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Polylactide (PLA) is currently considered as a major polymer which could serve as a potential substitute to
the widely used petroleum-based plastics. It is typically produced by coordination—insertion polymeris-
ation (Ring-Opening Polymerisation, ROP) of the cyclic ester, lactide (LA), a dimer of lactic acid that is
extracted from biomass via biotechnological processing. However, PLA has limitations that hinder its
ability to compete with conventional plastics, particularly with regard to its brittle behaviour. Different
methodologies have been employed in order to improve the performances of PLA and thereby expand its
range of applications. One strategy involves the statistical Ring-Opening coPolymerisation (ROcoP) of LA
with another lactone, primarily e-caprolactone (e-CL), which enables the inherent properties of each
homopolymer to be incorporated within the same polymer chain. Nevertheless, the difference in the

Received 23rd February 2018, reactivity of LA relative to the lactone comonomer and the occurrence of undesired transesterification
Accepted 10th April 2018

DOI: 10.1039/c8py00310f

creates the challenge of producing a strictly random copolymer. Herein, this review aims to present the
variety of metal-based catalysts and/or initiators that target the synthesis of statistical copolymers of LA
rsc.li/polymers and lactone, under smooth conditions to ensure the best possible controlled polymerisation process.

Introduction remarkable uses in a wide range of applications (e.g. construc-

tion, electronics, medicine, transportation, sports equipment,
For several decades, plastic materials obtained from non- packaging industries and many others), due to their lightness,
renewable petroleum and natural gas resources have found durability, toughness, ease of processing and resistance to
corrosion and chemicals." However, the depletion of fossil
feedstocks,” alongside the environmental concerns associated
with plastics pollution and waste,” has driven both the
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academic and industrial communities to turn to alternatives.
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friendly biodegradable materials that can be derived from
renewable resources.” In this respect, synthetic aliphatic poly-
esters, such as polylactide (PLA), have received a considerable
surge in interest for the large-scale replacement of oil-based
polymers and plastic products.” PLA represents one of the
most attractive aliphatic polyesters since the lactide (LA)
monomer, a cyclic dimer of lactic acid that exists as two
isomers r- and p-lactic acid, can be produced abundantly from
renewable resources by microbial carbohydrate fermentation®
and its preparation requires less energy than that of oil-based
plastics.” Furthermore, PLA also displays unique properties
that make it comparable to commodity polymers like poly-
styrene (PS) and poly(ethylene terephthalate) (PET).®

The most convenient route to prepare high molecular
weight PLA, and in a controlled fashion, is through the Ring-
Opening Polymerisation (ROP) of LA using metal-based
systems, organic catalysts or enzymes. This has led to the
development of highly efficient, stereo-selective and living
methodologies via ingeniously designed ROP initiators.” PLA
has the advantage of being a biodegradable and biocompatible
thermoplastic polymer that can be processed by conventional
methods (injection moulding, extrusion, etc. );'® however, its
commercialisation has been restricted to food packaging, bio-
medical and pharmaceutical fields."" Indeed, PLA suffers from
several drawbacks such as (i) brittleness, (ii) poor elasticity,
(iif) low thermal stability and (iv) poor gas/water permeability
that limit the range of its potential applications."® To circum-
vent these problems, modification by plasticisation or blend-
ing has been undertaken to improve the permeability and
mechanical/thermal properties of PLA."

Another strategy, which aims to overcome these drawbacks,
involves the Ring-Opening coPolymerisation (ROcoP) of LA
with another comonomer. In this case, repeated units of
chemically distinct comonomers are covalently linked within
the same polymer chain. These copolymers can serve, for
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example, as compatibilising agents in order to avoid immisci-
bility, poor interfacial adhesion and chain migration that
could occur during blending or plasticisation processes.'* The
copolymerisation of LA has been mainly conducted in the
presence of lactone, in particular e-caprolactone (e-CL), which
enables the inherent properties of each homopolymer to be
incorporated into the resulting copolymer. The two homopoly-
mers have contrasting physical and thermal properties that
make them complementary to each other. For example, poly-
caprolactone (PCL, Typcry) = —60 °C) exhibits good elasticity
and permeability but poor mechanical characteristics (tough-
ness),'” which is the opposite to PLA (Typra) ~ 57 °C). Fine-
tuning of these properties can a priori be tailored by varying
the composition, microstructure (comonomer distribution,
stereoregularity), and macromolecular values (molecular
weight, dispersity B = M,/M,). Biodegradable materials with
improved properties can thus be produced by copolymerisa-
tion of LA with e-CL, but researchers realised that the differ-
ence in reactivity ratios of LA and e-CL made it difficult to
produce a statistical copolymer poly(LA-stat-CL) (Fig. 1).
Despite the rate of propagation of e-CL being typically faster
than that of LA in their respective homopolymerisations, the
copolymerisation of both monomers often leads to the prefer-
ential consumption of LA over &CL (ie. rpp > 1 > rgp).
Consequently, the copolymerisation of LA and e-CL, in most
cases, results in the formation of block, poly(LA-block-CL), or
gradient (also mentioned as tapered), poly(LA-grad-CL), copoly-
mers (Fig. 1)."” To obtain a random copolymer, the r;, and r¢y,
reactivity ratios must be equal to 1, which will generate average
sequence length values of 2 for the caproyl and lactidyl units
(Lia = Loy, = 2)."® 1t should be noted that, from the IUPAC rec-
ommendations, statistical copolymers refer to copolymers
where the sequential distribution of the monomeric unit
follows statistical laws (e.g. Markovian statistics) while random
copolymers are a special case of statistical copolymers where
the sequence distribution obeys Bernoullian statistics
(i.e. Markovian statistics of zeroth order).’® Since the 1990s,
most LA/e-CL copolymerisation studies have been carried out
at high temperature and/or in bulk and/or at high monomer
conversion. This has invariably led to the uncontrolled statistical
distribution of both monomers, due to the occurrence of trans-

(o}
.. o M. P
Lactidyl = Q) = OJ\”/ 7) ~  Lactone =Q = o’HI?"
(6]

(o}

Q

QOOOOVAAQ  Block
QUQPVAIAQQPIAAPAQ  Gradient
QAAAVPPPPAAAIIAPAAQ  statistical

Fig. 1 Possible microstructures of lactide—lactone copolymers accord-
ing to IUPAC rules.
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esterification reactions that reorganise the polymer
sequences.'® Nevertheless, despite the uncontrolled nature of
these processes, these statistical PLA-based copolymers have
shown to display intermediate properties by combining PCL
permeability and elasticity in addition to the rather rapid bio-
degradation of PLA.>® As such, Lu et al. made a comparison of
thermomechanical properties of homo-PLA and poly(LA-stat-CL)
prepared under similar experimental conditions using stannous
octoate at 130 °C in bulk for 48 h with [L-LA]: [Snc,] = 8000:1
and [L-LA]:[e-CL]:[Snc.] = 4800:3200:1, respectively. They
obtained the following values of T, = 62 °C, crystallinity =
29.3%, tensile strength = 52.1 MPa, and strain at break = 89.7%
for homoPLA, and T, = 14 °C, amorphous, tensile strength =
20.5 MPa, and strain at break = 541.8% for the copolymer
(composition LA/CL = 62/38), emphasising that statistical incor-
poration of CL in the PLA chain can give materials with varied
mechanical properties.>*

Herein, this review aims to investigate the range of
initiators and/or catalysts by focusing on available metal com-
plexes that target the statistical copolymerisation of lactide
with a lactone, primarily e-CL, under mild conditions to
ensure as best as possible a controlled process, with the
minimum of undesired transesterification. Other lactones like
rac-p-butyrolactone (rac-BL) and &-valerolactone (VL), which
have been scarcely used as comonomers with LA, are also
included in this review. Specifically, we will pay attention to
the syntheses conducted in solution, with a temperature range
of up to 110 °C, which should minimise the occurrence of
transesterification. Where possible, the molecular weight, dis-
persity (P = M,,/M,,), reactivity ratios, average sequence lengths
of the comonomer units, presence of a Chain-Transfer Agent
(CTA) and transition temperature of the resulting copolymer
have been displayed.

Poly(lactide-co-glycolide) (PLGA) copolymers and their
applications, resulting from LA/glycolide (GA) copolymerisa-
tion, have been already subjected to review and will not be dis-
cussed here.”””" Sequenced copolymerisations will be
excluded from the scope of this review to focus on more
challenging controlled statistical copolymerisations, which can
generate multiple microstructures and thus a large set of
properties.

Controlled statistical copolymerisation
of lactide with e-caprolactone

As mentioned previously, the preferred method to prepare
polymers of cyclic esters is through the Ring-Opening
Polymerisation, typically with the use of a metal complex that
may also involve, in some cases, a chain-transfer agent (e.g.
alcohol molecule). Currently, the coordination-insertion
mechanism is the accepted process in which the reaction
occurs, as established through experimental and theoretical
evidence (Scheme 1).°

The choice of ligands and metal centres can be refined and
modified to control the process of statistical copolymerisation

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Accepted coordination—insertion mechanism of lactide (Z =
alkyl, alkoxide, etc.).

of LA and e-CL. Particular attention has been dedicated to the
design of the supporting ligand architecture in order to
achieve a truly random copolymer, most notably the sterically
hindered salen and its derivatives, phenoxyimine- or other
bulky heteroatom-based ligands (vide infra). In addition,
important research has been devoted to deciphering the
relationship between catalyst structure and its activity, particu-
larly for the use of Al-based complexes. The complications
encountered during the attempt to prepare a random copoly-
mer stems from the difficulty of incorporating CL motifs into a
PLA growing chain."” In respect to this, one strategy that has
been applied is to alter the structure of the catalyst with the
aim to rebalance the reactivity ratios between the two comono-
mers, either through increasing the activity toward e-CL or hin-
dering the incorporation of LA units. Mechanistic aspects will
be discussed in more details later.

Aluminium catalysts and their ligands

To date, the controlled copolymerisation of LA with e-CL has
been mainly investigated with the help of aluminium-based
catalysts. Their efficiency and control can be seen to vary
depending on the coordinating ligands. The molecular struc-
tures of the aluminium complexes discussed in this section
are depicted in Chart 1 and the ROcoP experimental data are
gathered in Table 1.

The synthesis of the first controlled random copolymerisa-
tion of lactide with e-caprolactone was reported by Nomura
et al. using a salen-type mononuclear aluminium -catalyst
bearing bulky 'Pr,Si groups on the ortho position of the
phenolate rings, seen in complexes of type 1.>> The two var-
iants of complex 1 successfully copolymerised e-CL with rac-
LA; however, only 1B, bearing the bulkier substituent, was
found to produce a copolymer with practically random
sequences. The resulting random copolymer had narrow dis-
persity and the proportion of LA and CL units was nearly
equal. The average sequence lengths of the lactidyl and caproyl

Polym. Chem., 2018, 9, 2517-2531 | 2519
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Chart 1 Aluminium catalysts for the LA/e-CL controlled statistical ROcoP.

units were in between 1.7-2.0. Moreover, it was reasoned that
by increasing the steric hindrance on the catalyst, the ability of
LA to coordinate to the metal centre was reduced, which
lowered its reactivity. This enabled the comonomers to be con-
sumed equally with rp, = 0.73 and r¢p, = 1.09 for complex 1B,
thus allowing the synthesis of a random copolymer.

Ma and coworkers achieved practically random copolymers
with Bernoullian distributions using salen-type mononuclear
aluminium complexes based on a bulky rigid framework com-
prising a 6,6'-dimethylbiphenyl bridge. This strategy has been
employed with the aim to disfavour the LA propagation during
the copolymerisation with e-CL.>> The series of mono- and
dinuclear aluminium complexes, 2 (A, B, C, D) and 3 (A, B, C),
successfully catalysed the controlled statistical copolymerisa-
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tion of e-CL and 1- or rac-LA. In the presence of 'PrOH, 2A
behaved as one of the most active among ROcoP Al-based cata-
lysts (TOF up to 45 h™"), which are generally known to suffer
from low activity compared to other metals.”* Complex 2B was
less efficient but it reduced the reactivity difference even more
between e-CL and r-LA, resulting in equal consumption of
both comonomers throughout the polymerisation. The reactiv-
ity ratios, rp o and rgp, were determined to be 1.17 and 0.80,
respectively. The propensity of 2B to control the copolymer
chain distribution was further established by varying the
monomer feed ratio, with the composition of the resulting
copolymer mirroring that of the initial ratios. Moreover, the
average sequence lengths indicated a random distribution
with Ly, = 1.91 and L¢p, = 1.93. Interestingly, the control over

This journal is © The Royal Society of Chemistry 2018
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the microstructure was maintained at very high temperatures,
up to 180 °C, with minor broadening of the dispersity. Catalyst
2C displayed higher activity than 2B at 110 °C, along with a
similar control over the microstructure of the copolymer. The
presence of a cumyl substituent in 2D was found to be detri-
mental to the control of the copolymerisation: the incorpor-
ation of LA was slightly favoured. The phenoxyimine dinuclear
complexes 3A-C turned out to be amongst the most active Al
catalysts for r- or rac-LA/e-CL ROcoP. These metal-based com-
plexes displayed high thermal stability and efficiency even at
180 °C. However, they afforded gradient copolymers since the
reduced steric hindrance surrounding the Al centre resulted in
higher polymerisation activity toward r-LA.

In a recent study, Pang and coworkers have used bimetallic
salen-type complexes of aluminium for the ROP of cyclic
esters, and, among them, one complex (4) was subjected to the
ROcOoP of rac-LA with e-CL. At 90 °C in toluene, LA/CL content
could be adjusted by controlling the feed ratio, since the
monomer conversions were complete within the time of the
reaction.?® Average sequence lengths of 2.2 (L;,) and 2.1 (L¢y)
were thus obtained in the case of a 50 : 50 monomer feed ratio.
However, kinetic studies showed that rac-LA was preferentially
polymerised during the early stage, and '"H NMR confirmed
the formation of a gradient (tapered) copolymer.

The composition of the resulting copolymer can be influ-
enced by the stereochemistry of the coordinating ligands as
shown by Duda and coworkers, with salen-type complexes 5.
The two initiating systems, 5A and 5B (resulting from the
in situ reaction of the enantiopure R or S ligand with Al(O'Pr);,
respectively), were applied in the copolymerisation of LA and
e-CL. It was determined that by shifting the configuration of
the initiator, the reactivity ratios of 1-LA and e-CL could be
manipulated. Thus, for 5A, the reactivity ratios were rp, = 4.6
and r¢p, = 3.1, whereas for 5B, they were r; 4 = 112 and ¢y, = 3.1.
The microstructures determined for the copolymers were stat-
istical and gradient for R (5A) and S (5B) configurations,
respectively.

The aluminium complexes 6 bearing non-chiral salen-type
ligands synthesised in the work of Lamberti and coworkers
were shown to be active for the statistical copolymerisation of
1-LA with e-CL.>” In the case of 6A, contrary to typical copoly-
merisation behaviour, the initiator showed a slight preference
to the incorporation of the e-CL monomer rather than the 1-LA
monomer. For both complexes, when the monomer feed ratio
of 1-LA and e-CL was equimolar, the mole ratio of e-CL was
greater than that of the lactide in the copolymer, resulting in
the ratio of CL to LA to be around 60:40. The average
sequence lengths were Ly, = 1.9 and L¢p, = 2.5, and Ly, = 1.9
and L, = 2.2 for 6A and 6B, respectively.

The phenoxyimine mononuclear aluminium complex 7 was
reported by Pappalardo et al. to produce copolymers of e-CL
with LA having a high trend of random character.”® Separate
copolymerisations were performed using the lactide mono-
mers - and rac-LA. The syntheses were conducted in the pres-
ence of 1 equiv. methanol, and produced narrow molecular
weight distributions of values between 1.06 and 1.24, with low

This journal is © The Royal Society of Chemistry 2018
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activity (TOF = 1.0-1.1 h™"). The quantity of e-CL incorporated
into the copolymer increased as the feed ratio of e-CL was
increased, with up to 38% (rac-LA) and 40% (L-LA) present in
the copolymer chain. Each copolymer contained statistical
sequences, with the percentage of hetero-dyads being greater
than 50% for all copolymers. Reactivity ratios were estimated
by 'H NMR showing that r1, was higher than r;,. Moreover, no
transesterification occurred, as observed from most of the *C
NMR spectra, and high molecular weights were reached for all
copolymers.

The phenoxyimine Al complex 8 bearing bulky benzyl sub-
stituents allowed the controlled random copolymerisation of
rac-LA and e-CL in toluene at 110 °C in a living manner.* This
complex was prepared following the strategy of Nomura to
achieve efficient LA/e-CL copolymerisation catalysts, i.e. by
introducing bulky groups on the ortho-position of the phenol-
ate rings. Copolymers produced by 8:BnOH were ideal
random, due to equal reactivity ratios r, and r¢p (1.09 and
1.05, respectively). Moreover, the absence of transesterification
was corroborated with the narrow dispersity observed
(P = 1.09). In contrast, the phenoxyimine complexes 26
(see further, Chart 3) that bear less bulky ligands than 8 gave
gradient copolymers. Preliminary results reported by the
same group revealed that the p-ketiminato Al-based complex 9,
which also bears bulky substituents, had the same
behaviour of simultaneously copolymerising rac-LA and e-CL
at both low and high conversion, thus affording random
copolymers.*®

The first immortal copolymerisation of e-CL and r-LA was
conducted by Li, Cui and coworkers through the use of the
phenoxyimine dinuclear complex 10.>° For living polymeris-
ation, each molecule of the initiator affords the growth of a
single polymer chain, whereas immortal polymerisation
involves a metal-based complex in the presence of a large
excess of a CTA, which acts as a catalyst and transfer agent,
respectively. In this manner, the immortal process allows the
growth of several polymer chains per catalyst molecule.’” The
multinuclear aluminium complexes 10, 11 and 12 were pre-
pared by reacting AlMe; with phenoxyimine (10)- and phenoxy-
amine (11, 12)-type ligands.?® All three complexes successfully
initiated the copolymerisation of r-LA with e-CL in the pres-
ence of 4 equiv. 'PrOH; however, complexes 11 and 12 failed to
incorporate e-CL in a randomised manner, as indicated by the
average lengths of their lactidyl and caproyl units: L, = 7.2,
Le, = 1.2 and Ly, = 9.8 and Ly, = 1.2, respectively. In contrast,
complex 10 was able to statistically copolymerise 1-LA and e-CL
(with a feed ratio of [i-LA]:[e-CL]:[10]:['PrOH] =
100:100:1:4) with the resulting copolymer containing a
quasi-equal composition of both comonomers (CL/LA = 42/58)
with average sequence lengths of Ly, = 2.6 and Lgp = 1.4.
Moreover, the immortal capability of the catalytic system was
also explored in the presence of 'PrOH (from 4 to 16 equiv.)
with [L-LA]: [e-CL]:[10] = 200:200:1, which saw an improve-
ment from LA/CL = 61/39 (4 equiv. 'PrOH) to LA/CL = 55/45.
Copolymerisations were also run with 24 and 48 equiv. 'PrOH
with [1-LA]:[e-CL]:[10] = 400:400:1 and 800:800:1 feed

Polym. Chem., 2018, 9, 2517-2531 | 2523


https://doi.org/10.1039/c8py00310f

Published on 20 Aprilis 2018. Downloaded on 07/01/2026 14:54:21.

Review

ratios, respectively. The obtained copolymers had narrower
molecular weight distributions; however, the level of e-CL
incorporated into the copolymer was slightly reduced com-
pared to that with 16 equiv. 'PrOH. Another effect of the
immortal polymerisation conditions was the increased rate of
the copolymerisation reaction (TOF = 14.6 h™" in the presence
of 16 equiv. 'PrOH, and up to 30 h™' when [i-LA]:
[e-CL]:[10]:['PrOH] is 800:800:1:48). The results were
similar when rac-LA was used instead of L-LA.

Dinuclear phenoxyamine Al complexes 13A-C were assessed
by Ma for the copolymerisation of 1-LA with e-CL in the pres-
ence of 4 equiv. alcohol in a toluene solution.*” A gradient
copolymer was obtained with 13A comprising 23% CL
inserted. The introduction of bulky groups (tert-butyl, 13B and
cumyl, 13C) to the phenyl moieties of the ligand backbone was
beneficial to CL incorporation: gradient (tapered) PLA-co-CL
copolymers having 41% (13B) and 35% (13C) of incorporated
CL could be prepared. Nonetheless, the nature of the alcohol,
namely 'PrOH, BnOH or ‘BuOH, had poor influence on the
process. Working in melt at elevated temperatures (110 and
140 °C) allowed the formation of copolymers with ca. 50% of
CL units. The absence of transesterification was evidenced by
3C NMR for the reactions conducted with 13B in solution as
well as in the melt (110 °C). Both the bulkiness of the ligand
and the quantity of alcohol were found to be beneficial to CL
insertion and to reduce undesired transesterification
reactions.

The controlled copolymerisation of 1- or rac-LA and &-CL
has also been achieved with non-salen-type aluminium com-
plexes. In the work of Pellecchia and coworkers, the mono-
methylaluminium complexes bearing a pyrrolylpyridylamido
ligand (14A and 14B) were assessed over 3-5 days in the pres-
ence of 'PrOH with equimolar ratios of the two monomers.>® It
was found that between both complexes, only complex 14A
promoted the quasi-random copolymerisation of rac-LA and e-
CL, producing copolymers with average sequence lengths
equal to Ly = 2.5 and L¢;, = 2.0. Additionally, the reactivity
ratios were calculated, giving 1, = 1.17 and r¢;, = 1.36, which
confirmed the control of the process.

The five-coordinated aluminium complex 15 supported by a
chiral acetamidate heteroscorpionate ligand was prepared by
Otero, Lara-Sanchez et al.** The copolymerisation of 1-LA with
e-CL was evaluated with the enantiopure complex in toluene at
110 °C and produced copolymers with M,/M, values of 1.38,
1.68 and 1.97, depending on the feed ratio. By increasing the
[e-CL]: [LA] feed ratio, the percentage of CL in the copolymer
rose; however, the overall incorporation of the e-CL comono-
mer was low compared to that of the lactide comonomer, with
typically 13.5% CL motifs inserted starting from a 100:100
ratio whilst reaching 19.5% CL in the case of a 200: 100 feed
ratio. The conversion of LA was substantially higher than the
e-CL conversion, confirmed by the average sequence lengths of
monomer units, with L;, values from 18.5 to 6.4 and the
values of L¢;, ranging from 1.0 to 1.9. Evidence for the absence
of transesterification was shown through '*C NMR analysis of
the copolymers.
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Recently, the amidinate binuclear complex 16 has been suc-
cessfully assessed for r-LA and e-CL statistical copolymerisa-
tion.>® For equal feed ratios of the comonomers, PLA contain-
ing 20% CL was obtained from toluene solution. The average
percentage of LA-CL hetero-dyads was found to be higher than
50%, which indicates a statistical repartition of CL into the
PLA backbone. This process was exempt from transesterifica-
tion as confirmed by *C NMR.

Alternative metal-based catalysts

The development of less toxic, biocompatible metal-based cat-
alysts suitable for the production of polymers with intended
applications in biomedical fields would be a desirable
improvement from the current ROcoP processes, which pri-
marily involve Sn(Oct), and Al initiators.>® These catalysts are
displayed in Chart 2 and the ROcoP data are compiled in
Table 1.

The degradation properties of statistical copolymers with
different comonomer ratios prepared with the catalyst (‘Pr)-
PPP-Zn-N(SiHMe,), (17, PPP = bis(2-diphenylphosphinophe-
nyl)phosphide, Chart 2) were investigated by Dalmoro et al.*”
The pincer-type zinc catalyst effectively performed the statisti-
cal copolymerisation between 1-LA and e-CL, with a high
percent conversion of both monomers, under experimental
conditions close to melt polymerisation (f[monomer] = 33.6 M,
T = 110 °C). Moreover, the overall compositions of the copoly-
mer chains corresponded to the initial [1-LA]:[e-CL] feed
ratios. However, the synthesis process was not fully controlled,
as M, values were lower than theoretically expected with dis-
persity values ranging from 1.46-2.06. A full degradation study
of these materials concluded that they can be used to design
and realise systems with a drug release profile.>”?

Chiral dinuclear zinc complexes bearing NNO-scorpionate
ligands were synthesised in the work of Honrado et al. and
evaluated for the copolymerisation of 1-LA with e-CL.*® It was
found that 18A and 18B complexes promoted the synthesis of

F’hz Q’ﬂ\
~%@—N(8|CH3 )2 }

PPh
2 o R

R = CH3 (18A),
\@ CH,Si(CH3)3 (18B)
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e0 0 0~/ \. 0
A d o
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Chart 2 Alternative metal-based catalysts for controlled statistical
ROcoP.
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quasi-random copolymers with reactivity ratios ry, = 1.37, ¢, =
1.15, and rp, = 1.05, rep, = 0.92, respectively. For reactions invol-
ving equimolar feed ratios, the percentage of e-CL incorpor-
ated into the copolymer was ca. 50%. No transesterification
occurred, as shown by the "*C NMR spectrum of the copolymer
prepared by complex 18A, which was confirmed by the narrow
molecular weight distributions (P = 1.23-1.31). However, these
initiators displayed very low activity with TOF < 1 h™".

Dioxomolybdenum complexes 19 were synthesised by
Maruta and coworkers for the statistical copolymerisation of
1-LA and e-CL.*° Each molybdenum catalyst performed a co-
polymerisation with the monomers at an equimolar ratio in the
presence of cyclododecanol. Both comonomers, lactide and
e-caprolactone, were equally incorporated into the copolymer
chain producing a wunit ratio of LA/CL = 50/50. The
reactivity ratio were close to that for a true random copolymer
(ra = e = 1),'® ranging between 714 = 0.91-1.07 and r¢p, =
0.85-1.02 for all Mo complexes. Homopolymerisation of -LA
was found to proceed very slowly with complex 19A and faster
copolymerisation reaction rates were observed at higher
e-CL amounts in the feed, which may explain the ability of
complexes 19 to insert high amounts of e-CL in the copolymer.
On the basis of &-CL homopolymerisation studies, the
19/cyclododecanol catalytic systems are operating via an
activated monomer mechanism, which may likely be also the
case in the frame of 1-LA and &-CL copolymerisation.*”

o

o

Pro” "O'Pr
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Chart 3 Alternative metal-catalysts for attempted statistical ROcoP.
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Attempted controlled statistical
copolymerisation of lactide with
e-caprolactone

In this section, the catalytic systems considered are the ones
that, despite targeting a random distribution, achieved copoly-
mers with either a different composition or a statistical charac-
ter but transesterification reactions are noted. Catalysts based
on various electrophilic metals, also including aluminium, are
described (Chart 3) and data are displayed in Table 1.

The titanium isopropoxide complex 20 supported by a dia-
stereomeric aminodiol ligand was prepared by Peruch and co-
workers to catalyse the copolymerisation of rac-LA and &-CL in
diluted toluene at 70 °C.*° The catalyst successfully produced
copolymers of statistical distribution; however, transesterifica-
tion reactions contributed somewhat to the random character.
These copolymers can thus be described as statistical copoly-
mers with a block character, due to their long sequence
lengths of the LA units. With 1-LA instead of rac-LA, the same
microstructure was observed, but no transesterification was
detected, as this side reaction process is known to be less pro-
minent in this case.” It is worth noting that the CL % in the
copolymer was significantly lower and the transesterification
higher when the copolymerisation was carried out in bulk at
130 °C.
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Milione and coworkers performed the copolymerisation of
1-LA and e-CL with a series of catalysts comprising group
4 metals (complexes 21A-C).*! For the copolymers synthesised
from a molar ratio of 50:50 for .-LA and e-CL, the titanium
and zirconium complexes 21A, 21B and 21C produced copoly-
mers with a LA/CL composition of 58/42, 52/48 and 59/41,
respectively, with quite high activity (TOF up to 84.5 h™") when
compared to Al-based co-catalysts (see Table 1).
Transesterification side reactions were observed by *C NMR
only for the copolymers of zirconium catalysts 21B and 21C.
For the complex 21C, it was thought that the cumyl group may
be able to rebalance the reactivity ratios due the increased
steric bulk surrounding the metal. Subsequently, the lactide
block lengths were slightly shorter than those obtained with
21B. Initial analysis of the 50/50 copolymers achieved by 21A
and 21B indicated a statistical distribution within the polymer
chain; however, further analysis suggested that the distribution
could be gradient.

In the work of Contreras, a diphenylzinc initiator 22 was
used to perform the copolymerisation of t-LA and e-CL in the
solvent benzene.*> The obtained copolymers were of a block dis-
tribution which could become more evenly distributed through
transesterification reactions. The zinc initiator was also
suggested to catalyse transesterification reactions, as evidenced
by the increased randomisation with increased concentration of
the initiator. The distribution of the monomers was confirmed
by their reactivity ratios where r;, = 14.4, rer, = 0.36, showing a
high activity toward r-lactide compared to e-caprolactone.

The statistical copolymerisation of 1-LA and e-CL was
attempted by Nakayama et al. with the non-sterically hindered
neodymium trisborohydride 23.** Despite the catalyst being
active toward both e-CL and t-LA in their homopolymerisa-
tion,** in their copolymerisation the obtained copolymers were
primarily composed of lactide. The initial molar feed ratio of
both monomers was 50: 50, yet the molar percentage of e-CL
incorporated was only between 2.0 and 7.7%.

A series of mixed allylborohydride rare earth complexes 24
(RE = Sc, Y, La, Nd, Sm) were used as catalysts for the statistical
copolymerisation of 1-LA with e-CL in toluene at 70 °C.*> Along
the series and starting from an equimolar feed ratio of the two
comonomers, the yttrium complex 24B was the most efficient
in the absence of a CTA to insert CL in PLA (up to 28.2%). The
randomness factor was around 1 (0.77-1.16) and Lg, was
between 1.1 and 1.5, which indicates homogeneous dispersion
of CL motifs into the PLA backbone. When the reactions were
carried out in the presence of 5 equiv. BnOH as a CTA, the per-
centage of CL inserted was largely improved, being over 40%
for three complexes: 24B (Y, 47.3%), 24C (La, 47.5%) and 24D
(Nd, 40.8%). Dyads of LA-CL type were the major sequences
found and the R factor was close to or exceeding the value of
1.5,'® thus establishing a net tendency to an alternating co-
polymer. However, a little to a non-negligible amount of trans-
esterification was noted in almost all experiments of
copolymerisation.

The only study of rac-LA/e-CL copolymerisation with a
bismuth catalyst under mild conditions was realised with
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Bi[N(SiMe;),]s (25).*” Reactions were performed in the presence
of the CTA BnOH, the borate co-reagent [HNMe,Ph|[B(C4F5),],
or both, to investigate their ability to improve the CL content in
the copolymer. This was notable when the quantity of BnOH
was increased from 0 to 3 equiv. resulting in an increase of 6%
to 19%. Changing the monomers’ ratio ([t-LA]:[e-CL] = 50 : 150,
3 equiv. BnOH) increased the e-CL incorporation significantly
with 47% CL, although the number of CL-CL sequences also
increased. The addition of [HNMe,Ph][B(CsFs),] in the poly-
merisation mixture was not beneficial to increase the CL % but
narrower dispersities were noted.

Copolymerisations of rac-LA and e-CL were carried out with
phenoxyimine complexes of aluminium 26A-26C in toluene at
110 °C, bearing less bulky ligands than the parent compound
8 mentioned previously.”® It was found that the rac-LA
monomer was more readily converted than e-CL. The values of
the reactivity ratios were calculated accordingly, for 26A-26C,
which were found to be in the range of r, = 2.13-2.68 and
e = 0.29-0.56. "*C NMR spectra indicated the production of
gradient copolymers.

Benzothiazole-supported Al complex 27 was assessed for
1-LA and e-CL copolymerisation by the group of Chen.*® At
80 °C in toluene, gradual consumption of 1-LA compared to
e-CL was observed, resulting in the formation of a gradient
copolymer. No mention was made of the precise microstructure
of the copolymer nor of any occurrence of transesterification.

The catalytic activity of the mononuclear salen-supported
gallium complex 28 was screened for the copolymerization of
rac-LA and e-CL ([rac-LA]: [e-CL]:[28] = 100:100: 1) at 90 °C in
toluene by Dagorne, Fliedel and coworkers.*® It was previously
shown that the use of gallium species was highly relevant as
this metal exhibits better biocompatibility, greater stability in
polar/protic medium and, in some cases, higher activity for
the ROP of LA compared to its aluminium counterparts.*® In
this case, complex 28 showed a greater preference to incorpor-
ate LA with respect to CL after 22 h reaction (97% conv. of
rac-LA, 19% conv. of &-CL), producing a block-type PLA-PCL
copolymer.

Starting from a [rac-LA]: [e-CL] = 34 : 66 mixture, the barium
complex 29 supported by a 2-picolylaminodiphenylphosphane
chalcogenide [Ph,P(=Se)NHCH,(CsH,N)] ligand®* was found
capable of incorporating LA and CL in the ratio 85/15 during
the first 30 min, indicating higher reactivity of LA compared to
CL, while after a total reaction time of 3 h 30 min, this ratio
had advanced to 42/58, accounting for further incorporation of
e-CL monomers. The *C NMR studies of the copolymer
samples indicated that gradient copolymers were formed.
Moreover, randomization of microstructures through transes-
terification was also evidenced.

Finally, one recent example that also contradicts the gener-
ally observed rule that Al-based catalysts are the best for high
e-CL incorporation in lactide-lactone ROcoP is the [8-(2,6-Me-
4-H-anilide)-5,6,7-trihydroquinolide]AIMe, complex. This cata-
lyst was found to be poorly efficient (6.1% e-CL conversion
from a 100:100 feed) despite being very efficient in both
homopolymerisations.>”
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Attempted statistical copolymerisation
of lactide with other lactones

Very few examples have been described regarding the metal-
based ROcoP of lactide with lactones other than e-CL under
mild conditions; these complexes are depicted in Chart 3 and
the ROcoP experimental data are shown in Table 1.

Nakayama et al. used the lanthanum tetrahydroborate
complex 30 to perform the copolymerisation of r-lactide with
d-valerolactone (VL),>® since that complex was found to be
active for the homopolymerisation of both monomers.
However, the unit incorporation of VL into PLA was limited to
6.2% after a 12 hour reaction at 60 °C in THF.

Schaper and Whitehorne observed that under statistical
copolymerisation conditions (CH,Cl, solution, 25 °C) of rac-LA
with rac-p-butyrolactone (rac-BL) in the presence of the copper
complex 31, complete conversion of rac-LA was achieved before
any incorporation of rac-BL. They obtained the same trend
with e-CL and rac-LA copolymerisation.>® Moreover, a lower
conversion of lactone (CL or BL) was noticed when compared
to lactone homopolymerisations, even after complete conver-
sion of the rac-LA monomer. This was explained, on the basis
of NMR (**C and "H) studies, by the occurrence of transesterifi-
cation side reactions preferentially with the PLA sequences,
which competes with the growing polylactone chain.

The monomers rac-BL and rac-lactide were tentatively co-
polymerised by the hafnium initiators 32A and 32B in the
work of Davidson and coworkers.>® A random copolymer was
targeted because their rate of homopolymerisation was
similar. However, it was determined from 'H NMR Kkinetic
monitoring that LA was polymerised first, and BL inserted
much slower into an M-LA linkage than into an M-BL, hence a
block copolymer was produced. In turn, block copolymers
could be formed by sequential copolymerisation regardless of
the order in which the monomers were added.

Pappalardo and coworkers were interested in modulating
the properties of poly(hydroxybutyrate) by copolymerising rac-
BL with lactide (-, o- or rac-LA) by means of salan-based
yttrium (33) and aluminium (34) catalysts.”® In toluene at
temperatures ranging between 20 and 70 °C, they observed
that LA was preferentially incorporated into the copolymer
with respect to rac-BL. On the other hand, the yttrium complex
gave higher monomer conversions than that of the aluminium
one, leading to higher rac-BL incorporation, while both cata-
lysts allowed the preparation of polymers with narrow disper-
sity. In all cases with both catalysts, gradient copolymers were
obtained.

Very recently, diphenoxyimine five-coordinated aluminium
complex 35 was briefly evaluated as an initiator for the ROcoP
of rac-BL and r-LA in the presence of 1 equiv. BnOH ([rac-
LA]:[rac-BL]:[35]:[BnOH] = 50:50:1:1).”” 'H and "*C NMR
analyses revealed the presence of the two monomer units in
equal proportion in the resulting copolymer with the character-
istic resonances of the LA-BL hetero-dyad. Furthermore, DSC
and SEC analyses showed a single glass transition temperature

This journal is © The Royal Society of Chemistry 2018

View Article Online

Review

and a monomodal molecular weight distribution, respectively,
which confirmed that both monomers are incorporated in the
same macromolecular chain.

Although conducted using a N-heterocyclic carbene and not
coordination catalysts, the recent study of Thomas and co-
workers into the statistical copolymerisation of rac-BL with LA
is worth mentioning herein.>® After 5 h at 60 °C (monomer to
catalyst ratio 100:100: 1), the authors obtained a 79% rac-LA/
66% rac-BL conversion in toluene, and a 45% 1-LA/60% rac-BL
conversion in the 1:1 THF/toluene mixture. No details were
given regarding the microstructure of the copolymers.
Sequential copolymerisation did not succeed in the formation
of copolymers.

Mechanistic considerations

As stated previously, the homo-ROP of e-CL displays a much
higher reactivity (in some cases by several orders of magni-
tude) than that of lactide for most catalytic systems. To
account for the reverse higher reactivity of LA vs. e-CL in stat-
istical ROcoP processes, one may consider the well-known
higher coordination ability of the oxophilic metal centre to LA
than to e-CL, due to the two carbonyl groups of the former
monomer.?> Moreover, chelation between the last inserted LA
monomer unit of the growing PLA chain and the metal catalyst
was also originally proposed by the group of Jerome,'”¢ and
then evidenced by Lewiniski et al.,>® who isolated the first five-
membered Al-O-lactate intermediate (chelate species) resulting
from the primary insertion of a LA molecule into an
aluminium-alkoxide bond, while this chelation could not be
identified for CL. This stabilisation effect disfavours the inser-
tion of e-CL into a metal-PLA growing chain.®® This was often
confirmed experimentally, when the propagation of e-CL was
subsequently attempted - with a poor rate of success - to a
PLA growing chain on a metal centre.!

The first efficient way to thwart the preferential coordi-
nation of LA vs. CL was proposed by Nomura, who assumed
that the coordination capability of LA could be somewhat
reduced by steric encumbrance of the methyl group on LA with
bulky substituents on the ligand framework in the coordi-
nation sphere of the metal catalyst. This is particularly the
case with Al-salen complex 1B.** In addition to the bulkiness
of the salen ligand, the group of Ma used the rigidity of the
biphenyl bridge to further reduce the reactivity of L-LA vs. e-CL,
and thus provided extra control toward the ROcoP process.”?
This dual strategy of bulkiness/rigidity of the ligands with
respect to LA/CL ROcoP was pursued by Shi et al., amongst
other authors.”>** By using the bulky-phenoxyimine and
B-ketiminato aluminium complexes 8 and 9, respectively, as
catalysts, they were more able to control the random living
copolymerisation of rac-LA and e-CL. Furthermore, modifying
the configuration of the active centre was shown by Duda and
co-workers to be a way by which the reactivity ratio of e-CL and
enantiopure L-LA could be controlled, thus allowing the for-
mation of a statistical copolymer.>®
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In a recent and interesting DFT study conducted by Nanok
et al. with a series of Al-salen complexes,®” it was computed for
homo-ROP that the propagation rate was less favoured for LA
than for e-CL because of the interaction, through several inter-
molecular bonds, between the incoming monomer LA and the
hydrophilic PLA growing chain (van der Waals complex). By
contrast, such attractive interactions are not present for the
PCL growing chain and the e-CL monomer (and/or the metal
centre) due to the hydrophobic nature of the PCL chain. This
in turn reveals that the lower reactivity of the homo-ROP of LA
vs. e-CL is related to the higher stability of the van der Waals
complex in the former case. Regarding statistical ROcoP
in silico, the authors observed that LA exhibits a higher
binding affinity to the propagating species, which severely
impedes the access of the e-CL monomer to the active site
(regardless of the previous ring-opened comonomer). In other
words, the only chance for an e-CL monomer to be inserted is
clearly connected to the coordination efficiency of LA to the
metal active species, hence the bulkiness and the rigidity of
ligands. Furthermore, in addition to the metal-monomer and
metal-(PLA) growing chain (chelate species) interactions men-
tioned above, the authors of this theoretical study confirmed by
their calculations that the attractive interactions between the
growing PLA chain and the incoming monomer also induce the
preference of LA to be inserted rather than e-CL. A way to
reduce the reactivity gap between the two monomers, caused by
the presence of these two types of interactions with the growing
polymer chain - chelate species and van der Waals complex - is
then to increase the polymerisation temperature in order to
weaken these interactions. Notably, this could be verified experi-
mentally by the work of Cui and coworkers with catalyst 10.*°
However, this strategy might not be suitable for all systems, as it
may favour detrimental transesterification reaction.

Another way to minimize the gap between the reactivity
ratios is to use a catalyst that is highly reactive toward the
homo-ROP of e-CL, with the aim of enabling a more favourable
competition vs. LA when ROcoP is considered. For example,
the allylbisborohydride complexes of rare-earths 24 have an
exceptionally higher activity toward e-CL (TOF up to
700000 h™") than toward LA (TOF 1300 h™") in the homo-
ROP.* This is most likely what enabled the achievement of LA/
CL copolymers with high CL content and a variety of micro-
structures, from blocky to statistical and gquasi-alternating,
despite competition with LA and little steric hindrance in the
coordination sphere of the large rare earth metal, which is sur-
rounded by small BH,, allyl and THF ligands.

The addition of an alcohol as a CTA (i.e. in excess) also
appears as a rather efficient way to increase the rate of incor-
poration of the lower reactive comonomer (in this case e-CL).
Indeed, as already observed for statistical copolymerisation of
non-polar monomers under Coordinative Chain-Transfer
Polymerisation (CCTP),*® the competition between both mono-
mers and the CTA molecule will contribute to reducing the gap
of reactivity between LA vs. e-CL. This strategy was used with a
good degree of success with aluminium,**** rare earths* and
bismuth catalysts.*”

2528 | Polym. Chem., 2018, 9, 2517-2531

View Article Online

Polymer Chemistry

In terms of catalyst structure-reactivity relationships,
Nanok et al. confirmed that electron-capacities and flexibility/
rigidity of the ligand backbone in the salen-Al catalysts in their
study played a significant role in the rate of the ROP processes
involved in homopolymerisations: it is clear that electron-with-
drawing groups will assist the incorporation (and hence the
polymerisation) of LA and improve the activity of the catalyst
toward LA polymerisation, which will in turn be detrimental to
the production of truly random e-CL/LA copolymers in
ROcoP.**>%?

Conclusions

Although it is still difficult to prepare a truly random poly
(lactide-ran-lactone), advances in the controlled statistical
Ring-Opening coPolymerisation of lactide with a lactone have
been significant in recent years, with many new catalytic
systems being synthesised for this purpose. The syntheses of
the above complexes were intended to improve the way in
which the initiator controls the chain growth and its compo-
sition. The aluminium initiator system is one that has been
featured heavily within the literature, where it predominantly
bears salen ligands and its derivatives. However, there has also
been interest toward metals of lower toxicity, such as zinc,
where concrete results have been achieved. Moreover, progress
is expected to come about with complexes of titanium, rare
earths and bismuth, which seem to be on the way toward
reaching a controlled ROcoP. It is hoped that these complexes
may be the stepping stone toward copolymers that can expand
the range of applications of PLA-based copolymers, keeping in
mind that the lack of transesterification is an important factor
to control the polymerisation, as this enables the production
of a copolymer with well-defined structure and properties.

In most cases, the reduction of the reactivity gap in ROcoP
was realised through reducing the coordination ability of
lactide. The influence of the ligand type was then recognised,
where, in most cases, it was suggested that a bulkier ligand
resulted in rebalancing the reactivity ratios of both comono-
mers and enabling a better incorporation of the typically less
reactive lactone. On the other hand, complexes offering very
high reactivity toward e-CL can be seen as an alternative to
attain this goal; however, it is not yet a strategy that has been
confirmed.

Undoubtedly, if there is still work to be done in the syn-
thesis of PLA-based copolymers by ROcoP, it is in the search
for more efficient catalysts, with development directed toward
the use of metals other than aluminium. Another major pro-
gression will also be to focus on the generalisation of the
ROcoP process in the presence of a CTA in excess, with the
aim to attain a fully controlled statistical immortal ROcoP.

Finally, the controlled statistical ROcoP of lactide with lac-
tones other than e-CL is today very limited. Its extension —
following the principles described in the present review with
regards to the design of catalysts — to other comonomers such
as epoxides or carbonates, those particularly issued from
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natural resources, is highly desirable for the development of
new biobased polymer materials with wide ranges of
properties.
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