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Abstract

Sections

To create a circular plastics economy, new polymers are being
developed that canbe chemically recycled. Circular polyesters are of
particularinterest and to this end, lactones are ideal monomers. This
Review examines catalytic routes to convert diols, hydroxy acids, and
dicarboxylicacids tolactones, focusing on the development of scalable,
atom-economic, and energy-efficient conversions of bio-derived
feedstocks. Free energy analysisis used to inform process choices,
such asreactor type, reaction phase, and use of solvent. Catalyst design
principles are summarized for both direct (bio-substrate tolactone)
andindirect (bio-substrate to intermediate to lactone) routes. Finally,
we summarize literature that shows that many lactone precursors are

readily accessible from various metabolic and chemo-catalytic pathways.

Transitioning to bio-based monomers offers an opportunity to reduce
reliance onfossil carbon resources, but requires advanced catalytic
processes informed by mechanistic insights.

Bio-based
3 .
2 - s
3 © ha .
i) 8 s
© >
x 38 AT,
o e} Ve € & e
K%} pet e . .
o 3T 8 Catalyst design ’
a 5 ﬁ considerations i’
(2
5

Lactone monomers
for circular polyesters

'Renewable Resources and Enabling Sciences Center, National Renewable Energy Laboratory, Golden, CO, USA.

2BOTTLE Consortium, Golden, CO, USA. ®Department of Chemistry, Colorado State University, Fort Collins,

CO, USA. “Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA, USA.

*Department of Chemical Engineering, University of Puerto Rico — Mayagiiez, Mayagiiez, Puerto Rico, USA.
e-mail: gregg.beckham@nrel.gov

Introduction

Thermodynamic and reaction
engineering considerations

Catalyst design considerations

Homogeneous catalysis
for 4-membered 3-lactones

Biological and biomass-
derived pathways to lactone
precursors

Conclusions

Nature Reviews Chemistry


http://www.nature.com/natrevchem
https://doi.org/10.1038/s41570-025-00765-9
http://crossmark.crossref.org/dialog/?doi=10.1038/s41570-025-00765-9&domain=pdf
http://orcid.org/0000-0002-9748-3007
http://orcid.org/0000-0002-8490-1476
http://orcid.org/0000-0002-6451-9106
http://orcid.org/0000-0001-7147-2863
http://orcid.org/0000-0001-7512-3484
http://orcid.org/0000-0002-0025-4233
http://orcid.org/0000-0002-8655-7058
http://orcid.org/0000-0002-3480-212X
mailto:gregg.beckham@nrel.gov

Review article

Introduction

It is now well recognized that the linear plastics economy exhibits
negative environmental impacts driven by the continued use of fossil
carbon-derived feedstocks and the lack of comprehensive end-of-life
recycling solutions’. Addressing the plastics waste problem requires
a dual strategy: transitioning to more sustainable feedstocks, such
as biomass-derived building blocks or waste carbon, and incorporat-
ing circularity into polymer design'. A common approach in circular
polymer design efforts is to incorporate a polarized, labile C-X bond
(X=0, Nand so on)*’ into the polymer backbone, enabling facile
chemical depolymerization to monomers and facilitating closed-loop
recycling®'°2, Inthis regard, synthetic polyesters are especially promi-
nentinthe portfolio of emerging circular polymers, because they can
beboth bio-based, taking advantage of the inherent oxygen contentin
many biogenic feedstocks, and are able to be depolymerized through
multiple chemical approaches®”.

Although many reports on circular polymers prioritize mate-
rial properties and recyclability, the deployment of these polymers
at scale also demands economically viable, low-emission synthesis
routes for their monomers'. For circular polyesters, ring-opening
polymerization (ROP) of both lactones and diolides (Iactone dimers)
provides an atom-efficient and energy-efficient route to polymer
formation®**'78 Besides ROP synthesis of polyesters, lactones find
ample use in flavours and fragrance industry, as solvents, pharma-
ceutical agents, and so on, and thus are industrially produced at scale
via energy-intensive and emissions-intensive processes, including
caprolactone and valerolactone production via Baeyer-Villiger oxi-
dation of cyclohexanone and cyclopentanone with peracetic acid",
y-butyrolactone production via endothermic dehydrogenation of
maleic anhydride-derived 1,4-butanediol or via maleic anhydride
hydrogenation®, and B-butyrolactone production via combina-
tion of an aldehyde with a ketene”, hydrogenation of a diketene?,
or by carbonylation of propylene epoxide®. These processes share
two key limitations: (i) they are entirely fossil-reliant and often multi-
step and (ii) they are not generalizable platforms, that is, the process
thatyields 4-membered -lactonesis very different from the one that
yields 5-membered lactones, whichin turnis unique fromthe process
for 6-membered or 7-membered lactones.

Towards a unified and bio-based approach to lactone synthesis,
inthis Review, we analyse chemo-catalytic pathways that can directly
andindirectly convert bio-derived substrates focusing on amply avail-
ablediols, hydroxy acids, and dicarboxylic acids to the corresponding
lactones. We identify key challenges and opportunities for bio-based
lactone monomer synthesis for circular polyesters, as illustrated in
Fig.1. Thisenvisioned platform targets conversion of renewable carbon
feedstocks* viabiological, chemo-catalytic, or hybrid pathways®, with
maximum atom efficiency and minimal reaction steps. Our analysis
firstfocuses onliterature reports with product yields >80 mol%, espe-
cially those utilizing heterogeneous catalysts, noting their relevance
to sustainable industrial processes, ease of recovery, and promise for
facile scale-up. When pathways that use heterogeneous catalysts are
lacking, for example, for the production of 4-membered j3-lactones, we
alsoreview homogeneous catalysis studies to glean insights for effec-
tive catalyst design strategies. Specifically, we analyse the following
chemo-catalytic pathways that can produce p-lactones, y-lactones,
6-lactones, and e-lactones:

(i) vicinal diols > epoxides > 3-lactones, via carbonylation chemis-
try, constituting the indirect route. As carbonylation chemistry
is well established'®**%, it is only briefly reviewed herein.

(ii) non-vicinal diols > y-lactones, &-lactones, €-lactones via dehy-
drocyclization, through oxidative and non-oxidative pathways,
constituting a direct route.

(iii) hydroxy acids ~> y-lactones, &-lactones, e-lactones, via
intramolecular esterification, constituting a direct route.

(iv) dicarboxylic acids - vy-lactones, &-lactones, e-lactones, via
hydrogenation and intramolecular esterification, constituting a
directroute.

Inthe last part of this Review, we review biological routes to pro-
duce diols, hydroxy acids, and dicarboxylic acids from renewable
carbon feedstocks. We identify and summarize the highest reported
production strains fromtheliterature in terms of titres (overall product
concentrationing1™), rates (speed of product productioningI™h™),
andyields (total productas aratio toinput substrateing g™) and report
production scales where available. Most discussed pathways utilize
engineered bacteria or yeast that convert carbon from either glyco-
lysis or the tricarboxylic acid (TCA) cycle to the desired product. This
pathway has the benefit of allowing cells to utilize abundant building
blocks such as pyruvate or acetyl-coenzyme A (CoA) for the bioproduc-
tion of the desired molecule. Although some carbon is diverted for
growth maintenance, many of these pathways achieve product yields
of >30 mol% (refs. 29-32). Further genetic engineering to improve
thetheoretical carbon yield and minimizing flux through undesirable
pathways could render these strains suitable for industrial lactone
production.

Thermodynamic and reaction

engineering considerations

Thermodynamics governs the feasibility and extent of chemical reac-
tions and is essential for calculating the amount of heat exchanged
during reaction. The Gibbs free energy of reaction was computed and
summarized for each pathway for bio-derived epoxides and lactones
inFig.2.InFig.2a, Gibbs free energy of reaction (AG,,,,) values for con-
verting vicinal diolsinto epoxidesindicates that the forward reaction
is thermodynamically more favourable using longer-chain diols and
those bearing alkyl substituents than shorter, unsubstituted analogues.
Subsequent carbonylation of epoxides to B-lactonesis well established
and not considered in this thermodynamic analysis.

Figure 2b compares AG,,, values for direct lactone formation from
non-vicinal diols, hydroxy acids, and dicarboxylic acids. 4-Membered
B-lactone formation exhibits the highest AG,,, fromall substrates owing
tothe highring strain compared with larger y-lactones, 6-lactones, and
e-lactones. Oxidative dehydrocyclization of diols to lactones produces
water, a thermodynamically favourable co-product, rendering the
overall reaction exergonic across lactone ring sizes. Conversely, the
non-oxidative pathway co-produces hydrogen and is endergonic to var-
ying extents depending on the lactone size. Hydroxy acids, which may
beformed via hydrogenation of dicarboxylic acids, can self-esterify to
formlactonesand water, but these routes are also generally endergonic
to varying extents, depending on the substrate chain length and the
resulting lactone size.

Taken together, Fig. 2 shows that most pathways for producing
epoxides and lactones from aliphatic substrates are thermodynami-
cally uphill (AG,,, = 0) at standard conditions. Therefore, successfully
devising a catalytic platform to produce ring-strained monomers
requires concurrent research efforts on catalyst design to mitigate
kinetic hindrances and reaction and reactor engineering strategies
to suppress the reverse reaction through continuous separation and
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Fig.1|Proposed bio-derived platform to chemo-catalytically produce B-lactones, y-lactones, 8-lactones, and e-lactones. Monomers from diols (vicinal and
non-vicinal), hydroxy acids, and dicarboxylic acids to enable circular polyesters. Balanced equations for each pathway are shown in the bottom panels.

removal of the co-products such as H, or H,O to drive the forward
reactionin such thermodynamically hindered pathways.

Reaction engineering considerations for efficient production of
bio-based lactones need to account for the thermodynamic require-
ments of the reactions. Intrinsic properties of various bio-substrates
suchasthe AH,,,, boiling point, viscosity, and so on will also be critical
factors affecting the mode of reaction. To demonstrate the point, we
summarize the boiling points of various terminal and vicinal diols, as
wellastheir AH,,, valuesinFig.2c,d, whichindicates thatas the carbon
number increases, the AH,,,, boiling point, and viscosity of the diol
increase, where the viscosity is related to the AH,,, through the Eyring
equation®,

The choice between liquid-phase (semi-batch or batch process)
or vapour-phase (continuous flow) operation will depend on the
thermodynamic requirements of each pathway. Shorter chain diols,
hydroxy acids, and dicarboxylic acids with boiling pointsin the range of
200-300 °Ccan, inprinciple, be reacted inthe vapour phase. Literature

examples of vapour-phase diol conversion to lactones report operat-
ing temperatures of 350-400 °C, especially for non-redox routes, to
satisfy both thermodynamic (enthalpy of vaporization + enthalpy of
reaction) and kinetic (activation energy) constraints****. When redox
routes are used, lower reaction temperatures can be used, but active
heat management strategies are still required to prevent runaway
reactions. Eveninthese cases, kinetic hindrances need to be addressed
with robust catalyst design strategies to lower kinetic barriers. Typi-
cally, the liquid-phase, redox dehydrocyclization of diols to lactones
with the co-production of H,O can be conducted at <200 °C in the
presence of solvents®*,

Catalyst design considerations

Lactone production pathways can be categorized into indirect and
direct routes. Indirect routes involve chemo-catalytic conversion
of a bio-based substrate to an intermediate, which can then be con-
verted to a lactone through a second, independent step - namely,
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Fig.2|Free energy analysis of monomer production pathways and process
design considerations. a, Computed Gibbs free energy of reaction at standard
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highlight the degree of substitution as 1° for primary, 2° for secondary, and
3°for tertiary carbon atoms. b, Computed Gibbs free energy of reaction at

standard conditions (1 atm, 25 °C) for lactones from bio-derived diols, hydroxy
acids, and dicarboxylic acids. AG,,, values are provided in the Supplementary

information. ¢, Boiling points as a function of carbon number of various terminal
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lactones: continuous flow process (reactants and products flow in and out
continuously), semi-batch process (reactant(s) or product(s) may flowin or

out duringreaction), and batch (reactants and products do not flow in or out
duringreaction). The semi-batch process depicted hereinis rarely reported in
the literature but may be suitable as acompromise between continuous flow

and batch processes. BDO, butanediol; PDO, propanediol.

one catalytic cycle cannot yield the lactone product. Conversely,
direct routes proceed via a single catalytic cycle, which converts bio-
based substrates to the lactones without isolation and separation of
anintermediate. The catalyst design considerations for indirectand
directroutes for chemo-catalytic lactone production are summarized

subsequently.

Indirectroute

Vicinal diols to epoxides to lactones. We first review and discuss cata-
lyst design considerations for the production of epoxide substrates.
Our analysis focuses on the catalytic transformation of C,-C, vicinal
diols, prioritizing studies that report product yields above 80 mol%.
These reactions yield strained epoxides, which serve as precursors to
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B-lactonesvia carbonylation. The corresponding references have been
summarized in Supplementary Table 1.

The catalytic conversion of vicinal diols to their corresponding
ring-strained epoxides proceeds viaadehydrative elimination reaction
mechanism, distinct from E, or E, acid-catalysed mechanisms®. The
accepted pathway is a base-catalysed Sy,-type substitution, with the
forward rate increasing as the degree of substitution increases on
the oxygen-bound carbon atoms of the vicinal diol*®. This is consistent
with the Thorpe-Ingold effect, whereby increased substitution favours
intramolecular cyclization®.

a Yield summary b Design summary
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To understand catalyst design principles for this reaction,
we analysed the most often reported catalyst formulations for
dehydrative epoxidation of vicinal diols to epoxides (Fig. 3a,b). Our
analysis indicates that most catalysts are composed of alkali and
alkaline-earth oxides, hydroxides, and bi(carbonates), notably Na*,
K*, and especially Cs*, supported on weakly acidic supports such as
Si0,. We note that although most of the literature focuses on eth-
ylene oxide synthesis, highly substituted epoxides (for example,
2,3-dimethylbutene oxide) would yield lactones that are more use-
ful as monomers for recyclable polyesters™*°. Limited examples of
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Fig.3| Conversion of diols to epoxides. a, Summary of bibliometric analysis

on epoxide production to identify high-yield (>80 mol%) reports. b, Catalyst
design summary of the most-reported catalyst compositions in the high-yield
literature for diol conversion to epoxides. ¢, Representative literature highlights
showcasing supported basic oxide catalysts, for example, Cs*/SiO,, for the
vapour-phase conversion of diols to the corresponding epoxides as a function
of catalyst formulation, surface-site density, and substrate chain length.

d, Literature proposed surface reaction steps over Cs*/SiO, catalysts for epoxide
formation from vicinal diols. Literature analysis was conducted using the CAS
SciFinder database for epoxide production from ethylene glycol to ethylene
oxide, 1,2-propanediol to propylene oxide, 2,3-butanediol to butene oxide, and
2,3-dimethyl-2,3-butanediol to 2,3-dimethylbutene oxide. Bibliometric analysis
datainpartsaandbare provided in the Supplementary information. STYs, site
timeyields.
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the use of supported transition metal or metal oxides such as Ag
and Pd are also available, especially related to ethylene epoxide
production from ethylene glycol. However, the active site identity
remains unclear owing to limited in situ characterization. Indeed,
surfacesitesin AgO,and PdO, are known to be basic and redox-active,
complicating mechanistic interpretation®.

On the basis of the frequency of reports on catalysts containing
group I and Il oxides and hydroxides, especially supported caesium
oxide catalysts, it can be inferred that basic surface sites of optimal
strength are essential for the dehydrative epoxidation mechanism.
Although studies with direct mechanistic evidence are rare, several
catalyst design insights emerge from the literature on the topic,
exemplified in the case study shown in Fig. 3c,d. A key design param-
eter is the balance between surface basicity and the electronegativ-
ity of the cation. Weakly electronegative group I cations such as Cs*
yield higher catalytic activity than K" and Na*. Group Il cations also
form active catalysts, but exhibit site time yields (STYs) ~2 orders
of magnitude lower owing to their higher cation electronegativity.
Plotting the nominal STY against Pauling electronegativity shows a
monotonic decrease in STY as the electronegativity increases from
0.7to1.3. Cations with electronegativity higher than this cut-off value
(for example, Mg*") make poorly active catalysts. Finally, itis not fully
understood whether the basic cation itself serves as an active site or
whether its primary roleis to modify supportinteractions and generate
interfacial oxygen sites (M*”"*~O-support). On the basis of the propos-
alsinliterature®®*, it appears that the oxygen atoms of the interfacial
sites (M?>**-~O-support) are implicated in the reaction, meaning not
only the supported cation’s electronegativity but also that of the sup-
port’s cation (for example, Si**, AI** and Ti*") likely influence activity of
theinterfacial O atom. This support effect has yet to be systematically
studied in dehydrative epoxidation, but is conceptually related to
ligand effects in surface catalysis** ™.

An effective catalyst for dehydrative epoxidation requires a
bifunctional surface comprising both Brgnsted acidic protons (surface
hydroxyl sites of the catalyst support) and basic sites (M**** cati-
ons or M*#*-0-Si interfacial sites). Acidic protons are necessary for
concerted H,0 elimination, whereas the basic sites are involved in
the intramolecular cyclization to form the epoxide®®*2. This implies
thatif the acidic sites are fully titrated, for example, by depositing a
monolayer of group I or Il oxides, the resulting material becomes cata-
lytically inactive for epoxide formation. The plot of STY as afunction
of Cs* surface density in Fig. 3c confirms this, where low Cs* coverage
(-0.24 Cs,oms N 2) results in STY ~1 order of magnitude higher than
catalysts with high Cs* loading (-17 Cs,.,ms Nm2)*, However, as the
surface density of the Cs” increases, the nature of the Cs sites may
change; at low loadings, strongly interacting sites such as Cs*-0-Si
may form, whereas at higher Csloadings, a Cs,O crystalline phase may
form and the interaction with the catalyst support may be reduced.
Mechanistic studies (Fig. 3d) further confirm that purely acidic cata-
lysts promote elimination pathways (E1 or E2), yielding aldehydes
and ketones rather than substitution products®**®*. By contrast,
bifunctional catalysts, such as low-loading Cs*/SiO,, which maintain
amixture of basic and acidic surface sites of optimal strength and in
optimal proximity of each other, selectively dehydrate the vicinal
diols to epoxides via a substitution pathway. Therefore, studies with
quantitative site-counting methods (redox, basic, and acidic) as a
function of group I or Il metal oxide surface density are required to
support the claim that both acidic and basic sites are necessary for the
conversion to vicinal diols to epoxides. Moreover, a clear opportunity

is present for rational design and compositional tuning of catalysts
that promote the bifunctional pathway to steer product selectivity
towards epoxides.

Interms of substrate identity, longer-chaindiols such as 2,3-butan-
ediol exhibit higher STYs than shorter chain diols such as ethylene
glycol for conversionto corresponding epoxides: butene oxide > pro-
pylene oxide > ethylene oxide. Although the STY differenceislessthan
one order of magnitude, the trend is consistent and may be due to
stronger adsorption energetics of the longer chain substrates, higher
stability of the reactive intermediate in more substituted carbonatoms,
and the Thorpe-Ingold effect®*%,

Finally, a sufficiently large ionic radius of the basic cations is
needed to prevent their dissolution and diffusion into the lattice of
the support (Li* and Na* especially do not satisfy this criterion)* =",
Elsewhereintheliterature, itisknown that smaller, group I cations such
as Li"and Na" migrate into the bulk of the support, for example, SiO,,
and catalyse the transformation of amorphous SiO, into crystalline
cristobalite phase at ~750 °C, which is well below the phase transition
temperature of ~1,500 °C in the absence of these ions**>*. However,
the exact ionic radius necessary to prevent solid solution formation
isalso dependent on the catalyst support utilized and the calcination
temperature used. To our knowledge, stability tests to monitor the evo-
lution of active and selective catalysts during vicinal diol conversion to
epoxides have not been conducted onindustrially relevant timescales.
Typically, time-on-stream data for vapour-phase diol conversioninthe
literature is on the order of 24-96 h, and significant deactivation of
catalysts is observed in these timeframes®***, Although the deactiva-
tion mechanism has not been studied for such catalysts, it has been
speculated that alkali leaching may be responsible for the observed
deactivation®®*2, Alternatively, carbon deposition or coke formation
canalso lead to catalyst deactivation as both basic and acidic surface
sites caninitiate coke formation.

Once an epoxide is formed, the ring-expansion carbonylation of
epoxide to the corresponding lactone can be carried out over hetero-
genized bimetallic catalysts of the general form [Lewis acid]'[Co(CO),]
(refs. 54-56). Although these heterogeneous systems have not yet
matched the substrate scope or activity of their homogeneous coun-
terparts, they representa promising direction for developingscalable,
carbonylation-based routes to lactones®***~*°, Additional insights into
catalyst design for this step are discussed in the subsequent section on
homogeneous catalysis.

Direct routes
Dehydrocyclization of non-vicinal diols. Next, we analysed the het-
erogeneous catalysis literature for the conversion of diolsto lactones,
with an emphasis on reports with high lactone yields (>80 mol%).
The references are provided in Supplementary Table 2, and the
most-reported catalyst components are summarized in Fig. 4a,b.
Notably, the literature on -lactones is sparse. In general, significant
opportunities exist to improve this field through rigorous product
analysis and quantification, catalyst performance comparisonsonaper
activessite basis, and elucidation of the underlying surface mechanisms
employing operando characterization techniques. The absence of such
rigorous studies limits the ability to comprehensively derive funda-
mental catalyst design principles and hinders the translation of these
reactions to scalable processes for ring-strained lactone production
frombio-derived substrates.

Asshownin Fig. 4a,b, catalysts for diol dehydrocyclization com-
monly contain Cu, Pt, Pd, or Au supported on basic or redox-active
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routes). ¢, Representative literature highlight showcases supported Au/TiO,-
supported catalysts for liquid-phase dehydrocyclization of various terminal
diols to respective lactones, with ex situ ultrahigh vacuum X-ray photoelectron
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spectroscopy-based insights correlating surface Au® content and site time
yield (STY). The representative data in panel ¢ highlight the relevance of
metallic Au nanoparticles for dehydrocyclization of diols®". Literature analysis
was conducted using the CAS SciFinder database for 3-lactones, y-lactones,
8-lactones, and e-lactones production from 3-6 membered diols. Bibliometric
analysis datain panels aand b are provided in the Supplementary information.

oxides, including TiO,, BaO, SnO, (ref. 35), and ZnO. The conversion
of adiol to the corresponding lactone involves two dehydrogenation
steps, which may occur oxidatively or non-oxidatively. Accordingly,
catalysts must promote C-H bond activation and stabilize dehydro-
genated intermediates, functions typically associated with basic and
redox-active surfaces. When reduced metals such as Pt, Pd, Au, or Cu
are used, the mechanistic role of the metallic versus oxidized state is
not well understood. Some studies on Cu-based catalysts explicitly
include a pre-reductionstep, suggesting Cu®is the active phase?****"*8,
although other studies claim that Cu' is the active site*’. We note
that when a pre-reduced metallic catalyst is used, vapour-phase diol
conversion to lactone proceeds via the non-redox route with the
co-production of H, instead of H,O. This reaction is conducted in the
absence of O, or air and in the presence of H, flow to keep the metallic
catalyst active”.

Conversely, catalysts such as Pt/SnO, (ref. 35), Au/Al, O, (ref. 60),
Au/AIOOH®°, and Au/TiO, (ref. 61) are reported to be active and selec-
tive for liquid-phase diol conversion tolactones via the thermodynam-
ically favourable redox route with co-production of H,0. Typically,
such catalysts are tested in high-pressure batch reactors, with diol
dissolved insolvents such as tributyl phosphate, mesitylene, or hex-
anes with high-pressure air or O,. Therole of each catalyst component
remains unresolved. Reduced metals may directly facilitate C/O-H
activation by lowering dehydrogenation barriers and indirectly by
promoting H-spillover to adjacent sites as metal-bound H species

diffuse rapidly. They may also contribute to ring closure of dehy-
drogenated intermediates, as Pt® and Au® are known to promote
cyclization reactions®>®. A third possibility would be that reduced
metals such as Pt and Au are involved in O, activation to regenerate
oxidized active sites, although no direct evidence currently supports
this mechanism.

Owing to limited mechanistic studies on Pt-supported and
Au-supported catalysts, it remains unclear whether the metals stay
in the reduced state (M°) throughout the reaction or undergo redox
cycling (M°©M™). For example, in Au/TiO, catalysts, ex situ ultra-
high vacuum X-ray photoelectron spectroscopy (Fig. 4c) showed that
catalysts dried at <100 °C contained a higher population of oxidized
cationic gold species (that s, Au®>"), whereas those calcined or annealed
at>200 °C primarily contained reduced gold nanoparticles of2-10 nm
size (that is, Au®)®.. The catalysts with Au®* were found to be inac-
tive for the dehydrocyclization of diols to lactones, and those with
Au® nanoparticles exhibited high activity and selectivity to lactone
formation, implying that Au® was likely the active site with STY staying
constant from ~2 wt% to 8 wt% Au loading. The structure-insensitive
dehydrocyclization of diols to lactones has also been reported
for Au/Al,O, and Au/Fe,0, catalysts, which were shown to contain
Au® nanoparticles of varying sizes®>**. However, we note that these
insights are based on ex situ characterization of fresh catalysts, and
the morphology and nuclearity of the active Au species during reaction
remain unidentified.
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Broadly in the catalysis literature, Au/support and Cu/support
catalysts have been studied for alcohol dehydrogenation reactions,
where the oxidized metal sites (MO,) are identified as the active
sites as opposed to the reduced metallic sites (M°). For example,
the presence of Cu®*0, sites on oxidic supports was shown to be
necessary for an active alcohol dehydrogenation catalyst®. Like-
wise, Au¥* 0, sites have been proposed as the active sites for ethanol

Pd single atoms (%)

Pd loading (%)

dehydrogenation as well®®*7°, Finally, another potential phenomenon
that can occur during the dehydrocyclization of diols to lactones
is the formation of surface-oxide overlayers from strong metal-
support interaction’’, when a transition metal is supported on a
reducible oxide and subjected to reductive conditions similar to
pre-reduction steps reported in the diol-to lactone literature’>”,
It is not clear whether strong metal-support interaction occurs
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Fig. 5| Lactone production from hydroxy acids and diacids. Aa, Summary
of bibliometric analysis on lactone production from hydroxy acids to
identify high-yield (>80 mol%) reports. Ab, Catalyst design summary of

the most-reported catalyst compositions in the high-yield literature for
hydroxy acid conversion to lactones. Ac, Representative literature highlight
showcasing bifunctional catalysts, identifying the base-poisoned acidic
oxides for vapour-phase, intramolecular esterification of hydroxy acids to
lactones, and the effects of catalyst composition, space velocity, and reaction
pressure on the lactone yield fromref. 76. The literature analysis was conducted
using the CAS SciFinder database for B-lactones, y-lactones, 6-lactones, and
e-lactones production from 4-6 membered hydroxy acids. Ba, Summary of

bibliometric analysis on lactone production from diacids to identify high-yield
(>80 mol%) reports. Bb, Catalyst design summary of the most-reported catalyst
compositionsin the high-yield literature for dicarboxylic acid conversion to
lactones. B¢, Representative literature highlight showcasing supported Pd
catalysts, evidencing the critical role of acidic catalyst support, and small Pd
morphology for creating an active catalyst for reduction and esterification of
dicarboxylic acids to lactones from ref. 82. The literature analysis was conducted
using the CAS SciFinder™ database for y-lactones, 6-lactones, and e-lactones
production from 4-6-membered dicarboxylic acids. Bibliometric analysis data
inparts A and B are provided in the Supplementary information.

during the reaction conditions and, if so, whether it is sufficiently
significant to cause site blockage of the Au/support and Pt/support
catalysts as an impermeable oxide shell forms around the metal
nanoparticles.

The design principles summarized herein (transition metal sup-
ported on basic or redox-active oxide, for example, Au/TiO, or Pt/SnO,,
or transition metal oxide and basic oxide promoter supported on
non-reducible oxide, for example, CrO,~Ba0,/SiO, or CuO,-Cr0,/Zn0O)
provide a useful starting point for future research. However, rational
design of stable catalysts for oxidative dehydrocyclization of diols to
lactonesintheliquid phase will require systematic studies to determine
the structure and composition of active metal oxide phases, the elec-
tronicand geometric properties of surface sites, and theimpact ofH,0
on catalyst stability and reactivity. Moreover, if catalyst deactivation
is observed, the underpinning mechanisms need to be investigated
thoroughly, asitis knownin the broader literature that terminal diols
such as 1,4-butanediol and 1,6-hexanediol can readily dehydrate in
the liquid state on metallic catalysts (for example, Pt/support) at low
temperatures toformirreversibly bound olefin species on the surface
thatrapidly deactivate the catalyst via fouling™ or cause metal leaching
viachelation.

Intramolecular esterification of hydroxy acids. Figure 5 summarizes
the catalyst components most frequently used for the conversion
of hydroxy acids to lactones, a transformation that proceeds via
intramolecular esterification catalysed by solid acids®. As expected,
acidic oxides such as Al,0,, SiO,, and SiO,-Al, O, (Fig. 5Aa,b) are com-
monly used. The presence of Lewis acidic and oxophilic metal oxides,
such as ReO, (ref. 75), as catalyst promoters is also consistent with
this dehydrative self-esterification reaction being acid-catalysed.
However, similar to the literature on diol-to-lactone conversions,
the role of reduced transition metals (for example, Pt, Pd, and Cu)
remains ambiguous. Their presence in some studies likely reflects
the inclusion of multistep transformations involving dicarboxylic
acids, in which hydroxy acids serve as intermediates in route to
lactones. Focusing on reports that exclusively study the conver-
sion of hydroxy acids to lactones (instead of dicarboxylic acids to
hydroxy acids to lactones), common catalystsinclude acidic oxides,
for example, SiO,, Al,O;, or a mixture thereof, often modified with
low levels of basic promoters such as group I and Il oxides (Fig. SAc).
For instance, a Union Carbide patent reported nearly quantita-
tive yields for the vapour-phase conversion of aqueous hydroxy
acids (10 wt% solutions of 5-hydroxypentanoic acid and 6-hydrox-
yhexanoic acid) to valerolactone and caprolactone, respectively,
using a mixed oxide catalyst containing 20% CaO, 72% SiO,, and 8%
Al O, (ref. 76). This vapour-phase conversion of aqueous hydroxy

acids was conducted at temperatures from 250 °C to 350 °C,
sub-ambient pressures of ~-0.013-0.329 atm, and low space velocities.
Interestingly, if ambient pressure was used while other reaction condi-
tions were maintained, the product selectivity switched from lactones
to oligomers of the hydroxy acid. Likewise, other similar catalyst
compositions have also been reported for hydroxy acid intramo-
lecular esterification to lactones over base-poisoned acidic oxides,
forexample, 16% Ca0, 0.1% Na, and balance of y-Al,O; (ref. 76) and 62%
nano-SiO, with 38% 3-Al, O, (ref. 77). In this context, -Al,O; likely refers
to B-alumina, a non-stoichiometric sodium polyaluminate (general
formula: Nay+,Al;101742), rather thanatrue Al,O; polymorph’.

Reduction and esterification of dicarboxylic acids. Dicarboxylic
acids cannot be directly converted to lactones given the presence of
two carboxylic groups, but rather one of the carboxylic groups needs
to be reduced to a hydroxy group, yielding a hydroxy acid intermedi-
ate, which can then undergo dehydrative self-esterification to form
thelactone. Alternatively, both carboxylicgroups canbereducedtoa
diol, whichcanthenbe dehydrocyclized to alactone. Ineither pathway,
catalytic conversion of dicarboxylicacids to lactones requires aninitial
reduction of the starting substrate viahydrogenation. Thisreactionis
typically runinthe liquid phase in batch reactors at high H, pressures
(for example, 60-150 bar) in the presence of non-reducible solvents
such as1,4-dioxane or H,0”"%,

Figure 5Ba,b summarizes the literature and highlights that the
most often supported transition metals, for example, Pt, Pd, Ru-Sn
alloys®28* or metal carbides such as MoC***¢ are used for this reac-
tion. These metals and metal carbides are known to be active hydro-
genation catalysts. Oxides such as SiO,, Al,0;, TiO,, and AIOOH are
frequently used to disperse the metal phase and provide surface Brgn-
sted acid sites required for the subsequent dehydrative cyclization
of the hydroxy acid intermediate. The lack of basic and redox-active
oxides as catalyst supports suggests that full reductionto diols does not
occur under these conditions; if diols were intermediates, as discussed
previously, their cyclization would require redox-active or basic sup-
ports. Notably, these supports are not poisoned with basic modifiers,
incontrast to hydroxy acid cyclization catalysts. This observation may
indicate that, inthe presence of H,, the esterification step proceeds via
amechanistically distinct pathway that does not require suppression
of basicsites.

To illustrate some of the salient features of catalysts used for
dicarboxylic acid conversion to corresponding lactones, we highlight
supported Pd-based catalysts for the liquid-phase hydrogenation of
succinicacid toy-butyrolactonein Fig. 5Bc. Arelative comparison of
STYs indicates that AIOOH and NH,-functionalized SiO, make supe-
rior catalyst supports, attributed to their ability to highly disperse
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Pd species. Poorly dispersed catalysts form large Pd particles, which
lowers Pd utilization. This effect is clearly demonstrated by plot-
ting STY as a function of Pd loading and dispersion. Specifically, in
Pd/AIOOH systems, increasing Pd loading from 0.1 wt% (fully dis-
persed) to 1wt% (only -10% dispersed) leads to nearly an order-of-
magnitude decrease in STY®2, Overall, the nature of the metal species,
thatis, particle morphology, nuclearity, oxidation state, alloy versus
mono-metallic, and the balance of the metallic sites (for hydrogena-
tion) to the surface-acid sites (for esterification), is expected to be
critical for controlling catalytic activity and selectivity of heteroge-
neous catalysts for the liquid-phase conversion of dicarboxylic acids
tolactones.

Catalyst design summary

In summary, although rational catalyst design will require further
efforts to understand the role of various catalyst components, the
general strategies for catalytic conversion of diols, hydroxy acids, and
dicarboxylic acids to the corresponding epoxides and lactones are
grounded in the mechanistic requirements of each transformation, as
depicted in Fig. 6. Each substrate follows a unique reaction pathway,
requiring catalytic functionalities to overcome specifickinetic barriers,
as summarized subsequently:

a Epoxidation of vicinal diols to 4-membered lactones

Supported group | oxides
(Cs*/Si0,)

Carbonylation
(different catalyst)

S

Epoxidation T, ©
Q\)’&
A

C Esterification of hydroxy acids to lactones

Base-poisoned acidic oxides
(Ca0-Na,0/ALO,)

¥

Esterification

o)
HOM
OH

4

)

Key

(i) vicinal diols to epoxides: submonolayer coverages of group I
basic oxides are required to promote dehydrative S\2 epoxidation
(Fig. 6a);

(ii) diols to lactones (oxidative pathway): redox-active or basic

oxide catalysts are required to promote dehydrocyclization,

yielding H,O co-product (Fig. 6b);

diols to lactones (non-oxidative pathway): supported metal

catalysts promote dehydrocyclization, co-producing H2 (Fig. 6b);

hydroxy acids to lactones: base-promoted acidic oxide catalysts
enable intramolecular esterification via dehydration (Fig. 6¢);

(v) dicarboxylic acids to lactones: acidic oxide-supported metal
catalysts for tandem hydrogenation to hydroxy acids and
subsequent intramolecular esterification to lactones (Fig. 6d).

(iii)
(iv)

Homogeneous catalysis

for 4-membered B-lactones
AsshowninFigs.4-6,thereisalargebody of research for the synthesis
of 5-membered y-lactones, 6-membered 5-lactones, and 7-membered
e-lactones. By contrast, catalytic strategies for B-lactone synthesis are
rare, particularly in the context of heterogeneous catalysis. To address
this gap, we briefly discuss homogeneous catalyst systems with an
emphasis on -lactone formation.

b Dehydrocyclization of diols to lactones

Basic/redox oxide-supported
metals/oxides (Au/TiO,)

Cyclization

d Reduction, esterification of dicarboxylic acids to lactones

Acidic oxide-supported metals
(Pd/support) o

Esterification

Fig. 6| Summary of key catalytic steps in circular monomer production.

a, Epoxidation vicinal diols followed by carbonylation to -lactones.

b, Dehydrocyclization of non-vicinal diols to B-lactones, y-lactones, 8-lactones,
and e-lactones (redox and non-redox routes). ¢, Intramolecular esterification of

hydroxy acids to B-lactones, y-lactones, 8-lactones, and e-lactones. d, Reduction
and esterification of dicarboxylic acids conversion to y-lactones, 8-lactones, and
e-lactones, highlighting the demands of each route that dictate catalyst design.
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¢, WOCl,-catalysed conversion of B-hydroxy acids to -lactones. d, Pd-catalysed

B-C(sp®)-H functionalization of alkyl carboxylic acids to a,a-disubstituted
B-lactones. e, Mechanism of Co(CO), -catalysed ring-expansion carbonylation
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of epoxides. f, Examples of highly active homogeneous catalysts for epoxide
carbonylation. g, Regioselectivity and stereoselectivity observed in the Co(CO), -
catalysed carbonylation of monosubstituted and 1,2-disubstituted epoxides. cat.,
catalyst; HFIP, hexafluoroisopropanol; TMEDA, tetramethylethylenediamine;
MeCN, acetonitrile; THF, tetrahydrofuran; TPP, tetraphenylporphyrin; Salph, N,N'-
bis(3,5-di-tert-butylsalicylidene)phenylenediamine; OEP, octaethylporphyrinato.

Typical synthetic procedures for preparing p-lactones rely on
stoichiometric reagents that generate intermediates that spon-
taneously cyclize. Truly catalytic methods that directly convert
bio-derived substrates (for example, 1,3-diols and 3-hydroxy acids)
to B-lactones are limited to a handful of examples. Only two reports
were found for the direct conversion of 1,3-diols to B-lactones via
homogeneous catalysts, both describing transformation of 1,3-pro-
panediol to B-propiolactone (Fig. 7a,b). The first proceeds by action
of CCl,inthe presence of VO(acac), catalyst, through the formation
of alkyl hypochlorite intermediates®. Although B-propiolactone
yield is high (98%), the need for CCl,, which is sacrificial in the reac-
tion, renders this route challenging for industrialization. A second
route involves aqueous-phase oxidation of 1,3-propanediol to
B-propiolactone in 95% yield using an Ru homogeneous catalyst,

yielding B-propiolactone in 95% yield with H, as the sole by-product®.
Although promising, this system has not been reported for other
substrates to our knowledge.

Only one study reports catalytic 3-lactone formation from
B-hydroxy acids. In examining WOCI, as an analogue to vanadium-
based catalysts for olefin production, B-lactones were observed as
intermediates in two cases®’ (Fig. 7c). However, the intended trans-
formation was olefin formation via thermal degradation of the
B-lactone rather than maximizing lactone selectivity. More recently,
Pd-catalysed B-C(sp®)-H functionalization of alkyl carboxylic acids
togenerate various a,a-disubstituted B-lactones was also reported®®
(Fig.7d). Despite its synthetic utility, this method requires 10 mol% Pd,
a200 mol% peroxide oxidant, and hexafluoroisopropanol as solvent,
limiting its scalability. Collectively, these examples illustrate the
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significant challenges associated with developing catalytic routes
to B-lactones from bio-derived substrates. The limited number of
examples and the absence of generalizable design principles high-
light the need for further mechanistic and synthetic developments
inthis area.

By contrast, the indirect route involving ring-expansion carbon-
ylation of epoxides to -lactones is more extensively studied and
mechanistically wellunderstood”. The most active and selective cata-
lysts for these transformations are bimetallic catalysts of the general
form [Lewis acid]"[Co(CO),]" (refs. 91,92) (Fig. 7e). The Lewis acid
component is critical to activate the epoxide towards nucleophilic
attack by Co(CO), and stabilize the resulting intermediate. However,
it must be sufficiently labile to promote facile ring closure, requiring
a balance of Lewis acid strength to ensure low barriers throughout
the catalytic cycle.

Catalysts developed by Coates and co-workers exemplify this
approach, delivering high B-lactoneyields at low catalyst loadings, low
temperatures, and relatively low CO pressures®®” ¢ (Fig. 7f). The Lewis
acid component in these systems typically comprises cationic salen
or porphyrin complexes of AI** or Cr**, with the porphyrin complexes
generally exhibiting the highest activity. The Co(CO), anionserves as
the nucleophile and carbonyl source.

Akey advantage of this method isits ability to provide 3-lactones
with a high degree of regio and stereo control. For monosubsti-
tuted epoxides, Co(CO), selectively adds to the unsubstituted
carbon such that CO insertion occurs to produce [3-substituted
lactones with excellent conservation of enantiopurity (Fig. 7g).
For 1,2-disubstituted epoxides, as Co(CO), reacts in an Sy2 fash-
ion, stereochemical inversion occurs at the carbon adjacent to the
inserted carbonyl, such that cis-epoxides give trans-lactones and
trans-epoxides give cis-lactones. Regiochemical fidelity is lost in
several scenarios. Asymmetrical 1,2-disubstituted epoxides are not
carbonylated with site selectivity, but yield an approximate 1:1 mix-
ture of the two possible isomers”. In the case of 1,1-disubstituted
epoxides — although Co(CO),” still displays some preference for
attack at the unsubstituted carbon — the ability of the disubstituted
carbon to stabilize a partial positive charge leads to a competing
S\1-type mechanism and the formation of the o, a-substituted lactone
asthe minor product®. Furthermore, in the cited review, the authors
state that attempts to carbonylate trisubstituted and tetrasubsti-
tuted epoxides using Lewis acid-based catalyst were unsuccessful,
resulting in mixtures of unidentified products®. This may limit the
use of epoxide carbonylation in the production of highly substituted
lactones, which have beenrecently shown to be valuable monomers
for chemically recyclable polyhydroxyalkanoates®.

Despite these limitations, given the high yields and atom
economy, the breadth of applicable substrates, and the access
to optically pure products, the ring-expansion carbonylation of
epoxides is currently likely the most promising catalytic process
for sustainable B-lactone production (provided the epoxides are
renewable). However, difficulties associated with catalyst separation
and reuse pose challenges and more work is needed to create het-
erogeneous catalyst analogues for these homogeneous catalysts. As
previously discussed in the section on epoxide production from
vicinal diols, heterogeneous catalysts for epoxide carbonylation
arebeing developed, although their activity is lower than the activ-
ity of homogeneous counterparts. This remains an active area of
research with ample opportunities in catalyst design and reaction
engineering.

Biological and biomass-derived pathways

to lactone precursors

Whole-cell bioconversion to the ROP-capable lactone precursors of
interest from biogenic and waste carbon is a promising strategy. Bio-
conversionroutes offer some advantages over purely chemo-catalytic
routes for converting biomass-derived intermediates, most notably
the ability to convert heterogeneous feedstocks to a single product
infew unit operations atambient pressure and low temperatures™ ",
However, bioprocess metrics — such as titre (g1™), rate (g1 h™), and
yield (g g™) — canbelowin early research stages and require dedicated
metabolic engineering and bioprocess development effortsto achieve
industrial relevance. Exhaustive reviews of bioconversion pathways to
the products of interest have been covered elsewhere'® ', Here, we
highlight the state-of-the-art bioproduction systems for diol, hydroxy
acid, and dicarboxylic acid lactone precursors, compare top produc-
tion pathways, and discuss areas for future development. We direct
interested readers to Supplementary information for arepresentative
literature summary of biological and biomass-derived chemo-catalytic
routes for C,_, linear precursors including diols, hydroxy acids, and
dicarboxylic acids. Cyclic-lactone precursors that may yield bicyclic
lactones, forexample, benzenedimethanol, cyclohexanedimethanol,
andso on, remain challenging to access viawhole-cell microbial routes,
representing a promising avenue for future research. Biomass-derived
chemo-catalytic routes to such cyclic precursors have been reported
intheliterature, althoughthey are indirect and produce <80% carbon
yields, and hence are not discussed in detail. Briefly, examplesinclude
isobenzofuran-1(3H)-one (also called phthalide) produced via hydro-
genation of corn-stover-derived phthalic anhydride'**'?. Alternatively,
the phthalic anhydride precursor canalso be produced viabio-derived
furanand maleic anhydride'®®. Finally, isomers of cyclohexanedimetha-
nol canbe produced viamultistep route from plant-based acrylate and
acetaldehyde'**"°,

Corresponding to the aforementioned ROP-capable lactones,
the most promising biological conversion pathways to C,-C; diols,
hydroxy acids, and dicarboxylic acids onthe basis of titre were analysed
with preference given to the most industrially relevant feedstocks
(SupplementaryFig.1).Intotal, 13 bioproducts were analysed withboth
vicinal and non-vicinal diols being considered. Both 1,6-hexanediol
and the corresponding hydroxy acid (6-hydroxyhexanoic acid) have
not been produced using whole-cell bioconversions to the best of
our knowledge despite a singular patent report', although notably
various promising biomass-derived chemo-catalytic routes have been
reported. For example, cellulose-derived tetrahydrofurandimetha-
nol hydrogenation to 1,6 hexanediol over bifunctional catalysts
contains both metallic and acid sites, for example, Pt-WO,/TiO, and
Rh-Re0,/Si0,, with high selectivity (80-100%)"*'* and 1,6-hexanediol
from cellulose-based tetrahydropyran-2-methanol via tandem
dehydration-hydration and hydrogenation'*. Otherwise, all the lac-
tone precursors have been produced in aerobic and anaerobic bacteria
and fungi.

C, bioproducts can be produced via the central carbon interme-
diates pyruvate and acetyl-CoA, C; bioproducts predominantly via
amino acid biosynthesis, and the only C, bioproduct reported was
produced via TCA cycle intermediates (Fig. 8a and Supplementary
Fig. 1). Hydroxy acids synthesis often mimics biological pathways
for the corresponding diol, as diols are normally a CoA-transferase or
reductive step downstream of the hydroxy acid.

Despite more complex enzymatic reactions being required
to access many of the larger bioproducts, a linear trend in yield as
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Fig. 8| Overview of bioconversion processes to produce diols, hydroxy acids,
and dicarboxylic acids. a, Simplified depiction of metabolic pathways from
biomass-derived sugars to C;-C, diols, hydroxy acids, and diacids. The colour

of each shape represents the carbon number. Asummary of the substrates

used in studies producing C;-C, diols, hydroxy acids, and diacids, with specific
carbon sources for each product indicated in Supplementary Fig. 1. Aerobic and
anaerobic cultivations are indicated by ‘Ox’ and ‘An’, respectively; while ‘Ox/An’

represents when both have been used or controlled microaerobic conditions
were investigated. b, Summary of the maximum titres, rates, and yields achieved
corresponding to the studies summarized in Supplementary Fig. 1. c, Literature
highlight of 1,4-butanediol and glutaric acid bioproduction pathways. Interested
readers are directed to the Supplementary information for further discussion
and citation summary of various pathways to diol, hydroxy acid, and dicarboxylic
acid production. DA, dicarboxylic acid; HA, hydroxy acid; NA, not available.

a function of carbon number was not observed (Supplementary
Fig. 2) with yields ranging from 0.02 g g™ to 0.63 g g™. Notably,
the highest-reported titres analysed here correspond to a ranging

complexity of substrates, from direct precursors (for example, L-lysine
for 1,5-pentanediol) to corn-stover hydrolysate (Fig. 8a), indicating
that there is no trend in titre as a function of substrate complexity.
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Together, for these particular bioproducts, this de-emphasizes the
importance of the target as predictor of success and instead points
to the importance of optimal metabolic pathway design within the
context of the selected microbial chassis combined with bioprocess
development. For example, metabolic pathways with high NADH and
NADPH demand typically require aerobic conditions, albeit oxygen
saturation levels need to be carefully balanced to favour product
synthesis®>">""¢, and products derived from amino acid biosynthesis are
optimal in L-lysine-overproducing bacteria such as Corynebacterium
glutamicum®*.

Bioprocess economic viability canbe roughly approximated by a
combination of the titre, rate, and yield; although no universal value
exists as substrate cost, bioproduct value and other process costs vary
substantially. Six of the 13 bioproducts are produced at titres exceed-
ing 50 g1, while simultaneously having productivities exceeding
0.66 g1 h! (Fig. 8b). 1,4-Butanediol” and glutaric acid*® are high-
lighted as illustrative examples showing the pathways and metabolic
engineering steps that were required to produce these compounds at
industrially relevant quantities (Fig. 8c).

1,4-Butanediol is produced biologically at commercial scale in
Europe and North America, including by Genomatica and Qore"8"",
A computational and systems biology-informed metabolic engineering
strategy developed a 5-step pathway in Escherichia coli from the TCA
cycleintermediate succinyl-CoA through 4-hydroxybutyric acid to the
non-native product, 1,4-butanediol, with acetate recycling (Fig. 8c and
Supplementary Fig. 1). Design of this pathway also led to the discov-
ery of novel enzymes for the reduction of 4-hydroxybutyryl-CoA to
1,4-butanediol using E. coli as a production host. The final engineered
strain has been reported to produce titres of >120 g I at close to the
theoretical yield of 0.5 g g and rates of >3 g I h™ at scale from various
biomass-derived sugars'’.

Glutaric acid is not currently produced at an industrial scale bio-
logically to our knowledge; however, reported titre, rate, and yield
metrics from the literature place it in a strong position for industrial
scale production in the future®**'?°, Five-carbon molecules, such as
glutaric acid, are hard to produce biologically owing to the lack of
C; precursors from central metabolism. A solution to this problem is
to oxidatively decarboxylate the amino acid L-lysine using enzymes
found in the Pseudomonas genus of bacteria. Using this strategy, a
4-step pathway was engineered in the L-lysine-overproducing bac-
teria C. glutamicum. Careful optimization of fermentation metrics
such as feedstock concentration, pH, and dissolved oxygen content
led to a final engineered strain reported to produce 105g 1™ at an
impressive yield of 0.54 g g™ and a rate of 1.5g 1 h™, although at this
stage only from pure glucose®. Finally, in terms of biomass-derived
chemo-catalytic pathways to C; substrates, notable examples
include furfural hydrogenation to 1,5-pentanediol in yields exceed-
ing 95% over Ru/C catalysts'”'*, and §-valerolactone production via
dehydrogenation of 2-hydroxytetrahydropyran over Cu/SiO, (ref. 123).

Conclusions

Circular polyesters can be readily synthesized via ROP of ring-strained
lactones in an atom-efficient and energy-efficient manner. In this
Review, we explore catalytic routes for converting bio-based inter-
mediates, including diols, hydroxy acids, and dicarboxylic acids
to lactone monomers. Specifically, our analysis covers both direct
routes (bio-substrate - lactone; one-pot, single catalyst process)
and indirect routes (bio-substrate - isolated intermediate - lactone;
multi-pot/multi-catalyst process). Gibbs free energy analysisindicates

that oxidative dehydrocyclization of diols to lactones is thermody-
namically favourable, whereas non-oxidative diol dehydrocyclization,
hydroxy acid esterification, and dicarboxylic acid reduction followed
by esterificationare generally endergonic. For theindirect route involv-
ing dehydration of vicinal diols to epoxides, Gibbs free energy analysis
evinces that, while this transformation is usually thermodynamically
hindered, diols with longer carbon chains and a higher number of alkyl
substituents exhibit more favourable thermodynamics than shorter
chain or less-substituted variants to form the epoxide products. The
thermodynamic considerationsin turninform critical process design
choicesincluding reactor configuration (batch, semi-batch or continu-
ous), phase behaviour (liquid versus vapour), separation strategies,
and solvent selection.

Interms of catalyst design principles for the various routes, litera-
ture suggests that supported group l oxides can dehydrate vicinal diols
to epoxides, which can further be readily carbonylated to -lactones
using homogeneous catalysts or heterogenized variants of the homo-
geneous catalysts. Redox-active and basic oxides facilitate oxidative
dehydrocyclization of non-vicinal diols to lactones, co-producing
H,0. Metal catalysts enable non-oxidative diol dehydrocyclization
in the vapour phase under H, co-flow, required to keep the metal-
lic sites reduced. Base-poisoned acidic oxides catalyse hydroxy acid
esterification, whereas metal-supported acidic oxides hydrogenate
and esterify dicarboxylic acids to lactones. Analysis of the biological
and biomass-derivable chemo-catalytic pathways to produce these
substratesthat canthenbedirectly orindirectly converted tolactones
indicates that multiple relevant substrates are readily accessible from
various metabolic and chemo-catalytic pathways.

Thetransition to bio-based monomers for circular polymers pre-
sents aunique opportunity to reduce dependence on fossil resources
and reconfigure supply chains and chemicalinfrastructure. By leverag-
ingbiologically derived feedstocks, novelintermediates with tailored
functionality — such as oxygen-rich molecules amenable to lactone
and epoxide formation — can be accessed, enabling new materials
with enhanced performance and sustainability. However, realizing
this potential requires the development of catalytic processes that
can efficiently convert these bio-based intermediates into the desired
polymerizable lactones. Advancesin catalyst design mustbe driven by
adeep mechanistic understanding of selective bond activation, guided
by both computational and experimental insights. Furthermore, the
integration of past and present knowledge in catalyst and process
design s critical for accelerating innovation, ensuring that emerging
catalytic strategies align with scalable, industrially viable processes.

Published online: 22 October 2025
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