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With sustainability at the forefront of current polymerisation research, the typically earth-abundant,
inexpensive and low-toxicity main group metals are attractive candidates for catalysis. Main group
metals have been exploited in a broad range of polymerisations, ranging from classical alkene
polymerisation to the synthesis of new bio-derived and degradable polyesters and polycarbonates via
ring-opening polymerisation and ring-opening copolymerisation. This tutorial review highlights efficient

Received 15th January 2022 polymerisation catalysts based on Group 1, Group 2, Zn and Group 13 metals. Key mechanistic pathways
DOI: 10.1039/d2¢cs00048b and catalyst developments are discussed, including tailored ligand design, heterometallic cooperativity,

bicomponent systems and careful selection of the polymerisation conditions, all of which can be used
rsc.li/chem-soc-rev to fine-tune the metal Lewis acidity and the metal-alkyl bond polarity.

Key learning points

(1) Main group metal catalysts have been used in a wide range of polymerisations including alkene and ring-opening (co)-polymerisations, and potentially offer
a more sustainable alternative to transition metals.

(2) Catalyst activity and selectivity can be optimised through choice of metal(s), ligand design and polymerisation conditions.

(3) There are a wide range of accessible and effective main group catalyst systems, including combinations of mono-/multimetallic, homo-/heterometallic and
mono-/bicomponent systems.

(4) Metal-alkyl bond polarity is a key modulator for alkene polymerisation, with more polar metal-alkyl bonds typically showing enhanced catalytic activity.
(5) Tuning the Lewis acidity of the metal is important for ring-opening (co)-polymerisation catalyst activity, as this influences the monomer coordination and
nucleophilicity of the metal-oxygen bond responsible for monomer attack/insertion.
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complex is not regenerated in its original form, therefore it is

sometimes referred to as an ‘initiator’ rather than a ‘catalyst’. Scheme 1 Example polymerisations using main group metal catalysts.

Some metal complexes are used with an external initiator (true

catalysts, as the structure of the organometallic complex is

unchanged), whereas for others, part of the metal complex initiates the polymerisation (thus modifying the structure of the
metal complex, and not a true catalyst). However, some organo-
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‘main group metal catalysts’. It is also worth noting here that
zinc is classed as a main group metal in spite of its position in
the d-block of the periodic table, due to its 4s> 3d'® electronic
configuration.®”

Recent advances in mechanistic understanding and the
design of new main group catalysts have delivered improvements
in many different polymerisations. This review covers exciting
and topical developments in polymerisation processes that are
commonly catalysed by main group metal complexes (Scheme 2),
with a particular focus on alkene polymerisation, the ring-
opening polymerisation (ROP) of cyclic esters/cyclic carbonates,
and the ring-opening copolymerisation (ROCOP) of epoxides
with anhydrides or CO,.

In each of these three fields, catalyst development has
included both heterogeneous and homogeneous systems.
Heterogeneous catalysts, which can be found in a separate phase
(typically solid) from the monomers (typically liquid or gas) are
often preferred in industry due to enhanced catalyst stability, as
well as easier separation and reusability. Homogeneous catalysts
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remain in the same phase as the monomers (typically in
solution), and can be stabilised on a solid carrier material to
improve the catalyst stability and reusability, which can help to
avoid contamination of the polymer product with traces of the
catalyst. One of the key advantages of homogeneous catalysts is
that they typically feature discreet, well-defined active sites,
facilitating mechanistic understanding for informed catalyst
design and improved performance. Thus, significant research
efforts have focussed on homogeneous polymerisation catalyst
development using metals from all blocks of the periodic
table, with a variety of different mechanistic pathways includ-
ing anionic, cationic and coordination-insertion mechanisms
(see Schemes 3-6 for examples).

Transition metal complexes have been widely used in poly-
merisation processes, generally showing high reaction rates
and selectivities. However, some transition metals are scarce
(thus expensive) and can impose toxicity risks when embedded
in the polymer products. Promising initial polymerisation
studies have also been reported using f-block metals, but these
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Scheme 2 General polymerisation pathways catalysed by main group metal complexes.

catalysts can be challenging to prepare. Metal-free organo-
catalysts (including frustrated Lewis pairs) have been widely
studied and can initiate polymerisations via the nucleophilic
attack of a monomer from a lone electron pair on a heteroatom
(e.g. nitrogen), yet can also suffer from toxicity issues.® Devel-
opments in heterogeneous catalysts,”'® transition- and f-block
metal-based catalysts,"""? frustrated Lewis pairs® and organo-
catalysts'® have been extensively reviewed elsewhere. This
review will therefore focus on main group metal catalysts as
inexpensive, earth-abundant and low-toxicity alternatives that
are economically and environmentally attractive.
Polymerisation catalyst performance can be determined using
several different metrics. High activities are crucial for indust-
rially relevant catalysts, which are typically measured using turn-
over numbers (TON, the number of monomer units converted by
one mole of catalyst for a homopolymer), turnover frequencies
(TOF, the TON achieved in a defined unit of time) or the observed
reaction rate constant (kops). Efficient catalysts can deliver control
over the polymer properties, including chain length (number
average molecular weight, M,,) and molecular weight distribution
(dispersity, D). These values can be determined using size exclu-
sion chromatography (SEC) - a technique that separates polymer
chains by their hydrodynamic volume (size). Well-controlled
polymerisations give more uniform chains with similar M,, values
and a narrow dispersity (i.e. a value of D close to 1.0), while a
broad dispersity indicates a larger variety in M,, that can lead to
more varied polymer properties. The relative arrangement of
adjacent stereocentres along the polymer chain is defined as
the tacticity, which can be well-controlled (e.g. isotactic or
syndiotactic) or random (atactic) (Fig. 1). The tacticity can be
quantified through the relative intensity of 'H or C NMR
resonances that are characteristic for diads, triads or tetrads

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Tacticity patterns in polypropylene highlighting the stereochem-
istry of the chiral centres (R/S) and the relationship between adjacent
stereocentres (isotactic, i or syndiotactic, s).

(which refer to two, three or four adjacent stereocentres respec-
tively, Fig. 1). The tacticity is described using probability values
(0 < P < 1; Pyynaio * Piso = 1.0), where Pjg, and Pgynqj, refer to the
probability of isotactic and syndiotactic linkages, respectively.*
For example, a perfectly isotactic polymer would have a P; value
of 1.0 (and a P value of 0.0), whereas a perfectly syndiotactic
polymer would have a P value of 1.0. Importantly, the tacticity
can significantly influence the thermal and mechanical
properties of a polymer, such as rigidity/flexibility, crystallinity,
melting point and the glass transition temperature (Ty),
which all determine the possible applications of the polymer
material.*

This tutorial review focuses on developments in main group
metal-catalysed polymerisations, and highlights interesting
examples from across the periodic table. Due to the
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increasingly pressing challenge of plastic waste accumulation,
examples of main group catalysts to prepare renewable and
biodegradable polymers such as polyesters and polycarbonates
are emphasised. These catalyst systems not only exploit the
advantages of main group metals (low cost and generally low
toxicity) but can also offer excellent activity and control over the
polymer microstructure. Instead of a comprehensive summary,
this review aims to showcase examples that feature unique
activities and stereoselectivities or have delivered mechanistic
understanding key to designing the next generations of main
group catalysts for alkene polymerisation, ROP and ROCOP.

Main group catalysts for alkene
polymerisation

Some of the earliest alkene polymerisations were achieved
using main group metal catalysts but since then, metal-catalysed
alkene polymerisation has been dominated by early transition
metal catalysts. Transition metals are typically more efficient in
activating C—=C double bonds, as inserting a double bond into
a metal-alkyl bond is more energetically demanding for main
group metal complexes."* Challenges with the synthesis and
handling of air- and moisture-sensitive main group metal-alkyl
catalysts can further hinder their industrial applications.
However, main group species have played a significant role as
co-catalysts, when used in combination with transition metal
catalysts. For example, the ubiquitous Ziegler-Natta catalysts,
which are typically based on Group 4 (Ti, Zr or Hf) complexes
and organoaluminium co-catalysts, have been a cornerstone
of ethylene and propylene polymerisation since the 1950s."
Trialkylaluminium (AIR;3) or methylaluminoxane (MAO) com-
pounds are used to activate these transition metal pre-catalysts
towards initiation, by forming cationic transition metal-alkyl
species that follow a coordination-insertion mechanism
(Scheme 3). While the exact structure of MAO is still debated,
a widely accepted opinion is that it consists of a mixture of
aluminoxanes and methylaluminium species."® However, it is
important to note that catalysts based solely on main group
metals have also been reported for alkene polymerisation,
including examples from both the s- and p-block.
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Scheme 3 Coordination—insertion mechanism of ethylene polymeri-
sation using a zirconocene catalyst and MAO co-catalyst.
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Reactive organoalkali metal catalysts for olefin polymerisation

Alkali metal alkyl compounds are well-known to initiate anionic
polymerisations, due to the metal-alkyl bonds (e.g. R-Li) being
highly polarised and thus prone to forming anionic R~ species
that can perform nucleophilic attack. For example, "BuLi poly-
merises ethylene, albeit with moderate activity and generating
low molecular weight polymers. This poor reactivity was attri-
buted to the lack of substituent groups on the monomer, as
alkene substituents can stabilise the growing (propagating)
polymer chain. Thus, stabilised monomers such as conjugated
alkenes (e.g. styrene and butadiene) or alkenes featuring polar
moieties (e.g. methyl methacrylate) can be rapidly polymerised
by alkyllithium initiators."” For example, styrene can be poly-
merised using "BulLi, albeit with poor control over M, (broad
dispersities) and the stereochemistry (atactic polystyrene)
(Scheme 4). The polymerisation control was subsequently
improved through a variety of methods,"”” which included
replacing "BuLi with *BuLi,'® lowering the reaction temperature
(—30 °C) and using additives such as ligands, water or alkali
metal salts (e.g. LiO'Bu)."® Importantly, these methodologies
became ‘living’, which refers to a precisely controlled poly-
merisation process without chain transfer and termination
that can proceed until all available monomer is consumed.
Consequently, these developments afforded polystyrene with
fine-tuned molecular weights, dispersities and tacticities,
which improved the thermomechanical properties. Nevertheless,
commercial polystyrene is mainly produced through free radical
polymerisation; the relatively high cost of anionic polymerisation
(due to the use of solvents, monomer purification, cooling and
expensive initiators) outweighs the advantages of well-controlled
"BuLi-based catalyst systems.*® The reactivity of alkyllithium
initiators can also be boosted by metal additives such as ZnEt,,
MgBu, or Mg(HMDS), (where HMDS is bis(trimethylsilyl)-
amide).>' > For example, while using either "BuLi or Mg(HMDS),
alone gave only trace conversion of methyl methacrylate, combin-
ing these two species in a 1:1 ratio gave 90% conversion under
the same reaction conditions. Deeper mechanistic studies
revealed the presence of mixed-metal (heterometallic) species.
While heterometallic catalysts based solely on main group metals
are far rarer in alkene polymerisation than in ROP or ROCOP,
these studies indicate that heterometallic main group catalysts
may be an untapped area in alkene polymerisation.

Alkaline earth metal catalysts for alkene polymerisation

Alkaline earth metal complexes can also directly initiate anionic
polymerisations. Gibson and co-workers employed the first dis-
crete and well-defined Mg complex for the living polymerisation

@
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Scheme 4 Anionic polymerisation of styrene catalysed by "Buli.
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Fig. 2 Structures of MgBDI complex 1, Ca-half sandwich complex 2 and
Ba complexes 3 and 4.

of methyl methacrylate. The binuclear enolate-bridged MgBDI
catalyst 1 (Fig. 2, where BDI is B-diiminate) showed excellent
activity under mild conditions, giving up to 95% monomer
conversion in 10 minutes (THF solvent, —30 °C) with well-
controlled molecular weights, narrow dispersities (P = 1.1) and
high syndiotacticity.>* The living nature of the polymerisation
was supported by the linear relationship observed between M,,
and monomer conversion. Solution-state NMR studies suggested
that the dimeric complex dissociates into the monomeric analo-
gue in THF solvent, which was postulated to act as the catalyti-
cally active species.

Discrete organometallic complexes based on heavier alkaline
earth metals (Ca, Sr and Ba) have also been investigated as
alkene polymerisation catalysts.>> Upon descending Group 2,
these complexes become increasingly nucleophilic compared
to lighter alkaline earth metals such as Be and Mg, due to the
enhanced polarity of the metal-alkyl bonds, which renders the
activation of alkene monomers more feasible.

A series of Ca fluorenyl catalysts for the living poly-
merisation of styrene were reported by Harder and co-workers
(2, Fig. 2).>°® Vacant sites for monomer coordination were
generated by the dissociation of THF from Ca. The ligand
design was crucial in controlling the polymer tacticity: increasing
the steric bulk of the fluorenyl substituents gave a signifi-
cant syndiotactic bias in the polystyrene, which delivers indust-
rially advantageous properties such as low density and a high
melting point (273 °C).>® This complex combines structural
motifs of catalysts used for classical anionic polymerisation
(ie. the ionic character of "BuLi) and coordination-insertion
polymerisation (i.e. the cyclopentadienyl ligand of titanocenes).
Group 2 metals therefore show some promise to bridge between
the conventional alkene polymerisation mechanisms of anionic
polymerisation (Group 1 metals) and coordination-insertion
polymerisation (transition metals). In spite of the stereocontrol,
the polymers displayed relatively broad dispersities (D = 1.4-2.9).
Furthermore, butadiene polymers and styrene/isoprene block
copolymers could also be synthesised using this methodology.

This journal is © The Royal Society of Chemistry 2022
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Homoleptic and heteroleptic barium benzyl complexes
(3 and 4 respectively, Fig. 2) have shown high activity in the
anionic polymerisation of styrene at 40 °C.%° Using catalyst 3
the observed M,, values (90 kg mol ) gave good agreement with
theoretical values, assuming a bivalent mechanism, where two
polystyrene chains simultaneously grow on the metal centre,
initiated by both triphenylpropyl groups. The relatively broad
dispersity (for a living polymerisation, = 1.2) of the obtained
polymers was attributed to a slow initiation step, caused by the
presence of four sterically demanding phenyl groups close to
the Ba centre. Atactic polymer chains were detected, which was
attributed to the rapid exchange of benzyl groups on the Ba
centre, indicating that the growing polymer chains might have
also been exchanging with each other leading to epimerisation
(interconversion of the stereocentres along the polymer back-
bone thus a loss of control over the tacticity).

Zinc and p-block metal catalysts for alkene polymerisation

When combined with tertiary butyl halides, [Zn(CgFs),] initiated
isobutene polymerisation (which can incorporate up to 15% of an
isoprene comonomer).>® These isobutene-isoprene copolymers
are commonly known as butyl rubber and are widely used in the
manufacturing of tubes, tyres, gloves, chewing gum and other
commodities. Unlike the anionic polymerisation mechanism
reported for s-block metal initiators, these reactions undergo
cationic polymerisation, where the positive charge resides on the
penultimate carbon of a growing polymer chain. Diarylzinc
reagents can abstract the halide from alkyl halides, thereby
creating a carbocation which subsequently inserts isobutene
to form polyisobutene (Scheme 5a). These reactions are usually
carried out at low temperatures (<—50 °C) and under inert
conditions (free from air and moisture) owing to the instability
of active carbocationic species.

The equimolar combination of Cp,AlMe and B(C¢Fs); gen-
erates cationic [Cp,Al]" species, which can generate high mole-
cular weight polyisobutene (318 kg mol™ " at —30 °C) albeit with
a broad dispersity (P = 1.8). The same compound could
successfully copolymerise isobutene and isoprene with 2.7%
isoprene incorporated. The authors proposed that the alumi-
nium centre acts as a Lewis acid (an electron pair acceptor) and
initiates the polymerisation, while the counter ion [MeB(C¢Fs)s]
assists in stabilising the positive charge created on the polymer
chain (Scheme 5b).*!

X © [N&~] n(H,c=CMm
[ArZZn]+Y e [ARZnX] [Y} M[AQM? W
n

a) X =Cl, Br, I; Ar = CgF5
H,C=CM
RoAT + :< RzA'\)@\ nlre a RzA'M
n
Al Al° Al°
b) R = CsMes; [A] [MEB(Cer)al

Scheme 5 Cationic polymerisation of isobutene initiated by (a) zinc and
(b) aluminium complexes.
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Fig. 3 Cationic aluminium compounds for olefin polymerisation.

Equimolar mixtures of AIR; (R = Me, Et) and co-catalysts
(such as MAO, triarylboranes or salts of weakly coordinating
borate anions), were reported to catalyse the homo- and copo-
lymerisation of ethylene and propylene.*” A cationic aluminium
alkyl compound, {MeC(N'Pr),}AIMe’, was used in ethylene
polymerisation to give high molecular weight polyethylene
(My, = 272 kg mol ") with a broad molecular weight distribution
(P = 3.3).>* Mononuclear cationic aluminium complexes, based
on pincer ligands (5, Fig. 3)** or Schiff bases with a pendant
arm (6, Fig. 3),>® were also shown to catalyse ethylene poly-
merisation with M, values ranging from 2.4 to 7.8 kg mol .

Zinc and lighter congeners of p-block metal compounds
(Al and Ga) have been studied for the synthesis of highly
reactive polyisobutene (HR-PIB). HR-PIBs are low molecular
weight (M, = 0.5-5 kg mol*) polyisobutenes featuring reactive
vinylidene end groups (i.e. exo-olefin end groups, preferably
>75% content), which are essential intermediates in the pre-
paration of additives for fuel and lubricants. Ethylzinc chloride
in combination with ‘BuCl was shown to successfully produce
HR-PIBs featuring up to 90% exo-olefin groups at room
temperature, with M, ranging from 10 to 29 kg mol " (P =
1.6-2.5).>° AlCl;, GaCl;, alkyl aluminium dichlorides (RAICL,,
R = Et, 'Pr, 'Bu), and alkoxy aluminium dichlorides ((RO)AICI,,
R = Bu, Hex, iPr) combined with dialkyl ethers (R’,0; R’ = ipr,
‘Bu) were also studied as catalyst systems to produce HR-PIBs
(M, = 0.8-2.0 kg mol™*, P > 3.0). These systems yield poly-
isobutenes that contain a high content of reactive exo-olefin
end groups (80-95%).>” Here, the metal precursors act as
initiators while the role of the dialkyl ether is to facilitate rapid
abstraction of the B-proton of the methyl group in a growing
polymer chain, thereby creating exo-olefin end groups.

Summary

Catalysts based solely on main group metals remain under-
explored in alkene polymerisation compared to those based on
transition metals. While main group metals are most com-
monly used as co-catalysts in Ziegler-Natta type alkene poly-
merisations, a handful of promising alkene polymerisation
catalysts featuring only main group metals have been reported,
where the mechanisms differ from the typical coordination-
insertion mechanism (Schemes 3-5). In the s block, highly
polar organometallic initiators based on lithium or heavier
alkaline earth metals follow anionic mechanisms. While
the polymerisation mechanism of some cationic organozinc
(d block) and organoaluminium (p block) complexes is not
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completely understood, they are unlikely to follow a coordina-
tion-insertion mechanism yet it is challenging to disprove that
the catalytic activity originates from trace transition metal
impurities. There has been a recent explosion in the develop-
ment of main group complexes capable of performing reactions
that were thought to lie solely in the domain of transition metal
chemistry. While alkene polymerisation catalysts based solely
on main group metals remain scarce, some efficient examples
have been reported. The highlighted results may serve as a base
to better exploit abundant, inexpensive and low-toxicity main
group metals and thus provide more sustainable alternatives
to some transition metal-catalysed processes for polyolefin
synthesis.

Main group catalysts for ring-opening
polymerisation

Main group metal catalysts from across the periodic table have
been reported for the ROP of various monomers, including
cyclic esters (lactones), cyclic ethers (epoxides) and amides
(lactams).*® As most of this research has focused on lactone
ROP, this section predominantly focuses on catalyst develop-
ment for the ROP of lactones, including lactide (LA),
e-caprolactone (e-CL) and d-valerolactone (3-VL) (Scheme 6, left).
High-performance, degradable and biocompatible polyesters
produced via lactone ROP have various applications spanning
from packaging to biomedicine. To date, most research efforts in
ROP have focused on lactide. Lactone ROP using main group
organometallic catalysts is generally proposed to proceed via a
coordination-insertion mechanism (Scheme 6, top right). The
initiation step involves the Lewis basic (electron pair donor)
monomer coordinating to a Lewis acidic (electron pair acceptor)
metal centre, which activates the carbonyl group towards nucleo-
philic attack and ring-opening. The nucleophile is typically an
alkoxide, alkyl, amido, or halide group bonded to the metal
centre. Sequential coordination, ring-opening and insertion of
subsequent monomers into the polymer chain leads to propaga-
tion and is followed by termination (typically by using a protic
source such as water). Alternatively, ROP may operate through
an activated monomer mechanism (Scheme 6, bottom right).
Similarly to the coordination-insertion mechanism, the mono-
mer is activated through metal coordination, yet in this case,
nucleophilic attack occurs from an external protic nucleophile
(commonly an alcohol or an amine). Monomer coordination and
nucleophilic attack are key mechanistic steps in both pathways,
and careful choice of the ligand and metal can enhance mono-
mer coordination through increasing the metal Lewis acidity and
providing accessible coordination sites.

ROP initiated by organometallic catalysts can occur via
“living” and/or “immortal” polymerisation (Fig. 4). “Living”
ROP involves the continuous growth of polymer chains from an
active site (initiator), with the chain-ends remaining active for
further monomer insertion, until the reaction is terminated.**°
Well-controlled living polymerisations can generate polymers
with a narrow dispersity and targeted molecular weights. This

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Living polymerisation and immortal polymerisation. k, and k; are
rate constants of chain propagation and termination, respectively.

can be especially advantageous in LA ROP, as many industrial
applications require high molecular weight PLA with M,, values
above 100 kg mol *. Living ROP reactions can be instantly
terminated upon the addition of protic compounds such as
water or alcohol. Conversely, immortal ROP (iROP) tolerates the
presence of protic species, which can act as both nucleophiles
(i.e. external initiators) and chain transfer agents (CTAs). A CTA
transfers the growing polymer chain to another molecule. For
example, the reaction of a propagating metal-Opgjymer chain
(e.g. M-OP) with an exogeneous alcohol (H-OR) forms a new
initiating species (M-OR) along with a dormant polymer chain
(H-OP). The dormant polymer chain can be reactivated through
deprotonation by another M-OP’ chain, to reform a propaga-
ting M-OP (along with dormant H-OP’). As each CTA can
initiate a polymer chain, each catalyst facilitates the formation
of more than one polymer chain; this can lead to enhanced
catalyst productivity and typically generates polymers with
narrow dispersities.>®> However, it should be noted that not
all metal-based initiators can tolerate the presence of large
quantities of CTAs, which is the major drawback of iROP.

Tin octanoate (SnOct,, Scheme 1), was amongst the earliest
ROP initiators and is still the standard catalyst used industrially
owing to its solubility in many lactones, stability in storage and
good catalytic performance.** Furthermore, SnOct, can be used to
produce high molecular weight PLA (M, > 100-1000 kg mol )

This journal is © The Royal Society of Chemistry 2022

via the bulk polymerisation of LA, with the use of an alcohol
co-initiator leading to activity enhancements. However, toxicity
issues with SnOct, have sparked a drive to explore alternative
initiators based on less toxic metals while still maintaining good
activity and control over the polymer properties.

Homometallic ROP catalysts based on s-block metals and zinc

Alkali and alkaline earth metal complexes have attracted much
attention as initiators for lactone ROP. Not only are s-block
metals typically earth-abundant, inexpensive and have low-
toxicity but many are also highly Lewis acidic and oxophilic.
These features make main group metal-based catalysts attrac-
tive candidates for the ROP of cyclic esters. Zinc has been
included in this section because it is a divalent metal that bears
several similarities to magnesium, including the ionic radii,
coordination numbers and oxidation state. This section there-
fore covers some of the key developments in s-block and Zn
catalysts for ROP.

Alkali metal catalysts for ROP

Catalysts based on alkali metals (e.g. Li, Na, K) have shown
great promise in lactone ROP to produce aliphatic polyesters.
Simple alkali metal complexes such as butyllithium and lithium
tert-butoxide can act as highly active initiators, yet often give
poorly controlled polymerisations affording low molecular weight
polymers with broad dispersities. This can result from side-
reactions such as intra- or intermolecular transesterifications
(Scheme 7). Simple alkali metal complexes also have a tendency
to form aggregates, which can result in solubility issues.

These drawbacks can be overcome using carefully tailored
ligands. For example, a series of alkali metal complexes
supported by both bulky ligands and crown-ethers have been
exploited in cyclic ester ROP achieving high catalytic activities,
high molecular weights, narrow dispersities and high isoselec-
tivities (Fig. 5). The alkali metal is sandwiched between the
phenolate ligand and the crown-ether, and the confined space
may prevent the metal coordinating to an ester group of the
growing polymer chain thus minimising transesterification.
The coordinated crown ether disfavours aggregation, thereby
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Fig. 5 Structural representation of some alkali metal-based catalysts for
cyclic ester ROP (M refers to metal: Na or K, left) and examples of alkali
metal sandwich complexes (right).

accelerating the reaction. Complexes 7a-7d and 8a-8d all
catalysed the highly isoselective and living ROP of racemic (rac)
LA.*? Potassium-based complex 8c was the most active with
complete monomer conversion achieved in 1.5 minutes (toluene,
100 equiv. LA, 1 equiv. BnOH, 25 °C). The use of electron-rich
ligands was shown to enhance the catalytic activity, with identical
reactivity trends observed for the K complexes (8¢ > 8b > 8a) and
the Na complexes (7¢ > 7b > 7a). This was attributed to
the electron-donating nature of the methoxy (7c/8c) and tert-
butyl (7b/8b) groups, which afford more negatively charged and
thus basic phenoxy units to activate the nucleophilic alcohol
through hydrogen bonding and thus accelerate ROP. However,
complexes 7d and 8d, bearing the sterically most demanding
substituents (two tert-butyl groups), showed lower catalytic activi-
ties due to the highly crowded metal centres. This suggests that
both the ligand electronics and availability of coordination sites
can affect the polymerisation performance. It is important to note
that with other main group ROP catalysts, including Al-based
examples, the use of electron-donating substituents can decrease
catalyst performance by increasing the electron density on the
metal centre, which decreases the Lewis acidity for monomer
coordination and thus slows the propagation rate (vide infra).
However, Na complexes (7a-7¢) followed the same trend as the K
analogues albeit with slightly lower catalytic activities on account
of the lesser ionic character and thus lower Lewis basicity of the
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Na-O bond compared to the K-O bond. Increased ROP catalyst
activities are often observed upon descending a group in the
periodic table. This feature has also been attributed to the larger
metals featuring a greater number of available coordination sites,
which enhances monomer coordination and thus the propagation
rate, albeit often at the cost of reduced (stereo)control. To the best
of our knowledge, the highest PLA isoselectivity reported to date
using alkali metal catalysts was achieved with potassium complex
8a at —70 °C, giving P;s, = 0.94. Reduced polymerisation rate and
improved polymerisation control often go hand-in-hand, thus a
key target is to develop catalysts that deliver excellent activities as
well as exquisite control.

Alkaline earth metal and zinc catalysts for ROP

Recently, there has been an increased interest in alkaline earth
metal-based ROP catalysts. The main challenge for developing
these catalysts is the synthesis of stable and easy-to-handle
complexes, as heteroleptic Group 2 complexes can undergo a
“Schlenk equilibrium” that converts heteroleptic compounds
of general formula LMX to homoleptic compounds ML, and
MX,. This reaction can become increasingly significant for the
larger alkaline earth metals, thus most Group 2 catalysts to date
have been based on Mg.

Chiral oxazolyl aminophenoxide Mg complexes have been
reported (9a-9b, Fig. 6), which display high activities and iso-
selectivities toward rac-LA ROP in the presence of co-initiator
'PrOH (toluene, 25 °C).** Using a racemic mixture of 9a and
9b as the catalyst system, extremely high TOF values (TOF
<54000 h™') were achieved along with isotactic stereoblock
PLA (Pis, = 0.80) of high molecular weights (M, = 461 kg mol ™ %).
Detailed NMR spectroscopic investigations indicated that both
the ligand chirality and the dimeric structure of the active
species contributed to the high isoselectivity.

For larger alkaline earth metals, the use of sterically deman-
ding monoanionic ligands is an efficient method of directing
the Schlenk equilibrium towards the heteroleptic species. For
example, Panda and co-workers reported alkaline earth metal
complexes (10a-10f, Fig. 6) bearing bisphosphinoselenoic amine
ligands [{Ph,P(Se)NH},CcH,] for living rac-LA ROP (toluene,
25 °C).* This was the first example of the ROP catalytic cycle
being initiated via in-built phosphorous-chalcogen (S, Se) double
bonds, in the absence of an external initiator. The highest
activity was achieved using Ba complex 10f as an initiator,
which gave complete conversion of 1000 equiv. of rac-LA in
less than 10 minutes. Both the S- and Se-based complexes

C
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N/w—o Q g 2 Q
LI/ N N-
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SiMe; S ]
E=S:10aM=Ca, 10b M = Sr, 10c M = Ba
E =Se:10d M = Ca,10e M = Sr, 10f M =Ba

Me;Si
R-9a
S-9b

Fig. 6 Examples of alkaline earth metal initiators for cyclic ester ROP.
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exhibited similar trends in terms of activity and stereo-
selectivity, with the larger alkaline earth metals achieving
higher catalytic activities (Ba > Sr > Ca) but lower isoselectivi-
ties (Ca > Sr > Ba). Ca complex 10a provided the most
stereocontrolled polymer (P;, = 0.87) while Ba complexes gave
atactic PLA. Notably, the S-based ligands (10a-10c) showed
higher stereoselectivity than the corresponding Se analogues
(10d-10f). These observations highlight that isoselectivity can
be achieved from two different modes: either by changing the
active metal sites or by changing the ligand system. Addition-
ally, all complexes (10a-10f) were extremely fast initiators for
&-CL ROP, allowing almost complete conversions of 1000 equiv.
of monomer within 30 seconds.

Zinc catalysts have been extensively exploited in ROP
chemistry, largely owing to the biocompatibility and excellent
catalyst performance. While many active monometallic zinc
catalysts have been developed, the majority of these are neutral
complexes. An unusual example of a cationic zinc-lactate
complex bearing a bis(phosphinimine) pincer ligand (11, Fig. 7)
was reported as the first cationic complex to catalyse LA ROP at
room temperature via a living coordination-insertion pathway.*>
Complex 11 converted 180 equiv. rac-LA to polymer in 50 min
(CD,Cl, solvent), yielding slightly heterotactic-enriched PLA
(Psyndio = 0.63) with narrow dispersities (P = 1.1-1.3) and
targeted molecular weights. It is worth noting that in the
absence of an exogeneous initiator, ROP was triggered by the
reactive methyl O-lactate nucleophile of 11.

While many efficient monometallic zinc catalysts have been
reported, bimetallic zinc catalysts often display significant
activity enhancements in LA ROP. For example, Tolman,
Hillmyer and co-workers reported a series of mono- and dinuc-
lear zinc alkoxide complexes supported by a diiminophenolate
ligand (12a-12b, Fig. 7).*® Notably, dimeric alkoxide complex
12b displayed high activity (96% conversion in 5 min), whereas
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Fig. 7 Examples of mono- and bimetallic Zn catalysts for LA ROP.
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the monomeric analogue 12a, without an alkoxide initiating/
propagating group, was inactive towards rac-LA ROP. Complex
12b exhibited good control, producing PLA with narrow dis-
persities and high molecular weights (M, < 130 kg mol %, b ~
1.4) at low catalyst loadings (<0.1 mol% catalyst loading).
Since these pioneering studies, a range of highly active bime-
tallic zinc catalysts have been reported for cyclic ester ROP.
Of particular note are the dinuclear zinc complexes reported by
Williams and co-workers (13a-13d, Fig. 7). Supported by
diphenylamine-based macrocycle ligands, these complexes
show exceptional activity in rac-LA ROP (TOF <60000 h™*,
0.1 mol% catalyst loading, 25 °C).*” Interestingly, the confor-
mation of the ancillary macrocyclic ligand was shown to
control both the Zn-Zn distance and the ROP activity. Di-zinc
catalysts adopting a “folded”” ligand conformation (13a) (TOF =
20 300 h™") outperformed those with a “planar” conformation
(13¢) (TOF = 30 h™") under identical conditions (THF, 0.1 mol%
catalyst loading, 25 °C). The striking activity difference between
these two conformations was attributed to enhanced accessi-
bility of zinc active sites in the “folded” 13a complex, facilitat-
ing both monomer coordination and insertion simultaneously.
Both Zn-alkoxide (Zn-O'Pr) and Zn-bis(trimethylsilyl)amide
(zn-HMDS) initiators were investigated; higher polymerisation
rates were observed using HMDS complexes 13a-13b while the
alkoxide analogues 13c-13d displayed better control. Varying
the Zn-Zn proximity by increasing the diamine chain length
altered the activity; complex 13a was found to be 1.5 times
faster than 13b, reflecting the higher efficiency of intermetallic
cooperation stemming from the closer proximity of metal centres.

Homometallic ROP catalysts based on p-block metals

Across LA ROP, there is often a trade-off between high activity
and high stereocontrol, and catalysts that can deliver both
features are relatively rare. Significant research efforts in cyclic
ester ROP have focussed on aluminium-based catalysts due to
the earth-abundance, low toxicity and high Lewis acidity of this
metal, and a particular focus has been placed on aluminium
salen complexes. While the use of aluminium salen initiators
has led to significant improvements in stereocontrol, these
initiators typically require high catalyst loadings and long
reaction times. Catalyst systems with heavier Group 13 metal
complexes are still relatively rare, however, some examples have
been reported in recent years.

In 1996, Spassky et al. reported the stereoselective ROP of
rac-LA, using a chiral binaphthyl Schiff base (also known as
salen-type) aluminium alkoxide complex 14 (Fig. 8), to afford
optically active isotactic PLA with 19% conversion (toluene,
70 °C).*® Narrow dispersities were obtained even at high con-
versions after an extended reaction time (90%, P = 1.0-1.1,
>48 h), indicating minimal transesterification using the steri-
cally hindered complex 14. Since this initial report, several
Al-alkyl salen (see 15-17, Fig. 8 for representative examples)
or alkoxide salen complexes have been developed for LA
ROP.***° For example, bulky ‘Bu ligand substituents can hinder
monomer coordination and reduce the propagation rate, while
a longer ligand backbone (diamine linker) can enhance the
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14 R' = binaphthyl R = X = OMe

15 R'= CH,CMe,CH, X = Me

16 R'= CH,CMe, X = Me

17 R'= CH,CMe,CH, X = CH,Ph
R = 3-H, 5-BuMe,Si

}R =H,Cl, or ‘Bu

Fig. 8 Examples of salen Al catalysts used in cyclic ester ROP. Cat™ refers
to cation.

reactivity. The latter is attributed to more flexible ligands
facilitating the formation of key transition states. The electro-
nics of the ligand substituents are also important. For example,
electron-withdrawing substituents (such as Cl) at the ortho-
positions of the phenolate moiety can increase the Lewis acidity
of the metal, enhancing monomer coordination and thus leading
to enhanced propagation rates. Importantly, sterically demanding
substituents such as ‘BuMe,Si (17) delivered high conversions as
well as isoselective PLA (Ps, < 0.98), highlighting that there is a
fine balance between activity and control when it comes to catalyst
design. Furthermore, complex 17 could be used under solvent-free
bulk polymerisation conditions and delivered well-controlled PLA
with a high melting temperature (7, < 189 °C) and narrow
dispersities (P = 1.0-1.1), even at high conversions and extended
reaction times (98%, 1-2 h), indicating that minimal trans-
esterification occurred.

Aluminium alkoxide complexes featuring trifluoromethyl
substituents have also been reported for rac-LA and &-CL ROP
(for example 18, Fig. 9).°" High activities were observed in &-CL
polymerisation with TOF up to 200 h™" (in THF, room tem-
perature, 1 h). The experimental molecular weights matched
the expected values even at a high monomer (M): initiator (I) ratio
(M/1 < 600). While low activity was observed for LA poly-
merisation in THF at room temperature (TOF ~ 6 h™'), high
activities were obtained under melt conditions [TOF <1260 h ™),
yielding isotactic-enriched stereoblock PLA (P, < 0.87).

A series of aluminium methyl complexes (19a-19¢, Fig. 9)
bearing monoanionic aminephenolate ligands, were reported
by Kerton and co-workers.>> Complexes 19a-19c are efficient
catalysts for e-CL polymerisation in the presence of BnOH
(TOF ~ 1000 h™", in toluene, 80 °C), yet were completely
inactive for the ROP of rac-LA. In spite of the similarities
between different cyclic esters, not all ROP catalysts are effec-
tive for multiple monomers. While this system typically gave
PCL of the targeted M, and narrow dispersities, suggesting a
living polymerisation, a slight deviation from the expected M, was
observed at higher M/I ratios which suggests some termination by
chain transfer. Contrary to some other reported aluminium
alkoxide ROP catalysts, kinetic studies indicated the absence of
an induction period which could imply that the polymerisation
proceeds via an activated monomer mechanism instead of the
commonly proposed coordination-insertion mechanism.
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Fig. 9 Examples of phenoxy-Al catalysts used in cyclic ester ROP and/or
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Cationic Al complexes (20a and 20b, Fig. 9) coordinated by
bidentate O, P-phosphinophenolate ligands have also been
developed for the ROP of &-CL and propylene oxide (PO).*?
These cationic aluminium complexes catalysed &-CL poly-
merisation quantitatively in 2 h (>95%, in toluene, 75 °C).
ROP initiation through &-CL insertion into the Al-Op;, bond
exclusively yielded PCL capped with phosphinophenolate oxide
{PPO} at the ester end of the PCL chain. This suggests that the
{PPO}~ moiety may play two roles: a supporting ligand and an
initiating group in &-CL ROP. PO polymerisation was catalysed
readily at room temperature to afford atactic polypropylene
oxide (>50% conversion, 15 min, CH,Cl,).

While the development of bimetallic aluminium ROP
catalysts generally lags behind those based on zinc, Okuda
and Braune demonstrated the first cooperative bimetallic
aluminate complexes for the controlled ROP of propylene
oxide (PO).>* In this study, neutral bis-aluminium complexes
(21a, Fig. 9) and anionic aluminates (21b, featuring AI**
surrounded by four anionic ligands to give a negatively
charged [AIR,]™ ‘“‘ate” moiety) were unreactive towards the
ROP of PO when used independently. However, combining
neutral complex 21a with “ate” complex 21b resulted in good
activity and control for PO polymerisation (77% conversion,
CH,Cl,, 25 °C, 3 h). Supported by NMR studies, the coopera-
tive behaviour of 21a and 21b was proposed to occur via PO
activation by coordination to the neutral monomeric adduct
of 21a, followed by alkoxy group transfer from the ‘‘ate”
complex 21b.

This journal is © The Royal Society of Chemistry 2022
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While it has been well established that descending Group 1
of the periodic table can give enhanced ROP activity, the first
heavier Group 13 catalysts for LA ROP were reported relatively
recently. A series of Schiff base-supported gallium initiators
(22a-22c¢, Fig. 10) were developed for LA and &-CL ROP (toluene,
100 °C, with 4 equiv. BnOH).>® These initiators generated
polymers with narrow dispersities (Pppa = 1.10-1.21, Ppcy, =
1.06-1.12) and PLA with enriched isotacticity (P, < 0.78).
Although the tetranuclear Ga complexes displayed good control
in ROP, direct comparison of activity vs. the Al complexes is not
possible due to the different reaction conditions employed
(temperature, catalyst loading, solvent, monomer concentration
and purity).

Recently, Horeglad and co-workers reported a series of alkyl-
gallium alkoxide complexes stabilised by a range of N-hetero-
cyclic carbenes (NHCs) including SI(Me-Mes), SI(Dipp-Mes) or
SI(Mes-Mes)) (23a-23c, Fig. 10). These complexes were highly
active and stereoselective in rac-LA ROP, even under mild
conditions (in CH,Cl,, —20 °C).***® The NHC influences both
the ROP activity and selectivity, as the efficient interaction of
rac-LA with the Ga-methoxide unit depends on space avail-
able for monomer insertion (reactivity: SI(Me-Mes) (23a) >
SI(Dipp-Mes) (23b) > SI(Mes-Mes) (23c¢); Piso-max = 0.83, 0.78
and 0.56, respectively).
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Fig. 10 Examples of heavier Group 13 metal (Ga and In) catalysts for
cyclic ester ROP.
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The first indium-phosphasalen complexes displaying good
performance for rac-LA polymerisations were reported by
Williams and co-workers (24a-24b, Fig. 10).>° In the absence
of any chiral additives or ligands, 24a-24b rapidly produced
isotactic-enriched PLA even with relatively low catalyst loadings
(0.2 mol% catalyst loading). Complex 24a displayed higher
isoselectivity than 24b (P, = 0.92 vs. 0.75), which was attri-
buted to the steric bulk of the ortho-cumyl substituents provid-
ing more controlled monomer orientation to the metal centre.
Mehrkhodavandi and co-workers subsequently introduced a
series of enantiopure and racemic dinuclear indium complexes
(25a-25c, Fig. 10) that were active for LA ROP with good control
(P = 1.04-1.26).°° In particular, complex 25a afforded high
molecular weight PLA from a high M/I ratio of over 2100
(M, < 350 kg mol ™!, b = 1.04). Interestingly, enantiopure
(R,R/R,R)-24a showed strong selectivity for L-LA, evidenced by
the high polymerisation rate of L-LA (3.4 x 107% s~ " vs. 0.25 x
102 s for D-LA), yet generated atactic PLA from rac-LA. This
indicates potential competing monomer coordination and ring-
opening of the complex in rac-LA ROP as well as the presence of
transesterification and epimerisation side-reactions.

Heterometallic ROP catalysts based on main group metals

While most of the metal-based ROP catalysts developed to date
are homometallic (containing one type of metal), the concept of
heterometallic (mixed-metal) cooperativity has emerged as an
attractive method of enhancing catalyst performance. Indeed,
many heterometallic ROP catalysts have outperformed their
homometallic counterparts. The reasons underpinning these
activity enhancements remain somewhat unclear, and further
mechanistic investigations are required to uncover catalyst
features that lead to improved performance. The origins of
cooperativity can vary between different heterometallic cata-
lysts: in some cases both metal centres are directly involved in
the reaction, whereas in others, catalysis takes place on the
primary metal while the secondary metal modulates its
reactivity.®® While several heterometallic ROP catalysts have
been developed, those that solely feature main group metals are
still relatively rare. Examples where a main group metal has
been paired with a transition or f-block metal have been
reviewed elsewhere, and so this section focuses only on examples
where both metals are from the main group.®"*>

Dagorne and co-workers developed a series of Li/Al mono-
and bis-benzoxide complexes (26a-26d, Fig. 11), and tested
their application in rac-LA ROP.®* While the sterically hindered
mono-benzoxide (26a-26b) complexes were inactive, the bis-
benzoxide analogues (26¢-26d) polymerised rac-LA at 25 °C.
This activity is rather uncommon for Al-based catalysts, which
typically require higher temperatures of 70-110 °C.*>*%°%% The
enhanced activity compared to Al-based alkoxides was attri-
buted to the dissociation of the complexes to a neutral Al
alkoxide complex (proposed to coordinate the monomer) and
LiOBn (proposed to act as the nucleophile source to initiate
ROP). Notably, these monometallic components were tested
individually and shown to be inactive under identical conditions,
suggesting that both metals were required for ROP and thus
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Fig. 11 Examples of heterometallic main group catalysts for cyclic ester
ROP (along with homometallic analogue 29).

further corroborating the Li/Al cooperativity. It is worth high-
lighting that heterometallic Li/Al complexes 26¢ and 26d appear to
be significantly slower than other alkali metal catalysts such as
7a-7d and 8a-8d,*” although direct comparisons are limited by
the different reaction conditions. A similar phenomenon has
also been observed with heterometallic Na/Al catalysts for LA
ROP based on the TrenSal ligand, which outperforms the
monometallic Al complex yet is slower than the homometallic
sodium analogues.®® However, these heterometallic alkali metal/
aluminium catalysts can deliver improved polymerisation control
compared to alkali metal catalysts.

Exceptionally active heterotrimetallic Na/Zn, and K/Zn,
complexes supported by a ProPhenol ligand have been reported
for cyclic ester ROP (27a-27b, Fig. 11).*” K/Zn, complex (27b)
showed extremely high catalytic reactivity (kops = 1.7 X 107> s )
for rac-LA ROP in the presence of two equiv. of BnOH
co-initiator, converting 60 equiv. of rac-LA in just 20 s in THF
at 25 °C. Both 27a and 27b outperformed their homometallic
counterparts, by combining the high activities of the Na/K com-
plexes with the good control of the bis-Zn analogue. Experimental
results suggested that the larger and more electropositive metal
(Na or K) acts as the monomer coordination site, with the Zn-
alkoxide unit acting as the nucleophile for monomer insertion.
Switching from Na (27a) to the larger K (27b) increased the catalyst
activity by a factor of 5, highlighting the key role that the alkali
metal plays in monomer coordination and activation. Spectro-
scopic studies suggested that incorporating Na/K could labilise
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the Zn-Et bond through an “ate” activation (vs. the bis-Zn
complex), leading to enhanced catalyst performance.®”®® The
formation of alkali metal zincates is proposed to simultaneously
enhance the Lewis acidity of the more electropositive metal (Na/K)
and boost the nucleophilicity of the organo group on the”ate”
metal (Zn) towards nucleophilic attack. These versatile catalysts
also displayed excellent activities in the ROP of &-CL and 8-VL.

Recently, a new methodology was reported to access hetero-
metallic cooperativity in LA ROP, by combining homometallic
complexes with simple salt additives in situ.®® This approach
circumvents the need to isolate heterometallic complexes,
which can be challenging to synthesise. The heterometallic
catalyst systems were prepared via two routes: either by isolating
the heterometallic complexes (28a-28b, Fig. 11) and adding
1 equiv. of BnOH as a co-initiator, or by adding 1 equiv. of an
inorganic salt (Mg(OBn),, Ca(OBn), or Zn(OBn),) to an alkali
metal complex such as homo-K complex 29 (Fig. 11). Reactivity
studies of both routes suggested that the use of salt additives
delivered similar activity enhancements to the isolated hetero-
metallic complexes. The activity enhancements were attributed to
Lewis acidic metal-based activation of the carbonyl group towards
nucleophilic attack, as has previously been reported for other
organic transformations. NMR spectroscopic studies revealed that
the two different routes to prepare the catalyst systems each
generated a similar mixture of solution-state products. This not
only suggests that the in situ use of inorganic salts can generate
similar catalyst systems to the isolated species but also highlights
the importance of analysing isolated heterometallic catalysts in
the solution state, as some catalysts that are assumed to be
heterometallic may actually rearrange in solution.

Summary

ROP is currently dominated by main group chemistry. While
Sn(Oct), is used industrially in LA ROP, there has been significant
progress in developing alternative main group catalysts. Alumi-
nium and zinc-based complexes have been the most widely
researched alternatives, respectively delivering excellent stereo-
control and outstanding activity. The catalytic activities are signifi-
cantly influenced by both the choice of the metal and the
supporting ligands. s-Block metal complexes are generally more
active than p-block complexes but often give poor polymerisation
control, highlighting the importance of careful catalyst design to
access both features simultaneously. Within the same group of
the periodic table, larger metals often offer a greater number of
monomer coordination sites, which generally contributes to
higher activity in ROP. The increased M-R bond polarity upon
descending a group can also influence the catalyst performance,
for example by switching the mechanism from coordination-
insertion to anionic. Other features may also play an important
role, including the catalyst aggregation and solution-state struc-
ture. Notably, heterometallic cooperativity can be accessed either
via isolated heterometallic complexes or by using salt additives to
boost the activity of homometallic complexes. Both approaches
display the potential to improve catalyst performance, hence
providing an attractive approach for future catalyst design.

This journal is © The Royal Society of Chemistry 2022
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Main group catalysts for ring-opening
copolymerisation

Epoxide ring-opening copolymerisation (ROCOP) with cyclic
anhydrides or CO, is commonly used to prepare useful degrad-
able materials such as aliphatic polyesters and polycarbonates,
respectively (Scheme 8). ROCOP is also a useful method of
preparing other polymeric materials such as poly-B-peptides
and polypeptoids (N-alkylated polymers) via the copolymerisa-
tion of CO with aziridines, however, this route remains rela-
tively underexplored. Therefore, this section predominantly
focuses on main group catalysts utilised in the ROCOP of
epoxides with CO, or anhydrides.

During epoxide ROCOP with CO, or anhydrides, a series
of reactions occur at the active Lewis acidic metal, which can
coordinate (thus activate) monomers towards nucleophilic
attack (Scheme 8). The polymerisation is typically initiated by
the coordination of an epoxide monomer and subsequent
ring opening via nucleophilic attack from an initiating group
(e.g. a carboxylate, alkoxide or halide), resulting in the for-
mation of a metal alkoxide intermediate. A carbonyl group
(of CO, or anhydride) is then inserted into the metal alkoxide
bond during chain propagation, forming a metal-carbonate/
carboxylate species, respectively. The carbonate/carboxylate group
subsequently ring opens another metal-coordinated epoxide,
resulting in a new metal-alkoxide species. Propagation continues
as a ‘cycling’ process between metal-alkoxide and metal-
carbonate/carboxylate intermediates. Five-membered ring cyc-
lic carbonate by-products can also form as the thermodynamic
product of CO,/epoxide ROCOP through depolymerisation or
‘back-biting’ reactions. The extent of cyclic carbonate formation
often depends on the catalyst and the ceiling temperature for
the final polymer (i.e. the temperature at which the rates of
polymerisation and depolymerisation are equal). The percen-
tage of cyclic by-products is also dependent on the relative rate
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Scheme 8 ROCOP of epoxides with CO, or anhydrides (top); proposed
catalytic cycle for epoxide ring-opening copolymerisation with CO,
(bottom).
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of ring closure (resulting in cyclic carbonate) vs. monomer
insertion (generating polymer). Additionally, bimodal molecular
weight distributions are commonly observed for epoxide ROCOP
with CO, or anhydrides, which is generally attributed to impu-
rities such as water and hydrolysed epoxides (diols), both of
which can act as initiators. Owing to mechanistic similarities
between ROP and the ROCOP of epoxides with CO, or
anhydrides, catalysts applied in these processes are often struc-
turally alike, with some catalysts showing high activities in both
types of polymerisations.

While ROP (vide supra) is an attractive process for the
production of aliphatic polyesters and polycarbonates, there
are some advantages to accessing these materials via ROCOP
of epoxides with cyclic anhydrides or CO,. Using epoxide/
anhydride ROCOP to generate polyesters gives access to a far
broader range of material properties vs. ROP, as ROCOP uses
two functionalised monomers instead of one.”® The production
of aliphatic polyesters by ROP is often limited by thermo-
dynamic constraints and a lack of commercially available
monomers. In contrast, epoxide/anhydride ROCOP can employ
a much broader range of monomers that are commercialised at
scale, and is also more thermodynamically feasible. Notable
examples include the production of polyesters containing aro-
matic repeat units in the polymer backbone, a feature that
is challenging to access through ROP. Additionally, epoxide/
anhydride ROCOP can be applied to a range of monomers
derived from biomass (e.g. limonene oxide and maleic anhy-
dride). Despite these advantages, epoxide/anhydride ROCOP
catalysis remains underdeveloped compared to cyclic ester
ROP and there is a need to design highly active, selective and
tolerant catalysts. Using CO, as the co-monomer instead of
anhydrides brings additional sustainability benefits as CO, has
low toxicity, is renewable and can be sourced from abundant
industrial waste streams.”" Furthermore, life cycle analysis for
polyurethanes produced using polycarbonates made from CO,/
epoxide ROCOP shows that these materials consume around
20% less raw petrochemicals and produce up to 19% fewer CO,
emissions compared to conventional petrochemicals routes.”

In 1969, Inoue et al. pioneered the copolymerisation of CO,
and epoxides by combining ZnEt, with water, CO, and PO to
yield a small quantity of polymeric material.> While this
enabled the first synthesis of polycarbonates from CO,, the
process was limited by low catalytic activities and the formation
of undesired by-products such as cyclic carbonates and polymer
chains containing a high content of ether linkages (Scheme 8).”*
Inoue and co-workers also reported one of the first single site
Al-porphyrin catalysts for the co-polymerisation of PO and
phthalic anhydride (PA). This catalyst generated highly con-
trolled polyester with alternating PO/PA monomer insertion.
A range of well-defined catalysts have since been developed for
the ROCOP of epoxides with CO, or anhydrides, many of which
include main group metals. While both homogeneous and
heterogeneous catalysts are known for epoxide/CO, ROCOP,
most commercial catalysts are currently heterogeneous, such
as zinc glutarate catalyst systems. These catalysts have been
extensively studied and early mechanistic studies indicated that
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bimetallic polymerisation processes are important. In epoxide/
CO, ROCOP, short spatial distances between metal-metal
active sites (4-5 A) are thought to be key for significant
copolymerisation activity (see below for further details). While
most commercial poly(propylene carbonate) (PPC) is pro-
duced using zinc glutarate catalyst systems, the composition
of heterogeneous catalysts is often ambiguous with poorly
defined active sites.” Heterogeneous catalysts can also suffer
from low polymerisation rates and give low CO, uptake, yield-
ing poly(ether carbonates) (Scheme 8, bottom right).”* Some
of these challenges can be overcome using homogeneous
catalysts, including the production of highly controlled polymers
with >99% carbonate linkages and no/trace cyclic carbonate
by-products under moderate pressures of CO, (usually <10 bar
and sometimes as low as 1 bar).

A major breakthrough in CO,/epoxide ROCOP was the use of
highly active Zn-B-diiminate (ZnBDI) catalysts (30a-30h, Fig. 12),
where cyclohexene-oxide (CHO) was used as the epoxide mono-
mer. Mechanistic studies by Coates and co-workers revealed that
bimetallic epoxide enchainment was the rate-determining step,
where tightly bound ZnBDI dimers and monomeric complexes
that were unable to dimerise were unreactive, whereas loosely
bound dimers were highly active in polymerisation. NMR spectro-
scopy and X-ray diffraction studies indicated that the aggregation
state and metal-metal proximity were influenced by the ligand
substituents (Fig. 12), and that close intermetallic distances
(through the formation of loosely bound dimers) generally
enhanced the catalytic activity.”> As the catalysts exist in mono-
mer-dimer equilibria in solution, the formation of loosely bound
dimers is promoted at high catalyst concentrations, ie. the
catalyst activity is concentration dependent. Therefore, the
loosely bound dimeric ZnBDI catalysts perform well in neat
epoxide (rather than under dilute solvent conditions). However,
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Fig. 12 B-Diiminate zinc catalysts for the alternating copolymerisation of
CHO and CO,. Loosely bound dimers are highly reactive catalysts (bottom
right).
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the use of neat epoxide limits the epoxide conversion due to
viscosity issues. Asymmetric catalyst 30e (Fig. 12) was the most
active of the series with a TOF of around 700 h™" and 99%
polycarbonate linkages (7 bar CO, pressure, 50 °C). It is worth
noting that 30e does not contain the most sterically demanding
substituents, however the authors propose that it is sufficiently
bulky to form a reactive loose dimer. Increasing the steric bulk
beyond this optimal level (30a and 30f) reduced the catalyst
activity. Mechanistic investigations showed rapid insertion of
CO,, whereas epoxide insertion was relatively slow. A bimetallic
mechanism was elucidated, involving epoxide coordination to
one zinc centre, while the propagating polymer chain on the
second zinc centre instigates nucleophilic attack (vide infra). This
bimetallic transition state would be hard to access for mono-
meric species, hence the loss in activity with very sterically bulky
ligands or under very dilute conditions. The highly active loosely
bound dimers are also kinetically more favourable than the
tightly bound dimers, making these the best performing of the
study. This study inspired the development of many other
dinuclear catalysts featuring proximal metal centres, including
those based on dinucleating ligand scaffolds. While some
highly active monometallic catalysts have been reported, there
are indications that some of these also operate via a dimeric
mechanism, which can lead to decreased efficiency at low catalyst
loadings. There have been significant research efforts to prepare
bimetallic catalysts where the two metals are held in close
proximity within one ligand framework, and over time, the
optimal metal-metal distance was established as 3-5 A.°* The
use of such bimetallic catalysts allows access to lower catalyst
loadings and therefore higher molecular weight polymers,
unlike more concentration-sensitive monometallic catalysts.
This opens up the possibility of using solvents (instead of neat
epoxide), overcoming the aforementioned viscosity issues and
enabling higher monomer conversions.

Homometallic alkali metal catalysts for ROCOP

While the highly polar nature of organoalkali metal reagents
typically requires stringent air- and moisture-free conditions,
alkali metal carboxylates are easier to handle and have also
shown success in epoxide/anhydride ROCOP.”® Simple metal
acetate catalysts (MOAc, where M = Li, Na, K, Cs; 31, Fig. 13)
were all active for the ROCOP of PA and CHO. These studies
showed that the catalytic activity depended on the strength of
interaction between the metal and acetate; loosely bound ion
pairs showed activity whereas closely bound contact pairs did
not, which was attributed to a lack of monomer coordination
sites. Correspondingly, CsOAc was the most active, however,
the study focussed on KOAc as it is commercially available, has
low toxicity and displayed a reasonable TOF value of 99 h™" at
150 °C. The activity of KOAc could be boosted by increasing the
ion pair separation by using a more stable anion. For example,
CF3;COOK features an electron-withdrawing CF; group and gave
double the activity of KOAc (approximate respective TOF values
of 48 h™' and 23 h™%; 110 °C). Based on DFT calculations, the
authors posited that fully separated ion pairs such as CsOAc
operate through an anionic polymerisation route via the acetate

This journal is © The Royal Society of Chemistry 2022
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anion, whereas loose ion pairs like KOAc proceed through a
coordination-insertion mechanism with K’ activating the
monomer for nucleophilic attack. While alkali metal catalysts
have shown success in ROCOP, including the use of LiO‘Bu to
perform ROCOP of epoxides with CS,, far more catalyst devel-
opment has focussed on di- and tri-valent metal complexes.””

Alkaline earth metal and zinc catalysts for ROCOP

While early pioneering studies highlighted the ability of Zn
systems to catalyse CO,/epoxide ROCOP, subsequent catalyst
development has expanded to divalent alkaline earth metals as
well as sophisticated Zn catalysts. Good catalyst performance
has been achieved using simple metal alkoxide salts. For
example, Groysman, Mazzeo and co-workers reported a mono-
nuclear Mg alkoxide catalyst (32, Fig. 13) with a BnOH or
bis(triphenylphosphine)iminium chloride (PPNCI) co-catalyst,
which was active for PA/CHO ROCOP.”® Onium salts such as
PPNCI are common co-catalysts in both ROP and ROCOP, and
can boost the catalyst activities via the chloride anion coordi-
nating to a metal centre and thereby increasing the nucleophi-
licity of a metal-X bond (where X is an initiating group or a
growing polymer chain).”®®! Notably, the choice of co-catalyst
can produce vastly different results. While BnOH gave full
conversion in 24 h with >99% ester selectivity, PPNCI gave
83% conversion and 92% ester linkages (albeit with lower
catalyst loading). Solvent effects are also impactful, as while
excess CHO improved conversion (>99% in 24 h fora 1:100: 800
ratio of catalyst:anhydride:epoxide, vs. 61% in 96 h for a
1:100:100 ratio, both in 1 mL toluene), moving to neat poly-
merisations in CHO saw a marked drop in selectivity (25% ester
linkages) along with significant polyether formation.

As early studies in CO,/epoxide ROCOP suggested that
intermetal proximity is a key feature, this set a precedent
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Fig. 13 Examples of Group 1, Group 2 and zinc catalysts for ROCOP of
epoxides with anhydrides or CO,.
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for targeting bimetallic complexes. Williams and co-workers
synthesised di-Mg and di-Zn complexes with a macrocyclic
ligand (33a-d, Fig. 13) for CHO/CO, and CHO/PA ROCOP.?*?
While similarities exist between epoxide/CO, and epoxide/
anhydride ROCOP, catalysts do not necessarily translate seam-
lessly between the two. This is demonstrated by the di-Mg
complex with a bromide initiator (33a) being active for CHO/
CO, (TOF =15 h™ ', 1 bar CO,) where the di-Zn analogue (33b) is
inactive. In contrast, for CHO/PA Mg-based 33a is less active
(TOF = 9 h™") than the di-Zn analogue 33b (TOF = 17 h™"). The
initiating X group also modulates activity; swapping the bro-
mide co-ligand for acetate gave increased activity in CHO/CO,
ROCOP for di-Mg (33¢, TOF = 35 h™', 1 bar CO,) and activated
the previously inactive di-Zn complex (33d, TOF =18 h™*, 1 bar
CO,).% The higher activity of the di-Mg catalyst was attributed
to the more nucleophilic metal-carbonate bond in di-Mg vs.
di-Zn due to the lower electronegativity of Mg (giving a more
polarised metal-carbonate bond) and the lower Lewis acidity of
Mg (decreasing the strength of the metal-Ocarponate PONd); both
of these features enhance the rate-determining nucleophilic
attack upon an epoxide and thereby improve the catalyst
activity. Better suppression of “back-biting”” was also seen for
the di-Mg system, with 4-6% cyclic carbonate yield observed
with di-Zn and none with di-Mg.

Ding and co-workers prepared a bimetallic di-Zn catalyst
based on the Trost ligand (34a, Fig. 13) which gave higher TOF
values (142 h™, 20 bar CO,) than the earliest CHO/CO, ROCOP
catalysts and remained active at 1 bar CO, (97% conversion at
1 bar vs. >99% at 20 bar).®* Complex 34a also gave reduced
selectivity when polymerisations were carried out in neat
epoxide (94% carbonate linkages) vs. in toluene (>99%).
Changes within ligand substituents can also have important
implications, as when the aryl groups are changed from phenyl
(34a) to electron-withdrawing 3,5-(CF;),Ph groups (34b), the
carbonate selectivity dropped to only 22%.

More recently, flexible di-Zn catalysts with exceptionally
high activity for CO,/epoxide ROCOP were reported by Rieger
and co-workers (35a, Fig. 13).*° This substantial activity is
demonstrated by a TOF value around 9100 h™" at 40 bar CO,
pressure and 100 °C, which was a marked increase over
previous ROCOP catalysts. Even at lower CO, pressures catalyst
35a was still highly active, achieving TOF around 3600 h™" at
5 bar CO, pressure. The importance of the flexible tether
between the two Zn centres was supported by comparison
against a control complex with a more rigid flexible ligand
scaffold, which displayed low activity. Notably, 35a was the
first Zn-based catalyst for epoxide/CO, ROCOP where the rate-
determining step (typically the epoxide ring opening) was
shown to switch between epoxide ring opening and CO, inser-
tion depending on the CO, pressure, which indicates the
adaptability and tuneability of the tethered di-Zn species.
Further improvement of the ligand to incorporate electron-
withdrawing CF; groups (35b, Fig. 13) led to unprecedented
reactivities (TOF up to 155000 h™").%¢

Although ROCOP of epoxides with either CO, or anhydrides
already offers a potentially broad monomer and polymer scope,
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catalysts capable of controlled terpolymerisation are important
tools to further expand the range of available polymer struc-
tures and thus material properties. Zn-based catalysts have
been exploited in the production of terpolymers via controlled
ROCOP, including the use of ZnBDI catalysts (30h, Fig. 12) that
enabled the controlled one-pot terpolymerisation of CHO, CO,
and diglycolic anhydride (DGA) to selectively produce di-block
poly(ester-block-carbonate) with minimal tapering between the
two blocks (Scheme 9, 50 °C, 7 bar CO, pressure).®” IR spectro-
scopic studies revealed that the polyester block is formed first,
in spite of the fact that polyester formation is slower than
polycarbonate formation. While the rate-determining step is
the epoxide insertion, these studies showed there was a
product-determining step that precedes epoxide insertion
(Scheme 9). Firstly, the zinc alkoxide species reacts irreversibly
with DGA, so only when the DGA is almost fully consumed
does CO, incorporation become competitive. Polycarbonate
formation is quicker than polyester formation because CHO
insertion into zinc-carbonate (polycarbonate, Scheme 9, right-
hand cycle) is faster than into zinc-carboxylate (polyester,
Scheme 9, left-hand cycle). This highlights the exciting potential
to extend the scope of polyesters produced via epoxide/anhydride
ROCOP to an even broader variety of poly(carbonate-block-ester)
materials with wide-ranging properties, and to obtain terpoly-
mers with well-controlled structures through a sophisticated
one-pot route.

Homometallic ROCOP catalysts containing p-block metals

While the most notable ROCOP catalysts based on p-block
metals generally involve Al supported by salen ligands, examples
using other ligands and other Group 13 metals such as indium
and gallium have been reported, including complexes that can
also catalyse cyclic ester ROP (e.g. 22 and 24b, Fig. 10).>>*® Binary
salen-based catalyst/co-catalyst systems are well-established for
cyclic ester ROP and have also been extensively explored for
ROCOP. Binary systems typically involve a metal-salen catalyst
paired with an onium salt co-catalyst that enhances the activity
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in polymerisation (see catalyst 36, Fig. 14 as a representative
example). These binary systems typically proceed via a mono-
metallic but bicomponent mechanism, where the catalyst and
co-catalyst are both involved in the propagation step (Scheme 10).
The epoxide coordinates to Al and is ring-opened by the asso-
ciated co-catalyst carboxylate species, which is formed from the
ring-opened anhydride. Subsequent anhydride insertion occurs
to generate an ester linkage. The catalyst exists in an equilibrium
between the active and dormant states, depending on the coor-
dination number of the aluminium centre. In its five-coordinate
state, a vacant site is available for monomer coordination and the
catalyst is active. However, if aluminium is six-coordinate, no
further monomer can coordinate, and the catalyst is dormant.
The efficiency of binary catalyst systems for epoxide/CO, and
epoxide/anhydride ROCOP is often reduced at high dilutions,
as both components are required for polymerisation. Therefore,
ROCOP catalysts have been reported where the co-catalyst was
covalently attached to the salen backbone, such as the

This journal is © The Royal Society of Chemistry 2022
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bifunctional Al(salen) system reported by Coates and co-
workers (37, Fig. 14).%° At higher catalyst loadings, the binary
system of 36/PPNCI was faster (36 TOF = 112 h™', 37 TOF =
93 h™%; catalyst:anhydride:epoxide ratio of 1:400:2000)
whereas at lower loadings the bifunctional catalyst 37 showed
superior activity (35 TOF = 22 h™', 37 TOF = 87 h};
1:2000:10 000) owing to the catalyst components being in optimal
proximity even at high dilution. The bifunctional Al(salen) catalyst
system 37 provided well-controlled polymerisation, suggesting a
lack of transesterification and with limited polyether linkages from
epoxide homopolymerisation (unlike the faster transition metal
analogues featuring Co and Cr).

Bimetallic Al phenoxy-imine complexes have also been
reported for epoxide/anhydride ROCOP (Fig. 14).°° As with
many salen catalysts, a nucleophilic co-catalyst was used;
4-dimethylaminopyridine (DMAP) improved the ester selectivity
(63% to >99%) for succinic anhydride/CHO ROCOP. Notably
bimetallic catalysts with a short Al-Al distance (38a) showed
comparable activity to the monometallic analogue (39). This
observation suggests that even though 38a is bimetallic, only
one of the aluminium metals is involved in the propagation
(although chain transfer between the two aluminium centres
may occur). In contrast, 38b was twice as active as 38a and 39,
which was attributed to the greater intermetallic distance
and reduced steric hindrance at Al enabling simultaneous
propagation of polymer chains on both Al centres. This exam-
ple highlights that intermetallic proximity can modulate the
catalyst activity, and that not all multimetallic catalysts display
activity enhancements in ROCOP.

While indium- and gallium-based catalysts remain scarce,
recent studies have established that both metals have potential
in ROCOP. Williams and co-workers reported an active
In(phosphasalen) complex for CO,/epoxide ROCOP (24b,
Fig. 10).%® The use of co-catalysts was evaluated yet was not
advantageous, and either decreased the activity (DMAP) or
directed the selectivity towards undesired cyclic carbonate
formation (PPNCI). The In(phosphasalen) complex was more
active than the In(salen) analogue. This was attributed to the
phosphasalen ligand scaffold reducing the Lewis acidity of
the metal, thus increasing the reactivity of the intermediate
indium carbonate species towards nucleophilic attack and
ring-opening of the epoxide. A combination of kinetic, spec-
troscopic and structural studies of isolated intermediates
suggested a mononuclear mechanism. Although catalysts in
this field typically operate through bimetallic mechanisms,
Group 13-based catalysts tend to deviate from this, as seen
here and for Al(salen) catalysts including 36 (Fig. 14).° The
mononuclear mechanism for the indium-based catalyst (24b)
is notable, even compared to Al(salen) 36, which although
monometallic, still operates through a bicomponent catalytic
system. The monometallic mechanism for 24b was attributed
to the relatively large ionic radius of indium facilitating
monomer (and polymer) coordination. Although not the most
active catalyst, the In(phosphasalen) complex 24b showed
good stereocontrol giving isotactic polycarbonate (TOF =
15 h™", P, = 0.86) and is also active at 1 bar CO, pressure.
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Recently, Schulz and co-workers have produced a series of
tetranuclear gallium-based catalysts that are active for epoxide/
anhydride ROCOP (22a, Fig. 10).°> With BnOH as the initiator,
95-99% conversion was reached in 12 hours for CHO with
succinic or maleic anhydride ROCOP at 100 °C. Good selectivity
towards polyester was achieved, with no evidence of polyether
formation.

Heterometallic main group catalysts for ROCOP

Heterometallic cooperativity has been well-exploited in numer-
ous chemical transformations and is an attractive means to
enhance catalyst reactivity and selectivity compared to the
homometallic counterparts, yet the concept is still gathering
momentum in polymerisation processes. The first homoge-
neous, heterometallic catalyst for epoxide/CO, ROCOP to be
isolated was based on main group metals (Mg and Zn) and
showed significant activity enhancements compared to the
homometallic analogues.®” Since then, a range of heterometal-
lic catalysts have been developed, many of which feature a main
group metal paired with a transition metal or f-block metal.
As these complexes have been comprehensively reviewed
elsewhere, this review will solely focus on heterometallic com-
plexes where both metals are from the main group.®!
Heterometallic ROCOP catalysts were targeted as mecha-
nistic studies had shown that some bimetallic catalysts could
outperform their monometallic analogues.”> For example,
experimental and computational mechanistic studies for a
homobimetallic zinc complex (40, Fig. 15) showed that a “chain
shuttling” mechanism can occur (Scheme 11).°"°> One metal
was proposed to coordinate and activate the epoxide
(M?, Scheme 11), whilst the other (M") was proposed to provide
the source of the (metal-carbonate) nucleophile. Kinetic stu-
dies showed that the epoxide coordination and ring opening
was the rate-determining step, whereas the reaction mecha-
nism was zero-order in CO,. These observations suggested that
each metal played a distinct role in the propagation step and
that heterometallic catalysts may therefore offer enhanced
catalyst performance by tailoring the two different metals to
these two different roles. Enhancing the epoxide coordination

X=Br 41a
X = OAc 41b
Bu = o 41cR=H
S 41d R = OMe
o e R =CF,
M R 41fR = NO,
‘ S 41g R = NMe,
SO
\/I\
= o F
H
;\O F
i
F F
Bu Bu E
X=0Ac X = 0
40 LSO N 4

Fig. 15 Examples of homo- and heterobimetallic complexes employed in
epoxide/CO, ROCOP.
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Scheme 11 Proposed chain-shuttling mechanism for CHO/CO, ROCOP.

would require a Lewis acidic metal (M?), whereas increasing the
rate of nucleophilic attack and epoxide ring-opening would
require a labile metal-carbonate (M'-0) bond.

In 2015, a heterometallic Zn/Mg analogue of 40 was reported
for CO,/CHO ROCOP (41a, Fig. 15),*” which significantly out-
performed both of the homobimetallic analogues (41a, TOF =
34 h™" vs. di-Mg, TOF = 15 h™%; di-Zn, inactive).®> When
compared to a 50:50 mixture of the homobimetallic com-
plexes, heterobimetallic Zn/Mg complex 41a showed five times
greater activity for CO,/CHO ROCOP (0.1 mol% catalyst
loading, neat epoxide, 1 bar CO,, 80 °C), suggesting a synergic
relationship between the metals. Additionally, 41a displayed
relatively good polymerisation control, generating >99% car-
bonate linkages with only trace cyclic carbonate. Catalyst 41a
also displayed excellent activities in anhydride/epoxide ROCOP
showing 40 times greater activity than a 50:50 mixture of
the homobimetallic complexes under identical conditions.
Exchanging the bromide for carboxylate co-ligands gave signi-
ficant activity improvements in CHO/CO, ROCOP. The best
catalyst at high pressure (41e), featuring p-CF;-substituted
benzoate co-ligands, displayed TOF values of up to 8800 h™*
(0.01 mol% catalyst loading, neat epoxide, 20 bar CO,,
120 °C).°" All of the catalysts 41a-41j were also highly active
at low pressure (1 bar CO,).”* For example, the heterometallic
p-nitro-benzoate complex (41f) (TOF = 124 h™') was signifi-
cantly more active than either the di-Zn or di-Mg analogues
(TOF =18 h™ " and 30 h™" respectively) under identical conditions
(0.1 mol% catalyst loading, neat epoxide, 80 °C and at 1 bar CO,).
The enhanced activities of the heterometallic complexes was
attributed to Lewis acidic Mg enhancing epoxide coordination
and the labile Zn-carbonate bond accelerating the nucleophilic
attack on the basis of DFT and kinetic studies.

While heterometallic cooperativity can lead to significantly
improved catalyst performance, it is important to highlight that
not all heterometallic complexes are cooperative.”® Understand-
ing the features that lead to heterometallic cooperativity is key
for designing the next generation of catalysts for epoxide/CO,
ROCOP.”* Factors that are emerging as important for epoxide
ROCOP with CO, or anhydrides include the Lewis acidity of the
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Fig. 16 Heterobimetallic catalysts containing aluminium and Group 1
metals employed in epoxide/anhydride ROCOP.

metal and nucleophilicity of the M-O(polymer) bond, the metal
size and coordination number, and M-M’ proximity.

Only a few heterometallic complexes have been employed
for epoxide/anhydride ROCOP, yet these have displayed promi-
sing activities. Recently, a series of heterobimetallic complexes
containing Al and Group 1 metals (Na, K, Rb, Cs) were reported
to show excellent catalytic performance for PA/CHO ROCOP
(42a-42d, Fig. 16).°" Kinetic studies and DFT calculations
suggested that these complexes operate via a similar chain
shuttling mechanism to that proposed for epoxide/CO, ROCOP.
Compared to the other alkali metal/Al complexes, the combi-
nation of Al/K (42b) displayed the highest catalytic activity (with
TOF of approximately 1100 h™?, 0.25 mol% catalyst loading,
T = 100 °C) as well as excellent selectivity and polymerisation
control (P = 1.06). These studies highlighted that the inter-
nuclear separation (metal-metal distance), which increases in
the expected order of Al-Na < Al-K < Al-Rb < Al-Cs, is
important for reducing the relative transition state energies of
key intermediates. Additionally, the Lewis acidity of each alkali
metal (Cs > Rb > K > Na) was considered, as more Lewis
acidic M form stronger M-Ocarboxylate bONds, which need to be
broken in the propagation step. Lewis acidity trends of the
Group 1 metal ions and intermetallic distance trends suggest
that the most active complexes would be Al/Cs or Al/Na respec-
tively. The excellent activity of the Al/K complex highlights the
importance of an appropriate balance of these two demands.®*

Highly active heterometallic (Mg/Zn) catalysts (41g and 41i,
Fig. 15) have been reported that are capable of switching
between lactone ROP and CO,/epoxide ROCOP to produce a

o
Q
"Bu CO,
ROP ROCOP
(lactone) Epoxide/CO,
(0] pP"
M. ..P' M. ..P o
O (@) M*O>\—
Metal Alkoxide Metal Carbonate
o 7

Mo |
d))jﬁD QPRY P

Combined ROP + ROCOP ROCOP
Poly(ester-block-carbonate)

Scheme 12 Catalytic cycles accessed by a single, switchable catalyst for
the production of poly(ester-block-carbonates).
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series of poly(ester-block-carbonates) through a one-pot process
(Scheme 12).”” Potential sustainability benefits of this method
include that both blocks are degradable and have the potential
to be made from renewable resources. For example, a series of
poly(cyclohexene carbonate-block-decalactone-block-cyclohexene
carbonate) [PCHC-PDL-PCHC]| materials was prepared using
e-decalactone (which can be derived from biomass), CHO and
CO,. The catalyst 41i displayed high selectivities (CO, selectivity
>99%), high monomer conversions (>90%) and yielded block
copolymers with predictable compositions. Additionally, the
ABA-block polymers incorporated 6-23 wt% CO, and showed
superior properties compared to poly(cyclohexene carbonate)
(PCHC), specifically improved thermal stability and high tough-
ness. This is a key finding, as high molecular weight polycarbo-
nates often suffer from poor physical properties such as
brittleness and high glass transition temperatures. The selec-
tivity towards lactone ROP or CO,/epoxide ROCOP depended on
the nature of the M-O bond at the growing polymer chain-end.
Specifically, a M-alkoxide bond inserts lactone whereas a
M-carbonate unit inserts epoxide. The presence of either a
M-carbonate or M-alkoxide bond and thus the insertion of an
epoxide or lactone monomer is dependent on the presence or
absence of a CO, atmosphere, respectively.

Summary

Main group element-based catalysts are strong contenders for
the ROCOP of epoxides with CO, or anhydrides. Though many
do not yet match the high activity seen with transition metal
catalysts, main group metals still offer good activity and control
paired with low toxicity and high abundance, which makes
them attractive targets for ROCOP catalysis in terms of balan-
cing sustainability with catalyst performance. While this
research area has so far been dominated by Zn and Al, recent
studies have shown that a broader range of metals can be used
including Group 1 and 2 metals. Epoxide ROCOP with CO,
or anhydrides has been proposed to operate via a bimetallic
mechanism. The development of bimetallic epoxide/CO,
ROCOP catalysts has led to highly active di-Zn catalysts, inclu-
ding systems that maintain high activity at atmospheric pres-
sure, which is an exciting and industrially relevant milestone.
Although lesser explored, interest in epoxide/anhydride ROCOP
has also been increasing, with advanced catalyst design deliver-
ing improved catalyst activities, enhanced control over the
polymer microstructure and efficient catalysis at low catalyst
loadings. Emerging reports on heterometallic cooperativity
indicate that key features of cooperative heterocombinations
include metal size, M-OR bond strength and M-M’ proximity.
Further studies will be key to fully understand, predict and
optimise useful heterocombinations to lead to even more
significant advances in ROCOP catalysis.

Conclusions

Main group polymerisation catalysts have helped to pioneer
the development of many new polymer materials that are now

This journal is © The Royal Society of Chemistry 2022

View Article Online

Tutorial Review

widely used, including polystyrene, polylactic acid and poly-
propylene carbonate. While these initial catalyst systems were
typically simple metal salts or metal-alkyl reagents, the intro-
duction of ancillary ligands has led to improved mechanistic
understanding and enhanced catalyst performance, with main
group catalysts displaying high activities across alkene poly-
merisation, ROP and ROCOP. In all three fields, most of the
reported main group catalysts feature metals from Group 1,
Group 2, Group 13 (especially Al) or Zn. Within olefin poly-
merisation, the metal-alkyl bond polarity is key, with more
polarised metal-alkyl bonds typically leading to enhanced
catalyst activities. Within ROP and ROCOP, the metal Lewis
acidity is particularly important, as Lewis basic monomer
coordination (thus activation) is typically a key mechanistic
step that facilitates the nucleophilic attack and ring opening of
lactones, lactams and epoxides. The source of the nucleophile
is also important, and can determine the RO(CO)P mechanism.
For example, in ROP, metal-based catalysts featuring very
strong metal-alkoxide bonds in the presence of an exogeneous
alcohol typically favour an activated monomer mechanism,
whereas those featuring a weaker metal-alkoxide bond typically
follows a coordination-insertion mechanism. While alkene
polymerisations and ring-opening (co)polymerisations progress
mainly via coordination-insertion or anionic mechanisms, the
ideal catalyst features differ for each class of polymerisation
and for different types of monomer.

Highlighting the importance of main group metal Lewis
acidity in ROP and ROCOP, there is a general trend towards
enhanced catalyst activities upon descending the s-block. This
has been attributed to metals with larger ionic radii possessing
a greater number of monomer coordination sites leading to
faster chain propagation. However, tuning the Lewis acidity of
the metal is a balancing act. Descending the s-block increases
the polarity of the metal-R bond (e.g. where R is alkoxide,
carboxylate or carbonate), which can boost the nucleophilicity
thus enhancing attack and insertion of monomers. However,
increasing the ionic character of the M-R bond can also
result in the metal binding the reactive polymer chain end
too tightly, disfavouring nucleophilic attack. In some cases,
increased polarisation leads to charge separation of the metal
and initiating group, which can shift the polymerisation
mechanism from coordination-insertion to anionic. Carefully
fine-tuning both the metal Lewis acidity and the metal-R bond
character is thus key to accessing optimum catalyst activity.
This has been achieved through the use of carefully designed
ligands to improve both the activity and polymerisation control
of main group metal catalysts. The careful selection of an
appropriate polymerisation solvent is also important, as Lewis
basic solvents may alter the catalyst structure (typically by
decreasing the catalyst aggregation state and/or charge separa-
tion of the metal and co-ligand) and thus modulating the
catalyst performance.

More recently, the incorporation of a heterometal has
emerged as an alternative method of modifying the metal Lewis
acidity as well as the M-R bond polarity. Overall, heterometallic
catalysts applied in ROP and ROCOP have often displayed
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enhanced reactivity and overall catalytic performance compared
to the homometallic analogues. However, due to the highly
extensive research into homometallic catalysts, it is not surprising
that current heterometallic catalyst performance often falls short
of the homometallic frontrunners. Recently, systematic studies
have started to uncover which heterometallic catalyst features can
lead to enhanced catalyst performance. In some cases, hetero-
metallic combinations are starting to compete with the best-
performing homometallic catalysts. Heterometallic cooperativity
is therefore an interesting area to explore for future advancements
in RO(CO)P catalyst design. However, further studies are required
to be able to predict whether heterometallic catalysts will be
“cooperative” or ‘“‘uncooperative”, as not all heterocombinations
display activity enhancements. The heterometallic polymerisation
catalysts reported to date are just the tip of the iceberg in terms of
the vast number of heterocombinations available, both within the
main group and beyond.

Since their advent, main group polymerisation catalysts
have opened up access to new polymer structures, and their
use in developing pioneering new materials continues to this
day. Main group catalysts can deliver careful control over the
polymer structure. Changing the coordination environment of
the metal centre mid-polymerisation, for example from a metal-
alkoxide to a metal-carboxylate by using CO, as a chemical
“switch”, has led to the selective production of terpolymers
(and higher multi-block polymers) in one-pot reactions from
mixtures of monomers. With the current drive to use earth-
abundant metals in catalysis, combined with the growing
demand for biodegradable polymer materials from renewable
sources, the use of main group metals in polymerisation
catalysis will surely continue as an exciting and impactful area
of research.
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