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Abstract  

Substantial concern over the extensive environmental harm caused by persistent 

plastic refuse is driving research towards sustainable polymer alternatives. In addition 

to providing renewability, the characteristic structures of bio-derived polymers afford 

unique handles to enhance macromolecular properties through stereochemistry and 

post-polymerisation functionalisation. 

Chapter 2 of this thesis develops a novel strategy for the direct coupling of CO2 with 

diols to form a range cyclic carbonates. The method exhibits the broadest scope of 

any reported diol-CO2 coupling, including the first examples of 7-,8- and trans-5-

membered cyclic carbonates synthesised directly from CO2. DFT was used in 

conjunction with experimental evidence to propose a cyclisation mechanism. The 

strategy was also applied to synthesis of three novel terpene-derived cyclic carbonates 

with the preliminary attempts into their ROP disclosed.  

Chapter 3 explores stereodivergent mechanisms for the ROP of a dual-functional 

olefin/cyclic carbonate monomer. Through judicious choice of conditions, fine control 

over the stereochemical outcomes of the polymerisation is possible to form 

geometrically opposed, polycarbonate isomers. While high cis-content polymers were 

shown to be crystalline and ‘hard’, the trans isomer is fully amorphous and ‘soft’. This 

was exploited to form the first-reported single-monomer ABA triblock, which may have 

potential as a sustainable thermoplastic elastomer. The polycarbonate backbones 

were also shown to be amenable to thermoset formation. 

Chapter 4 details efforts to vary the chain chirality of a polysaccharide mimetic as a 

means to modulate polymer properties. This study necessitated the development of a 

novel strategy for the highly regioregular polymerisation of oxetane-functionalised 

xylofuranose derivatives, D-Ox and L-Ox. DFT-modelling revealed a strong kinetic 

origin for the high regioselectivity observed in the polymerisation. The synthesised 

polymers were found to exhibit remarkable thermal properties with modulation from 

crystalline to amorphous states, demonstrated through variation of chain tacticity. 

Crystallinity could also be enhanced through stereocomplexation. Exposure of the 

xylofuranose hydroxyls facilitated reversible cross-linking between polymer chains, 

suggestive of prospective applications in self-healing materials.  

Chapter 5 covers investigations into the amenability of D-Ox towards ROCOP with 

various co-monomers. The strategy provides facile access to 7 novel polyesters which 

demonstrate excellent, and in one case unique, thermal properties. Further to this, the 

xylofuranose core imparts hitherto inaccessible reactivity profiles for this class of 

polymer. The ROCOP strategy may also be applied to the synthesis of a 
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polythiocarbonate, with control exhibited regarding the type of polymer linkage formed 

during polymerisation. Foundational inquiries into block-copolymers synthesis have 

also been undertaken in the hope of creating a family of highly tuneable polymers by 

way of tandem, post-polymerisation functionalisation. 

Chapter 6 details collaborative work with Professor Charlotte Williams (University of 

Oxford). The aim of the study was to ascertain a theoretical understanding of the basis 

of the high isoselectivity exhibited by a series of In phosphasalen catalysts in the ROP 

of rac-lactide. This was achieved through extensive DFT-modelling, which established 

a clear kinetic origin for the experimentally observed enantioselectivites. Modelling of 

the metal-complex surface in a key transition state posited a link between the buried 

volume of the catalysts and the observed activation barriers to ROP.  

Finally, Chapter 7 outlines the preliminary investigations into the synthesis of a series 

of ambiphilic iminophosphoranes. Although the isolated structures were found to be 

unsuited to ROP catalysis, it is hoped this initial work will provide a basis for future 

research. 
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1. Introduction 

1.1 Background 

1.1.1 The plastic problem 

When Staudinger first proposed the existence of ‘makromoleküle’1 their transformative 

impact on global society would have been beyond all prediction. As compared with 

classical materials (e.g. stone, bronze, iron, steel), plastics, which comprise mainly of 

macromolecules, or polymers, may be considered a miracle substance: lightweight, 

cheap, versatile and chemically resistant, they are fundamental to the huge 

technological advancement and increased material comfort of the modern age.2 

However, the ubiquitous application of environmentally persistent plastics, which 

encompass the vast majority of plastic waste, has led to serious environmental harm.3, 

4 It is estimated that of the 6300 Mt of plastic produced from 1950 to 2015, ~79% 

ended up in landfill or the natural environment, with only ~8% recycled.5 This 

contributes to an enormous ecological burden associated with the overuse of plastics. 

For instance, every year 11 Mt of plastic waste are leaked to the ocean from coastal 

countries, a figure that is expected to triple over the next two decades.6 This figure is 

contextualised by an astonishing statistic in a report published by the Ellen Macarthur 

Foundation: if current plastic consumption and waste management trends continue, 

by 2050, the mass of plastic in the ocean will be greater than the mass of fish.7 In turn, 

the accumulation of plastic pollution devastates marine ecologies; wildlife consume, 

or are ensnared by the contaminants, thereby damaging essential ecosystem 

services.8, 9 Similarly stark consequences of plastic refuse are observed with land-

dwelling organisms,10, 11 while the long-term impacts on human health remain 

unclear.12, 13  

Given that plastics are intrinsic to modern life, the solutions to plastic pollution are 

multifaceted and will rely on the simultaneous application of social, economic and 

chemical resolutions. The issue had been gaining significant traction in the public’s 

eye over several years with governments and business taking measures to reduce 

plastic waste.14, 15 For instance, the use of reusable cups had become commonplace 

and even enforced in certain public spaces (e.g. University of Bath) and businesses 

(e.g. Boston tea party coffee shop), while in 2015, the UK government introduced a 5 

p surcharge for the purchase of plastic bags. Although these measures may fall 

somewhat short of the systemic change required to effectively combat the problem,16 

an encouraging general trend is clear nonetheless: an appetite exists for the 

eradication of harmful plastic pollution. 
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However, the fragility of recent positive actions taken to reduce plastic pollution has 

been illuminated by the coronavirus pandemic.17 Businesses have been (rightly) 

forced to renege on commitments to reduction in disposable plastics in order to 

mitigate infection, and the issue of plastic pollution has rescinded from popular 

discourse. Consequently, scientists must ensure, through continued communication 

and research, that the topic remains relevant in the public eye. 

1.1.2 Sustainable polymers 

For a plastic to be considered sustainable, it must be sourced from a feedstock that 

does not damage health and the environment whilst addressing the needs of 

consumers (i.e., be economical to produce and have competitive mechanical and 

thermal properties with current, in-use polymers).2 To achieve the former criteria, the 

polymer must readily degrade to environmentally benign products, be efficiently 

recycled or safely incinerated for energy recovery.2 The term ‘oxygenated’ has been 

used to describe the polymers synthesised as part of this PhD as the environmental 

impact of all applied materials has not been assessed; however, generally, it is 

expected that the materials will possess the hallmarks of sustainable polymers. 

Various renewable molecular platforms18 have been exploited for polymer synthesis 

including terpenes19 and terpenoids,20 vegetable oils,21 lignin,22-24 amino acids25, 26 and 

carbohydrates.27 The structure of naturally derived molecules offers advantages, and 

challenges, as compared with traditional petroleum feedstocks. For instance, 

defunctionalisation is often required in order to make the molecules amenable to 

polymerisation.28 Simultaneously, the presence of functional groups can be used as a 

means to introduce bespoke properties (e.g. stimuli-responsive degradability and 

conductivity) for the synthesis of hitherto inaccessible advanced polymeric materials.2, 

29 However, despite these potential advantages, bioderived or biodegradable 

materials accounted for <1% of global annual plastic production as of 2018.30, 31 

Indeed, current commercialised sustainable polymers are limited to only a handful of 

examples including poly(lactic acid) (PLA) and Mitsubishi isosorbide-derived 

polycarbonate.32  

A recent white paper by an international collaboration of polymer chemists has 

highlighted areas of research which will be central to establishing a sustainable plastic 

economy.33 These comprise:  

1) Understanding the impacts of plastics throughout their life cycles 

2) Development of new sustainable plastics 

3) Closed-loop plastics recycling 

4) Understanding and controlling plastic degradation 
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The research carried out as part of this PhD relates principally to the development of 

new oxygenated polymers, specifically the investigation of (naturally derived) 

monomer platforms for the synthesis of polycarbonates (Chapter 2 and 3), polyethers 

(Chapter 4), polyesters (Chapter 5, 6 and 7) and polythiocarbonates (Chapter 5).  

Given the relatively disparate nature of the research topics a more detailed literature 

review will be provided, where appropriate, prior to each chapter. The general 

introduction covers the overarching themes of the chapters. This includes a brief 

overview of polycondensation and ROP methods applied in this thesis (coordination-

insertion and activated monomer mechanisms, ROCOP and ROMP), factors affecting 

the thermal properties of polymers and some literature examples relating to the impact 

of stereochemistry on those properties. Finally, the objectives and aims of the thesis 

will be outlined.  

1.2 Oxygenated polymer synthesis 

1.2.1 Polycondensation 

Oxygenated polymers are traditionally prepared through polycondensation.34-38 While 

commonly used in industry, polycondensation is a step-growth technique and hence 

offers limited polymerisation control (Scheme 1.1). Moreover, forcing conditions, such 

as high temperatures and pressures, and highly toxic reagents (e.g. phosgene) are 

generally required, leading to limited functional group tolerance. These factors 

contribute to overall poor control over the resultant material properties. 

 

Scheme 1.1. Polycondensation methods for the synthesis of polycarbonates and polyesters. 

Despite these considerable drawbacks, step-growth methods have been used with 

great success to prepare polymers in which stereochemistry can be exploited to alter 

material properties. Examples include unsaturated polyethers,39 polythioethers,40-42 

azaethers43-47 and polyamides,48-50 some of which will be discussed in more detail in 

section 1.4.2.  
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1.2.2 ROP 

Since the pioneering work of Carothers and Natta on the thermally induced ring-

opening polymerisation of trimethylenecarbonate (TMC),51 numerous forms of ROP 

have been developed, namely anionic52-54, pseudo anionic (including coordination-

insertion55, 56  and activated monomer), cationic,57 zwitterionic,58, 59 radical,60, 61 and 

metathesis62. ROP proceeds via a chain-growth mechanism and hence is particularly 

attractive in the context of polymer synthesis as it affords improved control over the 

number-average molar mass (Mn) and dispersity (ĐM) of the material. Furthermore, 

ROP is typically operable under mild reaction conditions, therefore functional group 

tolerance is not intrinsically limited (although catalysts may be sensitive to certain 

substrate moieties).63  

A general mechanism for anionic ROP is given in Scheme 1.2. Here, a negative 

species undergoes nucleophilic addition at an electrophilic site on a cyclic substrate, 

forming a ring-opened adduct which can then undergo the same process with a 

second monomer.  

 

Scheme 1.2. General mechanism for ROP. 

The propensity for a given substrate to undergo ROP is dictated by kinetics and 

thermodynamics.64 Given that for ROP the entropic term is generally negative (ΔSp° < 

0, due to loss of translational degrees of freedom), in order for the reaction to occur 

spontaneously (ΔGp° < 0), the release of ring strain upon monomer-opening must be 

large enough to generate a negative free enthalpy term (ΔHp° < 0). Ring strain arises 

from deviation from ideal bond angle values, bond stretching and/or compression, 

repulsion between eclipsed hydrogen atoms, and nonbonding interactions between 

substituents.64 Consequently, ring-substituents and ring-size have a significant impact 
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on ROP-behaviour.65 Heavily substituted rings will generally be less susceptible to 

ROP (Thorpe-Ingold effect) whilst the mechanism of opening will dictate the optimum 

substrate ring-sizes. For most substrates, both entropy and enthalpy are negative, 

therefore low temperature and high monomer concentration favour polymerisation.64 

Finally, due to the similar energies of the bonds in starting materials, intermediates 

and products, each step is ostensibly reversible. 

A characteristic of living ROP is rapid initiation relative to propagation (ki≥kp). This 

results in a first-order rate dependence on monomer concentration and a linear 

relationship between the Mn of the polymer and monomer conversion.66 Deviations 

from the linearity in the latter case is typically because of side reactions (e.g. 

transesterification) which simultaneously broaden ƉM values.67 As such, catalysts 

which are selective for monomer opening over chain transfer (kp>kct) are necessary 

for the formation of narrow ƉM polymers. Other deleterious side reactions include 

cyclisations which may limit Mn or monomer conversion. Catalysts which promote 

propagation over cyclisation (kp>kcycn) will form linear polymers of high molar mass.  

1.2.2.1 Coordination-insertion and activated monomer mechanisms 

Significant advances in pseudo-anionic ROP catalysis mean controlled polymerisation 

is now possible for an array of cyclic monomers. In addition to numerous metal-based 

initiators for pseudo-anionic ROP,54, 68 various organocatalysts have also been 

developed. These include guanidine bases,69 ureas70 and thioureas71. N-heterocyclic 

carbenes are also a significant class of ROP organocatalysts but polymerisation 

proceeds via a zwitterionic mechanism.59 For the carbonyl (or carbonyl-analogue) 

containing monomers discussed in this thesis, there are two mechanisms which may 

be at play depending on the initiator/catalyst (Scheme 1.3). These pathways are the 

coordination-insertion and H-bond activated monomer mechanisms. Metal alkoxide 

species follow the coordination-insertion mechanism in which the metal centre 

activates the carbonyl bond to insertion from a metal-coordinated alkoxide to form a 

quaternary intermediate. Subsequent Lewis acid activation of an oxygen ring atom 

opens the quaternary intermediate to yield an (n+1) metal alkoxide which is suitable 

for further monomer insertion. The analogous H-bond activated monomer mechanism 

is broadly followed by organocatalysts (e.g. TBD,72 urea and thioureas73) in which the 

metal-alkoxide is replaced by a H-bond donor motif and an alkoxide is formed in-situ 

by nucleophilic activation of an alcohol. Organocatalysts described herein may be 

further categorized as bifunctional/ambiphillic species, which contain both Lewis basic 

and H-bond donor sites (e.g. guanidine bases), or those in which the base is external 

to the H-bond donor (e.g. urea/alkoxides). Typically, both coordination-insertion and 

H-bond activated monomer mechanisms are quenched through addition of acid.  
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Scheme 1.3. Coordination-insertion mechanism and H-bond activated monomer mechanism for ROP. 

1.2.2.2 ROCOP 

An alternative strategy for the preparation of oxygenated polymers is ring-opening co-

polymerisation (ROCOP) of cyclic ethers with various co-monomers. Typically, the co-

monomers applied do not undergo homopolymerisation, some examples of which are 

cyclic anhydrides,74,75 CO2,76 CS2 and COS. 77-79 Discovered in 1960,80 ROCOP offers 

certain advantages over ROP. Firstly, in contrast with ROP, due to the less-limiting 

thermodynamic constraints of ROCOP, the reaction of different pairs of co-monomers 

largely proceeds under similar conditions enabling polymer libraries to be constructed 

with relative ease.75 For instance, an excess of 20 epoxide and 20 anhydrides have 

been reported to be susceptible to ROCOP to date, meaning over 400 polyester 

microstructures are hypothetically obtainable.74 The diversity of structure is clearly 

exemplified by the breadth of properties obtained in ROCOP-formed polymers: reports 

with polymer Tg ranges of over 100 °C in a single study are common.74 Secondly, co-

monomers are generally readily prepared, and even formed as by-products in 

industrial processes (e.g. CO2 or parent diacids of anhydrides). Finally, motifs (e.g. 

aromatic components) which may be difficult to incorporate into ROP-monomers are 

facilely introduced by ROCOP (e.g. through use of phthalic anhydride, PA).75 

A general mechanism for ROCOP is shown in Scheme 1. 4. Initiation occurs through 

nucleophilic addition of a metal–X species (where X is generally a carboxylate, halide 

or azide) across a cyclic ether moiety. Subsequent insertion of a co-monomer then 

occurs across the M-O bond generating a carboxylate (or carbonate or thiocarbonate). 

The sequence is now repeated from the carboxylate intermediate, inserting each co-
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monomer sequentially. For ROCOP involving CO2,76, 81CS2 or COS,82 elimination of 

cyclic species is common, owing to the relatively high stability of 5-membered, and in 

some cases, 6-membered rings. Ether link formation may also occur through (mis-) 

insertion of cyclic ether over co-monomer units. Chain transfer reactions with protic 

additives (or impurities) typically occur faster than propagation. This may be exploited 

to synthesise complex polymer architectures or to modulate the Mn of a material.75, 83, 

84 Lastly, termination is generally achieved through addition of acid or via cooling of 

the reaction mixture. 

 

Scheme 1.4. General mechanism for ROCOP. Adapted from76, 81. 

Numerous examples of highly active metal-based ROCOP catalysts for epoxides have 

been reported to date, including those based on salen, porphyrin, phenoxide, β- 

diiminate and phenoxy-amine ligands (Figure 1.1).75, 76 Depending on the lability of the 

‘X’-ligand in the complex, the addition of an organic co-catalyst, such as 

bis(triphenylphosphoranylidene)ammonium chloride (PPNCl) is often required. This 

leads to a second-order rate dependence on catalyst concentration which can make 

the synthesis of high Mn polymers prohibitively slow. To overcome this, a series a 
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cation-tethered ROCOP complexes have also been synthesised.85, 86 Examples of 

ROCOP organocatalysts include onium salts87 and ureas.88 Known heterogeneous 

ROCOP catalysts are metal oxides, zeolite and smectite, in addition to supported 

catalysts incorporating organic bases, organometallics and ionic liquids.89, 90  

Bioderived polyesters and polycarbonates have also been successfully synthesised 

through ROCOP of epoxides based on cyclohexene,91, 92 limonene91, 93-95 and fatty 

acids96 in addition to sugar-derived anhydrides.74, 97 Conversely, there are 

comparatively few examples oxetane ROCOP.87, 98-105 The reports concerning 

oxetane/CO2 ROCOP will be discussed in Chapter 2 whilst studies of 

oxetane/anhydride and oxetane/CS2 and COS ROCOP will be covered in Chapter 5.  

 

Figure 1.1. Structures of ligands and selected examples of bio-derived co-monomers applied in 

ROCOP. Adapted from81. 



1.2.2.3 ROMP  

First developed in the 1950s,62 olefin metathesis has become a highly versatile 

synthetic toolbox which has facilitated huge developments in organic chemistry and 

beyond.106 Metathesis has been successfully applied in polymer synthesis by way of 

ring-opening metathesis polymerisation (ROMP).  

ROMP involves coordination of a cyclic olefin to an initiating metal alkylidene species 

(Scheme 1.5).63 Ring opening of the olefin via [2+2] cycloaddition yields a cyclobutane 

intermediate which subsequently undergoes cycloreversion to form an (n+1) metal 

alkylidene. The newly formed metal alkylidene exhibits similar reactivity towards cyclic 

olefins as the initiator, hence the reaction proceeds as a chain growth polymerisation. 

Termination of ROMP is generally achieved through the introduction of a vinyl-ether 

to form an electron-rich carbene which is inactive towards olefins. Crucially, 

unsaturation from the cyclic olefin is maintained in the polymer. This provides avenues 

to explore the impacts cis:trans isomerisation107 on material properties and a handle 

for post-polymerisation functionalisation.108, 109 

 

Scheme 1.5. General mechanism of ROMP and classical and functional-group-tolerant ROMP 

catalysts. Adapted from63. 
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In order to satisfy the thermodynamic requirements for ROMP, monomers are typically 

strained (>5 kcal mol–1) cyclic (or bicyclic) olefins, with alkene moieties generally 

incorporated in rings containing 3, 4, or 8+ atoms.62 The introduction of oxygen atoms 

within cyclic olefins can promote spontaneous aromatisation of strained substrates 

thereby inhibiting ROMP (Figure 1.2).110, 111 Consequently, polymers synthesised via 

ROMP are generally non-oxygenated with vinyl links, and hence, are non-degradable. 

However, given significant advances in monomer design strategies and catalysis, for 

instance metal-carbenes that exhibit broad functional group tolerance,112 ROMP is 

emerging as a powerful tool for the preparation of oxygenated polymers. 

 

Figure 1.2. Spontaneous aromatisation of strained olefinic heterocycles, typical ROMP monomers and 

highlighted examples of oxygenated ROMP monomer. Adapted from110, 111. 

Recent reports of the ROMP and alternating ROMP (aROMP,113 not discussed here) 

of oxygenated monomers highlight the expanding scope of the technique. Kiessling 

and co-workers described the first example of fully degradable (although not 

renewably sourced) polymer synthesised by ROMP (Scheme 1.6).114 The ROMP of a 

series of monomers based on a novel 8‐oxo‐2‐azabicylo[3.2.1]oct‐6‐en‐3‐one 

framework formed polymers with a degradable oxazinane backbone. In addition, the 

monomer scaffold enabled functionality to be tuned for biomedical applications.115 
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Scheme 1.6. ROMP of 8‐oxo‐2‐azabicylo[3.2.1]oct‐6‐en‐3‐one monomers. Adapted from114. 

In 2019, Schlaad and co-workers reported on the ROMP of cellulose-derived 

levoglucosenol (Scheme 1.7).116 ROMP proceeded to form polymers of high Mn 

(<100,000 g mol–1); however, broad ƉM values were obtained (1.8–2.9). This was 

ascribed to the polymerisation being non-living as a result of an unusually high 

occurrence of chain termination reactions. The polymer exhibited a high Tg (up to 100 

°C) and was shown to be fully degradable under acidic conditions over extended 

reaction times (up to 40 days). 

 

Scheme 1.7. ROMP of levoglucosenol. Adapted from116. 

Very recently, Xia and co-workers reported on the ROMP of 2,3-dihydrofuran (Scheme 

1.8).117 The polymerisation proceeded to form low Tg (–51 °C) and high Mn polymers 

(127,700 g mol–1) of moderate-narrow dispersity (ÐM >1.35). Owing to the near-

equilibrium conditions of the ROMP, the polymer was fully depolymerisable at 60 °C, 

whilst the presence of vinyl ether links within the backbone facilitated degradation to 

small-molecules under acidic conditions. 
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.Scheme 1.8. The ROMP of 2,3-dihydrofuran. Adapted from117. 

1.3 Thermal properties of polymers 

Generally polymers will have both amorphous and crystalline domains, with the latter 

forming only if the symmetry of the polymer structure facilitates ordered packing 

(Figure 1.3).118 Polymeric materials are therefore characterised by two major transition 

temperatures which relate to both morphologies - the glass transition (Tg) and, if semi-

crystalline (or crystalline), the melt transition (Tm).  

 

Figure 1.3. Polymer morphologies. 

The Tg reflects the acquisition of segmental motion (rotation of bonds at the end of a 

given chain segment) in a polymer to induce a transition from a glassy-state (i.e., brittle 

and hard) to a rubbery-state (i.e., malleable and soft).119 Polymer backbones in which 

bond rotation is restricted (e.g. those which incorporate cyclic moieties) will therefore 

have higher Tg’s than the analogous unrestricted structures (Figure 1.4). The length 

of the polymer chains also impacts on segmental motion, with lower molar mass 

species generally exhibiting lesser Tg’s. This is because chain-ends have a greater 

free volume than bulk-chain units. Accordingly, at a given temperature, the overall 

segmental motion in a polymer increases with a greater number of chain-ends. This 

phenomenon can be exploited to manipulate properties through controlled polymer 

synthesis; for instance, hyper-branched polymers typically have much lower Tg’s than 

linear polymers.120 
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Figure 1.4. Factors impacting Tg. 

However, Tg’s are still relatively poorly understood and contemporary research 

continues to elucidate and rationalise structure-property relationships. As an example, 

Coates and co-workers recently described how bis-substituted polyesters may exhibit 

lower Tg values than their monosubstituted counterparts as a result of a higher ground-

state energy for bond rotation in the former system (Scheme 1.9). 97 

 

Scheme 1.9. Substituent impact on polyester Tg. Adapted from97. 

The Tm occurs when crystalline phases have enough translational, rotational and 

vibrational energy to overcome crystal lattice enthalpy enabling the polymer to flow 

freely.118, 119 In contrast with small molecules, polymers generally exhibit broad Tm’s 

as a result of different sizes of crystalline domain and complexities incurred from chain 

length. Simple and flexible backbones tend to crystallise easily (e.g. polyethylene), 

whilst polymer chains with strong secondary interchain forces form materials with a 

high Tm (e.g. polyamides).  Stereochemistry will also have a significant impact on chain 

packing and specific examples will be discussed in section 1.4.  

Both the Tg and Tm will impose the operable range of a given material. For instance, a 

plastic which is designed to be rigid in operation will be unusable at temperatures 

above its Tg. The transitions also impact on prospective processing techniques; 

indeed, a slowly crystallising polymer will be unsuited to manufacturing processes 

such as injection moulding or extrusion. Consequently, it is of great academic and 

industrial interest to understand the structural motifs that imbue the thermal properties 

of a polymer. 
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1.4 Stereochemistry in oxygenated polymers 

Owing to the inherent chirality of naturally derived monomers, the potential for 

exploitation of stereochemistry in sustainable polymer synthesis is vast. Indeed, 

stereochemistry has a remarkable impact on polymer properties.53, 54, 121-124 However, 

while the effects of stereochemistry are broadly well-known, difficulties associated with 

the controlled synthesis of stereoregular polymers have made systematic study 

challenging.  

Stereochemical effects in polymers may arise from optical isomerism (e.g. monomer 

chirality or atropisomerism), geometric isomerism and stereocomplexation.123 

Stereochemistry may be incorporated in the polymer backbone or side chain, with the 

former generally procuring a more significant impact on polymer properties. As studies 

in this thesis relate exclusively to main chain isomerism, examples of the impact of 

side chain stereochemistry on polymer properties will not be discussed herein. Where 

possible, a focus will be paid to examples of stereochemical effects in oxygenated 

polymers. For a more comprehensive review, please refer to.123  

1.4.1 Optical isomerism 

The study of optical isomerism in polymers was established with the polymerisation of 

vinyl monomers: the effects of chain tacticity were first elucidated for polypropylene 

(PP),125 polystyrene (PS)126 and polymethyl methacrylate (PMMA).123, 127 Chain-

tacticity arises from the relative orientation (iso (i) =  same, syndio (s) = different) of 

substituents within the polymer backbone. These may be grouped (in pairs = diads, 

threes = triads, fours =tetrads) to provide an overall description of microstructure of a 

polymer (Figure 1.5). Generally, highly atactic structures will disfavour crystallisation, 

however, the effects of order are idiosyncratic to the molecule, and there is no 

universally sought microstructure that will procure the greatest enhancement of 

polymer properties.  

 

Figure 1.5. Optical isomerism arising from chain tacticity. Adapted from123. 
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1.4.1.1 PLA 

The most widely studied degradable polymer with optical chirality in the main chain is 

PLA. PLA is particularly attractive in the context of biomedical applications owing to 

the inherent degradability of the polyester links. Nevertheless, to make the material 

truly competitive with commodity, petroleum-derived plastics, methods to improve the 

mechanical and thermal properties of PLA are widely sought.128 One route to achieve 

this is through the exploitation of stereochemistry.53, 54, 124, 129   

PLA is typically formed through ROP of lactide, which may be derived from lactic acid, 

a fermentation product of starch. Given the presence of two chiral centres in the 

monomer, three forms of lactide are possible: L,L-lactide (L-lactide), D,D-lactide (D-

lactide) and meso-lactide. This asymmetry opens avenues for stereochemical 

alteration of the properties of PLA (Figure 1.6). Indeed, atactic PLA (aPLA, formed 

through non-stereoselective ROP of rac-lactide) and heterotactic PLA (hPLA, formed 

through heteroselective ROP of rac-lactide) are amorphous with a Tg ~ 30 °C, 

whereas, isotactic PLA (iPLA, formed through isoselective ROP of L-lactide or D-

lactide) is semi-crystalline with a Tm of 180 °C (Tg ~ 50 °C).130 Formation of syndiotatic 

PLA (sPLA), a semi-crystalline material with a Tm of 150 °C, is also possible through 

ROP of meso-lactide.131, 132 The mechanical and thermal properties of the chiral 

polymers follow a similar general trend, with iPLA being the most rigid (tensile modulus 

4 GPa, tensile strength of ~70 MPa, flexural modulus of 5 GPa, flexural strength of 

100 MPa and an elongation at break of about 5%) and aPLA exhibiting the greatest 

flexibility (tensile modulus 1.2 GPa, tensile strength 59 MPa and flexural strength 88 

MPa).52, 128  
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Figure 1.6. Different tacticities of PLA and the impact on thermal properties. 

Interestingly blends of opposite enantiomers of PLA chains lead to a significant 

increase in the melt transition.124, 133 This will be discussed in greater detail in section 

1.4.3. 

1.4.1.2 Polyhydroxybutyrate 

Polyhydroxyalkanoates are polyesters typically formed through fermentation of sugars 

and lipids in bacterial strains.134 Variation of the bacterial feedstock enables a degree 

of control over the polymer microstructure allowing facile modulation of properties. The 

most widely studied polyhydroxalkanoate is isotactic polyhydroxybutyrate (iPHB),135 

which is generally biosynthesised although it was recently prepared through yttrium-

salen catalysed ROP of a racemic diolide (Scheme 1.10).136 iPHB is a highly crystalline 

material (Tm = 171–180 °C, Tg ~5 °C) with comparable thermal properties to iPP. 

However, rapid embrittling of iPHB limits its utility.123 To overcome this, atactic PHB 

(aPHB), synthesised through ROP of β-butyrolactone,137, 138 has been blended with 

iPHB. This improves the overall elasticity of polymer (~tenfold) although a loss of 

material toughness and long-term stability is also observed.139-141 Metal-catalysed 

ROP of β-butyrolactone has also been used to prepare syndiotactic PHB (sPHB). 

While low levels of syndiotacticity form a material with a depressed Tm (~60–90 °C),142 

highly sPHB exhibits a similar melt transition to iPHB (Tm = 183 °C).143 Conversely, 

the Tg values are essentially unaffected by tacticity (~5 °C).142 
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Scheme 1.10. Isotactic, syndiotactic and atactic PHB.  

1.4.1.3 Other oxygenated polymers 

Beyond the landmark examples with PLA and PHB, there are relatively few other 

reports of oxygenated polymers in which optical isomerism has been systematically 

varied to manipulate properties. Coates and co-workers, for instance, have shown how 

the Tm of isotactic polycyclohexane carbonate PCHC (iPCHC) is dependent on the ee 

of the material with a loss of crystallinity observed for less enantioenriched samples 

(Scheme 1.11).144 Guillaume and co-workers have also isolated near-perfect iPCHC 

(>99% Pi) through ROP of trans-cyclohexane carbonate (CHC) 145 Indeed, atactic 

PCHC has been reported as fully amorphous, although no thermal data was provided. 

Interestingly, polypropylene glycol (PPG) is a semi-crystalline polymer in which 

stereochemistry has little impact on thermal properties: both atactic and isotactic 

polymers exhibit similar Tm and Tg values.123 
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Scheme 1.11. Impact of ee of PCHC thermal properties and PPG thermal properties. Adapted from144, 

145. 



1.4.2 Geometric isomerism  

The influence of the stereochemistry of alkene bonds in polymer chains is particularly 

remarkable. In nature, poly(cis isoprene) (natural rubber) has vastly superior 

elastomeric properties as compared with poly(trans-isoprene) (gutta percha), with the 

former behaving as rubbery material, whilst the latter is crystalline and brittle (Figure 

1.7). 146-148 The greater flexibility of poly(cis isoprene) in comparison with poly(trans 

isoprene) is attributed to random coiling of the polymer chains of the former structure. 

Stretching poly(cis isoprene) partially aligns the cis unimers, giving the material 

toughness under strain. When released, the chains of poly(cis isoprene) relax to a 

random orientation, resulting in a high degree of elasticity.149 Conversely, due to the 

increased crystallinity of gutta-percha, deformation of the unimers is challenging; 

hence the material is brittle and exhibits poor elasticity.147  

 

 

Figure 1.7. Microstructure of natural rubber and gutta-percha. 

ROMP-catalysis can offer exquisite cis:trans selectivity in the polymerisation of cyclic 

olefins, however, the focus of studies generally relates to stereoselectivity 

mechanisms and less attention has been paid to the resultant material properties.108, 

150 For instance, Hillmyer and co-workers, demonstrated the stereoselective ROMP of 

cis-cyclooctene monomers using Ru catalysts (GII and GIII, trans-selective) and Mo 

or W catalysts (cis-selective, Scheme 1.12).151, 152 While detailed mechanistic analysis 

ascribed the excellent stereoselectivity to ligand-directed monomer-opening, the 

thermal properties were not reported for the cis polymers. 

 

Scheme 1.12. Ru, Mo and W catalysts for the stereoselective ROMP of substituted cyclooctenes. 

Adapted from151, 152. 
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Becker and Dove reported an organocatalytic stereocontrolled step-growth synthesis 

of unsaturated polyesters (Scheme 1.13).40 Judicious choice of solvent and catalyst 

enabled fine control over the cis:trans ratio, with higher cis-content polyesters found 

to be more crystalline as confirmed by differential scanning calorimetry (DSC) and 

wide-angle x-ray scattering (WAXs) (80% cis Tm = 80 °C, trans amorphous Tg = 20° 

C). 

 

Scheme 1.13. Stereocontrolled polyester synthesis through alkyne-thiol polyaddition. Adapted from40. 

The cis:trans content of poly(p-phenylenevinylenes) (PPVs) also significantly affects 

the physical and chemical properties of the material. More effective π stacking in the 

trans isomers leads to improved conductivity at the expense of poorer solubility.153 

Generally, the synthesis of PPVs favours the formation of the more stable trans 

isomer;154 whilst the few cis-selective methods rely on step-growth polymerisation and 

hence exhibit poor control.155-157 However, Michaudel and co-workers recently 

demonstrated a cis-selective process through ROMP of cyclic diene monomers 

(Scheme 1.14).158 The polymerisation proceeded with exquisite control (ÐM =1.08–

1.15) to yield all cis-PPVs. Moreover, the method could be applied to synthesise block-

copolymers which, upon UV irradiation, isomerised quantitatively to trans-PPVs.  

 

Scheme 1.14. Synthesis and isomerisation of all cis-PPVs. Adapted from158. 
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Post-polymerisation catalysis has also been exploited to vary polymer properties 

through alkene-isomerisation (Scheme 1.15). ROCOP of maleic anhydride (MA) with 

various epoxides yields an array of cis-configured unsaturated polyesters which, upon 

exposure to a substoichiometric amount of base, isomerise quantitatively to trans 

isomers.159 The reversibility of the isomerisation has also been demonstrated with 

partial isomerisation of the polyfumarates (up to 31% conversion) possible in the 

presence of benzophenone and UV light.160 Upon isomerisation, the polyesters were 

found to transform between crystalline (cis) and amorphous (trans) states. 

Applications of the materials have been posited in 3D printing and biomedicine.161, 162 

 

Scheme 1.15. Post-polymerisation methods for the cis/trans isomerisation of unsaturated polyesters. 

Adapted from159, 160. 

Other forms of main-chain isomerism also impact on polymer thermal properties. For 

instance, while polyesters derived from norbornene are inherently cis-configured, 

epimerisation of ester linkages during ROCOP can lead to formation of the more 

thermodynamically stable trans isomer. Epimerisation can be supressed through 

choice of catalyst (e.g. through use of Al salens),163, 164 enabling the formation 

stereoregular cis-polyesters which exhibit an increased Tg as compared with the 

stereoirregular species (109 °C vs 78 °C, respectively, Scheme 1.16). The extent of 

epimerisation has been related to the electron-donating ability of the catalyst, with 
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more donating-species leading to a greater degree of epimerisation (and rate of 

reaction).74  

 

Scheme 1.16. Control of stereoregularity of norbornene derived polyesters through catalysis. Adapted 

from74. 

Conversely, the cis:trans content could be controlled through simple modulation of the 

co-monomer loadings and the endo/exo nature of the anhydride (Scheme 1.17).165 

Use of an excess of cyclohexene oxide or endo/exo anhydride formed >99% trans or  

cis polyesters, respectively. Alternatively, the exo anhydride could be used in the a 1:1 

ratio with cyclohexene oxide to form high cis-content materials. Cis- and trans-

configured polymers exhibited Tg’s of 116 °C and 130 °C, respectively. 

 

Scheme 1.17. control of stereoregularity in norbornene-derived polyesters through choice of co-

monomer. Adapted from165.  

 

1.4.3 Stereocomplexation 

Stereocomplexation occurs when oppositely handed enantiomers of a polymer are 

mixed and interactions between the heteroisomers leads to the formation of a more 

ordered macromolecular system (Figure 1.8). A stereocomplex may form through 

blending (e.g. solution -mixing or solid-state grinding) of isolated samples, during 

polymerisation or even degradation.129, 166  The extent of stereocomplexation is 
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ultimately dependent upon the rate of crystallisation between the homo-and 

heteroisomers. As such, Mn (which may limit phase mixing), optical purity and the 

blend ratio of the isomers will each have a significant impact on stereocomplex 

formation.129, 166  

 

Figure 1.8. The impact of stereocomplexation on molecular order. 

The effects of stereocomplexation are well-known to induce significant changes in 

polymer properties, impacting on thermal, mechanical and hydrolytic stability.123 As 

discussed in section 1.4.1, iPLA is semi-crystalline, with a Tm of 180 °C. However, 

whilst being an attractive, sustainable alternative to petroleum- derived plastics, iPLA 

is brittle, and slow rates of crystallisation can limit prospective processing techniques. 

Blending of PLLA and PDLA yields a stereocomplex which rapidly crystallises and 

exhibits an enhanced Tm (~ 230 °C).133 Moreover, the mechanical properties of the 

material are considerably improved: the stereocomplex exhibits increased tensile 

strength and Young’s modulus, and reduced elongation at break as compared with 

either homoisomer.35, 124, 128, 129 The enhanced crystallinity of the PLA stereocomplex 

has also been demonstrated in solution, with slower degradation rates observed in-

vivo. Finally, stereocomplex formation of PLA in hetero-block co-polymers has been 

exploited to form ‘smart’ materials which have tuneable stability and may self-

assemble in solution.123, 128  

Despite the fact bioderived polymers offer a rich platform for exploitation of chirality, 

there are relatively few examples of sustainable polymers that have known 

stereocomplexes (Figure 1.9).123  

 

Figure 1.9. Sustainably derived polymers known to form stereocomplexes. Adapted from123. 
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In 2014, Coates and co-workers reported on the stereocomplexation of poly(propylene 

succinate) (PPS, Scheme 1.18).167 Isotactic PPS, formed via ROCOP of succinic 

anhydride and propylene oxide, exhibited slow crystallisation kinetics, with crystallinity 

appearing after one week in the melt  (Tm = 70–79 °C). Blending of D- and L-PPS 

resulted in the formation of a stereocomplex with an increased Tm of 120 °C 

(comparable to that of low-density polyethylene), with immediate crystallisation 

observed following heating. 

 

Scheme 1.18. Stereocomplexation of PPS. Adapted from167. 

Coates and co-workers also reported on a stereocomplex formed with poly(limonene 

carbonate) (PLC, Scheme 1.19).93, 94 Isotactic PLC is fully amorphous by DSC and 

WAXs despite its high regio- and stereoregularity when formed via ROCOP. However, 

upon blending of D- and L-PLC, stereocomplexation occurs as confirmed by WAXs. 

No Tm was observed likely as result of the transition occurring above the Td,onset. 

Through detailed PXRD analysis, a ‘steric-zipper’ mechanism was posited in which 

opposite enantiomers ‘inter-locked’, resulting in crystallisation.  

 

Scheme 1.19. Stereocomplexation of PLC. Adapted from94. 

Muñoz-Guerra and co-workers have shown blends of tartaric acid-derived , D- and L-

poly(hexamethylene di-O-methyltartaramide) exhibit enhanced crystallinity by DSC as 

compared with the isotactic polymers (Scheme 1.20, Tm increase ~20 °C).48 
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Interactions were also shown spectroscopically through FTIR and NMR studies.50 

Complexation, however, was dependent upon the nature of the alkylene backbone, 

with only six-atom linkers procuring stereo-enhanced effects.49 

 

Scheme 1.20. D- and L-poly(hexamethylene di-O-methyltartaramide). Adapted from48, 49. 

Nozaki and co-workers reported on the synthesis of stereogradient and stereoblock 

poly(propylene carbonate) (PPC, Scheme 1.21).85 The polymers showed enhanced 

thermal stability, with an increase in the observed Td,onset by 32–44 °C as compared 

with the isotactic polymer. This was attributed to stereocomplexation of the oppositely 

handed blocks within the polymer chains. Notably, blending of an equimolar amount 

of D- and L-PPC failed to induce stereocomplexation. 

 

Scheme 1.21. Stereocomplexation of PPC. Adapted from85. 

Chen and co-workers have described a fully chemically recyclable stereocomplex 

derived from cis γ-butyrolactone (Scheme 1.22).168 Blends of the linear isotactic 

polymer increased the Tm by 77°C, to 203°C, whilst simultaneously increasing the rate 

of crystallisation. Synthesis of the analogous stereoblock polymer also induced an 

increase in crystallinity (Tm = 171 °C).169  
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Scheme 1.22. Stereocomplexation of poly(cis γ-butyrolactone). Adapted from168, 169. 

The above examples illustrate that stereocomplexation is not predictive, with each 

polymer complex yielding idiosyncrasies in terms of preparation and effects on 

material properties. However, very recently, Coates and co-workers attempted to 

elucidate the structural motifs that procure larger stereocomplex effects in polyesters 

(Scheme 1.23).170 Anhydride/epoxide ROCOP was used to synthesise a series of ten 

structurally related D- and L-enantiopure polyesters. Opposite enantiomers were 

blended and characterised by WAXs and DSC to assess if a stereocomplex had 

formed. It was determined that large rigid substituents favour stereocomplexation, 

resulting in greater increases in Tm , whilst ee‘s of less than 60% failed to induce any 

complexation effect. Finally, a minimum degree of polymerisation (DP) of 5 was 

determined to be necessary for stereocomplexation to occur.  

 

Scheme 1.23. Understanding the structural motifs that impact on stereocomplexation in polyesters. 

Adapted from170. 

1.5 Aims and objectives 

The foremost aim of this thesis was to exploit several naturally derived monomer 

platforms for the synthesis of oxygenated polymers (Figure 1.10). This necessitated 

the development of novel synthetic strategies for both monomers (Chapter 2) and 

polymers (Chapter 3, 4 and 5). All novel materials would be fully characterised, 

primarily through NMR spectroscopy, size exclusion chromatography (SEC), DSC, 
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thermal gravimetric analysis (TGA) and WAXs. For polymerisation, known 

organocatalysts or metal-based initiators were explored on the basis of their literature 

performance, availability and robustness.  

Following the synthesis of novel materials, methods to manipulate the polymer 

properties were sought. This would be achieved through variation of polymer 

stereochemistry (Chapter 3 and Chapter 4) and post-polymerisation functionalisation 

(Chapter 3, 4 and 5).  

 

Figure 1.10. Overview of monomer and polymer-related synthetic work carried out as part of this PhD. 

A secondary aim of the thesis was to attain a molecular-level understanding of how 

the processes that form some of the described polymers (and monomers) proceed in 

a stereoregular and regioregular fashion (Figure 1.11, Chapter 2, 4 and 6). This was 

achieved through the utilisation of DFT-modelling which was used to augment 

experimental observations. 
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Figure 1.11. Representative data from a DFT-study carried out as part of this thesis in collaboration 

with Professor Charlotte Williams (chapter 6). 

Finally, in the hope of providing the foundation for work beyond this thesis, a synthetic 

strategy for the development of a series of ROP-catalysts was devised. Although the 

initial structures were found to be unsuited to ROP, it is expected that the modular 

synthetic approach, in conjunction with preliminary DFT analysis, will bear fruit in 

future investigations.  

In summary, it is hoped that the outcomes of this thesis will help to establish an 

understanding of a small fraction of the contemporary developments in synthetic 

sustainable polymer chemistry. 
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2. Cyclic Carbonate Synthesis: the Coupling of CO2 with Diols 

2.1 Introduction 

Polycarbonates may be broadly classified as aromatic or aliphatic on the basis of the 

linker-moiety between the O-C(O)-O bonds. Aromatic polycarbonates, such as 

bisphenol-A polycarbonate, are materials which exhibit high thermal and impact 

stability in addition to exceptional mechanical strength.1 These attributes have led to 

aromatic polycarbonates being a staple of the commercial polymer palette: they are 

commonly used as engineering materials in aircraft, electronics and construction. 

Comparatively, aliphatic polycarbonates, have much poorer thermal properties (e.g. 

low Tm) and chemical stability, and consequently, their prospective applications have 

traditionally been limited. However, over the past two decades, research into aliphatic 

polycarbonates has undergone a renaissance,2 particularly in the context of 

biomedical applications,3 owing to their mechanical properties and benign in-vivo 

degradation products.  

As briefly covered in Chapter 1, section 1.2.1, polycarbonates are typically synthesised 

via polycondensation with diols and phosgene. ROP of cyclic carbonates is an 

alternative method for polycarbonate synthesis which compares favourably with 

polycondensation: ROP offers improved control of Mn and ƉM whilst being operative 

under comparatively mild conditions. Accordingly, novel methods for the preparation 

of cyclic carbonates have received much attention over the past 20 years.4, 5 Cyclic 

carbonate synthesis has typically also been reliant on phosgene, or phosgene 

derivatives. Such routes remain synthetically attractive due to their associated high 

yields, however, their reliance on phosgene is hazardous and inherently 

unsustainable. Consequently, CO2 has been widely investigated as a benign and 

renewable C1 synthetic alternative to phosgene. 6-8 

CO2 may be applied directly (or indirectly via dimethyl carbonate (DMC) 9, 10) as a C1 

synthon for cyclic carbonate synthesis through cycloaddition of CO2 to oxiranes, 

cyclocarboxylation of homoallylic alcohols or coupling of CO2 with diols (or diol 

derivatives). Synthetic approaches to 5-membered cyclic carbonates are particularly 

well reported.5 While such substrates have numerous applications, their use in 

polymerisation is generally restricted to strained, bicyclic systems,11-13 and therefore 

methods for their synthesis will not be discussed in detail here. Particular attention will 

be paid instead to syntheses which use CO2 directly to form more generally ROP-

compatible 6-membered cyclic carbonates. 
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2.1.1 Cycloaddition of CO2 to oxetanes 

The cycloaddition of CO2 to epoxides is now a well-established reaction with numerous 

catalysts, metal and non-metal, reported to date.14 However reports for CO2 coupling 

with oxetanes remain comparatively rare. Study in this area of was pioneered by Baba 

and co-workers who reported on an organotin-halide-catalysed direct coupling of 

oxetane with CO2 to form trimethylene carbonate (TMC, Scheme 2.1).15 Use of 

tetraphenylstibonium iodide resulted in near quantitative formation of TMC at 49 bar 

CO2 at 100 °C. The methodology was later applied to a variety of alkyl- and aryl-

functionalised oxetanes. Heavily substituted substrates gave comparatively poor 

conversions to their respective cyclic carbonates, in agreement with steric 

considerations.16 

 

Scheme 2.1. Organotin-mediated cycloaddition of CO2 to oxetanes. Adapted from15. 

Further study revealed that the selectivity of the reaction for TMC or poly(TMC) could 

be tailored when using a tritertbutlytin iodide catalyst (Scheme 2.2).17 The use of 

phosphine oxide additives, such as hexamethylphosphorictriamide, resulted in 100% 

selectivity for TMC. It was proposed that the dissociation of the organotin halide 

complex to give the free iodide results in polymerisation of TMC. The phosphine oxide 

additive was posited to prevent halide dissociation from the tin reagent, without 

suppressing cycloaddition of CO2 to the oxetane, thus affording the cyclic carbonate 

exclusively.  

 

Scheme 2.2. Organotin-mediated cycloaddition of CO2 to oxetanes. Adapted from17. 
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Similarly formative work was carried out by Darensbourg and co-workers.18  Sole 

formation of TMC was achieved in the direct coupling of oxetane with CO2 using a 

VO(acac)2/n-Bu4NBr catalyst. Contrasting with Baba’s earlier reports, VO(acac)2 was 

found to be active under milder conditions (60 °C, 17 bar CO2). Increasing the 

temperature led to a loss of selectivity as a result of in-situ polymerisation of TMC. 

Darensbourg and co-workers have also reported on the application of Al, Co and Cr 

salen systems for the cycloaddition of CO2 to oxetane (Scheme 2.3). 19-22 Coupling of 

CO2 with oxetane at 110 °C and 35 bar CO2 in the presence of a CoSalen and 

tetrabutylammonium bromide (TBAB) catalyst resulted in selective formation of 

poly(TMC), with the polymerisation being found to predominantly proceed via anion-

initiated ROP of TMC.21 When employing a more Lewis acidic CrSalen catalyst, 

variation of the temperature and pressure led to exclusive formation of either TMC or 

poly(TMC) as revealed by temperature-varied in-situ FTIR experiments.23 At 10 bar 

CO2 and temperatures ≤ 80 °C, backbiting predominates, with the rate of Cr-carbonate 

opening of coordinated oxetane towards poly(TMC) significantly depressed. 

Furthermore, at 50 °C, the ROP of TMC was kinetically inaccessible, leading to 

exclusive formation of the cyclic carbonate; although with only 20% oxetane 

conversion after 24 h.  

 

 

Scheme 2.3. The cycloaddition and ROCOP of CO2 with oxetane. Adapted from23. 
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To date, arguably the most active and versatile catalysts for the cycloaddition of CO2 

to oxetanes are Al trisphenolate complexes (Altris)(Scheme 2.4).24, 25 Building on 

earlier work with an analogous Fe system,26 Kleij and co-workers found AltrisCl to be 

highly active and selective in the formation of cyclic carbonates from CO2 and cyclic 

ethers.24 With additional catalyst screening, the approach was further generalised.25 

Noteworthy amongst these examples are the unusual secondary substituted 

substrates which are typically challenging to synthesise.  

 

Scheme 2.4. Altris catalysts for the cycloaddition of CO2 to oxetanes. Adapted from24-26. 

Interestingly, the reaction of oxetanes with hydroxyl or amino functionalised pendant 

arms resulted in the formation of 5-membered, rather than the expected 6-membered, 

heterocycles (Scheme 2.5).25 It was proposed that carboxylation of the nucleophilic 

pendant arms, followed by coordination of the catalyst, facilitates an intramolecular 

SN2-type reaction to afford the 5-membered cyclic carbonates. The trisphenolate can 

act as a non-innocent ligand by participating in proton transfer of carbonated 

intermediates to favour cyclisation. This methodology has subsequently been applied 

in the synthesis of carbamate functionalised drug-relevant molecules.27  
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Scheme 2.5. Cycloaddition of CO2 to oxetanes with nucleophilic pendant arms. Adapted from25. 

2.1.2 Cyclocarboxylation of homoallylic alcohols 

The cyclocarboxylation of homoallylic alcohols is another synthetic route towards cyclic 

carbonates. Homoallylic alcohols are widely utilised as small molecule precursors,28-30 

however, their application in monomer synthesis is relatively underexplored. In 1981, 

Cardillo and co-workers pioneered an elegant synthetic approach to iodo-functionalised, 

6-membered cyclic carbonates from homoallylic alcohols (Scheme 2.6).31 Carboxylation 

of the alcohol moiety was achieved at 1 bar CO2 through deprotonation with nBuLi. 

Subsequent addition of I2 facilitated cyclisation with highly regioselective iodination of the 

double bond.  

 

Scheme 2.6. Iodative cyclocarboxylation of homoallylic alcohols. Adapted from31. 
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A similar strategy was pursued by Ide and co-workers who used a hypoiodite reagent, 

IOtBu, to initiate carboxylation (Scheme 2.7).32 Cyclisation was proposed to occur via a 

carboxy iodinated intermediate to yield the 6-membered cyclic carbonate. The method was 

also applied to butynyl alcohol, affording a highly unusual iodomethylene functionalised 

cyclic carbonate in good yield (64%). 

  

Scheme 2.7. Hypoiodite facilitated cyclocarboxylation of homoallylic alcohols. Adapted from32. 

More recently, Johnston and co-workers used an amphoteric organocatalyst, 

StillbPBAM, for the enantioselective direct coupling of CO2 with homoallylic alcohols 

(Scheme 2.8).33 This method is particularly noteworthy for the breadth of secondary 

substituted 6-membered cyclic carbonates. Moreover, the facile access to 

enantioenriched cyclic carbonates provides a platform for exploration of stereo-

enhanced (e.g. stereoblock, stereocomplex) polymer synthesis. 

  

Scheme 2.8. Stereoselective cyclocarboxylation of homoallylic alcohols. Adapted from33. 

Very recently, Kleij and co-workers reported on an elegant oxidation, cycloaddition, 

acylation cascade of homoallylic alcohols for the synthesis of 6-membered cyclic 

carbonates (Scheme 2.9).34 In a one-pot approach, AltrisMe and AltrisCl were used 

to synthesise hydroxy-functionalised-5-membered cyclic carbonates though 

cycloaddition of CO2 to epoxides. The introduction of a substoichiometric amount of 

base establishes an equilibrium between the hydroxy-substituted-5- and 6-membered 

cyclic carbonates. Subsequent addition of an acylating agent kinetically traps the 6-

membered substrates thus enabling their isolation in good yields (65–96%). 
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Scheme 2.9. Oxidation-cycloaddition-acylation cascade of homoallylic alcohols for the synthesis of 6-

membered cyclic carbonates. Adapted from34. 

An extension of the cyclocarboxylation of homoallylic alcohols approach is the Pd-

catalysed cyclisation of 3,4-alkadienols to form highly substituted 6-membered cyclic 

carbonates (Scheme 2.10).35 While this method relies upon high pressures of CO2 (40 

bar) and a precious metal catalyst, the route provides facile access to a unique class 

of cyclic carbonates for which synthesis via other routes would be particularly 

challenging.  

 

Scheme 2.10. Pd-catalysed synthesis of highly substituted 6-membered cyclic carbonates. Adapted 

from35. 

2.1.3 Cyclocarbonation of diols 

The cyclocarbonation of diols is the third major strategy for cyclic carbonate formation 

from CO2. This method is particularly appealing as diols are commonly found in natural 

substrates (e.g. sugars) and, theoretically, reactivity may occur for a broad range of 

substrates to grant access to higher cyclic carbonate homologues (ring size 7+). 

However, due to the inherent stability of CO2 and the low reactivity of diols, the reaction 
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is both thermodynamically and kinetically challenging. Furthermore, the formation of 

water as a by-product means reactions often require a stoichiometric or excess 

amount of dehydrating reagent, thereby lowering the atom economy of the process. 

Despite these limitations, a number of synthetic protocols have been reported to date. 

Again, particular attention will be paid to methods for the synthesis of 6-membered, 

rather than 5-membered, cyclic carbonates. 

Regarding yields and substrate scope, perhaps the most successful catalytic method 

for the cyclocarbonylation of diols is the carboxylation/hydration cascade developed 

by Tomishige and co-workers (Scheme 2.11).36 For various diol substrates, at 5 MPa 

CO2, the use of a CeO2 catalyst in the presence of 10 equivalents of 2-cyanopyridine 

affords the corresponding 5- and 6-membered cyclic carbonates in excellent yields 

(66–99%). Here, CeO2 acts as a highly efficient catalyst for both the carboxylation of 

the diol and the hydration of 2-cyanopyridine. It was proposed that adsorption of the 

diol at Lewis acid sites on the surface of CeO2 forms an alkoxide adspecies which 

readily undergoes carboxylation. Subsequent intramolecular cyclisation, via activation 

of the free hydroxyl of the diol, forms the cyclic carbonate and eliminates water. 

Dehydration then occurs through the CeO2-catalysed reaction of water with 2-

cyanopyridine.  

 

 

Scheme 2.11. CeO2 catalysed carboxylation and hydration cascade. Adapted from36. 
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While the method is unquestionably an efficient means of cyclic carbonate formation, 

its ‘greenness’ is somewhat mitigated by the large excess of dehydrating agent 

required. Furthermore, studies later revealed that the 2-cyanopyridine reagent also 

poisons the CeO2 active sites over time, leading to diminished catalyst recyclability.37 

The development of an alternative dehydration system remains a valuable research 

goal. 

More recently, Dyson and co-workers described a method for the coupling of diols with 

CO2 using a N-heterocyclic carbene (NHC, Scheme 2.12).38 The reaction proceeded 

at atmospheric pressure in the presence of an alkyl halide and Cs2CO3, granting 

access to several cyclic carbonates in good yields (53-61%). In the absence of Cs2CO3 

and the alkyl halide, cyclocarbonation did not occur. Dyson and co-workers proposed 

a catalytic and stoichiometric mechanism for cyclic carbonate formation (Scheme 

2.13). The stoichiometric mechanism represents a minor contribution to the reaction 

outcome. 

 

Scheme 2.12. NHC-catalysed coupling of CO2 with diol substrates. Adapted from38. 
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Scheme 2.13. Catalytic and stoichiometric mechanisms proposed for the NHC-catalysed coupling of 

CO2 with diols. Adapted from38. 



Cs2CO3 has found further application as a stoichiometric coupling agent for the 

synthesis of 5- and 6-membered cyclic carbonates from CO2 and haloalcohols 

(Scheme 2.14).39 Under relatively mild conditions of 1 atm of CO2 and 40 °C, the 

corresponding cyclic carbonates were synthesised in excellent yields (75–95%). The 

alkali carbonate was proposed to be acting as a base to enable CO2 insertion into the 

hydroxyl group of the haloalcohol, generating a linear, halocarbonate. Subsequent 

ring-closure occurs through elimination of the chloride to form CsCl and the cyclic 

carbonate product. Notably, the extension of the methodology to form larger cyclic 

carbonate analogues failed.  

 

 

Scheme 2.14. Cs2CO3-mediated synthesis of cyclic carbonates from monosubstituted halo alcohols. 

Adapted from39. 
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2.1.4 Organobase-facilitated CO2 insertion 

It is well known that organic superbases are capable of facilitating CO2 insertion 

into alcohol functionalities, as first reported by Jessop and co-workers in 2005 

(Scheme 2.15).40 The study detailed how various alcohols, when exposed to 1 

atmosphere of CO2 in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU), reversibly formed an amidinium alkyl carbonate salt. 

 

Scheme 2.15. Reversible, DBU-facilitated carboxylation of alcohols. Adapted from40. 

Further study, carried out with 1,5,7-triazabicyclo[4.4.0] (TBD) and 1,5-

diazabicyclo[4.3.0]non-5-ene  (DBN), has shown that both amidine and 

guanidine bases are capable of reversible CO2 binding.41, 42 This contrasts with 

weaker amine bases, such as triethylamine (NEt3), 1,4-

diazabicyclo[2.2.2]octane (DABCO) and pyridine, which, when exposed to 

saturated solutions of CO2 at standard pressure and room temperature, are 

unreactive. For both NEt3 and pyridine, an unfavourable equilibrium constant 

(K=0.042 and 0.133, respectively)43, 44 prevents direct carbonate formation at 

atmospheric pressure and room temperature. In part, the higher reactivity of the 

guanidine and amidine bases is a result of charge delocalisation, leading to 

enhanced stability of the newly formed carbonate complex (Figure 2.1).  

 

 

Figure 2.1. Stabilisation of CO2 adducts via delocalisation of charge. 
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2.1.5 Previous work 

Inspired by the above reports, our group developed a method for the synthesis 

of 6-membered cyclic carbonates from 1,3-diols using DBU and a tosylchloride 

(TsCl) leaving-group strategy (Scheme 2.16 and 2.17).45 As this study has 

formed the basis of the work carried out as part of this chapter, it will now be 

discussed in detail. It was found that DBU strongly favoured CO2- insertion into 

1,3-butanediol at room temperature (>99% insertion) to predominantly form 

mono-inserted products (approximately 90%). Subsequent addition of TsCl and 

triethylamine (NEt3) facilitated cyclisation to the cyclic carbonate. Notably, NEt3 

failed to carboxylate 1,3-butanediol in CDCl3.  

 

Scheme 2.16. Possible products for the DBU-facilitated carboxylation of 1,3-butanediol. 

Adapted from45. 

The method was used to synthesise several other 6-membered cyclic-

carbonates in reasonable yields (11-68%, Scheme 2.17), although higher cyclic  

carbonate homologues were not reported. Mechanistic analysis suggested the 

cyclisation occurs via an addition-elimination, rather than SN2-type, pathway. 

The protocol has since been successfully applied to form a D-mannopyranoside 

cyclic carbonate46 and minor adaptions have enabled the synthesis of several 

other novel, sugar-based monomers.47, 48
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Scheme 2.17. The cyclocarboxylation of 1,3-diols facilitated by DBU/TsCl leaving group 

strategy. 

2.1.6 Outlook and aims 

A major limitation of all routes discussed so far is the restriction in scope to 5- 

and 6-membered cyclic carbonates. Indeed, recent examples of 7- and 8-

membered cyclic carbonates, synthesised by phosgene methods, highlight the 

potential of such substrates.49, 50 Thermodynamic restrictions limit the possibility 

of their synthesis via the cycloaddition route; however, coupling of CO2 with 

diols and cyclisation via allylic alcohols towards larger cyclic carbonate 

analogues remains at least theoretically possible.  

Of these two routes, perhaps the use of diols is the most attractive as diol-motifs 

are commonly found in natural substrates (e.g. carbohydrates). In addition, their 

synthesis may proceed via hydrogenolysis of biomass-derived materials (e.g. 

glycerol, sorbitol, and cellulose).51 Accordingly, the development of methods 

which could extend the scope of diol coupling with CO2 to form higher cyclic 

carbonate homologues comprises a valuable research goal. 

This chapter discusses the development and expansion of the method outlined 

in section 2.1.5 to target the synthesis of 7- and 8-membered cyclic carbonates. 

Simultaneously, the method has been simplified and made more robust with 

improvements in yields.
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2.2 CO2 insertion 

2.2.1 Base screen 

As discussed in section 2.1.5, an NMR study in CDCl3 had previously shown 

that a strong base (e.g. DBU) was needed for insertion of CO2 into 1,3-

butanediol. Subsequent addition of TsCl, to form a tosylate leaving group in-

situ, facilitated cyclisation to the cyclic carbonate, thus overcoming the intrinsic 

thermodynamic constraints of the diol-CO2 coupling reaction. For highly 

polymerisable substrates (e.g. 7- and 8-membered cyclic carbonates), the 

presence of an amidine base may result in in-situ oligomerisation, therefore 

substitution of DBU with a less nucleophilic species was thought desirable in 

order to extend the reaction scope. Although the use of a milder base was 

envisioned to result in a decreased percentage of carbonation, it was hoped 

that the elimination of the tosylate salts would provide enough of a 

thermodynamic driving force to form the cyclic carbonate regardless. 

Additionally, through judicious choice of solvent, the pKaH of a base could be 

increased, thus favouring CO2 insertion with milder reagents 

Initial studies were carried out using, 2,2-dimethyl-1,3-propanediol (1a), which 

was chosen as a model substrate because of its availability, ease of analysis 

and rigidity. 

DBU, 2,2,6,6-tetramethylpiperidine (TMP), NEt3, and pyridine were screened 

for CO2 insertion at 1 atmosphere pressure in CD3CN (Table 2.1). The 

formation of new resonances at 3.61 ppm in the 1H NMR spectra indicated  

carboxylation had occurred for reactions using DBU, NEt3 and TMP. Full 

structural elucidation with 1H-13C HSQC and HMBC NMR experiments 

confirmed CO2 incorporation. In agreement with pKaH considerations (18.6 for 

TMP, 18.8 for NEt3 and 24.3 for DBU in acetonitrile),52, 53  DBU was found to 

facilitate the highest percentage of CO2 insertion (85%) as compared with the 

other bases (TMP 2%, NEt3 4% and pyridine 0%).
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Table 2.1. CO2 insertion into 1a facilitated by pyridine, TMP, NEt3 and DBU in CD3CN.[a] 

 

Entry Base % Insertion Monocarbonate Biscarbonate 

1 DBU 85% 59% 41% 

2 TMP 2%b 100% 0% 

3 NEt3 4% 100% 0% 

4 Pyridine 0% - - 

[a] 1a (1.7 mol L–1 in CD3CN), base (1 equiv.), CO2 (1 atm), 2 h, room temperature (rt). Scale = 

1.7 mmol of 1a (177 mg). [b] NMR spectrum taken in CDCl3 due to insolubility of 2,2,6,6-

tetramethylpiperidinium salts in CD3CN. 

Furthermore, while TMP and NEt3 were shown to exclusively form the 

monocarbonate (Table 2.1, entries 2 and 3), NMR analysis indicated that DBU 

formed a significant percentage of the bisinserted product (Table 2.1, entry 1, 

Figure 2.2, mono: bis 59%:41%). 

 

 

 

Figure 2.2. 1H NMR spectrum (500 MHz, CD3CN, 3.65 to 3.05 ppm) of DBU-facilitated CO2 

insertion into 1a after 2 h. The resonances corresponding to 1a (red), the monoinserted product 

(green) and bisinserted product (blue) are highlighted. 

. 
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Encouraged by the preliminary study indicating air-stable and non-nucleophilic 

reagents could facilitate CO2 insertion, several bases, with a range of pKaH 

values, were screened for the cyclisation of 1a to 5,5-dimethyl-1,3-dioxan-2-

one (1b). Reactions were carried out with two equivalents of base at 1 

atmosphere of CO2 in MeCN in the presence of 1 equivalent of TsCl.  

Conversion of 1a was observed with each base, however product distributions 

varied, roughly in accordance with the similarity of the respective pKaH values 

of the bases. In the absence of base, no reactivity was observed. 

The use of two equivalents of TBD and DBU resulted in the formation of 

oligomers (Table 2.2, entries 1–3). This suggests the presence of a strongly 

nucleophilic species in solution may result in in-situ activation of the newly 

formed cyclic carbonate, leading to degradation. Additionally, a significant 

percentage of the biscarbonation may hinder cyclisation as indicated by DFT; 

calculations showed that a high activation barrier exists (ΔΔG‡ = +21.6 kcal 

mol–1) for the cyclisation of 1a to 1b via the biscarbonated intermediate 

(Scheme 2.18, see section 2.4 for computational details). This may promote 

intermolecular condensation over intramolecular cyclisation to increase the 

overall percentage of oligomers. 

 

Scheme 2.18. Computed free Gibbs energies for the cyclisation of a biscarbonated 

intermediate (BCI) to form 1b. Protocol: ωb97xD/6–31+g(d)/cpcm=acetonitrile/298K.  

For pyridine, DMAP and 1-methylimidazole, the formation of tosylesters 

predominated, with only a small percentage of cyclic carbonate detected (Table 

2.2, entries 4–6). This is likely due to the low favourability of CO2 insertion as 

shown experimentally and computationally with pyridine (section 2.4).  
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Table 2.2. One-pot, one step cyclocarbonation of 1a, with CO2.[a] 

 

Entry Base Solvent T %Diol 
conversion[b] 

CC:oligomers:Ts:TsTs 

[c] 

1[d] DBU/NEt3 MeCN rt 95% 82:18:0:0 

2 TBD MeCN rt 56% 53:47:0:0 

3 DBU MeCN rt 64% 60:40:0:0 

4 DMAP MeCN rt 80% 34:18:26:22 

5 1-Me-Imd MeCN rt 74% 7:10:51:32 

6 Pyridine MeCN rt 80% 1:2:80:17  

7 NEt3 MeCN rt 91% [44%][e] 100:0:0:0 [100:0:0:0][e] 

8 NEt3 DCM rt 75% 87:13:0:0 

9 NEt3 THF rt 7% 100:0:0:0 

10 NEt3 MeCN 40 °C 60% 91:0:8:2 

11 NEt3 MeCN 60 °C 49% 67:11:18:4 

12 TMP MeCN rt 95% 100:0:0:0 

13[f] TMP MeCN rt 93% 100:0:0:0 

14[g] TMP MeCN rt 95% 100:0:0:0 

15[h] TMP MeCN rt 93% 100:0:0:0 

16[i] TMP MeCN rt 88%(82)[j] 100:0:0:0 

17 TMP DCM rt 30% 100:0:0:0 

18 TMP THF rt 16% 100:0:0:0 

19 No base MeCN rt 0% N/A 

[a] One pot, one step procedure: diol (0.4 mol L–1 in MeCN), base (2 equiv.), TsCl (1 equiv.), 

CO2 (1 atm), 0 ˚C to rt, unless stated otherwise. Scale = 1.7 mmol of 1a (177 mg).[b] Determined 

by relative integration in the 1H NMR spectrum (CDCl3) of 1a methylene signal (4.01 ppm, 4H) 

vs aromatic signal of the internal standard 1,3,5-trimethoxybenzene (6.01 ppm, 3H).[c] 

Determined by relative integration in the 1H spectrum (CDCl3) of product methylene signal (4.01 

ppm, 4H) vs oligomer signals (3.2-3.4/3.6-3.8 ppm, 4H) vs monotosylated product signals (3.12 

and 3.62 ppm, 2 × 2H) vs ditosylated product signal (3.53 ppm, 4H) vs aromatic signal of the 

internal standard 1,3,5-trimethoxybenzene (6.01 ppm, 3H).[d] One pot, two steps procedure: diol 

(1.7 mol L–1 in MeCN), DBU (1 equiv.), CO2 (1 atm), 2 h, then NEt3 (1 equiv.), TsCl (1 equiv., 

0.5 mol L–1), 0 ˚C to rt (unless stated otherwise). Final diol concentration is then 0.4 mol L–1. [e] 

Using only 1 equiv. of NEt3. [f] Diol concentration: 0.1 mol L–1.[g] Diol concentration: 0.8 mol L–

1.[h] Diol concentration: 1.7 mol L–1. [i] Using sublimed solid CO2 (dry ice).[j] Non-anhydrous MeCN 

used.



72 
 

 

 

 

Finally, for TMP and NEt3, near quantitative conversion of 1a was observed 

(95% and 91%, respectively) with no by-products detected (Table 2.2, entries 

7 and 12). While TMP and NEt3 facilitate only a small percentage of CO2 

insertion (Table 2.1, entries 2 and 3) the use of TsCl clearly provides enough 

of a kinetic driving force for the reaction to proceed (Scheme 2.19). In addition, 

the formation of the biscarbonate is both kinetically (due to the low 

concentrations of the monocarbonate) and thermodynamically unfavourable, 

while the low nucleophilicities of both bases precludes in-situ oligomerisation of 

any newly formed cyclic carbonate. Taken together, the above observations 

suggest that TMP and NEt3 occupy a ‘sweetspot’ in terms of their basicity for 

the cyclisation; indeed, both reagents give improved conversion as compared 

with DBU/NEt3 (Table 2.2, entry 1).45 

 

Scheme 2.19. TMP and NEt3-mediated cyclocarbonation of 1a. 

Using only one equivalent of NEt3 halved the conversion to the cyclic carbonate 

(Table 2.2, entry 7). Evidently, two equivalents of base are required for the 

cyclisation: the first to initiate mono-carbonation of the diol and the second to 

activate the free hydroxyl group and subsequently trap the tosylate salt 

following cyclisation (Section 2.4).  

However, conversion with TMP and NEt3 was found to be dependent on the 

solvent, with optimum cyclic carbonate formation observed in anhydrous MeCN 

(Table 2.2, entries 8, 9, 17 and 18). For both bases, this suggests DCM 

destabilises the mono-insertion product, consistent with pKaH considerations 

in which ionisation of NEt3 and TMP will be less favourable.52, 54 The use of 

DCM also impacted on the selectivity of the reaction. For NEt3, an increased 

percentage of tosylesters were observed, contrasting with TMP, for which no 

tosylester by-products were detected. This indicates that the larger steric profile 

of TMP may prevent significant tosylester formation regardless of solvent. 

A significant decrease in the formation of 1b also occurred at elevated 

temperatures (Table 2.2, entries 10 and 11). Performing the reaction at 40 °C 

and 60 °C with NEt3 resulted in a sequential decrease of cyclic carbonate 
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formation, likely as a result of the increased favourability of de-insertion of the 

monocarbonate.40 

Finally, optimum conversions to 1b were observed at [diol]0 = 0.4 mol L–1 (Table 

2.2, entries 12–15). 

 

Figure 2.3. Setup used for cyclocarbonation of diols with sublimed dry ice. Requires: wash 

bottle, tubing, drierite tube (optional), round bottomed flask, needle (x 2) and rubber septum.  

 

Given that none of the reagents used for the cyclisation reaction are air- or 

moisture-sensitive, a setup was designed which relied on dry ice as the CO2 

source, rather than a CO2-fed Schlenk line (Figure 2.3). The dry ice had minimal 

impact on conversion to the cyclic carbonate, while concurrent use of non-

anhydrous solvents was also shown to be viable (Table 2.2, entry 16). This 

contrasts with the previous method in which significant loss of yield was 

observed with the introduction of small amounts of moisture (48% vs 70%).45 It 

is hoped this will greatly increase the applicability of the approach beyond non-

specialists. 
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2.3 Substrate screen 

The scope of the newly developed protocols was then investigated with a range 

of diols (Figure 2.4 and Table 2.3). Comparisons with the highest reported yield 

via phosgene methods are also given. 

 

Figure 2.4. Isolated cyclic carbonates formed via the direct coupling of CO2 with various diols. 

Non-bracketed values show conversions, bracketed values show yields.*carried out with NEt3.
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Table 2.3 Synthesis of various cyclic carbonates using CO2, and comparison with literature 

methods using phosgene derivatives.[a] 

[a] Diol (0.4 mol L–1 in MeCN), TMP or NEt3 (2 equiv.), TsCl (1 equiv.), CO2 (1 atm), 0 ˚C to rt, 

20 h. Diols 2a, 11a and 14a were used as racemic mixtures, and 8a is trans-1,2-

cyclohexanediol. Scale = 1.7 mmol of diols[b] Conversions were determined by relative 

integration in the 1H NMR spectrum (CDCl3) of products vs aromatic signal in internal standard 

1,3,5-trimethoxybenzene (6.01 ppm, 3H). [c] Isolated yields were obtained from reactions using 

TMP (the most selective towards the desired cyclic carbonates), except for entries 4, 10 and 

11. [d] Yields from phosgene-derived methods were taken from the literature (best results 

according to Reaxys database accessed on 8/08/18). 

TMP-facilitated cyclisations were found to generally give the highest cyclic 

carbonate conversion. 

For aliphatic and alicyclic 1,2 and 1,3-diols, excellent conversion and selectivity 

was observed for the respective cyclic carbonates, with isolated yields 

comparable, and for 4a, exceeding, those reported for the analogous phosgene 

methods (Table 2.3, entries 1–4 and 8).58 

Carbohydrate-derived cyclic carbonates, were isolated with overall poorer 

yields, consistent with literature observations which note the difficulty of 

cyclising sugar-based substrates (Table 2.3, entries 5–7 and 9).64 The glucal-

derived cyclic carbonate, 7b, which was isolated in reasonable yield with TMP, 

is noteworthy amongst these examples as other direct CO2-diol coupling 

methods reportedly failed to give appreciable conversion to the substrate.60 . 

Entry 

Cyclic 
Carbonate 

(CC) 

Base: TMP, Diol 
Conv% 

[CC: oligomers: Ts][b] 

Base: NEt3, Diol 
Conv% 

[CC: oligomers: Ts]b] 

yield[c] 

Phosgene-derived 
protocol 

Yield (reagent)[d] 

1 1b 95% [95:0:0] 91% [91:0:0] 71% 90%  

(2-di(pyridinyl) 
carbonate)55 

2 2b 99% [99:0:0] 84% [75:3:6] 69% 86% (dimethyl 
carbonate)56 

3 3b 97% [97:0:0] 89% [79:10:0] 63% 87% (triphosgene)57 

4 4b 78% [78:0:0] 97% [97:0:0] 80%[c] 52% (ethylchloro-
formate)58 

5 5b 92% [64:0:28] 66% [46:0:20] 36% 53% (triphosgene)59 

6 6b 87% [65:0:22] 74% [40:0:34] 55% - 

7 7b 44% [25:12:7] 29% [9:11:9] 21% 40% (triphosgene)60 

8 8b 90% [90:0:0] 83% [76:0:7] 70% 84% (triphosgene)61 

9 9b 81% [53:0:28] 70% [28:0:42] 51% 100% (triphosgene)13 

10 10b  83% [45:38:0] 88% [76:12:0] 46%[c] 32% (phosgene)62 

11 11b 77% [10:67:0] 53% [43:10:0] 31%[c] 51% (triphosgene)49 

12 12b 96% [61:35:0] 72% [12:60:0] 34% - 

13 13b 92% [70:22:0] 83% [58:25:0] 61% - 

14 14b 87% [73:14:0] 94% [20:74:0] 43% - 

15 15b 84% [57:27:0] 83% [46:37:0] 32% 85% (triphosgene)63 
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For longer diol linkages (1,4- and 1,5- diols), lower selectivity for the cyclic 

carbonate was observed (Table 2.3, entries 10–15). This may be attributed to 

the larger entropic penalty for cyclisation associated with the increased diol-

backbone flexibility. Consequently, intermolecular condensation, and the 

oligomerisation of newly formed cyclic carbonates in-situ, will be more 

favourable (Figure 2.5). Regardless, for this group of substrates, yields remain 

competitive with traditional phosgene methods, and, in the case of 10b, exceed 

those reported in the literature.62 It should also be noted that cyclic carbonates 

12b, 13b (CBD CC) and 14b, have no literature precedent for their synthesis 

(Table , entries 12–14). Indeed, while 13b (CBD CC) has been investigated as 

a monomer platform as part of this work (Chapter 3), 12b also merits further 

study given that direct the ROP of aromatic-functionalised cyclic carbonates is 

uncommon. Crystal data for both substrates is included in the experimental.  

 

 

Figure 2.5. 1H NMR (400 MHz, CDCl3, 4.45–5.40 ppm) of the TMP-facilitated cyclisation of 12a. 

The resonances corresponding to methylene region of 12a (red), 12b (black) and oligomeric 

species (purple) are highlighted. 

Taken together, this scope represents the largest of any method for the direct 

coupling of CO2 with diols, including the first reported examples of 1,2-trans 5- 

and 7- and 8-membered cyclic carbonates derived directly from CO2. 
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2.4 DFT studies 

To better understand the reaction mechanism, DFT calculations were carried 

out with 1a as the model substrate. 

A trimolecular mechanism was considered for the CO2-insertion step, 

consistent with studies carried out by Wang and co-workers65 and Gregory and 

Buchard.66 Optimisation was carried out using the ωb97xD LC hybrid functional 

developed by Chai and Head-Gordon that includes an empirical dispersion 

correction and has been shown to effectively reproduce thermodynamic and 

kinetic experimental data.67, 68 Calculations were performed with the 6–31+g(d) 

basis set at 298K and solvent effects in acetonitrile were modelled using a 

conductor-like polarisable continuum model (CPCM).  

In agreement with experiments, the favourability of CO2 insertion was found to 

be highly dependent on the nature of the base (Figure 2.6). For pyridine, 

insertion was shown to be very slightly endergonic (+0.5 kcal mol–1), whereas 

for NEt3, TMP and DBU, the formation of the monocarbonate was strongly 

exergonic (–12.2 kcal mol–1, –12.3 kcal mol–1  –19.5 kcal mol–1¸ respectively). 

However, the barrier to insertion was approximately the same for each base 

(ΔΔG‡
 : pyridine = +10.3 kcal mol–1, NEt3 = +7.9 kcal mol–1, TMP = +9.3 kcal 

mol–1 and DBU = +13.7 kcal mol–1), indicating that the formation of the 

monocarbonate is under thermodynamic, rather than kinetic, control.  

The complete reaction profile was further computed for NEt3 (Figure 2.7). The 

calculations show that initially, CO2 insertion is kinetically favoured over 

tosylation (+15.7 vs + 7.9 kcal mol –1). This is consistent with observations with 

NEt3 at room temperature, in which no tosylester by-products were detected by 
1H NMR spectroscopy (section 2.2.1).  

Following CO2 insertion, cyclisation may occur by two pathways (route A and 

route B) with distinct stereochemical outcomes (Scheme 2.20). In route A, 

tosylation occurs at the free hydroxyl followed by cyclisation via an SN2-type 

mechanism. Here, the carbonate undergoes a nucleophilic substitution at the 

tosylester, resulting in inversion of stereochemistry at that position. For route B, 

the carbonate is at first tosylated followed by Brønsted basic activation of the 

free alcohol. This induces cyclisation via an addition/elimination mechanism 

with retention of stereochemistry.  
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Figure 2.6. Computed energy diagram for pyridine- (red), NEt3- (black), TMP- (blue) and DBU- 

(purple) facilitated CO2 insertion of CO2 into 1a. Protocol: ωb97xD/6–

31+g(d)/cpcm=acetonitrile/298K. Free enthalpies given in kcal mol–1. 

Calculations indicate a clear kinetic preference for route B (Figure 2.7, route B 

vs route A: ΔΔG‡ tosylation step = +18.4 vs +20.0 kcal mol–1; ΔΔG‡ cyclisation 

step = +15.4 vs +24.9 kcal mol–1). This agrees with experiments performed with 

diastereotopic diols, 2,4-R,R-pentanediol, and 1,2-transcyclohexanediol, in 

which 1H NMR spectroscopy indicated that the stereochemistry of the starting 

materials is retained in each of the products.

 

 

Scheme 2.20. Competitive pathways in the cyclocarbonation of diols in the presence of TsCl 

and base. 
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Figure 2.7. DFT computed free enthalpy diagram for the cyclocarbonation of 1a with 2 equiv. NEt3 and 1 equiv. of TsCl. Protocol: ωb97xD/6–31+g(d)/cpcm 

MeCN/298 K. 
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2.5 Polymerisation attempts with terpene-derived cyclic 

carbonates 

This work was carried out in collaboration with Dr William Cunningham and 

Professor Steven Bull. Dr Cunningham was responsible for the synthesis of the 

1,2-trans diols whilst all other experimental work discussed was carried out by 

the Buchard group. 

Bull and co-workers have developed a strategy for the regioselective 

dihydroxylation of various terpene substrates to form 1,2-trans diols (Scheme 

2.21).69 As terpenes represent a vast sustainable feedstock,70-73 it was thought 

the dihydroxylated substrates could be used as a valuable, pre-monomer feed. 

Indeed, various epoxidized terpene substrates, including limonene and 

carene,74, 75 have been successfully applied in ROCOP to form bioderived 

polycarbonates (and polyesters). However, ROCOP to form polycarbonates 

often requires high pressures of CO2 which may limit applicability. Furthermore, 

although a 1,2-trans-5-membered cyclic carbonate derived from limonene 

(limonene CC) has been recently reported,76 the application of 5-membered 

cyclic carbonate functionalised terpenes in ROP remains unexplored. Indeed, 

it is possible that ROP may provide access to hitherto inaccessible polymer 

microstructures. 

 

 

Scheme 2.21. Dihydroxylation of terpenes. 

While 5-membered cyclic carbonates generally do not undergo polymerisation 

without significant decarboxylation, highly strained systems are known to be 

amenable to ROP. For instance, Guillaume and co-workers have demonstrated 

that for the trans configured cyclohexene carbonate (CHC), torsion incurred 

from the cyclohexyl core overcomes the thermodynamic barrier to 

polymerisation (Scheme 2.22).12 ROP of trans-CHC yields pure iPCHC, a 

material which exhibits a high Tm (248 °C). Moreover, such high isotacticities 

are challenging to achieve via ROCOP. The glucopyranoside derivative, 9b, 
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has also been polymerised with anionic initiators11 and organocatalysts.13 1,2-

trans limonene diol, 1,2-trans carene diol and tetrol carenene were thus 

selected as pre-monomer candidates on the basis of the diol structure 

containing a cyclohexyl core (Scheme 2.22).  

 

Scheme 2.22. The polymerisation of 5-membered cyclic carbonates and 1,2-diols derived from 

limonene, carene and carenene. 

2.5.1 Ring-strain calculations 

DFT-calculations were carried out to estimate the thermodynamic parameters 

of ROP for the cyclic carbonates derived from limonene (limonene CC), carene 

(carene CC) and carenene (carenene CC, Figure 2.8). Calculations were 

performed with the ωb97xD functional using the 6–31+g(d) basis set for all 

atoms. Solvent effects were simulated using the CPCM for methanol at 298.15 

K. 

To model ring strain, geometry optimisations of the cyclic carbonates and their 

respective dimethyl carbonate (DMC, method 1) and methoxy (method 2) 

adducts were carried out. The ring strain of the cyclic carbonates was then 

estimated from the free enthalpies or energies of formation (ΔΔHn or ΔΔGn) of 

the adducts, which were calculated as follows: ΔΔXn = ΔΔXadduct – (ΔΔXcc + 
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ΔΔXDMC or MeOH). The values were then benchmarked against a similar molecule 

which is known to polymerise, in this case, trans-CHC, in order to assess 

whether the cyclic carbonates were valid ROP targets.  

Method 1 and method 2 are useful for quickly assessing the viability of 

molecular targets for polymerisation. Method 1 gives better estimates of the 

enthalpies of polymerisation as the bonds in the model are the same as the 

bonds in the prospective polymer. Method 2 gives information on which species 

are thermodynamically favoured upon initiation thereby giving insight into 

polymerisation propagation. As per the literature standard,66 it should be noted 

that method 1 only considers the enthalpy of the reaction, discounting the 

entropy (which is generally negative for ROP) thus it tends to overestimate the 

thermodynamic favourability of opening.  

 

Figure 2.8. DFT-computed free enthalpies of DMC and methoxy adducts of trans-CHC, 

limonene CC, carene CC and carenene CC. Protocol: ωb97xD/6–31+g(d)/cpcm=MeOH/298 

K. 

Strain parameters modelled by method 1 indicated that for each monomer-

target, opening was favoured (Figure 2.8). The enthalpy of opening for carene 

CC (ΔΔH = –5.1 kcal mol–1 )and carenene CC (α ΔΔH = –9.4 kcal mol–1, β ΔΔH 

= –8.7 kcal mol–1) was greater than that of trans-CHC (ΔΔH = –3.7 kcal mol–1), 

consistent with the enhanced strain of the tricyclic systems and implying that 

their ROP is thermodynamically accessible. For carenene CC, there was no 

strong thermodynamic preference for opening of either the α or β cyclic 
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carbonates, with values coming within the margin for error. Indeed, 

simultaneous DMC adduct formation at the α and β moieties was highly 

favoured for carenene CC (ΔΔH = –14.6 kcal mol–1 ), suggesting that ROP 

would proceed with simultaneous opening of both cyclic carbonates. Opening 

for limonene CC (ΔΔH = –0.2 kcal mol–1) was marginally favoured, however 

significantly less so than for the other substrates, likely because of unfavourable 

steric interactions induced upon opening (Scheme 2.23).  

 

Scheme 2.23. Potential steric clash induced upon opening of limonene CC.  

Method 2 indicated that for carene CC and carenene CC, opening to expose 

the tertiary (3ry) hydroxyl was favoured (carene CC: ΔΔG3ry = +3.8 kcal mol–1 

and ΔΔG2ry = +4.7 kcal mol–1; carenene CC: ΔΔGα-3ry = –4.2 kcal mol–1, ΔΔGα-

2ry  = +0.2 kcal mol–1 ΔΔGβ-3ry = –3.2 kcal mol–1, ΔΔGβ-2ry  = +2.5 kcal mol–1), in 

agreement with acidity considerations in which secondary (2ry) hydroxyls are 

less stable. Limonene CC, however, showed marginal preference for opening 

to expose the 2ry hydroxyl (ΔΔG3ry = +7.1 kcal mol–1 and ΔΔG2ry = +5.4 kcal 

mol–1), again likely a result of opening-induced axial steric clashes.  

Opening of limonene CC and carene CC via method 2 was considerably less 

favoured than for trans-CHC (ΔΔG = +1.0 kcal mol–1). Nevertheless, given the 

favourability of the DMC-adduct formation with each substrate, all three 

candidates were selected for ROP studies.  

2.5.2 Synthesis 

The terpene-derived cyclic carbonates were synthesised using TMP in 

reasonable yield following purification by column chromatography and 

recrystallisation from diethyl ether (limonene CC 69%, carene CC 37% and 

carenene CC 18%, Scheme 2.24). Single crystal XRD data for limonene CC 

and carene CC, revealed that the stereochemistry of the diol, as expected, is 

retained in the cyclic carbonate (Scheme 2.24). The cyclic carbonate 

functionality is twisted in both substrates as indicated by the dihedral torsion 

angles across the carbonyl moieties (for carene CC: dihedral C2, O3, C1, O2 

= –12.8 ° and dihedral C10, O2, C1, O3 = –16.6 °; for limonene CC: dihedral 

C2, O3, C1, O2 = 13. 4 ° and dihedral C10, O2, C1, O3 = 13.7 °). For carene 

CC and limonene CC the cyclohexyl moieties adopt a half chair and chair 
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conformations, respectively. The cyclohexyl chair conformation observed with 

limonene CC may in part rationalise why the substrate exhibited significantly 

lower ring strain than the other monomer-targets. Crystals of sufficient quality 

for single crystal XRD could not be grown for carenene CC. 

 

 

 

Scheme 2.24. Synthesis of limonene CC, carene CC and carenene CC and ORTEP view of 

crystal structures of carene CC (left) and limonene CC (right) at the 50% probability level. 
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2.5.3 Preliminary investigations into ROP  

2.5.3.1 Initial ROP attempts 

Preliminary investigations into ROP of each of the terpene-derived cyclic 

carbonates were next attempted (Table 2.4). 

The polymerisation of carene CC was first trialled at 22 °C with TBD at [carene 

CC]0:[TBD]0:[4-MeBnOH]0 loadings of 25:1:1 (Table 2.4, entry 1). Only 2% 

conversion of carene CC was observed, suggesting incomplete (i.e. ca 50%) 

initiation of the monomer and no propagation of opened species. A 

polymerisation performed at [carene CC]0:[Sn(Oct)2]0:[4-MeBnOH]0 loadings of 

25:1:1 at 75 °C also failed to yield polymer, with 0% conversion of the cyclic 

carbonate (Table 2.4, entry 2). To decrease the entropic penalty of the 

polymerisation, and thereby increase its favourability, a reaction was attempted 

at 0 °C with TBD (Table 2.4, entry 3). However, no monomer conversion was 

observed. Finally, to increase the overall strain in the system, a co-

polymerisation was performed with TMC at [carene CC]0:[TMC]0; [TBD]0:[4-

MeBnOH]0 loadings of 25:25:1:1 (Table 2.4, entry 4). An aliquot taken after 20 

h revealed 98% conversion of the TMC with 10% conversion of carene CC, 

suggesting a small amount of incorporation of the terpene derivative in the 

polymer. The above data suggest that carene CC is not viable for homo ROP 

under the trialled conditions; however, the substrate may be useful for co-

polymerisation with more strained monomers to impart functionality (e.g. rigidity 

to increase Tg’s). 

For limonene CC, at [limonene CC]0:[TBD]0:[4-MeBnOH]0 loadings of 25:1:1,  

27% conversion of the cyclic carbonate was observed after 20 h (Table 2.4, 

entry 5). A reaction performed with Sn(Oct)2 in absence of solvent at 45 °C gave 

only 9% monomer conversion (Table 2.4, entry 6). However, in both instances 

no precipitate was formed upon exposure of the solutions to hexane, ether or 

methanol suggesting the product was oligomeric.
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Table 2 4. ROP of carene CC, limonene CC and carenene CC.  

 

Entry Substrate Catalyst Temperature 

(°C) 

Time  

(h) 

Conversion 

(%) 

Mn,SEC       

 (g mol–1) 

1 carene CC[a] TBD 22 20 2 - 

2 carene CC[b] Sn(Oct)2 75 67 0 - 

3 carene CC[c] TBD 22 20 0 - 

4 carene CC[a] TBD 22 10 (98) 0 - 

5 limonene CC[a] TBD 22 20 25 - 

6 limonene CC[c] Sn(Oct)2 45 20 9 - 

7 carenene CC[d] TBD 22 20 24 - 

Reactions carried out at [substrate]0:[catalyst]]0:[4-MeBnOH]0 loadings of 25:1:1. Scale = 1.00 

mmol of terpene CC. [a] [substrate]0 = 2.5 mol L–1.[b] Reaction performed neat.[c] [substrate]0 = 

5.0 mol L–1.[d] [substrate]0 = 0.1 mol L–1. 

Polymerisation of carenene CC was performed under dilute conditions of 

[carenene CC]0 = 0.1 mol L–1 to aid monomer solubility (Table 2.4, entry 7). At 

a [carenene CC]0:[TBD]0:[4-MeBnOH]0 feed ratio of 25:1:1, 24% monomer 

conversion was observed, with no preference for opening at either the α or β 

cyclic carbonate. No polymeric species were detected by refractive index 

detection (RI) during Mn,SEC suggesting the presence of oligomeric species. 

Despite this, the relatively mild conditions for opening of both cyclic carbonate 

moieties suggests that the monomer could be applied as a cross-linking agent 

or in polyurethane synthesis and warrants further investigation. 

 

2.5.3.2 Stoichiometric ring-opening experiments 

Stoichiometric reactions of each of the cyclic carbonates with TBD and 4-

methylbenzyl alcohol were next performed to provide further insight into ring 

opening. All crude reaction mixtures were subject to 1H, 13C{1H} and 1H-13C 2D 

NMR spectroscopy. As a representative example, full analysis is detailed for 

carene CC only, with 1H NMR spectra given for purposes of discussion with 

limonene CC and carenene CC.
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Table 2.5. Stoichiometric ring-opening experiments of carene CC, limonene CC and 

carenene CC. 

 

Entry Cyclic carbonate Conversion (3ry:2ry)[a] 

1 carene CC 52% (89:11) 

2 limonene CC 100% (56:44) 

3[b] carenene CC 100% (-) 

Reactions performed at 22 °C in DCM with [cyclic carbonate]0 =  1.0 mol L–1 unless otherwise 

stated. Scale = 1.00 mmol of terpene CC. [a] Conversions determined by 1H NMR 

spectroscopy.[b] [carenene CC]0 = 0.1 mol L–1. 

Reaction of carene CC with one equivalent of TBD and 4-MeBnOH resulted in 

only 52% conversion of the cyclic carbonate (Figure 2.9 Table 2.5, entry 1). 

13C{1H} NMR spectroscopy indicated the presence of three carbonate species 

at 155.3 ppm, 155.2 ppm and 155.1 ppm, indicative of the formation of both the 

2ry and 3ry hydroxy exposed ring-opened adducts (Figure 2.10). Comparison 

with isolated samples shows that the resonance at 155.2 ppm in the 13C{1H} 

NMR spectrum is associated with carene CC. Inspection of 1H- 13C HMBC NMR 

spectrum reveals a correlation between the resonances detected at 4.40 ppm 

and 155.3 ppm in the 1H and 13C{1H} NMR spectra, respectively (Figure 2.10). 

This is diagnostic of a position in the 3ry hydroxyl product. As expected, no 

correlation is observed by 1H-13C HMBC for the 13C{1H} NMR resonance 

detected at 155.1 ppm, consistent with proposed structure for the 2ry hydroxy 

adduct. The resonance formed at 3.30 ppm in the 1H NMR at spectrum is 

assigned as the a environment in 2ry hydroxy product given the correlations 

observed with terpene-like carbon environments (19.3, 27.8, 33.7 and 72.9 ppm 

in the 13C{1H} NMR spectrum) by 1H-13C HMBC NMR spectroscopy (Figure 

2.10). Integration of the resonances at 4.40 ppm and 3.30 ppm shows that, in 

agreement with calculations, the formation of the 3ry hydroxyl product is 

favoured in an approximate 8:1 ratio. Full assignations are given in Fig 2.9. 
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Figure 2.9. 1H NMR spectra (400 MHz, CDCl3, 1.50–4.50 ppm) of carene CC (top) and 

equimolar mixture of TBD, 4-MeBnOH and carene CC (bottom). (Assignations: black = carene 

CC, blue = 2ry OH exposed product and red = 3ry OH exposed product).  

Given the non-quantitative conversion of carene CC, these data show that the 

strain of the substrate is insufficient for polymerisation with TBD and 4-MeBnOH 

under the trialled conditions. Moreover, propagation via a 3ry alcohol may 

induce a significant kinetic barrier to polymerisation. Given the thermodynamic 

and kinetic challenges outlined above, carene CC may not be a viable homo 

ROP target.
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Figure 2.10. (top) 13C{1H} (CDCl3, 400 MHz, 155.0–155.4 [carbonyl region])  (bottom) 1H-13C 

HMBC NMR spectra of the stoichiometric ring-opening experiment of carene CC. 

(Assignations: black = carene CC, blue = 2ry exposed product and red = 3ry exposed 

product). 

 

An analogous stochiometric experiment with limonene CC was more 

promising: quantitative conversion of the cyclic carbonate was observed at 22 

°C, with 56% of the products containing 3ry exposed hydroxyls (Figure 2.11, 

Table 2.5 entry 2). Interestingly, this contrasts with literature reports of TBD-

catalysed openings of limonene CC with amines which proceeded with high 

regioselectivities (>99:1) to form the 3ry alcohol exposed products. 77 The 

lower regioselectivities observed with 4-MeBnOH may be a result of its smaller 

steric profile meaning opening is possible at both faces of the limonene CC.  
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Figure 2.11. 1H NMR spectra (400 MHz, CDCl3, 1.00–5.20 ppm) of limonene CC (top) and 

equimolar mixture of TBD, 4-MeBnOH and limonene CC (bottom). Blue and red resonances 

correspond to limonene CC, 2ry exposed OH product and 3ry exposed OH product, 

respectively. 

A complex 1H NMR spectrum observed in the opening of limonene CC 

suggests the occurrence of a slow ring flip with equatorial and axial 

resonances observed at 25 °C (Figure 2.11). As such, exact identification of 

all protons at room temperature is not possible. However, the clear separation 

of the signals attributed to the protons in the a and f environments in both 

adducts allows for product distributions to be calculated. Given that product 

assignations could made with reasonable confidence the hypothesis of a slow 

ring flip was not probed further (e.g. with variable temperature NMR). 

Regardless, the quantitative conversion of the substrate indicate limonene 

CC is suitable for further homo-ROP investigations.  
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Experiments conducted in a 2:2:1 ratio of [TBD]0:[4-MeBnOH]0:[carenene 

CC]0 gave quantitative conversion of the carenene CC (Figure 2.12, Table 

2.5, entry 3).  

 

 

 

Figure 2.12. 1H NMR spectra (400 MHz, CDCl3, 0.50–5.00 ppm) of carene CC (top) and 

equimolar mixture of TBD, 4-MeBnOH and carenene CC (bottom). Blue and red resonances 

correspond to carenene CC-1 and carenene CC-2 adducts, respectively.  

 

Opening of both cyclic carbonate moieties was observed with the major 

products determined to be carenene CC-1 and carenene CC-2 which formed 

in an approximate 1:1 ratio. The exact reasoning for the regioselectivity of 

opening remains unclear, however as, according to calculations, neither 

product is the thermodynamically most favoured, this suggests the opening 

may be under kinetic control. Other minor products, including carbonate 

species, were also observed; however, full structural elucidation proved 
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challenging as a result of their low concentration. It is also unclear whether 

carenene CC-1 and carenene CC-2 were unimolecular (hence carbonate 

moieties are unassigned) nevertheless, given that ring opening had proven to 

be feasible, further investigation was not undertaken (e.g. DOSY NMR). 

 

2.6 Conclusions  

A robust method for the synthesis cyclic carbonates from diols has been 

developed. The protocol is broad in scope and encompasses the first reported 

examples of 7- and 8-membered cyclic carbonates derived directly from CO2. 

In addition, reaction yields were shown to be generally comparable to 

traditional methods reliant on phosgene. A simple reaction setup involving 

non-specialist equipment has also been developed in the hope of broadening 

the applicability of the approach. DFT-studies have elucidated the reaction 

mechanism which was confirmed experimentally with diastereotopic 

substrates. Finally, the scope has been extended to the synthesis of three-

terpene derived cyclic carbonates and preliminary investigation into their ring 

opening have been carried out. While carene CC showed poor 

homopolymerisability, limonene CC and carenene CC exhibited some 

polymerisation potential. It is hoped these early stage studies will form the 

basis of future investigations.  

2.7 Future outlook 

As discussed, a significant goal with regards to the cyclocarbonation of diols 

would be the development of an efficient and mild (e.g. atmospheric 

pressures) catalytic system which encompasses a broad range of cyclic 

carbonate homologues. Current methods rely upon a combination of high 

pressures, high temperatures and excess amounts of auxiliary reagents (e.g. 

dehydrating agents) with the latter mitigating any ‘greenness’ with regards to 

waste imparted through incorporation of a catalytic component. Recent work 

by Denton and co-workers on a redox-neutral Mitsunobu reaction provides an 

exciting avenue for future development (Scheme 2.25).78 A phosphine (V) 

oxide catalyst was applied in the synthesis of wide array esters, including 

activated, pseudo halide functionalised species. Direct application of the 

catalyst to method described herein (via stepwise synthesis of activated ester 

intermediates) could replace one equivalent of base thereby improving E-
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factors considerably. Considerations of the kinetics of cyclisation should be 

made as ring closing would occur via an SN2-type rather than an addition-

elimination mechanism. As indicated by DFT, this may be challenging at room 

temperature for particular substrates, whilst elevated temperatures for 

cyclisation will decrease the favourability of CO2 insertion, potentially 

impacting yields.  

 

Scheme 2.25. Denton and co-workers redox-neutral Mitsunobu-reaction and potential 

application in the cyclocarbonation of diols. Adapted from78. 

Regarding the terpene-derivatives, the scope for future work is broad. The 

primary goal should be the development of an effective catalytic system for 

the polymerisation of limonene CC (Figure 2.13). Metal-based initiators for 

other low strain or encumbered monomers should be screened first and once 

developed,12, 79, 80 research into post-polymerisation double bond 

functionalisation should be carried out.  

 

Figure 2.13. Metal-based initiators for the polymerisation of low strain cyclic carbonates. 

The mild opening of carenene CC suggests it may be a useful platform for 

isocyanate-free polyurethane synthesis. Alternatively, the substrate could be 

used to introduce stimuli-responsive degradable cross-links in hydroxy-
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functionalised polymers (Scheme 2.26). This could be useful for star polymer 

synthesis in which controlled degradation is often sought for timed release of 

pharmaceutical agents. 

 

Scheme 2.26. Potential applications of carenene CC. 

If the polymerisation of all three cyclic carbonates proved non-trivial, 

syntheses of other cyclic functionalised terpene-derivatives could be carried 

out (Figure 2.14). Amongst other examples, cyclic thiocarbonates, and 

phosphonate esters are all readily accessible from the 1,2-trans diol scaffold, 

with each moiety potentially imparting bespoke functionality in a prospective 

polymer. 

 

Figure 2.14. Alternative cyclic scaffolds of 1,2-limonene diol, 1,2-carene diol and carenene 

tetrol for use in ROP. 
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3. The Stereodivergent ROP of a Dual-Functional Monomer 

3.1 Introduction 

7-membered cyclic carbonates are less-well studied in ROP than their 5- and 

6-membered analogues due synthetic challenges associated with increased 

favourability of opening. Conversely, while entropic factors impede the 

synthesis of larger cyclic carbonates, it greatly enhances the favourability of 

polymerisation.1 Additionally, in the view of sustainability, their precursor 1,4-

diols are commonly found in natural products or natural product derivatives. 

Indeed, amongst the United States Department of Energy’s top 10 prospective 

market value for carbohydrate-derived chemicals, are levulinic and itaconic 

acid,2 both of which can be reduced to 1,4-pentanediol and 2-methyl-1,4-

butanediol, respectively.3 Both diols have been used as precursors for 

synthesis of 7-membered cyclic carbonates which were applied in ROP 

(Figure 3.1).4 Accordingly, there is growing academic interest in the 

polymerisation of higher homologues of the cyclic carbonate series and their 

applications have been posited in many areas of polymer chemistry and 

beyond.5 

 

Figure 3.1. Sustainably derived 7-membered cyclic carbonates. Adapted from4. 

Controlling the stereochemistry of a polymer is a powerful strategy to 

manipulate its physical properties and the influence of the geometric 

isomerism of alkene bonds in polymer chains is particularly remarkable 

(please refer to Chapter 1, section 1.4.2 for related literature). 6-11 The ability 

to drastically change polymer properties through cis/trans isomerisation, e.g. 

from hard to soft materials, is particularly appealing in the context of synthetic 

thermoplastic elastomers (TPEs). The properties of TPEs are similar to 

chemically cross-linked rubbers, but they can be melt-(re)processed like 
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thermoplastics. Consequently, TPEs have diverse array of applications 

including in 3D printing, as elastomers (e.g. in footwear), in pressure-sensitive 

adhesives and as coatings.12, 13 TPEs are usually ABA triblock co-polymers in 

which hard/crystalline end-blocks (A) can microphase-separate from the 

soft/amorphous midblock (B), and act as physical cross-links to strengthen the 

elastic matrix.  

To the best of the author’s knowledge, triblock TPEs are always made from 

two different monomers, and may require purification of the middle block. For 

instance, generally a middle telechelic block of ‘monomer B’ is prepared and 

purified. This may then initiate the polymerisation of ‘monomer A’ to form the 

ABA-type triblock (Scheme 3.1). The synthesis of a single-monomer triblock 

potentially offers advantages over traditional triblocks as it may simplify end-

of-life considerations (e.g. implications for recycling or disposal) and polymer 

preparation (e.g. one pot syntheses). 

  

Scheme 3.1. Alternative strategies for the synthesis of ABA-type triblocks. 

3.2 Aims 

Motivated by the desire to prepare hard or soft materials, as well as triblock 

TPEs, from one single monomer and in one pot, it was anticipated that 

cis/trans stereoselective polymerisation of a selected monomer would provide 

the desired platform.  

Cis-1,4-butenediol (CBD) was envisioned to provide such a scaffold: 

cyclocarbonation of the diol to yield a cyclic carbonate/olefin functionalised 

monomer (CBD CC) should permit polymerisation via two different routes 

(Scheme 3.2). While ROP of the cyclic carbonate would be expected to 

maintain the cis configuration of the monomer, through careful choice of 

ROMP catalyst, it was hoped opening via the alkene would grant access to 
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the trans polymer. Furthermore, CBD may be sustainably derived from 

erythritol, a fermentation product of glucose.14 

 

Scheme 3.2. Synthesis of cis-1,4-butenediol and stereoselective polymerisation of CBD CC. 

This chapter describes the synthesis and stereoselective polymerisation of 

CBD CC, to form both ‘hard’ and ‘soft’ materials. Fine control over the cis:trans 

content has been demonstrated whilst isomerisation from the cis to trans 

configuration is possible. Post-polymerisation modifications have established 

that both isomers of the polymer are amenable to cross-linking for thermosets 

formation. Finally, using CBD CC, a single monomer triblock has been 

prepared for the first time. 

3.3 Synthesis 

CBD CC was synthesised using the method developed in Chapter 2 (Scheme 

3.3). The presence of a double bond in the 7-membered cyclic core 

significantly increases the strain of the cyclic carbonate meaning opening is 

strongly favoured (see section 3.4.1 and experimental for DFT-computed 

strain values). Consequently, minor adaptations were made to the procedure 

to optimise for the formation of the substrate. Other observations are also 

discussed particularly for the consideration of new students when first 

approaching the synthesis of the monomer.  

 

Scheme 3.3. Synthesis of CBD CC. 



- 105 - 

 

 

Firstly, the concentration of diol was lowered from 0.4 mol L–1 to 0.2 mol L–1 

in order to decrease the occurrence of in-situ oligomerisation. Secondly, as 

higher cyclic carbonate homologues are known to be thermally sensitive, all 

workup was carried out at room temperature, including when using a rotary 

evaporator and during recrystallisation. Anhydrous acetonitrile is also 

essential, presumably as small amounts of water lead to in-situ 

oligomerisation. Similarly, the synthesis is not viable when using a stronger, 

more nucleophilic base, such as DBU, as oligomerisation significantly limits 

conversion (Figure 3.2).  

 

 

Figure 3.2. 1H NMR spectra (400 MHz, CDCl3, 3.60–6.10 ppm) of aliquots taken at 17 h from 

cyclocarbonation of CBD facilitated by TsCl and a) TMP and b) DBU/NEt3. Reactions 

performed at 0°C–rt with [CBD]0:[TMP]0 or [DBU/NEt3]0: [TsCl]0 loadings of 1:2:1 in MeCN. 

[CBD]0 = 0.2 mol L–1. 

Loss of conversion was also observed over longer reaction times, with near 

quantitative cyclic carbonate formation (88–99% conversion) possible after 3 

a) 

b) 
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h (Figure 3.3). It should be stressed that conversions are highly dependent 

upon the moisture content of the reaction mixture and, in cases of moderate 

CBD CC formation (<60%), isolation is significantly more challenging. In such 

instances, repetition of the reaction with more rigorously dried solvent is 

advised.  
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Figure 3.3. Conversion vs time for the TMP- and TsCl-facilitated formation of CBD CC. 

Reactions performed at 0°C–rt with [CBD]0:[TMP] [TsCl]0 loadings of 1:2:1 in MeCN. [CBD]0 

= 0.4 = 0.4 mol L–1. 

Following recrystallisation, the cyclic carbonate can be isolated in 39–52% 

yield. Evidently, significant loss of the cyclic carbonate occurs during workup, 

with degradation observed after each step as verified by 1H NMR 

spectroscopy (Figure 3.4). Following completion of the reaction, column 

chromatography should be carried out as soon as possible to avoid further 

degradation (Figure 3.4 c). Once isolated, the cyclic carbonate may be 

handled in air but must be stored under argon at –18 °C to limit 

oligomerisation. The above observations highlight the synthetic challenges 

associated with the isolation of highly strained monomers. 
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Figure 3.4. 1H NMR (400 MHz, CDCl3, 3.90–6.00 ppm)  spectra of a) crude CBD CC pre-

workup b) crude CBD CC after filtration and rotary evaporation c) crude CBD CC if left 

exposed to air for 6 h with no workup. Reaction performed at 0°C–rt with [CBD]0:[TMP]0: 

[TsCl]0 loadings of 1:2:1 in MeCN. [CBD]0 = 0.2 mol L–1. 

3.4 ROP of CBD CC 

3.4.1 ROP catalyst screening 

The polymerisation of the cyclic carbonate moiety (which will be referred to as 

ROP) was first investigated. Several catalysts, metal and non-metal, were 

screened for activity. 

a) 

b) 

c) 
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Table 3.1. ROP of CBD CC. 

 

Entry [cat] [CBD 
CC]0:[c]0:[I]0 

Time 

 (s)[a] 

Conv 
(%)[b] 

Mn,theo  

(g mol–1)[c]
 

Mn,NMR   

(g mol–1)[d] 

Mn,SEC (ƉM)  

 (g mol–1)[e] 

1 TBD 50:1:1 60 100 5820 6510 6400 (1.65) 

2 TBD 100:1:1 300 78 8990 8570 8600 (1.63) 

3 TBD 100:1:1 600 100 11530 11900 10900 (1.63) 

4 TBD[f] 100:1:1 180 100 11530 12760 21300 (1.50)  

5 TBD 150:1:1 2400 100 17230 17050 18100 (1.53) 

6 TBD 200:1:1 4800 100 22930 24000 24700 (1.54) 

7 DMAP 50:1:1 300 7 - - - 

8 U-Ph[g] 100:3:1 10 100 11440[h] 11650 11100 (2.11) 

9 AlSalen1[i] 100:1:1 57 52[j] 6050 5720 8700 (1.63) 

10 AlSalen2[i] 100:1:1 600 9  - - - 

11 Sn(Oct)2
[f] 200:1:2 600 70[j] 8070 9410 8600 (1.16) 

12 Sn(Oct)2
[f] 400:1:2 1050 40[j] 9400 7300 8900 (1.27) 

Polymerisations carried out in CH2Cl2 at 22 °C with [CBD CC]0 = 1 mol L–1, unless stated 

otherwise. I = 4-MeBnOH unless stated otherwise. Scale = 1.00 mmol of CBD CC (114 mg). 
[a]Reaction times not optimised. [b]Calculated by the relative integration of the alkene protons 

in the monomer (δ = 5.82 ppm, t (J = 1.8 Hz)) and polymer (δ = 5.80 ppm, t (J = 4.1 Hz)) in 

the 1H NMR spectrum in CDCl3. [c]Calculated as Mr(I) + (Mr(CBD CC) × [CBD CC]0/[I]0 × 

conv/100%). [d]Calculated by the relative integration of the methylene protons in the initiator 

(5.12 ppm, s) and the polymer (δ = 4.75 ppm, d (J = 5.1 Hz)). [e]Calculated by SEC relative to 

a polystyrene standard using a CHCl3 eluent; ÐM = Mw/Mn. [f]Reactions carried out neat at 60 

°C .[g]THF used as the solvent, I = KOMe.[h]Calculated as Mr(MeOH) + (Mr(CBD CC) × [CBD 

CC]0/[MeOH]0 × conv/100%). [i]THF used as solvent. [j]Polymerisation quenched upon 

precipitation of polymer or when stirring stopped.
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ROP proceeded rapidly with TBD at 22 °C with 100% conversion after 60 

seconds at a monomer:catalyst:initiator ([CBD CC]0:[cat]0:[I]0) feed ratio of 

50:1:1 (Table 3.1, entry 1). The quantitative conversion of the monomer to 

polymer is consistent with the high ring strain of CBD CC as calculated by 

DFT (free enthalpy of DMC adduct formation, ΔΔHDMC = –13.0 kcal mol–1, free 

Gibbs energy of MeOH formation, ΔΔGMeOH = –1.7 kcal mol–1, conformational 

analysis applied,15 for further computational details see experimental chapter). 

As anticipated, 1H NMR spectroscopy confirmed the cis configuration of the 

alkene was maintained in the polymer (see section 3.5 for a more detailed 

discussion of isomer determination). 

Good correlation was observed between theoretical and experimental 

number-average molar mass as measured by SEC (Mn,SEC), albeit with 

relatively broad ƉM’s (1.50–1.65, Table 3.1, entry 1-6). The high ƉM may be a 

result of the rate of propagation being similar to the rate of initiation as 

suggested by the rapid, quantitative conversion of the monomer. Incorporation 

of the 4-MeBnOH end group was confirmed by both 1H NMR spectroscopy 

and MALDI time-of-flight (ToF) spectrometry (section 3.4.2). Bimodality was 

also observed in the SEC traces, presumably because of initiation off CBD 

impurities in the monomer sample (see section 3.4.2). 

Under analogous conditions, DMAP gave only 7% conversion of CBD CC 

after 10 minutes (Table 3.1, entry 7), whereas the urea catalyst, U-Ph, was 

shown to be highly active, however, it exhibited less control than TBD (ƉM = 

2.11, Table 3.1, entry 8). This contrasts with previous studies which have 

shown that urea catalysts generally outperform TBD in ROP regarding activity 

and control,16 demonstrating the need for continued development of bespoke 

catalytic systems for novel monomers.  

Aluminum salen catalysts, AlSalen1 and AlSalen2 were next tested for ROP-

activity (Table 3.1, entries 9 and 10, respectively). AlSalen1, was found to be 

highly active at 22 °C, with comparable control to TBD (ƉM = 1.63, Table 3.1, 

entry 9), however conversions were limited by precipitation of the polymer in 

THF. AlSalen2, was less active under identical conditions (Table 3.1 entry 

10)., consistent with the increased steric hinderance around the Al due to the 

geminal methyl groups of the ligand.  

Sn(Oct)2 was shown to be active for the polymerisation of CBD CC in solvent 

free conditions at 60 °C, outperforming all other catalysts screened (Table 3.1, 

entries 11 and 12). Indeed, Sn(Oct)2 demonstrated improved control over TBD 
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under analogous conditions (Table 3.1, entry 4), giving better agreement 

between theoretical and observed Mn,SEC with narrower ƉM’s (1.16–1.26). 

Conversions in neat monomer, however, were limited by solidification of the 

reaction mixture before quantitative formation of the polymer.  

Finally, for all the above ROP catalysts, the cis configuration of the monomer’s 

alkene was maintained in the polymer (see section 3.5 for more detailed 

discussion).  

3.4.2 Kinetics of ROP of CBD CC 

The kinetics of ring opening of CBD CC were next investigated (Figure 3.5). 
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Figure 3.5. a) CBD CC conversion vs time for the TBD-catalysed ROP of CBD CC b) Plot 

showing pseudo-first order kinetics (r2 = 0.995) in CBD CC concentration for the TBD-

catalysed ROP of CBD CC (kobs = 0.117) c) CBD CC conversion vs Mn,NMR for the TBD-

catalysed ROP of CBD CC d) CBD CC conversion vs Mn,SEC (black, square) and ÐM (blue, 

triangle) for the TBD-catalysed ROP of CBD CC. Polymerisation performed at 22 ˚C with 

[CBD CC]0:[4-MeBnOH]0:[TBD]0 loadings of 150:1:1. [CBD CC]0 = 1 mol L–1, in DCM. 

Monomer conversions determined by 1H NMR spectroscopy. 

Initial rate studies carried out with TBD, indicated first-order kinetics (r2 = 

0.995, kobs = 0.117 s–1) with respect to monomer concentration (Figure 3.5 b). 

a) b) 

d) c) 
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Mn,NMR values were shown to increase linearly with conversion (Figure 3.5 c), 

however, slight divergence from linearity was observed by SEC at low 

percentages of polymer formation (Figure 3.5 d). SEC analysis of low DP 

polymer (<50) indicated a greater deviance from Mn,theo as compared with 

higher Mn polymers, possibly indicating polystyrene standards give 

unrepresentative Mn,SEC values for short chain poly(CBD CC). Additionally, 

broader dispersities were observed at lower conversions (ƉM = 2.00–2.20 for 

conversions <55% vs 1.30–1.50 for conversions >55%).  

The living-nature of the polymerisation was demonstrated through sequential 

monomer addition experiments. A reaction preformed at  22 °C at [CBD 

CC]0:[TBD]0:[4-MeBnOH]0 loadings of 100:1:1, was allowed to run to 

quantitative conversion, as confirmed by 1H NMR spectroscopy, at which point 

a second batch of monomer was added.  As expected, SEC analysis of 

aliquots taken from the reaction mixture indicated that the Mn,SEC value 

doubled with the second monomer addition (Figure 3.6, Mn1,theo = 11530, 

Mn1,SEC = 12000, ƉM1 = 1.32; Mn2,theo = 22930, Mn2,SEC = 22100, ƉM2 = 1.32).  

1000 10000 100000

R
I

Mw

 10 mins CBD CC polymerisation

 10 mins addition of second batch of CBD CC

 

Figure 3.6. SEC traces of sequential addition monomer experiments. Blue (Mn1,SEC = 12000, 

ƉM1 = 1.32) and red traces (Mn2,SEC = 22100, ƉM2 = 1.32) correspond to aliquots taken after 

10 mins CBD CC polymerisation  and 10 mins following addition of second batch of CBD CC. 

Reaction performed at 22 °C with [CBD CC]0:[TBD]0:[4-MeBnOH]0 loadings of 100:1:1. 

Second batch of CBD CC added in [CBD CC]0:[4-MeBnOH]0 ratio of 100:1. [CBD CC]0 = 1.0 

mol L–1 in DCM. 
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3.4.2 MALDI-ToF analysis of poly(cis CBD CC) 

MALDI-ToF mass spectrometry of poly(cis CBD CC) (Mn,SEC = 6400, ƉM = 

1.65) showed two polymer series with repeat unit 114 g mol–1 consistent with 

the incorporation of CBD CC without decarboxylation. As expected, the 

primary series was assigned as 4-MeBnOH-end-capped polymer. A minor 

series was determined to be CBD-end capped, presumably formed as a result 

of initiation from diol impurities in the monomer sample and consistent with 

the observed bimodality in the SEC traces.  

Table 3.2. MALDI-ToF of poly(CBD CC) (Mn,SEC = 6400 g mol–1, ÐM = 1.65, Mn,NMR = 6510 

;Mn,MALDI = 3400 g mol–1). 

 

 

 

Structure n m/ztheo (g mol–1)[a] m/zMALDI(g mol–1) 

PL1+ Na+ 29 3223 3225 

PL1’+ Na+ 19 2277 2278 

[a]Calculated as Mr (I) +Mr(Na)+ (Mr (CBD CC) × n) 

 

PL1’ 

PL1 PL1 
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3.5 ROMP of CBD CC 

Polymerisation via ROMP of the alkene of CBD CC was next investigated with 

Grubbs 2nd generation catalyst, GII (Table 3.3). GII was chosen as the catalyst 

exhibits broad functional group tolerance and generally gives trans selectivity 

in ROMP.17, 18  

 

Table 3.3. ROMP of CBD CC. 

 

Entry [CBD 
CC]0:[cat]0 

Temp  

(°C) 

Time 

(min)[a] 

Conv  

(%)[b] 

cis:trans[c] 

(m:n) 

Mn,theo 

(g mol–1)[d] 

Mn,SEC (ƉM) 

 (g mol–1)[e] 

1 150:1 22[f] 30 100 5:95 17410 22500 (1.58) 

2 150:1 22  30 100 15:85 17140 22600 (2.02) 

3 300:1 22  40 100 10:90 34240 34300 (1.80) 

4 150:1 22[g] 50 100 8:92 17410 22400 (1.60) 

5 150:1 22[h] 50 100 8:92 (5:95)[i] 17410 7800 (1.26) 

6 150:1 120[j] 30 100 12:88 17410 17000 (1.92) 

7 150:1 120[k] 30 100 20:80 17410 23200 (2.69) 

8 150:1 0 120 0 - - - 

9 150:1l –78 30 100 100:0 17230[m] 19100 (1.56) 

Polymerisations carried out in CH2Cl2 at [CBD CC]0 = 1 mol L–1 with cat = GII unless stated 

otherwise. Scale = 1.00 mmol of CBD CC (114 mg).  [a]Reaction times not optimised. 
[b]Calculated by the relative integration of the alkene protons in the monomer (δ = 5.82 ppm, 

t (J = 1.8 Hz)) and polymer (cis δ = 5.80 ppm, t (J = 4.1 Hz) and trans δ = 5.91 ppm (t, J = 2.9 

Hz)) in the 1H NMR spectrum in CDCl3.[c]Determined by the relative integration of alkene 

protons in the trans and cis polymer. [d]Calculated as Mr(CHPh) + (Mr(CBD CC) × [CBD 

CC]0/[cat]0 × conv/ 100%) unless stated otherwise. [e]Calculated by SEC relative to a 

polystyrene standard using a CHCl3 eluent; ÐM = Mw/Mn.[f] reaction carried out under UV. 
[g][CBD CC]0 =0.5 mol L–1. h[CBD CC]0 =0.1 mol L-–1. [i]92 h reaction time. [j]Carried out in 

1,1,2,2-tetrachloroethane. [k]Carried out neat. [l]Cat = TBD:4-MeBnOH.[m]Calculated as Mr(4-

MeBnOH) + (Mr(CBD CC) × [CBD CC]0/[4-MeBnOH]0 × conv/ 100%). 
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Quantitative conversion of CBD CC was observed at 22 °C in solution after 

30 minutes at [CBD CC]0:[GII]0 ratio of 150:1. The formation of two alkenyl 

resonances at 5.81 ppm (t, J = 4.1 Hz) and at 5.91 ppm (m) in the 1 H NMR 

spectrum revealed that both cis and trans isomers were present in the polymer 

(Figure 3.7). Given that trans environments are generally more deshielded 

than analogous cis positions, the multiplet at 5.91 ppm was attributed to the 

trans isomer. Conversely, the inverse relationship is observed for proton 

environments alpha to the alkene, i.e., alpha cis protons typically appear more 

downfield than the analogous trans.19 Integration of the respective resonances 

enables stereoselectivities to be calculated from 1H NMR spectra.   

 

 

 

 

Figure 3.7. 1H NMR spectra (400 MHz, CDCl3, 4.20–6.10 ppm) of a) poly(CBD CC) 

synthesised at  [CBD CC]0:[TBD]0:[4-MeBnOH]0 loadings of 150:1:1 b) poly(CBD CC) 

synthesised at [CBD CC]0:[GII]0 loadings of 150:1 under UV (λ = 365 nm). Polymerisations 

performed at 22 °C with [CBD CC]0 = 1 mol L–1 in DCM. 

Satisfyingly, GII favoured the formation of the trans isomer with 

stereoregularities of up to 95% obtainable in 30 minutes under UV (Table 3.3, 

entry 1, Figure 3.8). Under analogous conditions in the absence of UV, trans 

a) 

c) 
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selectivity’s of 85% were possible (Table 3.3, entry 2). While the exact 

reasoning for high trans selectivity under UV remain unclear, its possible 

irradiation excites the alkene favouring isomerisation in the presence of GII.  

The trans selectivity of the reaction was also found to be sensitive to time, 

monomer concentration and temperature. Longer reaction times and high 

dilution favoured the formation of the trans isomer, with a maximum selectivity 

of 95% observed after 92 h (Table 3.3, entry 5). However, low initial monomer 

concentration also limited Mn,SEC to 7800 g mol–1, presumably as a result of 

the increased favourability of backbiting. 

At 120 °C, trans selectivity decreased to 88% and 80% when performing 

reactions in 1,2-tetrachloroethane or neat monomer, respectively (Table 3.3, 

entries 6 and 7). It is likely that the higher trans selectivity in solution is a result 

of increased catalyst mobility enabling isomerisation following completion of 

the polymerisation. More generally, lower trans selectivities at elevated 

temperatures may be a result of alternative ROMP pathways to form cis-

configured polymer. 

Good control over Mn was observed across the range of loadings tested (Table 

3.3), albeit with broader ƉM values(1.60 –2.02) as compared with the optimal 

ROP catalysts. Mn,SEC values of up to 34300 g mol–1 (DP~ 300) were achieved 

after 50 minutes (Table 3.3, entry 3).   

Finally, the reactivity of GII was completely suppressed at 0 °C, contrasting 

with TBD, which gave quantitative conversion at –78 °C (Table 3.3, entries 8 

and 9, respectively). 

3.6 Isomerisation studies of poly(CBD CC) 

While the use of GII could effectively synthesise polymers with a high trans 

and low cis content, ROMP (or ROP) could not be applied to make poly(cis 

CBD CC) with only partial (<50%) trans isomerisation. As such, a method was 

sought for the synthesis of low trans poly(CBD CC). 

DFT calculations had indicated that the cis isomer was thermodynamically 

less stable than the trans, albeit to a very small extent (Scheme 3.4, for 

computational details see experimental). Regardless, initial investigations 

focused on isomerisation of poly(cis CBD CC). 
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Scheme 3.4. DFT-calculated estimate for isomerisation of poly(cis CBD CC). Protocol: 

ωB97XD/6–31++g(2d,p)/cpcm=DCM/ 298 K. Conformational analysis applied.20 

As discussed in Chapter 1, section 1.4.2, Coates and co-workers reported on 

the isomerisation of similar maleic anhydride polyester via alkenyl 

deprotonation (Scheme 3.5). Here, the use of a sub-stoichiometric amount of 

mild base presumably deprotonates at the carbonyl α position to form an 

enolate. Subsequent reprotonation of the enolate results in quantitative 

isomerisation of the cis to trans polymer. 

 

Scheme 3.5. Relative acidity of polycarbonate and polyester alkenyl protons and probable 

mechanism of HNEt2-catalysed isomerisation of cis polyesters.  

However, reaction of poly(cis CBD CC) with diethyl amine failed to induce 

isomerisation. Presumably this is because of the low acidity of the ‘α’ proton 

in poly(cis CBD CC) as it is not in conjugation with the carbonyl (Figure 3.8 

b). KHMDS, chosen because of its low nucleophilicity to supress 

transcarbonation, also failed to induce isomerisation, resulting instead in 

significant degradation of the polymer as indicated by the formation of multiple 

new resonances at 4.54–4.72 and 5.48–5.87 ppm in the 1H NMR spectrum 

(Figure 3.8 c).  
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Figure 3.8. a) cis:trans isomerisation attempts by Brønsted base and Lewis acid activation. 
1H NMR specta (400 MHz, CDCl3, 4.50–6.00 ppm) of aliquot of poly(cis CBD CC) after 

exposure to b) HNEt2 (0.2 alkene equiv.) at 70 °C c) KHMDS (1 alkene equiv.) at 70 °C and 

d) CuI (1 alkene equiv.) and UV (λ = 365 nm) at 22 °C.  

a) 

b) 

c) 

d) 
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An alternative strategy was next pursued in which it was hoped metal 

coordination to the alkene of poly(cis CBD CC) would reduce the HOMO-

LUMO gap to enable isomerisation via UV excitation (Figure 3.8 a and d). With 

sustainability in mind, non-precious metal salts were investigated, namely Cs+, 

Zn2+ and Cu+. Low oxidation-state metals were chosen in the hope their 

reduced oxophilicity would favour coordination to the alkene over the carbonyl.  

Although no reactivity was observed with CsCl and ZnCl2, satisfying, CuI was 

found to give partial isomerisation (up 52%) after 63 h. SEC analysis revealed 

no polymer degradation following UV exposure (pre UV exposure: Mn,SEC = 

21100, ƉM = 1.56; post UV exposure: Mn,SEC = 21100, ƉM = 1.56, Figure 3.8 d 

and Figure 3.9). However, while this result shows promise as a mild route to 

isomerisation of un-activated alkenes, the method proved inconsistent, with 

unreliable activity and conversions obtained (generally <10%).

10000 100000

R
I

Mw (g mol-1)

 Before UV exposure

 After UV exposure

 

Figure 3.9. SEC traces of poly(CBD CC) prior to (blue, solid) and after UV exposure (red, 

dashed) (pre-UV exposure: Mn,SEC = 21100, ƉM = 1.56; post-UV exposure: Mn,SEC = 21100, 

ƉM = 1.56). 

 

It was thought that the inconsistences may be a result of impurities in the 

polymer samples, such as benzoic acid, which may complex with metal ions, 

thereby decreasing the activity of the salt. As such, a method was sought in 

which isomerisation could occur in-situ to the polymerisation without reliance 

on GII.  
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Serendipitously, a polymerisation carried out at 120 °C with Sn(Oct)2 at [CBD 

CC]0:[Sn(Oct)2]0:[ 4-MeBnOH]0 loadings of 100:1:2 formed poly(cis:trans 

(25:75) CBD CC). Mn,SEC  (7600 g mol–1) was found to be good in agreement 

with Mn,theo (5700 g mol–1) with ƉM values comparable to the analogous, trans 

rich ROMP samples (1.76 vs 1.86–2.02, respectively). While the exact 

mechanism for isomerisation with Sn(Oct)2 remains unclear, the catalyst 

reliably offers a synthetic pathway to low trans poly(CBD CC) from CBD CC. 

However, attempts to isomerise isolated polymer samples using Sn(Oct)2 

failed, potentially as a result of residual impurities in the polymer sample. 

3.7 Thermal properties 

The impact of the double bond stereochemistry was next investigated by 

thermal gravimetric analysis (TGA) and differential scanning calorimetry 

(DSC). Isomerisation was found to have minimal impact on the thermal 

stability of the polymers, as indicated by TGA which showed both poly(cis 

CBD CC) (Mn,SEC = 18100 g mol–1, ƉM = 1.53) and poly(cis:trans (12:88)CBD 

CC)  (Mn,SEC = 17000 g mol–1, ƉM = 1.92, cis:trans 12:88) had an onset of 

degradation temperature (Td,onset) of ~152 °C under argon (Figure 3.10). 

Poly(cis:trans (12:88)CBD CC) exhibited a wider degradation event, 

potentially as a result of the sample’s broader ƉM, hence both the temperature 

of 5% mass loss (Td5) and temperature of maximum degradation (Td,max) were 

higher than that of poly(cis CBD CC) (Td5 = 172 °C vs 196 °C and Td,max = 180 

°C vs 229 °C).
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Figure 3.10. TGA (120–600 °C) traces measured at scan rate of 10 °C min–1 under argon of 

a) poly(cis CBD CC) (Mn,SEC = 18100 g mol–1, ƉM = 1.53) and b) poly(cis:trans (12:88)CBD 

CC) (Mn,SEC = 17000 g mol–1, ƉM = 1.92) 

Significant thermal differences were observed by DSC: the cis polymer was 

revealed as semi-crystalline with a melt transition (Tm) of 115 °C and a minor 

glass transition (Tg) of –24 °C, whereas, poly(cis:trans (5:95)CBD CC), was 

found to be fully amorphous, with a clear Tg of –22 °C (Figure 3.11 a). The 

thermal differences are in agreement with other observations; at room 

temperature poly(trans CBD CC) (trans ≥80%) is a viscoelastic solid, soluble 

in THF, whereas poly(cis CBD CC) is a powder, insoluble in THF but soluble 

a) 

b) 
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in CHCl3 (Figure 3.11 b). These remarkable distinctions highlight the impact 

of double-bond stereochemistry on material properties. 
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Figure 3.11. a) DSC thermograms (–80–140 °C) measured at a scan rate of 20 °C min–1 of 

poly(cis CBD CC) (blue, Mn,SEC = 22100 g mol–1, ÐM =1.65) and poly(cis:trans (5:95) CBD CC) 

(red, Mn,SEC = 22500 g mol–1, ÐM =1.58) b) samples of poly(cis CBD CC) (left) and 

poly(cis:trans (5:95) CBD CC) (right). 

Clear differences were also observed by DSC between the high stereoregular 

polymers and poly(cis:trans (75:25)(CBD CC) (Figure 3.12). Some loss of 

crystallinity was evident with poly(cis:trans (75:25)(CBD CC), as indicated by 

the broadening and lowering of the Tm to 77 °C. Increasing trans content also 

impacted the kinetics of crystallisation, with a broad cold temperature of 

crystallisation (Tc) detected at 32 °C. The Tg however, remained similar to that 

of poly(cis CBD CC), with only a minor transition detected at –22 °C. 
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Figure 3.12. DSC thermograms (–80–130 °C) measured at a scan rate of 20 °C min–1 of 

poly(cis CBD CC) (blue, Mn,SEC = 22100 g mol–1, ÐM =1.65) and poly(cis:trans (5:95) CBD CC) 

(red, Mn,SEC = 22500 g mol–1, ÐM =1.58) poly(cis:trans (75:25) CBD CC) (green, 7600 g mol–

1, ÐM =1.76). 
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3.8 Cross-linking of the alkene  

The cross-linking of alkene functionalised polymers is an effective way of 

increasing the thermal stability and enhancing the mechanical properties of 

the materials. For instance, a recent study by Williams, Coning and co-

workers used trimethylolpropane tris(3-mercaptopropionate) as a cross-linker 

to form scratch-resistant bio-derived polycarbonate resins which exhibited 

enhanced thermal stability and hardness (Scheme 3.6).21 In a similar vein, 

cross-linking experiments were next conducted to explore the potential of the 

poly(CBD CC) in thermoset formation. 

 

Scheme 3.6. Cross-linking of polylimonene carbonate and polycyclohexene carbonate 

 

Trimethylolpropane tris(3-mercaptopropionate) was reacted with poly(cis 

CBD CC) and a poly(cis:trans (12:88) CBD CC) in the presence of photo 

initiator Irgacure 819 at three alkene:thiol ([C=C]0:[SH]0) loadings (1:1, 2:1, 5:1 

Table 3.4). The reactions were performed in the solid state at 110 °C under 

UV light. 
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Table 3.4. Thiol-ene cross-linking studies 

 

Reactions carried out at 110 °C with a UV cure time of 45 minutes unless stated otherwise. 

Scale 20 mg of poly(CBD CC). Tm, Tg and Tdx,onset values taken from post-cure resin if 

applicable. [a]Thiol loadings taken from polymer Mn,NMR. [b]Determined by the relative 

integration of methylene protons in the trans (δ =5.90 ppm, t, J = 3.0 Hz) and cis (δ = 5.80 

ppm t, J = 4.1 Hz) polymer [c]Td,onset taken from the derivative of the TGA curve across the 

mass loss transition. [d]Mass loss by 600 °C.  [e] no cure time. [f]90 minutes cure time. 

While solution state analysis of the cross-linked networks proved challenging 

due to the insolubility of the resins, thermal analysis in the solid state indicated 

the formation of highly cross-linked networks at [C=C]0:[SH]0 ratios of 1:1 and 

2:1 (Table 3.4, entries 4–6). 

Prior to UV exposure, for each of the poly(cis CBD CC) samples, a clear Tm 

was observed by DSC (Figure 3.13 a). Tg’s were not detected. 

Entry [C=C]0:[SH]0[a] cis:trans[b] 

(m:n) 

Tm, (Tg ) 

(°C) 

Td1,onset 
[Δm%] 

(°C)[c] 

Td2,onset 
[Δm%] 

(°C)[c] 

∑Δm[d] 

1 [e] - 100:0 114 (–24) 152 (97) - 100% 

2[e] - 12:88 - (–22) 152 (96) - 96% 

3 5:1 100:0 105 (-) 160 (93) - 98% 

4 2:1 100:0 - 192 (79) 270 (13) 92% 

5 1:1 100:0 - 193 (70) 380 (16) 90% 

6[f] 1:1 100:0 - 192 (74) 368 (17) 94% 

7 1:1 12:88 - 190 (57) 309 (35) 92% 
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Figure 3.13. DSC thermograms (–40–140 °C) measured at a scan rate of 20 ° min–1 showing 

first cooling and second heating cycle of a poly(cis CBD CC), trimethylolpropane tris(3- 

mercaptopropionate) and Irgacure 819 mix at a [C=C]0:[SH]0 ratio of 2:1. a) prior to b) after 

UV exposure c) same mix at [C=C]0:[SH]0 ratio of 5:1 post UV exposure 

Post cure, at thiol loadings of 1:1 and 2:1, no Tm or Tg was observed by DSC, 

consistent with the formation of a covalent network between polymer chains 

(Table 3.4, entries 4–6, Figure 3.13 b). At loadings of 5:1, although no Tg was 

detected, thermal responsivity was otherwise conserved, with a Tm (105 °C) 

observed at similar values to the non-cross linked polymer (Table 3.4, entry 

3, Figure 3.13 c). However, a slight increase in the Td,onset (160 °C) is 

suggestive of the formation of a partially cross-linked network. 

TGA revealed an increase in thermal stability with increasing thiol content 

(Figure 3.14). For [C=C]0:[SH]0 loadings of 5:1, 2:1 and 1:1, the temperature 

of the initial thermal degradation event (Td1), increased from 160 °C to 192–

193 °C, respectively (Table 3.4 entries 1-6). Additionally, a second 

degradation regime (Td2) was observed at [C=C]0:[SH]0 loadings of 1:1 and 

2:1 (Table 3.4, entries 3–7). Thermal analysis also confirmed cross-linking of 

poly(cis:trans CBD CC (12:88)) at [C=C]0:[SH]0 loadings of 1:1  (Table 3.4, 

a) b) 

c) 
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entry 7) as shown by the loss of Tg and increase in Td,onset. This indicates that 

both the cis and trans isomers are amenable to functionalisation. Moreover, 

the studies show that the alkene moiety offers a route to enhance the thermal 

stability of poly(CBD CC). 
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Figure 3.14. TGA trace (120–600°C) measured at 10 °C min–1 under argon for poly(cis CBD 

CC), trimethylolpropane tris(3-mercaptopropionate) and Irgacure 819 mix at various 

[C=C]0:[SH]0 ratios and cure times: 1:1 without a cure (black), 1:1 after a 45 min cure (light 

blue), 1:1 after a 1.5 h cure (yellow), 2:1 after a 45 minute cure (dark blue) and 5:1 after a 45 

minute cure (pink). 
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3.9 A single monomer ABA-triblock 

3.9.1 Synthesis  

Given the ‘hard’ and ‘soft’ nature of the semi-crystalline and amorphous forms 

of poly(CBD CC), attempts were made to synthesise a single monomer ABA 

triblock. In view of sustainability, an ABA triblock polycarbonate synthesised 

from CBD CC was thought desirable as it is renewable, potentially degradable 

and could simplify end-of-life considerations as it is prepared from a single 

monomer feed.  

 

 

Scheme 3.7. Sequential ROMP/ROP strategy for the synthesis of block cis-trans-cis 

poly(CBD CC). 

The synthesis of a cis-trans-cis triblock was attempted utilising a sequential 

ROMP/ROP strategy. Previous studies have shown that ROMP in the 

presence of a chain transfer agent (CTA), can form a telechelic polymer which 

can initiate a ROP-type polymerisation of a second batch of monomer 

(Scheme 3.7).22-24 In the case of CBD CC, as ROMP is trans selective and 

ROP is cis selective, it was hypothesised  that a trans middle block would link 

two exterior cis blocks. In addition, contrasting with previous studies, it was 

proposed that the reaction could be performed in one-pot with a single 

monomer, CBD CC.
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Table 3.5. Synthesis of block cis-trans-cis poly(CBD CC). 

 

 

Entry n:CTA cis:trans  

 

Mn,theo 

(g mol–1)[a]
 

Mn,NMR 

(g mol–1)[b] 

Mn, SEC 

(g mol–1)[c] 

ƉM
[d] 

1 20:1 54:46 (3:97) 4650 (2370) 3700 (2200) 4600 (2100) 2.06 (2.02) 

2 40:1 54:46(3:97) 9210(4650) 10000(5000) 8900(4700) 1.60 (1.67) 

Sequential procedure with [CBD CC]0 = 1 mol L–1. Monomer conversion quantitative for each 

step. Values in brackets were obtained after the ROMP step. Scale = 1.00 mmol of CBD CC 

(114 mg). [a]Calculated as Mr(CTA)+ (2 × n × Mr(CBD CC)). [b]Calculated by the relative 

integration of the methylene protons in the CTA (δ = 4.19-4.27 ppm) and the polymer. 

[c]Calculated by SEC relative to polystyrene standards in THF eluent.[d] ÐM = Mw/Mn. 

CBD was used as a CTA for the ROMP of CBD CC in a [CBD 

CC]0:[GII]0:[CTA]0 ratio of 20:0.005:1 (Table 3.5, entry 1). THF was used as 

the solvent to decrease decomposition of the CTA by GII,25 and a [CTA]0:[GII]0 

ratio of 200:1 was chosen to ensure high incorporation of CTA in the 

polymer.26 

After 45 h, an aliquot indicated 100% conversion of CBD CC to poly(CBD CC) 

with a cis:trans ratio of 7:93 and a Mn,SEC (ƉM) of 2100 (2.02) g mol–1 (Table 2 

entry 1). 1H NMR spectroscopy confirmed the incorporation of the CTA in 1:15 

ratio, in reasonable agreement with the expected 1:20 ratio (Figure 3.15).  
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Figure 3.15.  a) 1H NMR spectrum (400 MHz, CDCl3, 4.10–4.90 ppm) and b) 1H DOSY NMR 

spectrum of CBD-end capped poly(cis:trans (3:97) CBD CC) (Mn,SEC = 2100 g mol–1). 

MALDI-ToF spectrometry also confirmed the incorporation CTA (Table 3.6). 

Analysis revealed the presence of three series. The primary series was 

assigned as a CBD-end-capped telechelic sodium adduct formed through 

incorporation of CBD. The secondary series was assigned as a sodium 

complexed polymer with both phenyl and hydroxy end groups, likely formed 

as a result of incomplete exchange of the CTA and phenyl vinyl moiety of GII. 

The tertiary series was assigned as a sodium adduct of a cyclic polymer.

a) 

b) 



- 129 - 

 

 

 

Table 3.6. MALDI-ToF spectrometry of CBD-end capped poly(cis:trans (3:97) CBD CC) 

Mn,SEC = 2100 g mol–1, ÐM = 2.02, Mn,NMR = 2200 g mol–1). 

 

 

 

Structure n m/ztheo (g mol–1)[a] m/zMALDI(g mol–1) 

PL2+ Na+ 8 1024 1025 

PL2’’+ Na+ 8 1070 1069 

PC2 + Na+ 9 1049 1051 

[a] Calculated as Mr(I) +Mr(Na)+ (Mr(CBD CC) × n). 

TBD and a second batch of CBD CC were then added in a 2:20 ratio with 

respect to [CTA]0. 1H NMR spectroscopy indicated 100% conversion of 

monomer after three minutes giving a polymer (ABA-1) with a cis:trans 

content of 54:46 and a Mn,SEC (ƉM) of 4600 (2.06) g mol–1 (Table 3.5, entry 1).. 

A sequential increase of Mn from the first step was indicated by SEC analysis 

(Figure 3.16) and a decrease in the diffusion coefficient by 1H DOSY NMR 

spectroscopy (2.06 x 10–8 after the first step, 1.48 x 10–8 s–1+ after the second 
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step). Moreover, 1H DOSY NMR spectroscopy also confirmed the presence of 

only one polymer species, with both cis and trans regimes. 

The experiment was repeated at a [CBD CC]0:[GII]0:[CTA]0 feed ratio of 

40:0.005:1, with additional monomer and TBD (40:1 with respect to [CTA]0). 

A cis-trans-cis ABA triblock (ABA-2) of higher Mn (Mn,SEC = 8900 g mol–1, ƉM 

= 1.60, cis:trans 56:44) was obtained (Table 3.5, entry 2). 

0 20000 40000 60000

R
I

Mw (g mol-1)

 44 h ROMP

 10 mins TBD/CBD CC addition

 

Figure 3.16. SEC traces following 44 h ROMP (red, Mn,SEC = 2000, ƉM = 2.02) and 10 minutes 

after addition of TBD/CBD CC (blue, Mn,SEC = 4600, ƉM = 2.06). Reaction performed at [CBD 

CC]0:[GII]0:[CTA]0 ratio of 20:0.005:1. TBD and a second batch of CBD CC were added in a 

2:20 ratio with respect to [CTA]0. [CBD CC]0 = 1 mol L–1 in THF. 
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3.9.2 NMR characterisation and thermal properties 

NMR spectroscopy gave some insight into the co-polymer chain 

microstructure (Figure 3.17).  

 

 

 

 

 

 

Figure 3.17. 13C{1H} NMR spectra (126 MHz, CDCl3, 154.4–155.1 ppm) of a) ABA-2 (Mn,SEC 

= 8900, ÐM = 1.60), b) poly(cis CBD CC) (Mn,SEC = 18100 g mol–1, ƉM = 1.53) c) poly(cis:trans 

(75:25) CBD CC) (Mn,SEC = 7600 g mol–1, ÐM =1.76), d) poly(cis:trans (12:88) CBD CC) (Mn,SEC 

= 17000 g mol–1, ƉM = 1.92), and e) poly(cis:trans (5:95) CBD CC) (Mn,SEC = 22500 g mol–1, 

ÐM =1.58). 

a) 

b) 

c) 

d) 

e) 
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Inspection of the carbonate region of the 13C{1H} NMR spectra of poly(CBD CC) with 

varied cis:trans content revealed the presence of three carbonyl resonances, assigned 

as carbonates being adjacent to two cis alkenes (δ= 154.9 ppm), one trans and one 

cis alkene (δ= 154.8 ppm) and two trans alkenes (δ= 154.7 ppm). Qualitative 

integration of the 13C{1H} NMR of ABA-2 indicates that cis:cis and trans:trans 

carbonates predominate; indicative of limited transcarbonation and the formation of 

well-defined blocks (Figure 3.17 a). 

DSC also lends some insight (Figure 3.18). ABA-1 was fully amorphous by DSC with 

a clear Tg of –51 °C, suggesting no phase separation between the cis and trans blocks. 

This contrasts with ABA-2, which showed a clear Tg of –26 °C and retained the 

crystallinity of the cis end-blocks. The thermogram is distinct from that of ABA-1 and 

low trans-content poly(cis:trans (75:25) CBD CC), and suggests a degree of cis:trans 

separation. Increasing the block size would likely further improve the crystallinity of the 

cis regime by enhancing phase separation. 
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Figure 3.18. DSC thermograms (varied range) measured at a scan rate of 20 °C min–1 of a) ABA-1 

(Mn,SEC = 4600 g mol–1, ÐM =2.06), b) ABA-2 (Mn,SEC = 8900 g mol–1, ÐM = 1.60) and c) poly(cis:trans 

(75:25) CBD CC) (Mn,SEC = 7600 g mol–1, ÐM =1.76). 

a) b) 

c) 
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3.10 Conclusions 

A cyclic carbonate- and alkene-functionalised monomer was polymerised via ROP and 

ROMP enabling the synthesis of cis- and trans-rich polycarbonates, respectively. The 

cis polymer was found to be semi-crystalline (Tm = 115 °C, Tg = –24 °C, Td,onset = 152 

°C) while the trans isomer was fully amorphous by DSC (Tg = –24 °C, Td,onset = 152 

°C). Isomerisation of the double bond of the cis was shown to be possible using metal 

salts. Polymerisations carried out with Sn(Oct)2 at elevated temperatures yielded low 

trans content poly(CBD CC), thereby enabling fine control over the stereoregularities 

of the polycarbonates. Both isomers were found to be amenable to functionalisation 

via cross-linking to thermosets forming more thermally robust resins (Td,onset up to 190 

°C). Finally, the first example of a single monomer triblock was synthesised utilising a 

one-pot, sequential ROMP/ROP strategy. 

3.11 Future outlook 

Preliminary investigations into the applications of poly(CBD CC) have already begun, 

with a particular focus on energy storage materials. The availability of the alkene 

should allow for a plethora of prospective functionalisation. For instance, incorporation 

of acidic or cryptand moieties for Li ion transport could enhance the polymer’s 

conductivity (Scheme 3.8). 

 

Scheme 3.8. Putative thiol-ene functionalisation of poly(cis CBD CC). 

Improving the polymerisation control of CBD CC via ROMP and ROP is also desirable. 

In order to decrease the rate of propagation, polymerisations could be trialled in the 

presence of an excess (with respect to catalyst) of chain transfer agent. Alternatively, 

bulkier catalytic systems could be investigated or developed. 

Regarding the triblock, thorough characterisation (WAXs, water contact angle, oil 

contact angle), including mechanical testing (DMTA, DMA, tensile-strain testing), of 



- 134 - 

 

 

the polymers should be undertaken to understand the effect of block length on phase 

separation and physical properties. As mentioned previously, a single monomer 

triblock derived from CBD CC has several advantages over traditional TPEs, namely 

that it is degradable, and the single monomer feed should simplify end-of-life 

considerations. Efforts should be made to study degradation of the polymer whilst 

depolymerisation, a gold standard in end-of-life possibilities, could be investigated. 

The high strain of CBD CC, however, may prevent reformation of the monomer due to 

unfavourable thermodynamics. Therefore, the use of a lower energy, dual-functional 

monomer is desirable (Scheme 3.9). Potential scaffolds include 7-membered furan-

ene and unsaturated lactones. Both systems would be expected to be lower strain 

than CBD CC and would avoid competitive decarboxylation upon depolymerisation. 

Incorporation of ether or ester linkages may also have the added advantage of 

improving the polymer’s thermal and hydrolytic stability.  

 

Scheme 3.9. Potential monomers for fully recyclable single monomer TPEs 

Beyond chemical recycling, other motifs may be of interest for single monomer 

triblocks. The ROMP of 2,3-dihydrofuran (DHF), a cyclic enol, was recently reported 

to form poly(DHF) with approximate 1:1 cis:trans regioregularities and a low Tg of –51 

°C (Scheme 3.10).27 In addition, variation of the reaction temperature facilitated 

depolymerisation. Cationic polymerisation of the same monomer incorporates the rigid 

furan moiety within the polymer backbone thereby forming materials with Tg’s of up to 

150 °C.28 A similar sequential ROMP/ROP strategy as described herein could be 

applied to form an ABA triblock with added potential through selective core-block 

functionalisation and depolymerisation.  
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Scheme 3.10. Dihydrofuran derived polymers27, 28 for the synthesis of a partially depolymerisable  

single-monomer TPE with a wide service temperature. 

Bicyclicoxobridged cyclohexenes could also act as useful dual-functional monomers 

(Scheme 3.11). The modular synthesis of such species should enable the facile 

creation of monomer libraries to target bespoke applications. The availability of alkene 

in the polymer further broadens scope of prospective functionalisation.  

 

Scheme 3.11. Bicyclooxobridged cyclohexenes as dual-functional monomers for the synthesis of 

polymer libraries.  
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4. The ROP of an Oxetane-functionalised 
Sugar 

  



- 140 - 

 

 

4. The ROP of an Oxetane-functionalised Sugar 

4.1 Introduction 

Carbohydrates represent a renewable resource with huge potential in polymer 

synthesis.1-5 The low cost of starting materials and the availability of hydroxyl groups 

significantly broadens the scope of prospective functionality, while polymers which 

maintain a sugar’s cyclic core form materials with desirable thermal properties (e.g. 

high Tg). 6-10 Nevertheless, reports on the impact of tacticity and attempts at 

stereocomplexation in synthetic polysaccharides and polysaccharides mimetics 

remain conspicuously absent.11 While previously research in the area may have been 

stifled by prohibitively expensive starting materials, the decreased cost of non-natural 

sugar isomers markedly enhances the potential for polymer application.  

ROP is commonly employed to synthesise sugar-based polymers which maintain their 

furanose, or pyranose, cyclic core.12 Polymer formed in this way are often linked via 

carbonyl- or carbonyl-analogue-(e.g. C=S, P=O etc)-containing moieties which, in 

addition to other factors such as ring stereochemistry and functionality of side chains, 

contributes to limits in thermal stability (Figure 4.1). In turn, this may reduce the size 

of the processing windows for prospective high Tg materials. Moreover, C=O and C=S 

moieties in particular are susceptible to chemical degradation which may limit 

application.  

Polyethers may be generally considered more stable than their carbonyl-containing 

analogues as a result of the reduced polarity about the polymer linkages.13 

Consequently, whilst they can exhibit biodegradability (e.g. PEG/PEO),14, 15 polyethers 

also find applications in thermally active and non-inert environments such as batteries 

(as solid electrolytes). 
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Figure 4.1. Reported examples of carbonyl- or carbonyl-analogue-containing carbohydrate-derived 

polymers. 

 

The polymerisation of functionalised anhydro-sugar derivatives is a powerful tool for 

accessing synthetic polysaccharide mimetics (i.e. ether-link sugar derived polymers, 

Figure 4.2).5 However, controlled polymerisation can be challenging and systematic 

study of their material properties has been limited compared with investigation into 

potential biomedical applications.  
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Figure 4.2. Known anhydro-sugar derivatives applied in ROP. Adapted from5. 

Of the various anhydro- sugar derivatives reported as monomers for synthetic 

polysaccharides, oxetane-xylose derivative, D-Ox, was thought particularly interesting 

owing to its abundant and low-cost precursors in addition to its potential in both ROP 

and ROCOP (see Chapter 5).  

 

Scheme 4.1. Uryu and co-workers reported cationic ROP of D-Ox (LA = Lewis acid). Adapted from16, 

17. 

Uryu and co-workers have previously described a BF3.OEt2- and PF5-catalysed 

polymerisation of D-Ox (Scheme 4.1).16, 17  The polymerisation proceeded under high 

vacuum with excellent stereo- and regioregularity to form xylofuranose-configured 

polymer (poly(D-Ox)). Poly(D-Ox) of up to 15800 g mol–1 was obtained, albeit with no 

demonstrable control over Mn. Propagation was determined to occur exclusively via a 

trialkyloxonium ion favouring opening at the e position of the monomer. Deprotection 

of the acetal group was achieved under acidic conditions, although the deprotected 

polymer was not characterised. Notably, efforts to polymerise D-Ox with anionic 

initiators (NaOH, KOH, Et3Al/H2O) failed, with only Et3Al/H2O yielding low molar mass 

polymer (Mn,SEC = 2780 g mol–1) over considerably extended reaction times (13 days). 

Beyond solubility, the properties of poly(D-Ox) were not disclosed. 
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4.2 Aims 

The aim of this chapter was to study the impact of stereochemistry on the thermal 

properties of a sugar derived polyether, poly(Ox) (Scheme 4.2). A polymerisation 

method was sought for D-Ox that was operable under a simple reaction setup that 

exhibited good polymerisation control in addition to proceeding with high stereo- and 

regioregularity. It was hoped that a highly regular structure would give rise to 

interesting thermal properties (e.g. high crystallinity). In addition, should the synthesis 

be applied to an L-xylose-derived monomer (L-Ox), an opportunity should arise to 

explore the impact of chain tacticity and potential stereocomplexation effects. Finally, 

an assessment of the viability of poly(D-Ox) as a platform for the preparation of 

functionalisable polymers was pursued. 

 

Scheme 4.2. Overview of work carried out in Chapter 4. 

4.3 Synthesis 

There are numerous reports on the synthesis of D-Ox.17-19 Following protection of the 

a,b positions, syntheses generally involve transformation of the primary hydroxyl into 

a leaving group (e.g. halide or tosylate) followed by cyclisation incurred through 

Brønsted base activation of the secondary hydroxyl. 
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Protection of the a,b positions was performed in accordance with literature methods 

(Scheme 4.3).20 Reaction of D-xylose in the presence of H2SO4 and acetone forms the 

di-protected derivative which, following partial neutralisation, undergoes graded 

hydrolysis to the a,b-protected substrate, 1,2-O-isopropylidene-D-xylofuranose 

(IPXF). Isolation through aqueous extraction followed by successive washes with 

DCM, yields IPXF in 90% yield.  

 

Scheme 4.3. Synthesis of D-Ox. 

Two routes were next explored for the cyclisation (Scheme 4.3). Firstly, iodination via 

an Appel reaction of the primary hydroxyl, delivered iodo adduct X, in 86% yield 

following isolation by column chromatography. Alternatively, tosylation of the primary 

hydroxyl gives tosyl ester Y in 74% yield without use of a column, thereby improving 

scalability. Cyclisation of either adduct proceeds quantitatively in the presence of 

excess KOMe or other potassium alkoxide salts. The use of non-anhydrous MeCN 

necessitates extended reaction times for quantitative conversion to D-Ox. Reflux with 

an excess KOH also yields D-Ox, however, a small amount of oligomers also form (ca 

5%), likely via intermolecular SN2 reactions. An aqueous workup followed by 

distillation over CaH2 gives D-Ox of suitable purity for polymerisation, in 73% yield. An 

otherwise identical procedure starting from L-xylose yields L-Ox in 74% yield.  

It is also possible to synthesise the oxetane in one pot using either leaving group 

strategy; however, isolation requires a column so is less practical (Scheme 4.4). 

 

Scheme 4.4. One pot synthesis of D-Ox. 
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4.4 Homopolymerisation of D-Ox 

4.4.1 Initiator screening 

The homopolymerisation of D-Ox was next investigated. In view of sustainability, a 

solvent-free polymerisation was first examined, contrasting with Uryu’s earlier 

reports.16, 17 In addition, simple anionic initiators were screened, namely, K and Na 

alkoxides, TBD and Sn(Oct)2, as it was thought they would simultaneously improve 

control over the polymerisation (as compared with cationic initiators) and simplify 

experimental setup (e.g. avoid the use of in-situ high vacuum).  

No activity for the polymerisation was observed at room temperature with KOtBu at [D-

Ox]0:[KOtBu]0 loadings of 20:1 after 17 h (Table 4.1, entry 1). Increasing the 

temperature to 120 °C resulted in 18% conversion after 3 h, while a reaction performed 

at 150 °C gave 97% conversion (Table 4.1, entries 2 and 3, respectively). Subsequent 

experiments, with varied KOtBu loadings showed that Mn,SEC values were in 

reasonable agreement with Mn,theo (Table 4.1, entries 3–7) and that the polymerisation 

generally proceeded with good control (ÐM = 1.29–30)
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Table 4.1. Anionic polymerisation of D-Ox and L-Ox. 

 

Entry [Ox]0:[I]0 Initiator/ 
Catalyst 

Temp 
(°C) 

Time (h) Conv 
(%)[a] 

Mn,theo    
(g mol–1) 

Mn,SEC      

(ĐM)[b] 

1 20:1 KOtBu 22 17 0 - - 

2 20:1 KOtBu 120 3 28 1200[c] - 

3 20:1 KOtBu 150 3 97 3600[c] 4300 (1.30) 

6 50:1 KOtBu 150 17 69 6200[c] 6600 (1.29) 

7 100:1 KOtBu 150 17 63 11100[c] 8300 (1.30) 

8[d] 100:1 KOtBu 120 17 77 13400[c] 9200 (1.15) 

9[d] 200:1 KOtBu 120 22 47 16300[c] 14500 (1.18) 

10[d] 400:1 KOtBu 120 22 5 3500[c] 8000 (1.15) 

11[d],[e] 100:1 KOtBu 120 70 4 - - 

11 50:1 NaOtBu 150 17 35 3100[c] 5000 (1.24) 

12[f] 100:1 NaOtBu 120 17 28 4900[c] 7300 (1.24) 

13[g] 200:1 Sn(Oct)2 120 22 1 - - 

14[g] 200:1 Sn(Oct)2 180 22 1 - - 

15[g] 100:1 TBD 120 22 1 -  

16[g] 100:1 TBD 180 22 18 3200[h] <1000 

17[i] 20:1 KOEt 120 3 60 2100[j] 4000 (1.20) 

18[d], [k] 100:1 KOtBu 120 22 51 8900[c] 9800 (1.19) 

19[d],[l] 100:1 KOtBu 120 22 43 7500[c] 7900 (1.20) 

20[d],[m] 100:1 KOtBu 120 22 54 9400[c] 10100 (1.18) 

21[d],[n] 100:1 KOtBu 120 22 61 10600[c] 9700 (1.18) 

Reactions carried out in neat D-Ox with initiators dosed as stock solutions unless otherwise 

stated. Scale = 2.00 mmol of D-Ox (344 mg).  [a]Calculated by the relative integration of the 

anomeric protons in D-Ox (δ = 6.27 ppm (d, J = 3.7 Hz)) and poly(D-Ox) (δ = 5.88 ppm (d, J 

= 3.5 Hz)). [b]Calculated by SEC relative to a polystyrene standard using a THF eluent; ÐM  = 

Mw/Mn as determined by SEC. [c]Calculated as Mr(tBuOH) + (Mr (D-Ox) × [D-Ox]0/[KOtBu]0 × 

conv/ 100%) [d]Reaction carried out in presence of CE; [KOtBu]0:[CE]0 = 1:1.[e][D-Ox]0 = 4.0 

mol L–1 in σ-Cl2Ph. [f]Reaction carried out in presence of 15-crown-5; [KOtBu]0:[15-crown-5]0 

= 1:1. [g]Reaction carried out in presence of 4-MeBnOH, [D-Ox]0:[4-MeBnOH]0 = 

100:1.[g]Calculated as Mr(4-MeBnOH) + (Mr (D-Ox) × [D-Ox]0/[4-MeBnOH]0 × conv/ 

100%).[i]KOEt dosed as a solid. [j] Mr(EtOH) + (Mr (D-Ox) × [D-Ox]0/[KOEt]0 × conv/ 100%).[k] 

Reaction carried out with L-Ox. [l]Reaction carried out with [D-Ox]0:[L-Ox]0 = 9:1.[m]Reaction 

carried out with [D-Ox]0:[L-Ox]0 = 7:3.[n] reaction carried out with [D-Ox]0:[L-Ox]0 = 1:1. 
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In an effort to decrease the reaction temperature, a polymerisation was trialled 

in the presence of 18-crown-6 (CE). It was hoped CE would abstract the K+ 

from the growing polymer chain thereby exposing the propagating alkoxide to 

enhance activity. Satisfyingly, at 120 °C with [KOtBu]0:[CE]0 loadings of 1:1, 

improved conversions were observed with a narrowing of ÐM (1.15–1.18, 

Table 4.1, entries 8–10). A maximum Mn,SEC of 14500 g mol–1 (ÐM = 1.18) was 

obtained after 22 h with a [D-Ox]0:[KOtBu]0:[CE]0 feed ratio of 200:1:1 (Table 

4.1, entry 9). Further reduction in the KOtBu loading to 400:1 resulted in poor 

conversion of D-Ox, possibly as a result of residual monomer impurities 

leading to chain termination (Table 4.1, entry 10). Generally, non-quantitative 

conversions (<77%) were obtained, consistent with the low strain of the 

monomer (see section 4.4.6). Moreover, the rate of the reaction is 

progressively slowed due to solidification of the reaction mixture prior to 

completion, which may limit conversions. However, reactions performed in 

solvent failed to give any conversion (Table 4.1, entry 11).  

D-Ox was also found to be amenable to polymerisation with other metal 

alkoxides, namely NaOtBu and KOEt at 150 °C (Table 4.1, entries 11 and 17, 

respectively). The use of 15-crown-5 enhanced the activity of NaOtBu, 

allowing the reaction to be performed at 120 °C (Table 4.1, entry 12).  

However, reactions with Sn(Oct)2 and TBD, in the presence of 4-MeBnOH, 

both failed to induce propagation at 120 °C, with only 1% conversion obtained 

(Table 4.1, entries 13 and 15, respectively). Increasing the reaction 

temperature to 180 °C also failed to yield polymer, with minimal conversion 

observed with Sn(Oct)2, while TBD gave 18% conversion, but the isolated 

product was oligomeric (Mn,SEC <1000 g mol–1, Table 4.1, entries 14 and 16 

respectively). The data corroborates that of crown ether experiments and 

indicates that an excessive degree of metal- or acid-alkoxide coordination can 

suppress, or prevent, polymerisation.  
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4.4.2 Homopolymerisation of L-Ox 

Satisfied that the polymerisation had been sufficiently optimised for the 

synthesis of D-homochiral polymers, the polymerisation of L-Ox was next 

investigated. As expected, the polymerisation proceeded well at [L-

Ox]0:[KOtBu]0:[CE]0 loadings of 100:1:1 to yield polymer of comparable molar 

mass (Mn,SEC = 9800 g mol–1) and ÐM (1.19) to that obtained with D-Ox (Table 

4.1, entry 18). Random co-polymerisations were also carried out at [D-1]0:[L-

1]0:[KOtBu]0:[CE]0 loadings of 90:10:1, 70:30:1:1 and 50:50:1:1 (Table 4.1 

entry 19–21). Notably, the co-polymerisations proceeded without solidification 

of the reaction mixture, suggesting significant alteration of the physical 

properties of the heterochiral polymers (see section 4.5). 

4.4.3 NMR characterisation of polyethers 

1H and 13C{1H} NMR spectroscopy indicated that polymerisation of Ox using 

K salts and NaOtBu is ring-selective and highly regioregular (Figure 4.3 and 

4.4). Through comparison of the 1H spectra of Ox and poly(Ox), the most 

significant ppm shift of protons corresponds to environments e-c, indicating a 

substantial conformational change across the oxetane moiety (Δppm c =1.35,  

Δppm d = 0.83 and Δppm e = 0.85 and 0.65 ppm) and suggestive of exclusive 

opening across the ring. This ring-selectivity is also suggested by polarimetry 

measurements: poly(Ox) exhibits a high optical rotation ([𝛼𝑝𝑜𝑙𝑦(𝑫−𝑶𝒙)
25 ] = –

85.3°, rotation ([𝛼𝑝𝑜𝑙𝑦(𝐿−𝑂𝑥)
25 ] = +85.8), exceeding anything observed previously 

with poly(D-Ox) made using cationic initiators ([𝛼𝑝𝑜𝑙𝑦(𝑫−𝑶𝒙)
25 ] up to–81.3 °).16, 17 

In addition to excellent control, the anionic polymerisation hence also appear 

to limit side reactions. 
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Scheme 4. 5. Putative HT, TH HH or TT linkages incurred through asymmetric opening of D-

Ox 

Due to the asymmetry of the oxetane, cleavage may form either a primary or 

secondary alkoxide, which, upon propagation, may incur head-to-tail (HT), tail-

to-head (TH), tail-to-tail (TT) or head-head (HH) linkages (Scheme 4.5). As 

opening occurs via an SN2 reaction, cleavage at the c position, to form a 

secondary alkoxide, would result in inversion of stereochemistry. 

Consequently, all linkages would be expected to be inequivalent by NMR 

spectroscopy. For instance, exclusive propagation via a secondary or primary 

alkoxide would form a polymer with HT or TH configurations, respectively, 

which would be distinguished by stereochemistry. 13C{1H} NMR spectroscopy 

reveals only one major resonance per environment, which is inconsistent with 

TT or HH configurations, as the presence of either linkage would necessitate 

the occurrence of the other (Figure 4.4 b).
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Figure 4. 3. 1H NMR spectra (400 MHz, CDCl3, 1.00–6.60 ppm) of a) D-Ox, b) poly(D-Ox) or 

poly(L-Ox) and c) 50:50 poly(D-Ox/L-Ox). 

1H NOESY NMR spectroscopy also shows a weak correlation between b-d 

environments indicative of a HT or TH alignments. Indeed, no such correlation 

would be expected for HH or TT configurations, or, from b-d environments 

within the same repeat unit, as confirmed with 1H NOESY experiments with 

D-Ox (Figure 4.4a and c). 1H COSY NMR spectroscopy is also revealing as 

no correlation is observed between the b and c environments. In accordance 

with the Karplus relationship, a weak J3 coupling would be expected given a 

Hb/Hc dihedral angle of ~ 90°. An approximate 90° angle is observed in 

inspection of DFT-optimised structures II, III, IV and V which may be 

considered a model for the HT-type polymer chains (section 4.4.6, Scheme 

4.7). The 1H COSY NMR spectroscopic evidence therefore strongly suggests 

a) 

b) 

c) 
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that poly(Ox) forms with a HT configuration. Finally, further computational 

work also suggests a HT bias: a strong kinetic preference was observed for 

both initiation and propagation to occur across the oxetane to expose the 

secondary alkoxide (see section 4.4.6). 

 

 

Figure 4.4. a) potential b-d 1H NOESY spectroscopic correlations in poly(D-Ox) b) 13C{1H} 

(101 MHz, 25.0–115.0 ppm) spectrum of poly(D-Ox) c) 1H NOESY spectra (400 MHz, CDCl3) 

of (left) poly(D-Ox) and (right) D-Ox. 

 

As expected 50:50 poly(D-Ox/L-Ox) was determined to be achiral by 

polarimetry (𝛼50:50 𝑝𝑜𝑙𝑦(𝐷−𝑂𝑥/ 𝐿−𝑂𝑥)
25 ] = –0.6 °). The 1H NMR spectra of 90:10, 

70:30 and 50:50 poly(D-Ox/L-Ox) each showed broadening of all resonances 

suggestive of random incorporation of both enantiomers in the polymer chains 

(Figure 4.3c and Figure 4.5). As an example, selected NMR spectra of 50:50 

poly(D-Ox/L-Ox) are discussed below. 

 

a) 

b) 

c) 
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Figure 4.5. a) 1H NMR spectrum (400 MHz, CDCl3, 3.35–4.10 ppm) of 50:50 poly(D-Ox/L-

Ox) b) isotactic, heterotactic and syndiotactic triads of poly(D-Ox/L-Ox) 1H-13C HSQC 

spectrum (400 MHz, CDCl3) of 50:50 poly(D-Ox/L-Ox). 

1H-13C HSQC NMR spectroscopy experiments reveal the separation of the e 

environment into three distinct 1H resonances at 3.61, 3.75 and 3.91 ppm. 

This may be rationalised through the consideration of the stereo configuration 

along the polymer chains, i.e., the formation monomer sequences of the type 

DDD (or LLL, isotactic); DDL (or LLD, LDD or DLL, heterotactic) and DLD (or 

LDL, syndiotactic). As there are four configurations contributing to the 

heterotactic triad (as opposed to two for the isotactic and syndiotactic), the 

signals should integrate in an approximate 1:2:1 ratio. Full assignations of the 

resonances beyond isotactic are not possible; however, integration of the 

region (discounting the contribution of the overlapping c environment) 

confirms the expected 1:2:1 ratio. Comparison of 1H {1H} NMR spectra of the 

a) 

b) 

c) 
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poly(D-Ox) and 50:50 poly(D-Ox/L-Ox) also suggests random incorporation 

of both enantiomers as indicated by the presence of multiple anomeric 

environments for the latter polymer (see experimental). This implies that the 

propagating alkoxide does not induce stereoselective opening at the reaction 

temperatures.  

4.4.4 End group analysis 

The incorporation of the OtBu moiety in the polymer chains was confirmed via 
1H DOSY NMR spectroscopy experiments which revealed that resonances 

corresponding to poly(D-Ox) shared a diffusion coefficient with a tBu-like 

environment (diffusion coefficient = 3.78 x 10–6 s–1, Figure 4.6).  

 

Figure 4.6. 1H DOSY NMR spectrum (500 MHz, CDCl3) of OtBu-end capped poly(D-Ox). 

However, given the closeness of shift of the OtBu singlet to other resonances 

and potential contaminants, an additional experiment was conducted with 

KOEt in which the splitting of the Et group would prove diagnostic. A triplet 

was detected at 1.31 ppm in the 1H NMR spectrum indicating incorporation of 

the initiator beyond ambiguity (Figure 4.7).  
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Figure 4.7. 1H NMR spectrum (400 MHz, CDCl3, 0.8–6.20 ppm) of OEt end-capped poly(D-

Ox). 

Incorporation of the initiator was also established by MALDI-ToF spectrometry 

in which the major polymer species detected was linear with the expected 

ethoxy end group (Table 4.2). An additional minor series was assigned as 

being end-capped with IPXF, likely formed as a result of diol impurities in the 

monomer sample. All series were detected as K+ adducts with a monomer 

repeat unit of 172.2 g mol–1. 
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Table 4.2. MALDI-ToF spectrum of OEt end-capped poly(D-Ox) (Mn,SEC = 4000 g mol–1, 

Mn,NMR = 4040 g mol–1 and Mn,MALDI = 4060 g mol–1). 

 

Structure n m/ztheo (g mol–1)[a] m/zMALDI(g mol–1) 

PL3+ K+ 22 3873 3870 

PL3’+ K+ 21 3845 3842 

[a] Calculated as Mr (I) +Mr(K)+ (Mr (D-Ox) × n) 

2837.480

3526.146 4559.053
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4.4.5 Kinetics of D-Ox ROP 

Kinetic experiments were conducted in parallel with KOtBu at [KOtBu]0:[D-Ox]0 

loadings of 20:1 at 150 °C. The polymerisation proceeded rapidly with 97% 

conversion after 3 h (Figure 4.8).  
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Figure 4.8. Time vs conversion of D-Ox for a polymerisation performed at 150 °C with [D-

Ox]0:[KOtBu]0 loading of 20:1. 

Initial rate plots show the polymerisation is pseudo first order in monomer 

concentration (Figure 4.9, kobs = 0.0248 min–1). Slight deviation from a fully 

linear relationship between conversion and Mn,SEC was observed, and values 

obtained were generally higher than Mn,theo (Figure 4.9). Good polymerisation 

control was exhibited up to 3 h (ÐM = 1.19-1.26) after which broadening was 

observed (ÐM = 1.46) consistent with the occurrence of transetherification.  
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Figure 4.9. (top) Initial rate plot of the polymerisation of D-Ox (kobs = 0.0248 min–1) and 

(bottom) conversion of D-Ox vs Mn,SEC vs ƉM (Mn,SEC = black squares, ƉM = blue triangles). 

Reaction carried out at 150 °C with [D-Ox]0:[KOtBu]0 loading of 20:1. 

However, full proof of the living nature of the polymerisation proved 

challenging, with sequential addition experiments failing to give conversion of 

the second batch of monomer. This suggests chain-end termination either 

prior to, or upon, the addition of the second monomer, likely as a result of the 

extreme sensitivity of the propagating species. This will have implications in 

stereoblock formation (see section 4.4.7). 
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4.4.6 DFT study 

DFT studies were carried out in collaboration with Jessica Bowles. 

DFT calculations were performed using Gaussian16 suite of codes (revision 

A.03).21 Geometries were fully optimised without any symmetry or geometry 

constraints. 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. Free enthalpies were 

calculated at 423.15 K within the harmonic approximation for vibrational 

frequencies. 

Geometry optimisations were carried out using ωb97XD hybrid functional 

developed by Chai and Head-Gordon.22, 23 The 6–311++G(2d,p) basis set was 

used for O and K atoms and the 6–31G(d,p) was used for C and H atoms. 

Solvent effects in tetrahydrofuran were modelled with the CPCM. 

All optimised geometries and transition states were subjected to 

conformational analysis using Schrodinger’s Maestro, Macromodel 

package.24 An OPLS3e forcefield was applied with no solvent. All found 

conformers were reoptimised with DFT. The lowest energy conformers, once 

verified as minima or transition states, are included in the free energy 

diagrams. Goodvibes software was used to apply temperature and 

concentration correction factors to calculated free enthalpies at 423.15 K and 

[D-Ox]0 = 1 mol L–1.  

The initiation and propagation of the monomer were modelled to support 

experimental conclusions about the regioselectivity of the polymerisation. 

Cleavage for initiation was considered at the following positions: 

1) Reaction of the KOtBu at the e position to expose a secondary alkoxide, 

O’ (e-O’) 

2) Reaction of the KOtBu at the c position to expose a primary alkoxide, 

O’ (c-O’) 

3) Reaction of the KOtBu at the a position to expose secondary alkoxide, 

O’’(a-O’’) 

4) Reaction of the KOtBu at the a position to expose the secondary 

alkoxide, O’’’ (a-O’’’) 

Openings at the d and b positions were not considered as they were thought 

to be the significantly less electrophilic than the other sites. 
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Figure 4.10. Syn vs anti attack of D-Ox. 

The approach of KOtBu to the point of ring cleavage must also be considered, 

with attack possible from the same (syn) or opposite (anti) face of D-Ox 

relative to the oxetane moiety (Figure 4.10). For an SN2-type reaction to occur 

there must be effective orbital overlap between the incoming nucleophile and 

the σ* orbital of the leaving group. In the case of D-Ox, due to the 

conformational restrictions imposed by the furanose core, reaction via syn-

addition will not be possible for c-O’ cleavage, whilst anti-addition will be 

impossible for a-O’’ and a-O’’’ openings. For the e-O’ cleavage, opening will 

occur in along the axis of the e-O’ bond. 

  

 

 

Scheme 4.6. DFT-computed barriers for opening of D-Ox with KOtBu at a, e and c positions. 

Protocol: ωb97xD/6–311++G(2d,p) (O, K) and 6–31+G(d,p) (C, H)/cpcm=THF/423K. 

A strong kinetic preference for initiation to occur via the e-O’ pathway was 

observed (Scheme 4.6, e-O’ = +26.3 kcal mol–1; c-O’ = +43.4 kcal mol–1; a-

O’’ = +43.4 kcal mol–1; a-O’’’ = +48.6 kcal mol–1). The e-O’ opening was also 
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thermodynamically favoured although to a much lesser extent (e-O’ = –16.3 

kcal mol–1; c-O’ = –13.7 kcal mol–1; a-O’’ = +0.3 kcal mol–1; a-O’’’ = +0.8 kcal 

mol–1). For oxetane cleavage, conformational analysis of the transition states 

revealed that the lowest energy pathways involved K+ forming 5-membered 

heterocycles, rather than K+ interacting directly with O’ in the transition state. 

Subsequent rearrangement to the expected secondary (or primary) alkoxide 

occurred after opening. 

Given the clear kinetic and thermodynamic preference for opening across the 

oxetane, propagation was further modelled for openings at the e and c 

positions only (Scheme 4.7). Kinetic selectivity for opening at the e position 

was maintained in propagation (e’-O* = +28.5 kcal mol–1 vs c’-O* = +41.3 kcal 

mol–1). A slight thermodynamic preference was also observed (e’-O* = –26.6 

kcal mol–1 vs c’-O* = –24.4 kcal mol–1). This rationalises the spectroscopically 

determined regioselectivity of the polymerisation and suggests propagation 

occurs via a Tail-to-Head mechanism.  
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Scheme 4.7. Full computed profile for initiation and first propagation of D-Ox at 150 °C. Stereochemistry omitted for clarity. Conformational analysis applied. Black 

=  e-O’ opening and propagation, red = c-O’ opening, orange = a-O’’ opening, green = a-O’’’ opening, blue = c-O’ propagation via secondary alkoxide and purple 

= second D-Ox involved in propagation. Protocol: ωb97xD/6–311++G(2d,p) (O, K) and 6–31+G(d,p) (C, H)/cpcm=THF/423K.
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4.4.7 Attempted stereoblock synthesis 

Stereoblock synthesis was next attempted. Isolated poly(D-Ox) was mixed 

with KOtBu, and formation of an active K+ salt was attempted heterogeneously 

due to the poor solubility of poly(D-Ox) (at reasonable concentrations) in ROP-

compatible solvents (e.g. MeCN and THF, Scheme 4.8). Following stirring and 

removal of the solvent in-vacuo, L-Ox was added, and the mixture heated to 

150 °C. However, no conversion of the oxetane was observed, suggesting 

deactivation of all alkoxides in solution prior to L-Ox addition. 

 

Scheme 4.8. Attempted stereoblock formation via heterogeneous KOtBu-facilitated 

deprotonation. 

A second polymerisation was performed at a [D-Ox]0:[KOtBu]0:[CE]0 feed ratio 

of 20:1:1 at 120 °C (Scheme 4.9). Interval aliquots were not taken as 

solidification of the reaction mixture prevents trivial reaction monitoring. The 

reaction was run for 6 h at which point a L-Ox was added in a 20:1 ratio relative 

to [KOtBu]0. However, conversion was below 50% indicating that L-Ox had 

not polymerised.  

 

Scheme 4.9. Attempted stereoblock formation via sequential monomer addition experiments 

in presence of CE. 

It was thought that the abstraction of K+ may increase the air- and moisture- 

sensitivity of the polymerisation as the propagating alkoxide is less stabilised. 

This would make the polymerisation more prone to termination upon 

introduction of L-Ox. Hence, a third polymerisation was trialled in the absence 

of CE at [D-Ox]0:[KOtBu]0 loadings of 20:1 at 150 °C (Scheme 4.10). Following 

addition of L-Ox after 6 h (20:1 ratio relative to [KOtBu]0), 61% conversion was 

obtained indicating at least 11% of the L-Ox had been incorporated into the 

polymer. SEC analysis revealed a broad ÐM (1.50) and the presence of a low 

molar mass shoulder suggestive of a degree of  homopolymerisation of L-Ox. 

However, 1H DOSY NMR spectroscopy confirmed incorporation of both 

oxetane enantiomers within the same polymer chains. 
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Scheme 4.10. Attempted stereoblock formation via sequential monomer addition experiments 

in absence of CE. 

Qualitative analysis of the 1H NMR spectrum of block-poly(D-Ox/L-Ox) 

reveals broadening of resonances as compared with the homochiral polymers, 

although to a lesser extent than for poly(D-Ox/L-Ox) (Figures 4.11 and 4.3). 

In addition, deviation from the 1:2:1 integration ratio of the e environments 

observed with poly(D-Ox/L-Ox), rather than observation of only two e 

resonances, is most likely indicative of a stereogradient, rather than 

stereoblock, structure. This highlights the limits in the described 

polymerisation technique and broadens the scope for future development (see 

section 4.10).  

 

 

Figure 4.11. 1H NMR spectrum (400 MHz, CDCl3, 1.20–6.20 ppm) of block-poly(D-Ox/L-Ox). 

4.5 Thermal properties 

The thermal properties of homochiral and heterochiral polymers were next 

investigated by TGA and DSC. 

TGA indicated that all polyethers had a Td,onset of above 300 °C, with each 

exhibiting only a single degradation regime (Figure 4.12). Poly(D-Ox/L-Ox) 

(Mn,SEC = 15000 g mol–1, ƉM = 1.11) was found to be less thermally stable than 
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both poly(D-Ox) (Mn,SEC = 8300 g mol–1, ƉM = 1.30) and poly(L-Ox) (Mn,SEC = 

9500 g mol–1, ƉM = 1.18). with a lower Td,onset (301 °C, 315 °C and 318 °C, 

respectively) and Td5 (342 °C, 348 °C and 355 °C, respectively). A variation in 

the Td,max between the polymers was also observed, with poly(D-Ox) 

exhibiting the highest Td,max (402 °C) as compared with poly(L-Ox) (382 °C).  

and poly(D-Ox/L-Ox) (363 °C). The percentage of char remaining at 600 °C 

varied from 20% for poly(D-Ox/L-Ox) to 14% for poly(D-Ox) and 13% for 

poly(L-Ox).The high thermal stability of the polyethers contrasts with similar 

sugar derived polycarbonates,10, 25, 26 and polythiocarbonates,27 and highlights 

the impact of linker modification with regards to polymer properties. 
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Figure 4.12. Derivative of mass loss by TGA (300–420 °C) for poly(D-Ox) (black, Mn,SEC = 

8300 g mol–1, ƉM = 1.30), poly(L-Ox) (red, Mn,SEC = 9500 g mol–1, ƉM = 1.18) and poly(D-Ox/L-

Ox) (orange, Mn,SEC = 15000 g mol–1, ƉM = 1.11). 

DSC revealed significant differences between the homochiral and heterochiral 

polymers (Figure 4.13). 

Both homochiral polymers were found to be semi-crystalline with a Tm of 271–

281 °C and a minor Tg of 131–135 °C. The thermal properties of poly(Ox) are 

remarkable, with a Tg much higher than other known aliphatic polyethers13 and 

similar to previously reported sugar-derived polycarbonates,6, 8-10 whilst, in the 

latter case, being significantly more thermally robust and crystalline. 

Interestingly, poly(D-Ox/L-Ox) was shown to be fully amorphous with a clear 

Tg of 128 °C. Indeed, incorporation of even a small amount of L-Ox was found 

to disrupt crystallinity. 90:10 poly(D-Ox/L-Ox) exhibited only an ill-defined Tm 
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(236 °C) by DSC in the first heating cycle, which was not detected in the 

second scan, indicating slow crystallization kinetics. For 70:30 poly(D-Ox/ L-

Ox) no Tm was detected. The increased amorphousness of the heterochiral 

polymers substantiates their generally improved solubility in common organic 

solvents (THF, CHCl3, DMSO) as compared with the homochiral polymers.  
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Figure 4.13. DSC thermogram  (–40–300 °C) measured at a scan rate of 20 °C min–1 showing 

the 1st cooling and 2nd heating cycle of a) poly(L-Ox) (Mn,SEC = 9500 g mol–1, ƉM = 1.18) and 

b) poly(D-Ox/L-Ox) (Mn,SEC = 15000 g mol–1, ƉM = 1.11). c) and the 1st heating and 2nd heating 

cycle of 90:10 poly(D-Ox/L-Ox) (Mn,SEC = 7900 g mol–1, ƉM = 1.20). 

a) b) 

c) 
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4.6 Polymer modification 

4.6.1 Deprotection 

Next, deprotection of the acetal group was carried out by acid hydrolysis. 

Mechanistic considerations and the optimisation of the reaction conditions are 

given in Chapter 5, section 5.7. Reaction of a DCM: 80% aq TFA solution of 

poly(D-Ox) at 0 °C yielded 85% deprotected polymer, poly(D-Ox2), after 8 h 

(Figure 4.14). A maximum conversion of 96% was observed after 24 h, which 

remained unchanged up to 72 h, however, solubility issues prevented 

thorough characterisation. 1H NMR spectroscopy revealed the isomerisation 

of anomeric position upon deprotection. Anomers were assigned based on the 
1H-13C HSQC spectra, which, in accordance with literature,28 β configurations 

occur at lower 13C{1H} shifts. 

Partial exposure of the hydroxyl groups leads to significant changes in the 

solubility of the polymer. Samples with hydroxyl exposure levels of <85%, 

were found to be insoluble in THF and CHCl3, and soluble with heating in H2O, 

DMSO and DMF. In addition, samples became fully insoluble in all solvents 

trialled after 2 months on the benchtop, suggesting the formation of an 

extended hydrogen-bond network.  

SEC analysis supports these observations: high Mn species were detected in 

DMF solution upon partial deprotection, indicating the formation of aggregates 

(Figure 4.15). Upon gentle heating (<<153°C, the boiling point of DMF) of the 

GPC samples, disassociation of the aggregates occurred, with near 

quantitative formation of polymers with Mn,SEC values of between 5000–7500 

g mol –1, depending on the level of deprotection. This contrasts with earlier 

studies on similar polycarbonates in which significant degradation at low levels 

of deprotection was observed and the formation of aggregates was not 

reported.9, 10, 29, 30 Reformation of the aggregates was then observed in 

solution over several days in the same GPC sample.  
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Figure 4.14. NMR spectra (400 MHz, d6-DMSO, 1.30–6.20 ppm) of aliquots taken during acid 

hydrolysis of poly(D-Ox). Reaction performed at 0 °C with [TFA]0 = 7.5 M. 
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Figure 4.15. SEC chromatograms of 85% deprotected poly(D-Ox) before (blue) and after 

heating (red, dashed). 

While cross-linking has been suggested to occur in similar polymers,6 the 

phenomenon has not been observed in solution (see Chapter 5, section 5.7). 

The rapid dissociation of the aggregates on heating suggests that H-bonding 

between chains, rather than covalent exchange (for instance at the anomeric 

position), may be responsible for the cross-linking. The facile formation of 

cross-links may be a result of the low steric hinderance around the hydroxyl 

groups and a higher density of hydroxy moieties as compared with other 

similar polymers. Given the facile, thermal reversibility of the crosslinking, it is 

proposed that these materials may have potential in self-healing applications. 

Heating the GPC samples allows for an assessment of the level of hydrolytic 

degradation of the polymer upon deprotection (Figure 4.16). The Mn,SEC values 

of the deprotected species remain comparable to that of the starting material 

up to 6 h, after which, Mn,SEC values decreased by 28%, to 5200 g mol–1. While 

minor changes in Mn,SEC values may be a result of variation in the 

hydrodynamic volume of the polymer upon deprotection, the significance of 

the mass loss after 8 h suggests a degree of degradation. However, the 

percent mass loss compares favorably with other similar ester-linked species 

(see Chapter 5, section 5.7), consistent with the increased hydrolytic stability 

of the ether link. 
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Figure 4.16. Time vs % deprotection vs Mn,SEC for deprotection of poly(D-Ox) Reaction 

performed at 0 °C with 80% aq TFA in DCM. [TFA]0 = 7.5 M. (black squares = % deprotection, 

blue bars = Mn,SEC and red dashed line = Mn,SEC of starting poly(D-Ox)) 

4.6.2 Thermal properties 

Exposure of the hydroxyl groups lead to a significant decrease in the thermal 

stability of the polymer with 85% deprotected polymer exhibiting a Td,onset of 

around 145 °C (–170 °C with respect to poly(D-Ox), Figure 4.17). The 

degradation event also became ill-defined with significant broadening of the 

mass loss transition. Additionally, no Tg or crystallinity was observed with 41% 

and 85% deprotected samples. 
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Figure 4.17. (left) DSC thermogram (20–140 °C) measured at a scan rate of 20 °C min–1 

showing the 1st cooling and 2nd heating cycle and (right) TGA trace of 85% deprotected 

poly(D-Ox). 
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4.6.3. Polymer functionalisation 

The hydroxy groups of the deprotected polymer were also demonstrated to be 

amenable to functionalization (Figure 4.18). Reaction of 28% deprotected 

poly(D-Ox) with chlorodiphenylphosphine in the presence of triethylamine and 

4-dimethylaminepyridine yielded phosphorylated polymer, poly(D-Ox3).  

 

  

 

Figure 4.18. 1H NMR spectra (d6-DMSO) of: (top) isolated polymer phosphorylated at 25% 

(relative integration of aromatic signals (20 protons) vs methyl acetal groups (6 protons)) 

(Mn,SEC = 10100 g mol–1, ƉM = 1.19); (bottom) parent poly(D-1) deprotected at 28% (bottom, 

Mn,SEC =  10700 g mol–1, ƉM = 1.23). 
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SEC analysis indicated that the polymer remained intact following 

functionalization. 1H, 1H-31P HMBC and DOSY NMR spectroscopy (Figure 

4.19) confirmed the incorporation of the P moiety within the polymer chains, 

while 31P NMR spectroscopy revealed the phosphorous had oxidized during 

functionalization, likely as result of the presence of residual moisture in the 

poly(D-Ox2) sample. No Tg or Tm were detected for poly(D-Ox3) by DSC. 

 

 

Figure 4.19. (top)1H-31P HMBC (d6-DMSO) spectrum of poly(D-Ox3) (Mn,SEC = 10100 g mol–

1, ƉM = 1.19) (bottom)1H DOSY NMR spectrum (d6-DMSO) of poly(D-Ox3) (Mn,SEC = 10100 g 

mol–1, ƉM = 1.19). 
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4.7 WAXs analysis 

Wide-angle-X-Ray scattering (WAXs) characterisation of poly(D-Ox), poly(L-

Ox), poly(D-Ox/L-Ox) and 63% deprotected poly(D-Ox) was next carried out. 

As expected, poly(D-Ox) and poly(L-Ox) showed near identical scattering 

profiles (Figure 4.20). Consistent with DSC, crystallinity was indicated by 

broad peaks at Q values of between 7.5–15. Slight differences were observed 

between both samples at low Q values with poly(L-Ox) exhibiting broad weak 

peak at Q values around 3. This may be attributed to differences in Mn,SEC and 

ÐM between the polymer samples in addition to variation in monomer impurity 

profiles (e.g. H2O or diol content) which may impact on polymer morphology. 

In agreement with DSC, 50:50 poly(D-Ox/L-Ox) showed a significantly altered 

WAXs profile as compared with the homochiral polymers (Figure 4.20). A 

greater intensity of scattering was observed albeit with no crystalline peaks 

detected. This supports previous conclusions about the amorphous nature of 

the heterochiral polymers. 
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Figure 4.20. WAXs profiles of poly(D-Ox) (black, Mn,SEC = 8300 g mol–1, ƉM = 1.30), Poly(L-

Ox) (red, Mn,SEC = 9500 g mol–1, ƉM = 1.18) and poly(D-Ox/L-Ox) (orange, Mn,SEC = 15000 g 

mol–1, ƉM = 1.11). 
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Figure 4.21. WAXs profiles of poly(D-Ox) (black, Mn,SEC = 8300 g mol–1, ƉM = 1.30) and 63% 

deprotected poly(D-Ox) (green).  

WAXs analysis of 63% deprotected poly(D-Ox) showed loss of crystallinity at 

Q values between 7.5–15 (Figure 4.21). Increased intensity of the broader 

peaks at low Q values (2–6) indicates the presence of larger domains 

potentially formed as a result of cross-linking in the samples. This 

corroborates with SEC analysis and suggests the presence of hydrogen-bond 

networks in the solid state. 

4.8 Stereocomplexation 

4.8.1 Synthesis 

In a novel approach for synthetic carbohydrate-derived polymers, attempts 

were made to further enhance the properties of poly(D-Ox) and poly(L-Ox) by 

exploiting stereocomplexation. While stereocomplexation with polyesters and 

other carbonyl-containing polymers is well reported (e.g. PLA, PMMA), to the 

best of our knowledge, there are no examples regarding stereocomplexation 

procuring thermally enhanced properties with polyethers.31, 32 33-35 In part, this 

may be a result of the decreased polarity of the ether linkages weakening 

dipole-dipole interactions. Regardless, it was hoped that the polar-nature of 

the xylose moiety may strengthen intermolecular-forces between opposite 

enantiomers, thereby favouring complexation.  

Stereocomplexes were prepared by dissolving samples of poly(L-Ox) (Mn,SEC 

= 9400 g mol–1, ÐM = 1.29) and poly(D-Ox) (Mn,SEC = 9100 g mol–1, ÐM = 1.25) 
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in CHCl3 and mixing the appropriate amounts to give 50:50 and 75:25 (poly(L-

Ox): poly(D-Ox)) blends. Once mixed, the CHCl3 solution was either 

evaporated over an air stream or the mix was precipitated into MeOH 

dropwise. The blends were then left to dry in-vacuo at 80 °C overnight. 

4.8.2 Thermal characterisation 

4.8.2.1 DSC of stereocomplexes 

DSC was used initially to assess stereocomplexation. Values discussed below 

were taken from the second heating cycle, unless stated otherwise. At a scan 

rate of 20 °C min–1 the 50:50 blend exhibited an increased Tm, albeit with a 

broader profile, as compared with the homochiral polymers (277 °C and 271 

°C, respectively), diagnostic of a degree of stereocomplexation (Figure 4.22). 

The 75:25 blend exhibited complex melting phenomena with Tm’s detected at 

249, 265, 275 and 284 °C indicative of multiple crystalline phases.  
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Figure 4.22. DSC thermograms (180–300 °C) measured at a scan rate of 20 °C min–1 

showing the 2nd heating cycle of poly(L-Ox) (red, Mn,SEC = 9400 g mol–1, ÐM = 1.29) and a 

50:50 (blue) and 75:25 (green) blend of poly(L-Ox) and poly(D-Ox) (Mn,SEC = 9100 g mol–1, 

ÐM = 1.25). 

To confirm that all polymer had complexed during precipitation, the scan rate 

was decreased to 5°C min–1. This revealed the presence of two Tm’s at 274 

°C and 288 °C, assigned as homochiral polymer and stereocomplex, 

respectively (Figure 4.23). This indicates that stereocomplexation had not 
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occurred quantitatively through precipitation from MeOH. A third blend, at a 

50:50 ratio of poly(L-Ox):poly(D-Ox), was therefore prepared through 

evaporation of CHCl3 over an air stream. At a scan rate of 20 °C min–1, a sharp 

Tm of 288 °C was observed suggestive of enhanced complexation. A minor 

Tm was also observed at 271 °C, attributed to homochiral polymer. 

Evaporation may improve mixing of the opposite polymeric enantiomers, 

favouring complexation, although further study is required for a more complete 

understanding.  
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Figure 4.23. DSC thermograms (180–300 °C) measured with (left) varied scan rate for 

MeOH-precipitated 50:50 blend (right) measured at a scan rate of 20 °C min–1 for MeOH-

precipitated (red) and CHCl3 (blue) evaporated 50:50 blend. 

4.8.2.2 TGA of stereocomplexes 

Td,onset, Td5 and Td,max values were comparable to that of the homochiral 

polymers (Table 4.3) however, the shapes of the degradation events of the 

blends were revealing (Figure 4.24). The derivative of mass of the 75:25 blend 

contains a shoulder, which, through comparison with the 50:50 blend and 

poly(L-Ox) (which was used in excess), is suggestive of partial complexation, 

i.e., the shoulder indicates two separate degradation events assigned to the 

stereocomplex and homochiral polymer, respectively. 
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Table 4.3. TGA values of homochiral polymers and blends. 

Entry Sample Td,onset (°C) Td5 (°C) Td,max (°C) 

1 Poly(D-Ox) 315 348 402 

2 Poly(L-Ox) 318 355 382 

4 50:50[a] 320 353 372 

5 75:25[a] 316 349 378 (388)[b] 

TGA measure under argon at heat rate of 10 °C min–1. [a] Prepared by evaporation of CHCl3 

over an air stream. [b] Bracketed value taken from shoulder of derivative of mass loss. 
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Figure 4.24. Derivative of mass loss taken from TGA (350–410 °C) of poly(L-Ox) (red, Mn,SEC 

= 9400 g mol–1, ÐM = 1.29) and 50:50 (blue) and 75:25 (green) blend of poly(L-Ox) and poly(D-

Ox) Mn,SEC = 9100 g mol–1, ÐM = 1.25). 

4.8.3 WAXs  

Comparison of the WAXs profiles of the 50:50 and 75:25 blends with the 

homochiral polymers shows crystallinity is lost as the stoichiometries of 

poly(D-Ox) and poly(L-Ox) become equivalent (Figure 4.25).  Simultaneously, 

increased scattering at low Q values is observed, indicative of larger domain 

sizes. Total loss of the crystalline peaks seemingly conflicts with the enhanced 

crystallinity of the complexes observed by DSC. As the WAXs data was 

measured at room temperature, it suggests stereocomplexation occurs via 

annealing at elevated temperatures. Further study, with variable temperature 

WAXs, would be necessary to elucidate the exact temperature of 

stereocomplexation.  
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Figure 4.25. WAXs profiles of poly(L-Ox) (red, Mn,SEC = 9400 g mol–1, ÐM = 1.29), poly(D-Ox) 

(black, Mn,SEC = 9100 g mol–1, ÐM = 1.25) and 50:50 (blue) and 75:25 (green) blends of poly(L-

Ox) and poly(D-Ox). 

4.9 Conclusions 

In summary, a highly regioselective, anionic ROP of D-Ox and L-Ox has been 

developed. The polymerisation exhibits excellent control under a simple 

reaction setup. DFT-studies revealed a strong kinetic preference for the 

regioselective polymerisation of the monomer. Poly(Ox) was found to be 

thermally robust (Td,onset ~316°C) and highly crystalline (Tm ~ 271–281 °C, Tg 

= 131–135 °C). The impacts of deprotection were studied in detail, with the 

occurrence of reversible cross-linking detected by SEC analysis. Moreover, 

the hydroxy groups of the deprotected polymer poly(D-Ox2) were 

demonstrated to be amenable to functionalisation. Finally, the effects of 

tacticity were investigated through L-Ox polymerisations. Random co-

polymerisations of D-Ox and L-Ox produce amorphous polymers with 

otherwise similar thermal properties (Td,onset ~ 301 °C, Tg = 125–128 °C), whilst 

blends of equimolar amounts of poly(D-Ox) and poly(L-Ox) form a novel 

stereocomplex as indicated by enhanced crystallinity by DSC (Tm = 288, ΔTm 

= +7–17°C) 
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4.10 Future work 

Efforts should be made to further optimise the homopolymerisation, 

particularly with regards to the synthesis of stereoblocks and higher Mn 

polymers. The solidification of the reaction mixture at higher conversion 

decreases the concentration of active chain ends available for polymerisation. 

A system active at lower temperatures (i.e. below the boiling point of CHCl3) 

is therefore desirable to enable effective mixing throughout the polymerisation. 

Coates and co-workers have recently developed a series of bimetallic 

chromium salen catalysts for the stereoselective synthesis of high Mn 

poly(propylene oxide) at 22 °C (Figure 4.26).36 Indeed, an analogous 

monometallic chromium salen complex, CrSalen, has already shown some 

activity in the homopolymerisation of D-Ox (see Chapter 5). The chirality of 

the species (in the backbone and as induced by the ligand coordination) may 

also facilitate stereoselective polymerisation. In addition, higher Mn polymer 

should allow for study of mechanical properties. Current investigations have 

been stifled by film cracking likely as a result of high rigidity of the polymer 

coupled with limitations in Mn imposed by the restrictions (i.e. inactive in 

solution) of KOtBu/CE initiator. 

 

Figure 4.26. Bimetallic Cr complexes developed by Coates and co-workers. Adapted from36. 
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Beyond further catalyst optimisation, side-chain modifications could impart 

added functionality. Coates and co-workers have demonstrated the impact of 

side-chain modification on stereocomplexation in polyesters, with bulkier side 

chains enhancing stereocomplex effects (Figure 4.27).37 A similar outcome 

may be observed with cyclohexyl, diisopropyl or diphenyl ketal- modified 

oxetane derivatives, all of which could be readily incorporated at the monomer 

stage using analogous syntheses to those described herein.  

 

Figure 4.27. Incorporation of bulkier side chains to favour stereocomplexation with simple 

acetal groups. 

Side-chain modifications other than simple acetalation could prevent chain 

degradation and isomerisation upon deprotection. With this in mind, synthesis 

of hydroxy-oxetane derivative, D-Ox-OH, could be useful and preliminary 

studies have already shown this is possible through acetal deprotection of D-

Ox (Scheme 4.11). Subsequent functionalisation with silanes could provide 

facile, orthogonal deprotection routes. Indeed, partial exposure of hydroxyl 

groups in the polymer could be a useful way to incur enhanced 

stereocomplexation due to interchain H-bonding. Other potentially interesting 

modifications include incorporation of an amide functionality (again to 

enhance interchain H-bonding) and synthesis of positively and negatively 

charged side arm for ionic heterostereocomplexation.
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Scheme 4.11. Synthesis of hydroxy oxetane derivative and further side chain modification for 

enhanced stereocomplexation. 

Further investigations into the stereocomplexation of poly(D-Ox) and poly(L-

Ox) should also be undertaken. Annealing of blends at various temperatures 

followed by ambient temperature WAXs, or variable temperature WAXs of a 

precipitated blend, should elucidate the temperature of complexation. 
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5. The ROCOP of an Oxetane-functionalised Sugar 

5.1 Introduction 

Recent reports on the incorporation of unmodified sugar-cores within polymer chains 

typically involve ROP of functionalised sugar derivatives,1 including cyclic 

carbonates,2-8 phosphoesters9 and thiocarbonates.10 The synthesis of such monomers 

is generally labour intensive; for instance, column chromatography is commonly 

required in the workup. Moreover, once isolated, their polymerisation is effectively 

linear, i.e., one monomer may be homo- or co-polymerised to form one polymer-type. 

In the case of co-polymerisation, unless performing sequential monomer addition 

experiments or using bespoke, highly selective catalyst/initiators, incorporation of 

either monomer largely proceeds statistically (as dictated by reactivity ratios). In turn, 

this may limit control over the resultant properties of the polymer. Consequently, 

variation of polymer properties typically requires chemical modification of the 

monomer, and thus, is non-trivial. 

Cyclic ethers are particularly interesting moieties with regards to controlled-polymer 

synthesis as they can be homopolymerised, to form polyethers, or co-polymerised with 

various co-monomers (e.g. cyclic anhydrides, CO2 and CS2) to form alternating (ABA-

type) polyesters,11, 12 polycarbonates13 and polythiocarbonates.14 Accordingly, in 

conjunction with advances in catalysis, the flexibility of the various ROCOP 

approaches allows material properties, for instance, thermal and chemical stability, to 

be targeted for particular applications from a single monomer.  

As compared with epoxides, reports of ROCOP with oxetanes are rare. Typically, 

oxetanes are more challenging to prepare than epoxides and exhibit increased stability 

as a result of unfavourable kinetics of opening in conjunction with comparatively low 

ring strain.15, 16 Nevertheless, oxetane/CO2 cycloaddition and ROCOP has been 

known for some time,17-25 as discussed in Chapter 2. More recently, Darensbourg and 

co-workers reported on  the Cr salen-catalysed ROCOP of oxetane with CS2 (Scheme 

5.1).26 As is typical in CS2 ROCOP, the reaction proceeded with significant scrambling 

of the O/S atoms to form two cyclic products in addition to polymeric species (Mn,SEC 

up to 13700 g mol–1, ĐM = 1.70–3.16) bearing 5-types of linkage. Product distributions 

were dependent on temperature, relative loadings of CS2 and the nature of the co-

catalyst. Improved chemoselectivites for polymer were observed at higher loadings of 

CS2 and at lower temperatures. CrSalen has also been applied in oxetane/COS 

ROCOP which proceeded with much improved chemoselectivity to form a semi-



- 187 - 

 

 

crystalline polymer (Mn,SEC up to 55700 g mol–1, ĐM = 1.68–2.42) bearing only a single 

polymer linkage (Scheme 5.1).27  

 

Scheme 5. 1. Examples of oxetane/CSX ROCOP as catalysed by CrSalen.26, 27 

Examples of oxetane/anhydride ROCOP are equally rare. In 1999, Endo and co-

workers reported on the first instance of oxetane/anhydride ROCOP  (Scheme 5.2).28 

The ROCOP was catalysed by titanium bisphenolate complexes to form polyesters of 

moderate molar mass (Mn,SEC up to 6300 g mol–1 ĐM = 1.18–1.60). Significant ether 

link formation was also observed (34–54% ether links).  

 

Scheme 5. 2. Titanium-catalysed oxetane/anhydride ROCOP. Adapted from28. 

More recently, Nishikubo and co-workers described an oxetane/anhydride ROCOP 

which occurred in the absence of a metal-based co-catalyst (Scheme 5.3).29 The 

ROCOP proceeded with good control (ĐM = 1.13–1.43) to form perfectly alternating 

phthalic anhydride (PA)- and diphenic anhydride (DPA)-derived polyesters (Mn,SEC 

values up to 11000 g mol–1). 
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Scheme 5. 3. Onium salt-catalysed oxetane/anhydride ROCOP. Adapted from29. 

D-Ox was considered an interesting co-monomer owing to its renewability, ease of 

synthesis and its potential for pre- or post-polymerisation functionalisation. Moreover, 

to the best of our knowledge, no reports had been made on the ROCOP of D-Ox with 

any co-monomer. Regarding variation in polymer properties, ROCOP of D-Ox with 

anhydrides is especially attractive. Given that cyclic anhydrides are cheap and widely 

available, modulation of the co-monomer potentially grants access to an array of 

polymer structures, avoiding lengthy syntheses of the analogous ROP-type substrates 

(Scheme 5.4). In addition, ROCOP may provide facile access to numerous block-co 

polymers.  

 

Scheme 5.4. ROP (red arrow) and ROCOP (blue arrow) routes to xylofuranose derived polyesters. 

Polycarbonates and polythiocarbonates, derived from xylofuranose, have been 

previously reported. Gross and co-workers described the synthesis and ROP of a 

cyclic carbonate functionalised xylofuranose, IPXF CC (Scheme 5.5).5 Y(OiPr)3-

catalysed ROP of IPXF CC formed fully regiorandom poly(CO2/D-Ox) with Mn,SEC 

values of up to 13200 g mol–1 (ÐM =  1.69) obtained. IPXF CC has also been applied 

in co-polymerisations with TMC and L-lactide.30, 31 Nevertheless, ROCOP of D-Ox and 

CO2 would theoretically provide a 100% atom economic route to xylofuranose 

polycarbonates and decrease waste in monomer synthesis. Moreover, the synthesis 

of the polycarbonate would not be reliant on phosgene derivatives. 
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Scheme 5.5. ROP of IPXF CC. Adapted from5. 

More recently, our group reported on the TBD-catalysed ROP of xanthate- and 

xanthate- and thionocarbonate-functionalised xylofuranose derivatives (IPXF-1 and 

IPXF-2, respectively, Scheme 5.6).10 ROP of IPXF-1 formed highly regioregular 

polymers (Mn,SEC up to 15700 g mol–1, ÐM =  1.55–2.20) with alternating 

trithiocarbonate and thionocarbonate linkages. In contrast, ROP of IPXF-2, formed 

fully regiorandom structures (Mn,SEC up to 10600 g mol–1, ÐM = 1.20–1.50). Notably, 

limited control over Mn was exhibited with either derivative. 

 

Scheme 5.6. ROP of IPXF-1 (green) and IPXF-2. Adapted from10. 

The reports on the xylofuranose-derived polycarbonates and polythiocarbonates, 

highlight a significant advantage of an efficient ROCOP approach, i.e., through choice 

of (commercial) co-monomer, a single monomer can form a multitude of different 

polymers. This is particularly attractive in the case of the polythiocarbonates in which 

monomer synthesis is non-trivial and low yielding due to the multiple columns and 

recrystallisations required to obtain ROP-compatible starting materials.10 In addition, 

as ROCOP proceeds via a distinct mechanism, it may form novel polymer 

microstructures which are inaccessible via ROP. 
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5.2 Aims 

The aim of this chapter was to investigate the ROCOP of D-Ox with various co-

monomers (Scheme 5.7). This would initially focus on the optimisation of ROCOP of 

D-Ox with PA. These conditions would then be applied to a range of cyclic anhydrides 

in an effort to synthesise novel xylofuranose-derived polyesters. Investigations into the 

deprotection of the polyesters along with mechanistic considerations are also 

described. Further to this, preliminary study into the ROCOP of D-Ox with CO2 and 

CS2 would be carried out. Finally, efforts would be made to synthesise a series of block 

co-polymers. All novel polymers will be fully characterised by NMR spectroscopy, DSC 

and TGA. 

 

Scheme 5.7. Overview of work carried out in Chapter 5. 
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5.3 ROCOP of D-Ox and PA 

5.3.1 Optimisation 

The ROCOP of D-Ox with phthalic anhydride, PA, was first investigated with 

rac 1,2-cyclohexanediamino-N,N'bis(3,5-di-t-butylsalicylidene)chromium(III) 

chloride, CrSalen. CrSalen, was chosen because of its well-known versatility 

as an anhydride/epoxide32-34 and CO2/oxetane ROCOP catalyst,19, 21, 23 

although its application in oxetane/anhydride ROCOP, remained unexplored.  

Polymerisations were initially trialled with [D-Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 

loadings of 100:100:1:1 at 60 °C and [D-Ox]0 = 2 mol L–1 in toluene (Table 5.1, 

entry 1). The appearance of new resonances by 1H NMR spectoscopy at 5.48 

ppm suggested the formation of ester linkages, later confirmed by 1H-13C 2D 

NMR spectroscopy (Figure 5.1 and section 5.3.2). However, the reaction 

proved sluggish, with only 9% conversion of D-Ox after 53 h.  

 

 

 

Figure 5.1. 1H NMR (400 MHz, CDCl3, whole) spectra of aliquots at a) t= 39 h, b) t = 15 h, c) 

PA and d) D-Ox. Reaction carried out at 100 °C with [D-Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 

loadings of 200:200:1:1. [D-Ox]0 = 2.0 mol L–1 (Table 5.1, entry 2). 

a) 

b) 

c) 

d) 
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Table 5.1. Optimisation of ROCOP of D-Ox and PA. 

 

Entry [D-Ox]0:[PA]0:[cat]0:[I]0[a] Temp (°C) Time (h) Conv.[b](select.)[c] Mn,SEC (ƉM)[d] 

1 100:100:1:1[e] 60 53 9% (-) - 

2 200:200:1:1[f] 100 41 85%[g] (>99%) 9900 (1.26) 

3 200:200:1:1 100 89 97% (>99%) 14000 (1.27) 

[14000 (1.24)][h] 

4 200:200:1:0[i] 100 94 0% (-) - 

5 200:200:1:0[j] 100 94 1% (-) - 

6 100:0:1:1[k] 120 20 1% (-) - 

[a] Reactions carried out at [D-Ox]0 = 1.34 mol L–1 in σ-dichlorobenzene with cat = CrSalen, I 

= PPNCl. PA was triply recrystallised before use unless otherwise stated. Scale = 2.00 mmol 

of D-Ox (344 mg). [b] Conversion of D-Ox determined by 1H NMR spectroscopy by relative 

integration of anomeric protons in D-Ox (CDCl3, δ = 6.26 ppm (d, J = 3.7 Hz)) and poly(PA/D-

Ox) (CDCl3, δ = 5.95 ppm (d, J = 3.6 Hz)).[c] Determined by 1H NMR spectroscopy.[d] 

Calculated by SEC relative to polystyrene standards in THF eluent, ĐM = Mw/Mn.[e] [D-Ox]0 = 

2.0 mol L–1, solvent = PhMe.[f] [D-Ox]0 = 2.0 mol L–1.[g] Polymerisation quenched by cooling 

over ice after stirring stopped.[h] PA stirred over benzene, recrystallised (CHCl3) then 

sublimed.[i] cat = Zn/Zn, solvent = PhMe, CTA = 1,2-cyclohexane diol [CTA]0:[ZnZn]0 = 4:1.[j] 

cat = Zn/Mg solvent = PhMe, CTA = 1,2-cyclohexane diol [CTA]0:[ZnMg]0 = 4:1.[.[k] [D-Ox]0 = 

4.0 mol L–1. 

 

The temperature was next increased to 100 °C, with exchange of PhMe for σ-

dichlorobenzene to decrease solvent reflux (Table 5.1, entry 2). Improved 

catalytic activity was observed, although solidification of the reaction mixture 

prior to completion of the reaction limited conversion to 85% after 39 h. 

[D-Ox]0 was next decreased to 1.34 mol L–1, giving 97% conversion of the 

oxetane and PA after 89 h (Table 5.1, entry 3). At [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1, polymer of up to 

14000 g mol –1 was obtained with narrow ÐM (1.24–1.27) , as measured by 
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SEC. No impact on Mn,SEC values was observed when using recrystalised then 

sublimed over triply recrystallised PA (Table 5.1, entry 3).  

Reactions performed in toluene (to prevent catalyst degradation), in the 

presence of chain transfer agent, 1,2-cyclohexane diol, with the bimetallic Zn 

complex, Zn/Zn, and the heterobimetallic Zn/Mg complex, Zn/Mg, gave poor 

conversion of D-Ox (Table 5.1, entries 4 and 5). This may be a result of the 

low Lewis acidity of the Zn and Mg ions which may insufficient for D-Ox 

activation. 

5.3.2 Poly(PA/D-Ox) microstructure 

5.3.2.1 NMR characterisation 

1H NMR spectroscopy of isolated samples of poly(PA/D-Ox) revealed that the 

aromatic resonances integrated with the expected number of protons (four), 

suggesting the polymerisation is fully alternating (Figure 5.3). A low occurence 

of resonances in the ether region of the 1H NMR spectrum (3.25 ppm – 3.75 

ppm) also indicates that the ROCOP proceeds with high alternating selectivity 

(>95%). Experiments performed in the absence of PA resulted in only 1% 

conversion of D-Ox after 20 h at [D-Ox]0:[CrSalen]0:[PPNCl]0 loadings of 

100:1:1 at 120 °C, demonstrating that CrSalen does not catalyse the ROP of 

D-Ox within the timeframe, stoichiometries and temperatures of ROCOP 

employed here (Table 1, entry 6). Conversely, at 100 °C with [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1, the rates of 

consumption of both PA and D-Ox were very similar which is strongly 

indicative of AB-type polymer microstructure (Section 5.3.2.3). This is in 

agreement with MALDI-ToF mass spectrometry which detected polymeric 

series with repeat units of 320 g mol–1, consistent with the incorporation of 

both D-Ox and PA in the polymer chains (Section 5.3.2.2, Table 5.2).  
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Figure 5.2. 1H NMR spectrum (400 MHz, CDCl3, whole) of a) poly(D-Ox) and b) poly(PA/D-

Ox) 

1H and 13C{1H} NMR spectroscopy show that poly(PA/D-Ox) is highly 

regioregular, suggesting propagation occurs uniformly (Figure 5.2 and 5.3). 

Inspection of the carbonyl region of the 13C{1H} NMR spectrum reveals the 

presence of two resonances, incompatible with the HH and TT alignments 

(which would be expected to show four resonances with each arrangement 

contributing two) and strongly indicative of a HT or TH configurations (see 

section 5.5 for a more detailed discussion of how HH, TH, HH and TT links 

form). Lastly, 1H COSY NMR spectroscopy reveals an absence of coupling 

between the b and c environments which is suggestive of a HT microstructure 

(see Chapter 4, section 4.4.3 for more a detailed discussion). 
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Figure 5.3. HT, TH, HH and TT configurations and 13C{1H} spectrum (101 MHz, CDCl3, 

165.5–167.3 ppm [carbonyl region]) of poly(PA/D-Ox).  

1H -13C HMBC spectroscopy also showed that ROCOP with CrSalen was 

highly ring selective, with correlations from the carbonyl resonances occurring 

only at the e and c positions on the sugar (Figure 5.4). This indicates exclusive 

opening across the oxetane moiety. 

 

 

Figure 5.4. 1H -13C HMBC spectrum (400 MHz, CDCl3, whole) of poly(PA/D-Ox). 
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5.3.2.2 MALDI-ToF spectrometry 

MALDI-ToF spectrometry indicated the presence of three series all with repeat 

units of 320 g mol–1 corroborating with the spectroscopic evidence suggestive 

of a fully alternating co-monomer sequence (Table 5.2). The primary and 

secondary series were assigned as linear polymer species with IPXF and H, 

and Cl and H end groups, respectively. The high occurence of IPXF-end 

capped species may indicate that additional purification of D-Ox (e.g. 

succesive distillations) to remove residual diprotic impurities is necessary for 

higher Mn polymer synthesis. The minor series was assigned as a linear 

polymer species with chloride and H end groups. All series were detected as 

Na+ adducts 

Table 5.2. MALDI-ToF of poly(PA/D-Ox) (Mn,SEC = 9600, ƉM = 1.27, Mn,MALDI = 8200)  The 

primary and secondary series are assigned as linear polymer species with 1,2-O-

Isopropylidene-alpha-D-xylofuranose and OH end groups detected as Na+ and K+ adducts, 

respectively. The minor series is assigned as a linear polymer species with chloride and OH 

end groups detected as Na+ adducts. 

 

 

Structure n m/ztheo (g mol–1) m/zMALDI (g mol–1) 

PL4+ Na+ 23 7580 7582 

PL5+ Na+ 22 7277 7280 

PL6+ Na+ 23 7401 7409 

[a] Calculated as Mr(I) +Mr(Na)+ (Mr(D-Ox + PA) × n). 
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5.3.2.3 Kinetics of PA/D-Ox ROCOP 

Initial rate kinetic studies carried out with CrSalen/PPNCl at [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1 indicated first-order 

kinetics (kobs D-Ox = 0.0267 h–1, kobs PA = 0.0222 h–1) with respect to [D-Ox] 

and [PA] (Figure 5.5). The observed rates are significantly lower than that of 

an analogous PA/cyclohexene oxide ROCOP of PA (CHO) catalysed by 

CrSalen and PPNN3 reported by Darensbourg and co-workers (k = 29.6 x 103 

mol L–1s–1, temperature = 100 °C, [PA]0 = 0.810 mol L–

1,[PA]0:[CHO]0[CrSalen]0[PPNN3]0 loadings of 200:200:1:1).42 Irrespective of 

the relatively slow rate, Mn,SEC was found to increase linearly with conversion 

of [D-Ox]0 as typically observed in living polymerisations. SEC analysis at 

intermediate conversions, showed a bimodal distribution, likely as a result of 

initiation by both chloride and diprotic impurities in D-Ox and PA, as typically 

observed in ROCOP (Figure 5.5 insert). At higher percentage conversions, 

bimodality was lost for reasons that remain unclear.  
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Figure 5.5. (top) Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, 

square) and ÐM (blue, triangle) (inset) SEC curves of poly(PA/D-Ox) at 27% conversion 

(Mn,SEC = 7600 g mol–1, ƉM = 1.30) and 97% conversion (Mn,SEC = 14000 g mol–1, ƉM = 1.24). 

(bottom) Pseudo-first order kinetics in [D-Ox] and [PA]. The reaction was carried out at 100 

°C with [D-Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1. [D-Ox]0 =  1.34 mol L–1. 
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5.4 Substrate scope 

The protocol was next extended to a range of cyclic anhydride co-monomers. 

For 5-membered monocyclic anhydrides, succinic anhydride (SA), maleic 

anhydride (MA) and citraconic anhydride (CA), conversions of D-Ox were 

poor and only oligomers were detected by SEC (Table 5.3, entries 1–3). For 

MA and CA, at 100 °C, broad resonances were detected in the 1H NMR 

spectrum at 1.00 – 3.50 ppm, suggesting the occurrence of cross-linking of 

the alkene moiety of the anhydride. To avoid cross-linking, a reaction was 

performed at 60 °C with CA; however, no conversion of either co-monomer 

was observed up to 41 h. 
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Figure 5.6 conversion of D-Ox (determined by 1H NMR spectroscopy) in ROCOP with PA 

(black), 4MPA (red), GA (blue), DGA (lilac), BCODA (cyan), CARA (green) and DPA (orange) 

at 100 °C with [D-Ox]0:[anhydride]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1. [D-Ox]0 = 

1.34 mol L–1 in  σ-dichlorobenzene. 
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Table 5.3. ROCOP of D-Ox with various cyclic anhydrides. 

 

Entry Substrate Time 

 (h) 

Conv. 

(%)[a] 

Select. 

(%)[b] 

TOF  

(h–1)[c] 

Mn,theo
[d] 

 

Mn,SEC
[e] ÐM

[f] Td,onset  

(°C) 

Tg  

(°C)[g] 

1 SA 41 29[h] - 1- - <1000 - - - 

2 CA 41 0 (0)[i] - - - - - - - 

3 MA 41 0 - - - - - - - 

4 PA 89 97 >99 2.2 64000 14000 1.24 241 145 

5 4MPA 55 95 >99 3.5 66900 12300 1.27 235 138 

6 GA 131 97 >95 1.5 57300 7200 1.40 280 60 

7 DGA 143 95 >98 1.3 57700 6300 1.59 269 80 

8 BCODA 61 83 >99 2.7 70000 4200 1.23 263 131 

9 CARA 143 84 >99 1.2 67000 12000 1.35 212 141 

10 DPA 40.5 >99 >99 4.9 79300 10500 1.29 296 129 

Reactions carried out at 100 °Cat [D-Ox]0:[anhydride]0:[CrSalen]0:[PPNCl]0 loadings of 

200:200:1:1 in σ-dichlorobenzene and [D-Ox]0 = 1.34 mol L–1 unless stated otherwise. Scale 

= 2.00 mmol of D-Ox (344 mg). [a] Conversion of D-Ox determined by relative integration of 

anomeric protons in D-Ox (CDCl3, δ = 6.26 ppm (d, J = 3.7 Hz)) and polymer (CDCl3, δ = 

6.01–5.44 ppm), reaction quenched when stirring stopped.[b] Determined by 1H NMR 

spectroscopy.[c] Calculated as moles D-Ox /(moles CrSalen × time).[d] Calculated as Mr(Cl)+ 

((Mr(D-Ox)+Mr(anhydride)) × [D-Ox]0/ [PPNCl]0 × conv/100%).[e] Calculated by SEC relative 

to polystyrene standards in THF eluent.[f] ĐM = Mw/Mn.[g] Values taken from second heating 

cycle.[h] No additional conversion from 21 h so reaction quenched.[i] Reaction carried out at 60 

°C. 

For all other substrates tested, ROCOP proceeded as intended with excellent 

D-Ox conversions (>83%, Table 5.3, entries 4–11 and Figure 5.6). High 

selectivity for ROCOP (>95%) was observed for each substrate, in line with 

kinetic considerations i.e., that CrSalen-catalysed homopolymerisation of D-
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Ox is inaccessible at 100 °C with [D-Ox]0 = [anhydride]0. In the case of 4-

methylphthalic anhydride, 4MPA, conversions, turn over frequency (TOF) and 

Mn,SEC values were comparable to those observed with PA (Table 5.3, entries 

4 and 5, respectively), indicating the remote Me group of the anhydride does 

not interfere with ROCOP. Similarly, conversions, TOF and Mn,SEC values 

were approximately the same for glutaric anhydride, GA, and diglycolic 

anhydride, DGA (Table 5.3, entries 6 and 7, respectively). For the tricyclic 

anhydrides, endo-bicyclo[2.2.2]oct-5-ene-2,3-dicarboxylic anhydride, 

BCODA, and carbic anhydride, CARA, conversions were similar, however, 

TOF was lower for the latter, with Mn,SEC values higher (Table 5.3, entries 8 

and 9, respectively). Finally, for diphenyl anhydride, DPA, quantitative 

conversion of D-Ox was observed, consistent with the increased strain of the 

system as a result of the presence of a 7-membered cyclic anhydride (Table 

5.3, entry 10). The TOF was also higher for DPA as compared with the other 

anhydrides tested, while Mn,SEC values were comparable to PA and 4MPA. It 

should be noted that for all anhydrides tested, the Mn,SEC values were 

significantly lower than Mn,theo, likely as a result of protic impurities in the 

reaction mixtures. This is substantiated by SEC data which indicates isolated 

polymers were generally were either bimodal or had slight shoulders (see 

experimental). 

Excellent control (ÐM < 1.35) was generally exhibited apart from with GA and 

DGA (ÐM = 1.40 and 1.59, respectively). This is likley a consequence of GA 

and DGA having the smallest steric profile of all substrates, thereby promoting 

transterification reactions during ROCOP (Figure 5.7). 

 

Figure 5.7. Impact of polymer backbone substituents on the rate of transesterification. 



- 202 - 

 

 

5.5 Polyester microstructure 

5.5.1 Proposed mechanism of D-Ox/anhydride ROCOP 

Presumably, D-Ox/anhydride ROCOP follows the general anhydride/epoxide 

mechanism outlined in Chapter 1, section 1.2.2.2. However, a few additional 

considerations are pertinent to D-Ox.  

Firstly, in line with previous studies involving CO2/oxetane,23 CS2/oxetane 

ROCOP26 and D-Ox opening (Chapter 4), its likely initiation occurs with 

coordination of D-Ox to CrSalen followed by opening of D-Ox via an SN2 

reaction with a chloride at the methylene e position (Scheme 5.8). This would 

form a secondary alkoxide with stereochemistry maintained at the c position. 

 

Scheme 5.8. Initiation of D-Ox in CrSalen-catalysed ROCOP. 

Propagation may then occur through secondary alkoxide insertion into an 

anhydride carboxylate moiety. Opening of the anhydride yields a carboxylate 

intermediate which may undergo an SN2 reaction at either the methylene e 

position (to form HT linkages) or methine c position (to form TT linkages) on 

D-Ox (Scheme 5.9). In the latter case, opening of the second equivalent of D-

Ox must result in inversion of stereochemistry at the c position. The selectivity 

of D-Ox opening will be highly dependent on the nature of the co-monomer 

anhydride. 

Alternatively, if anhydride opening proceeds via a primary hydroxyl (which 

would necessitate prior inversion of the stereochemistry at the c position), 

subsequent propagation at the methylene e position or methine c position 

would form HH and TH linkages, respectively.  

For D-Ox, HT, TH, HH and TT linkages would be inequivalent therefore it 

would be expected that 8 resonances (2 esters moieties per linkage) would 

be present in the carbonyl region of 13C{1H} NMR spectrum of a fully 

regiorandom polymer. Moreover, further intricacy of spectra may arise from 

the formation of differing triads (e.g. the highlighted HT linkage present in a 
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TH-HT-HT may be different from a HT linkage present in the uniform 

sequence, HT-HT-HT.) 

  

Scheme 5. 9. The formation of HT, HH, TT and TH linkages in D-Ox/anhydride ROCOP. 

The inversion at the c position during HH or TT propagation should enable for 

quantification of regioregularity if the polymers can be selectively degraded 

without isomerisation of the sugar positions (Scheme 5.10).11 Subjecting the 

hydrolysis products to chiral GC to assess the percentage of inverted and non-

inverted diols would give inference into the relative ratios of HT, TH, TT and 

HH linkages in the isolated polymer. 



- 204 - 

 

 

 

 

Scheme 5.10. Possible method for the quantification of regioregularity in the polyesters.  

Epimerisation may also occur if acidic α protons are present within the 

structure (Scheme 5.11). Differing triads will be detectable by NMR 

spectroscopy if the α proton is located at a chiral centre (e.g. for BCODA and 

CARA).  

 

Scheme 5.11 . Epimerisation of chiral centres alpha to the polyester linkage. 

Consistent with the absence of ether links by NMR spectroscopy, competitive 

D-Ox homopolymerisation may be discounted in stoichiometric anhydride/D-

Ox experiments conducted at 100 °C (Scheme 5.12).  

 

 

Scheme 5.12. Ether link formation in D-Ox/anhydride ROCOP. 



- 205 - 

 

 

5.5.2 Poly(DGA/D-Ox), poly(GA/D-Ox) and poly(DPA/D-Ox)  

Qualitative inspection of 13C{1H} and1H NMR spectra of poly(DGA/D-Ox) 

(Figure 5.8 a and Figure 5.9 a, respectively) and poly(GA/D-Ox) (Figure 5.8 b 

and Figure 5.9 b, respectively), reveals HT regioselectivity for both structures. 

However, signal broadening and the presence of shoulders in 13C{1H} NMR 

spectra of poly(DGA/D-Ox) and poly(GA/D-Ox), suggests that ROCOP 

proceeds with less regioselectivity than for PA/D-Ox. 

 

  

 

Figure 5.8. 13C{1H} NMR spectra (126 MHz, CDCl3) of a) poly(DGA/D-Ox), b) poly(GA/D-Ox), 

c) poly(BCODA/D-Ox), d) poly(CARA/D-Ox) and e) poly(DPA/D-Ox).   

a) b) 

c) d) 

e) 
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Figure 5.9. 1H NMR spectra (CDCl3, 500 MHz, whole) of (top) poly(GA/D-Ox), (middle) 

poly(DGA/D-Ox) and (bottom) poly(DPA/D-Ox)/ 

 

Given the different regioregularities of the isolated polymers, it is likely that for 

PA, GA and DGA, propagation predominantly occurs either via a secondary 

alkoxide opening at the e position of D-Ox (to form HT linkages). For DPA 

however, opening of D-Ox at either the e or c position (with primary or 

secondary alkoxides) may be possible (to form HT, TH, TT and HH linkages). 

Indeed, although 1H COSY NMR experiments were inconclusive with regards 

to inversion at the c position, inspection of the 1H NMR spectrum shows 

inequivalent a and c environments, present in an approximately 1:1 ratio. This 

implies a fully regiorandom microstructure. The increased complexity of the 

microstructure of poly(DPA/D-Ox) may be a result of the enhanced rate of 
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reaction observed with DPA, which suggests a lower activation barrier exists 

for the co-polymerisation more generally. This may grant access to alternative 

pathways that are kinetically inaccessible for PA, DGA and GA. 

 

5.5.3 Poly(4MPA/D-Ox) 

The presence of a Me group in 4MPA decreases the molecular symmetry of 

poly(4MPA/D-Ox). Consequently, in addition to HT, TH, HH and TT 

configurations, the orientation (denoted α and β) of the Me group must also 

be considered. This gives rise to an additional four possible polymer ester 

linkages (Figure 5.10a). 1H NMR spectra suggest uniform polymer 

microstructure as indicated by each environment exhibiting only a single 

resonance (e.g. only one anomeric-type resonance detected). However, 

inspection of the carbonyl region of the 13C{1H} NMR spectrum of 

poly(4MPA/D-Ox) results in a degree ambiguity (Figure 5.10 c). There are six 

sets of resonances clearly identifiable, with some broadening and complexity 

observed in the signals at 167.1 ppm and 166.0 ppm. It is possible that the 

convolution at 167.1 and 166.0 ppm is a result of overlapping resonances, 

suggesting the presence of multiple linkages, present in an approximately 

equal ratio. This would indicate non-uniform propagation. Alternatively, the 

resonances at 167.1 and 166.0 ppm may correspond to two linkages each, 

with the observed shoulders a consequence of sequence effects. Indeed, 

inspection of the 1H COSY NMR spectrum reveals no correlation between the 

b and c environments, suggestive of minimal inversion at the methine position. 

This would imply ordered propagation (as observed in PA) with random 

orientation of the Me group. Given the structural similarities of 4MPA and PA, 

it is suggested that the latter scenario is most likely, however, further analysis 

(e.g. chiral gas chromatographic analysis of the hydrolysis products of 

poly(4MPA/D-Ox) Scheme 5.10) is required for a definitive answer.  
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Figure 5.10. a) α and β HT, TH, HH and TT and HT alignments of poly(4MPA/D-Ox) and 
13C{1H} NMR spectra (126 MHz, CDCl3, carbonyl region [165.7–167.3 ppm]) of b) poly(PA/D-

Ox) and c) poly(4MPA/D-Ox). 

a) 

c) b) 
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5.5.4 Poly(BCODA/D-Ox) and poly(CARA/D-Ox)  

Contrasting with other substrates used in this study, both BCODA and CARA 

have an acidic α-proton, meaning epimerisation of the polymer chain is 

possible during ROCOP. This gives rise to cis/trans stereo irregularities which 

may be detected by 1H and 13C{1H} NMR spectroscopy (Figure 5.11).  

 

Figure 5. 11. Cis or trans configured polyesters 

Inspection of the alkenyl region of the 1H NMR spectrum of isolated 

poly(BCODA/D-Ox) reveals the presence of three broad resonances at 6.36, 

6.24 and 6.16 ppm, present in an approximate 1:2:1 ratio (Figure 5.13). 

Assignation of the resonances as trans:cis:trans species, respectively, is 

possible through comparison with literature values.35 Although divergent 

propagation mechanisms cannot be ruled out, the literature data strongly 

suggests the isomerisation is a result of epimerisation at the α position in the 

BCODA component. Indeed, given the increased steric hinderance of the 

methine position and the relative bulk of the carboxylate moiety, propagation 

via the c environment seems unlikely (Figure 5.12).  

 

Figure 5.12. Sterically determined propagation with bulky carboxylates. 

Isomerism is also observed at the anomeric position in poly(BCODA/D-Ox) 

with two broad resonances detected by 1H NMR spectroscopy at 5.89 and 

5.79 ppm, assigned as cis and trans, respectively based on relative 

integrations (Figure 5.13). The anomeric data indicate that the cis:trans ratio 

in a 39:61 consistent with enhanced thermodynamic stability of the trans 

isomer.
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Figure 5. 13. 1H NMR spectra (CDCl3, 500 MHz, 5.60–6.60 [alkenyl and anomeric region]) of 

(top) poly(BCODA/D-Ox) and (bottom) poly(CARA/D-Ox) 

The 1H NMR spectrum of poly(CARA/D-Ox) reveals further complexity: four 

broad alkenyl resonances are present at 6.30, 6.25, 6.19 and 6.07 in addition 

to three anomeric at 5.95, 5.89 and 5.79 ppm (Figure 5.13). The separation of 

the anomeric environments is likely a consequence of triad sequence effects 

(cis:cis:cis, cis:cis:trans, cis:trans:trans etc) which could result in highly 

complex resonance formation. For instance, the trans:cis:cis motif has a 

possible 8 configurations, each of which may be observed as inequivalent by 

NMR spectroscopy (Figure 5.14). Although the resonances cannot be 

definitively assigned, given the relative integrations of the anomeric 

environments, the cis:trans ratio is estimated as ~50:50. 

CrSalen generally induces significant epimerisation in anhydride/epoxide 

ROCOP.11, 36 This is likely exacerbated by extended reaction times (61 h and 

143 for BCODA and CARA, respectively) which will further decrease 

stereoselectivity. A more active catalyst may suppress epimerisation of both 
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BCODA and CARA and would be desirable in the context of achieving 

superior thermal properties for both polymers (see section 5.6). 

 

Figure 5. 14. Possible linkages in a cis:cis:trans triad.  



- 212 - 

 

 

5.6 Thermal properties  

The thermal properties of the polyesters were next investigated (Figure 5.15 

and Table 5.3).  

 

Figure 5.15. Structure and thermal properties of D-Ox derived polyesters. 

TGA revealed that the polymers had Td,onset values between 212–295 °C 

under argon (Figure 5.16). No obvious general trend between co-monomer 

and thermal stability was observed, however, incorporation of an oxygen atom 

in poly(DGA/D-Ox) led to an approximate 20 °C decrease in Td,onset as 

compared with poly(GA/D-Ox). All polyesters had lower Td,onset values than 

poly(D-Ox), poly(L-Ox) and 50:50 poly(D-Ox/L-Ox) (Td,onset~300–320 °C) 

highlighting the impact of ether linkage on thermal robustness. 
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Figure 5.16. TGA traces (200–600 °C) of poly(PA/D-Ox) (black), poly(4MPA/D-Ox) (red), 

poly(GA/D-Ox) (blue), poly(DGA/D-Ox) (lilac), poly(CARA/D-Ox) (green), poly(BCODA/D-

Ox) (cyan) and poly(DPA/D-Ox) (orange). 

DSC suggested that all the novel polymers were also amorphous, with no Tm 

observed in any of the samples (Figure 5.17). WAXs confirmed their 

amorphous nature in each case apart from for poly(GA/D-Ox), which showed 

some crystalline peaks (Figure 5.17), indicating that the Tm occurs above the 

Td,onset (Tm > 280 °C). Given that semicrystalline polymers comprise some of 

the most widely used materials in the world (e.g polyethylene, polypropylene) 

similar thermal properties are attractive, especially when the materials are 

entirely renewably derived, as is the case with poly(GA/D-Ox). Indeed, 

poly(GA/D-Ox) is one of only a few known semi-crystalline polyesters 

synthesised by ROCOP.11, 37 Moreover, other reported examples have 

relatively low Tm values (79–150 °C), indicating poly(GA/D-Ox) is unique 

amongst this class of polyester (Figure 5.18).  
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Figure 5.17.  (top) DSC thermograms (40–180°C) of poly(PA/D-Ox) (black), poly(4MPA/D-

Ox) (red), poly(GA/D-Ox) (blue), poly(DGA/D-Ox) (lilac), poly(CARA/D-Ox) (green), 

poly(BCODA/D-Ox) (cyan) and poly(DPA/D-Ox) (orange). (bottom) WAXs profile of 

poly(GA/D-Ox).  
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Figure 5.18. Comparison of Tm values of selected examples of semi-crystalline polyesters 

derived from anhydride/epoxide ROCOP. 

 

Regarding the DSC data, the least conformationally restricted poly(GA/D-Ox) 

and poly(DGA/D-Ox) had the lowest Tg values of 60 °C and 80 °C, 

respectively, consistent with the anhydride’s flexibility (Table 5.3, entries 6 and 

7, respectively). The increased Tg of poly(DGA/D-Ox) is likley a result of O 

atom lone pairs acting as secondary H-bond acceptor site (in addition to the 

carbonyl) strengthening interchain-forces and thereby decreasing chain 

mobility. Similar differences between the two substrates have been noted 

previously, with polymers derived from DGA typically exhibitng an increased 

Tg.33 

The more rigid polyesters, formed with bi- or tricyclic anhydrides, had Tg 

values ranging from between 129–145 °C (Table 5.3, entries 4 and 5 and 

entries 9 –11, Figure 5.19). Given the high Td,onset values of the polyesters, the 

aforementioned polymers have a broad processing window (Td,onset – Tg ≥ 71 

°C), contrasting with previously reported sugar-based polycarbonates.3, 4, 38 

The Tg values are also attractive in the context of applications in thermally 

active environments and competive with other known high-Tg aliphatic and 

semi-aromatic polyesters derived from ROCOP (Tg < 184 °C, Figure 5.19).11, 

39 It should be noted that Kleij and co-workers have reported Tg values of up 

to 243 °C,40 however the molecule was essentially oliogermic (DP = 7, Mn,SEC 

= 2200, ÐM = 1.36) and the low thermal stability of the structure (Td10 = 268 

°C) may limit potential application. Moreover, given that the Mn of the polymers 

isolated herein are relatively low, its highly likely that the intrinsic maxium Tg 

of the polymers is significantly higher.  
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Figure 5.19. Highest Tg values from literature epoxide/anhydride ROCOP vs high Tg 

polyesters synthesised in this study. 

In contrast with other known high-Tg polyesters, D-Ox also affords a handle 

for post-polymerisation functionalisation that is not reliant on alkene 

modification. It is therefore possible to envisage polymer alterations which 

may occur in series to facilitate the synthesis of highly functionalised 

polyesters (Section 5.7, 5.11 and 5.13).  

Poly(PA/D-Ox) had the highest Tg of all the polymers isolated (145 °C, Table 

5.3, entry 4, Figure 5.15). Indeed, this observation contrasts with earlier 

studies in which tricyclic-anhydride-derived polyesters exhibited higher Tg 

values than bicyclic-anhydride-derived counterparts.11, 39, 41, 42 (Figure 5.20). 

As compared with the other high Tg polyesters formed in this study, poly(PA/D-

Ox) is distinctively regioregular. In turn, this may faciliate more efficient 

packing in poly(PA/D-Ox) thereby increasing the Tg of the polymer. It is also 

not possible to fully delinate the impact of Mn on the Tg values, given that 

poly(PA/D-Ox) had the highest DP (~41) of all isolated polymers. However, it 

is anticipated that given improved control of regio- and stereoregularity of 

poly(DPA/D-Ox), poly(BCODA/D-Ox) and poly(CARA/D-Ox) higher Tg 

values could be obtained. 
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Figure 5.20. selected examples of anhydride/epoxide ROCOP showing relative Tg values of 

polyesters derived from bicyclic and tricyclic anhydrides 

5.7 Polymer modifcation 

5.7.1 Deprotection of acetal groups  

In order to assess the viability of the approach for the synthesis of AB ‘block’ 

polyols, deprotection of the acetal groups of the xylose component of the 

polymers was attempted by acid hydrolysis. Exposure of the polyesters to acid 

may incur several different reactions, namely, deprotection of the acetal group 

(as desired), cleavage of the ester bonds, and cross-linking 

(transesterification, Scheme 5.13). In addition, H-bond network formation may 

occur following deprotection (khb). Ideal conditions would enhance the rate of 

acetal hydrolysis at the expense of polyester cleavage and transesterification. 

If a significant loss of Mn is observed this would suggest the rate of chain 

cleavage (kh1+kh2+kh3) ≥ deprotection (kdp). Increases in Mn upon deprotection 

may be attributed to low levels of cross-linking (e.g. via anomeric exchange) 

or H-bond formation between chains. As hydroxyl exposure increases so 

should the favourability and rate of cross linking (kcl and khb) 
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Scheme 5.13. Mechanistic considerations for deprotection of acetal groups in D-Ox derived 

polymers. 

Conditions were first optimised with poly(PA/D-Ox). Decreasing the acid 

concentration from 7.5 M to 5.0 M served to lower the overall rate of the 

reaction (Figure 5.21 a and b). However, significant degradation of the 

polyester chains (as indicated by a decrease in Mn,SEC values coupled with 

broadening of ÐM) was also observed, suggesting the relative rates of chain 

(kh)- and acetal (kdp)-hydrolysis are independent of the screened acid 

concentrations. Lowering the temperature to 0 °C decreased the rate of both 

acetal and chain-hydrolysis but more significantly so for the latter (Figure 5.21 

c), with improved retention of Mn at higher percentages of deprotection as 

compared with the ambient temperature reactions.
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Figure 5.21. Plots of % deprotection vs time vs Mn,SEC of poly(PA/D-Ox) (Mn,SEC = 13000 g 

mol–1, ƉM = 1.24). for reactions performed at a) 22 °C, [H+]0 = 7.5 M b) 22 °C, [H+]0 = 5.0 M c) 

0 °C, [H+]0 = 7.5 M (bars =  Mn,SEC, line and symbol = % acetal deprotection). 

Satisfied that the deacetalation had been sufficiently optimsed for 

poly(PA/Ox), deprotection of the other polyesters was attempted (Table 5.4). 

a) 
b) 

c) 
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Table 5.4. Deprotection of polyesters. 

 

Entry Polymer Conv. 
(%)[a] 

Mn,SEC (ÐM) [b]
 Td,onset [ΔTd,onset] 

 (°C)[c] 

Tg [ΔTg] 

( °C)[d] 

1 Poly(PA/D-Ox) 81 12900 (1.59) 174 [–67] 135 [–10] 

2 Poly(4MPA/D-Ox) 79 13500 (1.51) 160 [–75] 109 [–29] 

3 Poly(GA/D-Ox) 85 5500 (1.22)[e] 187 [–93] 42 [–18] 

4 Poly(DGA/D-Ox) 72 1100 (1.16) - - 

5 Poly(BCODA/D-Ox) 80 4300 (1.28) 163 [–100] 139 [+8] 

6 Poly(CARA/D-Ox) 80 11200 (1.65) 164 [–48] 160 [+7] 

7 Poly(DPA/D-Ox) 75 9700 (1.31) 145 [–51]] 139 [+10] 

Reactions performed at 0 °C in DCM at [TFA]0 = 7.5 mol L–1 for 8 h unless otherwise stated. 

Scale = 100 mg of polymer. [a] Determined by 1H NMR spectroscopy by relative integration of 

anomeric (d6-DMSO, δ = 6.01–5.44 ppm) and acetal protons (d6-DMSO, δ = 1.50–1.15 

ppm).[b] Calculated by SEC relative to polystyrene standards in THF eluent, ĐM = Mw/Mn.[c] 

ΔTd,onset = ΔTd,onset (protected) – ΔTd,onset (deprotected).[d] Values taken from 2nd heating cycle, 

ΔTg = ΔTg (protected) – ΔTg (deprotected).[e] Time = 6 h. 

The extent of hydrolytic degradation of the polymers was dependent on the 

nature of the anhydride co-monomer. Polyesters incorporating bulkier bi- and 

tricyclic anhydrides were more stable to the acidic conditions, as indicated by 

the retention of Mn,SEC values prior to, and after ,deprotection (Table 5.4, 

entries 1,2 and 5–7, Figure 5.22 a). This may be attributed to the increased 

steric hinderance around the ester linkages which will decrease the rate of 

chain cleavage (kcl). Conversely, the more sterically exposed poly(GA/D-Ox) 

and ether-linked poly(DGA/D-Ox) degraded significantly upon deprotection 

(Table 5.4, entries 3 and 4, respectively). Poly(DGA/D-Ox), which contains 

two acid-labile polymer-linkages, was found to be particularly susceptible to 

chain hydrolysis: significant loss of Mn was observed at low levels of hydroxyl 

exposure and only oligomers were isolated following 8 h deprotection(Table 

5.4, entry 4, Figure 5.22 b).  
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Figure 5.22. Plots of % deprotection vs time vs Mn,SEC for a) poly(CARA/D-Ox) (Mn,SEC = 

12000 g mol–1, ƉM = 1.35) and b) poly(DGA/D-Ox) (Mn,SEC = 6200 g mol–1, ƉM = 1.59) for 

reactions carried out at 0 °C, [H+]0 = 7.5 M (bars =  Mn,SEC, line and symbol = % acetal 

deprotection). 

The SEC chromatograms of poly(PA/D-Ox), poly(4MPA/D-Ox) and 

poly(CARA/D-Ox) showed broadening of their respective ƉM’s with slight 

tailing towards high molar masses, consistent with the occurrence of a small 

degree of transesterification or H-bond formation. WAXs analysis of 

poly(4MPA/D-Ox) substantiated the SEC data (Figure 5.23 a): an increased 

scattering was observed at lower Q values suggesting the presence of larger 

(i.e. cross-linked) species. However, for poly(PA/D-Ox) (Figure 5.23 b) and 

poly(CARA/D-Ox) WAXs proved inconclusive, with similar scattering profiles 

observed for the protected and partially deprotected samples. Finally, WAXs 

did not detect significant scattering of X-Rays at low Q values for protected 

and partially deprotected poly(BCODA/D-OX) and poly(DPA/D-Ox). This is in 

agreement with SEC analysis, for which broadening of ƉM and high Mn species 

were absent by refractive index detection.   
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Figure 5.23. WAXs profiles of a) poly(4MPA/D-Ox). (black, Mn,SEC = 12300, ƉM = 1.27) and 

77% deprotected poly(4MPA/D-Ox). (red, Mn,SEC = 15400, ƉM = 1.76). and b) poly(PA/D-Ox) 

(black, Mn,SEC  = 14000, ƉM = 1.24 and 79% deprotected poly(PA/D-Ox) (red, Mn,SEC = 12900, 

ƉM 1.59). 

a) b) 

a) b) 
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Regardless, cross-linking was not observed to the same extent as described 

previously for partially deprotected poly(D-Ox). This is likely a result of 

increased bulk of the polyesters around the hydroxyls which may hinder 

interchain H-bond formation, preventing rapid aggregation (i.e. suppressing 

kcl and khb). Moreover, due to the decreased hydrolytic stability of the ester 

bonds, the increased rate of chain cleavage may generally prevent the 

formation of high molar mass clusters on the time scales of the reaction. 

5.7.2 Thermal properties 

The effects on the thermal properties of deprotection were studied in detail 

with poly(PA/D-Ox) (Table 5.4, entry 1, Figure 5.24). Exposure of 32% of the 

hydroxyl groups lead to a sharp decrease in the Td,onset (241 °C vs 178 °C)  

which levelled off at higher percentages of deprotection (81% deprotected 

poly(PA/D-Ox), Td,onset = 172 °C). Simultaneously, the Tg was found to 

decrease linearly with increasing percentages of deprotection, although to a 

much lesser extent, with 81% deprotected poly(PA/D-Ox) exhibiting a Tg = 

138 °C (poly(PA/D-Ox) Tg = 145 °C). The fall in Tg is consistent with similar 

studies on a poly(IPXF CC) in which 85% deprotection resulted in a 7 °C 

decrease in Tg.5, 30, 31  
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Figure 5.24. Tg (black) and Td,onset (red) vs %deprotection for poly(PA/D-Ox). 

Similar trends in thermal stability were observed for each of the other 

deprotected polyesters, with Td,onset values decreasing to 145–187 °C for 

hydroxyl-exposure levels between 75–85 % (Table 5.4). 
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The effect on Tg values, however, varied depending on the microstructure of 

the polymers. For 79% deprotected poly(4MPA/D-Ox) and 85% deprotected 

poly(GA/D-Ox) Tg values decreased by 29 °C and 18 °C (Table 5.4, entries 2 

and 3, respectively), whereas for polymers derived from tricyclic anhydrides, 

i.e., 75% deprotected poly(DPA/D-Ox), 80% deprotected poly(CARA/D-Ox) 

and 80% deprotected poly(BCODA/D-Ox), their respective Tg values 

increased by 10°C, 8 °C and 7 °C as compared with the fully acetalated 

analogues (Table 5.4, entries 5–7).  

To rationalize these varied impacts, it is useful to consider how monomer 

substituents affect Tg more generally. As discussed earlier, increasing bulk 

can decrease the efficiency of chain packing thereby weakening interchain 

forces and lowering Tg (see Chapter 1, section 1.3). Alternatively, bulky 

substituents can restrict backbone rotation by providing an augmented kinetic 

barrier to chain motion which increases the Tg of a polymer. The dominant 

factor for a given substituent will be highly dependent on the polymer 

structure.  

The effect of decreasing steric bulk along the chain on Tg is most clearly 

illustrated with poly(GA/D-Ox). Here, the vicinal methyl groups dominate the 

steric profile of the polymer, whilst the glycolic linker is intrinsically flexible. 

Upon deprotection, a large drop in Tg is observed (–18 °C) (Table 5.4, entry 

3) likely as a result of increased rotational freedom of the chains. Similar 

effects may be at play for poly(PA/D-Ox) and poly(4MPA/D-Ox) (Table 5.4, 

entries 1 and 2).  

Conversely, for the deprotected tricyclic-anhydride-derived polyesters, i.e., 

poly(CARA/D-Ox), poly(BCODA/D-Ox) and poly(DPA/D-Ox), loss of the 

vicinal methyl groups may instead favour more efficient chain packing, thereby 

restricting segmental motion and increasing Tg. (Table 5.4, entries 5–7). It is 

also possible that the acidic conditions may promote further epimerization for 

poly(CARA/D-Ox) and poly(BCODA/D-Ox) thereby improving 

stereoregularities, although NMR evidence was inconclusive.  

The impact of interchain H-bonds also cannot be discounted, although the 

effects appear more subtle. Superficially, a more sterically exposed hydroxyl 

(i.e. those formed in deprotected poly(GA/D-Ox)) would be expected to favour 

interchain interactions, thereby increasing Tg. However, as discussed above, 

this is clearly not the case. For poly(GA/D-Ox) steric effects may be mitigated 

as a result of increased conformational freedom which could promote intra-, 
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over inter-chain, H-bonding. Simultaneously, the entropic benefit of free 

rotation may outweigh the enthalpic stability provided from the H-bond. 

Whilst no Tm values were observed for the any of the hydroxylated polymers 

by DSC, WAXs analysis revealed that for 43% deprotected poly(DGA/D-Ox) 

(Mn,SEC = 1600, ƉM = 1.41, Figure 5.25). This suggests that either hydroxy 

exposure had induced crystallinity or that crystallization was facilitated by 

reduced Mn of the polymer. Thermal analysis was not performed given its low 

DP (~5/6). No crystallinity was observed for any of other hydroxyl-exposed 

polymers.  
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Figure 5.25. WAXs profiles of poly(DGA/D-Ox) (black, Mn,SEC = 6300, ƉM = 1.59) and 43% 

deprotected poly(DGA/D-Ox) (red, Mn = 1600, ƉM = 1.41). 
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5.7.3 Phosphorylation of poly(PA/D-Ox) 

Attempts were made to functionalise deprotected poly(PA/D-Ox).  

Investigation focussed on the phosphorylation strategy outlined in Chapter 4, 

section 4.6.3.  

 

 

 

 

 

Figure 5.26. 1H NMR spectrum (500 MHz, CDCl3, whole) of 15% deprotected poly(PA/D-Ox) 

(top) and ~15% phosphorylated poly(PA/D-Ox) (bottom). 

1H , 1H-31P HMBC and DOSY NMR spectroscopy (Figure 5.26 and 5.27) 

confirmed the incorporation of the P moiety within the polymer chains while 
31P NMR spectroscopy revealed the phosphorous had oxidized during 

functionalisation likely as result of the presence of residual moisture in the 

poly(PA/D-Ox) sample. No Tg or Tm were detected for phosphorylated 

poly(PA/D-Ox) by DSC. 
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Figure 5.27. (top) 1H-31P HMBC NMR spectrum (CDCl3) phosphorylated poly(PA/D-Ox) and 

(bottom) 1H DOSY NMR spectrum (CDCl3) phosphorylated poly(PA/D-Ox). 

The above data demonstrate the potential for post-polymerisation 

functionalisation of the polyesters isolated in this chapter and it is hoped this 

study will provide a platform for further investigations. 
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5.8 ROCOP of D-Ox and CO2 

The ROCOP of D-Ox and CO2 was next investigated. Polymerisations were 

trialled neat at CO2 pressures between 10–35 bar, [D-

Ox]0:[CrSalen]0:[PPNCl]0 loadings of 100:1:1 and a temperature of 120 °C 

(Scheme 5.14). After 4 days, 70% conversion of D-Ox was observed by 1H 

NMR spectroscopy. No activity was observed under analogous conditions with 

ZnZn and ZnMg or in reactions carried out at 1 bar with CrSalen.  

 

Scheme 5.14. ROCOP of D-Ox and CO2. 

Overlay of 1H NMR spectra of isolated IPXF CC and D-Ox with the crude 

product shows no cyclic carbonate was present following ROCOP (Figure 

5.28). However, the poor dissolution of the crude product prohibited 

satisfactory NMR spectroscopic analysis preventing full structural elucidation 

of the reaction products. Similarly, SEC analysis with THF and CHCl3 eluents 

was not possible. Over time, the solubility of the reaction product further 

decreased to preclude NMR analysis in d6-DMSO and DMF. This contrasts 

with literature reports which note the dissolution of poly(CO2/D-Ox) (formed 

by ROP of IPXF CC) in CHCl3.5 
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Figure 5.28. 1H NMR spectra (400 MHz, CDCl3, 4.00–6.50 ppm) of a) D-Ox, b) IPXF CC and 

c) crude product after 4 days of ROCOP of D-Ox and CO2 carried out at neat at 120 °C with 

[D-Ox]0:[CrSalen]0:[PPNCl]0 loadings of 100:1:1. CO2 = 10–35 bar. 

FTIR spectroscopy of the product revealed the presence of a large OH stretch, 

suggesting a high incidence of hydroxy chain ends in addition to small peak 

assigned to the carbonate. Hydroxy incorporation may be a result of reversible 

chain transfer with H2O during the ROCOP (Scheme 5.15). As noted 

previously, the presence of free hydroxyls may incur cross-linking, leading to 

a loss in solubility.  

 

Scheme 5.15. Potential ROCOP mechanism of D-Ox with CO2. 

The unsatisfactory incorporation of OH chain ends is likely a result of the 

trialled reaction setup. The high pressures required necessitate that the 

reaction is performed in an autoclave, the bulk of which prevents rigorous 

drying (i.e. oven drying followed by removal of residual moisture under 

a) 

b) 

c) 
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vacuum) beyond purging with CO2 prior to the ROCOP attempt. 

Consequently, the reaction vessel is likely contaminated with a significant 

amount of H2O.  

5.9 ROCOP of D-Ox and CS2 

5.9.1 Preliminary study 

ROCOP was initially trialled neat at 80°C with [D-

Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 100:200:1:1 (Scheme 5.16). The 

conditions were chosen based on previous reports on the ROCOP of CS2 with 

cyclopentene oxide.43 In contrast with other polymerisations developed with 

D-Ox so far, the reaction proceeded readily at relatively mild temperatures 

(see section 5.9.3.1 for more a detailed discussion), with 33% conversion of 

D-Ox after 4.5 h at 80 °C to yield poly(CS2/D-Ox) of 2800 g mol–1 (ÐM = 1.54). 

The formation of resonances at 5.52 ppm and 5.80–6.03 ppm in the 1H NMR 

spectrum suggested the incorporation of CS2 within the sugar backbone 

(Figure 5.30). 

 

Scheme 5.16. ROCOP of D-Ox and CS2. Reaction performed neat at 80 °C with [D-

Ox]0:[CS2]:[CrSalen]0:[PPNCl]0 loadings of 100:200:1:1. 

5.9.2 NMR characterisation 

The ROCOP of CS2 with cyclic ethers is known to induce O/S scrambling,26, 

43 resulting in an array of possible cyclic and linear products. Inspection of the 

crude of 13C{1H} NMR spectrum of the polymer revealed the presence four 

thiocarbonate resonances (S1, δ = 192.9 ppm;  S2, δ = 208.4 ppm; S3, δ = 

222.4 ppm;  and S4, δ = 223.2 ppm, Figure 5.29). The large intrinsic 

differences between the chemical shifts of thiocarbonyl moieties is a useful 

means for qualitative insight into the nature of the thiocarbonates structure 

(Figure 5.29a). Generally, the ppm shift of (thio)carbonyls occurs in the order 

trithiocarbonate (SC(S)S), > xanthate (SC(S)O), > thionocarbonate 

(OC(S)O)> carbonate (OC(O)O). Based on literature values,10, 26, 43 this allows 
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the crude 13C{1H} NMR spectrum to be assigned as follows: S1 = 

thionocarbonate; S2 = xanthate S3 = trithiocarbonate; and S4 = 

trithiocarbonate. 

 

 

 

 

Figure 5.29. a) General effect of S atom incorporation on XC(X)X shift in 13C{1H} spectra of 

(thio)carbonyls;13C{1H} spectra (126 MHz, CDCl3, 180–230 ppm) of a) crude poly(CS2/D-Ox) 

and b) isolated poly(CS2/D-Ox). Reaction performed neat at 80 °C with [D-

Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 100:200:1:1. 

Comparison of the 13C{1H} NMR spectra of the crude reaction mixture with 

that of the precipitated polymer (Figure 5.29 b and c) shows S1 and S3 are 

associated with poly(CS2/D-Ox) (see below for assignation of polymer) while 

literature values confirm that S2 is attributed to xanthate species, IPXF-1 (see 

below for discussion of S4).10 

1H and 1H-13C HMBC NMR spectra indicate that ROCOP of CS2 and D-Ox is 

ring-selective with exclusive CS2 incorporation across the oxetane moiety. 

a) 

b) 

c) 



- 231 - 

 

 

The 1H-13C HMBC NMR spectrum of isolated and crude poly(CS2/D-Ox) 

revealed sole correlation between S1 and c, and S3 and e environments, 

consistent with HH/TT xylofuranose configurations and alternating thiono- and 

trithiocarbonate linkages (Figure 5.30 c).  

 

 

Figure 5.30. a) microstructure of poly(CS2/D-Ox), b) 1H NMR spectrum (500 MHz, CDCl3, 

1.20–6.40 ppm) and c) 1H-13C HMBC spectrum (500 MHz, CDCl3) of isolated poly(CS2/D-Ox) 

formed neat at 80 °C with [D-Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 100:200:1:1. 

a) 

b) 

c) 
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Identical regiochemistry was observed previously in the organocatalysed 

polymerisation of IPXF-1 (Scheme 5.17),10 strongly suggesting that under the 

above conditions, the coupling of D-Ox with CS2 occurs initially to form IPXF-

1, which then undergoes ROP. In conjunction with prior experiments and 

literature,44 it is proposed that the chloride initiates at the e position to form a 

secondary alkoxide (Scheme 5.17). Subsequent insertion of CS2 into the O-

Cr bond likely forms a thiocarbonate intermediate which, upon SN2-type ring 

closure yields IPXF-1. Ensuing CrSalen-catalysed ROP of IPXF-1 gives the 

alternatingly configured poly(CS2/D-Ox).  

 

Scheme 5.17. ROP and proposed mechanism for the formation of IPXF-1. 

Resonances associated with the e environment were also observed between 

2.65–3.13 ppm (ethioether) and 3.42–3.56 ppm (ethiono), suggesting the 

occurrence of other polymer linkages (Figure 5.30 and 5.31). While only S1 

and S3 were observed in the thiocarbonyl region of the 13C{1H} NMR spectrum 

of isolated poly(CS2/D-Ox), a weak correlation between exanth and a xanthate-

like resonance (212.8 ppm) was detected by 1H-13C HMBC NMR 

spectroscopy, revealing the presence of xanthate polymer linkages (Figure 

5.30 c). Conversely, no 1H-13C HMBC NMR spectroscopic correlation was 

observed for ethioether. Comparison with literature values reveals that the 1H 

NMR and 13C{1H} NMR shift values of ethioether are comparable to known 

polythioethers,45 corroborating with the absence of a nearby quaternary 
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carbon. Furthermore, overlay of isolated poly(CS2/D-Ox) and poly(D-Ox) 1H 

NMR spectra confirms that ethioether is not associated with an ether link. 

ethioether is therefore attributed to a thioether bond. The formation of other 

linkages may be a result of alternative openings in the ROP (as noted with 

TBD)10 of IPXF-1 or divergent mechanisms for polymer formation (see section 

5.9.5 for more detailed discussion). Irrespective, the separation of the e 

environments is a useful means to assess regioselectivity of the 

polymerisation. 

 

 

 

Figure 5.31. a) 1H NMR spectrum (500 MHz, CDCl3, 2.40–3.90 ppm) and b) 1H-13C HSQC 

(500 MHz, CDCl3) spectrum of isolated poly(CS2/D-Ox) formed neat at 80 °C with [D-

Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 100:200:1:1. 

a) 

b) 
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Lastly, full assignation of the species containing trithiocarbonate resonance 

S4 proved challenging. Variable temperature 1H NMR spectroscopy failed to 

reveal a resonance clearly associated with the trithiocarbonate due to signal 

broadening (Figure 5.32), while coupling with S4 was absent in the 1H-13C 

HMBC NMR spectrum (Figure 5.33). 

 

Figure 5.32. 1H NMR spectra (400 MHz, CDCl3, 3.00–7.00 ppm) of a) isolated poly(CS2/D-

Ox), b) IPXF-1, c) D-Ox and d) crude poly(CS2/D-Ox). Reaction performed neat at 80 °C with 

[D-Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 100:200:1:1. 

Efforts to induce a correlation by 1H-13C HMBC NMR spectroscopy through 

selective excitation of the thiocarbonyl region were also unsuccessful. Indeed, 

no correlation was observed for S2 (Figure 5.33). This phenomenon may be 

a consequence of cyclicity in thiocarbonyls given that correlations were 

observed with resonances associated with poly(CS2/D-Ox). Collectively, S4 

suggests the presence of a cyclic trithiocarbonate (Figure 5.30a).  

a) 

b) 

d) 

c) 
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Figure 5.33. 1H-13C HMBC spectrum (500 MHz, CDCl3) of crude poly(CS2/D-Ox). Reaction 

performed neat at 80 °C with [D-Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 100:200:1:1. 

5.9.3 Optimisation 

Encouraged by the preliminary data, further experiments were performed to 

study the effect of temperature, CS2 loading and co-catalyst on polymer 

regioselectivity, product distributions and Mn. Polymerisations were initially 

carried out at 25 °C, 60 °C, 80 °C, 100 °C and 140 °C at [D-

Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 200:400:1:1 with [D-Ox]0 = 1.34 

mol L–1 in σ-dichlorobenzene (Table 5.5). Reactions were performed in 

solution to enable facile NMR analysis and to prevent solidification of the 

reaction mixture, thereby maximising conversions of D-Ox.  



- 236 - 

 

 

5.9.3.1 Effect of temperature 

Table 5.5. Effect of temperature in the ROCOP of D-Ox and CS2. 

 

Entry Temp  

(°C) 

[D-
Ox]0:[CS2]:[CrSalen]0:[i]  

Conv 

(%)[a] 

Polymer 
selectivity[b]

 

n:m:l [c] Mn,SEC (g mol–
1) [ÐM] [d] 

1[e] 25 200:400:1:1 61 96% 92:6:2 8700 (1.70) 

2 60 200:400:1:1 88 85%[80%][f] 85:9:6 12000(1.77) 
[5300(2.02)][f] 

3 80 200:400:1:1 100 77% 90:10:0 15000 (2.13) 

4 100 200:400:1:1 100 76%[76%][t] 73:11:16 7700 (1.63) 
[6800(1.70)][f] 

5 140 200:400:1:1 100 62% 46:11:42 6300 (1.93) 

Reactions carried out in σ-dichlorobenzene with, i = PPNCl and [D-Ox]0 = 1.34 mol L–1 at time 

= 20 h unless stated otherwise. Scale = 2.00 mmol of D-Ox (344 mg). [a] Conversion of D-Ox 

determined by 1H NMR spectroscopy using relative integration of anomeric protons in D-Ox 

(CDCl3, δ = 6.26 ppm (d, J = 3.7 Hz)) and poly(CS2/D-Ox) (CDCl3, δ = 5.88–5.99 ppm) and 

IPXF-1 (CDCl3, δ = 6.03 ppm (d, J = 3.7 Hz)), reaction quenched when stirring stopped.[b] 

Calculated by 1H NMR spectroscopy using relative integration of anomeric protons in 

poly(CS2/D-Ox) and IPXF-1. Polymer selectivity = polymer/(polymer+ IPXF-1).[c] Calculated 

by 1H NMR spectroscopy using relative integration of fully alternating poly(CS2/D-Ox) (CDCl3, 

δ = 3.68 ppm (h, J = 6.9 Hz)), thionocarbonate poly(CS2/D-Ox) (CDCl3, δ = 3.51 ppm (t, J = 

6.6 Hz).and polythioether (CDCl3, δ = 3.04–2.74 ppm (m)). [d] Calculated by SEC relative to 

polystyrene standards in THF eluent; ĐM = Mw/Mn. 
[e] time = 309 h.[f] time = 43 h. 

 

CrSalen was found to be active for the CS2/D-Ox ROCOP at all temperatures 

tested, including at 25 °C (Table 5.5). The room temperature reactivity 

contrasts strongly with analogous anhydride and CO2 reactions. The 

enhanced activity may be a result of two effects (Scheme 5.18). Firstly, CS2 

is a stronger electrophile than both CO2 and the cyclic anhydrides applied 

herein owing to the significantly lower enthalpy of the C=S vs C=O bond (573 

and 799 kJ mol –1, respectively).46, 47 Thus, CS2 is more prone to nucleophilic 

attack once D-Ox is opened. Secondly, following attack, due to the S atoms 

lower electronegativity than O, the formal negative charge is less stabilised. 

This, in conjunction with a potentially weaker Cr-S over Cr-O bond, likely 

means the CS2 adduct is more nucleophilic thereby promoting propagation. 
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Scheme 5.18. Potential reason for room temperature ROCOP of CS2 and D-Ox. 

Varying the reaction temperature caused significant divergences in product 

distributions. Overlay of crude and isolated 1H NMR spectra reveals that 

visible resonances can be attributed to any of poly(CS2/D-Ox), IPXF-1 or D-

Ox. Additionally, S4 was absent from crude 13C{1H} NMR spectra recorded 

from solution polymerisations. This does not preclude the presence of minor 

species obscured by 1H NMR resonance overlap or those undetected by 
13C{1H} NMR spectroscopy due to low concentrations, but it suggests that the 

major products of the solution polymerisation are poly(CS2/D-Ox) and IPXF-

1. As such, overall chemoselectivities can be assigned with reasonable 

accuracy with 1H NMR data.  
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Figure 5. 34. 1H NMR spectra (500 MHz, CDCl3, 1.20–6.20 ppm) of isolated poly(CS2/D-Ox) 

formed neat at a) 60 °C, b) 80 °C and c) 100 °C. Reactions performed with [D-

Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings of 200:400:1:1. [D-Ox]0 = 1.34 mol L–1. 

Increasing the temperature resulted in a loss in alternating selectivity (Table 

5.5 and Figure 5.34). At 25°C, 60 °C and 80 °C, high alternate regioselectivity 

was observed (92, 85 and 90%, respectively, Table 5.5 entries 1–3). 

Conversely, for reactions performed at 100 °C and 140 °C alternating 

selectivity was lower (73 and 43%, respectively, Table 5.5 entries 4 and 5) 

with an increased percentage of thioether links detected (16% and 42%, 

respectively). The increased occurrence of thioether links at elevated 

temperatures likely arises from the elimination of COS from propagation 

a) 

b) 

c) 
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intermediates.44 Indeed, recent studies have shown that loss of CO2 results in 

selective formation of polythioethers in the DBU-catalysed ROCOP of 

epoxides and COS.45 Similarly, the release of COS may provide an entropic 

driving force CS2/D-Ox ROCOP at high temperatures. The resultant Cr-S 

intermediate may also be more active towards propagation as discussed 

above. 

 

Scheme 5.19. Proposed mechanism for the formation of thioether polymer linkages. 

The ratio of xanthate links also increased with temperature, although to a 

lesser extent than for the thioethers (6% at 25 °C up to 11% at 140 °C, Table 

5.5.) The formation of xanthate linkages may a consequence of several 

factors, including alternative openings in the ROP of IPXF-1, formation of 

xanthate linkages through ‘expected’ CS2/D-Ox ROCOP or 

transthiocarbonation between polymer chains at low [D-Ox] (Scheme 5.20). 

 

Scheme 5.20. Potential mechanisms for the formation of xanthate polymer linkages. 
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At 80 °C, quantitative conversion of D-Ox was observed, yielding the 

maximum Mn polymer achieved under the conditions tested (15000 g mol–1, 

ÐM = 2.13, Table 5.5 entry 3). More generally, obtained Mn,SEC values were far 

from Mn,theo, likely due to residual diprotic impurities in the monomer samples 

which may act as reversible chain transfer agents to decrease Mn of the 

polymer. Increasing the temperature to 100 °C and 140 °C, also resulted in 

quantitative conversion of D-Ox, although the Mn,SEC values were lower (7700 

g mol–1, ÐM =1.63 and 6300, ÐM =1.93, Table 5.5 entries 4 and 5, 

respectively). It is proposed that this a result of an increased percentage of 

thioether links which will decrease molar mass due to loss of sulfonated 

species (e.g. COS) from the polymer chains. Additionally, at 140 °C, overall 

selectivity for polymer formation was lower, indicating either decreased 

conversion of D-Ox to poly(CS2/D-Ox), thereby limiting Mn, or an increased 

occurrence of polymer backbiting. The lower polymer selectivity may be 

attributed to thermodynamics, i.e., that reactions that induce a loss in entropy 

(in this case the polymerisation) are less favourable at elevated temperatures.  

The reactions at 60 °C and 100 °C were monitored further to understand the 

impact of longer reaction times on regioselectivity and polymer Mn. Similar 

general trends were observed in both instances: Mn and polymerisation 

selectivity decreased with time (Table 5.5, entries 2 and 3, respectively). The 

lower molar masses obtained with longer reaction times are likely a result of 

increased backbiting at low [D-Ox] as corroborated by the increase in the 

IPXF-1 in solution with time at both temperatures.  
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5.9.3.2 Impact of CS2 loading 

The impact of CS2 loadings on product distributions and regioselectivity was 

next investigated (Table 5.6). The reactions were performed at 80 °C with a 

[D-Ox]0:[CrSalen]0:[PPNCl] feed ratio of 200:1:1  

At [D-Ox]0:[CS2]0:[CrSalen]0:[PPNCl] loadings of 200:100:1:1, D-Ox 

conversion was limited to 58% after 20 h (Table 5.6, entry 2). Selectivity for 

alternating linkages also decreased significantly with a concurrent increase in 

thioether links detected (56% and 36%, respectively) as compared with the 

analogous reaction performed with a [D-Ox]0:[CS2]0 loading of 1:2 (Table 5.6, 

entry 1). These data suggest a degree of S-O exchange within the monomer, 

polymer and CS2, given that the conversion of D-Ox was over 50% and that 

homopolymerisation of D-Ox is kinetically inaccessible at 80 °C with 

CrSalen/PPNCl co-catalyst (see section 5.3). 

Table 5.6. Impact of CS2 loading on ROCOP of D-Ox and CS2 

 

Entry Temp  

(°C) 

[D-
Ox]0:[CS2]:[CrSalen]0:[i]  

Conv 

(%)[a] 

Polymer 
selectivity[b]

 

n:m:l [c] Mn,SEC (g mol–
1) [ÐM] [d] 

1 80 200:400:1:1 100 77% 90:10:0 15000 (2.13) 

2 80 200:100:1:1 58 66% 56:7:36 2700 (1.68) 

3 80 200:200:1:1 100 78% 87:10:3 9100 (1.78) 

4 80 200:800:1:1 100 90% 95:5:0 14000 (1.78) 

Reactions carried out in σ-dichlorobenzene with, i = PPNCl and [D-Ox]0 = 1.34 mol L–1 at time 

= 20 h unless stated otherwise. Scale = 2.00 mmol of D-Ox (344 mg). [a] Conversion of D-Ox 

determined by 1H NMR spectroscopy using relative integration of anomeric protons in D-Ox 

(CDCl3, δ = 6.26 ppm (d, J = 3.7 Hz)) and poly(CS2/D-Ox) (CDCl3, δ = 5.88–5.99 ppm) and 

IPXF-1 (CDCl3, δ = 6.03 ppm (d, J = 3.7 Hz)), reaction quenched when stirring stopped.[b] 

Calculated by 1H NMR spectroscopy using relative integration of anomeric protons in 

poly(CS2/D-Ox) and IPXF-1. Polymer selectivity = polymer/(polymer+IPXF-1).[c] Calculated by 
1H NMR spectroscopy using relative integration of fully alternating poly(CS2/D-Ox) (CDCl3, δ 

= 3.68 ppm (h, J = 6.9 Hz)), thionocarbonate poly(CS2/D-Ox) (CDCl3, δ = 3.51 ppm (t, J = 6.6 

Hz).and polythioether (CDCl3, δ = 3.04–2.74 ppm (m)). [d] Calculated by SEC relative to 

polystyrene standards in THF eluent; ĐM = Mw/Mn. 
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Reactions performed at [D-Ox]0:[CS2]0:[CrSalen]0:[PPNCl]0 loadings 

200:200:1:1 and 200:800:1:1, gave quantitative conversion of D-Ox and an 

increased percentage of alternating links (87% and 95%, respectively, Table 

5.6, entries 3 and 5). Similar observations have been made previously in the 

oxetane/CS2 ROCOP, with higher loadings of CS2 shown to inhibit S/O 

scrambling within the products.26 Moreover, the amount of IPXF-1 decreased 

with increasing CS2 loading, (Table 5.6) suggesting high concentrations of 

CS2 favour polymerisation.  

 

5.9.3.4 Impact of co-catalyst 

The effect of the co-catalyst nature was next studied. the reaction temperature 

was maintained at 80 °C with a [D-Ox]0:[CS2]0: [CrSalen]0:[initiator] feed ratio 

of 200:400:1:1 

A reaction performed with NBu4Cl at 80 °C with [D-

Ox]0:[CS2]:[CrSalen]0:[NBu4Cl]0 loadings of 200:400:1:1 gave 91% 

conversion for D-Ox with comparable selectivity ratios to those observed with 

PPNCl (Table 5.7, entry 2), albeit with lower Mn polymer obtained. Conversely, 

a co-polymerisation carried out with NBu4Br gave only 4% conversion, 

indicating the bromide salt is unsuitable for CS2/D-Ox ROCOP (Table 5.7, 

entry 3). Under analogous conditions, NBu4I gave improved D-Ox conversion 

although with lower activity than observed with PPNCl and NBu4Cl (Table 5.7, 

entry 4). An increased ratio of IPXF-1 was also detected suggesting the iodide 

may promote backbiting. These data show that PPNCl is the optimal co-

catalyst of the screened candidates for obtention of poly(CS2/D-Ox) with 

regards to Mn, activity and regioselectivity of the polymer linkages.  
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Table 5.7. Impact of co-catalyst on ROCOP of D-Ox and CS2. 

 

Entry i  

(°C) 

[D-
Ox]0:[CS2]:[CrSalen]0:[i]  

Conv 

(%)[a] 

Polymer 
selectivity[b]

 

n:m:l [c] Mn,SEC (g 
mol–1) [ÐM] [d] 

1 PPNCl 200:400:1:1 100 77% 90:10:0 15000 (2.13) 

2 NBu4Cl 200:400:1:1 91 84% 91:5:4 6600 (2.00) 

3 NBu4Br 200:400:1:1 4 - - - 

4 NBu4I 200:400:1:1 51 69% 70:14:16 4700 (1.77) 

Reactions carried out in σ-dichlorobenzene at 80 °C with [D-Ox]0 = 1.34 mol L–1 at time = 20 

h unless stated otherwise. Scale = 2.00 mmol of D-Ox (344 mg). [a] Conversion of D-Ox 

determined by 1H NMR spectroscopy using relative integration of anomeric protons in D-Ox 

(CDCl3, δ = 6.26 ppm (d, J = 3.7 Hz)) and poly(CS2/D-Ox) (CDCl3, δ = 5.88–5.99 ppm) and 

IPXF-1 (CDCl3, δ = 6.03 ppm (d, J = 3.7 Hz)), reaction quenched when stirring stopped.[b] 

Calculated by 1H NMR spectroscopy using relative integration of anomeric protons in 

poly(CS2/D-Ox) and IPXF-1. Polymer selectivity = polymer/(polymer+ IPXF-1).[c] Calculated 

by 1H NMR spectroscopy using relative integration of fully alternating poly(CS2/D-Ox) (CDCl3, 

δ = 3.68 ppm (h, J = 6.9 Hz)), thionocarbonate poly(CS2/D-Ox) (CDCl3, δ = 3.51 ppm (t, J = 

6.6 Hz).and polythioether (CDCl3, δ = 3.04–2.74 ppm (m)). [d] Calculated by SEC relative to 

polystyrene standards in THF eluent; ĐM = Mw/Mn. 

5.9.4 Thermal properties 

TGA revealed the 95% alternating poly(CS2/D-Ox) exhibited a Td,onset of 207 

°C (see experimental). The slightly lower thermal stability of the polymer 

relative to the polyesters described herein is consistent with the enhanced 

reactivity of the thiocarbonyl moieties. Although WAXs determined the 

polymer as fully amorphous, a Tg could not be identified by DSC between –80 

and 210 °C despite numerous attempts at characterisation. It remains unclear 

as to why no Tg was detected in what ostensibly is an amorphous material. 

5.9.5 Proposed mechanism for CS2/D-Ox ROCOP 

A proposed mechanism is detailed in Scheme 5.21. As discussed in section 

5.9.2 presumably initiation occurs at the e position to form a secondary 

alkoxide (black arrows). Subsequent insertion of CS2 into the O-Cr bond is 

proposed to form thiocarbonate intermediate. Generally, ring closure of the 
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thiocarbonate intermediate likely dominates (red arrows), yielding IPXF-1, 

which, via ROP, forms alternatingly configured poly(CS2/D-Ox).  

 

Scheme 5.21. Proposed mechanism for ROCOP of D-Ox with CS2. 

Alternatively, the Cr-S bond of the thiocarbonate intermediate may insert into 

an incoming D-Ox, thereby forming a xanthate polymer linkage (blue arrows). 

Further to this, decarbonylsulfonation of the thiocarbonate intermediate may 

form a Cr-Sulphide species (green arrows). Subsequent opening of an 

incoming D-Ox may result in thioether links. Equally, thioether links may also 

form through de-sulfonation of the polymer. 

Finally, the presence of an unknown cyclic trithiocarbonate species detected 

in bulk ROCOP, may be a result of either polymer backbiting, or CS2 insertion 

into the Cr-Sulphide species (purple arrows). The mechanisms would have 

distinct stereochemical outcomes thus exact structural determination would 

provide valuable insight. 
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5.10 Sequential co-polymerisations 

In an attempt to synthesise highly functional (e.g. hard-soft, orthogonally reactive) 

block copolymers, sequential monomer-addition experiments were attempted in the 

ROCOP of D-Ox with various co-monomers (Scheme 5.22). 

 

Scheme 5.22. Sequential addition monomer experiments for the synthesis of block-copolymers. 

5.10.1 Sequential PA, BCODA and GA addition experiments 

An initial reaction was carried out at 100 °C in σ-dichlorobenzene with [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:100:1:1. Reaction progress was 

monitored by 1H NMR spectroscopy and SEC. At 55% conversion of D-Ox, GA was 

added to the reaction mixture to yield poly(PA/D-Ox-b-GA/D-Ox).As anticipated, an 

increase in molar mass was observed upon addition of the second batch of anhydride 

(Mn,SEC before GA addition = 7000 g mol–1, ÐM = 1.50, Mn,SEC after GA addition = 8800 

g mol–1, ÐM = 1.36, Table 5.8, entry 1). It is proposed that the slight broadening of ÐM 

values prior to addition of the second anhydride is a result of transesterification at low 

[PA]. In addition, given that the conversion of D-Ox was above 50% prior to addition 

of GA, a small degree of exchange between D-Ox and poly(PA/D-Ox) must be 

possible at low [PA] and high [D-Ox]. This has not been observed previously with 

stoichiometric [anhydride]0:[D-Ox]0 loadings and implies that ether links are present 

in the block-copolymer, although they were not identified by 1H NMR spectroscopy in 

isolated samples (Figure 5.36). As such, ratios given in Table 5.8 are calculated using 

from the relative integrals of PA and GA components as normalized by the D-Ox 

component in the 1H NMR spectrum of isolated poly(PA/D-Ox-b-GA/D-Ox). Any 

missing integral was attributed to ether links. As an example, a calculation for 

poly(PA/D-Ox-b-GA/D-Ox) is given below: 

Setting the integral of the of anomeric protons from D-Ox to 1.00 proton equivalent 

gives an aromatic contribution from phthalic moiety as 3.04 proton equivalents. 

If there was a 1:1 D-Ox/PA ratio in the polymer, the phthalic moiety would be expected 

to contribute 4.00 proton equivalents, therefore the PA/D-Ox contribution (n) is 

calculated as: 3.04/4.00 = 0.76. 
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Table 5. 8. Block co-polymerisations with D-Ox and anhydride co-monomers. 

 

Entry X X:CrSalen 

 

D-Ox conv[a] Mn,SEC prior to 
addition of X [ÐM]  

(g mol–1)[b],[c] 

Mn,SEC after 
addition of X [ÐM]  

(g mol–1)[b],[c] 

N:m:l 
(n:m:l)theo

[d] 

1 GA 100:1 89 (55) 7000 [1.50] 8800 [1.26] 76:1:23[e] 

(56:6:38)  

2 BCODA 100:1 90 (54) 5900 [1.60] 9200 [1.25] 72:2:26[f] 

(56:4:40)  

Sequential procedure with [D-Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:100:1:1.  [D-Ox]0 = 1.34 

mol L–1 at 100 °C. Conversion of D-Ox determined by relative integration of anomeric protons in D-Ox 

(CDCl3, δ = 6.26 ppm (d, J = 3.7 Hz)) and polymer (CDCl3, δ = 6.09–5.67 ppm). Bracketed values refer 

to conversion prior to X addition. Scale = 2.00 mmol of D-Ox (344 mg).   [b] Measured from crude aliquots 

taken from reaction mixture. [c]Calculated by SEC relative to polystyrene standards in THF eluent.[d] ntheo 

=(conv of PA/total conv of D-Ox), mtheo = (conv of D-Ox before addition of X-conv PA)/ total conv of D-

Ox), ltheo = (conv of D-Ox after addition of X/total conv of D-Ox).[e] conversion calculated by integration 

of PA (CDCl3, δ = 7.81 –7.41 ppm) and methylene protons in GA component (CDCl3 δ = 2.40 ppm (t, J 

= 8.0 Hz)) normalised against integration of anomeric protons in 1H NMR spectrum of isolated 

poly(PA/D-Ox-b-GA/D-Ox) (CDCl3, δ = 6.09 – 5.84 ppm) [f] calculated by integration of PA component 

(CDCl3, δ = 7.81 –7.41 ppm) and alkenyl protons in BCODA component (CDCl3, δ =  6.45 – 6.11 ppm) 

of poly(PA/D-Ox-b-BCODA/D-Ox) normalised against the relative integration of anomeric protons 

(CDCl3, δ = 6.07 – 5.67 ppm) in the 1H NMR spectrum of isolated poly(PA/D-Ox-b-BCODA/D-Ox).  

The methylene protons from the glutaric moiety integrate to 0.93 proton equivalents. 

If there was a 1:1 D-Ox/GA ratio, the GA protons would contribute 4.00 proton 

equivalents from the glutaric methylene environment, therefore the GA/D-Ox 

contribution (l) can be calculated as: 0.93/4.00 = 0.23. 

The contribution of both the PA/D-Ox and GA/D-Ox blocks to the overall anomeric 

integral is 0.76 + 0.23 = 0.99, therefore it can be assumed that the remainder of the 

anomeric integral is attributable to ether links. This gives the ether contribution (m) as: 

1.00–0.99 = 0.01. 

Therefore, the final n:m:l ratio is: 0.76:0.23:0.01. 
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Figure 5.35. 1H NMR spectra (CDCl3, 500 MHz, 1.00–7.60 ppm) of poly(PA/D-Ox-b-GA/D-Ox), 

poly(PA/D-Ox-b-BCODA/D-Ox) and poly(PA/D-Ox-b-CS2/D-Ox). Highlighted integrals were used in 

the calculation of n:m:l ratios. 
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Figure 5.36. SEC traces (THF eluent) from the block co-polymerisation carried out at [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:100:1:1. GA added after 44 h at [GA]0:[CrSalen]0 ratio 

of 100:1. Reaction performed at 100 °C in σ-dichlorobenzene at [D-Ox]0 = 1.34 mol L–1. 

1H DOSY NMR spectroscopy of isolated poly(PA/D-Ox-b-GA/D-Ox). revealed that 

resonances associated with PA, GA and D-Ox shared a single diffusion coefficient 

(1.89 x 10–6 s–1) consistent with the incorporation of all three species within the same 

polymer chains (Figure 5.37). 

 

Figure 5.37. 1H DOSY NMR spectrum (CDCl3) of poly(PA/D-Ox-b-GA/D-Ox) (diffusion coefficient 1.89 

x 10–6 s–1). 
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A second sequential addition experiment was also performed with BCODA under 

otherwise analogous conditions, to give poly(PA/D-Ox-b-BCODA/D-Ox) (Mn,SEC 

before BCODA addition = 5900 g mol–1, ÐM = 1.60, Mn,SEC after BCODA addition = 

9200 g mol–1, ÐM = 1.25, Table 5.8, entry 2) as confirmed by 1H DOSY NMR 

spectroscopy. As anticipated, 1H NMR spectroscopy revealed that the alkene moiety 

was intact following polymerisation.  

A slight deviation from the theoretical n:m:l ratios ((n:m:l)theo) is also observed in both 

block co-polymerisations. This is likely a consequence of aliquots being taken from the 

reaction mixture (ca 0.1 mL of 0.72 mL total reaction mixture volume) prior to addition 

of the second batch of anhydride in order to monitor D-Ox/PA conversion. 

For both block co-polymers, 13C{1H} NMR spectroscopic analysis revealed that the 

regioregularity of PA/D-Ox carbonyl resonances was conserved following addition of 

the second anhdyride, suggesting limited transesterification reactions and consistent 

with the formation of well-defined blocks (Figure 5.38 a and b). However, DSC analysis 

showed that both poly(PA/D-Ox-b-GA/D-Ox) and poly(PA/D-Ox -b-BCODA/D-Ox) 

exhibited only a single Tg (110 °C and 148 °C, respectively) indicating that there was 

no microphase separation between the PA/D-Ox and GA/D-Ox or BCODA/D-Ox 

components (see experimental). This is likely as a result relatively short block lengths 

in both cases. 

   

 

Figure 5.38. 13C{1H} NMR (126 MHz, CDCl3, 166.1–167.1 ppm [poly(PA/D-Ox) carbonyl region]) of a) 

poly(PA/D-Ox-b-GA/D-Ox), b) poly(PA/D-Ox-b-BCODA/D-Ox) and polyc) (PA/D-Ox-b-CS2/D-Ox). 

a) b) 

c) 
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5.10.2 Sequential PA and CS2 addition experiments 

A similar strategy was trialled with PA and CS2 (Table 5.9). An initial reaction was 

carried out at 100 °C in σ-dichlorobenzene with [D-Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 

loadings of 200:100:1:1 (Table 5.9, entry 1). At 52% conversion of D-Ox, the reaction 

mixture was cooled to 80 °C and CS2 was added in a [CS2]0:[CrSalen]0 of 100:1. 

However, after 16.5 h, only a further 5% conversion of the oxetane was observed, 

suggesting minimal incorporation of CS2. 

To understand the impact of temperature on CS2 incorporation in presence of 

anhydride and D-Ox, a terpolymerisation was performed at [D-Ox]0:[PA]0:[CS2]0 

:[CrSalen]0:[PPNCl] loadings of 200:200:200:1:1 (Table 5.9, entry 2). Somewhat 

surprisingly, at 80 °C, only 5% conversion was observed. This contrasts markedly with 

analogous experiments performed in the absence of PA which gave quantitative 

conversion of D-Ox after 20 h. Increasing the reaction temperature to 100 °C resulted 

in 80% conversion of D-Ox after 45 h to yield a polymer of 6300 g mol –1 (ÐM = 1.31). 

However, comparison of the 1H NMR spectra of the isolated terpolymer with 

poly(CS2/D-Ox) and poly(PA/D-Ox) revealed ~2% CS2 incorporation within the former 

polymer. These data strongly suggest that resting state species formed in the 

presence D-Ox, PA and CrSalen inhibits CS2/D-Ox ROCOP. 

Nevertheless, given that some CS2 incorporation was observed, a second sequential 

addition experiment was attempted with the temperature maintained at 100 °C 

following consumption of PA (Table 5.9, entry 3). CS2 was also dosed at an increased 

ratio ([CS2]0:[CrSalen]0 = 400:1) 

After 20.5 h CS2 addition, quantitative conversion of D-Ox was observed. SEC 

analysis revealed an increase in molar mass following addition of CS2 (Mn,SEC before 

CS2 addition = 7200 g mol–1, ÐM = 1.51, Mn,SEC after CS2 addition = 12300 g mol–1, ÐM 

= 1.36) and 1H NMR spectroscopy also indicated CS2 incorporation in the isolated 

polymer (expected = 40% vs experimental = 17%, Figure 5.35 c). In addition, the 

thiocarbonyl, thioether and ester linkages were confirmed as part of a single species 

by 1H NMR DOSY spectroscopy (diffusion coefficient = 3.31 x 10–5, see experimental). 

However, inspection of the carbonyl region of poly(PA/D-Ox) in 13C{1H} NMR spectrum 

revealed an enhanced degree of transesterification/transthiocarbonation as compared 

with the poly(PA/D-Ox-b-GA/D-Ox) and poly(PA/D-Ox -b-BCODA/D-Ox) indicating 

that the integrity of ester/thiocarbonyl-thioether blocks was comprised (Figure 5.38) . 

These data suggest that the current CrSalen/PPNCl catalyst is unsuitable for block 

copolymer preparation by sequential addition experiments involving CS2.   
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Table 5. 9. Block co-polymerisations with D-Ox, PA and CS2 

 

Entry CS2:CrSalen 

 

D-Ox 
conv[a] 

Mn,SEC prior to 
addition of  CS2 

 [ÐM] (g mol–1)[b],[c] 

Mn,SEC after 
addition of CS2 
[ÐM] (g mol–1)[b],[c] 

Polymer 
selectivity[d] 

N:m:l (n:m:l)theo 

 

1 100:1 57 (52) 6600 [1.20]  - - 

2[e] 200:1 80 (5)[f]  6600 [1.31] - 98:0:2[g]       (-) 

3[h] 400:1 >99 (54) 7200 [1.51] 12300 [1.36] 80% 80:3:17[g] 
(56:4:40)[i] 

Sequential procedure: with [D-Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:100:1:1. [D-Ox]0 = 1.34 

mol L–1 at 100 °C unless stated otherwise. CS2 added at 80 °C. Scale = 2.00 mmol of D-Ox (344 mg). 
[a] Conversion of D-Ox determined by relative integration of anomeric protons in D-Ox (CDCl3, δ = 6.26 

ppm (d, J = 3.7 Hz)) and polymer (CDCl3, δ = 6.09–5.67 ppm). Bracketed values refer to conversion 

prior to CS2 addition in sequential monomer addition experiments unless stated otherwise. [b] Measured 

from crude aliquots taken from reaction mixture. [c] Calculated by SEC relative to polystyrene standards 

in THF eluent.[d] Calculated by 1H NMR spectroscopy using relative integration of anomeric protons in 

poly(CS2/D-Ox) and IPXF-1 (CDCl3, δ = 6.03 ppm (d, J = 3.7 Hz) after addition of CS2.[e] reaction 

performed in one-step at 80 °C with [D-Ox]0:[PA]0:[CS2][CrSalen]0:[PPNCl]0 loadings of 

200:200:200:1:1. Reaction temperature increased to 100 °C after 16.5 h. [D-Ox]0 = 1.34 mol L–1. [f] 

Conversion after 16.5 h at 80 °C. [f] Calculated by integration of PA (CDCl3, δ = 7.81 –7.41 ppm) and 

methylene protons in poly(CS2/D-Ox) (= Σ fully alternating poly(CS2/D-Ox) (CDCl3, δ = 3.68 ppm (h, J 

= 6.9 Hz)), thionocarbonate poly(CS2/D-Ox) (CDCl3, δ = 3.51 ppm (t, J = 6.6 Hz).and polythioether 

(CDCl3, δ = 3.04–2.74 ppm) protons) normalised against integration of anomeric protons in 1H NMR 

spectrum of isolated poly(PA/D-Ox-b-CS2/D-Ox). (CDCl3, δ = 6.09 – 5.84 ppm). [g] CS2 added at 100 

°C.[i] ntheo =(conv of PA/polymer selectivity), mtheo = (conv of D-Ox before addition of CS2-conv 

PA)/polymer selectivity), ltheo = 1– ntheo–mtheo  
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5.11 Conclusions 

A CrSalen-catalysed ROCOP of D-Ox and cyclic anhydrides has been developed. 

Seven novel polyesters have been synthesised which are thermally robust with a 

broad Tg range (60–145 °C). Detailed study of the thermal effects of deprotection of 

the polyesters has also been carried out, with low levels of hydroxyl exposure leading 

to a significant decrease in thermal stability. For less sterically encumbered 

anhydrides, deprotection decreases Tg, whereas for bulky substituents, deprotection 

increases Tg. Preliminary investigations in to the ROCOP of CO2 and D-Ox formed 

heavily hydroxylated materials preventing detailed solution analysis. Conversely, 

investigations into ROCOP of D-Ox and CS2 have shown promise with temperature 

impacting polymer microstructure likely as a result of competitive ROCOP 

mechanisms. Finally, block co-polymerisation of D-Ox with anhydride co-monomers 

and CS2 have been carried out via sequential monomer addition experiments. Whilst 

block-integrity was maintained for the polyesters, significant 

transesterification/transthiocarbonation for CS2 block-co-polymerisation was noted. 

No microphase separation was observed for the block-copolymers by DSC.  

5.12 Future outlook 

A simple, but potentially significant, improvement to the ROCOPs trialled herein could 

be further purification of D-Ox. Indeed, additional distillations are commonly applied to 

facilitate higher Mn polymer synthesis in epoxide ROCOP.33, 48 Increasing Mn would 

further improve material properties (e.g. increase Tg + Td,onset) and allow for mechanical 

testing (e.g. tensile-strain testing) by facilitating film preparation. 

Regarding D-Ox/anhydride ROCOP, efforts should be made to in investigate emerging 

cation tethered catalysts which have demonstrated greatly improved activity and 

control in the analogous epoxide/anhydride reactions (Scheme 5.23 a).49 The modular 

approach to ligand synthesis should enable a rapid assembly of a catalyst-library for 

more effective screening, while potentially granting access to unimodal polyesters. If 

the activation energy to D-Ox/anhydride ROCOP can be lowered, a decrease in the 

required reaction temperatures may allow for the scope to be extended to unsaturated 

5-membered monocyclic anhydrides, including MA. ROCOP of D-Ox/MA would grant 

access to isomerisable unsaturated system allowing for further property manipulation 

(Scheme 5.23 b).  
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Scheme 5.23. a) Cation-tethered catalysts developed by Coates and co-workers. Adapted from49. b) 

isomerisation of poly(MA/D-Ox). 

Additionally, the tuneability of the unsaturated polyesters described herein is as of yet 

unexplored. The orthogonal reactivity of the alkene and acetal moieties of 

poly(CARA/D-Ox) and poly(BCODA/D-Ox) should allow for successive 

transformations opening a huge array of synthetic possibilities (Scheme 5.24).  

 

Scheme 5.24. Potentially highly tuneable (BCODA/D-Ox) and poly(CARA/D-Ox). 

Concerning CS2/D-Ox ROCOP, augmentation of reaction monitoring with in-situ FTIR 

spectroscopy could provide valuable mechanistic insight. In an effort to narrow ƉM’s, 

reactions could be performed in the presence of a CTA at lower catalyst loadings.  

Finally, thioether D-Ox analogues could also be applied in ROCOP (Scheme 5.25). 

Indeed, for similar reasons given for the increased activity observed in ROCOP with 

CS2, a thioether D-Ox analogue should be more prone to nucleophilic attack and 

ensuing propagation. The ROCOP of CS2 with thioethers has also been shown to be 

more selective than with cyclic ethers. Synthetically, ROCOP with cyclic anhydrides 

would be attractive as it could provide facile access to an array of unknown 

polythiocarbonate-esters. Similarly, investigations into the co-polymerisability of D-Ox 

with thioanhydrides may grant access to a series of novel structures. 

a) 

b) 
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Scheme 5.25. Application of thioether D-Ox analogue in ROCOP. 
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6. DFT study of In Phosphasalen Complexes 

6.1 Introduction 

This chapter discusses work carried out in collaboration with Professor Charlotte 

Williams and Nattawut Yuntawattana of the University of Oxford. All experimental work 

was carried out primarily by Nattawut Yuntawattana at Oxford while the computational 

simulations were carried out at the University of Bath. 

6.1.1 Computational studies of the ROP of rac-lactide  

Polylactic acid (PLA) is widely considered a leading sustainable alternative to current, 

commodity petrochemical-derived plastics (e.g. polystyrene). PLA is naturally derived, 

and, under appropriate conditions, can degrade to metabolites or be chemically 

recycled, owing to the hydrolysable ester linkages of the polymer.1 Consequently, in 

view of environmental considerations, methods to enhance PLAs mechanical and 

thermal properties have been extensively investigated.2, 3  

As discussed in Chapter 1, section 1.4, control of chain tacticity is a highly effective 

means for altering polymer properties. The stereocentres of monomeric lactide afford 

opportunity for stereoenhanced PLA synthesis. Indeed, isotactic PLA is semi-

crystalline, with a Tm of 180 °C; atactic PLA is fully amorphous and blends of PLLA 

and PDLA form a semi-crystalline stereocomplex with  a Tm of 230 °C.4, 5   

The synthesis of isotactic PLA can be achieved though ROP of rac-lactide with a 

suitable initiating system (Scheme 6.1). Generally, two mechanisms are proposed to 

impart stereoselectivity, namely, enantiomorphic site control, in which the chirality of 

the catalyst dictates stereochemical outcomes, or chain-end control, where tacticity is 

governed by synergistic structural effects from both the previously opened monomer 

and catalyst.6 For kinetic reasons, in ROP of rac-lactide, chain-end control is typically 

considered preferable because loss of rate is not observed following consumption of 

one enantiomer.  
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Scheme 6.1. Possible stereoisomers of PLA. N.B. syndiotactic PLA is synthesised through ROP of 

meso-lactide. 

DFT is a useful tool for adding valuable insight into reaction mechanisms. With respect 

to ROP of rac-lactide, numerous DFT-studies into catalytic cycles of metal-based 

initiators have been carried out,7 augmenting kinetic and thermodynamic arguments 

for observed reaction selectivity. 

On the basis of computational analysis,7 Rzepa and co-workers’ proposed two 

transition states in the ROP of rac-lactide by Mg and Zn β-diketiminate metal 

complexes (Scheme 6.2); namely, the nucleophilic attack of the lactide carbonyl by a 

coordinated alkoxide to form a quaternary intermediate (TS1) and the opening of the 

quaternary intermediate to yield an alkoxide dimer (TS2). The computed transition-

state free enthalpies were used in conjunction with earlier experimental studies8, 9 to 

rationalise the observed high heterotactic bias of the ROP (Pr ≥ 0.94 at 0 °C, [lactide]0 

= 0.4 mol L–1). The transition states have since proved applicable to other coordination 

insertion systems for the ROP of rac-lactide, with a similar kinetic rationale proposed 

for the high selectivity’s reported with dinuclear In,10 Y bis(phenolate) ether,11 and Zn 

alkoxide catalysts.12 
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Scheme 6.2. ROP of rac-lactide by Mg and Zn β-diketiminate metal complexes. Adapted from7. 

Very recently, Reineke, Cramer, and Tolman and co-workers posited a 

thermodynamic argument for the basis of the isoselectivity observed in the in the ROP 

of rac-lactide facilitated by an indolide-imine Al complex (Pi ≥ 0.80 at 35 °C, [lactide]0 

= 1.0 mol L–1, Scheme 6.3).13 It was proposed that the isoselective bias arises form 

thermodynamically controlled initiation to form intermediates W and X. Calculations 

revealed that the free enthalpies of intermediates W and X were lower than of the 

diastereotopically opposed structures, Y and Z. This was in agreement with 

experimental study which had shown intermediates W and X formed predominantly. 

Indeed, computed transition states revealed that kinetically, the formation of non-

isolated intermediates Y and Z was favoured. Although DFT studies of the ensuing 

polymerisation were not disclosed, ROP of rac-lactide was shown to proceed 

isoselectivity from intermediates W and X. 
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Scheme 6.3. ROP of rac-lactide under thermodynamic control. Adapted from13. 

In addition to providing thermodynamic and kinetic analysis, DFT offers an unrivalled-

means for reaction and molecule visualisation. Bespoke software has been developed 

to facilitate this further. For instance, Cavallo and co-workers reported on the 

SambVca web tool for the generation of steric maps (i.e., contoured 2D 

representations of molecular surfaces) and buried volumes.14 The tool has since been 

applied with great success to rationalise mechanistic outcomes for an array of metal 

and non-metal catalysts.15 

The utility of the SambVca web tool in ROP was highlighted in a report on highly active 

and heteroselective Al catam catalysts (Pr ≥ 0.91 at 25 °C, [lactide]0 = 1.0 mol L–1, 

Scheme 6.4).16 Steric maps were used to show the orientation of NH moieties in key 

transition states. This information was used in conjunction with experimental study to 

propose a H-bond assisted mechanism for the observed heteroselective bias.  
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Scheme 6.4. Al-catam complexes for the ROP of rac-lactide. 

6.1.2 Experimental basis for theoretical study 

An outstanding goal in the ROP of rac-lactide is to develop a system that is highly 

active, to facilitate the synthesis of mechanically robust PLA (e.g. <1 mol% catalyst 

loading), whilst maintaining high isoselectivity. Typically, one condition is realised at 

the expense of the other. For instance, ROP of rac-lactide with Al-salen catalysts has 

been shown to be highly isoselective (Pi ≥ 0.98 at 70 °C, [lactide]0 = 1.0 mol L–1) owing 

to the slow rate of transesterification.17 However, this simultaneously suppresses the 

forward polymerisation (which is also a transesterification) and hence rates are low 

(TOF = 7 h–1). 

A few systems are known to be highly active and isoselective (Figure 6.1).11, 18, 19 In 

2017, Williams and co-workers described an indium phosphasalen alkoxide catalyst 

which exhibited excellent rate and isoselectivities (TOF = 480 h–1, Pi = 0.87 at 25 °C, 

[lactide]0 = 1.0 mol L–1).19 The phosphasalen ligand is a strong σ and π donor which 

is thought to promote propagation (thereby increasing rates) while the P atom 

substituents can impart the necessary steric bulk for high stereoselectivity.  

 

Figure 6.1. Examples of highly active and isoselective rac-lactide ROP catalysts. 11, 18, 19 
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Building on this work, investigations into the effect of P atom substituents, amine linker, 

and coordinated-alkoxide on activity and isoselectivity have been carried out (Scheme 

6.5). It was revealed that an ethylene bridged tBu/Ph substituted phosphasalen 

complex, InPSalen1, exhibited remarkable isoselective bias (Pi = 0.91 at 25 °C, 

[lactide]0 = 1.0 mol L–1) and activity (TOF = 135 –1) in the ROP of rac-lactide. Notably, 

an analogous Ph/Ph complex, InPSalen2, was more active (TOF = 160 –1) but gave 

poorer stereocontrol (Pi = 0.75 at 25 °C, [lactide]0 = 1.0 mol L–1). Detailed kinetic 

studies showed the polymerisation proceed via a chain-end control mechanism. The 

complexes also demonstrated high activity in the ROP of various other cyclic esters.  

 

Scheme 6.5. Summary of experimental work on the synthesis of highly active and isoselective In 

phosphasalen catalysts. 

In addition, a proposed polymerisation intermediate, lactate complex InPSalen1’a, 

was isolated by crystallisation following reaction of InPSalen1 with one equivalent of 

D-lactide (Scheme 6.6). Single crystal XRD analysis revealed InPSalen1’a as a Λ 

complex with the phosphasalen ligand coordinated in a cisβ fashion. The tBu/lactate 

moiety was found to adopt a κ2 chelating mode occupying two cis coordination sites 

around the octahedral indium centre with the lactate alkoxide trans to a phenoxide. 

InPSalen1’a was proposed to form via nucleophilic attack of D-lactide by the OtBu 

group of InPSalen1, followed by ring opening to yield InX. Subsequent intermolecular 

transesterification of InX forms InPSalen1’a (and InPSalen1’a -DLALALA).  
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Scheme 6.6. Proposed mechanism for the formation of InPSalen1’a 

InPSalen1’a was chosen as the starting point for DFT-modelling of the ROP of rac-

lactide.  

6.2 Aims 

The aim of this chapter was to use DFT-methods to rationalise the observed increase 

in isoselectivity with tBu/Ph complex, InPSalen1, vs Ph/Ph complex InPSalen2 

(Figure 6.2). The computational method is outlined in detail. Calculations suggest that 

the enhanced isoselectivity of InPSalen1 is a result of a decreased barrier to initial 

nucleophilic attack of lactide during isoselective openings as compared with 

InPSalen2. In an attempt to rationalise the computed barriers to ROP, the SambVca 

2 web tool was used to study the molecular surface of the catalysts in a key transition 

state. 

 

Figure 6.2. Overview of work carried out in Chapter 6. 
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6.3 Computational methods, M06L functional 

DFT calculations were performed using Gaussian09 suite of codes (revision D.02).20 

Geometries were fully optimised without any symmetry or geometry constraints. 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. Free enthalpies were calculated at 298.15 K within the harmonic 

approximation for vibrational frequencies. 

Geometry optimisations were performed with the M06-L functional.21 The 6–31+G(d,p) 

basis set was used for P, O and N atoms, 6–31G(d,p) for C and H atoms and the 

lanl2dz basis sets and associated pseudopotential for In atoms. The empirical 

dispersion correction factor, GD3,22 was applied to all calculations. Solvent effects 

were computed with the solvent model based on density (SMD) continuum for 

tetrahydrofuran at 298 K.  
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6.4 Benchmarking of M06L functional with single crystal XRD  

Comparison of key bond lengths and angles from single crystal XRD data and 

the DFT optimised geometry of InPSalen1’a revealed a good fit, with 

computed and experimental values showing an average of <2% difference 

(Table 6.1). This indicates that the computational details outlined in section 

6.3 were suitable for modelling. 

Table 6.1. Comparison of key bond lengths for the structures of InPSalen1’a obtained by 

DFT-optimisation and by X-ray crystallography.  

 

Bond length (Å) X-ray crystallography DFT optimisation  % difference 

In(1) ̵ N(1) 2.184(2) 2.163(3) 0.957 

In(1) ̵ N(2) 2.179(2) 2.208(5) -1.345 

In(1) ̵ O(1) 2.101(2) 2.072(7) 1.356 

In(1) ̵ O(2) 2.125(2) 2.089(0) 1.703 

In(1)-O(3) 2.100(2) 2.049(0) 2.438 

In(1) ̵ O(4) 2.355(2) 2.285(1) 2.976 

  Average % difference 1.796 

Angle (°)  

N(1) ̵ In(1)  ̵N(2) 78.93(9) 78.20(3) 0.932 

N(1) ̵ In(1)  ̵O(1) 89.14(9) 89.55(2) -0.452 

N(1) ̵ In(1)  ̵O(2) 107.42(9) 107.52(9) -0.093 

N(1) ̵ In(1)  ̵O(3) 95.7(1) 96.89(3) -1.236 

N(1) ̵ In(1)  ̵O(4) 169.30(9) 172.40(6) -1.829 

N(2) ̵ In(1)  ̵O(1) 164.01(9) 165.64(7) -0.993 

N(2) ̵ In(1)  ̵O(2) 84.50(9) 85.77(5) -1.498 

N(2) ̵ In(1)  ̵O(4) 103.19(9) 101.14(3) 1.992 

O(1)  ̵In(1)  ̵O(2) 89.03(8) 90.89(0) -2.080 

O(1)  ̵In(1)  ̵O(3) 98.91(9) 96.41(5) 2.531 

O(1)  ̵In(1)  ̵O(4) 90.51(8) 91.98(0) -1.615 

O(2)  ̵In(1)  ̵O(3) 155.69(9) 154.56(3) 0.730 

O(2)  ̵In(1)  ̵O(4) 83.27(8) 79.89(1) 4.067 

O(3)  ̵In(1)  ̵O(4) 73.77(9) 75.54(6) -2.395 

  Average % difference 1.603 
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6.5 P atom and lactate coordination-isomerism 

6.5.1 Isomerism at P atoms 

Satisfied with the fit between DFT-optimised and experimental geometries, a 

starting point (or points) for the polymerisation propagation was sought (Figure 

6.3). While InPSalen1’a provides a potential model for the propagating 

alkoxide species in ROP, there are multiple other non-isolated isomers, arising 

from potential variation in the stereochemistry at the P atoms, that need to be 

considered. Assuming that the phosphasalen ligand coordinates in a cisβ 

fashion, these structures are as follows: S at P1, R at P2 (InPSalen1’a, 

isolated), S at P1, R at P2 (InPSalen1’a-α, not isolated), R at P1, R at P2 

(InPSalen1’a-β, not isolated) and S at P1, R at P2 (InPSalen1’a-γ, not 

isolated). Each of the putative structures were optimised by DFT and their free 

enthalpies compared with InPSalen1’a. 

 

Figure 6.3. Structures of the different possible isomers of InPSalen1'a depending of the 

stereochemistry at the phosphorus atoms and their relative free enthalpies calculated by DFT. 

Protocol: M06L-D3/6–31+G(d,p) (O, N, P), 6–31G(d, p) (C, H) and lanl2dz 

(In)/SMD=THF/298K.  
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In conjunction with the selective formation of the R,S/S,R ligand 

diastereoisomeric pair experimentally, the R,S geometry proved to be the 

lowest in energy. 

6.5.2 Cis:trans coordination isomerism of the lactate moiety   

Further to this, the coordination mode of the lactate-moiety must be 

considered. In InPSalen1'a, the lactate is bidentate with the alkoxide trans to 

a phenoxide. Assuming that the phosphasalen remains coordinated in a cisβ 

fashion, a structure in which the alkoxide of the lactate is trans to the N atom 

of iminophosphorane is also possible (InPSalen1'a-δ, Figure 6.4). DFT-

optimisation of both structures shows that the enthalpy of formation of the 

isolated structure, InPSalen1'a, is lower.  

 

Figure 6.4. Structures of the different possible isomers of InPSalen1’a depending on the 

coordination mode of the lactate ligand, and their relative free enthalpies calculated by DFT. 

Protocol: M06L-D3/6–31+G(d,p) (O, N, P), 6–31G(d, p) (C, H) and lanl2dz 

(In)/SMD=THF/298K.  

6.5 Phosphasalen and lactate isomerism  

With energy minima for the geometry at the P atoms and lactate found, 

isomers arising due to phosphasalen coordination mode (Λ vs Δ)  and lactate 

stereochemistry (R vs S)  were next considered. These isomers are as follows: 

Λ-R-la-4’(InPSalen1'a) and Δ-R-la-4’(InPSalen1'b), as well as Λ-S-la-4’ and 

Δ-S-la-4’ (Figure 6.5). To reduce computational cost, and given that 

enantiomers would be expected to show identical potential energy surfaces, 

only a single diastereotopic pair was considered, namely, InPSalen1'a and 

InPSalen1'b. Diphenyl substituted analogues of InPSalen1'a and 

InPSalen1'b (InPSalen2'a and InPSalen2'b) were also evaluated (with the 

assumed phosphasalen and lactate coordination geometries) in order to 

rationalise the impact of the tBu substituent on stereochemical reaction 

outcomes (Figure 6.5). 
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Figure 6.5. Possible stereoisomers of the model alkoxide propagating species for ROP 

catalysed by InPSalen1 and by InPSalen2, and diastereotopic pairs considered in the DFT 

study. 

6.6 Lactide coordination 

For each lactate complex and a given lactide enantiomer, four pathways were 

determined to be possible per monomer opening event, depending on the 

initial coordination of the lactide molecule. These pathways are as follows: 

1) The lactide carbonyl coordinated trans to one phosphasalen phenoxide 

(trans) 

2) The lactide carbonyl coordinated cis to both phosphasalen phenoxides 

(cis) 

3) The re plane of the lactide facing the lactate alkoxide (re) 

4) The si plane of the lactide facing the lactate alkoxide (si)  
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The possible sixteen coordination modes arising from both InPSalen1'a and 

InPSalen1'b are shown in Figure 6.6. Likewise, analogous pathways are 

proposed for InPSalen2'a and InPSalen2'b.  

 

Figure 6.6. Possible coordination modes of D- and L-lactide to InPSalen1'a and InPSalen1’b, 

resulting in sixteen pathways for ring opening. 

6.7 Modelling of propagation transition states 

Per opening of lactide, two transition states were considered (Figure 6.7), 

namely the nucleophilic attack of the lactide carbonyl by the lactate alkoxide 
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to form a quaternary intermediate (TSI-II) and the opening of the quaternary 

intermediate to yield an alkoxide dimer (TSII-III).  

 

Figure 6.7. Transition states TSI-II and TSII-III (InPSalen1'a/D-LA/trans-si pathway) modelled 

for opening of lactide. 

Both TSI-II and TSII-III were modelled for each of the previously described 

pathways, giving rise to a total of sixty-four transition-state calculations. All 

geometry optimisations were carried out using the M06-L functional (the 

singular imaginary corresponding to the relevant transition state) with the 

aforementioned basis sets, pseudopotential, empirical dispersion correction 

factor and solvent model applied (section 6.3). The free enthalpy was 

calculated against the sum of the free enthalpies of the isolated lactide and 

corresponding lactate complex (Table 6.2). Finally, the isotactic preference of 

each complex was then defined as the difference between the lowest barrier 

isotactic and heterotactic ring-opening pathways (ΔΔG‡
isotactic – 

ΔΔG‡
heterotactic). Once the transition state calculations were complete, 

geometries were also optimised for lactide association complex, I, for all 

lowest energy pathways. Their ΔG were calculated against the sum of the free 

enthalpies of isolated lactide and the relevant starting lactate complex to 

confirm the absence (or presence) of local energetic minima about the 

transition states.  

6.7.1 M06L calculations 

In agreement with experiments, an isotactic preference was calculated for 

InPSalen1'a (ΔΔG‡
isotactic – ΔΔG‡

heterotactic = –3.5 kcal mol–1), with isotactic 

opening via the trans re pathway revealed as the most favourable (Table 6.2). 

InPSalen1'b was also found to favour isoselectivity (ΔΔG‡
isotactic – 

ΔΔG‡
heterotactic = –6.5 kcal mol–1), although with opening occurring via the trans 

si pathway. Both these results contrasted with calculations performed with the 

analogous diphenyl complexes, InPSalen2'a and InPSalen2'b, which 
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showed no isotactic preference (ΔΔG‡
isotactic – ΔΔG‡

heterotactic for InPSalen2'a 

= +0.6 kcal mol–1; for InPSalen2'b = +5.1 kcal mol–1).  

 

Table 6.2. Free enthalpy barriers to transition states towards the isotactic and heterotactic 

ring opening of lactide by D-lactate complexes InPSalen1'a, InPSalen1'b, InPSalen2'a and 

InPSalen2'b (kcal mol–1). Protocol: M06L-D3/6–31+G(d,p) (O, N, P), 6–31G(d, p) (C, H) and 

lanl2dz (In)/SMD=THF/298K.   

 Catalyst InPSalen1  

(tBuPhP phosphasalen) 

Catalyst InPSalen2  

(Ph2P phosphasalen) 

D-lactate model InPSalen1'a InPSalen1'b InPSalen2'a InPSalen2'b 

Transition State TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III 

ROP of D-LA (isotactic polymerisation propagation)     

cis-re pathway +31.3 +28.6 +20.1 +32.5 +29.5 +25.4 +15.6 +21.8 

cis-si pathway +31.3 +27.3 +27.2 +29.4 +27.9 +26.8 +23.7 +23.5 

trans-re pathway +22.0 +24.1 +25.9 +21.1 +26.5 +23.7 +21.4 +23.2 

trans-si pathway +28.7 +28.7 +23.4 +22.6 +30.0 +28.0 +22.1 +17.7 

Most favoured 
isotactic pathway 

trans-re trans-si trans-re cis-re 

ROP of L-LA (heterotactic polymerisation propagation)     

cis-re pathway +17.8 +29.5 +33.6 +31.1 +16.8 +27.6 +27.7 +25.5 

cis-si pathway +27.6 +13.9 +29.9 +14.1 +25.9 +13.9 +16.7 +10.3 

trans-re pathway +29.3 +22.2 +30.6 +27.0 +28.7 +26.8 +29.2 +25.2 

trans-si pathway +23.2 +29.2 +23.2 +31.5 +24.0 +30.3 +20.3 +34.2 

Most favoured 
heterotactic 
pathway 

cis-si cis-si cis-si cis-si 

         

ΔΔG‡
isotactic +24.1 +23.4 +26.5 +21.8 

ΔΔG‡
heterotactic +27.6 +29.9 +25.9 +16.7 

Isotactic preference (ΔΔG‡
isotactic – ΔΔG‡

heterotactic)   

 –3.5 –6.5 –0.6 +5.1 

     

 

6.7.2 Benchmarking studies 

 

Transition states of the most favoured pathways for each complex were then 

reoptimised with the PBE023 (augmented with Grimme’s empirical dispersion 

D3) and ωB97XD24, 25 (empirical dispersion correction factor included) 

functionals and the associated free enthalpies were recalculated (Table 6.3). 

Other computational details were identical to that described previously 

(Section 6.3). I structures were further computed to confirm the absence, or 

presence, of local energetic minima about the transition states.  
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The benchmarking studies with the PBE0 and ωb97XD functionals further 

corroborated the enhanced isoselectivity of InPSalen1 over InPSalen2. While 

InPSalen2'a demonstrated some isoselectivity  (ΔΔG‡
isotactic – ΔΔG‡

heterotactic = 

–2.6 and –1.1 kcal mol–1 for PBE0 and ωb97XD respectively), it remained 

significantly less pronounced than for InPSalen1'a (ΔΔG‡
isotactic – 

ΔΔG‡
heterotactic = –10.4 and –9.8 kcal mol–1 for PBE0 and ωb97XD 

respectively). Similarly, InPSalen2'b showed no isoselectivity (ΔΔG‡
isotactic – 

ΔΔG‡
heterotactic = +0.6 and +0.5 kcal mol–1 for PBE0 and ωb97XD, respectively) 

contrasting markedly with InPSalen1'b which exhibited a strong isoselective 

preference with each functional (ΔΔG‡
isotactic – ΔΔG‡

heterotactic = –4.2 and –6.6 

kcal mol–1 for PBE0 and ωb97XD, respectively). 

Table 6.3. Functional benchmarking of free enthalpy barriers to transition states towards the 

isotactic and heterotactic ring opening of lactide by D-lactate complexes InPSalen1'a, 

InPSalen1'b, InPSalen2'a and InPSalen2'b (kcal mol–1). 

 Catalyst InPSalen1 

 (tBuPhP phosphasalen) 

Catalyst InPSalen2 

(Ph2P phosphasalen) 

D-lactate model InPSalen1'a InPSalen1'b InPSalen2'a InPSalen2'b 

Transition State TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III 

         

ROP of D-LA 

(isotactic) 

trans-re trans-si  trans-re cis-re 

M06-L-D3 +22.0 +24.1 +23.4 +22.6 +26.5 +23.7 +15.6 +21.8 

PBE0-D3 +20.6 +21.5 +18.3 +21.1 +24.1 +20.8 +21.5 +19.7 

ωB97XD +23.5 +22.7 +19.4 +19.7 +25.3 +19.8 +25.1 +24.3 

         

         

ROP of L-LA 
(heterotactic) 

cis-si  cis-si cis-si cis-si 

M06-L-D3 +27.6 +13.9 +29.9 +14.1 +25.9 +13.9 +16.5 +10.3 

PBE0-D3 +31.9 +12.5 +25.3 +15.4 +26.7 +10.1 +19.7 +11.5 

ωB97XD +33.3 +13.2 +26.3 +14.4 +26.4 +11.2 +20.9 +10.5 

         

         

Isotactic 
preference 
(ΔΔG‡

isotactic – 
ΔΔG‡

heterotactic) 

    

M06-L-D3 –3.5 –6.5 +0.6 +5.1 

PBE0-D3 –10.4 –4.2 –2.6 +1.8 

ωB97XD –9.8 –6.6 –1.1 +4.2 
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6.8 Investigations of the catalytic pocket  

Further comparison between the lowest energy pathways computed revealed 

that across the range of functionals tested, the nucleophilic attack of the 

lactide carbonyl by the indium alkoxide (TSI-II) was almost exclusively the rate-

determining transition state for the complexes bearing diphenyl substituents 

on the phosphorus atoms. However, the differences in the associated TSI-II 

barriers in the isotactic and heterotactic pathways were small (Figure 6.8). 

Upon introducing a tBu substituent on the phosphorus atoms, the activation 

barriers associated with TSI-II diverged; increasing for the heterotactic pathway 

and decreasing for the isotactic pathway. No correlation between the 

improved isoselectivities of InPSalen1’a-b over InPSalen2’a-b and the 

activation barriers associated with TSII-III was found. 
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Figure 6.8. ΔΔG (isotactic–heterotactic) of TSI-II (filled) and TSII-III (unfilled) for the isotactic 

and heterotactic opening of lactide for complexes InPSalen1’a (black), InPSalen1’b (red), 

InPSalen2’a (blue) and InPSalen2’b (purple) using M06L (square), PBE0(circle) and 

ωb97XD (triangle) functionals  
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Figure 6. 9. Representative steric maps generated for InPSalen1’a (top line), InPSalen1’b 

(second from top line) InPSalen2’a (second from bottom line) and InPSalen2’b (bottom line) 

from TSI-II structures calculated with the M06L functional at sphere radius = 3.5 (a), 6.0 (b) 

and 9.2 (c) Å scaled by 1.17. 

 

b) c) 

InPSalen1’a 

InPSalen1’b 

InPSalen2’a 

a) 

InPSalen2’b 



- 278 - 

 

 

Accordingly, the SambVca 2 web tool14 15 was used to generate steric maps 

and buried volumes around the metal centre for TSI-II (Figure 6.9). In order to 

consider the sole steric contribution of the ligand, the coordinated D-lactide 

and D-lactate were deleted from the TSI-II structures prior to the calculation of 

the steric maps. Three steric maps were calculated per structure, centered on 

the In atom, with bond radii scaled by 1.17 at sphere radii of 3.5 Å, 6.0 Å and 

9.2 Å. The range of radii were chosen to see if the diphenyl substituents 

affected substantial changes in the close coordination sphere of In (scaled 

sphere radius ~3.5 Å), the geometry around the P atoms (scaled sphere radius 

~6.0 Å) or the ligand as a whole (scaled sphere radius ~9.2 Å). The xy surface 

was chosen as the P=N/In or phenoxide/In plane (depending on the initial 

coordination of the lactide) and the z axis was defined along the O-In bond 

between D-lactate and In atoms. H atoms were included in the calculations.  

At a given sphere radius, no specific interaction could be identified as 

responsible for the observed increase in TSI-II energies for the diphenyl 

substituted complexes. This suggests that subtler effects of the size and 

shape of the catalytic pockets may govern the observed differences in 

enantioselectivity between InPSalen1’a and InPSalen2’a. 

With this in mind, buried volumes were calculated from the 3.5 Å radius steric 

maps (Table 6.4). This sphere radius was chosen because it was thought it 

would best represent the catalytic pocket inside which the nucleophilic attack 

of the monomer would be happening, encompassing the close coordination 

sphere of the metal centre whilst remaining free from the influence of longer 

range structural features. The buried volumes were then plotted against the 

computed energies of isotactic openings of TSI-II.
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Table 6.4. %buried volume (at sphere radius = 3.5 Å, scale factor 1.17) vs ΔG of TSI-II for the 

lowest enthalpy path of isotactic ring opening from complexes (top) InPSalen1’a (black), 

InPSalen1’b (red), InPSalen2’a (blue), InPSalen2’b (purple) using M06L (square), 

PBE0(circle) and ωb97XD (triangle) functionals. 
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 Catalyst InPsalen1  

(tBuPhP phosphasalen) 

Catalyst InPsalen2 

 (Ph2P phosphasalen) 

D-lactate model InPsalen1’a InPsalen1’b InPsalen2’a InPsalen2’b 

Transition State TSI-II % bv TSI-II % bv TSI-II % bv TSI-II % bv 

ROP of D-LA 

(isotactic) 

        

M06-L-D3 +22.0 75.7 +23.4 75.8 26.5 72.1 +15.6 78.2 

PBE0-D3 +20.6 75.5 +18.3 76.0 24.1 71.7 +21.5 77.5 

ωB97XD +23.5 75.6 +19.4 76.2 25.3 72.7 +25.1 78.1 

         

ROP of L-LA 

(heterotactic) 

        

M06-L-D3 +27.6 79.7 +29.9 80.0 +25.9 77.0 +16.5 77.0 

PBE0-D3 +31.9 79.4 +25.3 79.7 +26.7 76.9 +19.7 76.6 

ωB97XD +32.1 79.6 +26.3 80.2 +26.4 77.2 +20.9 76.9 
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All heterotactic TSI-II structures computed from InPsalen1’a and InPsalen1’b 

showed higher buried volumes than when derived from InPsalen2’a and 

InPsalen2’b, suggesting that the improved isoselectivity of InPsalen1 over 

that of InPsalen2 might be governed by kinetics and of steric origin (Figure 

6.10). While the exact nature of the kinetic effect is difficult to discern, a more 

confined pocket for the tBu complexes is suggestive of an increased steric 

clash in TSI-II for heterotactic openings with InPsalen1 as compared with 

InPsalen2.  

 

Figure 6.10. Qualitative scheme showing impact of tBu substituent on transition states for the 

isotactic and heterotactic opening of lactide with complexes InPsalen1 and InPsalen2. 
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6.9 Full schemes for isotactic ring opening  

The full profiles for the isotactic opening of D-lactide with  complexes, InPsalen1’a, 

InPsalen1’b, InPsalen2’a and InPsalen2’b are given in Scheme 6.7 and the 

experimental. When using the ωb97XD functional, diphenyl complexes InPsalen2’b, 

exhibits lowest overall barrier to ROP of rac-lactide, consistent with experimental 

kinetic data (InPsalen1 = kobs = 194 ± 4.00 x 106 s–1 , InPsalen2 =  kobs = 77.8 ± 1.77 

x 106 s–1, Scheme 6.9). However, generally, overall activation barriers are comparable 

for the tBu/Ph and diphenyl complexes (see experimental), indicating that the models 

used, while suited to show isoselective bias, have not replicated the experimentally 

determined reactivity rates of both complexes.  

 

Scheme 6.7. Computed pathways of lowest free enthalpy TS barriers for the isotactic ring opening of 

D-lactide from InPsalen1’a (trans-re route; featured structures), InPsalen1’b (trans-si), InPsalen2’a 

(trans-re) and InPsalen2’b (cis-re). Protocol: M06L-D3/6–31+G(d,p) (O, N, P), 6–31G(d, p) (C, H) and 

lanl2dz (In)/SMD=THF/298K. 
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Generally, intermediate structures do not impact on the overall computed barriers, with 

the respective energies lactide coordination (I) and quaternary intermediate structures 

(II) being almost exclusively positive, apart from for I structures for complex 

InPsalen2’a when using the PBE0 and M06L functionals. Inspection of the output 

geometry for both files shows that the lactide is not coordinated to the In atom. As all 

transition states were subject to the same analysis and similar minima were not found, 

the aforementioned I structures were considered erroneous and further investigation 

has not been pursued. 

6.10 Conclusions 

DFT has been used to rationalise the improved selectivity of a tBu/Ph phosphasalen 

complex, InPSalen1, over that of a Ph/Ph analogue, InPSalen2. A model was 

proposed based on experimental and computational output. It was revealed that the 

isolated complex, InPSalen1’a, was thermodynamically the most favoured out of a 

range of putative structures based on isomerism at the P atoms and lactate 

coordination. Full mechanistic pathways were further computed from the ascribed 

starting point for a pair of diastereoisomers of both InPSalen1 and InPSalen2. tBu/Ph 

complexes, InPSalen1’a and InPSalen1’b, were shown to have consistently stronger 

isotactic preferences than the diphenyl analogues across a range of functionals. It was 

revealed that the initial attack of the lactide (TSI-II) was the key transition state for 

determining overall isotactic preference, with the tBu complexes exhibiting markedly 

enhanced barriers for heterotactic openings. This was rationalised through 

consideration of the catalytic pocket which indicated that InPSalen1’a and 

InPSalen1’b had higher buried volumes for heterotactic TSI-II. Consequently, it was 

proposed that the enhanced isoselectivity of InPSalen1 is a result of kinetics and 

increased steric clash for heterotactic openings in TSI-II. 

6.11 Future outlook 

Regarding future work, a detailed computational study of the initiation of lactide with 

InPSalen1 and InPSalen2, similar to that described by Tolman and co-workers,13 

could be undertaken. This could show if the thermodynamics are relevant to selectivity 

of initiation more generally or if their rationale is restricted to particular systems. 

Efforts to compute the entropic cost of the ligand rearrangement in ROP could be 

useful for further demonstration of the impact of the tBu substituent of isoselectivity. 

Indeed, recent studies by Tolman, Cramer and co-workers13 and Romain and co-
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workers16 (Scheme 6.4) have applied framework distortion energy calculations to 

rationalise ROP activity with cyclic esters.  

Improvements to the robustness of the catalyst could also be investigated by DFT. 

While not discussed in detail herein, efforts to synthesise high Mn PLA with InPSalen1 

and InPSalen2 were at first hindered due to limits in catalyst stability which was 

ascribed to H2O contamination from the lactide sample (this was overcome via 

sequential monomer addition experiments). A rigorous investigation into the chain-

end-termination may shed light on the degradation mechanisms which could be used 

to aid future catalyst design. Similarly, potential catalyst modifications (e.g. exchanging 

the metal) to further improve isoselectivity or activity could be screened 

computationally, although the complexity of the various mechanistic pathways may 

render an experimental approach more practical. As such, it may be desirable to 

develop a less expensive computational method. One option may be to apply ONIOM 

strategy26 where the calculation is ‘layered’ with molecular and quantum mechanics to 

ease computational cost. 
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7. Borylated iminophosphoranes (BIPs) 
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7. Borylated iminophosphoranes (BIPs) 

7.1 Introduction 

Iminophosphoranes are P analogues of imines, i.e. organic compounds of the form 

R3P=NR. Although first reported by Staudinger and Meyer in 1919,1 research into 

iminophosphoranes has significantly matured over the past three decades; indeed, 

P=N moieties now find application as small molecule intermediates,2 P-N polymer 

precursors3 and catalysts.4, 5 In part, this emergent success is a consequence of the 

extreme polarisation of the P=N bond. This instils the motif with a ‘super-basicity’ 

suited to small-molecule activation and metal coordination. As such, 

iminophosphoranes are ideal candidates as both ligands for metal complex catalysis 

(Chapter 6)4, 6-8 and organocatalysts. 5, 9.  

The synthesis of iminophosphoranes proceeds via several well-developed routes, 

including the Staudinger and Kirsanov reactions. These methods will be covered 

briefly below as other routes have not been applied in this work. For a more detailed 

review of synthetic approaches towards iminophosphoranes, please refer to.10-12 

7.1.1 Staudinger reaction 

Staudinger and Meyer first reported on the coupling of azides with phosphine to form 

iminophosphoranes in 1919 (Scheme 7.1).1 The reaction proceeds via nucleophilic 

addition of the phosphine to the azide followed by elimination of N2. As N2 is the sole 

by-product, the Staudinger reaction is highly convenient. However, the synthesis of 

the precursor azides can be hazardous owing to their explosive nature, particularly for 

sterically exposed structures. 

 

 

Scheme 7.1. Staudinger reaction for the synthesis of iminophosphoranes. 

7.1.2 Kirsanov reaction 

The Kirsanov reaction was discovered in 1950 (Scheme 7.2).13 The method proceeds 

by oxidation of a phosphine followed by nucleophilic addition of an amine to the in-situ 

generated P(V) species to form an aminophosphonium. Subsequent deprotonation of 
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the NH moiety yields the iminophosphorane. While necessitating an additional step as 

compared with the Staudinger reaction, the formation of the aminophosphonium is 

practicable as the intermediate is air-stable and thus can be readily prepared on a 

large scale on the benchtop.  

 

Scheme 7.2. Kirsanov reaction for the synthesis of iminophosphoranes. 

7.1.3 Bifunctional iminophosphoranes (BIMPs) 

A particularly interesting subclass of P=N catalysts are the Brønsted bifunctional 

iminophosphoranes (BIMPs) developed by Dixon and co-workers (Scheme 7.3).14 

Comprised of a thiourea-tethered to an iminophosphorane, BIMPs are readily 

synthesised and generally air-stable, likely as a result of inter- or intramolecular H-

bonding between the P=N and thiourea moieties. In addition to providing stability, 

P=N/H-bond donor synergy has facilitated the catalytic activity of BIMPs in a number 

of transformations, including asymmetric Mannich reactions,14 15 sulfa-Michael 

additions16-18 conjugate additions to enones.19-21 and additions to ketones.22 

 

Scheme 7. 3. Synthesis of BIMPs 

Of particular relevance to this work is Dixon and co-workers description of BIMP-

catalysed ROP of cyclic esters (Scheme 7.4).23  BIMP-1 and BIMP-2 gave excellent 

control over Mn and ÐM in the ROP of L-lactide, δ-valerolactone, and ε-caprolactone. 

Notably, no epimerisation was observed in PLA at 22 °C with [L-lactide]0 = 1 mol L–1. 

Use of a non-thiourea-functionalised iminophosphorane gave poorer polymerisation 

control and resulted in significant epimerisation. This was ascribed to the increased 

basicity of the P=N moiety promoting transesterification and enolization. A 

methodology has also been developed for immobilisation of the BIMP on solid 

supports enabling them to act as heterogeneous catalysts.24 
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Scheme 7. 4. ROP of cyclic esters catalysed by BIMPs. Adapted from23. 

7.2 Aims 

Throughout the work carried out as part of this PhD, issues have arisen regarding 

literature-known systems (catalytic or stoichiometric) in terms of imparting desired 

reactivity characteristics (e.g. activity, control) with novel monomers or substrates. 

Consequently, it is highly desirable to create a catalyst, or series of catalysts, that are 

accessed via a simple synthesis whilst retaining significant tunability for bespoke 

applications. Furthermore, ideally the catalyst scaffold should be robust and composed 

of sustainable and low-toxic elements (although of course this does not preclude the 

novel structure from being toxic itself). We believed that a dual-functional 

iminophosphorane catalyst, akin to Dixon’s systems, may satisfy the above criteria. 

As discussed, P=N synthesis proceeds via well-known methods which are simple and 

high yielding. Crucially, the syntheses are also modular therefore a degree of tunability 

is inherent. For instance, functionality can be imparted through choice of phosphine or 

amine (or azide), all of which are widely available. Furthermore, iminophosphoranes 

are highly Lewis basic, which may promote reactivity in catalysis and impart selectivity 

during Lewis acid incorporation (i.e. it may act as a directing group) in catalyst 

synthesis. However, contrasting with previous work with BIMPs, efforts would focus 

on borylated iminophosphoranes (BIPs): the borane was envisioned to impart Lewis 

acidity, which could be modulated through choice of reagent, and may exhibit 

decreased toxicity as compared with the thiourea moiety. 

This chapter discusses work covering initial attempts and future directives towards 

attaining those goals.  
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7.3 Synthesis 

Initial study focussed on the synthesis of the PPh3-derived borylated 

iminophosphorane via a two-step process. Firstly, a tBu-functionalised amino 

phosphonium (tBu-AP) was formed via a Kirsanov reaction (Scheme 7.5). Isolation of 

the product through an aqueous workup, including consecutive brine washes, yields 
tBu-AP as a chloride salt in 90% yield.  

 

Scheme 7. 5. Synthesis of tBu-AP. 

tBu-AP in hand, formation of the BIP was attempted. Three boryl halides were at first 

investigated, namely, biscyclohexylchloroborane (B(cy)2Cl), 2-bromo-1,3,2-

benzodioxaborole (BcatBr), and bis(bicyclo[2.2.1]-2-heptyl)chloroborane (B(bbc)2Cl). 

The boranes were chosen as the substituents impart a range of steric profiles, thereby 

envisioned to impact on B-N distance, which it was thought would be crucial in 

determining catalytic activity.  

 

Scheme 7.6. Synthesis of BIPs.  

Formation of the borylated iminophosphoranes was achieved through successive 

deprotonations with 2 equivalents of nBuLi followed by addition of the respective halo 

borane (Scheme 7 6). The first deprotonation generates the iminophosphorane in-situ 

which may then act as an ortho-directing group for a second deprotonation thus 

ensuring regioselective lithiation of the P phenyl substituents. Addition of one 

equivalent of a boryl halide yields the desired products via salt metathesis.  

The reaction was first attempted with B(cy)2Cl. The presence of P and B atoms allows 

for facile reaction monitoring of the stepwise deprotonations and borane addition via 
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heteronuclear NMR spectroscopy (Figure 7.1). Following addition of the first 

equivalent of nBuLi, formation of a single resonance in the 31P{1H} NMR spectrum at  

–14.9 ppm was indicative of quantitative formation of the iminophosphorane. Upon 

addition of the second equivalent of nBuLi, the reaction mixture turned orange with a 

single P species detected at 14.9 ppm, confirming regioselective lithiation. Finally, 

addition of B(cy)2Cl resulted in the formation of a downfield P resonance at 35.4 ppm. 

Simultaneously, a lone species was detected by11B NMR spectroscopy at 8 ppm, 

corroborating with 31P{1H} NMR spectroscopy and revealing of borane complexation.
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Figure 7.1. a) 31P{1H} NMR spectra  (162 MHz, Benzene-d6, –20–40 ppm) of i) tBu-AP and 

aliquots taken after addition of ii) 1st equiv. of nBuLi  iii) 2nd equiv. of nBuLi and iv) B(cy)2Cl 

(residual signal at 0.0 ppm = phosphoric acid capillary). b) 11B NMR (160 MHz, CDCl3, –15–

90 ppm) of i) B(cy)2Cl and ii) aliquot taken after addition of B(cy)2Cl. 

ai) 

aii) 

aiii) 

aiv) 

bi) 

bii) 
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Similar observations were made in the reaction with BcatBr, with single 

resonances detected at 31.3 ppm and 15 ppm by 31P{1H} and 11B NMR 

spectroscopy, respectively (Figure 7.2 aii). When using B(bbc)2Cl, two 

resonances were detected at 33.2 and 33.0 ppm in 31P{1H} NMR spectrum 

suggesting the presence of diastereoisomers formed as a result of the chiral 

centres present in the bis(bicyclo[2.2.1]-2-heptyl) substituents (Figure 7.2 aiii 

and b).  

           

   

 

 

Figure 7. 2. a) 31P{1H} NMR (top) and 11B spectra (bottom) (160 MHz, CDCl3) of i) BCyIP, ii) 

BcatIP and iii) BbbcIP. b) possible diastereoisomers of BbbcIP 

For all the novel complexes, the ppm shift of the in the 11B NMR spectrum 

indicated the presence of a 4-coordinate boronate, later confirmed by single 

crystal XRD analysis (see section 7.4). While the synthesis was repeatable for 

BcyIP and BbbcIP, frustratingly, successive attempts to isolate BcatIP failed. 

ai) aii) aiii) 

b) 
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Upon purification, multiple products were detected by 31P{1H} NMR 

spectroscopy, possibly indicating the presence of oligomers formed through 

intermolecular, rather than intramolecular, B-N bonding. As such BcatIP could 

not be investigated for catalytic activity.  

7.4 XRD characterisation 

 

Figure 7. 3. Single crystal XRD structures of a) BcyIP, b) BcatIP and c) BbbcIP 

.Displacement ellipsoids at 50% probability level. H atoms omitted for clarity. 

Single crystals of each of the BIPs were grown by layering hexane on a 

saturated DCM solution of each molecule (Figure 7.3).  

The PBN heterocycle was shown to be slightly puckered for each structure, 

with B-N distance varying roughly in accordance with the bulk of the B 

substituent, i.e. BcatIP (1.59 Å) < BcyIP (1.69 Å) < BbbcIP (1.71 Å). For 

BcyIP and BbbcIP, the B atoms were found to adopt equatorial positions on 

the cyclohexyl rings, consistent with steric considerations. 

In agreement with 11B NMR spectroscopy, the B atoms were revealed as four 

coordinate and tetrahedral in nature. The B atom may therefore be formally 

designated as a boronate; thus these substrates will be classified as ‘ate’ BIPs 

from herein. While not premeditated, the coordination of the 

iminophosphorane to the B atom has the added advantage of ‘masking’ the 

P=N moiety by saturating the B atoms’ vacant p orbital. This allows the 

compounds to be handled in air.
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7.5 Polymerisation attempts 

Ring-opening studies were undertaken with L-lactide as a model ROP substrate. 

Stoichiometric ring-opening experiments were initially carried out at 80°C in toluene 

with L-lactide and BcyIP (Figure 7.4). After 1 h, lactide conversion was 0%. 

Subsequent addition of 4-MeBnOH formed a ring-opened adduct as indicated by 1H 

NMR spectroscopy, albeit in only 66% conversion after 1 h. Quantitative conversion 

of the lactide was noted after 24 h with dimers or oligomers formed as indicated by the 

presence of resonances at 5.04–5.25 ppm in the 1H NMR spectrum. These data show 

that initiation L-lactide with BcyIP only occurs slowly in the presence of alcohol 

moieties. This will have implications for controlled ROP of lactide using the BIPs. 

Finally, inspection of 31P{1H} and 11B NMR spectra revealed BcyIP was intact with no 

significant differences noted prior to and after the reaction. 

 

         

Figure 7.4. Stoichiometric ring opening of L-lactide with BcyIP. 1H NMR spectra (400 MHz, CDCl3, 

4.70–5.30 ppm) of aliquot taken after 1 h mixing of (left) L-lactide and BcyIP (middle) 1 h after addition 

of 4-MeBnOH and (right) 24 h after addition of 4-MeBnOH.  



- 297 - 

 

 

 

Table 7.1. ROP of L-lactide with BIPs 

 

Entry Catalyst Solvent Temperature (°C) Conv[a] Mn,sec 

1 BcyIP DCM 25 2% - 

2 BcyIP PhMe 80 3% - 

3[b] BcyIP - 170 - - 

4 BbbcIP DCM 25 0% - 

5 BbbcIP PhMe 80 2% - 

6[b] BbbcIP - 170 75% - 

[L-lactide]0:[BIP]0:[4-MeBnOH]0 50:1:1, [L-lactide]0 = 1.0 M unless otherwise stated. Scale = 1.00 mmol 

of L-lactide (144 mg). [a] Determined by 1H NMR spectroscopy using the relative integration of methine 

protons in L-lactide and product. [b] neat reaction. 

Next, polymerisations were trialled at [L-lactide]0:[BIP]0;[4-MeBnOH]0 loadings of 

50:1:1. After 21 h, poor conversion was obtained when using BcyIP across a range of 

temperatures in solution, or neat at 150 °C (Table 7.1, entries 1–3). Similarly, BbbcIP 

showed minimal activity in solution at 25 °C and 80 °C (Table 7.1, entries 4 and 5). 

However, a polymerisation performed neat at 150 °C resulted in 75% conversion of L-

lactide after 21 h (Table 7.1, entry 6). Inspection of the crude 1H NMR spectrum 

showed significant epimerisation in the product as indicated by additional resonance 

formation around the lactide methine region (Figure 7.5). This is consistent with the 

high basicity of the iminophosphorane moiety. Attempts to precipitate the polymer 

using cold methanol and hexane failed, suggesting the presence of oligomers only. 

This indicates that the screened ‘ate’ BIPs were unsuitable for lactide polymerisation. 

 

Figure 7.5. Overlaid 1H NMR spectra (400 MHz, CDCl3, 5.00–5.24 ppm) of the methine region of a L-

lactide (blue) and crude sample taken from the polymerisation trialled at 170 °C with [L-

lactide]0:[BbbcIP]0:[4-MeBnOH]0 loadings of 50:1:1 (purple). 
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7.6 Increasing the B-N gap 

7.6.1 Selection of molecular targets by DFT  

We suspected that the slow initiation and poor rate of propagation of the ‘ate’ BIPs 

was a result of the strong coordination between P=N/B moieties. To overcome this, a 

molecular scaffold was sought which would increase the B-N gap, to prevent 

intramolecular P=N/B coordination, while remaining synthetically feasible (Scheme 

7.7). We envisioned a true frustrated Lewis pair (FLP) may improve catalytic activity 

for two reasons. Firstly, initiation would not require prior opening of the BNP-

heterocycle, therefore reactivity could occur spontaneously in the presence of a 

suitable reagent. Secondly, the rate of propagation may be enhanced as reformation 

of the heterocycle would be disfavoured after initial monomer opening. Regarding 

handling, an FLP BIP could be made air stable through addition of a suitable alcohol 

prior to isolation. Subsequent addition of a base could then be used to form the 

iminophosphorane in-situ, if required.  

 

Scheme 7.7. ‘ate’ BIPs vs FLP BIPs . 

DFT calculations were performed to screen for potential candidates (Figure 7.6). All 

screened structures are feasibly accessible in 2–3 steps from commercially available 

reagents. A focus was paid to the variation of the N-substituents (as N-derivatives are 

more common commercially) with investigation into the effects of weak electron 

withdrawing and bulky groups on B-N distance carried out. The impact of the B-N linker 

was also explored.  
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Figure 7.6. Structures of screened-FLP BIP-candidates and free enthalpies of formation for their H2O 

and 4-MeBnOH adducts. Blue dashed box = synthesised structures, red dashed box =  molecule 

selected for synthesis, black dashed box = molecule not selected for synthesis. Protocol: ωb97XD /6–

31+G(d,p) (N, P, B, X), 6–31G(d,p) (C, H)/gas phase/298 K. 

Key bond-lengths from the DFT-computed structures were in good agreement with the 

isolated single-crystal XRD values for BcyIP, BbbcIP and BcatIP indicating that the 

model parameters were suitable for the BIPs.   

Electron withdrawing substituents on the P=N moiety failed to induce a significant 

increase in the B-N distance, with amide and silane containing structures having 

comparable separations as BcyIP (amide-BIP = 1.74 Å, trimethylsilane-BIP = 1.69 

Å and tertbutyldimethylsilane-BIP = 1.72 Å). While these structures were not 

considered for synthetic investigation, incorporation of an electron withdrawing moiety 

may significantly decrease the P=N basicity and thereby potentially offer a route to 

non-epimerised polyesters using BIPs. 
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Next, hindered BIPs were considered. In agreement with steric considerations, the B-

N separation increased dramatically for 2,6-diisopropylphenyl (Dipp) and 2,4,6-

tritertbutylbenzene substituted P=N moieties (Dipp-BIP = 3.16 Å and 2,4,6-

tritertbutylbenzene-BIP  = 2.74 Å) as compared with BcyIP. Synthetically, such an 

increase in bulk may inhibit lithiation at the ortho-C-H position which should be 

considered when planning future syntheses. 

Finally, the effect of B-N linker was considered through optimisation of BIPs derived 

from ferrocene, biphenyl, dimethylxanthene and dibenzofuran. In all cases, the linker 

substantially increases the B-N gaps (ferrocene-BIP = 4.00 Å, biphenyl-BIP 3.44 Å, 

dimethylxanthene-BIP = 4.28 Å, and dibenzofuran-BIP 5.13 Å). Consideration here 

should be paid to intermolecular Lewis pair formation potentially resulting in 

aggregation or spontaneous step-growth polymerisation of the BIPs. To prevent this, 

the use of bulkier N substituents may be required.  

The favourability of coordination of H2O and 4-MeBnOH with the free BIPs were next 

considered to give a broad understanding of how the structures would be behave in 

initiation. For instance, the free Gibbs energy of formation for a BIP-4-MeBnOH adduct 

may provide some insight into how initiation would proceed. Calculations were 

performed in the gas phase at 298.15 K using the ωb97XD functional with basis set 

6–31+G(d,p) for N, P, B and X atoms and 6–31G(d,p) for C and H atoms. Geometries 

were optimised for H2O and 4-MeBnOH adducts of the BIPs and their free enthalpies 

of formation (ΔΔGn) were calculated as follows: ΔΔGn = ΔΔGadduct–(ΔΔGBIP + ΔΔGH2O 

or 4-MeBnOH).  

For BcyIP and BbbcIP, adduct formation was generally slightly disfavoured consistent 

with the proposed-strong P=N/B coordination (BcyIP ΔΔGH2O = +2.4 kcal mol–1, ΔΔG4-

MeBnOH = +0.6 kcal mol–1,  BbbcIP ΔΔGH2O = +1.4 kcal mol–1, ΔΔG4-MeBnOH = +0.4 kcal 

mol–1). Conversely, adduct formation was strongly disfavoured for BcatIP (ΔΔGH2O = 

+27.5 kcal mol–1, ΔΔG4-MeBnOH = +22.8 kcal mol–1). This is a likely a consequence of 

the decreased electrophilicity of the B atom due to lone pair donation from the O atoms 

of the catechol moiety and suggests that BcatIP would be unsuited to alcohol 

activation.  

Coordination of H2O and 4-MeBnOH was unfavourable for the amide and silane 

functionalised BIPs, consistent with the decreased basicity of the P=N moiety which 

will disfavour deprotonation (amide-BIP ΔΔGH2O = +18.9 kcal mol–1, ΔΔG4-MeBnOH = 

+5.9 kcal mol–1, trimethylsilane-BIP ΔΔGH2O = +7.4 kcal mol–1, ΔΔG4-MeBnOH = +1.7 

kcal mol–1, tertbutyldimethylsilane-BIP ΔΔGH2O = +0.4 kcal mol–1, ΔΔG4-MeBnOH = 
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+2.3 kcal mol–1 ). On this basis, the electron withdrawing substituted BIPs were not 

considered for the further synthesis.  

For Dipp-BIP- and 2,4,6-tritertbutylbenzene-BIP, steric factors have a significant 

influence over the favourability of coordination.  While H2O coordination is strongly 

favoured (Dipp-BIP, ΔΔGH2O = –7.2 kcal mol–1 and 2,4,6-tritertbutylbenzene-BIP  

ΔΔGH2O = –8.7 kcal mol–1) adduct formation with 4-MeBnOH is disfavoured (Dipp-BIP 

ΔΔG4-MeBnOH = +4.0 kcal mol–1 and 2,4,6-tritertbutylbenzene-BIP ΔΔG4-MeBnOH = +5.4 

kcal mol–1) . With this in mind, for facile initiation, use of sterically unencumbered 

alcohol (e.g. MeOH) may be advisable. 

For the dimethylxanthene-BIP, somewhat surprisingly, H2O coordination is strongly 

favoured over 4-MeBnOH (ΔΔGH2O =  –12.0 kcal mol–1 vs  ΔΔG4-MeBnOH =  = +8.0 kcal 

mol–1), contrasting with the dibenzofuran-BIP, which shows comparable enthalpies 

of coordination for H2O and 4-MeBnOH (ΔΔGH2O =  –2.5 kcal mol–1 vs ΔΔG4-MeBnOH =  

= –1.6 kcal mol–1). This suggests that for even seemingly large B-N distances, steric 

factors have a significant influence. For dibenzofuran-BIP, the orientation of the P=N 

and B moieties may reduce the impact of sterics. Dibenzofuran-BIP also showed 

relatively low favourability of coordination as compared with the other FLP-BIPs, 

potentially as a result of too greater a B-N distance. This suggest the possibility of a 

‘goldilocks effect’, i.e. an intermediate B-N distance is ideal for protic substrate 

activation. Comparison with literature single crystal XRD data of isolated BIMPs 

corroborates this: active P=N/thiourea moieties were revealed as separated by a 

distance of ~3.0 Å.14 

Finally, the ferrocene- and bisphenyl-BIPs showed comparable energetics of 

coordination for H2O and 4-MeBnOH (ferrocene-BIP ΔΔGH2O =  –14.3 kcal mol–1, 

ΔΔG4-MeBnOH =  = –16.9 kcal mol–1; bisphenyl-BIP ΔΔGH2O =  –12.6 kcal mol–1, ΔΔG4-

MeBnOH =  –22.1 kcal mol–1). This may be ascribed to the linkers ability to accommodate 

sterics through rotation or, in the case of the ferrocene-BIP, tilting of the Cp-Fe-Cp 

axis. 

Efforts to model the kinetics of opening are ongoing. 

On the basis of the favourability of the H2O and 4-MeBnOH adduct formation, in 

addition to the computed B-N gap, Dipp-BIP, bisphenyl-BIP and ferrocene-BIP were 

selected for synthesis.  
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7.6.2 DippAP 

2,6-diispropyl aminophosphonium (DippAP) was next synthesised with a Kirsanov 

reaction (Scheme 7.8). Isolation following an aqueous workup and successive washes 

with toluene yielded the chloride salt in 74% yield.  

 

Scheme 7.8. Synthesis of DippAP by a Kirsanov reaction 

31P{1H} and 11B NMR spectroscopy was used to monitor the deprotonation and 

complexation of DippAP with B(cy)2Cl (Scheme 7.9). Addition of two equivalents of 

MeLi resulted in quantitative formation of a single resonance at–4.80 ppm  by 31P{1H} 

NMR spectroscopy indicative of iminophosphorane formation. Given the significant 

steric profile of the diisproylaniline group, the reaction was left to stir at room 

temperature in line with literature precedent.25 A second aliquot after 16 days revealed 

no change in the 31P{1H} NMR spectrum. Subsequent introduction of B(cy)2Cl failed to 

induce any change by 31P{1H} NMR spectroscopy, indicating that the boron addition 

had failed. These data suggest that under the conditions trialled, ortho-lithiation is 

likely kinetically hindered by the bulk of the diisopropylaniline group. 

 

Scheme 7.9. Attempted synthesis of Dipp-BIP. 

7.6.3 Bisphenyl 

(2'-bromo-[1,1'-biphenyl]-2-yl)diphenylphosphane was synthesised through lithiation 

and phosphorylation of 2,2-dibromobisphenyl (Scheme 7.10).26 Isolation following 

column chromatography yielded the phosphine in 41% yield. 

 

Scheme 7.10. Synthesis of (2'-bromo-[1,1'-biphenyl]-2-yl)diphenylphosphane 
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Synthesis of tertbutyl-functionalised aminophosphonium salt was then attempted via 

a Kirsanov reaction (Scheme 7.11). Unexpectedly, only the corresponding oxide, (2'-

bromo-[1,1'-biphenyl]-2-yl)diphenylphosphine oxide, was isolated, suggesting 

coordination of the tBuNH2 to the P(V) species was disfavoured under those reaction 

conditions. The reaction was repeated with MeNH2 for which it was hoped that the 

reduced steric bulk around the amine would favour nucleophilic addition to P(V). 

Satisfyingly, the desired aminophosphonium (bisphenyl-AP) was isolated in 76% 

yield following an aqueous workup.  

 

Scheme 7.11. Synthesis of bisphenylaminophosphoniums. 

Stepwise deprotonation of bisphenyl-AP was then attempted with nBuLi. Following 

addition of the first equivalent of nBuLi, 31P{1H} NMR spectroscopy revealed the 

formation of a single resonance at 5.60 ppm consistent with iminophosphorane 

formation (Figure 7.7). However, evidence for lithiation at the bromide position was 

inconclusive, with no change detected by 31P{1H} NMR spectroscopy after addition of 

the second equivalent of nBuLi. Subsequent addition of B(cy)2Cl resulted in the 

formation of a single resonance at 26.8 ppm and 53 ppm in the 31P{1H} and 11B NMR 

spectra, respectively.  
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Figure 7.7. Attempted synthesis of bisphenyl-BIP. 31P{1H} NMR spectra (160 MHz, C6D6, -3.0–13.0 

ppm) following addition of a) 1st equiv. of nBuLi. and b) 2nd equiv. of nBuLi. 

Given the ambiguity regarding the second deprotonation, it was unclear whether the 

borane had added as envisioned. Separation of a precipitate formed during 

lithiation/borylation followed by removal of the solvent revealed the presence of 

starting material (largely in the precipitate) plus oxide (supernatant) as indicated by 1H 

and 31P{1H} NMR spectroscopy. Formation of the aminophosphonium and oxide is 

proposed to occur via reprotonation of the P=N moiety and a Staudinger reaction 

(Scheme 7.1), respectively, due to the presence of adventitious water. It is possible 

that the lithiation of the C-Br bond failed due to aggregated alkyl lithium species failing 

to undergo salt metathesis. Addition of the borane would then result in coordination 

either with the iminophosphorane or the unreacted nBuLi. Future reactions were thus 

trialled in the presence of N-tetramethylethylenediamine (TMEDA) to disassemble the 

alkyl lithium aggregates. Irrespective, the NMR spectroscopic evidence indicated 

borane addition had not occurred as intended for bisphenyl-AP.  

A Staudinger approach was next investigated. (2'-bromo-[1,1'-biphenyl]-2-

yl)diphenylphosphane was mixed with one equivalent of trimethylsilyl azide (Figure 

7.8). 31P{1H} NMR spectroscopy indicated that the reaction progressed sluggishly at 

70°C, with 3% formation of the iminophosphorane after 21 h. Formation of phosphine 

oxide was also noted, suggesting the presence of trace amounts of moisture in the 

system. Increasing the temperature to 90 °C gave 60% conversion to the 

a) 

b) 
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iminophosphorane after 162 h. Conversion is likely non-quantitative due to 

evaporation and condensation of the low boiling azide away from the reaction mixture.   

 

 

Figure 7.8. (top) Attempted lithiation of bisphenyl AP. (bottom) 31P{1H} NMR spectrum (160 MHz, 

C6D6, –20–30 ppm) 30 minutes after nBuLi addition. 

Lithiation was next attempted with nBuLi in the presence of TMEDA. Multiple 

resonances were detected by 31P{1H} NMR spectroscopy, suggesting that lithiation 

was not regioselective (Figure 7.8). Indeed, the bisphenyl has two inequivalent C-H 

bonds which may be activated by strong ortho-directing groups creating competition 

with the C-Br bond for selective lithiation. This poses a significant synthetic challenge 

with regards to isolation, and as such, use of the bisphenyl scaffold should be 

reconsidered for future work 
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7.6.4 Ferrocene 

The final scaffold investigated was based on ferrocene. A phosphinoferrocene 

derivative was synthesised through lithiation and phosphorylation of 1,1’-

dibromoferrocene in accordance with literature (Scheme 7.12).26 The phosphine was 

isolated following alumina phase column chromatography and recrystallisation from 

hexane in 55% yield.   

 

Scheme 7.12. Phosphorylation of 1,1’-dibromoferrocene. 

Attempts to form a tertbutyl-functionalised aminophosphonium via a Kirsanov reaction 

failed (Scheme 7.13). Significant broadening of NMR-resonances suggested the 

presence of paramagnetic Fe3+ likely formed by oxidation of the ferrocene with Br2.  

 

Scheme 7. 13. Attempted Kirsanov reaction of 1-bromo-1’-diphenlyphospinoferrocene 

While Fe oxidation should not preclude aminophosphonium formation, the 

complications associated with analysis encouraged us to investigate a Staudinger 

reaction as an alternative (Figure 7.9). 1-bromo-1’-diphenlyphospinoferrocene was 

reacted with trimethylsilyl azide at 90°C. After 63 h, 31P{1H} NMR spectroscopy 

revealed the presence of a resonance at–2.6 ppm, indicating 94% conversion to the 

iminophosphorane. Lithiation was attempted with nBuLi in the presence of TMEDA. A 

resonance detected at.6 ppm in the 31P{1H} NMR spectrum revealed lithiation had 

occurred regioselectively, although not quantitatively, indicating stoichiometric 

inequivalence between nBuLi and the ferrocene derivative.  

Following addition of B(cy)2Cl, a major resonance was detected at–2.0 ppm with 

multiple surrounding minor resonances in the 31P{1H} NMR spectrum (Figure 7.9). 11B 

NMR spectroscopy showed the formation a resonance at 54 ppm with a shoulder at 

52 ppm (N.B. biscyclohexylchloroborane 77 ppm). These data are suggestive of 

borane addition. However, minor species detected by 31P{1H} NMR spectroscopy may 

indicate competitive borylation of the P=N moiety potentially resulting in 

oligomerisation via intermolecular P=N/B coordination. Conversely, the ppm shift of 
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11B NMR suggests the presence of predominantly three coordinate boranes, although 

other species may not be observed due to their low concentration. Further 

investigation is thus required to understand if oligomerisation is possible.  

 

 

 

 

Figure 7.9.Staudinger reaction of 1-bromo-1’-diphenlyphospinoferrocene and attempted borylation of 

in-situ formed iminophosphorane and 31P{1H} NMR spectra (160 MHz, C6D6, –20.0–22.0 ppm) following 

a) 90 h NaN3 addition b) 15 h nBuLi addition c) 24 h B(cy)2Cl addition. 

 

a) 

b) 

c) 
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7.7 Conclusion 

A strategy has been devised for the synthesis of a series of BIPs. While the initial 

substrates were found to be unsuited to the ROP of lactide, through use of DFT 

modelling, prospective BIP scaffolds have been identified. Initial attempts to 

synthesise the new targets have been met with limited success; however, it is hoped 

these studies will serve as a platform for further investigations.  

7.8 Future outlook 

The scope for development within this theme is clearly broad with only preliminary 

investigation carried out thus far into the synthesis of true FLP BIPs. The outstanding 

issues relate mainly to the final lithiation step which may be resolved through pursuit 

of different synthetic strategy. One possibility is the use of a successive Diels-

Alder/Staudinger approach (Scheme 7.14). Here, only a single lithiation would be 

required for the synthesis of the Cp-functionalised phosphine. Given that the reaction 

proceeds in a concerted fashion, product selectivity should be high. 

 

Scheme 7.14. A Diels-alder approach towards BIPs. 

If the allylborane or phosphine is not sufficiently activated to instigate a Diels-Alder, 

use of an electron poor diene may be required (Scheme 7.15). The electron 

withdrawing group could then act to direct subsequent hydro boration of the alkene. 

Selectivity issues regarding borane-azide coordination during the Staudinger reaction 

could be overcome through addition of an alkoxide prior to P=N formation.

 

Scheme 7.15. Activated allyl compounds for the Diels-Alder synthesis of BIPs. 
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Concluding remarks  

A series of naturally derived monomers have been synthesised and used in the 

preparation of various oxygenated polymers; namely, polycarbonates (Chapter 3), 

polyethers (Chapter 4), polyesters (Chapter 5) and polythiocarbonates (Chapter 5). 

The properties of the macromolecules have been manipulated through varying the 

polymer stereochemistry and post-polymerisation functionalisation. In addition, DFT-

modelling has been used to augment experimental observations to suggest kinetic 

arguments for reaction selectivity. Finally, a novel catalytic scaffold based on 

iminophosphoranes has been proposed. 

Moving forward with the work described herein, efforts should be made to explore 

potential polymer applications. Indeed, investigations into poly(CBD CC) as a solid-

state electrolyte have already begun. Manipulation of the polymer stereochemistry 

could prove a powerful tool to enable fine control over the material performance. For 

instance, exploitation of cis:trans isomerism may regulate polymer conductivity, or the 

variation of chain tacticity in poly(Ox) could be used as a handle to control in-vivo 

degradation rates for potential biomedical applications. Moreover, given that ROCOP 

enables the polymer linkages to be varied with relative ease, detailed study of the 

impact of the linking moieties on mechanical properties and degradation (in-vivo/in-

vitro) should be undertaken. With this information, block-copolymer microstructures 

could be targeted for bespoke applications.  

The development of catalytic methods for monomer preparation would also be a highly 

desirable goal. The redox-neutral Mitsunobu reaction is an exciting avenue for future 

investigations both for the preparation of cyclic carbonates (Chapter 2) and as a 

catalytic Williamson etherification for the synthesis of D-Ox and L-Ox (Chapters 4 and 

5). Further to this, the cycloaddition of CO2 to 2,2-dihydrofuran may provide a catalytic 

route towards CBD CC (Chapter 3). 

More generally, as sustainable chemists, we should take a holistic view of the impact 

of any newly developed materials; from cradle, to grave. In view of this, potential 

applications should be posited with care, giving due consideration to alternatives which 

may require less processing and therefore have a decreased environmental impact. 

Beyond bio-derived feedstocks, the abundance of plastic waste provides vast 

opportunities to develop new chemistries to more efficiently recycle existing polymers 

(e.g. C-H activation of polyolefins) into equal- or higher-value products. 

In conclusion, it is hoped that the work carried out in this thesis will contribute in a 

small way to the ongoing efforts to recondition the current plastic paradigm to a more 

sustainable alternative. 
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8 Experimental  
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8 Experimental  

8.1 Materials and methods 

All manipulations were performed under an atmosphere of argon using standard 

Schlenk techniques unless otherwise stated. All reagents were purchased from Sigma 

Aldrich, Alfa Aesar, Acros Organics, Tokyo Chemical Industry, Strem chemicals or 

Carbosynth. All solvents used were anhydrous unless otherwise stated. THF, DCM, 

toluene and ether were obtained via Innovative Technology Inc. PS-400-7 solvent 

purification system (SPS)  (solvent purification system) and stored over 3 Å molecular 

sieves. Anhydrous acetonitrile was purchased from Sigma Aldrich. N4.5 CP grade CO2 

was purchased from BOC. All polymerisation reagents and reagents for CO2 coupling 

reactions (e.g. TMP, diols, TsCl) were stored in a glovebox. All reagents were used as 

purchased unless listed below: 

4-MeBnOH was recrystallised from Et2O and dried in a vacuum oven at 40 °C 

overnight. 4-MeBnOH was stored in a glovebox. 

TBD was dissolved in THF and stirred over CaH2 overnight. The suspension was then 

centrifuged (5 mins, 2800 rpm) and the supernatant collected. The solvent was 

removed in-vacuo and the white solid was left to dry on a Schlenk line overnight. TBD 

was stored in a glovebox. 

NEt3 was refluxed over CaH2 and then vacuum distilled prior to use. NEt3 was stored 

in a glovebox. 

Cyclic anhydrides were triply recrystallised from anhydrous toluene and dried on a 

Schlenk line overnight. The anhydrides were stored in a glovebox 

NMR spectra were recorded on a Bruker 400 or 500 MHz instrument and referenced 

to residual solvent peaks. Coupling constants are given in Hertz. Conversions were 

determined by 1H NMR spectroscopy.  

Melting points (mp) were measured on a variable temperature Griffen melting point 

apparatus. 

Column chromatography was performed on silica gel (200-400 mesh particle size, 

60 Å pore size). TLC analysis was performed on aluminium backed plates pre-coated 

with silica (UV Alugram SIL G/UV245nm). KMnO4, phosphomolybdic acid or 

bromocresol green solution were used to visualise spots. 

Size-exclusion chromatography (SEC) was carried out using THF, CHCl3 or DMF 

eluents. Multi analysis software was used to process the data. Polymer samples were 
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dissolved at a concentration of 2 mg mL–1. Samples were detected with a differential 

refractive index (RI) detector. 

THF samples (poly(D-Ox), poly(anhydride/D-Ox) and poly(CS2/D-Ox)) were 

recorded on an Agilent 1260 Infinity series instrument at 1 mL min-1 at 35 °C using a 

PLgel 5 μm MIXED-D 300 × 7.5 mm column. Mn,SEC, and ÐM were calculated against 

a polystyrene calibration (11 polystyrene standards of narrow molar mass, ranging 

from Mw 615 – 568000 Da).  

CHCl3 samples (poly(CBD CC)) were measured on an Agilent 1260 SEC MDS 

instrument at 1 mL min-1 at 35 °C using a PLgel 5 μm MIXED-D 300 × 7.5 mm column. 

Mn,SEC and ÐM were calculated against a polystyrene calibration (11 polystyrene 

standards of narrow molar mass, ranging from Mw 615 – 568000 Da).  

DMF samples (deprotected poly(D-Ox) and phosphorylated poly(D-Ox) and 

phosphorylated poly(D-Ox/PA) were measured on an Agilent 1260 SEC MDS 

instrument at 0.5 mL min-1 at 50 °C using a Polargel-M 300 x 7.5 mm column. Mn,SEC, 

and ÐM were calculated against a polymethylmethacrylate calibration (11 

polymethylmethacrylate standards of narrow molar mass, ranging from Mw 885 – 

260900). 

Differential scanning calorimetry (DSC) was carried out using a MicroSC multicell 

calorimeter from Setaram; the Calisto program was employed to collect and process 

the data. Thermograms were plotted using Origin 2018 graphing software. The 

measurement cell and the reference cell were both a 1 mL Hastelloy C cell; a mass of 

2–5 mg of polymeric material was loaded into the measurement cell with the reference 

cell empty. The experiments were performed under N2 and the sample heated and 

cooled at a rate of 20 K min–1 unless otherwise stated. A second heating and cooling 

cycle was carried out immediately following completion of the first, unless otherwise 

stated.  

Thermograviemtric analysis (TGA) was carried out using A Setsys Evolution TGA 

16/18 from Setaram; the Calisto program was employed to collect and process the 

data. TGA traces were plotted using Origin 2018 graphing software. The sample was 

loaded into a 170 µL alumina crucible and the analytical chamber purged with argon 

(200 mL min–1) for 40 min prior to starting the analysis. The sample was then heated 

under an argon flow (20 mL min–1) from 30 to 600 °C at a rate of 10 °C min–1, unless 

otherwise stated 

Mass spectrometry measurements were recorded with a microToF electrospray 

time-of-flight (ESI-ToF) mass spectrometer (Bruker Daltonik) in acetonitrile.  
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Matrix-assisted laser desorption ionization-time of flight (MALDI-ToF) mass 

spectrometry was conducted using a Bruker Autoflex speed MALDI Mass 

Spectrometer equipped with a 2 kHz Smartbeam-II laser.  

For poly(CBD CC): Chloroform solutions of polymer (10 mg mL–1) were combined with 

trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) matrix 

(10 mg mL–1) and a THF solution of NaTFA (0.1 M) in a 25:5:1 ratio, and the samples 

centrifuged for 1 min. A micropipette was used to spot ~2 μL of the solution onto a 

polished steel MALDI plate and the solvent allowed to evaporate in air. 

For poly(D-Ox): 2.4 mg of dithranol (DT) was dissolved in 0.125 mL of chloroform in 

glass vial to make a solution of the matrix. 1.0 mg of polymer analyte was dissolved in 

0.45 mL of chloroform in a glass vial to make a solution of sample. 20μL of matrix 

solution and 10μL of sample solution were pipette mixed together in an Eppendorf and 

0.75μL of the mixture was spotted onto the target section of a 384 well ground steel 

MALDI-TOF plate. The spot was left to dry for approximately 5 min. before being 

inserted into the MALDI instrument for analysis. Note that no cationising agent (salt) 

is added to the MALDI mixture. 

For poly(PA/D-Ox): 3.8 mg of DCTB was dissolved in 0.1 mL THF to prepare the 

matrix solution. 2.7 mg of Sodium trifluoroacetate was dissolved in 0.5 mL THF to 

prepare the cationising salt. 1.7 mg of poly(PA/D-Ox) was dissolved in 1.0 mL of THF 

to prepare the polymer. The solutions were mixed in a matrix/polymer/salt ratio of 4/8/1 

(v/v/v) respectively. 1μL of the sample mixture were spotted on a 384 well ground steel 

MALDI target plate and left to dry before being inserted into the MALDI instrument. 

Once loaded, positive ion MALDI spectra were obtained in linear and reflector mode. 

Laser intensity was varied. The data was analysed using the Flex Analysis software, 

version 3.4 (build 76). The molar mass distributions were obtained through analysis of 

the data in the Polytools software package 1.31. 

Powder X-Ray diffraction (PXRD) experiments were conducted on samples loaded 

on films with a STADI P (Cu radiation) double setup in transmission and reflection 

mode. 

Wide angle X-Ray scattering (WAXs) experiments were conducted using a 

SAXSpoint 2.0 by Anton Paar, equipped with a microfocus X-ray source (Cu, 50 W) 

and a EIGER R 1M detector. Samples were loaded on to a multi-solid sampler 

mounted on a vario-stage and held in place by tape. Data was processed using 

SAXSAnalysis by Anton Paar. Blank scattering profiles were subtracted prior to the 

data being plotted with Origin 2018. 
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Optical rotation measurements were recorded at 25 °C in CHCl3 solutions (conc 2–

10 mg mL–1) using an MCP 150 modular compact polarimeter by Anton Paar. 

CHN elemental analysis (EA) was performed by either Mr Stephen Boyer or Mr Eric 

Coleman of London Metropolitan University. 
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8.2 Chapter 2 CO2 insertion 

8.2.1 General procedures 

8.2.1.1 One-pot, one-step reaction 

A 0.40 mol L–1 solution of diol (1.70 mmol) and tosylchloride (325 mg, 1.7 mmol, 1 

equiv.) in anhydrous acetonitrile (4.3 mL) was prepared in a flask. The atmosphere of 

the flask was exchanged for CO2 and the solution was left to stir for 10 minutes. Under 

a continuous feed of gas, TMP (575 μL, 3.40 mmol, 2 equiv.) was added dropwise at 

0 °C, then the reaction was left to reach room temperature with stirring. After 

approximately 20 minutes, a white precipitate formed and the CO2 stream was 

switched off. After 20 hours, the reaction mixture was diluted with non-anhydrous 

acetonitrile (10 mL) and the liquid phase separated by centrifugation (3 x 5 minutes at 

3000 rpm). The solvent was then removed in vacuo. Purification by column 

chromatography (diameter of column = 1.5 cm, mass of silica = 19.0 g, 1-20% 

acetone/CHCl3 or 1:1 EtOAc:Hex (for (4aR,8aS)-6-isopropoxy-4,4a,6,8a-

tetrahydropyrano[3,2-d][1,3]dioxin-2-one) affords the cyclic carbonate product. 

*The procedure is identical when using NEt3 instead of TMP, but without the need for 

the centrifugation step. 

8.2.1.2 One-pot, two-steps reaction 

A 1.70 mol L–1 solution of diol (1.70 mmol, 1 equiv.) in anhydrous acetonitrile (1.0 mL) 

was prepared in a flask. The atmosphere of the flask was exchanged for CO2 and the 

solution was left to stir for 10 minutes. Under a continuous feed of gas, DBU (1.7 mmol, 

1 equiv.) was added dropwise with stirring. After two hours, a 0.5 mol L–1 tosylchloride 

solution (325 mg, 1.70 mmol, 1 equiv.) in anhydrous acetonitrile (3.40 mL) was added 

dropwise at 0 °C. This gives a final diol concentration of 0.4 mol L–1. The CO2 stream 

to the flask was stopped and the reaction was left to reach room temperature with 

stirring. After 20 hours, the reaction mixture was diluted with non-anhydrous 

acetonitrile (10 mL) and the liquid phase separated by centrifugation (3 x 5 minutes at 

3000 rpm). The solvent was then removed in vacuo. Purification by column 

chromatography (diameter of column = 1.5 cm, mass of silica = 19.0 g, 1-20% 

acetone/CHCl3 or 1:1 EtOAc:Hex (for (4aR,8aS)-6-isopropoxy-4,4a,6,8a-

tetrahydropyrano[3,2-d][1,3]dioxin-2-one, 7b) affords the cyclic carbonate product. 

8.2.1.3 CO2 insertion and cyclisation with sublimed dry ice 

A small handful of dry ice was placed in an empty wash bottle and left to sublime. A 

0.40 mol L–1 solution of diol (1.70 mmol, 1 equiv.) and tosylchloride (325 mg, 1.70 
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mmol, 1 equiv.) in anhydrous acetonitrile (4.3 mL) was prepared in a flask. Using the 

gas flowing from the wash bottle, the vessel was purged with CO2 for 5 minutes. TMP 

(575 μL, 3.40 mmol, 2 equiv.) was added dropwise at 0 °C, then the reaction was left 

to reach room temperature and stir. After approximately 20 minutes, a white precipitate 

formed and the CO2 stream to the vessel was stopped. After 20 hours, the reaction 

mixture was diluted with non-anhydrous acetonitrile (10 mL) and the liquid phase 

separated by centrifugation (3 x 5 minutes at 3000 rpm). The solvent was then 

removed in vacuo. Purification by column chromatography (diameter of column = 1.5 

cm, mass of silica = 19.0 g, 1-20% acetone/CHCl3 or 1:1 EtOAc:Hex (for (4aR,8aS)-

6-isopropoxy-4,4a,6,8a-tetrahydropyrano[3,2-d][1,3]dioxin-2-one, 7b) affords the 

cyclic carbonate product
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8.2.2 Characterisation of cyclic carbonates isolated in Chapter 2. 

5,5-dimethyl-1,3-dioxan-2-one: 

 white powder; Rf 0.70 (1:19 acetone:CHCl3) ; 71% yield (0.157 g); 1H NMR 

(400 MHz, CDCl3) δ 4.07 (s, 4H, Ha), 1.13 (s, 6H, Hb); 13C{1H} NMR (101 MHz, 

CDCl3) δ 148.2 (C=O), 77.5 (Cquaternary), 28.5 (Ca), 21.1 (Cb), in accordance with 

the literature.1 HR-MS (ESI): [C6H10O3+H]+ Theo. 131.0703, found 131.0705. 

EA: found C, 55.27; H, 7.61%. C6H10O3 requires: C, 55.37; H, 7.75%. 

 

Figure 8.1. 1H NMR spectrum (CDCl3) of 5,5-dimethyl-1,3-dioxan-2-one (H2O residual signal 

at 1.56 ppm) 

 

Figure 8.2. 13C{1H} NMR spectrum (CDCl3) of 5,5-dimethyl-1,3-dioxan-2-one (CHCl3 residual 

signal at 77.16 ppm). 
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4-methyl-1,3-dioxan-2-one: 

 colourless oil; Rf  0.60 (1:19 acetone:CHCl3); 69% yield (0.136 g): 1H NMR 

(400 MHz, CDCl3) δ 4.61 (dqd, J = 9.7, 6.3, 3.3 Hz, 1H, Ha), 4.49 – 4.32 (m, 2H, 

Hc), 2.08 (q, J = 3.3 Hz, 1/2H, Hb), 2.06 (q, J = 3.4 Hz, 1/2H, Hb), 1.97 – 1.86 

(m, 1H, Hb), 1.42 (d, J = 6.3 Hz, CH3); 13C{1H} NMR (101 MHz, CDCl3) δ 148.9 

(C=O), 75.7 (Ca), 66.9 (Cc), 28.4 (Hb), 20.9 (CH3), in accordance with the 

literature.2 HR-MS (ESI): [C5H8O3+Na]+ Theo. 139.0366, found 139.0369. EA: 

found C, 51.63; H, 7.04%. C5H8O3 requires: C, 51.72; H, 6.94%. 

 

Figure 8.3. 1H NMR spectrum (CDCl3)  of 4-methyl-1,3-dioxan-2-one. 

 

Figure 8.4. 13C{1H} NMR spectrum (CDCl3) of 4-methyl-1,3-dioxan-2-one (CHCl3 residual 

signal at 77.16 ppm). 
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(4R,6R)-4,6-dimethyl-1,3-dioxan-2-one: 

 colourless oil; Rf 0.65 (1:19 acetone:CHCl3); 63% yield (0.139g); 1H NMR (400 

MHz, CDCl3) δ 4.65 (dtd, J = 12.0, 6.4, 5.5 Hz, 2H, Ha), 1.93 (1H, t, J = 5.6 Hz, 

Hb), 1.38 (d, J = 6.5 Hz, 6H, CH3); 13C{1H} NMR (101 MHz, CDCl3) δ149.5 

(C=O), 72.6 (Ca), 34.0 (Ca), 20.9 (CH3), in accordance with the literature.2 HR-

MS (ESI): [C6H10O3+H]+ Theo. 131.0703, found 131.0716. EA: found C, 55.41; 

H, 7.61%. C6H10O3 requires: C, 55.37; H, 7.75%. 

 

Figure 8.5. 1H NMR spectrum (CDCl3) of (4R,6R)-4,6-dimethyl-1,3-dioxan-2-one (H2O residual 

signal at 1.56 ppm, acetone residual signal at 2.17). 

 

Figure 8.6. 13C{1H} NMR spectrum (CDCl3) of (4R,6R)-4,6-dimethyl-1,3-dioxan-2-one (CHCl3 

residual signal at 77.2 ppm). 
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9-phenyl-2,4,8,10-tetraoxaspiro[5,5]undecanone: 

 The benzylidene acetal-protected pentaerythritol diol precursor was 

synthesised following the literature procedure.3 The cyclic carbonate was 

isolated as a white powder in 80% yield (0.340 g); Rf 0.65 (1:19 acetone:CHCl3); 
1H NMR (400 MHz, CDCl3) δ 7.53 – 7.43 (m, 2H, HAr), 7.43 – 7.34 (m, 3H, HAr) 

5.50 (s, 1H, Hc), 4.70 (2H, s, Ha), 4.22 (d, J = 12.0 Hz, 2H, Hb), 4.08 (s, 2H, Ha), 

3.88 (d, J = 12.0 Hz, 2H, Hb); 13C{1H} NMR (101 MHz, CDCl3) δ148.0 (C=O), 

137.0 (CAr), 129.5 (CAr), 128.5 (CAr), 126.0 (CAr), 102.4 (Cacetal), 71.4 (Ca), 70.4 

(Cc), 69.4 (Cb), in accordance with the literature.2 HR-MS (ESI): [C13H14O5+Na]+ 

Theo. 273.0733, found 273.0738. EA: found C, 61.53; H, 5.67%. C13H14O5 

requires: C, 62.39; H, 5.64%. 

 

Figure 8.7.. 1H NMR spectrum (CDCl3)  of 9-phenyl-2,4,8,10-tetraoxaspiro[5,5]undecanone, 

(CHCl3 residual signal at 7.26 ppm). 

 

Figure 8.8. 13C{1H} NMR spectrum (CDCl3)  of 9-phenyl-2,4,8,10-

tetraoxaspiro[5,5]undecanone (CHCl3 residual signal at 77.2 ppm).
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1,2-O-isopropylidene-3,5-O-carbonate-α-ᴅ-xylofuranose: 

white solid; Rf 0.55 (1:9 acetone:CHCl3); 36% yield (0.132 g); 1H NMR (400 

MHz, CDCl3) δ 6.02 (d, J = 3.6 Hz, 1H, Ha), 4.88 (d, J = 2.9 Hz, 1H, Hc), 4.76 

(d, J = 3.6 Hz, 1H, Hb), 4.66 – 4.60 (m, 1H, He), 4.56 – 4.52 (2H, m, Hd, He), 

1.50 (3H, s, Hf), 1.33 (3H, s, Hf); 13C{1H} NMR (101 MHz, CDCl3): δ146.4 

(C=O), 113.1 Cacetal), 105.3 (Ca), 83.9 (Cb), 82.5 (Cc), 69.2 (Cd), 66.8 (Ce), 26.8 

(Cf), 26.3 (Cf), in accordance with the literature.4 HR-MS (ESI): [C9H12O6+Na]+ 

Theo. 239.0532, found 239.0521. EA: found C, 50.05; H, 5.60%. C9H12O6 

requires: C, 50.00; H, 5.61%. 

 

Figure 8.9. 1H NMR spectrum (CDCl3) of 1,2-O-isopropylidene-3,5-O-carbonate-α-ᴅ-

xylofuranose (H2O residual signal at 1.59 ppm). 

 

Figure 8.10. 13C{1H} NMR spectrum (CDCl3) of 1,2-O-isopropylidene-3,5-O-carbonate-α-ᴅ-

xylofuranose (CHCl3 residual signal at 77.2 ppm). 
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1-O-methyl-2,3-O-isopropylidene-4,6-O-carbonate-α-ᴅ-

mannopyranoside: 

 2,3-O-isopropylidene protection of commercially available 1-O-methyl-α-ᴅ-

mannose was carried out following the literature procedure.5 The cyclic 

carbonate was as isolated as a white powder in 55% yield (0.143 g); Rf 0.72 

(1:9 acetone:CHCl3); 1H NMR (400 MHz, CDCl3) 4.99 (d, J = 0.4 Hz, 1H, Ha), 

4.50 (dd, J = 10.1, 6.1 Hz, 2H,  Hf), 4.29 – 4.20 (m, 3H, Hb, Hc, Hf),4.14 (dd, J 

= 10.3, 7.5 Hz, 1H, Hd), 3.97 (dt, J =10.3, 6.1 Hz, 1H, He), 3.42 (s, 3H, 

OMe),1.54 (s, 3H, Hg), 1.37 (s, 3H, Hg); 13C{1H} NMR (101 MHz, CDCl3) δ 147.4 

(C=O), 110.5 (Cacetal), 99.3 (Ca), 79.1 (Cd), 75.6 (Cb), 74.0 (Cc), 69.3 (Cf), 57.8 

(Cd) 55.8 (OMe), 28.1 (Cg), 26.2 (Cg), in accordance with literature.6 HR-MS 

(ESI): [C11H16O7+Na]+ Theo. 283.0788, found 283.0781. EA: found C, 50.89; H, 

6.00%. C11H16O7 requires: C, 50.77; H, 6.20% 

 

Figure 8.11. 1H NMR spectrum (CDCl3)  of 1-O-methyl-2,3-O-isopropylidene-4,6-O-carbonate-

α-ᴅ-mannopyranoside (H2O residual signal at 1.59 ppm). 

 

Figure 8.12. 13C{1H} NMR spectrum (CDCl3) of 1-O-methyl-2,3-O-isopropylidene-4,6-O-

carbonate-α-ᴅ-mannopyranoside (CHCl3 residual signal at 77.2 ppm).
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1-O-isopropyl-2,3-dideoxy-4,6-O-carbonate-α-ᴅ-

glucopyranoside: 

 Iso-propyl-2,3-dideoxy-α-ᴅ-erythro-hex-2-enopyranoside was prepared in two 

steps from the commercially available tri-O-acetyl-ᴅ-glucal following the 

literature procedure.7 The cyclic carbonate was isolated as a white powder in 

21% yield (0.076g); Rf 0.81 (1:1 EtOAc:Hexane); 1H NMR (400 MHz, CDCl3) δ 

6.18 – 6.03 (m, 1H, Hc), 5.84 – 5.80 (dt, J = 10.3, 2.4 Hz, 1H, Hb), 5.17– 5.16 

(m, 1H, Ha), 4.64 – 4.60 (ddt, J = 9.1, 2.7, 1.5 Hz, 1H, Hd), 4.54 – 4.47 (m, 1H, 

Hf), 4.30 – 4.25 (dd, J = 10.8, 9.6 Hz, 1H, Hf), 4.21 -– 4.14 (ddd, J = 10.7, 9.0, 

5.8 Hz, 1H, He), 3.95 (h, J = 6.1 Hz, 1H, Hg), 1.23 (d, J = 6.2 Hz, 3H, Hh), 1.19 

(d, J = 6.1 Hz, 3H, Hh). 13C{1H} NMR (101 MHz, CDCl3) δ 148.0 (C=O), 129.4 

(Cb), 126.8(Cc), 93.6 (Ca), 72.6(Cd), 71.5(Cg), 70.3(Cf), 60.9(Ce), 23.9 (Ch), 

22.0(Ch) in accordance with the literature.7 HR-MS (ESI): [C10H14O5+Na]+ Theo. 

237.0762, found 237.0733. 

 

Figure 8.13. 1H NMR spectrum (CDCl3) of 1-O-isopropyl-2,3-dideoxy-4,6-O-carbonate-α-ᴅ-

glucopyranoside (H2O residual signal at 1.59 ppm). 

 

Figure 8.14. 13C{1H} NMR spectrum (CDCl3) of 1-O-isopropyl-2,3-dideoxy-4,6-O-carbonate-α-

ᴅ-glucopyranoside (CHCl3 residual signal at 77.16 ppm). 
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Trans-hexahydrobenzo[d][1,3]dioxol-2-one: 

 white solid; Rf 0.67 (1:19 acetone:CHCl3); 70% yield (0.169 g); 1H NMR (400 

MHz, CDCl3) δ 4.06 – 3.98 (2H, m, Ha), 2.2 – 2.25 (2H, m, Hb), 1.95 – 1.92 (2H, 

m, Hb), 1.74 – 1.62 (2H, m, Hc), 1.49 – 1.33 (2H, m, Hc); 13C{1H} NMR (101 

MHz, CDCl3) δ 155.2 (C=O), 83.6 (Ca), 28.4 (Cb), 23.3 (Cc), in accordance with 

the literature.8 HR-MS (ESI): [C7H10O3+Na]+ Theo. 236.0760, found 236.0768. 

EA: found C, 59.24; H, 7.09%. C7H10O3 requires: C, 59.15; H, 7.09%.  

 

Figure 8.15. 1H NMR spectrum (CDCl3) of trans-hexahydrobenzo[d][1,3]dioxol-2-one (H2O 

residual signal at 1.51 ppm). 

 

Figure 8.16. 13C{1H} NMR spectrum (CDCl3) of trans-hexahydrobenzo[d][1,3]dioxol-2-one 

(CHCl3 residual signal at 77.2 ppm).
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Methyl-4,6-O-benzylidene-2,3-O-carbonyl-α-ᴅ-

glucopyranoside: 

Colourless oil which formed a gum-like solid upon standing; 51% yield (0.267g); 

Rf 0.65 (1:9 Acetone:CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.53 – 7.45 (m, 2H, 

HAr), 7.43 – 7.33 (m, 3H, HAr), 5.58 (s, 1H, Hg), 5.17 – 5.11 (m, 1H, Ha), 4.89 – 

4.80 (m, 1H, Hd), 4.31 – 4.26 (m, 1H, Hf), 4.21 (dd, J = 11.3, 3.0 Hz, 1H, Hb), 

4.03 (dd, J = 9.9, 8.4 Hz, 1H, Hc), 3.92 – 3.77 (m, 2H, He, Hf), 3.51 (s, 3H, CH3); 
13C{1H} NMR (101 MHz, CDCl3) δ 153.1 (C=O), 136.4 (CAr), 129.4 (CAr), 128.4 

(CAr), 126.2 (CAr), 101.4 (Cg), 96.7 (Ca), 79.6 (Cc), 77.8 (Cb), 76.1 (Cd), 68.4 

(Cf), 65.1(Ce), 56.1 (CH3) in accordance with the literature.9 HR-MS (ESI): 

[C15H16O6+Na]+ Theo. 331.0788, found 331.0776. 

 

Figure 8.17. 1H NMR spectrum (CDCl3) of methyl-4,6-O-benzylidene-2,3-O-carbonyl-α-ᴅ-

glucopyranoside (CHCl3 residual signal at 7.26 ppm). 

 

Figure 8.18. 13C{1H} NMR spectrum (CDCl3) of methyl-4,6-O-benzylidene-2,3-O-carbonyl-α-

ᴅ-glucopyranoside (CHCl3 residual signal at 77.2 ppm).
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1,3-dioxepan-2-one:  

white solid, 46% yield (0.091g); Rf 0.59 (1:99 acetone:CHCl3); 1H NMR (400 

MHz, CDCl3): δ 4.24 – 4.17 (m, 2H, Ha), 1.99 – 1.88 (m, 4H, Hb); 13C{1H} NMR 

(101 MHz, CDCl3): 155.6 (C=O), 70.9 (Ha), 27.9 (Hb). HR-MS (ESI): 

[C5H8O3+Na]+ Theo. 139.0366, found 139.0378. EA: found C, 51.60; H, 7.06%. 

C5H8O3 requires: C, 51.72; H, 6.94%.  

 

Figure 8.19. 1H NMR spectrum (CDCl3) of 1,3-dioxepan-2-one. 

 

Figure 8.20. 13C{1H} NMR spectrum (CDCl3) of 1,3-dioxepan-2-one (CHCl3 residual signal at 

77.2 ppm). 
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4-methyl-1,3-dioxepan-2-one: 

 colourless oil, 31% yield; Rf 0.65 (1:99 acetone: CHCl3); 1H NMR (400 MHz, 

CDCl3): δ 4.40 (dqd, J = 10.2, 6.4, 1.5 Hz, 1H, Hd), 4.30 – 4.22 (m, 1H, Ha), 

4.18 – 4.10 (m, 1H, Ha), 1.97 – 1.90 (m, 3H, Hb, Hc), 1.83 – 1.72 (m, 1H, Hc), 

1.43 – 1.40 (d, J = 6.4 Hz, 3H, CH3); 13C{1H} NMR (101 MHz, CDCl3): 155.0 

(C=O), 79.2 (Cd), 70.5 (Ca), 34.8 (Cc), 22.0 (CH3), in accordance with the 

literature.10 HR-MS (ESI): [C6H10O3+H]+ Theo. 131.0703, found 131.0709. EA: 

found C, 54.83; H, 8.59%. C6H10O3 requires C, 55.37; H, 7.79%. 

 

Figure 8.21.1H NMR spectrum (CDCl3) of 4-methyl-1,3-dioxepan-2-one (H2O residual signal at 

1.56 ppm). 

.

 

Figure 8.22. 13C{1H} NMR spectrum (CDCl3)of 4-methyl-1,3-dioxepan-2-one (CHCl3 residual 

signal at 77.2 ppm). 
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1,5-dihydrobenzo[e][1,3]dioxepin-3-one: 

 white solid, 34% yield (0.095g); mp 69 °C; Rf 0.58 (1:19 acetone: CHCl3); FTIR 

(thin film)/cm-1 1698 (C=O); 1H NMR (400 MHz, CDCl3) δ 7.32 (dd, J = 5.6, 3.3 

Hz, 2H, Hc), 7.19 (dd, J = 5.5, 3.4 Hz, 2H, Hd), 5.28 (s, 4H, Ha); 13C{1H} NMR 

(101 MHz, CDCl3) δ 152.6 (C=O), 133.8 (Cb), 129.1(Cc), 127.2 (Cd), 70.5 (Ca). 

HR-MS (ESI): [C9H8O3+Na]+ Theo. 187.0366, found 187.0378. EA: found C, 

65.99; H, 5.06%. C9H8O3 requires C, 65.85.37; H, 4.91%. 

 

Figure 8.23. 1H NMR spectrum (CDCl3) of 1,5-dihydrobenzo[e][1,3]dioxepin-3-one. 

 

 

Figure 8.24. 13C{1H} NMR spectrum (CDCl3) of 1,5-dihydrobenzo[e][1,3]dioxepin-3-one 

(CHCl3 residual signal at 77.2 ppm).
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4,7-dihydro-1,3-dioxepin-2-one: 

 colourless oil which crystallised to a white solid upon standing, 61% yield 

(0.132g); mp 28-29;°C Rf 0.83 (1:9 acetone: CHCl3); FTIR (thin film)/cm-1 1764 

(C=O); 1H NMR (400 MHz, CDCl3) 5.82 (t, J = 1.8 Hz, 2H, Hb), 4.69 (d, J = 2.0 

Hz, 4H, Ha); 13C{1H} NMR (101 MHz, CDCl3) δ 155.0 (C=O), 126.6 (Cb), 67.3 

(Ca); HR-MS (ESI): [C5H6O3+Na]+ Theo. 137.0231, found 137.0209. EA: found 

C, 53.17; H, 6.01. C5H6O3 requires C, 52.63; H, 5.30%. 

 

Figure 8.25. 1H NMR spectrum (CDCl3) of 4,7-dihydro-1,3-dioxepin-2-one. 

 

Figure 8.26. 13C{1H} NMR spectrum (CDCl3) of 4,7-dihydro-1,3-dioxepin-2-one (CHCl3 

residual signal at 77.2 ppm).
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6-methyl-1,3-dioxocan-2-one: 

pale yellow oil, 43% yield (0.103g); Rf 0.63 (1:19 acetone: CHCl3); FTIR (thin 

film)/cm-1 1818, 1757 (C=O); 1H NMR (400 MHz, CDCl3) δ 4.43 – 4.09 (m, 4H, 

Ha), 1.86 – 1.70 (m, 3H, Hb and Hc), 1.58 (m, 2H, Hb), 1.01 – 0.93 (m, 3H, CH3). 

13C{1H} NMR (101 MHz, CDCl3) δ 148.6 (C=O), 68.1 (Ca), 35.1 (Cc), 26.7 (Cb), 

19.1 (CH3). HR-MS (ESI): [C7H12O3+H]+ Theo. 145.0874, found 145.0859. EA: 

found C, 53.25; H, 7.58%. C7H12O3 requires C, 58.32; H, 8.39%. 

 

 

Figure 8.27. 1H NMR spectrum (CDCl3)  of 6-methyl-1,3-dioxocan-2-one 

 

Figure 8.28. 13C{1H} NMR spectrum (CDCl3) of 6-methyl-1,3-dioxocan-2-one (CHCl3 residual 

signal at 77.16 ppm).
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6-methyl-1,3,6-dioxazocan-2-one: 

 white solid, 32% yield (0.080g); Rf 0.44 (1:4 acetone: CHCl3); 1H NMR (400 

MHz, CDCl3) δ 4.15 (t, J = 5.3 Hz, 4H, Ha), 2.73 (t, J = 5.3 Hz, 4H, Hb), 2.45 (s, 

3H, CH3); 13C{1H} NMR (101 MHz, CDCl3) δ 156.2 (C=O), 68.8 (Ca), 56.4 (Cb), 

44.5 (CH3), in accordance with the literature.11 HR-MS (ESI): [C6H11NO3+H]+ 

Theo. 146.0812, found 146.0829.  

 

Figure 8.29. 1H NMR spectrum (CDCl3) of 6-methyl-1,3,6-dioxazocan-2-one. 

 

Figure 8.30. 13C{1H} NMR spectrum (CDCl3) of 6-methyl-1,3,6-dioxazocan-2-one (CHCl3 

residual signal at 77.2 ppm).
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 Carene CC 

white solid, 37% yield (0.123g); Rf 0.70 (1:1 acetone: CHCl3); 1H NMR (400 

MHz, CDCl3) δ 3.96 (dd, J = 12.4, 6.6 Hz, 1H, Ha), 2.31 – 2.18 (m, 2H, Hb, He), 

2.09 – 1.95 (m, 1H, Hb), 1.59 (d, J = 4.0 Hz, 1H, He),1.40 (s, 3H, Hf), 1.03 (s, 

3H, Hg), 1.01 (s, 3H, Hg), 0.85 – 0.74 (m, 2H, Hc, Hd);13C NMR (101 MHz, 

CDCl3) δ 155.3 (C=O), 100.2 (C(CH3)2), 85.2 (CMeC=O), 81.9 (Ca), 30.1 (Cg), 

29.9 (Ce), 21.6 (Cb), 21.5 (Cc or Cd), 21.1(Cc or Cd) 17.5 (Cf), 15.9 (Cg). HR-MS 

(ESI): [C11H16O3+Na]+ Theo. 219.0997, found 219.0980. EA: found C, 67.41, H, 

8.33, Theo. C, 67.32; H, 8.22. 

 

Figure 8.31. 1H NMR spectrum (CDCl3) of Carene CC (H2O residual signal at 1.56 ppm) 

 

Figure 8. 32. 13C{1H} NMR spectrum of Carene CC (CHCl3 residual signal at 77.2 ppm). 
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 Limonene CC 

69% yield, white solid (0.230 g), Rf 0.72 (1:1 acetone: CHCl3);1H NMR (400 

MHz, CDCl3) δ 4.99 (s, 1H, Hh), 4.90 (s, 1H, Hh), 4.23 (dd, J = 13.5, 3.7 Hz, 1H, 

Ha), 2.60 (d, J = 6.7 Hz, 1H, Hc), 2.33 – 2.25 (m, 1H, Hc), 2.20 – 2.10 (m, 1H, 

Hd), 2.06 (dd, J = 12.5, 5.1 Hz, 1H, He), 2.00 – 1.84 (m, 2H, Hb, He), 1.83 – 1.67 

(m, 4H, Hd, He), 1.41 (s, 3H, Hg); 13C NMR (126 MHz, CDCl3) δ 155.2 (C=O), 

112.0 (CCH2CH3), 86.3(COCH3), 81.7(Ca), 38.6(Cc), 31.8 (Ce), 26.0 (Cc), 25.2 

(Cd), 22.7 (Cf), 16.9 (Cg). in accordance with the literature.12 HR-MS (ESI): 

[C11H16O3+Na]+ Theo. 219.0992, found 219.1017. EA found C, 67.18, H, 8.53, 

Theo. 67.32, H, 8.22. 

 

Figure 8.33 1H NMR spectrum (CDCl3) of limonene CC. 

 

Figure 8.34. 13C{1H} NMR (CDCl3) spectrum of Carene CC (CHCl3 residual signal at 77.2 ppm).
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 Carenene CC. 

white solid, 18% yield (0.078 g), Rf = 0.60 (1:1 acetone: CHCl3); 1H NMR (500 

MHz, CDCl3) δ 4.40 (dd, J = 14.3, 3.2 Hz, 1H, Hc), 4.33 (dd, J = 13.9, 3.6 Hz, 

1H, Ha), 2.81 (dd, J = 11.8, 3.6 Hz, 1H, Hb), 2.69 (dd, J = 11.3, 3.2 Hz, 1H, Hd), 

2.42 – 2.30 (m, 2H, Hd, Hf), 2.00 (dd, J = 13.9, 11.7 Hz, 1H, Hb), 1.64 (s, 3H, 

He), 1.16 (dd, J = 8.8, 6.7 Hz, 6H, Hg); 13C NMR (101 MHz, CDCl3) δ 154.3 

(C=O), 153.7 (C=O), 87.3 (CCH(CH3)2) , 84.0 (CCH3O), 82.4 (Cc), 81.2 (Ca), 

32.1 (Cf), 32.0 (Cd), 30.8 (Cb), 19.2 (Ce), 17.7 (Cd), 17.3 (Cg). HR-MS (ESI): 

[C12H16O6+Na+CH3OH]+ Theo. 311.1101, found 311.1109. EA found C, 53.42, 

H, 5.05, Theo. 56.25, 6.29. 

 

Figure 8.35. 1H NMR spectrum (CDCl3) of carenene CC. 

 

Figure 8.36. 13C{1H} NMR spectrum (CDCl3) of Carene CC (CHCl3 residual signal at 77.2 ppm).
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8.2.3 DFT 

All calculations were performed using the Gaussian09 suite of codes (revision 

D.01).13 

8.2.3.1 CO2 insertion reactions 

Full coordinates for all calculated structures are available via the corresponding 

Gaussiaun09 output files, stored in the digital repository. 

DOI:10.6084/m9.figshare.5831538 

Table 8.1. Computed free Gibbs energies for the carboxylation of 2,2-dimethyl-1,3-propanediol. 

Protocol: ωb97xD/6–31+g(d)/cpcm=acetonitrile/298K.  

Structure G (Hartree) ΔG (kcal mol–1) 

2,2-dimethyl-1,3-propanediol –347.961854 - 
CO2 –188.536520 - 
NEt3 –292.159794 - 

2,2-dimethyl 1-3 propanediol 
(+NEt3+CO2) 

–828.658168 0 (NEt3 reference) 

Ia –828.658929 -0.5 
TS1a –828.646307 +7.4 

IIa –828.677571 -12.2 
TMP –347.961854 - 

2,2-dimethyl-1,3-propanediol 
(+TMP+CO2) 

–945.324505 
 

+7.9 

Ib –945.344464 -12.8 
TS1b –945.311465 -1.4 

Pyridine –248.147221 - 
2,2-dimethyl-1,3-propanediol 

(+pyridine+CO2) 
–784.645595 0 (pyridine reference) 

Ic –784.644178 +0.9 
TSI-IIc –784.627340 +11.5 

IIc –784.644624 +0.6 
DBU –461.756771 - 

2,2-dimethyl-1,3-propanediol 
(+DBU+CO2) 

–998.255145 
 

0 (DBU reference) 

Id –998.251133 -11.2 
TSI-IId

 –998.272909 +2.5 
IId –998.283852 -19.5 

 

Table 8.2. Computed free Gibbs energies for the cyclisation of biscarboxylated 2,2-dimethyl-

1,3-propane diol to form 5,5-dimethyl-1,3-dioxane-2-one. Protocol: ωb97xD/6–

31+g(d)/cpcm=acetonitrile/298K. 

Structure G (Hartree) ΔG (kcal mol–1) 

BCI –2005.496591 
 

0.0 (reference) 

TS –2005.462199 +21.6 
CC –460.099307 - 
CO2 –188.536520 

 
- 

DBUHOTs –1356.900000 - 
CC + CO2 + DBUHOTs –2005.535827 - 24.6 

 

Table 8.3. Computed free Gibbs energies for NEt3-facilitated CO2 insertion and cyclisation via 

addition/elimination and SN2-type reactions. Protocol: ωb97xD/6–

31+g(d)/cpcm=acetonitrile/298K. 

https://figshare.com/s/75ab34af41ffd98860a2
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Structure G (Hartree) ƩG (Hartree) ΔG (kcal mol–1) 

2,2-dimethyl-1-3 propanediol –347.961854 - - 
CO2 –188.536520 - - 
NEt3 –292.159794 - - 
TsCl –1279.482837 - - 
Et3NHCl –752.990515 - - 
Et3NHOTs –1187.296602 - - 
CC –460.099307 - - 
2,2-dimethyl 1-3 propanediol (+ 
NEt3 + NEt3 + CO2 + TsCl) 

–347.961854 
 

–2400.300799 
 

0 (reference) 

Ia’’ (+ NEt3 + CO2) –1919.614211 –2400.310525 -6.1 
TSI-IIa’’ (+ NEt3 + CO2) –1919.589115 –2400.285429 +9.6 
IIa’’ (+ Et3NHCl) –1647.368705 –2400.359220 –36.7 
TSII-IIIa‘’ (+ Et3NHCl) –1647.356143 –2400.346658 –28.8 
Ia (+ NEt3 + TsCl) –828.658929 –2400.30156 –0.5 
TSI-IIa (+ NEt3 +TsCl) –828.646307 –2400.288938 +7.4 
IIa (+ NEt3 + TsCl) –828.677571 –2400.320202 –12.2 
TSII-IIIa (+ NEt3) –2108.131058 –2400.290852 +6.2 
IIIa (+ Et3NHCl + NEt3) –1355.185174 –2400.311279 –21.8 
IVa (+ Et3NHCl) –1647.345314 –2400.340000 –22.0 
TSIVa-CC (+ Et3NHCl) –1647.320764 -2400.311279 –6.6 
CC(+ HNEt3Cl + Et3NHOTs) –460.104377 -2400.391494 –56.9 
TSII-IIIa’  –2400.288244 - +7.9 
IIIa’ (+ Et3NHCl) –1647.379539 -2400.370054 –43.5 
TSIIIa’-CC (+ Et3NHCl) –1647.339802 -2400.330317 –18.5 

 

8.2.3.2 Terpene calculations 

 

Full coordinates for all calculated structures are available via the corresponding 

Gaussiaun09 output files, stored in the digital repository. DOI: 

10.6084/m9.figshare.12966740 

Table 8.4. Computed free Gibbs Energies for the opening of terpene derived cyclic carbonates 

with methanol. Protocol: ωb97XD/6–31+G(d,p)/cpcm=methanol/298 K. 

Structure G (Hartree) ΔG (kcal mol–1) 

MeOH –115.636005 - 

Carene CC –654.090519 - 
Methoxy adduct to expose 

secondary hydroxyl 
–769.749599 +4.7 

Methoxy adduct to expose 
tertiary hydroxyl 

–769.74676 +3.8 

Limonene CC –654.0951 - 
Methoxy adduct to expose 

secondary hydroxyl 
–769.749599 +5.4 

Methoxy adduct to expose 
tertiary hydroxyl 

–769.74676 +7.1 

Carenene CC –917.809379 - 
α Methoxy adduct to expose 

secondary hydroxyl 
–1033.471372 

 
+1.7 

α Methoxy adduct to expose 
tertiary hydroxyl 

–1033.479126 
 

-4.2 

β Methoxy adduct to expose 
secondary hydroxyl 

–1033.468403 
 

+2.5 

β Methoxy adduct to expose 
tertiary hydroxyl 

–1033.477483 
 

-3.2 

CHC –498.19179 - 
Methoxy adduct -613.853169 +1.0 

 

https://doi.org/10.6084/m9.figshare.12966740
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Table 8.5. Computed free Gibbs enthalpies for the opening of terpene derived cyclic carbonates 

with dimethylcarbonate. Protocol: ωb97XD/6–31+G(d,p)/cpcm=methanol/298 K. 

Structure H (Hartree) ΔH (kcal mol–1) 

DMC –343.412954 - 

Carene CC –654.039405 - 
DMC adduct –997.460423 –5.1 

Limonene CC –654.04367 - 
DMC adduct –997.457008 –0.2 

Carenene CC –917.752038 - 
α DMC adduct –1261.179935 –9.4 
β DMC adduct –1261.178882 –8.7 

α+β DMC adduct –1604.601164 –14.6 

CHC –498.150176  
DMC adduct –841.569025 –3.7 
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8.2.4 XRD characterisation 

See section 8.3.7 for CBD CC characterisation 

Carene CC 

Empirical formula  C11 H16 O3 

Formula weight  196.24 

Temperature  150.01(10) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 6.7016(2) Å a= 90°. 

 b = 12.1548(3) Å b= 90°. 

 c = 12.3348(3) Å g = 90°. 

Volume 1004.75(5) Å3 

Z 4 

Density (calculated) 1.297 Mg/m3 

Absorption coefficient 0.093 mm-1 

F(000) 424 

Crystal size 0.560 x 0.410 x 0.320 mm3 

Theta range for data collection 3.303 to 26.796°. 

Index ranges -8<=h<=8, -15<=k<=15, -15<=l<=15 

Reflections collected 41762 

Independent reflections 2149 [R(int) = 0.0939] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Analytical 

Max. and min. transmission 0.981 and 0.963 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2149 / 0 / 130 

Goodness-of-fit on F2 1.063 

Final R indices [I>2sigma(I)] R1 = 0.0383, wR2 = 0.1026 

R indices (all data) R1 = 0.0404, wR2 = 0.1047 

Absolute structure parameter 0.0(5) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.257 and -0.203 e.Å-3 
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Limonene CC  

Empirical formula  C11 H16 O3 

Formula weight  196.24 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 7.79950(10) Å a= 90°. 

 b = 10.50460(10) Å b= 90°. 

 c = 12.64140(10) Å g = 90°. 

Volume 1035.718(18) Å3 

Z 4 

Density (calculated) 1.258 Mg/m3 

Absorption coefficient 0.738 mm-1 

F(000) 424 

Crystal size 0.370 x 0.230 x 0.140 mm3 

Theta range for data collection 5.475 to 73.009°. 

Index ranges -7<=h<=9, -13<=k<=13, -15<=l<=15 

Reflections collected 18916 

Independent reflections 2065 [R(int) = 0.0251] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.628 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2065 / 0 / 129 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0257, wR2 = 0.0661 

R indices (all data) R1 = 0.0258, wR2 = 0.0663 

Absolute structure parameter 0.06(4) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.130 and -0.187 e.Å-3 
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PhCC 

Empirical formula  C9 H8 O3 

Formula weight  164.15 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 5.91720(10) Å a= 90°. 

 b = 9.19720(10) Å b= 90°. 

 c = 14.4744(2) Å g = 90°. 

Volume 787.721(19) Å3 

Z 4 

Density (calculated) 1.384 Mg/m3 

Absorption coefficient 0.877 mm-1 

F(000) 344 

Crystal size 0.320 x 0.150 x 0.050 mm3 

Theta range for data collection 5.700 to 72.795°. 

Index ranges -7<=h<=5, -11<=k<=11, -17<=l<=17 

Reflections collected 14205 

Independent reflections 1585 [R(int) = 0.0382] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.55383 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1585 / 0 / 109 

Goodness-of-fit on F2 1.041 

Final R indices [I>2sigma(I)] R1 = 0.0294, wR2 = 0.0757 

R indices (all data) R1 = 0.0300, wR2 = 0.0761 

Absolute structure parameter -0.07(9) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.143 and -0.177 e.Å-3 

. 
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8.3 Chapter 3 

8.3.1 General procedures 

8.3.1.1 Synthesis of 4,7-dihydro-1,3-dioxepin-2-one, CBD CC 

A 0.20 mol L–1 solution of cis-1,4-butenediol (28.4 mmol) and tosylchloride 

(5.41g, 28.4 mmol, 1 equiv.) in anhydrous acetonitrile (140 mL) is prepared in 

a flask. The atmosphere of the flask is exchanged for CO2 and the solution 

saturated with CO2. Under a continuous feed of gas, TMP (9.58 mL, 56.8 mmol, 

2 equiv.) is added dropwise at 0 °C and the reaction is left to reach room 

temperature with stirring. After approximately 20 minutes, a white precipitate 

forms and CO2 stopped being fed to the vessel. After 3 hours, the liquid phase 

was separated by filtration The solvent is then removed in vacuo at 20 °C. 

Purification by column chromatography (diameter of column = 7.6 cm, mass of 

silica = 200 g, 1% acetone/CHCl3) followed by immediate recrystallization in 

toluene at room temperature (ca 3 ml per gram of product) affords the cyclic 

carbonate product in 51% yield (1.6 g). The crystals obtained were suitable for 

single crystal X-ray diffraction. Following isolation the cyclic carbonate is stored 

under Ar in the freezer . 

8.3.1.2 TBD polymerisation procedure 

Under an argon atmosphere, TBD (25 μL, 0.2 mol L–1 solution in anhydrous 

DCM, 5 x 10–3 mmol) was added to a solution of monomer (85.5 mg, 0.75 mmol) 

and 4-methylbenzyl alcohol (25 μL, 0.2 mol L–1 solution in anhydrous DCM, 5x 

10 –3 mmol) in anhydrous DCM (0.70 ml, total volume 0.75 ml). The mixture was 

stirred at 22 °C for 40 minutes and quenched with benzoic acid (0.1 ml, 10 mg 

mL–1). Conversion was determined by 1H NMR spectroscopy. The polymer was 

immediately precipitated from diethyl ether and the solid phase separated by 

centrifugation (2800 rpm, 5 minutes, 3 times) to afford a white solid (75 mg, 

87% yield). N.B. if unreacted monomer is left in solution in the presence of 

benzoic acid, oligomers rapidly form. 

 

8.3.1.3 ROMP procedure in a solvent 

Under an argon atmosphere, GII (4.2 mg, 5x 10–3 mmol) was added to a vial 

containing monomer (85.5 mg, 0.75 mmol). Anhydrous DCM was added (0.75 

ml) and the reaction was left to stir for 50 minutes. The reaction was then 

quenched with ethyl vinyl ether (0.2 mL) and allowed to stir for a further 5 
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minutes. The polymer was immediately precipitated from diethyl ether and the 

solid phase was separated by centrifugation (2800 rpm, 5 minutes, 3 times) to 

afford a brown viscous solid (38 mg, 66% yield).  

8.3.1.4 ROMP procedure without solvent 

Under an argon atmosphere, a vial containing monomer (114.1 mg, 1.0 mmol) 

and GII catalyst (5.6 mg, 7.5x 10–3 mmol) was heated to 120 °C. The reaction 

was allowed to stir for 30 minutes and then quenched with ethyl vinyl ether (0.2 

mL) and allowed to stir for a further 5 minutes. The polymer was immediately 

precipitated from diethyl ether and the solid phase separated by centrifugation 

(2800 rpm, 5 minutes, 3 times) to afford a brown viscous solid (40 mg, 70% 

yield). 

8.3.1.5 Typical ABA triblock sequential polymerisation procedure 

Under an argon atmosphere, GII (25 μl, 0.01 mol L–1 solution in THF, 2.5 x 10–

4 mmol) was added to a solution of monomer (114.1 mg, 1 mmol) and cis-

butene-1,4-diol (25 μL, 2 mol L–1 solution in THF, 2.5 x 10–2 mmol) in THF. After 

45 hours, an aliquot was taken for NMR and SEC analysis, and a second batch 

of monomer (114.1 mg, 1 mmol) was added to the reaction vessel as a solid, 

followed by addition of TBD (50 μl, 1.0 mol L–1 solution in anhydrous THF, 5.0 

x 10–2 mmol). The reaction was quenched after three minutes with benzoic acid 

(0.1 ml, 10 mg mL–1). The polymer was immediately precipitated from diethyl 

ether and the solid phase separated by centrifugation (2800 rpm, 5 minutes, 3 

times) to afford a white viscous solid (160 mg, 70% yield). 

8.3.1.6 Isomerisation procedure with metal salts 

Experiments were carried out with poly(cis-CBD CC) with a degree of 

polymerisation (DP) of ~150, i.e., with ~150 alkene functionalities present in 

solution. Equivalents are given with respect to alkene molarity. 

Under an argon atmosphere, 5 mg of poly(cis-CBD CC) (Mn,SEC = 17100 g mol–

1, 2.90 x10–4 mmol, 1/150 equiv.) was dissolved in dichloromethane with 

heating. CuI (10 mg, 0.044 mmol, 1 equiv.) was added as a solid and the 

resultant fine suspension was irradiated with UV light (λ = 365 nm). Aliquots 

were taken to determine isomerisation using 1H NMR spectroscopy.  

8.3.1.7 Cross-linking experiments 

Experiments were carried out with poly(CBD CC) with a DP of ~30, i.e., with 

~30 alkene functionalities present in solution. Equivalents are given with 

respect to alkene molarity. Additionally, all manipulations were performed whilst 
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minimizing light exposure (e.g. films stored in dark fume hoods in light excluding 

boxes). 

For experiments carried out in a [C=C]0:[SH]0 ratio of 1:1:  

In air, trimethylolpropane tris(3- mercaptopropionate) (40 μL, 1.25 mol L–1 

solution in chloroform, 0.05 mmol, 0.33 equiv. (N.B. there are three SH 

equivalents per thiol molecule), and Irgacure 819 (15 μL, 0.3 mol L–1, 4.5 x10–

6 mmol, 0.03 equiv.)  were added to a solution of  poly(cis-CBD CC) (20 mg, 

5.65 x10–3 mmol, 2.8 x 10–3 mol L–1 in chloroform, 0.03 equiv.). The solution 

was left exposed to air overnight in a vial in a well-ventilated fume hood. 

Following evaporation, the vial was heated to 110 °C and irradiated under a UV 

lamp (λ = 365 nm).for 45 minutes.  
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8.3.2 Characterisation of compounds 

Poly(cis CBD CC) 

white solid, 75 mg (87% yield). 1H NMR (400 MHz, CDCl3) δ 5.80 (t, J = 4.1 Hz, 

2H, Hb), 5.32 (s, Hc) 4.75 (d, J = 5.1 Hz, 4H, Ha), 2.34 (s, Hd). 13C{1H} NMR 

(101 MHz, CDCl3) δ 154.9 (C=O), 128.1 (Ca), 63.4 (Cb); Mn,SEC = 22900 g mol–

1, ÐM = 1.63; Tg –24°C, Tm = 115 °C, Td,onset = 152 ˚C.  

 

Figure 8.37. 1H NMR spectrum (CDCl3) of poly(cis-CBD CC) (CH3Cl residual signal at 7.26 

ppm). 

 

Figure 8.38. 13C{1H} NMR spectrum (CDCl3) of poly(cis-CBD CC) (CH3Cl residual signal at 

77.16 ppm)
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Poly(cis:trans 5:95 CBD CC) 

1H NMR (400 MHz, CDCl3) δ 5.91 (trans t, J = 2.9 Hz, 2H, Hb), 5.81 (cis t, J = 

4.1 Hz, 2H, Hd), 4.75 (cis d, J = 4.2 Hz, 4H, Hc), 4.64 (trans d, J = 4.1 Hz, 4H, 

Ha).13C{1H} NMR (101 MHz, CDCl3) δ 154.7 (C=O), 128.1 (trans Cb), 67.3 

(trans Ca) (cis not observed); Mn,SEC = 22500 g mol–1, ÐM = 1.58; Tg = –22 °C, 

Td,onset = 152 °C. 

 

Figure 8.39. 1H NMR spectrum (CDCl3) of poly(cis:trans(5:95)-1) (CH3Cl residual signal at 

7.26 ppm). 

 

Figure 8.40 13C{1H} NMR spectrum (CDCl3) of poly(cis:trans(5:95)-1) (CH3Cl residual signal 

at 77.16 ppm). 
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8.3.4 Representative SEC data 

 

  

Figure 8.41. SEC trace for the ROP of CBD CC catalysed by TBD (Mn,SEC= 18100 g mol–1, 

ÐM = 1.53). 

 

Figure 8.42. Example of biomodality observed for the ROP of CBD CC catalysed by TBD 

(DP ~100, Mn,SEC = 11000 g mol–1, ÐM = 1.62). 

 

Figure 8.43. SEC trace for the ROP of CBD CC catalysed by urea anion I (DP ~100, Mn,SEC 

= 11100 g mol–1, ÐM = 2.11). 
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Figure 8.44. SEC trace for the ROP of CBD CC catalysed by Al salen catalyst II (DP ~50, 

Mn,SEC = 8700 g mol–1, ÐM = 1.63).  

 

Figure 8.45 SEC trace for the ROP of CBD CC catalysed by Grubbs 2nd generation catalyst 

II (DP ~150, Mn,SEC = 23200 g mol–1, ÐM = 2.69). 
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8.3.5 TGA and DSC thermograms 

8.3.5.1 TGA of poly(CBD CC) 
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Figure 8.46. TGA trace of poly(cis-CBD CC) (Mn,SEC = 18100 g mol–1, ƉM = 1.53). Obtained 

values: Td,onset = 152 °C; Td5 = 172 °C; Td,max= 180 °C with 0% char remaining at 600 °C.  
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Figure 8.47. TGA trace of poly(cis:trans(12:88)-CBD CC) (Mn,SEC = 17000 g mol–1, ƉM = 1.92). 

Obtained values: Td,onset = 152 °C; Td5 = 196°C; Td,max= 229 °C with 4% char remaining at 600 

°C.  
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8.3.5.2 TGA of resins 

200 400 600

0

50

100
W

e
ig

h
t 
c
h

a
n

g
e

 (
%

)

Temperature (°C)

-6

-4

-2

0

D
e

ri
v
a
ti
v
e

 o
f 

%
 w

e
ig

h
t 

c
h
a

n
g

e

 

Figure 8.48. TGA trace of cross-linked poly(cis-CBD CC) at a [C=C]0:[SH]0 ratio of 5:1. The 

reaction was carried out at 110 °C with a UV cure time of 45 minutes. Obtained values: Td,onset 

= 161 °C; Td5 = 187 °C; Td,max= 204 °C with 2% char remaining at 600 °C.  
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Figure 8.49. TGA trace of cross-linked poly(cis- CBD CC) at a [C=C]0:[SH]0  ratio of 2:1. The 

reaction was carried out at 110 °C with a UV cure time of 45 minutes. Obtained values: Td,onset 

= 192 °C; Td5 = 211 °C; Td1,max= 227 °C, Td2,onset = 270 °C Td2,max= 411°C with 8% char 

remaining at 600 °C.  
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Figure 8.50. TGA trace of cross-linked poly(cis- CBD CC) at a [C=C]0:[SH]0 ratio of 1:1. The 

reaction was carried out at 110 °C with a UV cure time of 45 minutes. Degradation onset was 

observed at 192 ˚C and 94% mass loss by 600 °C. Obtained values: Td,onset = 192 °C; Td5 = 

220 °C; Td1,max= 248 °C, Td2,onset = 350 °C Td2,max= 427°C with 8% char remaining at 600 °C.  
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Figure 8.51. TGA trace of cross-linked poly(cis- CBD CC) at a [C=C]0:[SH]0  ratio of 1:1. The 

reaction was carried out at 110 °C with a UV cure time of 90 minutes. Obtained values: Td,onset 

= 193 °C; Td5 = 220 °C; Td1,max= 249 °C, Td2,onset = 379 °C Td2,max= 415°C with 10% char 

remaining at 600 °C.  
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Figure 8.52. TGA trace of cross-linked poly(cis:trans(12:88)- CBD CC) at a [C=C]0:[SH]0 ratio 

of 1:1. The reaction was carried out at 110 °C with a UV cure time of 45 minutes. Obtained 

values: Td,onset = 192 °C; Td5 = 235 °C; Td1,max= 249 °C, Td2,onset = 306 °C Td2,max= 338°C with 

8% char remaining at 600 °C.  
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8.3.5.3 DSC of poly(CBD CC) 
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Figure 8.53. (top) DSC trace showing the first cooling and second heating cycle under argon 

of poly(cis- CBD CC) (Mn,SEC = 22100 g mol–1, ÐM =1.65;Tg = –24 °C, Tc = 72 °C, Tm = 115 

°C). (bottom) zoomed-in section of DSC trace highlighting the Tg.  
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Figure 8.54. DSC trace showing the first cooling and second heating cycle under argon of 

poly(cis:trans(5:95)- CBD CC) (Mn,SEC = 22500 g mol–1, ÐM =1.58; Tg1 = –22 °C). 
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8.3.5.4 DSC of resins  

8.3.5.4.1 Pre-UV exposure 
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Figure 8.55. DSC trace showing the first cooling and second heating cycle of poly(cis- CBD 

CC), trimethylolpropane tris(3- mercaptopropionate) and Irgacure 819 mix at a [C=C]0:[SH]0 

ratio of 2:1 prior to UV exposure. 
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Figure 8.56. DSC trace showing the first cooling and second heating cycle of poly(cis- CBD 

CC), trimethylolpropane tris(3- mercaptopropionate) and Irgacure 819 mix at a [C=C]0:[SH]0 

ratio of 1:1 prior to UV exposure. 
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8.3.5.4.2 Post-UV exposure 
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Figure 8.57 DSC trace showing the first cooling and second heating cycle of non-cross-linked 

poly(cis- CBD CC) at a [C=C]0:[SH]0 ratio of 5:1. The reaction was carried out at 110 °C with a 

UV cure time of 45 minutes. 
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Figure 8.58. DSC trace showing the first cooling and second heating cycle of cross-linked 

poly(cis- CBD CC) at a [C=C]0:[SH]0 ratio of 2:1. The reaction was carried out at 110 °C with a 

UV cure time of 45 minutes.  
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Figure 8.59. DSC trace showing the first cooling and second heating cycle of cross-linked 

poly(cis- CBD CC)at a [C=C]0:[SH]0 ratio of 1:1. The reaction was carried out at 110 °C with a 

UV cure time of 45 minutes.  
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Figure 8.60. DSC trace showing the first cooling and second heating cycle of poly(cis:trans 

(12:88)-CBD CC) at a [C=C]0:[SH]0 ratio of 1:1. The reaction was carried out at 110 °C with a 

UV cure time of 45 minutes. 
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8.3.4.5 DSC of poly(cis-trans-cis-CBD CC) triblock copolymers 
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Figure 8.61. DSC trace the showing the first cooling and second heating cycle of ABA-1 (, 

Mn,SEC = 4600 g mol–1, ƉM = 2.06, Tg = –51 °C). 
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Figure 8.62. DSC trace the showing the first cooling and second heating cycle of ABA-2 (Mn,SEC 

= 8900 g mol–1, ƉM = 1.60; Tg = –26 °C, Tc = 42 °C, Tm = 95 °C). 
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8.3.6 DFT 

All calculations were performed using the Gaussian09 suite of codes (revision 

D.01).13 Reactant monomers and their associated ring-opened adducts were 

subjected to conformational analysis using Schrodinger’s Maestro, 

Macromodel package.14, 15 A OPLS3e forcefield was applied with no solvent. 

Conformers within a 15 kcal mol–1 of the forcefield-calculated global minimum 

were selected for further analysis with density functional theory (DFT). 

Conformers within 2 kcal mol –1 of the DFT calculated global minimum were 

included in a Boltzman weighting. Ring-strain values are reported as a 

Boltzman average of the relevant conformers.  

DFT Optimisation was carried out using the ωB97XD LC hybrid functional 

developed by Chai and Head-Gordon that includes an empirical dispersion 

correction.5-6 The 6–31++g(2d,p) basis set was used for all atoms at a 

temperature of 298K. Solvent effects in dichloromethane were considered 

using conductor-like polarisable continuum model (CPCM). 

Full coordinates for all the stationary points, together with computed energies 

and vibrational frequency data, are available via the corresponding Gaussian 

09 output files and calculation spreadsheet, stored in the open-access digital 

repository, DOI: 10.6084/m9.figshare.7958297 

https://figshare.com/s/f35736171554b728a811
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8.3.7 XRD data for CBD CC  

 

Empirical formula  C5 H6 O3 

Formula weight  114.10 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 6.1911(5) Å a= 90°. 

 b = 7.1290(4) Å b=104.026(7)°. 

 c = 12.2554(8) Å g = 90°. 

Volume 524.78(6) Å3 

Z 4 

Density (calculated) 1.444 Mg/m3 

Absorption coefficient 1.041 mm-1 

F(000) 240 

Crystal size 0.386 x 0.191 x 0.091 mm3 

Theta range for data collection 7.244 to 72.225°. 

Index ranges -7<=h<=5, -7<=k<=8, -15<=l<=15 

Reflections collected 4248 

Independent reflections 1043 [R(int) = 0.0248] 

Completeness to theta = 67.684° 99.9 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.717 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1043 / 0 / 73 

Goodness-of-fit on F2 1.067 

Final R indices [I>2sigma(I)] R1 = 0.0341, wR2 = 0.0937 

R indices (all data) R1 = 0.0373, wR2 = 0.0967 

Extinction coefficient n/a 

Largest diff. peak and hole 0.211 and -0.163 e.Å-3 
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8.4 Chapter 4 

8.4.1 General procedures 

8.4.1.1 Synthesis of 1,2-O-Isopropylidene-xylofuranose (IPXF) 

Following an adapted literature procedure:16 to a round bottom flask was 

charged L- or D-xylose (20.00 g, 133.34 mmol, 1.00 equiv.), non-anhydrous 

acetone (500 mL) and 95–98% concentrated H2SO4 (20 mL, 373.16 mmol, 2.80 

equiv.) forming a pale-yellow suspension. The suspension was left to stir until 

the solid had fully dissolved to form a yellow solution (ca 1 h). Upon full 

dissolution, the reaction mixture was cooled over ice and an aqueous solution 

of K2CO3 (224 mL, 1.10 mol L–1, 246.01 mmol, 1.84 equiv.) was slowly added. 

The resultant white suspension was allowed to stir at room temperature with 

aliquots taken at regular intervals to monitor the deprotection by TLC (1:1 

CHCl3:acetone eluent) and NMR (d6-DMSO). After 2.5 h near quantitative 

formation of the monoprotected sugar was observed. Solid K2CO3 (17.80 g, 

128.79 mmol, 1.04 equiv.) was added slowly at room temperature and the pH 

adjusted until 7–8 by litmus paper. The suspension was then filtered, and the 

acetone removed in vacuo at 40 °C. The aqueous phase was washed with DCM 

(100 mL, x 3) and the organic phases were collected and back extracted with 

water (50 mL, x 3). The aqueous phases were collected, and the water removed 

in vacuo at 50 °C. The resultant oil was dissolved in EtOAc and stirred over 

MgSO4 overnight. The suspension was filtered, and the solvent removed in 

vacuo at 40 °C to yield 1,2-O-Isopropylidene-α-xylofuranose (IPXF) as a clear 

oil (22.81 g, 90% yield). 

8.4.1.2 Synthesis of 1,2- O-isopropylidene-5-O-tosyl-xylofuranose 

(Ts-IPXF) 

Following an adapted literature procedure:17 IPXF (10.00 g, 52.58 mmol, 1.00 

equiv.) and tosyl chloride (11.03 g, 57.83 mmol, 1.10 equiv.) were charged to a 

round-bottomed flask and dissolved in dichloromethane (100 mL). The reaction 

vessel was cooled over ice and triethylamine (50 mL, 286.98 mmol, 5.46 equiv.) 

was added. The vessel was left to warm to 20 °C over 15 hours. Ethyl acetate 

(150 mL) was then charged to the vessel and the mixture was transferred to a 

separating funnel. The organic phase was then washed with brine (50 mL, × 1), 

1 M sodium hydrogen carbonate (50 mL, × 1) and water (50 mL, × 1). The 

organic phase was collected and dried over magnesium sulfate, filtered and 

concentrated in vacuo at 40 °C to give a white solid. The solid was then stirred 
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over cold Et2O (–18 °C, 50 mL) for 10 minutes, filtered over a glass frit and 

rinsed again with cold Et2O (50 mL). The precipitate was left to dry in a vacuum 

oven overnight at 50 °C to give the product as a white solid (13.90 g, 40.49 

mmol, 77% yield).   

8.4.1.3 Synthesis of D-Ox or L-Ox 

To a Schlenk flask was charged Ts-IPXF (10.97 g, 31.85 mmol, 1.00 equiv.) 

and anhydrous acetonitrile (100 mL). The suspension was agitated at 400 rpm 

until a clear colourless homogenous solution was obtained. KOMe (4.69 g, 

66.89 mmol, 2.10 equiv.) was charged to the solution and stirred for 15 minutes, 

after which the reaction was quenched by addition of water (30 mL). The 

acetonitrile was removed in-vacuo at 40 °C. The aqueous phase was extracted 

with Et2O (50 mL, × 3). The organic phases were collected and washed with 

water (50 mL, × 1), 1 M sodium hydrogen carbonate (50 mL, × 1) and brine (50 

mL, × 1). The organic phases were collected, dried over MgSO4, filtered and 

concentrated in vacuo at 40 °C to give D-Ox (5.00 g, 29.04 mmol, 91% yield) 

as a clear oil. For further purification, the oil was stirred over CaH2 at 80 °C 

overnight and vacuum distilled (1 × 10–2 mbar, 40 °C) to yield the oxetane as a 

clear oil (4.00 g, 23.25 mmol, 1.00 equiv., 73% yield). 

8.4.1.4 General procedure for the homopolymerisation of D-Ox or 

L-Ox 

To a 2 mL dram vial under argon was charged D-Ox (344 mg, 200.00 equiv.), 

KOtBu (20 μL, 0.5 mol L–1 in THF, 1.00 equiv.) and 18-crown-6 (20 μL, 0.5 mol 

L–1 in THF, 1.00 equiv.). The vial was sealed and heated to 120 °C with stirring. 

After 22 hours the vial was cooled and the polymerisation was quenched with 

a DCM solution of benzoic acid (0.1 mL, 10 mg mL–1). The solid was dissolved 

in the minimum amount of CHCl3 then precipitated from cold Et2O. The 

suspension was centrifuged (2900 rpm, 5 minutes) and the solid phase was 

collected. The polymer was then re-dissolved in CHCl3 and reprecipitated twice 

more from cold Et2O with centrifugation (2900 rpm, 5 minutes) The solid was 

collected and dried in a vacuum oven for 24 hours at 100 °C to yield the 

polyether (239 mg, 69% yield).  

For co-polymerisations of D-Ox and L-Ox, the procedure is identical to above 

except that the polymer is precipitated from hexane.  
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8.4.1.5 General procedure for the sterecomplexation of poly(L-Ox) 

and poly(D-Ox) 

To a dram vial was added poly(D-Ox) (25 mg) and poly(L-Ox) (25 mg). The 

polymer samples were dissolved in CHCl3 and allowed to stir for 30 minutes. 

The solution was then evaporated over a stream of air. The solid phase was 

dried in a vacuum oven at 100 °C for 24 hours to yield the stereocomplex (50 

mg, 100% yield). 

8.4.1.6 General procedure for the deprotection of the poly(D-Ox) 

Following an adapted literature procedure:4 To a dram vial was added poly(D-

Ox) (100 mg, 0.58 monomer equiv.) and DCM (0.4 mL). The solution was 

agitated until fully dissolved. Upon dissolution, the reaction mixture was cooled 

over ice and a 4:1 TFA:H2O solution (1.0 mL) was added. At predetermined 

intervals, aliquots were taken from the reaction solution and precipitated from 

cold Et2O to determine the amount of deprotection. After 8 h, cold Et2O was 

added to the reaction mixture and the suspension was centrifuged (2900 rpm, 

5 minutes). The solid phase was collected and rinsed twice more in cold Et2O 

or until the supernatant was neutral by litmus test. The solid phase was dried in 

a vacuum oven at 100 °C for 24 hours to yield 85% deprotected poly(D-Ox) (71 

mg, 90% yield). 

8.4.1.7  General procedure for the phosphorylation of poly(D-Ox) 

Following an adapted literature procedure:18 to a dram vial under argon was 

charged poly(D-Ox) deprotected at 28% (40 mg, ca 0.25 mmol**), 4-

dimethylamine pyridine (61 mg, 0.50 mmol, 2.00 equiv.) non-anhydrous NEt3 

(0.310 mL, 2.25 mmol, 9.00 equiv.) and THF (2 mL). The suspension was 

agitated until fully dissolved. PPh2Cl (0.115 mL, 0.63 mmol, 2.50 equiv.) was 

then added under a stream of argon resulting in immediate precipitation of a 

white solid. The suspension was left to stir for a further 68 h after which the 

solvent was removed in vacuo at 40 °C. The resultant solid was dissolved in 

the minimum amount of DCM and precipitated from cold Et2O. The suspension 

was then centrifuged (2900 rpm, 5 minutes) and the solid phase was collected. 

The polymer was then re-dissolved in DCM and reprecipitated twice more from 

cold Et2O with centrifugation (2900 rpm, 5 minutes). The solid was collected 

and dried in a vacuum oven for 24 hours at 100 °C to yield the partially (26%) 

phosphorylated polymer (50 mg, 76% yield*). 
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*yield calculated in terms of moles of monomeric species, e.g. for deprotection: 

Maximum mmol of deprotected polymer = 100/Mr D-Ox = 100/172.14 = 0.581 

mmol 

Maximum mass of polymer  = 0.581[0.15(Mr D-Ox)+0.85 (Mr 100% 

deprotected D-Ox)] 

    = 0.581[0.15(172.14)+0.85 (130.06)]: 

    = 79 mg 

Yield    = 71/79 = 90%. 

 

**mmol calculated as: 

 mass of material/[0.72(Mr D-Ox)+0.28 (Mr 100% deprotected D-Ox)]: 

40 mg/[0.72(172.14)+0.28(130.06)] 

= 0.25 mmol 
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8.4.2 Characterisation of compounds 

 

Ts-IPXF:  

white solid: 77% yield (6.62 g) 1H NMR (400 MHz, Chloroform-d) δ 7.80 (d, J 

= 8.4 Hz, 2H, Hi), 7.36 (d, J = 8.1 Hz, 2H, Hj), 5.87 (d, J = 3.6 Hz, 1H, Ha), 4.51 

(d, J = 3.6 Hz, 1H, Hb), 4.35 (t, J = 6.4 Hz, 1H, He), 4.33 (d, J = 2.4 Hz, 1H, Hd), 

4.30 (d, J = 5.4 Hz, 1H, Hc), 4.19 – 4.06 (m, 1H, He), 2.45 (s, 3H, Hi), 2.40 (s, 

1H, Hg), 1.46 (s, 3H, Hf), 1.30 (s, 3H, Hf);13C {1H} NMR (101 MHz, Chloroform-

d) δ 145.42 (Ck), 132.56 (Ch), 130.14 (Cj), 128.16 (Ck), 112.28 (Cacetal), 105.12 

(Ca), 85.21 (Cb), 77.78 (Cd), 74.45 (Cc), 66.35 (Ce), 26.93 (Cf), 26.35 (Cf), 21.80 

(Cl), in accordance with literature.19 MS (ESI): [C15H20O7S1+Na]+ Theo. 

367.0822, found 367.0849. [𝛼𝐷
25] = +13.6 ° [𝛼𝐿

25] = –12.0 °. 

Figure 8.63. 1H NMR spectrum (CDCl3) of Ts-IPXF (CHCl3 residual signal at 7.26 ppm). 

 

Figure 8.64 13C{1H} NMR spectrum (CDCl3) of Ts-IPXF (CHCl3 residual signal at 77.16 ppm)
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D-Ox/L-Ox: 

clear oil; 73% yield (4.11 g).1H NMR (400 MHz, CDCl3) δ 6.27 (d, J = 3.7 Hz, 

1H, Ha), 5.19 (d, J = 4.0 Hz, 1H, Hc), 5.10 (td, J = 4.1, 2.2 Hz, 1H, Hd), 4.74 (d, 

J = 4.3 Hz, 1H, He), 4.72 (d, J = 4.0 Hz, 1H, Hb), 4.25 (dd, J = 7.7, 2.3 Hz, 1H, 

He), 1.40 (s, 3H, Hf), 1.37 (s, 3H, Hf);13C{1H} NMR (101 MHz, CDCl3) δ 113.99 

(Cacetal), 108.34 (Ca), 87.66 (Cc), 84.75 (Cb), 78.60 (Ce), 78.41 (Cd), 27.99 (Cf), 

27.29 (Cf), in accordance with literature.20 MS (ESI): [C8H12O4+H]+ Theo. 

173.0808, found 173.0808. [𝛼𝐷
25] = +13.8 ° [𝛼𝐿

25] = –13.2 °.  

 

Figure 8.65. 1H NMR spectrum (CDCl3) of D-Ox/L-Ox (CHCl3 residual signal at 7.26 ppm). 

 

Figure 8.66. 13C{1H}  NMR spectrum (CDCl3) of D-Ox/L-Ox (CHCl3 residual signal at 77.16 

ppm). 
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.  

poly(D-Ox)/ poly(L-Ox):  

off white powder (69% yield, 238 mg). 1H NMR (500 MHz, CDCl3) δ 5.88 (d, J 

= 3.5 Hz, 1H, Ha), 4.60 (d, J = 3.5 Hz, 1H, Hb), 4.27 (td, J = 7.1, 6.1, 3.7 Hz, 1H, 

Hd), 3.89 (m, 2H, Hc and He), 3.60 (dd, J = 10.3, 6.8 Hz, He), 1.48 (s, 3H, Hf), 

1.31 (s, 3H, Hf); 13C{1H}  NMR (126 MHz, CDCl3) δ 111.7 (Cacetal), 105.3 (Ca), 

83.1 (Cc), 81.9 (Cb), 79.4 (Cd), 68.0 (Ce), 27.0 (Cf), 26.4 (Cf). In accordance 

with the literature21, 22Mn,sec = 9200 g mol–1, ÐM = 1.30; Tg 134 °C; Tm = 271 – 

281 °C; Tc = 193 – 248 °C; Td = 315 – 318 °C. [𝛼𝑝𝑜𝑙𝑦(𝐷−𝑂𝑥)
25 ] = –85.3°; 

[𝛼𝑝𝑜𝑙𝑦 (𝐿−𝑂𝑥)
25 ] = +85.8 °; [𝛼𝑝𝑜𝑙𝑦(𝐷−𝑂𝑥)+𝑝𝑜𝑙𝑦(𝐿−𝑂𝑥)

25 ] = +0.5°. 

 

 

Figure 8.67. 1H NMR spectrum (CDCl3) of poly(D-Ox)/poly(L-Ox) CHCl3 residual signal at 7.26 

ppm). 

 

Figure 8.68. 13C{1H} NMR spectrum (CDCl3) of poly(D-Ox)/poly(L-Ox) (CHCl3 residual signal 

at 77.2 ppm). 
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Figure 8.69. 1H COSY NMR spectrum (CDCl3) of poly(D-Ox). 

 

Figure 8.70. 1H- 13C HSQC NMR spectrum (CDCl3) of poly(D-Ox). 
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Figure 8.71. 1H- 13C HMBC NMR (CDCl3) spectrum of poly(D-Ox).
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50:50 poly(D-Ox/L-Ox): 

 off white powder, 74% yield (255 mg).1H NMR (500 MHz, CDCl3) δ 5.95 – 

5.81 (m, 1H, Ha), 4.71 – 4.51 (m, 1H, Hb), 4.35 – 4.19 (m, 1H, Hd), 3.99 – 3.82 

(m, 2H, Hc and He), 3.80 – 3.69 (m, 1H, He ), 3.66 – 3.51 (m, 1H, He), 1.48 (s, 

3H, Hf), 1.30 (s, 3H, Hf);13C{1H} NMR (126 MHz, CDCl3) δ 111.7 (Cacetal) , 

105.3 (Ca), 84.7 – 82.5 (Cc), 82.8 – 81.3 (Cb), 80.2 – 78.3 (Cd), 69.4 – 66.7 

(Ce), 27.0 (Cf), 26.4 (Cf).Mn,sec = 15000; ÐM = 1.11; Tg 134 °C; Tm = not 

observed; Tc = not observed;  Td = 301 °C. [𝛼50:50 𝑝𝑜𝑙𝑦(𝐷−𝑂𝑥/ 𝐿−𝑂𝑥)
25 ] = –0.6 °. 

 

Figure 8.72. 1H NMR spectrum (CDCl3) of 50:50 poly(D-Ox/L-Ox) CHCl3 residual signal at 

7.26 ppm). 

 

Figure 8.73. 13C{1H} NMR spectrum (CDCl3) of 50:50 poly(D-Ox/L-Ox) (CHCl3 residual signal 

at 77.2 ppm). 
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Figure 8.74. 1H COSY NMR (CDCl3) spectrum of 50:50 poly(D-Ox/L-Ox). 

 

Figure 8.75. 1H- 13C HSQC NMR (CDCl3) spectrum of 50:50 poly(D-Ox/L-Ox). 
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Figure 8.76. 1H- 13C HMBC NMR (CDCl3) spectrum of 50:50 poly(D-Ox/L-Ox). 
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8.4.3 1H {1H} NMR spectroscopy 

 

 

Figure 8.77.1H {1H} NMR spectrum (CDCl3) of poly(D-Ox) (Mn,sec = 9200, ƉM = 1.15) irradiated 

at δ = 4.62 ppm. 

 

Figure 8.78. 1H {1H} decoupled NMR spectrum (CDCl3) of 50:50 poly(D-Ox/L-Ox) (Mn,sec = 

9300, ƉM = 1.17) irradiated at δ = 4.62 ppm. 
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8.4.4 Representative SEC chromatograms 

 

 

Figure 8.79. SEC chromatogram of poly(D-Ox) (Mn,SEC = 14500, ƉM = 1.25) measured in THF. 

. 

 

 

Figure 8.80. SEC chromatogram of poly(L-Ox) (Mn,SEC = 9800, ƉM = 1.19) measured in THF. 
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Figure 8.81 SEC chromatogram of poly(D-Ox-co-L-Ox) (Mn,SEC = 15000, ƉM = 1.11) measured 

in THF. 
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Figure 8.82. SEC chromatograms of 85% deprotected poly(D-Ox) before (blue) and after 

heating (red, dashed) measured in DMF.  

10000
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Figure 8.83. SEC chromatograms of 25% deprotected poly(D-Ox) (blue, Mn,SEC =  10700 g mol–

1, ƉM = 1.23) and poly(D-3) (red, Mn,SEC = 10100 g mol–1, ƉM = 1.19) measured in DMF. 
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8.4.5 Thermal characterisation 

8.4.5.1 TGA traces 

8.4.5.1.1 Homochiral and heterochiral polymers 
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Figure 8.84. TGA trace of poly(D-Ox) (Mn,SEC = 9200 g mol–1, ƉM = 1.15). Obtained values: 

Td,onset = 315 °C; Td5 = 348 °C; Tmax= 402 °C with 13% char remaining at 600 °C.  
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Figure 8.85. TGA trace of poly(L-Ox) (Mn,SEC = 9800 g mol–1, ƉM = 1.19). Obtained values: 

Td,onset = 318 °C; Td5 = 355 °C; Td,max= 382 °C with 13% char remaining at 600 °C. 
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Figure 8.86. TGA trace of 50:50 poly(D-Ox-co-L-Ox) (Mn,SEC = 9700 g mol–1, ƉM = 1.18). 

Obtained values: Td,onset = 301 °C; Td5 = 342 °C; Td,max= 363 °C with 20% char remaining at 600 

°C. 
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8.4.5.1.2 Blends 

200 250 300 350 400 450 500 550 600

0

20

40

60

80

100

%
 m

a
s
s
 c

h
a
n
g
e

Temperature (°C)

-0.8

-0.6

-0.4

-0.2

0.0

D
e
ri
v
a
tiv

e
 o

f 
%

 m
a
s
s
 c

h
a
n
g
e

 

Figure 8.87. TGA trace of 50:50 blend of poly(D-Ox) and poly(L-Ox). Obtained values: Td,onset 

= 320 °C; Td5 = 353 °C; Td,max= 372 °C with 11% char remaining at 600 °C. 
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Figure 8.88. TGA trace of 75:25 blend of poly(D-Ox) and poly(L-Ox). Obtained values: Td,onset 

= 316 °C; Td5 = 349 °C; Td,max= 378 °C with 11% char remaining at 600 °C. 
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8.4.5.1.3 Deprotected polymer 
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Figure 8.89. TGA trace of of 85% deprotected poly(D-Ox). Obtained values: Td,onset ~145 °C; 

Td5 = 168 °C; Td,max= 272 °C with 35% char remaining at 600 °C.
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8.4.5.2 DSC traces 

8.4.5.2.1 Homochiral polymers 
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Figure 8.90. DSC trace collected at 20 °C min–1 showing the first cooling and second heating 

cycle under argon of poly(L-Ox) precipitated from MeOH (Mn,SEC = 9800 g mol–1, ƉM = 1.19; 

Tg = 131 °C; Tm = 271 °C; Tc = 193 °C). 
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Figure 8.91. DSC trace collected at 20 °C min–1 showing the first cooling and second heating 

cycle under argon of poly(D-Ox) precipitated from Et2O (Mn,SEC = 9200 g mol–1, ƉM = 1.15; Tg 

= 135 °C; Tm = 248 °C; Tc = 248 °C). 
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8.4.5.2.2 Heterochiral polymers 
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Figure 8.92. DSC trace collected at 20 °C min–1 showing the first and second heating cycle 

under argon of 90:10 poly(D-Ox-co-L-Ox) precipitated from hexane (Mn,SEC = 7900 g mol–1, 

ƉM = 1.20; Tg = 124 °C; Tm = not observed; Tc = not observed). 
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Figure 8.93. DSC trace collected at 20 °C min–1 showing the first cooling and second heating 

cycle under argon of 90:10 poly(D-Ox-co-L-Ox) precipitated from hexane (Mn,SEC = 7900 g 

mol–1, ƉM = 1.20; Tg = 124 °C; Tm = not observed; Tc = not observed). 
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Figure 8.94. DSC trace collected at 20 °C min–1 showing the first cooling and second heating 

cycle under argon of 70:30 poly(D-Ox-co-L-Ox) precipitated from hexane (Mn,SEC = 10100 g 

mol–1, ƉM = 1.18; Tg = 125 °C; Tm = not observed; Tc = not observed). 
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Figure 8.95. DSC trace collected at 20 °C min–1 showing the first cooling and second heating 

cycle under argon of 50:50 poly(D-Ox/L-Ox) precipitated from Et2O (Mn,SEC = 9300 g mol–1, 

ƉM = 1.17; Tg = 128 °C; Tm = not observed; Tc = not observed). 
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8.4.5.2.3 Blends 
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Figure 8.96. DSC trace collected at 20 °C min–1 showing the first cooling and second heating 

cycle under argon of a 50:50 blend of poly(D-Ox) and poly(L-Ox) formed by evaporation of 

CHCl3 (Tg = 136 °C; Tm = 288 °C; Tc = 224 °C). 
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Figure 8.97. DSC trace collected at 20 °C min–1 showing the first cooling and second heating 

cycle under argon of a 75:25 blend of poly(D-Ox) and poly(L-Ox) formed by evaporation of 

CHCl3 (Tg = 130 °C; Tm1 = 264 °C, Tm2 = 274 °C, Tm3 = 284 °C;  Tc = 219 °C. 
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8.4.6 X-ray characterisation 
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Figure 8.98. WAXs profiles of poly(D-Ox) (black, Mn,SEC = 8300 g mol–1, ƉM = 1.30), Poly(L-

Ox) (red, Mn,SEC = 9500 g mol–1, ƉM = 1.18) and 50:50 poly(D-Ox/L-Ox) (orange, Mn,SEC = 

9300 g mol–1, ƉM = 1.17). 
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Figure 8.99. WAXs profiles of poly(D-Ox) (black, Mn,SEC = 8300 g mol–1, ƉM = 1.30) and 63% 

deprotected poly(D-Ox) (green).  



- 387 - 

 

 

 

4 6 8 10 12 14 16 18

0

50

100

150

200

250

300

 poly(D-Ox)  50:50 blend

 poly(L-Ox)   75:25 blend

In
te

n
s
it
y

Q (A-1)

 

Figure 8.100. WAXs profiles of poly(D-Ox) (red, Mn,SEC = 9400 g mol–1, ÐM = 1.29), poly(D-

Ox) (black, Mn,SEC = 9100 g mol–1, ÐM = 1.25) and 50:50 (blue) and 75:25 (green) blends of 

poly(L-Ox) and poly(D-Ox). 

8.4.7 DFT 

All calculations were performed using the Gaussian16 suite of codes (revision 

A.03).23  

Full coordinates for all the stationary points, together with computed energies 

and vibrational frequency data, are available via the corresponding Gaussian 

09 output files and calculation spreadsheet, stored in the open-access digital 

repository DOI: 10.6084/m9.figshare.13215617. 

Table 8.6. computed Free Gibbs Energy of lowest energy strucutres computed for the intiation 

and propagation of D-Ox. Protocol ωb97xD/6–311++G(2d,p) (O, K) and 6–31+G(d,p) (C, 

H)/cpcm=THF/423K.  

Structure G (Hartree) ΔG (kcal mol–1) 

D-Ox –612.587234 - 
KOtBu –832.895941 - 

I –1445.474332 +5.5 
TS1e-O’ –1445.432936 +26.3 

II –1445.499803 –10.4 
III –1445.509130 +16.3 
IV –2058.073111 –9.9 

TS2e’-O* –2058.050967 +12.2 
V –2058.101759 –19.7 
VI –2058.112791 –26.6 

Ic-O’ –1445.47329 +6.2 
TS1c-O’ –1445.413972 +26.3 
TS1a-O’’ –1445.414041 +43.4 
TS1a-O’’’ –1445.405734 +48.6 

IV’ –2058.087666 –10.8 
TS2c’-O* –2058.030577 +25.0 

https://doi.org/10.6084/m9.figshare.13215617
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8.5 Chapter 5 

8.5.1 General procedures 

CrSalen was synthesised according to literature methods.24  

8.5.1.1 General procedure for D-Ox ROCOP with anhydrides and CS2 

Under an argon atmosphere, CrSalen (20 μL, 0.5 mol L–1 solution in anhydrous 

DCM , 1 x 10–2 mmol, 1 equiv.), PPNCl (20 μL, 0.5 mol L–1 solution in anhydrous 

DCM , 1 x 10–2 mmol, 1 equiv.) and phthalic anhydride (296 mg, 2 mmol, 200 

equiv.) were added to a 1.34 mol L–1 σ-dichlorobenzene solution of oxetane 

(344 mg, 2 mmol, 200 equiv.).  The vessel was heated to 100 °C. The reaction 

progress was monitored by 1H NMR spectroscopy and SEC. Once stirring had 

stopped, the reaction was terminated by cooling the reaction vessel down. The 

resultant sticky solid was dissolved in CHCl3 and the polymer was precipitated 

with cold Et2O. The suspension was then centrifuged (3000 rpm, 5 minutes) 

and the precipitate was collected. The solid phase was reprecipitated twice 

more from cold Et2O before being dried in vacuo at 100 °C to yield the polyester 

(602 mg, 94% yield). 

8.5.1.2 General procedure for CO2/D-Ox ROCOP 

Under an argon atmosphere, CrSalen (20 μL, 0.5 mol L–1 solution in anhydrous 

DCM , 1 x 10–2 mmol, 1 equiv.) and PPNCl (20 μL, 0.5 mol L–1 solution in 

anhydrous DCM , 1 x 10–2 mmol, 1 equiv.) were added to a vial of oxetane (344 

mg, 2 mmol, 200 equiv.). The vial lid was pierced, and the vial was placed in an 

autoclave. The autoclave was pressurised to 35 bar CO2 and heated to 120 °C.  

After 96 h, the autoclave was cooled over ice and depressurised. The brown 

residue inside the vial was then dissolved in CHCl3 and precipitated from cold 

Et2O. The suspension was centrifuged (3000 rpm, 5 minutes) The solid phase 

was reprecipitated twice more from cold Et2O before being dried in vacuo at 

100 °C. 

8.5.1.3 General procedure for block-copolymerisations 

Under an argon atmosphere, CrSalen (20 μL, 0.5 mol L–1 solution in anhydrous 

DCM , 1 x 10–2 mmol, 1 equiv.), PPNCl (20 μL, 0.5 mol L–1 solution in anhydrous 

DCM , 1 x 10–2 mmol, 1 equiv.) and phthalic anhydride (148 mg, 1 mmol, 100 

equiv.)  were added to a 1.34 mol L–1 σ-dichlorobenzene solution of oxetane 

(344 mg, 2 mmol, 200 equiv.).  The vessel was heated to 100 °C. The reaction 

progress was monitored by 1H NMR spectroscopy and SEC. Once D-Ox 



- 389 - 

 

 

 

conversion had reached ca 50%, GA was added as a solid in the glovebox (114 

mg, 1 mmol, 100 equiv.). The reaction progress was monitored by 1H NMR 

spectroscopy and SEC. Once stirring had stopped, the reaction was terminated 

by cooling the reaction vessel down. The resultant sticky solid was dissolved in 

CHCl3 and the polymer was precipitated with cold Et2O. The suspension was 

then centrifuged (3000 rpm, 5 minutes) and the precipitate was collected. The 

solid phase was reprecipitated twice more from cold Et2O before being dried in 

vacuo at 100 °C to yield the block co-polymer (424 mg, 70% yield). 
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8.5.2 Characterisation of compounds 

poly(PA/D-Ox): 

Red/brown powder; 94% yield (602 mg); 1H NMR (400 MHz, CDCl3) δ 7.84 – 

7.60 (m, 2H, HAr), 7.62 – 7.41 (m, 2H, HAr), 5.96 (d, J = 3.7 Hz, 2H, Ha), 5.48 

(d, J = 3.0 Hz, 1H, Hc), 4.78 (d, J = 3.8 Hz, 1H, Hb), 4.68 (p, J = 3.7 Hz, 1H, Hd), 

4.59 (m, 1H, He), 4.50 (m, 1H, He), 1.51 (s, 3H, Hf), 1.29 (s, 3H, Hf); 13C{1H}  

NMR (101 MHz, CDCl3) δ 166.7 (Cg), 166.5 (Ch), 131.7(CAr), 131.6(CAr), 

131.4(CAr), 131.2 (CAr), 112.4 (Cacetal), 105.2 (Ca), 82.9 (Cb), 77.7(Cc), 76.7(Cd), 

62.8(Ce), 26.9 (Cf), 26.4(Cf); Mn,SEC = 13200, Ðm = 1.26; Tg = 145 °C; Td,onset = 

249 °C. 

Figure 8.101. 1H NMR spectrum (CDCl3)  of poly(PA/ D-Ox) (CHCl3 residual signal at 7.26 

ppm). 

 

Figure 8.102. 13C{1H}  NMR spectrum (CDCl3) of poly(PA/ D-Ox) (CHCl3 residual signal at 77.2 

ppm). 
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Figure 8.103. 1H COSY NMR spectrum (CDCl3)  of poly(PA/ D-Ox). 

 

Figure 8.104. 1H-13C HSQC NMR spectrum (CDCl3)  of poly(PA/ D-Ox). 
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Figure 8.105. 1H-13C HMBC NMR (CDCl3) of poly(PA/ D-Ox).
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poly(4MPA/D-Ox). 

Red/brown powder, 52% yield (350 mg);1H NMR (500 MHz, CDCl3) δ 7.74 – 7.57 (m, 1H, HAr), 

7.48 – 7.35 (m, 1H, HAr), 7.33 – 7.19 (m, 1H, HAr), 5.95 (dt, J = 9.2, 3.4 Hz, 1H, Ha), 5.46 (dd, J 

= 11.1, 2.8 Hz, 1H, Hc), 4.78 (dd, J = 35.4, 3.6 Hz, 1H, Hb), 4.71 – 4.64 (m, 1H, Hd), 4.63 – 4.33 

(m, 2H, He), 2.37 (d, J = 4.9 Hz, 3H, Hh), 1.51 (s, 3H, Hf), 1.29 (t, J = 5.3 Hz, 3H, Hf); 13C{1H} 

NMR (126 MHz, CDCl3) δ 167.4 – 167.2 (Cg), 167.2 – 167.0 (Ci), 166.4 – 166.2 (Cg), 166.2 – 

165.9 (Ch), 143.0 – 142.7 (CAr), 132.5 – 132.0 (CAr), 132.0 – 131.6 (CAr), 130.0 – 128.9 (CAr), 

127.8 – 127.3 (CAr), 112.4 (Cacetal), 105.2 (Ca), 83.1 – 82.5 (Cb), 77.8 – 77.5 (Cc), 76.7 (Cd) 63.1 

– 62.3 (Ce), 26.8 (Cf), 26.4 (Cf), 21.5 (Ch); Mn,SEC = 12300, Ðm = 1.38; Tg = 138 °C; Td,onset = 235 

°C.  

 

Figure 8.106. 1H NMR spectrum (CDCl3)  of poly(4MPA/D-Ox) (CHCl3 residual signal at 7.26 ppm, Et2O residual 

signal at 1.19 ppm and 3.45 ppm). 

 

Figure 8.107. 13C{1H} NMR spectrum (CDCl3) of poly(4MPA/D-Ox) (CHCl3 residual signal at 77.2 ppm, Et2O 

residual signal at 65.9 ppm and 21.5 ppm). 
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Figure 8.108. 1H COSY NMR spectrum (CDCl3)  of poly(4MPA/D-Ox). 

 

Figure 8.109. 1H-13C HSQC NMR spectrum (CDCl3)  of poly(4MPA/D-Ox). 
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Figure 8.110. 1H-13C HMBC NMR spectrum (CDCl3)  of poly(4MPA/D-Ox). 
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poly(GA/D-Ox): 

Red/brown powder; 85% yield (486 mg):1H NMR (400 MHz, CDCl3) δ 6.01 – 5.82 (b, 1H, Ha), 

5.22 (s, 1H, Hc), 4.60 – 4.41 (m, 2H, Hb , Hd), 4.31 – 4.22 (m, 1H, He), 4.21 – 4.05 (m, 1H, He), 

2.51 – 2.29 (m, 4H, Hh, Hj), 2.11 – 1.81 (s, 2H, Hi), 1.49 (s, 3H, Hf), 1.28 (s, 3H, Hf);13C{1H} 

NMR (101 MHz, CDCl3) δ 172.4 (Cg), 171.6 (Ck), 112.4 (Cacetal), 105.0 (Ca), 83.4 (Cb), 77.8 (Cd) 

76.1 (Cc), 61.4 (Ce), 32.8 (Ch and Cj), 26.8 (Cf), 26.3 (Cf), 19.8 (Ci); Mn,SEC = 7200, Ðm = 1.40; 

Tg = 60 °C; Td,onset = 280 °C. 

 

Figure 8.111. 1H NMR spectrum (CDCl3) of poly(GA/D-Ox). 

 

Figure 8.112.13C{1H} NMR spectrum (CDCl3)  of poly(GA/D-Ox) (CHCl3 residual signal at 77.2 ppm). 
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Figure 8.113. 1H COSY NMR spectrum (CDCl3)  of poly(GA/D-Ox). 

 

Figure 8.114. 1H-13C HSQC NMR spectrum (CDCl3)  of poly(GA/D-Ox). 
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Figure 8.115. 1H-13C HMBC NMR spectrum (CDCl3)of poly(GA/D-Ox). 
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poly(DGA/D-Ox). 

Red/brown powder, 42% yield (244 mg);1H NMR (400 MHz, CDCl3) δ 5.93 (d, J = 3.7 Hz, Ha), 

5.39 – 5.28 (m, 1H, Hc), 4.57 (d, J = 3.7 Hz, 1H, Hb), 4.55 – 4.49 (m, 1H, Hd), 4.45 – 4.34 (m, 

1H, He), 4.34 – 4.16 (m, 5H, He, Hh), 1.50 (s, 3H, Hf), 1.29 (s, 3H, Hf);13C{1H} NMR (101 MHz, 

CDCl3) δ 169.4 (Cg), 168.8 (Ci), 112.5 (Cacetal), 105.0 (Ca), 83.2 (Cb), , 76.6 – 76.4 (Cb, Cc), 68.0 

(Cg), 61.5 (Ce), 26.7 (Cf), 26.3 (Cf); Mn,SEC = 6300, Ðm = 1.59; Tg = 80 °C; Td,onset = 269 °C. 

 

Figure 8.116. 1H NMR spectrum (CDCl3) of poly(DGA/D-Ox). 

 

 

Figure 8.117. 13C{1H} NMR spectrum (CDCl3)  poly(DGA/D-Ox) (CHCl3 residual signal at 77.2 ppm). 
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Figure 8.118. 1H COSY NMR spectrum (CDCl3)  of poly(DGA/D-Ox). 

 

Figure 8.119. 1H-13C HSQC NMR spectrum (CDCl3)  of poly(DGA/D-Ox). 
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Figure 8.120. 1H-13C HMBC NMR spectrum (CDCl3) of poly(DGA/D-Ox).  
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poly(CARA/D-Ox). 

Red/brown powder, 30% yield (202 mg); 1H NMR (400 MHz, CDCl3) δ 6.38 – 6.01 (m, 2H, Hj), 

6.01 – 5.74 (m, 1H, Ha), 5.39 – 4.98 (m, 1H, Hc), 4.65 – 4.37 (m, 2H, Hb, Hd), 4.33 – 3.98 (m, 

2H, He), 3.44 – 3.01 (m, 3H, Hh, Hi), 2.77 – 2.57 (m, 1H, Hl), 1.63 – 1.41 (m, 4H, Hf, Hk), 1.29 (d, 

4H, Hf and Hk); 13C{1H} NMR (101 MHz, CDCl3) δ 173.8 – 170.1 (Cj, Cg), 138.0 – 133.6 (Cj), 

112.4 (Cacetal), 105.0 (Ca), 84.0 – 81.9 (Cb), 77.0 (Cd), 76.7 (Cc), 63.2 – 60.8, (Ce) 49.7 – 44.2 

(Ch, Ci, Ck and Cl), 26.9 (Cf), 26.4 (Cf); Mn,SEC = 12000, Ðm = 1.35; Tg = 141 °C; Td,onset = 212 

°C. 

Figure 8.121. 1H NMR spectrum (CDCl3)  of poly(CARA/D-Ox) (residual Et2O at 1.21 ppm and 

3.48 ppm) 

 

Figure 8.122. 13C{1H} NMR spectrum (CDCl3) of poly(CARA/D-Ox) (CHCl3 residual signal at 77.2 ppm). 
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Figure 8.123. 1H COSY NMR spectrum (CDCl3) of poly(CARA/D-Ox). 

 

Figure 8.124. 1H-13C HSQC NMR spectrum (CDCl3) of poly(CARA/D-Ox). 
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Figure 8.125. 1H-13C HMBC NMR spectrum (CDCl3)  of poly(CARA/D-Ox). 
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poly(BCODA/D-Ox):  

Off white powder; 33% yield (227 mg); 1H NMR (400 MHz, CDCl3) δ 6.49 – 6.10 (m, 2H, Hj), 

5.97 – 5.74 (m, 1H, Ha), 5.96 – 5.84 (m, 0.61 H, Ha)  5.84 – 5.75 (m, 0.39 H, Ha’) 5.34 – 4.94 (m, 

1H, Hc), 4.67 – 4.33 (m, 2H, Hb , Hd), 4.33 – 3.93 (m, 2H, He), 3.34 – 2.72 (m, 6H, Hh, Hi), 1.99 

– 0.98 (m, 10H, Hf ,Hk);13C{1H} NMR (101 MHz, CDCl3) δ 173.6 – 171.4 (Cg), 133.1 – 131.9 

(Cj), 112.3 (Cacetal), 105.1 (Ca), 82.6 (Cg), 76.6 (Cd), 76.4 (Cc), 62.2 (Ce), 47.8 – 46.5 (Ch), 33.5 

– 32.0 (Ci), 26.9 (Cf), 26.4 (Cf), 24.5 (Ck); Mn,SEC = 4100, Ðm = 1.30; Tg = 131 °C; Td,onset = 263 

°C. 

 

Figure 8.126. 1H NMR spectrum (CDCl3) of poly(BCODA/D-Ox). 

 

Figure 8.127. 13C{1H} NMR spectrum (CDCl3) of poly(BCODA/D-Ox) (CHCl3 residual signal at 77.2 ppm). 
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Figure 8.128. 1H COSY NMR spectrum (CDCl3) of poly(BCODA/D-Ox). 

 

Figure 8.129. 1H-13C HSQC NMR spectrum (CDCl3) of poly(BCODA/D-Ox). 
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Figure 8.130. 1H-13C HMBC NMR (CDCl3) of poly(BCODA/D-Ox).  
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poly(DPA/D-Ox): 

Red/brown powder,41% yield (319 mg); 1H NMR (500 MHz, CDCl3) δ 8.22 – 7.71 (m, 2H, HAr), 

7.70 – 7.28 (m, 4H, HAr), 7.23 – 6.95 (m, 2H, HAr), 5.85 –5.23 (m, 1H, Ha), 5.12 –4.68 (m, 1H, 

Hc), 4.43 – 3.46 (m, 4H, Hb, Hd, He)  1.51 – 1.28 (m, 3H, Hf), 1.25 – 0.97 (m, 3H, Hf); 13C{1H} 

NMR (126 MHz, CDCl3) δ 166.5 – 166.2 (Cg or Ch), 166.2 – 165.9 (Cg or Ch), 165.5 – 165.1 (Cg 

or Ch), 143.9 – 142.8 (CAr ), 142.8 – 142.1 (CAr), 132.8 – 131.5 (CAr), 131.1 – 129.8 (CAr), 129.4 

– 128.5 (CAr), 128.4 – 127.9 (CAr), 127.98 – 126.97 (CAr), 112.34 – 111.47 (Cacetal), 105.1 – 

104.4 (Ca), 83.2 – 82.4 (Cb), 76.8 – 75.6 (Cc or Cd), 61.93 – 60.90 (Ce), 26.87 – 26.57 (Cf), 26.45 

– 26.06 (Cf); Mn,SEC = 10500, ÐM = 1.29; Tg = 129 °C; Td,onset = 296 °C. 

 

Figure 8.131. 1H NMR spectrum (CDCl3) of poly(DPA/D-Ox). (CHCl3 residual signal at 7.26 ppm). 

 

Figure 8.132. 13C{1H} NMR spectrum (CDCl3) of poly(DPA/D-Ox) (CHCl3 residual signal at 77.2 ppm). 
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Figure 8.133. . 1H COSY NMR spectrum (CDCl3) of poly(DPA/D-Ox). 

 

Figure 8.134. 1H-13C HSQC NMR spectrum (CDCl3) of poly(DPA/D-Ox). 
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Figure 8.135. 1H-13C HMBC NMR spectrum (CDCl3) of poly(DPA/D-Ox). 
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poly(CS2/D-Ox) 

Yellow powder, 60% yield (150 mg); 1H NMR (400 MHz, CDCl3) δ 5.95 (d, J = 3.8 Hz, 1H, Ha), 5.62 (d, J = 

2.9 Hz, 1H, Hc), 4.69 (d, J = 3.9 Hz, 1H, Hb), 4.61 (td, J = 6.8, 3.0 Hz, 1H, Hd), 3.79 – 3.61 (m, 2H, He), 3.55 – 

3.44 (m, 1/4H, He’), 3.10 – 2.66 (m, 1/4H, He’’’), 1.60 – 1.47 (m, 3H, Hf), 1.44 – 1.28 (m, 3H, Hf). 13C{1H} NMR 

(101 MHz, CDCl3) δ 222.5 (SC(S)S), 193.0 (OC(S)O), 112.7 (Cacetal), 104.9 (Ca), 85.2 (Cc), 83.2 (Cb), 76.8 (Cd), 

34.5 (Ce), 26.8 (Cf), 26.5 (Cf). Mn,SEC = 14300, Ðm = 1.27; Tg = not observed; Td,onset = 207 °C. 

 

Figure 8. 136. 1H NMR spectrum (CDCl3) of poly(CS2/D-Ox). 

 

Figure 8. 137. 13C{1H} NMR spectrum (CDCl3) of poly(CS2/D-Ox). (CHCl3 residual signal at 77.2 ppm). 



- 412 - 

 

 

 

 

Figure 8.138. 1H COSY NMR (CDCl3) of poly(CS2/D-Ox). 

 

Figure 8. 139. 1H-13C HSQC NMR (CDCl3) of poly(CS2/D-Ox). 
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Figure 8. 140. 1H-13C HMBC NMR (CDCl3) of poly(CS2/D-Ox). 
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poly(PA/D-Ox-b-GA/D-Ox): 

Red powder, 62% yield (188 mg); 1H NMR (500 MHz, CDCl3) δ 7.82 – 7.58 (m, HAr), 7.58 – 7.41 

(m, HAr), 6.09 – 5.84 (m, Ha, Ha’), 5.48 (d, J = 2.9 Hz, Hc), 5.25 (d, J = 3.2 Hz, Hc’), 4.79 (d, J = 

3.8 Hz, Hb), 4.68 (dt, J = 7.8, 3.9 Hz, Hd), 4.59 (dd, J = 11.6, 4.9 Hz, He), 4.41–4.55 (m, He, Hb’ 

Hd’), 4.23 (ddd, J = 40.7, 11.2, 5.8 Hz, He’), 2.40 (t, J = 8.0 Hz, Hj, Hl), 2.04 – 1.83 (m, Hk), 1.51 

(s, Hf, Hf’), 1.30 (s, 3H, Hf, Hf’); 13C{1H} NMR (126 MHz, CDCl3) δ 172.5 (Ci), 171.8 (Cm), 166.7 

(Cg), 166.5 (Ch), 131.8 (CAr), 131.7 (CAr), 131.4 (CAr), 131.2 (CAr), 129.4 (CAr), 129.1 (CAr), 112.5 

(Cacetal), 105.2 (Ca), 105.0 (Ca’), 83.4 (Cb’), 82.9 (Cb), 77.7 (Cc, Cd’), 76.7 (Cd), 76.1 (Cc’), 62.8 

(Ce), 61.6 (Ce’), 32.9 (Cj, Cl), 26.9(Cf), 26.8 (Cf’), 26.4 (Cf), 26.3(Cf’), 19.9 (Ck). Mn,SEC = 8800, 

ÐM = 1.36; Tg = 110 °C 

 

Figure 8.141. 1H NMR spectrum (CDCl3) of poly(PA/D-Ox-b-GA/D-Ox) (CHCl3 residual signal at 7.26 ppm). 

 

Figure 8.142. 13C{1H} NMR spectrum (CDCl3) of poly(PA/D-Ox-b-GA/D-Ox) (CHCl3 residual signal at 77.2 ppm). 
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Figure 8.143. 1H-13C HSQC NMR spectrum (CDCl3) of poly(PA/D-Ox-b-GA/D-Ox). 

 

Figure 8.144. 1H-13C HMBC NMR spectrum (CDCl3) of poly(PA/D-Ox-b-GA/D-Ox). 
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Figure 8.145. 1H DOSY NMR spectrum (CDCl3) of poly(PA/D-Ox-b-GA/D-Ox) (diffusion coefficient 1.89 x 10–6 s–

1).
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poly(PA/D-Ox-b-BCODA/D-Ox): 

Off white powder, 50% yield (167 mg); 1H NMR (500 MHz, CDCl3) δ 7.81 – 7.60 (m, HAr), 7.60 

– 7.41 (m, HAr), 6.45 – 6.11 (m, Hm), 6.07 – 5.67 (m, Ha, Ha’), 5.56 – 5.41 (m, Hc), 5.19 – 4.97 

(m, Hc’), 4.79 (d, J = 3.7 Hz, Hb), 4.68 (dd, J = 7.4, 3.9 Hz, Hd), 4.64 – 4.32 (m, He), 4.34 – 3.91 

(m, He), 3.17 – 2.68 (m, Hj,, Hk, Hl), 1.61 – 1.47 (m, Hf, Hf’), 1.47 – 1.13 (q, J = 5.1, 3.6 Hz, Hf , 

Hf’). 13C{1H} NMR (126 MHz, CDCl3) δ 173.1 (Ci), 166.7 (Cg), 166.5 (Ch), 134.1(CAr), 132.41 – 

130.94 (CAr, Cm), 130.0 – 128.8 (CAr), 112.8 – 111.9 (Cacetal), 105.4 – 104.2 (Ca, Ca’), 83.0 (Cb), 

82.9 (Cb’), 77.9 – 77.6 (Cc), 76.7 (Cd, Cc’), 62.9 (Ce, Ce’), 47.8 – 46.5 (Cj), 33.5 – 32.0 (Ck), 26.9 

(Cf, Cf’), 26.4 (Cf , Cf’) and 24.5 (Cl) Mn,SEC = 9200, ÐM = 1.25; Tg = 148 °C. 

 

Figure 8.146. 1H NMR spectrum (CDCl3) of poly(PA/D-Ox-b-BCODA/D-Ox) (CHCl3 residual signal at 7.26 ppm). 

 

Figure 8. 147. 13C{1H} NMR spectrum (CDCl3) of poly(PA/D-Ox-b-BCODA/D-Ox) (CHCl3 residual signal at 77.2 

ppm) 



- 418 - 

 

 

 

 

Figure 8.148. 1H-13C HMBC NMR spectrum (CDCl3) of poly(PA/D-Ox-b-BCODA/D-Ox). 

 

Figure 8.149. 1H DOSY NMR spectrum (CDCl3) of poly(PA/D-Ox-b-BCODA/D-Ox) (diffusion coefficient 5.11 x 10–

6 s–1).  
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poly(PA/D-Ox-b-CS2/D-Ox):  

Off white powder, 42% yield (119 mg)1H NMR (500 MHz, CDCl3) δ 7.81 – 7.62 (m, HAr), 7.59 – 

7.44 (m, HAr), 6.05 – 5.88 (m, 2H, Ha and Ha’), 5.66 – 5.55 (m, Hc’), 5.53 – 5.41 (m, Hc), 4.85 – 

4.78 (m, Hb), 4.75 – 4.65 (m, Hd, Hb’), 4.55 – 4.36 (m, He, Hd’), 3.78 – 3.59 (m, He’), 3.06 – 2.84 

(m, He’’), 1.64 – 1.47 (m, Hf, Hf’), 1.39 – 1.18 (m, Hf, Hf’); 13C{1H} NMR (126 MHz, CDCl3) δ 167.88 

– 164.78 (OC(O)), 132.96 – 130.47 ( CAr), 130.47 – 127.21 (CAr), 113.16 – 110.82 (Cacetal), 105.1 

(Ca), 83.59 – 81.70 (Cb), 77.80 – 77.51 (Cc), 76.6 (Cd), 62.9 – 62.3 (Ce and Ce’), 26.8 (Cf), 26.3 

(Cf). Mn,SEC = 12300, ÐM = 1.36;  Tg = 110 °C 

 

Figure 8. 150. 1H NMR spectrum (CDCl3) of poly(PA/D-Ox-b-GA/D-Ox). 

 
Figure 8. 151. 13C{1H} NMR spectrum (CDCl3) of poly(PA/D-Ox-b-BCODA/D-Ox) (CHCl3 residual signal at 77.2 

ppm).  
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Figure 8. 152. 1H-13C HSQC NMR spectrum (CDCl3) of poly(PA/D-Ox-b-CS2/D-Ox). 

 

Figure 8. 153. 1H-13C HMBC NMR spectrum (CDCl3) of poly(PA/D-Ox-b-CS2/D-Ox). 
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Figure 8. 154. 1H DOSY NMR spectrum (CDCl3) of poly(PA/D-Ox-b-CS2/D-Ox) (diffusion coefficient 3.34 x 10–6 s–

1). 

 

8.5.3 ROCOP kinetics 

0 20 40 60 80

0.0

0.5

1.0

1.5

2.0

kobs = 0.0222±0.0239 

        (r2 = 0.956)

 M = 1

 M = PA

L
n
 [

M
] 0

/[
M

] t

Time (h)

kobs = 0.0267±0.0235 

         (r2 = 0.962)

 

Figure 8.155. Plot showing pseudo-first order kinetics in [D-Ox] and [PA] in the ROCOP at 100 °C with [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1.  [D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene. kobs D-Ox 

= 0.0267 h–1 and kobs PA = 0.0222 h–1. 
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Figure 8.156. Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, square) and ÐM (blue, 

triangle) in the ROCOP of D-Ox with PA at 100 °C with [D-Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1. 

[D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene. 
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Figure 8.157. Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, square) and ÐM (blue, 

triangle) in the ROCOP of D-Ox with 4MPA at 100 °C with [D-Ox]0:[4MPA]0:[CrSalen]0:[PPNCl]0 loadings of 

200:200:1:1. [D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene.  
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Figure 8.158. Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, square) and ÐM (blue, 

triangle) in the ROCOP of D-Ox with GA at 100 °C with [D-Ox]0:[GA]0:[CrSalen]0:[PPNCl]0 loadings of 200:200:1:1. 

[D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene. 
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Figure 8.159. Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, square) and ÐM (blue, 

triangle) in the ROCOP of D-Ox with DGA at 100 °C with [D-Ox]0:[DGA]0:[CrSalen]0:[PPNCl]0 loadings of 

200:200:1:1. [D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene. 
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Figure 8.160. Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, square) and ÐM (blue, 

triangle) in the ROCOP of D-Ox with CARA at 100 °C with [D-Ox]0:[CARA]0:[CrSalen]0:[PPNCl]0 loadings of 

200:200:1:1. [D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene.  
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Figure 8.161. Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, square) and ÐM (blue, 

triangle) in the ROCOP of 1 with BCODA at 100 °C with [D-Ox]0:[BCODA0:[CrSalen]0:[PPNCl]0 loadings of 

200:200:1:1. [D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene. 
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Figure 8.162. Conversion of D-Ox (determined by 1H NMR spectroscopy) vs Mn,SEC (black, square) and ÐM (blue, 

triangle) in the ROCOP of 1 with BCODA at 100 °C with [D-Ox]0:[BCODA0:[CrSalen]0:[PPNCl]0 loadings of 

200:200:1:1. [D-Ox]0 = 1.34 mol L–1 in  σ-dichlorobenzene. 
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8.5.4 Acid hydrolysis of acetal groups 

 

86% deprotected poly(PA/ D-Ox): 

White powder;1H NMR (500 MHz, DMSO-d6) δ 7.89 – 7.50 (m, HAr), 6.71 – 6.33 (b, OH), 5.96 

(d, J = 3.5 Hz, Ha), 5.90 – 5.62 (b, OH), 5.36 (dd, J = 12.0, 6.6 Hz, Hc), 5.26 (s, Haβ’), 5.10 (s, 

Haα’), 4.74 (d, J = 4.7 Hz, Hb), 4.65 – 4.46 (m, Hd, He, Hb’ and Hc’), 4.46 – 4.19 (m, He, Hdα’, He’), 

4.19 – 4.08 (m, Hdβ’’), 4.01 (s, Hbα’), 1.42 (s,Hf), 1.23 (s, Hf). 

 

Figure 8.163. 1H NMR spectrum (DMSO-d6) of 85% deprotected poly(PA/ D-Ox) (H2O residual signal at 3.38 ppm, 

DMSO residual signal at 2.50 ppm).  
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Figure 8.164. Deprotection (black), Mn,SEC (bar) and Mn,theo (blue)  for acid hydrolysis of poly(PA/ D-Ox) at 0 °C. 

Conversion determined by 1H NMR spectroscopy (DMSO-d6) by relative integration of the Hf (δ = 1.42 ppm) and 

HAr resonances (δ = 7.89 – 7.50 ppm). 
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34% deprotected poly(4MPA/D-Ox): 

White powder; 1H NMR (500 MHz, CDCl3) δ 7.78 – 7.51 (m, HAr), 7.51 – 7.11 (m, HAr), 6.09 – 

5.85 (b, Ha), 5.76 – 5.21 (b, Hc and Ha’), 5.13 – 3.86 (b, Hb, Hd, He, Hb’, Hd’ and He’ ), 2.58 – 2.29 

(b, Hh  and Hh’), 1.61 – 1.45 (b, Hf), 1.41 – 1.10 (b, Hf). 

 

Figure 8.165. 1H NMR spectrum (CDCl3) of 34% deprotected poly(4MPA/D-Ox) (CHCl3 residual signal at 7.26 

ppm, THF residual signal at 3.80 ppm and 1.89 ppm). 
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Figure 8.166. Deprotection (black), Mn,SEC (bar) and Mn,theo (blue)  or the acid hydrolysis of poly(4MPA/D-Ox) at 0 

°C. Conversion determined by 1H NMR spectroscopy (CDCl3) by relative integration of the Hf (δ = 1.28 ppm) and 

Hh and Hh’, resonances (δ = 2.35 ppm). 
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28% deprotected poly(GA/D-Ox): 

White powder; 1H NMR (500 MHz, DMSO-d6) δ 6.45 (b, OH), 5.90 (s, Ha), 5.65 (s, OH), 5.16 (s, 

Haβ’), 5.07 (d, J = 3.0 Hz, Hc), 5.02 (s, Haα’), 4.90 (b, Hc) 4.57 (d, J = 3.8 Hz, 1H, Hb), 4.41 – 4.31 

(m, 1H, Hd and Hd’), 4.22 –3.91 (m, He), 3.81 (s, Hb’), 2.37 (dq, J = 12.4, 6.4, 5.6 Hz, Hh and 

Hh’), 1.76 (p, J = 7.2 Hz, 3H, Hi and Hi’), 1.41 (s, 3H, Hf), 1.24 (s, 3H, Hf).

 

Figure 8.167. 1H NMR (DMSO-d6) of 28% deprotected poly(GA/D-Ox) (H2O residual signal at 3.38 ppm, DMSO 

residual signal at 2.50 ppm). 
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Figure 8.168. Deprotection (black), Mn,SEC (bar) and Mn,theo (blue) for the acid hydrolysis of poly(GA/D-Ox) at 0 °C 

Conversion determined by 1H NMR spectroscopy ((DMSO-d6)) by relative integration of the Hf (δ = 1.41 ppm) and 

Hi and Hi’, resonances (δ = 1.76 ppm (p, J = 7.2 Hz) .
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74% deprotected poly(DGA/D-Ox): 

White powder; 1H NMR (500 MHz, DMSO-d6) δ 6.66 – 6.25 (b, OH), 5.91 (d, J = 3.8 Hz, Ha), 

5.82 – 5.53 (m, OH), 5.25 – 5.08 (m,Hc, Ha’ and Hc’), 5.08 – 4.95 (m, Ha’), 4.65 (d, J = 3.8 Hz, 

Hb), 4.46 – 4.07 (m, Hd, He, Hb’, He’), 4.00 (t, J = 4.4 Hz, Hd’), 3.87 (s, Hb’), 1.43 (s, Hf), 1.26 (s, 

Hf). 

 

Figure 8.169. 1H NMR spectrum (DMSO-d6) of 74% deprotected poly(DGA/D-Ox) (H2O residual signal at 3.38 

ppm, DMSO residual signal at 2.50 ppm). 
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Figure 8.170. Deprotection (black), Mn,SEC (red) and Mn,theo (blue) for the acid hydrolysis of poly(DGA/D-Ox) at 0 

°C. Conversion determined by 1H NMR spectroscopy (DMSO-d6) by relative integration of the Hf (δ = 1.43 ppm) 

and Ha (δ = 5.91 (d, J = 3.8 Hz)), Hc and Ha’, resonances (δ = 5.25 – 5.08).
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68% deprotected poly(CARA/D-Ox): 

White powder; 1H NMR (500 MHz, (DMSO-d6) δ 6.42 – 6.25 (m, Hj and Hj’), 6.25 – 5.90 (m, Ha, 

Hj and Hj’), 5.27 – 4.85 (m, 2H, Hc, Ha’ and Hc’), 4.73 – 3.70 (m, Hb, Hd, Hb’ and Hd’), 3.25–3.14 

(b, Hh and Hh’), 3.13–2.97 (b, Hi and Hi’) 1.58 – 1.48 (b, Hf) 1.47–1.18 (b, Hf, Hk and Hk’). 

 

Figure 8.171. 1H NMR spectrum (DMSO-d6) of 68% deprotected poly(CARA/D-Ox). (H2O residual signal at 3.38 

ppm, DMSO residual signal at 2.50 ppm). 
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Figure 8.172. Deprotection (black), Mn,SEC (bar) and Mn,theo (blue) for the acid hydrolysis of poly(CARA/D-Ox) at 0 

°C. Conversion determined by 1H NMR spectroscopy (DMSO-d6) by relative integration of the Hf (δ = 1.54 ppm) 

and Hi and Hi’ resonances (δ = 3.13–2.97 ppm)..
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73% deprotected poly(BCODA/D-Ox): 

White powder; 1H NMR (500 MHz, CDCl3) δ 6.51 – 6.08 (b, Hj and Hj’), 6.01 – 5.76 (b, Ha and 

Ha’), 5.54 –5.17 (b, Hc and Hc’), 4.78 – 3.86 (b, Hb, Hd, He, Hb’, Hd’ and He’), 3.40 – 1.91 (m, Hh, 

Hi, Hh’ and Hi’), 1.73 – 1.46 (b, Hf, Hk and Hk’), 1.43 – 1.04 (b, Hf, Hk and Hk’). 

 

Figure 8.173. 1H NMR spectrum (CDCl3) of 73% deprotected poly(BCODA/D-Ox). (THF residual signal at 3.80 

ppm and 1.89 ppm, Et2O residual signal at 3.66 ppm). 
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Figure 8.174. Deprotection (black), Mn,SEC (red) and Mn,theo (blue) for the acid hydrolysis of poly(BCODA/D-Ox) at 

0 °C. Conversion determined by 1H NMR spectroscopy (CDCl3) by relative integration of Hj and Hj’ (δ = 6.51 – 6.08 

ppm) and  Hf, Hk and Hk’ (δ = 1.73–1.01 ppm). 
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69% deprotected poly(DPA/D-Ox): 

White powder; 1H NMR (400 MHz, DMSO-d6) δ 7.99 – 7.67 (b, HAr), 7.60 – 7.26 (b, HAr), 7.26 

– 6.73 (b, HAr), 6.69 – 6.15 (b, OH), 5.66 – 5.45 (m, Ha or Ha’), 5.44 – 5.33 (m, Ha’), 5.08 – 4.82 

(m, Hc and Hc’), 4.80 – 4.54 (m, Hb , Hd), 4.38 – 3.51 (m, Hb’, Hd’, He’), 1.47 – 1.29 (m, Hf), 1.21 

– 1.14 (m, Hf). 

 

Figure 8.175. 1H NMR spectrum (DMSO-d6) of 69% deprotected poly(DPA/D-Ox) (residual DCM 5.77 ppm, H2O 

residual signal at 3.38 ppm, DMSO residual signal at 2.50 ppm). 
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Figure 8.176. Deprotection (black), Mn,SEC (red) and Mn,theo (blue) for the acid hydrolysis of poly(DPA/1) at 0 °C. 

Conversion determined by 1H NMR spectroscopy (DMSO-d6) by relative integration of the Hf (δ = 1.36 ppm) and 

HAr resonances (δ = 7.99–6.73 ppm). 
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8.5.5 SEC chromatograms 

8.5.5.1 Protected polyesters 

 

Figure 8.177. SEC chromatogram (THF eluent)  of poly(PA/ D-Ox) at 28% conversion of 1 (Mn,SEC = 7600 g mol–1, 

ƉM = 1.30). 

 

 

Figure 8.178. SEC chromatogram (THF eluent)  of isolated poly(PA/D-Ox) (Mn,SEC = 14000 g mol –1, ƉM = 1.24). 

 

Figure 8.179. SEC chromatogram (THF eluent) of isolated poly(4MPA/ D-Ox) ( Mn,SEC = 12200 g mol –1, ƉM = 1.27). 
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Figure 8.180. SEC chromatogram (THF eluent)  of isolated poly(GA/ D-Ox) (Mn,SEC = 7200 g mol –1, ƉM = 1.40). 

 

Figure 8.181. SEC chromatogram (THF eluent) of isolated poly(DGA/ D-Ox) (Mn,SEC = 6300 g mol –1, ƉM = 1.49). 

 

Figure 8.182. SEC chromatogram (THF eluent)  of isolated poly(CARA/ D-Ox) (, Mn,SEC = 12000 g mol –1, ƉM = 

1.35). 



- 435 - 

 

 

 

 

Figure 8.183. SEC chromatogram (THF eluent) of isolated poly(BCODA/ D-Ox) (Mn,SEC = 4200 g mol –1, ƉM = 1.23). 

 

 

Figure 8.184. SEC chromatogram (THF eluent) of isolated poly(DPA/ D-Ox) (Mn,SEC = 10500, ƉM = 1.29). 

 

8.5.5.2 Partially deprotected polyesters 

 

 

 

Figure 8.185. SEC chromatogram (THF eluent) of 85% deprotected poly(PA/ D-Ox) (Mn,SEC = 12900, ƉM = 1.59). 
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Figure 8.186. SEC chromatogram (THF eluent) of 79% deprotected poly(4MPA/ D-Ox) (Mn,SEC = 13500, ƉM = 

1.50). 

 

Figure 8.187. SEC chromatogram (THF eluent) of 85% deprotected poly(GA/ D-Ox) (Mn,SEC = 5500, ƉM = 1.22). 

 

Figure 8.188. SEC chromatogram (THF eluent) of 72% deprotected poly(DGA/ D-Ox) (Mn,SEC = 1100, ƉM = 1.22). 
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Figure 8.189. SEC chromatogram (THF eluent) of 80% deprotected poly(CARA/ D-Ox) (Mn,SEC = 11200, ƉM = 

1.65). 

 

Figure 8.190. SEC chromatogram (THF eluent) of 80% deprotected poly(BCODA/ D-Ox) (Mn,SEC = 4200, ƉM = 

1.28). 

 

Figure 8.191. SEC chromatogram (THF eluent) of 75% deprotected poly(DPA/ D-Ox) (Mn,SEC = 9700, ƉM = 1.31). 
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8.5.5.3 Block-copolymers 

 

 

1000 10000 100000 1000000

Mn,SEC = 8800 g mol-1

 (1.36)

R
I

MW (g mol-1)

 44 h PA/Ox ROCOP

 48 h GA addition

Mn,SEC = 7000 g mol-1 (1.48)

 

Figure 8.192. SEC traces (THF eluent) from the block copolymerisation carried out at [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:100:1:1. GA added after 44 h at [GA]0:[CrSalen]0 ratio of 100:1. 

Reaction performed at 100 °C in σ-dichlorobenzene at [D-Ox]0 = 1.34 mol L–1. 
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Mn,SEC = 5900 g mol-1 (1.60)
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 44.5 h PA/Ox ROCOP

 44.5 h BCODA addition

Mn,SEC = 9200 g mol-1 (1.25)

 

Figure 8.193. SEC traces (THF eluent) from the block copolymerisation carried out at [D-

Ox]0:[PA]0:[CrSalen]0:[PPNCl]0 loadings of 200:100:1:1. BCODA added after 44.5 h at [BCODA]0:[CrSalen]0 ratio 

of 100:1. Reaction performed at 100 °C in σ-dichlorobenzene at [D-Ox]0 = 1.34 mol L–1. 

8.5.5.4 Phosphorylated poly(PA/D-Ox) 

10000
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Figure 8.194. SEC traces (DMF eluent) of 15% deprotected poly(PA/D-Ox) and phosphorylated poly(PA/ D-Ox). 
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8.5.6 Thermal characterisation 

8.5.6.1 Protected polyesters 
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Figure 8.195. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces poly(PA/D-Ox) (Mn,SEC = 14000 g mol–1, ÐM =1.24; Tg = 145 °C; Td,onset = 241 °C; 

Td5 = 287 °C; Td,max= 385 °C with 4% char remaining at 600 °C) measured under argon.  
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Figure 8.196. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of poly(4MPA/D-Ox) (Mn,SEC = 12300 g mol–1, ÐM =1.27; Tg = 138 °C; Td,onset = 

235 °C; Td5 = 273 °C; Td,max= 383 °C with 5% char remaining at 600 °C) measured under argon.  
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Figure 8.197. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of poly(DPA/D-Ox) (Mn,SEC = 12300 g mol–1, ÐM =1.27; Tg = 129 °C; Td,onset = 

296 °C; Td5 = 312 °C; Td,max= 318 °C with 10% char remaining at 600 °C) measured under argon.  
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Figure 8.198. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of poly(GA/D-Ox) (Mn,SEC = 7200 g mol–1, ÐM =1.40; Tg = 60 °C; Td,onset = 280 

°C, Td5 = 300 °C; Td,max= 312 °C with 15% char remaining at 600 °C ) measured under argon.  
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Figure 8.199. (left) TGA and (right) DSC (first cooling and second heating cycles) traces of poly(DGA/D-Ox) (Mn,SEC 

= 6300 g mol–1, ÐM =1.59; Tg = 80 °C, Td,onset = 269 °C, Td5 = 283 °C; Td,max= 312 °C with 1% char remaining at 600 

°C) measured under argon flow.  
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Figure 8.200. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of poly(CARA/D-Ox) (Mn,SEC = 12000 g mol–1, ÐM =1.35; Tg = 129 °C; Td,onset = 

212 °C, Td5 = 234 °C; Td,max= 318 °C with 19% char remaining at 600 °C) measured under argon flow.  
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Figure 8.201. (left) TGA and (right) DSC (first cooling and second heating cycles) traces of poly(BCODA/D-Ox) 

(Mn,SEC = 4200 g mol–1, ÐM =1.23; Tg = 131 °C; Td,onset = 263 °C, Td5 = 288 °C; Td,max= 299 °C with 14% char 

remaining at 600 °C) measured under argon flow.  

8.5.6.2 Partially deprotected polyesters 
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Figure 8.202. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of 85% deprotected poly(PA/D-Ox) (Mn,SEC = 12900 g mol–1, ÐM =1.59; Tg = 133 

°C; Td,onset = 174 °C, Td5 = 195 °C; Td,max= 205 °C with 9% char remaining at 600 °C) measured under argon flow.  
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Figure 8.203. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of 79% deprotected poly(4MPA/D-Ox) (Mn,SEC = 13500 g mol–1, ÐM =1.51; Tg = 

109 °C; Td,onset = 160 °C, Td5 = 137 °C; Td,max= 208 °C with 14% char remaining at 600 °C) measured under argon 

flow.  
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Figure 8.204 (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling and 

second heating cycles) traces of 76% deprotected poly(GA/D-Ox) (Mn,SEC = 5500, ƉM = 1.22; Tg = 42 °C; Td5 = 

179°C; Td,max= 185 °C with 10% char remaining at 600 °C) measured under argon flow.  
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Figure 8.205. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of 75% deprotected poly(CARA/D-Ox) (Mn,SEC = 11200 g mol–1, ÐM =1.65; Tg = 

139 °C; Td5 = 193°C; Td,max= 245 °C with 27% char remaining at 600 °C) measured under argon flow.  
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Figure 8.206. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of 80% deprotected poly(BCODA/D-Ox) (Mn,SEC = 4300 g mol–1, ÐM =1.28; Tg = 

126 °C; Td5 = 182°C; Td,max= 198 °C with 15% char remaining at 600 °C) measured under argon flow.  
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Figure 8.207. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of 75% deprotected poly(DPA/D-Ox) (Mn,SEC = 9700 g mol–1, ÐM =1.31; Tg = 139 

°C; Td,onset = 145 °C; Td5 = 177°C; Td,max= 289 °C with 8% char remaining at 600 °C) measured under argon.  

8.5.6.3 Poly(CS2/D-Ox) 
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Figure 8.208. (left) TGA (black = % weight loss, red = derivative of % weight loss) and (right) DSC (first cooling 

and second heating cycles) traces of poly(CS2/D-Ox) (Mn,SEC = 14000 g mol–1, ÐM =1.71; Tg = not observed; Td,onset 

= 207 °C; Td5 = 251°C; Td,max= 303 °C with 1% char remaining at 600 °C) measured under argon. 
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8.5.6.4 DSC thermograms of block-copolymers 
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Figure 8.209. DSC (first cooling and second heating cycles) of poly(PA/D-Ox -b-GA/ D-Ox) (Mn,SEC = 8800 g mol–

1, ƉM = 1.36; Tg = 110 °C).  
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Figure 8. 210. DSC (first cooling and second heating cycles) of poly(PA/D-Ox -b-BCODA/D-Ox)(Mn,SEC = 9200 g 

mol–1, ƉM = 1.25; Tg = 148 °C).  
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Figure 8.211. DSC (first cooling and second heating cycles) of poly(PA/D-Ox -b-CS2/D-Ox)(Mn,SEC = 12300 g mol–

1, ƉM = 1.36; Tg = 110 °C).
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8.5.7 WAXs 
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Figure 8.212. WAXs profiles of poly(PA/D-Ox) (black, Mn,SEC  = 14000, ƉM = 1.24) and 79% 

deprotected poly(PA/D-Ox) (red, Mn,SEC = 12900, ƉM 1.59).  
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Figure 8.213. WAXs profiles of poly(4MPA/D-Ox) (black, Mn,SEC = 12300, ƉM = 1.27) and 77% 

deprotected poly(4MPA/D-Ox) (red, Mn,SEC = 15400, ƉM = 1.76).  
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Figure 8.214. WAXs profile of poly(DGA/D-Ox) (black, Mn,SEC = 7200, ƉM = 1.40) and 44% 

deprotected poly(GA/D-Ox) (red, Mn,SEC = 5800, ƉM = 1.22). 
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Figure 8.215. WAXs profiles of poly(DGA/D-Ox) (black, Mn,SEC = 6300, ƉM = 1.59) and 43% 

deprotected poly(DGA/D-Ox) (red, Mn = 1600, ƉM = 1.41).  
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Figure 8.216. WAXs profiles of poly(CARA/D-Ox) (black, Mn,SEC = 12000, ƉM = 1.35) and 80% 

deprotected poly(CARA/D-Ox) (red) (Mn,SEC = 11200, ƉM = 1.65).  
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Figure 8.217. WAXs profiles of poly(BCODA/D-Ox) (black Mn,SEC = 4200, ƉM = 1.23) and 73% 

deprotected poly(BCODA/D-Ox) (red, Mn,SEC = 4400, ƉM = 1.25). 
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Figure 8.218. WAXs profiles of poly(CS2/D-Ox) (Mn,SEC = 14000 g mol–1, ÐM =1.71). 
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8.6 Chapter 6 

All calculations were performed using the Gaussian09 suite of codes (revision 

D.01).13 Full coordinates for all structures, together with computed energies and 

vibrational frequency data, are available via the corresponding Gaussian 09 

output files and calculation spreadsheet, stored in the open-access digital 

repository, DOI: 10.6084/m9.figshare.12513434. (N.B. files labelled 4 = 

InPSalen1, files labelled 1 = InPSalen2) 

Table 8. 7. Computed Gibbs free energy for InPSalen1ʹa, InPSalen1ʹa-α, InPSalen1ʹa-β, 

InPSalen1ʹaγ and InPSalen1ʹaδ. Protocol: M06L-D3/6–31+G(d,p) (O, N, P), 6–31G(d, p) (C, 

H) and lanl2dz (In)/SMD=THF/298K. 

 

 

Table 8.8. Computed Free Gibbs Energy for D-lactide, L-Lactide, InPSalen1ʹa, InPSalen1ʹb, 

InPSalen2ʹa and InPSalen2ʹb. 

 

 InPSalen1’a InPSalen1ʹa-α InPSalen1ʹa-β InPSalen1ʹa-γ InPSalen1ʹa-δ 

      

G 

(Hartree) 

–3392.146460 –3392.140075 –3392.145864 

 

–3392.142808 

 

–3392.145900 

 

      

Structure M06L G (Hartree) PBE0 G (Hartree) ωB97XD G (Hartree) 

    
D-lactide –534.2220890 –533.7058080 –534.1176740 
L-lactide –534.2215030 –533.7056380 –534.1178450 
InPSalen1ʹa –3392.146460 –3389.170944 –3391.716928 
InPSalen1ʹb –3392.148424 –3389.171834 –3391.717843 
InPSalen2ʹa –3539.811262 –3536.683764 –539.3143620 
InPSalen2ʹb –3539.806695 –3536.682791 –3539.313871 
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Table 8. 9. Computed Free Gibbs Energy towards the isotactic and heterotactic ring opening of LA by D-lactate complexes InPSalen1ʹa, InPSalen1ʹb, 

InPSalen2ʹa and InPSalen2ʹb (Hartree). Protocol: M06L-D3/6–31+G(d,p) (O, N, P), 6–31G(d, p) (C, H) and lanl2dz (In)/SMD=THF/298K. 

 Catalyst InPSalen2 (tBuPhP phosphasalen) Catalyst InPSalen2 (Ph2P phosphasalen) 

D-lactate 
model 

InPSalen1ʹa InPSalen1ʹb InPSalen2ʹa InPSalen2ʹb 

Transition 
State 

TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III 

ROP of D-LA (isotactic polymerisation propagation)     

cis-re 
pathway 

–3926.320555 –3926.324962 –3926.337412 –3926.337412 –4073.986374 –4073.992802 –4074.003894 –4073.994060 

cis-si 
pathway 

–3926.318662 –3926.325062 –3926.326132 –3926.326132 –4073.988811 –4073.990688 –4073.990963 –4073.991251 

trans-re 
pathway 

–3926.333537 –3926.330154 –3926.328129 –3926.328129 –4073.991103 –4073.995522 –4073.994695 –4073.991885 

trans-si 
pathway 

–3926.324697 –3926.324701 –3926.332096 –3926.332096 –4073.985575 –4073.988781 –4073.993541 –4074.000513 

ROP of L-LA (heterotactic polymerisation propagation)     

cis-re 
pathway 

–3926.341534 
 

–3926.322966 
 

–3926.315240 
 

–3926.319260 
 

–4074.005920 –4073.988761 –4073.984098 –4073.987537 

cis-si 
pathway 

–3926.323997 –3926.345797 –3926.321230 
 

-3926.346347 
 

–4073.991471 –4074.010617 –4074.001662 –4074.011841 

trans-re 
pathway 

–3926.321226 –3926.332645 –3926.320130 –3926.320130 –4073.987047 –4073.990006 –4073.981689 –4073.988117 

trans-si 
pathway 

–3926.332987 
 

–3926.323367 –3926.331937 –3926.331937 –4073.994567 –4073.984558 –4073.995858 –4073.973701 
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Table 8.10. Functional benchmarking of computed Free Gibbs Energy towards the isotactic and heterotactic ring opening of LA by D-lactate complexes 

InPSalen1ʹa, InPSalen1ʹb, InPSalen2ʹa and InPSalen2ʹb (Hartree). 

 Catalyst InPSalen1 (tBuPhP phosphasalen) Catalyst InPSalen2 (Ph2P phosphasalen) 

D-lactate 
model 

InPSalen1ʹa InPSalen1ʹb InPSalen2ʹa InPSalen2ʹb 

Transition 
State 

TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III TSI-II TSII-III 

         

ROP of D-LA (isotactic)     

M06-L-D3 –3926.333537 –3926.330154 –3926.332096 
 

–3926.333363 –4073.991103 –4073.995522 –4074.003894 –4073.994060 

PBE0-D3 –3922.843886 –3922.842525 –3922.848475 
 

–3922.844050 
 

–4070.351135 –4070.356452 –4070.356251 –4070.359097 

ωB97XD –3925.798922 –3925.800242 –3925.804620 
 

–3925.804077 
 

–4073.391714 –4073.400425 –4073.397405 –4073.398772 

         

         

ROP of L-LA (heterotactic)     

M06-L-D3 –3926.323997 –3926.345797 –3926.321230 
 

–3926.346347 
 

–4073.991471 –4074.010617 –4074.001662 –4074.011841 

PBE0-D3 –3922.825690 –3922.856650 –3922.837148 –3922.853000 
 

–4070.346904 –4070.373349 –4070.357027 –4070.370063 

ωB97XD –3925.783574 –3925.815509 –3925.793607 
 

–3925.812631 
 

–4073.390234 –4073.414437 –4073.398394 –4073.415048 
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Table 8. 11. Functional benchmarking of the Gibbs free energy for the full reaction profile 

towards the isotactic ring opening of LA by D-lactate complexes InPSalen1ʹa, InPSalen1ʹb, 

InPSalen2ʹa and InPSalen2ʹb (Hartree). The pathways calculated were those of lowest 

isotactic free enthalpy TS barriers: trans-re route for InPSalen1ʹa, trans-si for InPSalen1ʹb, 

trans-re for InPSalen2ʹa and cis-re for InPSalen2ʹb. 

InPSalen1ʹa I TSI-II II TSII-III III 

      
M06-L-D3 –3926.351672 –3926.333537 –3926.347055 –3926.330154 –3926.350114 
PBE0-D3 –3922.860962 –3922.843886 –3922.864449 –3922.842525 –3922.863852 
ωB97XD –3925.815150 –3925.798922 –3925.819099 –3925.800242 –3925.825370 
      

InPSalen1ʹb I TSI-II II TSII-III III 

      
M06-L-D3 –3926.343808 –3926.332096 –3926.338866 –3926.333363 –3926.350141 
PBE0-D3 –3922.862026 –3922.848475 –3922.857114 –3922.844050 –3922.866414 
ωB97XD –3925.822794 –3925.804620 –3925.819587 –3925.804077 –3925.826977 
      

InPSalen1ʹa I TSI-II II TSII-III III 

      
M06-L-D3 –4074.007018 –4073.991103 –4074.001797 –4073.995522 –4074.000886 
PBE0-D3 –4070.372406 –4070.351135 –4070.374622 –4070.356452 –4070.373545 
ωB97XD –4073.411187 –4073.391714 –4073.417059 –4073.400425 –4073.416354 
      

InPSalen1ʹb I TSI-II II TSII-III III 

      
M06-L-D3 –4074.006115 –4074.003894 –4074.014000 –4073.994060 –4074.011787 
PBE0-D3 –4070.390578 –4070.356251 –4070.384156 –4070.359097 –4070.373713 
ωB97XD –4073.437503 –4073.397405 –4073.429139 –4073.398772 –4073.416648 
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Figure 8.219. Computed pathways of lowest free enthalpy TS barriers for the isotactic ring 

opening of L-lactide from InPsalen1’a (trans-re route; featured structures), InPsalen1’b 

(trans-si), InPsalen2’a (trans-re) and InPsalen2’b (cis-re). (top) protocol: PBE0-D3/6–

31+G(d,p) (O, N, P), 6–31G(d, p) (C, H) and lanl2dz (In)/SMD=THF/298K (bottom) protocol: 

ωb97XD/6–31+G(d,p) (O, N, P), 6–31G(d, p) (C, H) and lanl2dz (In)/SMD=THF/298K
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8.7 Chapter 7 

8.7.1 General procedures 

Phosphorylation of 1,1’-dibromoferrocene and 2,2-dibromobisphenyl were 

performed according to literature methods.25  

8.7.1.1 Synthesis of aminophosphonium salts 

To a Schlenk flask was charged triphenylphosphine (2.56 g, 9.76 mmol) and 

dichloromethane (40 mL) was prepared in a flask. The solution was cooled to -

78 °C and bromine (0.5 mL, 9.76 mmol, 1 equiv.) was added dropwise forming 

an orange solution. Once addition of bromine was complete, the reaction vessel 

was allowed to stir for 15 minutes at room temperature. The solution was then 

cooled to –78 °C and tert-butylamine (2.05 mL, 19.52 mmol, 2 equiv.) was 

added dropwise, forming an off white suspension which was left to stir at room 

temperature overnight. Non-anhydrous dichloromethane was added (40 mL) 

and the organic phase  was washed with hydrochloric acid (1.0 mol L–1, 80 mL, 

x 1), followed by brine (80 mL, x 3) then H2O (80 mL, x 1). The organic phase 

was collected and the solvent removed in-vacuo at 40 °C. The resultant white 

solid was washed with diethyl ether (40 mL, x 2) and dried in a vacuum oven 

overnight at 60 °C. 

To remove additional P=O contaminants, a toluene wash is advised.  

8.7.1.2 Synthesis of borylated iminophoshoranes  

To a Schelnk flask was charged aminophosphonium chloride (1.0 mmol) and 

diethyl ether to form a white suspension. The vessel was cooled to –78 °C and 

nBuLi (1.83 mL, 1.6 mol L–1 in hexanes, , 2.0 mmol, 2 equiv.) was added 

dropwise. The mixture stirred at room temperature for 20 minutes to form a fine 

orange suspension. The reaction mixture was then cooled to -78 °C and a 

solution of borane halide (1.0 mmol, 1 equiv.) was prepared in diethyl either (10 

mL). The borane reagent solution was cooled to –78 °C and added dropwise to 

the reaction mixture via cannulation. The reaction mixture was left to stir at room 

temperature overnight to form a white suspension. The etheric supernatant was 

collected via centrifugation (2800 rpm, 5 minutes) and the solvent removed 

under reduced pressure. The resultant powder was precipitated from hexane 

and collected via centrifugation (2800 rpm, 5 minute). The product was 
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recrystallized from toluene:hexane (ca 9:1) as required. Crystals suitable for X-

ray diffraction were grown by layering hexane on DCM. 

8.7.2 Characterisation of compounds 

BcyIP: 

white powder; 65% yield (0.331 g); 1H NMR (400 MHz, CDCl3) δ 7.95 – 7.79 

(m, 4H, Hi or Hh), 7.60 (ddt, J = 7.7, 2.0, 1.0 Hz, 1H, Hc or He), 7.57 – 7.50 (m, 

2H, Hj), 7.48 – 7.41 (m, 4H, Hi or Hh), 7.36 – 7.29 (m, 1H, Hb), 7.05 (tdd, J = 

7.1, 5.3, 1.1 Hz, 1H, Hd), 7.01 – 6.94 (m, 1H, Hc or He), 1.89 – 1.59 (m, 10H, 

Hl, Hm, Hn), 1.32 (s, 9H, NC(CH3)3), 1.27 – 1.10 (m, 9H, Hm, Hn), 1.04 – 0.90 

(m, 2H, Hk), 0.74 (m, 2H, Hl). 13C{1H} NMR (101 MHz, Chloroform-d) δ 134.1 

(d, J = 10.2 Hz, Ch or Ci), 132.6, 132.0 (d, J = 3.0 Hz, Cj), 131.7, 131.1 (d, J = 

14.7 Hz, Cc or Ce), 129.6 – 129.4(b, Cb), 128.4 (d, J = 11.8 Hz, Ch or Ci), 126.9 

(d, J = 18.6 Hz, Cc or Ce), 124.8 (d, J = 14.0 Hz, Cd), 55.2 (NC(CH3)3) (C 35.7 

(b, Ck), 33.8 (NC(CH3)3) , 33.7 (d, J = 4.9 Hz, Cl), 32.8 (Cm or Cn) 30.3, (Cm or 

Cn)  29.6, (Cm or Cn)  28.3. (Cm or Cn 31P NMR (162 MHz, CDCl3) δ 34.16. 11B 

NMR (160 MHz, CDCl3) δ 7.97 (b). HR-MS (ESI): m/z peak not found. 

 

Figure 8. 220. 1H NMR spectrum (CDCl3) of BcyIP (CHCl3 residual signal at 7.26 ppm, Et2O 

residual signal at 3.48 ppm). 
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Figure 8.221. 13C{1H} NMR (CDCl3) spectrum of BcyIP (CHCl3 residual signal at 77.2 ppm). 

 

 

Figure 8.222: 31P{1H} NMR spectrum (CDCl3)  of BcyIP. 

 

 

Figure 8. 223: 11B NMR spectrum (CDCl3) of BcyIP. 
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BbbcIP 

white powder; 41% yield (0.331 g), Diastereotopic; 1H NMR (400 MHz, CDCl3) 

δ 8.07 – 7.85 (m, 3H, HAr), 7.85 – 7.70 (m, 2H, HAr), 7.60 – 7.42 (m, 6H, HAr), 

7.10 – 6.86 (m, 2H, HAr), 2.27 – 2.06 (m, 2H, Haliphatic), 2.04 – 1.85 (m, 2H, 

Haliphatic), 1.49 – 1.38 (m, 3H, Haliphatic), 1.34 (s, 9H, HNC(CH3)3), 1.29 – 1.10 

(m, 6H, Haliphatic), 1.02 (t, J = 9.5 Hz, 1H, Haliphatic), 0.95 – 0.76 (m, 3H, Haliphatic), 

0.69 (ddt, J = 8.8, 3.3, 1.8 Hz, 1H, Haliphatic) 13C{1H} NMR (101 MHz, CDCl3) δ 

134.46 (d, J = 10.3 Hz), 133.95 (d, J = 10.2 Hz), 133.58 (d, J = 10.2 Hz), 133.27 

(d, J = 15.1 Hz), 133.14, 132.94 (d, J = 10.7 Hz), 132.40 (d, J = 18.1 Hz), 132.17 

(d, J = 2.9 Hz), 132.04 (d, J = 3.0 Hz), 131.90 (d, J = 3.0 Hz), 131.66, 131.51, 

129.68, 128.78 (d, J = 2.8 Hz), 128.72 (d, J = 3.2 Hz), 128.62, 128.50, 128.40 

(d, J = 1.9 Hz), 128.29, 55.68, 55.39, 41.68, 41.52, 40.13 (d, J = 2.7 Hz), 38.41, 

38.31, 38.24, 37.41, 37.25, 36.66, 36.46, 36.21, 36.06, 34.79, 34.68, 34.21, 

34.13, 34.07.31P NMR (162 MHz, CDCl3) δ 33.21, 32.99. 11B NMR (128 MHz, 

CDCl3) δ 8 (b). HR-MS (ESI): m/z peak not found. 

 

Figure 8. 224: 1H NMR spectrum (CDCl3) of BbbcIP (CHCl3 residual signal at 7.26 ppm, H2O 

residual signal at 1.56 ppm). 
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Figure 8. 225: 13C{1H} NMR spectrum (CDCl3) of BbbcIP (CHCl3 residual signal at 77.2 ppm). 

 

Figure 8. 226: 31P{1H} NMR spectrum (CDCl3) of BbbcIP. 

 

Figure 8. 227: 11B NMR spectrum (CDCl3) of BbbcIP. 
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8.7.3 DFT 

All calculations were performed using the Gaussian09 suite of codes (revision 

D.01).13 Full coordinates for all calculated structures are available via the 

corresponding Gaussiaun09 output files, stored in the digital repository. DOI: 

10.6084/m9.figshare.12966749.  

Table 8. 12. Computed Gibbs free energies for BIP adduct formation. Protocol: ωb97XD/ 6–

31+G(d,p) (X), 6–31G(d,p) (C.H.) and lanl2dz (Fe)/gas phase/298 K. 

Structure G (Hartree) ΔG (kcal mol–1) 

H2O –76.393621 - 
4-MeBnOH –385.83116 - 

BcyIP –1742.63 - 
BcyIP H2O –832.895941 +2.5 

BcyIP 4-MeBnOH –1819.0196 +0.5 

BnorbP –1818.7693 - 
BbbcIP H2O –1895.1607 +1.4 

BbbcIP 4-MeBnOH –2204.5998 +0.3 

BcatIP –1653.9341 - 
BcatIP H2O –1730.283808 +27.5 

BcatIP 4-MeBnOH –2039.728833 +22.8 

Amide BIP –2035.7947 - 
Amide BIP H2O –2112.1582 +18.9 

Amide BIP 4-MeBnOH –2421.6164 +5.9 

Trimethylsilane BIP –1994.0961  
Trimethylsilane BIP H2O –2070.4779 +7.4 

Trimethylsilane BIP 4-MeBnOH –2379.9246 +1.7 

Tertbutyldimethylsilane-BIP –2111.910284 - 
Tertbutyldimethylsilane-BIP 

H2O 
–2188.303239 +0.4 

Tertbutyldimethylsilane-BIP  
4-MeBnOH 

–2497.737796 +8.3 

Dipp-BIP –2052.0378 - 
Dipp-BIP H2O –2128.4428 -7.2 

Dipp-BIP 4-MeBnOH –2437.8624 +4.1 

2,4,6-tritertbutylbenzene-BIP   –2287.6911 - 
2,4,6-tritertbutylbenzene-BIP 

H2O 
–2364.0987 –8.7 

2,4,6-tritertbutylbenzene-BIP 4-
MeBnOH 

–2673.5137 +5.4 

Ferrocene-BIP –2020.7674 - 
Ferrocene-BIP H2O –2097.1839 -14.3 

Ferrocene-BIP 4-MeBnOH –2406.6256 -16.9 

Diphenyl-BIP –1973.4903 - 
Diphenyl-BIP H2O –1974.6514 -7.6 

Diphenyl-BIP 4-MeBnOH –2049.904 -12.6 

Dimethylxanthene BIP –2165.3457 - 
Dimethylxanthene BIP H2O -2241.7584 -12.0 
Dimethylxanthene BIP 4-

MeBnOH 
-2551.1641 +8.0 

Dibenzofuran-BIP -2047.5315 - 
Dibenzofuran-BIP H2O -2123.9291 -2.5 

Dibenzofuran-BIP 4-MeBnOH -2433.3652 -1.6 

https://doi.org/10.6084/m9.figshare.12966749
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8.7.4 XRD data 

BcyIP 

Empirical formula  C34 H45 B N P 

Formula weight  509.49 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 10.3468(3) Å a= 90°. 

 b = 31.4947(7) Å b= 106.913(3)°. 

 c = 9.0778(2) Å g = 90°. 

Volume 2830.23(13) Å3 

Z 4 

Density (calculated) 1.196 Mg/m3 

Absorption coefficient 1.015 mm-1 

F(000) 1104 

Crystal size 0.330 x 0.190 x 0.150 mm3 

Theta range for data collection 2.806 to 73.232°. 

Index ranges -12<=h<=11, -38<=k<=37, -7<=l<=11 

Reflections collected 26963 

Independent reflections 5640 [R(int) = 0.0637] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.76051 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5640 / 0 / 337 

Goodness-of-fit on F2 1.153 

Final R indices [I>2sigma(I)] R1 = 0.0554, wR2 = 0.1439 

R indices (all data) R1 = 0.0597, wR2 = 0.1470 

Extinction coefficient n/a 

Largest diff. peak and hole 0.521 and -0.393 e.Å-3 
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BbbcIP 

Empirical formula  C36 H45 B N P 

Formula weight  533.51 

Temperature  150.00(10) K 

Wavelength  1.54184 Å 

Crystal system  Orthorhombic 

Space group  Pna21 

Unit cell dimensions a = 21.0436(2) Å a= 90°. 

 b = 12.63500(10) Å b= 90°. 

 c = 11.01000(10) Å g = 90°. 

Volume 2927.40(4) Å3 

Z 4 

Density (calculated) 1.211 Mg/m3 

Absorption coefficient 1.006 mm-1 

F(000) 1152 

Crystal size 0.358 x 0.246 x 0.123 mm3 

Theta range for data collection 4.081 to 72.963°. 

Index ranges -20<=h<=26, -15<=k<=15, -13<=l<=13 

Reflections collected 27353 

Independent reflections 5800 [R(int) = 0.0441] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.566 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5800 / 1 / 350 

Goodness-of-fit on F2 1.022 

Final R indices [I>2sigma(I)] R1 = 0.0389, wR2 = 0.1047 

R indices (all data) R1 = 0.0402, wR2 = 0.1059 

Absolute structure parameter 0.013(11) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.371 and -0.188 e.Å-3
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BcatIP 

 

 Empirical formula  C28 H27 B N O2 P 

Formula weight  451.28 

Temperature  150.01(10) K 

Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 9.3757(2) Å a= 90°. 

 b = 13.8994(2) Å b= 99.054(2)°. 

 c = 18.0257(3) Å g = 90°. 

Volume 2319.78(7) Å3 

Z 4 

Density (calculated) 1.292 Mg/m3 

Absorption coefficient 1.248 mm-1 

F(000) 952 

Crystal size 0.244 x 0.087 x 0.060 mm3 

Theta range for data collection 4.035 to 73.128°. 

Index ranges -11<=h<=11, -17<=k<=15, -22<=l<=22 

Reflections collected 22155 

Independent reflections 4631 [R(int) = 0.0387] 

Completeness to theta = 67.684° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.80284 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4631 / 0 / 301 

Goodness-of-fit on F2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0346, wR2 = 0.0850 

R indices (all data) R1 = 0.0388, wR2 = 0.0877 

Extinction coefficient n/a 

Largest diff. peak and hole 0.321 and -0.349 e.Å-3 
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Bisphenyl-AP 

Empirical formula  C26 H24 Br1.20 Cl2.80 N P 

Formula weight  576.58 

Temperature  150.01(10) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  Cc 

Unit cell dimensions a = 13.2513(3) Å a= 90°. 

 b = 13.7740(4) Å b= 100.257(2)°. 

 c = 14.2210(4) Å g = 90°. 

Volume 2554.18(12) Å3 

Z 4 

Density (calculated) 1.499 Mg/m3 

Absorption coefficient 2.293 mm-1 

F(000) 1166 

Crystal size 0.586 x 0.508 x 0.380 mm3 

Theta range for data collection 3.125 to 30.371°. 

Index ranges -18<=h<=18, -19<=k<=18, -19<=l<=19 

Reflections collected 21930 

Independent reflections 6726 [R(int) = 0.0299] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.87083 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6726 / 33 / 352 

Goodness-of-fit on F2 1.049 

Final R indices [I>2sigma(I)] R1 = 0.0324, wR2 = 0.0670 

R indices (all data) R1 = 0.0390, wR2 = 0.0698 

Absolute structure parameter -0.005(3) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.403 and -0.321 e.Å-
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