.  
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Figure 2.13. Stacked 1H NMR (400 MHz) spectra in chloroform-d at 298 K of purified PCL produced in the 

presence of 6 ([-CL]:[6] = 30:1, blue, top; 60:1, green, middle; and 90:1 red, bottom) showing polymer 

backbone (OCH2) and ethoxide end group (OCH2) signals (at δH = 4.05 ppm and δH = 4.12 ppm, 

respectively). Due to overlap of polymer backbone and end group signals, the end group abundance was 

calculated from the two well-resolved down-field peaks of the quartet. 

 

Table 2.4. Polymerisation data relating to 1H NMR spectroscopic end group analysis of PCL produced in the 

presence of complexes 5, 6 and 9. 

Reaction Initiator a [ε-CL]:[Initiator]  b [ε-CL]:[OEt] c [PCL]NMR:[OEt-/H-]NMR
 

ddMn
Theo, 

g mol–1 

e Mn
NMR, 

g mol–1 

f Mn
GPC, 

g mol–1 

Nb-9 5 30:1 30:1 33:1 3470 3813 5000 

Nb-10 5 60:1 60:1 64:1 6890 7351 7350 

Nb-1 6 30:1 30:1 28:1 3470 3242 4900 

Nb-3 6 60:1 60:1 64:1 6890 7351 8150 

Nb-4 6 90:1 90:1 86:1 10320 9862 12000 

Nb-15 9 30:1 15:1 18:1 3470 2101 3150 

Nb-17 9 60:1 30:1 35:1 6890 4041 6750 

Conditions: 0.80 mol dm–3 ε-CL solution in toluene, 80 °C for six hours, in the presence of cationic Nb(V) pre-catalyst. 

Reaction times not optimised. Quantitative conversion reached in all reactions. All reactions already represented in Tables 

2.1 – 2.3. a Molar ratio of monomer and pre-catalyst molecules present. b Molar ratio of monomer molecules to alkoxide 

groups. ccMolar ratio of ε-CL repeat units in PCL backbone to OEt-/H- end groups determined from relative integrations 

of signals at δH =4.05 ppm and δH =4.12 ppm in the 1H NMR spectrum of the polymer product, corresponding to OCH2 

methylene protons the respective moieties.  d Mn
Theo

 calculated from conversion and catalyst concentration, assuming one 

initiation event per molecule of initiator {(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. e Mn

NMR calculated from the ratio of 

integrated 1H NMR signal areas APCL and AEtO, corresponding to the polymer backbone, and EtO-/H- end group, 

respectively, {(𝑀𝑟, −𝐶𝐿 ×
𝐴𝑃𝐶𝐿

𝐴𝐸𝑡𝑂−/𝐻−
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}, where A denotes the integrated area of the relevant 1H NMR resonance. f 

Determined via GPC analysis in THF using a refractive index detector and with application of a Mark-Houwink factor of 

0.56.26,27  

30:1 

60:1 

90:1 
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Scheme 2.8. Proposed equilibria between dinuclear and monomeric species present on use of pre-catalyst 9 

for the ROP of ε-CL, permitting initiation by all alkoxide moieties. [SbF6]– anion omitted for clarity. 

 

In the case of pre-catalyst 9, the concentration of ethoxy polymer end groups detected via 1H 

NMR spectroscopy corresponded to two initiation events having occurred per molecule of the pre-

catalyst, suggesting that both alkoxide groups of that complex initiated polymer chain growth 

(whereas the dinuclear species 5 bore only one alkoxide moiety). This is tentatively suggested to be 

compatible with a mechanistic scenario in which the proposed monomeric active species 

[LMeNb(OP)(ε-CL)]+[SbF6]– (an analogue of 10, where OP is the alkoxide initiating group, or the 

growing polymer chain) and neutral fragment [LMeNbF(OP)] exist in equilibrium with dinuclear 

species [{LMeNb(OP)}2-μ2-F]+[SbF6]– (an analogue of 9) (Scheme 2.8) during the ROP of ε-CL. 

Proposed neutral Nb(V) fluoro complex [LMeNbF(OP)] is structurally analogous to Nb(V) chloro 

complex 8, and therefore would presumably be entirely inactive for the ROP of ε-CL under the 

experimental conditions (see Section 2.3.4, below). It is therefore implausible that ROP activity of 

[LMeNbF(OP)] could account for half of the polymer chains in a PCL sample of moderately low 

dispersity produced in the presence of pre-catalyst 9. The proposed equilibrium would permit both 

alkoxide moieties of 9 to enter the catalytic manifold via reversible, asymmetric cleavage of the 

dinuclear species at either Nb-μ2-F bond in the presence of ε-CL, to form active catalyst 

[LMeNb(OP)(ε-CL)]+[SbF6]–. Although the immortality of the ROP regime afforded by 9 was not 
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assessed, it is anticipated that chain transfer activity would also occur for this system, as has been 

observed for both 5 and 6. 

Under the proposed mechanistic regime, a maximum of 50 % of the total number of growing 

polymer chains would be active at a given time, and reversible formation of the dinuclear species 

[{LMeNb(OP)}2-μ2-F]+[SbF6]– must necessarily be non-rate-determining in order to be compatible 

with living or immortal polymerisation kinetics. Furthermore, as the steric demands of the growing 

polymer chains increase, the reformation of a dinuclear species from two bulky fragments is likely 

to become kinetically unfavourable. Therefore, it is suggested that the portion of the growing chains 

coordinated to the dormant neutral species, [LMeNbF(OP)], would become unable to re-enter the 

catalytic cycle after formation of low-molecular weight PCL. Whilst the corresponding ethoxy 

polymer end groups would be detectable by 1H NMR spectroscopy, such low molecular weight 

material may not be readily characterised via GPC. Moreover, continued growth of the remaining 

active chains would consume the rest of the monomer feed, resulting in a major distribution of PCL 

chains of only slightly reduced molecular weight relative to the theoretical value for a scenario in 

which only one of the two alkoxide moieties of the pre-catalyst was active. Comparison of Mn
Theo 

and Mn
GPC values for PCL samples produced in the presence of 9 (Table 2.4, Reactions Nb-15, Nb-

17), in addition to the quantification of ethoxy end groups via 1H NMR spectroscopy, supports this 

mechanistic scenario. 

The mono(alkoxide) species, 5, may be anticipated to exhibit similar dynamic behaviour 

under the polymerisation conditions, to that proposed for 9, although the asymmetric nature of 5 

could give rise to more complex equilibria (Scheme 2.9). Moreover, the observed equilibrium 

presence of complexes 5 and 6 on exposure of a suspension of 5 to excess -CL at ambient 

temperature suggests that under the polymerisation conditions, a dynamic mixture of mono- and 

dinuclear species is likely to be present. This is also consistent with the apparent reversible cleavage 

of 5 when dissolved in chloroform-d at 298 K, as demonstrated by the poor resolution of the relevant 

1H NMR spectrum. 

It is feasible that in the case of 5, no polymer chains would become irreversibly deactivated 

in the manner proposed for 9, because the steric demands of the inactive complexes [LtBuNbF2] and 

[LtBuNbF(ε-CL)]+, bearing a terminal fluoro ligand, rather than an initiating group, would not increase 

during the reaction. This may be anticipated to permit an equilibrium concentration of dinuclear 

species bearing one PCL chain to persist throughout the reaction, although formation of dinuclear 

species bearing two PCL chains, [{LtBuNb(OP)}2-μ2-F]+[SbF6]–, would rapidly become unfavourable. 

Such a mechanistic scenario is compatible with the agreement in the current work between the 

molecular weight of the PCL product determined via GPC, and the results of 1H NMR spectroscopic 

end group analysis. Whilst the continued equilibrium presence of off-cycle species throughout the 
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reaction may be anticipated to reduce the rate of ROP relative to when 6 was used, the observation 

of controlled immortal chain growth indicates that such processes are non-rate determining. An 

alternative explanation for the good molecular weight control afforded by 5 is that during 

propagation, the asymmetric analogue of 5, bearing one polymer chain, primarily exists in 

equilibrium with the corresponding analogue of 6, bearing a polymer chain and coordinated ε-CL 

molecule, and neutral fragment [LtBuNbF2], the formation of other species being unfavourable. This 

would be most consistent with the low relative abundances of 5a and 5b in a sample of 5, detected 

via mass spectrometry, and with the direct observation of complexes 5 and 6 being present in 

equilibrium on exposure of 5 to ε-CL. 

 

 

Scheme 2.9. Proposed equilibria between dinuclear and monomeric species present on use of pre-catalyst 5 

for the ROP of ε-CL. Processes within the marked area correspond to reactivity either supported by the 

results of catalytic studies (propagation, chain transfer), or directly observed in the course of stoichiometric 

experiments using the pre-catalyst 5 (where OP = OEt), corresponding to initiation, and anticipated to also 

occur during propagation. Processes outside the marked area have not been directly observed but are 

anticipated to occur to some extent. [SbF6]– anion omitted for clarity. 
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The observation that the dispersity of PCL produced by 5 was lowest in the presence of 

exogenous BnOH may be attributed to chain transfer activity, possible only in the presence of 

dormant chains, inhibiting the formation of inactive dinuclear species. A similar effect may be 

anticipated to be observed in the case of 9, although the immortality of that regime was not assessed. 

The ROP of -CL in the presence of 6 would be anticipated to yield PCL of lower dispersity than 

that prepared using 5, given the incompatibility of 6 with the presence of the proposed off-cycle 

equilibria. The unexpected similarity in the range of dispersities obtained using the two systems for 

equivalent reaction durations (6 hours) is therefore tentatively attributed to the ROP in the presence 

of 6 reaching quantitative conversion more rapidly, due to the absence of off-cycle species, allowing 

greater proliferation of processes such as transesterification and chain scission. Furthermore, when 

6 was used in the presence of BnOH, no reduction in dispersity was observed relative to when BnOH 

was not present, further indicating that in the presence of 5 the relationship between dispersity and 

the presence of BnOH was due to the suppression of inhibitive equilibria in favour of chain transfer 

activity. 

  The reactivity of both 5 and 6, respectively, with BnOH was cursorily assessed, by 

treatment of each complex with excess BnOH at ambient temperature in chloroform-d. The 1H NMR 

spectra of the resulting mixtures (acquired at 233 K) were complex, precluding conclusive 

interpretation (Figure 2.14, Figure 2.15). In both cases the 1H NMR resonance corresponding to the 

methylene protons of BnOH had shifted. In the presence of 5, the BnOH methylene signal had moved 

from H = 4.57 ppm to H = 4.35 ppm, attributed to coordination of the alcohol at the metal centre, 

displacing [LtBuNbF2], without BnOH being deprotonated. The possibility of the ethoxide moiety 

being displaced to yield a benzyl alkoxide species was disregarded, due to the presence of a quartet 

signal at H = 3.31 ppm, likely to correspond to the methylene protons of an ethoxide group. 

However, in the absence of BnOH, the corresponding ethoxide resonance of 5 appears at H = 5.07 

ppm, and that of 6 at H = 4.95 ppm. The large upfield shift observed in the presence of BnOH may 

therefore indicate that the ethoxide moiety had either moved to the position cis to the amine donor 

of the TP ligand (this plausibly yielding a stable species in the absence of the monomer), or was 

hydrogen bonded to BnOH. Addition of BnOH to 6 also caused the singlet OCH2 signal of the alcohol 

to shift slightly, in that case moving downfield, from H = 4.57 ppm to H = 4.62 ppm. The nature of 

the interaction between BnOH and 6 was not elucidated, but a quartet presumed to correspond to the 

ethoxide moiety again appeared to have shifted dramatically, appearing at H = 3.56 ppm. Finally, 5 

was treated with both BnOH and -CL. The BnOH methylene signal again shifted downfield, to H 

= 4.65 ppm. However, the ethoxide methylene signal was not readily observed, and a sub-

stoichiometric quantity of free ethanol appeared to be present (H = 3.72 ppm). Having confirmed 

the facile interaction of BnOH with both 5 and 6, further analysis was not undertaken. 
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Figure 2.14. Stacked 1H NMR (400 MHz) spectra in chloroform-d at 233 K of 5 (red, bottom), 5 after 

addition of BnOH (green, middle) and 5 after addition of both BnOH and -CL (blue, top). 

 

 

Figure 2.15. Stacked 1H NMR (400 MHz) spectra in chloroform-d at 233 K of 6 (red, bottom), and 6 after 

addition of BnOH (green, top). 
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2.3.3 Kinetic Studies of the Ring-Opening Polymerisation of -Caprolactone in the 

presence of Cationic Nb(V) Complexes 5, 6 and 9 

Kinetic studies were undertaken, in which the ROP of ε-CL was carried out at 80 C in 

toluene-d8, in the presence of complexes 5, 6 and 9, respectively, and monitored in-situ via 1H NMR 

spectroscopy (Figure 2.16, Table 2.5). For the dinuclear pre-catalysts 5 and 9, no more than half of 

the Nb(V) centres in each case can be simultaneously represented by catalytically active cationic 

species. This corresponds to a maximum of one active growing chain per dinuclear pre-catalyst 

molecule at any given time, permitting valid comparison of the rates of ROP in the presence of 

initiators 5 and 9.  

The ROP of ε-CL in the presence of 5, 6 and 9, respectively, was consistently adherent to 

pseudo-first-order reaction kinetics with respect to the monomer, although all three systems exhibited 

an induction period. This is unlikely to have been caused by slow cleavage of the dinuclear species, 

as such an event is not required in the case of 6, and is known to be facile, even at ambient 

temperature. Presumably, therefore, the induction period arose from slow solvation of the catalyst in 

the apolar solvent, and a subsequent delay in homogenisation of the sample, limited by convective 

mixing.  

 

 

Figure 2.16. Plots of [PCL] versus time, exhibiting characteristic pseudo-first-order kinetics with respect to 

the monomer, and (inset) semi-logarithmic initial rate plots for the ROP of ε-CL in the presence of 

complexes 5, 6 and 9, where [ε-CL]:[Pre-catalyst] = 250:1 (induction period omitted). Conversion 

determined via 1H NMR spectroscopy, by integration of the monomer and polymer OCH2 methylene 

resonances.  
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Table 2.5. Polymerisation data corresponding to in-situ 1H NMR-monitored kinetic studies of the ROP of ε-

CL in the presence of cationic Nb(V) complexes 5, 6 and 9. 

Reaction Pre-Catalyst a Conversion, %  b Mn
Theo, g 

mol–1 

c Mn
GPC, g 

mol–1  

c ĐM
 d kobs, min–1 

Nb-20 5 >99 28580 9650 1.40 0.0049 

Nb-21 6 >99 28580 22550 1.74 0.0060 

Nb-22 9 97 27730 13950 1.36 0.0020 

Conditions: 0.80 mol dm–3 ε-CL solution in toluene-d8 (100 mg in 1 mL), 80 °C for sixteen hours, in the presence of [-

CL]:[Pre-catalyst] = 250:1. Reaction times not optimised. a Conversion determined via 1H NMR spectroscopy, by 

integration of the monomer and polymer OCH2 methylene resonances. b Mn
Theo

 calculated from conversion and catalyst 

concentration, {(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}.c Determined via GPC analysis in THF using a refractive index 

detector and with application of a Mark-Houwink factor of 0.56. d Rate constants determined using the initial rate method, 

using semi-logarithmic plots of –ln(1– [PCL]) against time, with omission of data corresponding to an observed induction 

period. 

 

In the course of the kinetic study, 5 was observed to afford slightly lower activity than 6 in 

the ROP of -CL. This similarly cannot be attributed to slow cleavage of pre-catalyst 5 during the 

initiation step, or to the proposed equilibrium between monomeric and dinuclear systems involving 

rate-determining events, as both scenarios would constitute a significant departure from the immortal 

character of the polymerisation regime afforded by 5. Nonetheless, as discussed, competition 

between -CL and [LtBuNbF2] (or [LtBuNb(OP)F]), to coordinate at the active site of the catalyst may 

be expected to reduce the rate. It should be noted however, that due to the poor solubility of 5, 6 and 

9 in toluene-d8 at ambient temperature, the complexes were dosed as solid materials to the NMR-

scale polymerisation reactions. This is likely to have been a significant source of error in the catalyst 

loadings of reactions undertaken on such a small scale, precluding reliable comparison of the 

apparently similar rates of ROP afforded by 5 and 6. It should also be noted that the kinetic study of 

the ROP of -CL in the presence of 6 was undertaken using a different spectrometer from those 

experiments concerning complexes 5 and 9. Accordingly, whilst direct comparison of 5 and 9 may 

be valid, the kinetic data obtained for 6 is informative only for qualitative analysis of the reaction 

profile. 

Whilst the dispersity of the PCL product afforded by 5 under the conditions of the kinetic 

study was high (ĐM = 1.74), such a large value of ĐM was not observed in other polymerisation 

studies with 5 wherein the mixing was improved. This suggests that the high dispersity was due to 5 

being significantly less soluble in toluene-d8 than 6 or 9, which was empirically observed to be the 

case. Accordingly, the rate of ROP in the presence of 5 may have been influenced by the rate of 

catalyst solvation under the unstirred conditions of the kinetic study. 

The large difference in activity between 5 and 9, however, was informative with regard to 

the relative rates of ROP in the presence of systems supported by the ligands (LtBu)3– and (LMe)3–, 

respectively. This is consistent with the lability of the alkoxide moiety of 9 being lower than that of 
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5, as indicated by the retention of alkoxide moieties at both Nb(V) centres of 9, compared to 

substitution of one alkoxide for a terminal fluoro ligand in 5, as well as with the shorter length of the 

relevant Nb-O bond in the solid state structure of 9 than in that of 5. 

Computational analysis of the ROP of -CL in the presence of 6 (carried out by Dr Antoine 

Buchard, University of Bath, see Section 2.4, below) has indicated that the insertion event may 

require an isomerisation of the active species, to place the alkoxide moiety and the coordinated 

monomer molecule respectively cis and trans to the nitrogen donor of the TP ligand.25 It is plausible 

that the TP scaffold of the proposed monomeric active species 10, anticipated to adopt a C1-

symmetric conformation, is less flexible, and therefore less amenable to such rearrangement, than 

the pseudo-C3-symmetric ligand of 6, resulting in lower catalytic activity. Such reduced flexibility 

of the, presumably C1-symmetric, ancillary ligand (LMe)3– of 10 would be in agreement with the 

disparity between the fluxionality exhibited by the NCHH methylene signals in the 1H NMR spectra 

of neutral complexes 3 and 7, respectively. 

2.3.4 Attempted Application of Neutral Complexes to the Ring-Opening 

Polymerisation of -Caprolactone 

The neutral Nb(V) complexes 3, 4, 7, and 8, and AgSbF6, synthetic precursors to the cationic 

Nb(V) pre-catalysts, variously exhibited no activity or extremely low activity for the polymerisation 

of ε-CL under the relevant conditions (Table 2.6). The inactivity of AgSbF6 confirms, in addition to 

the collective direct evidence provided herein, that the ROP of ε-CL in the presence of cationic Nb(V) 

complexes 5, 6 and 9 is initiated by the cationic metal alkoxide systems, rather than the [SbF6]– 

counterion.  

 

Table 2.6. Polymerisation data corresponding to the attempted application of neutral complexes 3, 4, 7 and 8, 

and AgSbF6 to the ROP of ε-CL. 

Reaction Initiator a [ε-CL]:[Initiator]:[BnOH] Duration, 

hours 

b Conversion, % 

Nb-23 3 100:1:0 16 11 

Nb-24 4 100:1:1 16 22 

Nb-25 7 100:1:0 6 0 

Nb-26 8 100:1:0 6 0 

Ag-1 AgSbF6 30:1:1 16 5 

Conditions: 200 mg ε-CL, in 0.80 mol dm–3 solution in toluene, 80 °C. a Molar ratio. b Conversion determined via 1H NMR 

spectroscopy, by integration of the monomer and polymer methylene resonances. 
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2.3.5 Attempted Application of Cationic Complexes to the Ring-Opening 

Polymerisation of rac-Lactide 

Following the successful homopolymerisation of -CL in the presence of 5, 6 and 9, the 

activity of 5 and 6 for the ROP of rac-LA was assessed under identical conditions. In agreement with 

stoichiometric experiments undertaken at ambient temperature in chloroform-d, both 5 and 6 were 

entirely inactive for the ROP of rac-LA (Table 2.7). The ROP of rac-LA in the presence of 9 was 

not attempted, due to both the low activity of that species, and the difficulty of preparing it in large 

quantity. 

 

Table 2.7. Data corresponding to the unsuccessful ROP of rac-LA in the presence of complexes 5 and 6 

Reaction Initiator c Conversion, % 

a Nb-27 5 0 
b Nb-28 6 0 

Conditions: 0.63 mol dm–3 rac-LA solution in toluene, 80 °C for sixteen hours, where [LA]:[Initiator] = 100:1. a 200 mg 

of monomer. b 250 mg of monomer. c Conversion determined via 1H NMR spectroscopy, by integration of the monomer 

and polymer methine resonances. 

 

2.3.6 Application of Cationic Complexes to the Ring-Opening Homopolymerisation of 

-Caprolactone in the presence of rac-Lactide 

 

Figure 2.17. Plots of concentration versus time corresponding to -CL, PCL and L-LA, respectively, where 

ε-CL was polymerised by 6 in the presence of 100 mol% L-LA, monitored in-situ via 1H NMR spectroscopy. 

 

The inertness of 6 toward rac-LA presented the possibility of carrying out the selective 

homopolymerisation of -CL from a solution containing LA and -CL in equimolar quantities. When 

the ROP of -CL was undertaken in the presence of 2 mol% of 6 and 100 mol% L-LA ([-

CL]:[LA]:[6] = 50:50:1), monitored in-situ via 1H NMR spectroscopy, selective homopolymerisation 

of -CL was observed (Figure 2.17). L-LA was used rather than rac-LA, to simplify NMR analysis 
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of any resulting co-polymers. Although a small portion of the L-LA present underwent ROP over the 

course of the reaction (10 – 15 %), this appeared to occur at a constant rate, indicative of a zeroth-

order process with respect to the monomer. There was also no evidence of incorporation of lactyl 

units into the PCL chain. Accordingly, it was surmised that the ring-opening of L-LA was not a 

catalytic process, in agreement with the known inactivity of 6 towards the ROP of rac-LA. 

The rate of ROP of -CL in the presence of 100 mol% L-LA was comparable to that observed 

when 6 was used at the much lower catalyst loading of 0.4 mol%  in the absence of L-LA ([-CL]:[6] 

= 250:1), suggesting that the presence of L-LA had a significant inhibitive effect on the ROP of -

CL (reducing the rate by ~80 % relative to the expected value). Such inhibition was considered 

unlikely to arise from coordination of L-LA to the Nb(V) centre of the active species, as no such 

interaction was observed at ambient temperature in chloroform-d. Moreover, whilst coordination 

could feasibly be more facile at 80 C in toluene-d8, in the presence of 100 equivalents of L-LA, the 

simultaneous presence of 100 equivalents of -CL would be anticipated to preclude sufficient 

interaction between L-LA and the active species to cause a fivefold reduction in activity. The 

possibility was also considered of irreversible catalyst deactivation arising from coordination of the 

ring-opened lactyl species to the catalyst. However, this would be expected to entirely prevent the 

ROP of -CL from occurring, or to have an increasingly large effect on the rate as the reaction 

proceeded, incompatible with the characteristic first-order reaction profile observed for the ROP of 

-CL. It was considered more likely therefore, that interaction between the two different monomer 

species in solution was the principal cause of the rate retardation. Evidence for an interaction of that 

sort was provided by the L-LA methine proton signal shifting from δH = 4.67 ppm to δH = 4.42 ppm 

over the course of the polymerisation. NMR titration of L-LA against ε-CL under conditions identical 

to those under which the polymerisation was carried out (80 °C in toluene-d8), in the absence of a 

metal complex, showed that the change in the chemical shift of the L-LA signal was due to the 

variation in the ε-CL concentration. The absence of any observable shift when L-LA was titrated 

against PCL confirmed this to be the case.  

2.3.7 Application of Cationic Complexes to the Ring-Opening Polymerisation of 

Tetrahydrofuran 

Whilst the focus of the current chapter has been upon the preparation of novel Nb(V)-based 

catalysts for the mechanistic study of the ROP of cyclic esters, all three of the cationic species, 5, 6 

and 9, were observed to catalyse the ROP of bulk THF at ambient temperature (Scheme 2.10). 

Accordingly, a cursory assessment of such reactivity was carried out under controlled conditions. 

Each complex was dissolved in protio-THF at a molar ratio of [THF]:[Initiator] = 1000:1, and the 

ROP allowed to proceed in each case without stirring (in a 2 mL vial in the glove box). 
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Scheme 2.10. General scheme for the ROP of THF in the presence of cationic Nb(V) complexes 5, 6 or 9. 

 

The conversion in each case was ascertained using 1H NMR spectroscopy, after 18 hours 

(Table 2.8). In similarity to the ROP of -CL, the ROP of THF reached high conversion in the 

presence of both 5 and 6 (85 – 87 %) with 9 exhibiting lower activity (66 % conversion reached). 

The reaction mixtures in all cases rapidly became gelatinous, and so it may be assumed that, due to 

the anticipated lack of effective diffusion under those conditions, the activities of the complexes 5, 

6, and 9, were higher than the final conversion values indicate. Because the current work is concerned 

with polyester synthesis, rather than the preparation of polyethers, it was sufficient to qualitatively 

confirm the reactivity of 5, 6 and 9 toward THF in the presence of a known catalyst concentration. 

Consequently, the polymer products were not characterised further, and further optimisation of the 

polymerisation conditions was not undertaken. Due to the relatively low catalyst loading used 

([THF]:[Initiator] = 1000:1), end group analysis was not possible using the 1H NMR spectra of the 

crude products, preventing any mechanistic insight from being gained from the available data. An 

additional reaction was carried out in the presence of AgSbF6, at a catalyst loading ten times greater 

than those at which 5, 6 and 9 were used ([THF]:[Pre-catalyst] = 100:1). No activity was observed 

in that reaction, confirming that where 5, 6 and 9 were employed, the cationic Nb(V) system was 

responsible for the ROP activity. 

 

Table 2.8. Data corresponding to the solvent-free ROP of THF in the presence of cationic Nb(V) complexes 

5, 6 and 9. 

Entry Initiator c Conversion, % 

a Nb-29 5 87 

a Nb-30 6 85 

a Nb-31 9 66 

b Nb-32 AgSbF6 0 

Conditions: a 250 mg THF, solvent-free, 25 °C, 18 hours, [THF]:[Initiator] = 1000:1. Reaction times not optimised. b 200 

mg THF, solvent-free, 298 K, 18 hours, 1.0 mol% catalyst. c Conversion determined via 1H NMR spectroscopy, by 

integration of the resonances at δH= 3.73 ppm and δH= 1.84 ppm, corresponding to the OCH2 and OCH2CH2 protons of 

THF, respectively, and those at δH= 3.40 and δH= 1.61, corresponding to the OCH2 and OCH2CH2 protons of poly(THF), 

respectively. The conversion given is the mean value determined from the OCH2 and OCH2CH2 regions.  
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2.3.8 Attempted Application of Cationic Complexes to the Copolymerisation of CO2 

and Cyclohexene Oxide 

2.3.8.1 Catalytic Experiments 

 
Scheme 2.11. General scheme for the proposed, but not realised, copolymerisation of CO2 and cyclohexene 

oxide in the presence of 6. [SbF6]– anion omitted for clarity. 

 

A cursory assessment was also undertaken of the possibility of applying 6 to the catalytic 

copolymerisation of CO2 and cyclohexene oxide (CHO) to yield poly(cyclohexene carbonate) 

(Scheme 2.11). The copolymerisation of CO2 with epoxides has received considerable research 

interest, due to its use of inexpensive and highly abundant atmospheric pollutant CO2 as a C1 

feedstock.28–31  

 

Scheme 2.12. Anticipated mechanism for the proposed, but not realised, copolymerisation of CO2 and 

cyclohexene oxide in the presence of 6.28–31 [SbF6]– anion omitted for clarity. 

 

It was anticipated that 6 would be an appropriate pre-catalyst for the synthesis of 

poly(cyclohexene carbonate), as the coordinated -CL molecule would readily be displaced to permit 

coordination of the CO2 and CHO monomers, prior to their insertion into the growing chain. The 
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initiation step would be anticipated to proceed via insertion of CO2 into the metal-alkoxide bond, to 

form a Nb(V) carbonate complex, followed by coordination of the epoxide to the metal centre, and 

insertion into the metal-carbonate bond to yield an alkoxide intermediate (Scheme 2.12). Each 

propagation event would then proceed via a further insertion of CO2 into such a metal-alkoxide 

intermediate, to form a carbonate linkage, followed by insertion of another CHO molecule, to afford 

an alkoxide again.28–31   

When the copolymerisation of CHO and CO2 was attempted by addition of 0.1 mol% of solid 

6 to bulk CHO at ambient temperature, under ambient air, followed by exposure to 1 atm CO2, the 

highly exothermic homopolymerisation of the CHO was observed to occur immediately on addition 

of the pre-catalyst, prior to CO2 being present (Scheme 2.13).  

 

Scheme 2.13. General scheme for the homopolymerisation of cyclohexene oxide in the presence of 6, 

observed to be extremely favourable. [SbF6]– anion omitted for clarity. 

 

Accordingly, the experiment was repeated at 0 C, with addition of 6 as a solution in 

dichloromethane after introduction of the CO2 atmosphere. Under those conditions, the highly 

exothermic homopolymerisation of the epoxide also occurred, suggesting that process to be far more 

favourable than insertion of CO2. Finally, the polymerisation was attempted at 0 C using a solution 

of CHO in dichloromethane (1 g of CHO in 4 mL of DCM), with the catalyst solution being added 

after exposure to CO2. However, homopolymerisation of CHO was also observed in that case 

confirming the unsuitability of 6 as a catalyst for the preparation of poly(cyclohexene carbonate) 

under mild conditions. It may be surmised that the mechanism by which the ROP of CHO proceeds 

in the presence of 6 is analogous to the unknown mechanism of ROP of THF, with the highly 

exothermic nature of the former process resulting from the greater ring-strain of the epoxide moiety, 

relative to THF. GPC analysis of the poly(cyclohexene carbonate) products was not undertaken.  

2.3.8.2 Attempt to Isolate a Cationic Nb(V) Carbonate Complex by Insertion of CO2 

It was not clear from the attempted copolymerisation of CHO and CO2, whether CO2 was 

able to interact with the Nb(V) centre of 6, or to undergo insertion into the metal-alkoxide bond, due 

to the highly favourable nature of CHO homopolymerisation. To assess the affinity of the alkoxide 

moiety for the insertion of CO2, the reaction of CO2 with 5 was attempted (Scheme 2.14).  
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Scheme 2.14. The proposed, but unsuccessful, cleavage of 5 on exposure to CO2, and insertion of CO2 into 

the metal alkoxide bond to yield a carbonate complex. [SbF6]– anion omitted for clarity. 

 

The use of 5, rather than 6, was chosen because carbonate formation was anticipated to 

proceed first via coordination of CO2 to the metal centre. Based upon the observed cleavage of 5 on 

exposure to ε-CL, to afford 6, the neutral fragment [LtBuNbF2], of 5, was surmised to be more labile, 

and therefore more likely to be readily displaced by CO2 than the metal-coordinated ε-CL molecule 

of 6. Accordingly, a sample of 5 was exposed to a high pressure of CO2 in the absence of CHO (CO2 

was condensed into a J Young’s NMR tube that contained a suspension of 5 in chloroform-d and was 

partially-submerged in liquid N2, which was then sealed and warmed to ambient temperature), to 

assess whether cleavage of the dinuclear species occurred. It was expected that if any interaction 

between 5 and CO2 did take place, 5 would be solubilised, possibly accompanied by a colour change, 

and that changes would be observed in the 1H NMR and 13C NMR spectra of the reaction mixture. 

No such evidence for interaction was observed. Accordingly, the application of 5 or 6 to the 

preparation of polycarbonates from CHO and CO2 was not considered to be a feasible proposition.  
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2.4  Computational Analysis of the Ring-Opening Polymerisation of -

Caprolactone in the Presence of [LtBuNb(OEt)(-CL)]+[SbF6]–, 6 

The computational studies described in the following section were carried out by Dr Antoine 

Buchard at the University of Bath.25 The results, and appropriate collaborative interpretation 

thereof, are included in this thesis in support of the experimental work described herein. 

Whilst experimental findings have conclusively demonstrated that the ROP of -CL in the 

presence of 5, 6 and 9 proceeds via a coordination-insertion mechanism, and that in the cases of pre-

catalysts 5 and 9 this is predicated firstly upon conversion to 6 and 10, respectively, the true nature 

of the active catalyst has not been elucidated for any of those systems. Accordingly, computational 

methods were applied to delineating a mechanistic pathway for the ROP of -CL in the presence of 

6, the results also being applicable to pre-catalyst 5.  

2.4.1 Natural Charge Analysis of monomeric Complexes of Ligand (L tBu)3– 

Initially, computational analysis was undertaken of the natural charges on the Nb(V) centre 

and donor atoms of complexes 3, 4, and 6, as well as on the carbonyl group of the coordinated ε-CL 

molecule of 6, by calculating the Natural Bond Orbitals (NBOs) of each system (Figure 2.18).  

 

Figure 2.18. Nb(V) complexes 3, 4, and cationic fragments of 6 and 6’ with NBO charges shown adjacent to 

the corresponding atoms (DFT protocol: PBE0/def2SVP-SDD/cpcm=toluene). 

 

There was a significant difference in the charges on the two alkoxide oxygen atoms of 

complex 3, respectively situated cis and trans to the bridgehead nitrogen atom. This is consistent 

with the observed difference in the reactivity of the two alkoxide moieties of that species towards 

TMSCl, as well as of those in complex 7 and the related Ta(V) complex [LMeTa(OEt)2], reported by 

both Kol and Verkade.7,10 Furthermore, the magnitude of the negative charge on the alkoxide oxygen 

atom of 6 was found to be smaller than that on the corresponding atom of complex 3. This is 

indicative of a reduction in nucleophilicity, compatible with the inaccessibility of intramolecular 

nucleophilic attack by the alkoxide moiety of 6 at the carbonyl group of the metal-coordinated ε-CL 
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molecule, and subsequent ROP of the monomer, at ambient temperature.32 As expected for a cationic 

species, the positive charge on the Nb(V) centre of 6 was also calculated to be of a greater magnitude 

than those of 3 and 4 (1.776 versus 1.733 and 1.469, respectively).  

The findings of the natural charge analysis of complexes 3, 4, and 6, support the suggestion 

that the alkoxide moiety of 6 is stabilised toward intramolecular nucleophilic attack by its position 

trans to the bridgehead nitrogen.  Consequently, the natural charges of a proposed isomer of 6, 6’, in 

which the alkoxide and the CL positions are inverted to occupy the positions cis and trans to the 

nitrogen donor, respectively, were considered next. The negative charge on the alkoxide oxygen of 

6’ was found to be of a greater magnitude than that of 6 (–0.668 versus –0.632), indicative of 

enhanced nucleophilicity. It is therefore plausible that initiation of the ROP of -CL in the presence 

of 6 may first involve isomerisation to 6’. 

Structurally, compared to 6, the optimized geometry of 6’ features a longer Nb-alkoxide 

bond (1.91228 Å vs 1.85602 Å), and a shorter distance between the metal and the carbonyl oxygen 

of the coordinated ε-CL molecule (2.13251 Å vs 2.20210 Å), as well as exhibiting greater activation 

of the carbonyl C=O bond (1.24463 Å vs 1.23553 Å). These structural features further indicate that 

for ROP to occur, the isomerisation of 6 to yield 6’ is likely required, and corroborate the remarkable 

stability of 6 towards intramolecular nucleophilic attack at ambient temperature.  

2.4.2 Application of Density Functional Theory to Modelling the Initiation of the Ring-

Opening Polymerisation of -Caprolactone in the presence of [L tBuNb(OEt)(-

CL)]+[SbF6]–, 6 

Density Functional Theory (DFT) calculations were carried out to model the initiation of 

ROP via insertion of the coordinated ε-CL molecule into the metal-alkoxide bond of complexes 6 

and 6’ (Figure 2.19). ΔG‡ values were calculated at 353.15 K using a toluene solvent model, and a 

monomer concentration of 0.80 mol dm–3, in similarity to the conditions under which 6 was applied 

to the ROP of -CL in the experimental work described herein. The most favourable Free Enthalpy 

profiles calculated for the initiation of the ROP of -CL in the presence of 6 and 6’, respectively, 

corresponded to similar pathways, except for the role of the coordination sites respectively located 

cis and trans to the nitrogen donor being inverted. The most favourable mechanism was determined 

to be that in which isomerisation of 6, to 6’ (or related species I’), occurred (shown in blue). 

The orientation of the coordinated ε-CL molecule was also considered in modelling the 

initiation event, with the structures of key transition states for both pathways being optimised both 

with and without rotation of that moiety, relative to its position in 6. The favoured mechanism for 

the initiation of the ROP of -CL in the presence of 6 may first involve rotation of the coordinated ε-

CL molecule, followed by isomerisation to invert the alkoxide and ε-CL positions, or, alternatively, 
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may proceed first via isomerisation, followed by rotation of -CL. Thereafter the initiation is 

calculated to proceed via nucleophilic attack to form a quaternary intermediate, followed by ring-

opening, coordination of the carbonyl group of the growing chain to the metal centre, and 

isomerisation of that species, followed by coordination of another molecule of the monomer at the 

position cis to the nitrogen donor. Accordingly, after initiation the growing chain is coordinated at 

the unreactive trans position, where the ethoxide was originally situated in 6. Each subsequent 

propagation event therefore presumably involves an isomerisation process analogous to that in the 

initiation. The less favourable free enthalpy profile (shown in green) describes an alternative 

mechanism for the initiation of ROP in which inversion of 6 to yield 6’ does not take place.  

 

Figure 2.19. Free enthalpy profiles for the initiation step of ε-CL ROP from 6, modelled with and without 

isomerisation of 6 to invert alkoxide and coordinated ε-CL positions (rωB97XD/378.15K/cpcm=toluene/6-

31g(d)/6-311+g(d)/SDD protocol). 

 

For both of the mechanisms that were considered, two transition states were modelled, 

corresponding to nucleophilic attack at the monomer carbonyl group, and the subsequent ring-

opening event, respectively. For the pathway in which isomerisation of 6 occurred first to deliver 6’, 

the intramolecular nucleophilic attack by the ethoxide moiety on the carbonyl group of the adjacent 

metal-coordinated ε-CL molecule was found to be the limiting step. Conversely, where isomerisation 

was considered not to occur, the ring-opening event was calculated to be rate-limiting, although the 

transition states for nucleophilic attack and ring-opening were of very similar free enthalpies (ΔG‡ = 

+45.1 kcal mol–1 and ΔG‡ = +45.9 kcal mol–1, respectively). Four transition state structures were 
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modelled for the intramolecular nucleophilic attack, in consideration of the possibilities of 

isomerisation, and rotation of the coordinated ε-CL molecule, occurring (Table 2.9). In the absence 

of isomerisation, the large magnitude of the calculated activation barrier to 6 undergoing 

intramolecular nucleophilic attack (ΔG‡ = +45.1 kcal mol–1) was corroborated by the observed 

stability of 6 at ambient temperature, only readily initiating ROP on heating to  75 °C. The free 

energy of 6’ was calculated to be +14.6 kcal mol–1 relative to 6, although if rotation of the coordinated 

monomer occurred first, the free energy of the product of the subsequent isomerisation event, I’, was 

reduced to being +13.0 kcal mol–1 relative to 6. However, the barrier to nucleophilic attack at the 

monomer carbonyl group by the adjacent ethoxide moiety (TSI-II’) was significantly lower for 6’ or 

I’ than for 6 (ΔG‡ = +40.3 kcal mol–1; so 4.8 kcal mol–1 lower, and 5.6 kcal mol–1 lower than the rate-

limiting ring-opening event of the pathway from 6, ΔG‡ = +45.9 kcal mol–1). These results are 

consistent with the results of the NBO calculations, and with the corresponding experimental work, 

that isomerisation of 6 to invert the ethoxide and coordinated ε-CL positions is highly likely to be a 

mechanistic event upon which the current ROP process is predicated. 

 

Table 2.9. Various transition state structures for the intramolecular nucleophilic attack at the carbonyl group 

of the metal-coordinated ε-CL moiety by the ethoxide initiating group of 6 and 6’, and their respective free 

enthalpies relative to that of 6. “Alt-TS” denotes a species where rotation of ε-CL has not occurred.  

(rωB97XD/378.15K/cpcm=toluene/6-31(+)g(d)/6-311+g(d)/SDD protocol; all complexes are cationic and 

the counter anion is omitted). 
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The apparent need for the active species to undergo isomerisation during initiation and each 

subsequent propagation event of the ROP of -CL in the presence of 6 may be applicable to the 

dynamic enantiomorphic site control mechanism of heteroselectivity in the ROP of rac-LA by 

[LtBuZr(OiPr)] and related systems.1–3 The intermediate formed on coordination of the monomer to 

[LtBuZr(OiPr)] which, in similarity to all other catalytic protocols for the coordination-insertion ROP 

of cyclic esters, has not been isolated, is presumably a pseudo-octahedral species analogous to 6 or 

6’. Consequently, it is plausible that propagation in that case may therefore also proceed via an 

isomerisation event, to invert the LA and OiPr positions. Such an isomerization could feasibly 

involve a rearrangement of the ancillary ligand, resulting in a change of helical chirality. 

Rearrangement of the ligand was not modelled in the current work, and the exact nature of such a 

process may be different in the case of Nb- and Zr-based systems. However, it is tentatively suggested 

that the dynamic enantiomorphic site of the C3-symmetric, TP-supported Zr(IV)-, Hf(IV)- and 

Ge(IV)-based ROP pre-catalysts reported by Davidson and co-workers may arise from the 

isomerisation process described herein with respect to 6.1–3  

2.5  Conclusions 

The initial objective of the work described in this chapter was to prepare cationic C3-

symmetric TP-supported Nb(V) alkoxide complexes, structurally analogous to the complex 

[LtBuZr(OiPr)], previously reported by Davidson and co-workers to be a highly active and 

stereoselective pre-catalyst for the ROP of rac-LA.2 It was anticipated that Nb(V) would be amenable 

to the synthesis of C3-symmetric species supported by TP ligands of differing steric bulk, (LtBu)3– and 

(LMe)3–, permitting the influence of the steric properties of the ligand on the proposed dynamic 

enantiomorphic site control mechanism of stereocontrol in the ROP of rac-LA to be investigated. 

Although the proposed C3-symmetric systems could not be prepared, several novel Nb(V) 

complexes were characterised and assessed as pre-catalysts for the ROP of cyclic esters. Most 

significant among those species was the hexafluoroantimonate salt, 6, of a cationic -CL adduct of a 

Nb(V) ethoxide complex supported by the bulky ligand (LtBu)3–. The cation of 6 represents an 

unprecedented example of a stable species bearing both an alkoxide ligand and a coordinated cyclic 

ester molecule simultaneously at the metal centre. Furthermore, on heating in the presence of excess 

-CL, 6 initiated the immortal ROP of the monomer. This proceeded via intramolecular nucleophilic 

attack by the alkoxide initiating group on the adjacent metal-coordinated -CL molecule, which was 

thus inserted into the metal-alkoxide bond, in a classical coordination-insertion mechanism. 

Accordingly, it has been confirmed using both experimental and computational methods that 6 is the 

first characterised example of the first intermediate of a coordination-insertion mechanism for the 

ROP of a cyclic ester. 
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 The hexafluoroantimonate salt, 5, of a monocationic, fluoro-bridged dinuclear Nb(V) 

mono(alkoxide) complex was also prepared and found to be a pre-catalyst for 6, which was readily 

formed via cleavage of 5 on exposure to -CL, affording on heating the controlled immortal ROP of 

-CL. A second, structurally-related dinuclear species, 9, was also prepared, supported by the ligand 

(LMe)3–. Unlike 5, 9 bore alkoxide ligands at both metal centres. 9 was also found to be a pre-catalyst 

for the living ROP of -CL, although efforts to isolate the active species 10, presumed to be 

structurally related to 6, were unsuccessful. Furthermore, the catalytic activity of 9 was lower than 

that of 5. This was attributed to reduced lability of the alkoxide initiating group, as indicated by a 

shorter Nb-O bond in 9 and the Nb(V) complexes, 7 and 8, from which it was prepared, than in 5 and 

its precursors, 3 and 4. 

Whilst 5, 6 and 9 were all found to be entirely inert towards LA, a combination of 

stoichiometric reactions and studies of the catalytic ROP of -CL, complemented by computational 

modelling (carried out by Dr Antoine Buchard, University of Bath) have provided new mechanistic 

insight into the coordination-insertion mechanism of ROP in the presence of TP-supported metal 

alkoxide pre-catalysts.25 In particular, the remarkable stability of 6 towards intramolecular 

nucleophilic attack at the carbonyl group of the coordinated -CL molecule, by the adjacent alkoxide 

moiety, has proven informative with regard to the proposed importance of an isomerisation process 

in both the initiation and propagation events, inverting the alkoxide and -CL positions of 6 to yield 

a more reactive species, 6’. This has been tentatively proposed to be mechanistically analogous to 

the dynamic enantiomorphic site in the case of [LtBuZr(OiPr)] and related Hf- and Ge-based 

systems.1,2 

2.6  Further Work 

2.6.1 Synthesis of Cationic Ta(V) Alkoxide Complexes 

The work described in the current chapter has been concerned exclusively with the chemistry 

of Nb(V) complexes, and their relevance to complexes of Zr(IV), Hf(IV) and Ge(IV). It is therefore 

desirable to expand the scope of the current work to encompass heavier, Ta(V)-based systems. In 

particular, Ta(V) systems analogous to the Nb(V) complexes hitherto discussed, are anticipated to 

hold greater direct relevance to the Hf(IV) complex [LtBuHf(OiPr)], which has been reported by 

Davidson and co-workers to be both less active, and less stereoselective than [LtBuZr(OiPr)].2 

Accordingly, it is feasible that comparison of the structural parameters and relative stabilities of -

CL adducts of Nb(V) and Ta(V) alkoxide complexes may be informative regarding the possible role 

of the dynamic enantiomorphic site or of a catalyst isomerisation process in determining both 

stereoselectivity and activity. Alternatively, it is plausible that the synthesis of a C3-symmetric 

Ta(V)-based cationic analogue of [LtBuHf(OiPr)] may be synthetically accessible, unlike the 
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corresponding Nb(V) system. Exploration of those synthetic possibilities will form the basis of the 

next chapter. 

2.6.2 Synthetic and Catalytic Studies Concerning Other Cyclic Esters 

It is desirable to expand the range of monomers considered by the current work. Moreover, 

the structure and reactivity of other metal alkoxide complexes bearing a range of coordinated cyclic 

ester molecules, in similarity to 6, may provide further insight into both the coordination-insertion 

and dynamic enantiomorphic site control mechanisms. In particular, the successful application of 6 

or related systems to the ROP of racemic monomers other than rac-LA, such as rac--BL, may 

further inform understanding of the relevance of such systems to the origin of  stereocontrol in the 

presence of discrete TP-supported metal complexes with a dynamic enantiomorphic site.  

It may be possible to design and prepare lactone adducts of metal alkoxide complexes that 

are not Group 5 metal TP systems, to inform a more general understanding of the coordination-

insertion mechanism. However, it is initially most straightforward to assess the effect of varying the 

lactone used, whilst retaining the same surrounding structure. The next chapter will therefore 

consider, alongside the preparation and catalytic application of Ta(V)-based initiators, the 

applicability of the catalytic protocols and synthetic methods described in the current chapter to the 

ROP of lactone monomers other than -CL.  

2.6.3 Synthetic and Catalytic Studies Concerning Tetrahydrofuran 

In addition to the ROP of cyclic esters, the application of complexes 5, 6 and 9 to the ROP 

of cyclic ethers merits further study. In particular, the ROP of THF, shown in the current chapter to 

be facile under mild conditions, offers an interesting avenue for further exploitation of these unusual 

cationic systems. In the first instance, investigation of that reactivity should be concerned with a 

wider range of polymerisation experiments than have been described thus far, including both kinetic 

studies and assessment of the molecular weight control afforded by each initiator, via thorough 

polymer characterisation. Investigation of the mechanism(s) by which the ROP of THF proceeds in 

the presence of cationic Nb(V) TP complexes should also be undertaken, including efforts to isolate 

relevant stable intermediates. 
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Scheme 2.15. The synthetic route to complex 11, bearing a coordinated THF molecule, and unusual metal-

coordinated [SbF6]– moiety. 

In an effort to prepare such a mechanistically relevant intermediate of the ROP of THF in 

the presence of a cationic Nb(V) TP complex, the preparation of a THF adduct, similar to ε-CL 

adduct 6, was attempted. Accordingly, to a solution of 4 in toluene, 1 equivalent of AgSbF6 and 3 

equivalents of THF were added, followed by filtration to remove the AgCl that immediately 

precipitated. The product, [{LtBuNb(THF)}-μ2-F-{SbF5}], 11 (Scheme 2.15), was consistently 

isolated in low yield (15%) as a pale brown crystalline solid. Although 11 did initiate the ROP of 

THF in the bulk at ambient temperature, it exhibited much lower activity than 5, 6, and 9, under 

identical conditions (20 % conversion reached after 18 hours at 298 K, where [THF]:[11] = 1000:1). 

This indicates that 11 was not the active species in the ROP of THF initiated by 5, 6, or 9, although 

the structure of 11 remains interesting, nonetheless. 

In similarity to the coordination of ε-CL at the Nb(V) centre of 6, the site cis to the amine 

donor of 11 was occupied by one coordinated molecule of THF (Figure 2.20). However, in contrast 

to 6, complex 11 bore no ethoxide ligand, the position trans to the amine donor instead being 

occupied by the [SbF6]– anion. Unusually, the [SbF6]– anion was coordinated to the metal centre via 

an Sb-F-Nb linkage, unique within the literature. Moreover, the solid-state structure of 11 indicated 

that the Nb centre was in the +4 formal oxidation state, and NMR analysis of 11 was apparently 

consistent with the solid-state structure. However, the appearance of the NMR spectra corresponding 

to 11 was incompatible with the anticipated paramagnetic character of a Nb(IV) complex. Various 

possible explanations for the structure of 11 have been considered, such as the anion being [SbF5O]2– 

rather than [SbF6]–. That anion either could be bound to the Nb centre via a Nb-O-Sb linkage, or the 

oxygen atom could be disordered over six SbF/O positions. The presence of an Nb-O-Sb linkage 

may be most compatible with the observed coordination of the anion to the metal centre, in contrast 

to the typical non-coordinating character of [SbF6]–. However, neither the solid-state structure, nor 

19F NMR analysis, of 11 were sufficiently conclusive to establish whether the proposed [SbF5O]2– 

anion was present, and there are no examples of the [SbF5O]2– anion described in the literature. 

Furthermore, whilst elemental (CHN) analysis results were in excellent agreement with the 

composition of 11 indicated by the solid-state structure, the presence of an oxygen atom in place of 
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fluorine would have a negligible effect upon the percentage contributions made by C, H and N, 

respectively, to the mass of the complex. Accordingly, further work is required to conclusively 

determine the nature of complex 11.  

 

 

Figure 2.20. Solid state structure of THF adduct [{LtBuNb(THF)}-μ2-F-{SbF5}], 11, bearing coordinated 

THF molecule and [SbF6]– anion. Ellipsoids are shown at the 30 % probability level. Hydrogen atoms and 

lattice solvent have been omitted for clarity. Selected bond lengths (Å) and angles (°): Nb(1)-N(1) 2.364(2), 

Nb(1)-O(4) 2.208(2), Nb(1)-F(1) 1.831(2), Sb(1)-F(1) 1.935(2), Sb(1)-F(2) 1.883(2), Sb(1)-F(3) 1.879(2), 

Sb(1)-F(4) 1.876(2), Sb(1)-F(5) 1.917(2), Sb(1)-F(6) 1.883(2); N(1)-Nb(1)-F(1) 175.26(9), Nb(1)-F(1)-Sb(1) 

173.85(13). 
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Chapter 3. Periodicity in the Ring-Opening 

Polymerisation of Lactones Initiated by Lactone 

Adducts of Niobium(V) and Tantalum(V) Alkoxide 

Complexes 
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3. PERIODICITY IN THE RING-OPENING POLYMERISATION OF 

LACTONES INITIATED BY LACTONE ADDUCTS OF 

NIOBIUM(V) AND TANTALUM(V) ALKOXIDE COMPLEXES 

3.1  Background 

In the preceding chapter, the application of an -CL adduct of a cationic, TP-supported 

Nb(V) alkoxide complex (introduced as the hexafluoroantimonate salt, [LtBuNb(OEt)(-CL)]+[SbF6]–

, 6) to the ROP of -CL was described. However, the expansion of the synthetic and catalytic studies 

described therein to encompass other lactone monomers, was not successfully realised, having been 

limited in scope to the attempted ROP of rac-LA. Furthermore, despite the structural similarity of 

the neutral Nb(V) alkoxide complexes [LtBuNb(OEt)2], 3, [LMeNb(OEt)2], 7, and [LMeNb(OEt)Cl], 8, 

discussed in that chapter, to the Ta(V) complexes [LtBuTa(OEt)2], [LMeTa(OEt)2], and 

[LMeTa(OEt)Cl],  variously prepared by Kol and Verkade,1–3 the synthesis and catalytic application 

of a Ta(V)-based analogue of 6 was not considered. 

As discussed in the introduction to this work, among the sparse reports of the ROP of cyclic 

esters initiated by complexes of Nb and Ta, there are no examples of β-BL being successfully 

polymerised, and only one protocol described for the ROP of δ-VL.4–9  The literature also provides 

scant opportunity for direct comparison of the catalytic activities of mutually analogous Ta(V) and 

Nb(V) systems in the polymerisation of cyclic esters.4–6 In the few cases where such comparison has 

been possible, the Nb(V) systems have consistently exhibited slightly higher activity than their 

respective Ta(V) counterparts.4–6  This is consistent with the enhanced activity (and stereoselectivity) 

in the ROP of rac-LA exhibited by Zr(IV) complex [LtBuZr(OiPr)], relative to Hf(IV) species 

[LtBuHf(OiPr)], reported by Davidson and co-workers.10  

The current chapter will be concerned firstly with the preparation of a cationic -CL adduct 

of a Ta(V) alkoxide complex, analogous to 6, for application to the catalytic ROP of lactones. 

Subsequently, comparison of the respective catalytic activities of structurally analogous Nb(V)- and 

Ta(V)-based protocols will be discussed. Referring principally to kinetic studies, this will encompass 

the ROP of several monomers (-CL, -VL, and rac--BL), and will consider further the mechanism 

of the initiation step in the presence of a metal alkoxide initiator bearing a coordinated lactone 

molecule. In addition to the use of 6 and its Ta(V) analogue, discussion of mechanistic investigations 

into the catalytic ROP of rac--BL will also be concerned with the employment of the 

hexafluoroantimonate salt [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+[SbF6]–, 5, of a dinuclear Nb(V) 

mono(alkoxide) complex, described in the previous chapter. Finally, further synthetic work will be 
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discussed, in which the preparation of lactone adducts of TP-supported Nb(V) and Ta(V) alkoxide 

complexes has been expanded beyond the use of -CL. 

3.2  Synthesis and Reactivity of Tantalum(V) Amine Tris(phenolate) 

Complexes 

 

Scheme 3.1. Synthetic route to neutral Ta(V) complexes 12 and 13, and cationic -CL adduct 14, structural 

analogues of Nb(V) systems 3, 4 and 6, respectively. 
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3.2.1 Preparation of Neutral Ta(V) Alkoxide Complexes of Ligand (LtBu)3– 

Reaction of Ta(V) ethoxide with pro-ligand H3LtBu, in THF at ambient temperature, produced 

in high yield (85 %) the Ta(V) bis(ethoxide) complex [LtBuTa(OEt)2], previously reported by Kol and 

co-workers,1 and henceforth referred to as 12 (Scheme 3.1). Kol and co-workers reported the 

preparation of 12 at the same time as that of related bis(dimethylamido) complex [LtBuTa(NMe2)2]. 

In that work, a solid-state structure of 12 was not reported, but it was suggested, based upon the solid 

state structure of [LtBuTa(NMe2)2] that the ancillary ligand would adopt C1 symmetry about the N-Ta 

axis.1 However, the solid-state structure of 12 obtained in the current work shows this not to be the 

case, the ligand adopting pseudo-C3 symmetry (Figure 3.1), in analogy to the structure of Nb(V) 

complex 3, reported in the previous chapter. Presumably the structural disparity between 12 and 

[LtBuTa(NMe2)2] can be attributed to the steric greater demands of the dimethylamido ligand, relative 

to the ethoxide moiety. 

 

Figure 3.1. Solid-state structure of neutral Ta(V) complex 12. Ellipsoids are shown at the 30 % probability 

level. Hydrogen atoms and lattice solvent have been omitted for clarity. Selected bond lengths (Å) and angles 

(°): Ta(1)-O(1) 1.8741(18), Ta(1)-O(2) 1.8880(19), Ta(1)-N(1) 2.357(2); O(1)-Ta(1)-O(2) 97.82(8), O(1)-

Ta(1)-N(1) 172.76(8), O(2)-Ta(1)-N(1) 89.01(7), O(1)-Ta(1)-O(4) 92.48(8), O(1)-Ta(1)-O(3) 100.99(8), 

O(1)-Ta(1)-O(5) 99.93(8), O(2)-Ta(1)-O(3) 86.99(8), O(2)-Ta(1)-O(5) 89.21(8). 
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In similarity to the reactivity of Nb complexes [LtBuNb(OEt)2], 3, and [LMeNb(OEt)2], 7, 

reported in the previous chapter, and the Ta(V) complex [LMeTa(OEt)2], reported previously by both 

Kol and Verkade,2 treatment of 12 with excess TMSCl in the current work afforded the complex 

[LtBuTa(OEt)Cl], 13 (Scheme 3.1). As expected, substitution occurred selectively at the ethoxide 

position cis to the tertiary amine donor of the ancillary ligand. However, quantitative conversion of 

12 required the reaction mixture to be heated to 55 °C for 3 days, whereas the chlorination of both 3 

and 7 in this work, and of [LMeTa(OEt)2], reported by Kol,2 was facile at ambient temperature. 

Furthermore, after heating the reaction mixture to 55 C for three days in dichloromethane (in a 

sealed J Young’s Schlenk flask), the resulting yellow solution exhibited slight turbidity, and a greyish 

discolouration, suggesting Ta metal, or other decomposition products, were present. Accordingly, 

extensive purification was necessary, and 13 was isolated in low yield (40 %). As anticipated, the 

ancillary ligand of 13 retained the pseudo-C3-symmetry exhibited by 12 in the solid state (Figure 

3.2), the structure being analogous to that of Nb(V) complex 4. 

 

Figure 3.2. Solid-state structure of neutral Ta(V) complex 13. Ellipsoids are shown at the 30 % probability 

level. Hydrogen atoms and lattice solvent have been omitted for clarity. Selected bond lengths (Å) and angles 

(°): Ta(1)-O(1) 1.846(4), Ta(1)-Cl(1) 2.415(4), Ta(1)-N(1) 2.371(5); O(1)-Ta(1)-Cl(1) 93.49(16), N(1)-

Ta(1)-O(1) 175.56(19), N(1)-Ta(1)-Cl(1) 90.64(15), O(1)-Ta(1)-O(3) 94.51(18), O(1)-Ta(1)-O(2) 101.0(2), 

O(1)-Ta(1)-O(4) 101.1(2), O(2)-Ta(1)-Cl(1) 85.39(17), O(4)-Ta(1)-Cl(1) 82.34(17). 
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3.2.2 Preparation, Characterisation and Reactivity of an -Caprolactone Adduct of a 

Cationic Ta(V) Alkoxide Complex of Ligand (L tBu)3– 

When complex 13 was treated with 1.5 equivalents of AgSbF6 in toluene, in a manner 

analogous to the procedure used to prepare the hexafluoroantimonate salt 5 from 4 in the preceding 

chapter, immediate precipitation of AgCl was observed. However, on filtration, no crystalline 

product was obtained, and the solution gradually became turbid. Accordingly, efforts to prepare 

either a Ta(V) analogue of 5, or a cationic, pseudo-C3-symmetric Ta(V)-based analogue of 

[LtBuHf(OiPr)],10 were consistently unsuccessful. Nonetheless, the reaction, in toluene at ambient 

temperature, of 13 with AgSbF6 in the presence of excess ε-CL, analogous to the preparation of 6 

from 4, afforded as a crystalline white solid the hexafluoroantimonate salt, [LtBuTa(OEt)(ε-

CL)]+[SbF6]–, 14, of a cationic ε-CL adduct of a TP-supported Ta(V) alkoxide complex (Scheme 

3.1).  

 

Figure 3.3. The solid-state structure of the cationic fragment of Ta(V) ε-CL adduct 14. Ellipsoids are shown 

at the 30 % probability level. Hydrogen atoms, lattice solvent, and [SbF6]– anion have been omitted for 

clarity. Selected bond lengths (Å) and angles (°): Ta(1)-N(1) 2.327(4), Ta(1)-O(6) 1.835(4), Ta(1)-O(4) 

2.147(4), O(4)-C(46) 1.237(6), O(5)-C(46) 1.287(6); O(6)-Ta(1)-N(1) 177.18(16), O(6)-Ta(1)-O(4) 

95.72(16), O(1)-Ta(1)-O(4) 165.34(15), O(6)-Ta(1)-O(1) 98.49(17), O(2)-Ta(1)-O(3) 154.62(16), O(2)-

Ta(1)-O(4) 83.13(15), O(3)-Ta(1)-O(4) 78.07(15), O(6)-Ta(1)-O(2) 99.30(17), O(6)-Ta(1)-O(3) 99.39(17), 

O(4)-Ta(1)-N(1) 82.31(15), C(46)-O(4)-Ta(1) 136.3(4). 
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In the solid state, 14 was confirmed to be structurally analogous to 6 (Figure 3.3). The TP 

ligand of the Ta(V) complex adopted pseudo-C3 symmetry, and there were no statistically significant 

differences between 6 and 14 in the bond lengths or bond angles corresponding to the metal centre 

and donor atoms, or to the ester group of the coordinated ε-CL molecule. It was confirmed via 1H 

NMR spectroscopy that the structure of 14 was retained in solution, although acquisition of a well 

resolved spectrum was possible only at low temperature (233 K), in similarity to complex 6.  

Adduct 14 appeared to be less stable in solution than 6, with the colourless crystals of the 

former becoming increasingly discoloured during prolonged exposure to the mother liquor on 

synthesis or recrystallisation, the mother liquor itself also gradually becoming turbid. Accordingly, 

whereas 6 was readily obtained in high yield, extensive purification was required to cleanly isolate 

14, and the time-limited recrystallisation steps were typically low-yielding (Overall yield: 46 %, see 

Experimental). Once isolated as a solid material, 14 appeared to be indefinitely stable under an inert 

atmosphere. The degradation of 14 in solution was tentatively attributed to intramolecular 

nucleophilic attack being more facile than in the case of 6, this being anticipated to correspond to 

enhanced catalytic activity for the Ta(V) system.  

When 14 was subjected to prolonged drying under dynamic vacuum, elemental (CHN) 

analysis of the resulting material consistently produced results compatible with the presence of the 

complex [LtBuTa(OEt)]+[SbF6]–, bearing no coordinated ε-CL molecule. The apparent removal of the 

coordinated lactone on exposure to vacuum rendered complete removal of lattice toluene unfeasible 

in the current work, and, despite extensive purification, 14 could not be isolated without some 

residual free ε-CL present (0.15 equivalents, determined via 1H NMR spectroscopy). The presence 

of ε-CL and any solvent residues was therefore quantified by 1H NMR spectroscopy prior to catalytic 

use of 14 and accounted for when calculating catalyst loadings. 

Although its isolation was challenging, 1H and 13C NMR analyses of 14 unambiguously 

confirmed that no other Ta(V) complexes or TP systems (e.g. contaminants, degradation products) 

were present in detectable concentration, and the absence of inorganic impurities was demonstrated 

by the complex’s complete solubility in dichloromethane, chloroform-d, and, under the conditions 

of catalytic use, toluene (including toluene-d8). Whilst the coordinated ε-CL molecule of 14 was 

apparently susceptible to removal under dynamic vacuum, no evidence was observed in the 1H NMR 

spectrum of 14 for the presence of the cationic product of ε-CL dissociation, [LtBuTa(OEt)]+, 

indicating that such a process did not spontaneously occur in solution. Both [LtBuTa(OEt)]+ and 

[LtBuTa(OEt)(ε-CL)]+ were detected via high-resolution mass spectrometry, [LtBuTa(OEt)]+ being the 

major species. However, samples were prepared in ‘wet’ methanol under ambient air, with 

dissociation presumably therefore occurring during the sample preparation or ionisation processes. 
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 The thermal stability of 14 was assessed simultaneously to, and in the same manner 

described for, 6 in the preceding chapter. A J Young’s NMR tube containing 1 mL of a 0.017 mol 

dm–3 solution of 14 in chloroform-d was suspended for 30 minutes in a silicone oil bath heated to 65 

ºC, after which a 1H NMR spectrum of the sample was acquired at 298 K, before it was placed in an 

oil bath at 75 ºC. After 45 minutes at that higher temperature, the sample was again removed from 

the oil bath, and another 1H NMR spectrum was acquired at 298 K. Unlike 6, which remained 

unreacted after 30 minutes at 65 ºC, 1H NMR analysis of 14 after the same treatment showed that a 

small portion of the sample had undergone insertion of the coordinated monomer into the metal-

alkoxide bond (Figure 3.4). Furthermore, after 45 minutes at 75 ºC, 14 could no longer be detected, 

whereas complete consumption of 6 was not observed until after that sample had been heated to 75 

ºC for 165 minutes. Consequently, it was anticipated that 14 would exhibit enhanced catalytic 

activity, in comparison to 6, for the ROP of cyclic esters. In similarity to 6 (see preceding chapter), 

some solid material precipitated from the solution of 14 during the thermal stability study.  

 

Figure 3.4. Stacked 1H NMR (400 MHz) spectra of 14 acquired at 298 K in chloroform-d, showing the 

methylene region, before heating (red, bottom), after heating to 65 °C for 30 minutes (green, middle), then to 

75 °C for 45 minutes (blue, top), showing insertion of the coordinated monomer into the metal-alkoxide 

bond. 

 

  

0 minutes 

30 minutes at 65 °C 

30 minutes at 65 °C + 45 minutes at 75 °C 



 

159 

 

The reason for the greater reactivity of 14, relative to 6, was not clear, given the absence of 

any significant differences between the solid-state structures of the two species. However, the slow 

consumption of the alkoxide moiety was compatible with the intramolecular nucleophilic attack 

being rate-determining. It is therefore tentatively suggested that the isomerisation event upon which 

initiation of the ROP of ε-CL in the presence of 6 has been calculated to be predicated (see preceding 

chapter), may be more favourable in the case of 14. Alternatively, the structure resulting from that 

isomerisation event (14’, analogous to 6’, described in the preceding chapter) may be more amenable 

to intramolecular nucleophilic attack than 6’. Neither 6’ nor 14’ have been directly observed in the 

course of the thermal stability studies of 6 and 14. However, all NMR spectra were acquired at 

ambient temperature, after a delay of several minutes following removal of the relevant sample from 

the heated oil bath. It is likely, given the absence of any other stable lactone adducts of metal alkoxide 

complexes in the literature, that isomerisation products 6’ and 14’ would both instantaneously 

undergo intramolecular nucleophilic attack at ambient temperature in the absence of the stabilising 

influence afforded by the amine donor when located trans to the alkoxide moiety. 6’ and 14’ would 

therefore presumably not be detectable using the methods employed in the described thermal stability 

study. In the current work, no computational analyses of any of the Ta(V)-based systems were carried 

out, and so any current explanation for the greater susceptibility of 14, in comparison to 6, toward 

insertion of the monomer into the metal-alkoxide bond, remains conjectural. Moreover, it is possible 

that the ring-opening of the respective coordinated monomer moieties of 6 and 14 may proceed via 

different mechanisms under the experimental conditions described herein. In the case of 14, for 

example, the isomerisation event may not be necessary.  

In polymer synthesis, where catalyst residues are likely to remain in the final product, the 

catalytic use of highly coloured metal complexes is undesirable. Whilst the Nb(V) complexes 3, 4, 

5, 6, 7, 8, and 9, were all intensely coloured, being variously yellow, red or brown, the Ta(V) 

complexes 12, 13 and 14, were all white solids, rendered colourless in solution. Although the 

significance of this observation is limited, because none of the Nb(V) or Ta(V) systems described 

herein have been developed for the purpose of direct industrial application, the difference in colour 

is indicative of 6 and 14 having distinct electronic properties, presumably relevant to the variation in 

the susceptibility of the two species to intramolecular nucleophilic attack. 
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3.3  Catalytic Activity and Periodicity of Ta(V) and Nb(V) Complexes in 

the Ring-Opening Polymerisation of Lactones 

3.3.1 Application of [LtBuTa(OEt)(-CL)]+[SbF6]–, 14, to the Ring-Opening 

Polymerisation of -Caprolactone 

3.3.1.1 Kinetic Studies and Comparison with [LtBuNb(OEt)(-CL)]+[SbF6]
–, 6 

Encouraged by the greater propensity of 14, relative to 6, to undergo intramolecular 

nucleophilic attack, the Ta(V) system was applied to the solution-phase ROP of ε-CL. Initially, 

polymerisation reactions were undertaken on the NMR-scale, at 80 C in toluene-d8 ([ε-CL] = 1.0 

mol dm–3), and monitored in situ via 1H NMR spectroscopy (Table 3.1, Figure 3.5, Figure 3.6). The 

catalyst loadings were increased, relative to those used for the kinetic studies described in the 

previous chapter, in order to improve accuracy, and therefore ensure valid comparison of the 

activities afforded by different species ([ε-CL]:[Initiator] = 100:1 – 150:1). All kinetic experiments 

for which 14 was used were replicated using 6, under identical conditions, to facilitate direct 

comparison of the two protocols. 

 

Table 3.1. Polymerisation data corresponding to kinetic studies of the ROP of -CL in the presence of 6 and 

14, respectively, monitored in-situ via 1H NMR spectroscopy. 

Reaction Initiator b [-CL]: 

[Initiator] 

Duration, 

min 

Temperature, 

°C 

c Conversion, 

% 

dMn
Theo, 

g mol–1 

e Mn
GPC, 

g mol–1 

e ĐM f kobs, 

min–1 

a Nb-33 6 100:1 150 80 98 11220 10200 1.30 0.017 

a Nb-34 6 150:1 900 80 >99 16980 12900 1.90 0.011 

a Ta-1 14 100:1 960 80 >99 11330 12750 1.36 0.033 

a Ta-2 14 150:1 180 80 97 16630 15400 1.80 0.022 

a Nb-35 6 100:1 1200 60 98 11220 6400 1.84 0.0025 

a Ta-3 14 100:1 300 60 71 8140 4400 1.71 0.0061 

Conditions: Reaction times not optimised. a 100 mg ε-CL; [ε-CL] = 1.00 mol dm–3 in toluene-d8; reaction carried out in a J 

Young’s NMR tube, unstirred (kinetic studies). b Molar ratio. c Conversion determined via 1H NMR spectroscopy, by 

integration of the monomer and polymer OCH2 methylene resonances. d Mn
Theo

 calculated from conversion and catalyst 

concentration, {(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]+[𝐵𝑛𝑂𝐻]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. e Determined via GPC analysis in THF using a 

refractive index detector and with application of a Mark-Houwink factor of 0.56.11 f Determined via initial rate analysis, 

using 1H NMR spectroscopic reaction monitoring data. 

 

The ROP of -CL in the presence of 14 was facile, and both 6 and 14 afforded a reaction 

profile characteristic of pseudo-first-order kinetics with respect to the monomer. However, in both 

cases this was preceded by a brief induction period, characterised by a low initial rate. The induction 

period is unlikely to have originated entirely from a slow initiation event, as both 6 and 14 afforded 

PCL of lower dispersity when used for larger-scale polymerisations under stirred conditions, than 

was obtained under the conditions of the NMR studies. Presumably, therefore, the low initial rate 



 

161 

 

was partly due to slow dissolution of the crystalline initiator, this occurring more rapidly for 14 than 

for 6 as a result of increased reactivity with the dissolved monomer. Although insoluble in toluene-

d8 at ambient temperature, both 6 and 14 became fully solubilised under the polymerisation 

conditions.  

 

Figure 3.5. Plots of conversion against time for the ROP of -CL in the presence of 6 and 14, respectively, 

both at 80 °C and 60 °C, monitored in-situ via 1H NMR spectroscopy (Nb-35 was monitored for > 1200 

minutes, exhibiting pseudo-first-order kinetics after the induction period). 

 

 

Figure 3.6. Semi-logarithmic plots for the ROP of -CL in the presence of 6 and 14, respectively, both at 80 

°C and 60 °C, monitored in-situ via 1H NMR spectroscopy. 
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Most significantly, the ROP of ε-CL in the presence of 14 exhibited a twofold rate increase 

relative to that in the presence of 6 (where [Initiator]:[ε-CL] = 100:1, kobs = 0.017 min–1 and kobs = 

0.033 min–1 for 6 and 14, respectively, and where [Initiator]:[ε-CL] = 150:1, kobs = 0.011 min–1 and 

kobs = 0.022 min–1 for 6 and 14, respectively). This is in contrast to the trend for Nb(V) systems to 

exhibit higher activity than their Ta(V) analogues, consistently observed in the limited available 

literature,4–6 and also contradicts the reduction in activity exhibited by Hf(IV) complex [LtBuHf(OiPr)] 

relative to [LtBuZr(OiPr)] in the ROP of rac-LA, reported by Davidson and co-workers.10 Given the 

close structural similarity between 6 and 14, the difference in activity between the two systems cannot 

be reasonably attributed to a steric effect, and is therefore presumably electronic in origin, this being 

reflected in the different colours of 6 and 14. Although only two catalyst loadings were considered, 

it should be noted that in the cases of both 6 and 14, the rate was directly proportional to the catalyst 

concentration, characteristic of a first-order rate dependence upon that species. The disparity between 

the relative activities of Nb(V) and Ta(V) initiators for the coordination-insertion ROP of lactones 

reported in the literature and in the current work, respectively, suggests that the nature of the rate-

determining step for the processes described herein is distinct from that of any literature system.4–6 

This is compatible with the current catalyses proceeding via the mechanism described in the 

preceding chapter, predicated upon the occurrence of an unusual isomerisation event.12 

Comparison of the catalytic activities respectively afforded by 6 and 14 in the ROP of -CL 

was also carried out at 60 °C, with the reaction in the presence of 14 again proceeding at twice the 

rate of that initiated by 6 ([Initiator]:[ε-CL] = 100:1; kobs = 0.0025 min–1 and kobs = 0.0061 min–1 for 

6 and 14, respectively). Both systems exhibited an induction period under these conditions, with that 

corresponding to 6 being much longer, in agreement with the reaction kinetics at 80 °C. In the 

reaction initiated by 6, negligible conversion occurred in the first 70 minutes, consistent with the 

observation made in the preceding chapter, that on heating a solution of 6 in chloroform-d to 65 °C 

for 30 minutes, no insertion of the monomer into the metal-alkoxide bond occurred. It is plausible 

that in the ROP of -CL in the presence of both 6 and 14, respectively, initiation may occur more 

slowly than subsequent propagation events, giving rise to the observed induction period. For 

example, whilst initiation has been calculated to require isomerisation of 6, inverting the positions 

of monomer and alkoxide moieties, the propagating species may never re-adopt the most 

energetically stable conformation. It may instead remain pseudo-C3-symmetric, with the monomer 

and growing chain occupying equivalent positions at the metal centre (Scheme 3.2).  
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Scheme 3.2. Proposed mechanism for propagation of ROP in the presence of 6 or 14, wherein the active 

species remains pseudo-C3-symmetric throughout, ethoxide and -CL positions remaining equivalent. 

 

3.3.1.2 Molecular Weight Control in the Ring-Opening Polymerisation of -

Caprolactone in the Presence of [LtBuTa(OEt)(-CL)]+[SbF6]
–, 14 

In order to assess the control afforded by 14, the ROP of ε-CL initiated by that species was 

undertaken in stirred protio-toluene at 80 °C, on a larger scale than in the 1H NMR-monitored 

reactions described previously (200 – 500 mg ε-CL, [ε-CL] = 0.8 mol dm–3) (Table 3.2, Figure 3.7). 

Good molecular weight control was observed, there being a linear relationship between Mn
Theo and 

Mn
GPC at catalyst loadings in the range [ε-CL]:[14] = 45:1 – 250:1, characteristic of living 

polymerisation kinetics. However, when the catalyst loading was reduced such that [ε-CL]:[14] = 

500:1, Mn
GPC was found to be much lower than Mn

Theo. This was presumably due to the presence of 

protic impurities in the monomer feed. Where reactions were carried out in the presence of exogenous 

BnOH, the molecular weight was reduced in a controlled manner, confirming that the ROP of ε-CL 

in the presence of 14 took place under an immortal regime.13–17 It was also observed that the dispersity 

of the PCL product was reduced where BnOH was added, consistent with non-rate determining chain 
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transfer being more favourable than the transesterification or chain scission processes that typically 

have the effect of broadening the polymer molecular weight distribution.  

 

Table 3.2. Polymerisation data corresponding the ROP of -CL in the presence of 14, for assessment of 

molecular weight control. 

Reaction e [-CL]:[14]:[BnOH] Duration, 
min 

f Conversion, 
% 

g Mn
Theo, 

g mol–1 

hhMn
GPC, 

g mol–1 

h ĐM 

a Ta-4 150:1:0 140 98 16800 19550 1.53 

a Ta-5 200:1:0 190 97 22160 23600 1.61 

a Ta-6 250:1:0 240 >99 28260 28250 1.39 

b Ta-7 500:1:0 450 >99 56480 41850 1.44 

c Ta-8 250:1:1.5 240 >99 11380 13700 1.32 

c Ta-9 250:1:4 240 >99 5730 7950 1.24 

d Ta-10 45:1:0 120 98 5070 9050 1.33 

d Ta-11 67.5:1:0 120 98 7590 12200 1.32 

d Ta-12 90:1:0 120 >99 10200 14650 1.32 

Conditions: 80 ºC in toluene, in the presence of 14. Reaction times not optimised. a 200 mg ε-CL; [ε-CL] = 0.80 mol dm–3 

in toluene. b 400 mg ε-CL; [ε-CL] = 0.80 mol dm–3. c 500 mg ε-CL; [ε-CL] = 0.80 mol dm–3.  d 200 mg ε-CL; [ε-CL] = 0.32 

mol dm–3. e Molar ratio. f Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer 

OCH2 methylene resonances. g Mn
Theo

 calculated from conversion and catalyst concentration, {(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝟏𝟒]+[𝐵𝑛𝑂𝐻]
) + ((

(𝑀𝑟,𝐸𝑡𝑂𝐻×[𝟏𝟒])+(𝑀𝑟,𝐵𝑛𝑂𝐻×[𝐵𝑛𝑂𝐻])

([𝟏𝟒]+[𝐵𝑛𝑂𝐻])
))}. h Determined via GPC analysis in THF using a refractive index 

detector and with application of a Mark-Houwink factor of 0.56.11  

 

 

Figure 3.7. Plot of Mn
GPC versus Mn

Theo for PCL samples produced in the presence of 14 and, where relevant, 

exogenous BnOH, suggesting good adherence to immortal polymerisation kinetics. 
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3.3.1.3 End Group Analysis of Poly(-caprolactone) Prepared in the Presence of 

[LtBuTa(OEt)(-CL)]+[SbF6]
–, 14 

In the absence of exogenous BnOH, the dispersity of the PCL produced in the presence of 

14 (ĐM = 1.39 – 1.61) was comparable to that of the PCL prepared under similar conditions in the 

presence of 6 (see preceding chapter). However, when the solvent volume was increased, reducing 

the monomer concentration to 0.32 mol dm–3, PCL of narrower molecular weight distribution (ĐM = 

1.32 – 1.33) was afforded, even in the presence of very high catalyst loadings ([ε-CL]:[14] = 45:1 – 

90:1), and when reaction times were anticipated to far exceed the duration required to achieve 

quantitative conversion. PCL produced under those conditions was purified, and 1H NMR 

spectroscopic end group analysis carried out to confirm whether the ROP of ε-CL in the presence of 

14 proceeded via a coordination-insertion mechanism in a manner analogous to 6 (Table 3.3).  

 

Table 3.3. Data corresponding to the quantification of EtO-/H- end groups in PCL samples prepared in the 

presence of 14. 

Reaction a [ε-CL]:[Initiator]  b Conversion, % c [PCL]NMR:[OEt-/H-]NMR
 

ddMn
Theo, g mol–1 e Mn

NMR, g mol–1 

Ta-10 45:1 98 46:1 5070 5400 

Ta-11 67.5:1 98 65:1 7590 7570 

Ta-12 90:1 >99 90:1 10200 10080 

Conditions: 80 ºC in toluene, in the presence of 14; 200 mg ε-CL; [ε-CL] = 0.32 mol dm–3. Reaction times not optimised. 
aaMolar ratio. b Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer OCH2 

methylene resonances, in chloroform-d. c Molar ratio of ε-CL repeat units and ethyl end groups in the PCL product, 

determined via 1H NMR spectroscopy, from the relative integrations of signals corresponding to the OCH2 methylene 

protons of the polymer backbone and the methyl protons of the end group in benzene-d6. d Mn
Theo

 calculated from conversion 

and catalyst concentration, {(𝑀𝑟, −𝐶𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[ −𝐶𝐿]

[𝟏𝟒]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. h Calculated from the relative integrations of ε-CL 

repeat units and ethyl end groups determined via 1H NMR spectroscopy, {(([𝑃𝐶𝐿]𝑁𝑀𝑅: [𝑂𝐸𝑡 −/𝐻−]𝑁𝑀𝑅) × 𝑀𝑟, −𝐶𝐿) +

𝑀𝑟,𝐸𝑡𝑂𝐻}. 

 

End group analysis was carried out in the preceding chapter via analysis of the OCH2 

methylene signals corresponding to EtO-/H- end group and PCL backbone moieties respectively (δH 

= 4.12 ppm and δH = 4.05 ppm), in the 1H NMR spectrum of the purified polymer product, acquired 

in chloroform-d. However, when the current PCL samples were analysed in the same way, the 

relevant signals were not sufficiently well resolved to permit useful analysis. Accordingly, signals in 

the 1H NMR spectrum of the purified PCL product in benzene-d6, corresponding to the OCH2 

methylene protons of the polymer backbone and the methyl protons of the EtO-/H- end group 

(appearing at δH = 4.00 ppm and δH = 1.00 ppm, respectively) were used instead. In similarity to 6, 

there was consistently excellent agreement between the catalyst loading and the concentration of 

EtO-/H- end groups present in the polymer product, unambiguously confirming the presence of a 

coordination-insertion mechanism. 
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3.3.2 Application of [LtBuTa(OEt)(-CL)]+[SbF6]–, 14, and [LtBuNb(OEt)(-

CL)]+[SbF6]–, 6, to the Ring-Opening Polymerisation of -Valerolactone 

3.3.2.1 Overview 

As discussed in the introduction, despite the chemical similarity of δ-VL to -CL, there is 

only one example in the literature of a complex of a Group 5 metal being applied to the catalytic 

ROP of δ-VL, that being the trihydridoniobocene system reported by Otero and co-workers (see 

Introduction).8 Accordingly, having established in the current work that both 6 and 14 were active 

pre-catalysts for the ROP of -CL, the application of both species to the ROP of δ-VL was considered 

(Scheme 3.3). In addition to providing the first Ta-catalysed protocol for the ROP of this monomer, 

it was desirable to assess whether the greater activity of 14 relative to 6 in the ROP of -CL 

represented a more general trend, applicable to other cyclic monomers. 

 

Scheme 3.3. General scheme for the ROP of -VL in the presence of cationic Nb(V) and Ta(V) -CL adducts 

6 and 14, respectively. 
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3.3.2.2 Kinetic Studies  

Kinetic studies of the ROP of δ-VL (Table 3.4, Figure 3.8, Figure 3.9), carried out at 60 C 

in toluene-d8 ([δ-VL] = 1.00 mol dm–3) and monitored in-situ via 1H NMR spectroscopy, revealed 

the polymerisation to be facile in the presence of both 6 and 14. In similarity to the ROP of -CL, a 

brief induction period was observed in both cases, the reaction thereafter being adherent to pseudo-

first-order kinetics with respect to the monomer. 

 

Table 3.4. Polymerisation data corresponding to kinetic studies of the ROP of -VL at 60 °C in the presence 

of 6 and 14, respectively, monitored in-situ via 1H NMR spectroscopy. 

Reaction Initiator a [δ-VL]:[Initiator]  Duration, 
min 

b Conversion, 
% 

ccMn
Theo, 

g mol–1 

ddMn
GPC, 

g mol–1 

d ĐM e kobs, min–1 

 Nb-36 6 100:1 1000 86 8760 9300 1.50 0.0036 

 Ta-13 14 100:1 400 82 8360 3550 1.71 0.0063 

Nb-37 6 86:1 360 68 6010 6250 1.46 0.0041 

 Ta-14 14 86:1 810 87 7640 11750 1.67 0.0075 

Conditions: 60 ºC in toluene-d8, 100 mg δ-VL; [δ-VL] = 1.00 mol dm–3, in a J Young’s NMR tube, unstirred (kinetic 

studies). a Molar ratio. b Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer 

OCH2 methylene resonances. c Mn
Theo

 calculated from conversion and catalyst concentration, {(𝑀𝑟,𝛿−𝑉𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛿−𝑉𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]+[𝐵𝑛𝑂𝐻]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. d Determined via GPC analysis in THF using a refractive index detector and with application 

of a Mark-Houwink factor of 0.57.11 e Determined via initial rate analysis, using 1H NMR spectroscopic reaction monitoring 

data. 

 

 

In the presence of 6, the ROP of δ-VL proceeded at a significantly higher rate than that of -

CL under identical conditions (kobs = 0.0036 min–1 versus kobs = 0.0025 min–1, where [Monomer]:[6] 

= 100:1), whereas in the presence of 14, δ-VL was polymerised at a similar rate to -CL (kobs = 0.0063 

min–1 versus kobs = 0.0061 min–1). Thus, whilst significant, the rate enhancement afforded by 14, 

relative to 6, in the ROP of δ-VL was not as large as that observed for the ROP of -CL. When the 

ROP of δ-VL in the presence of both 6 and 14, respectively, was repeated at a higher catalyst loading 

([δ-VL]:[Initiator] = 86:1), both systems exhibited an increased rate, relative to the previous 

reactions, of a magnitude consistent with a first-order rate dependence on the catalyst concentration. 
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Figure 3.8. Plots of conversion versus time for the ROP of δ-VL at 60 °C in the presence of complexes 6 and 

14. 

 

 

 

Figure 3.9. Plots of conversion versus time for the ROP of δ-VL at 60 °C in the presence of complexes 6 and 

14. 
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3.3.2.3 Molecular Weight Control in the Ring-Opening Polymerisation of -

Valerolactone in the Presence of [LtBuTa(OEt)(-CL)]+[SbF6]
–, 14, and 

[LtBuNb(OEt)(-CL)]+[SbF6]
–, 6 

 

Table 3.5. Polymerisation data corresponding to the ROP of -VL in the presence of complexes 6 and 14, 

respectively, for assessment of molecular weight control. 

 

Reaction Initiator c [δ-VL]:[Initiator]:[BnOH] Duration, 
min 

d Conversion, % eeMn
Theo, 

g mol–1 

f Mn
GPC, 

g mol–1 

f ĐM 

a Nb-38 6 100:1:0 210 75 7550 8150 1.73 

b Nb-39 6 250:1:0 330 80 20050 11700 1.88 

b Nb-40 6 250:1:1.5 330 83 8350 8000 1.46 

b Nb-41 6 250:1:4 330 85 4300 4800 1.42 

b Nb-42 6 350:1:0 360 78 27350 17200 1.51 

b Nb-43 6 500:1:0 840 96 48050 24550 1.48 

a Ta-15 14 100:1:0 120 71 7150 6000 1.70 

b Ta-16 14 250:1:0 180 76 19050 11500 1.74 

b Ta-17 14 250:1:1.5 180 75 7550 6000 1.54 

b Ta-18 14 250:1:4 180 79 3300 4400 1.38 

b Ta-19 14 350:1:0 240 80 28050 13450 1.68 

b Ta-20 14 500:1:0 360 83 41550 16600 1.66 

Conditions: 80 °C in toluene. Reaction times not optimised. a 500 mg δ-VL; [δ-VL] = 0.90 mol dm–3. b 1000 

mg δ-VL; [δ-VL] = 0.90 mol dm–3. c Molar ratio. d Conversion determined via 1H NMR spectroscopy, by 

integration of the monomer and polymer OCH2 methylene resonances. e Mn
Theo

 calculated from conversion and 

catalyst concentration, {(𝑀𝑟,𝛿−𝑉𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛿−𝑉𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]+[𝐵𝑛𝑂𝐻]
) + ((

(𝑀𝑟,𝐸𝑡𝑂𝐻×[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟])+(𝑀𝑟,𝐵𝑛𝑂𝐻×[𝐵𝑛𝑂𝐻])

([𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]+[𝐵𝑛𝑂𝐻])
))}. 

ffDetermined via GPC analysis in THF using a refractive index detector and with application of a Mark-

Houwink factor of 0.57.11  

 

Molecular weight control in the ROP of δ-VL was assessed for systems initiated by both 6 

and 14, respectively (Table 3.5, Figure 3.10). In order to ensure similarity to the conditions used for 

the ROP of ε-CL, this was undertaken at 80 ºC in stirred protio-toluene. Longer reaction times were 

used for polymerisations in which the less active initiator, 6, was employed, than for the more active 

system, 14. It was noted that the values of Mn
GPC for the PVL products, whilst exhibiting a broadly 

linear relationship with Mn
Theo in the presence of each initiator, were generally lower than the 

theoretical values. Nonetheless, Mn
GPC could be successfully manipulated in a controlled manner both 

by varying the catalyst loading, and by addition of exogenous BnOH, this being characteristic of an 

immortal kinetic regime. Whilst comparable for 6 and 14, respectively (6, ĐM = 1.42 – 1.88; 14, ĐM 

= 1.38 – 1.70), the dispersity of the PVL samples produced in the current work was generally higher 

than that of the PCL produced under comparable conditions. This was initially attributed to a slow 

initiation event relative to propagation, requiring ring-opening of the coordinated ε-CL monomer to 

occur prior to the more facile polymerisation of the δ-VL feed. In similarity to the ROP of -CL, 
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there was an inverse correlation between the concentration of exogenous BnOH present, and the 

value of ĐM. This suggests that some broadening of the molecular weight distribution was due to 

transesterification or chain scission processes, these being less favourable in the presence of chain-

transfer activity. Moreover, it is likely that both the high dispersities and low molecular weights of 

the PVL samples prepared using 6 and 14 can be attributed in some part to increased proliferation of 

undesirable side-reactions, in comparison to the ROP of -CL. 

 

Figure 3.10. Plots of Mn
GPC versus Mn

Theo for PVL samples produced in the presence of complexes 14 and 6, 

respectively, with addition, where relevant, of exogenous BnOH. Molecular weights were low, but control 

was facile, suggesting good adherence to immortal polymerisation kinetics. 
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3.3.3 Preparation and Characterisation of -Valerolactone Adducts of Cationic Nb(V) 

and Ta(V) Alkoxide Complexes 

Encouraged by the similar reactivity of ε-CL and δ-VL toward both 6 and 14, the preparation 

of hexafluoroantimonate salts of δ-VL adducts of cationic TP-supported Nb(V) and Ta(V) alkoxide 

complexes, analogous to 6 and 14, was considered. It was anticipated that coordination of the more 

polymerisable δ-VL monomer to the metal centre would increase the rate of initiation in catalytic 

use, and therefore afford PCL and PVL of lower dispersity than those materials produced in the 

presence of ε-CL adducts 6 and 14. It was also desirable to expand the catalogue of complexes of 

this type (lactone adducts of alkoxide complexes), to assess the adaptability of the synthetic 

procedure. 

 

Scheme 3.4. Synthetic routes to Nb(V) and Ta(V) -VL adducts, 15 and 16, respectively from neutral Nb(V) 

and Ta(V) species 4 and 13. 15 can also be formed on addition of -VL to dinuclear species 5, but a Ta(V) 

analogue of 5 was not successfully isolated in the current work. 

 

Both the hexafluoroantimonate salts [LtBuNb(OEt)(δ-VL)]+[SbF6]–, 15, and [LtBuTa(OEt)(δ-

VL)]+[SbF6]–, 16, of δ-VL adducts of Nb(V) and Ta(V), respectively, were successfully prepared via 

synthetic procedures analogous to those used for the preparation of both 6 and 14 (15 = 40 % yield, 

16 = 58 % yield) (Scheme 3.4). Consistent with the appearances of -CL adducts 6 and 14, 15 and 

16 were crystalline solids, being yellow and white, respectively.  

Analysis of the solid-state structures of 15 and 16 revealed, as anticipated, that they were 

mutually isostructural (Figure 3.11, Figure 3.12), as well as being structurally analogous to 6 and 14. 

The orientation of the coordinated -VL molecules of 15 and 16 was consistent with that of the -CL 

moieties in both 6 and 14, and the TP ligand was pseudo-C3-symmetric in both systems. There was 

also no significant difference between 6, 14, 15 and 16 in the Nb-O and Ta-O bond lengths 

corresponding to the coordinated lactone and ethoxide moieties. Similarly, the carbonyl C=O bond 

length exhibited no statistically significant variation between complexes 6, 14, 15 and 16. 1H NMR 

analysis of 15 and 16 was consistent in both cases with retention of the observed solid-state structure 

in solution. In addition to being the third and fourth known species (after 6 and 14) concurrently 
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bearing both an alkoxide initiating group and a coordinated cyclic ester molecule at a metal centre, 

15 and 16 appear to represent the first metal complexes bearing a coordinated δ-VL molecule, and 

the first solid-state structures of any kind containing δ-VL.  

 

 

Figure 3.11. The solid-state structure of the cationic fragment of Nb(V) δ-VL adduct 15. Ellipsoids are 

shown at the 30 % probability level. Hydrogen atoms and [SbF6]– anion have been omitted for clarity. 

Selected bond lengths (Å) and angles (°): Nb(1)-N(1) 2.343(3), Nb(1)-O(6) 1.833(2), Nb(1)-O(4) 2.167(3), 

O(4)-C(46) 1.220(5), O(5)-C(46) 1.303(5); O(6)-Nb(1)-N(1) 175.12(10), O(6)-Nb(1)-O(4) 95.83(11), O(1)-

Nb(1)-O(4) 162.95(10), O(6)-Nb(1)-O(1) 101.08(11), O(3)-Nb(1)-O(2) 154.49(10), O(3)-Nb(1)-O(4) 

81.46(10), O(2)-Nb(1)-O(4) 78.38(10), O(6)-Nb(1)-O(3) 98.78(11), O(6)-Nb(1)-O(2) 98.67(11), O(4)-Nb(1)-

N(1) 79.71(10), C(46)-O(4)-Nb(1) 139.3(3). 
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Figure 3.12. The solid-state structure of the cationic fragment of Ta(V) δ-VL adduct 16. Ellipsoids are 

shown at the 30 % probability level. Hydrogen atoms and [SbF6]– anion have been omitted for clarity. 

Selected bond lengths (Å) and angles (°):Ta(1)-N(1) 2.318(4), Ta(1)-O(6) 1.844(3), Ta(1)-O(4) 2.146(3), 

O(4)-C(46) 1.236(6), O(5)-C(46) 1.283(6); O(6)-Ta(1)-N(1) 175.53(13), O(6)-Ta(1)-O(4) 96.19(13), O(1)-

Ta(1)-O(4) 163.72(13), O(6)-Ta(1)-O(1) 99.95(14), O(3)-Ta(1)-O(2) 155.35(12), O(3)-Ta(1)-O(4) 82.03(12), 

O(2)-Ta(1)-O(4) 78.65(12), O(6)-Ta(1)-O(3) 98.40(14), O(6)-Ta(1)-O(2) 98.77(13), O(4)-Ta(1)-N(1) 

79.84(12), C(46)-O(4)-Ta(1) 139.5(3). 
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Addition of excess δ-VL to a suspension of hexafluoroantimonate salt 5 of a dinuclear, 

monocationic Nb(V) mono(alkoxide) complex in chloroform-d, yielded an equilibrium concentration 

of 15 (Figure 3.13), in analogy to the formation of 6 on treatment of 5 with ε-CL, described in the 

preceding chapter. The thermal stability of neither 15 nor 16 was assessed. Both species were 

observed to be stable at ambient temperature under an inert atmosphere, and it was surmised that the 

discrepancy in the rate at which the two respective systems would undergo intramolecular 

nucleophilic attack would likely be consistent with the relative rates of the ROP of δ-VL in the 

presence of 6 and 14.  

 

 

Figure 3.13. Stacked 1H NMR (400 MHz) spectra acquired at 233 K in chloroform-d, showing the methylene 

region of 5 (red, bottom), 15 (blue, top) and 5 in the presence of excess δ-VL (green, middle), showing 

formation of 15. The intense signal at δ = 4.45 ppm corresponds to the OCH2 protons of excess δ-VL. 
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3.3.4 Application of [LtBuNb(OEt)(-VL)]+[SbF6]–, 15, and [LtBuTa(OEt)(-

VL)]+[SbF6]–, 16, to the Ring-Opening Polymerisation of -Valerolactone and -

Caprolactone 

 

Scheme 3.5. General scheme for the ROP of δ-VL and ε-CL in the presence of both 15 and 16, respectively. 

 

The propagating species in the ROP of a given monomer, initiated by complexes of the same 

metal, but bearing a different coordinated lactone (6 and 15, or 14 and 16), would presumably be 

identical, excepting the nature of the inactive (ethyl ester-capped) chain end. Two such systems 

would therefore be anticipated to afford a consistent propagation rate when used under identical 

conditions. Accordingly, the ROP of ε-CL and δ-VL initiated by 15 and 16 (Scheme 3.5) received 

only cursory attention in the current work, confirming that initiation was facile in all cases (Table 

3.6). Initiators 15 and 16 each afforded PVL of significantly lower dispersity than was produced 

under similar conditions in the presence of either of the corresponding ε-CL adducts, 6 and 14. This 

is consistent with the initiation event being more facile, relative to initiation, for 15 and 16 than for 

6 or 14, due to the greater reactivity of δ-VL than of ε-CL under the Nb(V)- and Ta(V)-catalysed 

regimes described herein.  
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Table 3.6. Polymerisation data corresponding to the ROP of δ-VL and ε-CL in the presence of both 15 and 

16, respectively. 

Reaction Initiator Monomer Duration, 
min 

c Conversion, % d Mn
Theo, 

g mol–1 

e Mn
GPC, 

g mol–1 

e ĐM 

a Nb-44 15 δ-VL 375 93 18650 16600 1.37 

a Ta-21 16 δ-VL 150 97 19450 13600 1.26 

b Nb-45 15 ε-CL 300 100 11560 15250 1.53 

b Ta-22 16 ε-CL 150 99 11450 13600 1.45 

Conditions: 80 °C in toluene. Reaction times not optimised. a 100 mg δ-VL; [δ-VL] = 0.80 mol dm–3; [δ-VL]:[Initiator] = 

200:1. b 1000 mg ε-CL; [ε-CL] = 0.80 mol dm–3; [ε-CL]:[Initiator] = 100:1  c Conversion determined via 1H NMR 

spectroscopy, by integration of the monomer and polymer OCH2 methylene resonances. d Mn
Theo

 calculated from conversion 

and catalyst concentration, {(𝑀𝑟,𝛽−𝐵𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛽−𝐵𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. e Determined via GPC analysis in THF using a 

refractive index detector and with application of a Mark-Houwink factor of 0.57 (PVL) or 0.56 (PCL).11  

 

3.3.5 Attempted Application of [LtBuTa(OEt)(-CL)]+[SbF6]–, 14, to the Ring-Opening 

Polymerisation of Lactide 

On the basis of the increased activity of 14, relative to 6, in the ROP of both ε-CL and δ-VL, 

the polymerisation of LA in the presence of the Ta(V) system was considered. The ROP of both L-

LA and rac-LA was attempted at 80 ºC in protio-toluene, at catalyst loadings of [LA]:[14] = 100:1 

and [LA]:[14] = 220:1. 14 consistently exhibited complete inactivity in the ROP of LA (Table 3.7). 

As discussed previously, the difference in the respective activities of 6 and 14 toward ε-CL and δ-

VL, despite there being close agreement between the two systems’ solid-state structures, is indicative 

of a difference in the electronic properties of the metal centre. It therefore remains plausible that the 

consistent lack of appreciable activity toward the ROP of LA exhibited by both 6 and 14 can be 

attributed to a steric effect, arising from the -methyl substituents of the monomer. This is further 

compatible with the observed failure of excess LA to interact with dinuclear species 5 at ambient 

temperature in chloroform-d (see previous chapter).  

 

Table 3.7. Data for the attempted ROP of LA in the presence of 14. 

Reaction Monomer a [Monomer]:[Initiator] b Conversion, % 

Ta-23 L-LA 100 0 

Ta-24 rac-LA 100 0 

Ta-25 L-LA 220 0 

Ta-26 rac-LA 220 0  

Conditions: 250 mg LA; [LA] = 0.80 mol dm–3 in toluene; 360 minutes at 80 °C in the presence of 14. a Molar ratio. b 

Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer OCH methine resonances. 
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3.3.6 Application of Cationic Nb(V) and Ta(V) Complexes to the Catalytic Ring-

Opening Polymerisation of rac--Butyrolactone 

3.3.6.1 Overview 

In the preceding chapter it was proposed that the ROP of -CL in the presence of 6 was 

predicated upon an initial isomerisation of the pre-catalyst, to invert the positions respectively 

occupied by the alkoxide and -CL moieties at the metal centre. It was further suggested that such 

an isomerisation event may necessitate a rearrangement of the ancillary ligand, this being of potential 

relevance to the dynamic enantiomorphic site control mechanism by which Davidson and co-workers 

have suggested the highly heteroselective ROP of rac-LA initiated by pre-catalysts [LtBuZr(OiPr)], 

[LtBuHf(OiPr)], and [LtBuGe(OiPr)]·(HOiPr) to proceed.10,18 However, neither 6 nor the Ta(V) 

analogue 14 have been found to exhibit appreciable activity for the ROP of rac-LA, precluding 

evaluation of the proposed mechanism of stereocontrol. It was therefore desirable to assess the 

polymerisability of rac--BL in the presence of the initiators developed in the current work, as an 

alternative, commercially available, chiral lactone of potential industrial relevance (see Section 1.4). 

There are also no reported examples of catalytic protocols for the ROP of -BL initiated by 

complexes of the Group 5 metals.  

It was noted that when Davidson and co-workers previously applied [LtBuTi(OiPr)], 

[LtBuZr(OiPr)] and [LtBuHf(OiPr)] to the ROP of rac--BL, only material of very low molecular 

weight was produced, and no report was made regarding the heteroselectivity of any of those C3-

symmetric systems.19 Nonetheless, because of the clear differences in the structures and catalytic 

properties of TP-supported alkoxide complexes of the Group 4 and Group 5 metals, respectively, 

described previously herein, several of the cationic Nb(V) and Ta(V) complexes prepared in the 

current work were applied to the ROP of rac--BL. Moreover, it was desirable to assess the relative 

facility of the ROP of a cyclic ester with properties distinct from those of -CL and δ-VL, in the 

presence of 6 and 14, respectively. 
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3.3.6.2 Kinetic and Mechanistic Studies 

The ROP of rac--BL was found, via in-situ 1H NMR spectroscopic reaction monitoring, to 

proceed extremely rapidly at 80 °C in toluene-d8, in the presence of both 6 and 14, respectively, with 

the Ta(V) system affording a much higher rate than the Nb(V) complex, in agreement with the 

relative rates of ROP of -CL and δ-VL (Table 3.8, Figure 3.14). An induction period was also 

observed in both cases, being very long in the case of 6. This was attributed to the ring-opening of 

the coordinated -CL molecule proceeding slowly prior to polymerisation of the much more reactive 

rac--BL feed. 

 

Table 3.8. Polymerisation data corresponding to kinetic studies of the ROP of rac--BL in the presence of 

complexes 6, 14 and 5, respectively, at 60 °C and 80 °C, monitored in-situ via 1H NMR spectroscopy. 

Reaction Initiator a [-BL]: 

[Initiator] 

Duration, 

min 

Temperature, 

°C 

b Conversion, 

% 

cdMn
Theo, 

g mol–1 

deMn
GPC, 

g mol–1 

d ĐM e Pr
 ffkobs, 

min–1 

Nb-44 6 200:1 21 80 96 16560 1500 1.30 N/A 0.36 

Ta-27 14 200:1 9 80 95 16390 1650 1.34 N/A 0.75 

Nb-45 6 200:1 100 60 99 17190 1700 1.30 0.37 0.057 

Nb-46 6 400:1 125 60 99 34220 1750 1.30 0.49 0.030 

Ta-28 14 200:1 54 60 99 17190 1800 1.31 0.42 0.098 

Ta-29 14 400:1 70 60 99 34220 1850 1.32 0.48 0.049 

Nb-47 5 100:1 69 60 97 8390 N/A N/A N/A g 0.032 

Nb-48 5 400:1 204 60 98 33760 2250 1.38 N/A g 0.013 

Conditions: 100 mg rac-β-BL; [β-BL] = 1.00 mol dm–3 in toluene-d8, in a J Young’s NMR tube, unstirred (kinetic studies). 

Reaction times not optimised. a Molar ratio. b Conversion determined via 1H NMR spectroscopy, by integration of the 

monomer and polymer OCH methine resonances. c Mn
Theo

 calculated from conversion and catalyst concentration, 

{(𝑀𝑟,𝛽−𝐵𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛽−𝐵𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. d Determined via GPC analysis in THF using a refractive index detector and 

with application of a Mark-Houwink factor of 0.54.11 e Determined via inverse-gated (quantitative) 13C NMR spectroscopy. 
f Determined via initial rate analysis, using 1H NMR spectroscopic reaction monitoring data. g significant deviation from 

pseudo-first-order kinetics observed, due to slow catalyst solvation.  

 

Figure 3.14. Plots of conversion versus time for the ROP of rac-β-BL at 80 °C in the presence of complexes 

6 and 14, respectively, where [β-BL]:[Initiator] = 200:1. 

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20

[P
C

L]
, m

o
l%

Time, min

Nb-44 (Complex 6, 200:1)

Ta-27 (Complex 14, 200:1)



 

179 

 

The extremely high reaction rates observed in the ROP of rac--BL at 80 °C precluded 

acquisition of satisfactorily high-resolution kinetic data, and it was considered that the time required 

for the temperature and catalyst concentration of the reaction mixture to become homogeneous in the 

absence of stirring would be significant with respect to the timescale of the reaction. Consequently, 

further kinetic studies of the ROP of rac--BL in the presence of both 6 and 14, respectively, were 

carried out at 60 C in toluene-d8 (Table 3.8, Figure 3.15, Figure 3.16). Due to the extremely high 

rate of ROP observed at 80 C, the catalyst loadings were reduced relative to those used in the ROP 

of ε-CL and -VL ([-BL]:[Initiator] = 200:1 – 400:1), in an effort to maximise the quality of the 

kinetic data obtained. An induction period was consistently observed for both 6 and 14. The induction 

period corresponding to the Nb(V) system, 6, was much longer than that for the Ta(V) complex, 14, 

consistent with initiation proceeding via the slow ring-opening of the coordinated -CL molecule.  

 

 

Figure 3.15. Plots of conversion versus time for the ROP of rac-β-BL at 60 °C in the presence of complexes 

6 and 14, respectively. 
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Figure 3.16. Semi-logarithmic plots for the ROP of rac-β-BL at 60 °C in the presence of complexes 6 and 

14, respectively. 

 

After the induction period, the rac--BL polymerisations initiated at 60 C by both 6 and 14, 

respectively, proceeded to quantitative conversion at very high rates relative to the other monomers 

assessed, despite the comparatively lower catalyst loadings used for the ROP of rac--BL. 

Furthermore, in agreement with the ROP of both -CL and -VL, and with the ROP of rac--BL at 

80 C, 14 exhibited significantly higher activity than 6 under these conditions. The duration of the 

catalyst induction period did not appear to be dependent upon the catalyst concentration, indicating 

that the low initial rate was not caused by a solubility effect. The induction period was therefore 

considered more likely to originate from a zeroth-order process with respect to the catalyst, such as 

intramolecular nucleophilic attack at the carbonyl group of the metal-coordinated -CL molecule by 

the adjacent alkoxide moiety, followed by a ring-opening event. It was also considered that the 

induction period could feasibly arise from a pseudo-zeroth-order process such as displacement of the 

coordinated -CL molecule at the metal centre by the large excess of -BL present. However, the 

coordinated -CL molecule is known to slowly undergo ring-opening under comparable conditions, 

as observed in the catalytic ROP of -CL in the presence of both 6 and 14, respectively.  

All of the kinetic studies of the ROP of rac--BL undertaken at 80 C and 60 C produced 

P3HB of very low Mn
GPC, in similarity to the  findings of Davidson and co-workers regarding the use 

of C3-symmetric TP-supported alkoxide complexes of the Group 4 metals.19 Nonetheless, additional 
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kinetic studies were undertaken to further investigate the mechanism of initiation. In the first 

instance, the ROP of rac--BL was carried out at 60 C in the presence of the dinuclear Nb(V) 

mono(alkoxide) species 5 ([rac--BL]:[5] = 400:1), to facilitate direct comparison with Nb(V) -CL 

adduct 6 under the same conditions (Table 3.8). Despite the much lower solubility of 5 than 6 in 

toluene-d8, no induction period was observed in the presence of 5, confirming that the slow initiation 

was due to the presence of the coordinated -CL molecule (Figure 3.17).  

 

Figure 3.17. Plots of conversion versus time for the ROP of rac-β-BL at 60 °C in the presence of complexes 

5 and 6, respectively, where [β-BL]:[Initiator] = 400:1. 
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The effect of the poor solubility of 5 on the rate could not be completely ameliorated because, for 

experiments on the NMR-scale, masses of initiators 5 and 6 corresponding to loadings where [-

BL]:[Initiator]  400:1 could not be accurately measured, and the extremely poor solubility of 5 in 

both toluene-d8 and chloroform-d in the absence of the monomer precluded preparation of a stock 

solution. It was still unclear whether the induction period observed for the ROP of rac--BL in the 

presence of both 6 and 14, respectively, corresponded to ring-opening of the coordinated -CL 

molecule, or displacement of that moiety at the metal centre by -BL. However, the previous 
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observation of a similar induction period, and subsequent facile propagation, in the ROP of -CL 

initiated by 6 at the same temperature, is compatible with ring-opening, rather than displacement, of 

the metal-coordinated monomer molecule occurring.  

Because 5 is, empirically, much less soluble than 6 in toluene-d8, the higher rate afforded by 

5, relative to 6, in the first 70 minutes of the ROP of rac--BL at 60 °C in toluene-d8 is consistent 

with the induction period observed in the presence of 6 arising from the slow ring-opening of the 

metal-coordinated -CL molecule, and wholly incompatible with a simple solubility effect. Although 

in principle, if fully dissolved, 5 could quantitatively deliver P3HB on a shorter timescale than an 

equivalent loading of 6 by eliminating the induction period, the maximum rate would not exceed that 

afforded by 6, the active species being identical for the two systems. Furthermore, activation of the 

dinuclear cation of 5 is not atom-efficient, cleavage yielding only one catalytically active Nb(V) 

centre.  

 

Table 3.9. Polymerisation data corresponding to kinetic studies of the ROP of rac--BL in the presence of 

complexes 6, 14 and 5, respectively, at 25 °C, monitored in-situ via 1H NMR spectroscopy. 

Reaction Initiator Duration, 
min 

a Conversion, 
% 

bbMn
Theo, 

g mol–1 

c Mn
GPC, 

g mol–1 

c ĐM d kobs, min–1 

 Nb-49 6 2956 16 1540 e N/A e N/A 0.0003 

 Ta-30 14 680 22 2050 e N/A e N/A 0.0005 

 Nb-50 5 1110 100 8650 2750 1.47 f 0.0095 

Conditions: 25 C in chloroform-d, 100 mg rac-β-BL; [β-BL] = 1.00 mol dm–3; [β-BL]:[Initiator] = 100:1; reaction carried 

out in a J Young’s NMR tube, unstirred (kinetic studies). Reaction times not optimised. a Conversion determined via 1H 

NMR spectroscopy, by integration of the monomer and polymer OCH methine resonances. b Mn
Theo

 calculated from 

conversion and catalyst concentration, {(𝑀𝑟,𝛽−𝐵𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛽−𝐵𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. c Determined via GPC analysis in THF 

using a refractive index detector and with application of a Mark-Houwink factor of 0.54.11 d Determined via initial rate 

analysis, using 1H NMR spectroscopic reaction monitoring data. e Polymer product not isolated. f Initiator 5 not completely 

solubilised; kobs therefore does not represent the true activity of that species. 

 

 

The ROP of rac--BL was subsequently attempted in the presence of 5, 6, and 14, 

respectively in chloroform-d at 25 C ([-BL]:[Initiator] = 100:1), monitored in-situ via 1H NMR 

spectroscopy (Table 3.9, Figure 3.18). Both 6 and 14 exhibited negligible activity, being monitored 

for 110 minutes and 155 minutes, respectively. After cessation of 1H NMR data acquisition, those 

reactions were allowed to proceed until 2956 minutes and 680 minutes had elapsed, respectively, at 

which time conversions of 16 % and 22 % had been reached. By contrast, the polymerisation carried 

out in the presence of 5 reached 75 % conversion in 157 minutes, at which time acquisition of time-

resolved 1H NMR data was stopped, although analysis of the reaction mixture after 1110 minutes 

confirmed that quantitative conversion had occurred.  
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Figure 3.18. Plots of conversion versus time for the ROP of rac-β-BL in chloroform-d at 25 °C in the 

presence of complexes 5, 6 and 14 respectively, where [β-BL]:[Initiator] = 100:1. 

 

In the absence of stirring, the solubility of 5 in chloroform-d at 25 C was very poor, and it 

was apparent that most of the pre-catalyst remained undissolved throughout the reaction, despite the 

sample being periodically ejected from the spectrometer and vigorously shaken. Furthermore, due to 

the propensity of all of the initiators discussed in the current work to afford P3HB of very low 

molecular weight, no reliable estimate of the true catalyst concentration could be made based upon 

the value of Mn
GPC. Consequently, the observed rate cannot be considered to be representative of the 

catalytic activity of 5. However, the efficient ROP of rac--BL in the presence of 5, using conditions 

under which both 6 and 14 were inactive, is only more significant when the poor solubility of 5 is 

considered. Attempts were made in the current work to prepare a -BL adduct of a TP-supported 

Nb(V) alkoxide, analogous to the cationic fragments of both 6 and 15. The consistent failure of those 

efforts to yield the desired product can be confidently attributed to the ROP of the lactone occurring 

immediately on coordination to the Nb(V) centre, under the synthetic conditions at ambient 

temperature. The facility of the ROP of rac--BL in the presence of 5 at ambient temperature may 

be attributed to the much greater ring strain of the monomer, relative to that of -CL or -VL. 

Alternatively, the smaller size of the four-membered -lactone ring may reduce the kinetic barrier to 

isomerisation of the short-lived adduct presumably formed on cleavage of 5 in the presence of -BL. 

It is also feasible that the ROP of rac--BL in the presence of 6 or 14 may not require isomerisation 

at all, due to the greater reactivity of the monomer. However, the enhanced rate of the ROP of rac-
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-BL in the presence of 14, relative to 6, is both in agreement with the trends observed in the current 

work with respect to the ROP of -CL and -VL, and inconsistent with those reported in the literature 

for other Group 5-catalysed protocols for the ROP of cyclic esters.4–6 This is compatible with the 

ROP of rac--BL in the presence of 6 or 14 proceeding via a mechanism analogous to that by which 

the same initiators  have been shown to effect the ROP of both -CL and -VL. 

As described elsewhere in the current work, both 6 and 14 are readily isolable as solids that 

are indefinitely stable at 25 C, by crystallisation from toluene in the presence of excess -CL, 

confirming the inertness of both species towards initiating the ROP of -CL at that temperature. The 

dramatic difference in activity exhibited by 5 and 6 in the polymerisation of rac--BL at 25 C, 

therefore provides further credence to the suggestion that the induction period observed when 6 and 

14 were each applied to the ROP of the same monomer at higher temperature, was due to the slow, 

highly temperature-dependent, ring-opening of the metal-coordinated -CL molecule, rather than 

displacement by -BL. Moreover, despite the much greater polymerisability of rac--BL in the 

presence of both 6 and 14, respectively, relative to -CL, as demonstrated by the relative propagation 

rates for each monomer at both 60 C and 80 C, the ability of the ROP of rac--BL to initiate 

appears to exhibit virtually identical temperature dependence to that of the ROP of -CL. This is 

further consistent with the initiation event in both cases being predicated upon the ring-opening of 

the metal-coordinated -CL molecule. 
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Table 3.10. Polymerisation data corresponding to kinetic studies of the ROP of rac--BL in the presence of 

complexes 15 and 16, respectively, monitored in-situ via 1H NMR spectroscopy. 

Reaction Initiator a [-BL]:[Initiator] Duration, 

min 

b Conversion, 

% 

ccMn
Theo, 

g mol–1 

ddMn
GPC, 

g mol–1 

d ĐM e kobs, 

min–1 

Nb-51 15 100:1 90 >99  8650 1600 1.30 0.1491 

Nb-52 15 200:1 100 >99  17250 1700 1.26 0.0666 

Ta-31 16 100:1 50 >99  8650 1300 1.30 f N/A 

Ta-32 16 200:1 45 >99  17250 1450 1.28 0.2066 

Conditions: 60 C in toluene-d8; 100 mg rac-β-BL; [β-BL] = 1.00 mol dm–3; reaction carried out in a J Young’s NMR tube, 

unstirred (kinetic studies). Reaction times not optimised. a Molar ratio. b Conversion determined via 1H NMR spectroscopy, 

by integration of the monomer and polymer OCH methine resonances. c Mn
Theo

 calculated from conversion and catalyst 

concentration, {(𝑀𝑟,𝛽−𝐵𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛽−𝐵𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. d Determined via GPC analysis in THF using a refractive index 

detector and with application of a Mark-Houwink factor of 0.54.11 e Determined via initial rate analysis, using 1H NMR 

spectroscopic reaction monitoring data. f Technical difficulties encountered during acquisition of kinetic data. 

 

Hexafluoroantimonate salts 15 and 16, of δ-VL adducts of Nb(V) and Ta(V) alkoxide 

complexes, respectively, were also successfully applied to the catalytic ROP of rac-β-BL at 60 C in 

toluene-d8 (Table 3.10, Figure 3.19, Figure 3.20). In similarity to the use of 6 and 14, the Ta(V) 

system, 16, was much more active than the Nb(V) analogue, 15, and an induction period was 

observed in both cases. However, comparison of the reaction profile afforded by 15 with that 

corresponding to use of 6 under the same conditions showed no discernible discrepancy in the length 

of the induction periods afforded by the two species. Presumably this is due to the relatively subtle 

difference in the polymerisation rates observed for ε-CL and -VL, respectively, in the presence of 

6. It is, however, also feasible that there is no significant difference between the rates at which the 

coordinated lactone moieties of -CL adduct 6 and δ-VL adduct 15, undergo insertion into the metal-

alkoxide bond. Moreover, the greater propagation rate observed in the ROP of δ-VL relative to that 

of -CL in the presence of the initiators described herein, may be due to coordination of the smaller 

monomer being more facile at the sterically congested metal centre. Although Nb(V)-based initiators 

6 and 15 afforded almost identical rates in the ROP of rac--BL, Ta(V) species 14 and 16 exhibited 

a large rate discrepancy. That discrepancy has been attributed to experimental error. Presumably this 

related to the catalyst loading in the reaction for which 16 was used, as the active species is 

anticipated to be identical for polymerisations initiated by 14 and 16, respectively, and the reaction 

kinetics of the ROP of various lactones in the presence of 14 have been well established in the current 

work. The relevant reaction (Ta-32) was not repeated in the current work, as the ability of 16 to 

undergo initiation had been successfully demonstrated. 
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Figure 3.19. Plots of conversion versus time for the ROP of rac-β-BL at 60 °C in the presence of complexes 

15 and 16, respectively, with data corresponding to use of 6 and 14, respectively, included for comparison. 

 

 

Figure 3.20. Semi-logarithmic plots for the ROP of rac-β-BL at 60 °C in the presence of complexes 15 and 

16, respectively, with data corresponding to use of 6 included for comparison. 
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3.3.6.3 Molecular Weight Control Studies and Polymer Analysis 

On conclusion of the kinetic studies, the ROP of rac--BL was carried out on a larger scale 

(200 – 400 mg of the monomer) in protio-toluene, with stirring, in the presence of 5, 6, 14, 15, and 

16, respectively. One polymerisation, initiated by 14 ([-BL]:[14] = 200:1, 65 C), was quenched 

after 15 minutes by addition of excess benzoic acid, having reached 65 % conversion. The resulting 

P3HB was purified by precipitation from methanol at –78 C to remove monomer and catalyst 

residues, dried under dynamic vacuum, and the concentration of -CL repeat units in the polymer 

chain quantified via 1H NMR spectroscopy. Signals corresponding to the methylene protons of ε-CL, 

appearing at δH = 4.05 ppm (OCH2) and δH = 1.62 ppm ((CH2)2), and to the methylene and methine 

protons of β-BL, appearing at δH = 5.24 ppm and δH = 2.35 – 2.80 ppm, respectively, were used for 

that analysis (Figure 3.21).  

 

Figure 3.21. 1H NMR (400 MHz) spectrum acquired at 293 K in chloroform-d of purified P3HB from the 

ROP of β-BL prepared at 65 °C in the presence of 14 ([β-BL]:[14] = 200:1), and quenched after reaching 

65% conversion. Signals at δ = 5.24 ppm and δ = 2.35-2.80 ppm correspond to the OCHCH3 and O=CCH2 

protons of the P3HB backbone, respectively, and signals at δ = 4.05 ppm and δ = 1.62 ppm correspond to the 

OCH2 and (CH2)2 methylene protons of an ε-CL unit, respectively. 
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The Molar ratio of ε-CL and β-BL repeat units determined to be present was entirely 

consistent with the ROP of rac-β-BL in the presence of 14 being initiated via the slow ring-opening 

of the coordinated ε-CL molecule of the initiator (Scheme 3.6), in agreement with kinetic 

experiments. Because the polymerisation of the highly reactive rac-β-BL feed was quenched at 

partial conversion, incorporation of free ε-CL, of most significance being any displaced from the 

metal centre, into the P3HB chain would not be anticipated to have occurred to any appreciable 

extent. Accordingly, it can be concluded that initiation of the ROP of rac-β-BL in the presence of 14 

(and presumably also of 6), under the conditions described in the current work, proceeds via the slow 

ring-opening of the coordinated lactone, rather than displacement of that lactone by β-BL.  

 

Scheme 3.6. Proposed mechanism for the ROP of β-BL in the presence of complexes 6, 14, 15 or 16, 

initiation proceeding via the ring-opening of the metal-coordinated ε-CL molecule. 

 

The molecular weight control afforded at quantitative conversion by Nb(V)-based initiators 

6, 14, and 5 in the ROP of rac-β-BL, at 65 C in protio-toluene, was assessed by carrying out 

reactions in the presence of several loadings of each respective species ([β-BL]:[Initiator] = 100:1 – 

1000:1) (Table 3.11). Consistent with analysis of the material isolated on completion of the kinetic 

studies, and in agreement with the previous findings of Davidson and co-workers regarding C3-

symmetric Ti(IV), Zr(IV) and Hf(IV) alkoxide pre-catalysts,19 the P3HB obtained in all cases was of 

very low molecular weight, relative to theoretical values. Whilst Mn
GPC was reduced at higher catalyst 

concentrations, all values were in the range 1350 g mol–1 – 2100 g mol–1.  
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Table 3.11. Polymerisation data corresponding the ROP of rac-β-BL at 65 °C in the presence of complexes 

6, 14, and 5, respectively, for assessment of molecular weight control. 

Reaction Initiator d [-BL]:[Initiator] Duration, 
min 

e Conversion, 
% 

ffMn
Theo, 

g mol–1 

ggMn
GPC, 

g mol–1 

g ĐM h Pr
 

a Nb-53 6 100:1 100 >99 8760 1550 1.27 0.44 

b Nb-54 6 400:1 120 >99 34560 1850 1.30 0.50 

b Nb-55 6 1000:1 240 >99 86160 2050 1.33 0.47 

a Ta-33 14 100:1 60 >99 8760 1550 1.39 0.48 

b Ta-34 14 400:1 80 >99 34560 1900 1.33 0.46 

b Ta-35 14 1000:1 140 >99 86160 2100 1.35 0.42 

b,c Ta-36 14 200:1 15 65 11230 1350 1.25 N/A 

a Nb-56 5 100:1 90 >99 8650 1800 1.39 N/A 

b Nb-57 5 400:1 150 >99 34450 1900 1.34 N/A 

b Nb-58 5 500:1 120 >99 43050 1850 1.39 N/A 

b Nb-59 5 1000:1 150 >99 86050 2000 1.36 N/A 

b Nb-60 5 1000:1 30 55 47350 1700 1.36 N/A 

Conditions: 65 ºC in toluene, [β-BL] = 0.80 mol dm–3. Reaction times not optimised. a 200 mg rac-β-BL. b 400 mg rac-β-

BL. c Quenched at 65 % conversion for quantification of -CL residues in P3HB product. d Molar ratio. e Conversion 

determined via 1H NMR spectroscopy, by integration of the monomer and polymer OCH methine resonances. f Mn
Theo

 

calculated from conversion and catalyst concentration, {(𝑀𝑟,𝛽−𝐵𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛽−𝐵𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. g Determined via GPC 

analysis in THF using a refractive index detector and with application of a Mark-Houwink factor of 0.54.11 h Determined 

via inverse-gated (quantitative) 13C NMR spectroscopy. 

 

 

MALDI-ToF-MS analysis of the P3HB produced in the course of the molecular weight 

control study revealed that formation of cyclic P3HB was favoured, this presumably arising from 

back-biting events under the polymerisation conditions, reducing the polymer molecular weight. 

Other unidentified P3HB series were also present, but in all cases the mass of the repeat unit was 

consistent with that of P3HB. Moreover, selectivity toward forming cyclic P3HB was greater at lower 

catalyst loadings and lower temperatures, suggesting that the unidentified species may originate from 

some metal-catalysed thermolytic process. Polymers containing ethyl ester end groups or ε-CL units 

were not observed. However, it is likely that formation of cyclic polymer chains via backbiting events 

would eliminate such end groups as low-molecular weight species not detectable by MALDI-ToF-

MS. The dispersity of all P3HB samples produced in the presence of 5, 6 or 14 at 65 C was relatively 

low (ÐM = 1.25 – 1.39), consistent with the growing chain undergoing backbiting only after reaching 

a critical molecular weight, under the relevant conditions. The provision of low molecular weight 

P3HB in the current work is compatible with there being mechanistic similarities between the ROP 

of rac-β-BL initiated by the cationic Nb(V) and Ta(V) systems described herein, and that initiated 

by Davidson and co-workers’ neutral Group 4 species.19  
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The tacticity of the P3HB produced in the presence of 6 and 14, respectively, was assessed 

via inverse gated (quantitative) 13C NMR spectroscopy. The relative integrations of the methylene 

signals corresponding to rr, rm, mr, and mm triads were used, as described by Carpentier and co-

workers, to calculate Pr.20 No significant stereoselectivity was observed. This may be attributed either 

to the isomerisation event, suggested to take place in the ROP of -CL initiated by 6, being 

unnecessary in the ROP of -BL, or to the location of the methyl group of the monomer, in the  

position with respect to the carbonyl, being isolated from the steric constraints of the active site. 

Alternatively, the dynamic enantiomorphic site of Davidson and co-workers’ Group 4 systems may 

have an altogether different mechanistic origin from that proposed in the current work.19  

An additional molecular weight control study was carried out in the presence of 5, at 25 °C 

in dichloromethane (Table 3.12). The molecular weight of the P3HB produced under those conditions 

was marginally higher than that produced at 65 °C (Mn
GPC = 1350 – 3000 g mol–1), and selectivity 

toward the production of cyclic material was increased. Unlike in the NMR-scale reactions carried 

out in chloroform-d, 5 was rapidly solubilised under the conditions of ROP in vigorously stirred 

dichloromethane at 25 °C. 

 

Table 3.12. Polymerisation data corresponding the ROP of rac-β-BL at 25 °C in the presence of 5, for 

assessment of molecular weight control. 

Reaction c [-BL]:[5] Duration, min d Conversion, % eeMn
Theo, 

g mol–1 

ffMn
GPC, 

g mol–1 

f ĐM 

a Nb-61 100:1 150 89 7700 2200 1.25 

a Nb-62 200:1 300 60 10370 2600 1.37 

a Nb-63 300:1 450 42 10880 3000 1.17 

b Nb-64 400:1 300 49 16900 1350 1.47 

b Nb-65 1000:1 720 27 23270 2100 1.52 

Conditions: 25 ºC in dichloromethane, in the presence of 5; [β-BL] = 0.80 mol dm–3. a 200 mg rac-β-BL. b 400 mg rac-β-

BL. c Molar ratio. d Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer OCH 

methine resonances. e Mn
Theo

 calculated from conversion and catalyst concentration, {(𝑀𝑟,𝛽−𝐵𝐿 ×
%𝑐𝑜𝑛𝑣

100
×

[𝛽−𝐵𝐿]

[𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟]
) +

𝑀𝑟,𝐸𝑡𝑂𝐻}. f Determined via GPC analysis in THF using a refractive index detector and with application of a Mark-Houwink 

factor of 0.54.11  

  



 

191 

 

3.3.7 Attempted Application of Neutral Nb(V) and Ta(V) Complexes to the Ring-

Opening Polymerisation of Lactones  

On conclusion of lactone polymerisation studies using cationic complexes 6, 14, 15 and 16, 

(and 5) the activity of various neutral synthetic precursors to those species in the ROP of ε-CL and 

rac-β-BL was assessed (Table 3.13). The Ta(V) complexes, 12 and 13, were found to be entirely 

inactive for the ROP of ε-CL, in similarity to their Nb(V) analogues, 3 and 4, discussed in the 

preceding chapter. Similarly, none of the neutral complexes of ligand (LtBu)3–, 3, 4, 12, or 13, 

exhibited any activity in the ROP of β-BL. In addition to the 1H NMR spectroscopic end group 

analysis of the polymers, and other mechanistic studies, described herein, this unambiguously 

confirmed that the various lactone adducts of cationic Nb(V) and Ta(V) complexes discussed in the 

current work were responsible for the observed polymerisation activity. Accordingly, the synthesis 

of such cationic species was necessary for the successful preparation of aliphatic polyesters using 

TP-supported Nb(V) or Ta(V) alkoxide initiators to be realised.  

 

Table 3.13. Data corresponding to the attempted ROP of ε-CL and rac-β-BL in the presence, variously, of 

neutral complexes 3, 4, 12 and 13. 

Reaction Monomer Initiator c Conversion, % 

a Ta-37 ε-CL 12 0 

a Ta-38 ε-CL 13 0 

b Nb-66 rac-β-BL 3 0 

b Nb-67 rac-β-BL 4 0 

b Nb-68 rac-β-BL 12 0 

b Nb-69 rac-β-BL 13 0 

Conditions: 360 minutes at 80 °C in toluene; 200 mg monomer; [Monomer]:[Metal Complex] = 100:1. a [-CL] = 0.80 mol 

dm–3 b [β-BL] = 1.00 mol dm–3. c Determined via 1H NMR spectroscopy, by integration of the monomer and (absent) 

polymer OCH methine resonances. 
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3.4  Conclusions 

The current chapter has been concerned both with realising broader application of the 

synthetic and catalytic processes described in the preceding chapter, and with comparison of the 

relative polymerisation activities afforded by structurally analogous Nb(V) and Ta(V) complexes. 

An ε-CL adduct of a cationic TP-supported Ta(V) alkoxide complex, has been synthesised as the 

hexafluoroantimonate salt, 14, and its activity in the catalytic ROP of a range of lactones has been 

compared to that of analogous Nb(V) system, 6. In addition to the ROP of ε-CL, to which 6 was 

applied in the preceding chapter, the homopolymerisation of both -VL and rac-β-BL, initiated both 

by 6 and by 14, has been investigated. Furthermore, hexafluoroantimonate salts 15 and 16, of -VL 

adducts of Nb(V) and Ta(V) alkoxide complexes, analogues of 6 and 14, respectively, have been 

isolated, and shown to exhibit comparable catalytic activity to the corresponding ε-CL adducts in the 

ROP of various lactones. Although the reactivity of isostructural Nb(V) and Ta(V) species was 

analogous, the polymerisation rates afforded by 14 were, in all cases, approximately twice as high as 

those observed in the presence of 6. This is in contrast to the trend in the available literature for 

Nb(V) species to afford higher activity in the coordination-insertion ROP of lactones than analogous 

Ta(V) systems.4–6 

A further objective of the current chapter was to assess stereoselectivity in the ROP of a 

racemic monomer initiated by 6 or 14, to determine whether the proposed isomerisation of the active 

species during each propagation event (see preceding chapter) gave rise to a heterotactic bias via 

formation of a dynamic enantiomorphic site. In similarity to 6, 14 exhibited no activity in the ROP 

of rac-LA. This precluded analysis of the monomer most directly relevant to the catalytic use of 

[LtBuZr(OiPr)] and related systems that have been previously reported by Davidson and co-workers, 

and to the active species of which 6 and 14 are suggested to be structurally related.10,18 Furthermore, 

the ROP of rac-β-BL in the presence of both 6 and 14, respectively, produced cyclic, atactic P3HB 

of low molecular weight. The reason for the lack of stereoselectivity, and therefore of any relevance 

of the current systems to the proposed mechanism of heteroselectivity in the ROP of rac-LA initiated 

by Davidson and co-workers’ C3-symmetric Zr(IV), Hf(IV), and Ge(IV) systems, was not clear.10,18 

Nonetheless, kinetic studies of the ROP of rac-β-BL, in the presence of 6, 14 and dinuclear species 

5, respectively, have been informative regarding the mechanism of initiation. The coordinated 

lactone molecule of the initiator must undergo ring-opening prior to the ROP of the bulk monomer 

occurring. Consequently, where propagation is anticipated to be facile at ambient temperature, such 

as in the polymerisation of rac-β-BL, installation of a lactone less amenable to polymerisation, such 

as ε-CL, at the metal centre of the pre-catalyst has the effect of stabilising the system toward 

initiation.  
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3.5  Further Work 

Whilst mechanistically informative, the ROP of rac-β-BL in the current work was 

unsuccessful with respect to the controlled production of high-molecular weight P3HB. However, 

Davidson and co-workers have previously reported that, whilst the C3-symmetric species 

[LtBuZr(OiPr)] and [LtBuHf(OiPr)] furnished only low-molecular weight P3HB in application to the 

ROP of rac-β-BL, use of Zr(IV) and Hf(IV) isopropoxide pre-catalysts prepared using asymmetric 

N,N-bis(2-hydroxy-3,5-di-tert-butylbenzyl)-2-aminophenol pro-ligands, bearing various 

substituents at the position para to the phenol OH moiety, yielded P3HB products of much higher 

molecular weight. Those systems were also reported to afford various degrees of syndioselectivity 

in the ROP of rac-β-BL (Pr = 0.58 – 0.76), although the analogous Ti(IV) complexes were non-

stereoselective. The asymmetric Zr(IV) and Hf(IV) systems were reported to adopt a dimeric 

structure in the solid state, with the aminophenolate moiety of the ancillary ligand occupying a 

bridging coordination mode, but to be monomeric in solution in THF. Accordingly, it was suggested 

that under the conditions of coordination-insertion ROP, coordination of the monomer would render 

the active species monomeric.19,21 

It is desirable, therefore, to prepare monomeric -CL (or -VL) adducts of cationic Nb(V) 

and Ta(V) alkoxide complexes for application to the ROP of rac-β-BL (Scheme 3.7), supported by 

asymmetric amine tris(phenolate) ligands of the type used previously by Davidson and co-

workers.19,21 It is anticipated that, due to the coordination of the -CL monomer, such complexes 

would be monomeric, and structurally analogous to the unobserved active species in the ROP of rac-

β-BL initiated by the neutral Zr(IV) and Hf(IV) complexes of the same ancillary ligand systems.19 In 

addition to delivering the first example of the preparation of high-molecular weight P3HB in the 

presence of a Group 5 initiator, this may be expected to provide insight into the origin of 

syndioselectivity in the preparation of P3HB initiated by asymmetric Zr(IV) and Hf(IV) complexes.  

 

Scheme 3.7. Proposed synthetic procedure for the preparation of lactone adducts of Nb(V) and Ta(V) 

complexes supported by asymmetric amine tris(phenolate) ligand scaffolds, anticipated to yield high-

molecular weight, isotactically enriched P3HB in application to the ROP of rac-β-BL.19 The proposed 

method is analogous to that used for the preparation of 6, 14, 15 and 16 in the current work. 
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In order to further investigate the role of steric effects in the preclusion of LA polymerisation 

using the Nb(V) and Ta(V) initiators described herein, it is desirable to attempt the ROP of glycolide 

in the presence of the cationic initiators 5, 6 and 14, this being a less sterically demanding six-

membered cyclic diester than LA. Furthermore, the preparation of -methyl--CL and -methyl--

VL, followed by attempts to isolate Nb(V) or Ta(V) adducts of such species, or to initiate their 

polymerisation using 5, 6 and 14, respectively, may be anticipated to provide confirmation of the 

inhibitive effect of the steric profile of the monomer’s -methyl group on the successful 

coordination-insertion ROP of LA in the current work.  

The dramatically increased facility, and reduced control, of the ROP of rac--BL, in 

comparison to that of both -CL and -VL, in the current work may either be indicative of a different 

mechanism of ROP, not necessitating an isomerisation event, or may simply be a result of the reduced 

steric demands, and greater ring-strain, of the -lactone monomer. Accordingly, isolation of a -BL 

adduct of a Nb(V) alkoxide, analogous to 6 (anticipated to be more stable than the related Ta(V) 

species) at low temperature, and characterisation in the solid state, could be undertaken. If successful, 

this would facilitate comparison of the structures of the first intermediates corresponding to the 

coordination-insertion ROP of -CL, -VL and -BL. However, this may be of more interest if 

carried out with respect to species supported by asymmetric ligand scaffolds, anticipated to facilitate 

the delivery of high-molecular weight, syndiotactic P3HB.  

As discussed, the application of 5, 6 and 14 to the ROP of rac--BL consistently afforded 

low-molecular weight, cyclic P3HB. However, it may be feasible to use those initiators to produce 

high-molecular weight materials containing 3-hydroxybutyrate repeat units, through the random co-

polymerisation of rac--BL with -CL or -VL. The much higher rate at which rac--BL has been 

shown to undergo ring-opening in the presence of 6 or 14, relative to that of -CL or -VL, would be 

anticipated to preclude random copolymerisation from a mixed monomer feed. Instead, the gradual, 

controlled addition of rac--BL to the reaction mixture, containing -CL or -VL, and the relevant 

initiator, in a manner analogous to that described by Hoye and co-workers for the random 

copolymerisation of LA and glycolide,22 would be expected to afford the desired material. The 

cationic Nb(V)- and Ta(V)-catalysed protocols described herein would not represent industrially 

relevant methods for the provision of such degradable and partially, or wholly,23 bio-based materials 

as poly(-caprolactone-co-3-hydroxybutyrate) or poly(-valerolactone-co-3-hydroxybutyrate). 

Nonetheless, it is feasible that direct comparison of neutral Zr(IV) and Hf(IV) systems with cationic 

Nb(V) and Ta(V) complexes as initiators for this process may inform understanding of the general 

mechanistic differences between the two systems in the ROP of cyclic esters. 
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Chapter 4. Kinetic and Mechanistic Studies of an 

Industrially Relevant Catalytic Protocol for the Ring-

Opening Polymerisation of Lactide 
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4. KINETIC AND MECHANISTIC STUDIES OF AN 

INDUSTRIALLY RELEVANT CATALYTIC PROTOCOL FOR 

THE RING-OPENING POLYMERISATION OF LACTIDE 

4.1  Background 

In developing a benign initiator for the industrial solvent-free ROP of LA, it is desirable to 

produce a species that can be introduced to the polymerisation process as a liquid. In addition to 

facilitating efficient and accurate measurement and dosing, such a liquid formulation may be 

anticipated to both enhance the rate of polymerisation and improve control by ensuring rapid and 

homogeneous dispersion of the active species throughout the monomer matrix. Widely cited in the 

literature as being ubiquitous in the large-scale immortal ROP of LA, Sn(Oct)2 is a viscous, high-

boiling liquid, exhibiting reasonable stability under ambient atmospheric conditions.12–17 

Accordingly, it is expected that in order to be compatible with existing infrastructure for the industrial 

ROP of LA, any replacement catalyst system must exhibit similar characteristics. Most 

straightforwardly, such a system may be rendered as either a liquid metal complex, like Sn(Oct)2, or 

as a solution of the relevant species in a high-boiling solvent, of low toxicity. Such a solution should 

necessarily be sufficiently concentrated as to introduce a minimal volume of solvent to the 

(otherwise) solvent-free ROP process.  

Complex 1, [Zr(HLMe)2],  has previously been shown to be highly active for the catalytic 

ROP of LA, the reaction having been tentatively proposed to proceed via a ligand-assisted activated 

monomer mechanism.18,19 1 is colourless, and robust towards air and moisture, but in pure form is a 

solid. Solubility studies carried out prior to the current work (submitted by the author in partial 

fulfilment of the requirements of the degree of Master of Research) revealed that 1 is highly insoluble 

in a range of industrially relevant solvents, for example reaching a maximum solubility in toluene of 

~12 g L–1 ([Zr] = 1.30x10–2 mol dm–3) at 70 ºC, and ~6 g L–1 ([Zr] = 6.7x10–3 mol dm–3) at 25 ºC. 

Such solubility characteristics are entirely inadequate for industrial use, for which a minimum 

acceptable concentration of 1 was determined in the current work to be ~35 g L–1 ([Zr] = 3.79x10–2 

mol dm–3), with high solubility at ambient temperature being highly desirable for ease of storage and 

manipulation. At high temperature, a very high concentration of 1 could be dissolved in the co-

initiator BnOH (86 g L–1, [Zr] = 9.30x10–2 mol dm–3, [BnOH]:[Zr] = 100:1, after stirring for 2 hours 

at 180 ºC). However, this system was disregarded due to the observed precipitation of solid material 

on cooling to ambient temperature, precluding large-scale preparation and storage, and to the 

expected deleterious effects of prolonged heating on the catalyst.18  
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In the course of the previous work, however, a novel method was developed for solubilising 

a much higher concentration of the catalyst, 1, (39.5 g L–1, [Zr] = 4.27x10–2 mol dm–3) than had been 

achieved in industrially relevant hydrocarbon solvents. In that method, a matrix of lactyl oligomers 

able to dissolve 1 was prepared in-situ by stoichiometric reaction of rac-LA and BnOH in the 

presence of 1 mol% of 1, at 180 ºC under solvent-free conditions. On cooling to ambient temperature, 

1 remained in solution, and preliminary small-scale polymerisation studies confirmed that catalyst 

formulations prepared in such a manner were able to initiate the solvent-free ROP of LA, affording 

high-molecular weight PLA.18 Consequently, this chapter will be concerned with the further 

development of such a liquid formulation of 1, as well as the exploration of alternative methods, 

followed by a thorough analysis of the catalytic activity and reaction kinetics of the resulting system 

in the ROP of LA. Principally, the investigations discussed forthwith were carried out to assess the 

suitability of such a catalyst formulation for industrial application, and to elucidate the mechanism 

by which the polymerisation of LA proceeds in the presence of 1. 
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4.2  Preliminary Work and Catalyst Formulation 

4.2.1 Attempted Solubility Enhancement by Catalyst Modification 

 

Figure 4.1. The solid-state structure of complex 2, [Zr(HLMe/tBu)2]. All ellipsoids are shown at the 30 % 

probability level and H atoms have been omitted, except for those bonded to the N atoms. Selected bond 

lengths (Å): Zr(1)-O(1) 2.0576(14), Zr(1)-O(2) 2.0490(14), Zr(1)-O(3) 2.0494(13). 

 

In addition to developing use of a formulation of 1 dissolved in lactyl oligomers, an effort 

was made to deliver a much more concentrated solution of the active species in toluene, in which the 

tert-butyl-substituted complex, [Zr(HLMe/tBu)2], 2, structurally analogous to 1, was prepared by 

reaction of [Zr(OiPr)4]·HOiPr with pro-ligand tris(2-hydroxy-3-methyl-5-tert-butylbenzyl)amine, 

H3LMe/tBu. Although the synthesis of that species was first reported by Tasker and co-workers,20 their 

work was not concerned with polymerisation catalysis, and a solid-state structure of 2 was obtained 

for the first time in the current work (Figure 4.1). Accordingly, it was observed that the Zr-O bond 
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lengths of 2 appeared to be slightly shorter than those of 1 (2.0576(14) Å, 2.0494(13) Å, 2.0490(14) 

Å, versus 2.064(2) Å, 2.058(2) Å, 2.057(2) Å), and on thermogravimetric analysis (TGA) under an 

inert atmosphere, 2 exhibited increased thermal stability, relative to 1, decomposing in the 

temperature range 245 – 327 °C compared to 226 – 281 °C (inflection temperature = 287 °C and 247 

°C for 2 and 1, respectively), when heated from ambient temperature at 10 K min–1 (Figure 4.2). 

Unexpectedly, the presence of tert-butyl groups also appeared to reduce the solubility of 2 in toluene, 

relative to 1 (~3.3 g L–1, [Zr] = 2.90x10–3 mol dm–3 at 30 °C). 

 

Figure 4.2. TG curve (mass versus temperature) and dTG curve (gradient of TG curve versus temperature) 

corresponding to complexes 1 and 2, showing increased thermal stability of 2, relative to 1. 

 

As will be discussed later in this chapter, polymerisation activity in the presence of the 

coordinatively-saturated Zr(IV) complex 1 is believed to be predicated upon dissociation of a 

phenolate group from the metal centre, prior to coordination of the monomer. In addition to reduced 

solubility, the increased thermal stability and apparently shorter Zr-O bonds of 2 indicated that the 

phenolate groups in that species would be less labile than those of 1, presumably corresponding to 

reduced catalytic activity. Consequently, complex 2 was not applied to the ROP of LA.  

Whilst lower than that of 2, the high decomposition temperature of 1 indicates that complete 

ligand dissociation does not spontaneously occur at the temperature at which the solvent-free ROP 

of LA was carried out in the current work (180 °C), although in the presence of LA and BnOH this 

may differ.18 
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4.2.2 Reactive Dissolution of Complex 1 in Lactyl Oligomers  

 

Scheme 4.1. Preparation,18 and composition of catalyst formulation f1. 

 

Heating a mixture of 1, rac-LA, and BnOH, to 180 °C under an inert atmosphere in the molar 

ratio 1:100:100, was shown in the previous work to afford a yellow solution, presumed to contain 

complex 1. The composition of the solvent phase of that system was not conclusively determined, 

but appeared to comprise benzyl esters of lactyl oligomers, formed in-situ via the ring-opening of 

LA in the presence of catalyst 1 and a stoichiometric quantity of BnOH.18 Although in that work the 

mixture of 1, rac-LA and BnOH was heated for 90 – 120 minutes, in the current work more vigorous 

stirring was employed, and the heating time was thus reduced to 50 minutes, in an effort to minimise 

thermal degradation of 1 (Scheme 4.1). The resulting solution, henceforth referred to as catalyst 

formulation f1, appeared paler in colour than the systems produced in the course of earlier work,18 

suggesting thermal degradation of 1, or of the species comprising the solvent phase, was reduced.  

On cooling to ambient temperature, the viscosity of f1 was empirically similar to that of 

Sn(Oct)2, and 1 remained in solution, with no precipitation observed over a period of 18 months 

when f1 was stored under an inert atmosphere. Such stability at ambient temperature ensures greater 

suitability for bulk preparation and storage than would be provided by a concentrated solution of 1 

in BnOH.18 The concentration of Zr in f1 was determined to be 4.27x10–2 mol dm–3, 39.5 g L–1, 

corresponding to 1 mol% with respect to the total number of alcohol groups present. Efforts to 

prepare similar formulations with other high-boiling alcohols, 4-methybenzyl alcohol, stearyl 

alcohol, and triethylene glycol monomethyl ether, respectively, in place of BnOH, were without 

success. However, being both inexpensive and of low toxicity, BnOH is an appropriate alcohol for 
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the current application. Similarly, when L-LA was used instead of rac-LA, a clear solution was not 

obtained. 

It was revealed via mass spectrometry that the solvent phase of f1 comprised a mixture of 

benzyl esters of oligo(lactic acid) species of up to 7 lactic acid units in length (all detected as the 

corresponding Na+ adducts, Figure 4.3). The repeat unit of those oligomers was 72 g mol–1, 

corresponding to lactic acid rather than LA. However, the monolactyl (benzyl lactate) and heptalactyl 

species were only detected as very weak signals, suggesting they were of low abundance relative to 

other oligomers, and no BnOH was found to be present. The presence of a mixture of lactyl oligomers 

was consistent with 1H and 13C{1H} NMR spectroscopic data. 

 

 

Figure 4.3. Mass spectrum of catalyst formulation f1 showing, as the corresponding Na adducts, a series of 

benzyl esters of oligo(lactic acid) species variously comprising 1 – 7 lactic acid units. 
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Figure 4.4. 1H NMR (400 MHz) spectrum in chloroform-d at 298 K, of catalyst formulation f1. 

 

It had been anticipated that the ring-opening of rac-LA by stoichiometric reaction with 

BnOH would yield the benzyl ester of a single ring-opened LA molecule (diester e1) as the major 

product (Scheme 4.1). However, formation of the observed mixture of oligomers was attributed to 

transesterification occurring on prolonged heating in the presence of a high concentration of 1, rather 

than significant deviation from immortal ROP kinetics. Additionally, the absence of any detectable 

free BnOH in formulation f1 suggests that after the initial ring-opening of LA had occurred, any 

residual BnOH was involved in chain scission processes, the ester linkages of the oligolactyl chains 

undergoing alcoholysis to yield a benzyl ester as one of the products. 

The appearance of a complex multiplet signal in the 1H NMR spectrum of f1 in chloroform-

d at 298 K, corresponding to the methine proton of the terminal lactate moiety (H = 4.33 ppm), is 

consistent with transesterification and chain scission processes having taken place to produce a 

mixture of atactic oligomeric species (Figure 4.4). 

Although its components (1, rac-LA, BnOH, and lactyl oligomers) are all air- and moisture-

stable, f1 was handled under a dry argon atmosphere at all times prior to catalytic use, unless 

otherwise stated, to prevent contamination with protic impurities (moisture) negatively affecting 

molecular weight control. It should also be noted that, in the following sections, catalyst loadings are 

reported assuming no degradation of 1 during the formulation process. That term therefore most 
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correctly describes the concentration of Zr present, rather than of complex 1, which was not 

retroactively quantified. Unless otherwise specified, the concentration of alcohol co-initiator in all 

ATR-FT-IR-monitored kinetic studies was always 100 times that of Zr. 

It should be noted that, in addition to there being a higher concentration of 1 in f1, compared 

to a saturated solution in a hydrocarbon solvent, the introduction of 1 to a ROP process as the 

formulation f1, does not introduce any exogenous solvent to the polymerisation reaction mixture, 

ensuring compatibility with existing facilities, and fulfilling the 1st, 3rd, 5th and 12th principles of green 

chemistry as defined by Anastas and Warner (prevention of waste, less hazardous chemical 

syntheses, safer solvents and auxiliaries, and inherently safer chemistry for accident prevention).21,22 

The lactyl oligomers that constitute the solvent phase of f1, generated in-situ, also fulfil the role of 

the alcohol co-initiator for the immortal ROP of LA, therefore being incorporated into the final 

polymer product, in accordance with the 2nd principle of green chemistry (maximising atom 

economy).21 Although the lactyl oligomers comprising the solvent phase of f1 were observed in the 

current work to encompass a molecular weight range of 180 g mol–1 – 612 g mol–1 (1 – 7 lactic acid 

units), the majority were of molecular weight 252 g mol–1 –  468 g mol–1 (2 – 5 lactic acid units). 

This range is presumed to be sufficiently small as to be insignificant in influencing the dispersity, 

ĐM, of high-molecular weight PLA samples, to the preparation of which f1 might be applied.  

In earlier work it was found that complete dissolution of 1 during the formulation process 

was not facile when the concentration of that species was increased significantly above 1 mol% with 

respect to the alcohol.18 Consequently, the preparation of high-molecular weight PLA, requiring a 

low concentration of the co-initiator, is only feasible in the presence of extremely low catalyst 

loadings ([1]:[ROH]  1:100). Nonetheless, as will be discussed in the forthcoming sections of the 

current work, catalyst 1, dosed as formulation f1, represents a remarkably efficient protocol for the 

ROP of LA, affording sufficiently high activity for the preparation of high-molecular weight PLA to 

be feasible on an industrially relevant timescale. Due to the 72 g mol–1 repeat unit of the lactyl 

oligomers that constitute the co-initiator component of f1, any transesterification occurring in the 

subsequent ROP of PLA in the presence of f1 would be unidentifiable via MALDI-ToF-MS analysis. 
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4.3  Polymerisation Activity of Formulation f1 

4.3.1 Overview of the In-Situ ATR-FT-IR-Monitored Ring-Opening Polymerisation of 

rac-Lactide 

 

Scheme 4.2. General scheme for the ROP of rac-LA in the presence of catalyst formulation f1, assuming an 

absence of transesterification activity during the polymerisation. The presence of a lactic acid repeat unit in 

f1 is incompatible with detection of transesterification activity via MALDI-ToF-MS analysis of the polymer 

products. 

 

Kinetic studies of the solvent-free ROP of LA in the presence of f1 (Scheme 4.2) have been 

undertaken on a 20 g scale with respect to the monomer, in a jacketed glass reactor, with an ATR-

FT-IR insertion probe used to monitor the reaction in-situ, as previously reported by the Davidson 

group and others (Figure 4.5).23–26 Conversion was determined from the area of the monomer signal,23 

which was calibrated against mixtures of LA and PLA of known composition. Observed rate 

constants, kobs, were determined via construction of semi-logarithmic plots of ln([LA]0/[LA]t) versus 

time, the ROP in all cases exhibiting a first-order rate dependence with respect to the monomer. The 

solvent-free polymerisation conditions employed in the current work were designed to be industrially 

relevant, reactions taking place with mechanical stirring at 174 C (limited by the operating 

capabilities of the heating apparatus and calibrated against a mercury thermometer) unless otherwise 

stated. Although the LA-filled reactor was purged with dry argon prior to heating, once at high 

temperature it was opened to the ambient atmosphere to allow addition of the catalyst and, on 

resealing, the reaction was allowed to proceed without any further purging of ambient air. The 

monomer was recrystallised from toluene under ambient air and dried under dynamic vacuum prior 

to use, but further purification (sublimation) was deemed unnecessary. GPC analysis of polymer 

products was carried out using triple detection for all polymerisations of rac-LA, due to the 

incompatibility of the resulting polymer with the Mark-Houwink factor of 0.58 used to obtain 

accurate molecular weights for PLLA samples, using refractive index data calibrated against 

polystyrene standards.27 
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Figure 4.5. Experimental apparatus for ATR-FT-IR-monitored solvent-free polymerisation reactions. 1. 

Jacketed glass reactor, with inner reaction vessel, and outer vessel for passage of heat transfer fluid. 2. ATR-

FT-IR insertion probe. 3. Connection to Schlenk line for purging reactor with dry Ar prior to use (briefly 

removed for injection of catalyst). 4. Mechanical overhead stirrer. 5. Connections to thermal regulation unit, 

through which thermal fluid is passed through the outer jacket of the reactor. 

  



 

207 

 

4.3.2 Comparison of Solid Catalyst 1 and Catalyst Formulation f1 in the Ring-Opening 

Polymerisation of Lactide under Industrially Relevant Conditions 

Prior to further development of catalyst formulation f1, it was necessary to assess the relative 

facility of the solvent-free ROP of LA in the presence of that system, and of solid catalyst 1 (with 

exogenous BnOH), respectively. Initially, such comparison considered the ROP of both rac-LA and 

L-LA, with a catalyst loading in each case of 0.0025 mol% ([LA]:[Zr]:[ROH] = 40 000:1:100) (Table 

4.1).  

 

Table 4.1. Polymerisation data corresponding to the ROP of rac-LA and L-LA in the presence of f1 and solid 

1 (the latter with exogenous BnOH), at very low catalyst loading. 

 

Conditions: 20 g of LA, solvent-free, 174 °C, [LA]:[Zr]:[ROH] = 40 000:1:100 (0.0025 mol% Zr, 0.25 mol% ROH; 15.6 

ppm Zr). a Catalyst dosed as formulation f1. b Catalyst and BnOH dosed separately and undiluted. c Control reaction, using 

0.25 mol% BnOH and no catalyst. d Conversion determined via 1H NMR spectroscopy, by integration of the monomer and 

polymer methine resonances. e Mn
Theo

 calculated from conversion and alcohol concentration, for solid catalyst 1 

{(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴} , and for catalyst formulation f1 {(𝑀𝑟,𝐿𝐴 ×

%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 +

𝑀𝑟,𝐿𝐴}. f Determined via GPC analysis in THF using Triple Detection. g Determined via in-situ ATR-FT-IR spectroscopic 

reaction monitoring. 

 

Under the reaction conditions, the rate of polymerisation of each respective monomer feed 

in the presence of f1 was not significantly different to the corresponding reaction in the presence of 

solid catalyst 1 and exogenous BnOH (Figure 4.6). Where solid 1 was employed, however, particles 

of the catalyst visibly persisted throughout the reaction. The parity of the rates respectively afforded 

by 1 and f1 therefore suggests that some catalyst deactivation had occurred during preparation of f1, 

the extent of this being approximately equivalent to the proportion of the solid catalyst that remained 

undissolved under the polymerisation conditions. This is unsurprising, due to the prolonged heating 

undertaken in the presence of a high concentration of protic species (BnOH). Nonetheless, the 

observed reaction rates in all cases were unexpectedly high for a system of such low catalyst loading, 

and it was apparent that in the case of f1, a sufficient quantity of the active species remained intact 

after the formulation process, to deliver reaction kinetics at least comparable in rate with those 

observed in the presence of the solid catalyst, 1. A control reaction was carried out in the presence 

of 0.25 mol% benzyl alcohol, with no catalyst present (IR-5), to confirm that the polymerisation 

Reaction Monomer Catalyst Duration, 
min 

d Conversion, 
% 

e Mn
Theo, g 

mol–1 

f Mn
GPC,  

g mol–1 

f ĐM g kobs, 

min–1 

g kobs, 

s–1 

a IR-1 rac-LA f1 880 91 52670 29050 1.25 0.0136 2.27x10–4 

b IR-2 rac-LA solid 1 335 84 48490 39750 1.23 0.0127 2.12x10–4 

a IR-3 L-LA f1 355 72 41720 16450 1.08 0.0085 1.42x10–4 

b IR-4 L-LA solid 1 470 72 41580 36650 1.19 0.0084 1.40x10–4 

c IR-5 rac-LA None 315 4 N/A N/A N/A 0.0002 ~0 
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activity observed was due to the presence of  0.0025 mol% 1 rather than any catalytically active 

contaminant of the monomer or BnOH that were used. Negligible conversion was observed in that 

case, confirming the high catalytic activity of 1. 

 

Figure 4.6. Semi-logarithmic initial rate plots for determination of the effects of monomer stereochemistry 

and catalyst delivery method on the rate of the ROP of LA. 

 

In the presence of both f1 and solid 1, respectively, rac-LA was polymerised at a higher rate 

than L-LA, suggestive of a slight heterotactic bias. For both systems, the probability of heterotactic 

enchainment in the ROP of rac-LA, Pr, was calculated both via homonuclear decoupled 1H NMR 

spectroscopy as described by Coates,28 and using kinetic methods, as described by Nomura and co-

workers.29 In the latter case, the rate constants kobs(rac-LA) and kobs(L-LA) corresponding to the ROP of 

rac-LA and stereopure L-LA, respectively, under otherwise identical conditions, are used to calculate 

Pr, using Equation 4.1.29 

Equation 4.1.    

𝑃𝑟 = 1 − (0.5 (
𝑘𝑜𝑏𝑠(𝐿−𝐿𝐴)

𝑘𝑜𝑏𝑠(𝑟𝑎𝑐−𝐿𝐴)
)) 

 

In agreement with analysis carried out previously in the Davidson Group, of PLA produced 

using 1 at 130 ºC,30 f1 and solid 1 both afforded slightly heterotactically enriched PLA, although the 

selectivity was significantly lower under the current high-temperature conditions. For both systems 

under the current conditions, Pr was approximately 0.67, and there was excellent agreement between 

the values obtained using Coates’s and Nomura’s methods (Table 4.2).28,29 In addition to showing 
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that any epimerisation activity was negligible, without the facility of MALDI-ToF-MS analysis this 

is significant in suggesting that transesterification activity was effectively suppressed in the presence 

of 1 or f1. More significantly, the concordance between values of Pr obtained for PLA produced 

using 1 and f1, respectively, confirms that the active (propagating) species was the same in both 

cases. The difference in polymerisation rate of L-LA and rac-LA at 174 º C corresponding to a 

heterotactic bias of the magnitude exhibited by f1, does not appear sufficient to preclude such a 

protocol holding industrial relevance for the ROP of L-LA, high conversion being reached efficiently 

in both cases (Figure 4.7). 

 

Table 4.2. Stereoselectivity data corresponding to the ROP of rac-LA in the presence of f1 and solid 1, 

respectively (the latter with exogenous BnOH), where  [LA]:[Zr]:[ROH] = 40 000:1:100, calculated using 

both Coates’s and Nomura’s methods.28,29 

Reaction Catalyst  a Pr
NMR

 
b Pr

kobs c Mean Pr Tacticity 

IR-1 f1 0.65 0.69 0.67 Heterotactically 
Enriched 

IR-2 Solid 1 0.67 0.67 0.67 Heterotactically 

Enriched 
a Pr calculated using Coates’s method; Pr = √(2[sis]).28 b Pr calculated using Nomura’s method, Pr = 1 –  (0.5(kobs(L-

LA)/kobs(rac-LA));29 for determination of Pr for IR-1 the value kobs(L-LA) was taken from IR-3 and for IR-2 the value kobs(L-LA) was 

taken from IR-4. c Mean Pr value calculated from both methods. [LA]:[Zr]:[ROH] = 40 000:1:100. 

 

 

Figure 4.7. Plots of LA concentration against time for determination of the effects of monomer 

stereochemistry and catalyst delivery method on the rate of the ROP of LA, showing that high conversion is 

reached in a comparable reaction time in the cases of rac-LA and L-LA 
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The relative utility of f1 and solid 1 (the latter with exogenous BnOH) in the ROP of rac-

LA was also compared at higher catalyst loadings of 0.0130 mol% ([LA]:[Zr]:[ROH] = 7692:1:100) 

and 0.0195 mol% ([LA]:[Zr]:[ROH] = 5130:1:100) (Table 4.3). For those experiments, the resolution 

of the kinetic data was increased, from acquisition of 12 FT-IR spectra per hour to 60 spectra per 

hour.  

 

Table 4.3. Polymerisation data corresponding to the ROP of rac-LA and L-LA in the presence of f1 and solid 

1 (the latter with exogenous BnOH), at catalyst loadings of 0.0130 mol% and 0.0195 mol%. 

Conditions: 20 g rac-LA, solvent-free, 174 °C. a Molar ratio. b Conversion determined via 1H NMR spectroscopy, by 

integration of the monomer and polymer methine resonances. c Mn
Theo

 calculated from conversion and alcohol concentration 

{(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}. d Determined via GPC analysis in THF using Triple Detection. e Rate 

constants determined by initial rate analysis of in-situ ATR-FT-IR spectroscopic reaction monitoring data. 

 

When [LA]:[Zr]:[ROH] = 7692:1:100, the ROP of rac-LA was slower in the presence of 

solid catalyst 1 than catalyst formulation f1, consistent with poor solubility of the solid catalyst (see 

reactions IR-6, IR-7, IR-9, IR-10). When [LA]:[Zr]:[ROH] = 5128:1:100, there was no clear 

difference in the rates afforded by f1 (IR-8) and solid catalyst 1 (IR-11, IR-12), respectively,  

although the semi-logarithmic initial rate plot for reaction IR-8 exhibited greater linearity, 

characteristic of better adherence to a first-order kinetic regime with respect to the monomer 

concentration. Furthermore, the difference in polymerisation rates attained in the presence of 0.013 

mol% and 0.0195 mol% of f1 (with respect to [Zr]; [LA]:[Zr]:[ROH] = 7692:1:100 and 

[LA]:[Zr]:[ROH] = 5128:1:100), respectively, was consistent with a first-order rate dependence on 

the quantity of f1 present. By contrast, the rates observed in the presence of solid 1 under the current 

conditions were unpredictable, irreproducible, and exhibited no consistent relationship with catalyst 

loading (Figure 4.8).  

Reaction Catalyst (+ co-initiator) a [LA]:[Zr]:[ROH] Duration, 
min 

b Conversion, 
% 

c Mn
Theo, 

g mol–1 

d Mn
GPC,   

g mol–1 

d ĐM e kobs, 

min–1 

IR-6 f1 7692:1:100 75 91 10330 9250 1.08 0.0672 

IR-7 f1 7692:1:100 120 92 10460 10050 1.19 0.0606 

IR-8 f1 5128:1:100 62 93 7130 6700 1.07 0.0986 

IR-9 1 + BnOH 7692:1:100 60 80 9110 8950 1.08 0.0448 

IR-10 1 + BnOH 7692:1:100 60 57 6570 6100 1.06 0.0319 

IR-11 1 + BnOH 5128:1:100 60 93 7120 6500 1.13 0.0888 

IR-12 1 + BnOH 5128:1:100 60 92 7050 7550 1.16 0.111 

IR-13 Sn(Oct)2 + BnOH 7692:1:100 10 96 10890 18550 1.43 1.104 

IR-14 Sn(Oct)2 + BnOH 5128:1:100 10 95 7270 10600 1.35 1.212 
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Figure 4.8. Semi-logarithmic initial rate plots for comparison of the activity afforded by, f1, solid 1, and 

Sn(Oct)2 (the latter two systems with exogenous BnOH) in the solvent-free ROP of rac-LA. 

 

Qualitative analysis of the reaction kinetics of the ROP of rac-LA in the presence of solid 1 

(IR-9, IR-10, IR-11, IR-12, Table 4.3) revealed them to be generally erratic, and those reactions for 

which 1 was used exhibited a brief induction period, whereas reactions corresponding to use of f1 

described in every case a smooth curve characteristic of a first-order rate dependence with respect to 

the monomer (Figure 4.9). The ROP of rac-LA in the presence of 0.013 mol% f1 ([LA]:[Zr]:[ROH] 

= 7692:1:100) exhibited much better reproducibility than the ROP of rac-LA in the presence of 1 

(when the experiment was repeated, kobs was within 10 % of the original value). Particles of the solid 

catalyst, 1, visibly persisted throughout all reactions for which it was used. Moreover, the erratic 

reaction kinetics associated with use of that system were consistent with poor solubility of the catalyst 

in the monomer melt, and a possible diffusion-limited heterogeneous regime at the surface of the 

undissolved particles.  
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Figure 4.9. Plots of LA concentration against time, for comparison of kinetic profiles afforded by f1 and 

solid 1, respectively (the latter with exogenous BnOH), in the ROP of BnOH. 

 

Molecular weight control and polymer dispersity were similar for 1 and f1. The ROP of rac-

LA was also carried out in the presence of 0.0130 mol% and 0.0195 mol% Sn(Oct)2 and 100 

equivalents of BnOH, with respect to the pre-catalyst ([LA]:[Sn]:[ROH] = 7692:1:100 and 

[LA]:[Sn]:[ROH] = 5128:1:100), exhibiting extremely high activity in both cases. Although the 

polymerisations proceeded significantly faster in the presence of Sn(Oct)2 than of 1 or f1 (IR-13, IR-

14, Table 4.3, Figure 4.8), molecular weight control was poor, and polymer dispersity, ĐM, was 

broad. f1 has therefore been observed, under the current conditions, to afford predictable reaction 

kinetics in the well-controlled immortal ROP of LA, with improved suppression of undesirable 

transesterification processes relative to Sn(Oct)2. Moreover, f1 is anticipated to be much more 

suitable for both mechanistic study and industrial application than the solid catalyst 1. 

4.3.3 Determination of Order with respect to f1 and of Propagation Rate Constant, kp 

In the development of f1 for industrial use, it was necessary to understand the relationship 

between the concentration of f1 used to initiate a solvent-free LA polymerisation process, and the 

rate of the reaction. Such insight was anticipated to facilitate process optimisation, improving 

productivity and efficiency, whilst also minimising the proliferation of undesirable side reactions 

that may occur at excessively long reaction times. Of particular importance in the current work, the 

incorporation of catalyst and co-initiator into a single system (such as f1), and at a fixed 
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stoichiometry, means that changing the molecular weight of the PLA produced by an industrial 

process will necessitate a change in the catalyst loading. Accordingly, the relationship between target 

polymer molecular weight and reaction time (catalyst loading and rate) must be understood. The rate 

of a living or immortal polymerisation, such as that described in the current work, is quantified by 

the propagation rate constant, kp, because of the rate-determining nature of the propagation event. 

 

Table 4.4. Polymerisation data corresponding to the ROP of rac-LA in the presence of various loadings of f1 

for determination of reaction order with respect to f1, and the propagation rate constant kp. 

Reaction Duration, 

min 

a [LA]:[Zr]:[ROH] [Zr], 

mol% 

b Conversion, 

% 

c Mn
Theo,  

g mol–1 

d Mn
GPC,  

g mol–1 

d ĐM e kobs, 

min–1 

IR-15 183 15385:1:100 0.0065 78 17550 7900 1.09 0.0206 

IR-16 160 10101:1:100 0.0099 91 13550 15100 1.08 0.0465 

IR-6 75 7692:1:100 0.0130 92 10460 9250 1.08 0.0672 

IR-17 105 5650:1:100 0.0177 94 7920 7900 1.10 0.0906 

IR-8 62 5128:1:100 0.0195 93 7130 6700 1.07 0.0986 

IR-18 60 3953:1:100 0.0253 95 5660 12650 1.09 0.1230 

f IR-5 315 40000:0:100 0 4 N/A N/A N/A 0.0002 

Conditions: 20 g of rac-LA, solvent-free, 174 °C, catalyst dosed as formulation f1. a Molar ratio. b Conversion determined 

via 1H NMR spectroscopy, by integration of the monomer and polymer methine resonances. c Mn
Theo

 calculated from 

conversion and alcohol concentration {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}. d Determined via GPC analysis in 

THF using Triple Detection. e Rate constants determined by initial rate analysis of in-situ ATR-FT-IR spectroscopic 

reaction monitoring data. f Control reaction, using 0.25 mol% BnOH and no catalyst. 

 

When the ROP of rac-LA in the presence of f1 was carried out in the presence of various 

quantities of f1, for determination of the reaction order with respect to f1, and of propagation rate 

constant kp (Table 4.4), molecular weight control was generally good and dispersity, ĐM, was 

consistently very low (ĐM ≤ 1.10). This is characteristic of an immortal polymerisation with minimal 

proliferation of side-reactions, consistent with the coordinatively-saturated, sterically encumbered 

nature of the metal centre of 1. In all kinetic studies of the solvent-free ROP of LA described in the 

following sections, the catalyst was dosed as formulation f1, unless otherwise specified.  
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Figure 4.10. Variable Time Normalisation Analysis plots of [LA] against normalised time for the ROP of 

rac-LA in the presence of various loadings of f1, showing a first-order relationship between the catalyst 

loading and the rate, except at very low catalyst loadings.31,32 The calibrated [LA] was been normalised for 

this analysis by multiplying every value in each dataset by the relevant value of (100/[LA]0). 

 

Initially, Variable Time Normalisation Analysis, VTNA,31,32 was applied to data from rac-

LA polymerisation reactions undertaken in the presence of catalyst loadings ranging from 0.0065 

mol% – 0.0253 mol% ([LA]:[Zr]:[ROH] = 13 385:1:100 – 3953:1:100), and monitored via in-situ 

ATR-FT-IR spectroscopy (Figure 4.10). For all polymerisations in which the catalyst loading was in 

the range 0.0130 mol% – 0.0253 mol% ([LA]:[Zr]:[ROH] = 7692:1:100 – 3953:1:100), reaction 

profiles were successfully superimposed on a plot of LA concentration (normalised after calibration 

so that [LA]0  100 mol%) versus normalised time, [Zr]t, showing that the ROP was first-order with 

respect to f1. An immortal ROP such as the current process should characteristically exhibit a zeroth-

order rate dependence with respect to the concentration of the nucleophile (propagating polymer 

chains after initiation), particularly when those species are in large excess with respect to the 

catalyst.5,8 Accordingly, in the current work it was initially surmised that the reaction was first-order 

with respect to the catalyst, 1 (introduced as f1). On the VTNA plot, the curve corresponding to the 

reaction with the second lowest catalyst loading (IR-16, [LA]:[Zr]:[ROH] = 10 101:1:100), deviated 

slightly from superimposition after conversion of approximately 50 % of the monomer had occurred. 

Much more significant deviation was observed from very low conversion for the reaction with the 

lowest catalyst loading (IR-15, [LA]:[Zr]:[ROH] = 15 385:1:100). This was attributed to gradual 

0

10

20

30

40

50

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1

[L
A

] 
(n

o
rm

al
is

ed
),

 m
o

l%

[Zr]t, Normalised time, min mol dm–3

IR-15

IR-16

IR-6

IR-17

IR-8

IR-18



 

215 

 

deactivation of the catalyst occurring at high temperature over the course of the very long reaction 

durations required to reach high conversion at such extremely low catalyst loadings (Figure 4.11). 

This was suggested to result from gradual ingress of ambient air into the poorly sealed reaction 

vessel. Consequently, data from IR-15 was disregarded in subsequent application of initial rate 

analysis to the determination of propagation rate constant kp, whilst the data from IR-16 was retained, 

as the early part of the reaction empirically adhered to a first-order rate dependence with respect to 

f1.   

 

Figure 4.11. Plots of LA concentration against time for the ROP of rac-LA in the presence of various 

loadings of f1, showing the dramatically longer reaction times required by IR-15 and IR-16 to reach high 

conversion. 
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When initial rate analysis was undertaken, linear semi-logarithmic plots were consistently 

obtained of ln([LA]0/[LA]t) against time, confirming that the ROP was first-order with respect to the 

monomer (Figure 4.12), entirely consistent with a chain-growth polymerisation governed by the rate 

equation, Equation 4.2. 

 

 

Figure 4.12. Semi-logarithmic initial rate plots for the ROP of rac-LA in the presence of various loadings of 

f1. 

 

Equation 4.2.                

𝑅𝑎𝑡𝑒 =  
−𝑑[𝐿𝐴]

𝑑𝑡
= 𝑘𝑜𝑏𝑠[𝐿𝐴] 

 

A plot of observed rate constant, kobs, against catalyst loading (in mol%) was linear, passing 

almost through the origin, with gradient 4.95 min–1 mol%–1 (7.43x10–3 s–1 mol–1 dm3), equal to the 

propagation rate constant, kp (Figure 4.13). The ROP of rac-LA was thus confirmed to exhibit a first-

order rate dependence on the concentration of f1. This is compatible with a typical immortal regime 

that is first-order with respect to the catalyst, 1, and zeroth-order with respect to the growing chains 

(ROH), as described by Equation 4.3. However, for the purpose of establishing a straightforward 

kinetic model for industrial application, it is sufficient to note that the ROP of LA is first-order with 

respect to f1, without conclusively elucidating the contribution of each component of f1 (1 and ROH) 

to the rate law. 
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Figure 4.13. Plot of observed rate constant, kobs, against catalyst loading (expressed as mol% of 1, where the 

concentration of alcohol, ROH, is always 100 times that of the catalyst) for the ROP of rac-LA in the 

presence of f1, for determination of propagation rate constant kp. 

 

Equation 4.3.    

𝑘𝑜𝑏𝑠 =  𝑘𝑝[𝒇𝟏] =  𝑘𝑝[𝟏] 

𝑅𝑎𝑡𝑒 =  
−𝑑[𝐿𝐴]

𝑑𝑡
=  𝑘𝑝[𝒇𝟏][𝐿𝐴] =  𝑘𝑝[𝟏][𝐿𝐴] 

 

The deviation of the reactions with the lowest catalyst loadings (IR-15 and IR-16) from first-

order kinetics with respect to f1, identified in the course of VTNA, merited further investigation due 

to the potential significance of such an effect for the efficient industrial preparation of high-molecular 

weight PLA. Accordingly, an ex-situ kinetic study was undertaken, wherein nine identical 1 g 

samples of rac-LA were each polymerised in the presence of 0.0031 mol% Zr, dosed as f1 

([LA]:[Zr]:[ROH] = 32 260:1:100), and stopped after various time intervals (Table 4.5, Figure 4.14). 

The monomer and f1 were both prepared in the same manner as for the larger-scale ATR-FT-IR-

monitored in-situ study, but unlike those reactions, all polymerisations for the ex-situ study were 

carried out under stringent air-free conditions in sealed (J Young’s) Schlenk flasks.  
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Table 4.5. Polymerisation data for ex-situ kinetic study of ROP of LA catalysed by f1. 

Reaction Duration, 

min 

a Conversion, % b Mn
Theo,  

g mol–1 

c Mn
GPC, 

g mol–1 

c ĐM 

B-1 0 0 0 N/A N/A 

B-2 10 13 6290 N/A N/A 

B-3 20 25 11860 N/A N/A 

B-4 30 38 17890 N/A N/A 

B-5 40 52 24410 N/A N/A 

B-6 60 70 32770 26900 1.07 

B-7 90 80 37410 43800 1.13 

B-8 120 85 39740 40850 1.16 

B-9 150 87 40660 47900 1.23 

Conditions: 1 g of rac-LA, solvent-free, 180 °C, [LA]:[Zr]:[ROH] = 32 260:1:100 (0.0031 mol% Zr, 0.31 mol% ROH; 

19.3 ppm Zr), catalyst dosed as formulation f1. a Conversion determined via 1H NMR spectroscopy, by integration of the 

monomer and polymer methine resonances. b Mn
Theo

 calculated from conversion and alcohol concentration 

{(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}. c Determined via GPC analysis in THF using Triple Detection. 

 

 

Figure 4.14. Plot of PLA concentration (conversion) against time for an ex-situ kinetic study of the ROP of 

rac-LA in the presence of f1, where [LA]:[Zr]:[ROH] = 32 260:1:100. 

 

The observed rate constant, kobs, for the ROP of LA in the ex-situ study (kobs = 0.0158 min–1, 

2.633x10–4 s–1, Figure 4.15, Equation 4.4), was exactly commensurate with the expected value based 

on the value of kp determined via the ATR-FT-IR-monitored in-situ study (Figure 4.13), assuming 

adherence to first-order kinetics with respect to f1. This was despite the catalyst loading being 

significantly below the threshold at which deviation from pseudo-first-order kinetics with respect to 

f1 was observed in the ATR-FT-IR study. Although the ex-situ study was carried out by submerging 

the reaction vessels in a silicone oil bath heated to 180 °C, the temperature inside the reaction vessel 

under those conditions was not calibrated (as this method was not to be used for determination of 
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absolute values, kp or G‡). Accordingly, it is likely that the temperature of the monomer melt was 

lower than 180 °C, in similarity to the ATR-FT-IR-monitored systems. Moreover, even a 6 °C 

temperature discrepancy between reactions carried out under the conditions used for the in-situ and 

ex-situ kinetic studies, respectively, would certainly not be anticipated to afford an increase in 

catalytic activity of the observed magnitude, relative to the ATR-FT-IR-monitored systems (IR-15, 

[LA]:[Zr]:[ROH] = 15 385:1:100, kobs = 0.0206 min–1; B1 – B9, [LA]:[Zr]:[ROH] = 32 260:1:100, 

kobs = 0.0158 min–1). The mixing of the reaction mixture was necessarily inconsistent between the 

ex-situ kinetic study and the ATR-FT-IR-monitored systems, but this would similarly not be expected 

to have such a significant effect on the rate as that which was observed. The deviation of reaction 

IR-15 from first-order kinetics with respect to the catalyst can therefore be reasonably attributed to 

catalyst deactivation occurring due to the gradual ingress of ambient air into a poorly sealed reaction 

vessel.  

 

Figure 4.15. Semi-logarithmic initial rate plot for an ex-situ kinetic study of the ROP of rac-LA in the 

presence of f1, where [LA]:[Zr]:[ROH] = 32 260:1:100. 
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Under the conditions of the ex-situ kinetic study, monodisperse PLA of industrially relevant 

molecular weight (> 40 000 g mol–1) was prepared in 90 minutes. Complete polymer analysis (1H 

NMR, GPC) was carried out for those reactions attaining over 70% conversion. Control was good, 

although ĐM slowly increased on prolonged heating, attributed to poor mixing under magnetic 

stirring and proliferation of side-reactions at high conversion (high viscosity). The turnover 

frequency (TOF) of 1 for the current system, f1, was determined to be at least 25 000 h–1, based on 

the conversion attained after 30 minutes reaction time (although that value assumes no catalyst 

deactivation occurred during preparation of f1, and the true TOF is likely to have been significantly 

higher), comparable to the reported solution phase activity of Williams and co-workers’ highly active 

dizinc species (60 000 h–1), and unprecedented for a robust and industrially relevant system.9 
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4.3.4 Addition of Exogenous Alcohol During Polymerisation  

Although the catalyst formulation f1 contains both the co-initiator and catalyst, in a fixed 

ratio of 100:1, and has been shown to exert a first-order influence on the rate of the ROP of LA, an 

effort was made to distinguish the effect of the alcohol concentration on the polymerisation rate. In 

an industrial setting, such information would likely be superfluous, as it is implausible that an 

exogenous nucleophile would be added to a polymerisation in which f1 was used. This is because 

the minimum molar ratio of [ROH]:[Zr] offered by that system, [ROH]:[Zr] = 100:1, is already 

compatible with preparation of very low-molecular weight PLA at low catalyst loadings, if required.  

 

Figure 4.16. Semi-logarithmic plots corresponding to reactions carried out to investigate the effect of 

exogenous BnOH on the ROP of rac-LA in the presence of f1. Vertical lines denote addition of BnOH. 

 

Table 4.6. Polymerisation data corresponding to reactions IR-6, IR-19, and IR-20, carried out to investigate 

the effect of exogenous BnOH on the ROP of rac-LA in the presence of f1. 

Reaction Duration, min c [LA]:[Zr]:[ROH] [ROH], 

mol% 

d Conversion, % e Mn
Theo,  

g mol–1 

f Mn
GPC, 

g mol–1 

f ĐM g kobs, 

min–1 

IR-6 75 7962:1:100 1.30 92 10470 9250 1.08 0.0672 

aIR-19 20 

0-4 

4-8 

8-12 
12-16 

16-20 

7962:1:100 

7962:1:162 

7962:1:223 
7962:1:285 

7962:1:346 

1.30 

2.10 

2.90 
3.70 

4.50 85 2870/5520 5650 1.18 

0.0696 

0.112 

0.0986 
0.125 

0.0842 

bIR-20 55 
0-10 
10-55 

7692:0:246 
7692:1:346 

3.20 
4.50 92 3090 3437 1.05 

0.0084 
0.132 

Conditions: 20 g of rac-LA, solvent-free, 174 °C, catalyst dosed as formulation f1. a Aliquots of exogenous BnOH added 

after 4, 8, 12 and 16 minutes. b 3.2 mol% BnOH present from t = 0 min, then f1 dosed after 10 min had elapsed (0.013 

mol% Zr and 1.30 mol% ROH). c ppm metal by weight. d Conversion determined via 1H NMR spectroscopy, by integration 

of the monomer and polymer methine resonances. e Mn
Theo

 calculated from conversion and final alcohol concentration, for 

IR-6 {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}, for IR-19 and IR-20 {(𝑀𝑟,𝐿𝐴 ×

%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 +

1.3 ×𝑀𝑟,𝐿𝐴

4.5
}. Second value of Mn

Theo for IR-19 refers to heaviest distribution of expected pentamodal product. ffDetermined 

via GPC analysis in THF using Triple Detection. g Rate constants determined by initial rate analysis of in-situ ATR-FT-IR 

spectroscopic reaction monitoring data. 
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Unexpectedly, stepwise addition at four-minute intervals of four 0.80 mol% aliquots of 

exogenous BnOH to a polymerisation reaction catalysed by f1 (0.013 mol% 1, 1.30 mol% ROH) 

(Table 4.6, Figure 4.16) caused some variation in rate. In particular, whilst the initial rate of reaction 

IR-19 was in excellent agreement with that of IR-6, a significant rate increase was observed after the 

first injection of 0.80 mol% BnOH, with subsequent additions eliciting a much smaller effect. The 

first addition of BnOH increased the total alcohol concentration of the system by ~60 %, and the rate 

increased by ~67 %. Furthermore, when the concentration of LA was plotted against time for reaction 

IR-19, a brief period of very fast conversion was observed to occur immediately following each 

addition of BnOH, suggesting rapid consumption of the primary alcohol occurred (Figure 4.17). 

Moreover, when the relative rate (–d[LA]/dt) was plotted against time for reaction IR-19, the same 

large rate increase was observed as a maximum occurring both after initial injection of f1, and after 

each subsequent addition of BnOH (Figure 4.18). This is tentatively attributed to the combined 

effects of rapid initiation, relative to propagation, under an immortal regime, and to a proposed 

inverse relationship between chain length and propagation rate. Plausible under solvent-free 

conditions, the latter phenomenon would be expected to produce a dramatic rate increase on initiation 

of new polymer chains, following addition of BnOH to a bulk mixture of higher-molecular weight 

PLA in the presence of the monomer.  

 

Figure 4.17. Plots of LA concentration against time for reactions IR-6, IR-19 and IR-20. 
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Each maximum in the plot of relative rate against time was immediately followed by a 

corresponding minimum, suggesting that injection of the exogenous alcohol at a location directly 

proximate to the ATR-FT-IR insertion probe, created a particularly large localised rate increase, 

which was followed by homogenisation of the mixture under mechanical stirring. Nonetheless, even 

a localised rate increase on addition of BnOH is considered to be mechanistically significant.  

 

Figure 4.18. Plots of relative rate for reaction IR-19, the ROP of rac-LA in the presence of f1, with addition 

of aliquots of exogenous BnOH at four-minute intervals. Two plots have been constructed, using calibrated 

data corresponding to the LA and PLA signals, respectively. 

 

It had initially been considered that such a characteristic kinetic profile observed 

immediately following each addition of BnOH could merely be due to a dilution effect on addition 

of BnOH in the direct vicinity of the ATR-FT-IR probe, followed by homogenisation. In that 

scenario, however, dilution of PLA would also occur, in addition to dilution of LA. Thus, on 

construction of a plot of relative rate against time using data from the calibrated PLA signal, instead 

of from the LA signal, the profile observed following each addition of BnOH would be the opposite 

of that produced when the LA signal data was used, comprising a minimum immediately after 

addition of BnOH, followed by a maximum on homogenisation. In practice, a plot of d[PLA]/dt 

against time produced a profile very similar to that of –d[LA]/dt, confirming that dilution of the 

reaction mixture was not the dominant effect, and that a brief increase in ring-opening activity was 

indeed observed after each addition of BnOH. It should be noted, however, that the magnitudes of 

the maxima in the plot of d[PLA]/dt against time were consistently much smaller than for those in –
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d[LA]/dt, which may be attributed to two effects: the lactyl units adjacent to the benzyl or hydroxyl 

end groups, both generated in the initiation step, not appearing in the PLA region of the FT-IR 

spectrum, and a minor contribution from the aforementioned dilution effect. Moreover, on addition 

of the final aliquot of BnOH at 16 minutes, when high conversion had already been attained (~83 

%), and the rate had therefore slowed, a minimum was observed in the plot of d[PLA]/dt concurrent 

to the maximum in the plot of –d[LA]/dt, suggesting that at that stage of the reaction, dilution had 

become the dominant effect.  

A further polymerisation, IR-20, was carried out, in which f1 (0.013 mol% 1, 1.30 mol% 

ROH) and 3.2 mol% of exogenous BnOH were dosed simultaneously (after 10 minutes of heating 

the monomer at 180 ºC, during which no conversion occurred), the initial alcohol concentration 

therefore being equivalent to that in the final composition of IR-19 ([LA]:[Zr]:[ROH] = 7692:1:346, 

where [ROH] includes [BnOH]). In that case the rate was higher than when f1 alone was used (IR-

6), but did not significantly exceed the rate that was observed in IR-19 after addition of only 0.8 

mol% of exogenous BnOH.  

Whilst it had been considered that the increased rate observed in the presence of a greater 

quantity of co-initiator could be attributed to the lower viscosity of the reaction mixture, 

corresponding to the lower-molecular weight of the PLA product, this explanation was incompatible 

both with the difference in rate being apparent from the beginning of the reaction, and with the 

observed first-order rate dependence of the ROP of LA on the concentration of f1.  Accordingly, the 

possibility was considered that the sustained rate increase occurring on addition of BnOH was not 

due to a non-zero order with respect to the alcohol, but rather due to the steric demands of the alcohol 

used (to which the sharp rate increase following addition of BnOH has already been attributed), or 

to greater reactivity of a primary alcohol (BnOH) compared to a secondary alcohol (lactyl oligomers). 

However, whilst such effects would be compatible with the observed first-order rate dependence of 

the ROP of LA on the concentration of f1, the increased rate of propagation in IR-20, relative to that 

of IR-6, long after all initiation events are presumed to have occurred, is irreconcilable with an effect 

arising from the steric or electronic properties of the co-initiator.  

It is most plausible that the rate difference between IR-6 and analogous reactions to which 

exogenous BnOH was added (IR-19, IR-20) was indicative that, in the current system, the 

stoichiometry of co-initiator and catalyst species is only significant in determining the rate below a 

[co-initiator]:[Zr] ratio of several hundred to one.8 This is similar to the observations of Penczek and 

co-workers regarding the ROP of L-LA in the presence of Sn(Oct)2 and n-butanol, that below a 

threshold ratio of co-initiator to pre-catalyst of approximately [BuOH]:[Sn(Oct)2] = 10:1, there was 

a correlation between that ratio and the reaction rate. In that work, such behaviour was attributed to 

the equilibrium formation of Sn(II) alkoxide species being more favourable in the presence of excess 
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alcohol.8 Carpentier and co-workers reported analogous behaviour for a range of homoleptic and 

heteroleptic Sn(II) alkoxide and Sn(II) amide pre-catalysts for the coordination-insertion-type ROP 

of LA.5 In the current work, the magnitude of the rate increase observed on addition of 0.8 mol% of 

exogenous BnOH to IR-19, was approximately commensurate with a first-order rate dependence 

with respect to the alcohol, whereas in the presence of 3.5 mol% of exogenous BnOH in reaction IR-

20, the rate increase relative to IR-6 was equivalent to an order in alcohol of << 1. This is consistent 

with the existence of a threshold ratio of [co-initiator]:[Zr] above which the reaction is zeroth-order 

in that species. Moreover, the concentration of alcohol present in IR-20 appears to have considerably 

exceeded that threshold, whereas in IR-19 the alcohol concentration remained below the threshold 

for at least the first 8 minutes of the reaction, after which >50 % conversion had been reached. 

Computational analysis in the current work (carried out by Dr Antoine Buchard, University 

of Bath) has indicated that the ROP of LA in the presence of 1 proceeds via a ligand-assisted 

coordination-insertion mechanism, predicated firstly upon the dissociation of one phenolate group of 

the H+TP ligand framework from the metal centre, permitting coordination of monomer.33 The highly 

endergonic dissociation of the phenolate group in that pathway is believed to be facilitated by a 

hydrogen bonding interaction of the phenolate oxygen atom with the acidic proton of the co-initiator. 

Accordingly, whilst such a mechanistic scenario is distinct from that reported for the Sn(II) 

complexes, it is conceivable that the polymerisation rate in the current system may be similarly 

dependent upon the relative stoichiometry of co-initiator and catalyst species, exhibiting a non-zero 

order with respect to the co-initiator, up to a threshold molar ratio of co-initator to catalyst many 

times greater than the ratios reported both by Penczek and co-workers and by Carpentier and co-

workers for various Sn(II) systems.5,8 The previous observation of a first-order rate dependence on 

the concentration of f1 is consistent with such a kinetic model, because where f1 alone was used to 

effect the catalytic ROP of LA (with no other exogenous alcohol added), the molar ratio of co-

initiator to catalyst was always 100:1.  

The molecular weight of the polymer product of reaction IR-19, Mn
GPC = 5650 g mol–1, was 

commensurate with a scenario in which the polymer chains initiated by the lactyl oligomers of f1 

accounted for all of the LA consumed in the first four minutes of the reaction (27 %), and, in each 

subsequent four minute period, for a fraction of the LA converted equal to the proportion of the total 

number of alcohol groups present originating from f1, Mn
Theo = 5520 g mol–1 (Figure 4.19). The 

agreement between theoretical and observed molecular weight values suggests that the occurrence 

of transesterification activity was minimal, and that the detected polymer distribution corresponded 

primarily to the PLA chains initiated by the alcohol groups of f1. No other distributions were detected 

via GPC, the observed peak being monomodal, indicating that when the PLA was purified by 

precipitation from methanol the lighter distributions of polymer chains, initiated by the various 

aliquots of exogenous BnOH, remained in the solution phase. However, a tail was observed toward 
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low molecular weight, suggesting some lower-weight species were present. Most significantly, the 

agreement between Mn
Theo and Mn

GPC suggests that repeated exposure of the polymer chains to BnOH 

under the solvent-free polymerisation conditions did not lead to any appreciable chain scission 

activity, this presumably being much less favourable than both the initiation and propagation events. 

If quantitative chain scission had occurred following each addition of exogenous BnOH to IR-19, 

formation of a single, very broad, distribution of PLA chains would have been expected, for which 

the value of Mn
Theo would be 2870 g mol–1. 

 

Figure 4.19. A visual representation of the chain growth anticipated to occur for the distribution of polymer 

chains corresponding to each initiation event in IR-19 (f1, followed by four aliquots of BnOH) in each 4 

minute interval, expressed as a percentage of the monomer feed, and the resulting theoretical molecular 

weight of each distribution, assuming that all chains propagate at an equal rate at any given time. 

 

Not directly relevant to the industrial application that the current work is concerned with, 

delivering a conclusive explanation of the influence of the alcohol concentration on the rate of 

polymerisation would require further experiments to be undertaken, in which the initial molar ratio 

of co-initiator to catalyst would be varied in the range 100:1 – 300:1. In particular, it would be 

desirable to prepare and purify a mixture of lactyl oligomers, that could be dosed as an exogenous 

species to the ROP of LA in the presence of f1, allowing the concentration of the nucleophile to be 

varied without having both primary secondary alcohol species present.  
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4.3.5 Temperature Dependence and Determination of G‡ for the Ring-Opening 

Polymerisation of rac-Lactide in the Presence of f1 

 

Figure 4.20. Semi-logarithmic initial rate plots for the ROP of rac-LA in the presence of f1 at various 

temperatures. 

 

Kinetic data from reactions carried out at four different temperatures (174 °C, 166 °C, 159 

°C, and 144 °C, respectively) showed that the rate of the solvent-free ROP of rac-LA in the presence 

of f1 was highly dependent upon temperature (Table 4.7, Figure 4.20). Whilst the high activity of f1 

at 174 C, has been comprehensively demonstrated, an approximately linear relationship was 

observed between temperature and reaction rate over the temperature range considered (Figure 4.20). 

Such linearity is convenient for establishing a simple kinetic picture that can be applied to the 

optimisation of an industrial process at a temperature other than 174 ºC.   

 

Table 4.7. Polymerisation data for the ROP of rac-LA in the presence of f1, carried out at various temperatures. 

Reaction Temperature, 
° C 

Duration, 
min 

a Conversion, 
% 

b Mn
Theo,  

g mol–1 

c Mn
GPC,  

g mol–1 

c ĐM d kobs, 

min–1 

IR-6 174 75 92 10470 9250 1.08 0.0672 

IR-21 166 60 88 10020 9050 1.03 0.0602 

IR-22 159 120 88 10020 7500 1.04 0.0417 

IR-23 144 240 84 9580 5100 1.02 0.0189 

Conditions: 20 g of rac-LA, solvent-free, [LA]:[Zr]:[ROH] = 7692:1:100 (0.013 mol%, 1.3 mol% ROH; 15.6 ppm Zr), 

catalyst dosed as formulation f1. a Conversion determined via 1H NMR spectroscopy, by integration of the monomer and 

polymer methine resonances. b Mn
Theo

 calculated from conversion and alcohol concentration {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻.]
) +

𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}. c Determined via GPC analysis in THF using Triple Detection. d Rate constants determined by initial 

rate analysis of in-situ ATR-FT-IR spectroscopic reaction monitoring data. 

 

 

y = 0.0672x + 0.0541
R² = 0.99

y = 0.0602x - 0.0184
R² > 0.99

y = 0.0417x - 0.0181
R² > 0.99

y = 0.0189x - 0.0127
R² > 0.99

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15 20

ln
([

LA
] 0

/[
LA

] t
)

Time, min

IR-6, 174 °C

IR-21, 166 °C

IR-22, 159 °C

IR-23, 144 °C



 

228 

 

 

Figure 4.21. Plot of observed rate constant, kobs, against temperature for the ROP of rac-LA in the presence 

of f1, at various temperatures. 

 

The observed rate constants, kobs, obtained at each temperature, were used to construct an 

Eyring plot (Figure 4.22) for determination of the activation barrier, ΔG‡
447.15 K, to propagation in the 

solvent-free ROP of rac-LA at 174 °C in the presence of f1. The experimental value, ΔG‡
447.15 K = 

32.5 kcal mol–1 (ΔG‡
447.15 K = 135.9 kJ mol–1; ΔH‡ = 15.5 kcal mol–1, 65.0 kJ mol–1, ΔS‡ = –37.9 cal 

K–1 mol–1, –158.5 J K–1 mol–1), was in reasonably good agreement with the results of computational 

studies (ΔG‡
453.15 K = 39.6 kcal mol–1, carried out by Dr Antoine Buchard, University of Bath.33 See 

below).  

 

Figure 4.22. Eyring plot for determination of ΔG‡ for the ROP of rac-LA in the presence of f1 at 174 C. 

 

The discrepancy between computational and experimental values of ΔG‡ (~18 % with 

respect to the calculated value) may be attributed to the solvent phase in the computational studies 

being modelled as ethyl acetate, which was judged to be the best available solvent model to 

approximate the LA/PLA matrix in which the solvent-free ROP of LA occurs. As shown by Gibson 
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and Rzepa, the solvent model in which computational analysis of the ROP of LA is carried out can 

have a dramatic effect on the calculated magnitude of any energy barriers.33 The magnitude of the 

negative ΔS‡ value determined experimentally is much greater than other values reported in the 

literature.34–36 This suggests the transition state of the rate determining step is highly ordered, 

compatible with the cyclic structure calculated for the rate determining step in the proposed ligand-

assisted activated monomer mechanism of ROP of LA in the presence of 1 and BnOH (see Section 

4.4). 

4.3.6 Kinetic Isotope Study of the Ring-Opening Polymerisation of rac-Lactide in the 

Presence of Complex 1 

A kinetic isotope study of the ROP of rac-LA catalysed by 1 was undertaken, concerning 

the acidic proton of the alcohol co-initiator (Table 4.8). Difficulty was encountered in obtaining 

highly isotopically enriched deutero-BnOH, required for production of a deuterated form of catalyst 

formulation f1. Accordingly, the kinetic isotope study was carried out using protio- and deutero- 

ethanol, respectively. This was readily obtained in high isotopic purity from commercial suppliers, 

and was therefore suitable for use in 100-fold excess, relative to the catalyst. However, preparation 

of a catalyst formulation analogous to f1, using ethanol instead of BnOH, was not found to be 

possible. Nonetheless, as has already been discussed, close agreement between the values of Pr 

obtained for PLA produced from rac-LA in the presence of solid catalyst 1 and catalyst formulation 

f1, respectively, has confirmed that in both protocols the active species is the same. Therefore, in the 

kinetic isotope study, catalyst 1 and the relevant ethanol isotopologue were always introduced 

simultaneously as a solution in toluene, in which [1] = 3.2 mmol dm–3, [ethanol] = 320 mmol dm–3. 

This method was employed in an effort to ensure immediate solvation of 1 in the monomer melt. The 

catalyst loading was limited both by the low solubility of 1 in toluene, and by the need to maintain 

reaction kinetics generally representative of a solvent-free process, precluding addition of a large 

volume of toluene. It was shown in the earlier ex-situ kinetic study of the ROP of rac-LA catalysed 

by f1, that where 1 g of the monomer was polymerised under stringent air-free conditions in a sealed 

Schlenk flask, reaction kinetics representative of the rate law were observed in the presence of 0.0031 

mol% of Zr ( 0.0031 mol% of 1). Accordingly, in the kinetic isotope study, 1 was used at a loading 

of 0.0031 mol%. 100 equivalents (0.31 mol%) of the nucleophile, EtOH or EtOD, were used in order 

to best model the catalytic use of formulation f1 ([LA]:[1]:[ethanol] = 32 260:1:100). Polymerisation 

reactions were undertaken on a 1g scale, and use of 65 L of the solution of 1 and ethanol in toluene 

was required per gram of rac-LA.   
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Table 4.8. Polymerisation data for kinetic isotope study of the ROP of rac-LA in the presence of catalyst 1 

(introduced as a solution in toluene) and exogenous ethanol. 

Reaction Duration, 
min 

c Conversion, 
% 

d Mn
Theo,  

g mol–1 

e Mn
GPC,  

g mol–1 

e ĐM 

a H-1 10 4 1670 - - 

a H-2 20 13 6080 10150 1.01 

a H-3 30 20 9340 14250 1.04 

a H-4 45 40 18630 16450 1.05 

a H-5 60 52 24200 31900 1.02 

a H-6 75 64 29770 36050 1.04 

a H-7 90 79 36740 60150 1.10 

b D-1 10 3 1300 - - 

b D-2 20 10 4690 8600 1.01 

b D-3 30 22 10260 14700 1.01 

b D-4 45 36 16770 21050 1.01 

b D-5 60 41 19090 26200 1.02 

b D-6 75 55 25590 39300 1.04 

b D-7 90 67 31170 43650 1.09 

Conditions: 1 g of rac-LA, solvent-free, 150 °C, [LA]:[1]:[ROH] = 32 260:1:100 (0.0031 mol%,  0.31 mol% ROH; 19.3 

ppm Zr), catalyst dosed as a 3.24x10–3 mol dm–3 solution in toluene. a protio-ethanol co-initiator. b Deutero-ethanol co-

initiator. c Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer methine 

resonances. d Mn
Theo

 calculated from conversion and alcohol concentration {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝐸𝑡𝑂𝐻.]
) + 𝑀𝑟,𝐸𝑡𝑂𝐻}. e 

Determined via GPC analysis in THF using Triple Detection.   

 

 

In addition to reducing the rate of catalyst degradation by replicating the air-free conditions 

of the previous ex-situ kinetic study, it was also preferable to carry out the reactions in sealed Schlenk 

flasks due to the much greater volatility of ethanol, in comparison to BnOH or the oligomeric species 

comprising the solvent phase and co-initiator in the case of f1. The apparatus for carrying out ATR-

FT-IR-monitored reactions was insufficiently well sealed to completely prevent loss of the low-

boiling alcohol. It was also presumed that, even at very low catalyst loadings, the presence of toluene 

in the polymerisation mixture would invalidate the calibration curves constructed for the ATR-FT-

IR spectrometer. It was therefore necessary to employ the more laborious use of parallel reactions to 

produce plots of conversion against time in the kinetic isotope study, with seven polymerisations 

being carried out for each ethanol isotopologue, and conversion being determined off-line via 1H 

NMR spectroscopy, in similarity to the previous ex-situ study. The use of parallel reactions 

additionally permitted GPC analysis of the PLA produced in every individual reaction. There was a 

linear correlation between Mn
GPC and Mn

Theo in the presence of both protio- and deutero-ethanol, and 

the two systems exhibited an extremely similar relationship between Mn
GPC and Mn

Theo, confirming 

that, when deuterated, the co-initiator remained central to the immortal ROP process (Figure 4.23).  
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Figure 4.23. Plots of Mn
GPC against Mn

Theo for the ROP of rac-LA catalysed by 1 in the presence of 

exogenous deutero- and protio-ethanol, respectively. 

 

The use of seven separate reactions for each ethanol isotopologue, with catalyst and co-

initiator in each case dosed from stock solutions prepared on a large (10 mL) scale, was anticipated 

to minimise any errors associated with measurement of catalyst or reagents. Unlike previous kinetic 

experiments with f1 or solid catalyst 1, the current study was also carried out at 150 °C, in order to 

reduce the rate of polymerisation, and thus aid identification of any kinetic isotope effect.  

 

Figure 4.24. Semi-logarithmic initial rate plots for the ROP of rac-LA catalysed by 1 in the presence of 

exogenous deutero- and protio-ethanol, respectively, exhibiting a small kinetic isotope effect, of ~1.4. 
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Despite the reaction temperature being much lower, the observed rate constant kobs for the 

protio system at 150 °C (kobs = 0.0181 min–1) (Figure 4.23) exceeded the value of kobs attained in the 

previous ex-situ kinetic study, which was carried out at 174 °C with 0.0031 mol% 1 dosed as f1, (kobs 

= 0.0158 min–1). Such an unexpectedly high rate was attributed to the absence of catalyst deactivation 

processes that have otherwise occurred during preparation of f1 (the use of a different alcohol is not 

expected to be significant after the non-rate-determining initiation step). However, as previously 

discussed, delivery of catalyst 1 to an industrial solvent-free polymerisation process as a saturated 

solution in toluene is not a viable method for producing PLA on an industrially relevant timescale 

without simultaneously introducing a large quantity of toluene. The apparent presence of a catalyst 

induction period is attributed to inefficient heating of the reaction vessels following submersion in a 

heated silicone oil bath. Moreover, the consistently low dispersity of all PLA samples obtained in 

course of the kinetic isotope study renders highly unlikely the possibility of the induction period 

having arisen from slow solvation of the catalyst, or a slow initiation event.  

The observed rate constants for reactions carried out using deutero-ethanol and protio-

ethanol were kobs = 0.0130 ± 0.0009 min–1 and kobs = 0.0181 ± 0.0017 min–1, respectively, 

corresponding to a small but significant kinetic isotope effect, the rate of the protio system being 

approximately 1.4 times greater than that of the deutero system. Pleasingly, evidence of the kinetic 

isotope effect was observed for all reaction times of 45 minutes or longer, with the difference in 

conversion attained by the two systems consistently becoming larger at longer reaction times. 

The observed kinetic isotope effect suggests that the labelled hydrogen atom is directly 

involved in propagation in the current system. This is compatible with the ROP of LA proceeding 

via an activated monomer mechanism in which, characteristically, addition of each equivalent of the 

monomer to the growing polymer chain necessarily requires proton transfer from the existing chain 

end, to the new chain end to occur. Although 1 does not bear an alkoxide initiating group, the 

complete dissociation of one H+TP ligand in the presence of excess BnOH, to form a heteroleptic 

TP-supported Zr(IV) alkoxide pre-catalyst, [LMeZrOBn], followed by an immortal coordination-

insertion mechanism, had been considered as an alternative mechanistic pathway. However, whilst 

in that scenario the chain transfer process would entail exchange of the acidic (co-initiator-derived) 

proton between dormant and active (metal-coordinated) polymer chains, that process would be non-

rate-determining, and the rate-determining propagation step would not involve any proton transfer 

event. Consequently, such a mechanistic possibility could not be reconciled with the observation of 

a kinetic isotope effect corresponding to involvement of the acidic proton in the rate-determining 

step, in a system that also afforded the good molecular weight control and low polymer dispersity 

characteristic of an immortal kinetic regime. For those reasons, and supported by computational 

results (see below),33 the possibility was discounted of the ROP of LA in the presence of 1 proceeding 

via a complete ligand dissociation and subsequent coordination-insertion pathway.  
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Due to the coordinative saturation of the metal centre of 1, any plausible activated monomer 

mechanism must presumably involve dissociation of at least one ligand phenolate group from the 

metal centre prior to coordination of the monomer. Such a presumption is in agreement with 

computational studies, via which a ligand-assisted activated monomer mechanism has been 

elucidated, analogous to that reported by Carpentier and co-workers for aminoether phenolate and 

aminoether fluoroalkoxide complexes of divalent alkaline earth and rare earth metals.33,37 Moreover, 

the modest magnitude of the kinetic isotope effect is compatible with the calculated rate-determining 

step (see Computational Analysis), in which complete dissociation of the phenolate O-H bond of the 

preceding intermediate does not occur.33  

4.4  Computational Analysis of the Ring-Opening of L-Lactide in the 

presence of 1 and Benzyl Alcohol 

The computational studies described in the following section were carried out by Dr Antoine 

Buchard at the University of Bath.33 The results, and appropriate collaborative interpretation 

thereof, are included in this thesis in support of the experimental work described herein. 

The coordinative saturation of the Zr centre of catalyst 1, and the absence of any obvious 

initiating group, suggests that the ROP of LA in the presence of that species is incompatible with 

typical coordination-insertion or activated monomer mechanisms. Due to the difficulties inherent to 

applying experimental methods to the mechanistic study of a high-temperature, solvent-free ROP 

process in which an extremely low catalyst loading is present, a combined experimental and 

theoretical approach was employed in the current work, wherein Density Functional Theory (DFT) 

calculations were carried out alongside the kinetic studies described in the preceding parts of this 

chapter. The calculations were concerned with the ROP of L-LA in the presence of 1, and BnOH, 

and only the initiation step was considered, due to the computational resources demanded by the size 

and complexity of the system, and the anticipated mechanistic analogy of initiation and propagation 

events.  

Because of the large size of the catalytic system (involving up to 159 atoms in the initiation 

step), a layered basis set protocol was used, involving the Stuttgart/Dresden effective core potential 

(SDD ECP) and associated basis set for the Zr centre. Unlike earlier, more cursory computational 

studies, in which the initiation of the ROP of LA in the presence of 1 and BnOH was considered in 

vacuo,18,33 the solvent phase in the work described below was modelled as ethyl acetate using a self-

consistent reaction-cavity continuum solvation model (cpcm).38,39 This was anticipated to provide a 

reasonable approximation of the dielectric properties of molten LA. In all calculations the systems 

were modelled at a temperature of 453.15 K (180 ºC). The transition state for the rate determining 
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step was subsequently re-optimised at 447.15 K (174 ºC), to ensure parity with the experimental 

conditions, which made no significant difference to the magnitude of the activation barrier. 

Various plausible mechanisms were modelled. For example, if the ROP of LA in the 

presence of 1 and BnOH were to proceed via a coordination-insertion mechanism, this would 

presumably necessitate displacement (protonation) of one H+TP ligand on treatment with BnOH, to 

yield a heteroleptic TP-supported Zr(IV) benzyl alkoxide complex, [LMeZrOBn], II (Scheme 4.3). 

That event, apparently requiring transfer of both NH+ protons from the two (HLMe)2– ligands of 1 to 

the phenolate groups of the dissociating ligand, was calculated to be highly unfavourable. The Gibbs 

free energy of formation of [LMeZrOBn] from 1 (ΔG = +45.8 kcal mol–1) was found to be far greater 

than the experimentally-determined activation energy for the ROP of rac-LA in the presence of f1. 

The heteroleptic species was also modelled both with one and with two equivalents of L-LA, 

respectively, coordinated to the metal centre ([LMeZr(OBn)(L-LA)] and [LMeZr(OBn)(L-LA)2]), but 

formation of both systems was less favourable than of [LMeZrOBn] (ΔG = +50.7 kcal mol–1 and ΔG 

= 67.8 kcal mol–1, respectively). 1 has been shown via TGA to be thermally stable under an inert 

atmosphere up to a temperature of 225 °C, indicating the robustness of the ligand environment, and 

the groups of both Davidson and Tasker have noted the hydrolytic stability of 1 and related 

complexes.20,40 Most significantly, when a 1 mol% solution of 1 in benzyl alcohol, was heated to 200 

°C for 30 minutes, only partial decomposition was observed. The persistence of some of the catalyst 

under such conditions is not compatible with the rapid initiation of an immortal ROP process 

involving decomposition of 1 via ligand dissociation. The coordination-insertion pathway was 

consequently disregarded. 

 

 

Scheme 4.3. Energetically inaccessible ligand dissociation and zirconium benzyl alkoxide formation. 
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Further computational work considered two different mechanistic scenarios in which both 

ligands would remain in-situ at the metal centre: 

• Formation of a benzyl alkoxide complex, IV, by protonation of one phenolate 

moiety, followed by a coordination-insertion mechanism (Scheme 4.4). 

• An activated monomer mechanism wherein the Lewis acidic metal centre of 1 

activates the monomer carbonyl moiety. 

The formation of a benzyl alkoxide, IV, as described in the first scenario, would be 

anticipated to proceed first via formation of a hydrogen bonding interaction between the acidic proton 

of the alcohol and a metal-coordinated phenolate oxygen atom. That would be followed by proton 

transfer to the phenolate group, and Zr-alkoxide bond formation (Scheme 4.3). Formation of the 

intermediate hydrogen bonded binary complex, III, has been calculated to be only slightly 

endergonic; ΔG = +4.6 kcal mol–1. III is therefore suggested to represent the resting state of the 

catalyst in the presence of excess alcohol, such as under the experimental conditions described in the 

current work. Formation of the subsequent alkoxide complex, IV, is disfavoured but appears 

accessible; ΔG = +17.8 kcal mol–1. Several possible reaction pathways were explored, proceeding 

after formation of complex IV. Activation of the monomer via a hydrogen bonding interaction 

between the carbonyl oxygen and the protonated ligand phenolate moiety, proceeding via 

intermediate V (Pathway A, Scheme 4.4) was considered unfeasible due to the excessive distance 

between nucleophile and monomer, enforced by the steric demands of the system.  
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Scheme 4.4. Dissociation of a phenolate group of 1, mediated by BnOH, to form alkoxide complex IV, and 

various subsequent mechanistic scenarios. 

 

Another possibility that was considered, an example of the second, activated monomer-type, 

mechanistic scenario, was dissociation of a phenolate moiety of the second tripodal H+TP ligand 

from the metal centre of 1, permitting coordination of LA to the vacant site to form intermediate VI 

(Pathway B, Scheme 4.4). Dissociation of the phenolate group from the metal centre in such a 

scenario would entail transfer of the NH+ proton of the corresponding ligand to the phenolate group. 

Formation of the L-LA complex, VI, was calculated to be highly unfavourable (ΔG = +45.1 kcal 

mol–1), and the barrier to nucleophilic attack at the monomer by the alkoxide was determined to be 

+13.6 kcal mol–1 (ΔG‡ = +58.7 kcal mol–1), considered insurmountable under the reaction conditions. 
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An alternative pathway was considered, involving dissociation of a second phenolate moiety of the 

first ligand, resulting in a monodentate coordination mode (Pathway C, Scheme 4.4), via transfer of 

the respective NH+ proton, followed by coordination of LA at the resulting vacant site. Formation of 

the resulting species, VII, was found to be highly unfavourable, and the transition state corresponding 

to nucleophilic attack by the alkoxide was, again, considered inaccessible under the current 

conditions (ΔG = +40.3 kcal mol–1 and ΔG‡ = +51.9 kcal mol–1, respectively). 

It was also necessary to consider a classical Lewis-acid-catalysed activated monomer 

mechanism, in which all six phenolate groups of 1 would remain coordinated to the metal centre 

throughout. As expected, the saturated coordination environment and associated steric encumbrance 

about the metal centre of 1, entirely obstructed interaction with the monomer to form binary complex 

VIII, (Scheme 4.5). 

 

Scheme 4.5. Evaluated mechanistic scenarios for activated monomer-type mechanistic pathways, formation 

of intermediate IX being most favourable from presumed catalyst resting state III. 
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From the proposed resting state of the catalyst (binary complex III, of 1 and BnOH) 

dissociation of a ligand phenolate group may occur in the presence of LA without formation of a TP-

supported Zr(IV) benzyl alkoxide complex. The resulting anionic phenolate group would be 

stabilised in that scenario by hydrogen bonding to BnOH, with extension of the O-H bond of BnOH 

from 0.96103 Å to 1.00281 Å. The vacant metal coordination site would be occupied by the LA 

molecule, to form intermediate IX (Scheme 4.4), activating the carbonyl group of the monomer, with 

extension of the relevant C=O bond from 1.19855 Å to 1.22206 Å. Whilst this has been calculated 

to be less favourable than formation of the TP-supported Zr(IV) benzyl alkoxide species, IV (Scheme 

4.3), it is considered accessible; ΔG = +31.0 kcal mol–1. Furthermore, the high concentration of LA, 

relative to BnOH, under solvent-free polymerisation conditions is anticipated to favour this pathway. 

The simultaneous activation of alcohol and monomer species can presumably facilitate 

nucleophilic attack at the monomer carbonyl group, the calculated transition state energy for this 

event being ΔG‡ = +33.6 kcal mol–1. This value is considered accessible under the polymerisation 

conditions described in the current work, and is lower than for all other pathways considered. 

Furthermore, such concurrent activation of LA and BnOH corresponds to a ligand-assisted activated 

monomer mechanism, reminiscent of that reported by Carpentier and co-workers.37 No such 

mechanism has previously been reported for an industrially-relevant system.  

Nucleophilic attack by the ligand-activated BnOH molecule on LA was also modelled 

without LA being coordinated to the metal centre (IX*, Scheme 4.4). In addition to the formation of 

pentacoordinate Zr complex IX*, via dissociation of a phenolate group from Zr, being extremely 

endergonic (ΔG = +43.9 kcal mol–1), nucleophilic attack on the unactivated LA molecule was 

calculated to be highly inaccessible, with a transition state energy of ΔG‡ = +51.5 kcal mol–1. 
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Scheme 4.6. The rate-determining ring-opening of the metal-coordinated quaternary intermediate, X. A 

highly disfavoured alternative ring-opening event was also calculated, requiring rotation of the LA molecule 

to form X*. 

 

Following nucleophilic attack on the activated LA molecule (IX, Scheme 4.5), the resulting 

quaternary species, X (Scheme 4.6) (ΔG = +22.3 kcal mol–1), has been calculated to undergo a rate-

determining ring-opening event to yield the benzyl ester of a linear dilactyl species, hydrogen bonded 

to the anionic (not metal-coordinated) ligand arm to give structure XI, via transition state TSX-XI (ΔG‡ 

= +39.6 kcal mol–1). This was much more favourable than an alternative pathway, in which ring-

opening would occur with retention of the Zr-O bond to yield a growing chain covalently bonded to 
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the metal centre (structure XII). That alternative pathway would require rotation of the monomer to 

produce intermediate X*, followed by formation of the unfeasibly high-energy transition state TSX-

XII; ΔG‡ = +67.6 kcal mol–1. The favoured intermediate, XI, is additionally stabilised by coordination 

of a carbonyl moiety of the ring-opened species to the Zr centre, reminiscent of the structure of IX. 

Finally, the re-coordination of the ligand phenolate group to the metal centre has been found 

to be exergonic, affording a binary complex, XIII, of 1 and the growing chain (alcohol) (ΔG = +6.7 

kcal mol–1), analogous to intermediate III.  XIII is anticipated to represent the resting state of the 

catalyst during propagation, and is clearly relevant to the subsequent addition of further equivalents 

of the monomer to the growing chain. Decomposition of the binary complex to yield the free polymer 

chain and catalyst 1 has been calculated to be favourable (–6.5 kcal mol–1), and the entire initiation 

event to be almost thermodynamically neutral (ΔG = +0.2 kcal mol–1).  

 

Figure 4.25. Calculated Gibbs Free Energy profile for the ring-opening of L-LA (initiation of ROP) in the 

presence of 1 and BnOH at 180 C in ethyl acetate (approximating solvent-free conditions), proceeding via a 

ligand-assisted activated monomer mechanism, calculated using the PBE0-D3 protocol. 
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The ligand-assisted activated monomer pathway described above is generally in agreement 

with the results of previous calculations in which the reaction was considered to occur in vacuo. 

However, in this more thorough study, modelled in ethyl acetate, the free energies of the various 

species were found to be dramatically altered in all cases. Moreover, the conclusive identification of 

the ring-opening event as the rate determining step is in contrast to the previous work, in which 

nucleophilic attack on the metal-coordinated LA molecule to yield the quaternary intermediate was 

thought to be rate determining.18,33 

Overall, the ring-opening of LA in the presence of 1 and BnOH has been found to exhibit a 

slight endergonicity. This is consistent with previous computational studies of the ROP of LA by 

Gibson and Rzepa,41,42 among others.43 As only the initiation step was considered in the current work, 

the limiting free energy of the ROP process has not necessarily been accurately represented. Indeed, 

with an increased number of monomer units, the entropy of the system would be anticipated to 

increase, and the free energy of polymerisation would therefore be expected to become more 

favourable with increasing degree of polymerisation, improving consistency with the experimental 

value of ΔG‡. Of course, because BnOH is completely consumed during the preparation of f1, in 

catalytic use of that system even the ring-opening of the first equivalent of LA will be initiated by 

oligolactyl alcohol species, rather than BnOH. Based upon the preceding analysis, the Gibbs Free 

Energy profile for the initiation step, using the PBE0-D3 protocol is shown in Figure 4.25, with 

propagation expected to be mechanistically analogous. The resulting mechanism is commensurate 

with 1 being a catalyst, rather than a pre-catalyst, and the retention of extensive steric congestion 

about the metal centre throughout the catalytic cycle is consistent with the excellent control and 

suppression of side-reactions observed experimentally in the ROP of LA in the presence of 1.  

Because the reaction pathway has been delineated based on comparison of calculated 

activation barriers, all transition states for all pathways were re-optimised and computed using 

different functionals (ωB97XD and M06-D3) for comparison (Table 4.9, Figure 4.26). Those 

calculations all produced results in good agreement with those obtained using the PBE0-D3 protocol, 

further supporting the proposed ligand-assisted activated monomer mechanism of ROP.  

 

Table 4.9. Transition state energies for the ligand-assisted activated monomer mechanism calculated with 

PBE0-D3, ωB97XD and M06-D3 protocols for comparison. 

 G‡, kcal mol–1 

Protocol PBE0-D3 ωB97XD M06-D3 

Transition State     

TSVI 58.7 63.9 60.9 

TSVII 51.9 54.7 52.1 

TSIX* 51.5 58.2 61.2 

TSIX-X 33.6 41.0 32.2 

TSX-XI 39.6 42.0 38.1 

TSX-XII 67.6 70.7 69.4 
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Figure 4.26. Gibbs free energies of the transition states optimised and computed using various functionals, 

normalised relative to TSIX-X. 

 

The possibility of modelling a second insertion of the monomer was considered, in which 

case systems of both D-LA and L-LA would have been calculated, to illuminate the origin of 

heteroselectivity in the current work. However, the discrepancy between Gibbs free energy values of 

transition states calculated using the different functionals was sufficiently large to suggest that the 

uncertainty in the values resulting from any such study would be too great, relative to the anticipated 

magnitude of the energetic disparity between heterotactic and isotactic enchainment events in a 

system of such moderate heteroselectivity as has been observed in the current work, to provide any 

useful information. Moreover, the origin of stereoselectivity is irrelevant to industrial application in 

the ROP of L-LA, and is therefore not the focus of the current work.  

All energetic barriers calculated at 180 °C were considered high compared to values found 

in the literature for ROP processes. However, transition state theory modelling indicated that 

mechanistic events for which ΔG‡  40 kcal mol–1 were accessible under the current conditions. 

Furthermore, the experimentally-determined ΔG‡ value for the ROP of rac-LA in the presence of 1, 

ΔG‡ = 32.5 kcal mol–1, was of a comparable magnitude. Finally, all transition states were re-

optimised and computed at 25 °C (Table 4.10). The lowest-energy transition states and the 

favourability of the ligand-assisted activated monomer mechanism were retained at that temperature. 

The rate-limiting activation barrier for the ligand-assisted activated monomer pathway at 25 °C was 

ΔG = +24.5 kcal mol–1, in agreement with values reported by others for the ROP of LA at the same 

temperature, determined via both computational and experimental methods.43,44 
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Table 4.10. Transition state energies for the ligand-assisted activated monomer mechanism calculated with 

PBE0-D3 at 180 °C and 25 °C. 

 G‡, kcal mol–1 

Protocol PBE0-D3, 180 °C PBE0-D3, 25 °C 

Transition State    

TSVI 58.7 44.8 

TSVII 51.9 36.1 

TSIX* 51.5 37.5 

TSIX-X 33.6 19.5 

TSX-XI 39.6 24.5 

TSX-XII 67.6 51.1 

 

4.5  Conclusions 

The robust, easily prepared, zwitterionic Zr(IV) complex 1, is a highly active catalyst for the 

ROP of LA,19,30 but is only very sparingly soluble in a range of industrially relevant solvent systems.18 

However, the industrial adoption of a benign metal-based catalyst such as 1 is anticipated to be reliant 

upon the provision of a liquid formulation of the catalyst. Such a formulation may facilitate catalyst 

injection into a solvent-free polymerisation process without introducing large volumes of exogenous 

solvent, or requiring alteration of existing infrastructure. Accordingly, such a system could represent 

a drop-in replacement of, for example, industrially relevant Sn(II) catalysts. 

The catalyst formulation f1 comprises 1 dissolved in a matrix of lactyl oligomers, generated 

in-situ on heating 1, rac-LA and BnOH in the molar ratio 1:100:100, allowing both co-initator and 

catalyst species to be manipulated and stored as a single liquid system that appears to be indefinitely 

stable at ambient temperature.18 The work contained in this chapter has been concerned with the 

kinetic study of the ROP of LA in the presence of f1.  

It has been shown that f1 is able to efficiently initiate the solvent-free ROP of LA under 

industrially relevant conditions, and at remarkably low catalyst loadings, offering good molecular 

weight control under an immortal regime. The reaction kinetics afforded by f1 have been shown to 

be fast, predictable and adherent to a first-order rate dependence with respect to f1, and a linear 

relationship between reaction rate and temperature has been observed to exist across the temperature 

range most likely to be relevant to industrial application. Moreover, whilst use of f1 necessitates that 

the molar ratio of co-initiator to catalyst used in the ROP of LA is extremely high (100:1), this being 

further exacerbated by some apparent degradation of 1 during the formulation process, the activity 

afforded by the current protocol appears sufficient for the preparation of high-molecular weight PLA 

to be achieved on a short timescale. It has also been observed in the course of catalytic application 

of f1 that under high-temperature, solvent-free conditions, proliferation of undesirable 

transesterification processes is suppressed, affording PLA of narrow dispersity, and that the ROP of 

rac-LA is slightly heteroselective.  
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An industrially relevant catalytic protocol has therefore been developed for the solvent-free 

ROP of LA, and a practical kinetic model has been established, anticipated to facilitate delivery of 

high-molecular weight PLA in the minimum possible reaction time, maximising energy- and cost-

efficiency, whilst limiting the extent of any undesirable side-reactions. Due to the high, fixed molar 

ratio of co-initiator to catalyst in f1 ([ROH]:[Zr] = 100:1), the effect on the polymerisation rate of 

altering the relative concentration of the co-initiator with respect to the catalyst can be disregarded. 

Such a simplified model is especially suitable for optimisation of industrial processes in which f1 

may be used. 

Experimental observations are compatible with the ROP of LA in the presence of 1 

proceeding via a ligand-assisted activated monomer mechanism, in agreement with computational 

studies.33 This pathway is unprecedented for a robust, industrially relevant system. 

Encouraged by the high activity and predictable reaction kinetics afforded in the ROP of LA 

by catalyst formulation f1, the next chapter will be concerned with the delivery and scale-up of an 

optimised catalytic protocol suitable for industrial application. 

4.6  Further Work 

The catalytic protocol described in the current work has been developed to ensure 

compatibility with industrial processes. It is therefore desirable to further optimise the resulting 

system, and to assess its suitability for application to the large-scale ROP of unpurified commercial 

L-LA. The following chapter will be concerned with those objectives. 
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5. OPTIMISATION AND SCALE-UP OF AN INDUSTRIALLY 

RELEVANT CATALYTIC PROTOCOL FOR THE RING-

OPENING POLYMERISATION OF LACTIDE 

5.1 Background 

In the preceding chapter it was established that the catalyst formulation f1 represents a highly 

efficient protocol for the catalytic ROP of LA, under a high-temperature, solvent-free regime. Under 

those conditions, f1 readily furnished high-molecular weight PLA from recrystallised rac-LA, on an 

industrially relevant timescale, at extremely low catalyst loadings and with good molecular weight 

control. f1 was shown to be potentially suitable for industrial use, offering predictable reaction 

kinetics with effective suppression of undesirable side-reactions. The current chapter will discuss the 

further development of that catalytic protocol, to deliver a system ready for application to the large-

scale, industrial ROP of L-LA. This will firstly consider further optimisation of the catalyst 

formulation method. In particular, that section will be concerned with reducing the extent of catalyst 

degradation occurring during the formulation process, in order to deliver a favourable combination 

of high activity and low metal concentration. Even in the case of a benign or relatively inexpensive 

metal complex, the provision of an efficient catalytic protocol in which the loading of the active 

species is minimised, is commercially attractive. In addition to reducing expenditure on the 

preparation or procurement of catalysts, in polymer manufacture where the catalyst residues may 

typically remain within the product, it is also desirable to produce a material that is as close as 

possible to being “metal-free”, ensuring compatibility with the widest possible range of applications.  

Secondly, assessment of the suitability of f1, and related systems f2 and f3, described 

forthwith, for the industrial ROP of L-LA will be discussed. This will primarily be concerned with 

scale-up of the ROP of L-LA, to the 500 g – 2 kg scale with respect to the monomer, using unpurified 

commercial LA under challenging, industrially relevant conditions.  

  



 

249 

 

5.2 Optimisation of the Catalyst Formulation Method 

5.2.1 Preparation of Catalyst Formulations f2 and f3 

It was suggested in the previous chapter that some irreversible deactivation of catalyst 1 

occurred during the preparation of catalyst formulation f1. Whilst f1 afforded high activity at 

extremely low metal concentrations, the possibility of enhancing catalytic activity by reducing the 

extent to which thermal degradation of the catalyst occurred, was considered. Although the molar 

ratio of the co-initiator and Zr used to prepare f1 was already extremely high ([ROH]:[1] = 100:1), 

two further formulations, f2 and f3, were prepared, in which [ROH]:[Zr] was increased to 150:1 and 

200:1, respectively (prepared from mixtures of 1, BnOH and rac-LA in the molar ratios 1:150:150 

and 1:200:200, Table 5.1). It was anticipated that such a change in stoichiometry would reduce the 

heating time required to produce a clear solution, minimising catalyst deactivation, and therefore 

affording higher activity, relative to the metal concentration, than f1. Furthermore, in the previous 

chapter it was suggested that in the catalytic ROP of LA initiated by 1, the molar ratio of co-initiator 

to catalyst may influence the rate, below an undetermined threshold value of several hundred 

equivalents of the co-initiator with respect to 1. Accordingly, the presence of 150 or 200 equivalents 

of alcohol in f2 or f3, respectively, may be anticipated to enhance the rate relative to if f1 was used.  

 

Table 5.1. Preparation of catalyst formulations f1, f2 and f3, by heating 1, rac-LA, and BnOH in various 

molar ratios. 

Formulation [1]:[LA]:[BnOH], molar ratio Heating time, min 

f1 1:100:100 50 

f2 1:150:150 35 

f3 1:200:200 30 

 

Whereas the preparation of f1 required the reaction mixture to be heated to 180 °C for 50 

minutes before the catalyst became fully dissolved, the preparation of formulations f2 and f3 

necessitated heating for only 35 minutes and 30 minutes, respectively. This confirms, as expected, 

that slow dissolution of catalyst 1 in the oligo(lactic acid) matrix is the primary factor determining 

the heating time required during the formulation process, rather than the rate of the catalytic ring-

opening event. Furthermore, both f2 and f3 were significantly paler in colour than f1, tentatively 

attributed to a reduction in the proliferation of undesirable thermal degradation processes with respect 

to either colourless complex 1, or the oligolactyl solvent phase of the catalyst formulation.  
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5.2.2 Comparison of f1, f2 and f3 in the ROP of rac-Lactide 

The respective catalytic activities of formulations f1, f2, and f3, were compared in the ROP 

of rac-LA, monitored in-situ via ATR-FT-IR spectroscopy. In the first such comparison (reactions 

IR-6, IR-24, and IR-25, respectively), each polymerisation was carried out in the presence of 0.013 

mol% Zr, corresponding to alcohol concentrations of 1.30 mol%, 1.95 mol%, and 2.60 mol% for IR-

6 (f1), IR-24 (f2), and IR-25 (f3), respectively (IR-6, [LA]:[Zr]:[ROH] = 7692:1:100; IR-24, 

[LA]:[Zr]:[ROH] = 7692:1:150; IR-25, [LA]:[Zr]:[ROH] = 7692:1:200)). In all cases molecular 

weight control was good, and PLA of low dispersity was obtained (ÐM = 1.06 – 1.08) (Table 5.2, 

Figure 5.1). 

 

Table 5.2. Polymerisation data for reactions IR-6, IR-24 and IR-25, for comparison of polymerisation 

activity in the presence of f1, f2 and f3, respectively, at equimolar catalyst loading. 

Conditions: 20 g of rac-LA, solvent-free, 174 °C. a Molar ratio. b Conversion determined via 1H NMR spectroscopy, by 

integration of the monomer and polymer methine resonances. c Mn
Theo calculated from conversion and alcohol 

concentration, for {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴} d Determined via GPC analysis in THF using Triple 

Detection. e kobs Rate constants determined by initial rate analysis of in-situ ATR-FT-IR spectroscopic reaction monitoring 

data. f TOF calculated from percentage conversion, determined via 1H NMR spectroscopy, {𝑇𝑂𝐹 =
(1−[𝐿𝐴]𝑡)

[𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡]×𝑡
}, where t 

= 5 mins for IR-24 and IR-25, and t = 15 mins for IR-6, and assuming no catalyst degradation occurred during the 

formulation process. 

 

Figure 5.1. Semi-logarithmic initial rate plots for the ROP of rac-LA in the presence of catalyst formulations 

f1, f2, and f3, at equimolar metal loadings. 
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The rate of the ROP of rac-LA was lowest in the presence of f1 (IR-6), and highest in the 

presence of f3 (IR-25). The rate discrepancy between the three systems at equimolar metal loadings 

can be partly attributed to variation in the molar ratio of alcohol and catalyst species present, this 

having an influence on the rate below a certain threshold stoichiometry, as described in the preceding 

chapter (see reactions IR-6, IR-19, IR-20). However, the observed rate of IR-20 (described in the 

previous chapter, [LA]:[Zr]:[ROH] = 7692:1:346, kobs = 0.1321 min–1) only exceeded that of IR-6 

([LA]:[Zr]:[ROH] = 7692:1:100, kobs = 0.0672 min–1) by a factor of two, despite an approximately 

3.5-fold increase in the alcohol concentration, and use of an equimolar metal loading. By contrast, 

the rates of IR-24 (kobs = 0.1496 min–1) and IR-25 (kobs = 0.1720 min–1) exceeded that of IR-6 by 2.2 

times and 2.6 times, respectively, when the relative concentration of the alcohol with respect to 1 

was only 1.5 times and 2 times greater, respectively, than in IR-6. IR-24 also exhibited a higher rate 

than IR-19 did after addition of 0.8 mol% of exogenous BnOH (IR-16, 4 – 8 minutes , f1 and BnOH 

used; [LA]:[Zr]:[ROH] = 7692:1:162, kobs = 0.1124 min–1), despite the alcohol concentration in IR-

24 being slightly lower than in IR-19. 

The much lower rate of IR-6 in comparison to both IR-24 and IR-25, which exhibited 

relatively similar rates, is most compatible with the duration for which heating was carried out during 

preparation of the relevant catalyst formulation being an important factor in determining the rate of 

ROP. However, due to the unknown relationship between heating time during formulation and the 

extent to which 1 becomes deactivated, all catalyst loadings discussed in the current work will 

describe the total number of Zr centres present in the reaction mixture, [Zr], rather than the 

concentration of active catalyst, [1].  

A further comparison of the relative catalytic activities of f1, f2, and f3 was carried out, in 

which the quantity of each formulation used corresponded to a co-initiator concentration of 1.30 

mol%, in all cases (reactions IR-6, [LA]:[Zr]:[ROH] = 7692:1:100, kobs = 0.0672 min–1, IR-26, 

[LA]:[Zr]:[ROH] = 11494:1:150, and IR-27, [LA]:[Zr]:[ROH] = 15384:1:200, respectively) (Table 

5.3, Figure 5.2). The value of Mn
GPC for the PLA produced in all cases was in good agreement with 

Mn
Theo, and the dispersity of the polymer was consistently low (ÐM = 1.08 – 1.11).  

In agreement with the preceding comparison of f1, f2, and f3 at equimolar metal loadings, 

the reactions IR-26 and IR-27 both exhibited higher activity, relative to IR-6, than would be 

anticipated if the rate was determined only by a first-order dependence on the metal concentration 

(that is, if neither the occurrence of catalyst deactivation during the formulation process, nor the 

molar ratio [ROH]:[Zr] influenced the rate). Furthermore, the respective absolute rates of both IR-

26 and IR-27 exceeded that of IR-6, despite the metal loading being significantly lower in both cases 

than in IR-6. In agreement with the kinetic analysis of IR-24 and IR-25, this is most compatible with 

some catalyst deactivation having occurred during the formulation process, as well as the alcohol 
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concentration contributing to the rate discrepancy. Consequently, it seems most feasible that the 

extremely high activity of f2 and f3 relative to f1, at equimolar metal loadings, can be attributed in 

large part to greater proliferation of catalyst deactivation events during the formulation process of f1, 

in addition to the molar ratio of co-initiator and catalyst influencing the rate, below a threshold value.  

 

Table 5.3. Polymerisation data for reactions IR-6, IR-26 and IR-27, for comparison of polymerisation 

activity in the presence of f1, f2 and f3, respectively, at equimolar co-initiator concentration. 

Conditions: 20 g of rac-LA, solvent-free, 174 °C. a Catalyst dosed as formulation f1. b Catalyst dosed as formulation f2. 
ccCatalyst dosed as formulation f3.  d Molar ratio. e Conversion determined via 1H NMR spectroscopy, by integration of the 

monomer and polymer methine resonances. f Mn
Theo

 calculated from conversion and alcohol concentration, for 

{(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴} g Determined via GPC analysis in THF using Triple Detection. h Rate 

constants determined by initial rate analysis of in-situ ATR-FT-IR spectroscopic reaction monitoring data. i TOF calculated 

from percentage conversion, determined via 1H NMR spectroscopy, {𝑇𝑂𝐹 =
(1−[𝐿𝐴]𝑡)

[𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡]×𝑡
}, where t = 10 min for IR-26 and 

IR-27, and t = 15 min for IR-6, and assuming no catalyst degradation during the formulation process. 

 

 

Figure 5.2. Semi-logarithmic initial rate plots for the ROP of rac-LA in the presence of catalyst formulations 

f1, f2, and f3, at equimolar co-initiator concentration. 
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It would presumably be possible to determine the relative contributions of catalyst 

deactivation and alcohol concentration in determining the catalytic activity of f1, f2, and f3, 

respectively, by replicating the kinetic analyses that have already been discussed in this section, using 

samples of f2 and f3 that have been heated for 50 minutes during preparation, ensuring consistency 

with f1. However, such analysis would be predicated upon the assumption that any catalyst 

decomposition processes occurring during formulation exhibit a zeroth-order or pseudo-zeroth-order 

rate dependence with respect to all species present. Nonetheless, in the current work it was sufficient 

to note that both f2 and f3 were able to yield PLA of equivalent molecular weight to that produced 

using f1, in the presence of lower metal loadings, whilst delivering faster reaction kinetics, and 

requiring less sustained heating during formulation. 

Most significantly, the rate increase observed in the ROP of rac-LA when f2 or f3 were used, 

relative to f1, presented the possibility of high-molecular weight PLA being prepared efficiently in 

the presence of even lower catalyst concentrations than have already been considered herein (e.g. 

[Zr] < 10 ppm, [Zr] < 1.25x10–3 mol%, [LA]:[Zr] > 80 000:1). Furthermore, when the TOF was 

calculated for each reaction, assuming that no catalyst degradation had occurred, the values obtained 

in the case of f2 and f3 under industrially relevant conditions were similar to that reported for 

Williams and co-workers’ highly active dizinc species under milder solution-phase conditions.1 If 

catalyst degradation were to be accounted for in the current work, the TOF of 1 may be anticipated 

to surpass that of the literature system.  
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5.3 Analysis of Side-Reactions in the Ring-Opening Polymerisation of L-

Lactide 

Almost all of the kinetic analyses of the ROP of LA in the presence of f1, f2, or f3 described 

so far in the current work have considered the ROP of rac-LA, despite industrial PLA production 

typically being concerned with the polymerisation of L-LA. As described in the preceding chapter, 

the measured reactivity ratio of rac-LA and L-LA, corresponding to the heteroselectivity of the 

catalytic protocol, could, in principle, allow the findings of the kinetic study of the ROP of rac-LA 

to be readily applied to predicting the ROP kinetics of L-LA under identical conditions.2 However, 

it was considered that some increased proliferation of undesirable side reactions may be observed for 

the stereopure monomer feed, due to the reduced favourability of isotactic enchainment, relative to 

heterotactic enchainment. 

Stereochemical defects arising from epimerisation of the lactyl stereocentres of the PLA 

backbone are deleterious to the crystallinity of homochiral PLA, and consequently affect the 

material’s thermomechanical properties.3,4 It was therefore necessary to assess whether any 

epimerisation occurred during the ROP of L-LA in the presence of 1. It has already been surmised in 

the previous chapter, based upon excellent agreement between values of Pr obtained via kinetic 

methods and product analysis, respectively, that epimerisation activity is negligible in the ROP of 

rac-LA catalysed by 1, and that the active species is the same when 1 is introduced either as a solid, 

or as a solution in lactyl oligomers (f1).2,5 However, in the ROP of L-LA, even a  very small degree 

of epimerisation can alter the material properties of the product. Homonuclear decoupled 1H NMR 

spectroscopic analysis of PLA produced from stereopure L-LA is a more direct method by which to 

detect epimerisation activity than comparing values of Pr in the ROP of rac-LA, determined via 

product analysis and kinetic methods, respectively. In the homonuclear decoupled 1H NMR spectrum 

of entirely isotactic PLA, the methine region contains only one singlet, corresponding to the [iii] 

tetrad.5,6  

Table 5.4. Polymerisation data for the ROP of L-LAin the presence of solid catalyst 1 and BnOH. 

Reaction a [LA]:[Zr]:[ROH] b Conversion, % c Mn
Theo, g 

mol–1 

d Mn
GPC, 

g mol–1 

d ĐM e Pr 

aB-10 3846:1:50 96 10740 14200 1.49 ~0 

bB-11 3846:1:5 96 106450 103400 1.56 ~0 

 

Conditions: 5 g of L-LA, solvent-free, 180 °C, 2 hours, catalyst dosed as solid 1. a Molar ratio. b Conversion determined 

via 1H NMR spectroscopy, by integration of the monomer and polymer methine resonances. c Mn
Theo

 calculated from 

conversion and alcohol concentration, {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻.]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻}. d Determined via GPC analysis in THF using 

Triple Detection. e Pr calculated using Coates’s method; Pr = √(2[sis]).5 
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Two polymerisations of L-LA, reactions B-10 and B-11, were carried out on a 1 g scale, in 

sealed J Young’s ampoules, under conditions expected to favour the proliferation of side-reactions 

such as epimerisation, transesterification and chain scission (Table 5.4). For example, the solid 

catalyst, 1, and exogenous BnOH, were used, allowing the catalyst loading to be increased relative 

to if f1, f2, or f3 had been used to produce PLA of equivalent molecular weight (B-10, 

[LA]:[1]:[BnOH] = 3846:1:50, Mn
Theo = 10 740 g mol–1; B-11, [LA]:[1]:[BnOH] = 3846:1:5, Mn

Theo 

= 106 450 g mol–1). The reactions were also carried out for two hours, significantly exceeding the 

duration anticipated to be necessary to reach high conversion under the conditions. In addition to 

assessing the prevalence of side-reactions, molecular weight control in the ROP of L-LA was 

evaluated. In particular, it was desirable to attempt the controlled preparation of PLLA of very high 

molecular weight (>100 000 g mol–1) in the presence of 1 (see reaction B-11).  

 

Figure 5.3. The methine region of the homonuclear decoupled 1H NMR (400 MHz) spectrum in chloroform-

d at 298 K of the PLA product of reaction B-11, containing one singlet corresponding to the iii tetrad. 

 

The samples of PLLA obtained on completion of reactions B-10 and B-11, were analysed by 

homonuclear decoupled 1H NMR spectroscopy, and no evidence of epimerisation of the chiral lactyl 

moieties was observed in either case (Figure 5.3). As expected, however, the dispersity of the 

polymer products was moderately high in both cases, presumably due to poorly controlled initiation 

in the presence of the solid catalyst. In both cases, Mn
GPC was in good agreement with Mn

Theo, and 

reaction B-11 successfully afforded PLA of Mn
GPC > 100 000 g mol–1.  
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5.4 Scale-Up of the Ring-Opening Polymerisation of L-Lactide in the 

Presence of Liquid Catalyst Formulations f1, f2, and f3 

Encouraged by the results of laboratory-scale ( 20 g of LA) polymerisation studies of the 

ROP of rac-LA and L-LA in the presence of catalyst formulations f1, f2, and f3, all three formulations 

were subsequently applied to the ROP of commercial L-LA (Total Corbion Lumilact®, no 

purification carried out prior to use, [free acid] < 7 mEq kg–1, measured 1.80 – 4.22 mEq kg–1) (Table 

5.5, Figure 5.4). This was carried out at 180 °C under industrially-relevant conditions, on a 500 g – 

2 kg scale, and was undertaken over a two-week period in October 2018, at the laboratories of Total 

Corbion PLA, in Gorinchem, the Netherlands. All reactions were carried out with mechanical 

stirring, in a jacketed stainless steel reactor, under a dry nitrogen atmosphere, at 180 C. The catalyst 

formulation was injected into the reactor when the monomer melt was at a temperature of 130 ºC, 

after which heating to 180 ºC was immediately commenced. Typically, the brief period required for 

the reaction temperature to reach 180 ºC following catalyst addition had no discernible effect upon 

the reaction kinetics. Time-resolved conversion and molecular weight data were obtained by drawing 

samples from the reactor at various times throughout the duration of each reaction, for analysis via 

1H NMR spectroscopy, and GPC. Although GPC analysis of all previous samples has been carried 

out using triple detection, the molecular weight values of PLLA reported in the following section 

were determined using a refractive index detector, calibrated against polystyrene standards, and with 

application of a Mark-Houwink factor of 0.58.7 This was due to the poor solubility in THF of the 

PLLA produced during the large-scale experiments, necessitating use of samples in which the 

concentration of PLLA was very low, with a potentially very large error. The Mark-Houwink factor 

of 0.58 is applicable only to highly isotactic PLLA or PDLA, and so use of triple detection was 

necessary for analysis of PLA produced in the course of the previous rac-LA polymerisations.7  
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Table 5.5. Polymerisation data for the large-scale ROP of unpurified commercial L-LA under industrial 

conditions, in the presence of f1, f2, f3, and Sn(Oct)2. 

Reaction Formulation Duration, 
min 

d [LA]:[M]:[ROH] e [M], 
ppm 

f Conversion, 
% 

ggMn
Theo, 

g mol–1 

hhMn
GPC,  

g mol–1 

hhĐM iikobs, 

min–1 

a,jTC-1 f1 210 34483:1:100/ 

22727:1:100 

18/ 

27 

71 30500/

5520 

k26900/9

700 

k1.15

/1.03 

0.0042 

bTC-2 f3 120 12346:1:200 50 94 8610 8750 1.18 0.0316 

bTC-3 f3 1350 66667:1:200 9 91 45440 37700 1.30 0.0029 

bTC-4 f2 240 52632:1:150 12 78 38980 32200 1.27 0.0077 

cTC-5 f2 390 76923:1:150 8 70 51790 41350 1.36 0.0031 

bTC-6 jSn(Oct)2 +  

Co-In. 

120 18868:1:55 44 93 46180 41800 1.94 0.0401 

Conditions: L-LA, solvent-free, 180 °C. a 2000 g of monomer. b 500 g of monomer. c 600 g of monomer.  d Molar ratio. 
eeMetal concentration, ppm by weight. f Conversion determined via 1H NMR spectroscopy, by integration of the monomer 

and polymer methine resonances. g Mn
Theo

 calculated from conversion and alcohol concentration, {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}, except in the case of reaction TC-6, where the Mr of the co-initiator has not been considered, 

{(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
)} h Determined via GPC analysis in THF using a refractive index detector, calibrated against 

polystyrene standards. A Mark-Houwink factor of 0.58 has been applied.7 i Rate constants determined by initial rate 

analysis, using conversion values determined by 1H NMR analysis of aliquots taken from the reactor during polymerisation. 

j Initiator, “Co-In.”, not disclosed due to commercial sensitivity. j Additional catalyst formulation f1 was added after 2 

hours. k Molecular weight distribution bimodal. Only highest molecular weight peak used to determine these values. 

 

In all cases, molecular weight control was good, a linear relationship being observed between 

Mn
GPC and Mn

Theo, and dispersity remaining relatively low (ÐM  1.36). The magnitude of ÐM also did 

not typically exhibit any clear increase over the course of a polymerisation. It was apparent in all 

cases that undesirable side-reactions were supressed, and entirely isotactic PLLA was consistently 

produced. PLA of high molecular weight (Mn
GPC = 32 200 g mol–1 – 41 350 g mol–1) was obtained 

using both f2 and f3, at extremely low metal loadings (TC-3 – TC-5, [LA]:[Zr] = 52 632:1 – 76 

923:1), suggesting that 1 was robust towards the challenging reaction conditions. However, values 

of Mn
GPC were typically lower than Mn

Theo, this being attributed to additional initiation events 

occurring in the presence of protic impurities in the unpurified monomer feed. By comparison, the 

ROP of L-LA under the same conditions, carried out in the presence of Sn(Oct)2 and an exogenous 

alcohol, exhibited poor control, with a reduction in molecular weight, and corresponding increase in 

dispersity, being noted at high conversion, attributed to uncontrolled proliferation of side-reactions. 

All reactions carried out in the presence of formulations f2 and f3 (TC-2 – TC-5) exhibited 

characteristic first-order kinetics with respect to the monomer, without any apparent induction 

period. By contrast, reaction TC-1, in which f1 was used, proceeded most slowly in the first 30 

minutes and at a slightly higher rate thereafter, deviating significantly from first-order kinetics. 

However, reaction TC-1 was undertaken on a 2000 g scale with respect to the monomer, whereas 

reactions TC-2 – TC-5 only involved 500 – 600 g of LA each. The slow initial rate in the case of TC-
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1 is therefore attributed to the reaction mixture requiring much more time after catalyst addition to 

reach 180 ºC than those reactions in which the volume of LA used was much smaller. 

 

Figure 5.4. Semi-logarithmic initial rate plots for reactions TC-1 – TC-6, in which unpurified commercial L-

LA was polymerised under industrially relevant conditions. 

 

In agreement with kinetic studies of the ROP of rac-LA on a 20 g scale, the initial rate of the 

ROP of L-LA in the presence of f3 (reaction TC-3) was comparable to that in the presence of f1 (TC-

1), where the alcohol concentration was equivalent, and the metal loading in TC-1 was twice that of 

TC-3. However, as discussed, the observed rate of TC-1 may have been influenced by the 

temperature profile of the reaction, the rate of heating after catalyst addition being limited by the 

large volume of the reaction mixture. The reaction TC-4, in which a quantity of formulation f2 was 

used that ensured consistency with the co-initiator concentrations of TC-1 (f1) and TC-3 (f3), 

exhibited an initial rate 2.7 times higher than that of TC-3, surpassing by a factor of two the 1.3-fold 

rate enhancement observed for f2 relative to f3, in the ATR-FT-IR-monitored ROP of rac-LA. The 

large rate difference is attributed to the combined influences of catalyst deactivation, occurring both 

during the formulation process and under the polymerisation conditions, and the molar ratio of ROH 

and Zr present affecting the rate below a threshold value. 

  

y = 0.0042x - 0.0273
R² = 0.97

y = 0.0316x - 0.0023
R² >0.99

y = 0.0029x + 0.0408
R² > 0.99

y = 0.0077x - 0.0205
R² = 0.99

y = 0.0031x + 0.0247
R² = 0.99

y = 0.0401x + 0.0744
R² = 0.99

0

0.5

1

1.5

2

2.5

0 60 120 180 240 300 360 420

-l
n

(1
-[

P
LA

]t
)

Time, min

TC-1

TC-2

TC-3

TC-4

TC-5

TC-6



 

259 

 

Table 5.6. Conversion and polymer characterisation data for samples drawn from the reactor at various times 

throughout reaction TC-1. 

Time, min a Conversion, % b Mn
Theo, g mol–1 e Mn

GPC, g mol–1 e ĐM 

10 3 1740 600 1.03 

20 5 2740 1000 1.13 

30 8 4220 1700 1.18 

60 16 8200 5350 1.13 

90 28 14160 10100 1.06 

120 40 20110 14750 1.04 

 Additional f1 added after 120 minutes 

210 71 c 30500/d 5520 26900/9700 1.15/1.03 

Conditions: L-LA, solvent-free, 180 °C, 2000 g of monomer. [LA]:[Zr]:[ROH] = 34 483:1:100; Zr and ROH introduced as 

catalyst formulation f1, a further aliquot of f1 was added after 120 minutes, such that [LA]:[Zr]:[ROH] = 22 727:1:100, 

based on the initial concentration of LA. a Conversion determined via 1H NMR spectroscopy, by integration of the monomer 

and polymer methine resonances. b Mn
Theo

 calculated from conversion and alcohol concentration, {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}. c {(𝑀𝑟,𝐿𝐴 × (

40+(31×
0.29

0.29+0.15
)

100
) ×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}. d {(𝑀𝑟,𝐿𝐴 × (

(31×
0.15

0.29+0.15
)

100
) ×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 + 𝑀𝑟,𝐿𝐴}. e Determined via GPC analysis in THF using a refractive index detector, calibrated against 

polystyrene standards, with application of a Mark-Houwink factor of 0.58.7 

 

The reaction TC-1, in which f1 was used (initial conditions: [LA]:[Zr]:[ROH] = 34 

483:1:100, [Zr] = 18 ppm by weight), was allowed to proceed for 120 minutes, after which 40 % 

conversion had been reached (Table 5.6, Figure 5.5). A further aliquot of f1 was then added to the 

reaction mixture (composition after addition, [LA]:[Zr]:[ROH] = 22 727:1:100 based on initial [LA], 

[Zr] = 27 ppm by weight), and the polymerisation allowed to proceed for a further 90 minutes, 

reaching 71 % conversion.  

 

Figure 5.5. Overlaid plots of [PLA] against time, and Mn
GPC against time, for reaction TC-1, exhibiting 

significant deviation from the anticipated reaction profile characteristic of first-order kinetics with respect to 

the monomer. 
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When the isotactic PLLA obtained on completion of TC-1 was analysed via GPC, a bimodal 

distribution was observed (Figure 5.6), and the relationship between Mn
GPC and Mn

Theo was 

approximately linear for the heavier distribution (Figure 5.7). GPC analysis of a sample drawn from 

the reaction mixture after 90 minutes revealed an entirely monomodal molecular weight distribution 

(see Appendix). The distribution of lower-molecular weight PLA in that case had therefore been 

initiated following the second addition of f1, and was well-resolved from the heavier fraction, such 

distinct bimodality indicating that no appreciable transesterification activity had occurred. Although 

PLA of moderately high molecular weight (Mn
GPC = 26 900 g mol–1) was obtained from TC-1, the 

rate was sufficiently low as to suggest that f1 is unsuitable for application to the ROP of unpurified 

commercial L-LA under the challenging conditions of industrial use. Accordingly, f1 was not used 

again in the current work. 

 

Figure 5.6. GPC (refractive index) trace for the PLLA product obtained on completion of reaction TC-1, 

showing bimodal molecular weight distribution, corresponding to two distinct initiation events. Distribution 

1: Mn
GPC = 26 900 g mol–1, Ð = 1.15. Distribution 2: Mn

GPC = 9700 g mol–1, ÐM = 1.03. 

 

Figure 5.7. Plot of Mn
GPC against Mn

Theo for reaction TC-1, indicating excellent adherence to immortal 

polymerisation kinetics. 
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Table 5.7. Conversion and polymer characterisation data for samples drawn from the reactor at various times 

throughout reaction TC-2. 

Time, min a Conversion, % b Mn
Theo, g mol–1 c Mn

GPC, g mol–1 c ĐM 

30 61 5670 4850 1.07 

60 85 7810 7350 1.09 

90 92 8250 8650 1.11 

120 94 8610 8750 1.18 

Conditions: L-LA, solvent-free, 180 °C, 500 g of monomer. [LA]:[Zr]:[ROH] = 12 346:1:200; Zr and ROH introduced as 

catalyst formulation f3. a Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer 

methine resonances. b Mn
Theo

 calculated from conversion and alcohol concentration, {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 +

𝑀𝑟,𝐿𝐴},  c Determined via GPC analysis in THF using a refractive index detector, calibrated against polystyrene standards, 

with application of a Mark-Houwink factor of 0.58.7 

 

Reaction TC-2 (Table 5.7) was carried out using catalyst formulation f3, at a metal loading 

much higher than was used in TC-1 ([LA]:[Zr]:[ROH] = 12 346:1:200, [Zr] = 50 ppm by weight).  

The rate of reaction TC-2 was approximately 7.5 times higher than that of TC-1 (Figure 5.4, Figure 

5.8), broadly commensurate with the expected rate difference based on the ROP of rac-LA in ATR-

FT-IR-monitored reactions IR-6, IR-25 and IR-27 (which used f1, f2 and f3, respectively, at 

equimolar concentrations of ROH). Excellent agreement was observed between values of Mn
GPC and 

Mn
Theo throughout the reaction (Figure 5.9). Presumably the difference between Mn

GPC and Mn
Theo 

consistently observed throughout reactions TC-1 and TC-3 – TC-5 was not noted in the case of TC-

2 due to the much higher concentration of co-initiator, relative to the monomer, present in this 

reaction, rendering the effect of chain initiation by protic impurities in the LA feed much less 

significant.  

 

Figure 5.8. Overlaid plots of [PLA] against time, and Mn
GPC against time, for reaction TC-2. 
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Whilst the polymerisation TC-2 was fast, 85 % conversion being reached in one hour, and 

94 % in two hours, the molecular weight of the isotactic PLLA product (Mn
GPC = 8750 g mol–1, Mn

Theo 

= 8580 g mol–1) was, as expected, too low for the protocol to be directly applied to industrial PLLA 

production. Accordingly, application of f3 to the industrial ROP of L-LA would either require 

impractically long reaction times, or be limited in relevance to applications in which low-molecular 

weight material was required. 

 

 

Figure 5.9. Plot of Mn
GPC against Mn

Theo for reaction TC-2, indicating excellent adherence to immortal 

polymerisation kinetics. 

 

Despite the apparent incompatibility of formulation f3 with direct industrial use, it was 

desirable to assess whether that system could be successfully applied to the preparation of high-

molecular weight PLLA, the 200:1 molar ratio of ROH and Zr in f3 necessitating use of an extremely 

low metal loading. Accordingly, reaction TC-3 was carried out, wherein [LA]:[Zr]:[ROH] = 66 

667:1:200 ([Zr] = 9 ppm by weight), proceeding for 1350 minutes and reaching high conversion (91 

%, Table 5.8). TC-3 exhibited predictable first-order kinetics with respect to the monomer (Figure 

5.4, Figure 5.10). However, the rate of the reaction was much slower than expected, relative to TC-

2. Whereas there was a 5.4-times difference in [Zr] between TC-2 and TC-3, the value kobs for TC-2 

was 10.9 times greater than that of TC-3. This is compatible with the concentration of catalyst 1 in 

each reaction having been reduced by a consistent molar quantity in both TC-2 and TC-3, presumably 

by stoichiometric reaction with some impurity in the monomer feed.  
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Table 5.8. Conversion and polymer characterisation data for samples drawn from the reactor at various times 

throughout reaction TC-3. 

Time, min a Conversion, % b Mn
Theo, g mol–1 c Mn

GPC, g mol–1 c ĐM 

30 10 5220 2800 1.17 

60 21 10680 6850 1.06 

90 28 14160 9950 1.07 

120 33 16640 12600 1.08 

180 45 22600 16750 1.13 

240 51 25580 20000 1.16 

300 60 30050 24300 1.12 

420 71 35510 27100 1.18 

1350 91 45440 37700 1.30 

Conditions: L-LA, solvent-free, 180 °C, 500 g of monomer. [LA]:[Zr]:[ROH] = 66 667:1:200; Zr and ROH introduced as 

catalyst formulation f3. a Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer 

methine resonances. b Mn
Theo

 calculated from conversion and alcohol concentration, {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 +

𝑀𝑟,𝐿𝐴},  c Determined via GPC analysis in THF using a refractive index detector, calibrated against polystyrene standards, 

with application of a Mark-Houwink factor of 0.58.7 

 

 

 

Figure 5.10. Overlaid plots of [PLA] against time, and Mn
GPC against time, for reaction TC-3. 
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TC-2 and TC-3 can be reconciled with deactivation in each reaction of a consistent molar quantity 

0

5000

10000

15000

20000

25000

30000

35000

40000

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800 1000 1200 1400 1600

[P
LA

],
 m

o
l%

Time, min



 

264 

 

of the catalyst on introduction to the monomer melt, the amount of 1 that is deactivated in this manner 

cannot be quantified, unless the extent of catalyst deactivation occurring during the formulation 

process has previously been established. Furthermore, deactivation of the catalyst will necessarily 

increase the molar ratio of alcohol and active catalyst present in the reaction mixture. Specifically, 

deactivation of a discrete quantity of 1 by stoichiometric reaction with a contaminant of the monomer 

melt will cause the stoichiometry of catalyst and co-initiator to differ even in polymerisation 

reactions in which the same catalyst formulation has been employed. Evidently, the observed reaction 

kinetics of the ROP of LA in the presence of catalyst formulations f1, f2, and f3, respectively, are 

predicated upon a complex mechanistic scenario, further complicated by the apparent occurrence of 

catalyst deactivation processes during the formulation process.  

The stoichiometric decomposition of 1 on addition of the catalyst formulation to the 

monomer melt has been corroborated by the relative rates of reactions TC-4 and TC-5, in which f2 

was used. Moreover, despite TC-4 being carried out in the presence of a Zr concentration only 1.5 

times that used for TC-5, a 2.5-fold rate discrepancy was observed. 

Because the molar ratio of catalyst and co-initiator species differs between f2 and f3 and has 

an unquantified, likely non-linear,8,9 influence upon polymerisation activity, and the relationship 

between heating time and catalyst degradation is not known, the reaction rates afforded by f2 and f3, 

respectively, cannot in the current work be readily described by a general rate law applicable to f1, 

f2, f3 and other related systems. It is feasible, however, that with a small number of additional 

experiments, an empirical rate law could be constructed for the ROP of L-LA under industrial 

conditions, in the presence of a particular formulation (for example, f2). This would be similar to the 

analysis carried out in the previous chapter of the ROP of recrystallised rac-LA in the presence of 

f1, except the effect of stoichiometric catalyst degradation under the polymerisation conditions would 

necessarily have to be accommodated. Such an empirical model would not be representative of the 

true molar quantity of 1 deactivated under the conditions of ROP because, as discussed, to quantify 

that would necessarily require the extent of catalyst deactivation during formulation to be known.  
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Figure 5.11. Plot of Mn
GPC against Mn

Theo for reaction TC-3, indicating excellent adherence to immortal 

polymerisation kinetics. 

 

Figure 5.12. The methine region of the 1H NMR (400 MHz) spectrum in chloroform-d at 298 K of the crude 

PLLA product of reaction TC-3, showing high conversion, and a well-resolved quartet for the polymer 

product corresponding to a highly isotactic polymer. 

 

TC-3 afforded on completion PLLA of high, well-controlled molecular weight (Mn
GPC = 37 

700 g mol–1, Figure 5.11), and relatively low dispersity (ÐM = 1.30). Furthermore, like all PLLA 

samples prepared in the current work, the product was highly isotactic (Figure 5.12). In an effort to 

replicate the processing undergone by commercial PLA, the PLLA product of TC-3 was ground and 
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degassed to remove residual lactide, under vacuum and at high temperature, before being 

successfully extruded, at 200 ºC, to produce a filament. The filament was then pelletised and the 

resulting pellets crystallised at elevated temperature (Figure 5.13). Pleasingly, that material exhibited 

little discolouration, and DSC analysis revealed the presence of glass transition, cold crystallisation, 

and melting events characteristic of homochiral PLLA (see Section 7.8).  

 

Figure 5.13. 1) Catalyst formulation f2 in a micro-syringe under ambient air, prior to injection into the 

polymerisation reactor for reaction TC-5. 2) Extruded PLLA filament, produced from the PLLA product of 

reaction TC-3. 3) Pelletised material produced from the extruded filament product of TC-3. 4) Pelletised 

material after crystallisation. 

 

The PLA from reaction TC-3 was not stabilised, and GPC analysis of the processed material, 

after storage under ambient air for one year, revealed a reduction in Mn
GPC, from 37 700 g mol–1 to 

29 512 g mol–1 whilst, concomitantly, ÐM had increased slightly, from ÐM = 1.30 to ÐM = 1.43. It is 

not clear whether this degradation of the polymer was due to action of the catalyst or its degradation 

products during high-temperature processing, or to subsequent prolonged exposure to ambient 

atmospheric conditions. However, given the observed linearity of the relationship between Mn
GPC 

and Mn
Theo throughout the extremely long duration of TC-3 (1350 minutes), and the relative brevity 

of heating during the extrusion process, this may be considered unlikely. Nonetheless, extrusion was 

carried out after removal of residual LA, creating conditions under which chain scission and 

transesterification processes would presumably be more favourable. Although the catalytic protocol 

used for reaction TC-3 may be too slow for industrial use, it is apparent that the stability and 

processability of the PLA produced in the presence of a catalyst formulation of the type described 

herein, is sufficient for use in packaging applications.  
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The ROP of rac-LA has previously been shown (IR-6, IR-26, IR-27) to proceed at a higher 

rate in the presence of f2 than of either f1 or f3, in systems where the co-initiator concentration was 

equivalent ([Zr]f1, IR-6 > [Zr]f2, IR-26 > [Zr]f3, IR-27). f2 was therefore considered the system most likely 

to be suitable for the efficient industrial preparation of high-molecular weight PLLA. Consequently, 

reaction TC-4 was undertaken, in which commercial L-LA was polymerised in the presence of f2, at 

a very low metal loading ([LA]:[Zr]:[ROH] = 52 632:1:150, [Zr] = 12 ppm by weight). Pleasingly, 

PLLA of moderately high molecular weight was afforded on an industrially-relevant timescale (3 

hours: 74 % conversion, Mn
GPC = 31 250 g mol–1; 4 hours: 78 % conversion, Mn

GPC = 32 200 g mol–

1, Table 5.9), and in a controlled manner (Figure 5.14, Figure 5.15). It is therefore feasible that f2 

could be used for the industrial production of tin-free PLA suitable for a range of applications. 

 

Table 5.9. Conversion and polymer characterisation data for samples drawn from the reactor at various times 

throughout reaction TC-4. 

Time, min a Conversion, % b Mn
Theo, g mol–1 c Mn

GPC, g mol–1 c ĐM 

30 16 8100 4600 1.18 

60 32 16140 11650 1.05 

90 54 27070 18700 1.13 

120 58 29050 25300 1.21 

180 74 37000 31250 1.22 

240 78 38980 32200 1.27 

Conditions: L-LA, solvent-free, 180 °C, 500 g of monomer. [LA]:[Zr]:[ROH] = 52 632:1:150; Zr and ROH introduced as 

catalyst formulation f2. a Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer 

methine resonances. b Mn
Theo

 calculated from conversion and alcohol concentration, {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 +

𝑀𝑟,𝐿𝐴},  c Determined via GPC analysis in THF using a refractive index detector, calibrated against polystyrene standards, 

with application of a Mark-Houwink factor of 0.58.7 

 

 

Figure 5.14. Overlaid plots of [PLA] against time, and Mn
GPC against time, for reaction TC-4. 
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Figure 5.15. Plot of Mn
GPC against Mn

Theo for reaction TC-4, indicating excellent adherence to immortal 

polymerisation kinetics. 

 

Encouraged by the results of TC-4, a second polymerisation of L-LA in the presence of f2 

(Figure 5.13), TC-5, was carried out at a lower catalyst loading ([LA]:[Zr]:[ROH] = 76 923:1:150, 

[Zr] = 8 ppm by weight). This was undertaken in an effort to deliver PLLA of higher molecular 

weight than TC-4 had produced, and to do so efficiently in the presence of less than 10 ppm Zr by 

weight. 

 

Table 5.10. Conversion and polymer characterisation data for samples drawn from the reactor at various 

times throughout reaction TC-5. 

Time, min a Conversion, % b Mn
Theo, g mol–1 c Mn

GPC, g mol–1 c ĐM 

30 9 7070 3300 1.24 

60 18 13890 9100 1.13 

90 26 19960 14550 1.09 

120 34 26020 20900 1.14 

180 48 36630 24150 1.33 

240 57 43450 30150 1.26 

300 62 47240 35150 1.25 

360 68 51790 42100 1.31 

390 70 53300 41350 1.36 

Conditions: L-LA, solvent-free, 180 °C, 600 g of monomer. [LA]:[Zr]:[ROH] = 76 923:1:200; Zr and ROH introduced as 

catalyst formulation f2. a Conversion determined via 1H NMR spectroscopy, by integration of the monomer and polymer 

methine resonances. b Mn
Theo

 calculated from conversion and alcohol concentration, {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
) + 𝑀𝑟,𝐵𝑛𝑂𝐻 +

𝑀𝑟,𝐿𝐴},  c Determined via GPC analysis in THF using a refractive index detector, calibrated against polystyrene standards, 

with application of a Mark-Houwink factor of 0.58.7  
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TC-5 afforded predictable first-order kinetics with respect to the monomer (Figure 5.16), but 

the rate was very slow relative to TC-4 (Figure 5.4, Table 5.5). Whereas there was a 1.5-times 

difference in metal loading between TC-4 and TC-5, the value of kobs for TC-4 was 2.5 times greater 

than that of TC-5, commensurate with stoichiometric catalyst degradation occurring on introduction 

of f2 to the monomer melt. Although reaction TC-5 proceeded slowly, reaching 70 % conversion in 

6.5 hours, it afforded PLA of higher molecular weight, than TC-3, in which f3 was used, on a much 

shorter timescale, and at a lower catalyst loading. The value of Mn
GPC also exhibited a clear linear 

relationship with Mn
Theo (Table 5.10, Figure 5.17). However, the higher rate of TC-4, and the 

relatively modest reduction in Mn
GPC of the polymer product, relative to TC-5, suggests that of the 

protocols assessed under the current conditions, the one employed in TC-4 is likely to be most 

directly applicable to industrial PLA production. Moreover, reactions TC-4 and TC-5 have 

demonstrated that catalyst 1 is able to catalyse the ROP of unpurified commercial L-LA with 

remarkable efficiency, at extremely low catalyst loadings and under challenging conditions. 

 

 

 

Figure 5.16. Overlaid plots of [PLA] against time, and Mn
GPC against time, for reaction TC-5. 
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Figure 5.17. Plot of Mn
GPC against Mn

Theo for reaction TC-5, indicating excellent adherence to immortal 

polymerisation kinetics. 

 

For comparison with the catalyst formulations f1, f2, and f3, a further polymerisation was 

undertaken, in the presence of Sn(Oct)2 and an exogenous co-initiator (the identity of which was not 

disclosed, due to commercial sensitivity) ([LA]:[Sn]:[ROH] = 18 868:1:55). The rate of TC-6 was 

high, reaching 91 % conversion in 60 minutes (Figure 5.4, Figure 5.18). However, the molecular 

weight of the polymer was observed to decrease, with a concomitant dramatic increase in ÐM, over 

the course of the following 60 minutes (Table 5.11, Figure 5.18, Figure 5.19), during which the 

polymerisation conditions were maintained. This is characteristic of uncontrolled chain scission and 

transesterification processes, and was not observed for reactions undertaken in the presence of f1, f2, 

or f3, although only reaction TC-3 reached a conversion similar to TC-6. 

 

Table 5.11. Conversion and polymer characterisation data for samples drawn from the reactor at various 

times throughout reaction TC-6, carried out in the presence of Sn(Oct)2, and an exogenous co-initiator. 

Time, min a Conversion, % b Mn
Theo, g mol–1 c Mn

GPC, g mol–1 c ĐM 

30 76 37740 40350 1.12 

60 91 45190 50800 1.41 

90 94 46680 47400 1.62 

120 93 46180 41800 1.94 

Conditions: L-LA, solvent-free, 180 °C, 500 g of monomer. [LA]:[Sn(Oct)2]:[ROH] = 18 868:1:55. a Conversion 

determined via 1H NMR spectroscopy, by integration of the monomer and polymer methine resonances. b Mn
Theo

 calculated 

from conversion and alcohol concentration, mass of co-initiator not included in calculation {(𝑀𝑟,𝐿𝐴 ×
%𝑐𝑜𝑛𝑣

100
×

[𝐿𝐴]

[𝑅𝑂𝐻]
)}.  

ccDetermined via GPC analysis in THF using a refractive index detector, calibrated against polystyrene standards, with 

application of a Mark-Houwink factor of 0.58.7  

y = 0.7826x - 1353.2
R² = 0.98
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Figure 5.18. Overlaid plots of [PLA] against time, and Mn
GPC against time, for reaction TC-6. 

 

 

Figure 5.19. Plot of Mn
GPC against Mn

Theo for reaction TC-6, indicating excellent adherence to immortal 

polymerisation kinetics. 

 

Although the concentration of Sn(Oct)2 used in TC-6 was not consistent with the 

concentration of 1 employed in any of the reactions TC-1 – TC-5, it was apparent that under the 

conditions used, the activity of 1, introduced as either f2 or f3, was comparable to that of Sn(Oct)2. 

For example, the metal loading used for TC-6 ([Sn] = 0.0053 mol%; [LA]:[Sn]:[ROH] = 18 868:1:55) 

was approximately 0.65 times that of TC-2, in which f3 was used ([Zr] = 0.0081 mol%; 

[LA]:[Zr]:[ROH] = 12 346:1:200), but the rate of polymerisation of TC-6 (kobs = 0.0401 min–1) was 

1.27 times that of TC-2 (kobs = 0.0316 min–1). The ROP of LA is known to exhibit a first-order rate 
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dependence on the concentration of Sn(Oct)2 in the presence of a sufficiently high co-initiator 

concentration.8,9 Similarly, a first-order relationship has been shown in the previous chapter to exist 

between the rate of the ROP of LA, and the quantity of catalyst formulation f1 present (f2 and f3 

presumably being analogous to f1 in this respect). Accordingly, the relative rates afforded by TC-2 

and TC-6 suggest that the activity of Sn(Oct)2 was ~1.95 times that of catalyst 1 when the latter was 

introduced as f3 (that is, disregarding any catalyst degradation during the formulation process). 

Similarly, the 2.8-fold difference in metal loading between TC-6 and TC-4, in the latter of which f2 

was used, ([Zr] = 0.0019 mol%), and corresponding 5.2-times difference in reaction rate (TC-4, kobs 

= 0.0077 min–1), is commensurate with Sn(Oct)2 being ~1.85 times more active, under the current 

conditions, than catalyst 1 introduced as f2.  

If decomposition of the active catalyst during the formulation process were to be accounted 

for, the activity of complex 1 may be anticipated to approach or exceed that of Sn(Oct)2 in the ROP 

of unpurified commercial L-LA under industrially relevant conditions. Moreover, whilst the TOF of 

1 has been reported in the current work to be as high as 56 000 h–1, the calculated values have assumed 

that all Zr centres present in the polymerisation mixture were catalytically active. Consequently, the 

true TOF of the active species may exceed the reported values by a factor of several times. 

5.5 Conclusions 

Optimisation of the catalyst formulation method discussed in the preceding chapter (in which 

1 is dissolved in a matrix of lactyl oligomers, generated in-situ by reaction with an equimolar mixture 

of rac-LA and BnOH),1 has been undertaken. Formulations f1, f2, and f3 were prepared by heating 

mixtures of 1, rac-LA and BnOH of molar composition [1]:[rac-LA]:[BnOH] = 1:100:100 for 50 

minutes, [1]:[rac-LA]:[BnOH] = 1:150:150 for 35 minutes, and [1]:[rac-LA]:[BnOH] = 1:200:200 

for 30 minutes, respectively. When f1, f2 and f3 were each applied to the ATR-FT-IR-monitored 

ROP of rac-LA to deliver PLA of equivalent target molecular weight, f2 afforded the highest rate, 

despite containing a lower concentration of Zr than f1. The comparatively poor activity of f1 was 

attributed both to catalyst deactivation occurring as a result of prolonged heating during the 

formulation process, and to the molar ratio of co-initiator and catalyst species influencing the rate, 

below a threshold value. However, the factors influencing the rate of the ROP of LA in the presence 

of f1, f2 and f3 are clearly complex, and not readily described by a simple, general, kinetic 

description. 

Catalyst formulations f1, f2 and f3 were subsequently applied to the ROP of unpurified 

commercial L-LA under industrially relevant solvent-free conditions. Although f1 and f3 did not 

exhibit sufficiently high activity for industrial use, f2 was able to efficiently deliver high-molecular 

weight PLA at very low catalyst loading. Specifically, when [LA]:[Zr]:[ROH] = 52 632:1:150 ([Zr] 
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= 12 ppm by weight), 74 % conversion was reached within three hours, yielding PLA of Mn
GPC = 31 

250 g mol–1. 

Catalyst 1, delivered as the catalyst formulation f2, appears to represent the most credible 

system reported to date for the economically-viable drop-in replacement of Sn(II) catalysts in the 

industrial production of high-molecular weight PLA. In addition to producing a comparable 

polymerisation rate to that observed in the presence of Sn(Oct)2, f2 afforded a much more controlled 

catalytic regime, delivering PLA of narrow dispersity, with negligible proliferation of undesirable 

side-reactions.   

5.6 Further Work 

The optimised catalytic protocol described in the current chapter appears to be suitable for 

industrial use. Although the reaction kinetics of the ROP of LA in the presence of f1, f2, or f3 are 

not comprehensively understood, the empirical observations reported herein are sufficient for 

practical application. Consequently, further investigation of the ROP of L-LA on the current ( 2 kg) 

scale is not necessary. However, it may be appropriate to undertake further polymerisation studies 

on a larger (pilot) scale, in order to further determine the compatibility of the catalytic system with 

use under industrial conditions. 

 Beyond realising the commercial use of the current system, it is desirable to assess the 

versatility of the catalyst formulation method. However, other catalysts or pre-catalysts are not likely, 

in general, to be as insoluble as 1 in industrially relevant solvent systems. Nonetheless, even where 

solubility of an initiator in an appropriate solvent is high, complete elimination of such auxiliary 

substances remains preferable. Accordingly, future work may be concerned with the adaptation of 

the catalyst formulation method, for use with other initiators. For example, delivery of such a 

formulation containing the robust and highly isoselective alkoxo-Al(III) salen system described by 

Nomura and co-workers (see Section 1.7.7) could conceivably provide an efficient protocol for the 

preparation of isotactic stereoblock PLA.2 That species was reported to exhibit good activity at 180 

°C under industrially relevant solvent-free conditions, reaching 91 % conversion in the ROP of rac-

LA in 20 minutes, yielding PLA of Pr = 0.20, where [LA]:[Initiator] = 300:1. Whilst the catalyst 

loading in that case was clearly much greater than has been used in the current work, the solubility 

of the Al(III) system in an oligo(lactic acid) matrix may be much higher than that of 1. It is also 

feasible that the catalyst loading may be reduced significantly from 300:1, whilst retaining sufficient 

activity to deliver high-molecular weight PLA on an industrially relevant timescale. It should be 

noted, however, that a liquid formulation of any initiator other than 1 will not necessarily retain the 

stability exhibited by f1, f2 and f3, and cannot be assumed to be biochemically benign, those 

properties being determined by the nature of the metal complex. 
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Chapter 6. Experimental 
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6. EXPERIMENTAL 

6.1  General Considerations 

Manipulations, unless otherwise specified, were carried out under an atmosphere of dry 

argon using standard Schlenk line and glove box techniques. An MBraun glove box was used, 

equipped with internal taps supplying anhydrous toluene, dichloromethane and hexane directly from 

an adjacent MBraun solvent purification system (SPS). The glove box atmosphere was maintained 

with O2 and H2O concentrations <10.0 ppm and <0.1 ppm, respectively.  

Tetrahydrofuran, toluene, dichloromethane and hexane were drawn from an MBraun solvent 

purification system and stored over 4 Å molecular sieves unless otherwise specified. Anhydrous 

pentane was purchased from Sigma Aldrich and stored over molecular sieves under a dry argon 

atmosphere. 

Nb(OEt)5 and AgSbF6, were purchased from Strem Chemicals (UK) and used under a dry 

argon atmosphere without further purification. Ta(OEt)5 was variously purchased from both Strem 

Chemicals (UK) and Fischer Scientific, and used under a dry argon atmosphere without further 

purification. Chlorotrimethylsilane, TMSCl, was purchased from Sigma Aldrich and used under a 

dry argon atmosphere without further purification. [Zr(OiPr)4]·(HOiPr) was purchased from Alfa 

Aesar and used without further purification.  

Anhydrous BnOH was purchased from Sigma Aldrich and degassed under dynamic vacuum 

for 20 hours before storage and use under a dry argon atmosphere. Anhydrous EtOH and EtOD were 

purchased from Sigma Aldrich and used under a dry argon atmosphere without further purification. 

2,4-dimethylphenol, 2,4-di-tert-butylphenol, hexamethylenetetramine (HMTA), and 

paraformaldehyde were all purchased from Sigma Aldrich and used without further purification.  

rac-LA was purchased from Sigma Aldrich and recrystallized 3 times from anhydrous 

toluene. This was carried out under ambient air, and each recrystallization was followed by washing 

with anhydrous toluene over a sintered glass frit. The recrystallized rac-LA was then dried under 

dynamic vacuum for 16 hours and stored under a dry argon atmosphere. L-LA was supplied free of 

charge by Total Corbion and purified in the same manner described for rac-LA. ε-CL was purchased 

from Sigma Aldrich and dried over calcium hydride, then filtered and vacuum distilled before storage 

and use under a dry argon atmosphere. δ-VL was purchased from Acros Organics, and dried over 

calcium hydride, then filtered and vacuum distilled before storage and use under a dry argon 

atmosphere. rac-β-BL was purchased from TCI, and dried over calcium hydride, then filtered and 

vacuum distilled before storage and use under a dry argon atmosphere. 

All NMR spectra were acquired using a 400 MHz (1H), 101 MHz (13C), or 500 MHz (1H), 

126 MHz (13C) Bruker Avance spectrometer. Chloroform-d and benzene-d6 were purchased from 
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Sigma Aldrich and used as received for polymer analysis. For analysis of metal complexes, 

chloroform-d was dried over calcium hydride, distilled under vacuum, and stored over 4 Å molecular 

sieves under a dry argon atmosphere. Toluene-d8 was purchased from Sigma Aldrich and stored over 

4 Å molecular sieves under a dry argon atmosphere. Processing of all NMR data, including kinetic 

studies, was carried out using Mestrelab Research MestReNova Version 11.0.2-18153.  

All crystallographic data was collected on a SuperNova, EOS detector diffractometer using 

radiation Cu-Kα (λ = 1.54184 Å) or Mo-Kα (λ = 0.71073 Å) all recorded at 150(2) K. All structures 

were solved by direct methods and refined on all F2 data using the SHELXL-2014 suite of programs. 

All hydrogen atoms were included in idealized positions and refined using the riding model. 

With the exception of PLLA samples prepared on a 500 g – 2000 g scale under industrial 

conditions, the molecular weight of all PLA samples was determined using an Agilent 1260 Gel 

permeation Chromatography (GPC) system equipped with triple detection (differential refractive 

index detector, viscometer and dual angle light scattering detector (90°/15°, only 90° data was used). 

A PLgel 5 μm MIXED-D 300 x 7.5 mm column was used, with a PLgel 5 μm MIXED Guard 50 x 

7.5 mm guard column. The mobile phase was THF, at a flow rate of 1 mL min–1. Columns and 

detectors were maintained at 35 °C. Data was processed using Agilent’s GPC/SEC Software, 

Revision A.02.01. Unless otherwise stated, polymer samples were not purified prior to GPC analysis, 

and molecular weight values have been adjusted according to the final percentage conversion, 

determined via 1H NMR spectroscopy. The molecular weight of all PCL, PVL, P3HB samples, and 

all PLLA samples prepared on a 500 g – 2000 g scale under industrial conditions, was determined 

using the same Agilent 1260 Gel Permeation Chromatography (GPC) system, fitted with a refractive 

index detector, calibrated against 12 polystyrene standards, and corrected with an appropriate Mark-

Houwink factor.1,2 GPC samples typically comprised 2 mg of the crude or purified polymer, in 1 mL 

of THF. PLLA samples produced under industrial conditions were highly insoluble, and were diluted 

to a concentration of 0.2 mg mL–1. 

High-resolution mass spectra of Nb(V) and Ta(V) complexes were acquired using a MaXis 

HD quadrupole electrospray time-of-flight (ESI-QTOF) mass spectrometer (Bruker Daltonik GmbH, 

Bremen, Germany) for infusions. Samples were dissolved in acetonitrile or methanol at a 

concentration of 10 μg mL–1, and analyses were performed in ESI positive mode. The capillary 

voltage was set to 4500 V, nebulizing gas at 0.4 bar, drying gas at 4 L/min at 180°C. The TOF scan 

range was from 300 – 2500 mass-to-charge ratio (m/z). Infusions were performed at 3µL/min. The 

MS instrument was calibrated using sodium formate calibrant solution. The calibrant solution 

consisted of 3 parts of 1 M NaOH to 97 parts of 50:50 water:isopropanol with 2% formic acid. The 

observed mass and isotope pattern matched the corresponding theoretical values as calculated from 

the expected elemental formula within 2 ppm mass accuracy. Mass features were detected as [M]+ 
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ions. Data processing was performed using the Compass Data Analysis software version 4.3 (Bruker 

Daltonik GmbH, Bremen, Germany). Mass spectrometric analysis of catalyst formulation f1 was 

carried out with a Bruker Daltonik microToFelectrospray time-of-flight (ESI-ToF) mass 

spectrometer. The sample was dissolved in methanol at an approximate concentration of 10 μg mL–

1, and positive ionisation mode was used. 

Matrix-assisted laser-desorption time-of-flight (MALDI-ToF) analysis was performed using 

a Bruker Autoflex speed instrument using a DCTB matrix (trans-2-[3-(4-tertbutylphenyl)-2-methyl-

2-propenylidene]malononitrile) and NaTFA to ionise the sample.  

Thermogravimetric analysis was carried out using a Setaram Setsys Evolution TGA 16/18, 

equipped with a 170 μl alumina crucible. Samples of mass ~20 mg were heated to 1000 °C at a rate 

of 10 K min–1, under a flow of dry argon. The furnace was purged with dry argon for 40 minutes 

prior to use, at a flow rate of 200 mL min–1. Data was processed using the Calisto software package 

(version 1.41). 

Differential scanning calorimetry was carried out using a TA Instruments DSC Q20. The 

sample was heated a heated from 40 °C to 200 ºC at a rate of 20 ºC min–1, and then cooled to –70 °C 

at –20 °C min–1, before again heating to 200 ºC. 

In-situ Attenuated Total Reflectance Fourier-Transform Infra-Red (ATR-FT-IR) 

Spectroscopic reaction monitoring of polymerisation reactions was carried out using a Bruker 

Matrix-MF spectrometer, fitted with a IN350-T fibre-optic, diamond-tipped insertion probe. 

Spectroscopic data was processed using Bruker’s OPUS 7.5 software package, and Microsoft Excel 

2013. Temperature control was achieved using a 1.5 kW Huber Petite Fleur thermo-regulation 

system.  
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6.2  Synthetic Methods and Characterisation Data 

6.2.1 Synthesis of Amine Tris(phenolate) Pro-Ligands 

Synthesis of Pro-Ligand tris(2-hydroxy-3,5-di-tert-butylbenzyl)amine, H3L
tBu 

Pro-ligand H3LtBu was synthesised according to the following adapted literature procedure.3 

To hexamethylenetetramine (97 mmol, 13.5 g, 1 equivalent), was added 2,4-di-tert-butylphenol 

(1163 mmol, 40 g, 12 equivalents) paraformaldehyde (775 mmol, 23.3 g, 8 equivalents), and 

deionised water (3.89 mol, 71.1 mL, 40 equivalents). The mixture was then refluxed with vigorous 

stirring for 120 hours in an oil bath at 150 °C, with further 10 mL aliquots of 2,4-dimethylphenol 

added daily. The reaction mixture was cooled and the resulting yellow-white solid washed over a 

glass frit with MeOH (5 x 800 mL), to yield a white powder. The powder was then dried under 

dynamic vacuum for 24 hours. 1H and 13C{1H} NMR data acquired in chloroform-d was in agreement 

with the literature. Yield: 171 g, 65 % 

Synthesis of Pro-Ligand tris(2-hydroxy-3,5-dimethylbenzyl)amine, H3L
Me 

Pro-ligand H3LMe was synthesised according to the following adapted literature procedure.3 

To hexamethylenetetramine (68.18 mmol, 9.5 g, 1 equivalent) was added  2,4-dimethylphenol 

(818.00 mmol, 100 g, 12 equivalents), paraformaldehyde (545 mmol, 16.4 g, 8 equivalents), and 

deionised water (2.72 mol, 50 mL, 40 equivalents). The mixture was then refluxed with vigorous 

stirring for 120 hours in an oil bath at 150 °C, with two further 10 mL aliquots of 2,4-dimethylphenol 

added after 72 hours and 90 hours, respectively. The reaction mixture was cooled and the resulting 

orange solid washed over a glass frit with MeOH (5 x 400 mL), to yield a white powder. The powder 

was then dried under dynamic vacuum for 24 hours. 1H and 13C{1H} NMR data acquired in 

chloroform-d was in agreement with the literature.  Yield: 63 g, 55 % 

Synthesis of Pro-Ligand tris(2-hydroxy-3-methyl-5-tert-butylbenzyl)amine, H3L
Me/tBu 

Pro-ligand H3LMe/tBu was synthesised according to the following adapted literature 

procedure.4 To 85 mmol (9.6 g) 2-methyl-4-tert-butylphenol was added 4.9 mmol (0.68 g) 

hexamethylenetetramine, 38.9 mmol (1.17 g) paraformaldehyde, and 200 mmol (3.7 mL) of 

deionised water. The mixture was then refluxed with vigorous stirring for 120 hours in an oil bath at 

120 °C, with two further 2.2 mL aliquots of 2-methyl-4-tert-butylphenol added after 72 hours and 90 

hours respectively. The reaction mixture was cooled and the resulting yellow solid dissolved in 

methanol and precipitated by addition of water. The precipitate was isolated by gravity filtration 

(filter paper) and air dried, before recrystallization from hexane and drying under dynamic vacuum, 
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yielding a yellow solid. 1H and 13C{1H} NMR data acquired in chloroform-d was in agreement with 

the literature.4 Yield: 2.3 g, 22 % 

6.2.2 Synthesis of Zwitterionic Zirconium(IV) Amine Tris(phenolate) Complexes 

Synthesis of [Zr(HLMe)2], 1 

1 was synthesised by adapted literature procedure. 24.5 mmol (10.3 g) H3LMe, was added to 

200 mL of dry toluene. To the resulting stirred suspension was added a solution of 12.3 mmol (4.7 

g) [Zr(OiPr)4]·(HOiPr) in minimum dry toluene (~20 mL). The reaction mixture was heated until a 

clear yellow-brown solution was observed. Precipitation of a white solid was observed on removal 

of the heat source. The mixture was allowed to cool to room temperature, and the solid isolated by 

cannula filtration and washed with 70 mL dry toluene. The air- and moisture-stable solid product 

was then dried under dynamic vacuum for 16 hours. Further purification was carried out where 

appropriate by recrystallisation from toluene. 1H and 13C{1H} NMR data for 1 acquired in 

chloroform-d was in agreement with the literature.5 Yield: 7.5 g, 66 % 

Synthesis of [Zr(HLMe/tBu)2], 2 

2 was prepared by an analogous procedure to 1. The air- and moisture-stable product was 

not recrystallised. 1H and 13C{1H} NMR data for 2 acquired in chloroform-d was in agreement with 

the literature.4 The crystal structure of 2 is reported for the first time in the current work. Yield: 1.5 

g, 63 % 
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6.2.3 Synthesis of Niobium(V) and Tantalum(V) Amine Tris(phenolate) Complexes 

Synthesis of [LtBuNb(OEt)2], 3 

To a solution of H3LtBu (37.3 mmol, 25.0 g, 1 equivalent) in THF was added by cannula 

transfer a solution of Nb(OEt)5 (37.3 mmol, 11.9 g, 1 equivalent) in THF at 25 °C. A yellow colour 

was immediately observed. After stirring for two hours at ambient temperature, the solvent was 

removed under dynamic vacuum to yield an oily yellow solid. Washing sparingly with hexane (2 x 

50 mL) yielded a pale yellow powder which, after filtration, was dried under dynamic vacuum. Yield: 

25.0 g, 79 %. Crystals suitable for diffraction were obtained by recrystallizing from a mixture of 

hexane and toluene. 

1H NMR (400 MHz, Toluene-d8, 298 K, δH, ppm); 7.49 (1H, d, J = 2.5 Hz, Ar), 7.43 (2H, d, J = 2.5 

Hz, Ar), 6.97 (2H, d, J = 2.5 Hz, Ar, overlapping with toluene-d8), 6.84 (1H, d, J = 2.5 Hz, Ar), 4.81 

(2H, q, J = 7.0 Hz, OCH2CH3), 3.55 (6H, s, broad, NCH2), 3.49 (2H, q, J = 7.0 Hz, OCH2CH3), 1.73 

(9H, s, C(CH3)3), 1.57 (18H, s, C(CH3)3), 1.47 (3H, t, J = 7.0 Hz, OCH2CH3), 1.35 (9H, s, C(CH3)3), 

1.34 (18H, s, C(CH3)3), 0.53 (3H, t, J = 7.0 Hz, OCH2CH3). 1H NMR (400 MHz, chloroform-d, 298 

K, δH, ppm); 7.24 (1H, d, J = 2.2 Hz, Ar), 7.21 (2H, d, J = 2.2 Hz, Ar), 6.96 (2H, d, J = 2.2 Hz, Ar), 6.90 

(1H, d, J = 2.2 Hz, Ar), 4.78 (2H, q, J = 7.0 Hz, OCH2CH3), 3.69 (6H, s, broad, NCH2, overlapping 

with residual THF), 3.41 (2H, q, J = 7.0 Hz, OCH2CH3), 1.54 (9H, s, C(CH3)3), 1.45 (3H, t, J = 7.0 

Hz, OCH2CH3), 1.39 (18H, s, C(CH3)3), 1.29 (18H, s, C(CH3)3), 1.24 (9H, s, C(CH3)3), 0.53 (3H, t, 

J = 7.0 Hz, OCH2CH3). 13C{1H} NMR (101 MHz, Toluene-d8, 298 K, δC, ppm); 157.3 (ArO), 156.8 

(ArO), 141.7 (Ar), 141.5 (Ar), 136.7 (Ar), 125.8 (Ar), 124.8 (Ar, partially obscured by toluene-d8), 

124.5 (ArH), 124.0 (ArH), 123.7 (ArH), 123.6 (ArH), 72.1 (OCH2), 67.6 (OCH2), 62.0 (NCH2), 61.9 

(NCH2), 35.4 (C(CH3)3), 35.4 (C(CH3)3), 34.5 (C(CH3)3), 34.4 (C(CH3)3), 32.0 (C(CH3)3), 32.0 

(C(CH3)3), 30.3 (C(CH3)3), 30.3 (C(CH3)3), 19.0 (OCH2CH3), 18.6 (OCH2CH3). 13C{1H} NMR (101 

MHz, chloroform-d, 298 K, δC, ppm); 156.6 (ArO), 141.5 (Ar), 141.3 (Ar), 137.3 (Ar), 136.3 (Ar), 

125.7 (Ar), 124.6 (Ar), 124.0 (ArH), 123.8 (ArH), 123.5 (ArH), 123.3 (ArH), 71.9 (OCH2), 67.5 

(OCH2), 62.1 (NCH2), 61.9 (NCH2), 35.2 (C(CH3)3), 35.1 (C(CH3)3), 34.4 (C(CH3)3), 34.4 (C(CH3)3), 

31.9 (C(CH3)3), 31.8 (C(CH3)3), 30.1 (C(CH3)3), 30.0 (C(CH3)3), 18.8 (OCH2CH3), 18.4 (OCH2CH3). 

Elemental (CHN) Analysis (Calculated, for C49H76NNbO5); C: 69.07 %, H: 8.99 %, N: 1.64 %, 

(Experimental); C: 68.94 %, H: 9.17 %, N: 1.73 %. 
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Figure 6.1. 1H NMR spectrum of 3 in toluene-d8 at 298 K. 

 

 

 

Figure 6.2. 13C{1H} NMR spectrum of 3 in toluene-d8 at 298 K. 
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Figure 6.3. COSY spectrum of 3 in toluene-d8 at 298 K. 

  

 

Figure 6.4. COSY spectrum of 3 in toluene-d8 at 298 K. 
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Figure 6.5. 1H NMR spectrum of 3 in chloroform-d at 298 K. 

 

 

 

Figure 6.6. 13C{1H} NMR spectrum of 3 in chloroform-d at 298 K. 
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Figure 6.7. COSY spectrum of 3 in chloroform-d at 298 K. 

 

 

Figure 6.8. COSY spectrum of 3 in chloroform-d at 298 K, allowing correct assignment of alkoxide CH3 

and CH2 resonances. 
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Synthesis [LtBuNb(OEt)Cl], 4 

To a solution of 3 (23.5 mmol, 20.0 g, 1 equivalent) in dichloromethane was added excess 

chlorotrimethylsilane (50 mmol, 6.4 mL, 2 equivalents). Stirring for 24 hours yielded a dark red-

brown solution. Solvent and siloxane by-products were removed under dynamic vacuum to yield a 

yellow solid. The solid was washed sparingly (2 x 30 mL) with hexane and after cannula filtration 

was dried under dynamic vacuum. Yield: 17.0 g, 86 %. Crystals suitable for diffraction were obtained 

by recrystallizing from a mixture of THF and hexane. 

1H NMR (400 MHz, Toluene-d8, 298 K, δH, ppm); 7.44 (2H, d, J = 2.5 Hz, Ar), 7.36 (1H, d, J = 2.5 

Hz, Ar), 6.94 (2H, d, J = 2.0 Hz, Ar), 6.68 (1H, d, J = 2.0 Hz, Ar), 4.82 (2H, q, J = 7.0 Hz, OCH2CH3), 

4.26 (2H, d, J = 13.5 Hz, NCHH), 3.42 (2H, s, NCH2), 3.32 (2H, d, J = 13.5 Hz, NCHH), 1.56 (18H, 

s, C(CH3)3), 1.55 (9H, s, C(CH3)3), 1.44 (3H, t, J = 7.0 Hz, OCH2CH3, obscured by THF signal) 1.32 

(18H, s, C(CH3)3), 1.25 (9H, s, C(CH3)3). 1H NMR (400 MHz, chloroform-d, 298 K, δH, ppm); 7.24 

(3H, m, broad, Ar), 6.97 (2H, s, Ar), 6.91 (1H, s, Ar), 4.92 (2H, q, J = 7.1 Hz, OCH2), 4.25 (2H, d, 

broad, J = 13.0 Hz, NCHH), 3.72 (2H, s, NCH2), 3.63 (2H, d, J = 13.8 Hz, NCHH), 1.56 (3H, t, J = 

7.1 Hz, OCH2CH3), 1.47 (9H, s, C(CH3)3), 1.41 (18H, s, C(CH3)3), 1.28 (18H, s, C(CH3)3), 1.22 (9H, 

s, C(CH3)3). 13C{1H} NMR (101 MHz, Toluene-d8, 298 K δC, ppm); 156.7 (ArO), 143.6 (Ar), 143.1 

(Ar), 137.1 (Ar), 136.7 (Ar), 126.1 (Ar), 126.1 (Ar), 124.6 (Ar), 124.3 (Ar), 124.0 (Ar), 123.9 (Ar), 

75.5 (OCH2), 63.7 (NCH2), 61.0 (NCH2), 35.5 (C(CH3)3), 35.3 (C(CH3)3), 34.6 (C(CH3)3), 34.5 

(C(CH3)3), 31.9 (C(CH3)3), 31.9 (C(CH3)3), 30.8 (C(CH3)3), 30.4 (C(CH3)3), 18.2 (OCH2CH3). 

13C{1H} NMR (101 MHz, chloroform-d, 298 K δC, ppm); 156.2 (ArO), 156.0 (ArO), 143.6 (Ar), 

143.5 (Ar), 136.8 (Ar), 136.7 (Ar), 125.7 (Ar), 125.3 (Ar), 124.6 (ArH), 124.1 (ArH), 123.8 (ArH), 

75.4 (OCH2), 63.4 (NCH2), 61.4 (NCH2), 35.2 (C(CH3)3), 35.1 (C(CH3)3), 34.5 (C(CH3)3), 34.5 

(C(CH3)3), 31.8 (C(CH3)3), 31.7 (C(CH3)3), 30.4 (C(CH3)3), 30.2 (C(CH3)3), 18.2 (OCH2CH3). 

Elemental (CHN) Analysis (Calculated, for C47H71NNbO4Cl); C: 67.01 %, H: 8.50 %, N: 1.66 %, 

(Experimental); C: 66.30 %, H: 8.40 %, N: 1.70 %. 
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Figure 6.9. 1H NMR spectrum of 4 in toluene-d8 at 298 K. 

  

 

Figure 6.10. 13C{1H} NMR spectrum of 4 in toluene-d8 at 298 K. 
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Figure 6.11. COSY spectrum of 4 in toluene-d8 at 298 K. 

 

 

 

Figure 6.12. 1H NMR spectrum of 4 in chloroform-d at 298 K. 
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Figure 6.13. 13C{1H} NMR spectrum of 4 in chloroform-d at 298 K. 

 

 

Figure 6.14. COSY spectrum of 4 in chloroform-d at 298 K. 
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Figure 6.15. COSY spectrum of 4 in chloroform-d at 298 K. 
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Synthesis of [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+[SbF6]
–, 5 

In a 30 mL vial in the glove box, a sample of complex 4 (0.60 mmol, 0.5 g, 1 equivalent), 

was dissolved in dry toluene (10 mL). To this was added AgSbF6 (0.90 mmol, 0.31 g, 1.5 

equivalents). The vial was sealed and shaken vigorously for 30 seconds, precipitating AgCl. The 

mixture was then filtered twice through a 0.2 μm PTFE syringe filter, into a clean 30 mL vial, which 

was then sealed. The resulting orange-red solution was allowed to stand in the glove box for 20 hours, 

after which a deep red crystalline solid had formed. The solution phase was removed using a syringe 

and hypodermic needle, and the solid washed with hexane (2 x 20 mL), which was also removed 

with a syringe and hypodermic needle. The solid was then transferred to a Schlenk flask and dried 

under dynamic vacuum for 1 hour. Yield: 0.43 g, 78 %. Crystals suitable for diffraction were obtained 

on reaction of 4 and AgSbF6 in toluene-d8 following an analogous procedure. Efforts to obtain NMR 

data in THF-d8 were unsuccessful due to polymerisation of the solvent on addition to the crystalline 

material. 

1H NMR (400 MHz, Toluene-d8, 223 K, 128 Scans, δH, ppm);* 7.61 (2H, s, Ar), 7.58 (2H, s, Ar), 

7.41 (2H, s, Ar), 6.85 (4H, broad, Ar), 6.79 (2H, broad, Ar), 4.89 (2H, d, broad, J = 13.5 Hz, NCHH), 

4.29 (2H, d, broad, J = 13.0 Hz, NCHH), 3.76 (2H, d, broad,  J = 13.0 Hz, NCHH), 3.41 (2H, broad, 

OCH2CH3), 2.83 (2H, d, broad, J = 13.5 Hz, NCHH), 2.42 (2H, d, broad, J = 13.0 Hz, NCHH), 2.30 

(2H, d, broad, J = 13.0 Hz, NCHH), 1.66 (36H, s, C(CH3)3), 1.51 (18H, s, C(CH3)3), 1.43 (18H, s, 

C(CH3)3), 1.39 (18H, s, C(CH3)3), 1.31 (18H, s, C(CH3)3).** 1H NMR (400 MHz, benzene-d6, 283 

K, δH, ppm); 7.55 (2H, d, J = 2.0 Hz, Ar), 7.50 (4H, s, Ar), 6.85 (4H, s, Ar), 6.82 (2H, d, J = 2.0 Hz, 

Ar), 3.56 (2H, q, J = 7.0 Hz, OCH2CH3), 3.34 (8H, broad, NCH2), 2.98 (4H, broad, NCH2) 1.62-

1.69 (21H, m, broad, C(CH3)3 and OCH2CH3), 1.57 (27H, m, C(CH3)3), 1.34-1.39 (18H, m, broad, 

C(CH3)3), 1.32 (36H, s, C(CH3)3), 1.21(18H, s, C(CH3)3).1H NMR (400 MHz, chloroform-d, 233 K, 

64 Scans, δH, ppm); 7.39-6.98 (12H, Ar), 4.76 (2H, broad, NCHH), 4.48 (2H, broad, NCHH), 3.99 

(4H, broad, NCHH and OCH2CH3), 3.46 (2H, broad, NCHH), 3.32 (2H, broad, NCHH), 3.15 (2H, 

broad, NCHH), 1.05-1.60 (111H, m, broad, C(CH3)3 and OCH2CH3).*** 1H NMR (500 MHz, 

chloroform-d, 298 K, 128 Scans, δH, ppm); 7.35 (2H, d, J = 2.0 Hz, Ar), 7.28 (4H, d, J = 2.0 Hz, Ar), 

7.06 (2H, d, J = 2.0 Hz, Ar), 7.00 (4H, d, J = 2.0 Hz, Ar), 5.07 (2H, q, J = 7.0 Hz, OCH2CH3), 3.89 

(6H, broad, NCHH), 3.71 (6H, broad, NCHH), 1.61 (3H, t, J = 7.0 Hz, OCH2CH3), 1.54 (18H, s, 

C(CH3)3), 1.38 (36H, s, C(CH3)3), 1.27 (18H, s, C(CH3)3), 1.27 (36H, s, C(CH3)3). 13C{1H} NMR; 

Acquisition of 13C{1H} NMR data was precluded by the extremely low solubility of 5 in the all solvents 

that were used, and the need for low temperature conditions. 19F NMR (376 MHz, chloroform-d, 

233 K, δF, ppm); -117.19 (1F, broad, NbF or NbFNb), -117.49 (1F, broad, NbF or NbFNb), -122.54 

(5F, broad, SbF6).**** Elemental (CHN) Analysis (Calculated, for C92H137F8N2Nb2O7Sb); C: 59.97 

%, H: 7.49 %, N: 1.52 %, (Experimental); C: 60.20 %, H: 7.63 %, N: 1.49 %. 
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ESI-MS  (m/z): 1605.8555; calc. for [C92H137F2N2Nb2O7]+ (5): 1605.8516.  

* Large residual solvent signals, visible due to the extremely low solubility of 5, and the presence of 

lattice toluene, have not been reported. 

** Ethoxide CH3 
1H NMR resonances not detected in toluene-d8. A broad signal, tentatively assigned 

to the ethoxide CH2 protons was detected, and a cross-peak in the relevant COSY spectrum suggested 

the CH3 protons had a chemical shift of δH~0.38 ppm, suggesting the ethoxide environment is highly 

fluxional.  

*** Aromatic and methyl regions poorly resolved, and therefore could not be assigned in full for the 

low-temperature spectrum in chloroform-d, attributed to dynamic behaviour and low solubility. 

**** Accurate signal integration prevented by broad, weak 19F NMR signals. 

The attempted syntheses of [{LtBuNbF}2-μ2-F]+[SbF6]
–, 5a, and [{LtBuNb(OEt)}2-μ2-F]+[SbF6]

–, 5b, 

were carried out using an analogous procedure to the preparation of 5, except 2.33 equivalents and 

0.93 equivalents, respectively, of AgSbF6 were used, instead of 1.5 equivalents. 

 

 

Figure 6.16. 1H NMR spectrum of 5 in toluene-d8 at 223 K. 
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Figure 6.17. The methylene region of the 1H NMR spectrum of 5 in toluene-d8 at 223 K. 

 

 

Figure 6.18. COSY spectrum of 5 in toluene-d8 at 223 K. 
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Figure 6.19. 1H NMR spectrum of 5 in benzene-d6 at 283 K. 

 

 

Figure 6.20. The methylene region of the 1H NMR spectrum of 3 in benzene-d6 at 283 K, showing 
coalescence of NCH2 signals, and resolution of alkoxide OCH2 quartet resonance. 
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Figure 6.21. 1H NMR spectrum of 5 in chloroform-d at 233 K. 

 

 

Figure 6.22. The methylene region of the 1H NMR spectrum of 5 in chloroform-d at 233 K. 
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Figure 6.23. Methylene region of the COSY spectrum of 5 in chloroform-d at 233 K. 

 

  

 

Figure 6.24. 1H NMR spectrum of 5 in chloroform-d at 298 K. 
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Figure 6.25. COSY spectrum of 5 in chloroform-d at 298 K. 

 

 

Figure 6.26. 19F NMR spectrum of 5 in chloroform-d at 233 K. 
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Synthesis of [LtBuNb(OEt)(ε-CL)]+[SbF6]
–, 6 

In a 30 mL vial in the glove box, a sample of complex 4 (0.43 mmol, 0.36 g, 1 equivalent) 

was dissolved in dry toluene (7.2 mL). To this was added ε-CL (1.75 mmol, 200 μL, 4 equivalents) 

followed by AgSbF6 (0.43 mmol, 0.15 g, 1 equivalent). The vial was sealed and shaken vigorously 

for 30 seconds, precipitating AgCl. The mixture was then filtered twice through a 0.2 μm PTFE 

syringe filter, into a clean 30 mL vial, which was then sealed. The resulting yellow solution was 

allowed to stand in the glove box for 20 hours, after which a bright yellow crystalline solid had 

formed. The solution phase was removed using a syringe and hypodermic needle, and the solid 

washed with hexane (2 x 20 mL), which was also removed with a syringe and hypodermic needle. 

The solid was then transferred to a Schlenk flask and dried under dynamic vacuum for 1 hour. The 

solid material contained 1.33 equivalents of toluene, determined by NMR. This could not be removed 

by heating under dynamic vacuum due to the thermal instability of the complex 6. Accordingly, this 

has been accounted for in calculating the yield, and in elemental analysis. Yield: 0.37 g, 68 %. 

Crystals suitable for diffraction were obtained on reaction of 4, ε-CL and AgSbF6 in toluene-d8 

following an analogous procedure. 

1H NMR (500 MHz, chloroform-d, 298 K, δH, ppm); 7.37 (1H, s, broad, Ar), 7.30 (2H, s, 

broad, Ar), 7.18 (1H, s, Ar), 7.13 (2H, s, Ar), 4.95 (2H, q, J = 7.0 Hz, OCH2CH3), 4.39 (2H, broad, 

Nb-ε-CL OCH2), 4.23 (<1H, un-coordinated ε-CL OCH2)*, 4.06 (1H, PCL OCH2)**, 3.40-4.26 (6H, 

broad, NCH2), 2.64 (<1H, un-coordinated ε-CL C(O)CH2)*, 2.31 (1H, PCL C(O)CH2)**, 2.10 (2H, 

broad, Nb-ε-CL C(O)CH2), 1.87 (<1H, un-coordinated ε-CL CH2)*, 1.77 (<1H, un-coordinated ε-

CL 2CH2)*, 1.65 (2H, PCL CH2)**, 1.61 (3H, t, J = 7.0 Hz, OCH2CH3), 1.54 (2H, obscured by CCH3 

signal, Nb-ε-CL CH2), 1.52 (9H, s, CCH3), 1.39 (PCL CH2)**, 1.35 (20H, broad, Nb-ε-CL CH2 and 

CCH3), 1.28 (29H, s, Nb-ε-CL CH2 and CCH3). 1H NMR (400 MHz, chloroform-d, 233 K, δH, ppm); 

7.27-7.35 (4H, m, broad, Ar), 7.13-7.18 (2H, broad, Ar), 4.91 (2H, m, OCH2CH3), 4.44 (4H, m, Nb-

ε-CL OCH2 and NCHH and NCHH), 4.27 (<1H, un-coordinated ε-CL OCH2)* , 4.02 (2H, m, PCL 

OCH2** and NCHH), 3.58 (1H, d, J = 16.0 Hz, NCHH), 3.39 (1H, d, J = 13.5 Hz, NCHH), 3.27 

(1H, d, J = 13.5 Hz, NCHH), 2.66 (<1H, un-coordinated ε-CL C(O)CH2)*, 2.48 (1H, broad, ε-CL 

CHH) 2.32 (1H, PCL C(O)CH2)**, 1.61-1.95 (4H, broad, Nb-ε-CL CHH, and free ε-CL CH2*, and 

PCL CH2**), 1.60 (3H, t, J = 7.0 Hz, OCH2CH3), 1.49 (9H, s, CCH3), 1.45 (2H, broad, Nb-ε-CL 

CH2), 1.35 (9H, s, C(CH3)3), 1.25 (27H, s, C(CH3)3), 1.22 (9H, s, C(CH3)3).*** 13C{1H} NMR (101 

MHz, chloroform-d, 298 K δC, ppm); 138.0 (Ar), 129.2 (ArH), 128.4 (ArH), 125.5 (ArH), 76.9 

(OCH2CH3, obscured by residual chloroform signal), 75.2 (Nb-ε-CL OCH2), 35.2 (PCL CH2)**, 

34.7 (Nb-ε-CL CH2), 31.6 (C(CH3)3), 30.1 (C(CH3)3), 30.1 (C(CH3)3), 30.0 (C(CH3)3), 18.6 

(OCH2CH3). 13C{1H} NMR (101 MHz, chloroform-d, 233 K δC, ppm); 186.9 (Nb-ε-CL O=C), 155.9 

(ArO), 145.8 (Ar), 136.9 (Ar), 124.7 (Ar), 124.5 (Ar), 76.8 (OCH2CH3), 75.0 (Nb-ε-CL OCH2), 64.4 

(PCL CH2)**, 61.4 (NCH2), 61.4 (NCH2), 58.6 (NCH2), 35.3 (C(CH3)3), 35.1 (C(CH3)3), 34.7 
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(C(CH3)3), 34.6 (C(CH3)3), 34.1 (Nb-ε-CL CH2), 33.9 (C(CH3)3), 31.5 (C(CH3)3), 31.4 (C(CH3)3), 

29.7 (C(CH3)3), 29.4 (C(CH3)3), 28.3 (PCL CH2)**, 27.3 (Nb-ε-CL CH2), 26.8 (free ε-CL CH2)*, 

24.6 (PCL CH2)**, 22.9 (Nb-ε-CL CH2), 18.6 (OCH2CH3). Elemental (CHN) Analysis (Calculated, 

for C53H81F6NO6NbSb + 1.33x{C7H8}); C: 58.47 %, H: 7.22 %, N: 1.10 %, (Experimental); C: 58.59 

%, H: 7.98 %, N: 1.27 %.**** 

ESI-MS  (m/z): 920.5136; calc. for [C53H81NO6Nb]+ (6): 920.5122.  

(m/z): 806.4459; calc. for [C47H71NO4Nb]+ (6 after loss of ε-CL): 806.4441. 

* Residual ε-CL impurity, not removed by washing with apolar solvents (toluene, hexane). 

** PCL formed in-situ in chloroform-d solution via ROP of residual ε-CL. Absence of visible ethoxy 

end group signals indicates only a negligible fraction of the sample of 6 had undergone initiation 

(intramolecular nucleophilic attack). 

*** Large residual signals corresponding to 1.33 equivalents of lattice toluene have been omitted 

from reported 1H NMR data 

**** Elemental composition was calculated inclusive of 1.33 equivalents of lattice toluene, 

determined via integration of the toluene methyl signal of the 1H NMR spectrum of 6 in chloroform-

d. 

 

Figure 6.27. 1H NMR spectrum of 6 in chloroform-d at 298 K. 
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Figure 6.28. 13C{1H} NMR spectrum of 6 in chloroform-d at 298 K. 

 

 

Figure 6.29. COSY spectrum of 6 in chloroform-d at 298 K. 
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Figure 6.30. COSY spectrum of 6 in chloroform-d at 298 K. 

  

 

Figure 6.31. 1H NMR spectrum of 6 in chloroform-d at 233 K. 
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Figure 6.32. 13C{1H} NMR spectrum of 6 in chloroform-d at 233 K. 

 

 

Figure 6.33. COSY spectrum of 6 in chloroform-d at 233 K. 
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Figure 6.34. COSY spectrum of 6 in chloroform-d at 233 K.  
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Synthesis of [LMeNb(OEt)2], 7  

To a solution of H3LMe (21.7 mmol, 9.1 g, 1 equivalent) in THF was added by cannula 

transfer a solution of Nb(OEt)5 (21.7 mmol, 6.8 g, 1 equivalent) in THF at 25 °C. A yellow colour 

was immediately observed. After stirring for two hours at ambient temperature, the solvent was 

removed under dynamic vacuum to yield an oily yellow solid. Washing with hexane (2 x 50 mL) 

produced a yellow powder which, after cannula filtration, was dried under dynamic vacuum. Yield: 

9.1 g, 70 % Crystals suitable for diffraction were obtained by recrystallizing from a mixture of hexane 

and toluene. 

1H NMR (400 MHz, Toluene-d8, 298 K, δH, ppm); 6.74 (2H, s, Ar), 6.68 (1H, s, Ar), 6.55 (2H, s, 

Ar), 6.24 (1H, s, Ar), 4.84 (2H, q, J = 7.0 Hz, OCH2), 3.82 (2H, d, J = 13.3 Hz, NCHH), 3.75 (2H, 

q, J = 6.9 Hz, OCH2), 3.31 (2H, s, NCH2), 3.17 (2H, d, J = 13.3 Hz, NCHH), 2.34 (3H, s, ArCH3), 

2.25 (6H, s, ArCH3), 2.20 (6H, s, ArCH3), 2.10 (3H, s, ArCH3), 1.51 (3H, t, J = 7.0 Hz, OCH2CH3), 

0.83 (3H, t, J = 6.9 Hz, OCH2CH3). 1H NMR (400 MHz, chloroform-d, 298 K, δH, ppm); 6.80 (2H, 

s, Ar), 6.69 (2H, s, Ar), 6.66 (1H, s, Ar), 6.26 (1H, s, Ar), 4.87 (2H, q, J = 7.0 Hz, OCH2CH3), 4.15 

(2H, d, J = 13.0 Hz, NCHH), 3.93 (2H, q, J = 7.0 Hz OCH2CH3), 3.46 (2H, s, NCH2), 3.40 (2H, d, J 

= 13.0 Hz, NCHH), 2.21 (9H, s, ArCH3), 2.15 (6H, s, ArCH3), 2.03 (3H, s, ArCH3), 1.56 (3H, t, J = 

7.0 Hz, OCH2CH3), 0.99 (3H, t, J = 7.0 Hz, OCH2CH3). 13C{1H} NMR (101 MHz, Toluene-d8, 298 

K, δC, ppm); 156.6 (ArO), 156.4 (ArO), 131.5 (Ar), 131.0 (Ar), 128.4 (Ar), 128.1 (Ar), 127.8 (Ar), 

125.8 (Ar), 123.9 (Ar), 72.5 (OCH2), 68.1 (OCH2), 62.9 (NCH2), 60.5 (NCH2), 20.7 (ArCH3), 20.7 

(ArCH3), 18.7 (OCH2CH3), 18.6 (OCH2CH3), 16.8 (ArCH3), 16.5 (ArCH3). 13C{1H} NMR (101 

MHz, chloroform-d, 298 K, δC, ppm); 156.1 (ArO), 155.9 (ArO), 131.2 (Ar), 130.5 (Ar), 128.8 (Ar), 

128.0 (Ar), 127.7 (Ar), 127.5 (Ar), 125.7 (Ar), 125.0 (Ar), 124.9 (Ar), 123.7 (Ar), 72.6 (OCH2), 68.5 

(OCH2), 63.4 (NCH2), 60.3 (NCH2) , 20.7 (ArCH3), 20.5 (ArCH3), 18.6 (OCH2CH3), 18.4 

(OCH2CH3), 16.5 (ArCH3), 16.2 (ArCH3). Elemental (CHN) Analysis (Calculated, for 

C31H40NNbO5); C: 62.10 %, H: 6.72 %, N: 2.34 %, (Experimental); C: 62.16 %, H: 6.99 %, N: 2.40 

%. 
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Figure 6.35. 1H NMR spectrum of 7 in toluene-d8 at 298 K. 

 

 

Figure 6.36. 13C{1H} NMR spectrum of 7 in toluene-d8 at 298 K. 
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Figure 6.37. COSY spectrum of 7 in toluene-d8 at 298 K. 

 

 

Figure 6.38. COSY spectrum of 7 in toluene-d8 at 298 K, allowing correct assignment of alkoxide CH3 and 

CH2 resonances. 
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Figure 6.39. 1H NMR spectrum of 7 in chloroform-d at 298 K. 

 

 

Figure 6.40. 13C{1H} NMR spectrum of 7 in chloroform-d at 298 K. 
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Figure 6.41. COSY spectrum of 7 in chloroform-d at 298 K. 

 

 

Figure 6.42. COSY spectrum of 7 in chloroform-d at 298 K, allowing correct assignment of alkoxide CH3 

and CH2 resonances. 

 

  



 

309 

 

Synthesis of [LMeNb(OEt)Cl], 8 

To a solution of 7 (15.4 mmol, 9.2 g, 1 equivalent) in dichloromethane was added excess 

chlorotrimethylsilane (39 mmol, 5.0 mL, 2.5 equivalents). Stirring for 24 hours yielded a dark red-

brown solution. Solvent, unreacted chlorotrimethylsilane, and by-product ethoxytrimethylsilane 

were all removed under dynamic vacuum to yield a yellow-brown solid. The solid was washed with 

hexane (2 x 50 mL) and after cannula filtration, was dried under dynamic vacuum. Yield: 7.0 g, 77 

% Crystals suitable for diffraction were obtained by recrystallizing from a mixture of THF and 

toluene. 

1H NMR (400 MHz, Toluene-d8, 298 K δH, ppm); 6.66 (2H, s, Ar) 6.53 (1H, s, Ar), 6.49 (2H, s, Ar), 

6.00 (1H, s, Ar), 4.77 (2H, q, J = 7.0 Hz, OCH2), 4.57 (2H, d, J = 13.5 Hz, NCHH), 3.15 (2H, s, 

NCH2), 2.94 (2H, d, J = 13.5 Hz, NCHH), 2.23 (3H, s, ArCH3), 2.17 (12H, s, ArCH3), 1.95 (3H, s, 

ArCH3), 1.46 (3H, t, J = 7.0 Hz, OCH2CH3). 1H NMR (400 MHz, chloroform-d, 298 K δH, ppm); 

6.82 (2H, d, J = 2.0 Hz, Ar), 6.73 (2H, d, J = 2.0 Hz, Ar), 6.68 (1H, d, J = 2.0 Hz, Ar), 6.25 (1H, d, 

J = 2.0 Hz, Ar), 4.97 (2H, q, J = 7.0 Hz, OCH2CH3), 4.67 (2H, d, J = 13.5 Hz, NCHH), 3.47 (2H, s, 

NCH2), 3.38 (2H, d, J = 13.5 Hz, NCHH), 2.23 (6H, s, ArCH3), 2.21 (3H, s, ArCH3), 2.16 (6H, s, 

ArCH3), 2.00 (3H, s, ArCH3), 1.65 (3H, t, J = 7.0 Hz, OCH2CH3). 13C{1H} NMR (101 MHz, Toluene-

d8, δC, ppm); 156.35 (ArO), 155.64 (ArO), 131.55 (ArH), 130.82 (ArH), 130.42 (Ar), 129.43 (Ar), 

128.02 (ArH), 127.87 (ArH), 125.71 (Ar), 125.54 (Ar), 124.31 (Ar), 76.05 (OCH2), 63.99 (NCH2), 

59.85 (NCH2), 20.73 (ArCH3), 17.60 (OCH2CH3), 16.29 (ArCH3), 16.24 (ArCH3). 13C{1H} NMR 

(101 MHz, chloroform-d, δC, ppm); 155.8 (ArO), 155.1 (ArO), 131.4 (Ar), 130.9 (Ar), 130.7 (Ar), 

129.9 (Ar), 127.6 (Ar), 127.6 (Ar), 125.6 (Ar), 125.1 (Ar), 124.9 (Ar), 124.2 (Ar), 76.1 (OCH2), 64.0 

(NCH2), 60.1 (NCH2), 20.7 (ArCH3), 20.4 (ArCH3), 17.7 (OCH2CH3), 16.1 (ArCH3), 16.1 (ArCH3).  

Elemental (CHN) Analysis (Calculated, for C29H35NNbO4Cl); C: 59.04 %, H: 5.98 %, N: 2.37 %, 

(Experimental); C: 58.44 %, H: 6.34 %, N: 2.33 %.  
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Figure 6.43. 1H NMR spectrum of 8 in toluene-d8 at 298 K. 

 

 

Figure 6.44. 13C{1H} NMR spectrum of 8 in toluene-d8 at 298 K. 
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Figure 6.45. COSY spectrum of 8 in toluene-d8 at 298 K. 

 

 

Figure 6.46. COSY spectrum of 8 in toluene-d8 at 298 K. 
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Figure 6.47. 1H NMR spectrum of 8 in chloroform-d at 298 K. 

  

 

Figure 6.48. 13C{1H} NMR spectrum of 8 in chloroform-d at 298 K. 
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Figure 6.49. COSY spectrum of 8 in chloroform-d at 298 K. 
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Synthesis of [{LMeNb(OEt)}2-μ2-F]+[SbF6]
– , 9 

In a 30 mL vial in the glove box, a sample of complex 8 (1.70 mmol, 1.0 g, 1 equivalent) 

was dissolved in dry toluene (4 mL). To this was added AgSbF6 (2.53 mmol, 0.87 g, 1.5 equivalents). 

The vial was sealed and shaken vigorously for 30 seconds, precipitating AgCl. The mixture was then 

filtered twice through a 0.2 μm PTFE syringe filter, into a clean 30 mL vial, which was then sealed. 

The resulting red solution was allowed to stand in the glove box for 20 hours, after which a red solid 

had precipitated. The solution phase was removed using a syringe and hypodermic needle, and the 

solid washed with hexane (2 x 10 mL), which was also removed with a syringe and hypodermic 

needle. The solid was then transferred to a Schlenk flask and dried under dynamic vacuum for 1 hour, 

yielding a brown powder. Yield: 0.40 g, 35 %. Crystals suitable for diffraction were obtained on 

reaction of 8 and AgSbF6 in toluene following an analogous procedure, however, the concentration 

of the reaction mixture was reduced by a factor of 5.  

1H NMR (500 MHz, chloroform-d, 213 K, δH, ppm); 6.20-7.80 (m, broad, Ar), 5.00 (broad, 

OCH2CH3), 4.83 (broad, NCHH), 4.41 (broad, NCHH), 4.05 (broad, NCHH), 3.44 (broad, NCHH), 

3.29 (broad, NCHH), 3.16 (broad, NCHH), 1.20-2.75 (broad, m, ArCH3), 1.72 (broad, OCH2CH3).* 

13C{1H} NMR (101 MHz, chloroform-d, 213 K δC, ppm); Acquisition of 13C{1H} NMR data was 

precluded by the insolubility, and fluxional nature of 9 even at low temperature (213 K). Elemental 

(CHN) Analysis (Calculated, for C58H70F7N2Nb2O8Sb); C: 51.08 %, H: 5.17 %, N: 2.05 %, 

(Experimental); C: 46.04 %, H: 5.17 %, N: 1.89 %.** 

* 1H NMR spectrum could not be fully assigned, or signals integrated due to highly fluxional 1H 

signals. Chemical shift values were determined from the corresponding COSY spectrum. Addition of 

ε-CL to 9 yielded a more well-resolved 1H NMR spectrum at 213 K, presumably of the complex 

[LMeNb(OEt)(ε-CL)]+[SbF6]
–, 10, and by-product [LMeNb(OEt)F]. 

** Elemental Analysis indicated that the sample 9 was impure, despite extensive efforts to prevent 

contamination or degradation, and 9 was not detected via high-resolution mass spectrometry, for 

which samples prepared under ambient conditions. 9 was therefore determined to be too unstable to 

be characterised thoroughly using the techniques available in the current work. 
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Figure 6.50. Methylene region of the COSY spectrum of 9 in chloroform-d at 213 K, from which NCHH 1H 

shifts have been assigned. 
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Synthesis of [{LtBuNb(THF)}-μ2-F-{SbF5}], 11 

In a 30 mL vial in the glove box, 0.5 g, 0.60 mmol, 4, was dissolved in 10 mL dry SPS 

toluene. To this was added 150 μL, 1.8 mmol, dry THF, followed by 0.20 g, 0.57 mmol, AgSbF6. 

The vial was sealed and shaken vigorously for 30 seconds, precipitating AgCl. The mixture was then 

filtered twice through a 0.2 μm PTFE syringe filter, into a clean 30 mL vial, which was then sealed. 

The resulting orange-brown solution was allowed to stand in the glove box for 20 hours, after which 

a brown crystalline solid had formed. The solution phase was removed using a syringe and 

hypodermic needle, and the solid washed with hexane (2 x 20 mL), which was also removed with a 

syringe and hypodermic needle. The solid was then transferred to a Schlenk flask and dried under 

dynamic vacuum for 1 hour. Yield: 0.093 g, 15 %.  

1H NMR (500 MHz, chloroform-d, 213 K, δH, ppm); 7.33 (1H, s, Ar), 7.30 (1H, s, Ar), 7.15 (1H, s, 

Ar), 7.10 (1H, s, Ar), 7.06 (1H, s, Ar), 6.94 (1H, s, Ar), 4.78-4.54 (5H, m, broad, NCHH and 

coordinated THF OCH2) , 4.47 (1H, d, J = 13.5 Hz, NCHH), 3.98 (1H, d, J = 13.0 Hz, NCHH), 3.82 

(1H, s, broad, free THF OCH2CH2), 3.46 (1H, d, J = 13.9 Hz, NCHH), 3.32 (1H, d, J = 13.5 Hz, 

NCHH), 3.14 (1H, d, J = 13.0 Hz, NCHH), 2.40-2.10 (4H, m, broad, coordinated THF OCH2CH2),* 

1.92 (1H, s, broad, free THF OCH2CH2), 1.51 (9H, s, C(CH3)3), 1.33 (18H, s, C(CH3)3), 1.24 (9H, s, 

C(CH3)3), 1.22 (18H, s, C(CH3)3). 1H NMR (500 MHz, chloroform-d, 298 K, δH, ppm); 7.35 (1H, d, 

J = 2.4 Hz, Ar), 7.28 (2H, d, J = 2.3 Hz, Ar), 7.06 (1H, d, J = 2.4 Hz, Ar), 6.99 (2H, d, J = 2.3 Hz, 

Ar), 4.54-4.77 (4H, m, coordinated THF OCH2), 3.87 (4H, s, broad, NCH2 and free THF OCH2), 

3.71 (4H, broad, NCH2), 2.07-2.33 (4H, m, coordinated THF OCH2CH2),  1.93 (2H, s, broad, free 

THF OCH2CH2), 1.55 (9H, s, C(CH3)3), 1.38 (9H, s, C(CH3)3), 1.28 (9H, s, C(CH3)3), 1.27 (9H, s, 

C(CH3)3). 13C{1H} NMR (126 MHz, chloroform-d, 298 K δC, ppm); 124.68 (Ar), 124.31 (Ar), 124.08 

(Ar), 123.90 (Ar), 78.10 (Coordinated THF, OCH2), 68.99 (Free THF, OCH2), 61.89 (NCH2), 61.61 

(NCH2), 35.25 (C(CH3)3), 35.12 (C(CH3)3), 34.69 (C(CH3)3), 34.56 (C(CH3)3), 31.74 (C(CH3)3), 

31.71 (C(CH3)3), 30.19 (C(CH3)3), 30.14 (C(CH3)3), 25.65 (Free THF, OCH2CH2), 25.24 

(Coordinated THF, OCH2CH2). 19F NMR (471 MHz, chloroform-d, 298 K, δF, ppm); -118.19 (5F, 

SbF5), -133.78 (1F, NbFSb)**. Elemental (CHN) Analysis (Calculated); C: 55.01 %, H: 6.97 %, 

N: 1.31 %, (Experimental); C: 55.17 %, H: 6.89 %, N: 1.32 %. 

* Partially obscured by toluene CH3 signal, corresponding to 0.8 equivalents of toluene, which could 

not be removed under heating, due to the anticipated thermal instability of 11. 

** Broad, weak 19F NMR signals precluded conclusive assignment. 
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Figure 6.51. 1H NMR spectrum of 11 in chloroform-d at 213 K. 

  

 

Figure 6.52. Methylene region of the COSY spectrum of 11 in chloroform-d at 213 K. 
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Figure 6.53. COSY spectrum of 11 in chloroform-d at 213 K. 

  

 

Figure 6.54. 1H NMR spectrum of 11 in chloroform-d at 298 K. 
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Figure 6.55. The aromatic region of the 1H NMR spectrum of 11 in chloroform-d at 298 K. 

 

 

Figure 6.56. The methyl region of the 1H NMR spectrum of 11 in chloroform-d at 298 K. 
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Figure 6.57. 13C{1H} NMR spectrum of 11 in chloroform-d at 298 K. 

  

 

Figure 6.58. COSY spectrum of 11 in chloroform-d at 298 K. 
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Figure 6.59. 19F NMR spectrum of 11 in chloroform-d at 298 K. 
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Synthesis of [LtBuTa(OEt)2], 12 

12 was synthesized according to the following adapted literature procedure:6 To a solution 

of pro-ligand H3LtBu (24.6 mmol, 16.55 g) in THF (20 mL), a solution of Ta(OEt)5 (24.6 mmol, 10.00 

g) in THF (10 mL) was added by cannula. The resulting mixture was stirred at ambient temperature 

for 16 hours. The solvent was then removed under dynamic vacuum, until the total volume was ~25 

mL. After standing for 16 hours crystals of 12 suitable for diffraction were obtained. The remaining 

solvent was then removed under dynamic vacuum, and the solid material washed with dry pentane 

(~20 mL) and dried under dynamic vacuum. Further crystalline product, 12, was isolated from the 

washings. Yield: 19.75 g, 85 % 

Spectroscopic data is included for ease of comparison with related species described in the current 

work. 

1H NMR (400 MHz, chloroform-d, 298 K, δH, ppm); 7.26 (1H, s, obscured by residual CHCl3, ArH), 

7.24 (2H, s, ArH), 6.94 (2H, s, ArH), 6.86 (1H, s, ArH), 4.85 (2H, q, J = 6.98 Hz, OCH2), 3.62-3.90 

(6H, broad, NCH2) , 3.53 (2H, q, J = 6.96 Hz, OCH2), 1.51 (9H, s, C(CH3)3), 1.44 (3H, t, J = 6.98 

Hz, OCH2CH3), 1.39 (18H, s, C(CH3)3), 1.28 (18H, s, C(CH3)3), 1.23 (9H, s, C(CH3)3), 0.55 (3H, t, 

J = 6.96 Hz, OCH2CH3). 13C NMR (101 MHz, chloroform-d, 298 K, δC, ppm); 156.1 (ArO), 155.8 

(ArO), 141.5 (Ar), 141.2 (Ar), 137.8 (Ar), 137.2 (Ar), 125.2 (ArH), 124.4 (ArH), 123.9 (ArH), 123.7 

(ArH), 123.5 (ArH), 70.2 (OCH2), 65.9 (OCH2), 62.3 (NCH2), 61.8 (NCH2), 35.1 (C(CH3)3), 34.3 

(C(CH3)3), 34.3 (C(CH3)3), 31.9 (C(CH3)3), 31.9 (C(CH3)3), 30.1 (C(CH3)3), 19.1 (OCH2CH3), 18.5 

(OCH2CH3). Elemental (CHN) Analysis (Calculated, for C49H76NO5Ta); C: 62.60 %, H: 8.15 %, N: 

1.49 %,  (Experimental); C: 62.64 %, H: 8.28 %, N: 1.64 %. 
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Figure 6.60. 1H NMR spectrum of 12 at 298 K in chloroform-d. 

 

 

Figure 6.61. 13C{1H} NMR spectrum of 12 at 298 K in chloroform-d. 
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Figure 6.62. COSY spectrum of 12 at 298 K in chloroform-d. 

 

 

Figure 6.63. COSY spectrum of 12 at 298 K in chloroform-d. 
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Synthesis of [LtBuTa(OEt)Cl], 13 

A large excess of chlorotrimethylsilane (TMSCl) (46.6 mmol, 5.00 mL) was added by 

syringe to a solution of 12 (10.6 mmol, 10.00 g) in DCM (20 mL). The mixture was stirred at ambient 

temperature for 16 hours, before removal of volatiles under dynamic vacuum, washing with dry 

pentane, and drying under dynamic vacuum. 1H analysis of the solid product (6.80 g) showed only 

10% conversion to 13. The solid material was therefore re-dissolved in DCM (10 mL), in a Schlenk 

flask fitted with a J Young’s PTFE tap. TMSCl (6.00 mL, 55.9 mmol) was added, and the vessel 

sealed and heated to 55 °C for 3 days. The resulting yellow solution was then transferred by cannula 

to a Schlenk flask, and the solvent removed under dynamic vacuum to ~15 mL. The solution was 

then transferred by filter cannula to another Schlenk flask, and the solvent removed under dynamic 

vacuum. The yellow solid produced was then dissolved in minimum dry pentane and allowed to 

crystallise. Crystals of 13 suitable for diffraction were obtained. The solvent was then removed by 

cannula transfer, and the solid material dried under dynamic vacuum. Yield: 4.0 g, 40 % 

1H NMR (400 MHz, chloroform-d, 298 K, δH, ppm); 7.29 (2H, d, J = 1.97 Hz, ArH) 7.27 (1H, d, J 

= 2.02 Hz, ArH), 6.97 (2H, d, J = 1.92 Hz, ArH), 6.89 (1H, d, J = 2.02 Hz, ArH), 5.00 (2H, q, J = 

7.03 Hz, OCH2), 4.34 (2H, d, J = 13.28 Hz, NCH2), 3.82 (2H, s, NCH2), 3.73 (2H, d, J = 13.84 Hz, 

NCH2), 1.55 (3H, t, J = 7.03 Hz, OCH2CH3), 1.48 (9H, s, C(CH3)3), 1.42 (18H, s, C(CH3)3), 1.30 

(18H, s, C(CH3)3), 1.22 (9H, s, C(CH3)3). 13C NMR (101 MHz, chloroform-d, 298 K, δC, ppm); 155.0 

(ArO), 154.7 (ArO), 143.4 (Ar), 143.3 (Ar), 137.6 (Ar), 137.5 (Ar), 125.4 (ArH), 124.9 (ArH), 124.4 

(ArH), 124.0 (ArH), 123.9 (ArH), 73.0 (OCH2), 63.5 (NCH2), 61.4 (NCH2), 35.1 (C(CH3)3), 35.0 

(C(CH3)3), 34.4 (C(CH3)3), 34.4 (C(CH3)3), 31.9 (C(CH3)3), 31.8 (C(CH3)3), 30.4 (C(CH3)3), 30.2 

(C(CH3)3), 18.4 (OCH2CH3). Elemental (CHN) Analysis (Calculated, for C47H71NO4TaCl); C: 

60.67 %, H: 7.69 %, N: 1.51 %,  (Experimental); C: 60.02 %, H: 7.62 %, N: 1.69 %. 
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Figure 6.64. 1H NMR spectrum of 13 at 298 K in chloroform-d. 

 

 

Figure 6.65. 13C{1H} NMR spectrum of 13 at 298 K in chloroform-d. 
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Figure 6.66. COSY spectrum of 13 at 298 K in chloroform-d. 

 

 

Figure 6.67. COSY spectrum of 13 at 298 K in chloroform-d. 
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Synthesis of [LtBuTa(OEt)(ε-CL)]+[SbF6]
–, 14 

To a solution of 13 (2.15 mmol, 2.00 g) and ε-CL (9.90 mmol, 1.13 g) in toluene (20 mL) in 

a vial in the glove box at ambient temperature, was added AgSbF6 (3.29 mmol, 1.13 g). The mixture 

was then shaken vigorously for 30 seconds, and syringe filtered through a 0.2 μm PTFE filter to 

remove the AgCl by-product. Then, hexane was added (10 mL), and the product allowed to crystallise 

for 16 hours, the solvent then being removed by syringe and needle. Extensive purification steps 

were required to minimise contamination with free ε-CL: The solid product was washed three times 

with a mixture containing equal volumes of toluene and hexane (3x20 mL), which was then removed 

each time using a syringe and needle. The solid product was then dissolved in DCM, and syringe 

filtered into a Schlenk, and dried briefly under dynamic vacuum. The solid material was then washed 

again with toluene and hexane (4x 50 mL) and then with pentane (1x50 mL), before drying briefly 

under dynamic vacuum. The solid was again dissolved in DCM, and precipitated from toluene and 

hexane. The solvent was decanted, and the solid washed with toluene and hexane (2x50 mL) and 

dried briefly under dynamic vacuum. The solid was dissolved a final time in DCM, cannula filtered, 

and the solvent removed under dynamic vacuum. Crystals suitable for diffraction were obtained by 

an identical procedure, but without the purification steps described above. Yield: 1.27 g, 46% 

1H NMR (400 MHz, chloroform-d, 298 K, δH, ppm); 7.40 (1H, d, J = 1.73 Hz, ArH), 7.35 (2H, d, J 

= 1.60 Hz, ArH), 7.14 (3H, broad, ArH), 5.02 (2H, q, J = 7.11 Hz, OCH2), 4.43 (2H, s, broad, Ta-ε-

CL OCH2), 4.28 (<1H free ε-CL OCH2)*, 4.07 (<1H, obscured by NCH2 signals, PCL OCH2)**, 

3.60-4.24 (6H, broad, NCH2), 2.66 (<1H, free ε-CL C(O)CH2)*, 2.32 (<1H, obscured by toluene 

signal, PCL CH2), 2.12 (2H, broad, Ta-ε-CL CH2), 1.86 (<1H, free ε-CL CH2)*, 1.76 (<1H, free ε-

CL CH2)*, 1.68 (<1H, PCL CH2)**, 1.58 (3H, t, J = 7.10 Hz, OCH2CH3), 1.52 (11H, s, C(CH3)3 and 

Ta-ε-CL CH2), 1.39 (2H, t, partially obscured by C(CH3)3 signal, J = 7.14 Hz, Ta-ε-CL OCH2CH2), 

1.36 (18H, s, C(CH3)3), 1.28 (27H, s, C(CH3)3). 1H NMR (400 MHz, chloroform-d, 233 K, δH, ppm); 

7.00-7.40 (6H, ArH), 4.97 (2H, q, J = 6.77 Hz, OCH2), 4.51 (3H, d, broad, J = 12.49 Hz, 2NCHH 

and Ta-ε-CL OCHH), 4.41 (1H, broad, Ta-ε-CL OCHH), 4.31 (<1H, free ε-CL OCH2)*, 4.11 (1H, 

d, J = 12.67 Hz, NCHH), 4.03 (<1H, PCL OCH2)**, 3.66 (1H, d, J = 16.10 Hz, NCHH), 3.44 (1H, 

d, J = 13.18 Hz, NCHH), 3.32 (1H, d, J = 13.43 Hz, NCHH), 2.66 (<1H, free ε-CL C(O)CH2)*, 2.52 

(1H, s, broad, Ta-ε-CL CHH), 2.33 (<1H, PCL CH2)**, 1.84 (<1H free ε-CL CH2)*, 1.61-1.78 (2H, 

broad, Ta-ε-CL CHH, and free ε-CL CH2,* and PCL CH2**), 1.57 (3H, t, J = 6.94, OCH2CH3), 1.49 

(11H, s, broad, Ta-ε-CL CH2 and C(CH3)3), 1.34 (11H, s, broad, Ta-ε-CL CH2 and C(CH3)3), 1.24 

(27H, s, C(CH3)3), 1.22 (9H, s, C(CH3)3). 13C NMR (101 MHz, chloroform-d, 298 K, δC, ppm); 187.9 

(Nb-ε-CL O=C), 155.3 (ArO), 154.7 (ArO), 146.1 (Ar), 145.7 (Ar), 143.2 (Ar), 138.2 (Ar), 138.1 

(Ar), 129.2 (Ar), 125.3 (ArH), 125.2 (ArH), 124.8 (ArH), 124.7 (ArH), 124.6 (ArH), 124.5 (ArH), 

75.9 (Nb-ε-CL OCH2), 74.1 (OCH2CH3), 61.8 (NCH2), 60.4 (NCH2), 58.4 (NCH2), 35.1 (C(CH3)3), 

35.1 (C(CH3)3), 34.7 (C(CH3)3), 34.7 (C(CH3)3), 34.3 (Ta-ε-CL CH2) 31.7 (C(CH3)3), 30.0 (C(CH3)3), 
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30.0 (C(CH3)3), 27.4 (C(CH3)3), 27.1 (C(CH3)3), 18.7 (OCH2CH3). Elemental (CHN) Analysis 

(Calculated, for C53H81NO6F6SbTa); C: 51.13 %, H: 6.56 %, N: 1.13 %, (Calculated, for 

C47H71NO4F6SbTa); C: 49.92 %, H: 6.33 %, N: 1.24 %, (Experimental); C: 50.06 %, H: 6.42 %, N: 

1.22 %.*** 

ESI-MS  (m/z): 1008.5336; calc. for [C53H81NO6Ta]+ (14): 1008.5538.  

(m/z): 894.4891; calc. for [C47H71NO4Ta]+ (14 after loss of ε-CL): 894.4858. 

* Residual ε-CL that was not removed by repeated washing with apolar solvents (toluene and 

hexane). ~0.20 equivalents. 

** PCL formed in-situ in chloroform-d solution via ROP of residual ε-CL. The absence of any 

significant ethoxy end group signal in the 1H NMR spectrum indicates a negligible fraction of the 

sample of 14 underwent initiation to produce this contaminant. ~0.15 equivalents. 

*** Elemental Analysis data was consistently compatible with the species [LtBuTa(OEt)]+[SbF6]
– 

indicating quantitative removal of coordinated ε-CL had occurred during sample preparation 

(prolonged vacuum drying). High resolution mass spectrometry, for which samples were prepared 

in ‘wet’ methanol, under ambient air, contained peaks corresponding to both [LtBuTa(OEt)]+ and 

[LtBuTa(OEt)(ε-CL)]+. However, 1H and 13C NMR analysis unambiguously showed [LtBuTa(OEt)(ε-

CL)]+[SbF6]
– to be the only complex present in bulk samples of 14 (used for catalysis), and 14 was 

fully soluble in a range of organic solvents, confirming the absence of inorganic impurities. The 

absence of [LtBuTa(OEt)]+[SbF6]
– (i.e. retention of coordinated ε-CL) in bulk samples of 14 was also 

confirmed by the inactivity of 14 in the ROP of rac-β-BL at 25 °C.  

The masses of impurities such as ε-CL and PCL were accounted for when carrying out catalytic 

studies. 
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Figure 6.68. 1H NMR spectrum of 14 at 298 K in chloroform-d. 

 

 

Figure 6.69. 13C{1H} NMR spectrum of 14 at 298 K in chloroform-d. 
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Figure 6.70. COSY spectrum of 14 at 298 K in chloroform-d. 

 

 

Figure 6.71. COSY spectrum of 14 at 298 K in chloroform-d. 
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Figure 6.72. 1H NMR spectrum of 14 at 233 K in chloroform-d. 

 

 

Figure 6.73. COSY spectrum of 14 at 233 K in chloroform-d. 
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Synthesis of [LtBuNb(OEt)(δ-VL)]+[SbF6]
–, 15 

To a solution of 4 (0.77 mmol, 600 mg) and δ-VL (2.00 mmol, 200 mg) in toluene (6 mL) 

in a vial in the glove box at ambient temperature, was added AgSbF6 (1.07 mmol, 366 mg). The 

mixture was then shaken vigorously for 30 seconds, and syringe filtered through a 0.2 μm PTFE filter 

to remove the AgCl by-product. The solution was then allowed to stand for 2 hours, after which 

crystallisation of 15 had occurred. The solvent was removed by decantation, and the solid material 

washed with toluene (2x10 mL), which was removed by syringe and needle. The solid was then 

dissolved in DCM (~2 mL) and precipitated by addition of hexane (~10 mL). 15 was then isolated 

by decantation and dried briefly under dynamic vacuum. Crystals suitable for diffraction were 

obtained by an analogous procedure, without washing and recrystallization/ precipitation steps. 

Yield: 353 mg, 40% 

1H NMR (500 MHz, chloroform-d, 298 K, δH, ppm); 7.35 (1H, s, ArH), 7.31 (2H, s, ArH), 7.20 (2H, 

s, ArH), 7.17 (1H, s, ArH), 4.97 (2H, q, J = 7.05 Hz, OCH2), 4.45 (1H, broad, free δ-VL OCH2)*, 

4.40 (2H, t, broad, J = 5.61 Hz, Nb-δ-VL OCH2), 4.09 (<1H, obscured by NCH2, PVL OCH2)**, 

3.85 (6H, broad, NCH2), 2.57, (1H, broad, free δ-VL CH2)*, 2.36 (<1H, obscured by toluene CH3 

signal, PVL CH2)** 1.94 (2H, t, broad, J = 6.68 Hz, Nb-δ-VL CH2), 1.89 (2H, broad, free δ-VL 

2CH2)*, 1.69 (<1H, broad, PVL CH2)**, 1.62 (3H, t, J = 7.00 Hz, OCH2CH3), 1.60 (2H, broad, Nb-

δ-VL CH2), 1.55 (2H, t, broad, obscured by tert-butyl signals, J = 5.98 Hz, Nb-δ-VL CH2), 1.52 (9H, 

s, C(CH3)3), 1.36 (18H, s, C(CH3)3), 1.29 (18H, s, C(CH3)3), 1.28 (9H, s, C(CH3)3). 1H NMR (400 

MHz, chloroform-d, 233 K, δH, ppm); 7.32 (1H, d, J = 1.89 Hz, ArH), 7.29 (1H, broad, ArH), 7.21 

(2H, broad, ArH), 7.16 (1H, d, J = 1.89 Hz, ArH), 7.09 (1H, broad, ArH), 4.94 (2H, m, OCH2CH3), 

4.55 (1H, d, J = 15.88 Hz, NCHH), 4.48 (1H, s, obscured by free δ-VL, Nb-δ-VL OCHH), 4.47 (1H, 

s, free Nb-δ-VL OCH2)*, 4.38 (2H, d, broad, J = 13.30 Hz, NCHH and Nb-δ-VL OCHH), 4.06 (<1H, 

PVL OCH2)**, 3.98 (1H, d, J = 13.50 Hz, NCHH), 3.60 (1H, d, J = 15.88 Hz, NCHH), 3.39 (1H, d, 

J = 13.90 Hz, NCHH), 3.30 (1H, d, J = 13.30 Hz, NCHH), 2.56 (1H, free δ-VL C(O)CH2)*, 2.36 

(<1H, PVL C(O)CH2), 1.97 (1H, broad, Nb-δ-VL CHH), 1.89 (2H, free δ-VL CH2)*, 1.84 (1H, 

broad, Nb-δ-VL CHH), 1.73 (1H, broad, Nb-δ-VL CHH), 1.67 (1H, PVL CH2)**, 1.62 (3H, t, J = 

7.01 Hz, OCH2CH3), 1.49 (10H, s, C(CH3)3 and Nb-δ-VL CHH), 1.40 (1H, broad, Nb-δ-VL CHH), 

1.32 (9H, s, C(CH3)3), 1.28 (9H, s, C(CH3)3), 1.25 (27H, s, C(CH3)3). 13C NMR (101 MHz, 

chloroform-d, 298 K, δC, ppm); 183.4 (Nb-δ-VL O=C), 156.4 (ArO), 146.3 (Ar), 145.9 (Ar), 137.2 

(Ar), 137.0 (Ar), 129.1 (Ar), 127.8 (Ar), 125.4 (ArH), 125.0 (ArH), 124.8 (ArH), 124.4 (ArH), 124.0 

(ArH), 123.9 (ArH), 76.8 (OCH2CH3), 75.2 (Nb-δ-VL OCH2), 61.5 (NCH2), 60.3 (NCH2), 35.2 

(C(CH3)3), 35.2 (C(CH3)3), 34.8 (C(CH3)3), 31.7 (C(CH3)3), 31.6 (C(CH3)3), 30.0 (C(CH3)3), 29.9 

(C(CH3)3), 29.2 (Nb-δ-VL CH2), 21.1 (Nb-δ-VL CH2), 18.6 (OCH2CH3), 17.1 (Nb-δ-VL CH2). 
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ESI-MS  (m/z): 906.5002; calc. for [C52H79NO6Nb]+ (15): 906.4966.  

(m/z): 806.4483; calc. for [C47H71NO4Nb]+ (15 after loss of δ-VL): 806.4441. 

* Residual δ-VL that was not removed by repeated washing with apolar solvents (toluene and 

hexane). ~0.35 equivalents. 

** PVL formed in-situ in chloroform-d solution via slow ROP of residual δ-VL. The absence of 

any significant ethoxy end group signal in the 1H NMR spectrum indicates a negligible fraction of 

the sample of 15 underwent initiation to produce this contaminant. ~0.45 equivalents. 

Elemental Analysis was not carried out, due to the observed instability of 14 toward loss of 

coordinated ε-CL on prolonged exposure to vacuum, and presumed instability of 15 to loss of δ-VL. 

1H and 13C NMR confirmed the purity of bulk samples of 15, apart from some residual toluene (not 

removed due to presumed instability under vacuum), free δ-VL, and small amounts of PVL (see 

above). The masses of those impurities were accounted for when carrying out catalytic studies. Both 

the cationic fragment of 15, [LtBuNb(OEt)(δ-VL)]+, and the species [LtBuNb(OEt)]+, formed on loss 

of δ-VL from 15, were detected via high-resolution mass spectrometry. 15 was fully soluble in DCM, 

chloroform-d and, on heating during catalytic use, in toluene (and toluene-d8), yielding colourless 

solutions. 

 

Figure 6.74. 1H NMR spectrum of 15 at 298 K in chloroform-d. 
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Figure 6.75. 13C{1H} NMR spectrum of 15 at 298 K in chloroform-d. 

 

 

Figure 6.76. COSY spectrum of 15 at 298 K in chloroform-d. 
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Figure 6.77. COSY spectrum of 15 at 298 K in chloroform-d. 

 

 

Figure 6.78. 1H NMR spectrum of 15 at 233 K in chloroform-d. 
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Figure 6.79. COSY spectrum of 15 at 233 K in chloroform-d. 

 

 

Figure 6.80. COSY spectrum of 15 at 233 K in chloroform-d. 
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Synthesis of [LtBuTa(OEt)(δ-VL)]+[SbF6]
–, 16 

To a solution of 13 (0.25 mmol, 230 mg) and δ-VL (0.69 mmol, 69 mg) in toluene (2.3 mL) 

in a vial in the glove box at ambient temperature, was added AgSbF6 (0.37 mmol, 127 mg). The 

mixture was then shaken vigorously for 30 seconds, and syringe filtered through a 0.2 μm PTFE filter 

to remove the AgCl by-product. The solid product, 16, immediately crystallised, and was dissolved 

in DCM (~1 mL) and syringe filtered again. The product was then precipitated by addition of hexane 

(~6 mL), yielding crystals suitable for diffraction. The solvent was removed by decantation, and the 

solid material washed twice with hexane (2x10 mL), which was removed by syringe and needle. 16 

was then dried briefly under dynamic vacuum. Yield: 180 mg, 58 % 

1H NMR (500 MHz, chloroform-d, 298 K, δH, ppm); 7.39 (1H, d, J = 2.28 Hz, ArH), 7.35 (2H, d, J 

= 2.14 Hz, ArH), 7.17 (2H, d, J = 2.05 Hz, ArH), 7.14 (1H, d, J = 7.19 Hz, ArH), 5.03 (2H, q, J = 

7.03 Hz, OCH2), 4.45 (<1H, free δ-VL OCH2)*, 4.43 (2H, t, obscured by free δ-VL, J = 5.59 Hz, Ta-

δ-VL OCH2), 4.09 (<1H, obscured by NCH2, PVL OCH2)**, 3.94 (6H, broad, NCH2), 2.59, (<1H, 

free δ-VL CH2)*, 2.36 (<1H, obscured by toluene CH3 signal, PVL CH2)** 1.95 (2H, t, J = 6.66 Hz, 

Ta-δ-VL CH2), 1.90 (<2H, m, free δ-VL 2CH2)*, 1.69 (<1H, broad, PVL CH2)**, 1.60 (3H, t, J = 

7.03 Hz, OCH2CH3), 1.58 (4H, broad, obscured by OCH2CH3 signals, Ta-δ-VL CH2), 1.51 (9H, s, 

C(CH3)3), 1.36 (18H, s, C(CH3)3), 1.29 (18H, s, C(CH3)3), 1.27 (9H, s, C(CH3)3). 1H NMR (500 

MHz, chloroform-d, 233 K, δH, ppm); 7.35 (1H, s, ArH), 7.32 (1H, broad, ArH), 7.24 (1H, broad, 

obscured by residual chloroform signal, ArH), 7.18 (1H, broad, ArH), 7.13 (1H, s, ArH), 7.07 (1H, 

broad, ArH), 5.01 (2H, q, broad, J = 6.58 Hz, OCH2CH3), 4.58 (1H, d, J = 16.11 Hz, NCHH), 4.53 

(<1H, free δ-VL OCH2), 4.48 (2H, s, obscured by adjacent signals, Ta-δ-VL OCH2), 4.41 (1H, 

broad, obscured by Ta-δ-VL OCH2 signal, NCHH), 4.11 (1H, d, J = 10.89 Hz, NCHH), 4.05 (<1H, 

PVL OCH2), 3.68 (1H, d, J = 14.97 Hz, NCHH), 3.44 (1H, d, J = 12.70 Hz, NCHH), 3.35 (1H, d, J 

= 12.93 Hz, NCHH), 2.59 (<1H, free δ-VL C(O)CH2), 1.97 (1H, broad, Ta-δ-VL CHH), 1.90 97 

(~3H, s, broad, Ta-δ-VL CHH and free δ-VL CH2), 1.74 (1H, broad, Ta-δ-VL CHH), 1.66 (<1H, 

PVL CH2), 1.59 (2H, t, J = 7.00 Hz, OCH2CH3), 1.48 (9H, s, C(CH3)3), 1.33 (9H, s, C(CH3)3), 1.28 

(9H, s, obscured by adjacent signal, C(CH3)3), 1.25 (27H, s, C(CH3)3). 13C NMR (101 MHz, 

chloroform-d, 298 K, δC, ppm); 184.1 (Ta-δ-VL O=C), 154.7 (ArO), 146.0 (Ar), 145.6 (Ar), 138.0 

(Ar), 137.9 (Ar), 125.2 (ArH), 124.7 (ArH), 124.6 (ArH), 124.5 (ArH), 124.4 (ArH), 123.5 (ArH), 

75.8 (Ta-δ-VL C(O)CH2), 74.1 (OCH2CH3), 71.5 (free δ-VL C(O)CH2)*, 61.7 (NCH2), 60.4 (NCH2), 

35.1 (C(CH3)3), 34.7 (C(CH3)3), 31.7 (C(CH3)3), 30.0 (C(CH3)3), 29.9 (C(CH3)3), 29.6 (free δ-VL 

CH2)*, 29.3 (Ta-δ-VL CH2), 22.1 (free δ-VL CH2)*, 21.0 (Ta-δ-VL CH2), 18.8 (free δ-VL CH2)*, 

18.7 (OCH2CH3), 16.9 (Ta-δ-VL CH2). 

ESI-MS  (m/z): 994.5415; calc. for [C52H79NO6Ta]+ (16): 994.5382.  

(m/z): 894.4900; calc. for [C47H71NO4Ta]+ (16 after loss of δ-VL): 894.4858. 
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* Residual δ-VL that was not removed by repeated washing with apolar solvents (toluene and 

hexane). ~0.40 equivalents. 

** PVL formed in-situ in chloroform-d solution via slow ROP of residual δ-VL. The absence of 

any significant ethoxy end group signal in the 1H NMR spectrum indicates a negligible fraction of 

the sample of 16 underwent initiation to produce this contaminant. ~0.20 equivalents. 

Elemental Analysis was not carried out, due to the observed instability of 14 toward loss of 

coordinated ε-CL on prolonged exposure to vacuum, and presumed instability of 16 to loss of δ-VL. 

1H and 13C NMR confirmed the purity of bulk samples of 16, apart from some residual toluene (not 

removed due to presumed instability to vacuum), free δ-VL, and small amounts of PVL (see above). 

The masses of those impurities were accounted for when carrying out catalytic studies. Both the 

cationic fragment of 16, [LtBuTa(OEt)(δ-VL)]+, and the species [LtBuTa(OEt)]+, formed on loss of δ-

VL from 16, were detected via high-resolution mass spectrometry. 16 was fully soluble in DCM, 

chloroform-d and, on heating during catalytic use, in toluene (and toluene-d8), yielding colourless 

solutions. 

 

 

Figure 6.81. 1H NMR spectrum of 16 at 298 K in chloroform-d. 



 

340 

 

 

Figure 6.82. 13C{1H} NMR spectrum of 16 at 298 K in chloroform-d. 

 

 

Figure 6.83. COSY spectrum of 16 at 298 K in chloroform-d. 
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Figure 6.84. COSY spectrum of 16 at 298 K in chloroform-d. 

 

 

Figure 6.85. 1H NMR spectrum of 16 at 233 K in chloroform-d. 
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Figure 6.86. COSY spectrum of 16 at 233 K in chloroform-d. 

 

 

Figure 6.87. COSY spectrum of 16 at 233 K in chloroform-d. 
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6.3  Preparation of Catalyst Formulation f1 

f1 was prepared by an analogous method to that described in previous work:7 In the glove 

box, a J Young’s ampoule was charged with 0.347 mmol (0.32 g) of Zr(IV) complex 1, 34.7 mmol 

(5 g) of rac-Lactide and 34.7 mmol (3.6 mL) of benzyl alcohol, BnOH. The flask was then sealed, 

removed from the glove box, and heated in an oil bath with vigorous stirring, to 180 °C for 50 

minutes, until a clear yellow solution, f1, was obtained. f1 remained liquid on cooling to ambient 

temperature. The concentration of catalyst 1 in f1 was experimentally determined to be 4.27x10–2 

mol dm–3 (39.5 g L–1), the solvent phase comprising a mixture of benzyl esters of lactyl oligomers. 

1H NMR (400 MHz, chloroform-d, 298 K δH, ppm); 7.30 (5H, m, Ar), 5.16 (3H, m, ArCH2 and 

C(O)CH(Me)OC(O)), 4.28 (1H, m, CH(Me)OH), 2.85 (1H, s, OH), 1.48 (3H, d, J=7.1 Hz, 

CH3COC(O)), 1.38 (3H, d, J=6.9 Hz, CH3COH). 13C{1H} NMR (101 MHz, chloroform-d, 298 K δC, 

ppm); 175.42 (C=O), 174.99 (C=O), 135.20 (ArCH2), 128.58 (Ar), 128.45 Ar), 128.16 (Ar), 128.09 

(Ar), 69.30 (CH2), 67.20 (C(O)CH(Me)OC(O)), 66.78 (CH(Me)OH),), 20.29 (CH3), 16.70 (CH3).  

Assignation of resonances was compromised due to overlap of many methyl and methylene signals 

corresponding to various chiral oligomeric lactyl species. The appearance of complex multiplets in 

the methylene and methyl regions of the 1H spectrum indicates racemic enchainment of L-lactic acid 

and D-lactic acid residues arising due to transesterification. 

Catalyst formulations f2 and f3 were prepared analogously to f1. However, f2 and f3 contained 0.67 

mol% and 0.5 mol% of catalyst 1, respectively, and required 35 minutes and 30 minutes of heating, 

respectively. 

6.4  Polymerisation Methods 

6.4.1 General Method for Solution-Phase Polymerisations (not kinetic studies) 

In the glove box, a J Young’s ampoule containing a magnetic stirring bead was charged with 

the required quantity of the relevant solid catalyst. Then, the required volume of anhydrous SPS 

toluene was added, followed by the monomer. The flask was sealed, removed from the glove box, 

and the reaction mixture stirred at the required temperature. Where reactions were to be carried out 

at elevated temperatures (80 °C, 65 °C), this was achieved by suspending the ampoule in a silicone 

oil bath, heated to the relevant temperature. Otherwise the reaction was stirred at ambient 

temperature. After the desired reaction time had elapsed, the ampoule was, where necessary, cooled 

to ambient temperature, opened, and the reaction typically quenched by addition of 100 μL of a 0.75 

mol dm–3 solution of benzoic acid in dichloromethane. The ε-CL polymerisations described in 

Chapter 2 were not quenched with benzoic acid, instead having 10 mL of ‘wet’ dichloromethane 

added to them under ambient air immediately upon cooling. For the polymerisations of ε-CL and δ-
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VL described in Chapter 3, 8 mL of dichloromethane was added to the reaction mixture after 

quenching with benzoic acid, to reduce the viscosity of the polymer solution. 

For all polymerisations of ε-CL and δ-VL, the reaction mixture was transferred to a 25 mL 

round-bottomed flask, the solvent then being removed under reduced pressure using a rotary 

evaporator, and the residue retained for analysis. Conversion was determined by integration of the 

1H NMR methylene resonances corresponding to monomer and polymer species, at δH = 4.20 ppm 

and δH = 4.05 ppm (ε-CL), or δH = 4.34 ppm and δH = 4.07 ppm (δ-VL), respectively, in chloroform-

d. Where end group analysis was to be carried out, the polymer products were dissolved in 

dichloromethane, and precipitated from excess methanol, then washed copiously with more methanol 

over a sintered glass frit with, before being dried under dynamic vacuum. GPC (RI) analysis was 

undertaken using the crude product. The PCL samples for end group analysis described in Chapter 2 

were stirred in 25 mL of methanol for 20 hours prior to filtration and washing. 

For polymerizations of rac-β-BL, an aliquot of the reaction mixture was removed 

immediately after quenching with benzoic acid. Due to the volatility of β-BL the solvent was not 

removed under reduced pressure. Instead, a large excess of chloroform-d was added, and conversion 

determined by integration of 1H NMR methine resonances corresponding to monomer and polymer 

species, at δH = 4.68 ppm and δH = 5.25 ppm, respectively. Where purification of P3HB samples was 

necessary, for MALDI-ToF-MS analysis, or quantification of ε-CL in the polymer chain, the low 

molecular weight material was dissolved in methanol in a round bottomed flask, which was then 

cooled to –78 °C until precipitation of the polymer occurred. The solvent was then decanted off, and 

the resulting material washed repeatedly with cold methanol, before drying under dynamic vacuum. 

6.4.2 General Method for in-situ 1H NMR-Monitored Solution-Phase Polymerisations 

(kinetic studies) 

Kinetic experiments were carried out identically to the manner described above, except 100 

mg of the relevant monomer was used, typically in 1.00 mol dm–3 solution in toluene-d8 or 

chloroform-d in a J Young’s NMR tube, without stirring. The kinetic experiments described in 

Chapter 2, used an ε-CL concentration of 0.80 mol dm–3. Immediately following addition of the 

monomer, the NMR tube was sealed, removed from the glove box, and cooled to –196 °C for 

transport to the spectrometer. The probe was then warmed to the desired temperature. The sample 

was allowed to reach ambient temperature before being placed into the probe, whereupon acquisition 

of time-resolved 1H NMR data was immediately commenced. Quenching and work-up procedures 

were carried out analogously to those described above. All 1H NMR-monitored kinetic studies, 

except those described in Chapter 2, were quenched with benzoic acid on completion.  
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6.4.3 Polymer Characterisation Techniques 

Conversion for kinetic experiments was determined directly via integration of 1H NMR 

methylene resonances in spectra acquired immediately prior to removal of the sample from the 

spectrometer, with the exception of the rac-β-BL polymerisations carried out at ambient temperature 

in chloroform-d, which were allowed to proceed after cessation of time-resolved 1H NMR data 

acquisition. Conversion for those samples was determined from analysis of the quenched crude 

product. The signals corresponding to monomer and polymer species in toluene-d8, respectively 

appeared at δH = 3.86 ppm and δH = 5.28 ppm for β-BL/P3HB (methine), δH = 3.77 ppm and δH = 

3.96 ppm for δ-VL/PVL (methylene), and δH = 3.65 ppm and δH = 3.98 ppm for ε-CL/PCL 

(methylene). In all cases,  𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 100 × (
𝐴𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐴𝑝𝑜𝑙𝑦𝑚𝑒𝑟+𝐴𝑚𝑜𝑛𝑜𝑚𝑒𝑟
), where Amonomer and Apolymer 

are the integrated area of the monomer and polymer signals, respectively. 

6.4.4 Polymerisation of ε-Caprolactone in the Presence of L-Lactide 

In the glove box, a J Young’s NMR tube was charged with the solid initiator, 6 (20 mg). 

Then, 1.0 mL of dry toluene-d8 was added, followed by 100 mg of ε-CL (resulting in a monomer 

concentration of 0.80 mol dm–3) and 126 mg L-LA (0.80 mol dm–3). The tube was sealed, removed 

from the glove box and heated to 80 °C inside the NMR spectrometer.  The temperature was 

maintained for 16 hours, and 1H NMR spectra were acquired at ten-minute intervals for the first 12 

hours. After the desired reaction time had passed, the tube was cooled, opened, and the solvent 

removed under dynamic vacuum. The crude reaction mixture was then dissolved in chloroform-d, 

and a 1H NMR spectrum acquired at 298 K. No further analysis of the product was carried out. The 

reaction progress was monitored by observation of 1H NMR methylene resonances corresponding to 

monomer and polymer species, at δH = 3.75 ppm and δH = 3.98 ppm, respectively.  

6.4.5 Polymerisation of Tetrahydrofuran 

In the glove box, to 200 mg (200 μL) protio-THF was added 0.1 mol% of the relevant solid 

Nb(V) complex ([THF]:[Initiator] = 1000:1). The mixture was sealed in a 1 mL vial and shaken 

vigorously until solvation of the solid catalyst occurred (<1 minute). Samples were not stirred. 

The final conversion was ascertained via 1H NMR spectroscopy, by comparison of 

resonances at δH = 3.73 ppm and δH = 1.84 ppm, corresponding to the OCH2 and OCH2CH2 protons 

of THF, respectively, and those at δH = 3.40 and δH = 1.61, corresponding to the OCH2 and OCH2CH2 

protons of poly(THF), respectively. The reported conversion is the mean value determined using 

both the OCH2 and OCH2CH2 regions. 
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6.4.6 Attempted co-polymerisation of CO2 and cyclohexene oxide 

The attempted co-polymerisation of cyclohexene oxide and CO2 was undertaken in a J 

Young’s ampoule as described in Chapter 2. The vessel was evacuated and refilled with CO2 using 

a Schlenk line, the gas manifold of which was fed from a CO2 cylinder. In all cases, 1 g of 

cyclohexene oxide was used. 

6.4.7 General Method for In-situ ATR-FT-IR-Monitored Solvent-Free Polymerisations 

of Lactide (kinetic studies) 

A three-necked, jacketed glass reactor was loaded with 20 g of rac-LA or L-LA as required. 

A mechanical stirrer and Bruker IN350-T ATR-FT-IR insertion probe were fitted, with rubber seals, 

into two of the vessel’s necks, respectively. The third (central) neck of the reaction vessel was 

connected to a Schlenk line. The charged reactor was placed under dynamic vacuum (0.03 mbar) for 

sixty minutes, then refilled with dry argon at ambient temperature. The vessel was evacuated for five 

minutes, and refilled with Ar a further two times, then sealed and heated, with mechanical stirring, 

to 174 °C (unless otherwise stated). Heating was achieved via passage of a heat transfer fluid (silicone 

oil) in a closed circuit from the Huber Petite Fleur thermo-regulation unit, through the outer jacket 

of the reactor (when that unit was set to 180 °C, the temperature of the molten lactide inside the 

reactor was 174 °C, calibrated using a Brannan mercury thermometer). Once the vessel reached the 

reaction temperature, it was briefly opened to ambient air by removal of the Schlenk line connection, 

and the catalyst formulation, f1, was added by syringe, having been previously handled under dry 

argon. Where solid catalyst 1 was used, it was tipped directly from a polystyrene weighing boat into 

the open reaction vessel. Benzyl alcohol was added by syringe where required. The vessel was 

immediately sealed after addition of catalyst (and co-initiator, where required) and the reaction 

allowed to proceed.  

Simultaneously to addition of the catalyst, collection of real-time ATR-FT-IR data was 

commenced. Quantitation of LA and PLA concentrations was achieved by integration of the ATR-

FT-IR signals corresponding to the C-O-C stretching mode, at wavenumber regions 1203-1265 cm-

1 and 1160-1200 cm-1, respectively. Integration was carried out between points on the curve 

corresponding to the relevant wavenumbers. Calibration of the ATR-FT-IR spectrometer was 

undertaken using molten LA/PLA mixtures of known composition, with the composition being 

validated after heating via 1H NMR spectroscopic analysis. Further data processing and construction 

of semi-logarithmic plots was carried out using Microsoft Excel 2013. 

The polymer product produced in the course of each ATR-FT-IR-monitored experiment was 

immediately poured from the reactor on cessation of ATR-FT-IR data acquisition, and allowed to 

cool under ambient conditions without further purification. The final percentage conversion was 

determined by integration of the methine region of the product mixture’s 1H NMR spectrum, in 
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chloroform-d. Resonances at δH = 5.0 – 5.07 ppm and δH = 5.08 – 5.25 ppm are characteristic of the 

monomer and polymer species, respectively. Where applicable, the tacticity of the polymer product 

was assessed via 1H NMR spectroscopy, with homonuclear decoupling of the polymer methine signal 

(see below).8 Concentration data were converted from mol% to mol dm–3 where required based on a 

density of 1.3 g cm–3 for the molten reaction mixture at 174 °C, irrespective of conversion. This value 

was experimentally determined to be the density of pure molten lactide at 174 °C. GPC analysis 

(triple detection) was carried out using the crude product, with the percentage conversion being 

accounted for when calculating the concentration of the sample. 

6.4.8 Method for Kinetic Studies of the Solvent-Free Polymerisation of rac-Lactide 

using Parallel Reactions 

In the glove box, 10 J Young’s ampoules were each loaded with 1g of rac-LA or L-LA, and 

10 μL of catalyst formulation f1 ([LA]:[Zr]:[ROH] = 32 260:1:100). The flasks were sealed and 

removed from the glovebox, then heated with vigorous stirring in an oil bath to 180 °C (control 

reaction B-1 was not heated). After the required reaction time, each flask was removed from the oil 

bath, cooled to ambient temperature and opened to ambient air. The product was then dissolved in 

minimum (~5 mL) ‘wet’ dichloromethane. A small aliquot of the resulting solution removed and 

evaporated to dryness, before being dissolved in chloroform-d for 1H NMR spectroscopic analysis, 

to determine the conversion. Percentage conversion was plotted against reaction time (each data point 

thus corresponding to a separate reaction) to produce a reaction profile. In all reactions for which the 

final conversion exceeded 70 %, the remaining polymer was isolated by precipitation from methanol 

(~100 mL), which was then removed by decantation. The resulting material was dried for 16 hours 

under dynamic vacuum at 60 °C, and analysed via GPC (triple detection).  

6.4.9 Method for Kinetic Isotope Study of the Solvent-Free Polymerisation of rac-

Lactide  

At ambient temperature, in the glovebox, a solution was prepared of 30 mg 1 and 187 μl 

EtOH in 10 mL toluene ([1] = 3.2 mmol dm–3, [EtOH] = 320 mmol dm–3). 65 μl of the resulting 

solution was added to each of seven J Young’s flasks, each containing 1 g rac-lactide. The sealed 

flasks were each then heated with stirring in an oil bath to 150 °C, and removed after 10, 20, 30, 45, 

60, 75, and 90 minutes, respectively. Conversion in each case was determined via 1H NMR 

spectroscopy. A second solution was prepared, containing 30 mg 1 and 187 μl deuterated ethanol 

EtOD in 10 mL toluene ([1] = 3.2 mmol dm–3, [EtOH] = 320 mmol dm–3). A further seven 

polymerisation reactions were then carried out using the latter solution. The crude products were 

analysed by 1H NMR for conversion, and molecular weight data was obtained via GPC (triple 

detection), with the resulting values being appropriately adjusted for conversion.  
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6.4.10 Method for the Small-Scale Polymerisation of L-Lactide in the Presence of Solid 

Catalyst 1 and Benzyl Alcohol 

Sample preparation and experimental methods for reactions B-10 and B-11 were analogous 

to those described in section 6.4.8, above, except solid catalyst 1 and exogenous BnOH were added, 

instead of catalyst formulation f1, and the reactions were undertaken on a 5 g scale. 

6.4.11 General Method for the Solvent-Free Polymerisation of L-Lactide in the presence 

of f1, f2 or f3 under Industrially Relevant Conditions 

For a 500 gram-scale reaction, a jacketed stainless steel reactor was loaded with 510 g of 

Total Corbion Lumilact® L-LA (not recrystallised, [lactic acid] = 1.80 – 4.22 meq), and placed under 

a dry nitrogen atmosphere. A sample of the solid material was retained for free acid titration. The 

reactor was then heated to 130 °C using a Huber temperature control system, by passage of a thermal 

fluid through the reactor’s outer jacket. An internal thermocouple was used to maintain the desired 

process temperature. When the contents of the reactor reached 130 °C, mechanical stirring was 

commenced, and a 10 g sample of the molten monomer drawn from the reactor for free acid analysis. 

The reactor was then opened, and the required catalyst formulation, or Sn(Oct)2, injected by syringe. 

The reactor was then resealed, and immediately heated to 180 °C. Samples of the polymerisation 

mixture were withdrawn at various time intervals, and immediately cooled on ice. Analysis of 

conversion was carried out via 1H NMR spectroscopy (via integration of the monomer and polymer 

methine signals), and molecular weight data was obtained via GPC.  

6.5  Computational Details 

The computational studies described in the current work were carried out by Dr Antoine 

Buchard at the University of Bath.9 The results, and appropriate collaborative interpretation thereof, 

are included in this thesis in support of the experimental work described herein. 

6.5.1 Computational Analysis of Niobium(V) Systems 

General Considerations 

Density Functional theory (DFT) and Natural Bond Orbital (NBO) calculations were 

performed using Gaussian16 (revision A.03),10 and NBO 3.1,11 respectively. Geometries were fully 

optimised without any symmetry or geometry constraints. When the metal complex considered was 

cationic, the anion was omitted to prevent from arbitrarily assigning it a position in space. The nature 

of all the stationary points as minima or transition states (first-order saddle points) on the potential 

energy surface was verified by calculations of the vibrational frequency spectrum. Using the 

GoodVibes program,10 quasi-harmonic corrections for 353.15 K and 0.8 mol/L were applied to the 

computed free enthalpies using a frequency cut-off value of 100.0 cm–1, according to the model 

proposed by Grimme.11 
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Natural Bond Orbital Calculations 

Structures were optimized at the PBE0 level of theory, using the def2sVP basis set for C, H, 

O and N atoms and the SDD pseudopotential and associated basis set for Nb. Solvent effects were 

computed with the conductor-like polarisable continuum model (CPCM) at 298 K in toluene.  

Full coordinates for modelled complexes 3, 4, 6 and 6’, together with computed Gibbs free 

energy and vibrational frequency and NBO data, are available via the corresponding Gaussian 16 

output files, stored in the digital repository, DOI: 10.6084/m9.figshare.8299313. 

Modelling of the Free Enthalpy Profile for the Initiation step of ε-Caprolactone 

Polymerisation in the presence of 6 

DFT Optimisation was carried out using the rωB97XD LC hybrid functional developed by 

Chai and Head-Gordon that includes an empirical dispersion correction,12–15 using the 6-311+G(d) 

basis set for O and N atoms, 6-31G(d,p) for C and H atoms and the SDD pseudopotential and 

associated basis set for Nb. Solvent effects in toluene were considered using conductor-like 

polarisable continuum model (CPCM). 

Full coordinates for all the stationary points, together with computed Gibbs free energy and 

vibrational frequency data, are available via the corresponding Gaussian 16 output files, stored in the 

digital repository, DOI: 10.6084/m9.figshare.8299496. 

6.5.2 Computational Analysis of the Solvent-Free Polymerisation of Lactide in the 

Presence of Zirconium(IV) Complex 1 

Due to the size of the catalytic system (involving up to 159 atoms in the initiation step), a 

layered basis set protocol, involving the Stuttgart/Dresden effective core potential (SDD ECP) and 

associated basis set for the Zr centre, was used. 

To best approximate solvation in molten lactide and PLA, the solvent phase was modelled 

as ethyl acetate, using a self-consistent reaction-cavity continuum solvation model (cpcm).16,17 All 

calculations were undertaken using a temperature of 453.15 K. The transition state for the rate 

determining step was subsequently recalculated at 447.15 K, to ensure parity with the experimental 

conditions, and no significant difference in the activation barrier was observed. 
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7. APPENDIX 

7.1  X-Ray Crystal Structure Data 

7.1.1 Crystallographic Parameters 

 

Compound reference 2 3 4 

Chemical formula C107 H138 N2 O6 Zr C399H616N8Nb8O40 C51H79ClNNbO5 

Formula Mass 1639.41 6908.28 914.51 

Crystal system 
Triclinic Tetragonal 

 

Monoclinic 

a/Å 14.1647(15) 31.71100(10) 17.2143(3) 

b/Å 14.3981(11) 31.71100(10) 10.6849(2) 

c/Å 14.4928(13) 9.88450(10) 28.0303(5) 

α/° 83.050(7) 90 90 

β/° 62.297(10) 90 99.200(2) 

γ/° 66.040(10) 90 90 

Unit cell volume/Å3 2383.0(5) 9939.73(12) 5089.38(16) 

Temperature/K 150(2) 150(2) 150(2) 

Space group P-1 P4/n P21/c 

No. of formula units per unit cell, Z 1 1 4 

Radiation type Cu Kα Cu Kα Cu Kα 

Absorption coefficient, μ/mm-1 1.350 2.296 2.741 

No. of reflections measured 18576 76026 38491 

No. of independent reflections 9413 9887 9646 

Rint 0.0339 0.0428 0.0725 

Final R1 values (I > 2σ(I)) 0.0426 0.0359 0.0454 

Final wR(F2) values (I > 2σ(I)) 0.1133 0.0947 0.1134 

Final R1 values (all data) 0.0452 0.0400 0.0514 

Final wR(F2) values (all data) 0.1148 0.0973 0.1182 
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Compound reference 5 5A 6 

Chemical formula C108.80H156.20F8N2Nb2O7Sb C103.50H147F9N2Nb2O6Sb C65H93F6NNbO6Sb 

Formula Mass 2063.72 1993.79 1313.06 

Crystal system Monoclinic Monoclinic Monoclinic 

a/Å 22.9621(6) 22.8756(9) 13.3706(4) 

b/Å 19.2799(3) 19.2700(3) 27.1212(10) 

c/Å 27.1056(6) 27.8865(11) 18.6887(5) 

α/° 90 90 90 

β/° 112.479(3) 115.752(5) 104.767(3) 

γ/° 90 90 90 

Unit cell volume/Å3 11088.1(5) 11071.8(8) 6553.2(4) 

Temperature/K 150(2) 150(2) 150(2) 

Space group C2/c C2/c P21/n 

No. of formula units per unit cell, Z 4 4 4 

Radiation type Mo Kα Mo Kα Mo Kα 

Absorption coefficient, μ/mm-1 0.509 0.508 0.652 

No. of reflections measured 65622 70436 74006 

No. of independent reflections 12900 12580 14427 

Rint 0.0503 0.0425 0.0555 

Final R1 values (I > 2σ(I)) 0.0557 0.0643 0.0558 

Final wR(F2) values (I > 2σ(I)) 0.1286 0.1525 0.0988 

Final R1 values (all data) 0.0868 0.0869 0.0755 

Final wR(F2) values (all data) 0.1421 0.1642 0.1049 
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Compound reference 7 8 9 

Chemical formula C31H40NNbO5 C33.40H41.40ClNNbO4.40 C65H78F7N2Nb2O8Sb 

Formula Mass 599.55 655.63 1455.86 

Crystal system Orthorhombic Monoclinic Monoclinic 

a/Å 23.4940(2) 17.3465(12) 13.5593(4) 

b/Å 9.45640(10) 19.6497(8) 22.6077(6) 

c/Å 26.2189(2) 9.6027(5) 21.5667(8) 

α/° 90 90 90 

β/° 90 96.443(5) 103.440(3) 

γ/° 90 90 90 

Unit cell volume/Å3 5825.02(9) 3252.4(3) 6430.1(4) 

Temperature/K 150(2) 150(2) 150(2) 

Space group Pbca P21/c P21/n 

No. of formula units per unit cell, Z 8 4 4 

Radiation type Cu Kα Cu Kα Cu Kα 

Absorption coefficient, μ/mm-1 3.682 4.068 6.797 

No. of reflections measured 43236 27209 50479 

No. of independent reflections 5527 6321 12220 

Rint 0.0323 0.0813 0.0645 

Final R1 values (I > 2σ(I)) 0.0279 0.0775 0.0478 

Final wR(F2) values (I > 2σ(I)) 0.0710 0.1770 0.1144 

Final R1 values (all data) 0.0299 0.1070 0.0675 

Final wR(F2) values (all data) 0.0724 0.1934 0.1254 
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Compound reference 11 12 13 

Chemical formula C105 H155 F12 N2 Nb2 O8 Sb2 8(C49H76NO5Ta)•C12H12 C47H71ClNO4Ta 

Formula Mass 2230.62 7676.64 930.44 

Crystal system Triclinic Tetragonal Monoclinic 

a/Å 9.7790(2) 31.7034(2) 11.05400(10) 

b/Å 12.8031(3) 31.7034(2) 20.8837(2) 

c/Å 22.3879(6) 9.85760(10) 20.3418(2) 

α/° 86.166(2) 90 90 

β/° 88.754(2) 90 94.0040(10) 

γ/° 73.494(2) 90 90 

Unit cell volume/Å3 2681.46(11) 9907.93(16) 4684.41(8) 

Temperature/K 150(2) 150(2) 150(2) 

Space group P-1 P4/n P21/n 

No. of formula units per unit cell, Z 1 1 4 

Radiation type Cu Kα Cu Kα Cu Kα  

Absorption coefficient, μ/mm-1 6.261 4.423 5.158 

No. of reflections measured 43378 39264 14305 

No. of independent reflections 10694 9882 14305 

Rint 0.0344 0.0308 - 

Final R1 values (I > 2σ(I)) 0.0318 0.0302 0.0442 

Final wR(F2) values (I > 2σ(I)) 0.0765 0.0686 0.1072 

Final R1 values (all data) 0.0347 0.0326 0.0541 

Final wR(F2) values (all data) 0.0781 0.0698 0.1105 
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Compound reference 14 15 16 

Chemical formula C67H97F6NO6 SbTa C52H79F6NNbO6 Sb C52H79F6NO6 SbTa 

Formula Mass 1429.15 1142.82 1230.86 

Crystal system Monoclinic Monoclinic Monoclinic 

a/Å 13.4337(3) 12.37780(10) 12.3899(5) 

b/Å 27.1135(6) 14.41100(10) 14.419(3) 

c/Å 19.0466(4) 31.5961(3) 31.554(3) 

α/° 90 90 90 

β/° 105.882(2) 90.0800(10) 90.139(6) 

γ/° 90 90 90 

Unit cell volume/Å3 6672.6(3) 5636.00(8) 5637.1(13) 

Temperature/K 150(2) 150(2) 150(2) 

Space group P21/n P21/n P21/n 

No. of formula units per unit cell, Z 4 4 4 

Radiation type Mo Kα Cu Kα Mo Kα 

Absorption coefficient, μ/mm-1 2.109 5.998 2.483 

No. of reflections measured 54822 24287 32788 

No. of independent reflections 13610 10664 9529 

Rint 0.0643 0.0253 0.0516 

Final R1 values (I > 2σ(I)) 0.0501 0.0438 0.0448 

Final wR(F2) values (I > 2σ(I)) 0.1028 0.1150 0.0615 

Final R1 values (all data) 0.0852 0.0485 0.0687 

Final wR(F2) values (all data) 0.1177 0.1177 0.0672 
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7.1.2 Special Refinement Details 

2: The asymmetric unit contains half a complex molecule and 2.5 molecules of toluene. Two of the 

tert-butyl groups in the complex each exhibit rotational disorder over two positions, in the ratios 

70:30 and 63:37, and were refined with ADP restraints. One solvent molecule is disordered over a 

centre of inversion and was refined with 50% occupation, bond lengths restraints for the methyl 

group and ADP restraints. Two other toluene molecules are disordered over three sites in the ratio 

40:30:30 and were refined with bond lengths restraints for the methyl groups and ADP restraints. 

3: One tert-butyl and one ethoxide-group in the Nb complex show disorder in the ratio 80:20 

involving atoms (C(32)-C(34)/C(32A)-C(34A)) and atoms (C(1)-C(2)/C(1A)-C(2A)). C(1A) and 

C(2A) have been refined with ADP restraints. Half a solvent molecule of toluene is located near a 4-

fold axis with its methyl group sitting right on it which leads to heavy disorder. Bond length 

constraints and PART-1 instructions have been applied for the phenyl part of the molecule. 

5: The main molecule forms a dimer linked via a F-atom. Two ligands attached to the Nb atoms share 

the same site (F/OEt=1:1). SbF6 and one toluene are disordered over a two-fold axis and have been 

refined with 50% occupation. Another toluene molecule is disordered over two sites in the ratio 1:1. 

However, it was refined with 40% occupation each for both sites. All atoms involved in the disorders 

except for Sb have been refined with ADP restraints. 

5a: the methyl groups of one tert-butyl group (C35) were disordered over two positions in a 70:30 

ratio; three molecules of disordered toluene and one benzene also present in unit cell. 

7: One CH2CH3 of an ethoxide (O(1)) is disordered over two positions C(1)/C(2) and C(1A)/C(2A) 

in a ratio of 40:60. 

8: The asymmetric unit contains a solvent mixture of THF and toluene in the ratio 1:1 which was 

refined with 40% occupation each. Both molecules share the same site and were refined with ADP 

restraints. The toluene was refined with geometric constraints. 

11. the asymmetric unit contains additionally 0.5 molecules of toluene. One tert-butyl group of the 

main molecule displays rotational disorder in the ratio 70:30. 

12: One tert-butyl (C31/A) group shows rotational disorder in the ratio 77:23. One ethoxide (O1) 

group shows rotational disorder in the ratio 70:15:15. One solvent molecule is disordered over two 

sites sitting on a 4-fold axis. Atoms therein have been refined with 1/8 occupation. All disordered 

atoms have been refined with ADP restraints. 

13: Cl(1) disordered over two sites in a ratio of 80:20. One tert-butyl group (C38) also disordered 

over two positions (70:30), the minor component has been left isotropic. Crystal is twinned by 

rotation of 179.9° around [0.99 -0.00 -0.13] (reciprocal) or [1.00 0.00 -0.00] (direct). 
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14: Two molecules of toluene contained within unit cell, one of which is disordered and has been 

treated isotropically. Relatively large q peak related to Sb atom centre. 

15: Unit cell dimensions are close to that of an orthorhombic crystal system (β = 90.0800(10)°). 

However, solving and refinement of the data as a monoclinic system (β = 90)°) yielded the best 

results and unambiguous structure determination. 

16: One tert-butyl group (C11) had less than ideal anisotropic parameters for the methyl carbons. 
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7.2  Further Details of ATR-FT-IR Monitoring of Solvent-Free Lactide 

Polymerisations 

7.2.1 Integration of Lactide and Poly(lactic acid) Signals 

Integration of LA and PLA signals in ATR-FT-IR spectra of the reaction mixture, acquired 

during the solvent-free ROP of LA, considered the area below the curve enclosed by a straight line 

between the points on the curve corresponding to wavenumbers of 1203 cm–1 and 1265 cm–1 (LA), 

and 1160 cm–1 and 1200 cm–1 (PLA), respectively (Figure 7.1, Figure 7.2). Where the curve passes 

below the described line, the relevant region is considered to have a negative area. 

 

 

Figure 7.1. Stacked ATR-FT-IR spectra acquired during the solvent-free ROP of rac-LA in the presence of 

catalyst formulation f1; LA and PLA signals corresponding to the C-O-C stretching mode appear at 

wavenumber regions 1203 cm–1 – 1265 cm–1 and 1160 cm–1 – 1200 cm–1, respectively. 
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Figure 7.2. Stacked ATR-FT-IR spectra corresponding to the solvent-free ROP of rac-LA in the presence of 

catalyst formulation f1 with visual representation of the integration method. The reaction proceeds from 

foremost to rearmost spectra. 

 

7.2.2 Calibration of ATR-FT-IR Apparatus 

The in-situ ATR-FT-IR reaction monitoring apparatus was calibrated using sample mixtures 

of PLA and rac-LA, of known molar composition, with respect to the molar quantity of lactyl 

moieties present ([PLA]:[LA] = 0:100, 20:80, 40:60, 60:40, 80:20, and 100:0, respectively). 

Following acquisition of ATR-FT-IR spectra of each sample at 174 °C, a calibration curve was 

constructed, describing the relationship between the integrated area of the LA signal and the 

concentration of LA (Figure 7.3). The calibration was carried out retrospectively with respect to the 

kinetic studies of LA polymerisation, the PLA from those studies being used to prepare the calibrant 

samples. This material was first purified by precipitation from methanol, washed copiously with 

methanol over a sintered glass frit, and dried overnight under dynamic vacuum. After calibration had 

been carried out, the PLA/LA samples were cooled to ambient temperature, and 1H NMR 

spectroscopy was used to confirm that no change in composition (polymerisation or evaporation of 

LA) had occurred under the high-temperature conditions of the calibration. 
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Figure 7.3. Calibration curve for determination of rac-LA concentration from integrated ATR-FT-IR signal 

area at 174 °C. 

 

Accordingly, the linear relationship between the integrated area of the rac-LA signal (1203 

cm–1 – 1265 cm–1) and rac-LA concentration (mol%), at 174 °C is described by the equation, 

Equation 7.1. 

Equation 7.1. 

[𝐿𝐴]  =  2.7367𝑎 +  10.938 

 

where a = integrated lactide signal area. 

 

Calibration curves were constructed for several temperatures; 174 °C, 164 °C, 154 °C, and 

144 °C (Figure 7.4). However, any dependence of the ATR-FT-IR LA signal area on temperature 

was found to be negligible over the temperature range assessed (Figure 7.5). Thus, for simplicity, 

ATR-FT-IR data obtained in the course of polymerisations undertaken at all temperatures (lower 

temperatures being used for determination of ΔG‡) was processed using the calibration curve 

constructed using data acquired at 174 °C.  Additionally, the calibration data obtained using rac-LA 

was assumed to be valid for manipulation of kinetic data corresponding to the polymerisation of L-

LA. 
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Figure 7.4. Calibration curves for determination of rac-LA concentration from integrated ATR-FT-IR signal 

area at various temperatures, showing negligible variation. 

 

 

 

Figure 7.5. Variation of integrated ATR-FT-IR rac-LA signal area with temperature for rac-LA/ PLA 

mixtures of various composition, showing negligible temperature dependence. 
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Calibration of the PLA signal (1160 cm–1 – 1200 cm–1) (Figure 7.6) using the same method 

showed that the relationship between the concentration of PLA and the integrated area of the 

corresponding ATR-FT-IR signal was described by a second order polynomial, Equation 7.2. 

Equation 7.2. 

 

[𝑃𝐿𝐴] =  0.2267𝑏2 + 5.236𝑏 + 9.4644 

 

 

Where b = integrated PLA signal area.  

 

In similarity to the LA signal, the integrated PLA signal area showed no significant temperature 

dependence (Figure 7.7, Figure 7.8). 

 

 

 

 

Figure 7.6. Calibration curve for determination of PLA concentration from integrated ATR-FT-IR signal 

area at 174 °C. 
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Figure 7.7. Calibration curves for determination of PLA concentration from integrated ATR-FT-IR signal 

area at various temperatures, showing negligible variation. 

 

 

Figure 7.8. Variation of integrated ATR-FT-IR rac-LA signal area with temperature for rac-LA/ PLA 

mixtures of various composition, showing negligible temperature dependence. 
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7.3  Selected GPC Traces 

 

Figure 7.9. GPC (RI) trace, for the PCL product of reaction Nb-3; [ε-CL]:[6] = 60:1, 80 °C, in toluene. 

Calibration curve, from PS standards, shown. 

 

 

Figure 7.10. GPC (RI) trace, for the PCL product of reaction Nb-10; [ε-CL]:[5] = 60:1, 80 °C, in toluene. 
Calibration curve, from PS standards, shown. 
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Figure 7.11. GPC (RI) trace, for the PCL product of reaction Nb-17; [ε-CL]:[9] = 60:1, 80 °C, in toluene. 

Calibration curve, from PS standards, shown. 

 

 

Figure 7.12. GPC (RI) trace, for the PCL product of reaction Ta-1; [ε-CL]:[14] = 100:1, 80 °C, in toluene-d8 

(kinetic study). Calibration curve, from PS standards, shown. 
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Figure 7.13. GPC (RI) trace, for the PCL product of reaction Ta-6; [ε-CL]:[14] = 250:1, 80 °C, in toluene. 

Calibration curve, from PS standards, shown. 

 

 

Figure 7.14. GPC (RI) trace, for the PCL product of reaction Ta-8; [ε-CL]:[14]:[BnOH] = 250:1:0.6, 80 °C, 

in toluene. Calibration curve, from PS standards, shown. 

 

 

 

 



 

368 

 

 

 

 

 

Figure 7.15. GPC (RI) trace, for the PCL product of reaction Ta-9; [ε-CL]:[14]:[BnOH] = 250:1:1.6, 80 °C, 

in toluene. Calibration curve, from PS standards, shown. 

 

 

Figure 7.16. GPC (RI) trace, for the PVL product of reaction Nb-38; [-VL]:[6] = 100:1, 80 °C, in toluene. 

Calibration curve, from PS standards, shown. 
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Figure 7.17. GPC (RI) trace, for the PVL product of reaction Ta-16; [-VL]:[14] = 250:1, 80 °C, in toluene. 

Calibration curve, from PS standards, shown. 

 

 

Figure 7.18. GPC (RI) trace, for the PVL product of reaction Ta-20; [-VL]:[14] = 500:1, 65 °C, in toluene. 

Calibration curve, from PS standards, shown. 
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Figure 7.19. GPC (RI) trace, for the P3HB product of reaction Ta-35; [-BL]:[14] = 1000:1, 65 °C, in 

toluene. Calibration curve, from PS standards, shown. 

 

 

Figure 7.20. GPC (RI) trace, for the PCL product of reaction Nb-45; [-CL]:[15] = 100:1, 80 °C, in toluene. 

Calibration curve, from PS standards, shown. 
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Figure 7.21. GPC (RI) trace, for the PCL product of reaction Ta-22; [-CL]:[16] = 100:1, 80 °C, in toluene. 

Calibration curve, from PS standards, shown. 

 

 

Figure 7.22. GPC (triple detection) trace for the PLA product of reaction IR-6; f1, rac-LA, [LA]:[Zr]:[ROH] 

= 7692:1:100; 174 °C, solvent-free. 
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Figure 7.23. GPC (triple detection) trace for the PLA product of reaction IR-11; solid 1 + BnOH, rac-LA, 

[LA]:[Zr]:[BnOH] = 5128:1:100; 174 °C, solvent-free. 

 

 

Figure 7.24. GPC (triple detection) trace for the PLA product of reaction IR-19; f1 + 4 aliquots of BnOH, 

rac-LA, [LA]:[Zr]:[ROH] = 7692:1:100/162/223/285/346; 174 °C, solvent-free (tail to low molecular 

weight). 
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Figure 7.25. GPC (triple detection) trace for the PLLA product of reaction B-11; solid 1 + BnOH, rac-LA, 

[LA]:[Zr]:[BnOH] = 3846:1:5; 180 °C, solvent-free. 

 

 

Figure 7.26. GPC (RI) trace for the PLLA product of reaction TC-1 after 90 minutes; f1, rac-LA, 

[LA]:[Zr]:[ROH] = 34483:1:100 (before addition of additional f1; monomodal); 180 °C, solvent-free. 
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Figure 7.27. GPC (RI) trace for the PLLA product of reaction TC-2; f3, rac-LA, [LA]:[Zr]:[ROH] = 

12346:1:200; 180 °C, solvent-free. 

 

 

Figure 7.28. GPC (RI) trace for the PLLA product of reaction TC-3; f3, rac-LA, [LA]:[Zr]:[ROH] = 

66667:1:200; 180 °C, solvent-free. 
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Figure 7.29. GPC (RI) trace for the PLLA product of reaction TC-4; f2, rac-LA, [LA]:[Zr]:[ROH] = 

52632:1:150; 180 °C, solvent-free. 

 

 

Figure 7.30. GPC (RI) trace for the PLLA product of reaction TC-5; f2, rac-LA, [LA]:[Zr]:[ROH] = 

76923:1:150; 180 °C, solvent-free. 
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Figure 7.31. GPC (RI) trace for the PLLA product of reaction TC-6; Sn(Oct)2 + alcohol co-initiator, rac-LA, 

[LA]:[Zr]:[ROH] = 18868:1:55; 180 °C, solvent-free. 
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7.4  MALDI-ToF-MS Spectra of Selected Poly(3-hydroxybutyrate) 

Samples 

 

Figure 7.32. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-53; [-BL]:[6] = 100:1; 65 °C, 

in toluene. 

 

 

Figure 7.33. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-54; [-BL]:[6] = 400:1; 65 °C, 

in toluene. 
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Figure 7.34. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-55; [-BL]:[6] = 1000:1; 65 

°C, in toluene. 

 

 

Figure 7.35. MALDI-ToF mass spectrum of the P3HB product of reaction Ta-33; [-BL]:[14] = 100:1; 65 

°C, in toluene. 

 

  



 

379 

 

 

Figure 7.36. MALDI-ToF mass spectrum of the P3HB product of reaction Ta-34; [-BL]:[14] = 400:1; 65 

°C, in toluene. 

 

 

Figure 7.37. MALDI-ToF mass spectrum of the P3HB product of reaction Ta-35; [-BL]:[14] = 1000:1; 65 

°C, in toluene. 
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Figure 7.38. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-56; [-BL]:[5] = 100:1; 65 °C, 

in toluene. 

 

 

Figure 7.39. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-57; [-BL]:[5] = 400:1; 65 °C, 

in toluene. 
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Figure 7.40. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-59; [-BL]:[5] = 1000:1; 65 

°C, in toluene. 

 

 

Figure 7.41. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-61; [-BL]:[5] = 100:1; 25 °C, 

in dichloromethane. 
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Figure 7.42. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-64; [-BL]:[5] = 400:1; 25 °C, 

in dichloromethane. 

 

 

Figure 7.43. MALDI-ToF mass spectrum of the P3HB product of reaction Nb-65; [-BL]:[5] = 1000:1; 25 

°C, in dichloromethane. 
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7.5  End Group Analysis of Poly(-caprolactone) Samples Prepared in the 

Presence of 14 

To quantify EtO-/H- end groups in PCL produced in the presence of 14, the 1H NMR signals 

of the methyl protons of the ethoxy end group, and the OCH2 methylene protons of the PCL 

backbone, in benzene-d6 (at H = 0.99 ppm and 3.99 ppm, respectively) were considered. 

 

 

Figure 7.44. 1H NMR (400 MHz) spectrum in benzene-d6 at 298 K of the purified PCL product from the 

ROP of ε-CL at 80 °C in protio-toluene in the presence of 14 ([ε-CL]:[14] = 45:1). 
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Figure 7.45. 1H NMR (400 MHz) spectrum in benzene-d6 at 298 K of the purified PCL product from the 

ROP of ε-CL at 80 °C in protio-toluene in the presence of 14 ([ε-CL]:[14] = 67.5:1). 

 

Figure 7.46. 1H NMR (400 MHz) spectrum in benzene-d6 at 298 K of the purified PCL product from the 

ROP of ε-CL at 80 °C in protio-toluene in the presence of 14 ([ε-CL]:[14] = 90:1). 
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7.6  High Resolution Mass Spectra 

7.6.1 Detail of Mass Spectra of 5 

Detail of regions of the mass spectrum of a sample of 5 containing peaks corresponding to 

the species 5, 5a, and 5b are shown. Whilst not quantitative, the residual abundances of the various 

species show empirically the selectivity of the synthetic route to 5. 

 

Figure 7.47. Observed isotope pattern corresponding to the cation [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+ of 5, 

top, and simulated pattern, bottom. 

 

Figure 7.48. Simulated pattern, bottom, for the cation [{LtBuNbF}2-μ2-F]+ of 5a and the corresponding region 

of the mass spectrum of a sample of 5, showing no significant quantity of 5a was present. 
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Figure 7.49. Simulated pattern, bottom, for the cation [{LtBuNb(OEt)}2-μ2-F]+ of 5b and the corresponding 

region of the mass spectrum of a sample of 5, showing 5b was present as a minor component. 

 

 

Figure 7.50. High-resolution mass spectrum detail, top, of a sample of 5, showing peaks corresponding to 

[{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+, and adducts [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+[O], i, [{LtBuNb(OEt)}-μ2-

F-{LtBuNbF}]+[O]2, ii, and [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+[H][CH3CN], iii, and simulated isotope pattern, 

bottom. 

  

i                   ii           iii 
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7.6.2 Detail of the Mass Spectrum of the Product of the Attempted Synthesis of 5b 

 

Figure 7.51. Detail of the high-resolution mass spectrum of the product of the attempted synthesis of 

[{LtBuNb(OEt)}2-μ2-F]+[SbF6]–, 5b, showing the region containing peaks corresponding to the cations  

[{LtBuNb(OEt)}2-μ2-F]+, of 5b, and [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+ of 5, top. Also shown are the 

simulated isotope patterns of [{LtBuNb(OEt)}2-μ2-F]+, middle, and [{LtBuNb(OEt)}-μ2-F-{LtBuNbF}]+, 

bottom. The abundance of 5 was much higher than that of 5b, despite the use of a sub-stoichiometric quantity 

of AgSbF6 in the synthesis. 
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7.7  Supplementary NMR Spectra of Dinuclear Nb(V) Complexes in the 

Presence of Cyclic Esters 

 

Figure 7.52. Stacked 1H NMR (400 MHz) spectra in chloroform-d at 233 K, of 5 (red, bottom), and of 5 with 

addition of excess L-LA (blue, top) showing persistence of 5, without significant interaction. The intense 

quartet resonance at δH = 5.10 ppm corresponds to the methine proton of free L-LA. 

 

Figure 7.53. COSY NMR (400 MHz) spectrum in chloroform-d at 213 K of 9 following addition of excess ε-

CL (top), to yield 10 (and proposed neutral fragment [LMeNb(OEt)F]. The broad singlet at δH = 4.25 ppm 

corresponds to excess free ε-CL. The presence of two distinct alkoxide environments, and three pairs of 

diastereotopic methylene environments can be discerned. 

3 

3 + L-LA L-LA 
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Figure 7.54. Stacked 1H NMR (400 MHz) spectra in chloroform-d at 233 K, of 6 (blue, top), 5 in the 

presence of excess -CL at 233 K, showing formation of 6 (green, middle), and the product of the attempted 

synthesis of 5a in the presence of -CL at 223 K (red, bottom). The large alkoxide methylene signal at δH = 

4.91 ppm in the latter spectrum confirms the presence of 6, and thus that the attempted synthesis of 5a 

yielded a sample consisting primarily of 5. 
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7.8  DSC Data for PLLA Product of Reaction TC-3 

 

Figure 7.55. Heat flow diagram corresponding to the first heating cycle of the crystallised PLLA product of 

reaction TC-3, produced via differential scanning calorimetry; 20 °C min–1, from 40 °C to 200 °C, and 

cooling from 200 °C to –70 °C. Glass transition and melting events can be observed. 

 

Figure 7.56. Heat flow diagram corresponding to a second heating cycle of the product of reaction TC-3, 20 

°C min–1, from –70 °C to 200 °C. In order of increasing temperature; glass transition, cold crystallisation and 

melting events can be observed. Unlike in the first cycle (shown in grey) the bimodal nature of the melting 

peak was presumably due to the presence of two distinct crystalline domains. 


