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Organised by reaction type, this review highlights the unique reactivity of thiocarbonyl (C=S) groups with
radicals, anions, nucleophiles, electrophiles, in pericyclic reactions, and in the presence of light. In the
polymer chemistry arena, thiocarbonyl compounds have been used as monomers, polymerization cata-
lysts, reversible and irreversible chain transfer agents, and in post-polymerization modification reactions.
Past and ongoing applications are reviewed including iniferters, radical and cationic RAFT, switchable
RAFT agents, cyclic RAFT agents, chain transfer, thiocarbonyl addition-ring-opening, C=S radical and
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anionic polymerization, acyl substitution, cationic, anionic/organo-catalytic ring-opening, Diels—Alder
additions, thermolysis, and photo reactions. The review discusses the mechanisms of these reactions and
highlights how the reactivity differs from oxocarbonyl analogues. Emphasis is put on the development of
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1. Introduction

Stable = double bonds are formed between carbon, nitrogen,
oxygen, phosphorous, and sulfur atoms. Of these 2/3p™2/3p”
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novel thiocarbonyl monomers which, uniquely, undergo polymerization through different mechanisms.

systems, the C=S double bond has a uniquely multifaceted
reactivity. Thiocarbonyl groups are reactive toward nucleo-
philes (similar to C=O groups) and electrophiles (more so

than C=O0 groups), but also radicals and dienophiles (similar
to C=C bonds), making many of the known thiocarbonyl com-
pounds versatile reagents, see Scheme 1.

While several radical C=S-based reactions (such as the
Barton-McCombie reduction)' are now a staple in organic
chemistry,>™

it was the polymer science arena that has
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Scheme 1 Structures and names of

compounds.

common thiocarbonyl

witnessed the perhaps most ground-breaking applications of
thiocarbonyl compounds. Even before Herrmann Staudinger
conceptualised macromolecules in the 1920s,” the reaction of
cellulose with carbon disulfide had already developed into a
major industry to meet the growing demand for regenerated
cellulose.® The resulting cellulose xanthates can be solution-
processed before being treated with acid, which regenerates
the virtually insoluble cellulose. With various (at times ambig-
uous) names including Rayon, Viscose, and Cellophane, regen-
erated cellulose remains an important polymer material today
and is used in textiles, food packaging and adhesive tape.

The more recent history of thiocarbonyl chemistry on poly-
mers is undoubtedly dominated by reversible addition-frag-
mentation chain transfer (RAFT) polymerization, the arguably
most versatile reversible deactivation radical polymerization
method.””® Applications of RAFT and its success in smart
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materials,'® nanohybrid materials,"* functional surfaces,'* and
biomedical applications,"*'* specifically drug delivery'® and
gene delivery'® can be followed in recent review articles.

However, there are further established and emerging appli-
cations of C=S-functional compounds in the polymer field.
While thiol (SH)-based chemistries in the polymer arena,"’
thioester-functional polymers'® and sulfur-containing poly-
mers'® have been reviewed, the current review focusses specifi-
cally on thiocarbonyl chemistry in polymer science. Organised
by reaction type, this review attempts to explain the success of
C=S-functional compounds from a mechanistic point of view.
RAFT polymerization is covered within this mechanistic
context, for example, to demonstrate how substituents influ-
ence the reactivity of thiocarbonyl groups. Finally, the scope
for future development among the manifold applications of
C=S compounds in the polymer arena are discussed.

2. Radical reactions of C=S
compounds in polymer science
2.1 Radical reactivity

With a low overlap coefficient between the C2p, and S3p, orbi-
tals, the C=S double bond is weaker than the oxocarbonyl
C=O0 analogue, which is also reflected in their lengths (~1.6 A
for C=S versus ~1.25 A for C=0) and bond dissociation ener-
gies (573 k] mol™" for C=S versus 602 k] mol™" for C=C and
745 kJ mol™" for C=0).>>*' Carbon and sulfur have very
similar electronegativities making the thiocarbonyl group less
polar than its oxygen analogue and prone to homolytic clea-
vage. The large size of the S3sp” lone pairs facilitate an orbital-
controlled attack onto the sulfur atom, while radical addition
onto the carbon centre is prevented by a large energy barrier.>”

The prevalent mechanism for radical chemistry on thiocar-
bonyl groups involves reversible®® addition onto the sulfur
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Scheme 2 Common radical reaction pathway of thiocarbonyls invol-
ving reversible addition, an intermediate radical stabilised by the Z
group, and p-scission.

atom, formation of a radical intermediate of, ideally,24 low
reactivity due to steric crowding, followed (for the forward reac-
tion) by f-scission and formation of a new double bond and a
different active radical,?® see Scheme 2.

The p-scission can involve several (or all) of the following
driving forces: (i) increase of entropy due to fragmentation; (ii)
formation of a more stable double bond than C=S (for X # S);
(iii) formation of a stabilised, lower energy, radical R,"; and (iv)
release of ring strain (Z-R, cyclic compounds only). Higher
reaction temperatures increase the influence of entropy, can
drive the expulsion of more reactive radicals, R,’, and prevent
radical reactions of the intermediate.>®

The radical thiocarbonyl reactions can be classified accord-
ing to the chemical nature of the groups Ry, R,, and especially
X (Scheme 2). The following sections discuss the details of the
cases X = SSC(=S)Ph, X = S (RAFT), and X = O (chain transfer
and thiocarbonyl addition-ring-opening (TARO)).

2.2 Photo iniferters

Over a decade before the development of RAFT, the key
concept of “living” radical polymerization—an equilibrium
reaction that reversibly deactivates growing polymer-based rad-
icals—was proposed in 1982, see Scheme 3.>”° Several thio-
carbonyl species (together with diphenyldisulfide) were
explored as iniferters (a portmanteau of initiator-transfer
agent-terminator), some of which had previously been shown
to act as photoinitiators.** Photopolymerization of styrene in
the presence of tetraethyl thiuram disulfide (structure 1), for
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Scheme 3 Structures of the thiocarbonyl compounds tetraethyl
thiuram disulfide (1), S-benzyl-N,N-diethyldithiocarbamate (2), and 2-S-
phenylethyl N,N-diethyldithiocarbamate (3) explored as initiator—trans-
fer agent—terminators (iniferters) (top); photodissociation of 1 (middle);
and reversible photodeactivation equilibrium (bottom).
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example, proceeded with a nearly linear increase of molar
mass with conversion, which provided evidence of a successive
addition of monomer units onto active radicals before a revers-
ible deactivation through recombination. The concept was
expanded to the formation of diblock copolymers.***?
Mechanistically, the method relies on the weak S-S bond
enabling photocleavage, as well as the stability of the thiocar-
bonylthiyl radical.??

2.3 RAFT

The literature on thiocarbonyl chemistry in the polymer arena
is clearly dominated by the unprecedented success and para-
digm shift associated with the RAFT process. Briefly, it involves
the addition of a thiocarbonylthio compound (the RAFT agent,
X in Scheme 2 = S) to a radical polymerization. -Scission recre-
ates a thiocarbonyl group and therefore allows for reversible
addition and p-scission. This mechanism (Scheme 4) is
exploited to share radicals between chains. When terminated
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Scheme 4 Reversible addition—fragmentation chain transfer (RAFT)
mechanism (top) and products (bottom).
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with the thiocarbonylthio moiety (the “RAFT end group”), a
chain is dormant. It awakens when a radical (another growing
chain as in the main equilibrium or an initiator-derived
radical as in the pre-equilibrium) adds onto the C=S bond
and the chain is released through f-scission. In an ideal RAFT
polymerization, chains become active for a short period of
time during which only few monomer units are added before
the growing chain becomes dormant again through addition
onto another RAFT agent or RAFT end group. The commonly
depicted RAFT mechanism suggests deceptively that one
radical is shared between two chains. In reality, the concen-
tration of radicals (which, in classic RAFT, are continuously
provided through the decomposition of a thermal initiator) is
low and a single radical is shared between tens or hundreds of
chains. As a consequence, all chains grow at a similar rate and
the average molar mass increases linearly with conversion (in
contrast to uncontrolled radical polymerization where long
chains are formed from the start of the polymerization). All
active radicals are eventually terminated through the same
recombination or disproportionation mechanisms as in
radical polymerization. The predominant product of a RAFT
polymerization is the dormant species, ie., a polymer chain
carrying an initiator- or RAFT agent-derived a end group and a
thiocarbonylthio m end group.”*

There are two main requirements for RAFT to work well.
Firstly, the R-group on the RAFT agent needs to resemble (in
terms of radical stabilisation) the structure of the growing
chain. This is necessary to ensure a balanced pre-equilibrium.
RAFT agents with varying R groups suitable for different
monomer types have been presented®® and are commercially
available. Secondly, and more relevant to the current review,
the energies of the intermediate radical (top of Scheme 4) and
the growing polymer chain radical need to be similar. If the
intermediate species has too high energy, it is less likely to
form and the growing polymer chain undergoes uncontrolled
radical polymerization. If the intermediate species is too low
in energy, radicals become trapped and eventually terminate;
in this case the would-be RAFT agent acts as a retarder or
inhibitor.

Vinyl monomers are typically grouped into two categories.
Less activated monomers (LAMs, such as vinyl acetate) form
higher energy radicals. This means the monomers are rela-
tively unreactive, while their radicals, if formed, are highly
reactive. More activated monomers (MAMs, such as methyl
methacrylate) form radicals more easily because of better
radical stabilisation, but the radicals are less reactive, see
Scheme 5. Additionally, sterics play an important role in
polymerization kinetics.

For the benefit of understanding RAFT polymerization and
for later sections of this review, it is worthwhile to summarise
the three structural effects that contribute to radical stabilis-
ation. The strongest stabilising effect is © conjugation which
leads to spin delocalisation. This effect is strong in allylic and
benzylic (including styryl) radicals but also applies in
a-carbonyl-based radicals including (meth)acrylic species. The
second strongest contribution to the radical stabilisation

This journal is © The Royal Society of Chemistry 2022
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Scheme 5 Selection of structures resembling growing vinyl chains with
literature radical stabilisation energies (RSE, calculated at G3 (MP2)RAD
level, values in kJ mol™)¢ for R = methyl. The radical stabilisation
energy of a species Ry is defined as the energy difference of the reac-
tion CHs" + Ri—H — CH4 + Ry, i.e., a radical is more stable the larger
negative its RSE is, with the methy! radical set to RSE = 0 kJ mol ™,

energy (RSE) is n donation through an adjacent heteroatom
with lone pairs, e.g., in the R;—-CH,CH OR, species derived
from attack of a vinyl ester (R, = C(=O)R’) or vinyl ether (R, =
R’) with a radical, R;". The interaction with the heteroatom-
based lone pair increases the energy of the radical (makes it
more nucleophilic) but lowers the lone pair electron energy
which results in an overall energy gain. The third and weakest
effect to stabilise radicals is hyperconjugation with adjacent
C(sp’)-H(s) bonds and is the reason for the general order
tertiary > secondary > primary > methyl for the stability of
radicals. The combination of these effects leads to the
(calculated) radical stabilisation energies shown in Scheme 5.

2.3.1 Z group selectivity. To fulfil the requirement of
similar energies between the growing polymer chains (similar
to those shown in Scheme 5) and the intermediate species (top
of Scheme 4), RAFT agents with different Z groups have been
developed to mediate polymerizations of different monomer
classes. RAFT agent types, in order of decreasing stability of
the radical intermediate, are dithiobenzoates (Z = Ar), trithio-
carbonates (Z = SR), dithioalkanoates (Z = R), xanthates (Z =
OR), and dithiocarbamates (Z = NRR'). A more detailed over-
view of explored Z groups is given in Scheme 6.

It may seem contradictory to cite the oxygen lone pairs in
vinyl acetate as stabilising a radical, while the oxygen and
nitrogen atoms in xanthates and dithiocarbamates are shown
to increase the energy of intermediate radical compared to an
alkyl Z group. The discrepancy comes from the fact that Z
groups with a lone pair contribute strongly to resonance stabil-
isation of the intact thiocarbonyl group, lowering its energy
and making it less reactive to radicals, see Scheme 7A.*7®

Polym. Chem., 2022,13, 2880-2901 | 2883
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Scheme 6 Z groups of RAFT agents (RS—C=S-Z) in order of decreasing stabilisation of the intermediate radical with shading indicating the nature
of the atom adjacent to the thiocarbonyl group (C blue; S yellow, N green, O red). Solid (dashed) arrows beneath indicate good (partial) compatibility
with the respective monomer classes, where MAM (tert.) refers to more activated monomers with tertiary radicals (methacrylates, methacrylamides),
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Scheme 7 Resonance form of a xanthate RAFT agent showing the
decrease of C=S double bond character (and double bond reactivity) as
a result of Z group lone pair donation (A) and resonance forms of the
xanthate-based intermediate radical where the stabilisation through the
two sulfur atoms (top row) outweighs the influence of the smaller and
less polarisable O-based lone pairs (bottom structure) (B). While only
shown for xanthates (Z = OR), the same considerations apply to dithio-
carbamates (Z = NR)).

This resonance stabilisation is lost upon radical attack,
making the formation of the radical intermediate less energeti-
cally favourable (in other words, the radical is less stable) and
only feasible with the most reactive, LAM-derived, radicals.
The intermediate radical is indeed stabilised through lone pair
donation from the two adjacent S atoms (Scheme 7B).*® With
smaller lone pairs and higher electronegativity, the contri-
bution to stabilising the intermediate radical of oxygen and
nitrogen-based Z groups are, however, minimal*® and the
stabilisation of the intact RAFT agents dominates.

The resonance stabilisation of the intact thiocarbonylthio
compound is strongest with N and O-based lone pairs, with a
less pronounced effect of S-based Z groups, explaining the
trend in Scheme 6. Likewise, the order of the N-based Z groups
is also based on the extent that the lone pair is able to conju-

2884 | Polym. Chem., 2022,13, 2880-2901

gate into the C=S bond ranging from no conjugation in the
case of pyrrole (the N lone pair is part of the aromatic system),
partial conjugation into C=S in the case of 2-pyrrolidone
(where the N lone pair can also conjugate into the C=0 bond),
to full conjugation in the case of the dialkylamino Z group.

The development of thiocarbonyl-based radical chem-
istries> and reversible deactivation radical polymerization
methods provide excellent examples to demonstrate that rad-
icals are not indiscriminately reactive but can undergo very
selective reactions. One such example is the successful RAFT
polymerization mediated by a dithiobenzoate of methacrylic
monomers carrying xanthate or dithiocarbamate side group
functionality. During RAFT polymerization, only the Ph-stabil-
ised intermediate radicals on the RAFT agent form while the
xanthate or dithiocarbamate side groups are not attacked since
they are not able to stabilise intermediate radicals as well.
Upon completed RAFT polymerization, the xanthate and
dithiocarbamate side groups were removed through amino-
lysis, providing access to thiol side groups.*”

In the context of choosing the correct Z group for a RAFT
agent, it is worth mentioning the special case of monomers
involving primary radicals such as ethylene®® or 2-methylene-
1,3-dioxepane®’ (a cyclic ketene acetal that undergoes radical
ring-opening polymerization). Despite the high energy of
primary radicals (see Scheme 5), RAFT polymerization of these
monomers is possible with a moderate degree of control using
xanthate RAFT agents.’*! In case of the most commonly used
O-alkyl xanthates, however, Z group fragmentation can occur
which likewise produces a primary radical (in the Barton-
McCombie deoxygenation this is the desired fragmentation).>?
In RAFT, this undesirable side reaction produces mid-chain
S,S'-dipolymer dithiocarbonate functionality. An O-aryl
xanthate RAFT agent was shown to prevent this side reaction®'
because the associated aryl sp>based radical is even more
energetic than a primary alkyl-based radical (the calculated
radical stabilisation energy of the CsHs radical is +37.0 k]
mol™"),*° see Scheme 8.

2.3.2 Switchable RAFT agents. The need for different types
of RAFT agents means that it is usually not possible to prepare
well-defined block copolymers involving a LAM and a
MAM.*>** This drawback prompted the development of

This journal is © The Royal Society of Chemistry 2022
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Scheme 8 Irreversible Z fragmentation during the use of primary

radical-forming monomers for O-alkyl functional xanthates. This side
reaction is prevented by using O-aryl xanthates.**

switchable RAFT agents. Exploiting the fact that an increasing
ability of a lone pair to conjugate into the C=S group lowers
the reactivity toward radical attack (lowers the stabilisation of
the intermediate radical), N-4-pyridineamino-functional Z
groups were explored. Under neutral conditions, the N-based
lone pair conjugates into the C=S bond and lowers its reactiv-
ity, requiring reactive LAM-derived radicals to add to the C=S
bond (Scheme 9, top). Upon protonation of the pyridine ring
under acidic conditions, the N-based lone pair can still conju-
gate into the C=S bond (Scheme 9 bottom right), but this
resonance form is less favourable due two positive charges on/
in an aromatic. Instead, the dominating resonance form
involves conjugation of the N-lone pair into the pyridine ring
to neutralise the pyridinium charge. With nearly unimpeded
C=S bond activity, the protonated RAFT agent is compatible
with MAMs. Following simple pH control, block copolymers
involving LAMs and MAMSs can thus be produced from switch-
able RAFT agents.***°

2.3.3 Cyclic RAFT agents. Several cyclic RAFT agents have
been prepared with the main applications being the formation

of cyclic polymers and multiblock (homo)polymers.
"switchable"
RAFT agent
€
X I
HsC- HsC @
3 SN7 SR, s N)\SR1
\ - x
P L
N N
less reactive C=S bond
H+

e
s
®
HaC. )k HaC- J\ H3C\N)\SR1

B ~

H

more reactive C=S bond less favourable

Scheme 9 Resonance forms of a “switchable” N-4-pyridineamine-
based RAFT agent under neutral (top) and acidic (bottom) conditions.
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S S

Scheme 10 Structures of cyclic RAFT agents.

Structurally, cyclic RAFT agents include symmetrical R-R
cycles (structures 4-6 in Scheme 10), R-Z cycles (7), or dimeric
R-R, Z-Z cycles (8, 9).

Cyclic RAFT agents 4,*”*® 5*° and 6**°°>> have been used
in radical polymerizations of methyl acrylate,® #n-butyl
acrylate,*®° styrene,*”***° and 4-vinylpyridine,>* while com-
pound 7 was used with vinyl acetate.’® In these polymeriz-
ations, the cyclic RAFT agent undergoes ring-opening copoly-
merization leading to the incorporation of trithiocarbonate
(for 4, 5, 6), or dithiocarbamate (7) functionality into the back-
bone, similar to other cases of radical ring-opening polymeriz-
ation (RROP). These backbone groups can be cleaved through
aminolysis (see section 3.2.1) leading to the degradation into
shorter chains.”’>® However, unlike other RROP systems, the
products of these cyclic RAFT agents are not usually described
as copolymers but as multiblock systems because the in-chain
thiocarbonylthio groups remain active toward radical attack.
While the dispersity of the individual blocks (which can be iso-
lated through aminolysis) was typically low, the multiblock
systems were usually found to have higher dispersities (of or
above 2) because radical addition and p-scission of an in-chain
thiocarbonylthio group can lead the formation of terminated
chains.”®* Interestingly, the diseleno analogue of 7 was found
to lead to slightly lower multiblock dispersities (P ~ 1.9).>

Cyclic RAFT agents 4,>* 8,>° and 9°° (Scheme 10) have been
used for the production of cyclic polymers of methyl
acrylate,>"*® methyl methacrylate®® and methyl methacrylate-
N-isopropyl acrylamide copolymers.”> These polymerizations
required low temperatures (—30 to —76 °C) to reduce diffusion
and chain transfer, i.e., for the monomers to be inserted into
the same combination of R and Z group, which, in these cases,
were connected by a cycle. To reduce the number of linear
polymers formed, initiation was done through y-ray
irradiation. However, termination events still led to linear
chain side products.

2.4 Thiocarbonyl chain transfer agents

With the prevalence of RAFT, regular, i.e., irreversible, chain
transfer has been receiving less attention, although there has
been renewed interest in the field of emulsion polymeriz-
ation.>” Several types of thiocarbonyl compounds have been
investigated as (irreversible) chains transfer agents. In this
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case, X (in Scheme 2) can be a nitrogen, as in the N-acyloxy
derivatives of 2-thiopyridone, 10, and 4-methylthiazole-2(3H)
thione, 11, see Scheme 11.>*°° Radical C=S addition followed
by p-scission produces an acyloxy radical that decomposes to
carbon dioxide and a carbon-based radical® that can, ideally,
re-initiate the polymerization. Unlike RAFT, the f-scission is
irreversible; the S=X species (see Scheme 2) is aromatic and
not prone to radical attack. In another type of thiocarbonyl
chain transfer agent, X is oxygen, as in the thionoester species,
12 (Scheme 11).°" The transfer of the radical from one chain
onto a new initiating species is likewise irreversible due to the
formation of a stable thioester (SC=O) group that is not sus-
ceptible to radical attack.

The thiopyridone-based thiohydroxamic esters, 10, were
highly efficient chain transfer agents (lowered the molecular
weight of polymers without affecting the rate of monomer con-
sumption) for methyl methacrylate and styrene but were too
reactive to be used with methyl acrylate and vinyl acetate. For
the latter comonomers, retardation and broad molar mass dis-
tributions were observed. Species 11a was found to be a less
active chain transfer agent compared to species 10, while 11b
showed ideal behaviour (chain transfer constant = 1, ie., a
growing chain has equal preference between the addition of
another monomer and the attack of a chain transfer agent)
with methyl methacrylate and styrene.>®>° These observations
agree with the above discussion that dithiocarbamates are
highly reactive toward radicals (i.e., form stabilised intermedi-
ate radicals) if their nitrogen lone pairs are not able to conju-
gate into the C=S bond. In the case of species 10 and 11, the
nitrogen lone pair is part of an aromatic system.

The thionoesters, 12, showed effective chain transfer (with
transfer constants around 1) in polymerizations of methyl acry-
late and styrene, but were inactive for methacrylates,®* which
can be rationalised through the destabilising effect of the

A
S )SJ\ S
O R _O_R
N s” N (0)
CY WY O
X Y
R= R= X= Y=
10a CqsH34 11a CqsH34 12a H H
10b PhCH, 11b PhCH, 12b H COOMe
10c Ph 12c OMe H
12d OMe COOMe
12e H CH,OH
B
R
res s . Ring
) {0 R O R
O R SNT 2 2
C oY= Y Y Y
R4 _ o ~ O = o
irreversibly
terminated
O Ry

new active radical

R reinitiates polymerisation

0 o,

Scheme 11 Structures of thiocarbonyl chain transfer agents (A) and
addition—p-scission mechanism for compound 10 (B).
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oxygen atom compared to dithiobenzoates (which are highly
effective RAFT agents in the presence of methacrylates). On
the other hand, the thionoesters, 12, were too reactive for vinyl
acetate and caused substantial retardation, presumably
because the benzylic radical formed by p-scission is too stable
to effectively re-initiate vinyl esters.®” Functionalisation (12b-
12e) allowed for the introduction of chain end functionality.
Interestingly, substitution on either aromatic ring reduced the
chain transfer efficiency for styrene, while, except for species
12e, slightly higher chain transfer constants were found with
methyl acrylate.®*

2.5 Thiocarbonyl-addition ring-opening (TARO)
polymerization

Recently, thionolactones (featuring in-cycle -C(=S)O- func-
tionality) were shown to undergo radical ring-opening
polymerization.®*®* In this case, the atom X (Scheme 2) is an
oxygen and the groups Z and R, (Scheme 2) are connected by a
cycle. The addition-f-scission mechanism therefore leads to
backbone thioester functionality, see Scheme 12. At the time
of writing, four cyclic thiocarbonyl species had been shown to
undergo thiocarbonyl addition-ring-opening polymerization,
see Table 1.

As described above, dithiobenzoate (Ar-C(=S)S-)-based
RAFT agents are well-suited to mediate the polymerization of
MAMs including methacrylates. In comparison, the analogous
thionolactone DOT (13) (featuring an Ar-C(=S)O- group) has
lower C=S double bond reactivity due to conjugation of the
oxygen lone pair (see section 2.3.1 above). DOT was found to
be incorporated rapidly during polymerizations of acrylate,
acrylamide and styrene comonomers, leading to gradient co-
polymers at 70 and 80 °C.%*%*%%72 Wwith styrene, however, con-
ditions could be tweaked (150 °C, Trigonox 301 initiator,
5 mol% DOT) to lead to a randomly distributed copolymer,
and a closer to ideal copolymerization.””

A second generation thionobenzoate, 3,3-dimethyl-2,3-
dihydro-5H-benzo[e][1,4]dioxepine-5-thione (14) with an ortho
alkoxy substituent was shown to provide slightly better stabilis-
ation of the intermediate radical and copolymerized, albeit
sluggishly, with t-butylmethacrylate.”> The thiocaprolactones
15 and 16, lacking the stabilisation of the intermediate radical
by the aryl group, were shown to polymerize rapidly with the
LAMs vinyl acetate, vinyl pivalate, and, though with retar-
dation, N-vinylpyrrolidone.”®”*

Emerging applications of TARO-made copolymers exploit
the fact that the backbone thioesters are weaker than (oxo)
ester linkages available through conventional radical ring-

ring- R R
r~ S addition R1\3 opgning ™ M s
( JQo z)‘\o) Z/go z’&o
Ri 1,}:'{2 \_,;'q; \_»Ré \_,szwwm
cyclic thio- intermediate

carbonyl species radical backbone thioester

Scheme 12 Mechanism of thiocarbonyl addition-ring-opening (TARO)
radical polymerization.
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Table 1 Structures of the cyclic thiocarbonyl species shown to undergo TARO polymerization, dibenzo[c,eloxepane-5(7H)-thione (DOT, 13), 3,3-
dimethyl-2,3-dihydro-5H-benzole][1,4]dioxepine-5-thione (14), 7-butyloxepane-2-thione (e-thionodecalactone, 15), and oxepane-2-thione (e-thio-

nocaprolactone, 16), with compatible vinyl comonomers

Thiocarbonyl species Vinyl comonomer

Comments

8 Homopolymerization®

O o)
w{J

(DOT)

Methyl acrylate®
mPEG acrylate®?6:¢7
n-Butyl acrylate®®©°

t-Butyl acrylate®*

Acrylamide®®
N-Isopropylacrylamide®®
N-2-Methoxyethoxyacrylamide®”
N,N-Dimethylacrylamide®**%7°
N,N-Diethylacrylamide®®

Low rate; yields oligomers only

Thiocarbonyl species is incorporated at a
faster rate than the vinyl comonomer

N-3-(N-4-Sulfobutyl-N,N-dimethylammonium)

propylacrylamide®®
Acrylonitrile®*°®
Pentaerythritol triacrylate”"
Styrene®®”?
N-Methylmaleimide®
N-Phenylmaleimide®®

N-Pentafluorophenylmaleimide®®

S Homopolymerization”®
Q/‘<o Styrene”?
Wy
14
S Vinyl acetate”®
[¢]
15
S
(0]
16

t-Butylmethacrylate”?

Homopolymerization”®
Vinyl acetate”®”*

Vinyl pivalate”*
2-Methylene-1,3-dioxepane”®

N-Vinylpyrrolidone”

opening methods. TARO-made copolymers were shown to
degrade  rapidly under mild conditions through
aminolysis,®*®® cysteinolysis,®>®® thiolysis,®>®” and oxidative
cleavage.®® The degradation was shown to cause insoluble-
soluble transitions (including of thermally responsive poly-
mers with LCST or UCST behaviour)®® in water, which was
exploited to release an encapsulated dye (as a drug model)
from core-degradable PEG-based diblock copolymer micelles.®”
As the thioester linkages were shown not to contribute to cyto-
toxicity, the TARO method is promising for intracellular drug
delivery applications with glutathione-triggered degradation
and release.®”

TARO monomers have also found a use in producing
degradable cross-linked materials through uncontrolled
radical polymerization.®®”"! Incorporation of only 4 mol% of

This journal is © The Royal Society of Chemistry 2022

Alternating copolymerization between the
thiocarbonyl species and the vinyl comomomer

Low yielding
The thiocarbonyl species polymerizes faster
than styrene, but slower than ¢-butylmethacrylate

Thiocarbonyl species is incorporated at a faster
rate than the vinyl comonomer

In the presence of 2-methylene-1,3-dioxepane

Thiocarbonyl species is incorporated at a faster
rate than the vinyl comonomer

Retardation; low molar mass products

DOT into acrylate-based networks led to the ability to comple-
tely degrade the insoluble materials. The low incorporation
allowed for the retention of the physical properties of the
network, compared to non-degradable controls, and 3D-print
some of the structures. Additionally, TARO-made co-/ter-poly-
mers have been synthesised through emulsion polymerization.
Here, degradable latexes have been produced by polymeriz-
ation of DOT with n-butyl acrylate and styrene, producing poly-
mers with variable glass transition temperatures.®®

2.6 Radical polymerization of the C=S group

The above systems involve f-scission. Conversely, thiocarbonyl
fluoride (F,C=S) and thiocarbonyl chlorofluoride (CIFC=S),
which do not have p-bonds, undergo radical polymerization of
the C=S bond, see Scheme 13A.”> Although the thiocarbonyl
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Scheme 13 Radical polymerization of thiocarbonyl fluoride and thio-
carbonyl chlorofluoride (A), copolymerization with a selection of vinyl
monomers and olefins (B), and proposed backbone degradation mecha-
nism of thiocarbonyl fluoride—vinyl acetate copolymers (C).”>”¢

fluoride homopolymer has excellent chemical stability (see
section 3.4.3),”° this synthesis has not found much interest
since the original publications in the 1960s. Challenges
involve the laborious low-yielding synthesis of the monomer
through fluorination of the toxic thiophosgene and the neces-
sity to polymerize it at temperatures between —60 °C and
—120 °C. Radical initiation at these temperatures was achieved
by using the trialkylboron-oxygen redox couple. In addition to
poly(thiocarbonyl fluoride) homopolymer, copolymers with a
variety of olefins and vinyl monomers were prepared, see
Scheme 13B. While the authors believed that the mechanism
involved the addition of the initiating radical onto the carbon
centre, the above considerations make it more likely that
radicals added onto the sulfur atom. The observation that
copolymers with vinyl acetate showed rapid backbone degra-
dation upon cleavage of the acetate side groups supports the
formation of thioacetal groups through radical attack onto the
sulfur atom, see Scheme 13C.

Another polymerization that is thought to involve radical
species is the copolymerization of carbon disulfide with ethyl-
ene to produce poly(dithioesters) with ethyl spacers, see
Scheme 14.” However, the polymers were also found to
contain other functional groups such as alkene and disulfide
links. The polymerization was undertaken in the gas phase

h S S
s=c=s + Ot s {Jk M 1{
sT, sTm

Scheme 14 Polymerization of CS, with ethylene through a radical
mechanism, initiated by UV-light.””
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and initiated with UV light to produce a biradical dimer of
CS,, which was then free to propagate with either itself or
ethylene units. The polymer product formed a deposit and was
sparingly soluble in chloroform, which was explained through
extensive cross-linking, perhaps through the creation of
similar units to CS, homopolymerizations, see section 3.4.1.”%
Unfortunately, the same reaction could not be carried out with
other alkene monomers, such as acrylates.”

3. Reactions with nucleophiles
3.1 Reactivity

Thioesters, thionoesters, and dithioesters undergo the same
nucleophilic acyl substitutions as their all-oxygen
analogues.*®" Due to the larger polarizability of the sulfur
atom(s), substitutions typically follow a step-wise mechanism
with a/several tetrahedral transition state(s).®** For the same
reason, the relative reactivity in nucleophilic substitutions
depends strongly on the hardness/softness of the nucleophile,
with sulfur-containing esters reacting drastically faster than
oxoesters with soft nucleophiles, see Scheme 15. This reactivity
difference is sufficient for the selective cleavage of thioesters
in the presence of oxoesters, as recently shown on TARO-made
copolymers (see section 2.5).°> In the context of RAFT agent
stability, dithiobenzoates are more hydrolytically labile than
trithiocarbonates,® while the aminolysis rate of thiocarbonyl
species increases in the order dithiocarbamate < thioester <
xanthate.®® In agreement with the reactivity order of carbonyl
compounds against hard nucleophiles, organic isothiocya-
nates (R-N=C=S) are stable in neutral water at RT, while the
corresponding isocyanates (R-N—C=O0) hydrolyse quickly to
the amine and CO,. As mentioned above, the C=O bond is
more stable than the C=S bond. This can lead to isomerisa-
tion reactions, for example of cyclic compounds where a

A X R'Z-H X .
. R'Y-H
RJ\YR' R/U\ZR"
B o] o} S S
RJ\O—R‘ R)J\S—R' R/U\O—R‘ )I\S—R'

| II 11X v

Rate with hard nucleophiles (e.g., hydroxide):
m~IvV<I~1I

Rate with intermediately hard nucleophiles (e.g., phenolate):
I<HI<1I

Rate with soft nucleophiles (e.g., thiophenolate) and aminolysis:
I<IHK <1V

Scheme 15 Acyl substitution (A) and relative rates of ester (), thioester
(1), thionoester (), and dithioester (IV) cleavage (hydrolysis, trans(thio)
esterification, aminolysis) (B), depending on the type of nucleophile.
Note that the specific rates may differ from this guide based on the basi-
city of the nucleophile and nucleofuge, the nature of group R, and the
solvent polarity.6”-80-84-87
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Scheme 16 Isomerisation of ethylene thionocarbonate (X = O) and 1,3-
oxathiolane-2-thione (X = S) in the presence of halides at 60 °C to form
the more stable oxocarbonyl derivative.®®

nucleophilic  attack

Scheme 16.%

expels a thionocarboxylate, see

3.2 Postpolymerization modification

3.2.1 RAFT end group modification. While the thiocarbo-
nylthio end groups of RAFT polymers were initially considered
a nuisance and their removal was investigated,®® these groups
were soon recognised as protected thiols. Aminolysis remains
the most common (and selective) deprotection route, among
other methods. This simple access to thiol end groups contrib-
uted, in part, to a huge increase in popularity of thiol-X chem-
istries. The large volume of literature on RAFT end group
modification can be followed in published review
articles.®*"%7%

More recently, small molecule®® and RAFT end group”
dithiobenzoates were shown to release hydrogen sulfide in the
presence of cysteine or homocysteine® (in addition to a small
molecule/polymer thiol). Hydrogen sulfide finds pharma-
ceutical application, for example to lower blood pressure,”®
making dithiobenzoate-terminated polymers promising for
controlled release applications.

3.2.2 Side group modification. Vinyl monomers carrying
thiocarbonyl side group functionality have been used for post-
polymerization modification. 2-Isothiocyanatoethyl methacry-
late and 2-isothiocyanatoethyl acrylate were prepared from
dithiocarbamate precursors and shown to undergo radical
polymerization with survival of the reactive side group.’” The
resulting isothiocyanate-functional polymers were stable in the
presence of water, formed the corresponding thioureas with
amines, and reacted with alcohols and thiols only in the pres-
ence of DBU as a strong base. Difunctional amines were suc-
cessfully used for crosslinking.’®

Xanthate side group functionality in (meth)acrylic mono-
mers was shown to be stable during RAFT polymerization
mediated by a dithiobenzoate (due to better stabilisation of
the intermediate; see section 2.3.1), to allow for a simple
release of pendant thiol groups through selective aminolysis
without harming the (meth)acrylic oxoesters and to enable
postpolymerization side group functionalisation.*”

3.3 Anionic ring-opening polymerization (AROP)

The nucleophilic ring-opening of lactones and carbonates is a
major route toward backbone-degradable polymers such as
poly(lactic acid) and poly(e-caprolactone).”® Similarly, a range
of cyclic thionocarbonates, xanthates, and thionolactones has
been polymerized through anionic or organocatalytic ring-
opening polymerization methods, see Table 2.

This journal is © The Royal Society of Chemistry 2022
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The AROP of e-thionocaprolactone, 16, has been demon-
strated to produce two different classes of polymers with either
retention of the thionoester units in the backbone or the pro-
duction of thioester units through an S-O isomerisation.'°**"”
Here, the initiator/catalyst dictate which mechanism is preva-
lent. Direct attack of the initiator/anionic chain end onto the
thiocarbonyl carbon produced thionoester containing poly-
mers (see Scheme 17, Pathway A), whilst attack via addition
onto the e-carbon produced thioester containing polymers (see
Scheme 17, Pathway B).'°° Pathway A was referred to as the for-
mation of the kinetic product,'® due to the greater electrophi-
lic nature of the thiocarbonyl carbon compared to the e-
carbon, leading to a faster reaction. This route could be
selected by using strongly nucleophilic initiators, such as orga-
nolithium and Grignard reagents, which consequently pro-
duced only thionoester repeat units with up to 100% conver-
sion. The mechanism resembles that of the AROP of the oxoe-
ster analogue, e-caprolactone.'®® Conversely, Pathway B
involves a substitution reaction, followed by S-O isomerisation
to form the more thermodynamically stable C=0O bond (as
opposed to the C=S bond of Pathway A) and thiocarboxylate
anion. This route is also followed by monomer 17 (see Table 2)
and was achieved with e-thionocaprolactone when using DBU
as the ‘initiator’. However, this pathway was shown to be much
slower than pathway A, leading to only 25% conversion, and a
maximum of 89% thioester units, whilst still incorporating
11% of the thionoester units.'°

The thionoester containing polymer has also been syn-
thesised through organocatalytic ROP of e-thionocaprolactone,
using a non-nucleophilic base (such as DBU and 2-t-butyl-
imino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphor-
ine (BEMP)), benzyl alcohol and a thiourea.'®" Here, the
thiourea is thought to hydrogen-bond to the sulfur atom of the
thionolactone, further activating the thiocarbonyl carbon
toward nucleophilic attack, see Scheme 18.°° This allowed
selectivity of the polymer makeup when using DBU, as both
thionoester and thioester polymers can be produced, depend-
ing on the inclusion, or absence, of a thiourea. Likewise,
monomer 20 could be organocatalytically polymerized with
retention of the thiocarbonyl function.'%®

This use of a thiourea as a polymerization catalyst demon-
strates another application of C=S functional molecules in
polymer science.'”" Several similar catalysts (along with their
oxo-urea analogues) have been investigated for the ring-
opening of §-valerolactone, e-caprolactone, and lactide.'*®''°
For thiourea catalysts, the rate of polymerization has been
demonstrated to be highly dependent on the functional
groups attached to the nitrogen atoms and solvent choice,
with faster rates found for non-polar solvents. A second, (thio)
imidate-mediated, mechanism has been shown to be in com-
petition with the mechanism shown in Scheme 18.''' This
second mechanism is preferred with higher monomer concen-
trations, polar solvents, higher temperatures, and stronger
base cocatalysts.

A recent contribution demonstrated that even 5-membered
thionolactones (19) can undergo ring-opening polymerization,
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Table 2 Structures of cyclic thiocarbonyl species shown to undergo anionic or organo-catalytic ring-opening polymerization with polymerization

conditions
Thiocarbonyl Mechanism/polymer
species product Conditions Comments
S Anionic MelLi, n/sec/t-BuLi, PhLi, -BuMgCl, Product depends on initiator used: poly(thionoesters)
Retention of thiocarbonyl ~ t-BuOLi, t-BuOK, DBU, 100 °C (ref. 100) produced when a strong nucleophile is used
0 and/or S-O isomerism (organolithium, Grignard); mainly poly(thioester)
produced with poor nucleophile (DBU), but with low
conversions
16
Organocatalytic Benzyl alcohol, DBU or BEMP, a Solely produces the thionoester polymer, even when
Retention of thiocarbonyl  thiourea, r.t.—100 °C (ref. 101) using DBU, due to the inclusion of a thiourea; larger
thionolactones have been investigated (8, 9 and
16 membered, a 17-membered dithionolactone),
showing the same retention of thionoester moiety, with
high conversion (62-92%)"%*
S Anionic Anhydrous acid® Similar polymerization of ethylene carbonate leads to

S-0 isomerism

0 Organocatalytic
S/\QWOH Retention of thiocarbonyl

0]
P "’o)<
S
18b: X=8
18c: X=0
S Organocatalytic BEMP, r.t."®
R S-0 isomerism
o)
Rz
19a: Ry =H
Rz =H
19b: Ry = Me
R2 =H
19¢: Ry=H
R2 =Me
S Organocatalytic DMAP, DBU, thiourea'®
O)H.m\ Retention of thiocarbonyl
w0
O
20

using a basic phosphorous catalyst (such as BEMP) and
ambient conditions.'®® Here, the thioester product is the only
polymer produced, utilising the S-O isomerisation as the main
driving force and overcoming the lack of ring-strain.'*>''*
However, two competing side reactions occur. These are the
S-O isomerisation reaction from the thionolactone to the thio-
lactone, and the production of dimers from the thionolac-
tones. Maximum monomer conversions were limited with this
method, achieving 46-51%, with a 60:36: 4 ratio of polymer:
isomerisation product:dimer. Notably, the thionolactones
monomer was synthesised from succinic acid derived from

2890 | Polym. Chem., 2022, 13, 2880-2901

1,5,7-Triazabicyclo[4.4.0]dec-5-ene
(TBD, organocatalyst) and 4-methyl

benzyl alcohol (initiator)'**

ether linkages due to loss of carbon dioxide'?

Proceeds via retention of the thiocarbonyl bond,
without an S-O isomerism, different to 17, reportedly
due to the use of an organocatalyst; 18a was shown to
polymerize the fastest due the additional ring strain of
the trans configuration of the xanthate ring; 18b was
thought to be faster than 18c¢ due to C-S bonds being
weaker and easier to break than C-O bonds

Produces only the thioester polymer, through an
irreversible mechanism; similar to the DBU ring-
opening of e-thionocaprolactone 16, however no trace
of the thionoester is found

Poor yields and conversions achieved with this specific
monomer, although retention of the thionoester was
found; further promising results have been reported
using an aluminium catalyst, leading to isolatable
polymers (89% conversion after 3 h)

biomass, demonstrating the ability to produce degradable
polymers from sustainable sources."*>

3.4 Anionic polymerization of thiocarbonyls

3.4.1 Homopolymerization of carbon disulfide. Although
often overlooked, carbon dioxide is used as a monomer.
Similarly, carbon disulfide (CS,) can be utilised in polymeriz-
ations, along with the analogous carbonyl sulfide (COS). One
of the major applications involves their copolymerization with
epoxides and there are some examples of copolymerization
with other monomers such as thiiranes,'*® oxetane,''® ketene

This journal is © The Royal Society of Chemistry 2022
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Scheme 17 The two potential mechanisms for AROP of e-thionocapro-
lactone, 16. Pathway A: use of a strong nucleophile, such as an organo-
lithium reagent, formed thionoester polymers; Pathway B: use of a poor
nucleophile, such as DBU, formed thioester polymers through an S-O
isomerisation. Adapted from ref. 100 with permission from the American
Chemical Society, copyright 1999.

Scheme 18 Organocatalytic ROP of e-thionocaprolactone using a
thiourea to help selectively produce the thionoester polymer, poly(e-
thionocaprolactone). Shown is the transition state.’®°' Reproduced
from ref. 101 with permission from the American Chemical Society,
copyright 2016.

Scheme 19 Multiple products of the homopolymerization of carbon
disulfide 2123

cyclic N,0-acetals,""” in addition to its homopolymerization.”

Two excellent reviews''®"'? discuss this topic in depth, as well
as the polymerization of carbon dioxide.

The homopolymerization of CS, involved the formation of a
black solid,"** which did not only contain the expected linear
dithioester polymer repeat unit (Scheme 19, structure I), but
instead produced a complex concoction of many different
sulfur moieties, such as trithiocarbonates,”® and disulfides
(structure II), along with several cyclic polymers (structure
I11)"*' and small molecules, for example the cyclic dimer of
CS, (structure IV). Reported conditions for the homopolymeri-
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zation are typically harsh and have included sodium initiators
(anionic polymerization),’** high pressures,”® ultraviolet'*
and gamma irradiation,"”* and, most recently, electroreduc-
tion,"* all of which led to the production of a very similar
product mixtures.

3.4.2 Anionic copolymerization of carbon disulfide and
carbonyl disulfide. One of the most popular comonomers to
polymerize with carbon disulfide are epoxides, which produce
a variety of polymers, depending on the conditions used as
well as the epoxide, see Scheme 20A.""° When CS, and epox-
ides are combined with a metal catalyst, scrambling of the
sulfur and oxygen atoms can occur, forming some thiiranes
from the epoxide, as well as carbonyl sulfide and carbon
dioxide from carbon disulfide.'**™**® The combination of these
multiple molecules can lead to the production of trithiocarbo-
nate, xanthate, dithiocarbonate, thiocarbonate, and carbonate
polymer units, see Scheme 20.'*° In addition to this, ring-
opening of the epoxide or the thiirane can occur, without
incorporation of the CS, (or COS/CO,) group, leading to the
formation of ethers and thioethers within the polymer back-
bone. This has certainly been the case when using zinc-based
catalysts, such as diethyl zinc.'”®'*® Other common catalyst
are zinc-cobalt double metal cyanide'*® and (salen)Cr-Cl,"*
which still lead to mixtures of units but with greater incorpor-
ation of the oxygen-containing units in the polymer. Here, the
sulfur atoms are utilized more in the formation of cyclic tri/di/
mono-thiocarbonates. If the epoxide is unsymmetrical and
both sides of the ring are viable for ring-opening, then four
different polymer microstructures can also be produced: head-
to-tail, tail-to-head, tail-to-tail, and head-to-head, see
Scheme 20."° Catalysts have been demonstrated to be one of
the major factors to determine the polymer microscructure,
with (salen)CrCl producing mainly tail-to-head structures,
whilst zinc-cobalt double metal cyanide produces the head-to-
tail structure. Due to the multiple combinations of incorpor-
ated units and polymer microstructures, there is a real push in
the literature to find catalysts and conditions that minimize
scrambling and selectively produce one major product.'*’
Recently, efforts have managed to produce highly regioregular
and alternating poly(thiocarbonates), using lithium tert-butox-
ide as an initiator."*" The authors synthesized high MW poly-
mers (up to 109 kg mol™'), with 94% of the backbone being
made up of either thionocarbonates in a head-to-head arrange-
ment, or trithiocarbonates in a tail-to-tail arrangement. The
avoidance of a large metal complex (such as (salen)CrCl)
seemed to avoid many of the scrambling products.”*" Another
study recently investigated how to produce semi(crystalline)
polymers through this method, increasing the sulfur content,
and minimising the carbonate groups using different catalysts
as well as (salen)Cr-CL.*3?

In addition to epoxide comonomers, the copolymerization
of CS, can be achieved with other highly strained ring systems
such as thiiranes and the 4-membered oxetane. With methyl
thiirane (see Scheme 20B), the poly(trithiocarbonate) was
exclusively produced when using (salen)CrCl as the catalyst.
This was due to the absence of oxygen-containing species in
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Scheme 20 Left: Copolymerization reactions of carbon disulfide with (A) epoxides, (B) thiiranes, (C) oxetane, and (D) copolymerization with carbo-
nyl sulfide and epoxides; Right top: O/S scrambling of CS, and epoxides leading to a large range of backbone polymer moieties; Right bottom:
copolymerization of COS and propylene oxide leading to different polymer microstructures. Adapted from ref. 133 with permission from the

American Chemical Society, copyright 2016.
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the reaction mixture, hindering the formation of thiocarbo-
nates and xanthates.''®> Here, the polymer is produced in an
entirely alternating fashion, with the major by-product being
the cyclic trithiocarbonate small molecule. It was found that
using a greater ratio of CS, to methyl thiirane (2: 1 as opposed
to 1:1) led to the greatest ratio of polymer compared to the
cyclic by-product (92% polymer). More recently other sulfur-
rich polymers were produced by using cyclohexene sulfide,
forming the same trithiocarbonate containing polymer, along
with some of the cyclic trithiocarbonate by-product (>80%
polymer), see Scheme 21."%*

With oxetane as comonomer, multiple repeat units can be
produced, similar to epoxide copolymerizations, see
Scheme 20C."*° In this case, however, the main units incorpor-
ated were the thiocarbonate and trithiocarbonate moieties,
with the ratios being dictated by the ratio of CS,, the tempera-
ture, and the cocatalyst. It was found that a greater CS,-

2892 | Polym. Chem., 2022, 13, 2880-2901

oxetane ratio led to the formation of repeat units with a higher
sulfur content (e.g., as xanthates), and higher likelihood of
C=S bond incorporation. Increasing the temperature made
C=S to C=0O0 switching more likely, leading to the formation
of more carbonate and thiocarbonate repeat units. The mecha-
nism for the O/S-scrambling was also discussed in this
article."*®

An analogous reaction occurs when using carbonyl sulfide
(COS) and epoxides. However, this combination exclusively
leads to the poly(thiocarbonate) product, preferentially retain-
ing the more thermodynamically stable C=0O bond over the
C=S bond, see Scheme 20D.>**""*> Two potential units still
can form however, depending on whether the thiocarbonate
anion prefers to attack the carbon atom of R, or R,. If one of
the groups is a hydrogen and the other an electron-donating
group, then attack will occur on the least hindered end of the
epoxide, forming the tail-to-head polymer, see Scheme 20."
If, however, a sterically hindered but also electron withdrawing
group is used, such as in the case of styrene oxide, attack will
occur on either carbon atom, due to both a steric driving force
and an electronic driving force. In this case, the metal catalyst
can dictate the predominance of either unit forming."*°
Carbonyl sulfide can also be reacted with oxetane to produce
the poly(thiocarbonate) exclusively, in a similar fashion to
Scheme 20C."**

Another copolymer stemming from carbon disulfide
involves ketene cyclic N,0-acetals. This copolymerization leads
to the formation of polymer repeat units containing both di-
thioesters and amides, see Scheme 22.'"7 The resulting
polymer is zwitterionic, with ionic groups found at the two
polymer terminals; containing a cyclic N,O-acetal cation at the
a-end and a dithioester anion at the w-end. Polymerization
involved the enamine attacking the CS, carbon, followed by
nucleophilic attack of the formed sulfur anion on another

This journal is © The Royal Society of Chemistry 2022
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Scheme 22 Polymerization of ketene cyclic N,O-acetals, forming dithioester- and amide-containing polymers. The top scheme shows the mecha-

nism of the polymerization. The bottom scheme shows side reactions when using the hydrogen species, rather than the dimethyl analogue.

ketene cyclic N,O-acetal, leading to ring-opening and propa-
gation. Polymerization without the inclusion of the two methyl
groups in the ketene cyclic N,0-acetal led to a tautomerism
with the acidic protons between the thiocarbonyl and carbonyl
group. The sulfur atom from the in-chain dithioester can then
react with further ketene cyclic N,O-acetals, leading to the pro-
duction of two different polymer repeat units.

Another route that does not involve an epoxide is the use of
a trithiocarbonate ion reacting with a dihalogen species using
a tetraalkyl ammonium catalyst for phase-transfer."**'*” Here,
the trithiocarbonate ion (CS;>7) can be synthesised from CS,
and NaOH, and the dihalogen species can be either an alkyl
chain or aromatic, as long as the halogen can be substituted.
For an alkyl chain, if n > 2 (Scheme 23) a polymer will form,
however for n = 0, 1, it is speculated that the intramolecular
reaction is preferred, forming 5/6-membered trithiocarbo-
nates.”®” Including a stoichiometric amount of a diol com-
pared to the dihalogen species, and aqueous sodium hydrox-
ide resulted in the formation of the xanthate polymer, instead
of the trithiocarbonate."*®

3.4.3 Anionic polymerization of fluorothiocarbonyls. In
addition to the radical polymerization described in section
2.6, thiocarbonyl fluoride (F,C=S) undergoes anionic polymer-
ization in anhydrous solvents at low temperatures when
initiated by metal alkoxides, amines, or even DMF, see
Scheme 24. The resulting homopolymer was a chemically
resistant elastomer that survived immersion into boiling

x/\@;\x

_X=CIBr__ S

NaOH (aq.) ‘PJ\/\Q?}G'
0 A@“ oMk

o~ on miq
m

NaOH (aq.)

8=C=8

x/\gg\x
s=c=s ——— 00— ,

Scheme 23 Top: Production of trithiocarbonate anions from CS, and
sodium hydroxide and their use to produce alternating copolymers with
a dihalogen species. Bottom: Production of poly(xanthate) through the
use of a dihalogen and diol with carbon disulfide and aqueous sodium
hydroxide.

This journal is © The Royal Society of Chemistry 2022

117

Ti(OiPr),4
s Et,0 F
-78 °C *
FJ\F — = S+
s S S S S
FsC)]\F FzHCJ\F F2CICJ\F FCIHCJ\F Fsc)]\CFs

Scheme 24 Anionic polymerization of thiocarbonyl fluoride (top) and
structures of other thiocarbonyl compounds to undergo this polymeriz-
ation (bottom).

fuming nitric acid for 1 h and showed little change when
immersed in boiling 40% aq NaOH for 24 hours. Conversely,
exposure to organic amines at RT or temperatures above
175 °C caused rapid depolymerization of the native polymers.
This degradability was prevented by capping the ends with CF;
groups through antimony pentafluoride. Although the very low
glass transition temperature of —118 °C is promising for appli-
cation as a low temperature elastomer, the slow crystallisation
at temperatures below its melting point of 35 °C and associ-
ated loss of its elastic properties, however, may hamper this
use.”®™? Under similar conditions, other fluorinated thiocar-
bonyl compounds were found to undergo anionic polymeriz-
ation, although the resulting materials were not as chemically
resistant. Poly(hexafluorothioacetone) produced at —110 °C
underwent depolymerization at RT.”*"*°

4. Reactions with electrophiles

Due to the large S-lone pairs, thiocarbonyls are more nucleo-
philic than the corresponding O-analogues. For example,
thiourea reacts under mild conditions with alkyl halides to
form isothiouronium salts which can conveniently be hydro-
lysed into alkyl thiols."*° In the polymer field, the most impor-
tant reactions of thiocarbonyls with electrophiles are cationic
ring-opening polymerization (CROP) and cationic RAFT.

4.1 Cationic ring-opening polymerization (CROP)

The CROP mechanism can be demonstrated on the cyclic
xanthates 21a-d, see Scheme 25 and Table 3.'*' There are
several potential pathways that can occur depending on the

Polym. Chem., 2022, 13, 2880-2901 | 2893
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Scheme 25 CROP mechanism of cyclic xanthates (21) as a representa-
tive cyclic thiocarbonyl compound. The product of the polymerization is
Lewis acid and concentration dependent. Reproduced from ref. 141 with
permission from the American Chemical Society, copyright 1998.

conditions used. Using the Lewis acids TfOEt or BF;OEt, to
activate the xanthate group has two possible outcomes: (i) an
S-O isomerisation of the cyclic xanthate 21, converting the
monomer into a cyclic dithiocarbonate (path A, A’) in the
absence of polymerization; (ii) polymerization can occur
through an S-O isomerisation, forming polythiocarbonates
(path B, B'). It was shown that increasing the amount of Lewis
acid catalyst led to greater amounts of polymer being formed
(path B, B'). Interestingly, depolymerization was also shown to
occur through a backbiting reaction when using TfOEt (path
E), demonstrated by a decrease of polymer molecular weight
throughout the polymerization. Attempts to polymerize the
dithiocarbonate isomer were not successful under any con-
ditions used (path F). Conversely, when triflic acid was used as
the Lewis acid no polymer was formed (path D, D'), but exclu-
sively the cyclic dithiocarbonate isomer (path C, C').
Monomers 22 (see Table 3) followed the same pathways, pro-
ducing polymers through path B, B, the cyclic isomer
by path A, A’, and depolymerization through path E.'*?
Cationic polymerization of e-thionocaprolactone, 16, led
exclusively to the thioester containing polymer, through
path B, B’ 107,141

The CROP of cyclic xanthates has been explored in produ-
cing degradable crosslinked polymers, see Scheme 26.">' Here,

2894 | Polym. Chem., 2022, 13, 2880-2901
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the use of a bis(cyclic xanthate) allowed ring-opening and
polymerization through both units, whereby each produced
dithiocarbonate units whilst forming the polymer network.
This could then be degraded or ‘depolymerized’ through the
addition of ¢-BuOK, leading solely to the cyclic dithiocarbonate
isomer that can also form as a side-product through
polymerization.

Similarly to the cyclic xanthates 21a-d, monomers 21e-h
undergo an S-O isomerisation and form polydithiocarbonates.
However, their backbones varied slightly due to neighbouring
group participation.'*® Demonstrated in Scheme 27 with 21e
as an example, the oxygen of the ester side group can encou-
rage ring-opening to form intermediate IIL. This intermediate
was observable by NMR spectroscopy due to its stability and
led to a living polymerization (P < 1.2), due to its long lived
nature. Upon ring-opening, path G was then exclusively fol-
lowed, instead of path A or B which was favoured by mono-
mers 21a-d in Scheme 25. This led to migration of the ester
group to the adjacent carbon atom, and instillation of an
additional CH, group in the polymer backbone. The absence
of any of the cyclic isomer (IV) and the expected polymer (V)
for 21e, was suggested to be due to steric factors making path
A/B less favourable than path G. The cyclic isomer was also not
produced when TfOH was used as the initiator, suggesting
suppression of the intramolecular isomerisation of intermedi-
ate I seen with 21a-d, due to the ability to form the stable
intermediate III.

This has been replicated with other neighbouring groups
such as other functionalised esters,'*® carbamates (21f),'*®
thioethers (21h),"*>'*® and most recently, a tertiary amine
(21g)."*” Path G was exclusively followed by the monomers 21e
and 21f. Livingness was observed for all monomers 21e-h. For
monomers 21g and 21h, some of the polymer product (<35%)
from path B (Scheme 27) was also observed along with the pre-
dominant ‘path G’ product. 21h led to the production of some
of the cyclic isomer through path A.'° Despite this, the
polymerization of the thioether containing monomers (21h)
were reported to be living as well. Other cyclic xanthates, con-
taining a spiro thia-heterocycle, have led to similar results
along with ring contraction, see Scheme 28."*°

4.2 Cationic RAFT

Living cationic polymerization was developed in the 1980s.
The concept (which is still one of the most-used ones today)
relies on the reversible deactivation of the carbocationic chain
end through the reversible transfer of an anion from a suitable
Lewis acid catalyst."”> In 2015, metal-free living cationic
polymerization through a reversible addition-fragmentation
chain transfer (RAFT) process was described'®® following
earlier work that involved a Lewis acid catalyst and addi-
tives.'>* The new concept has recently been reviewed'>> and we
limit this section to a brief account of thiocarbonylthio com-
pounds for cationic chain transfer. An example of cationic
RAFT using a dithiocarbamate is shown in Scheme 29.
Efficient transfer of the cation onto the chain transfer agent

This journal is © The Royal Society of Chemistry 2022
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Table 3 Structures of cyclic thiocarbonyl species shown to undergo cationic ring-opening polymerization with polymerization conditions

Mechanism/
polymer product

Thiocarbonyl

species Conditions

Comments

Cationic
S-0 isomerism

TfOMe or TfOE, r.t.—60 °C;
BF;O0Et, at 60-100 °C
(ref. 143 and 144)

i
T
R
21a: R = CH,0OPh
21b: R =Me
21c: R=Et
21d: R = CH,CI
21e: R=/lCJ)\
*0" “Ph
21f: R =)OI\
X o N Ph
H
21g:R =
CHPh
?i/N‘CHZPh

21h: R = CH,SPh

Cationic
S-0 isomerism

22a = P(OEt);, 140-160 °C
(ref. 142)

S
by
Ry

22a: Ry =Ph
Ry=H
22b: Ry =H
R, = COOMe
22c¢: Ry = CH,Ph
R, = COOMe
22d: Ry = C=OPh
R; = COOMe
22e: Ry = C=0OMe
R, = COOMe

S Cationic
S-0 isomerism

BF,;0Et,, TfOH, TfOMe, TfOEt,

o 0-28 °C (ref. 107)

16

22b-e = TfOMe, 30 °C (ref. 150)

21a-d = high polymerization conversions with dispersities as low as
b =1.23; isomerisation to the cyclic thiocarbonate in the presence
of other Lewis acids (ZnCl,, SnCl,, TfOH); greater polymer : cyclic
thiocarbonate ratios were achieved with higher concentrations of
Lewis acid (2% = 38:62; 20% = 82 : 18); reactivity followed 21b/c >
21a > 21d, reportedly due to electron donating ability of the R-group

21e-h undergo ring-opening through neighbouring group
participation,'*»**>"* Jeading to living polymerizations and
different polymer backbones to monomers 21a-d

22a: depolymerization occurs at higher temperatures (179 °C) and
longer reaction times (20 h versus 3 h); analogous O-analogue did
not undergo polymerization under the same conditions'**

Reactivity followed 22b > 22¢ > 22d > 22e, in agreement with the
nucleophilicity of the sulfur atoms in each monomer'*°

Solely produces the thioester polymer, opposite to the preferred
product of the anionic mechanism

S s o o
. Yy ° : o -
TIOEt = . . +  tBuOK
S d TIOEt JrsJ\s/\%] ks)kslm -BuOK ¢ d
O P O
0 0 0 0 o o

Crosslinked Polymer

and / or Isomer

Isomer

Scheme 26 CROP of a bis(cyclic xanthate) leading to crosslinked polymers. Reproduced from ref. 151 with permission from the American Chemical

Society, copyright 2005.

requires +M substituents that stabilise the intermediate cation
and enhance the nucleophilicity of the thiocarbonyl sulfur
(Scheme 7A). Thus, dithiocarbamates (Z = NR,), trithiocarbo-
nates (Z = SR), and xanthates (Z = OR) were found to work well,
with the lowest dispersities (P = 1.08) observed for the
polymerization of isobutyl vinyl ether mediated by a dithiocar-
bamate chain transfer agent.">® To transfer the cation onto the
R-group of the chain transfer agent, it likewise needs to stabil-
ise cations and was conveniently derived from the same vinyl
ether monomer."”® Interestingly, the authors described

This journal is © The Royal Society of Chemistry 2022

diblock copolymers prepared through a switch from cationic
to radical RAFT polymerization.'>?

5. Other

5.1 Thiocarbonyl groups in hetero-Diels-Alder reactions

Thiocarbonyl groups can function as dienophiles in hetero-
Diels-Alder (HDA) reactions, allowing for the construction of
substituted thianes. Work in the late nineties'***'>” established

Polym. Chem., 2022, 13, 2880-2901 | 2895
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group participation, demonstrated on monomer 21e, and followed analo-

gously by monomers 21f-h. The ester oxygen encourages ring-opening, forming a more stable carbenium cation through the two oxygen atoms
and a phenyl group. Path G was shown to be the selective route for 21e. Reproduced from ref. 149 with permission from John Wiley and Sons, copy-

right 2001.
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Scheme 29 Mechanism of cationic RAFT polymerization shown for the
example of poly(isobutyl vinyl ether) (blue) mediated by a dithiocarba-
mate chain transfer agent carrying an isobutyl vinyl ether-derived

R-group (red). The initiator and counterion are triflic acid and triflate,
respectively (not shown).

a computationally-based understanding of these reactions and
concluded that (excluding solvent effects) electron-withdraw-
ing substituents on the thiocarbonyl dienophile promote
higher conversions to the HDA product by lowering the LUMO.
Electron poor C=S compounds employed in HDA cyclo-
additions have thus included cyanodithioformates,'>**°°
thioaldehydes,'®® polyfluoroalkyl thionoesters and dithio-
esters,'®"  phosphonodithioformates under acid
catalysis,"®>'®> 2, 3, and 4-pyridinedithioesters (activated
through protonation, Lewis acid complexation, or formation of
the N-oxides) in the synthesis of the drug Aprikalim,'®* and
monothiono oxalic derivatives,'®*'® including with high
enantioselectivity, see Scheme 30.'°*'®>'%® Thiabutadiene

Lewis
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Scheme 30 Hetero-Diels—Alder [4 + 2] cycloadditions on thiocarbo-
nyls carrying electron-withdrawing groups.

derivatives, conversely, have been used as dienes in HDA
reactions.'®’

The concept has been triumphantly exploited in the
polymer arena on RAFT end groups.'®*'”° Inspired by the
high reactivity of 2-pyridine and phosphono-functional dithio-
formates in HDA reactions, RAFT agents 23 and 24
(Scheme 31) were prepared and shown to successfully mediate
RAFT polymerizations. HDA reactions with a variety of diene-
and cyclopentadiene-end capped polymers resulted in highly
efficient conjugation and the preparation of diblock copoly-
mers even at RT"""7% and in water."”* Star-shaped polymers
with two, three, or four arms were efficiently prepared by graft-

Eto,\\P\ s (Y s
OEt _N
23 24
S

o]
R)\S\\J\s
[e]
R =Ph, Me 25
Scheme 31 Structures of RAFT agents with electron-poor C=S groups

suitable for (post-polymerization) hetero-Diels—Alder cycloadditions
with diene-functional polymers or surfaces.

This journal is © The Royal Society of Chemistry 2022
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ing arms onto a multi diene-functional core.'”> The high
efficiency of the reaction was also exploited to graft diene-end
terminal chains onto divinylbenzene microspheres prepared
with a phosphonodithioformate 23."7° Like most (hetero-)
Diels-Alder cycloadditions, the thiocarbonyl-diene reaction is
thermally reversible. This concept was exploited to anchor a
cyclopentadiene-protected RAFT agent onto a surface through
catechol binding. Heating with a cyclopentadiene end-func-
tional polymer resulted in retro-Diels-Alder loss of the cyclo-
pentadiene protecting group and concurrent Diels-Alder
binding of the cyclopentadiene-terminal polymers, resulting in
surface grafting."””

Following computational predictions, a novel RAFT agent,
25, was prepared which features a very electron poor sulfonyl-
functional thiocarbonyl group.'”® This chain transfer agent
successfully mediated the RAFT polymerization of an acrylate
and underwent HDA cycloadditions with dienes even in the
absence of a catalyst. The dienophile was so reactive it even
reacted with styrene. This reaction was subsequently used to
modify silica surfaces pre-treated with a trialkoxysilyl-func-
tional styrene derivative.'””

5.2 Thermolysis of RAFT end groups

As this review documents, thiocarbonyl groups undergo an
impressive range of reactions. Their high reactivity, however,
can result in thermal lability. Several studies have investigated
the thermal stability of RAFT agents.'®*'®> The onset of
thermal degradation depended heavily on the structure, with
an aliphatic xanthate decomposing above 75 °C, while dithio-
benzoates were generally stable until around 180 °C, with
degradation usually involving a combination of pathways."®’
The decomposition of a RAFT agent during polymerization
may result in loss of control and retardation through the for-
mation of side products."®* Likewise, the thermal stability of a
RAFT-made polymer and the degradation pathway depend on
both the RAFT agent Z group and the type of repeat unit. Two
mechanisms have been observed. Temperature-triggered
radical C-S bond scission, followed by backbiting, radical
decomposition of the polymer backbone and formation of
multiple products was observed on trithiocarbonate-termi-
nated poly(butyl acrylate)'®* and poly(methyl methacrylate).'®*
Conversely, “clean” Chugaev eliminations were found for
dithiobenzonate-terminated poly(methyl methacrylate)
(Scheme 32A)'®* and trithiocarbonate-terminated polystyrene
(Scheme 32B).'®* As such, thermal eliminations have been
employed as a means to remove RAFT agent end groups.®’

5.3 UV-Vis absorbance of thiocarbonyl compounds

Most thiocarbonyl compounds have two UV-visible absorbance
maxima. A weak n-r* transition in the visible range is respon-
sible for the characteristic colour of many compounds; trithio-
carbonates, thionolactones, xanthates, and dithiocarbamates
are typically yellow (absorbance around A = 430 nm)®*'®> while
most dithiobenzoates and thiophosgene are dark red (absor-
bance around 4 = 520 nm).'® This colour is very useful, for
example, during chromatographic separation of thiocarbonyl

This journal is © The Royal Society of Chemistry 2022
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Scheme 32 (A) Thermal Chugaev eliminations on dithiobenzoate-

terminated poly(methyl methacrylate)'®* and (B) trithiocarbonate-termi-
nated polystyrene.'®® Both reactions provide intact polymers with term-
inal unsaturation. The respective RCSSH products are unstable and
degrade further.

compounds or to judge crudely and quickly whether RAFT end
groups are still present following a polymerization or post-
polymerization modification reaction, or qualitatively monitor
the disappearance of thionolactones during TARO polymeriz-
ation.®* The much stronger n-n* transition lies in the UV range
with peaks around 1 = 300-310 nm for dithioester, trithiocar-
bonate, dithiocarbamate RAFT agents and is exploited for the
determination of number-average molecular weights (assum-
ing that all chains are terminated by RAFT agent end
groups),'® or to quantitatively monitor reactions of RAFT end
groups.'®’

Sufficiently strong UV irradiation can cause photolytic clea-
vage of a C-S bond, which can be exploited for photoinitiation
of RAFT reactions, in the absence of traditional radical
initiators."®®

In the realm on non-vinyl polymers, a conjugated thioqui-
nacridone-based polymer was presented as an efficient photo-
sensor for mercury ions. In its thiocarbonyl state, the polymer
was only weakly fluorescent and appeared dark green. Micro-
molar quantities of Hg?" cations catalysed the dethionation
toward the oxocarbonyl analogue which was bright red with
strong fluorescence originating from the quinacridone fluoro-
phore, see Scheme 33."%”

dark green

r R

l Hgy," (>1 ppb)

bright red

Scheme 33 Mercury-sensing conjugated polymer that changes colour
based on the catalysed dethionation of two thiocarbonyl groups.
Reproduced from ref. 187 with permission from the Royal Society of
Chemistry, copyright 2014.
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6. Outlook

Thiocarbonyl compounds have been exploited in polymer
science for over a century. But the recent increase of work in
several fields promises that more fascinating times lie ahead.
In particular, the reaction of dithiobenzoate RAFT end groups
with (homo)cysteine to produce hydrogen sulfide is a promis-
ing avenue to release and deliver this pharmaceutically impor-
tant small molecule. Increasing the control over macromolecu-
lar synthesis hinges mainly on achieving monomer sequence
control and the insertion of single monomer units.'®® For
RAFT, these goals require an excellent understanding of the
stability and behaviour of thiocarbonyl-derived radicals. The
reversibility of the thiocarbonyl Diels-Alder adducts is promis-
ing for the development of reversible RAFT agent protecting
groups that could survive a postpolymerization modification of
side groups. The radical ring-opening of thionolactones has
the advantage over conventional systems that the resulting
thioester backbone units can be cleaved selectively under mild
conditions. It is foreseeable that the TARO concept will be
expanded from thionolactones to other cyclic thiocarbonyl
monomers (cyclic xanthates, cyclic thionocarbonates) to
develop novel monomers compatible with all classes of vinyl
comonomers. The organo-catalytic ring-opening polymeriz-
ation of thionolactones can likewise be driven by the C=S —
C=O0 isomerization; its application to nature-derived 5-mem-
bered rings is promising for the development of sustainable
materials. Notably, the fact that the same thionolactone mono-
mers can undergo radical, cationic, anionic, and organo-cata-
lytic ring-opening polymerizations increases their potential for
future industrial significance.
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