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Les stratégies actuelles de gestion des déchets plastiques se concentrent principalement sur la prévention et la réduction des déchets, et sur l'utilisation de polymères biodégradables tels que les poly(hydroxyalcanoates) (PHAs). Les PHAs sont biosourcés, biodégradables, biocompatibles et non toxiques, ce qui leur confère un rôle important dans l'emballage et dans une moindre mesure dans les applications médicales. Ils peuvent être naturels dérivés de bactéries, ou ynthétisés par polymérisation par ouverture de cycle (ROP) catalysée de β-lactones. Les PHAs naturels presentent une microstructure stéréorégulière isotactique principalement cristalline (configuration R) ce qui les rend cassants. Ils ont également des masses molaires limitées et une fonctionnalité restreinte sur le groupe exocyliqueprincipalement une chaîne alkyle-, ce qui limite leurs propriétés mécaniques et donc leur domaine d'application. Aussi, afin de palier ces limitations, les chimistes des polymères ont recourt à la synthèse chimique par ROP. La ROP des β-lactones conduit à des PHAs bien définis d'une manière stéréocontrôlée (PHAs isotactiques ou syndiotactiques). La synthèse de -lactones fonctionnelles, nommément BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, O i Pr, O t Bu, OP(O)Ph2), a été réalisée par carbonylation des époxydes correspondants. Certains de ces derniers BPL FG s ont été polymérisés par ROP selon une approche exempte de solvant et de métal (par des activateurs organiques : BEMP, TBD et DBU), où les mécanismes mis en jeu pour produire les PHAs ont été examinés. D'autres BPL FG s ont été polymérisés par ROP par des catalyseurs stéréosélectifs achiraux diaminobis(phénolate) de yttrium pour produire des PHAs fonctionnels présentant un enrichissement syndiotactique élevé et des masses molaires élevées. Les efforts ont été focalisés sur la comprehension de la relation entre la fonctionnalité du monomère et les substituants des catalyseurs.

The fact that the demands for conventional plastics have been increasing continuously due to modernization and population boom is a risky reality that one cannot elude. Despite their fascinating properties and applications, environment has been adversely affected by commercialized fossil fuel-based/nonbiodegradable polymers. [9] PE, PP, and alike hydrocarbon polymers can take centuries to decompose or mineralize in landfill sites, which means that much polymers that have been produced still remain in their near original form. [4b, 10] Polyolefins may gradually break apart under the influence of sunshine, water and wind, releasing greenhouse gas emissions contained within, as well as resulting in the leaching into the environment of chemicals/additives added during production. [11] Some of this waste makes its way into rivers and ultimately into the seas, with around 7.2 million metric tons of plastic pollution entering the oceans every year, a detrimental effect on the oceanic ecosystem. [3,12] The sheer volume of single-use plastic pollution, especially combined with its persistence and an ongoing environmental impact that can last for centuries, has created the environmental catastrophe we 

Entry Fossil-based monomers

Non-biodegradable polymers Main properties [7] Main applications [8] 1 Polytetrafluoroethylene / Teflon see today. Noteworthy, the problem has now been further exacerbated by the coronavirus pandemic as "a new wave of plastic pollution" is littering beaches and public spaces in the form of disposable masks and gloves. [13] As the marine biologist Daniel Pauly expressed sadly "I'm convinced that plastics will cause some species to go extinct and it breaks my heart just to think about that". [14] From the green and sustainable chemistry standpoint, one of the current challenges of polymer chemistry/industry is to switch from petroleum-based/nonbiodegradable polymers (Table 1) to biobased and/or biodegradable polymers, termed as "bioplastics" (Figure 1), [15] that are preferred to be sustainable in both production and use and that can be recycled or disposed of in ways that are environmentally innocuous. [16] Figure 1 -Diagram displays the difference between conventional plastics and bioplastics; bioplastics may help decrease hazardous environmental impact. [17] 2. Bioplastics: a potential solution for the plastics crisis?

Excellent
In the process of creating plastics, humans have managed to take raw materials from nature and transform them so thoroughly that nature no longer recognizes them. Humans'

ingenuity is what got earth in this plastics crisis nowadays, and hopefully, their ingenuity could remove this mess. Indeed, "bioplastics" are an important innovation and it would offer sustainable and eco-friendly alternatives to avoid the plastic pollution. [18] Similar to conventional plastics (vide supra), bioplastics can be used in several ways under ordinary conditions. Unlike conventional plastics that are fossil-based and nonbiodegradable (Figure 2 -(D)), bioplastics can be bio-based and non-biodegradable (Figure 2 -(A)), or biodegradable and fossil-based (Figure 2 -(C)), or biobased and biodegradable at once (Figure 2 -(B)). [17,19] Biodegradable polymers can replace non-biodegradable ones and at the same time provide properties like strength and flexibility that make conventional polymers so desirable. [19] The continuous research and developmental activities towards bioplastics and growing awareness towards environmental preservation have led to a remarkable growth of the overall bioplastics market. [20] Presently, bioplastics represent about one percent of plastic produced annually, [17] however their market is rising dynamically due to the increase in their demand (increasing eco-awareness among consumers) and due to the sophisticated materials, applications, and products they afford. The 2020 report of European Bioplastics/Nova Institute, estimates the current bioplastics production at 2.11 million tonnes per year and projects that it will increase up to 2.87 million tonnes by 2025. [17,21] Bioplastics have a wide range of applications such as packaging, catering products, consumer electronics, automotive, agriculture/horticulture, toys, textiles and several other sections. [22] Their main application in 2020 is packaging with 47% (0.99 million tonnes) of the total bioplastics market, followed by textiles. [17] On the other hand, some field of applications such as automotive, transport, building, construction, electric and electronics may still grow thanks to the production of functional polymers (Figure 3). [21b, 22-23] The major disadvantage of bioplastics is their high production cost (could be 2-4 times depending on product) compared to conventional plastics. [24] Figure 2 -Classification of plastics according to their origin and biodegradation. [17] Figure 3 -Global production capacities of different bioplastics by market applications, in 2020. [17] 

My research input to bioplastics

The recent plastic waste management strategies focus mainly on the prevention and reduction of waste, and on the use of biodegradable counterparts. Our research group at the Rennes Institute of Chemical Science (ISCR) in cooperation with Laboratoire de Chimie Médicinale et de Produits Naturels (LCMPN) laboratory in Lebanon, has been investigating over the past decades the synthesis of functional poly(hydroxyalkanoates) (PHAs) as an alternative to plastics due to their eco-friendly character. PHAs are biobased, biodegradable (Figure 2), biocompatible, and non-toxic which endowed them a significant role in packaging and to a lesser extent in medical applications. While PHA represent less than 2% of the global production capacities of bioplastics in 2019, their production is anticipated to increase significantly going from ca. 1.17 to 1.33 million tonnes from 2019 to 2024 (Figure 4). [17] Figure 4 -Global production capacities of PHAs were set to more than triple in the next years, in 2019 (left), 2024 (right). [17] General Introduction

In Chapter 1, we introduce the benefits of biobased and biodegradable polymers and the impact of biodegradability on the environment, followed by the discovery of natural or bacterial PHAs, including their biosynthetic pathways, applications, qualifications and limitations. The motivations towards synthetic PHAs are discussed, counting a brief view on chemical pathways such as polycondensation vs. catalysed ring-opening polymerization "ROP" of β-lactones, the latter being our on-going approach.

Chapter 2 presents a bibliographic summaryhighlighting pros and consof the most common approaches for the synthesis of various β-lactones, focussing on our endorsed strategy through the catalysed carbonylation reaction of functional epoxides to alternative β-lactones (known or novel functional β-lactones), along with a presentation of the catalysts used. The synthesis of racemic rac-BPL FG s or enantiopure (S)-BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, SBn, O i Pr, O t Bu, OP(O)Ph2, NBn2,) (Figure 5), with the yields and spectroscopic characterizations are reported.

Figure 5 -Scope of our targeted substituted -lactone monomers BPL FG s.

In virtue of increasing environmental concerns and rapidly growing demands for polymeric materials free of metallic residues to meet the requirements of applications in medicine, microelectronics, food packaging, etc., studies on organic activators (initiators and catalysts) to mediate polymerization, have gained special attention. Chapter 3 thus first reviews the ROP of different ring size cyclic esters (β-lactones, lactides "LA", δ-valerolactone "δ-VL", and ε-caprolactone "ε-CL") through the most common organic activators. Then, my research work, including the synthesis of diverse alkoxy substituted PHAs, PBPL FG s (R = OAll, O n Bu, OBn, OTBDMS), by organocatalyzed ring-opening polymerization (ROP) of the corresponding racemic β-lactones (rac-BPL FG s), and the thorough characterization of the thus prepared PBPL FG s, is described. Focus is placed on the reactivity and efficiency of the organic activators, and mechanistic studies to provide a better understanding of organic-mediated ROP of β-lactones.

On the other hand, the homogeneous single-site metal catalysed ROP of cyclic esters reaches high performances in terms of control and efficiency, i.e. activity, chain-end fidelity, low dispersities, stereocontrol. As explained in Chapter 4, it remains to date the best strategy toward the synthesis of well-defined stereoregular side-chain functionalized polyesters, as reviewed with the ROP of a large variety of cyclic esters via metal centred catalysts. Our work described in this last chapter focuses on amino-alkoxybis(phenolate) yttrium catalysts mediated stereoselective ROP of known and/or novel functional racemic β-lactones, emphasizing on the relationship between the pendent functional group on the β-lactone and the tacticity of the PHA.

Finally, the general conclusion summarises the most significant results and suggests some possible outcomes on functional PHAs. 

Introduction

The first chapter presents the general interest of biobased and biodegradable poly(hydroxyalkanoate)s "PHAs" bioplastics. The differences between natural and synthetic PHAs, their synthesis, industrial production, physico-chemical properties, applications, and restrictions, are first presented. The success of synthesizing PHAs from four-membered ring cyclic esters through ring-opening polymerization (ROP) mediated by either organic activators or organometallic catalysts relative to other polymerization methods (polycondensation), is next discussed.

Poly(hydroxyalkanoate)s "PHAs": biodegradability matters

Biodegradable bioplastics are considered by many as a promising solution to reinvent and replace conventional plastics. Bioplastics with only biobased feature (Table 1. 1entries 8-10) have the unique advantage over conventional plastics to reduce the dependency on limited fossil resources, to decrease greenhouse gas emissions or even to reduce polymers' carbon footprint. [1] On the other hand, biodegradable bioplastics (Table 1. 1entries 1-7) offer a lot of advantages such as increased soil fertility, low accumulation of bulky plastic materials in the environment (which invariably will minimize injuries to wild animals), and reduction in the cost of waste management. [2] Therefore, biodegradable bioplastics are considered to provide a better potential solution for the plastic wastes.

Table 1. 1 -Chemical structure of the most common bioplastics (* indicates the chiral center). Biodegradation is the property of a material that can be completely converted into CO2, water, and biomass, through the action of microorganisms present in the environment such as fungi and bacteria, in aerobic or anaerobic process. [3] It is highly controlled by numerous factors, both endogenous (e.g. molar mass, crystallinity, flexibility of the macromolecule) and exogenous (e.g. temperature, humidity, pH, availability of oxygen, enzymatic activity). [4] Consequently, biodegradation is directly linked to the chemical structure of the polymer but does not depend on the resource type (fossil-based vs. bio-based). In particular, the type of chemical functions present throughout the polymer defines whether and in which time the microorganisms or water can biodegrade the material; such polymers include a heteroatom in their main chain, and the most important ones are polyesters (Table 1. 1entries 1-5).

Entry

Polyesters are susceptible to break down reasonably efficiently by many enzymatic cleavages in water and soil, in a reasonable period. [5] The rate of biodegradation depends on temperature (50-70 °C), humidity, number and type of microorganisms. The degradation is fast only if all three requirements are gathered. Generally, at home or in a supermarket, biodegradation occurs very slowly in comparison to composting. In industrial composting, polyesters are converted into biomass, water and CO2 in about 6-12 weeks. [3] The degradation products of the biodegradable polyesters are typically hydroxy acids, such as β-hydroxy acids, glycolic acid and lactic acid obtained from PHA, PGA and PLA, respectively, that are generally recognized as being non-toxic. [5] Among the different biodegradable polyesters, poly(hydroxyalkanoate)s "PHAs" (Table 1. 1entry 2) attracted considerable attention due to their efficient and fast biodegradation in different environments, combined to their highest sensitivity to microorganisms in comparison to PCL, PBS, and PLA (Table 1. 1entries 1 to 4). [6] Moreover, PHAs are gaining special attention for having a wide range of applications imparted by, in particular, the chiral carbon that may provide diverse stereochemistry from atactic (no stereoregularity) to isotactic (same relative configuration) to syndiotactic (alternated relative configuration) (Figure 1. 1), along with various functionalities "FG" on the repeating unit. In summary, bioplastics based on biodegradable aliphatic polyesters such as PHAs offer a broad range of functionalities and stereochemistry that can be optimised for each type of application. In addition, they can reduce the impact on the environment, when compared to conventional plastics. It is however important to glimpse on natural and synthetic PHAs, their functionalities, stereochemistry, and limitations.

Natural PHAs: discovery, biosynthesis, and significance

Natural PHAs are a family of linear aliphatic biopolyesters that are produced from renewable resources, mostly via microorganism's fermentation. The world came to know about natural PHAs in1925-1926 with the discovery by the French chemist and bacteriologist Maurice

Lemoigne while working at the Lille branch of the Pasteur Institute (Figure 1. 2). Maurice

Lemoigne was studying the Gram-positive Bacillus megaterium, when he noticed that the latter produced an intracellular biopolyester, a PHA named poly(3-hydroxybutyrate) "PHB" (Table 1. 1entry 2; with R = CH3) which is accumulated as insoluble granules in the cytoplasm of the bacteria as a carbon reserve under nutrient limitation. [7] In 1968, Griebel investigated the composition of PHB granules of Bacillus megaterium for the first time, concluding that they consisted of 97.7% polyesters, 1.87% protein, and 0.46% lipids or phospholipids. [8] Later on, PHB was found to be part of a large family of natural PHAs that differ only in their substituent located on the β-carbon. More than 150 different forms of PHAs consisting of 3-hydroxy fatty acids monomers (3-hydroxyalkanoates, 3HAs) have been investigated (Figure 1. 3). Natural PHAs may be divided into three main classes depending on the length of the group at the β-position of the monomers: (i) short-chain-length PHAs, which consist of monomers with chain lengths of 3-5 carbon units, of which the most popular are "PHB", poly(3-hydroxypropylate) "PHP", poly(3-hydroxyvalerate) "PHV", poly(3-hydroxyhexanoate)

"PHH", and even copolymer poly(3-hydroxybutyrate-co-valerate) "PHBV"; [9] (ii) medium chain-length PHAs, which include monomers with lateral chain lengths between 6 and 14 carbon units; [10] and (iii) long-chain-length PHAs, which are composed of monomers with carbon chain lengths greater than 14 units. Interestingly, due to their fermentation synthesis, natural PHAs are strictly isotactic, featuring exclusively (R)-configuration (Figure 1. 1, (a)).

Anyhow, the most prominent, thus the most extensively studied PHA is PHB, in which bacterial poly[(R)-3-hydroxybutyrate], P[(R)-3HB], is a perfectly stereoregular, purely isotactic crystalline thermoplastic material. [11] Chapter 1. This diversity of side groups leads to various physio-chemical properties that can be tailored over a wide range, hence leading to various applications. [12] For example, polymers composed solely of short chain-length monomer units generally have thermoplastic properties, while polymers composed of medium chain-length subunits generally have elastomeric properties. PHA copolymers with a relatively high mol% of short chain-length monomers (typically PHB) and low mol% of medium chain-length monomers have properties similar to the bulk commodity plastic polypropylene "PP", although they have much lower elongation to break and are more brittle. [13] The glass transition temperature and melting temperature of natural PHAs are in the range of -50 to 4 °C and 40-180 °C, respectively. [14] It is therefore estimated that most of PP applications can be covered to a large extent by PHAs, such as preparation of films, bottles and paper, disposal items such as razors, utensils, and diapers. [15] PHAs were found to be synthesized and accumulated by a wide range of prokaryotic microorganisms' generally found in the environment i.e. gram-negative, gram-positive bacteria, cyanobacteria and archaea or plants. [16] Stanier and Wilkinson and their co-workers were responsible for some of the initial fundamental research into the mechanisms of PHA Chapter 1.

biosynthesis, beginning in 1975. [17] Commonly, the main substrates used by microorganisms to produce PHAs are sugars (glucose, fructose, sucrose, lactose, maltose, xylose) [18] and fatty acids. [19] The PHB metabolic pathway inside a bacterium as an example for PHAs is illustrated in Figure 1. 4route 1. Bacteria produce acetyl-coenzyme-A (acetyl-CoA, such as hydroxyacyl-CoA thioesters) starting from sugars, where the latter is converted into PHB by three biosynthetic enzymes. In the first step, 3-ketothiolase (PhaA) condenses two molecules of acetyl-CoA to form acetoacetyl-CoA. (R)-specific acetoacetyl-CoA reductase (PhaB) allows the reduction of acetoacetyl-CoA to (R)-3-hydroxybutyryl-CoA with simultaneous oxidation of nicotinamide adenine dinucleotide phosphate (NADPH) to NADP + . Finally, PHB synthase (PhaC) polymerizes 3-hydroxybutyryl-CoA to PHB upon forming an ester bond between the carboxyl group of one monomer and the hydroxyl group of the neighbouring monomer, coenzyme-A being liberated. Only (R)-isomers are accepted as substrates for the biosynthetic polymerizing enzyme (PhaC) due to its stereo-specific nature. [20] During normal bacterial growth, the 3-ketothiolase is inhibited by free coenzyme-A coming out of the Krebs cycle. But when entry of acetyl-CoA into the Krebs cycle is restricted (during noncarbon nutrient limitation), the surplus acetyl-CoA is channelled into PHB biosynthesis. [21] Noteworthy, there are similar pathways starting from fatty acids to produce PHAs of medium chain-length through the β-oxidation of alkanoic acids by producing hydroxyalkanoyl-CoA as a substrate. [22] Fascinatingly, intracellular degradation or mobilization of natural PHAs takes place when the bacterium is stressed under carbon limitation conditions, generally carried out by secretion of intra-or extracellular PHA hydrolases and PHA depolymerases (PHaZ). [23] PHaZ are granuleassociated proteins that hydrolyze water-insoluble PHAs into water-soluble forms so that it can be utilized by the microorganisms as energy source. [24] From there, PHAs are broken down to 3-hydroxyalkanoic acids (in case of PHB, it is 3-hydroxybutyric acid) which is then oxidized by a dehydrogenase to acetoacetyl-CoA, which is finally converted into acetyl-CoA by βketothiolase (Figure 1. 4route 2). [25] Figure 1. 4 -Metabolic pathway to natural PHB inside a bacteria starting from sugars.

Bacterial PHAs have gained enormous interests in scientific research and commercial uses worldwide (Figure 1. 5). [26] The first commercialization attempted, was done in 1959, when W.R. Grace patented a PHB production process using bacteria. [27] In 1970, Imperial Chemical Industries Ltd. commercialized the production of P(3HB-co-3HV) under the trade name of Biopol TM , with the technology being sold to Monsanto and then to Metabolix. [28] Then the synthesis of alternative copolymers such as P(3HB-co-3HHx) was marketed as Nodax TM . [29] Nowadays the major producers of PHAs are Danimer Scientific [30] and Kaneka corporation. [31] There have been a range of new technologies developed, and recent focus within industrial manufacture to use optimum culture conditions in order to maximize PHA production, termed as "1 st generation". Researchers in industry are also working on valorisation of municipal wastewater as non-food competing sources for cultivating a range of bacteria with the purpose of obtaining PHA biopolymers with improved sustainability. Different research efforts also deal with transgenic crops that express PHA synthesis routes from bacteria to produce PHA as energy storage in their tissues. [32] Potential utilization of agricultural feedstocks, industrial byproducts, waste oils, wastewater, and sewage sludge is gaining attention for the production of PHAs while simultaneously solving the problem of waste disposal, which is referred to as 2 nd generation. [33] Anyhow, after accumulation, PHAs are extracted and further purified in tedious and costly processes as they are intracellular storage materials. Broadly applied methods for the extraction and recovery of PHAs from biomass are via solvent extraction, floatation, and supercritical fluid extraction. [10b, 34] Figure 1. 5 -Wide-ranging applications of natural PHAs.

The extracted bacterial PHAs are biodegradable in both aerobic and anaerobic environments, without forming any toxic products. Furthermore, their biodegradation in living cells revealed to breakdown into products that are naturally found in animals, therefore PHAs were also categorized as a biocompatible material. [35] Thanks to their biodegradability and biocompatibility, PHAs can be used in medical field (Figure 1. 6). Micro-and nanospheric PHA-based compartments were used as drug delivery carriers, in which the used drugs were automatically released from the vector after degradation of PHA. [36] Moreover, PHAs as drug delivery or vaccine carrier vehicle have been used in several animals such as cattle, mice, dogs, and in humans to cure gingivitis. [37] For the cure of chronic and implant osteomyelitis, drugs such as sulbactam cefoperazone have been loaded to rods of PHBV. [38] PHB polymers have also been used as a vehicles in transdermal tissues along with poly(amidoamine) dendrimers to increase the transdermal permeability of tamsulosin drug. [39] The piezoelectric property of PHAs has been applied to repair the damaged nerves. [12,40] PHAs are also applied in the dressing of wounds as well as for the preparation of scaffolds. [41] PHA such as PHB and PHBV are used

Chapter 1.
as matrices in in vitro proliferation of human cells. The various human cells, such as endothelium cells, liver cells, and fibroblasts exhibit comparable adhesive property as PHAs when these polymers are applied as matrices. [35a] Figure 1. 6 -Medical applications of natural PHAs.

Nevertheless, natural isotactic PHAs still show some limitations in terms of performance like thermal resistance, barrier and mechanical properties, such as mediocre mechanical stability, unfavourable biodegradation rate, or either too high or too low degree of crystallinity.

Another main limitation in the application of natural PHAs for the production of single use items, is its relatively high cost when compared to other polymers. The main cost absorbing factor being carbon feedstock and the PHAs extraction methods. [42] Further investigations and efforts are undertaken by scientists in order to reduce the production costs of PHAs and to increase the industrial sustainability and commercialisation of PHAs via 3 rd generation biotechnology. Otherwise, another approach is to plainly chemically synthesize functional PHAs, that are expected to have better mechanical properties, and also to be biodegradable and biocompatible.

Synthetic PHAs: biotechnology & chemical synthesis

Different synthetic procedures enable to access to PHAs. Synthetic methods such as the advanced biotechnology can provide new monomer compositions and are able to control the chain lengths and molar masses of the produced PHAs; or above all that could as well tune the tacticity (Figure 1. 1) in case of some synthetic chemical polymerization approaches. By this, one can increase PHAs' versatility, their properties can vary over a broader range, possibly comparable to that of conventional plastics. Hence, such synthetic procedures can help improving the usage of PHAs in medical field and packaging or even expanding its application to other domains that natural PHAs can't provide, such as automotive, transport, building, construction, or electronics (Figure 3).

Advanced biotechnological studies

After biosynthesis pathways of PHAs have been elucidated (Figure 1. ''enzyme evolution'' is considered and referred to as the 3 rd generation approach for PHAs production (Figure 1. 7). [43] Nowadays, the current scenario to improve PHA production efficiency involved a deoxyribonucleic acid (DNA) reprogramming tool such as regulating gene expression; this has been successfully applied to manipulate PHA synthetic pathways. They have proven to be efficient in adjusting the transcription levels by completely studying the sequence design, binding strength, chromosomal regulation, and library construction for enhancing its contribution to PHA synthesis. These strategies have boosted PHA accumulation in large cellular spaces of bacteria, and have enabled the selective synthesis of PHAs instead of a mixture of copolymers. [44] Figure 1. 7 -Different generations of the enhancement in PHAs accumulation and extraction in and from the bacteria (1 st & 2 nd generations) and their synthesis via advanced biotechnology (3 rd generation). [43] On the other hand, ''enzyme evolution'' is a very versatile approach to optimize PHAs production systems. [45] Artificial evolution techniques (in vitro) have been successfully used to generate enzymes (by mutation) with enhanced activity and substrate specificity capable of producing a wide range of variation in monomeric compositions or molar mass of PHA copolymers products. [46] For example, an alteration of the key enzyme for PHA synthesis (PhaC) has been demonstrated to provide various custom-made enzymes applicable for extending the capacity for enhanced accumulation and changed the monomer composition of PHA copolyester by using a catalytic function not available from a natural source. [47] It is worth to mention that, in 1995, Gerngross and Martin first achieved and demonstrated the in vitro synthesis of PHB in aqueous solution. The resulting PHB had higher molar mass than that of in vivo synthesized PHB. [48] Genetic engineering combined with enzyme and synthetic biological tools can lead to the production of novel tailor-made PHA biopolymers. In fact, this way is also a significant reduction of non-renewable energy consumption. However, extracted PHAs require post-
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cleaning actions, especially if targeted to be used in the medical field, that makes the PHAs production costlier and proved economically nonviable. [49] 

Chemical polymerization

Synthesis of aliphatic polyesters such as PHAs (Figure 1. ring-opening polymerization (ROP) of 4 membered ring cyclic esters (β-lactones). [50] The latter being our adopted method due to its better efficiency and control in terms of macromolecular parameters (molar masses, dispersity) and stereochemistry that are discussed below (Figure 1. 8). 

Polycondensation of α-and β-hydroxy-acids

Polycondensation is a step-growth polymerization that relies on the Fischer selfesterification reaction of αor β-hydroxy-acids in the presence of acid catalyst (Scheme 1. 1right). In this case, the polymerization process is reversible and the polymers formed (e.g., PLA

Chapter 1.

or PHA, respectively; Table 1. 1entries 1, 2) have the potential to depolymerize, enabling the recovery of the initial monomers by properly guiding the polymer-monomer equilibrium (Scheme 1. 1right). [51] The principal benefit of this technique is the easy availability of a wide range of substituted αor β-hydroxy-acid monomers, that for most of them occur naturally (biobased) in plants, microorganisms as well as in animal tissues (produced in the liver via the metabolism of fatty acids). [START_REF] Bhalla | Advances in industrial biotechnoloy[END_REF] Whereas polycondensation of α-hydroxy acids is common, the polycondensation of β-hydroxy acids is not because of their tendency to undergo epimerization and formation of crotonic acid α,β-unsaturated species (Scheme ) by direct Polycondensation of L-malic acid. [START_REF] Wise | Google Patents[END_REF] In 1994, poly(3HP) was synthesized by condensation of the corresponding 3HP in the presence of a transesterification catalyst at 70 °C. [START_REF] Nanba | [END_REF] In 2014, the optimum Polycondensation conditions to obtain α,β-PMLA (5300 g mol -1 ) were using tin(II) chloride as a catalyst at 110 °C after 45

h. [55] Subsequently, Polycondensation of benzyl malolactonate "MLA Bn " was attempted by using dicyclohexylcarbodiimide (DCC) as a coupling reagent; but only oligomers were obtained. [56] Chapter 1.

Scheme 1. 1 -Fisher self-esterification mechanism (left) for the polymerization of α-hydroxy-acids (m = 1) or β-hydroxy-acids (m = 2) and depolymerization of PLA (m = 1) or PHAs (m = 2); (right) epimerization of β-hydroxy-acids (m = 2) that hampers the polymerization. [51,57] Anyway, Polycondensation of β-hydroxy-acids suffers from severe limitations. The esterification reaction generates H2O in the medium that requires removal for the sake of achieving higher molar mass polymers. Hence, high-energy cost (high temperatures > 100 °C) is required to eliminate water and to reduce the viscosity. Moreover, it is almost impossible to achieve controlled polymerization with predetermined molar masses, defined chain-end groups, and narrow dispersities (ÐM > 2). Also, stereo-controlled polymers of either rac-α or β-hydroxyacids cannot be achieved through polycondensation. More importantly, β-hydroxy-acids are susceptible to an elimination reaction that obstructs the polymerization. [58] Consequently, it seems that preparing PHAs from polycondensation of β-hydroxy-acids is elusive, and thus another approach should be adopted.

Ring-opening polymerization (ROP) of β-lactones

Ring-opening polymerization (ROP) is a chain-growth polymerization, and unlike polycondensation, it has three distinctive steps: (a) initiation, (b) propagation, and (c) termination and/or transfer, the latter step (c) is not taking place in case of a living ROP (Scheme 1. 2). In ROP, the monomers react with the active species at the end of the growing polymer Chapter 1.

chain until their concentration decreases with time. This type of polymerization has great interest in both academic and industrial areas. It is considered more efficient than polycondensation to prepare linear aliphatic polyesters with controlled macromolecular parameters, dispersities (ÐM < 2), and stereochemistry. [59] ROP is performed under mild reaction conditions (minimum amount of solvent, low temperatures) and the formation of small molecule by-products is avoided (greener approach). [60] The monomers include a range of simple cyclic compounds that contain heteroatoms in their ring structure, of which the polarized character facilitates the heterolytic cleavage of the bond. Although the monomers generally come from non-renewable petroleum sources, the biodegradability of the resulting polyester may be maintained. The exclusive disadvantage of ROP compared to polycondensation is the limited availability of cyclic ester monomers, even though varying ring size and strain have been investigated over the past decades in ROP. [60] Scheme 1. 2 -General mechanistic steps for ROP of cyclic monomers; (a) initiation; (b) propagation, (c) termination; ki, kp, and kt are the rate constants of initiation, propagation, and termination, respectively; where ki >> kp and kt = 0 in a living polymerization.

The thermodynamic peculiarities of ROPs will not be addressed in details. Yet, it is important to understand that these polymerizations are particularly governed by the cycle tension (ring strain) as well as different steric considerations when the polymer chain grows.

Indeed, the enthalpy loss associated with the opening of the ring may or may not allow the polymerization reaction. The monomer concentration is sometimes a critical parameter to allow polymerization of a little constrained lactone. The thermodynamic driving force for ROP processes is the relief of ring strain, which increases the entropy, thus enabling small rings (three-or four-membered) to polymerize more easily than larger rings. This increase in entropy is based on the increase in the degrees of freedom of rotation gained when rings are transformed into open chains. [61] Chapter 1.

Among the various monomers, the literature presented hither focuses on the polymerization of assorted functional -lactones through diverse types of ROP including enzymatic, cationic, and anionic to reach synthetic PHAs. [60] β-lactones are anticipated to be more reactive towards ROP due to their high ring strain, however their ROP is considered challenging. [62] The most significant β-lactones studied beforehand in ROP are represented in Poly(α,α'-Dimethyl benzyl malolactonates) (PdMMLA Bn )

7 α,3-Methyl-4- benzyloxycarbonyl-2-oxetanone Poly(α,3-methyl-4-benzyloxycarbonyl-2- oxetanone)

4.2.2.a Enzymatic ring-opening polymerization (EROP) of β-lactones

Enzymatic ring-opening polymerization (EROP) was established decades ago. It is a ROP mediated by enzyme (Lipase) as a catalyst that is usually accompanied with nucleophilic initiator (alcohols). [START_REF] Matsumura | Enzyme-catalyzed synthesis of polymers[END_REF] The first EROPs of β-lactones, reported in 1996 on PL (degree of polymerization, DP = 50) and rac-BL Me (DP = 5-200) (Table 1. 2entries 1,4), were performed in different solvents or in the absence of solvents at a temperature ranging from 23 °C to 60 °C, to produce PPL (Mn,Exp(max) = 2300 g mol -1 ) and PBL Me (Mn,Exp(max) = 1050 g mol -1 ) (Table 1. 2 entries 1,4), respectively. [START_REF] Nobes | [END_REF] Kobayashi et al. suggested the formation of a mixture of linear and cyclic PPL after EROP of PL in bulk at 60 °C, due to the high gap between theoretical and experimental molar masses (Mn,theo vs. Mn,SEC) and broad dispersities (ÐM = 1.6-2.8). [65] In 1997, EROP of rac-BL Me was performed in bulk at 75 °C using thermophilic lipase to produce isotactic-enriched (R)-PBL Me (Mn,SEC = 2400 g mol -1 , ÐM = 2.3, Pm = 0.67) after 4-5 days. [66] On the other hand, isotactic-enriched poly(α-methyl-β-propiolactone) ((S)-PMPL) (Mn,SEC = 2900 g mol -1 , ÐM = 1.7-1.8, Pm = 0.75) (Table 1. 2entry 2) was produced after 3-4 days from the lipase catalysed EROP of rac-MPL (Table 1. 2entry 2) in toluene. [67] Interestingly, in 2007, EROP of PL (DP = 170) and rac-BL Me (DP = 50) was carried out in ionic liquid (as a replacement of volatile organic solvents) at 60 °C to generate after 1 day high molar mass PPL (Mn,SEC = 11,900 g mol -1 ) relative to that of (R)-PBL Me , where only oligomers were obtained (reached DP = 5 out of 50). The authors alluded that this is due to the poor fit of rac-BL Me Chapter 1.

moiety in the active site of the enzyme used, unlike PL moiety. [68] Lipases are known to catalyse EROP according to an "activated monomer" mechanism (transesterification reactions). The key step is the reaction of the lipase with β-lactones to form an acyl-enzyme intermediate, which further reacts with water, alcohols, or hydroxyl end-capped chains during either the initiation or the propagation step (Scheme 1. 3). [69] Scheme 1. 3 -Activated monomer mechanism proposed for EROP of β-lactones (PL, rac-BL Me ).

Advantageously, EROPs can be handled with no special precautions (no need for dry or oxygen-free medium), there is no need for solvent, PHA is easy to isolate (by filtration), and it is well-suited for PHAs designed for biomedical applications (non-toxic enzymes). Moreover, the stereospecificity of lipases can open up a new route to stereoselective ROP. [69b] Nevertheless, EROP outcomes largely depend on the reaction conditions (water content and temperature). A mixture of linear and cyclic polymers can be formed, and the polymer produced tends to solidify from the reaction mixture thus limiting further polymer chain-growth and leading to heterogeneity and eventually large dispersities. Furthermore, polymerization may require days without always achieving full monomer conversion. Notably, the β-lactone used should also fit into the enzyme active site, in a way that high monomer concentration or polar and hydrophilic functional substituted β-lactones can fail to polymerize and thus limiting the formation of high molar mass PHAs or PHAs with specific and diverse functionalities. [70] 

4.2.2.b Cationic ring-opening polymerization (CROP) of β-lactones

Cationic ring-opening polymerization (CROP) of β-lactones (the most studied are PL and rac-BL Me ) has been known for a long time (since the mid-1940s) but it is not very popular Chapter 1.

due to its general poor control of the macromolecular parameters and high dispersities (Mn,SEC < 10,000 g mol -1 ; ÐM < 2.5); this is probably due to undesired side reactions and the formation of a mixture of cyclic and linear polymers. [58a, 71] CROP can be promoted by cationic catalysts such as Lewis acids and protonic/Bronsted acids, accompanied with a protic initiator (typically alcohols) or mainly by a cationic initiator only (alkylating agent, acylating agent, Lewis acid, and protonic/Brønsted acid). [72] CROP has a distinct advantage in its simplicity and in the wide range of diverse acids or cationic initiators (organic or inorganic) available. The mechanistic pathway of CROP of β-lactones depends much on the catalyst or initiator used, and on the presence or absence of the accompanying alcohols.

In the case of the absence of alcohol, CROP polymerizations proceed via an electrophilic activation of the monomer by the cationic initiator, through a cationic or pseudo-cationic mechanism. Two distinctive sites of monomer activation leading to different pathways were evidenced, depending on the cationic initiator used. Monomer activation can occur through the cationic initiator interacting with the endocyclic oxygen (O-CO) to allow an O-acyl cleavage and polymers with ether functionality at the α-chain end; this is the case with Brønsted acids (e.g. triflic acid "TfOH" [73] , sulfuric acid [74] , or 75] as initiators (Scheme 1. 4 -a1). When Lewis acids are used instead (i.e. FeCl3 [76] , BF3, TiCl4 [74] ,

[(CH3CH2)3O + ][Cl -], [(Et3O + ][BF4] -[
an O-alkyl cleavage usually takes place by the endocyclic oxygen to produce cyclic PHAs (Scheme 1. 4 -a2). [74] Otherwise, monomer activation can happen via the interaction between the cationic initiator and exocyclic oxygen (carbonyl activation) followed by O-alkyl cleavage leading to esters groups at the α-chain end; this is the case with alkylation initiators (e.g., [75] (Scheme 1. 4b). [77] Interestingly, when acylating initiators (e.g., [77a, 78] are employed, two mechanistic pathways can observed at the same time, with concurrence between the two monomer activation courses (Scheme 1. 4 -a1 and b).

[(CH3CH2)3O + ][Cl -], ([(Et3O + ][BF4] -)
[CH3CO] + [SbF6] -, [CH3CH2CO] + [SbF6] -)
Chapter 1.

Scheme 1. 4 -Effect of the cationic initiator used on the mechanistic pathways and β-lactones monomer activation in CROP in the absence of alcohol; Brønsted acids follow route (a1), Lewis acids route (a2), alkylating agents route (a1) or (b), acylating agents route (a1) and (b).

CROP of rac-BL Me using phosphoric acid derivatives (Brønsted acids) such as diphenyl phosphate "DPP", bis(4-nitrophenyl) phosphate "BNPP", and trifluoromethanesulfonic acid were recently studied in the presence of a protic initiator (alcohol). PBL Me was formed with relatively high molar masses and rather narrow dispersities (Mn,SEC = 10,000 g mol -1 ; ÐM = 1.23). The mechanism of initiation is based on the activation of rac-BL Me by protonation of the exocyclic oxygen, followed by nucleophilic attack of the alcohol and scission of the O-acyl bond selectively. However, an undesired deactivated pathway was also noticed that can be suppressed according to the phosphoric catalyst used (Scheme 1. 5). [79] Noteworthy, the deactivation mechanism of CROP mediated by phosphoric acids derivatives was only observed in case of β-lactones vs. other cyclic esters.
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Scheme 1. 5 -CROP mechanism of rac-BL Me mediated by phosphoric acid derivatives in the presence of alcohol with the deactivation catalyst mechanism. [79] Eventually, CROP is highly dependent on temperature and solvent because cationic obtained from CROP of β-lactones, caused from the presence of several mechanistic pathways and adverse side reactions, have decreased the interest in investigating CROP on other βlactones functionality. [60] 

4.2.2.c Anionic ring-opening polymerization (AROP) of β-lactones

Anionic ring-opening polymerization (AROP) of β-lactones is definitely not less intricate than CROP, yet it showed more appealing results in terms of controlling the polymerization (molar masses and dispersities) through time which makes it an elected method.

AROP can be promoted by organic activators or metal/organometallic catalysts, both classes are discussed generally beneath.

• Organic activators or metal-free activators

Metal-free initiating systems have been applied to β-lactones well before the beginning of the current century; they can be initiator or catalyst, nucleophiles or bases (Figure 1. 9).

Polymerization based on simple organic molecules to promote AROP has revealed an appealing approach, especially for polyesters designed for electronics and biomedical applications. The topical interest of organic activators is their high chemical stability and long shelf live, low cost,

Chapter 1.
easy availability, ease of handling and high performances. [50b, 57, 71, 80] Moreover, they are well suited to a broad range of reaction conditions, solvents, and monomers. Existing as simple nucleophilic or basic compounds, their removal from the resultant polymers is simplified by washing or trapping into resin beads. [81] Figure 1. 9 -Examples of different organic activators (initiator or catalyst, nucleophiles or bases) used for the ROP of β-lactones; with CC + is organic counter cation, usually a substituted ammonium or Brønsted phosphazene bases or NHCH + .

It is important to consider the general reactivity of β-lactones towards organic activators before viewing examples in AROP. To begin with, in the presence of a base, β-lactones act as a good proton donor on the α-position to form an unstable enolate at room temperature, leading to the opening of the ring through β-elimination (Scheme 1. 6, ( 1)). [82] The stereochemistry of β-elimination has been extensively studied and states that β-elimination, of any type, proceeds Chapter 1.

if the electron donating and accepting orbitals adopt a syn or trans arrangement. [83] Paradoxically, this enolate is stable at low temperature (-78 °C) and can be exposed to electrophile afterwards in the case of R' = CH3 (Scheme 1. 6, ( 2)). [START_REF] Pommier | [END_REF] Scheme 1. 6 -β-lactones, with a good proton donor on the α-position, in the presence of basic organic activator;

(1) at room temperature;

(2) at -78 °C.

Moreover, in the presence of a nucleophile, β-lactones act as an electrophile where they have two distinct electrophilic sites, the acyl carbonyl and the β-carbon (Scheme 1. 7 -(topleft)). Thus, when it is exposed to a nucleophile, two possible attacks are present depending on the nucleophile (strong vs. weak) leading to two types of bond cleavage. An O-acyl one followed by the formation of alkoxide-type active species with retention of configuration (Scheme 1. 7 -1), or an O-alkyl cleavage leading to carboxylate active species and inversion of configuration (Scheme 1. 7 -2), respectively. [85] Scheme 1. Chapter 1.

The AROP of β-lactones may advance using weak nucleophiles as organic activators. [86] In 1969, tertiary amines (R3N) and pyridines were applied in AROP of PL to produce PPL of low molar masses (DP = 6). R3N and pyridines appear to initiate the ROP through O-alkyl cleavage to produce zwitterionic species with ammonium or pyridinium cation and carboxylate anions (Scheme 1. 8 -(1)). Complete elimination reactions then happen and propagation proceeds through the later carboxylate anions to generate linear chains with the total absence of cyclic structures (Scheme 1. 8 -(2)). [87] At the same time the AROP of pivolactone [88] and rac-BL Me[89] (Table ). [90] After that, attempts to mediate AROP of rac-MLA Bn via triethylamine (Et3N) and tetraethylammonium benzoate ([PhCOO] -[NEt4] + ) were performed in bulk at 40 and 60 °C, respectively. PMLA Bn with molar masses as high as Mn,SEC = 50,000 and 27,000 g mol -1 , respectively, were produced after 30 or 17 days, but with a large gap relative to the expected ones (Mn,theo = 200,000 and 150,000 g mol -1 ; ÐM = 1.3-1.4).

However, AROP of rac-MLA Bn under the same conditions ([PhCOO] -[NEt4] + , bulk, 40 °C)

with prior extensive purification of rac-MLA Bn led to the production of PMLA Bn with high molar masses (Mn,SEC = 174,000 g mol -1 with Mn,theo = 200,000 g mol -1 ). [91] The discrepancies between theoretical and measured molar masses in the former examples was proposed to arise from the presence of transfer reactions as illustrated in Scheme 1. 10 (top), resulting from the α-hydrogen acidity of the monomer (Scheme 1. 6 -(1)). [92] Chapter 1. (Scheme 1. 7 -2, where Nu = carboxylate). [93b, 94] Scheme 1. 9 -AROP of pivolactone in the presence of (A) DABCO, initiation and propagation occur on both nitrogen atoms; (B) 2-EOX, competitive cyclization reaction.

Noteworthy, in AROP mediated by weal nucleophiles, higher polymerization rate and less transfer reactions (lower dispersities) were observed in bulk conditions than in solution and
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at lower temperatures (20 °C-40 °C) than higher ones (> 40 °C). [87a, 92a] Also, the rate of transfer reactions was found to be higher than that of propagation (ktr > kp, Scheme 1. 10top). [93] Researchers tend to mask the acidic α-H by α-monosubstituted or α,α'-disubstituted β-lactones known as protected β-lactones (replace α-H by CH3), especially in the case of MLA FG s. The first attempt was done on 1994, where α-monosubstituted (3S,4R)-(3R,4S))-3-methyl-4benzyloxycarbonyl-2-oxetanone (Table 1. 2entry 7) was synthesized and polymerized via

[PhCOO] -[NEt4] + in bulk at 40 °C to obtain poly((3S,4S)-(3R,4R))-3-methyl-4benzyloxycarbonyl-2-oxetanone) after 3 days; and a decrease in rate constant of transfer reactions (ktr; ktr < kp) was successfully managed (Scheme 1. 10middle). [95] Again in 2003-2012, [PhCOO] -[NEt4] + was used in bulk at 37 °C to polymerize α-disubstituted α,α',βtrisubstituted β-lactones (Table 1. 2entry 6) and produced polymers after 5 days having Mn,SEC = 180,000 g mol -1 (vs. Mn,theo = 234,000 g mol -1 ), with total absence of crotonate chain-ends (ÐM = 1.1) (Scheme 1. 10bottom). [96] Other than ammonium-based carboxylate salts, Brønsted phosphazene bases, specifically tert-butylimino-tris(dimethylamino)phosphorane (P1-t-Bu), ) (Table 1. 2entries 4,6). In both cases, the polymerization proceeded via O-alkyl cleavage, and the [P4t-BuH] + [RCOO] -salt revealed to have the uppermost activity, likely due to the higher basicity of P4-t-Bu relative to P1-t-Bu and P2-t-Bu (by more than 10 pKa units, Table 1. 3) that loosens the ionic pair. [97] Anyhow, applying [P4-t-BuH] + [RCOO] -in the AROP of rac-BL Me in bulk at room temperature, produced PBL Me (87% monomer conversion after 1 h) with molar mass

Mn,SEC = 14,500 g mol -1 and fair dispersity (ÐM = 1.16). However, attempting to further increase the conversion (99%) led to a decrease in the molar mass and increase of the dispersity (Mn,SEC = 12,600 g mol -1 ; ÐM = 1.31), reasoning that the transfer reactions are the same as those with ammonium-based carboxylate salts (Scheme 1. 10). [97a] Moreover, when [P4-t-BuH] + [RCOO] - was used to promote the AROP of rac-dMMLA Bn in THF at 21 °C, it gave PdMMLA Bn after 3 days with the highest molar mass ever obtained from a β-lactone with organic activators (Mn,SEC = 1,650,000 g mol -1 vs. Mn,theo = 2,100,000 g mol -1 ). The gap between the molar masses and the dispersities higher than 1.55 were ascribed to the observed high viscosity of the medium in the onset of the polymerization and that may prevent reaching complete conversions. [97b] Table 1. 3 -Acetonitrile (MeCN) basicity data of phosphazene bases applied in ROP of β-lactones with carboxylic acids. [98] Phosphazene base pKa in MeCN 27 P1-t-Bu 33.5

P2-t-Bu
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On the other hand, strong nucleophiles were also used as organic activators in the ROP of β-lactones. Starting with N-heterocyclic carbenes (NHCs), [99] ).

Both "O-acyl" and "O-alkyl" pathways were observed and the corresponding alkoxide and carboxylate groups were found at the early stages of the reaction, whereas the relative number of carboxylate end-groups increased during polymerization to finally represent the only propagating center (Scheme 1. 11). [101b] Chapter 1. On the other hand, the ROP of β-lactones, such as PL, rac-BL Me and rac-dMMLA Bn , was investigated in the absence of a protic initiator (alcohol), with saturated IMes (SIMes) carbene or IMes, eventually affording cyclic polymers. [102] Once using the NHC alone in THF at 21 °C, the authors proposed a mechanism of ring-expansion reaction involving a reversible collapse of the zwitterionic species to macrocyclic spirocycles (SpI) all along the propagation (Scheme 1. 12). The mechanism was supported by DFT calculations and by performing the ROP of enantiopure (R)-BL Me to produce (R)-PBL Me (retention of the configuration), thus confirming the O-acyl cleavage (Scheme 1. 7route 1). [102a] A remarkable degree of control of the polymerization, presumably due to the generation of a small amount of reactive zwitterionic intermediates by the reversible formation of SpI, was reported. The low concentration of reactive alkoxides during polymerization suppresses side reactions such as termination and elimination reactions analogous to modern controlled polymerization. In case of rac-dMMLA Bn , a degree of polymerization (DP = 116) was targeted to reach 60 % conversion after 28 min (Mn,SEC = 13,800 g mol -1 vs. Mn,theo = 16,200 g mol -1 ) with a rather narrow dispersity (ÐM = 1.34). The structure of the cyclic polymer was evidenced by Matrix Assisted Laser Desorption ionization -Time of Flight mass spectrometry (MALDI-ToF MS). [102b] Scheme 1. 12 -ROP of a β-lactone promoted by SIMes (in the absence of an alcohol) giving a cyclic polymer. [102a] Inspired by the above considerations represented in Scheme 1. 11, Thomas et al. reported in 2013 the use of various NHC.CO2 as potent initiating systems for the ROP of rac-BL Me (Scheme 1. 13top). [103] Polymerizations were carried out in bulk or in solution (MeCN, THF) at 60 or 80 °C. At 60 °C, in the case of bulk ROP (DP(rac-BPL(Me)) = 100), PBL Me was produced in 10 min (80% conversion; ÐM = 1.41) upon using the less hindered catalyst (Scheme 1. 13top (1), ( 2)). In solution, the polymerization appeared faster in the more polar solvent (MeCN) than in the less polar one (THF). An increase of macromolecular parameters was observed in a control manner (ÐM = 1.22-1.28) for the bulk polymerization at 60 °C, with the increase in the monomer loadings from 100 to 2000, yet without reaching complete or high conversions (e.g., for DP = 1000 and 2000, ROP was stopped at 47% and 28% monomer consumption, respectively). Moreover, this control was hampered upon increasing the temperature to 80 °C (ÐM > 1.4). Mechanistic studies, mainly based on MALDI-Tof MS analyses and DFT calculations, suggested that the ROP of rac-BL Me from NHCs.CO2 adducts at 60 °C is initiated and propagated by an "O-alkyl" bond cleavage. In contrast, a higher temperature (80 °C) leads to decarboxylation of the NHCs.CO2 adducts to produce the reactive NHC. The latter will act as an initiator to proceed the polymerization through "O-alkyl" (major route) and "O-acyl" (minor route) cleavages (Scheme 1. 13bottom). [103] Chapter 1.

Scheme 1. 13 -(top) Different NHC.CO2 catalysts; (bottom) NHC.CO2 initiated ROP of rac-BL Me under various conditions; the dashed arrow represents a minor pathway. [103] Despite that most phosphazene bases (Table 1. 3) and NHCs have been explored in the AROP of β-lactones and their mechanistic pathways were revealed, other types of phosphazene bases and heterocyclic organic activators were also probed in ROP of rac-BL Me and rac-MLA Bn . [102b, 104] Those are 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2diazaphosphorine (BEMP), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), and 1,8diazabicyclo [5.4.0]-undec-7-ene (DBU) (Figure 1. 9), which proved to be effective. Yet, their mechanistic pathways are controversial and still under investigation, leaving the door open for further examinations to possibly unveil unprecedented performances. Resumption of bibliography on the mode of action of BEMP, TBD and DBU is done in Chapter 3, with investigations on their activity towards specific β-lactones that have not yet been examined with any organic activators.

• Metal-based activators and organometallic catalysts

Herein, we briefly describe metal activators that have been quite exhaustively detailed within recent publications and reviews. [58a, 59a, 86, 93a, 94c, 105] Metal-based activators are like organic activators but with a metallic cation (CC = K + , Mg 2+ , Na + ) (Figure 1. 9). They can be weak nucleophiles such as carboxylates or strong nucleophiles such as alkoxides and hydroxides. Their mode of action depends on the nucleophilicity and the basicity of each; for example, carboxylates promote O-alkyl cleavage, while nucleophilic non-bulky alkoxides Chapter 1.

(methoxide, ethoxide) and hydroxides favour O-acyl cleavage (Scheme 1. 7), while basic bulky alkoxides (tert-butoxide) or basic compounds (naphtalenide) [106] abstract the acidic α-H of the β-lactone to produce carboxylate initiators in situ (Scheme 1. 8). [85] The difference between organic and inorganic CCs was examined to reveal that the rate of polymerization is proportional to the size of the CC. Hence, bigger size CCs such as phospahzene bases and ammonium CC showed higher reactivity than metal-based activators. [89, 92a, 105a, 107] On the other hand, organometallic catalytic systems are types of specific metal-alkoxide species supported by ancillary ligands. < 780,000 g mol -1 ; 5.2 < ÐM < 8.5). [109] In alcoholates offer syndiotactic enriched PBL Me (Pr = 0.58-0.76). The better enrichments were observed with hafnium-based complexes. In all the experiments reported, the catalysts show modest activities (TOF = 2-50 h -1 ), but a good molar mass control during the polymerization, leading to PBL Me of predictable molar masses and narrow dispersities (ÐM <1.29). [110] After that, Shaver's group has attempted to synthesize PBL Me by ROP of rac-BL Me catalyzed by achiral aluminum complexes bridged bisphenoxiimines, salen and salophen ( ). [111] Figure 1. 10 -Chromium Salophen complexes described by Rieger et al.; [109] Group 4 metal complexes studied by Jones and Davidson; [110] Salophen and aluminum salen complexes described by Shaver et al.; in stereoselective ROP of rac-BL Me . [111] Furthermore, rare earth-based complexes were mostly studied by our group, such as 2,6bis(naphtholate)yttrium/scandium/lanthanum amido catalytic systems that produce syndioenriched PBL Me (Pr up to 0.87) from ROP of rac-BL Me in toluene at 20-50 °C (Figure 1. 11 -8 to 13) with molar masses ranging from 2,600 to 40,700 g mol -1 , narrow dispersities (1.12 < ÐM <1.69) and TOF up to 720 h -1 . [112] Other series of complexes based on bis(guanidinate) yttrium and lutetium isopropoxide (Figure 1. 11 -14,15) proved able to control the ROP of rac-BL Me , giving syndio-enriched PBL Me (Pr = 0.80-0.84), with molar masses ranging from 2000 to 28,200 g mol -1 , narrow dispersities (1.09 < ÐM <1.69) and TOF up to 50 h -1 . [113] Otherwise, more active and highly stereospecific controlled ROP was achieved through achiral yttrium Chapter 1.

complexes having tetradentate ({ONXO R1R2 }; X = OMe or NMe2) ligands (Figure ). [115] Thomas and Maron et al. also studied the use of yttrium complexes coordinated by salan-like ligands with a mixture of bimetallic alcoholate complexes (Figure 1. 11 -19a-b). These complexes revealed active towards the ROP of rac-BL Me in a solution of C6D6 or THF ([BL Me ]0 = 2.4-3.4 M; i PrOH 1-5 eq) at 20°C. They lead to the formation of highly enriched PBL Me with syndiotactic sequences (Pr = 0.90), exhibiting molar masses close to those expected ones with relatively narrow dispersities (1.06 < ÐM < 1.37).

These catalysts also exhibit good ROP activities of rac-BL Me (TOF = 30-400 h -1 ). [116] Finally, the rare earth (Y, La) amido-pyridyl-phenolate complexes (Figure 1. 11 -20,21) developed by Carpentier et al. allow the synthesis of only very slightly iso-enriched PBL Me (Pm = 0.58) in the case of yttrium, and moderately syndio-enriched (Pr = 0.66) in the case of lanthanum, from rac-BL Me . [117] Figure [112][113][114][115][116][117] From all the above-mentioned catalysts, complex series 16 (Figure 1. 11) afforded the most active ROP catalysts and the highest syndioenriched PBL Me . Correspondingly, Rieger et al. rationalized the stereoselectivity of this complex (having R 1 = R 2 = t Bu) with yttrium and other rare earths such as samarium (Sm), terbium (Tb), lutetium (Lu), in the ROP of rac-BL Me by theoretical modeling DFT. This study confirms the influence of the ionic radius of the metal center on the activity and selectivity of the catalytic system. The smaller the metal, the better the activity and syndioselectivity of the complex. Thus, the best performance is observed in ROP of rac-BL Me with the yttrium and lutetium-based complexes (Table 1. 4). [118] Table d were used, they lead to the production of (S)-PDL Me and (R)-PDL Me , respectively, with a high kinetic resolution (with enantiomeric excess, ee > 99%). The ROP rac-DL Me was done under mild conditions (DCM at room temperature) and the produced isotactic PDL Me have high molar masses and narrow dispersities (4770 g mol -1 < Mn,SEC < 154,000 g mol -1 ; 1.01 < ÐM < 1.24), and thermal properties similar to natural iso-PHB (Tm = 170 °C). [119a] On the other hand, starting from meso-DL Me (R,S) (or meso-DL Et/Bn/nBu ) with the racemic catalysts 22a-d and 23 (M = Y or La; Scheme 1. 15), moderate to high syndioselective PDL R were obtained (Pr = 0.67-0.92). [119b, 119d] This study opens a new path for the synthesis of PHAs, especially PHB and its derivatives, besides, it promotes the examination of other efficient catalytic systems in stereoselective ROP. The intriguing results of the stereospecific ROP promoted by the catalysts series 16

(Figure 1. 11) of racemic β-lactones having original functionalities (esters and ethers) exceeding those in Table 1. 2, are described in Chapter 4.

Conclusion on natural and synthetic PHAs

Eventually, one can easily accept the concept that PHAs are important candidates that can diminish environmental concerns of plastics due to their intrinsic features such as biodegradability and biocompatibility. A special emphasize was put on PHB and its related PHAs derivatives, because bacterial PHB is a perfectly isotactic, crystalline material possessing properties suitable for substituting conventional plastics, yet it has some restriction in performance. PHAs can be produced naturally or synthetically (bio-or chemical). Natural or bacterial PHAs requires specific growth substrates or metabolic engineering to extract them from bacteria, while they suffer from high costs relative to conventional fossil-resourced polymers, and low production volumes makes them impractical for commodity applications.

Biosynthetic PHAs through mutating enzymes and/or DNA that are responsible for the polymer formation, can help in enhancing or boosting the production volume and offer access to already existing PHAs in nature with restricted molar masses and stereochemistry, un-optimized functionality and still encountering high production cost. [22a, 120] In order to overcome these drawbacks, polymer chemists tend to resort to chemical synthetic procedures to produce PHAs through polycondensation of β-hydroxy acids or ringopening polymerization (ROP) of β-lactones or most recently dilactones diolide (DL).

Polycondensation of β-hydroxy acids is granted by the availability of the biosorced monomers, however, it is conducted in harsh experimental conditions and produce PHAs with high dispersity (ÐM > 2) and low molar masses (maximum Mn,SEC = 5,300 g mol -1 ), because βhydroxy acid monomers tend to dehydrate and prevent their own polymerization. On the other hand, in ROP of β-lactones or DL, the monomer should usually be synthesized previously (details in Chapter 2), nevertheless ROP may be more receptive, responsive and scalable than polycondensation depending on its type, namely enzymatic (EROP), cationic (CROP), and anionic (AROP). EROP is an interesting choice because it can be operated under mild conditions (solvent free, unsensitive to water and oxygen) and the enzymes are non-toxic, hence the produced PHAs can have biomedical applications. However, the polymerization is slow ) and dispersities up to 2.5; despite of owning a wide range of simple and available cationic activators. Similar to EROP, AROP promoted by organic activators is conducted in moderate conditions (solvent free, unsensitive to water and oxygen) and the used metal free activators are mainly non-toxic giving an indisputable advantage for the produced PHAs in both microelectronic and biomedical applications. Alike CROP, the organic activators whether nucleophilic or basic are easily available in diversity and are practical, however the presence of undesirable side-reactions and complicated mechanistic aspects with regioselectivity problems (O-alkyl vs. O-acyl bong cleavage) (Figure 1. 12) is also encountered. The extent of the latter obstacles depends on the nature of the initiating organic system engaged (basicity vs. weak or strong nucleophiles; Figure 1. 12) and the choice of the β-lactone used, therefore it was revealed that when it is done judiciously, it can afford high molar mass PHAs with fair dispersities (Mn,SEC < 1,650,000 g mol -1 ; ÐM > 1.55).

Moreover, three organic activators BEMP, TBD, and DBU were noticed to have unclear mechanistic pathways and their mode of action is not yet proposed, unlike for the other extensively studied organic activators (Figure 1. 12). Fortunately, the mechanistic insights of BEMP, TBD and DBU are presented later in our work (Chapter 3). 

Introduction

Herein, the prominence of β-lactones for various industrial compounds among them our targeted PHAs is discussed. An assessment of the most used methods to synthesize β-lactones is briefly reviewed with focus on our elected approach known as, the carbonylation of epoxides.

Significance of β-lactones

β-Lactones, that is, four-membered strained ester rings, also named 2-oxetanones, represent a very well-known class of heterocyclic monomers. They have attracted a lot of interest over the past four decades, being recognized as useful organic synthons and pharmaceutical radix group. They have received an important attention for their antimicrobial, anticancer, and antiobesity properties. [1] Over 30 core scaffolds of β-lactone have been described as key structures in various natural products to date, many with potent bioactivity against bacteria, fungi, or human cancer cell lines, such as Lipstatin, Obafluorin, and Salinosporamide A (Figure 2. 1). [2] The intrinsic reactivity of β-lactones as highly electrophilic scaffolds has also prompted researchers to investigate such cyclic esters as intermediates in the formation of some important classes of molecules, such as the total synthesis of some natural compounds used in medicinal chemistry, [3] α-amino acids, [4] propionic acid, [5] tetrahydrofuran derivatives [6] or polymers. [7] Figure 2. 1 -Some natural products containing β-lactone as the core of the structure: Lipstatin (1), Obafluorin (2), and Salinosporamide A (3).

In a riveting fashion, despite than readily undergoing acidic or basic hydrolysis, β-lactones are relevant precursors for diverse reactions (Figure 2. 2). β-lactones can alter between attacking an electrophile (Figure 2. 2 -(a)) [8] or being attacked by a nucleophile

(Figure 1.14; Figure 2. 2 -(b)
), [4, 8a] decarboxylation that can be caused from thermal degradation [9] or enzymatic biocatalysts (Figure 2. 2 -(c)). [10] Ring expansion catalysed rearrangement through Lewis acids are also possible ( Figure 2. 2 -(d)), [11] besides direct Chapter 2.

conversion to β-lactam or γ-lactam (Figure 2. 2 -(e)). [12] Last and most valuable to our interests is the ability of β-lactones to ring-open polymerize to form polyesters and more precisely PHAs

(Figure 2. 2 -(f)
). [13] Hence, all of this has subjected β-lactones to extensive studies on their synthesis that are described below. 

Prevailing synthesis of β-lactones

The first synthesis of a β-lactone was described by Einhorn in 1883, [14] while the first natural β-lactone extracted from a Japanese fruit was reported in the mid of 1950's, [15] and the first chiral synthesis was established in 1982. [16] The first reported synthesis generally involved cyclization or lactonization [17] of β-halocarboxylate salts through a Knovenagel reaction (Scheme 2. 1 -(a); O-alkyl ring closing), [18] or of β-hydroxy acids mainly in the presence of alkyl chloroformate and pyridine (or other similar reagents) to activate the carboxyl group and deliver O-acyl lactonization (Scheme 2. 1 -(b)), [18b] or under Mitsunobu conditions in order to Chapter 2.

activate the hydroxyl group and afford O-alkyl lactonization (Scheme 2. 1 -(b)). [19] Otherwise, cyclization of β-amino acids was reported in diazotation medium (Scheme 2. 1 -(c); O-alkyl ring closing). [4,20] It should be noted that in case of O-alkyl lactonization, an inversion of configuration at the β-position was noticed, in contrast to that of O-acyl lactonization where configuration retention was observed; and choosing between O-alkyl and O-acyl lactonization was the common way to tune the stereochemistry of the produced β-lactone. Concerning the drawbacks, upon using β-halocarboxylate salts, the lactonization is often limited mostly by βelimination (E1) from the starting metal salt (MA), and scarcely from decarboxylative elimination of the produced β-lactone (E2; Figure 2. 2 -(c)). Also, E1 undesired reactions are highly dependent on the α-substituents, so that they increase when R1 = R2 = H, or with bulky substituents that require high temperatures (> 50°C) during lactonization which promote both E1 and E2. In the end, this method affords 9 to 12% yield of the produced β-lactone, since the latter is also reversible in the presence of metal halides (MHal) (Scheme 2. 1 -(a)). [8a, 21] On the other hand, regarding utilizing β-hydroxy acids or β-amino acids, the elimination reactions were less pronounced and the reaction yields range between 8 to 90% due to the reaction reliance on the starting material substituents, the total steps in the synthesis (starting material are not commercially available) and the catalyst used. [22] Scheme 2. 1 -Intramolecular lactonization of (a) β-halocarboxylate; [18] (b) β-hydroxy acids; [19] (c) β-amino acids, [4,20] to produce β-lactones.

Chapter 2.

In addition, C-C bond formation reactions based on catalysed [2+2] cycloadditions or

aldol condensation were also applied to produce β-lactones, especially bicyclic ones. [23] Catalysed [2+2] cycloadditions of ketenes and carbonyl compounds (aldehydes or ketones) has been first realized by Staudinger and Bareza to next become convenient and popular. [24] This reaction includes the formation of β-lactones directly, usually in the presence of (chiral) organic or metal catalyst and sometimes with good stereoselectivity (Scheme 2. 2top). However, both ketenes and carbonyl compounds need to be synthesized separately, thus the total yield will be altered and it will consume time to reach the needed β-lactone. In addition, it is difficult to produce stable and storable ketenes. Hence, sometimes the latter are produced in situ and this can affect the stoichiometric ratio leading to troublesome purification. [17,25] The aldol condensation type reactions are essentially followed by intramolecular lactonization, they are known as nucleophilic catalysed aldol-lactonization (NACL).

Concomitantly, they can provide two contiguous stereocenters leading to stereocontrolled products (Scheme 2. 2bottom). [6b, 26] Similarly to lactonization reactions discussed above, the yield for the final step (only β-lactone formation) varies from 8 to 90% depending on the substituent's functional groups.

A common deficiency of C-C methods, is the use of stoichiometric amounts of an activating agent, e.g. a base, thus a careful control of the reaction parameters is essential.

Furthermore, strict control of reaction conditions and additional auxiliaries or catalysts are often needed to induce high levels of relative and absolute stereocontrol since they suffer chronically from low enantiomeric excess (ee's). Hence, these attributes can be disadvantageous in terms of cost and operational simplicity. [17,21,23] Scheme 2. 2 -C-C bond formation approaches toward β-lactone synthesis; (top) catalyzed [2+2] cycloadditions of ketenes and aldehydes/ketones; (bottom) nucleophilic catalysed aldol-lactonization "NCAL" of aldehydes and enolates, Nu = nucleophile. [23] Chapter 2.

Realizing the industrial importance of β-lactones, a simple, atom economical, and onestep ring-expansion carbonylation of epoxides to β-lactones has been developed in the early 2000s, as an alternative to lactonization and C-C bond formation reactions (Scheme 2. 1; Scheme 2. 2). The insertion of carbon monoxide (CO) into an epoxide, has important advantages, not only because of the nature of the reaction but also because the starting materials are typically inexpensive and are abundant feedstocks (CO and epoxides). This path has mainly become viable through the work of Alper et al. [27] and Coates et al. [28] , who have demonstrated efficient carbonylation of epoxides by a series of homogeneous catalysts constituted of a [Lewis acid] + and [Co(CO)4] -. In 2001, Alper and co-workers were the first to improve the already reported carbonylation catalyst systems such as Co2(CO)8, Co2(CO)8/pyridine, Co2(CO)8/3hydroxypyridine, and RhCl(CO)(PPh3)2, [27,29] that initially gave low yields of alkyl substituted ). [27] It is true that [PPN] + [Co(CO)4] -/BF3.Et2O system advanced the field substantially, providing β-lactones with good turnover frequencies (TOF = 3.2 h -1 ); yet, this catalyst required a high temperature (80 °C), a high catalytic loading (2 mol %), and external additives (BF3).

β-lactones ( 

Figure 2. 3 -Different catalyst systems reported for the carbonylation of epoxides into β-lactones by

Alper et al. [27] & Coates et al. [28] Chapter 2.

Later on, from 2001 to 2008, Coates et al. worked on improving the catalyst system into a single component, addressing a variety of epoxide substrates under milder conditions and resulting in higher yields of β-lactones. Taking into consideration that the active ion pair is essential in the efficiency of the epoxide carbonylation and that the carbonyl is an effective nucleophilic ligand, thus it is about modifying the cation to ultimately establish a well-defined Figure 2. 3 -(5)-(9)). Indeed, the efficiency of carbonylation was found to dependent on the catalyst used, with complexes

homogeneous bimetallic complex, namely [(L)nM] + [Co(CO)4] -(
(5) and (6) (Figure 2. 3) being the least efficient. They required a high temperature of 50-60 °C and a pressure of 42 bars, with reaction times within 10 h, with moderate regioselectivity regarding the attack of Co(CO)4 -especially for sterically hindered functionalities leading to a mixture of α and β-substituted lactones. [28a, 28b] Complexes (8) and (9) (Figure 2. 3) under the same conditions (60 °C, 42 bar) exhibited a substantially increased activity providing a TOF value of 1670 h -1[28c, 28d] . Ultimately, catalyst (7) revealed to be the most active and selective carbonylation catalyst reported to date for a wide range of epoxides, with excellent yields (typically > 70%). It has good functional group tolerance along with a unique efficiency even under very mild condition such as, a CO pressure as low as 1 atm, a low temperature (22 °C), a minimal catalyst loading, hence enabling a simplified product isolation and removal of trace metals. [28e, 28f] A mechanism consisting in several steps was proposed, involving: undergo a β-hydride elimination followed by the enolate protonation and tautomerization, to afford a ketone as a by-product (Scheme 2. 3, pathway B). [28] The retention of configuration at the β-position encouraged the synthesis of enantiopure β-substituted β-lactones through this carbonylation starting from the enantiopure related epoxide. [28] Scheme 2. 3 -Mechanism proposed by Coates et al. for the carbonylation of epoxides to β-lactone mediated by [(L)nM] + [Co(CO)4] -catalyst. [28] In fact, carbonylation of enantiopure epoxides proceeds with high yields depending on the substituents (> 65%). The remaining encounter of this approach was the synthesis of the enantiopure epoxides and this can fortunately be done via the hydrokinetic resolution (HKR)

reported by Jacobsen et al. using the chiral (salen)Co (III) complex.OAc catalyst ((S,S)-or (R,R)-(-)-N,N-bis (3,5-di-tert-butylsalicylidene)-, 2-cyclohexanediaminocobalt(II), (10); Scheme 2.

4).

The HKR reaction has several appealing features from a practical standpoint, including the use of H2O as a reactant and low loadings (0.2-2.0 mol %) of a recyclable, commercially available catalyst. In addition, the HKR displays extraordinary scope, as a wide assortment of sterically and electronically varied epoxides can be resolved to get 99% ee while the minimal yield is around 35%. [30] Scheme 2. 4 -Hydrokinetic resolution (HKR) reaction for rac-epoxides to enantiopure epoxides using Jacobsen chiral catalyst (10). [30] Chapter 2.

Notably, in 2013-2018, due to the effectiveness of the epoxide carbonylation method ). [31] Figure 2. 4 -Illustration of the metal cluster structure of Co(CO)4⊂Cr-MIL-101 with coordinated THF molecules, a heterogeneous catalyst for epoxide carbonylation to β-lactones.

It is worth mentioning the newly discovered synthesis, in 2016, of β-lactones via a biochemical method in the presence of a specific enzyme named lactone synthetase or OleC.

OleC was found to transform specific long (C8 and C9) disubstituted β-hydroxy acids with 90% conversion to β-lactones. [10] However, the exclusively long substituted compatibility to OleC leads to solubility problems. Moreover, an enzyme engineering development should be done so that the enzyme can accept a new range of short or bulky substituted chains on the β-lactones.

[1c]

Stand and outlooks on the synthesis of β-lactones

β-lactones were noticed to be versatile, resourceful, and flexible precursors for multiple privileged classes of industrial compounds, especially in medicine (anti-cancer, anti-obesity, anti-inflammatory …) and in the synthesis of bioplastics (PHAs). This prominence has stimulated the effort on their synthesis. Almost all β-lactones are prepared through four main routes: intramolecular lactonization, [2+2] cycloaddition, NACL, or carbonylation of epoxides.

Among them, the latter requires the milder conditions, provides better yields and higher stereocontrol, offering a viable, efficient, and economical approach that is of high importance for the industry. Furthermore, carbonylation is characterized by cheap, stable and readily available diverse epoxide substrates, in contrast to the other methods for which the synthesis of the starting materials should be done and sometimes through multistep processes. Anyway, one cannot deny the importance of all the methods depending on the targeted β-lactone and its subsequent use. Finally, since the carbonylation of epoxides is the most practical method to produce assorted functional β-lactones on a multigram scale, it was the nominated approach in our work as portrayed hereafter.

Results and discussion

At this point, our interests to produce functional β-lactones rely on their ability in affording substituted or functional PHAs ( 

Synthesis and characterization of racemic and enantiopure functional epoxides "G FG s"

As previously mentioned, most racemic epoxides are commercially accessible.

However, for our chosen functionalities, some (i. Chapter 2.

The synthesis of enantiopure (S)-G FG s (FG = OPh, SPh, OTBDMS, O i Pr, O t Bu) was performed through HKR reaction starting from their related racemic epoxides (rac-G FG s (FG = OPh, SPh, OTBDMS, O i Pr, O t Bu)). HKR was performed using 5% Jacobsen chiral catalyst ((R,R)-( 10)) in the presence of 2% acetic acid (HOAC) and 50% water (Scheme 2. 4). The produced (S)-G FG were separated by distillation from their associated formed diols, and then characterized by NMR (Appendix 1), chiral high performance liquid chromatography (HPLC)

or chiral gas chromatography (GC) depending on the pendent substituent (Table 2. 1). 

Synthesis and characterization of racemic and enantiopure functional β-lactones "BPL FG s"

As aforementioned, the carbonylation reaction of racemic epoxide to racemic β-lactone is an efficient and simple approach, and catalyst (7) showed to be the most effective (Figure 2. 3). Therefore, the first attempt to synthesize our targeted rac-BPL FG s (FG = OAll, O rac-BPL OnBu[28e] 100 82

rac-BPL OBn [32] 100 62

rac-BPL OTBDMS[28e] 100 60

rac-BPL OPh [32] 100 75

rac-BPL OiPr[28e] 100 65 *rac-BPL SPh was synthesized by radical reaction in the 1980s as an intermediate in situ, but never been isolated and characterized. [33] As seen from Finally, and unexpectedly, neither of rac-G OP(O)Ph2 or rac-G NBn2 was able to be converted into the corresponding rac-BPL OP(O)Ph2 or rac-BPL NBn2 in the presence of (7) (Table 2. 2). Consequently, other approaches were studied for the synthesis of rac-BPL OP(O)Ph2 and rac-BPL NBn2 . For instance, reactions of rac-BPL OH ( bar CO(g) while it failed in the presence of catalyst (7). [27] In this manner, under the same latter conditions (2mol% [PPN] + [Co(CO)4] -/BF3.Et2O, at 80 °C and 60 bar CO), the carbonylation of rac-G OP(O)Ph2 and rac-G NBn2 were performed (Scheme 2. 8). Interestingly, rac-BPL OP(O)Ph2 was obtained effectively with 60% isolated yield (Table 2. 3entry 2), while rac-BPL NBn2 revealed to be a little trickier. Despite that, using (4), all the rac-G NBn2 was consumed unlike the reaction with (7), yet still, it afforded the corresponding five membered γ-lactone, namely 4-(dibenzylamino)dihydrofuran-2(3H)-one (rac-GPL NBn2 ), instead of the targeted rac-BPL NBn2 (Table 2. 3entry 3).
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Table 2. 3 -rac-G FG s conversions and isolated yields for each of the synthesized rac-BPL FG s through carbonylation reaction promoted by (4). [27] Entry β-Lactone (BPL FG s) Conversion (%) Yield (%) . Moreover, a stability study was done for rac-BPL SPh in particular, due to its structure similarity with the unstable rac-BPL SBn (vide supra). Indeed, rac-BPL SPh was found to act similarly to rac-BPL SBn (Scheme 2. 7) after storage at -30 °C for a couple of days (Figure 2. 12), yet with a higher stability than that of rac-BPL SBn . Consequently, rac-BPL SPh was handled carefully during its purification (refer to the experimental section, vide infra) and used directly after its synthesis.

Analysis of rac-BPL OP(O)Ph2 by 1 H/ 13 C/ 31 P NMR, 2D COSY/HMBC (Appendix 7,8), ESI, and X-ray crystallography (XRC) (Figure 2. 15 to Figure 2. 17) confirmed its structure and purity. ). The three fragmentation products are described from right to left and correspond to the loss of OH to form another benzene-P bond (m/z =285.0676), or the loss of C4H4 ring (m/z =219.0569), and the subsequent loss of H2O (m/z =219.0464), respectively. Refer to the literature for details on the fragmented products. [34] Figure 2. 17 -ORTEP representation of the molecular structure of rac-BPL OP(O)Ph2 , hydrogen atoms are omitted for clarity.

Lastly, the synthesis of the required enantiopure BPL FG s (FG = OTBDMS, OPh, SPh, O i Pr, O t Bu) was performed according to the same approach as for the preparation of rac-BPL FG s. Hence carbonylation was achieved starting from the synthesized (S)-G FG s (FG = OTBDMS, OPh, SPh, O i Pr, O t Bu; Table 2. 1) mediated by 1% of (7) in dry DME at room temperature to directly afford the corresponding (S)-BPL FG s (Scheme 2. 9), since carbonylation is able to retain the configuration at the β-position (Scheme 2. 3). The obtained yields and Chapter 2.

conversions are very similar to those of rac-BPL FG s, respectively (Table 2. 2), as the 1 H and 13 C NMR spectra. Scheme 2. 9 -Synthesis of enantiopure (S)-BPL FG s through carbonylation of (S)-G FG s mediated by achiral catalyst (7).

Conclusion: achievements and blueprints

The synthesis of racemic and enantiopure epoxides precursors (rac-G FG s and (S)-G FG s) prior to their subsequent carbonylation, was successfully performed in fair-to-high yields (50-75% and 39.8-43.33%; respectively) through the nucleophilic substitution and HKR mediated by chiral catalyst (10) reactions, respectively. Then, the production of a collection of known and innovative functional racemic and enantiopure β-lactones abbreviated as rac- BPL SBn appeared to be unstable, rapidly undergoing decomposition and ring expansion rearrangements. On the other hand, BPL OP(O)Ph2 revealed to be a highly stable solid compound, but it was necessary to be synthesized using a different catalyst than (7), namely

[PPN] + [Co(CO4)] -(4), under less mild conditions (high temperature (80 °C), high CO pressure (60 bars), and with Lewis acid additive (BF3)) in comparison to other BPL FG s. Nevertheless, BPL OP(O)Ph2 was synthesized herein, for the first time, in high isolated yield (60%), and fully characterized. Optimization toward a higher yield under milder operating conditions (e.g. lower temperature, pressure, and time) could still be sought for. The synthesis of rac-BPL NBn2 revealed the most challenging, for which two carbonylation routes were evaluated, namely using (7) under mild conditions or using (4) under harsher conditions. Whereas the epoxide corresponding to rac-BPL NBn2 , that is rac-G NBn2 remained unreacted in the presence of (7), it was quantitatively converted in the presence of ( 4), yet into the corresponding five membered ring γ-lactone instead. Anyhow, further investigations of the operating conditions using catalyst (4) could be carried out, such as decreasing the temperature (< 80 °C) and the BF3 loading (< 2mol%) while increasing the catalyst loading and monitoring the reaction to detect the degradation of rac-BPL NBn2 . Otherwise, replacing rac-BPL NBn2 by rac-BPL NPh2 may prevent or reduce its rearrangement driving force and at the same time it may maintain the nitrogen functionality, similarly to the behavior of rac-BPL SBn vs. rac-BPL SPh . Fortunately, all the BPL FG s were synthesized in significant amount, way sufficient to be subsequently investigated in ring-opening polymerization (ROP) by organic activators (Chapter 3) or organometallic catalyst systems (Chapter 4).

Experimental section

Material and methods

All manipulations involving organometallic catalysts were performed under inert atmosphere (argon, < 3 ppm O2) using standard Schlenk, vacuum line, and glovebox techniques.

Solvents were freshly distillated from Na/benzophenone under argon and degassed thoroughly by freeze-thaw-vacuum cycles prior to use. Racemic glycidol (rac-G OH ), glycidyl allyl ether (rac-G OAll ), glycidyl n-butyl ether (rac-G OnBu ), glycidyl benzyl ether (rac-G OBn ), glycidyl phenyl ether (rac-G OPh ), glycidyl iso-propyl ether (rac-G OiPr ), and glycidyl tert-butyl ether (rac-G OtBu ) were dried onto and distilled from CaH2 and then stored over 3-4 Å activated molecular sieves (Sigma) in the fridge (-27 °C). Racemic glycidyl tert-butyldimethysilyl ether (rac-G OTBDMS ), [35] 2-((benzylthio)methyl)oxirane (rac-G SBn ), [36] 2-((phenylthio)methyl)oxirane (rac-G SPh ), [36] oxiran-2-ylmethyl diphenylphosphinate (rac-G OP(O)Ph 2 ), [37] epibromohydrin (rac-G Br ), [38] and N,N-dibenzyl-1-(oxiran-2-yl)methanamine (rac-G NBn 2 ) [39] were synthesized according or similar to literature reports, dried onto and distillated from CaH2 and then stored over 3-4 Å activated molecular sieves in the fridge (-27 °C). Enantiopure (S)-phenyl glycidyl ether ((S)-G OPh ), (S)-2-((phenylthio)methyl)oxirane ((S)-G SPh ), (S)-glycidyl tertbutyldimethysilyl ether ((S)-G OTBDMS ), (S)-glycidyl iso-propyl ether ((S)-G OiPr ), and (S)glycidyl tert-butyl ether ((S)-G OtBu ) were prepared by hydrolytic kinetic resolution (HKR) of the corresponding racemic compound following the reported procedure. [30] [Salph(Cr(THF)2)][Co(CO)4], [28e, 40] [PPN][Co(CO)4], [40a, 41] , rac-BPL FG s (FG = OAll, O n Bu, OBn, OPh, SPh, SBn, OTBDMS, O i Pr, O t Bu, OH, OP(O)Ph2, NBn2) and (R)-BPL FG s (FG = SPh, SBn, OTBDMS, O i Pr, O t Bu) were synthesized according to the literature procedures. [27,42] Racemic epichlorohydrin (rac-G Cl ), (R,R)-(-)-N,N-bis (3,5-

di-tert-butylsalicylidene)-,2- Chapter 2.
cyclohexanediaminocobalt(II), and all other reagents were purchased from Aldrich, Sigma or Acros and used as received.

Reactions were monitored by thin layer chromatography (Merck TLC silica gel 60 F254 on aluminium sheets) and visualized under UV irradiation at 254 nm, KMnO4 and anisaldehyde staining solution. Compounds were purified by column chromatography using Geduran® silica gel 60 (0.040-0.063 nm). Retardation factor (Rf) calculations as based on the experimental TLC and the eluent, is indicated in brackets.

Instrumentation and measurements

1 H (500 and 400 MHz), 13 C{ 1 H} (125 MHz and 100 MHz) and 31 P (162 MHz and 202 MHz) NMR spectra were recorded on Bruker Avance AM 500 and Ascend 400 spectrometers at 25 °C. 1 H, 13 C{ 1 H} and 31 P NMR spectra were referenced internally relative to SiMe4 ( = 0 ppm) using the residual solvent resonances.

Chiral HPLC analysis of (S)-G FG (FG = OPh, SPh) was performed on a Thermofisher Scientific chromatograph equipped with a Chiralcel-OD DAICEL column (250 mm × 4.6 mm, 5 µm) and a UV detector at 214 nm at 20 °C, using for (S)-G OPh : hexane/isopropanol 90:10 v/v (1 mL.min -1 , 22 bar) and (S)-G SPh : hexane/isopropanol 99.5:0.5 v/v (0.9 mL.min -1 , 23 bar).

Chiral GC analysis (S)-G FG (FG = OTBDMS, O i Pr and O t Bu) was performed on a Shimadzu chromatograph, injecting 1 μL sample for 25 min. For (S)-G OTBDMS , a capillary Chiralcel-OD (25 m × 0.2 mm) column at 135 °C (constant temperature), using helium as carrier gas (0.94 mL.min -1 , pressure: 101 kPa). For (S)-G OiPr/OtBu , Chiralsil DEX CB Varian CP7502 (25 m × 0.25 mm) column inject temperature 50 °C, then ascending to 135 °C to 200-220 °C, using helium as carrier gas (0.94 mL.min -1 , pressure: 101 kPa). Mass spectra were recorded at "Centre de Mesures Physiques de l'Ouest" CRMPO-ScanMAT (Rennes, France). ESI mass spectra were recorded on an orbitrap type Thermofisher Scientific Q-Exactive instrument with an ESI source in positive mode by direct introduction with a flow rate of 5-10 µL min -1 . Samples were prepared in CH2Cl2/MeOH at 10 µg mL -1 .

Synthesis of rac-G FG s Synthesis of rac-G SPh from rac-G Cl

A Schlenk flask was put in an ice bath (0 °C) and charged with K2CO3 (22 g, 159 mmol), thiophenol HSPh (5. 85 g, 53.14 mmol) and solubilized in DMSO, under argon. Then dry epichlorohydrin rac-G Cl (5.9 g, 63.77 mmol) was added dropwise using a degassed syringe at 0 °C. The reaction was left to run overnight at room temperature. On completion, the reaction mixture was extracted with dichloromethane (25 mL × 3) and the combined organic layers were washed with water (205 mL × 2) then dried over anhydrous Na2SO4 before the solvent was removed under reduced pressure. Purification by flash column chromatography on silica gel (8.5:1.5 n-hexane/ethyl acetate) gave rac-G SPh (50% yield, 4.48 g) as yellow viscous liquid. Its spectral data were consistent with data reported in the literature. [43] 1 H NMR (400 MHz, CDCl3, 25 °C)  (ppm): δ 7. 49 -7.40 (m, 2H), 7.36 -7.29 (m, 2H), 7.27 -7.20 (m, 1H), 3.25 -3.12 (m, 2H), 2.97 (dd, 2 JH-H = 15 Hz, 3 JH-H = 7.3 Hz, 1H), 2.79 (ddd, 2 JH-H = 5 Hz, 3 JH-H = 4 Hz, 4 JH-H = 1 Hz, 1H), 2.54 (dd, 2 JH-H = 5 Hz, 3 JH-H = 2 Hz, 1H) (Figure 2. 6).

Synthesis of rac-G SBn from rac-G Cl

A Schlenk flask was placed in an ice bath (0 °C) and charged with K2CO3 (18. 65 g, 135 mmol), and benzyl mercaptan HSBn (5.58 g, 45 mmol), and solubilized in DMSO under argon.

Then, dry epichlorohydrin rac-G Cl (5 g, 54 mmol) was added dropwise using a degassed syringe at 0 °C. The reaction was stirred overnight at room temperature. On completion, the reaction mixture was extracted with dichloromethane (25 mL × 3) and the combined organic layers were washed with water (205 mL × 2), then dried over anhydrous Na2SO4 before the solvent was removed under reduced pressure. Purification by flash column chromatography on silica gel (9:1 n-hexane/ethyl acetate) gave rac-G SBn (62% yield, 5 g) as a yellow viscous liquid. Its spectroscopic data were consistent with data reported in the literature. [36] 1 H NMR (400 MHz, CDCl3, 25 °C)  (ppm): δ 7.37 -7.16 (m, 5H), 3.81 (d, 4 JH-H = 3 Hz, 2H), 3.12 -3.03 (m, 1H), 2.76 (dd, 3 JH-H = 4 Hz, 3 JH-H = 4.4 Hz, 1H), 2.62 (dd, 2 JH-H = 14 Hz, 3 JH-H = 6 Hz, 1H), 2.55 -2.48 (m, 2H) (Figure 2. 6).

Synthesis of rac-G OTBDMS from rac-G OH

In a round bottom flask, glycidol (5.36 g, 72.4 mmol), TBMSCl (16.8 g, 111 mmol) and imidazole (7.59 g, 111 mmol) were dissolved in dry DMF (100 mL). The reaction mixture was stirred at room temperature overnight. The resulting precipitate was filtered off over a thick? layer of celite, and the solution was concentrated. The resulting residue was purified by flash column chromatography on silica gel (9:1 n-hexane/ethyl acetate) to give rac-G OTBDMS (75% yield, 10 g) as colourless viscous liquid. Its spectroscopic data were consistent with those reported in the literature. [35] 1 H NMR (400 MHz, CDCl3, 25 °C)  (ppm): δ 3.82 (dd, 2 JH-H = 12 Hz, 3 JH-H = 3 Hz, 1H), 3.62 (dd, 2 JH-H = 12 Hz, 3 JH-H = 5 Hz, 1H), 3.04 (tt, 3 JH-H = 5 Hz, 3 JH-H = 3 Hz, 1H), 2.72 (dd, 3 JH-H = 5 Hz, 3 JH-H = 4 Hz, 1H), 2.59 (dd, 3 JH-H = 5 Hz, 3 JH-H = 3 Hz, 1H), 0.87 (s, 9H), 0.05 (s, 3H), 0.04 (s, 3H) (Figure 2. 6).

Synthesis of rac-G OP(O)Ph2 from rac-G OH

In a Schlenk flask, glycidol rac-G OH (2 g, 27.30 mmol) in THF (15 mL) was added to a solution of ClP(O)Ph2 (7. 73 g, 32.76 mmol) in THF (15 mL) at 0 °C. NEt3 (3.32 g, 32.76 mmol) was then added dropwise to the reaction mixture at 0 °C. A white precipitate (NEt3HCl) was formed directly. The reaction was stirred overnight at room temperature. Purification was done firstly by filtration of NEt3HCl and then by flash column chromatography on silica gel (3:7 nhexane/ethyl acetate) to give rac-G OP(O)Ph 2 (70% yield, 5.25 g) as yellow viscous oil. Its spectroscopic data were consistent with those reported in the literature. [37] 1 H NMR (400 MHz, CDCl3, 25 °C)  (ppm): δ 7.89 -7.74 (m, 4H), 7.58 -7.39 (m, 6H), 4.29 (ddd, 2 JH-H = 12 Hz, 3 JH-H = 8 Hz, 3 JH-P = 3 Hz, 1H), 3.93 (ddd, 2 JH-H = 12 Hz, 3 JH-H = 8 Hz, 3 JH-P = 6 Hz, 1H), 3.27 (ddt, 3 JH-H = 6 Hz, 3 JH-H = 4 Hz, 3 JH-H = 3 Hz, 1H), 2.81 (dd, 3 JH-H = 5 Hz, 3 JH-H = 5 Hz, 1H), 2.64 (dd, 3 JH-H = 5 Hz, 3 JH-H = 2.6 Hz, 1H) (Figure 2. 6).

31 P NMR (162 MHz, CDCl3, 25 °C)  (ppm): δ 32.82 (Figure 2. 6).

Synthesis of rac-G NBn2 from rac-G OH

In a round bottom flask, epibromohydrin (1 g, 7.35 mmol), HNBn2 (1.04 g, 5.25 mmol) and potassium carbonate (8.71 g, 6.30 mmol) were dissolved in DMF (10 mL). Then, the mixture was stirred at room temperature overnight, and the reaction was quenched with NH4Cl (20 mL) and diluted with water (80 mL). After that, the reaction mixture was extracted with dichloromethane (100 mL x 2) and washed with a solution of 1:1 brine and water. The combined organic layers were dried over Na2SO4 and concentrated over vacuum. Purification was accomplished using silica column flash chromatography (7:3 n-hexane/ethyl acetate) to yield rac-G NBn 2 (65% yield, 0.87 g) as colourless oil. Its spectroscopic data were consistent with those reported in the literature. [39] 1 H NMR (400 MHz, CDCl3, 25 °C)  (ppm): δ 7. 57 -7.50 (m, 4H), 7.48 -7.40 (m, 4H), 7.39 -7.32 (m, 2H), 3.94 (d, 2 JH-H = 14 Hz, 2H), 3.70 (d, 2 JH-H = 14 Hz, 2H), 3.25 -3.13 (m, 1H), 2.90 (dd, 2 JH-H = 14 Hz, 3 JH-H = 4 Hz, 1H), 2.75 (dd, 3 JH-H = 5 Hz, 3 JH-H = 4 Hz, 1H), 2.60 -2.43 (m, 2H) (Figure 2. 6).

Synthesis of enantiopure (S)-G FG s Synthesis of (S)-G OPh

The catalyst (R,R)-10 (80.5 mg, 130 μmol) was dissolved in racemic phenyl glycidyl ether, rac-G OPh (4 g, 26.67 mmol), AcOH (0.032 g, 0.53 mmol) and THF (0.3 mL) when using a solid diol. The solution was cooled to 0 °C and treated with H2O (0.26 g, 14.67 mmol). After 18 h, (S)-phenyl glycidyl ether (1.73 g, 43.33% yield) was isolated by vacuum distillation using a Kügelrorh oven (150 °C, 0.15 torr) as a colourless viscous liquid. Its spectroscopic data were consistent with those of the commercially available rac-G OPh .

Synthesis of (S)-G SPh

The catalyst (R,R)-10 (54.5 mg, 90 μmol) was dissolved in rac-G SPh (3 g, 18.07 mmol), AcOH (0.022 g, 0.36 mmol) and THF (0.2 mL). The solution was cooled to 0 °C and treated with H2O (0.18 g, 9.94 mmol). After 18 h, (S)-G SPh (1.26 g, 42% yield) was isolated by vacuum distillation using a Kügelrorh oven (40 °C, 0.15 torr) as a yellow viscous liquid. Its spectroscopic data were consistent with those of the synthesized rac-G OPh (vide supra).

Synthesis of (S)-G OTBDS

The catalyst (R,R)-10 (48.17 mg, 80 μmol) was dissolved in rac-G OTBDMS (3 g, 15.96 mmol), AcOH (0.019 g, 0.32 mmol) and THF (0.2 mL). The solution was cooled to 0 °C and treated with H2O (0.16 g, 8.78 mmol). After 18 h, (S)-G OTBDMS (1. 19 g, 39.8% yield) was isolated by vacuum distillation using a Kügelrorh oven (120 °C, 0.15 torr) as a colourless viscous liquid. Its spectroscopic data were consistent with those of the synthesized rac-G OTBDMS (vide supra).

Synthesis of (S)-G OiPr

The catalyst (R,R)-10 (143 mg, 240 μmol) was dissolved in rac-G OiPr (5. 5 g, 15.96 mmol), AcOH (0.057 g, 0.95 mmol). The solution was cooled to 0 °C and treated with H2O (0.47 g, 26.08 mmol). After 18 h, (S)-G OiPr (2. 33 g, 42.4% yield) was isolated by vacuum Chapter 2. distillation using a Kügelrorh oven (50-60 °C, 0.15 torr) as a colourless viscous liquid. Its spectroscopic data were consistent with those of the commercially available rac-G OiPr .

Synthesis of (S)-G OtBu

The catalyst (R,R)-10 (128 mg, 210 μmol) was dissolved in rac-G OtBu (5. 5 g, 42.31 mmol), AcOH (0.051 g, 0.85 mmol). The solution was cooled to 0 °C and treated with H2O (0. 42 g, 23.27 mmol). After 18 h, (S)-G OtBu (2.29 g, 41.7% yield) was isolated by vacuum distillation using a Kügelrorh oven (50 °C, 0.15 torr) as a colourless viscous liquid. Its spectraoscopic data were consistent with those of the commercially available rac-G OtBu .

Typical carbonylation procedure via ( 7 The carbonylation of (S)-BPL OTBDMS was performed similarly but starting from (S)-G OTBDMS and gave (S)-BPL OTBDMS as a colourless viscous liquid (3.65 g, 58% yield) that displayed NMR spectra identical to those of rac-BPL OTBDMS (vide supra). Both rac-BPL OTBDMS and (S)-BPL CH 2 OTBDMS were stored under argon in the fridge at -27 °C.

Carbonylation of rac-G nBu to rac-BPL nBu

Carbonylation of rac-/(S)-G OTBDMS to rac-/(S)-BPL OTBDMS

Carbonylation of rac-/(S)-G OPh to rac-/(S)-BPL OPh

Following the typical experiment previously reported, using

[Salph(Cr(THF)2)][Co(CO)4] (235 mg, 0.26 mmol) and rac-G OPh (3.88 g, 25.9 mmol, 100 equiv.) afforded rac-BPL OPh as a white solid., that was next crystallized from diethyl ether to give pure white crystals of 4-phenoxymethylene--propiolactone (rac-BPL OPh ) (75% yield, 3.5 g). The carbonylation of (S)-phenyl glycidyl ether was performed similarly but starting from (S)-G OPh and gave (S)-BPL OPh as an off-white solid (3.45 g, 74% yield) that displayed NMR spectra identical to those of rac-BPL OPh (vide supra). Both rac-BPL OPh and (S)-BPL CH 2 OPh were stored under argon in the fridge at -27 °C.

Carbonylation of rac-/(S)-G SPh to rac-/(S)-BPL SPh

Following the typical experiment previously reported, using

[Salph(Cr(THF)2)][Co(CO)4] (218 mg, 0.24 mmol) and rac-G SPh (4 g, 24 mmol, 100 equiv.)

afforded rac-BPL SPh as a pale yellow viscous liquid. Purification was done through a silica column using CHCl3 as eluent followed by drying over 3-4 Å molecular sieves (thus avoiding distillation due to rac-BPL SPh unstability). Also, drying solvent residues was under reduced pressure at 0 °C to finally afford rac-BPL SPh (51% yield, 2.4 g) as yellow viscous oil. The carbonylation of (S)-BPL SPh was performed similarly but starting from (S)-G SPh and gave (S)-BPL SPh as a yellow viscous liquid (2.2 g, 47% yield) that displayed NMR spectra identical to those of rac-BPL SPh (vide supra). To prevent the degradation of rac-BPL SPh and (S)-BPL SPh , they were both freshly prepared prior to use. The carbonylation of (S)-BPL OiPr was performed similarly but starting from (S)-G OiPr and gave (S)-BPL OiPr as colourless viscous liquid (4.3 g, 62.8% yield) that displayed NMR spectra identical to those of rac-BPL OiPr (vide supra). Both rac-BPL OiPr and (S)-BPL OiPr were stored under argon in the fridge at -27 °C. equiv.) afforded rac-BPL OtBu isolated following a double distillation using a Kügelrorh oven (190-200 °C under vacuum of 0.1 torr) as a colourless viscous liquid (64% yield, 3.13 g). .0]-undec-7-ene (DBU), [1] that were recently used in the ROP of prevalent β-lactones (BL Me , MLA Bn ), and their mechanistic aspects are still not fully understood to date.

Carbonylation of rac-/(S)-G OiPr to rac-/(S)-BPL OiPr

Carbonylation of rac-/(S)-G

In 

Pioneering ROP of cyclic esters mediated by organic activators: Mechanistic aspects

One particular interest of our work being the comprehension of the mechanistic pathway of BEMP, TBD, and DBU-promoted ROP of β-lactones, it is essential to relate our studies to the modes of action of these catalysts in the ROP of related cyclic ester monomers that similarly feature an ester group (OC=O) and α-hydrogen; this is notably the case of the previously investigated larger cyclic esters that are lactide "LA", δ-valerolactone "δ-VL", and εcaprolactone "ε-CL". Within the past two decades, extensive studies were done on the ROP mediated by BEMP, TBD, and DBU of these latter commercially available cyclic esters, to obtain poly(lactide) (PLA), poly(δ-valerolactone) (PVL) and poly(ε-caprolactone) (PCL), respectively (Table 3. 1). [2] Generally, polymerizations were performed using distinct reaction conditions such as different reaction temperature, solvent or absence of solvent, and most notably the presence or absence of alcohol co-initiator and/or organic cocatalyst accompanying BEMP, TBD or DBU. The characteristics and the activity of BEMP, TBD, and DBU towards these cyclic esters is demonstrated separately thereafter.

Chapter 3.

active organocatalyst in the ROP of rac-LA and L-LA (with monomer loading ca. DP = 100) in toluene at room temperature when accompanied with BnOH and 1-pyrene butanol, respectively. Isotactic-enriched PLA (probability of isotactic enchainment of adjacent monomer units; Pm = 0.70; Mn,SEC =15,000 g mol -1 ; ÐM =1.05), and pure isotactic PLA (Pm = 0.98; Mn,SEC =13,000 g mol -1 ; ÐM =1.08), were afforded after 66 h (97% conversion of rac-LA)

and 23 h (76% conversion of L-LA), respectively. Whereas PVL was produced in bulk from BEMP/1-pyrene butanol system from δ-VL, with 70% conversion off 100 equivalents, after 73 h, reaching a molar mass of 9200 g mol -1 and ÐM 1.12. On the other hand, the ROP of ε-CL was sluggish (14% conversion of 100 equivalents after 10 days) even at elevated temperatures (80 °C). [8] Under such circumstances, BEMP was estimated to catalyse the ROP of LA, δ-VL and ε-CL by activating the alcohol co-initiator via a proton transfer mechanism. In this type of mechanisms, BEMP facilitate the alcohol attack (increase its nucleophilicity) on the monomer carbonyl group to ring-open the monomer via O-acyl cleavage, and then to continue propagation through pseudo-anionic active specie (Scheme 3. 1). This proposal was based on 1 H NMR analyses that showed the presence of an intermolecular hydrogen bond between BEMP and the acidic hydrogen of the alcohol, and the absence of BEMP-LA/VL/CL adduct (N-CO bond) in solution. [8] Scheme 3. 1 -Proposed mechanism of the ROP of cyclic esters (LA, δ-VL, ε-CL) promoted by a BEMP-ROH catalytic system, revealing the catalytic activity of BEMP via H-transfer and its regeneration. [8] Further studies successfully enhanced the activity of BEMP by associating it with a Hbond donating cocatalyst to increase the ring-strain of the monomer, such as with thiourea (TU)

or Urea (Urea1-3) (Scheme 3. 2top), resulting in bifunctional phosphazene-thiourea/urea 121 Chapter 3. catalytic systems. [9] The ROP process was found to be depended on the cocatalyst and on the solvent used. For example, upon using a 5%mol TU -5%mol BEMP catalytic system with ROH in toluene for the ROP of δ-VL (DP = 500) and ε-CL (DP = 100) at room temperature, PVL was obtained in good yield after 5 h (98% conversion, ÐM = 1.01) and PCL was recovered after 75 h (94% conversion, ÐM = 1.02). [10] However, 5%mol Urea1 -5%mol BEMP and ROH catalytic system was shown to be more effective, where PVL (DP = 500) and PCL (DP = 100)

were produced in C6D6 in good yields and narrow dispersities only in 10 min (90% conversion, ÐM = 1.05) and 6 min (90% conversion, ÐM = 1.04), respectively. Nevertheless, the same ROPs failed to reach full conversion in more polar solvents, e.g. THF or acetone-d6, within 30 min. [11] Interestingly, when performing the ROP of δ-VL (DP = 500) in the absence of any solvent at room temperature, PVL with high molar masses and narrow dispersities (95% conversion,

Mn,SEC = 108,000 g mol -1 , ÐM = 1.04) were obtained with higher rates than in C6D6 (3 min vs.

10 min) even with lower catalyst/cocatalyst loadings (0.5%mol Urea1 -0.5%mol BEMP and ROH); the only drawback was the solidification of the reaction medium at high conversions >

60%, yet living polymerization was achieved. [12] Another attempt on the ROP of δ-VL (DP = 100) fostered by 2.5%mol Urea2-3 -2.5%mol BEMP and ROH catalytic system in toluene to reach 94% and 95% conversion in 45 sec and 20 sec at room temperature with Urea2 and Urea3, respectively. It was noted that the activity of cocatalyst Urea3 was higher than that of Urea2 as the result of the acidity of Urea3 (pKa DMSO = 16.1) which is closer to the acidity of BEMPH + (pKa DMSO = 16.5) than Urea2 (pKa DMSO = 13.8). [13] The authors suggested that the TU/Urea-BEMP-ROH catalytic system mediates the ROP of δ-VL and ε-CL through an imidate-mediated mechanism due the high basicity of BEMP, where the TU/Urea is protonated first by BEMP, and then TU/Urea activates the alcohol co-initiator while BEMP activates the monomer, as illustrated in Scheme 3. 2.

Scheme 3. 2 -(Top) TU and Urea1-3 structures used as cocatalysts; (bottom) plausible mechanism for the ROP of δ-VL and ε-CL promoted by Urea/TU-BEMP-ROH catalytic system, that shows higher efficiency than BEMP-ROH catalytic system (Scheme 3. 1), where BEMP acts as an organocatalyst, Urea behaves as an organic cocatalyst and ROH as an organic initiator. [11] The role of BEMP in the absence of an alcohol co-initiator was examined in 2015-2017

for the ROP of rac-LA in dichloromethane [14] and of δ-VL in a solvent free medium, [12] affording PLA after 8 min (65% conversion of 100 equivalences at room temperature, Mn,SEC = 8300 g mol -1 , ÐM = 1.24) and PVL after 21 days (17% conversion of 200 equivalence room temperature), respectively. Depending on the matrix assisted laser desorption ionization -time of flight mass spectrometry (MALDI-ToF MS) analysis, the authors detected an enolate chain end-group on the produced PLA and PVL. Accordingly, they presumed that BEMP initiates the polymerization by forming an enolate active species ready to undergo anionic propagation with BEMPH + as counter cation, that would be regenerated after H-transfer to the polymer chain (Scheme 3. 3).

Overall, one can perceive that the ROP of LA, δ-VL and ε-CL (Table 3. 1) performed by BEMP is efficient and controlled in terms of molar masses, dispersities, and chain-ends. The efficiency of BEMP was found to depend on the polymerization medium (reagents, solvents).

Scheme 3. 3 -Proposed ROP mechanism of LA (or δ-VL) in the presence of BEMP only via enolate formation, where BEMP act as a H-transfer catalyst to produce PLA and PVL end-capped with their relative cyclic enolate. [14] 123 Chapter 3.

BEMP act as an organocatalyst when accompanied with a ROH co-initiator to ring-open cyclic

esters with the rate trend of monomer activity is: LA > δ-VL > ε-CL, by means of hydrogen transfer mechanism. Interestingly, in the absence of any protic co-reagents (ROH), BEMP mediates the polymerization via an anionic process through a H-transfer mechanism to form in situ enolate by abstracting the α-acidic hydrogen of the monomers. When accompanied with a hydrogen bonding cocatalyst (TU or Urea1-3), BEMP revealed more active. BEMP appeared to best mediate the ROP in bulk medium rather than in non-polar solvents, and to be poorly efficient in polar solvents when accompanied with an alcohol. This may raise some questionings on the 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) performance in ROP of LA, δ-VL, ε-CL, that will be addressed below.

1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD)

1 ,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) is a commercially available organic soluble bicyclic strong guanidine base ( MeCN pKa = 26.0). [4] TBD received considerable attention due to its multifunctional organocatalyst role, [15] acting as a base [16] proton transfer agent [17] ,

nucleophile [18] or even bifunctional [19] catalyst for different types of reactions. [20] More importantly, TBD was found to be the strongest nucleophile in the guanidine series, [21] and was shown to react with malonate esters via nucleophilic attack of both disubstituted nitrogen atoms at the carbonyl groups to form betaine-like structures. [22] Over the last decades, TBD was shown to be an efficient organocatalyst for the ROP of LA, δ-VL and ε-CL initiated by alcohols in solution (CH2Cl2 or C6D6). In 2006, their polymerization was successfully carried out by Hedrick and co-workers, mediated with TBD-1-pyrene butanol catalytic system, and the corresponding PLA, PVL, and PCL were obtained with narrow dispersities and predictable degrees of polymerization (DPs). At room temperature, 95% conversion of 500 equivalence rac-LA in 1 min from 0.1% TBD, and 77% conversion of 200 equivalence δ-VL in 30 min from 0.3% TBD, and 72% conversion of 200 equivalence ε-CL in 8 h from 0.5% TBD, were afforded to produce the corresponding polyesters with ÐM =1.11-1.16. [23] However, this high activity of TBD is impeded by its ability to catalyse transesterification side-reactions, resulting in the loss of the control of the molecular parameters observed at extended reaction times. [23a] Such a behavior was more pronounced in the case of PVL and PCL than PLA. [23b] Chapter 3.

Regarding the mechanistic pathway, the authors suggested a bifunctional role of TBD in the ROP of LA, δ-VL and ε-CL, acting both as a nucleophile to activate the acyl group of the monomer permitting afterword a transesterification reaction via ROH initiator, and then to continue as a hydrogen bonding agent (Scheme 3. 4bottom; mechanism A). [23] This mechanism was established relying on TBD's reactivity when mixed with vinyl acetate. TBD was revealed as an efficient acyl-transfer catalyst since a TBD-N-acyl adduct was detected by 1 H NMR spectroscopy. TBD also behaves as a transesterification catalyst as evidenced by the quantitative formation of benzyl acetate after addition of benzyl alcohol to the TBD-N-acyl adduct, thus eliminating its role as a base catalyst, according to the authors. [23] Further studies were conducted to reveal a remarkable ability of TBD to catalyse acylation reactions due to its stereoelectronic properties based on spectroscopic mechanistic and theoretical studies. [24] Even though, they hinted that an alternative pseudo-anionic mechanism attributed entirely on Hbonding is also plausible (Scheme 3. 4bottom; mechanism B). In the first step of this pathway, the hydrogen attached to the nitrogen of TBD activates the carbonyl group of the cyclic ester, and the imine nitrogen simultaneously activates the alcohol by attracting the hydrogen of its hydroxyl group through a lone pair interaction. This results in an intermediate with a tetrahedral center at the carbon of this carbonyl group. TBD then affects the subsequent ring-opening by continuing to hydrogen-bond the oxygen of the carbonyl group, but then transferring the hydrogen (originally from the alcohol) to the ring-oxygen adjacent to the carbonyl group. [23a] In any case, they assured the bifunctionality of TBD by its two nitrogen atoms, reasoning this by the much lower activity (90 times slower) obtained from the methyl substituted TBD "MTBD" in the ROP of LA. However, in 2007-2010, additional investigation was done with the aid of density functional theory (DFT computations) by Goodman et al. [25] and by Hedrick/Waymouth et al,. [26] confirming that mechanism A is feasible, but has a considerably higher barrier than mechanism B (Scheme 3. 4bottom). Although experimental evidences were lacking, they lean toward mechanism B, strengthened it by the fact that the polymerization rates in less polar solvents (benzene and dichloromethane) are higher than that in more polar solvents (THF and DMF), thereby suggesting pseudo-anionic mechanisms instead of complete anionic polymerization. Moreover, mechanism B was further corroborated in 2016 by advanced DFT studies. [27] Decisively, TBD is currently recognized as a H-bonding bifunctional catalyst behaving as TU and Urea cocatalysts (Scheme 3. 2), a great advantage for utilization in the ROP of heterocycles. [28] Chapter 3. In 2015, an attempt to ring-open polymerise L-LA in DCM using TBD in the absence of an alcohol or of any protic co-initiator/co-catalyst generated PLA (11% conversion of 500 equivalence in 8 sec at room temperature, Mn,SEC = 19,000 g mol -1 , ÐM = 1.39). Concerning the mechanism, the authors reported that TBD exhibits a mixed behaviour, involving nucleophilic initiation to produce a covalent acylated TBD zwitterion active species that apparently propagates via a H-bond mechanism with the same TBD molecule (Scheme 3. 5). This mechanism was supported by the identification of the microstructure of the produced PLA by 1 H NMR spectroscopy and MALDI-ToF MS spectrometry analyses, the latter revealing PLA chains end-capped with TBD and hydroxy moieties at both termini. [14] This result emphasizes the impact of the polymerisation medium on the activity of TBD to behave either as a catalyst or as an initiator, or both.

Chapter 3.

to have the same reactivity trend as BEMP towards the monomers, that is LA > δ-VL > ε-CL.

Besides, its mode of action also relied on the polymerization medium as further confirmed by DFT studies. When TBD is accompanied with a ROH co-initiator, it behaves as an organocatalyst promoting the ROP through H-bonding. However, in the absence of co-initiator or of any other reagents, TBD acts as both an initiator (nucleophile) and as a catalyst (Hbonding). TBD is more active in bulk than in less polar solvents, and even less active in polar solvents. 3) [4] in the sixties [30] , and later identified as a nucleophile, [31] while being recently showed to display a significant dual activity as a base and a nucleophile in some organic reactions. [32] Currently, DBU has proven to be a valuable ROP organocatalyst and has been largely applied to the ROP of LA, δ-VL and ε-CL. In 2006, assessing DBU with an initiator (1pyrene butanol) in solution (CH2Cl2 or C6D6) revealed successful for the ROP of L-LA (DP = 500), affording 98% conversion after 2 h at 21 °C and PLA with narrow dispersities (ÐM = 1.08). Under these conditions, DBU was postulated to stimulate the ROP of LA by means of H-transfer mechanism (Scheme 3. 6) similarly to that mediated by BEMP (Scheme 3. 1, vide supra). [23b] Scheme 3. 6 -Postulated mechanism for ROP of LA by a DBU-ROH catalytic system, where DBU acts as an organocatalyst promoting H-transfer mechanism and then regenerates.

1,8-

On the other hand, the ROP of δ-VL and ε-CL (DP = 100) remained unsuccessful (0% conversion after days at 21 °C), even after increasing the DBU loading (1 to 5%). [23b] Hinted by the high activity of TBD caused by its bifunctionality as a H-bond donor and acceptor at the The TU/urea-DBU-ROH mechanism is different to that suggested for TU/urea-BEMP-ROH catalytic system (Scheme 3. 2, vide supra). This is due to the higher basicity of BEMP relative to DBU ( MeCN pKa = 27.6 > 24.3 [4] ), making TU act as a counter-anion in case of BEMP and as an activator for the monomer in case of DBU. [10a, 23b] Scheme 3. 7 -Surmised mechanism of the ROP of δ-VL and ε-CL through neutral H-bonding interplay, activation of alcohol by DBU (H-acceptor) and of the monomers by TU (H-donor).

In 2016-2018, bisTU or Urea1 or Urea2 (2.5/5/2.5 mol%) (Scheme 3. 2top) was used as the cocatalyst with DBU (2.5/5/2.5 mol%) for the ROP of δ-VL (DP = 100) in C6D6 or toluene at room temperature to obtain PVL more effectively (86/90/92% conversion in 90/81/7 min, ÐM = 1.05/1.06/1.02), respectively. The mechanism reported for Urea1-2-DBU-ROH catalytic system is the same as that with TU (Scheme 3. 7), [11,13] while that of the bisTU-DBU-ROH catalytic system was suggested to proceed through an activated-TU mechanism, whereby one TU moiety activates the other instead of a dual activation mechanism (Scheme 3. 8), as asserted by computational studies. [10b] Furthermore, even better enhanced activity was obtained in bulk upon using Urea1 (0.5 mol%) for the ROP of δ-VL (DP = 500), allowing the production of PVL (97% conversion in 65 min at room temperature, ÐM = 1.12). [12] Chapter 3. (c')). This mechanism was further supported by DFT calculations. [34] In 2016, Won and co-workers considered the effect of the Chapter 3.

On

dispersities (Mn,theo = 9824 g mol -1 vs. Mn,SEC = 8800 g mol -1 ; ÐM = 1.12). On the other hand, to finally give a mixture of cyclic and linear PLA (Scheme 3. 11). In such conditions, a loss of agreement between theoretical and experimental molar masses was observed with somehow broadened dispersities (Mn,theo = 31,028 g mol -1 vs. Mn,SEC = 14,700 g mol -1 ; ÐM = 1.30). Hence, Won and co-workers provided new insights on the mechanism of the ROP of rac-LA mediated by DBU, in which the anionic propagation initially suggested by Waymouth/Hedrick and coworkers has been replaced by the quasi-anionic propagation. [35] Scheme 3. 11 -Quasi-anionic mechanism suggested for ROP of rac-LA in the presence of DBU and ROH in different ratios; (a) ROH excess, activated alcohol pathway by DBU basicity; (b) DBU excess, mainly nucleophilic attack pathway accompanied with less pronounced basic pathway (a).

In 2020, it was shown that DBU failed to catalyse the ROP of rac-LA/meso-LA in toluene ([LA]/([BnOH]/([DBU] = 100:1:1) at low temperature (-75 ° C), after attempting to prepare stereocontrolled PLA. [29] However, in 2021, when this ROP was evaluated at room that DBU is an efficient catalyst when accompanied with a cocatalyst (TU, BisTU, urea, phenols), Li et al. tested the same polymerization again at room temperature, but in the presence of specific family of cocatalysts bearing different steric and chiral substituents, namely squarmides (SQ). Hence, a polymerization with a similar efficiency as in the absence of SQ was achieved, but this time with a higher tacticity control (Pm = 0.79-0.88). [36] While DBU is an excellent catalyst for the polymerization of LA, the addition of a cocatalyst is required to polymerize δ-VL or ε-CL. The bulk ROP seemed to be more effective than that in solution upon using a cocatalyst-DBU-alcohol system. The mechanism at play for DBU along with a cocatalyst, involved neutral H-bonding and is less active than that of BEMP with a cocatalyst. Also, DBU proved to be less active than TBD, especially at low temperatures (-75 ° C) where no polymerization was observed. Similar to the ROP of LA mediated by BEMP and TBD, mechanistic pathways with DBU revealed to be dependent on the reagents present in the medium. In presence of a protic agent (ROH), DBU mediates the ROP as a base and with H-bonding through a quasi-anionic propagation. Whereas the absence or limited protic agents leads DBU to initiate ROP by nucleophilic attack and quasi-anionic propagation, to produce a mixture of linear and cyclic PLA.

Overall considerations on the BEMP, TBD, and DBU-mediated

ROP of LA, δ-VL and ε-CL

Foremost, the monomer activity trend in the ROP of LA, δ-VL, ε-CL promoted by BEMP, TBD, or DBU was always the same, namely LA > δ-VL > ε-CL. Also, the organic activator efficiency trend regardless of the monomer was TBD > BEMP > DBU, with several factors governing this tendency such as nucleophilicity, basicity, and capability of H-bonding.

It was demonstrated that the BEMP, TBD and DBU role (as initiator and/or as catalyst) and their mechanistic pathways essentially change according to the polymerization conditions and in particular according to the presence or the absence of a protic agent (alcohol). The BEMP/DBU-ROH catalytic system promotes the ROP through a H-transfer mechanism acting as a basic organocatalyst, while TBD-ROH mediates the ROP via H-bonding.

TU/Urea-BEMP/DBU-ROH catalytic systems favour ROP through H-bonding (neutral or imidate). In the absence of ROH, BEMP catalyses anionic ROP by deprotonating the cyclic ester and propagates as a counter cation, while TBD and DBU initiate ROP by a nucleophilic attack and propagate (zwitterionic or quasi anionic) as H-bond catalyst, each in its own way After covering the activity and the mode of action of BEMP, TBD, and DBU in the ROP of several ubiquitous cyclic esters (LA, δ-VL, ε-CL), the same literature overview will be addressed thereafter for the ROP of β-lactones into synthetic functional PHAs. Theoretical calculations from Simon and Goodman effectively confirmed that the adduct intermediate is indeed too stabilized, presenting an energy barrier "insurmountable" for propagation. [25] Nearly the same results were obtained upon using DBU instead of TBD under the same conditions (DP = 100, ROH, in C6D6, at room temperature) accompanied with TU cocatalyst (Scheme 3. 2top), with unexpectedly 0% conversion of BL Me observed after 72 h and an uncontrolled oligomerization was obtained at high temperature (> 50 °C). [23b] This contrasts with the high conversions observed at room temperature for the ROP of LA, δ-VL or ε-CL, upon using TBD-ROH or TU-DBU-ROH catalytic systems (vide supra). Noteworthy, before 2012, BEMP had not been investigated as an organic catalyst for the ROP of any type of β-lactones, albeit its use in the ROP of larger lactones. [8,11] Scheme 3. 12 -First attempt of the ROP of BL Me using TBD in the presence of an alcohol in solution at < 50 °C, unsuccessful due to the formation of the stable eight-membered TBD-BL Me adduct. [23b, 25] Later on, in 2012-2013, our group. successfully performed the ROP of β-lactones such as rac-BL Me and rac-MLA Bn promoted by BEMP, TBD or DBU under mild conditions (bulk, 60 °C, without using any exogenous protic initiator), highlighting the importance of both the monomer concentration and the reaction temperature. [38] The PBL Me produced featured moderately narrow dispersities (1.05 < ÐM < 1.52) and a fair control over molar masses for DPs ≤ 100. This control was generally attenuated when targeting higher DPs (250-500), where a clear gap was obtained between theoretical molar masses (Mn,theo) and experimental molar masses obtained from size exclusion chromatography (Mn,SEC). For example, PBL Me s produced from BEMP have Mn,theo = 34,000 g mol -1 vs. Mn,SEC = 24,700 g mol -1 , while those produced from TBD have Mn,theo = 35,400 g mol -1 vs. Mn,SEC = 22,700 g mol -1 , and those formed from DBU have Mn,theo = 38,800 g mol -1 vs. Mn,SEC = 6050 g mol -1 . [38a] Similarly, PMLA Bn obtained had narrow dispersities ranging from 1.12 < ÐM < 1.39, while the gap between theoretical and experimental molar masses was more pronounced when targeting high DPs (250-500).

State-of-the-art: BEMP, TBD and DBU as organic activators for ROP of β-lactones

PMLA Bn formed from BEMP have Mn,theo = 48,200 g mol -1 vs. Mn,SEC = 7550 g mol -1 , while those promoted by TBD have Mn,theo = 39,900 g mol -1 vs. Mn,SEC= 9300 g mol -1 , and those from DBU have Mn,theo = 42,900 g/ g mol -1 vs. Mn,SEC= 7450 g mol -1 . [38b] Our group rationalized this difference by the presence of side reactions that are usually known for polyesters such as backbiting and/or transesterification reactions. Anyhow, the PBL Me and PMLA Bn produced from bulk ROP promoted by either BEMP, TBD or DBU were noticed, as based on 1D and 2D NMR spectroscopy and MALDI-ToF spectrometry analyses, to have an end-group featuring the catalyst bound by their N atoms to the acyl group to form N-acyl, and another one at the other terminus being an α,β-unsaturated group. The α,β-unsaturated group was formed from the onset of the polymerization as deduced from the 1 H NMR analyses. [38] Hence, it was suggested that an N-acyl -α,β-unsaturated propagating species might originates from 1:1 BEMP/TBD/DBU:βlactone adducts via a nucleophilic pathway, leading to an O-acyl cleavage. In fact, the latter proposition and the propagation mechanism were established primarily for TBD (Scheme 3. 13
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mechanistic pathways was undertaken. This study also afforded an important series of nonbacterial functional PHAs (PBPL FG s) with diverse properties depending on the pendent group along the polymer main chain. For instance, OAll and O n Bu functionalities can provide hydrophobic chains, while OP(O)Ph2 can be hydrophilic and "metallophilic". The OBn and TBDMS functionalities may supply hydrophilic hydroxy segment upon subsequent hydrogenolysis or deprotection, respectively. This can be next exploited in the design of selfassemblies derived from amphiphilic copolymers. [40] Also, the highly reactive allyl function in

OAll may be valorized upon exposure to further post-polymerization chemical modifications (epoxidation, hydroboration, olefin cross-metathesis…). [41] Valuably, chains of polyesters incorporating phosphorus "OP(O)Ph2" as pendant group can bring improved flame retardancy, thermal oxidative stability, good adhesion on metallic surfaces and low birefringence. [42] Furthermore, one cannot avoid the fact that this bulk ROP mediated by organic activators is a step forward towards "Green Chemistry," since it embraces most of the latter principles as defined by Anastas and Warner. [43] Principles such as, atom economy, catalytic amounts, biodegradation, accident prevention (absence of hazardous chemicals), [43] or running the polymerization neat in the substrate to reduce waste (waste minimisation) and to facilitate the purification. [44] Scheme 3. 15 -Bulk ROP of BPL FG s promoted by BEMP, TBD, or DBU to afford PBPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OP(O)Ph2).

ROP of BPL FG s promoted by BEMP

As previously mentioned, the use of BEMP as a neutral organic activator for the ROP of four-membered ring lactones was reported only once by our group. [38] Despite the successful accomplishment in obtaining PBL Me and PMLA Bn in bulk at 60 °C, the mechanistic fingerprint was yet not clearly established (Scheme 3. 13bottom). Herein, we thus report for the first Chapter 3.

time the bulk ROP of rac-BPL FG s promoted by BEMP (Scheme 3. 16) along with PBPL FG s characterization and mechanistic investigations of the polymerization. BEMP proceeded significantly more slowly (typical turnover frequency (TOF) < 13 h -1 ; Table 3. 3entry 3) than BL Me and rac-MLA Bn (typical TOF = 100 h -1 , and 150 h -1 , respectively)

under the same conditions. [38] Interestingly, the ROP of BPL OAll/nBu/Bn (40 equiv) was found effective at room temperature (Table 3 As expected, ROP of BPL OAll/nBu/Bn/TBDMS (40 equiv) proceeded faster at higher temperatures 60 °C (or 40 °C) (Table 3 . 3entries 3,6,12,15) reaching higher conversion (97/98/82/88%, respectively) in shorter reaction time (3,4,3,8 h, respectively), but with broader dispersities (1.20 ≤ ÐM ≤ 1.32). Unexpectedly, this evidences that the temperature does not only impact the rate of propagation, but also the occurrence of undesirable side-reactions that may occur during the polymerization.

The molar masses were evaluated by 1 H NMR analysis (Mn,NMR) from the relative intensities of the signals of the PBPL FG s main-chain methine hydrogen and of the crotonate chain-end hydrogens (vide infra). These values are in fair agreement with the molar mass values calculated from the monomer conversion (Mn,theo; not taking into account end-capping groups).

The number-average molar mass values as determined by the size exclusion chromatography "SEC" (Mn,SEC) were also generally in fair agreement with the Mn,NMR data, when addressing low ratios [BPL FG ]0/[BEMP]0 ≤ 40 (DP ≤ 40). However, targeting higher loading of Chapter 3.

[BPL FG ]0/[BEMP]0 = 60 (Table 3. 3, entry 10) and elevated temperature 60 °C (Table 3. 3, entry 13) led to a larger gap between the molar masses (Mn,NMR vs. Mn,theo vs. Mn,SEC), and higher dispersities (ÐM = 1.38, 1.53, respectively).

BPL OP(O)Ph 2 , a novel monomer, and its ROP has never been investigated before using any initiating system. In this work, we only report a preliminary study. The ROP of rac-BPL OP(O)Ph 2 through BEMP at 60 °C in dry THF (Table 3. 3, entries 16, 17) was sluggish compared to other PBL FG s, even for low monomer loadings (20-40 equiv), possibly due to the steric hindrance of the monomer, or to the highly viscous polymerization medium. The monomer conversions (20-40 equiv) were 78% and 50% after 8 and 36 h, respectively, and the produced PBPL OP(O)Ph 2 had molar mass up to 6400 g mol -1 (Mn,SEC) and fairly narrow dispersities (ÐM = 1. 15-1.33). b The reaction time was not necessarily optimized. c BPL FG conversion as determined by 1 H NMR analysis of the crude reaction mixture (refer to the Experimental Section). d Theoretical molar mass calculated from the relation: [BPL FG ]0/[BEMP]0 × Conv.BPLFG × MBPLFG, i.e. without considering end-capping groups, with MBPLOAll = 142 g mol -1 , MBPLOnBu = 158 g mol -1 , MBPLOBn = 192 g mol -1 , MBPLOTBDMS = 216 g mol -1 and MBPLOP(O)Ph2 = 302 g mol -1 . e Experimental molar mass value determined by 1 H NMR analysis of the isolated polymer, from the resonances of the crotonate end-group (refer to the Experimental Section). f Experimental molar mass and dispersity values as determined by SEC in THF using a RI detector at 30 °C vs polystyrene standards. g ROP was performed in a few drops of dehydrated THF used to pre-solubilize the monomer.

In a nutshell, these outputs most likely evidenced the occurring of some undesirable side reactions, typically known in polyesters synthesis, namely intra-and inter-molecular transesterification reactions and/or transfer reactions (to polymer and/or monomer). It was correspondingly assumed that the rate of initiation (ki) and/or transfer (ktr) is competitive with Chapter 3. that of propagation (kp). Thus, efforts to control molar mass values, to limit side-reactions, and/or to enhance the catalytic activity and productivity, were not taken into consideration. The focus of the present work was rather placed on elucidating the mechanism at play to grasp the activity of BEMP in the ROP of β-lactones, that can pave the way for unprecedented approaches. -9) and AllOCH2CH=CHCOO(PBL OAll )H (Scheme 3. 17 -10) (note that the possible [AllOCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL OAll mediated by BEMP (Table 3. 3entry 3). (Scheme 3. 17 -9) and n BuOCH2CH=CHCOO(PBL nBu )H (Scheme 3. 17 -10) (note that the possible [ n BuOCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL nBu mediated by BEMP (Table 3. 3entry 6). 3. 17 -9) and TBDMSOCH2CH=CHCOO(PBL OTBDMS )H (Scheme 3. 17 -10) (note that the possible [TBDMSOCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL OTBDMS mediated by BEMP (Table 3. 3entry 14). 3. 3, entry 3); (right) for PBPL OBn (Table 3. 3entry 12) recovered from the ROP of rac-BPL OAll and rac-BPL OBn , respectively; mediated by BEMP supporting the α-crotonate endcapping group.

To further assess the nature of the α,β-unsaturated group, 1 H NMR monitoring of the α,β-unsaturation-to-BEMP molar ratio was examined. The crotonate group was observed to be generated from the very beginning of the polymerization and an increase of its content during the course of the reaction was revealed, especially at high temperature (60 ˚C) and/or at a larger initial monomer loading (40 vs. 60 equiv.) (Table 3. 3entries 9,10,12,13; Figure 3. 9). Hence, it was deduced that the crotonate group may be related to the initiation as depicted in Scheme 1. 6route (1), and to the transfer reactions as depicted in Scheme 1. 10 (refer to Chapter 1).

Figure 3. 9 -1 H NMR monitoring of the molar content of the crotonate with respect to BEMP as a function of rac-BPL OBn consumption for the ROP of rac-BPL OBn mediated by BEMP, using the methine (δCHC(O)O 6.17 ppm) and methyl (δNC(CH3)3 1.39 ppm) resonances, respectively (Table 3 . 3entries 9,10,12,13). 3 . 3entry 11) showing populations corresponding to PBPL OBn macromolecules end-capped with both an α-crotonate and an -carboxylic acid end-groups (Scheme 3. 17 S11 of reference [38b] ), and of the same sample but not freshly synthesized using trans-3-indoleacrylic acid (IAA) matrix in the presence of Na + cationizing salt (bottom) (Figure S13 of reference [38b] ). Reinterpretation of the top spectrum shows that in the absence of a cationizing agent, a non-conclusive spectrum is obtained. Also, the bottom spectrum shows a population corresponding to PMLA Bn which can only be observed in the presence of a cationizing agent, with the zoomed region corresponding to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules end-capped with both an α-crotonate and an -carboxylic acid end-groups, alike species Scheme 3. 17 k,n 2CH2)). For the PBPL OP(O)Ph2 crude 1 H NMR with 15% monomer conversion (Table 3. 4entry 9; Appendix 15). According to these analyses, a nucleophilic mode of TBD to promote the ROP of BPL FG s was revealed as in Scheme 3. 13top, for BL Me and MLA Bn . Nevertheless, a reinterpretation of the MALDI-ToF mass spectra of the previously synthesized PBL Me and PMLA Bn was done (Figure 3. 20 , Figure 3. 21), exposing that PBL Me and PMLA Bn macromolecular structures are analogous to population I (Figure 3. 21 -( 13)), delineated with a TBD-N-acyl-α,β-unsaturated species and hydroxy chain-ends instead of TBD-N-acyl and an α,β-unsaturated group as it was expressed previously (Scheme 3. 13top). [38] Remarkably, neither PBPL FG s (Figure 3 (DCTB matrix, Na + ) conditions (Scheme 3. 14top), [39] thus refuting the behavior of TBD as base to abstract α-hydrogen of the β-lactones. 4 in reference [38a] ). Reinterpretation shows that the zoomed regions correspond to the simulated (bottom) and experimental (top) spectra of a zwitterionic species alike species Scheme 3. 19 -(13). 7 from reference [38b] ). Reinterpretation shows that the zoomed regions correspond to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules αbenzyloxycrotonate-TBD and an ω-hydroxy end-groups (Scheme 3. 19 -( 13)), and of the same macromolecular species depleted of the benzylium ion [C6H5CH2] + depicted in green). Scheme 3. 19 -Proposed mechanism for the ROP of rac-BPL FG s (FG = OAll, OnBu, OBn, OTBDMS, OP(O)Ph2 and rac-BL Me , rac-MLA Bn ) mediated by TBD, proceeding via an O-acyl cleavage of BPL FG into species (12) mediated by (11) adduct, and the plausible side polymer species (14). Species (13) and (15) refer to the protonated form of ( 12) and ( 14), respectively, after quenching the polymerization by DCM.

ROP of BPL FG s promoted by DBU

DBU was the last organic activator investigated in our work. Whereas DBU associated with an alcohol failed to polymerize large lactones (δ-VL, ε-CL) unless a cocatalyst such as TU (vide supra, Scheme 3. 7) was added to the catalytic system [23b] , DBU was able to polymerize β-lactones (BL Me and MLA Bn ) without any alcohol or cocatalyst in bulk conditions. [38] Presuming that DBU may behave as a nucleophile to initiate the ROP via O-acyl cleavage is a pathway that needs further investigation (Scheme 3. 13bottom). Hereafter, we report the ROP Chapter 3. of BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS) promoted by DBU at 60 °C in bulk conditions (Scheme 3. 21) alongside a mechanistic view.

Molecular characterization of PBPL FG s obtained from DBU

In light of the poor activity of DBU, all polymerizations were performed only at 60 °C, and the corresponding data are reported in Table 3. 5. In fact, the activity of DBU towards BPL FG s was lower than that of TBD and BEMP, similarly to what was reported previously concerning large lactones (LA, δ-VL, ε-CL; vide supra). However, the activity of DBU towards other β-lactones (BL Me and MLA Bn ), was lower than that of BEMP, and higher than that of TBD. [38] Once more, similarly to what was observed with BEMP and TBD, DBU appeared to polymerize rac-BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS) less efficiently (TOF = 2.9 h -1 ; Table 3. 5entry 1) than rac-BL Me and rac-MLA Bn (TOF = 11.75 h -1 and 100 h -1 , respectively) under the same conditions. [38] Targeting DPs of 40-50 resulted in a passable control of molar masses parameters (M ̅ n,theo vs. M ̅ n,NMR vs. M ̅ n,SEC) and fairly narrow dispersities (1.12 ≤ ÐM ≤ 1.30). 3. 5, entries 1, 2). 

Mechanistic pathway for the DBU-catalyzed ROP of BPL FG s

The identification of such end-capping groups suggests that DBU behaves as a dual catalyst, both basic and nucleophilic; apparently, DBU's dual activity prevails once again in polymerization as revealed previously in organic catalyzed reactions. [32] It would thus mediate the ROP of rac-BPL FG s through two competitive mechanistic pathways, in association with the acidic α-H and electrophilic C=O reactivity of BPL FG s monomers. Hence, similarly to BEMP, DBU would act as a basic catalyst to form in situ the α,β-unsaturated carboxylate-DBU real active species which propagates via O-alkyl cleavage of the -lactone to ultimately generate macromolecules of population II (Figure 3. 26, Scheme 3. 21 -(19)). In addition, similarly to TBD, DBU can promote the nucleophilic ROP of rac-BPL FG s via its O-acyl cleavage, generating an alkoxy propagating species to eventually form PBPL OBn corresponding to population I (Figure 3. 26, Scheme 3. 21 -(20)). This latter approach was previously reported for the bulk ROP of lactide using DBU in excess or alone (Scheme 3. 10, Scheme 3. 11; route S10 of reference [38b] ), and of the same sample using trans-3indoleacrylic acid (IAA) matrix in the presence of Na + cationizing salt (bottom) (ESI, Figure S12 of reference [38b] ). Reinterpretation of the top spectrum shows the zoomed regions corresponding to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules end-capped with both an α-hydroxy and ω-DBU + groups (Figure 3 fitted by first-order kinetics at conversions below 70%, where viscosity and undesired side reactions are unlikely to have an impact (deceleration to semi-logarithmic in the plot detected for conversions higher than 70%). The nature of the ether moiety of the CH2OR (FG) group appeared to similarly influence the rate of the polymerization from one organic activator to another. Using BEMP or TBD or DBU, while BPL OBn exhibited a slightly faster rate of polymerization than BPL OnBu , both monomers polymerized less rapidly than BPL OAll , but much faster than BPL OTBDMS (Figure 3. 30, Table 3. 3 to Table 3. 5), this is traced back to the steric and electronic factors of each of the pendent group. 3. 5, entry 3), TBD-spectrum (c) (Figure 3. 19; Table 3. 4, entry 7), or BEMP-spectrum (d) (Figure 3. 11, Table 3. 3, entry 9), revealing atactic PBPL OBn ; Pr is the probability of racemic linkages between BPL OBn units as determined by 

Conclusion: better understanding of the BEMP, TBD, and DBU-promoted ROP mechanism of -lactones-Perspectives

Functional PHAs, namely PBPL FG s (FG = OAll, n Bu, OBn, OTBDMS, OP(O)Ph2), have been successfully synthesized from the bulk ROP of rac-BPL FG s monomers at 25-60 °C using BEMP, TBD, or DBU as organic catalysts/activators. The activity of the organic activators, under these operating conditions, is modest as typically encountered with four-membered ring -lactones when compared to larger ones (≥ six-membered ring lactones). Also, their activity towards BPL FG s is lower than in the alike ROP of the related rac-BL Me and rac-MLA Bn lactones. Moreover, rac-BPL OAll , rac-BPL OnBu and rac-BPL OBn seemed to polymerize faster than rac-BPL OTBDMS and rac-BPL OP(O)Ph2 , and this could be mainly due to the steric hindrance of the latter. The mechanisms proposed herein for the ROP of BPL FG s mediated by BEMP, TBD or DBU, are fully compatible with those of the alike ROP of rac-BL Me and rac-MLA Bn . These results highlight that the mechanism operating in ROP of a -lactone proceeded by organic activators is thus highly dependent on the chemical specificity of the organocatalyst used. Even more, ROP was found to be strongly affected by the operating conditions implemented to synthesize the polymers, in particular if the reactions are conducted neat or in solution, in the strict absence of water or of any other protic agent. [51] Figure 3. 33 -Illustration on the mode of action of BEMP, TBD and DBU in ROP of rac-BPL FG s.

Chapter 3.

One way to further confirm our suggested mechanisms could be to ring-open enantiopure BPL FG s rather than rac-BPL FG s. For example, the ROP of (S)-BPL FG promoted by BEMP, should deliver dominant polymeric chains that are rich with (R)-PBPL FG (inversion of configuration). That mediated by TBD, ought to provide superior polymeric chains that are rich with (S)-PBPL FG (retention of configuration). That in the presence of DBU, is expected to afford a mixture of almost the same proportions of (S)-BPL FG and (R)-BPL FG (refer to Scheme 1. 7;

Chapter 1). Acknowledging the activity of each of these organic activators, their polymerization mechanisms and kinetics may allow us to rationalize the design of new catalytic systems and may help us to better control polymerization to produce high molar mass functionalized PHAs in a metal-free approach. For instance, one could use -fluorinated BPL FG s that are anticipated to prevent transfer reactions that originate from the α-acidic hydrogen, or decrease the extent of transesterification reactions due to the steric and electronic effect provided by the two substituted fluorine atoms. Also, in the case of the ROP promoted by TBD, the lower concentration of TBD may decrease the extent of transesterification (enabling to target higher DPs). Moreover, -fluorinated BPL FG s could increase the rate of the polymerization by increasing the electrophilicity of the active site in the β-lactone (acyl and β-carbon). Finally, it could provide regioselectivity favouring an O-acyl cleavage when nucleophilic addition competes with Brønsted base catalysis (Figure 3. 34left). Another approach can be to replace the β-lactone with eight-membered ring dilactone (diolide, DL) that upon ring-opening have also been shown to afford PHAs. [START_REF] Bhalla | Advances in industrial biotechnoloy[END_REF] The reactivity of DL may be less challenging than that of a β-lactone, thus it is quite worth investigating its ROP via BEMP, TBD or DBU (Figure 3. 34 right). Chapter 3.

Finally, in the preliminary study of the ROP of rac-BPL OP(O)Ph2 , BEMP showed to be better choice to produce PBPL OP(O)Ph2 more effectively, than TBD. However, only low [rac-BPL OP(O)Ph2 ]0/[BEMP]0 ratios were targeted (ca. 20 or 40; Mn,NMR(max) 6300 = g mol -1 ). Hence, to proceed in this study, it is better to target higher monomer loadings (ca. 100-500 or higher)

to produce PBPL OP(O)Ph2 with high molar masses. Nevertheless, it is suggested to use carboxylate initiators with phosphazene bases or NHCs as counter cation, since they provide the highest activity with β-lactones among all organic activators reported so far (check Chapter 1; Table 1.4 and scheme 1.13). Also, when targeting higher monomer loading, it is better to control the reaction by 1 H NMR and quench it after 60%-70% monomer consumption to decrease the intense of transfer reactions, and thus afford the narrowest dispersities as possible.

Experimental Section

Material and methods

All catalytic experiments were performed under an inert argon atmosphere using standard Schlenk line and glovebox techniques. TBD (98%, Aldrich) was used as received after drying under vacuum. DBU (98%, Aldrich) and BEMP (> 98%, Aldrich) were distilled from CaH2 prior to use.

Instrumentation and measurements

1 H (500 and 400 MHz), 13 C{ 1 H} (125 MHz), 31 Thermal gravimetry analyses (TGA) were performed on a Metler Toledo TGA/DSC1 by heating the polymer samples at a rate of 10 °C min -1 from +25 to +600 °C in a dynamic nitrogen atmosphere (flow rate = 50 mL min -1 ).

Typical polymerization procedure

In a typical experiment (Table 3. 4, entry 12), in a glovebox, BEMP (10 μL, 34.6 μmol) was added using a microsyringe onto BPL OBn (0.28 g, 1.475 mmol, 42 equiv.) placed in Schlenk flask. The neat reaction mixture was then stirred in an oil bath at 60 °C over the appropriate reaction time (reaction times were not systematically optimized). The polymerization was quenched by addition of an excess of undried CH2Cl2 (1 mL). The resulting mixture was concentrated to dryness under vacuum and the conversion was determined by 1 H NMR analysis 187 Chapter 4.

Chapter 4

Stereoselective ROP of functional chiral β-lactones mediated by achiral yttriumbis(phenolate) complexes

Introduction

Attaining PHAs with different functionalities and tacticity can enhance and tune their physio-chemical properties, thus widening their range of application. [1] While ROP promoted by organic activators (BEMP, TBD and DBU) have afforded atactic functional PHAs, stereoregular PHAs can be produced through the stereoselective rare-earth metal-mediated ringopening polymerization (ROP) of chiral β-lactones. [2] Herein, ROP of some functional βlactones, namely of β-malolactonates (MLA FG (FG = All, Bn, Me)) and 4-alkoxymethylene-βbutyrolactone (BPL FG ; FG = OAll, OBn, OMe), promoted by yttrium-bis(phenolate) complexes (Y{ONXO R1,R2 }, R 1 = ortho-substituent), that were previously reported by our group, are reviewed. Emphasizing, in particular, on the impact of the substituents of the ancillary ligands (R 1 , R 2 ) and of that of the β-lactones functional group (FG and R), on the stereochemistry of the produced PMLA FG or PBL FG . Subsequently, an outspread investigation to additional rac-BPL FG s (FG = OPh, CH2OBn, SPh, O i Pr, O t Bu, OTBDMS) were explored in this work.

Moreover, a preparatory study on the ROP of rac-BPL OP(O)Ph 2 was commenced.

Preliminary general considerations

Prior to investigate the effectiveness, molecular control and stereocontrol of the ROP of β-lactones mediated by yttrium-bis(phenolate) complexes, it is important to understand the mode of action of these catalysts. The ROP mechanism and the stereoselective mechanism at play and tacticity detection are described beneath.

Coordination-insertion ROP mechanism

Yttrium-bis(phenolate) complexes are Lewis acid metals supported by {ONNO R1,R2 } ancillary ligands and are usually accompanied by a nucleophile (typically an alcohol, usually isopropanol) during ROP. They are coordination complexes that operate through a coordination-insertion ROP mechanism. This mechanism involves the coordination of the carbonyl function of the monomer to the Lewis acid metal (yttrium) to next enable the addition of the nucleophile to the ester function. Then, the opening of the β-lactone is achievedmost often-by "oxygen-acyl" cleavage leading to the formation of an active alcoholate to ensure the propagation (Scheme 4. 1). The ROP of cyclic esters by coordination-insertion pathway has been an area of interest since the 1970s with the emergence of well-defined organometallic catalysts. In this strategy, two types of stereocontrol mechanism are distinguished: enantiomorphic-site mechanism (ESM) and chain end mechanism (CEM). In the case of an ESM, the asymmetric environment of the catalyst causes the catalyst to react preferentially with one of the two enantiomers of the monomer. This asymmetric environment is very often related to the attached chiral ligand. Whereas, in the case of CEM, the insertion of a new unit into the growing chain is impacted by the last unit(s) inserted which contain(s) specific stereogenic center(s). The last unit(s) present at the active end of the growing chain then ensures propagation and thus imposes stereoselectivity.

Several statistical models make it possible to analyse the stereoselective control. [8] The three main ones are the Bernoulli model and the 1 st and 2 nd order Markov models, that allow the study of "end-of-line" stereoselective chain operating during ROP reactions. [8b] Bernoulli's model analyses the lack of control during the growth of the polymer chain (Figure 4. 2). Thus, the probability to insert a monomer unit of the same absolute configuration as the last inserted unit in the growing chain, is equal to the probability of insertion of a unit of opposite absolute configuration. More clearly, the probability of creating a racemo (r) diad is the same as the probability of creating a meso (m) diads, equation (I).

Pr = Pm (I)
According to this model, and therefore without control of tacticity, the set of probabilities of the formation of sequences of the same family (diads, triads or tetrads) must be equal to 1. Thus, in the case of diads, equations (II) and (III) are used, with, Pr + Pm = 1 (II)

Then, Pr = Pm = 0.5 (III)

However, the models of 1 st and 2 nd order Markov's express the impact of the growing chain on the insertion of a new repeating unit. Thus, the insertion of a new unit of repetition will be defined by the last one (1 st order Markov; Mk1) or the last two (2 nd order Markov; Mk2) repeating units inserted in the polymer chain (Figure 4. 2). Both values are derived from the Bernoulli model. Thus, Equation (II) must be verified and applies directly in the case of the observation of diads. However, these models express an enrichment in regular sequence leading to the non-verification of Equation (I), wherefor (Pr ≠ Pm ≠ 0.5). In the case of triads, the validity of the model is quantified by calculating the Bernoulli tuning factor (B), equation (IV). The Chapter 4.

hindrance), accompanied with some electronic input. [9c, 9d] Moreover, statistical studies of the distributions of stereosequences in polyesters indicated that the control proceeded by chain end control of the 1 st order Markov type. [9a-d] The stereocontrolled ROP of racemic β-malolactonates (rac-MLA FG s), was assessed using the Y{ONXO R1,R2 } (X = OMe, NMe2) catalyst in the presence of isopropanol as coinitiator in toluene (Scheme 4. 2top). [10] Both yttrium complexes ( 1) and ( 2) showed a great activity, the highest activity being obtained with a highly sterically substituted complex

2a/ i PrOH (R 1 = cumyl) with TOF ≥ 3000 h - (at [monomer]0/[Catalyst]0 = 100:1 equiv).
Moreover, an excellent agreement was observed between the molar masses measured experimentally and the expected theoretical masses (Mn,SEC vs. Mn,NMR vs. Mn,theo), and quite narrow dispersities were obtained with sterically crowded complexes 2a,1g,1h (ÐM <1. the worst (Pr = 0.42) in ROP of rac-MLA Me was measured with 1h/ i PrOH (R 1 = CPh3). This was in contrast to what was obtained in ROP of rac-BL Me with this catalytic system, where

(1,2)c-d/ i PrOH gave atactic PBL Me (R 1 = halogen; Pr = 0.42-0.45 and R 1 = Me; Pr = 0.56). [10] These results highlighted the strong influence of the ancillary ligand substituents and of the βlactone functionality on the syndioselectivity of the complexes. ) for the ROPs of rac-MLA Bn (bottom). [10] Due to the results obtained from halides and methyl substituted ligands that both afforded highly to purely syndiotactic PMLA FG s, it was proposed that the halogen bonding is not at work in these polymerizations. Moreover, the studies on the intermediates and transition states of the ROP, suggested that the smaller ligand R 1 substituents, such as halides or methyl, enable a sufficiently high coordination number ( 2 -or  3 -) and also flexibility around the central metal, eventually leading to a good stereocontrol to syndiotactic PMLA FG s. Thus, the stereoselectivity control was considered to be affected by the size of the R 1 substituents without an electronic effect interference, as reported for rac-BL Me (Figure 4. 3). Hence, the general trend of syndioselectivity (in ascending order) in the ROP of rac-MLA FG s is: R 1 = purely aromatic bulky < bulky < purely aliphatic bulky < Me ≤ Cl (or F and Br). (grey) PBPL OAll formation with 1d as the initiator; taken from publication reference. [11] Previous DFT investigations considered the first step of the reaction, which is the formation of the four-membered metallacycle prior to its ring opening with rac-BPL OAll , and both with chloro and methyl ligand substituents, to understand this unique isotactic control.

Starting with modelling of the reaction with the chloro-substituted complex resulted in a transition state toward the formation of isotactic PBPL OAll lower in energy than that for the syndiotactic polymer. This was traced back to strong attractive C-H … Cl interactions between hydrogen from the alkoxymethylene group of the pendant chain (hydrogens of CA and CB) in the ring-opened monomer and the chloro substituents of the ligand ( substituents; taken from publication reference. [11] Noteworthy, the C-H … Cl attractive interactions can exist only because a methylene group (Figure 4. 5 -CA) in rac-BPL FG s/PBPL FG s (-CHCH2OR) has replaced a carbonyl group in rac-MLA FG s/PMLA FG s (-CHC(O)OR).

Summary

In this brief review of the state-of-the-art on the stereocontrolled ROP of -lactones, it was shown that despite using the same cyclic ester ring size (β-lactones), the same yttriumbis(phenolate) complexes (Y{ONXO R1,R2 }) ROP catalytic systems afford different activity, efficiency and stereocontrol depending on the chemical nature of the exocyclic substituent. This was linked to the presence of repulsive or attractive secondary interactions between the ligand substituents of the yttrium-based complexes and the pendant substituents on the β-lactone, resulting from steric and electronic contributions. The previous results obtained in our group for the stereoselective ROP of rac-BL Me , rac-MLA FG s, and rac-BPL FG s mediated by Y{ONXO R1,R2 } are summarized in Table 4. 1. further probe the influence of the pendant functional groups of the monomers and of the metal complexes, in order to better understand the factors that drive the stereoregularity of these ROPs. Meanwhile, as observed from the previous studies, since only the ortho-substituents on the ligand (R 1 ) do influence the secondary interactions with the monomer and hence the resulting stereochemistry, para-substituents (R 2 ) were thus not considered further in my studies.

Moreover, no impact of the capping X substituent of the diamino-or amino-alkoxybis(phenolate) yttrium ((1) X = OMe or (2) X = NMe2) was generally observed on the stereochemistry of the polymer, yet complexes (2) showed higher TOF values. Therefore, the stereoselective ROP of rac-BPL FG s (FG = OPh, CH2OBn, SPh, O i Pr, O t Bu, OTBDMS) was investigated in the presence of (2) (Y{ONNO R1,R2 }) with specific steric and electronic substituents (R 1 = R 2 = cumyl, t Bu, Me, Cl) (Scheme 4. 4). 

ROP of rac-BPL OPh

To our knowledge, the ring-opening homopolymerization of rac-BPL OPh has never been described. Only the random copolymerization of rac-BPL OPh with rac-BPL Me via anionic simultaneous ring-opening copolymerization using the metal-free tetrabutylammonium acetate initiator was established, to next study the resulting oligomers (Mn,SEC = 1200 g mol -1 ) by mass spectrometry. [12] The ROP of rac-BPL OPh was investigated, at room temperature in toluene, using 1mol% of the diamino-bis(phenolate)yttrium catalytic systems Y{ONNO R1,R2 }/( 12). Furthermore, the highest TOF values obtained for the ROP of rac-BPL OPh (TOF2b(ca. 500) > 2000 h -1 , Table 4.

2entry 9) is significantly higher than those reported for the closely related rac-BPL OBn/OAll/OMe (TOF(ca. 100) = 54-100 h -1 ) [10c, 11] and lower than rac-MLA Bn/All/Me (TOF(ca. 100) > 3000 h -1 ). [10] The PBPL OPh isolated showed, regardless of the catalytic system used, a quite good agreement between the theoretical molar mass values (Mn,theo) and the experimental values determined by NMR (Mn,NMR) and by SEC (Mn,SEC) analyses. The latter experimental molar mass values of the PBPL OPh increased linearly with the BPL OPh monomer loading up to a degree of polymerization of ca. 500, as illustrated for the ROP of rac-BPL OPh mediated by 2b/( i PrOH) The PBPL OPh were unambiguously characterized by 1D and 2D NMR spectroscopy (Figure 4. 8 and appendix 17,18). The 1 H and and J-MOD NMR spectra ( Regarding the tacticity of the recovered PBPL OPh , it was assessed from 13 C NMR spectra analyses upon comparison with the corresponding spectra of the isotactic PBPL OPh synthesized from the enantiopure (S)-BPL OPh (Table 4. 2, entry 13). Interestingly, just by removing one of the methylene ( The thermal behavior of the synthesized PBPL OPh s was analysed by differential scanning calorimetry (DSC). Thermograms only showed the presence of a glass transition temperature (Tg); no melting temperature was observed below 200 °C, suggesting amorphous polyesters (Figure 4. 11, Appendix 20-22). This lack of crystallinity was similarly reported for the closely related syndiotactic or isotactic PBPL OBn , [11] PMLA Bn , [13] PDL Bn (refer to chapter 1). [14] The PBPL OPh displayed positive Tg values going from 21 to  °C (Table 4. functional PHAs, similarly to those observed in PMLA Bn (Tg = 45 °C) [13] and PDL Bn (Tg = 36-43 °C). [14] This can be explained by the stiffness of the aromatic group and the presence of π-π stacking secondary interactions that lead to a better packing of the polymer. [15] Thermal gravimetry analysis (TGA) was also performed for PBPL OPh samples, they were found to thermally degrade at Td onset PBPL(OPh) = 272.18 °C (Figure 4. 12). To the best of our knowledge, this value represents one the highest decomposition temperature reported to date for homopolymers of PHAs family. 4. 2, entry 7).

ROP of rac-BPL CH2OBn

The ROP of BPL CH2OBn was achieved by my lab mate Hui LI; thus, the results are presented briefly just for the sake of comparison with BPL OBn and BPL OPh . The major results are depicted in Table 4. 3 and Figure 4. 13, which are reported in reference [16] . Getting directly to the point, the recovered PBPL CH2OBn revealed to be either syndioenriched or atactic, depending on the yttrium complex used (2a-d). Similar to BPL OBn and BPL OPh upon using crowded ligand substituents (cumyl and t Bu, 2a-b), highly sydio-enriched polymers were obtained (Pr = 0.77-0.85). As with BPL OBn but unlike with BPL OPh , when using non-crowded substituents (Me, 2c), atactic PBPL CH2OBn (Pr = 0.49) was observed. More strikingly, neither isotactic (as observed with BPL OBn ) or syndiotactic (as obtained with BPL OPh ) PBPL CH2OBn was produced from halogenated substituents (Cl, 2d), where Pr = 0.49 (Figure 4. 13). It is worthy to mention that the Tg values enormously varies from PBPL OPh to PBPL CH2OBn . Where PBPL OPh has high positive Tgs (vide supra), PBPL CH2OBn has a negative value (Tg = -13 to -11) as was detected by DSC (Table 4. 3). This could be due the longer side chain of PBPL CH2OBn , hence leading to higher flexibility and then lower Tgs. [15] 2.1.3.

ROP of rac-BPL SPh

To further examine the effect of the exocyclic oxygen on the stereoselective ROP, oxygen was replaced by sulphur which is softer and bigger. As far as we are aware of, it is the first time a chemical synthetic polymerization of a PHA featuring a sulphur heteroatom within the exocyclic side-arm (PBPL SPh ), was prepared. However, PHAs bearing taller sulphur sidechains (e.g., PBPL CH2SPh , PBPL (CH2)2SPh , [17] PBPL CH2S(CH2)3 , PBPL (CH2)2S(CH2)3 ) [18] were reported to be produced from genetic engineering as atactic polymers. It has been reported that, polyesters containing sulphur have outstanding performances such as being responsiveness to oxidants, flame retardants, advanced optical (i.e. lenses and optical fibres) and electrical Chapter 4.

characteristics, fuel cell materials and also in providing new possibilities for chemical modifications (oxidation to sulfonate promoting for more tuning in properties). [19] The ROP of rac-BPL SPh was explored, at room temperature in toluene, using 1mol% of the diamino-bis(phenolate)yttrium catalytic systems Y{ONNO R1,R2 }/( The PBPL SPh isolated showed, regardless of the catalytic system used, a quite good agreement between molar mass values (Mn,theo, Mn,NMR, Mn,SEC), with narrow dispersities (ÐM = Exchanging oxygen with sulphur in the side chain of the monomer (BPL OPh vs. BPL SPh )

did not affect the stereochemistry of the resulting PBPL SPh s. Hence, the produced PBPL SPh s were all found to be syndio-enriched, regardless of the catalyst system implemented (Figure 4. 17). Higher syndiotactic enrichment was obtained from bulky R 1 substituents (cumyl and t Bu, The impact of the monomer exocyclic chain on the thermal properties, and that of its relation with the ligand substituents on the tacticity of the produced polyesters, were considered by examining PBPL OPh , PBPL CH 2 OBn and the previously synthesized PBPL OBn , and are represented in (Table 4. 5). In fact, 13 C NMR spectra of the PBPL OPh/CH2OBn indicated that the length of the monomeric chain has no effect on the stereoregularity when the yttrium complex incorporated bulky substituents (cumyl or t Bu groups, 2a-b), leading to highly syndio-enriched PBPL OPh/CH2OBn (Pr = 0.84-0.90) alike that of PBPL OBn . Nevertheless, removing or adding one methylene from rac-BPL OBn (to afford rac-BPL OPh and rac-BPL CH2OBn , respectively) had a significant impact on the stereochemistry when yttrium complex incorporated unbulky 

ROP of rac-BPL OiPr

The ROP of rac-BPL OiPr was explored under the same general conditions as the above mentioned ROPs mediated by Y{ONNO R1,R2 }/( i PrOH) catalysts (at room temperature in toluene, using 1mol% of (2a-d/( i PrOH)) (Scheme 4. 4)). The characteristic data of the isolated PBPL OiPr s generated from the latter polymerization are gathered in Table 4. 6. Typically, Clsubstituted yttrium catalyst (2d) revealed to be the least active (TOF(ca. 30) = 0.24 h -1 ; Table 4.

6, entry 1). The NMR control of the latter reaction showed that 15% monomer conversion was obtained after 25 min, and running the polymerization for 1 day increased the conversion by only 4% ( Again, the yttrium-based catalytic system (2a-d( i PrOH)) proved to control the ROP of rac-BPL OiPr in terms of molecular parameters (Mn,theo, Mn,NMR, Mn,SEC in good agreement), alongside ensuing in plainly narrow dispersities (ÐM = 1.09-1.18). A linear plot of experimental molar mass values with respect to rac-BPL OiPr monomer loading up to ca. 250 mediated by 2b/( i PrOH) (1:1) catalytic system, was observed (Figure 4. 22). This confirms the scarcity or the absence of transfer or side reactions suggesting living polymerization features. 4. 6entries 5-8). Generally, all the ROPs of rac-BPL OtBu in the presence of the catalytic system 2ad/( i PrOH) proved to display a control polymerization in term of molar masses (Mn,theo, Mn,NMR, Mn,SEC), and dispersities (ÐM = 1.069-1.18 4. 7, entry 6).

ROP of rac-BPL OTBDMS

The investigation of the ROP of rac-BPL OTBDMS in toluene at room temperature mediated by 2a-d/( in the presence of rac-BPL OTBDMS remained inferior to that in the presence of rac-BPL OiPr and rac-BPL OtBu (vide supra).

The catalytic system 2a-d/( i PrOH) proved to display a control polymerization in term of molar masses (Mn,theo, Mn,NMR, Mn,SEC), and dispersities (ÐM = 1.07-1.15), upon ring-opening rac-BPL OTBDMS (Table 4. 8). Similarly, to other bulky functional β-lactones (PBPL OiPr and PBPL OtBu ), all PBPL OTBDMS macromolecules analysed by 13 C NMR also revealed to be syndioenriched (Pr = 0.69-0.87; Figure 4. 33). Obviously, the stereochemistry is controlled by steric components only, where the ascending trend is as follow: 2d (Cl-substituent); Pr = 0.69 < 2c (Mesubstituent); Pr = 0.77 < 2b ( t Bu-substituent); Pr = 0.84 < 2a (cumyl-substituent); Pr = 0.87. The measured Tg for the isolated syndiotactic PBPL OTBDMS samples is nearly 1 °C (Figure 4. 34). This value is also close to that obtained with syndiotactic PBPL OiPr and PBPL OtBu (vide supra). Moreover, the Td onset PBPL(OTBDMS) was measured by TgA to be 273 °C (Appendix 35), which is similar to that of Td onset PBPL(OPh/Sph) (vide supra). Chapter 4.

Since rac-BPL OP(O)Ph2 was anticipated to behave as its MePhP(O)OMe analogue, an equimolar reaction between rac-BPL OP(O)Ph2 and Y{ONNO tBu2 } (2b) was performed in the absence of i PrOH in deuterated toluene at room temperature in a Young NMR tube, aiming to crystallize a product that could manifest the coordination of rac-BPL OP(O)Ph2 to Y{ONNO tBu2 }.

However, after 12 h, 90% of the monomer was converted to PBPL OP(O)Ph2 (Table 4. 10entry The second hypothesis (presence of transfer or termination reactions) was checked by analysing the 1 H NMR, 31 P NMR and 2D COSY of the homopolymers of PBPL OP(O)Ph2 produced at room temperature and at 60 °C through 2b/ i PrOH (Table 4. 10entries 2,3), that are displayed in Figure 4. 41 and Figure 4. 42, respectively. Unexpectedly, the NMR spectra demonstrate the presence of two distinct PBPL OP(O)Ph2 populations, a major one end-capped with an isopropoxycarbonyl and a hydroxy group (3), and a minor one with isopropoxycarbonyl and an α,β-unsaturated system (or crotonate) (4). Unfortunately, the latter population (4) corresponds to dead chains (unable to propagate), hence converting all the active alkoxide anionic species (3) to (4) through an elimination reaction (E2) may prevent the monomer consumption. This transformation (E2) can be considered as termination reaction, which can elucidate the slow propagation or the uncomplete monomer conversions. Moreover, it was detected that the reaction was enhanced (revealed by higher signal intensity in 1 H NMR) at higher temperature (60 °C), which is related to elimination reactions. In addition to that, E2 reactions also occurred during the copolymerization reaction as revealed by 1 H NMR (δ 6.18 termination, side reactions could impact the propagation and thus result in inadequate monomer conversions. Nonetheless, further investigations are needed to confirm these latter results.

Besides, operating the ROP of rac-BPL OP(O)Ph2 with high 2b catalyst loading, in the absence of a co-initiator, depending on the choice of solvent (does provide high solubility for the monomer), choice of catalyst 1,2a-d, sequentially copolymerization, and other alternatives would be examined.

Conclusion : achievements and perspectives

In this work, the synthesis of a variety of unprecedented functional PHAs, namely Thermal gravimetry analyses (TGA) were performed on a Metler Toledo TGA/DSC1 by heating the polymer samples at a rate of 10 °C min -1 from +25 to +600 °C in a dynamic nitrogen atmosphere (flow rate = 50 mL min -1 ).

Synthesis of the yttrium complexes pro-ligands {ONNO R } H2

Synthesis of {ONNO Cl2 }H2 [9c] In a round bottom flask, a solution of 2,4-dichlorophenol (14.96 g, 91.76 mmol), N,Ndimethylethylenediamine (5.04 mL, 46.90 mmol) and formaldehyde (10.8 mL of a 36% solution, 129.60 mmol) in methanol (30 mL) was refluxed for 24 h. The mixture was next cooled and decanted. Following removal of the supernatant solution, the remaining oil was dissolved in methanol and heated to reflux for 4 h. Cooling the mixture gave a white precipitate which was filtered and washed with cold ethanol to afford 6,6'-(N,N-dimethylethylenediamine) bis(methylene) bis(2,4-dichlorophenol) {ONNO Cl2 }H2 as a white powder (39% yield, 18.07 mmol). 

General conclusion

Petroleum-derived plastics that have fuelled modern economies are the most widely used man-made substances in modern life; they have now become indispensable to our daily life and to the global economy. However, when disposed of or leaked into the environment, On the other hand, the ROP of rac-BPL FG s (FG = OPh, SPh, O i Pr, O t Bu, OTBDMS, OP(O)Ph2), mediated by yttrium-based complexes revealed to be highly active, regio-and stereo-selective, affording high molar mass polyesters (Mn,SEC = 96,000 g mol -1 ) with narrow dispersities (ĐM = 1.18) and highly syndiotactic-enriched (Pr(max) = 0.87) functional PHAs with unique and diverse thermal properties. This paves the way to investigate in their copolymerization to unveil unprecedented polymers.

Introduction

Les plastiques dérivés du pétrole qui ont alimenté les économies modernes sont les substances artificielles les plus largement utilisées dans la vie moderne, ils sont maintenant devenus indispensables à la vie quotidienne et à l'économie mondiale. Cependant, lorsqu'ils sont éliminés ou rejetés dans l'environnement, leur durabilité et leur résistance à la dégradation dans les environnements ambiants entraînent une grave pollution par les plastiques des décharges et des océans, ainsi que d'autres conséquences environnementales. [1] Ainsi, le développement des polymères, y compris les plastiques, devrait se concentrer sur des matériaux qui peuvent être recyclés ou éliminés de manière moins dommageable pour l'environnement (Figure 1).

Figure 1 -Le diagramme montre la différence entre les plastiques conventionnels et les bioplastiques; les bioplastiques peuvent aider à réduire l'impact environnemental dangereux. [1] Dans ce contexte, les polyhydroxyalcanoates (PHA), une classe unique de polyesters aliphatiques biorenouvelables et biodégradables dans les environnements ambiants, ont montré un grand potentiel en remplacement des plastiques à base de pétrole, principalement pour les applications biomédicales, pharmaceutiques et d'emballage. [2] Les PHA naturels (ou bactériens), produits par des bactéries et d'autres micro-organismes vivants à partir de ressources biorenouvelables, sont des polymères purement isotactiques, et leurs propriétés thermiques et mécaniques couvrent une gamme variée en fonction de la longueur du groupe alkyle pendant sur le carbone β (Figure 2 ). [3] Le PHA le plus populaire est le poly(3hydroxybutyrate) (P3HB ou PHB), qui est un matériau possédant des propriétés adaptées pour

Resumé

remplacer les plastiques pétroliers. Néanmoins, ils sont difficiles à traiter en raison de leurs propriétés physico-mécaniques (par exemple, température de fusion (Tm) proche de la température de dégradation (Td)), ainsi que les coûts élevés et les faibles volumes de sa production ne sont pas pratiques pour les applications de produits de base. ). [4] Resumé Schème 1 -ROP catalysée de la β-lactone racémique aux PHA isotactiques, atactiques ou syndiotactiques ; Pm et Pr sont respectivement la probabilité d'enrichissement isotactique et syndiotactique.

Partie expérimentale

Ici, nous avons d'abord réussi à synthétiser diverses β-lactones fonctionnelles (BPL FG s), qui sont la pierre angulaire de nos PHA fonctionnels ciblés (BPL FG s). Tous les BPL FG racémiques et énantiopurs ont été synthétisés avec succès par réaction de carbonylation de leurs époxydes correspondants (G FG s), en présence de [acide de Lewis] + [CoCO4] -catalyse, avec des rendements bons à élevés ca. 51%-82% (Schème 2). 

Conclusion et perspective

Les Abstract : The recent plastic waste management strategies focus mainly on the prevention and reduction of waste, and on the use of biodegradable counterparts such as poly(hydroxyalkanoates) (PHAs). PHAs are biobased, biodegradable, biocompatible, and non-toxic which endowed them a significant role in packaging and to a lesser extent in medical applications. They can be either natural derived from bacteria or synthetically produced through catalysed ringopening polymerization (ROP) of β-lactones. Natural PHAs are only found as stereoregular isotactic mainly crystaline (R configuration) which makes them brittle. They also have limited molar masses and restricted functionality on the exocylic group mainly alkyl chain, which limit their mechanical properties and hence their range of application. Therefore, in order to exceed these drawbacks, polymer chemists tend to resort to chemical synthesis via ROP. ROP of β-lactones can provide well-defined PHAs in a stereocontrol manner (isotactic ot syndiotactic). The synthesis of assorted functional β-lactones, namley BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, O i Pr, O t Bu, OP(O)Ph2), was achieved successfully by carbonylation of thier corresponding epoxides. Some of the latter BPL FG s were ring-open polymerized by solvent-and metal-free approach (by organic activators: BEMP, TBD and DBU neatly), where the mechanisms at play to produce PHAs were invistigated. Other BPL FG s were ring-open polymerized by stereoselective achiral diaminobis(phenolate) yttrium catalysts to produce functional PHAs with high syndiotactic enrichment and high molar masses. An emphasize was done on the relation between the monomer functionality and the catalysts substituents.
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Figure 1 . 1 -

 11 Figure 1. 1 -PHAs stereochemistry; (a) isotactic; (b) syndiotactic; (c) atactic.

Figure 1 . 2 -

 12 Figure 1. 2 -Photo of the French chemist and bacteriologist Maurice Lemoigne, Pasteur Institute, and Gram-positive Bacillus megaterium under the microscope.

Figure 1 . 3 -

 13 Figure 1. 3 -Chemical structure of various types of isotactic natural (R)-PHAs, extracted from microorganisms.

  4), they have been optimized. Biotechnological studies towards the biosynthesis of PHAs have extensively progressed through the development of various metabolic engineering strategies. Efficient PHA production (1 st generation) has been achieved using fermentation technology of naturally occurring PHA-producing bacteria based on external substrate manipulation (vide supra), and by means of utilization of agricultural feedstocks, wastewater, and sewage sludge (2 nd generation). More recently, subsequent reinforcement with recombinant gene technology and

  3) via chemical polymerization methods are applicable for various practical demands. Two polymerization approaches have been implemented to date: (a) polycondensation of β-hydroxy-acids, and(b) 

Figure 1 . 8 -

 18 Figure 1. 8 -Illustration of (left) ring-opening polymerization (ROP) vs. (right) polycondensation processes.

  initiators and cationic intermediates are very reactive, thus the polymerization is difficult to control. Customarily, CROP is favoured by increasing carbocation stability, and regarding β-lactones the carbocations intermediates (C=O + or -O-C + -ring, Scheme 1. 4 & Scheme 1. 5) are considered not stable. The low molar masses and high dispersities of PHAs (PPL or PBL Me )

  2011, Jones and Davidson designated the ROP of rac-BL Me , in solution in toluene ([BL Me ]0 = 10 M) at 80°C, initiated by complexes of group 4 metals (Figure 1. 10 -2a-d, 3a-d, 4a-d). Subsequently, titanium alcoholates have been shown to be non-stereoselective (atactic PBL Me were obtained; Pr = 0.50), zirconium and hafnium Chapter 1.

Figure 1

 1 in the presence of 1 to 5 eq. of BnOH, dissolved in toluene ([BL Me ]0 = 1.5 M) at 100°C. However, these catalysts exhibit poor isotactic enrichments of 5, 6 (almost atactic; Pm = 0.54-0.55) and poor syndio-enrichment of 7a-c (Pr = 0.53-0.55) with modest activities (TOF = 2-33 h -1

A 1 .R 1 =

 11 very significant breakthrough was recently brought by Chen's group. They have presented the ROP of an eight membered ring diester, namely rac-diolide (rac-DL R ; R : Me = CH3, Et = CH2CH3, Bn = CH2Ph, n Bu = CH2CH2CH2CH3), a cyclic dimer of substituted 3hydroxybutyric acid (3-HB R ) as an alternative to the ROP of racemic β-lactones to generate highly stereoregular PHAs (PDL R , e.g. R = Me afford mimic of bacterial PHB; Figure1. 3).[119] Starting from rac-DL Me (R,R and S,S) accompanied with achiral yttrium silylamido complexes supported by N,N-bis(salicylidene) cyclohexanediimine (salcy) ligands (R 1 = R 2 = t Bu; Scheme 1. 15 -24), highly isotactic (R)-PDL Me and (S)-PDL Me of Pm = 0.88 were obtained; noteworthy when catalyst 16d (Figure1. 11) was applied, Pm was 0.76. When the rac-analogues of the Chapter achiral catalyst 24 were used instead of 22a-d (R 1 = R 2 = t Bu or CMe2Ph; R 1 = t Bu and R 2 = F; Me and R 2 = CPh3; Scheme 1. 15), highly-to-perfectly isotactic (R)-PDL Me and (S)-PDL Me were produced (Pm = 0.91-0.99). When enantiopure catalysts analogues ((R)-22a-d or (S)-22a-

Scheme 1 . 15 -

 115 Scheme 1. 15 -ROP of rac-DL R and meso-DL R (R = Me, Et, Bn, n Bu) reported by Chen et al. using rare-earth metal-based catalysts 22a-d, 23, and 24 to afford highly isotactic and syndiotactic PDL R , respectively.

(

  days), cannot reach full conversion and generally a mixture of linear and cyclic PHAs are obtained with dispersities range 1.6 < ÐM <2.3. Its main challenge is the compatibility of the enzyme active site with the β-lactone. It can reach molar masses up to 12,000 g mol -1 in the case of unsubstituted monomers (PL), and maximum of 3000 g mol -1 in the case of substituted ones (BL Me and MPL) so far, yet with moderate isotactic stereocontrol (Pm = 0.67-0.75). CROP of β-lactones (PL, rac-BL Me ) lacks stereocontrol and faces regioselectivity issues (endocyclic Chapter 1. vs. exocyclic monomer activation; O-alkyl vs. O-acyl bong cleavage) with low maximum experimental molar mass (Mn,SEC < 10,100 g mol -1

  Finally, AROP mediated by organometallic catalytic systems is often advantageous compared to other ROPs, thanks to its fast kinetics and tunability of catalysts and monomers. Intelligent organometallic catalyst design framework depending on the metal and the ligand can avoid regioselectivity obstacles and enhance stereoselectivity. It was shown that in the ROP of rac-BL Me and rac-DL Me or meso-DL Me , the highest activity and stereoselectivity (Pm up to 0.99; Pr up to 0.95) were obtained from rare-earth metals, especially yttrium, with sterically hindered substituted ligands (more inputs are presented in Chapter 4). Noteworthy, exclusively AROP, regardless of the organic activators (initiators or catalysts) or organometallic complexes catalysts systems used, is so far the most feasible among the other ROPs in extending the monomer functionality scope of βlactones.

Figure 1 . 12 - 2 . 3 .

 11223 Figure 1. 12 -Regioselectivity of the ring opening of β-lactones depends on the nucleophile nature of the organic activators.

Figure 2 . 2 -

 22 Figure 2. 2 -Possible β-lactone transformations; (a) addition of an electrophile "E"; (b) nucleophilic "Nuc" attack; (c) decarboxylation; (d) Lewis acid catalysed rearrangement; (e) direct conversion to β-lactams; (f) ring-opening polymerization "ROP" towards PHAs.

  15%). Practically, Alper et al. demonstrated an effective system based on bis(triphenylphosphine)iminium [PPN] + [Co(CO)4] -/BF3.Et2O (Figure 2. 3 -(4)) in dimethoxyethane (DME) for the preparation of simple and functionalized epoxides such as alkenyl, halide, hydroxy, and alkyl ether ones, in good-to-high yields (63-86%). The carbonylation occurred regioselectively at the unsubstituted C-O bond of the epoxide ring (less sterically encumbered

  (1) the epoxide activation by the [Lewis acid] + species; (2) the epoxide ring opening by Co(CO)4 -at the less substituted carbon of the epoxide with inversion of configuration to form (I); (3) CO insertion; and (4) ring closure with configuration retention at the β-position, and finally the regeneration of the catalyst (Scheme 2. 3, pathway A). However, in some cases, the intermediate (I) can

(

  vide supra), the research efforts improved the carbonylation reaction up to an industrial applicability. Hence, heterogenous catalysts based on the homogenous catalyst [Lewis acid] + [Co(CO)4] -, were developed. These catalysts have shown the same reactivity as the homogenous ones along with a high stability; in addition, they enable the facile product separation, reusability, and recyclability. Examples of the heterogenous catalysts include, a solid porous network based on Al (III) picket fence phthalocyanine complex [AlPc'-based porous network] + [Co(CO)4] -, polymerized tetraphenylporphyrin "TPP" chromium cobaltate complex porous organic polymer (POP[TPPCr] + [Co(CO)4] -), and Co(CO)4⊂Cr-MIL-101 matrix (Figure 2. 4

Figure 2 . 2 -

 22 (f)), through ROP. Thus, previously known and innovative racemic and enantiopure β-lactone monomers carrying various exocyclic (thio)ether functionalities, represented by BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, SBn, O i Pr, O t Bu, OP(O)Ph2, NBn2), are synthesized from their related racemic and enantiopure epoxides (G FG s), respectively. The choice of these specific functional groups "FGs" is discussed in each of Chapter 3 and 4. The targeted substituted β-lactones investigated in my work as monomers are abbreviated or represented as shown in Figure2. 5.
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 25 Figure 2. 5 -Abbreviations of the targeted substituted β-lactones investigated in my work.

Scheme 2 . 5 -

 25 Scheme 2. 5 -Synthesis of rac-G FG s (FG = SPh, SBn, OTBDMS, OP(O)Ph2, NBn2) from commercially available epoxides; the final isolated yields are given in parentheses (%).

Figure 2 . 6

 26 Figure 2. 6 -1 H NMR and 31 P NMR spectra (400 MHz, CDCl3, 23 °C) of rac-G FG s; FG = SPh, SBn, OTBDMS, OP(O)Ph2, NBn2 (*: residual solvents (ethyl acetate) or water and acetone from the deuterated solvent).

Figure 2 . 7 -

 27 Figure 2. 7 -Chiral HPLC chromatogram (column Chiralcel-OD DAICEL; 250 mm × 4.6 mm, 5 µm; 20 °C with a UV detector at 214 nm) of: (left-top) racemic phenyl glycidyl ether (rac-G OPh ); (left-bottom) 99.97 % enantiopure (S)-phenyl glycidyl ether ((S)-G OPh ); (right-top) racemic 2-((phenylthio)methyl)oxirane (rac-G SPh ), and (right-bottom) 99.87% enantiopure (S)-2-((phenylthio)methyl)oxirane ((S)-G SPh )).

Scheme 2 . 8 -

 28 Scheme 2. 8 -Synthesis of rac-BPL FG s (FG = OH, OP(O)Ph2, NBn2) by carbonylation of the corresponding rac-G FG s promoted by catalyst (4).

Chapter 2 .

 2 The observed rac-GPL NBn2 may result from either the presence of the Lewis acid BF3 that can catalyse this rearrangement(Figure 2. 2 -(d)), the high temperature in the reaction medium (80 °C), long reaction time(2-3 days), and/or the high nucleophilicity of the nitrogen atom (in rac-BPL NBn2 ), all possibly inducing the expansion of the ring (Scheme 2. 7left).Anyhow, only two attempts to prepare rac-BPL NBn2 were made, and further experimentation will be carried out in our laboratory. The 1 H and 13 C NMR data of the produced rac-GPL NBn2 are depicted in Figure2. 8.

Figure 2 . 8

 28 Figure 2. 8 -1 H NMR (400 MHz, CDCl3, 25 °C) (top) and 13 C (100 MHz, CDCl3, 25 °C) (bottom) spectra of racemic 4-(dibenzylamino)dihydrofuran-2(3H)-one (rac-GPL NBn2 ) formed from the carbonylation of rac-G NBn2 in the presence of (4).

Figure 2 . 9 2 .

 292 Figure 2. 9 -1 H (500 MHz, CDCl3, 23 o C) NMR of isolated rac-BPL FG s; (from top to bottom): rac-BPL OAll , rac-BPL nBu , rac-BPL OBn , rac-BPL OTBDM , rac-BPL OPh , rac-BPL OiPr ; * residual DME solvent or water from the CDCl3.

Figure 2 .

 2 Figure 2. 10 -1 H NMR (400 MHz, CDCl3, 25 °C) (top) and 13 C (100 MHz, CDCl3, 25 °C) (bottom) spectra of racemic 4-(phenylthio)methylene--propiolactone (rac-BPL SPh ).

Figure 2 . 11 -

 211 Figure 2. 11 -ESI-MS (ionized by Na + , solvent CH2Cl2/CH3OH (95/5 v:v)) of freshly synthesized racemic 4-(phenylthio)methylene--propiolactone, rac-BPL SPh and ESI-MSMS of [M+H] + m/z 195 with a collision energy of 10 eV. The zoomed region shows the peak corresponding to [(COCH2CH(CH2SC6H5)O)H]•Na + (m/z = 217.0293). The two other fragmentation products depicted in red correspond to the loss of CH2CO (m/z 149), and to the subsequent loss of CH2 from the latter (m/z 135), or to the loss of CH2CH2CO from the monomer during the analysis, respectively.

Figure 2 .

 2 Figure 2. 12 -1 H NMR spectrum (400 MHz, CDCl3, 25 °C) showing the decomposed and the rearrangement products of rac-BPL SPh after 2 days storage in the fridge (-30 °C).

Figure 2 .

 2 Figure 2. 13 -1 H NMR (400 MHz, CDCl3, 25 °C) (top) and 13 C (100 MHz, CDCl3, 25 °C) (bottom) spectra of racemic 4-(tert-butoxymethyl)oxetan-2-one (rac-BPL OtBu ).

Figure 2 .

 2 Figure 2. 14 -ESI-MS (ionized by Na + , solvent CH3OH) of freshly synthesized racemic 4-(tertbutoxymethyl)oxetan-2-one (rac-BPL OtBu ) showing the peak corresponding to

Figure 2 .

 2 Figure 2. 15 -1 H NMR (500 MHz, CDCl3, 25 °C) (top), 13 C (125 MHz, CDCl3, 25 °C) (middle), and 31 P (125 MHz, CDCl3, 25 °C) (bottom) spectra of racemic (4-oxooxetan-2-yl) methyl diphenylphosphinate (rac-BPL OP(O)Ph2 ).

Figure 2 .

 2 Figure 2. 16 -ESI-MSMS of [M+H] + (solvent CH2Cl2/CH3OH (95/5 v:v)) of freshly synthesized racemic (4-oxooxetan-2-yl)methyl diphenylphosphinate (rac-BPL OP(O)Ph2 ) displaying the peak on the right corresponding to [(COCH2CH(CH2O2PC12H10O)]H + (m/z = 303.0781).The three fragmentation products are described from right to left and correspond to the loss of OH to form another benzene-P bond (m/z =285.0676), or the loss of C4H4 ring (m/z =219.0569), and the subsequent loss of H2O (m/z =219.0464), respectively. Refer to the literature for details on the fragmented products.[34] 

  BPL FG s and (S)-BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, SBn, O i Pr, O t Bu, OP(O)Ph2) through carbonylation mediated by [Lewis acid] + [Co(CO)4] -type achiral catalyst, was achieved. Fortunately, all the desired BPL FG s were synthesized under mild conditions (room temperature, low catalyst loading and no additive) in fair-to-high yields (51-82%) in the presence of [(Salph)Cr(THF)2] + [Co(CO4)] -(7), except for BPL SBn , BPL OP(O)Ph2 and BPL NBn2 .

)

  Carbonylation of rac-G OAll to rac-BPL OAllIn a typical experiment, in the glovebox, a Schlenk flask was charged with [Salph(Cr(THF)2)][Co(CO)4] (7) (320 mg, 0.35 mmol). On a vacuum line, dry DME(15 mL) was syringed in and the resulting solution was cannulated into a degassed high-pressure reactor which was pressurized with carbon monoxide to 20 bars, and stirred for 15 min before depressurization. A solution of racemic allyl glycidyl ether (rac-G OAll )(3.93 g, 34.5 mmol, 100 equiv.) in dry DME (15 mL) was transferred into the reactor which was then pressurized with CO to 40 bars. The reaction mixture was stirred for 2 days at 20 °C. Then, the reactor was vented to atmospheric pressure, volatiles were removed under vacuum and the crude product was purified through a short alumina column (CHCl3, 2 × 200 mL). After evaporation of volatiles, rac-BPLO All was obtained by double distillation using a Kügelrorh oven (110 °C-130 °C, 0.1 torr) to afford a colourless viscous liquid (79% yield, 3.87 g). rac-BPL OAll was stored under argon in the fridge at -27 °C.1 H NMR (500 MHz, CDCl3, 25 °C)  (ppm): 5.86 (ddt,3 JH-H = 17 Hz,3 JH-H = 10 Hz,3 JH-H = 5 Hz, 1H),5.31 -5.21 (m, 1H), 5.23 -5.14 (m, 1H), 4.63 (dtd, 3 JH-H = 6 Hz,3 JH-H = 5 Hz,3 JH-H = 3 Hz, 1H), 4.19 -3.90 (m, 2H), 3.77 (dd, 2 JH-H = 12 Hz,3 JH-H = 3.0 Hz, 1H),3.66 (dd, 2 JH-H = 12 Hz,3 JH-H = 4.5 Hz, 1H),3.44 (dd, 2 JH-H = 16. Hz,3 JH-H = 6 Hz, 1H), 3.37 (dd,2 JH-H = 16 Hz,3 JH-H = 4.5 Hz, 1H) (Figure2. 9). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): 167.9 (C=O), 134.1 (OCH2CH=CH2), 117.7 (OCH2CH=CH2), 72.7 (CH2OAllyl), 69.5 (CHOC(O)), 69.3 (OCH2CH=CH2), 39.7 (CH2C(O)O).

2 (

 2 Cr(THF)2)][Co(CO)4] (316 mg, 0.35 mmol) and rac-G OnBu (4.54 g, 43.9 mmol, 100 equiv), rac-BPL OnBu was isolated after double distillation using a Kügelrorh oven (130 °C-160 °C, 0.1 torr) as a colourless viscous liquid (82% yield, 4.52 g). rac-BPL nBu was stored under argon in the fridge at -27 °C.1 H NMR (500 MHz, CDCl3, 25 °C) δ (ppm): 4.64 (dtd,3 JH-H = 6 Hz,3 JH-H = 4 Hz,3 JH-H = 3 Hz, 1H),3.76 (dd, 2 JH-H = 12 Hz,3 JH-H = 3 Hz, 1H),3.68 (dd, 2 JH-H = 12 Hz,3 JH-H = 4 Hz, 1H),3.57 -3.48 (m, 2H), 3.48 -3.36 (m, 2H), 1.61 -1.51 (m, 2H), 1.37 (h, J = 7 Hz, 2H), 0.92 (t, J = 7 Hz, 3H) (Figure2. 9). 13 C NMR (125 MHz, CDCl3, 25 °C) δ (ppm): 169.7 (C=O), 72.4 (CH2O n Butyl), 70.7 (CHOC(O)), 70.7 (OCH2CH2CH2CH3), 38.0 (CH2C(O)O) 31.4 (OCH2CH2CH2CH3), 19.1 (OCH2CH2CH2CH3), 14.0 (OCH2CH2CH2 guanidines H3).Carbonylation of rac-G OBn to rac-BPL OBnFollowing the typical experiment reported above, using [Salph(Cr(THF)2)][Co(CO)4] (246 mg, 0.27 mmol) and rac-G OBn (4.43 g, 27.0 mmol, 100 equiv), rac-BPL OBn was isolated after double distillation using a Kügelrorh oven (180 °C, 0.1 torr) as a colorless viscous liquid (62% yield, 3.2 g). rac-BPL OBn was stored under argon in the fridge at -27 °C.1 H NMR (500 MHz, CDCl3, 25 °C) δ (ppm): 7.41 -7.26 (m, 5H), 4.69 -4.63 (m, 1H), 4.64 -4.56 (m, 2H), 3.82 (dd, 2 JH-H = 12 Hz,3 JH-H = 3 Hz, 1H),3.71 (dd, 2 JH-H = 12 Hz,3 JH-H = 4 Hz, 1H), 3.50 -3.36 (m, 2H) (Figure2. 9). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): 167.6 (C=O), 137.3 (ipso-C aro), 128.5 (m-CH aro), 127.9 p-CH aro, 127.7 (o-CH aro), 73.6 (CH2OCH2Ph), 69.3 (CHOC(O)), 69.CH2Ph), 39.7 (CH2C(O)O).

  Cr(THF)2)][Co(CO)4] (246.4 mg, 0.27 mmol) and rac-G OTBDMS (5.57g, 29.64 mmol, 100 equiv.) afforded rac-BPL OTBDMS isolated following a double distillation using a Kügelrorh oven (140°C under vacuum of 0.1 torr) as a colourless viscous liquid (60% yield, 3.8 g).

1 H 9 (

 19 NMR (500 MHz, CDCl3, 25 °C)  (ppm): 4.65 -4.46 (m, 1H), 4.02 (dd, 2 JH-H = 12 Hz, 2 JH-H = 3 Hz, 1H), 3.82 (dd,3 JH-H = 12 Hz,3 JH-H = 3 Hz, 1H), 3.53 -3.28 (m, 2H), 0.91 (s, 9H), 0.09 (s, 6H) (Figure2. 9). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): 171.7 (C=O), 74.8 (CHOC(O)), 63.

1 H

 1 NMR (500 MHz, CDCl3, 25 °C)  (ppm): δ 7.34-7.28 (m, 2H), 7.03-6.98 (m, 1H), 6.95-6.91 (m, 2H), 4.88-4.81 (m, 1H), 4.33 (dd, J = 11, 3 Hz, 1H), 4.23 (dd, J = 11, 4 Hz, 1H), 3.62-3.53 (m, 2H) (Figure 2. 9). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): 167.3 (C=O), 158.1 (ipso-C5), 129.8 (m-CH), 121.9 (p-CH), 114.8 (o-CH), 68.4 (CHOC(O)), 67.4 (CH2OPh), 40.2 (CH2C(O)O).

1 H

 1 NMR (500 MHz, CDCl3, 25 °C)  (ppm): δ 7.45-7.40 (m, 2H), 7.36-7.24 (m, 3H), 4.63-4.55 (m, 1H), 3.50 (dd, J = 17, 6 Hz, 1H), 3.43 (dd, J = 14, 5 Hz, 1H), 3.17-3.11 (m, 2H) (Figure 2. 10). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): 167.3 (C=O), 133.9 (ipso-C), 131.2 (o-CH), 129.4 (m-CH), 127.7 (p-CH), 68.9 (CHOC(O)), 43.0 (CH2SPh), 38.0 (CH2C(O)O) (Figure 2. 10). ESI-MS m/z observed = 217.0293 vs m/z calculated = 217.0299 (Figure 2. 11).

  Cr(THF)2)][Co(CO)4] (431 mg, 0.47 mmol) and rac-G OiPr (5.51 g, 47.51 mmol, 100 equiv.) afforded rac-BP OiPr isolated following a double distillation using a Kügelrorh oven (180°C under vacuum of 0.1 torr) as a colourless viscous liquid (65% yield, 4.45 g).1 H NMR (500 MHz, CDCl3, 25 °C)  (ppm): δ 4.60 (dtd,3 JH-H = 6 Hz,3 JH-H = 4 Hz,3 JH-H = 3 Hz, 1H), 3.74 (dd,2 JH-H = 12 Hz,3 JH-H = 3 Hz, 1H),3.68 -3.58 (m, 2H), 3.42 (dd, 2 JH-H = 16 Hz,3 JH-H = 6 Hz, 1H),3.35 (dd, 2 JH-H = 16 Hz,3 JH-H = 4 Hz, 1H), 1.15 (d, J = 6 Hz, 6H) (Figure2. 9). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): 72.6 (OCH(CH3)2), 69.6 (CHOC(O)), 67.4 (CH2OCH), 39.4 (CH2C(O)O), 21.8 (CH(CH3)2), 21.8 (CH(CH3)2) (Figure 2. 9).
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 165 NMR (500 MHz, CDCl3, 25 °C)  (ppm): δ 4.55 (dtd,3 JH-H = 6 Hz,3 JH-H = 4 Hz,3 JH-H = 3 Hz, 1H),3.66 (dd, 2 JH-H = 11 Hz,3 JH-H = 3 Hz, 1H),3.54 (dd, 2 JH-H = 11 Hz,3 JH-H = 4 Hz, 1H),3.37 (dd, 2 JH-H = 16 Hz,3 JH-H = 6 Hz, 1H),3.31 (dd, 2 JH-H = 16 Hz,3 JH-H = 5 Hz, 1H),1.15 (s, 9H) (Figure 2. 13). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): δ 167.9 (C=O), 74.3 (OC(CH3)3), 69.CHOC(O)), 63.6 (CH2OC), 39.4 (CH2C(O)O), 27.2 (C(CH3)3) (Figure 2. 13). ESI-MS m/z observed = 181.0833 vs m/z calculated = 181.0835 (Figure 2. 14).The carbonylation of (S)-BPL OtBu was performed similarly but starting from (S)-G OtBu and gave (S)-BPL OtBu as colourless viscous liquid(3 g, 61.3% yield) that displayed NMR spectra identical to those of rac-BPL OtBu (vide supra). Both rac-BPL OtBu and (S)-BPL OtBu were stored under argon in the fridge at -27 °C.Typical carbonylation procedure via (4)Carbonylation of rac-G OP(O)Ph2 to rac-BPL OP(O)Ph2In a typical experiment, in the glovebox, a Schlenk flask was charged with[PPN][Co(CO)4] (4)(155.48 mg, 218.98 µmol). On a vacuum line, dry DME (15 mL) was syringed in the flask containing (4) in order to solubilize it. The resulting solution was cannulated into a degassed high-pressure reactor under argon. In another Schlenk flask, dry DME (15 mL) was added to racemic oxiran-2-ylmethyl diphenylphosphinate rac-G OP(O)Ph2 (3g, 10.95 mmol, 50 equiv.) under argon. Using a degassed microsyringe, dry BF3.Et2O(30.88 mg, 218.98 µmol) was also added to the autoclave reactor. The reactor was pressurized with carbon monoxide to 60 bars, and was put in an oil bath at 80 °C. The reaction mixture was stirred for 2 days at 80 °C. Then, the reactor was vented to atmospheric pressure, volatiles were removed under vacuum to obtain a green-blue viscous oil product. The green-blue viscous oil product was solubilized in minimum amount of ethyl acetate and then diluted with diethyl ether (150-200 mL) to give a precipitate (residual catalyst (4)). The precipitate was filtered off and the remaining organic solution was dried under vacuum from the residual solvents to obtain yellow viscuous oily crude product. The crude product was purified as solid deposit with flash column chromatography (gradient eluent of 2:8 to 1:9 n-hexane/ethyl acetate) to obtain rac-BPL OP(O)Ph 2 as white solid after drying the volatiles. Crystallisation was done in ethyl acetate at room temperature to give rac-BPL OP(O)Ph 2 as crystals, that was then stored under argon. 1 H NMR (500 MHz, CDCl3, 25 °C)  (ppm): δ 7.88 -7.77 (m, 4H), 7.59 -7.52 (m, 2H), 7.52 -7.42 (m, 4H), 4.80 -4.72 (m, 1H), 4.36 (ddd, 2 JH-H = 12 Hz, 3 JH-H = 7 Hz, 3 JH-P = 2.9 Hz, 1H), 4.27 (ddd, 2 JH-H = 12 Hz, 3 JH-H = 7 Hz, 3 JH-P = 3.9 Hz, 1H), 3.58 -3.49 (m, 2H) (Figure 2. 15). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): δ 166.9 (C=O), 132.8 (d, 3 JC-P = 4 Hz, m-CH), 132.8 (d, 3 JC-P = 3 Hz, m-CH), 131.9 (d, 2 JC-P = 10 Hz, o-CH), 131.6 (d, 2 JC-P = 10 Hz, o-CH), 131.1 (d, 1 JC-P = 52 Hz, ipso-C), 130.0 (d, 1 JC-P = 48 Hz, ipso-C), 129.0 (d, 4 JC-P = 2 Hz, p-CH), 128.9 (d, 4 JC-P = 2 Hz, p-CH), 68.6 (d, 2 JC-P = 7 Hz, CH2OP), 63.5 (d, 3 JC-P = 5 Hz,CHOC(O)), 40.1 (CH2C(O)O) (Figure 2. 15). 31 P NMR (162 MHz, CDCl3, 25 °C)  (ppm): δ 33.95 (Figure 2. 15). ESI-MS m/z observed = 303.0781 vs m/z calculated = 303.0781 (Figure 2. 16).Carbonylation of rac-G OH to rac-BPL OHFollowing the typical experiment previously reported, using [PPN][Co(CO)4] (642 mg, 904 µmol), dry BF3.Et2O (127.5 mg, 218.98 µmol) and rac-G OH(3.35 g, 45.20 mmol, 50 equiv.) afforded rac-BPL OH isolated, following precipitation in diethyl ether, as a pale yellow viscous liquid (76% yield, 3.5 g).1 H NMR (500 MHz, CDCl3, 25 °C)  (ppm): δ 4.67 -4.59 (m, 1H), 4.39 (dd, 2 JH-H = 10 Hz,3 JH-H = 4 Hz, 1H),4.27 (dd, 2 JH-H = 10 Hz,3 JH-H = 1 Hz, 1H),3.56 (s, 1H), 2.72 (dd, 2 JH-H = 18 Hz,3 JH-H = 6 Hz, 1H), 2.48 (dd, 2 JH-H = 18 Hz, 2 JH-H = 1 Hz, 1H) (Appendix 5top). 13 C NMR (125 MHz, CDCl3, 25 °C)  (ppm): δ 177.2 (C=O), 76.5 (CHOC(O)), 67.The ring-opening polymerization (ROP) of β-lactones promoted by organic activators provides a practical, environmentally friendly synthetic process towards the preparation of functional poly(hydroxyalkanoate)s "PHAs" that have not yet been found in nature. While diverse organic activators have been reviewed in Chapter 1, the focus of this Chapter will be on the most common commercially available organic activators, typically phosphazenes, guanidines and amidines such as 2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP),1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), or 1,8diazabicyclo[5.4

  this regard, the ROP of a specific family of β-lactones, namely, 4-alkoxymethylene-βpropiolactones (BPL FG s, FG = OBn, OAll, O n Bu, OTBDMS, OP(O)Ph2), mediated by BEMP, TBD, or DBU towards the formation of the corresponding non-bacterial functional PHAs (poly(BPL FG )s or (PBPL FG s), FG = (OBn, OAll, O n Bu, OTBDMS, OP(O)Ph2), was herein investigated for the first time. Analysis of the newly produced polymers microstructures PBPL FG s, and reinvestigation of that of the previously synthesized ones PBL Me and PMLA Bn , were performed on the basis of literature insights to ultimately propose some mechanistic pathways for each of the organic activator used with BPL FG s. This then further extends the mechanistic knowledge on β-lactones ROP mediated by the latter organic activators, and contributes forward on disclosing original mechanisms at play. At the outset of this chapter, a brief review of the mode of action of BEMP, TBD, and DBU in ROP of larger cyclic esters (vs. β-lactones) is highlighted for a better perception on their characteristic behavior and general features (Figure 3. 1).
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 31 Figure 3. 1 -Illustration of the work described in Chapter. 3 on ROP mediated by the organic activators BEMP, TBD, or DBU; starting from bibliography of Lactide, δ-valerolactone, and ε-caprolactone to the state-of-the-art on β-lactones.

Scheme 3 . 4 -

 34 Scheme 3. 4 -Postulated mechanisms (top) reaction of TBD with vinyl acetate; (bottom) bifunctionality of TBD in the ROP of cyclic esters (LA, δ-VL and ε-CL) in the presence of alcohol; (right) Mechanism A: TBD catalyses the ROP acting as a nucleophile and a H-bond donor; (left) Mechanism B: TBD catalyses the ROP via H-bond donor and acceptor solely.

  undec-7-ene (DBU) is a commercially available organic compound which belongs to the amidine family. DBU has been established as a super base ( MeCN pKa = 24.

Chapter 3 .

 3 same time, it was conceded to accompany DBU (which is a H-bond acceptor only) with a Hbond donor cocatalyst such as TU or Urea. Indeed, the addition of 5mol% TU (Scheme 3. 2top) DBU in the polymerization medium enabled to ring-open polymerize δ-VL (DP = 200) and ε-CL (DP = 100) in a control manner to give PVL (95% conversion in 6 h at 21 °C, ÐM = 1.05) and PCL (78% conversion in 120 h at 21 °C, ÐM = 1.05), respectively. The surmised mechanism in this case involves neutral H-bonding, where TU activates the monomer (carbonyl) and DBU increases the nucleophilicity of the alcohol (Scheme 3. 7).

  the other hand, DBU acted specifically as a nucleophile in the absence of alcohol or of any other proton-containing activators, in the ROP of L-LA in DCM. In this work, Waymouth et al. detected the formation of macrocyclic PLA mixed with minor amounts of linear PLA (56,000 g mol -1 , ÐM = 1.63) that were end-capped with MeO groups after treatment of the reaction mixtures with MeOH, as assessed by MALDI-ToF MS. It was proposed that DBU initiates the zwitterionic ROP by forming a zwitterionic acyl-amidinium intermediate that may undergo several pathways. The first one was the reversible ring closure to the neutral tricycle, which would likely be a dormant species (Scheme 3. 10 -(a)), or ionic nucleophilic chain growth propagation to larger zwitterions followed by cyclization with a release a cyclic PLA and DBU (Scheme 3. 10 -(b)). Otherwise, intramolecular deprotonation of the zwitterion could generate the neutral ketene-aminal (KA), that can propagate to form linear PLA (Scheme 3. 10 -(c)), with the possibility to also cyclize and generate cyclic PLA (Scheme 3. 10 -

Scheme 3 . 10 -

 310 Scheme 3. 10 -Mechanistic proposal for the ROP of L-LA mediated by the nucleophilic DBU in the absence of alcohol; (a) reversible dormant neutral tricyclic species; (b) ionic propagation of the zwitterionic intermediate to produce cyclic PLA; (c) propagation via neutral ketene-aminal (KA) intermediate producing linear and (c') cyclic PLA.

  with excess DBU ([ROH] <<<[DBU]), DBU interplayed between two polymerization routes to most likely behave as a nucleophile and initiate the ROP via the KA intermediate similar to that ofScheme 3. 11 -((c),(c')), and less likely as a base to activate ROH (Scheme 3. 11-(a))

  temperature ([rac-LA]/([BnOH]/([TBD] = 100:1:1), PLA was produced after 1 h (90% conversion, ÐM = 1.27), yet with a poor stereocontrol (Pm = 0.68). Taking into consideration Chapter 3.

Figure 3 . 2 -

 32 Figure 3. 2 -Illustration of the steric bulkiness of BEMP that weakens its nucleophilicity, unlike TBD and DBU.

  Less documented efforts have been made in ROP of β-lactones mediated by BEMP, TBD or DBU compared to the larger cyclic esters (LA, δ-VL, ε-CL); this is likely because β-lactones are more reluctant to ring open and thus are more challenging. In accordance with investigations of TBD in the ROP of large lactones revealing its unique efficiency and capability (Scheme 3. 4), Hedrick et al. were the first to trigger the ROP of β-lactones (BL Me ) using TBD in 2006.[23b] However, their attempt to ring-open polymerize BL Me using the TBD-ROH catalytic system in C6D6 at room temperature surprisingly failed. The authors demonstrated the formation of an acyl intermediate (1:1, BL Me -TBD) adduct which is stabilized by strong hydrogen bonding of the eight-membered ring, resulting in precluding the propagation (Scheme 3. 12). Upon heating to 50 °C, only oligomers with crotonate by-products were observed in an uncontrolled manner.
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 12 Macromolecular structure of BEMP-synthesized PBPL FG s assessed by NMR spectroscopy and MALDI-ToF mass spectrometry BPL FG β-lactones have two possible mechanistic opening pathways, either through an O-acyl cleavage to generate alkoxide moieties and eventually an alcohol end-group, or via an O-alkyl cleavage to produce carboxylate moieties and eventually a carboxylic acid end-group (Scheme 1. 7). We thus carefully investigated the end-capping groups of PBL FG s and therefrom suggested the possible corresponding ROP mechanism. All the purified PBPL FG s samples isolated from the ROP of rac-BPL FG s mediated by BEMP were characterized by 1 H, J-MOD and 2D (COSY) NMR spectroscopy and MALDI-ToF and ESI MS (vide infra). The typical 1 H and J-MOD NMR spectra of PBPL FG s recovered from the ROP of rac-BPL FG s mediated by BEMP are depicted in Figure 3. 3 to Figure 3. 7. Regardless of the monomer/polymer ether functional group (OAll, O n Bu, OBn, OTBDMS, OP(O)Ph2), as exemplified with PBPL OBn , besides the main chain repeating unit typical methine and methylene backbone hydrogens' signals (1H ppm 5.39 (OCH c CH2) and 2.67 (CH2 a,b C(O))), resonances for both crotonate (1H ppm 6.99 (CH h =CHCH2O), 6.14 (CH=CH g C(O)O)) and BEMP (especially methyl signals: 1H ppm 1.36 (NC(CH j 3)3) and 1.15 (NCH2CH k 3)) moieties were clearly observed in a 1:1 ratio (Figure 3. 5top). The corresponding carbon signals of these two moieties were assigned from the J-MOD spectrum (Figure 3. 5bottom).

Figure 3 . 3

 33 Figure 3. 3 -1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of PBPL OAll with [AllOCH2CH=CHCOO(PBL OAll )] -[BEMPH] + (Scheme 3. 17-9) and AllOCH2CH=CHCOO(PBL OAll )H (Scheme 3. 17 -10) (note that the possible [AllOCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL OAll mediated by BEMP (Table3. 3entry 3).

Figure 3 . 4

 34 Figure 3. 4 -1 H (500 MHz, CDCl3, 25 o C) NMR spectra of PBPL nBu with [ n BuOCH2CH=CHCOO(PBL nBu )] -[BEMPH] +(Scheme 3. 17 -9) and n BuOCH2CH=CHCOO(PBL nBu )H (Scheme 3. 17 -10) (note that the possible [ n BuOCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL nBu mediated by BEMP (Table3. 3entry 6).

Figure 3 . 5 -

 35 Figure 3. 5 -1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of PBPL OBn with [BnOCH2CH=CHCOO(PBL OBn )] -[BEMPH] + (Scheme 3. 17-9) and BnOCH2CH=CHCOO(PBL OBn )H (Scheme 3. 17 -10) (note that the possible [BnOCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL OBn mediated by BEMP (Table3. 3entry 12); * unidentified minor impurity not observed in other spectra of PBPL FG s obtained from BEMP.

Figure 3 . 6

 36 Figure 3. 6 -1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of PBPL OTBDMS with [TBDMSOCH2CH=CHCOO(PBL OTBDMS )] -[BEMPH] + (Scheme 3. 17-9) and TBDMSOCH2CH=CHCOO(PBL OTBDMS )H (Scheme 3. 17 -10) (note that the possible [TBDMSOCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL OTBDMS mediated by BEMP (Table3. 3entry 14).

Figure 3 . 7

 37 Figure 3. 7 -1 H (500 MHz, CDCl3, 25 o C) (top) and 31 P (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of PBPL OP(O)Ph2 with [P(O)Ph2OCH2CH=CHCOO(PBL OP(O)Ph2 )] -[BEMPH] + (Scheme 3. 17 -9) and P(O)Ph2OCH2CH=CHCOO(PBL OP(O)Ph2 )H (Scheme 3. 17 -10) (note that the possible [POPh2OCH2CH=CHCOO] -[BEMPH] + species (Scheme 3. 17 -8) is not depicted) recovered from the ROP of rac-BPL OP(O)Ph2 mediated by BEMP (Table 3. 3entry 16); * H-grease, acetone and water from the deuterated solvent (CDCl3).

Figure 3 . 8

 38 Figure 3. 8 -1 H-1 H COSY (500 MHz, CDCl3, 25 ˚C) NMR zoomed spectra; (left) for PBPL OAll (Table3. 3, entry 3); (right) for PBPL OBn (Table3. 3entry 12) recovered from the ROP of rac-BPL OAll and rac-BPL OBn , respectively; mediated by BEMP supporting the α-crotonate endcapping group.

  ; refer toAppendix 10-12), as unequivocally supported by the close match of the simulated isotopic distribution with e.g., m/zexp = 983.380 vs. m/zsimul = 983.382 for n = 4 (see left zoomed region). [BEMPH] + was also clearly observed at m/zexp= 275.234 (top zoomed region) vs. m/zsimul = 275.236. However, its counter anion, the carboxylate end-capped (macro)molecule(s) (Scheme 3. 17 -(8),(10)) could not be observed under the positive MALDI-ToF MS conditions while analysis under the negative mode did not reveal sensitive enough. No cyclic polymer was observed therein. Moreover, MALDI-ToF MS analysis done in the absence of cationizing agent (Na + ) showed only BEMPH + without any polymeric chains, emphasizing the significance of the MALDI-ToF MS conditions on the characterization (Appendix 13).

Figure 3 . 11 -

 311 Figure 3. 11 -MALDI-ToF mass spectrum (positive mode, DCTB matrix, Na + cationizing salt) of a sample freshly synthesized from the ROP of rac-BPL OBn mediated by BEMP (Table3. 3entry 11)showing populations corresponding to PBPL OBn macromolecules end-capped with both an α-crotonate and an -carboxylic acid end-groups (Scheme 3. 17 -(10)); the right zoomed regions correspond to the simulated (blue, bottom) and experimental (black, top) spectra, and [BEMPH] + (Scheme 3. 17 -(8),(9)); the top middle zoomed region shows the [BEMPH] + fragment recorded.

  Figure 3. 11 -MALDI-ToF mass spectrum (positive mode, DCTB matrix, Na + cationizing salt) of a sample freshly synthesized from the ROP of rac-BPL OBn mediated by BEMP (Table3. 3entry 11)showing populations corresponding to PBPL OBn macromolecules end-capped with both an α-crotonate and an -carboxylic acid end-groups (Scheme 3. 17 -(10)); the right zoomed regions correspond to the simulated (blue, bottom) and experimental (black, top) spectra, and [BEMPH] + (Scheme 3. 17 -(8),(9)); the top middle zoomed region shows the [BEMPH] + fragment recorded.

  due to the presence of traces of water in the THF used to solubilize the monomer. Moreover, two populations derived from both populations I and II (Figure 3. 12 -(10')) were also observed resulting from partial fragmentation upon abstraction of the phosphorus group (OP(O)Ph2). Once again MALDI-ToF MS analysis performed in the absence of a cationizing agent (Na + ) in DCTB or in α-cyano-4-hydroxycinnamic acid (CHCA) showed only BEMPH + without any polymeric chains (Appendix 14).

Figure 3 . 12 -

 312 Figure 3. 12 -MALDI-ToF mass spectrum (positive mode, DCTB matrix, Na + cationizing salt) of a sample freshly synthesized from the ROP of rac-BPL OP(O)Ph2 mediated by BEMP (Table 3. 3entry 16) showing population I (in red top boxes) corresponding to PBPL OP(O)Ph2 macromolecules endcapped with both an α-crotonate and an -carboxylic acid end-groups (Scheme 3. 17 -(10)) and its fragmented product (10'), with the right top zoomed region in the top spectrum are the simulated (black top) and experimental (red bottom); and population II (in blue bottom boxes) of PBPL OP(O)Ph2

Figure 3 . 14 -

 314 Figure 3. 14 -MALDI-ToF mass spectra of a PMLA Bn sample freshly synthesized from the ROP of rac-MLA Bn mediated by BEMP, using α-cyano-4-hydroxycinnamic acid (CHCA) as matrix (no cationizing salt) (top) (FigureS11of reference[38b] ), and of the same sample but not freshly synthesized using trans-3-indoleacrylic acid (IAA) matrix in the presence of Na + cationizing salt (bottom) (FigureS13of reference[38b] ). Reinterpretation of the top spectrum shows that in the absence of a cationizing agent, a non-conclusive spectrum is obtained. Also, the bottom spectrum shows a population corresponding to PMLA Bn which can only be observed in the presence of a cationizing agent, with the zoomed region corresponding to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules end-capped with both an α-crotonate and an -carboxylic acid end-groups, alike species Scheme 3. 17 -(10).

  Figure 3. 14 -MALDI-ToF mass spectra of a PMLA Bn sample freshly synthesized from the ROP of rac-MLA Bn mediated by BEMP, using α-cyano-4-hydroxycinnamic acid (CHCA) as matrix (no cationizing salt) (top) (FigureS11of reference[38b] ), and of the same sample but not freshly synthesized using trans-3-indoleacrylic acid (IAA) matrix in the presence of Na + cationizing salt (bottom) (FigureS13of reference[38b] ). Reinterpretation of the top spectrum shows that in the absence of a cationizing agent, a non-conclusive spectrum is obtained. Also, the bottom spectrum shows a population corresponding to PMLA Bn which can only be observed in the presence of a cationizing agent, with the zoomed region corresponding to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules end-capped with both an α-crotonate and an -carboxylic acid end-groups, alike species Scheme 3. 17 -(10).
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 22 Macromolecular structure of TBD-synthesized PBPL FG s assessed by NMR spectroscopy and MALDI-ToF mass spectrometry All the purified PBPL FG s isolated from the ROP of rac-BPL FG s mediated by TBD were characterized by 1 H, J-MOD and 2D (COSY) NMR spectroscopy and MALDI-ToF MS, with the aim to determine the nature of the end-capping groups. The typical 1 H and J-MOD NMR spectra exemplified in Figure 3. 15 to Figure 3. 17 unambiguously showed, alongside the characteristic backbone methine and methylene hydrogens' signals, the resonances of both crotonate and TBD moieties in a near 1:1 ratio (1H ppm 3.28 (CH j

Figure 3 .Figure 3 .

 33 Figure 3. 15 -1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of PBPL OAll recovered from the ROP of rac-BPL OAll mediated by TBD (Table 3. 4entry 1); depicting only one (I, Scheme 3. 19 -(13)) out of the two populations (I and II, Scheme 3. 19 -(13),(15)) observed by MALDI-ToF MS (Figure 3. 19).

Figure 3 . 17

 317 Figure 3. 17-1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of a purified PBPL OBn sample recovered from the ROP of rac-BPL OBn mediated by TBD (Table 3. 4, entry 7), depicting only one (I, Scheme 3. 19 -(13)) out of the two populations (I and II, Scheme 3. 19 -(13),(15)) observed by MALDI-ToF MS (Figure 3. 19).

  Figure 3. 17-1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of a purified PBPL OBn sample recovered from the ROP of rac-BPL OBn mediated by TBD (Table 3. 4, entry 7), depicting only one (I, Scheme 3. 19 -(13)) out of the two populations (I and II, Scheme 3. 19 -(13),(15)) observed by MALDI-ToF MS (Figure 3. 19).

Figure 3 .

 3 Figure 3. 18 -1 H-1 H COSY (500 MHz, CDCl3, 25 ˚C) NMR zoomed spectrum; of PBPL OnBu (left) and of PBPL OBn (right) recovered from the ROP of rac-BPL OnBu and rac-BPL OBn mediated by TBD supporting the α-crotonate end-capping group (Table 3. 4entries 5, 7).

Figure 3 .

 3 Figure 3. 19 -MALDI-ToF mass spectrum (positive mode, DCTB matrix, Na + cationizing salt) of a sample freshly synthesized from the ROP of rac-BPL OBn mediated by TBD (Table 3. 4entry 6) showing populations corresponding to PBPL OBn macromolecules end-capped with both an αbenzyloxycrotonate-TBD and an ω-hydroxy end-groups (population I; Scheme 3. 19 -(13)), and to a subsequently modified population I where a TBD molecule is added into the crotonate moiety to give population II (Scheme 3. 19 -(15)); the zoomed regions correspond to the simulated (blue, bottom) and experimental (grey, top) corresponding spectra, respectively. Species TBD:BPL FG adduct (Scheme 3. 19 -(11)) and [TBDH] + are also shown.

  . 19) nor PBL Me and PMLA Bn (Figure 3. 20) MALDI-ToF mass spectra showed carboxylic acid chain-ends, in contrast to what was reported by Coulembier et al. for PBL Me obtained from the same reaction (TBD, bulk, 60 °C) and MALDI-ToF MS
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 320 Figure 3. 20 -MALDI-ToF mass spectrum (positive mode, DCTB matrix, Na + cationizing salt) of a PBL sample synthesized from the ROP of rac-BL mediated by TBD (as reproduced from Figure4in reference[38a] ). Reinterpretation shows that the zoomed regions correspond to the simulated (bottom) and experimental (top) spectra of a zwitterionic species alike speciesScheme 3. 19 -(13).

Figure 3 . 21 -

 321 Figure 3. 21 -MALDI-ToF mass spectrum (trans-3-indoleacrylic acid (IAA) matrix, no ionization agent) of a PMLA Bn sample freshly synthesized from the ROP of rac-MLA Bn mediated by TBD (as reproduced from Figure7from reference[38b] ). Reinterpretation shows that the zoomed regions correspond to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules αbenzyloxycrotonate-TBD and an ω-hydroxy end-groups (Scheme 3. 19 -(13)), and of the same macromolecular species depleted of the benzylium ion [C6H5CH2] + depicted in green).

Scheme 3 . 20 -

 320 Scheme 3. 20 -ROP of rac-BPL FG s promoted by DBU in bulk conditions.

  the purified PBL FG s isolated from the DBU mediated ROP of rac-BPL FG s were established by 1 H, J-MOD and 2D (COSY) NMR spectroscopy and MALDI-ToF MS, focusing on the end-capping groups. In accordance to the PBPL FG s synthesized using BEMP or TBD, 1 H NMR and J-MOD analyses (Figure3. 22 to Figure3. 24) of PBPL FG s unambiguously evidenced the presence of both α,β-unsaturation and DBU moieties(1.61 (CH2CH q 2CH2CH2CH2) for PBPL OBn .

Figure 3 . 3 .

 33 Figure 3. 22 -1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of PBPL OAll recovered from the ROP of rac-BPL OAll mediated by DBU (Table 3. 5entry 1); depicting only one species (Scheme 3. 21 -18) out of the two (Scheme 3. 21 -16,18).

Figure 3 . 25 -

 325 Figure 3. 25 -Zoom of 1 H-1 H COSY (500 MHz, CDCl3, 25 ˚C) NMR spectrum of PBPL OAll and PBPL OnBu recovered from the ROP of rac-BPL OAll and rac-BPL OnBu mediated by DBU supporting the presence of α-crotonate end-capping group (Table3. 5, entries 1, 2).

Figure 3 . 26 -

 326 Figure 3. 26 -MALDI-ToF mass spectrum (positive mode, DCTB matrix, Na + cationizing agent) of a sample freshly synthesized from the ROP of rac-BPL OBn mediated by DBU (Table 3. 5entry 3) showing populations corresponding to PBPL OBn macromolecules end-capped with both an αhydroxy and ω-DBU + groups (population I, Scheme 3. 21 -(17)), to PBPL OBn macromolecules ionized with Na + and end-capped with both an α-crotonate and ω-carboxylic acid (population II, Scheme 3. 21 -(19)), and to DBUH + (Scheme 3. 21 -(20)); the zoomed regions correspond to the simulated (blue, bottom) and experimental (grey, top) spectra, respectively.

Figure 3 .

 3 Figure 3. 28 -MALDI-ToF mass spectra of a PMLA Bn sample freshly synthesized from the ROP of rac-MLA Bn mediated by DBU, using α-cyano-4-hydroxycinnamic acid (CHCA) as matrix (no cationizing salt) (Top) (ESI, FigureS10of reference[38b] ), and of the same sample using trans-3indoleacrylic acid (IAA) matrix in the presence of Na + cationizing salt (bottom) (ESI, FigureS12of reference[38b] ). Reinterpretation of the top spectrum shows the zoomed regions corresponding to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules end-capped with both an α-hydroxy and ω-DBU + groups (Figure3. 26population I, Scheme 3. 21 -(17)). Also, the bottom spectrum shows a population corresponding to PMLA Bn which can only be observed in the presence of cationizing agent, of PMLA Bn macromolecules end-capped with both an α-crotonate and an carboxylic acid end-groups, alike species Scheme 3. 21 -(19) (Figure 3. 26population II).

  Figure 3. 28 -MALDI-ToF mass spectra of a PMLA Bn sample freshly synthesized from the ROP of rac-MLA Bn mediated by DBU, using α-cyano-4-hydroxycinnamic acid (CHCA) as matrix (no cationizing salt) (Top) (ESI, FigureS10of reference[38b] ), and of the same sample using trans-3indoleacrylic acid (IAA) matrix in the presence of Na + cationizing salt (bottom) (ESI, FigureS12of reference[38b] ). Reinterpretation of the top spectrum shows the zoomed regions corresponding to the simulated (bottom) and experimental (top) spectra of PMLA Bn macromolecules end-capped with both an α-hydroxy and ω-DBU + groups (Figure3. 26population I, Scheme 3. 21 -(17)). Also, the bottom spectrum shows a population corresponding to PMLA Bn which can only be observed in the presence of cationizing agent, of PMLA Bn macromolecules end-capped with both an α-crotonate and an carboxylic acid end-groups, alike species Scheme 3. 21 -(19) (Figure 3. 26population II).

Figure 3 . 29 -

 329 Figure 3. 29 -Zoomed regions of the 13 C{ 1 H} NMR spectra (125 MHz, CDCl3, 23 ˚C) of PBPL OBn prepared by the ROP of rac-BPL OBn (except for the top spectrum (a): by the ROP of enantiopure (S)-BPL OBn ) in the presence of DBU-spectrum (b) (Figure 3. 26; Table3. 5, entry 3), TBD-spectrum (c) (Figure3. 19; Table3. 4, entry 7), or BEMP-spectrum(d) (Figure 3. 11, Table 3. 3, entry 9), revealing atactic PBPL OBn ; Pr is the probability of racemic linkages between BPL OBn units as determined by

  ) = 186 °C, Td onset PBPL(OBn) = 236 °C, Td onset PBPL(OnBu) = 224 °C and Td onset PBPL(OTBDMS) = 228 °C.

Figure 3 . 32 -

 332 Figure 3. 32 -TGA thermograms of atactic PBPL OAll (top-left); PBPL OBn (top-right); PBPL OnBu (bottom-left); PBPL OTBDMS (bottom-right).

  Inherent to their own intrinsic chemical features, each of the organic activators supports a unique mechanistic pathway(Figure 3. 32), as supported by detailed NMR and MALDI-ToF MS analyses of the produced PBPL FG s. ROP mechanisms at play dictate the nature of the macromolecules' chain-end-groups. BEMP, the most basic and bulky organic activator in that series, generates upon proton abstraction and O-alkyl cleavage of the rac-BPL FG s monomer, a[carboxylate] -/[BEMPH] + initiator. The latter initiator continues to propagate through the Oalkyl reaction, which is most likely accompanied by some transfer reactions, accounting for broadened dispersities if full conversions were targeted. On the contrary, the highly nucleophilic TBD forms, via an O-acyl cleavage of rac-BPL FG s, a 1:1 N-acyl-α,β-unsaturated adduct, that subsequently propagates in the same manner. Finally, the observed dual basic and nucleophilic activity of DBU favours the scission of both O-acyl and O-alkyl bonds of the rac-BPL FG s monomers, eventually forming alkoxy and carboxylate active species, respectively.

Figure 3 . 34 -

 334 Figure 3. 34 -Perspective; (left) -fluorinated BPL FG s may prevent transfer reactions and enhance ROP activity/regioselectivity; (right) organocatalyzed ROP of DL to produce PHAs could be less challenging (regioselective) with less undesirable side reactions.

3 .

 3 P{ 1 H} (121 MHz) and COSY NMR spectra were recorded on Bruker Avance AM 500 and Ascend 400 spectrometers at 25 ˚C. 1 H and13 C NMR spectra were referenced internally relative to SiMe4 (δ 0 ppm) using the residual solvent resonances.31 P NMR spectra were referenced externally relative to 85% H3PO4 (δ 0 ppm).Number-average molar mass (M ̅ n,SEC) and dispersity (ÐM = M ̅ w/M ̅ n) values of the PBPL FG s were determined by size exclusion chromatography (SEC) in THF at 30 ˚C (flow rate =1.0 mL min -1 ) on a Polymer Laboratories PL50 apparatus equipped with a refractive index detector and a set of two ResiPore PLgel 3 μm MIXED-D 300 × 7.5 mm columns. The polymer samples were dissolved in THF (2 mg mL -1 ). All elution curves were calibrated with polystyrene standards; the reported M ̅ n,SEC values of the PBPL FG s are uncorrected for the difference in hydrodynamic radius vs. polystyrene.ChapterThe molar mass of PBPL FG s samples was determined also by1 H NMR analysis (M ̅ n,NMR) in CDCl3 from the relative intensities of the signals of the PBPL FG s repeating unit methine hydrogen (OCH c (R)CH2, δHc 5.76-5.19 ppm) and of the crotonate chain-end hydrogen (CH=CH g C(O), δHg 6.99-6.08 ppm). Monomer conversions were calculated from 1 H NMR spectra of the crude reaction mixtures in CDCl3 or C6D6 by using the integration (Int.) ratio Int.polymer/[Int.polymer + Int.monomer] of the methine hydrogens of each polymer (as stated above) and of each residual monomer (δ 4.63 ppm for BPL OBn , δ 4.65 ppm for BPL OAll , δ 4.66 ppm for BPL OnBu and δ 4.54 ppm for BPL OTBDMS , in CDCl3). Mass spectra were recorded at CRMPO-ScanMAT (Rennes, France). ESI mass spectra were recorded on an orbitrap type Thermo Fisher Scientific Q-Exactive instrument with an ESI source in positive or negative mode by direct introduction at 5-10 µg mL -1 . Samples were prepared in CH2Cl2 at 10 µg mL -1 . High resolution MALDI-ToF mass spectra were recorded using an ULTRAFLEX III ToF / ToF spectrometer (Bruker Daltonik Gmbh, Bremen, Germany) in positive and/or negative ionization mode. Spectra were recorded using reflectron mode and an accelerating voltage of 25 kV. A mixture of a freshly prepared solution of the polymer in THF or CH2Cl2 (HPLC grade, 10 mg mL -1 ) and DCTB (trans-2-(3-(4-tert-butylphenyl)-2methyl-2-propenylidene) malononitrile, and a MeOH solution of the cationizing agent (NaI, 10 mg mL -1 ) were prepared. The solutions were combined in a 1:1:1 v/v/v ratio of matrix-tosample-to-cationizing agent -if added. The resulting solution (0.25-0.5 mL) was deposited onto the sample target (Prespotted AnchorChip PAC II 384 / 96 HCCA) and air or vacuum dried.
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 43 Figure 4. 3 -Representation of modelled conformations for intermediates corresponding to the firstcoordination/insertion of rac-BL Me on Y{ONOO R1,R2 } (R 1 = cumyl; R 2 = Me) as well as the computed energies related to these intermediaries.[9c] 

  3) as compared to the less bulky and halogenated ones (1,2)c-d (ÐM = 1.50-1.60). The best syndioselectivity was obtained in the case of the (1,2)c-f/ i PrOH catalytic system (R 1 = halogen or Me) in ROP of rac-MLA Bn and of rac-MLA All (Pr reaching 0.98, Scheme 4. 2bottom), and Chapter 4.

Scheme 4 . 2 -

 42 Scheme 4. 2 -Stereoselective ROP of rac-MLA FG (FG: Bn = CH2C6H6; All = CH2CH2=CH2; Me = CH3) mediated by Y{ONXO R1,R2 } (top); Pr values (%) of PMLA FG S and TOF values (h -1) for the ROPs of rac-MLA Bn (bottom).[10] 

Figure 4 . 4 -

 44 Figure 4. 4 -Energy profile of the proposed ROP mechanism for isotactic (black) and syndiotactic(grey) PBPL OAll formation with 1d as the initiator; taken from publication reference.[11] 

Figure 4 . 5 -

 45 (a)), that stabilize the transition state leading to isotactic polymer and thus lowering the overall activation energy for the isotactic propagation. However, the modelling of the reaction with a methylsubstituted catalyst generated transition states on both iso-and syndio-propagation routes with virtually identical free energies, hence resulting into an atactic PBPL OAll . Moreover, the corresponding methyl substituents interaction (C-H … C and C-H … HC), although slightly weaker, are repulsive and thus destabilize the transition state (Figure4. 5 -(b)). Overall, this indicated that electronic factors (and not steric ones) are the main feature governing the isoselective polymerization of rac-BPL FG s (FG = OAll, OBn, OMe).

Figure 4 . 5 -

 45 Figure4. 5 -Structures of the transition state at the ring-opening step of rac-BPL OAll leading toward isotactic or atactic PBPL OAll , showing the short contacts between the alkoxymethylene group (H of CA and CB) in the ring-opened monomer and the ligand chloro (a) or methyl (b) substituents; taken from publication reference.[11] 

Figure 4 . 6 -

 46 Figure 4. 6 -Illustration of the difference in the chain length of the side chain of BPL OBn/OPh/CH2OBn .

( 1 : 1 ) 4 .

 114 catalytic system(Figure 4. 7). The dispersities of all PBPL OPh remained narrow (ÐM = 1.06-1.21), supporting a relatively fast initiation (compared to propagation) along with some limited undesirable side reactions (classically inter-and intra-molecular transesterification reactions (i.e. reshuffling and backbiting, respectively)). These characteristics highlighted the Chapter controlled feature and to some extent the livingness of the ROP of the BPL OPh mediated by 2a-1d/( i PrOH) catalytic systems.

Figure 4 . 7 -

 47 Figure 4. 7 -Variation of Mn,NMR , Mn,SEC , and Mn,theo (solid line) values of PBPL OPh synthesized from the ROP of rac-BPL OPh mediated by 2b/( i PrOH) (1:1) catalytic system as a function of the BPL OPh monomer loading (Table4. 2entries 5-9).

Figure 4 .Figure 4 . 9 -

 449 Figure 4. 9 -MALDI-ToF MS (DCTB matrix, ionized by Na + ) of PBPL OPh precipitated twice in cold pentane (Table 4. 2, entry 5). Right zoomed regions correspond to the simulated (top) and experimental (bottom) spectra.

Figure 4 . 5 -

 45 CB) from the exocyclic side-chain of BPL OBn to get BPL OPh , the stereocontrol with the same catalysts framework 2a-d/( i PrOH) was altered (Scheme 4. 3). In the case of BPL OPh , only syndiotactic enriched PBPL OPh were produced whatever the R 1 orthosubstituents on the ligands, in line with a CEM mechanism being at play(Figure 4. 10). Yet still higher syndio-enrichment was obtained from more crowded ligands 2a-b (Pr = 0.84-0.86) and less enrichment was from smaller ligand substituents 2c-d (Pr = 0.75-0.79). This is similar to what was previously obtained with MLA FG s but with a different trend, where smaller substitutes (Me, Cl) lead to a higher syndio-enrichment (Scheme 4. 2). The results thus further highlight the strong dependence of the resulting PHA's stereocontrolled microstructure on the couple formed by the functional -lactone and the yttrium catalyst, and more specifically on the chemical nature of the -lactone side-arm and of the substituents on the metal surrounding ancillary.

Figure 4 . 10 -

 410 Figure 4. 10 -Regions of the 13 C{ 1 H} NMR spectra (125 MHz, CDCl3, 23 ˚C) of PBPL OPh prepared by ROP of rac-BPL OPh , except for the top spectra: of enantiopure (S)-BPL OPh (Table4. 2, entry 13), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table4. 2, entries2,4,6,11); details for Pr calculations by13 C NMR check appendix 19.

  2). Typically, for PBPL OPh s with Pr = 0.75-0.79, the Tg values varied from 21 to 30 °C (Figure 4. 11left), while a higher syndio-enrichment with Pr = 0.83-0.87 or an almost purely isotactic sample (Pr < 0.05) resulted in higher Tg values ranging from 36 to 40 °C (Figure 4. 11right). The latter high Tg values (36 to 40 °C) are, to our knowledge, considered to be the highest ones for

Figure 4 . 11 -

 411 Figure 4. 11 -DSC thermogram (heating rate of 10 °Cmin -1 , second heating cycle, from -80 to 200 °C) of: (left) syndiotactic PBPL OPh (Pr = 0.75) synthesized by ROP of rac-BPL OPh with 2d/( i PrOH) (Table 4. 2, entry 2) -The artefact observed (ca 160° C, 190° C) arise from the manual cooling; (right) syndiotactic PBPL OPh (Pr = 0.83) synthesized by ROP of rac-BPL OPh with 2b/( i PrOH) (Table 4. 2, entry 12).

Figure 4 . 12 -

 412 Figure 4. 12 -TGA thermograms of syndiotactic PBPL OPh (Table4. 2, entry 7).

Figure 4 . 13 -

 413 Figure 4. 13 -Regions of the 13 C{ 1 H} NMR spectra (125 MHz, CDCl3, 23 ˚C) of PBPL CH2OBn prepared by ROP of rac-BPL CH2OBn , except for the top spectra: of enantiopure (R)-BPL CH2OBn (Table4. 3, entry 5), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table4. 3, entries 1-4).

Figure 4 .

 4 Figure 4. 15 -1 H NMR (500 MHz, CDCl3, 25 °C) (top) and J-MOD (125 MHz, CDCl3, 25 °C) (bottom) spectra of syndiotactic PBPL SPh prepared from the ROP of rac-BPL SPh mediated by complex 2a in the presence of i PrOH and precipitated twice in cold pentane (Table 4. 4, entry 13); * minor peaks correspond to the degradation product, the five membered ring, of BPL SPh (refer to Chapter 2 -Figure 2. 12).

Figure 4 . 16 -

 416 Figure 4. 16 -ESI-MS (ionized by Na + , solvent CH3OH/CH2Cl2 (90/10 v:v) of PBPL SPh (Table 4. 4, entry 11) precipitated twice in cold pentane; right zoom spectra are theoretical data (top) vs. experimental (bottom).

2a- b ;

 b Pr = 0.85-0.87), rather than from small ones (Me and Cl, 2c-d; Pr = 0.74-0.76).

Figure 4 . 17 -

 417 Figure 4. 17 -Regions of the 13 C{ 1 H} NMR spectra (125 MHz, CDCl3, 23 ˚C) of PBPL SPh prepared by ROP of rac-BPL SPh , except for the top spectra: of enantiopure (S)-BPL SPh (Table 4. 4, entry 14), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table4. 4, entries 3,5,7,12).

Figure 4 . 20 -

 420 Figure 4. 20 -Semi-logarithmic first-order plots for the ROP of rac-BPL FG s (FG = OPh, CH2OBn, SPh) mediated by 2a-d/( i PrOH) (20 °C, toluene; [BPL FG ]0/{[2]0/[ i PrOH]0} = 60:1:1):2a (Table 4. 2, entry 11; Table 4. 4, entry 12); 2b (Table 4. 2, entry 6; Table 4. 4, entry 7); 2c (Table 4. 2, entry 4; Table4. 4, entry 5) and 2d (Table4. 2, entry 2; Table4. 4, entry 3); plots from 2a-b all overlap due to similar high activity of these catalysts regardless of the monomer functionality, and are represented as .

  , PBPL OtBu and PBPLOTBDMS (Figure 4. 21). Noteworthy, none of the latter polymers were synthesized and characterized before, except PBPL OTBDMS that was previously synthesized through organocatalyzed ROP in my work (refer to Chapter 3).Moreover, PHAs featuring iso-propyl or tert-butyl arm chains can be used as bulky hydrophobic chains, PHA flanked with tert-butyldimethylsilyl can be used as a hydrophilic one (after converting OTBDMS groups into hydroxy ones via deprotection) of potential interest to elaborate amphiphilic drug delivery systems

Figure 4 . 21 -

 421 Figure 4. 21 -Illustration on the steric hindrance of the BPL FG s (FG = O i Pr, O t Bu, OTBDMS) that were studied in my work.

Figure 4 . 22 -

 422 Figure 4. 22 -Variation of Mn,NMR , Mn,SEC , and Mn,theo (solid line) values of PBPL OiPr synthesized from the ROP of rac-BPL OiPr mediated by 2b/( i PrOH) (1:1) catalytic system as a function of the BPL OiPr monomer loading (Table4. 6entries 5-8).

1 H

 1 and J-MOD NMR spectra of the isolated PBPL OiPr (Figure 4. 23) evidenced the presence of the methine and methylene of the BPL OiPr repeating unit, as well as the isopropoxycarbonyl chain-end group ( (ppm): ca. 4.97 (CH3)2CHO-, ca. 1.25 (CH3)2CHO-) 2D COSY and HMBC NMR spectra are represented in Appendix 28,29).

Figure 4 .

 4 Figure 4. 23 -1 H NMR (500 MHz, CDCl3, 25 °C) (top) and J-MOD (125 MHz, CDCl3, 25 °C) (bottom) spectra of syndiotactic PBPL OiPr prepared from the ROP of rac-BPL OiPr mediated by complex 2b in the presence of i PrOH and precipitated twice in cold pentane (Table 4. 6, entry 7).

Figure 4 . 29 -

 429 Figure 4. 29 -MALDI-ToF MS (DCTB matrix, ionized by Na + ) of PBPL OtBu precipitated twice in cold pentane (Table 4. 7, entry 5). Right zoomed regions correspond to the simulated (top) and experimental (bottom) spectra.

Figure 4 . 30 -

 430 Figure 4. 30 -Regions of the 13 C{ 1 H} NMR spectra (125 MHz, CDCl3, 23 ˚C) of PBPL OtBu prepared by ROP of rac-BPL OtBu , except for the top spectra: of enantiopure (S)-BPL OtBu (Table 4. 7, entry 12), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table4. 7, entries 2,4,6,11).

Figure 4 . 31 -

 431 Figure 4. 31 -DSC thermogram (heating rate of 10 °C min -1 , second heating cycle -80 to 140 °C) of: syndiotactic PBPL OtBu (Pr 0.84) synthesized by ROP of rac-BPL OtBu with 2b/( i PrOH) (Table 4. 7, entry 6).

Figure 4 .

 4 35) j Not determined; K ROP of enantiopure (S)-BPL OTBDMS . 1 H and J-MOD NMR spectra of the isolated PBPL OTBDMS s demonstrated the presence of the methine and methylene of the BPL OTBDMS repeating unit, as well as the isopropoxycarbonyl chain-end group (δ (ppm): ca. 4.98 (CH3)2CHO-, ca. 1.21 (CH3)2CHO-) (Figure 4. 32). 2D COSY and HMBC NMR also confirm the PBPL OTBDMS architecture (Appendix 33,34).

Figure 4 .

 4 Figure 4. 32 -1 H NMR (500 MHz, CDCl3, 25 °C) (top) and J-MOD (125 MHz, CDCl3, 25 °C) (bottom) spectra of syndiotactic PBPL OTBDMS prepared from the ROP of rac-BPL OTBDMS mediated by complex 2a in the presence of i PrOH and precipitated twice in cold pentane (Table4. 8, entry 7); * residual monomer, toluene, and water.

Figure 4 . 33 -

 433 Figure 4. 33 -Regions of the 13 C{ 1 H} NMR spectra (125 MHz, CDCl3, 23 ˚C) of PBPL OTBDMS prepared by ROP of rac-BPL OTBDMS , except for the top spectra: of enantiopure (S)-BPL OTBDMS (Table4. 8, entry 8), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table4. 8, entries 1,3,5,7); * residual monomer.

Figure 4 . 34 -

 434 Figure 4. 34 -DSC thermogram (heating rate of 10 °C min -1 , second heating cycle -80 to 140 °C) of: syndiotactic PBPL OTBDMS (Pr 0.83) synthesized by ROP of rac-BPL OTBDMS with 2b/( i PrOH) (Table 4. 8; entry 4).

6 )

 6 as detected by 1 H and 31 P NMR (δ 20.91 ppm) spectra (Figure 4. 38). Noteworthy, the signals in 31 P NMR at  38.00 and 37.93 ppm may be the remaining (10%) monomer coordinating to 2b (Figure 4. 38bottom).

Figure 4 . 38 -

 438 Figure 4. 38 -Equimolar reaction between rac-BPL OP(O)Ph2 and Y{ONNO tBu2 }; 1 H NMR (400 MHz, tol-d8, 25 °C) (up) and 31 P (162 MHz, CDCl3, 25 °C) (bottom) spectra of catalyst 2b (a); rac-BPL OP(O)Ph2 (b); crude PBPL OP(O)Ph2 obtained after 12 h presented (c) (Table 4. 10, entry 6).

Figure 4 .

 4 Figure 4. 40 -1 H NMR (400 MHz, CDCl3, 25 °C) (top) and 31 P (162 MHz, CDCl3, 25 °C) (bottom) spectra of P(BPL OP(O)Ph2 -co-BL Me ) prepared from the ROP of rac-BPL OP(O)Ph2 and rac-BPL OAll mediated by complex 2b in the presence of i PrOH (Table 4. 10, entry 10); * : unreacted monomer (blue* for rac-BL Me and red* for rac-BPL OP(O)Ph2 in 1 H NMR); and δ 34.50 in 31 P NMR is for the unreacted rac-BPL OP(O)Ph2 .

Chapter 4 .

 4 ppm; Figure 4. 39 Figure 4. 40top) and 31 P NMR (δ 32.23, 32.65 ppm; Figure 4. 39 Figure 4. 40bottom) the corresponding signals of the crotonate, but in lower intensity than in the case of the homopolymerization. 2D COSY confirmed the presence of crotonate as chain-end of PBPL OP(O)Ph2 by the correlation between the vinylic hydrogens (g,h in blue) and the endgroup methylene hydrogens (i in black) (Figure 4. 41 and Figure 4. 42bottom).

Figure 4 .

 4 Figure 4. 41 -1 H NMR (400 MHz, CDCl3, 25 °C) (top), 31 P (162 MHz, CDCl3, 25 °C) (middle), and 1 H-1 H COSY (400 MHz, CDCl3, 25 °C) (bottom) spectra of crude PBPL OP(O)Ph2 prepared from the ROP of rac-BPL OP(O)Ph2 mediated by complex 2b in the presence of i PrOH at room temperature revealing two polymer populations (3) and (4) (Table4. 10, entry 2); * (red and green) unreacted rac-BPL OP(O)Ph2 and residual 2b catalyst; respectively.

Figure 4 .

 4 Figure 4. 42 -1 H NMR (400 MHz, CDCl3, 25 °C) (top), 31 P (162 MHz, CDCl3, 25 °C) (middle), and 1 H-1 H COSY (400 MHz, CDCl3, 25 °C) (bottom) spectra of crude PBPL OP(O)Ph2 prepared from the ROP of rac-BPL OP(O)Ph2 mediated by complex 2b in the presence of i PrOH at 60 °C temperature revealing two polymer populations (3) and (4) (Table4. 10, entry 3); * (red and green) unreacted rac-BPL OP(O)Ph2 and 2b catalyst; respectively.

4 .-

 4 PBPL FG s with FG = OPh, SPh, O i Pr, O t Bu, OTBDMS, having high experimental molar masses (Mn,SEC(max) = 96,700 g mol -1 ), narrow dispersities (1.06 < ÐM < 1.21), and high stereoregularity with syndiotactic enrichment (0.69 < Pr < 0.87), was successfully achieved. PBPL FG s have been prepared from the stereoselective controlled ROP of the corresponding racemic 4-substituted--propiolactones rac-BPL FG s, mediated by achiral rare earth catalysts diamino-bis(phenolate) yttrium amido complexes 2a-d (Y{ONNO} R1R2 ; R 1 = R 2 = Cumyl, t Bu, Me, Cl) in the presence of isopropanol as co-initiator, through a controlled coordination-insertion and chain end mechanism (CEM) mechanisms. The prevailing tendency of the rac-BPL FG s to undergo ROP efficiently, as perceived from the kinetic studies, in descending order: (less crowded > moderately crowded > highly crowded): rac-BPL OPh > rac-BPL SPh > rac-BPL OiPr ≈ rac-BPL OtBu > rac-BPL OTBDMS . The prevailing catalyst activity(2a-d) trend in the ROP of rac-BPL FG s is, by descending: (crowded > uncrowded): 2a-b > 2c > 2d. Whilst the impact of the functionality (FG) of the β-lactones (e.g., alkyl: rac-BL Me ; ester: rac-MLA FG s, ether: rac-BPL FG s) on the resulting polyesters stereochemistry was already investigated by our group, and revealed to switch between highly syndiotactic and highly isotactic or atactic depending on steric and electronic secondary interactions present during the polymerization. Herein, the impact of the functionality of the β-lactone was further investigated within new BPL FG s, with different exocyclic chain length and/or steric hindrance. Indeed, it was noticed that any minor modification in the ether functionality, such as removing or adding a methylene (± CH2) or replacing CH3 group with CHMe2/CMe3 group, will influence the stereochemistry of the produced polyesters especially when using a catalyst bearing ancillary ligand with uncrowded substituents (R 1 = R 2 = Me, Cl). Moreover, the modulation of the exocyclic ether (thioether) chains revealed to have an intriguing influence on the glass transition temperature with overall ascending trend: tall, flexible, uncrowded chains (PBPL OAll/OMe : Tg = -40 °C -12 °C) < tall, Chapter Time of Flight, MALDI-ToF, mass spectra were recorded using an ULTRAFLEX III TOF/TOF spectrometer (Bruker Daltonik Gmbh, Bremen, Germany) in positive ionization mode. Spectra were recorded using reflectron mode and an accelerating voltage of 25 kV. A mixture of a freshly prepared solution of the polymer in THF or CH2Cl2 (HPLC grade, 10 mg mL -1 ) and DCTB (trans-2-(3-(4-tert-butylphenyl)-2methyl-2-propenylidene) malononitrile, and a MeOH solution of the cationizing agent (NaI, 10 mg mL -1 ) were prepared. The solutions were combined in a 1:1:1 v/v/v ratio of matrix-to-sample-to-cationizing agent. The resulting solution (0.25-0.5 µL) was deposited onto the sample target (Prespotted AnchorChip PAC II 384 / 96 HCCA) and air or vacuum dried. Differential scanning calorimetry (DSC) analyses were performed with a Setaram DSC 131 apparatus calibrated with indium, at a rate of 10 °C min -1 , under a continuous flow of helium (25 mL.min -1 ), using aluminum capsules. The thermograms were recorded according to the following cycles: -80 to 140/200 °C at 10 °C min -1 ; 200/140 to -80 °C at 10 °C min -1 ; -80 °C for 5 min; -80 to 140/200 °C at 10 °C min -1 ; 140/200 to -80 °C at 10 °C min -1 .

1 H

 1 NMR (400 MHz, CDCl3, 25 °C)  (ppm): 2.37 (s, 6H, NMe2), 2.63 (s, 4H, N(CH2)2N), 3.67 (s, 4H, NCH2Ph), 6.91(d, 2H, J = 2.5 Hz, NCH2CCH), 7.27(d, 2H, J = 2.5 Hz, CClCHCCl) (Appendix 37).

13 C

 13 their durability and resistance to degradation in ambient environments result in severe plastics pollution to landfills and oceans as well as other environmental consequences. Thus, the development plastics should focus on materials that can be recycled or disposed of in ways that are environmentally less damaging. In this context, polyhydroxyalkanoates (PHAs), a unique class of biorenewable aliphatic polyesters that are biodegradable in ambient environments, have shown great potential as a replacement for petroleum-based plastics. Natural PHAs, produced by bacteria and other living microorganisms from biorenewable resources, are purely isotactic polymers, and their thermal and mechanical properties span a varied range depending on the length of the pendant alkyl group on the β-carbon. Nevertheless, natural PHAs are hard to process due to their physio-mechanical properties (e.g., melting temperature (Tm) close to degradation temperature (Td)). Inserting original functionalities along the PHA backbone with syndiotacticity is an important approach to tune the properties of the natural PHAs, expecting to facilitate their processability and to broaden their commercial applications. Consequently, the chemical synthesis of PHAs via the catalysed ring-opening polymerization (ROP) of βlactones (mainly rac-BL Me ) has been developed since 1960s, and proved to be a versatile strategy for the latter purpose.With my work, we have contributed to the production of original and novel (thio)ether functional PHA homopolymers, represented as PBPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, O i Pr, O t Bu, OP(O)Ph2), having varied thermal properties, molar masses and stereochemistry, through the ROP of the functional cyclic -propiolactones BPL FG s in the presence of organic activators (BEMP, TBD, DBU) or yttrium complexes/ i PrOH (Y{ONNO R1R2 }). All racemic and enantiopure BPL FG s were successfully synthesized by the carbonylation reaction of their corresponding epoxides (G FG s), in the presence of [Lewis acid] + [CoCO4] -catalysis, in good to high isolated yields (51%-82%).Even though, the organic activators BEMP, TBD, and DBU are commercially available, generally non-toxic and stable to air, their usage in the ROP of β-lactones (rac-BL Me and rac-MLA FG s) was barely studied. Most likely because their mechanism at play during ROP was not discovered or remained obscured, and their activity enormously depends on the operating conditions. In my work, investment in their usage in the bulk ROP of rac-BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OP(O)Ph2) to produce atactic PBPL FG s, was managed. Most importantly, the complete mechanisms of the corresponding BEMP and DBU mediated ROP were proposed for the first time, and TBD mechanism was reinvestigated leading to deeper insights and modification in the previously proposed mechanism, as based on thorough 1 H and NMR and MALDI-ToF MS analyses. Investigating the mechanisms revealed the presence of unavoidable transfer reactions, resulting from the intrinsic nature of the β-lactones (the presence of an α-acidic hydrogen), that causes a decrease in the control of the polymerization in term of molar masses. Accordingly, it was proposed to utilize BEMP, TBD, and DBU in ROP of rac-DL R (R = Me, Et, Bn, …), which could assist in bypassing the undesirable side reactions.

Figure 2 -

 2 Figure 2 -Structure chimique de divers types de (R)-PHA isotactiques naturels, extraits de micro-organismes.

Schème 2 -

 2 Synthèse des BPL FG s par carbonylation des G FG s correspondants favorisée par le [acide de Lewis] + [CoCO4] -catalyseur. Même si les activateurs organiques BEMP, TBD et DBU sont disponibles dans le commerce, généralement non toxiques et stables à l'air, leur utilisation dans la ROP des βlactones (rac-BL Me et rac-MLA FG ) a été à peine étudiée. Probablement parce que leur mécanisme en jeu lors de la ROP n'a pas été découvert et que leur activité dépend énormément des conditions du milieu. Dans ce travail, l'investissement dans leur utilisation en vrac de rac-BPL FG (FG = OAll, O n Bu, OBn, OTBDMS, OP(O)Ph2) pour produire des PBPL FG atactiques a été géré. Plus important encore, les mécanismes complets de BEMP et de DBU ont été proposés pour la première fois, et le mécanisme TBD a été réexaminé, ce qui a entraîné une modification Resumé du mécanisme déjà proposé, basé sur l'analyse RMN 1 H et 13 C et MALDI-ToF MS (Schéma 3).La perception des mécanismes a révélé la présence d'inévitables réactions de transfert, résultant de la particularité des β-lactones (hydrogène α-acide), qui provoquent une diminution du contrôle de la polymérisation en termes de masses molaires. En conséquence, il a été proposé d'utiliser BEMP, TBD et DBU dans la ROP du rac-DL R (R = Me, Eth, Bn, …), ce qui pourrait aider à contourner les réactions secondaires indésirables.

  plastiques dérivés du pétrole qui ont alimenté les économies modernes sont les substances artificielles les plus largement utilisées dans la vie moderne ; ils sont désormais devenus indispensables à notre quotidien et à l'économie mondiale. Cependant, lorsqu'ils sont éliminés ou rejetés dans l'environnement, leur durabilité et leur résistance à la dégradation dans les environnements ambiants entraînent une grave pollution par les plastiques des décharges et des océans, ainsi que d'autres conséquences environnementales. Ainsi, le développement des plastiques devrait se concentrer sur des matériaux qui peuvent être recyclés ou éliminés de manière moins dommageable pour l'environnement. Dans ce contexte, les polyhydroxyalcanoates (PHA), une classe unique de polyesters aliphatiques biorenouvelables et biodégradables dans les environnements ambiants, ont montré un grand potentiel en remplacement des plastiques à base de pétrole. Les PHA naturels, produits par des bactéries et d'autres micro-organismes vivants à partir de ressources biorenouvelables, sont des polymères purement isotactiques, et leurs propriétés thermiques et mécaniques couvrent une gamme variée en fonction de la longueur du groupe alkyle pendant sur le carbone β. Néanmoins, les PHA naturels sont difficiles à traiter en raison de leurs propriétés physico-mécaniques (par exemple, température de fusion (Tm) proche de la température de dégradation (Td)). L'insertion de fonctionnalités originales le long du squelette PHA avec la syndiotacticité est une approche importante pour ajuster les propriétés des PHA naturels, dans l'espoir de faciliter leur processabilité et d'élargir leurs applications commerciales. Par conséquent, la synthèse chimique des PHA via la polymérisation catalysée par ouverture de cycle (ROP) des β-lactones (principalement rac-BL Me ) a été développée depuis les années 1960 et s'est avérée être une stratégie polyvalente à cette dernière fin. Avec ce travail, nous avons contribué à la production d'homopolymères PHA originaux et nouveaux à fonction (thio)éther, représentés par des PBPL FG (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, O i Pr, O t Bu, OP(O)Ph2), ayant des propriétés thermiques, des masses molaires et une stéréochimie variées, par le ROP des propiolactones cycliques fonctionnelles BPLFG en présence d'activateurs organiques (BEMP, TBD, DBU) ou de complexes yttrium/ i PrOH (Y{ONNOR1R2} ; R1 = R2 = Cumyl, t Bu, Me, Cl). Titre : Synthèse de PHAs fonctionnels par ROP de β-lactones: approche mécanistique et catalyse stéréosélective Mots clés : Poly(hydroxyalkanoate)s (PHAs), polymérisation par ouverture de cycle (ROP), β-lactones, catalyse organique, catalyseur d'yttrium, Stéréochimie Résumé : Les stratégies actuelles de gestion des déchets plastiques se concentrent principalement sur la prévention et la réduction des déchets, et sur l'utilisation de polymères biodégradables tels que les poly(hydroxy alcanoates) (PHAs). Les PHAs sont biosourcés, biodégradables, biocompatibles et non toxiques, ce qui leur confère un rôle important dans l'emballage et dans une moindre mesure dans les applications médicales. Ils peuvent être naturels dérivés de bactéries, ou formés synthétiquement par polymérisation par ouverture de cycle (ROP) catalysée de β-lactones. Les PHAs naturels se trouvent que sous forme stéréorégulière isotactique principalement cristalline (configuration R) ce qui les rend cassants. Ils ont également des masses molaires limitées et une fonctionnalité restreinte sur le groupe exocylique -principalement une chaîne alkyle-, ce qui limite leurs propriétés mécaniques et donc leur domaine d'application. Par conséquent, afin de dépasser ces inconvénients, les chimistes des polymères ont recourt à la synthèse chimique par ROP. La ROP des β-lactones conduit à des PHAs bien définis d'une manière stéréocontrôlée (isotactique ou syndiotactique). La synthèse de -lactones fonctionnelles, nommément BPL FG s (FG = OAll, OnBu, OBn, OTBDMS, OPh, SPh, OiPr, OtBu, OP(O)Ph2), a été réalisée par carbonylation de leurs époxydes correspondants. Certains de ces derniers BPL FG s ont été polymérisés par ROP par une approche exempte de solvant et de métal (par des activateurs organiques : BEMP, TBD et DBU), où les mécanismes mis en jeu pour produire les PHAs ont été examinés. D'autres BPL FG s ont été polymérisés par ROP par des catalyseurs stéréosélectifs achiraux diaminobis(phénolate) de yttrium pour produire des PHAs fonctionnels avec un enrichissement syndiotactique élevé et des masses molaires élevées. L'accent a été mis sur la relation entre la fonctionnalité du monomère et les substituants des catalyseurs. Title : Synthesis of functional PHAs by ROP of β-lactones : Mechanistic insights and stereoselective catalysis Keywords : Poly(hydroxyalkanoate)s (PHAs), Ring-opening polymerization (ROP), Functional β-lactone, Organocatalyst, Yttrium catalyst, Stereochemistry

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 -

 1 (from left to right) Molecular structure of fossil-based monomers and corresponding polymers; polymers' main properties and applications (* indicates the chiral center).

  1. 1 -right). It has been, to our knowledge, only successfully reported for a derivative of malic acid or unsubstituted 3-

hydroxypropanoic acid (3HP). In 1976, Wise et al. synthesized α,β-poly(malic acid) "PMLA" with low molecular weight (1900 g mol -1

Table 1 .

 1 2. It is noteworthy to mention that only few -lactones are commercially available and most of them need to be synthesized by different methods that are discussed in Chapter 2.

Table 1 . 2 -

 12 Some examples of common non-substituted or substituted β-lactones used in ROP process and their corresponding polyesters.

	Entry	β-Lactones	Polyester (PHA)
	1		
		β-Propiolactone (PL)	Poly(propiolactone)
			(PPL)
	2		
		α-Methyl-β-propiolactone	Poly(α-methyl-β-propiolactone)
		(MPL)	(PMPL)
	3		
		Pivalolactone	Poly(pivalolactone)
	4		
		β-Butyrolactone	Poly(β-butyrolactone)
		(BL Me )	(PBL Me )
	5		
		Benzyl malolactonate (MLA Bn )	Poly(benzyl malolactonates)
			(PMLA Bn )

Scheme 1. 11 -

  ROP of PL or rac-BL Me at 80 °C in t BuOH revealing an "O-alkyl" (ii) and "O-acyl" (i) cleavage contest.

Scheme 1. 14 -Stereoselective and regioselective ROP of racemic β-lactone to isotactic or syndiotactic PHAs; Pm and Pr are the probability of isotactic and syndiotactic

  

	They are arguably among the most efficient systems to
	tackle the O-acyl vs. O-alkyl bond cleavage chemo-regioselectivity issues, (vide supra). More
	interestingly, ROP promoted by organometallic catalyst systems are the only ones to date to
	effect significant stereocontrol in ROP starting from chiral racemic β-lactones, besides their
	good-to-high activity (Scheme 1. 14). [108]
	enrichment,
	respectively.
	In this Chapter, some recent examples on efficient and/or stereoselective ROP of BL Me
	to afford PBL Me are addressed. Starting from Rieger et al. in 2008, achiral chromium(III)
	salophenes complexes (R = H, F, Cl, Br; Figure 1. 10 -1a-d,) were used in ROP experiments
	of rac-BL Me , in bulk at 100 ° C. These catalysts provide PBL Me slightly enriched in isotactic
	sequences (Pm = 0.63-0.66) resulting from the creation of chromium carboxylate initiator
	species. The polymerizations show modest activity (turnover frequency (TOF) <162 h -1 ) with
	high yet uncontrolled molar masses and extremely broad dispersities (190,000 g mol -1 < Mn,SEC

1. 11 -

  Rare earth metals-based complexes used to promote stereoselective ROP of rac-BL Me , described by Carpentier et al. or Pappalardo et al. or Thomas et al.

1. 4 -

  Influence of the rare earth metal-based tetradentate ligand complexes (Figure1.

11 - 16, R 1 = R 2 = t Bu) on the activity and syndioselctivity of the produced PBL Me . Entry Metal Ionic radius (Å) T (min) Conv.(%) TOF (h -1 ) Pr

  

	1	Sm	1,219	165	50	1 800	0.56
	2	Tb	1,180	20	40	2 200	0.77
	3	Y	1,159	60	89	4 900	0.82
	4	Lu	1,117	20	73	6 900	0.88

Table 2 . 1 -

 21 Yield and enantiopurity of the isolated (S)-G FG s (FG = OPh, SPh, OTBDMS, O i Pr, O t Bu).

	(S)-G FG s	Yield (%)	Enantiopurity (%)
		43.33	99.97 by HPLC
	(S)-G OPh		
		42	99.87 by HPLC
	(S)-G SPh		
		39.8	97.53 by GC
	(S)-G OTBDMS		
		42.4	97.6 by GC
	(S)-G OiPr		
		41.7	99.43 by GC
	(S)-G OtBu		
	The illustrative HPLC spectra for 99.97% (S)-G OPh and 99.87% (S)-G SPh are given in
	Figure 2. 7, while GC spectra for 99.97% (S)-G OTBDMS , 97.6% (S)-G OiPr and 99.43% (S)-G OtBu
	are gathered in appendices (Appendix 2,3).		

  Remarkably, some of the synthesised rac-BPL FG s are novel (never synthesized before) and other are known. Conversions of rac-G FG s during carbonylation manipulation and rac-BPL FG s final isolated yields after purification are gathered in Table2. 2.

	Chapter 2.

n Bu, OBn, OTBDMS, OPh, SPh, SBn, O i Pr, O t Bu, OP(O)Ph2, NBn2), was done by means of 1mol% (7) in dry DME at room temperature in the presence of 40 bar CO (Scheme 2. 6). Scheme 2. 6 -Synthesis of rac-BPL FG s (FG = OAll, O n Bu, OBn, OTBDMS, OPh, SPh, SBn, O i Pr, O t Bu, OP(O)Ph2, NBn2) by carbonylation of rac-G FG s promoted by catalyst (7).

Table 2 . 2 -

 22 Conversion of rac-G FG s and final isolated yields for each synthesized rac-BPL FG s through

	carbonylation reaction catalysed by (7).		
	β-Lactone (BPL FG s)	Conversion (%)	Yield (%)
		100	79
	rac-BPL OAll[28e]		
	FG s		
	BPL		
	KNOWN		

Table 2

 2 

. 2, known rac-BPL FG s were successfully synthesized with good isolated yields (50-82%; similar to those reported), however for the novel ones, only rac-BPL SPh and rac-BPL OtBu were successfully obtained with 100% rac-G SPh and rac-G OtBu conversions and good isolated yields

(51, 64%, respectively)

. On the other hand, rac-G SBn was completely consumed (100%) given yet a good rac-BPL SBn yield (86%); however, upon purification (column and distillation at 120 °C) all the product was converted to other unsought side products. It was deducted that rac-BPL SBn is unstable, as it undergoes elimination and rearrangement reactions as soon as it is formed during carbonylation and purification processes (Scheme 2. 7; refer to the NMR, Appendix 4). No further attempt was made to synthesise rac-BPL SBn . Scheme 2. 7 -Major and minor side-products detected by 1 H NMR resulting from (right-red) decarboxylation and (left-blue) rearrangement of rac-BPL SBn that appears during the carbonylation and distillation.

Table 2

 2 as NEt3 or K2CO3; different temperature 23, -72 °C) were performed, expecting to obtain rac-BPLOP(O)Ph2 . Yet, all attempts failed, leading instead to the opening of rac-BPL OH or to no reaction. Note that rac-BPL OH was produced successfully by carbonylation of rac-G OH

	only in the presence of 2mol% [PPN] + [Co(CO)4] -/BF3.Et2O (Figure 2. 3 -(4)) at 80 °C and 60

. 3entry 1) with ClP(O)Ph2 (mimicking that of Scheme 2. 5 -(e)) in different conditions (in dry THF; absence or presence of base such

BPL OtBu

  

	Following	the	typical	experiment	previously	reported,	using

OtBu to rac-/(S)-[Salph(Cr(THF)2)][Co(CO)4] (281.1 mg, 0.31 mmol) and rac-G OtBu (4.03 g, 30.99 mmol, 100 Chapter 2.

1. Molecular characterization of PBPL FG s obtained from BEMP

  Scheme 3. 16 -Bulk ROP of rac-BPL FG s promoted by BEMP.

4.1.

Representative experimental results of the neat (i.e., reaction performed in bulk) ROP of rac-BPL FG s (FG = OAll, OBn, O n Bu, OTBDMS, OP(O)Ph2) using BEMP at different temperatures (ranging from 25 °C to 60°C) and [BPL FG ]0/[BEMP]0 ratios (ranging from 15 to 60) are gathered in Table

3

. 3. Regarding the ether functional moiety, BPL FG s polymerized by

Table 3 . 3 -

 33 Characteristics of the PBPL FG s synthesized by ROP of rac-BPL FG s mediated by BEMP a . Results are representative of at least duplicated experiments performed neat.

	Entry	BPL FG	[BPL FG ]0/	Temp.	time b	Conv. c	𝑀 𝑛 ̅̅̅̅ ,theo d	𝑀 𝑛 ̅̅̅̅ ,NMR e	𝑀 𝑛 ̅̅̅̅ ,SEC f	ĐM f
		(FG =)	[BEMP]0	(°C)	(h)	(%)	(g mol -1 )	(g mol -1 )	(g mol -1 )	
	1	OAll	40	25	21	91	5150	4100	4600	1.09
	2	OAll	40	40	7	50	2850	1800	1300	1.17
	3	OAll	40	60	3	97	5500	4800	3900	1.26
	4	OnBu	40	25	19	72	4550	4850	6200	1.18
	5	OnBu	44	40	8	78	5400	5650	7700	1.16
	6	OnBu	40	60	4	98	6200	3800	4900	1.32
	7	OBn	43	25	12	60	4950	3300	2800	1.23
	8	OBn	15	40	3	94	2700	3100	2500	1.32
	9	OBn	40	40	9	84	6450	5500	5000	1.15
	10	OBn	60	40	10	32	3700	1700	1500	1.38
	11	OBn	15	60	4	100	2900	2500	2400	1.21
	12	OBn	40	60	3	82	6300	4200	3100	1.27
	13	OBn	60	60	2	50	5750	3000	2800	1.53
	14	OTBDMS	40	40	6	34	2950	2000	1900	1.18
	15	OTBDMS	35	60	8	88	6650	3600	3300	1.20
	16 g	OP(O)Ph2	20	60	8	78	4750	5200	5000	1.15
	17 g	OP(O)Ph2	40	60	36	50	6050	6300	6400	1.33

a

Table 3 . 4 -

 34 Characteristics of the PBPL FG s synthesized by ROP of rac-BPL FG s mediated by TBD a . Results are representative of at least duplicated experiments performed neat.b The reaction time was not necessarily optimized. c BPL FG conversion as determined by1 H NMR analysis of the crude reaction mixture (refer to the Experimental Section).d Theoretical molar mass calculated from the relation: [BPL FG ]0/[TBD]0 × Conv.BPLOR × MBPLFG, i.e. without considering end-capping groups, with MBPLOAll = 142 g mol -1 , MBPLOnBu = 158 g mol -1 , MBPLOBn = 192 g mol -1 , MBPLOTBDMS = 216 g mol -1 and MBPLOP(O)Ph2 = 302 g mol -1 . e Experimental molar mass value as determined by 1 H NMR analysis of the isolated polymer, from the resonances of the crotonate end-group (refer to the Experimental Section). f Experimental molar mass and dispersity values as determined by SEC in THF using a RI detector at 30 °C vs polystyrene standards. g ROP was done in a dry THF solution (0.1 mL) to solubilize the monomer and the catalyst.

	Entry	BPL FG	[BPL FG ]0/	Temp.	Time b	Conv. c	𝑀 𝑛 ̅̅̅̅ ,theo d	𝑀 𝑛 ̅̅̅̅ ,NMR e	𝑀 𝑛 ̅̅̅̅ ,SEC f	ÐM f
		(FG=)	[TBD]0	(°C)	(h)	(%)	(g mol -1 )	(g mol -1 )	(g mol -1 )	
	1	OAll	43	60	4	81	4950	3600	3100	1.41
	2	O n Bu	40	25	19	21	1350	1000	1000	1.14
	3	O n Bu	42	40	9	44	2900	2800	2100	1.14
	4	O n Bu	40	60	7	68	4300	3300	3200	1.29
	5	O n Bu	75	60	16	88	10450	11850	7000	1.15
	6	OBn	20	60	3	61	2350	2100	1100	1.26
	7	OBn	41	60	6	70	5500	4300	3900	1.32
	8	OTBDMS	40	60	8	40	3450	1000	1100	1.34
	9 g	OP(O)Ph2	40	60	72	15	1800	1200	1400	1.12

a

Table 3 . 5 -

 35 Characteristics of the PBPL FG s synthesized by ROP of rac-BPL FG s mediated by DBU a . Results are representative of at least duplicated experiments performed neat at 60 °C.b The reaction time was not necessarily optimized. c BPL FG conversion as determined by 1 H NMR analysis of the crude reaction mixture (refer to the Experimental Section). d Theoretical molar mass calculated from the relation: [BPL FG ]0/[DBU]0 × Conv.BPLFG × MBPLFG, i.e. without considering end-capping groups, with MBPLOAll = 142 g mol -1 , MBPLOnBu = 158 g mol -1 , MBPLOBn = 192 g mol -1 , and MBPLOTBDMS = 216 g mol -1 . e Experimental molar mass value as determined by 1 H NMR analysis of the isolated polymer, from the resonances of the crotonate end-group (refer to the Experimental Section). f Experimental molar mass and dispersity values as determined by SEC in THF using a RI detector at 30 °C vs polystyrene standards.

	Entry	BPL FG	[BPL FG ]0/	Time b	Conv. c	𝑀 𝑛 ̅̅̅̅ ,theo d	𝑀 𝑛 ̅̅̅̅ ,NMR e	𝑀 𝑛 ̅̅̅̅ ,SEC f	ÐM f
		(FG=)	[DBU]0	(h)	(%)	(g mol -1 )	(g mol -1 )	(g mol -1 )	
	1	OAll	40	8	58	3300	1700	1300	1.18
	2	OnBu	40	10	70	4400	2500	2500	1.30
	3	OBn	50	5	51	4900	1650	1500	1.29
	4	OTBDMS	40	8	25	2200	2600	1800	1.12

a

Table 4 . 1 -

 41 Pr values for PBL Me , PMLA FG s, PBPL FG s prepared from the stereoselective ROP of rac-BL Me , rac-MLA FG s, and rac-BPL FG s mediated by Y{ONXO R1,R2 } catalytic systems.Investigating other functionalities of rac-BPL FG s (FG = OPh, CH2OBn, SPh, O i Pr, O t Bu, OTBDMS) is interesting to further explore their influence in ROP, especially after obtaining different stereoregularity (high syndio-or high iso-) depending on the functionality of the β-lactone used (rac-MLA FG s (FG = All, Bn, Me) and rac-BPL FG s (FG = OAll, OBn,

	Monomers			
	R 1 , R 2	rac-BPL Me	rac-MLA All/Bn/Me	rac-BPL OAll/OBn/OMe
		Syndiotactic	Syndiotactic	Syndiotactic
	Crowded	Pr = 0.70-0.96	Pr = 0.68-0.87	Pr = 0.78-0.90
	Non-Crowded	Atactic	Syndiotactic	Atactic
		Pr = 0.56	Pr = 0.92->0.95	Pr = 0.49-0.51
	Halogenated	Atactic	Syndiotactic	Isotactic
	Non-Crowded	Pr = 0.42-0.45	Pr = 0.91->0.98	Pr = <0.05-0.12

Results and discussion: Stereoselective ROP of new racemic β-lactones mediated by Y{ONXO R1,R2 }

  Essentially, to access to other functional PHAs displaying a regular tacticity, thereby expecting to widen the range of properties and applications of PHAs, we sought to ring-open polymerize new examples of rac-BPL FG s with FG = OPh, CH2OBn, SPh, O i Pr, O t Bu, OTBDMS, through Y{ONXO R1,R2 } catalysis. Widening the range of PHA FG s would enable to

i

  PrOH) (2a-d/( i PrOH))(Scheme 4. 4). All the characteristic data of the obtained PBPL OPh s from the latter polymerization are gathered in Table4. 2. Yttrium catalyst systems based on ligands with uncrowded methyl or chloro ortho-phenolate substituents (2c-d; Table4. 2entries 1-4), in the presence of i PrOH, proved less active than the hindered cumyl and tert-butyl substituents (2ab; Table4. 2entries 5-12). The Me-substituted catalyst systems 2c/( i PrOH) could achieve complete conversion of ca. 60 monomer equiv. in four hours with TOF2c = 14.25 h -1 (Table4.2entry 4), unlike the Cl-substituted 2d which hardly proceeded to complete monomer consumption reaching only 45% conversion after 50 h with TOF2d = 0.65 h -1 (Table4. 2entry On the other hand, yttrium catalyst systems with ancillary ligands bearing bulky substituents ( t Bu, cumyl, 2a-b/( i PrOH)) revealed quite active for the ROP of rac-BPL OPh . Nearly quantitative conversion of ca. 100-120 equivalents of rac-BPL OPh by 2a-b was reached within 5-15 min with TOF2b > 883 h -1 and TOF2a > 1200 h -1 (Table4. 2entries 7,

	Chapter 4.
	2).

Table 4 . 2 -

 42 Characteristics of the PBPL OPh synthesized by ROP of rac-BPL OPh mediated by 2ad/( i PrOH) catalytic systems in toluene at room temperature. Reactions performed with [BPL OPh ]0 = 1.0 M. b Reaction time was not necessarily optimized. c Conversion of BPL OPh as determined by 1 H NMR analysis of the crude reaction mixture. d Molar mass calculated according to Mn,theo = ([BPL OPh ]0/[2]0 × conv.BPL(OPh) × MBPL(OPh)) + MiPrOH, with MBPL(OPh) = 178 g.mol -1 , MiPrOH = 60 g.mol -1. e Molar mass determined by 1 H NMR analysis of the isolated polymer, from the resonances of the terminal O i Pr group (refer to Experimental section). f Numberaverage molar mass and dispersity (Mw/Mn) determined by SEC analysis in THF at 30 °C vs. polystyrene standards. g Pr is the probability of racemic linkages between BPL OPh units as determined by13 C{ 1 H} NMR analysis of the isolated PBPL OPh s. h Glass transition temperature as determined by DSC.i Refer to the kinetic study (Figure4. 20); j Not determined; K ROP of enantiopure (S)-BPL OPh .

	Entry Cat.	[BPL OPh ]0/ [2]0/[ i PrOH]0 a	Time b (min)	Conv. c (%)	Mn,theo d (g.mol -1 )	Mn,NMR e (g.mol -1 )	Mn,SEC f (g.mol -1 )	ÐM f	Pr g	Tg h (°C)
	1	2d	30:1:1	30 h	95	5100	5000	5200	1.14 0.77	22
	2 i	2d	60:1:1	50 h	54	5800	5400	6200	1.15 0.75	21
	3	2c	30:1:1	120	100	5400	5200	6200	1.18 0.76 nd j
	4 i	2c	60:1:1	240	95	10 200	10 000	11 100	1.13 0.79	30
	5	2b	20:1:1	120	100	3600	3200	4100	1.21 0.84 nd j
	6 i	2b	60:1:1	8	100	10 700	10 600	12 200	1.14 0.86	37
	7	2b	120:1:1	8	98	21 000	23 000	25 600	1.06 0.86	37
	8	2b	250:1:1	15	100	44 600	44 100	51 200	1.16 0.87	38
	9	2b	500:1:1	15	92	81 900	80 500	95 000	1.20 0.86	40
	10	2a	28:1:1	120	100	5000	4700	5400	1.20 0.81 nd j
	11 i	2a	60:1:1	30	100	10 700	10 000	12 200	1.15 0.84	38
	12	2a	100:1:1	5	100	17 900	17 800	19 000	1.11 0.83	40
	13 k	2b	60:1:1	60	100	10 700	10 500	11 700	1.10 <0.05 36

a

Table 4 . 2

 42 

, entry 13), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table

4

. 2, entries

2,4,6,11)

; details for Pr calculations by

13 

C NMR check appendix 19.

Table 4 .

 4 

	2, entry

Table 4 . 3 -

 43 Characteristics of the PBPL CH2OBn synthesized by ROP of rac-BPL CH2OBn mediated by 2ad/( i PrOH) catalytic systems in toluene at room temperature. Reactions performed with [BPL CH2OBn ]0 = 1.0 M. b Reaction time was not necessarily optimized. c Conversion of BPL CH2OBn as determined by 1 H NMR analysis of the crude reaction mixture. d Molar mass calculated according to Mn,theo = ([BPL CH2OBn ]0/[2]0 × conv.BPL(CH2OBn) × MBPL(CH2OBn)) + MiPrOH, with MBPL(CH2OBn) = 206 g.mol -1 , MiPrOH = 60 g.mol -1 . e Molar mass determined by 1 H NMR analysis of the isolated polymer, from the resonances of the terminal O i Pr group. f Numberaverage molar mass and dispersity (Mw/Mn) determined by SEC analysis in THF at 30 °C vs. polystyrene standards. g Pr is the probability of racemic linkages between BPL CH2OBn units as determined by 13 C{ 1 H} NMR analysis of the isolated PBPL CH2OBn s. h Glass transition temperature as determined by DSC; i ROP of enantiopure (R)-BPL CH2OBn .

	Entry Cat.	[BPL CH2OBn ]0/ [2]0/[ i PrOH]0 a	Time b (min)	Conv. c (%)	Mn,theo d (g.mol -1 )	Mn,NMR e (g.mol -1 )	Mn,SEC f (g.mol -1 )	ÐM f	Pr g	Tg h (°C)
	1	2d	25:1:1	14 h	78	4100	5200	4200	1.15 0.49 -13
	2	2c	50:1:1	9 h	67	7000	8600	7000	1.23 0.49 -11
	3	2b	25:1:1	5	99	5200	6400	6700	1.12 0.85 -11
	4	2a	25:1:1	3	99	5200	5400	4400	1.09 0.77 -12
	5 i	2b	50:1:1	10	99	10 300	9100	8400	1.15 <0.05 -13

a

Table 4 . 3

 43 

, entry 5), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table

4

. 3, entries 1-4).

  i PrOH) (2a-d/( i PrOH))(Scheme 4. 4). All the characteristic data of the obtained PBPL SPh s from the latter polymerization are gathered in Table4. 4. Once again, yttrium catalyst systems based on ligands with uncrowded methyl or chloro ortho-phenolate substituents (2c-d; Table4. 4entries 1-5),in the presence of i PrOH, proved less active than the hindered cumyl and tert-butyl substituted ones (2a-b; Table4. 2entries 6-13). The Me-substituted catalyst systems 2c/( i PrOH) could achieve complete conversion of ca. 60 monomer equiv. in eight hours with TOF2c = 7.43 h -1 (Table4. 4entry 5), unlike the Cl-substituted one 2d which hardly proceeded to complete monomer consumption reaching 48% conversion after 4 days with TOF2d = 0.03 h -1 (Table4.4entry 5). Similar to rac-BPL OPh , yttrium catalyst systems with ancillary ligands bearing bulky substituents ( t Bu, cumyl, 2a-b/( i PrOH)) revealed quite active for the ROP of rac-BPL SPh .Nearly quantitative conversion of ca. 120 equivalents of rac-BPL SPh by 2a-b was reached within 15 min with TOF2a-b > 480 h -1 (Table4.4 -entries 8,13). The highest TOF values obtained for the ROP of rac-BPL SPh (TOF2b(ca. 500) > 225 h -1 , Table4. 4entry 10) is considerably lower than those reported for the rac-BPL OPh (TOF2a(ca. 500) > 2000 h -1 , vide supra). This is most likely arising from the relative instability of BPL SPh at 20 °C, the secondary products formed (refer to Chapter 2, Figure2. 12) presumably impeding the efficiency of the catalyst, hence altering the polymerization rate.

Table 4 . 4 -

 44 Characteristics of the PBPL SPh synthesized by ROP of rac-BPL SPh mediated by 2ad/( i PrOH) catalytic systems in toluene at room temperature. Reactions performed with [BPL SPh ]0 = 1.0 M. b Reaction time was not necessarily optimized. c Conversion of BPL SPh as determined by 1 H NMR analysis of the crude reaction mixture. d Molar mass calculated according to Mn,theo = ([BPL SPh ]0/[2]0 × conv.BPL(SPh) × MBPL(SPh)) + MiPrOH, with MBPL(SPh) = 194 g.mol -1 , MiPrOH = 60 g.mol -1 . e Molar mass determined by 1 H NMR analysis of the isolated polymer, from the resonances of the terminal O i Pr group (refer to Experimental section). f Numberaverage molar mass and dispersity (Mw/Mn) determined by SEC analysis in THF at 30 °C vs. polystyrene standards. g Pr is the probability of racemic linkages between BPL SPh units as determined by13 C{ 1 H} NMR analysis of the isolated PBPL SPh s. h Glass transition temperature as determined by DSC.i Refer to the kinetic study (Figure4. 20) j Not determined; K ROP of enantiopure (S)-BPL SPh .

	Entry Cat.	[BPL SPh ]0/ [2]0/[ i PrOH]0 a	Time b (min)	Conv. c (%)	Mn,theo d (g.mol -1 )	Mn,NMR e (g.mol -1 )	Mn,SEC f (g.mol -1 )	ÐM f	Pr g	Tg h (°C)
	1	2d	20:1:1	240	38	1500	1400	1700	1.08	nd j	nd j
	2	2d	30:1:1	60 h	57	3400	3400	3600	1.14 0.73	9
	3 i	2d	60:1:1	96 h	48	5600	5100	6400	1.17 0.74	9
	4	2c	30:1:1	240	100	5900	5800	6600	1.14 0.74	9
	5	2c	60:1:1	480	99	11 600	11 300	13 900	1.21 0.76	8
	6	2b	40:1:1	240	100	7800	7400	8900	1.19 0.83 nd j
	7 i	2b	80:1:1	60	100	15 600	15 200	17 900	1.15 0.87	13
	8	2b	120:1:1	15	100	23 200	23 300	25 700	1.07 0.86	14
	9	2b	250:1:1	60	95	46 100	48 300	51 400	1.15 0.87	14
	10	2b	500:1:1	120	90	87 400	86 400	96 700	1.17 0.86	12
	11	2a	20:1:1	60	100	3900	3400	4400	1.19 0.85 nd j
	12 i	2a	60:1:1	60	100	11 700	11 300	13 300	1.12 0.85	13

a

  1.07-1.21). In fact, the experimental molar mass values of the PBPL SPh increased linearly with the BPL SPh monomer loading up to a degree of polymerization of ca. 500, as illustrated for the ROP of BPL SPh mediated by 2b/( Variation of Mn,NMR , Mn,SEC , and Mn,theo (solid line) values of PBPL SPh synthesized from the ROP of rac-BPL SPh mediated by 2b/( i PrOH) (1:1) catalytic system as a function of the BPL SPh monomer loading (Table4. 4entries 6-10).

	Alike PBPL OPh , 1 H and J-MOD spectra of PBPL SPh (Figure 4. 15) clearly showed the
	isopropoxycarbonyl chain-end group ( (ppm): ca. 4.95 (CH3)2CHO-, ca. 1.19 (CH3)2CHO-.

i PrOH) (1:1) catalytic system (Figure 4. 14), confirming the control feature of ROP.

Figure 4. 14 -Also, the signals for BPL SPh repeating units including the methine and methylene, were both observed. For the corresponding 2D COSY and HMBC NMR spectra refer to Appendix 23 and Appendix 24.

Table 4

 4 TGA thermograms of syndiotactic PBPL SPh (Table4. 4, entry 9).

	Chapter 4.

. 4, entry 14)

, mediated by 2a, 2b, 2c, or 2d/ i PrOH (

Table 4. 4, entries 3,5,7,12)

. Figure 4. 19 -

Insights into the kinetics and the catalyst activity

  

Monitoring of NMR-scale polymerizations of BPL OPh/CH2OBn/SPh performed with 2ad/( i PrOH) confirmed the kinetics trend derived from batch experiments

(Table 4. 2, Table 4. 3, Table 4. 4, Appendix 27)

, and linear semi-logarithmic plots established that all reactions were first order in monomer (apparent rate constant kapp = 67.3 ± 3.1 min -1 , BPL CH2OBn /2b 32.93 ± 0.01 min -1 , BPL OPh/SPh /2a-b; 15.05 ± 0.38 min -1 , BPL CH2OBn /2b; 0.76 ± 0.07 min -1 , BPL OPh /2c; 0.58 ± 0.11 min -1 , BPL SPh /2c; 9.05 ± 0.06 × 10 -2 min -1 , BPL OPh /2d; 6.69 ± 0.62 × 10 -2 min -1 , BPL CH2OBn /2c; 4.25 ± 0.43 × 10 -2 min -1 , BPL CH2OBn /2d; 1.2 ± 0.1 × 10 -2 min -1 , BPL SPh /2d

(Figure 4. 20)

. The major overall trend for the monomers' ROP ability is thus BPL OPh ≈ BPL SPh > BPL CH2OBn , while the catalysts' activity thus generally followed the order 2a-b >> 2c >> 2d, as previously reported for the previous ROP of various BPL FG s β-lactones (FG = OAll, OBn, OMe) and MLA FG s (All, Bn, Me) promoted by these catalyst systems.

5. Summery on the ROP of rac-BPL OPh/CH2OBn/SPh Highly

  2a (Table 4. 2, entry 11; Table 4. 4, entry 12); 2b (Table 4. 2, entry 6; Table 4. 4, entry 7); 2c (Table 4. 2, entry 4; Table4. 4, entry 5) and 2d (Table4. 2, entry 2; Table4. 4, entry 3); plots from 2a-b all overlap due to similar high activity of these catalysts regardless of the monomer functionality, and are represented as .

2.1.stereoregular and high molar masses PBPL OPh and PBPL SPh (reaching Mn,SEC(OPh) = 95,000; ÐM = 1.20; Pr = 0.86) were successfully synthesized by the stereoselective controlled ROP of the corresponding rac-BPL OPh and rac-BPL SPh promoted by achiral diaminobis(phenolate) yttrium complexes bearing variable ligand substituents (Y{ONNO R1,R2 }; 2a-d).

Table 4

 4 . in 12 and 24 hours, respectively, with TOF2c = 4.8 h -1 (Table4. 6, entry 3). High activity was observed with bulky substituents ligands ( t Bu, cumyl, 2a-b), and almost quantitative conversion of ca. 60-100 equivalents of rac-BPL OiPr was reached within 5-15 min with TOF2ab > 720 h -1 (Table4. 6, entries 6,9).

	. 6, entry 1). Another attempt over 2 days of reaction, without sampling the

solution for NMR monitoring to avoid the risk of deactivating the catalyst by unadventitious traces oxygen, only gave 20% conversion (Table

4

. 6, entry 2). Nevertheless, the Me-substituted yttrium catalyst (2c) could achieve nearly complete consumption of ca. 60 and 100 monomer Chapter 4. equiv
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 46 Characteristics of the PBPL OiPr synthesized by ROP of rac-BPL OiPr mediated by 2ad/( i PrOH) catalytic systems in toluene at room temperature. Pr is the probability of racemic linkages between BPL OiPr units as determined by13 C{ 1 H} NMR analysis of the isolated PBPL OiPr s.

	Entry Cat.	[BPL OiPr ]0/ [2]0/[ i PrOH]0 a	Time b (min)	Conv. c (%)	Mn,theo d (g.mol -1 )	Mn,NMR e (g.mol -1 )	Mn,SEC f (g.mol -1 )	ÐM f	Pr g	Tg h (°C)
	1 i	2d	30:1:1	24 h	19	850	1100	1400	1.15 0.70	nd j
	2	2d	30:1:1	48 h	20	900	1150	1400	1.13 0.69 nd j
	3 i	2c	60:1:1	12 h	96	8350	7550	9500	1.09 0.71 nd j
	4	2c	100:1:1	24 h	90	13 000	15 000	15 900	1.18 0.72	1.8
	5	2b	30:1:1	5	100	4400	3700	5400	1.09 0.84 nd j
	6 i	2b	60:1:1	5	100	8700	9400	10 700	1.11 0.84 nd j
	7	2b	100:1:1	15	100	14 450	14 400	15 300	1.13 0.85	2.1
	8	2b	250:1:1	20	100	36 050	36 500	38 300	1.08 0.85	2.2
	9 i	2a	60:1:1	5	100	8700	9000	10 050	1.10 0.82 nd j
	10	2a	100:1:1	15	100	14 450	17 000	18 600	1.13 0.82 nd j
	11 k	2b	30:1:1	60	94	4100	4600	5600	1.10 <0.05 nd j

a Reactions performed with [BPL OiPr ]0 = 1.0 M.

b 

Reaction time was not necessarily optimized.

c 

Conversion of BPL OiPr as determined by

1 

H NMR analysis of the crude reaction mixture. d Molar mass calculated according to Mn,theo = ([BPL OiPr ]0/[2]0 × conv.BPL(OiPr) × MBPL(OiPr)) + MiPrOH, with MBPL(OiPr) = 144 g.mol -1 , MiPrOH = 60 g.mol -1 . e Molar mass determined by 1 H NMR analysis of the isolated polymer, from the resonances of the terminal O i Pr group (refer to Experimental section). f Numberaverage molar mass and dispersity (Mw/Mn) determined by SEC analysis in THF at 30 °C vs. polystyrene standards. g h Glass transition temperature as determined by DSC. i Refer to the kinetic study (Figure 4. 35) j Not determined; K ROP of enantiopure (S)-BPL OiPr .
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 47 Characteristics of the PBPL OtBu synthesized by ROP of rac-BPL OtBu mediated by 2ad/( i PrOH) catalytic systems in toluene at room temperature. Reactions performed with [BPL OtBu ]0 = 1.0 M. b Reaction time was not necessarily optimized. c Conversion of BPL OtBu as determined by 1 H NMR analysis of the crude reaction mixture. d Molar mass calculated according to Mn,theo = ([BPL OtBu ]0/[2]0 × conv.BPL(OtBu) × MBPL(OtBu)) + MiPrOH, with MBPL(OtBu) = 158 g.mol -1 , MiPrOH = 60 g.mol -1 . e Molar mass determined by 1 H NMR analysis of the isolated polymer, from the resonances of the terminal O i Pr group (refer to Experimental section).Pr is the probability of racemic linkages between BPL OtBu units as determined by13 C{ 1 H} NMR analysis of the isolated PBPL OtBu s.

	Entry Cat.	[BPL OtBu ]0/ [2]0/[ i PrOH]0 a	Time b (min)	Conv. c (%)	Mn,theo d (g.mol -1 )	Mn,NMR e (g.mol -1 )	Mn,SEC f (g.mol -1 )	ÐM f	Pr g	Tg h (°C)
	1 i	2d	25:1:1	24 h	67	2600	2500	2400	1.12 0.70	nd j
	2	2d	75:1:1	27 h	28	3300	3400	3000	1.06 0.71	3
	3	2c	25:1:1	60	100	3600	3100	3200	1.09 0.74 nd j
	4 i	2c	75:1:1	7 h	90	10 700	10 900	13 600	1.16 0.75	3
	5	2b	30:1:1	30	100	4300	3900	4300	1.12 0.83 nd j
	6 i	2b	73:1:1	5	100	11600	11300	14800	1.10 0.84	5
	7	2b	120:1:1	10	100	18 800	18 800	24 000	1.14 0.83 nd j
	8	2b	250:1:1	15	99	39 100	40 000	49 900	1.15 0.84 nd j
	9	2b	500:1:1	15	99	78 300	80 000	94 300	1.18 0.84	5
	10	2a	30:1:1	30	100	4300	4300	4000	1.12 0.78 nd j
	11 i	2a	75:1:1	5	100	11 900	10 900	15 200	1.14 0.78 nd j
	12 k	2b	70:1:1	30	100	11 100	10 300	14 300	1.09 <0.05 11

a f Number-average molar mass and dispersity (Mw/Mn) determined by SEC analysis in THF at 30 °C vs. polystyrene standards.

g h 

Glass transition temperature as determined by DSC.

i 

Refer to the kinetic study (Figure

4

. 35) j Not determined; K ROP of enantiopure (S)-BPL OtBu .
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 47 This is probably due to the steric hindrance provided by the tert-butyl group leading to less flexible PBPL OtBu polymer chains and hence higher Tgs. Noteworthy isotactic PBPL OtBu , on the other hand, had higher Tg ca. 11 °C which is higher than those of syndiotactic PBPL OtBu (Table4. 7, entry 12; Appendix 32).

, entry 12), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table

4

. 7, entries 2,4,6,11)

.

Syndiotactic PBPL OtBu samples displayed positive Tg values of 3-5 °C as measured by DSC thermograms

(Table 4. 7; Figure 4. 31)

, which are hardly higher than those of PBPL OiPr (Tg = 1.8-2.2 °C).
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 48 Characteristics of the PBPL OTBDMS synthesized by ROP of rac-BPL OTBDMS mediated by 2a-d/( i PrOH) catalytic systems in toluene at room temperature. Reactions performed with [BPL OTBDMS ]0 = 1.0 M. b Reaction time was not necessarily optimized. c Conversion of BPL OTBDMS as determined by 1 H NMR analysis of the crude reaction mixture. d Molar mass calculated according to Mn,theo = ([BPL OTBDMS ]0/[2]0 × conv.BPL(OTBDMS) × MBPL(OTBDMS)) + MiPrOH, with MBPL(OTBDMS) = 216 g.mol -1 , MiPrOH = 60 g.mol -1 . eMolar mass determined by 1 H NMR analysis of the isolated polymer, from the resonances of the terminal O i Pr group (refer to Experimental section). f Number-average molar mass and dispersity (Mw/Mn) determined by SEC analysis in THF at 30 °C vs. polystyrene standards. g Pr is the probability of racemic linkages between BPL OTBDMS units as determined by13 C{ 1 H} NMR analysis of the isolated PBPL OTBDMS s. h Glass transition temperature as determined by DSC.i Refer to the kinetic study (

	Entry Cat.	[BPL OTBDMS ]0/ [2]0/[ i PrOH]0 a	Time b (h)	Conv. c (%)	Mn,theo d (g.mol -1 )	Mn,NMR e (g.mol -1 )	Mn,SEC f (g.mol -1 )	ÐM f	Pr g	Tg h (°C)
	1	2d	30:1:1	48	16	1800	2500	1000	1.07 0.69	nd j
	2	2c	30:1:1	8	30	2000	1600	2500	1.14 nd j	nd j
	3 i	2c	60:1:1	72	25	3300	3750	3000	1.12 0.77 nd j
	4 i	2b	60:1:1	4	96	12500	13500	9000	1.13 0.83	0.7
	5	2b	120:1:1	8	95	24 700	23 400	19 200	1.12 0.84 nd j
	6	2a	30:1:1	1	98	6400	7600	8000	1.11 0.87 nd j
	7 i	2a	60:1:1	4	99	12 900	12 350	10 000	1.10 0.87	1
	8 k	2a	50:1:1	4	99	10300	9100	8400	1.15 <0.05 nd j
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, entry 7); * residual monomer, toluene, and water.
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, entry 8), mediated by 2a, 2b, 2c, or 2d/ i PrOH (Table

4

. 8, entries 1,3,5,7); * residual monomer.

Table 4 . 8
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; entry 4).

General Introduction

Chapter 1.

Chapter 1.

P4-t-Bu

Chapter 2.

Figure 3. 23 -1 H (500 MHz, CDCl3, 25 o C) (top) and J-MOD (125 MHz, CDCl3, 25 o C) (bottom) NMR spectra of PBPL OnBu recovered from the ROP of rac-BPL OnBu mediated by DBU (Table3. 5entry 3); depicting only one species (Scheme 3. 21 -(18)) out of the two (Scheme 3. 21 -(16),(18)).

C{1 H} NMR analysis of the isolated PBPL OBn .

First, I would like to thank the Brittany region,

Chapter 3.

Table 3. 1 -Significant polyesters and their associated cyclic ester monomer that can be prepared from the ROP mediated by organic activators "BEMP, TBD, and DBU". nucleophilicity, [3] and thus they have found various usages in the organic synthesis domain.

Cyclic ester

Most phosphazene bases have been synthesized and characterized by Schwesinger. [4] They are extremely strong, uncharged Brönsted bases, which contain at least one phosphorus atom bonded to four nitrogen atoms of three amines and one imine substituents. Besides their high basicity, they combine many interesting features such as their high solubility in apolar-tomoderately polar solvents, remarkable stability towards electrophilic attacks, oxidation, and hydrolysis, as well as good thermal stability, easy handling and work up. [5] Phosphazene bases have attracted interest in the field of anionic ring-opening polymerization (AROP) of heterocyclic monomers, since these non-ionic superbases generate highly reactive anionic species by deprotonation of acids, thereby becoming the counter cation themselves. [5][6] BEMP was basically used as a base ( MeCN pKa = 27.6) [4] for assorted organic reactions such as Michaël addition and alkylation. [7] In 2007, its first exploitation as a polymerization organocatalyst was accompanied by an alcohol co-initiator (RCH2OH, mainly benzyl alcohol "BnOH" or 1-pyrene butanol ) for the ROP of LA, δ-VL and ε-CL. BEMP was found to be an Chapter 3.

Scheme 3. 5 -Proposed mechanism for the ROP of LA in solution in the presence of TBD only, displaying the nucleophilic tendency of TBD in the absence of an alcohol and maintaining its Hbonding catalytic activity.

In 2017, the ROP of δ-VL (DP = 500) was performed under neat conditions (solventfree) in the presence of TBD and BnOH, to produce PVL with high molar mass (Mn,SEC = 115,500 g mol -1 ) in 27 min at room temperature °C. It was stated that the rate trends in neat VL is nearly similar to that in solution but with broadened dispersities (ÐM =1.21 vs. 1.12). [12] Recently, in 2020, TBD proved to be efficient in the ROP of rac-LA and meso-LA in toluene ([LA]/[BnOH]/[TBD] = 100:1:1) at low temperatures (-75 ° C) to obtain highly isotactic (Pm = 0.85) and heterotactic (Pm = 0.80) PLA with 77% and 82% conversion after 30 min and ÐM of 1.25 and 1.24, respectively. Alternatively, the polymerization was done in DCM rather than toluene at a lower catalytic ratio ([rac-LA]/[BnOH]/[TBD] = 100:1:0.1) to barely increase the tacticity control of PLA (Pm = 0.88) and improve the conversion (90% in 1 h, ÐM = 1.09). The authors then postulated that stereoselectivity (0.85 vs. 0.88) is independent of the solvent (toluene vs. DCM) but that it is dependent on the secondary intermolecular interactions between TBD, polymer chain-end, and the LA monomer. Hence, they once again suggested the Hbonding mechanism illustrated in Scheme 3. 4 (bottom, mechanism B) further supporting it by DFT studies, while, the higher conversion was justified by the higher solubility of rac-LA in DCM than in toluene. [29] In spite of that, TBDs' basicity is slightly lower than that of BEMP ( MeCN pKa = 26 vs.

27.6), [4] it revealed to be more active in mediating controlled ROP of LA, δ-VL and ε-CL (Table 3. 1) in terms of molar masses, dispersities, chain-ends and tacticity, albeit the presence of more pronounced transesterification side-reactions (in the case of δ-VL and ε-CL). The high activity of TBD is reasonable since the basicity of the organic activator during the polymerization was noticed not to be the sole criterion. What essential is its ability to undertake intermolecular hydrogen bonding interactions through TBD's two active nitrogen atoms (H-bond donor and acceptor). Thus, unlike BEMP, TBD did not need to be accompanied by any H-bonding cocatalysts (TU or Urea), and it was even active for the ROP of lactides at -75 ° C. TBD showed Chapter 3.

Scheme 3. 8 -Anticipated mechanism for the ROP of δ-VL activated by TU, as promoted by the bisTU-DBU-ROH catalytic system.

Phenols are another cocatalysts that were investigated in 2012 along with DBU for the ROP of δ-VL (DP = 25) and of ε-CL (DP = 25) at room temperature. It is true that phenols were less active than TU, reaching 80% conversion after 24 h and 120 h, respectively, yet they are advantageously commercially available reagents (unlike TU) and the polymerizations can be performed under mild experimental conditions (over the bench, no pre-drying of reactants). An unprecedented mechanistic pathway was suggested after the detection of DBU as a chain-end of PVL by MALDI-ToF MS, which involves a nucleophilic activation of the monomer by DBU via O-acyl cleavage as a concomitant pathway to that of the neutral H-bonding (Scheme 3. 9). [33] Scheme 3. 9 -Expected two concomitants mechanistic pathways for the ROP of δ-VL (m =1) and ε-CL (m=2) mediated by phenol-DBU-ROH catalytic systems via neutral H-bonding and initiation by either (a) ROH or (b) free DBU.

Chapter 3.

(bifunctionality of TBD and monofunctionally of DBU). The results of the above-mentioned investigations are summarized in Table 3. 2. Noteworthy, the same organic activator trends were obtained in solvent-free conditions (TBD > BEMP > DBU), and also provide a higher efficiency than in solution.

Table 3. 2 -Comparative summary on the activity of BEMP, TBD and DBU in mediating the ROP of large lactones.

Presence of alcohol "ROH" Absence of alcohol "ROH"

This overview of the state-of-the-art on the ROP of cyclic esters promoted by BEMP, TBD or DBU highlights the superior basicity of BEMP (that abstracts the α-H of the cyclic esters) and its inability to promote O-acyl scission of the cyclic ester, that is traced back to BEMP steric bulkiness (Figure 3. 2). [37] Moreover, it draws attention to the bifunctionality of TBD as both a nucleophile and a H-bonding agent (donor and acceptor), and lastly to the dual functionality of DBU as both a nucleophile or base.

Chapter 3.

top). However, the initiation/propagation for BEMP and DBU (Scheme 3. 13bottom) were not fully clarified, demanding further investigations as the authors conveyed. [38b] Notably, in 2014-2017, attempts to ring open rac-BL Me (100 equivalence, in C6D6) in the presence of the TU/Urea1-BEMP-ROH catalytic system were unsuccessful (0% conversion after 72 h at room temperature). [10a, 11] Scheme 3. 13 -(top) Proposed ROP mechanism of rac-BL Me and rac-MLA Bn promoted by TBD via O-acyl cleavage; (bottom) Possible ROP mechanism of rac-BL Me and rac-MLA Bn mediated by DBU and BEMP that still requires investigation, by Guillaume et al. [38] A recent reinvestigation was done in 2018 by Coulembier and co-workers, on the ROP of rac-BL Me promoted by TBD following the same operating procedure of Guillaume et al.

(neat, 60 °C, absence of protic agent). [39] By means of , attributing that to the absence of α-acidic hydrogen in case of rac-dMMLA Bn and to the poor nucleophilicity of TBD. Yet, the authors detected through ESI MS, the presence of oligomers end-capped with hydroxy and carboxylate species; suggesting that ROP of dMMLA Bn is initiated by undesired traces of water that formed hydroxide anion in the presence of TBD to propagate via O-alkyl bond session (Scheme 3. 14bottom). [39] Chapter 3. [39] Ultimately, the organocatalyzed ROP of cyclic esters revealed to be quite complex and also apparently very dependent on reaction conditions. Studies have emphasized on many factors that may influence the course of the polymerization, including the lactone ring-size and the reaction parameters (catalyst/initiator ratio, solvent, monomer concentration, temperature, cocatalyst, protic agent, transfer reactions). Special attention is paid to the effect of the ring size, where BEMP, TBD, and DBU were efficient in the ROP of large cyclic lactones (LA, δ-VL, ε-CL) to precisely control the synthesis of the corresponding polyesters, yet that of smaller ring size (β-lactones) is still challenging and rather obscure, subsequently requiring further examination.

Results and discussion

Taking into account that BEMP, TBD and DBU are effective to promote the ROP of βlactones (BL Me and MLA Bn ) in bulk conditions but that their mechanistic pathways are blurred and puzzling, we extended the study to a specific family of β-lactones, namely the The MALDI-ToF (Figure 3. 11) and ESI (Appendix 9) mass spectra of PBPL OBn samples prepared by the BEMP-mediated ROP are both consistent with the above-mentioned α-crotonate, -carboxylic acid terminated polymer. The spectra showed a major population of PBPL OBn with a repeating unit of 192 g mol -1 end-capped with a benzyloxycrotonate and a carboxylic acid group (the latter which was not observed in the 1 H, 13 C or HMBC NMR spectra, Chapter 3.

macromolecules end-capped with hydroxy and an -carboxylic acid end-groups and its fragmented product; and [BEMPH] + (Scheme 3. 17 -(8),( 9)) in the top left side.

Note that the MALDI-ToF mass spectra previously recorded for PBL Me and PMLA Bn samples prepared form the alike BEMP-mediated ROP of rac-BL Me and rac-MLA Bn , respectively, could not evidence the possible presence of -COOH end-capping group because the matrix/cationizing agent used did not enable it. [38] A revised analysis of these MALDI-ToF mass spectra is presented (Figure 3. 13, Figure 3. 14) and shows that the ROP of rac-BL Me and rac-MLA Bn mediated by BEMP proceeds in the same way as the ROP of rac-BPL FG s. S10 in reference [38a] ). Reinterpretation shows that the zoomed region corresponds to the simulated (bottom) and experimental (top) spectra of PBL Me macromolecules end-capped with both an α-crotonate and an -carboxylic acid end-groups (alike species Scheme 3. 17 -(10).

(
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Mechanistic pathway for the BEMP-mediated ROP of BPL FG s

Considering these spectroscopic and spectrometric evidences of the formation of a mixture of -benzyloxy crotonate, -COOH PBPL OBn and [BEMPH] + , we may propose the ROP mechanism depicted in Scheme 3. 17. Thus, BEMP would act as a basic pre-initiator (similar to Scheme 3. 3) that abstracts one of the methylene hydrogen in α-position of the BPL FG monomer, thereby generating in situ an α,β-unsaturated carboxylate species as the real initiator (Scheme 3. 17 -(8)), which in turn would propagate the polymerization via O-alkyl cleavage of further incoming monomer units. Carboxylate initiators with metals or crown ethers, [45] or even phosphazene base [46] counter cations have previously been reported to promote the ROP of rac-BL 

ROP of BPL FG s promoted by TBD

Earlier research on the ROP of large lactones promoted by TBD in the absence of any protic initiators (alcohols) suggested a nucleophilic behavior of TBD (Scheme 3. 5; Table 3. 2).

On the other hand, the TBD-promoted ROP of β-lactones (rac-BL 3. 4. TBD proved significantly less active than BEMP (Table 3.

3), a general tendency also reported for the alike ROP of rac-BL Me and rac-MLA Bn , [38] though with a reverse trend for LA, δ-VL, or ε-CL, towards which TBD was highly more active than BEMP (vide supra). Most of the polymerizations were performed at 60 °C, since those at lower temperature (25-40 °C) were very sluggish (Table 3. 4, entries 2,3). The experimental and theoretical molar masses were generally in good agreement (Mn,theo vs. Mn,NMR vs. Mn,SEC) with fairly narrow dispersities ranging from 1.14 < ÐM < 1.41, in the case of [BPL FG ]0/[BEMP]0 ≤ 40. This would imply that not all growing chains are initiated at the same time when the initiator is added/formed or that TBD is not fully consumed at an early stage. [47] Also, it may account for the presence of detrimental side-reactions such as possible intra-and inter-molecular transesterifications, which can be promoted by TBD, presumably by direct transfer of the acyl group between alcohols (similarly to the ROP of LA, δ-VL or ε-CL by TBD; vide supra). Alike BEMP, TBD seemed to polymerize rac-BPL FG s less rapidly ((TOF) = 8.7 h -1 ; Table 3. 4, entry 1) than rac-BL Me and rac-MLA Bn ((TOF) = 19.5 h -1 and 39.5 h -1 , respectively) under the same conditions. [38] Finally, an attempt to ring-open polymerize BPL OP(O)Ph2 (DP = 40) by TBD was carried out at 60 °C, in THF solution since both TBD and the monomer are solids. The polymerization under these conditions was very slow and afforded only 15% monomer conversion after 3 days, presumably due to the bulkiness of the phosphorous group and the more diluted operated medium compared to other BPL FG s. Thus, no more experimentation was done for the ROP of rac-BPL OP(O)Ph2 promoted by TBD.

Chapter 3.

Consequently, while a crotonate chain-end was definitively observed from the NMR analyses, further examination was required in order to reveal the nature of TBD (nucleophile vs. base) that was observed in the NMR spectra. More information was gained from MALDI-ToF MS analyses of the isolated PBPL FG samples, as exemplified with PBPL OBn depicted in revealed the same spectra as the one obtained with added Na + (Appendix 16).

Chapter 3.

Mechanistic pathway for the TBD-mediated ROP of BPL FG s

From these results, it thus appears that TBD would follow a nucleophilic pathway to ring-open BPL FG s, rather than a basic one, as depicted in Scheme 3. 19. This is reminiscent of the mechanism reported for the ROP of larger lactones promoted by TBD under similar bulk operating conditions, [12] or in the absence of any protic reagents such as alcohols (Scheme 3.

5

). [14] Further affirmation of this mechanism can be gained from the DFT studies reported previously by Goodman et al. on the ROP of BL Me in the presence of TBD, supporting the formation of a TBD-BL Me adduct and even its dehydrated product (TBD-N-acyl-α,βunsaturated; (11)). [25,48] Adventitiously, after the 1:1 TBD-BPL 13)) after protonation. This aspect of TBD, acting as double nucleophile due to its two nucleophilic nitrogen atoms, was previously revealed by Kappe et al.. [22] Most likely, the α,β-unsaturation from 12 or 13 acts as a Michaël acceptor towards TBD, a behavior common for bicyclic guanidine, [49] thereby generating macromolecules 14 or 15, the latter being population II (Figure 3. 19, Scheme 3. 19 -(15)). This mechanism involves all the species detected in the MALDI-ToF mass spectra of PBPL FG s (Figure 3. 19), and it is in contrast with the TBD-mediated anionic ROP of rac-BL Me reported recently by Coulembier and co-workers, in which TBD is proposed to activate the β-lactone via its basic character (Scheme 3. 14top).

Probably, in this latter case, TBD acted as a base due to the presence of adventitious H2O in the polymerization medium, which can act as an initiator itself by forming [HO] -TBDH] + (Scheme 3. 14bottom), especially that the authors obtained a population of PBL Me end-capped with carboxylic acid and hydroxy chain-ends in the MALD-Tof mass spectrum. [39] Ostensibly, due to the strong nucleophilicity of TBD, its place should be on the right of Figure 1. 12 (Chapter 1).

Chapter 3.

The corresponding 2D correlations observed from COSY spectra evidence a correlation between the vinylic and methylene hydrogens of the crotonate end-group (Figure 3. 25), conforming an α,β-unsaturation chain-end. 3. 5entry 3), depicting only one species (Scheme 3. 21 -( 18)) out of the two (Scheme 3. 21 -( 16),( 18)); * unidentified impurity.

Chapter 3.

Interestingly, the same results were obtained from the reinterpretation of PMLA Bn microstructure produced previously. [38b] Population I was detected in the absence of Na + , while both populations I and II were observed in the presence of Na + for the same sample of PMLA Bn (Figure 3. 28). This suggests that DBU reacts in the same way in the ROP of rac-MLA Bn and of rac-BPL FG s (vide infra). 

PBPL FG s : stereochemistry, kinetics and thermal properties

Taking into consideration the chirality of BPL FG s, the stereochemistry of the produced PBPL FG s was investigated via 13 The thermal behavior of the synthesized PBPL FG s (excluding PBPL OP(O)Ph2 ) was probed by thermal gravimetry analysis (TGA). The degradation temperature for all atactic PBPL FG s studied are roughly in the same range, with that of PBPL OAll being the lowest and that of PBPL OBn the highest. The TGA thermograms are presented in Figure 3. 32, where 3. 3entries 3, 6, 12, 15), TBD (Table 3. 4entries 1, 4, 7, 8) and DBU (Table 3. 5entries 1, 2, 3, 4) at 60 °C in bulk; the data in parentheses are the final monomer conversions (before reaching a high viscosity and diffusion limits). of the residue dissolved in CDCl3 or C6D6. The crude residue was then dissolved in CH2Cl2 (1 mL) and precipitated in cold pentane (10 mL, 0 °C) (repeated twice, thus enabling the removal of potential unreacted/free base), filtered and dried overnight at 60 ˚C using a vacuum oven.

All recovered polymers were yellow viscous and were analyzed by NMR, MALDI-ToF and ESI MS, SEC and TGA. PBL FG s samples were stored under inert atmosphere at -27 °C.

Kinetic study procedure

Following the typical polymerization procedure reported above, an aliquot of the reaction mixture was taken and quenched with excess DCM, at different reaction times. The resulting mixture was concentrated to dryness under vacuum and the conversion was determined by 1 H NMR analysis.
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complexes. [3] Its development has seen the appearance of many metal complexes supported by a wide variety of ligands. [4] Scheme 4. 1 -ROP of β-lactones through coordination-insertion mechanism mediated by yttriumbased catalysts (Y{ONXO R1,R2 }). [3] 1.1.2.

Tacticity and stereoselective ROP mechanism

The relation between the obtained tacticity of the polymers and the stereoselective ROP mechanism is briefly presented. Tacticity originates from the Greek word "taktikos" meaning arrangement or order. In polymer, it refers to the regularity of the relative configuration of stereocenters within the polymer chain. The consecutive insertion of two monomer units of the same configuration ((R)/(R) or (S)/(S)) will lead to the formation of a meso (m) sequence and that of two centers of opposite absolute configurations ((R)/(S) or (S)/(R)) will lead to the formation of a racemo (r) sequence. Meso sequence enrichment will lead to the formation of an isotactic polymer while that in racemo sequences will lead to a syndiotactic polymer.

NMR spectroscopy analysis provides (under suitable adjustment of the recording parameters) valuable information on the type of the sequence as well as its proportion within the polymer chain, to determine the enrichment of the polymer in regular sequences. The more precise the analysis the more resolved the NMR spectrum (by playing mainly on the intensity of the magnetic field). Thus, we can observe different sequences such as diads for two adjacent centers, triads for three adjacent centers, tetrads for four adjacent centers (Figure 4. 1). [5] Chapter 4. Generally, isotactic polymers can be prepared by polymerizing enantio-pure monomers.

In this case, the stereo-selectivity of the catalyst used has no impact on the tacticity of the polymer obtained, unless there is epimerization. Coates et al. thus used the zinc complex,

, in the presence of (R)-BL Me to synthesize isotactic (R)-PBL Me . [6] This strategy is similar to the polycondensation of L-hydroxybutyryl-Coenzyme A by bacteria also leading to the formation of isotactic PHB. [7] The real challenge is to polymerize a racemic monomer and end up with stereoregular polymers (isotactic or syndiotactic), which should be accomplished via stereoselective Finally, we can evaluate the tacticity of a polymer and therefore the selectivity of a catalyst by determination of the probability of racemo or meso concatenation of consecutive repeating units (Pr or Pm).

State-of-the-art stereoselective ROP of racemic β-lactones

mediated by Y{ONXO R1,R2 } Y{ONXO R1,R2 } is an achiral stereoselective catalyst and normally undergoes CEM mechanism through coordination-insertion ROP. It has been already mentioned that the stereoselective ROP of rac-BL Me mediated by Y{ONXO R1,R2 } (X = OMe, NMe2) catalyst leads to highly syndiotactic PBL Me (Pr ≤ 0.95) depending on the nature of the ortho-substituent on the ligand (R 1 ), which had better be bulky with electronic character (e.g., R 1 = cumyl = CMe2Ph)

and not only sterically encumbered (e.g., R 1 = CMe2 t Bu; Figure 1. 11). [9] This was supported by the DFT studies, which suggest that the intermediate II-trans-alkoxy/amino is the most favourable intermediate in terms of energy as compared to I-trans-alkoxy/amino (Figure 4. 3).

The presence of a significant steric component (red parentheses), along with an electronic contribution depicted by the weak C-H ••• π bond (dashed blue), involving the methylene αhydrogens of the alkoxy-butyrate and the  ring of the aryl group of the O-phenolate substituent (cumyl), were noticed to be both responsible for stabilizing this conformation. Hence, it was suggested that in the case of rac-BL Me , the impact of the substituent on selectivity would be mainly steric (forcing the growing chain to adopt a conformation that minimizes steric Chapter 4.

Stereoselective ROP of BPL FG s (FG = OAll, OBn, OMe)

Rac-BPL FG s (FG = OAll, OBn, OMe) simply differ from rac-MLA FG s (FG = All, Bn, Me) by replacement in the pendant (exocyclic) group of the carbonyl by a methylene moiety (C=O vs CH2). However, this proved to have major implications on stereochemistry. In fact, application of Y{ONXO R1,R2 }/ i PrOH complexes resulted in two very different outcomes: either a highly syndioselective or an unexpected, highly isoselective ROP (Scheme 4. 3). [10c, 11] Scheme 4. 3 -Stereoselective ROP of rac-BPL FG s (FG: OBn = OCH2C6H6; OAll = OCH2CH2=CH2; OMe = OCH3) mediated by Y{ONXO R1,R2 } ((1,2)a-f) (top); Pr values (%) of PBPL FG s and TOF values (h -1 ) (bottom). [10c, 11] High syndiotacticity of rac-BPL FG s was achieved in the case of hindered R 1 substituents on the yttrium catalyst even with purely aliphatic bulky substituents. Similar to rac-MLA FG s, this indicated that the stereoselective ROP of rac-BPL FG s does not rely on the abovementioned aryl electronic effect suggested from rac-BL Me (Figure 4. 3). Moreover, the less steric methylsubstituted yttrium complex (R 1 = Me) afforded atactic PBPL FG s, demonstrating that syndiotactic ROP is under steric control, following the typical CEM model (Figure 4. 4grey).

On the other hand, upon using yttrium complexes bearing ligands with halogen substituents, the formation of highly isotactic PBPL FG s (as a racemic mixture of iso-R and iso-S macromolecules) was induced (Figure 4. 4black). As one can observe, the designed pendant group of rac-BPL FG s have either shorter (BPL OPh ) or longer (BPL CH2OBn ) chain from the previously studied rac-BPL FG s (FG = OAll, OBn, OMe); or shorter and bulkier substituents (BPL OiPr,OtBu,OTBDMS ). These specific FGs were selected so as to examine the effect of these changes of the exocyclic chains, particularly on the electronic attractive interactions depicted in Figure 4. 5 that lead to the unanticipated isotactic polymers, or on the steric repulsive interactions that lead to syndiotactic polymers.

ROP of BPL FG s with different alkoxide chain length

The first category that was explored is the series of rac-BPL FG s with FG = OPh and CH2OBn that were compared with the similar formerly studied rac-BPL FG s having FG = OBn (Figure 4. 6). Then, to understand if there is an impact of the exocyclic heteroatom (O vs. S) on the activity of the catalyst, rac-BPL SPh (vs. rac-BPL OPh ) was examined.

Chapter 4. Chapter 4.

On the other hand, a remarkable change in the glass transition Tg was obtained depending on the type of the heteroatom in the pendent group (BPL OPh vs. BPL SPh ), unlike that of stereochemistry (no influence of S vs. O). PBPL SPh s displayed Tg values varying from 8-14 °C (Table 4. 4, Figure 4. 18, Appendix 25,26), significantly lower than those of PBPL OPh s (vide supra, Figure 4. 11). This is probably due to the higher electron negativity of the oxygen atom than sulphur, that leads to more electron deficient phenyl ring and more electronic rich oxygen lone pair. Hence O-Ph group can deliver more pronounced interactions between one monomeric unit and the other and between the different polymeric chains than S-Ph group, leading to a better packing of the polymer and thus to higher Tgs. [15,20] Yet, the same trend obtained with PBPL OPh s was observed with PBPL SPh s, where the lower the stereoregularity, the The PBPL SPh s samples were found to thermally degrade at the same temperature as PBPL OPh with Td onset PBPL(SPh) = 271 °C (Figure 4. 19), that is significantly higher than the one measured for PBPL Me (Td onset = 256 °C) and PBPL CH2OBn (Td onset PBPL(CH2OBn) = 226 °C). [16] Chapter 4.

substituents (Me or Cl groups, 2c-d). When using uncrowded Me-substituants (2c), PBPL CH2OBn revealed atactic (Pr = 0.49) similarly to PBPL OBn (Pr = 0.50); however, rac-BPL OPh afforded syndio-enriched PBPL OPh (Pr = 0.76-79). The most striking was the use of Cl-substituents (2d) that afforded highly isotactic PBPL OBn (Pr = 0.10 or Pm = 0.90) and upon shortening the side-chain (PBPL OPh ), it was switched to syndio-enriched (Pr = 0.75-77) while upon extending the side chain (PBPL CH2OBn ), the lack of stereocontrol (Pr = 0.49) was obtained. Furthermore, the exocyclic chain length showed to have a strong influence on the thermal properties of the produced polymers. The longer the chain (PBPL CH2OBn > PBPL OBn > PBPL OPh ), the lower the observed Tg (-13--11 < -6-0 < 21-40 °C, respectively) (Table 4. 5). Finally, replacing oxygen with sulphur (PBPL OPh vs. PBPL SPh ) presented no consequence on the stereochemistry affording highly syndiotactic PBPL O/SPh , yet it gave lower Tgs (8-14 °C). rac-BPL FG s R 1 , R 2 rac-BPL OBn [11] rac-BPL OPh rac-BPL CH2OBn rac-BPL SPh 

ROP of BPL FG s with bulky exocyclic chains

As the chain length of the pendent group was examined first, the steric hindrance of the latter was studied secondly. Rac-BPL OPh is similar to BPL OBn but without a CH2 (methylene CBH2R1; Figure 4. 5) and shows a different reactivity with the yttrium catalyst. Therefore, converting this methylene to methine (CBH2R1 to CBH1R2 (tertiary carbon)) was addressed here, upon using BPL OiPr monomer, and was compared to the previously reported BPL OMe (CBH3 (primary carbon)) and BPL OAll (CBH2R1 (secondary carbon)). In addition to BPL OiPr , bulkier pendent group such as BPL OtBu and BPL OTBDMS (CBR4 (quaternary carbon)) were investigated via ROP to comparatively study the architecture, molecular parameters and tacticity of the It turned out that the methine in rac-BPL OiPr did not behave similarly to the methylene in rac-BPL OMe and rac-BPL OAll , with regard to the electronic attractive interactions with the Cl-substituents of 2d that lead to isotactic PBPL OMe and PBPL OAll (Figure 4. 5). Instead, syndiotactic enriched PBPL OiPr s were recovered (Pr = 0.69-0.70; Table 4. 6entries 1,2; 4. 6, entry 8).

ROP of rac-BPL OtBu

The stereoselective ROP of rac-BPL OtBu promoted by Y{ONNO R1,R2 }/( i PrOH) catalysts was also examined at room temperature in toluene, using 1mol% of (2a-d/( i PrOH)), by targeting different monomer loadings as described in Table 4. 7. The corresponding PBPL OtBu characteristic data revealed to very similar to those of PBPL OiPr , even in the activity of the catalysts 2a-d despite the steric difference of iso-propyl and tert-butyl. Catalyst 2d (Clsubstituents) showed to be the least active among 2a-d, and accordingly the monomer loading of ca. 25 and 75 did not afford complete rac-BPL OtBu conversions (67% and 28% in ≥ 1 day, respectively), with TOF2d = 0.70 h -1 (Table 4. 7entry 1). The 2c (Me-substituents) were more active reaching nearly complete conversions after ≤ 7 h for rac-BPL OtBu loadings of 25 and 75, with TOF2c = 9.64 h -1 (Table 4. 7entry 4). As usual, a high activity was detected with 2a-b complexes ( t Bu-cumyl-substituents), allowing quantitative conversion of ca. 75 equivalents of rac-BPL OtBu in less than five minutes, with TOF2a-b > 900 h -1 (Table 4. 7, entries 6,11). Chapter 4. Chapter 4. rac-BPL OMe [11] rac-BPL OAll [11] rac-BPL OiPr rac-BPL OtBu rac-BPL OTBDMS 

Summary of the kinetics and the activity of the catalyst

Recapitulation on PBPL

Crowded

Preliminary investigations of the ROP of rac-BPL OP(O)Ph2

In the first place, the ROP of rac-BPL OP(O)Ph2 was investigated mainly with 2b yttrium complex (for its high activity with β-lactones (vide supra); Y{ONNO tBu2 }/[ i PrOH]) in toluene at room temperature. Different monomer loadings and different conditions (temperature, homopolymerization, copolymerization with rac-BPL OAll and rac-BL Me ) were also tested and data are all collected in Table 4. 10. Despite that monomer loadings as low as 10 and 30 were first used, the ROP proceeded very slowly giving only 38% and 66% rac-BPL OP(O)Ph2 conversion after 3 h and 6 days (42% after 42 h), respectively (Table 4. 10entries 1,2). An attempt to promote the propagation by raising the temperature from 23 to 60 °C with 30 monomer units, only resulted in an insignificant increase in conversion (38% to 42% conversion in 3 h, Table 4. 10entries 2,3). Furthermore, the control observed in the homopolymerization of rac-BPL OP(O)Ph2 in terms of molar masses and dispersities (Table 4. 10entries 1-3; ÐM = 1.09-135) remained poorer than those recorded for the ROP of all other BPL FG s mediated by the same catalytic system (2b/ i PrOH) (vide supra). Possible causes for the slow or incomplete propagation include either the diphenylphosphinate functionality that may coordinate the yttrium through its P(O) group and thus imped/inhibit its reactivity, or the presence of undesirable transfer/termination reactions ultimately hampering the polymerization.

Chapter 4.

Table 4. 10 -Characteristics of the PBPL OP(O)Ph2 , PBPL OP(O)Ph2 -co-PBPL OAll , PBPL OP(O)Ph2 -co-PBL Me synthesized by ROP of rac-BPL OP(O)Ph2 and ROP of rac-BPL OP(O)Ph2 with rac-BPL OAll or rac-BL Me , mediated by 2b/( i PrOH) catalytic systems in toluene at room temperature.

Entr y

Mn,theo d (g.mol -1 ) Mn,NMR e (g.mol -1 ) Mn,SEC 4. 10, entry 5); the labelling alphabetic (blue and red) are for the 1 H NMR (vide infra).

While that the ROP of 25 monomer units of rac-BPL OAll mediated by 2b in toluene at room temperature leads to its complete conversion in less than 1 h (Table 4. 10entry 4), the ROP of rac-BPL OAll under the same conditions but in the presence of 25 equivalent of 4. 10, entry 5).

Chapter 4.

While the latter experiments may hint at the presence of some P(O)…yttrium coordination that can obstruct the propagation, it may be overcome by a high catalyst (2b) loading or by a low rac-BPL OP(O)Ph2 feed. Therefore, the simultaneous copolymerization of rac-BPL OP(O)Ph2 with rac-BPL OAll or rac-BL Me were performed, expecting to enhance the propagation of PBPL OP(O)Ph2 active chains (Table 4. 10entries 7-9). However, the conversion of rac-BPL OP(O)Ph2 remained around 50% after 4 h, only further increasing up to 63% after 6 days (Table 4. 10entry 8). The copolymerization afforded oligomers of P(BPL OP(O)Ph2 -co-BPL OAll ) (Mn,sec = 8000 g mol -1 , ÐM = 1.39) and P(BPL OP(O)Ph2 -co-BL Me ) (Mn,sec = 8100 g mol -1 , ÐM = 1.38) (Table 4. 10entries 7,9). The corresponding 1 H NMR and 31 promoted by 2b catalyst was initiated. Even though, its ROP appeared to be more challenging than other BPL FG s, it will be further explored in our group. 

Experimental section

Material and methods

All manipulations involving organometallic catalysts were performed under inert atmosphere (argon, < 3 ppm O2) using standard Schlenk, vacuum line, and glovebox techniques.

Toluene was freshly distillated from Na/benzophenone under argon and degassed thoroughly by freeze-thaw-vacuum cycles prior to use. Isopropyl alcohol (Acros) was distilled over Mg turnings under argon atmosphere and kept over activated 3-4 Å molecular sieves. 2,4dichlorophenol, 2,4-dimethylphenol, 2,4-di-tert-butylphenol, 2,4- bis(methylene) bis(2,4-dicumylphenol) {ONNO cumyl2 }H2), [9c] bis(dimethylsilyl)amido lithium (Li(N(SiHMe2)2), [21] Y[N(SiHMe2)2]3(THF)1.5 (Appendix 36), [22] were synthesized according to the reported procedures.

Chapter 4.

Instrumentation and measurements

1 H (500 and 400 MHz), 13 Monomer conversions were calculated from 

Synthesis of {ONNO Me2 } H2 [9c]

In a round bottom flask, a solution of 2,4-dimethylphenol (15.85 g, 129.95 mmol), N,Ndimethylethylenediamine (5.45 mL, 49.98 mmol) 

Synthesis of {ONNO tBu2 } H2 [9c]

In a round bottom flask, a solution of 

Synthesis of {ONNO cumyl2 } H2 [9c]

In a 25 mL round bottom flask, a solution of 2,4-dicumylphenol (15.11 g, 45.78 Typical polymerization procedure [11] In a typical experiment ( was added under stirring at room temperature (ca. 20 °C). After 5 min of stirring, a solution of rac-BPL OPh , for example, (150 mg, 0.84 mmol, 60 equiv) in toluene (0.5 mL) was added rapidly and the mixture was stirred at 20 °C for 1 h. The reaction was quenched by addition of acetic acid (ca. 0.5 mL of a 1.6 mol•L -1 solution in toluene). The resulting mixture was concentrated to dryness under vacuum and the conversion was determined by 1 H NMR analysis of the residue in CDCl3. The crude polymer was then dissolved in CH2Cl2 (ca. 1 mL) and precipitated in cold pentane (ca. 5 mL), filtered and dried in vacuum oven at 60 °C. The PBPL FG s were recovered as white solid (FG = OPh), yellow oil (FG = SPh), and colorless oil (FG = OiPr, OtBu, OTBDMS). All recovered polymers were then analyzed by NMR spectroscopy, mass spectrometry, SEC, TGA and DSC analyses.

Kinetic study procedure

Following the typical polymerization procedure reported above, an aliquot of the reaction mixture was taken and quenched in acetic acid (ca. 0.1 mL of a 1.6 mol•L -1 solution in toluene), at different reaction times. The resulting mixture was concentrated to dryness under vacuum and the conversion was determined by 1 H NMR analysis. Appendix 18 -1 H- 13 C HMBC (500 MHz, 125 MHz, CDCl3, 25 °C) of syndiotactic PBPL OPh precipitated twice in cold pentane (Table 4. 2, entry 6) (*: residual H-grease).

Appendix 19 -Pr calculation by using Mestrenova Fitting Region of 13 C NMR for PBPL OPh (Table 4. 2, entry 6). 4. 2, entry 7).

Appendix 23 -1 H-1 H COSY NMR spectrum (500 MHz, CDCl3, 25 °C) of syndiotactic PBPL SPh precipitated twice in cold pentane (Table 4. 3, entry 13).

Appendix 24 -1 H-13 C HMBC (500 MHz, 125 MHz, CDCl3, 25 °C) of syndiotactic PBPL SPh precipitated twice in cold pentane (Table 4. 3, entry 13). Appendix 29 -1 H- 13 C HMBC (500 MHz, 125 MHz, CDCl3, 25 °C) of syndiotactic PBPL OiPr precipitated twice in cold pentane (Table 4. 6, entry 7).

Appendix 30 -1 H-1 H COSY NMR spectrum (500 MHz, CDCl3, 25 °C) of syndiotactic PBPL OtBu precipitated twice in cold pentane (Table 4. 7, entry 11).

Appendix 31 -1 H- 13 C HMBC (500 MHz, 125 MHz, CDCl3, 25 °C) of syndiotactic PBPL OtBu precipitated twice in cold pentane (Table 4. 7, entry 11).

Appendix 32 -DSC thermogram (heating rate of 10 °C min -1 , second heating cycle -80 to 140 °C) of isotactic PBPL OtBu (Pr < 0.05) synthesized by ROP of (S)-BPL OtBu with 2b/( i PrOH) (Table 4. 7, entry 12).

Appendix 33 -1 H-1 H COSY NMR spectrum (500 MHz, CDCl3, 25 °C) of syndiotactic PBPL OTBDMS precipitated twice in cold pentane (Table 4. 8, entry 11).

Appendix 34 -1 H- 13 C HMBC (500 MHz, 125 MHz, CDCl3, 25 °C) of of syndiotactic PBPL OTBDMS precipitated twice in cold pentane (Table 4. 8, entry 11).

Appendices

Appendix 35 -TGA thermograms of syndiotactic PBPL OTBDMS (Table 4. 4, entry 11). 

Resumé

Resumé "If you can't explain it simply, you don't understand it well enough."

-Albert Einstein