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Strategies for the synthesis of block copolymers
with biodegradable polyester segments

Carlos Diaz and Parisa Mehrkhodavandi & *

The controlled synthesis of block copolymers offers great potential for the valorization of biodegradable
polyesters, many of which can be bioderived. Combining polyester blocks with other oxygenated poly-
mers through ring-opening polymerization (ROP) and copolymerization (ROCOP) reactions allows for the
synthesis of new materials with tunable properties. In this review article, we describe recent advances in
the synthesis of diblock and multiblock polyesters, as well as polyether and polycarbonate block copoly-
mers bearing biodegradable polyester block segments. Due to the great diversity of oxygenated mono-
mers available from petrochemical and biomass sources, a great number of polymerization strategies
have been developed involving metal- and organo-catalysts with different degrees of control. This review
aims to provide an overview of the strategies available for the synthesis of different block copolymers:
from the more widespread sequential addition methods to the more rare systems displaying high degrees

rsc.li/polymers

1. Introduction

Synthetic polymers are ubiquitous in modern life, with
applications ranging from every-day packaging and textiles
to more specialized use in biomedicine and electronics.
Overwhelmingly, these materials are derived from non-renew-
able petrochemicals. Despite using less than 5% of total oil
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of kinetic control in a mixture of monomers or those with controlled switchable behavior.

and natural gas production,' the global output of synthetic
polymers is now well over 300 million tons a year and it is
expected to keep growing in the foreseeable future.” This has
raised serious concerns with regards to the very low recyclabil-
ity of most polymers and their bio-accumulation in various
ecosystems.” Thus, the development of synthetic polymer
alternatives that include biobased and/or biodegradable build-
ing blocks is a pressing issue.

Biobased polymers are macromolecules derived directly
from biomass or generated from monomers derived from it.*
The large availability of functionalizable renewable resources
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has spurred research in more sustainable polymeric materials,
many of which are biodegradable polyesters.” The most
common approaches for the utilization of biomass in synthetic
polymers are: (i) isolation or chemical modification of natural
polymers (e.g. poly(hydroxyalkanoates) from bacteria), (ii)
modification of carbohydrates and triglycerides for the syn-
thesis of new monomers (e.g. lactide, succinic acid) and (iii)
direct extraction of monomers from natural oils (e.g. tulipalin
A, limonene).® Another important research direction looks at
the use of carbon dioxide (a renewable resource) in a copoly-
merization with epoxides.” Despite the great diversity of renew-
able feedstocks, currently, only 1% of all synthetic polymers
produced yearly are biobased.® Some of the biggest barriers to
their more widespread commercialization are the higher costs
and current limited production scale.’

Biodegradable polymers are macromolecules that experi-
ence degradation (i.e. lowering of their molar mass) by a wide
variety of biological activities.'® While biodegradable polymers
can be either derived from biomass or petrochemicals (i.e. not
all biobased polymers are biodegradable and vice versa), nowa-
days a great proportion of the building blocks used for the syn-
thesis of biodegradable polymers (Scheme 1) come from petro-
chemicals."' In order for greener polymers (i.e. bioderived
and/or biodegradable) to become more prevalent, they are
expected to exhibit properties comparable to those of tra-
ditional plastics as well as show new and complementary pro-
perties that open the door to new applications. Controlled syn-
thesis of copolymers including biobased and/or biodegradable
components has shown promising results, as the diversity of
functionalities from renewable resources can be used to tune
thermal and mechanical properties of the macromolecules
and often allow for post-functionalization.'? In particular, the
use of block copolymers including polyester segments is attrac-
tive because of their tunable biodegradation, which has been
applied in thermoplastic elastomers, polymeric polyols, phase
compatibilizers, and polymer-drug conjugates."

Most commonly, the synthesis of block copolymers includ-
ing polyester units involves the coupling of a polyester with
another block through post-functionalization, or the use of a
pre-made block as a macroinitiator for the polymerization of a
monomer. Such approaches comprise several steps and have
been applied with success to some copolymers.*3>**

In this review, we summarize some of the most recent
methods for the one-pot synthesis of block copolymers
bearing biodegradable polyester segments, covering both
metal- and organocatalyst systems active in the ring-opening
polymerization (ROP) and ring-opening copolymerization
(ROCOP) of Dbiobased and non-biobased monomers
(Scheme 1). The synthesis of stereoblock polyester sequences
is not included, as the topic has been reviewed earlier.'”
Similarly, the combination of ROP and radical polymerization
(RAFT or ATPR) for the synthesis of polyester-polyolefin copo-
lymers has been recently reviewed and therefore is not
included here."*®'® For applications of block copolymers, the
reader can refer to recent review articles covering their appli-
cations in materials and biomedical science.”
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Scheme 1 Some oxygenated monomers employed for the synthesis of
polyester, polyether and polycarbonate blocks. (A) Cyclic esters/lac-
tones, (B) O-carboxyanhydrides (OCAs), C = cyclic carbonates;
D = anhydrides and epoxides.

2. Synthesis of polyester—polyester
blocks

The synthesis of polyester-only block copolymers offers some
illustrative examples of how the mechanical and thermal pro-
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perties of materials can be engineered. For instance, poly
(lactic acid) (PLA); one of the most successful biobased poly-
esters produced on an industrial scale, displays high tensile
strength and high Young modulus that make it suitable for
replacing polyolefins in some packaging applications.'®
However, its high intrinsic brittleness, low impact strength
and thermal instability hinder its more widespread use.'’
Toughening of PLA and the synthesis of PLA thermoplastic
elastomers has been achieved successfully by forming block
copolymers with polycaprolactone (PCL)*® and other biobased
polyesters.>® The synthesis of those block copolymers can be
achieved through isocyanate or amine coupling of two pre-
formed polyesters (forming a urethane or amide linkage).**
some cases, blocky architectures have been achieved using
Novozym 435 (immobilized lipase B)** or through sequential
polycondensation methods in the presence of a transesterifica-
tion agent.>* Due to a large variety of biobased diols and dicar-
boxylic acids available from biomass, polycondensation
methods are an attractive route to a greater variety of block
polyesters. However, they suffer from uncontrolled transesteri-
fication and frequently yield samples with large dispersities
(B >2.0.%

2.1. Synthesis of polyester-polyester block copolymers
through the sequential feeding of monomers

2.1.1. Metal-catalyzed synthesis of polyester blocks
through sequential addition of cyclic esters. The controlled
ring-opening polymerization (ROP) of lactones is the preferred
synthetic method to make polyester blocks. By far, the most
common approach is the sequential addition of different cyclic
esters in the presence of one or multiple suitable initiators.
One of the main challenges to this methodology is inter- and
intra-molecular transesterification reactions which can convert
block-microstructures intro random copolymers with broad
dispersities.>® Using tin(u) octoate is not recommended for the
synthesis of block architectures as it leads to significant trans-
esterification and scrambling at high temperatures,”” but it
has been used successfully in block copolymerizations with
lactide (LA) and e-caprolactone (e-CL) when the temperature
was kept below 120 °C.”® Other metal initiators have been
applied to the controlled synthesis of block polyesters, yielding
less dispersed copolymers. In particular, systems based on
aluminum have been used the most often,?® as well as rare-
earth metals,?'?*° indium,*' zinc®? and transition metals.?

Most of the aluminum systems reported for ROP of cyclic
esters are based on phenoxy-imine, salen- and salan-type
alkyls or alkoxides that give access to different copolymer
microstructures.> Shaver and co-workers reported that in the
presence of alcohol both salen- and salan-type aluminium
alkyl (1 and 2, Scheme 2) complexes were active at room temp-
erature and up to 2500 equivalents of &-CL in an immortal
fashion to yield high molecular weight PCL with low dispersi-
ties (P < 1.1).>°” Substituted e-caprolactones proved difficult to
polymerize; particularly in the 2- or 6-position, as no polymer-
ization was achieved with (4R,7S)-4-methyl-7-(1-methylethyl)
oxepan-2-one (menthide, MI), even at higher temperatures.

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Metal complexes for the block copolymerization of functio-
nalized cyclic esters through sequential addition approach. Subsequent
de-protection reactions form amphiphilic block copolymers.

Substitution at the 4-position of the ring allowed for a rela-
tively faster and more controlled polymerization at high temp-
eratures, thus 10 equivalents of 4-(4-benzyloxybutyl)-e-caprolac-
tone (4-BOB-e-CL) were polymerized at 70 °C in 2 hours.
Cooling down the reaction mixture to room temperature fol-
lowed by addition of 90 equivalents of e-CL formed a diblock
copolymer with monomodal distribution and low dispersity
(M, = 15600 Da; P = 1.15), ruling out transesterification.?°
Block copolymers of 4-BOB-e-CL contain benzyloxy groups that
can be deprotected to give free hydroxy groups and can also be
used as initiators for the synthesis of brush copolymers. Using
the same catalysts, this group also reported the successful
copolymerization of 1-LA and different alkyl substituted
B-butyrolactones at 85 °C to make triblock copolymers with
good control (M, = 33 700 Da; P = 1.16).>> p-butyrolactones are
challenging monomers to polymerize due to poor ring-
opening selectivity (where O-acyl or O-alkyl bond cleavage are
possible) and the formation of crotonization side-products.*®
Zaitsev, Kostjuk and co-workers reported bulky iminophe-
nolate aluminum alkoxides that were relatively controlled in
the polymerization of e-CL or rac-LA at high temperatures (but
showed higher dispersities under monomer starved con-
ditions).>” The fluorinated initiator (4, Scheme 3) allowed for a
more controlled synthesis of block copolymer, first polymeriz-
ing e-CL and then rac-LA under neat conditions at 130 °C with
moderate molecular weight and dispersity (M,, = 13200 Da;
D = 1.27). Dinuclear salan aluminium system in the presence
of an alcohol (5, Scheme 3) has also been reported to give
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Scheme 3 Metal complexes for the block copolymerization of lactide
and e-caprolactone through sequential addition.

defined block copolymers of e-CL and 1-LA by sequential
addition, but only by the initial polymerization of e-CL fol-
lowed by lactide.*** Matsubara and co-workers reported an
aluminum isopropoxide complex (7, Scheme 3) bearing half-
salen-type ligands that could polymerize first rac-LA and then
e-CL in a sequential manner to form block copolymers
(M, = 11500 Da; D = 1.24) at 70 °C in pyridine (to suppress
dimerization of Al complexes).>*

Pappalardo and co-workers employed a salicylaldiminate
aluminum alkyl complex (9, Scheme 4) in the presence of
alcohol for the block copolymerization of LA and glycolide
(GA) through sequential addition method.*® Under the reac-
tion conditions studied (xylenes, 130 °C), analysis by "*C{"H}
NMR spectroscopy showed only homosequence triads, sup-

0,

ROH LA

P[LA-b-GA]

Scheme 4 Salicylaldiminato aluminum alkyl complex for the block-
copolymerization of lactide and glycolide through sequential addition.
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porting the formation of a block copolymer through a living
mechanism (with good agreement between experiment and
theoretical molecular weight). Interestingly, switching to the
simultaneous addition of monomers formed either blocky-
structures or totally random copolymers depending on the
reaction conditions used (solution or bulk polymerization).
Previously, the same group reported a very similar aluminum
alkyl complex active in the block copolymerization of rac- or
1-LA with e-CL through a sequential addition method in
toluene at 70 °C.>¥

Zinc and indium initiators have been reported for the
sequential block copolymerization of 1- or p-LA with other
cyclic esters. In particular, phosphinophenolate zinc alkoxide
complexes reported by Dagorne, Avilés and co-workers were
well-behaved initiators for the synthesis of PCL-b-PLLA, but
not when lactide was polymerized first, as it’s been observed
for most aluminum systems (6, Scheme 3).*° The molecular
weights obtained with this system were higher than the theore-
tical values suggesting low initiation efficiency (M,, = 22830
Da; P = 1.05). Guillaume and co-workers reported a zinc
B-diketiminate amide complex (3, Scheme 2) that, in the pres-
ence of alcohol, was capable of copolymerizing challenging
rac-p-butyrolactone (B-BL) with benzyl-p-malolactone (MLABe)
in a sequential manner (only when BBL was polymerized
first).*® Later, Chen, Tong and co-workers employed a lactate
version of this catalyst (10, Scheme 5) for the ROP of different
enantiopure O-carboxyanhydrides (OCAs) in a sequential
manner to form diblock copolymers with controlled molecular
weight and isotactic microstructure (no epimerization).** One
of these monomers, r-3-penyllactic acid-O-carboxyanhydride
(1-PheOCA) was polymerized in a sequential manner with -LA
to form triblock copolymers with excellent control over the
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Scheme 5 Zinc B-diketiminate complex active in the block-copolymer-
ization of enantipure OCAs and lactide without epimerization.
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molecular weight (M, = 32 300 Da; D = 1.05). Due to their easy
synthesis from natural amino acids, OCAs have become attrac-
tive monomers for the synthesis of polyesters with functiona-
lizable side groups and therefore tunable physicochemical
properties.*?

Mehrkhodavandi and co-workers reported the application
of a very active dinuclear indium catalyst (11, Scheme 6) in the
synthesis of triblock copolymers of 1- and b-LA with rac-
-BL.*'” The high molecular weight copolymers (M, = 138 000
Da; D = 1.22) were made through three consecutive additions
and behaved as thermoplastic elastomers with improved
mechanical properties over block copolymers of lactide iso-
mers.*'” Later, the same group reported another indium cata-
lyst (12, Scheme 6) supported by a salan ligand that could poly-
merize LA in an immortal fashion to make linear and star
block-copolymers when exposed to air and moisture. With this
system, diblock copolymers of LA and -BL were synthesized at
room temperature with good control (M, = 48600 Da;
P =1.01).>"

Using Hillmyer and Tolman’s simple system®® for the
syndio-selective polymerization of rac-LA (indium trichloride,
triethylamine and an alcohol), Martin-Vaca, Bourissou and co-
workers reported the copolymerization of e-CL and e-decano-
lactone (e-DL) (Scheme 1) to diblock copolymers with good
control (M, up to 22 000 Da; P = 1.24) and showed no evidence
of transesterification regardless of the order of monomer
addition.**

Transition metal complexes have been used with success in
the sequential block-copolymerization of lactide and other
cyclic esters. Interestingly, a titanium(iv) amidinate complex (8,
Scheme 3) in the presence of an alcohol was reported to syn-
thesize both PCL-b-PLA and PLA-b-PCL through sequential
addition of e-CL and 1-LA (M, = 12200 Da; P = 1.41). Block
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Scheme 6 Indium alkoxide complexes active in the block-copolymeri-
zation of lactide and butyrolactone through sequential addition.
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microstructure was confirmed by the predominance of CL-CL
and LA-LA sequences in *C{'"H} NMR analysis.*** Also using
group 4 metals, Jones and co-workers reported bimetallic zir-
conium and hafnium trisphenolate alkoxide complexes for the
sequential polymerization of rac-f-BL and rac-LA to make both
PHB-b-PLA (M, = 38900 Da; P = 1.33) and PLA-b-PHB
(M,, = 41700 Da; P = 1.09).*

Over the past decade, the ROP of macrolactones has
attracted a lot of interest as a result of their long aliphatic
backbone that resembles low density poly ethylene (LDPE),*®
with the added advantage of a higher biodegradability
imparted by the ester group. Despite their limited degradation
under physiological conditions, they can be biocompatible®’
and their copolymerization with smaller monomers can tune
their physical properties for different applications.?***® In
2015, Duchateau and co-workers reported a salen aluminum
alkyl complex (13, Scheme 7) capable of copolymerizing in a
sequential manner o-pentadecalactone (w-PDL) and r-LA in
p-xylene at 100 °C to high molecular weight block copolymer
with moderate dispersity (M,, = 144 000 Da; P = 1.50).*° DSC
analysis confirmed block microstructure, with two -clear
melting transitions. Interestingly, block copolymers could only
be made if »-PDL was polymerized first, but not through
reverse order of addition, demonstrating the lack of reactivity
of a secondary alkoxide group towards macrolactone ROP.
Previously, it was found that polymerization of ®-PDL with
e-CL with the same catalyst formed only random copolymers
due to uncontrolled transesterification, while tridentate imino-
phenolate complexes of calcium and zinc (14 and 15,
Scheme 7) were capable of forming such block copolymers in
toluene at 100 °C (M, not reported).’® In contrast, the analo-
gous tridentate iminophenolate aluminum complex (bearing
the same ligand framework) only produced random copoly-
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Scheme 7 Aluminum, zinc and calcium complexes for the block-
copolymerization of w-pentadecalactone and lactones through sequen-
tial addition.
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mers by sequential addition due to extensive
transesterification.>*

Later, Lu and coworkers reported the copolymerization of
the racemic functionalized lactone a-methylene-
B-butyrolactone (rac-MBBL) with rac-p-BL using two different
catalysts (16 and 17, Scheme 8).>> Due to the specific stereoin-
duction exerted by each catalyst (the aluminum complex
formed syndio-rich PMBBL block and the yttrium complex
formed syndio-rich PHB/PBL block), different diblock semi-
crystalline copolymers with distinct thermal properties were
formed.

2.1.2. Organo-catalyzed synthesis of polyester blocks
through sequential addition of cyclic esters. Given the continu-
ous development of highly efficient organocatalysts for the
ROP of cyclic esters, various metal-free systems have also been
developed for the synthesis of different polyester blocks
(Scheme 9). These systems are not only interesting from the
viewpoint of green chemistry, but can also be applied for the
synthesis of specialized biomedical and electronic devices
where trace metal is undesirable.”® ROP using organocatalysts
can proceed through: (i) electrophilic activation of the
monomer (e.g. using organic acids), (ii) nucleophilic activation
of the monomer (e.g. using pyridines, phosphines, carbenes),
(iii) chain-end nucleophilic attack (e.g. using bases) or through
a combination of these methods.>*

Some of the most common bases, 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU), 1,5,7-triazabicyclo[4.4.0] dec-5-ene (TBD)
and  2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-
1,3,2-diazaphosphorine (BEMP) (Scheme 9) have been reported
by Guillaume and coworkers to synthesize block copolymers of
rac-p-BL and benzyl-p-malolactone (MLABe) with relatively high
molecular weight (M, = 73 500 Da; D = 1.44), regardless of the
order of monomer addition.”” In comparison, zinc
p-diketiminate amide complex (3) and alcohol system reported
by the same group could only form blocks under these con-
ditions only if p-BL was polymerized first (Scheme 2). As there
was no chain-transfer agent (i.e. alcohol) in these polymeriz-
ations using organocatalysts, the organic bases were covalently
attached to the polymer chain end. The use of TBD afforded
polymers with slightly reduced dispersities compared to DBU
and BEMP, but high monomer concentration conditions were

0 0
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Scheme 8 Aluminum and yttrium complexes for the block-copolymer-
ization of butyrolactones through sequential addition.
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Scheme 9 Some common organocatalysts active in the ROP of cyclic
esters.

needed in order to inhibit transesterification, which has been
reported with TBD.>® Block copolymers including benzyl-
f-malolactone (MLABe) units (Scheme 1) have shown promis-
ing drug-delivery activity through the hydrolysis of its benzyl
groups, affording amphiphilic block PMLA-b-PHB that can
assemble into nanoparticles.*®

Using bases in the presence of an alcohol can afford a
higher degree of control to the block copolymerization
through the formation of alkoxides with tunable basicity. In
2014, Hadjichristidis and coworkers reported that phospha-
zene base t-BuP, (Scheme 9) in the presence of various ali-
phatic and aromatic alcohols polymerized e-CL with excellent
control of the molecular weight and subsequently copolymer-
ized 1-LA to form PCL-b-PLLA with excellent control of the
molecular weight and low dispersities (M, = 14900 Da;
P = 1.15).>” Using TBD in the presence of benzyl alcohol, He
and coworkers achieved the polymerization of a-substituted
8-valerolactones (bearing thioether-amino and thioether-alkyl
chains of different lengths) in a sequential manner to form
block copolymers (Scheme 10) with good control (M,, = 5458
Da; P = 1.18).”® This block copolymer showed applicability in
gene delivery, with higher efficiency compared to its random
counterpart and excellent biocompatibility compared to
common non-viral carriers. Later, Li and coworkers used a
new cyclic phosphazene base CTPB (Scheme 9) in the presence
of benzyl alcohol for the sequential ROP of y-butyrolactone
(y-BL) and t-LA (Scheme 10) to form block copolymers with
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relatively good control (M, up to 20 500 Da; P = 1.62). This was
the first report of a block copolymer of y-BL,>* whose unfavor-
able ROP thermodynamics require low polymerization temp-
eratures, giving products with relatively high dispersities.*’

Using organic acids in the presence of an alcohol can also
lead to controlled polymerizations through an activated
monomer mechanism. In 2014 Martin-Vaca, Bourissou and co-
workers applied this strategy for the polymerization of rac-p-BL
using triflic acid and n-pentanol or 1,4-butanediol followed by
the polymerization of e-CL to give diblock or triblock copoly-
mers with medium molecular weight (M,, = 6670 Da; D = 1.21
for diblock).®* Other organic acids such as diphenyl phosphate
(DPP) have been the synthesis of block copolymers, in particu-
lar for &-valerolactone (8-VL) and e-CL regardless of the
monomer addition order (Scheme 11).®> Years later, Guo and
coworkers employed commercially available dibutyl phosphate
and 3-phenyl-1-propanol under industrial-relevant conditions
(neat, 180 °C) to form block copolymers PCL-b-PVL with
medium molecular weight and remarkably low dispersities
(M, up to 5340 Da; P = 1.11).8°

Some organocatalyst systems have also been applied to the
block copolymerization of macrolactones to give high mole-
cular weight products. In 2015, Dubois, Todd and coworkers
reported that TBD in the presence of an alcohol was capable of
polymerizing ®-PDL and 1-LA in a sequential manner
(Scheme 7): first in bulk at 100 °C, then at 25 °C in CHCl; to
prevent transesterification in the lactide polymerization step
(M, =107 910 Da; D = 1.11). The block nature of the copolymer
was corroborated by 'H, C{'H} and DOSY NMR spec-
troscopy.®* More recently, Liu, Li and coworkers adopted a
similar strategy for the synthesis of PPDL-b-PLA (M, = 37 800
Da; P = 1.73) using cyclic trimeric phosphazene base (CTPB) in
toluene at 80 ©C without evidence of scrambling by
transesterification.®®

Recently Hadjichristidis and coworkers reported a dual
organocatalyst approach for the synthesis of block copolymers
using o-PDL or eo-hexadecalactone (w-HDL) and smaller lac-
tones 8-VL or &-CL.°® The system involved the use of strong
phosphazene base t-BuP, (Scheme 9) with alcohol for the
polymerization of the macrolactone in toluene at 80 °C, fol-
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Scheme 10 Block copolymerization of cyclic esters using organobases
and alcohol through sequential addition.
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Scheme 11 Block copolymerization of 8-VL and e-CL using organic
acid diphenyl phosphate (DPP) and alcohol through sequential addition.

lowed by neutralization using an equimolar amount of protic
acid diphenyl phosphate (DPP) and the addition of weaker
phosphazene base ¢-BuP, with the smaller lactone to avoid
transesterification (Scheme 12). This catalyst-switch strategy
produced block copolymers PPDL-b-PCL, PPDL-b-PVL, PHDL-
b-PCL and PHDL-b-PVL (M, up to 83 300 Da; D = 1.92).
Another example of a dual organocatalyst approach was
reported by Kakuchi and coworkers (Scheme 12).%” By switch-
ing from diphenyl phosphate (DPP) activation in the presence
of an alcohol to 4-(dimethylamino)pyridine (DMAP) activation,
they achieved the synthesis of PVL-b-PLLA (M, = 11600 Da;
D = 1.16) and PCL-b-PLLA (M, = 12600 Da; b = 1.12) in a
sequential, one-pot procedure. Also, 1,5-dioxepan-2-one (DXO)
was polymerized with this system to form PDXO-h-PLLA
(M, = 12100 Da; P = 1.08). PDXO is a highly amorphous
polymer and more prone to hydrolysis compared to PCL or
PLA.°® A similar strategy was used by Li, Guo and coworkers,
who reported the synthesis of block copolymers PVL-b-PLLA
(M, = 12200 Da; P = 1.09) and PCL-b-PLLA (M, = 13 800 Da;
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Scheme 12 Catalyst-switch strategy for the block-copolymerization of
cyclic esters through sequential addition of monomers.
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P = 1.06).*° Using a reverse switch, Lin, Li and coworkers
could polymerize first rac-LA (employing benzyl alcohol and
DBU) followed by a 2-substituted 8-VL (using an excess of DPP)
to yield amphiphilic block copolymers.”®

Exploiting synergistic effects between different types of
organocatalysts (an electrophile and a nucleophile) has
opened the door to some of the most active and controlled
systems capable of sequential copolymerization of different
cyclic esters at room temperature. For example, Dove and co-
workers applied a thiourea/amine system with an alcohol for
the rapid block copolymerization of substituted glycolide and
L-LA (M, up to 24 160 Da; P = 1.07).”* Similarly, Li, Liu and co-
workers reported a thiourea/CTPB system with different alco-
hols to glve in a matter of minutes PVL-b-PCL (M,, = 12 700 Da;
p=1.16)."2

2.1.3. Mixed organo- and metal-catalyzed synthesis of poly-
ester blocks through sequential addition of cyclic esters.
Despite their structural simplicity and high activity, virtually
all organocatalysts can suffer from inactivity or lack of control
when presented with different monomer combinations.’>”?
While the catalyst-switch strategy (vide supra) can be used to
overcome this issue, it is limited in scope and restricted to
specific catalysts pairs. Efforts to develop a universal catalytic
system for the block copolymerization of a wide range of cyclic
esters have recently focused on exploiting synergistic effects
between Lewis bases (organobases) and Lewis acids (metal
complexes/salts). This is usually done with careful optimiz-
ation of the Lewis acid and base combination employed (in
order to avoid irreversible binding of the pair and to maximize
catalytic activity).

Following the pioneering contributions of Amgoune,”
Bourissou,” Dove,”*” Naumann’> and coworkers, where inac-
tive DMAP or a N-heterocyclic olefin (NHO) were rendered
active in the polymerization of LA, e-CL or w-PDL with high
activity and control in the presence of magnesium or zinc com-
pounds, Zhang and his group reported the synthesis of block
polyesters of e-CL and &-VL in a living fashion to high mole-
cular weight copolymers (Scheme 13) and excellent control
(M, = 72100 Da; P = 1.15 for triblock) using Al(CeFs); and
NHO (Scheme 9) as a Lewis pair.”® The mechanism of polymer-
ization involved an initiation step by the nucleophilic attack of
the NHO base to a monomer unit activated by the Lewis acid.
This forms a propagating imidazolium-enolate group
(Scheme 13) that is controlled in further ROP and remains as
chain-end group in the block copolymers.”®

Recently, Li and coworkers reported the block copolymeri-
zation of @-PDL/e-CL (M,, = 79 900 Da; P = 1.90) and o»-PDL/LA
(M,, = 87900 Da; b = 1.80) through sequential addition using
Zn(CeFs), and DBU (Scheme 9) in the presence of an alcohol
(Scheme 13).”” The mechanism proceeds similarly to the pre-
vious system with initial dual activation of the monomer by
the Lewis acid and base to form a propagating alkoxide species
active in sequential copolymerization (Scheme 13), but in this
case the close interaction of the ion pair allows for the control
synthesis of cyclic copolymers in the absence of alcohol. When
an alcohol is added, linear diblock structures could be
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Scheme 13 Mechanism of ROP of cyclic esters using different Lewis
pairs for the synthesis of block copolymers through sequential addition.

obtained (Scheme 13). However, randomization of the block
structure was detected in the case of PPDL-H-PCL after pro-
longed reaction times under the conditions studied (xylene,
110 °C). Neither PPDL-b-PLA nor cyclic PPDL-b-PCL (prepared
without alcohol addition) showed evidence of scrambling by
transesterification under these conditions.””

2.2. Synthesis of polyester-polyester block copolymers
through simultaneous feeding of monomers

Simultaneous synthesis of block copolymers that follow the
same ROP mechanism can be challenging and requires that
the different monomers have very different reactivities with a
particular catalyst, implying that one gets consumed much
faster than the other (kinetic control), but even in that case
transesterification in the system can turn blocky structures
into random copolymers. For example, polymerization of unsa-
turated macrolactones such as globalide (macrolactone) and
1,5-dioxepan-2-one (DXO) formed random copolymers in the
presence of Novozym 435 as a catalyst (Candida Antarctica
Lipase B immobilized). This scrambling occurred despite the
different reactivity ratios of those two monomers.”®

Waymouth and coworkers addressed this issue in 2011,
reporting Zwitterionic ROP as a strategy for gradient (block-
like) copolymers in the simultaneous copolymerization of e-CL
and &VL with nucleophilic N-heterocyclic carbenes.”® Both
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linear and cyclic products (obtained in the presence and
absence of alcohol respectively) contained a larger fraction of
homo-dyads than hetero-dyads by "C{"H} NMR spectroscopy
compared to the control experiment with tin(u) octoate, corro-
borating the blocky-structure of the copolymers.

2.2.1. Metal-catalyzed synthesis of polyester blocks
through the simultaneous addition of cyclic esters. More com-
monly, kinetic control has been reported for some metal com-
plexes, capable of discriminating between monomers of
different steric hindrance and ring-strain. Coates and co-
workers reported a zinc f-diketiminate isopropoxide complex
(18, Scheme 14) that was active in the polymerization of
4-membered lactones 3-substituted with fluorinated side-
chains in toluene at 50 °C.** An equimolar mixture of the
fluorinated lactones and rac-p-BL in the presence of this cata-
lyst gave tapered block copolymers, as the fluorinated lactones
reacted much faster than their non-fluorinated analogues.

Recently, Dove and coworkers reported a simple mag-
nesium phenoxide complex (19, Scheme 14) for the block-
copolymerization of 3,6-disubstituted lactone menthide (MI)
and larger lactones with minimal ring-strain like
C-heptalactone ((-HL, 8-membered ring) or n-caprylolactone (n-
CYL, 9-membered ring) in toluene at 80 °C (Scheme 14). In a
mixture of monomers, the magnesium complex polymerized
the more reactive MI followed by the less strained lactone to
give block-like macromolecules (M, up to 18 400 Da; P = 1.50),
as evidenced by the presence of major homocoupling carbonyl
diads in "C{"H} NMR spectroscopy (with only a minor pres-
ence of heterocoupling diads). Previously, the same group had
reported a similar degree of kinetic control in the polymeriz-
ation of MI and w-PDL (Scheme 14) as evidenced by conversion
profiles and *C{'H} NMR spectroscopy (M, = 13800 Da;
P = 2.41).>*° Their rationale behind the kinetic control exhibi-
ted by this catalyst was that the initial formation of PMI block
is “locked” against transesterification side reactions (due to
the presence of methyl and isopropyl groups in each monomer
unit) and once MI has been depleted, the second block starts
forming and can only undergo transesterification mostly
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Scheme 14 Zinc and magnesium complexes active in the synthesis of
block and block-like copolymers through the simultaneous addition of
monomers.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

within itself. In contrast, reaction of MI with a more reactive
lactone (such as e-CL) forms completely random copolymers
as the more reactive small monomer will react first and any
incorporation of MI added at the chain end will rapidly be
pushed to the middle of the chain by fast transesterification.
Random copolymers in this case were evidenced by equal inte-
gration of homocoupling and heterocoupling diads in NMR
spectroscopy.®'

2.2.2. Organo-catalyzed synthesis of polyester blocks
through the simultaneous addition of cyclic esters. Among the
different organocatalysts (TBD, DBU and BEMP, Scheme 9)
explored by Guillaume and coworkers®® for the block copoly-
merization of rac-p-BL and MLABe (Scheme 2), only BEMP was
capable of forming block copolymers (Scheme 15) from the
simultaneous addition of monomers (M, = 15000 Da;
D = 1.65), polymerizing first more sterically hindered MLABe
and then rac-B-BL (despite homopolymerizations having very
similar rates). In comparison, TBD and DBU only polymerized
MLABe in the simultaneous addition, indicating inhibition in
the polymerization of rac-f-BL, although no detailed mechanis-
tic studies were presented.*’

In 2013, Basko and coworkers reported another organocata-
Iytic system capable of block-copolymerization with simul-
taneous feeding of monomers: triflic acid (TfOH, Scheme 9) in
the presence of alcohol copolymerized rac-f-BL and 1-LA in
CH,Cl, at room temperature through an activated monomer
mechanism. The conversion profile showed that rac-p-BL was
polymerized quickly with this system (in less than an hour)
and 1-LA was consumed following an induction period after
full conversion of rac-p-BL (Scheme 15). Formation of a block
copolymer (M,, = 3420 Da; P = 1.20) was corroborated by *C
{'H} NMR spectroscopy and thermo gravimetric analysis
(TGA).»?
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Scheme 15 Synthesis of block copolymers by different organocatalysts
with simultaneous feeding of monomers.
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Exploiting the previously reported O-alkyl cleavage ROP of
B-lactones catalyzed by carboxylate salts,®* Coulembier and co-
workers employed a bifunctional hydroxyl-carboxylic acid
initiator in the presence of DBU to achieve dual activation of
B-lactone 2,2-dimethylbenzyl-p-malolactone (DMMLABn) and
lactide in the simultaneous addition of monomers
(Scheme 15).%* The dual polymerization occurs first by an acid-
base reaction between the carboxylic group in the initiator and
DBU, forming a carboxylate group that polymerizes DMMLABn
(with a carboxylate-propagating species). The carboxylate pro-
pagating species also works as an activator of the alcohol
chain-end to polymerize LA (with an alcohol-propagating
species). The resulting block copolymers (M, = 12450 Da; b =
1.46), however suffered from transesterification and large dis-
persities when long reaction times were applied.

2.2.3. Redox-switchable systems for the synthesis of poly-
ester blocks through the simultaneous addition of cyclic
esters. Some of the most exquisite systems offer control in ROP
of cyclic esters through external stimuli such as redox-,* allo-
steric-,%® or thermal-switches.”*%”

Diaconescu and coworkers exploited ligand conformational
changes through redox switching for the block copolymeriza-
tion of very similar monomers 1-LA and &-CL.*® The authors
tested different zirconium and titanium alkoxide complexes
supported by redox-active ferrocene-based ligands. Block
copolymerization in a mixture of monomers was achieved by
chemical redox switching using a titanium complex (20",
Scheme 16) that on its reduced form was active in LA
polymerization and on its oxidized form (20°, Scheme 16)
was much more active for e-CL polymerization, yielding PLA-
b-PCL (M,, = 3230 Da; D = 1.12). Narrow dispersity indicated a
controlled polymerization, but only low conversions of
monomer were achieved (as an increase in reaction times led
to a decrease in substrate selectivity). Formation of multi-

block copolymers through several switches was not
reported.®
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Scheme 16 Redox-switchable system active in the one-pot block
copolymerization of lactide and e-caprolactone with simultaneous
feeding of monomers.
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2.2.4. ROP/ROCOP systems for the synthesis of polyester
blocks through simultaneous addition of monomers. Another
common strategy for the synthesis of polyester block copoly-
mers is tandem catalysis involving two different mechanisms.
Methods to switch polymerization cycles in situ are attractive
because of their convenience and also the increased diversity
of blocks accessible.''” In 2015, Williams and coworkers
reported one of the first catalysts active in both ROP of cyclic
esters and ring-opening copolymerization (ROCOP) of epoxides
and anhydrides leading to the controlled formation of triblock
and multiblock polyesters. The dinuclear zinc aryl complex
employed was reacted with a diol in situ, showing high activity
in the copolymerization of phthalic anhydride (PA) and cyclo-
hexene oxide (CHO) with high selectivity (>99% polyester lin-
kages), and good control of the molecular weight. When
mixing the two monomers with e-decalactone (e-DL) at 100 °C
and using excess of epoxide as the solvent, the zinc catalyst
catalyzed the ROCOP first with high selectivity (as no change
in e-DL concentration was detected during this period) and
once the PA was consumed, the catalyst proceeded to polymer-
ize the lactone. Formation of block copolymers by this meth-
odology was attested by "*C{'H} and 'H DOSY NMR spec-
troscopy (M, = 15900 Da; P = 1.21). The ability of this catalyst
to switch between two different polymerization cycles was
rationalized by the very different rates of insertion of PA and
e-DL into the zinc alkoxide bond.®’

Using a variation of this catalyst, a dinuclear zinc acetate
complex (21, Scheme 17) Williams and coworkers reported the
formation of block copolymers from mixtures of PA, CHO and
e-CL (M,, = 22 500 Da; P = 1.46). DFT studies performed on this
system revealed that selectivity results from lower activation
barriers (lower for anhydride insertion) and more stable lin-
kages during polymerization (more thermodynamically stable
ester linkages from ROCOP).”® The same group also reported
that commercially available chromium(m) salen complex (22,
Scheme 17) was competent in both ROP of e-DL and ROCOP of
different anhydrides with CHO in the presence of an equi-
molar amount of bis(triphenylphosphoranylidene) imminium

H OAdl H
N, I e
Bu o o Bu >‘<
2N 'Bu o740 By
N" i °N:
H|_ OAg) H 'Bu By
21 22
o
Cr D o
R R
(\'QKO )én,v\)\o)
—_—
(o] CHO
o [o] o
o P 21 or 22/PPNCI x y
P[CHPA-b-CL] R=H
PA P[CHPA-b-DL]  R="Bu

Scheme 17 Catalysts active in the tandem ROCOP of anhydrides/epox-
ides and ROP of lactones for the synthesis of polyester block
copolymers.
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chloride (PPNCI) as a cocatalyst. Polymerizations were carried
out under immortal conditions at 100 °C in toluene-dg using
1,2-cyclohexanediol as a chain-transfer agent to yield low mole-
cular weight triblock copolymers with good control (M, = 4430
Da; P = 1.20). In a similar way to the bimetallic zinc complex
21, the chromium salen complex 22 showed high selectivity to
alternating polyesters through ROCOP in a mixture of different
monomers with high activity and no significant ROP activity.
Once the anhydride was consumed catalyst switched to ROP of
e-DL. The large scope of anhydrides tested allowed for post-
functionalization through the thiol-ene reaction.”*

More recently, Mazzeo and coworkers employed a bi-
metallic aluminum alkyl complex bearing salen-type ligands
with dinaphthalene Schiff bases (23, Scheme 18) in the same
reaction using PA, CHO and t-LA in toluene at 110 °C and in
the presence of isopropyl alcohol and PPNCI as a cocatalyst.
Formation of an alkoxide species in situ was active in ROCOP,
but with a lower selectivity (81% polyester linkages) compared
to William’s systems (vide supra).’® Following ROP of lactide
formed a block copolymer with high molecular weight
(M,, = 61 000 Da; P = 1.44).%>

In contrast to metal-base systems, organocatalysts do not
typically combine ROCOP and ROP in a controlled fashion for
the synthesis of block copolymers from a mixture of mono-
mers. One of rare example was reported independently by
Zhao,”® Wang, Li and their coworkers® and involved the use of
a non-nucleophilic phosphazene base (¢-BuP,) with alcohol at
60 or 100 °C for the polymerization of PA with different epox-
ides and rac-LA.>> As it was observed with the metal-based
systems (vide supra), ROCOP of PA and epoxides took place
first with high selectivity, followed by ROP of LA in a tandem
mechanism giving diblocks, triblocks or pentablocks with very
good control (M,, up to 31300 Da; P = 1.09).

3. Synthesis of polyether—polyester
blocks

Polyester—polyether block copolymers can be synthesized by
ROP of cyclic ethers and lactones. Although multiple metal-
based initiators and organocatalysts have been reported to give
a controlled polymerization of these molecules, very often a
catalytic system optimal for the polymerization of one
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Scheme 18 Aluminum complex active in the tandem ROCOP of anhy-
drides/epoxides and ROP of lactide for the synthesis of polyester block
copolymers.
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monomer is inactive or leads to uncontrolled polymerization
of the other. Consequently, many of the synthetic procedures
reported for the synthesis of polyester—polyether blocks require
multiple steps involving different catalytic systems and the
purification of intermediates. Some approaches include con-
trolled polycondensation reactions between two preformed
polymers® and their linkage through post-functionalization
(e.g. click reactions).”®

By far the most common synthetic strategy involves using
commercially available polyethers such as polyethylene glycol/
oxide (PEG/PEO), polytetramethylene oxide (PTMO), poly-
propylene oxide (PPO) or poloxamers as 