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SUMMARY . 
 

Aliphatic polyesters are emerging as an important class of materials 

as alternatives to petroleum-based polymers.1 They are 

biodegradable and, in some cases, are produced from renewable 

feedstocks. In this context, the development of efficient 

polymerization routes to produce polyesters with controlled 

macromolecular parameters is of great interest. To this purpose, the 

most effective methods are the ring-opening polymerization (ROP) 

of cyclic esters and the ring-opening co-polymerization (ROCOP) 

between epoxides and anhydrides. 

In the ROP of cyclic esters, salen complexes based on five-

coordinate aluminum are among the most successful catalysts.2 

Recently, bimetallic complexes have attracted great attention as they 

have different catalytic behaviours in comparison to their related 

monometallic derivatives because of the presence of two proximal 

reactive centres within the same complex that can act in a concerted 

mode.3  

In the parallel field of the ROCOP between epoxides and anhydrides, 

the literature suggests a bimetallic mechanism to explain the greater 

performances of bimetallic complexes.4,5  

On the other hand, the use of dianionic [ONNO]-type ligands as 

binucleating ligands for the formation of bimetallic species is 

definitively less explored.6  

The aim of the thesis is to develop simple and efficient aluminum 

catalysts for the ROP of cyclic esters, as well as for the ROCOP 

between epoxides/anhydrides exploring the possibility of a 
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synergistic effect when two reactive metal centres are in proximal 

positions.  

Salen ligand framework is a platform of choice thanks to its facile 

synthesis and modifications. In addition, aluminum is an abundant 

and cheap metal with low toxicity.  

We report the synthesis and the study of the catalytic behaviour of 

tetra-coordinate dinuclear aluminum complexes ligated by simple 

salen-type frameworks to explore the possibility of cooperation 

between the two aluminum centres in both catalytic processes ROP 

and ROCOP.  

Since the distance between metal centres is a critical parameter to 

have cooperation, the salen ligands have been designed to feature two 

coordinative tasks at varying distances from one another, thanks to 

the variable alkyl backbone length between the imine functionalities 

(complexes 1-3). In the same scope, the related hemi-salen 

monometallic complex 4 was designed (Scheme 1). 

 
Scheme 1. Aluminum salen complexes investigated (n = 1, 3, 10). 

Firstly, all complexes were tested as initiators in the ROP of several 

heterocyclic substrates: lactide (LA), Ů-caprolactone (Ů-CL), rac-ɓ-

butyrolactone (ɓ-BL) and cyclohexene oxide (CHO).  
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The bimetallic complex 1 in which the two reactive centres are in 

proximal positions demonstrated the best activity towards all the 

monomers. In the polymerization of lactides and ὑ-caprolactone, its 

activity was about 50 times higher than that of the bimetallic species 

in which reactive centres are more distant (2-3) and of the related 

monometallic species 4 (scheme 2).  

Strikingly, in the ROP of CHO and ɓ-BL complex 1 was the only one 

active.  

In the ROP of rac-lactide, complex 1 resulted the only one able to 

produce isotactic enriched PLA. 

All these data suggested the existence of cooperative phenomena 

between the two vicinal metal centres in complex 1 (Chapter 2.3).7 

 

Scheme 2. Reactivities of the complexes in the ROP of rac-lactide. 

Seeing the high activity of complex 1 in the ROP of several 

heterocyclic substrates, co-polymerization reactions were 

performed.  

In the copolymerizations of cyclic esters, complex 1 produced 

polyesters ranging from gradient to blocky structure depending on 

the kinetic control.  
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In the co-polymerization of cyclic esters with cyclohexene oxide, a 

drastic chemoselectivity emerged, since only the homopolyesters 

could be produced when both monomers were present 

simultaneously in the reaction medium. Block polyether-co-

polyester were successfully obtained by sequential addition of the 

monomers (Chapter 2.4).8 

Afterwards, the same complexes, in combination with a nucleophilic 

co-catalyst, were found to be highly active in the ROCOP of 

cyclohexene oxide (CHO) and limonene oxide (LO) with different 

anhydrides.  

The reaction conditions and in particular the optimal choice of co-

catalyst, were studied revealing that non-ionic co-catalysts, such as 

4-(N,N-dimethylamino)pyridine (DMAP), are more selective in 

apolar media and ionic co-catalysts are more efficient in polar 

solvents such as methylene chloride.  

The copolymerization of LO with phthalic anhydride (PA) allowed 

to produce partially renewable semi-aromatic polyesters (Chapter 

3.2).  

From the copolymerization studies of epoxides and anhydrides 

emerged that the monometallic complex 4 and the bimetallic 

complex 1 have the same catalytic behaviour, in terms of both 

activity and selectivity. This suggested a monometallic pathway with 

our class of complexes in this catalysis.9  

Since the bimetallic catalyst 1 with reactive centres in proximal 

positions exhibited the best performances both in the ROP and 

ROCOP processes, we explored the possibility to combine them 
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starting from a mixed monomer feedstock (CHO, SA and a cyclic 

ester). 

Complex 1 revealed to be able to switch between the distinct 

polymerization cycles showing high monomer selectivity and 

producing block copolyesters from ROCOP of CHO/SA followed by 

ROP of the cyclic ester. Surprisingly, the portion of the copolymer 

obtained by copolymerization of CHO and SA showed a perfectly 

alternating structure without any addition of cocatalyst, suggesting 

that, during the production of the first block, the cyclic ester played 

the role of a co-catalyst (Chapter 3.4).8 

The results obtained in the ROCOP of epoxides and anhydride 

revealed that the simple monometallic phenoxy-imine aluminum 

complex 4, in combination with DMAP, was highly active and 

selective in this catalysis. 

Thus, we studied the structure-performance relationship, both in 

terms of activity and selectivity, of tetra-coordinate phenoxy-based 

monometallic catalysts in the ROCOP. Phenoxy-imine, phenoxy-

thioether and phenoxy-amine complexes have been tested (Scheme 

3). Phenoxy-imine complexes resulted the most efficient with higher 

activities favoured by electron-donating substituents attached to the 

phenoxy-donor although when large substituents are in ortho 

positions the selectivity is compromised. 
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Scheme 3. Phenoxy-based dimethyl-aluminum complexes 4-7. 

Finally, bifunctional catalysts which in addition to the reactive metal 

centre, present a nucleophilic portion, to simulate the cocatalyst, 

were synthetized. A pendant arm bearing an additional neutral donor 

was introduced on the ancillary ligand with the aim to incorporate 

the co-catalyst directly in the structure of the ligand (Scheme 4). 

 

Scheme 4. Design of a bifunctional catalyst. 

The effect of the structure of the ancillary ligand, modifying the 

substituents on the phenoxy ring and the nature of the neutral donor, 

on the performance of these [ON]-AlMe2 complexes (Scheme 5) in 

terms of activity, as well as selectivity was discussed. 
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Scheme 5. Phenoxy-imine dimethyl-aluminum complexes with a 

pendant arm 8-10. 

From this study emerged that catalysts with a pyridine pendant arm 

and electron donating substituents (8a-b) on the phenoxide ring were 

the best ones for the ROCOP since they gave an excellent selectivity 

towards polyester formation (Chapter 4). 
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CHAPTER 1. INTRODUCTION.  
Polyesters: An attractive class of polymers. 

 

Plastic materials are widely used in our modern society: 335 million 

tons of plastics were produced worldwide in 2016, a 45% increase 

since 2005.10 The vast majority of commodity materials are obtained 

from petrochemical feedstocks. However, fossil resources are 

limit ed. Furthermore, once introduced into the marketplace, the 

majority of these materials end up in the environment as waste, from 

which 4.8 to 12.7 million tons entering the ocean, damaging the 

marine environment.11  

It is a growing market in need of innovation to minimize the impact 

on the environment. In particular, bio-sourced polyesters attract 

considerable interest with regard to sustainable development as 

alternatives to polymers derived from oil.1 One of the current 

challenges is to develop bioderived polymers with competitive 

performance properties (thermal resistance, mechanical strength, 

processability) and that are cost efficient.  

According to the structure of the repeating units of the main chain, 

polyesters are classified as aliphatic, semi-aromatic and aromatic. 

Aromatic portions improve the hardness, rigidity and heat resistance 

of the polymeric material, whereas aliphatic segments increase the 

flexibility and lower the melting temperature thus improving the 

processability.  
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The most important commercial polyesters are terephthalic 

polyesters such as poly(ethylene terephathalate) (PET) and 

poly(butylene terephthalate) (PBT). Both are semi-aromatic. They 

are thermoplastic materials that can be easily shaped to obtain films 

and fibers, and thanks to their good mechanical properties, they are 

largely used in daily life.  

Aliphatic polyesters are materials with low melting and glass 

transition temperatures as well as poor hydrolytic stability. They are 

biodegradable and/or biocompatible. Traditionally, because of these 

properties they have found application in the biomedical and 

pharmaceutical fields but recently their use has been extended to 

different industrial areas such as packaging and fibers.  

Some of the most successful aliphatic polyesters are certainly 

poly(glycolic acid) (PGA) and more recently poly(lactic acid) (PLA) 

(Scheme 1.1) thanks to the NatureWorks process for the scalable 

production of PLA from corn via fermentation technologies.12,13,14 

Their common uses include plastic films, bottles, and biodegradable 

medical devices for drug release and tissue engineering.15 In this 

context, PLA is the leading bio-plastic which production capacities 

are predicted to grow up by 50 percent from 2017 to 2022.16  



3 

 

 

Scheme 1.1. Structures of some successful polyesters. 

Using biomass can have both economic and environmental benefits. 

The discovery of efficient and selective processes for the synthesis 

of renewable polymers from biomass-derived feedstocks and that are 

suitable for recycling or biodegradation, is a crucial requirement for 

the sustained growth of the chemical industry. 

1.1. SYNTHETIC APPROACHES TO POLYESTERS 

Polyesters can be mainly produced via three synthetic methods 

(Scheme 1.2). 

 

Scheme 1.2. Synthetic approaches to polyesters. 
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The traditional one is the polycondensation between a diol and a 

diacid. The advantages of this synthetic method are the access to a 

large monomer feedstock and thus the possibility to produce a wide 

range of polymers structurally diverse at low costs. Unfortunately, 

this method requires high temperatures to remove the by-products 

(most often water) to achieve high molecular weight polymers which 

has significant consequences on the energy demand and on the 

control of the polymerization process. This is the reason why the 

development of controlled polymerizations is of interest, especially 

for the production of more sophisticated polymers. 

1.1.1. RING-OPENING POLYMERIZATION  (ROP) 

The ring-opening polymerization (ROP) of cyclic esters enables the 

preparation of high molecular weight polyesters with controlled 

microstructure under mild reaction conditions. The ring strain of the 

monomer is the thermodynamic driving force of the ROP.  

Several metal-salts and well-defined single site catalysts have been 

described to promote ROP by coordination-insertion mechanism.17 

The catalystôs key parameters are the activity, the ability to control 

molar mass (and polydispersity) and if applicable, the regio- and 

stereo-selectivity during monomer enchainment. 

Tin octanoate, tin triflate and aluminum isopropoxide for example 

have been applied with success in the ROP of cyclic esters.18  

Single-site catalytic systems have a general formula LnM-X where 

Ln is an ancillary ligand that minimizes aggregation reactions and 

modulates the electronic and steric properties of the catalyst. The 

metal M serves as a Lewis acid and -X is the initiator group 



5 

 

(commonly carboxylate, alkoxide or halide). Notably, aluminum 

complexes bearing tetraphenylporphyrin ligand19 or 

salicylaldiminato ligands (salen)20 have been reported in the ROP of 

cyclic esters. Salen aluminum catalysts display a great 

stereoselectivity in the ROP of rac-lactide.20b-e The use of salen 

aluminum catalysts in the ROP will be further discussed in the next 

Chapter. 

Single-site catalysts promote ROP by coordination-insertion 

mechanism. The first step is the coordination of the monomer (rac-

lactide for instance) to the metal centre, followed by the attack by the 

metal alkoxide group which will become one of the end-group of the 

polymer chain. This intermediate undergoes acyl bond cleavage of 

the lactide ring to generate a new metal alkoxide species on which 

will continue to grow the polymeric chain (Scheme 1.3). 

 
Scheme 1.3. Coordination-insertion mechanism for rac-lactide 

promoted by an alkoxide metal complex. 
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However, ROP usefulness is restricted by the limited number of 

structurally diverse monomers, in addition it is arduous to synthesize 

semi-aromatic polyesters.21  

1.1.2. RING-OPENING CO-POLYMERIZATION  BETWEEN 

EPOXIDES AND ANHYDRIDES (ROCOP) 

A versatile way for producing polyesters with variable architectures 

is the ring-opening co-polymerization (ROCOP) between epoxides 

and cyclic anhydrides. The ROCOP route is both energy and atom 

efficient, a key advantage in the context of green chemistry. Finally, 

the ROCOP enables the preparation of polyester backbones with 

aromatic/semi-aromatic repeat units, which cannot be accessed using 

ROP but are useful to improve the thermalïmechanical properties 

and to integrate functionality into polymers.  

In contrast to the ROP, the ROCOP has been yet under-investigated, 

and only a limited number of catalytic systems described in the 

literature are able to produce high molecular weight polyesters.22  

In the 60s, Inoue wrote the first mechanistic proposal with dialkyl 

zinc.23 The initiation step is the ring-opening of the epoxide to form 

the metal alkoxide intermediate (Scheme 1.4). The formed 

intermediate attacks the anhydride to produce a metal carboxylate 

intermediate. Therefore, the copolymerization occurs by the 

continual cycling between metal alkoxide and carboxylate 

intermediates. The termination is achieved by manipulating the 

reaction conditions: lowering the temperature, complete 

consumption of the monomers or by addition of water or acids. 

Perfectly alternating polyester structures will be formed by 

sequential epoxide/anhydride copolymerization. A detrimental side 
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reaction is the sequential enchainment of epoxides, producing ether 

linkages. The percentage of ester linkages determines the selectivity 

of the copolymerization.  

Another side reaction is the chain transfer reaction, when the growing 

polymer chain reacts with protic compounds, such as alcohols. Chain 

transfer reaction can be beneficial to control the molar mass, end 

group and narrow the polydispersity. On the other side, the catalytic 

system has to be particularly robust to not be degraded by the protic 

compound. 

 

Scheme 1.4. Polymerization pathway. 

One of the first remarkable examples of catalysts able to promote this 

reaction was the ɓ-diiminate zinc complex, (BDI)ZnOAc, reported 

by Coates and co-workers in 2007 (Scheme 1.5).24 Used in the 

copolymerization of diglycolic anhydride with cyclohexene oxide, it 

produced perfectly alternating polyesters with high molar masses and 

narrow distributions. 
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Scheme 1.5. ɓ-diiminate zinc complex. 

Indeed, few successful single catalysts active in the ROCOP of 

epoxides and anhydrides have been reported. The most significant 

examples include complexes of trivalent metals such as CrIII , CoIII , 

MnIII , or AlIII  with tetradentate dianionic ligands such as porphyrinate 

or salen derivatives (Scheme 1.6).  

In 1985, Inoue reported porphyrinato aluminum complexes with 

quaternary salts catalytic systems having low activity for the 

propylene oxide/ phthalic anhydride copolymerization. The 

polymers obtained displayed high ester linkage content but with low 

molar masses.25  

In 2011, Duchateau used chromium tetraphenylporphyrinato 

complex and highlighted the positive effect of the addition of a co-

catalyst (DMAP, 4-N,N-dimethylamino-pyridine) on both the 

activity and the selectivity.26 Indeed, it is generally proposed that 

either the Lewis base or the anion coordinates to the metal catalyst, 

resulting in the labilizing of the initiating group (X) or the 

propagating polymer chain and thus accelerating polymerization. 

The authors also showed that the CrIII  complex performed better than 

the CoIII  and MnIII  analogues. 
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Scheme 1.6. Porphyrin (up) and salen-type (down) ligands with 

trivalent metals (M = Cr, Al, Co, Mn). 

Coates reported the successful use of cobalt and chromium salen 

complexes for epoxide/maleic anhydride copolymerizations. They 

afforded perfectly alternating polyesters with high molar masses (up 

to 31 000 g/mol), reasonably narrow distributions (< 1.7) and 

moderate activities.27 The alternating copolymerization of propylene 

oxide with terpene-based cyclic anhydrides was carried out by the 

same author, illustrating a sustainable route to aliphatic polyesters. 

The aluminum salen complex exhibited exceptional selectivity. The 

resulting polyesters had high molecular weights with narrow 

polydispersities.28  

Duchateau and co-workers reported an extensive study of metal/co-

catalyst combinations for cyclohexene oxide/anhydride 

copolymerization.29  

They also investigated limonene oxide/phthalic anhydride 

copolymerization to yield partially renewable polyesters. The 
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chromium and aluminum catalysts performed best, leading to the 

formation of polyesters with tunable molecular weights and narrow 

polydispersities.30 

Recent mechanistic studies suggested the interest of using dinuclear 

catalysts that are supposed to accommodate more easily the 

monomers. Moreover, dinuclear catalysts frequently showed 

superior performance compared to monometallic ones in the parallel 

field of CO2-epoxides copolymerization.31,32 In 2013, Lu et al. 

described a phenoxide dinuclear catalyst 4-7 times faster in the 

ROCOP of epoxide/maleic anhydride in comparison to the related 

monometallic one.4 Williams33 reported a bisphenoxide 

heterodinuclear (zinc and magnesium) catalyst showing good 

activity to produce perfectly alternate polyester without addition of a 

co-catalyst. 

In conclusion, the huge asset of this synthetic way is the wide range 

of relatively cheap and often commercially available monomers. 

There is an incentive to develop synthetic routes to prepare epoxides 

and anhydrides from renewable feedstocks in order to produce 

renewable polymers. By taking advantage of the structural diversity, 

abundance and innocuousness of renewable monomers, and of the 

recent developments in ROCOP, new opportunities for the 

production of polyesters are emerging.34  

1.2. MONOMERS FROM BIOMASS 

Bio-based materials are defined as materials made from biological 

and renewable resources.35 Nonetheless, it is important to note that 

not all bio-derived material will be biodegradable, and vice versa.36  
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There are many biomass sources that could be converted into 

renewable monomers to produce sustainable polymers, including 

simple sugars, starch, lignocelluloses, plant oils, and so on. The 

majority (60ï90 wt%) of plant biomass are the biopolymer 

carbohydrates stored in the form of cellulose and hemicelluloses. 

Epoxides or anhydrides may be derived from naturally occurring 

sources such as carbohydrates, fatty acids, and terpenes (Scheme 

1.7). The large and ubiquitous availability of these sources, generally 

as waste from the food and wood industries, is an attractive key point 

for the development of new sustainable polymers with enhanced 

properties. 

 

Scheme 1.7. Most investigated monomers in the ROCOP deriving 

from natural sources. 

1.2.1. LACTIDE AND ANHYDRIDES FROM CARBOHYDRATES  

Most renewable carboxylic acids are prepared by fermentation of 

carbohydrates such as glucose. Glucose is transformed into building-

block chemicals such as lactic acid or succinic acid which will be 

transformed into monomers. Bio-succinic acid has also been a hot 
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topic the last few years with four companies working on its 

production: Myriant, BioAmber, BASF-Purac (Succinity) and 

Reverdia (DSM-Roquette). For example, lactic acid leads to lactide 

and succinic acid to succinic anhydride, one of the most studied 

anhydride in the ROCOP, since the early discovery by Maeda et al. 

in 1997.37 Thomas and co-workers reported in 2011 the synthesis of 

aliphatic polyesters via an auto-tandem catalytic transformation, 

where cyclic anhydrides (e.g., camphoric, glutaric, pimelic, succinic 

anhydrides) are directly synthesized from dicarboxylic acids and 

subsequently copolymerized with epoxides.38 

Maleic and phthalic anhydride, furan-derived monomers can be 

prepared from carbohydrate resources. Phthalic anhydride is of high 

interest since it allows the production of semi-aromatic polyesters 

thus improving the rigidity of the polymer backbone and the thermal 

properties.39 The copolymerization of maleic anhydride with 

epoxides has been largely studied by Coates and co-workers, to 

produce unsaturated polyesters.27 

1.2.2. BIO-BASED EPOXIDES 

Vegetable oils are an important class of abundant natural resources 

and the literature already reports their use to make various monomers 

for polymerization. In 2015, Williams and co-workers showed that 

epoxides derived from 1,4-cyclohexadiene such as cyclohexene 

oxide (CHO) and 1,4-cyclohexadiene oxide (CHDO) can be 

synthesized from plant oil derivatives.40 

Fully renewable options are limonene oxide and pinene oxide, 

derived from terpenes. Terpenes are found in many essential oils 
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from plants and trees, and represent a versatile chemical feedstock. 

The global turpentine production is more than 300 000 tons per year 

and its major constituents are Ŭ-pinene (45ï97%) and ɓ-pinene (0.5ï

28%). However, to date, the only example of a successful synthesis 

of aliphatic polyesters from these biorenewable substrates 

compounds was described by Thomas et al. who reported the 

alternating copolymerization of Ŭ-pinene oxide (Ŭ-PiO) and glutaric 

anhydride, to give the corresponding fully biodegradable 

copolymer.38 

Produced by more than 300 plants, limonene is the most common 

terpene.41 The (R)-enantiomer constitutes 90-96% of citrus peel oil,42 

and its world production is estimated to be more than 60 000 tons per 

year.43 The corresponding epoxide is commercially available and its 

abundance, low cost, and structural similarity to CHO make (R)-

limonene oxide (LO) an excellent choice as a non-food biorenewable 

epoxide monomer. 

LO has been used as a comonomer for the synthesis of aliphatic 

polyesters by Coates24 and Thomas38. More recently, Duchateau30 

reported the copolymerization of phthalic anhydride with LO to 

produce poly(limonene phthalate) a partially renewable semi-

aromatic polyester. Additionally, bearing a vinyl pendant group as 

extra functionality, (R)-limonene offers the opportunity of post 

polymerization modifications to functional polymers, thereby 

increasing the range of potential uses. Taking advantage of these 

functional groups of raw natural biomass is of great interest. This 

usually requires the use of highly efficient chemistry for 

functionalization. The production of functional polymers is of 
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interest for many applications such as reactive substrates, coating 

resins, electronic and biomedical materials.44 

Recently, Coates and co-workers reported the copolymerization of 

terpene-based cyclic anhydrides with propylene oxide using various 

metal salen catalysts, producing polyesters with Tg values up to 109 

°C.28, 45 

1.3. PRESENTATION OF THE PHD PROJECT 

Aliphatic polyesters are emerging as an important class of materials 

alternatives to petroleum-based polymers.1 They are often 

biodegradable and can be produced from renewable feedstocks. In 

this context, the development of controlled polymerization routes 

such as the ROP of cyclic esters and the ROCOP between epoxides 

and anhydrides, is of high interest. 

As reported above, salen complexes based on five-coordinated 

aluminum have been widely studied to promote the ROP of cyclic 

esters such as lactide, and are among the most successful catalysts.2 

Salen ligand framework is a platform of choice thanks to its facile 

synthesis and modifications. In addition, aluminum is the most 

abundant of all metals in the earthôs crust, a cheap metal with low 

toxicity. 

Recently, bimetallic complexes have attracted great attention as they 

have different catalytic behaviours in comparison to their related 

monometallic derivatives because of the presence of two proximal 

reactive centres within the same complex that can act in a concerted 

mode.3  
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Moreover, in the parallel field of the ROCOP between epoxides and 

anhydrides, the literature suggests a bimetallic mechanism to explain 

the greater performances of bimetallic complexes.4,5  

On the other hand, the use of dianionic ñONNOò type ligands as 

binucleating ligands for the formation of bimetallic species is 

definitively less explored.6 

The aim of the thesis is to develop simple and efficient bimetallic 

salen-type aluminum catalysts for the ROP of cyclic esters, as well 

as for the ROCOP between epoxides/anhydrides exploring the 

possibility of a synergistic effect when two reactive metal centres are 

in proximal positions.  

Since the distance between the metal centres is a critical parameter 

to have cooperation between them, dinuclear aluminum alkyl 

complexes of the general formula L-Al 2Me4, where L are salen 

ligands with an alkyl backbone of different lengths between the 

nitrogen atoms have been prepared to investigate the possibility of 

cooperation between reactive centres in ring-opening 

polymerizations. The related tetra-coordinate hemi-salen, that is 

phenoxy-imine monometallic complex, was also synthesized 

(Scheme 1.8).  
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Scheme 1.8. Aluminum complexes investigated (n = 1, 3, 10). 

The PhD project aimed at answering several questions:  

¶ if  the bimetallic complexes are more active than the related 

monometallic one, 

¶ if the ROP and ROCOP mechanisms are involving a bimetallic 

or monometallic pathway, 

¶ how the structure of the catalyst influences the selectivity in the 

ROCOP process. 

The activities of these aluminum complexes have been analysed for 

the synthesis of polyesters via both catalytic processes. A 

comparison of the catalytic behaviour of the bimetallic aluminum 

complexes and of the related monometallic complex was performed 

to verify the hypothesis of bimetallic mechanism.  

Firstly, all complexes were tested as initiators in the ROP of several 

heterocyclic substrates: lactide (LA), caprolactone (Ů-CL) and 

butyrolactone (rac-ɓ-BL), cyclohexene oxide (CHO). 

Copolymerizations were explored in an attempt to broaden the range 

of the polymers of controlled microstructure produced (Chapter 2).7-

8 
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All complexes were subsequently used in the ROCOP of 

cyclohexene oxide and limonene oxide (LO) with anhydrides. The 

reaction conditions and in particular the optimal choice of co-

catalyst, were studied.  

The possibility of terpolymerization for the preparation of block 

polyesters by combining ROP and ROCOP processes was 

investigated (Chapter 3).8-9 

Finally, the catalyst structure-performances relationship was further 

examined in the ROCOP. With the activity, an additional key 

parameter for a ROCOP catalyst is the selectivity. We worked on the 

ligand design to obtain efficient and rigorously selective catalytic 

system, leading to the design of a bifunctional catalyst (Chapter 4).  

In the field of polyester synthesis promoted by metal-complexes, I 

carried out a period as a visiting PhD student in the Organometallic 

Chemistry and Polymerization Catalysis group at IRCP (Institut de 

Recherche de Chimie Paris) under the supervision of Prof. C. M. 

Thomas, focusing on the synthesis of divalent metal-based catalysts 

for the polymerization of rac-lactide (Chapter 5). 
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CHAPTER 2. BIMETALLIC SALEN ALUMINUM 

COMPLEXES IN THE ROP OF CYCLIC ESTERS. 
 

2.1. INTRODUCTION 

In the 90s, Spassky20a, 46 reported the first example of salen aluminum 

complex able to produce moderately isotactic poly(lactic acid) (PLA) 

from rac-lactide. Feijen20d and Coates20b used chiral salen-type 

catalysts for the stereoselective polymerization of rac-lactide via 

enantiomorphic site control mechanism. Nomura20c, 20e and Gibson47 

reported achiral salen-type aluminum catalysts promoting isotactic 

polymerization of rac-lactide via chain-end control mechanism 

(Scheme 2.1).  

 

Scheme 2.1. Catalysts for the synthesis of isotactic polylactide from 

rac-lactide.  

Numerous examples of structurally related dianionic tetradentate 

[ONNO]-type ligands such as salan47-48, salalen49 and dialkoxy-
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diimino50 ligands have been deeply investigated for the synthesis of 

monometallic five-coordinate aluminum complexes active in the 

ROP of cyclic esters. Some of these catalytic systems revealed 

uncommon abilities for controlling the stereochemistry in the ROP 

of rac-lactide, producing polymers with improved 

stereoregularities51 or original microstructures.52  

More recently, bimetallic aluminum complexes have attracted 

increasing attention thanks to their improved catalytic behaviours in 

comparison with their monometallic counterparts; since the two 

proximal Lewis acidic centres can act in a concerted way.3 

Bimetallic five-coordinated salen-aluminum complexes have been 

investigated as initiators for controlled and stereoselective ROP of 

LA.53 On the other hand, the use of dianionic ñONNOò type ligands 

as binucleating ligands for the formation of bimetallic species in 

which the aluminum centres are tetra-coordinate is definitively 

underexplored.6 Carpentier et al. reported enantiomerically pure 

diphenylethylene salen ligands for the synthesis of monometallic 

five-coordinate and bimetallic tetra-coordinate aluminum 

complexes. All the complexes showed the same activity in the ROP 

of lactide, but the bimetallic complexes revealed inefficient in the 

stereocontrol of the process.54 The same behaviour was observed 

with mononuclear and dinuclear aluminum complexes supported by 

6,6ô-dimethylbiphenyl-bridged salen ligands.55 Binuclear tetra-

coordinate salan aluminum complexes were recently described by 

Ma as efficient initiators for the copolymerization of   L-lactide and 

Ů-caprolactone, producing copolymers ranging from blocky to 

random microstructures.56 Evidences about the cooperation between 
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two metal centres of dinuclear tetra-coordinate aluminum complexes 

with bis amine-phenolato ligands were recently discussed by Yao 

and Yuan.3d 

2.2. SYNTHESIS OF A SERIES OF SALEN ALUMINUM 

COMPLEXES 

In this project, simple dinuclear aluminum alkyl complexes of 

general formula L-Al 2Me4, where L are salen ligands with alkyl 

backbone of different length between the nitrogen atoms (1,3-

propylene (1), 1,5-pentylene (2) and 1,12-dodecaylene (3)), have 

been reported. Since the distance between metal centres is a critical 

parameter to have cooperation, the salen ligands have been designed 

to feature two coordinative pockets at varying distances from one 

another thanks to the variable alkyl backbone length between the 

imine functionalities.  

The salen ligands have been obtained, in quantitative yield, by direct 

reaction between the appropriate diamine and two equivalents of 3,5-

di-tert-butyl-2-hydroxybenzaldehyde.57 The complexes have been 

synthesized through alkane elimination reactions between each pro-

ligand and two equivalents of AlMe3. The related hemi-salen 

aluminum complex (4) was prepared by an analogous reaction 

between the phenoxy-imine ligand and a single equivalent of AlMe3 

(Scheme 2.2).  

All ligands and complexes have been characterized by 1H and 13C 

NMR spectroscopy, as well as elemental analysis for complexes 1-3. 
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Scheme 2.2. Synthesis of salen aluminum complexes 1ï3 and hemi-

salen complex 4. 

The 1H NMR spectra of the complexes 1ï3 in C6D6 were all 

consistent with the presence of two aluminum atoms per ancillary 

ligand and pointed to symmetrical structures in solution. Diagnostic 

resonances in the protonic spectra include sharp singlets in the high-

field region (between ŭ = ī0.20 and ī0.29 ppm) assigned to the 

equivalent protons of the AlïMe groups. In the low-field region, 

singlets (between ŭ = 7.13 and 7.29 ppm) are detected for the 

equivalent CH=N moieties.  

The X-ray structural characterization reported by Atwood for 

analogous aluminum complexes, describes aluminum centres 

adopting a four-coordinate distorted tetrahedral geometry.57 

On the 1H NMR spectrum of complex 1 (Figure 2.1), the formation 

of the complex is confirmed by the signal at -0.29 ppm which 

integrates for 12 protons, corresponding to the methyl groups on the 

aluminum centres. In the aliphatic region, two singlets at 1.32 and 

1.60 ppm can be found integrating for 18 protons and corresponding 

to the tert-butyl groups on the phenoxide rings. The signals of the 

protons of the propylene bridge between the two imine nitrogens 
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appears as a quintuplet and a triplet at 1.72 and 2.84 ppm integrating 

respectively for 2 and 4 protons. The signals in the aromatic region 

correspond to the two aromatic protons on the phenoxide rings as 

doublets at 6.79 and 7.70 ppm and the singlet at 7.14 ppm is the imine 

proton. 

 

Figure 2.1. 1H NMR of complex 1 (600 MHz, C6D6, 298 K). 

All complexes were tested as initiators in the ROP of several 

heterocyclic substrates to explore the possibility of the cooperation 

between the two aluminum centres.  

2.3. HOMOPOLYMERIZATIONS 

2.3.1. ROP OF RAC- AND L-LACTIDE 

First, the complexes were tested in the ROP of rac-lactide (Scheme 

2.3). The ring-opening polymerizations were conducted at 70 °C, in 

toluene solution with four equivalents of isopropanol as an activator, 
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to convert all the aluminum-alkyl groups into more nucleophilic 

alkoxy groups. 

Bimetallic complex 1 proved to be highly active in the ROP of rac-

lactide and showed the complete conversion of 200 equivalents 

within 12 hours, an activity twice as high than for the related 

monometallic species reported by Nomura.20e 

On the other hand, in the same reaction conditions, bimetallic 

complexes 2-3 with a longer alkyl bridge between the two nitrogens, 

required the double amount of time to achieve the same conversions 

(Table 2.1, entries 1-3).  

 

Scheme 2.3. ROP of rac-lactide. 

In the ROP of L-LA (entry 6, Table 2.1), complex 1 revealed the 

same behaviour observed towards the racemic monomer. 

All polymerizations proceeded in a controlled fashion: the polymers 

had monomodal and moderately narrow molecular mass 

distributions (Ð < 1.20). The molecular masses of the polymers 

produced by the bimetallic complex 1 were in good agreement with 

the theoretical value calculated hypothesizing the formation of a 

single PLA chain per catalyst unit: calculated Mn of PLA (in g/mol) 

= 144,14 x ([LA]/[cat]) x conversion of LA. Whereas the molecular 

masses of the polymers produced by complexes 2 and 3 were halved, 

thus coherent with the formation of two polymer chains per catalyst 

unit, one for each metal centre. 
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Table 2.1. Ring-Opening Polymerization of rac-LA by 1-4.a 

Run Cat Time (h) Conv. (%) 
MnGPC

 b
 

(kDa) 

Mn
th c 

(kDa) 
Ðb 

Pm 
d 

(%) 
Tm

e 

1 1 12 100 22.1 28.8 1.09 82 161.4 

2 2 24 85 15.2 24.5 1.20 56 89.0 

3 3 24 76 12.0 21.9 1.18 59 89.3 

4f 4 24 91 12.8 13.6 1.20 57 89.0 

5g 1 8 95 4.0 4.1g 1.07 83 - 

6h 1 8 100 23.6 28.8 1.07 - - 

aAll reactions were carried out with 9.6x10-6 mol of catalyst at 70 °C, in 2 mL of 

toluene, [cat]/[iPrOH]/[rac-LA]  = 1:4:200. bExperimental Mn (corrected using factor 

0.58)58 and Ð values were determined by GPC analysis, in THF vs polystyrene 

standards. cCalculated Mn of PLA (in g.mol-1) = 144,14 x ([rac-LA]/[cat]) x 

conversion of LA. dPm is the probability of meso linkages.  eThe melting temperature 

(Tm) was determined from the second heating at heating rate of 10 °C min-1. f1.9x10-

5 mol of cat [4]/[ iPrOH]= 1:2. g[cat]/[iPrOH]/[rac-LA]  = 1:10:200; Mn
th

 = 144,14 x 

([rac-LA]/[cat + iPrOH excess]) x conversion of LA. hL-LA was used instead of rac-

LA. 

The proximity of the two metal centres could explain these results. 

In the bimetallic complex 1 with the shortest alkyl bridge, the 

simultaneous growth of two polymer chains could be impeded by an 

excessive steric hindrance, maybe caused by interactions between the 

last lactate unit of the growing chain and the metal centres. At the 

same time, thanks to this proximity, a cooperation between the two 

reactive adjacent centres can take place and favours high activity.59  

In complexes 2 and 3, such interaction cannot take place because of 

the greater distance between the two centres, and the metal centres 

act independently.  

With the hypothesis of the growth of a single chain for complex 1, 

the latter has a TOF (turnover frequency) of 16.7 h-1, thus a much 
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higher activity than complexes 2 and 3 (TOF of 3.5 h-1 and 3.1 h-1 

respectively). 

To confirm this hypothesis, the monometallic phenoxyïimine 

aluminum complex 4, whose structure reproduces the coordinative 

environment of each aluminum centre in the dinuclear complexes 1ï

3, was used. In the same concentration of aluminum centres of 

complexes 1ï3, complex 4 showed an activity close to complexes 2 

and 3 (runs 2-4 of Table 2.1, Scheme 2.4). This confirmed 

unequivocally that in the bimetallic complexes 2 and 3, the two 

aluminum centres act independently, as in the monometallic 

complex. 

 

Scheme 2.4. Reactivities of the complexes 1-4 in the ROP of rac-

lactide. 

Analysis of the microstructure. 

PLAs microstructures can be determined by analysis of the methine 

regions of the homonuclear decoupled 1H NMR spectra. A PLA 

derived from rac-lactide can exhibit up to five tetrad sequences in 

relative ratios determined by the ability of the initiator to control 

racemic [r-diad] and meso [m-diad] linkage between each lactide unit 

(Scheme 2.5). 
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Scheme 2.5. Tetrad sequences from polymerization of rac-lactide. 

The isotacticity of the polymer obtained is described by the 

probability of the formation of a meso linkage between lactide units 

during polymerization (Pm). In a chain-end control mechanism, the 

stereochemistry of rac-lactide enchainment is evaluated by 

comparing the integrals at the tetrad level in the homonuclear 

decoupled 1H NMR spectra (Figure 2.2), with calculated values using 

Bernoullian statistics (Table 2.2). 

 

Figure 2.2.  Homodecoupled 1H NMR spectrum (600 MHz, CDCl3, 

298 K) of PLA obtained by run 1 of Table 2.1. 
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The concordance between the values suggests that the stereocontrol 

proceeds via a chain end control mechanism, whereby the 

stereochemistry of the last inserted LA unit in the growing chain 

induces the stereoselection of the incoming enantiomer. The 

spectrum of the PLA obtained by 1 in entry 1 of Table 2.1 indicated 

an isotactic multiblock microstructure with a Pm = 0.82 (Figure 2.2).  

Table 2.2. Tetrad probabilities based on Bernoullian Statistic (Th) 

for a Pm of 0.82 and experimental values (Exp) as obtained by NMR 

analysis of PLA sample obtained by 1. 

Tetrad Formula Exp Th 

[mmm] Pm
2+PrPm/2 0.75 0.75 

[mmr] PrPm/2 0.08 0.07 

[rmm] PrPm/2 0.07 0.07 

[rmr] Pr
2/2 0.02 0.02 

[mrm] (Pr
2+PrPm)/2 0.08 0.09 

The tacticity was comparable to that observed for the PLAs produced 

by the related monometallic aluminum complexes reported by 

Gibson and Nomura for which the pentacoordination of the metal 

centre was considered crucial for the stereoselection.20c, 20e, 47 

Analogous stereoselectivity was observed with phenoxy-imine 

aluminum complexes having encumbered benzyl-type imino 

substituents.60  

The stereoregularity of the PLAs obtained by 2 and 3 was 

significantly lower (Pm = 0.56 and 0.59, respectively) showing the 
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same behaviour of the hemi-salen catalyst 4 (Pm = 0.57) and 

analogous tetra-coordinate aluminum complexes bearing bidentate 

phenoxy-imine59, 61 or phenoxyïamine62 ligands. This is coherent 

with the reduced steric encumbrance around the reactive centres 

because of the greater flexibility imparted by the longer alkyl 

bridges. 

As for the poly(L-lactide) (PLLA) produced in entry 6 of Table 2.1, 

the 1H NMR spectrum did not show any racemization within the 

polymer. 

Immortal polymerization.  

The possibility of achieving ñimmortalò polymerization with these 

systems, i.e. to generate several PLA chains per metal centre by 

introducing several equivalents of a hexogen alcohol as a chain 

transfer agent, was explored with complex 1. Ten equivalents of iso-

propanol were used, four equivalents served for the in situ synthesis 

of the aluminum alkoxide derivative, while the alcohol in excess 

acted as an effective chain transfer agent (run 5, Table 2.1).  

The 1H NMR analysis of the PLA oligomers obtained revealed the 

existence of HOCH(CH3)CO- and isopropoxy end-groups; and the 

stereoregularity was preserved (Pm = 0.83). The molecular weights 

increased monotonously with lactide conversion (Figure 2.3) and 

they were in strict agreement with the theoretical ones calculated 

from the initial monomer-to-alcohol molar ratio and the monomer 

conversion, confirming the immortal character of the 

polymerization. 
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Figure 2.3. Dependence of the number-average molecular weights 

on rac-lactide conversions in the ROP promoted by complex 1:  

[rac-LA]/[ 1]/[ iPrOH] = 200:1:10. R = 0.997. 

NMR study of the active species. 

In order to elucidate the modes of interaction between the two metals 

responsible for the different catalytic behaviour shown by complex 

1, we decided to study the structure of the active species. 

Experiments to elucidate the previous findings were performed in J-

Young tube and followed by 1H and 2D NMR spectroscopy.  

A solution in deuterated benzene containing complex 1, four 

equivalents of iPrOH and ten equivalents of L-LA was prepared. 

After 1 hour at room temperature, no alcoholysis of complex 1 was 

observed and no conversion of the monomer was achieved. This is 

consistent with the literature which reports a high activation energy 

for the formation of the alkoxide active species.18, 63 

Increasing the temperature to 70 °C, the disappearance of the 

resonances for Al-Me protons and for the lactide monomer was 

observed within a few minutes. The 1H NMR spectrum (Figure 2.4 

and Figure 2.5) showed six different signals in the aromatic region 
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corresponding to four different aromatic protons and two imine 

protons of the coordinated ligand. In the aliphatic region, five signals 

were evident corresponding to the diastereotopic protons of the 

trimethylene bridge between the imine nitrogens. These evidences 

pointed to the loss of symmetry of the initial complex. In addition, 

three doublets, each integrating for six protons were observed 

between 0.90 - 0.93 ppm indicating the presence of three isopropoxy 

groups bound to the aluminum atoms. An additional doublet was 

observed at 1.11 ppm, for the methyl protons of the terminal 

isopropoxy group of the growing chain and a quartet, was observed 

for the methine proton of the repeating unit nearest to the aluminum 

of the growing chain. Finally, methine and methyl protons of the 

growing chain appeared at 5.09 and 1.37 ppm, respectively. 

 

Figure 2.4. 1H NMR spectrum (600 MHz, C6D6, 298 K) of the 

propagating species 1-PLA. 
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Five more equivalents of lactide were added to the solution, after ten 

minutes the almost complete conversion of the monomer occurred, 

and the pattern of the propagating species remained unchanged in the 

1H NMR spectrum, highlighting the living nature of the active 

species.  

This overview points to the formation of an asymmetric propagating 

species, where the growth of a single chain occurred on one of the 

two metal centres, although chain transfer phenomena between the 

two aluminum atoms are plausible. The observation can be justified 

by a chelation effect between the two aluminum centres of the O-

lactate propagating species in the polymerization of LA, as described 

by several authors.60, 64 This chelation would explain the steric 

encumbrances and thus the growth of a single chain of polymer per 

catalyst. 

The propagating species revealed to be exceptionally stable and was 

stored in benzene solution for several weeks at room temperature 

without decomposition. 

The same NMR experiment was conducted with complex 2 and 3. 

This time, the alcoholysis proceeded slowly even at 70 °C and about 

two hours were required to obtain the corresponding isopropoxy 

derivatives quantitatively. The 1H NMR spectrum, although less clear 

than that discussed for complex 1, revealed a symmetric structure of 

the propagating species, as clearly emerged by analysis of the 

aromatic region of the spectrum, in which only three signals are 

observed. All signals were very broad suggesting fluxional structures 

of the propagating species. At 70 °C, all resonances became sharp. 

This is coherent with the formation of two polymeric chains, one for 



32 

 

each metal centre, in the propagating species formed by complexes 

2 and 3.  

 

Figure 2.5. 1H-1H COSY spectra of the propagating species formed 

by complex 1 (600 MHz, C6D6, 298 K). 
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The different alcoholysis kinetics of 1 in comparison with 2 and 3 

shows that the cooperation between the two metal centres of complex 

1 could be fundamental both during the formation of the alkoxide 

derivative and during the propagation. The coordination of the 

alcohol at one of the acidic aluminum atoms of the bimetallic species 

might promote the alcoholysis of the Al-Me bonds of the proximal 

metal atom. 

Following these evidences and the generally accepted mechanism for 

the ROP of lactide promoted by metal alkoxides, a mechanism for 

complex 1 can be hypothesized as described in Scheme 2.6.  

 

Scheme 2.6. Plausible Mechanism for the polymerization of LA 

Initiated by complex 1-iPrOH. 
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First, the hexogen alcohol coordinates to the metal and reacts 

exhaustively with the alkyl groups bound to the aluminum atoms of 

complex 1. One of the Lewis acidic metal centres binds the incoming 

monomer and activates it for the attack by the metal alkoxide group 

of the proximal aluminum atom. The growth of the polymer chain 

occurs by nucleophilic attack of polymer chain at the coordinated 

monomer unit by shuttling between the two aluminum centres.  

Kinetic study. 

The NMR experiments suggested that different times are required for 

the initial alcoholysis of the complexes 1-3 and during propagation. 

To confirm these observations, kinetic studies were carried out for 

the ROP of rac-lactide promoted by complexes 1-3, by monitoring 

the conversions of lactide in toluene at 70 °C by 1H NMR 

spectroscopy at different intervals.  

For complex 1, the polymerization of rac-LA is a first-order reaction 

with instantaneous initiation (Figure 2.6).  
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Figure 2.6.  Kinetic plot for ROP of rac-LA  promoted by 1.  

The concentrations were determined by 1H NMR spectroscopy, [LA]0 is the initial 

concentration of rac-LA and [LA]t the concentration at time t. Pseudo first-order 

rate constant is kapp = 0.643 h-1, R = 0.9975. Reaction conditions: [Cat] = 0.01 M; 

[LA]/[cat] = 100; T = 343 K; toluene-d8 as solvent.  

On the other side, the polymerization of rac-LA promoted by 

complexes 2 and 3 displayed an induction time of about 2 h (Figure 

2.7). After this initiation, the polymerizations are first-order reactions 

in monomer concentration with kapp values of 0.133 hī1 and 0.0502 

hī1, respectively. The induction period is coherent with the NMR 

study, that showed a slow reaction between the isopropyl alcohol and 

the metal complexes 2 and 3. The kapp values for these complexes are 

significantly lower than that of complex 1. The cooperation between 

the two metal centres seems to have a role both in the alcoholysis 

reaction for the formation of the catalytically active species and 

during the polymerization reaction. At higher temperatures (100 °C) 

no induction time was observed with complex 3, and the catalytic 

activity raised significantly (Figure 2.8).  
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Figure 2.7.  Kinetic plot for ROP of rac-LA  promoted by 2 (red) and 

3 (black).  

The pseudo first-order rate constants are kapp (2) = 0.133 h-1 (R = 0.9983) kapp (3) = 

0.0502 h-1 (R = 0.9972).  Reaction conditions: [cat] = 0.01 M; [LA]/[cat] = 100; T = 

343 K; toluene-d8 as solvent. 
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Figure 2.8.  Kinetic plot for ROP of rac-LA  promoted by 3.  

The pseudo first-order rate constant kapp = 0.111 h-1 (R = 0.9975). Reaction 

conditions: [3] = 0.01M; [LA]/[ 3] = 100; T = 373 K; toluene-d8 as solvent. 

2.3.2. ROP OF LACTONES 

To verify the synergistic effects between the two metal centres in 

complex 1, the polymerization studies were extended to other 

monomers and compared with complex 4. 
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The reactivity of catalyst 1 and 4 in the ROP of the lactones: Ů-CL, 

and rac-ɓ-BL was studied (Scheme 2.7). 

O
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Scheme 2.7. ROP of Ů-caprolactone and rac-ɓ-butyrolactone. 

The ROP of rac-ɓ-BL was investigated with complex 1 and 4. 

Despite its favourable ring strain, there are only a few examples of 

initiators able to promote controlled ROP of rac-ɓ-BL2a, 65 because 

of side termination reactions such as transesterification and chain 

transfer reactions.66  

Table 2.3. Reactivity of complex 1 in the ROP of lactones.a 

Entry 
Monomer 

(equiv) 
Time (h) T (°C) 

Yield 

(%) 

MnGPC
 b

 

(kDa) 

Mn
th c 

(kDa) 
Ðb 

1 ɓ-BL (200) 20 70 64 5.2 5.5 1.07 

2d ɓ-BL (200) 20 70 91 2.4 2.0e 1.06 

3 Ů-CL (500) 0.33 70 46 10.1 13.1 1.22 

4 Ů-CL (500) 6 25 18 7.0 5.1 1.05 

aAll  reactions were carried out with 10 ɛmol of 1 at 70 °C, in 2 mL of toluene, 

[1]/[ iPrOH] = 1:4. bExperimental Mn (corrected using factor 0.56 for PCL and 0.54 

for PHB) and Ð values were determined by GPC analysis in THF using polystyrene 

standards. cCalculated Mn
th =   MMmon x ([Mon]/[Al]) x yield.  d[1]/[ iPrOH] = 1:8. 

eCalculated Mn = MMmon × ([Mon]/[ iPrOH]) × conv. 

Complex 1 showed good performance allowing the conversion of 

130 equivalents of rac-ɓ-BL in 20 hours at 70 °C (entry 1, Table 2.3). 
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The cooperation between the metal centres was found to be essential 

also in the ROP of rac-ɓ-BL since the related monometallic 

phenoxy-imine aluminum complex 4 was completely inactive under 

the same conditions.  

Complex 1 was tolerant to an excess of alcohol (8 equiv. of iPrOH) 

promoting an ñimmortalò polymerization (entry 2, Table 2.3). The 

molecular weight of the resultant PHB decreased depending on 

iPrOH loading, while the polydispersity did not change. The 

MALDI -ToF analysis of the low molecular weight PHB sample 

displayed only linear chains, initiated by isopropoxy or methyl 

(marginally) groups (Figure 2.9). No cyclic oligomers were 

detectable suggesting that intramolecular transesterification 

reactions did not happen during polymerization.  

 

Figure 2.9. MALDI -ToF-MS spectrum of PHB synthesized in entry 

2 of Table 2.3. 
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The 1H NMR analysis showed the existence of HOCH(CH3)CH2- 

and -OCH(CH3)2 groups as exclusive chain end groups (Figure 2.10). 

No evidence of transcrotonate species from side termination 

reactions were detected. These findings corroborate a living 

polymerization following a coordination-insertion mechanism with a 

ring-opening of the monomer through acylïoxygen bond cleavage.  

 

Figure 2.10. 1H NMR spectrum (250 MHz, CDCl3, 298 K) of a PHB 

produced in entry 2 of Table 2.3. 

The microstructure of the obtained PHB was analysed by observation 

of the methylene resonances (40 ppm) in the 13C NMR spectrum. The 

signals of the rm-, mm-, rr-, and mr- triads resulted equal in their 

intensity revealing an atactic PHB polymer (Figure 2.11). 
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Figure 2.11. 13C NMR spectrum (63 MHz, CDCl3, 298 K) of the 

atactic PHB.  

In the ROP of Ůïcaprolactone, complex 1 demonstrated a very high 

activity (entry 3, Table 2.3), higher than those of most of the 

phenoxy-imine aluminum complexes and as high as the most 

efficient aluminum complexes,67 thus corroborating once more the 

synergistic effect between the two aluminum centers.3d, 6a, 53d, 56  

Complex 1 was also tested at room temperature and showed a 

moderate activity (entry 4, Table 2.3).  

The GPC analysis of all the obtained polymers displayed monomodal 

distributions of the molecular weights with narrow polydispersity 

indexes. The experimental molecular weights of PCLs and PHBs 

were lower than those obtained for PLAs, and they are in agreement 

with the growth of two polymeric chains per catalyst unit, one for 

each metal center. 
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NMR study of the propagating species. 

To elucidate these findings and understand the difference with the 

polymerization of LA, NMR experiments were conducted. 

A solution of complex 1 (10 ɛmol) with four equivalents of iPrOH in 

deuterated benzene at 70 °C in the presence of four equivalents of 

rac-ɓ-BL was prepared. After 2 hours at 70 °C, the exhaustive 

alcoholysis of the methyl groups of complex 1 and the almost 

complete consumption of the monomer were observed. 

The 1H NMR spectrum revealed a symmetric structure of the 

propagating species, as clearly evidenced by the presence of only 

three signals in the low field region of the spectrum (Figure 2.12). 

 

Figure 2.12. 1H NMR spectrum (C6D6, 300 MHz, 298 K) of the 

propagating species of 1-PHB.  

Up: After addition of more ɓ-BL, showing the increase of the signal of the polymer 

PHB. 






































































































































































































































































































