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ABSTRACT: The synthesis and characterization of two homoleptic Zn(II)- and Mg(II)-complexes 

based on a simple tridentate {NNO} ligand is reported. The production of biocompatible atactic 

PLA under industrially relevant melt conditions is demonstrated, noting high activity for Zn(1)2 at 

room temperature in CH2Cl2 (TOF = 184 h-1). Mg(1)2 and Zn(1)2 were shown to facilitate rapid 

PLA methanolysis into methyl lactate (Me-LA) under mild conditions, achieving up to 85% Me-

LA yield within 30 min at 50 °C in THF. Further kinetic analysis found Mg(1)2 and Zn(1)2 to 

exhibit kapp values of 0.23 ± 0.0076 and  0.15 ± 0.0029  min-1 respectively {8 wt% cat. loading}, 

among the highest reported thus far. Zn(1)2 retained excellent activity for both PET and PCL 

degradation, demonstrating catalyst versatility. Various upcycling strategies (e.g. methanolysis, 

glycolysis and aminolysis) were employed to achieve a broad substrate scope, which included 

bis(2-hydroxyethyl)terephthalate (BHET), high value terephthalamides and methyl 6-

hydroxyhexanoate. Optimal glycolysis conditions using Zn(1)2 enabled 64% BHET yield within 

1 h at 180 °C, a rare example of PET glycolysis mediated by a discrete homogeneous metal-based 

catalyst. The application of such catalysts for PET aminolysis and PCL methanolysis has been 

reported for the first time.  
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INTRODUCTION: Plastics remain ubiquitous in society owing to their cheap manufacture and 

versatile material properties.1 However, current practices are unsustainable and urgent revision is 

required to ensure the plastic economies long-term future. Presently, plastic production relies 

heavily on a depleting and environmentally damaging fossil reserve, which accounts for ca. 99% 

of all processed plastics.2 If irresponsibly handled at end-of-life (EoL), these products persist in 

the environment since they are typically robust and durable by design. This, coupled with a 

wasteful linear model, underpin plastic pollution, which represents one of the great environmental 

challenges of the 21st Century.3-5 Indeed, plastic waste residing in either landfill or the natural 

environment, which equated to 79% of all plastics manufactured between 1950 to 2015, outweighs 

all living biomass (4 Gtonnes).4,6 Despite increasing public scrutiny, plastics remain in the growth 

phase with production projected to exceed 1 billion tonnes per year by 2050.7 There is therefore a 

clear opportunity to develop renewable and biodegradable alternatives to address both existing 

environmental concerns and this anticipated increase in demand.  

To this end, poly(lactic acid) (PLA) has emerged as one of the most promising bio-based 

replacements. Industrially, PLA production exploits the metal-mediated ring-opening 

polymerization (ROP) of L-lactide (L-LA) under solvent-free conditions.8 Revered for its green 

credentials, PLA has subsequently found commercial use in a diverse range of sectors, including 

packaging and biomedical applications.2,9-17 However, toxicity concerns associated with the 

industry standard catalyst (Sn(Oct)2, Oct = 2-ethylhexanoate) has created an appetite for 

biocompatible and environmentally benign alternatives. Examples include the use of cheap and 

abundant metals, such as Mg(II) and Zn(II), whilst organocatalysts have also been reported.18-21 

Whilst biodegradable materials offer the potential to remediate plastic accumulation in the 
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environment, compostable materials align with a linear model, which fails to capture embedded 

material value.3,22  

Recycling processes have the potential to facilitate the economies transition to a circular 

model, which prioritizes material recapture and reuse, principles central to a truly green and 

sustainable future.23-27 Mechanical recycling is routinely employed but is limited by eventual 

material downcycling, which necessitates product repurposing to less demanding uses.28-29 

Conversley, chemical recycling preserves product quality over an infinite number of cycles, 

enabling depolymerization to monomer or degradation to other useful platform chemicals, such as 

lactic acid.30-32 Degradation is particularly adventitious due to the potential to access value-added 

products, which provides further economic incentives to industry. For example, PLA 

transesterification affords alkyl lactates, which have been touted as potential green solvent 

replacements. Moreover, ethyl lactate (Et-LA) currently trades at $3.58 – 4.92 per kg, equating to 

a value multiplier between 1.5 to 2 relative to virgin PLA.33-36  

PLA recycling methods include pyrolysis37-40 and hydrolysis41-44. Reductive 

depolymerization strategies based on hydrogenation45-47 and hydrosilylation48-49 have also been 

reported. Traditionally, such processes rely on costly ruthenium and iridium-based catalysts, 

although simple and cheap metal-based salts (e.g. Zn(OAc)2⋅2H2O and MoO2Cl2(H2O)2) have 

recently been reported.50-51 Metal-mediated PLA transesterification is most pertinent to this report, 

although literature examples remain limited. Simple, commercially available metal salts, such as 

FeCl3 and ZnCl2, have been explored, typically in the presence of methanol to afford methyl lactate 

(Me-LA), under both solvothermal and microwave conditions.52-55 Sobota and co-workers 

demonstrated PLA transesterification using a variety of linear and branched alcohols mediated by 

Mg(II) and Ca(II) pre-catalysts, noting ethanolysis scale up to 1.5 kg and high temperature and 
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pressure regimes to circumvent the use of excess alcohol.56 Discrete metal-based catalysts based 

on Group(IV)57, Zn(II)58-63 and Mg(II)60 have also been reported. McKeown et al.62 have 

previously reported a highly active Zn(II)-complex bearing a propylenediamine backbone (R = 

N(H)Me), achieving 81% Me-LA yield within 30 min at 50 ºC in THF. This was notably higher 

compared to the ethylenediamine analogue (12% Me-LA in 6 h) under comparable conditions (40 

ºC, 4 wt% cat. loading), highlighting the importance of structure-activity relationships.61 Recently, 

Yang et al.64 demonstrated Zn(HMDS)2 as a highly efficient transesterification catalyst for various 

polyesters including PLA and poly(ε-caprolactone) (PCL). Promisingly, 99% Me-LA yield was 

obtained within 2 h under ambient conditions (1 mol% cat. loading), although a large excess of 

MeOH (24.7 equivalents) was required. Key and recent catalyst developments to date pertaining 

to metal-mediated PLA methanolysis are depicted in Figure 1 below. Whilst organocatalysts have 

been identified as metal-free alternatives, current systems remain limited by factors such as cost, 

toxicity/corrosivity and high catalyst loadings. Example organocatalysts for PLA degradation 

include TBD65, DMAP66, TMC67 and ionic liquids.68-70  
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Figure 1. Selected examples of key and recent catalyst developments to date pertaining to metal-

mediated PLA methanolysis, highlighting catalyst advancement reported herein. Catalyst loading, 

reaction conditions and Me-LA yield upon solvent removal (YMe-LA) are provided for comparative 

purposes. 

In addition to emerging plastics, it is imperative sustainable recycling strategies are 

developed in tandem for established commercial polyesters, for example poly(ethylene 

terephthalate) (PET). PET possesses a significantly larger market share relative to PLA, 

accounting for ca. 8% of global plastic production in 2015.2 Widely used in packaging 

applications, it has also found use in the construction and textiles industry.71 PET is largely 

amenable to the chemical recycling strategies discussed for PLA and has been comprehensively 

reviewed in the literature.72-77 For example, PET can be depolymerized via glycolysis and 

methanolysis to produce bis(2-hydroxyethyl)terephthalate (BHET) and dimethyl terephthalate 
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(DMT) respectively, which can be repolymerized or redirected for upcycling.73,77 PET aminolysis 

has also been reported, furnishing terephthalamides with potential use in the production of 

additives and high performance materials.78 Glycolysis is the most widely used chemical recycling 

method for PET, often employing a metal acetate as the transesterification catalyst, with Zn(OAc)2 

generally considered the benchmark.77,79 Despite the plethora of catalysts reported, the use of 

discrete metal-based complexes for PET glycolysis remains rare.60,80-82 Notably, Troev et al.80 

reported a highly efficient Ti(IV)-phosphate catalyst, achieving 98% conversion to BHET within 

150 min between 190 – 200 °C (0.3 wt% cat. loading, m(EG):m(PET) = 2.8:1). Whilst superior 

activity relative to Zn(OAc)2 was observed for PET fibers, this was not retained for bottle-grade 

PET. Thus, it is clear significant scope remains for process optimization through judicial catalyst 

design, which can be extended to PLA, with metal-mediated degradation a possible solution. 

Inspired by the aforementioned challenges and opportunities in the field, herein we report 

the synthesis of a simple tridentate {NNO} ligand prior to complexation to Zn(II) and Mg(II). 

Their application to the ROP of rac-LA under industrially relevant melt conditions is 

demonstrated, noting high activity at room temperature (RT) in solution. High catalyst efficiency 

for PLA methanolysis under mild conditions is reported. Polyester scope diversification to PET 

and PCL highlights catalyst versatility, whilst various upcycling strategies (e.g. glycolysis and 

aminolysis) were employed to achieve a broad substrate scope. 

Results and Discussion 

Synthesis 

A monoanionic tridentate {NNO} ligand (1H) was prepared via a facile condensation reaction 

(Scheme 1) and characterized by a combination of 1H/13C{1H} NMR spectroscopy and mass 

spectrometry (MS). Notably, 1H NMR spectroscopic analysis revealed characteristic triplets 
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between δ = 2.80 – 3.20 ppm, corresponding to inequivalent -CH2 resonances, consistent with the 

1:1 product. Careful consideration of the stoichiometric quantities used, coupled with a MeCN 

wash, enabled 1H to be isolated in good yield (69%) with excellent purity. Indeed, this method 

represents a powerful synthetic strategy to accessing an asymmetric amine without the need for a 

protecting group, with potentially broad applicability. We have previously reported 1H as a 

building block in the synthesis of catalens, a new and emerging class of ligands in the field.60,83 

 

Scheme 1. Preparation of a tridentate {NNO} ligand (1H) and subsequent complexation to afford 

Zn(1)2 and Mg(1)2.  

Homoleptic complexes of Zn(II) and Mg(II) were then prepared in anhydrous toluene and 

recrystallized from the reaction solvent in good yield (45 - 54%) (Scheme 1). Interestingly, a 

hexameric Zn(II)-complex was isolated and characterized by single crystal X-ray diffraction 

(XRD) as shown in Figure 2. Selected bond lengths and angles are provided in the ESI (Table S2 

and S3). A Zn(1)-N(1) and Zn(1)-N(2) bond length of 2.229(2) and 2.096(3) Å respectively was 

observed, comparably longer relative to Zn(1)-(O1) {1.9912(19) Å}, as expected (Table S2). Zn(1) 

was found to adopt a distorted square pyramidal geometry (τ5 = 0.14, Table S3), whilst closer 

inspection of the asymmetric unit revealed the adventitious incorporation of dimethylsilanone 
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(Me2SiO) moieties, presumably derived from silicone-grease. Such complexes are highly unusual 

and generally serendipitous in nature.84 Given silicone grease is typically inert and polymeric, the 

isolation of this complex provided an early indication of the depolymerization potential of these 

catalysts.   

 

 

 

 

 

Figure 2. Solid state structure of a Si-based Zn(1)2 derivative including asymmetric unit (left) and 

expanded structure (right). Ellipsoids shown at 50% probability level. All hydrogen atoms have 

been omitted from the asymmetric unit and expanded structure, in addition to tBu carbons for the 

former, for clarity.  

Despite significant effort, further attempts to isolate crystals of Zn(1)2 suitable for XRD analysis 

were unsuccessful, which could be extended to Mg(1)2. 
1H NMR spectroscopic analysis of Zn(1)2 

revealed a characteristic singlet peak at δ = 2.08 ppm corresponding to an -NH2 moiety. -CH2 

resonances were observed as two distinct broad resonances at δ = 2.82 and 2.99 ppm respectively, 

suggesting the catalyst to be both symmetrical and fluxional (Figure S3). Interestingly, Mg(1)2 

exhibited a more complex 1H NMR spectrum, possibly indicating a shift from a 4- to 6-coordinate 

metal center. Diastereotopic -CH2 and -NH2 resonances between ca. δ = 0.60 – 2.60 ppm were 

observed, implying the ligands are inequivalent and locked in position (Figure S6). HSQC analysis 
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assisted with -NH and -NH2 resonance assignment (Figures S5 and S8). 13C{1H} NMR 

spectroscopic analysis was consistent with 1H NMR analysis (Figures S4 and S7). Zn(1)2 was in 

generally good agreement with elemental analysis (EA) data obtained, demonstrating product 

purity. Conversely, Mg(1)2 exhibited C% values slightly lower than expected, consistent with the 

monohydrate product (Mg(1)2·H2O), indicating the hygroscopic nature of said complex. 

Polymerization of rac-LA 

Zn(1)2 and Mg(1)2 were trialed in the ROP of rac-LA under industrially preferred melt conditions 

(130 and 180 ºC) (Table 1), negating the need for solvent, which is typically a significant source 

of industrial waste.3,8,85-86 Initiator activity under solution conditions (25 and 80 ºC) (Table 2) was 

also assessed. The lactide monomer, rac-LA, was recrystallized from anhydrous toluene once prior 

to use and benzyl alcohol (BnOH) was employed as a co-initiator. Conversion was determined via 

analysis of the methine region (ca. δ = 4.9 - 5.2 ppm) using 1H NMR analysis. It is assumed both 

metal-complexes operate via an activated-monomer mechanism. To investigate this the stability 

of Zn(1)2 with excess BnOH was studied using 1H NMR (CDCl3), observing good stability at 25 

and 80 ºC (Figure S10). It was anticipated the presence of H-donors within the ligand framework, 

notably the -NH moiety, would promote enhanced reactivity, consistent with previous work in the 

literature.83,87-89 
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Table 1. Melt polymerization of rac-LA using Zn(1)2 and Mg(1)2. 

Reaction conditions: rac-LA (1.0 g), solvent-free (130 °C). a Determined via 1H NMR 

spectroscopy. b Theoretical average number molecular weight (Mn) dependent on conversion and 

co-initiator added {(Mr,LA × 3 × %conv) + Mn,BnOH}. c Determined via SEC analysis (in THF). d 

Determined via homonuclear decoupled NMR spectroscopy. N.B. {[rac-LA]:[M]:[BnOH] = 

3000:1:10} were performed at 180 °C. [M]:[BnOH] = 1:1 corresponds to 1 equivalent of BnOH 

per metal center. 

Table 2. Solution polymerization of rac-LA using Zn(1)2 and Mg(1)2. 

Init. 
Time 
/ min 

[rac-LA] : [M] : 
[BnOH] 

Conv.a / 
% 

Mn,theo
b / g 

mol-1 
Mn

c / g 
mol-1 

Đc Pr
d 

Zn(1)2 
< 1 300 : 1 : 1 88 38100 30650 2.99 0.48 

8 3000 : 1 : 10 72 31200 24850 1.60 0.51 

Mg(1)2 
5 300 : 1 : 1 73 31650 14850 1.61 0.50 

60 3000 : 1 : 10 57 24550 17400 1.68 0.54 

Init. 
Time 
/ min 

[rac-LA] : [M] : 
[BnOH] 

Conv.a 
/ % 

Mn,theo
b / g 

mol-1 
Mn

c / g 
mol-1 

Đc Pr
d 

Zn(1)2 

10 100:1:1 97 14100 6300 1.42 0.51 

90e 100:1:1 99 14350 -f -f -f 

30g 100:1:1 98 14200 
12300h 1.09h 0.60h 

4300 2.07 0.59 

30i 100:1:1 36 5300 -j -j -j 

120g 1000:1:10 79 11500 13300 1.11 0.58 

Mg(1)2 

10 100:1:1 78 11350 5900 1.20 0.48 

480g 100:1:1 68 9900 
5950h 1.11h 0.45h 

-f -f -f 

120g 1000:1:10 7 1100 -j -j -j 
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Reaction conditions: rac-LA (0.5 g), solvent (toluene, 80 °C). Unless otherwise stated, Mn, Đ and 

Pr values reported correspond to purified polymer (i.e. washed with MeOH).a Determined via 1H 

NMR spectroscopy. b Theoretical average number molecular weight (Mn) dependent on conversion 

and co-initiator added {(Mr,LA × %conv) + Mn,BnOH}. c Determined via SEC analysis (in THF). d 

Determined via homonuclear decoupled NMR spectroscopy. e RT in toluene. f  Insufficient 

polymeric material isolated for material characterization following degradation during polymer 

purification. g RT in CH2Cl2. 
h Crude polymer (i.e. no MeOH wash). i RT in THF. j Insufficient 

polymeric material isolated for material characterization due to low monomer conversion. N.B. 

[M]:[BnOH] = 1:1 corresponds to 1 equivalent of BnOH per metal center. 

 

 All metal complexes were highly active in the melt, achieving high conversion (73 – 88%) 

within minutes {[rac-LA]:[M]:[BnOH] = 300:1:1} (Table 1). Whilst Zn(1)2 produced a highly 

disperse polymer (Đ = 2.99), reasonable Mn control was maintained (Mn,theo = 38100 g mol-1, Mn 

= 30650 g mol-1; Table 1, Entry 1). This can likely be attributed to a rapid polymerization time (< 

1 min) hindering homogeneity, resulting in suboptimal initiation. Superior polymerization control 

(Đ = 1.60; Table 1, Entry 2) was observed upon reducing the catalyst loading to 0.033 mol% at 

180 °C { [rac-LA]:[M]:[BnOH] = 3000:1:10} (Table 1), consistent with a prolonged 

polymerization time (8 min). Mg(1)2 exhibited poorer activity relative to Zn(1)2 at 130 °C (Table 

1, Entry 3), which was exacerbated under industrially simulated conditions (57% in 60 min; Table 

1, Entry 4). Moreover, Mg(1)2 exhibited poor Mn control (Mn,theo = 31650 g mol-1, Mn = 14850 g 

mol-1; Table 1, Entry 3) at 130 °C, possibly evidencing side transesterification reactions, which 

can likely be extended to the remaining polymers. Indeed, in all instances lower Mn values than 

expected (relative to theoretical) were observed, consistent with the moderate-to-broad dispersities 
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(Đ = 1.60 – 2.99) obtained. In all instances, the production of biocompatible atactic PLA (Pr = 

0.48 – 0.54) was realized. 

 Initial work under solution conditions {[rac-LA]:[M]:[BnOH] = 100:1:1} (Table 2) 

focused on catalyst activity in toluene at 80 °C. Both complexes produced atactic PLA (Pr = 0.48 

– 0.51), achieving high conversion (78 – 97%) within 10 min, whilst observing reasonably low 

dispersities (Đ = 1.20 –  1.42) and poor Mn control (Mn,theo = 14100, 11350 g mol-1, Mn = 6300, 

5900 g mol-1; Table 2, Entries 1 and 7). Zn(1)2 retained high activity at RT, achieving 99% within 

1.5 h (Table 2, Entry 2). Since rac-LA is insoluble under these conditions, the reaction solvent was 

exchanged for CH2Cl2 to assess the impact of complete initial monomer solubilization on catalyst 

activity. Enhanced activity was observed for Zn(1)2, achieving 98% conversion within 30 min, 

whilst producing crude PLA of well-defined Mn (Mn,theo = 14200 g mol-1, Mn = 12300 g mol-1; 

Table 2, Entry 3) and narrow dispersity (Đ = 1.09). Reasonably high activity and comparable 

polymerization control were maintained upon reducing the catalyst loading to 0.1 mol% {[rac-

LA]:[M]:[BnOH] = 1000:1:10}  (Table 2, Entry 6). Exchanging the solvent for THF negatively 

influenced activity (36% in 30 min), despite achieving complete dissolution, suggesting THF 

competes with lactide coordination (Table 2, Entry 5). Comparatively, Mg(1)2 exhibited 

significantly reduced activity in CH2Cl2 at RT, achieving 68% conversion within 8 h (Table 2, 

Entry 8). Whilst crude PLA of narrow dispersity (Đ = 1.11) was isolated, reduced Mn control 

(Mn,theo = 9900 g mol-1, Mn = 5950 g mol-1; Table 2, Entry 8) was observed relative to Zn(1)2. 

Additionally, a reduction in catalyst loading {[rac-LA]:[M]:[BnOH] = 1000:1:10} (Table 2, Entry 

10) resulted in negligible monomer conversion, consistent with poor catalyst tolerance noted in 

the melt (Table 1, Entry 4). Whilst solvent exchange (toluene to CH2Cl2) had no impact on 

stereocontrol for Mg(1)2, yielding atactic PLA in all instances (Pr = 0.45 – 0.48), Zn(1)2 exhibited 
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a shift to PLA with a slight heterotactic bias (Pr = 0.58 – 0.60). Both Coates et al.90 and Ma et al.91 

have previously shown metal exchange to dramatically influence stereocontrol, absent in this 

work. Following polymer purification, Mn trends discussed for the melt were typically retained in 

solution, noting complete sample loss in some instances (Table 2, Entries 2 and 9). Consequently, 

SEC analysis was employed to investigate the impact of polymer-work up using MeOH. 

Interestingly, for PLA produced using Zn(1)2 (Table 2, Entries 3 and 4), polymer purification 

coincided with a significant decrease in Mn (Mn,crude = 12300 g mol-1, Mn,pure = 4300 g mol-1; Table 

2, Entries 3 and 4). Whilst this was reflected in an increase in dispersity (Đcrude = 1.09, Đpure = 

2.07; Table 2, Entries 3 and 4), polymer tacticity was retained. MALDI-ToF analysis confirmed 

the purified polymer to be intermolecularly transesterified (Figure S31), consistent with the 

presence of multiple series and a peak separation of 72 g mol-1, akin to PLA produced at 80 °C 

(Table 2, Entry 1) (Figure S32). In contrast, the crude polymer displayed a single series with a 

peak separation of 144 g mol-1 (Figure S30), corresponding to the monomer unit. MALDI-ToF 

analysis confirmed both the crude and purified polymer (Table 2, Entries 3 and 4) to be -OBn and 

H-end capped. Very few methanolysis events are required to achieve a significant decrease in Mn. 

Consequently, the benzoxy end-cap is detected exclusively (relative to -OMe and -H, as expected 

for methanolysis) since it is statistically dominant within the sample. Varying degrees of 

transesterification between samples (Table 1 and 2) implies a dependence on both catalyst type 

and loading. Indeed, reducing the loading of Zn(1)2 from 1 to 0.1 mol% was found to preserve 

sample integrity following polymer work-up, consistent with SEC analysis (Mn,theo = 11500 g mol-

1, Mn = 13300 g mol-1, Đ = 1.11; Table 2, Entry 6). Shifting from methanol to higher chain alcohols 

(e.g. ethanol, propanol and butanol) has previously been shown to coincide with a significant 

decrease in transesterification, and thus is proposed as an alternative polymer work-up procedure 
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at higher catalyst loadings.36 Sample loss and generally poorer Mn control implicates Mg(1)2 as a 

possibly better transesterification catalyst relative to Zn(1)2, consistent with the melt (Table 1, 

Entry 3). 

In summary, Zn(1)2 exhibited high activity in the melt, which was retained in solution. 

Careful consideration of the reaction conditions used, coupled with polymer work-up, enabled the 

rapid production of  biocompatible PLA of well-defined Mn and low dispersities in solution. Metal 

exchange to Mg(II) typically resulted in a loss of activity and polymerization control. 

Polymerization Kinetics 

Metal exchange was found to have a dramatic impact on catalyst activity and polymerization 

control, notably under solution conditions (Table 2). Consequently, a kinetic study was pursued 

for Zn(1)2 and Mg(1)2 in CH2Cl2 at RT. A plot of ln([LA]0/[LA]t) against time exhibited a linear 

relationship, confirming the reaction to proceed pseudo-first-order with respect to the consumption 

of rac-LA (Figure 3). 

 

Figure 3. Pseudo-first-order logarithmic plot for the polymerization of rac-LA at RT in CH2Cl2 

{[rac-LA]:[M]:[BnOH] = 100:1:1} using Zn(1)2 and Mg(1)2. 
a [rac-LA]:[M]:[BnOH] = 
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1000:1:10. N.B. [LA]0 = 0.69 mol dm-3. Data points at 300 and 360 min for Mg(1)2 were not 

collected.  

Zn(1)2 exhibited an apparent rate constant (kapp) of 0.082 min-1, outperforming Mg(1)2 (kapp = 

0.0024 min-1) by a factor of over 30 under identical conditions {[rac-LA]:[M]:[BnOH] = 100:1:1}, 

consistent with solution results (Table 2). SEC analysis of aliquots retained for Zn(1)2 

demonstrated a linear increase in Mn with conversion, whilst maintaining narrow dispersities, 

indicating the polymerization to be well-controlled (Figure 4). The apparent gradient (Mr = 108.42 

g mol-1) is in reasonably good agreement with the theoretical monomer value (Mr = 144.12 g mol-

1), indicating one polymer chain is growing per Zn(II) center. Promisingly, Zn(1)2 retained superior 

activity (kapp = 0.0089 min-1) relative to Mg(1)2 upon reducing the catalyst loading to 0.1 mol% 

{[rac-LA]:[M]:[BnOH] = 1000:1:10} (Figure 3). 

 

Figure 4. Plot of Mn and Đ against conversion for the solution polymerization of rac-LA in CH2Cl2 

at RT {[rac-LA]:[M]:[BnOH] = 100:1:1} using Zn(1)2.  

The influence of metal exchange on activity can likely be attributed to aforementioned catalyst 

structural differences. For Zn(1)2, the structure is noted as symmetric and fluxional, indicating the 
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coordinating ligand is labile and thus the terminal -NH2 may be more readily available for 

donation.  

 Whilst Zn(1)2 displayed impressive activity in solution at RT (TOFs up to 184 h-1), this 

remains lower compared to the state-of-the-art, namely dizinc catalysts developed by Williams 

and co-workers (TOFs up to 60,000 h-1 in THF).92  

Chemical Recycling of PLA 

 PLA Degradation: Both Zn(1)2 and Mg(1)2 were investigated in the metal-mediated 

degradation of PLA into Me-LA (Scheme 2). Me-LA is a possible green solvent replacement and 

potentially valuable chemical to the PLA supply chain since it can be directly converted to lactide, 

furthering a circular economy approach.3,34,77 Commercially available polymer (0.25 g, PLLA cup, 

Mn = 45,510 g mol-1) and catalyst were dissolved in THF with heat and stirring assisting 

dissolution. MeOH was then added and product conversion (Me-LA) was determined by 1H NMR 

analysis of the methine region (ca. δ = 4.2–5.2 ppm). Catalyst tolerance to residual moisture was 

demonstrated through the use of wet-solvents, whilst Zn(1)2 appeared stable in air in solution 

(Figure S9). The production of Me-LA has previously been shown to proceed via a two-step 

process through the intermediate formation of chain-end groups (Figure S13).61 Consequently, the 

methine groups can be defined as internal (int), chain-end (CE) and those corresponding directly 

to the alkyl lactate (A-LA). Internal methine conversion (Xint), A-LA selectivity (SA-LA) and A-LA 

yield (YA-LA) are tabulated in Tables 3 and 4 below. Overall, mass transfer limitations due to 

polymer particle size and stirring speeds were considered negligible based on previous work by 

Román-Ramírez et al.61, who employed a comparable homoleptic Zn(II)-complex based on an 

ethylenediamine Schiff-base ligand. 
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Scheme 2. Metal-mediated degradation mechanism of PLA, PET and PCL via transesterification, 

where R denotes the growing polymer chain. 
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Table 3. PLA methanolysis using Zn(1)2 and Mg(1)2 at 80 °C.  

Reaction conditions: 0.25 g of PLLA cup (Mn = 45,510 g mol−1), VTHF:VMeOH = 4:1, nMeOH:nester = 

7:1, Zn(1)2 = 4 – 8 wt% cat. loading (0.01 – 0.02 g, 0.48 – 0.96 mol% relative to ester linkages), 

Mg(1)2 = 4 – 8 wt% cat. loading (0.01 – 0.02 g, 0.52 - 1.0 mol% relative to ester linkages). a PLA-

based 3D printing material (0.25 g). b Alcohol: Ethanol, nEt-OH:nester = 7:1. c Solvent: 2-

methyltetrahydrofuran (2Me-THF), V2Me-THF:VMeOH = 4:1. d PLLA cup (0.25 g) + PVC (0.025 g, 

10 wt%, Sigma Aldrich, Mn ∼ 22,000 g mol−1). 

Preliminary work focused on PLA methanolysis at 80 °C in THF (Table 3). Zn(1)2 exhibited good 

activity, achieving complete PLA consumption (Xint = 100%) and 89% conversion to Me-LA 

within 3 h at 4 wt% cat. loading (Table 3, Entry 1). Comparable activity was maintained for Mg(1)2 

(YMe-LA = 91%, SMe-LA = 91%) under analogous conditions (Table 3, Entry 7), contrasting 

polymerization results (Figure 3). Increasing the loading of Zn(1)2 to 8 wt% coincided with a 

reduction in degradation time to 1.5 h, as expected (Table 3, Entry 6). Alternative commercial 

sources of PLA were also degraded using Zn(1)2 at 4 wt%. Substituting the cup for PLA-based 3D 

Catalyst Time / h T / °C Cat. Loading / wt% YA-LA / % SA-LA / % Xint / % 

Zn(1)2 

3 80 4 89 89 100 

3a 80 4 48 52 93 

8b 80 4 27 34 79 

3c 80 4 71 71 100 

3d 80 4 94 94 100 

1.5 80 8 93 93 100 

Mg(1)2 3 80 4 91 91 100 
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printing material coincided with a significant reduction in Me-LA yield and selectivity (YMe-LA = 

48%, SMe-LA = 52%), although near complete consumption of PLA (Xint = 93%) was retained (Table 

3, Entry 2). This can likely be attributed to a higher concentration of additives inhibiting catalyst 

activity, consistent with an opaque reaction medium. However, excellent catalyst tolerance was 

observed in the presence of poly(vinyl chloride) (PVC) (Table 3, Entry 5), a pervasive waste 

stream contaminant, highlighting system sensitivity to feed impurities. 2Me-THF was investigated 

as a “greener” alternative to THF.93 Poorer Me-LA yield and selectivity (YMe-LA = 71%, SMe-LA = 

71%) were observed, consistent with previous work by McKeown et al.67 (Table 3, Entry 4), 

highlighting the importance of catalyst-solvent compatibility. The use of EtOH for the production 

of ethyl lactate (Et-LA) was also demonstrated (Table 3, Entry 3), noting a significant reduction 

in activity (YEt-LA = 27%, SEt-LA = 34% within 8 h), consistent with EtOH being a poorer nucleophile 

relative to MeOH. 

 In pursuit of a more sustainable recycling process, PLA methanolysis at 50 °C was also 

investigated (Table 4). Interestingly, a reduction in temperature had no appreciable impact on 

activity, contrasting our previous work59, observing comparable reactivity trends (Table 4, Entries 

2-3 and 9-10). To improve industrial feasibility, the catalyst loading was further reduced to 2 wt% 

(Table 4, Entries 1 and 8). Whilst a prolonged degradation time was required (6 h), Mg(1)2 

exhibited excellent catalyst tolerance (YMe-LA = 89%, SMe-LA = 89%) to trace impurities, whilst 

Zn(1)2 displayed a significant drop off in productivity (YMe-LA = 28%, SMe-LA = 35%). For 

comparison, Zn(OAc)2·2H2O and Mg(OAc)2·4H2O were tested as air-stable and commercially 

available alternatives (Table 4, Entries 6 and 12). In both instances, inferior performance was 

observed, demonstrating the need for ligated catalysts. Additionally, free ligand (1H) was also 

shown to be inactive for PLA methanolysis (YMe-LA = 0%, SMe-LA = 0%, Xint = 7%), highlighting the 
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importance of metal-ligand cooperativity (Table 4, Entry 7). Degradation reactions were also 

performed at room temperature using Zn(1)2 and Mg(1)2 to investigate the temperature limit at 8 

wt%. For Zn(1)2, a significant reduction in activity was observed relative to 50 °C, achieving 

incomplete PLA consumption (Xint = 67%) and 17% Me-LA yield within 24 h, as expected (Table 

4, Entry 4). The use of a large excess of MeOH (24.7 equiv.) was found to compensate for this 

activity loss, achieving comparable PLA consumption (Xint = 68%) within 16 h (Table 4, Entry 5). 

Interestingly, a significantly higher Me-LA yield was obtained (YMe-LA = 55%), presumably due to 

an equilibrium shift (Figure S13), consistent with enhanced product selectivity (SMe-LA = 81%). 

Whilst impressive given the scarcity of metal-mediated degradations performed at room 

temperature, activity remains lower compared to a Zn(HMDS)2 system reported by Wang and co-

workers (99% Me-LA within 2 h under analogous conditions).64 However, Zn(1)2 represents a 

cheaper, more well-controlled and air-stable alternative to Zn(HMDS)2. Mg(1)2 maintained 

reasonably good performance without the need for excess MeOH, achieving complete PLA 

consumption (Xint = 100%) and 85% Me-LA yield within 5.5 h, highlighting the importance of 

structure-activity relationships (Table 4, Entry 11). To the best of our knowledge, this is first  

example of PLA methanolysis mediated by a discrete Mg(II)-complex at room temperature. 
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Table 4. PLA methanolysis using Zn(1)2 and Mg(1)2 at 50 °C and room temperature. 

 Reaction conditions: 0.25 g of PLLA cup (Mn = 45,510 g mol−1), VTHF:VMeOH = 4:1, nMeOH:nester = 

7:1, Zn(1)2 = 4 – 8 wt% cat. loading (0.01 – 0.02 g, 0.48 – 0.96 mol% relative to ester linkages), 

Mg(1)2 = 4 – 8 wt% cat. loading (0.01 – 0.02 g, 0.52 - 1.0 mol% relative to ester linkages),  

Zn(OAc)2·2H2O = 8 wt% cat. loading (0.02 g, 2.6 mol% relative to ester linkages), 1H (i.e free 

ligand) = 8 wt% cat. loading (0.02 g, 2.1 mol% relative to ester linkages), Mg(OAc)2·4H2O = 8 

wt% cat. loading (0.02 g, 3.6 mol% relative to ester linkages). a nMeOH:nester = 24.7:1.  

  

Catalyst 
Time / 

h 
T / °C 

Cat. Loading / 

wt% 
YA-LA / % SA-LA / % Xint / % 

Zn(1)2 

6 50 2 28 35 80 

3 50 4 92 92 100 

1.5 50 8 82 82 100 

24 25 8 17 25 67 

16a 25 8 55 81 68 

Zn(OAc)2·

2H2O 
1.5 50 8 5 24 19 

1H 1.5 50 8 0 0 7 

Mg(1)2 

6 50 2 89 89 100 

3 50 4 81 81 100 

1.5 50 8 82 82 100 

5.5 25 8 85 85 100 

Mg(OAc)2

·4H2O 
1.5 50 8 0 0 0 
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Degradation Kinetics: To investigate the effect of temperature and catalyst loading on 

activity, both Zn(1)2 and Mg(1)2 were pursued for further kinetic analysis. Reaction progress was 

monitored by taking aliquots for 1H NMR (CDCl3) analysis of the methine region at equal 

intervals, totaling between 4 to 7 data points (Figure 5). PLA consumption was assumed to adopt 

pseudo-first-order kinetics in accordance to previous work by Román-Ramírez et al.61 As such, 

the gradient of the logarithmic plot is equivalent to the apparent rate constant, kapp, which are 

tabulated in Table 5 below.  

 

Figure 5. Pseudo-first-order logarithmic plot for the degradation of a PLA cup using Zn(1)2 and 

Mg(1)2 at 8 wt% cat. loading (0.02 g, 0.96 – 1 mol% relative to ester linkages) in THF at 50 °C. a 

Mg(1)2 = 4 wt% cat. loading (0.01 g, 0.52 mol% relative to ester linkages). b Zn(1)2 = 4 wt% cat. 

loading (0.01 g, 0.48 mol% relative to ester linkages). c Mg(1)2 = 4 wt% at 80 °C. d Zn(1)2 = 4 

wt% at 80 °C.  
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 Table 5. PLA cup degradation using using Zn(1)2 and Mg(1)2 in THF. 

Reaction conditions: 0.25 g of PLLA cup (Mn = 45,510 g mol−1), VTHF:VMeOH = 4:1, nMeOH:nester = 

7:1, Zn(1)2 = 4 – 8 wt% cat. loading (0.01 – 0.02 g, 0.48 – 0.96 mol% relative to ester linkages), 

Mg(1)2 = 4 – 8 wt% cat. loading (0.01 – 0.02 g, 0.52 - 1.0 mol% relative to ester linkages). N.B. 

YMe-LA refers to maximum Me-LA conversion in solution determined via 1H NMR (CDCl3).  

Remarkably, Mg(1)2 exhibited a kapp value of 0.23 min-1 using 8 wt% at 50 °C, culminating in one 

of the fastest and mildest metal-mediated PLA degradation systems reported to date.52-62,64 Indeed, 

near complete PLA consumption (Xint = 99%) and 85% Me-LA yield was achieved within 20 and 

30 min respectively (Figure 6). Metal exchange to Zn(II) was found to result in a statistically 

significant reduction in activity (kapp = 0.15 min-1), contrasting polymerization kinetic results 

(Figure 3), although remains competitive with the state-of-the-art.62,64 Such findings are consistent 

with Mg(1)2 generally offering poorer polymerization control relative to Zn(1)2 (Tables 1 and 2). 

In both instances, rapid initial CE production relative to Me-LA implies chain scission proceeds 

randomly and is not limited to the polymer chain-end (Figure 7), consistent with previous 

reports.61,64 Interestingly, Zn(1)2 exhibited a noticeably lower Me-LA yield (YMe-LA = 66%) after 

30 min relative to Mg(1)2 (YMe-LA = 85%) despite achieving complete PLA consumption. This can 

Catalyst T / °C Cat. Loading / wt% Time / h YMe-LA / % kapp / min-1 

Mg(1)2 50 8 1.5 96 0.23 ± 0.0076 

4 3 94 0.11 ± 0.0080 

80 4 3 79 0.055 ± 0.0026 

Zn(1)2 50 8 1.5 94 0.15 ± 0.0029 

4 3 91 0.074 ± 0.0048 

80 4 3 80 0.040 ± 0.0014 
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likely be attributed to equilibrium reversal facilitated by Zn(1)2 being a superior polymerization 

catalyst (Figure 3), consistent with slower CE consumption (Figure 7). 

 

Figure 6. PLA cup degradation plot of conversion (PLA and Me-LA) vs time at 50 °C in THF 

using Mg(1)2 and Zn(1)2 at 8 wt% catalyst loading. N.B. Dashed lines refer to PLA consumption 

(primary axis), whilst bold lines refer to Me-LA yield (secondary axis). 

 

Figure 7. PLA cup degradation plot of conversion (PLA and CE) vs time at 50 °C in THF using 

Mg(1)2 and Zn(1)2 at 8 wt% catalyst loading. N.B. Dashed lines refer to PLA consumption (primary 

axis), whilst bold lines refer to CE yield (secondary axis). 

However, Zn(1)2 displayed activity over a factor of 10 higher relative to a comparable Zn(II)-

Schiff base complex (R = N(H)Me) reported by Román-Ramírez et al.61 (kapp = 0.01 min-1 under 

identical conditions). This reactivity enhancement can likely be attributed to the incorporation of 

additional H-bond donors (-NH and -NH2) within the ligand framework, which have previously 
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been cited as playing a central role in enabling rapid transesterification.62,65,67 It is anticipated 

shifting from an ethylene- to propylenediamine backbone would result in enhanced activity owing 

to a lower ligand distortion energy, consistent with the literature.62 For both metal complexes, a 

reduction in catalyst loading to 4 wt% coincided with a statistically significant decrease in activity, 

as expected (Figure 5 and Table 5). Surprisingly, under such loadings, Mg(1)2 and Zn(1)2 exhibited 

kapp values of 0.055 and 0.040 min-1 respectively at 80 °C in THF, implying an increase in 

temperature results in a further reduction in activity (Figure 5 and Table 5). Indeed, both a 

reduction in catalyst loading and increase in temperature resulted in slower CE consumption and 

lower Me-LA yield, exemplified by Zn(1)2 (Figures S33-36), which could be extended to Mg(1)2 

(Figures S41-S44).  

Generally, marginally higher Me-LA yields were observed under all conditions (Table 5) 

relative to preliminary methanolysis results (Table 3 and 4), which can likely be attributed to 

equilibrium reversal due to removal of volatiles (THF + MeOH). Analysis of the 1H NMR spectra 

after volatile removal revealed Zn(1)2 appears to remain intact at both 50 and 80 °C (Figures S14 

and S15). The stability of Zn(1)2 in excess MeOH provides further evidence for the ligand 

remaining coordinated to the Zn(II) center (Figure S11), however coordination of the terminal 

amine to the metal during degradation cannot be excluded. Consequently, it is tentatively 

suggested an increase in temperature promotes intermediate destabilization, consistent with Zn(1)2 

exhibiting a more sporadic PLA consumption profile at 4 wt% (Figure S35). Non-Arrhenius 

behaviour has previously been reported for a Zn(II)-complex bearing a propylenediamine 

ligand.36,94 As such, it is proposed lower temperatures and metal exchange assist intermediate 

stabilization, which possibly explains the aforementioned reactivity trends. Indeed, whilst Mg(1)2 

also appears to remain intact upon volatile removal at 50 °C (Figure S16), aromatic resonances 
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appear to be significantly more shifted relative to Zn(1)2, possibly evidencing a greater change in 

the metals coordination sphere during methanolysis. 

 In summary, both Mg(1)2 and Zn(1)2 facilitated rapid PLA methanolysis under mild 

conditions, albeit slower relative to TBD, which remains the benchmark.65 Intermediate 

stabilization appeared metal and temperature dependent. 

Concurrent PLA Production and Transesterification: Given the ability of Zn(1)2 to 

facilitate both rapid PLA production and degradation in solution, a two-step proof-of-concept 

process was pursued (Figure 8). The first step involved the ROP of rac-LA in CH2Cl2 at RT {[rac-

LA]:[M]:[BnOH] = 100:1:1}. The solvent was then removed in vacuo and the resulting crude PLA 

was redissolved in THF prior to undergoing methanolysis at 50 °C. Comparable catalyst 

performance relative to the isolated steps was observed (Tables 2 and 4), indicating good 

reproducibility and catalyst stability. Upare et al.95 have previously demonstrated lactide synthesis 

from Me-LA via a pre-polymer route, providing further circularity to the PLA supply chain. 

 

 

 

 

Figure 8. Two-step process for PLA production and transesterification. Reaction conditions - Step 

1: 30 min at RT in CH2Cl2 {[rac-LA]:[M]:[BnOH] = 100:1:1}. Step 2: 1.5 h at 50 °C, VTHF:VMeOH 

= 4:1, nMeOH:nester = 7:1, Zn(1)2 = 1 mol% relative to ester linkages ≈ 8 wt% cat. loading. 
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Chemical Recycling of PET 

 Whilst PLA represents a promising emerging bio-based plastic, market penetration remains low 

with bio-based plastics accounting for ca. 1% of global plastic production.77 Consequently, our 

attention shifted to PET, a commercial polyester with a significantly higher market share. Whilst 

Mg(1)2 exhibited superior activity for PLA methanolysis, Zn(1)2 was pursued due to its ease of 

preparation, scalability and stability. Unless otherwise stated, bottle-grade PET (Mn ~ 40,000 g 

mol-1) was used. Degradation products were isolated as solids and characterized by a combination 

of 1H NMR and 13C{1H} NMR spectroscopy (Figures S17, S19-S25). 

 PET Methanolysis: Inspired by our recent success using an organocatalyst, namely 

TMC67, preliminary work focused on PET methanolysis to afford DMT and EG (Scheme 2 and 

Table 6). Facile DMT recovery was possible via solvent removal followed by washing with MeOH 

to afford a white solid. 

Table 6. PET methanolysis into DMT using Zn(1)2.  

 Reaction conditions: 0.25 g of bottle-grade PET (Mn ~ 40,000 g mol-1), VToluene:VMeOH = 4:1, 

nester:nMeOH = 1:19, Zn(1)2 = 8 wt% cat. loading (0.02 g, 2.5 mol% relative to ester linkages). a PET 

thin-film (0.25 g). N.B. YDMT refers to isolated yield of pure DMT. m(PET) refers to the mass of 

PET recovered after methanolysis followed by drying at 140 °C for 3 h. The bracketed value 

Catalyst Time / h T / °C 
Cat. Loading / 

wt% 
YDMT (g / %) m(PET) (g / %) 

None 48 100 - 0 (0%) 0.23 (8%) 

Zn(1)2 

48 100 8 0.12 (48%) 0.0305 (88%) 

12a 100 8 0.19 (76%) - 

1.5 150 8 0.18 (72%) - 
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corresponds to depolymerization by weight. Unless otherwise stated, complete PET dissolution 

was observed, indicative of reaction completion. 

Using comparable reaction conditions to McKeown et al.67, Zn(1)2 exhibited prolonged reaction 

times relative to TMC (16 h), although lower catalyst loadings are noted, achieving 48 and 88% 

DMT yield and PET depolymerization by mass respectively within 48 h at 100 °C (Table 6, Entry 

2). In the absence of catalyst, a dramatic reduction in process efficiency was observed, highlighting 

the ability of Zn(1)2 to facilitate PET methanolysis (Table 6, Entry 1). Increasing the temperature 

to 150 °C resulted in a significant reduction in reaction time, achieving 72% DMT yield within 1.5 

h, as expected (Table 6, Entry 4). This can likely be attributed to general insolubility of the polymer 

at lower temperatures. However, this could be circumvented by exchanging bottle-grade PET for 

a thin-film, representing waste from the manufacturing industry, consistent with previous work.60 

Indeed, complete PET dissolution was observed, affording 76% DMT within 12 h at 100 °C (Table 

6, Entry 3). Such conditions are significantly milder compared to traditional methods, which 

typically rely on elevated temperatures (180 – 280 °C) and pressures (20 – 40 atm) to be 

appreciably active.73,77 Whilst promising, we shifted our attention to glycolysis in pursuit of 

commercially in-demand chemicals. 

 PET Glycolysis:  PET glycolysis is an established commercial process with the use of EG 

furnishing both BHET and EG, which constitute the monomeric units of PET (Scheme 2). Value-

added products from BHET include the production of unsaturated polyester resins, among 

others.73,77 Traditionally, high temperatures (180 – 240 °C) and prolonged reaction times (0.5 – 8 h) 

in the presence of a transesterification catalyst are required to achieve appreciable conversion.77,79 

Moreover, high EG:PET (≥5:1) are often used to mediate the formation of higher chain 

oligomers.79 Consequently, a reaction temperature of 180 °C and an excess of EG (27.5 equiv.) in 
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the presence of 8 wt% Zn(1)2 were initially selected (Table 7). Zn(OAc)2·2H2O (Sigma Aldrich) 

was chosen as an air-stable, commercially available reference. BHET was recovered via 

recrystallization from deionized H2O. 

Table 7. PET glycolysis into BHET using Zn(1)2 at 180 °C. 

Reaction conditions: 0.25 g of bottle-grade PET (Mn ~ 40,000 g mol-1), 27.5 equivalents (2 mL) of 

EG (relative to ester linkages). Ref: Zn(OAc)2·2H2O = 8 wt% cat. loading (0.02 g, 7 mol% relative 

to ester linkages), Zn(1)2 = 8 wt% cat. loading (0.02 g, 2.5 mol% relative to ester linkages).a PET 

thin-film (0.25 g). b Bottle-grade PET (0.25 g) + PVC (0.025 g, 10 wt%, Sigma Aldrich, Mn ∼22 

000 g mol−1). N.B. YBHET refers to the isolated yield of pure BHET recrystallized from deionized 

H2O, followed by drying at 90 °C for 3 h in vacuo. 

 

 

 

 

Catalyst Time / h T / °C 
Cat. Loading / 

wt% 
EG / equiv. YBHET (g / %) 

Zn(OAc)2.2H2O 
4 180 8 27.5 0.16 (48%) 

2a 180 8 27.5 0.14 (42%) 

Zn(1)2 

1 180 8 27.5 0.19 (58%) 

1b 180 8 27.5 0.16 (48%) 

0.33a 180 8 27.5 0.19 (59%) 
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Zn(1)2 exhibited excellent activity, achieving complete PET consumption and 58% BHET yield 

within 1 h at 180 °C, among the most active discrete metal-based catalysts reported to date (Table 

7, Entry 3).60,80-82 Comparable process efficiency was retained in the presence of 10 wt% PVC 

(YBHET = 48%, Table 7, Entry 4), demonstrating good catalyst tolerance. This is particularly 

attractive from an industrial perspective since PVC contamination as low as 100 ppm has 

previously been reported to adversely impact the quality of the final recycled product.79 

Promisingly, complete PET consumption could be achieved within 20 min using a thin-film, whilst 

retaining good BHET yield (YBHET = 59%, Table 7, Entry 5), consistent with methanolysis results 

(Table 6). For both sources of PET, Zn(1)2 outperformed Zn(OAc)2·2H2O, which displayed 

comparable reactivity trends (Table 7, Entries 1 and 2). This is despite the reference being present 

in a large molar excess (7 mol%), highlighting the need for ligated catalysts. All reaction times 

reflect the time taken to achieve complete PET dissolution, indicative of reaction completion. 

However, BHET yields < 60% were observed in all cases, likely due to the production of water-

soluble higher chain oligomers.72-77,79 Indeed, 1H NMR (D6-DMSO) analysis of a reaction aliquot 

after 1 h using Zn(1)2 (Table 7, Entry 4) indicates the presence of BHET exclusively prior to the 

addition of deionized H2O (Figure S18). The effect of catalyst loading, reaction time and molar 

quantity of EG {n(EG)} on BHET yield was investigated, adopting a one-variable-at-a-time 

(OVAT) approach. 

  Initial work focused on variation of the catalyst loading between 2 – 8 wt% at 180 °C for 

1 h  (Figure 9). Overall a reduction in catalyst loading coincided with a decrease in BHET yield 

(YBHET = 36-58%), consistent with the literature.81-82,96-97 Complete PET consumption was 

maintained between 4 – 8 wt%, noting a reduction to 74% by mass at 2 wt%. Despite this, 
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comparable BHET yield was retained between 2 – 4 wt% (YBHET = 36-42%). Indeed, lowering the 

catalyst loading has previously been shown to increase BHET yield.98 

 

Figure 9. Plot of PET depolymerization by mass and BHET yield dependence on catalyst loading. 

Reaction conditions: 1 h at 180 °C, 0.25 g of bottle-grade PET (Mn ~ 40,000 g mol-1), 27.5 

equivalents (2 mL) of EG (relative to ester linkages), Zn(1)2 = 2 - 8 wt% cat. loading (0.005 – 0.02 

g, 0.64 – 2.5 mol% relative to ester linkages). N.B. YBHET refers to the isolated yield of pure BHET 

recrystallized from deionized H2O, followed by drying at 90 °C for 3 h in vacuo.  

Given the highest BHET yield was obtained at 8 wt% (Figure 9 and Table 7, Entry 3), the 

influence of n(EG) (13.8 – 27.5 equivalents, 1 – 2 mL) was investigated under identical reaction 

conditions (Figure 10). PET consumption and BHET yield appeared reasonably independent of 

n(EG), achieving 100% depolymerization by mass in all instances and a maximum yield of up to 

64% using 20.6 equivalents of EG. Previous work has highlighted a strong dependence of BHET 

yield on n(EG), possibly evidencing recrystallization limitations in this work.81,96-98  
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Figure 10. Plot of PET depolymerization by mass and BHET yield dependence on molar quantity 

of EG. Reaction conditions: 1h at 180 °C, 0.25 g of bottle-grade PET (Mn ~ 40,000 g mol-1), 13.8 

– 27.5 (1 – 2 mL) equivalents of EG (relative to ester linkages), Zn(1)2 = 8 wt% cat. loading (0.02 

g, 2.5 mol% relative to ester linkages). N.B. YBHET refers to the isolated yield of pure BHET 

recrystallized from deionized H2O, followed by drying at 90 °C for 3 h in vacuo.  

To further optimise the BHET yield obtained using 20.6 equivalents of EG (1.5 mL) 

(Figure 10), the effect of reaction time was also investigated. Indeed, previous reports have noted 

enhanced BHET yield with prolonged reaction times.81,98-99 Consequently, the reaction time was 

varied between 1 – 3 h at 180 °C (Figure 11). A slight reduction in BHET yield from 64 to 58% is 

noted between 1 – 2 h prior to equilibration, consistent with the literature.81,96  
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Figure 11. Plot of PET depolymerization by mass and BHET yield dependence on reaction time. 

Reaction conditions: 180 °C, 0.25 g of bottle-grade PET (Mn ~ 40,000 g mol-1), 20.6 equivalents 

of EG (relative to ester linkages), Zn(1)2 = 8 wt% cat. loading (0.02 g, 2.5 mol% relative to ester 

linkages). N.B. YBHET refers to the isolated yield of pure BHET recrystallized from deionized H2O, 

followed by drying at 90 °C for 3 h in vacuo.  

System optimization via an OVAT approach found the following conditions optimal for 

PET glycolysis using Zn(1)2: 1 h at 180 °C, 8 wt% cat. loading, 20.6 equiv. of EG. Comparatively, 

Mg(1)2 offered significantly reduced activity under such conditions (Figure S45), highlighting the 

importance of system compatibility.  

In summary, Zn(1)2 exhibited excellent activity, achieving 64% BHET yield within 1 h at 

180 °C under optimal conditions. Such high activity can likely be attributed to the presence of H-

bond donors, consistent with previous computational studies using organocatalysts, namely TBD 

and urea.100-101  

Selective PLA-PET Degradation: Given the propensity of Zn(1)2 to facilitate both PLA 

and PET degradation, a selective chemical recycling strategy was envisaged. Despite industrial 

relevance, literature examples remain limited.45,48-50,102-103 Consequently, two strategies (A and B) 

are presented in Figure 12. Optimal conditions for both PLA methanolysis (Figure 5) and PET 
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glycolysis (Figure S45) were used. Both strategies relied on PET being unreactive under 

methanolysis conditions, which enabled separation post-reaction.102 Strategy A is characterized by 

catalyst-recovery via distillation (2) to obtain pure Me-LA post-methanolysis (1). Whilst this 

enabled Zn(1)2 to be reused for glycolysis (3), poorer activity was observed relative to the isolated 

step (Figure S45), noting incomplete PET consumption (77% by mass) and poorer BHET yield 

(YBHET = 15%). This can likely be attributed to catalyst deactivation owing to the harsh distillation 

temperatures employed (T = 170 °C), consistent with activity loss relative to step (1). However, 

this could be circumvented in strategy B by introducing a filtration step prior to distillation, which 

necessitated a fresh batch of Zn(1)2 was added pre-glycolysis due to extraction in the filtrate. 

Process efficiency was preserved (YBHET = 60%), enabling degradation to be performed on a 

multigram scale (5 g). 

 

 

 

 

 

 

Figure 12. Selective chemical recycling strategy for a mixed PLA-PET feed: (A) Catalyst 

recovery-reuse via distillation and (B): Catalyst extraction via filtration. Input feed: PLA cup (Mn 

= 45,510 g mol−1), bottle-grade PET (Mn ~ 40,000 g mol-1). Reaction conditions used for (A): (1) 
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1.5 h at 50 °C, VTHF:VMeOH = 4:1, nMeOH:nester = 7:1, Zn(1)2 = 8 wt% cat. loading (0.02 g, 0.96 mol% 

relative to ester linkages), (3) 1 h at 180 °C, 0.25 g of bottle-grade PET (Mn ~ 40,000 g mol-1), 

20.6 equivalents (1.5 mL) of EG (relative to ester linkages), Zn(1)2 = 8 wt% cat. loading (0.02 g, 

2.5 mol% relative to ester linkages). N.B. Identical reaction conditions were used for (B), applying 

a quantity scale up factor of 20.  

PET aminolysis: To broaden substrate scope, bottle-grade PET was successfully broken 

down via aminolysis (Scheme 3). Hedrick and co-workers have previously shown TBD (~ 5 mol%) 

to be a potent catalyst for PET aminolysis, thus identical reaction conditions were used for 

comparison (Table 8).78 Since aminolysis is more thermodynamically favorable than glycolysis, 

notably milder conditions are noted (120 – 150 °C).72-73,77 Reaction times (1 -2 h) refer to the time 

taken to achieve complete PET dissolution, indicative of reaction completion. Facile product 

recovery was possible via washing or recrystallization, yielding white powders. 

 

Scheme 3. Metal-mediated PET aminolysis into terephthalamides (TPA) in the presence of both 

aliphatic and aromatic amines. 
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Table 8. PET aminolysis into terephthalamides using Zn(1)2.  

Reaction conditions: Bottle-grade PET (0.24 g, Mn ~ 40,000 g mol-1), Zn(1)2 = 8 wt% cat. loading 

(0.019 g, 2.5 mol% relative to ester linkages). Benzyl amine (6.0 equiv.), ethanolamine (6.4 equiv.) 

and m-xylxylenediamine (16 equiv.) were used for the production of DBT, BHETA and 3-AMBT 

respectively. YTPA referes to isolated yield of terephthalamide. 

Both aliphatic and aromatic amines (6.0 – 16 equiv.) were employed, furnishing high value 

terephthalamides in good to excellent yield (45 – 84%), demonstrating catalyst versatility. 

Reactivity trends were consistent with previous work, generally requiring elevated temperatures, 

prolonged reaction times or a large molar excess for aromatic amines owing to reduced 

nucleophilicity.78 Promisingly, Zn(1)2 remained competitive with TBD at a notably lower catalyst 

loading (2.5 mol%). PET aminolysis has also previously been reported to proceed within 

reasonable timeframes with no catalyst.78,104 Consequently, PET aminolysis in the absence of 

catalyst was investigated (Table 8, Entry 3). Using BHETA as a model system, a prolonged 

reaction time of 3 h is required to achieve comparable product yield (88%), highlighting reduced 

process efficiency. To the best of our knowledge, such work encompasses the first example of PET 

aminolysis mediated by a homogeneous discrete metal-based catalyst.  

PCL: PCL is a non-renewable biodegradable polyester with potential biomedical applications.105 

Given a recent resurgence in the field, a clear opportunity exists to develop sustainable chemical 

Catalyst Time / h T / °C Cat. Loading / 

wt% 

Amine / 

equiv. 

TPA YTPA (g / %) 

Zn(1)2 

2 150 8 6.0 DBT 0.27 (64%) 

2 120 8 6.4 BHETA 0.27 (84%) 

3 120 No cat. 6.4 BHETA 0.28 (88%) 

1 150 8 16 3-AMBT 0.23 (45%) 
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recycling strategies (Scheme 2). Transesterification with MeOH affords methyl 6-

hydroxyhexanoate. Whilst not directly amenable to repolymerization, this product possesses a 

relatively high market value (Fluorochem, 1 g, $425.50), highlighting significant upcycling 

potential relative to PCL (Merck, 100 g, $128.21). Initial work focused on the degradation of 

commercially available PCL beads (Mn ~ 45,000 g mol-1) in THF using 8 wt% Zn(1)2 (Table 9), 

whilst reaction progress was monitored using 1H NMR (Figure S26). 

Table 9. PCL methanolysis into methyl 6-hydroxyhexanoate using Zn(1)2 and Mg(1)2. 

Reaction conditions: : 0.25 g of PCL beads (Mn ~ 45,000 g mol-1), nPCL:nMeOH = 1:11 (based on 

ester linkages). a Solvent = THF, VTHF:VMeOH = 4:1. b Solvent = toluene, VToluene:VMeOH = 4:1. c 0.25 

g of PCL powder (Mn ~ 10,000 g mol-1). d 0.125 g of PCL beads (Mn ~ 45,000 g mol-1), solvent = 

toluene, VToluene:VMeOH = 2:1. N.B. YMethyl 6-hydroxyhexanoate refers to product yield in solution as 

determined by 1H NMR analysis (CDCl3), 

Promisingly, methanolysis was possible at temperatures as low as 50 °C, contrary to previous work 

by McKeown et al.67 using TMC (Table 9, Entry 1). However, prolonged reaction times (20 h) 

were required to achieve appreciable product yield (69%) as noted by Wang and co-workers.64 

Increased resistance to degradation is possibly related to greater crystallinity and hydrophobicity 

relative to PLA.67 To explore catalyst activity at higher temperatures, the solvent was exchanged 

Catalyst Time / h T / °C Cat. Loading / wt% YMethyl 6-hydroxyhexanoate / 

% 

Zn(1)2 

20a 50 8 69 

4b 100 8 89 

2b,c 100 8 84 

Mg(1)2 4b,d 100 8 58 
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with toluene. Increasing the reaction temperature to 100 °C resulted in a shorter reaction time and 

enhanced product yield, achieving 89% methyl 6-hydroxyhexanoate within 4 h (Table 9, Entry 2). 

Mg(1)2 exhibited poorer activity under identical reaction conditions (Table 9, Entry 4), consistent 

with glycolysis results (Figure S45). Exchanging PCL beads for powder (Mn ~ 10,000 g mol-1) 

enabled the reaction time to be reduced further (2 h), highlighting a dependence of degradation 

activity on Mn. A homogeneous solution was observed within 5 minutes under all conditions, 

indicating sample dissolution is not rate limiting. To the best of our knowledge, such work 

represents the first example of PCL methanolysis mediated by discrete metal-based complexes. 

Conclusions 

Homoleptic complexes of Zn(II) and Mg(II) based on a tridentate {NNO} ligand have been 

prepared and fully characterized. Zn(1)2 exhibited high activity for the production of 

biocompatible atactic PLA under both industrially relevant melt conditions and at room 

temperature in CH2Cl2 (TOF = 184 h-1). Both Mg(1)2 and Zn(1)2 were shown to facilitate rapid 

PLA methanolysis under mild conditions, achieving up to 85% Me-LA yield within 30 min at 50 

°C in THF. Further kinetic analysis found Mg(1)2 and Zn(1)2 to exhibit kapp values of 0.23 ± 0.0076 

and  0.15 ± 0.0029  min-1 respectively {8 wt% cat. loading}, competitive with the state-of-the-art. 

Inferior performance was noted at elevated temperatures, potentially evidencing intermediate 

destabilization. Zn(1)2 retained excellent activity for both PET and PCL degradation, 

demonstrating catalyst versatility, whilst a selective recycling strategy for a mixed PLA-PET feed 

was demonstrated on a multi-gram scale. Various upcycling strategies (e.g. methanolysis, 

glycolysis and aminolysis) were employed to achieve a broad substrate scope, which included 

BHET, high value terephthalamides and methyl 6-hydroxyhexanoate. Optimal glycolysis 

conditions using Zn(1)2 enabled 64% BHET yield within 1 h at 180 °C, a rare example of PET 
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glycolysis mediated by a discrete homogeneous metal-based catalyst. The application of such 

catalysts for PET aminolysis and PCL methanolysis has been reported for the first time. In all 

instances, metal exchange was found to profoundly influence catalyst activity and appeared system 

dependent. A possible new class of ligands for the field, we highlight significant scope for further 

optimization, which remains an ongoing endeavor. 
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