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Abstract. Data on the tautomerism of five-membered heterocyclic
thiols and its effect on the behaviour of these compounds in
different chemical reactions are surveyed. The bibliography
includes 113 references.

I. Introduction
The tautomerism possible in heterocyclic thiols imparts a
considerable diversity to their properties compared with those
of aromatic thiols. Consequently, the investigation of the effect of
tautomerism on the mechanism of the reactions of these
compounds is interesting. In the present review, we attempted
to combine the results of spectroscopic studies with selected data
on the reactivity of five-membered heterocyclic thiols, namely, data
directly concerned with the tautomeric nature of the latter. It is to
be noted that there is a series of reviews and general monographs
on the tautomerism itself,1 as well as on the chemistry of certain
classes of heterocyclic compounds,27 which to a certain extent
deal with the problems under consideration. However, new
experimental data have been published recently and need to be
surveyed. The new data have served as a basis for the consideration
of particular types of thiols in this review.

II. Furan-, thiophene- and selenophene-thiols
Unlike the hydroxy derivatives that mostly occur as oxo-forms,
furan- and thiophene-thiols exist, according to all spectroscopic
and other physicochemical characteristics, as mercapto-com-
pounds.5-6-812 The only report13 that 2-mercaptoselenophene
occurs in the thione form has been disproved.14
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At the same time, the tautomeric nature of these compounds
was never doubted. Besides the thione structure of mercapto-
aldimines (see the review of Litvinov et al.15) and the ketonic
structure of the corresponding heterocyclic hydroxy derivatives
(see, for example, Gronovitz's review16), the most important
evidence for the tautomeric nature of heterocyclic thiols was the
extreme lability of the thiols of the thiophene and, particularly, the
furan series. The corresponding selenols are even more labile.
Some of them have only recently been characterised by
spectroscopic methods.1718 A common reason for the lability
of the heterocyclic thiols and selenols proved to be associated with
their tautomerism. Analysis of the auto-transformation products
has shown these compounds to be dimers, which are most
probably formed by the addition of the chalcogenols to their own
tautomeric forms.14-16-17 - 22

X YH

X = O, S, Se; Y = S, Se

This reaction is catalysed by triethylamine and phenylhydrazine
(in the latter case, the hydrazones Y = N — NHPh of the dimeric
products are formed).

III. 5-Mercaptopyrazoles
Mercaptopyrazoles represent an unusual example of compounds
where tautomerism can be detected directly by spectroscopic
methods.23

R2

N.

R3

-SH

R2

HN

R3

R.

R',R2 = Me, Ph; R3 = H, Me
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The equilibrium position depends strongly on the solvent. In
aprotic media, the [NH]: [SH] ratio increases with increase in the
polarity of the medium. For example, the concentration of the
NH-form of 5-mercapto-l,4-dimethyl-pyrazole in dioxane is close
to zero, inTHF it is about 5%, and in DMSO it is as high as 70%.
In alcohols, the amount of the NH-form increases with increase in
their ability to form hydrogen bonds. Depending on the nature of
the substituent in the 4-position, intramolecular hydrogen bonds
stabilise one or the other tautomer. It is the thiol form in the case
of the carbonyl group, and the thione in the case of the phenylazo
group.

H

R = H, Me, Ph

It is interesting to note that no traces of the possible third
tautomer (C—H) have been found.

Only the SH-forms of 3-mercapto-l-methyl- and 5-mercapto-l-
methyl-pyrazoles have been detected in their photoelectron spectra
in nonpolar solvents.24

IV. Imidazolethiones and l,3-oxazole-2-thiones

The 15N NMR spectra of 2-mercapto-l-methyl-imidazole indicate
that in a polar solvent (DMSO) this compound exists only in the
thioamide form, while in chloroform the presence of a small
amount (2%) of iminothiol form is observed.25-26 The additional
stabilisation of the thioamide form in DMSO is caused
presumably by formation of hydrogen bonds with the solvent.
The prevalence of the thioamide form is also corroborated by
UV,2713C NMR,28 and photoelectron spectroscopy,29 quadrupole
resonance,30 and acidity constant measurements.31 Polarographic
studies have shown that 2-mercapto-l-methylimidazole occurs in
the thione form in aqueous solution at pH<6, while at pH>6 it
forms thiolates.32

The IR spectrum of l-methylimidazole-2-thione, obtained by
Ettlinger as early as 1950,33 is identical with that of the
corresponding imidazolone; this is convincing evidence in favour
of the thione structure.34 An unexpected result was obtained by
Spanish investigators.35 According to their IR and Raman
spectroscopic data, in the crystalline phase imidazolethione
actually exists as the pure thiol. This conclusion probably
requires additional proof.

Both the sulfur and nitrogen atoms can serve as the reaction
centres in the nucleophilic addition of imidazolethiones to an
activated acetylenic bond.36-37

N

MeO2CC2=CCO2Me

- M e O H

N
H

NCCsCCR3(Me)OH

C4H8O2/LiOH

R2

R1

CR3(Me)OH

Data obtained by several investigators 29-31-38"41 have shown
that the IR spectra of a series of oxazole-2-thiones provide no
grounds for doubts about their thione nature.

An MNDO calculation also confirms that the thione form
predominates over the thiol form. The difference between the
enthalpies of formation of these two forms is 43.96 kJ mol~' when
Rl = R2 = H.42

V. Thiazole-2-thiones

The first evidence for the thione structure of thiazolethione and its
methyl derivatives was obtained by Ettlinger from IR spectra
which were indistinguishable from those of thiazolones.33 These
data were confirmed in later studies.29-31-35-43~46 Sheinker,
Postovskii, and Voronina supposed43 that the thione form
predominates both in the condensed phase and in solution
(dioxane). This was confirmed by the comparison of the spectra
of compounds 1 and 2.

NH
Me

V-N

1

In addition, Flett has noted44 that the NH vibration bands in
the 3430 cm"1 region in the spectrum of a solid sample
disappeared in a CCU solution. Hence it was concluded that
4-methylthiazole-2-thione exists in the crystalline form as
thioamide complexes with hydrogen bonds.

The evidence for the thione structure of 4-indolyl-2-
mercaptothiazole is, firstly, the absence of SH-group absorption
bands in the IR spectra, and, secondly, the presence of a
maximum at 332 nm in the UV spectrum, disappearing in an
alkaline medium.45

According to the MNDO calculation, the difference between
the enthalpies of formation of the thione and thiol forms of the
unsubstituted potential mercaptothiazole is 56.82 kJ mol"1,
which is evidence in favour of the thione form.42

In an alkaline medium, the nucleophilic centre in the
mercaptothiazole molecule is the exocyclic sulfur atom. For
example, sodium thiazolethiolates react with thiophosgene to
give trithiocarbonates.47

ci2c=s

VI. 1,3,4-Oxadiazolethiones and 1,3,4-
thia(selena)diazolethiones
In 1956, Ainsworth obtained a series of substituted oxadiazole-
thiones.48

N—NH

O

R = Alk, Ar, Het.

Their thione structures were confirmed by IR spectroscopic
data.48 Later studies49-50 gave the same result.



The tautomerism of heterocyclic thiols. Five-membered heterocycles 309

In 1958, Ainsworth51 found that the IR spectrum of
2-mercapto-5-phenyl-l,3,4-thiadiazole was identical with that of
the corresponding oxadiazolethione; hence, this compound also
exists in the thione form. A similar conclusion was also reached
recently by Indian investigators52 who studied 5-substituted
2-mercapto-l,3,4-thiadiazoles. In the 'H NMR spectra of these
compounds, the chemical shift (<5) of the NH proton is about
5.2-5.5 ppm. There are no SH absorption bands (2500 to
2600 cm~') in the IR spectrum of the thione 3 in the condensed
state.53

N—NH
/Me

VII. 5-Mercapto-l,3?4-thiadiazole-2-thiones and
1,2,4-thiadiazole-3,5-dithione
The IR spectra of 2,5-dimercapto-l,3,4-thiadiazole 943

N—NH
/HS

9a 9b

HN—NH

9c

In the system

N—NH

AlkS—*

4a

N—N

AlkS—<l \—SH,
X S

4b

the equilibrium is significantly shifted towards the thione form,
which has been confirmed by spectroscopic methods: IR (the ab-
sence of the SH-group absorption band), :H NMR [<5(NH) = 1 2 -
14 ppm], and 13C NMR spectroscopy [<5(C=S)= 188 ppm].54-55

Only in the IR spectrum of a concentrated chloroform solution,
has a weak absorption of the SH group (2560 cm"1) been
detected, which may indicate the coexistence of two tautomeric
forms.

The absorption bands corresponding to the SH group were
not found in the IR spectrum of 2,2'-azo-l,3,4-thiadiazole-5-thione
5.56

HN—N N—NH

S=C ^—N=N-

contain a distinct absorption band in the region of 2489 cm""1

(corresponding to the SH group) and intense bands in the range
2860-3067 cm"1, indicating the presence of the NH group.
Hence it was concluded that compound 9 has a mixed thione-thiol
structure, i.e. form 9b predominates.

Later, Thorn59 undertook a detailed study of the absorption
spectra of compound 9 and a series of its methyl derivatives 10-14
(Scheme 1).

HN—N

10

Me

N—NH
/ \

12

N—N

MeS—<i 5—SMe

Scheme 1

11

Me

N—N
\\

Me Me
N—l/

SMe

13 14

Compound
Amax /nm

9
335
260

10
318
235

11
288

12
333
260

13
320
243

14
324
268

According to the data of Arvidsson and Sandstrom,57 the
hydrazones 6 and 7 have very similar UV spectra, differing
markedly from that of the 5-methylated compound 8; this fact
undoubtedly proves the thione structure of these compounds.

N—NH
/

N—N
/

Me

RS

N—N

Ji \V SMe

R "

The structures of some potential thiols and selenols of thia-
and selenodiazoles were studied by 13C NMR spectroscopy.58 It
was found that, on oxidation of these compounds to disulfides and
diselenides respectively, the chemical shifts of the carbon atoms
change significantly: the C(2) signal is shifted upfield (by about
30 ppm) and the C(5) signal is shifted downfield (by 10 ppm).

N—NH

R-<>X

R = MeNH,/>-MeC6H4NH, ; X, Y = S, Se

Bearing in mind that disulfides and diselenides should be
good models for thiol and selenol tautomerism, these data suggest
that the thione and selenone structures are preferred.

Analysis of the UV spectra revealed a striking similarity of the
absorption maxima of compounds 9,12, and 14 that appeared to
show unambiguously that they have the dithione structure.
However, this conclusion was not confirmed by IR spectra. In
all the spectra except that of compound 11, there is a band at
1475-1508 cm"1, which has been assigned to the thioamide
fragment. However, for all the compounds except compound 14,
the band at 1415-1435 cm"1, which should be assigned to the
iminothiol group, is also detected. Furthermore, in the spectra of
compounds 9 and 12 bands in the thiol region (2590 cm"1 and
2555 cm"1 respectively) were detected. To account for this
discrepancy between the IR and UV spectroscopic data,
Thorn assumed59 that compounds 9 and 12 exist in a mixed
form in a concentrated chloroform solution (i.e. under the
conditions of the recording of the IR spectra) while the dithione
form prevails in dilute alcoholic solution used for UV spectro-
scopy. Stanovnik and Tisler60 suggested a 'monomercapto-
monodipolar' structure for compound 9. Later, the presence of
at least one thiol group was established 61 by IR spectroscopy, this
group being deprotonated on formation of complexes with metals.

Zaidi et al.62 have noted the presence of a 'weak' absorption
band (at about 2490 cm""1) due to the thiol group, in contrast to
the 'medium' bands at 3060 cm"1 and 2875 cm"1 corresponding
to the N —H bond. They suggested that structure 9b should be
discounted, because the band due to the SH group is too weak
compared with that of the NH group; thus, 2,5-dimercapto-l,3,4-
thiadiazole exists mainly in the dithione form, which is in
equilibrium with a small amount of the thiol form. However,
in the next paper 63 a modified view was expressed: here the SH
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bands were classified as 'medium', and the NH bands — as
'strong'. This has two possible explanations. Firstly, the authors 63

may have been influenced by their own results on the structures of
complexes of compound 9 with transition metals, where the ligand
is in the thione-thiolate form 9b. Secondly, the important study by
Anthony et al.64 was published a year earlier. They used for the
first time 13C NMR spectroscopy of chloroform solutions in order
to solve this problem. The chemical shifts of the two carbon atoms
in the rings of compounds 15 -17 were found to differ significantly
(186 -188 ppm and 144 -154 ppm), while in the symmetrical
dithione 14 the shift is 180 ppm. This fact proves reliably the
presence of structure 9b. In the IR spectra of compound 15, bands
at 2560 cm~' and 930-933 c m - 1 were detected, disappearing on
its oxidation with iodine to the disulfide 16. They were assigned to
S—H stretching and C —S—H deformation vibrations.

N—N
\\

N—N N—N'

15 16

R

N—N

S = ( %—SCSC1

17

R = Ph, Me

Mercaptothiones do not yield N-adducts in the reaction with
thiophosgene, but form trithiocarbonates.47'64

R

N—N

s = ^ )>—s-c—s
N—N

7/

R = Me, Ar

Unsubstituted mercaptothiadiazolethione reacts with dibro-
moalkanes in the presence of bases to form various
macroheterocyclic compounds.65 The final product composition
depends strongly on the reaction conditions and the selection of
the initial reactants. For example, by using dibromomethane with
one equivalent of alkali (KOH), it is possible to obtain
trithiathiadiazolinophanetrithione 18, i.e. the product of the
reaction at both S and N atoms. With two equivalents of
alkali, tetrathiathiadiazolophane 19 can be produced.

N—N

l \V

N <!. <

— S '

18

N — N

19

N — N

(Ac)4GlS—<i )>—SGl(Ac)4

•SGl(Ac)4

(Ac)4Gl—N—N
\\

The S.N-adduct is formed either via the stepwise glycosidation of
compound 20 by one and then by another mole of (Ac)4GlBr, or by
the glycosidation of the mercury salt of 20, or by the trans-
glycosidation of the S,5'-adduct in the presence of HgBr2.

In the case of l,2,4-thiadiazole-3,5-dithione, the IR spectro-
scopic data seem to be in favour of the dithione structure.67

The intense absorption at 3010 cm"1 and 2830 cm"1 is due to
the NH group, while the SH band in the 2600 cm"1 region is
absent.

VIII. 1,2,4-Triazolethiones
In 1959, Reynolds and VanAllan68 compared the UV spectra of
potential mercaptotriazoles and their S-methyl and S-acyl-
derivatives and concluded that the thione form predominates.
This conclusion was confirmed29-69"71 by means of the IR and
NMR spectroscopy of 3-mercapto-l,2,4-triazoles having various
substituents in the 4- and 5-positions. In the IR spectrum of
4-amino-l,2,4-triazole-3,5-dithione, SH bands are absent, but
there are bands at 1333 cm"1 and 1519 cm"1, which can be
assigned to the C=S and HN—C=S fragments respectively. The
latter two bands disappear on alkylation of the dithione with
methyl iodide.72 According to X-ray diffraction data,73 4-amino-3-
hydrazino-5-mercapto-l,2,4-triazole crystallises in the thione
form.

At the same time, the IR and lH NMR spectra of 5-ferrocenyl-
4-phenyl-l,2,4-triazole-3-thiol indicate that it is more likely to exist
as a mixture of tautomers.74 The same conclusion has been made
for 4-amino-5-mercaptotriazoles and the Schiff 's bases derived
from them. In the IR spectra of these compounds, there is a weak
absorption in the 2480 - 2550 cm ~l region, which can be assigned
to the thiol group. In addition, the thiol proton with a chemical
shift of about 8.5-8.8 ppm was detected in the [H NMR spectra,
together with the NH-group protons.7576 Furthermore, the bold
hypothesis has been put forward 77 that the absence of signals in
the thiol region of the IR spectra of 4-amino-5-mercaptotriazoles
does not necessarily indicate the absence of the thiol form, since
the S—H bond usually has a very weak absorption.

A zwitter-ionic structure has been proposed for 3-hydrazino-5-
mercapto-l,2,4-triazole on the basis of crystallographic data.78

H3N—HN

N—N

l \V

Depending on the conditions, the reaction with 2,3,4,6-tetra-O-
acetyl-a-D-glucopyranosyl bromide [a-acetobromoglucose,
(Ac)4GlBr] leads to S,S'- or ,S,./V-bisglycosides66

HN-

SH + 2 (Ac)4GlBr

20

Thus, the C - S bond length is 0.174 nm, which is, of course, closer
to that of the single bond and not the double bond.

In 1,2,4-triazolethiones, both the sulfur and nitrogen atoms
can act as nucleophilic centres, depending on the nature of the
attacking reagent and on the reaction conditions (Scheme 2).79"83

The introduction of an arylamino group into the 5-position
does not change the mode of nucleophilic substitution reactions.84
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Scheme 2

H2C=CHY

N — N Hi u-
H2C=O

N—N—CH2CH2Y

R

N—N—CH2NR2

HNR

H2C=O
N—N—CH2OH

R

HalCH2R
2

N — N

it y
N
R

SCH2R2

R = p-XC6H4, X = H, Cl, OEt;

Y = CN, ot-Py;

NR2 = N / . N °> etc-;

R2 = H, Ph, C6H4NO2-p, CONH2, COOH, CH2COOH

Regardless of the nature of the substituents in the 4- and
5-positions, cyanoethylation occurs at the nitrogen atom72-85"87

with one exception:72

HN—NH
2H2C=CHCN

N

NH2

NCCH2CH2S

N—N—CH2CH2CN

N

NH2

On the other hand, compounds of the HalCHaR type usually react
at the sulfur atom.79-81-85-87"89

The situation is changed if the aryl substituent is present in the
1- or 2-position. In the case of l-phenyl-l,2,4-triazole-3-thione,
cyanoethylation at the sulfur atom takes place, while alkylation of
2-phenyl-l,2,4-triazole-3-thione by (3-chloropropionitrile can occur
at a nitrogen atom.90

Ph—N—NH
RC1

CH2=CHCN

R = CH2CH2CN, CH2CH2COOH, CH2Ph

R'Cl

—N—Ph

C1CH2CH2CN

Ph—N—N

N—N—Ph

N—N—Ph

CH2CH2CN

The mechanism of the cyanoethylation reaction is believed to
begin (in all cases) with the attack of the reagent on the sulfur
atom, since it carries a greater negative charge. However, this is
followed by transcyanoethylation with the participation of a
second reagent molecule. This is based on quantum-chemical
calculations of the charge distribution in the triazolethione
molecules by Huckel's MO method.90

The acylation of 4,5-disubstituted triazole-3-thiones with
benzoyl and cinnamoyl chlorides yields ultimately C — N-
products; however, when phenyl substituents are present in
both positions and the reaction is carried out in an alkaline
medium, it is possible to isolate C — S-derivatives, which are,
however, readily transacylated on heating.8687

Under ethyne pressure in the presence of alkali,
1,2,4-triazolethiones give S-vinyl derivatives. Further vinylation
at the nitrogen is possible when catalysts (cuprous chloride,
cadmium acetate) are used.91"93 The formation of divinylation
products also occurs in the case of various substituted ethynes.94'95

N — N H
PhCOGsCR' (21)

R'

N—N—C=CHCOPh
ll \ - 21

R'

N—N—C=CHCOPh

\ y—S—C=CHCOPh
N I,
H R

N—NH
Jl \ PhCssCCN (22)

H

22

Ph

N—NH
// S—C=CHCN

C = C H C N

Ph

However, initial 7V-vinylation takes place in this case.

IX. Tetrazolethiones
In 1958, Lieber et al.96 reported the absence of bands correspond-
ing to SH groups in the IR spectra of aryltetrazolethiones. The
absorptions in the 1470-1500 cm"1 and 1338-1359 cm"1 regions
were assigned to the N—C=S and C=S fragments respectively. The
UV spectra of methyl- and benzyl-thiotetrazoles differed from
those of mercapto-derivatives, resembling more closely the spectra
of non-tautomeric tetrazoles,97 which also constituted evidence in
favour of the thione structure.

Kauer and Sheppard concluded that the UVand IR spectra of
arylmercaptotetrazoles did not correspond to those of aryltetra-
zole systems.98 However, the question of the position of the
proton remained unsolved, and it was suggested that
arylmercaptotetrazoles may exist (at least in the solid state or
in weakly polar solvents) as hydrogen-bonded dimers.

R' = CH2CH2COOH, CH2Ph
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Ar

H—S—S VN
\ 'I

N—N N — N

Ar

Fairly definite results have been obtained by means of 13C
NMR spectroscopy29-58-99-101 The chemical shift of the carbon
atom in substituted tetrazolethiones was shown to be
163 -165 ppm (depending on the substituent and the solvent),
while in the S-derivatives (sulfides, disulfides, etc.) this value is
lower by 8 -18 ppm. Thus, the thione structure of the compounds
under consideration is confirmed. According to 15N NMR
spectra,102 most tetrazolethiones have the 2H-structure; how-
ever, Stefaniak103 believes 4//-tetrazole-5-thione to be the
dominant structure.

From the chemical viewpoint, the properties of tetrazole-
thiones are similar to those of triazolethiones. For example, they
undergo pyridylethylation80 and aminomethylationl04 at the
nitrogen atom adjacent to the thione group. At the same time,
tetrazolethiones are more prone to form sulfides than triazole-
thiones in reactions with a,|5-unsaturated carbonyl compounds
and in the cyanoethylation reaction.99-105-106 Addition occurs at the
nitrogen atom in presence of triethylamine and at the sulfur atom
in an alkaline medium. The sulfides formed can rearrange into
C—N-adducts. Moreover, a special experiment involving the use
of 'H NMR spectroscopy showed the C —S-adduct to be the
intermediate in the reaction catalysed by triethylamine.

N—NH
/ \ CH2=CHCHO

Et.,N

rr N—N—CH2COPh

N

CH2Ph

PhCCH2Cl

O N

CH2Ph

Arylsulfanyl chlorides react with tetrazolethiones in ether in
the presence of pyridine to give disulfides.109

N—NH

N. > = S + CISAr
N

R

R = Me, Ph; Ar =

Diazomethane reacts with l-methyltetrazole-5-thione to give a
mixture of S-methyl- and 4-./V-methyl-derivatives,101 while oxiranes
give spirocyclic 1,3-oxathiolanes.110

N—NH

A
N—NH

A
DMF

The thione structure was assigned111 to l,2,3,4-tetrazole-5-
thione on the basis of the absence of absorption at
2500-2600 cm-1 in the IR spectrum.

In alkaline medium, this compound is alkylated and acylated
at the sulfur atom.100-m-113

N—N

SCH2CH2CHO

R

N—N-CH2CH2CHO

The mode of acylation depends on both the nature of the
substituent in the ring and on the acyl halide structure.100-1O7'108

For example, sodium l-phenyltetrazole-5-thiolate gives a mixture
of products of the acylation at the sulfur atom and the nitrogen
atom in the 4-position, the fraction of the latter decreasing with
increase in the bulk of the substituent R.

N—N

N v >—SNa
RC(O)C1

Ph

/
N

N—N
\\ SCOR

7
Ph

23

N—N—COR

N

Ph

24

The yields of compounds 23 and 24 are equal for R = Me, while for
R = Bu' the C - N-adduct is not formed. In 1-alkyltetrazolethiones
not only the nitrogen atom at the 4-position but also the nitrogen
atom at the 2-position undergoes acylation, and a mixture of three
products is formed. Arenesulfonyl chlorides, benzoyl chloride,
and compounds containing the Hal — C^p3) bond react at the
sulfur atom. Only one exception is known.

Comparative analysis of the structures of tautomeric five-
membered heterocyclic thiols leads to the following conclu-
sions. The thione form predominates in all azoles having the
mercapto-group between two heteroatoms, as happens, for
instance, in imidazole-2-thione, thiadiazole-2-thione, and tetra-
zolethione. 5-Mercaptothiadiazole-2-thione is an exception; it
contains a thiol group, unlike, for example, l,2,4-thiadiazole-3,5-
dithione. On the other hand, if the above condition is not fulfilled
and at least one of the 'neighbours' of the mercapto group is a
carbon atom, the predominance of the thiol form may be
expected. Among such compounds are furan-, thiophene-, and
selenophene-thiols, mercaptopyrazoles, as well as 3-mercapto-
isothiazoles 25, 5-mercaptoisoxazoles 26, and 4-mercapto-l,2,3-
triazoles 27, which have not been considered here (see the review
of Elguero et al.1).

•SH

.N HS

HS

25

O

26

N

R
27

As to the characteristic features of the chemical properties of
the compounds considered, one may note that the predominance
of one or another tautomeric form does not often determine the
regioselectivity of the reaction. The alkylation of azolethiones with
alkyl halides at the sulfur atom and the autothiylation of furan-,
thiophene-, and selenophene-thiols may be given as examples.
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