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Abstract: 3H-1,2-Dithiole-3-thiones are among the best studied classes of polysulfur-containing het-
erocycles due to the almost explosive recent interest in these compounds as sources of hydrogen
sulfide as an endogenously produced gaseous signaling molecule. This review covers the recent
developments in the synthesis of these heterocycles, including both well-known procedures and
important novel transformations for building the 1,2-dithiole-3-thione ring. Diverse ring transfor-
mations of 3H-1,2-dithiole-3-thiones into various heterocyclic systems through 1,3-dipolar cycload-
dition, replacement of one or two sulfur atoms to form carbon- and carbon-nitrogen containing moi-
eties, and other unexpected reactions are considered.

Keywords: 3H-1,2-dithiole-3-thiones; synthesis; pharmacological activity; sulfurization; elemental
sulfur; disulfur dichloride; 1,3-dipolar cycloaddition; ring transformations

1. Introduction

1,2-Dithioles have been an important class of sulfur heterocycles since 1884, when
the first representative of this class, 4,5-dimethyl-1,2-dithiole-3-thione (1) was synthesized
[1]. 1,2-Dithiole derivatives show many types of significant pharmacological activity, in-
cluding antitumor, antioxidant, chemotherapeutic, antithrombotic and radioprotective
properties [2-9]. In addition to the above applications, 1,2-dithioles show anti-HIV activ-
ity [10,11]. The 3H-1,2-dithiole-3-thione moiety in 1,2-dithioles occurs most commonly in
commercial drugs such as Oltipraz (2) [12], anethole dithiolethione (ADT, 3) [13], S-Dans-
hensu (4) [14], and NOSH-1 (5) [15] (Figure 1).

Hydrogen sulfide (H2S) is considered to be the third endogenously produced gase-
ous signaling molecule, or gasotransmitter, along with carbon monoxide (CO) and nitro-
gen monoxide (NO) [16]. Cellular HzS biosynthesized by enzymatic and non-enzymatic
pathways regulates important functions of the cardiovascular, immune, nervous, respir-
atory and gastrointestinal systems and is involved in a number of diseases, including
Down syndrome, Alzheimer’s, and Parkinson’s diseases [17]. Although there are a great
variety of HzS donors, one of the most extensively studied H2S donors are 5-(4-hydroxy-
phenyl)-3H-1,2-dithiole-3-thione (ADT-OH, 6) and its derivatives that contain the H2S-
releasing dithiolethione moiety.

The second reason for the interest in 1,2-dithioles is the rich chemistry of these com-
pounds which until recently was associated mainly with 1,2-dithiole-3-thiones. For exam-
ple, many 1,2-dithiole-3-thiones have been employed as precursors for the synthesis of
tetrathiafulvalene vinylogues that enhance the nonlinear optical properties for the crea-
tion of organic electronic conductors [18], photoconductive materials [19,20], or semicon-
ducting polymers [21].
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Figure 1. 4,5-Dimethyl-1,2-dithiole-3-thione (1) and 1,2-dithiole-3-thione-containing drugs 2-6.

Therefore, special attention was paid to the development of efficient and reliable
methods for the synthesis of 3H-1,2-dithiole-3-thiones and to their reactivity. A number
of reviews deal with the general aspects of the chemistry of 1,2-dithioles, such as the cor-
responding chapters in Comprehensive Heterocyclic Chemistry II and III [22,23] and other
reviews that should be ranked among the most important ones [24-26]. No special review
dedicated to the synthesis and reactivity of 3H-1,2-dithiole-3-thiones was previously
available in the literature.

2. Synthesis of 3H-1,2-dithiole-3-thiones

There are several general methods for the synthesis of 3H-1,2-dithiole-3-thiones by
sulfuration of 3-oxoesters, iso-propenyl derivatives, a-enolic dithioesters and related com-
pounds, alkynes, tertiary isopropylamines, and other less advanced protocols. However,
these methods still have some limitations, including drastic reaction conditions, poor
yields and selectivity, low atom economy, or the use of hard-to-reach and moisture-sensi-
tive sulfur containing reagents.

2.1. Synthesis of 3H-1,2-dithiole-3-thiones from 3-oxoesters

Sulfuration of 3-oxoesters is the most commonly used method for the synthesis of
3H-1,2-dithiole-3-thiones. Various reagents and conditions have been described for this
reaction. This procedure was discovered by Pedersen and Lawesson in 1979 when unsub-
stituted and 2-monosubstituted 3-oxoesters were brought into reaction with a mixture of
Lawesson’s reagent (2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-2,4-disulfide)
and elemental sulfur by refluxing in toluene to give the corresponding 3H-1,2-dithiole-3-
thiones in nearly quantitate yields (Scheme 1) [27].
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Scheme 1. Sulfuration of 3-oxoesters by elemental sulfur and Lawesson’s reagent.

More recently it was shown that in some cases, for example, for 3-oxoesters contain-
ing a pyrazinyl group at C-3, this procedure can result in lower yields of 3H-1,2-dithiole-
3-thiones, up to 39% [28]. Therefore, a number of attempts were made to modify this
method, i.e., to replace Lawesson’s reagent with cheaper PsSi0 and to avoid the use of ele-
mental sulfur that complicated the purification of the final heterocycles. It was found that
2-(aryl)-3-oxo-3-(aryl)propanoates reacted with PsSi0 in toluene under reflux conditions to
give the corresponding 3H-1,2-dithiole-3-thiones in acceptable yields (Figure 2) [29]. Un-
fortunately, the use of this protocol for 3-oxo-3-(pyrazin-2-yl)propanoates still gave pyra-
zinyldithiole-3-thiones in low yields (5-16%) [30].

5-16%

61-68% R = H, Me, Et, Pr, Ph, Bn, Ar etc
R', R%, R3, R*=H, OMe, NO,

Figure 2. 3H-1,2-Dithiole-3-thiones obtained by the reaction of 3-oxoesters and PiSio.

The most efficient procedure was developed by Curphey [31]. A combination of PsSio
and sulfur in the presence of hexamethyldisiloxane (HMDO) efficiently converted 3-ox-
oesters to dithiolethiones. In general, the yields of dithiolethiones obtained with
PiS10/SsyHMDO mixtures were higher than those obtained with Lawesson’s reagent
(Scheme 2). Addition of hexamethyldisiloxane (HMDO) to a PsSio-sulfur mixture both sig-
nificantly increased the yield of dithiolethione 1 and greatly simplified the workup of the
reaction mixture. Determination of the amount of HMDO remaining by the end of the
reaction showed that about four equivalents of the disiloxane were consumed per one
equivalent of PsSi. The role of HMDO can be explained as follows: in the presence of
HMDO, highly electrophilic phosphorus species were converted to harmless silylated
phosphates, thereby increasing the yield of the thionation product. On the other hand,
removal of elemental sulfur from the reaction mixture reduced the yield of dithio-
lethiones, in agreement with the beneficial effects of sulfur observed in the conversion of
3-oxoesters to dithiolethiones by Lawesson’s reagent. The details of how sulfur acts to
increase the yields of these dithiolethiones are not clear. Many other 3H-1,2-dithiole-3-
thiones have been successfully prepared using this protocol [32].
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Scheme 2. Synthesis of 3H-1,2-dithiole-3-thiones by the reaction of 3-oxoesters with sulfur, PsSio
and HMDO.

2.2. Synthesis of 3H-1,2-dithiole-3-thiones from a-Enolic Dithioesters and Related Compounds

Dialkyl malonates, a-enolic dithioesters or a-enolic dithioic acids can be successfully
employed for the synthesis of various 3H-1,2-dithiole-3-thiones. Treatment of dialkyl ma-
lonates with a mixture of elemental sulfur and P:Ss in refluxing xylene resulted in 4-sub-
stituted 5-alkylthio-3H-1,2-dithiole-3-thiones as the major products [33,34]. The presence
of a 2-mercaptobenzothiazole/ZnO mixture as the catalyst is essential for the reaction to
occur successfully (Scheme 3). The result strongly depended on the structure of malonate
esters. Malonate esters of primary alcohols gave moderate yields of dithiolethiones, while
malonate esters of secondary alcohols did not. While dialkyl malonates containing Me,
Ph, Bn, OMe and CI substituents at position 2 successfully withstood the reaction condi-
tions, 2-bromo- and 2-nitro-derivatives did not give the desired products.

O

R2 R2 S
OR! MBT, ZnO
+Sg+PySio——— = Iy
RO X0 xylene, A R'S™ g~
9-35%

R' = Me, Et, Alk, Bn
R2 = H, Me, Ph, Bn, Cl, OMe

Scheme 3. Synthesis of 4-substituted 5-alkylthio-3H-1,2-dithiole-3-thiones from dialkyl malonates.

If dithiolmalonic esters obtained from malonyl dichloride and the corresponding thi-
ols were involved in the reaction with PiSi, 5-alkylthio-3H-1,2-dithiole-3-thiones were
isolated from the reaction mixtures [35]. It was found that the use of Lawesson’s reagent
as the sulfurating agent resulted in better yields of dithiolethiones (Scheme 4). A 2-mer-
captobenzothiazole/ZnO mixture was successfully employed as the catalyst in these reac-
tions.

(0]
S
MBT, ZnO
SR g+ lR — 2, /[‘/(
RS™ ~O dioxane, A RS S/S
42-86%

R = Ph, Bn, Bu, Bu'etc
Scheme 4. Synthesis of 3H-1,2-dithiole-3-thiones from dithiolmalonic esters.
Yet another attractive approach to 1,2-dithiole-3-thiones based on various ketones via

dianions of 3-oxodithioic acids was suggested by Curpey [36]. It was shown that the reac-
tion of ketones with CS: and two equivalents of KH in THF-N,N’-dimethylpropyleneurea
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(DMPU) solutions resulted in dianions of 3-oxodithioic acids. Sequential treatment of
these dianions with hexamethyldisilathiane and hexachloroethane as the oxidizing agent
gave 4,5-disubstituted 1,2-dithiole-3-thiones in good to excellent yields (Scheme 5). The
use of a strong base such as KH and a dipolar aprotic cosolvent, either HMPA or DMPU,
is necessary to convert the monoanion formed initially into a dianion. Other oxidizing
agents such as bromine or iodine gave similar or slightly lower yields of 1,2-dithiole-3-
thiones.

RS
R R? © R S
KH S C,Clg
A TCS2 + S(SiMes)y ———»
R0 THE DMPU L1 e RIS
R" = Me, Et, Ph, Bu!, 4-MeOCgH, 60-99%

R? = H, Me,SMe
R', R? = -(CHy)4-, -(CHy)s-

Scheme 5. Synthesis of 3H-1,2-dithiole-3-thiones from dianions of 3-oxodithioic acids.

Although this is a general procedure, the use of expensive reagents such as KH and
hexamethyldisilathiane greatly diminishes its usefulness. Later on, it was shown that for
some heterocyclic acetyl derivatives KH can be replaced by potassium tert-butoxide and
hexamethyldisilathiane by P:Ss (Scheme 6). In these cases, the yields may vary from good
to low [37,38]. Unfortunately, it is still unclear whether this method is applicable to other
ketones.

S
Me KOBu! S
L +Cs ——= SH
R™ 0 CsHe +PSg —— /i 5
R” 0 CeHe. A RNg-
NH 30-85%
VY

R = [/ \5; [/ \5; HN |
S 0)
N
H
Scheme 6. Synthesis of 5-substituted 3H-1,2-dithiole-3-thiones.

e

5-Substituted 1,2-dithiole-3-thiones could also be obtained from a-enolic dithioesters
[39]. Treatment of a-enolic dithioesters with easy-to-use reagents, namely, elemental sul-
fur and InCls, at 90 °C under solvent-free conditions in air gave 3H-1,2-dithiole-3-thiones
in good to excellent yields and showed good functional group tolerance to both electron-
donating and electron-withdrawing groups (Scheme 7). It was found that various substit-
uents such as OMe, Me, Cl, Br, and CFs groups at ortho-, meta-, and para-positions of the
phenyl ring were tolerated. This one-pot procedure involves the formation of new S-S
and C-S bonds with in situ open-chain intermediates followed by intramolecular hetero-
cyclization.
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R' = Ph, 4-MeCgHy, 4-MeOCgH,
4-PhCgH, 4-naphthyl, 2-furyl etc

Scheme 7. Synthesis of 5-substituted 3H-1,2-dithiole-3-thiones from a-enolic dithioesters.

4-Fluoro-5-perfluoroalkyl-3H-1,2-dithiole-3-thiones were synthesized in a one-pot
procedure by heating the corresponding ketene dithioacetals with magnesium bromide
and elemental sulfur at 210 °C (Scheme 8) [40]. An intermediate product in this reaction is
[B-bromo-B-trifluoromethyl dithiocrotonic ester that was isolated in the reaction of ketene
dithioacetals with MgBro.

RS
F SEt  MgBr, Sg
1= ] (5
£ SEt 210°c R7 g
80-92%

R= CF31 (CF2)2H

Scheme 8. Synthesis of 4-fluoro-5-perfluoroalkyl-3H-1,2-dithiole-3-thiones.

2.3. Synthesis of 3H-1,2-dithiole-3-thiones from Iso-Propenyl Derivatives

Dehydrogenation and sulfuration of an iso-propenyl or iso-propyl group with phos-
phorus pentasulfide or elemental sulfur is the most awaited method that has been used
for a long time [41]. However, it has the disadvantage of drastic reaction conditions (heat-
ing up to 200 °C) and has been rarely used lately.

5-(4-Aminophenyl)-3H-1,2-dithiol-3-thione (amino-ADT, ADT-NH2) can be pre-
pared by treatment of tert-butyl (E)-(4-(prop-1-en-1-yl)phenyl)carbamate with elemental
sulfur at 180 °C with simultaneous formation of dithiolethione and deprotection of aniline
to give ADT-NH: (Scheme 9) [42].

Me
| DMA
+Sy, ——— >
180°C, 18 h HoN
2
Boc\N 68%
H
ADT-NH,

Scheme 9. Synthesis of 5-(4-aminophenyl)-3H-1,2-dithiole-3-thione (ADT-NHz).

4,4-Dimethyl-4,5-dihydro-1H-[1,2]dithiolo[3,4-c]quinoline-1-thiones were synthe-
sized by refluxing dihydroquinolines containing a hidden iso-propenyl group in the ring
in dimethylformamide with a 5-fold excess of elemental sulfur (Scheme 10) [43].
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Scheme 10. Synthesis of 4,4-dimethyl-4,5-dihydro-1H-[1,2]dithiolo[3,4-c]quinoline-1-thiones.

Heating N-((3r)-adamantan-1-yl)-4-isopropylbenzamide with elemental sulfur at 190
°C overnight gave N-((3r)-adamantan-1-yl)-4-(3-thioxo-3H-1,2-dithiol-4-yl)benzamide in
a low yield (Scheme 11) [44].

NHAd NHAd
e} (0]

+Sy ——
190 °C S
Me

Me /S
Ad = adamantyl 23%

Scheme 11. Synthesis of N-((3r)-adamantan-1-yl)-4-(3-thioxo-3H-1,2-dithiol-4-yl)benzamide.

2.4. Synthesis of 3H-1,2-dithiole-3-thiones from Alkynes

4-Mercapto-5-substituted 3H-1,2-dithiole-3-thiones can be easily prepared by a one-
pot procedure from terminal alkynes [45]. Deprotonation of terminal alkynes with BuLi
followed by treatment with carbon disulfide resulted in alkynyldithiocarboxylates, which
were then treated with elemental sulfur to give 4-mercapto derivatives after acidic
workup (Scheme 12). If the reaction mixtures were quenched with methyl iodide rather
than HC], stable 4-methylthio derivatives were isolated in similar yields.

1. BuLi, -78 °C
2.CS,, -78°C HS s MeS S
B 3. Sg HCI /Z/—( Mel /Z/_/(
R———H s — S
R Ng R g
44-61% 38-50%

S / R = Ph, Mes, But
R%« o

S
Scheme 12. Synthesis of 4-mercapto-5-substituted 3H-1,2-dithiole-3-thiones from alkynes.

Surprisingly, if isopropylamine is added to the reaction mixture instead of HCI, the
reaction can be stopped with the formation of 5-substituted 1,2-dithiole-3-thiones [46]. The
method is very convenient and a number of 5-substituted 1,2-dithiole-3-thiones were suc-
cessfully synthesized (Scheme 13). Along with the formation of a heterocyclic ring, trime-
thylsilylacetylene underwent desilylation in the reaction to give the parent heterocycle in
a moderate yield.
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1. BuLi, -78°C
2.CS,,-78°C S
3. Sg, PriNH, /A_/( S
R—= - / R—
H R /S Q
s s
58-85%

R =H, Ph, p-Tol, But, ferrocenyl

Scheme 13. Synthesis of 5-substituted 3H-1,2-dithiole-3-thiones from alkynes.

5-Phenyl-3H-1,2-dithiole-3-thione was prepared from molybdenum dithiopropiolato
complexes 7 [47]. Treatment of these complexes with trimethylamine-N-oxide in MeCN
resulted in 1,2-dithiole-3-thione (Scheme 14). The authors assumed the formation of inter-
mediate molybdenum oxo-complexes, which were isolated after the first stage and then
subjected to hydration with water from MesNO-H20 (the use of anhydrous TMNO did
not give dithiolethione). The authors did not explain where the third sulfur atom of dithi-
olethione comes from, and even more surprisingly, addition of elemental sulfur did not
improve the yields of 5-phenyl-3H-1,2-dithiole-3-thione.

s._GO Me3NO.2H,0 S
Ph%( Mo-CO ———— /

S/II_ MeCN Ph S/S

7 33-80%

L= n5—C5H4Me, 1’]5-C5H5’ n5—C5Me5

Scheme 14. Synthesis of 5-phenyl-3H-1,2-dithiole-3-thione from molybdenum dithiopropiolato
complexes.

Zhang's team recently published two efficient syntheses of monosubstituted 1,2-di-
thiole-3-thiones from internal alkynes. Copper catalyzed defluorinating thioannulation of
aryl trifluoropropynes using elemental sulfur as the only sulfur source proved to be a
simple and practical strategy for the preparation of 5-aryl-3H-1,2-dithiole-3-thiones
(Scheme 15) [48]. Specific features of this reaction include the efficient formation of multi-
ple C-S bonds due to cleavage of C-F bonds in the CFs group, a wide scope of substrates,
and a high tolerance to functional groups; 1,2-dithiole-3-thiones are formed in moderate
to high yields on treatment of trifluoropropynes with Ss and Cs2COs in the presence of
CuBr and TMEDA in DMF at 120 °C.

S
CuBr, Cs,CO3
Ar———=CF3; + Sg / S
TMEDA Ar s~
(o}
DMF, 120 °C 42-88%

Ar = Ph, 4—MeC6H41 4-PhOC6H4
4-PhCgHy,, 1-naphthyl, 2-thienyl etc

Scheme 15. Synthesis of 5-aryl-3H-1,2-dithiole-3-thiones from trifluoropropynes.

Yet another approach involves the copper-catalyzed aerobic oxidative sulfuration
and annulation of propargylamines with elemental sulfur in diethylformamide (DEF)
[49]. The tandem reaction includes the cleavage of the C-N bond and formation of multi-
ple C=Sbonds to give 5-aryl-3H-1,2-dithiole-3-thiones in good to excellent yields with per-
fect electron-rich and electron-poor aryl (hetaryl) group tolerance (Scheme 16). Various
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secondary and tertiary N-phenylpropargyl amines can be involved in this reaction. A pos-
sible mechanism includes the copper-catalyzed oxidative dehydrogenation of propargyl-
amines in air followed by disproportionation of elemental sulfur in the presence of KsPOs4
with release of the S: dianion and the SH anion. Simultaneous nucleophilic additions of
the S: dianion to the carbon-carbon triple bond followed by copper-catalyzed dehydro-
genative oxidation and hydrolysis resulted in 1,2-dithiol-3-one. Finally, nucleophilic ad-
dition of the SH anion to 1,2-dithiol-3-one followed by elimination gave the target 1,2-
dithiole-3-thione.

R1
\ ) S
N-R CUC', K3PO4
Ar—— +Sy —m— / S
DEF, 120°C  Ar s~
1 -
R'=H, Me, Et 34-88%
R? = Ph, Me, Et

Ar = Ph, 4-MeCgH, 4-MeoCgHy,
4-PhCgHy4 2-pyridyl, 2-thienyl etc

Scheme 16. Synthesis of 5-aryl-3H-1,2-dithiole-3-thiones from propargylamines.

2.5. Synthesis of 3H-1,2-dithiole-3-thiones from Tertiary Isopropylamines and Disulfur
Dichloride

The general strategy for the synthesis of 1,2-dithioles from isopropyl or isopropenyl
derivatives is to add two sulfur atoms from elemental sulfur. Recently, however, disulfur
dichloride has successfully replaced this reagent for tertiary isopropylamines. The main
feature of this reagent is that it has diverse reactivity, which determines both its beneficial
and adverse properties. Disulfur dichloride exhibits the properties of a sulfurating, chlo-
rinating, oxidizing, and even dehydrating agent [50]. The most important property of di-
sulfur dichloride is its ability to cause cyclization of various organic molecules into sulfur-
containing heterocycles, in particular 1,2-dithiole-3-thiones [51-53].

The concept of synthesizing 1,2-dithioles from tertiary isopropylamines and disulfur
dichloride was discovered and developed by the author of this review in collaboration
with Professor Rees (Imperial College London, UK) in the late 90s of the past century and
at the beginning of this century. It was found that N-ethyldiisopropylamine (Hiinig's
base), which was previously used in reactions with disulfur dichloride as an “inert” base,
can react with S2Clz2 and 1,4-diazabicyclooctane (DABCO) to give a completely unexpected
new polysulfur-containing heterocyclic system, namely, bis[1,2]dithiolo[1,4]thiazine 8
[54]. In this one-pot reaction, the 14 isopropyl C-H bonds of the Hiinig base were replaced
by 10 C-S and two C= C bonds, while the ethyl group was left intact (Scheme 17).

Me
(Me s [ s
N
/
Me Me S S S
Hunig's base 8, 40%

Scheme 17. Reaction of Hiinig's base with disulfur dichloride.

4-Ethyl-5-thioxo-3H,4H,5H-bis([1,2]dithiolo)[3,4-b:4’,3"-¢][1,4]thiazin-3-one 9 was ob-
tained by the reaction of Hiinig’s base with disulfur dichloride with addition of an oxygen
donor, namely cyclopentylacetic acid, at the last stage of the reaction (Scheme 18) [55]. By
extending the conditions found to other substituted diisopropylamines, a number of
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bis(dithiolo)thiazines were obtained, including nitrogen-unsubstituted representatives of
these heterocycles [56-58].

Me @) (

S
( 1. S,Cl, DABCO N
MeYNYMe ' S\ | | /S
Me Me 2. E>—\ S S

CO.H

Scheme 18. Synthesis of 4-ethyl-5-thioxo-3H,4H,5H-bis([1,2]dithiolo)[3,4-b:4’,3’-¢][1,4]thiazin-3-
one.

9,42%

If the reaction was carried out in a high boiling solvent such as chlorobenzene,
bis[1,2]dithiolopyrroles 10 and 11 were formed by elimination of a sulfur atom from the
intermediate bis(dithiolo)thiazines 8 and 9 (Scheme 19) [59].

Me Me
( ¢ 1.5,Cl DABCO (Me (
NN in CgHsCl S,Ch DABCO S N /°
{ I MeYN\rMe } \ I
S. S S
s S 2. HCO,H Ve e CeHsCl Sig .
11, 25% 10, 42%

Scheme 19. Synthesis of bis[1,2]dithiolopyrroles.

The reaction of Hiinig's base, disulfur dichloride, and p-toluenesulfonic acid hydra-
zide under similar conditions occurred in a more complex way to give monohydrazide 12
in a low yield (Scheme 20) [60].

('V'e s [ Me NNHSO,Ar
MeYNYMe 1. 8,Cl, DABCO S)INIZ(S
Me Me 2 ArSO;NHNH, ‘s
Ar = 4-MeCgH,4 12, 11%

Scheme 20. Synthesis of monohydrazide 12.

In all the reactions described above in this section, both isopropyl groups in the N-
alkyldiisopropylamines were converted to 1,2-dithiole rings. It was shown later that the
reaction could be stopped at the stage of the formation of monocyclic 1,2-dithioles, and
the main condition for the successful synthesis of monodithioles is that the conversion
should be performed at low temperature [61]. Treatment of N-alkyldiisopropylamines
and S2Clz in chloroform at 0 °C in the absence of another base resulted in monocyclic 1,2-
dithiole-3-thiones 13 and 14; in all cases, the 5-mercapto derivatives 13 were the main
products (Scheme 21).



Molecules 2021, 26, 3595

11 of 43

R
i S R
R Me. N Me. N P
Me N Me + S,Cl, — \l/ | S + Y
\( \l/ Me / Me | /S
Me Me HS S

14
R = Et , CHZPh, CHQCHQCOZEt , 13; 11-37%

CHoCH,CN, CH,CH,N3

Scheme 21. Conversion of N-alkyldiisopropylamines into monocyclic 1,2-dithioles.

Unexpected results were obtained in the reaction of two other substituted diisoprop-
ylamines with disulfur dichloride [62]. Dithiolothiazine 15 was isolated instead of the ex-
pected mercaptodithiolethiones 16 (Scheme 22). The authors believe that in the course of
the reaction, thiones 16 were also formed as intermediates and then converted into bicyclic
structure 15 after elimination of HCI or phthalimide, respectively.

Me Me
Me
Me___Me NMe Y s
h 1.8,Cly, 0°C N N
N_ _Me —>[ | s
j Y 2. HCO,H | 5 - HX s~
o 16 15, 21-33%
X =Cl, —N
0

Scheme 22. Synthesis of dithiolothiazine 15.

Treatment of N-(2-chloroethyl) diisopropylamine with disulfur dichloride followed
by addition of phosphorus pentasulfide resulted in dithiolothiazine 17 [63]. The formation
of this product can be explained by the fact that, in the presence of PiS, salt 18 gives
another salt 19, which undergoes cyclization to thiazine ring 20. The conversion of salt 20
into thiazine 17 apparently occurs due to the action of the same PsSwo as a sulfurating agent
(Scheme 23).

Cl Cl SH

Cl H Cl cl

PsSio  Cl
Mo Ty e v .0 © /N O/ NN\ @
Me Me s I LS AR
2CI 2C|
18 19

S-S S-S

Scheme 23. Reaction of N-(2-chloroethyl)diisopropylamine with disulfur dichloride and phospho-
rus pentasulfide.
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5-Chloro-1,2-dithiole-3-thiones 21 were obtained by the reaction of N-(2-
phthalimidoethyl)-N-alkylisopropylamines with a mixture of disulfur dichloride and
DABCO followed by the action of triethylamine [64]. The unexpected stability of thiones
21 was explained by the dipole-dipole interaction between an electron-donor 1,2-dithiole-
3-thione ring and an electron-withdrawing phthalimide group (Scheme 24).

o} o} S
Me acl 1. DABCO S,
+ S5l — S
N\/\N)\Me 2. Et;N NS
0 R o R Cl

R = Pr, neopentyl 21, 30-43%

Scheme 24. Reaction of N-(2-phthalimidoethyl)-N-alkylisopropylamines with disulfur dichloride.

Treatment of 3,4-bis(iso-propylamino)-1,2,5-oxadiazole 22 with disulfur dichloride in
DMF at 100-105 °C gave a product containing one isopropyl group, dithioloxadiazolopy-
razinethione 23, whose structure was confirmed by X-ray diffraction analysis [65]. The
formation of this product was explained by the conversion of the N-isopropyl group to
the 3-chlorodithiolium salt 24 in accordance with the mechanism described earlier [55].
The latter compound evolved hydrogen chloride to form the pyrazine ring (Scheme 25).
Obviously, the formation of the dithiolethione and pyrazine rings in compound 23 deac-
tivates the second isopropyl group, which does not undergo further conversion.

ol
Me ® S
/N\ N_< ,N\ N \ é /N\ N
o ;[ Me DMF o I . d I [ s
N"Sne * Sk qg0.1050c | N )N\H cl N )N\ S
Me™ “Me Me™ Me Me” Me
22 = 24 c© - 23, 43%

Scheme 25. Reaction of 3,4-bis(iso-propylamino)-1,2,5-oxadiazole with disulfur dichloride.

The reaction of diisopropyl sulfide with disulfur dichloride and DABCO resulted in
1,2-dithiole-3-thiones 25 and 26 [66]. Apparently, the formation of the dithiole ring is sim-
ilar to its production from diisopropylamines. However, in the case of diisopropyl sulfide,
only one isopropyl group reacted, whereas the second one was apparently deactivated by
incorporation of a dithiolethione moiety at the sulfur atom (Scheme 26).

Me Me Me
\( S >—Me

Me Me DABCO S Me S S S
>73_< + S,Cly —— | s + g
M S\ S \ S\ /
Me Me e\( S S S
S-S s~

25, 33% 26, 19%

Me

Scheme 26. Reaction of diisopropyl sulfide with disulfur dichloride.

It was shown above that N-isopropyl groups could be converted to N-(1,2-dithiole-3-
thione) moieties. Nitrogen-containing heterocycles with methyl and C-H groups at the
ortho-position, for example, readily available 2- and 3-methylindoles, are structurally sim-
ilar to the N-isopropyl group and can be considered as starting materials for the synthesis
of dithioloindoles.
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Treatment of N-methyl-2-methylindole with a fivefold excess of disalt 27 obtained
from disulfur dichloride (one equivalent) and DABCO (two equivalents) in chloroform at
room temperature [67] followed by addition of triethylamine gave fused dithioloindole
28 (R = Me) in high to moderate yields [68]. Later, this reaction was extended to other N-
substituted 2-methylindoles [69]. Fused dithioloindoles 28 were obtained in good yields
(Scheme 27). N-Acetyl- and N-benzoyl-2-methylindoles did not react with S:Clz even un-
der more drastic conditions; the starting indoles were isolated from the reaction mixtures
in high yields. It is obvious that electron-withdrawing substituents at the nitrogen atom
of the indole ring (acetyl and benzoyl groups) suppress the reaction with electrophilic
disulfur dichloride. It was found that the 3-methyl group in 1,3-dimethylindole does not
react with S:Clz and its mixtures, in contrast to the 2-methyl group in 1,2-dimethylindole.
The high reactivity of the 2-methyl group can be explained by the low acidity of the 2-
methyl hydrogens. The most plausible mechanism for the formation of dithioloindoles is
apparently similar to the mechanism of the formation of a 1,2-dithiole-3-thione moiety
from tertiary N-isopropylamines and involves the addition of a S2Cl> molecule followed
by the formation of a 1,2-dithiole ring and then oxidation and chlorination to a 3-chloro-
dithiolium salt. Sulfur nucleophiles formed from sulfur and triethylamine are likely to
produce a thione group.

G N
AN 1.27 - / A\
@Me s =77 s ENN
N 2. EtzN N\ o —
R

\ t3
R

_ 28, 56-94% 27
R = Me, Et, Pr', Bn, Ar etc

Scheme 27. Synthesis of dithioloindoles 28.

Interestingly, almost simultaneously with this work, a paper appeared describing the
synthesis of 1,2-dithiole-3-thione annulated with a phosphole sulfide ring 30 [70] from the
corresponding heterocycle 29, in which the methyl and C-H groups are at ortho-positions
to each other (Scheme 28). A successful reaction with 5:Clz requires activation with a base
(in this case, sodium hexamethyldisilazide, (MesSi)2NNa); the yield of fused dithio-
lethione 30 was as small as 10%.

S
Me Me Me CH, Me
TMS,NNa 2 < S
/ \ —2> / (6 ® + S,Cly — / \ S/
P

R THR 18°c R Na
s” ph s’ “Ph S
29

30, 10%

Scheme 28. Synthesis of 1,2-dithiole-3-thione annulated with phosphole sulfide.

Pentathiepinopyrroles 31 reacted with salt 32 obtained from disulfur dichloride and
DABCO to give bis(1,2-dithiolo)pyrroles 10 in high yields [71]. Pentathiepins usually do
not react with the S:Clz - DABCO system at room temperature; therefore, it was assumed
that salt 32 reacted with methyl groups as an electrophilic reagent to afford bis(1,2-dithi-
olo)pyrroles 10 in a complex cascade transformation (Scheme 29).
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578
S S /T \+ S/S S\S
+ N_ _N-S — Z/ \S :
M " s—cl
Me N Me 52 o S TR S
R
31 T 10, 74-85%

— _ .
N N+ S,Cl R = Me, Et, Pr", Pr', Bn
7/

Scheme 29. Reaction of pentathiepinopyrroles 31 with salt 32.

2.6. Miscellaneous Syntheses of 3H-1,2-dithiole-3-thiones

A new procedure was suggested to synthesize 1,2-dithiole-3-thiones from cyclopro-
penthione derivatives and elemental sulfur in the presence of potassium fluoride in DMF
in an air or oxygen atmosphere [72]. The features of the reaction include a high efficiency
and good regioselectivity with respect to a wide range of cyclopropenthione derivatives
(Scheme 30). The suggested mechanism for this [3+2] cycloaddition includes attack of ele-
mental sulfur on the positively charged carbon atom of the cyclopropenthione derivative
followed by release of Se with a further ring-opening/cyclization sequence to give dithio-
lethiones.

S

2
KF, DMF R S

+ 88 /
air, rt, 12 h R S/S

R? R!

. 29-88%
R', R? = Ph, Ar, Et, Bu, Pr,
NPh, cyclopropyl, -(CHy)s-

Scheme 30. Synthesis of 1,2-dithiole-3-thiones from cyclopropenthione derivatives.

Substituted 3H-benzo[1,2]dithiole-3-thiones 33 can be prepared by treatment of 2-
bromobenzaldehydes with potassium sulfide in DMF [73]. This method is superior to
those previously described for benzodithiolethiones in terms of the number of steps and
efficiency (Scheme 31). A possible mechanism of this reaction involves aromatic substitu-
tion of 2-bromobenzaldehyde with potassium sulfide followed by the reaction with ele-
mental sulfur formed by oxidation of potassium sulfide with atmospheric oxygen and the
subsequent Willgerodt-Kindlertype reaction, which affords the final benzodithiolethione.

S

- CHO
R air, DMF =
L +KS —— Rz || S
Br 120 °C, 4h XS

R =Me, OMe, CI, OH 33, 30-82%

Scheme 31. Synthesis of substituted 3H-benzo[1,2]dithiole-3-thiones.

Two procedures have been suggested for the synthesis of the parent 3H-1,2-dithiole-
3-thione (1,2-Trithione). Treatment of commercially available malonodialdehyde dime-
thylacetal by heating at 130 °C with a mixture of elemental sulfur and PiSw in pyridine
gave 3H-1,2-dithiole-3-thione in a good yield [74]. Thermolysis of dipropyl polysulfides
(n-Pr)2Sx (x =3, 3.5) at 350 °C gave 1,2-dithiole-3-thione in moderate yield [75]; the process
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was accompanied by the evolution of gaseous products such as hydrogen sulfide, propyl-
ene and hydrogen (Scheme 32).

OMe S
Py 350 °C
Meo{_<ow|e rsPsi —om [ 2l s,
OMe 67% S 29-52%
X=335

Scheme 32. Synthesis of the parent 3H-1,2-dithiole-3-thione.

3. Reactions of 3H-1,2-dithiole-3-thiones

There are several typical reactions of 1,2-dithiole-3-thiones that have been studied for
decades: 1,3-dipolar cycloaddition to alkynes, isonitriles, nitrilimines, various transfor-
mation of thione group, as well as some new transformations that have been discovered
recently: recyclization to other heterocycles, insertion of several fragments into an S-S
bond, and some others.

3.1. Reactions with alkynes

Dithiolethiones can sequentially add one or two alkyne molecules to initially give
1,3-dithioles 34 and then spiro-1,3-dithiolothiopyrans 35 (Scheme 33).

R3 R3 R3
3 4 —
R! i T SJ\} 3 T S_S
R1 R R1 R4
s+ || — By T ] — ﬁ
S
R? RS R2 g R? R2 g7 R4
34 35

Scheme 33. 1,3-Cycloaddition of alkynes to 1,2-dithiole-3-thiones.

As arule, the reaction of non-fused dithiolethiones is stopped at the stage of addition
of one mole of an alkyne (Scheme 34). Usually, one equivalent of an alkyne should be
added to the reaction mixture to obtain 1,3-dithioles 34, and the conversion is carried out
at room temperature or even below it [37,76,77], but in some cases refluxing with an excess
of an alkyne in xylene or benzene was employed [64,66,78,79]. The yields of 1,3-dithioles
can vary widely from 20% to the quantitative yield.

C(O)Me
S R3 S
R’ R! ) C(O)Me
s+ — T °
RZ S 3 R2 s
R
34

R' = H, 4-MeCgH,, SPr!, N(Pr')CH,CH,Phth etc
R? = 2-thienyl,2-furyl, CI, SSPr
R3 = CO,Me, CO,Et, CO,H, C(O)Ph

Scheme 34. Synthesis of 1,3-dithioles.
It is noteworthy that in the case of 5-chlorosubstituted dithiolethiones, rare aliphatic

compounds with a usually unstable thioacyl chloride group are formed [80]. The stability
of compound 35 is due to the intramolecular interaction between the thiocarbonyl group
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and the heterocyclic sulfur atom that can reduce the electrophilicity of the thiocarbonyl
group (Scheme 35). In the case of compound 35, this was confirmed using X-ray diffraction
analysis, which showed the planarity of the quasibicyclic part of the molecule with an S...S
distance of 2.91 A. It is in the range between the length of the usual S-S bond (2.05 A) and
the sum of van der Waals radii for these atoms (3.68 A).

CO,Me
S CO,Me S
Cl 2 Cl D—come
|| N
| s+ — )
S N/
cl CO,Me cl” s
35, 100%

Scheme 35. Synthesis of 1,3-dithiole 35.

In light of the above, rather an unexpected result was obtained in the reaction of 5-
methyl-3H-1,2-dithiole-3-thione with DMAD. When these reagents were refluxed in chlo-
roform for 5 h, only the addition product of two DMAD molecules, thiopyrane 36, was
isolated in 78% yield [81]. However, it should be noted that the authors did not attempt
to obtain the intermediate 1,3-dithiole 37 (Scheme 36).

B ] MeO,C CO,Me
COzMe —
S Cco,Me S‘g\ S__S
I«S + ||| — > ﬁs CO,Me DMAD ﬁCOZMe
/
S M
Me CO,Me € S Me~ 'S” CO,Me
- 37 - 36, 78%

Scheme 36. Synthesis of thiopyrane 36.

As a rule, 1,2-dithiole-3-thiones fused with non-aromatic and heteroaromatic rings
sequentially add first one and then the second mole of an activated alkyne. Moreover, it
was often difficult to stop the reaction at the first stage, and as a result, 1,3-dithioles were
isolated in low yields. In fact, the reactions of [l,2]dithiolo[3,4-c]quinoline thiones 38 and
39 gave 1,3-dithioles 40 and 41 at room temperature in chloroform [82,83] or dimethylfor-
mamide [84], while the addition of the second mole of DMAD was performed by refluxing
in toluene (Scheme 37).



Molecules 2021, 26, 3595 17 of 43

R1
COzMe j\
CHCl; _ DMAD
S + ‘ ‘ —_—
RzN toluene A
CO,Me Me Me
40, 53-86% 42 67-82%

R'=H, Me, OMe
R2 = H, Me, C(O)Me, C(O)Ph etc

E=COzMe
R1
R2
CO,Me 1
DMF O E DMAD
S + H B
toluene A
O me WMe CO,Me O wme Me O M¢ ‘me
39 R'=H. Me 41, 40-50% 43, 60-72%

R2=H, Me, OMe, OEt
E = CO,Me

Scheme 37. 1,3-Cycloaddition of [1,2]dithiolo[3,4-c]quinoline thiones 38 and 39.

Similar results were obtained in the reaction of bis-dithiolothiazines with DMAD and
dibenzoylacetylene [85,86]. Short-term refluxing (10-45 min) of monothiones 44 or bis-thi-
ones 45 with one equivalent of an alkyne in benzene gave mono- 46 and bis(1,3-dithioles)
47 in moderate to high yields (Scheme 38). The use of scandium triflate as a catalyst in-
creased the yields of 1,3-dithioles significantly, up to 60-80%. If excess alkyne was added
to monothiones 44 or bis-thiones 45 in refluxing toluene or benzene, dithiolopyranes 48
and 49 were formed. It is noteworthy that the yields of 1,3-dithioles and thiopyranes are
nearly the same, which indicates that the second alkyne molecule is added quantitatively.

RZOC COR?

1 1 COR2 COR2
o R s COR? Q S‘& Q
N 2
s~ ~g~ S Sore S”>Ng S COR?
44 46, 48-81% 48, 78-83%
s R s R20C COR?  COR?
| COR? |
N CoHe R2OCI ‘j\CORZ iORZ
s, | | s+ | Iy
S S c
S COR?
45 47, 60-89%

R20C COR? CORCOR2

rR20c.° S Cor? R" = Et, CH,CH,CI, (CH,);7Me
R2 = OMe, OEt, Ph

R20C COR?
49, 62-95%

Scheme 38. Reaction of bis-dithiolothiazines 44 and 45 with DMAD.
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Interesting results were obtained in a study of the reaction of dithioloindoles 28 and
50 with DMAD [68]. In the reaction of dithiole 28 with DMAD, the first molecule was
added somewhat more slowly than the second one, and in all cases, mixtures of mono-
and bis-products formed (Scheme 39). The highest yields of 1,3-dithioles 51 (25-35%) were
obtained in the reaction with one equivalent of DMAD in benzene at room temperature
for three days. Monoadducts 51 reacted with one mole of DMAD in benzene under reflux
to form bis-adducts 52 in a quantitative yield in a few minutes. The reaction of thione 50
with excess DMAD in benzene under reflux conditions gave only monoproduct 53 in a
low yield (18%). The expected bis-adduct 54 was not detected in the reaction medium;
instead of this product, ketone 55 was isolated in 23% yield. The formation of this product
was unexpected. In an attempt to explain this result, it was found that it was formed in
65% yield from thione 53 on treatment with DMAD. Thus, thione 53, which is a regioiso-
mer of thione 51, in contrast to the latter, does not react with DMAD as with a dienophile.
Obviously, the reason for this lies in the different reactivity of the thiono groups in these
compounds. The thiono group in 53 is essentially a thioamide group in nature and is there-
fore not involved in 1,3-dipolar cycloaddition reactions.

CO,Me
N \
=g~ ~COMe DMAD
S A
28 51, 25-35% 52, 100%
R = Me, Et, i-Pr, Bn
CO;Me CO,Me
S COzMe 1 sﬁg\
N S N
c:o Me o)
Mé 2 Mé
50 53, 18% 55,23%

' MeO,C.  CO,Me

s__S
CO,Me

N™™s” “coMe

Me
54

Scheme 39. Reaction of dithioloindoles with DMAD.

In the case of monothioxo 11 and bis-thioxo 10 bis[1,2]dithiolopyrroles, the reaction
occurs with two moles of an activated alkyne per thiono group and ends with the for-
mation of spiro-1,3-dithiolopyrans 56 and 57 [85,86]. Only in one case, in the reaction of
thione 11 with one equivalent of DMAD in the presence of scandium triflate (Sc(OTf)3),
the addition product of one alkyne molecule 58 could be isolated in a low yield. The latter
was found to be unstable and decomposed back to thione 11 on storage (Scheme 40). The
reaction of 58 with a second equivalent of DMAD readily gave spiro-1,3-dithiolopyrane
56 in quantitative yield. The authors explain the instability of product 58 by the loss of
aromaticity of the pyrrole ring, which can be restored upon reaction with the second
dienophile molecule or upon its conversion back to the initial bis(dithiolo)pyrrole 11 [85].
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CgHg or toluene

O
/S * 2| A
56, 38-73%
DMAD R =CO,Me (a), CO,Et (b), COPh (c), CN (d)
Sc(OTf);
COMe
g~ "COMe  DMAD
56, 100%

R )=

R
| CeHg or toluene R\%\

A

R

R = CO,;Me, COPh 57, 45-77%

Scheme 40. Reaction of bis[1,2]dithiolopyrroles 10 and 11 with activated alkynes.

The formation of a the thiopyrane structure from 4-fluoro-5-trifluoromethyl-1,2-di-
thiole-3-thione 59 can occur not only on heating but also under irradiation (Scheme 41).

CO,Me MeO,C COs,Me

=

S CcOMe SJ\>7CO M S__S
F F~g 2 DMAD F COzMe
st Il — - B
S A%

FC ComMe  FsC g FsC” s” “CO,Me
59 60, 59% 61, 75%
(H20)
-HF
F,C_ OH
S._CO,Me
e
MeO,C s” >CcoMe
CO,Me
62, 64%

Scheme 41. Reaction of 4-fluoro-5-trifluoromethyl-1,2-dithiole-3-thione with DMAD.
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As expected, the reaction of thione 59 with DMAD gave 1,3-dithiole 60 at room tem-
perature [40]. Irradiation of a mixture of 1,3-dithiole 60 and DMAD with a 500-volt tung-
sten lamp for 0.5 h resulted in thiopyrane 61 in 75% yield. However, this substance turned
out to be unstable to moisture contained in silica gel and, after filtration through its layer,
itis converted to hydroxy adduct 62 in a yield of 64%. It is noteworthy that all the reactions
can be carried out in one flask from thione 59 without isolating the intermediate products.

The 1,3-dipolar cycloaddition to unsymmetrical alkynes has been studied less thor-
oughly. There are several reasons for this fact. The incorporation of hydrogen atoms or a
phenyl group into an alkyne molecule instead of strong electron-deficient substituents,
such as ester (CO2Alk), benzoyl (C(O)Ph), or nitrile (CN) groups, significantly reduces the
reactivity of alkynes in these processes. In addition, reactions with unsymmetrical alkynes
result in mixtures of regioisomers that are difficult or almost impossible to separate, which
reduces the synthetic value of this method.

Shikhaliev et al. studied the cycloaddition of ethyl propiolate to 4,5-dihydro-4,4-di-
methyl-[1,2]dithiolo[5,4-c]quinoline-1-thiones 15 and showed that, depending on the con-
ditions used (solvent and temperature), the reaction can occur quite selectively both with
one or two alkyne molecules and with cleavage of the thioketone bond as [2+2] cycload-
dition followed by recyclization (Scheme 42). For example, refluxing equimolar amounts
of reagents in chloroform gave 1,3-dithioles 63. Treatment of ethyl propiolate with thiones
15 at a higher temperature (in boiling xylene) occurs with cleavage of the thioketone bond
followed by recyclization to trithiapentalenes 64. The reaction in toluene with two moles
of ethyl propiolate afforded 1:2 adducts 65 in high yields. In all cases, several sets of sig-
nals from carbethoxy groups and quasi-aromatic protons were observed in the 'H NMR
spectra, which indicates that these reactions are not regioselective [87].

R
H 3 CO,E
| | CHCl; — g
* ~— ~  HN
A S
COQEt Me Me
63, 65-67%

xylene, A

toluene, A

CO,Et

64, 48-53%
Me  Me
65, 71-78%

Scheme 42. Reaction of 4,5-dihydro-4,4-dimethyl-[1,2]dithiolo[5,4-c]quinoline-1-thiones with ethyl
propiolate.

The reaction of tricyclic bis(dithiolo)thiazines 44 and 45 with an excess of a terminal
alkyne activated by sulfonyl or trimethylsilyl groups in the presence of scandium triflate
involved one or two alkyne molecules to give a pair of regioisomers 66 and 67 [58,88]. The
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lack of regioselectivity found in products 66 and 67 may be a result of exocyclic double
bond isomerization after the cycloaddition (Scheme 43).

o R' s g o R s
N Sc(OTf)s NP
ST s+l —= ¢ ] s
s S DCM S
S R3 S S
44 R?=S0,Tol, morpholine 66, 48-84%
R3=H, TMS

0
o O
s R8s Ny O/\\N s R s N//\ 0
N So(OTh; '~ T I N T N
s | s+ || —— S S
S s IS DCM s s S
™S

45 67, 45-56%
R' = Et, Bn, CH,Phth

Scheme 43. Reaction of bis(dithiolo)thiazines with unsymmetrical alkynes.

A notable and rare example of regioselective addition of Fischer’s phenylethyl car-
bene complex 68 to 1,2-dithiole-3-thiones was reported by Rossi and Torroba [89]. The
carbene moiety of Fischer’s alkyne acted as an electron-withdrawing group increasing the
electrophilic character of alkyne 68 (Scheme 44). The reaction occurred at -40 °C in diethyl
ether. The yield of compounds 69 varied quite widely from low (23%) to high values
(92%). Treatment of products 69 with neutral alumina followed by chromatography of the
products afforded E-dithiofulvalenthione 70 in high yields.

Ph Ph
o Ph o SJ\>\\<OM9 s§
1
I«s T ﬁs Crco)s A% Rﬁs
/
R2 S R2 S R2 S
MeO™ SCr(CO)s
63 69, 23-92% 70, 72-100%

R'=H, Ph
R? = Me, SEt, SBu, SCsHg-cyclo, etc.

Scheme 44. Reaction of 1,2-dithiole-3-thiones with Fischer’s phenylethyl carbene complex 68.

The possibility of benzyne addition to dithiolethione 9 was studied [58]. It was found
that the majority of the known methods for generating benzyne were unsuitable for cy-
cloaddition in this case (Scheme 45). The only successful method for synthesizing the cy-
cloaddition product 72 in a high yield from benzyne was implemented using one of the
mildest methods for benzyne generation from iodonium salt 71.
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71

Scheme 45. Reaction of dithiolethione 9 with benzyne.

3.2. Reactions with Alkenes

Activated alkenes can also react with 1,2-dithiole-3-thiones. However, this reaction
rarely becomes the subject of studies, apparently because it can give a mixture of stereoi-
somers that are difficult to separate and identify. It was shown that 5-(2-furyl)-1,2-dithi-
ole-3-thione reacted with maleic anhydride in boiling xylene to give 1,3-dithiolane 73 in
high yield (Scheme 46) [77].

O
e) (0]
xylene
O

73, 89%

Scheme 46. Reaction of 5-(2-furyl)-1,2-dithiole-3-thione with maleic anhydride.

Treatment of bisdithiolothiazines 44 and 45 with commercial maleimides in the pres-
ence of scandium triflate, a catalyst which was very efficient in the 1,3-cycloaddition of
polyheterocyclic dithiolethiones and activated alkynes [58,88], gave the corresponding
mono- 74 and bis-adducts 75 with two or four chiral centers. The TH NMR spectra of the
latter were quite difficult to interpret (Scheme 47) [90].
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Scheme 47. Reaction of bisdithiolothiazines 44 and 45 with maleimides.

3.3. Reactions with Isonitriles

Isonitriles can undergo cycloaddition to 1,3-dipoles and multiple bonds, including
those containing sulfur [91]. About 20 years ago, the reaction of ketothione 9 with p-tol-
uenesulfonylmethyl isocyanide (TOSMIC) was reported that resulted in imino-1,3-dithi-
etane 77 [92]. Other isonitriles 76 also readily reacted with ketothione 9 to give the corre-
sponding imino-1,3-dithiethanes 77 in moderate to high yields (Scheme 48) [93].

o Fft s o F s_ N
N N 77 R
=8
s, | | 5 +CNR —— s |
S S S S S S
9 76 77,38-77%

R = CH,Ts, Ph, 4-MeO-C gH4, 4-NO,CgH,4, CH,CO,EL
Scheme 48. Reaction of ketothione 9 with TOSMIC.

The possibility of the formation of 1,3-dithietane highly depended on the structure
of 1,2-dithiole-3-thione [93]. Thus, monocyclic dithiolethiones 78 containing electron-
withdrawing chlorine atoms and a phenylthio group in the molecule reacted with isoni-
triles 76 at room temperature in benzene to afford 1,3-dithiethanes 79 in high yields
(Scheme 49).

S / “R2
Cl
| 5 +CNRZ ——
S

R1
78 76 79, 68-92%
= Cl, SPh  R2?= CH,Ts, Ph, 4-MeO-C gH4, 4-NO,CgH,4

Scheme 49. Synthesis of 1,3-dithiethanes 79.
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Bis[1,2]dithiolo[1,4]thiazine 8 contains two 1,2-dithiole-3-thione rings that might be
able to react with isonitriles 76 (Scheme 50). However, it was shown that only one isoni-
trile group of dithione 8 underwent cycloaddition of isonitriles 76 at room temperature to
give 1,3-dithietanes 80. If excess isonitrile was used and/or the reaction mixture was
heated, no new products formed.

s FE s s B s N
N N_L 7" R
s | s +CNR —— & | S
S S S S
i 76 S

80, 39-61%
R = CH,Ts, Ph ,CH,CO,Et

Scheme 50. Reaction of bis[1,2]dithiolo[1,4]thiazine 8 with isonitriles.

TH-NMR and IR spectroscopy data showed that 1,3-dithietanes in solution are in
equilibrium with the starting compounds used for their synthesis, i.e., 1,2-dithiole-3-thi-
one and isonitrile. When these solutions are cooled to -20 °C and kept for one week at this
temperature, the equilibrium is completely shifted towards 1,3-dithietane, and when a
solution of dithiethane is refluxed in chloroform, it disappears within 10 min, and only
the dithiolethione and isonitrile remain (Scheme 51). It has been shown that the result of
the equilibrium depends on the structure of both dithiolethione and isonitrile, while the
amount of the 1,3-dithietane in the solution can vary from 20 to 98%.

N S

S “R3
» 7// R R
= 7S — | s + C=NR®

2”8
R2 s R

Scheme 51. Equilibrium of 1,3-dithietanes with the corresponding 1,2-dithiole-3-thiones and isoni-
triles.

3.4. Reactions with Nitrilimines

The reaction of nitrilimines with 1,2-dithiole-3-thiones occurs as 1,3-dipolar cycload-
dition at the thiono group and is accompanied by spontaneous opening of the dithiole
ring with extrusion of the sulfur atom and formation of a 1,3,4-thiadiazole ring.

The reaction of fused 1,2-dithiole-3-thione 9 with a number of symmetric diarylni-
trilimines 81 afforded 1,3,4-thiadiazolines 82 in moderate to high yields [92]. Obviously,
the reaction started with the formation of spiro-1,2-dithiolo-1,3,4-thiadiazoles 83. The elec-
tron-withdrawing effect of the trigonal nitrogen atom of the thiadiazole ring can result in
the opening of the 1,2-dithiole ring to give intermediate 84, which after the extrusion of a
sulfur atom gave the final product 82 (Scheme 52).



Molecules 2021, 26, 3595

25 of 43

cy
\ /N\
Ar N Ar
- J Et:N AL Ar
t <
o B o5 o Bt /SN o & s
® O N Ny, 0 N
s s+ AN — S T s —g T T \©
7> S S s % Ar
81 S S” s S
9 B 83 g4 S@ |
Ar
Ar = Ph, 4-C|C6H4' 4-BI'C6H4' 4-|C6H4’ (o) Et /\<

4-(CN)CgHy, 2,4-Cl;CgH3

82, 35-95%

Scheme 52. Reaction of bis[1,2]dithiolo[1,4]thiazine 9 with nitrilimines 81.

5-Phenylthio- and 5-phenoxy-4-chloro-1,2-dithiole-3-thiones 85 reacted smoothly
with nitrilimines 81 to give thiadiazoles 86 in good yields (Scheme 53). These conditions
were used with a number of nitrilimines; thiadiazoles 85 were obtained in all cases in
moderate yields [94]. It should be noted that elemental sulfur was isolated from these re-
actions in almost quantitative yields.

CI\ (
Ar'” N7 AR
2
s EtsN Ar\;\rl\l\
1
cl ®' ©  CeHe Ch A s>§ Ar
| S + Ar'-C=N-N-A? —> +1/8 Sg
Phx~ S 81 PhX” S
78, X=S,0 85, 55-65%

Ar', Ar? = Ph, 4-NO,CgHy4, 4-MeCgH,

Scheme 53. Reaction of 3H-1,2-dithiole-3-thiones 61 with diarylnitrilimines 64.

3.5. Recyclization Reactions

Various monocyclic and fused 3H-1,2-dithiole-3-thiones can undergo a carbon-nitro-
gen or carbon-carbon bond insertion reaction, usually with extrusion of a sulfur atom.
Neat treatment of an excess 3,4-dihydropyrrolo[1,2-a]pyrazine 86 with 3H-benzo[c][1,2]di-
thiole-3-thione at room temperature gave pyrazino[2,1-b][1,3]thiazine 87 in 64% yield
[95,96]. Although this reaction requires a large excess of pyrazine 86, unreacted dihydro-
pyrrolopyrazine 86 was fully recovered from the reaction mixture. All attempts to im-
prove the reaction procedure, such as heating equimolar quantities of both reagents under
reflux conditions in various solvents (benzene, MeCN, pyridine or in DMSO, sulfolane or
DMF at 95 °C) or treatment of a neat mixture of these reagents with EtsN under reflux for
two days, failed. The scope of this one-pot reaction was studied: the yields of 1,3-thiazine-
4-thiones 87 strongly depended on the structure of fused and monocyclic 1,2-dithiole-3-
thiones (Scheme 54). The most reactive 1,2-dithiole-3-thiones fused with electron-with-
drawing cycles (pyridine and dihydroindenone) reacted relatively quickly, while mono-
cyclic ones required prolonged stirring and failed to completely consume the dithio-
lethiones even in 60 days. Finally, the 52 atom in both monocyclic and fused 1,2-dithioles
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is selectively replaced by the aminomethylene group to afford fused rigid six-membered
1,3-thiazines 87.
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+ N — | N/ﬁ +1/8S
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86 87, 29-88%

R'=H, Ph, CI; R? = Ph, H, SPy, Sph, OPh, morpholinyl
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Scheme 54. Reaction of 3H-1,2-dithiole-3-thiones with 3,4-dihydropyrrolo[1,2-a]pyrazine 69.

The reaction of monocyclic 1,2-dithiole-3-thione 88 with 3,4-dihydropyrrolo[1,2-a]py-
razine 69 in the presence of a sulfur extrusion agent (trimethylphosphite) afforded an in-
termediate product, four-membered thiete-2-thione 89, in an excellent yield (92%) [97].
Subsequent treatment of thiete 89 with dihydropyrrolopyrazine 86 (1 equiv) gave fused
1,3-thiazine-4-thione 90 in 95% yield (Scheme 55). Two possible mechanisms for this reac-
tion were suggested.

S
S Cl S of
. C'jf«s m M@ﬁf&@f\w
\N\ s S \ // -PS(OMe); =\ S NS SJ\&/}

88 86 89, 92% 90, 95%

Scheme 55. Isolation of intermediate thiete-2-thione 89.

Surprisingly, the thiopyranthione ring is formed as a result of the reactions of 1,2-
dithiole-3-thiones with completely different reagents, namely, DMAD and sodium sul-
fide. Treatment of 4,5-dichloro-3H-1,2-dithiole-3-thione 78 (R = Cl) with excess DMAD in
xylene, first at room temperature and then under reflux conditions, gave thienothiopy-
ranethione isomers 91 and 92 in moderate yields [80]. Thus, the reaction occurs in a com-
pletely different way than in the case of 1,2-dithiole-3-thiones that do not contain two
chlorine atoms as substituents (see Section 2.1): when two DMAD molecules are added,
two chlorine atoms are removed (Scheme 56). As expected, the first step involved the ad-
dition of the first DMAD molecule to give thioacyl chloride 79. The latter reacts with the
second DMAD molecule with a rearrangement to afford thienothiopyranethione isomers

91 and 92.
R! . R?
S | | S/\g-\ . ‘ ‘ ; S
Cl R R
| s R1' ° S —>R2 + ]
g AN R
cl s” ¢l S ,
78 79 92 R

R' R2=CO,Me, CO,Et, COPh

Scheme 56. Synthesis of thienothiopyranethiones 91 and 92.
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To study the mechanism of formation of products 91 and 92, the behavior of three
intermediate 1,3-dithiols 79 with three alkynes, i.e., DMAD, acetylene dicarboxylic acid
diethyl ester (DEAD), and dibenzoylacetylene (DBA), was studied. In each case, a pair of
isomeric thienothiopyranethions 91 and 92 was isolated, and it was unexpectedly found
by means of XRD that in all cases the alkyne moiety of 79 appeared in the thiophene ring,
while the second alkyne molecule was found in thiopyranes 91 and 92.

The possible pathways for the formation of thiopyranes 91 and 92 were suggested.
The authors believe that the main reason for these rearrangements lies in the presence of
an intramolecular S...S bond in molecule 62 (proved by X-ray diffraction analysis), which
can reduce the ability of these compounds to undergo Diels-Alder cycloaddition and, at
high temperatures, leads to a chain of reactions involving the opening and closure of var-
ious heterocyclic rings. The formation of the final heteroaromatic products 91 and 92 can
occur upon elimination of a chlorine molecule from the dichloro adducts. The presence of
a chlorine molecule in the reaction mixtures was proved by isolation of the same xylene
chlorination products, like in the case where xylene was refluxed with chlorine.

Yet another example of the formation of a thiopyrane ring from 1,2-dithiole-3-thione
was observed in the reduction of 4-fluoro-5-(1,1,2,2-tetrafluoroethyl)-1,2-dithiole-3-thione
93 with sodium sulfide [98]. It was found that refluxing dithiolethione 93 with excess so-
dium sulfide gave thiopyranthione 94 (Scheme 57). Trithiapentalene 95 was isolated by
using an equimolar ratio of the reagents under the same conditions. The formation of the
trithiapentalene system was explained as a sequential process of reduction and substitu-
tion of fluorine atoms under the action of a sulfide anion followed by its addition and
elimination of the vinyl sulfur atom, while the formation of the thiopyrane system was
followed by a rearrangement of the trithiapentalene system.

SH 3
F F
F Nazs e 1. NaZS S
| s —— 5 — |
/ < =
HF2CFC” S F— 1 2.HCl HS
S F
93 95, 52% 94, 51%

Scheme 57. Synthesis of thiopyranthione 94.

A number of 1,2-dithiole-3-thiones, both monocyclic and fused 11, were studied in
the reaction with Fischer’s carbene complex 96 [99]. Insertion of a carbene moiety into the
S...Sbond resulted in 1,3-dithiine-4-thiones 97 and 98, which were isolated after treatment
of intermediate complexes 99 and 100 with methanol (Scheme 58). It is noteworthy that
ketone 101 does not react with the Fischer carbene complex 96, thus the presence of a
thiocarbonyl group is the main condition for incorporation into the 1,2-dithiole ring. This
is confirmed by the fact that the reaction of tricyclic compound 11 containing 1,2-dithiole-
3-thione and 1,2-dithiol-3-one rings in its molecule with Fischer’s carbene complex 96 gave
only a product of insertion in the 1,2-dithiole-3-thione ring 98. The authors suggest that
this selectivity indicates that the reaction begins with the attack of the nucleophilic thio-
carbonyl group on the electrophilic carbenium atom of the Fischer carbene complex. In-
terestingly, in the first report on the reaction of 1,2-dithiole-3-thiones with Fischer carbene
complexes, the authors argued that the incorporation of the carbene ligand occurs via the
(C3-C4 bond of the dithiole ring [100]. In a subsequent paper [99], an X-ray diffraction
analysis of the compounds obtained was carried out and the initial data were corrected.
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Scheme 58. Reaction of 3H-1,2-dithiole-3-thiones with Fischer’s carbene complex 96.

The possibility of insertion of a carbon-containing particle was also demonstrated in
the reaction of 1,2-dithiole-3-thione 102 with phosphonium ylides [101]. After treatment
of thione 102 with phosphonium salts 103 in the presence of lithium hydroxide in DMF,
1,3-dithiine 4-thione 104 was isolated as the main product (Scheme 59).

S S
NC ® _ LoH NC

Rl ——— » S
Ar | S/S ' PhsFl;rg DMF— ar | s)V R
102 103 104, 43-52%
Ar = 4-CICgH, R2=H or Me
R' = -CH=CHj, -CH,-CH=CHy; CH,Me

Scheme 59. Synthesis of 1,3-dithiine 4-thione 104.

Egyptian authors have shown that in the reaction of 4-phenyl-1,2-dithiole-3-thione
with nitriles containing a reactive methylene group and with o, 3-unsaturated nitriles, the
sulfur atom is replaced by a C-C bond, while the carbon atom of the nitrile group and the
adjacent carbon atom are included in the new cycle [102]. Thus, the reaction of 4-phenyl-
1,2-dithiole-3-thione with 2-cyanomethyl-benzothiazole and -benzimidazole 105 in the
presence of triethylamine gave products that the authors concluded to have the structure
of imino-2H-thiopyran-2-thiones 106 (Scheme 60).
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Scheme 60. Reaction of 4-phenyl-3H-1,2-dithiole-3-thione with 2-cyanomethyl-benzothiazole and -
benzimidazole 105.
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At the same time, in the case of the reaction of acetonitriles 107, which are structurally
similar to compounds 88 under similar conditions, the amide group is involved in the
reaction rather than the nitrile group, as might be expected from the previous scheme
[102]. As a result, 2H-thiopyran-2-thiones 108 were isolated in high yields (Scheme 61).

< S
Ph ArHN Et.N Ph S
3
T e e
S o EtOH, ? NHAr
CN

107

_Q10
Ar = Ph, 4-MeCgH,, 4-HOCgH, 108, 76-83%
Scheme 61. Synthesis of 2H-thiopyran-2-thiones 108.

Interestingly, the acetonitrile group attached to the double bond in compound 109
reacted in a similar manner to give substituted bicyclic 2H-thiopyrano[2,3-b]pyridine-2-
thione 110 (Scheme 62) [103].

S
Ph
S
S |

Ph HoN - CN piperidine /1\1

| s + J:< — N

s NC CN EtOH, A HoN NH,

CN

109 110, 90%

Scheme 62. Synthesis of 2H-thiopyrano[2,3-b]pyridine-2-thione 110.

If the acetonitrile group was replaced with an acetic acid ester group as in com-
pounds 111, then the ester group was involved in the reaction and derivatives of 2-imino-
2H,7H-thiopyrano[2,3-b]pyran-7-thione 112 formed (Scheme 63) [102,103].

S
Ph
oh S | S
R CN Et3N or piperidine
[ s+ )= =0
S EtO,C X EtOH, A X
R NH

111 X

R'=Me, NH, 112, 75-83%

X =CN, CO.Et

Scheme 63. Synthesis of 2-imino-2H,7H-thiopyrano[2,3-b]pyran-7-thiones 112.

The reaction with conjugated nitriles 113 also involved the nitrile group and resulted
in 2H-thiopyran-2-thiones 114 [102,104]. The reaction conditions are the same as in all pre-
vious transformations, i.e., refluxing in ethyl alcohol in the presence of a base (piperidine
or triethylamine) (Scheme 64). If an acetamide group is present in a conjugated nitrile,
then it is dehydrated into a nitrile group [102].
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Scheme 64. Synthesis of 2H-thiopyran-2-thiones 114.

In all the cases described in this section, it is assumed that the cyclic sulfur atom at
position 1 undergoes replacement. Unfortunately, the structure of the compounds synthe-
sized is proven only by elemental analysis, IR and NMR spectra, which does not allow
their structures to be identified unambiguously. The other drawback of these studies is
that the fate of the sulfur atom was not clarified in any of the cases.

3.6. Opening of the 1,2-dithiole Ring

Opening of the 1,2-dithiole ring can be achieved by the reaction of 1,2-dithiole-3-thi-
ones with amines [105,106]. It was found that the reaction of 3H-[1,2]dithiolo[3,4-b]pyri-
dine-3-thione with aliphatic amines gave compounds containing thiol and carbothioam-
ide groups at the ortho-positions, N-alkyl-1,2-dihydro-2-thioxo-3-pyridocarbothioamides
115, in high yields (Scheme 65). Nothing is reported about the fate of the removed sulfur
atom.

s ® i
= EtOH =~ NHR L . X NHR
| s + RNHy —= | |
X 4 ? X,
’ N SH H S

N S

115, 75-839
R = Me, Et, CH,CH0H, CsHi1, etc. 5,75-83%

Scheme 65. Reaction of 3H-[1,2]dithiolo[3,4-b]pyridine-3-thione with amines.

4-(Methylthio)-5-phenyl-3H-1,2-dithiole-3-thione 116 was subjected to vacuum py-
rolysis at 800-1000 °C [107]. The main product characterized in an argon matrix at 10 K
was allene-1,3-dithione 116. The mechanism of its formation included the generation of
thioacylthioketene 118 from dithiolethione 117 followed by the phenyl group shift to the
sulfur atom of the thioalkyl group and elimination of S-methylthiophenol (Scheme 66).

S .S
MeS 800-1000 °c MeS
S —— » ——= S=C=C=C=S + PhSMe
/
Ph" s

Ph™ S
116 118 117

Scheme 66. Vacuum pyrolysis of dithiolethione 116.

4,5-Bis(methylthio)-3H-1,2-dithiole-3-thione was irradiated with a UV lamp for 24 h
in chloroform [108]. Though the reaction was performed for a long time, it occurred by
20% only (80% of the starting compound was recovered) and the only product, trithiolane
119, was isolated in 5% yield (Scheme 67). The authors suggested a mechanism for this
unexpected transformation, including the dimerization of dithiolethione in the canonical
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zwitterionic form 120 to the intermediate spiro compound 121, which is then rearranged
with extrusion of the sulfur atom to give the final compound 119.

S SMe MeS S

Me ? .
jf(S ] MeS A o sme V0% MesTNS S —
&~ CHCh, | s S/ \=
MeS MeS S S SMe
e MeS
120 121
MeS SMe
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-3/8Sg S-S g
S
119, 5%

Scheme 67. Irradiation of 4,5-bis(methylthio)-3H-1,2-dithiole-3-thione.

Unsubstituted 3H-1,2-dithiole-3-thione was shown to be an excellent sulfurating
agent that converts trialkyl- and triarylphosphines to the corresponding phosphine sul-
fides in high yields [109] (Scheme 68).

S

CeHs
o+ RgP=S
| /S + R3P A 3

S 83-90%
R = Bu, Ph, 4-MeCgHa 4-CICgHa
4-FCGH4, 4—MeOC 6H4

Scheme 68. Reaction of 3H-1,2-dithiole-3-thione with PhsP.

3.7. Oxidation of 1,2-dithiole-3-thiones

Mercury acetate, a readily available and inexpensive reagent, is the most commonly
used oxidant for 1,2-dithiole-3-thiones; chloroform, acetic acid or their mixtures are used
as solvents. It follows from an analysis of literature data that the solubility of both 1,2-
dithiole-3-thione and mercury acetate can be the main criterion for the choice of the sol-
vents. Heating of monocyclic 1,2-dithiole-3-thiones in acetic acid was used most often
[110-113], however, the yields can vary widely from 18 to 82%, and no dependence of the
yields on the nature of substituents at positions 4 and 5 of the heterocycle was found
(Scheme 69).

S 0
1 1
R AcOH R
| /S + Hg(OAc), — > | /S
S A R2 S

R2
18-82%
R', R? = H, Alk, Aryl, F, HCF,CF, Cl, CO,Me etc

Scheme 69. Oxidation of monocyclic 3H-1,2-dithiole-3-thiones with Hg(OAc)z.

The reaction of 1,2-dithiole-3-thiones with nitrile oxides is yet another useful proce-
dure. Nitrile oxides are unstable compounds that can readily dimerize to 1,2,5-oxadiazole
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1-oxides (furoxans); therefore, they are prepared in situ by the reaction of hydroxamic
acid chlorides with triethylamine (Scheme 70). Commercial hydroxamic acid chloride,
viz., ethyl chloroximidoacetate [55], and phenylhydroxamic acid chloride that is easy to
synthesize [114,115] were employed.
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Scheme 70. Oxidation of 3H-1,2-dithiole-3-thiones with nitrile oxides.

A comparison of two reagents, mercury acetate and nitrile oxide, was carried out in
Ref. [55]; it was found that in all the cases studied, the yields of dithiolethiones were sig-
nificantly higher if the second method was used.

Potassium permanganate was employed to convert 4,5-diaryl-1,2-dithiole-3-thiones
[5,29] and 5-thienyl-1,2-dithiole-3-thione [37] to the corresponding dithiolones in good
yields. Other oxidizing agents were used less frequently. Bismuth nitrate (Bi(NOs)s) was
tested as an oxidant for 5-butylthio-1,2-dithiole-3-thione [110], however, the yield of 5-
butylthio-1,2-dithiole-3-one was low (30%). Therefore, the authors of that study preferred
other methods to convert the thione group in 1,2-dithiole-3-thione into a ketone group.

Mercaptodithiolethiones 13 were brought into the reaction with a mixture of S:Cl
and DABCO under the conditions for the formation of tricyclic bis-dithiolothiazines 8 and
9 from substituted diisopropylamines [55]. However, contrary to expectations, 5-chlordi-
thiole-3-ones 122 formed in high yields in all the cases (Scheme 71) [62]. It was assumed
that the most likely precursor of 122 was dichlorodithiolium salts 123, which reacted with
HCO:H to give chloroketone 122, as described previously [61]. Apparently, the formation
of this salt occurred as a result of a two-fold attack by an electrophilic S2Cl2 on the thione
group of 13.

e [\Ij 2 Me I3 Cl Me 0
e g * S:CL/DABCO —— YN { @ HCOH, Y
Me 4 Me | /S /
S S S
HS Cl o cl
13 123 Cl 122, 77-94%

R = Bn, CH,CH,CO,Et, CHyCH,CN, CH,CH,N;

Scheme 71. Reaction of mercaptodithiolethiones with 5:Cl> and HCOzH.

3.8. Synthesis of 1,2-dithiolium Salts

There are two main methods for the formation of 1,2-dithiolium salts from 1,2-dithi-
ole-3-thiones: i, alkylation with alkyl halides; ii, chlorination of 1,2-dithiole-3-thiones.
Monocyclic 1,2-dithiole-3-thiones reacted with alkyl and benzyl iodides at room temper-
ature (Scheme 72). The treatment with methyl iodide was carried out in acetone [114,116],
in benzene [117] or in DMF for 1,2-dithiole-3-thiones containing ferrocenyl [114], aryl sub-
stituents [116,117], and functional (nitrile, ester and carboxamide) groups [118]. The yields
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of 1,2-dithiolium salts were usually high (70-90%), though they were low in some cases
(down to 17%).

S SMe
R?2 R?
T o TS,

R‘l S R1 S |
R',R2=H, Ar, ferrocenyl, NH, CO,Et, CN, C(O)NH,

Scheme 72. Alkylation of 1,2-dithiole-3-thiones.

Bromo derivatives activated by an a-carbonyl group were employed for the synthesis
of 1,2-dithiolium salts less frequently [119]. The yields of salts 124 were as low as 27-47%
(Scheme 73).

R2
S 1
X R R? X o R
[ s+ )X (39 ¢
HN S o B HNT S Br
124, 27-47%
X = COzEt, CN
R' = Ph, 4-MeO-C gH,
R?=H, Ph

Scheme 73. Synthesis of 1,2-dithiolium salts 124.

The reaction of 5-(hydroxylaminoalkyl)-1,2-dithiole-3-thiones 125 with methyl io-
dide in water in the presence of sodium hydroxide involved, along with the alkylation of
the exocyclic sulfur atom, also a rearrangement of bonds in the 1,2-dithiole ring and oxime
group. Nitroso derivatives 126 were formed in quantitative yields (Scheme 74). Com-
pounds 126 can be considered as heteropentalenes due to the strong interaction of the
oxygen atom of the nitroso group and the sulfur atom of the cycle [120].

SMe

125 1 126, 100%
R"=H, Me, Et, Ph

R? = H, Me, Et, Bn, Ph, OMe

Scheme 74. Reaction of 5-(hydroxylaminoalkyl)-1,2-dithiole-3-thiones 125 with methyl iodide.

Reactions of fluorinated 1,2-dithiole-3-thiones with chlorinating agents (chlorine or
sulfuryl chloride) resulted in the chlorination of exocyclic sulfur atom 127 [111,121]. These
compounds were typically used in situ in further reactions. However, in one case, product
127 was isolated and characterized (Scheme 75). If an excess of the chlorinating agent
(SO2Cl2) was used in the reaction with fluorinated 1,2-dithiole-3-thione, the thione group
was replaced by two chlorine atoms and the double bond of the 1,2-dithiole ring was also
halogenated [111].
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Scheme 75. Chlorination of 1,2-dithiole-3-thiones.

The 1,2-dithiolium salts reacted in situ with primary amines or their trimethylsilyl
derivatives to give 1,2-dithiole-3-imines 129 in good yields [121]. The reaction of trime-
thylsilyldiethylamine with salt 128 gave the dithioloiminium salt 130 in an even higher
yield (Scheme 76). The authors suggested that its formation occurred through the inter-
mediate salt 131 from which a sulfur atom was extruded.

S s-ClI N’R2
F. F. EtaN F /
—_ N0 2 _EBN_
| s + SOl | s + RBNHX | s
/ /
128 129, 74-77%
Et,NTMS
y
1_ 0] ®
R"=HCF.CF, s=NEt, NEt,
R? = Bu!, 4-BrCgH4 F I F
X=H, TMS | S _ | S o
131 130, 89%

Scheme 76. Reaction of dithiolium salts with amines.

3.9. Reaction of 1,2-dithiole-3-thiones with N-Nucleophiles

The reaction of 1,2-dithiole-3-thiones with amines has been studied for a long time.
It was reported that the imine function could replace both endocyclic (in the first and sec-
ond positions) and exocyclic sulfur atoms. However, this reaction has not yet been clari-
fied. In fact, 1,2-dithiole-3-thiones fused with aromatic and heteroaromatic rings were
studied in reactions with aliphatic amines in ethanol (Scheme 77) [122,123]. In both cases,
the authors suggested that the reactions resulted in inseparable mixtures of regioisomers
132 and 133, in which the exocyclic sulfur atom at position 2 and the endocyclic sulfur
atom, respectively, were replaced. The yields were moderate in both cases.

S S N
OH EtOH //\FOH
| s+ HNTY B — s R
S R A S _>70H s
R

S

S
S I, EtOH s
+ BuNH, — -
N\ | S/S UNH3 N \ | s’N Bu

132, 57%

N-Bu
S /
3 &

R=H, Me

133, 63%

Scheme 77. Reaction of fused 1,2-dithioles with amines.
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The formation of 1,2-dithiole-3-imines from 1,2-dithiole-3-thiones can occur in the
reactions of the latter with chloramines B and T. It was found [60] that the reaction of
tricyclic dithiolethiones 9 and 8 with these reagents in benzene in the presence of acetic
acid gave mono- 134 and bis-imines 135 in moderate yields (Scheme 78). Replacement of
acetic acid with a Lewis acid (scandium triflate) significantly increased the reaction rate
and the yields of the final products. For example, the reaction of 9 with chloramines B and
T in the presence of scandium triflate in DCM at room temperature for 5-15 min afforded
imines 135 in 73 and 89% yields, respectively.

o FEt s
N AcOH
s, | | s + ArSONNaCl —=
S~ g~ S CeHe, A

Et  N—SOAr

e

9 134, 48-57%
s Et o ArOZS\ —SOzAr
N AcOH
s, | | S + ArSO,NNaCl -

8 Ar = Ph, 4-MeC6H4 135, 30-36%

Scheme 78. Reaction of bis(dithiolo)thiazines 8 and 9 with chloroamines B and T.

Organic azides are yet another reagents that can convert 1,2-dithiole-3-thiones to 1,2-
dithiole-3-imines. It was found that ethoxycarbonyl azide gave stable imines in the reac-
tion with fused 1,2-dithiole-3-thiones 9-11 (Scheme 79). The reaction was carried out in
refluxing toluene, and the yields of imines 136-138 varied greatly from low to almost
quantitative values [92]. The mechanism of formation of these imines can be represented
as a 1,3-dipolar cycloaddition of an azide to a thione group, followed by the extrusion of
anitrogen molecule to give a thiaziridine derivative, which in turn extruded a sulfur atom
to give the final imines 136-138.

') %t S Et N/C O,Et
N toluene
Sl | S + N3COEt
S S S
9 136, 36%

toluene
+ N3CO,Et T"

toluene
+ N3C02Et —.A EtOZC \

S\S

138, 94%

Scheme 79. Reaction of bis(dithiolo)thiazines and bis(dithiolo)pyrroles with ethoxycarbonyl azide.
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The oximine group can be easily incorporated into the 1,2-dithiole ring by the reac-
tion of 4,5-diaryl-3H-1,2-dithiole-3-thiones with hydroxylamine or its O-methyl derivative
in refluxing ethanol (Scheme 80) [29].

85-95%

R', R%, R% R*=H, OMe, NO,

Scheme 80. Reaction of 4,5-diaryl-3H-1,2-dithiole-3-thiones with hydroxylamines.

Alkylation of 4-cyano-5-amino-1,2-dithiol-3-thione with ethyl orthoformate or ben-
zyl chloride in acetic anhydride resulted in products in which, along with the formation
of a salt structure, the primary amino group was acylated and intermediate 1,2-dithiolium
betaines 139 formed [119]. Their conversion to tritiaazapentalenes 140 occurred on treat-
ment with PsSiw in xylene (Scheme 81).

S NC CN
NC
EtO);CH or BnCl P4S
I(s EO) RS%/NYMG = Me—</ \V/\g—SR
HoN g Ac,0, A s-SO OQ xylene, A
139 R = EL.Bn 140

Scheme 81. Alkylation of 4-cyano-5-amino-1,2-dithiol-3-thione.

3.10. Synthesis of 3-alkylidene-3H-1,2-dithioles

Knoevenagel reactions of substituted 3H-benzo[1,2]dithiole-3-thiones with reactive
methylene compounds such as ethyl 2-cyanoacetate and diethyl malonate in DMF in the
presence of K2COs under mild conditions gave alkylidene-3H-1,2-dithioles in good-to-ex-
cellent yields (Scheme 82) [73].

R2
= CO,Et
RC T s+ 0 2R e
A s R? DMF DY s
R'=H, 6-Me, 5-MeO 75-98%
R? = CN, CO,Et

Scheme 82. Knoevenagel reactions of substituted 3H-benzo[1,2]dithiole-3-thiones.

Alkylation of ADT-OH with excess 1-chloropropan-2-one in the presence of KI and
K2COs gave, instead of the expected nucleophile reaction, a product with two acetyl
groups whose structure was unambiguously proved to be (E)-5-[4-(2-oxopropyloxy)phe-
nyl]-3-[2-oxo-1-(2-oxopropylthio)propylidene]-3H-1,2-dithiole 141 by means of X-ray dif-
fraction (Scheme 83). The formation of this product was explained by a two-step process
involving the formation of a 1,2-dithiolium salt [124].
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Scheme 83. Alkylation of ADT-OH.

Treatment of 1,2-dithiole-3-thiones with 1-methyl-3,4-dihydropyrrolo[1,2-a]pyrazine
142 in the presence of triethylamine afforded compounds containing a 1,2-dithiolo-3-yli-
dene moiety 143. The reaction was accompanied by the evolution of hydrogen sulfide that
was detected by the blackening of a lead indicator paper [125]. Fused 1,2-dithiole-3-thi-
ones reacted similarly with 2-methylpyridines used as the solvent to form the correspond-
ing ylidene derivatives 144 in moderate yields (Scheme 84).

142 143, 53-67%
S Me R R
7 | PN
s NS — | s N~
X~ 7S Hs > s
R X R1
X=CH. N o1 R2- Me H 144, 53-76%

Scheme 84. Reaction of 1-methyl-3,4-dihydropyrrolo[1,2-a]pyrazine and 2-methylpyridines with
1,2-dithiole-3-thiones.

3.11. Miscellaneous Reactions

Treatment of 4-cyano-5-aryl-3H-1,2-dithiole-3-thione 145 with trialkyl phosphites
[126] gave a number of products: two of them (146 and 147) are products of thione group
replacement for a phosphorus-containing moiety, and the third one, 148, is the product of
1,2-dithiole dimerization (Scheme 85). The authors provided complex mechanisms of their
formation but gave no serious evidence of the structure of these products.

3 H
NG 100 % NG P(O)(OR), NG, \_P(O)OR),
[ s +P(OR); — s . B .
S s
s
cl 145 cl cl
' 146, 10-15% 147, 15-52%
R = Me, Et, Pf

148, 15-20%

Scheme 85. Reaction of 4-cyano-5-aryl-3H-1,2-dithiole-3-thione 145 with trialkyl phosphites.
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Treatment of Oltipraz or its derivatives with sodium methoxide in MeOH afforded
pyrrolo[1,2-a]pyrazines 149 [30,127]. Methyl iodide was added at the last reaction stage to
stabilize the thiolo groups, which formed at the first step, to methylthio derivatives
(Scheme 86). Thiomethoxide was assumed to attack C-4 instead of S-2 and the subsequent
ring closure resulted in the final bicycle 149. These results are of interest in biological con-
text as they may contribute to the understanding of the pharmacological activity of
Oltipraz.

R
Me—S
R S N
1. NH40Ac, MeOH N_/™S
N S +NaSMe 4OAc, MeO [ "
[ 2. Mel, HCI _ Hel
= N
N
R = Me, Et, Pr, Ph, Bn, Ar etc 149, 27-92%

Scheme 86. Reaction of Oltipraz and its derivatives with sodium methoxide.

4. Conclusions

The review covers the latest data on the synthesis and reactivity of 3H-1,2-dithiole-3-
thiones which have been intensely studied for about 150 years. The reason of the im-
portance of these heterocycles in these days is that the 1,2-dithiole-3-thione moiety is pre-
sent in a number of commercial drugs such as Oltipraz, Anethole dithiolethione, S-Dans-
hensu, and NOSH-1. The most recent interest in molecules containing the 1,2-dithiole-3-
thione moiety is associated with the discovery of their ability to endogenously generate
hydrogen sulfide. The 1,2-dithiole-3-thione ring can be successfully built by sulfuration of
3-oxoesters, a-enolic dithioesters or a-enolic dithioic acids, allylic methyl derivatives, ter-
tiary isopropylamines, and alkynes. Recent advances in the synthesis of 1,2-dithiole-3-thi-
ones include three efficient approaches via tandem sulfuration/annulation of propargyla-
mines, defluorinative thioannulation of trifluoropropynes with sulfur, and [3+2] cycload-
dition of elemental sulfur to cyclopropenthione derivatives. Some important ring trans-
formations of 1,2-dithiole-3H-thiones include the 1,3-dipolar cycloaddition to alkynes,
isonitriles and nitrilimines, and recyclization to other heterocyles, which resulted in a se-
ries of heterocyclic systems, namely, 1,3-dithioles, spiro-1,3-dithiolothiopyrans, 1,3-dithi-
ethanes, 1,3,4-thiadiazolines, and pyrrolo[1,2-a]pyrazines. In recent years, a number of
new transformations of 1,2-dithiole-3H-thiones have been discovered, including the re-
placement of one or two endocyclic sulfur atoms with carbon- or carbon-nitrogen contain-
ing moieties to give important sulfur-containing heterocyclic systems, such as pyra-
zino[2,1-b][1,3]thiazines, thienothiopyranethions, tritiapentalenes, 1,3-dithiine-4-thiones,
and many others. I hope that this review will give strong impetus to the development of
this scientifically interesting and practically important field of heterocyclic chemistry.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.



Molecules 2021, 26, 3595 39 of 43

References

1. Barbaglia, G.A. Ueber den Sulfovaleraldehyd. Chem. Ber. 1884, 17, 2654-2655.

2. Otieno, M.A.; Kensler, T.W.; Guyton, K.Z. Chemoprotective 3H-1,2-dithiole-3-thione induces antioxidant genes in vivo. Free
Radic. Biol. Med. 2000, 28, 944-952, doi:10.1016/S0891-5849(00)00175-1.

3. Begleiter, A,; Lange, L. Lack of NQOI induction in human tumor cells is not due to changes in the promoter region of the gene.
Int. ]. Oncol. 2002, 20, 835-838, d0i:10.3892/ijo.20.4.835.

4. Bae, EJ; Yang, Y.M.; Kim, S.G. Abrogation of hyperosmotic impairment of insulin signaling by a novel class of 1,2-dithiole-3-
thiones through the inhibition of S6K1 activation. Mol. Pharmacol. 2008, 73, 1502-1512, d0i:10.1124/mol.107.044347.

5. Scholz, M.; Ulbrich, HK.; Soehnlein, O.; Lindbom, L.; Mattern, A.; Dannhardt, G. Diaryldithiolanes and -isothiazoles: COX-
1/COX-2 and 5-LOX-inhibitory, OH scavenging and anti-adhesive activities. Bioorg. Med. Chem. 2009, 17, 558-568,
doi:10.1016/j.bmc.2008.11.074.

6. Sun, Y.; Zhang, Y.; Li, Y.; Cheng, J.; Chen, S.; Xiao, Y.; Ao, G. Synthesis and biological evaluation of novel hydrogen sulfide
releasing nicotinic acid derivatives. Bioorg. Med. Chem. 2016, 24, 5368-5373, doi:10.1016/j.bmc.2016.08.060.

7. Wang, X,; Wang, L.; Sheng, X,; Huang, Z; Li, T.; Zhang, M.; Xu, J; Ji, H; Yin, J.; Zhang, Y. Design, synthesis and biological
evaluation of hydrogen sulfide releasing derivatives of 3-n-butylphthalide as potential antiplatelet and antithrombotic agents.
Org. Biomol. Chem. 2014, 12, 5995-6004, doi:10.1039/C4OB00830H.

8.  Wang, C; Xia, G,; Liu, X.; Zhang, R.; Chai, Y.; Zhang, J.; Li, X.; Yang, Y.; Wang, J.; Liu, M. Synthesis and antitumor activity of
ATB-429 derivatives containing a nitric oxide-releasing moiety. Bioorg. Med. Chem. Lett. 2016, 26, 2355-2359,
doi:10.1016/j.bmcl.2016.03.012.

9. He, X.; Reeve, A.M.; Desai, U.R; Kellogg, G.E.; Reynolds, K.A. 1,2-Dithiole-3-ones as potent inhibitors of the bacterial 3-ketoacyl
acyl carrier protein synthase III (FabH). Antimicrob. Agents Chemother. 2004, 48, 3093-3102, doi:10.1128/A AC.48.8.3093-3102.2004.

10. Prochaska, H.J.; Chavan, S.J.; Baron, P.; Polsky, B. Oltipraz, a novel inhibitor of human-immunodeficiency-virus type-1 (hiv-1)
replication. J. Cell. Biochem. 1995, 59, 117-125, d0i:10.1002/jcb.240590815.

11.  Asquith, C.R.M.; Meli, M.L.; Konstantinova, L.S.; Laitinen, T.; Perdkyld, M.; Poso, A.; Rakitin, O.A.; Allenspach, K.; Hofmann-
Lehmann, R.; Hilton, S.T. Evaluation of the antiviral efficacy of bis[1,2]dithiolo[1,4]thiazines and bis[1,2]dithiolopyrrole deriva-
tives against the nucelocapsid protein of the Feline Immunodeficiency Virus (FIV) as a model for HIV infection. Bioorg. Med.
Chem. Lett. 2014, 24, 2640-2644, doi:10.1016/j.bmcl.2014.04.073.

12.  Maxuitenko, Y.; Libby, A.H.; Joyner, H.H.; Curphey, T.J.; MacMillan, D.L.; Kensler, T.W.; Roebuck, B.D. Identification of dithi-
olethiones with better chemopreventive properties than oltipraz. Carcinogenesis 1998, 19, 1609-1615, doi:10.1093/car-
¢in/19.9.1609.

13.  Chen, P,; Luo, Y.; Hai, L.; Qian, S.; Wu, Y. Design, synthesis, and pharmacological evaluation of the aqueous prodrugs of
desmethyl anethole trithione with hepatoprotective activity. Eur. J. Med. Chem. 2010, 45, 3005-3010,
doi:10.1016/j.ejmech.2010.03.029.

14. Bian,].; Cai, Z.; Wu, H. S-Danshensu Compound, Its Synthesis Method and Application for Protecting Sperm and Treating Male
Infertility Diseases. CN Patent 102417501 A, 1 July 2012.

15. Jia, J.; Xiao, Y.; Wang, W.; Qing, L.; Xu, Y.; Song, H.; Zhen, X.; Ao, G.; Alksasyed, N.; Cheng, ]. Differential mechanisms under-
lying neuroprotection of hydrogen sulfide donors against oxidative stress. Neurochem. Int. 2013, 62, 1072-1078, d0i:10.1016/j.neu-
int.2013.04.001.

16. Gadalla, M.M.; Snyder, S.H. Hydrogen sulfide as a gasotransmitter. ]. Neurochem. 2010, 113, 14-26, doi:10.1111/j.1471-
4159.2010.06580.x.

17.  Wang, R. Physiological implications of hydrogen sulfide: A whiff exploration that blossomed. Physiol. Rev. 2012, 92, 791-896,
doi:10.1152/physrev.00017.2011.

18. Yamashita, Y.; Tomura, M.; Zaman, M.B. Synthesis and properties of novel tetrathiafulvalene vinylogues. Chem. Commun. 1998,
1657-1658, d0i:10.1039/A803531H.

19. Mysyk, D.D.; Perepichka, L.F.; Perepichka, D.F.; Bryce, M.R.; Popov, A.F.; Goldenberg, L.M.; Moore, A.]. Electron acceptors of
the fluorene series. Derivatives of 9-(1,2-dithiol-3-ylidene)-, 9-(1,3-dithiol-2-ylidene)-, and 9-(1,3-selenathiol-2-ylidene)fluo-
renes: Synthesis, intramolecular charge transfer, and redox properties. |. Org. Chem. 1999, 64, 6937-6950, doi:10.1021/j0990100z.

20. Perepichka, D.F.; Perepichka, LF.; Bryce, M.R.; Moore, A.J.; Sokolov, N.I. Push-pull dithiole—fluorene accepters as electron
transport materials for holography. Synth. Met. 2001, 121, 1487-1488, d0i:10.1016/50379-6779(00)01017-1.

21. Hou, Y,; Long, G,; Sui, D.; Cai, Y.; Wan, X.; Yu, A,; Chen, Y. Different donor-acceptor structures of dithiafulvalene-fused semi-
conducting polymers with different band gaps. Chem. Commun. 2011, 47, 10401-10403, doi:10.1039/C1CC13511B.

22. McKinnon, D.M. 1,2-Dithioles. In Comprehensive Heterocyclic Chemistry II; Shinkai, I., Ed.; Pergamon: Oxford, UK, 1996; Volume
3, pp- 569-605, d0i:10.1016/B978-008096518-5.00069-1.

23. Markovi¢, R,; Rasovié, A. 1,2-Dithioles. In Comprehensive Heterocyclic Chemistry III; Joule, J.A., Ed.; Elsevier: Oxford, UK, 2008;
Volume 4, pp. 893-954, doi:10.1016/B978-008044992-0.00411-9.

24. Pedersen, C.Th. 1,2-Dithiole-3-thiones and 1,2-dithiol-3-ones. Adv. Heterocycl. Chem. 1982, 31, 63-113, doi:10.1016/50065-
2725(08)60396-7.

25. Pedersen, C.T. 1,2-Dithiole-3-thiones and 1,2-dithiol-3-ones. Sulfur Rep. 1995, 16, 173-216, doi:10.1080/01961779508048738.

26. Ogurtsov, V.A,; Rakitin, O.A. Reactivity of 1,2-dithioles. Russ. Chem. Rev. 2012, 81, 638-661,

doi:10.1070/RC2012v081n07 ABEH(004231.



Molecules 2021, 26, 3595 40 of 43

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Pedersen, B.S.; Lawesson, S.O. Studies on organophosphorus compounds. 28. Syntheses of 3H-1,2-dithiole-3-thiones and 4H-
1,3,2-oxazaphosphorine derivatives from the dimer of para-methoxyphenylthionophosphine sulfide and derivatives of 3-oxo
carboxylic-acids. Tetrahedron 1979, 35, 2433-2437, d0i:10.1016/50040-4020(01)93760-3.

Brown, D.A; Betharia, S.; Yen, J.-H.; Tran, Q.; Mistry, H.; Smith, K. Synthesis and structure-activity relationships study of
dithiolethiones as inducers of glutathione in the SH-SY5Y neuroblastoma cell line. Bioorg. Med. Chem. Lett. 2014, 24, 5829-5831,
doi:10.1016/j.bmcl.2014.10.005.

Wang, Z.; Qi, H.; Shen, Q.; Lu, G.; Li, M.; Bao, K.; Wu, Y.; Zhang, W. 4,5-Diaryl-3H-1,2-dithiole-3-thiones and related compounds
as combretastatin A-4/oltipraz hybrids: Synthesis, molecular modelling and evaluation as antiproliferative agents and inhibitors
of tubulin. Eur. ]. Med. Chem. 2016, 122, 520-529, d0i:10.1016/j.ejmech.2016.06.055.

Lee, Y.H.; Lee, ].M,; Kim, S.G.; Lee, Y.S. Synthesis and biological evaluation of 1,2-dithiol-3-thiones and pyrrolo[1,2-a]pyrazines
as novel hypoxia inducible factor-1 (HIF-1) inhibitor. Bioorg. Med. Chem. 2016, 24, 2843-2851, doi:10.1016/j.bmc.2016.04.054.
Curphey, T.J. Thionation with the reagent combination of phosphorus pentasulfide and hexamethyldisiloxane. J. Org. Chem.
2002, 67, 6461-6473, doi:10.1021/j00256742.

Song, Z.-L.; Bai, F.; Zhang, B.; Fang, ]J. Synthesis of dithiolethiones and identification of potential neuroprotective agents via
activation of Nrf2-driven antioxidant enzymes. J. Agric. Food Chem. 2020, 68, 2214-2231, doi:10.1021/acs.jafc.9b06360.

Aimar, M.L.; Rossi, RH. One-pot synthesis of 5-alkylthio-3H-1,2-dithiole-3-thiones. Tetrahedron Lett. 1996, 37, 2137-2140,
doi:10.1016/0040-4039(96)00209-2.

Aimar, M.L.; Rossi, R.H. One-Pot Synthesis of 5-Alkylthio-3H-1,2-dithiole-3-thiones: Advantages and scope. Synthesis 2000,
1749-1755, doi:10.1055/s-2000-8202.

Aimar, M.L,; Kreiker, J.; Rossi, R.H. One-pot synthesis of 3H-1,2-dithiole-3-thione derivatives from dithiolmalonic esters. Tetra-
hedron Lett. 2002, 43, 1947-1949, d0i:10.1016/50040-4039(02)00180-6.

Curphey, T.J.; Libby, A.H. Dianions of 3-oxodithioic acids: Preparation and conversion to 3H-1,2-dithiole-3-thiones. Tetrahedron
Lett. 2000, 41, 6977-6980, doi:10.1016/S0040-4039(00)01191-6.

Zayed, S.E.; El-Maghraby, A.M.; Hassan, E.A. Oxoketene dithiols: Synthesis of some heterocycles as antimicrobials utilizing
shrimp chitin as a natural catalyst. Phosphorus Sulfur Silicon Relat. Elem. 2014, 189, 1682-1698, doi:10.1080/10426507.2014.887075.
Hassan, E.A.; Zayed, S.E.; Abozied, A.M. Dihydropyrimidines as precursors for synthesizing of oxoketene gem-dithiol and 1,2-
dithiol-3-thione, a facile synthesis and convenient reaction transformations. Egypt. J. Chem. 2020, 63, 4509-4520,
doi:10.21608/ejchem.2020.26980.2555.

Koley, S.; Chanda, T.; Samai, S.; Singh, M.S. Switching selectivity of a-enolic dithioesters: One pot access to functionalized 1,2-
and 1,3-dithioles. . Org. Chem. 2016, 81, 11594-11602, doi:10.1021/acs.joc.6b01802.

Timoshenko, V.M.; Bouillon, J.-P.; Shermolovich, Y.G.; Portella, C. Fluorinated ketene dithioacetals. Part 9: Synthesis and some
chemical properties of new fluorinated 3H-1,2-dithiole-3-thiones. Tetrahedron Lett. 2002, 43, 5809-5812, doi:10.1016/50040-
4039(02)01179-6.

Landis, P.S. The chemistry of 1,2-dithiole-3-thiones. Chem. Rev. 1965, 65, 237-245, doi:10.1021/cr60234a004.

Hammers, M.D.; Singh, L.; Montoya, L.A.; Moghaddam, A.D.; Pluth, M.D. Synthesis of amino-ADT provides access to hydro-
lytically stable amide-coupled hydrogen sulfide releasing drug targets. Synlett 2016, 27, 1349-1353, d0i:10.1055/s-0035-1560603.
Kartsev, V.; Shikhaliev, K.S.; Geronikaki, A.; Medvedeva, S.M.; Ledenyova, 1.V.; Krysin, M.Y; Petrou, A.; Ciric, A.; Glamoclija,
J.; Sokovic, M. Appendix A. dithioloquinolinethiones as new potential multitargeted antibacterial and antifungal agents: Syn-
thesis, biological evaluation and molecular docking studies. Eur. ]. Med. Chem. 2019, 175, 201-214,
doi:10.1016/j.ejmech.2019.04.046.

Marutani, E.; Sakaguchi, M.; Chen, W.; Sasakura, K.; Liu, J.; Xian, M.; Hanaoka, K.; Nagano, T.; Ichinose, F. Cytoprotective
effects of hydrogen sulfidereleasing N-methyl-D-aspartate receptor antagonists mediated by intracellular sulfane sulfur. Med.
Chem. Commun. 2014, 5, 1577-1583, doi:10.1039/C4MD00180].

Adams, H.; Chung, L.-M.; Morris, M.].; Wright, P.]. A convenient route to 4-mercapto-1,2-dithiole-3-thiones from terminal al-
kynes. Tetrahedron Lett. 2004, 45, 7671-7674, doi:10.1016/].tetlet.2004.08.091.

Adams, H.; Hughes, A ].; Morris, M.].; Quenby, S.LA. Convenient one-pot syntheses of 1,2-dithiole-3-thiones and 3-imino-1,2-
dithioles from terminal alkynes. Tetrahedron Lett. 2014, 55, 5283-5285, d0i:10.1016/j.tetlet.2014.07.104.

Mathur, P.; Avasare, V.D.; Ghosh, A.K.; Mobin, S.M. Formation of 5-phenyl-1,2-dithiole-3-thione from molybdenum dithio-
propiolato complexes. . Organomet. Chem. 2004, 689, 1325-1327, doi:10.1016/j.jorganchem.2004.01.022.

Wei, F; Shen, X.-Q.; Zhang, X.-H.; Zhang, X.-G. Copper-catalyzed defluorinative thioannulation of trifluoropropynes for the
synthesis of 1,2-dithiole-3-thiones. Adv. Synth. Catal. 2018, 360, 3911-3915, doi:10.1002/adsc.201800846.

Xu, H.-H.; Zhang, X.-H.; Zhang, X.-G. Copper-catalyzed tandem sulfuration/annulation of propargylamines with sulfur via C-
N bond cleavage. J. Org. Chem. 2019, 84, 7894-7900, doi:10.1021/acs.joc.9b00685.

Konstantinova, L.S.; Rakitin, O.A. Sulfur monochloride in organic syntheses. Russ. Chem. Rev. 2014, 83, 225-250,
doi:10.1070/RC2014v083n03ABEH004354.

Konstantinova, L.S.; Rakitin, O.A. Sulfur monochloride in the synthesis of heterocyclic compounds. Adv. Heterocycl. Chem. 2008,
96, 175229, doi:10.1016/50065-2725(07)00004-9.

Konstantinova, L.S.; Rakitin, O.A. Design of sulfur heterocycles with sulfur monochloride: Retrosynthetic analysis and pro-
spects. Mendeleev Commun. 2009, 19, 55-61, doi:10.1016/j.mencom.2009.03.001.



Molecules 2021, 26, 3595 41 of 43

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Rakitin, O.A. Synthesis of sulfur-containing heterocycles by electrophilic addition reactions of disulfur dichloride. Chem. Heter-
ocycl. Comp. 2020, 56, 837-847, d0i:10.1007/s10593-020-02740-2.

Marcos, C.F.; Polo, C.; Rakitin, O.A.; Rees, C.W.; Torroba, T. From Hunig’s base to bis[1,2]dithiolo[1,4]thiazines in one pot: The
fast route to highly sulfurated heterocycles. Angew. Chem. Int. Ed. Engl. 1997, 36, 281-283, d0i:10.1002/anie.199702811.

Rees, C.W.; White, A.J.P.; Williams, D.J.; Rakitin, O.A.; Marcos, C.F.; Polo, C.; Torroba, T. Selective syntheses of bis[1,2]dithio-
lothiazines and bis[1,2]dithiolopyrroles from Hunig's base. ]. Org. Chem. 1998, 63, 21892196, doi:10.1021/j0971864e.

Rees, C.W.; White, A.].P.; Williams, D.J.; Rakitin, O.A.; Konstantinova, L.S.; Marcos, C.F.; Torroba, T. Synthesis of bis[1,2]dithi-
olo[1,4]thiazines and a [1,2]dithiolo[1,4]thiazine from tertiary diisopropylamines. ]. Org. Chem. 1999, 64, 5010-5016,
doi:10.1021/j09902345.

Konstantinova, L.S.; Obruchnikova, N.V.; Rakitin, O.A.; Rees, C.W.; Torroba, T. Synthesis of N-unsubstituted bis[1,2]dithi-
olo[1,4]thiazines and bis[1,2]dithiolopyrroles. J. Chem. Soc. Perkin Trans. 2000, 1, 3421-3427, doi:10.1039/B005068G.

Barriga, S.; Garcia, N.; Marcos, C.F.; Neo, A.G.; Torroba, T. New chemistry of bis[1,2]dithiolo[1,4]thiazines and bis[1,2]dithio-
lopyrroles. ARKIVOC 2002, 212-223, doi:10.3998/ark.5550190.0003.619.

Marcos, C.F.; Polo, C.; Rakitin, O.A.; Rees, C.W.; Torroba, T. One-pot synthesis and chemistry of bis[1,2]dithiolopyrroles. ].
Chem. Soc., Chem. Commun. 1997, 879-880, doi:10.1039/A701340].

Amelichev, S.A.; Barriga, S.; Konstantinova, L.S.; Markova, T.B.; Rakitin, O.A.; Rees, C.W.; Torroba, T. Synthesis of bis[1,2]di-
thiolo[1,4]thiazine imines from Hunig's base. ]. Chem. Soc. Perkin Trans. 2001, 1, 2409-2413, doi:10.1039/B105243H.
Konstantinova, L.S.; Rakitin, O.A.; Rees, C.W. New reactions of Hunig’s base with S:Cl: Formation of monocyclic 1,2-dithioles.
Mendeleev Commun. 2001, 165-166, doi:10.1070/MC2001v011n05ABEH001493.

Konstantinova, L.S.; Berezin, A.A.; Lysov, K.A.; Rakitin, O.A. Synthesis of 5-mercapto-1,2-dithiole-3-thiones and their transfor-
mation into 5-chloro-1,2-dithiol-3-ones. Russ. Chem. Bull. 2006, 55, 147-151, d0i:10.1007/s11172-006-0228-9.

Marcos, C.F.; Rakitin, O.A.; Rees, C.W.; Souvorova, L.I; Torroba, T.; White, A.J.P.; Williams, D.J. Tertiary amine—S2Cl2 chem-
istry: Interception of reaction intermediates. J. Chern. Soc. Chem. Commun. 1998, 453-454, doi:10.1039/A708396C.
Garcia-Valverde, M.; Pascual, R.; Torroba, T. Synthesis, chemistry, and dynamic NMR study of new atropisomeric 4-dialkyla-
mino-5-chloro-1,2-dithiole-3-thiones. Org. Lett. 2003, 5, 929-932, doi:10.1021/01034145x.

Konstantinova, L.S.; Knyazeva, E.A.; Bagryanskaya, L.Y.; Obruchnikova, N.V.; Rakitin, O.A. Synthesis of 4,8-dihydro-7H-
[1,2]dithiolo[3,4-b][1,2,5]oxadiazolo-[3,4-e] pyrazine-7-thione as a new heterocyclic system. Russ. Chem. Bull. 2014, 63, 552-553,
doi:10.1007/s11172-014-0469-y.

Rees, C.W.; Rakitin, O.A.; Marcos, C.F.; Torroba, T. Synthesis of sulfur rich 1,2- and 1,3-dithiolodisulfides and thiodesaurines
from diisopropyl sulfide. ]. Org. Chem. 1999, 64, 4376—4380, doi:10.1002/chin.199941117.

Konstantinova, L.S.; Rakitin, O.A.; Rees, CW.; Amelichev, S.A. Regioselective synthesis of pentathiepino-fused pyrroles and
indoles. Mendeleev Commun. 2004, 91-92, d0i:10.1070/MC2004v014n03ABEH001912.

Konstantinova, L.S.; Lysov, K.A.; Amelichev, S.A.; Obruchnikova, N.V.; Rakitin, O.A. A one-pot synthesis and 1,3-dipolar cy-
cloaddition of [1,2]dithiolo[4,3-b]indole-3(4H)-thiones. Tetrahedron 2009, 65, 2178-2183, doi:10.1016/j.tet.2009.01.069.

Asquith, C.R.M.; Konstantinova, L.S.; Tizzard, G.J.; Laitinen, T.; Cole, S.J.; Rakitin, O.A.; Hilton, S.T. Exploration and develop-
ment of a C-H activated route to access the [1,2]dithiolo[4,3-b]indole-3(4H)-thione core and related derivatives. Synlett 2019, 30,
156-160, d0i:10.1055/s-0037-1611692.

Ciric, A.; Mathey, F. An unexpected sequence: From phosphole sulfide to phosphole- and thiophene-annulated 1,2-dithiole-3-
thiones. Orgametallics 2009, 28, 4621-4623, doi:10.1021/om9003972.

Amelichev, S.A.; Aysin, R.R.; Konstantinova, L.S.; Obruchnikova, N.V.; Rakitin, O.A.; Rees, C.W. Abnormally mild synthesis of
bis(dithiolo)pyrroles from 2,5-dimethylpyrroles. Org. Lett. 2005, 7, 5725-5727, doi:10.1021/01052557v.

Wu, J.; Gao, W.-X,; Huang, X.-B.; Zhou, Y.-B.; Liu, M.-C.; Wu, H.-Y. Selective [3 + 2] cycloaddition of cyclopropenone derivatives
and elemental chalcogens. Org. Lett. 2020, 22, 5555-5560, do0i:10.1021/acs.orglett.0c01914.

Jin, H.; Jiang, D.; Gao, J.; Qiang, G.; Gong, Y. A facile synthesis of 3H-benzo[1,2]dithiole-3-thiones and their condensation with
active methylene compounds. Phosphorus Sulfur Silicon Relat. Elem. 2011, 186, 2341-2349, doi:10.1080/10426507.2011.600743.
Meinetsberger, E.; Schoffer, A.; Behringer, H. Eine einfache und ergiebige Herstellung von 3-Thioxo-1,2-dithiol (1,2-Trithion).
Synthesis 1977, 802-803, doi:10.1055/S-1977-24588.

Korchevin, N.A.; Russavskaya, N.V.; Yakimova, G.A.; Deryagina, E.N. New ways of synthesis of 1,2-dithiole-3-thione. Russ. J.
Gen. Chem. 2004, 74, 1754-1756, d0i:10.1007/s11176-005-0095-3.

Leriche, P.; Belyasmine, A.; Sallé, M.; Frere, P.; Gorgues, A.; Riou, A.; Jubault, M.; Orduna, J.; Garin, J. Polyacetyl-substituted
tetrathiafulvalenes and 1,3-dithiolic derivatives from hex-3-yn-2,5-dione. Tetrahedron Lett. 1996, 37, 8861-8864,
d0i:10.1016/50040-4039(96)02063-1.

Zayed, S.E.; Hassan, M.E.-D.; Raga, R. Thiafulvenes and thiafulvalenes in organic chemistry: Synthesis and study its behavior
towards some chemical reagents. Phosphorus Sulfur Silicon Relat. Elem. 2007, 182, 2205-2216, d0i:10.1080/10426500701407730.
Ogurtsov, V.A,; Rakitin, O.A.; Rees, C.W.; Smolentsev, A.A. 4,5-Dichloro-1,2-dithiole-3-thione in the synthesis of benzimidaz-
ole, benzoxazole and benzothiazole derivatives of 1,3-dithioles. Mendeleev Commun. 2003, 13, 50-51,
d0i:10.1070/MC2003v013n02ABEH001750.

Fuertes, P.; Garcia-Valverde, M.; Pascual, R.; Rodriguez, T.; Rojo, J.; Garcia-Calvo, J.; Calvo, P.; Cuevas, J.V.; Garcia-Herbosa,
G.; Torroba, T. Structural conformers of (1,3-dithiol-2-ylidene)ethanethioamides: The balance between thioamide rotation and
preservation of classical sulfur-sulfur hypervalent bonds. J. Org. Chem. 2015, 80, 3039, doi:10.1021/j0501473z.



Molecules 2021, 26, 3595 42 of 43

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Ogurtsov, V.A,; Rakitin, O.A.; Rees, C.W.; Smolentsev, A.A.; Belyakov, P.A.; Golovanov, D.G.; Lyssenko, K.A. Synthesis of
thienopyrantiones by a new molecular rearrangement. Org. Lett. 2005, 7, 791-794, d0i:10.1021/010476669.

Shigetomi, T.; Nojima, A.; Shioji, K.; Okuma, K.; Yokomori, Y. Novel formation of 1,2-dithiolane-3-thione from beta-dithio-
lactone. Hetetocycles 2006, 68, 22432246, doi:10.3987/COM-06-10849.

Shikhaliev, K.S.; Medvedeva, S.M.; Ermolova, G.I; Shatalov, G.V. 4,4-Dimethyl-4,5-dihydro-1,2-dithiolo-[3,4-c]quinoline-1-thi-
ones in 1,3-dipolar cycloaddition reactions with acetylenic dipolarophiles. Chem. Heterocycl. Comp. 1999, 35, 587-591,
doi:10.1007/BF02324643.

Shikhaliev, K.S.; Medvedeva, S.M.; Pigarev, V.V; Solovyev, A.S.; Shatalov, G.V. New heterocyclic compounds derived from 8-
R-4,4-dimethyl-2,3-dithiolo-[5,4-c]quinoline-1-thiones. Russ. ]. Gen. Chem. 2000, 70, 450—452.

Medvedeva, S.M.; Leshcheva, E.V.; Shikhaliev, K.S.; Solov’ev, A.S. Novel heterocyclic systems on the basis of 8-R-4,5-dihydro-
4,4-dimethyl-2,3-dithiolo[3,4-c]-quinoline-1-thiones. Chem. Heterocycl. Comp. 2006, 42, 534-539, d0i:10.1007/s10593-006-0122-2.
Barriga, S.; Fuertes, P.; Marcos, C.F.; Rakitin, O.A.; Rees, C.W.; Torroba, T. Synthesis of [1,3]dithiole and spiro[1,3]dithiole thi-
opyran derivatives of the [1,2]dithiolo[1,4]thiazine ring system. ]. Org. Chem. 2002, 67, 6439-6448, doi:10.1021/j0020015a.
Barriga, S.; Fuertes, P.; Marcos, C.F.; Torroba, T. Synthesis of highly branched sulfur-nitrogen heterocycles by cascade cycload-
ditions of [1,2]dithiclo[1,4]thiazines and [1,2]dithiolopyrroles. J. Org. Chem. 2004, 69, 3672-3682, doi:10.1021/j0035748p.
Medvedeva, S.M.; Shikhaliev, K.S.; Ermolova, G.I.; Solovyev, A.S.; Shatalov, G.V. 1,3-Dipolar cycloaddition of ethyl propiolate
to 4,5-dihydro-4,4-dimethyl-1,2-dithiolo[5,4-c]quinoline-1  thiones. ~Chem. Heterocycl. ~Comp. 2002, 38, 918-921,
d0i:10.1023/A:1020913328392.

Fuertes, P.; Moreno, D.; Cuevas, ].V.; Garcia-Valverde, M.; Torroba, T. A selective chromogenic probe for mercury(ii) and cya-
nide in aqueous buffered solution from a cycloaddition reaction of an ynamine to polycyclic dithiolethiones. Chem. Asian J. 2010,
5, 1692-1699, doi:10.1002/asia.201000063.

Granados, A.M.; Fracaroli, A.M.; de Rossi, R.H.; Fuertes, P.; Torroba, T. Alkynyl Fischer carbene complex as a traceless directing
group for the regioselective cycloaddition of dithiolethiones to arylacetylene: Synthesis of E-dithiafulvene thione and dithioe-
sters. Chem. Commun. 2008, 483-485, doi:10.1039/b715857b.

Fuertes, P.; Garcia-Valverde, M.; Cuevas, ].V.; Diaz de Grefiu, B.; Rodriguez, T.; Rojo, J.; Torroba, T. Synthesis of pyrrolidine-
fused 1,3-dithiolane oligomers by the cycloaddition of polycyclic dithiolethiones to maleimides and evaluation as mercury(ii)
indicators. J. Org. Chem. 2014, 79, 2213-2225, d0i:10.1021/j0500076c.

Marcaccini, S.; Torroba, T. The use of isocyanides in heterocyclic synthesis—A review. Org. Prep. Proc. Int. 1993, 25, 141-208,
doi:10.1080/00304949309457947.

Barriga, S.; Fuertes, P.; Marcos, C.F.; Miguel, D.; Rakitin, O.A.; Rees, C.W; Torroba, T. Synthesis of thiadiazole, dithietane, and
imine derivatives of the [1,2]dithiolo[1,4]thiazine ring system. ]. Org. Chem. 2001, 66, 57665771, d0i:10.1021/jo010368u.
Ogurtsov, V.A,; Karpychev, Y.V.; Belyakov, P.A.; Nelyubina, Y.V.; Lyssenko, K.A ; Rakitin, O.A. Synthesis and thermal stability
of imino-1,3-dithietanes. Influence of structural factors. Russ. Chem. Bull. 2009, 58, 430-436, d0i:10.1007/s11172-010-0028-0.
Ogurtsov, V.A.; Rakitin, O.A.; Rees, CW.; Smolentsev, A.A. Synthesis of 1,3,4-thiadiazolines from 1,2-dithiole-3-thiones. Men-
deleev Commun. 2005, 55-56, doi:10.1070/MC2005v015n02ABEH002086.

Ogurtsov, V.A.; Karpychev, Y.V.; Rakitin, O.A. A novel transformation of 1,2-dithiole-3-thiones into 1,3-thiazine-4-thiones.
Russ. Chem. Bull. 2008, 57, 17901791, doi:10.1007/s11172-008-0240-3.

Ogurtsov, V.A,; Karpychev, Y.V.; Nelyubina, Y.V.; Primakov, P.V.; Koutentis, P.A.; Rakitin, O.A. Synthesis of 6,7-dihydro-
pyrrolo[2,1-c][1,3]thiazino[3,2-a]pyrazine-4(11bH)-(thi)ones from 1,2-dithiolo-3-(thi)ones. Eur. J. Org. Chem. 2019, 4149-4158,
doi:10.1002/ejoc.201900142.

Ogurtsov, V.A,; Karpychev, Y.V.; Rakitin, O.A. Thiete-2-thiones in the synthesis of 1,3-thiazine-4-thiones from 1,2-dithiole-3-
thiones. Russ. Chem. Bull. 2012, 61, 479-480, d0i:10.1007/s11172-012-0070-1.

Fesun, LM.; Rozhenko, A.B.; Timoshenko, V.M. Reduction of 4-fluoro-5-(1,1,2,2-tetrafluoroethyl)-3H-1,2-dithiole-3-thione with
sodium sulfide: Synthesis of fluoro-containing sulfur-rich heterocycles. J. Fluorine Chem. 2016, 127, 774-779,
doi:10.1016/j.jfluchem.2006.02.013.

Granados, A.M.; Kreiker, J.; de Rossi, R.H.; Fuertes, P.; Torroba, T. Synthesis of 1,3-dithiin dithioortho esters from the reaction
of Fischer carbenes and 3H-1,2-dithiole-3-thiones. ]. Org. Chem. 2006, 71, 808-810, doi:10.1021/j0052168e.

Granados, A.M.; Kreiker, ].; de Rossi, R.H. Insertion of Fischer carbene complexes into the carbon-carbon bond. Ring expansion
of a sulfur heterocycle from five- to six-membered. Tetrahedron Lett. 2002, 43, 8037-8041, doi:10.1016/S0040-4039(02)01971-8.
Khidre, M.D.; Kamel, A.A.; Abdou, W.M. An approach to biologically important s-heterocycles, dithiocarbamyls, and their
relevant phosphono derivatives. J. Heterocycl. Chem. 2005, 42, 103-108, doi:10.1002/jhet.5570420114.

Barsy, M.A.; El Rady, E.A. Ring opening-ring closure of 4-phenyl-1,2-dithiole-3-thione: Convenient route to novel thiinethione
derivatives by the reaction with active methylene nitriles. J. Sulfur Chem. 2010, 31, 255-261, d0i:10.1080/17415993.2010.499942.
Barsy, M.A.; Abd El Latif, F.; Ahmed, S.M.; El-maghraby, M.A. Ring-opening ringn-closure of 4-phenyl-1,2-dithiole-3-thione.
novel synthesis of thio-pyrano[2,3-b]pyrane derivatives. Phosphorus Sulfur Silicon Relat. Elem. 2000, 165, 1-6,
doi:10.1080/10426500008076320.

Barsy, M.A. Ring opening-ring closure of 4-phenyl-1,2-dithiole-3-thione: Reaction with a, f-unsaturated nitriles. Phosphorus
Sulfur Silicon Relat. Elem. 2003, 178, 2255-2261, d0i:10.1080/10426500390234605.



Molecules 2021, 26, 3595 43 of 43

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Pagani, G.; Pregnolato, M.; Ubiali, D.; Terreni, M.; Piersimoni, C.; Scaglione, F.; Fraschini, F.; Gascén, A.R.; Munoz, J.L.P. Syn-
thesis and in vitro anti-Mycobacterium activity of N-alkyl-1,2-dihydro-2-thioxo-3-pyridinecarbothioamides. Preliminary tox-
icity and pharmacokinetic evaluation. J. Med. Chem. 2000, 43, 199-204, d0i:10.1021/jm991044p.

Pregnolato, M.; Terreni, M.; Ubiali, D.; Pagani, G.; Borgna, P.; Pastoni, F.; Zampollo, F. 3H-[1,2]Dithiolo[3,4-b]pyridine-3-thione
and its derivatives—Synthesis and antimicrobial activity. Farmaco 2000, 55, 669—-679, doi:10.1016/S0014-827X(00)00084-7.
Pedersen, C.Th. The formation of 1,2-propadiene-1,3-dithione (carbon subsulfide) from flash vacuum pyrolysis of 1,2-dithiole-
3-thiones. Tetrahedron Lett. 1996, 37, 4805-4808, doi:10.1016/0040-4039(96)00941-0.

Bryce, M.R,; Lay, A.K,; Batsanov, A.S.; Howard, J.A K. Synthesis and X-ray structure of a novel 1,2,4-trithiolane. ]. Heterocycl.
Chem. 1999, 36, 823-825, doi:10.1002/jhet.5570360341.

Drabowicz, ].; Luczak, J.; Lyzwa, P.; Mikotajczyk, M.; Pedersen, C.T. Sulfurization of trivalent phosphorus compounds with 1,2-
dithiole-3-thione. Bull. Korean Chem. Soc. 2004, 25, 1692-1694.

Fracaroli, A.M.; Kreiker, J.; de Rossi, R.H.; Granados, A.M. Synthesis of 5-(alkylthio or arylthio)-3H-1,2-dithiol-3-one deriva-
tives. ARKIVOC 2007, 279-284, d0i:10.3998/ark.5550190.0008.424.

Fesun, IN.; Timoshenko, V.M.; Chernega, A.N.; Shermolovich, Y.G. Chlorination and oxidation of 4-fluoro-5-tetrafluoroethyl-
1,2-dithiole-3-thione. Russ. J. Org. Chem. 2006, 42, 124-130, doi:10.1134/S1070428006010192.

Zanatta, S.D.; Jarrott, B.; Williams, S.]J. Synthesis and preliminary pharmacological evaluation of aryl dithiolethiones with cy-
clooxygenase-2-selective inhibitory activity and hydrogen sulfide-releasing properties. Aust. ]. Chem. 2010, 63, 946-957,
do0i:10.1071/CH09517.

Gargadennec, S.; Legouin, B.; Burgot, J.-L. Synthesis of 5-formyl and 5-acyl-1,2-dithiole-3-ones. Phosphorus Sulfur Silicon Relat.
Elem. 2003, 178, 1721-1726, d0i:10.1080/10426500307824.

Abasq, M.-L.; Saidi, M.; Burgot, J.-L.; Darchen, A. Substituent effects of 1,2-dithiole groups on the electrochemical oxidation of
some ferrocenyl-1,2-dithiole compounds. . Organomet. Chem. 2009, 694, 36-42, doi:10.1016/j.jorganchem.2008.10.002.

Krugler, M.C.; Legouin, B.; Gargadennec, S.; Mouret, L.; Burgot, J.-L. The 3-thioxo-1,2-dithiol-4-yl group: A versatile one en-
dowed also with a -R electronic effect. Phosphorus Sulfur Silicon Relat. Elem. 2006, 181, 2307-2320, doi:10.1080/10426500600616860.
Kim, B.S.; Kim, K.A facile and convenient synthesis of 3-alkylamino-5-arylthiophenes with a variety of substituents at C-2 and
studies of reaction mechanisms. J. Org. Chem. 2000, 65, 3690-3699, d0i:10.1021/j0991884b.

Charbonnel-Jobic, G.; Guemas, J.-P.; Adelaere, B.; Parrain, J.-L.; Quintard, J.-P. N2S2 Tetradentate ligands for soft cationic spe-
cies—preparation of new ligands of potential interest in nuclear-medicine. Bull. Soc. Chim. Fr. 1995, 132, 624-636.

Cmeh’k, R,; éajan, M.; Marek, ].; Pazdera, P. Syntheses and structure study on 3,3a lambda(4),4-trithia-1-azapentalenes and their
3-oxa analogues. Collect. Czech. Chem. Commun. 2003, 68, 1243-1263, d0i:10.1135/cccc20031243.

Cmelik, R.; Pazdera, P. Transformation of 1,2-dithiole-3-thiones into 1,6,6a lambda(4)-trithiapentalenes via reaction with bro-
moethanones. Collect. Czech. Chem. Commun. 2006, 71, 650-666, doi:10.1135/cccc20060650.

Chollet-Krugler, M.; Finner, E.; Christen, M.-O.; Burgot, J.-L. Structural aspects of 5-methylthio-1-oxa-6,6a lambda(IV)-dithia-2-
azapentalenes. ]. Heterocycl. Chem. 2003, 40, 155-158, doi:10.1002/jhet.5570400121.

Fesun, LN.; Timoshenko, A.N.; Shermolovich, Y.G. Synthesis of 3-imino and 3-ylideno derivatives of 4-fluoro-5-polyfluoroal-
kyl-1,2-dithiolenes. Russ. |. Org. Chem. 2006, 42, 261-265, d0i:10.1134/51070428002120187.

Borgna, P.; Carmellino, M.L.; Natangelo, M.; Pagani, G.; Pastoni, F.; Pregnolato, M.; Terreni, M. Antimicrobial activity of N-
hydroxyalkyl 1,2-benzisothiazol-3(2H)-ones and their thiono analogues. Eur. ]. Med. Chem. 1996, 31, 919-925, doi:10.1016/50223-
5234(97)89857-1.

Pregnolato, M.; Borgna, P.; Terreni, M. Synthesis of 3H-thieno[3,2-c]-1,2-dithiole-3-thione and its reaction with n-butylamine. J.
Heterocycl. Chem. 1995, 32, 847-850, doi:10.1002/jhet.5570320328.

Couto, M.; Cabrera, M.; Echeverria,-G.A.; Piro, O.E.; Gonzalez, M.; Cerecetto, H. A serendipitous one-step conversion of 3H-
1,2-dithiole-3-thione to (E)-3-[1-(alkylthio)alkylidene]-3H-1,2-dithiole: An experimental and theoretical study. Mol. Divers. 2014,
18, 285-294, d0i:10.1007/s11030-013-9499-x.

Ogurtsov, V.A.; Karpychev, Y.V.; Rakitin, O.A. Synthesis of 1-[(1,2-dithiol-3-ylidene)methyl]pyrrolo[1,2-a]pyrazines and 2-
[(1,2-dithiol-3-ylidene)methyl]pyridines from 1,2-dithiole-3-thiones. Russ. Chem. Bull. 2013, 62, 1076-1079, d0i:10.1007/s11172-
013-0144-8.

Abdou, W.M.; Hennawy, L.T.; Elkhonshnieh, Y.O. Reactions of trialkyl phosphites with 5-p-chlorophenyl-4-cyano-1,2-dithiole-
3-thione and with 5-phenyl-1,2,4-dithiazol-3-one and its thione derivative. ]. Chem. Res. S 1995, 50-51.

Largeron, M.; Martens, T.; Fleury, M.B. Reactivity of substituted 1,2-dithiole-3-thiones with sodium ethanethiolate—a conven-
ient route to a novel heterocycle. Tetrahedron 1987, 43, 3421-3428, doi:10.1016/50040-4020(01)81633-1.



