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Cyclic thiocarbonates are the sulfur containing analogues of the well-studied cyclic carbonates and are
relatively poorly explored despite their potential applications and intriguing reactivities. To date, appli-
cation of these organosulfur compounds has included their use as monomers for polythiocarbonate syn-
thesis (their ring-opening is more readily achieved and more selective than the corresponding cyclic car-
bonates) and as reactive intermediates for the preparation of a range of higher-value sulfur containing
compounds. Despite these uses, the synthesis of these compounds is far less explored and developed
than their non-sulfur analogues. Here, we provide an overview of the state-of-the-art, both recent and
historical, for the synthesis of a range of cyclic mono-, di- and tri-thiocarbonates (both five and six-mem-
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1. Introduction

The development of routes for the preparation of heterocyclic
compounds is of significant interest to the synthetic chemistry
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bered rings), with selected examples of their reported applications also highlighted.

community. This is predominately due to their prevalence in
active pharmaceutical and agrochemical molecules, and also
their potential for use as monomers in polymer synthesis,
amongst many other applications. Organosulfur compounds
are key molecules in both biology and many fields of chem-
istry. Whilst nature relies on a host of organosulfur com-
pounds for essential conversions, they are also attracting
increasing attention in chemistry for a range of applications.
For example, many researchers are now focusing on their use
as components in rechargeable lithium batteries due to their
unique properties." As a result, it is clear that synthesis of
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novel, and improved access to known, organosulfur com-
pounds could have significant impact on many fields of
chemistry.

Cyclic thiocarbonates, analogues of the well-known cyclic
carbonates, are heterocycles which are typically five- or six-
membered rings containing an incorporated carbonate func-
tionality whereby one, or more, of the oxygen atoms has been
replaced with a sulfur atom (Fig. 1, top and middle). Despite
their widespread potential applications, they remain remark-
ably less well studied compared to the analogous cyclic car-
bonates. This difference in attention most likely results from
the discovery that the traditional method for preparing cyclic
carbonates from diols and toxic phosgene (Fig. 1, bottom, left)
could be replaced by an atom-efficient reaction between an
epoxide and carbon dioxide (CO,) (Fig. 1, bottom, right). This
latter and more attractive process is usually carried out in the
presence of a catalyst and to date a large number of com-
pounds have been studied as catalysts for this conversion,
both metal and organocatalysts.” However, the field of cyclic
thiocarbonate synthesis has been somewhat left behind,
despite the interesting potential of these compounds.

It should be noted that the synthesis of some cyclic thiocar-
bonates can be achieved using carbon disulfide (CS,). This is a
toxic compound, mainly produced during the manufacture of
viscose fibres and cellophane films.> Having a relatively low
boiling point of 46 °C, it is often inadvertently released into
the atmosphere during these manufacturing processes,
whereby it is converted into COS and SO, which have well
known negative environmental impacts. As a result, just like
CO,, should these emitted CS, gases have value/application, it
would most likely result in an increased interest in their
capture.

Several cyclic thiocarbonate analogues can be prepared;
those including one sulfur atom (cyclic monothiocarbonates),
two sulfur atoms (cyclic dithiocarbonates), and also those con-
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Structures of 5-membered cyclic thiocarbonate analogues
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Fig. 1 Top: structures of 5-membered cyclic thiocarbonates. Middle:
structures of 6-membered cyclic thiocarbonates. Bottom: methods for
synthesis of related cyclic carbonates. Note: numbers in parenthesis
indicate the sections of this review where the compound is discussed.

taining three sulfur atoms (cyclic trithiocarbonates).
Obviously, this diversity has led to the requirement for the
development of a wide range of protocols for their synthesis
and herein within this review, we will attempt to provide an
overview of the state-of-the-art concerning the synthesis and
applications of the whole cyclic thiocarbonate family of com-
pounds (Fig. 1, top and middle).
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As has been mentioned above, cyclic thiocarbonates have
been applied as monomers in Ring-Opening Polymerisation
(ROP). Very recently, in 2023, Buchard and co-workers have sys-
tematically exchanged oxygen atoms for sulfur atoms in cyclic
carbonates and studied its effect.’ The authors analysed a
series of novel cyclic carbonate and thiocarbonate monomers
derived from carbohydrate derivative p-glucal, in which the
number and position of the sulfur atoms in the 6-membered
ring was varied. All the monomers could be readily converted
to the corresponding poly(thio)carbonate polymers, however,
the different monomers presented distinct rates of polymeris-
ation, arising from the differences in ring strain of the hetero-
cycle. Introducing a sulfur atom inside the ring decreased the
ring strain and leads to a decrease in the rate of polymeris-
ation. It should be noted that as a result of the incorporation
of sulfur into the polymer, the degradability of the linkages
under UV light was improved, while physical properties, such
as glass transition temperature and thermal degradation were
decreased. These results clearly demonstrate both important
reactivity and property differences between cyclic carbonates
and cyclic thiocarbonates and their polymeric products.

In the following sections, methods for the synthesis of the
cyclic thiocarbonate compounds will be presented, along with
the mention of selected applications and interesting synthetic
conversions that can be readily achieved when using them as
chemical intermediates.

2. Cyclic monothiocarbonates

The first part of the review presents routes to the synthesis of
cyclic thiocarbonates (both five- and six-membered; see Fig. 1)
which contain a single S-atom and highlights some selected
synthetic applications of these compounds.

2.1. Synthesis and applications of 1,3-dioxolane-2-thione

Early reports of the synthesis of 1,3-dioxolane-2-thione came
in the early 1960’s from a publication by Corey/Winter.” In this
work, the authors presented two distinct approaches for the
synthesis of the cyclic thiocarbonate (Fig. 2a). The first
approach involved the reaction of diols with 1,1’-thiocarbonyl-
diimidazole (TCDI), which was inspired by the previous work
of Staab/Walther, published the previous year, using other
alcohols and phenols.® The second approach proceeded
through the reaction of a diol, first with CS,, and thereafter
with "BuLi and Mel. Complete conversions were reported for
the first route, but it was disclosed that the second route only
provided a modest 50% yield. Despite being an early example
of the synthesis of 1,3-dioxolane-2-thiones, the paper was actu-
ally focused on the conversion of these cyclic thiocarbonate to
olefins through the reaction with trimethyl phosphite. In this
context it is important to note that the original stereochemistry
of the starting diol is presented in both the cyclic thiocarbo-
nate and the final olefinic product.

Beyond the use of simple diols there has been application
of various non-conventional precursors. In this context, in

This journal is © The Royal Society of Chemistry 2023
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Synthesis of 1,3-dioxolane-2-thiones from diols
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Fig. 2 (a) Seminal synthesis from diols using two different approaches.
(b) Reaction of tin dialkoxides with CS,. (c) Preparation through the reac-
tion of germylated dioxolanes with thiophosgene.

1970, Sakai and co-workers demonstrated that the reaction
between linear tin dialkoxides and CS, could also furnish the
1,3-dioxolane-2-thione products. In this work selectivity
towards the cyclic thiocarbonate or a spirocyclic product was
heavily dependent on the nature of the connecting R-group
(Fig. 2b).” Interestingly, in subsequent work the same research
group showed that linear tin alkoxides could also afford the
cyclic thiocarbonate. Meanwhile, cyclic dibutyltin dialkoxide
starting materials resulted in the spiro-orthocarbonates, with
no formation of the desired product.® Later, Dousse and co-
workers reported another synthesis involving the reaction of
germane compounds and thionyl chloride (SOCl,; Fig. 2¢).>*°
The reaction proceeds from germylated dioxolanes, which
readily undergo oxygen/chlorine exchange under mild con-
ditions (0 to 20 °C) in benzene or pentane.

Returning to the use of diols, in 1969 Jones reported a syn-
thesis whereby a diol and thiophosgene were reacted together
in the presence of K,CO; as base (Fig. 3a(i))."* The optimal
method was reported to be addition of ethylene glycol to a
boiling mixture of thiophosgene, dichloromethane and K,CO3.
However, this procedure only furnished a relatively low yield of
33%. The compound was observed to be thermally unstable,
decomposing appreciably at 100 °C, possibly explaining the
low yield obtained. The cyclic thiocarbonate product was
found to be reactive towards acids, bases and moisture.
Interestingly, in terms of stability, it was found that halide
ions isomerised the compound to form the more stable 1,3-
oxathiolan-2-one. These highly reactive compounds were also
found to undergo a range of synthetic conversions for upgrad-

Org. Biomol. Chem., 2023, 21, 3733-3755 | 3735
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Fig. 3 (a) Distinct synthetic approaches to the conversion of diols to
form 1,3-dioxolane-2-thiones. (b) Examples of general-type conver-
sions. (c) Cyclic thiocarbonate derivative as a key reaction intermediate
for formation of glycofuranosyl azides and nucleosides. (d) Use of dicyc-
lic thiocarbonates as monomers for non-isocyanate polythiourethane
(NIPTU) synthesis. (e) Ring-Opening Polymerisation (ROP) of a functio-
nalised 1,3-dioxolane-2-thione.

solvent:
CH4Cl,, PhCI

Endo (2001)

ing to potentially useful compounds (Fig. 3b); reaction with
alkyl halides allowed access to a range of unsymmetrical
B-haloethyl thiolcarbonates. However, this conversion failed
with unreactive halides like tert-butyl bromide (resulting in
undesired polymerisation products). ROP was achieved under
strongly acidic conditions (trifluoroacetic acid, TFA) at 25 °C,
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where notably the polymers obtained were found to be
unstable above 200 °C. Finally, reaction with PPh; at 60 °C pro-
duced CO, and ethylene as decomposition products, a similar
result to that observed earlier by Corey/Winter using trimethyl
phosphite.?

Sometime later, in the mid 1980’s, Kim and co-workers
described the use of 1,1'-thiocarbonyldi-2(1H)-pyridone as
reagent, which could be conveniently obtained directly from a
rearrangement of di-2-pyridyl thionocarbonate after refluxing
for 12 hours in toluene (Fig. 3a(ii)).">"® With this novel
reagent, cyclic thiocarbonates could be prepared, amongst
other compounds like nitriles, carbodiimides and isothiocya-
nates. Starting from diols in refluxing toluene, the dipyridone
acted as a thiocarbonyl transfer agent and afforded the desired
products in excellent yields (89-93%). Some limitations were
observed however, whereby the protocol gave good yields for
monomethyl and monoaryl diols, however, this approach
failed for tetramethylated diols. In some cases (R = Me, Ph),
the addition of 0.1 equiv. of DMAP and changing solvent to di-
chloromethane at room temperature resulted in improved
yields. This method provided significantly improved results
and under much shorter reaction times compared to the use
of thiophosgene reported by Jones (33% vs. 93%, respectively).

Since the 1980’s the field has returned to relative dormancy.
However, very recently, Qaroush and co-workers reported on
the application of the Mukaiyama reagent (2-chloro-1-methyl-
pyridinium iodide; CMPI) and triethylamine to produce 1,3-
dioxolane-2-thiones from diols (Fig. 3a(iii))."* This reaction
was achieved at room temperature using CS, as the S-source.
The work was related to the results in the report by Massi/
Dondoni and co-worker who previously reacted CS, with
monofunctionalised amines in the presence of Et;N and CMPI
to prepare isothiocyanates.®

Several other notable reactions with 1,3-dioxolane-2-thiones
have been studied. Robles and co-workers reported the ring-
opening of these compounds for the synthesis of glycofurano-
syl azides and nucleosides (Fig. 3c).'®'” Meanwhile, Endo and
co-workers studied the synthesis of polyhydroxythiourethanes
through polyaddition of a bis(cyclic thiocarbonate) species
with a diamine (Fig. 3d)."® In this work the authors observed a
higher polymerisation rate of the cyclic thiocarbonates com-
pared to that of fully analogous cyclic carbonates. Finally,
Endo and co-workers have studied the ROP of a 1,3-dioxolane-
2-thione functionalised with an ester group (Fig. 3e). In this
report, the corresponding polythiocarbonates were formed,
with the final polymer structure influenced by an interesting
effect of the neighbouring ester group, which will be discussed
later in this review.'?

2.2. Synthesis and applications of 1,3-oxathiolan-2-ones

As long ago as 1961, Reynolds and co-workers reported a
straightforward synthesis of 1,3-oxathiolan-2-one. through
reaction of a thiolcarbonate with p-toluenesulfonic acid (pTSA)
in refluxing benzene (Fig. 4a).”° This procedure yielded the
desired product in an attractive 70 to 77% yield. However,
during this intramolecular transesterification reaction, small

This journal is © The Royal Society of Chemistry 2023
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Synthesis of 1,3-oxathiolan-2-ones

(a)

o - .
i oTsOH J\ by-products:
OH o s CO,, EtOH,
Et0” 87~ benzene, reflux /
\$/\S{n
(o]
NN

Reynolds (1961)
3 atm CO/O, (10:2)

(0]
Ni(CO), (cat.
HO g, i(CO) (cat) e

pyridine, 60 °C

(c)
3 atm CO/O, (10:1)
Se (cat.)
Et3N (co-cat.)
HO\/\S/\/OH —» O S

60 %
THF, 60°C, 20 h s

Koch (1974)

Fig. 4 (a) Intramolecular cyclisation of a thiolcarbonate to furnish 1,3-
oxathiolan-2-one. (b) Ni-catalysed carbonylation of 2-mercaptoethanol.
(c) Se-catalysed carbonylation of a diol thioether.

amounts of the rearranged thiol and polyethylene sulfide were
formed. Reaction optimisation studies indicated that pro-
longed reaction times favoured the polymerisation of the thiol
by-product, whilst maintaining the yield of the intended cyclic
compound.

Some years later, in 1974, Koch and co-worker described a
rather distinct approach, applying a nickel-catalysed carbonyla-
tion of 2-mercaptoethanol (Fig. 4b).>* In this work, reaction of
2-mercaptoethanol with CO and O, (10:2 at a pressure of 3
atm) in pyridine in the presence of a catalytic amount of Ni
(CO),, afforded the desired cyclic thiocarbonate product in
60% yield. A bis(mercaptoethanol)nickel(n) species was postu-
lated as the key reaction intermediate after the authors suc-
cessfully isolated this compound. In the same year, Koch also
reported on a related selenium-catalysed carbonylation of a
2,2'-thiobis(ethan-1-ol) compound (Fig. 4c).”* Reaction of this
diol thioether with a mixture of CO/O, (10 : 1) with amorphous
selenium as catalyst and Et;N as co-catalyst, over 20 hours
afforded a 60% yield of the desired product. Since these
reports little or no attention has been paid to the synthesis of
these compounds, despite their interesting structures.

Even though there are relatively few examples of the prepa-
ration of this class of compound, they have found many appli-
cations. Various reports by Reynolds and co-workers have
demonstrated how they can be further reacted (Fig. 5a). In one
example, it is demonstrated how they can be readily decarboxy-
lated to form ethylene sulfide when heated.”®> Meanwhile,
other synthetic transformations have also been studied; their
reaction with amines results in mercaptoethylation,>* mercap-
toethyl carboxylation,>® or polythioether formation®> depend-
ing on the reaction conditions applied.

This journal is © The Royal Society of Chemistry 2023
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temperature or in the presence of amines. (b) Direct Ring-Opening
Polymerisation (ROP) using a Ti-catalyst. (c) Polymerisation after the
in situ formation of the cyclic thiocarbonate monomer.

Similarly to most other cyclic thiocarbonates, 1,3-oxathio-
lan-2-ones have been applied as monomers in polymer chem-
istry. ROP of ethylene monothiocarbonate was originally
reported by Soga and co-workers in 1975 (Fig. 5b).”® However,
more recent methods for the preparation of these polymers
prefer direct co-polymerisation of carbonyl sulfide (COS) with
epoxides (Fig. 5¢) as has been reported, for example, by Zhang/
Darensbourg and co-worker,”” Ren and co-workers® and most
recently in 2022 by Zhang/Zhang and co-workers.>**° In 2022,
Coates and co-workers provided a good overview of this field of
research in a review on multifunctional catalysts for ring-
opening copolymerisations.*"

In more detail, in the former two examples mentioned
above, it is proposed that the catalysts produce the intermediate
thiocarbonate in situ, which is then subsequently polymerised by
ROP under the reaction conditions. This methodology has pro-
vided access to polythiocarbonates with an appealing perfectly
alternating nature (regular structure) and with high molecular
weights (M,,). Indeed, the work of Zhang/Zhang details the con-
version of cyclic carbonates/COS to polythiocarbonates passing
through the cyclic thiocarbonate intermediate compound.”® As
an interesting extension, in the latter work by Zhang/Zhang,*®
the authors reported terpolymerisation of propylene oxide, CO,
and COS. The terpolymers obtained exhibited a high refractive
index of up to 1.55, and as a result the authors proposed appli-

Org. Biomol. Chem., 2023, 21, 3733-3755 | 3737
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cations in the field of optical materials. Upon varying the CO,
and COS feed ratios, the content of thiocarbonate units in the
copolymer chain can be tuned from 27% to 81%.

The relatively safe nature of these compounds has led to
the concept of thiocarbonate release in functional materials,
for example, polymers that can be degraded under reducing
conditions (Gillies and co-workers; 2010 and 2012).>**? In
these examples a disulfide bond is reduced, and the free thiol
formed can thereafter cleave a neighbouring carbonate, thio-
carbonate or urethane moiety, which breaks the parent
polymer with release of the 1,3-oxathiolan-2-one (Fig. 6). The
conditions required for this release are typical of those present
in hypoxic tumour tissues. Indeed, this concept has already
found wide application materials for drug delivery,**~° hydro-
gel formation*® and in biological probing.*"** In this latter
field, Zhou/Zhang/Ye and co-workers reported the design and
synthesis of trimodal redox-active imaging probes.*’ Redox
processes are linked with essential processes in biological
systems, and changes in redox status are usually linked with
many diseases including cancer, damage, and
Alzheimer’s disease. In this work, the use of a disulfide linker
leads to thiocarbonate release and disassembly of the mole-
cule. As a result, fluorescence, fluorine (*°F) magnetic reso-
nance spectroscopy or imaging (*’F-MRS/*°F-MRI) and proton
nuclear magnetic resonance can be used for the detection of
redox status in vitro or in vivo. Finally of note is that these thio-
carbonates have also been long known to be suicide molecules
for cyclohexanone oxygenase and so may present important
medicinal applications.*

liver

2.3. Synthesis and applications of 1,3-dioxane-2-thiones

In comparison to other cyclic thiocarbonates, extremely little
research has focused on the synthesis and applications of 1,3-
dioxane-2-thiones. To the best of our knowledge there are only
three reports on these compounds which date from 1998, 2000
and 2002, respectively. In the first work Kricheldorf and co-
worker prepared these compounds through the reaction of 1,3-
propanediol with thiophosgene and pyridine as base
(Fig. 7a).** Interestingly, the authors report that the compound
spontaneously oligomerises at temperatures above 25 °C. The
cationic polymerisation of this monomer was achieved by
using methyl triflate (MeOTf) and boron trifluoride diethyl
etherate (BF;-OEt,) (Fig. 7b). It was noted that it was extremely
challenging to obtain high-molecular weight polymers from
this monomer, with the best results obtained with a 100/1
ratio (monomer/catalyst) in 8 hours, and importantly, with
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Fig. 6 Overview of drug/probe release under reducing conditions
resulting in the formation of a cyclic thiocarbonate side product.
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Fig. 7 (a) Reaction of 1,3-propanediol with thiophosgene forming six-
membered cyclic thiocarbonates. (b) Cationic Ring-Opening
Polymerisation (ROP) of 1,3-dioxane-2-thiones. (c) A further example of
the cationic ROP of 1,3-dioxane-2-thiones. (d) Anionic ROP of 1,3-
dioxane-2-thiones.
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freshly prepared monomer. These polymeric products pos-
sessed a poly(trimethylene thiocarbonate) backbone and
proved to be rapidly crystallising polymers, in contrast to the
analogous poly(trimethylene carbonate), derived from six-
membered cyclic carbonates, which does not readily crystal-
lise. Interestingly, during this study it was not possible to
polymerise the 1,3-dioxane-2-thione monomers through an
anionic mechanism.

Endo and co-workers have also studied this reaction and
reported results in 2000.** In this work, it was found that the
resulting polymer formed using cationic initiators provided
polymers with narrow molecular weight distributions (Fig. 7c).
Control of molecular weight could be achieved by modulating
the ratio of monomer to initiator. In a more recent report,
Endo and co-workers have also presented the anionic poly-
merisation of 1,3-dioxane-2-thiones bearing norbornene and
norbornane groups, although no details on the synthesis of
the monomers was provided (Fig. 7d).*® ROP of the monomer
using DBU at 120 °C, resulted in the formation of a polymer
with the same thiocarbonate backbone structure as previously
reported by Kricheldorf and co-workers in Fig. 7b. The main
difference between this work and the prior report is that the
authors proposed an anionic ROP mechanism. The M,,/M,’s of

This journal is © The Royal Society of Chemistry 2023
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the polymers were rather broad (1.40-1.48) with generally low
yields, which was proposed to be due to favourable competing
back-biting reactions, which limit polymer chain growth. Both
of the obtained poly(trimethylene thiocarbonate)s in this work
exhibited a higher thermal stability, but a lower T, compared
to the corresponding poly(trimethylene carbonate).

2.4. Synthesis and applications of 1,3-oxathian-2-ones

Deliberate synthesis of 1,3-oxathian-2-ones has only once been
reported. In 1999, Endo and co-workers reported on the anionic
ROP of 1,3-oxathian-2-ones to form the corresponding poly(tri-
methylene thiocarbonate) product.*” It should be noted that this
polymer is proposed to have the same backbone as the polymer
derived from the 1,3-dioxane-2-thione monomers mentioned
above. The reaction of 3-mercapto-1-propanol with triphosgene
in the presence of 2.0 equiv. of 2,3-dimethyl-1-phenyl-3-pyrazolin-
5-one in chloroform at room temperature for 18 hours furnished
the desired product in a yield of 22% (Fig. 8a). This is indeed a
low yield, however, to date no improved methodology appears to
have been communicated. The anionic polymerisation of this
monomer was performed using ‘BuOK as an initiator under a
nitrogen atmosphere (Fig. 8b). The M, of the resulting polymers
ranged between 13-18 000 g mol™", with no clear correlation
between M, and temperature, likely as a result of the precipi-
tation of the polymer part way through the reaction. However, it
was clear that there was a decrease in the M,/M, ratio as the
temperature was increased. It should be mentioned that
Darensbourg and co-workers have observed 1,3-oxathian-2-ones
as very minor by-products (up to 6%) in the co-polymerisation of
oxetanes and COS using a Cr-salen based catalyst system,
although no focus was made towards this product.*®*’

3. Cyclic dithiocarbonates

This part of the review presents routes towards the synthesis of
cyclic dithiocarbonates (both five- and six-membered; see

Synthesis and polymerization of 1,3-oxathian-2-ones
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Fig. 8 (a) Synthesis of 1,3-oxathian-2-ones through the reaction of tri-

phosgene and 3-mercapto-1-propanol. (b) Anionic ROP of 1,3-oxathian-
2-ones.
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Fig. 1). These are compounds which contain two S-atoms,
either adjacent or separated by a carbonyl group. Herein,
selected syntheses and applications of these compounds are
highlighted.

3.1. Synthesis and applications of 1,3-oxathiolane-2-thiones

Until the 1980s, only a few examples of the synthesis of 1,3-
oxathiolane-2-thiones had been published. One of these early
reports included the reaction of Et;N/CS, with ethylene oxide
to form the trithiocarbonate.’® Albeit the product in this work
was a trithiocarbonate and not a dithiocarbonate, the 1,3-
oxathiolane-2-thione was proposed to be a key intermediate in
the mechanism, from which COS elimination provided the
thiirane, which subsequently reacted again to form the
reported trithiocarbonate product. An actual first example of
the isolation of 1,3-oxathiolane-2-thiones was provided by
Jones and co-worker in 1969."" This procedure involved the
reaction of  thiophosgene  with lead(u) mono
(B-hydroxyethylmercaptide)monoacetate (formed from the
reaction of lead(u) acetate with 2-mercaptoethanol) (Fig. 9a(i)),
whereby the desired dithiocarbonate was obtained in a modest
46% yield. The product of this reaction was found to readily
rearrange to form the more stable 1,3-dithiolan-2-one in the
presence of KI at 60 °C (Fig. 9a(ii))."" Later, Owen and co-
workers described a significantly improved synthesis starting
from a 1,2-dimethyl-substituted epoxide, proceeding via a mer-
captoalcohol intermediate, and subsequent treatment of this
with pyridine and TCDI (Fig. 9b).>" Interestingly, further reac-
tion of this dithiocarbonate with mercury(u) acetate could
provide access to the monothiocarbonate compound.

It wasn’t until 1988/9 when Taguchi and co-workers
revisited the reaction of CS, with epoxides that significant
steps forward were made.>>>* This work is related to the afore-
mentioned original report for the synthesis of trithiocarbo-
nates using Et;N/CS, (Fig. 9c(i)). The authors proposed a
mechanism which includes the formation of a CS,-NEt;
adduct at high pressure and temperature (800 MPa, 100 °C).
Selectivity towards the dithiocarbonate (1,3-oxathiolane-2-
thione), rather than the trithiocarbonate was observed in two
examples. One of these examples was the conversion of cyclo-
hexene oxide, an internal epoxide, whilst the other example
being isobutylene oxide, a 1,1'-substituted epoxide. Soon after,
this methodology was employed for the preparation of ster-
oidal dithiocarbonate derivatives by Ahmad and co-workers
(Fig. 9c(ii)).>**® These compounds were tested for and dis-
played genotoxic activity towards both Salmonella and E. coli.
These works provide an early example of application of cyclic
dithiocarbonates.

Soon after this report by Taguchi, Uenishi and co-workers
established a different pathway to obtain cyclic dithiocarbo-
nates; an intramolecular ring opening of an epoxide moiety
from a 2,3-epoxyalcohol after reaction with stoichiometric
amounts of NaH and CS, (Fig. 10a and b).>®*” At low tempera-
tures, chemo- and stereo-selective control over the final pro-
ducts was observed. Starting from primary or secondary epoxy-
alcohols the five-membered 1,3-oxathiolane-2-thiones could be
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ob00141e

Open Access Article. Published on 31 March 2023. Downloaded on 3/15/2026 2:01:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Synthesis of 1,3-oxathiolane-2-thiones from mercaptoalcohols
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Fig. 9 (a) (i) Pb mediated conversion of mercaptoalcohols and phos-
gene and (i) rearrangement to the more stable 1,3-dithiolan-2-ones. (b)
Two-step conversion of epoxides to cyclic dithiocarbonates. (c) Direct
conversion of epoxides and CS, to cyclic dithiocarbonates using NEts
and an advanced example.

selectively obtained, with the alcohol group being transposed
from the terminal to internal position or vice versa. These
reports also applied these cyclic dithiocarbonates as inter-
mediates in the preparation of other valuable molecules.
Meanwhile, their methanolysis to form episulfides with K,CO;
was also described by Uenishi and co-workers around the
same time.>® Later, Vacher and co-worker provided a more
complex example using a similar procedure (Fig. 10c).”®

Most recently in 2018, 2,3-epoxy alcohols derived from levo-
glucosenone and methyl a-p-glucopyranoside were used as
substrates by  Mangione/Spanevello and  co-workers
(Fig. 10d).°”°" In these reports the cis-epoxy alcohol formed
the expected xanthate leaving the epoxide ring unreacted,
whilst the trans-epoxy alcohol yielded the desired 1,3-oxathio-
lane-2-thione product with migration of the xanthate group.
The authors proposed a rational mechanism to explain these
observations, based on the inherent stereochemistry of the
starting material.

A similar, yet innovative approach was employed to form a
key intermediate towards the total synthesis of namenamicin,
an antitumor antibiotic of marine origin (Fig. 10e).> In this
work, Nicolaou and co-worker took advantage of dithiocarbo-
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Fig. 10 (a) Synthesis from primary epoxyalcohols. (b) Synthesis from
secondary epoxyalcohols. (c) Preparation of cyclohexane restrained pro-
ducts. (d) Use of levoglucosenone as starting material. (€) Conversion of
a,p-unsaturated ester.

nate chemistry to selectively craft the highly unusual quatern-
ary C-4 centre of the heterocyclic-ring of namenamicin. More
specifically, a xanthate anion formed from the reaction of the
C-4 hydroxyl and CS, in the presence of NaH/imidazole reacted
with the neighbouring alkene, forming the cyclic dithiocarbo-
nate product in an impressive 83% yield.

At this point, most of these routes have relied on stoichio-
metric approaches. In 1995 Endo and co-workers developed
the first catalytic system based on alkali metal halides to selec-
tively form 1,3-oxathiolane-2-thiones from epoxides and CS,
(Fig. 11a).%% In this work, 5.0 mol% of LiBr in THF furnished
high conversions from monosubstituted epoxides but relatively
low yields were obtained in the case of 1,1"- and 1,2-disusti-
tuted substrates. The protocol is selective and proceeds by

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ob00141e

Open Access Article. Published on 31 March 2023. Downloaded on 3/15/2026 2:01:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

ring-opening at the least hindered position of the epoxide.
This procedure is also notable as it operates at room tempera-
ture. Further to this, the catalytic system was able to success-
fully provide the cyclic dithiocarbonate derived from cyclohex-
ene oxide in an 83% yield. Notably, only styrene oxide provided
significant amounts of both regioisomers. In 2005, the same
research group also described an approach to form a cyclic
dithiocarbonate with a hydroxy group functionality (Fig. 11b),
although the alcohol had to be protected before the reaction
with LiBr/CS, and deprotected afterwards, as the direct reac-
tion with the substrate bearing the free-alcohol group failed.®*

After this important contribution, surprisingly, few further
advances were made into the design and development of new
catalysts for the synthesis of 1,3-oxathiolane-2-thiones. This
most likely results from the concurrent discovery that cyclic
carbonates could be obtained from the coupling of CO, and
epoxides in a similar reaction. This preference for research
focused on CO, utilisation appears to have left the corres-
ponding CS, reaction in relative dormancy, despite the poten-
tial applications of these compounds.

However, a limited number of catalyst systems have been
developed over the years and important advances have been
made. Examples of these are summarised in Fig. 12a and will
be discussed herein. In 2001, Endo and co-workers described
the activation of oxetanes (4-membered oxacycles) using a Ti-
based catalyst in order to prepare six-membered trithiocarbo-
nates.®® Despite the evident focus of this report, the authors
also reported one example of a quantitative conversion of iso-
butylene oxide into the corresponding dithiocarbonate after
48 hours, using 2.0 mol% of the catalyst at elevated tempera-
ture (120 °C). Under the same conditions, the corresponding
1-substituted epoxide, propylene oxide provided the trithiocar-
bonate, indicating the importance of the inclusion of the extra
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Fig. 12 (a) Examples of catalysts reported for the synthesis of cyclic

dithiocarbonates from epoxides and CS,. (b) Proposed mechanism for Al
(salen) catalysts. (c) Proposed mechanism using LiO'Bu as catalyst.

methyl group in the reactivity profile. Indeed, the authors
again proposed that the dithiocarbonate species is the inter-
mediate on the way to the final trithiocarbonate product, thus
suggesting that this extra methyl inhibits/slows further reac-
tion of this intermediate, most likely through steric prevention
of the ring-opening of the dithiocarbonate compound.

Later, in 2004, Shi and co-workers reported an organocataly-
tic conversion that provided a moderate 45% yield of the
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dithiocarbonate from propylene oxide and CS,. In this
example p-methoxyphenol and DMAP were employed as the
catalyst system, however, again at a high temperature of
120 °C.°°

Aside from homogeneous catalysis, an example of a hetero-
geneous catalytic process was described by Maggi and co-
workers.®” In this report, commercially available hydrotalcite
MG30 (a material containing magnesium oxide/alumina) was
used as catalyst and was able to afford exclusively the 1,3-
oxathiolane-2-thione regioisomer, with yields of 75-99% start-
ing from a range of different epoxide at 50 °C. Notable results
are that 1,2-epoxydodecane gave a low 25% yield, but still
resulted in perfect regioselectivity. Meanwhile, styrene oxide
provided a lower selectivity, furnishing a 62 : 38 mixture of the
two possible regioisomers. This challenging regioselectivity is
a theme which continues through many examples in this
section with this substrate.

Stoichiometric strong bases had previously also been
applied by Uenishi, but it was not until a report by Yavari and
co-workers that a catalytic approach was developed, employing
10 mol% of NaH and MeOH.®® The in situ generated methox-
ide promoted a clean and facile reaction with various epoxides
at room temperature, with high yields obtained from common
monosubstituted epoxides and even from a challenging
internal 1,2-diphenylepoxide. A similar approach was reported
by Saidi and co-workers who also carried out the reaction with
a range of monosubstituted epoxides using 10 mol% of DMAP
in water, at room temperature for 20 hours. Again, as with
many other catalyst examples, regioselectivities obtained from
styrene oxide were somewhat disappointing.®’

In many cases, conversion of CS, into the corresponding
cyclic di- and tri-thiocarbonates became an extension of the
reactivity studies for several of the catalysts developed for
cyclic carbonate formation. This is particularly the case of the
North group who used their bimetallic [Al(salen)O], complex
to convert epoxides/CS,.”””" The same catalyst that had been
previously reported for as able to efficiently provide cyclic car-
bonates from epoxides/CO, was transferred to the corres-
ponding conversion using CS,. In this case, at 50 °C, using
5.0 mol% of the Al(salen) catalyst and 5.0 mol% of the co-cata-
lyst (BuyNBr), cyclic dithiocarbonates were produced in good
yields. High selectivities for dithiocarbonates over trithiocarbo-
nate products were observed at this temperature, however,
when performing the same reaction at 90 °C, the selectivity is
inversed and trithiocarbonates are preferentially obtained.
North proposed for the first time, a mechanism in which the
rate-determining step was the Al(salen)-epoxide intermediate
formation (Fig. 12b). The studies carried out with monometal-
lic Al(salen) analogues provided evidence that the bimetallic
nature of the complex was not essential for the catalytic activity
itself. Furthermore, replacing the Al by Ti, another active cata-
lyst was developed, which was active at 0.5 mol% catalyst
loading at 90 °C.”* The Ti-based complex afforded good con-
versions and moderate selectivities towards the dithiocarbo-
nate compounds, in contrast to those observed for the Al con-
geners at elevated temperature. Most recently in 2022, using
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the same ligand, Darensbourg presented a Cr-based salen cata-
lyst system that was able to realise the 1,3-oxathiolane-2-thione
derived from a bio-based eugenol substrate, using 0.4 mol% of
the Cr(salen) complex along with an equimolar loading of bis
(triphenylphosphine)iminium chloride (PPNCI) co-catalyst, at
only 40 °C.”?

Shi/Cao and co-workers have described a catalyst system
based on an N-heterocyclic carbene (NHC) which was prepared
in situ through the reaction of 4,5-dihydro-1,3-bis(2,6-diiso-
propylphenyl)-1H-imidazolinium chloride with K,CO3;.”* With
a 5.0 mol% loading of the NHC it was possible to obtain mod-
erate to high selectivities from several monosubstituted epox-
ides towards the dithiocarbonate over the trithiocarbonate
product, at 80 °C. Again, in this case, as in many examples,
styrene oxide proved to be a challenging substrate to convert
selectively to the dithiocarbonate, where in this case selective
formation of the undesired cyclic trithiocarbonate product was
observed.

A few years after this report, Cao/Shi described a catalyst
system comprising of 5.0 mol% of LiCl, 10 mol% of [Bmim|Br
(1-butyl-3-methyl-1H-imidazol-3-ium bromide) and 5.0 mol%
of NaHCO;, which could be applied under neat conditions.”
This catalyst system was able to convert a range of terminal
epoxides, selectively providing the 1,3-oxathiolane-2-thione in
excellent yields at 40 °C. The work also described how the reac-
tion conditions could be altered to selectively form the trithio-
carbonate analogues.

In a slightly different approach, a procedure which permits
both regio- and stereo-selective formation of dithiocarbonates
has been recently described by Werner and co-workers using
the strong base LiO‘Bu.”®”” In these reports a wide range of
1,3-oxathiolane-2-thiones were readily prepared. In the case of
monosubstituted substrates, they were efficiently synthesised
with a 5.0 mol% loading of LiO'Bu within 5 hours at room
temperature, with yields of up to 90%. This catalyst system
operates under relatively mild reaction conditions and without
solvents (neat) and given its wide substrate scope and oper-
ational simplicity, it is probably one of the most significant
contributions to the field to date. Notably, vinyl and styrene
oxides led to the formation of mixtures of the two regioisomers
due to the stabilisation of the carbocation resulting from the
epoxide ring-opening step. The authors also studied more
demanding internal epoxy-substrates, obtaining moderate to
high conversions and isolated yields after increased reaction
times and/or temperatures. Notably, cis-2,3-epoxybutane furn-
ished exclusively the trans-dithiocarbonate product and the
related trans-epoxide afforded the cis-dithiocarbonate product.
However, it should be noted that in both these cases, detect-
able amounts of a thiirane by-product was formed. Based on
all these observations, a plausible mechanism for stereo-
selective conversion of internal epoxides, which proceeds via
inversion of the configuration. Formation of thiiranes was pro-
posed to proceed by rearrangement of the intermediates
(Fig. 12c¢).

In the same year Ghazanfarpour-Darjani and co-worker,
reported on a catalyst system based on NEt; and nitro-
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methane.”® Various 1,3-oxathiolane-2-thiones were prepared,
including those starting from internal epoxides such as cyclo-
hexene oxide. Meanwhile, in 2020, Endo and co-worker discov-
ered that six-membered cyclic amidines efficiently catalyse
(1.0-3.0 mol%) the cycloaddition of monosubstituted epoxides
with CS, at ambient temperature.”® An extensive substrate
scope was reported, which demonstrated the wider applica-
bility of this catalyst system.

The most recent report of a catalyst system for the for-
mation of 1,3-oxathiolane-2-thiones was disclosed by
Whiteoak/Mosquera and co-worker in 2022.%° This catalyst
system is based on the use of a Ga-aminotrisphenolate catalyst
in combination with a "Buy,NX (X = halide) co-catalyst. This
catalyst system was previously found to be highly active for the
synthesis of cyclic carbonates from epoxides/CO,.®' In this
more recent work, both terminal and internal epoxides derived
from the bio-based substrate erucic acid, which comes from
rapeseed oils, were converted into the corresponding dithiocar-
bonates. The Ga-catalyst provided full conversion and excellent
yields when a 0.5 mol% of catalyst and 2 mol% of TBAI
reacted with the terminal epoxide at 50 °C. Only the cyclic
dithiocarbonate product and a single regioisomer with the
O-atom located nearest to the R group of the epoxide substrate
were obtained (Fig. 13). However, the internal epoxide cyclo-
addition with CS, proved to be more challenging, requiring
5.0 mol% of the Ga-catalyst and 5.0 mol% of TBACI, 90 °C and
3 days to achieve full conversion and high selectivity towards
the dithiocarbonate. It was not possible to identify the two dis-
tinct cyclic dithiocarbonates arising from the nucleophilic
attack to the two almost equivalent carbon atoms of the
internal epoxide. Significantly, after optimisation, the catalyst
system avoids the formation of the undesired ketone by-pro-
ducts resulting from the Meinwald rearrangement that have
been reported in many internal epoxide/Lewis acid reactions.

Synthesis of internal and terminal 1,3-oxathiolane-2-thiones using a gallium catalyst ==
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Fig. 13 Overview of the synthesis of cyclic dithiocarbonates using a
substrate derived from erucic acid.
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In a remarkably different approach, in 2016, Yadav and co-
worker described the first visible light-based protocol for the
regioselective synthesis of 1,3-oxathiolane-2-thiones.®> The
one-pot multicomponent cyclisation strategy was performed
with styrenes (as has been mentioned, problematic substrates
for the direct epoxide/CS, reaction) and CS,, in the presence of
MeOH and Cs,CO; (a reaction which forms an activated CS,
species; Fig. 14a). In this example eosin Y acts as the organo-
photoredox catalyst, with the procedure affording very good
yields with only a 2.0 mol% loading for monosubstituted, 1,2-
di- and even tri-substituted olefins (Fig. 14b). The authors
demonstrated that the presence of O, (from air) was also
essential: only traces of the product were obtained if the reac-
tion was performed under an inert atmosphere. Thereafter, in
2020, Hosseini-Sarvari and co-worker also accomplished the
selective conversion of substituted styrenes using 10 mol% of
CdS nanoparticles under mild conditions (Fig. 14¢).** In this
work, the CS, is again activated by Cs,CO; forming a xanthate
anion that thereafter reacts with the double bond under blue
light this time. Interestingly, as a consequence of olefin photo-
oxidative cleavage, small amounts of aryl carbonyls also
appeared as by-products. In the absence of CS,, under similar
conditions (CdS nanoparticles, blue LEDs, but solvent-free),

Synthesis of 1,3-oxathiolane-2-thiones from styrene
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Fig. 14 (a) Activation of CS, using Cs,COs. (b) Synthesis of cyclic
dithiocarbonates from styrene’s, using eosin Y and activated CS,. (c)
Synthesis of cyclic dithiocarbonates from styrene’s, using CdS and acti-
vated CS,.
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aldehydes were obtained as major products. Finally, it should
be mentioned that as part of a study of the reaction of potass-
ium xanthates with five-membered cyclic carbonates,
Rumyantsev and co-workers observed the formation of cyclic
thiocarbonate products.*

In terms of applications of these dithiocarbonate com-
pounds, over the past few years, much attention has been paid
to their use as monomers for direct polymerisation and this
subject has been recently well-reviewed and so will not be dis-
cussed in detail here.*®® A representative example comes
from 1998, when Endo and co-workers reported on the selec-
tive ring-opening reaction of terminal 1,3-oxathiolane-2-
thiones in the presence of a range of Lewis acids (ZnCl,, SnCly,
TfOMe, TfOEt), and protic acids (TfOH, CH;SO;H).*
Depending on the cationic carbenium or oxonium intermedi-
ate formed (Fig. 15a), the system evolved directly to the S-O-S
polymer through an S-O isomerisation, or provided the corres-
ponding 1,3-dithiolan-2-one compound. TfOMe or TfOEt pro-
moted the ROP at 60 °C, whilst using ZnCl, and TfOH, the iso-
merisation reaction takes place instead, and 1,3-dithiolan-2-
one is formed, in the bulk or with solvent at 60-80 °C. In
addition, the poly(dithiocarbonate) produced was detected to
be degrading to a 1,3-dithiolan-2-one after the reaction with
TfOEt. Later, the same group confirmed the control over cat-
ionic ROP with monomers through the neighbouring group
interaction (Fig. 15b). The esters,®® urethanes®® or tertiary
amines® polymerised via a conjugated 7-system, whereby the
neighbouring group stabilised the intermediate cations. Other
1,3-oxathiolane-2-thione monomers, containing spiro thia-het-
erocycles have also been studied by Do and co-workers,”
which provided an interesting ring contraction during the
polymerisation.
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Fig. 15 (a) Polymerisation of 1,3-oxathiolane-2-thiones and the poten-

tial isomerisation steps highlighted. (b) Example of neighbouring group
interaction in the polymerisation process.
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Bis-cyclic carbonates are attracting increasing interest as
they can be used as monomers for the synthesis of non-isocya-
nate polyurethanes (NIPU’s), polymers which can replace tra-
ditional polyurethanes. These NIPU’s are prepared through the
reaction of a bis-cyclic carbonate and a diamine.””> One of the
limitations with this reaction is the non-selective ring-opening
of the cyclic carbonate by the diamine which can result in the
formation of both primary and secondary alcohol functional-
ities along the chain. In this context, as long ago as 1995,
Endo and co-worker reported the reaction of cyclic dithiocar-
bonates with amines.”® It was found to be both more efficient
than the analogous reaction with cyclic carbonates, whilst also
displaying a higher level of cyclic dithiocarbonate ring-
opening selectivity. The reaction selectively forms mercap-
tothiourethanes, without formation of hydroxydithiour-
ethanes, a result which is proposed to arise from the increased
stability of thiolate anion intermediates over the analogous
alkoxide (Fig. 16). This was applied to bis(dithiocarbonates)
and diamines for the synthesis of poly(mercaptothiour-
ethanes).”® This selectivity is rather interesting and may be a
route towards the formation of NIPU’s with more controlled
microstructures.

3.2. Synthesis and applications of 1,3-dithiolan-2-ones

1,3-Dithiolan-2-ones have been prepared through a variety of
approaches. In addition, the crystal structure of this com-
pound has also been reported.”® The structure confirms the
pseudo-twofold symmetry and consists of a twisted five-mem-
bered ring of three C and two S atoms, with a ketone O atom
in an equatorial position.

As mentioned above, as long ago as 1969, Jones and
Andreades presented a method for the synthesis of 1,3-dithio-
lan-2-one."" The authors studied in detail the potential isomer-
isation of the proposed product, observing that it actually
formed the 1,3-dithiolan-2-one instead (Fig. 17a). A similar
unexpected product outcome has also previously been
observed by others for related reactions; in 2021, Zhang and
co-workers reacted ethylene oxide with COS in the presence of
DBU, whereby at reaction temperatures of up to 80 °C the 1,3-
dithiolane-2-one product was predominantly the species
formed (Fig. 17b).°® The formation of the 1,3-dithiolan-2-one
is proposed to arise from the cycloaddition of COS to ethylene
oxide via a zwitterionic-based mechanism (Fig. 17f).

Selectivity in amine ring opening of cyclic dithio
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Fig. 16 Explanation of the selectivity observed in the reaction of
amines with cyclic dithiocarbonates.
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Synthetic routes for the preparation of 1,3-dithiolan-2-ones
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Fig. 17 (a) Synthesis from mercaptoalcohol. (b) Reaction of epoxides
and COS to form cyclic mono and dithiocarbonates. (c) Use of dithiols
and phosgene. (d) Use of CMPI as a key reagent. () Use of in situ
formed COS and 1,2-dibromoethane. (f) Proposed mechanism for the
conversion in reaction (b).

In 1973, Satsumabayashi first reported the phosgene-based
synthesis of 1,3-dithiolane-2-one through the reaction of 1,2-
dithioethane in the presence of an organic base, pyridine
(Fig. 17¢).”” The reaction proceeded in high yield at 0 °C,
significant amounts of polymeric products were
observed when the temperature was increased above 30 °C.

Very recently, in 2022, Qaroush/Eftaiha and co-workers have
described the synthesis of 1,3-dithiolan-2-one, amongst other
related compounds, through the reaction of 1,2-dithioethane
with triethylamine, sodium hydride and CO, to form an inter-
mediate carbonothiolate adduct (Fig. 17d).** This intermediate

however,
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then readily reacts with the Mukaiyama reagent (CMPI) to
furnish the final cyclic product. This is an attractive method-
ology as all the reagents are readily available and the procedure
also uses CO, as reagent. In 1990, Mizuno and co-workers
reported on a route to provide S,S-dialkyl dithiocarbonates
from a two-step reaction from elemental sulfur, triethylamine,
carbon monoxide (CO) (Fig. 17e, step 1) and thereafter reacting
the product with alkyl halides in water/THF using DBU as base
(Fig. 17e, step 2).°® In this procedure the required equivalents
of COS are obtained from the reaction of the CO with elemen-
tal sulfur. In the context of this discussion, the authors
applied 1,2-dibromoethane as precursor, enabling the syn-
thesis of the corresponding cyclic 1,3-dithiolane-2-one
product, albeit in a very moderate yield of around 35%.

In a different approach, many groups have sought to
convert other cyclic carbonates and trithiocarbonates to the
corresponding 1,3-dithiolane-2-one product. In 1982, Fujinami
and co-workers reported that the reaction of ethylene carbon-
ate with CS, using a catalyst system composed of hexabutyl-
distannathiane (5.0 mol%)/18-crown-6 (10 mol%)/K,CO;
(5.0 mol%) in MeCN furnished a 17% yield of 1,3-dithiolane-2-
one (Fig. 18a).°° It should be noted that without the addition
of 18-crown-6 only trace product was obtained. Further optimi-
sation or understanding of the reaction was not pursued and
so this serves as an early example that cyclic carbonates can be
ring-opened with carbon disulfide, with the reaction furnish-
ing the 1,3-dithiolane-2-one product. A few years later, Barbero
described how 1,3-dithiolan-2-ones could also be obtained by
reacting of 1,3-dithiolane-2-thiones and epoxides in the pres-
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Fig. 18 (a) Stannane conversion of cyclic carbonates to 1,3-dithiolan-
2-ones. (b) Conversion of cyclic trithiocarbonates to 1,3-dithiolan-2-
ones. (c) Molybdenum oxide catalysed conversion of cyclic trithiocarbo-
nates to 1,3-dithiolan-2-ones.
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ence of HBF,-Et,0 at low temperatures (Fig. 18b).'* The reac-
tion was found to proceed via an intriguing 1-oxa-4,6,9-trithia-
spiro[4.4]nonane intermediate. As part of the work, the
authors were able to amplify the substrate scope and produce
a range of substituted 1,3-dithiolan-2-ones for the first time.

In a relatively recent contribution, Aitken and co-workers
reported on the gas-phase reaction of 1,3-dithiolane-2-thione
over molybdenum trioxide (MoO;) supported on pumice stone
to form 1,3-dithiolan-2-one (Fig. 18c).'”* The MoO; was readily
regenerated on exposure to air and thus acts as a catalyst for
the overall conversion of the thione and O-atom from the air.
Quantitative conversions with excellent selectivity were
observed. Nevertheless, isolated yields were lower, due to
partial decomposition of the product.

In 2020 Dove/Sardon and co-workers described the depoly-
merisation of bisphenol A-based polycarbonate (BPA-PC),
using various reagents in combination with a triazabicyclode-
cene (TBD) and methanesulfonic acid (MSA) based catalyst
system (Fig. 19).'°> One of reagents studied was 1,2-
dithioethane, which readily reacted with the polymer forming
1,3-dithiolane-2-one in 92% yield after 30 minutes of reaction
at 90 °C. A similar result was previously obtained using NaOH
as catalyst by Oku and co-workers in 2003.'° Substrate
scoping with this cyclic dithiocarbonates is rather weakly
explored with mainly only the parent compound reported to
date.

In an attempt to develop novel compounds from the parent
1,3-dithiolane-2-one, Fuchigami and co-worker presented the
anodic a-fluorination of these compounds (Fig. 20)."°* The
authors measured the oxidation potential of a range of thiocar-
bonate compounds and found them to be lower in comparison
to the analogous cyclic carbonates. This fact was explained by

Synthesis of 1,3-dithiolan-2-ones through depolymerization of polycarbonate
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Fig. 19 Formation of 1,3-dithiolan-2-ones through the depolymerisa-
tion of polycarbonates with dithiols.
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Fig. 20 Direct fluorination of 1,3-dithiolan-2-ones using electro-
chemical methodology.
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the presence of easily oxidisable sulfur atoms and indeed, the
oxidation potential was observed to decrease as the number of
sulfur atoms in the compound was increased. Meanwhile,
when the number of sulfur atoms is the same, thiocarbonates
with a C=S bond showed lower oxidation potentials. The
reason for this latter observation is likely that the electron
transfer from the C=S pi-bond is easier than those from the
lone paired electrons of sulfur atoms in the heterocycle ring.
The anodic fluorination of the 1,3-dithiolane-2-one proceeded
in up to 48% yield using MeCN as solvent with Et;N-5HF as
both supporting electrolyte and F-source.

3.3. Synthesis and applications of 1,3-oxathiane-2-thiones

Very little attention has been paid towards this type of cyclic
dithiocarbonate. In 1994, Uenishi and co-workers reported an
approach for the synthesis of a six-membered cyclic dithiocar-
bonate (Fig. 21a).>” The formation of the alkoxide-epoxide
intermediate after the addition of NaH followed by the reac-
tion with CS, resulted in a moderate final product yield of
44%. As was previously mentioned for the related 5-membered
dithiocarbonate analogue, the mechanism proceeded through
an acid-base reaction and a subsequent xanthate migration
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Fig. 21 (a) Synthesis from epoxyalcohols using a NaH/CS; approach. (b)
Synthesis from diols and polymerisation to form polydithiocarbonates.
(c) Ring-opening co-polymerisation of cyclic dithiocarbonates with
L-lactide.
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step. Relatively few other examples exist, other than in an inter-
esting contribution by Buchard and co-workers in 2018.'°> In
this report cyclothiocarbonation of 2-deoxy-p-ribose- and
p-xylose-biobased diols with CS, was performed (Fig. 21b).
Both the trans- and cis-fused products (in relation to the fura-
nose) were isolated in relatively low yields, whereby these pro-
ducts were later polymerised using organocatalytic ROP
methods (TBD catalyst with 4-MeBnOH as initiator). The
2-deoxy-p-ribose-derived substrate afforded poly(xanthate)
species as a consequence of a regio-regular opening process
whereas in contrast the p-xylose-derived substrate provided a
polymeric structure with both trithiocarbonate and thionocar-
bonate linkages resulting from the alternating opening of the
monomer. Most recently, in 2022, Buchard and co-workers pre-
pared a 1,3-oxathiane-2-thione derived from tri-O-acetyl-p-
glucal (Fig. 21¢)."°® The authors then copolymerised this bio-
derived cyclic thiocarbonate with 1i-lactide (a bio-derived
monomer), providing bio-derived polymers which showed
enhanced UV-degradability compared to the corresponding
polylactide (PLA). It was proposed that this novel approach has
the potential to increase the environmental degradability of
PLA without significantly affecting its properties as only 3% of
sulfur-containing linkages were required for a mass loss of
40% within 6 hours.

3.4. Synthesis and applications of 1,3-dithian-2-ones

As in the case of five-membered 1,3-dithian-2-ones synthesis,
the most logical route for the six-membered cycles is through
the direct reaction of 1,3-propanedithiol with phosgene. This
reaction was first reported by Satsumabayashi and co-workers
as long ago as 1979 (Fig. 22a)."®” Through this approach, the
authors were able to achieve a 72% isolated yield when
working on a 0.1 mole scale in only 3 hours of reaction
making it suitable for laboratory preparation, but as is typical
with phosgene-based reactions, unfavourable for industrial
scale application. In 1972, Adam and co-worker reported the
reaction of substituted dithioethylenes with singlet oxygen
which was generated photochemically from triplet molecular
oxygen by dinaphthylthiophen sensitisation at -78 °C
(Fig. 22b).'°® The authors proved the necessity of the photo-
chemistry and singlet oxygen as the dithioethylene substrates
were stable towards the photolysis conditions in the absence
of oxygen and towards molecular oxygen in the dark. During
these studies some photo-oxidation of the sulfur was observed,
but in all cases the 1,3-dithian-2-ones were the major products.
A decade later, Foote and co-workers identified the key species
in this reaction by characterising a key dioxetane compound
that was proposed to be the reaction intermediate. This inter-
mediate was demonstrated to evolve to the final 1,3-dithian-2-
one product.'® During studies attempting to generate bis-
alkyldithiocarbenes from (3,4-diaza-2,2-dimethyl-1-oxa-6,10-
dithiaspiro[4.5]dec-3-ene), Schreiner and co-workers observed
that when the compound was irradiated at 313 nm, the
desired thiocarbene product was not obtained (Fig. 22c).**°
Instead, the 1,3-dithian-2-ones and 2-diazopropane was
observed, providing an interesting reactivity, which could
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Routes for the preparation of 1,3-dithian-2-ones
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Fig. 22 (a) Synthesis from dithiols and phosgene. (b) Reaction of dithio-

ethylene functionalities with singlet oxygen to form 1,3-dithian-2-ones.
(c) Unexpected photochemical reaction of spiro compounds forming
the 1,3-dithian-2-one product.

make the starting compounds useful sources of in situ gener-
ated 1,3-dithian-2-ones or reactive diazo compounds.

Depolymerisation of polycarbonates using nucleophiles has
also been successful in generating synthetically useful yields
of 1,3-dioxane-2-thiones. In 2003, Oku and co-workers
attempted the depolymerisation of pure polycarbonate pellets
with a range of nucleophile reagents, one of them being 1,3-
propanedithiol. This reagent was reacted with the polymer
forming 1,3-dithian-2-ones which could be readily isolated."*®
Indeed, yields of up to 75% of the desired 1,3-dithian-2-ones
under reaction conditions of 100 °C for only 3 h with an
aqueous NaOH catalyst (1.5 mol%) were achieved.

In terms of their applications, 1,3-dithian-2-ones have been
employed in the field of polymerisation chemistry in quite an
innovative and distinct way. In 1997, Kricheldorf and co-
workers studied the reaction of 2,2-dibutyl-2-stanna-1,3-dioxa-
cycloalkanes, which were obtained directly from the reaction
of dibutyltin oxide and diols, with lactones and thiolactones,
which resulted in ring expansion of the heterocycles
(Fig. 23a).""" In the case of the thiolactones the greater stability
of the resulting Sn-S bond allows for stepwise expansion,
meanwhile the insertion of lactones provides a new Sn-O
bond which has a similar reactivity to the parent compound
and thus results in polymerisation forming macrocyclic poly-
mers. In contrast, reaction with 1,3-dioxane-2-thione allowed
for unexpected selective removal of the dibutyltin group. The
authors reasoned this as a result of ring contraction which
arises from the intramolecular coordination of the S-CO sulfur
with a free orbital of the Sn atom, followed by an intra-
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Reaction of 1,3-dithian-2-ones with cyclic organostannane compounds
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Removal of stannane from macrocyclic polymer using 1,3-dithian-2-one
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Fig. 23 (a) Reaction of cyclic organostannane forming cyclic carbonate
and transfer product. (b) Removal of stannanes from cyclic polycarbo-
nates using 1,3-dithian-2-ones.

molecular transesterification. Taking advantage of this reactiv-
ity the authors polymerised lactones and just before the reac-
tion was completed added the 1,3-dithian-2-ones to eliminate
the potentially toxic Sn compound (Fig. 23b). This allowed for
the realisation of perfectly non-toxic (non-tin containing) bio-
degradable macrocyclic esters when e-caprolactone was utilised
as monomer. This presents a particularly interesting appli-
cation of the 1,3-dithian-2-ones.

In 1993, Fournet and Goré described the ring expansion of
1,3-dithian-2-ones with lithium acetylides to furnish 4-substi-
tuted-7,8-dihydro-2H,6H-1,5-dithiocin-2-ones (Fig. 24a).'"> In
this study the authors were actually attempting to prepare the
corresponding a-acetylenic thiocarboxylic-S-esters, but after
repeated efforts, only ring-expansion products were obtained.
The authors proposed that the observed product arises from
the Michael addition of the thiolate intermediate to the acti-
vated triple bond. Interestingly, the analogous reaction with
1,3-dithiolan-2-ones does not proceed. 1,3-Dithian-2-ones can
also be readily alkenylated to from ketene dithioacetals. Takai
and co-workers presented an alkylidenation of 1,3-dithian-2-
one with various 1,1-dibromalkanes mediated by a mixture of
Zn/TiCl,/TMEDA in THF at room temperature providing
several examples of potentially useful ketene dithioacetals
(Fig. 24b)."*® In 1996, Takai revisited the reaction and PbCl,
was found to act as catalyst."'* After analysis of the original
procedure, it is likely that trace impurities of lead compounds
were present in the zinc and this actually catalysed the reac-
tion. When high-purity zinc was employed in this latter study
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Examples of reactions using 1,3-dithian-2-ones
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Fig. 24 (a) Ring-expansion with lithiated alkynes. (b) Reaction with 1,1'-
substituted dibromides (note: presence of Pb found to be important).

the reaction did not proceed, however in the presence of
added PbCl, the reaction worked.

4. Cyclic trithiocarbonates

This class of compound mimics the cyclic carbonates, but with
all the O-atoms changed to S-atoms (see Fig. 1). It should be
noted that the synthesis of this class of compounds was
reviewed in the recent past by Fallah-Mehrjardi."*> Herein, syn-
thesis of both 5- and 6-membered cyclic trithiocarbonates will
be described, along with selected applications to highlight
their potential utility.

4.1. Synthesis and applications of 1,3-dithiolane-2-thiones

In 2007, Lee/Chan and co-worker described a protocol for the
reaction of 1,2-dibromoethane and CS, to form the cyclic
trithiocarbonate.''® The catalyst system comprised of
3.0 mol% of tetrabutylammonium hydrogen sulfate
("Buy,NHSO,) as an effective phase-transfer catalyst in combi-
nation with 33% aqueous NaOH, providing a 77% yield after
24 h (Fig. 25a(i)). In a similar approach, Soleiman-Beigi and
co-worker proposed the use of imidazole as an inexpensive,
non-toxic, and readily available catalyst (Fig. 25a(ii)).""” The
reaction of 1,2-diiodoethane with CS, in aqueous DMSO was
promoted by imidazole under mild reaction conditions to
form the desired product, with the proposed reaction mecha-
nism summarised in Fig. 25b. Another starting material that
has been used is 1,2-ethanedithiol. In this context Qaroush/
Eftaiha and co-workers have reported that the Mukaiyama
reagent (CMPI) can promote the reaction of this substrate with

This journal is © The Royal Society of Chemistry 2023
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Synthesis of 1,3-dithiolane-2-thiones using CS,
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Fig. 25 (a) Synthesis methods employing CS, as reagent. (b)

Mechanism proposed for the imidazole promoted reaction between
alkyl halides and CS,.

CS, at ambient temperature and pressure (Fig. 25a(iii))."* In
this example, treatment with triethylamine and sodium
hydride and subsequent addition of CMPI in acetonitrile
afforded the cyclic trithiocarbonate in only a few hours.

Aside from these examples starting from alkyl-dihalides
and dithiols, most methods focus instead on the addition of
CS, to epoxides. Depending on the reaction conditions cyclic
dithiocarbonates or trithiocarbonates can be selectively
formed from this type of reaction, as was mentioned earlier in
this review. In this section, the cyclic trithiocarbonate syn-
thesis is consider rather than the dithiocarbonate preparation.

In 2001, Endo and co-workers described an approach for
synthesis of cyclic trithiocarbonates from epoxides and CS,,
catalysed by a titanium complex.®® Here, the reaction of epox-
ides and CS, at 120 °C catalysed by a (2-propanolato)titana-
trane complex selectively afforded the desired five-membered
cyclic product (Fig. 26a). Additionally, the reaction with oxe-
tanes (four-membered oxacycles) resulted in six-membered
trithiocarbonate products. This latter outcome was the focus of
the work and will be described in greater detail later.
Meanwhile, a single example starting from propylene oxide
resulted in the corresponding cyclic trithiocarbonate.
Interestingly, as mentioned in the appropriate section above,
the reaction from isobutylene oxide stopped at the cyclic
dithiocarbonate, resulting in a quantitative yield of this com-
pound. The authors proposed a mechanism involving the acti-
vation of the oxirane and reaction with CS, furnishing the
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Fig. 26 (a) Use of a titanium catalyst for the synthesis of cyclic trithio-
carbonates. (b) Application of a Ti(salen)-based catalyst. (c) Use of an
N-heterocyclic carbene to activate CS,. (d) Use of a combined LiBr and
N-heterocyclic carbene catalyst system. (e) Proposed mechanism for the
titanium-catalysed reaction of epoxides and CS,.

corresponding dithiocarbonate. Further reaction with CS, then
provided the desired trithiocarbonate (Fig. 26e). A similar
approach was also reported by North and co-worker, using a
titanium(salen) catalyst (Fig. 26b).”” In this example an ample
substrate scope was provided, whereby reactions between a
range of epoxides and CS, were successfully catalysed by a bi-
metallic titanium(salen) complex, [Ti(salen)],O and tetrabutyl-
ammonium bromide (TBAB) as co-catalyst. However, the
results showed that the selectivity towards either the dithio- or
trithio-carbonate was relatively poor, except in the case of
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styrene oxide. The reaction mechanism was similar to that pro-
posed by Endo. The selectivity towards the trithiocarbonate in
this work is poorer than the previously reported Al(salen)-
based catalyst system that also struggled to provide selectivity
for either the dithio- or trithiocarbonate, except when styrene
oxide was employed.”*

N-heterocyclic carbenes (NHCs) have also found their appli-
cation in the synthesis of trithiocarbonates (Fig. 26¢).”* An
example reported by Shi/Cao and co-workers, in 2015, involves
the in situ formation of a carbene-CS, adduct. Thereafter,
addition of this adduct to a solution of epoxides in DMSO
furnished the desired dithio- and trithiocarbonates. However,
the only case that gave full selectivity towards the cyclic trithio-
carbonate was styrene oxide. In other cases, either cyclic
dithiocarbonates or a mixture of both products was obtained.

A more recent report from, Shi/Cao and co-workers
described the combined use of an NHC/LiBr catalyst system
(Fig. 26d).” In this procedure, various terminal epoxides were
converted to the corresponding 1,3-dithiolane-2-thiones in
excellent yields, with high selectivity, a significant improve-
ment on their previous report. The recyclability of the catalytic
system LiBr/[Bmim]|Br/KOH was also examined, where the
results indicated that the catalyst could be used for three times
without loss of the catalytic activity; however, the product yield
decreased gradually in subsequent runs after the third
reaction.

In a rather different approach, Samoshin and co-workers
reported on the synthesis of 1,3-dithiolane-2-thiones by reac-
tion between epoxides and the commercially available potass-
ium ethyl xanthogenate, KSC(S)OEt."*® A range of trans-trithio-
carbonates derived from the corresponding cyclohexene oxide
substrates were obtained in good to moderate yields by reac-
tion in methanol at 35-45 °C under an Ar atmosphere
(Fig. 27a). Treatment of the trithiocarbonate product with Br,,
NBS, or DDQ led to formation of the corresponding cyclic
dithiocarbonates instead and can be considered as an alterna-
tive route to the synthesis of these compounds (Fig. 27b).

Synthesis of cyclic trithiocarbonates has also been
described starting from highly reactive thiiranes. Thiiranes are

Application of potassium ethyl xanthogenate as S-source
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o) KSC(S)OEt Sl 4
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Fig. 27 (a) Reaction of epoxides and potassium ethyl xanthogenate to
form 1,3-ditholane-2-thiones. (b) Reaction of 1,3-dithiolane-2-ones to
form 1,3-dithiolan-2-ones.
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interesting substrates as they have significantly lower ring-
opening barriers than the corresponding epoxides. This makes
them susceptible to polythioether formation rather than cyclic
thiocarbonate formation. In this context, Endo and co-worker
reported on the use of cyclic and linear amidines as catalysts
for the reaction of thiiranes and CS, (Fig. 28a)."*® The high
basicity of the amidine proved to be beneficial, whereby 1,2-
dimethyl-1,4,5,6-tetrahydropyrimidine was found to be the
optimal catalyst. The reaction worked either under solventless
conditions or in toluene and several examples were provided.

Meanwhile, Werner and co-worker reported the synthesis of
a limited number of examples of trithiocarbonates, in their
contribution focused on the synthesis of dithiocarbonates
using LiO'Bu as catalyst (Fig. 28b).”” In the case of trithiocar-
bonates, the reaction uses thiiranes and CS,. Under solvent-
free conditions, 5.0 mol% of LiO'Bu was found to be optimal
for the formation of the desired products, although only low to
moderate isolated yields were obtained. Interestingly, the reac-
tion starting from the thiirane analogue of epichlorohydrin
failed, whereas the synthesis of the dithiocarbonate using the
same protocol starting from epichlorohydrin provided almost
quantitative yield.

Most recently, in 2022, Gnanou/Feng and co-worker dis-
closed an approach which described how the selection of cata-
lyst system could allow for selective formation of either poly
(trithiocarbonates) or cyclic trithiocarbonates (Fig. 28c)."*° In
this metal-free process, the cyclic trithiocarbonates can be
selectively obtained by reaction of the thiirane and carbon di-
sulfide using tetrabutylammonium fluoride (TBAF) at 80 °C. It
was indicated that above 60 °C when using fluoride as nucleo-
phile, back-biting reactions largely predominate over propa-

Synthesis of 1,3-dithiolane-2-thiones from thiiranes
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Fig. 28 (a) Use of a cyclic amidines as catalysts for the cycloaddition of

thiiranes and CS.,. (b) Application of LiO'Bu as catalyst. (c) Selective for-
mation of 1,3-dithiolane-2-thiones or polytrithiocarbonates depending
on the reaction conditions applied.
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gation, resulting in the formation of the cyclic product.
Meanwhile, using PPNCI or phosphazene benzoxide resulted
in the polymeric product. This selectivity was reported to be
independent of the nature of the substituents of the starting
thiirane.

An interesting report into the application of five-membered
cyclic trithiocarbonates was presented as long ago as 1982 by
Hatanaka/Tanimoto.">" This work details how a range of alkyl
vinyl trithiocarbonates can be readily obtained by reaction of
the 1,3-dithiolane-2-thiones with lithium diisopropylamide,
followed by treatment with an alkyl halide (Fig. 29a). Cyclic
trithiocarbonates can also be key intermediates for the syn-
thesis of tetrathiafulvalene derivatives, like tetrathiafulvallene
tetracarboxylate (Fig. 29b)."** These compounds have shown
many applications over the last few decades; as field-effect
transistors,>*"** conductive porous materials,"””> among
others. Other specific examples include a report from Inigo/
Skabara and co-workers who incorporated this moiety into
terthiophene-diketopyrrolopyrrole co-polymers for air stable
solution processable organic field effect transistors,'?® mean-
while, Devic and co-workers prepared 3D-coordination poly-
mers of tetrathiafulvalenetetracarboxylate that exhibited a
semiconducting behaviour.’”” In 2014, D’Alessandro and co-
workers installed tetrathiafulvallene carboxylate as donor in a
metal-organic framework."*® This application allowed charge
separation to be controlled using N,N'-di-(4-pyridyl)-1,4,5,8-
naphthalenetetracarboxydiimide as an acceptor, whereby the
authors achieved a partial charge transfer, useful for conduc-

2-thiones
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tive and photoactive materials. Most recently, Gu and co-
workers synthesised a Covalent Organic Framework (COF)
based on tetraformyl-tetrathiafulvalenes with enhanced
electrochemical properties, that could be an efficient material
for supercapacitor applications."*®

In the context of polymerisation applications, it is interest-
ing to note that cyclic five- and six-membered trithiocarbo-
nates do not appear to undergo ROP, whilst seven-membered
variants are able to. In this context, in 2022, Ren and co-
workers reported the ROP of 7-membered trithiocarbonates
which could be readily recycled under pyrolysis.'*°
Furthermore, the obtained polythiocarbonate was superior to
the corresponding analogous oxygen-containing polycarbonate
in terms of its thermal, mechanical, and optical properties.

Nevertheless, the corresponding polymers can be obtained
by other means, as has been demonstrated by Gnanou/Feng
and co-workers."” In this work, the obtained polymers also
underwent complete unzipping when treated with radicals or
under UV light irradiation to form the cyclic trithiocarbonates.
This unexpected activity was exploited to prepare degradable
polymers using oligotrithiocarbonates as self-immolating
linkers between dithiol alkyl precursors.

Finally, Gu/Guo and co-workers have described the reaction
of 1,3-dithiolane-2-thione with aniline which produced [1,3]
dithiolan-2-ylidene-phenylamine instead of the expected 3-phe-
nylthiazolidine-2-thione (Fig. 29¢)."*' These unexpected dithio-
carbonimidates are interesting, as compounds containing this
scaffold have previously shown effective anti-inflammatory
properties.**?

4.2. Synthesis and applications of 1,3-dithiane-2-thiones

These compounds are the six-membered analogues of the 1,3-
dithiolane-2-thiones and are the final compound-type to be
discussed in this review. In comparison to other cyclic thiocar-
bonates their synthesis has been poorly studied, with only a
few reports available, which are highlighted herein.

As was mentioned above, in 2001 when Endo and co-
workers performed the reaction of oxetanes and CS, catalysed
by titanium complex which afforded the desired six-membered
cyclic trithiocarbonate products from 4 differently substituted
oxetane substrates (Fig. 30a).®> Meanwhile, recently, Devdutt
and co-workers presented a simple procedure using Cs,CO;
and CS, to convert alkyldibromides to the cyclic trithiocarbo-
nate products in DMSO (Fig. 30b)."** This protocol is operative
at room temperature and requires short reaction times (3 to
6 hours), furnishing the desired products in attractively high
yields. Imidazole has also been applied as catalyst for the con-
version of 1,3-dibromopropane and CS, by Soleiman-Beigi and
co-worker (Fig. 30c).""” It should be noted here that this work
also discloses preparation of a larger ring-sized cyclic trithio-
carbonate (obtained from the reaction of 1,3-dibromobutane)
in a slightly lower yield of 70%, albeit an interesting example
of further application of the developed protocol.

In 2003, Voelter and co-workers reported a synthesis of
cyclic trithiocarbonates forming part of a carbohydrate
scaffold (Fig. 30d)."** Reaction of sodium thiocarbonate and
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Fig. 30 (a) Reaction of oxetanes and CS, to form 1,3-dithiane-2-
thiones. (b) Use of dibromoethanes as starting materials using CS,COs.
(c) Imidazole promoted synthesis of 6- and 7-membered cyclic trithio-
carbonates. (d) Synthesis of cyclic trithiocarbonates based on carbo-
hydrate scaffolds. (e) Preparation of cyclic trithiocarbonates fused to
thieto-imidazoles.

epoxytriflate pentoses resulted in the desired product,
although in relatively low yields. The procedure is regio- and
stereoselective, presenting an interesting advanced application
of the developed procedures for preparation of more complex
1,3-dithiane-2-thiones. Another example of inclusion of these
compounds into more complex molecules was reported by
Yadav and co-worker (Fig. 30e)."*® In this work, a fused thieto-
imidazole was synthesised and reacted with CS, using a cata-
lytic amount of Lil to obtain fused trithiocarbonate-imid-
azoles. This work presents a substrate scope whereby the aro-
matic functionalities have been systematically varied. In simi-
larity to their synthesis, application of six-membered trithio-
carbonates has also received relatively little attention. Some
synthetic transformations have been reported. The sulfur
version of the Reformatsky reaction was reported by Ila/
Junjappa and co-workers (Fig. 31a),"*® whilst their reaction
with m-CPBA to access trithiocarbonate oxides and their reac-
tion with organolithium reagents and subsequent rearrange-
ment to disulfide thioformates has also been demonstrated
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Reactions of 1,3-dithiane-2-thiones
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Fig. 31 (a) Reaction of 1,3-dithiane-2-thiones with organometallic zinc
compounds. (b) Oxidation with m-CPBA/reaction with Meli. (c)

Temperature dependent outcome during the reaction with "Buli and
subsequent reaction with alkyl halides.

(Fig. 31b)."*” In addition, they have also been found to react
with lithium reagents, as was reported by Sugawara and co-
workers (Fig. 31c), where attack at the carbon atom at room
temperature and at the sulfur at —78 °C was observed. The
corresponding intermediates could then be alkylated with
alkyl halides, providing a range of potentially useful
synthons."?®

5. Conclusions

In conclusion, this review has presented an overview of a wide
array of synthetic routes towards the synthesis of both five- and
six-membered mono-, di- and trithiocarbonates. Whilst some
of the methodologies shown are not synthetically scalable due
to the use of unusual starting materials, it is important to
highlight how these cyclic products can be formed through
non-conventional approaches. Meanwhile, in many cases, it is
clear that there are still opportunities to develop more efficient
(including catalytic, rather than stoichiometric) methods of
synthesis in order to improve their availability. This is particu-
larly true for 1,3-oxathian-2-ones, which have only been pre-
pared in modest yield to date, despite their potential
applications.

In addition to highlighting synthetic methods for the
preparation of cyclic thiocarbonates, examples of applications
of these compounds have also been presented. These include

This journal is © The Royal Society of Chemistry 2023
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both their uses as monomers and as synthetic intermediates
in the preparation of more complex and valuable molecules.
Specific applications, such as, use as precursors for the syn-
thesis of tetrathiafulvalene derivatives, compounds which
present potential as field-effect transistors, conductive porous
materials, have also been detailed. Another particularly inter-
esting application that has been described, exemplifies how
cyclic dithiocarbonates can be used to remove potentially toxic
stannanes from macrocyclic polymers, due to the increased
affinity that stannanes have for these cyclic thiocarbonates
over their cyclic carbonate O-containing analogues. In
summary, whilst it is clear that cyclic thiocarbonates already
present many potential applications, it is likely that increased
interest will result in improved synthetic access and the devel-
opment of further and more varied applications.
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