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The Bigger Picture

The development of

biorenewable and chemically

recyclable plastics holds real

potential to not only preserve

natural resources but also solve

the end-of-life issue of plastic

waste. However, materializing

such potential and ultimately

establishing a circular plastics

economy requires that three

challenges be met: energy cost,

depolymerization selectivity, and

depolymerizability and

performance tradeoffs. Recent

advances made in this field,

especially the discovery of

infinitely recyclable plastics, have

yielded feasible solutions and

design principles. Future

directions will focus on designing

monomer and polymer structures

that deliver properties and

performances for tailored

application needs while

maintaining complete

recyclability and catalyst

structures and integrated

processes with high (de)

polymerization activity,

selectivity, and efficiency,

ultimately solving the severe

worldwide environmental

problems created by non-

recyclable plastics production and

disposal.
Plastics, used in countless consumer products that our daily lives depend on,

have become indispensable materials essential for modern life and the global

economy. At the same time, currently unsustainable practices in the production

and disposal of plastics continue to deplete our finite natural resources and

create severe worldwide environmental consequences. In the search for feasible

solutions to these issues, significant recent advances have been made in devel-

oping chemically recyclable plastics, which allow for recovery of the building-

block chemicals via depolymerization, for repolymerization to virgin-quality

plastics, or for creative repurposing into value-added materials. Among such

recyclable plastics, polyesters derived from renewable cyclic esters possess

real potential to meet these challenges. Hence, this review highlights the plas-

tics derived from common four-, five-, six-, seven-, and eight-membered cyclic

esters by covering synthetic strategies, material properties, and, particularly,

chemical recyclability. Such studies have culminated a recent discovery of infi-

nitely recyclable plastics with properties of common plastics.

INTRODUCTION

Since the commercial development of plastics in the 1930s and 1940s, they are now

the most widely used man-made substances—ranging from food packaging,

clothing, medical supplies, and construction materials to space exploration—thanks

to their versatility in material properties, such as resistance to corrosion, light weight,

high strength, transparency, low toxicity, and durability. The production of plastics is

continuously increasing each year; specifically, plastics production has increased

20-fold since the 1960s, having reached 335 million tons in 2016, and is expected

to rack up to over 1.12 billion tons in 2050.1 By then, the plastics sector will account

for �20% of total oil consumption and 15% of the global annual carbon budget,

considering the fact that over 90% of plastics produced currently are derived from

finite fossil feedstocks.1 Moreover, durability, one of plastic’s greatest assets, also

resulted in the tremendous growth of disposed plastics (and other types of poly-

mers) waste, which has brought about severe environmental consequences.2–5 A sig-

nificant portion of the plastics produced enters and accumulates in marine ecosys-

tems and may persist for hundreds of years,6–9 causing the entanglement of

wildlife.10–12 If no changes are made, by 2050 the ocean is expected to contain

more plastics than fish (by weight).1

Tackling these existing plastic waste problems requires efforts and greater cooper-

ation by all the key players, from plastics producers to recyclers, retailers, and con-

sumers.13 At present, recycling and reuse is a direct way to reduce greenhouse gas

emissions and fossil fuel use as well as minimize landfill deposition. Current recycling

processes rely mainly on primary recycling (termed closed-loop recycling, reproc-

essing an uncontaminated, single plastic to give a product used for the same pur-

pose as the original plastic) and secondary (mechanical) recycling (often called
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‘‘downcycling,’’ affording lower-in-value materials with different uses from the orig-

inal material).14 However, the recovery rate of plastic waste for recycling is rather

low, only 9.5% in the United States in 2014,15 indicating that there is much room

for improvement and highlighting the potential of the plastic recycling industry to

contribute significantly to the global economy.16 Even with current practices of recy-

cling, it is estimated that about 95% of plastic materials value ($80–$120 billion)

annually is lost to the economy after a single use.1 Moreover, both primary and sec-

ondary recycling involve sorting, grounding, washing, and extruding, which cause

varying degrees of polymer degradation, resulting in the limited number of reproc-

essing cycles of polymers. Ultimately, most polymers are landfilled or incinerated,

which causes environmental pollution again.

Exploring feasible strategies for more sustainable future plastics production and

disposal, the development of biodegradable polymers provides part of the solution,

but no building-block chemicals are typically recovered, and degraded materials

could create new or unintended environmental consequences, especially in the

oceans. Industrial mechanical recycling always suffers from a significant quality

loss (thus downcycling). It is argued that the development of biorenewable and

chemically recyclable polymers offers a feasible solution to preserve our finite natu-

ral resources and solve the end-of-life issue of plastic waste. The chemically recy-

clable polymers are capable of being returned to the corresponding monomers in

a depolymerization process for repolymerization to virgin-quality polymers or being

converted to higher-value or value-added materials in an upcycling or repurposing

process.17 Thus, this depolymerization and/or upcycling process, or chemical recy-

cling process, can also reduce the demand for finite raw materials and minimize the

negative impact on the environment.18–20 This seemingly ideal strategy has moti-

vated the research on the exploration of chemically recyclable polymers and also

the mild processes for the catalytic conversion of the recyclable polymers to mono-

mers or new polymers, namely chemolysis (by depolymerizing or decomposing the

polymer in the presence of a chemical catalyst, typically needing relatively low tem-

perature or even ambient temperature). However, the reasons that limit the chemical

recycling approach are mainly the high energy costs, especially in the case of ther-

molysis (by heating the polymer to its decomposition temperature in the absence

of oxygen, typically requiring relatively high temperature), the often poor selectivity

involved in chemical recycling processes and circular monomer-polymer-monomer

cycles, as well as tradeoffs between polymers’ depolymerizability and proper-

ties.21,22 Therefore, to advance plastic recycling practices, improving chemical recy-

cling selectivity and efficiency through monomer and polymer design and catalyst

development, minimizing the need for sorting through compatibilizer design, and

expanding recycling beyond thermoplastics represent some of the key ongoing

and future research directions.

Several recent reviews have focused on sustainable polymers from renewable re-

sources, but not the degradability and/or recyclability of such renewable poly-

mers.23–32 Noteworthy here is that polymers derived from biorenewable resources,

commonly referred to as renewable polymers, bio-based polymers, or even sustain-

able polymers in the literature, are not necessarily sustainable or degradable,

whereas degradable polymers are not necessarily recyclable. For example, 100%

bio-based polythene (bio-PE) and bio-based polyethylene terephthalate (bio-PET)

are not biodegradable.33 Some reviews have summarized recent progress in chem-

ical recycling of plastics, including the upcycling process and depolymerization pro-

cess, such as commercial plastics (e.g., PET, PE, isotactic polypropylene [iPP], poly-

vinyl chloride [PVC], polystyrene [PS], and polycarbonate [PC]), as well as novel
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polymers developed recently (such as poly(1,4-dioxan-2-one), poly(o-phthalalde-

hyde), and polyesters based on g-butyrolactone [g-BL] or a-methylene-g-butyrolac-

tone [MBL], and CO2-based polycarbonates).16–18,20,34 This review will highlight the

plastics derived from the ring-opening polymerization (ROP) of the most common

four-, five-, six-, seven-, and eight-membered renewable cyclic esters, covering their

synthetic strategies, materials properties, and chemical recyclability. The high-

lighted research results will show that the polymers based on the five-membered

lactones belong to a special class of plastics possessing complete, repeatable (in

principle, ‘‘infinite’’) chemical recyclability.
FOUR- AND EIGHT-MEMBERED CYCLIC ESTERS

b-Butyrolactone

Poly(3-hydroxybutyrate) (P3HB) is the most common, and thus most extensively

studied, member of poly(hydroxyalkanoate)s (PHAs) that are naturally produced

by bacteria, algae, and other living microorganisms from biorenewable resources

such as carbohydrates and fats, and are accumulated intracellularly and function

as carbon and energy store reserves.35 PHAs are a unique class of commercially im-

plemented bio-based biodegradable and/or biocompatible polyesters, which can

be used in biomedical, pharmaceutical, and packaging applications because of their

biodegradability.36 Natural PHAs are isotactic polymers containing a chiral site in

each repeating molecular unit, and their properties span a wide range depending

on the length of the side aliphatic chain on b-carbon. For example, PHAs with a short

side chain are very stiff and brittle, whereas they becomemore flexible by increasing

the length of the side chain. Among these natural PHAs, the bacterial poly[(R)-3-hy-

droxybutyrate], P[(R)-3HB], is a perfectly stereoregular, pure isotactic crystalline

thermoplastic material;37,38 it exhibits thermal and mechanical properties compara-

ble with those of high-performance isotactic polypropylene (it-PP) and is thus

considered as an attractive biodegradable alternative to petroleum-based polyole-

fins, especially it-PP. However, owing to the complexity of extraction processes, high

production costs, the challenges in processing, and limited production volumes by

microorganisms, the PHAs market is still poorly developed and renders them

impractical in many commodity thermoplastics applications.

To provide amore economical alternative to the bacteria-based production of PHAs,

the chemical synthesis of PHAs via ROP of cyclic esters, a process typically catalyzed

by a metal-based or organic catalyst, has been developed and has attracted much

attention. In principle, the chemical synthesis route could produce PHAs with

different structures or stereoregularities, thus tailored materials properties, by judi-

ciously designing different monomer and catalyst structures. In this context, an effi-

cient synthetic route to P3HB through the metal-catalyzed ROP of b-butyrolactone

(b-BL) has been developed,39–43 where the relief of ring strain of this highly strained

four-membered lactone is the driving force for the polymerization. A still largely un-

met challenge in the area of ROP of b-BL is the development of stereoselective ROP

of the cost-effective racemic monomer, rac-b-BL, rather than the much more expen-

sive enantiopure (R)-b-BL, for the production of isotactic P3HB. Extensive research

has been devoted to the development of suitable catalysts that can render the ster-

eoselective ROP of rac-b-BL since the 1960s, but only a few of the catalyst systems

allow the control over the polymerization in terms of the stereomicrostructure and

molecular weight of the synthetic P3HB. To date, syndiotactic P3HB materials

from being modestly syndiotactic (Pr � 0.70)44,45 to highly syndiotactic (Pr up

to 0.95)46–48 have been achieved through the ROP of rac-b-BL using alkyltin-

oxides and discrete yttrium complexes supported by tetradentate, dianionic
286 Chem 5, 284–312, February 14, 2019
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Figure 1. Chemical Synthesis Route via the ROP of rac-b-BL to Iso-enriched P3HB and Structures of Selected Metal Catalysts
alkoxy-amino-bis(phenolate) [O–,N,O,O–] ligands, respectively. However, only

isotactic-enriched P3HB materials with isotacticity Pm % 0.85 have been obtained

from the ROP of rac-b-BL (Figure 1).

Isotactic P3HB by ROP of rac-b-BL

Marchessault and coworkers reported the ROP of rac-b-BL with an oligomeric alu-

moxane catalyst obtained by the reaction of AlEt3 with H2O, whose stereoregularity

can be adjusted by the AlEt3/H2O mole ratios.49 The P3HB with the highest isotac-

ticity of Pm = 0.78 was obtained, which was separated into a soluble, low-molecular-

weight fraction and an insoluble, high-molecular-weight fraction (Mn = 21.4 kg/mol,

dispersity [Ð] = 5.6, Pm = 0.85). Later, Schue and coworkers used a similar method for

the ROP of rac-b-BL by isobutylaluminum (AliBu3) or tetraisobutylaluminoxane

(TIBAO) with water and obtained P3HB with Pm up to 0.79.50 Wu and Lenz also uti-

lized the catalyst-monomer adducts obtained from the reaction between 2 molar

equiv of b-BL and either methylalumoxane (MAO) or isobutylalumoxane (IBAO) to

initiate the ROP of rac-b-BL.51 Both MAO-BL and IBAO-BL adducts were found to

be much more active than either MAO or IBAO alone, but yielding crude P3HB

with a low Pm value of only 0.65. After solvent fractionation, the Pm of the insoluble

P3HB increased to >0.78. The chiral initiator, obtained from the in situ reaction of

ZnEt2 with (R)(�)-3,3-dimethyl-1,2-butanediol by Spassky, was found to preferen-

tially incorporate (R)-b-BL with a low stereoselectivity ratio rR of 1.6, yielding a

mixture of P3HB products that were fractionated in methanol into soluble atactic

and insoluble (�25%) isotactic (Pm � 0.80) fractions.52 Overall, the above methods

need extraction using suitable solvents to remove the atactic polymer, and addition-

ally the activities are very low.

Coates and coworkers reported that a discrete b-diiminate zinc alkoxide initiator (1;

Figure 1) promoted a controlled ROP of rac-b-BL with high polymerization rates to

produce P3HB with high molecular weight, but the resulting P3HB is an atactic,

amorphous material.53 Rieger and coworkers examined the ROP of rac-b-BL by

achiral chromium(III) salophen complexes 2a–2d in bulk condition at 100�C and ob-

tained isoenriched P3HB with Pm = 0.63–0.66, medium molecular weight (Mn = 22–

81 kg/mol), high dispersity (Ð = 5.2–9.6), and modest melting-transition tempera-

ture (Tm = 116, 142�C).54 Gauvin and colleagues grafted neodymium borohydrides

(Nd(BH4)3(THF)3) onto silica to afford catalytic materials containing well-identified
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Figure 2. Chemical Recycling of P3HB via Depolymerization of Poly[(R)-3HB] to Cyclic Oligomers

and Polymerization of the Cyclic Trimer to Low-Molecular-Weight Oligomers
bis(borohydride) surface species SiO2-Nd (3), which polymerized rac-b-BL into P3HB

with Pm up to 0.85,Mn = 11.5 kg/mol, andÐ = 1.18.55 This supported catalyst system

exhibits the highest stereoselectivity for isoselective polymerization of rac-b-BL to

date.

Overall, the current chemical synthesis of P3HB has so far been strictly limited to the

ROP of the cyclic monomer of 3-hydroxybutyric acid (3HB), namely b-BL, which has

not yet produced P3HB with high molecular weight and high isotacticity in a

controlled manner.

Chemical Recycling of P3HB via a Cyclic Trimer

The ring-closing depolymerization of naturally produced poly[(R)-3HB] was devel-

oped to recover the cyclic trimer of 3HB, namely triolide of 3HB (TBL; Figure 2)

with a yield of�50%, by the Seebach56 and Höcker57 groups. Höcker and coworkers

further investigated the catalyzed depolymerization of poly[(R)-3HB] in the melt and

in solution.57 In the melt, the catalyzed depolymerization yielded linear oligomers

withu-crotonate end groups and crotonic acid (CA) via an ester pyrolysis mechanism

at 200�C–320�C independent of the catalyst used, while in solution cyclic oligomers

(TBL as the main oligomer) were obtained via backbiting reactions in the presence of

dibutyltin dimethoxide or p-toluenesulfonic acid as the catalyst. The TBL obtained

by ring-closing depolymerization of P3HB can be polymerized in the melt with dibu-

tyltin dimethoxide as initiator, resulting in poly[(R)-3HB] of low molecular weight

(Mn = �5 kg/mol, Ð = 1.3–1.7).57,58 However, both the TBL yield from the depoly-

merization of poly[(R)-3HB] and the Mn of the resulting poly[(R)-3HB] from the

repolymerization of TBL in this P3HB chemical recycling scheme are too low to be

practically useful.

Eight-Membered Cyclic Diolides

To address the above unmet challenge facing the chemical synthesis of isotactic

P3HB, we recently developed a new route to P3HB via the ROP of a cyclic dimer of

3HB, namely eight-membered cyclic diolide (DL; Figure 3), and accomplished the

synthesis of perfectly isotactic P3HB.59 The design of this new strategy was inspired

by the ingenious utilization of a cyclic dimer of L-lactic acid, namely L-lactide, which

rendered the commercial production of high-molecular-weight, highly isotactic pol-

ylactide (PLA) as discussed below. Unlike b-BL, known to be carcinogenic (alkylating

DNA), DL is benign and can be readily derived from biosourced dimethyl succi-

nate.60 Moreover, the significantly increased sterics present in DL relative to b-BL

may bring about a higher degree of stereochemical control in the catalyzed ROP

of DL, thereby potentially generating highly stereoregular P3HB materials.

Perfectly Isotactic P3HB by ROP of rac-DL

The ROP of rac-DL by La[N(SiMe3)2]3 (4), discrete yttrium amido complexes 5

(a, R = tBu; b, R = CMe2Ph), and alkyl complex 6 supported by the tetradentate
288 Chem 5, 284–312, February 14, 2019



Figure 3. Chemical Synthesis Route via the ROP of rac-DL to Perfectly Isotactic P3HB and the Structures of Catalysts Employed for the

Polymerization
[O–,N,O,O–] ligand in combination with benzoyl alcohol (BnOH) as an initiator,

which have been shown to be effective for the ring-opening (co)polymerization

of g-BL,61,62 MBL,63 and/or the syndiospecific ROP of rac-b-BL,46–48,64 exhibited

moderate to low activities, producing isobiased amorphous P3HB. Considering

the steric hindrance of rac-DL with the eight-membered-ring framework and the

low activity and isoselectivity of also sterically encumbered catalysts 4–6 screened,

the sterically more open yttrium racemic salen complexes rac-7a–7d were reasoned

to be superior catalysts. Indeed, all the complexes 7a–7d in the presence of BnOH

can convert rac-DL completely into highly isotactic P3HB (Pm > 0.91) within minutes

in a controlled manner; in particular, rac-7d produced perfectly isotactic P3HB with

Pm > 0.99 and [mm] > 99% (mm is isotactic triad made up of two adjacent meso

diads). These results further emphasize the critical effects of the ligand sterics on

the polymerization stereoselectivity. Furthermore, the Mn of the resulting P3HB

by rac-7d reached a practically useful range, up to 154 kg/mol with a low dispersity

index of Ð = 1.01 (versus a typical Ð value of �2.0 for bacterial P3HB); this semi-

crystalline material also exhibits a high Tm of 171�C. The salph-based complex 8
Chem 5, 284–312, February 14, 2019 289



Figure 4. Proposed Chemical Recycling of P3HB via Dimerization of 3HB to Cyclic Dimer

DL, Followed by Isoselective ROP of rac-DL to Isotactic P3HB and Hydrolysis of P3HB Back

to 3HB
was also used to probe the effects of the geometry of the backbone diimine linker,

which afforded P3HB with a considerably lower isotacticity than salcy-based analog

complex 7a.

With an enantiomeric catalyst (R,R)-7d or (S,S)-7d, kinetic resolution polymerizations

of rac-DL automatically stops at 50% conversion and yields enantiopure (R,R)-DL or

(S,S)-DL with >99% enantiomeric excess (ee) and the corresponding poly[(S)-3HB] or

poly[(R)-3HB] with high Tm (175�C) and crystallinity, which is essentially identical to

that of the commercial natural poly[(R)-3HB]. Up until now, this is the only report

to have successfully obtained poly[(S)-3HB], poly[(R)-3HB], or perfectly isotactic

P3HB through a chemical synthesis method, which should represent a paradigm shift

in the chemical synthesis of P3HB and open up a plethora of opportunities for discov-

ering new catalysts, materials, and processes in the ROP of rac-DL and other diaste-

reomers of 3HB cyclic dimers or trimers.

Chemical Recycling of P3HB via a Cyclic Dimer

A proposed new route for chemical recycling of P3HB is shown in Figure 4, in which

isolation and isoselective ROP of rac-DL can be realized by our recently reported

approach59 as described above. For abiotic hydrolysis of poly[(R)-3HB], Yu and co-

workers investigated the hydrolysis process in acid and base media by monitoring

the formation of two monomeric hydrolytic products, 3HB and CA.65 Both 3HB and

CA were detected as the major hydrolytic products from alkaline hydrolysis, but

poly[(R)-3HB] was tolerant to hydrolysis under moderate acid conditions. However,

poly[(R)-3HB] was completely decomposed into the two monomeric products with

2% of 3HB and 90% of CA in concentrated acid solutions, during which dehydra-

tion of 3HB to CA occurred. Accumulation of two monomeric products, 3HB and

CA, was in agreement with the mass loss of P3HB films, indicating a sequential

degradation from the ends of P3HB polymers and oligomers. The mass ratio of

CA/3HB increased with temperature because of the different activity energy.

Moreover, crotonate was formed neither via 3HB dehydration after hydrolysis

nor via the dehydration of 3-hydroxyl groups before hydrolysis, but most likely

via a transient structure of six-membered ring involving two neighboring 3HB units.

Therefore, more effort should be devoted to preparing DL in high yields via dimer-

ization of 3HB, and at the same time more selective hydrolysis of P3HB to 3HB

should be developed. Once these two fronts have been accomplished, this pro-

posed new route would become a preferred method for chemical recycling of

P3HB.
290 Chem 5, 284–312, February 14, 2019
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Figure 5. Proposed Mechanisms for Thermal Degradation of PCL

(A) Unzipping depolymerization process.

(B) Random chain scission via cis-elimination reaction.

(C) Intramolecular transesterification of PCL.
SEVEN-MEMBERED CYCLIC ESTERS

3-Caprolactone

3-Caprolactone ( 3-CL) is considered as a fossil-based monomer, produced industri-

ally by Baeyer-Villliger oxidation of cyclohexanone; alternatively, it can also be

prepared from sugar-derived 5-hydroxymethylfurfural (HMF).66 Furthermore, the

corresponding semicrystalline polycaprolactone (PCL) from ROP of 3-CL with a low

glass-transition temperature (Tg) of about �60�C and Tm of about 60�C is an impor-

tant class of biodegradable and biocompatible polymer that can be easily degraded

by aerobic and anaerobic microorganisms. PCL displays the rare property of being

miscible with many other polymers, for example, poly(vinyl chloride), poly(styrene-

acrylonitrile), poly(acrylonitrile butadiene styrene), poly(bisphenol-A) and other

polycarbonates, nitrocellulose, and cellulose butyrate; PCL is also mechanically

compatible with other polymers such as polyethylene, polypropylene, natural rub-

ber, poly(vinyl acetate), and poly(ethylene-propylene) rubber.67 Therefore, different

catalytic systems (enzymatic, organic, and metal catalyst systems) and a large num-

ber of catalysts, spanning virtually the entire periodic table, have been developed in

the ROP of 3-CL.64,67–74

The thermal degradation of PCL has been investigated by several groups, which is

important for processing, application, and recycling of polymers, although there is

no consistency in the mechanism.75–82 Generally two mechanisms have been pro-

posed: unzipping depolymerization process of PCL that proceeds by backbiting re-

action from the hydroxyl end group onto the ester function of the last monomeric

unit to give 3-CL (Figure 5A), and random chain scission via cis-elimination reaction

to result in 6-hydroxyhexanoic acid and 5-hexenoic acid as the a- and u-chain end,

respectively (Figure 5B). Dubois and coworkers believed that PCL decomposes by a

two-step mechanism in bulk pyrolysis.76 The first process (starting at lower temper-

ature of ca. 300�C) implies a statistical rupture of the polyester chains via ester pyrol-

ysis reaction, wherein 5-hexenoic acid is one of the products, obtained by two cis-

elimination reactions occurring with neighboring ester functions. The second step

(at ca. 430�C) leads to the formation of 3-CL as a result of an unzipping depolymer-

ization process. Yamashita and coworkers proposed a single-step mechanism in
Chem 5, 284–312, February 14, 2019 291



which PCL degrades by pure unzipping of monomer to produce 3-CL almost exclu-

sively in isothermal degradation experiments at 280�C.77 Another mechanism that

has been suggested by Madras and coworkers is that PCL degrades by both random

chain scission and unzipping of monomer simultaneously on non-isothermal heat-

ing, and by unzipping of monomer from the hydroxyl end of the chain end during

isothermal heating at 320�C or 340�C.78

Madras and coworkers also investigated thermal degradation of PCL in solution,

which degrades through random chain scission and shows lower degradation tem-

peratures (170�C–245�C) compared with bulk pyrolytic degradation.79 These au-

thors also studied the degradation of PCL in subcritical and supercritical toluene,

ethylbenzene, o-xylene, or benzene from 250�C to 375�C at 50 bar.82 PCL degrades

by random chain scission in subcritical conditions (250�C–300�C) and by chain-end

scission (325�C–375�C) to give 3-CL in supercritical conditions in toluene. The effects

of chain-end structure and residual metal compounds on thermal degradation of

PCL were investigated by Abe et al.80 From both the isothermal and non-isothermal

experiments, the thermal degradation of PCL samples containing high amounts of

residual zinc compounds from synthesis process revealed the selective unzipping

depolymerization step below 300�C producing 3-CL exclusively. In contrast, the

thermal degradation of metal-free PCL samples occurred at temperatures above

300�C regardless of the chain-end structure, giving rise to the formation of cyclic

monomer and oligomers of 3-CL. In addition, 5-hexenoic acid units were detected

in the residual polymer samples as main u-chain end. These results suggest that

the dominant reaction of thermal degradation for PCL at a temperature above

300�C is a combination of the random chain scission via a cis-elimination reaction

(Figure 5B) and the cyclic rupture via intramolecular transesterification of PCL chains

(Figure 5C). The same authors also explored the effect of different metal chlorides

(such as NaCl, CaCl2, ZnCl2, SnCl2, and AlCl3) on the thermal degradation of

PCL.81 Zn, Sn, and Al chlorides induced the thermal degradation of PCL at a lower

temperature range by catalyzing the selective unzipping depolymerization from

u-hydroxyl chain end, while the presence of Na and Ca chlorides hardly induced

any shift of degradation temperature. Overall, these investigations showed that,

compared with simple thermolysis, metal-catalyzed degradation (or chemolysis)

proceeds at a lower temperature in a more selective (unzipping) depolymerization

fashion to yield 3-CL, thus demonstrating the chemical recyclability of PCL using

the chemolysis approach.

3-Caprolactam

Although 3-caprolactam ( 3-CLM) is not a cyclic ester, it is intimately related to its

immediate precursor, 3-CL. The ROP of 3-CLM is an important commercial route to

produce poly( 3-caprolactam), commercially known as nylon-6, which is the most

produced and commercially available polyamide; it exhibits high strength, good fa-

tigue resistance, moderate water absorption, and good resistance to most common

solvents and weak acids.83 The wide production of nylon-6 makes the development

of chemical recycling necessary. In this context, Kamimura and Yamamoto explored

an effective depolymerization pathway in ionic liquids to chemically recycle nylon-6

back to its monomer 3-CLM in good yields (Figure 6).84 The authors found that no

depolymerization took place from 6-nylon by simply heating in glycolic solvents,

while treating nylon-6 in an ionic liquid afforded 3-CLM in yields of 77%–86% at

300�C in the presence of DMAP (N,N-dimethylaminopyridine) as a catalyst. The tem-

perature affected the depolymerization significantly: in PP13-TFSI (Figure 6), 300�C
is the optimum temperature, achieving the 3-CLM yield of 86%, and a much lower

yield of 7% was obtained at 270�C, whereas some decomposition of the ionic liquid
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Figure 6. Depolymerization of Nylon-6 in Ionic Liquid to Recover 3-CLM
took place when treated at 330�C or higher. Moreover, by-products N-methyl and

N-propyl lactams were also produced at 330�C or higher. The ionic liquid can be

used repeatedly at least five times without significant decomposition. It should be

noted that the recovered monomer was collected by direct distillation of the reac-

tion mixture without a need for any special high-pressure apparatus.

2,3-Dihydro-5H-1,4-benzodioxepin-5-one

MacDonald and Shaver reported the ROP of 2,3-dihydro-5H-1,4-benzodioxepin-5-

one (2,3-DHB) with aluminum salen catalyst 9/BnOH or organocatalyst triazabicyclo-

decene (TBD), affording the corresponding polyester (P2HEB) that contained both

aromatic and aliphatic linkages in the polymer backbone (Figure 7).85 Higher conver-

sions were observed at lower temperatures and/or higher initial monomer concen-

tration, prompting an investigation into reversible polymerization and depolymer-

ization of P2HEB, the most interesting feature of this polymerization system. A

one-pot reaction was performed with an initial monomer concentration of 4.1 M

to achieve monomer (2,3-DHB) conversion of 82% after 6 hr at 60�C; addition of

toluene gave an apparent [2,3-DHB] concentration of 0.2 M, resulting in a depoly-

merization to give a mixture with 2,3-DHB/P2HEB = 94:6. Reconcentration of the re-

action in vacuo to give an apparent [2,3-DHB]0 of 4.1 M resulted in 84% monomer

conversion to form P2HEB again after heating at 60�C for 6 hr. Importantly, no

degradation products were produced, providing a clean and selective route to

recycle the polymer back to monomer.

SIX-MEMBERED CYCLIC ESTERS

Lactide

Lactide (LA) is the cyclic dimer of lactic acid, obtained from renewable resources,

such as corn starch, cassava roots, or sugarcane. Polylactide, or poly(lactic acid)

(PLA), is a biodegradable and biocompatible thermoplastic aliphatic polyester

with rigidity and clarity similar to those of PS and PET.86 PLA can be prepared by

direct polycondensation of lactic acid in the presence of a catalyst at reduced pres-

sure, but usually producing low-molecular-weight, brittle, glassy PLA, as a result of

the formation of water as the by-product that is difficult to be removed completely

from the highly viscous reaction mixture. However, high-molecular-weight PLA can

be obtained by the reaction of hydroxyl or carboxyl end groups of low-molecular-

weight PLA with chain-coupling agents, bi-/multi-functional hydroxyl compounds

(such as 2-butene-1,4-diol, glycerol, and 1,4-butanediol), or carboxylic acids (such

as maleic, succinic, adipic, and itaconic acid).87 Additionally, a one-step azeotropic

condensation polymerization of lactic acid can also yield high-molecular-weight

polymer, by which approach water is removed azeotropically whereas organic sol-

vent is dried and recycled back in the reaction, and thus lactic acid is polycondensed
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Figure 7. Polymerization-Depolymerization Cycle Realized by Adjusting Initial 2.3-DHB

Concentration in the Presence of Salen-Supported Aluminum Complex
directly into a polymer with a high molar mass.88–90 Solid-state polymerization is

another process to prepare high-molecular-weight PLA, which is carried out by

heating a semicrystalline, solid polymer with relatively low molecular weight at tem-

peratures above Tg yet below Tm with simultaneous removal of by-products from the

surface of the material either under reduced pressure or with a carrier, such as

blowing inert gas.91,92 This polymerization method also shows potential application

in upcycling of PLA with low molecular weight, through which the resulting high-mo-

lecular-weight PLA can be reused.

Crystalline PLA by Stereoselective ROP of rac-LA

Thanks to the development of ROP of LA that proceeds through a chain-growth

polymerization mechanism, high-molecular-weight PLA can be produced in a short

time period and more controlled manner, which is usually employed for preparing

PLA materials with a high degree of stereoregularity.93 LA possesses two stereo-

genic centers, thus existing in three stereoisomers, (S,S)-lactide (L-LA), (R,R)-lactide

(D-LA), and meso-lactide (meso-LA). Currently, crystalline isotactic PLA (it-PLA) is

produced by either ROP of L-LA to isotactic poly(L-lactide) (PLLA) or the stereoselec-

tive ROP of rac-LA. Noteworthy here is that stereocomplexed PLA (sc-PLA) can be

formed by an equal mixture of PLLA and poly(D-lactide) (PDLA), possessing a consid-

erably higher Tm of �230�C than it-PLA (typically �170�C–180�C).94 An alternative

route to form sc-PLA or stereoblock PLA is the ROP of rac-LA with an isoselective

catalyst. Whereas the ROP of meso-LA can only produce atactic, amorphous heter-

otactic, or syndiotactic PLA (st-PLA), the Tm of crystalline st-PLA is only �150�C,95

which is about 20�C–30�C lower than that of it-PLA.

Although much effort has been made on the ROP of rac-LA to prepare stereocom-

plex or stereoblock PLA using an isoselective catalyst, there are remarkably few iso-

selective metal catalysts to produce PLA with isoselectivity Pm R 0.85, above which

the Tm of the resulting PLA will be higher than that of PLLA (170�C–180�C). Some

selected metal catalysts with high isoselectivity are listed in Figure 8. Spassky first

reported a one-step synthesis of gradient PDLA-PLLA with Tm = 187�C from the

ROP of rac-LA using aluminum complex (R)-10 (R = Me).96 Baker, Smith, Coates,

and their coworkers then found that rac-10 (R = iPr) can initiate the polymerization

of rac-LA more efficiently than (R)-10 at 70�C, giving a multiblock stereocopolymer

PLA [(PLLA-b-PDLA)n] material with Tm = 179�C–191�C.97,98 Achiral heteroscorpio-

nate zwitterionic zinc complex 11,99 chiral zinc amido-oxazolinate complex 12,100

and Zr(IV) 2,20-bipyrrolidine-salan derived complex 13101 can produce isotactically

enriched PLA with Pm = 0.85–0.91 at room temperature. Potassium complexes 14

and 15 with 18-crown-6 as an auxiliary ligand can catalyze the ROP of rac-LA to yield

PLA with a Pm of 0.86–0.88 at a low temperature of�60�C to�70�C.102,103 Long and

Williams reported phosphasalen lutetium ethoxide initiator 16, which shows a Pm
value of 0.82 at 25�C, moving to 0.89 at �16�C.104 Yttrium catalyst 17, stabilized

by an achiral bis(phenolate) ether ligand, can induce highly isoselective polymeriza-

tion (Pm = 0.90) of rac-LA to give stereoblock isotactic PLA with a Tm of 186�C;105
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Figure 8. Selected Isoselective Metal Catalysts for the ROP of rac-LA to Crystalline PLA
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Figure 9. Selected Organocatalysts for the Stereoselective ROP of rac-LA
kinetic studies revealed that chain-end chirality differentiates an enantiomer with the

same chiral sense from one that has the opposite chiral sense, and themonomer with

the same chiral sense preferentially enters the reaction site for the propagation re-

action. To date, salen-based aluminum complexes 18–20 exhibit the best isoselec-

tivity at higher temperature of 70�C or 90�C.106–108 Especially complex 19 reported

by Nomura et al. shows a Pm of 0.98, and the Tm of the resulting stereoblock PLA up

to 210�C was also observed;107 the exceptional stereoselectivity of this achiral com-

plex can be attributed to the two highly steric demanding substituents, SiMe2
tBu

installed at the 3-positions of the salicylidene moieties, which enhances the chiral

chain-end-chiral monomer stereodifferentiation in this chain-end control mecha-

nism. Recently, Ma and coworkers reported a highly isoselective and active ROP

of rac-LA with Pm up to 0.93 by zinc complex 21 bearing an oxazolinyl/benzoxa-

zolyl-based aminophenolate ligand via a chain-end control mechanism, regardless

of the existence of a chiral group within the ligand framework.109 Indium phospha-

salen catalyst 22 designed byWilliams and coworkers shows very good performance

on the ROP of rac-LA, yielding polymers with a strong isotactic bias (Pm = 0.87 at

25�C; Pm = 0.92 at �15�C) in a low loading of catalyst (0.2 mol %).110

The emerging organopolymerization of LA offers a metal-free alternative synthesis

of PLA products without any residual metal contaminates, but there are even fewer

organocatalysts reported for stereoselective or kinetic resolution ROP of rac-LA (Fig-

ure 9). Tolman and coworkers reported the stereoselective organopolymerization of

rac-LA achieved at �20�C in dichloromethane by N-heterocyclic carbene (NHC) 23,

resulting in the formation of isotactic-enriched PLA with Pm = 0.75.111 Hedrick and

coworkers then demonstrated that sterically encumbered NHC 24 produced PLA

with higher isotacticity of Pm = 0.90 (versus 0.83 by NHC 23) at�70�C;112 they attrib-
uted the isoselectivity to the bulky phenyl groups at the back of 24 that can presum-

ably influence the steric hindrance around the catalytic site and thus enhance the

stereoselectivity. Phosphazene superbase P2-t-Bu (25) was found by Wade and co-

workers to exhibit excellent stereocontrol (Pm = 0.95) for the ROP of rac-LA

at �75�C, thanks to its high basicity and steric hindrance.113 Very recently, Li and
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coworkers reported that cyclic trimeric phosphazene base 26 catalyzes stereoselec-

tive ROP of rac-LA to produce isotactic stereoblock PLA with Pm up to 0.93 at�75�C
via a chain-end control mechanism.114 The kinetic studies reveal a faster rate for the

ROP of L-LA as compared with rac-LA under the same conditions. We utilized

cinchona alkaloids as organocatalysts for the ROP of LA and reported the first suc-

cessful kinetic resolution polymerization of rac-LA by an organocatalyst (27).115

The ROP of rac-LA by 27/alcohol affords crystalline isotactic-rich, stereogradient

PLA (Pm = 0.75) that exhibits multiple Tms as a result of a partial kinetic resolution

polymerization that preferentially polymerizes L-LA and kinetically resolves D-LA

(kL/kD = 4.4). Chiral phosphoric acid 28was shown to exhibit a high enantioselectivity

for the ROP of rac-LA at much higher temperature of 75�C.116 During this polymer-

ization, D-LA is preferentially polymerized via kinetic resolution with the maximum

selectivity factor kL/kD of 28.3; this high kL/kD value can be attributed to selective

dual activation of the monomer and chain end by the bifunctional chiral phosphoric

acid catalyst. Subsequently, we designed and synthesized highly enantioselective

bifunctional chiral organic catalyst 29, which incorporates three key elements (b-iso-

cupreidine core, thiourea functionality, and chiral BINAM) into a single organic cata-

lyst molecule.117 In the presence of catalyst 29, rac-LA is kinetically polymerized into

PLLA with Pm = 0.88 at 25�C (Pm = 0.94 at �75�C); when the polymerization was

stopped at 50.6% monomer conversion, L-LA was selectively polymerized with a

high stereoselectivity kL/kD of 53, and optically resolved D-LA had a high ee of

91%. The densely substituted amino acids, endo-30 and exo-30, developed by Cos-

sı́o and coworkers, combined with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as the

co-catalyst, show the ability to produce isotactic-enriched PLA with a Pm > 0.90 at

room temperature; exo-30 preferentially polymerized L-LA, whereas endo-30

preferred D-LA as the substrate.118 Hence, by switching from the endo to the exo

configuration in unnatural densely substituted proline 30, the chirality of the catalyst

is transferred efficiently to the polymer, thus obtaining a different stereochemical

outcome.

Overall, the metal-based catalysts are still dominant and have more examples for ef-

fecting stereoselective ROP of rac-LA relative to organocatalysts. Furthermore, most

organocatalysts need much lower temperatures to achieve high isoselectivity and

produce PLA with lower molecular weights. Therefore, more effort is needed to

realize the organocatalyzed stereoselective ROP of rac-LA with the ability to pro-

duce crystalline PLA materials with practically useful molecular weights under

ambient or higher temperatures and, preferably, solvent-free conditions.

Chemical Recycling of PLA

In efforts to achieve a circular life cycle of PLA materials, chemical recycling of post-

consumer PLLA has been studied. Kopinke and coworkers found that the dominant

reaction pathway of thermal decomposition of PLLA is intramolecular transesterifica-

tion, giving rise to the formation of cyclic oligomers and LA with considerable race-

mization.119 In addition, during the process a cis-elimination reaction produces

acrylic acid and acyclic oligomers, whereas radical and concerted non-radical reac-

tions give CO2, CO, and CH3CHO. On the other hand, PLA samples contaminated

with residual Sn from the polymerization process using stannous 2-ethylhexanoate

(Sn(Oct)2) as a catalyst showed a more selective depolymerization to produce LA.

To clarify the effects of the residual Sn species on PLLA pyrolysis, Nishida et al. inves-

tigated the pyrolysis of the PLLA samples with different Sn contents ranging from 20

to 607 ppm.120 The pyrolysis of PLLA with Sn-607 (Sn content: 607 ppm) in the tem-

perature range of 40�C–400�C selectively produced an LA diasteromeric mixture

(meso-LA/[L-LA + D-LA] = 11.4/88.6) with only 0.9% cyclic oligomers. In contrast,
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the pyrolysis of PLLA with Sn-20 afforded an LA diasteromeric mixture (meso-LA/[L-

LA + D-LA] = 36.8/63.2), accompanied by cyclic oligomers up to 20.5%. The authors

also examined the pyrolysis of PLLA samples with different chain-end structures and

found that as-polymerized PLLA-ap (containing 1,006 ppm of Sn in the form of PLLA-

O-Sn) and precipitated-with-methanol PLLA-pr (containing 689 ppmof Sn in the form

of a salt, HO-PLLA-COO�Sn2+X�) produced L-LA selectively with only a small amount

of meso-LA (<1.3% and <1.9%, respectively), whereas the purified PLLA-H (contain-

ing only 23 ppm of Sn) led to a large amount of meso-LA (8%–15%) and cyclic olig-

omers (3%–64%) as a result of random degradation.121 Thermal degradation of

sc-PLA followed the same trend, whereby the sample contained R266 ppm Sn, af-

fording predominantly L-LA/D-LA (>90%) via unzipping depolymerization while the

purified sample with <10 ppm of Sn yielded a large amount of meso-LA (�20%)

and cyclic oligomers (32%) via randomdegradation.122 Overall, these studies consis-

tently showed that the presence of a sufficient amount of the residual metal catalyst

(Sn species) renders the thermal degradation of PLLA and sc-PLA to proceed via a

more selective unzipping depolymerization pathway, thus producing predominantly

L-LA/D-LA with diminished meso-LA and cyclic oligomer formation.

The pyrolysis of PLLA was shown to be influenced by the different kinds of end struc-

tures, specifically, the carboxyl and calcium ion end capped types (PLLA-H and PLLA-

Ca).123 About 95% of the PLLA-Ca pyrolysis products were lactides, which is higher

than that of PLLA-H (68%). However, in the case of PLLA-Ca racemization took place,

producing meso-LA dominantly at temperatures lower than 250�C (specifically,

>75% at lower than 220�C), and also formingmeso-LA <50% at temperatures higher

than 320�C.124 Interestingly, only a small amount ofmeso-LA (2.1%) was detected at

the temperatures in the range of 250�C–320�C, because unzipping depolymeriza-

tion proceeded as the main reaction in this temperature range. Nishida’s group

also found that metal oxides such as CaO and MgO not only lower the degradation

temperature but also completely suppress the production of oligomers other than

lactides (98%).125 However, CaO caused LA racemization (10%–20%) at the temper-

ature lower than 250�C, whereas with MgO racemization was avoided at tempera-

tures under 220�C (meso-LA <3% even at 270�C). This observation can be ascribed

to the fact that the pyrolysis of PLLA/MgO composite occurred smoothly via unzip-

ping depolymerization, resulting in selective L-LA recovery at temperatures lower

than 270�C. Moreover, the depolymerization process was also affected by MgO par-

ticles with primary particles of different dimensions, surface areas, and chemical

structures and species.126

The current industrial crystalline isotactic PLLA is produced by the ROP of L-LA, which

is furnished via Sn(Oct)2-catalyzed depolymerization of a low-molecular-weight

condensation prepolymer of L-lactic acid (Figure 10).127,128 During the depolymer-

ization process, 2–20 wt % meso-LA plus up to 5 wt % other (non-LA) impurities

can be also obtained besides L-LA as the major product. Noda andOkuyama utilized

a series of less toxic Al, Ti, Zn, and Zr compounds as intramolecular transesterifica-

tion catalysts for the thermal depolymerization reaction of PLLA oligomers.129 The

activity of the intramolecular transesterification compared with that of Sn(Oct)2
was found to follow the order of Sn > Zn > Zr > Ti > Al. The aluminum and titanium

compounds did not yield the desired results; bothmeso-LA and D-LA as the by-prod-

ucts were observed. Although the activity of the zinc and zirconium compounds was

lower than that of conventional Sn(Oct)2, they can be used as economical catalysts to

produce L-LA without toxic residue. However, as described above, the PLLA depoly-

merization processes are often accompanied by formation of LA diastereomers

including a considerable amount ofmeso-LA resulting from epimerization, seriously
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Figure 10. Current Strategies for Production of High-Molecular-Weight PLLA, Conversion of Waste By-productmeso-LA into rac-LA and Subsequent

Stereoselective Polymerization, and Chemical Recycling of PLA Materials
affecting the economy of the manufacture of PLLA. The optical purity of the LA

monomer also significantly affects the materials properties of PLLA, and any incorpo-

ration of meso-LA into the PLLA product will significantly deteriorate the properties

of the PLLA materials. The meso-LA formation is also a significant issue in the indus-

trial process for L-LA monomer production. In terms of this issue, efforts have been

made on the isomerizationmeso-LA to rac-LA, which can be used to produce stereo-

complex or stereoblock PLA through an isoselective polymerization process or PLLA

via a kinetic resolution polymerization process.117

Shuklov et al. employed organic and inorganic bases, such as DBU, 1,4-diazabicy-

clo[2.2.2]octane (DABCO), imidazole, K3PO4, K2CO3, and NaOH, to initiate the ep-

imerization of stereoisomeric lactides.130 A diasteromeric LA mixture containing

L-LA + D-LA (up to 65 mol %) and meso-LA (35 mol %) was obtained in the presence

of DBU (DBU/LA = 1:1) in toluene at room temperature for 16 hr. Benson and

Schroeder also investigated epimerization of meso-DL, affording a diastereomeric

mixture containing 36% L-LA + 36% D-LA + 28% meso-LA, plus 0.5 wt % linear olig-

omers by the best-performing sodium ethylhexanoate (0.05%) in bulk at 160�C for

15 hr.131 We found that the Lewis pair (LP) DABCO/B(C6F5)3 (20 ppm) catalyzes

rapid and quantitative epimerization of meso-LA to rac-LA in toluene at room

temperature after several minutes.117 This rapid and quantitative conversion of

meso-LA to rac-LA is attributed to the following: (1) the highly effective LP catalyst

system enables the rapid epimerization of meso-LA into rac-LA at room tempera-

ture, avoiding LA oligomerization at the same time; and (2) precipitation or

crystallization of rac-LA from the reaction mixture (rac-LA is insoluble in toluene)

continuously shifts the equilibrium toward rac-LA. Significantly, this quantitative

meso-LA into rac-LA conversion can also be performed in bulk at 70�C (i.e., sol-

vent-free conditions), under which temperature meso-LA melts to a liquid while

rac-LA crystallizes to a solid. Moreover, this epimerization method also works simi-

larly, irrespective of the initial meso-LA/rac-LA ratio in feed, which means that any

mixed stereoisomers of LA can be used to produce pure rac-LA quantitatively and

rapidly. Worth noting here also is that the epimerization (by DABCO/B(C6F5)3) and
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Figure 11. Synthetic Route and Chemical Recycling of MVL-Based Thermoplastic PU and Flexible Foam as well as Crosslinked Elastomers

(A) Synthetic route of thermoplastic PU. MDI, 4,40-methylene diphenyl diisocyanate; 1,4-BD, 1,4-butanediol.

(B) Synthetic route and chemical recycling of flexible PU foam. TMP-EO, trimethylolpropane ethoxylate; TDI, toluene diisocyanate.

(C) Synthetic route and chemical recycling of peroxide crosslinked PMVL. TBD, triazabicyclodecene; BPO, benzoyl peroxide.

(D) Synthetic route and chemical recycling of cyclic carbonate crosslinked PMVL. BDM, 1,4-benzenedimethanol.
enantioselective polymerization (by catalyst 20) can be coupled into a one-pot pro-

cess for transforming meso-LA directly into PLLA and D-LA.

Overall, a circular life cycle for PLLA (Figure 10) could be realized by optimizing the

conditions for epimerization of meso-LA (the waste co-product in the L-LA produc-

tion and PLA recycling) to rac-LA, enhancing stereoselectivity in the ROP of rac-

LA, and improving selectivity in the chemical recycling of PLLA and sc-PLA.
b-Methyl-d-valerolactone

Although b-methyl-d-valerolactone (MVL) is not a natural metabolite, direct fermen-

tation of glucose and a semisynthetic approach toMVL from glucose that relies upon

dehydration of fermented mevalonate to anhydromevalonolactone and subsequent

reduction to MVL were developed by Zhang and coworkers.132 This bio-derived

monomer possess a moderate ceiling temperature of 227�C for the polymerization

of neat MVL, and thus can be readily converted from the neat state to a rubbery hy-

droxyl telechelic poly(b-methyl-d-valerolactone) (PMVL) using diol initiator and TBD

or diphenyl phosphate (DPP) as the catalyst at room temperature.133 The resulting

linear PMVL diols were employed to synthesize thermoplastic polyurethanes

(TPUs) in a one-pot, two-step sequential procedure as outlined in Figure 11A. Trime-

thylolpropane ethoxylate (TMP-EO) was used to prepare a PMVL triol, which can be

transformed to flexible polyurethane (PU) foam using toluene diisocyanate with wa-

ter as the sole blowing agent (Figure 11B). Moreover, the PU foam can be readily re-

cycled to recover MVLmonomer in high purity (R95% by 1HNMR) and high yield (up

to 97%) in the presence of Sn(Oct)2 at 250�C via urethane dissociation, followed by

depolymerization of the resulting hydroxy-terminated PMVL, as the major degrada-

tion pathway. A commercial PU foam added to a PMVL recycling experiment did not

significantly diminish the yield or purity of MVL recovered after 10 hr. This recycling

strategy bypasses many of the technical challenges that currently preclude the prac-

tical chemical recycling of PUs. Additionally, MVL recovered from the depolymeriza-

tion of PMVL foam can also produce PMVL polyols, which are indistinguishable from
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Figure 12. ROP of CMVL and Divergent Chemical Recycling of PCMVL to CMVL or Enoate MMPA and Its Polymerization to Poly(MMPA)
an analogous sample prepared from virgin monomer using the same synthetic

method. Therefore, the renewable and degradable hydroxy telechelic PMVL can

act as a replacement for petroleum-derived polyols in the synthesis of both TPUs

and flexible foams, which rival petroleum-derived PUs in performance.

Hillmyer and coworkers also synthesized renewable and recyclable crosslinked elas-

tomers based on MVL using two different methodologies: (1) crosslinking of a linear

PMVL homopolymer with a free-radical generator (Figure 11C), benzoyl peroxide

and (2) tandem co-polymerization and crosslinking of MVL with a bis(six-membered

cyclic carbonate) (Figure 11D).134 Tensile strengths up to 12MPa and elongations up

to 2,000% were observed for the resulting crosslinked elastomers based on MVL. In-

clusion of a filler (fumed silica) can enhance the performance of the elastomers; the

Young’s modulus and tensile strength were improved by 57% and 83%, respectively,

without sacrificing the elongation at break by incorporating up to 25 wt % fumed

silica in peroxide crosslinked PMVL. Moreover, both of the peroxide and cyclic car-

bonate crosslinked PMVLs can be depolymerized in the presence of Sn(Oct)2 and

pentaerythritol ethoxylate (a high-boiling tetraol) at 150�C under vacuum, yielding

monomer in high purity and yield (93% and 91%, respectively), demonstrating their

chemical recyclability.
4-Carbomethoxyvalerolactone

Recently, Fahnhorst and Hoye reported a renewable monomer, 4-carbomethoxyva-

lerolactone (CMVL), synthesized from malic acid, known as a ‘‘top value-added

chemical,’’135 as being a promising renewable and scalable feedstock.136 The ROP

of CMVL by DPP as the catalyst with 1,4-benzenedimethanol as the initiator pro-

ceeded smoothly in bulk at room temperature to high equilibriummonomer conver-

sion (>98%) to give semicrystalline poly(4-carbomethoxyvalerolactone) (PCMVL)

with Mn up to 71 kg/mol, Tg of �18�C, Tc of 32�C, and two Tms at 68�C and 86�C.
When DBU at low mol % levels was employed as the catalyst to polymerize CMVL,

it showed no polymerization activity, as a result of the reaction of DBU with CMVL

through retro-oxa-Michael addition (i.e., elimination) that forms the MMPA-DBU.

Acidification of this intermediate leads to 5-methoxy-4-methylene-5-oxopentanoic

acid (MMPA) in 95% yield without purification beyond liquid-liquid partitioning.

PCMVL can be chemically recycled back to monomer CMVL in 87% yield with

Sn(Oct)2 at 150�C (ca. 0.05 Torr) via a backbiting depolymerization from the hydroxy

terminus. This polymer can be also chemically recycled by an eliminative process in

the presence of base (DBU) leading to a methacrylate derivative, MMPA, in 88%

yield by cleaving the polyester in a retro-oxa-Michael fashion (Figure 12). The
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Figure 13. Synthesis and ROP of N-Acyl Morpholin-2-Ones and Deprotection of the Polymer Derived from MBoc to Cationic Water-Soluble

Poly(Aminoester)
obtained methacrylate-like monomer MMPA can be polymerized radically by

azobis(isobutyronitrile) or potassium persulfate to a new polymethacrylate analog,

poly(MMPA), with a Tg of 101�C. This represents a rare example of a polymer that

has been shown to have two independent chemical recycling pathways by leading

to two different classes of monomers.
N-Acyl Morpholin-2-ones

The ROPofN-acylmorpholin-2-ones reported byBlake andWaymouth provides a gen-

eral strategy to prepare a family of functionalized poly(aminoesters).137 The monomers

can be obtained by the catalytic oxidative lactonization of diethanolamines with a

cationic Pd complex [(neocuproine)Pd(OAc)]2(OTf)2 (Figure 13). The organocatalytic

ROP of N-acyl morpholin-2-ones occurs readily in the presence of TBD or DBU/TU as

the catalyst and 1-pyrenebutanol as the initiator to generate poly(aminoesters) with

N-acylated amines in the polyester backbone. In the case of morpholinone MBoc, no

further monomer conversion was observed when the concentration of monomer

approached 0.13 M in toluene at 25�C; depolymerization of the resulting polymer,

poly(MBoc), in the presence of TBD also resulted in a final monomer concentration of

0.13 M. Thermodynamic parameters for this equilibrium polymerization were deter-

mined to be DHp = (�4.8 G 0.3 kcal/mol) and DS�p = �12.2 cal/(mol$K). The ceiling

temperature was calculated to be 393 K (120�C) at [M]0 = 1.0 M, indicating the condi-

tions for achieving chemical recycling of poly(MBoc).
FIVE-MEMBERED CYCLIC ESTERS

g-Butyrolactone

g-BL is a bio-derived industrial solvent and cleaning agent from succinic acid, a top-

ranked biomass-derived chemical best suited to substitute petroleum-derived

chemicals.138 The polymer obtained from the ROP of g-BL, poly(g-butyrolactone)

(PgBL), is a structural equivalent of microbial poly(4-hydroxybutyrate) (P4HB, also

a key member of PHAs) through a bacterial fermentation process,139 which has

been shown to exhibit more desired properties as a biomaterial (e.g., faster degra-

dation rates and better mechanical properties) relative to other commonly used

aliphatic polyesters.140 Because of the negligible strain energy of the five-

membered lactone ring, g-BL was often considered to be non-polymerizable.141

Although the synthesis of oligomers of g-BL has been achieved via ROP of g-BL un-

der ultra-high pressure (e.g., 20,000 atm)142–145 or lipase-catalyzed conditions146

since the 1960s, it required extreme conditions, and the resulting product was just

a mixture of oligomers. We recently reported that the ROP of g-BL by catalysts 4

and 6 proceeded smoothly to high conversions (up to 90%) at�40�C under ambient

pressure, affording PgBL materials with relatively high molecular weights (Mn up to

30 kg/mol) and controlled linear and/or cyclic topologies by varying the alcohol initi-

ator structure and the molar ration of [4]/[alcohol] (Figure 14).61 The keys to
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Figure 14. ROP of g-BL into PgBL with Relatively High Molecular Weight and Complete

Recyclability and Metal-Based and Organic Catalysts Used for the Polymerization
achieving the successful ROP of g-BL are (1) to meet the thermodynamic conditions

by reducing the entropic penalty of the ROP by performing the polymerization at a

low-enough temperature (i.e., below the ceiling temperature of polymerization, for a

given monomer concentration [M]); (2) to employ potent, kinetically fast catalysts

that enable high conversion within a reasonable time period because the ROP

must be performed at low temperatures because of thermodynamic limitations;

and (3) to modulate reaction conditions (concentration, solvent, and temperature)

such that [M] becomes greater than the equilibrium [M]eq and the formed polymer

crystallizes or precipitates out of solution during the polymerization to perturb

continuously the propagation and depropagation equilibrium and shift it toward

propagation. Subsequently, we also utilized organic phosphazene superbase
tBu-P4 (31), combined with an alcohol such as BnOH, to enable a more effective of

ROP of g-BL with high conversions, producing linear PgBL with Mn up to

26.7 kg/mol.147 More recently, Li and coworkers employed cyclic trimeric phospha-

zene base 26 for the ROP of g-BL and achieved high conversions (up to 98%) in the

presence of alcohol at �60�C, producing linear PgBL with Mn up to 22.9 kg/mol.148

Most recently, by using catalyst 6 and adjusting the monomer to catalyst ratio and

reaction scale, we were able to prepare linear PgBL with Mn up to 83.2 kg/mol.149

Uniquely, PgBL materials, either linear or cyclic structure, can be recycled back into

the monomer in quantitative selectivity and yield via thermolysis by simply heating

the bulk material at 260�C (for linear polymer) or 300�C (for cyclic polymer) for

1 hr. Depolymerization of PgBL to the clean monomer can also occur rapidly by che-

molysis in the presence of a simple organic or metal catalyst (such as TBD or complex

4) even at room temperature.61,147 These recyclability studies showed the full chem-

ical recyclability of PgBL.
a-Methylene-g-butyrolactone

As the simplest member of the sesquiterpene lactone family, natural Tulipalin A, or

MBL, is found in tulips and can also be produced chemically from biomass feed-

stocks.150,151 MBL contains both a highly reactive exocyclic C═C bond conjugated

to an ester carbonyl and a highly stable five-membered g-BL ring, which is typically

polymerized via the vinyl-addition polymerization (VAP) pathway to produce

P(MBL)VAP exclusively (Figure 15). Recently, we reversed this conventional chemose-

lectivity by turning on the ROP pathway while shutting down the VAP process with

catalyst 4 (combined with 3 equiv ROH) or 6 at low temperature (�60�C).63 The un-

covering of this new ROP of MBL enabled the synthesis of a biorenewable and

degradable unsaturated polyester, P(MBL)ROP, with Tg in the range of �40.2�C
to�34.9�C andMn up to 21.0 kg/mol. A third reaction pathway has also been uncov-

ered, which is crossover propagation between VAP and ROP processes, thus afford-

ing crosslinked polymer P(MBL)CLP having predominately VAP chains. The formation
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Figure 15. Polymerization Pathways of MBL (VAP, ROP, and CLP) and Chemical Recycling of

P(MBL)ROP
of the three types of polymers, P(MBL)VAP, P(MBL)CLP, and P(MBL)ROP, can be readily

controlled by adjusting the catalyst (4)/initiator (ROH) ratio of 1:0, 1:1, and 1:3,

respectively, which is determined by the unique chemoselectivity of the La-X

(X = OR, NR2, R) group: the La-NR2 group leads to the VAP process, whereas the

La-OR group favors the ROP. P(MBL)ROP can be readily postfunctionalized via photo-

curing and the thiol-ene click reaction into crosslinked or thiolated materials. Signif-

icantly, P(MBL)ROP can be fully recycled back to its monomer MBL after heating its

solution atR100�C for 1 hr in the presence of a simple catalyst (e.g., LaCl3), thus es-

tablishing its complete chemical recyclability. It should be noted here

that P(MBL)ROP cannot be recycled back to MBL cleanly via thermolysis by simply

heating in bulk, which resulted in crosslinking of P(MBL)ROP via its side-chain C═C
bonds.
trans-Ring-Fused g-Butyrolactones

The monomers that generated the two completely recyclable polymers, PgBL and

P(MBL)ROP, have the common g-BL core. We hypothesized that this core structure

renders its complete chemical recyclability during the depolymerization process

for both thermodynamic (formation of the most stable product—the monomer)

and kinetic (via the low barrier five-membered transition state during unzipping of

the monomer) reasons. To further test this hypothesis, we designed a monomer

based on g-BL with a trans-cyclohexyl ring fused at the a and b positions of g-BL,

namely 3,4-T6GBL.22 In this monomer structure, the highly stable, five-membered

g-BL core is kept so that the complete chemical recyclability of the resulting polymer

could be preserved (vide supra), while the trans-ring fusion should enhance the re-

sulting polymer properties and increase ring strain of the monomer that could

render this monomer polymerizable at room temperature. The latter point is also sig-

nificant, as the synthesis of PgBL and P(MBL)ROP requires energy-intensive, industri-

ally undesirable low-temperature conditions (typically at �40�C or below); in

addition, PgBL exhibits limited thermostability and crystallinity with a low Tm
of �60�C, while P(MBL)ROP is a non-crystalline, amorphous material with a Tg
of �40�C to �35�C.

Indeed, 3,4-T6GBL can be effectively polymerized into high-molecular-weight poly-

mers under ambient temperature and neat (solvent-free) conditions.22With complex

4, in combination with 3 equiv of Ph2CHCH2OH as the initiator, the ROP exhibited

high selectivity and activity to afford a linear polymer [l-P(3,4-T6GBL)] with Mn up

to 67.9 kg/mol and Ð = 1.01. On the other hand, with complex 4 alone (no alcohol),

cyclic polymer c-P(3,4-T6GBL) with Mn = 73.0–85.5 kg/mol was obtained. Using
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Figure 16. ROP of 3,4-T6GBL to High-Molecular-Weight Polymers with Linear or Cyclic Topology and Selective Chemical Recycling of the Resulting

Linear and Cyclic Polymers
yttrium complex 6 as the catalyst with loading as low as 50 ppm, high-molecular-

weight P(3,4-T6GBL) with Mn = 1.11 3 106 g/mol (Ð = 1.09) was produced under

neat and room-temperature conditions (Figure 16). Furthermore, complex 6 brought

about ‘‘immortal’’ ROP of 3,4-T6GBL in the presence of ROH (Ph2CHCH2OH), pro-

ducing well-defined l-P(3,4-T6GBL) materials with near ideal dispersity (1.01) in a

catalytic fashion and thus affording up to 100 polymer chains per 6 molecule. Addi-

tionally, zinc complex 1 can also initiate the ROP of 3,4-T6GBL in a more controlled

manner than complex 6 when used alone under similar conditions, in terms of its

higher polymerization activity and lower polymer dispersity, obtaining P(3,4-

T6GBL) with Mn up to 588 kg/mol (Ð = 1.02).

Cyclic polymer c-P(3,4-T6GBL) exhibited a noticeably higher onset decomposition

temperature (Td = 337�C) than the linear polymer l-P(3,4-T6GBL) (316�C). Notably,

The Td of l-P(3,4-T6GBL) is >100�C higher than that of the linear PgBL. Interestingly,

crystalline stereocomplexedmaterials (sc-P(3,4-T6GBL)) can be readily generated by

blending 1:1 enantiomeric isotactic polymers derived from enantiomeric monomers,

either linear enantiomer pair l-P[(R)-3,4-T6GBL] and l-P[(S)-3,4-T6GBL] or cyclic

enantiomer pair c-P[(R)-3,4-T6GBL] and c-P[(S)-3,4-T6GBL]. The sc-P(3,4-T6GBL)

showed a much higher Tm (188�C–200�C) and faster crystallization rate than each

enantiomeric polymer (�127�C). Key thermal and mechanical properties of sc-

P(3,4-T6GBL) compare well with those of typical crystalline PLLA materials.152

Importantly, behaving just like PgBL, linear or cyclic P(3,4-T6GBL) can be fully re-

cycled back to monomer in quantitative yield via thermolysis by heating in a sealed

tube at R300�C. The complete chemical recycling of P(3,4-T6GBL) can also be

achieved via chemolysis at lower temperature (120�C) using a catalytic amount of

a simple metal salt (ZnCl2), thus significantly reducing the energy input in the

recycling process. Employing this catalyzed chemical recycling process, three

consecutive polymerization-depolymerization-repolymerization (or polymer-mono-

mer-polymer) circular cycles on a multi-gram scale have been realized; during

each cycle, the monomer was recovered in pure state and in quantitative yield

from the depolymerization, which can be directly repolymerized without a decrease

in the subsequent monomer conversion and polymer quality.22

When trans-fusing the cyclohexyl ring at the b,g- (i.e., 4,5)-positions of the g-BL ring,

a constitutional isomer, 4,5-T6GBL, is created. This isomer was found to be polymer-

izable even at 40�C by typical anionic initiators; however, the resulting products

were oligomers with Mn up to only 6.2 kg/mol, and ‘‘no polymer products were
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Figure 17. ROP of 4,5-T6GBL to Linear and Cyclic Polymers and Selective Chemical Recycling of

the Resulting Polymers
obtained via cationic and coordination polymerization.’’153 Most recently we found

that, in fact, it can be readily polymerized by the coordination ROP with lanthanide

catalysts such as 4 and 6 under ambient temperature and solvent-free conditions,

producing the corresponding polymer P(4,5-T6GBL) with Mn up to 47 kg/mol,

high thermal stability, and a controlled linear or cyclic topology (Figure 17).154

This coordination polymerization is also living, enabling the synthesis of well-defined

block copolymer with another lactone. Noteworthy also is that the positions of trans-

fusion in the monomer structure significantly affect the polymer properties; for

example, in contrast to the observed facile formation of a highly crystalline stereo-

complex between enantiomeric polymers of P(3,4-T6GBL), mixing of enantiomeric

polymers P[(+)-4,5-T6GBL] and P[(�)-4,5-T6GBL] did not form the corresponding

stereocomplex. Attempts to recycle P(4,5-T6GBL) via thermolysis by heating the

bulk material at 300�C for 1 hr under a nitrogen atmosphere resulted in regeneration

of 4,5-T6GBL and its cis isomer (which is not polymerizable); lowering the depoly-

merization temperature to 230�C for longer time (40 hr) resulted in complete conver-

sion of the polymer into the monomer (89%), but still contaminated with undesirable

cis isomer (11%). To suppress the isomerization that occurs at high temperatures, the

depolymerization was performed at lower temperatures in the presence of catalyst 4.

With this chemolysis strategy, both linear and cyclic polymers were selectively depo-

lymerized back to 4,5-T6GBL quantitatively at 120�C for 24 hr, without formation of

any undesirable products.

SUMMARY AND OUTLOOK

Chemically recyclable polymers are designed to allow for (ideally full) recovery of the

building-block chemicals via depolymerization for repolymerization to virgin-quality

polymers or creative repurposing to value-added materials, thus offering a feasible

solution to the end-of-use issue of polymeric materials and also providing a closed-

loop approach toward a circular materials economy. Centering on this theme, this

review captures the highlights of the renewable plastics derived from the ROP of

the most common four-, five-, six-, seven-, and eight-membered, bio-derived cyclic

esters and examines their synthetic strategies, materials properties, and, particu-

larly, chemical recyclability.

The ROP of either four-membered rac-b-BL or eight-membered rac-DL (a racemic

cyclic dimer of 3HB) affords biodegradable P3HB, the most prominent member of

the PHA family, but the tacticity of the resulting P3HB is significantly different.

Whereas the isoselective ROP of rac-b-BL by various classes of chiral or achiral

catalysts afforded isotactic P3HB with only modest isotacticity (up to 85%) and Tm
values (�142�C), the stereoselective ROP of rac-DL produced P3HB with perfect iso-

tacticity (>99%) and high Tm (175�C), which matched naturally produced bacterial

P3HB. However, an efficient scheme for the chemical recycling of P3HB is currently

lacking. Depolymerization of P3HB can lead to triolide of 3HB (TBL) but in low yield
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of �50%; in addition, repolymerization of TBL yielded only low-molecular-weight

P3HB. Our proposed new strategy for the chemical recycling of P3HB, as outlined

in Figure 4, could lead to a circular monomer-polymer-monomer cycle, provided

that an efficient dimerization of 3HB to rac-DL and more selective hydrolysis of

P3HB to 3HB can be realized.

The ROP of a seven-membered cyclic ester or amide, namely 3-CL or 3-CLM, leads to

important polymer PCL or nylon-6, which also shows potential to recycle back to its

monomer with good selectivity (up to 86% for nylon-6 in ionic liquid). Achieving

higher depolymerization selectivity and lower costs for the chemical recycling pro-

cess need to be considered for practical applications. A benzene-fused seven-

membered lactone, 2,3-DHB, leads to polyester P2HEB containing both aromatic

and aliphatic linkages in the polymer backbone, which can be recycled back to its

monomer by diluting the polymerization in the presence of an aluminum catalyst.

For the polyesters from the six-membered cyclic ester, PLLA is a bio-based biode-

gradable polymer and has been produced on a commercial scale. The research on

the depolymerization of PLA by pyrolysis to a mixture of L-LA, D-LA, meso-LA, cyclic

oligomers and other side products provided insight into the limited recyclability of

PLA, but the metal-catalyzed unzipping depolymerization under milder conditions

typically gave high selectivity for regeneration of L-LA/D-LA. In addition, the catalyzed

epimerization of stereoisomeric lactides can transform themeso-LA by-product from

the L-LA production or the PLA chemical recycling to the higher-value monomer rac-

LA. The rac-LA can be used to produce stereocomplex or stereoblock PLA through an

isoselective polymerization process or PLLA via a kinetic resolution polymerization

process. However, themolecular weights of the resulting PLAmaterial from isoselec-

tive or kinetic resolution ROP of rac-LA by the current metal or organic catalysts need

to be further enhanced to a practically useful range (>105 g/mol). The bio-derived

lactoneMVL has been utilized for the synthesis of thermoplastic PU as well as flexible

foam and crosslinked elastomers in which the MVL portion is chemically recyclable.

Another renewable six-membered lactone derivative, CMVL, forms the correspond-

ing polymer that is chemically recyclable by two independent pathways to form two

different classes of monomers. The ROP ofN-acyl morpholin-2-ones provides a gen-

eral strategy for preparing a family of functionalized poly(aminoester)s, which can

also be chemically recycled back to its monomer.

Among the chemically recyclable polymers reviewed herein, the polymers based on

five-membered g-BL developed mainly by our group display a distinctly important

feature: complete and, in principle, ‘‘infinite’’ chemical recyclability. Our earlier

work in 2016 demonstrated that the relatively high-molecular-weight polymers

derived from the ROP of previously considered ‘‘non-polymerizable’’ g-BL and

MBL can be quantitatively depolymerized back to their monomers under appro-

priate thermolysis and chemolysis conditions. However, these two first-generation

recyclable polymer systems have two limitations: the synthesis of PgBL and

P(MBL)ROP requires energy-intensive, industrially undesirable low-temperature con-

ditions (typically�40�C to�60�C), and they exhibit limited thermostability and crys-

tallinity (for PgBL) or non-crystallinity in the case of P(MBL)ROP. The trans-ring fusion

strategy yielded two g-BL derivatives with the trans-fused cyclohexyl ring at the a,b,

positions (3,4-T6GBL) and b,g positions (4,5-T6GBL) of the g-BL ring. Both trans-ring

fused monomers can now be readily polymerized under ambient temperature and

solvent-free conditions to high-molecular-weight polymers, especially 3,4-T6GBL

that can lead to P(3,4-T6GBL) with ultra-high molecular weight as well as practically

useful thermal, mechanical, and rheological properties of common plastics.
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Importantly, both second-generation polymer systems not only render their mono-

mers’ room-temperature polymerizability and exhibit much enhanced materials

properties, they also retain the complete chemical recyclability during depolymer-

ization processes by thermolysis (for P(3,4-T6GBL)) at high temperatures (typically

R300�C) or chemolysis in the presence of a simple catalyst under much milder con-

ditions (typically at 120�C for both polymers).

Overall, these fully recyclable polymer examples based on the five-membered lac-

tones further reinforced our hypothesis that, as long as the stable core g-BL structure

remains intact, the g-BL ring can be substantially substituted to modulate the poly-

merizability of the derived monomers and the materials properties of the resulting

polymers, while preserving the complete chemical recyclability of such polymers.

However, to reach the ultimate goal of establishing a circular plastics economy,

much more fundamental and applied studies are required, such as more efficient,

cost-effective monomer and polymer design and synthesis, polymer property

characterizations (including transport properties), and economic and life-cycle as-

sessments. The cost of the building blocks or monomers for producing bio-derived

polymers or bioplastics is generally a major concern for industry, and future efforts

should be continuously devoted toward the development of more cost-effective

biomass conversion processes so that the bioplastics would become more econom-

ically competitive compared with the petroleum-based plastics. However, this con-

ventional economic model of ‘‘reduced rawmaterials costs for higher profit margins’’

is based on the linear, economically expedient, but environmentally unsustainable,

economymodel of resource utilization that follows the flow of ‘‘mine, make, use, and

dispose.’’ In the circular plastics economymodel, the building blocks of thematerials

are recycled after end use for reuse again and again, in principle, infinitely for the

polymers based on g-BL and its derivatives described in this review; therefore, the

costs associated with the initial bio-based building block are gradually diminished

as the number of the recycle/reuse increases. In this context, the g-BL ring could

be described as a ‘‘gene’’ for chemical recyclability that should guide future mono-

mer and polymer design based on renewable cyclic esters for achieving both

tailored application needs of the plastics and ‘‘infinite’’ chemical recyclability.
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