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d selectivity guidelines for
sulfurated ring-opening copolymerisations†

Merlin R. Stühler,ab Marie Kreische,b Christoph Fornacon-Wood, a

Susanne M. Rupf, b Robert Langer c and Alex J. Plajer *ad

Sulfur-containing polymers, such as thioesters and thiocarbonates, offer sustainability advantages,

including enhanced degradability and chemical recyclability. However, their synthesis remains

underdeveloped compared to that of their oxygen-containing counterparts. Although catalytic ring-

opening copolymerization (ROCOP) can provide access to sulfur-containing polymers, these materials

often exhibit uncontrolled microstructures and unpredictable properties. A comprehensive model that

elucidates the factors determining selectivity in these catalytic reactions is still lacking, despite its central

importance for advancing these polymerizations into widely applicable methodologies. In this study, we

investigate the factors that lead to selectivity in sulfurated ROCOP across various monomer

combinations, including thioanhydrides or carbon disulfide with epoxides, thiiranes, and oxetanes. We

find that unwanted by-products primarily arise from backbiting reactions of catalyst-bound alkoxide

chain ends, which can be mitigated by (i) selecting monomers that form primary alkoxide of thiolate

chain ends, (ii) maximizing ring strain in the backbiting step, and (iii) timely termination of the

polymerization. By applying these strategies, the selectivity of the catalytic ROCOP can be controlled

and we successfully synthesized perfectly alternating poly(esters-alt-thioesters) from various oxetanes

and the highly industrially relevant ethylene oxide. Our study thereby shifts the focus for achieving

selectivity from catalyst to monomer choice providing valuable mechanistic insights for the development

of future selective polymerizations, paving the way for sulfurated polymers as potential alternatives to

current commodity materials.
Introduction

Ring-opening copolymerisation (ROCOP) of a strained hetero-
cycle with a heteroallene or cyclic anhydrides gives access to
a large variety of polymer microstructures that would not be
easily accessible otherwise.1 Having gained prominence as
a route to access a wide range of polyester from the ROCOP of
cyclic anhydride with epoxides or polycarbonate from the
ROCOP of CO2 with epoxides, this methodology recently
emerged to access sulfur containing polymers such as poly-
thiocarbonates and polythioesters.2–4 Such polymers have
gained increasing interest due to the circumstance that sulfur
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containing polymers can feature improved degrees of semi-
crystallinity, depolymerisability and enhanced optical proper-
ties compared to their all-oxygen analogues as well as unique
properties such as the ability to coordinate transition metals.5–24

In this respect, we have demonstrated that materials selectively
degrade at the sulfur-containing link or depolymerise more
effectively than their all oxygen analogues.25,26 Unfortunately,
ROCOPs of sulfurated substrates are oen plagued by side
reactions that lead to disordered polymer microstructures. The
degree of disorder is highly dependent on the specic reaction
conditions, which negatively impacts the thermal and
mechanical properties, such as the loss of semi-crystallinity due
to increased disorder. Additionally, the extent of this disorder
can be highly irreproducible between laboratories, further
limiting the utility and real-world impact of these materials.
Specically in the ROCOP of phthalic thioanhydride (PTA) and
epoxides, one would for example expect the formation of
poly(ester-alt-thioester) from alternating insertion of the two
monomers, yet diester as well as dithioester links are likewise
oen observed to form (Fig. 1).27–31 Due to its industrial rele-
vance propylene oxide is most commonly employed here as the
epoxide. Likewise, although one would expect that, for example,
CS2/epoxide ROCOP yields polydithiocarbonates featuring –O–
Chem. Sci., 2024, 15, 19029–19036 | 19029
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Fig. 1 Ring-opening copolymerisations (ROCOP) producing sulfur
containing polymers. * New data recorded in this report as part of
introductory studies.
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C(]S)–S– (OSS) links from alternating insertion of the mono-
mers, a distribution of different thiocarbonate links is obtained
for all epoxides investigated so far. This process scrambling the
oxygen and sulfur centres in the polymer chain has been termed
O/S scrambling and is also observed in many other sulfurated
ROCOPs.32–46 Curiously, the ROCOP of carbonyl sulde (COS) is
not affected by this process delivering alternating copolymers.47

Conicting hypotheses have been formulated leading to O/S
scrambling involving intermolecular attack of a random poly-
mer link by alkoxide chain ends, intramolecular attack of
alkoxide chain-ends into adjacent polymer links as well as the
intermediate formation of small-molecule intermediates.27,44,48

Most importantly though none of these hypotheses explain
when to expect and how to avoid O/S scrambling. Developing
such guidelines, however, is of central importance for
advancing these polymerisations into useful and widely appli-
cable methodologies.

Considering the combined literature when scrambling is
most pronounced, however, suggest that such rules exist. All of
the most performant catalyst classes commonly employed in
ROCOP (bicomponent metal catalyst Cat. 1, bimetallic metal
catalyst Cat. 2 and bicomponent borane catalyst Cat. 3 in Fig. 1)
are unselective in CS2/epoxide ROCOP with all epoxides inves-
tigated so far. In PTA/epoxide ROCOP, bicomponent catalysis
with either Cat. 1 or Cat. 3 produces linkage-scrambled prod-
ucts with propylene oxide; heterobimetallic catalysis (i.e., Cat. 2)
remains to be explored. When moving from epoxides to oxe-
tane, the four membered analogue of ethylene oxide, PTA/
Oxetane catalysed by Cat. 3 results in perfectly alternating
ROCOP, while both Cat. 2 and Cat. 3 catalyse CS2/Oxetane
ROCOP near perfectly; Cat. 1 yields scrambled products.25,26,48,49

Taken together, these results lead us to hypothesize that moving
19030 | Chem. Sci., 2024, 15, 19029–19036
from epoxides to oxetane may result in a catalyst-independent
improvement in selectivity. This suggests that certain
substrates are intrinsically more suited for sulfurated ROCOP,
resulting in high selectivity regardless of the catalyst employed.
However, this remains to be understood, as it is unclear if or
how the nature of the propagating chain and the differences in
associated ring-strain energies when moving to four-membered
rings inuence selectivity. Similar observations were made for
elementary steps in catalytic reactions, such as cross coupling
reactions, where the nature of the substrate mostly determines
the dominating reaction pathway.50,51

In order to conrm this notion, we conducted introductory
experiments (see ESI Section S2†) leading into the current study
(Fig. 1 highlighted with *) as some common catalysts remained
to be explored in the copolymerisation of PTA and oxetane.
Hence, PTA/oxetane ROCOP was investigated with Cat. 1 and
Cat. 3. These runs were conducted at 80 °C and with a loading of
1 eq. Cat.: 1000 eq. PTA: 1000 eq. OX to also allow for compar-
ison of these results with literature-known copolymerisations
and those conducted later in this study.26 Cat. 1 results in 20%
turnover aer 45 min producing a polymer with Mn = 24.5 kDa
(Đ = 1.2) and Cat. 3 results in 31% turnover aer 7 h producing
a polymer with Mn = 45.9 kDa (Đ = 1.3). Both polymers are
perfectly alternating poly(esters-alt-thioesters) with no signs of
scrambled links. This observation conrms our hypothesis that
oxetane is intrinsically robust to O/S scrambling side reactions
with PTA, as the same catalysts result in scrambled polymers
with propylene oxide.

Motivated by the notion that the nature of the monomer,
rather than the choice of catalyst, appears to determine ROCOP
selectivity, we then proceeded to conduct a combined experi-
mental and computational study on various ROCOPs involving
epoxides, oxetanes, PTA and CS2 with Cat. 2 as a catalyst to
understand how selectivity depends on monomer choice. We
chose LCrK to proceed with, as multimetallic catalysts have
been shown to function via well-dened mechanisms in which
each metal takes on a distinct role, making these particularly
suited for computational investigations.

Results and discussion
Quantifying substituent effects in O/S scrambling

As many epoxides are commercially available, we hypothesised
that their exploration in copolymerisations with PTA employing
Cat. 2 as a catalyst could shed light on the scrambling process.
As shown in Fig. 2(a), PTA/epoxide ROCOP leads in rst
instance to alternating ester-alt-thioester motifs, while the O/S
scrambling reactions give rise to diester as well as dithioester
links. Consequently, the quaternary carbonyl region (150–200
ppm) of the 13C NMR spectrum shows two signals (Fig. 2(c)) if
alternating ROCOP occurs and additional signals if side reac-
tions occur. Therefore, we used this region, and in particular
integration of the respective signals, as an experimental handle
to obtain insight into the polymer microstructure and scram-
bling process. To ensure quantitative interpretability of the 13C
NMR data, we determined the spin-lattice relaxation times of
each of the signals (T1 = 1.29–1.51 s, see Table S1†) and chose
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Alternating PTA/epoxide propagation, leading to ester-alt-thioester links. (b) PTA/epoxide scope explored in this study and observed
scrambling behaviour. (c) Comparison of the carbonyl region of the 13C NMR spectrum (CDCl3, 126 MHz) of the copolymers obtained from PTA/
DMO, PTA/PO and PTA/EO ROCOP. (d) O/S scrambling pathways producing dithioester and diester links started by an intramolecular attack of an
alkoxide intermediate into a thioester link and (e) intermolecular variant. [C] denotes catalyst, Rn denotes polymer chain.
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scan times of 2 s, at which all full relaxation occurred for each of
the resonances. This allows for the analysis of the microstruc-
ture by relative integration of the 13C resonances to quantify the
precise amount of scrambling that occurs in the copoly-
merisation reaction.

Employing LCrK (Cat. 2) in PTA/epoxide ROCOP at 80 °C and
a loading of 1 eq. Cat. 2: 1000 eq. epoxide: 1000 eq. PTA, results
in quantitative polymer formation (Mn= 6.7–40.8 kg mol−1, Đ=

1.3–1.6) with a starkly variable degree of O/S scrambling sum-
marised in Table 1 and ESI Section S3.† Moving from ethylene
oxide (EO, run #1) to the mono- (PO, run #2) and to the 1,2-
dimethylsubstituted (DMO, run #3) derivative, leads to a pro-
gressing increase of scrambling from 100% alternating ester-
alt-thioester links for EO to 67% for PO to 28% for DMO. Not
only does the percentage of alternating ester-alt-thioester links
in the polymer decrease, but the proportion of overall ester to
thioester links shi from a 1 : 1 for PTA/EO and PTA/PO ROCOP
to a 1 : 4 ratio for PTA/DMO ROCOP. Clearly, deviation from the
1 : 1 ratio is a further measure, to which degree scrambling
occurs. The number of substituents is more important than
© 2024 The Author(s). Published by the Royal Society of Chemistry
their nature, as the monosubstituted epoxide SO, EGE and FPO
(runs #6, #7, #8) featuring substituents with electron-rich and
poor substituents of different steric demands show only slight
deviations from the 1 : 1 ester : thioester ratio, which is
substantially more selective than for DMO. Furthermore, for SO
and TFPO, stereoselectivity is lost, preventing identication of
the proportion of alternating ester-alt-thioester links. Remain-
ing at 1,2 disubstituted but now alicyclic epoxides, CHO (run #4)
and CPO (run #5) an increase in selectivity compared to DMO is
observed. CHO leads to a 1.4 : 1 ester : thioester ratio in 56%
ester-alt-thioester selectivity and CPO yields a copolymer with
a 1 : 1 ester : thioester ratio >95% ester-alt-thioester selectivity.‡

It should be noted that no clear correlation between
conversion and reached molecular mass could be established
and hence, these result must not be overinterpreted. We attri-
bute this to varying amounts of protic impurities in the different
epoxide monomers, potentially remaining even aer
purication.2
Chem. Sci., 2024, 15, 19029–19036 | 19031
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Table 1 LCrK catalysed (Cat 2) PTA/epoxide ROCOPa

Run Epoxide t [h] Conversionb [%] Alternationc [%] Ester : thioesterd Mn,app
e [kDa], (Đ)

#0g OX 2.3 99 100 1 : 1 52.1 (1.4)
#1 EO 27 94 100 1 : 1 33.0 (1.4)
#2 PO 2 68 67 1 : 1 17.1 (1.4)
#3 DMO 180 55 28 1 : 4 6.9 (1.4)
#4 CHO 38 26 56 1 : 1.3 6.7 (1.4)
#5 CPO 38 41 95 1 : 1 10.7 (1.4)
#6 SO 17 24 n.d.f 1 : 1.2 8.4 (1.5)
#7 EGE 9 70 61 1 : 1.1 11.0 (1.3)
#8 FPO 0.1 80 n.d.f 1 : 1.2 40.8 (1.6)

a ROCOP conducted at 80 °C with 1 eq. LCrK (cat. 2): 1000 eq. epoxide: 1000 eq. PTA. T = 80 °C. b PTA conversion calculated by comparing the
relative integrals in the normalised 1H NMR spectrum (CDCl3, 400 MHz) of aromatic resonances due to polymer versus unconsumed PTA.
c Relative integrals in the 13C NMR spectrum (CDCl3, 126 MHz) from carbonyl resonances due to alternating ester-alt-thioester links compared
to other carbonyl resonances. d Relative ratio of the integrals in the 13C NMR spectrum (CDCl3, 126 MHz) from ester to thioester carbonyl
resonances. e Determined by GPC (gel permeation chromatography) measurements conducted in THF, using narrow MW polystyrene standards
to calibrate the instrument. f Not determined due to complexity of the spectrum from regio-unselective epoxide ring-opening. g Reported in our
previous work ref. 26.

Fig. 3 (a) PTA/PS coupling resulting in dithio-orthoester (DTO)
formation; conditions analogous to Table 1. (b) Proposed mechanism
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Intra- versus intermolecular scrambling

Considering the hypothesis outlined in the introduction, that
linkage selectivity might be tied to comonomer choice, we
wondered whether the PTA/epoxide selectivity observed in Table
1 can also be understood in this context. Looking at previous
investigations,27,44,48 side reactions in which catalyst bound
alkoxide chain-ends A react with thioester links, rather than
with PTA in the case of selective propagation, forming an ester
link and a catalyst bound thiolate T are essential the O/S
scrambling reaction (see Fig. 2(d) and (e)). This series of steps
effectively exchanges the oxygen atom at the alkoxide chain end
with a sulfur atom of a thioester link, and it is termed O/S
exchange. Yet, in order to answer the question under which
circumstances O/S scrambling is likely to arise, it is pertinent to
understand whether this O/S exchange occurs in an intra-
molecular fashion at the propagating chain end, also known as
backbiting (Fig. 2(d)), or between a propagating chain end and
a random link (Fig. 2(e)) in an intermolecular fashion. With
respect to the deviation from the 1 : 1 ester : thioester ratio, this
can be rationalised as shown in Fig. 2(d). Here, a secondary
cycle occurs in which catalyst bound thiolate chain ends T
eliminate thiiranes to form catalyst bound carboxylate chain
ends, which then propagate. However the key O/S exchange step
must occur rst.44

Direct evidence for the existence of the backbiting pathway
(Fig. 2(d) in the ROCOP of PTA was obtained by its ROCOP with
propylene sulde (PS), the sulfur homologue of PO (ESI Section
S4†). In contrast to the ROCOP of PTA/PO, the combination of
PTA and PS results in rapid solidication of the reaction
mixture, forming a crystalline solid. No polymeric product
could be identied to form by GPC analysis. Single crystal XRD
analysis of the product reveals formation of a cyclic dithio
orthoanhydride as shown in Fig. 3(a). Its formation can be
rationalised by a backbiting pathway outlined in Fig. 3(b)
forming a cyclic intermediate which continues to react under
elimination of a catalyst bound thiolate and generation of the
spirocyclic product. In fact, the spirocycle represents a trapped
19032 | Chem. Sci., 2024, 15, 19029–19036
form of intermediate formed by backbiting. These ndings
provide direct crystallographic evidence for a pathway involving
backbiting of thiolate chain-ends to adjacent thioester links, as
depicted in Fig. 2(d). With the unsubstituted variant of
propylene sulde, ethylene sulde (ES), this pathway is dis-
favoured and polymer formation is observed rather than
exclusive small molecule formation. PTA/ethylene sulde (ES)
ROCOP yields polythioester in 60% yield (Mn= 8.7 kDa, Đ= 1.7)
under conditions analogous to Table 1.

Consequently, we focused our attention to the backbiting
pathway shown in Fig. 2(d), which involves formation of a cyclic
intermediate I, to rationalise the observed O/S scrambling listed
in Table 1. Hence, for the formation of I, substituent effects
of formation. (c) PTA/ES ROCOP resulting in poly(thioester) formation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Model alkoxide intermediate comparing intermolecular
propagation with PTA in pathway (i) with backbiting in pathway (ii). R =

H (for EO), Me (for DMO), –C3H6– (for CPO). (b) Comparison of
backbiting energies in pathway (b).

Table 2 LCrK (Cat. 2) catalysed PTA ROCOP with 3-Me/3-R-
substituted oxetanesa

Runb R t [h] Conv.a [%] Alt.c [%] Mn
d [kDa] (Đ)

#1 Me 19 99 99 11.4 (1.2)
#2 CH2OEt 60 75 99 28.4 (2.2)
#3* CH2OBn 72 80 97 9.8 (1.2)
#4 CH2OAllyl 220 60 99 16.2 (1.6)

a ROCOP conducted at 80 °C or *120 °C with 1 eq. LCrK: 1000 eq. 3-
Me,30-R-Oxetane: 1000 eq. PTA. b Conversion calculated by comparing
the relative integrals in the normalised 1H NMR spectrum (CDCl3, 400
MHz) of aromatic resonances due to polymer versus unconsumed PTA.
c Relative integrals in the 13C NMR spectrum (CDCl3, 126 MHz) from
carbonyl resonances due to alternating ester-alt-thioester links
compared to other carbonyl resonances. d Determined by GPC (gel
permeation chromatography) measurements conducted in THF, using
narrow MW polystyrene standards to calibrate the instrument.
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must be considered in light of their tendency to induce cycli-
sation via backbiting. Therefore, we turned to quantum chem-
ical investigations, using density functional theory (DFT) on
B97D3/def2-TZVPP level of theory to initially investigate back-
biting by alkoxides sitting adjacent to a thioester link (see Fig. 4
and ESI Section S6†). We focused on intermediates from the
ROCOP of EO, CPO and DMO with PTA as these monomer
combinations yield the least and most heavily scrambled poly-
mers respectively. The assumed structure of the alkoxide
intermediate in which the chain end is coordinated in proximity
to the incoming PTA monomer was chosen in reference to
related heteroallene copolymerisations of bimetallic catalysts.44

The transition state for backbiting (pathway (ii) in Fig. 4) was
calculated to be signicantly higher in Gibbs energy (DG‡ =

+149.7 kJ mol−1) for CPO than for DMO (DG‡ = +126.6 kJ mol−1)
and EO (DG‡ = +108.1 kJ mol−1). The high barrier for back
biting in case of CPO is in line with a small degree of scram-
bling, whereas the methyl-substituted oxirane DMO gives rise to
a smaller barrier and a high degree of scrambling. The high
Gibbs energy of the transition state for CPO can be understood
due to the formation of a bicyclic intermediate I, meaning that
increasing strain in the backbiting step is a strategy to reduce O/
S scrambling. This also provides a potential explanation why
DMO results in more scrambling than monosubstituted epox-
ides, as backbiting for DMO could be more favoured by angular
compression effects.52

However, as EO has the lowest barrier for backbiting, but
yields perfectly alternating polymer with PTA, another effect
must be considered. When comparing the thermodynamics of
propagation, i.e. PTA insertion, versus backbiting for all studied
epoxides (EO, DMO and CPO), all reaction steps of the model
alkoxide were found to be uphill in Gibbs energy, indicating
that aer an initial and exergonic epoxide opening the resulting
alkoxide intermediate may be a resting state. In line with the
absence of scrambling in case of EO, the ring-opening of PTA in
pathway (i) is thermodynamically favoured for EO (DDG =

−9.7 kJ mol−1) with respect to the backbiting in pathway (ii),
whereas for DMO (DDG = +4.5 kJ mol−1) and CPO (DDG =

+9.8 kJ mol−1) the backbiting pathway (ii) is thermodynamically
more favourable. We infer that this is a consequence of the fact
that EO ring-opening forms primary alkoxide chain ends rather
than secondary alkoxide chain as is the case for DMO and CPO
(as well as for monosubstituted epoxide aer ring-opening at
the CH2 position), favouring propagation thermodynamically
© 2024 The Author(s). Published by the Royal Society of Chemistry
versus backbiting. Hence, a decrease in steric hindrance at the
alkoxide chain end appears to favor nucleophilic attack during
propagation more than it affects the one associated with
backbiting.

Weighing selectivity determining factors

Taken together the formation of primary alkoxide intermediates
is key to avoid O/S scrambling even if the backbiting step is
kinetically available. To test this hypothesis, we employed
a variety of 3,30-geminally disubstituted oxetanes in ROCOP
with PTA (see ESI Section S5†). For these, cyclisation via back-
biting should be favoured, as angular compression effects in
cyclisation reaction are most pronounced for geminal dis-
ubstitution. Furthermore, backbiting in the case of alkoxide
intermediates originating from oxetane ring-opening would
form six-membered cyclic intermediates rather than ve-
membered cyclic intermediates I as for epoxides. The former
should be less strained and hence be more favoured to form
leading to O/S scrambling. However, ring-opening of the
investigated oxetanes though also results in the formation of
primary alkoxides, which, according to our mode developed for
epoxides, should overwrite the effects on cyclisation and lead to
little O/S scrambling. Indeed, as can be seen in Table 2 and
Fig. 5, an excellent linkage selectivity is obtained in quantitative
polymer selectivity (Mn = 9.8–28.4 kg mol−1, Đ = 1.2–2.2) for
every monomer investigated, conrming our model that
primary alkoxide formation is most important to avoid O/S
scrambling. Thereby, access to a variety of ester-alt-thioesters
with even functional unsaturated substituents is achieved.§

On the occurrence of intermolecular scrambling

The fact that backbiting processes at the polymer chain end
dominate the selectivity of the ROCOP process does, however,
not completely exclude the possibility of the occurrence of
intermolecular scrambling, as per Fig. 2(e). We investigated the
change of the polymer microstructure once propagation ceases
due to full monomer consumption (ESI Section S8†) as here all
scrambling, as per Fig. 2(d), must have been nished. There-
fore, we performed both PTA/PO and CS2/PO ROCOP with the
Chem. Sci., 2024, 15, 19029–19036 | 19033
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Fig. 5 Controlled PTA ROCOP with various 3,30-geminally substituted oxetanes, revealing the importance of primary alkoxide formation. Zoom
into the 13C NMR spectrum (CDCl3) of the PTA/3,30-dimethyloxetane ROCOP product.
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commercial SalCyCrCl/PPNCl catalyst pair (Cat. 1; being most
prone to scramble) well past full monomer conversion of one of
the comonomers. Continuation of PTA/PO ROCOP (Fig. 6(a))
past the consumption of all PTA (bottom) leads to the clear
emergence of diester links and this can be explained by
scrambling reactions following thiirane elimination (Fig. 2).
Continuing CS2/PO ROCOP past full PO consumption (Fig. 6(b))
leads to a continuation of the scrambling process, decreasing
polymer signals and the formation of cyclic trithiocarbonate. At
the end of the experiments the polymer exhibits a higher
proportion of all-oxygen carbonate links than during propaga-
tion and the initially formed unscrambled dithiocarbonate
links almost entirely disappeared. Clearly, linkage scrambling
Fig. 6 Zoom into the 1H NMR spectra (CDCl3) of the crude reactionmixtu
2000 PO: at 80 °C as well as (b) CS2/PO ROCOP performed at 1 SalCyCrC
PTA/OX ROCOP performed at 1 SalCyCrCl: 1 PPNCl: 1000 PTA: 2000 O
PPNCl: 1000 OX: 2000 CS2 at 50 °C at different reaction stages.

19034 | Chem. Sci., 2024, 15, 19029–19036
occurred once propagation ceased, leading to an oxygen
enriched polymer via thiirane elimination pathways. The so
produced thiirane then couples with residual CS2 explaining the
formation of cyclic trithiocarbonate. A similar situation is
observed for CS2/OX ROCOP (Fig. 6(d)). While the unscrambled
OSS link is most dominant before full OX conversion, the
oxygen enriched OOS link becomes most pronounced when the
reaction is continued past full OX conversion. Furthermore, six-
membered cyclic trithiocarbonate forms, which can be ratio-
nalized by some of the polymer being depolymerised to thie-
tane, which is then coupled with CS2 yielding the heterocycle.
The situation is different for PTA/OX ROCOP as here no
scrambling occurs upon continuation of the reaction past full
re of (a) PTA/PO ROCOP performed at 1 SalCyCrCl: 1 PPNCl: 1000 PTA:
l: 1 PPNCl: 2000 CS2: 1000 PO: at 50 °C at different reaction stages. (c)
X: at 80 °C as well as (d) CS2/OX ROCOP performed at 1 SalCyCrCl: 1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PTA conversion. The perfectly alternating poly(ester-alt-thio-
ester) sequence is maintained 1 week aer full OX conversion,
and this suggests that these copolymers seem intrinsically more
robust against scrambling even through intermolecular path-
ways. Yet, the underlying reasons for this are unclear at the
current stage and require further investigation. Combined
above results imply that some care must been taken when
assessing the selectivity of new sulfurated ROCOP catalysts as
the time at which the reaction is stopped can drastically inu-
ence the observed selectivity and this is most important for CS2
copolymerisations.
Conclusion

In summary, through the exploration of a series of new mono-
mer combinations in heterobimetallic ROCOP, we have devel-
oped a comprehensive mechanistic understanding of the
factors governing linkage selectivity in the ROCOP of sulfur-
containing monomers, independent of the catalyst employed.
This has led to the identication of general guidelines to control
scrambling side reactions and maximize the selectivity of sulf-
urated ROCOP:

(i) Avoid scrambling by selecting monomers that lead to
primary alkoxide or thiolate formation upon ring opening.

(ii) Reduce scrambling by choosing bicyclic monomers.
(iii) Minimize scrambling by terminating the reaction before

full monomer consumption.
By following these guidelines, we achieved the highly selec-

tive synthesis of a series of new poly(thioesters). In a more
general sense, we demonstrated that the optimisation of cata-
lyst independent parameters rather than catalyst optimisation
can be a successful strategy to establish selective catalytic
processes. Our ndings, hence, provide valuable guidance for
designing selective polymerization strategies, advancing the
development of new sulfur-containing polymers as potential
substitutes for current commodity materials.
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12 L. J. Dodd, Ö. Omar, X. Wu and T. Hasell, ACS Catal., 2021,
11, 4441–4455.

13 P. Yuan, Y. Sun, X. Xu, Y. Luo and M. Hong, Nat. Chem.,
2021, 1–10.

14 K.-S. Kang, A. Phan, C. Olikagu, T. Lee, D. A. Loy, M. Kwon,
H. Paik, S. J. Hong, J. Bang, W. O. Parker Jr, M. Sciarra,
A. R. de Angelis and J. Pyun, Angew. Chem., Int. Ed., 2021,
60, 22900–22907.

15 J. M. Scheiger, M. Hoffmann, P. Falkenstein, Z. Wang,
M. Rutschmann, V. W. Scheiger, A. Grimm, K. Urbschat,
T. Sengpiel, J. Matysik, M. Wilhelm, P. A. Levkin and
P. Theato, Angew. Chem., Int. Ed., 2022, 61, e202114896.

16 P. Yan, W. Zhao, F. McBride, D. Cai, J. Dale, V. Hanna and
T. Hasell, Nat. Commun., 2022, 13, 4824.
Chem. Sci., 2024, 15, 19029–19036 | 19035

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05858e


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 1
1:

17
:3

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
17 T. Sehn, B. Huber, J. Fanelli and H. Mutlu, Polym. Chem.,
2022, 13, 5965–5973.

18 C. Hardy, G. Kociok-Köhn and A. Buchard, Chem. Commun.,
2022, 58, 5463–5466.

19 J. Jia, J. Liu, Z.-Q. Wang, T. Liu, P. Yan, X.-Q. Gong, C. Zhao,
L. Chen, C. Miao, W. Zhao, S. (Diana) Cai, X.-C. Wang,
A. I. Cooper, X. Wu, T. Hasell and Z.-J. Quan, Nat. Chem.,
2022, 14, 1249–1257.

20 X.-F. Zhu, G.-W. Yang, R. Xie and G.-P. Wu, Angew. Chem.,
Int. Ed., 2022, 61, e202115189.

21 T. Lee, P. T. Dirlam, J. T. Njardarson, R. S. Glass and J. Pyun,
J. Am. Chem. Soc., 2022, 144, 5–22.

22 Y.-L. Su, L. Yue, H. Tran, M. Xu, A. Engler, R. Ramprasad,
H. J. Qi and W. R. Gutekunst, J. Am. Chem. Soc., 2022, 144,
5–22.

23 Y. Zhu, M. Li, Y. Wang, X. Wang and Y. Tao, Angew. Chem.,
Int. Ed., 2023, 62, e202302898.

24 A. W. Woodhouse, A. Kocaarslan, J. A. Garden and H. Mutlu,
Macromol. Rapid Commun., 2024, (45), 2400260.

25 C. Fornacon-Wood, B. R. Manjunatha, M. R. Stühler,
C. Gallizioli, C. Müller, P. Pröhm and A. J. Plajer, Nat.
Commun., 2023, 14, 4525.

26 C. Fornacon-Wood, M. R. Stühler, C. Gallizioli,
B. R. Manjunatha, V. Wachtendorf, B. Schartel and
A. J. Plajer, Chem. Commun., 2023, 59, 11353–11356.

27 L.-Y. Wang, G.-G. Gu, T.-J. Yue, W.-M. Ren and X.-B. Lu,
Macromolecules, 2019, 52, 2439–2445.

28 L.-Y. Wang, G.-G. Gu, B.-H. Ren, T.-J. Yue, X.-B. Lu and
W.-M. Ren, ACS Catal., 2020, 10, 6635–6644.

29 X.-L. Chen, B. Wang, D.-P. Song, L. Pan and Y.-S. Li,
Macromolecules, 2022, 55, 1153–1164.

30 M. R. Stühler, C. Gallizioli, S. M. Rupf and A. J. Plajer, Polym.
Chem., 2023, 14, 4848–4855.

31 T.-J. Yue, L.-Y. Wang, W.-M. Ren and X.-B. Lu, Eur. Polym. J.,
2023, 190, 111985.

32 N. Adachi, Y. Kida and K. Shikata, J. Polym. Sci., Part A:
Polym. Chem., 1977, 15, 937–944.

33 X.-H. Zhang, F. Liu, X.-K. Sun, S. Chen, B.-Y. Du, G.-R. Qi and
K. M. Wan, Macromolecules, 2008, 41, 1587–1590.
19036 | Chem. Sci., 2024, 15, 19029–19036
34 D. J. Darensbourg, J. R. Andreatta, M. J. Jungman and
J. H. Reibenspies, Dalton Trans., 2009, 8891–8899.

35 D. J. Darensbourg, S. J. Wilson and A. D. Yeung,
Macromolecules, 2013, 46, 8102–8110.
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