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1.1 Introduction 

Synthetic petrochemical-based polymers have made a tremendous impact since the 

late forties. Their presence in our daily life is definitely unavoidable and their usage in 

a vast number of applications is inevitable.1-4 Despite the numerous advantages of these 

materials, two major drawbacks are still challenging: the first is the use of non- 

renewable resources in their production which has an unfavorable carbon footprint and 

the second is the ultimate destination of such, often non-degradable polymers in the 

environment. Therefore, finding alternative pathways and resources have become 

increasingly important both in academia and industry.   

1.2 Synthesis of polyesters 

In the last three decades, aliphatic polyesters have gained increasing attention which 

is due to their good biodegradability and biocompatibility.5-11 There are two types of 

polyesters: AABB-type of polyesters which are usually prepared by polycondensation 

of diols and aliphatic dicarboxylic acids, whereas AB-type of polyesters can be 

obtained by polycondensation of hydroxy acids but are commonly prepared by ring-

opening polymerization of cyclic esters (lactones, lactides). Catalytic ring-opening 

copolymerization of epoxides and alicyclic anhydrides provides a new and attractive 

alternative third route for producing polyesters and yield AABB-type of such 

polymers. The characteristic features of these types of polymers will be explained and 

discussed below. 
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1.2.1 Synthesis of polyesters via polycondensation 

Step growth polymerization for producing polyesters consists of the 

condensation of hydroxy acids or of mixtures of diacids and diols (Scheme 1).  
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 Scheme 1. Synthesis of AABB and AB polyesters by step-growth polymerization.. 

There are several disadvantages involved in this type of polymerization. The 

main drawback of the process is that all reactions are under equilibrium and the 

necessity of removing water or alcohol produced during the reaction to increase the 

conversion and the molecular weight makes this method quite energy-intensive. 

The high temperatures and long reaction times that are generally required can also 

favor side reactions leading to the production of undesired products, e.g. cyclic 

esters, branched products, and chain scission. Furthermore, in the case of reacting 

diols with diacids any deviation from the reaction stoichiometry can have a 

deleterious effect on the molecular weight. 
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1.2.2 Synthesis of polyesters via ROP of lactones and lactides 

The second pathway to produce polyesters is via ring-opening polymerization of 

cyclic esters such as lactones and lactides.11 ROP of lactones dates back to the 

beginning of the twentieth century.12 Since then the polymerization of various 

types of cyclic monomers such as lactams, cyclic ethers and anhydrides have been 

explored. Among the wide variety of available lactones and lactides, lactide and 

glycolide and their homo- and copolymers PLA and PLGA (Figure 1) have 

attracted significant attention in the past few years due to their good 

biodegradability and biocompatibility.6-11, 13-18 PLA and PLGA are widely used in 

biomedical applications such as suture wire, bone screws and scaffolding material 

as well as drug delivery systems.19,20-22  

HO
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O
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HO
OH
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x y
O

O
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O

PLA (x = 0)
PGA (y = 0)
     PLGA  

Figure 1. Schematic view of lactic acid and glycolic acid monomers and their derived 

homo- and copolymers 
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Lactide, the cyclic dimer of lactic acid, is generally synthesized by dimerization 

of lactic acid and exists as two optical isomers, D and L. L-lactide is the naturally 

occurring isomer and meso-lactide is the synthetic blend of D-lactide and L-

lactide.10  L-lactic acid is commonly obtained by fermentation of renewable 

resources such as corn and sugar beets and is subsequently dimerized into the 

corresponding L-lactide. PLA was the first synthetic polymer produced from 

renewable resources.23-26 PLA is currently manufactured in the US and by smaller 

companies in the EU, Japan, China and Brazil.27, 28  

Up to now, the ROP of cyclic esters is the most efficient method to prepare high 

potential aliphatic polyester materials. It allows a much higher degree of control in 

terms of polymer microstructure, molecular weight and molecular weight 

distribution (Mw/Mn) than step-growth processes and is therefore more preferred. 

The ROP of substituted or non-substituted lactones with different ring-sizes, in the 

presence of a broad range of anionic, cationic, organic or coordinative initiators or 

catalysts can contrary to step-growth polymerization, produce high molecular 

weight polyesters under mild conditions.29-35 The ROP proceeds mainly via two 

major polymerization mechanisms depending on the type of catalyst used. The first 

mechanism is called: “activated monomer mechanism” in which the catalyst acts as 

an electrophile and activates the monomer by coordination of the carbonyl group to 

the Lewis acidic metal center.36 Polymerization is then initiated by any nucleophile, 
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e.g., water, alcohol or hydroxyl end-functionalized polymer chains present in the 

polymerization medium. (Scheme 2).36 

 

Scheme 2. Ring-opening polymerization of lactones catalyzed by the electrophile (M) in 

the presence of nucleophiles (Nu) according to an activated monomer mechanism.36 

In the second mechanism, the polymerization proceeds through an “insertion-

coordination” mechanism.  

 

Scheme 3. Ring-opening polymerization of lactones catalyzed by a metal-based catalyst 

(M) according to a coordination – insertion mechanism.36 
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 Metal alkoxides are typical catalysts for this mechanism, which first coordinate 

the carbonyl of the monomer, followed by the cleavage of the acyl-oxygen bond of 

the monomer and simultaneous insertion into the metal alkoxide bond (Scheme 

3).36  

In practice, the ROP of lactides and lactones requires an appropriate catalyst to 

proceed under reasonable conditions and to afford polymers with controlled 

properties. Tin(II) bis-(2-ethylhexanoate) and aluminum alkoxides are the most 

widely used metal-based catalysts for the ROP of lactones via the coordination-

insertion mechanism.36 

1.2.2.1 ROP of lactones and lactides using tin(II)  octoate 

Tin(II) bis-(2-ethylhexanoate), also referred to as tin octoate (Sn(Oct)2), is the 

most well-known and widely used ring-opening polymerization catalyst for 

industrial preparation of aliphatic polyesters (Figure 2).37  

-O

OO

O-
Sn ++

Sn (Oct)2

Al i -OPr
i- PrO

i- PrO

Al (Oi-Pr)3

 

Figure 2. Structure of tin(II) octoate [Sn(Oct)2] and aluminum (III) isopropoxide   

[Al(Oi-Pr)3]. 
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It is highly active (typical reaction times in bulk at 140 – 180 °C range from 

minutes to a few hours) and allows for the preparation of high molecular weight 

polymers (up to 105 Da in the presence of an alcohol as the initiator).38 Although 

tin(II) octoate is approved by the US Food and Drug Agency (FDA) and therefore 

no further purification of the polymer products is needed for applications such as 

food packaging, the toxicity associated with most tin compounds is of increasing 

concern and a considerable drawback in the case of biomedical applications. 

1.2.2.2 ROP of lactones and lactides using aluminum alkoxides 

Aluminum alkoxides are also efficient catalysts for the ROP of cyclic esters 

(Figure 2). The high selectivity of aluminum alkoxides is the major reason for their 

selection to produce well-defined polyesters for lab studies.36 Although aluminum 

isopropoxide has been widely used for mechanistic studies, it has shown to be 

significantly less active than tin(II) octoate (in bulk at 125 -180 °C, reaction times 

of several days are usually required and molecular weights are generally lower than 

105 Da).38 For safety reasons, residual aluminum must be removed from the 

material before use in food or biomedical applications. Aluminum does not belong 

to the human metabolism and biomedical materials prepared using aluminum-

based catalysts are suspected of promoting Alzheimer’s disease.39 For all these 

reasons, aluminum isopropoxide is much less used for preparation of biodegradable 

polyesters.  
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1.2.2.3 Enzymatic ROP of lactones and lactides 

The enzymatic polymerization is an alternative pathway to synthesize polyesters 

that are not contaminated with toxic metallic residues.40, 41 The first report on the 

enzymatic bulk ROP of ε–CL in organic solvents was published in 1993.42-45 Since 

then, small to large sized (4 to 17 membered) lactones were found to be 

polymerized by a lipase-catalyzed ring-opening fashion.40 Large-size lactones react 

faster than the smaller ones, which is opposite to what is observed for the metal-

catalyzed ROP.46 In general, similar to metal-based catalysts, the lipase-catalyzed 

ROP of lactones affords both higher monomer conversions and higher molecular 

weights than the lipase-catalyzed condensation polymerization of hydroxy acids.47 

Unfortunately, the control imparted to ROP is not as good as the one obtained by 

for example metal-catalyzed ROP, with Mw/Mn higher than 2,40 which is due to the 

mechanism. The rate-determining step in enzymatic polymerization is the 

formation of a lactone–lipase complex and ROP takes place according to an 

“activated monomer” mechanism. In fact lipase is a transesterification catalyst, and 

the key step is the reaction of lipase with the lactone with formation of an acyl–

enzyme intermediate, which further reacts with water, alcohols, or hydroxyl end-

capped chains during either the initiation or the propagation step, resulting in 

polydispersities higher than 2. The rapid increasing number of publications 

evidences the high potential of the enzyme catalysis leading to a wide range of 

polymer structures and applications.48 More insight into this polymerization 
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technique and into the mechanism of lipase-catalyzed ROP of lactones are 

discussed in detail in the review by S.Kobayashi.49 

1.3 Synthesis of polyesters via ROP of epoxides and 

anhydrides and polycarbonates via ROP of epoxides 

with CO2 

The catalytic copolymerization of epoxides and anhydrides dates back to 1969 

when Inoue and Maeda copolymerized epoxides and anhydrides using aluminum 

alkoxide complexes to produce polyesters.50, 51 The initiating results were exciting 

but the difficulty in generating polymers with high molecular weights and the 

undesired side reaction of epoxide homopolymerization prevented the development 

of this copolymerization for quite some time. The recent report of Coates on the 

successful formation of polyesters via ring-opening copolymerization of epoxides 

and anhydrides using a zinc 2-cyano-β–diiminate catalyst resulted in a revival of 

the interest in the epoxide-anhydride copolymerization. 52, 53  

The catalytic ring-opening copolymerization of epoxides and anhydrides not 

only can lead to the synthesis of polyesters but also its combination with CO2 as a 

renewable, non-toxic and non-flammable C1-feedstock can also result in random 

and block poly(ester-co-carbonate)s, being very interesting materials with tunable 

properties.54-56 
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1.3.1 Copolymerization mechanism for epoxide/CO2 

It is believed that the mechanism of ring-opening copolymerization of epoxides 

and anhydrides strongly resembles the mechanism of the epoxide/CO2 

copolymerization. The copolymerization of epoxides and CO2 has been studied 

extensively and three possible reaction pathways are to be considered. 

Reaction pathway A:  Initially, Inoue and coworkers reported on the 

mechanism for epoxide/CO2 copolymerization which involved two metal 

complexes with an intermolecular interaction of two active sites (Scheme 4). Chain 

growth was proposed to take place via attack of a metal-bound alkyl carbonate on a 

metal-coordinated epoxide which involved coordination of an epoxide to an 

electrophilic metal center, followed by the attack of an external nucleophile or a 

metal-bound carbonate, and subsequent insertion of carbon dioxide in the metal 

alkoxide bond.57 Such a bimolecular process had also been observed by Jacobsen et 

al. for the asymmetric ring-opening of epoxides. 58-60 

Reaction pathway B: involves an intramolecular attack of the nucleophile on 

the pre-coordinated epoxide, which formally is comparable with an associative 

ligand exchange mechanism (Scheme 4). In the monometallic pathway, a 

nucleophile ring-opens the epoxide at the least hindered C–O bond (even though 

some regio-irregularity is always observed). As both the axial X substituent and the 
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added nucleophile can serve as initiator groups, they are both generally integrated 

into the polymer chain as end groups. Such a mechanism is, however, rather 

unlikely as the corresponding transition state in commonly applied metal 

complexes is thermodynamically disfavored.61  

Reaction pathway C: engages the interaction of a binary catalyst/cocatalyst 

system. In this system, first the epoxide is coordinated to the catalyst metal center 

which is then followed by the attack of the added nucleophile to the pre-

coordinated epoxide (Scheme 4).  

Numerous studies on such binary systems have shown that the addition of a 

nucleophilic cocatalyst can significantly improve the activity and selectivity even 

at low CO2 pressures and/or elevated temperatures depending on the nature of the 

added nucleophile.62-72 
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Scheme 4. Initiation mechanism for a generalized salen-complex: (A) bimetallic 

pathway, (B) monometallic pathway, (C) binary pathway.61 
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In addition to the general parameters as temperature, catalyst/cocatalyst 

concentration and CO2 pressure, side reactions can significantly affect the ring-

opening copolymerization. 

Side reactions: Side reactions can occur in two forms. The first form occurs 

when epoxides are consecutively inserted into the growing polymer chain and form 

the undesired polyether sequences. These ether functionalities can reduce the Tg 

and bring UV-sensitivity to the polymer chain. The second form is through the 

production of cyclic carbonate via a back-biting pathway (Scheme 5).  
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Scheme 5. Chain back-biting mechanism.61 
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Chain transfer: Any traces of water or, alcohol or other protic impurities in the 

polymerization medium can initiate a chain transfer, which results in lower 

molecular weights than theoretically calculated.73-77 The minor contribution of a 

consecutive back-biting mechanism and the release of the by-product cyclic 

carbonate has been previously discussed.75 However, the protonated chain-end is 

considered to be insufficiently nucleophilic for the back-biting event to take 

place.73 Although the copolymerization reagents are generally dried, molecular 

weights and PDI usually differ from those expected, an effect that has to be 

accounted for in this field of chemistry. 

1.3.2 Copolymerization mechanism for epoxide/anhydrides 

As mentioned already, the epoxide/anhydride copolymerization mechanism 

strongly resembles the mechanism of epoxide/CO2 copolymerization. Although it 

has not yet been scientifically proven, it is expected to consist of the three similar 

pathways as the epoxide/CO2 copolymerization mechanism. 

Reaction pathway A:  This route can involve two metal complexes with an 

intermolecular interaction of two active sites (Scheme 4). Chain growth is 

presumed to take place via attack of a metal-bound alkyl ester on a metal 

coordinated epoxide followed by the attack of an external nucleophile or a metal-

bound ester, and subsequent insertion of anhydride in the metal–alkoxide bond. 
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Such a bimolecular process had also been observed by Jacobsen et al. for the 

asymmetric ring-opening of epoxides. 58-60 

Reaction pathway B: This can involve an intramolecular attack of the 

nucleophile on the pre-coordinated epoxide, which formally is comparable with an 

associative ligand exchange mechanism. In the monometallic pathway, a 

nucleophile can ring-open the epoxide at the least hindered C–O bond. As both the 

axial X substituent and the added nucleophile can serve as initiator groups, they are 

both generally integrated into the polymer chain as end groups. Such a mechanism 

is, however, rather unlikely as the corresponding transition state in commonly 

applied metal complexes is thermodynamically disfavored.61  

Reaction pathway C: This can engage the interaction of a binary 

catalyst/cocatalyst system. In this system, first the epoxide is coordinated to the 

catalyst metal center which is then followed by the attack of the added nucleophile 

to the pre-coordinated epoxide.  

Similar to epoxide/CO2 copolymerization, any traces of water, alcohol or protic 

impurities in the polymerization medium can initiate a chain transfer, which will 

result in lower molecular weights than theoretically calculated. A minor 

contribution of a consecutive back-biting mechanism and the release of the by-

product cyclic ester is also possible. Although the copolymerization reagents are 
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generally dried, molecular weights and PDI usually differ from those expected 

which is due to the mentioned chain transfer reactions, an effect that has to be 

accounted for in this field of chemistry. Besides directly acting as chain transfer 

agents, water or alcohols may hydrolyze part of the present anhydrides. The 

resulting acidic compounds may then act as chain transfer agents. 

Epoxide homopolymerization is quite well possible in the presence of strong 

electrophilic metal centers. Successive ring-opening of anhydrides is less likely and 

has never been reported for this type of reactions as it is strongly disfavored from a 

thermodynamic perspective, but unlike for CO2 it is not impossible.   

1.3.3 Catalysts used in ROP of epoxides and anhydrides 

Due to the close similarities between epoxide/CO2 and epoxide/anhydride ring-

opening copolymerizations, it is likely that the highly active catalysts for the 

epoxide/CO2 copolymerization are also promising candidates for the catalytic 

copolymerization of epoxides and anhydrides. Therefore, we will briefly review the 

five main catalyst systems utilized for epoxide/CO2 ring-opening 

copolymerizations. 

 



Chapter 1 

  

~ 18 ~ 

 

  

1.3.3.1 Metal salen catalysts 

The metal salen system represents the most studied homogeneous catalytic 

system for epoxide/CO2 ring-opening copolymerizations and has gone through 

impressive developments during the last decades. An excellent and extensive 

overview on epoxide/CO2 copolymerization using metal salen catalyst systems can 

be found in the reviews by Darensbourg in 200778 and Rieger in 2011.61  

Cheap and simple synthetic preparation, excellent thermal and chemical 

stability and high polymer selectivity as well as excellent regioselectivity are just a 

few advantages of metal salen complexes. Moreover, copolymerization reactions 

with salen catalysts generally proceed under relatively mild temperatures and 

pressures. All these factors make salen complexes one of the most popular group of 

catalysts applied and investigated in the epoxide/CO2 copolymerization.  

Many parameters in salen complex systems such as the choice of the metal, the 

axial group X, the diimine bridge backbone and the type of cocatalyst have been 

studied by many research groups.65, 79, 80 Among all metals investigated (Cr, Co, Al, 

Mn, Fe, Zn) Cr followed by Co have shown the highest activities.79 On the other 

hand, changing the axial group X of the salen complex has shown to dramatically 

affect the polymerization selectivity/activity. Moreover, the presence of a 

cocatalyst also plays a significant role in these systems. These cocatalysts include 
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Lewis bases such as N-heterocyclic amines or phosphine and quaternary 

ammonium salts.  

1.3.3.1.1 Salen catalysts bearing a pendant group 

Synthesis of single component salen catalysts with specially designed pendent 

side arms which act as built-in cocatalysts to provide further improvements in both 

activity and selectivity has become an interesting topic in the recent years. The first 

novel cobalt salen catalyst with two “side arms” bearing piperidine and 

piperidinium groups (1) were reported by Nakano and coworkers in 2006 (Figure 

3).73  

N N

O O

N N-H

Co

OAc

OAc

tButBu

1  

Figure 3. Cobalt salen catalyst with two pendent arms.73 

The protonated piperidine arm prevents cyclic carbonate formation by 

protonating the copolymer chain upon its dissociation from the metal center and 

thus inhibits the backbiting reaction. This allowed propylene oxide (PO)/CO2 
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copolymerization at 60 °C with only 10% cyclic carbonate produced. In 2007, Noh 

et al. reported complex 2 which contained two tertiary amine anions on pendent 

arms to keep the dissociating anionic growing copolymer chains close to the metal 

center (Figure 4).81 The catalyst was active at 1 / 50,000 loadings (2 / PO). A turn 

over number (TON) of 14,500 and a turn over frequency (TOF) of 3,200 h-1 were 

reported at 80 °C and 20 bar, producing a copolymer with a high number average 

molecular weight of 53,000 g/mol with a PDI of 1.35. Complex 2 was the first 

reported catalyst for PO/CO2 copolymerization to give good copolymer selectivity 

at these conditions.  

N N

O O
Co

X

SiSiBu3N NBu3
XX

 

Figure 4. Cobalt salen catalyst with two tertiary amine arms.81 

The use of Lewis base or tertiary amine cocatalysts attached via a pendent arm 

was also studied by other research groups. Lu and coworkers reported complex 3 

which shows a 1,5,7-triabicyclo-[4,4,0]dec-5-ene (TBD) group anchored at the 2- 

position of one phenol donor via a methylene link where X = NO3 (Figure 5).82 

Changing the methylene to a propylene link produced complexes 4a-c (Figure 5) 

and the addition of two TBD substituents via propylene linkages resulted in 
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complex 5.82 Complexes 4a and 4b were the most active of these complexes. 

Complex 4b converted PO to PPC at a catalyst / PO mol / mol ratio of 1 / 10,000 at 

100 °C and 25 bar, resulting in a TOF of 10,880 h-1. Such high selectivity, even at 

high temperatures, was ascribed to the ability of the pendent groups to stabilize the 

active Co(III) species against decomposition to an inactive Co(II) species, since 

unsubstituted cobalt salen complexes have a tendency to be reduced at high 

temperatures and low pressures. In situ ESI-MS of the copolymerization mixture 

showed that 3, was not as good in stabilizing the active Co(III) species, which 

explains82 the low activity. Similar low activity was also observed for 5 bearing 

two tethered TBD groups, although this complex did stabilize the Co(III) species 

due to the steric protection of the active site by the two large groups. 

N N

O O
Co

tButBu

tBu

X

N

N

N

N N

O O
Co

tButBu

tBu

X

3, X = NO3
4a, R = TBD, X = NO3
4b, R = TBD, X = OAc
4c, R = TBD, X = BF4

5, R = TBD, X = NO3

N N

O O
Co

tButBu X

RRR

 

Figure 5. Cobalt salen catalyst with neutral arms.82 
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1.3.3.2 Metal porphyrin catalysts 

Tetraphenyl porphyrin aluminum methoxide ([TPP]AlOMe) was initially 

reported by Inoue.83 The combination of [TPP]AlOMe with quaternary ammonium 

salts or triphenyl phosphines as cocatalysts showed considerable activities at 

ambient temperature and high catalyst loadings. After that, different metal 

porphyrin systems have been reported by different groups. In epoxide/CO2 ROP, 

varying the initiating X group on the [TPP]-CrX system along with the type of 

cocatalyst and epoxide strongly affected the product formation, which switched 

from pure polycarbonate to only cyclic carbonate depending on the cocatalyst and 

monomer.50, 84, 85 Although it was assumed that the [TPP]CoCl complex would 

exhibit a lower activity due to the reduced Lewis acidity of the cobalt center 

compared to the chromium,86 Wang and co-workers showed that [TPP]CoCl in 

combination with cocatalysts is actually quite active in PO/CO2 

copolymerizations.87 Cr porphyrin complexes have been utilized in ROP of 

epoxides and anhydrides and have shown quite high activities in such systems as 

well.76, 88  
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1.3.3.3 Zinc phenoxide catalysts 

Initially discovered by Geerts et al.  in 1986, the soluble and well-characterized 

aryl-oxide zinc complex was the starting point of a novel era in the zinc complexes 

area.89 Zinc aryloxide complexes demonstrated to be the first catalysts for epoxide 

– CO2 copolymerization affording high molecular weight products. However, they 

produced polymers with very high polydispersity indices and were also quite active 

for homopolymerization of the epoxide, resulting in polymers with a high content 

of ether linkages, thus producing poly (ether-co-carbonate)s.90-95 Since then 

numerous studies on different types of zinc catalysts have been reported. The 

activity of these complexes depends on the substitution pattern of the aryl ligand 

framework and the “base” ligand present at the metal center.  

6

R

R

O Zn(OEt2)2

2

O Zn O

Ph

Ph

Ph

Ph

7 8

base

base

Ph

Ph

O

O
ZnZn

L

O

O

L

PhPh

Ph Ph

Ph

Ph

 

Figure 6. Active zinc phenoxide catalysts for epoxide/CO2 copolymerization.90-92 

The effect of substitution patterns in the monomeric zinc complex 6 (Figure 6) 

in epoxide/CO2 copolymerization was studied by varying the R substituent (where 

R = Me, t-Bu, i-Pr, Ph) in the ortho positions of the aryl rings.91 The catalytic 
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activity was significantly influenced by the R groups and showed the following 

trend: Me > t-Bu > Ph, showing that the smaller the R substituent was, the higher 

the copolymerization yield became. The dimeric bisdiphenyl phenoxide zinc 

complexes where base (L) = OEt2 (7a) or THF (7b) were studied and showed 

moderate activities in CHO/CO2 copolymerizations and no activity at all for 

PO/CO2 copolymerization. Interestingly, 7a did catalyze the terpolymerization of 

PO, CHO and CO2 and afforded a PO incorporation up to 20%.90 In bimetallic zinc 

complex 8, introduction of halides into the catalyst structure on the ortho positions 

of the aryl groups, where X = F, Cl, Br (8a, 8b, 8c) increased the activity of the 

corresponding catalyst in the order F > Cl > Br, which was attributed to the 

decrease in electron density at the metal center, enhancing the binding ability of the 

metal center to the epoxide.92, 96 Substitution of the labile Et2O in complex 7a or 

THF in complexes 8a-c by phosphorus donors had a significant effect on the 

catalytic activity and selectivity and suppressed the  undesired polyether formation. 

Complex 8d, where X = F, L = PCy3 reveals this impact since phosphines can 

irreversibly bind to the active metal site.92 Investigations on Zn complexes 

demonstrate that both mono- and bimetallic Zn-phenoxides are potentially active in 

CHO/CO2 copolymerizations and can produce high molecular weight 

polycyclohexylcarbonate (PCHC). Copolymerizations of PO with CO2 applying 

these systems still stays challenging and new complexes are expected to make a 
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difference in the future of such copolymerizations. However, terpolymerization of 

PO/CHO/CO2 systems seems quite promising. 

1.3.3.4 β–Diiminate catalysts 

β-Diiminate (BDI)-based zinc complexes are among the most active 

epoxide/CO2 polymerization catalysts and considerable attention during the last 

few years has been focused on the development of these complexes. The general 

structure maintains a Zn metal center with a sterically demanding environment in 

which the BDI ligand keeps some coordination sites of the metal center free for 

catalytic processes. Any steric or electronic variation on the ligand can highly 

impact the catalyst activity.  

BDI-Zn complexes have shown copolymerization activities at quite low 

pressure (7 bar CO2) and moderate temperature (< 50 °C).97-100 Most of these 

catalysts are only active for CHO/CO2 copolymerizations but modification of the 

catalyst structure and reaction conditions can also lead to selectivity towards PO 

copolymerizations. Temperature has shown to play an important role in these 

systems by affecting the selectivity of the polymer/cyclic carbonate ratio of the 

products.97, 101, 102 Modification of the N-aryl ligands (R1, R2) highly affects the 

catalytic activity. While methyl-substituted BDI ligands are inactive, ethyl and 

isopropyl groups as the N-aryl ligand R groups enhance the catalytic activity 

towards CHO/CO2 copolymerizations.98, 99, 103 Symmetric ligands where R1 and R2 
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are ethyl or isopropyl, exhibit no activity for both PC or PPC formation.97 

Incorporation of electron withdrawing groups such as CN or CF3 in an 

asymmetrical ligand framework significantly increases the catalyst activity, 

specifically towards PO copolymerization.97, 103-105 However, introducing more 

electron withdrawing groups on the ligand structure decreases the catalytic activity 

which is related to the high Lewis acidity of the metal center, causing a strong 

irreversible Zn-epoxide bond. Initiating groups such as acetate, alkoxide or 

ethylsulfinato groups also have a high impact on the catalyst activity.98, 99 

Generally, the activity order of BDI-Zn complexes of the general formula LnZnX 

with different initiating groups decreases with X = SO2Et > OiPr > OMe > OAc.106, 

107 Last but not the least, the Lewis acidity of the metal center along with its steric 

and electronic environment is also of considerable significance in the catalytic 

activity of the complex. The incorporation of Mg and Cu metals into the BDI 

ligand framework results in inactive complexes for epoxide/CO2 

copolymerizations,108, 109 whereas applying rare earth metals (Ln = La, Y) into 

these systems exhibits only low activity (TOF = 12.7 h-1) which is far lower than 

the most active [BDI]ZnX catalysts.110, 111 New strategies and developments are 

required to improve the catalytic activity and selectivity of these complexes. 
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1.3.3.5 Bimetallic zinc complexes 

A series of zinc anilidoaldimine complexes 9 (Figure 7) was reported by Lee 

and coworkers in 2005.112 These complexes exhibited very high TONs (700–3,000) 

as well as high molecular weights (Mn = 90,000–280,000 g/mol) with relatively 

narrow PDIs ranging from 1.3 to 1.7 for the production of PCHC.112 The carbonate 

incorporation was about 85–96%, which is a common feature of zinc catalysts. 

These catalysts were the first discrete zinc BDI complexes to yield copolymers of 

such high molecular weights and TONs. The big advantage was their ability to 

operate with low loadings, down to even a catalyst / CHO mol / mol ratio of 1 / 

16,800 in comparison with the previously reported catalysts. Structural variation 

revealed that bulky R groups on the phenyl rings linking with the ligand backbone 

reduced the activity, whilst a bulkier R’ group on the terminal phenyl rings 

increased the activity.  

 

Figure 7. Various bimetallic zinc complexes.112-114  

9 10 11 12 
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In the same year, Xiao et al. reported a bimetallic zinc complex (10) (Figure 7) 

which was coordinated with the “Trost” phenolate ligand and showed moderate 

activity for CHO/CO2 copolymerization, although the precise nature of the catalyst 

was not described as it was prepared in situ by the reaction between the ligand, 

ZnEt2 and ethanol.113  

Williams and coworkers in 2009 reported a series of bimetallic complexes 11, 

coordinated by a novel ‘reduced Robson’s type’ macrocyclic ligand.114 These 

complexes exhibited high activity for CHO copolymerization under 1 bar CO2 

pressure. The macrocyclic ligand environment and bimetallic structure were both 

proposed to be essential to the activity of the catalysts, as ‘open’ and monometallic 

analogues (which are very active for lactide polymerization) showed no activity. 

Trimetallic zinc complexes 12 (Figure 7), were easily formed in the presence of an 

excess of Zn(OAc)2. The trimetallic complexes 12 showed reasonable activity at 1 

bar pressure, but significantly less than their bimetallic analogues. This suggests 

that the external metal center is inactive, or at least much less active, towards CHO 

and possibly blocks one face of the complex. This supports the hypothesis that the 

macrocyclic bimetallic environment is key to the high activity.115 
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1.4 Objectives and Outline of the thesis 

The approach of the project outlined in the current thesis starts from 

synthesizing dihydroxy end-capped polyesters applying different metal salen, TPP 

and bis(phenoxy) catalysts, characterizing these polyesters by various techniques 

such as MALDI-ToF-MS, NMR, SEC and DSC and utilize these resins in coating 

applications and study their properties. In order to become familiar with the general 

chemistry used in this project, Chapter 1 provides the reader with a basic 

introduction on different types of polyester synthesis, various catalysts used in 

these systems and the mechanism for each polymerization pathway. In this 

introduction polycarbonates are treated as a special class of polyesters. 

 Chapter 2 demonstrates the ring-opening co- and terpolymerization of 

cyclohexene oxide (CHO) with CO2 and various anhydrides using salophen and 

TPP chromium catalysts. Intensive MALDI-ToF-MS analysis is utilized to further 

explain the polymers’ chain termini and topology.  

Chapter 3 focuses on the effect of different metal salen catalysts (by varying the 

diimine backbone structure and metal center of the salen ligand) on the ROP of 

CHO and various anhydrides. The role and the required amount of cocatalyst are 

also investigated. 
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 Regarding the high activity of salen complexes in CHO/anhydride ROP and 

considering the similarities between CHO and styrene oxide (SO) as monomers, 

the ROP of SO with different salen and porphyrin catalysts as well as the effect of 

different cocatalysts are the center of attention in Chapter 4. In addition to the 

alicyclic anhydrides studied in Chapters 2 and 3, two extra anhydrides, namely the 

unsaturated maleic anhydride and the bio-based citraconic anhydride, were also 

investigated using this system. 

 Chapter 5 targets the renewable epoxide limonene oxide (LO) in the ROP with 

anhydrides utilizing metal salen complexes and shows the high activities of certain 

metal salen complexes for LO/anhydride copolymerization. Considering dihydroxy 

end-capped polyesters as a high requirement for coating resin applications, the role 

of dihydroxyl chain transfer agents (CTAs) is also investigated in this system. 

Chapter 6, focuses on a different type of catalyst, a bis (phenoxy) zinc complex 

which produces not only polyester-co-ethers but also in some cases can result in 

pure polyesters, depending on the conditions applied in the polymerization system. 

Chapter 7 describes the synthesis of dihydroxy end-capped polyesters on a 

higher scale and explores their use on coating applications and the physical 

properties of the corresponding coatings. 
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Chapter 8 presents an overview on the technical feasibility of the production of 

such materials in the form of an epilogue and technology assessment. Different 

aspects of upscaling of the synthetic materials described in this thesis are 

addressed.  
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Chapter 2 
Ring opening co- and terpolymerization of 

an alicyclic oxirane with carboxylic acid 

anhydrides and CO2 in the presence of 

chromium porphyrinato and salen catalysts 

 

This chapter has been published: 

Saskia Huijser, Elham HosseiniNejad, Rafaël Sablong, Chris de Jong, Cor E. Koning and 
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Abstract 

 Copolymerization of cyclohexene oxide (CHO) with alicyclic anhydrides applying 

chromium tetraphenylprophyrinato (TPPCrCl, 1) and salophen (SalophenCrCl, 2) catalysts 

resulted in polyesters or poly(ester-co-ether)s, depending on the nature of the catalyst, 

presence of a cocatalyst, solvent and type of anhydride. The combination of 1 as catalyst 

and 4-N,N-dimethylamino-pyridine (DMAP) as cocatalyst in the copolymerization of CHO 

with succinic anhydride (SA), cyclopropane-1,2-dicarboxylic acid anhydride (CPrA), 

cyclopentane-1,2-dicarboxylic acid anhydride (CPA) or phthalic anhydride (PA) invariably 

resulted in a completely alternating topology and therefore a pure polyester. Contrarily, 2 

in combination with DMAP did not afford pure polyesters for the copolymerization of CHO 

with SA or CPrA but did render the alternating topology when CPA or PA was used as 

anhydride comonomer. Water proved to be an efficient bifunctional chain transfer agents 

(CTA) affording α,ω-hydroxyl terminated polyesters without loss of catalytic activity. When 

CO2 was introduced as additional monomer to CHO and the anhydrides, both 1 and 2 in 

combination with DMAP as cocatalyst afforded poly(ester-co-carbonate)s. The presence of 

CO2 effectively suppresses the undesirable side reaction of oxirane homopolymerization. 
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2.1 Introduction 

Aliphatic polyesters increasingly gain attention due to their good biodegradability. 

Moreover, the biocompatibility of several aliphatic polyesters has augmented their 

use in biomedical applications such as drug delivery vesicles, bone screws and 

scaffolding or suture wire.1 Generally, aliphatic polyesters are obtained by either 

polycondensation or ring-opening polymerization of cyclic esters. The latter route 

limits the polymer properties to those of the cyclic esters that are available. While 

the nearly endless choice of diols and diacids gives access to a much larger range 

of polymer properties for AABB type polyesters, their synthetic procedure of 

polycondensation is disadvantageous. Usually, drastic conditions are required to 

remove water and to drive the reaction towards high conversion and very accurate 

comonomer stoichiometries are necessary to obtain high molecular weight 

products. Ring-opening copolymerization of oxiranes and anhydrides is an 

alternative way to synthesize AABB type polyesters.2-7 The catalytic coupling of 

oxiranes with anhydrides was first reported in the 1960s,2 but the undesirable side-

reaction of oxirane homopolymerization  and the low molecular weights generally 

obtained impeded its popularity and its development towards a routine pathway. 

Until recently, the best results in terms of alternating character and molecular 

weight were achieved by Inoue3 and Maeda4 with an aluminum porphyrinato 

complex and magnesium diethoxide as catalysts, respectively.5 Recently, Coates 
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reported high molecular weight polyesters synthesized from several alicyclic 

oxiranes and anhydrides using a zinc 2-cyano-β-diketiminato complex.6 Molecular 

weights up to 55,000 g⋅mol-1 were achieved with a perfectly alternating 

microstructure, which marked a breakthrough in the polyester synthesis via ring-

opening copolymerization of oxiranes and anhydrides.  

Carbonate segments in polyesters gained interest in the biomedical sector as 

these segments lower the hydrolytic degradation rate of these materials and reduce 

the autocatalytic degradation.8 Besides the classical polycondensation method, 

poly(ester-co-carbonate)s can be prepared in a chain growth process by 

copolymerization of cyclic esters and cyclic carbonates,8 terpolymerization of 

carbon dioxide, oxiranes and lactones,9 or terpolymerization of carbon dioxide, 

oxiranes and anhydrides.10 Whereas the copolymerization of cyclic esters and 

cyclic carbonates and the terpolymerization of CO2, propylene oxide and 

caprolactone afford random copolymers, the terpolymerization of CO2,9 propylene 

oxide and maleic anhydride was reported to yield alternating or random poly(ester-

co-carbonate)s.10a,b On the other hand, Coates and coworkers reported the 

formation of di-block poly(ester-b-carbonate)s upon terpolymerization of CO2, 

cyclohexene oxide and diglycolic anhydride using a zinc β-diketiminato catalyst.10c 

Clearly, small differences in activities of the various monomers strongly influence 

the polymer's topology. Here we report on mechanistic aspects of the alternating 



ROP in the Presence of Chromium TPP and Salen Catalysts 

  

~ 43 ~ 
 

  

copolymerization of the alicyclic oxirane cyclohexene oxide (CHO) with succinic 

anhydride (SA), cyclopropane-1,2-dicarboxylic acid anhydride (CPrA), 

cyclopentane-1,2-dicarboxylic acid anhydride (CPA) and phthalic anhydride (PA) 

as well as the terpolymerization of carbon dioxide, CHO and the abovementioned 

anhydrides using tetraphenylporphyrinato chromium chloride (1) and salophen 

chromium chloride (2, where salophen = N,N'-bis(3,5-di-tert-butylsalicylidenyl)-

1,2-phenylenediamine)) as catalysts (Scheme 1) and DMAP (4-N,N-

dimethylamino pyridine) as cocatalyst.  
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Scheme 1. Synthesis of polyesters from cyclohexene oxide and dicarboxylic acid 

anhydrides (SA, CPrA, CPA, PA) and the catalysts 1 and 2 used in the copolymerizations. 
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The polymer products were subjected to an intensive MALDI-ToF-MS study to 

determine the polymer’s topology and to derive information on chain termini to get 

insight in possible termination processes. The catalysts were selected based on their 

known ability to copolymerize cyclohexene oxide and carbon dioxide affording 

polycarbonates.11,12 

2.2 Experimental Section 

2.2.1 Reagents 

SA, CPrA, PA and CHO were purchased from Aldrich. CPA was purchased 

from CHESS GmbH. CHO was dried over CaH2, distilled and stored under argon. 

SA was sublimed prior to use. PA, CPrA, CPA, DMAP (Sigma-Aldrich) and N-

methyl imidazole (N-MeIm, Sigma-Aldrich) were used without further 

purification. Complex 1 was purchased from STREM. Complex 2 was prepared 

according to literature procedures.13 Toluene (Sigma-Aldrich) was dried over an 

alumina column and stored on 4Å molecular sieves under argon. All manipulations 

were performed under an inert atmosphere or in a nitrogen-filled MBraun glovebox 

unless stated otherwise. 
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2.2.2 Copolymerizations 

Bulk: A mixture of anhydride (2.5 mmol), CHO (2.5 mmol) and catalyst (10 

μmol) (+ cocatalyst (10 μmol)) was reacted in a 2 mL crimp lid vial equipped with 

a stirring bar placed in an aluminum heating block mounted on top of a 

stirrer/heating plate. The polymerization was conducted at 100 °C for 140 min. 

Solution: A 2 mL crimp lid vial equipped with a stirring bar was charged with a 

mixture of anhydride (2.5 mmol), CHO (2.5 mmol) and catalyst (10 μmol) (+ 

cocatalyst (10 μmol)) in toluene (0.9 mL) and was placed in an aluminum heating 

block mounted on top of a stirrer/heating plate. The polymerization was conducted 

at 100 °C for 300 min. All analyses were performed on crude samples. 

2.2.3 Terpolymerizations 

 A 10 mL high-pressure reactor equipped with a stirring bar was charged with a 

mixture of anhydride (2.5 mmol), CHO (2.5 mmol) and catalyst (10 μmol) (+ 

cocatalyst (10 μmol)) in toluene (4 mL) and was put under CO2 pressure (50 bar). 

Then it was placed in an aluminum heating block mounted on top of a 

stirrer/heating plate. The polymerization was conducted at 100 °C for 16 hours. All 

analyses were performed on crude samples. 
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2.2.4 Methods 

NMR spectra were recorded on a Varian Mercury Vx (400 MHz) spectrometer 

at 25 °C in chloroform-d1 and 1H NMR spectra were referenced internally using 

residual solvent proton signals. Size Exclusion Chromatography (SEC) was 

measured on a Waters Alliance system equipped with a Waters 2695 separation 

module, a Waters 2414 refractive index detector (35 ºC), a Waters 2487 dual 

absorbance detector, a PSS SDV 5m guard column followed by 2 PSS SDV 

linearXL columns in series of 5m (8 * 300) at 40°C. Tetrahydrofuran (THF 

stabilized with BHT, Biosolve) with 1 v/v-% acetic acid was used as eluent at a 

flow rate of 1.0 mL min-1. The molecular weights were calculated with respect to 

polystyrene standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1*106 

Da). Before SEC analysis was performed, the samples were filtered through a 0.2 

µm PTFE filter (13mm, PP housing, Alltech). MALDI-ToF-MS analysis was 

performed on a Voyager DE-STR from Applied Biosystems equipped with 

a 337 nm nitrogen laser. An accelerating voltage of 25 kV was applied. 

Mass spectra of 1000 shots were accumulated. The polymer samples were 

dissolved in THF at a concentration of 1 mg⋅mL-1. The cationization agent 

used was potassium trifluoroacetate (Fluka, >99%) dissolved in THF at a 

concentration of 5 mg⋅mL-1. The matrix used was trans-2-[3-(4-tert-
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butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) (Fluka) and 

was dissolved in THF at a concentration of 40 mg⋅mL-1. Solutions of matrix, 

salt and polymer were mixed in a volume ratio of 4:1:4, respectively. The 

mixed solution was hand-spotted on a stainless steel MALDI target and left 

to dry. The spectra were recorded in the reflectron mode. All MALDI-ToF-

MS spectra were recorded from the crude products. In-house developed 

software was used to characterize the polymers in detail and allowed us to 

elucidate the individual chain structures, the copolymer’s chemical 

composition and topology.14, 15   

2.3 Results and Discussion 

2.3.1 Copolymerizations of cyclohexene oxide with anhydrides 

 The copolymerizations were performed at 100 °C in both bulk (140 minutes) 

and in a toluene solution (300 minutes) with an oxirane:anhydride:catalyst 

(:cocatalyst) ratio of 250:250:1(:1). Selected data are given in Table 1 and Table 2. 

Evidently, the chromium porphyrinato or salophen complexes alone are not very 

active or selective catalysts. In solution hardly any activity can be observed and the 

copolymers obtained in bulk contain only a low percentage of ester linkages, 

resulting in predominantly polyether. A similar observation was made by Inoue et 
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al. who reported mainly oligoether formation when aluminum 

tetraphenylporphyrinato complexes were employed without cocatalysts.16 

Conversely, with phosphonium salts as cocatalysts, the anhydride incorporation 

dramatically improved.2 It has also been reported that most metal salen and 

porphyrinato complexes used for the oxirane – CO2 copolymerization gave far 

higher activities and better selectivities in the presence of nucleophilic cocatalysts 

such as DMAP or N-MeIm.11,12 We therefore explored the use of one of the most 

common cocatalyst in oxirane – CO2 copolymerization, DMAP, as cocatalyst for 1 

and 2 in the copolymerization of oxiranes and anhydrides. 

Table 1. Results of copolymerization of SA and CHO in bulk and solution.a 

Entry Catalyst 
(+ cocat) 

Conditions Time 
(min) 

Conv. 
CHO %b 

Ester 
 %b 

Mn
c 

(g/mol) 
X
n

d 
PDI

c 

1 DMAP Bulk 140 33 53 700 7 1.2 
2 DMAP Solution 300 < 5 - -  - 
3 1 Bulk 140 85 14 2,300 23 1.9 
4 1 Solution 300 < 10 0 -  - 
5 1 + DMAP Bulk 140 89 100 1,300 13 1.6 
6 1 + DMAP Solution 300 81 100 1,500 15 1.8 
7 2 Bulk 140 57 11 1,800 18 4.2 
8 2 Solution 300 0 - -  - 
9 2 + DMAP Bulk 140 60 67 1,500 15 1.6 
10 2 + DMAP Solution 300 43 73 1,000 10 1.3 

a) [SA]:[CHO]:[cat]:[DMAP] = 250:250:1:1, T = 100 °C, b) Determined by 1H 

NMR/MALDI, c) Determined by SEC. d) The number-average degree of polymerization is 

based on the average weight of both comonomers. 
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The presence of DMAP as cocatalyst not only accelerated the copolymerization 

(especially in solution), but also strongly stimulated the formation of ester linkages. 

According to the 1H NMR of the crude products, the copolymerization of SA and 

CHO with 1 and DMAP as cocatalyst afforded perfectly alternating oxirane-

anhydride copolymers with high (89%) conversion. The presence of DMAP also 

improved the performance of 2, but with an ester content of 67% (bulk) to 73% 

(solution) and a moderate conversion, both selectivity and activity of 2/DMAP 

were lower than for 1/DMAP. Interestingly, the blank experiments with DMAP 

alone also afforded polymeric products but the conversions were significantly 

lower than with the catalysts 1 or 2, especially when carried out in solution. 

Clearly, in combination with a nucleophilic cocatalyst the chromium complexes 1 

and 2, known to catalyze the copolymerization of carbon dioxide with oxiranes or 

oxetanes, are also effective catalysts for the oxirane – anhydride copolymerization 

affording either poly(ester-co-ether)s or polyesters.  

Although the molecular weight shows a linear development with conversion, in 

all cases, the observed molecular weights are far lower than the theoretical value 

for a living system. This is most probably caused by intramolecular 

transesterification leading to the formation of cyclics or by chain transfer reactions 

with water (vide infra). 
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The polymers were analyzed by recording MALDI-ToF-MS spectra of crude 

products. End group determination was performed by comparing the recorded 

MALDI-ToF-MS spectra with simulations of the isotope patterns for given 

polymer structures. The MALDI-ToF-MS spectra of polymers prepared by 1 and 2 

in bulk without a cocatalyst clearly show isotope patterns for chains with a 

significantly higher CHO than SA content. Besides the expected chloride-

terminated chains, two distinct distributions, one corresponding to cyclic polymers 

and one consisting of linear polymer chains with α,ω-OH end groups, were 

observed (Figure 1a). The cyclic products are likely to be formed by intramolecular 

transesterification during the polymerization, whereas α,ω-hydroxy-terminated 

polymers most probably originate from water initiation. The MALDI-ToF-MS 

spectrum of the products formed by 1 in the presence of DMAP as the cocatalyst in 

both bulk and solution showed an m/z interval of 198 between the consecutive 

peaks corresponding to the addition of a [CHO + SA] repeating unit, which is in 

agreement with a perfectly alternating microstructure (Figure 1b). In accordance 

with the NMR data, for 2/DMAP, isotope patterns for chains with a somewhat 

higher CHO content are present, albeit that the poly(ester-co-ether)s contain 

predominantly ester linkages. End group determination for the copolymers 

produced by 1/DMAP and 2/DMAP appeared not to be straightforward. To 

elucidate the chain termini more information was gathered by recording MALDI-

ToF-MS spectra with different cationization salts (Na+, K+) as well as without any 
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cationization salt. In all cases a clear MALDI-ToF-MS spectrum was obtained with 

identical isotope distributions at exactly the same position in the spectrum, which 

implies that the chains were already ionized beforehand. Using N-MeIm instead of 

DMAP as the cocatalyst, the spectrum shifted in total -40 m/z, which is equal to the 

molar mass difference of DMAP and N-MeIm. Simulation of the isotope patterns 

for a chain (consisting of n SA and m CHO (n < m) units) end-capped at one side 

with the cationic cocatalyst fragment (DMAP or N-MeIm) and a proton as the 

other end group afforded a perfect fit of the isotope distributions. This observation 

strongly suggests the presence of zwitterionic chain structures and also explains the 

formation of cyclic structures.18,19 Similar zwitterionic chain structures have also 

been proposed for the copolymerization of CHO and CO2 with metal salen 

catalysts in combination with nucleophilic cocatalysts11,12 and for the ring-opening 

polymerization of lactones by organic catalysts.19 The polymer prepared with 

1/DMAP showed a structure with exactly n SA and n+1 CHO units (Figure 1b), 

indicating that the oxirane is the preferred monomer to react with the DMAP. 

Although the MALDI-ToF-MS spectra exclusively show DMAP (or N-MeIm) 

end-capped chains, it does not at all mean that these are the only end groups 

present. It should be noted that only a fraction of uncharged chains are cationized 

by the added cationization salt and will be visible in the MALDI-ToF-MS, whilst 

all DMAP end-capped polymers are charged. Hence, the latter will completely 
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overrule the originally uncharged chains in the MALDI-ToF-MS spectra. 

Moreover, DMAP end-capped chains may fly better than the other charged chains, 

which makes a quantitative analysis with MALDI-ToF-MS impossible. 

 

Figure 1. MALDI-ToF-MS spectrum of SA – CHO copolymer synthesized in bulk 

using (a) 1 and (b) 1/DMAP. 

The conversions of SA and CHO with 1/DMAP and 2/DMAP were rather low, 

especially in solution. It was argued that in case ring-opening of the anhydride is 

the rate determining step, increasing the ring strain in the anhydride might increase 

its reactivity, which might lead to more alternating copolymers with higher 

molecular weights. The influence of increasing the reactivity of the anhydride 

monomer was therefore studied for both catalysts by replacing the aliphatic 

succinic anhydride by the alicyclic anhydrides cyclopropane-1,2-dicarboxylic acid 

a b 
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anhydride (CPrA), cyclopentane-1,2-dicarboxylic acid anhydride (CPA) and 

phthalic anhydride (PA). Selected data are given in Table 2. Except for the bulk 

polymerization of PA, which did not give a clear solution at 100 °C as a result of 

the poor solubility and high melting point of PA, all polymerizations catalyzed by 

1/DMAP gave 100% conversion. 

Table 2. Results of copolymerization of CHO with different anhydrides in bulk and 

solution.a 

Entry Catalyst + 
cocatalyst 

Anhydride - 
condition 

Time 
(min) 

Conv. 
CHO %b 

Ester 
% b 

Mn
c 

(g/mol) 
PDI

c 

1 1 + DMAP CPrA - bulk 140 100 100 5,600 1.5 
2 1 + DMAP CPrA - solution 300 100 100 6,600 1.6 
3 1 + DMAP CPA - bulk 140 100 100 5,600 1.5 
4 1 + DMAP CPA - solution 300 100 100 4,900 1.3 
5 1 + DMAP PA - bulk 140 61d 100 17,400 1.3 
6 1 + DMAP PA - solution 300 100 100 19,250 1.2 
7 2 + DMAP CPrA - bulk 140 55 70 4,700 1.4 
8 2 + DMAP CPrA - solution 300 65 85 5,700 1.3 
9 2 + DMAP CPA - bulk 140 72 100 8,400 1.3 

10 2 + DMAP CPA - solution 300 23 100 3,200 1.3 
11 2 + DMAP PA - bulk 140 66d 100 12,600 1.3 
12 2 + DMAP PA - solution 300  100 100 16,060 1.2 
a) [anhydride]:[CHO]:[cat]:[DMAP] = 250:250:1:1, T = 100 °C, b) Determined by 

1H-NMR/MALDI-ToF-MS, c) Determined by SEC.  

Interestingly, the increased ring strain also results in an increase in the number 

average degree of polymerization (Xn) compared to the CHO + SA 

copolymerization at similar conversion. The catalytic system 1/DMAP gives 

perfectly alternating copolymers with all three anhydrides both in bulk and 
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solution. Similar to what was found for the copolymerization of CHO and SA, 

2/DMAP shows a somewhat lower selectivity and activity for these anhydrides 

compared to 1/DMAP. For example, for the copolymerization of CPrA and CHO in 

both bulk and solution still some ether bonds could be found. On the other hand, 

the copolymerization of CHO and CPA or PA using 2/DMAP afforded perfectly 

alternating polymer chains with a significantly higher degree of polymerization 

than with SA (Table 2). The influence of catalyst structure on alternation can 

clearly be seen when comparing the contour plots constructed from the recorded 

MALDI-ToF-MS spectra of copolymers obtained from CHO and SA or CPrA, 

catalyzed by 1/DMAP and 2/DMAP, respectively (Figure 2). These plots reveal the 

perfectly alternating character of the copolymers when prepared with 1/DMAP, 

while the polymers obtained from 2/DMAP clearly show a somewhat higher ether 

content in time revealed that during the 2/DMAP catalyzed polymerization random 

poly(ester-co-ether)s are formed rather than poly(ester-b-ether) block copolymers.  



ROP in the Presence of Chromium TPP and Salen Catalysts 

  

~ 55 ~ 
 

  

 

Figure 2. Contour plots of MALDI-ToF-MS spectra of polyesters synthesized from    

(a) SA + CHO by 1/DMAP, (b) SA + CHO by 2/DMAP, (c) CPrA + CHO by 1/DMAP, (d) 

CPrA + CHO by 2/DMAP. 

Although the number average degrees of polymerization (Xn) are significantly 

higher than for CHO + SA, the molecular weights of the CHO copolymers based 

on CPrA, CPA and PA are still substantially lower than the theoretical values 

expected from the monomer to initiator ratio for the observed conversion. We 

exclude the possibility of transesterification as the main cause of this discrepancy; 

since the molar mass distributions of the synthesized polymers are relatively 

narrow (≤ 1.6). Alternatively, the formation of ring structures too small to be 

detected by MALDI as a result of a back biting process was also excluded since 

a b 

c d 

P 
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firstly 1H/13C NMR and ESI-MS did not reveal the presence of such species and 

secondly the polymer yield was in good agreement with the conversion. Supported 

by the presence of α,ω-hydroxyl terminated polymer chains in the MALDI-ToF-

MS, we therefore assume that water present in small amounts in the system, or the 

diacid formed upon reaction of the anhydride with water, acts as a very effective 

chain transfer agent for the chromium catalyst system (vide infra). 

MALDI-ToF-MS spectra of the copolymers derived from CHO plus CPrA or 

CPA obtained by 2/DMAP revealed the presence of DMAP end-capped chains. 

The products prepared with 1/DMAP show different end groups in the MALDI-

ToF-MS. Apart from hydroxyl-terminated chains, which were dominating the 

spectrum, a low molecular weight, low intensity distribution could be attributed to 

chloride-terminated chains. The α,ω-hydroxyl-terminated species were attributed 

to the presence of water in the system. Why the end groups observed by MALDI-

ToF-MS of the copolymers derived from CHO plus CPrA and CPA are different 

for the seemingly similar systems 1/DMAP and 2/DMAP is not clear, but it is 

likely that even small deviations in the relative concentration of the different end 

groups are magnified by the non-quantitative MALDI-ToF-MS technique.  

It is interesting to note that the α,ω-hydroxyl end-capped polymer chains 

display a bimodal distribution, in which two distributions differ by approximately a 

factor of 2 in molecular weight. This is clearly visible in for example the MALDI-
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ToF-MS spectrum of the copolymer of CPA and CHO. Size exclusion 

chromatograms reveal the same bimodal distribution (Figure 3). The observation of 

a similar sharp bimodal behavior has been reported for ethylene oxide – phthalic 

anhydride copolymerization and for oxirane – CO2 copolymerizations.3b,11,20,21 

Initially, the possibility was raised that the bimodal behavior can derive from the 

simultaneous growth of two polymer chains on each side of respectively a 

metalloporphyrin and metallosalen plane.3b,11 However, a recent study by 

Darensbourg excluded this possibility.22 Recently, a similar bimodality has been 

reported and studied by Sugimoto and Kuroda in the alternating copolymerization 

of cyclohexene oxide with CO2 using DMAP/TPPCoCl.20 They attributed this 

behavior to water initiation occurring even after intensive drying. In addition, the 

bimodality in molecular weight distributions is not limited to metal porphyrin and 

salen complexes, but has also been observed for zinc β-diketiminato complexes. 

Eberhardt et al. reported a narrow yet bimodal molecular weight distribution for 

the polymerization of cyclohexene oxide with CO2 employing a β-diketiminato 

zinc sulfinate complex.21 

Keeping in mind that alcohols including hydroxyl-terminated polymers can 

behave as effective chain transfer agents 23 producing immortal catalyst systems,24 

it is most likely that water in the system or the diacid formed by reaction of water 
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and the anhydride acts as a  bifunctional chain transfer agent responsible for the 

overall lower molecular weight of α,ω-dihydroxyl functionalized polymer chains. 

 

Figure 3. Overlay of SEC and MALDI-ToF-MS spectra for (a) CPrA + CHO by 

1/DMAP (Table 2, entry 3), (b) CPA + CHO by 1/DMAP (Table 2, entry 6). 

The observed bimodal distribution corresponds to a bimetallic species such as 

two metals bridged via an oxygen or a dicarboxylate group.25, 26 This states that a 

bimetallic oxo-bridged metal complex forms an active catalyst system in 

this case. This also explains the fact that the two distributions differ by 

approximately a factor of 2 in molecular weight assuming that low and high 

molecular weight chains are the result of mono- and bimetallic systems, 

respectively. While the monometallic system results in the lower molecular 

weight distribution, the bimetallic system has the advantage of having two 

chains growing from two metal sides of the molecule and therefore will 
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reach twice the molecular weight of the monometallic system (Figure 4). It 

is worth mentioning that the polymerization rate is not twice as high but 

having 2 chains growing from two sides of the active species results in twice 

the molecular weight. 

O

O
Cr

O

O
CrO

O
OH

O

O
Cr

Active site Active siteActive site

Bimetallic Species
2 X Mw

Mono metallic Species
Mw  

Figure 4. The formation of a bimodal distribution through mono and bimetallic species. 

The positive side of this result is that water might provide a simple tool to 

produce low molecular weight α,ω-difunctional polyester resins suitable for e.g. 

coating applications. To confirm this hypothesis, the copolymerizations of CHO + 

SA and CHO + PA catalyzed by 2 were carried out in the presence of 10 

equivalents of water. Although no visible effect on the already low molecular 

weight of the CHO + SA copolymers could be observed, for the CHO + PA 

copolymerization a significant reduction of molecular weight as the result of the 

additional water was indeed observed. Worth mentioning is the fact that the 

catalytic activity is not at all affected by the presence of additional water. Whereas 
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zinc-based catalysts such as β-ketiminato zinc system tend to form inactive 

hydroxides with water,27, 28 the chromium catalysts 1 and 2 are presumed to form 

hydroxyl species which remain active. This opens the opportunity to produce well-

defined α,ω-dihydroxyl polyesters with a narrow PDI in a very convenient way.  

2.3.2 Terpolymerization of oxiranes, anhydrides and CO2 

 Since 1/DMAP and 2/DMAP provide active catalyst systems for the 

copolymerization of CHO and anhydrides and are known to be effective catalysts 

for the copolymerization of CHO and carbon dioxide, we attempted the 

terpolymerization of carbon dioxide, CHO and anhydrides (Scheme 2).  

OO O
O

R R

[Catalyst]

O

O

O

R R

O

m

OO O

R R

OOOO O O O OO
=

O OO

CO2 O

O O

n

 

Scheme 2. Synthesis of poly(ester-co-carbonate) from cyclohexene oxide, carbon 

dioxide and alicyclic anhydrides. 

Terpolymerizations were performed overnight at 80 °C in toluene using 50 bar 

of CO2 pressure (Table 3). The polymeric products were characterized by 1H 

NMR, SEC and MALDI-ToF-MS.  
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Table 3. Results of terpolymerizations of CHO, CO2 and the anhydrides SA, CPrA, 

CPA and PA.a 

Entry Cat 
 

Anh. Ratio 
CHO:Anh 

CHO 
Conv. 
% b 

Mn 
(g/mol) c 

 

PDIc PE 
d 

 

PC 
d 

Ether 
d 
 

1 1 SA 1:1 95 1,960 1.5 95 0 5 
2 1 SA 2:1 88 1,600 1.5 70 4 16 
3 1 CPrA 2:1 100 3,200 1.1 65 35 0 
4 1 CPA 2:1 100 10,260 1.2 65 35 0 
5 1 PA 1:1 99 16,100 1.6 71 29 0 
6 1 PA 2:1 100 13,200 1.4 51 49 0 
7 2 SA 1:1 93 1,890 1.4 96 0 4 
8 2 SA 2:1 69 2,100 1.5 82 8 10 
9 2 SA 4:1 62 2,700 1.5 75 12 13 

10 2 SA 8:1 47 2,300 1.7 54 27 19 
11 2 CPrA 1:1 90 1,100 1.1 100 0 0 
12 2 CPrA 2:1 96 2,600 1.1 65 35 0 
13 2 CPrA 4:1 97 3,800 1.1 60 40 0 
14 2 CPrA 8:1 93 5,800 1.1 40 60 0 
15 2 CPA 1:1 100 7,000 1.2 100 0 0 
16 2 CPA 2:1 87 6,600 1.3 61 39 0 
17 2 CPA 4:1 87 7,500 1.3 50 50 0 
18 2 CPA 8:1 95 7,700 1.4 19 81 0 
19 2 PA 1:1 96 14,600 1.3 100 0 0 
20 2 PA 2:1 95 15,570 1.3 58 42 0 
21 2 PA 4:1 93 11,800 1.6 35 65 0 
22 2 PA 8:1 93 10,880 1.6 16 84 0 
a) Conditions: 50 bar CO2, [anhydride]:[CHO]:[cat]:[DMAP] = 250:250:1:1, T= 80 °C, 

toluene, 18 h. b) Determined by 1H-NMR, c) Determined by SEC, d) Ratio of 

ester:carbonate:ether in the copolymer determined by MALDI-ToF-MS. Reaction time = 

16 hours. 

The reactions were considerably slower than the corresponding 

copolymerizations in the absence of CO2 and overnight runs were required to reach 

high conversion. As for the copolymerization of CHO and anhydrides, 1/DMAP 
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shows a somewhat higher activity than 2/DMAP. To get insight into the relative 

reactivity of the oxirane, anhydride and carbon dioxide, reactions with equimolar 

amounts of CHO and anhydride were carried out.  

Whereas 2/DMAP gives close to 100% polyester, 1/DMAP produces significant 

amounts of carbonate functionalities with equimolar amounts of oxirane and 

anhydride. Clearly, not only the reactivity ratio of the monomers but also the 

affinity of the catalyst plays a role in the ester versus carbonate formation. 

Nevertheless, the ester formation is for both catalysts clearly favored. At higher 

CHO : anhydride ratios both catalysts produce poly(ester-carbonate)s. Based on the 

observed difference in reactivity block copolymers are expected to be formed 

similar as Coates found for the zinc-catalyzed terpolymerization of CHO plus CO2 

and anhydrides.10c  

Generally, DSC can provide valuable information about the topology (block 

versus random) of a copolymer. A blocky structure should give two Tgs and a 

random copolymer just one Tg. This is true when the two phases are not miscible 

and have different Tgs. DSC data have been collected of both the terpolymers (CO2 

+ CHO + SA; CO2 + CHO + PA) and the blends of the corresponding copolymers 

(CO2 + CHO; SA + CHO; PA + CHO) and it appears that the copolymers are 

perfectly miscible as their blend shows only a single Tg. Therefore, DSC does not 

give us a conclusive answer about the topology of the polymers (see Appendix A) 
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information). However, Figure 5 clearly supports the presence of a blocky 

topology.  

 

 

Figure 5. (a) Development of the ester and carbonate content versus conversion of CHO 

for the terpolymerization of phthalic anhydride, cyclohexene oxide (2:1) and CO2 with 

salophen-CrCl/DMAP. (b) Plot of Mn versus conversion of the terpolymerization of 

phthalic anhydride, cyclohexene oxide (2:1 ratio) and CO2 with salophen-CrCl/DMAP. 

a 

b 

[PA+CHO] = 246 g/mol 

[CO2+CHO] =142 g/mol 

[PA+CHO]/[CO2+CHO] = 1.73 

138.1/75.9 = 1.82 
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In Figure 5a, the relative content of ester and carbonate functionalities versus 

CHO conversion is plotted. It can clearly be seen that carbonate functionalities are 

hardly being built in until 45% of CHO conversion has been reached, which 

corresponds to 90% conversion of the anhydride. This means that approximately 

90% of the anhydride is built-in into the polymer as part of a polyester block. 

Although the number of data points at low conversion is limited, Figure 5b 

supports this assumption.  

After approximately 40-50% CHO conversion, the slope of the curve lowers in 

reasonably good agreement with the difference in mass of the repeating units 

(phthalic anhydride + CHO versus CO2 + CHO). The polyester block is expected 

to precede a tapered structure that gradually transfers into a polycarbonate block. 

Interestingly, the 2/DMAP-catalyzed copolymerization of equal amounts of 

CHO and CPrA in the presence of CO2 afforded pure polyester, whilst the same 

reaction in the absence of CO2 gave between 15 and 30% of ether linkages. This 

clearly demonstrates the ability of CO2 to effectively suppress the formation of 

ether functionalities. It was found that even 1 bar of CO2 is enough to completely 

suppress the formation of ether linkages. Probably, coordination of CO2 lowers the 

metal's Lewis acidity sufficiently to prevent subsequent ring-opening of oxiranes. 

Furthermore, the fact that an equimolar ratio of oxirane and anhydride affords 

polyester without any carbonate functionalities also demonstrates the higher 
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reactivity of the anhydrides compared to CO2, although competitive coordination 

of CO2 is likely to be responsible for the lower polymerization rate. To obtain 

polymers with a significant number of carbonate functionalities a rather high 

oxirane:anhydride ratio or long reaction times and a high carbon dioxide pressure 

are required.  

 

Figure 6. MALDI-ToF-MS spectra of poly(ester-co-carbonate) synthesized by CHO, 

CO2 and CPrA catalyzed by 2/DMAP. * = poly(cyclohexene carbonate). 

For example, reducing the pressure from standard to 10 bar already afforded 

pure polyester, as the sole polymer product plus unreacted CHO. The contour plots 

of catalytic runs with decreasing anhydride to oxirane ratio show the changing ratio 
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of ester to carbonate bonds in the terpolymer whilst the absolute amount of ester 

functionalities remains unchanged (Figure 6).  

A close look at Table 3 and Figure 6 displays a discrepancy between the CHO 

conversion and the ratio of carbonate to ester bonds. Despite the fact that high 

CHO conversions are reached, the ester:carbonate ratio is invariably higher than 

expected based on the initial ratio of anhydride and oxirane. This inconsistency is 

caused by the formation of cyclohexene carbonate (formed by back biting) and the 

presence of some free polycarbonate (detected by MALDI-ToF-MS, see Figure 6). 

Simulation of the MALDI-ToF-MS spectra revealed the presence of beforehand-

ionized DMAP-terminated chains as well as water or chloride initiated chains. As 

for the polyesters (Figure 2) the DMAP-end capped polymers contain one 

additional cyclohexene oxide unit, indicative for the preference of DMAP to react 

with CHO rather than the anhydride or carbon dioxide (vide supra). 

2.4 Conclusions 

While 1, 2 and DMAP alone are poor catalysts for the CHO – anhydride 

copolymerization mainly giving low molecular weight ester-enriched polyethers, 

the combination of 1 and 2 with DMAP gives potent catalysts for the alternating 

CHO – anhydride copolymerization to the corresponding polyesters. Catalyst 

1/DMAP is more active and in most cases more selective than 2/DMAP, whereas 
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the opposite was observed for cyclohexene oxide – CO2 copolymerization.11 Using 

bicyclic anhydrides with an increased ring strain compared to SA leads to an 

increase in the reaction rate, degree of polymerization and selectivity for perfectly 

alternating copolymers. Whilst the copolymerization of CHO with bicyclic 

anhydrides catalyzed by 1/DMAP afforded perfectly alternating structures, the 

copolymerization of CHO and CPrA catalyzed by 2/DMAP still gave some ether 

functionalities in the polymer containing predominantly polyester linkages. 

Introduction of a third monomer, CO2, resulted in poly(ester-co-carbonate)s. The 

anhydride is clearly more reactive than CO2 as can be concluded from the fact that 

no or minor amounts (in the case of 1/DMAP) of carbon dioxide is built in when 

the anhydride:oxirane ratio equals 1:1. Interestingly, CO2 effectively prevents the 

formation of ether functionalities, as was in some cases observed in the absence of 

CO2.  

For all co- and terpolymerizations, the molecular weight shows a linear 

correlation with conversion and the PDI is ≤ 1.6, indicating a controlled behavior. 

However, the observed molecular weights are significantly lower than the 

theoretically expected values. It was proven that water in the system, often thought 

of as a poison, is actually a very efficient bifunctional chain transfer agent, which 

does not affect the catalytic activity but lowers the molecular weight of the 
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polymers. Presence of bimetallic species results in a bimodal distribution of α,ω-

hydroxyl functionalized polymers differing by a factor of 2 in molecular weight. 
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Chapter 3 
Alternating ring-opening polymerization of 

cyclohexene oxide and anhydrides: Effect of 

catalyst, cocatalyst and anhydride structure 
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Abstract 

 Ring-opening copolymerization of cyclohexene oxide with alicyclic anhydrides 

containing different ring strain (succinic anhydride, cyclopropane-1,2-dicarboxylic acid 

anhydride and phthalic anhydride) was performed applying metal salen chloride 

complexes, (salen)MCl (M = Al, Cr, Co; salen = N,N-bis(3,5-di-tert-butylsalicylidene)-

diimine) with different metals and ligand-diimine back bones. While some of the bulk 

copolymerizations afforded poly(ester-co-ether)s, all solution polymerizations produced 

perfectly alternating copolymers. The chromium catalysts performed best while the 

aluminum catalysts were the least active ones. For each metal, the salophen complexes 

yielded the best performing catalyst. A variety of cocatalysts have been employed: 

bis(triphenylphosphoranylidene)ammonium chloride, N-heterocyclic nucleophiles including 

4-dimethylaminopyridine, N-methylimidazole and 1,5,7-triazabicyclododecene and the 

phosphines trimesitylphosphine, tris(2,4,6-trimethoxyphenyl)phosphine, 

tricyclohexylphosphine to triphenylphosphine. Of all cocatalysts, 

bis(triphenylphosphoranylidene)ammonium chloride was found to be the most efficient 

cocatalyst in combination with salophen-CrCl for the copolymerization of cyclohexene 

oxide with phthalic anhydride and one equivalent of cocatalyst with respect to salophen 

CrCl was enough to reach optimum activity. N-heterocyclic nucleophiles showed the lowest 

activity. Of the three anhydrides used, phthalic anhydride is the most reactive one, giving 

the highest monomer conversions and the highest molecular weight products. 
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3.1 Introduction 

Approximately 40 years ago Inoue and co-workers reported for the first time the 

copolymerization of oxiranes with carbon dioxide and anhydrides using 

organometallic compounds.1 The design of efficient metal-based catalysts for the 

selective coupling of carbon dioxide and various epoxides to obtain polycarbonates 

has made significant improvement over the past decades.2-9 Meanwhile, 

copolymerization of epoxides and anhydrides has received much less attention.10, 11 

The earlier studies by Inoue12 and Maeda13 on the anhydride – oxirane 

copolymerization with aluminum porphyrinato and magnesium diethoxide catalysts 

were promising but the difficulty of obtaining high molecular weight polymers 

along with the undesirable side-reaction of oxirane homopolymerization prevented 

its development as a general pathway for quite some time. Recent reports on the 

copolymerization of several alicylic oxiranes and anhydrides using a zinc 2-cyano-

β-diketiminate11, 14 and chromium salophen and porphyrinato10 catalysts renewed 

the attention to this scientific area. Like for the corresponding oxirane – CO2 

copolymerization,1, 15-17 the metal salen and porphyrinato-catalyzed oxirane – 

anhydride copolymerizations generally require a cocatalyst to obtain good yields 

and selectivity.10 For example, mainly oligoethers and low activities were observed 

when aluminum and chromium tetraphenyl porphyrinato and chromium salophen 

complexes were employed without cocatalysts. Adding nucleophilic cocatalysts 



Chapter 3 

  

~ 74 ~ 

 

  

considerably improved the catalyst's performance and enhanced the ester content of 

the poly(ester-co-ether)s obtained. Interestingly, recently Coates and coworkers 

reported the alternating epoxide – maleic anhydride copolymerization using a salen 

chromium chloride catalyst without a cocatalyst.18  

 

Figure 1. Synthesis of polyesters from cyclohexene oxide and dicarboxylic acid 

anhydrides (succinic anhydride, cyclopropane-1,2-dicarboxylic acid anhydride, phthalic 

anhydride). 

Here we describe the alternating ring-opening copolymerization of cyclohexene 

oxide (CHO) with anhydrides containing different ring strain, namely succinic 

anhydride (SA), cyclopropane-1,2-dicarboxylic acid anhydride (CPrA) and 

phthalic anhydride (PA) as shown in Figure 1, using metal salen complexes, 

(salen)MCl (M = Al, Cr, Co; salen = N,N-bis(3,5-di-tert-butylsalicylidene)-

diimine), with different metals and ligand-diimine back bones (Figure 2) as 

catalysts. 

OO O
O

R R

[Catalyst]

O

O

O

R R

O

n

OO O

R R

OOOO O O O OO
=



Effect of Catalyst, Cocatalyst and Anhydride Structure on ROP 

  

~ 75 ~ 
 

  

 

Figure 2. General structure of (salen)MCl catalysts utilized for the cyclohexene 

oxide/anhydride copolymerization reactions. 

Regarding the important role of a cocatalyst for the metal salen catalyzed 

epoxide – CO2 copolymerizations10, 15-17 and concerning the limited amount of data 

on the related epoxide – anhydride copolymerizations, we have also investigated 

the effect of various cocatalysts and solvents in the ring opening copolymerization 

of cyclohexene oxide and alicyclic anhydrides. 
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3.2 Experimental Section 

3.2.1 Reagents 

Succinic anhydride (SA), cyclopropane-1,2-dicarboxylic acid anhydride 

(CPrA), phthalic anhydride ((PA), 4-dimethylaminopyridine (DMAP), N-

methylimidazole (N-MeIm), 1,5,7-triazabicyclododecene (TBD) and 

bis(triphenylphosphorylidine)ammonium chloride (PPN+Cl-) were purchased from 

Sigma-Aldrich and used as received.. Trimesitylphosphine, tris(2,4,6-

trimethoxyphenyl)phosphine and tricyclohexyl-phosphine were purchased from 

Strem Chemicals. Triphenyl-phosphine was bought from Fluka. All phosphine 

cocatalysts were used as received. Cyclohexene oxide (CHO) was purchased from 

Sigma-Aldrich, dried over CaH2, then distilled and stored under argon. Succinic 

anhydride and cyclopropane-1,2-dicarboxylic acid anhydride were sublimed prior 

to use. Phthalic anhydride was recrystallized from chloroform. The salen 

complexes were prepared according to the procedure found in the literature.19 

Toluene (Sigma-Aldrich), pet-ether (60-80 fraction, Sigma-Aldrich) and Isopar E 

(ExxonMobil), a solvent which consists predominantly of C8-C9 isoparaffinic 

hydrocarbons with a boiling point range of 118-140 °C, were dried over an alumina 

column and stored on 4Å molecular sieves under argon. All manipulations were 

performed under an inert atmosphere or in a nitrogen-filled MBraun glovebox 
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unless stated otherwise. The catalysts 1 – 12 have been synthesized according to 

literature procedures.2, 20-27 

3.2.2 Copolymerizations 

The copolymerizations were performed at 110 °C in both bulk (150 minutes) 

and in toluene (300 minutes) with an oxirane:anhydride:catalyst(:cocatalyst) ratio 

of 250:250:1(:1). 

Bulk: A mixture of anhydride (2.5 mmol), CHO (2.5 mmol) and catalyst (10 

μmol) was reacted in a 2 mL crimp cap vial equipped with a stirring bar placed in 

an aluminum heating block mounted on top of a stirrer/heating plate. The 

polymerization was conducted at 110 °C for 150 minutes unless stated otherwise. 

All analyses were performed on crude samples. 

Solution: A 2 mL crimp lid vial equipped with a stirring bar was charged with 

a mixture of anhydride (2.5 mmol), CHO (2.5 mmol) and catalyst (10 μmol) in 

toluene (1 mL) and was placed in an aluminum heating block mounted on top of a 

stirrer/heating plate. The polymerization was conducted at 110 °C for 300 min. All 

analyses were performed on crude samples. 
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3.2.3 Methods 

NMR spectra were recorded on a Varian Mercury Vx (400 MHz) spectrometer 

at 25 °C in chloroform-d1 and 1H NMR spectra were referenced internally using 

residual solvent proton signals. Size Exclusion Chromatography (SEC) was 

measured on a Waters Alliance system equipped with a Waters 2695 separation 

module, a Waters 2414 refractive index detector (35 ºC), a Waters 2487 dual 

absorbance detector, a PSS SDV 5m guard column followed by 2 PSS SDV 

linearXL columns in series of 5m (8 * 300) at 40°C. Tetrahydrofuran (THF 

stabilized with BHT, Biosolve) with 1 v/v-% acetic acid was used as eluent at a 

flow rate of 1.0 mL min-1. The molecular weights were calculated with respect to 

polystyrene standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1*106 

Da). Before SEC analysis was performed, the samples were filtered through a 0.2 

µm PTFE filter (13mm, PP housing, Alltech). MALDI-ToF-MS analysis was 

performed on a Voyager DE-STR from Applied Biosystems equipped with a 337 

nm nitrogen laser. An accelerating voltage of 25 kV was applied. Mass spectra of 

1000 shots were accumulated. The polymer samples were dissolved in THF at a 

concentration of 1 mg⋅mL-1. The cationization agent used was potassium 

trifluoroacetate (Fluka, >99%) dissolved in THF at a concentration of 5 mg⋅mL-1. 

The matrix used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) (Fluka) and was dissolved in THF at a 
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concentration of 40 mg⋅mL-1. Solutions of matrix, salt and polymer were mixed in 

a volume ratio of 4:1:4, respectively. The mixed solution was hand-spotted on a 

stainless steel MALDI target and left to dry. The spectra were recorded in the 

reflectron mode. All MALDI-ToF-MS spectra were recorded from the crude 

products. In-house developed software was used to characterize the polymers in 

detail and allowed us to elucidate the individual chain structures, the copolymer’s 

chemical composition and topology.28, 29 

3.3 Results and Discussion 

3.3.1 Effect of catalyst structure on catalytic behavior  

To study the effect of the steric and electronic environment of the catalyst on 

the catalytic performance, we decided to vary both the salen-diimine backbone and 

the metal in the catalysts (salen)MCl (1 – 12, Figure 1). The copolymerizations 

were carried out in bulk and toluene with DMAP as cocatalyst. 

As expected, the bulk polymerizations showed higher conversion rates 

compared to the solution polymerizations, but the effect of the metal and ligand 

structure on the catalytic behavior was very similar as found for the solution 

polymerizations. Whereas some of the bulk polymerizations afforded poly(ester-

co-ether)s, all solution polymerizations produced perfectly alternating copolymers 
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(Figure 3 and Figure 4). The results of the bulk and solution polymerizations are 

tabulated in the appendix at the end of this chapter, respectively. From Figure 3 it 

is clear that overall the chromium catalysts performed best while the aluminum 

catalysts were the least active ones. 

 

Figure 3. Copolymerization of CHO and anhydrides catalyzed by (salen)MCl catalysts 

in solution. 

When looking at the CHO – SA copolymerization, it is clear that the salophen 

complexes (3, 7, 11) gave the highest activity, followed by the ethylene-bridged 

chromium (5) and cobalt (9) complexes and the aluminum meso-diphenyl complex 

4. The corresponding meso-diphenyl salen chromium (8) and cobalt (12) 

complexes proved to be the least active for CHO – SA copolymerization. 

Summarizing, for each metal the salophen complexes yielded the best performing 

catalysts and chromium clearly outperformed the other two metals making 
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chromium salophen 7 the most active catalyst of all tested systems. Sterically 

encumbering substituents such as two diphenyl groups on the diimine backbone 

had a negative effect on the catalytic activity. The catalytic behavior of catalysts 

containing sterically less demanding ethylenediimine and cyclohexylenediimine 

backbones was almost identical. Darensbourg et al.19 reported a similar trend in 

catalytic activity for the copolymerization of cyclohexene oxide and CO2 catalyzed 

by chromium salen systems: 8 showed the lowest reactivity while 5 and 6 exhibited 

similar activities.  

 

Figure 4. Copolymerization of CHO and anhydrides catalyzed by (salen)MCl catalysts 

in bulk. 
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It was assumed that increasing the ring strain in the anhydride backbone would 

also lead to higher reactivity and possibly also to higher molecular weight 

products.10 To investigate the effect of anhydride ring strain in this type of 

copolymerization, the aliphatic succinic anhydride (SA) monomer was replaced by 

the alicyclic anhydrides: phthalic anhydride (PA) and cyclopropane anhydride 

(CPrA) in bulk and solution polymerizations. PA indeed showed higher reactivities 

than SA. For CPrA the situation was less clear as aluminum and cobalt catalysts 

gave slightly higher conversions for SA-based copolymers while chromium clearly 

yielded higher conversions for CPrA-based copolymers.  The polymer molecular 

weight seemed to be related to the reactivity of the anhydride. Polymers obtained 

from PA and CHO copolymerizations showed quite high Mn values (Figure 5).  

 

Figure 5. Mn values for the solution copolymerization of CHO and anhydrides 

catalyzed by (salen)MCl catalysts. 
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CPrA- and SA-based copolymers generally exhibited lower molecular weights. 

In all cases though, the observed molecular weights were lower than the theoretical 

values for a living system. This is attributed to the presence of small amounts of 

hydrolyzed anhydrides or presence of water that can function as chain transfer 

agents (CTAs).30-32 To verify this, the bulk copolymerizations of CHO and PA 

without and with a small amount (0.5%) of added isophthalic acid were compared. 

The results obtained confirm that presence of hydrolyzed anhydrides can act as 

CTAs lowering the polymer molecular weight (CHO + PA: 86% conversion, Mn = 

16,200 g/mol, PDI = 1.2; CHO + PA + diacid: 90% conversion, Mn = 12,100 

g/mol, PDI = 1.3. The differences in molecular weight for the CHO-anhydride 

copolymers at comparable CHO conversion (e.g. see the runs with 7 in Figure 3, 

Figure 4, and Figure 5) indicate the presence of varying amounts of diacids 

depending on the anhydride. Attempts to purify the anhydrides by double 

sublimation or crystallization did not result in a significant improvement of the 

molecular weight, which indicates that removal of the traces of diacids is difficult 

or that the water responsible for the diacid formation is introduced during the 

sample preparation or polymerization. 

All polymers exhibited narrow molecular weight distributions and the Mn 

values displayed a linear relationship with the CHO conversion, which is consistent 
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with a living or, taking the unintended presence of CTAs into account, immortal 

polymerization process (Figure 6). 

 

Figure 6. Development of Mn (■) and PDI (■) versus CHO conversion for the 7/DMAP 

catalyzed CHO – PA solution copolymerization. 

3.3.2 Effect of cocatalysts on catalytic behavior 

While there have been numerous studies on epoxide – CO2 copolymerization 

involving metal salen or porphyrinato catalysts in combination with nucleophilic 

cocatalysts,4, 15, 17, 19, 23, 25, 33, 34 thus far there have only been published few reports 

on the copolymerization of epoxides and anhydrides utilizing these catalyst 

systems. A recent report on the chromium porphyrinato, TTPCrCl, and salophen 

(7) catalyzed copolymerization of CHO and anhydrides (e.g. SA, CPrA, PA) (both 

bulk and solution) clearly showed that the presence of a cocatalyst dramatically 
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improved the catalytic activity and enhanced the ester content of the obtained 

polymers.10 Conversely, a late study demonstrated that the copolymerization of 

propylene oxide and maleic anhydride (MA) catalyzed by 6 proceeds smoothly in 

petroleum ether without the need of a cocatalyst.18 

Herein we have studied and compared the effect of different types of cocatalysts 

including N-heterocyclic nucleophiles, phosphines and PPN+Cl- in ring-opening 

solution copolymerization of cyclohexene oxide and phthalic anhydride. Since 6 is 

an effective epoxide – CO2 copolymerization catalyst in combination with the 

abovementioned cocatalysts and both 6 and 7 proved to be effective catalysts for 

the solution copolymerization of CHO and anhydrides, these two catalysts were 

chosen to study the effect of different cocatalysts on the catalytic behavior.  

3.3.2.1 Cocatalyst-free 

First we investigated whether the recent finding of Coates, that the 

copolymerization of propylene oxide and MA catalyzed by 6 proceeds smoothly in 

pet-ether at 45 °C in the absence of a cocatalyst, is a general feature.18 Thus, the 

copolymerization of maleic anhydride (MA) and CHO were carried out in toluene 

and pet-ether, both in the presence and absence of DMAP as cocatalyst and using 6 

and 7 as catalysts. After 24 h at 45 °C in toluene in the presence of DMAP as 

cocatalyst, no conversion of CHO and MA could be observed. This is in agreement 

with previous results that copolymerization of CHO and anhydrides (e.g. SA, PA, 
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CPrA) catalyzed by 7/DMAP in toluene were only found to proceed with good 

catalytic activity at elevated temperatures (110 °C).10 Copolymerizations in toluene 

without cocatalyst resulted in low conversions and produced polyester-ethers with 

mainly (> 85%) ether functionalities. In pet-ether and in the presence of DMAP an 

insoluble lump of probably cross-linked material was produced, prompted by the 

promoted presence of the unsaturated C=C bonds in the MA residues. Only in pet-

ether in the absence of DMAP a tractable soluble polymer was formed. The 

obtained polymer was found to be a polyester-ether, 

poly[(C6H10O)x(C(=O)CH=CHC(=O)-OC6H10O)y], with 58% and 30% ester 

functionalities for 6 (conversion 89 %; Mn = 5,800 g/mol, PDI = 4.4) and 7 

(conversion 99%; Mn = 3400 g/mol, PDI = 2.5), respectively. Due to the low 

solubility of SA, CPrA and PA in pet-ether at room temperature, the 

copolymerization of CHO and SA, CPrA or PA in pet-ether could not be performed 

as a comparison. The copolymerization of SA, the saturated congener of MA, in 

Isopar E at 110 °C using 6/DMAP as catalyst system resulted after 5 hours in a 

perfectly alternating copolymer with 98% conversion of CHO and SA. The same 

copolymerization carried out without a cocatalyst resulted in low conversion (27%) 

after 5 hours. Extending the polymerization time to 24 hours increased the 

conversion up to 73%. Interestingly, also in this case pure alternating copolymers 

were obtained. Using 7/DMAP resulted in full conversion and formation of pure 

alternating CHO – SA copolymers after 5 hours. In the absence of cocatalyst only 
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50% conversion was observed, but again a pure polyester was formed. These 

results indicate that the double bonds of MA moieties in the CHO – MA 

copolymers are most probably cross-linked in the presence of DMAP. Furthermore, 

it can be concluded that aliphatic hydrocarbons are suitable solvents for the CHO – 

anhydride copolymerization and seem to have a positive effect on the selectivity of 

the catalyst; while without cocatalyst in toluene poly(ester-co-ether)s were 

obtained, in aliphatic hydrocarbons pure polyesters were formed. For the CHO – 

SA/PA/CPrA copolymerizations, the presence of a cocatalyst clearly enhances the 

catalytic activity of the catalyst. However, DMAP has no influence on the 

selectivity as pure polyesters were also obtained in the absence of cocatalyst. 

3.3.2.2 N-Heterocyclic nucleophiles 

 DMAP, N-MeIm and TBD were selected as N-heterocyclic nucleophilic 

cocatalysts. DMAP has proven to be one of the more effective cocatalysts in 

epoxide – CO2 copolymerizations, while N-MeIm and TBD have shown lower 

reactivities in epoxide – CO2 copolymerizations catalyzed by 6.17, 19 Studies by 

Darensbourg et al. demonstrated that DMAP showed five times higher reactivity 

than N-MeIm at 1 equiv loading during epoxide – CO2 copolymerization using 6.17 

The same trend as found for the epoxide – CO2 copolymerization was also 

observed for the epoxide – anhydride copolymerizations. Of the three cocatalysts, 

TBD was clearly the least effective one for copolymerizations performed in toluene 
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(Table 1). In line with the results displayed in Table 1, complex 7 shows for all 

three cocatalysts a higher activity than 6.  

Table 1. CHO – PA copolymerizations in toluene catalyzed by 6 and 7 with different 

N-heterocyclic nucleophiles as cocatalysts. 

Entry Catalyst Cocatalyst CHO 

Conv. % a 

Mn
 b 

(g/mol) 

PDI b 

1 6 DMAP 62 5,200 1.2 

2 7 DMAP 91 9,350 1.2 

3 7 DMAP (3) 90 7,800 1.2 

4 7 DMAP c 70 11,600 1.3 

5 7 DMAP c (3) 80 8,800 1.2 

3 6 N-MeIm 56 5,600 1.2 

4 7 N-MeIm 78 6,900 1.2 

5 6 TBD 17 2,100 1.3 

6 7 TBD 43 4,300 1.2 

Reaction condition = toluene; temperature = 110 °C; time = 60 min; 

[Anhydride]:[CHO]:[cat]:[Cocat] = 250:250:1:1; a) Determined by 1H NMR; b) Determined 

by SEC; c) Recrystallized DMAP. 

Next, the effect of variation in the cocatalyst:catalyst ratio was studied in 

toluene using 7 as catalyst and four different cocatalyst:catalyst ratios (Figure 7). 

Whereas for DMAP variation in the cocatalyst concentration had no effect on the 

catalytic activity of the system, for N-MeIm and especially TBD there was a 

significant increase in catalytic activity with increasing cocatalyst:catalyst ratio.   
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Figure 7. Effect of cocatalyst:catalyst ratio on CHO – PA copolymerization in toluene 

using 7 and N-heterocyclic Lewis bases as cocatalyst. 

The same enhancement of the catalytic activity by increasing the N-

MeIm:catalyst ratio was reported earlier for the epoxide – CO2 copolymerization.23 

This suggests that the catalyst – cocatalyst interaction is reversible and the strength 

of the binding interaction is in the order DMAP > N-MeIm > TBD. Interestingly, 

the polymer molecular weight decreased with increasing amount of DMAP and to a 

lesser extent for N-MeIm whereas the opposite effect was observed for TBD (Table 

2).  

Although the observed effect of the cocatalyst:catalyst ratio on the molecular 

weight of the polymer is significant and not resulting from an inaccuracy of the 

SEC measurement, its explanation is not straight forward. The increase of the 

polymer molecular weight with increasing TBD concentration can be explained by 
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the increase in conversion, keeping in mind that we are dealing with an intrinsically 

living system. The decrease of the polymer molecular weight with increasing 

DMAP (or N-MeIm) clearly has another origin. Introduction of water by increasing 

the concentration of the cocatalyst seems plausible since recrystallized (diethyl 

ether) DMAP produced somewhat higher molecular weight polymers than 

unpurified DMAP under the same conditions (Table 1). 

Table 2. Effect of cocatalyst:catalyst ratio on CHO – PA copolymerization in 

toluene using 7 and N-heterocyclic Lewis bases as cocatalyst. 

Entry Cocatalyst 

(equiv) 

CHO 

Conv. % a 

Mn
 b 

(g/mol) 

PDI  
b 

1 DMAP (1) 91 9,300 1.2 

2 DMAP (3) 90 7,750 1.3 

3 DMAP (5) 89 6,170 1.2 

4 DMAP (7) 90 5,670 1.2 

5 N-MeIm (1) 78 6,900 1.2 

6 N- MeIm (3) 86 7,000 1.2 

7 N- MeIm (5) 88 6,100 1.2 

8 N- MeIm (7) 91 3,700 1.5 

9 TBD (1) 43 4,300 1.2 

10 TBD (3) 53 4,750 1.1 

11 TBD (5) 60 5,300 1.2 

12 TBD (7) 91 6,800 1.2 

Reaction condition = toluene; temperature = 110 °C; time = 60 min; 

[Anhydride]:[CHO]:[cat] = 250:250:1; a) Determined by 1H NMR; b) determined by SEC. 
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Nevertheless, comparing the polymers produced with dried DMAP show a drop 

in molecular weight with increasing DMAP:Cr ratio. MALDI-ToF-MS spectra of 

the polymers obtained with 6 or 7 and DMAP as cocatalyst mainly showed DMAP 

end-functionalized charged chains. Although MALDI-ToF-MS is a qualitative 

technique, it is clear that at least some of the polymers are initiated by DMAP, 

indicating that DMAP functions as a chain transfer agent. Therefore increasing the 

DMAP concentration is believed to result in more chains of lower molecular 

weight for the same monomer conversion. Alternatively, since the thus obtained 

chains are zwitterionic, DMAP+-C6H10O-[C(=O)-R-C(=O)O-C6H10-O]n
-, it is not 

unlikely that backbiting occurs resulting in low molecular weight cyclic polymer 

structures.35, 36 Unfortunately, since the charged DMAP-end capped polymers 

obscured the MALDI-ToF-MS spectra, it was impossible to make a reliable 

statement about the relative concentration of cyclic structure as a function of 

DMAP concentration. One should realize that MALDI-ToF-MS is not a 

quantitative technique. 
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3.3.2.3 Phosphines 

Four sterically and electronically different phosphines have been selected to be 

used as cocatalysts in combination with 6 and 7 for the solution copolymerization 

of CHO and PA.  

Table 3. Copolymerization of CHO and PA in toluene catalyzed by 6 and 7 with 

different phosphine cocatalysts. 

Entry Catalyst Phosphine Cone 

angle ° 

CHO 

Conv.% a 

Mn 
b 

(g/mol) 

PDI  

 b 

1 6 PMes3 212 3 760 1.2 

2 7 PMes3 212 0 790 1.2 

3 6 TMPP 185 76 6,900 1.4 

4 7 TMPP 185 85 8,200 1.3 

5 6 PCy3 170 76 6,100 1.2 

6 7 PCy3 170 91 6,980 1.2 

7 6 PPh3 145 6 5,600 1.3 

8 7 PPh3 145 71 5,400 1.3 

Reaction condition = toluene; temperature = 110 °C; time = 60 min; 

[Anhydride]:[CHO]:[cat]:[phosphine] = 250:250:1:1;  a) Determined by 1H-NMR; b) 

determined by SEC. 

The negligible activity observed for PMes3 can be attributed to the large cone 

angle of the phosphine, considerably lowering its nucleophilicity.37 The other 

phosphines showed comparable results and there was no clear trend in activity with 
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respect to steric bulk or electron donating ability of the phosphines. Kinetic studies 

of the CHO – PA copolymerization in solution, catalyzed by 7 in the presence of 

PCy3 as cocatalyst showed a linear relationship between CHO conversion and 

molecular weight, characteristic for a living behavior (Figure 8).  

 

Figure 8. Development of Mn (■) and PDI (■) vs CHO conversion % of CHO – PA 

copolymers with PCy3 as the cocatalyst catalyzed by complex 7 in toluene. 

However, the PDI did increase at higher conversion, which suggests that 

concurrent transesterification is taking place at higher monomer conversion. 

Complete transesterification would shift the PDI to a value of 2. Complex 7 shows 

the best activity in combination with PCy3, followed by TMPP and PPh3. We 

therefore investigated the effect of the cocatalyst:catalyst ratio for these phosphines 

on the catalytic activity of 7 in the CHO – PA copolymerization in toluene (Figure 

9, Table 4). 
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 Table 4. Effect of cocatalyst:catalyst ratio on CHO – PA copolymerization in 

toluene, using 7 and phosphines as cocatalyst. 

Entry Cocatalyst 

(equiv) 

Cone 

angle ° 

CHO 

Conv.% a  

Mn 
b 

(g/mol) 

PDI  
b 

1 TMPP (1)   185 85 8,200 1.3 

2 TMPP (3) 185 95 7,200 1.3 

3 TMPP (5)  185 98 3,900 1.1 

4 TMPP (7)  185 100 5,950 1.3 

5 PCy3 (1) 170 91 7,000 1.2 

6 PCy3 (3) 170 96 5,400 1.2 

7 PCy3 (5) 170 97 4,400 1.3 

8 PCy3 (7) 170 100 4,300 1.2 

9 PPh3 (1) 145 71 5,400 1.3 

10 PPh3 (3) 145 91 3,900 1.3 

11 PPh3 (5) 145 97 7,300 1.2 

12 PPh3 (7) 145 100 4,100 1.1 

Reaction condition = toluene; temperature = 110 °C; time = 60 min; 

[Anhydride]:[CHO]:[cat]:[phosphine] = 250:250:1:1;  a) Determined by 1H-NMR; b) 

determined by SEC. 

For all three phosphines the catalytic activity increased with increasing 

cocatalyst:catalyst ratio and differences between the phosphines were only small. 

For a cocatalyst:catalyst ratio of ≥ 5 all three phosphines gave the same activity. 

Whereas for DMAP and TBD a significant dependence of the polymer molecular 
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weight on the cocatalyst:catalyst ratio was observed, for the phosphines no clear 

trend was found. 

 

Figure 9. Effect of cocatalyst:catalyst ratio on CHO – PA copolymerization in toluene 

using 7 and phosphines as cocatalyst. 

3.3.2.4 Bis (triphenylphosphoranylidene) ammonium chloride  

Ultimately, we focused on bis(triphenylphosphoranylidene)ammonium chloride 

as cocatalyst. As this type of cocatalyst produced one of the most active 

(salen)MCl catalysts for epoxide – CO2 copolymerization,15, 17, 38 and based on the 

similarities between the epoxide – CO2 and epoxide – anhydride copolymerization 

observed in this study, we expected similarly good results. Indeed, PPN+Cl- proved 

to be an efficient cocatalyst for copolymerization of CHO and PA in toluene and 

one equivalent was enough to reach optimum activity. Comparing complexes 6 and 

7 with PPN+Cl- showed a very similar activity for 6 and 7 (6: 90% CHO 
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conversion, Mn = 13,100, PDI = 1.2; 7: 92% CHO conversion, Mn = 14,000, PDI = 

1.2). Increasing the cocatalyst:catalyst ratio had no effect on the activity (Table 

5).15, 17, 34, 39  

Table 5. Copolymerization of CHO and PA in toluene catalyzed by 7 with different 

PPN+Cl-:7 ratios. 

Entry Co-cat 

(equiv) 

CHO 

Conv. % a 

Mn
 

(g/mol) b 

PDI  
b 

1 PPN+Cl- (1) 98 8,100 1.2 

2 PPN+Cl- (3) 99 4,600 1.2 

3 PPN+Cl- (5) 99 4,000 1.2 

4 PPN+Cl- (7) 99 3,000 1.1 

5 PPN+Cl- c (1) 84 15,000 1.2 

6 PPN+Cl- c (3) 93 9,600 1.2 

Reaction condition = toluene; temperature = 110 °C; time = 60 min; Catalyst = 7, 

[Anhydride]:[CHO]:[cat]:[PPN+Cl-] = 250:250:1:1; a) Determined by 1H-NMR; b) 

Determined by SEC; c) Double recrystallized PPN+Cl-.  

The linear relationship between CHO conversion and molecular weight and the 

low PDI, even at high conversions, confirmed the living nature of this 

copolymerization in the presence of PPN+Cl- as cocatalyst (Figure 10). 
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Figure 10. Development of Mn (■) and PDI (■) vs CHO conversion % of CHO – PA 

copolymers with PPN+Cl- as the cocatalyst catalyzed by complex 7 in toluene solution. 

Worth mentioning is the gradual decrease of the polymer molecular weight with 

increasing PPN+Cl-:7 ratio. The SEC shows a bimodal distribution in which two 

distributions differ by approximately a factor of 2 in molecular weight (Figure 11).  

The observed bimodal distribution corresponds to a bimetallic species such as 

two metals bridged via an oxygen or a dicarboxylate group. This also explains the 

fact that the two distributions differ by approximately a factor of 2 in molecular 

weight assuming that low and high molecular weight chains are the result of mono- 

and bimetallic systems, respectively as already explained in Chapter 2, Figure 4. 

The positive side of this result is that water might provide a simple tool to produce 

low molecular weight α,ω-difunctional polyester resins suitable for e.g. coating 

applications. 
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Increasing the PPN+Cl- concentration leads to an overall reduction of the 

molecular weight suggesting that either water present in PPN+Cl- or PPN+Cl- itself 

functions as a chain transfer agent, resulting in more polymer chains with lower 

molecular weight upon increasing cocatalyst:catalyst ratio. Independent 

experiments using dried PPN+Cl- (double recrystallization from diethyl ether and 

acetone) confirmed that drying this particular cocatalyst significantly affects the 

molecular weight (9600 g/mol versus 4600 g/mol for dried and undried PPN+Cl- (3 

equiv.), respectively). However, comparing runs with different amounts of double 

recrystallized PPN+Cl- and non-recrystallized PPN+Cl- revealed that also for dried 

PPN+Cl- a clear drop of molecular weight was observed, which is attributed to 

PPN+Cl- functioning as chain transfer agent. 

 

Figure 11. Development of Mn in GPC of CHO – PA copolymers obtained at various 

PPN+Cl-:7 ratios in toluene. 
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3.4 Conclusions 

Variation of the salen backbone, the metal as well as the type of cocatalyst and 

cocatalyst:catalyst ratio all affect the epoxide – anhydride copolymerizations in a 

similar way as was found for the corresponding CHO – CO2 copolymerizations.40 

The chromium salophen complex 7 proved to be the most effective catalyst for the 

epoxide – anhydride copolymerization. Of all cocatalysts tested, PPN+Cl- exhibited 

the highest activity and only 1 equivalent was sufficient to reach the optimum 

activity. Phosphines and N-heterocyclic nucleophiles were less effective 

cocatalysts and higher than equimolar amounts of cocatalyst were necessary to 

reach the optimum activity. Worth mentioning is the fact that several cocatalysts 

(e.g. DMAP, PPN+Cl-) function as chain transfer agents and increasing the 

cocatalyst:catalyst ratio results in a reduction of the molecular weight of the 

produced polymer, whilst the catalytic activity is not affected. It has to be said 

though that the absolute molecular weights cannot be compared in a fair way, as 

variable traces of water in monomer and cocatalyst can result in effective chain 

transfer and therefore have a significant effect on the polymer molecular weight as 

well. 
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Chapter 4 
Semi-Aromatic Polyesters by Alternating 

Ring-Opening Copolymerization of Styrene 

Oxide and Anhydrides 
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Abstract 

Ring-opening copolymerization of styrene oxide with alicyclic anhydrides containing 

different ring strain (succinic anhydride, maleic anhydride, citraconic anhydride, 

cyclopropane-1,2-dicarboxylic acid anhydride, cyclopentane dicarboxylic acid anhydride 

and phthalic anhydride) was performed applying metal salen and tetraphenyl porphyrin 

complexes where for the (salen)MX; M = Cr, X = Cl (1), M = Al, X = Cl (2), M = Mn, X 

=Cl (3), M = Co, X = OAc (4) and salen = N,N-bis(3,5-di-tert-butylsalicylidene)-diimine 

and for the porphyrin complex, M = Cr, X = Cl (5), M = Mn, X = Cl (6), M =Co, X = Cl 

(7). The chromium catalysts performed best and therefore 1 was chosen as the selected 

catalyst for further studies. Investigating the effect of different cocatalysts in the 

copolymerization of styrene oxide and phthalic anhydride revealed that phosphines and 

onium salt showed quite similar activities whereas N-heterocyclic based amines showed a 

somewhat lower activity.  1H NMR and MALDI-ToF-MS spectra of the copolymers formed 

confirmed the alternating microstructure. Increasing the monomer to catalyst ratio resulted 

in the isomerization of styrene oxide to phenyl acetaldehyde. The aldehyde functions as 

chain transfer agent reducing the molecular weight of the polymers. Copolymerization of 

styrene oxide with anhydrides bearing a double bond in their structure such as maleic 

anhydride and citraconic anhydride showed to be highly dependent on temperature, time, 

type of cocatalyst and solvent used in the copolymerization reaction. 
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4.1 Introduction 

Transforming epoxides into polycarbonates by the copolymerization with 

carbon dioxide or into polyesters by the ring-opening copolymerization with 

anhydrides has attracted significant attention during the past years.1-4 Most studies 

are based on propylene oxide and cyclohexene oxide.5-9 Styrene oxide is an 

interesting alternative monomer that distincts from other oxiranes such as 

propylene oxide or cyclohexene oxide by its electron withdrawing nature. 

Furthermore, due to its rigid structure it leads to polymers with a relatively high Tg. 

However, it has been reported that styrene oxide is more difficult to convert to the 

corresponding polycarbonate in comparison with other epoxides such as propylene 

oxide and cyclohexene oxide, due to its less reactive β-carbon atom and its 

tendency to form the cyclic styrene carbonate instead.10-22 Among the few studies 

reported, Baiker et al. showed that a salen manganese catalyst exhibited high 

reactivity for styrene carbonate formation.10 Nguyen et al. reported that the 

chromium salen/DMAP catalyzed reaction of styrene oxide with CO2 

predominantly resulted in styrene carbonate rather than polycarbonate formation.23 

Only very recently, Darensbourg et al. demonstrated that a binary 

(salen)cobalt(III)-based catalyst system with 1,5,7-triabicyclo-[4,4,0]dec-5-ene 

(TBD) anchored on the ancillary ligand framework selectively copolymerizes 

styrene oxide with CO2 with appreciable rate and very good control to high 



Chapter 4 

  

~ 106 ~ 

 

  

molecular weight polystyrene carbonate (Mn = 80,000 g/mol; PDI = 1.1; Tg ≈ 

80°C).24 To our knowledge, no research has been performed on the 

copolymerization of electron-withdrawing epoxides such as styrene oxide with 

anhydrides. Recent developments in our group on both epoxide – CO2 and epoxide 

– anhydride copolymerization, catalyzed by several main group and transition 

metal complexes, have contributed significantly to the understanding of the 

mechanism of this reaction.1, 4 Based on these achievements and considering the 

niche in copolymerization of anhydrides with epoxides posturing electron with-

drawing groups, we herein report on the selective alternating ring-opening 

copolymerization of styrene oxide with various anhydrides to the corresponding 

polyesters (Figure 1), using several Schiff base and tetraphenylporphyrinato 

complexes as catalysts (Figure 2).4 

 

Figure 1. Synthesis of polyesters from styrene oxide and dicarboxylic acid anhydrides 

(SA, MA, CA, CPrA, CPA and PA) 
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4.2 Experimental Section 

4.2.1 Reagents 

Succinic anhydride, maleic anhydride, citraconic anhydride, cyclopropane-1,2-

dicarboxylic acid anhydride, phthalic anhydride, styrene oxide, 4-N,N-

dimethylaminopyridine, 1,5,7-triazabicyclododecene and 

bis(triphenylphosphorylidine)-ammonium chloride were purchased from Sigma-

Aldrich. Cyclopentane-1,2-dicarboxylic acid anhydride was purchased from 

CHESS GmbH. Tris(2,4,6-trimethoxyphenyl)phosphine and 

tricyclohexylphosphine were purchased from Strem Chemicals. 

Triphenylphosphine was bought from Fluka. Styrene oxide was dried over CaH2, 

distilled and stored under argon. Succinic anhydride and maleic anhydride were 

sublimed prior to use. Phthalic anhydride was recrystallized from chloroform. 

Citraconic anhydride was distilled prior to use. Cocatalysts, cyclopropane-1,2-

dicarboxylic acid anhydride and cyclopentane-1,2-dicarboxylic acid anhydride 

were used as received. Toluene (Sigma-Aldrich), Isopar E (ExxonMobil 

Corporation) and pet-ether (60-80 fraction, Sigma-Aldrich) were dried over an 

alumina column and stored on 4Å molecular sieves under argon. All manipulations 

were performed under an inert atmosphere or in a nitrogen-filled MBraun glovebox 
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unless stated otherwise. The catalysts 1 – 7 have been synthesized according to 

literature procedures.23, 25-33 

4.2.2 Copolymerizations 

The copolymerizations were performed at 110 °C in both bulk (150 minutes) 

and in toluene (300 minutes) with an oxirane:anhydride:catalyst(:cocatalyst) ratio 

of 250:250:1(:1). 

Bulk: A mixture of anhydride (2.5 mmol), styrene oxide (2.5 mmol) and 

catalyst (10 μmol) was reacted in a 2 mL crimp cap vial equipped with a stirring 

bar placed in an aluminum heating block mounted on top of a stirrer/heating plate. 

The polymerization was conducted at 110 °C for 150 minutes unless stated 

otherwise. All analyses were performed on crude samples. 

Solution: A 2 mL crimp lid vial equipped with a stirring bar was charged with 

a mixture of anhydride (2.5 mmol), styrene oxide (2.5 mmol) and catalyst (10 

μmol) in toluene (1 mL) and was placed in an aluminum heating block mounted on 

top of a stirrer/heating plate. The polymerization was conducted at 110 °C for 300 

min. All analyses were performed on crude samples. 
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4.2.3 Methods 

NMR spectra were recorded on a Varian Mercury Vx (400 MHz) spectrometer 

at 25 °C in chloroform-d1 and 1H NMR spectra were referenced internally using 

residual solvent proton signals. Size Exclusion Chromatography (SEC) was 

measured on a Waters Alliance system equipped with a Waters 2695 separation 

module, a Waters 2414 refractive index detector (35 ºC), a Waters 2487 dual 

absorbance detector, a PSS SDV 5m guard column followed by 2 PSS SDV 

linearXL columns in series of 5m (8 * 300) at 40°C. Tetrahydrofuran (THF 

stabilized with BHT, Biosolve) with 1 v/v-% acetic acid was used as eluent at a 

flow rate of 1.0 mL min-1. The molecular weights were calculated with respect to 

polystyrene standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1*106 

Da). Before SEC analysis was performed, the samples were filtered through a 0.2 

µm PTFE filter (13mm, PP housing, Alltech). MALDI-ToF-MS analysis was 

performed on a Voyager DE-STR from Applied Biosystems equipped with a 337 

nm nitrogen laser. An accelerating voltage of 25 kV was applied. Mass spectra of 

1000 shots were accumulated. The polymer samples were dissolved in THF at a 

concentration of 1 mg⋅mL-1. The cationization agent used was potassium 

trifluoroacetate (Fluka, >99%) dissolved in THF at a concentration of 5 mg⋅mL-1. 

The matrix used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) (Fluka) and was dissolved in THF at a 
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concentration of 40 mg⋅mL-1. Solutions of matrix, salt and polymer were mixed in 

a volume ratio of 4:1:4, respectively. The mixed solution was hand-spotted on a 

stainless steel MALDI target and left to dry. The spectra were recorded in the 

reflectron mode. All MALDI-ToF-MS spectra were recorded from the crude 

products. In-house developed software was used to characterize the polymers in 

detail and allowed us to elucidate the individual chain structures, the copolymer’s 

chemical composition and topology.34, 35  

4.3 Results and Discussion 

Initially, we focused on the coupling reaction of styrene oxide with phthalic 

anhydride using catalysts 1-7 (see Figure 2), and DMAP as cocatalyst, previously 

shown to be active for cyclohexene oxide/anhydride copolymerizations.4  

Whereas for styrene oxide/CO2 the competitive cyclic carbonate formation is 

driven by the high thermodynamic stability of the latter, for the corresponding 

reaction of styrene oxide with anhydrides it is expected that the 8-membered cyclic 

diester is thermodynamically less stable, favoring the copolymerization of styrene 

oxide and anhydrides. 
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Figure 2. Salen- and porphyrin-based catalysts utilized for the copolymerization 

reactions. 

The reaction of styrene oxide with phthalic anhydride utilizing metal salen and 

TPP complexes 1-7 did indeed afford pure alternating polyesters with appreciable 

molecular weights and narrow molecular weight distributions (Table 1). No 

oligomeric cyclic esters were observed. 

 

 

 

 

=M

=M

=M

Cr-Cl

Co-Ac

Al-Cl

1

4

3

2

N N

O O
M

t-But-Bu

t-Bu t-Bu

X N

N N

N
M
X

=M Mn-Cl

=M

=M

Cr-Cl

Mn-Cl

5

6

=M Co-Cl 7

 



Chapter 4 

  

~ 112 ~ 

 

  

Table 1. Copolymerization of SO and PA catalyzed by 1-7/DMAP. 

Entry Catalyst Condition SO 
Conv.a 

Mn
b 

(g/mol) 

PDI  

 b 

Tg 

°C 

1 (1) Bulk 100 7,100 1.22 70 

2 (1) Solution 85 7,250 1.21 - 

3 (2) Bulk 60 4,650 1.25 48 

4 (2) Solution 16 2,160 1.27 - 

5 (3) Bulk 39 3,600 1.28 44 

6 (3) Solution 15 1,750 1.30 - 

7 (4) Bulk 59 4,350 1.24 47 

8 (4) Solution 27 3,000 1.28 - 

9 (5) Bulk 100 9,000 1.24 73.5 

10 (5) Solution 100 9,550 1.18 - 

11 (6) Bulk 65 6,200 1.22 55.5 

12 (6) Solution 19 2,850 1.26 - 

13 (7) Bulk 55 4,500 1.26 43.5 

14 (7) Solution 39 4,350 1.33 - 

Solvent = toluene (0.9 mL), temperature = 110 °C, time = 100 min, 

[SO]:[PA]:[cat]:[DMAP] = 250:250:1:1. a) In %, determined by 1H NMR, b) Determined by 

SEC in THF calibrated by polystyrene standards 

Increasing the reaction time to 150 minutes for bulk and 300 minutes for 

solution reactions resulted in full conversion of styrene oxide. Of all catalysts, the 

chromium-based ones performed the best under the conditions applied,1, 4 followed 

by the cobalt and aluminum complexes. The manganese-based catalysts were 

found to be the least active ones under the applied conditions.  



Semi-Aromatic Polyesters by ROP of Styrene oxide & Anhydrides 

  

~ 113 ~ 
 

  

Following the reaction in time exhibited a linear relationship between the 

styrene oxide conversion and Mn values with narrow PDI values, which suggests a 

living polymerization process (Figure 3a).  

 

 

Figure 3. (a: top) Plots of Mn (■) and PDI (■) vs % styrene oxide conversion and (b: 

bottom) GPC traces of polystyrenephthalates obtained at various conversions. Reaction 

conditions: [SO]:[PA]:[1]:[DMAP] = 250:250:1:1, 110 °C, toluene, 120 min. Conversion 

data are given in the Appendix of this chapter. 
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As can be seen, the SEC shows a bimodal distribution in which two 

distributions differ by approximately a factor of 2 in molecular weight (Figure 3b). 

The observed bimodal distribution corresponds to a bimetallic species such as two 

metals bridged via an oxygen or a dicarboxylate group. This also explains the fact 

that the two distributions differ by approximately a factor of 2 in molecular weight 

assuming that low and high molecular weight chains are the result of mono- and 

bimetallic systems, respectively (refer to Chapter 2, Figure 4).  
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Figure 4. MALDI-ToF-MS spectra (recorded with K+) of styrene oxide – phthalic 

anhydride copolymers synthesized by 1 in bulk at 130 °C in the presence of DMAP as 

cocatalyst; Reaction conditions: [SO]:[PA]:[1]:[DMAP] = 250:250:1:1. 
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The positive side of this result is that water might provide a simple tool to 

produce low molecular weight α,ω-difunctional polyesters. The MALDI-ToF-MS 

spectrum of the copolymer formed by 1 and DMAP as cocatalyst shows two 

distinct distributions.  

Each distribution exhibits an m/z interval of 268 between the consecutive peaks 

corresponding to the addition of a repeating unit consisting of one SO plus one PA 

residue, thus indicating a completely alternating microstructure (Figure 4).  

Table 2. 1/DMAP catalyzed SO-PA copolymerizations using different 

monomer:catalyst ratios. 

Entry SO:PA:1:DMAP Condition SO Conv. 

 % a 

Mn  

(g/mol) b 

PDI  
b 

1 250:250:1:1 Bulk 100 7,600 1.2 

2 500:500:1:1 Bulk 100 6,900 1.23 

3 1000:1000:1:1 Bulk 97 5,300 1.34 

4 2000:2000:1:1 Bulk 100 4,000 1.48 

5 250:250:1:1 Solution 100 6,500 1.21 

6 500:500:1:1 Solution 100 4,300 1.25 

7 1000:1000:1:1 Solution 100 3,500 1.27 

8 2000:2000:1:1 Solution 100 2,800 1.34 

Bulk reactions: temperature = 130 °C; time = 150 min; Solution reactions: temperature 

= 110 °C; time = 300 min; a) In %, determined by 1H NMR; b) Determined by SEC in THF 

calibrated by polystyrene standards.  
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Based on these results and considering the fast copolymerization rate between 

styrene oxide and phthalic anhydride in bulk, the monomer to catalyst ratio was 

increased up to 8 fold to obtain higher molecular weight polyesters. Much to our 

dismay, this did not work out as expected (Table 2). The higher the monomer to 

catalyst ratio was, the lower the polymer molecular weights became. Performing 

the reactions in solution resulted in similar results. 

Having a careful look at the NMR spectrum revealed that two peaks at 3.6 and 

9.8 ppm started to appear when the monomer to catalyst ratio was increased from 

SO:PA:1:DMAP = 250:250:1:1, to 500:500:1:1, to 1000:1000:1:1 and finally to  

2000:2000:1:1 (Figure 5). The higher the monomer to catalyst ratio, the more 

intense the resonances became. 

 

Figure 5. Overlap of 1HNMR spectra of styrene oxide – phthalic anhydride copolymers 

catalyzed by 1/DMAP at 130 °C in bulk at different monomer:catalyst ratios.  
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The new signals are attributed to the isomerization of styrene oxide to the 

corresponding phenylacetaldehyde, as was confirmed by the 1H NMR of neat 

phenylacetaldehyde.  This epoxide to aldehyde transformation is known to be 

enhanced at elevated temperatures and the presence of acidic moieties.36, 37 Hence, 

at higher monomer to catalyst ratios, phenylacetaldehyde formation becomes a 

competitive reaction.  

Table 3. Bulk copolymerization of SO and PA catalyzed by 1 and different 

cocatalysts. 

Entry Cocatalyst SO 

Cconv.% a 

Mn
 

(g/mol) b 

PDI 
b 

1c TBD 92 4,200 1.33 

2 c DMAP 97 7,800 1.23 

3 c PPN+Cl- 97 7,400 1.21 

4 c TMPP 94 7,700 1.22 

5 c Cy3P 100 7,800 1.20 

6 c Ph3P 100 8,000 1.20 

7 TBD 78 3,200 1.46 

8 DMAP 90 7,000 1.21 

9 PPN+Cl- 94 7,200 1.24 

      10 TMPP 96 7,800 1.25 

11 Cy3P 92 7,600 1.21 

12 Ph3P 96 7,950 1.22 

The coupling reactions were performed in neat styrene oxide; Reaction temperature = 

110 °C; time = 30 min; [SO]:[PA]:[1]:[cocat] = 250:250:1:1;  a) Determined by 1H-NMR; b) 

Determined by SEC in THF calibrated by polystyrene standards; c) Reaction time = 60 min. 
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The presence of phenylacetaldehyde also seems to influence the molecular 

weight of the polymer obtained as increasing aldehyde concentrations result in 

lower molecular weight products. Assuming that the aldehyde readily tautomerises 

into the corresponding enol, it is likely that it acts as a chain transfer agent 

affording PhCH=CHO-[PA-SO]nH type of chains. Since the chromium-based 

catalysts proved to be the most active of all, catalyst 1 was chosen for further 

studies with different cocatalysts and anhydrides. The cocatalyst results are listed 

in Table 3.  

Albeit that DMAP has for long been a standard cocatalyst for epoxide – CO2 

and epoxide – anhydride copolymerizations, it is known that other cocatalysts are 

more effective.38-40 Investigating the effect of different cocatalysts in the 

copolymerization of styrene oxide and phthalic anhydride revealed that both 

phosphines and onium salt showed quite similar activities, whereas N-heterocyclic 

based amines exhibited to be the least reactive cocatalysts as was also observed 

earlier for CHO – anhydride copolymerization (Table 3).25, 39 The similar activity 

for phosphines and PPN+Cl- is quite surprising, as PPN+Cl- had shown much higher 

activities as cocatalyst in epoxide – CO2 copolymerizations. It is worth mentioning 

that phosphines produced polyesters with slightly higher molecular weight than 

PPN+Cl-, which can be attributed to the fact that PPN+Cl- can also function as a 

chain transfer agent leading to a reduction of the molecular weight.  
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The reaction of styrene oxide with the alicyclic anhydrides succinic anhydride 

(SA), cyclopropane anhydride (CPrA) and cyclopentane anhydride (CPA) also 

resulted in pure alternating copolymers without detectable side product, i.e. 

polyether or cyclic esters. The relative reactivities of the anhydrides are rather 

similar (Table 4). 

Table 4. Copolymerization of SO and various anhydrides catalyzed by 1/DMAP. 

Entry Anhydride SO 

Conv. % a 

TOF Mn
 

(g/mol) b 

PDI
b 

1 PA 100 200 7,300 1.1 

2 CPA 99 198 1,900 1.1 

3 CPrA 92 184 2,400 1.1 

4 SA 93 186 3,200 1.2 

The coupling reactions were performed in the bulk; Temperature = 110 °C; time = 150 

min; [SO]:[Anh]:[1]:[DMAP] = 250:250:1:1,  a) Determined by 1H-NMR; b) Determined by 

SEC in THF calibrated by polystyrene standards.  

The molecular weight of the polymers obtained with CPrA and SA are 

considerably lower than those obtained for PA and CPA. Most likely, this is the 

result of traces of water or hydrolyzed anhydrides present in the former two 

monomers. Generally, it proved very difficult to remove the final traces of diacids 

from the anhydrides, which function as highly effective chain transfer agents 

lowering the molecular weight of the polymers. In all cases the low polydispersity 
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indicates an immortal behavior of the catalyst lowering the molecular weight of the 

polymers.  

Next, we moved on to study the copolymerization of the unsaturated anhydrides 

maleic anhydride and citraconic anhydride to produce unsaturated polyester resins 

that can be cross-linked or used to form comb-like graft copolymers, for example 

via thiol-ene chemistry. The first attempts to copolymerize maleic anhydride and 

styrene oxide using 1/DMAP as catalyst system at 110 °C failed, as a hard solid, 

insoluble in common organic solvents, was formed (Table 5).  

Table 5. Copolymerization of SO and MA catalyzed by 1. 

Entry Cocat Condition T  

 °C 

Time 

 hr 

SO  

Conv. % a 

Mn
 

(g/mol) b 

PDI  
b 

1 - Toluene 85 5 45 930 1.14 

2 - Isopar E 85 5 N.D. N.D. N.D. 

3 DMAP Toluene 65 5 53 1,420 1.53 

[SO]:[MA]:[1]:[cocat] = 250:250:1:1;  a) In %, determined by 1H-NMR; b) Determined 

by SEC; c) Cross linked polymer. 

Mathur41 reported that MA tends to cross-link in the presence of a tertiary amine 

and at elevated temperatures, which is assumed to also happen in our case. Thus, 

the reactions were performed at lower temperatures in toluene as solvent in the 

absence of DMAP. While no copolymerization at temperatures up to 65 °C were 

observed, increasing the temperature to 85 °C eventually resulted in both 45% 
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styrene oxide and anhydride conversion. Changing the solvent to Isopar E in the 

absence of DMAP, suitable conditions for the propylene oxide / MA 

copolymerization,42 also resulted in a cross-linked product, showing that in our 

case aliphatic hydrocarbons enhanced the MA double bond cross linking reaction. 

Unexpectedly, addition of DMAP as cocatalyst and using Isopar E as solvent lead 

to  an increase of the monomer conversion to 53 % at  65 °C (Table 5). This 

contradicts with the recent findings of Coates et al. that ring-opening 

copolymerization of MA with propylene oxide could be performed in the absence 

of cocatalyst. These results demonstrate that in toluene crosslinking of the MA 

double bond only happens at 85 °C in the presence of DMAP whereas in Isopar E, 

crosslinking happens at 85 °C in the absence of DMAP. 

Citraconic anhydride has a very similar structure to maleic anhydride but is 

slightly more sterically hindered due to the methyl substituent. Whereas under the 

same conditions no conversion was observed for the SO – MA copolymerization, 

the SO – CA copolymerization in toluene at 60 °C in the presence of DMAP 

resulted in both 60% conversion of SO and CA (Table 6). Substituting DMAP by 

PPN+Cl- in toluene resulted in a slight increase in both CA and SO conversion 

(65%). Changing the solvent from toluene to Isopar E and using DMAP as 

cocatalyst at 60 °C increased the conversion of both monomers up to 90% and 

resulted in a higher molecular weight polymer but with a somewhat broader PDI, 
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possibly as the result of partial cross-linking. Using Isopar E as solvent and 

PPN+Cl- as cocatalyst resulted in a somewhat lower SO conversion (73%). 

Table 6. Copolymerization of SO and CA catalyzed by 1. 

No Cocat Condition T 
°C 

Time 
Hr 

SO  
Conv. % a 

Mn 
(g/mol) 

b 
PDI  

b 

1 DMAP Toluene 60 20 60 1,750 1.68 

2 DMAP Isopar E 60 20 91 2,800 2.17 

3 PPN+Cl- Toluene 60 20 64 2,200 3.76 

4 PPN+Cl- Isopar E 60 20 92 3,200 3.44 

[SO]:[CA]:[1]:[cocat] = 250:250:1:1.  a) Determined by 1H-NMR b) In %, determined by 

SEC in THF calibrated by polystyrene standards.  c) Cross linked polymer. 

These results exhibit that the choice of solvent and cocatalyst strongly affects 

the copolymerization rate of SO and MA or CA. Possibly the difference in polarity 

of the solvents plays a role, but at this point we can only speculate about the true 

origin. Furthermore, the optimal conditions are different for MA and CA  

4.4 Conclusions 

Salen and porphyrin catalysts showed to be effective complexes in SO – 

anhydride ring opening copolymerizations with chromium-based complexes 1 and 

5 being the most effective catalysts among all. The linear relationship between the 

SO conversion and Mn values with narrow PDI indices are characteristic for a 

living or, taking the unavoidable presence of traces of diacids into account, an 
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immortal polymerization process. The MALDI-ToF-MS spectrum of the 

copolymer formed by 1/DMAP shows a completely alternating microstructure. 

Increasing the monomer to catalyst ratio resulted in isomerization of SO and 

formation of the corresponding phenylacetaldehyde, the alcohol tautomer of which 

acts as chain transfer agent and results in lowering the polymer molecular weights. 

Of all cocatalysts tested, DMAP showed quite low activities while PPN+Cl- and 

phosphines exhibited higher and similar activities. Worth mentioning is that the 

copolymerization of MA and CA was dramatically affected by temperature, solvent 

and the presence of a cocatalyst and optimal conditions were different for the 

copolymerization of MA and CA with SO. 
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Abstract 

Copolymerization of cyclohexene oxide with alicyclic anhydrides containing 

different ring strain such as succinic anhydride, cyclopropane-1,2-dicarboxylic 

acid anhydride, cyclopentane 1,2-dicarboxylic acid anhydride and phthalic 

anhydride applying bis-(2,6-difluorophenoxy) zinc as catalyst resulted in 

polyesters or poly(ester-co-ether)s. The molecular weights showed a linear 

development with cyclohexene oxide conversion, demonstrating a living 

polymerization behavior and with polydispersities ranging from 1.1 to 2.3, the 

polymerizations catalyzed by the zinc complex are shown to be well-controlled. The 

addition of cocatalysts such as 4-dimethylaminopyridine resulted in an increase in 

activity and effectively prevented the undesirable side reaction of oxirane 

homopolymerization. NMR studies showed  that the polyether formation occurs 

only if a carboxylate group is present in the reaction medium, in other words, bis 

(2,6-difluorophenoxy)zinc does not homopolymerize cyclohexene oxide unless it 

has first been activated by an anhydride. 
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5.1 Introduction 

Ring-opening copolymerization of epoxides to desirable economically viable 

products has received much attention during the last decade. The alternating 

copolymerization of epoxides with CO2 represents a green pathway to produce 

biodegradable polycarbonates, which was first reported by Inoue et al. in the late 

1960s when a mixture of diethyl zinc and water copolymerized propylene oxide 

and CO2, producing low molecular weight polypropylene carbonate at 20-50 bar 

CO2 and 80 °C.1 Zinc has played an important role in the epoxide – CO2 

copolymerization ever since. Initially, ill-defined zinc catalysts related to Inoue's 

system based on a mixture of ZnO or ZnEt2 and alcohols were developed.2-10 The 

discovery of the first soluble and well-characterized bis(aryloxide)-zinc complexes 

initiated a new era in the catalytic ring-opening copolymerization of epoxides and 

CO2.11 Zinc aryloxide complexes demonstrated to be the first catalysts for epoxide 

– CO2 copolymerization affording high molecular weight products. However, they 

produced polymers with very high polydispersity indices and were also quite active 

for homopolymerization of the epoxide, resulting in polymers with a high content 

of ether linkages.12-17 The development of discrete zinc-based catalysts was 

followed by Coates and co-workers, who reported the living β-diketiminato zinc 

catalyst that proved to be active under much milder conditions.18,19-21 Since then 

numerous studies on different types of zinc catalysts have been reported.22-28 For 
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example, in 2005, Xiao et al. reported a bimetallic zinc complex which was 

moderately active for cyclohexene oxide (CHO) – CO2 copolymerization but the 

exact nature of the complex was not described as the catalyst was prepared in situ 

by the reaction between the free ligand, ZnEt2 and ethanol.29 In the same year, Lee 

and co-workers reported a series of zinc anilidoaldimine complexes which 

exhibited high turnover numbers (TONs, 700-3000) for the production of 

polycyclohexyl carbonate, as well as having high molecular weights (Mn = 90, 000 

– 280, 000 g/mol).22 In 2009, Williams et al. reported a series of bimetallic 

complexes which were coordinated by a “reduced Robson’s type” macrocyclic 

ligand. The complex was active in CO2 – cyclohexene oxide copolymerization at 

only 1 bar of CO2.30 Although many studies using zinc-based catalysts in epoxide – 

CO2 copolymerizations have been performed, not much research has been focused 

on the ROP of epoxides and anhydrides, a polymerization route which is similar to 

the epoxide – CO2 pathway and provides an appealing route to aliphatic or semi-

aromatic polyesters.31, 32 Several potent epoxide – CO2 copolymerizaton catalysts 

have proven to be active in epoxide – anhydride copolymerization as well, which is 

not surprising since both reactions are quite similar.31-33,34-36 

Bis (phenoxy) zinc complexes are active catalysts in the copolymerization of 

cyclohexene oxide and carbon dioxide yielding the corresponding poly(carbonate-

co-ether)s and were therefore chosen as potential candidates for the 
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copolymerization of epoxides and anhydrides. Herein, we report on mechanistic 

features of the copolymerization of the alicyclic epoxide cyclohexene oxide (CHO) 

with succinic anhydride (SA), cyclopropane-1,2-dicarboxylic acid anhydride 

(CPrA), cyclopentane-1,2-dicarboxylic acid anhydride (CPA) and phthalic 

anhydride (PA) using the bis (2,6-difluoro phenoxy)zinc catalyst 1, Scheme 1)14 to 

polyesters with moderate molecular weights and narrow molecular weight 

distributions. 

 

Scheme 1. Synthesis of polyesters from cyclohexene oxide and dicarboxylic 

acid anhydrides (SA, CPrA, CPA, PA) utilizing catalyst 1 (For full names of the 

monomers, please see main text.) 
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5.2 Experimental Section 

5.2.1 Reagents  

SA, CPrA, PA and CHO, 4-dimethylaminopyridine (DMAP) and 

bis(triphenylphosphorylidine)ammonium chloride (PPN+Cl-) were purchased from 

Sigma-Aldrich. CPA was purchased from CHESS GmbH. Trimesitylphosphine, 

tris(2,4,6-trimethoxyphenyl)phosphine and tricyclohexylphosphine were purchased 

from Strem Chemicals. Triphenyl phosphine was obtained from Fluka. All 

phosphine cocatalysts were used as received. CHO was dried over CaH2, distilled 

and stored under argon. SA, CPrA and CPA were sublimed prior to use. PA was 

recrystallized from chloroform. The bis (2,6-difluorophenoxy) zinc complex, [(2,6-

F2C6H3O)Zn(µ-O-2,6-F2C6H3)(THF)]2 (1) was prepared according to a literature 

procedure.14 Toluene (Sigma-Aldrich) was dried over an alumina column and 

stored on 4Å molecular sieves under argon. All manipulations were performed 

under an inert atmosphere or in a nitrogen-filled MBraun glovebox unless stated 

otherwise. 
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5.2.2 Copolymerizations 

The copolymerizations were performed at 110 °C in both bulk (140 minutes) and 

in toluene (300 minutes) with a CHO:anhydride:1(:cocatalyst) ratio of 

500:500:1(:1). 

Bulk: A mixture of anhydride (5 mmol), CHO (5 mmol) and 1 (10 μmol) was 

reacted in a 2 mL crimp cap vial equipped with a stirring bar placed in an 

aluminum heating block mounted on top of a stirrer/heating plate. The 

polymerization was conducted at 110 °C for 140 minutes unless stated otherwise. 

All analyses were performed on crude samples. 

Solution: A 2 mL crimp lid vial equipped with a stirring bar was charged with a 

mixture of anhydride (5 mmol), CHO (5 mmol) and 1 (10 μmol) in toluene (1 mL) 

and was placed in an aluminum heating block mounted on top of a stirrer/heating 

plate. The polymerization was conducted at 110 °C for 300 min. All analyses were 

performed on crude samples. 

NMR tube reactions: To an NMR tube, the required amounts of anhydride, 

CHO, 1 (and cocatalyst) were added. Then the NMR tube was placed in the NMR 

machine and the temperature was raised to the set point. The samples were 

consecutively analyzed after performing 512 scans. 
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5.2.3 Methods 

NMR spectra were recorded on a Varian Mercury Vx (400 MHz) spectrometer 

at 25 °C in chloroform-d1 and 1H NMR spectra were referenced internally using 

residual solvent proton signals. Size Exclusion Chromatography (SEC) was 

measured on a Waters Alliance system equipped with a Waters 2695 separation 

module, a Waters 2414 refractive index detector (35 ºC), a Waters 2487 dual 

absorbance detector, a PSS SDV 5m guard column followed by 2 PSS SDV 

linearXL columns in series of 5m (8 * 300) at 40°C. Tetrahydrofuran (THF 

stabilized with BHT, Biosolve) with 1 v/v-% acetic acid was used as eluent at a 

flow rate of 1.0 mL min-1. The molecular weights were calculated with respect to 

polystyrene standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1*106 

Da). Before SEC analysis was performed, the samples were filtered through a 0.2 

µm PTFE filter (13mm, PP housing, Alltech). MALDI-ToF-MS analysis was 

performed on a Voyager DE-STR from Applied Biosystems equipped with a 337 

nm nitrogen laser. An accelerating voltage of 25 kV was applied. Mass spectra of 

1000 shots were accumulated. The polymer samples were dissolved in THF at a 

concentration of 1 mg⋅mL-1. The cationization agent used was potassium 

trifluoroacetate (Fluka, >99%) dissolved in THF at a concentration of 5 mg⋅mL-1. 

The matrix used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) (Fluka) and was dissolved in THF at a 
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concentration of 40 mg⋅mL-1. Solutions of matrix, salt and polymer were mixed in 

a volume ratio of 4:1:4, respectively. The mixed solution was hand-spotted on a 

stainless steel MALDI target and left to dry. The spectra were recorded in 

reflectron mode. All MALDI-ToF-MS spectra were recorded from the crude 

products. In-house developed software was used to characterize the polymers in 

detail and allowed us to elucidate the individual chain structures; the copolymer’s 

chemical composition and its topology.37, 38 

5.3 Results and Discussion 

5.3.1 Copolymerization of cyclohexene oxide and various 

anhydrides 

We first focused on the copolymerization of cyclohexene oxide (CHO) and 

various anhydrides both in bulk and solution using bis (2,6-difluorophenoxy) zinc 1 

as catalyst. Whilst 1 is known to produce polycarbonates with PDIs as high as 8,13, 

14, 39, 40 we were quite surprised to obtain polymers with narrow polydispersity 

indices (1.1 < 2.3), characteristic for a single-site catalyst (Table 1). 
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.Table 1. Copolymerization of CHO and different anhydrides in bulk and 

solution. 

Entry Anhydride T 
(°C) 

Type CHO 
Conv. % 
a 

Ester 
a,b 

 

Mn 
(g/mol) c 

PDI 
c 

1 SA 110 Bulk 100 30 2,800 1.9 

2 SA 110 Solution 100 80 5,800 1.3 

3 SA 135 Bulk 100 42 2,000 1.9 

4 SA 135 Solution 98 89 3,900 1.5 

5 CPrA 110 Bulk 100 26 2,200 2.3 

6 CPrA 110 Solution 87 57 3,200 1.6 

7 CPrA 135 Bulk 100 36 1,450 1.3 

8 CPrA 135 Solution 99 83 1,700 1.2 

9 CPA 110 Bulk 100 100 7,900 1.4 

10 CPA 110 Solution 83 100 6,600 1.3 

11 CPA 135 Bulk 49 100 1,700 1.3 

12 CPA 135 Solution 43 100 1,150 1.1 

13 PAd 135 Bulk 100 30 1,850 1.1 

14 PAd 135 Solution 100 99 8,000 1.1 

 Bulk reaction time = 140 min; Solution reaction time = 300 min; Solvent = Toluene 

(0.9 mL); [CHO]:[Anh]:[Cat] = 500:500:1; a) In %, determined by 1H NMR; b) Ester = ester 

content in the poly(ester-co-ether); c) Determined by SEC in THF, calibrated with 

polystyrene standards; d) Due to the high melting point of PA, copolymerizations were only 

carried out at 135 °C. 
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The catalytic activity of 1 increases with temperature and is higher for bulk 

polymerizations compared to solution polymerizations for most of the cases. The 

catalytic activity of 1 is also somewhat higher than that of 

(tetraphenylporphyrinato)chromium chloride/DMAP  and (N,N-bis(3,5-di-tert-

butylsalicylidenyl)-1,2-phenylenediamine)chromium chloride/DMAP catalysts 

under similar conditions.33 Due to the different reaction conditions (50 °C, 2 hours) 

used by Coates, it is difficult to compare the activity of our bis (phenoxy) zinc 

system with his β-diketiminato zinc system.34, 35 Interestingly, the ester content of 

the poly(ester-co-ether)s formed depends strongly on the conditions applied and is 

higher for solution polymerizations compared to bulk polymerizations and 

moreover increases with increasing temperature. For example, while SA produced 

poly(ester-co-ether) with 30% ester functionality at 110 °C in bulk, in solution an 

ester content of 80% was achieved. Raising the temperature to 135 °C further 

enhanced the ester content up to 42% in bulk and 89% in solution.  

As explained in detail in other reports,37, 38, 41, 42 a MALDI-ToF-MS spectrum of a 

copolymer can be converted into a so-called contour plot. The shape and position 

of the plot is characteristic for the topology of the polymer chains. From the 

corresponding contour plots, it can be seen that in bulk a more gradient-like chain 

topology is obtained with enrichment of cyclohexene oxide in the high molecular 

weight fraction (Figure 1, top plot).  
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Figure 1. Contour plots of MALDI-ToF-MS spectra (recorded with K+) of polyesters 

synthesized by 1 in bulk (top) and in solution (bottom). 

Conversely, the MALDI-ToF-MS spectrum of the polymer prepared in solution 

shows an average anhydride incorporation of approximately 50 mol% (Figure 1, 

bottom plot). Curiously, the contour plot reveals a random rather than an 

alternating topology. This indicates that besides ester functionalities also ether and 

even anhydride linkages are present. The polymer prepared with 1 in solution 
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contains the expected phenoxy end groups originating from the catalyst (Figure 2). 

In contrast, besides these phenoxy end groups, the polymers produced in bulk also 

contain hydroxyl-terminated chains (Figure 3). The same has also been observed 

for chromium salen- and porphyrin-catalyzed copolymerization of oxiranes and 

anhydrides and is due to water initiation and/or chain transfer to water impurities.33 

 

 

Figure 2. MALDI-ToF-MS spectra (recorded with K+) of polyesters synthesized by 

CHO and SA in solution in the presence of 1. 
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Figure 3. MALDI-ToF-MS spectra (recorded with K+) of polyesters synthesized by 

CHO and SA in bulk in the presence of 1. 

The difference in reactivity of the anhydride monomers was studied by 

replacing SA with the alicyclic anhydrides CPrA, CPA and PA. It was assumed 

that the extra ring strain in these alicyclic anhydrides would enhance their 

reactivity.43 Similarly as for SA, CPrA and PA afforded poly(ester-co-ether)s 

(Figure 4). On the other hand, CPA appeared to be more selective in the presence 

of 1 as it afforded pure polyesters. A similar high selectivity of CPA to form 
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polyesters was found in the presence of (tetraphenylporphyrinato)chromium 

chloride/DMAP  and (N,N-bis(3,5-di-tert-butylsalicylidenyl)-1,2-

phenylenediamine)chromium chloride/DMAP as catalysts.33 However, while CPrA 

and PA form pure polyesters when copolymerized with CHO using 

(tetraphenylporphyrinato)chromium chloride/DMAP as the catalytic system, with 1 

as catalyst the selectivity is considerably lower. 
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Figure 4. Contour plots of MALDI-ToF-MS spectra (recorded with K+) of polyesters 

synthesized by the solution copolymerization of CHO with SA (top left), CPrA (top right) 

and CPA (down, middle) catalyzed by 1. 
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Following the reaction in time, the molecular weight showed a linear 

development with CHO conversion for low CHO conversions, pointing to a living 

polymerization behavior (Figure 5). With polydispersities  ranging from 1.1 to 2.3 

(See dashed lines in Figure 5), the polymerizations catalyzed by this zinc complex 

are rather well-controlled, as opposed to the very broad PDI s for polycarbonates 

obtained from the copolymerization of CHO and CO2 using 1.13, 14, 39, 40  

 

Figure 5. Plot of Mn (solid lines) and PDI (dashed lines) versus CHO conversion for the 

solution copolymerization of CHO and different anhydrides: SA, CPrA, CPA and PA, 

catalyzed by 1. Reaction conditions: [CHO]:[PA]:[1] = 500:500:1, 110 °C, 120 min in 

toluene. 

However, in all cases the observed molecular weights are far (around 30 times) 

lower than the theoretical values for a living system. Two plausible explanations 

for this behavior are (1) intramolecular transesterification leading to the formation 

of cyclic structures or (2) chain transfer reactions with water/hydrolyzed 
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anhydrides present in the system; However, for none of the copolymers, the 

MALDI-ToF-MS spectra gave any indication of the formation of cyclics or water-

/dicarboxylic acid- initiated products, making it difficult to explain such low 

molecular weight polymers. Up to now, the reason is yet unknown. 

5.3.2 Suppressing the ether formation 

Compared to the chromium salen and porphyrin catalysts as well as the zinc β-

diketiminate catalyst, 1 produces polymers containing considerably more ether 

linkages. A similar phenomenon was observed during the epoxide – CO2 

copolymerization catalyzed by zinc aryloxides and silisesquioxane catalysts.13, 14, 40, 

39, 44, 45 It was found that adding nucleophiles aided to reduce the epoxide 

homopolymerization resulting in more alternating copolymers. In an attempt to 

suppress the epoxide homopolymerization during the epoxide – anhydride 

copolymerization process, polymerizations have been carried out in the presence of 

various nucleophiles. While ring-opening copolymerization of CHO and PA 

catalyzed by 1 resulted in only 23% ester linkages and a PDI of 2.0, adding DMAP 

as cocatalyst increased the ester content to 70% whilst the PDI decreased to 1.2. 

Applying PPN+Cl- as cocatalyst showed a very similar effect as DMAP and 

resulted in 57% polyester linkages in the polymer chain whereas utilizing an 

equimolar amount of PCy3 and TMPP as cocatalysts exhibited ester functionalities 

up to around 50% (Table 2).  
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Table 2. Copolymerization of CHO and PA catalyzed by 1 in the presence of 

different cocatalysts in different cocatalyst/catalyst ratios. 

Entry CoCat 

 

Equiv. CHO 

Conv. % a 

Ester 
bond a 

Ether 
bond a 

Mn 

(g/mol) 
b 

PDI 

b 

1 - - 0 23 77 2,050 2.0 

2 DMAP 1 33 70 30 2,700 1.15 

3 DMAP 2 60 85 15 5,500 1.21 

4 DMAP 4 68 100 0 6,000 1.31 

5 PCy3 1 35 50 50 3,000 2.1 

6 PCy3 2 55 69 31 5,100 1.28 

7 PCy3 4 64 72 28 8,900 1.26 

8 PPh3 1 85 37 63 2,700 1.22 

9 PPh3 2 97 61 39 3,180 1.15 

10 PPh3 4 93 79 21 3,660 1.13 

11 TMPP 1 75 45.5 54.5 2,900 1.17 

12 TMPP 2 92 77 23 4,100 1.12 

13 TMPP 4 94 83 17 4,560 1.18 

14 PPN+Cl- 1 35 57 43 <500 1.15 

15 PPN+Cl- 2 92 100 0 <500 1.17 

16 PPN+Cl- 4 96 100 0 <500 1.17 
The coupling reactions were performed in neat cyclohexene oxide. [PA]:[CHO]:[Cat] = 

500:500:1; Reaction conditions: 150 minutes, 110 °C, bulk; a) In %, determined by 1H 

NMR; b) Determined by SEC in THF, calibrated with polystyrene standards. 
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Increasing the cocatalyst:catalyst ratio has a strong positive effect on the ester 

content as well as the molecular weight of the copolymers.  

 

Figure 6. Plot of ester content versus cocatalyst loading in the RO copolymerization of 

CHO and PA catalyzed by 1 in the presence of different cocatalysts. 

For example, increasing the amount of PPh3 from 1 to 4 equivalents resulted in 

an increase of the ester content from 37% to 79% and the Mn increased from 2,700 

g·mol-1 to 3,660 g·mol-1 (Figure 6). The same effect was observed for all other 

cocatalysts. In some cases such as DMAP, applying 4 equivalents of the cocatalyst 

effectively suppressed the ether formation resulting in pure polyester. However, 

increasing the cocatalyst:catalyst ratio does have a negative effect on the reaction 

rate. The effect of PPN+Cl- as cocatalyst was limited and although it suppressed 

ether formation when higher cocatalyst loadings were used, it did not improve the 

molecular weights when the cocatalyst:catalyst ratio was enhanced. 
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In an attempt to obtain more insight into the effect of adding nucleophiles as 

cocatalysts, NMR tube reactions were carried out by reacting 1 with merely CHO 

(500 equivalents), without anhydride addition, in the absence and presence of 2 

equivalents of PCy3. Surprisingly, even without PCy3 being present no 

polycyclohexene oxide was produced. It was then assumed that a carboxylate, 

produced by the reaction of 1 with an anhydride, could be responsible for the 

polyether formation. Thus, a sub-equimolar amount of PA (1:PA = 50:1) was 

added to the reaction mixture (containing the large amount of CHO) and indeed 

this resulted in the formation of polyether as could be identified by the 

characteristic ether resonances between 3.3 to 3.5 ppm in the 1H NMR (Figure 7).  

This result confirmed that the polyether formation is achieved only if a 

carboxylate group is present in the reaction medium. Several attempts to 

investigate the insertion of the anhydride into the zinc phenoxide bond in NMR 

were quite disappointing, as the catalyst was highly insoluble in non-coordinating 

solvents. Complete solubility of 1 was only achieved in DMSO and hence this was 

the chosen solvent for further NMR studies.  

In the next step, to verify if the anhydride is inserted into the zinc phenoxide 

bond or only coordinated to 1, 13C NMR of a reaction mixture of catalyst and 

anhydride was followed in time.  
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Figure 7. Overlap of 1HNMR spectra of: (■)1 + CHO + PCy3, (■) 1  + CHO, (■) 1 + 

CHO + PA ( [1]:[PA] = 50:1), 130 °C, bulk, 150 min. 

 

Figure 8. Overlap of 13C NMR spectra of: (■) 1, (■) PA and (■) 1 + PA. Reaction 

conditions: [1]:[PA] = 1:2, DMSO, 110 °C, 20 min.  
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The reaction was quite fast and no change was observed after the first point was 

recorded (20 minutes).  Overlap of the NMR spectra of the zinc catalyst, the 

anhydride and of the product of these two clearly showed a new peak appearing at 

174 ppm, which corresponds to the shift of the phthalic anhydride carboxylate 

group. The chemical shift of the carboxylate group from 168 ppm in phthalic 

anhydride to 174 ppm in the mixture is attributed to the electron withdrawing effect 

of the zinc catalyst and its aromatic groups, indicating that the anhydride has been 

coordinated to the zinc and not inserted into the zinc-phenoxy bond. In the latter 

insertion case, one would expect to observe two sets of resonances for the 

anhydride carboxylate groups. One of these two sets of resonances would be 

related to the side of the anhydride which would be bonded to the zinc atom, while 

the other set of resonances would be related to the side bonded to the phenoxy 

group, accordingly resulting in a splitting of the anhydride carboxylate resonance 

peak in the NMR spectrum into two separate resonances. As such splitting was not 

observed; the NMR analysis confirms that the anhydride is coordinated to the zinc 

metal center (Figure 8).  
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Figure 9. Overlap of 1HNMR spectra of: (■) 1 + PA, (■) 1 + PA + PCy3. Reaction 

conditions: [1]:[PA]:[Cy3P] = 1:2:2, DMSO, 110 °C, 20 min. 

To validate the coordination of anhydride to the zinc catalyst, a reaction of 1, 

PA and PCy3 was performed and followed in time with 13C NMR spectroscopy. As 

PCy3 also has coordination ability to the zinc atom, it could replace PA and form a 

new compound. In other words, if PCy3 would coordinate to the zinc metal, the 

corresponding carboxylate peak at 174 ppm would disappear and a new peak 

related to the coordination of PCy3 to the zinc atom would show up. As shown in 

Figure 9, such behavior is not observed. This result strongly confirms that only the 

anhydride is coordinated to the Zn-OAr bond and PCy3 plays the role of a 

cocatalyst in this reaction. This initiation can then be followed by ring opening of 

the corresponding epoxide present in the reaction medium.  
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5.4 Conclusions 

The catalytic activity of 1 in ring-opening copolymerization of epoxides and 

anhydrides is affected by variation of temperature and type of polymerization (bulk 

versus solution). Elevated temperatures as well as the use of a solution medium 

instead of bulk conditions polyester formation. For all copolymerizations, the 

molecular weight shows a linear correlation with conversion and with PDIs in the 

range of 1.1 – 2.3 it can be concluded that 1 behaves as a single-site catalyst 

displaying a controlled polymerization behavior. However, the observed molecular 

weights are significantly lower than the theoretically expected values, which are 

attributed to the presence of either water, acting as a chain transfer agent, or to the 

presence of hydrolyzed anhydride in the system. 

 Contour plots, constructed from the recorded MALDI-ToF-MS spectra 

obtained from CPA-based polymers, confirmed a perfectly alternating topology, 

while the polymers prepared from CPrA and SA showed a significantly higher 

content of cyclohexene oxide units, pointing to the presence of random poly (ester-

co-ether)s. The end groups of the polymer prepared with 1 in solution are the 

expected phenoxides, whereas in bulk, besides these phenoxide end groups, the 

obtained polymers also show hydroxide terminated chains. Utilizing cocatalysts 

such as DMAP, TMPP, PPh3, PCy3 and PPN+Cl- suppressed polyether formation. 

DMAP showed the highest effect in preventing the formation of ether 
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functionalities and 4 equivalents of DMAP resulted in pure polyesters whereas 

without cocatalyst under the same conditions an ester content of only 23% was 

obtained. NMR studies showed that 1 catalyzes the homopolymerization of CHO in 

the presence of an anhydride, which suggests that carboxylate formation is a 

prerequisite for epoxide homopolymerization.  
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Chapter 6 
Ring-Opening Copolymerization of 

Limonene Oxide and Phthalic Anhydride: 

Towards Partially Renewable Polyesters 
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Abstract 

Ring-opening copolymerization of limonene oxide with phthalic anhydride was 

performed applying metal tBu-salophen complexes where for (tBu-salophen)MX; 

M = Cr, X = Cl (1), M = Al, X = Cl (2), M = Co, X = OAc (3), M = Mn, X = Cl (4) 

tBu-salophen = N,N-bis(3,5-di-tert-butylsalicylidene)-diimine. The chromium 

catalyst performed best and therefore 1 was chosen as the selected catalyst for 

further studies. Investigating the effect of different cocatalysts in the 

copolymerization of limonene oxide and phthalic anhydride revealed that the 

onium salt PPN+Cl- showed the best activity while phosphines and N-heterocyclic 

based amines showed a somewhat lower activity. 1H NMR and MALDI-ToF-MS 

spectra of the copolymers formed confirmed the alternating microstructure, 

meaning that no homopolymerization of LO was detected. Applying various mono-, 

di-, and tri-functional chain transfer agents (CTA)s such as water, (poly) alcohols, 

acids and diamines resulted in a decrease in molecular weight and formation of 

polyesters with hydroxyl end groups. Catalyst 1 proved to be robust in the presence 

of these CTAs not showing any drop of catalytic activity, which allows the 

formation of polyesters with tunable molecular weights and narrow PDIs and 

varying numbers of functionalities. 
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6.1 Introduction 

Crude oil is by far the most important chemical feedstock at the moment and 

considering its vast utilization and rapid depletion, finding alternative carbon 

resources for the production of chemicals and polymers becomes a significant 

challenge.1-3 Producing polymers based on renewable monomers has been the 

subject of several current research groups around the world. Among different types 

of polymers explored, aliphatic polyesters present an important class of polymers 

due to their biocompatibility and biodegradability which enhances their usage in 

various applications such as artificial tissues, drug delivery systems4 and packaging 

materials. 

Currently, polyesters are mostly produced through condensation polymerization 

which requires high temperature to remove water or alcohol produced as the side 

product in order to obtain high molar mass polymers.5 On the contrary, polyesters 

such as e.g. poly(ε-caprolactone) and poly(lactic acid) can be prepared by ring-

opening polymerization of cyclic esters.6-12 Mild conditions, excellent control over 

the molecular weight, PDI and polymer microstructure are clear advantageous of 

this chain growth process. However, the limited diversity of available lactone 

monomers is a constraint. Alternatively, polyesters can be produced by ring-

opening polymerization of epoxides and anhydrides, which, taking the vast number 

of available epoxies and anhydrides into account, can offer a wide variety in 
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polymer structures. Inoue was the pioneer in producing polyesters utilizing 

epoxides and anhydrides with tetraphenyl porphyrinato aluminum methoxide as 

catalyst. Low Mn values and long reaction times (days) clearly were a disadvantage 

of that system.13-15 This scientific area remained long in its infancy until recently, 

when Coates used a β–diiminato zinc catalyst, known to effectively copolymerize 

epoxides and CO2 to the corresponding polycarbonates,16 to produce polyesters by 

ring-opening copolymerization of epoxides and cyclic anhydrides.17  

Among the available renewable epoxides, limonene oxide (LO), derived from 

the naturally occurring cyclic monoterpene limonene, is a very promising monomer 

due to its similarities to cyclohexene oxide (CHO), which is one of the most 

extensively, studied petrochemical epoxides in the epoxide/anhydride 

copolymerization. The rigid and bulky structure of LO is expected to result in high 

Tg polymers and its natural origin brings the extra advantage of renewability, while 

biodegradability might be possible as well in view of the aliphatic character of 

polyesters based on LO and anhydrides. Coates and coworkers used LO in the 

copolymerization with anhydrides.16-18  

Inspired by Coates’s work and considering the limited amount of research 

performed on (semi) biobased polyesters obtained by ring-opening 

copolymerization of epoxides and anhydrides, we decided to initially explore the 

copolymerization of LO and phthalic anhydride using metal salen type of catalysts 
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(Figure 1). The high activity of salen-based catalysts in both epoxide – CO2 and 

epoxide – anhydride copolymerizations formed the basis for this selection.19-30 Here 

we also report on the ring-opening copolymerization of phthalic anhydride and 

limonene oxide in the presence of various mono-, di- and tri-functional chain 

transfer agents, including alcohols, acids and amines (Figure 2), to afford (poly) 

functionalized polyesters.  
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Figure 1. Synthesis of polyesters from limonene oxide and phthalic anhydride. 

HO OHn

n = 3, 4, 6, 10

HO OH

OH

O

O

HO

OHH

H

Glycerol

H
O

H

Water

Isoidide

HO

HO
OH

OH

Pentaerythritol

O OH

Benzoic acid

OH

Benzyl alcohol

NH2 NH2n
n = 6

1,6-HDA

H
O

O
H

n

PEG

 

Figure 2. Schematic structure of chain transfer agents used in ring opening 

copolymerizations in this study. 
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6.2 Experimental Section 

6.2.1 Reagents  

Phthalic anhydride, cyclohexene oxide, limonene oxide, 4-

dimethylaminopyridine, 1,5,7-triazabicyclododecene, 

bis(triphenylphosphorylidine)-ammonium chloride, 1,2-propane diol, butane diol, 

hexane diol, decane diol, pentaerythritol, glycerol, benzyl alcohol and 1,6-

hexamethylene diamine were purchased from Sigma-Aldrich. Tris(2,4,6-

trimethoxyphenyl)phosphine and tricyclohexylphosphine were purchased from 

Strem Chemicals. Triphenylphosphine was purchased from Fluka. Benzoic acid 

was purchased from Merck. 1,4:3,6-Dianhydro-L-iditol (isoidide) was received 

from Roquette Frères (purity 98+%). Cyclohexene oxide, limonene oxide , styrene 

oxide and benzyl alcohol were dried over CaH2, distilled and stored under argon. 

Phthalic anhydride was recrystallized from dichloromethane prior to use. All 

cocatalysts were used as received. Toluene (Sigma-Aldrich) was dried over an 

alumina column and stored on 4Å molecular sieves under argon. n-Heptane was 

distilled and kept under argon before use. All manipulations were performed under 

an inert atmosphere or in a nitrogen-filled MBraun glovebox unless stated 

otherwise. The catalysts 1 – 4 have been synthesized according to literature 

procedures.28, 31-39 



ROP of Limonene Oxide: Towards Partially Renewable Polyesters 

  

~ 163 ~ 
 

  

6.2.2 Copolymerizations 

The copolymerizations were performed at 130 °C in bulk (150 minutes) and at 

110 °C in toluene (300 minutes) with an oxirane:anhydride:catalyst(:cocatalyst) 

ratio of 250:250:1(:1) unless stated otherwise. 

Bulk: A mixture of anhydride (2.5 mmol), limonene oxide (2.5 mmol) and 

catalyst (10 μmol) was reacted in a 2 mL crimp cap vial equipped with a stirring 

bar placed in an aluminum heating block mounted on top of a stirrer/heating plate. 

The polymerization was conducted at 130 °C for 150 minutes unless stated 

otherwise. All analyses were performed on crude samples. 

Solution: A 2 mL crimp lid vial equipped with a stirring bar was charged with 

a mixture of anhydride (2.5 mmol), limonene oxide (2.5 mmol) and catalyst (10 

μmol) in toluene (1 mL) and was placed in an aluminum heating block mounted on 

top of a stirrer/heating plate. The polymerization was conducted at 110 °C for 300 

min. All analyses were performed on crude samples. 

6.2.3 Methods 

NMR spectra were recorded on a Varian Mercury Vx (400 MHz) spectrometer 

at 25 °C in chloroform-d1 and 1H NMR spectra were referenced internally using 

residual solvent proton signals. Size Exclusion Chromatography (SEC) was 
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measured on a Waters Alliance system equipped with a Waters 2695 separation 

module, a Waters 2414 refractive index detector (35 ºC), a Waters 2487 dual 

absorbance detector, a PSS SDV 5m guard column followed by 2 PSS SDV 

linearXL columns in series of 5m (8 * 300) at 40°C. Tetrahydrofuran (THF 

stabilized with BHT, Biosolve) with 1 v/v-% acetic acid was used as eluent at a 

flow rate of 1.0 mL min-1. The molecular weights were calculated with respect to 

polystyrene standards (Polymer Laboratories, Mp = 580 Da up to Mp = 7.1*106 

Da). Before SEC analysis was performed, the samples were filtered through a 0.2 

µm PTFE filter (13mm, PP housing, Alltech). MALDI-ToF-MS analysis was 

performed on a Voyager DE-STR from Applied Biosystems equipped with a 337 

nm nitrogen laser. An accelerating voltage of 25 kV was applied. Mass spectra of 

1000 shots were accumulated. The polymer samples were dissolved in THF at a 

concentration of 1 mg⋅mL-1. The cationization agent used was potassium 

trifluoroacetate (Fluka, >99%) dissolved in THF at a concentration of 5 mg⋅mL-1. 

The matrix used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] 

malononitrile (DCTB) (Fluka) and was dissolved in THF at a concentration of 40 

mg⋅mL-1. Solutions of matrix, salt and polymer were mixed in a volume ratio of 

4:1:4, respectively. The mixed solution was hand-spotted on a stainless steel 

MALDI target and left to dry. The spectra were recorded in the reflectron mode. 

All MALDI-ToF-MS spectra were recorded from the crude products. In-house 

developed software was used to characterize the polymers in detail and allowed us 
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to elucidate the individual chain structures, viz. the copolymer’s chemical 

composition and topology. 

6.3 Results and Discussion 

Initially, the polymerization reactions of limonene oxide (LO) with phthalic 

anhydride (PA) were performed using complexes 1-4 (Figure 3), catalysts 

previously shown to be active for epoxide – CO2 and epoxide - anhydride 

copolymerizations.19-21  
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 Figure 3. General structure of salophen-CrCl catalysts utilized for the 

copolymerization reactions. 

As seen in Table 1, in the absence of catalyst and cocatalyst, no polymerization 

is observed. Evidently, in combination with a cocatalyst, the chromium complex 1 

exhibits the highest activity and nearly full conversion in the allotted time was 

obtained. The polymer molecular weights are also the highest achieved among all.  
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Table 1. LO – PA copolymerization catalyzed by 1-4 and DMAP as cocatalyst. 

Entry 
 

Catalyst/Cocatalyst Condition t 
(min) 

LO 
Conv.  
% a 

Mn
b 

(g/mol) 
PDI 

 b 
Tg 
° 
C 

1c 1 c Bulk 150 5 - - - 

2c DMAP c Bulk 150 0 - - - 

3 - c Bulk 150 0 - - - 

4 1/DMAP Bulk 150 56 5100 1.4 39 

5 1/DMAP Bulk 210 90 7200 1.4 82 

6 2/DMAP Bulk 150 65 5170 1.4 38 

7 2/DMAP Bulk 210 94 5600 1.4 72 

8 3/DMAP Bulk 150 54 4370 1.4 29 

9 3/DMAP Bulk 210 65 4970 1.4 64 

10 4/DMAP Bulk 150 57 4000 1.4 62 

11 1/DMAP c Solution 300 28 - - - 

12 2/DMAP c Solution 300 24 - - - 

13 3/DMAP c Solution 300 0 - - - 

14 4/DMAP c Solution 300 0 - - - 

Bulk reaction temperature = 130 °C, Solution reaction temperature = 110 °C, Solvent = 

toluene, [Anhydride]:[LO]:[cat]:[DMAP] = 250:250:1:1.; a) Determined by 1H NMR; b) 

Determined by SEC; c) No polymer was formed. 

In the absence of a cocatalyst, only 5% conversion was achieved, emphasizing 

the significance of a cocatalyst in the copolymerization reaction. Performing the 
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reactions in solution exhibited much lower reactivity for limonene oxide in 

comparison with the bulk polymerization. After five hours reaction time in 

solution, only 30% LO was converted into polymer with number average molecular 

weight < 100 g/mol. The corresponding aluminum salophen complex (2) performs 

similar to complex 1 with respect to activity and obtained molecular weight. The 

corresponding cobalt (3) and manganese (4) complexes show lower reactivities and 

lower molecular weights than complexes 1 and 2. Not unexpectedly based on its 

bulky nature, no LO homopolymerization was observed.  

 

Figure 4. Development of Mn (■) and PDI (■) vs mol % of LO conversion of LO – PA 

copolymers catalyzed by complex 1 with DMAP as the cocatalyst. 

Following the reaction catalyzed by 1/DMAP in time resulted in narrow 

molecular weight distributions and the Mn values displayed a linear relationship 

with % LO conversion, which is consistent with a living polymerization process 
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(Figure 4). However, the fact that the observed molecular weights are lower than 

the calculated values indicates that rapid and reversible chain transfer to water or 

hydrolyzed anhydrides occurs as side reactions.19 

6.3.1 Cocatalyst studies 

Various studies involving metal-catalyzed epoxide – CO2 copolymerizations 

have already emphasized the influence of nucleophilic cocatalysts on the catalytic 

activity and selectively towards carbonate formation.31, 35, 37, 40-44 Nucleophilic 

cocatalysts were also found to play an important role in epoxide – anhydride 

copolymerizations.20, 21 To study the effect of different cocatalysts on the ring-

opening copolymerization of limonene oxide and phthalic anhydride, three types of 

cocatalysts have been tested, viz. N-heterocyclic nucleophiles including 4-dimethyl 

amino pyridine (DMAP), N-methylimidazole (N-MeIm) and 1,5,7-

triazabicyclododecene (TBD), phosphines including  tris(2,4,6-

trimethoxyphenyl)phosphine (TMPP), tricyclohexylphosphine (PCy3), and 

triphenylphosphine (PPh3) as well as the omnium salt, 

bis(triphenylphosphoranylidene) ammonium chloride (PPN+Cl-). The results of the 

LO – PA ring-opening copolymerizations using complexes 1-4 are given in Table 2 

and Figures 5 and 6.  

Table 2. LO – PA bulk copolymerization catalyzed by 1 with different cocatalysts. 
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Entry 
 

Cocat time 
(hr) 

LO 
Conv.  % a 

Ester 
Bond % a 

Mn
b 

(g/mol) 
 

PDI  
b 

1 PPN+Cl- 3 94 100 9,700 1.4 

2 DMAP 3 63 100 6,800 1.4 

3 N-Melm 3 49 100 4,700 1.3 

4 TBD 3 24 100 2,000 1.3 

5 TMPP 3 61 100 6,100 1.5 

6 PCy3 3 26 100 2,800 1.3 

7 PPh3
 c 3 2 100 - - 

Reaction conditions: bulk, temperature = 130 °C; [Anhydride]:[LO]:[1]:[cocat] = 

250:250:1:1; a) Determined by 1H NMR; b) Determined by SEC; c) No polymer was formed. 

While little or no polymer formation was observed after 1 h reaction time, 

increasing the time to 3 h resulted in polymers with moderate molecular weights 

and low PDI values. As observed from the two graphs below, the effect of the 

different cocatalysts on the catalytic activity of 1 for the ring-opening 

copolymerization of LO and PA follows a similar trend as was observed for the 

CHO – PA copolymerization using 1 and the same cocatalysts,20, 45 for which a 

reactivity trend of omnium salt > phosphines > N-heterocyclic amines was 

observed. Although PPN+Cl- still affords the highest activity among all cocatalysts, 

N-heterocyclic amines and phosphines showed comparable activities. 

Unexpectedly, with PPh3 no activity was observed at all. The relative activity for 
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the N-heterocyclic amines (DMAP> N-MeIm > TBD) is comparable as during 

CHO – PA copolymerization and is in line with their relative nucleophilicity.  

 

Figure 5. LO conversion in mol% for the copolymerization of LO and PA catalyzed by 

1 and various cocatalysts. 

 

Figure 6. Mn values for the copolymerization of LO and PA catalyzed by 1 and various 

cocatalysts. 
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In case of the phosphines, TMPP interestingly exhibited twice the reactivity of 

PCy3 whereas in CHO – PA copolymerizations TMPP showed a very similar 

reactivity to PCy3.20 TMPP has been reported as one of the most sterically 

encumbering phosphines with a cone angle of 185°, which is almost 15° larger than 

that of PCy3 (cone angle = 170°) and nearly 40° larger than that of PPh3 (cone 

angle = 145°).46 Furthermore, considering the high bulkiness of monomers 

involved in this reaction (LO and PA), TMPP was not expected to show such high 

activity among the three phosphines. Although PPh3 also showed the lowest 

activity of all phosphines during CHO – PA copolymerization, the reason why no 

activity is observed at all during LO – PA copolymerization is not clear. Overall, 

both phosphines and N-heterocyclic amines showed lower activities in LO – PA 

copolymerizations in comparison to when they were used in CHO – PA 

copolymerization. It is believed that both the large size and low reactivity of LO as 

the monomer play important roles in this matter.  

6.3.2 The effect of chain transfer agents on RO 

copolymerization 

Our initial aim was to outline the effects of different CTAs on the ring-opening 

copolymerization of PA and LO catalyzed by 1/DMAP. Since it is conceivable that 

the chelate effect of di- or polyfuctional CTAs might deactivate the catalyst, we 

screened the effect of a variety of linear aliphatic α,ω-diols on the 
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copolymerization of PA and LO (Table 4, entries 2-12). Compared to the run 

without CTA (Table 4, entry 1), the addition of HO(CH2)nOH (n = 10, 6, 4, 3) as 

CTAs in all cases resulted in the expected reduction of molecular weight whereas 

the conversions remained comparable.  

Table 4. LO – PA copolymerization catalyzed by 1/DMAP or 1/PPN+Cl- and 

different CTAs (10 equivalents). 

Entry CTA Conv.a 

LO% 
Activiy 

gpol⋅molCr
1h-1 

Mn
b 

(g/mol) 
PDI 

b 
1c - 75 150 5,000 1.4 
2 c  Pentaerythritol 89 178 2,900 1.3 
3 c Decane diol 64 128 2,900 1.3 
4 c Hexane diol 71 142 2,860 1.3 
5 c Isoidide 73 146 2,600 1.3 
6 c Benzoic acid 46 92 2,300 1.2 
7 c 1,6-HDA 66 132 1,700 1.3 
8 c Benzyl alcohol 49 98 1,650 1.2 
9 c H2O 89 178 1,400 1.2 

10 c Propane diol 65 130 1,300 1.1 
11 c Butane diol 77 154 1,300 1.1 
12 c Glycerol 32 64 1,000 1.0 
13 d Benzoic acid 67 134 3,700 1.3 
14 d Decane diol 73 146 4,000 1.3 
15 d Pentaerythritol 76 152 5,000 1.2 
16 d Isoidide 85 170 1,950 1.2 

Reaction conditions: Bulk, temperature = 120 °C, time = 150 minutes; 

[PA]:[LO]:[1]:[cocat]:[CTA] = 250:250:1:1:10; a) Determined by 1H-NMR spectroscopy of 

crude reaction; b) Determined by SEC in THF; c) Cocatalyst = DMAP; d) Cocatalyst = 

PPN+Cl- ; * Ester content is 100% as no polyether is formed. 

For decane diol and propane diol a slightly lower activity is observed but this is 

not likely to be the result of a chelating effect. The chelating ability of decane diol 
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is expected to be limited and certainly not stronger than for butane diol or hexane 

diol, which show good activity. Isoidide (Table 4, entry 5) gives similar results, 

indicating that secondary alcohols also function as effective CTAs. The fact that 

glycerol (Table 4, entry 12) also works as a chain transfer agent without significant 

loss of activity strongly suggests that chelating effects do not play any role in this 

catalyst system. 

Water proved to be a suitable CTA in the copolymerization of epoxides and 

CO2.47 However, in the presence of anhydrides, water is expected to rapidly form 

the corresponding diacids, which might well be less innocent than water. 

Nevertheless, experiments with 10 equivalents of water added to dry monomers 

showed similar activity as with dried monomers only, but showed the expected 

drop in molecular weight. To prove that acids, presumed to be formed upon 

reaction of water or diols with anhydrides, can also function as CTAs, the LO – PA 

copolymerization in the presence of benzoic acid has been carried out (Table 4, 

entry 6) and as expected it was found that the molecular weight of the polymer 

drops in the presence of benzoic acid whereas the activity is not affected. Last, but 

not the least, to investigate if diamines could also act as CTAs, possibly furnishing 

amine-terminated polymers, the LO – PA copolymerization in the presence of 1,6-

hexamethylenediamine (1,6-HAD) (Table 4, entry 7) was performed.  
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As expected, the molecular weight decreased with comparable conversion as for 

the CTA-free run, which proves the amine’s role as a CTA. Hence, the chromium 

salen system clearly is a robust catalyst that is tolerant to alcohols, acids and 

amines as CTA. The low polydispersity observed when CTAs are present are 

characteristic for an immortal catalyst system where chain transfer is fast with 

respect to chain growth.47  

The LO – PA copolymers were analyzed by recording MALDI-ToF-MS spectra 

of crude products. The MALDI-ToF-MS spectra of polymers formed by 1/DMAP 

plus CTA showed an m/z interval of 300 between the consecutive peaks 

corresponding to the addition of a [LO + PA] repeating unit to the growing chain, 

which is in agreement with a perfectly alternating microstructure. It was clear that 

some of the polymer chains were initiated by DMAP. As reported earlier, the 

charged DMAP end-capped polymers can totally overrule the originally uncharged 

chains in the MALDI-ToF-MS spectra.19, 20 These charged DMAP end-capped 

chains might fly significantly better in the MALDI field than the originally 

uncharged chains which will then result in suppressing the concentration of the 

uncharged distributions, preventing their detection in the MALDI spectrum. 

Therefore, to elucidate the chain termini, more information was gathered by 

performing LO – PA copolymerization reactions and a few selected CTAs in the 

presence of PPN+Cl- as the cocatalyst instead of DMAP. Indeed, the 
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polymerizations were successful (Table 4, entries 13-16) and very similar 

molecular weight decreases in comparison with the 1/DMAP system were 

acquired. Expectedly, PPN+Cl- acted as an innocent cocatalyst and did not obscure 

the MALI-ToF-MS spectrum.  In all cases clear MALDI-ToF-MS spectra were 

obtained (see e.g. Figure 8 for the spectrum obtained for PA/LO copolymer 

synthesized in the presence of 1,10-decanediol as CTA and 1/PPN+Cl- as catalyst 

system) which still exhibited an m/z interval of 300 between the consecutive peaks, 

corresponding to a [LO + PA] repeating unit, confirming a perfectly alternating 

structure. The products showed different end-groups as explained further. Using 

decanediol as CTA, two distinct distributions A and B were observed. The main 

distribution A corresponds to the expected polymer chains with the diol as one OH-

bearing end group and with the general structure 

HO[C10H16O2CC6H4CO2]nC10H21OH. Besides that, a second distribution B is 

observed which comprises of four distributions, for which the chemical structures 

are given in Figure 8. One distribution B1 corresponds to the structure 

H[OC10H16O2CC6H4CO]nC10H15O, which is the result of an MPVO reaction, 

already reported by Duchateau48 and coworkers in 2005 as shown below (Figure 7).  

O O OH OOH
MPVO / Cat

    
Figure 7.  Rearrangement reaction of limonene oxide and MPVO reaction. 
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Distribution B2 corresponds to a HO[C10H16O2CC6H4CO2]nC10H16OH structure 

which exhibits polymer chains with two OH end-groups. This distribution also 

shows n PA and n+1 LO units, indicating that the epoxide is the preferred 

monomer to initiate the reaction.19  

The third distribution B3 corresponds to a Cl[C10H16O2CC6H4CO2]nC10H16OH 

structure which exhibits polymer chains with an OH end-group at one side and a Cl 

group, originating from the catalyst or from PPN+Cl- (see Figure 3), at the other 

side of the chain. The fourth ditribution B4 corresponds to a double charged 

polymer containing one ionized OH end group with a 

KO[C10H16O2CC6H4CO2]nC10H21OH structure (Figure 8). From MALDI-ToF-

MS analysis, it is clear that the diol is added to the polymer chain and can be 

incorporated either in the middle of the chain or be present as a chain termini.  

  Although LO – PA copolymerizations in the presence of CTAs were quite 

successful and showed the significant effect of acids, amines and different diols as 

CTAs the molecular weight decrease was not very pronounced to clearly see each 

effect, therefore the same reactions were performed where LO was replaced by the 

more reactive and less bulky epoxide CHO.  
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Figure 8. MALDI-ToF-MS spectrum of PA-LO copolymer synthesized in the presence 

of 1,10-decanediol as chain transfer agent and 1/PPN+Cl- as catalyst system. Left above: 

two main distributions A and B. Right above: Distributions B1, B2, B3 and B4. Middle 

down: Graphical structures of the four B distributions.  
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As the crude polymers obtained via ROP of CHO and PA show molecular 

weights up to 15,000 g/mol, the effect of the CTAs on decreasing the molecular 

weight is clearly more noticeable.  

Compared to the run without CTA (Table 5, entry 1) the addition of benzoic 

acid, 1,6-HDA and different primary and secondary alcohols as CTAs resulted in a 

pronounced reduction of molecular weight. The molecular weights of the polymers 

were approximately 10-fold lower than for the CTA-free run, which was in 

agreement with the amount of CTA added (10 equivalents) and no loss of activity 

was observed. A few experiments were also performed in solution to demonstrate 

the efficiency of such CTA-based systems in both conditions (bulk and solution).  
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Table 5. CHO – PA copolymerization with different CTAs (10 equiv)* . 

Entry CTA Conv. c 

CHO% 
Activity 

gpol⋅molCr
-1⋅h-1 

Mn
d 

(g/mol) 
PDI 

d 

1a - 79 79 14,600 1.8 

2a Wet CHO 77 77 1,900 1.3 

3a Isoidide 76 76 1,400 1.4 

4a Propane diol 64 64 1,300 1.3 

5a Butane diol 78 78 1,200 1.2 

6a Decane diol 64 64 1,200 1.4 

7a Glycerol 63 63 1,100 1.2 

8a H2O 80 80 700 1.1 

9b - 100 200 16,600 1.9 

10b PEG 100 200 4,400 1.4 

11b Benzoic acid 100 200 3,600 1.1 

12b Pentaerytritol 100 200 3,500 1.1 

13b Benzyl alcohol 100 200 2,900 1.1 

14b Wet CHO 100 200 2,600 1.3 

15b 1,6-HDA 100 200 2,400 1.2 

16b Decane diol 100 200 1,900 1.3 

17b Hexane diol 100 200 1,900 1.3 

18b Butane diol 100 200 1,800 1.3 

19b Propane diol 100 200 1,900 1.3 

20b Isoidide 100 200 1,800 1.3 

21b Glycerol 100 200 1,800 1.4 

22b H2O 100 200 1,000 1.0 
a) Reaction conditions: [PA]:[CHO]:[cat]:[DMAP] = 250:250:1:1.;  Reaction 

temperature = 80°C, Reaction time = 300 minutes. Solvent = toluene (0.9 mL).; b) Reaction 

conditions: [PA]:[CHO]:[cat]:[DMAP] = 250:250:1:1.  Reaction temperature = 120°C, 

Reaction time =50 minutes; c) Determined by 1H-NMR spectroscopy of crude reaction; d) 

Determined by SEC in THF. * The CTA agent was added to dry monomers. 
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The polymers obtained with water as the CTA were subjected to MALDI-ToF-

MS analysis to study the functionality of the polymers. The MALDI-ToF spectrum 

showed an m/z interval of 246 between the consecutive peaks, corresponding to a 

[CHO + PA] repeating unit, thus again indicating a completely alternating 

microstructure (Figure 9).  

 

Figure 9. MALDI-ToF-MS spectrum of PA-CHO copolymer synthesized in the 

presence of 10 equivalents of water as chain transfer agent and 1/DMAP as catalyst system.  

For water as CTA, four main distributions were detected (Figure 9). The main 

distribution A and a smaller distribution C correspond to DMAP-dominated chain-
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end polymers as drawn in Figure 9 whereas distributions B and D correspond to 

polymer chains with OH end groups as the result of the presence of water as CTA. 

In order to achieve a clear DMAP-free MALDI-ToF-MS spectrum of the PA – 

CHO copolymerization, a reaction with these two monomers and 1,10-decanediol 

as CTA and PPN+Cl- as the cocatalyst (see earlier for LO-based polyesters) was 

performed. The corresponding MALDI-ToF-MS spectrum is shown in Figure 10 

where four different distributions are detected. The main distribution A 

corresponds to a polymer with an alcohol as one chain end and a K+ ion as the 

other. The second distribution B corresponds to a polymer with two hydroxy 

groups as chain ends. Distributions C and D correspond to polymer chains with Cl 

as one end group (originating from either the catalyst or cocatalyst) and either a K+ 

ion or C6H10OK as the other chain end. Expectedly, a distribution of polymers with 

two hydroxy chain ends was observed as well. 
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Figure 10. MALDI-ToF-MS spectrum of PA-CHO copolymer synthesized in the 

presence of 1,10-decanediol as chain transfer agent and 1/PPN+Cl- as catalyst system.  

6.3.3 Tuning polymer molecular weight by altering the amount 

of chain transfer agent  

Concerning the industrial importance of highly functional polyester resins, we 

investigated whether the molecular weight and the OH value of the polymers could 

be tuned for our system by changing the monomer/chain transfer agent molar ratio 

in the reaction medium without increasing catalyst loading. Two main alcohols 

were specifically chosen for this study. Being polyfunctional as well as a green 

alcohol, glycerol was the first selected chain transfer agent. Water was the second 
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choice due to its vast availability, low price and green nature. Same reaction 

conditions were used and results are tabulated in table 6.  

Table 6. Mn changes as a function of [CTA] in CHO/PA copolymerization 

catalyzed by 1 with DMAP as cocatalyst. 

Entry CTA [PA]:[CTA] Conv. 
CHO% b 

Mn 
(g/mol)  c 

PDI 

c 
PE 
% b 

Ether 
% b 

1 Glycerol 250:12 100 3,000 1.1 100 0 

2 Glycerol 250:20 100 2,000 1.1 100 0 

3 Glycerol 250:54 85 1,000 1.1 100 0 

4 Glycerol 250:100 85 650 1.1 100 0 

5 H2O 250:25 97 1,520 1.1 100 0 

6 H2O 250:53 95 740 1.1 100 0 

7 H2O 250:61 100 840 1.1 100 0 

8 H2O 250:105 92 580 1.1 100 0 

a) Reaction conditions: [PA]:[CHO]:[cat]:[DMAP] = 250:250:1:1.  Reaction temperature 

= 110°C; Reaction time = 60 minutes; b Determined by 1H-NMR spectroscopy of crude 

reaction; c Determined by SEC in THF.  

As the molar ratio of the alcohol increased, the measured Mn of the polymer 

sample decreased while keeping a narrow polydispersity. This process can be 

modified by using a variety of chain transfer agents and different molar ratios to 

obtain polymer samples with desired end groups and molecular weight. 
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6.4 Conclusions 

In conclusion, we have demonstrated the relatively high activity of metal 

salophen catalysts in the ring-opening copolymerization of LO with PA. Among 

four metals used in the salophen-backbone, the chromium complex 1 proved to be 

the most active catalyst among all. A study on the activity of different cocatalysts 

exhibited a trend in which PPN+Cl- showed the highest activity in LO – PA ring-

opening copolymerization followed by DMAP and TMPP. Investigating the role of 

chain transfer agents in the alternating ring-opening copolymerization of PA with 

LO, primary and secondary alcohols, carboxylic acids and even diamines exhibited 

to be efficient chain transfer agents and 1 presented to be the first highly robust 

active catalyst in the presence of these substrates. This method offered a new way 

to the formation of alternating polyesters with functionalities of two or higher 

(depending on the functionality of the CTA), useful for further processing such as 

polymer curing, and resulted in polyesters with tuned molecular weight and narrow 

MWDs, simply by adjusting the molar ratio of the monomers and the chain transfer 

agents. 
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Chapter 7 
Epilogue and Technology Assessment 
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This study concerning the synthesis of polyesters and poly(ester-co-carbonate)s 

from renewable resources via catalytic ring-opening polymerization (ROP) of 

epoxides and anhydrides has resulted in exciting insights with respect to the 

chemistry, functionality and properties of the afore-mentioned polymers. Polyesters 

are conventionally prepared via step-growth copolymerization of diacids and 

dialcohols which is a time-consuming, expensive and energy-intensive method. 

Polyesters prepared by an alternative route, the catalytic ROP method, benefit from 

shorter reaction times, milder polymerization conditions and a broad versatility of 

available monomers, some of which are even bio-based, which can ultimately lead 

to an extensive range of polymeric materials. 

One of the main challenges of this study was to develop polyesters based on 

monomers derived from renewable resources. To name a few: succinic anhydride 

(SA), citraconic anhydride (CA) and limonene oxide (LO). We have shown that 

(semi) biobased polyesters and poly(ester-co-carbonates) with sufficiently high 

molecular weights, low PDI values and tunable Tgs can be obtained from such 

monomers. SA was found to be a cheap green monomer, which could add 

flexibility to the polymer chain and take part in tuning the polymer Tg once 

combined with cyclohexene oxide, which is known as a Tg raising monomer. CA 

could bring the advantage of offering the possibility of post-curing of the final 

polymer, which is due to its double bond, and finally polymers prepared from LO 



Epilogue and Technology Assessment 

  

~ 191 ~ 
 

  

showed the expected high Tg values corresponding to the high rigidity of this 

monomer.  

Moreover, the addition of “chain transfer agents” (CTAs) such as different 

polyols to the polymerization mixture could increase the polymer functionality, 

making it suitable for subsequent, end group-based curing reactions for the ultimate 

goal: coating applications. We also showed that diamines, diacids and even water 

can act as efficient chain transfer agents, thus widening the functionalization range 

of these materials. 

Investigating various catalysts in ROP of epoxides with anhydrides, optionally 

using CO2 as a third monomer, revealed that chromium salen and porphyrin 

catalysts exhibit high activities in such reactions. While porphyrins are quite 

expensive and require multi-step synthesis procedures, salen-based complexes have 

proven to be cheap and easy to synthesize, making them suitable for the catalytic 

ROP of epoxides and anhydrides, not only from an academic but also from an 

industrial point of view. 

As explained in chapter 2, copolymerization of cyclohexene oxide (CHO) with 

alicyclic anhydrides applying chromium tetraphenylprophyrinato (TPPCrCl, 1) and 

salophen (SalophenCrCl, 2) catalysts resulted in polyesters or poly(ester-co-ether)s, 

depending on the nature of the catalyst, presence of a cocatalyst, solvent and type 
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of anhydride. Water proved to be an efficient bifunctional CTA affording α,ω-

hydroxyl terminated polyesters without loss of catalytic activity, which was a 

significant achievement. When CO2 was introduced as additional monomer to 

CHO and the anhydrides, both 1 and 2 in combination with DMAP as cocatalyst 

afforded poly(ester-co-carbonate)s. The presence of CO2 effectively suppresses the 

undesirable side reaction of oxirane homopolymerization, an exciting finding 

which was not reported before. 

Chapter 3 focused on ROP of CHO with alicyclic anhydrides applying metal 

salen chloride complexes, viz (salen)MCl (M = Al, Cr, Co; salen = N,N-bis(3,5-di-

tert-butylsalicylidene)-diimine), with different metals and ligand-diimine back 

bones. The chromium catalysts performed best while the aluminum catalysts were 

the least active ones. The diimine backbone proved to play an important role in the 

catalyst activity. Among the applied cocatalysts, 

bis(triphenylphosphoranylidene)ammonium chloride proved to be the most 

efficient cocatalyst in combination with 2 and one equivalent of cocatalyst was 

enough to reach optimum activity. To the best of our knowledge, this was the first 

study on the effect of the role of the salen backbone, the metal centers and the 

cocatalysts’ roles in epoxide-anhydride ROP ever reported in the literature. 

Chapter 4 introduced a new epoxide monomer, viz. styrene oxide (SO), in ROP 

of epoxides with alicyclic anhydrides applying metal salen and tetraphenyl 
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porphyrin complexes. The desired biobased monomer, CA, as well as maleic 

anhydride (MA) were also investigated. The chromium catalysts performed best 

and phosphines and onium salt showed quite similar activities. 1H NMR and 

MALDI-ToF-MS spectra of the copolymers formed confirmed the alternating 

microstructure of the polyesters. Unexpectedly, increasing the monomer to catalyst 

ratio resulted in the isomerization of styrene oxide to phenyl acetaldehyde, which 

could function as CTA and reduce the molecular weight of the polymers. 

Copolymerization of SO with CA and MA showed to be highly dependent on 

temperature, time, type of cocatalyst and solvent used in the copolymerization 

reaction. These interesting results were among the first investigations on such 

monomers in epoxide/anhydride ROP thus far reported. 

Chapter 5 covered a different catalyst, the bis-(2,6-difluorophenoxy) zinc in 

epoxide/anhydride ROP which resulted in polyesters or poly(ester-co-ether)s. The 

molecular weights showed a linear development with cyclohexene oxide 

conversion, typical for a living polymerization behavior (but because of the 

possible chain transfer reactions to e.g. water impurities the polymerization cannot 

be qualified as being completely living but instead immortal) and with 

polydispersities ranging from 1.1 to around 2, the polymerizations catalyzed by the 

zinc complex were shown to be well-controlled. The addition of cocatalysts such as 

DMAP resulted in an increase in activity and effectively prevented the undesirable 



Chapter 7 

  

~ 194 ~ 

 

  

side reaction of oxirane homopolymerization. Interestingly, NMR studies showed 

that the ether formation occurs only if a carboxylate group is present in the reaction 

medium, in other words, bis (2,6-difluorophenoxy)zinc does not homopolymerize 

cyclohexene oxide unless it has first been activated by an anhydride. 

In chapter 6 the renewable monomer, LO was investigated in the ROP with 

anhydrides, utilizing different types of salen catalysts where catalyst 2 performed 

best. High Tg values were obtained which correspond to the high rigidity of the LO 

monomer. Applying polyols as chain transfer agents resulted in a decrease of the 

number average molecular weights as well as in an enhancement of the polymer 

functionality. To the best of our knowledge, this was the first study ever reporting 

the high activity of salen catalysts in the ROP of LO with anhydrides.  

The last but not the least, chapter 7 focused on preparing coatings by producing 

poly(ester-co-carbonate) resins which were then cured and cross linked. The 

physical properties of such materials such as solvent resistance and rapid 

mechanical deformation were tested and although more optimization of the 

conditions and of the copolymer composition is required, the primary results were 

promising. 

Although the polymerization reactions discussed in this work, leading to a new 

class of polyesters and poly(ester-co-carbonate)s, would require a step-change and 
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a new mind-set in industry, such processes might very well be feasible in the 

somewhat longer term. Clear drawbacks to be overcome are: 1) the multi-step 

synthetic approach for the catalyst, 2) the possible need to remove the catalyst from 

the final polymeric product because of its high intense colors and 3) the 

environmental issues involved with (at least some of) the metals used in salen 

catalysts and therefore additional separation steps for the metal complex is advised. 

Nevertheless, very obvious advantages that the described ROP technique can offer 

the industry with respect to the classic step-growth polymerization technique used 

so far for the manufacturing of polyesters and/or poly(ester-co-carbonate)s are: 1) 

shorter reaction times, 2) milder and therefore energy-saving manufacturing 

conditions (an increasingly important issue in the future), 3) the easiness with 

which e.g. high amounts of the volatile renewable succinic anhydride can be 

incorporated into polyesters (which is extremely difficult at the at the commonly 

applied step-growth polymerization conditions), 4) the possible use of the carbon 

footprint-reducing monomer carbon dioxide and 5) the (‘apparent’) living nature of 

the polymerization reactions, which can help in building the desired, well-defined 

polymeric structures with controlled architectures in a faster, safer and greener 

way. Very importantly, the relatively, mild conditions for the ROP of epoxides and 

anhydrides might allow the industrial production of such polyester materials in 

existing manufacturing units, suitable for much harsher conditions. Even the use of 

relatively low pressures of CO2 might be possible in existing polyester production 
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units. Only time can tell if and when the advantages of the chain growth 

polymerization mechanism will overrule the drawbacks. 
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Appendix A 

~ Supporting information for Chapter 2 of this thesis ~ 

Table S1. Tg values for copolymer blends and the corresponding terpolymers. 

Entry/Monomer Tg  °C 

PE 

Tg  °C 

PC 

Tg  °C 

PE+PC 

1) PA+CHO 107 - - 

2) CO2+CHO - 97 - 

Blend of 1) + 2)   125 

3) SA + CHO 23 - - 

4) CO2+CHO - 74 - 

Blend of 3) + 4) - - 42 

PA+CHO (by TPPCrCl)= 19,000 g/mol; CO2+CHO (by TPPCrCl) = 15,000 g/mol 

SA+CHO (by SalophenCrCl) = 1,100 g/mol; CO2+CHO (by SalophenCrCl) = 1,200 g/mol 
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Appendix B 

~ Supporting information for Chapter 3 of this thesis ~ 

 

 

 

 

 

Figure 2. 1HNMR spectrum of PA and CHO catalyzed by 7/DMAP in solution 

(toluene). Reaction conditions: [CHO]:[PA]:[1]:[DMAP] = 250:250:1:1, 110 °C, 300 min.  
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Table S1. Copolymerization of cyclohexene oxide and various anhydrides catalyzed by 
(salen)MCl catalysts in bulk. 

Entry Catalyst Anhydride CHO 
 Conv. % a 

Mn 
b 

g/mol 
PDI b 

1 1 SA 25 2,100 1.5 
2 2 SA 94 2,400 1.5 
3 3 SA 100 2,300 1.7 
4 4 SA 80 1,800 1.4 
5 1  PAc 100 8,600 2.3 
6 2  PAc 100 9,200 1.9 
7 3  PAc 100 11,000 1.8 
8 4  PAc 100 10,000 1.8 
9 1 CPrA 46 1,600 1.1 
10 2 CPrA 62 1,700 1.2 
11 3 CPrA 100 1,800 1.1 
12 4 CPrA 43 1,700 1.3 
13 5 SA 100 1,900 1.2 
14 6 SA 84 1,800 1.2 
15 7 SA 54 1,300 1.1 
16 8 SA 34 1,500 1.0 
17 5  PAc 100 12,600 1.2 
18 6  PAc 100 11,100 1.2 
19 7  PAc 100 13,600 1.2 
20 8  PAc 100 12,000 1.2 
21 5 CPrA 98 2,200 1.2 
22 6 CPrA 98 8000 1.3 
23 7 CPrA 89 9200 1.7 
24 8 CPrA 70 3,700 1.7 
33 9 SA 85 1,000 1.3 
34 10 SA 85 1,400 1.3 
35 11 SA 65 1,300 1.4 
36 12 SA 32 1,400 1.3 
25 9  PAc 100 3,000 1.2 
26 10  PAc 100 3,000 1.3 

27 11  PAc 100 3,000 1.3 
28 12  PAc 100 3,100 1.2 
29 9 CPrA 100 4,400 1.2 
30 10 CPrA 61 3,100 1.1 
31 11 CPrA 64 5,700 1.1 
32 12 CPrA 24 1,800 1.0 

Temperature 110 °C; time = 150 min; [Anhydride]:[CHO]:[cat]:[DMAP] = 
250:250:1:1;  a) Determined by 1H NMR; b) Determined by SEC; c) Reaction temperature = 
130 °C. 
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Table S2. Copolymerization of cyclohexene oxide and various anhydrides catalyzed by 
(salen)MCl catalysts in solution. 

Entry Catalyst Anhydride CHO 
Con. % a 

Mn 
b     

g/mol 
PDI 
b 

1 1 SA 33 1200 1.2 
2 2 SA 30 1200 1.3 
3 3 SA 99 1600 1.3 
4 4 SA 63 1900 1.4 
5 1 PA 64 7600 1.7 
6 2 PA 50 8000 1.2 
7 3 PA 73 13400 1.2 
8 4 PA 81 9000 2.0 
9 1 CPrA 20 1700 1.1 
10 2 CPrA 25 1800 1.1 
11 3 CPrA 39 1800 1.1 
12 4 CPrA 31 1500 1.1 
13 5 SA 98 1500 1.2 

14 6 SA 70 1400 1.1 
15 7 SA 100 1600 1.3 
16 8 SA 56 1300 1.1 
17 5 PA 86 11900 1.2 

18 6 PA 91 12400 1.2 
19 7 PA 95 12400 1.2 
20 8 PA 77 12300 1.2 
21 5 CPrA 86 8800 1.2 

22 6 CPrA 83 6000 1.1 
23 7 CPrA 100 7500 1.7 
24 8 CPrA 86 1300 1.1 
25 9 SA 72 1500 1.5 
26 10 SA 57 1300 1.2 
27 11 SA 70 1200 1.4 
28 12 SA 40 1000 1.3 
29 9 PA 92 2200 1.2 
30 10 PA 100 2700 1.2 
31 11 PA 100 15400 1.2 
32 12 PA 73 2100 1.2 
33 9 CPrA 58 3400 1.1 
34 10 CPrA 43 2400 1.1 
35 11 CPrA 80 5400 1.2 
36 12 CPrA 37 2300 1.1 

Temperature = 110 °C; time = 300 min; Solvent = toluene (0.9 mL); 
[Anhydride]:[CHO]:[cat]:[DMAP] = 250:250:1:1;  a) Determined by 1H NMR; b) Determined by SEC.
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Appendix C 

~ Supporting information for Chapter 4 of this thesis ~ 

Copolymerization of styrene oxide with phthalic anhydride 

 

1H NMR spectrum (200 MHz, CDCl3): δ 6.02-6.30 (m, 1H); 4.18-4.52 (m, 2H). 

 

 

Figure S1:  Representative 1H NMR spectrum of the sample from the reaction of 

PA/SO in the presence of salophenCrCl as catalyst with 100 % conversion in CDCl3. 
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13C NMR spectrum (400 MHz, CDCl3,): 66.77 (CH2), 74.44 (CH), 135.89-136.07 

(C), 127.94-129.22 (5CH), 166.05-166.84 (2C), 131.15-131.79(2C), 125.67-

126.187(4CH). 

 

Figure S2: Representative 13C NMR spectrum of the sample from the reaction of 

PA/SO in the presence of salophenCrCl as catalyst with 100 % conversion in CDCl3. 
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Figure S3: Representative GPC graph of the sample from the reaction of PA/SO in the 

presence of salophenCrCl as catalyst with 100 % conversion.  

 

Figure S4: Representative DSC graph of the sample from the reaction of PA/SO in the 

presence of salophenCrCl as catalyst with 100 % conversion.  

1H NMR spectra of copolymerization SO:PA with different ratio. 
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Figure S5:  Representative 1H NMR spectrum of the sample from the reaction of 

SO:PA:cat:DMAP = 500:500:1:1 in the presence of salophenCrCl as catalyst in CDCl3.  

 

 

Figure S6:  Representative 1H NMR spectrum of the sample from the reaction of 

SO:PA:cat:DMAP = 1000:1000:1:1 in the presence of salophenCrCl as catalyst in CDCl3. 
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Figure S7:  Representative 1H NMR spectrum of the sample from the reaction of 

SO:PA:cat:DMAP = 2000:2000:1:1 in the presence of salophenCrCl as catalyst in CDCl3. 

 

Figure S8:  Representative 13C NMR spectrum of the sample from the reaction of 

SO:PA:cat:DMAP = 2000:2000:1:1 in the presence of salophenCrCl as catalyst in CDCl3. 
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Copolymerization styrene oxide with maleic anhydride 

 

1H NMR spectrum (200 MHz, CDCl3): δ 6.98-7.11(s, 2H); 5.89-6.55 (m, 1H); 

4.18-4.65(m,2H). 

 

Figure S9: Representative 1H NMR spectrum of the sample from the reaction of 

MA/SO in the presence of salophenCrCl as catalyst with 100 % conversion in CDCl3. 
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13C NMR spectrum (400 MHz, CDCl3): 66.50 (CH), 74.01 (CH2), α 135.50 (C), 

α126.94-129.22 (5CH), α164.05-166.84 (C), α125.67-126.187 (CH=), α 136.40 (CH=), 

199.50 (C).  

 
Figure S10: Representative 13C NMR spectrum of the sample from the reaction of 

MA/SO in the presence of salophenCrCl as catalyst with 100 % conversion in CDCl3. 
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Copolymerization styrene oxide with citraconic anhydride 

1H NMR spectrum (200 MHz, CDCl3): δ 6.81-6.88( s, 2H); 5.71-6.22 (m, 1H); 

4.06-4.55 (m, 2H).  

 

Figure S11: Representative 1H NMR spectrum of the sample from the reaction of 

CA/SO in the presence of salophenCrCl as catalyst in CDCl3. 
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13C NMR spectrum (400 MHz, CDCl3): 66.50 (CH), 73.50 (CH2), α 135.50 (C), 

α126.94-129.50 (5CH), α163.50, 167.50 (2 C), α120.51 (CH=), α 146 (CH=), 20.50 

(CH3). 

 

Figure S12: Representative 13C NMR spectrum of the sample from the reaction of 

CA/SO in the presence of salophenCrCl as catalyst in CDCl3. 
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Appendix D 

~ Supporting information for Chapter 6 of this thesis ~ 

Copolymerization of limonene oxide with phthalic anhydride 

 

1H NMR spectrum (CDCl3, 400 MHz): δ 2.91-2.98 (m, 2H (cis or trans)); 4.59-

4.63 (m, 2H); 5.45 (m, 1H). 

 

Figure S1:  Representative 1H NMR spectrum of the polyester obtained from the 

reaction of limonene oxide with phthalic anhydride in the presence of 1 as catalyst and 

DMAP as cocatalyst. 

 

. 
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13C NMR spectrum (CDCl3, 400 MHz);21.05 (2 C), 21.76 (CH3), 25.87 (CH2), 

30.80 (CH2), 37.65 (CH), 82.45 (C), 109.24 (CH2), 125.66 (CH), 128.63 (CH), 131.25 

(2 CH), 133.15 (CH), 148.67 (C), α 165.09- 166.49 (2 C).  

 

Figure S2: Representative 13C NMR spectrum of the polyester obtained from the 

polymerization reaction of limonene oxide and phthalic anhydride in the presence of 1 as 

catalyst and DMAP as cocatalyst. 
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Summary 

Catalytic Ring-Opening Polymerization of Epoxides, Anhydrides 

and CO2: Towards Polyesters and Poly(ester-co-carbonate)s 

Increasing oil prices, rising environmental concerns and facing increasing 

interest in possibly unprecedented properties of bio-based polymer products have 

raised the attention for exploring the opportunities of manufacturing materials from 

bio-based monomers and through new polymerization pathways.  

There are several methods known for polyester synthesis, e.g. polycondensation 

polymerization which suffers from side reactions and requires long reaction times 

and high temperatures in order to reach high conversions necessary to produce 

polymers with high molecular weights. On the other hand, catalytic ring-opening 

polymerization (cROP) of lactones or copolymerization of epoxides plus 

anhydrides provides alternative routes for producing AB and AABB type of 

polyesters, respectively. The major advantage of ROP is that it can be carried out 

under milder conditions (shorter reaction times and lower temperatures), which is 

not only beneficial with respect to avoiding thermally induced side reactions but 

which is also attractive from an energy consumption point of view and provides 

excellent control over the polymer microstructure. 

The cROP technique provides the opportunity to synthesize various well-

defined polymer architectures due to the broad range of monomers available. 
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Although the polyesters prepared by the cROP technique have lower molecular 

weights than the values calculated from the applied monomer/catalyst ratios, the 

low PDI values along with the linearity observed for number average molecular 

weights development versus conversion enable us to synthesize for example block 

copolymers. One has to keep in mind that this cROP of epoxides, anhydrides and 

CO2 is not truly living, but the occurring chain transfer reactions are much faster 

than the propagation reactions, which explains the earlier mentioned relationship 

between average molecular weights and monomer conversion.  

The goals of this thesis were to synthesize polyesters and poly(ester-co-

carbonate)s via a catalytic route, investigating the catalytic activity of different 

catalysts, such as metal salen and metal porphyrin complexes  and bis (phenoxy) 

zinc species in this type of polymerization, studying activities of both different 

petrochemical and bio-based monomers in this type of polymerization, studying the 

role and effect of chain transfer agents in the epoxide/anhydride cROP and full 

characterization of the obtained polymers.  

Ring-opening co- and terpolymerization of cyclohexene oxide (CHO) with CO2 

and various anhydrides using salophen and TPP chromium catalysts resulted in 

polyesters and poly(ester-co-carbonate)s. Intensive MALDI-ToF-MS analysis 

further explained the polymers’ chain termini and topology.   
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As the ligand backbone structure plays a significant role in the salen catalyst 

activity, various metal salen catalysts were designed and the effect of different 

diimine backbone structure of the salen ligand and/or the metal center on the cROP 

of CHO and various anhydrides was investigated. As already reported for similar 

epoxide/CO2 polymerizations, the presence of a cocatalyst has a significant effect 

on the catalyst’s activity and selectivity. Therefore the role and the required 

amount of various types of cocatalysts, such as N-heterocyclic amines, phosphines 

and  bis(triphenylphosphoranylidene)ammonium chloride, were investigated. 

 Regarding the high activity of metal salen complexes in CHO/anhydride cROP 

and considering the similarities between CHO and styrene oxide (SO) as 

monomers, the cROP of SO with different metal salen and porphyrin catalysts as 

well as the effect of different cocatalysts were the next focus in this study. In 

addition to the alicyclic anhydrides, two extra anhydrides, namely the unsaturated 

maleic anhydride and the bio-based citraconic anhydride, were investigated using 

this system. It was shown that the copolymerization reactions of these two 

monomers with PA are highly dependent on the temperature, time, type of 

cocatalyst and solvent used. 

The exciting renewable epoxide limonene oxide (LO) was the next in line to be 

investigated in the cROP with anhydrides, utilizing metal salen complexes, and 

showed high activities of certain metal salen complexes for LO/anhydride 
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copolymerization. Considering dihydroxy end-capped polyesters as a requirement 

for coating resin applications, the role of difunctional chain transfer agents (CTAs) 

was also investigated in this system and it turned out that the polymer molecular 

weights can be tuned in the presence of these CTAs. The salen chromium catalyst 

proved to be one of the most stable catalysts in the presence of such CTAs. 

A different type of catalyst, viz. a bis (phenoxy) zinc complex which produces 

not only poly(ester-co-ether)s but also in some cases can result in pure polyesters 

depending on the conditions, was also applied in this polymerization system. 

Although there is still a long path to go before fully bio-based polymeric 

materials can be produced in an industrially feasible way via this catalytic route, 

cROP of epoxides/anhydrides definitely has potential and the initial results are 

quite promising and might very likely generate more inspiration along the way.  
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