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Switchable catalysis is a powerful tool in the polymer chemist’s toolbox as it allows on demand access to
a variety of polymer architectures. Switchable catalysts operate by the generation of a species which is
chemically distinct in behaviour and structure to the precursor. This difference in catalytic activity has
been exploited to allow spatiotemporal control over polymerisations in the synthesis of (co)polymers.
Although switchable methodologies have been applied to other polymerisation mechanisms for quite
some time, for ring opening polymerisation (ROP) reactions it is a relatively young area of research.
Despite its infancy, the field is accelerating rapidly. Here, we review recent developments for selected
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external stimuli for ROP, including redox chemistry, light, allosteric and mechanical control. Furthermore,
a brief review on switch catalysis involving exogeneous gases will also be provided, although this area
differs from traditional switchable catalysis techniques. An outlook on the future of switchable catalysis is
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1. Introduction

Switchable catalysis involves the use of an external stimulus to
switch between multiple states of a single species allowing
enhanced control of a system.'™ Precisely controlled polymer
synthesis to generate materials with highly regular structures
remains a formidable challenge for polymer chemists. The
preparation of well-defined polymers is dependent on a high
degree of control since even slight changes to microstructural
features i.e., tacticity, chain sequence and topology, can have a
profound influence on the properties of these materials.””
Switchable catalysis is a viable solution to some of the chal-
lenges faced in this area and for this reason it has been
expanding rapidly over the past two decades. There have been
reports of several methods that allow spatial and temporal
regulation to be achieved including light,®” electrical
current,'®' redox control,">® and mechanical control.’
Switchable catalysis offers the possibility of achieving control
over activity and regio-, chemo-, or -stereoselectivities by the
incorporation of stimulus responsive units into the catalyst
structure. An ideal switchable system includes at least two
reversible forms of the molecule which respond to an external
stimulus, fast response times, thermal stability, and fatigue re-
sistance. Traditionally, these catalysts have been designed to
include a distinct active and inactive species which allows the
reaction to be toggled between an “on” or “off” state.
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Externally controlled polymerisation methodologies could
facilitate one-pot reactions featuring several substrates for the
synthesis of copolymers. More recent developments in the area
include tandem catalysis where multiple mechanistic pathways
can occur e, photocontrolled ROP and radical
polymerisations."”

2. Recent advances in selected
external stimuli
2.1 Redox control

Redox controlled ROP systems have attracted considerable
attention since the first report by Gibson and Long in 2006,
whereby a redox switchable titanium salen bis(isopropoxide)
complex (1°™%) was used to alter the rate of ROP of rac-lactide
(Scheme 1). Redox switchable catalysts can be designed so that
the redox responsive unit is incorporated into the ligand back-
bone, which is distant to the catalytically active metal centre,
or alternatively a change in oxidation state can occur on the
active metal centre itself. Reports of redox switchable poly-
merisation catalysts have also increasingly been complemen-
ted with theoretical studies to unravel complex mechanistic
and structural aspects, therefore some of the recent advances
in computational studies will also be reviewed.

Redox “non-innocent” ligands have garnered popularity
over the past decade since altering the electronic properties of
the ligand can be used to control the reactivity of the metal
centre i.e., change in electron density and Lewis acidity.">*° In
the context of ROP, ferrocene has undoubtedly been the most
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Scheme 1 Switchable ROP of rac-lactide by a titanium salen bis(iso-

propoxide) complex with the reduced form 179 and the oxidised form
1ox.18

vastly utilised redox moiety, as is highlighted in a comprehen-
sive review by Diaconescu and coworkers.>"

Diaconescu et al. reported the first redox-switchable copoly-
merisation for r-lactide (1-LA) and e-caprolactone (CL) with a
titanium(wv) catalyst in 2014.>> A series of group IV catalysts
were synthesised and characterised (Scheme 2). The reduced
forms (2a-c™%) exhibited higher activity towards 1-LA, whereas
the oxidised forms (2a-c®*) were more active towards CL. For
example, 2a™9 polymerised 90% 1-LA in 2 h, whilst the oxi-
dised form, 2a® afforded <5% conversion in the same period.
A reverse activity trend was observed for CL with <5% conver-
sion in 24 h, compared to 98% for the reduced form. The
switching behaviour of the zirconium complexes could not be
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Scheme 2 A redox switchable zirconium complex for ROP of L-LA and
CL.22 The reduced forms 2a-c™ displaying higher activity in LA ROP
compared to CL ROP and a reversed trend observed for 2a-c®*
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extended to the formation of block copolymers because the
polymerisation of CL did not occur when 1-LA was initially
polymerised. This was presumably due to the strong coordi-
nation of the LA monomer to the metal centre. However, the
less electrophilic titanium-based complex allowed formation
of a diblock copolymer of t-LA and CL, although the activity
was low.

A copolymerisation study followed in 2016 where the poly-
merisation of several cyclic esters and epoxides was investi-
gated using (salfan)Zr(O'Bu), (2a™?) (salfan = 1,1-di(2-tert-
butyl-6-N-methylmethylenephenoxy)ferrocene) to form diblock
and triblock copolymers.'® In 2017, a mechanistic study of the
zirconium (2a-¢™%°*) complex was reported using density func-
tional theory (DFT) to probe the cyclohexene oxide (CHO) poly-
merisation mechanism and also the influence of one
monomer over another in copolymerisations.>?

In 2019, Diaconescu and coworkers, reported the redox
activity of a zirconium complex bearing a fully conjugated
ligand, (salfen)Zr(OiPr), (salfen = N,N’-bis(2,4di-tert-butylphe-
noxy)-1,1-ferrocenediimine) (3™ (Scheme 3).>* For LA poly-
merisation, the reduced form of the complex was able to
convert 71% of the monomer, whereas the oxidised form
afforded <3% conversion. For the polymerisation of epoxides,
the reduced form was inactive in the homopolymerisations of
cyclohexene oxide (CHO) and propylene oxide (PO), whereas
the oxidised form converted 100% of CHO in 0.2 h. Although a
direct comparison between (salfan)zr(O'Bu), (2a™%°%) and
(salfen)Zr(O'Pr), (3%°™) is difficult due to different alkoxide
groups,”” (salfan)Zr(O‘Bu), displayed superior activity in LA
homopolymerisation, whilst [(salfen)Zr(O'Pr),][BATF] was
faster for epoxide homopolymerisations. Furthermore, the
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Scheme 3 A zirconium complex bearing a fully conjugated ligand for
the preferential ROP of several cyclic esters and epoxides.?*
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redox switch was used to successfully synthesise PLA-PCHO
block copolymer.

Aluminium complexes for ROP and their mechanistic
studies are widely reported in the literature,>>° however this
metal remains underutilised in redox switchable catalysis.

In 2017, Diaconescu et al. reported a combined experi-
mental and computational study of a redox switchable alu-
minium complex (Scheme 4) (4™%°Y), (thiolfan*)Al(O'Bu)
(thiolfan = 1,1'-di(2,4-di-tert-butyl-6-thiophenoxy)ferrocene).*
The polymerisation of several cyclic monomers including 1-LA,
CL, &-valerolactone (VL) and trimethylene carbonate (TMC)
were investigated using both the reduced and oxidised species.
For 1-LA, the reduced form (4™%) afforded 88% conversion
after 24 h at 70 °C, whilst the oxidised form (4°) displayed
<5% conversion at 100 °C in 24 h. For CL, VL and TMC, both
the reduced and oxidised forms were capable of polymeris-
ation and the differences in activity were less pronounced com-
pared to that of .-LA. DFT studies also revealed that chelation
of the monomer plays a key role in polymerisation. Moreover,
1-LA is more easily controlled than other monomers because
the propagation is usually much slower than initiation.

Following the findings of a computational study,®
Diaconescu and coworkers recognised that ferrocene sup-
ported aluminium complexes were virtually unexplored com-
pared to other metal analogues. Subsequently, the group
reported a redox switchable Al(ur) iso-propoxide complex (5%
) for ROP."™ The reduced state was active towards ROP of LA,
TMC and p-butyrolactone, whilst the in situ oxidised form was
active towards CHO. The reduced species could convert 64% of
LA in 24 h, whilst the oxidised form was inactive. On the other
hand, no activity was observed in CHO polymerisation using
the reduced species after 24 h at 70 °C, however the oxidised
form converted 99% of 200 equivalents of CHO in 6 minutes
at room temperature. For some cyclic esters, including CL and
VL, there was no selectivity between reduced and oxidised
states. Although the incorporation of TMC in the presence of
LA by metal complexes has proven to be difficult,’**® the
group attempted AB and ABC-type copolymers of LA, CHO and
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Scheme 4 Redox switchable aluminium complexes reported for ROP
reported by Diaconescu and coworkers.*>*°
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TMC. It is important to add that the incorporation of CHO in
this case was not redox controlled. A triblock copolymer of
(PTMC/PLA)-PCHO-PLA-O'Pr was synthesised, as well as a
diblock copolymer of PTMC-PLA-O'Pr which took 15 days to
prepare.

In 2021, Fors and co-workers reported temporal control
over the cationic ROP of cyclic esters by ferrocene-derived acid
catalysts.*® The acidity of a ferrocenyl unit could be adjusted
by changes to the oxidation state which was exploited in
switchable ROP. The ferrocenyl acids were inactive for ROP of
e-CL, however the addition of an oxidant (AgBF,) efficiently
initiated ROP, whilst the addition of a chemical reductant
(CoCp,) could be used to halt the polymerisation and achieve
switching.

The ability to switch between multiple catalytically active
states i.e., more than one or two oxidation states of the same
catalyst, is highly advantageous since it could facilitate the
polymerisation of several monomers in a one pot system.
Stepwise oxidation to form three redox active species has been
previously reported for olefin polymerisations,* however this
approach has only been reported very recently for ROP
reactions.>®

Diaconescu and coworkers have described a redox-switch-
able ferrocene containing dimeric yttrium complex, which dis-
played three oxidation states, the first of its kind in ROP reac-
tions (Scheme 5).® Based on cyclic voltammetry experiments
and NMR studies, the authors proposed two distinct oxidised
species, a mono-oxidised [(salfen)Y(OPh)],” (6>), and a
doubly oxidised [(salfen)Y(OPh)],>* (6°?), generated by step-
wise oxidation. The reduced form, [(salfen)Y(OPh)], (6™%)
showed the highest activity in the ROP of 1-LA with 73% con-
version in 30 minutes. The three states of the dimeric yttrium
complex were also investigated in copolymerisation of r-LA
and TMC. It had previously been demonstrated that the use of
a dimeric zinc complex lowered the high insertion barrier
associated in the formation of multiblock copolymers of
LLA-TMC.>’?® Copolymerisation was carried out by the
sequential addition of each monomer. The addition of r-LA
first resulted in 55% conversion, after which time 1 equiv. of
the oxidant was introduced to generate the mono-oxidised
species, followed by addition of TMC. After 24 h, complete
conversion of 1-LA was observed, and 53% conversion of TMC,
resulting in a tapered block copolymer.

Most of the reports of redox switchable catalysts have
involved redox control of the ligand, as is demonstrated with
ferrocene derivatives. Reports of systems where redox control
of the metal centre are not as widespread, even though these
types of catalysts would permit a wider range of ligands to be
used.

Diaconescu and co-workers described the first redox switch-
able ROP catalyst system where the change in oxidation state
occurred on the metal rather than on the ligand.>® A cerium
complex bearing tetradentate salen-type ligands could be
switched between Ce(um) and Ce(wv) to control the rate of L-LA
polymerisation. The neutral species polymerised 29% of 1-LA
within 15 min at ambient temperature after which the addition
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Scheme 5 A redox switchable dimeric yttrium complex displaying three oxidation states upon stepwise oxidation leading to a mono-oxidised (6°*%)

and a doubly oxidised species (6°*?).36

of an oxidising agent ceased activity. Okuda and co-workers
have also reported a cerium-based system with [OSSO]-type
ligands where switching between Ce(i) and Ce(iv) was used to
control the ROP of meso-LA.*°

Iron based redox systems form the basis of many biological
pathways and chemists designing synthetic systems have
sought inspiration from nature.*"** Iron-based ROP catalysts
are a highly attractive option due to their low cost, earth abun-
dance, relatively low toxicity, and most importantly their wide
range of redox potentials, which can be easily tuned with the
appropriate choice of ligand.*?

The Byers group has long been interested in redox switch-
able ROP iron catalysts.'*'>*** In 2013, they reported the
first such catalyst for LA polymerisation."* The oxidised
species iron(m) bis(imino)pyridine bisalkoxide complex was
completely inactive towards the ROP of LA and could therefore
be used to effectively activate and deactivate the polymeris-
ation, whilst retaining molecular weight control through redox
switching events.

In 2016, the same group extended the use of iron bis
(imino)pyridine bisalkoxide complexes to other monomers to
form block copolymers.** Generally, oxidised systems are more
active towards CHO polymerisation compared to the reduced
states.'>?*?3%1® A cationic iron(m) complex (7°%) displayed
activity towards epoxides, whereas the neutral iron(n) com-
plexes (7°9) were inactive (Scheme 6). An opposite reactivity
trend was observed for LA polymerisation. The redox switch-
able behaviour in ROP of CHO showed that activity ceased
upon addition of CoCp, and resumed upon addition of an oxi-
dising agent (Fig. 1). This change in chemoselectivity induced
by the oxidation state of the catalyst could be used to form
block copolymers of CHO and LA.

The Byers’ group also described the synthesis of poly(lactic
acid) (PLA) cross-linked polymers in 2016, using redox switch-
able iron bis(imino)pyridine alkoxide complexes (Fig. 2).*’
Cross-linking PLA usually requires impractical methods invol-
ving high energy light or electron-beam irradiation.”” ROP of
LA occurred with the iron(un) complex, with oxidation to the
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Fig.1 A plot of conversion vs. time for the polymerisation of CHO
using 7"°¥°* (2 mol%). [Copyright (2016) Wiley. Used with permission
from ref. 44].
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Fig. 2 Cross-linked PLA polymer produced from a redox-switchable
iron bis(imino)pyridine alkoxide complex.*> Reproduced from ref. 45
with permission from the Royal Society of Chemistry.

iron(m) complex triggering CHO polymerisation, resulting in
chemical cross-linking of the polymer.

There are several factors which govern the polymerisation
activity of redox switchable catalysts including supporting
ligands, metal centre, and oxidation state. For that reason,
several groups have turned their efforts towards studies focus-
ing on structure and mechanism, to rationalise and design
experiments.

In 2018, Byers et al. reported a combined experimental and
density functional theory (DFT) study of iron alkoxide catalysts
bearing bis(imino)pyridine ligands for ROP of lactones.*® The
influence of the alkoxide initiator, spin state and oxidation
state on polymerisation activity was investigated. The initiation
step of ROP was computed to investigate the influence of spin
state which showed that high spin complexes were found to be
more Lewis acidic than low spin complexes, and therefore had
a greater propensity to initiate the polymerisation.
Furthermore, the overall reactivity of a particular system is
influenced largely by coordination of the monomer.

Structural changes to redox switchable catalysts based on
ferrocene derivatives have been reported by Fey, Diaconescu
and co-workers.”" A map of chemical space was generated fea-
turing a total of 64 complexes containing a ferrocene ligand
with varying metal centres, ferrocene oxidation states and
ligand structure. Put succinctly, structural changes in the
redox switchable catalysts studied were more greatly impacted
by variation of the metal centre and the ligand structure than
by oxidation state changes on ferrocene, in agreement with
some of the literature already presented in this review. Most of
the computed regions have already been reported, with com-
plexes such as (salfen)Zr(O'Pr), and (salfen)in(O‘Bu).>**°
Surprisingly, reports of redox switchable aluminium com-
plexes are not as widespread, and hence inspired Diaconescu

This journal is © The Royal Society of Chemistry 2022

View Article Online

Perspective

and coworkers to investigate a novel aluminium redox switch-
able complex."?

In 2020, Long and coworkers investigated the effects of
metal centre and number of redox active units on catalytic per-
formance and switchability.® The catalytic activity of pre-
viously reported symmetrical titanium catalysts bearing two
redox moieties (1"¥*¥),’® and newly synthesised non-symmetri-
cal analogues bearing [ONN] ligands with one redox moiety
were compared (Scheme 7). The ability of the catalyst to differ-
entiate catalytic activity as a function of ligand-based oxidation
state was not largely impacted by the number of ferrocene
units, however overall polymerisation rates are more likely to
be impacted by number of ferrocene units and ligand
denticity. The switchability of zirconium complex (8b™¥°¥)
was evaluated in the ROP of 1-LA by the addition of oxidation
and reducing agents at specific points (Fig. 3). 8b™¢
yielded 30% monomer conversion after 2.5 h, after which the
oxidised species (8b°*) was generated in situ and no increase in
conversion was detected. It is also suggested that the metal
centre has a drastic effect on catalytic activity, stability
and switchability. The differentiation in catalytic activity of
zirconium complex 8b was around double that of the Ti
analogue 8a.

Luo, Luo, Diaconescu and coworkers described a theoretical
study of redox switchable group IV complexes bearing [OSSO]-
type ligands for CL polymerisation.”’ A series of complexes
with similar ligand frameworks but differing metal centres
were investigated (Fig. 4). The oxidised and reduced forms of
these complexes had previously been shown to display differ-
ences in catalytic activity in CL polymerisation.'****%? DFT
and experimental results indicated that a higher Lewis acidity
at the titanium metal centre accounts for the higher activity of
the oxidised species (9°). The higher energy barrier of the oxi-
dised form of the Zr complex (10%¥) is caused by higher stabi-
lity of the monomer coordination intermediates compared to
the reactants. The effect of metal centre Lewis acidity and
ligand framework was computationally modelled using a new
set of [OSSOJ-type bis(phenolato) ferrocene-based group IV
complexes (12/13™%°%), It was proposed that a hafnium ana-
logue (12"%°) may be a more superior redox switchable cata-
lyst than the zirconium analogue (107¥°¥). Also, switching the
donors in the supporting ligand from S to Se (13"%°%) pre-
sented a larger energy barrier difference between the reduced
and oxidised states which could translate to greater differen-
tiation in catalytic activity between the two forms.

Luo et al. reported DFT investigations of the opposite reac-
tivity of iron bis(imino)pyridine complexes towards CHO and
LA.>® The energy profiles of the reduced and oxidised forms
showed little difference in the free energies and transition
states of the reduced/oxidised complexes until formation of a
tetrahedral complex following alkoxide insertion, at which
point the reduced form is more stable compared to the oxi-
dised complex. Further analysis of the structures and free ener-
gies showed that the CHO monomer is more tightly bound to
the metal centre on the transition state of the oxidised form
compared to the reduced form. Furthermore, CHO is more

Dalton Trans., 2022, 51,1241-1256 | 1245
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sensitive towards the Lewis acidity of the metal centre com-
pared to LA, due to its greater nucleophilicity.

These theoretical studies provide valuable insight into
redox switching mechanisms, as well as structural factors
affecting catalytic activity and redox switchability ie., metal
centre, auxiliary ligand, oxidation states and spin states, which
should be taken into consideration when designing new redox
switchable systems for ROP.

2.2 Electrochemical control

Redox switchable systems have traditionally involved the
addition of oxidising and reducing agents which present
several drawbacks including environmental problems and
difficulties in upscaling. The application of electrochemistry
helps to alleviate some of the challenges presented in using
stoichiometric amounts of redox agents.> Furthermore,
electrochemistry has wider functional group tolerance and
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Fig. 4 Group IV metal catalysts investigated experimentally and computationally for CL polymerisation (9-1
computationally modelled as superior catalysts for ROP of CL (12—13"%/°%),
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removes the need for extra purification steps associated with
redox agents.

In this context, Byers et al. reported the first redox switch-
able ROP system using electrochemistry to supply the redox
equivalents required for switching in ROP of LA and CHO
using a bis(imino)pyridine alkoxide complex (Scheme 8).''
Application of a reducing potential was used to trigger LA poly-
merisation with 14", whereas the reverse redox process was
capable of polymerising CHO with the generation of 14°%. This
switching ability was further used to form 88% block copoly-
mer, with the other 12% being homopolyether. The polymeris-
ation of LA could be stopped as soon as the redox state was
switched, with the ROP of epoxide commencing immediately.

Similarly, in 2020 Tong and co-workers reported a stereo-
selective Co/Zn catalytic system for electrochemical ROP of
O-carboxyanhydrides to prepare high molecular weight poly-
mers (>140 kDa).'® Remarkably, they also demonstrated an
electrochemically stereoselective polymerisation of racemic
O-carboxyanhydrides by modulation of the ligands on the
metal centre making these catalysts either isoselective or syn-
dioselective in the formation of block copolymers.

In 2021, Byers et al. reported the ROP of LA and epoxides to
produce surface-initiated polymer brushes appended on to
solid state surfaces using a redox controlled process (Fig. 5).>
Research interest into polymer brushes has flourished over the
last two decades due to their mechanical and chemical robust-
ness and ease of functionalisation,”®>® however reports of
surface initiated ROP of cyclic esters are uncommon.®*®" Byers
et al. used their previously reported bis(imino)pyridine iron
bisalkoxide complexes'®**®* supported on semi-conducting
surfaces to produce a hybrid system, operating under both
homogeneous and heterogeneous catalysis conditions.
Deposition of the functionalised nanoparticles on fluorine
doped tin oxide, which acted as the conductive surface,
resulted in a system which could be electrochemically con-
trolled. Iron(u) complexes were active towards LA, although at
slower rates than the fully homogenous system previously
reported,* but still displaying characteristics of a living poly-
merisation. The addition of oxidising agent, FcPF,, produced
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Fig. 5 Surface anchored bis(imino)pyridine iron catalysts for ROP allow-
ing patterning of surfaces with polymer brushes through application of
an electrical stimulus.>® Reproduced from ref. 55 with permission from
the Royal Society of Chemistry.

iron(m) functionalised nanoparticles, which were completely
inactive towards LA but reactive towards CHO, affording 33%
conversion overnight.

2.3 Mechanochemical control

Although mechanochemical control offers many advantages in
the way of green chemistry, for polymerisation processes it is a
rather unconventional stimulus. The application of mechani-
cal force in the production of polymers is generally viewed as a
destructive approach as excessive force on polymeric materials
can cause degradation and impedes access to high molecular
weight materials. To our knowledge, only one report for
mechanochemically controlled ROP of cyclic esters exists in
the literature which was reported by Kim et al in 2017.'°
Polylactic acid (PLA) was synthesised by a solvent-free ball-
milling procedure using the organocatalyst DBU (1,8-diazabi-
cylo[5.4.0Jundec-7-ene). Unfortunately, after some time M,

+
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Scheme 8 Electrochemically switchable ROP of CHO and LA with a bis(imino)pyridine iron alkoxide complex.

This journal is © The Royal Society of Chemistry 2022

11,14

Dalton Trans., 2022, 51,1241-1256 | 1247


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt03471e

Open Access Article. Published on 10 abenduak 2021. Downloaded on 2026/06/09 16:43:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

growth levelled out as the process became destructive to the
polymer and resulted in degradation. Following this, liquid-
assisted grinding was investigated, whereby a small amount of
solvent was added to the reaction to enable sufficient energy
dissipation and overcome the destructive nature of solvent-free
ball-milling. After 2 hours of milling with toluene, high mole-
cular weight poly(p-lactic acid) (M, = 100000 g mol™") was
prepared.

2.4 Allosteric control

Allosteric regulation is evident in many biological functions
including protein activity modulation.®*®* The term allosteric
translates to ‘other-space’ in Greek and is fittingly used for
this mechanism because effectors operate by binding to a site
other than the active site which can induce conformational
changes capable of directly modulating activity.*?

Allosteric control has been applied to switchable ROP by
Mirkin and coworkers in 2010 with a cleverly designed triple-
layer catalyst consisting of Rh(1)Cl side arms with CI™ playing
the role of the effector (Scheme 9).°® In the presence of CI,
the active metal centre of the complex was accessible, however
removal of CI” anions from the Rh(1) centres enabled chelation
of the phosphinoamine ligands. The aromatic groups of the
phospinoamine moiety n-stacked above and below the Al(m)
centre resulting in a “closed” form. The “semi-open” form
(150) and “closed” form (15c) of the catalyst exhibited different
activity towards the ROP of e-CL, with the closed form (15c)
remaining inactive for the first 100 hours. On the other hand,
the “semi-open” form (150) was active and produced well-
defined polymers with narrow dispersities (b = 1.10-1.20).

In 2016, the same group briefly described the ROP of r-LA
as proof of principle for a heteroligated Pt(u) complex contain-
ing both a hemilabile squaramide-piperidine-based catalytic
ligand and a sodium sulfonate hydrogen-bond-accepting
ligand, which could be toggled between a semi-open state and
a fully closed state.®® The semi-open form was inactive towards
ROP of 1-LA, whereas the fully closed form afforded quantitat-
ive conversion.

2.5 Photochemical control

The use of light as an external trigger to control a reaction pre-
sents many advantages over other stimuli and provides many
of the necessary characteristics of an ideal system, such as its
non-invasive nature, easy handling, and the ability to exert
high levels of control by simple manipulation of wavelength or
intensity of the light source. The benefits of light have been
manifested across both heterogeneous and homogeneous cata-
lysis for a wide array of chemical transformations,®””° however
the field of light controlled ROP reactions has only recently
started to gain momentum.

In 2013, Bielawski and coworkers reported a photoswitch-
able organocatalyst for the ROP of cyclic esters (Scheme 10).”"
Prior to this, reports of photocontrolled polymerisation pro-
cesses were limited mostly to other processes, such as atom-
transfer radical polymerisations.”>”> A photochromic dithieny-
lethene (DTE)-annulated N-heterocyclic carbene (NHC) pre-
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catalyst could be switched reversibly between a ring-opened
(160) and ring-closed (16¢) state by UV/Vis irradiation.
Irradiation of the active ring-opened form with UV light (1 =
313 nm) generated the inactive ring-closed form. The ring
opened form polymerised 95% of 100 eq. of CL at room temp-
erature. In contrast, the increased conjugation present in the
backbone of the ring-closed form resulted in an electron-
deficient carbenoid centre which was inactive towards CL
(<5% conversion). The photoswitchability of the catalyst was
investigated in a series of light on-off experiments showing a
highly responsive system (Fig. 6).

In 2018, Hecht et al. described a photoswitchable organo-
catalyst for the ROP of 1-LA, as well as the photoregulation of
trimethylene carbonate (TMC) and VL copolymerisation.® A

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Time vs. conversion plots for light-on off experiments using
160/c for ROP of VL.* (a) Two concurrent reactions, one under visible
light and another under UV light. (b) Reaction proceeded in visible light
for 10 minutes before UV exposure. (c) Reaction proceeded under UV
light for 60 minutes before exposure to visible light. (d) Reaction pro-
ceeded under UV light for 60 minutes before irradiation with visible light
for 45 minutes, and UV light for the remainder of the run. Reproduced
from ref. 71 with permission from the Royal Society of Chemistry.

diarylethene functionalised with a phenol moiety could
undergo light-controlled keto-enol tautomerism which was
used to effectively turn the catalyst “on” and “off” (Scheme 11).
The ring opened form containing a phenol moiety (170) could
participate in hydrogen bonding for carbonyl activation of the
incoming monomer. Irradiation with UV light generated the
metastable ring closed enol form which could thermally tauto-
merise to form a ketone (17c¢), incapable of carbonyl activation.
ROP of 1-LA with the open form resulted in 45% conversion in
24 h with good molecular weight control, whereas the closed
form was around 4 times slower in the same period. The use
of light as a stimulus is perhaps of most interest for the prepa-
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ration of copolymers where the desired properties of materials
can only be achieved by highly controlled systems. The ring
closed form afforded a ratio of 10 and 7 for copolymerised
TMC and VL. On the other hand, an inverted pattern of incor-
poration was observed for the ring open phenol form with 15
vs. 20 units of TMC and VL, respectively. This system described
by Hecht et al. was the first report of monomer sequence
control using a single catalyst which could be controlled
in situ.

Photocaged organocatalysis in ROP enhances the possibility
of control by allowing the careful release of active species at
precise points within a reaction using light as the stimulus.”®
The first report of a photocaged organocatalyst was reported by
Wang and coworkers in 2008, who generated the salt of 1,5,7-
triaza-bicyclo[4.4.0]dec-5-ene (TBD) which was inactive in poly-
merisations,”” however irradiation with UV light (A = 254 nm)
generated a free base which was active in the ROP of e-CL.

A few years later, Dove and co-workers reported a triarylsul-
fonium hexafluorophosphate salt which could undergo
rearrangement under UV irradiation (4 = 365 nm) to generate
an acid which was active in the cationic polymerisation of
several cyclic esters including e-CL, 8-VL and TMC, however
the generated acid was incapable of polymerising LA.”®

In 2018, the same group reported a photocaged tetramethyl
guanidine capable of polymerising 1-LA (Scheme 12).7°
Irradiation of  2-(nitrophenyl)propoxycarbonyl-1,1,3,3-tetra-
methylguanidine (NPPOC-TMG) (18) with 320-400 nm light
released TMG (19), an organocatalyst only previously reported
for ROP of N-butyl N-carboxyanhydride.®® NPPOC-TMG was
inactive towards 1-LA, however switching to UV light for
15 minutes released the active TMG species, which converted
90% of the monomer in 3 h. The photoinduced ROP of §-VL
was also attempted with the photocaged catalyst, although the
addition of a thiourea cocatalyst was necessary for monomer
activation.®! After a period of 76 h, 34% monomer conversion
was observed which was considerably slower than using the
free TMG base devoid of the photolabile protecting NPPOC
group (93% conversion in 23 h).

Photoacids are molecules which generate a strong acid
upon irradiation with light of an appropriate wavelength and
have been used to achieve spatiotemporal control across
several disciplines.®

Xu and Boyer have reported a visible-light mediated process
for the proton-catalysed ROP of cyclic esters using a photoa-
cid." The photoacid (200) could be reversibly activated by
visible light (4 = 460 nm) resulting in cyclisation (20c) and
proton dissociation to form a strong acid, which could effec-
tively catalyse the ROP of cyclic esters (Scheme 13). For the
ROP of VL, polymerisation under visible light with 50% of the
photoacid afforded 88% conversion in 22 h with good mole-
cular weight control (D = 1.18). More interestingly, the light
regulated ROP could be used in an orthogonal polymerisation
method. Photoinduced electron/energy transfer-reversible
addition-fragmentation chain transfer radical (PET-RAFT) cat-
alysed by zinc tetraphenyl porphyrin,®*~®° was combined with
photo-ROP to selectively polymerise either VL or methacrylate

Dalton Trans., 2022, 51,1241-1256 | 1249
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to produce a well-defined PVL-b-PMA block copolymer (M,
4610 g mol™", M, /M, = 1.15), as well as a graft copolymer
(PMA-g-PVL).

In 2020, You and coworkers developed a series of composite
photoacid generators for the living/controlled cationic ROP
(CROP) of lactones under visible light.®® The system consisted
of a common photocatalyst and an onium salt. Irradiation

1250 | Dalton Trans., 2022, 51, 1241-1256

with light generated radicals from the excited photocatalyst/
onium salt which could abstract a proton (H') from the
monomer or solvent. H' could catalyse the living cationic ring
opening polymerisation of lactones. Moreover, the generation
of radical species allowed a simultaneous CROP/reversible-
addition-fragmentation chain transfer reaction. It is important
to note that light was not used to switch between two states

This journal is © The Royal Society of Chemistry 2022
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once the polymerisation started and light simply acted as a
trigger for generating a more active species (H') which allowed
polymerisation to commence.

Similarly, in 2021 Liao and coworkers reported a visible
light regulated ROP using an aromatic alcohol as the photo-
catalyst (Scheme 14).®” The irradiation of aromatic alcohols is
known to generate a high-acidity excited state which is more
catalytically active.®” The same group had previously explored
this area and reported that naphthols were inefficient for this
purpose due to weak absorption of visible light in the absence
of photosensitisers.®® 1-Hydroxypyrene (PyOH) (21) could cata-
lyse the ROP of lactones under visible light without the need
for expensive metal based photosensitisers. Irradiation of
PyOH increased acidity and activation of the lactone whilst the
weaker acid (21) was not active for ROP. The system was tested
in a light on-off experiment in the ROP of VL and observed
attenuation of catalytic activity once the light source was
turned off (Fig. 7). For example, conducting the polymerisation
under purple light afforded 23% conversion, which was
reduced to 8% once the polymerisation proceeded in the dark.

The reports mentioned so far have focused on light respon-
sive organocatalysts to turn a polymerisation “on” or “off”
through the generation of a distinct species which displays
either an increase or decrease in activity compared to the
native form. Few reports to date have utilised metal complexes
for light controlled polymerisations,”® even though some of

80
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Fig. 7 Time vs. conversion plot for ROP of VL in light on—off experi-
ments.®” Reproduced from ref. 87 with permission from the Royal
Society of Chemistry.

This journal is © The Royal Society of Chemistry 2022

Scheme 14 ROP catalysed by PyOH under light to generate a stronger acid.®”

the most active ROP catalysts reported have been metal
based.®*°

Photoresponsive metal complexes can be designed so that
the chromophore is incorporated into the ligand backbone,
similar to a ferrocene derivate in redox switchable catalysts.
Azobenzenes present many of the characteristics required for
photoswitchable catalysts including high photochemical con-
reversibility and high fatigue resistance.’
Azobenzenes undergo trans—cis isomerisation upon irradiation
with UV light, producing a large geometrical change which can
be used to manipulate activity around a metal centre
(Scheme 15). The meta stable cis isomer can be converted back
to the thermodynamically stable t¢rans isomer, either by
irradiation with UV light, or thermally. This reversibility allows
easy tunability of a system through the generation of two dis-
tinct species and as a result their application has been wide-
spread including in polymeric materials,”>°* molecular
machines,’>® and catalysis.””*°

In 2019, Chen and co-workers reported a light controlled
ROP method using zinc-based catalysts functionalised with a
light responsive azobenzene chromophore (Scheme 16).® For
the ROP of e-CL, reaction rates up to six times faster were
reported for the polymerisations catalysed by the cis isomers.
For example, 23-E afforded 22% conversion (kians = 1.43 ¥ 1072
min~"), whilst the cis form 23-Z converted 60% of e-CL (kcis =
8.22 x 107> min'). A reversed reactivity difference was
observed towards LA with higher rate constants for the trans
isomers. ROP of TMC, p-oxetanone, VL, cyclopentadecanolide
and 5-methyl-5-propyl-1,3-dioxan-2-one also displayed higher
reactions rates for cis-Zn-H. The isomers 24E/Z displayed
monomer discrimination, for example the amount of CL incor-
porated in a TMC/CL copolymerisation catalysed by 24-E incor-
porated 32% e-CL, whereas 24-Z resulted in 26% incorpor-
ation. The initial rate constant for the conversion of TMC (2.73

W - T S

Scheme 15 E/Z isomerisation of azobenzenes.
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Scheme 17 Photoswitchable Al(il) complexes bearing azobenzene Schiff-base ligands which undergo trans—cis isomerisation for ROP of CL.”

x 107 min™") and CL (1.89 x 10~ min™") under ambient light
conditions was similar. Upon switching to UV irradiation, a
greater disparity in rate constants was observed, with the rate
constant for TMC (6.74 x 107> min™") being much larger than
CL (0.99 x 107> min™").

Recently, our group has reported a series of photorespon-
sive Al(m) and Zn(u) complexes bearing azobenzene Schiff-base
ligands for ROP of rac-LA and e-CL (Scheme 17).” Al(u) com-
plexes were synthesised to include either one or two azo-
benzene units. For ROP of CL at room temperature, an
increase in activity was observed when the polymerisations
were carried out under UV light for all Al(m1) complexes (4 =
365 nm), indicating 25-29-Z were the more active isomers. For

1252 | Dalton Trans., 2022, 51, 1241-1256

example, ROP with 25-E under ambient light afforded 33%
conversion after 12 h, whereas the 25-Z resulted in 56% conver-
sion in the same period, although with marginally higher than
expected molecular weights. ROP of rac-LA did not display any
switching due to the requirement of heat which thermally iso-
merised the cis isomer to the more stable trans isomer.
Complexes bearing one azobenzene containing ligand dis-
played higher activity presumably due to a less sterically con-
gested metal centre.

In 2021, Coulembier and coworkers reported a photore-
sponsive bis(15-crown-5 ether) containing an azobenzene
linkage which could acts as a molecular tweezer in the light
regulated ROP of 1-LA (Fig. 8)."° The same group had pre-

This journal is © The Royal Society of Chemistry 2022
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from Royal Society of Chemistry.

viously reported the use of crown ethers to accelerate the ROP
of 1-LA through the in situ generation of free ions.’®" The use
of azobenzene as a bridge could allow a controllable system
where more active species are generated “on-demand”. Light
was used to transform the K'~OAc ion pair-like into free ion
catalysts through E/Z isomerisation. The ROP of 1-LA which
proceeded under UV light resulted in increased polymerisation
rates (kgase/Ksiow ~ 10).

2.6 Gas control

Recently gas-controlled systems have gained attention for
switchable polymerisation catalysis because they appeal to
greener chemistry approaches and can be used to synthesise
sequence-controlled block polymers from a mixture of mono-
mers. A key advantage of these systems is the easy removal of
exogeneous gases which enables switching between multiple
polymerisation pathways. Removal of these exogeneous gases
often requires a simple purge of the system, without any
further complex purification required. The Williams group

have long been interested in switch catalysis;'°*'*® however, it
is important to note that the type of switch catalysis explored
here differs from the examples mentioned elsewhere in this
review. Here, the term ‘switch’ catalysis refers to switching
between multiple catalytic cycles, as opposed to switching
between an active and dormant state through the application
of an external stimulus. In 2014, Williams and co-workers
reported a switchable system based on a dizinc catalyst
capable of forming block copolymers from ROCOP of CO,/
CHO and ROP of &-CL (Fig. 9)."°* In the presence of CO,, poly
(cyclohexene carbonate) was formed, and after removal of CO,
a metal alkoxide-species was generated which catalysed ROP to
afford polycaprolactone. This reactivity was explained by the
zinc chain end groups controlling selectivity. ROCOP or ROP
was catalysed by the zinc alkoxide chain end group, whereas
the zinc carboxylate/carbonate chain end group only catalysed
ROCOP.

Subsequently, ABA triblock co( polyester-b-carbonate-b-ester)s
were prepared from CO,/epoxide and lactone using a similar

ROP
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Fig. 9 Williams and coworkers switchable dizinc catalyst for ROP and ROCOP. Copyright (2014) Wiley. Used with permission from ref. 104.
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dizinc catalyst."® The ROCOP of epoxide/CO, occurs first to
produce a polycarbonate polyol, with the removal of CO, trigger-
ing the selective ROP of the lactone. In 2017, Reiger and co-
workers reported the pressure controlled terpolymerisation of
rac-B-butyrolactone, CHO and CO, using a Lewis acid BDI®-Zn-
N(SiMe;) catalyst. Adjusting the pressure of CO, resulted in the
activation of different reaction pathways, with the formation of
terpolymer with a statistical composition under 3 bar CO,.
Switching to 40 bar CO, afforded copolymerisation of CHO/CO,.
In 2021, Williams and coworkers reported a series of Mg(u)
heterodinuclear catalysts for the preparation of triblock (ABA),
pentablock (BABAB) and heptablock (ABABABA) polymers.'%® Of
the synthesised catalysts, the heterodinuclear Mg(i)-Co(u) cata-
lyst displayed the highest activity and was used in gas switching
experiments to prepare the required multiblock polymers. Three
polymerisation pathways could be accessed from a mixture of
CO,, anhydride (tricyclic anhydride) and CHO. Recently, the
Williams group has exploited switchable polymerisation cataly-
sis to improve the properties of poly(r-lactide) using a commer-
cially relevant Sn(n) alkoxide catalyst.'®” A three-step process was
used to synthesise tapered block polyesters. The three stages
were: (1) propylene oxide (PO)/maleic anhydride (MA) ROCOP,
followed by (2) simultaneous L-LA ROP and PO/MA ROCOP, and
finally, (3) ROP of L-LA until complete consumption of LA.

3. Prospects

Significant effort has been expended into the area of switch-
able catalysis since some of the earliest works and the litera-
ture presented here clearly indicates that there is great poten-
tial in this area. Whilst it is difficult to make direct compari-
sons between external stimuli, areas such as redox control and
photocontrol have forged ahead of others and provide the
greatest potential for highly controllable system, however there
is still much work needed to fulfil the requirement of systems
capable of controlling one-pot polymerisations with several
monomers. The infancy of the field means that most reports
are based on simply designed experiments merely involving
“on/off” or “fast/slow” species, although there is evidence to
suggest that research groups in this area are setting themselves
more complex objectives e.g., orthogonal polymerisation
methods combining multiple mechanisms. The stringent cri-
teria required for switchable catalysts to be highly effective i.e.,
high conversions, fatigue resistance and a sizeable differen-
tiation in catalytic activity between distinct states, means that
the rational design of new catalysts should also consider
mechanistic and structural aspects. Gas controlled systems
have rapidly advanced over the last decade with highly selective
catalysts capable of forming multiblock polymers from mix-
tures of monomers, and we expect that this area will experi-
ence huge growth in the coming years. Theoretical calculations
and studies have already proven to be insightful in several
areas of switchable catalysis i.e., redox control and have guided
several research groups in designing new systems. Given that
most of the examples outlined in this review are based on
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homogeneous catalysis, a more transformative approach may
be to bring aspects of heterogeneous catalysis into the mix to
create even more robust systems. Future studies should also
consider the scalability of switchable catalysts to industrial set-
tings as this is often completely overlooked. Despite the enor-
mous growth displayed in this area, there are still some techni-
cal and chemical challenges which need to be addressed. We
are convinced that reports covering these future works are
likely to be published in the very near future.
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