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Abstract 

Ring-opening polymerization (ROP) of lactones is a valuable method for the synthesis of 

aliphatic polyesters with promising material properties comparable to current commodity 

plastics. Besides their (bio)degradability, these polymers offer the potential of chemical 

recyclability as a consequence of the monomer–polymer equilibrium present in ROP. In this 

thesis, catalyst and monomer design studies were performed to unlock the full potential of 

ROP. Catalyst design focused on the utilization of tunable and flexible salan-type frameworks 

for group 3 and 13 initiators. An indium salan alkoxide catalyst was tested in the ROP of various 

cyclic esters including β-butyrolactone, γ-butyrolactone, ɛ-caprolactone, ɛ-decalactone and 

lactide. In contrast to a related but more constrained indium catam-type initiator, the salan-type 

species combined high catalytic activity with broad monomer scope, demonstrating its 

versatility. The indium salan all-rounder catalyst was subsequently employed in the 

copolymerization of one-pot monomer mixtures. Here, it showed monomer-selective 

polymerization behavior in the ROP of β-butyrolactone and ɛ-decalactone, generating well-

defined AB-, BAB-, and ABAB-type block copolymers. The ROP of β-butyrolactone is 

particularly promising as it gives access to poly(3-hydroxybutyrate) (PHB). While naturally 

produced, bacterial PHB has an isotactic stereomicrostructure and represents an auspicious 

biodegradable alternative to current commodity plastics, the chemical synthesis via ROP 

additionally enables atactic and syndiotactic stereomicrostructures. Hence, catalyst design is 

crucial for a stereocontrolled ROP of β-butyrolactone and a high-throughput approach was 

developed for that. The in situ catalyst generation, in combination with rational tuning of 

electronic and steric parameters of the salan ligand framework, allowed for the rapid 

identification of structure-property relationships in the yttrium-catalyzed ROP of 

β-butyrolactone. Using this high-throughput approach, a novel yttrium salan catalyst platform 

was found to give access to highly isotactic PHB with polyolefin-like thermomechanical 

properties. Expanding ROP beyond synthesis of (bio)degradable polymers, monomer design 

studies within this work focused on the generation of polyesters with intrinsic chemical 

recyclability. The ROP of a hybridized, bicyclic lactone with 6-membered ring core structure 

derived from norcamphor was investigated. High molecular weight alicyclic polyesters were 

obtained and thermolysis furnished selective and quantitative depolymerization to the pristine 

monomer, thus closing the monomer–polymer loop. 
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Zusammenfassung 

Die Ringöffnungspolymerisation (ROP) von Lactonen ist eine wertvolle Methode, um 

aliphatische Polyester mit vielversprechenden Materialeigenschaften, vergleichbar mit denen 

gegenwärtiger Massenkunststoffe, zu synthetisieren. Neben ihrer (Bio-)Abbaubarkeit bieten 

diese Polymere das Potenzial von chemischem Recycling aufgrund des vorhandenen 

Monomer–Polymer-Equilibriums in ROP. In dieser Arbeit wurden Studien zum Katalysator- 

und Monomerdesign durchgeführt, um das volle Potential der ROP zu entfalten. Das 

Katalysatordesign fokussierte sich auf die Verwendung abstimmbarer und flexibler 

Ligandengerüststrukturen des Salan-Typs für Initiatoren der Gruppe 3 und 13. Ein Indium-

Salan-Alkoxid Katalysator wurde in der ROP verschiedener cyclischer Ester, einschließlich 

β-Butyrolacton, γ-Butyrolacton, ɛ-Caprolacton, ɛ-Decalacton und Lactid, getestet. Im 

Gegensatz zu einem verwandten, aber weniger flexibleren Indium Initiator vom Catam-Typ 

zeigte die Salan-Spezies ihre Vielseitigkeit durch eine hohe katalytische Aktivität kombiniert 

mit einem breiten Monomerspektrum. Anschließend wurde der Indium-Salan Allrounder-

Katalysator in der Copolymerisation von Monomermischungen verwendet. Hier zeigte dieser 

in der ROP von β-Butyrolacton und ɛ-Decalacton ein monomerselektives Polymerisations-

verhalten und generierte definierte Blockcopolymere vom AB-, BAB- und ABAB-Typ. Die ROP 

von β-Butyrolacton ist besonders vielversprechend, da sie Zugang zu Poly(3-hydroxybutyrat) 

(PHB) ermöglicht. Während natürlich hergestelltes, bakterielles PHB eine isotaktische 

Stereostruktur aufweist und eine erfolgsversprechende biologisch abbaubare Alternative zu 

gängigen Massenkunststoffen darstellt, lässt die chemische Synthese mittels ROP zusätzlich 

ataktische und syndiotaktische Stereomikrostrukturen zu. Aufgrund dessen ist das 

Katalysatordesign für eine stereokontrollierte ROP von β-Butyrolacton unverzichtbar und es 

wurde dafür ein Hochdurchsatzverfahren entwickelt. Die in situ Katalysatorbildung erlaubte im 

Zusammenspiel mit der rationalen Feinabstimmung der elektronischen und sterischen 

Parameter des Salan-Ligandengerüsts die rasche Identifizierung von Struktur-Eigenschafts-

Beziehungen in der Yttrium-katalysierten ROP von β-Butyrolacton. Mittels dieses 

Hochdurchsatzverfahrens wurde eine neuartige Yttrium-Salan-Katalysatorplattform gefunden, 

welche Zugang zu hochisotaktischem PHB mit polyolefinartigen thermomechanischen 

Eigenschaften gewährt. Um die ROP über (bio-)abbaubare Polymere hinaus zu erweitern, 

fokussierten sich in dieser Arbeit die Studien zum Monomerdesign auf die Entwicklung von 

Polyestern mit intrinsischer chemischer Recycelbarkeit. Die ROP eines hybridisierten, 

bicyclischen Lactons mit 6-gliedriger Ringkernstruktur, abgeleitet von Norcampher, wurde 

untersucht. Hochmolekulare, alicyclische Polyester wurden erhalten und mittels Thermolyse 

eine selektive sowie quantitative Depolymerisation zum ursprünglichen Monomer erzielt – und 

somit der Monomer–Polymer Kreislauf geschlossen. 
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1 Introduction – Polymers for the Second Century of Polymer Chemistry 

The year 2020 marked the beginning of the second century of polymer chemistry and based 

on the successful first century with rapid developments in the field, the scientific contributions 

of polymer chemists within the next 100 years will help to overcome major global challenges 

society is facing.1 It was in 1920 that Hermann Staudinger published his seminal work ‘Über 

Polymerisation’.2,3 While polymeric materials have already been used prior to that, their 

molecular structure was unknown and controversially discussed by scientists at that time. 

Staudinger correctly proposed that polymers are in fact long chains of covalently linked building 

blocks, so called macromolecules, and not colloidal structures or aggregates, which was the 

prevailing opinion of many researchers.1,2,4,5 Nowadays, he is considered as the father of 

polymer chemistry and most likely, by then, he could not have imagined the enormous positive 

impact polymers would have on our daily life today.4 It was the work of Karl Ziegler and Giulio 

Natta on ethylene and propylene polymerization catalysis in the early 1950s that laid the 

foundation for the industrial mass production of polyolefins.6 While 2 million metric tons (Mt) of 

plastics were produced in 1950, the global production increased to 407 Mt of primary plastics 

in 2015 and polyolefins make up the largest share of all plastics produced today (Figure 1).7 

The reasons for this drastic increase in plastic production are the outstanding properties of this 

material class and the plethora of applications it has found, considerably improving daily life 

from food packaging to light-weight materials for construction or engineering applications to 

biomedicine solutions to consumer goods.4,6 

 

 
Figure 1. Share of different polymers in the total plastics production and waste generation in 2015, and end-of-life 
fates of post-consumer-waste plastics packaging. PVC, poly(vinyl chloride); PET, poly(ethylene terephthalate); 
PUR, poly(urethane)s; PS, polystyrene. Other includes produced fibers.7-9 

 
However, when it comes to the end-of-life fate of these materials, their strength and durability, 

which is one of their benefits during lifetime, becomes a major drawback and results in the 

accumulation of plastic waste in the environment with severe side effects.7,10-13 In 2017, it was 

estimated that 8300 Mt of virgin plastics has been manufactured from 1950 to 2015, and 
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6300 Mt of plastic waste has been generated. An estimated 407 Mt of plastics were produced 

in 2015 while 302 Mt of plastic waste was generated in the same year (Figure 1). Most of this 

waste (79%) is accumulated in landfills or in the environment, and only a small fraction has 

been recycled (9%). Very similar numbers have been estimated for single-use post-consumer-

waste plastic packaging.7,8 The persistence of current commodity plastics in the environment 

and the loss of material value if plastics are not recycled but simply discarded has become a 

pressing global issue that requires urgent action.14 Single-use packaging waste accounts for 

47% of the total plastic waste and the loss in material value is estimated at US$ 80–120 billion 

annually.7,8 Additionally, scenarios show that by 2050, the oceans could contain more plastic 

than fish by weight if no changes are made.8 Materials with similar or even enhanced properties 

compared to today’s commodity plastics but with beneficial end-of-life options such as 

biodegradability or chemical recyclability are thus highly needed. Fortunately, polymer 

chemists do have the right tools at hand and the research areas of non-fossil fuel based, 

biodegradable as well as recyclable polymers are rapidly developing.9,15-21 Within this field, 

aliphatic polyesters have gained considerable attention due to their comparable properties to 

commodity plastics such as polyethylene (PE), polypropylene (PP) or polystyrene (PS).15,19,22,23 

In contrast to PE, PP or PS, which only possess stable, nonpolar carbon–carbon linkages in 

their polymer chain, the polar carbonyl units in the backbone of aliphatic polyesters comprise 

a point of attack and enable simple chain scission. Consequently, these polyesters are 

degradable or even biodegradable in the environment, and recycling approaches such as 

chemical recycling to monomer or to value-added chemicals becomes feasible.19,23,24 While 

the current production volumes of biobased and/or biodegradable polymers are still very low 

in comparison to traditional commodity plastics, they are expected to grow substantially within 

the next few years.25 The second century of polymer chemistry will most likely be a tremendous 

success story for this specific class of polymers. 
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2 Ring-Opening Polymerization as Convenient Method for the Synthesis 

of Aliphatic Polyesters 

2.1. General Remarks and Thermodynamics of Ring-Opening Polymerization 

Aliphatic polyesters are a class of materials with promising properties that can be produced 

via different methods, yet three main routes have been established (Scheme 1).22,23,26,27 The 

polycondensation of diacids or diesters with diols is a well-studied process and traditionally 

applied for the industrial synthesis of current commodity polyesters such as poly(ethylene 

terephthalate) (PET). Similarly, the self-condensation polymerization of hydroxy acids gives 

access to polyester materials. These methods have the advantage of a broad range of 

monomers that are available and enable the synthesis of polyesters with diverse structural 

features. However, for these processes, harsh polymerization conditions are required, control 

over the molecular weight is limited and sophisticated polymer structures such as block 

copolymers are difficult to access.26 Ring-opening polymerization (ROP) of cyclic esters 

overcomes these issues and is the most promising and efficient method for the synthesis of 

aliphatic polyesters. ROP enables the production of polyesters with very narrow 

polydispersities (Ð), tunable molecular weights and high end-group fidelity under mild reaction 

conditions while maintaining high polymerization rates. Additionally, ROP can be performed as 

living-type polymerization when metal-based catalysts or organocatalysts are employed and 

thus, the control over the polymerizations is usually excellent and allows for the synthesis of 

polymers with defined molecular weight and defined microstructures such as block 

copolymers.22,23,28,29  

 

 
Scheme 1 Schematic representation of main synthesis routes for the production of aliphatic polyesters: 
polycondensation of diacids or diesters with diols (top), polycondensation of hydroxy acids (middle) and ring-
opening polymerization of cyclic esters (bottom).22,23,26,27 
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Concerning the structural variety of aliphatic polyesters accessible via ROP, limitations only 

exist in the (simple) availability of cyclic monomers. Within the last few decades, the scope of 

monomers has been remarkably broadened and a plethora of lactones and cyclic diesters from 

4-membered up to 17-membered rings have been reported for ROP.22,23,27,30,31 Additionally, 

ROP of O-carboxyanhydrides is another promising strategy for accessing polyester 

materials.32 Besides these methods, radical ROP of cyclic ketene acetals is an additional route 

towards aliphatic polyesters, albeit less commonly employed and more restricted in terms of 

monomer scope.33 The alternating ring-opening copolymerization (ROCOP) of epoxides and 

cyclic anhydrides has gained increasing attention in recent years since the wide range of 

available epoxides and anhydrides substantially broadens the structural diversity of accessible 

aliphatic polyesters. This specific field of ROP is beyond the scope of this thesis and detailed 

overviews of current advances can be found in excellent review articles.34,35 

Focusing on the ROP of cyclic esters, distinctions have to be made between small-sized (up 

to 6-membered rings), medium-sized (7- to 11-membered rings) and large-sized lactones 

(12-membered rings and higher, i.e. macrolactones). The ROP of small- and medium-sized 

lactones is enthalpically driven by the release of the ring strain, whereas macrolactones exhibit 

minimal ring strain and therefore their polymerization is entropically driven by a less-hindered 

chain rotation in the polymer than in the monomer. Consequently, the ROP of macrolactones 

requires higher reaction temperatures compared to small- and medium-sized lactones.31,36 

Besides this general classification, the monomer structure such as ring size and degree of 

substitution strongly influences polymerizability, and the equilibrium polymerization behavior 

of a lactone is also affected by the monomer concentration. The ceiling temperature (Tc) is a 

measure for the polymerization behavior of the monomer and is the temperature at which the 

polymerization rate equals the depolymerization rate. This equilibrium behavior is of utmost 

practical importance when novel monomers are designed and rapid and high conversion of 

monomer to polymer is desired (polymerization temperature well below Tc) or when chemical 

recycling of polymers back to monomer is targeted (depolymerization temperature well above 

Tc).36,37 The magnitude of Gibbs free energy of polymerization (∆Gp) correlates with the 

polymerization equilibrium behavior. For the highly strained 4-membered β-propiolactone 

(β-PL) and 7-membered ɛ-caprolactone (ɛ-CL), ∆Gp is very low and thus polymerization highly 

favored at ambient temperatures (Figure 2).28,36,38,39 For the “nonstrained” 5-membered 

γ-butyrolactone (γ-BL), ∆Gp is >0 at ambient temperatures.28,38 This has led to the widespread 

assumption that γ-BL is non-polymerizable.28,40 However, performing the polymerization at 

very low temperatures (T = −40°C) enabled the successful ROP of γ-BL towards 

poly(γ-butyrolactone) (PGBL), demonstrating the importance of thermodynamic pre-synthetic 

considerations and polymerization conditions in ROP.40 Substitutions such as cyclohexyl rings 

fused to the γ-BL core strongly increased Tc and polymerization of such lactones became 
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feasible even at room temperature, highlighting the strong influence of substitutions on the 

polymerizability of a certain monomer.41-43 Similarly, 6-membered rings show a strong 

dependence of polymerization behavior on substitutions but are generally easier polymerized 

than γ-BL and its derivatives.36 ROP of δ-valerolactone (δ-VL) is thermodynamically favored 

(∆Gp ≈ −6.0 kJ mol-1), whereas the Tc is drastically reduced with increasing length of alkyl chain 

substitution.28,36,38,39 In contrast to that, L-lactide (L-LA), a disubstituted 6-membered diester, 

has beneficial polymerization thermodynamics (∆Gp ≈ −15.5 kJ mol-1) and is conveniently 

polymerized to high conversion even at high reaction temperatures (Figure 2).28,44 

 

 
Figure 2. Correlation of ∆Gp with ring size. ∆Gp of lactones β-PL, γ-BL, δ-VL, ɛ-CL, and cyclic diester L-LA for 
polymerization conditions at 298 K and ambient pressure.28,36,38,39,44 

	
If the thermodynamics for a specific monomer are favorable, its efficient polymerization is 

nonetheless not guaranteed.36 Catalysts are essential for ROP and the specific type of catalyst 

used highly influences polymerization outcome.22,27,29 Mechanistically, ROP proceeds via 

either a coordination-insertion, anionic, cationic, or activated monomer mechanism.28 

Homogeneous metal-based catalysts are most widely applied in the field of ROP and typically 

follow a coordination-insertion mechanism (vide infra). They have shown remarkable activity, 

control over the polymerization and, in the specific case of racemic monomers, 

stereoselectivity. The central metal atom as well as the coordination geometry and electronic 

influence of the ligand framework play a crucial role.22,27-29 A detailed overview of the most 

prominent metal-based catalysts is provided in chapter 2.3. Besides metal catalysts, 

organocatalysts have demonstrated promising results in ROP as these types of catalysts 

provide polymers without metal residues, which is an important advantage for applications in 

microelectronic devices or in biomedicine.45,46 The use of organocatalysts is often considered 

as sustainable alternative to conventional metal catalysts in terms of toxicity, however, this has 

to be viewed with caution as the toxicity of novel organocatalysts is often unknown and needs 

to be further investigated.47  
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2.2. Scope of Monomers in Ring-Opening Polymerization and Polymer Properties 

As a consequence of the strongly increasing academic and industrial interest in ROP, a 

plethora of monomers have been explored within the last few decades and these span various 

ring sizes from 4- to 17-membered lactones as well as diverse substitutions (Figure 3). Lactide 

(LA), β-butyrolactone (β-BL) and ɛ-CL are among the best studied monomers in the field 

(Figure 3, highlighted in bold) as the resulting polyesters have comparable material properties 

to some commodity plastics. β-PL, δ-VL and glycolide are also commonly used as well as 

ω-pentadecalactone in the field of macrolactones. 

 

 
Figure 3. Overview of diverse lactones and cyclic diesters with various ring sizes for ring-opening polymerization. 
Most prominent monomers of each class are highlighted in bold.19,22,23,27-29,31,37,48-62 

 
Numerous catalysts have been reported to date for these monomers and those will be covered 

in detail in chapter 2.3. Using LA, β-BL or ɛ-CL as benchmark monomers allows for a thorough 

understanding of parameters influencing ROP and for establishing structure-property 

relationships in catalyst design.22,27-29,31,48 In the case of β-BL and LA, where one or two 

stereocenters, respectively, are present in the molecule, various stereomicrostructures 
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(tacticities) of the resulting polyester exist.22,27,29 Generally, the tacticity gives information about 

the relation of adjacent stereocenters along the polymer main chain. At the diad level, the 

relation of two successive stereocenters is examined, whereas at the triad level, three 

successive stereocenters are assessed (Scheme 2). Based on this, a classification into 

isotactic polymers with meso-linkages (mm), syndiotactic polymers with racemic-linkages (rr) 

and heterotactic polymers with alternating linkages (mr) can be made. The probability of meso-

linkages is defined as Pm whereas the probability of racemic-linkages is defined as Pr. For 

perfectly isotactic polymers Pm = 1 and for perfectly syndiotactic polymers Pr = 1. Pm and Pr 

are interrelated via Pm = 1− Pr. If the stereocenters are randomly configured, an atactic polymer 

is present and Pm = Pr = 0.5. The tacticity of a polymer strongly influences its crystallinity and 

thus, has a strong impact on its thermal and mechanical properties.27,63 

 

 
Scheme 2. Polymer stereochemistry. r = racemic-linkage, m = meso-linkage.63 

 

Poly(3-hydroxybutyrate) (PHB), the most prominent member of biodegradable 

poly(hydroxyalkanoates) (PHAs), can be synthesized chemically via ROP of β-BL but is also 

naturally produced by bacteria and various other living microorganisms as energy storage 

material. Naturally occurring PHB is perfectly isotactic with all stereocenters in 

(R)-configuration, resulting in a semi-crystalline, high-melting, thermoplastic material. Its 

properties can compete with current commodity plastics and especially resemble those of 

isotactic polypropylene (i-PP) regarding thermal properties and mechanical properties such as 

Young’s modulus, tensile strength and impact strength (Table 1). Additionally, it has a high 

resistance against ultraviolet radiation and high oxygen barrier.23,29,64,65 Bacterial PHB shows 

a melting temperature (Tm) of around 177°C, glass transition temperature (Tg) of around 5°C, 

and high Young’s modulus and tensile strength of 1.6 GPa and 38 MPa, respectively. These 

properties render biodegradable PHB an ideal candidate for the replacement of commodity 

plastics such as i-PP or high density polyethylene (HDPE) and reveals great promise in 

packaging applications, which are the main contributor to single-use plastics waste.23,66 

Nevertheless, various challenges for the successful commercialization of PHB are still existing. 

The high crystallinity of perfectly isotactic PHB results in a stiff and brittle material with very 

low elongation at break (ɛB = 5%).66 The high melting temperature of PHB which is relatively 
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close to its decomposition temperature (Td ≈ 250°C) hampers melt processing and in 

combination with its brittleness the potential of PHB for industrial application is currently 

limited.23,67,68 Additionally, the fermentative production of PHB is cost-intensive and restricted 

in scalability, thus, incapable of competing with cheap fossil fuel-based polyolefin 

production.23,65 

 
Table 1. Comparison of thermal and mechanical material properties of aliphatic polyesters PHB and PLA with 
current commodity plastics 23,24,66,69 

polymer 
Tg  

(°C) 

Tm  

(°C) 

Young’s modulus 

(GPa) 

tensile strength 

(MPa) 

elongation at 

break (%) 

bacterial PHB 5 177 1.6 38 5 

isotactic PLA 55–65 170–200 3.5 60 <10 

i-PP −10 170–176 1.0–1.7 29.3–38.6 500–900 

HDPE −95 112–132 0.4–1.0 17.9–33.1 12–700 

PET 75 250–265 2.2–2.9 56–70 100–7300 

PS 100 237 3.0–3.1 50 3–4 

 

The chemical synthesis of PHB via ROP of β-BL has the potential to overcome these 

challenges (Scheme 3A). β-BL is a commercially available monomer and can be easily 

synthesized from an inexpensive and abundant propylene oxide feedstock via atom-efficient 

carbon monoxide insertion.23,29,70 This route can be realized from established fossil fuel-based 

chemistry but the CO2-based propylene production via methanol is a valuable alternative 

option for a sustainable feedstock synthesis, as well (Scheme 3B).23,71,72 Very recently, the 

synthesis of PHB via ROP of an 8-membered diolide has been reported (Scheme 3A).55 While 

this is an elegant approach and demonstrates the potential of synthetic PHB production, the 

elaborate multi-step monomer synthesis is a severe drawback when it comes to industrial 

applicability.55-57  

 

 
Scheme 3. A) Synthesis pathways towards isotactic PHB. Fermentative production, ROP of β-BL and ROP of 
8-membered diolide. B) Monomer synthesis of β-BL starting from CO2. i) Catalytic hydrogenative conversion, ii) 
methanol to propylene process (MTP), iii) hydrogen peroxide to propylene oxide process (HPPO), iv) carbonylative 
ring expansion.23,29,55,70-72 
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Considering the ROP of β-BL, an industrial process demands the use of cheap racemic β-BL 

instead of expensive enantiopure monomers.29,66,73,74 Thus, controlling the stereoregularity is 

crucial as atactic PHB has an amorphous nature with poor polymer characteristics and 

syndiotactic PHB is not biodegradable.29,66,75 Specifically designed metal-based catalysts are 

required that enable the synthesis of isotactic PHB and allow for a subtle adjustment of their 

stereocontrol. The chemical synthesis via ROP of β-BL facilitates the production of PHB with 

reduced degree of isotacticity that is otherwise inaccessible via biotechnological routes. 

Reducing the isotacticity of the polymer lowers its crystallinity and as a consequence melting 

temperature and brittleness are decreased, ultimately enabling melt processing of the polymer 

and improving the properties for industrial applications.29,63 Early work by Doi et al. showed 

that the Tm of (R)-PHB with certain amount of (S)-stereo errors is reduced from 177°C (Pm = 1) 

to 132°C (Pm = 0.84) to 107°C (Pm = 0.76) to 92°C (Pm = 0.68), and inversely, the elongation 

at break increases from 5% to 740% (Table 2).66,73 The authors also investigated the 

biodegradation behavior of those samples and found that synthetic (R)-PHB with reduced 

isotacticity is degraded faster than biological PHB (Pm = 1), due to the larger amorphous 

regions in the polymer that are easier attacked by degrading bacteria than the highly crystalline 

domains.24,66,75  

 
Table 2. Thermal and mechanical properties of PHBs with variable degrees of isotacticity 66  

Pm 
Tg 

(°C) 

Tm 

(°C) 

degree of crys-

tallinity Xc (%) 

Young’s 

modulus (MPa) 

tensile strength 

(MPa) 

elongation at 

break (%) 

1.00 5 177 62 ± 5 1560 38 5 

0.84 6 132 49 ± 5 1190 15 7 

0.76 6 107 45 ± 5 310 11 10 

0.68 5 92 40 ± 5 90 11 740 

 

Apart from its beneficial biodegradation properties, PHB offers chemical recyclability as an 

additional end-of-life option. While the material value of the polymer is lost when it is 

biodegraded to CO2, H2O and other small molecules, chemical recycling is a promising 

alternative where the material value is retained and polymers with virgin properties can be 

(re)produced, closing the loop in polymer economy.9,19,76 Under acidic, Lewis acidic or basic 

conditions, PHB is easily depolymerized to 3-hydroxybutyrate and crotonic acid.76-78 

Decarboxylation of crotonic acid yields propylene, the starting material for β-BL production, 

and thus closes the material loop.79 Additionally, processes such as the hydrothermal 

depolymerization of PHB have demonstrated access to propylene in an one-step route.80 The 

selective depolymerization towards β-BL has not been reported so far and is 

thermodynamically highly unfavorable due to the high ring strain of β-BL. Instead, cyclic trimers 

and higher oligomers of 3-hydroxybutyrate were obtained upon dilute acidic reaction 
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conditions. The polymerization of the cyclic trimer is however challenging and only gave PHB 

in low yields with low molecular weights.81,82 Alcoholysis of PHB yields valuable small molecule 

precursors and provides alternative starting points for regeneration of embedded polymer 

material value, among other processes.76,83-87 

In contrast to PHB, the synthesis of poly(lactide) (PLA) via ROP of L-LA is already performed 

at the commercial level and PLA is by now one of the most widely used bioplastics today.25 Its 

thermal and mechanical properties are comparable to those of PET and PS (Table 1). Similarly 

to PHB, isotactic PLA is a very stiff and brittle material with an elongation at break below 10% 

and requires plasticizers for its specific applications.23,24 Academic research also focusses on 

the utilization of rac-LA for the production of PLA, where the properties of the generated 

polyesters are strongly dependent on the degree of stereoregularity.22,27,63 PLA shows 

relatively fast degradation rates under industrial composting conditions (T > 60°C) and slow 

hydrolysis in the natural environment at land. However, PLA biodegradation is negligible in 

marine environments and its resistance against degradation is as high as its petrochemical 

counterparts, which is a strong disadvantage compared to sea water degradable PHB.88,89 

Industrial depolymerization of PLA in order to retain the material value shows great promise 

and the ring-closing depolymerization to selectively recover L-LA monomer has already been 

demonstrated at the laboratory scale.76,90  

 

Beyond those commonly applied cyclic esters such as β-BL and LA, novel monomers sourced 

from renewable feedstocks are gaining increased attention as well as lactones which can be 

used for the synthesis of functional polymers (Figure 3). Lactones as well as cyclic diesters 

reported for ROP span various ring sizes and show a broad structural diversity regarding their 

substitution patterns.19,22,23,27-29,31,48,49 Monomers with alkyl substitutions are frequently 

investigated in ROP as the substituent allows for subtle tuning of material properties of the 

resulting polyester. Methyl-substituted ɛ-caprolactones, for example, are sustainable 

monomers based on cresols derived from renewable lignin bio-oil.50 Another prominent class 

of biobased monomers are lactones on a terpene basis such as 4-isopropyl-caprolactone, 

menthide, carvomenthide, dihydrocarvide or carene and verbanone lactones.36,51-54 While the 

monomer synthesis often consists of multiple steps and still demands for further improvements 

in terms of sustainability, terpenes are a promising feedstock furnishing the synthesis of a 

highly diverse set of aliphatic polyesters.18,53 Besides alkyl substitutions, monomers bearing 

functional groups such as β-malolactones or methylene substituted lactones provide advanced 

polymers for use as smart materials or options for additional post-polymerization 

functionalization.62,91,92 Another strategy is the use of cyclic diesters that give access to 

structurally diverse polymers.55-61 The ROP of macrolactones has found interest as polyesters 

with large linear segments of carbon–carbon linkages are obtained, thus being similar to PE, 
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but degradation is facilitated by the ester units.31 Fusion of cyclopentyl or cyclohexyl rings with 

lactones to generate bicyclic monomers has become a promising strategy in monomer design 

for enabling chemically recyclable polymers and is discussed in detail in chapter 2.5.9,37 Those 

examples demonstrate the versatility of cyclic esters available for ROP and the structural 

diversity of the resulting aliphatic polyesters. With specifically designed monomers at hand, 

ROP is a highly valuable method that gives simple and rapid access to (bio)degradable and/or 

chemically recyclable polymers. 
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2.3 Catalysts for Ring-Opening Polymerization 

2.3.1 Mechanisms, Side Reactions and Immortal Ring-Opening Polymerization 

Catalysts play a vital role in the ROP of cyclic esters and most commonly the ROP proceeds 

either via a cationic, anionic, coordination-insertion or activated monomer mechanism. Anionic 

and coordination-insertion polymerizations are the prevalent types in the field and the former 

is observed with nucleophilic reagents such as metal alkoxides as initiators. The alkoxide 

attacks the carbonyl of the monomer followed by ring-opening via acyl–oxygen bond cleavage. 

The newly generated alkoxide then ring-opens the next monomer and the polymer chain is 

propagating (Scheme 4A).23,28 In the specific case of β-lactones such as β-BL two mechanistic 

pathways have been observed, which includes an alkyl–oxygen bond cleavage in addition to 

acyl–oxygen bond cleavage. In case of cleavage of the acyl–oxygen bond, an alkoxide is the 

propagating chain end and retention of the stereoconfiguration is observed, whereas for the 

alkyl–oxygen pathway, a carboxy end-group is present and the configuration of the 

stereocenter is inverted (Scheme 4B).29 

 

 
Scheme 4. A) Mechanism of anionic ring-opening polymerization and B) mechanistic pathways in the particular 
case of β-lactones including acyl–oxygen or alkyl–oxygen bond cleavage.23,28,29 

 
The anionic ROP of lactones is a living-type polymerization yet control over the molecular 

weight and end-group of the polymer is often lost due to side reactions such as inter- and 

intramolecular transesterifications or β-hydride elimination (Scheme 5). While intermolecular 

transesterifications result in a broadening of the polymers’ dispersity, intramolecular 

transesterifications generate cyclic oligomers or polymers as side product. β-hydride 

eliminations are particularly observed in ROP of β-BL and lead to crotonate as well as 

carboxylate chain-ends which are capable of deactivating the metal catalyst. The extent to 
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which these side reactions are observed is strongly dependent on the applied initiator and the 

reaction conditions.23,28,93,94  

 

 
Scheme 5. A) Transesterification side reactions observed in ROP of cyclic esters exemplarily shown for β-BL 
polymerization towards PHB. B) β-H-elimination during ROP of β-BL is often observed and generates crotonate as 
well as carboxylate chain-ends.23,28,93,94 

 

Contrary to this, coordination-insertion polymerization using defined single-site metal catalysts 

overcomes these limitations and shows increased polymerization control. The first generation 

of metal catalysts for ROP was based on homoleptic metal complexes such as tin 

bis(2-ethylhexanoate) [Sn(Oct)2], zinc lactate, diethyl zinc (ZnEt2) or aluminum isopropoxide 

[Al(OiPr)3]. Further development led to today’s catalytic systems where the central metal atom 

is coordinated by one or more multidentate ligands that allow for precise adjustment of 

electronic and steric parameters, and by at least one nucleophilic ligand such as an alkoxide 

or amido group that is initiating the polymerization.22,27,29,48,95 The coordination–insertion 

mechanism for the ROP of cyclic esters employing these catalysts proceeds via coordination 

of the monomer to the metal center and subsequent addition of the nucleophilic initiating group 

of the catalyst to the carbonyl of the monomer (Scheme 6). This is followed by insertion into 

the metal–alkoxide bond via a 4-membered transition state and acyl–oxygen ring-opening, 
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resulting in a new metal–alkoxide species with a free coordination site that promotes further 

monomer coordination and propagation.22,23,28  

 

 
Scheme 6. Coordination-insertion mechanism for ROP of cyclic esters using metal-based catalysts with ligand 
framework Ln and nucleophilic (alkoxide) initiating group.22,23  

 

In metal-mediated coordination–insertion polymerization, catalysts are capable of inducing 

stereoselectivity when monomers with chiral centers such as β-BL or LA are used (Figure 4), 

either via i) a chain-end control mechanism where the chirality of the last inserted monomer 

determines the chirality of the next monomer to be incorporated or via ii) an enantiomorphic 

site-control mechanism where the chirality of the catalyst determines the enantiomer which is 

inserted next.27,29 Both mechanisms generate polymers with distinct stereochemical errors: in 

a chain-end-control mechanism, a misinsertion results in a propagation of the error, while in 

an enantiomorphic site control mechanism the error is corrected by the catalytic species 

(Figure 4, bottom panel, left). This leads to a different distribution of triads as for chain-end 

control the number of mr and rm triads is equal, but higher than either the rr or mm triad 

(Figure 4, bottom panel, right). Contrary, enantiomorphic site control exhibits an equal 

distribution of mr, rm and either the rr or mm triad.27 

In the classical living ROP each catalyst molecule is initiating one polymer chain and protic 

sources are capable of terminating the polymerization. In the immortal ROP however, which is 

considered a special subtype, such protic sources do not deactivate the catalyst but act as 

chain transfer agent and initiator (Scheme 7). Commonly used chain transfer agents include 

alcohols such as iso-propanol (iPrOH) or benzyl alcohol (BnOH). The number of growing 

polymer chains is equal to the amount of initial chain transfer agent used. Prerequisites for this 

behavior are a faster rate of initiation than propagation (ki >> kp) and the absence of termination 

reactions as for classical living ROP. Additionally, for successful immortal ROP, the transfer 

reactions between the dormant (OH-terminated) polymer chain and the active catalyst species 

bearing the growing polymer chain have to be faster than propagation (ktr >> kp). Besides this 
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major difference, the mechanism of immortal ROP with organometallic catalysts typically 

follows a coordination–insertion mechanism (vide supra).96-98 The amount of catalyst used can 

be drastically reduced with this technique and thus ensures cheaper and more sustainable 

processes. Moreover, the predefined amount of chain transfer agent applied gives high control 

over the molecular weight of the polymers. Practical limitations have been observed regarding 

the stability of some organometallic catalysts and developing catalysts with high tolerance 

against chain transfer agents remains an important goal in the field of ROP catalysis.96-103 

 

 
Figure 4. Stereomicrostructures of PHB and PLA accessible via ROP of rac-β-BL and rac-LA, respectively (top 
panels). Bottom panel: mechanisms of stereocontrol (left) and exemplary analysis of the triads of PHB via 
13C{1H} NMR analysis in the methylene region (right). The NMR spectra show syndiotactic PHB produced via chain-
end control mechanism and isotactic PHB produced via enantiomorphic site control mechanism (note the 
distribution of signal intensity of triads rm, mm, mr and rm, rr, mr, respectively).27,29,104 

 
 

 
Scheme 7. Schematic illustration of differences between classical living ROP (left) and immortal ROP (right).97 
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2.3.2 All-Rounder Catalysts in the Ring-Opening Polymerization of Cyclic Esters 

In chapter 2.1 the broad differences in polymerizability of cyclic esters depending on ring size 

and substitutions have been outlined. Given the variety of monomers that are available for 

ROP, it is highly desirable having catalysts at hand that show a high rate of polymerization for 

various lactones. Such initiators not only enable the simple and rapid synthesis of copolymers 

with tailored properties, but are also an important starting point for polymer chemists who focus 

on monomer design or polymer properties, and are interested in facile access toward the 

polymer without conducting elaborate catalyst screening studies. Here, all-rounder catalysts 

are the first choice in polymerization tests of novel monomers as previous successful ROP of 

related monomers usually indicates a high chance for efficient ROP of the new derivative (and 

is often observed empirically in the laboratory). Despite the ever-growing reports of catalysts 

for ROP of cyclic esters, the number of initiators combining a broad monomer scope with high 

polymerization activity for “benchmark” monomers β-BL, LA and ɛ-CL is fairly limited.22,23,27-29,95 

It is worth noting here, that some catalysts exhibit ultrahigh polymerization rates for one specific 

monomer yet activity for other lactones is strongly reduced.105-107 Similarly, initiators that have 

shown high stereocontrol in the ROP of rac-LA are non-stereoselective when rac-β-BL is the 

monomer (and vice versa).106,108-118 Polymerization parameters such as activity and 

stereocontrol of a catalyst are thus not (necessarily) transferable to different monomers even 

though the mechanism of their ROP is identical. Despite the high ring strain of β-BL, its 

polymerization is particularly challenging due to its tendency for side reactions (vide supra).29  

Sn(Oct)2 is used in the industrial production of PLA and poly(ɛ-caprolactone) (PCL), and is 

commonly applied for a variety of lactones. Similarly, titanium tetraisopropoxide [Ti(OiPr)4] and 

ZnEt2 have found widespread application. These initiators however often require high reaction 

temperatures and are prone to severe transesterification side reactions, usually revealing poor 

molecular weight control.22,28,48,59,119,120 The most prominent all-rounder catalysts for controlled 

ROP of a variety of cyclic esters are the β-diiminate zinc and yttrium amino-alkoxy-

bis(phenolate) systems developed by Coates et al. and Carpentier et al. (Figure 5 A and E). 

In the ROP of β-BL, LA and ɛ-CL, moderate to high turn-over-frequencies (TOFs) from 156 to 

154 440 h-1 were achieved.108,109,121-123 The zinc complex showed high stereocontrol in the 

ROP of rac-LA giving heterotactic PLA while in the ROP of rac-β-BL only atactic PHB was 

generated.108,109 Highly heterotactic PLA was also obtained by the yttrium initiator but high 

syndioselectivity was likewise observed in the ROP of rac-β-BL.122,123 Various steric and 

electronic substitutions at the ligand framework and variations of the nucleophilic initiating 

group have been explored in those two systems after their initial discovery.98,124 Beyond 

investigating catalyst design, they have found widespread applications such as in the ROP of 

challenging lactones,40 in the synthesis of polycarbonates via ROP of cyclic carbonates or 
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ROCOP of epoxides and CO2,125-127 and in the production of sophisticated copolymer 

structures.128 

Based on these promising results much research focused on zinc- and rare-earth metal-based 

(REM-based) complexes for ROP of lactones and the field is still dominated by catalysts 

utilizing these central metal atoms today.27,68,95 For example, a simple catalyst generated in 

situ from Zn[N(SiMe3)2] and BnOH showed very high activity in LA and ɛ-CL polymerization, 

yet activity was reduced for β-BL, highlighting again the challenging nature of this monomer 

(Figure 5 B).83 Initiators C and D showed similar ROP behaviors (Figure 5).129,130 Regarding 

REM-based allrounder catalysts for cyclic ester ROP, La(OiPr)3 revealed very high activity for 

LA and ɛ-CL, and reasonable polymerization rates for β-BL (Figure 5 F).39 Even higher rates 

were achieved using cerium(III)–NHC complex G which interestingly produced high molar 

mass cyclic PLA. While activity was ultrahigh for ROP of LA (TOF = 270 000 h-1), it was 

reduced for β-BL and ɛ-CL, albeit still high (TOF = 219 and 4440 h-1, respectively), and the 

polymerizations exhibited good control.107 

 

 
Figure 5. Highly active zinc and rare-earth metal all-rounder catalysts for the ROP of β-BL, ɛ-CL and LA.39,83,107-

109,121-123,129,130 Adapted from ref. 131 with permission from the Royal Society of Chemistry. 
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Besides zinc- and REM-based initiators, a plethora of catalysts with different metal centers as 

diverse as the periodic table has been reported but group 13 catalysts have shown particular 

potential. The interest in aluminum catalysts for ROP of cyclic esters is high as aluminum is an 

abundant, non-toxic metal. However, catalytic activity is often limited and high reaction 

temperatures are required. In contrast to most gallium compounds which are also hampered 

by low conversion, indium species have shown high potential in ROP catalysis and gained 

increasing research interest in recent years, mostly due to their strongly increased activity, 

higher air and moisture stability as well as tolerance against functional groups.132,133 This is 

demonstrated by a simple and robust catalyst system based on InCl3, BnOH and triethylamine 

(NEt3) which was found to efficiently catalyze the heteroselective ROP of rac-LA (Figure 6 

H).134,135 It was further used in polymerizations of ɛ-CL and ɛ-decalactone (ɛ-DL), which is a 

biobased alternative to ɛ-CL, and here even showed tolerance for primary amines as initiators 

besides typical alcohol derivatives.136 Mehrkhodavandi et al. reported a highly active dinuclear 

ONN-type indium catalyst for the ROP of β-BL and LA (Figure 6 I). The catalyst also exhibited 

high control over the polymerization under immortal ROP conditions using ethanol or hydroxy-

terminated poly(ethylene glycol) as chain transfer agents.102,137 

 

 
Figure 6. Highly active indium all-rounder catalysts for the ROP of β-BL, ɛ-CL and LA.102,111,134-138 Adapted from 
ref. 131 with permission from the Royal Society of Chemistry. 
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reported by Williams et al. which are capable of efficiently producing highly isotactic PLA 

(Pm up to 0.92) via a chain-end control mechanism. In ROP of rac-β-BL however no 

stereocontrol was observed and only atactic PHB isolated. These initiators also exhibited a 

broad monomer scope combined with high activity for ɛ-CL, ɛ-DL, and δ-caprolactone, 

highlighting the potential of indium-based initiators in ROP.111,139 

 

 

2.3.3 Catalysts for Stereoselective Ring-Opening Polymerization of Cyclic Esters 

Besides catalysts showing broad monomer scope, their capability of inducing stereoselectivity 

in ROP is also of crucial importance as material properties of PHB and PLA are strongly 
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stereoselectivity for rac-β-BL as well as rac-LA.122,123 Here, detailed investigations have shown 

the striking influence of the ortho-phenolic substituent R1 on stereoselectivity. The larger the 

steric demand of the substituent, the higher the heterotacticity of the PLA obtained was 

(Figure 7).140,141  

 

 
Figure 7. Correlation of stereoselectivity in ROP of rac-LA and rac-β-BL with ortho-phenolic position R1 using yttrium 
bis(phenolate) systems. Adapted from ref. 140 with permission from the Royal Society of Chemistry. 
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A similar trend in the ROP of rac-β-BL was observed as syndioselectivity increased from -CMe3 

to -CMe2Ph to -CPh3 (Pr = 0.80, 0.91 and 0.94, respectively). The stereoselectivity however 

was not purely dependent on the steric demand as a sterically comparable -CMe2
tBu group 

resulted in a decline (Pr = 0.70). The additional importance of electronic factors was 

demonstrated by a trifluoro methyl substituted -CMe2Ph group (i.e. -CMe2(4-CF3Ph)) which led 

to a substantial drop in syndioselectivity from Pr = 0.91 to 0.83 (Figure 7).140-142 Density 

functional theory (DFT) calculations further highlighted these electronic factors and suggested 

C–H…π interactions between the methylene protons of the growing polymer chain and the 

phenyl ring of the ortho-substituent, stabilizing the active species by 5–10 kcal mol-1. 

Analogous DFT calculations for these initiators revealed the absence of such interactions in 

the ROP of rac-LA, explaining the strict dependence of stereoselectivity on bulkiness of the 

ortho-substituent observed. Nevertheless, in both cases the mechanism of stereocontrol was 

chain-end control.140,141 

While the synthesis of heterotactic PLA from rac-LA is relatively easily achieved with defined 

organometallic catalysts (often via a chain-end control mechanism), its isotactic microstructure 

has turned out to be far more difficult to access.22,27 Pioneering work was conducted by 

Spassky et al. using salen-type aluminum complexes capable of kinetic resolution 

polymerization of rac-LA via an enantiomorphic site control mechanism affording highly 

isotactic PLA (Figure 8 L).143 Gibson et al. investigated aluminum salan complexes with various 

ligand substitution patterns and were able to establish structure-property relationships in the 

ROP of rac-LA. Salan complexes with an unsubstituted ortho-phenolic position, for example, 

demonstrated strong isoselectivity (Pm = 0.79) while chloro substitution afforded highly 

heterotactic PLA (Pr = 0.96) (Figure 8 M).144 Similarly, catalysts sharing the same ligand 

platform but showing a switch in stereocontrol based on their ligand backbone substitution 

were reported by Auffrant and Williams et al. (Figure 8 N). While yttrium phosphasalen initiators 

with an ethylene backbone were extremely active in ROP of rac-LA (TOF up to 158 000 h-1) 

and produced highly heterotactic PLA (Pr up to 0.90), their counterparts with an additional NH–

donor ligand in the backbone gave highly isotactic PLA (Pm up to 0.84) with excellent control 

over the polymerization. In both cases a chain-end control mechanism governed the 

stereocontrol.145 Further studies with respective lutetium and lanthanum complexes revealed 

a metal-size dependent stereoselectivity and additionally indium derivatives were found to 

promote the isoselective ROP of rac-LA (vide supra).111,115,139 Apart from those selected 

examples, the number of isoselective catalysts for the ROP of rac-LA has been constantly 

growing within the last two decades and today not only diverse metal-based initiators have 

shown high potential but also an increasing number of stereoselective organocatalysts.27 
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Figure 8. Catalysts for the highly stereoselective ROP of rac-LA.143-145 

 

When it comes to the ROP of rac-β-BL, achieving stereocontrol is much more difficult 

compared to rac-LA due to the challenging nature of this monomer. Nevertheless, a 

syndiotactic microstructure of PHB is overall easier to access than an isotactic one (something 
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complexes O or yttrium salan complex P (Figure 9).68,99,146-148 Magnesium and zinc complexes 

bearing a chiral aminophenolate framework produced syndiotactic-enriched PHB (Pr up to 

0.75, Figure 9 Q and R) and tin-based catalysts showed a similar degree of stereocontrol, yet 

activity was comparably poor.68,106,149 

 

 
Figure 9. Catalysts for the syndioselective ROP of rac-β-BL.99,106,147-149 
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(R)-3,3-dimethylbutane-1,2-diol that allowed for the kinetic resolution polymerization of 

rac-β-BL yielding isotactic (R)-PHB and enriched unreacted (S)-enantiomer in 46%ee 

(Figure 10 S). A higher activity compared to the aluminum systems was observed, yet the 

product again consisted of a mixture of atactic methanol-soluble and isotactic-enriched 

insoluble (Pm ≈	0.8, ≈	25 wt%) fractions. Replacing ZnEt2 in this system for AlEt3 or CdMe2 

resulted in an almost complete loss of stereoselectivity.156 

The first discrete metal complexes for the synthesis of isotactic-enriched PHB were reported 

by Rieger et al. in 2008. These chromium salophen catalysts generated high-molecular weight 

PHB (Mw up to 780 kg mol-1, Ð > 5.2) with an isotacticity of Pm up to 0.67 and melting 

temperatures within a range of 116 to 149°C (Figure 10 T). Besides the broad dispersity of the 

obtained material, control over the molecular weight was also limited. Activity of the catalysts 

was positively influenced by substitution with electron withdrawing halogen substituents at the 

phenyl backbone but stereoselectivity was almost unaffected thereof. Strongly electron 

withdrawing groups such as -CF3 or -CN as well as alkyl substitutions however resulted in a 

loss of isotacticity.157,158 A stereocontrol mechanism based on bimetallic cooperation of two 

achiral catalyst centers was initially suggested, however, later studies have shown a complex 

mechanism to be present which involves the generation of heterogeneous catalytically active 

species.157,159 Related conformationally flexible dimeric chromium salophen complexes 

showed an increased activity in ROP of rac-β-BL but stereocontrol was lost in this case.160 

 

 
Figure 10. Catalysts for the isoselective ROP of rac-β-BL reported by the groups of Spassky, Rieger, and Gauvin 
and Thomas.156,157,161 
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limitation in achieving high molecular weight (TOF = 6 h-1, Mn < 12 kg mol-1) hamper the 

industrial application of this system. The respective silica-supported lanthanum catalysts 

surprisingly showed no stereocontrol and additionally demonstrate the complexity of the 

grafting approach and understanding its relevant parameters.161 

Two very recent reports by Yao et al. and Robinson et al. highlighted the potential of 

homogeneous REM-based catalysts: the first group developed yttrium and ytterbium salan-

type complexes while the latter used a lanthanum complex with a bis(phenolate) 

framework.94,162 Particularly interesting in the case of the salan complexes was the 

stereoselectivity-dependent substitution of the tertiary amine in the ligand framework 

(Figure 11). An N-phenyl substitution led to an isotactic stereomicrostructure (Pm = 0.66–0.72), 

whereas N-cyclohexyl gave a syndiotactic one (Pm = 0.22–0.23) and N-tert-butyl an atactic one 

(Pm = 0.52–0.54). This switch in selectivity was unprecedented and the authors speculated that 

the reason for this was rather an electronic than a steric effect of the substituents at the ligand. 

The influence of the metal center was small as both yttrium and ytterbium complexes followed 

the same trend. Reducing the polymerization temperature from 25 to 0°C further enabled a 

higher stereocontrol and PHB with a Pm of 0.77 was obtained. The polymers were 

characterized by a relatively high molecular weight (Mn up to 81 kg mol-1) and slightly 

broadened dispersity (Ð = 1.2–2.2). Polymerization control could be increased by addition of 
iPrOH to the catalyst prior to ROP, albeit at the expense of reduced stereocontrol. The variety 

of stereomicrostructures accessible with these catalysts highlights the potential of the highly 

tunable salan framework regarding steric and electronic factors.162  

 

 
Figure 11. Yttrium and ytterbium salan complexes reported by Yao et al. showed a high sensitiveness on the 
stereoselectivity in ROP of rac-β-BL depending on the N-substituent.162 
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donor ligands such as phosphine oxides (OPR3) was crucial for boosting isoselectivity. When 

trioctylphosphine oxide was used, ROP of rac-β-BL became isoselective and stereocontrol 

could be enhanced even more by reducing the polymerization temperature from 25 to 0°C 

(Pm = 0.75 and 0.80, respectively). A reduction to –30°C did not result in any further 

improvements. Molecular weight of the synthesized PHB was limited to 19 kg mol-1 as crotonyl 

chain-end formation and catalyst inactivation were occurring as side reactions. Mechanistic 

investigations revealed chain-end control as the present stereocontrol mechanism.94 Follow-

up work showed that the class of donor ligands used in this catalyst system is not limited to 

phosphine oxides but also N-oxides can be used. With this donor class, the highest 

isoselectivity obtained was Pm = 0.73 at room temperature (similar to phosphine oxides) and 

Pm = 0.82 at –30°C, which is the highest isoselectivity in ROP of rac-β-BL achieved to date 

with homogenous catalysts. Apart from the slight increase in isotacticity, N-oxides considerable 

amplified the reactivity of the catalyst compared to phosphine oxide donor ligands (TOF = 1900 

vs. 190 h-1, respectively).163  

 

 
Figure 12. Isoselective ROP of rac-β-BL with a lanthanum bis(phenolate) catalyst in the presence of phosphine 
oxide or N-oxide donor ligands. The absence of donor ligands results in loss of stereocontrol.94,163 

 

The current catalytic systems available in literature for the isoselective ROP of rac-β-BL are all 

limited by either poor activity, inaccessibility of high molecular weight, low degree of isotacticity 

(particularly at room temperature) or combinations thereof, highlighting the importance of 

designing catalysts that fulfill all these factors in order to achieve the replacement of commodity 

plastics such as i-PP by biodegradable and chemically recyclable PHB.23,68 

 

The tedious search for isoselective catalysts in ROP of rac-β-BL and the relatively little 

progress achieved over the decades inspired Chen and co-workers to adapt a different 

approach by developing a new synthetic route towards PHB. Based on the fact that the dimer 

of L-lactic acid (i.e. L-LA) is used in the ROP process for commercial PLA production, the 

authors hypothesized that using the dimer of 3-hydroxybutyric acid (i.e. an 8-membered cyclic 

diolide (DL)) instead of the cyclic monomer (i.e. β-BL) might facilitate simple access towards 

PHB. The strongly increased steric demand of DL compared to β-BL might be additionally 

beneficial for synthesizing isotactic PHB from racemic-diolide (rac-DL). Indeed, employing a 

series of yttrium salen-type complexes, highly isotactic, high-molecular weight PHB was 
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obtained with excellent control over the polymerizations (Mn up to 154 kg mol-1, Ð < 1.1).55 

Similarly to the yttrium bis(phenolate) systems reported by Carpentier et al. for the synthesis 

of syndiotactic PHB (Figure 5 E),98,140 the yttrium salen catalysts showed a dependence of 

stereoselectivity on the steric demand of the ortho-phenolic position. Increasing the substituent 

from -CMe3 to -CMe2Ph enhanced isoselectivity (Pm = 0.91 and 0.96, respectively) and 

perfectly isotactic PHB was obtained when even bulkier -CPh3 groups were in place (Pm > 0.99, 

Figure 13).55 Using these catalysts operating via an enantiomorphic site control mechanism 

also enabled a kinetic resolution polymerization where the enantiomerically pure salen 

catalysts with cyclohexyl backbones (S,S or R,R) polymerized the contrary enantiomer of 

rac-DL, i.e. R,R or S,S and left the other enantiomer untouched, thus giving access to pure 

(R)-PHB or (S)-PHB.55,57 Subsequent works showed that copolymerization of rac-DL with 

meso-DL (a side product during rac-DL synthesis) or with other 8-membered diolides having 

different alkyl side chains (Et, nBu) yields polymers with polyolefin-like thermomechanical 

properties.56,57 However, considering the industrial applicability of this elegant novel approach, 

the multistep monomer synthesis is currently limiting its commercialization55 and the most 

viable pathway towards isotactic PHB from an industrial point of view is still the ROP of 

rac-β-BL due to its atom-efficient preparation from commercially available large-scale 

feedstocks (see chapter 2.2).23 

 

 

Figure 13. ROP of rac-DL to access highly isotactic PHB using yttrium salen catalysts.55 
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2.4 Synthesis of Oxygenated Copolymers 

2.4.1 General Remarks 

Apart from improving the properties of polymers by tuning their stereochemistry such as 

previously described for PLA or PHB, copolymerization offers an important pathway for 

synthesizing polymeric materials with defined physical and chemical properties. These 

characteristics can be precisely adjusted by a plethora of comonomers available, and thus 

tailored for specific applications.23,28,30,164-166 For instance, toughening of PLA and PHB has 

been achieved by copolymerization with ɛ-CL.167,168 The thermal, mechanical and also 

degradation behaviors of a copolymer are not only strongly influenced by its different 

comonomers and their relative molar composition but also by its macromolecular architecture 

such as random, gradient, alternating or block structure, as well as linear, graft, or star/dendritic 

structure (Scheme 8, left).23,28,30,164-166 Attempting the ROCOP of lactones and related 

monomers requires a catalyst that is capable of efficient initiation and propagation for each 

specific monomer used, otherwise only homopolymers yet no copolymers are generated. Here, 

all-rounder catalysts (see chapter 2.3.2) combining a broad monomer scope with high catalytic 

activity are extremely beneficial in order to rapidly access defined copolymers. The synthesis 

of block copolymers has attracted particular attention, for example the synthesis of ABA triblock 

copolyesters with hard “A” blocks and soft “B” block for use as thermoplastic elastomers,169 or 

the sequence control from mixed-monomer feedstocks in order to access sophisticated block 

copolymer structures with the ultimate goal of imitating Nature’s sequence control in biological 

macromolecular syntheses.170-172 Generally, common synthesis routes towards block 

copolymers include sequential monomer addition, kinetic control as well as switchable 

catalysis from one-pot monomer mixtures (Scheme 8, right).30,173 

 

 
Scheme 8. General architectures of copolymers (left) and synthesis routes towards block copolymers 
(right).23,28,30,165,173 
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2.4.2 Synthesis of Block Copolyesters via Sequential Monomer Addition 

The sequential addition approach is the most typically applied synthesis route towards block 

copolyesters. The scope of lactones applicable for this method is only limited by the 

prerequisite that the catalyst has to show activity in ROP towards all co-monomers and exhibit 

a living-type polymerization mechanism. After full consumption of monomers and synthesis of 

the first block, the second monomer is added to the reaction mixture, generating the second 

block of the polymer. Further sequential additions allow for the production of tri-, tetra-, or 

pentablock copolymers (and so on), however, representing a rather elaborate synthesis 

strategy with some limitations. The living character of the polymerization has to be sustained 

otherwise only homopolymers or mixtures of homo- and block copolymers are obtained, and 

transesterification side reactions have to be absent as those would result in a scrambling of 

the block structure and would ultimately give random copolymers. Additionally, some catalysts 

have shown limitations regarding the order of monomer addition such that reversing the order 

resulted in unsuccessful copolymerization.28,30 For example, the sequential addition 

copolymerization of β-BL with benzyl-β-malolactone (MLABe) using a β-diiminate zinc complex 

A (Figure 5) was successful when β-BL was introduced first and then MLABe, however, when 

MLABe was added first, subsequent β-BL polymerization was very sluggish. Using 

organocatalysts 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,5,7-triazabicyclo[4.4.0]-dec-5-

ene (TBD) and 2-tert-butylimino-2-diethylamino-1,3-dimethyl-perhydro-1,3,2-diaza-

phosphorine (BEMP), successful blockcopolymer synthesis of β-BL and MLABe was achieved 

regardless of monomer order. Remarkably, in simultaneous copolymerization approaches, 

BEMP polymerized MLABe faster than β-BL despite similar rates in homopolymerizations, thus 

demonstrating a monomer-selective behavior even though very long reaction times were 

required and relatively poor polymerization control was observed.174 Subsequent 

hydrogenolysis of the benzyloxycarbonyl of these copolyesters afforded amphiphilic 

poly(β-malic acid)-b-PHB (PMLA-b-PHB) which formed nanoparticles with promising 

characteristics for potential drug delivery systems.175 Dinuclear indium catalyst I (Figure 6) was 

employed by Mehrkhodavandi et al. in the synthesis of elastomeric PLA-PHB-PLA triblock 

copolymers which demonstrated significantly improved elongation at break, albeit at the 

expense of poor tensile strength.176 The same catalyst was also capable of producing star-

shaped PLA-PHB block copolymers when a trifunctional alcohol was used as chain transfer 

agent in a sequential addition approach.177 Later, air- and moisture stable indium salan-type 

catalysts were reported by the same group for block copolymerization of β-BL and LA showing 

excellent control over the ROCOP (Figure 14).103 A simple catalyst system based on InCl3, 

NEt3 and BnOH that was previously found to catalyze the stereoselective ROP of rac-LA (vide 

supra) was also efficiently producing PCL-b-poly(ɛ-decalactone) (PCL-b-PDL) or PDL-b-PCL 

copolymers via sequential addition of monomers (Figure 14).136 Similarly, di- and triblock 
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copolyesters PDL-b-PHB and PDL-b-PHB-b-PDL were obtained in a sequential synthetic 

protocol using a yttrium salan-type catalyst, whereas, approaches of simultaneously 

copolymerizing β-BL and ɛ-DL monomer mixtures failed (Figure 14). Due to the immiscibility 

of the crystalline, syndiotactic PHB block and the amorphous PDL block, microphase 

separation was observed.178 The idea of tuning the material properties of PHB by introducing 

a soft block was also revisited by Rieger et al. who demonstrated that yttrium bis(phenolate) 

catalyst E and a derivative with a bifunctional initiator are capable of efficiently copolymerizing 

β-BL and (–)-menthide, a sustainable lactone sourced from the cyclic terpene (–)-menthone 

(Figure 14). Di- and triblock copolymers were accessible and their thermomechanical 

properties characterized in detail. The ABA copolyester showed microphase separation, 

similarly to the PDL-b-PHB-b-PDL material, and increased elongation at break compared to 

bacterial PHB, albeit at the expense of a strongly reduced Young’s modulus.179 Those selected 

examples not only highlight the tunability of material properties by block copolymerization via 

sequential addition of monomers but also the potential of indium and yttrium catalysis in 

ROCOP. 

 

 
Figure 14. Sequential copolymerizations of cyclic esters with a focus on β-BL as well as indium and yttrium 
catalysis.103,136,176-179 
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considerably higher polymerization rate for monomer A (kA) than for monomer B (kB). The 

extent of the tapering region in the block copolymer is strongly depending on the kA/kB-ratio: 

the higher the ratio, the smaller the tapering phase. While this is a more elegant approach 

compared to the sequential addition of monomers from a synthetic point of view, some issues 

are still present such as large tapering regions when the kA/kB-ratio is not as high. Contrary, a 

very high kA/kB-ratio is beneficial for only very small tapering to occur, but long reaction times 

are needed to generate the B-block of the copolymer as the polymerization rate for monomer 

B has to be low by definition in this specific case.30 The latter was exploited by Jones et al. 

using a hafnium tris(phenolate) complex for the copolymerization of a LA and β-BL one-pot 

monomer mixture. Consumption of β-BL was much slower than that of LA, and even after long 

reaction times (>10 h) conversion of β-BL was below 15%.180 An elegant work combined the 

simultaneous copolymerization of a macrolactone, ω-pentadecalactone, with small-sized 

lactones ɛ-CL or δ-VL exploiting the different polymerizability of the monomers, i.e. entropically 

vs. enthalpically driven. The catalyst system based on an N-heterocyclic olefin and Lewis acidic 

metal chlorides readily polymerized ɛ-CL or δ-VL, followed by ω-pentadecalactone. However, 

transesterifications ultimately resulted in randomized structures and no block copolymers were 

obtained, highlighting the importance of control over the ROCOP in order to retain the 

macromolecular architecture.181 Guided by the hypothesis that the high ductility of PCL 

homopolymer could reduce the brittleness of PHB, Chen et al. attempted the copolymerization 

of 8-membered rac-DL with ɛ-CL. The lanthanum and yttrium salen-type catalysts successfully 

generated PHB-b-PCL copolymers via kinetic control such that rac-DL was rapidly consumed, 

followed by slower ɛ-CL polymerization. Most importantly, the defined block copolymer showed 

a high ultimate tensile strength and Young’s modulus combined with a much increased 

elongation at break compared to initial PHB homopolymer, demonstrating the vast potential of 

copolymerizations for improving material properties.167 

 
 
2.4.4 Switchable Catalysis for the Generation of Oxygenated Block Copolymers from 
One-Pot Monomer Mixtures 

Previously described approaches for the synthesis of block copolymers have severe 

drawbacks such as synthetic complexity (sequential addition approach), or long reaction times 

or large tapered regions in the polymer (kinetic control approach). These have consequently 

inspired researchers to develop simpler protocols for the generation of precise block 

copolymers via ROP. In recent years, switchable catalysis showing chemoselectivity in 

monomer mixtures has been developed in the field of ROP and is receiving ever-increasing 

research interest.171,173,182,183 Early work by Coates et al. demonstrated that the 

terpolymerization of cyclohexene oxide (CHO), diglycolic anhydride and CO2 using a 
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β-diiminate zinc complex produced a highly resolved polyester-b-polycarbonate block 

copolymer. Monitoring the reaction progress via in situ infrared (IR) spectroscopy revealed that 

the ROCOP of CHO and the anhydride occurs first, generating the polyester block, and only 

after complete consumption of the anhydride, ROCOP of CHO with CO2 begins and leads to 

a polycarbonate block (Figure 15A). The mechanism includes two distinct catalytic cycles, a 

polyester and a polycarbonate cycle (Figure 15B).184 In 2014, Williams et al. were the first to 

extend the concept of chemoselective polymerizations to the ROCOP of epoxides/CO2 and 

lactones, also giving polyester-b-polycarbonate block copolymers.185  

 

 
Figure 15. A) Concentration of repeat units vs. time plot in the terpolymerization of CHO, diglycolic anhydide and 
CO2 using a β-diiminate zinc complex and B) proposed mechanism for the switchable catalysis producing polyester-
b-polycarbonate block copolymers. Reprinted with permission from ref. 184. Copyright 2008 John Wiley & Sons.  

 

Later, the monomer scope was further broadened beyond epoxides/CO2, anhydrides/epoxides 

and lactones to O-carboxyanhydrides.173,183,186-189 A plethora of catalysts has been reported to 

successfully provide block copolymers via switchable catalysis from this large monomer 

feedstock since then.128,173,183,190-199 In these instances, the generation of copolymers is based 

on the capability of the catalyst to combine different catalytic cycles such as the ROP of 

lactones and the ROCOP of epoxides/CO2. The macromolecular block structure is obtained as 

a consequence of the distinct reactivity differences of the diverse monomer classes: the 

descending order of reactivity is O-carboxyanhydrides > anhydrides/epoxides > epoxides/CO2 

> cyclic esters. Thus, after consumption of the most reactive monomer class in the one-pot 

mixture, the catalyst automatically switches to the next monomer class.173,183 

Besides the utilization of monomer reactivity in switchable ROP catalysis, another approach 

for the generation of sequence-controlled polymers includes polymerization catalysts that can 

be switched between two or more states by external stimuli such as redox or electrochemical 

stimuli.171,182,200-202 Here, much progress has been achieved in the context of reversible “on/off” 

switching of polymerizations, triggered by switching the catalyst from one state to the other 

(and back).203-207 More complex strategies comprised redox-switchable catalysts that show 

high selectivity towards one specific monomer class such as cyclic esters in the reduced state 

A) B)
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and high selectivity towards another monomer class such as epoxides in the oxidized state 

(while not showing polymerization activity for the other monomer in the respective state).208,209 

In this context, redox-switchable catalysts demonstrating monomer-selective behavior within 

one class of monomers are extremely rarely reported in literature due to challenges associated 

with similar monomer reactivity.201,202 The most prominent example showing such an 

orthogonal reactivity for two different lactones is a redox-switchable titanium catalyst 

developed by Diaconescou et al. (Figure 16). From a one-pot monomer mixture consisting of 

LA and ɛ-CL, the initiator in its reduced form polymerized LA, while showing almost no activity 

for ɛ-CL. Oxidation of the catalyst resulted in ROP of ɛ-CL with almost no conversion of LA in 

this step, ultimately yielding PLA-b-PCL block copolymers. However, detailed characterization 

revealed that tapering indeed occurred and the copolymer is in fact best described as 

poly[block(LA-minor-CL)-block(CL-minor-LA)], highlighting the highly challenging task of 

creating sequence-controlled copolymers from one-pot mixtures of the same monomer 

class.210 

 

 
Figure 16. A) Redox-switchable titanium catalyst. B) Conversion vs. time plots for the homopolymerization of LA 
(top) or ɛ-CL (bottom) using a closely related zirconium salfan catalyst. The reduced catalyst is active for the ROP 
of LA while its oxidized form is active for ROP of ɛ-CL. C) PLA-b-PCL block copolymers generated from one-pot 
monomer mixtures by in situ redox switching of titanium catalyst shown in panel A).210 Panel B): reprinted with 
permission from ref. 210. Copyright 2014 American Chemical Society. 
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2.5 Chemically Recyclable Polyesters – An Approach Towards a Circular Polymer 

Economy 

While biodegradable polymers offer a solution to the rapidly increasing amount of persistent 

plastic waste in the environment caused by current commodity plastics, their degradation to 

CO2, H2O and other small molecules results in a complete loss of material value combined with 

the need for extracting virgin raw materials. From an economic and sustainable perspective, 

this represents a huge drawback and reuse and recycling of plastics is a superior option.20,21,211 

When it comes to the end-of-life fate of plastics, alternatives to common landfilling and 

incineration are highly needed. In this respect, chemical recycling to monomer (CRM) has 

emerged as a promising strategy to tackle the detrimental end-of-life options of current 

commodity plastics and to achieve a circular polymer economy where the intrinsic material 

value is preserved. A major advantage of CRM are the virgin material properties of recycled 

and reprocessed polymers even after various cycles as pristine monomer is recovered and 

used for each (re)polymerization, in contrast to mechanical recycling where a steady 

degradation of material properties is occurring due to heat stress in the recycling process.9,211 

ROP of cyclic esters is a particularly promising method for establishing CRM due to the 

thermodynamic equilibrium between monomer and resulting polymer.9,19,37,49,212 In that case, 

the monomer equilibrium concentration and ceiling temperature are highly important for 

achieving successful CRM (see chapter 2.1). ROP only proceeds below the Tc of the system 

whereas depolymerization is only achieved well above the Tc, illustrating the practical 

importance of the level of Tc (Scheme 9).9,36  

 

 
Scheme 9. Concept of chemical recycling of polymers back to monomer (CRM) based on the monomer–polymer 
equilibrium in the system.9,37 

 

Early work on the depolymerization of PHB to cyclic oligomers (mainly trimer and higher 

oligomers) and repolymerization of the trimer has been conducted by Höcker and co-workers. 

The polymerization however was very sluggish and only low molecular weight PHB was 

obtained, strongly limiting this specific approach for chemical recycling of PHB.81,82 Despite the 

knowledge of reversibility of ROP and some reports of relatively low equilibrium monomer 
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conversions for monomers such as δ-decalactone or p-dioxanone,212-214 the positive 

consequences of these results in terms of polymer sustainability had been largely overlooked. 

It was until 2016, when the pioneering work by Chen et al. demonstrated the huge potential of 

ROP for CRM approaches and its implications on achieving a circular polymer economy: while 

ROP of 5-membered, “nonstrained” γ-BL is not feasible at room temperature due to its low Tc, 

successful polymerization towards PGBL was achieved at very low temperatures (–40°C). 

Heating the obtained polymer at high temperatures (>220°C) selectively recovered γ-BL, 

proving the complete chemical recyclability back to the monomer of this material (Figure 17).40 

The relatively poor material properties of PGBL, aside from its chemical recyclability, such as 

low melting temperature and low thermostability, inspired the same group to design monomers 

for CRM approaches with a 5-membered γ-BL core and trans-fused cyclohexyl rings, namely 

3,4-T6GBL and 4,5-T6GBL (Figure 17). 3,4-T6GBL showed considerably improved 

polymerizability with up to 88% conversion at room temperature, and the respective polymers 

exhibited high melting temperatures (Tm = 126°C, stereocomplexed polymer even showed a 

Tm of 199°C), high decomposition temperatures (Td > 300°C) and mechanical properties 

competitive to some commodity plastics. Quantitative depolymerization to monomer was 

achieved by heating the polymer in bulk at temperatures >300°C, or at 120°C when a catalytic 

amount of ZnCl2 was used. Hence, this elegant monomer–polymer system successfully tackled 

three major tasks at once: polymerizability, depolymerizability, and material properties.41,43 

Similarly, closely related 4,5-T6GBL furnished the synthesis of completely chemically 

recyclable polymers, yet, no melting transition was observed for this material but a Tg of 75°C.42
 

 

 
Figure 17. Completely chemically recyclable polyesters based on a 5-membered backbone structure. γ-BL and its 
corresponding polymer (left), and cyclohexyl trans-fused γ-BL-based monomers 3,4-T6GBL and 4,5-T6GBL with 
corresponding polymers (middle and right). Depolymerization temperatures correspond to bulk thermolysis without 
catalyst added.40-42 
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5-membered backbone structure. In addition to the good polymerizability as well as 

depolymerizability, the polyesters showed promising material properties such as high Tg or Tm 

and high thermal stability.215 Thiolactones based on a 5-membered ring core structure 

hybridized with a 6-membered ring were also reported for CRM and the polythioesters 

achieved excellent thermomechanical properties, highlighting the potential of sulfur-based 

polymers (Figure 18, middle and right).216,217 In this context, even a 4-membered thiolactone 

furnished the synthesis of chemically recyclable polythioesters facilitated by subtle monomer 

design including a geminal dimethyl substitution.218 

 

 
Figure 18. Bicyclic (thio)lactones for CRM approaches utilizing a hybridization of a 5-membered ring core structure 
(highlighted in blue) with a 7-membered ring (left) or with a 6-membered ring (middle and right).215-217 

 

The monomer design strategy of using bicyclic structures in order to produce polyesters 

capable of selective depolymerization back to monomer has also been studied with lactones 

based on a 7-membered ring core structure with an additional heteroatom and additionally 

bearing an aromatic unit (Figure 19). The initial report by Shaver et al. in 2016 focused on a 

purely oxygen containing monomer,219,220 whereas later studies by Du and Li et al. as well as 

Cai and Zhu et al. explored the effect of sulfur as heteroatom, alkyl substitution as well as 

fusion position of the aromatic unit.221-223 Upon these substitutions, positive influences were 

observed such as enhanced thermal stability or tunability of Tg or Tm, and some of the materials 

exhibited good mechanical performance.221-223 

 

 
Figure 19. Bicyclic monomers reported for CRM approaches utilizing a 7-membered ring core structure (highlighted 
in red) with additional heteroatom, and an aromatic unit fused to the ring.219-223 

 

In general, bicyclic monomer structures have shown great potential in CRM approaches in 
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core structure, their ROP has been reported, albeit not their depolymerization to the 

monomers.37,224-227 A few examples of (non-bicyclic) 6-membered lactones for CRM 

approaches can be found in the literature such as a 4-carbomethoxylated δ-valerolactone 

(CMVL, Figure 20A). ROP was furnished at room temperature using diphenyl phosphate (DPP) 

as organocatalyst with a high equilibrium monomer conversion of 98%. A semi-crystalline 

material with two Tm’s at 68 and 86°C was obtained. Heating a bulk sample of the polymer at 

150°C and 0.05 Torr in the presence of Sn(Oct)2 as depolymerization catalyst recovered CMVL 

in 87% yield.228 β-Methyl-δ-valerolactone (β-MVL) polyols were employed for the synthesis of 

thermoplastic polyurethanes. The polyester block of these polyurethane networks could then 

be depolymerized to β-MVL monomer at high reaction temperatures (T = 200–250°C, 

Sn(Oct)2) while the polyurethane block remained intact (Figure 20B).229  

 

 
Figure 20. Monomer–polymer systems for CRM approaches based on a 6-membered ring structure.62,228-230 

 

Another 6-membered monomer for CRM is δ-caprolactone (δ-CL) which was rapidly 

polymerized with excellent control using a binary catalyst system consisting of KOMe and urea 

organocatalysts. The obtained polymer was selectively and quantitatively depolymerized under 

thermolysis conditions at 130°C with Sn(Oct)2 as catalyst and distillation under reduced 

pressure (Figure 20C). Additionally, the polyester was also chemically recyclable under dilute 

conditions at room temperature in the presence of an organophosphazene superbase. δ-CL 

and LA were then used for the generation of triblock copolymers, revealing promising 

mechanical properties and elastic behavior.230 Later, the same group reported a closely related 
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monomer yielding functionalizable and chemically recyclable thermoplastics. The monomer, 

α-methylene-δ-valerolactone (α-MVL), enabled access to two polymerization pathways due to 

both α-methylene and ester unit: vinyl-addition polymerization gave PMVLVAP whereas ROP 

produced PMVLROP with an intact vinyl unit for post-polymerization functionalization 

(Figure 20D). Similarly to δ-CL, ROP was achieved using KOMe and urea organocatalysts, 

and pristine monomer was recovered almost quantitatively when the polyester was treated in 

bulk in the presence of Sn(Oct)2 at 130°C. The material properties of PMVLROP were promising, 

including high tensile strength and Young’s modulus, as well as high elongation at break.62 

These examples demonstrate that the field of chemically recyclable polyesters is extremely 

rapidly developing and holds large potential for future investigations in order to obtain materials 

enabling a circular polymer industry. 
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3 Objective 

ROP of cyclic esters is a highly efficient approach for the production of aliphatic polyesters that 

show (bio)degradability in combination with promising material properties comparable to 

current commodity plastics such as PP, PE or PS, thus illustrating the future potential of this 

material class.22,23,27,28 Additionally, the monomer–polymer equilibrium in ROP enables the 

synthesis of polymers with intrinsic chemical recyclability back to the monomer, enabling a 

circular polymer economy.9,19,37 While these two major goals, (bio)degradable polymers and 

polymer recycling, can be addressed via ROP, catalysts as well as monomer/polymer structure 

play a crucial role in unleashing the full potential of ROP and in advancing its industrial 

applicability. In this work, both catalyst and monomer design studies are performed: i) catalyst 

design focuses on group 3 and 13 initiators bearing specifically tailored ligand frameworks for 

the ROP of well-known lactones in order to establish all-rounder and/or stereoselective 

catalysts for tailoring materials, and ii) monomer design is utilized to achieve the synthesis of 

novel polyesters with complete chemical recyclability. 

 

Early work in ROP of typical monomers such as β-BL, LA or ɛ-CL has focused on zinc- and 

REM-based catalysts with some of them showing very high activity for a range of cyclic 

esters.22,28,29,48 In recent years, group 13 based initiators have found increasing attention and 

particularly indium complexes are an interesting target due to their high catalytic activity at mild 

temperatures, enhanced air and moisture stability as well as tolerance against functional 

groups.132,133 Indium salen and phosphasalen complexes have shown promising results in the 

ROP of cyclic esters,111,138,139,231 and in the first part of this work, related indium salan 

complexes are targeted. Salan ligands are the reduced derivatives of salens, thus a tertiary 

amine instead of an imine moiety is present in the backbone, resulting in an increased flexibility 

of the framework and in an additional position for electronic and steric tuning of the ligand 

(Scheme 10).232,233 The related catam framework also bears tertiary amines but lacks the 

methylene bridges, giving a more constrained scaffold in comparison to the salan type 

(Scheme 10).234 

 

 
Scheme 10. Structural comparison of salen-, salan-, and catam-type ligand frameworks. Potential substitution 
positions are highlighted in blue.232,234  
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Compared to their salen counterparts, salan complexes are less commonly reported in 

literature and indium salan complexes are particularly rare.133,232 Indium salan complex 1 

(Figure 21) is targeted in this work as the low steric demand of the backbone and amine 

substituents combined with the overall increased flexibility of the salan framework might favor 

coordination of lactones of various ring sizes as well as propagation due to feasible structural 

ligand rearrangement, eventually resulting in increased polymerization rates.235 The chloro 

complex of 1 is literature known but was only tested in the ROP of LA and showed very poor 

activities even at high reaction temperatures (TOF < 4 h-1).236 Thus, the importance of the 

initiating group (chloro vs. alkoxy) will also be elucidated. Moreover, the synthesis of the first 

indium catam-type complex (2) is targeted (Figure 21). Both complexes are to be tested in the 

ROP of various cyclic esters including β-BL, γ-BL, ɛ-CL, ɛ-DL and LA. By comparing the 

catalytic activity of both catalysts, conclusions on the importance of the ligands’ flexibility for 

achieving high polymerization rates might be drawn. 

 

 
Figure 21. Indium salan and catam catalysts (left) studied in this thesis for the ROP of various cyclic esters (right). 

 

Once a highly active all-rounder catalyst is established, the synthesis of copolymers from one-

pot monomer mixtures is investigated. Block copolymers are particularly interesting targets 

and achieving sequence control from mixed monomer feedstocks is a challenging goal. While 

an increasing number of catalysts is available in literature for the one-pot synthesis of defined 

block copolymers from different monomer classes (such as epoxides/CO2 and lactones), the 

synthesis of block structures from one-pot feedstocks of the same monomer class (such as 

two different lactones) is particularly challenging due to very similar reactivity of the 

monomers.170,173,183 Here, it is hypothesized that monomer selectivity is obtained if a small-

sized lactone is combined with a sterically demanding lactone as the catalyst potentially favors 

ROP of the small-sized one for steric reasons (before switching to the bulkier monomer). Thus, 

the copolymerization of β-BL with ɛ-CL or ɛ-DL will give interesting insights into the potential 

sequence control of indium catalysts. Using ɛ-DL might provide an additional advantage of a 

large n-butyl group in close proximity to the metal-coordinating carbonyl group, potentially 

further favoring the ROP of β-BL over ɛ-DL in comparison to ɛ-CL lacking such an additional 

steric demand (Figure 22). 
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Figure 22. A) Hypothesized monomer differentiation of the catalyst via different steric demand of β-BL, ɛ-CL and 
ɛ-DL (the catalyst is shown schematically), and B) block copolymer synthesis from a one-pot lactone mixture as a 
consequence thereof.237 

 

As previously mentioned, rare-earth metal complexes have found widespread application in 

the field of ROP catalysis and particularly yttrium initiators have shown high reaction rates and 

good stereocontrol.22,27,29,146 Salan ligands are also suitable frameworks for REM complexes 

and in contrast to indium species various REM salan-type initiators have already been reported 

in literature.147,148,238-249 A very interesting example represents the work of Yao et al. on yttrium 

and ytterbium salan-type complexes where a switch in stereoselectivity in ROP of β-BL from 

syndioselective to isoselective was observed in dependence on the N-substituent of the ligand 

(cyclohexyl vs. phenyl, see chapter 2.3.3).162 Control of the stereomicrostructure of PHB is of 

utmost importance: atactic and syndiotactic PHB are materials with low application potential 

due to their amorphous nature or non-biodegradability, respectively, whereas isotactic PHB 

has an enormous industrial potential as it shows material properties comparable to i-PP.23,29 

Establishing structure-property relationships in ROP of β-BL is thus highly important, however, 

the synthesis and isolation of catalyst libraries for that purpose is a time-consuming and 

elaborate task. This thesis also aims for the development of a high-throughput approach that 

generates yttrium salan complexes in situ by conveniently treating a suitable yttrium precursor 

with the respective salan pro-ligand. β-BL is then directly added to the reaction mixture, 

circumventing the isolation of the catalytically active species and allowing for the rapid 

screening of a library of yttrium salan complexes (Figure 23).  
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Figure 23. Concept of the high-throughput approach for the screening of salan-type catalyst libraries: in situ 
formation of the catalyst (step 1) and direct addition of the monomer to the catalyst mixture (step 2). 

 

The salan ligands might be modified according to the substituents on the amine position 

(phenyl vs. alkyl and steric vs. electronic influences) as well as steric and electronic influences 

on the phenolic positions and the effect of the ligand backbone (Figure 23). This approach will 

allow for a rapid correlation of activity and stereocontrol data and enable the identification of 

structure-property relationships in the ROP of β-BL. Furthermore, the in situ protocol will most 

likely give access to PHB with various tacticities, i.e. atactic, syndiotactic or isotactic PHB, 

similarly to the REM salan complexes reported by Yao and co-workers.162 PHB with a reduced 

isotacticity in the range of Pm ≈ 0.8–0.9 is targeted as the introduced stereoerrors are expected 

to reduce its crystallinity and thus result in improved material properties (Scheme 11). Once a 

promising ligand/yttrium combination is identified via high-throughput screening, further 

experiments should follow for optimization studies regarding catalyst structure and 

polymerization, overall gaining for a deeper understanding. Beyond catalyst design studies, 

the thermal and mechanical properties of the material should be investigated in detail. These 

analyses are expected to reveal whether synthetic PHB with a reduced tacticity has the 

potential to overcome current limitations of bacterial PHB, in particular its brittleness and low 

thermostability.23,68 If these challenges are overcome, synthetic PHB represents a highly 

promising biodegradable alternative to current commodity plastics such as i-PP. 

 

 
Scheme 11. Synthesis of isotactic PHB with minor stereoerrors incorporated for improving material properties. 
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A further aim of this work is the sophisticated design of novel monomers for chemical recycling 

approaches. ROP of bicyclic lactones with a 5- or 7-membered ring core structure has 

previously generated polymers with promising properties that can be easily depolymerized to 

the pristine monomer (Figure 24).37,41,42,215,219,221-223 Despite very recent examples of 

(monocyclic) 6-membered lactones for CRM approaches,62,228-230 bicyclic 6-membered 

lactones have not yet been explored for this concept. The hybridization approach of fusing two 

different lactones in order to obtain a novel monomer with the best properties of each original 

one has shown high potential for combining polymerizability, depolymerizability and material 

properties.215 Herein, the ROP of a hybridized bicyclic lactone with a 6-membered ring core 

structure and its depolymerization behavior will be investigated (Figure 24). This will provide 

valuable insights whether the hybridization approach in monomer design for chemically 

recyclable polymers is applicable beyond the typical 5-membered ring structures reported so 

far. Of particular interest is a simple monomer synthesis: the one-step Baeyer-Villiger oxidation 

of commercially available norcamphor represents a promising starting point for the generation 

of a 6-membered bicyclic lactone, i.e. norcamphorlactone (NCL, formally 2-oxabicyclo-

[3.2.1]octan-3-one, Figure 24).250 Screening of various all-rounder catalysts should allow for 

establishing suitable polymerization conditions and successfully obtained polyesters will be 

studied regarding their thermal properties and their chemical recyclability back to the 

monomer. Therefore, this work on CRM approaches complements the catalyst studies for 

tailoring (bio)degradable polyesters and intends to demonstrate the full potential of ROP. 

 

 
Figure 24. Examples of previous works on the ROP of bicyclic lactones (left) and overview of this work 
(right).41,215,219,250 
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4.2 Content 

All-rounder catalysts showing high activity and broad monomer scope are appealing targets in 

polymerization catalysis, yet examples of such initiators are surprisingly rare in the ROP of 

lactones. In this work, the synthesis and characterization of indium alkoxide salan- and catam-

type complexes, and their application in the ROP of various cyclic esters including β-BL, γ-BL, 

LA, ɛ-CL and ɛ-DL were reported. The indium salan complex showed very high activities for all 

of these monomers, maintained excellent control over the polymerizations, and yielded high 

molecular weight (bio)degradable polyesters with narrow dispersities. The initiator was also 

operable under immortal ROP conditions using BnOH as chain transfer agent and allowed for 

a precise adjustment of molecular weights. Additionally, the use of an impure lactide feedstock 

under industrially relevant conditions was tolerated and gave identical polymerization results 

compared to purified monomers. Detailed kinetic investigations in the ROP of β-BL revealed a 

first-order dependence on monomer and catalyst concentration. Together with the results of 

the end-group analysis, the kinetic experiments pointed towards a mononuclear coordination-

insertion mechanism in the polymerizations. Air-stable (but poorly active) indium chloro pre-

catalyst236 could be conveniently converted in situ into a highly active alkoxide species by using 

propylene oxide as polymerization solvent and activation reagent. A comprehensive 

comparison against the literature revealed that the indium salan catalyst strongly outperforms 

current leading group 13 catalysts in the field and is one of the top-performing all-rounders in 

ROP catalysis in a broader context. In addition to the initiator supported by a relatively flexible 

salan-type framework, a more constrained indium catam complex was tested in the ROP of 

afore-mentioned monomers and showed generally reduced reaction rates, indicating that 

framework flexibility plays a subtle but crucial role in achieving high activity in ROP catalysis 

over a wide range of substrates spanning 4- to 7-membered ring sizes. 
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Combining high activity with broad monomer
scope: indium salan catalysts in the ring-opening
polymerization of various cyclic esters†

Jonas Bruckmoser, Daniel Henschel, Sergei Vagin and Bernhard Rieger *

Combining high catalytic activity with broad monomer scope is an appealing yet challenging task in

polymerization catalysis. Examples of such all-rounder catalysts in the ring-opening polymerization (ROP)

of lactones are rare. Herein we report an indium alkoxide complex supported by a salan-type framework

that shows very high rates, excellent control and high tolerance against chain transfer agents in the ROP of

several cyclic esters yielding high molecular weight (bio)degradable polymers. Additionally, by using

propylene oxide as solvent, poorly active but air-stable indium chloro pre-catalyst can be converted in situ

into a catalytically active species with drastically enhanced polymerization rates. In contrast to the salan-

type initiator, a related indium alkoxide catam-type complex shows reduced activity in ROP of

β-butyrolactone, ε-caprolactone, ε-decalactone and lactide, highlighting the importance of framework

flexibility in catalyst design.

Introduction
Plastic contamination of the environment has become a
global problem with an estimated 19 to 23 million metric
tons of plastics leaking out of waste management systems
and entering aquatic ecosystems annually.1 Reducing global
plastic emissions into the environment requires tremendous
and combined efforts of the plastics economy, governments
and society.1–4 Polymer chemists play an important role in
shaping the future of plastics and do have the right tools at
hand. Besides current mechanical and chemical recycling
approaches for polymer waste,5–7 (bio)degradable polyesters
are one part of the solution to the plastic waste crisis and
have attracted much research attention in both academia and
industry.8,9 Ring-opening polymerization (ROP) of cyclic esters
offers simple access to these materials and among the best
studied monomers within the field are lactide (LA),
β-butyrolactone (β-BL) and ε-caprolactone (ε-CL).8,10,11

Isotactic poly(lactide) (PLA) has similar material properties
compared to petroleum-derived commodity polymers such as
polystyrene, and is currently the most widely, commercially
produced biobased and compostable polyester, while

poly(hydroxybutyrate) (PHB) prepared via ROP of β-BL holds
great potential as a replacement for isotactic
polypropylene.9,12,13 Apart from these commercially relevant
polyesters, research also focuses on novel and easily
accessible, biobased monomers for ROP such as
ε-decalactone (ε-DL),14 (−)-menthide15 or 4-isopropyl-
caprolactone16 and chemically recyclable polymers based on
γ-butyrolactone (γ-BL).17,18

Besides novel, specifically designed polymers for
depolymerization to monomers,6,7,18 aliphatic polyesters are
also promising materials for catalytic chemical recycling in
order to achieve a circular polymer economy.19,20 For
example, methanolysis of PLA affords methyl lactate that can
be converted back to lactide.20 Depolymerization strategies
for PHB to propylene (the starting material for β-BL
production) exist as well.21 Consequently, simple and rapid
access to such promising polyester materials is of great
importance.

Numerous metal-based catalysts for the ROP of cyclic
esters have been reported to date, however, it still remains a
challenge to combine high catalytic activity with control over
polymerization and broad monomer scope of the
catalyst.8,10,11 In this context, it is worth noting that some
initiators have shown ultrahigh polymerization rates for one
specific monomer such as lactide, but activity for other
lactones is strongly reduced.22–24 Such a narrow monomer
scope is disadvantageous when targeting more complex
polymer structures such as copolymers or when attempting
switchable polymerization catalysis. The ROP of β-BL, which
is a rather reluctant monomer, is particularly challenging

Catal. Sci. Technol., 2022, 12, 3295–3302 | 3295This journal is © The Royal Society of Chemistry 2022
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despite its high internal ring strain. Many initiators suffer
from low reaction rates and are prone to side-reactions.10 Tin
bis(2-ethylhexanoate) [Sn(Oct)2] is used in the industrial
synthesis of PLA and poly(ε-caprolactone) and generally finds
widespread application in ROP of lactones.8,11,25 However,
high reaction temperatures are required, and
transesterifications as well as poor molecular weight control
are usually observed. The most prominent examples of highly
active catalysts for the controlled ROP of a range of cyclic
esters are the β-diiminate zinc and yttrium amino-alkoxy-
bis(phenolate) systems developed by Coates et al. and
Carpentier et al. These initiators show very high activities in
the ROP of β-BL, LA and ε-CL with turnover frequencies
(TOFs) ranging from 156 to 154 440 h−1.26–30 Due to their
versatility, these catalysts are often considered as the
catalysts of choice in ROP of lactones. Based on these early
reports, zinc and rare-earth metal catalysts have found
widespread applications in the field of ROP.24,31–36

In recent years, indium compounds have shown great
potential in ROP catalysis due to their exceptionally higher
activity compared to aluminum and gallium derivatives, their
generally higher air and moisture stability as well as
functional group tolerance.37–39 A simple catalyst system
consisting of InCl3/BnOH/NEt3 showed broad substrate
scope, albeit polymerization rates were only moderate.40–42

Increased activities in ROP for a range of cyclic esters were
realized by using a dinuclear indium catalyst supported by
chiral, tridentate diaminophenolate ligands as well as
mononuclear ferrocenyl-salen- or phosphasalen-type indium
alkoxide complexes.43–46

It was in this context that we sought to explore the activity
of indium salan complexes 1 and 2 (Scheme 1) in the ROP of

various cyclic esters including β-BL, γ-BL, ε-CL, ε-DL and LA.
Salan ligands are the reduced derivatives of salen ligands
bearing tertiary amine instead of imine groups.47 We
hypothesized that the increased flexibility of the salan
framework compared to salen-type scaffolds favors
coordination of (several different-sized) monomers as well as
propagation due to feasible structural ligand rearrangement,
thus resulting in overall increased reaction rates.
Additionally, a comparison is made to a related indium
catam-type complex 3 (Scheme 1) which also bears tertiary
amine groups but is characterized by a more constrained
geometry around the metal center, highlighting the
importance of ligand framework flexibility in catalyst design
for achieving high polymerization rates.

Results and discussion
The synthesis of indium complex 1 was achieved by
deprotonation of salan ligand L1 with KH and subsequent
salt metathesis with InCl3 as reported previously in the
literature.48 We observed that in solid state, 1 is air- and
moisture-stable for at least 3 months with no signs of
decomposition (Fig. S7 and S8†), albeit in solution the
moisture stability is reduced (Fig. S9 and S10†). Treatment of
1 with KOtBu in THF overnight, removal of salt by-products
and washing with pentane gave analytically pure 2 in 74%
yield. Additionally, 2 is also accessible in a one-pot procedure
starting from L1 in 64% yield without the need to isolate any
intermediates (Scheme 1). In contrast to 1, the air and
moisture stability of 2 is reduced, showing signs of
decomposition after exposure to air for 24 h (Fig. S13†).
Indium catam complex 3 was accessible in a one-pot route
similar to 2 in 32% yield. Complexes 1–3 were fully
characterized by 1H and 13C{1H} NMR spectroscopy and
elemental analysis.

Crystals of compound 2 suitable for X-ray crystallography
were obtained by slow evaporation from toluene (Fig. 1). 2 is
monomeric in the solid state and the indium center is penta-
coordinate in a distorted square-based pyramidal geometry
(τ = 0.32). Selected bond lengths and angles are given in
Table S2 in the ESI.† Diffusion-ordered NMR spectroscopy
(DOSY) indicated that 2 and 3 are monomeric in solution
(Fig. S31 and S32†).

Scheme 1 Synthesis of indium salan complexes 1 and 2, and indium
catam complex 3 (top). Bottom: Scope of monomers investigated in
this study.

Fig. 1 Molecular structure of initiator 2 with thermal ellipsoids set at
50% probability. Hydrogen atoms are omitted for clarity.
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First, we tested initiators 1 and 2 in the ROP of β-BL.
While 1 was reported to show moderate activity in the ROP of
rac-LA,48 we observed only traces of conversion of β-BL at
room temperature (Table S1,† entry 1). Raising the
temperature to 50 °C improved activity but overall, the
polymerization was still rather sluggish (TOF = 5 h−1; Table
S1,† entry 2). We hypothesized that the low activity was a
result of the poor ability of the chloro group to initiate the
polymerization and the more polarized character of the In–
OtBu bond as in 2 might facilitate efficient initiation.
Excitingly, 2 rapidly polymerized 200 equiv of β-BL to near-
quantitative conversion within 15 min at room temperature
to give atactic PHB (TOF = 776 h−1; Table 1, entry 1; Fig.
S23†). Further increasing the [β-BL]/[2] ratio to 400/1 led to a
molecular weight of the polymer twice as high and eventually
PHB with a Mn = 187.5 kg mol−1 (Đ = 1.09) could be obtained
when the [β-BL]/[2] ratio was as high as 2000/1 (Table 1,
entries 2 and 3). Electrospray ionization mass spectrometry
(ESI-MS) and 1H NMR analysis of oligomeric PHB revealed
high end-group fidelity (Fig. S29 and S30†). Initiator 2
exhibited excellent control over the polymerizations (Đ =
1.03–1.10) and the linear evolution of Mn values with
increasing [β-BL]/[2] ratio indicated high control over the
molecular weight (Fig. S17†). Additionally, the molecular
weight of PHB increased linearly with increasing monomer
conversion suggesting a living-type polymerization (Fig.
S18†). A chain extension experiment, in which an additional
200 equiv of monomer were added after near-quantitative
conversion of 200 equiv of β-BL, was carried out to further
support the living-type behavior (Table 1, entry 4). As
expected, the molecular weight of the obtained polymer after
the second monomer addition was almost exactly twice as
high (Mn = 24.5 vs. 48.0 kg mol−1) while dispersity remained
very narrow. The ROP of β-BL could also be carried out in the
presence of benzyl alcohol (BnOH) as chain transfer agent.
We tested ratios of 1–20 equiv of BnOH at a catalyst loading
of 0.1 mol% and observed a high tolerance of 2 against chain

transfer agent without any decrease in activity and control
over the polymerization (Table 1, entries 5–9). As expected,
the molecular weight of the resulting PHB decreased linearly
with increasing amount of BnOH (Fig. S19†).

Polymerization kinetics with different [β-BL]/[2] ratios
ranging from 100/1 to 400/1 at constant initial monomer
concentrations ([β-BL]0 = 2.0 M) were performed. In all cases,
first-order dependence on monomer concentration was found
as evident by the linear semi-logarithmic plots (Fig. 2A). The
rate constants were determined as kobs = 0.526 ± 0.006 min−1

(100/1), 0.361 ± 0.013 min−1 (150/1), 0.244 ± 0.008 min−1

(200/1), 0.151 ± 0.007 min−1 (300/1) and 0.118 ± 0.003 min−1

(400/1). First-order dependence with respect to catalyst
concentration was confirmed by linear relationship of ln(kobs)
vs. ln[2] with a slope of 1.11 ± 0.04 (Fig. 2B). The propagation
rate constant was determined as kp = 27.9 ± 0.9 L mol−1

min−1 (Fig. S20†). Together with the results of the end-group
analysis (vide supra), the findings of the kinetic experiments
support that the polymerization follows a mononuclear
coordination-insertion mechanism.

The importance of the initiating group is clearly
demonstrated by the differences in catalytic activity of 1 and
2. Consequently, we were interested whether an indium
alkoxide complex could be conveniently generated in situ by
using air-stable pre-catalyst 1. Such a suitable activation
method was previously reported by Thomas et al. where a
salen-type aluminum chloro complex was transformed in situ
into an alkoxide complex by stirring it in neat propylene
oxide (PO) in the presence of an onium salt as cocatalyst.49

This method is gaining increasing attention for chloro
complexes, and despite some minor mechanistic distinctions
for different catalytic systems (e.g., addition of cocatalyst
required or not),49,50 it is generally accepted that PO is ring-
opened by the chloro group to form a chloropropoxy
species.49–54 Stirring 1 in neat PO for 24 h and subsequent
addition of 200 equiv of β-BL led to rapid monomer
consumption without any sign of polyether formation

Table 1 Ring-opening polymerization of β-BL using initiators 1–3a

Entry Catalyst [M]/[I] Time (min) Conv.b (%) Mn,theo.
c (kg mol−1) Mn,GPC

d (kg mol−1) Đd

1 2 200 15 97 16.7 22.7 1.10
2 2 400 30 95 32.7 43.9 1.03
3 2 2000 1440 >99 172.2 187.5 1.09
4e 2 200 + 200 15 + 30 97/96 16.7/33.1 24.5/48.0 1.05/1.06
5 f 2 1000 480 >99 43.0 56.8 1.07
6g 2 1000 480 >99 21.5 31.6 1.08
7h 2 1000 480 >99 14.3 22.4 1.06
8i 2 1000 480 >99 7.8 11.9 1.06
9 j 2 1000 480 98 4.0 5.4 1.05
10k 1 200 120 87 15.0 19.2 1.10
11 3 200 60 80 13.8 19.0 1.09

a Polymerizations were performed in toluene at room temperature, [β-BL] = 2.0 M. Reaction times not necessarily optimized. Additional
polymerization data can be found in the ESI,† Table S1. b Conversion determined by 1H NMR spectroscopy. c Theoretical molecular weights
were determined from the [M]/[I] ratio and monomer conversion data. d Determined by GPC in CHCl3 at room temperature relative to
polystyrene standards. e Sequential addition of 200 equiv β-BL after near-quantitative conversion of first 200 equiv β-BL. f 1 equiv BnOH added.
g 3 equiv BnOH added. h 5 equiv BnOH added. i 10 equiv BnOH added. j 20 equiv BnOH added. k Propylene oxide (PO) used as solvent.
Preactivation time of catalyst in PO prior to monomer addition was 24 h.
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(Table 1, entry 10). The molecular weight of PHB increased
linearly with increasing conversion (Fig. S21†) and first-order

dependence on monomer concentration was observed (Fig.
S22†) indicating a well-controlled polymerization behavior.
These results suggest that 1 can be in situ transformed into
an alkoxide species, albeit polymerization activity is
somewhat reduced compared to 2. This might be attributed
to an incomplete formation of catalytically active alkoxide
species or the difference in initiation efficiency of tert-butoxy
vs. chloropropoxy. When the preactivation time of 1 in PO
was reduced to 15 min, no conversion of β-BL was observed
after 1 h (Table S1,† entry 3). Additionally, large excess of PO
was needed to form the catalytically active species since
stirring 1 in toluene with 10 equiv of PO for 24 h and
subsequent monomer addition gave no polymer (Table S1,†
entry 4). Nevertheless, our results show that polymerization
rates of air-stable 1 can be drastically increased when
performing the ROP of β-BL in neat PO as activation reagent.

These initial results in the ROP of β-BL prompted us to
investigate the activity of 2 in the ROP of various cyclic esters
including ε-CL, ε-DL, LA and γ-BL. In the ROP of ε-CL,
ultrahigh activities were observed while low catalyst loadings
of 2 (0.2–0.05 mol%) could be used. 72% of 500 equiv ε-CL
were converted in just 20 s with gelation of the reaction
mixture (Table 2, entry 1). The outstanding polymerization
activity was still maintained when increasing the [ε-CL]/[2]
ratio to 1000/1 and 2000/1 leading to TOFs as high as
71 100 h−1 (Table 2, entries 2 and 3). In all cases, slightly
broadened polymer distributions are evident, typically
observed in ε-CL ROP due to transesterification side reactions
at high conversions.11 Additionally, high polymerization
viscosities and a higher rate of propagation compared to the
rate of initiation might explain the broadening as well as the
higher experimental molecular weights compared to those
theoretically calculated. Moving forward, we turned to ε-DL, a
related seven-membered lactone that attracts increasing

Fig. 2 A) Semi-logarithmic first-order plots for the polymerization of
β-BL at different [β-BL]/[2] ratios. B) Plot of ln(kobs) vs. ln[2] for ROP of
β-BL.

Table 2 Ring-opening polymerization of various cyclic esters using initiators 2 and 3a

Entry Catalyst Monomer [M]/[I] T (°C) Time (min) Conv.b (%) TOF (h−1) Mn,theo.
c (kg mol−1) Mn,GPC

d (kg mol−1) Đd

1 2 ε-CL 500 rt 20 s 72 64 800 41.1 117.1 1.48
2 2 ε-CL 1000 rt 40 s 79 71 100 90.2 214.8 1.42
3 2 ε-CL 2000 rt 90 s 82 65 600 187.2 318.8 1.49
4 2 ε-DL 100 rt 60 84 84 14.3 33.8 1.12
5 2 ε-DL 200 rt 120 90 90 30.6 50.8 1.13
6 2 ε-DL 500 rt 360 84 70 71.5 87.5 1.10
7 2 rac-LA 500 130 10 94 2820 67.7 26.8 1.15
8 2 rac-LA 1000 130 10 78 4680 112.4 31.8 1.17
9e 2 rac-LA 1000 130 10 83 4980 119.6 35.1 1.16
10e 2 rac-LA 2000 130 15 79 6320 227.7 47.0 1.19
11e 2 L-LA 1000 130 10 46 2760 66.3 18.4 1.16
12e 2 L-LA 1000 170 3 42 8400 60.5 12.8 1.18
13 2 γ-BL 200 −35 1440 28 2 4.8 21.2 1.80
14 2 γ-BL 400 −35 1440 20 3 6.9 21.6 1.88
15 3 ε-CL 500 rt 5 37 2220 21.1 41.0 1.33
16 3 ε-DL 100 rt 60 69 69 11.7 19.9 1.22
17 3 rac-LA 500 130 10 51 1530 36.8 57.8 3.26

a Polymerizations were performed in toluene, [M] = 2.0 M, except entries 7–14 and 17, which were performed in bulk. Reaction times not
necessarily optimized. b Conversion determined by 1H NMR spectroscopy. c Theoretical molecular weights were determined from the [M]/[I]
ratio and monomer conversion data. d Determined by GPC in THF at 40 °C relative to polystyrene standards. Molecular weights of PεCL and
PLA were corrected with a factor of 0.56 and 0.58, respectively.35 e Impure, commercial grade monomer used.
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research attention as a biobased substituent for low-Tg-
polymers and shows promising performance as soft segment
in copolymers for adhesives and thermoplastic
elastomers.55,56 In contrast to ε-CL, ε-DL is a more reluctant
monomer in ROP and usually requires prolonged reaction
times or elevated temperatures for high conversions.14,55–57

We decided to perform the ROP of ε-DL at room temperature
and observed 84% conversion within 1 h at a [ε-DL]/[2] ratio
of 100/1 (Table 2, entry 4). Increasing the monomer to
catalyst ratio required longer reaction times to achieve high
conversions (Table 2, entries 5 and 6). Nevertheless, initiator
2 showed high degrees of polymerization control, as
poly(ε-decalactone) with high molecular weight and narrow
dispersity could be obtained (Mn = 87.5 kg mol−1, Đ = 1.10).

We were then interested in the ROP of rac-LA at
industrially relevant bulk conditions at 130 °C. At the outset,
sublimed rac-LA was used and 2 proved to be highly active
converting 500 equiv of monomer almost quantitatively into
PLA within 10 min (Table 2, entry 7). Despite the high
reaction temperatures, the resulting PLA had narrow
dispersity (Đ = 1.15), even though the molecular weight was
only half than expected. When increasing the [rac-LA]/[2]
ratio to 1000/1, 2 was still highly active (TOF = 4680 h−1,
Table 2, entry 8). Inspired by the work of Mehrkhodavandi
et al.,58 we tested the robustness of 2 against water and
impurities using as received, commercial grade rac-LA.
Strikingly, almost identical polymerization outcomes compared
to purified rac-LA were observed in respect to activity,
molecular weight and dispersity (Table 2, entries 8 vs. 9). When
further lowering the catalyst loading to 0.05 mol%, 79%
conversion was realized within 15 min, highlighting the
exceptional tolerance of initiator 2 against unpurified
monomer (Table 2, entry 10). In all LA polymerization
experiments, lower experimental than expected molar masses
were observed indicating chain scission processes at these high
reaction temperatures. All polymers were slightly heterotactic
enriched (Pr = 0.60–0.63; Fig. S25†). Using as received,
commercial grade L-LA, the activity of 2 is reduced but still high
(TOF = 2760 h−1) and affords PLA with Mn = 18.4 kg mol−1,
Đ = 1.16 (Table 2, entry 11). The polymerization of L-LA
proceeds with almost no sign of epimerization, even when
the polymerization temperature is further raised to 170 °C
(Table 2, entry 12; Pm > 0.97, Fig. S26 and S27†).

Finally, γ-BL was chosen for polymerization tests with 2
since γ-BL is a very challenging monomer requiring low
reaction temperatures and only few metal-based catalysts
have been reported to accomplish the synthesis of chemically
recyclable poly(γ-butyrolactone) (PγBL).18 Under bulk
conditions at −35 °C, initiator 2 demonstrated its versatility
producing PγBLs with relatively high molecular weights
(Table 2, entries 13 and 14). Due to precipitation of the
polymers from the reaction mixture, the Mn values are
indifferent of initial [γ-BL]/[2] ratios and dispersities were
broadened (Mn ≈ 21 kg mol−1, Đ ≈ 1.8).17

Using catam complex 3, the ROP of β-BL proceeded
significantly slower compared to the salan derivative (TOF =

160 h−1; Table 1, entry 11), albeit slightly isotactic enriched
PHB with narrow dispersity was obtained (Pm = 0.61; Fig.
S24†). Moreover, initiator 3 showed lower reaction rates in
the ROP of ε-CL and ε-DL but displayed generally good
polymerization control (Table 2, entries 15 and 16). In
addition to lower catalytic activity, ROP of rac-LA was
accompanied by severe transesterification side reactions
(Table 2, entry 17). Although the catalytic activity of 3 is still
high in the broader context, these results indicate that the
methylene bridge in the framework of salan complex 2 is a
favorable design criterion in ROP catalysis. Generally, salan
ligands are considered more flexible than salen derivatives
and less constrained than related catam ligands.47 The
improved ability of framework distortion in the case of salan
ligands might favor coordination of (several different-sized)
monomers as well as rapid propagation. A combined
experimental and theoretical study showed that backbone
linker flexibility in salen-type aluminum complexes reduces
the energy cost of framework distortion, ultimately leading to
improved reaction rates in ROP.59 These results might also
be applicable to indium complexes. Furthermore, useful
comparisons can be drawn with related indium all-rounder
catalysts (Fig. 3C and D, vide infra). Here, our work gives
additional support for the importance of framework flexibility
in order to achieve very high rates in the ROP of cyclic esters
spanning various ring sizes (4- to 7-membered).

When compared to the literature, initiator 2 substantially
outperforms reported group 13 catalysts (Fig. 3).37,38 The
respective aluminum salan complex requires several days to
achieve moderate conversions in the ROP of β-BL and rac-LA
even at elevated temperatures.60,61 A simple catalyst system
based on InCl3/NEt3/BnOH showed broad monomer scope
but TOFs were generally low.40–42 High activities were
observed with leading group 13 catalysts B–D.43–46 The overall
higher rates of salan complex 2 in comparison to more rigid
(phospha)salen-type complexes C and D supports again the
relevance of framework flexibility in catalyst design. When
comparing 2 against a broader context of catalysts showing
high rates as well as diverse monomer scope (Fig. 3), leading
zinc catalysts E–G are outperformed.31,33,34 Catalytic activity
is similar to β-diiminate zinc system H, one of the superior
catalysts in the field of ROP.26,27 Besides catalysts based on
zinc, several rare earth-metal complexes exhibit the highest
rates for ROP of various lactones.36 TOFs of yttrium species I
are in the same order of magnitude as those of 2 except β-BL
polymerization, while La(OiPr)3 (K) is generally less
active.28–30,35 Ultrahigh rates were observed with initiator J
for the ROP of rac-LA but strongly reduced rates for other
lactones.24 This again emphasizes the challenge in catalyst
design of achieving high activity in combination with diverse
monomer scope. Here, indium salan complex 2 shows very
high activities for a remarkably broad range of cyclic esters,
thus representing it as one of the leading all-rounder
catalysts in ROP of cyclic esters. Putting 2 in an industrial
context, the rates of commercially used Sn(Oct)2 (L) are
higher for PLA production albeit in the same order of
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magnitude.62 High temperatures are required for the ROP of
ε-CL and ε-DL,14,63 whereas 2 provides substantially faster
access to the respective polyesters already at room
temperature.

Conclusions
In summary, an indium salan alkoxide complex with
excellent performance in the ROP of β-BL, γ-BL, ε-CL, ε-DL
and LA was described, showing the high versatility of this
complex. The polymerizations were well controlled, operable
under immortal conditions and yielded high molecular
weight polyesters with narrow dispersities. Additionally, the
use of an impure lactide feedstock under industrially relevant
conditions gave identical polymerization results compared to
a purified monomer feedstock, demonstrating the
outstanding robustness of catalyst 2. The polymerization
rates of poorly active but air-stable chloro pre-catalyst 1 could
be drastically enhanced by in situ activation with propylene
oxide. In comparison with the indium salan alkoxide catalyst
featuring flexible methylene bridges in the ligand framework,
a more constrained indium catam alkoxide initiator 3
(lacking these methylene bridges) showed reduced activity for
this range of monomers. These results indicate the benefit of

introducing framework flexibility in catalyst design in order
to achieve highly active all-rounder catalysts such as 2.
Additionally, salan complex 2 highlights the remarkable
potential of indium initiators in ROP catalysis, a research
area, that is traditionally dominated by zinc and rare-earth
metal compounds in terms of leading catalytic activities.
Versatile catalysts that show high activity across a broad
substrate range, as reported herein, are appealing and
provide various opportunities in the rapid and precise
synthesis of copolymers. Future work will focus on exploiting
these indium complexes in other polymerizations such as
CO2 and epoxide copolymerization. Combined with the broad
substrate scope in ROP of cyclic esters established in this
work, using one simple, versatile all-rounder catalyst opens
access to sophisticated copolymer architectures with tailored
properties.
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Fig. 3 Catalysts showing high activity and broad monomer scope in ROP (A–K), including this work (2). Sn(Oct)2 (L) is shown as an example of an
industrially relevant catalyst.
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5.2 Content 

In this work, the indium salan initiator described previously in chapter 4131 was employed to 

demonstrate the potential of all-rounder catalysts in the ROCOP of various lactones for 

generating defined copolymers. Block copolymers combine properties of their homopolymers 

and can be prepared by sequential addition protocols. However, the synthesis of such 

polymers from monomer mixtures is more appealing as it reduces synthetic efforts and is one 

step forward into the direction of mimicking Nature’s sequence control. Previously, the 

synthesis of oxygenated block copolymers from monomer mixtures has been achieved by 

exploiting distinct reactivities of different monomer classes such as the combination of lactones 

with epoxides/CO2 or carboxyanhydrides.173,183 Herein, the precise synthesis of AB-, BAB- and 

ABAB-type block copolymers from same-class monomer mixtures using an indium salan-type 

catalyst was described. An unexpected switch in reactivity was observed in one-pot 

copolymerizations of β-BL and ɛ-CL, reversing monomer reactivity expected from 

homopolymerization results and highlighting the high affinity of the indium initiator towards 

β-BL. Instead of a PCL-b-PHB block copolymer, PHB-co-PCL gradient copolymers were 

obtained. Increasing the difference in steric demand between the 4-membered and 

7-membered lactone even further by introduction of a bulky n-butyl side chain (i.e. using ɛ-DL 

instead of ɛ-CL as monomer), resulted in an even more pronounced monomer-selective 

behavior of the catalyst. This enabled the simple synthesis of sequence-controlled AB 

copolymers from β-BL/ɛ-DL monomer mixtures. Kinetic analysis showed that ɛ-DL conversion 

was very low as long as β-BL was present in the reaction mixture, however, after full 

consumption of β-BL, ɛ-DL polymerization rate increased by a factor of 4.9. These results 

demonstrated that the catalyst successfully differentiates between the comonomers in the 

mixture. This synthetic protocol in combination with the indium salan initiator also enabled the 

simple and rapid synthesis of ABAB block copolymers when an additional portion of β-BL was 

added to a β-BL/ɛ-DL monomer mixture after 50% conversion of ɛ-DL. Similarly, starting with 

a homopolymerization of ɛ-DL and adding β-BL after 50% conversion conveniently generated 

BAB block copolymers. The structure of these defined AB-, BAB-, and ABAB-type block 

copolymers was unambiguously identified by 1H and 13C{1H} NMR analysis, DSC and TGA 

measurements. In the 13C{1H} NMR spectra, heterodyads from tapering regions were almost 

completely absent, DSC curves showed two distinct Tg values and a two-step decomposition 

process was evident in the TGA. Thus, it could be demonstrated that sequence control in 

copolymerizations is not only feasible by combination of different monomer classes but also 

within one class of similarly reactive monomers. 
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ABSTRACT: The synthesis of well-defined block copolymers
from one-pot monomer mixtures is particularly challenging when
monomers are from the same class and show similar reactivity.
Herein, an indium-based catalyst that shows comparable rates in
the ring-opening homopolymerization of β-butyrolactone (β-BL)
and ε-decalactone (ε-DL), demonstrates monomer-selective
behavior in one-pot copolymerizations of β-BL and ε-DL. This
provides simple and rapid access to well-defined di-, tri-, or tetra-
block copolyesters from monomer mixtures. The sequence-
controlled nature of these polymers was confirmed by kinetic
analysis, 13C{1H} NMR spectroscopy, DSC, and TGA measure-
ments.

While sequence-controlled polymers are ubiquitous in
Nature, the synthetic production of polymers with a

defined order of building blocks remains highly challenging.1
The scope of artificial catalytic polymerization methods is far
away from such sophisticated systems, yet imitation of Nature
has led to innovative catalyst design where, for example,
allosteric control enables di!erent reactivity of the catalyst.2
Similarly, polymerization catalysts that can be switched between
two or more states by external stimuli such as redox,
electrochemical, or photochemical stimuli have emerged to
give access to sequence-controlled polymers.3−5

Switchable catalysis is gaining increased research attention in
the field of ring-opening polymerization (ROP) of cyclic
esters.6,7 ROP gives simple access to (bio)degradable polyesters
with high control over molecular weight and polydispersity,
however, the precise control of polymer sequence still remains a
major challenge. When di!erent monomer classes, such as
lactones, epoxides/CO2, or carboxyanhydrides, are combined in
ring-opening copolymerizations,8,9 distinct reactivity di!erences
of the metal chain end group in the respective catalytic cycles
enable high chemoselectivity and simple access to block
copolymers.10−15 In contrast to that, sequence control from
one-pot mixtures of the same monomer class is highly
challenging due to similar reactivity.16 Redox-controlled “on/
o!” switching in ROP of one specific cyclic ester monomer is
achieved with an increasing number of catalysts,17−23 yet,
establishing orthogonal monomer reactivity for two di!erent
lactones to generate block copolyesters is rarely reported.7,24 For
example, the synthesis of a block copolymermicrostructure from
an L-lactide (L-LA)/ε-caprolactone (ε-CL) feedstock has been

achieved with a redox-switchable titanium catalyst.25 Using a
di!erent approach, stereoselective polymerization catalysts
allowed for the synthesis of alternating sequence-controlled
polyesters when mixed monomers of opposite stereochemistry
were employed.26,27 However, the addition of oxidants and
reductants or the use of enantiopure monomer mixtures makes
these approaches experimentally challenging.
Achieving the goal of a defined polymer sequence, such as

block copolymers, in ROP of lactone mixtures can in general be
relatively simple if large reactivity di!erences of the catalyst are
observed in the homopolymerization of di!erent monomers,
and these are retained in copolymerizations (i.e., kinetic
control).16,28−32 Nevertheless, the drawbacks of this method
are long reaction times or large tapered regions in the polymer,
potential transesterification side reactions that lead to random-
ization of the initial block architecture and inactivity of the
catalyst for di!erent monomer combinations.16,33−35

In this context, catalysts that show high chemoselectivity for
one specific monomer in one-pot mixtures and give rapid access
to block copolymer structures, similarly to ring-opening
copolymerization of di!erent monomer classes, are an appealing
target. Herein, we report on the simple and rapid synthesis of
well-defined AB-, BAB-, and ABAB-type block copolymers from
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one-pot monomer mixtures using an indium salan-type catalyst
that demonstrates monomer-selective behavior (Scheme 1).

For the synthesis of sequence-controlled polymers, a catalyst
with high control over the polymerization is required, otherwise
inter- and intramolecular transesterifications lead to scrambling
of the polymer sequence. Indium catalyst 1 (Scheme 1) was
recently reported by our group and showed very high activity in
ROP across a broad range of lactone monomers.36 Besides its
high activity, the catalyst showed excellent polymerization
control with minimal transesterification side reactions, render-
ing it an ideal candidate to approach copolymers with defined
microstructure. Aiming for block copolyesters from monomer
mixtures via kinetic control, we performed copolymerization

experiments of β-BL and ε-CL. Considering the ultrahigh
activity of 1 in ROP of ε-CL (turnover frequency (TOF) =
64800 h−1 vs TOF = 776 h−1 for β-BL; Table S1, entries 1 and
2), we expected rapid conversion of ε-CL to form a PCL-block
followed by slower polymerization of β-BL giving PCL-b-PHB.
To our surprise, when 500 equiv of each monomer were used in
a one-pot mixture, β-BL conversion was twice as high as ε-CL
conversion after a polymerization time of 15 min (Table 1, entry
1). Reducing the β-BL/ε-CL ratio to 200/500 equiv revealed
that β-BL was still consumed faster than ε-CL, albeit ε-CL
conversion was strongly increased (Table 1, entry 2).
Consequently, these results indicated that the polymerization
of ε-CL is limited by the amount of β-BL present in the
monomer mixture when catalyst 1 is employed. A kinetic study
of the copolymerization monitored by 1H NMR spectroscopy
further corroborated these findings. The polymerization rate of
β-BL was significantly higher than that of ε-CL, and while
consumption of β-BL follows a first-order behavior, conversion
of ε-CL follows a zero-order rate law (Figures S2−S4). These
observations suggest that the addition of ε-CL to the
propagating chain end is rapid, while the ROP of β-BL is the
rate-limiting step. However, coordination strength of β-BL
toward 1 is higher than that of ε-CL, thus, overall limiting ε-CL
ROP (Figure S8). The obtained polymers exhibited unimodal
gel permeation chromatography (GPC) traces and very narrow
polydispersities (Đ ≤ 1.07). The synthesis of copolymers was
additionally confirmed by di!usion-ordered NMR spectroscopy
(DOSY) showing a single di!usion coe"cient for the polymer
samples (Figures S27 and S28).
Having identified that catalyst 1 shows a high selectivity

toward β-BL in monomer mixtures, we hypothesized that
increasing the steric demand of the comonomer might favor
a"nity of 1 for polymerizing sterically less demanding β-BL even
further. We therefore chose ε-DL as a related comonomer to ε-
CL but having a large n-butyl side chain in close proximity to the
metal-coordinating carbonyl group. Homopolymerization ex-
periments revealed a high activity of 1 in ROP of ε-DL (TOF up
to 168 h−1, Table S1, entry 4).
Previous reports have shown that the copolymerization of β-

BL and ε-DL is highly challenging, as only sequential
copolymerization approaches were successful, but one-pot
approaches failed.37 We first tested the sequential block
copolymerization of β-BL and ε-DL using catalyst 1 (Table 1,
entry 3). A well-defined copolymer with Mn,AB = 51.0 kg mol−1

Scheme 1. Copolymerization of β-BL with ε-CL and ε-DL to
Access Gradient or AB-, BAB-, and ABAB-Type Block
Copolymers fromOne-PotMonomerMixtures Using Indium
Catalyst 1

Table 1. Ring-Opening Copolymerization of β-BL with ε-CL or ε-DL Using Indium Catalyst 1a

entry monomer A monomer B [A]/[B]/[1] routeb t (min)
conv. Ac
(%)

conv. Bc
(%)

Mn,theo
d

(kg mol−1)
Mn,GPC

e

(kg mol−1) Đe Tg
f (°C)

1 β-BL ε-CL 500:500:1 A 15 51 24 35.6 48.6 1.07 −30
2 β-BL ε-CL 200:500:1 A 15 86 68 53.6 88.9 1.07 −55
3g β-BL ε-DL 200:200:1 seq. add. 140 >99 82 45.0 51.0 1.08 −53/−2
4 β-BL ε-DL 100:100:1 A 90 >99 93 24.4 31.8 1.06 −52/−9
5 β-BL ε-DL 200:200:1 A 180 >99 87 46.7 49.7 1.08 −53/−6
6 β-BL ε-DL 300:300:1 A 240 >99 70 61.3 58.9 1.07 −54/−6
7 β-BL ε-DL 200:200:1 C 60/180 −/>99 40/77 43.3 45.8 1.20h n.d.
8i β-BL ε-DL 200:200:1 C 45/180 −/>99 51/81 22.3 23.8 1.11 −53/−16
9j β-BL ε-DL 200:200:1 B 90/240 >99/>99 52/82 45.0 50.2 1.09 −50/−15

aPolymerizations were performed in toluene at room temperature, [β-BL] = [MB] = 2.0 M. bReaction pathway according to Scheme 1.
cConversion determined by 1H NMR spectroscopy. dTheoretical molecular weights were determined from the [M]/[I] ratio and monomer
conversion data. eDetermined by GPC in THF at 40 °C relative to polystyrene standards. fDetermined by DSC, second heating scan. gSequential
addition, ε-DL was added after full conversion of β-BL (20 min). hBimodal distribution. i2 equiv of BnOH added. jInitial monomer mixture
100:200:1, additional 100 equiv of β-BL added after 90 min.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.2c00468
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and Đ = 1.08 was obtained (Mn,A = 24.3 kg mol−1, Đ = 1.03).
DOSY NMR spectroscopy confirmed the synthesis of a
copolymer (Figure S29), and the 13C{1H} NMR spectrum
showed only two resonances in the carbonyl region, as expected
for block formation (the carbonyl resonance of PHB is split due
to the atactic nature of the polymer, Figure S43). The absence of
heterodyads resulting from transesterifications highlights the
excellent polymerization control of 1. Additionally, di!erential
scanning calorimetry (DSC) revealed two distinct glass
transition temperatures (Tg) at −53 and −2 °C, which are in
good agreement with the respective Tg values of pure PDL and
PHB, further supporting the successful synthesis of a block
copolymer (Figure S13). Thermal gravimetric analysis (TGA)
revealed a two-step decomposition process of the copolymer
with maximum decomposition rates at 284 and 341 °C (Figure
S22).
Based on these results, we aimed for the synthesis of

copolymers from one-pot monomer mixtures, potentially
resulting in interesting polymer microstructures based on
aforementioned hypothesis regarding steric di!erentiation of
monomers by the catalyst. A 100/100/1 mixture of β-BL and ε-
DLwas rapidly converted by 1 yielding a polymer withMn = 31.8
kg mol−1 and Đ = 1.06 (Table 1, entry 4). Increasing the
monomer-to-catalyst ratio to 200/200/1 and 300/300/1
resulted in the successful synthesis of polymers with increased
molecular weights while dispersity remained very narrow (Table
1, entries 5 and 6). Experimental molecular weights were
agreeing well with those theoretically calculated and the content
of β-BL and ε-DL in the isolated polymers was in accordance
with respective monomer conversions (Figures S44−S49).
Importantly, the successful copolymer formation was confirmed
by DOSY NMR (Figures S30−S32).
In order to gain further insights into the copolymerization of

β-BL/ε-DL monomer mixtures via Route A, we performed a
kinetic analysis. Aliquots were withdrawn from a β-BL/ε-DL/1
(200/200/1) reaction mixture and the samples analyzed by 1H
NMR and GPC analysis. A linear increase ofMn with conversion
was observed while dispersity of the growing polymer chains
remained very narrow (Figure S5), evident of a living-type
polymerization. While consumption of β-BL follows a first-order
behavior with kobs = 0.1003 min−1, ε-DL conversion showed an

unprecedented result (Figure 1a). During the presence of β-BL
in the polymerizationmixture, the rate of ε-DL polymerization is
very low (kobs = 0.0028 min−1). However, once all β-BL is
consumed the ε-DL rate increases by a factor of 4.9 (kobs =
0.0137 min−1), indicating that the catalyst successfully di!er-
entiates between the two comonomers in the mixture. Thus, the
self-switchable behavior of 1 in ROP of β-BL/ε-DL allows for
the synthesis of well-defined diblock copolymers with minimal
tapering from one-pot mixtures, as further supported by
13C{1H} NMR (Figure 2). To the best of our knowledge, such

a chemoselective behavior has previously only been observed in
phosphazene-catalyzed ROP of β-BL with benzyl β-malolac-
tone, but required very long reaction times and showed relatively
poor polymerization control.38 The polymer microstructure of
synthesized PHB-b-PDLs (Table 1, entries 4−6) was addition-
ally verified by the presence of two Tg values in the DSC traces
with values close to their homopolymers (Figures 3 and S14−
S16) and a two-step decomposition process in the TGA (Figures
S23−S25). Overall, analytical data of PHB-b-PDLs prepared

Figure 1. Semilogarithmic plots of monomer concentration over time for the copolymerization of β-BL and ε-DLmediated by complex 1. (a) One-pot
monomer mixture, [β-BL]/[ε-DL]/1 = 200/200/1 (Route A, Scheme 1). (b) ε-DL ROP and addition of β-BL after 45 min, [β-BL]/[ε-DL]/
[BnOH]/1 = 200/200/2/1 (Route C, Scheme 1).

Figure 2. Comparison of 13C{1H} NMR spectra (carbonyl region) of
PHB-co-PDL copolymers prepared via di!erent synthesis routes and
catalysts.

ACS Macro Letters pubs.acs.org/macroletters Letter
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from monomer mixtures was in close resemblance to those of
PHB-b-PDL prepared via sequential addition (Figures 2 and 3).
Attempting the copolymer synthesis from one-pot mixtures

with an yttrium bisphenolate catalyst that has shown broad
monomer scope for a range of cyclic esters,39 only gave
copolymers with a limited amount of ε-DL incorporated into the
polymer chain (Table S1, entries 6 and 7). Using organocatalyst
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) did not result in the
formation of copolymers while tin(II) 2-ethylhexanoate [Sn-
(Oct)2] only a!orded oligomeric materials (Table S1, entries 8
and 9). Ti(OiPr)4 was capable of accessing PHB-co-PDL
copolymers, albeit long reaction times and high temperatures
were required (Table S1, entry 10). 13C{1H} NMR analysis of
the copolymer revealed a gradient microstructure (Figure 2) and
accordingly, a single thermal transition was observed in the DSC
curve (Figure 3). These results clearly show the challenge of
synthesizing defined (block) copolymers from monomer
mixtures and highlight the potential of catalyst 1.
On the basis of the exceptional monomer-selective polymer-

ization behavior of initiator 1, we became interested in the
synthesis of more complex polymer architectures such as tri- or
tetrablock copolymers. We reasoned that starting the polymer-
ization with ε-DL and adding β-BL at ∼50% conversion of ε-DL
should result in preferential consumption of β-BL from that
point on while ROP of ε-DL should be e!ectively halted. After
full conversion of β-BL, ε-DL polymerization is expected to
resume, ultimately yielding a triblock copolymer (Scheme 1,
Route C). Testing this approach, 200 equiv of ε-DL were
polymerized until 40% conversion using 1, then, 200 equiv of β-
BL were added to the reaction mixture, and the polymerization
allowed to resume until high conversion of β-BL (>99%) and ε-
DL (77%) was achieved (Table 1, entry 7). However, the
isolated polymer exhibited a bimodal GPC trace indicating that
the formation of a defined multiblock copolymer failed. GPC
analysis of reaction aliquots and the fact that unimodal GPC
traces were observed for tetrablock copolymers prepared via a
similar approach (vide inf ra), led us to conclude that the poor
initiation e"ciency of 1 in ROP of ε-DL was the reason for the

bimodal polymer distribution (see SI, Section 2.1). In order to
achieve a high initiation e"ciency in ROP of ε-DL, 1 was
activated in situ by the addition of 2 equiv of benzyl alcohol
(BnOH). Following aforementioned copolymerization proto-
col, copolymers with a unimodal GPC trace and a single
di!usion coe"cient in DOSY NMR measurements could be
successfully isolated (Table 1, entry 8; Figures S7 and S33). The
triblock polymer microstructure was verified by kinetic analysis
of the copolymerization (Figure 1b). After β-BL addition, the
rate of ε-DL polymerization is drastically reduced (kobs = 0.0031
min−1 vs kobs = 0.0148 min−1) and β-BL is 32-fold more likely
incorporated into the polymer chain than ε-DL. The highly
resolved nature of the triblock copolymer was further confirmed
by 13C{1H} NMR spectroscopy (Figure 2) and DSC (Figure
S17). Expanding this approach, the simple synthesis of an ABAB
tetrablock copolymer was feasible when starting from a β-BL/ε-
DL monomer mixture and adding a second portion of β-BL
monomer after ∼50% conversion of ε-DL (Scheme 1, Route B;
Table 1, entry 9). Again, the structure of the tetrablock
copolyester was unambiguously identified by DOSY and
13C{1H} NMR spectroscopy (Figures S34 and S53), DSC
(Figure S18), and TGA (Figure S26).
In summary, copolymerizations of ε-CL and β-BL using an

indium salan-type catalyst 1 revealed that 1 shows a strong
a"nity toward β-BL in monomer mixtures. PHB-co-PCL
gradient copolymers were obtained instead of block copolymers,
reversing monomer reactivity expected from homopolymeriza-
tion results. Switching to a related but sterically more
demanding comonomer compared to ε-CL, namely, ε-DL,
allowed for the simple and rapid synthesis of well-defined AB,
BAB, and ABAB block copolymers from β-BL/ε-DL monomer
mixtures. Previously, switchable catalysis has focused on
exploiting distinct reactivities of di!erent monomer classes
such as lactones, epoxides/CO2 or carboxyanhydrides in order
to achieve block copolymers frommonomer mixtures. Our work
shows that monomer di!erentiation by the catalyst is feasible
not only within di!erent monomer classes, but also within one
class of similarly reacting monomers, and thus gives access to
even more complex sequence-controlled polymer architectures.
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6.2 Content 

Polymers are a class of materials that have found immense use in various applications and 

have a significant positive impact on our daily lives. However, when it comes to the end-of-life 

fate of today’s commodity plastics, their durability and persistence are a major drawback. 

Plastic contamination of the environment is nowadays considered as one of the urging, global 

challenges calling for innovations from polymer chemists. Chemical recycling approaches in 

order to achieve a circular plastics economy have gained significant attention in recent years. 

Particularly promising are novel, specifically designed polymer systems that can be 

depolymerized back to monomer, thus closing the loop and enabling the synthesis of recycled 

polymers with virgin material properties. In this study, the ROP of a bicyclic lactone (NCL) 

derived from norcamphor was described and the chemical recyclability of the resulting 

polyesters investigated. Previously, several bicyclic lactones based on a 5- or 7-membered 

ring core structure have enabled the synthesis of chemically recyclable polyesters. Herein, this 

strategy of ring-fusion in monomer design was expanded to a 6-membered ring core structure. 

A catalyst screening including tin-, titanium-, yttrium and zinc-based catalysts, revealed ZnEt2 

as the most potent catalyst for ROP of NCL. It was shown that NCL is highly polymerizable 

(even at high polymerization temperatures of 110°C) and high molecular weight polyesters can 

be obtained (Mn up to 164 kg mol-1). The thermal properties of this novel polyester were studied 

by means of DSC and TGA, displaying an amorphous nature of PNCL with a maximum rate 

decomposition temperature Td,max of 234°C. Most importantly, the obtained materials could be 

completely recycled back to monomer in quantitative yield within 4 h under thermolysis 

conditions (T = 220°C). Additionally, NCL could be recovered under chemolysis conditions 

when a lanthanum catalyst was used. Thus, it was demonstrated that the ring-

fusion/hybridization approach in monomer design is also applicable for 6-membered rings and 

is eminently suitable to overcome typically conflicting parameters in monomer–polymer 

systems, i.e. high polymerizability and high depolymerizability. 
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ABSTRACT: Chemical recycling of polymers is an elegant approach
to achieve a circular economy and address the sustainability and end-
of-life issues of plastics. Herein, we report the ring-opening
polymerization of a bicyclic lactone that is easily accessible from
norcamphor. High molecular weight polyesters (Mn up to 164 kg
mol−1) are obtained using ZnEt2 as catalyst, while the polymerizability
of the monomer is good even at high temperatures. More importantly,
the polymers can be completely depolymerized under thermolysis
conditions to selectively recover the pristine monomer. Thus, the
monomer design strategy of using ring-fused/hybridized lactones
enables an innovative monomer−polymer system that shows both
high polymerizability and high depolymerizability.

Current commodity plastics are extremely useful materials
that have found a plethora of applications and are present

in everyday life. Within the past decades, an estimated 8300
million metric tons (Mt) of virgin plastics have been
produced.1 However, when it comes to the end-of-life fate of
these materials, various issues arise. Most of these plastics have
been discarded or incinerated, and only a fraction (600 Mt)
have been recycled since.1,2 Besides major issues arising from
the persistence of current commodity plastics in the environ-
ment, the loss of material value, together with the need for
extraction of virgin raw materials, is a severe drawback.2−4

In recent years, chemical recycling to monomer (CRM) has
emerged as a promising strategy to tackle these challenges and
enable a circular polymer economy.5−8 Ring-opening polymer-
ization (ROP) of cyclic esters is a valuable method for enabling
such polymerization−depolymerization systems due to the
thermodynamic equilibrium between the monomer and
resulting polymer.8,9 Chen et al. exploited this behavior in
their pioneering work on the ROP of “nonstrained” γ-
butyrolactone (GBL). ROP was performed at low temper-
atures (−40 °C), and complete chemical recyclability back to
the monomer was achieved when heating the obtained
polymer at high temperatures (>220 °C).10 However, the
poor polymerizability yet good depolymerizability demonstrate
the trade-o! commonly observed in such systems and illustrate
the need for delicate monomer design.
In order to balance polymerizability/depolymerizability and

achieve promising material properties, approaches of using
bicyclic monomers have emerged (Scheme 1). ROP of trans-
cyclohexyl-ring-fused GBLs delivered materials with improved
thermal and mechanical properties yet retained their full
recyclability due to the GBL-based core.11−13 Further

expanding this concept, Chen and co-workers used the
structural hybridization of ε-caprolactone and GBL to create
a bicyclic lactone that a!ords polyester materials with high

Received: July 27, 2022
Accepted: September 6, 2022
Published: September 8, 2022

Scheme 1. Bicyclic Monomers Based on Five- or Seven-
Membered Rings as the Core Structure Enabling the
Synthesis of Chemically Recyclable Polymers and This
Work
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glass transition temperature (Tg) or melting point (Tm), high
thermal stability, and complete chemical recyclability.14
Similarly, clean depolymerization to the monomer was
achieved with polythioesters based on bicyclic thiolac-
tones.15,16
Apart from those bicyclic monomers with a five-membered

ring core structure, seven-membered lactones with aromatic
units have emerged as a promising monomer class for the
synthesis of chemically recyclable polymers with beneficial
material properties (Scheme 1). Since the initial report of
Shaver et al.,17,18 various substitution patterns and their
influence on polymerization/depolymerization as well as
polymer characteristics have been studied.19−21

Inspired by the strategy of using ring-fused monomers for
CRM and especially the hybridization approach of Chen et al.,
we were interested in whether this concept could be expanded
to bicyclic lactones with a six-membered ring core structure
and still yield chemically recyclable polyesters (Scheme 1).
ROP of six-membered bicyclic lactones is rarely reported in the
literature,22−26 and CRM has not yet been described. While δ-
valerolactone has a relatively high ceiling temperature (Tc),
alkyl substitution strongly influences Tc and monomer
equilibrium concentration.27 For instance, early work has
shown that poly(β-methyl-δ-valerolactone)-based polyur-
ethanes and carbomethoxylated polyvalerolactone are chemi-
cally recyclable.28,29 δ-Methyl and α-methylene-substituted six-
membered lactones have been very recently explored for
CRM.30,31 Based on this, we set out to investigate the ROP of a
bicyclic lactone with a six-membered ring core structure
derived from norcamphor and study the depolymerization
behavior of the resulting alicyclic polyester.
The synthesis of norcamphor lactone (NCL), formally 2-

oxabicyclo[3.2.1]octan-3-one, was achieved by a facile one-step
Baeyer−Villiger oxidation from commercially available nor-
camphor (Scheme 2).32 While various procedures for the

synthesis of this lactone exist, its polymerization has
surprisingly been only attempted twice in the literature, but
either the polymerization failed or the molecular weight of the
polymers was limited to <2 kg mol−1.33,34 Keeping in mind the
depolymerizability of related polyesters bearing cylic fragments
in the polymer backbone, we were initially interested in
whether high molecular weight polyesters can be obtained in
the ROP of NCL or if thermodynamic equilibria limit the
synthesis thereof.
At the outset of our catalyst screening, we attempted the

ROP of NCL using the established catalyst tin octoate
[Sn(oct)2]. However, no conversion was observed at a
[NCL]/[cat] ratio of 100:1 despite the high reaction
temperatures (Table 1, entry 1). Switching to a discrete
yttrium-based catalyst Y1 (Figure S1) that has shown superior
performance in ROP for a range of monomers35 resulted in the
successful isolation of poly(norcamphor lactone) (PNCL).

High conversions were obtained at room temperature when 20
equiv of NCL was used (Table 1, entry 2). However, further
increasing the [NCL]/[cat] ratio to 100:1 led to a drastic
decrease in activity, and only 37% of monomer was converted
after 48 h (Table 1, entry 3). Using Ti(OiPr)4 as catalyst,
conversion was low at reaction temperatures of 80 °C under
both solvent and bulk conditions (Table 1, entries 4 and 5).
Increasing the temperature to 110 °C resulted in high
conversion in bulk polymerizations, and activity was still
moderate when performing the polymerization under solvent
conditions (Table 1, entries 6 and 7). However, in all
polymerization runs using Ti(OiPr)4, only low molecular
weight polymers were obtained (Mn < 4 kg mol−1).
Finally, we arrived at ZnEt2 as a potent ROP catalyst and

obtained PNCL with high molecular weight and narrow
dispersity (Mn = 22.3 kg mol−1, Đ = 1.2) at a [NCL]/[cat]
ratio of 100:1 at 80 °C (Table 1, entry 8). Performing the
polymerization in bulk at 110 °C gave high monomer
conversions (83%) in only 3 h, albeit at the expense of
broadened dispersity due to transesterifications (Table 1, entry
9). Increasing the [NCL]/[cat] ratio to 200:1 nearly doubled
the molecular weight of PNCL (Table 1, entry 10). Similar
ROP performance in terms of activity and molecular weight
control was observed when the catalyst loading was decreased
even further to 400:1 (Table 1, entry 11). Eventually, PNCL
with a molecular weight of 163.7 kg mol−1 (Đ = 1.7) could be
obtained when the [NCL]/[cat] ratio was as high as 1500:1
(Table 1, entry 12).

1H NMR analysis of the resulting polymers revealed that the
ROP of NCL takes place with retention of its cis-configuration,
and no epimerization was observed as evidenced by the
absence of a second set of resonances expected for a trans-
stereoconfiguration (Figure S4).14 The tacticity of PNCL was
investigated by means of 13C{1H} NMR spectroscopy. Some
signals, including the carbonyl resonance, showed a splitting
with identical intensity, indicating an atactic polymer structure
(Figure S5).
The thermal properties of obtained PNCL were investigated

by thermal gravimetric analysis (TGA) and di!erential
scanning calorimetry (DSC). TGA revealed a Td,5% of 183
°C and a maximum rate decomposition temperature Td,max of
234 °C (Figure 1a). Comparing the decomposition temper-
ature of PNCL to literature known polyesters bearing cyclic
fragments in the backbone, its thermal stability is re-
duced.11,12,14,24−26,36 Decomposition temperatures of PNCL
are similar to poly(2-(2-hydroxyethoxy)benzoate) (Scheme 1,
Shaver 2016).18 Subsequent work has shown that the thermal
stability can be improved by O to S as well as alkyl substitution
in the backbone.19,21 Such strategies might also be promising
for increasing the decomposition temperature of NCL-based
polymers in the future. PNCL is an amorphous material as
evidenced by DSC (Figure 1b). The Tg of PNCL (Tg = −9
°C) is increased more than 50 °C in relation to poly(δ-
valerolactone).37 In comparison to polyesters bearing purely
cyclopentyl or cyclohexyl backbones that often exhibit high Tg
or Tm values,14,24,26,36 the CH2 group in α-position to the
carbonyl of PNCL presumably enables a higher chain
flexibility.11,12
Curious whether the ring-fusion approach in our monomer

design enabled the synthesis of recyclable polymers, we first
attempted thermolysis experiments. PNCL with a molecular
weight of 42.4 kg mol−1 was heated in bulk at 280 °C.
Depolymerization conversion reached 75% after 0.5 h and was

Scheme 2. Monomer Synthesis Starting from Norcamphor
and Subsequent Ring-Opening Polymerizationa

a(±)-Norcamphor was employed in the synthesis of NCL. For clarity,
only one enantiomer is shown.
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quantitative within 2 h. 1H NMR spectroscopy revealed that
the NCL monomer is recovered; however, the high temper-
atures also promoted an elimination to give 2-cyclopentene-1-
acetic acid as a side product in a ratio of 1:2 (Figures S6 and
S7). By reducing the temperature to 220 °C, NCL is selectively
and quantitatively recovered within 4 h (Figure 2). The high
purity of recycled NCL was additionally confirmed by gas
chromatography (Figure S11). The chemical recycling
behavior of PNCL was further investigated using ZnCl2 as
the catalyst. However, bulk depolymerization at 180 °C
occurred unselectively without generation of monomer. In
contrast to that, pure NCL can be recovered by using
La[N(SiMe3)2]3. At catalyst loadings of 50:1 (respective to the

polymer repeating unit, Mn = 42.4 kg mol−1), >90% of pure
NCL was obtained within 2 h in bulk depolymerizations at 220
°C. Investigating the chemolysis under dilute conditions at 120
°C (25 mg mL−1 PNCL in toluene), monomer could also be
selectively recovered (43% conversion after 3 h). It is worth
noting that polyesters obtained via ROP of a closely related
bicyclic lactone with five-membered ring core structure were
not chemically recyclable.38 Hence, the introduction of a CH2
group in α-position to the carbonyl in the PNCL backbone has
a vast positive e!ect and facilitates clean recovery of monomer.
In summary, the ROP of a norcamphor-derived bicyclic

lactone was described, and high molecular weight polyesters
were obtained. NCL was readily polymerized even at high
temperatures, and for the first time, a bicyclic lactone with six-
membered core structure furnished the synthesis of polymeric
materials with complete chemical recyclability to monomer
under thermolysis or chemolysis conditions. Thus, the
hybridization approach in monomer design could be
successfully expanded to structures beyond the typical γ-
butyrolactone-based core. This strategy enabled the combina-
tion of excellent polymerizability with facile depolymerizability.
Given the simplicity of this approach, the material properties of
such polymers based on six-membered rings could be easily

Table 1. Ring-Opening Polymerization of NCL Using Various Catalystsa

entry catalyst solvent [M]/[cat] T (°C) time (h) conv. (%)b Mn (kg mol−1)c Đc

1 Sn(oct)2 Tol 100 110 24 0 n.d. n.d.
2 Y1 Tol 20 rt 24 89 7.0 1.6
3 Y1 Tol 100 rt 48 37 8.4 1.4
4 Ti(OiPr)4 Tol 100 80 24 3 n.d. n.d.
5 Ti(OiPr)4 bulk 100 80 24 14 2.1 1.2
6 Ti(OiPr)4 Tol 100 110 24 53 1.9 1.5
7 Ti(OiPr)4 bulk 100 110 24 80 3.8 1.3
8 ZnEt2 Tol 100 80 24 72 22.3 1.2
9 ZnEt2 bulk 100 110 3 83 22.2 2.1
10 ZnEt2 bulk 200 110 24 83 35.4 1.8
11 ZnEt2 bulk 400 110 24 81 86.8 1.9
12 ZnEt2 bulk 1500 110 24 41 163.7 1.7

aPolymerizations were performed under solvent or bulk conditions (Tol = toluene), for solvent conditions [NCL] = 3.4 M, except entries 2 and 3,
[NCL] = 2.4 M. n.d. = not determined. bConversion determined by 1H NMR spectroscopy. cDetermined by GPC in CHCl3 at room temperature
relative to polystyrene standards.

Figure 1. Analysis of thermal properties. (a) TGA curve for PNCL.
(b) DSC curve for PNCL (second heating scan, exo down).

Figure 2. Complete chemical recyclability of PNCL. 1H NMR spectra
(CDCl3, 25 °C) of pristine monomer (bottom), PNCL obtained by
ROP (middle), and recovered monomer from the thermolysis of
PNCL at 220 °C (top) (*grease).
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tuned in the future by specifically designed monomer
modifications.
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7.2 Content 

PHB is produced naturally by bacteria but its synthesis via ROP of β-BL represents a promising 

synthetic pathway. Here, catalysts play a crucial role since they are capable of controlling the 

stereomicrostructure of PHB (isotactic, syndiotactic, atactic), which is eventually a crucial 

factor in determining the properties of the polymer. Establishing structure-property 

relationships in ROP catalysis is therefore highly important in order to understand the 

parameters influencing activity and stereocontrol of a catalyst. In this work, a high-throughput 

approach for the ROP of β-BL enabling the rapid evaluation of a large library of yttrium salan 

catalysts and revealing structure-property relationships was reported. Typically, synthesizing 

large libraries of catalysts for this purpose is an elaborate and time-consuming task. Therefore, 

an approach where the catalyst is conveniently generated in situ by treating a suitable catalyst 

precursor (Y[N(SiHMe2)2]3(THF)2) with the respective salan pro-ligand was developed. Then, 

monomer was directly added to the in situ formed catalyst, circumventing catalyst isolation and 

allowing for the rapid screening of various catalysts. Comparison of isolated vs. in situ 

generated catalysts revealed identical polymerization results in ROP of β-BL with regard to 

catalytic activity, degree of stereocontrol and polymer characteristics, thus, verifying the 

synthetic procedure of the in situ approach. Guided by previous reports on yttrium salan 

catalysts,147,148,162 the focus was set on two salan ligand sub-types. The first set consisted of 

N-aryl-based and the second set of N-alkyl-based salan ligands. With these pro-ligands at 

hand, the respective in situ generated yttrium catalysts were able to access isotactic (N-aryl-

based) as well as syndiotactic PHB (N-alkyl-based), which are both interesting semi-crystalline 

materials (in contrast to amorphous atactic PHB). Rational steric and electronic modifications 

of the ligands, in combination with the developed in situ catalyst synthesis and polymerization 

procedure, allowed for the rapid evaluation of these catalysts in the ROP of β-BL and for 

establishing structure-property relationships in order to obtain polymers with tailored material 

properties. 
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ABSTRACT: Poly(3-hydroxybutyrate) (PHB) is a material produced naturally by bacteria but is 

also chemically accessible via ring-opening polymerization (ROP) of β-butyrolactone (β-BL). In 

ROP, catalyst design plays a key role in the production of PHB with different 

stereomicrostructures, i.e. syndiotactic, isotactic or atactic PHB. In this work, we demonstrate a 

simple procedure for generating the catalysts in situ by conveniently combining a suitable 

yttrium precursor with the respective salan pro-ligand. This approach circumvents the elaborate 

isolation of the catalyst and enables the high-throughput screening of a library of yttrium salan 

catalysts for the ROP of β-BL. Electronic and steric influences of the ligand framework on 

stereoselectivity and activity of the catalyst as well as limitations could be determined, and 

structure-property relationships established. Depending on the substitution pattern, these in situ 

generated catalysts produced syndiotactic-enriched, isotactic-enriched or atactic PHB with high 

activity. 

 

Introduction.  

Polyhydroxyalkanoates (PHAs) are an intriguing class of biodegradable aliphatic polyesters that 

are naturally produced by a various number of microorganisms and have attracted considerable 

research attention due to promising applications in the biomedical, pharmaceutical and 

packaging sector.1, 2 The most extensively studied PHA is poly(3-hydroxybutyrate) (PHB), 

naturally existing strictly in its (R)-configuration and thus, being an isotactic, semi-crystalline 

thermoplastic material.1-3 Its properties resemble those of isotactic polypropylene, thus, 

demonstrating the vast potential of PHB as a future commodity plastic.3 

However, the fermentative production of PHB is an elaborate process and industrial production 

costs remain high.1, 2 A more convenient route towards PHB constitutes the ring-opening 
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polymerization (ROP) of rac-β-butyrolactone (β-BL). β-BL can be easily accessed via carbon 

monoxide insertion into propylene oxide, and its polymerization enables the synthesis of 

materials with diverse microstructure that are otherwise inaccessible via fermentative approaches 

(i.e. atactic or syndiotactic PHB).3-5 Control over the microstructure is highly important as 

material properties are strongly influenced by the tacticity of the polymer. Isotactic- or 

syndiotactic-enriched PHB is a semi-crystalline polymer with promising material properties 

whereas atactic PHB has an amorphous nature with relatively poor polymer characteristics for 

applications.3, 6  

Keeping this in mind, the search for highly active catalysts exhibiting pronounced 

stereocontrol is a crucial yet very challenging goal in the ROP of β-BL. Despite its high ring 

strain, β-BL is a rather reluctant monomer and side reactions are frequently observed during its 

polymerization.4 Additionally, the stereoselective ROP of β-BL has proven to be highly 

challenging. β-Diiminate zinc complexes developed by Coates et al. have shown high activity 

but yielded only atactic PHB.7 The lack of stereocontrol in ROP of β-BL is also in stark contrast 

to the highly heterotactic polylactide (PLA) obtained, when these complexes were applied in the 

ROP of rac-lactide (LA).8 Such a behavior has similarly been observed with other catalysts 

showing high stereocontrol in ROP of LA but diminishing stereoselectivity in ROP of β-BL (or 

vice versa).9-19  

Syndioselective polymerization of β-BL is much more commonly observed than isoselective 

enchainment.4 For example, highly syndiotactic PHB can be accessed by yttrium amino-alkoxy-

bis(phenolate) systems reported by Carpentier et al.20 Detailed studies have shown that 

electronics and sterics of the catalyst have a profound influence on the syndioselectivity. 

Increasing the steric demand of the phenolic ortho-substituents from tert-butyl to cumyl to trityl 
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resulted in an increase of the observed syndiotacticity up to Pr = 0.94.20-22 Apart from this 

prominent catalyst system, various other rare-earth metal-based catalysts enabled the 

syndioselective ROP of β-BL.23-28 Chiral aminophenolate magnesium and zinc complexes could 

also produce syndiotactic-enriched PHB with Pr up to 0.75.12, 29 Tin-based catalysts showed a 

similar degree of stereocontrol, albeit activity was relatively poor.30, 31 

In contrast to that, examples of discrete, isoselective initiators in the ROP of β-BL remain very 

scarce. Chromium salen catalysts yielding isotactic-enriched PHB with Pm up to 0.67 were 

reported by our group in 2008.32-34 A heterogenous neodymium-based catalyst achieved high 

stereocontrol (Pm = 0.85)35 as well as lanthanum bis(phenolate) systems resembling those of 

Carpentier et al.20 in combination with neutral donor ligands (Pm up to 0.82).36, 37 Very 

interestingly, Luo, Wang and Yao et al. showed recently that rare-earth metal salan-type catalysts 

are capable of either producing syndiotactic- or isotactic-enriched PHB (Pr = 0.78, Pm = 0.77) 

depending on the ligand substitution.38 

 

Scheme 1. Comparison of salen and salan ligand framework. Positions of interest for potential 

substitutions are highlighted 

 

 

It was in this context, that we became interested in understanding the factors influencing 

activity as well as stereocontrol in catalyst design for ROP of β-BL. Salan-type ligands are less 

commonly employed in literature compared to their salen-type counterparts, yet they possess the 
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advantage of a tertiary amine in the backbone of the framework that is in close proximity to the 

metal center and can be precisely tuned regarding electronic and steric factors (Scheme 1). 

Additionally, their synthesis is easily accomplished via Mannich-type reactions in a one-step 

procedure (Scheme 2, Route A).39 This renders salan-type frameworks excellent candidates for 

establishing structure-property-relationships. While a plethora of catalysts has been reported for 

ROP of LA and structure-property-relationships could be established,40 these results are 

unfortunately not transferrable to ROP of β-BL, and such a detailed understanding is barely 

present for β-BL polymerization. Most importantly, the synthesis of libraries of catalysts with 

different ligand substitutions is highly elaborate and time-consuming, and catalyst targets are 

likely not achieved due to the challenging nature of β-BL polymerization. Hence, a simpler 

procedure would be highly valuable for boosting efficiency and saving synthesis resources. 

Herein, we report a high-throughput approach that enables the rapid generation of structure-

property-relationships in the ROP of β-BL. The catalysts are conveniently formed in situ prior to 

the addition of monomer by reacting a rare-earth metal precursor with the respective salan-type 

pro-ligand. A comparison of isolated catalysts with the respective in situ generated catalyst 

demonstrated that identical results regarding activity and stereoselectivity in the ROP of β-BL 

are obtained, thus obviating the need for experimentally challenging catalyst synthesis and 

isolation. Following this synthetic protocol, a plethora of salan-type catalysts could be rapidly 

tested and influences from the ligand framework on activity as well as stereoselectivity 

identified.  

 

Scheme 2. Synthesis routes for salan pro-ligands 
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Results and Discussion.  

Synthesis of Salan Pro-Ligands. A library of salan pro-ligands was prepared in accordance to 

literature known procedures.38, 39 The fundamental structure of the first set of pro-ligands is based 

on the previously reported N-phenyl substituted version (Figure 1, L1). Due to the fact that the 

respective yttrium and ytterbium complexes catalyzed the isoselective ROP of β-BL,38 we 

hypothesized that variation of electronic and steric motifs will give more detailed insights in 

accessing isotactic-enriched PHB (L2–L6). The second set featured N-methylated and related 

pro-ligands. Syndiotactic-enriched PHB was produced by an L7-based yttrium complex,24 and 

L7 was consequently chosen as the basic framework structure for investigating the 

syndioselective ROP in more detail (Figure 1). Within this scaffold, the steric influence of the 

N-alkyl substituent (L7–L10), electronic influences at the phenolic positions (L11 and L12) and 

backbone variations (L13 and L14) were studied. Importantly, comparing activity and 

stereoselectivity of those two previously reported complexes (basic ligand structure L1 and L7) 

to the herein prepared in situ versions, allows for simple verification of our in situ approach. 

Besides those previously reported complexes, several novel pro-ligands and initiators were 

synthesized. High to moderate yields were achieved when the pro-ligands were prepared via a 

Mannich-type reaction (Scheme 2, Route A and Figure 1, L7–L14). This procedure is not 

applicable in the case of aryl-substituted amines, and successful synthesis was instead achieved 
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via nucleophilic substitution of (bromomethyl)phenols in good yields (Scheme 2, Route B and 

Figure 1, L1–L6). 

 

 

Figure 1. Overview of salan pro-ligands L1–L14 and the corresponding yttrium precursor Y 

studied in this work. 

 

In Situ Generated vs. Isolated Catalysts. We aimed for the rapid evaluation of the influences 

of the ligand framework on activity and stereoselectivity in the ROP of β-BL catalyzed by 

yttrium-based initiators. Y[N(SiHMe2)2]3(THF)2 (Y) is a commonly employed precursor for the 

synthesis of yttrium-based catalysts due to its selective reactions with protic pro-ligands and its 
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readily eliminated bis(dimethylsilyl)amide ligands.41 We hypothesized that the simple 

elimination enables the selective preparation of the catalyst species in situ and thus, elaborate 

isolation of the catalyst is not necessary for high-throughput polymerization screenings. The 

reaction of 1 equiv of Y precursor with 1 equiv of salan pro-ligand L1 in toluene-d8 at room 

temperature was followed by 1H NMR spectroscopy. Within less than 30 min, the reaction 

showed complete conversion. Comparison of the 1H NMR spectrum with the respective isolated, 

recrystallized catalyst Y1 revealed identical signals (Figure 2). This demonstrates that salan 

catalysts can be easily generated in situ by combining the yttrium precursor with an equimolar 

amount of pro-ligand and stirring at room temperature for a short period of time. Further proof 

for the generation of an identical catalyst species (in situ vs. isolated) was obtained by 

polymerization experiments of β-BL. Here, the catalyst was prepared in situ according to the 

aforementioned protocol. Then, β-BL was directly added to this reaction mixture and the 

polymerization initiated by the in situ generated catalyst (Scheme 3). Two independent 

polymerization runs showed nearly identical results and further confirm the simplicity and 

reproducibility of the approach (Table 1, entries 1 and 2). Most importantly, comparing these 

results to those obtained by the isolated catalyst species Y1 revealed almost identical outcomes 

(Table 1, entries 1 and 2 vs. entry 3). This emphasizes the applicability of the in situ approach 

and allows for a high-throughput testing of conveniently in situ generated catalysts. Comparison 

of literature known Y2 (Scheme S1),38 which bears the identical salan framework but differs in 

the initiating ligand (-N(SiHMe2)2 for Y1 vs. -N(SiMe3)2 for Y2) showed the same degree of 

stereocontrol, as expected (Table 1, entry 4). Activity of Y2 is reduced due to the poorer 

initiating efficiency of -N(SiMe3)2. Control experiments testing solely the Y precursor or L1 in 

the ROP of β-BL resulted in very poor or no conversion, respectively (Table 1, entries 5 and 6). 
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Figure 2. Comparison of 1H NMR spectra of salan pro-ligand L1 (top), in situ generated Y1 

from precursor Y and pro-ligand L1 (middle) and isolated catalyst Y1 (bottom). * = residual 

proton signals of deuterated toluene. 

 

Table 1. Comparison of In Situ Generated and Isolated Catalysts in the Ring-Opening 

Polymerization of β-BL a 

entry approach precursor pro-
ligand 

[M]/[I] t  

(min) 

conv.b 

(%) 

Mn
 c 

(kg mol-1) 

Ð c Pm
 d 

1 in situ Y L1 200:1 15 59 23.0 1.5 0.63 

2 in situ Y L1 200:1 15 57 25.0 1.5 0.63 

3 isolated Y1 200:1 15 61 23.4 1.5 0.63 

4e isolated Y2 200:1 180 89 52.4 1.5 0.63 

5 - Y - 200:1 1440 8 n.d. n.d. n.d. 

012345678
δ (ppm)

pro-ligand L1

in situ generated Y1
(Y+L1)

*
**

*
**

isolated Y1

free THF from
precursor

free HN(SiHMe2)2from precursor
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6 - - L1 200:1 1440 0 n.d. n.d. n.d. 

aPolymerizations were performed in toluene at room temperature, [β-BL] = 2.0 M. In situ 
approach: precursor Y and salan pro-ligand L1 (1:1) were stirred for 1 h at room temperature 
prior to monomer addition. bConversion determined by 1H NMR spectroscopy. cDetermined by 
GPC in THF at 40°C relative to polystyrene standards. dTacticity determined by 13C{1H} NMR 
spectroscopy, integration of the carbonyl signal. eLiterature catalyst, ref 38. n.d. = not 
determined. 

 

ROP of β-BL Using In Situ Generated Catalysts. The successful implementation of the in 

situ approach inspired us to investigate a library of salan catalysts (Y + L2–L14) in the ROP of 

β-BL. In general, the in situ approach was carried out under identical conditions for all 

polymerizations and consisted of two steps. First, the catalyst was formed in situ by stirring the 

yttrium precursor complex and respective salan pro-ligand for 1 h at room temperature in toluene 

and then, β-BL was directly added to the catalyst mixture (Scheme 3). All polymerization runs 

were independently repeated in duplicate to ensure high reproducibility. 

 

Scheme 3. Concept of the in situ approach for ROP of β-BL. 1) In situ formation of salan 

catalyst and 2) direct addition of monomer to this catalyst mixture  

 

Step 1 - in situ formation of catalyst

Y N(SiHMe2)2
(Me2HSi)2N
(Me2HSi)2N

O

O

Y(bdsa)3(THF)2  (Y)

+
R2

R1

OH

N N

HO

R1

R2

R3R3 R4

Salan Pro-Ligand

R2

R1

O

N N

O

R1

R2

R3R3 R4

Y

X

X = N(SiHMe2)2

in situ
formed
catalyst

O

O

Step 2

direct addition of β-BL
to catalst mixture

O n

O
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Table 2. Ring-Opening Polymerization of β-BL Using In Situ Generated Salan Catalysts a 

entry precursor pro-ligand 

 

[M]/[I] t  

(min) 

conv.b  

(%) 

TOF 

(h-1) 

Mn 
c 

(kg mol-1) 

Ð c Pm
 d 

1 Y L1 200:1 15 59 472 23.0 1.5 0.63 

2 Y L2 200:1 15 86 688 29.8 1.4 0.63 

3 Y L3 200:1 1440 28 2 9.7 1.6 0.62 

4 Y L4 200:1 1440 14 1 n.d. n.d. 0.47 

5 Y L5 200:1 30 76 304 24.4 1.4 0.67 

6 Y L6 200:1 1440 6 <1 n.d. n.d. 0.51 

7 Y L7 400:1 2 62 7440 20.3 1.7 0.21 

8 Y L8 400:1 2 69 8280 27.1 1.6 0.27 

9 Y L9 400:1 2 60 7200 25.7 1.3 0.33 

10 Y L10 200:1 1440 30 3 11.1 1.2 0.46 

11 Y L11 200:1 1440 3 <1 n.d. n.d. n.d. 

12 Y L12 400:1 2 36 4320 25.7 1.9 0.26 

13 Y L13 200:1 1440 13 1 4.8 1.7 0.46 

14 Y L14 200:1 10 73 876 23.2 1.2 0.55 

aPolymerizations were performed in toluene at room temperature, [β-BL] = 2.0 M. Initiator was 
generated in situ: precursor Y and salan pro-ligand (1:1) were stirred for 1 h at room temperature 
prior to monomer addition. All polymerization runs were performed in duplicate. bConversion 
determined by 1H NMR spectroscopy. cDetermined by GPC in THF at 40°C relative to 
polystyrene standards. dTacticity determined by 13C{1H} NMR spectroscopy, integration of the 
carbonyl signal. Pr = 1–Pm. n.d. = not determined. 

 

Para-methoxy substituted aryls at the N-substituent (L2) in the salan framework increased 

catalytic activity in respect to Y+L1, whereas chloro substituents at the aryl group (L3) strongly 

hampered polymerization of β-BL (Table 2, entries 1 vs. 2 and 3). Consequently, the electronic 

variation at the N-substituent has a profound influence on catalytic activity, however, 



7 Yttrium Salan Catalysts for the Production of PHB with Variable Tacticity 

 82 
 

 12 

stereoselectivity was not affected by such variations and remained unchanged at Pm = 0.63. 

Increasing the steric demand of the N-aryl substituent with two additional methyl substituents in 

ortho positions (L4) revealed a negative influence as activity and stereoselectivity was 

drastically decreased and only atactic PHB was produced (Table 2, entry 4 and Figure 3c). Next, 

the importance of the steric demand as well as electronics at the ortho and para phenolic 

positions was tested while the N-substituent was left unchanged as N-phenyl (L5 and L6). In 

previous works on distantly related aminoalkoxy bis(phenolate) systems, a strong dependence of 

stereoselectivity on the ortho phenolic substituent was observed.20-22 Surprisingly, for the yttrium 

salan-based catalysts, such a behavior was not evident and isotacticity only increased slightly to 

Pm = 0.67 when a bulky cumyl group was introduced (Table 2, entry 5 and Figure 3b). Activity 

of the catalyst was slightly reduced in line with hindered monomer coordination due to increased 

steric bulk (TOF = 304 h-1 vs. 472 h-1). Chloro substituents again drastically reduced activity and 

the catalyst showed only 6% conversion after 24 h (Table 2, entry 6). Additionally, the 

polymerization was non-stereoselective (Pm = 0.51), presumably caused by the low steric 

demand of the chloro groups. The polymers generated by catalysts with N-aryl ligand 

substitutions showed monomodal but slightly broadened GPC traces (Ð = 1.4–1.6), typically 

observed for rare-earth metal-based salan catalysts.27, 38 The mechanism of stereocontrol for the 

isoselective polymerizations was analyzed based on the stereoerrors of the polymers. In the 

methylene region of the 13C{1H} NMR spectra, the intensity of the rr triad was significantly 

reduced compared to the mr and rm triads, indicative of a chain-end control mechanism (Figure 

S34).36, 40 

Having identified structure-property relationships in the ROP of β-BL for the first set of salan 

catalysts based on N-aryl substituted versions, we turned to the second set of catalysts based on 
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N-alkyl salan pro-ligands (Figure 1). Catalyst system Y+L7 was extremely active in the 

polymerizations of β-BL that we decided to increase the monomer-to-initiator ratio to 400:1. 

Within 2 min, conversion reached 62% (TOF = 7440 h-1, Table 2, entry 7). Strikingly, the low 

steric demand of the N-methyl substituents enabled a highly syndioselective polymerization (Pm 

= 0.21, Figure 3d). This is also in line with the previously tested, isolated version of Y+L7,24 

further supporting the synthetic protocol of in situ generation and obviating elaborate catalyst 

isolation. We were then interested whether increasing the steric demand at the amine results in a 

more pronounced stereoselectivity. For this, benzyl-, ethyl- and adamantyl-substituted salan 

catalysts were investigated (L8–L10). The N-benzyl and N-ethyl substitution had no negative 

impact on the activity of the catalysts and was as high as for the related N-methyl based catalyst 

(TOF > 7000 h-1, Table 2, entries 8 and 9). In contrast to that, the very high steric demand of the 

adamantyl substituent in catalyst system Y+L10 drastically reduced activity (TOF = 3 h-1), even 

at a lower monomer-to-initiator ratio of 200:1 (Table 2, entry 10). Analyzing the tacticity of the 

produced PHBs revealed that the benzyl substitution reduces the syndioselectivity of the catalyst 

to Pm = 0.27. Surprisingly, the syndiotacticity of PHB was even further reduced when ethyl 

substituents were in place (Pm = 0.33, Figure 3e). These results are unexpected as a higher steric 

demand in close proximity to the metal center was anticipated to result in a more constraint 

geometry and therefore in an improved stereoselectivity. However, if the steric demand is too 

high, polymerizations become sluggish and non-stereoselective due to hindered and unselective 

monomer coordination.38, 42 This was noticeably observed with catalyst Y+L10, where in addition 

to its poor activity a completely atactic and amorphous material was generated (Pm = 0.46, Figure 

3f). Besides the N-substitution, electronic and backbone effects of the salan catalysts in the ROP 

of β-BL were investigated (L11–L14). As previously observed for L6, chloro substituents in 
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ortho and para phenolic positions are highly detrimental for efficient polymerization (Table 2, 

entry 11). While methoxy groups at the N-aryl position (L2) increased the activity of the catalyst, 

such an effect was not present in the case for Y+L12, yet activity was even slightly reduced 

(Table 2, entry 12). The lower steric demand of the methoxy group in contrast to the tert-butyl 

group of L7 might explain the reduced syndiotacticity of the polymer (Pm = 0.26 vs. 0.21). The 

introduction of a cyclic ligand backbone (L13) resulted in a drastic decrease in activity as well as 

complete loss of stereoselectivity (Table 2, entry 13). Similarly, increasing the linker length of 

the backbone from ethyl (L7) to propyl (L14) gave an atactic polymer (Table 2, entry 14). 

Catalytic activity of Y+L14 was also drastically reduced (TOF = 7440 h-1 vs. 876 h-1), albeit still 

high in a broader context. These experiments highlight the strong influence of the ligand 

backbone on both the activity and stereocontrol of the catalyst in ROP of β-BL. In the case of 

syndioselective polymerizations, analysis of the methylene region in the 13C{1H} NMR spectra 

of the obtained PHBs revealed that stereoselectivity is achieved via a chain-end control 

mechanism (Figure S35). 
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Figure 3. 13C{1H} NMR spectra (carbonyl region) of PHBs with variable tacticity produced by 

salan catalyst systems. Isotactic-enriched PHB: a) Y+L1, Pm = 0.63, b) Y+L5, Pm = 0.67. Atactic 

PHB: c) Y+L4, Pm = 0.47. Syndiotactic-enriched PHB: d) Y+L7, Pm = 0.21, e) Y+L9, Pm = 0.33. 

Atactic PHB: f) Y+L10, Pm = 0.46. 

 

Discussion of Activity and Stereocontrol Data. The in situ approach allowed for a rapid 

generation of a relatively large dataset of activity/stereocontrol parameters of yttrium salan 

catalysts (Figure 4). Both N-aryl and N-alkyl supported catalysts could show high activity in the 

ROP of β-BL if substituents were carefully chosen. However, the challenging nature of β-BL 

polymerization is highlighted by the large proportion of catalysts that were inactive or only 

poorly active (6 of 14 catalysts, TOF < 5 h-1). Especially electron withdrawing chloro groups on 

either phenolic- (L6 and L11) or N-positions (L3) had a large detrimental effect on catalytic 

activity. Electron donating methoxy groups in N-aryl position (L2) increased activity 

considerably whereas the effect was ambiguous and presumably superimposed by steric 

influences if such groups were installed at the phenolic para position (L12). Since the substituent 
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of the tertiary amine is in close proximity to the metal center, it strongly influences activity as 

well as stereoselectivity (Figure 4). If the amine bears an aryl group, isotactic-enriched PHB is 

obtained (L1–L3). Sterically more demanding ortho- and para-phenolic substituents (L5) in this 

framework only slightly increase the stereoselectivity (Pm up to 0.67). Increasing the steric 

demand of the aryl group is detrimental for both activity and stereoselectivity (L4). Similar 

observations regarding the amine substituent could be observed for the catalysts based on L7. A 

higher steric demand at the N-position decreases stereoselectivity (L7–L9) and if the steric 

demand is too high, activity and stereocontrol of the catalyst drop significantly (L11). Such 

observations reveal that these salan catalysts are capable of producing PHB with relatively high 

stereoselectivity via chain-end control if the close coordination sphere around the metal center is 

not too crowded. Otherwise, monomer coordination and stereocontrol is hampered. A relatively 

open ligand backbone enables high activity due to simple monomer coordination, however, it is 

not able of introducing stereocontrol (L14). In contrast to that, a rigid, cyclic backbone has a 

strongly negative effect on the ROP of β-BL (L13), further highlighting the need for subtle 

tuning of the steric demand of the ligand framework. 
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Figure 4. Correlation of activity/stereoselectivity in the ROP of β-BL using the respective 

yttrium salan catalysts (note: only the ligand framework is shown for clarity). N-Aryl based 

catalysts (black) are mapped in the upper half and N-alkyl based catalysts (blue) in the lower 

half. Background colors indicate favored regions of high stereoselectivity and activity. 

 

Conclusions.  

In summary, we have established a synthetic protocol that allows for the simple in situ 

synthesis of various yttrium salan-based catalysts and their use in the ROP of β-BL. To this end, 

precursor complex Y[N(SiHMe2)2]3(THF)2 is stirred with the respective salan pro-ligand for a 

short period of time, followed by direct addition of the monomer to the reaction mixture. 

Comparison of an in situ generated catalyst with a literature known, isolated example 

demonstrated that the isolated and in situ prepared catalysts are identical species. This could be 
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additionally verified by identical polymerization outcomes of isolated versus in situ generated 

catalysts regarding activity, degree of stereocontrol and polymer characteristics. Following this 

synthetic protocol, a plethora of salan pro-ligands with various steric and electronic variations 

and their influence on activity and stereoselectivity in the yttrium-catalyzed ROP of β-BL could 

be conveniently and rapidly tested. This allowed for the facile generation of structure-property 

relationships in the iso- as well as syndioselective PHB production and also revealed current 

limitations of these yttrium salan-based catalyst systems. 

Our in situ approach renders challenging and time consuming catalyst isolation redundant and 

enables the rapid identification of promising catalyst design criterions. Given the simplicity of 

this approach, it might also find application for various other ligand systems. In ROP of β-BL, 

stereocontrol is crucial for obtaining PHB materials with interesting properties, similarly, for 

example, to PLA synthesis. Thus, the in situ generation of catalysts has further potential in the 

ROP of various cyclic esters and could also be a facile high-throughput screening method for the 

identification of promising catalyst candidates for successful copolymerizations.  
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8.2 Content 

Polyolefins account for the largest share of industrial plastics production and have found a 

plethora of applications due to their excellent properties. However, when it comes to the end-

of-life fate of these materials, their strength and durability, which is one of their benefits during 

lifetime, becomes a major drawback and results in the accumulation of plastic waste in the 

environment. Isotactic PHB is a particularly promising candidate as substitute for current 

commodity plastics since it shows comparable material properties to i-PP but features 

biodegradability. Nonetheless, catalysts for the synthesis of isotactic PHB via ROP of β-BL are 

extremely scarce in literature and current systems are limited by either poor activity, 

inaccessibility of high molecular weight, low degree of isotacticity or combinations thereof. In 

this study, the high-throughput approach described previously in chapter 7 was applied to 

identify a platform of in situ generated catalysts for the highly isoselective ROP of β-BL. 

Y[N(SiHMe2)2]3(THF)2 was used as a precursor complex, and the salan pro-ligands had an    

N–H substitution motif in common while the backbone was modified from a chiral cyclohexyl 

to an achiral phenyl, ethyl or propyl version. Irrespective of the ligand backbone of the initiator, 

they all produced highly isotactic PHB starting from a racemic β-BL feedstock (Pm up to 0.89). 

The yttrium catalyst bearing a cyclohexyl substituted backbone showed the highest catalytic 

activity with a remarkable TOF of up to 32 000 h-1 and was capable of yielding high molecular 

weight PHB (Mn up to 290 kg mol-1). In comparison to perfectly isotactic, bacterial PHB, the 

synthetic PHB with reduced isotacticity generated in this work demonstrated superior material 

properties. Two main challenges that are hampering the commercialization of PHB were 

overcome, namely the low thermostability and the brittleness of the material. Due to the 

reduced isotacticity and therefore reduced crystallinity of the synthetic PHB, the melting 

temperature was lowered by ∼35°C while still being high (Tm ≈ 140°C), thus, substantially 

increasing the window for melt processing without material decomposition. Additionally, the 

brittleness of the material was drastically reduced, showing a remarkably high elongation at 

break in stress-strain measurements of ɛB = 392%, in stark contrast to bacterial PHB with an 

ɛB = 2%. Overall, the obtained synthetic PHB using in situ generated yttrium salan catalysts 

demonstrated enhanced polyolefin-like material properties, highlighting the outstanding future 

potential of PHB as a sustainable substitute for current commodity plastics. 
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ABSTRACT: We report the highly isoselective ring-opening polymerization (ROP) of racemic β-butyrolactone (β-BL) using in 
situ generated catalysts based on Y[N(SiHMe2)2]3(THF)2 and salan-type pro-ligands. The catalyst system produces isotactic 
poly(3-hydroxybutyrate) (PHB) with record productivity (TOF up to 32 000 h-1) and highest isoselectivity (Pm up to 0.89) in ROP 
of β-BL achieved to date. In contrast to bacterial PHB, the chemically synthesized PHB has beneficial material properties, such as 
increased melt processing window by a lowered melting temperature (Tm ∼140°C) and drastically reduced brittleness. The pro-
duced PHB showed an elongation at break of 392%, thus demonstrating promising polyolefin-like thermomechanical material 
properties.  

Poly(3-hydroxybutyrate) (PHB) is the most prominent 
member of poly(hydroxyalkanoates), a class of biodegradable 
aliphatic polyesters that are naturally produced by bacteria and 
other living microorganisms.1,2 Bacterial PHB is a perfectly 
isotactic polymer with (R)-configuration and therefore a semi-
crystalline, high-melting, thermoplastic material. The thermal 
and mechanical properties of PHB resemble those of isotactic 
polypropylene (i-PP), rendering it a promising future com-
modity plastic with beneficial end-of-life options (i.e. degra-
dability or chemical recyclability).1-3 

However, the current industrial application of PHB is lim-
ited for several reasons. In contrast to chemical i-PP synthesis, 
the fermentative production costs of PHB are high and re-
stricted in scalability.2,3 As bacterial PHB is perfectly isotactic 
(Pm = 1), its high crystallinity leads to a stiff and brittle mate-
rial, and, additionally, its high melting temperature near the 
decomposition temperature hampers processing via common 
routes such as melt processing.3-5 The chemical synthesis of 
PHB provides solutions for these challenges and the ring-
opening polymerization (ROP) of cyclic esters is the most 
promising approach.6,7 Chen et al. very recently reported an 
elegant work in which the synthesis of perfectly isotactic PHB 
was achieved via ROP of an 8-membered diolide.8-10 However, 
the multi-step synthesis of the monomer is elaborate and limit-
ing its industrial potential. With regard to monomer availabil-
ity, ROP of 4-membered β-butyrolactone (β-BL) is the most 
convenient and promising approach toward PHB synthesis.3,6 
The use of enantiopure (R)-β-BL (mixed with a certain amount 
of (S)-β-BL) gives PHB with reduced isotacticity (such as 
Pm ∼0.8–0.9) that is not accessible via biotechnological 
routes.4 This reduced stereoregularity substantially lowers the 

crystallinity of the polymer and thus results in a material with 
reduced brittleness and decreased melting temperature (but 
still >100°C), generally enabling industrial applications.4,11 
Nevertheless, using enantiopure monomers for producing 
isotactic PHB is expensive4,11,12 and a cost-effective approach 
demands the use of cheap racemic β-BL. This monomer is 
commercially available and easily produced from an inexpen-
sive propylene oxide feedstock via atom-efficient carbon 
monoxide insertion.13 However, when it comes to ROP of 
β-BL, the synthesis of iso-enriched or isotactic PHB from a 
racemic feedstock has been a challenge since the early 
1960s.3,6,8,14 

While atactic or syndiotactic PHB can be easily accessed 
via ROP of β-BL using metal-based catalysts, the amorphous 
nature of atactic and the lack of biodegradability of syndiotac-
tic PHB diminish the value of these materials.4,6,15 Catalyst 
systems inducing isoselectivity in the ROP of β-BL remain 
scarce. Early work by Agostini, Tani and others revealed that 
partially hydrolyzed aluminum alkyl species produce PHB 
with a minor fraction of isotactic polymer (Pm ∼0.8) and a 
major atactic fraction.16-22 Synthesis of iso-enriched PHB was 
achieved using a catalyst system consisting of ZnEt2 and a 
chiral diol.23 However, the product also consisted of a mixture 
of methanol-soluble atactic and insoluble (∼25%) isotactic 
(Pm ∼0.8) fractions. Chromium salophen complexes reported 
by our group gave access to high-molecular-weight PHB with 
modest isotactic bias (Pm up to 0.67, Figure 1A).24-26 In 2010, 
Thomas and Gauvin et al. obtained isotactic PHB (Pm = 0.85) 
using neodymium borohydrides supported on silica, and this 
heterogeneous catalyst system still accounts for the highest 
isoselectivity in ROP of β-BL reported to date (Figure 1B).27 
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Recently, phenyl-substituted yttrium and ytterbium salan 
complexes gave access to iso-enriched PHB (Pm = 0.66–0.77, 
Figure 1C).28 Robinson and co-workers very recently showed 
that the isoselectivity in ROP of β-BL is strongly increased up 
to Pm = 0.75 at room temperature (up to 0.82 at -30°C) by 
addition of neutral donor ligands to a lanthanum amino 
bis(phenolate) catalyst (Figure 1D).29,30  

 

Figure 1. Discrete catalysts reported in literature for the isoselec-
tive ROP of β-BL. 

In the context of replacing i-PP by biodegradable PHB, cur-
rent catalytic systems for the production of this aliphatic poly-
ester are limited by either poor activity, inaccessibility of high 
molecular weight, low degree of isotacticity or combinations 
thereof. Herein, we report a novel catalyst system that shows 
very high activities in the ROP of racemic β-BL and produces 
high-molecular-weight isotactic PHB (Pm up to 0.89) with 
drastically enhanced material properties. 

Inspired by the simple in situ formation of catalysts often 
carried out in enantioselective catalysis,31-35 we set out to 
investigate an in situ generated catalyst system consisting of 
Y[N(SiHMe2)2]3(THF)2 (Y) and a salan-type pro-ligand (L1) 
bearing a chiral cyclohexyl backbone for the ROP of β-BL 
(Figure 2). Excitingly, Y+L1 showed high activity and pro-
duced iso-enriched PHB (Pm = 0.63, Table 1, entry 1 and 
Figure 3a). Increasing the steric demand of the phenolic ortho-
position from tert-butyl to cumyl (Y+L2) gave a catalytic 
system that converted 200 equiv of β-BL within 1 min, and 
most strikingly, the generated PHB was highly isotactic (Pm = 
0.82, Table 1, entry 2). Increasing the [β-BL]/[Y+L2] ratio to 
400/1 led to a molecular weight of the polymer twice as high 
and eventually high-molecular-weight isotactic PHB (Pm = 
0.84, Mn = 290 kg mol-1) could be obtained with record 
productivity (turnover frequency, TOF = 32 000 h-1) when the 
[β-BL]/[Y+L2] ratio was as high as 2000/1 (Table 1, entries 3 
and 4, and Figure 3b). The stereoregularity of the polymer was 
even further pronounced when the polymerization was carried 
out at -35°C (Table 1, entry 5). The produced PHB showed a 
Pm of 0.89, which is the highest isoselectivity in ROP of β-BL 
reported to date (Figure 3c). Catalyst system Y+L2 generated 

polymers with unimodal GPC traces but relatively broad poly-
dispersities (Ð ∼2.0). Nevertheless, the molecular weight 
could be controlled by the [β-BL]/[Y+L2] ratio (Figure S11). 
Scale-up of the polymerization to a 10 g scale was also feasi-
ble using a 250 mL double-walled Büchi steel autoclave (Ta-
ble S1, entry 6). 

 

Figure 2. Overview of this work. Isoselective ROP of β-BL using 
in situ generated salan catalysts based on yttrium or lanthanum. 
L1 and L2 were used as racemic mixtures. 

Curious whether the stereocontrol of the catalytic system is 
induced by the chiral cyclohexyl backbone of the ligand 
framework, we tested pro-ligand L3 bearing a phenyl back-
bone in combination with Y (Figure 2). Surprisingly, even an 
achiral pro-ligand enabled a highly isoselective ROP of β-BL, 
albeit with strongly reduced activity (Table 1, entry 6). When 
the backbone of the pro-ligand was further reduced to an eth-
ylene- or propylene-linker (L4 and L5), the generated PHB 
showed an even increased isotacticity with Pm = 0.85 and 0.88, 
respectively (Table 1, entries 7 and 8). Yet, molecular weight 
control of catalyst systems Y+L3–L5 was reduced in compari-
son to Y+L2. While the ultra-fast polymerization mediated by 
Y+L2 was beyond the limit to be monitored via collecting 
aliquots from the reaction mixture, the reduced activity of 
Y+L5 made kinetic analysis possible. Conversion vs time data 
indicated a first-order dependence of the polymerization rate 
on β-BL concentration after a short initiation period of 
∼0.7 min (Figure S12). The rate constant was determined as 
kobs = 0.415 ± 0.019 min-1 (0.5 mol%, [β-BL] = 2.0 M). Elec-
trospray ionization mass spectrometry (ESI-MS) of oligomers 
showed that the polymerization is initiated by the silylamido 
group and the polymer chains are hydroxyl- or crotonate-
terminated (Figure S13). A preliminary result revealed that the 
platform of salan pro-ligands is also capable of introducing 
stereoselectivity in ROP of β-BL when a lanthanum precursor 
is used instead of the corresponding yttrium species (Table 1, 
entry 9). Stereocontrol is reduced due to the larger ionic radius 
of lanthanum in comparison to yttrium, in line with previous 
works in the field of ROP that have demonstrated the profound 
influence of the metal size on stereoselectivity.28,36-38 
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Table 1. Ring-Opening Polymerization of rac-β-BL Using Yttrium and Lanthanum Salan Catalysts a 

entry 
catalytic 

system 
[M]/[Y+L] 

T 

(°C) 
time 

(min) 
conv.b 

(%) 
Mn 

c 

(kg mol-1) Ð c Pm
 d 

Tm 
e 

(°C) 

1 Y+L1 200 rt. 120 83 35 1.9 0.63 n.d. 

2 Y+L2 200 rt. 1 98 41 2.2 0.82 123/138 

3 Y+L2 400 rt. 2 99 85 2.0 0.83 126/139 

4 Y+L2 2000 rt. 3 80 290 2.0 0.84 126/140 

5 Y+L2 200 -35 60 >99 130 3.2 0.89 154 

6 Y+L3 200 rt. 30 52 103 1.8 0.82 n.d. 

7 Y+L4 200 rt. 3 91 77 2.1 0.85 n.d. 

8 Y+L5 200 rt. 3 55 184 1.9 0.88 146 

9 La+L2 200 rt. 30 32 11 1.8 0.61 n.d. 

aPolymerizations were performed in toluene, [β-BL] = 2.0 M. Catalyst was prepared in situ by treatment of Y or La with salan pro-ligand L 

(1 eq.) in toluene at room temperature for 1 h prior to monomer addition. bConversion determined by 1H NMR spectroscopy. cDetermined 

by GPC in CHCl3 at room temperature relative to polystyrene standards. dTacticity determined by 13C{1H} NMR spectroscopy, integration 

of the carbonyl signal. eDetermined by DSC, second heating cycle. n.d. = not determined. 

 

 

Figure 3. 13C{1H} NMR spectra (carbonyl region) of isotactic 

PHBs produced by a) Y+L1 (Table 1, entry 1), b) Y+L2 at rt. 

(Table 1, entry 4) and c) Y+L2 at -35°C (Table 1, entry 5). 

The yttrium salen catalysts employed by Chen et al. for the 
highly isoselective ROP of 8-membered diolide toward PHB 
are closely related to the yttrium salan-type catalyst systems 
reported herein. But notably, the most stereoselective salen 
catalyst for ROP of the diolide was not stereoselective in the 
ROP of β-BL.8 We have tested in situ generated yttrium salen 
catalysts (Y+L’1-3) for β-BL polymerization and similarly 
observed that these initiators are poorly active and only gener-
ate atactic PHB (Table S2). The distinct difference between 
the ligand frameworks is the N–H substituted, tertiary amine 
and hence increased flexibility in salans, instead of the rigid 
imine moiety in salens. However, this subtle change has dras-
tic implications for the stereoselectivity. Detailed mechanistic 
investigations in the future will help to understand the specific 
reason of stereocontrol such as potential non-covalent interac-
tions with the N–H moieties39 or the potentially beneficial 
increase in framework flexibility.40 

 

 

Figure 4. DSC curve (exo down) of PHB with Pm = 0.88 (Table 

1, entry 8). Tg = glass transition temperature, Tc = crystallization 

temperature. 

The brittleness and high melting temperature of bacterial 
PHB currently limit its broad commercialization. Guided by 
our hypothesis that a reduced isotacticity should result in 
beneficial material properties, we set out to investigate the 
properties of the chemically synthesized PHBs. Differential 
scanning calorimetry (DSC) revealed that the samples with a 
Pm of 0.82–0.89 have melting transitions (Tm) within the range 
of 123–154°C (Figure 4). Thermal gravimetric analysis (TGA) 
showed a 5% weight loss (Td,5%) at 239°C and maximum de-
composition rate (Td,max) at 273°C. Comparing the chemically 
synthesized PHBs with bacterial PHB demonstrates that the 
decomposition of both material occurs at similar temperatures 
(Figures S21 and S22), but synthetic PHB with reduced isotac-
ticity shows a Tm which is ∼35°C lowered and thus, provides a 
substantially increased window for melt processing. Analysis 
of the mechanical properties was carried out by tensile testing 
of dog-bone-shaped specimens prepared by compression 
molding. The stress-strain curve of bacterial PHB showed an 
ultimate tensile strength (σB) of 30.3 MPa, Young’s modulus 
(E) of 1.6 GPa, and elongation at break (ɛB) of 2%, in line with 
literature reported values (Figure 5).4 Contrary to this, synthet-
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ic PHB with a Pm of 0.84 revealed a markedly different stress-
strain behavior. In comparison to bacterial PHB, the ultimate 
tensile strength and Young’s modulus were slightly reduced to 
σB = 21.1 MPa and E = 762 MPa. But most strikingly, the 
reduced stereoregularity of the synthetic PHB resulted in a 
drastically enhanced elongation at break (ɛB = 392%, Figure 
5). Thus, the PHB produced via ROP of β-BL using catalyst 
system Y+L2 is a hard, ductile, and tough material, much like 
i-PP. 

 

Figure 5. Stress-strain curves of bacterial PHB (Mn = 247 kg 
mol-1, Ð = 2.3) and synthetic PHB with reduced isotacticity (Mn = 
259 kg mol-1, Ð = 2.5). Inset: zoom in of curves at low strain. 
Break point indicated by “x”. 

In conclusion, we have introduced a novel catalyst platform 
based on in situ generated yttrium salan catalysts for the high-
ly isoselective ROP of β-BL. Catalytic system Y+L2 is the 
most isoselective initiator for the ROP of β-BL reported to 
date (Pm up to 0.89) and showed an unprecedented high activi-
ty (TOF up to 32 000 h-1). In comparison to brittle and high-
melting bacterial PHB, the synthetic isotactic PHB with re-
duced stereoregularity has a lower melting temperature (Tm 
∼140°C) that is advantageous for polymer processing, and a 
drastically enhanced elongation at break (ɛB = 392%). These 
polyolefin-like thermomechanical material properties are 
highly beneficial and overcome current limitations of naturally 
produced PHB. 
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9 Summary and Outlook 

In this thesis, ROP was utilized as an efficient method for the synthesis of (bio)degradable and 

chemically recyclable polyesters. Catalyst and monomer design studies were performed to 

unlock the full potential of ROP for the generation of materials with sophisticated and promising 

properties. In the first part, novel indium salan and catam complexes were synthesized, 

characterized, and employed as initiators for the ROP of various cyclic esters including β-BL, 

γ-BL, ɛ-CL, ɛ-DL and LA (Figure 25). The indium salan alkoxide complex revealed excellent 

performance for all these monomers, highlighting its versatility. The polymerizations were well 

controlled, could be carried out under immortal ROP conditions and gave high molecular 

weight polyesters with narrow dispersities. Detailed kinetic investigations in the ROP of β-BL 

were performed and indicated a mononuclear coordination-insertion mechanism. The 

robustness of this initiator was demonstrated by its tolerance of an impure lactide feedstock 

without any loss of activity or control over the ROP. Applying an in situ activation protocol, the 

air-stable (but poorly active) indium chloro pre-catalyst was conveniently converted into a 

catalytically active species with drastically enhanced polymerization rates. Whilst the indium 

salan complex is one of the top all-rounder catalysts in ROP of cyclic esters, the respective 

indium catam complex showed generally reduced reaction rates. These results suggested that 

the more constrained geometry of the catam-type initiator compared to the salan-type 

derivative is detrimental. The introduction of framework flexibility (such as the flexible 

methylene bridges in the salan-type complex) thus seems to be a promising approach in 

catalyst design in order to achieve highly active all-rounder catalysts. 

The indium salan complex was subsequently chosen for demonstrating the advantages of such 

all-rounder catalysts. In copolymerizations, such initiators enable rapid and simple access 

towards sophisticated copolymer structures. More specifically, the copolymerization of two 

lactones with large difference in their steric demand was studied with the goal of achieving 

sequence control from one-pot monomer mixtures (Figure 25). Simultaneous copolymerization 

of small-sized β-BL and relatively large-sized ɛ-CL revealed a strong affinity of the indium 

catalyst towards β-BL, as evidenced by a surprisingly reversed monomer reactivity compared 

to homopolymerization results. PHB-co-PCL gradient copolymers instead of PCL-b-PHB block 

copolymers were obtained. Switching to a related but sterically more demanding comonomer, 

namely ɛ-DL, a monomer-selective polymerization behavior of the initiator in one-pot 

copolymerizations with β-BL was observed. Hence, this catalyst was capable of the simple and 

rapid synthesis of AB-, BAB-, and ABAB-type block copolymers from monomer mixtures. While 

switchable catalysis has previously focused on combining different monomer classes such as 

lactones with epoxides/CO2 or carboxyanhydrides for generating block copolymers,173,183 this 

study demonstrated that sequence control in copolymerizations is also feasible within one 
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class of similarly reactive monomers. Such a monomer-selective behavior might also be 

observed for other catalysts in the future and has important implications for the synthesis of 

even more sophisticated copolymer structures from one-pot monomer mixtures. For example, 

applying the indium salan catalyst to a mixture of two different lactones in the presence of 

epoxide and CO2 has the potential to generate conveniently polyester-b-polyester-b-

polycarbonate triblock copolymers. Combining such monomer- or chemoselective 

polymerization approaches holds great potential for the future as promising material properties 

could be obtained given the tunability of the different polymer blocks. Block copolymers can 

be prepared by sequential addition protocols, however, the generation of such polymers from 

monomer mixtures is more appealing as it reduces synthetic efforts by allowing the use of 

premixed feedstocks with adjustable ratios. The synthesis of sequence-controlled polymers is 

an extraordinary challenge and the perfection of temporal and spatial control of Nature (such 

as DNA or polypeptide synthesis) is the ultimate paragon. Having monomer-selective and 

switchable catalysts at hand is one step closer toward imitation of Nature’s perfection. 

 

 
Figure 25. Homopolymerization of various cyclic esters using indium salan and catam complexes (left). Synthesis 
of block copolymers from one-pot monomer mixtures using monomer-selective indium salan catalyst (right).131,237 

 

 

The second approach in catalyst design focused on yttrium salan catalysts for the ROP of 

rac-β-BL. Since the control over the polymer’s microstructure is highly important, ultimately 

influencing its properties, the development of stereoselective initiators is crucial. For 

understanding structure-property relationships in catalyst design, the elaborate and time-

consuming synthesis of large catalyst libraries is necessary. Herein, a high-throughput 
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approach was developed, enabling the rapid screening of various yttrium salan catalysts and 

the establishment of structure-property relationships (Figure 26). The initiators were prepared 

conveniently in situ by combining an yttrium precursor complex with a salan pro-ligand, 

followed by direct addition of monomer to the catalyst mixture. The applicability of the in situ 

approach was verified by identical polymerization results of isolated vs. in situ generated 

catalysts. Subsequently, various modifications of the ligand framework at the backbone, the 

N-substituent and the phenolic ortho- and para-positions and their influence on activity as well 

as stereoselectivity in the ROP of rac-β-BL were studied. N-aryl-based salan catalysts were 

capable of accessing isotactic-enriched PHB (Pm up to 0.67) whereas N-alkyl-based 

derivatives yielded syndiotactic-enriched PHB (Pr up to 0.79). While the innovative high-

throughput approach enabled understanding of catalyst design parameters that affect the ROP 

of rac-β-BL, it is not restricted to this particular monomer. The properties of PLA for example 

are likewise to PHB strongly dependent on its stereomicrostructure and the in situ approach 

might lead to promising results here as well.22,27 Besides structure-property relationships, the 

identification of suitable copolymerization catalysts for various combinations of monomers is 

considerably less time-consuming when the initiators are easily prepared in situ and 

immediately tested. Thus, using this high-throughput approach is highly valuable for spending 

less time on catalyst synthesis but focusing more on the polymer and material chemistry itself. 

 

 
Figure 26. A) Schematic overview of the developed in situ approach for the synthesis of yttrium salan catalysts and 
B) structure-property relationships obtained using this approach in the ROP of rac-β-BL. Note: only the ligand 
framework is shown for clarity. 

 

PHB is also produced naturally by bacteria, however, only in an isotactic microstructure. 

Bacterial PHB shows promising material properties comparable to i-PP but features 
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biodegradation or chemical recyclability as favorable end-of-life options. Contrary, non-

biological syndiotactic and atactic PHB are materials of lower value as the syndiotactic 

conformation is not biodegradable and in case of atacticity it is an amorphous material with 

poor characteristics. The synthesis of isotactic PHB starting from a cheap racemic β-BL 

feedstock is thus a highly appealing target.23,29,64,68 The previously described high-throughput 

approach facilitated the identification of a novel yttrium salan catalyst platform (Figure 27). 

While N-aryl-based salan initiators were limited to relatively poor isotacticity (Pm up to 0.67), 

various derivatives bearing an N–H substitution gave highly isotactic PHB (Pm up to 0.89). This 

represents the highest isoselectivity in ROP of rac-β-BL achieved to date. Additionally, the 

catalysts were remarkably active showing TOFs of up to 32 000 h-1 and capable of producing 

high molecular weight PHB (Mn up to 290 kg mol-1).  

 

 
Figure 27. Synthesis of highly isotactic PHB from rac-β-BL using yttrium and lanthanum catalysts bearing a salan 
framework with N–H moieties in the backbone. 

 

The commercialization of bacterial PHB is currently limited by two major challenges: first, the 

melting temperature of the polymer is close to its decomposition temperature, hampering melt 

processing and, secondly, its high crystallinity results in a very brittle material.23,68 The synthetic 

isotactic PHB produced by in situ generated yttrium salan catalysts successfully overcame 

these challenges: due to its reduced isotacticity, its crystallinity is reduced. This consequently 

results in a lowered melting temperature (Tm ≈ 140°C) and significantly increased elongation 

at break (ɛB = 392%, bacterial PHB: ɛB = 2%). These novel yttrium salan catalysts tackled 

previous challenges in the ROP of rac-β-BL at once, namely high isoselectivity, high 

productivity and high molecular weight. Combined with the extraordinary polyolefin-like 

material properties of the generated PHB, this constitutes a major paradigm shift. Early 

mechanistic studies revealed that the N–H moiety and/or the flexibility of the salan framework 

might be the reason for the observed isotacticity as respective yttrium salen initiators featuring 

a rigid imine moiety only gave atactic PHB. Future investigations should focus on 
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understanding the polymerization mechanism of this class of catalysts in detail as it will allow 

for the rational design of further isoselective catalysts in the ROP of rac-β-BL. Another 

interesting target constitute salalen catalysts as they combine the salan and salen framework 

in one ligand.117,233 This will also allow for further conclusions on the mechanism as one half of 

the catalyst framework is rigid while the other half remains flexible. Considering the 

commercialization of synthetic isotactic PHB, heterogenization of the initiators, upscaling of 

the process and early application tests of the material are important targets in the future. 

 

Apart from efficient production of biodegradable polyesters, ROP is a convenient method for 

designing innovative monomer–polymer loops in order to achieve a circular polymer chemistry. 

Chemical recycling of polymers has gained ever-increasing interest as a sustainable solution 

for the plastic waste issue and in contrast to biodegradation, the intrinsic material value is 

preserved.9,19,37 Monomer design plays an important role in accessing chemically recyclable 

polyesters and the ring-fusion/hybridization approach has previously shown high potential. It 

was reported that the ROP of bicyclic lactones combines typically conflicting parameters, i.e. 

polymerizability, depolymerizability and material properties. Bicyclic monomers were 

previously based on a 5- or 7-membered ring core structure.37,215 Within this thesis, the strategy 

of ring-fusion/hybridization was expanded to a bicyclic monomer with 6-membered ring core 

structure (Figure 28). The monomer NCL was easily accessible via a one-step Baeyer-Villiger 

oxidation of commercially available norcamphor. It was found that ZnEt2 as low-cost catalyst 

successfully promotes the ROP of NCL to a high equilibrium monomer conversion even at 

elevated polymerization temperatures of 110°C. High molecular weight PNCL was obtained 

(Mn up to 164 kg mol-1). Thermolysis of the material at 220°C selectively and quantitatively 

recovered pristine monomer, thus closing the monomer–polymer loop. For the first time, a 

bicyclic lactone with 6-membered ring core structure furnished the synthesis of polyesters with 

complete chemical recyclability to monomer under thermolysis or chemolysis conditions. The 

hybridization strategy in monomer design was thus demonstrated to be applicable beyond the 

typical γ-butyrolactone-based core structure. High polymerizability was combined with high 

depolymerizability, albeit material properties were still somewhat inferior to top-performing 

chemically recyclable polymers in literature.215,222 Given the simplicity of this approach, 

specifically designed monomer modifications will enable various promising NCL-based 

polymers with targeted properties and full chemical recyclability in the future. ROP of the 

respective thiolactone derivative might give a material with improved properties yet retained 

recyclability.217,219,221,223 Investigating various alkyl substitutions might also give interesting 

insights into the polymerization and depolymerization behavior as well as material properties 

of such bicyclic lactones/alicyclic polyesters and contribute to a more detailed understanding 

of relevant monomer design parameters. ROP as method for the generation of chemically 
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recyclable polymers besides (bio)degradable polymers reveals the extensive potential of this 

valuable toolbox. 

 

 
Figure 28. Utilizing the hybridization approach for designing a bicyclic lactone with 6-membered ring core structure 
that enables the synthesis of completely recyclable polyesters.251 

 
 

This thesis has described specifically designed catalysts and monomers that enable the 

production of materials with promising properties and sustainable built-in end-of-life options. 

While the first century of polymer chemistry focused on generating materials and on ever-

improving their properties, this work made its contribution to the incipient second century of 

polymers – a century where degradation or recycling of the material will be as important as its 

properties. 
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1. Experimental Section 
 

Materials and Methods 

All manipulations were carried out under argon atmosphere using standard Schlenk or glovebox 

techniques. Glassware was flame-dried under vacuum prior to use. Unless otherwise stated, all 

chemicals were purchased from Sigma-Aldrich, TCI Chemicals or ABCR and used as received. 

Solvents were obtained from an MBraun MB-SPS 800 solvent purification system and stored 

over 3 Å molecular sieves prior to use. β-BL was treated with BaO, dried over CaH2 and 

distilled prior to use. ɛ-CL, ɛ-DL and γ-BL were distilled from CaH2 prior to use. rac-LA was 

sublimed once prior to use. Deuterated chloroform (CDCl3) and toluene (C7D8) were obtained 

from Sigma-Aldrich and dried over 3 Å molecular sieves. Proligand L3 was prepared according 

to the literature.1 

 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-III-

500 spectrometer equipped with a QNP-Cryoprobe, AV-III-300 or AV-III-400 spectrometers 

at ambient temperature (298 K). 1H and 13C{1H} NMR spectroscopic chemical shifts δ are 

reported in ppm relative to tetramethylsilane and were referenced internally to the relevant 

residual solvent resonances. The following abbreviations are used: br, broad; s, singlet; d, 

doublet; m, multiplet. 

The tacticity of PHB was determined by integration of the carbonyl region of the 13C{1H} NMR 

spectrum whereas for PLA, the tacticity was calculated from the peak deconvoluted methine 

region of the 1H{1H} NMR spectrum.2, 3 

 

Elemental analyses were measured with a EURO EA instrument from HEKAtech at the 

Laboratory for Microanalysis, Catalysis Research Center, Technical University of Munich.  

 

Electrospray ionization mass spectrometry (ESI-MS) was measured with a Thermo Fisher 

Scientific Exactive Plus Orbitrap in the positive mode in acetonitrile. 

 

Polymer weight-average molecular weight (Mw), number-average molecular weight (Mn) and 

polydispersity indices (Đ = Mw/Mn) were determined via gel permeation chromatography (GPC) 

relative to polystyrene standards on PL-SEC 50 Plus instruments from Polymer Laboratories. 

For PHB the analysis was performed at ambient temperatures using chloroform as the eluent at 

a flow rate of 1.0 mL min-1. For PɛCL, PɛDL, PLA and PγBL the analysis was performed at 
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40°C using THF as the eluent at a flow rate of 1.0 mL min-1. Molecular weights of PɛCL and 

PLA were corrected with a Mark–Houwink factor of 0.56 and 0.58, respectively.4  

 

 

General Polymerization Procedures 

Typical polymerization of β-BL: In a glove box, initiator 2 (13.0 mg, 18.3 µmol) was dissolved 

in 1.55 mL of toluene and β-BL (300 µL, 315 mg, 3.66 mmol) was injected into the reaction, 

such that the overall concentration of β-BL was 2.0 M. After 15 min the polymerization was 

quenched by addition of 0.5 mL MeOH and conversion was determined by 1H NMR 

spectroscopy of an aliquot. The mixture was precipitated into excess diethyl ether/pentane (1:1), 

filtered, washed with additional diethyl ether/pentane and dried under vacuum. 

Typical immortal ROP of β-BL: In a glove box, initiator 2 was dissolved in toluene and the 

respective amount of a BnOH stock solution in toluene (0.080 M) was added. After 15 min of 

stirring, β-BL was injected into the reaction, such that the overall concentration of β-BL was 

2.0 M. The rest of the procedure followed the general polymerization procedure. 

Kinetic experiments of β-BL polymerization: In a glove box, the respective amount of initiator 

2, toluene and β-BL were mixed, such that the overall concentration of β-BL was 2.0 M. After 

certain time intervals, aliquots were taken from the reaction mixture, quenched with 0.4 mL 

hydrous CDCl3 and conversion determined by 1H NMR spectroscopy. The crude products were 

additionally analyzed by GPC. 

Polymerization of β-BL with PO-activated 1: In a glove box, initiator 1 (10.0 mg, 14.9 µmol) 

was dissolved in 1.24 mL of propylene oxide (PO) and the mixture stirred for 24 h at room 

temperature. After this preactivation time, β-BL (244 µL, 256 mg, 2.97 mmol) was injected 

into the reaction, such that the overall concentration of β-BL was 2.0 M. After certain time 

intervals, aliquots were taken from the reaction mixture, quenched with 0.4 mL hydrous CDCl3 

and conversion determined by 1H NMR spectroscopy. The polymerization was quenched by 

addition of 0.5 mL MeOH, precipitated into excess diethyl ether/pentane (1:1), filtered, washed 

with additional diethyl ether/pentane and dried under vacuum. The isolated polymer and crude 

products were analyzed by GPC. 

 

Typical polymerization of ɛ-CL: In a glove box, initiator 2 (4.0 mg, 5.6 µmol) was dissolved in 

1.09 mL of toluene and ɛ-CL (312 µL, 321 mg, 2.81 mmol) was rapidly injected into the 

reaction, such that the overall concentration of ɛ-CL was 2.0 M. After 20 s the polymerization 

was quenched by rapid addition of 1.0 mL hydrous CDCl3 and conversion was determined by 
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1H NMR spectroscopy of an aliquot. The mixture was precipitated into excess methanol, 

filtered, washed with additional methanol and dried under vacuum. 

 

Typical polymerization of ɛ-DL: In a glove box, initiator 2 (5.0 mg, 7.0 µmol) was dissolved in 

0.46 mL of toluene and ɛ-DL (245 µL, 240 mg, 1.41 mmol) was injected into the reaction, such 

that the overall concentration of ɛ-DL was 2.0 M. After 2 h the polymerization was quenched 

by addition of 0.2 mL MeOH and conversion was determined by 1H NMR spectroscopy of an 

aliquot. The mixture was precipitated into excess methanol, filtered, washed with additional 

methanol and dried under vacuum. 

 

Typical polymerization of γ-BL: In a glove box, γ-BL (107 µL, 121 mg, 1.41 mmol) was added 

to initiator 2 (5.0 mg, 7.0 µmol) and the reaction mixture cooled to -35°C. After 24 h at -35°C 

the polymerization was quenched by addition of a cold solution of 1.0 mL benzoic acid in 

CHCl3 (10 mg mL-1) and conversion was determined by 1H NMR spectroscopy of an aliquot. 

The mixture was precipitated into excess cold methanol, filtered and dried under vacuum. 

 

Typical polymerization of purified rac-LA: In a glove box, sublimed rac-LA (406 mg, 

2.81 mmol) was added to initiator 2 (4.0 mg, 5.6 µmol). The vial was sealed, removed from the 

glove box and placed in a preheated aluminum block at 130°C. After 10 min the polymerization 

was quenched by addition of 0.2 mL MeOH and conversion was determined by 1H NMR 

spectroscopy of an aliquot. The mixture was dissolved in a minimal amount of dichloromethane 

and precipitated into excess pentane, filtered, washed with additional pentane and dried under 

vacuum.  

Polymerization of unpurified rac-LA: The polymerization procedure was as described above 

but commercial grade rac-LA (99%, Sigma-Aldrich) was used as received instead of sublimed 

rac-LA. 

Polymerization of unpurified L-LA: The polymerization procedure was as described above but 

commercial grade L-LA (98%, Sigma-Aldrich) was used as received instead of sublimed rac-

LA. 
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Synthesis of Compounds 

 

 

 
Scheme S1. Synthesis of indium complexes 1 – 3. Complex 2 can also be prepared in a one-pot route starting from ligand L1 
(not shown). 

 
 
Synthesis of Salan Ligand L1. 

The synthesis followed a reported literature procedure.5 2,4-di-tert-butylphenol (8.25 g, 

40.0 mmol) was dissolved in 20 mL of methanol and 15 mL aqueous formaldehyde solution 

(37 wt.%) and N,N’-dimethylethylenediamine (2.15 mL, 1.76 g, 20.0 mmol) were added. The 

reaction mixture was refluxed for 16 h. After cooling to room temperature, the colorless 

precipitate was filtered off, washed with 30 mL of methanol and dried in vacuo to give 9.09 g 

(87%) of L1. 
1H NMR (400 MHz, CDCl3): δ 10.68 (br s, 2H, OH), 7.20 (d, J = 2.4 Hz, 2H, Ar-H), 6.80 (d, 

J = 2.4 Hz, 2H, Ar-H), 3.66 (s, 4H, Ar-CH2), 2.63 (s, 4H, N-CH2), 2.26 (s, 6H, N-Me), 1.40 (s, 

18H, tBu), 1.27 (s, 18H, tBu). 13C{1H} NMR (101 MHz, CDCl3): δ 154.3, 140.7, 135.8, 123.5, 

123.1, 121.1, 62.9, 53.9, 41.8, 35.0, 34.3, 31.9, 29.8. 

 

Synthesis of Catam Ligand L2. 

The synthesis followed a reported literature procedure.6 A solution of L3 (1.87 g, 4.0 mmol) in 

25 mL of THF was cooled to -78°C and n-butyllithium (2.5 M in hexane, 3.20 mL, 0.51 g, 

8.0 mmol) was added dropwise. After stirring at -78°C for 15 min, the reaction mixture was 

allowed to warm to room temperature and stirred for an additional 2 h. Subsequently, methyl 

iodide (0.50 mL, 1.14 g, 8.0 mmol) was added, the solution stirred for 16 h at room temperature 

and then refluxed for an additional 5 h. The solvent was removed under reduced pressure, water 

(25 mL) added and the mixture extracted with dichloromethane (3×20 mL). The combined 

organic phases were washed with brine (20 mL), dried over MgSO4 and the solvent removed 

under reduced pressure. The residue was recrystallized from methanol/dichloromethane (2:1) 

to give an off-white solid (1.37 g, 69%). 
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1H NMR (400 MHz, CDCl3): δ 8.37 (br s, 2H, OH), 7.13 (d, J = 2.4 Hz, 2H, Ar-H), 7.07 (d, J = 

2.4 Hz, 2H, Ar-H), 2.87 (s, 4H, N-CH2), 2.73 (s, 6H, N-Me), 1.42 (s, 18H, tBu), 1.30 (s, 18H, 
tBu). 13C{1H} NMR (101 MHz, CDCl3): δ 148.6, 141.1, 138.6, 135.1, 120.7, 115.6, 57.1, 43.1, 

35.2, 34.7, 31.9, 29.7. 

 

 

Synthesis of Indium Complexes 1 – 3 

 

Compound 1. The synthesis followed a reported literature procedure.7 To a suspension of KH 

(0.24 g, 6.0 mmol) in 10 mL of THF, a solution of L1 (1.57 g, 3.0 mmol) in 10 mL of THF was 

added dropwise. The resulting solution was stirred for 20 h at room temperature and then cooled 

to -78°C. A solution of InCl3 (0.66 g, 3.0 mmol) in 10 mL of THF was added dropwise and 

after complete addition the reaction mixture was allowed to slowly warm to room temperature 

within 2 h and was then stirred for one additional hour. The reaction mixture was evaporated to 

dryness, the residue resuspended in 20 mL of dichloromethane, filtered over Celite and the 

solvent removed in vacuo. After washing with 5 mL of pentane, a colorless solid was obtained 

(1.45 g, 72%). 
1H NMR (400 MHz, CDCl3): δ 7.30 (d, J = 2.5 Hz, 2H, Ar-H), 6.79 (d, J = 2.5 Hz, 2H, Ar-H), 

4.84 (d, J = 12.0 Hz, 2H, Ar-CH2), 3.28 – 3.17 (m, 4H, Ar-CH2 and N-CH2), 2.99 – 2.89 (m, 

2H, N-CH2), 2.42 (s, 6H, N-Me), 1.50 (s, 18H, tBu), 1.27 (s, 18H, tBu). 13C{1H} NMR 

(101 MHz, CDCl3): δ 160.5, 139.9, 138.2, 125.3, 125.1, 119.9, 64.2, 55.6, 44.0, 35.4, 34.2, 

31.9, 30.0. Anal. Calc. for C34H54N2O2ClIn: C, 60.67; H, 8.09; N, 4.16. Found: C, 61.21; H, 

8.32; N, 4.16%. 

 

Characterization data for compound 1 after being stored under air at room temperature for 

3 months: 1H NMR data as stated above; no decomposition was observed (Figure S7, S8). Anal. 

Calc. for C34H54N2O2ClIn: C, 60.67; H, 8.09; N, 4.16. Found: C, 61.41; H, 8.30; N, 4.17%. 

Hydrolytic stability tests of compound 1 in solution: ca. 10 mg of 1 were dissolved in 0.5 ml 

hydrous CDCl3 (water content: 110 ppm) and 1H NMR spectra of the sample measured in 

regular intervals. Signals corresponding to free salan ligand L1 were increasing steadily and 

after 20 h at room temperature 31% of 1 was decomposed (Figure S9). 

 

Compound 2. KOtBu (67 mg, 0.6 mmol) was added to a solution of 1 (404 mg, 0.6 mmol) in 

10 mL of THF. The resulting suspension was stirred for 16 h at room temperature, subsequently 
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filtered using a 0.45 µm PTFE syringe filter and the solvent removed in vacuo. The residue was 

washed with pentane (2×2 mL) to give a colorless solid (315 mg, 74%). Single crystals of 2 

suitable for X-ray diffraction measurements were obtained by slow evaporation from a saturated 

toluene solution at room temperature. 
1H NMR (400 MHz, CDCl3): δ 7.27 (d, J = 2.6 Hz, 2H, Ar-H), 6.74 (d, J = 2.6 Hz, 2H, Ar-H), 

4.49 (d, J = 12.1 Hz, 2H, Ar-CH2), 3.24 (d, J = 12.3 Hz, 2H, Ar-CH2),  3.06 – 2.97 (m, 2H, 

N-CH2), 2.90 – 2.81 (m, 2H, N-CH2), 2.51 (s, 6H, N-Me), 1.45 (s, 18H, Ar-tBu), 1.27 (s, 18H, 

Ar-tBu), 1.24 (s, 9H, O-tBu). 13C{1H} NMR (101 MHz, CDCl3): δ 161.6, 139.1, 136.8, 125.3, 

124.6, 119.4, 63.8, 55.1, 44.0, 35.5, 35.4, 34.1, 31.9, 31.9, 30.2. Anal. Calc. for C38H63N2O3In: 

C, 64.22; H, 8.93; N, 3.94. Found: C, 64.33; H, 9.06; N, 3.82%. 

 

Compound 2 – One-Pot-Route. To a suspension of KH (160 mg, 4.0 mmol) in 7 mL of THF, 

a solution of L1 (1050 mg, 2.0 mmol) in 8 mL of THF was added dropwise. The resulting 

solution was stirred for 17 h at room temperature and then cooled to -78°C. A solution of InCl3 

(442 mg, 2.0 mmol) in 10 mL of THF was added dropwise and after complete addition the 

reaction mixture was allowed to slowly warm to room temperature within 2 h and was then 

stirred for an additional 2 h. Subsequently, KOtBu (224 mg, 2.0 mmol) was added to the 

reaction mixture and stirring continued for 23 h at room temperature. After filtration using a 

0.45 µm PTFE syringe filter, removal of volatiles in vacuo and washing the residue with 

pentane (2×5 mL) a colorless solid was obtained (909 mg, 64%). 
1H and 13C{1H} NMR data as stated above. Anal. Calc. for C38H63N2O3In: C, 64.22; H, 8.93; N, 

3.94. Found: C, 63.99; H, 9.04; N, 3.96%. 

 

Compound 3. To a suspension of KH (64 mg, 1.6 mmol) in 3 mL of THF, a solution of L2 

(397 mg, 0.8 mmol) in 4 mL of THF was added dropwise. The resulting solution was stirred 

for 16 h at room temperature and then cooled to -78°C. A solution of InCl3 (177 mg, 0.8 mmol) 

in 5 mL of THF was added dropwise and after complete addition the reaction mixture was 

allowed to slowly warm to room temperature within 2 h and was then stirred for an additional 

2 h. Subsequently, KOtBu (90 mg, 0.8 mmol) was added to the reaction mixture and stirring 

continued for 21 h at room temperature. The cloudy solution was filtered using a 0.45 µm PTFE 

syringe filter and the solvent removed in vacuo. Recrystallization from pentane and additional 

washing with a minimal amount of cold pentane gave 3 as a colorless solid (193 mg, 32%). 

Multiple attempts for the isolation of single crystals of 3 suitable for X-ray diffraction 

measurements were unsuccessful. 
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1H NMR (400 MHz, C7D8): δ 7.42 (d, J = 2.5 Hz, 2H, Ar-H), 6.94 (d, J = 2.5 Hz, 2H, Ar-H), 

3.93 – 3.83 (m, 4H, THF), 2.71 (s, 6H, N-Me), 2.48 (d, J = 10.1 Hz, 2H, N-CH2), 2.00 (d, J = 

10.1 Hz, 2H, N-CH2), 1.77 (s, 18H, Ar-tBu), 1.46 (s, 9H, O-tBu), 1.34 (s, 18H, Ar-tBu), 1.30 – 

1.26 (m, 4H, THF). 13C{1H} NMR (101 MHz, C7D8): δ 157.7, 138.2, 136.1, 134.8, 122.3, 114.5, 

69.8, 69.0, 58.3, 46.2, 35.9, 35.4, 34.5, 32.0, 30.0, 25.3. Anal. Calc. for C40H67N2O4In: C, 63.65; 

H, 8.95; N, 3.71. Found: C, 63.49; H, 9.16; N, 3.72%. 
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NMR Spectra of Compounds 

 
Figure S1. 1H NMR spectrum (CDCl3) of salan ligand L1. 

 

 
Figure S2. 13C{1H} NMR spectrum (CDCl3) of salan ligand L1. 
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Figure S3. 1H NMR spectrum (CDCl3) of catam ligand L2. 

 

 
Figure S4. 13C{1H} NMR spectrum (CDCl3) of catam ligand L2. 
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Figure S5. 1H NMR spectrum (CDCl3) of indium complex 1. 

 

 
Figure S6. 13C{1H} NMR spectrum (CDCl3) of indium complex 1. 
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Figure S7. 1H NMR spectrum (CDCl3) of indium complex 1 stored under air at room temperature for 3 months. 

 

 
Figure S8. Comparison of 1H NMR spectra (CDCl3) of indium complex 1 stored under argon (top) and stored under air (bottom) 
at room temperature for 3 months. 
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Figure S9. 1H NMR spectrum (CDCl3) of indium complex 1 after 20 h at room temperature in 0.5 ml hydrous CDCl3 (water 
content: 110 ppm). Signals denoted with an asterisk belong to free salan ligand L1. 

 

 
Figure S10. Comparison of 1H NMR spectra (CDCl3) of i) salan ligand L1 (top), ii) indium complex 1 after 20 h at room 
temperature in 0.5 ml hydrous CDCl3 (water content: 110 ppm) (middle), iii) indium complex 1 in dry CDCl3 (bottom). 
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Figure S11. 1H NMR spectrum (CDCl3) of indium complex 2. 

 

 

Figure S12. 13C{1H} NMR spectrum (CDCl3) of indium complex 2. 
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Figure S13. 1H NMR spectrum (CDCl3) of indium complex 2 stored under air at room temperature for 24 h. Signals denoted 
with an asterisk belong to complex 2. 

 

 
Figure S14. 1H NMR spectrum (C7D8) of indium complex 3. 
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Figure S15. 13C{1H} NMR spectrum (C7D8) of indium complex 3. 

  

����������������	�
�������������������������	��
����������

������

�
�
��
�
��
�
�	


�


�

�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�



10 Appendix 

 125 
 

 S17 

2. Polymerization Kinetics and Polymer Characterization Data 
 
 
Table S1. Additional polymerization data a 

entry catalyst monomer [M]/[I] time 
(min) 

conv.b 

(%) 
TOF 
(h-1) 

Mn (theo.)c 

(kg mol-1) 
Mn (GPC)d 

(kg mol-1) 
Ðd 

1 1 β-BL 200 1440 3 <1 n.d. n.d. n.d. 

2e 1 β-BL 200 1440 63 5 10.8 32.5 1.39 

3f 1 β-BL 200 60 0 0 n.d. n.d. n.d. 

4g 1 β-BL 200 120 0 0 n.d. n.d. n.d. 

5h 2 β-BL 200 30 97 388 16.7 26.7 1.07 

6i 2 β-BL 200 30 73 292 12.6 18.5 1.05 

7 2 β-BL 100 7 96 823 8.3 13.9 1.05 

8 2 β-BL 150 10 96 864 12.4 19.9 1.04 

9 2 β-BL 300 30 98 588 25.3 38.1 1.04 

10  2 β-BL 400 15 82 1312 28.2 35.3 1.04 

11 2 β-BL 800 60 60 480 41.3 56.5 1.05 

12 2 β-BL 800 240 95 190 65.4 91.9 1.05 
aPolymerizations were performed in toluene at room temperature, [β-BL] = 2.0 M. n.d. = not determined. 
bConversion determined by 1H NMR spectroscopy. cTheoretical molecular weights were determined from the 
[M]/[I] ratio and monomer conversion data. dDetermined by GPC in CHCl3 at room temperature relative to 
polystyrene standards. eT = 50°C. fPropylene oxide (PO) used as solvent. Preactivation time of catalyst in PO prior 
to monomer addition was 15 min. g10 equiv PO added. Preactivation time of catalyst prior to monomer addition 
was 24 h. hTHF used as solvent. iCH2Cl2 used as solvent. 

 
 
 

 
Figure S16. Conversion vs time plot for the ROP of β-BL using 2 as catalyst ([β-BL]/[2] = 400/1, T = rt., [β-BL] = 2.0 M). 
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Figure S17. Plot of molecular weight and dispersity vs monomer-to-initiator ratio for the ROP of β-BL mediated by catalyst 
2. Inset: GPC traces of the polymers for different monomer-to-initiator ratios. 

 
 
 
 

 
Figure S18. Evolution of molecular weight and dispersity with conversion for the ROP of β-BL mediated by catalyst 2. Inset: 
GPC traces of the polymers at respective conversions. 
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Figure S19. Immortal ROP of β-BL using catalyst 2 and BnOH as chain transfer agent. Plot of molecular weight and dispersity 
vs monomer-to-(BnOH + 1) ratio. Inset: GPC traces of the polymers with various amounts of chain transfer agent used in the 
ROP of β-BL. 

 
 
 

 
Figure S20. Plot of kobs vs [2] for determination of propagation rate constant kp. kp = 27.9 ± 0.9 L mol-1 min-1, R2 = 0.997. 
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Figure S21. Evolution of molecular weight and dispersity with conversion for the ROP of β-BL mediated by complex 1 
(activated for 24 h in PO prior to addition of β-BL). 

 
 
 

 
Figure S22. Semi-logarithmic plot of monomer concentration over time for the ROP of β-BL mediated by complex 1 (activated 
for 24 h in PO prior to addition of β-BL). kobs = 0.018 ± 0.001 min-1. Conditions: [β-BL]0 = 2.0 M, [β-BL]/[1] = 200/1, T = rt. 
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Analysis of Polymer Microstructure 

 
Figure S23. Representative 13C{1H} NMR spectrum (carbonyl region) of PHB produced by ROP of β-BL using 2 (Pm = 0.54). 

 
 
 
 

             
Figure S24. 13C{1H} NMR spectrum of PHB produced by ROP of β-BL using 3 (Pm = 0.61). Left: carbonyl region, right: 
methylene region. 
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Figure S25. Representative peak deconvoluted 1H{1H} NMR spectrum (methine region) of PLA produced by ROP of rac-LA 
using 2 (Pr = 0.62). 

 
 
 
 

 
Figure S26. Peak deconvoluted 1H{1H} NMR spectrum (methine region) of PLA produced by ROP of unpurified L-LA using 
2 (Pm = 0.97; Table 2, entry 11). 
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Figure S27. Peak deconvoluted 1H{1H} NMR spectrum (methine region) of PLA produced by ROP of unpurified L-LA using 
2 (Pm = 0.99; Table 2, entry 12). 

 
 
 
 

 
Figure S28. Peak deconvoluted 1H{1H} NMR spectrum (methine region) of PLA produced by ROP of rac-LA using 3 
(Pr = 0.57). 
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Polymer End-Group Analysis 

End-group analysis of oligomeric PHB produced by 2 ([β-BL]/[2] = 20/1) was carried out using 

ESI-MS and 1H NMR measurements. The ESI-MS spectrum consisted of three series of 

molecular ion peaks with the major series (red squares) corresponding to linear PHB with 
tBuO/H chain ends and Na+ (Figure S27). The respective series with K+ was also observed 

(orange triangles). The third population corresponded to linear PHB with crotonyl chain ends 

(blue circles). Although the formation of crotonyl chain ends in ROP of β-BL is a well-known 

phenomenon, we consider that the side reaction is not caused by the catalyst during ROP but is 

in fact occurring during the ionization of the oligomeric sample in the ESI-MS measurements. 

This is also supported by end-group analysis using NMR spectroscopy (Figure S28). The 

identical sample of oligomeric PHB used for ESI-MS measurements showed no signals of 

crotonyl chain ends in the 1H NMR spectrum but solely the corresponding methine proton 

(4.2 ppm) of linear PHB (Figure S28). 

 
Figure S29. ESI-MS spectrum of PHB produced by 2 ([β-BL]/[2] = 20/1). For remarks on crotonyl chain ends see discussion 
above. 
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Figure S30. 1H NMR spectrum (CDCl3) of the methine region of PHB produced by 2 ([β-BL]/[2] = 20/1). The absence of 
signals corresponding to crotonyl chain ends is highlighted by the rectangle. 

 

 

 

 
 
DOSY NMR Analysis of Compounds 2 and 3 

DOSY NMR measurements were performed to elucidate the nuclearity of compounds 2 and 3 

in solution under conditions relevant for polymerization runs. The molecular weight of the 

compounds was determined by using external calibration curves with normalized diffusion 

coefficients.8 Toluene-d8 was used as solvent and the diffusion coefficient of the residual 

solvent resonance used as an internal reference for calculations. An external calibration curve 

for dissipated spheres and ellipsoids was chosen (see ref. 8 for details). The observed diffusion 

coefficients of the analytes and the internal reference are given in Figures S29 and S30. A 

molecular weight of 450 g mol-1 and 642 g mol-1 was determined for compound 2 and 3, 

respectively, indicating that both compounds are mononuclear in solution. 
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Figure S31. 1H DOSY NMR of compound 2 in toluene-d8 at room temperature.  

 

 
Figure S32. 1H DOSY NMR of compound 3 in toluene-d8 at room temperature. 
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Representative GPC Traces 
 

 
Figure S33. GPC trace of PHB by [β-BL]/[2] = 400/1 (Mn = 43.9 kg mol-1, Ð = 1.03). 

 
 
 

 
Figure S34. GPC traces of PHB of a chain extension experiment with catalyst 2. Black: polymer after conversion of first 
200 equiv of β-BL (Mn = 24.5 kg mol-1, Ð = 1.05). Red: polymer after conversion of second 200 equiv of β-BL (Mn = 48.0 kg 
mol-1, Ð = 1.06). 
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Figure S35. GPC trace of PɛCL by [ɛ-CL]/[2] = 2000/1 (Mn,corr = 318.8 kg mol-1, Ð = 1.49). 

 
 
 

 
Figure S36. GPC trace of PɛDL by [ɛ-DL]/[2] = 200/1 (Mn = 50.8 kg mol-1, Ð = 1.13). 
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Figure S37. GPC trace of PLA by [rac-LA]/[2] = 500/1 (Mn,corr = 26.8 kg mol-1, Ð = 1.15). 

 
 
 
 
 

 
Figure S38. GPC trace of PLA by [rac-LA]/[2] = 1000/1, unpurified rac-LA used (Mn,corr = 35.1 kg mol-1, Ð = 1.16). 
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Figure S39. GPC trace of PγBL by [γ-BL]/[2] = 200/1 (Mn = 21.2 kg mol-1, Ð = 1.80). 
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3. X-Ray Crystallography 

Single crystals of complex 2 were obtained by slow evaporation from a saturated toluene 

solution at room temperature and were measured following the details given below. 

 

 

 

Figure S40. Molecular structure and numbering scheme of complex 2: Displacement ellipsoids are drawn at the 50% 
probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths and angles are given in Table S2. 

 

General procedure 

The X-ray data were collected on an X-ray single crystal diffractometer equipped with a CMOS 

detector (Bruker Photon-100), an IMS microsource with MoKα radiation (λ=0.71073Å) and a 

Helios mirror optic by using the APEX III software package.9 The crystal was fixed on top of 

a microsampler using perfluorinated ether, transferred to the diffractometer and measured under 

a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. 

Reflections were corrected for Lorentz and polarization effects, scan speed, and background 

using SAINT.10 Absorption corrections, including odd and even ordered spherical harmonics 

were performed using SADABS.10 Space group assignments were based upon systematic 

absences, E statistics, and successful refinement of the structures. Structures were solved by 

SHELXT11 (intrinsic phasing) with the aid of successive difference Fourier maps, and were 

refined against all data using with SHELXL201812 in conjunction with SHELXLE.13 Methyl 

hydrogen atoms were refined as part of rigid rotating groups, with a C–H distance of 0.98 Å 

and Uiso(H)= 1.5·Ueq(C). Other H atoms were placed in calculated positions and refined using 
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a riding model, with methylene and aromatic C–H distances of 0.99 and 0.95Å, respectively, 

and Uiso(H)= 1.2·Ueq(C). Non-hydrogen atoms were refined with anisotropic displacement 

parameters. Full-matrix least-squares refinements were carried out by minimizing Δw(Fo2-Fc2)2 

with the SHELXL12 weighting scheme. Neutral atom scattering factors for all atoms and 

anomalous dispersion corrections for the non-hydrogen atoms were taken from International 

Tables for Crystallography.14 Images of the crystal structures were generated with 

MERCURY.15 Crystallographic data are also deposited at the Cambridge Crystallographic Data 

Centre (CCDC 2128903) and are available free of charge via www.ccdc.cam.ac.uk/structures/. 

Table S2. Selected bond lengths (Å) and angles (°) for the X-ray crystal structure of complex 2. 

Bond Length  Bond Angle  Bond Angle  
In1-O1 2.082(3) O1-In1-N1 86.7(1) O2-In1-N2 85.2(1) 
In1-O2 2.065(4) O1-In1-O2 83.5(1) O2-In1-O3 120.3(1) 
In1-O3 1.987(3) O1-In1-N2 148.5(1) N1-In1-N2 77.8(1) 
In1-N1 2.304(3) O1-In1-O3 121.9(1) N1-In1-O3 107.2(1) 
In1-N2 2.375(4) O2-In1-N1 129.0(1) N2-In1-O3 89.1(1) 

 
 
 
Table S3. Crystallographic data for complex 2 (CCDC 2128903). 
Diffractometer operator: Daniel Henschel  
scanspeed 9 s per frame  
dx 30 mm  
2287 frames measured in 15 data sets  
phi-scans with delta_phi = 0.5  
omega-scans with delta_omega = 0.5  
shutterless mode 

Crystal data 

C38H63InN2O3 F(000) = 754 

Mr = 710.72  

Triclinic, P  Dx = 1.239 Mg m−3 

Hall symbol: -P 1 Melting point: ? K 

a = 11.4082 (16) Å Mo Kα radiation, λ = 0.71073 Å 

b = 13.035 (2) Å Cell parameters from 9943 reflections 

c = 14.939 (2) Å θ = 2.3–25.4° 

α = 66.497 (6)° µ = 0.66 mm−1 

β = 68.941 (6)° T = 100 K 

γ = 83.213 (7)° Clear fragment, colourless 
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V = 1900.3 (5) Å3 0.32 × 0.30 × 0.12 mm 

Z = 2  

 

 

Data collection 

Bruker Photon CMOS  
diffractometer 6944 independent reflections 

Radiation source: IMS microsource 6024 reflections with I > 2σ(I) 

Helios optic monochromator Rint = 0.072 

Detector resolution: 16 pixels mm-1 θmax = 25.4°, θmin = 1.8° 

phi– and ω–rotation scans h = −13 13 

Absorption correction: multi-scan  
SADABS 2016/2, Bruker, 2016 k = −15 15 

Tmin = 0.634, Tmax = 0.745 l = −17 17 

53587 measured reflections  

 

 

Refinement 

Refinement on F2 Secondary atom site location: difference 
Fourier map 

Least-squares matrix: full Hydrogen site location: inferred from 
neighbouring sites 

R[F2 > 2σ(F2)] = 0.042 H-atom parameters constrained 

wR(F2) = 0.105 W = 1/[Σ2(FO2) + (0.0454P)2 + 5.4852P] 
WHERE P = (FO2 + 2FC2)/3 

S = 1.00 (Δ/σ)max < 0.001 

6944 reflections Δρmax = 0.87 e Å−3 

414 parameters Δρmin = −0.85 e Å−3 

0 restraints Extinction correction: none 

? constraints Extinction coefficient: ? 

Primary atom site location: iterative  
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1. Experimental Section 
 

1.1 Materials and Methods 

All manipulations containing air- and/or moisture sensitive compounds were carried out under 

argon atmosphere using standard Schlenk or glovebox techniques. Glassware was flame-dried 

under vacuum prior to use. Unless otherwise stated, all chemicals were purchased from 

Sigma-Aldrich, TCI Chemicals or ABCR and used as received. Solvents were obtained from 

an MBraun MB-SPS 800 solvent purification system and stored over 3 Å molecular sieves 

prior to use. β-BL was treated with BaO, dried over CaH2 and distilled prior to use. ɛ-CL, 

ɛ-DL and benzyl alcohol (BnOH) were dried over CaH2 and distilled prior to use. Deuterated 

chloroform (CDCl3) and toluene (C7D8) were obtained from Sigma-Aldrich and dried over 

3 Å molecular sieves. Indium salan complex 1 and yttrium bisphenolate complex Y1 were 

prepared according to literature procedures.1, 2 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) and 

tin(II) 2-ethylhexanoate [Sn(Oct)2] were purchased from Sigma-Aldrich and used as received. 

Ti(OiPr)4 was purchased from Alfa Aesar and distilled prior to use. 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-III-

500 spectrometer equipped with a QNP-Cryoprobe, AV-III-300 or AV-III-400 spectrometers 

at ambient temperature (298 K). 1H and 13C{1H} NMR spectroscopic chemical shifts δ are 

reported in ppm relative to tetramethylsilane and were referenced internally to the relevant 

residual solvent resonances. 

Polymer weight-average molecular weight (Mw), number-average molecular weight (Mn) and 

polydispersity indices (Đ = Mw/Mn) were determined via gel permeation chromatography 

(GPC) relative to polystyrene standards on a PL-SEC 50 Plus instrument from Polymer 

Laboratories. The analysis was performed at 40°C using THF as the eluent at a flow rate of 

1.0 mL min-1. 

Differential scanning calorimetry (DSC) measurements were carried out with a DSC Q2000 

from TA Instruments with a heating and cooling rate of 10 °C min-1. Tg values were obtained 

from the second heating scan. 

Thermal gravimetric analysis (TGA) was carried out with a TGA Q5000 from TA 

Instruments. Polymer samples were heated under argon atmosphere from ambient temperature 

to 600 °C with a heating rate of 10 °C min-1. 
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1.2 General Polymerization Procedures 

Copolymerization of ɛ-CL and β-BL 

In a glove box, a 4 mL glass reactor was charged with ɛ-CL and β-BL. The respective amount 

of a stock solution of initiator 1 in toluene was injected into the monomer mixture, such that 

the overall concentration of ɛ-CL and β-BL was 2.0 M each. After 15 min, the polymerization 

was quenched by addition of 0.5 mL MeOH and conversion was determined by 1H NMR 

spectroscopy of an aliquot. The mixture was precipitated into excess methanol, filtered, 

washed with additional methanol and dried under vacuum. 

 
1H NMR Kinetic Study of ɛ-CL and β-BL Copolymerization 

In a glove box, a 4 mL glass reactor was charged with ɛ-CL (156 µL, 161 mg, 1.41 mmol) and 

β-BL (115 µL, 121 mg, 1.41 mmol). 0.33 mL of toluene-d8 were added and 0.10 mL of a 

stock solution of initiator 1 in toluene-d8 (0.028 M) were injected into the monomer mixture, 

such that the overall concentration of ɛ-CL and β-BL was 2.0 M each. The reaction mixture 

was transferred to a J-Young type NMR tube and 1H NMR spectra were recorded at certain 

time intervals. 

 

Copolymerization of ɛ-DL and β-BL via Route A (Diblock Copolymer) 

In a glove box, a 4 mL glass reactor was charged with ɛ-DL (344 µL, 335 mg, 1.97 mmol) 

and β-BL (162 µL, 170 mg, 1.97 mmol). 0.25 mL of toluene were added and 0.23 mL of a 

stock solution of initiator 1 in toluene (0.042 M) were injected into the monomer mixture, 

such that the overall concentration of ɛ-CL and β-BL was 2.0 M each. After 3 h, the 

polymerization was quenched by addition of 0.2 mL MeOH and conversion was determined 

by 1H NMR spectroscopy of an aliquot. The mixture was precipitated into excess pentane, 

filtered, washed with additional pentane and dried under vacuum. 

 

Copolymerization of ɛ-DL and β-BL via Route B (Tetrablock Copolymer) 

In a glove box, a 4 mL glass reactor was charged with ɛ-DL (344 µL, 335 mg, 1.97 mmol) 

and β-BL (81 µL, 85 mg, 0.98 mmol). 0.13 mL of toluene were added and 0.35 mL of a stock 

solution of initiator 1 in toluene (0.028 M) were injected into the monomer mixture. After 

90 min, a small aliquot was removed from the reaction mixture for determination of 

conversion by 1H NMR spectroscopy and β-BL (81 µL, 85 mg, 0.98 mmol) was added to the 

reaction mixture afterwards. The polymerization was allowed to continue for an additional 

150 min and was eventually quenched by addition of 0.2 mL MeOH after a total 
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polymerization time of 4 h. The final monomer conversion was determined by 1H NMR 

spectroscopy of an aliquot. The mixture was precipitated into excess pentane, filtered, washed 

with additional pentane and dried under vacuum. 

 

Copolymerization of ɛ-DL and β-BL via Route C without BnOH (Triblock Copolymer) 

In a glove box, initiator 1 (7.0 mg, 9.9 µmol) was dissolved in 0.64 mL of toluene and ɛ-DL 

(344 µL, 335 mg, 1.97 mmol) was injected into the reaction, such that the overall 

concentration of ɛ-DL was 2.0 M. After 60 min, a small aliquot was removed from the 

reaction mixture for determination of conversion by 1H NMR spectroscopy and β-BL 

(162 µL, 170 mg, 1.97 mmol) was added to the reaction mixture afterwards. The 

polymerization was allowed to continue for an additional 2 h and was eventually quenched by 

addition of 0.2 mL MeOH after a total polymerization time of 3 h. The final monomer 

conversion was determined by 1H NMR spectroscopy of an aliquot. The mixture was 

precipitated into excess pentane, filtered, washed with additional pentane and dried under 

vacuum. 

 

Copolymerization of ɛ-DL and β-BL via Route C with 2 eq. BnOH (Triblock Copolymer) 

In a glove box, initiator 1 (7.0 mg, 9.9 µmol) was dissolved in 0.43 mL of toluene and 

0.21 mL of a BnOH stock solution in toluene (0.092 M) was added. After stirring for 15 min 

at room temperature, ɛ-DL (344 µL, 335 mg, 1.97 mmol) was injected into the reaction, such 

that the overall concentration of ɛ-DL was 2.0 M. After 45 min, a small aliquot was removed 

from the reaction mixture for determination of conversion by 1H NMR spectroscopy and 

β-BL (162 µL, 170 mg, 1.97 mmol) was added to the reaction mixture afterwards. The 

polymerization was allowed to continue for an additional 135 min and was eventually 

quenched by addition of 0.2 mL MeOH after a total polymerization time of 3 h. The final 

monomer conversion was determined by 1H NMR spectroscopy of an aliquot. The mixture 

was precipitated into excess pentane, filtered, washed with additional pentane and dried under 

vacuum. 

 

Copolymerization of ɛ-DL and β-BL via Sequential Addition 

In a glove box, initiator 1 (8.0 mg, 11.3 µmol) was dissolved in 0.94 mL of toluene and β-BL 

(185 µL, 194 mg, 2.25 mmol) was injected into the reaction, such that the overall 

concentration of β-BL was 2.0 M. After 20 min, a small aliquot was removed from the 

reaction mixture for determination of conversion by 1H NMR spectroscopy and ɛ-DL 
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(393 µL, 383 mg, 2.25 mmol) was added to the reaction mixture afterwards. The 

polymerization was allowed to continue for an additional 2 h and was eventually quenched by 

addition of 0.2 mL MeOH after a total polymerization time of 140 min. The final monomer 

conversion was determined by 1H NMR spectroscopy of an aliquot. The mixture was 

precipitated into excess pentane, filtered, washed with additional pentane and dried under 

vacuum. 

 

Kinetic Studies of ɛ-DL and β-BL Copolymerization 

For kinetic studies, copolymerizations of ɛ-DL and β-BL were performed as described above. 

After certain time intervals, aliquots were taken from the reaction mixture, quenched with 

0.4 mL hydrous CDCl3 and conversion determined by 1H NMR spectroscopy. The crude 

products were additionally analyzed by GPC. 

 

Bulk Copolymerization of ɛ-DL and β-BL using TBD or Sn(Oct)2 

In a glove box, a glass reactor was charged with catalyst and a monomer mixture of ɛ-DL and 

β-BL (1:1) was added. The vial was sealed, removed from the glovebox and stirred for 24 h at 

100 °C in a preheated aluminum block. The polymerization was quenched by addition of 

0.2 mL MeOH and conversion was determined by 1H NMR spectroscopy of an aliquot. The 

mixture was precipitated into excess pentane, filtered, washed with additional pentane and 

dried under vacuum. 
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2. Polymerization Kinetics and Polymer Characterization Data 
 
 

 
 

Figure S1. Copolymerization of β-BL and ɛ-DL, and chemical structures of additionally tested catalysts Y1, Sn(Oct)2, TBD 
and Ti(OiPr)4. 

 
 
Table S1. Homopolymerization data for β-BL, ɛ-CL and ɛ-DL ROP using catalyst 1, and copolymerization data using 
various catalysts a 

Entry Cat. Mono 
mer A 

Mono 
mer B [A]/[B]/[I] T 

(°C) 
t 

(min) 
Conv. A 

(%)b 

Conv. B 
(%)b 

Mn (theo) 
(kg mol-1)c 

Mn (GPC) 
(kg mol-1)d Ðd 

1 1 β-BL - 200:0:1 rt 15 97 - 16.7 21.2 1.05 

2 1 ɛ-CL - 500:0:1 rt 20 s 72 - 41.1 117.1 1.48 

3 1 ɛ-DL - 200:0:1 rt 120 90 - 30.6 50.8 1.13 

4e 1 ɛ-DL - 200:0:1 rt 15 21 - 7.2 n.d. n.d. 

5e 1 ɛ-DL - 200:0:1 rt 60 73 - 24.9 n.d. n.d. 

6 Y1 β-BL ɛ-DL 200:200:1 rt 120 >99 17 22.8 n.d. n.d. 

7 Y1 β-BL ɛ-DL 200:200:1 rt 1440 >99 18 23.2 37.9 1.52 

8 TBD β-BL ɛ-DL 200:200:1 100 1440 >99 0 17.0 n.d. n.d. 

9 Sn(Oct)2 β-BL ɛ-DL 130:130:1 100 1440 55 56 18.5 1.0 1.72 

10 Ti(OiPr)4 β-BL ɛ-DL 200:200:1 100 1440 57 93 41.5 13.4 1.16 
aPolymerizations were performed in toluene, except entries 8 and 9, which were performed in bulk. For homopolymerizations 
[M] = 2.0 M, for copolymerizations [β-BL] = [ɛ-DL] = 2.0 M. n.d. = not determined. bConversion determined by 1H NMR 
spectroscopy. cTheoretical molecular weights were determined from the [M]/[I] ratio and monomer conversion data. 
dDetermined by GPC in THF at 40 °C relative to polystyrene standards. A correction factor of 0.56 was applied for PCL.3 
e1 equiv of BnOH added. 
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Figure S2. Conversion vs time plot for copolymerization of β-BL and ɛ-CL using 1 as catalyst ([β-BL]/[ɛ-CL]/[1] = 
500/500/1, T = rt., [β-BL] = [ɛ-CL] = 2.0 M). 

 
 

 
Figure S3. Semi-logarithmic plot of monomer concentration over time for the copolymerization of β-BL and ɛ-CL mediated 
by complex 1 ([β-BL]/[ɛ-CL]/[1] = 500/500/1, T = rt., [β-BL] = [ɛ-CL] = 2.0 M). Conversion of ɛ-CL does not follow a first-
order behavior. 
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conversion ɛ-CL
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Figure S4. Monomer concentration vs time plot for copolymerization of β-BL and ɛ-CL mediated by complex 1 
([β-BL]/[ɛ-CL]/[1] = 500/500/1, T = rt., [β-BL] = [ɛ-CL] = 2.0 M). β-BL data is not shown (see Figure S3). 

 
 

 
Figure S5. Evolution of molecular weight and dispersity with conversion for the copolymerization of β-BL and ɛ-DL 
mediated by catalyst 1. Inset: GPC traces of the polymers at respective conversions. 
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2.1 Analysis of the Causes of Bimodality in Triblock Copolymerization Experiments 
 

 
Figure S6. Evolution of GPC traces with time after addition of β-BL (200 equiv) to a polymerization of ɛ-DL (200 equiv) 
mediated by complex 1 without additional BnOH (addition of β-BL at 40% conversion of ɛ-DL). 

 
 

 
Figure S7. GPC traces of polymers obtained in triblock copolymer attempts with catalyst 1. Without the addition of BnOH to 
the polymerization mixture a bimodal distribution is obtained (left), whereas a unimodal distribution is observed when 1 is 
activated in situ with 2 eq. of BnOH prior to the polymerization (right; Mn = 23.8 kg mol-1, Ð = 1.11; Table 1, entry 8). 

 
Triblock copolymer synthesis of ɛ-DL and β-BL via Route C was attempted. For this, 

200 equiv of ɛ-DL were polymerized until 40% conversion using 1, then, 200 equiv of β-BL 

were added to the reaction mixture, and the polymerization allowed to resume. Using this 

approach, polymers with bimodal distributions were obtained (Figure S7, left). GPC analysis 

of reaction aliquots revealed that the growing polymer chain was unimodal until β-BL was 

added (Figure S6, light blue curve). But from that point on, the emergence of a second 
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unimodal polymer distribution with low molecular weight was observed in the GPC traces, 

which finally merged with the initial polymer distribution (Figure S6).  

Both polymer distributions showed nearly identical molecular weight increase over the course 

of the polymerization. Initial distribution: Mp = 39.2 kg mol-1 (addition of β-BL), Mp = 

47.2 kg mol-1 (+ 8.0 kg mol-1, 5 min after β-BL addition), Mp = 59.4 kg mol-1 (+ 12.2 kg mol-1, 

40 min after β-BL addition), Mp = 68.8 kg mol-1 (+ 9.4 kg mol-1, 120 min after β-BL addition). 

Arising distribution: Mp = 0 kg mol-1 (addition of β-BL), Mp = 8.9 kg mol-1 (+ 8.9 kg mol-1, 

5 min after β-BL addition), Mp = 23.8 kg mol-1 (+ 14.9 kg mol-1, 40 min after β-BL addition), 

Mp = 33.9 kg mol-1 (+ 10.1 kg mol-1, 120 min after β-BL addition). 

These results show that the addition of β-BL monomer does not terminate initially growing 

polymer chains, but dormant catalyst species (resulting from incomplete initiation of ɛ-DL 

ROP) are activated by β-BL addition and initiate new polymer chains. Consequently, a 

mixture of PHB-b-PDL and PDL-b-PHB-b-PDL copolymers is formed. The poor initiation 

efficiency of catalyst 1 in ROP of ɛ-DL as cause of the bimodal polymer distributions in 

triblock copolymer attempts is further supported by the fact that similarly prepared tetrablock 

copolymers (where β-BL is present at the start of the polymerization, eventually resulting in 

complete initiation of catalyst) had unimodal polymer distributions. 

Addition of 2 equiv of BnOH to a toluene solution of complex 1 prior to initiation of the 

polymerization resulted in a high initiation efficiency of 1 for the ROP of ɛ-DL. Thus, 

dormant catalyst species were almost completely absent when β-BL was added, resulting in 

strong suppression of the side reaction (Figure S7, right). Unimodal PDL-b-PHB-b-PDL 

copolymers were obtained using this approach. 
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2.2 Mechanistic Considerations 
 
 

 
Figure S8. A) Proposed coordination ability of different monomers towards catalyst 1. B) Correction of ɛ-DL misinsertion in 
the presence of β-BL in the one-pot monomer mixture. The ligand framework of 1 is only shown schematically. 
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2.3 DSC Data of Polymers 
 

 
Figure S9. DSC curve (exo down) of PHB homopolymer (Mn = 21.2 kg mol-1, Ð = 1.05). 

 

 
Figure S10. DSC curve (exo down) of PDL homopolymer (Mn = 50.8 kg mol-1, Ð = 1.13). 

 

 
Figure S11. DSC curve (exo down) of PHB-co-PCL (Table 1, entry 1). 

Tg = 4 °C

(exo down)

Tg = -52 °C

(exo down)
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(exo down)
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Figure S12. DSC curve (exo down) of PHB-co-PCL (Table 1, entry 2). 

 

 
Figure S13. DSC curve (exo down) of PHB-b-PDL prepared via sequential addition (Table 1, entry 3). 

 

 
Figure S14. DSC curve (exo down) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 4). 
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Figure S15. DSC curve (exo down) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 5). 

 

 
Figure S16. DSC curve (exo down) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 6). 

 

 
Figure S17. DSC curve (exo down) of PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 8). 

Tg,1 = -53 °C

Tg,2 = -6 °C

(exo down)

Tg,1 = -54 °C
Tg,2 = -6 °C

(exo down)

(exo down)

Tg,1 = -53 °C

Tg,2 = -16 °C



10 Appendix 

 157 
 

 S15 

 
Figure S18. DSC curve (exo down) of PHB-b-PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, 
entry 9). 

 

 
Figure S19. DSC curve (exo down) of PHB-co-PDL prepared from one-pot monomer mixture with Ti(OiPr)4 (Table S1, 
entry 10).  

(exo down)
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2.4 TGA Data of Polymers 
 

 
Figure S20. TGA curve of PHB homopolymer (Mn = 21.2 kg mol-1, Ð = 1.05). 

 

 
Figure S21. TGA curve of PDL homopolymer (Mn = 50.8 kg mol-1, Ð = 1.13). 

 

 
Figure S22. TGA curve of PHB-b-PDL prepared via sequential addition (Table 1, entry 3). 
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Figure S23. TGA curve of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 4). 

 

 
Figure S24. TGA curve of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 5). 

 

 
Figure S25. TGA curve of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 6). 
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Figure S26. TGA curve of PHB-b-PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 9). 

 

 
 
 
 
 
 
 
 
2.5 DOSY NMR Spectra of Polymers 
 

 
Figure S27. DOSY NMR spectrum (CDCl3) of PHB-co-PCL (Table 1, entry 1). 
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Figure S28. DOSY NMR spectrum (CDCl3) of PHB-co-PCL (Table 1, entry 2). 

 

 
Figure S29. DOSY NMR spectrum (CDCl3) of PHB-b-PDL prepared via sequential addition (Table 1, entry 3). 
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Figure S30. DOSY NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 4). 

 

 
Figure S31. DOSY NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 5). 
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Figure S32. DOSY NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 6). 

 

 
Figure S33. DOSY NMR spectrum (CDCl3) of PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, 
entry 8). 
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Figure S34. DOSY NMR spectrum (CDCl3) of PHB-b-PDL-b-PHB-b-PDL prepared from one-pot monomer mixture 
(Table 1, entry 9). 

 

 
Figure S35. DOSY NMR spectrum (CDCl3) of PHB-co-PDL prepared from one-pot monomer mixture with Y1 (Table S1, 
entry 7). 
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Figure S36. DOSY NMR spectrum (CDCl3) of PHB-co-PDL prepared from one-pot monomer mixture with Ti(OiPr)4 
(Table S1, entry 10). 

 

 
Figure S37. DOSY NMR spectrum (CDCl3) of a blend of PHB homopolymer ([β-BL]/[1] = 200/1, Mn = 21.2 kg mol-1) and 
PDL homopolymer ([ɛ-DL]/[1] = 200/1, Mn = 50.8 kg mol-1). 
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2.6 1H and 13C NMR Spectra of Polymers 
 

 
Figure S38. 1H NMR spectrum (CDCl3) of PHB-co-PCL (Table 1, entry 1). 

 

 
Figure S39. 13C NMR spectrum (CDCl3) of PHB-co-PCL (Table 1, entry 1). 
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Figure S40. 1H NMR spectrum (CDCl3) of PHB-co-PCL (Table 1, entry 2). 

 

 
Figure S41. 13C NMR spectrum (CDCl3) of PHB-co-PCL (Table 1, entry 2). 
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Figure S42. 1H NMR spectrum (CDCl3) of PHB-b-PDL prepared via sequential addition (Table 1, entry 3). 

 

 
Figure S43. 13C NMR spectrum (CDCl3) of PHB-b-PDL prepared via sequential addition (Table 1, entry 3). 
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Figure S44. 1H NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 4). 

 

 
Figure S45. 13C NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 4). 
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Figure S46. 1H NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 5). 

 

 
Figure S47. 13C NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 5). 
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Figure S48. 1H NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 6). 

 

 
Figure S49. 13C NMR spectrum (CDCl3) of PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 6). 
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Figure S50. 1H NMR spectrum (CDCl3) of PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 8). 

 

 
Figure S51. 13C NMR spectrum (CDCl3) of PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, entry 8). 
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Figure S52. 1H NMR spectrum (CDCl3) of PHB-b-PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, 
entry 9). 

 

 
Figure S53. 13C NMR spectrum (CDCl3) of PHB-b-PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Table 1, 
entry 9). 
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Figure S54. 1H NMR spectrum (CDCl3) of PHB-co-PDL prepared from one-pot monomer mixture with Ti(OiPr)4 (Table S1, 
entry 10). 

 

 
Figure S55. 13C NMR spectrum (CDCl3) of PHB-co-PDL prepared from one-pot monomer mixture with Ti(OiPr)4 (Table S1, 
entry 10). 
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2.7 GPC Traces of Polymers 
 

 
Figure S56. GPC trace of PHB-co-PCL (Mn = 48.6 kg mol-1, Ð = 1.07; Table 1, entry 1). 

 

 
Figure S57. GPC trace of PHB-co-PCL (Mn = 88.9 kg mol-1, Ð = 1.07; Table 1, entry 2). 

 

 
Figure S58. GPC trace of PHB-b-PDL (red trace, Mn = 51.0 kg mol-1, Ð = 1.08) prepared via sequential addition (Table 1, 
entry 3). Black trace: GPC trace of PHB block prior to ɛ-DL addition (Mn = 24.3 kg mol-1, Ð = 1.03). 
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Figure S59. GPC trace of PHB-b-PDL prepared from one-pot monomer mixture (Mn = 31.8 kg mol-1, Ð = 1.06; Table 1, 
entry 4). 

 

 
Figure S60. GPC trace of PHB-b-PDL prepared from one-pot monomer mixture (Mn = 49.7 kg mol-1, Ð = 1.08; Table 1, 
entry 5). 

 

 
Figure S61. GPC trace of PHB-b-PDL prepared from one-pot monomer mixture (Mn = 58.9 kg mol-1, Ð = 1.07; Table 1, 
entry 6). 
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Figure S62. GPC trace of PHB-b-PDL-b-PHB-b-PDL prepared from one-pot monomer mixture (Mn = 50.2 kg mol-1, Ð = 
1.09; Table 1, entry 9). 

 
 
 
2.8 Miscellaneous  
 

 
Figure S63. Representative 1H NMR spectrum (CDCl3) of an aliquot from the polymerization mixture for determination of 
ɛ-DL conversion. 
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Figure S64. Representative 1H NMR spectrum (CDCl3) of an aliquot from the polymerization mixture for determination of 
β-BL conversion. 
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1. Experimental Section 
 

1.1. Materials and Methods 

All manipulations containing air- and/or moisture sensitive compounds were carried out under 

argon atmosphere using standard Schlenk or glovebox techniques. Glassware was flame-dried 

under vacuum prior to use. Unless otherwise stated, all chemicals were purchased from Sig-

ma-Aldrich, TCI Chemicals or ABCR and used as received. Solvents were obtained from an 

MBraun MB-SPS 800 solvent purification system and stored over 3 Å molecular sieves prior 

to use. (±)-Norcamphor was purchased from Sigma-Aldrich. 2-Oxabicyclo[3.2.1]octan-3-one 

(norcamphor lactone, NCL) was prepared according to a literature procedure and sublimed 

twice prior to use.1 Deuterated chloroform (CDCl3) was obtained from Sigma-Aldrich and 

dried over 3 Å molecular sieves. Yttrium bisphenolate complex Y1 was prepared according to 

a literature procedure.2 Tin(II) 2-ethylhexanoate [Sn(Oct)2], ZnEt2 (1.0 M in hexanes), and 

La[N(SiMe3)2]3 were purchased from Sigma-Aldrich and used as received. Ti(OiPr)4 was pur-

chased from Alfa Aesar and distilled prior to use. 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-III-

500 spectrometer equipped with a QNP-Cryoprobe or AV-III-400 spectrometers at ambient 

temperature (298 K). 1H and 13C{1H} NMR spectroscopic chemical shifts δ are reported in 

ppm relative to tetramethylsilane and were referenced internally to the relevant residual sol-

vent resonances. 

Polymer weight-average molecular weight (Mw), number-average molecular weight (Mn) and 

polydispersity indices (Đ = Mw/Mn) were determined via gel permeation chromatography 

(GPC) relative to polystyrene standards on a PL-SEC 50 Plus instrument from Polymer La-

boratories. The analysis was performed at ambient temperatures using chloroform as the elu-

ent at a flow rate of 1.0 mL min-1. 

Elemental analyses were measured with a EURO EA instrument from HEKAtech at the La-

boratory for Microanalysis, Catalysis Research Center, Technical University of Munich.  

Gas chromatography measurements were carried out with an Agilent GC 7890B device 

equipped with an MS 5977A detector. 

Differential scanning calorimetry (DSC) measurements were carried out with a DSC Q2000 

from TA Instruments with a heating and cooling rate of 10 °C min-1. Tg values were obtained 

from the second heating scan. 
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Thermal gravimetric analysis (TGA) was carried out with a TGA Q5000 from TA Instru-

ments. Polymer samples were heated under argon atmosphere from ambient temperature to 

500 °C with a heating rate of 10 °C min-1. 

 

 

1.2 Monomer Synthesis  

 

 
 

2-Oxabicyclo[3.2.1]octan-3-one (norcamphor lactone, NCL) was prepared according to a 

literature procedure.1 1H NMR (400 MHz, CDCl3): δ 4.86 (s, 1H), 2.71 (ddd, J = 15.5, 5.3, 

2.6 Hz, 1H),  2.60 – 2.40 (m, 2H), 2.23 – 2.09 (m, 1H), 2.02 – 1.85 (m, 3H), 1.76 – 1.60 (m, 

2H). 13C{1H} NMR (101 MHz, CDCl3): δ 170.9, 81.1, 40.8, 36.0, 32.6, 32.0, 29.4. Anal. Calc. 

for C7H10O2: C, 66.65; H, 7.99. Found: C, 66.75; H, 7.90%. 

 

 
1.3 General Polymerization Procedures 

 

 
Figure S1. Catalysts used for the ROP of NCL. 

 

Polymerization of NCL under solvent conditions 

In a glove box, the required amount of catalyst (as specified in polymerization table 1) was 

loaded into a 1.5 mL vial and NCL (50 mg, 396 µmol) was added. To this mixture, toluene 

(100 mg, 115 µL) was added, the vial sealed, removed from the glovebox and placed in a pre-

heated aluminum block at the desired polymerization temperature. The polymerization was 

quenched by addition of MeOH and conversion was determined by 1H NMR spectroscopy of 

an aliquot. The mixture was precipitated into excess diethyl ether/pentane (1:1), filtered, 

washed with additional diethyl ether/pentane and dried under vacuum. 
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Bulk polymerization of NCL 

In a glove box, the required amount of catalyst (as specified in polymerization table 1) was 

loaded into a 1.5 mL vial and NCL (50 mg, 396 µmol) was added. The vial was sealed, re-

moved from the glovebox and placed in a preheated aluminum block at the desired polymeri-

zation temperature. The polymerization was quenched by addition of MeOH and conversion 

was determined by 1H NMR spectroscopy of an aliquot. The mixture was precipitated into 

excess diethyl ether/pentane (1:1), filtered, washed with additional diethyl ether/pentane and 

dried under vacuum. 

 

1.4 Depolymerization Procedures 

Depolymerization of PNCL under thermolysis conditions 

In a glove box, PNCL (10 mg, 79 µmol, Mn = 42.4 kg mol-1) was loaded into a 1.5 mL vial. 

The vial was sealed, removed from the glovebox and placed in a preheated aluminum block at 

220°C. The polymer was heated at this temperature for 4 h. Then, the vial was cooled to room 

temperature, 0.6 mL of CDCl3 added, and the mixture analyzed by NMR spectroscopy and 

gas chromatography. 

 

Depolymerization of PNCL under chemolysis conditions 

In a glove box, La[N(SiMe3)2]3 (2.5 mg, 4.0 µmol, 1.0 eq.) was loaded into a 4 mL vial and 

PNCL (25 mg, 198 µmol, 50 eq. per polymer repeating unit, Mn = 42.4 kg mol-1) was added. 

Toluene (1.0 mL) was added, the vial sealed, removed from the glovebox and placed in a pre-

heated aluminum block at 120°C. The depolymerization mixture was heated at this tempera-

ture for 3 h. Then, the catalyst was quenched by addition of 0.6 mL hydrous CDCl3 and the 

mixture analyzed by NMR spectroscopy. 
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2. Characterization Data of Monomer, Polymer and Depolymeri-
zations  
 

 
Figure S2. 1H NMR spectrum (CDCl3) of 2-oxabicyclo[3.2.1]octan-3-one (NCL). 

 

 
Figure S3. 13C{1H} NMR spectrum (CDCl3) of 2-oxabicyclo[3.2.1]octan-3-one (NCL). 
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Figure S4. 1H NMR spectrum (CDCl3) of PNCL. 

 

 
Figure S5. 13C{1H} NMR spectrum (CDCl3) of PNCL. Inset: splitting of carbonyl signal. 
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Figure S6. 1H NMR spectrum (CDCl3), depolymerization of PNCL at 280°C for 30 min. # 2-cyclopentene-1-acetic acid, + 
PNCL, * recovered monomer. 

 
Figure S7. 1H NMR spectrum (CDCl3), depolymerization of PNCL at 280°C for 2 h. # 2-cyclopentene-1-acetic acid, + 
PNCL, * recovered monomer. 
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Figure S8. 1H NMR spectrum (CDCl3), bulk depolymerization of PNCL at 220°C for 2 h using La[N(SiMe3)2]3 as catalyst. * 
quenched catalyst. 

 
 

 
Figure S9. 1H NMR spectrum (CDCl3), depolymerization of PNCL in toluene (25 mg mL-1) at 120°C for 3 h using 
La[N(SiMe3)2]3 as catalyst. *toluene solvent and satellite signals. 
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Figure S10. Comparison of 13C{1H} NMR spectra (CDCl3) of pristine monomer (bottom), PNCL (middle), and recovered 
monomer from thermolysis of PNCL at 220°C (top). Inset: comparison of carbonyl region. 

 

 
Figure S11. Gas chromatogram of the depolymerization mixture of PNCL at 220°C for 4 h. 

 

 
Figure S12. Gas chromatogram of the depolymerization mixture of PNCL at 220°C for 2 h using La[N(SiMe3)2]3 as catalyst. 
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Representative GPC Traces 

 
Figure S13. GPC trace of PNCL (Mn = 1.9 kg mol-1, Ð = 1.5; Table 1, entry 6). 

 

 
Figure S14. GPC trace of PNCL (Mn = 22.2 kg mol-1, Ð = 2.1; Table 1, entry 9). 

 

 
Figure S15. GPC trace of PNCL (Mn = 35.4 kg mol-1, Ð = 1.8; Table 1, entry 10). 

 

 
Figure S16. GPC trace of PNCL (Mn = 86.8 kg mol-1, Ð = 1.9; Table 1, entry 11). 

Elution Time (min)
12 13 14 15 16 17 18

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 3046 1855 2801 3749 4637 2662 1.50997

RMS-34g, entry 6

RMS-82g, entry 9

RMS-83g, entry 10

RMS-85g, entry 11

10 11 12 13 14 15 16 17
Elution Time (min)

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 43514 22182 46731 74016 101099 43013 2.10671

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 62699 35397 64926 101597 139518 60080 1.83422

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 140812 86780 161715 257431 355925 149229 1.86351

Elution Time (min)
12 13 14 15 16 17 18

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 3046 1855 2801 3749 4637 2662 1.50997

RMS-34g, entry 6

RMS-82g, entry 9

RMS-83g, entry 10

RMS-85g, entry 11

10 11 12 13 14 15 16 17
Elution Time (min)

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 43514 22182 46731 74016 101099 43013 2.10671

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 62699 35397 64926 101597 139518 60080 1.83422

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 140812 86780 161715 257431 355925 149229 1.86351

Elution Time (min)
12 13 14 15 16 17 18

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 3046 1855 2801 3749 4637 2662 1.50997

RMS-34g, entry 6

RMS-82g, entry 9

RMS-83g, entry 10

RMS-85g, entry 11

10 11 12 13 14 15 16 17
Elution Time (min)

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 43514 22182 46731 74016 101099 43013 2.10671

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 62699 35397 64926 101597 139518 60080 1.83422

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 140812 86780 161715 257431 355925 149229 1.86351

Elution Time (min)
12 13 14 15 16 17 18

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 3046 1855 2801 3749 4637 2662 1.50997

RMS-34g, entry 6

RMS-82g, entry 9

RMS-83g, entry 10

RMS-85g, entry 11

10 11 12 13 14 15 16 17
Elution Time (min)

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 43514 22182 46731 74016 101099 43013 2.10671

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 62699 35397 64926 101597 139518 60080 1.83422

10 11 12 13 14 15 16 17
Elution Time (min)

9

MW Averages

Peak No Mp Mn Mw Mz Mz+1 Mv PD
1 140812 86780 161715 257431 355925 149229 1.86351



10 Appendix 

 190 
 

 S11 

3. References 
 
1. Tani, K.; Stoltz, B. M., Synthesis and structural analysis of 2-quinuclidonium 

tetrafluoroborate. Nature 2006, 441, 731-734. 

2. Cai, C.-X.;  Toupet, L.;  Lehmann, C. W.; Carpentier, J.-F., Synthesis, structure and 

reactivity of new yttrium bis(dimethylsilyl)amido and bis(trimethylsilyl)methyl complexes of 

a tetradentate bis(phenoxide) ligand. J. Organomet. Chem. 2003, 683, 131-136. 

 



10 Appendix 

 191 

10.4 Supporting Information for Chapter 7 

 

 S1 

Supporting Information 
 
 

For 
 
 

High-Throughput Approach in the Ring-Opening Polymerization 
of β-Butyrolactone Enables Rapid Evaluation of Yttrium Salan 

Catalysts 
 
 

Jonas Bruckmoser, and Bernhard Rieger* 
 

WACKER-Chair of Macromolecular Chemistry, Catalysis Research Center, 
Department of Chemistry, Technical University of Munich 

Lichtenbergstraße 4, 85748 Garching bei München, Germany. 
 

*Corresponding Author; email: rieger@tum.de 
 
 
 
 

 
Table of Contents 
 
1. Experimental Section ........................................................................................................... 2 

Materials and Methods ........................................................................................................ 2 

General Polymerization Procedures ................................................................................... 3 

Synthesis of Compounds ...................................................................................................... 4 

NMR Spectra of Compounds ............................................................................................ 14 

2. Polymer Characterization Data ........................................................................................ 29 

1H and 13C{1H} NMR Spectra of PHB .............................................................................. 29 

Tacticity of PHBs Produced by In Situ Generated Catalysts ......................................... 30 

Representative GPC Traces .............................................................................................. 32 

3. References ........................................................................................................................... 34 

  



10 Appendix 

 192 
 

 S2 

1. Experimental Section 
 

Materials and Methods 

All manipulations containing air- and/or moisture sensitive compounds were carried out under 

argon atmosphere using standard Schlenk or glovebox techniques. Glassware was flame-dried 

under vacuum prior to use. Unless otherwise stated, all chemicals were purchased from 

Sigma-Aldrich, TCI Chemicals or ABCR and used as received. Solvents were obtained from 

an MBraun MB-SPS 800 solvent purification system and stored over 3 Å molecular sieves 

prior to use. β-BL was treated with BaO, dried over CaH2 and distilled prior to use. 

Deuterated chloroform (CDCl3), benzene (C6D6), toluene (C7D8) and tetrahydrofuran (C4D8O) 

were obtained from Sigma-Aldrich and dried over 3 Å molecular sieves. 

Y[N(SiHMe2)2]3(THF)2, La[N(SiHMe2)2]3(THF)2 and catalyst Y2 were prepared according to 

literature procedures.1, 2 

 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-III-

500 spectrometer equipped with a QNP-Cryoprobe, AV-III-300 or AV-III-400 spectrometers 

at ambient temperature (298 K). 1H and 13C{1H} NMR spectroscopic chemical shifts δ are 

reported in ppm relative to tetramethylsilane and were referenced internally to the relevant 

residual solvent resonances. The following abbreviations are used: br, broad; s, singlet; d, 

doublet; t, triplet; q, quartet; p, pentet; m, multiplet; AB, AB system. 
The tacticity of PHB was determined by integration of the carbonyl region of the 13C{1H} 

NMR spectrum.3 

 

Elemental analyses were measured with a EURO EA instrument from HEKAtech at the 

Laboratory for Microanalysis, Catalysis Research Center, Technical University of Munich.  

 
Polymer weight-average molecular weight (Mw), number-average molecular weight (Mn) and 

polydispersity indices (Đ = Mw/Mn) were determined via gel permeation chromatography 

(GPC) relative to polystyrene standards on a PL-SEC 50 Plus instrument from Polymer 

Laboratories. The analysis was performed at 40°C using THF as the eluent at a flow rate of 

1.0 mL min-1. 
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General Polymerization Procedures 

 
 

 
Scheme S1. Yttrium salan catalysts Y1, Y2 and in situ catalyst system Y+L1. Bottom: ROP of β-BL. 

 
 
Polymerization Procedure with Isolated Catalyst 

In a glove box, initiator Y1 (13.0 mg, 18.3 µmol) was dissolved in 1.55 mL of toluene and 

β-BL (300 µL, 315 mg, 3.66 mmol) was injected into the reaction, such that the overall 

concentration of β-BL was 2.0 M. After 15 min the polymerization was quenched by addition 

of 0.5 mL MeOH and conversion was determined by 1H NMR spectroscopy of an aliquot. The 

mixture was precipitated into excess diethyl ether/pentane (1:1), filtered, washed with 

additional diethyl ether/pentane and dried under vacuum. 

 

Polymerization Procedure with In Situ Generated Catalyst 

In a glove box, a 4 mL glass reactor was charged with Y[N(SiHMe2)2]3(THF)2 (18.3 µmol) 

and the respective salan pro-ligand (18.3 µmol). 1.53 mL of toluene were added and the 

reaction mixture stirred for 1 h to generate the catalyst in situ. After that time, β-BL (300 µL, 

315 mg, 3.66 mmol) was directly injected into this reaction mixture ([β-BL] = 2.0 M). After a 

respective time period, the polymerization was quenched by addition of 0.5 mL MeOH and 

conversion was determined by 1H NMR spectroscopy of an aliquot. The mixture was 

precipitated into excess diethyl ether/pentane (1:1), filtered, washed with additional diethyl 

ether/pentane and dried under vacuum. 
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Synthesis of Compounds 
 

Synthesis of Precursors 
 

 

N,N‘-Bis(4-methoxyphenyl)ethane-1,2-diamine 

N,N‘-Bis(4-methoxyphenyl)ethane-1,2-diamine was prepared according to a literature 

procedure.4 Yield: 67%. 1H NMR (400 MHz, CDCl3): δ 6.83 – 6.76 (m, 4H, ArH), 6.68 – 6.61 

(m, 4H, ArH), 3.76 (s, 6H, OMe), 3.58 (br s, 2H, NH), 3.34 (s, 4H, NCH2). 13C{1H} NMR 

(101 MHz, CDCl3): δ 152.5, 142.5, 115.1, 114.6, 55.9, 44.6. 

 

 
N,N‘-Bis(4-chlorophenyl)ethane-1,2-diamine 

N,N‘-Bis(4-chlorophenyl)ethane-1,2-diamine was prepared according to a literature 

procedure.4 Yield: 33%. 1H NMR (400 MHz, CDCl3): δ 7.17 – 7.11 (m, 4H, ArH), 6.63 – 6.55 

(m, 4H, ArH), 3.84 (br s, 2H, NH), 3.37 (s, 4H, NCH2). 13C{1H} NMR (101 MHz, CDCl3): δ 

146.6, 129.3, 122.7, 114.2, 43.5. 

 

 
N,N‘-Bis(2,6-dimethylphenyl)ethane-1,2-diamine 

N,N‘-Bis(2,6-dimethylphenyl)ethane-1,2-diamine was prepared according to a literature 

procedure.5 Yield: 98%. 1H NMR (400 MHz, CDCl3): δ 7.01 (d, J = 7.5 Hz, 4H, ArH), 6.84 (t, 

J = 7.5 Hz, 2H, ArH), 3.40 (br s, 2H, NH), 3.22 (s, 4H, NCH2), 2.32 (s, 12H, ArMe). 13C{1H} 

NMR (101 MHz, CDCl3): δ 146.1, 129.6, 129.1, 122.2, 49.0, 18.7. 
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N,N‘-Bis(adamantan-1-yl)ethane-1,2-diimine 

N,N‘-Bis(adamantan-1-yl)ethane-1,2-diimine was prepared according to a literature 

procedure.6 Yield: 87%. 1H NMR (400 MHz, CDCl3): δ 7.93 (s, 2H, NCH), 2.14 (s, 6H, CH), 

1.80 – 1.62 (m, 24H, CH2). 13C{1H} NMR (101 MHz, CDCl3): δ 158.0, 58.7, 42.9, 36.6, 29.6. 

 

 
N,N‘-Bis(adamantan-1-yl)ethane-1,2-diamine 

N,N‘-Bis(adamantan-1-yl)ethane-1,2-diimine (3.25 g, 10.0 mmol) was dissolved in CH2Cl2 

(50 mL) and MeOH (50 mL). NaBH4 (1.51 g, 40.0 mmol) was added portionwise and the 

resulting reaction mixture stirred overnight at room temperature. Subsequently, concentrated 

hydrochloric acid (1 mL) and H2O (100 mL) were added and the mixture extracted with 

CH2Cl2 (50 mL). The aqueous phase was washed with CH2Cl2 (2×50 mL) and the solvent of 

the combined organic phases removed. Yield: 2.50 g (76%). 1H NMR (400 MHz, CDCl3): δ 

2.66 (s, 4H, NCH2), 2.05 (s, 6H, CH), 1.70 – 1.54 (m, 24H, CH2). 13C{1H} NMR (101 MHz, 

CDCl3): δ 50.4, 43.0, 41.4, 36.9, 29.7. 

 

 
2-(Bromomethyl)-4,6-di-tert-butylphenol 

2-(Bromomethyl)-4,6-di-tert-butylphenol was prepared according to a literature procedure.7 

Yield: 97%. 1H NMR (400 MHz, CDCl3): δ 7.34 (d, J = 2.6 Hz, 1H, ArH), 7.11 (d, J = 

2.6 Hz, 1H, ArH), 5.28 (br s, 1H, OH), 4.59 (s, 2H, CH2), 1.44 (s, 9H, C(CH3)3), 1.30 (s, 9H, 

C(CH3)3). 
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2-(Bromomethyl)-4,6-bis(2-phenylpropan-2-yl)phenol 

2-(Bromomethyl)-4,6-bis(2-phenylpropan-2-yl)phenol was prepared according to a literature 

procedure.8 Yield: 87%. 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.24 (m, 11H, ArH), 7.12 (d, J 

= 2.4 Hz, 1H, ArH), 4.43 (s, 2H, CH2), 1.72 (s, 6H, C(CH3)2), 1.60 (s, 6H, C(CH3)2). 

 

 
2-(Bromomethyl)-4,6-dichlorophenol 

3,5-Dichloro-2-hydroxybenzaldehyde (3.82 g, 20.0 mmol) was dissolved in MeOH (100 mL). 

NaBH4 (1.51 g, 40.0 mmol) was added portionwise and the resulting reaction mixture stirred 

for 2.5 h at room temperature. Subsequently, the solvent was removed, H2O (100 mL) added 

and the mixture neutralized with glacial acetic acid. The mixture was extracted with CH2Cl2 

(3×50 mL) and the solvent of the combined organic phases removed. The colorless oil was 

dissolved in CH2Cl2 (50 mL) and PBr3 (0.95 mL, 2.71 g, 10.0 mmol) was added. The reaction 

mixture was stirred for 1 h at room temperature. H2O (50 mL) was added, extracted with 

CH2Cl2 (3×30 mL), the combined organic phases washed with brine (30 mL) and the solvent 

removed. The residue was recrystallized from CH2Cl2 to give a colorless solid (3.31 g, 65%). 
1H NMR (400 MHz, CDCl3): δ 7.30 (d, J = 2.5 Hz, 1H, ArH), 7.24 (d, J = 2.4 Hz, 1H, ArH), 

4.84 (br s, 1H, OH), 4.50 (s, 2H, CH2). 13C{1H} NMR (101 MHz, CDCl3): δ 148.5, 129.7, 

129.0, 126.8, 125.5, 121.0, 27.0. 
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Synthesis of Salan Pro-Ligands 
 

General Procedure A. The 4,6-substituted 2-(bromomethyl)phenol (20.0 mmol) was 

dissolved in 60 mL of dichloromethane and cooled to 0 C°. The respective diamine 

(10.0 mmol) and triethylamine (22.0 mmol) were added. The reaction mixture was stirred for 

6 h at room temperature. Subsequently, water was added and the mixture extracted with 

dichloromethane (3×). The combined organic phases were dried over MgSO4 and the solvent 

removed under reduced pressure. If required, the residue was further purified as described 

below. 

 

General Procedure B. The 2,4-substituted phenol (40.0 mmol) was dissolved in 20 mL of 

methanol and 15 mL aqueous formaldehyde solution (37 wt.%) and the respective diamine 

(20.0 mmol) were added. The reaction mixture was refluxed overnight. After cooling to room 

temperature, the colorless precipitate was collected, washed with methanol and dried in 

vacuo. If required, the residue was further purified as described below. 

 

 

 
L1. Pro-ligand L1 was prepared according to a literature procedure.2 Yield: 63%. 1H NMR 

(400 MHz, CDCl3): δ 8.80 (br s, 2H, OH), 7.29 (d, J = 2.4 Hz, 2H, ArH),  7.21 – 7.09 (m, 4H, 

ArH), 7.02 – 6.69 (m, 8H, ArH), 4.25 (s, 4H, ArCH2), 3.24 (br s, 4H, NCH2), 1.41 (s, 18H, 

C(CH3)3), 1.26 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, CDCl3): δ 153.5, 149.1, 141.7, 

136.2, 129.4, 124.1, 123.7, 122.5, 121.3, 119.4, 58.3, 49.0, 35.0, 34.4, 31.8, 29.8. Anal. Calc. 

for C44H60N2O2: C, 81.43; H, 9.32; N, 4.32. Found: C, 81.17; H, 9.52; N, 4.37%. 

 

 

 
L2. Pro-ligand L2 was prepared according to general procedure A. 2-(Bromomethyl)-4,6-di-

tert-butylphenol and N,N’-bis(4-methoxyphenyl)ethane-1,2-diamine were used. Yield: 73%. 
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1H NMR (400 MHz, CDCl3): δ 9.69 (br s, 2H, OH), 7.22 (d, J = 2.3 Hz, 2H, ArH),  6.93 – 

6.81 (m, 4H, ArH), 6.81 – 6.64 (m, 6H, ArH), 4.11 (s, 4H, ArCH2), 3.75 (s, 6H, OCH3),  3.06 

(s, 4H, NCH2), 1.40 (s, 18H, C(CH3)3), 1.25 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, 

CDCl3): δ 156.3, 153.9, 142.4, 141.2, 135.9, 123.8, 123.3, 122.8, 121.3, 114.6, 60.4, 55.6, 

50.7, 35.0, 34.3, 31.8, 29.8. Anal. Calc. for C46H64N2O4: C, 77.92; H, 9.10; N, 3.95. Found: C, 

77.72; H, 9.03; N, 3.94%. 

 

 
L3. Pro-ligand L3 was prepared according to general procedure A. 2-(Bromomethyl)-4,6-di-

tert-butylphenol and N,N‘-bis(4-chlorophenyl)ethane-1,2-diamine were used. The reaction 

mixture was stirred overnight. The residue was recrystallized from tetrahydrofuran. Yield: 

66%. 1H NMR (400 MHz, THF-d8): δ 7.88 (br s, 2H, OH), 7.27 (d, J = 2.3 Hz, 2H, ArH),  

7.11 – 7.04 (m, 4H, ArH), 6.93 (d, J = 2.2 Hz, 2H, ArH),  6.71 – 6.65 (m, 4H, ArH), 4.36 (s, 

4H, ArCH2), 3.38 (s, 4H, NCH2), 1.40 (s, 18H, C(CH3)3), 1.23 (s, 18H, C(CH3)3). 13C{1H} 

NMR (101 MHz, THF-d8): δ 153.5, 148.9, 142.7, 137.5, 129.9, 125.2, 124.6, 123.8, 118.3, 

54.8, 49.4, 35.8, 35.0, 32.2, 30.4. Anal. Calc. for C44H58Cl2N2O2: C, 73.62; H, 8.14; N, 3.90. 

Found: C, 73.37; H, 8.30; N, 3.89%. 

 

 
L4. Pro-ligand L4 was prepared according to general procedure A. 2-(Bromomethyl)-4,6-di-

tert-butylphenol and N,N’-bis(2,6-dimethylphenyl)ethane-1,2-diamine were used. Yield: 74%. 
1H NMR (400 MHz, CDCl3): δ 9.08 (s, 2H, OH), 7.22 (d, J = 2.3 Hz, 2H, ArH),  6.99 – 6.90 

(m, 6H, ArH), 6.78 (d, J = 2.3 Hz, 2H, ArH), 4.13 (s, 4H, ArCH2), 3.00 (s, 4H, NCH2), 2.16 

(s, 12H, ArCH3), 1.35 (s, 18H, C(CH3)3), 1.27 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, 

CDCl3): δ 153.6, 147.0, 141.4, 136.1, 135.6, 130.3, 126.3, 124.2, 123.5, 122.0, 58.8, 52.4, 

34.9, 34.3, 31.8, 29.7, 20.5. Anal. Calc. for C48H68N2O2: C, 81.77; H, 9.72; N, 3.97. Found: C, 

81.78; H, 9.59; N, 4.04%. 
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L5. Pro-ligand L5 was prepared according to general procedure A. 2-(Bromomethyl)-4,6-

bis(2-phenylpropan-2-yl)phenol and N,N’-diphenylethylenediamine were used. The reaction 

mixture was stirred overnight. The residue was recrystallized from acetone. Yield: 31%. 1H 

NMR (400 MHz, CDCl3): δ 7.24 – 7.06 (m, 26H, ArH), 6.87 – 6.81 (m, 2H, ArH), 6.72 (d, J 

= 2.4 Hz, 2H, ArH), 6.61 – 6.55 (m, 4H, ArH), 4.08 (s, 4H, ArCH2), 3.02 (s, 4H, NCH2), 1.64 

(s, 12H, C(CH3)2Ph), 1.61 (s, 12H, C(CH3)2Ph). 13C{1H} NMR (101 MHz, CDCl3): δ 152.0, 

151.2, 150.3, 148.6, 141.3, 135.2, 129.1, 128.3, 128.0, 126.8, 126.2, 125.8, 125.7, 125.6, 

124.7, 122.8, 120.9, 118.0, 55.4, 49.1, 42.6, 42.1, 31.2, 29.8. Anal. Calc. for C64H68N2O2: C, 

85.67; H, 7.64; N, 3.12. Found: C, 86.43; H, 7.60; N, 3.28%. 

 

 
L6. Pro-ligand L6 was prepared according to general procedure A. 2-(Bromomethyl)-4,6-

dichlorophenol and N,N’-diphenylethylenediamine were used. The residue was recrystallized 

from acetone and subsequently washed with pentane. Yield: 48%. 1H NMR (400 MHz, 

CDCl3): δ 8.10 (br s, 2H, OH), 7.29 – 7.22 (m, 6H, ArH), 6.96 – 6.91 (m, 2H, ArH), 6.87 (d, J 

= 2.5 Hz, 2H, ArH), 6.86 – 6.81 (m, 4H, ArH), 4.34 (s, 4H, ArCH2), 3.42 (s, 4H, NCH2). 
13C{1H} NMR (101 MHz, CDCl3): δ 149.9, 147.6, 129.8, 128.2, 126.8, 125.7, 125.1, 121.4, 

121.2, 117.1, 54.2, 48.9. Anal. Calc. for C28H24Cl4N2O2: C, 59.81; H, 4.30; N, 4.98. Found: C, 

59.98; H, 4.23; N, 5.13%. 

 

 
L7. Pro-ligand L7 was prepared according to a literature procedure.9 Yield: 87%. 1H NMR 

(400 MHz, CDCl3): δ 10.68 (br s, 2H, OH), 7.20 (d, J = 2.4 Hz, 2H, ArH), 6.80 (d, J = 

2.4 Hz, 2H, ArH), 3.66 (s, 4H, ArCH2), 2.63 (s, 4H, NCH2), 2.26 (s, 6H, NCH3), 1.40 (s, 18H, 

C(CH3)3), 1.27 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, CDCl3): δ 154.3, 140.7, 135.8, 

123.5, 123.1, 121.1, 62.9, 53.9, 41.8, 35.0, 34.3, 31.9, 29.8. Anal. Calc. for C34H56N2O2: C, 

77.81; H, 10.76; N, 5.34. Found: C, 77.52; H, 11.03; N, 5.44%. 
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L8. Pro-ligand L8 was prepared according to a literature procedure.10 Yield: 60%. 1H NMR 

(400 MHz, CDCl3): δ 10.52 (br s, 2H, OH), 7.30 – 7.22 (m, 6H, ArH),  7.20 (d, J = 2.5 Hz, 

2H, ArH), 7.18 – 7.11 (m, 4H, ArH), 6.80 (d, J = 2.5 Hz, 2H, ArH), 3.66 (s, 4H, ArCH2), 3.50 

(s, 4H, ArCH2), 2.68 (s, 4H, NCH2), 1.42 (s, 18H, C(CH3)3), 1.27 (s, 18H, C(CH3)3). 13C{1H} 

NMR (101 MHz, CDCl3): δ 154.0, 140.9, 136.8, 135.8, 129.7, 128.7, 127.7, 123.8, 123.2, 

121.2, 59.3, 58.2, 50.2, 35.0, 34.3, 31.8, 29.7. Anal. Calc. for C46H64N2O2: C, 81.61; H, 9.53; 

N, 4.14. Found: C, 81.24; H, 9.69; N, 4.29%. 

 

 
L9. Pro-ligand L9 was prepared according to general procedure B. 2,4-Di-tert-butylphenol 

and N,N’-diethylethylenediamine were used. Yield: 83%. 1H NMR (400 MHz, CDCl3): δ 

10.85 (br s, 2H, OH), 7.20 (d, J = 2.9 Hz, 2H, ArH), 6.80 (d, J = 2.8 Hz, 2H, ArH), 3.70 (s, 

4H, ArCH2), 2.66 (s, 4H, NCH2), 2.55 (q, J = 7.1 Hz, 4H, NCH2CH3), 1.40 (s, 18H, C(CH3)3), 

1.27 (s, 18H, C(CH3)3), 1.00 (t, J = 7.1 Hz, 6H, NCH2CH3). 13C{1H} NMR (101 MHz, 

CDCl3): δ 154.4, 140.7, 135.7, 123.5, 123.0, 121.3, 59.1, 50.5, 47.9, 35.0, 34.3, 31.8, 29.7, 

11.3. Anal. Calc. for C36H60N2O2: C, 78.21; H, 10.94; N, 5.07. Found: C, 78.26; H, 10.97; N, 

4.96%. 

 

 
L10. Pro-ligand L10 was prepared according to general procedure B. 2,4-Di-tert-butylphenol 

and N,N‘-bis(adamantan-1-yl)ethane-1,2-diamine were used. The residue was recrystallized 

from tetrahydrofuran. Yield: 11%. 1H NMR (400 MHz, CDCl3): δ 11.02 (br s, 2H, OH), 7.18 

(d, J = 2.5 Hz, 2H, ArH), 6.81 (d, J = 2.4 Hz, 2H, ArH), 4.31 (br s, 2H, ArCH2), 3.11 (br s, 

2H, ArCH2), 2.76 (br s, 2H, NCH2), 2.07 (br s, 2H, NCH2), 1.89 (s, 6H, CH), 1.61 – 1.47 (m, 

12H, CH2), 1.45 (s, 18H, C(CH3)3), 1.43 – 1.34 (m, 8H, CH2), 1.25 (s, 18H, C(CH3)3), 1.24 – 

1.17 (m, 4H, CH2). 13C{1H} NMR (101 MHz, CDCl3): δ 154.6, 140.7, 135.4, 123.8, 123.1, 
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122.6, 55.9, 53.3, 50.2, 38.4, 36.4, 35.0, 34.3, 31.9, 29.9, 29.5. Anal. Calc. for C52H80N2O2: C, 

81.62; H, 10.54; N, 3.66. Found: C, 81.74; H, 10.41; N, 3.75%. 

 

 
L11. Pro-ligand L11 was prepared according to a literature procedure.11 Yield: 72%. 1H NMR 

(400 MHz, CDCl3): δ 7.27 (d, J = 2.6 Hz, 2H, ArH), 6.87 (d, J = 2.6 Hz, 2H, ArH), 3.69 (s, 

4H, ArCH2), 2.70 (s, 4H, NCH2), 2.32 (s, 6H, NCH3). 13C{1H} NMR (101 MHz, CDCl3): δ 

152.6, 129.1, 126.9, 123.8, 123.6, 121.9, 61.3, 54.2, 42.0. Anal. Calc. for C18H20Cl4N2O2: C, 

49.34; H, 4.60; N, 6.39. Found: C, 49.47; H, 4.46; N, 6.34%. 

 

 
L12. Pro-ligand L12 was prepared according to general procedure B. 2-tert-Butyl-4-

methoxyphenol and N,N’-dimethylethylenediamine were used. Yield: 77%. 1H NMR 

(400 MHz, CDCl3): δ 10.34 (br s, 2H, OH), 6.79 (d, J = 3.1 Hz, 2H, ArH), 6.38 (d, J = 

3.1 Hz, 2H, ArH), 3.74 (s, 6H, OCH3), 3.63 (s, 4H, ArCH2),  2.60 (s, 4H, NCH2), 2.24 (s, 6H, 

NCH3), 1.38 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, CDCl3): δ 151.8, 150.7, 138.1, 

122.4, 112.9, 111.2, 62.7, 55.8, 53.7, 41.6, 35.0, 29.5. Anal. Calc. for C28H44N2O4: C, 71.15; 

H, 9.38; N, 5.93. Found: C, 71.19; H, 9.33; N, 5.96%. 

 

 
L13. Pro-ligand L13 was prepared according to a literature procedure.12 Yield: 20%. 1H NMR 

(400 MHz, CDCl3): δ 10.68 (br s, 2H, OH), 7.22 (d, J = 2.5 Hz, 2H, ArH), 6.83 (d, J = 

2.6 Hz, 2H, ArH), 3.89 (s, 4H, ArCH2), 3.52 (s, 2H, NCH2N), 3.00 (s, 4H, NCH2), 1.42 (s, 

18H, C(CH3)3), 1.27 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, CDCl3): δ 154.3, 140.9, 

135.9, 123.5, 123.2, 121.0, 74.5, 59.4, 51.9, 35.0, 34.3, 31.8, 29.8. Anal. Calc. for 

C33H52N2O2: C, 77.90; H, 10.30; N, 5.51. Found: C, 77.51; H, 10.59; N, 5.65%. 
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L14. Pro-ligand L14 was prepared according to general procedure B. 2,4-Di-tert-butylphenol 

and N,N’-dimethyl-1,3-propanediamine were used. Yield: 49%. 1H NMR (400 MHz, CDCl3): 

δ 11.01 (br s, 2H, OH), 7.20 (d, J = 2.6 Hz, 2H, ArH), 6.80 (d, J = 2.6 Hz, 2H, ArH), 3.64 (s, 

4H, ArCH2), 2.46 (t, J = 7.6 Hz, 4H, NCH2CH2). 2.27 (s, 6H, NCH3), 1.79 (p, J = 7.4 Hz, 2H, 

NCH2CH2), 1.41 (s, 18H, C(CH3)3), 1.27 (s, 18H, C(CH3)3). 13C{1H} NMR (101 MHz, 

CDCl3): δ 154.4, 140.6, 135.6, 123.4, 123.0, 121.3, 62.5, 54.6, 41.4, 35.0, 34.3, 31.8, 29.8, 

24.7. Anal. Calc. for C35H58N2O2: C, 78.01; H, 10.85; N, 5.20. Found: C, 78.30; H, 10.88; N, 

5.16%. 

 

 

Synthesis of Catalysts 
 
 
Synthesis of Isolated Catalyst Y1 

 
 

Y1. A solution of Y[N(SiHMe2)2]3(THF)2 (299 mg, 475 µmol) in 5 mL of pentane was added 

to a suspension of L1 (308 mg, 475 µmol) in 5 mL of toluene. Within minutes after addition, 

the reaction mixture became clear and was stirred for 3 h at room temperature. The reaction 

mixture was evaporated to dryness and the residue recrystallized from pentane to give a 

colorless solid (186 mg, 45%). 1H NMR (400 MHz, C6D6): δ 7.51 (d, J = 2.6 Hz, 2H, ArH),  

7.01 – 6.95 (m, 4H, ArH), 6.94 – 6.88 (m, 4H, ArH), 6.78 – 6.73 (m, 2H, ArH), 6.66 (d, J = 

2.6 Hz, 2H, ArH),  5.11 – 5.00 (m, 2H, SiHMe2), 3.77 (AB, J = 12.8 Hz, 4H, ArCH2), 2.87 (br 

s, 4H, NCH2), 1.75 (s, 18H, C(CH3)3), 1.33 (s, 18H, C(CH3)3), 0.43 (d, J = 2.9 Hz, 12H, 

SiHMe2). 13C{1H} NMR (101 MHz, C6D6): δ 160.8, 148.0, 137.8, 137.1, 129.7, 126.6, 125.7, 

124.6, 123.3, 123.0, 65.9, 52.6, 35.6, 34.2, 32.1, 30.4, 3.5. 

 

NMR Experiment of In Situ Formation of Catalyst Y1 

In a glove box, a vial was charged with Y[N(SiHMe2)2]3(THF)2 (6.3 mg, 10.0 µmol) and L1 

(6.5 mg, 10.0 µmol). 0.6 mL of toluene-d8 were added, the reaction mixture stirred, and 

NN

OH HO

tBu tBu

tButBu

NN

O O

tBu tBu

tButBu
Y

X

X = N(SiHMe2)2
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transferred to a J-Young-type NMR tube. 1H NMR spectra were measured after certain time 

intervals. Within less than 30 min clean formation of Y1 was observed. Longer reaction times 

did not show any further changes. 
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NMR Spectra of Compounds 
 

 
Figure S1. 1H NMR spectrum (CDCl3) of salan pro-ligand L1. 

 

 
Figure S2. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L1. 
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Figure S3. 1H NMR spectrum (CDCl3) of salan pro-ligand L2. 

 

 
Figure S4. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L2, *=acetone. 
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Figure S5. 1H NMR spectrum (THF-d8) of salan pro-ligand L3, *=H2O. 

 

 
Figure S6. 13C{1H} NMR spectrum (THF-d8) of salan pro-ligand L3. 
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Figure S7. 1H NMR spectrum (CDCl3) of salan pro-ligand L4. 

 

 
Figure S8. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L4. 
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Figure S9. 1H NMR spectrum (CDCl3) of salan pro-ligand L5, * = acetone.  

 

 
Figure S10. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L5. 
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Figure S11. 1H NMR spectrum (CDCl3) of salan pro-ligand L6. 

 

 
Figure S12. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L6. 
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Figure S13. 1H NMR spectrum (CDCl3) of salan pro-ligand L7. 

 

 
Figure S14. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L7. 
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Figure S15. 1H NMR spectrum (CDCl3) of salan pro-ligand L8. 

 

 
Figure S16. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L8. 
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Figure S17. 1H NMR spectrum (CDCl3) of salan pro-ligand L9. 

 

 
Figure S18. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L9. 
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Figure S19. 1H NMR spectrum (CDCl3) of salan pro-ligand L10. 

 

 
Figure S20. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L10, *=THF. 
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Figure S21. 1H NMR spectrum (CDCl3) of salan pro-ligand L11. 

 

 
Figure S22. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L11. 
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Figure S23. 1H NMR spectrum (CDCl3) of salan pro-ligand L12. 

 

 
Figure S24. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L12. 
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Figure S25. 1H NMR spectrum (CDCl3) of salan pro-ligand L13. 

 

 
Figure S26. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L13. 
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Figure S27. 1H NMR spectrum (CDCl3) of salan pro-ligand L14. 

 

 
Figure S28. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L14. 
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Figure S29. 1H NMR spectrum (C6D6) of Y1. 

 

 
Figure S30. 13C{1H} NMR spectrum (C6D6) of Y1. 
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2. Polymer Characterization Data 
1H and 13C{1H} NMR Spectra of PHB 
 

 
Figure S31. Representative 1H NMR spectrum (CDCl3) of PHB (produced by Y+L14). 

 

 
Figure S32. Representative 13C{1H} NMR spectrum (CDCl3) of PHB (produced by Y+L14). 
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Tacticity of PHBs Produced by In Situ Generated Catalysts 
 

                    
 

            
Figure S33. 13C{1H} NMR spectra (carbonyl region) of PHBs with variable tacticity produced by salan catalyst systems: a) 
Y+L2 (Table 2, entry 2), b) Y+L3 (Table 2, entry 3), c) Y+L6 (Table 2, entry 6), d) Y+L8 (Table 2, entry 8), e) Y+L12 
(Table 2, entry 12),  f) Y+L13 (Table 2, entry 13), g) Y+L14 (Table 2, entry 14). 

 
 

a) b) c) 

d) e) f) g) 
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Figure S34. 13C{1H} NMR spectra (methylene region) of PHBs with an isotactic bias produced by salan catalyst systems: a) 
Y+L1 (Table 2, entry 1), b) Y+L2 (Table 2, entry 2), c) Y+L5 (Table 2, entry 5).  

 

                                     
Figure S35. 13C{1H} NMR spectra (methylene region) of PHBs with a syndiotactic bias produced by salan catalyst systems: 
a) Y+L7 (Table 2, entry 7), b) Y+L8 (Table 2, entry 8), c) Y+L9 (Table 2, entry 9). 

 
 
 

a) mm 

rm 

rr 

mr 
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mm 
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rr 
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Representative GPC Traces 
 

 
Figure S36. GPC trace of PHB, Mn = 23.4 kg mol-1, Ð = 1.5 (Table 1, entry 3). 

 

 
Figure S37. GPC trace of PHB, Mn = 23.0 kg mol-1, Ð = 1.5 (Table 2, entry 1). 

 

 
Figure S38. GPC trace of PHB, Mn = 29.8 kg mol-1, Ð = 1.4 (Table 2, entry 2). 
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Figure S39. GPC trace of PHB, Mn = 25.7 kg mol-1, Ð = 1.3 (Table 2, entry 9). 

 

 
Figure S40. GPC trace of PHB, Mn = 23.2 kg mol-1, Ð = 1.2 (Table 2, entry 14). 
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1. Experimental Section 
 

Materials and Methods 

All manipulations containing air- and/or moisture sensitive compounds were carried out under 

argon atmosphere using standard Schlenk or glovebox techniques. Glassware was flame-dried 

under vacuum prior to use. Unless otherwise stated, all chemicals were purchased from 

Sigma-Aldrich, TCI Chemicals or ABCR and used as received. Solvents were obtained from 

an MBraun MB-SPS 800 solvent purification system and stored over 3 Å molecular sieves 

prior to use. β-BL was treated with BaO, dried over CaH2 and distilled prior to use. 

Deuterated chloroform (CDCl3), benzene (C6D6), toluene (C7D8) and tetrahydrofuran (C4D8O) 

were obtained from Sigma-Aldrich and dried over 3 Å molecular sieves. Bacterial PHB was a 

gift from BASF SE (Mn = 247 kg mol-1, Đ = 2.3). Y[N(SiHMe2)2]3(THF)2 (Y) and 

La[N(SiHMe2)2]3(THF)2 (La) were prepared according to literature procedures.1 

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AV-III-

500 spectrometer equipped with a QNP-Cryoprobe or AV-III-400 spectrometers at ambient 

temperature (298 K). 1H and 13C{1H} NMR spectroscopic chemical shifts δ are reported in 

ppm relative to tetramethylsilane and were referenced internally to the relevant residual 

solvent resonances. The following abbreviations are used: br, broad; s, singlet; d, doublet; t, 

triplet; p, pentet; m, multiplet; AB, AB system. The tacticity of PHB was determined by 

integration of the carbonyl region of the 13C{1H} NMR spectrum.2 

Elemental analyses were measured with a EURO EA instrument from HEKAtech at the 

Laboratory for Microanalysis, Catalysis Research Center, Technical University of Munich.  

Electrospray ionization mass spectrometry (ESI-MS) was measured with a Thermo Fisher 

Scientific Exactive Plus Orbitrap in the positive mode in acetonitrile. 

Polymer weight-average molecular weight (Mw), number-average molecular weight (Mn) and 

polydispersity indices (Đ = Mw/Mn) were determined via gel permeation chromatography 

(GPC) relative to polystyrene standards on a PL-SEC 50 Plus instrument from Polymer 

Laboratories. The analysis was performed at ambient temperatures using chloroform as the 

eluent at a flow rate of 1.0 mL min-1. 

Differential scanning calorimetry (DSC) measurements were carried out with a DSC Q2000 

from TA Instruments with a heating and cooling rate of 10 °C min-1. Tg and Tm values were 

obtained from the second heating scan. 
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Thermal gravimetric analysis (TGA) was carried out with a TGA Q5000 from TA 

Instruments. Polymer samples were heated under argon atmosphere from ambient temperature 

to 600 °C with a heating rate of 10 °C min-1. 

For specimen fabrication for stress-strain measurements, polymer had to be milled prior to 

compression molding. The polymer was ultracentrifugal-milled by using a Retsch ultra 

centrifugal mill ZM 200 (12-tooth rotor, sieve size 2.00 mm, trapezoid holes) at 12000 rpm. 

Specimens (dog-bone-shaped, 50 mm long, 4.0 mm wide, 1.0 mm thick; parameters were 

checked prior to stress-strain measurements) were obtained by compression molding of the 

solvent-free polymer on a Servitec Polystat 200 T at temperatures 10°C higher than each 

material’s respective Tm in a two-part cycle: first, the polymer was equilibrated with no 

applied pressure for 4 min and subsequently pressurized at 200 bar for 3 min. The specimens 

were checked with regard to a homogeneous distribution. Stress-strain measurements were 

performed on a Zmart.Pro ZwickRoell machine with a strain rate of 5 mm min-1 and analyzed 

with testXpert II software.   

 

 

General Polymerization Procedures 

 

Polymerization Procedure Using In Situ Generated Catalysts 

In a glove box, a 20 mL glass reactor was charged with a predetermined amount of 

Y[N(SiHMe2)2]3(THF)2 (1 eq.) and salan pro-ligand (1 eq., L1 – L5). The respective amount 

of toluene was added such that the overall monomer concentration after rac-β-BL addition is 

2.0 M. The reaction mixture was stirred for 1 h at room temperature and then, rac-β-BL 

(equivalents as specified in the polymerization table) was added to this mixture. After stirring 

for a desired time period at room temperature, the polymerization was quenched by the 

addition of 0.5 mL of methanol. An aliquot sample was taken for determination of conversion 

by 1H NMR spectroscopy. The quenched mixture was then precipitated into 20 mL of diethyl 

ether/pentane (1/1), filtered, washed with diethyl ether/pentane (1/1) and dried in vacuo. 

 

Polymerization Procedure at Low Temperatures Using Y+L2 

In a glove box, a 4 mL glass reactor was charged with Y[N(SiHMe2)2]3(THF)2 (11.5 mg, 

18.3 µmol, 1 eq.) and salan pro-ligand L2 (14.6 mg, 18.3µmol, 1 eq.). 1.53 mL of toluene was 

added such that the overall monomer concentration after rac-β-BL addition is 2.0 M. The 

reaction mixture was stirred for 1 h at room temperature. After that period, the reaction 
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mixture was equilibrated at -35°C for 30 min and then, pre-cooled rac-β-BL (300 µL, 

315 mg, 3.66 mmol, 200 eq.) was added to this mixture. After stirring for 60 min at -35°C, the 

polymerization was quenched by the addition of 0.5 mL of methanol. An aliquot sample was 

taken for determination of conversion by 1H NMR spectroscopy. The quenched mixture was 

then precipitated into 20 mL of diethyl ether/pentane (1/1), filtered, washed with diethyl 

ether/pentane (1/1) and dried in vacuo. 

 

Large Scale Polymerization Procedure 

Large scale polymerization reactions were performed in a 250 mL double-walled Büchi steel 

autoclave equipped with a KPG- stirrer (Heidolph, 800 rpm), a temperature sensor, and a 

heating/ cooling jacket attached to a cryo-/thermostat unit (Julabo F-25-ME). In a glove box, 

Y[N(SiHMe2)2]3(THF)2 (48.8 mg, 77.4 µmol, 1 eq.) and salan pro-ligand L2 (61.9 mg, 

77.4 µmol, 1 eq.) were dissolved in 7.0 mL of toluene in a 20 mL glass vial. The reaction 

mixture was stirred for 1 h at room temperature. Subsequently, the catalyst solution was 

removed from the glove box and injected into an argon-flushed 250 mL double-walled Büchi 

steel autoclave containing rac-β-BL (9.5 mL, 10.0 g, 116 mmol, 1500 eq.) in 100 mL of 

toluene, and the polymerization was initiated. After stirring for 20 min at 25°C (active cooling 

with a Julabo F-25-ME cryo-/thermostat), the polymerization was quenched by the addition of 

5 mL of methanol. Chloroform was added to dissolve the polymer and an aliquot sample 

taken for determination of conversion by 1H NMR spectroscopy. The quenched mixture was 

then precipitated into 200 mL of diethyl ether/pentane (1/1), filtered, washed with diethyl 

ether/pentane (1/1) and dried in vacuo. 

 

 

Synthesis of Salan Pro-Ligands 
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Synthesis of Salen Precursors L1’–L5’  

 
Schiff base precursors L1‘ and L2‘ were prepared according to literature procedures.3  

 

Schiff base precursors L3‘ was prepared according to a literature procedures but 3,5-dicumyl-

salicylaldehyde was used instead of 3,5-bis(tert-butyl)salicylaldehyde, respectively.3 

3,5-Dicumylsalicylaldehyde (15.0 mmol, 2.0 eq.) was dissolved in 100 mL of methanol, and 

1,2-diaminobenzene (7.5 mmol, 1.0 eq.) and 0.1 mL of formic acid was added. The mixture 

was refluxed for 6 h. Subsequently, the reaction mixture was cooled to room temperature, the 

precipitate filtered and washed with methanol. Yield: 74%, orange solid. 1H NMR (400 MHz, 

CDCl3): δ 12.97 (s, 2H, OH), 8.44 (s, 2H, N=CH), 7.33 – 7.26 (m, 10H, Ar-H), 7.23 – 7.16 

(m, 12H, Ar-H), 7.14 – 7.09 (m, 4H, Ar-H), 7.04 – 6.99 (m, 2H, Ar-H), 1.70 (s, 24H, 

CMe2Ph). 13C{1H} NMR (101 MHz, CDCl3): δ 164.8, 158.1, 150.8, 150.5, 142.7, 140.0, 

136.6, 130.5, 128.8, 128.2, 127.9, 127.3, 126.9, 126.0, 125.8, 125.3, 120.3, 118.6, 42.6, 42.4, 

31.0, 29.5. 

 

Schiff base precursor L4‘ was prepared following an adopted literature procedure.3 

3,5-Dicumylsalicylaldehyde (7.0 mmol, 2.0 eq.) was dissolved in 65 mL of ethanol, and 

ethylenediamine (3.5 mmol, 1.0 eq.) and 0.1 mL of formic acid was added. The mixture was 

refluxed for 45 min. Subsequently, the reaction mixture was cooled to room temperature, the 

precipitate filtered and washed with pentane. Yield: 81%, yellow solid. 1H NMR (400 MHz, 

CDCl3): δ 13.23 (s, 2H, OH), 8.19 (s, 2H, N=CH), 7.34 – 7.26 (m, 10H, Ar-H), 7.24 – 7.16 

(m, 10H, Ar-H), 7.16 – 7.11 (m, 2H, Ar-H), 7.00 (d, J = 2.5 Hz, 2H, Ar-H), 3.68 (s, 4H, N-

CH2), 1.71 (s, 12H, CMe2Ph), 1.66 (s, 12H, CMe2Ph). 13C{1H} NMR (101 MHz, CDCl3): δ 

167.1, 157.7, 150.9, 150.8, 139.7, 136.1, 129.2, 128.2, 128.0, 127.9, 126.8, 125.8, 125.7, 

125.2, 118.0, 59.7, 42.5, 42.2, 31.1, 29.5. 

 

Schiff base precursor L5‘ was prepared according to the following procedure. 

3,5-Dicumylsalicyl-aldehyde (10.0 mmol, 2.0 eq.) was suspended in 25 mL of methanol and 

1,3-diaminopropane (5.0 mmol, 1.0 eq.) was added. The mixture was refluxed overnight. 

Subsequently, the reaction mixture was cooled to room temperature, the precipitate filtered 

and washed with methanol. Yield: 80%, yellow solid. 1H NMR (400 MHz, CDCl3): δ 13.37 (s, 

2H, OH), 8.18 (s, 2H, N=CH), 7.34 – 7.26 (m, 10H, Ar-H), 7.24 – 7.09 (m, 12H, Ar-H), 6.99 

(d, J = 2.5 Hz, 2H, ArH), 3.46 (t, J = 6.6 Hz, 4H, N-CH2CH2CH2-N), 1.89 (p, J = 6.6 Hz, 2H, 

N-CH2CH2CH2-N), 1.70 (s, 12H, CMe2Ph), 1.66 (s, 12H, CMe2Ph). 13C{1H} NMR (101 MHz, 
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CDCl3): δ 166.0, 157.9, 150.9, 150.8, 139.6, 136.2, 129.1, 128.2, 127.9, 127.8, 126.9, 125.8, 

125.8, 125.2, 118.1, 56.8, 42.6, 42.3, 31.7, 31.1, 29.5. 

 

Synthesis of Salan Pro-Ligands L1–L5 

 
The synthesis of salan pro-ligands L1 – L5 followed a similar synthetic procedure and 

therefore the synthesis is described as a general procedure. For the synthesis of L1 and L2, 

racemic Schiff base precursors were used. 

General procedure for L1 – L5. The bis-imine type precursor (salen-type pro-ligand) 

(6.0 mmol, 1 eq.) was dissolved in 25 mL of tetrahydrofuran and 25 mL of methanol. The 

reaction mixture was cooled to 0°C and sodium borohydride, NaBH4 (60.0 mmol, 10 eq.) was 

added portionwise. Subsequently, the reaction mixture was allowed to warm to room 

temperature and stirred for 3 h at this temperature. The solvent was removed under reduced 

pressure, the residue dissolved in dichloromethane (250 mL) and water (125 mL) was added. 

The phases were separated, and the organic layer washed with water (2×75 mL) and brine 

(1×75 mL). The organic layer was dried over Na2SO4, the solvent removed under reduced 

pressure and the residue further purified as described below. 

 

 
Salan pro-ligand L1: The residue was recrystallized from methanol/dichloromethane. Yield: 

80%, colorless solid. 
1H NMR (400 MHz, CDCl3): δ 10.64 (br s, 2H, OH), 7.21 (d, J = 2.5 Hz, 2H, Ar-H), 6.86 (d, 

J = 2.5 Hz, 2H, Ar-H), 3.97 (AB, J = 13.4 Hz, 4H, N-CH2), 2.51 – 2.43 (m, 2H, Cy), 2.23 – 

2.13 (m, 2H, Cy), 1.76 – 1.68 (m, 2H, Cy), 1.38 (s, 18H, tBu), 1.28 (s, 18H, tBu), 1.27 – 1.21 

(m, 4H, Cy). 13C{1H} NMR (101 MHz, CDCl3): δ 154.5, 140.8, 136.1, 123.3, 123.2, 122.5, 

60.1, 51.0, 35.0, 34.3, 31.8, 30.9, 29.8, 24.3. Anal. Calc. for C36H58N2O2: C, 78.49; H, 10.61; 

N, 5.09. Found: C, 77.43; H, 10.33; N, 5.06%. 

 

NH

OH

HN

HO
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Salan pro-ligand L2: The residue was washed with methanol. Yield: 86%, colorless solid. 
1H NMR (400 MHz, CDCl3): δ 10.38 (br s, 2H, OH), 7.31 – 7.23 (m, 10H, Ar-H), 7.20 – 7.08 

(m, 10H, Ar-H), 7.05 – 6.99 (m, 2H, Ar-H), 6.64 (d, J = 2.5 Hz, 2H, Ar-H), 3.64 (AB, J = 

13.5 Hz, 4H, N-CH2), 1.87 – 1.79 (m, 2H, Cy), 1.71 (s, 6H, CMe2Ph), 1.69 (s, 12H, CMe2Ph), 

1.68 – 1.63 (m, 2H, Cy), 1.57 (s, 6H, CMe2Ph), 1.55 – 1.50 (m, 2H, Cy), 0.98 – 0.83 (m, 2H, 

Cy), 0.71 – 0.51 (m, 4H, Cy and NH). 13C{1H} NMR (101 MHz, CDCl3): δ 154.0, 152.1, 

151.7, 139.8, 135.4, 128.0, 127.6, 126.9, 125.9, 125.7, 125.5, 124.6, 124.3, 122.1, 58.0, 49.3, 

42.6, 42.0, 31.3, 31.2, 30.9, 30.1, 28.0, 24.6. Anal. Calc. for C56H66N2O2: C, 84.17; H, 8.32; N, 

3.51. Found: C, 83.89; H, 8.45; N, 3.55%. 

 

 
Salan pro-ligand L3: L3 was prepared according to the general procedure but the stirring time 

of the reaction mixture was 4 h at room temperature. The residue was washed with methanol. 

Yield: 84%, yellow solid. 
1H NMR (400 MHz, CDCl3): δ 7.31 – 7.27 (m, 10H, Ar-H), 7.23 – 7.15 (m, 10H, Ar-H), 7.14 

– 7.08 (m, 2H, Ar-H), 6.95 (br s, 2H, OH),  6.92 (d, J = 2.4 Hz, 2H, Ar-H), 6.80 – 6.75 (m, 

2H, Ar-H), 6.70 – 6.64 (m, 2H, Ar-H), 4.11 (s, 4H, N-CH2), 3.40 (br s, 2H, NH), 1.71 (s, 12H, 

CMe2Ph), 1.62 (s, 12H, CMe2Ph). 13C{1H} NMR (101 MHz, CDCl3): δ 152.1, 151.2, 150.4, 

141.7, 136.9, 135.5, 128.4, 128.1, 126.9, 126.5, 125.8, 125.8, 125.7, 125.2, 123.8, 121.0, 

114.0, 47.6, 42.7, 42.2, 31.2, 29.8. Anal. Calc. for C56H60N2O2: C, 84.81; H, 7.63; N, 3.53. 

Found: C, 84.76; H, 7.82; N, 3.37%. 
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Salan pro-ligand L4: The residue was washed with methanol. Yield: 69%, off-white solid. 
1H NMR (400 MHz, CDCl3): δ 10.37 (br s, 2H, OH), 7.33 – 7.27 (m, 8H, Ar-H), 7.24 (d, J = 

2.6 Hz, 2H, Ar-H),  7.21 – 7.14 (m, 10H, Ar-H), 7.11 – 7.04 (m, 2H, Ar-H), 6.70 (d, J = 

2.5 Hz, 2H, Ar-H), 3.71 (s, 4H, Ar-CH2), 2.43 (s, 4H, N-CH2), 1.70 (s, 12H, CMe2Ph), 1.65 (s, 

12H, CMe2Ph). 13C{1H} NMR (101 MHz, CDCl3): δ 154.0, 151.7, 151.5, 140.0, 135.4, 128.0, 

127.7, 126.9, 125.8, 125.6, 125.5, 124.9, 124.9, 121.9, 53.1, 47.6, 42.6, 42.1, 31.2, 29.6. 

 

 
Salan pro-ligand L5: The residue was recrystallized from methanol. Yield: 51%, colorless 

solid. 
1H NMR (400 MHz, CDCl3): δ 7.29 – 7.26 (m, 8H, Ar-H), 7.22 (d, J = 2.5 Hz, 2H, Ar-H),  

7.20 – 7.14 (m, 10H, Ar-H), 7.10 – 7.04 (m, 2H, Ar-H), 6.70 (d, J = 2.5 Hz, 2H, Ar-H), 3.72 

(s, 4H, Ar-CH2), 2.40 (t, J = 6.8 Hz, 4H, N-CH2CH2CH2-N), 1.68 (s, 12H, CMe2Ph), 1.63 (s, 

12H, CMe2Ph), 1.39 (p, J = 7.0 Hz, 2H, N-CH2CH2CH2-N). 13C{1H} NMR (101 MHz, 

CDCl3): δ 154.2, 151.6, 151.5, 140.0, 135.4, 128.0, 127.8, 126.9, 125.8, 125.6, 125.4, 125.0, 

124.9, 122.2, 53.3, 46.5, 42.6, 42.2, 31.2, 29.7, 29.5. Anal. Calc. for C53H62N2O2: C, 83.86; H, 

8.23; N, 3.69. Found: C, 83.84; H, 8.21; N, 3.70%. 
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NMR Spectra of Compounds 
 

 
Figure S1. 1H NMR spectrum (CDCl3) of salan pro-ligand L1. 

 

 
Figure S2. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L1. 
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Figure S3. 1H NMR spectrum (CDCl3) of salan pro-ligand L2. 

 

 
Figure S4. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L2.  
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Figure S5. 1H NMR spectrum (CDCl3) of salan pro-ligand L3. * = THF. 

 

 
Figure S6. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L3.  
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Figure S7. 1H NMR spectrum (CDCl3) of salan pro-ligand L4. * = CH2Cl2. 

 

 
Figure S8. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L4.  
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Figure S9. 1H NMR spectrum (CDCl3) of salan pro-ligand L5. 

 

 
Figure S10. 13C{1H} NMR spectrum (CDCl3) of salan pro-ligand L5.  
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2. Polymerization Kinetics and Polymer Characterization Data 
 
 
Additional Polymerization Data and Kinetics 
 
 
Table S1. Additional polymerization data.a 

entry catalytic 
system 

[M]/[cat] time 
(min) 

conv.b 
(%) 

Mn c 

(kg mol-1) 
Ð c Pm

 d 

1 Y 200 1440 8 n.d. n.d. n.d. 

2 L2 200 180 0 n.d. n.d. n.d. 

3e,f Y+L2 200 1 >99 40 1.9 0.83 

4e Y+L2 800 3 >99 118 2.2 0.83 

5e Y+L2 3000 10 85 445 1.8 0.75 

6e,g Y+L2 1500 20 >99 259 2.5 0.84 
aPolymerizations were performed in toluene at room temperature, [β-BL] = 2.0 M. bConversion determined by 1H NMR spectroscopy. 
cDetermined by GPC in CHCl3 at room temperature relative to polystyrene standards. dTacticity determined by 13C NMR spectroscopy, 
integration of the carbonyl signal. eCatalyst was prepared in situ by treatment of Y with salan pro-ligand L2 (1 eq.) in toluene at room 
temperature for 1 h prior to monomer addition. fIn situ formation of catalyst for 24 h at room temperature. gLarge scale polymerization in a 
250 mL double-walled Büchi steel autoclave, 10.0 g of β-BL used, [β-BL] = 1.0 M. n.d. = not determined. 
 
 
 
 
 
 
Table S2. Ring-opening polymerization of β-BL using in situ generated yttrium salen catalysts.a 

 
entry catalytic system [M]/[Y+L‘] t  

(min) 
conv.b  
(%) 

Mn c 

(kg mol-1) 
Ð c Pm

 d 

1 Y+L1’ 200 1440 22 8 1.9 0.50 

2 Y+L2’ 200 1440 20 9 1.8 0.51 

3 Y+L3’ 200 1440 2 n.d. n.d. n.d. 
aPolymerizations were performed in toluene at room temperature, [β-BL] = 2.0 M. Catalyst was prepared in situ by treatment of Y with salen 
pro-ligand L’ (1 eq.) in toluene at room temperature for 1 h prior to monomer addition bConversion determined by 1H NMR spectroscopy. 
cDetermined by GPC in THF at 40°C relative to polystyrene standards. dTacticity determined by 13C NMR spectroscopy, integration of the 
carbonyl signal. n.d. = not determined. 
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Figure S11. Plot of molecular weight vs. monomer-to-initiator ratio for the ROP of β-BL mediated by catalytic system 
Y+L2, R2 = 0.9959. The runs at ratios of 2000/1 and 3000/1 did not achieve quantitative conversions, and thus, molecular 
weights used for the plot were adjusted by their conversions. 

 
 

 
Figure S12. Semi-logarithmic plot of monomer concentration over time for the ROP of β-BL mediated by catalytic system 
Y+L5. kobs = 0.415 ± 0.019 min-1, R2 = 0.9939. Conditions: [β-BL]0 = 2.0 M, [β-BL]/[Y+L5] = 200/1, T = rt. 
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Figure S13. ESI-MS spectrum of PHB produced by Y+L4 ([β-BL]/[Y+L4] = 5/1). 

 

 
 
Photographs of Produced PHB and Polymerization Setup for Up-Scaling 
 
 

   
 

Figure S14. Photographs of PHB prepared from ROP of of β-BL mediated by catalytic system Y+L2 (Table S1, entry 6). 
Polymer after precipitation (left) and ground polymer (right). 
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Figure S15. Photographs of polymer foils prepared by hot pressing of synthetic PHB with reduced isotacticity (Pm = 0.84, 
left) and bacterial PHB (Pm = 1.00, right). 

 
 

 
Figure S16. Photograph of a 250 mL double-walled Büchi steel autoclave used for polymerization up-scaling. 
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1H and 13C{1H} NMR Spectra of PHB 

 
Figure S17. Representative 1H NMR spectrum (CDCl3) of PHB produced by Y+L2 (Table 1, entry 2). 

 

 
Figure S18. Representative 13C{1H} NMR spectrum (CDCl3) of PHB produced by Y+L2 (Table 1, entry 2). 
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Tacticity of PHBs Produced by In Situ Generated Catalysts 
 
 

                         
Figure S19. 13C{1H} NMR spectra (carbonyl region) of PHBs produced by in situ generated catalysts. a) Y+L3 (Table 1, 
entry 6), b) Y+L4 (Table 1, entry 7), c) Y+L5 (Table 1, entry 8). 

 

            
Figure S20. 13C{1H} NMR spectra (methylene region) of PHBs produced by in situ generated catalysts. a) Y+L2 (Table 1, 
entry 4), b) Y+L3 (Table 1, entry 6), c) Y+L4 (Table 1, entry 7), d) Y+L5 (Table 1, entry 8). 

 

 
 
 
 
  

a) b) c) 

a) b) c) d) 
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Thermal Analysis of PHB 
 
 

 
Figure S21. TGA curve of PHB (Pm = 0.84) prepared with catalyst system Y+L2 (Mn = 290 kg mol-1, Ð = 2.0; Table 1, 
entry 4). Td,5% = 239°C, Td,max = 273°C. 

 

 
Figure S22. TGA curve of bacterial PHB (Mn = 247 kg mol-1, Đ = 2.3). Td,5% = 249°C, Td,max = 282°C. 

 

 
Figure S23. DSC curve (exo down) of PHB (Mn = 41 kg mol-1, Ð = 2.2; Table 1, entry 2). 
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Figure S24. DSC curve (exo down) of PHB (Mn = 85 kg mol-1, Ð = 2.0; Table 1, entry 3). 

 

 
Figure S25. DSC curve (exo down) of PHB (Mn = 290 kg mol-1, Ð = 2.0; Table 1, entry 4). 

 

 
Figure S26. DSC curve (exo down) of PHB (Mn = 130 kg mol-1, Ð = 3.2; Table 1, entry 5). 
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Figure S27. DSC curve (exo down) of bacterial PHB (Mn = 247 kg mol-1, Đ = 2.3). 
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