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REVIEW ARTICLE

Poly(thioester)s

HANS R. KRICHELDORF and GERT SCHWARZ

Institut für Technische und Makromolekulare Chemie, Hamburg Germany

Received and accepted November, 2006

Syntheses and properties of aliphatic and aromatic polythioesters (PTEs) were reviewed including polythiocarbonates and polythiour-
ethanes. The content is subdivided into the following sections: PTEs of aliphatic a-mercapto carboxylic acid, PTEs of v-mercapto car-
boxylic acids, PTEs derived from a,v-dimercapto alkanes, aromatic poly(thioester)s, aliphatic poly(thiocarbonate)s, aliphatic

poly(thiourethane)s and aromatic polythiocarbonates. The synthetic strategies reviewed in this article include anionic and cationic ring-
opening polymerizations, polycondensations in bulk, polycondensations in solutions, interfacial polycondensations and in vitro enzymatic
polycondensations.
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1 Introduction

Over the past fifty years, polyesters have found immense
interest by both academic researchers and chemical compa-
nies and numerous polyesters were commercialized. Most
widely produced are semi-aromatic polyesters such as poly(-
ethylene terephthalate) and poly(butylenes terephthalate), the
production volume of which reaches more than one million
tons per year worldwide. In contrast, fully aromatic poly-
esters, such as Vectraw or Sumicosuperw, which are pro-
cessed from a nematic melt, are niche products. However,
these polyesters possess a unique combination of thermal
and mechanical properties, which is particularly useful for
the electronic industry. Another much more important class
of fully aromatic polyesters with a much broader application
are polycarbonates, which are mainly based on bisphenol-A
as monomer. More recently, aliphatic polyesters have
attracted great interest under the aspect of biodegradable
materials. These aliphatic polyesters may be subdivided
into two groups, namely those derived from v-hydroxy car-
boxylic acids (e.g. lactic acid or 1-hydroxycaproic acid) and
polyesters based on diols and dicarboxylic acids. Representa-
tives of both groups were technically produced and commer-
cialized during the past decade.

In contrast to these normal polyesters, polyesters contain-
ing at least one sulfur atom in the ester group (summarized
under the term “polythioesters”) have attracted little
interest. To the best of our knowledge, not even one poly-
thioester has been technically produced and commercialized.
However, four factors may stimulate increasing interest in
polythioesters; first, the booming activities in the field of bio-
degradable and biocompatible materials; second, the rela-
tively high refractive index of sulfur-containing polymers
which is of interest for optical applications, and third, the dis-
covery of Steinbüchel and coworkers (1–8) that certain
microorganisms possess enzymes which are capable to incor-
porate b-mercaptocarboxylic acids into poly(b-oxyalkano-
ate)s so that copolyesters of b-hydroxy-and b-mercapto
carboxylic acids are formed and even the homopolyester of
3-mercaptopropionic acid was obtained. Finally, the discov-
ery that a certain group of the extremophilic microorganisms
possesses a metabolism based on sulfur chemistry instead on
oxidation of organic substrates. The purpose of this article
is to summarize the broadly scattered publications on poly-
thioesters hoping that such a review will contribute to an
intensification of research activities in this neglected
working field.

1.1 Structure, Nomenclature and Reactivity

The term polythioester is a rather superficial and inaccurate
label for a diversified group of polymers, and therefore,
well suited as a title of a review article, but not suited as an
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accurate denomination or description of a chemical structure.
This inaccuracy has two sources. First, the term ester itself
needs definition and second, sulfur atoms may replace
O-atoms in two or three different positions so that the diver-
sity of thioesters is far greater than that of ester groups. All the
thioester groups discussed in this article can be summarized
by formula 1. This means, this review is focused on thioana-
logs of carboxylic–and carbonic acid esters, but excludes
polymers containing thiophosphate, thiophosphonate, thiosul-
fate and thiosulfonate groups (most of which are unknown
anyway).

When in formula 1 Z is an alkyl or aryl group and Y55O,
the term thiolester may be used. With X ¼ O and Y ¼ S,
the lable is thionoester, whereas with X ¼ S and Y ¼ S, the
simplest term is dithioester. Analogously, urethanes
(Z ¼ NH-R) may be called thiol urethane (or carbamate)
for X ¼ S, Y ¼ O, thionourethane (or carbamate) for
X ¼ O, Y ¼ S and dithiourethane (dithiocarbamate) for X,
Y ¼ S. In the case of carbonate groups, the diversity is
even higher because with Z ¼ S-R and X, Y ¼ S, even
trithio carbonates may exist.

When the reactivity of thiolesters is compared to that of a
normal ester group, the result depends on the reaction mech-
anism. A nucleophilic substitution proceeds in two steps (Eq.
(1), which may be distinguished as addition (1a) and elimin-
ation steps (1b). When the addition step is rate-determining,
as is true for poor nucleophiles such as water, the thiolesters
are less reactive. The electrons of the S-atom repel the nucleo-
phile more efficiently, because the diameter of the S-atom is
greater than that of the O-atom. Yet, in the case of a strong
nucleophile such as OH� the elimination step may be rate-
determining. Now the thiolester is more reactive, because
the sulfide ion is more stable than a corresponding oxide
ion, and thus, it is the better leaving group. This difference
is evident from the higher acidity of H2S relative to H2O or
from the higher acidity of thiophenols relative to phenols.
The high reactivity of S-acetyl Coenzyme-A as acyl transfer
agent is also based on this property. In summary, thiolesters
are less sensitive to hydrolysis in neutral or weakly acidic
water, but more sensitive to alkaline hydrolysis or to reactions
with aliphatic amines.

Thionoesters (Y ¼ S) differ from thiol esters (X ¼ S) in
two points. First, the electron (nucleophile) repelling effect
no longer exists. Second, the C55S double bond is more polar-
ized than the C55O double bond, due to the different diam-
eters of C and S which reduce the overlapping of their
p-orbitals. The higher polarity of the C55S group (see meso-
meric formula 2b), eases the additional step of nucleophilic
attack. Furthermore, the sulfur itself can play the role of
nucleophile and in the case of thiono carbonates, thiono
urethanes and thio(no) ureas, alkylation with alkyl bromides
(or tosylates) is rather easy to achieve. Eq. (2) illustrates
such a reaction for the long known synthesis of isothiouro-
nium bromides.

Another interesting aspect is the thermostability of
polythioesters relative to normal polyesters. If the thermal

degradation mainly occurs via b-elimination (Tsugaew
Elimination, Eq. (3), thiolesters (R-CO-SR0) might be more
stable, because the back-reaction, i.e., the addition of the
mercapto group onto the double bond should be faster. In
the case of thionoesters (Y55S, X55O), the higher polarity
favors rupture of the O-CH2 bond, but the C55S group is a
weaker base than C55O. Both hemolytic cleavage Eq. (4)
and heterolytic cleavage Eq. (5) of ester groups should be
favored in thiolesters. Sulfur radicals are more stable than
analogous alkoxy or aryloxy radicals and the same is true
for sulfide anions compared to oxide anions. For long-term
use in air, the oxidative stability is more important than
thermostability. It is a general trend in organic chemistry
and polymer chemistry that sulfur-containing compounds
are more sensitive to oxidative degradation than analogous
oxygen compounds. However, systematic studies of oxidative
or thermal degradation of polythioesters are scarce, to the best
knowledge of the authors.

1.2 Aliphatic Polyesters of a-Mercapto Carboxylic Acids

First systematic studies of poly(thio glycolide) 3 were con-
ducted by Schöberl and coworkers (9–14). The first synthetic
approach explored by those authors was based on the poly-
condensation of mercaptoacetic acid Eq. (6). Most of these
polycondensations were performed at 130–1408C with
removal of the liberated water in vacuo or by azeotropic dis-
tillation. No catalyst was found allowing for an acceleration
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of this slow process without causing significant side reactions.
Regardless of the reaction conditions, only mixtures of oligo-
mers with average degrees of polymerizations (Pn

0s) around 6
were obtained. Fractionation by extraction with different
solvents yielded fractions having Pn

0s up to 20. The melting
temperature rapidly increased with the Pn

0s up to values
around 1208C. Elias and Bührer (15) later discovered that
the limitation of the P̄n mainly resulted from cyclization,
because the cyclic dithioglycolide 4 was found in quantities
up to 20%. Presumably higher cyclic oligomers were also
formed, but the analytical methods of that time did not
allow for the detection of higher cyclic oligomers in
complex reaction mixtures. Schöberl (13) also reported that
all his attempts to prepare polythioesters by polycondensa-
tions of other a- or b- mercaptocarboxylic acids were
unsuccessful.

Another interesting finding of Schöberl et al. concerned the
thermal degradation of the oligothioglycolides, which gave
high yields of dithioglycolide 4 when this compound was
immediately distilled off in vacuo (14). The cyclic dithiogly-
colide proved, in turn, to be a useful monomer for the prep-
aration of polythioglycolide by ring-opening polymerization
at 20–258C. Primary and secondary aliphatic amines
proved to be the best initiators and number average molecular
weights (Mns) up to 18 000 Da were apparently obtained
(12, 13, 15). With increasing Mns, higher Tms were found
with a maximum at 1708C.

Polycondensations of methyl mercaptoacetate Eq. (9)
were also described (15), but regardless of the transesterifi-
cation catalyst, only low oligomers were obtained quite ana-
logous to polycondensations of the mercaptoacetic acid
itself. A short notice in Reference 15 also says that high
molar mass polythioglycolide may be prepared by polycon-
densation of S-trimethylsilyl mercaptoacetyl chloride Eq.
(10), but experimental details were never published.
The numerous experiments of Schöberl (9–14) (later

reinvestigated by Elias and Bührer (15) suggested that ring-
opening polymerization might be a more promising
approach to the preparation of high molar mass polythiogly-
colide than polycondensation methods. Therefore, Schöberl
(13) also attempted to polymerize the S-carboxyanhydride
5a (2,5-dioxo-1,3-oxathiolane) which was for the first time -
synthesized (via Eq. (11) by Davies (16, 17) (but not poly-
merized). Schöberl (13) used traces of water, primary or
secondary aliphatic amines, N,N-dimethylaniline and
pyridine as initiators, whereby the strongest catalytic effect
was found for pyridine. Unfortunately, neither yields nor
P̄ns or Mns of the individual polymers were reported and
the nature of the endgroups also remained obscure Eq. (13).
This situation prompted other authors (10, 18, 19) to
explore the ROP of 5a and its methyl analog 5b Eq. (13) in
more detail.
Elias and Bührer studied the usefulness of a broad variety of

potential initiators in dioxane at 258C. The only strong acid,
BF3 . Et2O, proved to be inactive and the weakly basic protic
nucleophiles, water, mercaptoacetic acid and 4-bromoaniline
were likewise inactive. n-Hexylamine gave a moderate yield
of a few molar mass poly(thioglycolide)s. Tertiary amines
and strong bases such as NaBH4 or NaOCH3 gave the
highest yields and molar masses. On the basis of these
results, triethylamine-catalyzed polymerizations were studied
in more detail. When the monomer/catalyst (M/C) ratio was
varied, the molar masses increased with higher M/C ratios,
but the effect was poor. A stronger influence was found for a
variation of the temperature between –50 and 1008C. The
highest molar mass (and a conversion of 93%) was found at
the lowest temperature. When the time was varied at 258C in
dioxane with a M/C ratio of 400/1, both conversion and
molar mass showed a weak maximum at 6 h.
Whereas Schöberl reported that low molar mass polythiogly-

colide is soluble in DMF, pyridine, phenol or hot cyclohexa-
none, Elias and Bührer found among hundred inert solvents
only two which dissolved high molar mass polythioglycolide,
namely dichloroacetic acid (DCA) and hexafluoroacetone ses-
quihydrate. Using light-scattering measurements in DCA,
those authors elaborated the Mark-Houwink equation (14).
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The highest Tm determined by DSC measurements was 1578C,
which is considerably lower than the Tm of polyglycolide which
amounts to 220–2258C.

Reinvestigation of the tert.amine-catalyzed polymeriz-
ation of the SCA 5 by the authors (18) showed that the effi-
ciency of the amines (i.e., the rate of polymerization)
increased with their basicity. Triethylamine-catalyzed poly-
merizations in tetrahydrofuran with a variation of the temp-
erature again gave the highest yield at the lowest
temperature. Particularly interesting is the variation of the
purity of both monomer 5 and reaction medium (dioxane).
As demonstrated by the results listed in Table 1 (exper-
iments Nos. 1–5), the presence of impurities (most likely
protic compounds like H2O, -CH2OH and -CH2SH-groups)

causes a drastic reduction of the molar mass. These
findings suggest the following hypothetical polymerization
mechanism. The triethylamine deprotonates a protic
impurity or the monomer itself Eq. (15) and the resulting
anion initiates an anionic ROP (Eqs. 16–18). Protonation
and decarboxylation of the thiocarbonate chain end gener-
ates an inactive mercaptogroup, and thus, a termination
step Eqs. (19) and (20).

Elias and Bührer also prepared the SCA of thiolactic acid
5b by phosgenation (19). Using thiolactic acid of different
optical purity, a racemic monomer (Tm ¼ 468C), a
monomer containing 29% D-units (Tm ¼ 528C) and an
almost pure D-monomer (Tm ¼ 628C) were prepared. Oli-
gomeric polythiolactide was prepared by Schöberl and
Wiehler via polycondensation of 2-mercaptopropionic
acid or its methylester (10), but high molar mass
polymers were not obtained. Elias and Bührer studied the
ROP of monomer 5b in dioxane at 258C with a broad vari-
ation of initiator (or catalyst) and variation of the M/C
ratio. Unfortunately, neither solvent, temperature, time,
or concentration were varied. Compared to the ROP of
SCA 5a, surprising results were obtained, because none
of the tert.amines or strong bases catalyzed the polymeriz-
ation. The best results were achieved with primary aliphatic
amines, and even with these initiators, the conversions
were low. Complete conversion was observed for thermal
polymerization, but no viscosity data were reported.
Molar mass or P̄n measurements are also lacking for all
other polythiolactides. For the low molar mass polymer
from the D-monomer, a Tm of 1528C was found, while
the racemic polythiolactides were amorphous. Optical
rotation and circular dichroisms measurements indicated
that the polythiolactides adopt a random coil conformation

Table 1. Influence of solvent purity on yield and molecular weight (Mv ¼ viscosity average) of poly(thioglycolide),
prepared by triethylamine-catalyzed ring-opening polymerization (M/I ¼ 20) in dioxane at 208C

Exp. No. Monomer Purity of dioxane Yield (%) [h]a (mL/g) Mv
b (Da)

1 Oxathiolane-2,5-
dione (SCA)

Technical grade 21.5 10.8 7,100

2 “ Uvasol (E. Merck KG) 42.0 11.8 8,100
3 “ 1 � dist. over CaH2 52.0 12.0 8,300

4 “ 1 � dist. over CaH2þ

2 � dist. over Na 51.0 14.0 10,500
5 “ 2 � dist. over Naþ

1 � dist. over LiAlHy 63.5 11.0 7,500
6 Dithiolane-2,4-

dione (DTD)
Technical grade 48.5 14.0 10,300

7 “ Uvasol (E. Merck KG) 84.0 27.5 26,500
8 “ 1 � dist. over CaH2 88.5 52.0 64,000
9 “ 1 � dist. over CaH2þ

2 � dist. over Na 92.0 69.0 95,000

10 “ 2 � dist. over Naþ
1 � dist. over LiAlHy 95.5 78.0 112,000

aMeasured at 208C in dichloroacetic acid.
bCalculated from [h] ¼ 0.018 M0.72.
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in chloroform and not a helical secondary structure, regard-
less of their optical parity.

A new class of monomers came into play when Kricheldorf
and coworkers succeeded to synthesize the 1,3-dithiolane-
2,4-diones 7a–c (DTDs) (18, 20, 21). The starting materials
are a-xanthogen carboxylic acids (6a–c), which can easily
be prepared from sodium xanthogenate and a-bromocar-
boxylic acids. When their acid chlorides prepared by means
of thionylchloride Eq. (21) are heated, spontaneous cycliza-
tion takes place, yielding the 1,3-DTDs Eq. (23). The proper-
ties of 1,3-DTDs differ from those of the SCAs 5a,b in several
important aspects. The 1,3-DTDs are chemically and ther-
mally more stable. Therefore, efficient purification is
feasible by washing solutions of 1,3-DTDs with water at
low temperatures (e.g. ,58C). Furthermore, they survive dis-
tillation in a good vacuum below 1008C, and due to their low
sensitivity to water, they are stable on storage in a refriger-
ator. Heating above 1008C causes slow polymerization of
7a, but the molar masses of the resulting polythioglycolides
are low and with increasing temperature, increasing
amounts of the cyclic dimer 4 are formed.

The racemic substituted monomers 7b and 7c are stable for
several hours even at 1508C, but slowly oligomerize and
decompose above 1708C. When polythioesters prepared by
means of base-catalyzed polymerizations were heated to

temperatures .1508C, the same reaction mixtures (mainly
containing cyclic dimers) were obtained. Reactions of
various potential catalysts or initiators with 7a were studied
at 20–258C. When equimolar amounts of acids such as
H2SO4, trifluoroacetic acid, BF3 . OEt2 ZnCl2 or PCl5 were
added to solutions of 7a in CH2Cl2, most of the monomer
remained unchanged within 48 h. No polymerization
occurred when small amounts (M/C � 10) of alcohols, mer-
captanes or primary aromatic amines were added to solutions
of 7a in dioxane. With a large excess of water, complete
hydrolysis was obtained, whereas small amounts of water
yielded low oligomers Eq. (24). No reaction was observed
with small amounts of alcohols, mercaptanes or primary
aromatic amines. Quite analogous to polymerizations of
SCA 5a, tertiary amines and strong bases such as sodium
methoxide, potassium tert . butoxide or LiCl in DMF
proved to be useful catalysts. Under identical conditions,
ethyl diisopropylamine yielded the highest molar masses. A
M/C ratio of 100 was more favorable than lower M/C
ratios. When triethylamine-catalyzed polymerizations were
performed in THF at temperatures between –75 and 508C,
the highest molar mass was obtained at –758C, but the temp-
erature coefficient was rather small. Particularly interesting
were the results obtained from triethylamine-catalyzed poly-
merizations when the purity of the dioxane was varied. As
demonstrated by the data in Table 1 (Nos. 6–10), the purity
of the solvent has a tremendous influence on the molar
mass. Yet, the most important point is the finding that the
1,3-DTD 7a yielded much higher molar masses than 5a
under identical reaction conditions. Its higher chemical and
thermal stability is thus no hindrance for successful polymer-
izations, and 1,3-DTDs are in all aspects the more attractive
monomers.

At this point, it should be mentioned that the stability of
polythioglycolide in dry dioxane was studied in the
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presence of various tert. amines, whereas pyridine had little
effect. Strong bases such as triethylamine degraded this poly-
thioester quite efficiently, although hydrolytic cleavage could
take place. Possibly, back-biting degradation yielding cyclic
oligomers is responsible for this effect. In other words,
strong bases are not only the most efficient catalysts of the
ROP of SCAs and DTDs, they are also powerful degradation
catalysts, and thus, optimization of the reaction time is an
important prerequisite for a successful polymerization result-
ing in high molar masses.

Quite recently, the thermal polymerization and tertiary
amine-catalyzed polymerization of DTD 7a were reinvesti-
gated, and the reaction products characterized by MALDI-
TOF mass spectrometry (22). Regardless, if pyridine or tri-
ethylamine was used as catalyst, cyclic poly(thioglycolide)
8 was the main reaction product in all experiments. Analo-
gously, cyclic polypeptides were obtained by thermal-or
pyridine-catalyzed polymerization of sarcosine-N-carboxy
anhydride and explained by a Zwitterionic polymerization
(23). A Zwitterionic mechanism (schematically illustrated
in Eqs. (25) and (26) is the most plausible explanation of
these results.

Copolymerization of two different SCAs with each other
(e.g. 5a with 5b), copolymerization of two different DTDs
with each other or copolymerizations of SCAs with similar
heterocycles (e.g. a-amino acid N-carboxy anhydrides)
were not reported. However, a crystalline copolyester (struc-
ture 9) having an alternating sequence in combination with
ethylenglycol and adipic acid was prepared by Kricheldorf
and Leppert (24) via alkylation of silylated thioadipic acid
Eq. (27). Yet, only one experiment yielding a low molar
mass (,3,000 Da) was performed. Furthermore, syntheses
of two poly(ester amide)s made up by alternating sequences
of mercaptoacetic acid with glycine and 4-aminobenzoic
acid were described (25) (structures 11 and 13, Eqs. (28)
and (29). That study served two purposes. First, it should be
found out, if polycondensations of isothiocyanato carboxylic
acids (e.g. 10 and 12) can be performed in such a way that no
transesterification or ester-amide interchange occurs. Second,
it should be elucidated, if 13C-NMR spectroscopy allows for a

characterization and distinction of isomeric copolyester
sequences. The 13C-NMR spectra of 10 and 12 were,
indeed, different and displayed three CO-signals, thereby
proving the success of both synthetic and analytical method.

1.3 Polythioesters of Aliphatic v-Mercapto Carboxylic

Acids

The ring-opening polymerization of thiolactones seems to be
the most obvious approach to the preparation of PTEs derived
from v-mercapto carboxylic acids. Therefore, syntheses and
polymerizations of thiolactones will here be discussed first.
The first synthesis of a thiolactone was reported in 1912
(26) and concerned g-thiovalerolactone 14 Eq. (30) and its
thiono analog 15 Eq. (31) which were obtained in low
yields by treatment of the corresponding lactones with
P4S10. The unsubstituted g-thiobutyrolactone 14a was later
prepared by other research groups (27, 28) Eqs. (32) and
(33). Yet, g-butyrolactone itself and all these five-
membered thiolactones havein common that they are not
homopolymerizable for thermodynamic reasons. Therefore,
all studies of ROPs of thiolactones concern four-, six- and
seven-membered rings.
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Synthesis and properties of b-thiopropiolactone 16a were
described in a British patent (28). In the same year, a
Russian research group headed by Knunyants and Lin’kova
also reported on the preparation of various substituted b-thio-
lactones (29–36). A little later, the Russian group also
reported on the preparation of unsubstituted b-thiopropiolac-
tone (37). While the researchers of Goodrich Co. treated
b-chloro (or bromo) propionyl chloride with sodium sulfide
Eq. (34), the Russian group used the combination of H2S
with triethylamine Eq. (35) for the incorporation of the

sulfide atom (35). The Russian authors also elaborated
another synthetic approach based on b-mercapto propionic
acids. Treatment with ethylchloroformate and triethylamine
at room temperature yielded a mixed anhydride Eq. (36) as
unstable intermediate which cyclized spontaneously Eq.
(37). This approach proved to be particularly useful for the
preparation of substituted thiolactones, whereas in the case
of b-mercaptopropionic acid oligoesters but no thiolactone
were obtained (37). Despite numerous publications on b-thio-
lactones (29–42), polymerization of b-thiopropiolactone was
never studied. Other b-thiolactones were polymerized by
heating with a trace of water in a sealed tube, whereby low
molar mass poly(b-thiolactone)s with variable softening
points below 1458Cwere obtained (33). Exact Tms or molecu-
lar weights were not reported.
A new synthetic approach was described by the authors

(43), who prepared 1,3-dithian-2,4-dione 18 by cyclization
of b-xanthogene propionylchloride 18 Eq. (38). The for-
mation of the six-membered monomer 17 is much more diffi-
cult to achieve than the formation of the five-membered DTD,
and long reaction times or higher temperatures cause
decomposition (incl. oligomerization) of this monomer.
Therefore, a low yield of 16% was reported and only few
polymerization experiments were conducted. Quite analo-
gous to DTD, monomer 17 polymerizes easily when tert.
amines were used as catalysts Eq. (39), whereas a stoichio-
metric reaction occurs with primary amines Eq. (40), (b-thio-
propiolactone yields the same products (37), Eq. (41). With
triethylamine as catalyst, a polythioester of moderate molecu-
lar weight was obtained, the chemical and thermal stability of
which was considerably higher than those of polythioglyco-
lide (43). Furthermore, a melting temperature around 1658C
was found, significantly higher than that of poly(b-propiolac-
tone) (see Table 2).
Whereas several papers and patents describe syntheses of

d-thiovalerolactone (44–47), only one publication reports

Table 2. Glass-transitions (Tg) and melting temperatures (Tm̀s) of polythioesters derived from aliphatic v-mercapto carboxylic acids
and their O-analogs

Polythioester of Tg (8C) Tm (8C) Ref. Polyester of Tg (8C) Tm (8C) Ref.

Mercapto acetic acid — 137 þ155 [15] Glycolic acid 34 225 [199]
165 – 169 [13] 45 228 [200]

3-Mercapto propionic

acid

— 170 [6] 3-Hydroxy-propionic

acid

210 77 [6]

224 93 [199, 200]
4-Mercapto butyric acid — 90 [61] 4-Hydroxy-butyric acid 259 65 [199, 200]

117 – 118 [47] 263 60 [199]
5-Mercapto valeric acid — 5-Hydroxy-valeric acid 266 58 [200]

105 – 106 [47] 260 65 [199]

6-Mercapto hexanoic
acid

240 105 – 110 [55] 6-Hydroxy-hexanoic
acid

264 69 [200]

11-Mercapto undecanoic

acid

— 105 [72] 11-Hydroxy-

undecanoic acid

246 92 [200]
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on its polymerization (47). The d-thiovalerolactone (19) was
prepared by cyclization of d-mercaptovaleric acid which was
obtained in two ways. Either thioacetic acid was added onto
allylacetic acid, followed by hydrolysis of the acetyl group
Eqs. (42) and (43), or d-chlorovaleric acid was reacted with
NaSH or thiourea see Eq. (7). As an alternative method, the
treatment of d-valerolactone with H2S in the presence of
basic catalysts was patented (46) Eq. (44).

1-Thiocaprolactone (20) was prepared analogously either by
cyclization of 1-mercaptohexanoic acid (48, 49) or by treat-
ment of 1-caprolactone with H2S and a basic catalyst (44).
Both d-thiovalerolactone (19, thian-2-one) and 1-thiocaprolac-
tone (20, thiepan-2-one) were polymerized in bulk with potass-
ium tert.butoxide at 150–1558C Eq. (45). Only a low yield
(21%) and a low molecular weight were obtained for the
poly(d-thiovalerolactone) and a melting temperature of 117–
1188C was reported (47). Various polymerization experiments,
higher yields (38 or 78%), much higher molecular weights and
a Tm of 104–1068C were reported for the polymerization of
poly(1-thiocaprolactone) e.g. Eq. (45) (48, 49). The Overber-
ger group also studied the optical properties of various chiral
thiolactones, but without studying their polymerizability
(49, 50). Another approach towards the preparation of 1-thio-
caprolactone 20 and its polyester was described by Fritze in

three U.S. patents (51–53). Heating of 1-caprolactone with
CS2 and NaOH to 2008C yielded a low molar mass polythioe-
ster the thermal depolymerization which in turn yielded the
monomeric 1-thiocaprolactone (20). This monomer was then
homopolymerized, copolymerized with 1-caprolactone and
grafted on poly(hydroxy ethyl) methacrylate using manga-
nese-(II)-benzoate as catalyst.

Studies of ring-expansion polymerizations of g-thiobutyro-
lactone (14a) and 1-thiocaprolactone (20) with cyclic tin
bisalkoxides were performed by the author (54). When the
2,2-dibutyl-1,3-dioxostannepane 21 was warmed with a
double molar amount of the thiolactones, one-step insertions
into both Sn-O bonds took place Eq. (46), whereby the macro-
cycles 22 with the more stable Sn-S bonds were formed Eq.
(46). Even a large excess of the g-thiollactone did not result
in further insertion steps because this lactone for thermodyn-
amic reasons does not homopolymerize. In contrast, an
excess of 1-thiolactone caused oligomerization yielding the
cyclic oligoesters of structure 23. The cyclic copolyesters 24
were obtained in two steps. At first, 1-caprolactone was poly-
merized with the initiator 21 followed by two insertion steps
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of thiobutyrolactone.

In connection with 1-thiocaprolactone and its polyester, two
physicochemical studies dealing with segmental mobility and
glass-transition should be mentioned (55, 56). Furthermore,
both thiolactone and poly(thiol ester) were used as electrophi-
lic cocatalysts in anionic polymerizations of 1-caprolactam
(57). The initiation reaction formulated in Eq. (47) underlines
the relatively high electrophilicity (acylating power) of thiol-
esters when strong nucleophiles are present.

Whereas the chemistry of thiolactones has a long tradi-
tion, only few more recent papers deal with syntheses and
polymerizations of thionolactones (25). Kastounian and co-
workers (58, 59) elaborated two synthetic methods, the first
one of which is outlined in eqs. (48) and (49). Substituted
and unsubstituted five-, six- and seven-membered thionolac-
tones (25a–c) were prepared in this way, but those authors
did not care about their polymerization. Another group (60)
developed the syntheses of 25c–f illustrated in Eq. (50).

Endo and coworkers (61) compared the polymerizability of
g-thiobutyrolactone 14a and g-thionobutyrolactone 25a using
various cationic catalysts. As expected on the basis of
previous observations, 14a did not polymerize, whereas low
molar mass poly(thiobutyrolactone) was obtained from 25a
(Eq. (51), (Mn , 5,000 Da, the values given in Ref. 58 are
too high for reasons mentioned below). The driving force
for this polymerization results from rearrangement of the
energy rich group into the more stable group
Eq. (51). This source of exothermic reaction enthalpy is
lacking in the case of 14a. Such rearrangements are well
known in organic chemistry from various heterocycles and
are not necessarily related to a polymerization process.

The same group also conducted detailed studies of both
anionic and cationic polymerizations of 1-thionocaprolactone
(62, 63). The course of anionic polymerizations depended

very much on the counterion. With Li-alkyls, Li-tert.butoxide
and Grignard reagents exclusively poly(thiono ester)s were
obtained Eq. (52), whereas K-tert.-butoxide yielded a copo-
lyester mainly consisting of thiol ester groups (Eq. (53).
The question, if a block copolymer or a random sequence
was formed, was not discussed, but the 13C-NMR spectra
suggest a blocky sequence. The mechanism proposed for
the formation of thionoester groups is presented in Eq. (54)
and the mechanism yielding thiol ester groups in Eq. (55).
Both rates of polymerization and high molecular weights
were favored by higher temperatures (up to 1008C). All
cationic polymerizations yielded poly(thiol ester)s via a
mechanism exemplarily formulated in Eqs. (56) and (57)
(E means electrophilic catalyst). In other words, the
growing steps represent alkylation reactions of the C55S
group. Yields and molecular weights increased with the temp-
erature as studied in the temperature range of –788C to 288C.
The highest Mn (57,000 Da) was obtained with BF3 . OEt2 at
288C, but all Mns were determined by polystyrene-calibrated
SEC measurements. However, it has been reported by six
different research groups (64–71) that such SEC measure-
ments overestimate the real Mns of aliphatic polyester by
50–100%, and thus, the data provided by Endo’s group
(and other authors) are certainly too high. This criticism
also holds for the Mn and Mw values reported by a Japanese
group for poly(11-mercaptoundecanoate) (72). Those
authors studied the polycondensation of commercial 11-mer-
captoundecanoic acid in bulk at 1108C catalyzed by an
immobilized lipase of candida antarctica. Uncorrected Mns
up to 34,000 Da were obtained by this approach. The Tms
of all poly(thio ester)s and their O-analogs were summarized
in Table 2.

Poly(thioester)s 633

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1.4 Poly(thioester)s based on a,v-Dimercaptoalkanes

(Dithiols)

Most research groups reporting on syntheses of PTEs froma,v-
dimercaptoalkanes used both aliphatic and aromatic dicar-
boxylic acids as comonomers, and thus, this section deals
with both classes of PTEs (26 and 27). The oldest contribution
to this working field is a Flory (73) patent describing polycon-
densations of a,v-dimercaptoalkanes (having 2, 4, 6, 8 and 10
CH2 groups) with adipoyl chloride. The reaction partners
were heated from 20 to 2188C without the addition of
solvents, HCl acceptors or catalysts. The liberated HCl was
removed with a permanent stream of dry nitrogen Eqs. (58)
and (59). Melting temperatures but no absolute molecular
weights and melt viscosities were reported. Another group
(74, 75) conducted polycondensations of a,v-dithiols and ali-
phatic dicarboxylic dichloride in benzene by addition of
pyridine as HCl acceptor and catalyst. The low inherent viscos-
ities suggest that only lowmolarmass polyesterswere obtained.
The same group also described a quite different synthetic
method, namely polyaddition of aliphatic or aromatic dithiocar-
boxylic acid onto bisallyl Eqs. (60) and (61). This polyaddition
had a UV-light catalyzed radical mechanism and was a clean
process in such a sense that isomeric units of structure 28
were not formed. The PTEs resulting from polyaddition Eqs.
(60), (61) had nearly the same melting temperatures as those
prepared by polycondensation. However, the molecular
weights were not significantly higher. One PTE prepared by
interfacial polycondensation of 1,2-dimercaptoethane and iso-
cinchomeroyl chloride is mentioned in a British patent (76),
but without detailed characterization.

A broader study of interfacial polycondensations of a,v-
dithiols with various aliphatic or aromatic dicarbonyl chlor-
ides (yielding PTEs of structure 26 and 27) was presented
in a U.S. patent (77). Aqueous sodium hydroxide in combi-
nation with benzene was used as reaction medium and optim-
ization of the reaction conditions gave PTEs of moderate to
high molar masses. Molecular weight data were not
reported, but most PTEs allowed for melt-spinning of fibers
with good mechanical properties. An unusual synthetic
method yielding PTEs of structure 26 was reported by Kri-
cheldorf et al. (78, 79). The cyclic tin derivatives of 1,2-
dimercapto ethane 29 (2,2-dibutyl-2-stanna-1,3-ditholane)
and of 1,3-dimercapto propane 30 (2,2-dibutyl-2-stanna-1,3-
dithiane) served as monomers. These monomers undergo an
exothermic ring-opening polycondensation when mixed
with aliphatic dicarboxylic acid dichlorides Eqs. (62) and
(63). The cyclic monomers 29 and 30 have the advantage to
be less sensitive to oxidation than the free dithiols and they
are easy to purify by recrystallization. The inherent viscosities
indicate that moderate to high molar masses and in several
cases SEC measurements were performed which gave uncor-
rected Mn values up to 30,000 Da. The MALDI-TOF mass
spectra proved that these PTEs mainly consisted of cycles
and that the chain growth was limited by cyclization. This
result agrees perfectly with Kricheldorf’s theory of polycon-
densation (80) which predicts that a clean polycondensation
yields 100% cycles when the conversion approaches 100%
under optimized reaction conditions. At this point, it should
be mentioned that no other research group characterized their
PTEs by MALDI-TOF mass spectrometry, so that the
question, if cyclic polymers were formed and how the extent
of cyclization corresponds to the reaction conditions, was not
discussed in any other publication. Another interesting aspect
of these studies concerns the thermal properties of the PTEs
prepared from monomer 30. DSC measurements revealed
two endotherms and two exotherms in the heating and
cooling traces respectively. WAXS measurements with vari-
ation of the temperature proved that these PTEs undergo a
reversible change of the crystal modification, a physical
property which is rarely observed for aliphatic polymers.
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Finally, it should be mentioned that PTEs of structure 26
were also prepared by an enzymatically-catalyzed polycon-
densation process (81). 1,6-Dimercaptohexane was reacted
at 1208C with the diethyl esters of various aliphatic dicar-
boxylic acids in the presence of an immobilized lipase of
“candida antarctica” (Novozym 435w). Regardless of the
lengths of the dicarboxylic acid (n ¼ 1–8), uncorrected
number average molecular weights (Mns) in the range of
3,000–5,000 Da were determined by SEC. However, the
same authors also reported another interesting approach.
1,6-Dimercaptohexane and dimethyl sebacate were polycon-
densed in solution and cyclic oligoesters were isolated by
column chromatography Eq. (64). These cycles were heated
with Novozym 435w in bulk to 1208C, and PTE having a
Mn around 50,000 Da were obtained. Another group
(82, 83) reported on syntheses of oligomers PTEs by polycon-
densation of 1,6-hexanedithiol with either 1.10-decane dicar-
boxylic acid or its dimethyl ester in bulk. The immobilized
enzyme lipozyme RMIMw was used at 808C and a reaction
time of 384 h was needed.

The melting temperatures of all PTEs were compiled in
Table 3 together with those of their O-analogs. A comparison
of these values demonstrates that in all cases the Tms of the
PTEs were higher.

1.5 Semi-Aromatic and Aromatic Polythioesters

Semi-aromatic PTE means polythioesters containing
aromatic and aliphatic groups in the repeat units. According
to this simple definition, the aforementioned PTEs of struc-
ture 27 also belong to the group of semi-aromatic PTEs. All

Table 3. Glass-transitions (Tg) and melting temperatures (Tm̀s) of Poly(thio)esters derived from a,v-dimercaptoalkanes or a,v-
dihydroxyalkanes and aliphatic dicarboxylic acids

HS-(A)-
SH

HOOC-
(A)-COOH

Tg
(8C)

Tm
(8C) Ref.

HO-(A)-
OH

HOOC-
(A)-COOH Tg (8C)

Tm
(8C) Ref.

-(CH2)2- -(CH2)2- — 194 [78] -(CH2)2- -(CH2)2- 211 104 [201]

-(CH2)2- -(CH2)4- — 154 [78] -(CH2)2- -(CH2)4- 247 46 [203]
— 111–125 [3] 246 52 [204]

-(CH2)2- -(CH2)6- — 146 [78] -(CH2)2- -(CH2)6- — 65 [205]

— 76 [205]
-(CH2)2- -(CH2)8- — 128 [78] -(CH2)2- -(CH2)8- — 83 [205]
-(CH2)2- -(CH2)10- — 126 [78] -(CH2)2- -(CH2)2- — 82 [208]

-(CH2)3- -(CH2)2- — 126 [79] -(CH2)3- -(CH2)2- 235 46 [201]
-(CH2)3- -(CH2)4- — 127 [79] -(CH2)3- -(CH2)4- 259 52 [204]
-(CH2)3- -(CH2)6- — 106 [79] -(CH2)3- -(CH2)6- — — [209]
-(CH2)3- -(CH2)8- 94 [79] -(CH2)3- -(CH2)8- — — [209]

-(CH2)4- -(CH2)4- — 109 [74] -(CH2)4- -(CH2)4- 260 60 [202]
95–100 [74] — 64 [206]

258 62 [207]

-(CH2)4- -(CH2)6- — 121 [79] -(CH2)4- -(CH2)6- — 58 [206]
-(CH2)6- -(CH2)4- — 97–104 [74] -(CH2)6- -(CH2)4- 269 55, 58 [207, 210]
-(CH2)6- -(CH2)6- — 121 [79] -(CH2)6- -(CH2)6- — 67 [210]

-(CH2)10- -(CH2)4- — 70–75 [74] -(CH2)10- -(CH2)4- — 74 [210]

Poly(thioester)s 635

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
3
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



the PTEs discussed in this section (84–114) have in common
that they were prepared by interfacial polycondensations. Far
most of the studies published in this field were contributed by
Podkoscielny and coworkers (84–110). This group prepared
semi-aromatic and fully aromatic PTEs by polycondensation
of dithiol dissolved in sodium hydroxide with dicarboxylic
acid dichlorides dissolved in an organic solvent such as
chloroform, benzene or hexane. For most PTEs, those
authors optimized the reaction conditions by variation of
the organic solvent, variation of the excess of sodium hydrox-
ide, variation of the volume ratio organic phase/aqueous
phase, variation of the temperature and addition of an emulsi-
fier (e.g. Mersolanw). The highest yields and molecular
weights were usually obtained at low temperatures (5–
108C), with benzene as organic phase and with 100%
excess of sodium hydroxide. For several monomers combi-
nations interfacial polycondensations were compared with
polycondensations in homogeneous organic solutions
(86, 96, 100). Two versions of “solution polycondensations”
were studied. The “low-temperature polycondensations”
were conducted at 10–208C with addition of triethylamine
as HCl acceptor. Choroform, benzene, chlorobenzene or
dioxane were used as solvents. The “high-temperature poly-
condensations” were performed in boiling xylene without
addition of a HCl acceptor. All these studies and comparisons
revealed that the highest molar masses resulted from inter-
facial polycondensations, but no mechanistic explanation
was forwarded.

In this context, recent publications (111, 112) of Krichel-
dorf et al. are of interest, which report on polycondensations
of bisphenol-A with diphosgene or bisphenol-A bischlorofor-
mate. Tertiary amine promoted polycondensations in homo-
geneous organic phase (CH2Cl2 or dioxane) were compared
to interfacial polycondensations (CH2Cl2/NaOH) performed
at similar temperatures and with identical monomer concen-
trations. Both methods were carefully optimized and
MALDI-TOF mass spectrometry revealed that both
methods mainly yielded cyclic polycarbonates, what means
that in both cases the chain growth was limited by cyclization.
Yet, the interfacial polycondensations yielded much higher
molecular weights. For reasons discussed in Ref. 112 the
cyclization/chain growth ratio was higher in the homo-
geneous organic phase and this explanation also seems to
be valid for the syntheses of poly(thioester)s studied by Pod-
koscielny and coworkers.

Podkoscielny and coworkers characterized the structure of
the isolated PTEs by elemental analyses, IR-spectra and
solution viscosities. The poor solubility of most PTEs in tetra-
hydrofuran prevented SEC measurement. The evaluation of
physical and mechanical properties was performed by DSC
and TGA measurements, and by measuring the vicat soften-
ing points, tensile strengths, impact strengths, bending
strengths, dielectrical constants and dielectrical loss factors.
PTEs of the dithiols 31 and 32 were cited in Refs.
99þ 100, PTEs of 33–35 in Refs. 94, 96, 100, PTEs of
36–38 in Refs. 95, 97, 100, PTEs of 39 in Refs. 90, 91,

100, PTEs of 40 and 41 in Refs. 85, 86, PTEs of 42 in
Refs. 103þ 108, PTEs of 43 in Ref. 105, PTEs of 44 in
Ref. 107, PTEs of 45 in Ref. 109, PTEs of 46 in Refs. 84,
87, 88, PTEs of 47 in Ref. 110, PTEs of 48 in Ref. 106,
PTEs of 49 in Refs. 90þ 93, PTEs of 50 in Ref. 101, PTEs
of 51 in Ref 93, PTEs of 52 in Refs. 101 and 104 PTE of
53 in Ref. 98.

PTEs of 4,4-dimercapto biphenyl (48) and aliphatic of a,v-
dicarboxylic acids were also prepared via interfacial polycon-
densations by an Italian group (113). They were characterized
by IR-, 1H-NMR spectroscopy, by SEC, DSC and X-ray scat-
tering measurements. A reversible change of the crystal modi-
fication was found by variation of the temperature but no
liquid-crystalline phase. Interfacial syntheses of PTEs from
4,4-bis-mercaptodiphenyl sulfide and aliphatic or aromatic
dicarboxylic acid dichlorides were also conducted by a
Japanese research group (114, 115). Mn values in the range
of 10–15 kDa were obtained for the PTEs of the aliphatic
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dicarboxylic acids and an odd-even effect for Tg and Tm.
Membrane properties such as O2-permeability were also
studied. Finally, the preparation of new PTEs having the
structure 54 via an interfacial alkylation process Eq. (65)
should be mentioned (116). The purpose of that study was
the synthesis of electroconducting materials by cyclization
in H2SO4, so that fully conjugated polymers having dithia ful-
venium groups in the main chain (55) were obtained.

1.6 Various Aromatic Poly(thioester)s

This section is focused on cyclic aromatic oligo-and poly(thio
ester)s, on the one hand, and polyesters based on 4-mercapto-
benzoic acid, on the other. A first report on cyclic aromatic
oligo-and poly(thio ester)s was published in 1987 and deals
with syntheses and reactions of benzothiet-2-one (56) (117).
This highly reactive monomer can be synthesized in various
ways as outlined in Scheme 1. Benzothiet-2-one can be
stored below 2408C, but demerges almost quantitatively
when slowly heated to 2408C (Eq. (66). Rapid heating to
temperatures �2 208C results in formation of cyclic oligo-
esters and a poly(thio ester) the structure of which was not
studied in detail Eq. (67). Yet, the cyclic trimer was
isolated and characterized. The same group also synthesized
the naphthol-[2,1-b]-thiet-1-one 57 which is more stable
than 56 and allows storage at 2188C. However, storage at
room temperature results in slow polymerization including
formation of cyclic oligothioesters. The cyclic dimer was
obtained in a yield of 20% Eq. (68), in addition to higher
oligomers, when solid 57 was heated to 408C. Unfortunately,
those authors did not made any comment on the mechanism
(homolytic or heterolytic) of these oligomerization reactions.
A broad variety of cyclic mono-and oligoesters was prepared

(and characterized) by polycondensation of phthaloyl
chloride with catechol, 4-methyl catechol or dithio catechol
in THF at 08C (118). Most of the cyclic oligoesters were
extracted from the reaction product by means of diethyl
ether and individual cycles were isolated by HPLC. It was
found that the monomeric cycles possessed spirocyclic struc-
ture 58 in Eq. (69), whereas the higher cyclic oligoesters
possessed the normal structure 59 in Eq. (70).

In three papers (119–121) Kameyama et al. reported on
syntheses and ring-opening polymerizations of cyclic oli-
go(thio ester)s 60 and 61. The syntheses were performed by
interfacial polycondensations of the aromatic dithiols with
dicarboxylic acid dichlorides Eqs. (71) and (72). The individ-
ual cyclic oligoesters were isolated by means of HPLC. They
showed melting temperatures in the range of 280–3608C. The
authors reported that these cyclic oligomers underwent spon-
taneous polymerization in the solid state by heating to temp-
eratures well below their melting points (typical reaction
temperatures 260 or 2808C). When potassium halide crown

Sch. 1. Syntheses of benzthiet-2-one.
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ether complexes were added the initial polymerization temp-
eratures could be lowered to 220 or even 2008C, but the
resulting molecular weights were mostly lower. On the
other hand, the PTEs prepared in this way were described
to the amorphous with Tgs around 1808C (derived from 60)
or 1618C (derived from 61). Yet, these properties mean that
the thermal polymerizations mainly proceeded in polymer
melts and not in the solid state as claimed by those authors.
High molecular weights were determined by polystyrene-
calibrated SEC measurements (Mw values up to 850,000
Da), but never confirmed by light scattering measurements.
In one case (121) side reactions via Fries-rearrangement
were mentioned, but these PTEs were neither characterized
with respect to branching nor with respect to their content
of cyclic polymers.

The same group also used the cyclic aromatic oligo(thio
ester)s as substrates for an unusual ring-expansion reaction
(122). The cyclic dithioester 62 was reacted with phenox-
ythiirane in hot NMP under the catalytic influence of tetra-
butyl ammonium chloride or tetraphenyl phosphonium
bromide. The insertion reaction outlined in the simplified
equation (73) produced cyclic oligomers and polymers con-
taining thioester and sulfide groups. Due to transesterification
reactions complex reaction mixtures with Mn values up to
9,000 Da were obtained. The reaction products were charac-
terized by NMR spectroscopy and MALDI-TOF mass
spectrometry.

All publications describing PTEs derived from mercapto-
benzoic acids concern 4-mercaptobenzoic acid, whereas
studies of PTEs based on 2-mercapto- or 3-mercaptobenzoic
acid are still lacking. Kricheldorf et al. (123) were the first
who prepared poly(4-thio benzoate) by polycondensation of
acetylated 4-mercaptobenzoic acid in thermostable solvent
(Marlotherm-S), whereby the crystalline polyester precipi-
tated from the reaction mixture. The time-temperature
program was varied and final reaction temperatures up to
4008C were applied. Average degrees of polymerizations up
to 200 were determined by 1H-NMR endgroup analyses
after hydrolysis of this insoluble PTE. The binary copolye-
sters 63 and the ternary copolyesters 64 and 65 were
prepared analogously or by copolycondensation of mixtures
of acetylated hydroxy and mercaptobenzoic acid in bulk cat-
alyzed with MgO. Poly(4-thio benzoate) and its copolyesters
with 4-hydroxybenzoic acid (63, X ¼ H) were of interest,
because SEC measurements and WAXS measurements
proved that a reversible change of the crystal modifications
occurs at temperatures above 3208C. However, such first
order transitions were absent in other copolyesters and no
copolyester displayed a liquid-crystalline phase. Regardless
of homo-or copolyesters the melting process above 4008C
was combined with rapid degradation.

Later the Kimura group studied homo- and copolyconden-
sations of acetylated 4-mercaptobenzoic acid in much detail,
mostly using paraffin as liquid reaction medium (124–130).
The purpose of those studies was the preparation of needle-
like crystals, so-called “whiskers”. The influence of the

reaction conditions on the aspect ratio of the whiskers was
studied. Longer whiskers were typically obtained by
aromatic reaction media. Furthermore, attempts were made
to elucidate both polymerization mechanism and crystal
growth mechanism. In this connection the four dimers 66–
69 were also polycondensed to find out, if chain growth and
precipitation of crystalline oligomers are fast enough to
suppress transesterification and to generate whiskers having
an alternating sequence. Furthermore, whiskers having an
A-B diblock structure were prepared. At first whiskers of
4-mercaptobenzoic acid were prepared and the polycondensa-
tion process was then continued by portionwise addition of
4-acetoxybenzoic acid. The increasing lengths of the resulting
whiskers and their thermal properties indicated that indeed
diblock copolyesters were obtained (130). Since these
whisker crystals consist of bundles of parallel chains they
may possess unusual mechanical properties and may, in prin-
ciple, be useful as reinforcing components of high-perform-
ance composites. However, studies in this direction were
not reported yet.

1.4. Aliphatic Polythiocarbonates

Research activities in the field of Polythiocarbonates see-
mingly begin with the work of Braun and Kissel (131) who
studied syntheses of poly(trithiocarbonate)s. Therefore, this
section begins with comments on poly(trithiocarbonate)s,
whereas a discussion of poly(dithiocarbonate)s and poly
(monothiocarbonate)s will follow afterwards.
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Braun and Kissel prepared a series of poly(alkylene
trithiocarbonate)s by polycondensation of a,v-dithiols
with carbondisulfide catalyzed by tert. amines Eq. (75).
The success of this method depended on the length of the
alkylene unit, because for n ¼ 2 and n ¼ 3 the monomeric
heterocycles 70a and 70b were the main products Eq. (76).
The viscosity values indicate low molar masses, but mol-
ecular weight measurements were not reported. Another
approach was described by a Japanese group (132, 133)
which studied copolymerizations of ethylene sulfide or
2-methylethylene sulfide (2-methyl thiirane) with carbon
disulfide Eq. (77). CdC2H5, ZnC and Hg (S-C4H9)2
served as catalyst. Low molar mass homo-and copolymers
(containing oligoethylenesulfide blocks) were obtained.
Those authors also studied model reactions, for instance,
the homopolymerization of ethylene trithiocarbonate.
Broad variation of the potential catalysts revealed that
only conc. H2SO4 allowed for an oligomerization of 70a.
Therefore, it was concluded that 70a may be a byproduct,
but not a reactive intermediate in the copolymerization of
CS2 and thiirane.

Two research groups (134–136) reported on the prep-
aration of aliphatic and aromatic poly(trithiocarbonate)s by
“polyalkylation” of the trithiocarbonate ion (preformed
from CS2 and Na2S) by a,v-dibromoalkanes (eq. (78)) or bis-
chloromethyl benzenes (eq. (79)). All these syntheses were
conducted by interfacial polycondensations using an excess
of CS2 as organic phase and tetraalkyl ammonium salts as
phase-transfer (PT) catalysts. The solution viscosities
suggest low to moderate molar masses. Endgroup analyses
were performed assuming two halogen endgroups and
without accounting for cyclic oligomers or polymers. A
modern version of this approach was recently reported
using trithiocarbonate ions bound to an insoluble polymeric
support having trimethylammonium groups (136). Dibro-
moalkanes served as reaction partners and, depending on
the lengths of the dibromoalkanes either cyclic or polymeric
trithiocarbonates were obtained. For the polymers Mns in
the range of 3,400 to 11,000 Da were reported, but it is not
clear how reliable the calibration of SEC measurements
with polystyrene really is. Those authors also calculated Pns
from NMR spectra assuming two Br-endgroups but they
did not consider the formation of cyclic oligomers and
polymers.

A quite different approach to poly(trithiocarbonate)s was
based on the bicyclic tetrathioorthocarbonates 71a–c which
were prepared from (CH3S)4C and the corresponding alkane
dithiols. The cationic polymerizations of 71a–c were
sluggish even at high temperatures (up to 1008C) and never
yielded clean poly(alkylene trithiocarbonate)s such as 72 or
73. In the case 71a (n ¼ 2), degradation was so severe
that the polymeric fraction mainly consisted of poly(ethylene
sulfide). In the case of 71c, complex copolymers were
obtained seemingly containing repeat units such as those
of polymers 72 and 73. In summary, the spirocycles 71a–
c, proved useless for the preparation of aliphatic

poly(trithiocarbonate)s.
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Studies of poly(dithiocarbonate)s began with copolymeriza-
tions of epoxides (oxiranes) with carbon disulfide (138, 139).
After a short conference report of Inoue et al. (136), Adashi
et al. (139) published a detailed study of copolymerizations
of propylene oxide and carbon disulfide. Diethyl zink in com-
bination with various bases was used as catalyst. Eq. (80) was
presented by those authors, but in addition to ether groups,
these copolymers may, in principle, contain six different
kinds of dithiocarbonate groups, because partial isomerization
of the thiono groups 74a–c into the carbonate groups 75a–c
was observed by IR spectroscopy (Scheme 2). Yet, with the
analytical methods of that time, a full elucidation of compo-
sition and sequences was not feasible.

Perfect aliphatic homopolymers having S-CO-S-dithiocar-
bonate groups (76) were later prepared by an Italian research
group (140) via interfacial polycondensations of a,v-alkane-
dithiols Eq. (81). Absolute molar masses were not reported,
but the intrinsic viscosities suggest that in individual cases,

Sch. 2. Isomeric dithiocarbonate groups which may, in principle,
result from copolymerization of propylene oxide and CS2.
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high molar masses were obtained. Copoly(monothiocarbo-
nate)s having an alternating sequence of aromatic and ali-
phatic moieties were analogously prepared by means of
bisphenol-A bischloroformate Eq. (82).

Further poly(dithiocarbonate)s having the S-CO-S struc-
ture were prepared by Endo and coworkers (141–145) via
ring-opening polymerizations of five numbered 1,3-oxathio-
lane-2-thiones 77a– l. These heterocycles were prepared
from oxiranes and CS2 in a lithium bromide catalyzed inser-
tion reaction Eq. (83). They were isolated and characterized.
Detailed studies of their reactions with acidic (cationic) cata-
lysts revealed the following trends (143–145). With zinc
chloride or triflic acid isomerization to the thermodynami-
cally more stable 1,3-dithiolane-2-ones 78a– l took place.
Depending on the substituent, this isomerization reached
100% in several cases Eq. (84). Yet when 77a– l were
treated with methyl or ethyl triflate in bulk, cationic polymer-
izations yielding poly(dithiocarbonate)s of structure 79a– l
became the main reaction Eq. (85). With BF3 . OEt
monomer 77d yielded various mixtures of 78d and 79d.
The polar masses (Mn) of the purified poly(dithiocarbonate)s
fell typically into the range of 5,000–11,000 Da as deter-
mined by comparison with polystyrene in THF (84, 85).
The results of Adachi et al. (139) and Endo (143–146) also
mean that even when the still unknown poly(dithiocarbo-
nate)s of structure 80 can be synthesized they are thermody-
namically unstable and will isomerize upon heating Eq. (86).

Six papers dealt with syntheses and polymerizations of
cyclic monothiocarbonates (147–151). All the monomers
described in those papers had the structure of thiono-carbon-
ates (e.g. 81a–c) and were prepared by cyclization of alkane
diols with thiophosgene and pyridine at low concentrations
Eq. (87). The first study (147) dealing with this group of
monomers was published as early as 1969 and concerned syn-
thesis and polymerization of the five-membered monomer
81a. Yet, only one cationic polymerization in trifluoroacetic
acid yielding oligomers of structure 82a was performed
(147) (Eq. (88)). Almost thirty years later, Kricheldorf et al.
(148) reported on synthesis and properties of the six-
membered 1,3-dioxane-2-thione 81b. This monomer proved
to be unstable at temperatures of �208C and underwent
slow spontaneous polymerization. The structure of the result-
ing polythiocarbonate had the structure 83b, which is easy to
distinguish by IR and NMR spectroscopy from that of the
“thionopolycarbonate 83a. Furthermore, the isomeric poly-
thiocarbonate 84 was prepared from 1,3-dimercaptopropane
Eq. (91). It was demonstrated that 13C-NMR spectroscopy
even allows for a distinction between 83b and 84. Cationic
initiators such as Bu2SnCl2, BuSnCl3, SnCl4, BF3 . OEt2
and methyl triflate greatly accelerated the polymerization of
81b and yielded the polycarbonate 83b. Depending on
catalyst and purity of the monomer, moderate to high
molecular weights were obtained. Surprisingly, even
anionic initiators accelerated the polymerization, but no
incorporation of the initiator as dead chain was detectable
and the resulting polymer had again structure 83b, a result
which is difficult to explain (Eqs. (89, 90)). In contrast to
polypropylen carbonate which is amorphous about a Mn of
5,000 Da, the poly(thiocarbonate) 83b is a rapidly crystalli-
zing material with a Tm around 1328C.
The photoinitiated cationic ROP of the more stable 5,5-

dimethyl-1,3-dioxane-2-thione (85) was studied by Endo
and coworkers (149) Eq. (92). All polymerizations yielded
a polymer of structure 86 having Mns up to 18,000 Da. In
the case of the adamantane-based five-membered thionocar-
bonate 87, cationic polymerizations may, in principle,
involve two modes of ring-opening Eqs. (93) and (94)
(150). Regardless, if Et3OBF4, BF3 . OH2, triflic acid or its
methyl ester were used as catalysts, all polymers had the
structure 89 and not 88. Mn values up to 10,600 Da were
obtained, a volume expansion of 14% was observed during
the polymerization. The eight-membered monomer 81c was
again polymerized in CH2Cl2 with cationic catalysts such as
BF3 . OEt2, triflic acid and methyl triflate (151). Uniform
poly(thiocarbonate)s of structure 82c having Mn values
29,100 Da were isolated. The satisfactory control of Mn via
the monomer/catalyst ratio was achieved. More complex
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but interesting results were obtained when the thionocarbo-
nate 81c was treated with basic or nucleophilic initiators
and catalysts (152). With pyridine, triethylamine or potassium
tert.butoxide, the resulting poly(thiocarbonate) had the struc-
ture 82c in analogy to the cationic polymerizations. This
finding agrees with the observation of Kricheldorf et al. that
81a also yields a similar poly(thiocarbonate) when confronted
with basic initiators (148). However, when basic 1,3-diazabi-
cyclo[5,4,0]-undecene-7 (DBU) was added to 81c, a copoly-
mer (90) was isolated which combined the repeat units of
structures 82 and 83 Eq. (96). With primary, secondary or
tert.butyl lithium as initiators, partially insoluble reaction
products were formed, which were extracted with tetrahydro-
furan. The soluble fractions were identified as poly(thiocarbo-
nate)s of structure 83c and the insoluble polymer gave the
same IR-spectrum and elemental analyses. The reasons for
the insolubility were not elucidated and the endgroups of
the soluble fraction were not identified. In summary, Endo
and coworkers proved (152) that from one monomer (i.e.
81c) two isomeric kinds of poly(thiocarbonate)s can be
prepared just by proper variation of initiator and polymeriz-
ation mechanism.

Another research group studied the cationic polymerization
of the spirocyclic monomers 91a and b using trityl tetrafluorobo-
rate as initiator (153). Double (or tandem) ring-opening may,
in principle, again yield two kinds of isomeric poly(thiocarbo-
nate)s (92 or 93) in Eqs. (98) and (99). As expected from the
thermodynamic control of this polymerization, exclusively
the “polysulfide” 93 having a C55O group was formed.

Finally, two publications should be mentioned which deal
with the degradation of poly(dithiocarbonate). In the earlier
work (154), thermal degradation of three aliphatic poly
(dithiocarbonate)s was studied by pyrolysis/mass spec-
trometry. As exemplarily outlined in Scheme 3 for poly(tri-
methylene dithiocarbonate), a cyclic disulfide, a cyclic
sulfide and the cyclic monomer were the typical degradation
products of all three poly(dithiocarbonate)s. The second work
(155) dealt with the cationic polymerization of cyclic thiono-
dicarbonates followed by the acid-catalyzed depolymeriza-
tion of the resulting poly(dithiocarbonate). In this way, the
non-polymerizable isomeric dithiocarbonate was obtained
as the main product. ZnCl2 and triflic acid were the preferen-
tially used catalysts.

At the end of this section, a review article should be men-
tioned (156) which focuses on ring-opening polymerizations
involving volume expansion. This article also includes
various examples of sulfur-containing polycarbonates.

Sch. 3. Reaction product of the thermal degradation of poly(tri-
methylene dithiocarbonate).
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1.7 Aromatic Poly(thiocarbonate)s

All aromatic poly(thiocarbonate)s containing one sulfur atom
per repeat unit described so far have the structure 94, whereas
the isomeric polymers of structure 95 are still unknown. The

first polythionocarbonate was prepared by Schlott et al. (157)
by polycondensation of bisphenol-A with thiophosgen and
triethylamine in dry dichloromethane Eq. (100). Moderate
to high molar masses were obtained. The best samples form
tough films, and various mechanical properties were
measured. Far most studies of poly(thionocarbonate)s were
contributed by Tagle and coworkers (158–167). All synth-
eses were performed by interfacial polycondensations of
diphenols with thiophosgene. The influence of various exper-
imental parameters on yield and molecular weights was
investigated in much detail. For instance, it was found that
the addition of all thiophosgen from the beginning gives
higher molar masses than a dropwise addition. Furthermore,
relatively hydrophilic phase transfer catalysts were more
effective in combination with relatively lipophilic diphenols
and lipophilic catalysts in combination with relatively hydro-
philic diphenols. The numerous diphenols used in the work of
Tagle et al. are summarized under the formula numbers 96–
106. The syntheses of poly(ester-thiocarbonate)s having ester
groups in the main chain on the basis of the isomeric diphe-
nols 104 and 105 are remarkable. Even more surprising are
successful interfacial polycondensations of the diphenols
106, because the aliphatic ester groups in the side chains
are more susceptible to alkaline hydrolysis than the
aromatic ester groups in the main chain.
Several Chilenian researchers concentrated on the charac-

terization of the poly(thiono carbonate)s prepared by Tagle’s
group (168–173). For instance, the unperturbed dimensions
were determined and Mark-Houwink-Sakurada equations
were elaborated (168, 169). Furthermore, dipole moments
were measured and glass-transitions were determined and
compared to those of S-free polycarbonates (170–173).
Syntheses of aromatic poly(dithiocarbonate)s of structure

107 were shortly mentioned in two patents (174, 175) and
more explicitly described in two publications (176, 177).
Most syntheses were conducted by interfacial phosgenation
of dithiophenols Eq. (101) and included syntheses of copoly-
mers from mixtures of dithiophenols and diphenols (176).
1,3-Dimercaptobenzene and isopropylidene dibenzene thiol
were used as “SH-monomers”. The patent of Ueda et al.
(175) is remarkable, because those authors used reactive sub-
stituted diphenyl carbonates as substitutes of the highly poiso-
nous phosgene. In this case, N,N-dimethyl-4-aminopyridine
is needed as catalyst, presumably because it activates these
carbonates by charge separation Eq. (102). Two papers
(178, 179) of an Italian research group dealt with character-
istic properties of poly(thiono-carbonate)s and poly(dithio
carbonate)s. The refractive indices were determined,
because polymers having particularly high refractive indices
may be of interest for optical applications (e.g. lenses or
fibers). Furthermore, thermal properties of numerous poly
(dithio carbonate)s, including semiaromatic species were
studied by means of thermogravimetry and pyrolysis mass
spectrometry (179).
Finally, it should be mentioned that semi-aromatic poly

(dithio carbonate)s (of structure 108) were prepared from
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diols or diphenols and carbondisulfide by alkylation with bis
(chloromethyl) or bis(bromomethyl) or bis(bromomethyl)-
benzenes (180). However, analogous fully aromatic dithiocar-
bonates (structure 109a) or aromatic poly(trithiocarbonate)s
(structure 109b) are seemingly unknown.

1.8 Poly(thio urethane)s

Poly(thio urethane)s were prepared via two completely differ-
ent synthetic strategies. Strategy I is based on ring-opening
polymerizations of cyclic thiourethanes (and will be dis-
cussed first), whereas strategy II is based on polyaddition
reactions involving a step-growth kinetic.

A first study of synthesis and polymerization of cyclic thio-
nourethanes was published as early as 1966 (181). The
monomer 110a (3-phenyl-1,3-oxazolidine-2-thione) was
prepared from 2-phenylaminoethanol and thiophosgene. It
was found that this monomer polymerizes just by heating in
bulk to temperatures above 1408C. Furthermore, cationic
polymerization in nitrobenzene with BF3 . OEt3 as catalyst
proved successful. On the basis of elemental analyses and
IR spectra, the poly(thio urethanes) obtained by both
polymerization methods had the same structure (111a) result-
ing from a rearrangement of the thiourethane group. In this
connection it should be mentioned that before 1966, 1H-
NMR spectroscopy was still in its infancy and 13C-NMR
spectroscopy or MALDI-TOF mass spectrometry did not
exist yet.

Nearly forty years later, Endo and coworkers began with a
systematic elaboration of this working field (182–189). It was
found that the BF3 . OEt3 catalyzed polymerization of the
N-benzyl perhydro oxazolidine-thione 110b in nitrobenzene
at 1008C had a living character Eq. (104) (182).
Polydispersities ,1.10 were found along with a satisfactory
control of the molecular weight. When the N-benzylated
six-ring monomer 112 was polymerized with methyl triflate
or BF3.OEt in CH2Cl2 or nitrobenzene, the best results were
again achieved with BF3.OEt3 in nitrobenzene (polymer
113), Eq. (105) (183). Again a living polymerization was
found which certainly involves the mechanism outlined in
the equation (106). These results enabled those authors to
prepare the diblock copolymers 114 starting out from the
five-membered monomer 110b or to prepare the A-B-A
triblock copolymers 115 beginning with the homopolymeri-
zation of 112 (182).

A highly interesting class of cyclic five-membered thio-
nourethanes (116a–d) was prepared from the methyl ester
of L-serine Eq. (107) or of N-substituted L-serines 184–
188). Methyl triflate-initiated polymerizations in CH2Cl2
gave the best results with almost quantitative yields (structure
117, Eq. (108) (184). Furthermore, a good control of the mol-
ecular weights and polydispersities ,1.10 were achieved.
Starting out from L-serine, a chiral initiator which was
stable on storage and insensitive to moisture was also syn-
thesized (structure 118) (185). An analogous reaction
pathway (including Eq. (109) was used for the preparation
of the cationic initiator 119 which contains a C-C double
bond (186). Polymerization of the L-serine based monomer
116a Eq. (110) yielded a chiral macromer (120) which was
transformed into a comb-like copolymer by radical polymer-
ization of the styrene group (187). Finally, a detailed MALDI-
TOF mass spectrometric analysis of telechelic poly(thio
urethane)s should be mentioned (188), which were prepared
by cationic polymerizations of the corresponding cyclic thio-
nourethanes. All the expected endgroups were found.
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The first syntheses of poly(thio urethane)s were achieved
via strategy II shortly mentioned in two patents granted
1942 to E.I. DuPont de Nemours (189, 190). As a concrete
example, the addition of dimercaptodecane onto diisocyana-
todecane 121a and Eq. (111) by heating in bulk was
described. A broader and more detailed study was then pub-
lished in 1960 (191). In addition to various a,v-dimercap-
toalkanes, the dimercaptanes 122–124 were used as
monomers in combination with 1,6-hexamethylene-diisocya-
nate or bis(4-isocyanatophenyl) methane. The same authors
also explored an alternative approach, namely interfacial
polycondensations of a,v-diaminohexanes with bischloro-
formiates of the a,v-dimercapto-alkanes Eq. (112). Accord-
ing to the solution viscosities, low to moderately high molar
masses were obtained by both methods, but the second
method Eq. (112) gave the better results. A later publication
(192) dealing again with the polyaddition of aliphatic dimer-
captanes onto diisocyanates was focused on the preparation of
telechelics. Starting out from the oligomeric diisocyanate
125, the telechelic oligomers 126–129 were prepared
(Scheme 4).

More recently, Endo et al. published three papers
(193–195), describing syntheses of various complex
poly(thio urethane)s. In all cases, cyclic five-membered

Sch. 4. Telechelic poly(thiourethane)s based on oligo(ethylene
oxides)s.
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dithiocarbonates were used as starting materials. Scheme 5
illustrates how a difunctional thiolane-2-thione 130 can be
used for the preparation of various poly(thio urethane)s and
for syntheses of poly(thioester)s and poly(thioether)s having
thionourethane side groups (193, 194). The trifunctional
thiolone-2-thione 131 was analogously reacted with various
diamines to yield poly(thio urethane)s networks (195)
Eq. (113). In three more papers (196–198), Endo et al.
reported on syntheses of polymers bearing thiourethane
side chains. In all cases, cyclic dithiocarbonate groups
served again as starting materials. The poly(methacrylate)s
132–134 were formulated as examples (197) Eq. (114).
In summary, three synthetic methods were described, illus-
trating the versatility of strategy II.
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