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Résumé  
 

Dans le monde entier, les matériaux polymères prennent une grande place et remplacent 

bons nombres de matériaux traditionnels tels que le bois, l'acier ou le verre. En effet, ces 

polymères ont apporté une large gamme de propriétés intéressantes utiles à la vie de l'Homme 

comme celle de barrière aux gaz pour les emballages alimentaires, ou encore, permettent la 

constitution de matériaux légers pour l’automobile, réduisant ainsi les émissions de CO2. De plus, 

les besoins en polymères bien définis avec un control sur l’architecture (c-à-d. masse molaire, 

dispersité contrôlée, ou des bouts de chaines fonctionnalisés) ne cessent d'augmenter avec le 

temps pour de nouveaux matériaux de hautes performances. Néanmoins, en raison de 

l'émergence des problèmes environnementaux et des pressions sociétales, l'amélioration de nos 

matériaux usuels s'inscrit dans une stratégie de développement durable visant à remplacer ceux 

issus de la pétrochimie par des matériaux biosourcés et/ou biodégradables. C'est dans cette 

optique que s'inscrit notre recherche, qui consiste à utiliser des métaux abondants, peu coûteux 

et moins toxiques que les complexes métalliques déjà utilisés pour la production industrielle de 

polymères. Les objectifs de ce projet visent ainsi à développer un composé de coordination à 

base de cobalt, qui servira d'amorceur et de modérateur pour deux types de polymérisations 

différentes : la polymérisation par ouverture de cycle (ROP) et la polymérisation radicalaire à 

médiation organométallique (OMRP). De plus, ce nouvel outil fonctionnerait sans aucun co-

agent pour l'amorçage et le contrôle de ces polymérisations et permettrait la commutation entre 

ces 2 mécanismes sans aucun modifications chimiques. Ces travaux de thèse s'articuleront avec 

différentes architectures autour du centre métallique : des ligands à base de (N2,O2) ou 

entièrement oxygénés et le fragment amorceur avec la structure carboxylate (Co-O(O)R). Ce 

mémoire se divisera notamment en trois parties : la première sur l’OMRP où des complexes à 

base de cobalt(III) ont été développés et peuvent effectuer une dissociation homolytique de la 

liaison Co-O(O)R par activation thermique et ainsi générer un radical primaire oxygéné pour 

l'amorçage directe des monomères vinyliques (VAc, MA, S, ...). Cette dissociation libère 

également un complexe de cobalt(II), qui joue le rôle de modérateur en piégeant de manière 

réversible la chaîne polymère en croissance. Par la suite la deuxième partie amènera la 

discussion sur les polymères biosourcés et biodégradables produit par ROP d'esters cycliques, 

notamment pour les monomères L-lactide (LA) ou Ɛ-caprolactone (CL). Nous proposons que la 

même espèce cobalt-carboxylate puisse permettre la formation d’un nucléophile, en raison de la 

plus grande polarité de la liaison Co-O(O)R par rapport à la liaison Co-carbone, permettant ainsi 

la ROP. Par conséquent, un composé unique sera mis en évidence, qui peut fournir un radical et 

un nucléophile en fonction des conditions expérimentales et du type de monomères sans 

aucune modification chimique. L'idée sous-jacente décrite dans une troisième partie est de 

synthétiser des copolymères à bloc en couplant des monomères non-biodégradables et 

biodégradables, avec un mécanisme de commutation de polymérisation de l’OMRP à la ROP, 

sans aucune modification chimique entre chaque bloc. De façon plus large et appliquée, ces 

travaux visent à découvrir et maîtriser de nouvelles voies de synthèse de matériaux aux 

propriétés biodégradables.  

Mots clés : Radicalaire, ouverture de cycle, polymère, complexe métallique.   



 

Abstract  
 

Throughout the world, polymer materials take a large place and substitute large quantities of 

traditional materials such as wood, steel or glass. In fact, these polymers possess a large window 

of interesting properties for the human daily life like gas barrier for food packaging, light weight 

to contribute reducing automotive carbon dioxide emission, or many other useful features of 

interest in the pharmaceutical field. Moreover, well-defined polymers with predictable Mn, 

controlled dispersity (Ð) or end-chain functionalization become more and more needed for the 

conception of new materials with original features to answer specific issues. Nevertheless, due 

to the emergence of environmental issues and driven by the societal pressure, an improvement 

of the usual materials by employing a sustainable development strategy, through replacing 

petrochemical-based materials by bio-based and biodegradable materials, is strongly desirable. 

This is the context in which our research takes place, which consists of using abundant, non-

expensive and less toxic metal catalysts than those currently used for industrial polymer 

production. That is why this project aims to develop coordination compounds based on cobalt 

able to act as initiator and moderator for two different types of polymerizations: the Ring 

Opening Polymerization (ROP) of cyclic esters and the Organometallic Mediated Radical 

Polymerization (OMRP) of vinyl monomers. Moreover, this new tool should operate without any 

co-agent for the initiation and the control of theses polymerizations. This thesis work deals with 

the various architectures around the cobalt center and will be presented in two parts: (N2,O2)- 

or fully O-based ligands. The initiating fragment is mainly the carboxylate (Co-O(O)R) 

architecture. For the OMRP polymerization method, which is based on the radical mechanism, 

we developed a cobalt(III) catalyst capable of homolytically cleaving the Co-O(O)R bond under 

thermal activation to generate the oxygenated primary radical for the direct initiation of vinyl 

monomers (i.e, VAc, MA, S). This cleavage allows the release of a cobalt(II) complex in the 

medium, which can act as a moderator by reversibly trapping the growing polymer chain. Thus, 

the cobalt-carboxylate abilities for homolytic cleavage and control polymerization of more or 

less activated monomers, respectively with (N2,O2)- and fully O-based ligands, will be discussed. 

Concerning, the bio-based and biodegradable polymers produced by the ROP of cyclic ester, 

notably L-lactide (LA) or Ɛ-caprolactone (CL), we propose that the same cobalt-carboxylate 

species can also allow the nucleophilic initiation of the ring opening process. Indeed, the higher 

polarizability of the Co-O(O)R bond compared to the Co-carbon bond should allow the 

nucleophilic attack of the monomer carbonyl function. Therefore, we wish to highlight a unique 

cobalt-carboxylate compound that is able to form a radical and act as a nucleophile depending 

on the experimental conditions, the monomer and the type of external stimulus, with the aim of 

initiating and controlling the polymerization of vinyl monomers and cyclic esters without any 

chemical modification. The final objective is to synthesize block copolymers with coupling of 

common non-biodegradable and biodegradable monomers with a polymerization mechanism 

switch from OMRP to ROP, without any chemical modification between the growth of each 

block. The ambition of this work is to open the way to the development of new materials with 

biodegradable properties.  

Key words: Radical, organometallic complex, ring opening, polymer.  
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I 

General introduction 

 

While polymers are too often abusively associated to simple “plastics” used for packaging, 

they represent in fact a material of choice used in many fields such as automotive engineering, 

aeronautics, fuel cells, paints or in the biomedical area (e.g. for drug delivery). In many of 

these areas, polymeric materials replaced traditional ones such as wood, steel or glass. 

Although several techniques are available for the synthesis of polymeric materials (anionic, 

cationic…), a large part of the worldwide production of polymers is achieved by conventional 

radical polymerization, especially due to its easy implementation and high tolerance to many 

functional groups. Nevertheless, the increasing demand of well-defined polymers (predictable 

Mn, narrow dispersity (Ð), chain-end fidelity/functionalization, block copolymers...) for high-

tech applications led to the development of new polymerization methods or to the 

improvement of the existing ones, in particular via the reversible-deactivation radical 

polymerization (RDRP) techniques.1  

In the framework of the present thesis, we were especially interested in polymerization 

methods that make use of coordination compounds. Industrial polymerization processes using 

metal complexes have been applied over more than sixty years. The most famous example is 

the Ziegler-Natta process developed by Karl Ziegler and Giulio Natta in 1950 for the 

polymerization of olefins with a titanium-based complex as shown in Figure 1 (left).2  

Another important breakthrough in the field was the discovery, in the mid 90’s, of Atom 

Transfer Radical Polymerization (ATRP),3, 4 and especially all further developments of the 

copper-based ARTP that can be essentially attributed to Matyjaszewski and coll. (Figure 1, 

middle).5-7 This technique uses a metal-halide complex as moderator of the polymerization, 

the role of which is to establish a reversible equilibrium between the active radical species 

(growing polymer chain) and a dormant species that results from the radical trapping by an 

halogen atom present in the complex (Figure 1, right). Among the important improvements 

of this technique are the development of more active catalysts (allowing their use in only ppm 

amounts)8, 9 and the development of methods allowing 1) the regeneration of the activator, 

2) to perform the polymerization under aerobic conditions, 3) the temporal control of the 

polymerization.10 Altogether, these properties account for the growing use of ATRP at an 

industrial level and/or for the fabrication of high-performance consumer products.11  

 

 

Figure 1: First Ziegler-Natta (left) and ATRP (middle) complexes used for polymer production 

and ATRP equilibrium.2, 12, 13 

https://fr.wikipedia.org/wiki/Krzysztof_Matyjaszewski


 
II 

While ATRP has pushed the limits of radical polymerization, new challenges have appeared. 

Indeed, the control of the polymerization of certain monomers like vinyl acetate (VAc) and 

vinylidene fluoride (VDF) was low.14, 15 These monomers belong to the “less activated 

monomers” (LAMs) class. In the radical polymerization area, they are known as the most 

difficult monomers to control because they are associated to highly reactive/non-stabilized 

radicals, and therefore they make very strong bonds with the moderator in the dormant 

species, which are difficult to reactivate.16 Another RDRP technique that was developed much 

more recently and that uses coordination compounds as moderators, namely Organometallic-

Mediated Radical Polymerization (OMRP) was found very promising for the controlled 

polymerization of LAMs.17, 18 The development of new initiators/moderators and OMRP 

initiation mechanistic studies are topics that were investigated during the present thesis work. 

Besides the important developments discussed above, societal and environmental issues 

have led, over the last decades, to the development of sustainable strategies to replace 

petrochemical-based materials with bio-based and biodegradable materials. The most famous 

approach is the Ring Opening Polymerization (ROP) of cyclic esters, such as lactide (LA), 

originating from renewable resources.19  The corresponding biodegradable and biocompatible 

polylactide material is highly studied and has many applications in the biomedical area for 

implants or drug delivery, but also for packaging to replace common polystyrene or 

polyethylene. The pioneering work in this field dates back to the 50’s with the reports by Klein 

et al.20-22 using Sn- and Al-based complexes as ROP initiators (Figure 2).   

   
Figure 2: First metal complexes reported for industrial ROP.20-22 

 

Figure 3 shows the number of publications per year in function of a series of topics; a) 

concerns three RDRP techniques, i.e. ATRP, reversible addition−fragmentation chain-transfer 

(RAFT) and nitroxide mediated radical polymerization (NMP), and b) compares ROP and RDRP 

methods. These graphs underline that the techniques making use of a coordination compound 

as initiator/moderator/catalyst for polymer production are still intensively studied.  

The enthusiasm around these kinds of polymerization methods motivated the scientific 

community to think about how to couple different techniques to produce new classes of 

polymers. Several approaches were proposed to produce original block copolymers, such as 

by click chemistry, by using multifunctional initiators or by post-modification of the chain end 

of a first block for chain extension.23 However, to the best of our knowledge, no single 

compound that allows to switch from a RDRP method to ROP and vice-versa has yet been 

reported, and this will be the aim of the present project.  
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Figure 3: Publications per years mentioning the terms a) “Atom Transfer Radical 

Polymerization” (ATRP), “reversible addition-fragmentation (chain) transfer” (RAFT), 

“nitroxide mediated (radical) polymerization” (NMP), b) “controlled radical polymerization” 

(CRP), “ring opening polymerization” (ROP).  

Searches were carried out in June 2022 using SciFinder-nTM 

 

The present project aims at the development of metal complexes able to efficiently initiate 

and moderate both OMRP and ROP types of polymerizations. Moreover, if these processes 

are well-controlled, the metal complex should be linked to one chain-end of the 

macromolecule ([L/Mt-Pm]). We expect to reactivate this chain end for the formation of block 

copolymers, but not by using the same technique used for the previous block (i.e. 

OMRP/OMRP or ROP/ROP), but rather by switching from one to the other mechanism, i.e. 

OMRP to ROP and ROP to OMRP. If successful, these switches would allow accessing 

unprecedented copolymers with unknown properties.  

 

The thesis manuscript will be divided into the following three chapters:  

 

Chapter 1 is a bibliographic review that presents, in a first part, the OMRP and (metal-

mediated) ROP methods, from general principles and mechanisms to the more recent and 

striking results. A second part will present the state of the art in the access of original 

copolymers produced by coupling, click, a switch, and chain-end post-functionalization.   

Chapter 2 is dedicated to the synthesis and characterization of cobalt(III) complexes that can 

be potential initiators and moderators of a polymerization reaction, following either a radical 

(OMRP) or a coordination insertion (ROP) path.  

Chapter 3 describes, in a first part, the results of obtained by OMRP or ROP with several 

complexes. A second part, will be dedicated to the tests of “switch” from OMRP to ROP and 

from ROP to OMRP, without any chemical modification between the first and second block 

synthesis.   
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Chapter I is a bibliographic review that presents, in a first part, the OMRP and (metal-

mediated) ROP methods, from general principles and mechanisms to the more recent and 

striking results. A second part will present the state of the art in the access of original 

copolymers produced by coupling, click, a switch, and chain-end post-functionalization.   
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I. Introduction  
 

The synthesis of hybrid copolymers based on vinyl monomers and cyclic esters has already 

been reported. Nevertheless, these approaches include either a chemical modification 

between the blocks to modify the chain-end, which could then be reactivated for the growing 

of the second block with the second method,1 or the use of a di- or tri-functional initiator, in 

which each function can initiate a specific type of polymerization.2, 3 The limitation of the latter 

remains that it can only provide a diblock copolymer (for a di-functional initiator), one block 

growing on each specific site.  

 

Our approach consists in the design of a new tool, a single coordination compound, that 

could behave, as a function of the experimental conditions (monomers, stimulus used for 

activation, etc.), as an initiator for an OMRP process, by furnishing radicals via the homolytic 

cleavage of either an Mt-COMRP-polymer or an Mt-OROP-polymer bond, or as a ROP initiator, furnish 

a nucleophile from either an Mt-COMRP-polymer or an Mt-OROP-polymer bond. The concept is 

schematically presented in Figure I-1.  

 

 
Figure I-1: General strategy for polymerization switching by a single metal complex.  

 

This bibliographic review will be divided into three parts. The first will be dedicated to the 

controlled polymerization of vinyl monomer by organometallic-mediated radical 

polymerization (OMRP). The second part will summarize the recent developments in the field 

of ring opening polymerization (ROP) of cyclic esters, with a special emphasis on initiators 

based on group 5 to group 11 metals. The last section will present the original diblock 

copolymers already reported in the literature that combine a poly(vinyl monomer) block 

produced via a radical mechanism and a polyester block produced via a coordination 

mechanism.  
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II. General aspects of Organometallic-Mediated 
Radical Polymerization (OMRP) and overview of 
the contribution of each metal in this field 

 

The industrial production of polymeric materials based on radical polymerization follows a 

conventional radical polymerization path (Figure II-1), which involves fast propagation and 

high tolerance of many functional groups. This technique is based on four fundamental steps: 

1) primary radical generation by an external stimulus (e.g. temperature, UV, visible light, pH), 

2) propagation, where the propagating radical species (Pn
•) reacts with other vinyl monomers 

in order to extend the polymer chain, 3) termination reactions (disproportionation or 

coupling), and 4) chain transfer to an external molecule (transfer agent) that stops the growth 

of the original chain and starts a new chain. The terminations and chain transfer are 

responsible for the poor control of the process.   

 

 
Figure II-1. Conventional radical polymerization. 

 

The aforementioned limitations led to the development of new methods that aimed at 

improving the control of the polymerization (chain length and dispersity) and the chain-end 

fidelity/functionality, allowing the design of complex architectures. The terminology 

“Controlled Radical Polymerization “appeared in 1994, and the improvements relative to 

conventional radical polymerization, in terms of the impact of the termination reactions, were 

such that these new methodologies were (abusively) compared to living polymerization 

techniques. The terminology used nowadays, and recommended by IUPAC, is “Reversible-

Deactivation Radical Polymerization” (RDRP).4, 5 All the RDRP methods are based on the same 

principle (Figure II-2); after the initiation step, which can be direct or reverse, the propagation 

is controlled by a dynamic equilibrium between the active radical species (Pn/m
•) and a 
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dormant species (T-Pn/m), resulting from the trapping of the radical by a controlling agent (T). 

The objective is to reduce the radical concentration to favour the controlled chain growth and 

limit the bimolecular terminations. The propagation can follow a Reversible Termination (RT) 

equilibrium, such as in ATRP or NMP6, 7 or a Degenerative Transfer (DT) equilibrium, such as in 

RAFT or ITP.8-12  

 

 
Figure II-2: General mechanism of Reversible-Deactivation Radical Polymerization (RDRP). 

 

The control of the polymerization is also dependent on the experimental conditions and on 

the type of monomer used. In this regard, the controlled polymerization of the so-called “Less 

Activated Monomer” (LAMs, Figure II-3), such as vinyl acetate (VAc), remains challenging for 

the RDRP methods. These monomers generate a highly reactive/non-stabilized radicals, and 

therefore form very strong bonds with the moderators, and therefore the corresponding 

dormant species are difficult to reactivate. Organometallic-Mediated Radical Polymerization 

(OMRP), which uses a coordination compound (L/Mtx) as moderator, has proven to be a 

method of choice for the controlled polymerization of such monomers.13 The detailed 

mechanisms/equilibria involved in OMRP are depicted in Figure II-4.   

 

 
Figure II-3.  Reactivity scale of MAMs and LAMs.  

BD = 1,3-butadiene; AN = acrylonitrile; MMA = methyl methacrylate; St = styrene; VC = vinyl 

chloride; VAc = vinyl acetate; VDF = vinylidene fluoride; E = ethylene.  
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Figure II-4. Mechanisms/equilibria involved in OMRP. 

 

As shown above, an OMRP process can be initiated either by “reverse initiation”, by using 

an external source of radicals (AIBN or V-70) and the moderator (L/Mtx), or by “direct 

initiation”, by using a unimolecular coordination compound (Mtx+1-R0). The latter complex 

should contain a Mt-R0 bond that can be cleaved homolytically to afford a primary radical (R0
•) 

and release the moderator (L/Mtx) in the medium. After that, the control of the polymerization 

is established by reversible trapping of growing radical chain by the moderator, to form Mtx+1-

Pn (dormant species). A controlled growth in OMRP may be ensured by either a reversible 

termination or a degenerative transfer mechanism.  

The prerequisites of this method are to use a metal centre that; i) easily switches between 

oxidation states x and x+1, ii) can arrange a vacant coordination site for the trapping, and iii) 

forms relatively weak Mtx+1-C(polymer) bonds to allow homolytic cleavage. Indeed, the Mt-

polymer bond dissociation energy (BDE) is the only parameter that controls the OMRP 

equilibrium. As illustrated in Figure II-5, if the BDE is too small, the Mt-polymer bond will be 

too fragile (no efficient trapping) and the polymerization will not be controlled. Inversely, if 

the BDE is too high, irreversible trapping will occur and this will stop of the polymerization. 

 

 
Figure II-5. Relationship between OMRP equilibrium and Mt-Pn Bond Dissociation Energy.  
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On the basis of the relationship between the OMRP equilibrium constant and the Mt-Pn 

BDE, coordination chemistry plays a determining role because it is in principle possible to 

modulate “on demand” the Mt-Pn bond strength via the choice of the metal centre and/or by 

ligand engineering (steric and electronic properties), and therefore, in theory, OMRP may be 

adaptable to all vinyl monomers.    

Several systems were already reported for the controlled polymerization of MAMs or LAMs 

by OMRP, and the following section will provide an overview of these systems by metal, with 

a special emphasis on cobalt, which is the most successful metal and also the one studied in 

the present thesis project. All of the experimental data from the literature are summarized in 

the annexes Table S1-S2. This section is the part I wrote of a book chapter in Comprehensive 

Organometallic Chemistry IV during the first COVID-19 lockdown.14  

 

1. Titanium 
 

Compounds with a TiIV-R bond are extensively used to polymerize alkenes by the 

coordination/insertion mechanism. Nevertheless, this bond has sufficiently low homolytic 

strength for reversible homolysis in certain systems, compatible with mediation of radical 

polymerizations. Since 2004,15 Asandei and coworkers have applied this chemistry for the 

controlled polymerization of styrene,15-29 butadiene30-34 and isoprene.35, 36 The mediating 

agent is a TiIII complex, generated in situ by reduction of a stable TiIV precursor. Zinc was shown 

to be the best reducing agent20 and [Cp2TiCl2] (1.1, Figure II-6, Y = Cl) the best precursor 

amongst several investigated TiIV complexes,18-20, 37, 38 yielding [Cp2TiIIICl]. This complex 

operates, at the same time, as polymerization moderator and as part of the initiating system 

in combination with various other molecules, see Figure II-7. The [Cp2TiIIICl] reducing power, 

combined with the oxophilicity/halidophilicity of titanium(IV), produces primary radicals by 

electron transfer in combination with many stable molecules such as aldehydes,17, 39 active 

halides R-Y (α,α’-dihalo-p-xylene27, 31, 33, 34, 1,10-dibromodecane,29 4-methoxybenzenesulfonyl 

chloride,24 (1-bromoethyl)benzene25), peroxides16, 21, 22, 40 and also epoxides by radical ring 

opening (RRO).15, 20, 23, 28, 32, 36 Subsequently, a second [Cp2TiIIICl] molecule reversibly traps the 

growing radical chain to generate the organometallic TiIV dormant species, rather than by Cl 

atom transfer to generate a Cl-capped chain. The NMR and IR analyses of the recovered 

polymer products obtained by aldehyde or epoxide RRO initiations have confirmed the 

presence of the Cp2TiCl-O fragment at the α chain-end and the absence of Cl atoms at the ω 

chain-end (hence, no ARTP mechanism).15, 31, 33, 36 
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Figure II-6: Titanium(IV) complexes evaluated in radical polymerization. 

 

 
Figure II-7: Initiation systems for the [Cp2TiIIICl]-mediated OMRP. 

 

The Figure II-6 summarizes all Ti complexes evaluated as moderators or 

initiators/moderators in OMRP. Among the sandwich complexes (1.1-1.4) with different η5 

and monodentate wedge ligands,18-20, 37, 38 the most efficient one in terms of controllability is 

the simplest and least expensive [Cp2TiCl2].15 The half-sandwich complexes (1.5-1.7) required 

higher temperatures for TiIV-C bond homolysis and also led to broader dispersities.19 Improved 

control resulted from a decrease of the five-membered ring electron donating power (tBuCp, 
iPrCp, EtCp and Cp).19 The alkoxide (1.8) and diketonato (1.9-1.10) complexes were tested in 

styrene polymerization.37, 41 Only 1.8 (Y = Cl, OiPr) provided some control, although with low 

initiation efficiencies, whereas 1.9 only led to free radical polymerization and the TiIII complex 

1.10 gave no initiation.  

The readily accessible amine bis(phenolate) complexes of TiIII, 1.11, provided excellent 

control (Đ = 1.14) for the MMA polymerization in toluene at 80°C in combination with azo-

initiators (V-70 or AIBN).42 This polymerization, however, does not involve reversible TiIV-C 
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homolysis.  Rather, the radically initiated polymer chains are trapped as enolates (TiIV-O bond) 

and continue to grow by a bimetallic Group Transfer Polymerization (GTP) mechanism. In this 

respect, other reports of MMA polymerizations with radical initiations in the presence of 

highly oxophilic metallic complexes, including [Cp2TiCl2],43-45 and described as controlled 

radical polymerizations, may need reconsideration. The OMRP mechanism with this highly 

oxophilic metal is unambiguously demonstrated only for styrene and diene monomers. An 

attempt to polymerize VDF with this system led to no polymer production.46 

The effect of various parameters (solvent and additives,38 metal/initiator/monomer 

stoichiometry, temperature,47 and initiation method26, 28) has been studied in detail for the 

best-performing [Cp2TiIIICl] system. Initiation by aldehyde reduction, yielding Cp2ClTiIV-OCHR•, 

is more efficient than the RRO method (lower proportion of side reactions). Peroxides may 

function either by the classical thermal decomposition or by a redox process and the resulting 

ether chain-end groups are less easily post-modified. The alkyl halide initiation method is the 

most sensitive and difficult one to optimize.28 A summary of the most significant result is 

provided in Table 1. Low-dispersity (1.10 - 1.18) polystyrenes were obtained with each 

initiation modes, the optimum temperature being 70-90°C for the [Cp2TiIVCl2]/Zn system.26-28, 

48 For polyisoprene, a lower but still satisfactory level of control (Đ of 1.2–1.3) and optimum 

initiator efficiency were achieved for [DBPX]/[Cp2TiCl2]/[Zn] = 1/6/20 at 70°C.35 Random and 

block styrene-isoprene copolymers with Đ of 1.39–1.50 were also obtained using [Cp2TiCl2] at 

110°C.49 Polybutadiene, on the other hand, could only be obtained with Đ ≥ 1.5.32  
 

Table 1. Best results for the OMRP of styrene, isoprene and butadiene with the [Cp2TiIVCl2]/Zn 
initiating-controlling system.  
Initiating method Compound (I)a [M]/[I]/[Ti]/[Zn] Đ at 50% conv. T/°C Ref. 

Styrene 

Aldehyde 
BA 100/1/4/8 1.11 90 26, 28, 39, 48 
TCA 100/1/4/8 1.10 90 48 

RRO BDGE 50/1/6/12 1.11 90 18, 26, 28, 47 

Halide 

BEB 100/1/2/6 1.18 75 25, 28 
DCPX ? 1.10 90 27 
DBPX ? 1.14 90 27 
DIPX ? 1.12 90 27 
DBD 100/1/2/4 1.38 90 29 
MBSC 100/1/1/1 1.20 60 24 

Peroxide BPO 100/1/3/6 1.13 90 21, 22, 26, 28, 40 

Butadiene 

Aldehyde BBA 200/1/3/3 1.8 130 30 
RRO MPEG 100/1/2.5/2 1.5 130 32 
Halide DBPX 200/1/6/20 1.6 130 31 

Isoprene 

Aldehyde BA 200/1/3/10 1.37 100 35 
RRO MPEG 200/1/4/12 1.40 110 35 
Halide DBPX 100/1/6/20 1.25 70 35 

a BA = benzaldehyde; TCA = thiophen-2-carboxaldehyde; BDGE = 1,4-butanediol diglycidyl ether; BEB = (1-

bromoethyl)benzene; DCPX = α,α’-dichloro-p-xylene; DBPX = α,α’-dibromo-p-xylene; DIPX = α,α’-diiodo-p-xylene; MBSC = 4-

Methoxybenzenesulfonyl Chloride; DBD = 1,10-dibromodecane; BPO = Benzoyl peroxide; BBA = benzyloxybenzaldehyde; 

MPEG = glycidyl 4- methoxyphenyl ether. 
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2. Vanadium  

 

Shaver et al. reported that bis(iminopyridine)vanadium(III) complexes 2.1, also active 

coordination/insertion polymerization catalysts for olefins and dienes,50-53 are able to control the 

radical VAc polymerization (Đ ca. 1.3) at 120°C using AIBN as thermal initiator (Figure II-8). Control, 

however, was satisfactory only for relatively small monomer conversions (ca. 30%) because of slow 

moderating complex decomposition, possibly by irreversible radical additions to the non-innocent 

diiminopyridine ligand.54, 55   

 

 
Figure II-8: Bis(iminopyridine) vanadium complexes used in OMRP and their mechanism of 

action. 
 

The main point of interest is the controlling mechanism, because the presence of Cl ligands 

raises the question of a possible reverse ATRP via the reversibility of the reduction step to 2.2 

Additionally, OMRP may be promoted by either a VIII/VIV-R pair (2.1 with a putative VIV radical 

trapping product) or by the VII/VIII 2.2/2.3 pair generated after in situ Cl atom transfer. The 

presence of metallic chain-ends was indicated by the isolated polymer color, 1H NMR and 

derivatization studies. A distinction between VIII and VIV at the chain end was possible from 

the polymer molecular weights, because direct trapping by VIII would produce one chain per 

initiating radical, whereas reduction to VII consumes two radicals per chain – one to initiate 

the propagation and one for metal reduction – hence double average molar masses. Further 

characterization by EPR and XPS of the recovered polymer, the identification of Me2C(CN)Cl in 

solution and validation by DFT calculations confirmed the mechanism shown in Figure II-8.54, 

55 

Extension of this system to other vinyl esters (propionate, pivalate) gave equally good 

control, whereas vinyl benzoate and styrene are less well-controlled (Đ > 1.5)54, 55 and other 

more activated monomers (methyl methacrylate, acrylonitrile) showed no control.55 
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Therefore, the VIII-C BDE for this system is only suitable for more reactive radicals. Reducing 

the aryl 2,6 substituents steric bulk or removing them altogether (i.e. R2 = C6H3-2,6-Et2, C6H3-

2,6-Me2, Ph) led to poorer control, whereas electronic variations at the para position are 

relatively unimportant.56 Steric bulk was proposed to offer protection against the unwanted 

ligand attack by the radical, while not negatively affecting the productive reversible addition 

to the metal center. Use of a bulky aliphatic R2 group (Cy) also led to poor control, with fast 

uncontrolled polymerization suggesting a weakening of the VIII-C bond. Variations of the R1 

substituents while keeping the same R2 (C6H3-2,6-iPr2) confirm the steric protection 

hypothesis: for H, rapid complex degradation only led to short oligomers, but good control 

was maintained for R1 = Et and iPr.   

 

 
Figure II-9: Other vanadium complexes tested in OMRP. 

 

Other vanadium complexes (Figure II-9) are less efficient.55 Polystyrene radical chains are 

apparently incapable of reducing VIII-Cl to VII and/or the used (or in situ produced) VII complex 

does not efficiently trap the chains. The more strongly binding PVAc• chains, on the other 

hand, produce polymers with a certain degree of control, especially when used in combination 

with the VIII precursors (2.8 and 2.9), but lower than with the above-described 

bis(imino)pyridine systems 2.1.  

 

3. Chromium  

 

Starting in 1978, Minoura et al. described the polymerization of various vinyl monomers by 

redox initiation with the combination of chromous acetate and a peroxide and pointed out 

their “living” character.57-60 Controlled polymerizations were also obtained when using an 

“aged” system, namely by introducing the monomer after all Cr2+ was converted to Cr3+, 

although longer ageing gave lower initiation efficiencies. The polymerizations were kinetically 

well-defined, with slower monomer consumption than in the free radical process and a linear 

molar mass increase with monomer conversion. They were controlled, however, only at low 

temperatures (< 30°C). Although the formation of a direct metal-carbon bond was not invoked 

by the authors, an interaction between the growing radical chain and the metal ion was 

explicitly suggested. These are therefore the first reports, for any metal, of what we now know 

as dissociative OMRP.  

The moderating effect of various vinylarene tricarbonylchromium(0) complexes 3.1 (Figure 

II-10) was highlighted for the AIBN-initiated polymerization of acrylic monomers.61-64 The 

MMA polymerization, for instance, was moderately controlled in the 50-70°C range (Ð = 1.5-
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1.8), whereas broader molar mass distributions were obtained at higher temperatures. The 

proposed mechanism involves radical addition to the vinyl function to produce a benzylic 

radical 3.2 with spin delocalization on the metal center, which would then be capable of 

reversibly trapping the growing radical chain. This trapping may involve the formation of weak 

CrII-C bonds in a putative (cyclohexadienyl)alkyl tricarbonylchromium(II) dormant species, 

though this was not explicitly suggested by the authors. 

 

 
Figure II-10: Vinylarenes used in (arene)tricarbonylchromium(0)-mediated polymerization 

and proposed mechanism of action.61-64 

 

A controlled VAc polymerization takes place when V-70-initiated and moderated by half-

sandwich β-diketiminato systems, Figure II-11, presumably yielding Cp(nacanacAr,Ar’)CrIII-PVAc 

dormant species.65-67 The polymerization rates were highly dependent on the aryl group steric 

encumbrance, being faster for complexes with bulkier ligands (e.g. 3.3a), though the 

dispersities were relatively broad. All other systems (3.3b-h) gave low conversions. No control, 

on the other hand, was observed for polystyrene in the presence of 3.3a, suggesting trapping 

inefficiency. 

 

 
Figure II-11: Structures of half-sandwich Cr complexes used in the OMRP of vinyl acetate. 

 

A model compound, CpCrIII(nacnacXyl,Xyl)(Np) (3.4; Np = neopentyl), was structurally 

characterized and shown to be a suitable thermal initiator, yielding better results in terms of 

targeted molar masses and dispersity (Đ < 1.5), upon working at room temperature.66 

However, the polymerization was very slow and progressively became even slower as a result 
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of inverted monomer additions. Thermolysis of 3.4 in vinyl acetate (50°C) induced a color 

change and conversion to the inactive acetate complex [CpCrIII(nacnacXyl,Xyl)(OAc)], 3.5 (Figure 

II-12). The proposed deactivation mechanism involves β-acetate abstraction from the minor 

tail radical by the oxophilic chromium. These results suggest that controlled polymerizations 

can only occur at low temperatures for homolytically labile complexes, whereas thermally 

more robust bonds give rise to either very slow polymerizations at low temperature or to 

deactivation upon warming.   

 

 
Figure II-12: Mechanism, slowdown and moderator deactivation for the VAc polymerization 

initiated by [CpCrIII(nacnacXyl,Xyl)Np] (3.4). 
 

All these results were rationalized by DFT calculations of the CrIII-C bond strength as a 

function of radical nature and ligand steric bulk, Table 2.65, 66 The BDE value decreases, and 

the CrIII-C distance correspondingly increases, going from the stronger vinyl acetate model 

radical, •CH(CH3)OOCCH3, to the weaker styrene model radical, •CH(CH3)Ph (method A), from 

the primary •CH2Ph to the secondary •CH(CH3)Ph (method A), and from smaller to larger aryl 

groups (Ph > Xyl > Dipp; methods A and B).   
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Table 2: BDEs and bond lengths in [Cp(nacnacAr,Ar)CrIII-R] complexes from DFT calculations.  

Ar R Methoda BDE/kcal mol-1 Distance/Å Ref. 

Ph CH(CH3)Ph A 11.8 2.173 65 

Ph CH2Ph A 20.8 2.136 65 

Ph CH(CH3)OOCCH3 A 28.4 2.109 65 

Ph CH(CH3)OOCCH3 B 25.9 2.091 66 

Xyl CH(CH3)Ph A 2.0 2.197 65 

Xyl CH2Ph A 13.3 2.146 65 

Xyl CH(CH3)OOCCH3 A 19.7 2.214 65 

Xyl CH(CH3)OOCCH3 B 20.6 2.115 66 

Dipp CH(CH3)OOCCH3 B 18.6 2.139 66 
a Full QM calculations with the B3LYP functional and the 6-31G** basis set. bQM/MM calculations with B3LYP/UFF (cutoff at 

the N-Ar bonds) with SDD (Cr), 6-31G* (O,N,C) and 6-31G** (H) basis sets.    

 

4. Molybdenum 

  

The 17-electron MoIII complexes 4.1-4.3 control the AIBN-initiated styrene polymerization and 

are ineffective for the MMA polymerization (Figure II-13).68 The absence of halogenated chain 

ends excludes an ATRP mechanism and suggests the formation of organomolybdenum(IV) 

dormant species. The same complexes, however, are also ATRP catalysts with bromoalkane 

initiators through reversible Br-atom transfer with production of a L/MoIV-Br moderator.  

 

 
Figure II-13: Molybdenum-based complexes used in ATRP/OMRP. 

 

The RN=CH-CH=NR (R2-dad) ligands gave access to steric modulation for complexes 4.4, the 

structure of which suggests a MoV ene-diamido rather than a MoIII(diazadiene) formulation. 

The sterically more encumbered 4.4a led to reversible dissociative activation of polystyrene 

chains,69 whereas the less congested 4.4b gave irreversible trapping of both polystyrene and 

poly(methyl acrylate) chains. Moving from to the diiodo complex 4.4c, however, restored 

reversible homolysis.70 Octahedral [MoIIIY3(PMe3)3] complexes (4.5) efficiently control styrene 

polymerization by ATRP,71, 72 but poorly perform by OMRP. With 4.5a, slower polymerization 

than without metal complex and a polymer molar mass increase with conversion suggest the 

presence of a moderating equilibrium, though insufficient for good control. Conversely, 

identical results as in free radical polymerization were obtained with 4.5c.72 Complex 4.6 was 

also tested as a unimolecular initiator, probing a possible MoIII-CH2SiMe3 bond homolysis, but 

no polymerization occurred at 80°C. Polystyrene did form at 110°C, but at similar rate and with 
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the same characteristics as for the self-initiated metal-free process. This suggests a significant 

Mo-C BDE decrease upon increasing the metal oxidation state from III to IV, as also indicated 

by DFT calculations. It also suggests that the self-initiated polystyrene radical chains are not 

efficiently trapped to yield a putative CpMoIV(Pn)(CH2SiMe3)2, underlining the importance of 

the one-electron ligand (Cl in 4.3 vs. CH2SiMe3 in 4.6).68  

 

5. Manganese and Rhenium 
 

The [MtI(CO)5
•] radicals (Mt = Mn, Re), generated from the photolytic splitting of their dimers, 

are able to initiate the polymerization of a few monomers. The resulting polymers feature 

[(CO)5Mt-Pn] chain ends, indicating the initiation ability of the metalloradicals, but no 

moderating action was demonstrated for these polymerizations.73 The same radicals were 

subsequently used in the CRP of VDF by the iodine transfer (ITP) controlling method (Figure II-

14).74, 75 However, the role of these radicals appeared limited to the reactivation by iodine 

atom abstraction of the less reactive iodine-capped dormant species, which forms by non-

degenerative transfer after an inverted (head-to-head) monomer addition. The formation and 

possible reactivation of the organometallic dormant species, [(CO)5Mt-PVDFH/T], which may 

also be produced by the direct trapping of the growing chain by the continuously generated 

[Mt(CO)5
•] radicals, was not considered.  

 

 
 

Figure II-14: Scheme 41. Action of the [Mt(CO)5•] (Mt = Mn, Re) radicals in the reactivation of 
PVDFT-I dormant species in the ITP of VDF and possible role of metal-carbon bond homolysis. 
 

For this reason, subsequent work has analyzed the homolysis of model complexes of these 

putative dormant species for manganese, namely [(CO)5Mn-RF] (RF = CF3, CHF2, CH2CF3, 5.1 in 

Figure II-15), as well as [(CO)5Mn-COCF2CH3] (5.2),76 finding that these bonds are too strong 

(46-54 kcal mol-1) for significant generation of RF under the VDF ITP conditions. However, they 

photoinitiate the VDF polymerization under both visible and UV light irradiation, though 

without ensuring controlled growth.77 Therefore, if any such [(CO)5Mt-PVDFH/T] dormant 

species form during the ITP process, they can be reactivated under irradiation but the 

controlled polymer growth is entirely ensured by ITP. The significantly weaker MnI-C bond 

(35.3±2.8 kcal mol-1) in [(CO)5Mn-CH(Me)COOMe] (5.3) allows thermal initiation of methyl 
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acrylate polymerization at relatively low temperatures, but the polymerization was 

uncontrolled, as expected from the rapid [Mn(CO)5
•] radical disappearance by dimerization.78  

 

 
Figure II-15: Half-sandwich manganese complexes used in radical polymerization. 

 

A few additional half-sandwich MnI (18-electron) and MnII (17-electron) complexes (compounds 

5.4-5.7 in Figure II-15) were tested as moderating agents for the polymerization of MMA initiated by 

AIBN,79 but polymerization rates and polymer properties similar to the metal-free control were 

observed in all cases, indicating no significant moderating effect. When heated in the presence of AIBN 

and in the absence of monomer, the 18-electron 5.4 and 5.5 decomposed, whereas 5.6 and 5.7 were 

stable. The latter could in principle bind an organic radical but the product would be an unlikely 

organomanganese(III) complex. Indeed, DFT calculations indicated that only of a weak van der Waals 

adduct is formed between the model PhCH•Me radical and 5.6, with an insignificant stabilization 

energy of -1.4 kJ mol-1 (ca. -0.3 kcal mol-1).   

 

6. Iron, Ruthenium and Osmium 
  

The area of iron-mediated CRP (both ATRP and OMRP) has been reviewed in 2014.80 Although 

there is intensive activity on Fe-based ATRP catalysts, only few contributions address the 

reversible Fe-C bond homolysis. The main investigated systems are shown in Figure II-16. 

Under thermal AIBN initiation, the porphyrin (6.1), phthalocyanine (6.2) and Schiff base (6.3, 

6.4) systems control the styrene polymerization, although with higher than target molar 

masses and rather broad dispersities.81 While VAc polymerization was inhibited by 6.2, 

controlled growth could be provided by complex 6.5, demonstrating an FeIII-C BDE tuning by 

the coordination environment (weaker for O4 relative to O2N2 and N4).82 For VAc, however, 

6.5 performed more poorly than its cobalt analogue because of a lower trapping efficiency 

and the formation of [FeII(acac)2] oligomers, reducing the moderator efficiency. Control 

improved when operating under more dilute conditions or in the presence of Lewis bases, 

especially PMe2Ph. Complex 9.7 also controlled the VAc polymerization by degenerative 

transfer, indicating its ability to undergo associative radical exchange. The isolated 

[FeIII(acac)2-PVAc] was shown to function as a single-component macroinitiator for the OMRP 

of VAc. Similar results were also reported when using [FeIII(acac)3] in the presence of a 

reducing agent with the best results given by ascorbic acid.83  
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Figure II-16: Main iron complexes used in OMRP. 

 

The α-diimine system 6.6 in combination with alkyl halide initiators controls styrene 

polymerization by ATRP. Although the involvement of direct radical trapping (OMRP/ATRP 

interplay) was invoked as a path leading to catalytic chain transfer via β-H elimination,84 a later 

study suggested that this occurs by HAT instead, without FeIII-C bond formation.85 The 

bis(phenolate) systems 6.7, on the other hand, lead to ATRP/OMRP interplay for the 

polymerization of substituted styrenes and MMA after in situ reduction (reverse ATRP 

conditions).86-88 The reduced FeII complex 6.8 (presumably dimeric in the solid state) was 

isolated and independently shown to exert control in the V-70-initiated polymerization of 

styrene and MMA. For VAc, on the other hand, irreversible radical trapping occurs.89 DFT 

calculations suggested that the diaminebis(phenolate) ligand geometry does not allow the FeII 

system to attain the preferred tetrahedral geometry whereas the trigonal bipyramidal 

dormant species is not strained, thus leading to a stronger FeIII-C bond relative to system 6.6.90  

 

Ruthenium yields very successful ATRP catalysts of type [RuIICl2L3]91 and [Cp*RuIIYL2],92 

working through the RuII/RuIII-Y couple, but radical trapping to yield RuIII-capped dormant 

chains has not been demonstrated. The osmium complex [OsIICl2(PPh3)3], on the other hand, 

contributes with reversible chain trapping to the alkyl halide-initiated ATRP of styrene and 

(meth)acrylates. This is shown by its independent ability to provide moderate control in the 

AIBN-initiated polymerization.93 The vertical trend in Mt-R BDE (Ru < Os) is responsible for this 

phenomenon, as confirmed by DFT calculations.94  
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7. Rhodium  
 

Whereas the (octaethylporphyrinato)rhodium(II) dimer, [(OEP)RhII]2, adds irreversibly to both 

head and tail ends of acrylates to yield [(OEP)RhIII-CH2CH(CO2R)-RhIII(OEP)], the steric demand 

of [(TMP)RhII] precludes both its dimerization and strong binding to the acrylate head end, but 

allows tight binding to the tail end, yielding [(OEP)RhIII-CH2CH(CO2R)CH(CO2R)CH2-RhIII(OEP)] 

after dimerization by head-head coupling. The RhIII-CH2 bond is too strong for reversible 

dissociation, but the photoinitiated MA polymerization is controlled, demonstrating 

moderation through reversible binding to the head end.95 The high cost of rhodium certainly 

discourages further development of OMRP applications. 

 

8. Copper 
 

Copper is undoubtedly the most successful metal for ATRP through [L/CuI] and [L/CuII-Y] 

complexes as catalyst and moderator, respectively, but there are no reports of successful 

[L/CuI]-based OMRP. The ATRP activity is very ligand dependent, spanning several orders or 

magnitude.96, 97 Interplay with OMRP for these systems would lead to [L/CuII-Pn] dormant 

chains.  

Organocopper(II) compounds are rare and characterized by low BDEs,98 hence suggesting 

that [L/CuI] complexes might be suitable as OMRP moderators for LAMs. Indeed, reversible 

radical trapping by [L/CuI] has been evidenced by a slowdown of the polymerization rates.99-

101 However, the resulting [L/CuII-Pn] bond is apparently too weak (too high dissociation 

constant) to yield controlled chain growth. Another problem negatively affecting OMRP with 

[L/CuI] complexes is catalysed radical termination (CRT), which has been highlighted for 

acrylate polymerizations.100-106 This occurs via a [L/CuII-Pn] intermediate, which then reacts 

with a second radical to yield terminated chains and regenerate [L/CuI]. The most active ATRP 

catalysts, which also lead to the strongest [L/CuII-Pn] bonds,101, 107 are also the most efficient 

radical termination catalysts. The negative impact of CRT in an ATRP process can be minimized 

by working at very low catalyst concentrations, because CRT depends on [L/CuI], whereas the 

ATRP activity depends only on the [L/CuI]/[L/CuII-Y] ratio.108, 109  

 

9. Cobalt   
 

Cobalt is undoubtedly the most investigated and successful transition metal for OMRP and is 

the metal on which this thesis work is focused.110, 111 It always operates via a diamagnetic 5- 

or 6-coordinate [L/CoIII-Pn] dormant species and the [L/CoII] moderator may be a 4- (square 

planar or tetrahedral) or 5-coordinate complex, either spin doublet or quartet. In the presence 

of donor solvents or additives (D), 6-cordinate (18-electron) [L(D)/CoIII-Pn] dormant species 

and 5- or 6-coordinate [L(D)/CoII] and [L(D)2/CoII] moderating complexes may also be involved. 

The alkylcobalt(III) compounds 9.1 (R = CH2tBu)112 and 9.2113, 114 (Figure II-17) were first used 
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as initiators in a dissociative activation mode, yielding controlled polymerizations of acrylates 

under thermal or photochemical activation, respectively. The polymerizations can also be 

initiated by a classical radical source with a cobalt(II) complex. In this case, injection of a 

substoichiometric amount of primary radicals (R0
•) can only sustain the dissociative activation 

mode, whereas an excess (R0
•/CoII > 1) may ensure control by DT provided a vacant site is 

available in [L/CoIII-R] for an associative exchange.  

 

 
Figure II-17: First cobalt complexes used in OMRP. 

 

a. Porphyrin system 
 

After the seminal report of OMRP with 9.1, further studies have focused on more readily 

accessible CoII species (Figure II-17) and a classical radical source. The lipophilic 9.3a-c control 

the polymerization of acrylates esters,115-119 while water-soluble 9.3d,e control the 

polymerization of acrylic acid in water.120 The intermediate polarity of 9.4 is compatible with 

a wider array of lipo/hydrophilic acrylates and acrylamides in both polar and non-polar media 

and also allows to control tBA, whereas 9.3a is inefficient.121 This results from the CoIII-PtBA 

bond strengthening by the release of steric strain linked to the removal of two o,o’-Me groups 

from one aryl substituent, as confirmed by DFT calculations.122 The dissociative OMRP of VAc 

with 9.3a is completely inhibited, but becomes possible by DT, though control is good only up 

to moderate conversion.123-125 Dissociative activation of [(TMP)CoIII-PVAc] becomes possible 

by addition of excess pyridine,125 by the same principle that was elucidated first for 

[CoII(acac)2] (see next section).126 
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Figure II-18: Cobalt porphyrin complexes used in OMRP. 

 

After thermal AIBN-initiated MA or DMA polymerization with 9.3a and 9.4, the resulting 

[L/CoIII-PMA] and [L/CoIII-PDMA] (Mn = 1-1.8·104 g mol-1) were used as macroinitiators for the 

room temperature OMRP of acrylamides under visible-light irradiation, demonstrating a 

positive effect of photocleavage in dissociative OMRP. Well-controlled diblock copolymers 

were obtained only with moderate light intensity.127, 128 Complex [(TMP)CoIII-CO2Me] also 

photoinitiated the OMRP of acrylates and acrylamides at room temperature, with good 

control even for tBA.128  

 

b. β-Diketonate system  

 

The application of β-diketonate and related systems (Figure II-19) has marked a turning point 

in OMRP with cobalt. The O4 donor set weakens the CoIII-C bond with respect to the N4 donor 

set of porphyrins, making these systems better suited for the OMRP of LAMs. The simplest 

and commercially available 9.5a affords excellent control for VAc in bulk and aqueous 

suspension, with either thermal (V-70 at 30-40°C)129, 130 or redox (benzoyl or lauroyl 

peroxide)131 initiation. 9.5b132 and 9.6133 yield similar results, whereas 9.5c is inefficient. 

Benzene ring fusion in the salicylate (9.7)134 and 9-oxyphenalenone (9.8)135 systems results in 

poorer control, while 9.8 also leads to CCT, which is rarely observed for LAMs. 9.5a controls 

well also other LAMs such as other vinyl esters,136 vinyl amides,136-140 vinyl chloride,141 VDF,142, 

143 and the copolymerizations of VAc with ethylene,144 1-octene145, 146 and perfluorohexyl 

ethylene.147 More reactive monomers are not well controlled by 9.5a, but acceptable results 

were obtained for acrylonitrile148, 149 and nBA150 under optimized conditions. Allyl radicals, 

being quite stabilized, cannot be efficiently trapped by 9.5a. Thus, addition of dienes to 

dormant [L/CoIII-Pn] chains results in the formation of Pn-diene• which, because of the slow 

diene radical homopropagation and termination by coupling, selectively generates mid-chain-

functionalized Pn-diene-diene-Pn products, including symmetric AnB2mAn triblock copolymers 

from [(acac)2CoIII-BmAn] diblock dormant chains.151-153 Use of the unimolecular [(acac)2CoIII-

(VAc)nR0] initiator (n ~ 4, R0 = Me2C(OMe)CH2CMeCN) in the dissociative mode generally leads 

to better control. This compound is prepared by V-70/9.5a-initiated VAc polymerization at 

small VAc/9.5a ratio and is sufficiently stable to be purified by chromatography.154 

 

 
Figure II-19: β-Diketonate and cobalt complexes used in OMRP. 

 

Donor solvents or additives (D) strongly affect the polymerization rate and control mode 

with 9.5a.126 In their absence, the 5-coordinate dormant species can be stabilized by carbonyl 
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group chelation from the chain ultimate monomer,154 if this is a vinyl ester or amide (Figure II-

20). The chelation equilibrium still allows access to the vacant site for a DT polymerization. 

Coordination of D, on the other hand, negates a DT polymerization and stabilizes the 

moderating species, increasing the propensity to dissociative activation. The latter effect is 

modulated by the D concentration and binding constant, water being a particularly efficient 

donor.155 Since water is a common contaminant of commercial 9.5a and solvents, it is possible 

to witness dissociative activation or shorter than expected induction times for OMRP-DT 

under supposedly “anhydrous” conditions.156 

 

 
Figure II-20: Effect of donor additives in the [Co(acac)2]-mediated polymerization of vinyl 

esters and amides. 

 

Chelation by the ultimate monomer rationalizes a few observations such as the reactivity 

trend for different ring size N-vinyl lactams,139 the lack of control for γ‑methylene-γ-

butyrolactone (though its copolymerization with VAc is controlled)157 and the absence of 

slowdown or of a worsening of control at high conversions for the VAc polymerization, 

contrary to other [L/Mtx+1-PVAc] species where this chelation is impossible.158 The latter 

phenomenon results from compensation of the stronger CoIII-CH2CH(OAc) bond by a weaker 

6-membered chelate in the tail dormant species formed after an inverted monomer addition, 

relative to the weaker CoIII-CH(OAc)CH2 bond and stronger 5-member chelate in the head 

dormant species. VDF, like VAc, is better controlled by OMRP with 9.5a than by other 

techniques. This is not due to a chelation phenomenon but rather to the polar effect of the α- 

and β-F substituents on the BDE, as shown by DFT calculations. Thus, the [(acac)2CoIII-CF2CH2-

PVDF] (head) and [(acac)2CoIII-CH2CF2-PVDF] (tail) dormant species have bonds of equal 
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strengths, whereas the other techniques, after an inverted monomer addition, yield less labile 

tail dormant species.159 Steric effects also modulate the [L/CoIII-Pn] BDE: the VAc OMRP-DT is 

equally fast with 9.5a and 9.5b, but much slower with the former in the dissociative mode 

without D. Conversely and for the same steric reason, the D effect is stronger for 9.5a.132   

 

c. Other planar macrocylic systems 

 

The success of cobalt porphyrins has naturally led to interest in other related systems with 

well-developed [L/CoIII-R] chemistry. After the seminal report of the acrylate polymerization 

with 9.2,113, 114  the water-soluble cobaloxime has not led to other OMRP applications, whereas 

it has extensively been investigated as a CCT catalyst, mostly for methacrylates and 

styrenics.160-163 The equally water-soluble cobalamin has yielded the controlled 

polymerization of 2-hydroxyethyl acrylate at pH 7, whereas polyethylene glycol methacrylate 

gave catalytic chain transfer oligomerization.164  

Greater attention has been devoted to salicylidene diamine (Salen-type) systems (Figure II-

21). A moderately controlled MA polymerization occurs when initiated by V-70/9.9 at 50°C,165 

slowly for R0
•/CoII < 1 by dissociative activation and rapidly by OMRP-DT with excess radicals. 

When using [(Salen)CoIII-Et] as initiator, the strong CoIII-Et bond relative to CoIII-PMA results in 

poor initiation efficiency. The substituted trans-cyclohexane-1,2-diyl-bridged (Salen*) system 

9.10a controls both MA and VAc with AIBN initiation at 60°C. While both dissociative and 

associative activation modes cooperate for MA, VAc polymerizes only by OMRP-DT. The 

dissociation equilibrium constants for [(SalentBu,tBu)CoIII-PMA] and [(SalentBu,tBu)CoIII-PVAc]  

were estimated as ~ 4.2·10-8 and < 10-12, respectively.166 A peculiar phenomenon for this 

Co(Salen*)-terminated PVAc is its selective conversion to [(Salen*)CoIII-OPVAc] (i.e. with 

insertion of only one O atom) upon treatment with O2 (3 bar) at 60°C, allowing a switch from 

an OMRP to a coordination/insertion mechanism for a chain extension by CO2/epoxide 

copolymerization.167 Interestingly, like with 9.5a but unlike with 9.3a, the VAc polymerization 

remains well-controlled at high conversions.  

 

 
Figure II-21: Schiff-base cobalt complexes used in OMRP. 

 

The 9.10a-moderated dissociative OMRP of several monomers can also be operated at room 

temperature, though slowly and only for acrylates and acrylamides, when photoinitiated by 

[(SalentBu,tBu)CoIII-CO2Me],168 but becomes faster and can be extended to VAc when 
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transferred to the DT regime by addition of the ArCOP(O)Ph2 photoinitiator (Ar = 2,4,6-

C6H2Me3), either to [(SalentBu,tBu)CoIII-CO2Me]168 or to 9.10a.169 By this method, controlled 

random copolymers of acrylates or acrylamides and 1-octene, a less activated monomer, have 

also been obtained.170 A [(SalentBu,tBu)CoIII-CO2PPE] (PPE = poly(propylene phthalate)) 

macroinitiator also photoinitiates the room temperature OMRP of MA, yielding uniform PPE-

b-PMA macromolecules. This macroinitiator was made from [(SalentBu,tBu)CoIII-OPPE], obtained 

by living coordination/insertion copolymerization of propylene oxide and phthalic anhydride, 

by CO insertion. Hence, this procedures allows a switch from a coordination/insertion to an 

OMRP mechanism.171  

The substituents effect in the 9.10a-e series was assessed for the polymerizations of VAc, 

styrene and MMA with AIBN initiation (AIBN/9.10 = 0.6), aiming at dissociative activation 

conditions.172 DFT calculations on the [(Salen*)CoIII-CHMePh] models suggest that stronger 

donation from R2 stabilizes preferentially the [L/CoII] system, thereby weakening the CoIII-C 

bond: NO2 (15.4) > tBu (14.1) > OMe (13.7) > NMe2 (13.3) (values are BDEs in kcal mol-1). For 

VAc at 120°C, 9.10b gave only low conversions without any control, while higher conversions 

and Mn close to target were given by the other systems. On the basis of the above-mentioned 

studies,166, 169 the intervention of OMRP-DT with excess radicals seems possible, at least for 

9.10a. However, the generation of a good quality PVAc when AIBN/9.10 was lowered to 0.4 

for 9.10c suggests that genuine dissociative activation may also occur. The styrene 

polymerizations were only poorly controlled and those of MMA only gave CCT oligomers.172  

 

d. Other ligand systems  

 

The additional coordination geometries shown in Figure II-22 have also been considered as 

OMRP moderating agent. The 1,3-bis(2-pyridylimino)isoindolates (bpi) complexes 9.11 

provide control for MA and nBA under thermal initiation (V-70/CoII = 1:1) at 60°C. DFT 

calculations show a negligible effect of the bpi substituents on the [(bpi)(acac)CoIII-

CH(CO2Me)Et] BDE, in agreement with the polymerization results.173 Systems 9.12 control 

styrene and MMA only rather poorly under ATRP conditions (ethyl-2-bromo-isobutyrate 

initiator). OMRP trapping may be involved in these polymerizations, but the polymer tacticity 

suggests that non-radical mechanisms may also contribute for 9.12a,b.174 The β-ketoiminates 

9.13 are isolobal with the β-ketonates by substitution of one O atom with NR and thus may 

sterically tune the CoIII-Pn bond strength. Similarly to 9.5a, these systems are able to promote 

the VAc dissociative and associative OMRP, but slower radical trapping (in the order c > a > b) 

leads to poorer control and D additives have little impact on the polymerization results.175 The 

bis(phenoxy-imine) complexes 9.14 also show poor trapping ability in the thermally initiated 

VAc polymerization. In addition, 9.14b,d,e,f revealed CCT activity. Excellent control could be 

achieved with 9.14a when photoinitiated by ArCOP(O)Ph2 (Ar = 2,4,6-C6H2Me3) at 24°C, 

whereas MA polymerization could not be controlled under any conditions.176  
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Figure II-22: Other coordination spheres for cobalt complexes used in OMRP. 

 

10. Conclusion  

 

As a conclusion, several systems, based on a large variety of transition metals, were developed 

and their success in OMRP is variable. Some studies clearly highlighted that small 

modifications on the ligand scaffold strongly affected the reactivity of the corresponding 

complexes in OMRP (see e.g. the CrCp(nacnacAr,Ar’) systems). This fact clearly illustrated that 

fine tuning of the Mt-Pn bond strength (BDE), via ligand/complex engineering, is the key for 

an efficient OMRP process and that it should be adaptable to a large variety of monomers. 

In relation to the objectives of the present thesis work, which is the development of 

unimolecular systems of cobalt(III) that would allow OMRP direct initiation  (green box in 

Figure II-23) and ROP initiation (red box in Figure II-23), the present section addressed the 

OMRP part and the following section will be dedicated to ROP. 

   

 
Figure II-23: Strategy for the application of the same CoIII initiator to two polymerization 

mechanisms (ORMP on the left, ROP on the right)  

  



Chapter I - Bibliographic review 

 
27 

III. Ring Opening Polymerization of cyclic esters using 
d-block metal complexes 

 

This section will discuss general aspects and mechanisms of Ring-Opening Polymerization 

(ROP) and provide an overview of the contribution of the different d-metals in this field, based 

on the experimental data highlighted in the annexes (Table S3). Certain monomers used in 

ROP are of great interest, because they are made from renewable resources (biobased), such 

as lactide, and their corresponding polymers are biodegradable.177  

 

1. General aspects of Ring Opening Polymerization (ROP)  
 

Environmental and societal pressures led to increasing interests on the production of 

sustainable polymers. The research on renewable alternatives to fossil raw materials is largely 

investigated to reduce the environmental impact of human industries.178 In 2014, among the 

300 megatons of polymers produced globally, only 1.7 megatons were bioderived, and they 

concern three main products: polyethylene terephthalate (PET), polyethylene (PE) and 

polylactide (PLA).178, 179 In this context, polyesters made from biobased cyclic esters have been 

identified as materials of choice, because they are biodegradable and could be used in many 

areas, such as food packaging, pharmaceutical applications etc.177, 180, 181  

Therefore, Ring Opening Polymerization (ROP), the method of choice to access polyesters, has 

attracted much attention over the last two decades. The two mechanisms that a ROP can 

follow are depicted in Figure III-1. Both are based on the ester C=O bond polarization by the 

Lewis acidic metal centre, followed by nucleophilic attack that induces the ring opening. The 

“coordination/insertion” mechanism take place when the metal-coordinated monomer is 

attacked by the metal-bonded (via an Mt-O bond) macromolecular growing chain , while the 

“activated monomer mechanism” take place when the complex only acts as a Lewis acid and 

the monomer is attacked by the OH-terminated free macromolecule.        

The first generation of complexes used for the ROP of lactide were simple homoleptic metal 

complexes, such as tin(II) bis(2-ethylhexanoate) [Sn(Oct)2], zinc(II) lactate [Zn(Lact)2] and 

aluminium(III) tris(isopropoxide) [AlOiPr3] (cf. Figure 2 - General Introduction).182 However, 

these catalysts required high temperatures and therefore led to many side reactions, such as 

intra- or inter-chain transesterification or chain transfer. Several studies followed these initial 

findings with two main objectives: 1) improve the reaction conditions and the control of the 

polymerization, for which aluminum-based complexes proved quite successful,183-185 and 2) 

use non-toxic metal for biomedical applications.186 

The objective of the present thesis work, in terms of ROP, was to synthesize and use 

complexes based on cobalt, which is a non-toxic, inexpensive and abundant metal, as 

initiators, because it should provide stable and easy-to-handle complexes in the oxidation 

state +III. Moreover, (L)Co-R0/Pn species should also be suitable for an OMRP initiation.    
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Figure III-1: Coordination/insertion (top) and activated monomer (bottom) ROP 

mechanisms.187 

 

As for OMRP, a few side reactions that can interplay with the coordination insertion 

mechanism may occur, as shown in Figure III-2. Inter- and intra-chain transesterification 

reactions can occur and lead generally to increased dispersities and lower Mn values than 

expected.188  

 

 
Figure III-2: Metal catalysed side reactions involved in ROP. 
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The mechanical and biodegradability properties of polylactide (PLA) greatly depends on its 

microstructure (tacticity). The ROP of rac-lactide (rac-LA) can lead to several outcomes, as 

depicted in Figure III-3. A non-selective process will lead to random sequence of D- or L-lactide, 

i.e. an atactic amorphous polymer. In contrast, a stereoselective polymerization of rac-LA can 

lead to heterotactic or isotactic (diblock, multiblock or separate blocks) PLA. The 

polymerization of meso-LA can lead to heterotactic or syndiotactic PLA. While chiral 

complexes rarely lead to high degrees of stereoregularity, the incorporation of bulky 

substituents on the ligand scaffold has proven to increase the stereoselectivity of the process. 

In other words, heterotactic or isotactic PLAs may be produced via the ROP of rac-LA initiated 

by an achiral complex, provided the polymerization proceeds via a chain-end stereocontrolled 

mechanism, i.e. the last inserted LA unit stereo-controls the insertion of the incoming 

monomer. Isotactic PLA reaches Tm ≥ 180 °C vs. Tm around 150 °C for syndiotactic PLA obtained 

from meso-LA. Many studies aiming at a stereoselective ROP of rac-LA were reported, and 

summarized in recent comprehensive reviews.177, 187, 189  

 

 
Figure III-3: Common cyclic ester monomers and possibility of tacticity with chiral monomer. 

 

In the subsequent sections of the present chapter, I will provide an overview of the recent 

d-metal- and lanthanide-based systems applied to the ROP of cyclic esters with a special 

emphasis on cobalt, the metal investigated in the present project. I have excluded Zn from 

this overview because, many reviews are already available, as well as the metals of Groups 1, 

2 and 13.185, 190-193 

 

2. Rare-earth metals  
 

In 2000, Hillmyer, Tolman et al.194 described a series of di- and tri-nuclear yttrium complexes 

for the ROP of rac-LA and ε-caprolactone (ε-CL). These complexes were well characterized by 

NMR and X-rays diffraction (XRD) studies. The polymerization tests performed in 

dichloromethane (DCM) at 25°C revealed a linear evolution of the molar masses (Mn) as a 

function of conversion, attesting the polymerization control, even though the dispersity values 

were quite high (Ð 1.20-1.77).  



Chapter I - Bibliographic review 
 

 
30 

Afterwards, the group of Carpentier described monomeric complexes of Group 3 (Figure 

III-4), which were able to control the stereoselective ROP of rac-LA to form heterotactic-

enriched PLA.195, 196 The experiments performed in THF at 20°C with reaction times between 

5 and 20 min demonstrated that all of these complexes are active initiators for the controlled 

ROP of rac-LA and afforded heterotactic PLA. Altogether, narrow dispersities (1.07-1.34) and 

the experimental molar masses close to the theoretical values accounted for a living process 

(cf. Section III-2). Block copolymers of the PLA-b-PCL type could also be developed by 

sequential monomer addition.195 In these different contributions, the authors carefully 

analysed the structure-tacticity relationship, highlighting the non-innocent role of the size of 

the R1 substituent in ortho position of the phenolate groups.195-197 The reported Y-based 

systems also successfully controlled the polymerization of other monomers such as four-

membered lactones, rac-β-butyrolactone (rac-BL), rac-β-malolactonate (rac-MLARs) and rac-

4-alkoxymethylene-β-propiolactone (rac-BPLORs).198 

 
 Complex M R1 R2 R3 X 

 

2.1 Y Me Me 

OMe 
 

N(SiMe3)2 
2.2 Y 

tBu tBu 

N(SiHMe2)2 
2.3 Y CH2SiMe3 
2.4 La N(SiHMe2)2 
2.5 Nd N(SiMe3)2 

2.6 Y Adamantane 
C10H16 

 

Me N(SiHMe2)2 

2.7 La Me N(SiHMe2)2 

2.8 Nd Me N(SiMe3)2 

2.9 Y tBu N(SiHMe2)2 

2.10 Y 

  

N(SiHMe2)2 

2.11 Y tBu tBu N(Me)2 N(SiHMe2)2 

2.12 Y CMe2Ph CMe2Ph 

OMe N(SiHMe2)2 
2.13 Y CMe2

tBu Me 
2.14 Y CMe2(4CF3C6H4) Me 
2.15 Y CPh3 Me 
2.16 Y Cl Cl 

Figure III-4: Rare-earth metals-based initiators for the stereoselective ROP of rac-LA.195-197 
   

3. Group 4 (Titanium, Zirconium and Hafnium)  
 

Group 4 metals-based ROP initiators were widely investigated and very well described in many 

reviews until 2015.199 A large library of supporting ligands was reported, which includes 

bidentate bis(aryloxo),200 thioetherphenolate,201 tri- and tetra-dentate amino and 

iminophenolate (salan, salen, salalen), half Schiff-base, (OSSO)-type, (OSNO)-type, and NHC-

bis(phenolate) ligands.199, 202, 203 The present section will provide an updated overview (since 
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2015) of the Group 4 metals-based initiators and will be divided in four parts, the first three 

dealing with Ti complexes and the last one focusing on Zr and Hf.    

 

a. Mononuclear Ti complexes of tridentate ligands 

 

In 2015, Muneeswaran, Velmathi et al.204 reported the ROP of ε-CL with the novel tridentate 

Ti complex 3.1 (Figure III-5). The reaction was carried out in bulk at 150 °C and reached 96% 

conversion after 24 h to yield a polymer with moderate dispersity (1.33). The PCLs synthesized 

with 3.1 were used for the preparation of a novel two-phase polymer nanocomposite with 

nanocrystalline multiferroic BiFeO3. 

In 2018, Durr and Williams reported the preparation of  Ti(IV) complexes of half Schiff-base 

ligands that exhibited good activities for the controlled ROP of ε-CL and ω-

pentadecalactone.205 As presented in Figure III-5, the steric bulk of the ligand led to different 

coordination modes, which influenced the polymerization rate, with the catalytic activities 

decreasing in the order: type IV (3.7, 3.8 and 3.9) > type III (3.5 and 3.6) > type I and II (with 

3.2, 3.3 and 3.4), for both monomers. 

 

 
Figure III-5: Geometries of the titanium(IV) complexes of half Schiff base ligands. 204, 205 

 

b. Dinuclear Ti complexes of tridentate ligands 

 

Chand, Chakraborty et al.206 reported a new library of dinuclear Ti alkoxide complexes 

containing (NNO)-type ligands (3.10, 3.11 and 3.12). All of these complexes were well 
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characterized by 1H, 13C NMR, mass spectrometry (MS) and also by XRD. All of them were 

found in a distorted octahedral geometry. The ligand is disposed in a meridional fashion, the 

alkoxide bridge are located cis to each other and the terminal alkoxide in anti-fashion with 

respect to each other. All compounds exhibited a high activity (≥ 90% conv. in ≤ 21 min) and 

good control (Ð ≤ 1.21) for the bulk ROP of ε-CL and rac-LA, at 100°C and 140°C, respectively. 

The high polymerization rate was tentatively attributed to the presence of CN substituents on 

the ligand backbone, with strong electron-withdrawing power, therefore increasing the Lewis 

acidity of the Ti center. On the other hand, the increase of the steric bulk in the phenolate 

group ortho-position also increased the activities, indeed the reaction times for complexes 

3.10, 3.11 and 3.12 were 21, 15 and 8 min, respectively.206  

 

 
Figure III-6: Dinuclear titanium complexes with tridentate ligand.   

 

Lin, Chen et al.207 reported a series of titanium complexes with ONO-tridentate Schiff base 

ligands that are active for the controlled ROP of rac-LA and ε-CL at 70°C and 30°C, respectively. 

In all cases, the experimental Mn values agreed well with the theoretical ones and the 

dispersities were low. The ROP tests assessed the influence of the R group on the catalytic 

activity and tendency for the ROP of CL is as follows: 3.17 ˃ 3.18 ≈ 3.19 ≈ 3.13 ˃ 3.14 ≈ 3.15 ˃ 

3.16; while that for the ROP of LA is: 3.13 ˃ 3.14 ≈ 3.15 ≈ 3.16 ≈ 3.17 ˃ 3.14 ˃ 3.19. 

 

c. Ti complexes of tetradentate ligands 

 

In 2018, Wu et al. reported a series of TiIV complexes of tetradentate unsymmetrical 

N2O2ligands that exhibited good activities in the bulk (130 °C) ROP of rac- and L-LA. However, 

the chloride complexes (3.20 and 3.21) required the addition of alcohol in the medium (cf. 

annex table) Figure III-7.208    
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Figure III-7: Mono- and Dinuclear titanium complexes with tetradentate ligand.   

 

The dinuclear TiIV complex 3.23, supported by a salen-type ligand performed well in the 

ROP of rac-LA at 160°C for 16 h to afford a polymeric material with Ð ≤ 1.4.  

 

d. Zr and Hf complexes 

 

Jones et al. reported a series of unsymmetrical Schiff base complexes of Zr and Hf (3.24-3.28, 

Figure III-8) that were active for the ROP of rac-LA in melt at 130°C for Zr complexes or 80°C 

for Hf complexes.203 The authors also reported the half-Schiff base Zr complexes 3.29-3.34, 

which exhibited good activities in the ROP of rac-LA in toluene at both 20°C and 80°C. The 

polymerization worked also well in bulk, achieving higher molecular weight, but the dispersity 

raised above 1.20.202  

The tetranuclear zirconium complex 3.35, supported by an unsymmetrical amino-

bisphenolate ligand, reported in 2015, is active for the ROP of rac-LA and allowed the 

formation of PLA within 26 h at 70°C in toluene with an acceptable dispersity (Ð 1.27).209  

The Zr (3.36a-c) and Hf (3.37a-c) analogues of the Ti-based initiators (3.10-3.12) were also 

reported and behaved similarly to the latter.206 

In 2019, within a series of nine Zr and Hf complexes with Schiff based ligands, only three of 

them, with Mt-OR groups, revealed good activities for the controlled ROP of rac-LA and ε-CL, 

at 140°C and 80°C respectively, while the homoleptic complexes were inactive.210 As often 

observed, the hafnium derivative 3.40 was less reactive than the zirconium complexes 3.38 

and 3.39. The ZrIVbis(dbzm) complex (3.41) and its ROP of ε-CL was reported, including a 

computational investigation of the mechanism, however only using semi empirical method 

(PM3).211 
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Figure III-8: Zirconium and Hafnium complexes library for ring opening polymerization.  

 

 Diaconescu et al. described in 2019 a redox switchable ROP system, namely 

(salfen)Zr(OiPr)2 (salfen = N,N’-bis(2,4-di-tert-butylphenoxy)-1,1’-ferrocenediimine), which 

promoted the homopolymerization of cyclic esters or epoxides as a function of the ferrocene 

oxidation state.212 This properties was exploited for the formation of multiblock copolymers. 

The reduced form of the complex, 3.42, readily mediated the ROP of L-LA at 100°C in C6D6, 

achieving the formation of the first PLA block. After addition of a chemical oxidant, the ZrOx 

species (3.43) was formed, and further addition of cyclohexene oxide (CHO) led to the 

formation of a diblock copolymer PLA-b-PCHO. The latter could further be extended, after 

reduction and addition of L-LA to a PLA-b-PCHO-b-PLA terpolymer. Similar systems, based on 

(salfan)Zr(OtBu)2, (thiolfan)*Ti(OiPr)2 and (phosfen)Y(OtBu), were reported earlier.213, 214 
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Figure III-9: Red/Ox switchable system based on a zirconium complex.212  

  

4. Vanadium  
 

Vanadium was thoroughly studied and applied to the polymerization of ethylene.215-223 The 

use of vanadium complexes in the ROP of cyclic esters will be detailed in the present section.  

In 2005, Nomura and coll.224 synthesised the ketimide aryloxy complex 

(ArN)V(Me)(OAr)(N=CtBu2) (4.1, Figure III-10) which initiated the ROP of ε-CL at 100 °C and 

afforded PCL with rather low dispersities (Đ 1.2–1.5). Subsequently, Redshaw et al. described 

a series of vanadium complexes with chelating bis-aryloxide ligands that were characterized 

by NMR and XRD (Figure III-10).225 These mono- and dinuclear compounds were shown to be 

active initiators for the ROP of ε-CL. While the mononuclear complexes 4.2a, 4.2b and 4.2c 

produced PCL at 40°C within 24 h (≤25%) in the presence of 1 eq BnOH, they remained less 

efficient than the dinuclear complexes 4.3a-4.3h (41%-78%). Between 2011 and 2016, the 

group of Redshaw reported the synthesis of a series of dimeric oxo- and imido-vanadium 

alkoxide complexes with 1,3-calix[4]arene ligands (4.4, 4.5a and 4.5b), which converted ε-CL 

to PCL with low to high conversions (4.4 = 94%, 4.5a = 46% and 4.5b = 20%) at 80 °C within 72 

h.226, 227 These differences were rationalized by the easier accessibility of the metal centre in 

4.4, and the bulkiness of the alkoxide, i.e. the more bulky, the less active.  
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Figure III-10: Mono- and di-nuclear vanadium complexes for ROP of caprolactone. 

 
In 2013, Redshaw et al. developed another series of mono- and dinuclear vanadium 

complexes with (half) Schiff base ligands for the polymerizations of ethylene and ε-CL (Figure 

III-11).228 For reactions performed in toluene at 110 °C over 72 h with a ratio of  

[M]/[V]/[BnOH] = 400/1/1, complexes 4.8b-4.9c and 4.11, 4.12 reached 70% conversion or 

higher, while complexes 4.6a, 4.6b and 4.8a only reached 50% conversion, and 4.13, 4.7a, 

4.7b and 4.9d less than 50%. In all cases, the experimental Mn values were lower than 

expected. However, the dispersities remained narrow (Ð 1.2-1.4), except for 4.8b (Ð 2.3). 

 
Figure III-11: Vanadium complexes of (half) Schiff base ligands. 
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Figure III-12: Oxo- and amido-vanadium complexes of chelating bis- or tetra(aryloxide) 

ligands. 

 

In 2016, the group of Redshaw described oxo- and amido-vanadium complexes with bis- 

(4.17) and tetra(aryloxide) (4.14-4.16) ligands for applications in the ROP of ε-CL (bulk, 80°C, 

30 min) and L-LA (toluene, 80°C, 24 h) (Figure III-12).229 A nearly complete conversion of ε-CL 

was observed in each case, while the conversions for LA reached 15-20% for 4.14a and b, and 

ca. 50% for the other complexes. In all cases, the Mn values were much lower than expected 

and the molar mass distributions were quite broad for CL (Ð 1.20-1.5) and slightly better for 

LA (Ð 1.10-1.34).  

 

5. Chromium  
 

Rieger et al. described mono- and dinuclear chromium(III) chloride complexes supported by 

salen-type ligands (5.1-5.4, Figure III-13) that were only moderately active for the ROP of β-

butyrolactone (β-BL).230, 231  

 
Figure III-13: Chromium complexes applied to the ROP of β-BL.230, 231 
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6. Manganese  
 

Various manganese salts, i.e. [MnCl2], [Mn(OAc)2] and [Mn(SO4)2] were shown to polymerize 

L-LA. However, they required several days at 150 °C to achieve complete conversions.232, 233 In 

2015, Daneshmand and Shaper reported a series of manganese(III) complexes of tetradentate 

diamino-bis(phenolate) ligands (6.1-6.3) that were evaluated in the ROP of rac-LA (Figure III-

14).234 While complexes 6.1, 6.2 and 6.3 were inactive in DCM at room temperature and in 

toluene at 70°C, they exhibited a moderate activity in bulk conditions at 130°C, reaching 50-

90% conversion after 2-4 h. Complex 6.3 reached a higher conversion, probably due to its 

greater thermal stability (vs. 6.1 and 6.2). The recovered polymeric materials exhibited 

dispersities between 1.1 and 1.5.234 

 

 
Figure III-14: Manganese complexes applied to the ROP of cyclic esters. 

 

Within a library of manganese complexes of bis(imino)phenoxide macrocyclic ligands 
developed by Redshaw, Elsegood et al.,235 only complexes 6.4 and 6.5 mediated the ROP of ε-
CL, however reaching only low conversion (≤15%) at temperatures above 60°C (Figure III-14). 
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7. Iron  
 

a. Iron chloride precursors  

 

Iron chloride complexes were found to be suitable initiators for ROP processes. However, they 

required an initiation step consisting of a reaction with propylene oxide (PO) to generate, in 

situ, an iron alkoxide species via epoxide ring-opening, which then initiates the ROP following 

the classical coordination/insertion mechanism, as shown in Figure III-15.  

 

 
Figure III-15: ROP Initiation mechanism for Iron chloride complexes.236  

 

In 2017, Pang et al. reported a series of iron(III) chloride of salen-type ligands (7.1-7.8, 

Figure III-16), which were activated by PO for the ROP of LA.237 Complexes 7.1, 7.2 and 7.3 

allowed studying the influence of the backbone flexibility and chirality on the polymerization, 

while complexes 7.4, 7.5, 7.6, 7.7 and 7.8 allowed identifying a potential impact of the phenol 

substituents. All ROP were carried out in 2 mL of PO, with a [M]/[Fe] = 100/1 ratio. Within the 

first series of complexes, 7.1 and 7.2 required one day at 60°C to reach a 90% conversion (Ð 

1.46–1.58), while the more flexible complex 7.3 only needed 4 h to reach a 90% conversion (Ð 

1.54). Concerning the second series, while complex 7.4 (o-H substituents) was completely 

inactive, 7.5 showed a modest activity (40% conversion, 10 h, 2 h induction period) and the 

complex 7.7 exhibited a high activity (2 h, 94% conversion, no induction period). Clearly, the 

presence of electron-withdrawing chloride groups (EWGs) increases the Lewis acidity of the 

iron centre and boosts the reactivity. However, the introduction of a Me group on the ethylene 

backbone did not affect much the reactivity (7.5 vs. 7.6 and 7.7 vs. 7.8).  

In 2018, Lamberti et al. showed that moving from salen-type ligands to their diamino-

bis(phenolate) (7.9) or mixed imino/amino-bis(phenolate) (7.10, Figure III-16) analogues is 

detrimental to the ROP of L-LA, while it is beneficial to the ROP of ε-CL.238 The surprising result 

obtained for LA was explained by an increased Lewis acidity of the metal centre in 7.9 and 

7.10, which could lead to a stable lactate intermediate.  

Jones et al. published a study that aimed at identifying a structure/activity relationship 

within a series of salalen iron chloride complexes (7.10-7.16, Figure III-16).239 Within the 7.10-

7.13 series, it can be noticed that the presence of electron-donating groups (EDGs) on the 

phenol moieties slows down the polymerization rate (3 days for 7.10 (tBu), 2 days for 7.13 

(Me) at 60 °C for ca. 75% conv), while the presence of EWGs boosted the activity (6 h for 7.12 

(Cl) at 60 °C for 80% conv). Complex 7.11 exhibited a similar activity to 7.12. Concerning the 

influence of the backbone, no trend clearly appeared. Indeed, 7.14 (C6H4) and 7.16 (C6H10) 



Chapter I - Bibliographic review 
 

 
40 

were slightly more and slightly less active, respectively, than their CH2CH2 analogues, 7.10 and 

7.11, respectively. Nevertheless, all of these complexes exhibited a good control of the 

polymerization, with experimental molar masses of the polymers increasing linearly as a 

function of the conversion and relatively close to the theoretical values. The dispersities 

ranged between 1.11 and 1.30. 

 

 
Figure III-16: Iron chloride complexes applied to the ROP of cyclic esters.  

 

In 2018, Garden, Shaver et al. evaluated a series of iron chloride precursors supported by 

two half Schiff-base ligands (7.17-7.24, Figure III-16) in the ROP of rac-LA.240, 241 Performing 

the polymerization in toluene at 120 °C with a LA/Fe/PO ratio of 100/1/50, nearly complete 

conversion was obtained, but the Mn values were lower than expected and the dispersities 

were quite large (Ð 1.4-1.7).  

 

b. Iron trimethylsilylamide 
 

In 2019, Thomas et al. described one of the more impressive results for the stereoselective 

ROP of rac-LA in solution.242 Complexes 7.32-7.36 (in the presence of iPrOH, Figure III-17) 

converted up to 800 eq. of rac-LA in toluene at room temperature within minutes to afford 

high molecular weight stereo-complexes of PLA.  
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Figure III-17 : Iron trimethylsilylamide complexes.  

 

c. Iron alkoxide complexes 

 

At the beginning of the 2000’s, a few groups started to work on the ROP of LA mediated by 

iron alkoxide complexes. The group of Tolman used simple homoleptic ferric alkoxides, such 

as ferric ethoxide (7.37), n-propoxide (7.38), isopropoxide (7.39) and n-butoxide (7.40, Figure 

III-18), which led to over 90% conversion within 36 h at 130°C (bulk conditions).243, 244 Nearly 

at the same time, Hillmyer, Tolman et al. reported that complexes 7.41a-c (Figure III-18) were 

efficient initiators for the ROP of ε-CL and LA.245 All of these polymerizations were carried out 

in toluene, with [M] = 1 M at 25 °C for CL and 70 °C for LA. The produced PCL with 7.41c 

exhibited narrow dispersity (Ð < 1.20, at 100% conv. within 20 min). In contrast, the molar 

mass distributions of the produced PLA were quite broad (Ð 1.40-2.00, at 100% of 

conversion).245 During the same period, several other systems were reported, such as the well-

defined iron(II) complex 7.42 (Figure III-18), which is highly active for the ROP of both LA and 

CL in toluene at room temperature, though less controlled for CL.246 The heterobimetalic 

iron(II) alkoxide or aryloxide complexes, [(THF)NaFe(OtBu)3]2 (7.43) and [(THF)4Na2Fe(2,6-

diisopropylphenolate)4] (7.44, Figure III-18), respectively, efficiently initiated the ROP of LA at 

room temperature in dichloromethane, affording high molecular weight PLA with quite high 

dispersities (Ð = 1.57 (7.43), 1.89 (7.44)).247, 248  

The bis(imino)pyridine iron bis(alkoxide) complex 7.45 (Figure III-18), reported by Byers et 

al., initiated the ROP of LA. However, the rate of polymerization was very low (14% conversion 

in 24 h at room temperature) and gave an ill-defined polymeric material.249 Nevertheless, 

complex 7.45 could be converted in situ to its bis(alkoxide) counterparts 7.46a, 7.46b, 7.46c, 

by reaction with the appropriate alcohol, and these complexes were much more active and 

led to well-defined PLA samples. Complex 7.46a could be used as a switchable “on/off” ROP 

initiator. Indeed, chemical oxidation of the FeII complex 7.46a by addition of ferrocenium 

hexafluorophosphore (FcPF6) led to its FeIII counterpart (7.48, Figure III-18), which is 

completely inactive.249 The reversibility of the switch was shown by the addition of 

cobaltocene (CoCP2), which reduced the FeIII to FeII, affording again an active ROP initiator and 

comparable ROP rates were observed (kobs = 1.5x10-4 s-1 before oxidation to FeIII and kobs = 

2.2x10-4 s-1 after reduction back to FeII). The monoalkoxide complexes analogous to 7.46a and 

7.46c, namely 7.47a and 7.47c (Figure III-18), respectively, were applied to the ROP of LA in 

toluene or chlorobenzene solutions.250, 251 Both the monoalkoxide initiators 7.47a and 7.47c 

were shown to be more active than their bis(alkoxide) analogues. While complex 7.47a also 



Chapter I - Bibliographic review 
 

 
42 

initiated the ROP of ε-CL at room temperature (80% in 24 h), 7.46a was totally inactive (active 

at 70°C, 99% conv. in 18 h).250, 251 Lee, Park et al. highlighted that the dinuclear iron complexes 

7.49 and 7.50 (Figure III-18), readily initiated the bulk ROP of LA 130°C (100 eq. LA, conv. 97% 

(7.50), 47% (7.49)), affording relatively well-defined PLA samples (Mn values close to 

theoretical ones, Ð = 1.23-1.4).252 Silvino et al. reported the use of the phenoxy-imine iron(III) 

complex 7.51 (Figure III-18) in the ROP of L-LA. However, under bulk conditions (500 eq LA, 

120°C) its efficiency remained modest (48% conv.) and the obtained polymeric material had 

lower molecular weight than expected and exhibited a broad dispersity (Ð 1.5).253  

 

  
Figure III-18: Iron alkoxide complexes applied to the ROP of cyclic esters. 

 

8. Cobalt 
 

Cobalt-based systems were much more applied to the ring-opening copolymerization of CO2 

and epoxides than to the ROP of cyclic ester.254, 255 In 2012, Xiaoping and Shunjun reported 

that the anionic homoleptic tris(aryloxide) cobalt complex (8.1, Figure III-19) achieved 

complete conversion of 100 equiv. of LA after 4 h at 70°C in toluene.256 The reaction could be 
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carried out at room temperature, however it required three days to achieved the same level 

of conversion.     

 

 
Figure III-19: Unimolecular cobalt complexes applied to the ROP of LA.  

 

Thomas et al. reported a series of (zinc(II) and) cobalt(II) complexes of tetradentate tripodal 

ligands applied to the ROP of LA (Figure III-19).257, 258  This family of compounds comprises 

mono- and dichloride complexes as well as an amido [N(SiMe3)2] derivative. Within the 

chloride complexes only compounds 8.3 and 8.6 exhibited good activity, affording well-

defined PLAs (narrow Ð and good agreement between experimental and theoretical Mn 

values), obtained in bulk at 130°C with addition of BnOH.258 The results of the ROP tests 

initiated by complexes 8.2, 8.4, 8.5 and 8.9 were unsatisfactory. The use of the N(SiMe3)2 

derivative improved the activity. For the ROP of LA in toluene at room temperature (with one 

equivalent of iPrOH), the measured TOF values were 496 h-1 for 8.7 (bulkier CPh3 ortho-

substituent) vs. 2 430 h-1 for 8.8 (iPr o-substituent) and the dispersities of the high molecular 

weights PLA samples were low (Ð 1.06-1.09).257     

 

More recently, Redshaw et al. reported the use of a bimetallic Zn/Co complex (8.10), 

supported by a macrocyclic [2+2] Schiff base ligand, to mediate the ROP of δ-VL, L-LA and ɛ-
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CL, and very good results were obtained (Figure III-19).259 The reaction were carried out in the 

presence of 1 equivalent of BnOH at 130°C and achieved high conversions (≥80%) and low Ð 

values in the 1.15-1.30 range. The group of Suman reported a synthetic route to access 

aminoacid cobalt complexes (with glycine 8.11a, leucine 8.11b and threonine 8.11c, Figure III-

24), which initiated the ROP of LA and led to high conversions (>70%) in 60 min.260 While 

complex 8.11a produced PLAs with Mn values in good agreement with the theoretical ones, 

the MW of the PLAs produced with 8.11b and 8.11c were higher than expected, probably due 

to a slower initiation rate, which was attributed to a larger steric hindrance around the Co 

centre.260   

 

9. Nickel  
 

Nickel complexes benefit from high electron transfer ability and stability, which make them 

attractive for many applications, including catalysis and polymerization. 

In 2007, Ghosh et al. applied to nickel the same ligand scaffold that gave rise to active Cu-

based initiators for the ROP of LA.261 However, complexes 9.1 and 9.2. (Figure III-20) were 

found inactive for the ROP of LA. In 2016, Maharana et al. applied the same strategy (from Cu 

to Ni) using salen-type ligands. After optimization, complexes 9.3-9.5 were found to initiate 

the controlled (moderate in view of the Mn values) ROP of LA in DCM at room temperature in 

the presence of BnOH (Figure III-20).262 The absence of BnOH was detrimental to the activity. 

The several ROP runs allowed the followed ranking in terms of the observed polymerization 

rate: 9.3 ˃ 9.4 ˃ 9.5. 

Coordination of a Ln(NO3)3 moieties to salen-type nickel(II) complexes led to the bimetallic 

Ni-Ln complexes 9.3a-g and 9.4a-g (HMBED and HMBPD backbones, respectively), inducing a 

distortion of the square planar geometry and an increased Lewis acidity of the Ni centre 

(Figure III-20).263, 264 The increase in steric hindrance around the Ni could have a negative 

impact in the ROP activity, but in fact these compounds were found to be active in the bulk 

ROP of LA, affording high molecular weight and well-defined PLA samples (Ð 1.05-1.19). The 

difference in terms of activity follows the trend: 9.4a ˃ 9.4b ˃ 9.4c ˃ 9.4d ˃ 9.4e ˃ 9.4f ˃ 9.4g, 

which suggests that increasing the Ni-Ln bond length induces a decrease in activity. Complex 

9.3c shows activity and well controlled LA polymerization, but it is less efficient than the 

corresponding complex Ni(II) (9.3, 9.4 and 9.5). The groups of Bao et al.265 and Lü, Fan et al.264 

extended the library of bimetallic Ni/Ln complexes derived from 9.3, namely  9.3a (Ce), 9.3b 

(Nd), 9.3d (Eu), 9.3e (Tb), 9.3f (Ho) and 9.3g (Tm, Figure III-20). Generally, the activity of the 

bimetallic complexes was lower than their monometallic Ni counterparts, and they required 

to work in bulk at high temperatures (130-160 °C, vs. DCM at room temperature). However, 

they allowed to reach high molar weight polymeric materials. 
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Figure III-20: Nickel complexes applied to the ROP of LA. 261-265 

 

10. Copper  
 

Copper is the most studied metal, within Groups 5-11, in ROP catalysis. In 2007, Ghosh et al. 

reported a series of phenoxy-ketimine copper(II) complexes (10.1-10.3, Figure III-21), which 

were found efficient for the ROP of LA in bulk (160 °C, 4 h, 55-70% conversion, Ð 1.43-1.58).261 

In 2010, Luximon et al. reported a series of salicylaldimine copper complexes (10.4-10.10, 

Figure III-21) and studied the effect of the substituents on the ROP performances.193 

Compounds 10.5, 10.6 and 10.9 do not initiate the polymerization, whereas all others initiated 

and controlled the ROP of LA. However, their activity was variable: 10.7 did not exhibit any 

activity below 100°C (and obtained 10% of conversion in 68 h at 100 °C), 10.4 led to 18% conv. 

in 24 h at 70 °C and 10.8 and 10.10 were the most effective (55% and 80%, respectively, in 35 

h at 70°C). Chakraborty et al. highlighted that the commercially available copper bis(acetate) 

complex (10.11, Figure III-20) was an effective initiator for the controlled ROP of rac-LA and L-

LA, either in bulk or in solution (H2O or iPrOH).266 Schaper et al. reported a series of 

diketiminate copper complexes (10.12-10.14, Figure III-20) that were very efficient for the 

controlled ROP of LA in DCM at room temperature in the presence of BnOH 10.14 (Ð 1.07-

1.53).267  

 

 
Figure III-21: Mononuclear copper complexes applied to the ROP of LA.193, 261, 266-268 
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Jin et al. reported a comparative study between the copper(II) complex 10.15 and its 

bimetallic copper-neodymium derivative (10.16, Figure III-21-22).268 The addition of the 

Nd(NO3)3 moiety increased the Lewis acidity of the copper centre, which influenced its ROP 

activity. Both complexes exhibited a good activity in bulk at 130°C and provided PLAs with 

narrow molar mass distributions (Ð 1.11-1.38). For 10.15, the higher molar weights were 

achieved at 24 h, after which the Mn values decreased, suggesting the occurrence of 

transesterification reactions. In contrast, complex 10.16 reached higher MW polymers, which 

could be attributed to the higher steric protection of the active copper centre. Moreover, the 

coordination of a water molecule in complex 10.15 has a detrimental effect on the 

polymerization, i.e. a deactivating effect, as shown by the low activity: 18.13 g/mol/h for 

complex 10.15 versus 259 g/mol/h for complex 10.16 after 12 h. 

Schaper et al. reported the N,N’-dibenzyl diketiminate copper isopropanolate (nacnacBn-

CuOiPr)2 complexes 10.17 and 10.18, which exhibited a very high activity for the ROP of rac-

LA in DCM at room temperature, and the process followed first-order kinetics (Figure III-

21).267, 269 It was assumed that the N-benzyl substituent on the ligand provides enough 

flexibility to allow monomer coordination, but has sufficient steric bulk to destabilize the LA-

coordinated  square planar intermediate and favour the insertion. In 2013, Huang et al. 

reported copper complexes based on benzotriazole phenoxide-type ligands (BTP) (10.19, 

10.20, 10.21, Figure III-22).270 While complex 10.19 only gave 10% conversion after 6 h 

(toluene, 110°C in the presence of 9-AnOH (9-anthracenemethanol)), complexes 10.20 and 

10.21 led to 92% and 93% conversion, respectively. The authors showed that the use of 

specific initiators, i.e. 2,2’-hexadecylimino)diethanol (NC16H33/2ROH), tert-butyl bis(2-

hydroxyethyl)carbamate (BOC/2ROH) or triethanolamine (TEA/3ROH), allowed producing 2- 

or 3-arm polymeric materials. Shaver et al. reported the copper(II) complexes of tridentate N-

based ligands (10.22 and 10.23, Figure III-22), which however acted as bidentate ligands 

because the five-member ring constrain disfavoured the pincer mode.271 These complexes 

were shown to be very effective initiators for the ROP of LA in C6D6 at room temperature and 

with an excellent control (predictable Mn and narrow Ð). In contrast to 10.22, complex 10.23 

presented an induction time of 60 min, which was attributed to the stronger coordination of 

the pyridine donor (vs. dimethyl amine) in the bridging alkoxide ligand. 
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Figure III-22: Copper complexes applied to the ROP of LA. 193, 267, 269, 271   

 

In 2018, Schaper et al. investigated a large scope of copper complexes that can be divided 

in the following categories as a function of their supporting ligands: dinuclear β-diketimine 

(10.24), mononuclear β-aminoketone (10.25) and dinuclear iminophenol (10.28A, 10.29A, 

10.30A, 10.31A, 10.32A, 10.33A, 10.33B, Figure III-23).272, 273 Complexes of types A and B 

integrate a dimethylaminomethoxy and pyridinemethoxy initiating group, respectively. While 

complex 10.24 initiates the ROP of LA at room temperature, leading to complete conversion 

in 5 h, the produced PLA samples exhibited lower Mn values than expected and quite broad 

dispersities (Ð 1.7-2.6). Complex 10.25, in contrast, is inactive at room temperature, but 

afforded a 24% conversion at 50 °C. The ROP mediated by 10.29A follows clean first order 

kinetics without any notable induction period or catalyst decomposition, and the resulting 

well-defined PLA (exp. Mn vs. theo. Mn values, narrow Ð) was atactic.273 Complexes 10.31B 

and 10.34B exhibited similar activity and improved again the control, with a better fit of the 

MWs. Complexes 10.33A and 10.33B revealed low efficiency and led to only 36% and 26% 

conversion, respectively, after 3 days of reaction. Complexes 10.26, 10.27 and 10.35B are 

inactive at room temperature.272 
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Figure III-23: Copper(II) complexes developed by Schaper and coll.272, 273  

 

The series of CuII complexes based on iminomethylpyridine (9.36-9.41, Figure III-24), 

reported by Lee, Neyab et al.274 and Roy et al.,275 were evaluated as initiators for the ROP of 

rac-LA and converted 100 equivalents of monomer in DCM at -25 °C within 2 h, after activation 

with MeLi (conversion of CuCl2 to CuMe2). The only data that changed within the series are 

the Mn et Ð values of the recovered PLA samples. The increase of the N,N’- or N,O-linker length 

from two carbons atoms (9.36, 9.41, respectively) to three carbon atoms (9.37, 9.40, 

respectively), did not affect these properties, both complexes led to too high MWs and Ð 

around 1.5. The best improvement for this system was the introduction of the morpholine 

(9.39) or piperidine (9.38) groups, which allowed to bring the Mn values closer to the 

theoretical ones and to lower the dispersities (Ð 1.25-1.50).  

 

 
Figure III-24: Series of iminomethylpyridine copper (II) complexes.274, 275 
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11. Conclusion  
 

This section highlighted that a wide variety of transition metal complexes were applied to the 

ROP of cyclic esters. Their performances were highly dependent of the nature of the metal 

and the ligand scaffold. As mentioned at the beginning of this part, the mechanism of this 

technique is based on the polarity of the Mt-Z bond, which is the nucleophile responsible of 

the ring opening. Therefore, the most efficient systems are based on complexes containing an 

Mt-O bond, the latter being already present in the precursor or generated in situ by addition 

of an alcohol.  

The present thesis work will focus on cobalt-based systems, although the complexes of this 

metal have not been the most studied nor the most efficient (for now). On the other hand, 

they appear as the most versatile to combine the ROP and OMRP mechanisms (see above). 

According to Figure III-25, we propose to use our know-how in cobalt coordination chemistry 

to design complexes able to produce an alkoxide radical (R0
●) to initiate an OMRP process 

(green square) and have a sufficiently nucleophilic R0-CoIII bond to initiate a ROP process (red 

square).  

Addition of a system having such properties to the polymer chemist toolbox would allow 

the production of original materials, the properties of which remain to study. The 

incorporation of a biobased and/or biodegradable segment within a polyvinyl material could 

allow better recycling properties. Methods to access polyester-polyvinyl copolymers will be 

detailed in the following section.  

 

 
Figure III-25: ROP of cyclic ester using a metal-alkoxide catalyst (Red box).187 
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IV. Original copolymers synthesis 
 

The development of the synthesis methods affording block copolymers remains a 

contemporary challenge, due to the different reactivity of the monomers. However, the access 

to copolymers with a block or sequenced architecture is of great importance, because it allows 

to tune/improve the thermal and mechanical properties of materials. The first achievements 

in this field were the formation of copolymers made of monomers within the same category, 

i.e. LAM/LAM276 or MAM/MAM5, 277 in radical polymerization or lactone/lactone in ROP. 

Subsequently, the copolymerization of slightly different monomers was targeted, such 

LAM/MAM278 or cyclic ester/cyclic carbonate copolymers. Nowadays, researchers in the field 

are trying to combine different polymerization techniques to access new classes of polymers 

with new original properties. The major interest of this new challenges is to produce 

sustainable polymers, due to societal and environmental issues. In fact, the polymers of 

tomorrow should be derived from sustainable resources, should be highly efficient (for the 

targeted use), and should offer sustainable solutions after use.279 

The present section will provide an overview of studies allowing the “coupling” of two 

polymerization techniques, following the strategies highlighted in Figure IV-1. One path 

consists in using a difunctional initiator designed with two different functions for the initiation 

of two different polymerizations either sequentially (1) or simultaneously (2). A second one 

features the use of a monofunctional initiator that can be chemically modified after the first 

block synthesis for chain extension (3).  

 

 
Figure IV-1: General strategies for the combination of CRP and ROP: (a) Two-step method 

using a difunctional initiator; (b) One-step method using a difunctional initiator (c) Multi-step 

method using a monofunctional initiator and transformation of the chain-end functionality.1  
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1. Sequential polymerization based on difunctional initiators 
 

As shown in Figure IV-2, difunctional initiators designed for a ROP/ATRP copolymerization 

were composed of an alcohol function at one end and a bromine atom at the other end. In 

the case of system I, reported by Sinturel et al. in 2011, the 2,2,2-tribromoethanol was used 

for the ATRP of styrene, catalysed by CuBr/HMTETA at 100°C, to afford a well-defined polymer 

(Mn 24 300 g mol-1, Ð 1.30).280 The preservation of the alcohol function allowed, in a second 

time, to promote the ROP of LA in toluene at 80°C, leading to a PS-b-PLA block copolymer, as 

confirmed by a shift of the GPC signal to Mn 30 400 g mol-1, and by the appearance of the 

characteristic PLA signals in the NMR spectrum of the polymer. A similar approach was 

reported based on a chloro-substituted initiator.281   

 

 
Figure IV-2: Sequential polymerization methods based on bifunctional initiators.280, 282-284 

 

A polymerization sequence in the opposite direction, from ROP to ATRP (II), was reported by 

Frey et al. 285 and Bo, Ji et al.283, allowing to produce an amphiphilic PLA-b-PDMAEMA block 

copolymer with pH- and temperature responsive behaviour.  In fact, at low pH, the PMAEMA 
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block becomes hydrophilic, resulting in the formation of micelles. Dispersities below 1.11 

account for a good control of both polymerizations. For the third example (system III), 

reported in 2020 by Lie et al.,282 the ATRP was photoinitiated with white LED irradiation and 

led to an iodine-mediated photo-ATRP, while the alcohol function allowed to initiate the ROP 

of LA. Thus, both the ROP to ATRP and ATRP to ROP transitions were shown to be possible.  

Based on the same principle, initiators with an increased number of functionalities were 

developed to access more complex polymeric architectures, as shown in Table IV-1.  

 

Table IV-1: Other initiators with several functionalities for a sequential ROP-CRP process. 

Entry Multifunctional initiators Functionalities ref 

1 

 

1 RAFT 

2 ROP 

286 
287 

2 
 

1 ROP 

3 ATRP 
281 

3 

 

2 ATRP 

1 ROP 
3 

4 

 

1 RAFT 

2 ROP 
288 

 

2. Difunctional initiators for one-pot copolymerizations  
 

One-pot syntheses with difunctional initiators present the advantage of producing 

copolymers in one step, instead of requiring preliminary purification of the first polymer block 

before chain extension. The initiators presented below simultaneously mediate ROP and a 

controlled radical polymerization such as NMP, RAFT or ATRP (Figure IV-3). 

The first example of original diblock copolymer produced via the simultaneous occurrence 

of two polymerization mechanisms was reported by Jerome, Hawker, Hedrick et al. 2 in 1998. 

They applied a difunctional alcohol/nitroxide initiator for simultaneous polymerization by ROP 

and NMP (Figure IV-3a). Later, a difunctional alcohol/alkyl halide initiator was applied to 

concurrent ROP and ATRP (Figure IV-3b). 2, 289 Another example of ROP/ATRP simultaneous 

polymerization, was reported by Yilmaz, Yagci et al. 290 The authors used 2-hydroxyethyl 2-

bromo-2-methylpropanoate (HBM) as dual initiator, perylene as ATRP photocatalyst and  

phosphazene base (P1-t-Bu) as ROP catalyst (Figure IV-3c). Technically, all these reactants were 

mixed together in THF and the polymerizations proceeded. Several combinations were tested: 
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St/CL, NIPAM/CL, BuA/CL, MMA/LA, and monomodal GPC traces were observed with 

dispersities ranging from 1.21 (for PS-b-PCL) to 1.67 (for PBuA-b-PCL). 

 

 
Figure IV-3: One step diblock syntheses using difunctional initiators. 

Colour coding for initiating group/polymerization technique: ROP, ATRP, NMP, RAFT and 

RoCOP - CO2/epoxides. 

 

In 2012, Youk et al.291 used the 4-cyano-4-(dodecylsulfanylthio carbonyl)sulfanylpentano 

(CDP) initiator to produce several well-defined block copolymers by ROP/RAFT (Figure IV-3d). 

CDP presents a trithiocarbonate function for RAFT polymerization of vinyl monomers, such as 

St, MA, BMA or NIPAM, and an alcohol function for the ROP of cyclic monomers, such as VL, 

CL, TMC or LA, with 4-dimethylamino pyridine (DMAP) as catalyst for LA and diphenyl 

phosphate (DPP) for the other. The difunctional initiator presented by Detrembleur, Baziun et 

al. 292 (Figure IV-3e) for the one pot and simultaneous copolymerization was an evolution of 

the system presented on Figure IV-2. More recently, Wang, Xie et al.293 applied this strategy 

for combining RAFT and ROCOP (CO2/epoxides) polymerizations, with various vinyl and 
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epoxides monomers such as MMA, styrene, benzyl methacrylate, propylene oxide (PO) and 

cyclohexene oxide (CHO), respectively (Figure IV-3f). The authors highlighted the relatively 

good results, because after 8 h reaction at 65°C, the experimental Mn values were in good 

agreement with the theoretical ones and narrow molar mass distributions were observed (Ð 

1.09-1.14).  

In 2016, Boyer et al.294 described a one-pot copolymer synthesis by coupling ROP and RAFT 

polymerizations. However, this system worked by photoswitches, which were triggered by 

specific wavelengths irradiations (Figure IV-4). The photo-ROP polymerization is mediated by 

a photochromic molecule, here merocyanine-based photoacid (PAH). The blue light (λ = 428 

nm) induced intramolecular cyclisation and produce a strong acid (PA-), which is able to 

catalyse the ROP of the cyclic ester (Figure IV-4a). The second compound, zinc 

tetraphenylporphyrin (ZnTPP), plays the role of catalyst for photo-induced electron/energy 

transfer RAFT (PET-RAFT) and works under red light at 635 nm (Figure IV-4b). As shown in the 

conversion vs. time plot (Figure IV-4c) each polymerization is switched on at a different 

wavelength, allowing the synthesis of a block copolymer. With this technique, a PVL-b-PMA 

block copolymer with Mn = 4610 g mol-1 and Ð = 1.15 was obtained (Figure IV-4d). 

    

a)  b)  c)  

d)  

Figure IV-4: a) PAH, b) ZnTPP, c) Kinetics and d) copolymerization reaction mediated by the 

system of Boyer et coll.294 

 

3. Multistep copolymer synthesis based on a monofunctional 

initiator 
 

The last strategy to produce original diblock copolymers via ROP and CRP is based on the use 

of a monofunctional initiator, which is further chemically modified to be able to initiate 

another polymerization type and produce the second block of the polymerization. This 

strategy corresponds to pathway 3 presented in Figure IV-1. 
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Figure IV-5: Multistep synthesis of PCL-b-PHPMA (route A) and PCL-b-PS (route B) star 

copolymers. 

 

In 2002, Leroux and co-workers reported the Route A depicted in Figure IV-5 (left).295 The first 

block was produced by the Sn(Oct)2-catalyzed ROP of CL and the chain extension by RAFT of 

N-((2-hydroxypropyl)methacrylamide (HPMA) as monomer. The ROP was carried out at 150 

°C over 16 h using trimethylolpropane (TMP) or pentaerythritol (PTOL) as polyfunctional 

initiators, producing PCL 3- or 4-arm stars, respectively, with a dispersity around 1.35. 

Afterward, the hydroxyl group of the PCL chains was modified in two steps. First, by dicyclo-

hexyl carbodiimide(DCC)-mediated coupling of the hydroxyl end functions with 3,3’-

dithiobis(propionic acid) (DTPA). Then, dithiothreitol (DTT) treatment allowed reducing the 

disulfide bonds to thiols as chain-end functions. Thus, the polymer chains could be reactivated 

to mediate the radical polymerization of HPMA. This synthetic route finally produced star PCL-

b-PHPMA copolymers, which exhibited molar masses of ca. 27 000 g mol-1 and dispersities 

between 1.65 and 1.75. 

The system presented in Route B of Figure IV-5 (right) was reported by Wang, Xiayu et al. 

in 2005.296 It is based on the same principles as that presented above, except that the 

treatment of the PCL first blocks with 2-bromoisobutyryl bromide led to bromine-



Chapter I - Bibliographic review 
 

 
56 

functionalized chain-ends, which could be further chain-extended by the Cu-mediated ATRP 

of styrene (CuBr/Bpy, 110°C, 16 h). The obtained copolymers revealed relatively narrow 

dispersities (Ð ≥ 1.30) and Mn values close to the theoretical ones.  

 

 
Figure IV-6: Syntheses of di- and tri-block copolymers by successive ROP and ARTP.297 

 

In 2007, Guillaume et al. reported a method to produce di- and tri-block copolymers (AB 

and ABA) by successive well-controlled ROP and ATRP processes.297 As shown in Figure IV-6, 

the ROP of CL was mediated by Ln(OiPr)3 and provided a iPrO-PCL-OH macroinitiator. The 

alcohol function was modified with 2-bromoisobutyril bromide to obtain a bromine-

functionalized chain end suitable for the Cu-catalysed ATRP of MMA. Replacing Ln(OiPr)3 by 

Ln(BH4)3(THF)3 to modify the PCL chain-end with two alcohol function allowed to access a 

triblock ABA copolymer using the same strategy. 

Wang, Poli et al. described the switch of polymerization mechanisms from OMRP to ROcoP 

and vice versa by reactions with O2 or CO, respectively, as shown in Figure IV-7.298-300 For the 

OMRP to ROcoP switch, the Co-PVAc macroinitiator was synthesized following a classical Co-

mediated OMRP of VAc using AIBN as thermal initiator. The macroinitiator was modified to be 

compatible to ROcoP by reaction with O2, leading to the insertion of one O atom into the Co-

CPVAC bond, i.e. affording a Co-OPVAC macroinitiator. Then, the resulting cobalt(III)alkoxide 

species readily mediated the ROcoP of epoxides and CO2.298 For the reverse switch, the Co-

Opolycarbonate chain-end was transformed into a Co-C(O)-Opolycarbonate bond by insertion of CO, 

which was suitable for the photoinitiation of the OMRP of various acrylates.299 
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Figure IV-7: Polymerization switch from OMRP to ROcoP (left) and from ROcoP to OMRP 

(right). 

 

More recently, Harth et al. reported a switch from an olefin polymerization by the 

coordination/insertion mechanism, using the Pd complex depicted in Figure IV-8 (left), to 

radical polymerization by photo-induced homolytic cleavage of the Pd–Cpolymer bond in the 

dormant polyolefin chain obtained after insertion of one acrylate monomer.301 While the 

polymerization of ethylene and 1-hexene were well-controlled (Ð 1.05-1.17), the chain 

extension by radical polymerization of (meth)acrylates (MA, EA, n-BA or MMA) afforded 

polymeric materials with Ð values ranging from 1.10 (MA) to 2.34 (n-BA). All of these 

copolymers were characterized by DOSY, MALDI-TOF and NMR analyses. 
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Figure IV-8: Recent examples of dual polymerization based on paladium301 and cobalt302 

complexes. 

 

In the same spirit, Nozaki et al.302 reported that the system based on (CoIII(η5-

C5H5)P(OMe)3I2) and isobutyl modified methylaluminoxane (MMAO) could realize a self-

switching copolymerization of MA by OMRP and ethylene by coordination/insertion 

polymerization, based on a thorough NMR study (1D, 2D, DOSY ...), which also allowed to 

characterize the one-pot produced multiblock PMA-b-PE-b-PMA-b-PE-b-PMA copolymers.303, 

304 

 

4. Conclusion  
 

The studies presented in this section, dealing with the synthesis of original di- or tri-block 

copolymers obtained by combination of radical polymerization (ATRP, RAFT, OMRP…) and by 

ring opening (co)polymerization (ROP, ROcoP) (or coordination/insertion polymerization), 

highlight the interest of the community in the development of such polymeric materials and 

in the methods to access them. However, most of these systems require a chemical 

modification of the macroinitiator obtained after the polymerization of a first monomer (via 

a first technique), to make the chain-end suitable for reactivation by a second technique and 

allow the polymerization of a second monomer. To the best to our knowledge, the only 

example of self-switching catalyst is the example of Nozaki (which still requires a co-catalyst). 

However, the switch is only possible after complete conversion (acrylate) or removal 

(ethylene) of the residual first monomer, to allow the polymerization of the second one, which 

limits the switch to the formation of block copolymers. A “real” self-switching catalyst, which 

does not require a co-catalyst and could work in a mixture of monomers, is still missing. Such 

compound would allow the synthesis of statistical or alternating copolymers that are not 

accessible to date. The development of such compounds is the main objective of the present 

thesis project.    
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Chapter II is dedicated to the synthesis and characterization of cobalt(III) complexes that can 

potentially initiate and moderate a polymerization reaction, following either a radical (OMRP) 

or a coordination insertion (ROP) path. This chapter is restricted to the results belonging to 

the coordination chemistry, the polymerization results being discussed in Chapter III. 
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I. Introduction and strategy targeting  
 

To be used as a polymerization moderator, an organometallic complex must satisfy a few 

conditions. As shown in the Chapter I, the metal centre, the coordination sphere and the 

nature of the monomers have an impact on the polymerization. Ligand engineering permits, 

in theory, to modulate the reactivity of the coordination compound and to adapt it to a desired 

monomer or experimental condition. It is thus possible to imagine a complex capable to self-

initiate and moderate either a radical polymerization (OMRP) or a ring opening polymerization 

(ROP) or both.  

In terms of radical polymerization, several cobalt(II) or organocobalt(III) complexes were 

shown to control the OMRP of MAMs such as acrylates. For example, Peng et al.1, 2 described 

a cobalt Schiff-base system working at room temperature (Figure I-1, 1 and 2). However, these 

systems require the simultaneous use of a co-initiator (AIBN or 2,4,6-trimethylbenzoyl 

diphenylphosphine oxide (TPO)). 

 

 
Figure I-1 : Reported systems for the OMRP of MAMs (1, 2) & LAMs (3, 4). 

 

Concerning the controlled polymerization of LAMs such as vinyl esters and amides, a few 

performing systems have been described by Debuigne, Poli et al.3, 4, notably cobalt(II) 

bisacetylacetonate (Figure I-1, 3), which also requires the presence of an external radical 

source (e.g. AIBN, V70, etc.).5 Alternatively, organocobalt(III) complexes such as 44 (Figure I-1) 

or the short-chain [CoIII(acac)2-VAcxR0] system, which feature weak metal-carbon bonds that 

are homolytically cleaved under mild conditions, can be used without additives to start the 

polymerization.6   Even though the halomethyl-cobalt(III) complexes 4 have suitably weak 

metal-carbon bonds, these derivatives were obtained in low yield (around 26%) and needed 

silica column purification. The synthesis of the short-chain [CoIII(acac)2-VAcxR0] 

macroinitiator6, 7 needs a long reaction time (40 h), can only be carried out on a small scale, 

and also requires a tedious chromatographic separation and gives a low yield.6 In addition, 

these organocobalt(III) products are difficult to handle because of air sensitivity and must be 

stored at low temperatures because of thermal fragility. In summary, the available moderating 

systems either need to use a co-initiator, or their syntheses are difficult, low-yielding, and the 

products are delicate to handle.  
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On the other hand, as described in the previous chapter, the reported systems based on 

cobalt for ring opening polymerization are not abundant, contrary to the more abundant 

reports of Fe-catalysed ROP8 or ROCOP.9, 10 One of the few cobalt-based catalysts, complex 

10.7 (cf. Chapter I, Section 8, Figure III-19), reported by Thomas et al.,11 works well for the 

living polymerization of LA under the ROP mechanism. However, this type of architecture has 

not been shown capable to undergo homolytic bond cleavage and generate radicals.  

Our objective is the design of complexes capable to simultaneously undergo two different 

processes as shown in Scheme I-1: self-initiate and moderate a radical polymerization (cf. 

Chapter I, Figure II-4) without the need of a co-initiator; coordinate and insert ROP monomers 

by nucleophilic attack (cf. Chapter I, Figure III-1). In addition, we also wish to optimize the 

synthesis procedure. In fact, our objective is to develop a new air-stable, easily synthesized 

and purified system that can function as a dual initiating tool without any chemical 

modification or co-agent. 

 

 
Scheme I-1: New tool to self-initiate and control polymerization by radical or ring opening 

polymerization.  
 

As depicted in Scheme I-1, the tool we propose to develop can be divided into three parts; 

the cobalt metal centre (the reasons of this choice were discussed in Chapter I), the 

supporting/stabilizing ligand, the stereo-electronic properties of which should be easily tuned, 

and a versatile initiating group. Based on the literature, we decided to focus our attention on 

tetradentate dianionic Schiff bases, on diamino-bis(phenolate) (N2,O2) ligands and on fully 

oxygenated (O4) coordination spheres, i.e. the bis(acetylacetonate) system. From DFT 

calculations (see below), the latter coordination sphere should provide weaker Mt-R bonds 

and consequently better OMRP processes for LAMs,12-29 whereas N- or mixed N,O-based 

ligands (e.g. porphyrin, Schiff bases, respectively) should gave rise to a better control for 

MAMs (cf. Chapter I).17, 30, 31 Moreover, as highlighted in Chapter I, complexes of Schiff base 

were also successfully applied to the ROP of cyclic esters.11, 32 Concerning the initiating group, 

we decided to focus on O-based R0 groups, i.e. alkoxides or carboxylates, because we expected 

better stability for the resulting initiators. Moreover, alkoxides are well-known as efficient 

initiating groups for ROP processes while peroxides, supposedly furnishing alkoxyl radicals by 

thermal decomposition, are effective as initiators for radical polymerization processes. 

This chapter will be divided in two parts according to the two ligand architectures studied: 

diamino-bis(phenolate) (N2,O2) and bis(acetylacetonate) (O2,O2), for which few R0 groups 

where explored.  
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II. Cobalt complexes with (N2,O2)-type ligands  
 

1. Introduction  
 

As shown in the bibliographic chapter, Schiff bases were extensively studied in the fields of 

controlled radical polymerization33-38 and ring opening polymerization reactions.39, 40 Such a 

scaffold presents several interests such as a facile synthesis, which consists of the 

condensation of amines with salicylaldhehyde derivatives, easy purification 

(precipitation/recrystallization) and a high level of tunability (substituents on the phenol ring 

or on the N atom). The first example of this kind of ligand was reported in 1933.41 The second 

class of ligands we aimed at studying, i.e. tetradentate tripodal diamino-bis(phenolates), are 

also readily accessible and highly tunable and already afforded efficient initiators/moderators 

for radical42 or ring opening polymerizations.11 The following sections will describe the 

synthesis and characterization of the ligands, the corresponding neutral cobalt(II) complexes 

and their corresponding neutral cobalt(III) carboxylates.    

 

2. (N2,O2) ligand architectures  
 

As shown in Scheme II-1, we synthesized a large library of Schiff-base and amino-bis(phenol) 

pro-ligands with either electron-donating, electron-withdrawing, bulky or small substituents, 

because these substituents may be crucial for adjusting the Co-Pn bond strength (BDE) or the 

Lewis acidity of the metal, therefore affecting the performance of the corresponding systems 

in polymerizations.43, 44 Although all of these pro-ligands were already reported in the 

literature,32, 43, 45-54 we carefully characterized them (i.e. UV, IR, NMR and XRD) to assess their 

purity and to provide some missing experimental data.  

 
Scheme II-1: Typical reactions to access Schiff-base and amino-bis(phenolate) pro-ligands.  
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As representative examples, the 1H NMR spectra of pro-ligands H2L1.4 and H2L1.10 are 

depicted in Figure II-1 and Figure II-2, respectively. That of H2L1.4 exhibits43, 44 a series of 

singlets at δ 1.09 (6H), 1.30 (18H), 1.45 (18H) ppm attributed to the CMe2 and tBu groups, 

respectively, while the methylene group of the linker gives rise to a doublet at δ 3.50 (4H) 

ppm. The two meta-H of the phenol ring and the N=CH group are observed at δ 7.14 (2H), 7.38 

(2H) and 8.38 (2H) ppm, respectively.  

 

 
Figure II-1: 1H NMR (400 MHz, 25°C) spectrum of pro-ligand 1.4 recorded in CD2Cl2 (*). 

 

Pro-ligands H2L1.10-1.13 were prepared following a procedure reported by our team in 

2019,32 and the 1H NMR spectrum of H2L1.10 also exhibits the expected signals (Figure II-2). 

 

 
Figure II-2: 1H NMR (400 MHz, 25°C) spectrum of pro-ligand H2L1.10 recorded in CD2Cl2 (*). 
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3. Cobalt(II) complexes with Schiff-base ligands  
 

The neutral cobalt(II) complexes with the above-described salen-type ligands were 

synthesized according to a previously reported procedure55, 56 by mixing (nearly) equimolar 

amounts of cobalt(II) acetate tetrahydrate and the pro-ligand at room temperature under an 

inert atmosphere (Scheme II-2). As highlighted in Chapter I, such complexes may be further 

used as OMRP moderators following a reverse initiation (e.g. with AIBN or TPO as initiators),2, 

57, 58 or as ROP catalysts in the presence of an alcohol (e.g. BnOH or iPrOH) to initiate 

polymerization.59  

 
Scheme II-2: Synthesis of cobalt(II) complexes of Schiff-base ligands.  

 

The phenolate ring substituents (R1 and R2, Scheme II-2) allow modulating the steric 

hindrance around the cobalt(II) centre, in the order H < Cl < OMe < tBu, and the ligand donating 

power, due to their electron-donating (such as tBu) or electron-withdrawing (such as Cl) 

nature. Both steric and electronic parameters may affect the activity/reactivity of the 

complexes, by e.g. modifying the Mt-Pn BDE in the corresponding OMRP dormant species, or 

altering the Lewis acidity and/or accessibility of the Co centre, which are crucial for ROP 

processes. The length and flexibility/rigidity of the linker between the two N donors may also 

affect these parameters, therefore we synthesized compounds with a large panel of linkers, 

i.e. cyclohexane-1,2-diyl, 1,2-phenylene, ethane-1,2-diyl or 2,2-dimethyl-propane-1,3-diyl 

(Schemes II-1 and II-2). The cobalt(II) complexes being paramagnetic, they did not afford 

exploitable NMR spectra, therefore their formation and purity was assessed by elemental 

analysis (EA), mass spectrometry (MS) and electron paramagnetic resonance (EPR), as shown 

below for compound 2.4 (see experimental section for the spectroscopic characterization of 

the other complexes). The ESI-MS spectrum of complex 2.4 reveals as most intense peak the 

[M]+ ion (m/z = 591.3 g mol-1), with the expected isotopic distribution (Figure II-3). The EPR 

spectrum exhibits eight lines of equivalent intensity, in accordance with a 59Co (I = 7/2) 

hyperfine splitting (Figure II-4).56, 57 
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Figure II-3: ESI of the compound 2.4 in DCM/ACN. 
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Figure II-4: EPR spectrum of complex 2.4 in toluene. 
 

4. Cobalt(III) carboxylate complexes with (N2,O2)-type ligands 
  

This section describes the two explored methods for the synthesis of cobalt(III) carboxylate 

complexes of (N2,O2)-type ligands, i.e. Schiff bases and diamino-bis(phenolates), as potential 

unimolecular air-stable initiators for OMRP and ROP processes.  

 

a. Cobalt(III) acetate complex with a Schiff-base ligand 
 

The Schiff base-cobalt(III) acetate complex [CoIII(L1.1)(OAc)] 3.1 (Figure II-5) was prepared by 

reacting the [Co(OAc)2] precursor and the pro-ligand (1:1 ratio) in glacial acetic acid under 

aerobic oxidation, as described by Jabcosen and coll. in 2004 (cf. experimental section).43, 60 
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This compound was part of a larger series, including salen-CoIII-OH, -CoIII-Cl and -CoIII-OTs 

derivatives, which were applied to the hydrolytic kinetic resolution of epoxides. In 2005, 

Coates and coll. applied complex 3.1 to the alternating copolymerization of propylene oxide 

and carbon dioxide.61 Complex 3.1 was properly characterized and further applied as 

unimolecular OMRP58 and ROP initiator (see Chapter III). As anticipated, complex 3.1 is 

diamagnetic, suggesting an octahedral environment for the CoIII metal ion with a d6 electronic 

configuration. The recorded 1H NMR spectrum compared well with the literature and, in 

particular, the singlet resonance at δ 1.52 (3H) confirmed the presence of the OAc group 

(Figure II-6).   

 

 
Figure II-5: Schiff base-cobalt(III) acetate complex [CoIII(L1.1)(OAc)] (3.1). 

 

 
Figure II-6: 1H NMR (400 MHz, 25°C) of complex 3.1 recorded in CD2Cl2 (*).  

 

The aptitude of complex 3.1 to generate an AcO• radical by homolytic cleavage of the Co-

OAc bond was studied by DFT calculations (Prof. Rinaldo Poli). As shown by the Gibbs energy 

profile depicted in Figure II-7, the release of the acetate radical follows a two-step mechanism. 

First, the acetate switches from a bidentate chelating to a monodentate coordination mode 

and, secondly, the Co-O(OAc) bond homolysis occurs. The overall Gibbs energy for the AcO• 
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dissociation is 36.3 kcal mol-1 under standards condition (25°C), while the homolytic cleavage 

(from the 5-coordinate CoIII species) costs only 25.1 kcal mol-1.  

This calculated bond strength is consistent with the NMR study presented in Figure II-8, 

which consisted in heating at 70°C for 12 h a CDCl3 solution of 3.1. The thermal treatment led 

to a broadening of the signals of 3.1 and to the appearance of the signals of its paramagnetic 

CoII counterpart.  

 

 
Figure II-7: Gibbs energy profiles for the dissociation of the AcO• radical from the 

Co(salen)OAc complex 3.1, calculated with BPW91*.  
 

 
Figure II-8: Stacking of the 1H NMR (400 MHz) spectra of a) 3.1, b) 2.1 and c) 3.1 after 

heating at 70°C in CDCl3 for 12h. 
 

  



 
88 

Based on the energy profile shown in Figure II-9, should a homolytic cleavage of the Co-

O(OAc) bond take place for complex 3.1, a polymerization of MA and MMA should proceed in 

the presence of these monomers, and a moderating effect by OMRP should occur, because 

the cobalt(III)-C bond strengths (ΔGMA = 20.5 kcal mol-1; ΔGMMA = 15.1 kcal mol-1) are 

sufficiently high to ensure reversible radical trapping. Moreover, the dormant species of the 

OMRP MMA should be more easily reactivated, because ΔGMMA < ΔGMA. However, and as 

anticipated, the OMRP of the less-activated VAc monomer, appears more difficult, due to a 

higher ΔGVAc value (see Chapter I).57, 62, 63  

 

 
Figure II-9: Gibbs energy profiles for the dissociation of the dormant species a) Co-MA, b) Co-

MMA and c) Co-VAc, calculated with BPW91*. 
 

b. Cobalt(III) acetate complex with a diamino-bis(phenolate) tetradentate 

tripodal ligand 
 

A few examples of cobalt complexes of tetradentate tripodal ligands were applied to 

polymerization reactions, including the radical polymerization of MAMs, the ROP of lactide 

and the copolymerization of epoxides with carbon dioxide.11, 64, 65 Our group recently reported 

the synthesis of (acetylacetonato)cobalt(III) and iron(III) complexes with such ligands.32 

However, these species did not initiate radical polymerization under the studied conditions. It 

was concluded that the Co(acac) chelate is too stable to generate acac• radicals. Therefore, 

we switched target to its supposedly more fragile acetate analogue.  

The (acetato)cobalt(III) complex [Co(L1.10)(OAc)] (3.2) with ligand H2L1.10 was synthesized in 

moderate yield (62%) under aerobic conditions, as described in the experimental section. Its 

ESI-MS spectrum only revealed the peak of the [M - OAc]+ ion (m/z = 601.3 g mol-1), with the 

expected isotopic distribution, the OAc fragment being probably lost at the ionization step. 

The 1H and 13C NMR spectra recorded in CDCl3 confirmed the formation of the diamagnetic 

cobalt(III) complex 3.2 (Figure II-10 to Figure II-12). Concerning the 1H NMR signals, four 

resonances at 8.56 (d, J = 5.3 Hz), 7.39 (t, J = 7.6 Hz), 7.00 (t, J = 6.5 Hz) and 6.64 (d, J = 8.2 Hz) 

ppm were attributed to the pyridine ring H atoms, whereas two mutually coupled (J = 2.6 Hz) 
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doublets with the roof effect at 6.95 and 6.79 ppm were attributed to the meta-H atoms of 

the phenoxide group. In addition, the methylene protons of the phenolate arms gave rise to 

inequivalent doublets at δ 4.57 (J = 12.2 Hz) and 3.03 (J = 12.9 Hz) ppm, the methylene protons 

of the pyridine arm was characterized by a singlet at 3.97 ppm, and the tBu protons are 

observed as two singlets at 1.31 and 1.20 ppm (Figure II-10). Importantly, the singlet 

resonance at 1.95, absent in the spectrum of the pro-ligand (Figure II-11) and integrating for 

three protons, confirmed the quantitative formation of the acetate complex. 

 

 
Figure II-10: 1H NMR (400 MHz, 25°C) spectrum of complex 3.2 recorded in CDCl3 (*). 

 

 
Figure II-11: Stacking of the 1H NMR (400 MHz, 25°C) spectra of 3.2 and H2L1.10, in CDCl3 (*).  
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Figure II-12 : 13C NMR (100 MHz, 25°C) and DEPT-135 spectra of the compound 3.2, recorded 

in CDCl3 (*).  
 

The combination of the 13C, DEPT-135, and JMOD spectra recorded for 3.2 allowed the 

complete assignment of the signals, particularly those corresponding to the OAc group, i.e. 

191.75 (Cquat, OC(CH3)O, a) and 23.97 (CH3, OC(CH3)O, p) (Figure II-12).   

Single crystals of H2L1.10, suitable for an XRD analysis, were grown by slow diffusion of 

pentane into a saturated CH2Cl2 solution of H2L1.10. The solid-state structure of H2L1.10, 

depicted in Figure II-13 (left), revealed the presence of H-bonds between the N atoms and the 

O-H groups, acting as proton acceptors and donors, respectively, with O2(-H2)….N1 = 

2.7318(13) Å and O3(-H3)….N16 = 2.8637(14) Å. Similar crystallisation conditions led to crystals 

of 3.2 that were analysed by XRD and afforded the solid-state structure depicted in Figure 

II-13 (right). The CoIII centre is found in a distorted octahedral coordination geometry, with 

ligand H2L1.10 acting as a dianionic tetradentate chelating ligand and the coordination sphere 

is completed by the chelating OAc ligand. The Co-O(Phenoxy) (1.875(4)-1.901(4) Å) and Co-N 

distances (1.892(5)-1.942(5) Å) were found in the range of those measured in similar 

complexes (see 32 and references therein). The Co-O(OAc) bond lengths, Co(1)-O(3) (1.932(4) Å) 

and Co(1)-O(4) (1.970(4) Å), are significantly longer than the Co-O(acac) distances measured in 

the (acetylacetonato)-analogue of 3.2 (1.898(3)-1.906(2) Å).32 This property may highlight a 

weaker Co-O(OAc) bond strengths and therefore a higher tendency to cleave homolytically and 

release an OAc• radical.   
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H2L1.10 3.2 

Figure II-13: OTERP views of pro-ligand (H2L1.10) and (acetato)cobalt(III) complex (3.2) with 
ellipsoids are represented at the 50% probability level. 

 

c. Cobalt(III) carboxylate complexes with a Schiff-base ligand  

 

The synthetic pathways explored above were quite restrictive, because they only allowed the 

formation of acetato-cobalt(III) complexes, the acetate group originating from the cobalt 

precursor (or the solvent). With the aim or varying the potential R0 initiating groups for the 

targeted applications, we explored another unprecedented approach, which consists in 

reacting the isolated salen-cobalt(II) complexes with half an equivalent of an acyl peroxide to 

form the corresponding carboxylates. Initial attempts, using ditertbutyl- or dicumyl-peroxide, 

which would afford alkoxide derivatives, were unfortunately unsuccessful. Moving to benzoyl 

peroxide (BPO), the Schiff base-cobalt(III) carboxylate complex [CoIII(L1.4)(OBz)] 3.3 was 

isolated in good yield (76%, Scheme II-3). The method was also applied to the para-OMe-

functionalized BPO derivate, affording the corresponding [CoIII(L1.4)(O2CC6H4-p-OMe)] 

complex 3.4 (45%). 

 

 
Scheme II-3: Synthesis of cobalt(III) carboxylate complexes of a Schiff base ligand (3.3, 3.4).  

 

Due to their similarities, only the characterization data of 3.3 will be discussed here, and 

these of 3.4 are available in the Experimental section. Figure II-14 shows the UV-Visible spectra 
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of ligand H2L1.4, of its cobalt(II) complex (2.4), and of the cobalt(III) carboxylate derivative (3.3) 

in toluene. Both coordination of the Schiff base ligand to the CoII centre and oxidation of CoII 

to CoIII modify the absorption properties. The ʎmax value shifted from ʎLigand = 330 nm to ʎCo(II) 

= 375 nm and ʎCo(III) = 410 nm. 

 
Figure II-14: UV-Vis spectra of ligand 1.4 (green line), [CoII(L1.4)] complex 2.4 (red line) and the 

[CoIII(L1.4)(OBz)] complex 3.3 (blue line) recorded in toluene at 0.01 mmol L-1. 
 

The diamagnetic nature of complex 3.3 was confirmed by the well-defined 1H and 13C NMR 

spectra. In addition to the expected signals attributed to the Schiff base ligand, the 1H NMR 

spectrum of 3.3 exhibits three resonances attributed to the benzoate fragment at δ (ppm) 

6.94 (t, J = 3.8 Hz, 2H, g), 6.86 (t, J = 7.5 Hz, 2H, f), 6.64 (s, 1H, h) (Figure II-15). The 13C NMR 

spectrum of complex 3.3 exhibits the expected numbers of resonances and the DEPT-135 

highlights the CH2 and quaternary carbons of the complex, even though not all of them could 

be unambiguously assigned (Figure II-16).   

 

 
Figure II-15: 1H NMR (400 MHz, 25°C) spectrum of complex 3.3 recorded in C6D6 (*). 
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Figure II-16 : 13C NMR spectrum of complex 3.3 recorded in C6D6 (*), 400 MHz. 
 

The ESI-MS spectrum of 3.3 exhibited two peaks, the major one corresponding to the [M – 

O(CPh)O]+ ion (m/z = 591.3 g mol-1) and the second one to the molecular ion ([M]+: m/z = 712.4 

g mol-1), both with the expected isotopic distributions (Figure II-17). The lability of the 

benzoate group, following electrospray ionization, is not surprising, since the OAc group in 3.1 

behaved similarly.  

 

 
Figure II-17 : ESI of the complex 3.3 recorded in DCM/ACN. 
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The structures of complexes 3.3 and 3.4 were further confirmed by XRD studies 

(investigations carried out by Dr. Jean-Claude Daran, Figure II-18). In each complex, the CoIII is 

found in a slightly distorted octahedral geometry, composed of the tetradentate Schiff base 

ligand and the chelating benzoate ligand, which requires cis-coordination. And the structure 

3.5 shown a planar Schiff base ligand with pyridine and chloride as trans position.  

  
a) 3.3 b) 3.4 

 

 

c) 3.5 d) 
Figure II-18: OTERP views of the Schiff base cobalt(III) benzoate complexes a) 3.3 and b) 3.4 

and c) the [Co(L1.1)(Cl)(Pyr)] (3.5). Ellipsoids are drawn at the 30% probability level and d) 
possible arrangement of the Schiff-base ligand in coordination sphere.  

 

This prevents the supporting salen-type ligand to adopt the preferred planar coordination 

mode. Indeed, relative to the two N donors, one phenolate O atom is arranged in a mer fashion 

(O2 for 3.3 and O11 for 3.4) while the second one is arranged in a fac fashion (O1 for 3.3 and 

O12 for 3.4). This observation may rationalize the fact that a similar reactivity was not 

observed for salen-type ligands with more rigid N,N-spacer, such as ethylene, or cyclohexyl 

(3.5). The bond lengths and angles around the metal centre in complexes 3.3 and 3.4 are very 

similar (Table II-1). As stated above, the bidentate chelating coordination mode of the 

carboxylate group can only be cis, and therefore prevents the planar coordination mode of 

the supporting salen-type ligand (O,N,N,O torsion angles: 3.3 = -55.04°, 3.4 = -51,20° and 3.5 

= -2.78°).  
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Table II-1. Characteristics bond length and angles of the species 3.3, 3.4 and 3.5.  

[CoIII(L1.4)(OBz)] (3.3) [CoIII(L1.4)(O2CC6H4-p-OMe)]  (3.4) [Co(L1.1)(Cl)(Pyr)] (3.5) 

Schiff-base scaffold 

Co(1)-O(1) 1.8758(12) Co(1)-O(11) 1.896(6) Co(2)-O(21) 1.899(4) 
Co(1)-O(2) 1.8820(12) Co(1)-O(12) 1.888(6) Co(2)-O(22) 1.883(4) 
Co(1)-N(1) 1.9023(15) Co(1)-N(12) 1.896(7) Co(2)-N(21) 1.877(5) 
Co(1)-N(2) 1.9014(15) Co(1)-N(13) 1.919(7) Co(2)-N(22) 1.888(5) 

O(2)-Co(1)-N(2) 91.33(6) O(12)-Co(1)-N(13) 90.7(3) N(21)-Co(2)-O(22) 93.4(2) 
N(2)-Co(1)-N(1) 92.57(6) N(12)-Co(1)-N(13) 88.2(3) N(21)-Co(2)-N(22) 86.4(2) 
O(1)-Co(1)-N(1) 90.78(6) N(12)-Co(1)-O(11) 90.9(3) N(22)-Co(2)-O(21) 94.7(19) 
O(1)-Co(1)-O(2) 91.15(5) O(12)-Co(1)-O(11) 90.0(2) O(22)-Co(2)-O(21) 85.7(18) 

Carboxylate fragment 

Co(1)-O(3) 1.9709(13) Co(1)-O(13) 1.992(6) - - 
Co(1)-O(4) 1.9764(13) Co(1)-O(14) 1.963(6) - - 

O(3)-C(1)-O(4) 117.16(16) O(13)-C(11)-O(14) 116.3(8) - - 

 

5. Conclusion  

 

I have reported in this section one new cobalt(III) acetate complex (3.2) and two benzoate 

complexes (3.3 and 3.4) with (N2,O2)-supporting ligands, and evaluated the aptitude of an 

already known acetate comples (3.1) to generate acetate radicals. The benzoate derivatives 

were synthesized via an unprecedented redox route, by metal-mediated peroxide cleavage 

and radical trapping. All these species were developped with the aim of applying them as 

unimolecular initiators/moderators for polymerization processes and this will be discussed in 

Chapter III. 

The library of salen-type cobalt(III) benzoate complexes could not be extended to 

analogues with a more rigid (two-carbon) spacer between the N donors, presumably because 

of insufficient flexibility to adopt a cis-octahedral coordination environment. As a perspective, 

it may be interesting to apply the redox route to half-salen complexes, i.e. cobalt complexes 

with two bidentate phenoxyimine (N,O) ligands, which could better accommodate to the cis-

coordination geometry imposed by the chelating carboxylate group.66-68 Another possible 

perspective is to apply the chemistry developped with the salen-type (N2,O2) ligands to their 

softer (S2,O2) analogues, their coordination compounds being already reported as efficient 

ROP catalysts.40, 69, 70  
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III. Cobalt complexes with an (O2,O2)-type ligand 
 

1. Introduction  
 

As discussed previously, the coordination chemistry of cobalt towards (N,O)-based ligands is 

very rich. In contrast, only few mononuclear cobalt(III) complexes with an entirely O-based 

coordination sphere have been isolated and characterized: [Co(H2O)6]3+,71 [Co(DMSO)6]3+ 

(DMSO = dimethylsulfoxide),72 a trioxalate complex, [Co(C2O4)3]3-,73  and a variety of tris(β-

diketonates), amongst which the ubiquitous and commercially available tris(acetylacetonate), 

[Co(acac)3]74, 75 (the literature references are restricted to the structural characterizations by 

X-ray diffraction). The carbonate [Co(CO3)3]3- has recently been generated electrochemically.76  

In the literature, compounds [CoIII(acac)]3 and [CoIII(salen)(acac)] were proposed to serve 

as radical polymerization initiators by UV photolytic or thermal activation, to generate an 

acac• radical.77-79 On the other hand, no system based on the cobalt bis(acetyacetonate) 

scaffold were applied to ROP processes. Moreover, we envisioned to apply the redox route 

described in the previous section for (N2,O2)-based ligands to (O2,O2)-based systems.  

 

2. (Acetylacetonato)-cobalt(III) carboxylate complexes  
 

In 2006, Bryaskova et al. introduced the combination of benzoyl or lauryl peroxide and 

[CoII(acac)2] as a redox-initiating system for the OMRP of vinyl acetate (VAc).80 This system 

was also subsequently used for the polymerization of acrylic esters,81 other vinyl esters82, 83 

and vinylidene fluoride.84 A question came to us: “What is the initiation mechanism?”. Does 

the peroxide undergo homolytic cleavage and initiate the polymerization, and the CoII complex 

only installs the ORMP equilibrium? Or does the mixture generate an (acac)2-CoIII carboxylate 

intermediate? Namely, does the CoII induce the peroxide cleavage and traps the 

corresponding radical, which further initiates the polymerization? To elucidate these 

questions, we explored the synthesis of the presumed (acac)2-CoIII carboxylate complexes. 

Furthermore, if the synthesis is successful, this type of compound could also be of interest for 

applications in the ROP of cyclic esters. 

 

a. Bis(acetylacetonato)-cobalt(III) benzoate complex 

 

The reaction between inexpensive and commercially available [CoII(acac)2] and BPO, afforded 

the corresponding [CoIII(acac)2(O2CPh)] complex 3.6 in 60% yield after 1 h of reaction at room 

temperature under an inert atmosphere (Scheme III-1). 
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Scheme III-1: Synthesis of the bis(acetylacetonato)-cobalt(III) benzoate complex 3.6. 

 

While the reaction proceeds, the sparingly soluble pink [CoII(acac)2] disappears to produce 

a deep green solution of the corresponding cobalt(III) product, Figure III-1.  

 

a)   b)  

Figure III-1: Pictures of the reaction at a) T0 and b) Tf.  
 

The UV-Visible spectra shown in Figure III-2 highlight the shift of ʎmax from 545 nm 

([CoII(acac)2]) to 610 nm upon oxidation and benzoate coordination, and the absorption 

evolution vs. time shows the rapidity of the conversion. 
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Figure III-2: a) UV spectra of CoII(acac)2 in purple and CoIII(acac)2(O2CPh) in green, b) 
monitoing of the cobalt(III) complex formation by UV-vis analysis (5 mM in toluene in all 

cases). 
 

The diamagnetic nature of compound 3.6 allowed its characterization by multinuclear NMR 

spectroscopy. The 1H and 13C NMR spectra are shown below (Figure III- and Figure III-). The 

presence of three singlet 1H resonances in a 2:6:6 ratio for the acac H (δ 5.29) and Me (δ 2.04 

and 1.79) protons indicates asymmetry, consistent with the cis arrangement in a chiral 
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octahedral geometry, as confirmed by a single-crystal X-ray diffraction investigation carried 

out by Dr. Jean-Claude Daran (Figure III-3).  

 

 
3.6 

Figure III-3: a) ORTEP views of the complexes 3.6 with the atom labelling scheme. Ellipsoids 
are drawn at the 50% probability level. X-ray crystallographic data for complexes 3.6, Co(1)-

O(1) 1.948(2); Co(1)-O(1i) 1.948(2); Co(1)-O(2) 1.882(2); Co(1)-O(3) 1.869(2); Co(1)-O(2i) 
1.882(2); Co(1)-O(3i) 1.869(2); O(1i)-Co(1)-O(1) 67.3°; 113.3°. 

 

Moreover, the resonances belonging to the phenyl protons can be easily attributed due to 

their multiplicity and integration: δ 8.22 for the ortho protons (dt, J = 7.3 and 1.4 Hz, 2H, f), 

6.94 for the para proton (ddd, J = 7.5, 6.0 and 1.4 Hz, 1H, e) and 6.84 for the meta protons (dd, 

J = 8.5 and 7.0 Hz, 2H, d). 

 

 
Figure III-4: 1H NMR (400 MHz, 25°C) spectrum of 3.6 recorded in C6D6 (*).  
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Figure III-5: 13C NMR (100 MHz, 25°C) spectrum of 3.6 recorded in C6D6 (*). 

 

Electrochemical measurements show that [CoIII(acac)2(O2CPh)] is much more easily 

reduced (Ep,c = -0.90 V vs. Fc) than [CoIII(acac)3] (Ep,c = -1.33 V vs. Fc) (Figure III-6, left). After 

reduction, a reoxidation wave at much higher potential (Ep,a = 0.15 V vs. Fc) becomes clearly 

visible only at the higher scan rate (Figure III-6, right). 
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Figure III-6: Cyclic voltammograms of compounds [Co(acac)2(O2CPh)] (red curve) and 

[Co(acac)3] (green curve) in CH2Cl2 on a Pt working electrode at v = 200 mV s-1 (left) and at 
various scan rates (values in the legends in mV s-1) (right). [Complex] = 10-3 M; Supporting 

electrolyte: nBu4PF6, 0.1 M).  
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Figure III-7: Temperature dependence of the acac 1H NMR (400 MHz) resonances for 

[Co(acac)2(O2CPh)] (3.6) in C6D6. 
 

The thermal stability of complex 3.6 was evaluated at several temperatures and times. A 

variable-temperature 1H NMR investigation in C6D6 revealed a line broadening phenomenon 

between 25 and 80 °C in the acac region, possibly consistent with a dynamic configuration 

inversion, e.g. via a Bailar twist. However, the line broadening is not fully reversible upon 

cooling, suggesting partial decomposition with generation of a paramagnetic species Figure 

III-7. This phenomenon suggests reversibility for the CoIII-O bond formation and the generation 

of PhCOO•. Additional 1H NMR investigations in C6D6 at constant temperature revealed slow 

decomposition overnight at 60°C, resulting in the deposition of Co(acac)2 crystals, whereas no 

decomposition was evident after 16 h at 40 °C or upon standing at room temperature for 3 

days in daylight (Figure III-8). 

  

 
Figure III-8: Pictures of [Co(acac)2(O2CPh)] solutions in C6D6. (a) After 13 h at 60 °C. (b) After 

16 h at 40 °C. (c) After 72 h at room temperature. 
 

All of these observations were also rationalized by DFT calculations (Prof. Rinaldo Poli), 

which permit to show the aptitude of [CoIII(acac)(O2CPh)] to liberate PhCOO•. As already 

shown for the [CoIII(L1.1)(OAc)] complex (Figure II-7), the liberation of the radical was probed 

as a two-step reaction. The overall Gibbs energy cost is 28.8 kcal mol-1 under standard 

δ/ppm

(a) 25°C

(b) 40°C

(c) 60°C

(d) 80°C

(e) Return to 25°C
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conditions (27.1 kcal mol-1 at 60 °C) (Figure III-9). These numbers are consistent with the 

relatively good thermal stability of the compound, but not inconsistent with a significant rate 

of radical production.85, 86 However, the homolytic cleavage occurs only in the second step and 

costs 12.2 kcal mol-1. For comparison, homolytic bond cleavage was experimentally observed 

and kinetically investigated for R-CrIII
aq complexes (ΔHa

‡ up to 40 kcal mol-1)87-90 and for [RF-

MnI(CO)5] complexes with RF = fluorinated alkyl ligands (ΔHa
‡ up to 53.8 kcal mol-1 for RF = 

CF3).91 

 

 
Figure III-9: Gibbs energy profile for the dissociation of a PhCOO• radical from 

[Co(acac)2(O2CPh)]. 
 

The [CoIII(acac)2(O2CPh)] complex 3.6 is, to the best of our knowledge, a unique example of a 

mononuclear heteroleptic CoIII carboxylate complex supported by a fully O-based 

coordination sphere, and this architecture could be very promising for the direct initiation of 

OMRP and ROP process. Therefore, we extended the scope of peroxides to (maybe) 

modulate the properties of the Co-O(carboxylate) bond.   
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b. Bis(acetylacetonato)-cobalt(III) complexes with substituted benzoates  

 

In addition to modulating the reactivity of the Mt-O(carboxylate) bond, extensing the peroxide 

scope may also allow the introduction of a functional group at the polymer chain-end and 

subsequent post-polymerization modifications. A series of substituted benzoyl peroxide 

derivatives were synthesized in good yields, according to previously reported procedures 

(Scheme III-2, a).92  

 

 
Scheme III-2: a) Synthesis of substituted benzoyl peroxide derivatives, b) synthesis of 

bis(acetylacetonato)cobalt(III) carboxylate complexes. 
 

The bis(acetylacetonato)cobalt(III) complexes with substituted benzoate derivatives (3.7- 

3.10) were obtained in one step from commercially available [Co(acac)2] and the 

corresponding peroxides in toluene at 0°C under an inert atmosphere (Scheme III-2, b).92 All 

of these new complexes were characterized by 1H NMR (Figure III-3) and UV-Vis (Figure III-10). 

Figure III-3 shows a stacking of the 1H NMR spectra of complexes 3.6-3.9 and highlights that 

the substitution of the aryl ring of the benzoate derivative has a negligible effect on the acac 

resonances.   

 
Figure III-3: Stacking of 1H NMR (400 MHz, 25°C) spectra of 3.6 – 3.9 recorded in C6D6 (*). 
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Like for complex 3.6, the formation of complexes 3.7-3.10 investigated by UV-Vis 

spectroscopy. First of all, the objective was to determine the ʎmax for a possible application as 

OMRP photoinitiators. These values are very similar for all compounds (3.6, 586 nm; 3.7, 589 

nm; 3.8, 584 nm; 3.9, 587 nm; 3.10, 591 nm; Figure III-10). The rate of formation appeared 

qualitatively different for the various systems. Therefore, the evolution of the spectra was 

followed as a function of time during the formation of complexes 3.6-3.10 (Figure III-10) and 

the time dependence of the absorbance at ʎmax is reported in Figure III-11.  
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Figure III-10: UV-visible monitoring of the complex formation: a) 3.7 Co(acac)2-ArOMe ( ), 

b) 3.8 Co(acac)2-ArtBu ( ), c) 3.9 Co(acac)2-ArpNO2 ( ), d) 3.10 Co(acac)2-AroNO2 ( ). 
 

Using a slight excess of peroxides allowed extracting a tendency of the kinetics of the 

reactions, as shown in the first-order plot of Figure III-12, which gives straight lines. The slope 

of these lines allows concluding that the formation of complexes 3.6-3.8 and 3.10 occur at 

similar rates, while the formation 3.9 is much faster. The faster formation of 3.9 may indicate 

a higher thermodynamic stability, which could alter/prevent the homolytic cleavage of the Co-

Obenzoate bond, i.e. OMRP initiation. 
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Figure III-11: Evolution of the absorbance at ʎmax as a function of time during the formation 

of complexes 3.6 ( ), 3.7 ( ), 3.8 ( ), 3.9 ( ), 3.10 ( ).   
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Figure III-124: First-order kinetic plot of the formation of complexes 3.6-3.10. 

 

An electrochemical study by cyclic voltammetry showed that the para-OMe derivative (3.7, 

Figure III-13a) is much more difficult to reduce (Ep,c = -1.08 V vs. Fc) than the para-NO2 

derivative (3.9, Figure III-13b) (Ep,c = -0.29 V vs. Fc). In addition, complex 3.9 also exhibits a 

second reduction potential (Ep,c = -0.94 V), indicating further reduction to CoI. For both 

compounds, the reverse oxidation scan shows waves at much higher potentials (Ep,a = 0.50 V 

for 3.7, 0.19 and 0.56 V for 3.9, vs. Fc). The ortho-derivative 3.10 is the most difficult complex 

to reduced (Ep,c = -1.92 and -1.50 V vs. Fc).    
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Figure III-53 : Cyclic voltammogram of compounds a) [Co(acac)2(O2CC6H4-p-OMe)] (3.7), and 

b) [Co(acac)2(O2CC6H4-p-NO2)] (3.9), in CH2Cl2 on a GC working electrode at various scan 
rates. [Complex] = 10-3 M; supporting electrolyte: nBu4PF6 = 0.1 M). 

 

Complexes 3.9 and 3.10 have also been investigated by single-crystal XRD (carried out by 

Dr. Jean-Claude Daran). The molecular structures are depicted in Figure III-3 for 3.6 and Figure 

III-14 for 3.9 and 3.10 and the most relevant bond distances and angles are reported in  

Table III-1.  

 

 
3.9 

 
3.10 

Figure III-14: ORTEP views of the complexes 3.6, 3.9 and 3.10 with the atom labelling scheme. 
Ellipsoids are drawn at the 30% for 3.9 and 50% probability level for 3.6 and 3.10. 

 

The main difference between the structures of 3.9 and 3.10 and that of 3.6 is the presence 

of one water molecule (probably originating from the synthesis of the peroxide), which 

prevents the benzoate derivative to act as a bidentate (chelate) ligand and establishes an H-

bond as proton donor with the uncoordinated benzoate carbonyl group. As a result, the O-C-

O’ (benzoate) angles (126.3° (3.9) and 127.0° (3.10)) and the O(H2O)-Co-O(benzoate) angles (94.1° 

(3.9) and 96.1° (3.10)) are closer to the ideal 120 and 90° values in 3.9 and 3.10, whereas they 

significantly deviate from these ideal values in 3.6 (113.3° and 67.3°, respectively) (cf. Table 

III-1). Note: due to the low thermal stability of these derivatives, attempts to remove the 

coordinated water molecule by heating were not carried out. 
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Table III-1 :  X-ray crystallographic data for complexes 3.6, 3.9 and 3.10.  

[Co(acac)2(O2CPh)] 3.6 [Co(acac)2(O2CC6H4-p-NO2)] 3.9 [Co(acac)2(O2CC6H4-o-NO2)] 3.10 

Cobalt – carboxylate 

Co(1)-O(1) 1.948(2) Co(1)-O(6) 1.9119(18) Co(1)-O(15) 1.909(2) 

Cobalt - Water molecule 

Co(1)-O(1i) 1.948(2) Co(1)-O(5) 1.9298(17) Co(1)-O(17) 1.955(3) 

Cobalt acac 

Co(1)-O(2) 1.882(2) Co(1)-O(4) 1.8752(17) Co(1)-O(12) 1.873(2) 
Co(1)-O(3) 1.869(2) Co(1)-O(3) 1.8768(18) Co(1)-O(11) 1.883(2) 
Co(1)-O(2i) 1.882(2) Co(1)-O(2) 1.8914(17) Co(1)-O(13) 1.856(2) 
Co(1)-O(3i) 1.869(2) Co(1)-O(1) 1.8659(17) Co(1)-O(14) 1.869(2) 

Angle carboxylate 

O(1i)-Co(1)-O(1) 67.3° O(6)-Co(1)-O(5) 94.10° O(15)-Co(1)-O(17) 96.07° 
O(1i)-C(1)-O(1) 113.3° O(6)-C(7)-O(7) 126.30° O(15)-C(151)-O(16) 126.97° 

Hydrogen bond  

- - O(5)-H(52)...O(7) 1.655(17) O(17)-H(172)...O(16) 1.765(15) 

 

The XRD analysis of crystals obtained from a solution of complex 3.8 [CoIII(acac)2Ar-(p)tBu] 

revealed the structure depicted in Figure III-15. The structure consists of a trinuclear complex 

of formula [Co3
II,II,III(acac)2(OOCAr)4(OH)(H2O)]·ArCOOH (3.8’), composed of two cobalt(II) 

centres (Co1 and Co2) and one cobalt(III) ion (Co3). Co3 presents the expected stoichiometry 

(highlighted in orange in Figure III-12b), i.e. two chelating acac ligands and one monodentate 

benzoate ligand. The coordination sphere of the Co3 centers is completed by a hydroxyl ligand, 

which is also bonded to Co1 and Co2. The coordination spheres of Co1 is tetrahedral, with 

three benzoate O atoms, two of them bringing to the Co2 atom and one terminal, in addition 

to the triply bridging OH group. That of Co2 is octahedral and composed of three (p-tert-

butylbenzoyl), the two bridging ones with Co1 and one bridging to Co3, the triply bridging 

hydroxyl group and one water molecule. The structure is completed by an external benzoic 

acid molecule, which is H-bonded as a proton acceptor to the triply bridging OH ligand and as 

a proton donor to the free carbonyl group of the monodentate benzoate bonded to Co1.  

 

a)  
b)  

Figure III-6: a) OTERP view of the polynuclear structure resulting from the crystallization of 
3.8, with the atom labelling scheme. Ellipsoids are drawn at the 30% probability level; b) 

simplified view of the compound. 
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The formation of this polynuclear complex may be rationalized on the basis of the presence 

of residual water and [CoII(acac)2] in the reaction medium, as schematically illustrated in 

Scheme Erreur ! Source du renvoi introuvable.III-3 (Ar = C6H4-p-tBu). The four carboxylate 

ligands in 3.8’ must all be originating from the acyl peroxide, requiring two peroxide molecules 

and the oxidation of four [CoII(acac)2] molecules (equation A). Out of the four produced 

molecules of 3.8, one ends up in the final product while the other three are sacrificial, 

furnishing the carboxylate ligands to the two CoII centers by ligand scrambling, with 

participation of one water molecule (equation B). This furnishes the dinuclear 

“[Co2(O2CAr)3(OH)]” moiety that combines with one molecule of 3.8, with participation of an 

additional water molecule, to yield the observed trinuclear product 3.8’ (equation C). This is, 

of course, only a stoichiometric rationalization of the product genesis, not a proposition of the 

reaction mechanism, which must be much more complex.   

 

 
Scheme III-3: Proposed reaction scheme for the formation of 3.8’.  

 

The bond distances involving the CoIII ion (Co3) and the acac ligands (1.869(3) Å and 

1.8914(17) Å) are in the range of the distances observed for complexes 3.6, 3.9 and 3.10 (Table 

III-1). The Co(3)-O(31)Benzoate bond length of 1.908(3) Å and the O(31)-Co(3)-O(1) and O(31)-

C(31)-O(32) angles (94.10° and 125.95°, respectively) compare well with those in 3.9 and 3.10, 

(Table III-1). 

 

c. Bis(acetylacetonato)-cobalt(III) complexes with alkyl carboxylates 
 

With the objective of varying the potential carboxylate R0 initiating groups, we further 

extended the strategy presented above (Scheme III-1 and Scheme III-2, b) to alkyl peroxide 

derivatives. First of all, the bis(acetylacetonato) cobalt(III) acetate complex, [Co(acac)2(OAc)] 

(3.11) was synthesized by reaction between [Co(acac)2] and diacetyl peroxide (APO), prepared 

according to the literature procedure93-95 (Figure III-16, top). The success of the reaction could 

be assessed by; 1) a rapid (10 min) color change from pink (CoII) to green (CoIII) and, 2) the 

recording of a diamagnetic 1H NMR spectrum that revealed the presence of the characteristic 

OC(CH3)O resonance (δ 1.90 ppm, Figure III-17). However, complex 3.11 turned out to be very 

sensitive, degrading rapidly upon attempted purifications. Therefore, it was used “as 

synthesized” for the polymerization tests. Since the polymerization results were not 
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promising, further efforts were focused on the more promising benzoate derivatives (Chapter 

III). Complex [Co(acac)2(O2C(CH2)10CH3)] (3.12) was similarly synthesized from [Co(acac)2] and 

the commercially available dilauroyl peroxide (Figure III-16, bottom). The presence of the long 

aliphatic chian was expected to increase the stability of the resulting CoIII complex (inductive 

donor effect). However, the 1H NMR spectrum of the crude product exhibited several set of 

signals that were attributed to the formation of two or three types of complexes, possibly 

differing by the coordination mode of the carboxylate ligand, i.e. monodentate, bidentate 

chelating or bidentate bridging, as observed in the above-described solid-state structures of 

3.6 (chelating), 3.9 and 3.10 (monodentate), and 3.8’ (bridging). Purification/separation tests 

were unsuccessful, therefore we focused our attention on the most promising benzoate 

derivatives (Chapter III). 

 

 
Figure III-7: Synthesis of bis(acetylacetonato)-cobalt(III) complexes of alkyl carboxylates, a) 

[Co(acac)2(OAc)] and b) [Co(acac)2-(O2C(CH2)10CH3)]. 
 

 
Figure III-8: 1H NMR of the compound [Co(acac)2(OAc)] (3.11) recorded in CDCl3, 400MHz.  
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d. Use of simple peroxide   

 

The simplicity and efficiency of the synthetic route to access carboxylate complexes from acyl 

peroxides led us to investigate its potential extension to the synthesis of alkoxide derivatives 

from “simple” alkyl peroxides (namely, R-O-O-R vs. R’-C(O)-O-O-(O)C-R’). Therefore, 

[Co(acac)2] was reacted with the commercially available ditertbutyl peroxide (TBPO). 

However, the typical colour change associated to the CoII to CoIII transformation was not 

observed, indicating that no reaction occurred (several reaction temperatures were explored). 

The choice of TBPO, as peroxide, was motivated by the low value of the DFT-calculated 

(acac)2Co-OtBu bond dissociation Gibbs energy (5.8 kcal mol-1 at room temperature, Figure 

III-), which should make it an effective OMRP initiator (low barrier for the production of the 

corresponding tBuO• radical).    

 

 
Figure III-9: DFT-calculated (acac)2CoIII-R0 BDEs. 
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IV. Conclusion and outlook    
 

The present chapter summarized the synthetic work in the fields of ligands synthesis and 

coordination chemistry, realized along this thesis project. Two cobalt(III) acetate complexes 

of a [CoIII(L1.1)(OAc)] (3.1) and [CoIII(L1.10)(OAc)] (3.2) were obtained following previously 

reported methods. An original pathway to access cobalt(III) carboxylate complexes, by 

reaction between their cobalt(II) analogues and peroxides, was developed and allowed to 

isolate a series potential initiators of polymerization processes (see Chapter III). This method 

was feasible for both cobalt(II) complexes with Schiff bases and acac as supporting ligands. A 

summary of the developed architectures is depicted in Figure IV-1.   

 

 
Figure IV-1: Summary of the architectures described in this chapter, to be tested as 

polymerization initiators and controlling agents. 
 

The systems developed in the present chapter have been evaluated as initiators for radical 

(OMRP) and ring-opening polymerization (ROP) processes. The results of these investigations 

are presented and discussed in Chapter III. 
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V. Experimental section   
 

1. Materials 
 

The following compounds were all purchased from Sigma-Aldrich and used as received: cobalt 

acetate (Co(OAc)2, 99.99%), (1R,2R)-(−)-1,2-diaminocyclohexane (98%), 3,5-di-tert-butyl-2-

hydroxybenzaldehyde (99%), 3-(dimethylamino)-1-propylamine (99%), p-toluenesulfonic acid 

monohydrate (≥98.5%), ethylenediamine (99%), o-phenylenediamine (99.5%), 2,2-dimethyl-

1,3-propanediamine (99%), 3,5-dichlorosalicylaldehyde (99%), salicylaldehyde (98%), 

propylamine( ≥99%) and sodium peroxide (Na2O2, 97%, Sigma Aldrich). 

Bis(acetylacetonate)cobalt(II), [Co(acac)2] (97%, Sigma Aldrich), benzoyl peroxide (Luperox 

A70S, 70% in water, Sigma Aldrich), tert-butyl peroxide (Luperox DI, 99%, Sigma Aldrich), 

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl, Apollo Scientific), and the deuterated solvents 

C6D6, CD2Cl2 and CDCl3 (99.8% D, Eurisotop) were also used as received. Benzoyl peroxide 

(BPO) was purchased from Sigma-Aldrich and recrystallized from acetone/ethanol at -80°C. 

After filtration and washings (3 times with cold ethanol), the white solid was dried under 

vacuum. Vinyl acetate (Sigma-Aldrich) was dried on CaH2 overnight, distilled under static 

vacuum and stored under argon. Reagent grade (99.5%) acetone, ethanol, pentane and 

diethylether were purchased from Sigma-Aldrich and tetrahydrofuran (≥99.9%) was 

purchased from Carlo Erba. All solvents were purified by standard methods and distilled under 

argon prior to use except toluene, which was degassed and stored on molecular sieves (4 Å) 

from Fluka. Schiff-base cobalt(II) complexes 2.1-2.8 were synthesized according to the 

literature procedure.60, 96 The complex 3.1 was produced based on the paper published by 

Jacobsen et al.60 All of the aromatics peroxides percussors92 and the diacetyl peroxide93-95 

were prepared according to the literature.  

  

2. Characterizations 
 

NMR. The spectra were recorded on a Bruker Avance III 300 or 400 MHz spectrometer at 

ambient temperature. 1H and 13C chemical shifts (δ) are reported in ppm vs. SiMe4 and were 

determined with respect to the residual 1H solvent peaks as internal standard. 

 

UV-Visible. The analyses were made with a Perkin Elmer Lambda 950 spectrophotometer 

equipped with tungsten and deuterium sources, a double beam with double monochromator 

and a photodiode detector. 

 

EPR. The EPR spectrum was obtained at 4.13 K on an Elexsys E 500 Bruker spectrometer, 
operating at a microwave frequency of approximately 9.5 GHz, using a microwave power of 
20 mW across a sweep width of 150 mT (centered at 310 mT) with modulation amplitude of 
0.5 mT. 
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Cyclic voltammetry (CV) and square-wave voltammetry (SQW). experiments were carried out 

with an Autolab PGSTAT100 potentiostat (Metrohm) controlled by GPES 4.09 software. 

Experiments were carried out at room temperature in a homemade airtight three-electrode 

cell connected to a vacuum/argon line. The reference electrode consisted of a saturated 

calomel electrode (SCE) separated from the solution by a bridge compartment. The counter 

electrode was a platinum wire of ca. 1 cm² apparent surface. The working electrode was a 

platinum microdisk (0.5 mm diameter). The supporting electrolyte [n-Bu4N][PF6] (Sigma-

Aldrich, 99 % electrochemical grade) was dried and degassed under argon. CH2Cl2 was freshly 

purified on an Innovative PURESOLV system equipped with 4 Å MS columns prior to use. The 

solutions used during the electrochemical studies were typically 10-3 M in analyte and 0.1 M 

in supporting electrolyte. Before each measurement, the solutions were degassed by bubbling 

Ar and the working electrode was polished with a polishing machine (Presi P230). All 

electrochemical data are referenced versus ferrocenium/ferrocene (FcH+/FcH) couple by 

adding ferrocene (10-3 M) at the end of the experiments. 

 

GC-MS. The GC-MS investigation were carried out with a Shimadzu QP2010 Ultra equipped 

with a Phenomenex ZB-5MSplus column (0.25µm x 0.25mm x 30m). The experiments were 

conducted with the injection chamber at 250 °C at the ramp programme set at 50°C (constant 

for 1 min), then heating 20 °/min until 250 °C (then kept constant for 19 min).  

 

X-ray structure. A single crystal was mounted under inert perfluoropolyether on the tip of a 

glass fiber and cooled in the cryostream of a Rigaku Oxford Diffraction GEMINI EOS 

diffractometer. The structure was solved by the integrated space-group and crystal-structure 

determination SHELXt software and refined by least-squares procedures on F2 using SHELXl. 

All H atoms attached to carbon were introduced in the calculations at idealized positions and 

treated with the riding model. The drawing of the molecules was realized with the help of 

ORTEP32. Crystal data and refinement parameters are shown on the following part (Dr. Jean-

Claude DARAN).   

 

Calculation. The computational work was carried out using the Gaussian09 suite of programs.  

The geometry optimizations were performed without any symmetry constraint using BPW91* 

functional, which is a reparametrized version of B3PW91 with the same parameters previously 

optimized for B3LYP. This functional was chosen because it has provided the best results in 

our previous work on the energetics of CoIII-R bond cleavage processes. The 6-311G(d,p) basis 

functions was employed for all light atoms (H, C, N), whereas the Co atom was treated with 

the SDD basis set augmented by an f polarization function (α = 2.780). The effect of dispersion 

forces was considered by using Grimme’s D3 empirical method during the optimization 

process. The thermal corrections leading to the Gibbs energy (zero-point vibrational energy 

or ZPVE, PV, and TS) were obtained from the solution of the nuclear equation using the 

standard ideal gas and harmonic approximations at T = 298.15 K (25 °C) and 333.15 K (60 °C), 

which also verified the nature of all optimised geometries as local minima or first-order saddle 
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points. A correction of 1.95 kcal/mol was applied to all G values to change the standard state 

from the gas phase (1 atm) to solution (1 M) (Prof. Rinaldo POLI).   

 

3. Methods 
 

Schiff-base pro-ligands. The pro-ligands H2L1.1-1.9 were synthesized on the basis of the 

literature procedure 43, 44 The procedure is described in detail here only for H2L1.1. In a 250 mL 

two-neck round bottom flask with reflux condenser, (1R,2R)-(-)-1,2-diaminocyclohexane 

(0.975 g, 8.5 mmol, 1eq) was dissolved in 100 mL of absolute ethanol. The solution was heated 

at 80°C (reflux condition), and then a solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (4 

g, 17.1 mmol, 2 eq), previously dissolved in 50 mL of absolute ethanol, was added dropwise. 

The mixture was stirred 2 hours at 80°C, then cooled down to room temperature and then 

further to 0 °C with stirring for an additional 2 h. The formed yellow precipitate was isolated 

by filtration and dried under vacuum overnight, giving a yellow solid (3.94g, 85%). 1H NMR 

(400 MHz, CD2Cl2): δ (ppm) = 8.29 (2H, s, N=CH), 7.29 (2H, d, J = 2.5 Hz, Haromatic), 6.99 (2H, d, J 

= 2.5 Hz, Haromatic), 3.37-3.28 (2H, m, CH2 ), 1.97 (2H, d, J = 14.3 Hz, CH2), 1.88 (2H, d, J = 10.2 

Hz, CH2), 1.80-1.65 (2H, m, CH2), 1.52 residual water, 1.48 (2H, d, 3J = 9.8 Hz, CH2), 1.39 (18H, 

s, tBu), 1.28 (18H, s, tBu) (Figure S1).  

The other ligands were obtained following the same procedure from the appropriate diamine 

and aldehyde precursor.  

H2L1.2: Yield 85%. 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 8.40 (2H, s, N=CH), 7.36 (2H, d, J = 2.5 

Hz, CH aromatic), 7.09 (2H, d, J = 2.5 Hz, Haromatic), 3.92 (4H, s, 2xCH2), 1.52 residual water, 1.41 

(18H, s, tBu), 1.27 (18H, s, tBu)  (Figure S2). 

H2L1.3: Yield 76%. 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 8.66 (s, 2H), 7.46 (m, 2H), 7.26 (m, 2H), 

7.07 (d, J = 7.6 Hz, 2H), 6.79 (d, J = 7.7 Hz, 2H), 1.52 (s, 9H), 1.46 (s, 9H), 1.33 (d, J = 4.2 Hz, 

18H) (Figure S3). 

H2L1.5: Yield 84%. 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 8.36 (s, 2H, a), from 7.33 to 6.87 (m, 

8H, Haromatic), 3.50 (s, 4H, b), 1.54 residual water, 1.45 (s, 6H, c) (Figure S4). 

H2L1.6: Yield 83%. 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 8.32 (s, 2H, a), 7.41 (d, 2H, 4J = 2.5 Hz, 

b), 7.20 (d, 2H, 4J = 2.5 Hz, c), 4.00 (s, 4H, d), 1.54 residual water (Figure S5). 

H2L1.7: Yield 75%. 1H NMR (400 MHz, CDCl3): δ (ppm) = 8.18 (s, 2H, a), 7.36 (d, J = 2.5 Hz, 2H, 

b), 7.08 (d, J = 2.5 Hz, 2H, c), 3.44 – 3.25 (m, 2H, d), 1.93 (tt, J = 12.4, 2.9 Hz, 4H, e), 1.82 – 1.62 

(m, 2H, f), 1.59 – 1.41 (m, 2H, g), 1.56 residual water (Figure S6). 

H2L1.8: Yield 86%. 1H NMR (400 MHz, CD2Cl2): δ (ppm) = 8.30 (s, 2H, a), 7.42 (d, J = 2.5 Hz, 2H, 

b), 7.22 (d, J = 2.5 Hz, 2H, c), 3.59 – 3.53 (m, 4H, d), 1.09 (s, 6H, e) (Figure S7). 

H2L1.9: Yield 71%. 1H NMR (400 MHz, C6D6): δ (ppm) = 8.62 (s, 2H, a), 7.32 (m, 2H, b), 7.20 (m, 

2H, c), 6.69 (m, 4H, d), 6.86 (d, 2H, e), 3.90 (s, 6H, f) (Figure S8). 

 

Tripodal pro-ligand. The desired amine (0.048 mol, 1 eq) was added to a mixture of the phenol 

(0.096 mol, 2 eq) and formaldehyde (37% in H2O, 10 mL, 0.12 mol) in water/ethanol (70 + 30 

mL, respectively) at room temperature. The resulting reaction mixture was stirred for 18 h at 
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70 °C. After cooling the homogenous solution to 0 °C, a white solid corresponding to the 

desired pro-ligand precipitated. The white precipitate was filtered off, washed with cold 

ethanol (3 x 20 mL) and dried under vacuum.32, 97 Characterization data:  

H2L1.10: Yield 59%.  1H NMR (400 MHz, CDCl3): δ (ppm) 10.54 (s, 2H, OH), 8.71 (d, 1H, b), 7.69 

(td, 1H, c), 7.23 (m, 1H), 7.13 (d, 2H), 7.11 (d, 1H, f), 6.93 (d, 2H), 3.85 (s, 2H), 3.80 (d, 2H), 1.40 

(s, 18H), 1.29 (s, 18H).   

H2L1.11: Yield 58%.  1H NMR (400 MHz, CDCl3): δ (ppm) = 7.19 (d, J = 2.5 Hz, 2H), 6.86 (d, J = 6.0 

Hz, 2H), 3.63 (s, 4H), 2.59 (t, J = 6.0 Hz, 2H), 2.44 (t, J = 6.0 Hz, 2H), 2.35 (s, 6H), 1.77 (p, J = 5.7 

Hz, 2H), 1.39 (s, 18H), 1.27 (s, 18H) (Figure S9). 

H2L1.12: Yield 56%. 1H NMR (400 MHz, CDCl3) δ (ppm) = 7.19 (dd, J = 8.5, 2.5 Hz, 2H), 7.03 (d, J 

= 2.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 3.64 (s, 4H), 2.62 (t, J = 6.2 Hz, 2H), 2.51 – 2.47 (m, 2H), 

2.36 (s, 6H), 1.86 – 1.79 (m, 2H), 1.29 (s, 18H) (Figure S10). 

H2L1.13: Yield 61%.  1H NMR (400 MHz, CDCl3) δ 7.01 (d, J = 2.2 Hz, 2H), 6.73 (d, J = 2.3 Hz, 2H), 

3.63 (s, 4H), 2.51 – 2.45 (m, 2H), 2.24 (s, 6H), 1.62 (q, J = 7.4 Hz, 2H), 1.39 (s, 24H), 0.86 (t, J = 

7.3 Hz, 3H) (Figure S11). 

 

General procedure for the synthesis of Cobalt(II) Schiff bases complexes. A solution of cobalt 

acetate tetrahydrate (597 mg, 2.4 mmol) in methanol (8 mL) was prepared under argon 

(purple solution). Separately, the pro-ligand (2 mmol) was dissolved in 8 mL of DCM (yellow 

solution). The solution of the cobalt complex was added dropwise to the ligand solution via a 

purged syringe. The resulting mixture was stirred at room temperature for 15 min, followed 

by stirring for an additional 30 min at 0°C. The red precipitate was collected by filtration and 

washed twice with cold methanol.  

2.1: Red powder, yield 80%. MS (ESI, pos., m/z): found, 603.3; calculated, 603.34 g mol-1, 

(Figure S12-S13). 

2.2: Red powder, yield 94%. MS (ESI, pos., m/z): found, 549.3; calculated, 549.29 g mol-1, 

(Figure S14-S15). 

2.3: Dark brown powder, yield 18%. MS (ESI, pos., m/z): found, 597.3; calculated, 597.29 g 

mol-1, (Figure S16). 

2.5: Dark red powder, yield 93%. MS (ESI, pos., m/z): found, 367.1; calculated, 367.09 g mol-1, 

(Figure S17). 

2.6: Light brown powder: yield 77%. MS (ESI, pos., m/z): found, 460.9; calculated, 460.88 g 

mol-1, (Figure S18-S19). 

2.7: Red powder, yield 97%. MS (ESI, pos., m/z): found, 514.9; calculated, 514.93 g mol-1, 

(Figure S20). 

2.8: Red powder, yield 92%. MS (ESI, pos., m/z): found, 502.9; calculated, 502.93 g mol-1, 

(Figure S21). 

 

Synthesis of [CoIII(L1.1)(OAc)] (3.1). Based on paper published by Jacobsen et al.60 in 2004, the 

cobalt II acetate (177.08 g mol-1, 0.647g, 3.6 mmol, 1eq) and glacial acid acetic (60.05 g/mol, 

25 mL) was introduced in round bottom flask followed by addition of ligand (R,R)-Salen 
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previously synthesis (546.42 g mol-1, 2g, 3.6mmol, 1eq) at room temperature. The yellow, 

brown suspension tuned to the dark brown solution after few minutes of stirring. After 30min, 

air was bubbled into the solution during 3 hours and stolen stirring under air atmosphere 

overnight. The acid acetic was removed under vacuum. The crude product obtained was then 

solubilised in methanol (10 mL) followed by drop wise addition of water (same amount as 

methanol). A brown precipitate formed was collected by filtration and wash 3 times with 

water before dried under vacuum (12h). The pure product (R,R)-SalenCoOAc was collected as 

brown powder (2.16g).  

3.1. Yield 89 %. Chemical formula: C38H55CoN2O4. Molar mass: 662.35 g mol-1. Elemental 

analysis: calculated data (%): C 68.86, H 8.36, N 4.23; Found: C 65.79, H 8.22, N 3.95. 1H NMR 

(400 MHz, CD2Cl2): δ (ppm) = 7.47 (1H, s, N=CH), 7.34, 7.30, 7.25 (4H aromatics), 6.52 (1H, s, 

N=CH), 4.65 (1H, m, CH Cyclohexyl), 3.42 (residual MeOH and second CH cyclohexyl), 2.79 (2H, 

d, CH2 of Cy), 2.12 (residual acid acetic), 1.92 (2H, second CH2 of Cy), 1.68 (3H, s, CH3 of OAc), 

1.49-1.36-1.32-1.25 (36H, s, 4x tBu), 1.56 and 1.61 (2xCH2 of Cy). 

 

Synthesis of [CoIII(L1.10)(OAc)] (3.2). Solid [Co(OAc)2] (32.5 mg, 0.18 mmol) was added in one 

portion to a solution of pro-ligand H2L1.10 (100 mg, 0.18 mmol) and excess of NEt3 (0.5 mL) in 

a 2:1 mixture of MeOH/CHCl3 (30 mL) at room temperature. The resulting mixture was stirred 

at room temperature in air during 24 h. The crude product obtained after removal of the 

volatiles was recrystallized from CHCl3, leading to complex 3.2 as a dark red powder (75.2 mg, 

62%). Suitable crystals for the X-ray diffraction analysis were grown by slow diffusion of 

pentane into a saturated CHCl3 solution of 3.2 over a week at room temperature. Anal. Calcd. 

for C38H53CoN2O4 (660.79): C, 69.07; H, 8.08; N, 4.24. Found: 68.79; H, 8.30; N, 4.34. FTIR: 

νmax(solid)/cm-1: 2950br, 1602w, 1515w, 1470vs, 1443s, 1411s, 1361m, 1277s, 1238m, 1203m, 

1167m, 1130w, 1059w, 950w, 914w, 875w, 835m, 805w, 763s, 748m, 688vs, 625m, 554m, 

496s, 438m. MS (ESI): m/z 601.3 [M - OAc]+. UV-Vis: λmax(toluene)/nm: 428 (ε/dm3 mol-1 cm-1: 

2687). 1H NMR (400 MHz, CDCl3): δ (ppm) 8.55 (d, 3J = 5.7 Hz, 1H, Harom, Py), 7.39 (t, 3J = 7.7 Hz, 

1H, Harom, Py), 6.99 (t, 3J = 6.7 Hz, 1H, Harom, Py), 6.94 (d, 4J = 2.5 Hz, 2H, Harom, Phenol), 6.79 (d, 
4J = 2.5 Hz, 2H, Harom, Phenol), 6.63 (d, 3J = 7.9 Hz, 1H, Harom, Py), 4.59 (d, 2J = 13.3 Hz, 2H, CH2), 

3.97 (s, 2H, CH2), 3.06 (d, 2J = 13.2 Hz, 2H, CH2), 1.95 (s, 3H, OC(CH3)O), 1.31 (s, 18H, tBu), 1.20 

(s, 18H, tBu). 13C98 NMR (101 MHz, CDCl3): δ (ppm) 191.75 (OC(CH3)O), 163.28 (Cquat), 163.11 

(Cquat), 151.41 (CHarom, Py), 140.87 (Cquat), 138.02 (CHarom, Py), 135.97 (Cquat), 123.72 (CHarom, 

Phenol), 123.48 (CHarom, Phenol), 121.87 (CHarom, Py), 119.57 (Cquat), 118.75 (CHarom, Py), 64.69 

(NCH2Phenol), 63.21 (NCH2Py), 35.53 (C(CH3)3), 34.03 (C(CH3)3), 31.87 (C(CH3)3), 30.06 

(C(CH3)3), 23.97 (OC(CH3)O). 

 

Synthesis of CoIII(L1.4)(OBz)] (3.3). In the glove box, 651 mg (1 mmol) of complex 2.4 was 

dissolved in 70 mL of toluene. The solution was placed in the ice bath and 200 mg (0.826 mmol 

L-1) of BPO was added. The resulting solution was stirred for two hours and the volatiles were 

then evaporated to dryness under vacuum. The dark brown solid was washed 2 times with 

pentane and dried overnight under vacuum and collect the resulting brown powder. Yield 
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76%. Elemental analysis: Calcd. C, 70.77; H, 8.06; N, 3.98. Found: C, 70.90; H, 8.53; N, 3.79. 1H 

NMR (400 MHz, CDCl3): δ (ppm): 7.99 (d, J = 6.8 Hz, 2H, a), 7.62 and 7.37 (d, J = 2.6 Hz, 1H, b 

and b’), 7.02 (dd, J = 8.7, 2.6 Hz, 2H, c), 1.71, 1.42, 1.40 and 1.33 (s, 9H, 4xtBu), 6.94 (t, J = 3.8 

Hz, 2H, g), 6.86 (t, J = 7.5 Hz, 2H, f), 6.64 (s, 1H, h), 4.67 (d, 1H, J=11.1Hz, d), 2.77 (m, 2H, d), 

2.33 (d, 1H, J=13.2Hz, d), 0.67 (s, 3H, e), 0.42 (s, 3H, e).13C NMR (400 MHz, C6D6): δ (ppm) 

187.37 (Cquat of the carboxylate, f), 168.07 and 167.03 (-CH=N, a), the signals at 166.57, 163.51, 

144.76, 142.94, 136.66, 125.70, 122.92, 121.46 and 136.10 (Cquat), 132.70, 130.06, 129.56, 

129.33, 128.64, 127.05 and 126.63 (CHaromatic), 69.84 and 69.56 (-CH2-N, d), 36.33, 35.73, 

35.46, 34.15 and 33.98 (Cquat of -tBu), 31.84, 31.69, 30.37 and 30.29 (Cmethyl -tBu), 25.46 (-CH3, 

e), 23.40 (-CH3 amine bridge), 21.44 (Cquat of amine bridge). 

 

Synthesis of CoIII(L1.4)( O2CC6H4-p-OMe)] (3.4). The procedure used to obtain this compound 

was identical to that described in the previous section for 3.3. The product, however, was 

obtained in low yields (12%) and was not very pure. 1H NMR (400 MHz, C6D6), δ (ppm) = 8.00 

(d, J = 8.9 Hz, 2H), 7.63 (d, J = 2.6 Hz, 1H), 7.37 (d, J = 2.6 Hz, 1H), 7.04 (d, J = 2.6 Hz, 1H), 7.02 

(dd, J = 5.5, 1.9 Hz, 1H), 6.95 (d, J = 4.2 Hz, 1H), 6.68 (s, 1H), 6.46 (d, J = 9.0 Hz, 2H), 4.71 (d, J 

= 10.5 Hz, 1H), 2.98 (s, 3H), 2.81 (s, 2H), 2.38 (s, 1H), 1.75 (s, 8H), 1.43 (s, 8H), 1.40 (s, 8H), 1.34 

(s, 10H), 0.68 (s, 3H), 0.43 (s, 3H).  

 

General procedure for the synthesis of substituted Benzoyl peroxides.92 In a round bottom 

flask, the desired carboxylic acid (32.8 mmol) was dissolved in dichloromethane (100 mL) and 

the resulting solution was placed in ice bath. A few drops of DMF were added, followed by the 

dropwise addition of oxalyl chloride (34.5 mmol). The resulting mixture was stirred until no 

more gas evolved, then the solvent was completely removed by evaporation under reduced 

pressure. The produced acid chloride was dissolved in diethyl ether (10 mL) and the resulting 

solution was placed in an ice bath. A hydrogen peroxide solution (35 wt. % in H2O, 15 mmol) 

was added dropwise over 10 min. This was followed by the dropwise addition of an aqueous 

solution of NaOH (32.8 mmol) over 20 min. The resulting white precipitate was collected by 

filtration. After washing with water (2 × 10 mL) and diethyl ether (2 × 10 mL), the solid was 

crystallized first from a cold acetone / water mixture (1:3 v/v), then recrystallized from 

acetone/ethanol (1H NMR spectra in Figure S26-S29).  

Bis(p-nitrobenzoyl) peroxide. was obtained as white powder (Yield 81%). 1H NMR (400MHz, 

CD2Cl2): δ 8.40 (d, J = 9.0 Hz, 2H), 8.28 (d, J = 9.0 Hz, 2H) (Figure S26). 

Bis(p-tert-butylbenzoyl) peroxide. The product was obtained as white powder (Yield 72%). 1H 

NMR (400MHz, CD2Cl2): δ 8.00 (d, J = 9.1 Hz, 2H), 7.57 (d, J = 9.0 Hz, 2H), 3.89 (s, 9H) (Figure 

S27). 

Bis(o-nitrobenzoyl) peroxide. The product was obtained as with powder (Yield 78%). 1H NMR 

(400MHz, CD2Cl2): δ 8.23 (d, J = 8.1 Hz, 1H), 7.87 (m, 3H) (Figure S28). 

Bis(p-methoxybenzoyl) peroxide. The product was obtained as with powder (Yield 80%). 1H 

NMR (400MHz, CD2Cl2): δ 8.00 (d, J = 9.1 Hz, 2H), 7.00 (d, J = 9.0 Hz, 2H), 3.89 (s, 3H) (Figure 

S28). 
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Synthesis of diacetyl peroxide. Based on the literature of 60’s,93-95 In round bottom flask the 

5g (0.0489mol) of anhydride acetic, 2.54g (0.0326mol) of sodium peroxide and 50mL of cold 

ether were added. Under stirring in ice bath, the cold water was added dropwise until full 

decomposition of sodium peroxide. Stirred vigorously over 10min after the end of water 

addition. After that, using separating funnel to isolate the organic phase. Dried under vacuum 

and collect a pure white powder (1.447g), yield = 37% (Figure S30) 

 

Synthesis of [Co(acac)2(O2CPh)] (3.6). In a round-bottom flask under argon, [Co(acac)2] (0.5 g, 

1.94 mmol) was dissolved in 30 mL of toluene to yield a pink solution. A separately prepared 

solution of BPO (0.351 g, 1.45 mmol) in 2 mL of toluene was then injected into the complex 

solution, resulting in an instantaneous colour change to dark green. After 2 hours of stirring 

at room temperature, the solvent was removed by evaporation under reduced pressure. The 

resulting crude product was washed with diethyl ether (25 mL) and pentane (2x25 mL), then 

filtered and dried. Yield 0.44 g (60 %). Elemental analysis: theoretical values for C17H19CoO6 

(378.27 g mol-1): C, 53.98; H, 5.06 %. Found: C, 53.22; H, 4.39 %. 1H NMR (δ/ppm, 400 MHz, 

C6D6): 8.22 (2H, d, CH ortho), 6.94 (1H, tt, CH para), 6.84 (2H, t, CH meta) aromatic protons, 

5.28 (2H, s, 2xCH acetylacetonate), 2.04 (6H, s, 2xCH3 acetylacetonate) and 1.78 (6H, s, 2xCH3 

acetylacetonate). 

 

Synthesis of [CoIII(acac)2(O2CAr)] (3.7-3.12). These complexes were prepared following the 

same procedure presented before for 3.6, except that the reaction was carried out in cold 

toluene (ice bath).    

Characterization data:  

3.7: Yield 45%. 1H NMR (400 MHz, C6D6) δ (ppm) = 8.20 (s, 2H, a), 6.40 (s, 3H, b), 5.30 (s, 2H, 

c), 2.99 (s, 4H, d), 2.04 and 1.81 (s, 6H, e, e’) (Figure S31). 

3.8: Yield 45%. 1H NMR (400 MHz, C6D6) δ (ppm) = 8.19 (s, 2H, a), 8.04 (s, 2H, b), 5.30 (s, 2H, 

c), 2.06 and 1.81 (s, 2x6H, d and d’), 1.06 (s, 6H, ?), 1.01 (s, 8H, tBu) (Figure S32). 

3.9: Yield 45%. 1H NMR (400 MHz, CDCl3) δ (ppm) = 7.41 (s, 2H), 6.28 (s, 2H), 4.71 (s, 2H), 1.48 

(s, 6H), 1.17 (s, 7H) (Figure S33). 

3.10: Yield 45%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.00 (s, 1H), 7.90 (s, 1H), 7.73 (s, 2H), 

5.73 (s, 1H), 5.53 (s, 1H), 2.36 (s, 6H), 2.19 (s, 3H), 2.02 (s, 3H) (Figure S34).  

3.11: Yield 5%. 1H NMR (400 MHz, C6D6): δ (ppm) = 5.27 (s, 2H), 2.13 (s, 6H), 1.73 (s, 6H), 1.53 

(s, 3H). 

3.12. Yield 47%. 1H NMR (400 MHz, C6D6): δ (ppm) = 5.29 (s, 1H), 2.17 (s, 3H), 2.07 (s, 2H), 2.04 

(d, J = 4.7 Hz, 2H), 1.95 (s, 4H), 1.75 (s, 2H), 1.58 (s, 3H), 1.29 (s, 18H), 0.94 (s, 3H) (Figure S36).  
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Chapter 3 collects the results of the polymerizations carried out under the OMRP or ROP 

approaches with both the already known and the new complexes. A few tests of the 

polymerization switch from OMRP to ROP and from ROP to OMRP, without chemical 

modification between the first and second block synthesis, are also presented.   
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I. Introduction and strategy  
 

This chapter highlights polymerization processes carried out in the presence of cobalt 

complexes that follow either a radical pathway or a coordination/insertion mechanism (ROP). 

The concept and mechanism of both polymerization techniques have already been described 

in the bibliographic chapter. The aim, here, is to show the diverse reactivity of the various 

complexes that we have synthesized and described in Chapter II and to discuss the efficiency 

of these complexes for the initiation and moderation of polymerizations the proceed by both 

the radical and the coordination/insertion mechanisms. 

As a reminder, the complexes highlighted in Chapter II were designed to fulfil the various 

objectives of this thesis work, namely to unite in the same metal complex the ability to directly 

initiate and control both OMRP and ROP processes, as well as to be able to switch from one 

mechanism to the other one (Scheme I-1).    

 

 
Scheme I-1: Use of cobalt alkoxide for direct initiation and controlled polymerization of vinyl 

monomers (OMRP) and cyclic esters (ROP). 
 

The present chapter will be divided into three major parts. The first one deals with the direct 

initiation of the controlled radical polymerization of vinyl monomers. Cobalt complexes 

designed for more and less activated monomers (MAMs and LAMs) will be highlighted in 

separate subsections. In this part, we will debate about the initiation efficiency, the control 

and also the potential generation of block copolymers where each block is produced by a 

radical pathway. Then, a second part will be dedicated to the ring opening polymerization of 

cyclic ester (mostly L-LA and Ꜫ-CL) by the coordination/insertion mechanism. The aim of this 

study is to learn whether the polarizability of the cobalt-alkoxide bond is sufficient to induce 

a nucleophilic attack.  

In the last part of this chapter, attempts to achieve a mechanism switch in a one-pot 

polymerization process, aimed at developing original polymer architectures such as block 

copolymer, will be described. Namely, these cobalt complexes will be used as initiators and 

moderators for the polymerization of a first monomer to provide the first block by either 

OMRP or ROP, then a reactivity switch of the cobalt chain end in the macroinitiator will be 

probed, aiming at the formation of the second block and achieving original polymers of type 
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OMRP-b-ROP or ROP-b-OMRP. In comparison to previously reported block copolymers that 

were obtained by a mechanistic switch,1-5 the processes described here should permit to 

achieve this target without any chemical modification between the two polymerizations and 

without the need of additional co-agents.  

 

 
Scheme I-2: Strategy targeting for the unique metal complex perform both OMRP (green), 

ROP (red) and switch (purple) from one to the other.  
 

The species that enable the switch in each direction (i.e. OMRP to ROP and ROP to OMRP) 

are different. In fact, the chain end produced by OMRP (green in Scheme I-2) is a cobalt-alkyl 

species. In order to switch to a ROP process, a vacant site is required for the carbonyl approach 

and the alkyl chain must be sufficiently nucleophilic to undergo the migratory insertion 

process. In the opposite direction, the chain end produced by ROP (red in Scheme I-2) is a 

cobalt-alkoxide species, which must be able to homolytically cleave for the switch (purple). As 

an outlook, we will debate about biodegradability, which represents an important 

environmental and societal issue, and about possible new directions for this project.   
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II. Radical polymerization (OMRP)  
 

This section will feature radical polymerizations carried out in the presence of the complexes 

synthesized and characterized in Chapter I. The section is organized on the basis of the ligand 

architecture. A first part deals with the complexes supported by a (N2,O2) ligand and the 

second one reports processes carried out with complexes supported by a fully O-based 

coordination sphere. The aim is to probe the ability of these compounds to generate a primary 

radical and start the polymerization and to see whether we they can successfully moderate 

the polymerization of a variety of monomers.    

 

1. (N2,O2)-Cobalt(III) complexes for the polymerization of MAMs  
 

This part will be subdivided into three part, corresponding to each (N2,O2)-cobalt complex 

described in the previous chapter. The first two sections are dedicated to the acetate 

complexes (3.1 and 3.2) with, respectively, the 1,2-diaminocyclohexane Schiff base ligand 

(H2L1.1) and the aminopyridinebis(phenolate) tripodal ligand (H2L1.10). The last part  deals wirth 

the Schiff base (H2L1.4) benzoate complex (3.3).  

 

a. Complex [CoIII(L1.1)(OAc)] 

 

The radical polymerization tests with complex 3.1 were initiated by Jirong Wang, PhD student 

in our team (2018/2019) and by Sophie McGee-Renedo, master 2 internship, 2020.  

 

i. Methyl methacrylate polymerization (previous work)  

 

The polymerization of MMA was carried out at 60°C in bulk. Figure II-1-a highlights the 

monomer conversion as a function of time. As is quite evident, a rapid polymerization 

occurred, reaching over 70% monomer conversion in about 6 h, proving that this cobalt 

complex is able to produce primary radicals that initiate the MMA polymerization. The radical 

character of the reaction was shown by a parallel TEMPO quenching experiment: the 

conversion stopped after TEMPO (a radical trap) was added 2 h after the start of the reaction.  
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Figure II-1: MMA polymerization: a) Progression of the conversion as function of time and 
TEMPO quenching; b) Evolution of the molar masses and dispersity vs. conversion. 

Conditions: [Co]/[M]=1/200, in bulk at 60°C. 
 

However, as shown in  Figure II-1-b, the Mn decreases when the conversion increases and 

the dispersity increases, perhaps because of catalytic chain transfer (CCT) as an interfering 

process.6 The polymerization was also tested at lower temperature (40°C), but the same 

phenomena were observed as shown in Figure S1. Indeed, a MALDI-TOF-MS analysis of the 

polymer confirmed that the dominant family of macromolecules have the expected chain ends 

for catalytic chain transfer (Figure II-2). 

 

 

 

Figure II-2: MALDI-TOF mass spectrum recorded for the PMMA obtained by the 3.1-initiated 
polymerization, using a dithranol/NaI matrix (left), CTT process (right).  

 

These results highlight the ability of complex 3.1 to generate primary radicals and start the 

polymerization. However, in the case of MMA, the tertiary radical has a strong tendency to 

undergo the CCT reaction. It is useful to underline that, although CCT is an unwanted side 

reaction for our objectives, it is useful for specific applications.7  
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ii. Methyl acrylate polymerization 

  

Although MMA shows a strong interference of the CCT reaction, an investigation was also 

carried out using MA, which gives a secondary radical, for which the CCT process is well-known 

to be less favoured. Interestingly, no bulk polymerization occurred at the same temperatures 

where MMA is polymerized rapidly, e.g. 40°C. On the other hand, a slow polymerization 

process occurred at 70°C, see Figure II-3-a.  

 

 
Scheme II-1: Methyl acrylate radical polymerization mediated with 3.1.  

 

a)  b)
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Figure II-3: a) Conversion vs. time, b) GPC traces.   
 

The MA polymerization started rather slowly but then increased in rate after ca. 6 h and 

achieved 60% of conversion in 15 hours. The TEMPO quenching experiment highlighted once 

again the radical nature of the reaction, as for the polymerization of MMA. In this case, the 

molar mass distribution shown by the GPC analysis (Figure II-3-b) shifts toward higher Mn at 

higher conversions, suggesting a moderating role of the metal complex in OMRP.   

 



Chapter III – Polymerization processes 
 

  
134 

0 10 20 30 40 50 60
0

10000

20000

30000

40000  Mn
Exp 

 Ð
 Mn

Th

Conversion %

M
n 

(g
 m

ol
-1

)

1

2

3

 Ð

 
Figure II-4: Evolution of the Mn and Ð Vs. Conv. 

 

The plot of Mn as a function of conversion (Figure II-4) shows an approximately linear 

increase, while the polymer dispersity remains relatively narrow (≤ 1.31). However, the 

experimental molar masses are higher than the theoretical values shown by the straight black 

line. This deviation reflects a low efficiency factor (ca. 30%) for the initiation by complex 3.2.  

Thus, only ca. 30% of the complex present in the medium undergoes the homolytic cleavage 

required to start the macromolecular chain growth.   

These experimental observations confirm the prediction of the DFT calculations described 

in chapter II, Figure II-9. As a reminder, the computed CoIII-X homolytic bond strengths (ΔG) 

are 20.5 kcal mol-1 (X = carbomethoxyethyl, PMA model) and 15.1 kcal mol-1 (X = 

carbomethoxyisopropyl, PMMA model). Both values are lower than the computed strength of 

the CoIII-OAc bond (ΔGCo-OAc = 25.1 kcal mol-1). This confirms the stronger aptitude of the metal 

complex to trap the PMA radicals and control the chain growth, whereas the bond with the 

PMMA radical is too weak, opening the way to a greater impact of CCT. On the other hand, 

the greater strength of the CoIII-OAc bond results in slow initiation and thus in a low efficiency 

factor. The initiation rate must obviously be the same, at the same temperature, for the two 

polymerizations, but the MA polymerization does not significantly occur at a lower 

temperature because, after converting complex 3.1 to [(L1.1)CoIIICH(COOMe)CH2OAc] by the 

first monomer insertion, the homolytic bond cleavage of this bond requires greater thermal 

activation to observe a significant polymerization rate. 

The polymerization of styrene was also tested. While a polymerization did take place, the 

control of this reaction appears quite bad, with polymer dispersities above 1.5 (Figure S2) and 

Mn decreased with conversion, suggesting a possible intervention of CCT. Finally, a 

polymerization test with vinyl acetate (VAc) did not lead to any polymer (Table II-1), even at 

high temperatures, as expected because the CoIII-CH(OAc)CH2X product of the first monomer 

insertion (X = primary radical generated from complex 3.2) is too strong (ΔGVAc = 26.2 kcal mol-

1 > ΔGCo-OAc = 25.1 kcal mol-1).  
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Table II-1: Summaries of the MAMs polymerization reaction mediated with 3.1.a  

Monomer T. (°C) Time (h) Conv. (%)b Mn
Exp (g/mol)c Mn

Th (g mol-1)d Ðc 

MMA 
40 24 22 4 535 4650 1.41 

60 6 70 2 500 14 000 1.59 

70 4 74 1 700 13 200 1.15 

MA 

60 20 0 No polymerization occurs  

70 15 63 39 000 12 000 1.23 

80 19 77 29 000 13 000 2.05 

St 
60 17 14 7 291 3 400 1.61 

70 63 28 6 827 14 000 1.50 

VAc 
70 50 0 

No polymerization occurs 
70 40 0 

aConditions: [M]/[Co] = 200/1 in bulk, under argon. bConversion calculated by gravimetry, cDetermined from the 

GPC analysis with THF as eluent by using polystyrene standards. dCalculated according to the conversion and 

molar masses of the monomers. 

 

iii. Chain end investigation  

 

Mechanistic considerations bring us to the question of the primary radical structure. To 

confirm that AcO• is the primary radical initiating the polymerization, its presence at the chain-

end position must be demonstrated. To this end, the recovered polymer sample was 

quenched with tributyl tin (TBT), which is able to replace the metal complex at the chain-end 

position with a hydrogen atom (in red in Figure II-5).   

 

 
Figure II-5: tributyl tin (TBT) quenching reaction.  

 

The MALDI-ToF mass spectrum of the resulting sample highlights two isotopic envelopes 

with 86.1 g mol-1 between subsequent peaks, which confirms the PMA production (Figure II-6). 

The most abundant envelope (highlighted in blue in the expansion of the spectrum) has m/z 

values consistent with the presence of a hydrogen atom at each terminal position and sodium 

as cationizing agent from the matrix. There is a good match between the experimental and 

simulated isotopic distributions, showing that this envelope corresponds to a single 

population. The minor envelope (highlighted in orange) is in fact the overlap of two 

populations, one of which has again H atoms at both chain end and potassium as cationizing 

agent, whereas the second one has an H atom at one chain end and a methyl group at the 

other one. For all populations, the presence of one H chain-end is expected to result from the 

TBT quenching process. The presence of a second H chain end suggests that the MA 

polymerization, like that of MMA, is also affected by a significant contribution of CCT. The Me 

group at the second chain-end for one minor population suggests rapid decarboxylation of the 

acetate radical before addition to the first monomer to start the chain propagation. This result 
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permits us to confirm that the polymerization is initiated by the CoIII-OAc bond homolytic 

cleavage. 

 

a)

 

b) 

 
Figure II-6: Chain-end investigation for the PMA obtained by initiation with complex 3.1: a) 

Maldi-ToF spectrum (left) and b) simulation of the different populations (right).   
 

A chain extension experiment was also carried out to confirm the presence of the metal 

complex at one chain end. To that end, a PMA macroinitiator was first prepared as described 

above and then reactivated at 70 °C in the presence of butyl acrylate (BA) with a molar 

BA/macroinitiator ratio of 200/1 of to yield the PMA-b-PBA block copolymer (Figure II-7). 

 

 
Figure II-7: Block copolymer synthesis (Co-PBA-b-PMA-Me). 

  

The polymer synthesis was followed by GPC, as shown in Figure II-8. The PMA-CoIII(L1.1) 

macroinitiator shows a monomodal distribution (blue signal) with Mn = 5 100 g mol-1. After 

chain extension, the molar mass distribution shifts to 29 200 g mol-1 (orange signal) and 

remains monomodal, although with an evident tailing at low molar masses, while the signal 

of the starting PMA macroinitiator disappears. This result confirms the occurrence of chain 

extension, rather than homopolymerization of BA.  

 



Chapter III – Polymerization processes 

 
137 
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R. Time (min)

 PMA 
 PMA-b-PBA

Mn = 5 100 g mol-1

Ð = 1.18

Mn = 29 200 g mol-1

Ð = 1.48

 
Figure II-8: GPC investigation of the PMA-CoIII(L1.1 ) chain extension with BA. 

 

To conclude about this system, it is possible to use the acetate complex 3.2 as a 

unimolecular initiator for the polymerization of MAMs (MMA, MA and St), but the 

polymerization of LAMs is inhibited (as expected). Although polymerizations occur with MMA 

and St, they are not controlled and the polymer analyses suggest the contribution of CCT. The 

polymerization of MA, on the other hand, follows an OMRP mechanism of controlled chain 

growth, even though the efficiency factor of the initiation step is low.  

 

b. Complex [CoIII(L1.10)(OAc)] 

 

Based on previous work in our team, as highlighted in previous chapters, we have extended 

the library of tripodal cobalt complexes to install acetate in place of acetylacetonate (complex 

3.2), hoping to improve the initiation system.8 

  

 
Figure II-9: Tripodal cobalt (III) acac or acetate (R0 fragment) structures.8 

 

Unfortunately, after several polymerization tests at various temperatures, no 

polymerization was ever observed in the presence of either MA or MMA. Consequently, this 

system was abandoned to concentrate on other complexes, for which preliminary tests were 

much more promising.  
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c. Complex [CoIII(L1.4)(OBz)] 

 

As shown in section a, it is possible to initiate a radical polymerization using the cobalt acetate 

complex 3.1, and the MA polymerization is relatively well-controlled by the moderating action 

of the associated [CoII(L1.4)] complex released in the medium. It was thus of interest to verify 

the potential of other Schiff-base cobalt systems as unimolecular initiators/moderating 

agents. In the present section, the results obtained by using the new cobalt(III) benzoate 

complex 3.3 are reported and discussed. 

 

 
Figure II-10: Radical polymerization test initiated and mediated with complex 3.3. 

 

A polymerization test with MA was initially carried out at the same temperature (70°C) as 

with complex 3.1 (Table II-2, entry 1). However, no significant polymerization was observed. 

The same outcome was given after raising the temperature to 80 °C (entry 2). A slow 

polymerization, on the other hand, occurred, at 90 °C, yielding a 19% conversion in 20 h. The 

polymerization of MMA, which yields a chain radical that forms a weaker bond with the metal, 

is also slow at 90°C (Table II-2, entry 4), with only 5% conversion after 16 h.  In addition, the 

control appears bad, because much higher molar masses (260 and 76 kg mol-1) than the 

theoretical values and broad dispersities (1.57 and 1.84) were obtained for MA and MMA, 

respectively (Figure II-11).  

 

a) 
10 12 14 16

R. Time (min)

 PMA

Mn = 260 000 g mol-1

Đ = 1.57

b) 
12 14 16 18

R. Time (min)

 PMMA

Mn = 76 700 g mol-1

Đ = 1.84

 

Figure II-11: GPC analyses of the polymers obtained with initiation by complex 3.3 at 90°C: a) 
PMA (20 h), b) PMMA (16 h). 
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These results suggest two things. First, the initiation step is very slow, namely the CoIII-

benzoate bond in 3.3 is stronger than the CoIII-acetate bond in 3.1. Secondly, the generated 

CoII complex from 3.3, containing the 2,2-dimethyl-1,3-propanediamine-tethered Schiff-base, 

is less able to trap the growing radical chain to exert the desired control, relative to the CoII 

complex with the trans-1,2-cyclohexanediamine-tethered Schiff-base generated from 3.1, 

although the temperature difference between the two polymerizations (70°C with 3.1, 90°C 

with 3.3) may also rationalize the decreased moderating ability in the present system.   

 

Table II-2: Summaries of MAMs radical polymerization test with 3.3.a 

Entry Monomer 
Ratio 

[Co]/[M] 
Temp. 

(°C) 
Time 
(h) 

Conv 
(%)b 

Mn
Exp  

(g mol-1) c 
Mn

Th  

(g mol-1)d 
Đc 

1 MA 1/400 70 65 - - - - 
2 MA 1/300 80 20 - - - - 
3 MA 1/400 90 20 19 260 000 3 900 1.57 

4 MMA 1/300 90 16 5 76 700 1 700 1.84 

4 St 1/300 90 16 47 396 600 10 100 1.59 
5 St 1/300 80 2 3 300 000 900 1.76 
6 St 1/300 60 3 8 351 0000 2 400 1.54 
7 St 1/300 40 0 - - - - 

8 VAc 1/400 90 24 - -  - 
aConditions: bulk polymerization under argon. bConversion calculated by gravimetry, cDetermined by GPC analysis 

with THF as eluent, by using polystyrene standards. dCalculated according to the conversion and molar masses of 

the monomers. 

 

For styrene, the polymerization is a bit faster, but it also seems uncontrolled because, once 

again, much higher molar masses and broad dispersities were obtained under different 

conditions (Table II-2, entries 5-7). Moreover, the kinetic polymerization at 80°C revealed that 

the molar masses decrease with time and the dispersity increases, suggesting a possible 

contribution of CCT (Figure II-12-b). Another test carried out at 40°C did not produce any 

polymer (Table II-2, entry 6). 

 

a) 
11 12 13 14 15

R. Time (min)

 PS  

Mn = 396 000 g mol-1

Đ = 1.59

b)
10 12 14 16

Mn = 300 000 g mol-1

Đ = 1.76

R. Time (min)

 2h
 8.5h
 28h

 

Figure II-12: Chromatograms of St polymerization obtained a) at 90°C and b) 80°C.  
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Finally, no polymerization was observed for VAc, as might have been anticipated on the 

basis of the literature and of the previous results with 3.1. All these results suggest that 

complex 3.3 is indeed able to generate a primary radical by homolytic cleavage. However, 

there is no control for the investigated monomers under the employed conditions, which 

suggest that the trapping efficiency of the generated CoII species is insufficient under these 

conditions. 

The polymerization control should in principle be improved when a certain molar fraction 

of the moderating system (i.e. the [CoII(L1.4)] complex in the presence case) is already present 

in the reaction mixture at the beginning of the polymerization. To check this, a new 

polymerization of styrene was run at 80°C in the presence of 0.25 equivalent of the 

corresponding cobalt(II) complex.  However, Figure II-13 reveals that high molar masses were 

again achieved very quickly, and Mn decreased while the dispersity increased at higher 

conversions.  

 

a) 
10 12 14 16

R. Time (min)

 4h
 8h
 28h
 35h

 

Figure II-13: a) Chromatograms of the St bulk polymerization (80°C) obtained with 
[CoIII]/[CoII]/[St]=1/0.25/300. 

 

2. Conclusion on the use of (N2,O2)-based complexes as 

initiating systems 
 

The cobalt(III) acetate complex 3.1 could be used to control the MA polymerization and also 

for a PMA-b-PBA block copolymer synthesis. Provided it is also efficient is ROP, this compound 

could be promising for the polymerization switch. Complex 3.2 based on the tripodal 

aminopyridinebis(phenolato) ligand was abandoned because no polymerization occurs under 

the tested conditions. Concerning 3.3, the investigations were limited because the primary 

radical generation by homolytic CoIII-benzoate bond cleavage proved more difficult, leading to 

poor results.  
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3. (O2,O2)-Cobalt(III) carboxylate complexes  
 

The cobalt(III) complexes with a fully O-based coordination sphere that have been used in this 

thesis for radical homopolymerization are based essentially on the new synthesis route 

described in chapter II from peroxides and bis(acetylacetonato)cobalt(II). These compounds 

are the most convenient initiation/moderation systems in terms of facile accessibility, number 

of synthesis step and price. The polymerization tests with these aryl and alkyl carboxylate 

complexes are reported in this section. 

 

a. Complex [CoIII(acac)2(O2Ph)] 
 

First of all, a study based on complex [CoIII(acac)2(O2Ph)] (3.6) (chapter II, Scheme III-1) was 

carried out, because this complex is easily synthesized and available in gram scale, allowing a 

large number of reaction and condition tests. To begin with, it is useful to see whether this 

species is capable to generate radicals in polymerization tests with MAMs. The [CoII(acac)2] 

complex, which is the putative moderator generated by the homolytic cleavage of the CoIII-

benzoate bond in 3.6, is an efficient moderator for the controlled polymerization of LAMs.9-12 

This means that the [(acac)2CoIII-polymer] bonds are weaker than the corresponding [(L)CoIII-

polymer] bonds (L = N2O2-based ligand such as a Schiff base). Therefore, a rapid 

polymerization of MAMs (e.g. St or MA), even if uncontrolled, would demonstrate the ability 

of 3.6 to rapidly generate primary radicals. 

 

i. Radical polymerization of MAMs 

 

As shown in Table II-3, the bulk polymerization of MA, BA and styrene is rapid at 30 °C. The 

conversions were 55% in 4 h for MA (entry 1), 90% in just 2 h for BA (entry 3) and 42% in 24 h 

for styrene (entry 5). The high rate of the BA polymerization is striking, considering that this 

test was conducted in the presence of a 25% molar fraction of [CoII(acac)2], which should slow 

down the process by displacing the activation/deactivation equilibrium. All these 

polymerizations occurred without any control, as shown by the high molar masses relative to 

the theoretical values and dispersities around 2, see the GPC traces in Figure II-14. The BA 

polymerization gave rise to a bimodal distribution.  
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Table II-3: Summary of the polymerization of MAMs initiated by 3.6.a  

Entry M [Co]/[M] 
Temp.  

(°C) 
Time  
(h) 

Conv  
(%)b 

Mn
Exp  

(g mol-1) c 

Mn
Th  

(g mol-1)e 
Đc 

1 MA 1/200 30 4 55 375 800 9 800 1.94 
2 MA 1/20 5 6 11 1 100 000 560 1.41 

3d BA 1/0.25/126 30 2 90 
Bimodale 
(780 000, 
13 500) 

15 000 
1.33 
2.08 

4 St 1/200 30 24 42 220 000 9 100 2.37 

5 NVP 1/200 30 4 76 300 000 17 200 11.1 
aConditions: bulk polymerization under argon. bConversion calculated by gravimetry, cDetermined by GPC analysis 

with THF as eluent by using polystyrene standards. d[CoIII]/[CoII]/[BA]=1/0.25/126. eCalculated according to the 

monomer molar masses. 

 

 

a) 
10 12 14 16

R. Time (min)  b) 
10 12 14

R. Time (min)  

c) 
10 12 14 16 18 20

R. Time (min)  d) 
10 12 14 16

R. Time (min)  

Figure II-14: GPC traces of the polymers of Table II-3 obtained with 3.6 as initiator: a) PMA 

(entry 1); b) PMA (entry 2); c) PBA (entry 3); d) PS (entry 4). 
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The MA polymerization was repeated at a lower temperature (5°C), aiming at slowing down 

the process and possibly improving its control (Table III-3, entry 2). The GPC result (Figure 

II-14b) reveals that the polymerization is uncontrolled even under these conditions, because 

the molar mass was even higher (over 1 million g mol-1) with a dispersity around 1.5. All these 

results suggest that complex 3.6 should be efficient for the initiation of a controlled 

polymerization of LAMs, because the initiation and the uncontrolled polymerization of MAMs 

demonstrates the efficient production of primary radicals at 30°C. We can therefore expect 

promising results for the controlled polymerization of vinyl acetate, as described in the 

literature.9-12  

 

ii. Radical polymerization of LAMs 

 

Before investigating the most promising monomer (VAc), a polymerization test was also 

conducted for 1-vinyl-2-pyrrolidinone (NVP), which yields a non-stabilized radical and is 

generally considered within the LAM family. A previous report shows that NVP can be 

reasonably well controlled by [CoII(acac)2] upon direct initiation by the organocobalt(III) 

complex [Co(acac)2-(CH(OAc)CH2)x-R0] with a short oligomeric PVAc chain (x ~ 4).13 However, 

the NVP polymerization with initiation by complex 3.6, like those described above for the 

MAMs, took place rapidly at 30 °C (Table II-3, entry 5) and was not controlled, see the GP trace 

in Figure II-15. 

8 10 12 14 16
R. Time (min)  

Figure II-15: GPC trace of PNVP (Table II-3, entry 5) obtained with 3.6 as initiator. 

 

Finally, a homopolymerization was carried out with vinyl acetate in bulk at 30°C, see Figure 

II-16. The polymerization rate for this monomer is slower than polymerization rate of the 

MAMs and of NVP, and also slower than that reported by Debuigne et al.14 for the same 

monomer, based on the reverse initiation system composed as the [CoII(acac)2] moderating 

complex with BPO as an external source of radicals. Nevertheless, a sustained polymerization 

occurs to reach a 60% conversion over 120 h, while a controlled chain growth is suggested by 

the shift of the GPC signal to higher molar masses at higher conversions (Figure II-16d) and 

the relatively low dispersities, at least initially. However, the molar masses versus conversion 
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plot (Figure II-16c) reveals the existence of three regimes during the polymerization process. 

During the first one, lasting for ca. 5 h, the average molar mass increases very quickly and 

takes much greater values than the theoretical ones, suggesting a low initiation efficiency. 

During the second regime (between ca. 5 and 40 h), the molar mass continues to increase with 

conversion, but at a much lower rate, while the dispersity increases. Finally, at very long 

reaction times the molar mass shows a tendency to decrease and to further broaden the 

distribution, as has also been previously observed for the [CoII(acac)2]-mediated VOAc 

polymerization in bulk beyond 40% conversion, due to high viscosity. The observed low 

efficiency for the initiation process means that only a low fraction of the complex generates 

the primary radicals able to start the polymerization and turns into metal-capped growing 

chains, hence explaining the slow polymerization process.  
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Figure II-16: Homopolymerization of vinyl acetate (VAc) initiated with 3.6 in bulk at 30°C, 

[Co]/[M] = 1/126, a) Kinetic plot, b) plot of conversion vs. Mn vs.  Ð. and c) Chromatograms 
obtained by GPC-THF with polystyrene calibration. 

  

Subsequent investigations aimed to optimize the system. First, a certain fraction of 

[CoII(acac)2] was added at the beginning of the polymerization (Figure II-17) to improve the 

control from the start of the reaction. Various [CoIII]/[CoII] ratios were tested from 0.1 to 1 (see 

Table II-4). 

 

Table II-4: Radical bulk homopolymerization of VAc initiated by complex 3.6 with various 
amount of [CoII(acac)2]a. 

Entry  [CoIII]/[CoII]  Time (h) Conv (%)b Mn
Exp (g mol-1)c Mn

th (g mol-1)d Đc  

1 1/0 58.7 40 57 957 4863 1.48 

2 1/0.1 55.6 38 46 727 4 568 1.22 

3 1/0.25 62.0 53 54 122 6 131 1.25 

4 1/0.5 48.0 39 52 804 4 646 1.24 

5 1/1 85.5 48 42 590 5002 1.22 
a[CoIII]/[CoII]/[VAc] = 1/X/126, bulk, 30°C, under argon. bDetermined by gravimetry. cDetermined by GPC with THF 

as eluent by using polystyrene standards. 
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As presented in Figure II-17, the addition of [CoII(acac)2] had an impact on the 

polymerization control, because, in its presence, the molar masses increased linearly with 

conversion along the same straight line throughout the polymerization process. Moreover, 

Table II-4 highlights a tendency to decrease Mn and especially Ð as the [CoII(acac)2] fraction 

increases, although the Mn values remain largely superior to the theoretical ones. Thus, the 

initiator efficiency remains low.  
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Figure II-17: Homopolymerization of vinylacetate (VAc) initated by cobalt(III) complex in bulk 

at 30°C, with X equivalent of cobalt(II): [CoIII]/[CoII]/[VAc] = 1/X/126, (a) Kinetic of VAc 
polymerization with X = 0 ( ), 0.10 ( ), 0.25 ( ), 0.5 ( ) or 1 ( ), (b) The corresponding plot of 

conversion vs. Mn vs.  Ð. 
 

The polymerization carried out with 1 equivalent of [CoII(acac)2] (Table II-4, entry 5 and 

Figure II-17) reveals a significant impact on the polymerization kinetics, probably because the 

high concentration of the trapping agent significantly shifts the activation/deactivation 

equilibrium toward the dormant species. On the other hand, the experiments with 0.1, 0.25 

and 0.5 equivalent of [CoII(acac)2] (Table II-4, entries 2-4) provide similar polymerization rates. 

However, the effect on the molar mass evolution (Figure II-17b) is minor.  The GPC traces of 

the polymer samples withdrawn from the reaction carried out with a [CoIII]/[CoII]/[VAc] ratio 

of 1/0.25/126 are shown in Figure II-18 (chromatograms and kinetic results with other 

[CoII(acac)2] fractions are presented in the Figures S3-4 and Table S1). The figure demonstrates 

the regular progression and narrow shape of the molecular weight distribution as the 

conversion increases. The bimodal shape of the signals is the result of the workup, because 

the same unquenched samples were used for the conversion determination by gravimetry, 

which was done in air, and for the GPC analyses. Thus, a certain fraction of terminations by 

coupling occurs during this work-up and lead to the appearance of the second distribution at 

double molar masses. The radical character of this reaction was demonstrated by a TEMPO 

quenching experiment, as shown in Figure II-18c. The conversion was stopped after the 

addition of the radical scavenger (black curve) while the GPC signal did not further evolve 

(Figure II-18d).  
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Figure II-18: [CoIII]/[CoII]/[VAc] = 1/0.25/126 ( ), (a) Chromatograms obtained by GPC (b) Plot 
of conversion vs. Mn vs.  Ð. (c) TEMPO quenching after 24h of reaction ( ), d) GPC traces 

obtained after addition of TEMPO in the polymerization medium. 
 

iii. Chain end investigation 

 

All our attempts to detect the compounds resulting from the benzoate radical decomposition 

(i.e. biphenyl and phenyl benzoate) by either NMR, or by the CaOH2 test for the rejection of 

CO2 were unsuccessful. However, the GC-MS experiment highlight the decomposition of the 

[CoIII(acac)2(O2CPh)] in C6D6 (Figure 19a) and reveals the formation of benzoic acid from 

PhC(O)O•. Conversely, the formation of phenyl radicals is evidenced by the formation of large 

amounts of toluene. This presumably results from abstraction of a methyl group from an acac 

ligand within the {[Co(acac)2],Ph•} radical pair. The other major peak in the GC is due to 

acetylacetone. 
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a)  

b)  
Figure II-19: a) GC-MS investigation of the decomposition of complex [CoIII(acac)2(O2CPh)] 

in C6D6: GC trace (for the MS characterization, see Figure S5, b) decomposition mechanism of 

[CoIII(acac)2(O2CPh)] in C6D6. 

 

In order to confirm the initiation mechanism, the chain ends of a PVAc sample obtained as 

shown in same condition as Table II-4, entry 3, with lower time of reaction (5h) were 

investigated by an ESI mass spectrometry experiment. The polymer sample was recovered 

without quenching in order to preserve the cobalt complex at the ω chain end the ESI 

technique was privileged for the analysis, because the MALDI-TOF injection mode results in 

metal loss. The presence of several populations is evident in the spectrum (Figure II-20), all of 

which are repeated at intervals of 86.09 g mol-1 m/z units, permitting to validate the presence 

of VAc repeating units.  
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Figure II-20: Expansion of the ESI-MS spectrum (positive mode, QToF – NaI) in the 1700-2020 

m/z range of polyvinylacetate (PVAc) obtained by initiation with complex 3.6. 
 

The six highest-intensity populations of the ESI-MS spectrum in Figure II-20 can be 

rationalized on the basis of the initiation and polymerization mechanism shown in Scheme II-

2. The simulation of the isotopic distribution for each population is given in Figure S6. The 

polymer chains are initiated by both phenyl and benzoate radicals. The Ph-initiated dormant 

chains are detected directly (Co(acac)2 ω-end with cationization by proton addition, 

population a). However, a more abundant population from these chains results from the 

hydrolytic cleavage (H ω-end, population b). The chains with a PhCOO α-end are hydrolysed 

under the ESI-MS analytical conditions, resulting in OH α-chain ends. Hence, after 

cationization by proton addition, chains with both Co(acac)2 (population c) and H (population 

d) at the ω-end are detected. The homolytic weakness of the PVAc-Co(acac)2 bond favours 

radical production during the polymer works up procedure, leading to terminated chains by 

combination, as also illustrated by the GPC results in Figure II-18. Thus, coupling of two 

PhCOO-initiated chains leads to population f; coupling of one PhCOO-initiated chain with one 

Ph-initiated chain leads to population e. Finally, coupling of two Ph-initiated chains should 

lead to a Ph-VAc2n-Ph population, which is not visible in the ESI-MA spectrum. We presume 

that this results from the reluctance of these chains to be cationized, presumably because of 

the more hydrophobic chain ends. 

 



Chapter III – Polymerization processes 

 
149 

 
Scheme II-2: Initiation mechanism of the VAc polymerization, and relationship with the chains 

observed by ESI-MS. 

 

In order to further substantiate the cobalt presence at the ω chain-end position and probe 

its possible reactivation, a chain extension reaction was carried out. Thus, a short PVAc chain 

(Table II-5, entry 1) was produced using the standard conditions described above, followed by 

isolation and drying to remove the excess monomer. 

 

Table II-5: Block copolymer synthesis.  

Entry  Monomer  Time (h) Conv (%)c Mn
Exp (g mol-1) d Mn

Th (g mol-1) e Đd  

1a VAc  10  4  5400  900 1.07  

2b VAc  42 5 8 246  6 260 1.20  

3b St 26 8 32 227  7 060 1.41  

4b MA 18 81 58 395  19 346 1.52  

5b BA 9 3 42687 6 169 5.46 
a[CoIII]/[CoII]/[VAc] = 1/0.25/126, bulk, 30°C, under argon. b[Macroinitiator]/[M]=1/500.  cDetermined by 

gravimetry. dDetermined by GPC analysis with THF as eluent by using polystyrene standards. eCalculated 

according to the monomer molar masses.  
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Then, recovered PVAc was used as macroinitiator for the chain extension reaction of 

several monomers (VAc, S, MA and BA; Table II-5, entries 2-5). As shown in Figure II-19-b, the 

macroinitiator GPC signal (green trace) shifted to a greater or smaller extent, depending on 

the new monomer. In all cases, there is no significant residual intensity at the mass of the 

macroinitiator. The VAc chain extension was slow, yielding only a 5% conversion after 42 h. 

Conversely, styrene and MA added quite rapidly, yielding very viscous media in less than one 

day and very large shifts on the chromatogram.  

 

a)  

b) 

11 12 13 14 15 16 17 18 19 20
R. Time (min) 

 MacroInitiator PVAc
 Extension with MA
 Extension with VAc
 Extension with St
 Extension with BA

 
Figure II-19: (a) Chain extension reaction of the [PVAc-Co(acac)2] macroinitiator with vinyl 

acetate (VAc), styrene (S), methyl acrylate (MA) and butyl acrylate (BA). (b) GPC traces of the 
PVAc macroinitiator and of the PVAc-b-PVAc, PVAc-b-PS, PVAc-b-PMA, PVAc-b-PBA final 

products. 
 

To conclude, the investigation has revealed a controlled radical polymerization of VAc, but 

the polymer molar masses were always higher than expected, indicating a low initiation 

efficiency of complex 3.6.  
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iv. Efficiency factor improvement  

 

The efficiency factor found in the above investigations, expressed by the ratio between the 

theoretical and experimental values, is around 10%, which means that only 10% of the 

complex undergoes homolytic bond cleavage to generate the primary radical and start the 

chain propagation. To improve the efficiency factor, the polymerization was carried out at 

higher temperatures, as highlighted in Table II-6. 

 

Table II-6: Polymerization at various temperatures.a  

Entry T. (°C) Time (h) Conv (%)b Mn
Exp (g mol-1)c Mn

Th (g mol-1)d Mn
Th/ Mn

Exp Đc 

1 30 62.0 53 54 122 6 131 0.11 1.25 

2 40 15.5 60 53 800 6 925 0.13 1.23 

3 50 3.5 47 37 800 5 547 0.14 1.15 

4 60 0.5 70 39 382 7 987 0.20 1.44 
a[CoIII]/[CoII]/[VAc] = 1/0.25/126, bulk, under argon. bDetermined by gravimetry. cDetermined by GPC with THF 

eluent analysis by using polystyrene standards. dCalculated according to the conversion (M(VAc)=86.09 g mol−1). 

 

As expected, the polymerization rate increased at higher temperatures (see the kinetic 

monitoring in Figure II-20a). For example, the reaction is 10 times faster at 50 °C relative to 30 

°C: a 50% conversion was achieved in 5 hours, against 60 hours at 30°C. The level of control 

remained acceptable at all temperatures (linear molar mass increase with the conversion and 

low dispersities, except for a slight Ð increase at 60 °C, Figure II-20b). The GPC traces showing 

the shift of the molar mass distribution are available in the supporting information, Figure S8. 

The polymer molar masses remained higher than expected (black straight line in Figure II-20b) 

However, the efficiency factor steadily increased from 11% at 30°C to 20% at 60°C, in line with 

the expected greater activation of the CoIII-benzoate bond at higher temperatures.  
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Figure II-20: Influence of the temperature on the controlled polymerization of VAc; 

[CoIII]/[CoII]/[VAc] = 1/0.25/126 at 30°C ( ), 40°C ( ), 50°C ( ), 60°C ( ) and corresponding 
hollow symbols for dispersity. 
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A few polymerizations were also carried out in toluene. The first test at 30°C gave no 

polymer after two days of reaction. On the other hand, a polymerization occurred at 40 °C. 

The time evolution of this polymerization is shown in Figure II-21, in comparison with that of 

the bulk process. 
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Figure II-21: Comparison of the VAc polymerization initiated by complex 3.6 in bulk and in 
toluene ([VAc] = 4 M): a) kinetics; b) Mn and Ð vs. conversion; c) GPC traces with THF as 

eluent and polystyrene calibration. 
 

As we can be seen in Figure II-21, the polymerization is slower in solution relative to the 

bulk, as expected. Like for the bulk polymerization, the molar masses increased linearly with 

the conversion. In addition, they are closer to the theoretical values, which means that the 

initiator efficiency factor is greater, in the 20-40% range (Table II-7). After 60 h of reaction, the 

molar mass distribution becomes broader and the conversion stops. 
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Table II-7: Polymerization of VAc at 40°C in Toluene.a 

Entry Time (h) Conv (%)b Mn
Exp (g mol-1)c Mn

Th (g mol-1)d  Mn
Th/ Mn

Exp Đc 

1 6 3 3432 883 0.26 1.07 

2 9 4 4981 1055 0.21 1.17 

3 24 13 9969 2651 0.26 1.35 

4 48 21 11387 4062 0.35 1.31 

5 56 28 14175 5183 0.36 1.46 

6 71 31 15520 5830 0.37 1.37 

7 96 30 14081 5655 0.40 1.46 
a[CoIII]/[CoII]/[VAc] = 1/0.25/126, toluene, under argon. bDetermined by gravimetry. cDetermined from GPC 

analysis by using polystyrene standards. dCalculated according to the conversion (M(VAc)=86.09 g mol−1). 

 

v. Photoinitiation test  

 

Still with the objective of improving the initiation efficiency, another activation mode, namely 

with light assistance for a bond photocleavage, was also attempted. The UV-Vis spectrum of 

complex 3.6 reveals a band with ʎmax around 600 nm (Chapter II, Figure II-2). In collaboration 

with the “Institut Charles Gerhardt” in Montpellier, the possible photocleavage process was 

explored using a few LEDs working at different wavelengths (see Table II-8) to irradiate a 

solution of the complex at 4 mmol L-1 in toluene. The presence of photocleavage should induce 

an absorbance decrease. However, all the experiments gave no indication of any absorbance 

decrease (Table II-8), demonstrating the photostability of complex 3.6. 

 

Table II-8: Photocleavage tests of complex [Co(acac)2(O2CPh)] (3.6) at various ʎ.a 

 Time (min) Aa 

irradiation at ʎ = 590 nm 
(Strength 3.1W/cm2) b 

0 0.5035 
30 0.5196 
80 0.5221 

irradiation at ʎ = 625 nm 
(Strength 2.6.W/cm2)b 

0 0.4789 
75 0.4915 

250 0.5116 

irradiation at ʎ = 400 nm 
(Strength 3.1W/cm2) b 

0 0.4789 
60 0.5268 

Tests carried out under nitrogen. aAbsorbance recorded at the ʎmax of the complex absorption spectrum (605 nm). 
bSrength of the irradiation measured with a radiometer.    

 

Following that, it was decided to run the photoactivation test in the presence of VAc in 

bulk, but no polymerization occurred after 5 hours of irradiation (ʎ = 590 nm) at room 

temperature (around 23°C), and less than 10% of conversion was achieved after 22 hours of 

irradiation. These results suggest that irradiation has no effect, because the polymerization is 

also thermally initiated at room temperature.  



Chapter III – Polymerization processes 
 

  
154 

In summary, the new complex 3.6 was demonstrated to possess the dual role of thermal 

initiator and moderator for the radical polymerization of vinyl acetate. The polymerization 

study has shown a relatively well-controlled polymerization in bulk and in solution in the low 

temperature 30-60 °C range. The main drawback of this system comes from the low initiation 

efficiency. The temperature increase has a positive but minor effect, whereas photoactivation 

was unsuccessful. Therefore, other complexes based on cobalt bis(acetylacetonate) were 

synthesized and described in chapter II. The aim was to extend the scope of the complexes 

capable to initiate and moderate the polymerization of VAc and to improve the initiation 

efficiency by chemical modification of the benzoyl radical (R0) with electron-withdrawing or -

donating or sterically encumbering groups, hoping to promote the homolytic cleavage of the 

CoIII-R0 bond at low temperatures.  

  

b. Polymerizations initiated by the other [Co(acac)2-O(O)CAr] complexes 

 

The same conditions highlighted above for the VAc polymerization initiated by 

[Co(acac)2(O2CPh)] were also applied to the others bis(acetylacetonato)cobalt(III) carboxylate 

complexes (3.7-3.10). All experiments were carried out in bulk monomer under argon using a 

[CoIII]/[CoII]/[VAc] ratio of 1/0.25/200. The results are collected in Table II-9. 

 
Table II-9: Results of the VAc polymerizations initiated by [Co(acac)2 (O2CAr)] (3.6-3.10).a  

Complex Temp (°C) Conv. (%)a Mn
Exp (g mol-1)b Mn

Th/ Mn
Exp Đb 

[Co(acac)2(O2CPh)] (3.6) 30 14 20 232 0.16 1.12 

[Co(acac)2(O2CC6H4-p-OMe)] (3.7) 30 6 10 192 0.17 1.24 

[Co(acac)2(O2CC6H4-p-tBu)] (3.8) 
30 - No polymerization 

40 4 9 228 0.12 1.23 

[Co(acac)2(O2CC6H4-p-NO2)] (3.9) 30-40-60 - No polymerization 

[Co(acac)2(O2CC6H4-o-NO2)] (3.10) 30-40-60 - No polymerization 

Conditions: Bulk polymerization CoIII/CoII/VAc = 1/0.25/200 during 24h. aDetermined by gravimetry. bDetermined 

from GPC with THF as eluent by using polystyrene standards. 

 

For the polymerizations initiated by the tert-butyl and methoxy para-substituted 

derivatives (3.7 and 3.8), the evolution of the molar mass distributions shown by GPC (Figure 

II-24a and b) and the linear increase of the number-average molar masses as function of 

conversion (Figure II-24d) indicate controlled processes. However, the polymerization rates 

are lower than for the 3.6-initiated polymerization. In fact, after one day of reaction at 30 °C, 

the 3.7-initiated polymerization gave only a 6% conversion, vs. 14% for 3.6. The kinetics for 

the two complexes is compared in Figure II-24c. 
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Figure II-22: GPC analyses of the PVAc obtained by bulk polymerization of VAc at 30 °C with 

initiation by a) 3.7, b) 3.8, using THF as eluent and polystyrene standards for calibration. 
Comparison of conversion vs. time (c) and Mn and Ð vs. conversion 3.6 and 3.7. 

 

On the other hand, the polymerization initiated by 3.8 gave no polymer after one day at 

30°C, but a small conversion (4%) was obtained at 40°C. Figure II-25 compares the kinetics and 

the Mn evolution with conversion for the polymerizations initiated by 3.6 and 3.8 at 40°C. The 

molar mass evolution as a function of conversion suggests a similar efficiency factor for 3.7 

and a lower one for 3.8.  
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Figure II-23: Comparison between 3.6 and 3.8, obtained at 40°C. a) Plot of conversion as 

function of time and b) plot of conversion vs. Mn vs. Ð. 
 

These results suggest that both 3.7 and 3.8 feature stronger CoIII-carboxylate bonds than 

3.6. In fact, given the electron donating power of the tert-butyl and methoxy groups (by 

inductive and mesomeric effect, respectively), the higher oxidation state [CoIII(acac)2(O2CAr)] 

complex is better stabilized relative to the sum of [CoII(acac)2] and the ArCO2
• radical, 

contributing to the CoIII-O bond strengthening and consequently to increase the BDE. 

On the other hand, the polymerization test with the para-nitro derivative (3.9) reveals no 

polymerization even at 60°C. This result may seem surprising, because being electron-

withdrawing by mesomeric effect, the nitro group should have a destabilizing effect on the 

higher oxidation state CoIII carboxylate complex and thus favour its reduction by radical 

expulsion. On the other hand, it is also possible to envisage that the major effect is to make 

the metal electron poorer and thus increase the heterolytic strength of the CoIII-O bond. This 

is also highlighted by the impact on the reduction potential shown by the electrochemical 

study. Moreover, this result is also consistent with the observed formation rate of these 

compounds, as presented and discussed in Chapter II. In fact, species 3.9 was formed faster 

than the other complexes, which suggests its greater thermodynamic stability (Chapter II, 

Figure III-15). 

The analogous ortho-NO2 derivative 3.10 similarly yields no polymer at 30, 40°C and even 

at 60°C. In addition to the same considerations outlined for the para-nitro analogue, this 

compound may also establish a hydrogen bond, as shown in the solid-state structure, between 

one oxygen atom of the nitro group and a hydrogen atom of an acac ligand, due to the spatial 

proximity (Figure III-11, chapter II).   

To conclude about the series of substituted cobalt benzoate complexes, new compounds 

capable to thermally initiate and control the VAc polymerization have been highlighted. 

However, the main drawback is the low initiation efficiency factor. Hypotheses about the 

possible reasons for this low efficiency were made and additional investigations were carried 

out aiming to improve it by modification of the R0 group. However, no significant improvement 

could be achieved so far and the impact of the aryl substituent on the reactivity is still under 

investigation. On the other hand, the investigation of the chain ends revealed the presence of 

both benzoate and phenyl functions, giving precious information on the initiation mechanism, 
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because that means that the direct addition of the benzoyl radical to the VAc monomer 

competes with the decarboxylation reaction. For that reason, it was decided to test another 

carboxylate architecture, with an alkyl substituent.  

 

c. Carboxylate alkyl – [Co(acac)2-O(O)C-Alkyl] 

 

Two alkyl carboxylate species (3.11 and 3.12), structurally analogous to 3.6-10, were 

synthesized with a short and a long carbon chain, respectively (1 carbon atom for 3.11 or 10 

for 3.12), as detailed in Chapter II.  

 

 
Figure II-24: Structures of complexes [Co(acac)2-OAc] (3.11) and [Co(acac)2-O(O)C(CH2)CH3] 

(3.12). 
 

i. Bis(acetylacetonate) cobalt acetate, [Co(acac)2(OAc)] 

 

This complex is related to 3.1 by having the same acetate ligand as target primary radical to 

initiate the polymerization, but has a fully O-based coordination sphere.  The ability of the 

acetate radical to initiate the polymerization of VAc was probed by using diacetyl peroxide 

(APO) as a thermal initiator. A blank reaction without any complex was carried out in bulk at 

30°C in presence of 250 equivalent of monomer, producing a high molecular weight (460 000 

g mol-1) polymer product with high dispersity (around 2) in 2 hours (Figure S9). This shows an 

uncontrolled polymerization process, as expected. Subsequently, the polymerization was 

repeated in the presence of [CoII(acac)2] at 30°C (same conditions used for the corresponding 

reaction with BPO).14 As shown in Figure II-27, the polymerization starts after an induction 

period (4 hours), the molar mass distribution in the GPC trace gradually shifts to lower 

retention times and the number average molar mass increases linearly with the conversion 

and Ð remains always low, highlighting a controlled polymerization. The large gap between 

the experimental values and the theoretical line shows that the initiator efficiency factor of 

this system is similar (0.15 vs. ≈ 0.19) to that of the related BPO/[CoII(acac)2] initiating system.   
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Figure II-25: Homopolymerization of VAc initiated by diacetyl peroxide in the presence of 

[CoII(acac)2] at 30°C under argon. 
 

Using [Co(acac)2(OAc)] (3.11) as unimolecular initiator under the same conditions 

optimized for the benzoate system (CoIII/CoII/VAc = 1/0.25/126 in bulk at 30 °C under argon), 

the polymerization was very slow, yielding only 5% of conversion in 3 days. When the 

temperature was raised to 50 °C, a 20% conversion was obtained in 5 hours. However, in the 

GPC traces only one signal was observed mixed with the solvent feature. Therefore, the 

investigation of this initiator was abandoned, because of the explosion hazard of the diacetyl 

peroxide precursor and the low yield of the synthesis of complex 3.11. That is why our 

attention shifted toward using a longer aliphatic chain with dilauryl peroxide (LPO) (11 

carbons), which is a commercially available compound. 

 

ii. Lauroyl derivative, [Co(acac)2(O2C(CH2)10CH3)] 

 

An initial polymerization test with the 3.12 initiator was carried out for methyl acrylate bulk 

polymerization at 30°C for 255 equivalents of monomer vs. cobalt. As expected, this 

polymerization was uncontrolled, producing a very high molar mass product, (around 106 g 

mol-1), see the GPC analysis in Figure II-26.  

 

10 11 12 13 14
R. Time (min)

 PMA

Mn = 1 180 000 g mol-1

Ð = 1.44

 
Figure II-26: Homopolymerization of methyl acrylate initiated by complex 3.12 (30°C in bulk). 
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Concerning the VAc polymerization, direct initiation with complex 3.12 yielded no 

polymerization at 30 and 40°C. On the other hand, the corresponding reverse initiation 

strategy with LPO/[CoII(acac)2] gave controlled polymerizations at 30 and 40°C, yielding similar 

results to the initiation by APO/[CoII(acac)2], as shown in Figure II-27.  
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Figure II-27: Homopolymerization of vinyl acetate with reverse initiation by LPO/[CoII(acac)2]. 

Conditions: [CoII]/[LPO]/[VAc] = 1/0.5/126, in bulk under argon at 30°C ( ) and 40°C ( ). a) 
Conversion vs. time; b) Mn and Ð vs. conversion; d) GPC traces at 30°C and d) at 40°C, 

obtained using THF as eluent and polystyrene standards for calibration. 
 

To conclude on this work on the cobalt alkyl carboxylates, the polymerization tests reveal 

no or low polymer production by direct initiation at low temperature, even though the 

generation of primary radicals is demonstrated by the initiation of the methyl acrylate 

polymerization. 
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4. Conclusion   

 

Within the family of cobalt(III) complexes supported by (N2,O2) ligands for the controlled 

radical polymerization of MAMs, the tripodal (N2,O2) systems with either acac (previously 

published results)14 or acetate (3.2, this work) as R0 fragment did not give rise to any polymer 

production, unlike the Schiff-base cobalt acetate complex 3.1, which is able to initiate and 

moderate the polymerization of MA. The polymerization of MMA with direct initiation by 3.1, 

on the other, gives rise to catalytic chain transfer.  

Concerning the family of cobalt(III) complexes supported by (O2,O2) ligands for the 

polymerization of VAc, the most readily accessed complex [Co(acac)2(O2CPh)] (3.6) also gave 

the best results in terms of polymerization. The methoxy and tert-butyl derivatives (3.7 and 

3.8) were also efficient for the controlled polymerization of VAc. On the other hand, the nitro 

derivatives 3.9 and 3.10 did not produce any polymer even at 60 °C, giving useful information 

about the impact of this substituent on the CoIII-O bond strength. Figure II-30 summarizes the 

efficiencies of the various systems for the direct initiation and control of the polymerization 

of vinyl monomers.     

 

 
Figure II-28: Summary of the investigated complex architectures and of their efficiency.   
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III. Ring opening polymerization (ROP) 
 

1. Introduction 
 

The polymers produced by Ring Opening Polymerization (ROP) are more and more 

investigated due to their biodegradability and biocompatibility. In fact, they are promising in 

the medicinal, pharmaceutical and agricultural fields.15, 16 Historically, the pioneers of this 

chemistry were Klein et al., 17-19 who reported the catalytic action of complexes based on tin 

and aluminium in the 50’s.20 Concerning transition metals, several iron complexes have shown 

high activity in ROP.21-24 Copper-based systems constitute the second largest group of 

investigated catalysts.25-28 The absence of cobalt alkoxide architectures amongst the ROP 

catalysts in the literature pushed us to investigate our cobalt carboxylate complexes. Given 

the CoIII-O bond polarity, the main question is whether the alkoxide ligand is nucleophilic 

enough to open cyclic esters, as illustrated in Scheme III-1.   

 

 
Scheme III-1: Cobalt alkoxide for ROP of cyclic ester.   

 

The second question concerns the polymerization mechanistic switch. For instance, to 

switch from ROP to OMRP the cobalt-alkoxide polymer chain end must undergo homolytic 

cleavage for radical production.  

This section will be divided in two major parts, each one based on the previously presented 

complex that gave the best results for the controlled polymerization of a MAM (i.e. MA, 3.1) 

and a LAM (i.e. VAc, 3.6), respectively. These complexes have been tested for the 

homopolymerization of cyclic esters by the ROP mechanism. The goal here was to probe the 

existence of a unique metal complex that could be used for two different applications, namely 

OMRP as already shown and ROP. The final objective is to apply this complex in a sequential 

block copolymerization by two different polymerization mechanisms.     
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2. (N2,O2)-Cobalt complex (3.1)  
 

A ROP process may follow either one of two mechanisms to produce polymer: the classical 

coordination/insertion pathway and a Lewis acid activation also called the activated monomer 

mechanism (Chapter 1, Figure III-1).21 We set out to investigate the polymerization of Ɛ-

caprolactone (CL) and L-lactide (LA). 

 

a. Polymerization without alcohol transfer agent  

 

First of all, the polymerization has been investigated in the absence of transfer agent. In 

addition to thermally produce radicals, complex 3.1 may also have sufficient nucleophilic 

reactivity to act as a ROP initiator for cyclic esters. The polymerization of CL was tested at 

120°C in bulk under argon, as illustrated in Figure III-1-a.  
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Figure III-1: a) Ring Opening Polymerization of Ɛ-caprolactone initiated by the cobalt Schiff 
base acetate complex 3.1; condition: [Co]/[CL] = 1/500, under argon in bulk at 120°C. (b) 

Conversion vs. time (c) Mn and Ð vs. conversion. (d) GPC traces showing the evolution of the 
PCL molar mass distribution. 

 

The conversion data in Figure III-1-b reveal an initially slow polymerization, reaching ca. 

10% conversion after 120 h, followed by rapid monomer consumption. The GPC analysis 

(Figure III-1-d) indicates that the polymerization starts with the characteristics of a living chain 

growth, with narrow molar mass distributions and number average molar masses in close 

agreement with the theoretical values, as also shown by the data in Table III-1. In the fast 

polymerization regime, the molar mass deviates from the theoretical line towards lower 

values and the GPC signal becomes broader (Figure III-1-d). This suggests the intervention of 

chain transfer phenomena.   

    

 



Chapter III – Polymerization processes 

 
163 

Table III-1: ROP of Ɛ-caprolactone initiated by the [(L1.1Co(OAc)].a 

Entry Time (h) Conv. (%)b Mn
corr (g mol-1)c Mn

th (g mol-1)d Ðc 

1 24 2 1 600 2 089 1.04 
2 48 3 1 700 2 374 1.04 
3 96 4 2 500 2 945 1.03 
4 120 9 4 600 5 798 1.04 
5 160 60 9 336 34 904 1.20 

aReaction condition: [Co]/[M] = 1/500 at 120°C in bulk, bDetermined by 1H NMR analysis, cDetermined from GPC 

analysis by using THF as eluent and polystyrene standards and applying a correction factor of 0.56 for PCL. 
dCalculated according to the conversion (M(CL)=114.14 g mol−1).  

  

The polymer chain ends were investigated by MALDI-TOF mass spectrometry (Figure III-2) on 

a low molar mass PCL sample produced during the living polymerization regime (below 10% 

conversion). Two populations, one major and one minor, were observed and each of them 

shows the expected spacing of 114.1 g mol-1 between subsequent members, which 

corresponds to the CL repeating unit. The highest peak of population a) at m/z = 1296.1 g mol-

1 corresponds to 11 monomer units (11x 114.07 = 1254.77 g mol-1) plus 41.33 g mol-1 for the 

two chain ends that correspond to 2H and NaO. The peak at m/z = 1318.1 g mol-1 for the 

second population corresponds to the same polymer with one more sodium in place of the H 

atom in the OH terminus.  

 

 

 

Figure III-2: MALDI-TOF mass spectrum of PCL. Matrix: Polymer/DHB/NaI = 1/3/1 (left). 
Proposed molecular formula (right). 

 

The polymerization of lactide (LA) was also investigated, because this is also an important 

monomer for the fabrication of biodegradable polymeric materials. The tests were carried out 

under the same conditions of the above-described experiments with Ɛ-caprolactone (Figure 

III-3a). The results, shown in Table III-2 and Figure III-3, are quite similar to those observed for 

CL:  the number average molar mass shows a more or less linear increase with conversion, 

with values in agreement with the theoretical ones, until 10%, after which they deviate toward 

smaller values relative to theory, probably because of chain transfer reactions. In addition, at 
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the highest conversions, Mn showed a decrease and a large increase of dispersity. In addition 

to chain transfer process, the presence of intra/inter transesterification reactions may also 

account for this dispersity increase. 
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Figure III-3: a) Ring Opening Polymerization of LA initiated by 3.1; conditions: [Co]/[L-LA] = 
1/500, under argon in bulk at 120°C. b) Conversion vs. time. b) Mn and Ð vs. conversion. c) 

GPC traces showing the evolution of the PLA molar mass distribution. 
 
Table III-2: ROP of L-lactide initiated with the [(L1.1)Co(OAc)]a. 

Entry Time (h) Conv. (%)b Mn
corr (g mol-1)c Mn

th (g mol-1)d Ðc 

1 24 6 1897 4986 1.34 
2 35 11 7596 8589 1.13 
3 96 33 14068 24443 1.30 
4 121 36 10800 26605 1.42 

aReaction conditions: Co/M = 1/500 at 120°C in bulk, bDetermined by 1H NMR analysis, cDetermined from GPC 

analysis by using polystyrene standards and applying a correction factor of 0.58. dCalculated according to the 

conversion (M(LA) = 144.13 g mol−1). 

 

The MALDI-TOF mass spectrum was different depending on the selected matrix. Using 

either a dithranol/NaI matrix (Figure S10) or a DHB/NaI matrix (Figure III-4), the same two 

populations are observed with inversed relative intensities. The population with a peak at m/z 

= 1287.8 g mol-1 (major when using dithranol/NaI) does not contain sodium and the positive 

charge is provided by addition of a proton, while the population with a peak at m/z = 1265.9 

g mol-1 (major when using DHB/NaI) corresponds to chains ionized by the addition of sodium 

cations. The two populations are interpreted as shown in Figure III-4. In all cases, the peaks 

are spaced by the mass of ½ monomer unit, confirming the polymer nature as PLA. 
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Figure III-4: Zoom of the MALDI-TOF mass spectrum of PLA obtained from a DHB-NaI 3/1 
matrix (left) proposed polymer formulas (right). 

 

Moreover, these analyses reveal three different populations. In fact, the m/z = 1265.9 g 

mol-1 peak corresponds to 8 monomer units (1153.0 g mol-1), which means that the chain end 

represents 112.9 g mol-1, which corresponds to ½LA, Na and OH functions as described in 

Figure III-4. The second population with a peak at m/z = 1287.9 g mol-1 corresponds to the 

same polymer with an oxonium and the acetate fragment. For the third population, we were 

unable to make a reasonale hypothesis to fit the observed m/z values. To conclude, complex 

3.1 is able to control the ROP of L-actide, but only for low molecular weights under classical 

conditions (no added alcohol). For that reason, the addition of alcohol (BnOH) was 

investigated in an attempt to improve the initiation mechanism (Chapter 1, Figure III-1). 

 

b. Polymerization initiated by complex 3.1 in the presence of benzyl alcohol 

as chain transfer agent 
 

To improve the system of the polymerization, alcohol was added to turn the living 

polymerization into an immortal polymerization, in the hope maintain the polymerization 

control up to greater conversion. The results obtained for LA and CL are presented in Table 3.  

 

Table III-3: ROP of CL and LA initiated with [(L1.1Co(OAc)] in the presence of 0, 2 or 5 
equivalent of BnOH.a 

Entry Time (h) M Eq BnOH Conv. (%)b Mn
corr (g mol-1)c Mn

th (g mol-1)d Ðc 

1 

48 CL 

0 3 1690 2374d 1.04 

2  2 9 2170 1820e 1.10 

3 5 16 1920 1630f 1.10 

4 

48 LA 

0 16 10788 12192d 1.34 

5 2 28 3862 6954 e 1.33 

6 5 36 5275 4332 f 1.22 
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aReaction conditions: [Co]/[BnOH]/[M] = 1/X/500 at 120°C in bulk where X corresponding to the number of BnOH 

equivalents, bDetermined by 1H NMR analysis, cDetermined from GPC analysis by using polystyrene standards and 

applying a correction factor of 0.56 or 0.58 for PCL and PLA respectively. Calculated according to the number of 

transfer agents here d1, e3 or f6. 

 
The addition of BnOH results in higher conversions, while the dispersities remain essentially 

unchanged. The conversion monitorings (Figure III-5a for CL and Figure III-5c for LA) clearly 

shows the increase of the polymerization rate with the increasing number of BnOH 

equivalents. Moreover, the molar masses increase linearly with the conversion (Figure III-5b 

for CL and Figure III-5d for LA). The decrease of the Mn vs. conversion slope as the number of 

BnOH equivalent is increased shows that a greater number of polymer chains are produced. 

This is fully consistent with the action of BnOH as a transfer agent in immortal polymerization. 

For the CL polymerization, the presence of BnOH allowed maintaining control up to higher 

conversions, because the molar mass continued to increase linearly, in relatively good 

agreement with the theoretical values, up to conversions of 15% or 22% for 2 and 5 

equivalents, respectively, whereas Mn deviates from the theoretical line after a 10% 

conversion in the absence of benzyl alcohol.  The same trend was observed for the PLA 

polymerization, although the higher dispersities indicate a lower level of control. 
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Figure III-5: (a) Kinetic of Ɛ-caprolactone polymerization with conditions: [Co]/X/[CL] = 

1/X/500 and 0 ( ), 2 ( ) or 5 ( ) equivalent of benzyl alcohol (BnOH) as function of cobalt (b) 
The plot of conversion vs. Mn vs.  Ð. (c) Kinetic of l-lactide polymerization with conditions: 

[Co]/X/[LA] = 1/X/500 and 0 ( ), 2 ( ) or 5 ( ) equivalent of benzyl alcohol (BnOH) as function 
of cobalt (d) The plot of conversion vs. Mn vs.  Ð. 
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The GPC analyses of both PCL and PLA products reveal bimodal shapes (Figure III-6). This 

could result from the occurrence of transesterification processes, especially considering the 

high reaction temperature.  
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Figure III-6: GPC traces of the polymers (PCL, a and b; PLA, c and d) obtained by initiation 

with compound 3.1 and x equivalents of BnOH (x = 2, a and c; x = 5, b and d).  
 

In conclusion, complex 3.1 can be used for the ROP of Ɛ-caprolactone and L-lactide. 

However, the catalytic activity of this complex is quite low and the process is affected by side 

reactions, which take place at long reaction times, providing an unsuitable system if high 

conversions are desired. The addition of alcohol has allowed to improve the system by 

speeding up the polymerization and to reach higher conversions through the instalment of 

reversible chain transfer (immortal conditions). Nevertheless, this system is much less efficient 

than the best one reported in the literature by Thomas et al. in 2019, which is based on 

cobalt(II) complexes with tetradentate tripodal ligands and N(SiMe3)2 as reactive function.29 

For the ROP of LA carried out in toluene at room temperature (with one equivalent of iPrOH), 

the measured TOFs values was 2 430 h-1 and the dispersity of the high molecular weights PLA 

samples were narrow (Ð 1.06-1.09). (cf. Chapter I, part III, section 8, Figure III-19).29  

However, the objectives of this thesis work require the presence of the cobalt complex at 

the end of each chain for the polymerization mechanism switch, which means working under 

classical conditions with no added transfer agent. 
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c. Polymerization initiated by complex (3.3) 

 
Due to the low efficiency of this complex in radical polymerization, only two polymerization 

tests were done with LA and CL to learn about the possible action of this complex as ROP 

initiator. As shown in Table III-4, after 72 h (48 h) at 100 °C (110 °C) a low conversion of LA (CL) 

produced a polymer Mn relatively close to the target value and narrow dispersity. The ROP of 

CL is slower and the produced PCL has Mn closer to the theoretical value.  The GPC traces of 

both polymers (Figure III-7) are monomodal.  

 

Table III-4: Polymerization test with 3.3.a 

Entry M 
Time 
(h) 

Ratio 
[Co]/[M] 

Temp. 
(°C) 

Conv. 
(%)b 

Mn
corr  

(g mol-1)c 
Mn

th  
(g mol-1)c 

Ðc 

1 LA 72 1/200 100 18 10 500 5 900 1.14 

2 CL 48 1/300 110 5 1 700 2 400 1.08 
aReaction condition: bulk under argon, bDetermined by 1H NMR analysis, cDetermined from GPC analysis by using 

polystyrene standards and applying a correction factor of 0.56 or 0.58 for PCL and PLA respectively. 
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Figure III-7: Chromatograms of the polymers obtained with complex 3.3 (Table III-4): a) PLA; 
b) PCL.  

 

This presented work with complex 3.3 is only a preliminary investigation. In the context of 

this thesis work, this complex was not further investigated because of its low efficiency in 

radical polymerization (radical production but uncontrolled polymerization). However, it 

would be interesting to carry out a deeper investigation in the presence of BnOH, independent 

of the mechanism switching objective.  
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3. (O2,O2)-Cobalt carboxylate complexes  
 

a. Polymerizations initiated by [Co(acac)2(O2CPh)] 

 

Complex [Co(acac)2(O2CPh)] (3.6) has been tested, like 3.1 and 3.3, as an initiator and catalyst 

for the ROP of CL and LA (Scheme III-2).  

 

 
Scheme III-2: Ring Opening Polymerization of LA and CL using (3.6). 

 

The lactide polymerization was carried out at 100°C in bulk and at 90°C in toluene solution 

(2.5 mol L-1). In each case, a shift of the molar mass distribution toward lower retention times 

in the GPC trace, a linear increase of the number average molar mass as a function of 

conversion and narrow dispersities in Figure III-8 were observed, indicating the controlled 

nature of the polymerization. However, the measured molar masses are higher than the 

expected theoretical values, consistent with low initiation efficiency. 
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Figure III-8: LA polymerization at 100 °C in bulk and at 90 °C in toluene (LA/toluene = 2.5M), 
under argon, [Co]/[CL]=1/200: a) conversion vs. time; b) Mn and Ð vs. conversion; c) GPC 

traces of the PLA obtained in bulk; d) GPC traces of the PLA obtained in toluene. 
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The polymerization of CL was carried out at 100°C in bulk in the presence of various 

equivalents of BnOH (0 to 5), Figure III-9. Like for the polymerization of LA and CL initiated by 

3.1 (section III.2.b), the polymerization rate increased and the experimental molar masses 

decreased as the number of BnOH equivalent was increased, while the molar mass evolution 

remained linear. Like for the polymerization of LA initiated by 3.6, the experimental Mn values 

are greater than the theoretical ones. Therefore, 3.6 is also able, like 3.1 to operate an 

immortal polymerization. We can conclude that this complex is promising for the thesis 

objective, because it can control both the radical polymerization of VAc and the ring opening 

polymerization of LA and CL.  
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Figure III-9: CL polymerization initiated by complex 3.1 at 100°C in bulk, under argon, 
[Co]/[CL] = 1/200. a) Conversion vs. time. b) Mn and Ð vs. conversion. c-e) GPC traces of the 

polymers obtained with X equivalents of BnOH (X = 0 (c); 2 (d); 5 (e)). 
 

b. Polymerizations initiated by [Co(acac)2OAc]  

 

Due to its low stability, to the hazard of the diacetyl peroxide precursor used for its synthesis, 

and to the bad results obtained in radical polymerization (part II-3-c-i), the cobalt acetate 

complex 3.11 was not well investigated. A single polymerization test was carried out, for both 

CL and LA, at 120 °C in bulk. The recovered polymers showed the properties highlighted in 

Table III-5. Like the polymer obtained in the presence of complex 3.6, the molar masses were 

higher than expected and dispersity was narrow, particularly for PCL (see GPC traces in Figure 

III-10. 
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Table III-5: ROP of CL and LA initiated by the Co(acac)2 (OAc).a 

Entry Time (h) M Conv. (%)b Mn
corr (g mol-1)c Mn

th (g mol-1)d Ðc 

1 31 CL 10 6 300 2 600 1.02 

2 24 LA 37 20 200 11 000 1.29 
aReaction conditions: [Co]/[M] = 1/200 at 120°C in bulk. bDetermined by 1H NMR analysis. cDetermined by GPC 

analysis. dCalculated according to the conversion (M(CL) = 114.14 g mol−1 and M(LA) = 144.12 g mol−1).  
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Figure III-10: Chromatogram of the resulting polymers a) PCL and b) PLA obtained with 

condition [3.11]/[M]=1/200, 120°C in bulk. 
 

The ROP polymerization tests with complex 3.11 closes the discussion of this chapter on the 

efficiency of cobalt(III) carboxylate complexes for the direct initiation of the cyclic esters.  

 

4. Conclusion  
 

Even though, in this thesis work, the homopolymer production by ROP was less investigated 

than the radical polymerization processes, based on the various results highlighted in this 

section, it is possible to conclude that the cobalt(III) carboxylate complexes are able to induce 

a nucleophilic attack to start the ROP of LA and CL. Complex [Co(acac)2(O2CPh)] (3.6) seems 

the most efficient catalyst for the production of polyesters, whereas complex [Co(L1.1)OAc] 

(3.1) yields well-defined living polymers only at very low monomer conversions (less than 

10%). 
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Figure III-71: Cobalt system involve ROP of LA and CL, which will be investigate for the 

polymerization switch.  
 

No information could be obtained so far on the nature of the macromolecule chain ends; 

this is an important point that will require future investigations. Consequently, the question 

now is around the capacity of the putative Co-O chain end to induce the required homolytic 

cleavage for the generation of radicals able to add to a vinyl monomer for chain extension 

with the OMRP technique. Another question is whether the Co-C bond in the OMRP dormant 

species is nucleophilic enough to attack and ring-open the cyclic ester monomers, for chain 

extension with the ROP technique. The next section highlights the polymerization switch tests 

carried out so far with the most promising complexes (3.1 and 3.6) from OMRP to ROP and in 

the reverse direction (from ROP to OMRP).  
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IV. Polymerization switch 
 

As mentioned throughout this manuscript, the objective of this thesis project is to design a 

metallic complex able to act as a single-molecule (additive-free) moderator and initiator of 

both the radical polymerization of vinyl monomers and the ring opening polymerization of 

cyclic esters, which are based on different mechanisms and reactivities. As a reminder, the 

principal issues of the two first parts were to highlight whether the cobalt-catboxylate 

architecture, which is relatively new, is capable to initiate the polymerization of vinyl 

monomers by homolytic CoIII-O bond cleavage and that of cyclic ester monomers by 

nucleophilic attack and ring opening. Both goals were and successfully achieved. The present 

final and most challenging part is to use these systems for block copolymers syntheses with 

the first block produced by one reactivity mode (radical or coordination/insertion) and switch 

the polymerization mechanism to generate the second block by the second mechanism, 

without chemical modification of the chain end. In fact, as described in the bibliographic 

chapter, this kind of original block copolymers were already achieved with various method3 

such as the use of difunctional initiator1, 30-33 or with chemical modification of the end-chain4, 

5, 34 after the first block synthesis.  

 

 
Scheme IV-1: Strategy for the mechanistic switch between radical (green) and ring opening 

(red) polymerizations. 
 

Scheme IV-1 describes the polymerization switch strategy. Route A uses a cobalt(III) 

carboxylate complex to initiate radical polymerization, as described in the present chapter 

(section II) and yielding  a dormant species with a cobalt-alkyl bond at the ω chain end. The 

remaining question is whether this cobalt-alkyl bond is nucleophilic enough, even though the 

presence of a vacant site permits, in theory, the coordination of the LA or CL monomer. 
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In the case of route B, the efficiency of the various cobalt(III) carboxylate complexes as ROP 

initiators, generating living chains with a cobalt-alkoxide bond at the ω chain end have been 

demonstrated in section III. However, this new chain end is different from that of the OMRP-

initiating carboxylate complex and the potential homolytic cleavage of this kind of bond is still 

unexplored. In the literature, a few systems were shown to need CO insertion to modify the 

cobalt-alkoxide bond into a cobalt-acyl bond, making it possible to trigger the homolytic 

cleavage and start the radical polymerization.4  

In the first part of this section, tests aimed at synthesizing block copolymers by sequential 

homopolymerization, with a switch from OMRP to ROP (Scheme IV-1, route A) and in the 

opposite direction (Scheme IV-1, route B) will be presented.  Subsequently, a brief exploration 

of a one-pot procedure and perspectives in terms of the potential degradability of the 

polymers formed will be discussed.  

 

1. Sequential polymerization processes (Block copolymers) 
 

Based on the results previously presented in this thesis, only complexes 3.1 and 3.6 were used 

to explore this strategy.  

 

a. Switch from OMRP to ROP  

 

The first polymerization test was conducted using [Co(L1.1)OAc] (3.1), which was found able to 

control the radical polymerization of MA to produce [PMA-Co(L)]. This product was then 

tested as a macroinitiator for the ROP of LA Figure II-8.   

 

 
Scheme IV-2: Sequential block copolymer PMA-b-PLA synthesis mediated with 3.1.  

 

A macroinitiator of 19 000 g mol-1, made as previously described (section II-1.b), was placed 

in presence of L-lactide for the chain extension reaction in bulk at 120°C. However, as 

highlighted in the GPC traces of Figure IV-1, no chain extension occurred after 24 h. The molar 

mass distribution of the macroinitiator did not shift, suggesting that the PMA chains were not 

extended, while a shoulder appeared at higher retention times (lower molar masses), 

suggesting the formation of PLA homopolymer chains. 
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Figure IV-1: GPC of the polymer resulting from the LA polymerization in the presence of a 

[(L)Co-PMA] macro-initiator in bulk at 120 °C; [(L)Co-PMA]/[LA] = 1/200. 
 

Unfortunately, this approach could not be more deeply explored due to the lack of time. It 

would be interesting to test the same reaction with a smaller amount of macroinitiator or 

using ɛ-caprolactone (CL) or propylene oxide (PO) as ROP monomers. 

  

Deeper investigations were carried out using the new benzoate complex developed in this 

thesis, [CoIII(acac)2(O2CPh)] (3.6), and the resulting [PVAc-CoIII(acac)2] macroinitiator. Samples 

of this macroinitiator with Mn around 4000 g mol-1, prepared as described above (section II-

3.a), were used to re-initiate the polymerization of LA and CL in bulk at 120°C, Scheme IV-3. 

The polymerization experiments and reaction conditions are summarized in Table IV-1. 

 

 
Scheme IV-3: Sequential copolymerization of VAc by OMRP and LA or CL by ROP.   
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Table IV-1: Block copolymer syntheses.  

Entry  Polymer  
Temp. 

(°C) 
Time 
(h) 

Conv 
(%) 

Mn
Exp  

(g mol-1) f 
Đf  

Diffusion 
Coeff. (m2/s) 

1a PVAc 30 7.2 3.0d 4 012 1.11 3.1x10-10 

2a PVAc  30 7.0 2.8d  3 635 1.11  - 

3b PVAc-b-PLA 120 19.0 26.0e 17 980 1.25 5.0x10-11 

4c PVAc-b-PCL 120 19.0 17.0e 8 400 1.07 1.1x10-10 

5c PVAc-b-PCL 100 42.0 12.0e 6 110 1.07 - 
a[CoIII]/[CoII]/[VAc] = 1/0.25/200, bulk, under argon. b[MacroInitiator-1]/[M]=1/500. c[MacroInitiator-

2]/[M]=1/500, conversion Determined by dgravimetry, eNMR. fDetermined from GPC analysis by using polystyrene 

standards and applying a correction factor of 0.56 or 0.58 for PCL and PLA extension, respectively. 

 

The GPC analysis of the macroinitiator and final products are presented in Figure IV-2. For 

both chain extension reactions, the molar mass distribution of the PVAc macroinitiator in 

green shifts to lower retention time, while remaining narrow and monomodal, for the block 

copolymers products (18 000 g mol-1 and 8400 g mol-1 for PVAc-b-PLA and PVAc-b-PCL, 

respectively). Moreover, the signal of the initial PVAc macroinitiator disappears. These results 

strongly suggest the success of the chain extension reactions and thus support the nucleophilic 

reactivity of the CoIII-PVAc chain to attack the first coordinated cyclic ester molecule (LA or CL) 

and switch the polymerization mechanism from OMRP to ROP without any chemical 

modification. 
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Figure IV-2: Chromatogram obtained of chain extension of macroinitiator PVAc (green) with 

a) lactide and b) caprolactone recorded with GPC-THF polystyrene calibration.  
 

in order to validate the formation of block copolymer chains, the products were analysed 

by 1H DOSY-NMR. This technique is a 2D experiment, consisting of a correlation of the 1H NMR 

signals with the diffusion coefficient (D) of the molecule that generates that signal. Thus, 

signals of protons that are located on the same macromolecules will correspond to the same 

D value. The DOSY-NMR spectrum of the PVAc-b-PCL product is shown in Figure IV-3 The 

signals are clearly aligned along two D values. Those with greater D (ca. 10-9 m2/s) correspond 
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to the small molecules, namely residual monomer (CL), trioxane and solvent (CDCl3) that are 

still present in the reaction medium at the end of the polymerization, represented with an 

orange dot in Figure IV-3. The signals with D = 1.1x10-10 m2/s correspond to the PVAc-b-PCL 

product. The characteristic signals of both PCL (purple dots) and PVAc (methyl group at δ 2.00 

ppm, green dot) have the same diffusion coefficient, as expected if they are located on the 

same diblock macromolecule. 

 

 
Figure IV-3: DOSY-NMR of the PVAc-b-PCL block copolymer, recorded in CDCl3. 

 

The DOSY NMR spectrum of the [PVAc-CoIII(acac)2] macroinitiator (Figure S11) shows all 

polymer resonances with a higher diffusion coefficient of 3.1x10-10 m2/s. Note that no signals 

are present in the Figure IV-3 at this D value, demonstrating the successful chain extension. 

The PVAc-b-PLA product was also characterized by DOSY-NMR (Figure S14). Like for PVAc-b-

PCL, all copolymer resonances are clearly aligned at the same D value, which is smaller than 

that of the macroinitiator and no intensity is observed in correspondence to the macroinitiator 

D value.  

Another polymerization test was carried out to optimize the synthesis. Notably, the 

polymerization of the second block was carried out at a lower temperature. This experiment 

was carried out only for the extension with PCL, because the CL monomer is liquid (m.p. -1 °C), 

whereas LA is solid (m.p. ca. 95 °C) and needs high temperatures to operate under melt 

condition for a bulk polymerization. At 100°C, the chain extension was slower, yielding a very 

low conversion after 19 h and only a small shift for the GPC signal (Figure IV-4). Continuation 
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of the polymerization gave a 12% conversion after 41 h and yielded a PVAc-b-PCL product with 

a very narrow and monomodal molar mass distribution (Table IV-1). 

 

16 17 18 19 20
R. Time (min)

 MacroInitiator PVAc
 Extension PCL (19h/100°C)  Extension PCL (42h/100°C)  

Figure IV-4: Chromatograms of the chain extension reaction PVAc-b-PCL at 100°C, recorded 
with GPC-THF polystyrene calibration. 

 

Additional characterization of these copolymers, for instance by DSC and TGA, could not 

yet be accomplished because of time limitations. It will be interesting to compare the 

properties (Tg, Tm, degradation temperature) with those of the homopolymers. 

 

b. Switch from ROP to OMRP 

 

In order to operate the switch from ROP to OMRP, which is represented by route B in Scheme 

IV-1, a short [PLA-Co(L)] (2000 g mol-1) was first synthesized using complex 3.1 and then used 

as macroinitiator for the chain extension in the presence of MA under bulk condition at 40°C. 

However, no monomer conversion was observed by gravimetry or 1H NMR and the GPC 

analysis of the recovered polymer (Figure S15) showed no change with respect to the 

macroinitiator signal. Therefore, further efforts were focused on the bis(acetylacetonato) 

system.  

For practical reasons (limited availability of the [PLA-CoIII(acac)2] and [PCL-CoIII(acac)2] living 

polymers), this extension trial used the living [PVAc-b-PCL-CoIII(acac)2] copolymer described in 

the previous section as macroinitiator, which contains the same potentially reactivable Co-

alkoxide chain end.  
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a)  

b)

15 16 17 18 19 20 21
R. Time (min)

 MacroInitiator PVAc 
 Extension PVAc-b-PCL (19h/120°C) 
 Reactivation VAc (14h at 40°C)
 Reactivation VAc (26h at 50°C)

 

Figure IV-5: a) Chain extension reaction of the diblock PVAc-b-PCL, b) Chromatograms of the 
chain extension test of the diblock with VAc, recorded with GPC-THF polystyrene calibration. 

 

However, as highlighted by the invariance of the GPC signal (Figure IV-5), the macroinitiator 

was not reactivated by VAc at 40 or 50°C. Another test was carried out using the [PCL-

CoIII(acac)2] macroinitiator, produced as described in section III-3.a, in the presence of a large 

excess of either MA or VAc at 50°C during 24 h. In these cases, a small shift of the molar mass 

distribution is revealed by the GPC analysis of the recovered polymer, which suggests chain 

extension. However, no further evolution of the GPC trace occurred after 50 h of reaction. 

 

16.0 16.5 17.0 17.5
R. Time (min)

 Macro-Initiator PCL
 Extension 24h VAc
 Extension 24h MA

 
Figure IV-6: Chain extension reaction of the macro-initiator PCL with VAc and MA. 
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Moreover, the DOSY NMR (Figure S16) of the recovered polymer revealed only the PCL signals 

with coefficient diffusion of 1.3x10-10 m2/s. This means that the cobalt-alkoxide chain end 

cannot be reactivated by homolytic cleavage for radical generation. As of this moment, we 

have not found conditions that allow a polymerization switch from ROP to OMRP. In 

perspective, the chain extension may perhaps be tested with macroinitiators built from other 

cyclic esters.  

 

2. One pot procedure (Mixture of PVAc & PCL)  
 

As described in section II.3.a, the efficiency factor of complex 3.6 as a radical polymerization 

initiator is low (less than 20%). However, this property may be turned into an advantage. In 

fact, 3.6 was shown capable to initiate and control both the radical polymerization of VAc (at 

30°C) and the ROP of CL (at 100°C or higher). Therefore, using a VAc/CL comonomer mixture 

in one pot at low temperature, only [PVAc-CoIII(acac)2)] homopolymer chains should grow by 

OMRP, while the CL monomer should not be polymerized. Subsequently, a temperature 

increase to 100 °C and the presence of a large fraction of unreacted 3.6 should induce the 

generation of [PCL-CoIII(acac)2)] homopolymer chains by ROP, but also the chain extension of 

the [PVAc-CoIII(acac)2)] chains to generate [PVAc-b-PCL-CoIII(acac)2)], as shown in section IV-

1.a. This one-pot strategy is highlighted in Scheme IV-4 below. This method cannot be applied 

to lactide, because this monomer is solid at 40°C. It may be possible to use a solvent such as 

toluene to solubilize the lactide monomer. However, this possible extension could not be 

explored due to time limitation and may be the subject of future work. 

 
Scheme IV-4: One pot polymerization process. 

 

Experimentally, caprolactone served as the solvent for the VAc polymerization at low 

temperature. After 45 hours the temperature was increased to 120°C and the CL was also 

polymerized. After a few tests to optimize the conditions, a polymer blend was prepared using 

the optimized ratio [CoIII]/[CoII]/[VAc]/[CL] = 1/0.25/150/500. The GPC analysis (Figure IV-7) 

shows a broader molar mass distribution for the final polymer blend (purple trace) relative to 

the [PVAc-CoIII(acac)2] homopolymer intermediate (analyzed prior to the second step at higher 

temperature, green trace), indicating the formation of low molar-mass [PCL-CoIII(acac)2] 

homopolymer chains. A broadening of the distribution towards lower retention times suggests 
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that the extension of the [PVAc-CoIII(acac)2] macroinitiator to yield [PVAc-b-PCL-CoIII(acac)2] 

diblock chains may also have occurred. 

 

14 15 16 17 18 19 20 21
R. Time (min)

 T1 (45h at 40°C)
 T2 (+45h at 120°C)

 
Figure IV-7: GPC analysis of the intermediate [PVAc-CoIII(acac)2] and final polymer blend for 

the 3.6-initiated one-pot copolymerization process.  
 

The 1H NMR monitoring of the polymerization process (Figure IV-8) provides further 

evidence in favor of the stepwise polymerization. Initially (T0) no polymers resonances are 

visible. After 40 hours at 40°C (T1), the PVAc formation (22% of conversion) is evident from 

the OMe resonance at ca. 5.1 ppm in the green box, while no PCL (OCH2 resonance at ca. 3.95 

ppm) is visible in the purple box. This confirms that VAc polymerizes at 40 °C while CL does 

not. After heating at 120 °C for an additional 45 h (T2), the PVAc signal has increased (70% of 

conversion) and the PCL signal has appeared (5% of conversion purple box).   

 

 
Figure IV-8: 1H NMR monitoring of the one-pot copolymerization processes of VAc and CL 

initiated by complex 3.6, recorded in CDCl3, 400 MHz.  
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The 1H DOSY-NMR spectrum of the recovered final polymer blend is shown in Figure IV-9 . In 

addition to the resonances of the small molecules (residual monomers, solvent) at a high D 

value (ca. 1x10-9 m2/s), the polymer resonances are essentially grouped around two different 

and lower D values.    

 
Figure IV-9: 1H DOSY-NMR spectrum of the final polymer blend for the 3.6-initiated one-pot 

copolymerization process of VAc and CL, in CDCl3, 400 MHz.    
 

The resonances associated to the intermediate diffusion coefficient (2.3x10-10 m2/s) 

correspond to PCL (purple dots). No PVAc resonances (green dots) are visible for this D value. 

This is consistent with the generation of [PCL-CoIII(acac)2] homopolymer chains during the 

higher-temperature step of the polymerization.   The PVAc resonances are visible, on the other 

hand, in correspondence with the lower D value (7.2x10-11 m2/s), in agreement with the higher 

molar mass of the [PVAc-CoIII(acac)2] product of the low-temperature step, as suggested by 

the GPC in Figure IV-7. No resonances at the chemical shift of PVCL are visible at this diffusion 

coefficient. This suggests that these macromolecules have either remained [PVAc-CoIII(acac)2] 

homopolymers, or that they have extended with a small amount of PCL blocs, too small to 

afford visible signals. Consequently, this one-pot process allows the production of a polymer 

blend, of which one component is a PCL homopolymer and the second one is either a PVAc 

homopolymer or a PVAc-b-PCL diblock with a short PCL block, using two different mechanisms 

(radical and coordination/insertion). 

One point that remains obscure is whether the resulting mixture is a simple blend or an 

interpenetrating polymer network (IPN). A material of this type was obtained, for instance, in 

a recent contribution by Gigmes, Broggi et al.,35 through the simultaneous initiation of radical 

and anionic propagation processes. An IPN can be simply defined as a system consisting of 
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two polymer networks (3D) that are physically entangled but not chemically linked.36 A simple 

polymers blend, on the other hand, is a mixture of two or more chemically different 

thermoplastic (1D) polymers. The answer to this question may be provided by the 

measurement of certain physical properties. For instance, polymer blends should give rise to 

two (or more) glass transitions, at the same Tg values specific for each polymer component, 

whereas interpenetrating polymers should yield only one broad glass transition. This point will 

be clarified through future work. 

 

3. Selective degradation of copolymer (OMRP-b-ROP)   
 

One of the major interests of this research comes from the environmental and societal 

pressure. In fact, the biodegradability of the usual polymers presents a great challenge for the 

scientific community. That is why a selective degradation experiment of the PVAc-b-PLA was 

carried out as a proof of concept. This experiment was based on a report of the use of zinc 

complexes for the controlled polymerization of lactide and also for the depolymerization of 

the PLA product in the presence of methanol.37, 38 In our case, as shown in Scheme IV-5, we 

wish to first remove the cobalt complex from the chain end, then install the NHC-zinc complex 

[(IMe,Bu)ZnCl(Et)] (IMe,Bu = N-methyl-N’-butylimizadolydene, 1H NMR in Figure S17) 37, 38 at the 

chain end and finally degrade the PLA block by transesterification with methanol 

([polymer]/[Zn]/[MeOH] = 1 /1/100 in CD2Cl2, 24 h at room temperature) to release methyl 

lactate (Figure IV-10). 

 

 
Scheme IV-5: PVAc-b-PLA degradation catalyzed by the [(IMe,Bu)ZnCl(Et)] complex.  

 

As can be observed from the 1H NMR monitoring of the degradation reaction (Figure IV-10), 

the methanol/Zn treatment degraded the PLA as proven by the appearance of the methyl 

lactate signals. The occurrence of polymer degradation is confirmed by the GPC analysis 

(Figure IV-11). The PVAc macroinitiator PVAc (green trace) was extended with LA to give the 

PVAc-b-PLA diblock copolymer (brown signal). After degradation, the molar masses 

distribution shifts to lower values (dashed brown line). 
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Figure IV-10: 1H NMR spectra of the PVAc-b-PCV before (bottom) and after (top) treatment 

with MeOH and reaction with the Zn complex, recorded in CD2Cl2. 
 

As we can observe with the 1H NMR above (Figure IV-10), the methanol/Zn treatment, 

which allows for the removal of the lactide, did not react and degraded the PLA due to the 

methyl lactate signals appearance. Moreover, this result is also well illustrated by the GPC 

analysis (Figure IV-11). The macro-initiator PVAc (green trace) is extended with a PLA block to 

give the brown signal. The degradation then induces a decrease of the molar masses, as 

highlighted by the dashed brown line.  

 

 
Figure IV-11: GPC analysis of the PVAc macroinitiator (green), chain-extended PVAc-b-PLA 

(brown) and degraded polymer after 24 h at room temperature (dashed brown).   
 

Even though this is only a proof of concept, these results highlight a promising system. We 

can also imagine other degradation pathways such as an acid- or enzyme-catalyzed 

hydrolysis.39 To conclude, a polymerization switch was clearly shown from OMRP to ROP. 

However, the reverse switch from ROP to OMRP could not be observed under the conditions 

used so far.   
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V. Conclusion and outlook  
 

Several cobalt(III) carboxylate systems able to undergo the homolytic cleavage of the CoIII-

O2CR bond and generate carboxyl radical (3.1, 3.3, 3.6, 3.7, 3.8, 3.12) have been highlighted. 

Among these, complex 3.1 is the best initiator/moderator for the OMRP of methyl acrylate, 

whereas 3.6 gives the best results for vinyl acetate. For these reasons, the subsequent ROP 

investigation was essentially limited to these two complexes, revealing that the most efficient 

system is [Co(acac)2(O2CPh)] (3.6). The combined OMRP and ROP investigations made this 

complex the most promising candidate for the target mechanistic switch between ROP and 

OMRP. This system proved indeed successful for the sequential block copolymerization (Figure 

V-1-B) of VAc by OMRP, switching to LA or CL by ROP. Unfortunately, the reverse switch from 

ROP to OMRP was unsuccessful under the experimental conditions tested so far. New block 

copolymers, synthesized by the sequential process with OMRP/ROP switch without chemical 

modification between blocks, have been characterized. The main drawback of this system is 

the low initiator efficiency. This drawback, however, could be turned into an advantage for 

the development of an original polymer blend produced in a one-pot process (Figure V-1-C).  

 

 
Figure V-1: Various applications of the [Co(acac)2(O2CPh)] complex for polymer synthesis: A) 

homo-polymerization by OMRP or ROP; B) sequential copolymerization with switch from 
OMRP to ROP; C) one-pot process for polymer blend production.  
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VI. Experimental section  
 

1. Materials  
 

Cobalt(II) bisacetylacetonate (Co(acac)2, ≥99%, Sigma Aldrich) 1,3,5-trioxane (≥99%, Sigma 

Aldrich), BnOH (Benzyl alcohol, Sigma Aldrich), 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, 

98%, Sigma Aldrich), diethylzinc (ZnEt2, 1M in hexane, Sigma Aldrich), 1-methylimidazole (99%, 

Sigma Aldrich), 1-chlorobutane (≥99.8%, Sigma Aldrich) and the deuterated solvents C6D6, 

CD2Cl2 and CDCl3 (99.8%D, Euriso-top) were purchased and used as received. L-lactide 

(purchased from Corbion) was recrystallized from toluene. Ɛ-Caprolactone (>99%, Sigma 

Aldrich) was dried over, distilled under static vacuum and stored under argon at 0°C.  

 

2. Characterizations 
 

NMR. All spectra were recorded on a Bruker Avance III 300 or 400 MHz spectrometer at 

ambient temperature. The 1H and 13C chemical shifts (δ) were determined using the residual 
1H solvent peaks as internal standard and reported in ppm vs. SiMe4. 

 

GPC. analyses were carried out at 35 °C with a Shimadzu DGU-20A3R equipped with Shim-

pack GPC-801 and -805 columns (each having a length of 300 mm and an inner diameter of 8 

mm) and a refractive index detector, using THF as mobile phase at a flow rate of 1 mL min-1.  

 

DOSY-NMR. The DOSY-NMR spectra were measured by the technical staff of the NMR 
platform of the Laboratoire de Chimie de Coordination. They were recorded on a Bruker 
Ascend 600 spectrometer equipped with a 5 mm triple resonance inverse Z-gradient probe 
(TBI 1H, 31P, BB) and acquired at 300K with the stebpgp1s pulse program from Bruker topspin 
software. All spectra were recorded with 16K time domain data point in the t2 dimension and 
16 t1 increments. The gradients strength was linearly incremented in 16 steps from 2% up to 
95% of the maximum gradient strength. All measurements were performed with a 
compromise diffusion delay Δ between 200 and 350 ms and a gradient pulse length δ between 
3.2 and 4.0 ms. 
 
1H spin-lattice relaxation times (T1). These T1 parameters were measured using the excitation 
sculting inversion-recovery pulse sequence t1iresgp. The relaxation delay was 6 s and the 
acquisition time was 1 s. For each measurement, the recovery times were from 50 ms to 6 s 
and 8 points were collected. 
 

ESI. The electrospray ionization mass spectra (ESI-MS) were recorded by the technical staff of 

the mass spectrometry platform of the Toulouse Institute of Chemistry on a Q-Tof Premier 

(Waters) instrument using nitrogen as drying agent and nebulizing gas and MeCN as solvent. 

 

  

https://www.sigmaaldrich.com/FR/fr/substance/benzylalcohol10814100516?context=product
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3. Methods 
 

OMRP tests with complex 3.1. In the glove box, complex [Co(L1.1L)OAc] (50 mg, 0.75 mmol) 

was added into the Schlenk. Methyl acrylate (200 eq) was then added by syringe and the tube 

was sealed with a rubber septum. The green mixture was stirred and heated at 70°C in the 

dark. The monomer conversion was determined by gravimetry from aliquots withdrawn from 

the reaction mixture at the desired times. The same aliquots were treated with pentane to 

precipitate the polymer products, which were dried under vacuum to remove the unreacted 

monomer. The dried polymers were then dissolved in THF (at concentrations between 3 and 

5 mg mL-1) for the GPC analysis.  

 

OMRP tests with complex 3.2. In the glove box, a glass tube was charged with the previously 

synthesized cobalt complex (5.7 mg, 8.63x10-6 mol), trioxane as NMR standard (ca. 5 mg), 

methyl acrylate was then added by syringe (0.23 mL, 2.6 x10-3 mol, 300 eq), and the tube was 

sealed with a rubber septum. For methyl methacrylate, the same procedure was adopted with 

the cobalt complex (11.4 mg, 1.72x10-5 mol), trioxane (ca. 5 mg) and the monomer (0.54 mL, 

5.1x10-3 mol, 300 eq). In each case, the dark brown mixture was stirred and heated at 60°C. 

The monomer conversion was determined by withdrawing aliquots of the reaction mixture for 

the gravimetric analysis and also followed by 1H NMR. The polymer was precipitated by 

addition of pentane and dried under vacuum to remove the unreacted monomer. 

 

OMRP bulk polymerizations of vinyl acetate with complex 3.6. In the glove box, complex 

[CoIII(acac)2(O2CPh)] (128.9 mg, 0.34 mmol) and X equivalents of [CoII(acac)2] (0.1 eq, 8.74 mg, 

0.03 mmol; 0.25 eq, 21.85 mg, 0.08 mmol; 0.5 eq, 43.7 mg, 0.17 mmol; 1 eq, 87.43 mg, 0.34 

mmol) were added into a glass tube. Vinyl acetate was then added by syringe and the tube 

was sealed with a rubber septum. The green mixture was stirred and heated at 30°C, 40°C, 

50°C or 60°C in the dark. The monomer conversion was determined by withdrawing aliquots 

of the reaction mixture for a gravimetric and/or 1H NMR analysis. The polymer was 

precipitated by addition of pentane and dried under vacuum to remove the unreacted 

monomer. The dried polymer was then dissolved in THF (3-5 mg mL-1) for the GPC analysis.  

 

Quenched TEMPO reactions. 100 mg of TEMPO was dissolved in 1 mL of dry toluene under 

argon and the resulting solution was injected in the polymerization reaction mixture at the 

desired time.  

 

OMRP of vinyl acetate in solution.  In the glove box, complex [CoIII(acac)2(O2CPh)] (20 mg, 

0.053 mmol), [CoII(acac)2] (3.4 mg, 0.013 mmol, 0.25 eq) and 2.64 mL of toluene were added 

into a glass tube. Vinyl acetate (1 mL) was then added by syringe ([VAc] = 4 mol L-1) and the 

tube was sealed with a rubber septum. The green mixture was stirred and heated at 40°C in 

the dark. The monomer conversion was determined by withdrawing aliquots of the reaction 

mixture for a gravimetric and/or 1H NMR analysis. The polymer was precipitated by addition 
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of pentane and dried under vacuum to remove the unreacted monomer. The dried polymer 

was then dissolved in THF (3-5 mg mL-1) for the GPC analysis.  

 

Ring opening polymerization reactions. All polymerizations followed the same procedure. A 

glass tube was charged with the complex, the monomer (and BnOH when necessary) in the 

desired molar ratio. The tube was then sealed with a rubber septum under inert atmosphere 

in the glove box. It was then placed in a thermostatic oil bath at 100°C with magnetic stirring 

and the reaction was stopped at the desired time by cooling to room temperature. For all of 

experiments, the monomer conversion determination and the polymer isolation and 

characterization by 1H and GPC followed the same procedure already described in the 

previous sections.      

 

OMRP sequential block copolymerizations. A green cobalt-terminated poly(vinyl acetate) 

macroinitiator (Mn
GPC = 5400 g mol-1, Đ = 1.07) was prepared according the procedure 

described above with a [CoIII]/[CoII] ratio of 1/0.25. Then, 50 mg of dried polymer was added 

to the bulk monomers (VAc, S, MA, BA; 1.8 mmol, 200 eq) in a glass tube. The tube was then 

sealed with a rubber septum and placed in a thermostatic bath at 30°C in the dark with 

magnetic stirring. The conversions were recorded by gravimetric analysis on an aliquot after 

24 h or after the stirring was stopped by the increased viscosity. After precipitation by addition 

of pentane and recovery, the dried polymers were then dissolved in THF (3-5 mg mL-1) for the 

GPC analysis.  

 

Polymerization switch from OMRP to ROP with complex 3.6. A green cobalt-terminated 

poly(vinyl acetate) macroinitiator (Mn
GPC = 3635 g mol-1, Đ = 1.11) was prepared according the 

procedure described above with a [CoIII]/[CoII] ratio of 1/0.25. Then, LA or CL and trioxane 

(internal standard) were added to the dried polymer in a glass tube working in the glove box 

([Macroinitiator]/[M] = 1/500). After sealing with a rubber septum, the tube was placed in a 

thermostatic bath at 120°C in the dark with magnetic stirring. The conversions were recorded 

by 1H NMR analysis on aliquots withdrawn at the desired time. The polymers were 

precipitated by addition of pentane, dried and dissolved in THF (3-5 mg mL-1) for the GPC 

analysis.  

 

Triblock extension test. The cobalt-terminated PVAc-b-PCL diblock macroinitiator (Mn
GPC = 8 

400 g mol-1, Đ = 1.07) prepared as described in the previous section was added to 400 

equivalents of VAc in bulk and heated at 40°C for 14 h, then for 26 h at 50°C. The withdrawn 

aliquots were analyzed by 1H NMR for conversion and the polymer was analyzed by GPC after 

precipitation, drying and redissolution in THF.  

 

One pot copolymerization process. In the glove box, [CoIII(acac)2(O2CPh)] (20 mg, 0.0528 

mmol), [CoII(acac)2] (3.4 mg, 0.0135 mmol, 0.25 eq) and trioxane (10 mg) were added into a 

glass tube. Vinyl acetate (0.68 g, 150 eq) and ɛ-caprolactone (3 g, 500 eq) were then added by 
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syringe and the tube was sealed with a rubber septum. The green mixture was stirred and 

heated at 40°C for 45 hours. The temperature was then increased to 120°C and stirred for an 

additional 45 hours. The monomer conversions were determined by withdrawing aliquots of 

the reaction mixture and 1H NMR analysis. The polymer was precipitated by addition of 

pentane and dried under vacuum to remove the unreacted monomers. The dried polymer was 

then diluted in THF (3-5 mg mL-1) for the GPC analysis.  
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General conclusion and perspectives  
 

During the search for a unique metal complex for the initiation and moderation of both OMRP 

and ROP, and also for a switch between these two-polymerization mechanisms, we focused 

on various steps, which are summaries in the research roadmap of Figure 1.  

Several cobalt(III) complexes were synthesized, a few of which such as Co(salen)OAc (3.1) 

were based on literature analogues . Other new complexes were inspired by previous work in 

our group, such as [Co(L1.10)OAc] (3.2). Other new mononuclear heteroleptic architectures 

containing one carboxylate ligand were synthesized and characterized, notably based on the 

new synthesis route from diacyl peroxides implemented for the first time in this work. This 

method has provided carboxylate cobalt(III) complexes supported by an (N2,O2) (3.3-3.4) and 

by an (O2,O2) (3.6-3.10) coordination sphere. 

The first step of our study was to highlight the radical production from the carboxylate 

cobalt(III) complexes, to verify their ability for the direct initiation and control of an OMRP 

process. After that, the control of this reaction and the nature of the chain end were 

investigated for a potential reactivation of the well-defined polymers for ROP. Only complexes 

3.1 (with MA) and 3.6-3.8 (with VAc) revealed a sufficiently well-controlled OMRP.  

Therefore, only complexes 3.1 and 3.6 were used for the next step of this work. This step 

consisted in tests of initiation efficiency and control of ROP processes. These investigations 

could confirm that both complexes are efficient for the ROP of ε-caprolactone and L-lactide.  

Consequently, these systems were used for tests of switch from OMRP to ROP. Success was 

achieved only with 3.6, as clearly shown by the GPC and DOSY analyses. These new block 

copolymers were synthesized without any chemical modification or co-agents when moving 

from one mechanism to the next one. However, no suitable conditions have been found so 

far to provide a switch in the reverse direction (from ROP to OMRP). The main drawback of 

this system is the low initiator efficiency in the initial OMRP step. However, this drawback was 

turned into an opportunity for the parallel development of polymer blends produced in a one-

pot process. 

In the immediate future, the mechanical properties of these new polymers will be 

investigated. This new methodology of a single-molecule initiation by a carboxylate cobalt(III) 

complex could also be extended to other LAMs that could be controlled by OMRP in past work 

only by using either the reverse initiating [CoII(acac)2]/peroxide system or the oligoinitiator 

[PVAc-CoIII(acac)2], which is rather tedious to synthesize, such as, for instance, VDF.9, 40  

In addition, this work could also be extended to the ring opening copolymerization of 

CO2/epoxide for another type of polymerization switch (from OMRP to ROCOP, or viceversa). 

Moreover, peroxide precursor design could open the way to different kinds of chain-end 

functionalization, for instance by introducing amine or alcohol functions, allowing the 

subsequent facile polymer grafting on surfaces through the use of click chemistry.   
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Figure 1: Road map of the thesis work. 
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32. Öztürk, T.;  Göktaş, M.; Hazer, B., One-step synthesis of triarm block copolymers via 
simultaneous reversible-addition fragmentation chain transfer and ring-opening polymerization. 
Journal of Applied Polymer Science 2010, NA-NA. 
33. Kang, H. U.;  Yu, Y. C.;  Shin, S. J.; Youk, J. H., One‐step synthesis of block copolymers using a 
hydroxyl‐functionalized trithiocarbonate RAFT agent as a dual initiator for RAFT polymerization and 
ROP. Journal of Polymer Science Part A: Polymer Chemistry 2012, 51 (4), 774-779. 
34. Michele Schappacher, N. F., and Sophie M. Guillaume*, Poly(methyl methacrylate)-
Poly(caprolactone) AB and ABA Block Copolymers by Combined Ring-Opening Polymerization and 
Atom Transfer Radical Polymerization. Macromolecules 2007, 10, 8887-8896. 
35. Zhao, Y.;  Rollet, M.;  Charles, L.;  Canard, G.;  Gigmes, D.;  Vanelle, P.; Broggi, J., Switching from 
Single to Simultaneous Free‐Radical and Anionic Polymerization with Enamine‐Based Organic Electron 
Donors. Angewandte Chemie International Edition 2021, 60 (35), 19389-19396. 
36. Silverstein, M. S., Interpenetrating polymer networks: So happy together? Polymer 2020, 207. 



General Conclusion 
 

 
195 

37. Fliedel, C.;  Mameri, S.;  Dagorne, S.; Avilés, T., Controlled ring-opening polymerization of 
trimethylene carbonate and access to PTMC-PLA block copolymers mediated by well-definedN-
heterocyclic carbene zinc alkoxides. Applied Organometallic Chemistry 2014, 28 (7), 504-511. 
38. Fliedel, C.;  Vila-Viçosa, D.;  Calhorda, M. J.;  Dagorne, S.; Avilés, T., Dinuclear Zinc-N-
Heterocyclic Carbene Complexes for Either the Controlled Ring-Opening Polymerization of Lactide or 
the Controlled Degradation of Polylactide Under Mild Conditions. ChemCatChem 2014, n/a-n/a. 
39. Zaaba, N. F.; Jaafar, M., A review on degradation mechanisms of polylactic acid: Hydrolytic, 
photodegradative, microbial, and enzymatic degradation. Polymer Engineering & Science 2020, 60 (9), 
2061-2075. 
40. Falireas, P. G.;  Ladmiral, V.;  Debuigne, A.;  Detrembleur, C.;  Poli, R.; Ameduri, B., 
Straightforward Synthesis of Well-Defined Poly(vinylidene fluoride) and Its Block Copolymers by 
Cobalt-Mediated Radical Polymerization. Macromolecules 2019, 52 (3), 1266-1276. 

 



 

Documents Annexes 
 

Maxime Michelas 

 

 

“Design of cobalt(III) carboxylate complexes for 

switching between radical and ring opening 

polymerization mechanism”  

 

Ecole doctorale : SDM – Sciences De la Matière – Toulouse 

Spécialité : Chimie Organométallique et de Coordination 

 

LCC – Laboratoire de Chimie de Coordination 

Encadrés par Christophe Fliedel et Rinaldo Poli 

 

 



  

1
9

9 

A
n

n
exes 

Annexes Chapter I 
 

Table S 1: Summary of Cobalt complexes for OMRP polymerization with Bond Dissociation Energies. ....................................................................................... 200 

Table S 2:  Summaries of polymerization result by Cobalt Mediated Radical Polymerization (OMRP). ....................................................................................... 204 

Table S 3: Summaries of polymerization results obtained with each complex presented in the ROP section. ............................................................................. 207 

 



 

 

A
n

n
exes 

2
0

0 

Table S 1: Summary of Cobalt complexes for OMRP polymerization with Bond Dissociation Energies. 

Complex 
Substituents BDE Co-R 

(kcal.mol-1) 
Method of BDE 
determination R L R1, R2, R3 

 
R-Co(por)-L 

 

 
 

CH2Ph L = PBu3 R1, R2 =Et, R3 = H 29.1 Kinetic of trapping radicals 
with TEMPO CH2Ph L = PPH3 R1, R2 =Et, R3 = H 24.0 

CH(CH3)CN - R1, R2 = H, R3 = C6F5 22.0 

DFT (B3LYP) 

CH(CH3)CN - R1, R2 = H, R3 = Ph(Me)3 24.0 

CH(CH3)OAc - R1, R2 = H, R3 = PhMe3 24.0 

CH(CH3)OtBu - R1, R2 = H, R3 = PhMe3 14.0 

CH(CH3)OMe - R1, R2 = H, R3 = PhMe3 18.0 

CH(CH3)Ph - R1, R2 = H, R3 = Anisyl 20.0 

NMR 
C5H9 - R1, R2 = H, R3 = Anisyl 31.0 

R-Co(TMP-OH) 

 
 

VAc 
MA 
HEA 
tBa 
NIPAM 

- 
- 
- 
- 
- 

R1, R2 = H 
R3 = PhMe3 

R4 = Ph-O(CH2)10OH 

25.0 
18.6 
17.8 
15.3 
18.3 

DFT 
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R-Co(dmgH)2-L 
 

 

CH(CH3)Ph 4-NH2-py  21.0 
Kinetic of trapping radicals 

with R-SH CH(CH3)Ph 4-CN-py  18.0 

CH2Ph P(CH3)2Ph  30.0 
Kinetic of trapping radicals 

with TEMPO 
CH2Ph PPh3  26.0 

CH3 Py  31.0 
DFT (B3LYP) 

CH(CH3)2 Py  21.0 

 
R-Co(Saloph)-L 

 

 
 

CH2CH2CH3 Py  25.0 
Kinetic of trapping radicals 

with R-SH 

CH(CH3)2 Py  20.0 
Kinetic of trapping radicals 

with R-SH 

R-Co(salen)-L  
 

 
 

CH3 H2O  49.0 
Kinetic of trapping radicals 

with TEMPO 

CH(CH3)2 H2O  19.0 
Kinetic of trapping radicals 

with TEMPO 
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R-Co(salen) 
 

 
 
 

1-Phenyl-ethane   

R1 = tBu R2 = NO2 15.4 

DFT (BP86) 

R1 = tBu R2 = OMe 13.7 

R1 = tBu R2 = tBu 14.1 

R1 = tBu R2 = NMe2 13.3 

 
 
 

CH3(CH3COO)CH-Co(acac)2 

 

 
 

 
 

 

5-
membered 

ring 
chelation 

 17.3 DFT (B3LYP) 
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CH3COOCH2CH2-Co(acac)2 

 

 

 

6-
membered 

ring 
chelation 

 18.3 DFT (B3LYP) 

CH3(CH3COO)CH-Co(acac)2-L 
 

 
 

 
DMSO 
DMF 

 
9.9 

14.1 
DFT (B3LYP) 
DFT (B3LYP) 

 
 

R-Co(acac)2-L 
 

 

 
 
 

CH3 -  14.6 

DFT (B3LYP) 

CH3 Py  17.9 

CH3 NMe3  17.2 

CH3 NH3  17.8 

CH3 H2O  18.8 

CH(OCH3)CH3 -  8.4 

CH(OOCCH3)CH3 -  5.7 

CH(OOCCH3)CH3 AN  10.1 

CH(OOCCH3)CH3 DMF  8.2 

CH(OOCCH3)CH3 DMSO  4.5 

CH(CN)CH3 -  1.3 

CH(CN)CH3 AN  7.7 

CH(CN)CH3 DMF  6.0 
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R-Co(acac)2-L 
 

 

CH(CN)CH3 DMSO  2.9 

CH(COOCH3)CH3 -  -1.5 

CH(CH3)2CN -  -5.5 

 

Table S 2:  Summaries of polymerization result by Cobalt Mediated Radical Polymerization (OMRP). 

 Monomer Solvent Ratio [M]/[Co]/[I] Eternal initiator Temp (°C) Time (h) Conversion (%) Đ 

Organocobalt porphyrins 

9.1 
MA Bulk 2083/1/1 V-70 60 2 10 1.13 
VAc Bulk 1000/1/8 AIBN 60 8.5 70 1.34 

9.3b MA Bulk 2083/1/0.75 V-70 60 - 55 1.8-2.2 

9.3c MA C6D6 2600/1 - 25 - 83 1.11 

9.3d AA D2O 3630/1/1.29 V-70 60 0.5 82 1.20 

9.3e AA D2O 3800 V-70 60 0.5 57 1.37 

9.4 

MA C6D6 2000/1/10 AIBN 53 9.5 30 1.21 
nBa C6D6 1000/1/10 AIBN 53 9 57 1.18 
tBa MeOH 1000/1/10 AIBN 53 9 40 1.28 

DMA MeOH 700/1/7 AIBN 50 18.5 94 1.21 
HEA MeOH 2000/1/10 AIBN 53 9 28 1.32 

NIPAM MeOH 1500/1/10 AIBN 53 5 23 1.29 
AA MeOH 700/1/7 AIBN 50 21 28 1.33 

Cobalt Bis(acetylacetonate) 

9.5a VAc Bulk 2168/1/6.5 V-70 30 14 60 1.33 
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9.5a 

VAc Bulk 813/1/6.5 V-70 30 13 16 1.10 

VAc Bulk 542/1/3.25 V-70 30 28 50 1.20 

nBA Bulk 348/1/1 V-70 30 5 8 2.10 

VAc 
Water 

suspension 
542/1/3.25 V-70 30 240 95 1.30 

VAc Bulk  255/1.3/1 LPO 30 10 56 1.30 

VAc Bulk 255/1.3/1 BPO 30 29 79 1.55 

VAc Bulk 250/2/1 LPO/CA 30 3.25 79 1.40 

9.5b VAc Bulk 500/1/2 V-70 30 524 76 1.32 

9.5c VAc Bulk 500/1/1 V-70 30 60 62 1.30 

9.6 
VAc Bulk 500/1/1 V-70 30 1 55 1.20 
VAc Bulk 2010/1 - 40 10 28 1.17 

9.7 
VAc Bulk 500/1/2 V-70 30 5 22 1.62 

VAc/MA 
(1/1) 

Bulk  537/1/3 V-70 40 30 76 1.55 

Cobalt Schiff-Base ligand 

9.10a 

St Bulk 100/1/0.6 

AIBN 

120 1 61 1.78 

VAc Bulk 100/1/0.6 120 3 49 1.61 

MA Bulk 100/1/0.6 120 0.16 95 1.56 

MMA Bulk 100/1/0.6 120 0.25 70 1.24 

VAc Bulk 984/1/6.5 60 8 85 1.25 

MA C6H6 500/1/10 60 2.8 77 1.30 

VAc C6H6 600/1/1 

TPO 

3 mW/cm2 95 46 1.25 

MA C6H6 600/1/1 3 mW/cm2 25 65 1.17 

nBa C6H6 600/1/1 3 mW/cm2 29 77 1.19 

9.10b 
St 

Bulk 100/1/0.6 AIBN 120 
1 55 2.23 

VAc 3 17 1.81 

9.10c 
St 

Bulk 100/1/0.6 AIBN 120 
1 72 2.38 

VAc 3 48 1.29 
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9.10d 
St 

Bulk 100/1/0.6 AIBN 120 
1 85 2.65 

VAc 3 50 1.60 

9.10e St Bulk 100/1/0.6 AIBN 120 1 58 1.35 

1,3-bis(2-pyridylimino)isoindolato cobalt  

9.11a MA 

Benzene 600/1/1 V-70 60 - 

61 2.83 

9.11b MA 63 1.64 

9.11d MA 63 1.12 

9.11e MA 63 1.11 

9.11f MA 65 1.14 

9.11g MA 60 1.14 

9.11h MA 63 1.15 

9.11i MA 69 1.40 

9.11c MA 70 1.09 

9.11j MA 69 1.10 

9.11k MA 68 1.10 

9.11k BA 66 1.13 

9.11k MA/BA 66 1.15 

9.12a 

MMA Tol 1000/1 - 110 

20 5 1.26 
9.12b 21 13 1.26 
9.12c 15 12 1.29 
9.12d 17 70 1.52 
9.12e 15 72 2.00 
9.12f 15 40 1.58 

Cobalt β-ketoiminates 

9.13a VAc 
Tol/VAc 

50% 
500/1/0.8 V-70 30 160 25 1.36 

9.13b VAc 
Tol/VAc 

50% 
500/1/0.8 V-70 30 114 49 1.30 
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9.13c VAc 
Tol/VAc 

50% 
500/1/0.8 V-70 30 303 23 1.22 

9.14a 

VAc 
 

Bulk 700/1/10 AIBN 60 

0.5 18 1.27 
9.14b 2.5 37 1.57 
9.14c 2 32 1.70 
9.14d 6 44 1.47 
9.14e 8 24 1.83 
9.14f 8 30 1.70 

 

Table S 3: Summaries of polymerization results obtained with each complex presented in the ROP section. 

Complex [M] [M]/[Complex]/[Additive] Solvent Additive T°C 
Time (min or 

h) 
Conv. (%) 

Mn
Exp 

(g/mol) 
Mn

th (g/mol) Ð 

Yttrium 

2.1 

LA 

200/1 

THF - 20 

10h 

complete 

36 000 28 800 1.25 
2.2 500/1 20h 87 000 72 100 1.24 
2.3 100/1 5h 19 000 14 400 1.28 
2.4 100/1 5h 20 400 14 400 1.34 
2.5 200/1 10h 38 500 28 800 1.28 
2.6 100/1 5h 17 300 14 400 1.07 
2.7 200/1 10h 39 400 28 800 1.29 
2.8 100/1 5h 22 000 14 400 1.18 
2.9 200/1 10h 37 800 28 800 1.22 

2.10 100/1 10h 26 300 14 400 1.19 
2.11 100/1 5h 20 900 14 400 1.17 
2.12 100/1 20h 26 300 14 400 1.19 
2.13 100/1 60h 23 800 14 400 1.22 
2.14 200/1 1h 79 32 500 22 700 1.15 
2.15 200/1 2h 74 31 100 21 300 1.32 
2.16 100/1 2h 60 15 300 8 600 1.66 
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Titanium 

3.1 CL 653/1 Bulk - 150 24h 96 31660 - 1.33 

3.2 

CL 200/1 Tol - 80 

24h 99 9460 11300 1.13 
3.3 24h 99 8780 11300 1.20 
3.4 9h 90 8890 10300 1.27 
3.5 4h 99 13100 11300 1.27 
3.6 4h 73 10900 8330 1.10 
3.7 2h 99 16100 11300 1.41 
3.8 2h 99 13100 11300 1.09 
3.9 2h 99 12200 11300 1.44 

3.10 
CL 200/1 Bulk - 100 

10min 93 20450 22900 1.19 
3.11 9min 96 20980 22900 1.15 
3.12 4min 97 21180 22900 1.12 

3.10 
LA 200/1 Bulk - 140 

21min 92 25420 28900 1.17 
3.11 15min 96 25060 28900 1.15 
3.12 8c 98 28150 28900 1.14 

3.13 

CL 200/1 Tol - 30 12h 

75 5500 4300 1.16 
3.14 70 5100 4100 1.13 
3.15 69 5100 4000 1.25 
3.16 67 5400 3900 1.14 
3.17 88 6000 5100 1.29 
3.18 77 5800 4400 1.15 
3.19 75 6100 4300 1.13 

3.13 

LA 200/1 Tol - 70 20h 

90 5900 6500 1.30 
3.14 73 4100 5300 1.16 
3.15 74 5700 5400 1.17 
3.16 74 5700 5400 1.17 
3.17 76 6400 5500 1.13 
3.18 62 5000 4500 1.10 
3.19 51 2900 3700 1.13 
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3.20 

LA 100/1 Bulk - 130 

8h 87 10 100 - 1.19 

3.21 8h 57 6 700 - 1.17 

3.22 5h 94 5 200 - 1.11 

3.23 LA 1800/1 Bulk - 160 16h 96 99 000 - 1.14 

Zirconium 

3.24 
LA 300/1 Bulk - 130 

0.25h 98 42400 - 1.19 

3.25 0.25h 52 8700 - 1.07 

3.29 

LA 100/1 Tol - 

80 30min 
42 11000 - 1.23 

3.30 43 14000 - 1.23 

3.31 

20 24h 

69 13400 - 1.08 

3.32 54 11300 - 1.12 

3.33 63 10700 - 1.11 

3.34 51 9000 - 1.15 

3.35 LA 200/1 Tol - 75 26h 91 7100 - 1.27 

3.36a 
CL 200/1 Bulk - 100 

7min 91 18360 22900 1.20 
3.36b 6min 95 18050 22900 1.19 
3.36c 4min 96 19450 22900 1.16 

3.36a 
LA 200/1 Bulk - 140 

17min 88 21980 28900 1.20 
3.36b 12min 95 24760 28900 1.19 
3.36c 6min 98 25030 28900 1.16 

3.38 LA 

200/1 Bulk - 

140 36min 98 30100 28300 1.13 

3.38 CL 80 43min  97 23600 22200 1.15 

3.39 LA 140 31min 96 34000 27700 1.10 

3.39 CL 80 38min 95 26600 21700 1.11 

3.42 
LA 

200/1 C6D6 - 100 24h 
71 6400 

- 
1.02 

TMC 92 10000 1.29 
VL 64 10800 1.13 

3.43 
CHO 

200/1 C6D6 - 25 
0.2h 100 28000 

- 
1.23 

PO 24h 88 1800 1.62 
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Hafnium 

3.26 
3.27 
3.28 

LA 300/1 Bulk - 

130 48h 75 24400 - 1.32 

130 24h 96 46600 - 1.49 

130 0.25h 99 7700 - 1.45 

3.37a 
3.37b 
3.37c 

CL 200/1 Bulk - 100 

6 90 16650 22900 1.23 

5 97 17890 22900 1.21 

3 98 17340 22900 1.18 

3.37a 
3.37b 
3.37c 

LA 200/1 Bulk - 140 
15 89 22330 28900 1.21 
10 93 22900 28900 1.20 
5 97 23430 28900 1.17 

3.40 LA 
200/1 Bulk  - 

140 47min 97 26800 28000 1.12 

3.40 CL 80 58min 98 20900 22400 1.17 

Vanadium 

4.2a 

CL 

500/1/1 

Tol BnOH 

40 24h 

13 4390 7440 1.10 

4.2b 500/1/1 - - - - 

4.2c 500/1/1 25 8460 14300 1.10 

4.3a 500/1/1 64 7830 36610 1.10 

4.3b 500/1/1 53 8110 30320 1.30 

4.3c 500/1/1 60 8050 34320 1.10 

4.3d 500/1/1 41 5510 23450 1.10 

4.3e 500/1/1 65 10940 37180 1.10 

4.3f 500/1/1 78 7920 44620 1.20 

4.3g 500/1/1 74 15040 42330 1.30 

4.3h 500/1/1 73 11860 41760 1.10 

4.4 400/1/5 

80 72h 

94 3100 45700 1.10 

4.5a 400/1/5 46 3900 12300 1.10 

4.5b 400/1/5 20 5400 23700 1.30 

4.6a 400/1/1 57 10751 26024 1.40 

4.6b 400/1/1 47 8640 21458 1.40 
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4.7a 

CL 400/1/1 Tol BnOH 80 72h 

24 7977 10960 1.20 
4.7b 33 9242 15070 1.20 
4.8a 48 10080 21900 1.40 
4.8b 70 11010 31960 2.30 
4.9a 72 4973 32870 1.20 
4.9b 100 4060 45660 1.10 

4.10a 87 13670 39720 1.30 
4.10b 93 14260 42460 1.10 
4.9c 97 21340 44290 1.10 
4.9d 19 - 8670 - 
4.11 93 13290 42460 1.20 
4.12 94 4790 42920 1.10 
4.13 3 4560 1370 1.40 

4.14a 
CL 

200/1/0 
Bulk 

BnOH 80 
30min 96 7130 21910 1.50 

l-LA Tol 24h 15 1340 4320 1.11 

4.14b 
CL 

200/1/0 
Bulk 

BnOH 80 
40min 98 2600 22370 1.20 

l-LA Tol 24h 20 1930 5760 1.01 

4.15 
CL 

200/1/1 
Bulk 

BnOH 80 
30min 97 1450 22250 1.49 

l-LA Tol 24h 53 3400 15380 1.29 

4.16 
CL 

200/1/0 
Bulk 

BnOH 80 
30min 97 7200 22140 1.34 

l-LA Tol 24h 50 2120 14410 1.34 

4.17 
CL 

200/1/0 
Bulk 

BnOH 80 
20min 99 16270 22600 1.45 

l-LA Tol 24h 54 2310 15570 1.24 

Chrome 

5.1 

Β-BL 1000/1 Bulk - 100 5h 

6 20000 - 2.00 
5.2 35 71000 - 1.90 
5.3 28 61000 - 2.20 
5.4 31 70000 - 2.10 

5.5 
CHO 500/1 Bulk - 

60 27min - 93100 - 1.60 

5.6 22 18min - 46400 - 1.80 



 

 

A
n

n
exes 

2
1

2 

5.7 22 34min 32300 2.10 
5.8 22 34min 80800 1.60 

Manganese 

6.1 

CL 

100/1 

Bulk 
- 130 

2h 49 3500 1500 1.10 
6.2 100/1 4h 71 10500 11000 1.30 
6.3 100/1 4h 90 6500 5000 1.50 

6.4 250/1/1 
BnOH 110 24h 

9 280 2565 1.02 
6.5 250/1/1 12 450 3420 1.03 

Iron 

7.1 LA 100/1 PO PO 60 24h 90 19400 13100 1.58 

7.2 LA 100/1 PO PO 60 24h 91 18100 13200 1.46 

7.3 LA 100/1 PO PO 60 4h 91 24500 13200 1.54 

7.4 LA 100/1 PO PO 100 17h 93 9000 13500 2.36 

7.5 LA 100/1 PO PO 60 18h 96 8600 13900 1.61 

7.6 LA 100/1 PO PO 100 5h 89 10500 12900 1.63 

7.7 LA 100/1 PO PO 100 2h 94 14000 13600 1.72 

7.8 LA 100/1 PO PO 100 2h 90 11800 13100 1.78 

7.9 
CL 100/1/1 PO PPNCl RT 

8h 83 10900 9400 1.12 

7.10 24h 90 15500 10300 1.19 

7.10 

LA 100/1 PO - 

60 3d 76 10800 

- 

1.18 
7.10 80 1d 72 9400 1.11 
7.11 60 0.25d 76 10300 1.30 
7.12 60 0.25d 80 7650 1.11 
7.13 80 1d 93 11850 1.35 
7.14 80 2d 92 12700 1.17 
7.15 80 4d 92 8750 1.22 
7.16 80 0.67 95 12150 1.09 

7.19 
LA 100/1/50 Tol PO 120 24h 

95 8800 13700 1.40 
7.20 95 1500 13700 1.70 
7.21 95 3300 13700 1.40 



  

2
1

3 

A
n

n
exes 

7.22 95 9000 13700 1.60 
7.23 93 2100 13400 1.60 
7.24 95 2100 13700 4.00 
7.25 93 12600 13400 1.80 
7.26 89 17200 12800 1.50 

7.32 

LA 

200/1/1 

Tol iPrOH RT 

20min 82 24800 - 1.04 
7.33 200/1/1 1min 75 16700 - 1.20 
7.34 800/1/1 1.5min 82 79900 - 1.38 
7.35 400/1/1 0.5min 48 29900 - 1.09 
7.36 200/1/1 7min 93 21300 - 1.14 

7.37 

LA 1000/1 Bulk - 

130 32h 97 14000 - 1.55 
7.38 130 32h 95 10000 - 1.63 
7.39 130 32h 92 6310 - 1.74 
7.40 130 32h 95 4000 - 1.87 

7.41b LA 1000/1 

Tol 

- 70 77min 88 39500 - 1.88 
7.41c LA 1000/1 - 70 37min 94 54400 - 1.25 
7.41b CL 100/1 - 25 190min 100 18600 - 1.81 
7.41c CL 50/1 - 25 20min 100 7500 - 1.19 

7.42 LA 100/1 Tol - RT 20min 94 37500 - 1.12 
7.42 CL 100/1 Tol - RT 20min  95 86200 - 1.38 

7.43 

LA 

230/1 DCM - RT 120min 99 21400 - 1.57 
7.44 210/1 DCM - RT 60min 83 25200 - 1.89 
7.45 50/1 DCM - RT 24h 14 15600 - 1.45 

7.46a 50/1 DCM - RT 3h 93 6800 - 1.16 
7.46a 50/1/2 DCM 4-methoxyphenol RT 3h 88 7200 - 1.18 
7.46b 50/1/2 DCM 4-terbutylphenol RT 24h 93 7500 - 1.21 

7.46c 50/1/2 DCM 
Neopentyl 

alcohol 
RT 2h 96 4000 - 1.27 

7.47a 50/1 
Chloro 

benzene 
- 

RT 
20min 86 16000 6200 1.14 



 

 

A
n

n
exes 

2
1

4 

7.47c 50/1 Tol - RT 10min 91 9600 6600 1.12 
7.49 100/1 Bulk - 130 1h 47 4900 6800 1.23 
7.50 100/1 Bulk - 130 1h 97 12500 14000 1.40 
7.51 500/1 Bulk - 120 48h 48 4700 - 1.50 

Cobalt 

8.1 
LA 100/1 Tol - 

25 72h 93 - - 1.24 
8.1 70 4h 92 - - 1.19 

8.2 

LA 1000/1/10 Bulk BnOH 130 3h 

13 - - - 
8.3 45 5000 6400 1.21 
8.4 26 2300 3700 1.07 
8.5 10 - - - 
8.6 60 7300 8600 1.08 
8.9 - - - - 

8.7 
LA 200/1/1 Tol iPrOH RT 

20min 82 25000 - 1.06 
8.8 2min 81 23600 - 1.09 

8.10 CL 500/1/1 Bulk BnOH 130 24h 99 6 500 5 050 1.34 

8.11a 
LA 100/1 Tol - 130 60min 

94 12390 13540 1.11 
8.11b 73 15330 10520 1.13 
8.11c 91 19520 13110 1.22 

Nickel 

9.3 
LA 100/1/1 DCM BnOH RT 20h 

90 10200 6600 1.10 
9.4 88 10300 6500 1.07 
9.5 85 9600 6200 1.09 

9.3a 

LA 1000/1 Bulk - 

160 12h - 
30154 

- 
1.13 

9.3b 30702 1.14 

9.3c 130 24h 65 26940 - 1.12 

9.3d 

160 12h - 

28962 

- 

1.19 
9.3e 31555 1.13 
9.3f 30035 1.15 
9.3g 30695 1.16 



  

2
1

5 

A
n

n
exes 

9.4a 

LA 1000/1 Bulk - 130 24h 

74 31507 

- 

1.08 
9.4b 73 32109 1.12 
9.4c 68 33183 1.13 
9.4d 65 33661 1.09 
9.4e 64 33555 1.05 
9.4f 62 34032 1.10 
9.4g 61 34834 1.14 

Copper 

10.1 
LA 50/1 Bulk - 160 4h 

66 18500 - 1.43 
10.2 70 10400 - 1.43 
10.3 55 15900 - 1.58 

10.4 
LA 50/1 Tol - 70 

24h 18 - - - 
10.5 - - - - - 
10.6 - - - - - 

10.7 

LA 50/1 

Dioxane - 100 68h 10 - - - 

10.8 
Tol - 

70 35h 55 - - - 
10.9 - - - - - - 

10.10 70 35h 80 - - - 

10.11 

LA 

200/1 Bulk - 145 1440 96 28800 - 1.08 
10.11 200/1/5 Water iPrOH 145 1140 98 5780 - 1.04 
10.11 200/1/5 iPrOH iPrOH 145 1080 98 5820 - 1.08 
10.12 300/1/1 DCM BnOH RT 60min 95 35300 - 1.07 
10.13 300/1/1 DCM BnOH RT 60min 95 4300 - 1.08 
10.14 300/1/2 DCM BnOH RT 60min 95 4300 - 1.53 
10.15 1000/1 Bulk - 130 24h 51 14100 - 1.38 
10.16 1000/1 Bulk - 130 24h 35 21800 - 1.19 
10.17 300/1 DCM - RT 3 80 34600 - 1.03 
10.17 300/1/1 DCM iPrOH RT 0.75 96 20800 - 1.04 
10.17 300/1/5 DCM iPrOH RT 0.75 97 7000 - 1.07 
10.18 300/1 DCM - RT 3-11 min 95-98 29400 - 1.04 



 

 

A
n

n
exes 

2
1

6 

10.19 
LA 200/1/2 Tol 9-AnOH 110 6h 

10 1500 1600 1.10 
10.20 92 10800 13500 1.75 
10.21 93 12600 13600 1.13 

10.22 
LA 200/1 C6D6 - RT 

1440 84 21000 - 1.10 
10.23 1440 86 45000 - 1.00 

10.24 LA 100/1 C6D6 - RT ≤5h 97 4300 1400 1.7 
10.24 LA 100/1/1 C6D6 PyCH2OH RT ≤5h 99 2400 14100 2.6 
10.25 LA 100/1 C6D6 - 50 ≤5h 24 800 3500 1.3 

10.28A LA 100/1 C6D6 - RT ≤5h 98 7500 14100 1.1 
10.29A LA 100/1 C6D6 - RT ≤5h 96 7700 13800 1.2 
10.31B LA 100/1 C6D6 - RT ≤5h 97 14500 14000 1.2 
10.32A LA 100/1 C6D6 - RT ≤5h 99 5500 14300 1.5 
10.33A LA 100/1 C6D6 - RT ≤5h 36 6900 5200 1.3 
10.33B LA 100/1 C6D6 - RT ≤5h 26 1400 3700 1.3 

10.26 

LA 100/1 C6D6 - RT ≤5h 

15 - - - 
10.27 3 - - - 

10.34B 98 15300 14100 1.3 
10.35B 13 - - - 

10.36 

LA 100/1 DCM MeLi -25 2h 

100 33000 14400 1.53 
10.37 100 30000 14400 1.54 
10.38 100 17500 14400 1.50 
10.39 97 10400 14000 1.25 
10.40 100 24800 14400 1.54 
10.41 99 23500 14200 1.54 
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Figure S 1: 1H NMR spectrum of the Ligand 1.1 in CD2Cl2 (*), 400MHz.  

 

 
Figure S 2 : 1H NMR spectrum of the Ligand H2L1.2 recorded in CD2Cl2 (*), 400 MHz. 
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Figure S 3 : 1H NMR spectrum of the Ligand H2L1.3 recorded in CD2Cl2 (*), 400 MHz. 

 

 
Figure S 4 : 1H NMR spectrum of the Ligand H2L1.5 recorded in CD2Cl2 (*), 400 MHz.  
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Figure S 5 : 1H NMR spectrum of the Ligand H2L1.6 recorded in CD2Cl2 (*), 400 MHz 

 

 
Figure S 6: 1H NMR spectrum of the Ligand H2L1.7 recorded in CDCl3 (*), 400 MHz.  
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Figure S 7: 1H NMR spectrum of the Ligand H2L1.8 recorded in CD2Cl2 (*), 400 MHz.  

 

 
Figure S 8 : 1H NMR spectrum of the Ligand H2L1.9 recorded in CDCl3 (*), 400 MHz. 
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Figure S 9 : 1H NMR spectrum of the Tripodal ligand H2L1.11 recorded in CDCl3 (*), 400 MHz.  

 

 
Figure S 10 : 1H NMR spectrum of the Tripodal ligand H2L1.12 recorded in CDCl3 (*), 400 MHz.   
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Figure S 11 : 1H NMR spectrum of the Tripodal ligand H2L1.13 in C6D6 (*), 400MHz. 

 

 
Figure S 12 : ESI of complex 2.1. 
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Figure S 13: EPR spectrum of complex 2.1 in toluene.  
 

 
Figure S 14: ESI of complex 2.2. 
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Figure S 15: EPR spectrum of complex 2.2 in toluene.  

 

 
Figure S 16: ESI of complex 2.3. 
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Figure S 17: ESI of complex 2.5. 

 

 
Figure S 18: ESI of complex 2.6. 
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Figure S 19: Zoom and simulation ESI of complex 2.6.  

 

 
Figure S 20: ESI of complex 2.7.  
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Figure S 21: ESI of complex 2.8. 

 

 

Figure S 22: UV-Vis analysis made in toluene 3.2. 
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Figure S 23: 1H NMR spectrum of 3.4 recorded in C6D6 (*), 400MHz.  

 

 
Figure S 24 : Time dependence of the acac 1H NMR resonances for [Co(acac)2(O2CPh)] at 

40°C. The starred resonance is the residual peak of the C6D6 solvent. 



Annexes 
 

 
230 

 
Figure S 25 : Time dependence of the acac 1H NMR resonances for [Co(acac)2(O2CPh)] at 

60°C. The starred resonance is the residual peak of the C6D6 solvent. 
 

 

Bis(p-nitrobenzoyl) peroxide. The product was 

obtained as powder (Yield 81%). 1H NMR 

(400MHz, CD2Cl2): δ 8.40 (d, J = 9.0 Hz, 2H), 8.28 

(d, J = 9.0 Hz, 2H). 

 
Figure S 26: 1H NMR spectrum of bis(p-nitrobenzoyl) peroxide recorded in CDCl3, 400MHz. 
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Bis(p-tert-butylbenzoyl) peroxide. The product was 

obtained as with powder (Yield 72%). 1H NMR 

(400MHz, CD2Cl2): δ 8.00 (d, J = 9.1 Hz, 2H), 7.57 (d, J 

= 9.0 Hz, 2H), 3.89 (s, 9H). 

 
Figure S 27: 1H NMR spectrum of bis(p-tert-benzoyl) peroxide recorded in CDCl3, 400MHz. 

 

Bis(o-nitrobenzoyl) peroxide. The product was obtained as 

with powder (Yield 78%). 1H NMR (400MHz, CD2Cl2): δ 8.23 

(d, J = 8.1 Hz, 1H), 7.87 (m, 3H). 

 
Figure S 28 : 1H NMR spectrum of bis(o-nitrobenzoyl) peroxide recorded in CDCl3, 400MHz. 
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Bis(p-methoxybenzoyl) peroxide. The product was 

obtained as with powder (Yield 80%). 1H NMR 

(400MHz, CD2Cl2): δ 8.00 (d, J = 9.1 Hz, 2H), 7.00 (d, 

J = 9.0 Hz, 2H), 3.89 (s, 3H).  

 
Figure S 29 : 1H NMR spectrum of bis(p-methoxybenzoyl) peroxide recorded in CDCl3, 

400MHz. 
 

 
Figure S 30: 1H NMR spectrum of diacetyl peroxide recorded in CDCl3, 400MHz. 
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Figure S 31: 1H NMR spectrum of 3.7 in c6d6 (*), 400MHz. 

 

 
Figure S 32: 1H NMR spectrum of 3.8 in c6d6 (*), 400MHz. 
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Figure S 33: 1H NMR spectrum of 3.9 in CDCl3 (*), 300MHz. 

 

 
Figure S 34 : 1H NMR spectrum of 3.10 in CDCl3 (*), 400MHz. 
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Figure S 35 : Cyclic voltammogram of compounds CoIII(acac)2O(O)CAr-oNO2 (3.10), in CH2Cl2 

on a GC working electrode at various scan rates. [Complex] =10-3 M; supporting electrolyte = 
nBu4PF6 0.1 M). 

 

 
Figure S 36: 1H NMR spectrum of 3.12 in CD6D6 (*), 400MHz.  
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Table S 1 : Crystal data and structure refinement for ligand 1.10 and tripodal complex 3.2. 

 

Identification code 1.10 3.2 

Empirical formula C36H52N2O2 C38H53CoN2O4 

Formula weight 544.79 660,75 

Temperature, K 173(2) 113(2) 

Wavelength, Å 1.54184 0,71073 

Crystal system Monoclinic Monoclinic 

Groupe d'espace P 21/c C 2/c 

Unit cell parameters   

a, Å 16.23240(10) 29,704(4) 

b, Å 8.764 17,917(3) 

c, Å 23.3993(2) 14,5301(19) 

, ° 90.0 90,0 

, ° 103.4480(10) 94,423(4) 

,° 90.0 90,0 

Volume, Å3 3237.35(4) 7709,7(19) 

Z 4 8 

Density (calc), Mg/m3 1.118 1,139 

Abs. coefficient, mm-1 0.522 0,482 

F(000) 1192 2832 

Crystal size, mm3 0.250 x 0.200 x 0.150 0,100 x 0,080 x 0,020 

Diffractometer 

Rigaku. Oxford-Diffraction. 

XtaLAB Synergy. Dualflex. 

HyPix 

Bruker, APEXII CCD 

Theta range, ° 2.799 à 71.433 1,895 à 25,060°, 
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Reflections collected 61043 69569 

Indpt reflections (Rint) 6285 (0.0379) 6830 (0,2454) 

Absorption correction Multi-scan Multi-scan 

Max. / min. transmission 1.0 et 0.78295 0,7466 et 0,7156 

Refinement method Moindres carrés sur F2 Moindres carrés sur F2 

Data 

/restraints/parameters 
6285 / 0 / 374 6830 / 0 / 419 

Goodness-of-fit on F2 1.045 1,030 

R1, wR2 [I>2(I)] 0.0416. 0.1088 0,0859, 0,1642 

R1, wR2 (all data) 0.0443. 0.1118 0,1864, 0,2048 

m in/m a x ,  e,Å-3 0.450 / -0.363 0,948 / -0,501 
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Table S 2 : Crystal data and structure refinement for Schiff-base complexes 3.3, 3.4, 3.5. 
 

Identification code 3.3 3.4 3.5 

Empirical formula C42 H57 Co N2 O4 (C43H61CoN2O5)2 (C41H57ClCo N3O4)2 

Formula weight 712.82 1489.73 1436.55 

Temperature, K 110(2) 100(2) 173.0(4) 

Wavelength, Å 0.71073 Å 0.71073 1.54184 

Crystal system Monoclinic Monoclinic Tetragonal 

Groupe d'espace P 21/n P 21/n P 43 21 2 

Unit cell parameters    

a, Å 11.6131(14) 18.6468(8) 25.9056(2) 

b, Å 15.482(2) 20.2170(7) 25.9056(2) 

c, Å 22.288(3) 25.5792(11) 26.2569(3) 

, ° 90.0 90.0 90.0 

, ° 101.284(4) 92.602(4) 90.0 

,° 90.0 90.0 90.0 

Volume, Å3 3929.9(8) 9633.0(7) 17621.0(3) 

Z 4 4 8 

Density (calc), Mg/m3 1.205 Mg/m3 1.027 1.083 

Abs. coefficient, mm-1 0.478 0.394 3.858 

F(000) 1528 3200 6144 

Crystal size, mm3 0.16 x 0.12 x 0.09 0.11 x 0.08 x 0.04 0.16 x 0.13 x 0.12 

Diffractometer 
Bruker APEX II, 

CCD 
Bruker APEX II. CCD 

Xcalibur. Eos. 

Gemini ultra 

Theta range, ° 1.612 à 30.696 1.594 à 25.028 2.941 a 72.031 
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Reflections collected 108529 176527 54826 

Indpt reflections (Rint) 11886 (0.0988) 17006 (0.3317) 16519 (0.0710) 

Absorption correction Multi-scan Multi-scan Multi-scan 

Max. / min. transmission 0.7461 et 0.6899 0.7403 et 0.6960 1.0 et 0.8586 

Refinement method 
Moindres carrés 

sur F2 

Moindres carrés sur 

F2 

Moindres carrés sur 

F2 

Data 

/restraints/parameters 
11886 / 0 / 456 17006 / 0 / 419 16519 / 0 / 886 

Goodness-of-fit on F2 1.041 1.132 1.017 

R1, wR2 [I>2(I)] 0.0485, 0.0871 0.1567. 0.3078 0.0560. 0.1246 

R1, wR2 (all data) 0.0918, 0.1005 0.2077. 0.3356 0.0948. 0.1464 

min/max, e,Å-3 0.476 / -0.744 0.926 / -0.886 
-0.031(2)/0.584/-

0.390 

Table S 3 : Crystal data and structure refinement for (O2,O2)-based cobalt III complexes 3.6, 
3.8, 3.9, 3.10. 

 

 

Identification code 3.6 3.8 3.9 3.10 

Empirical formula C17H19CoO6 C65H83Co3O16 C17H20CoNO9 C34H40Co2N2O18 

Formula weight 378.25 1297,10 441.27 882.54 

Temperature. K 130(2) 100(2) K 100(2) 100(2) 

Wavelength. Å 1.54184 0,71073 Å 1.54184 0.71073 

Crystal system Monoclinic Triclinic Monoclinic Monoclinic 

Groupe d'espace C 2/c P -1 P 21/n P 21/c 

Unit cell parameters     

a. Å 10.8167(9) 11,447(4) 8.10720(10) 15.242(7) 

b. Å 12.0499(11) 16,393(5) 15.1580(2) 11.956(6) 
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c. Å 13.5182(11) 20,350(7) 15.2833(2) 21.477(9) 

. ° 90.0 105,566(10) 90.0 90.0 

. ° 103.533(9) 91,918(10) 100.7510(10) 98.246(16) 

.° 90.0 100,402(9) 90.0 90.0 

Volume. Å3 1713.0(3) 3605(2) 1845.18(4) 3873(3) 

Z 4 2 4 4 

Density (calc). Mg/m3 1.467 1,195 1.588 1.513 

Abs. coefficient. mm-1 8.118 0,741 7.772 0.936 

F(000) 784 1364 912 1824 

Crystal size. mm3 
0.220 x 0.100 x 

0.030 

0,100 x 0,100 

x 0,010 

0.090 x 0.050 x 

0.020 

0.200 x 0.150 x 

0.100 

Diffractomètre 
Xcalibur. Eos. 

Gemini ultra 

Bruker APEX 

II, CCD 

Rigaku. 

Oxford-

Diffraction. 

XtaLAB 

Synergy. 

Dualflex. HyPix 

Bruker APEX II. 

CCD 

Theta range. ° 5.583 à 71.292 
1,043 à 

25,065 

4.144 to 

80.237 

1.350 to 

28.642 

Reflections collected 6407 81293 41453 88615 

Indpt reflections (Rint) 1655 (0.1133) 
12769 

(0,1296) 
4024 (0.0427) 9909 (0.1351) 

Absorption correction Multi-scan Multi-scan Multi-scan Multi-scan 

Max. / min. 

transmission 
1.0 et 0.4248 

0,7403 - 

0,6960 
1.0 and 0.8041 

0.7457 et 

0.6389 

Refinement method 
Moindres carrés 

sur F2 

Moindres 

carrés sur F2 

Moindres 

carrés sur F2 

Moindres 

carrés sur F2 

Data 1655 / 0 / 114 12769 / 3 / 4024 / 3 / 263 9909 / 6 / 525 
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/restraints/parameters 785 

Goodness-of-fit on F2 1.827 1,015 1.068 1.002 

R1. wR2 [I>2(I)] 0.1552. 0.4498 
0,0533, 

0,1162 
0.0440. 0.1172 0.0540. 0.0991 

R1. wR2 (all data) 0.2088. 0.5302 
0,1064, 

0,1365 
0.0466. 0.1192 0.1160. 0.1196 

m in/m a x .  e.Å-3 1.366 / -2.292 0,375 / -0,441 0.311 / -0.483 0.432 /-0.513 
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Figure S 1: Result of the MMA polymerization at 40°C, in bulk for [Co]/[MMA]=1/200 a) 
Kinetics, b) Mn. and Ð Vs. Conv. and c) MALDI-TOF result.  
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Figure S 2: Styrene radical polymerization mediated by 3.1, [Co]/[St]=1/200 at 70°C in bulk, a) 
Molar masses as function of conversion and evolution of the conversion as function of time. 

 

Table S 1: Value of kinetics reaction at various equivalent of cobalt(II). [CoIII]/[CoII]/[VAc] = 
1/X/126 

Time (h) Conv. (%)b Mn
PS (g mol-1)c Ðd 

[CoIII]/[CoII]/[VAc] = 1/0/126 

5.0 2.3 19872 1.16 

9.0 2.6 32957 1.12 

26.0 17.9 51244 1.27 

31.0 22.9 53658 1.29 

34.0 28.6 57344 1.29 

48.4 27.7 57050 1.44 

53.7 31.4 55441 1.51 

58.7 40.6 57957 1.48 

120.5 58.2 49532 1.51 
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[CoIII]/[CoII]/[VAc] = 1/0.1/126 

7.2 1.8   

9.0 1.1 7488 1.14 

23.2 10.0 22231 1.16 

32.6 18.0 28911 1.22 

48.0 35.2 37782 1.26 

55.6 37.9 46727 1.22 

71.0 48.6 46500 1.38 

[CoIII]/[CoII]/[VAc] = 1/0.25/126 

4.3 0.2   

8.8 2.3 3982 1.12 

23.2 13.4 20232 1.13 

14.5 4.4 8720 1.12 

18.0 6.2 11557 1.17 

38.0 28.5 34865 1.13 

62.0 53.0 54122 1.25 

[CoIII]/[CoII]/[VAc] = 1/0.5/126 

4.2 0.2 - - 

8.6 0.1 - - 

23.0 12.6 19969 1.12 

32.6 21.8 32643 1.10 

48.0 39.3 52804 1.24 

55.0 53.7 53372 1.22 

[CoIII]/[CoII]/[VAc] = 1/1/126 

7.0 0 - - 

9.0 0 - - 

22.5 3.9 8879 1.09 

25.5 4.1 10152 1.12 

30.5 6.7 13644 1.11 

46.5 17.7 24763 1.09 

55.5 21.4 27250 1.17 

75.5 32.8 38066 1.19 

85.5 42.6 42590 1.22 

142.5 50.3 52544 1.43 
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Figure S 3: Kinetics of polymerization [CoIII]/[CoII]/[VAc] = 1/X/126, under argon in bulk at 120°C. 

With X = 0.10 ( ), 0.25 ( ), 0.50 ( ) and 1 ( ) and the corresponding plot of conversion vs. Mn vs.  Ð.  
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Figure S 4: GPC traces of polymerization [CoIII]/[CoII]/[VAc] = 1/X/126 with X = (a) 0.10 ( ), (b) 

0.50 ( ) and 1 ( ). 
 

 

 

 

 

Figure S 5: Comparison of observed (left) and library (right) mass spectra for the compounds 
indicated in Figure II-19.  
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Figure S 6 : Simulations of the isotopic envelopes for the six highest-intensity populations (a-f) 

observed in the ESI-MS spectrum of PVAc shown in Figure II-19.  
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Figure S 7: DOSY experiment of the PVAc-b-PMA copolymer, CDCl3. 
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Figure S 8: GPC traces of VAc homopolymerization at (a) 40°C, (b) 50°C and (c) 60°C.  
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Figure S 9: Control polymerization VAc + diactylperoxide. 

  

 
Figure S 10: Zoom of Polylactide MALDI-TOF analysis (a) matrix Dithranol-NaI 3/1  
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Figure S 11: DOSY homopolymer PVAc Diffusion coefficient 3.1x10-01 m2/s. 

 

  
Figure S 12: DOSY homopolymer PCL (M=12 000g/mol) Diffusion coefficient 7.4x10-11 m2/s  
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Figure S 13: Zoom DOSY experiment PVAc-b-PCL recorded in CDCl3. 

 

 
Figure S 14: DOSY experiment of PVAc-b-PLA, CDCl3.  
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Figure S 15: Chromatogram of the Macro-Initiator PLA (Blue line) and result of the chain 

extension reaction in presence of MA obtained with GPC-THF polystyrene calibration. 

 
Figure S 16: DOSY analysis of the chain extension reaction of short PCL with VAc. (M= 8400 g 

mol-1) 
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Figure S 17: 1H NMR spectrum of NHC-Zinc ethyl chloride complex, recorded in CD2Cl2, 
400MHz.  
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Les polymères communément appelés « plastiques », sont les matériaux les plus utilisés au 

monde. Ils remplacent bon nombre de matériaux traditionnels tels que le bois, l'acier ou le 

verre. En effet, ces polymères ont apporté une large gamme de propriétés intéressantes utiles 

à la vie de l'Homme comme celle de barrière aux gaz pour les emballages alimentaires, ou 

encore, permettent la constitution de matériaux plus légers pour l’automobile, réduisant ainsi 

les émissions de CO2. De plus, les besoins en polymères bien définis, avec un control sur 

l’architecture (c-à-d. masse molaire prédictible, dispersité contrôlée, ou des bouts de chaines 

fonctionnalisés), ne cessent d'augmenter avec le temps pour le développement de nouveaux 

matériaux de hautes performances. Il faut savoir que tous les polymères sont composés 

d’unités de base que l’on appelle monomère, et que le choix du monomère, ainsi que de la 

méthode de polymérisation (fabrication), vont influencer les propriétés finales.   

 

Bien qu’il existe une myriade de techniques de polymérisation, notre étude est focalisée sur 

les méthodes impliquant l’utilisation de complexes de coordination (ou catalyseurs). En effet, 

l’utilisation de métal pour la production de polymères est bien représentée dans l’industrie 

depuis plus de soixante ans. Le premier, et peut-être l’exemple le plus connu est le complexe 

de titane de Ziegler Natta dans les années 50.1 Après cela, la polymérisation radicalaire par 

transfert d’atome (ATRP) a été développée dans les années 90, notamment par le groupe de 

Matyjaszewski, ce qui a remis sur le devant de la scène les techniques de polymérisation 

basées sur les métaux. Ici, ce sont des complexes de cuivre halogéné, qui, en présence de 

monomère vinylique, vont piéger de manière réversible le radical de la chaine polymère en 

croissance. Les avantages de cette technique sont nombreux, comme le fait qu’elle nécessite 

seulement quelques ppm de catalyseur pour fonctionner, elle est facile à mettre en œuvre et 

permet d’obtenir des polymères bien définis. C’est pourquoi cette technique est de plus en 

plus utilisée dans l’industrie pour la fabrication de matériaux de haute performance.2, 3   

 

 
Figure 1 : Ziegler-Natta (à gauche) et ATRP (à droite) complexes utilisés industriellement pour 

la production de polymères. 1, 4, 5 

 

L’ATRP fait partie des techniques de polymérisation radicalaire contrôlées (CRP), qui permet 

la production d’une large gamme de matériaux polymères. Ces techniques sont basées sur les 

monomères vinyliques et comme exposé sur le schéma 1, toutes ces techniques suivent le 

même principe. Après une étape d’amorçage, soit par la voie directe ou indirecte, le radical 

primaire va se propager sur le monomère qui va ensuite être piégé de manière réversible par 

https://fr.wikipedia.org/wiki/Krzysztof_Matyjaszewski
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le modérateur ou l’agent de contrôle, ici noté T. Cette phase de propagation peut se faire 

selon deux mécanismes : la terminaison réversible (RT en vert) comme pour l’ATRP et la NMP6, 

7, ou par transfert dégénéré (DT en rouge), comme pour la RAFT ou l’ITP.8-12 

  

 
Schéma 1 : Mécanisme général de la polymérisation radicalaire contrôlées (CRP). 

 

Cependant, le contrôle de la polymérisation dépend aussi beaucoup du monomère que l’on 

souhaite utiliser, du fait de leur réactivité respective. En effet, chez les monomères vinyliques, 

on peut distinguer deux classes : les monomères dit « plus activés » (MAMs), comme l’acrylate 

de méthyle (MA), et « moins activés » (LAMs), comme l’acétate de vinyle (VAc), qui 

représentent encore aujourd’hui un challenge. En effet, les moins activés génèrent des 

radicaux très réactifs mais, a contrario des espèces dormant, très difficiles à réactiver. Plus 

simplement, la stabilité du monomère est inversement proportionnelle à celle de l’espèce 

active. Au sein de notre groupe, on se propose de développer des complexes de coordinations, 

qui vont jouer ce rôle d’agent de contrôle (noté T dans le schéma 1). Cette technique de 

polymérisation est aussi appelée polymérisation radicalaire modérée par voie 

organométallique (OMRP - Organometallic Mediated Radical Polymerization).13 Cette 

méthode est décrite dans le schéma 2a, dans le cas d’un amorçage direct avec un mode RT. 

Cependant, bien que non détaillée ici, cette méthode peut aussi être utilisée sous un mode de 

DT avec un amorçage indirect, auquel cas on place dans le milieu le métal au degré d’oxydation 

X et un amorceur externe comme l’AIBN. Pour ce projet, nous avons fait appel à un système 

unimoléculaire (métal au degré d’oxydation X+1), qui, sous l’effet de la température, va 

pouvoir réaliser la rupture homolytique de la liaison Mt-R0, afin de générer un radical primaire 

qui amorcera la polymérisation mais aussi, relarguera dans le milieu un métal au degré 

d’oxydation X. L’équilibre OMRP est donc géré par la force de la liaison métal-polymère 

(représentée en orange), qui est illustrée par la « Bond Dissociation Energy » (BDE, schéma 

2b), traduisant la force nécessaire pour casser cette liaison métal-polymère. Comme illustré 

sur le schéma 2b, si elle est trop forte, le radical ne sera pas piégé de manière efficace et 

l’espèce active sera favorisée, ce qui entrainera une polymérisation non contrôlée. Ou à 

l’inverse, si elle est trop forte les radicaux seront piégés de façon irréversible et la 
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polymérisation sera stoppée. Cette BDE peut être modulée par le choix du centre métallique, 

ainsi que par le choix des ligands, qui vont avoir un impact de par leurs effets électroniques 

et/ou stériques. C’est ce qui rend cette méthode, en théorie, adaptable à tout type de 

monomère vinylique.  

 

a)  b)  

Schéma 2 : a) Mécanisme de l’OMRP par amorçage direct, b) Illustration du concept de 

contrôle de la polymérisation par la « Bond Dissociation Energy » (BDE). 

 

D’un autre côté, depuis plusieurs décennies, en raison de l'émergence des problèmes 

environnementaux et des pressions sociétales, l'amélioration de nos matériaux usuels s'inscrit 

dans une stratégie de développement durable visant à remplacer ceux issus de la pétrochimie 

par des matériaux biosourcés et/ou biodégradables.14 L’approche la plus utilisée est la 

méthode de polymérisation par ouverture de cycle (ROP), et notamment d’esters cycliques 

comme le lactide, qui est obtenu à partir d’amidon. Le poly lactide obtenu à partir de cette 

technique est beaucoup étudié pour des applications de fabrication d’emballages ou dans le 

domaine biomédical pour des implants ou de la délivrance de principes actifs.15-17 Les 

précurseurs de cette chimie ont développé des complexes à base d’étain, d’aluminium et de 

zinc, qui sont encore utilisés aujourd’hui (figure 2).  

 

 
Figure 2 : Premier complexe reportés pour la ROP industriel. 18-20 

 

Contrairement à la CRP, cette technique de polymérisation repose sur la polarisation des 

liaisons qui permettra la coordination du métal au monomère (schéma 3), puis, une attaque 

nucléophile induira l’insertion du monomère.   
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Schéma 3 : Mécanisme de la polymérisation par ouverture de cycle (ROP). 

 

C’est à partir de ce postulat que notre projet s’inspire, car l’enthousiasme autour de ces 

méthodes de polymérisation, permettant de contrôler l’architecture des polymères, a motivé 

la communauté scientifique à mélanger, soit les monomères, soit les méthodes de 

polymérisation, pour obtenir des matériaux polymères avec de nouvelles propriétés 

originales. 

C’est pourquoi, le but de ce projet était de développer des composés de coordination à base 

de Cobalt, qui devaient à la fois jouer le rôle d’amorceur (amorçage direct) et d’agent de 

control (modérateur, T) dans deux types de polymérisation distincts : la polymérisation par 

ouverture de cycle (ROP - Ring Opening Polymerization) et la polymérisation radicalaire 

modérée par voie organométallique (OMRP). De plus, ces mêmes complexes devaient 

permettre la commutation entre ces deux mécanismes de polymérisation sans modification 

chimique pour produire des copolymères à blocs originaux (schéma 4). L’architecture des 

complexes de coordination est basée sur une étude bibliographique poussée et l’utilisation de 

nos compétences, qui a mis en lumière le Cobalt comme centre métallique, parce qu’il est très 

abondant, peu chère et moins toxique que les métaux utilisés aujourd’hui dans l’industrie (ex : 

étain). De plus, il fait partie des métaux de transition les plus reportés pour la polymérisation 

radicalaire mais très peu pour la ROP, ce qui en fait un très bon point de départ. Pour le choix 

des ligands, nous avons pu mettre en lumière des bases de Schiff (N2,O2), pour le contrôle de 

la polymérisation des MAMs21, 22,  et le bisacetylacetonate (O2,O2), pour les LAMs. 23-25 D’autre 

part, comme énoncé dans le schéma 2a, il nous faut un complexe bien défini qui porte un 

fragment amorceur (R0), pour fournir le radical primaire dans un cas et un nucléophile dans 

un autre. C’est sur ce point que reposait le principal challenge et que nous avons décidé de 

développer des complexes de Cobalt-alkoxide (Co-Oxygène), à ce jour encore peu reportés 

dans la littérature. 
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Schéma 4 : Schéma général représentant l’objectif du projet avec les deux mécanismes de 

polymérisations OMRP et ROP ainsi que les Commutation. 

 

Comme illustré sur le schéma 3, nos complexes de Cobalt devaient être capable de réaliser 

la rupture homolytique métal-oxygène pour générer un radical oxygéné, qui pourra 

s’additionner sur un monomère vinylique (ex : VAc) dans des conditions d’OMRP (chemin vert 

schéma 3). Mais aussi, pouvoir fournir un nucléophile du fait de la possible polarisabilité de la 

liaison Mt-Oxygène, pour l’attaque de l’ester cyclique (ex : Lactone) dans des conditions de 

ROP (chemin rouge schéma 3). Et si possible, permettre une commutation entre les blocs 

(chemin violet), c’est-à-dire, faire la synthèse d’un premier bloc par OMRP, qui puisse être 

ensuite réactivé, et fournir un polyC‾ pour une extension par ROP (et vice versa). Si le « switch 

» entre les deux techniques est possible et efficace sans modification du bout de chaine, cela 

devait nous permettre un accès facile à des copolymères (aléatoires / à blocs / alternés / di-

blocs / tri-blocs …) totalement inédits et aux propriétés variables et originales.   

Pour démarrer ces travaux, nous avons commencé par la synthèse du complexe 

[CoIII(L1.1)(OAc)]  (3.1), qui remplissait toutes les caractéristiques souhaitées pour l’amorçage 

et le contrôle des MAMs, mais qui n’avait jamais était reporté pour ce type d’application.26 

Ainsi, que le complexe  [Co(L1.10)(OAc)] (3.2), qui est derivé de précédents travaux menés dans 

l’équipe, où un fragement acetylacetonate remplaçait notre acetate (figure 3).27 

 

 
Figure 3 : Complexes de ligands (N2,O2) cobalt acetate. 
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Après avoir fait la synthèse des complexes présentés ci-dessus, les premiers tests de 

polymérisation ont été menés, pour savoir si, sous l’effet de la température, on avait bien 

rupture homolytique et production de radicaux, qui sont essentiels à l’ammorçage direct. Les 

divers tests ont revélés que le complexe 3.1 générait des radicaux à 40°C en présence de MMA 

et à 70°C avec le MA. Ce qui est venu appuyer les résultats obtenus par calcul DFT, qui ont 

montrés un ΔGMA > ΔGMMA (20.5 contre 15.1 kcal mol-1). Ainsi, qu’une absence de 

polymérisation en présence de VAc dû au ΔGVac = 26.2kcal mol-1 trop élevé. De plus, ce 

complexe a montré de bons résultats pour le contrôle de la polymérisation par OMRP du MA, 

et un mécanisme de transfert de chaine avec le MMA et le St, qui sont des monomères avec 

un radical plus stabilisé, favorisant ce type de processus. D’autre part, la synthèse de 

copolymères à blocs (PMA-b-PBA) a été faite avec succès, ce qui nous a permis de mettre en 

évidence la présence d’un Cobalt ré-activable en bout de chaine (figure 4). Du fait de ces 

résultats encourageants, nous avons décidé de poursuivre l’investigation en ouverture de 

cycle (ROP), et là aussi, il a montré un bon contrôle pour la ROP du l-lactide et de la ε-

caprolactone, mais seulement pour former des polymères de petite masse molaire. Ce qui met 

en évidence qu’un complexe portant la fonction carboxylate peut amorcer par voie radicalaire 

et par coordination/insertion.  

 

 
Figure 4 : Résultats obtenu en OMRP et ROP avec le complexe 3.1. 

 

Malheureusement, les travaux menés sur le complexe [Co(L1.10)(OAc)] (3.2) n’ont pas été 

concluants, en effet, après plusieurs tests de polymérisation avec divers monomères, nous 

n’avons pas observé de production de polymères, comme c’était le cas pour ses homologues 

déjà publié par notre groupe.27  

En parallele, une voie de synthèse « rédox » originale a été mise en place. Cette dernière 

est présentée dans le schéma 5 et permet d’obtenir en une étape un complexe de Cobalt 

carboxylate [Co(acac)2(O2CPh)] (3.6) à partir du précurseur Cobalt(II) bisacetylacetonate 

(Co(acac)2) et le benzoyl peroxide (BPO). Il est intéressant de noter que cette réaction se fait 

à température ambiante, à partir de deux réactifs commerciaux et peu couteux.  
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Schéma 5 : Synthèse du complexe de Cobalt hexa-coordinés par des oxygènes (3.6). 

 

Après avoir bien caractérisé ce nouveau complexe (RMN, UV-Vis, électrochimie et X-rays), 

qui, à notre connaissance, est le premier complexe de Cobalt hétéroleptique avec une sphère 

de coordination entièrement oxygénée reporté à ce jour. Nous l’avons testé en polymérisation 

et contrairement au précédent, ce complexe amorce mais ne contrôle pas la polymérisation 

des MAMs. Ce qui n’est pas surprenant, car dans la littérature le Cobalt bisacetylacetonate est 
connu pour modérer la polymérisation de l’acétate de vinyle (LAMs). Cependant, le premier 

test de polymérisation avec le VAc montre bien l’amorçage radicalaire attendu mais 

seulement un contrôle partiel, qui a été relié au facteur d’efficacité du complexe. En effet, 

seulement 10% du complexe présent dans le milieu faisait la rupture homolytique, ce qui 

induit une trop faible concentration de modérateur relargué dans le milieu pour prendre le 

contrôle de la polymérisation. C’est pourquoi, en vue d’avoir un contrôle sur la polymérisation 

dès le début de la réaction, nous avons décidé dans un premier temps d’ajouter une quantité 

catalytique de Cobalt (II), comme illustré dans le schéma 6. 

 
Schéma 6 : Polymérisation contrôlée du VAc avec le complexe 3.6 et une quantité catalytique 

de Cobalt (II) en masse à 30°C. 

 

Ensuite, l’étude des bouts de chaine a été entrepris, en vue d’expliquer ce faible facteur 

d’efficacité. Pour ce faire, des études ESI-MS (figure 5) ont mis en évidence plusieurs 

population, toutes séparés avec un intervalle de 86.09 g mol-1, ce qui valide la présence d’unité 

de répétition VAc.  
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Figure 5 : Expansion du spectre ESI-MS (mode positif, QToF-NaI) entre 1700 - 2020 m/z du 

polyacetate de vinyle (PVAc) obtenue avec le complexe 3.6. 

 

Les six populations présentées dans la figure 5 ont été rationalisé sur la base du mécanisme 

d’amorçage présenté dans le schéma 7 où le radical phenyl, mais aussi avec le radical benzoate 

font l’amorçage de la polymérisation.  

Les chaines amorcées par le radical phenyl avec le [Co(acac)2] en bout de chaine (position 

ω) a été directement détecté (population a). Cependant, la population résultante de ces 

chaines provienne de la dissociation hydrolytique du cobalt (H en position ω, population b). 

Les chaines amorcées avec le benzoate (PhCOO) en position α sont hydrolyser dans les 

conditions d’analyse de l’ESI-MS pour laisser apparaitre une fonction alcool et le cobalt en 

bout de chaine, correspondant à la population c. Ainsi que la population d sans ce cobalt en 

bout de chaine. La faible force de la liaison Co-PVAc favorise la production de radicaux au 

cours du traitement ce qui peut entrainer du couplage bimoléculaire, comme observé en GPC. 

Et, ces couplages soient entre une chaine amorcée par un phenyl et un benzoate radical, soit 

par deux benzoate radical sont illustrés respectivement par les populations f et e. Cependant, 

le couplage entre deux chaines amorcées par le phenyl n’a pas était observé. Cette 

observation montre bien une compétition entre la décarboxylation et le démarrage de la 

polymérisation radicalaire.   
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Schéma 7 : Mécanisme d’amorçage de polymérisation du VAc et leur relation avec les chaines 

observées par ESI-MS. 

 

Pour le second bout de chaine, des expériences d’extensions de chaines ont été réalisées 

pour mettre en lumière le Cobalt ré-activable en bout de chaine polymère. C’est ainsi que 

nous avons obtenu des copolymères à blocs (PVAc-b-PSt, PVAc-b-PVAc, PVAc-b-PMA, PVAc-b-

PBA, figure 6). De plus, l’analyse GPC (figure 6) montre bien un deplacement clair du signal en 

GPC vers des temps de retention plus faibles (et donc des masses molaires plus elevées), 

suggérant la croissance des polymères avec une disparition totale du signal du macro-

amorceur de départ, qui traduit l’extension de celui-ci et non la croissance d’une deuxième 

chaine.   
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a)

 

b)

11 12 13 14 15 16 17 18 19 20
R. Time (min) 

 MacroInitiator PVAc
 Extension with MA
 Extension with VAc
 Extension with St
 Extension with BA

 

Figure 6 : a) Macro-amorceur (PVAc) pour des extensions de chaines avec du VAc (rouge), St 

(violet), MA (en bleu) et du BA (en marron), b) Chromatogrammes GPC obtenue du macro-

amorceur PVAc et des copolymères : PVAc-b-PVAc, PVAc-b-PS, PVAc-b-PMA, PVAc-b-PBA. 

 

D’autre part, une rapide étude a montré que ce complexe pouvait aussi amorcer la 

polymérisation par ouverture de cycle l-lactide et de la ε-caprolactone, comme on peut le voir 

sur la figure 7. En effet, des tests avec à 100°C en masse et à 90°C en solution ont montré que 

le poly lactide se formait, et l’évolution des masses molaires en fonction de la conversion 

suggère une croissance de chaine contrôlée, bien qu’un peu écartée des valeurs théoriques 

attendues. Il en est de même pour les résultats obtenus lors des polymérisations avec la 

caprolactone. Mais dans ce cas, avec un ajout de différents équivalents de BnOH nous avons 

vu la vitesse de polymérisation s’accélérer ainsi que les masses molaires diminuer, tout en 

observant une évolution linéaire. En outre, nous avons observé dans tous les cas des 

dispersités étroites et bien plus faibles pour les PCL (<1.2) comparativement au PLA (<1.5).  
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Figure 7 :  Polymérisation par ROP du LA et CL, résultats PLA : Mn and Ð vs. Conversion en 

masse à 100°C et en solution à 90°C et résultats PCL : Mn and Ð vs. Conversion, en masse à 

100°C avec plusieurs équivalents de BnOH (0eq, 2eq, 5eq). 

 

L’ensemble des résultats obtenus en radicalaire et en ouverture de cycle en faisait un bon 

candidat pour la commutation de mécanisme de polymérisation. Mais avant d’étudier cette 

piste, nous avons exploré d’autre axes de recherche pour tenter d’améliorer ce système, qui 

présentait un facteur d’efficacité faible (autour de 10%) semblable à celui reporté dans la 

littérature.28 Pour rappel, ce facteur correspond à la proportion de catalyseur qui, sous l’effet 

de la température, vient à se casser et à générer le radical primaire nécessaire à l’amorçage 

de la polymérisation. Pour ce faire, nous avons dans un premier temps augmenté la 

température (de 30°C jusqu’à 60°C). Ce qui nous a permis d’améliorer ce facteur jusqu’à 15-

20% et de mettre en lumière une vitesse de polymérisation allant jusqu’à 10 fois plus vite avec 

le même contrôle (figure 8a). Après ça, nous avons transposé ces réactions en solution pour 

ralentir la phase d’amorçage et ainsi laisser plus de temps pour l’activation du complexe à 

30°C. Nous avons pu remarquer une amélioration du facteur d’efficacité dans ces conditions, 

en effet, l’évolution des masses molaires est bien plus proche de la droite théorique (figure 

8b). En parallèle de l’amorçage thermique, un photo-amorçage a aussi été envisagé du fait de 

la signature en UV-Vis mais sans aucun succès.  
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Figure 8 : Graphique représentant l’évolution des masses molaires et dispersité en fonction 

de la conversion initié avec 3.6 a) à différentes températures et conditions [CoIII]/[CoII]/[VAc] 

= 1/0.25/126, b) à 40°C en solution([VAc] = 4 M) comparé à l’expérience fait en masse. 

 

C’est ce qui nous a poussé à réfléchir à la modification du complexe et notamment la 

modification du fragment amorceur (R0). En effet, ce complexe est produit à partir du Cobalt 

(II) et de benzoyl peroxide, on a donc fait la synthèse d’autres peroxydes avec des substituants 

en para ou ortho du cycle aromatique. Le but de la manœuvre était d’élargir la bibliothèque 

des composés synthétisés avec cette nouvelle voie de synthèse et de voir s’il était possible de 

fragiliser la liaison Mt-Oxygène par effet électronique, avec l’ajout de groupement donneur 

ou attracteur (inductif ou mésomère) en para. Ou, par des effets stériques avec la modification 

en position ortho du cycle, pour ainsi améliorer significativement le facteur d’efficacité. Cette 

étude nous a permis de développer la librairie des complexes de Cobalt avec une sphère de 

coordination entièrement oxygénée avec huit nouveaux composés supplémentaires, 

présentés sur la figure 9, qui ont été isolés et caractérisés par RMN, X-Rays et UV-Vis. Il y a les 

dérivés du complexe 3.6, qui sont issus de la modification du peroxyde aromatique (3.7-3.10). 

Et en parallèle, étendu aussi au peroxyde non aromatique, tel que le diacetyl peroxyde (3.11) 

et le dilauroyl peroxyde (3.12). Mais aussi, de transposer cette stratégie au complexe (N2,O2) 

base de Schiff, qui nous a permis de développer les complexes (3.3 et 3.4).  

  

 
Figure 9 : Complexes de cobalt issu de la réaction red/ox avec des peroxydes. 
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Pour comparer avec le complexe de base 3.6, on a suivi la formation des complexes 3.6 à 3.10 

en UV-Visible dans des conditions de pseudo premier ordre (en excès de l’un des réactifs, ici 

le peroxyde), qui nous ont permis d’extrapoler des cinétiques de formation et ainsi émettre 

des hypothèses sur la stabilité thermodynamique de chaque complexe. En effet, comme on 

peut le voir sur le graphique ci-dessous où la pente traduit la vitesse de formation pour chaque 

complexe. Ils suivent la même tendance que le complexe 3.6, hormis le 3.9 avec le 

groupement nitro en para, qui semble se former beaucoup plus vite que les autres. Ce qui 

voudrait dire qu’il est thermodynamiquement plus stable et donc que l’amorçage serait plus 

difficile.   
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R2 = 0.99

 
Figure 10 : Cinétiques de formation des complexes 3.6-3.10. 

 

Ces hypothèses ont pu ensuite être vérifiées par les tests expérimentaux de polymérisation 

en présence de VAc. Comme attendu, le compelxe 3.9 n’amorce pas la polymerisation à 30°C, 

ni à 40 °C ou même 60°C, ce qui conforte l’hypothèse que ce complexe est 

thermodynamiquement plus stable que les autres. D’autre part, la même observation 

experimentale a été faite avec le derivé nitro en ortho, bien que la cinétique de formation soit 

dans la même tendance que le complexe 3.6. Probablement, dû au fait de potentielles liaisons 

hydrogènes entre les oxygènes du groupement nitro (NO2) et des H des ligands 

acetylacetonates. En outre, nous avons pu observer un polymérisation radicalaire contrôlée 

avec les deux autres 3.7 et 3.8. Cependant, le derivé tertbutyl (3.8) n’amorce pas à 30°C mais 

à 40°C contrairement au dérivé methoxy (3.7) qui a généré avec succès des radicaux à cette 

temperature. Cette observation a été rationalisée par les effets électroniques de ces 

substituants : inductif donneur pour le tertbutyl et mesomère donneur pour le methoxy. Le 

métal s’en trouve plus enrichi en électrons et de ce fait, défavorise la rupture homolytique 

(BDE pus grande). Cette étude recelle encore bon nombre de mystères, qui meriteraient d’être 

investigués plus en profondeur.  
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Comme mentionné plus haut, nous avons appliqué la même stratégie pour des peroxyde 

alkyl tels que le dilauryl peroxide, qui est comercial, et le diacetyl peroxide. Bien que nouvelle 

et prometteuse, cette voie fut vite abandonnée du fait des difficultés de caractérisation et de 

synthèse rencontrées. En effet, le diacetyl peroxide est un composé hautement explosif et le 

di lauryl peroxide comporte une chaine alkyl de 11 carbones, rendant les cristalisations et les 

purifications impossibles. Concernant les composés basés sur des ligands (N2,O2)-base de 

Schiff (3.3 et 3.4), nous avons remarqué qu’ils pouvaient générer des radicaux et amorcer la 

polymerisation du MA, mais sans aucun contrôle malheureusement. Cependant, ces nouveaux 

complexes de coordination, ayant été bien characterisés, restent peu etudiés du fait des 

résultats préliminaires peu encourageants.  

 

Bien que plusieurs des complexes developpés pendant ces travaux de thèse ne sont pas 

éfficaces pour l’OMRP ou la ROP, ils restent tout de mêmes très intréssants et peuvent 

potentiellementservir pour d’autres applications. De ces travaux préliminaires nous avons 

donc pu dégager deux candidats (3.1 et 3.6) potentiels pour la production de copolymères à 

blocs via la comutation de mécanisme entre l’OMRP et la ROP. Le premier switch étudié a été 

celui de l’OMRP vers la ROP, des premiers tests ont été faits avec le système 3.1, mais se sont 

revelés peu concluants comparativement au deuxieme système 3.6 qui ayant montré de bons 

résultats, ce qui nous a amené à nous concentrer sur celui-ci. En effet, une chaine courte PVAc, 

synthétisée en masse à 40°C et remise en présence d’un ester cyclique pour une extension de 

chaine, a permis de mettre en place (après optimisation) une procédure séquentielle de 

polymérisation (Schéma 8).  

 

 
Schéma 8 : Séquentielle copolymérisation du VAc par OMRP et LA ou CL par ROP avec le 

système 3.6. 

 

Le resultat exposé sur la figure 11 montre un deplacement clair du signal en GPC vers des 

temps de retention plus faibles (et donc des masses molaires plus elevées), suggérant la 

croissance du polymère avec une disparition totale du signal du macroamorceur de départ qui 

traduit l’extension de celui-ci et non la croissance d’une deuxième chaine.  
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a)
15 16 17 18 19 20

R. Time (min)

 PVAc 
 PVAc-b-PCL

 

b)  

Figure 11 : a) Chromatogrammes obtenue en GPC-THF avec la calibration polystyrène, b) 

Spectre RMN DOSY du copolymère à blocs PVAc-b-PCL formé, dans le CDCl3. 

 

Comme seconde preuve de la production d’un copolymère à blocs et non d’un mélange 

d’homopolymères, la RMN DOSY présentée dans la figure 11b allie le spectre du proton au 

coefficient de diffusion des espèces. Ce qui nous a permis de caractériser une espèce avec les 

signaux caractéristiques du polycaprolactone et du polyacetate de vinyle. Et d’autres signaux 

correspondant au solvant ou au monomère présent dans le milieu. 

Pour promouvoir la commuation depuis la ROP vers l’OMRP, nous avons tout d’abord essayé 

de réactiver le copolymère formé précédement pour faire un tribloc mais sans succès. Mais 

aussi, de suivre le même protocole que pour la commutation précédente (Schéma 8), c’est-à-

dire commencer par la synthèse d’un macro-amorceur (PCL) de petite masse, que l’on a isolé 

et caractérisé puis remis en présence d’un monomère vinylique pour faire l’extension (ROP → 

OMRP) mais sans succès.   

C’est pourquoi, un autre axe de developement basé sur ce sytème a ensuite été mis en place 

et consiste à utiliser le faible facteur d’efficacité de notre complexe 3.6 pour mettre en place 

un procedé one-pot qui permettait la production d’un mélange de polymères.  

 

 
Schéma 9 : Procedé « one-pot » pour la polymérisation du VAc et CL. 

 

C’est-à-dire, comme illustré dans le schéma 9, nous avons polymérisé de l’acetate de vinyle 

à 40°C en présence de caprolactone, qui, ici, a joué le rôle de solvant, en effet,il a été 

précédement observé que la ROP de ce composé ne se fait qu’à partir de 100°C. Après un 
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temps approprié, la température est augmentée pour démarrer la ROP. Comme on peut le 

voir sur les RMN de la figure 12a, dans un premier temps, seuleune production de PVAc est 

observée puis, dans un second temps, celle du PCL. Pour savoir s’il s’agissait bien d’un mélange 

de deux polymères, la DOSY a été faite et comme montré ci-dessous (figure 12b) nous avons 

bien deux coefficients de diffusion, qui correspondent aux signaux caractéristiques de chaque 

polymère.   

 

a)  

b)

 
Figure 12 : a) 1H RMN et b) DOSY RMN de la stratégie de polymérisation one-pot VAc +CL, 

dans CDCl3. 

 

La dernière partie, constitue comme un axe de perspective de ces travaux, car les 

copolymères à blocs ainsi produits ont pour vocation de créer de nouveaux matériaux 

biodégradables. C’est pourquoi, après la synthèse du copolymère PVAc-b-PLA, nous l’avons 

dégradé grâce à un complexe de zinc, comme on peut le voir sur la GPC présentée en figure 

13. Le signal du macro-amorceur PVAc se décale vers les temps de rétention plus faibles, ce 

qui traduit l’extension vers le copolymère PVAc-b-PLA qui est ensuite dégradé, et le signal se 

décale à nouveau, mais vers les temps de rétention plus élévés, ce qui traduit une perte de 

masse sur le polymère.  

 

 
Figure 13 : Stratégie de dégradation appliqué au PVAc-b-PLA. 
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Résumé de thèse vulgarisé  

 

Les matériaux polymères prennent une grande place et remplacent bons nombres de 

matériaux traditionnels. L’objectif de cette thèse, est d’apporter un caractère biodégradable 

à ces polymères. Pour les fabriquer, on utilise des complexes de coordinations (catalyseurs) et 

dans notre cas on veut utiliser le cobalt, qui est peu couteux et moins toxique que ceux utilisés 

aujourd’hui dans l’industrie. D’autre part, les monomères (brique de base constituant les 

polymères) ont différentes réactivités de par leur structure chimique. Les monomères 

vinyliques, qui forment la plupart des polymères non-dégradables et pétro-sourcés, tandis que 

les monomères esters cycliques, forment des polymères biodégradables. Ces travaux visent à 

développer un catalyseur universel pour deux classes distinctes de monomères. L'idée sous-

jacente est de créer des copolymères en couplant des monomères non-biodégradables et 

biodégradables, par un mécanisme de commutation de polymérisation entre ces 2 

techniques. 

 

 

 

 

 

Short abstract 

 

Polymer materials take a large place and substitute large quantities of traditional materials 

such as wood, steel or glass. The objective of this thesis was to bring a biodegradability 

property to these polymers. Usually, the polymers production is carried out by coordination 

complexes or catalysts and, in our case, we wanted to use Cobalt, which is less expensive and 

less toxic than other metals nowadays used in the industry. On the other hand, the monomers 

(basic brick constituting the polymers) have different reactivities due to their chemical 

structure. For example, vinyl monomers form most of the non-degradable polymers whereas 

cyclic ester monomers form biodegradable polymers. We developed a universal catalyst for 

two distinct classes of monomers, with the idea to create copolymers coupling non-

biodegradable and biodegradable monomers, switching polymerization mechanism between 

these two techniques. 


