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SIGMATROPIC ADDITIONS AND 

HETEROCYCLIC COMPOUNDS 
CONTAINING EXOCYCLIC DOUBLE BONDS 

CYCLOSUBSTITUTIONS IN FIVE-MEMBERED 

VICTOR N. DROZD 
Department of Organic Chemistry, K. A .  Timiryazev Agricultural Academy, 

Moscow 127550, USSR 

and NIKOLAI S. ZEFIROV 
Department of Chemistry, Moscow State University, Moscow 1 17234, USSR 

A review of unique pericyclic reactions of five-membered heterocyclic compounds with exocyclic double 
bonds, i.e. sigmatropic addition and cyclosubstitution reactions, is presented. 3H-1,2-Dithiole-3-, 3H-1,2,4- 
dithiazole-3-, isothiazoline-3- and isothiazoline-5-thiones and their imines as well as A3-l ,2,4-thiadiazoline- 
5-imines and 4-imino-4,5-dihydro- 1 ,2S’v,3-oxathiazole 2-oxides exibit the reactions of the first type and 1,3- 
dithiolane-2-thiones and related compounds exhibit the reactions of cyclosubstitutions (147 references). 
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I. INTRODUCTION 

The remarkably fast development of the chemistry of five-membered heterocyclic ke- 
tones, thiones, and imines, mainly the derivatives of 1,3- and 3H-1,Zdithioles containing 
a double-bonded exocyclic heteroatom, in the past decade or so has been caused by sev- 
eral factors. Firstly, these compounds are hetero analogs of tropone or fulvene and, con- 
sequently, possess aromatic properties. Secondly, the ability of S-containing heterocycles 
to give charge-transfer complexes with suitable acceptors provided the additional stimu- 
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212 V. N. DROZD AND N. S. ZEFIROV 

lus for the study of such structures since the complexes obtained exhibit metal-like con- 
ductivity’ in quite a number of cases. Thirdly, dithiolethiones as well as their hetero ana- 
logs may enter into various cycloaddition reactions which makes these compounds 
valuable starting materials in the synthesis of complex heterocycles. Besides, the periselec- 
t i ~ i t y ~ - ~  of these reactions determined by the reagent structure may vary considerably 
which leads to changes in the reaction path and to a great variety of obtainable structures. 
Finally, dithiolethiones and their hetero analogs may enter into pericyclic reactions of a 
unique type. Consider two reactions of 3H- 1,2-dithiole-3-thiones (1) and 1,3-dithiolane- 
2-thiones (2) with an olefin or acetylene, activated by electron-withdrawing groups occur- 
ring in accordance with the schemes: 

R 

The outstanding peculiarity of the first reaction is that the one with olefin resembles 
cycloaddition, yet due to the structural characteristics of the starting dithiolethione the 
reaction must inevitably be accompanied by a sigmatropic rearrangement with S-S 
bond cleavage and, consequently, by opening of the starting heterocycle. The classifica- 
tion of such a process within the conventional framework presents difficulties. 

Earlier, N. S. Zefirov and S .  S. Trach5-’ formulated and developed a system of classifi- 
cation of reactions based on the formal-logical approach. Within the framework of this 
system the given reaction (1) represents a sigmatropic addition. 6p7 Consider this problem in 
greater detail. In order to perform the classification consider the structural changes in the 
process by placing aNbonds which change their order in the course of the transformation 
on the polygon perimeter (Scheme 3). It is easy to see that the process discussed is the 
combination of addition to a double (triple) bond with migration of a bond from a 
double-bonded sulfur atom to one of the “disulfide” sulfur atoms. After exclusion of 
“diagonal” or “peripheral” bonds (Scheme 4) one can see that the arrangement and order 

sigmatropic 
addition - - 
sigmat ropic 
elimination 
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SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 213 

of bonds at eight centers are changed, but not a single of them changes its formal valence 
(constant “pericyclic and the process as a whole is described as a monocyclic 
electron transfer. The consideration of the number of components and reaction frag- 
ment~,~-’i.e. the sets of those reaction centers of reaction systems which are connected by 
bonds of non-zero order situated on the edges of an octagon, shows that the initial system 
is constructed from two linear components and the final system from one linear compo- 
nent. Thus, this interconversion belongs to the type of chain * multi-chain transforma- 
t i o n ~ ~ - ~  which represent the formation or fragmentation of linear systems (reactions of 
addition and elimination; see examples in Ref. 9). 

The next step of this classification is the evaluation of the type and number of frag- 
m e n d  for every component. By reaction fragment one understands an individual reac- 
tion center of a group of centers linked together by bonds of non-zero order which behave 
as a unified whole in a process.6 Two types of the fragments, namely I and A fragments, 
have been introduced. The A fragment possesses the characteristic that electron transfer 
leads to simultaneous formation or rupture of two single bonds between the terminal 
atoms of this fragment (e.g. .=. * -.-.- ). In Eq. 4 the left reaction system is the two- 
component one. The component .=* may be regarded as the A fragment in the chain form 
(‘A2fragment). The right reaction system of Eq. 4contains this A fragment in a ring form 
(-rA2-). An In fragment, where n is the number of reaction centers, has the characteris- 
tic that the electron transfer leads to migration of a single bond from one terminal center 
of this fragment to another terminal center (In- * -In). The six-centered component on 
the left side of Eq. 4 may be regarded as the combination of two 1 fragments, 15-11. Thus, 
the reaction of Eq. 4 may be described in terms of reaction fragments as 15-11 -I- ‘A2 * IS 
--‘A2-11, and hence it may be classified as a process of eight-centered isodesmic [2+ ( I  ,5)]- 
sigmatropicaddition (sigmatropic elimination is the reverse reaction) in the case of alkenes, 
or [2’+( 1,5)]-sigmatropic addition (elimination) in the case of alkynes. 

It should be stressed that sigmatropic addition reactions (for definition, see6,’) have 
been studied very little; the best known examples are the processes of six-centered 
[2+( 1,3)]-sigmatropic addition (ene reactions or fragmentations of P-ketoacids). Thus, 
the process considered is of utmost theoretical significance. 

Consider the problem of classification of the reaction in Scheme 2. This reaction is 
another example of an eight-centered process which may be classified according to the 
Zefirov and Trach approach by placing all the bonds that change their pericyclic num- 
ber on the perimeter of an octagon (Scheme 5 )  and then by excluding diagonal bonds 
(Scheme 6). 
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214 V. N. DROZD AND N. S. ZEFIROV 

It may be seen from Scheme 5 that both the initial and final systems are multi- (two) 
component ones and hence, one deals with the process of cyclodisrnut~tion.~” The consid- 
eration of fragments allows to finally classify it as an eight-centered isodesmicprocess of 
[2+(1,2,3)]-dismutation (for alkenes); in the case of acetylenes this is a derived process’ of 
[2’+( 1,2,3)]-cyclodismutation. The simplest analog of this process in a six-centered sys- 
tem is the [2+( 1,2, I)]-dismutation (Scheme 7). Earlier we have proposed to call this sub- 
type of cyclodismutation reactions cyclosubstitution.6 This term will be used throughout 
the paper. 

( 7 )  

Thus, the present review is devoted to the consideration of two unique pericyclic pro- 
cesses for dithiolethiones and their analogs, sigmatropic addition reactions, i.e. elimina- 
tion and cyclosubstitution; in a number of cases these reactions go extremely smoothly 
which allows one to use them as a tool in the rational synthesis of heterocyclic systems. 

As a matter of fact a recent review on the chemistry of four- and five-membered cyclic 
disulfides very briefly considers reactions of a similar type for 3H-1,2-dithiole-3-thiones 
and their imines.” We should like to emphasize here the relevance of these reactions for 
other heterocyclic systems as well. We do not touch upon cycloaddition reactions where 
fragmentation of a heterocycle occurs before or after the initial act of cycloaddition. 

2. SIGMATROPIC ADDITION REACTIONS 

2.1. 3H-l,2-Dithiole-3-thiones (trithiones) and -imines 

A short communication by Lehot and Vialle about the formation of 1 : 1 adducts between 
5-aryl-3H- 1,2-dithiole-3-thiones and phenylacetylene appeared as early as in 1964.” Yet, 
the structures of these adducts were not determined and there was apparently a mistake 
since the adduct of 5-phenyl-3H- 1,2-dithiole-3-thione and phenylacetylene upon desul- 
furation with Raney nickel gives Z-methyl-l,4-diphenylbutane. It was also noted that 
4-substituted trithiones do not enter into the reaction. 

In 1965 Behringer and Wiedenmann” and later independently Easton and LeaverI3 
showed that trithiones of various structures readily react with acetylenes containing elec- 
tron-withdrawing groups: 

C0,Me 

- R Q X C 0 2 M e  R‘ 

R’ C0,Me 

R ES + 

i l  C C 0 2 M e  I 

Discussing the structure of the adducts formed, the authors proposed to consider the 
following resonance structures of the initial trithiones (I a-e): 

(Ial ( I b )  I Ic)  ( I d )  I Ie) 
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SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 275 

The adduct of 5-phenyl-3H-l,2-dithiole-3-thione and diethyl acetylenedicarboxylate 
upon desulfuration with Raney nickel gives propylbenzene and diethyl succinate due to 
which only (I1 a-c) were discussed as possible structures since their formation can be ex- 
plained through resonance structures (I d-e). 

The main evidence to the effect that the adduct structure is that of a 2-(thioacylmethy- 
lene)-l,3-dithiole was derived by chemical transformations. 

Interaction of P,P-dimercaptovinyl ketones and a-bromomethyl ketones gives 2- 
(acylmethylene)-1,3-dithioles, transformed by treatment with phosphorus pentasulfide 
into the corresponding thioketones identical to those obtained by interaction of arylace- 
tylenes with 5-R-3H-1,2-dithiole-3-thiones. 15,16 The reverse transformation of a thione 
functionality into a ketone is easily carried out either with mercury acetate" or  by oxida- 
tion with permanganate. 12,14 

12,14-16 

t 

I -Hzo 

0 S H  B r  CH,  

R U S H  -k O A A r  

Interaction of 3-methylthio-5-phenyl-1,2-dithiolium iodide and its analog, 2-methyl- 
thio-4-phenyl- 1,3-dithiolium iodide, with a-cyanothioacetamide gives two isomeric tri- 
sulfides, the latter being identical with the one obtained from the interaction of 5-amino- 
4-cyano-3H-l,2-dithiole-3-thione with phenyla~etylene. '~~'~ 
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2 76 V. N.  DROZD A N D  N. S. ZEFIROV 

A 1 ,3aSrV,4-trithiapentalene structure (I1 b) for these cycloadducts could be excluded 
since no 1 : 1 adduct could be obtained by interaction of 3H-1,2-benzodithiole-3-thione 
with acetylenes. Due to the instability of the intermediate ortho-quinoid structure the 
reaction then proceeds with addition of a second molecule of acetylene and formation of 
the corresponding ~pi rane : ’~~’~”’  

S 

1 H N I I  \ F H ~  + M e s < s q P h  S 

CN 

Ph 
Ph 
I 
C CN 
111 
CH 

+ 

In the case of dimethyl acetylenedicarboxylate the spirane structure was confirmed by 
formation of a mixture of dimethyl succinate and dimethyl benzylsuccinate upon desulfur- 
ation with Raney nickel.” 

On the other hand, 1 : 1 adducts should be stable if the structure I1 b with hypervalent 
sulfur was present, since 2,3-benzo- 1,6,6aSIV-thithiapentalene is quite stable. l2 

I n  1966 Vialle et al. were the first to note that acetylenes with less powerful electron- 
withdrawing groups, namely arylacetylenes, form 1,6,6aSrv-trithiapentalenes via an ini- 
tial [2+2]-cycloaddition of the acetylenes to the trithione thiocarbonyl group followed 
by a [2+ 21-cycloreversion and a sigmatropic addition: Is 

A r  
R 

/ ”jg: (Id1 + 111 6 
R’ C H 

R 

R Ar 
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SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 21 7 

These authors noted that the reaction conditions influence the pathway of adduct for- 
mation considerably, i.e. more 1 ,6,6aSIV-trithiapentalene is formed in boiling xylene than 
in xylene saturated with HCl. Thus, phenylacetylene and 5-phenyl-3H-l,2-dithiole-3-thi- 
one under neutral conditions (1 2- 14 hrs boiling) yields only 2,5-diphenyl- 1 ,6,6aSIv-tri- 
thiapentalene (30%) while with acid catalysis (4 hrs boiling) 4-phenyl-2-(thiobenzoyl- 
methylene)-l,3-dithiole (30%) is On the other hand, Behringer et al. found in 
contrast to this only the latter compound in 42% yield in the same reaction with 5 hrs 
boiling. l4 

Similar differences were observed in the reaction between 5-pchlorophenyl-3H-1,2-di- 
thiole-3-thione and phenylacetylene (Table I). The conclusion may be drawn from Table 

TABLE I 

Competitive Pathways for the Reactions of Trithiones with Arylacetylenes: 

R' 
( A  1 

R R' R" Yields, % Refs solvent' 
A B  

1 2 3 4 5 6  7 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
Me 
Me 
Me 
Me 
Me 
Ph 
pMeC6H4 

xylene - 45,30 
xylene 42 - 
xylene,sat. HCl 30 - 
xylene 15 20 

dioxan 39 - 
xylene - 48 

xylene 10 5 

xylene 20 20 
xylene,sat.HCl 25 - 
xylene 25 25 

tolyene 58 - 
xylene, sat. HC1 60 10 

xylene, sat. HCl 10 20 

xylene, sat. HCl 15 15 

xylene 52 - 

xylene - 50 

xylene - 50 

xylene - 50 

xylene - 42 
xylene 43 - 
xylene 38 42 

15,16 
12,14 
15,16 
16 
16 
12,14 
14 
16 
16 
16 
12,14 
12,14 
15,16 
16 
16 
16 
16 
16 
20 
20 
20 

~ ~ ~ 

aThe reactions were carried out in the boiling solvents. 
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278 V. N. DROZD AND N. S. ZEFIROV 

I that the increase in steric demands for the cyclization, e.g. introduction of a methyl 
group into position 4 of 5-aryl-3H- 1,2-dithiole-3-thiones hinders the formation of 
1 ,6,6aSN-trithiapentalenes. Tolane, which does not react in boiling xylene, interacts with 
5-phenyl-3H-l,2-dithiole-3-thione in boiling DMF with formation of 2,3,5-triphenyl- 
1,6,6aSrV-trithiapentalene (41%)12.14 while 4-methyl-5-phenyl-3H-1,2-dithiole-3-thione 
under the same conditions only gives traces of 4,5-diphenyl-2-(a-thiobenzoylethylidene)- 
1,3-dithi0le.'*"~ Due to certain contradictions in the cited papers 12, 14 and 15, 16 it is 
difficult to estimate the influence of para-substituents of the phenyl rings of arylacety- 
lenes and of 5-aryl-3H-1,2-dithiole-3-thiones on this dichotomy of cycloaddition. Of in- 
terest is the influence of the nature of substituents in position 4 of 5-methylthio-4-R-3H- 
1,2-dithiole-3-thiones on the addition to methylthioacetylene2' (Table I). 

R' C R R & R" 

+ 111 - R A&LR#, s-s-s 
H 

R' ( A )  ( B  1 
R 

Photochemical excitation of trithiones promotes the reaction with less active acety- 
lenes (phenylacetylene, tolane, dimethylacetylene) the reaction predominantly following 
a sigmatropic addition pathway.'8J19 

Brownish-green 2-(a-thioacylalkylidene)-l,3-dithioles and crimson 1 ,6,6aSrv-trithia- 
pentalenes can readily be identified by their electronic spectra and chromatographic 
behavior. 

It should be noted that both reaction products, in the absence of catalysts, do not trans- 
form into each other (boiling in tetralin for 3 hrs). Yet, Vialle et a/. succeeded in transform- 
ing 2-(cr-thioacylalkylidene)- 1,3-dithioles into the corresponding 1 ,6,6aSIv-trithiapenta- 
lenes by heating them with phosphorus pentasulfide in tetralin.16,20 

s-s-s s-s-s a) P,S,, ( tetral in 1 - 
R 

R'  P)CH,CSNH,(xylene) R1 R' R" 
R 

Sulfur in boiling xylene was later suggested as isomerization catalyst.21 The presence of 
traces of sulfur may perhaps account for the above-mentioned differences in the adduct 
formation of arylacetylenes and trithiones. Thioacetamide was found to be the most ef- 
fective The second isomeric 1 ,6,6aS1V-trithiapentalene B corresponding to 
the adducts A given in Table I is not observed. 

Later the reaction between trithiones and acetylenes was extended to a diversity of 
compounds. The activity of acetylene compounds in these reactions decreases in the order 
RCOCGCCOR > HCGCCOR - Ar(Alk)C=CCOR > ArCECH > ArCECAr. 
When acetylenes with at least one carbonyl or carbalkoxy group are used the reaction 
usually only takes place with formation of 2-(a-thioacylalkylidene)-1,3-dithioles. 

Adduct formation with asymmetric acetylenes R'CECCOR proceeds to give a mixture 
of (Z)- and (E)-2-(a-thioacylalkylidene)-l,3-dithioles, though only the (Z)-isomer ought 
to be expected. 14,23,24 
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SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 2 79 

Such a mixture of isomers was found, for example, to result from the interaction Of 

5-aryl- and 4,5-diphenyl-3H-l,2-dithiole-3-thiones with methyl and ethyl pr~piolate .*~ '*~ 

H a  H a  

2 -  E -  

The NMR spectrum of 2-thiophenacylidene-4-carbethoxy- 1,3-dithiole in CDBr3 at 
40-1 10°C contains the signals of the Ha and Hb protons of both isomers (4 : 6 isomer 
ratio), but at 140°C the signals merge due to the rapid isomerization. When this mixture is 
heated in the presence of thioacetamide a mixture of isomeric 2- and 3-carbethoxy-5- 
phenyl-1 ,6,6aSIV-trithiapentalenes is formed.23 

Interaction between 3H-1,2dithiole-3-thione and 4-R-3H-l,2-dithiole-3-thiones, re- 
spectively, and acetylenes containing electron-withdrawing groups gives 2-(a-thiofor- 
mylalky1idene)- 1,3-dithioles. 17,25.27 

13,17-19,28,29 Dehydrobenzene also readily reacts with trithiones. 
The structure of 2-thiophenacylidene- 1,3-benzodithiole for the product of the reaction 

between dehydrobenzene and 5-phenyl-3H-l,2-dithiole-3-thione was acertained by inde- 
pendent synthesis. l7 

p4 s,, 
Ph - Ph 

' h C O C H N a C O O N a  + M e S < $ D  - 
S 

It was later shown that various amounts of 2,3-benzo- I ,6,6aS1"-trithiapentalene deriv- 
atives are formed with dehydrobenzene together with the adduct generated bp sigma- 
tropic addition.28 

It should be noted that in this case it is impossible to transform (A) into (B) by boiling in 
naphthalene, DME, or THF nor catalytically in the presence of sulfur or thioacetamide. 
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280 V. N. DROZD AND N. S. ZEFIROV 

The adduct structure (B) was ascertained by independent synthesis from 1-(0-methyl- 
thiophenyl)-3-arylpropanediones- 1,3: 

The interaction of trithiones with excess of the most active acetylenes like acetylenedi- 
carboxylic acid esters or dibenzoylacetylene gives not only brownish-green 1 : 1 adducts, 
but also pale-yellow 1 : 2 adducts (C) with a spirane s t r u ~ t u r e . ' ~ ~ ' ~ , ~ ~  

FOR" COR" Rl'OC COR" 

C R"0CC ECCOR" 

COR" R U X C O R ' '  R' R RI 
cc 

The structure of the 1 : 2 adduct from 5-pheny1-3H-l,%-dithiole-3-thione and dimethyl 
acetylenedicarboxylate was ascertained by isolation of dimethyl succinate and dimethyl 
3-phenylpropylsuccinate after desulfurization with Raney nickel.18 The ethyl esters of 
methyl- and phenylpropiolic acid form only 1 : 1 adducts,I8 while the propiolic ester gives 
both 1 : 1 and 1 : 2 adducts with 4,5-diphenyl-3H-l,2-dithiole-3-thi0ne:~~ 

Ph 

2-(5-R-3H- 1,2-dithiolidene-3)-6-(4-Ar- 1,3-di thiolidene-2)-cyclohexanethiones are 
formed by interaction of 7-(5-R-3H-1,2-dithiolidene-3)-4,5,6,7-tetrahydro-3H-l,2- 
benzodithiole-3-thiones with aryla~etylenes.~' 

CH + 111 
! 
A r  

The reaction with acetylenes is now so well understood that it has been used as a criter- 
ion for the 3H-1,2-dithiole-3-thione structure of newly obtained compounds when there 
is some 

Unlike 3H-1,2-dithiole-3-thiones 3H-1,2-dithiole-3-ones do not react with acetylenes. 
On the other hand, 5-phenyl- and 4,5-diphenyl-3H-l,2-dithiole-3-phenylimine give 1 : 2 
adducts with dimethyl acetylene-di~arboxylate.~~ The less active ethyl esters of propiolic 
and phenylpropiolic acid react only with 5-phenyl-3H-l,2-dithiole-3-phenylimine in boil- 
ing benzene or xylene with formation of 2-(thiobenzoylmethylene)-5-carbethoxythiaz- 
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SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 281 

7 
c 

C 

C 

CO ,Et 

R = H .  Ph 

I 
Ph 

Ph 
Ph A,,eNPh + 111 

I 

f MeO,CC=CCO,Me - 
CO ,Me 

R 

Ph I 

Ph R Ph 

At our request Yu. M. Udachin (K. A. Timiryazev Agricultural Academy) has carried 
out quantum-mechanical calculations (MO-SCF, PPP approximation) of the 3H-1,2- 
dithiole-3-one, -thione and -imine molecules. The results obtained are shown in Table 11. 

Inspection of the values of the HOMOS of the heterocycles and of the LUMOs of the 
acetylenes (Table 11) predicts the same order of reactivity 3-thione > -imine >-one which 
is observed experimentally. 

TABLE I1 

Results of MO-SCF (PPP) Calculations 

HOMO LUMO 
Compound atom q 

C E (eV) c E (eV) 

0 -0.447 0.451 0.405 

S2 0.084 -0.362 0.173 
-9.587 - 1.810 :I$ 1 

exo-S -0.417 0.764 0.495 

0.111 -0.293 0.217 
-8.695 -2.691 

‘ f ly N -0.323 0.573 0.476 
5 -9.132 - 1.828 

S’ 1 S2 0.078 -0.369 0.169 

Unlike acetylenes alkenes do not react thermally with trithiones. However, in 1972 
Inamoto et al. found that alkyl substituted olefins react photochemically with 5-aryl-3H- 
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282 V. N. DROZD AND N. S. ZEFIROV 

1,2-dithiole-3-thiones in benzene giving 2-(thioaroylmethylene)-l,3-dithiolane~.~~’~~ The 
following picture of this transformation is proposed: 

\ 0 

Ph ,,,.I s0 ,c=c, 
hv 

Ph 

Ph 

R 

While 5-aryl-3H-1,2-dithiole-3-thiones are photochemically stable,35 4-aryl substituted 
compounds undergo photochemical transformation when irradiated by light with >420 
nm ~ a v e l e n g t h . ~ ~  

p-Rc6H‘vS 
R = H  ,Me 

h v  

> L20nm 

s-s s-s 

sg-yj R R 

Upon irradiation in the presence of 1,l-diphenylethylene or a-methylstyrene adducts 
still containing the 1 ,2-dithiole ring are formed. 

Various alkyl substituted olefins have been subjected to photochemical reaction with 
5-aryl-3H-1,2-dithiole-3-thiones, namely cis- and trans-Zbutene, cyclopentene, cyclo- 
hexene, cis-cyclooctene, norbornene, and n~rbornad iene .~~  Strained olefins (1,3,3-tri- 
methylcyclopropene, norbornadiene, and, to a smaller extent, norbornene) can react in 
the absence of photochemical e~citation.’~’~’ 3H-1,2-Dithiole-3-ones do not react photo- 
chemically with 01efins.’~ 

The 2-(thioaroylmethy1ene)- 1,3-dithiolanes formed react with various dienophiles, like 
other thioacetals of thioacylketenes, by [4+ 21-cy~ loadd i t ion .~~~~~  

Ph RR=(CH,), 

$0 Me 

8 3 *I. CO Me CH2 (,,, 0 

Ph d N P h  

s s o  H 

Ph S C02Me 

C0,Me 

R R  

Y5 
R 

w 
R 
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283 SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 

Thermolysis of 2-(a-thioacylalkylidene)-1,3-dithiolanes at 180°C leads to sigmatropic 
elimination with formation of the corresponding 3H- 1,2-dithiole-3-thiones and 
ethylene .40 

Upon irradiation of a 3H-1,2-benzodithiole-3-thione and cyclo-olefin mixture rather 
stable blue o-thioquinonemethides which are in equilibrium with their colorless (“head- 
to-head”) dimer forms (D) were obtained for the first time.4’-44 

0 R 

dNPh \ 

s s o  
)-4 

R R  I Ni I N i  

3 P h CH,CHMeCH , N 

Upon dissolution of the colorless crystals of the dimer (D) the formation of blue solu- 
tions is observed due to a dimer-monomer equilibrium. The monomer structure is con- 
firmed by formation of adducts with N-phenylmaleinimide and 1-pyrrolidinopropene, 
desulfurization of which with Raney nickel gives N-phenyl-benzylsu~cinimide~~’~~ and 1- 
pyrr0lidino-Z-methyl-3-phenylpropane,~~~~~ respectively. In the presence of ZN,N-di- 
methylamino-3-methyl- 1-butene irreversible dimerization of the o-thioquinonemethides 
to (“head-to-tail”) dimers (E) is observed.4247 

The stereo- and regioselectivity of the cycloaddition reactions of o-thioquinone- 
methides have also been s t~died .~‘ ,~*  

Photochemical reaction of naphtho [2,1-d]-3H-1,2-dithiole-3-thione with cyclohexene 
leads to the formation of a stable dark purple o-thioq~inonemethide:~~ 
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284 V. N.  DROZD AND N. S .  ZEFIROV 

The o-thioquinonemethide formed from the isomeric naphtha[ 1,2-d]-3H-l ,2-dithiole- 
3-thione is less stable and is in equilibrium with its dimer:49 

* - DIMER 
c o l o r  less 

C Y C I O  hv  -C,H,, a- 
red 

Basic olefins such as enamines react with trithiones via nucleophilicattack at position 3 
or 5; the reaction is carried out in boiling a~etoni t r i le .~"~~ With a substituent present in 
position 5 the attack takes place at  position 3 with further formation of I ,6,6aSrv-trithia- 
pentalenes, albeit in low yield, according to: 

Attack at a free position 5 leads to formation of 2-thiopyranethiones in good yield: 

On the other hand, the reaction with the electron deficient tetracyanoethylene first pro- 
ceeds as a [2+2]-cycloaddition to the thiocarbonyl group followed by cyclofragmenta- 
tion and 3H-1,2-dithiolidene-3-malononitrile formation:'' 

The reaction with methacrylonitrile requires photochemical excitation of the 3H-1,2- 
dithiole-3-thione and proceeds as  follow^:'^,^^ 
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285 SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 

-CH,=S 

CMe(CN) 
Ph - Men - 

Ph S' 
-t 

Interaction of 4-methyl-5-phenyl-3H- 1,2-dithiole-3-thione with one of the most active 
dienophiles, Cphenyl- 1,2,4-triazoline-3,5-dione, leads to the formation of the zwitteri- 
onic 4-phenyl- 1-[3-(4-methyl-5-phenyl- 1,2-dithiolio)] triazolide shown below: 29,53,54 

Let us now consider the behavior of heterocumulenes in reactions with trithiones. Ke- 
tenes readily react not only with 3H-1,2-dithiole-3-thiones, but also with 3H-1 ,Zdithiole- 
3-ones and 3 - i m i n e ~ . ~ ~ - ~ ~  Diphenylketene in boiling xylene reacts with trithiones to give 
3-diphenylrnethylene-3H-1,2-dithiole~.~~ In chloroform a colorless unstable intermediate 
appears for which the structure of a [2+ 21-cycloadduct of the ketene to the thiocarbonyl 
group was proposed origin all^.^^ 

''L-fpht H z S ~  
R'= H , A, CPh, 

Ar 0 

R'= H 

An independent synthesis of the final reaction products has been carried out by con- 
densation of disulfane with 1 -aryl-4,4-diphenyl- 1,3-butanediones. 

Ketene and dimethylketene in the cold react with 5-aryl-3H- 1,2-dithiole-3-thiones, 
-ones and -imines by sigmatropic addition, the reaction being reversible, and upon heat- 
ing the adducts decompose into the initial  component^.^*'^^ 
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286 V. N. DROZD AND N. S. ZEFIROV 

R = H , M e ;  X=S.O,NPh. NTOS 

The 2-a-thioaroylalkylidene derivatives so formed can be transformed to 2-a-aroyl de- 
rivatives by treatment with mercury acetate. Condensation of the corresponding P,P-di- 
mercaptovinyl aryl ketones with a-bromoisobutyryl bromide affords an independent syn- 
thesis of the adducts obtained from trithiones and dimethyl k e t e t ~ e . ~ ~  

usH + Me2CBrCOBr - 
A r  A r  

The reaction between 5-phenyl-3H-l,2-dithiole-3-phenylimine and diphenylketene 
yields a relatively stable intermediate, i.e. 3,5,5-triphenyl-2-(thiobenzoylmethylene)-l,3- 
thiazolidone-4; at room temperature it gradually decomposes to 5-phenyl-3-diphenyl- 
methylene-3H- 1,2-dithiole and phenyl isocyanate due to which the structure of the primary 
intermediate formed from trithiones and diphenyl ketene was revised:’* 

0 zg2 0 - 
CPh2 Ph 

Ph 
Ph 

- -PhNCO Ph&Ph, - 
s 7  s Ph 

The interaction of trithiones with N-sulfinyl-p-toluenesulfonamide leads to formation 
of 3H- 1,2-dithi01-3-tosylimines.~~ 

R’ 
+ Tos-N=S=O - 

R 

The interaction of trithiones with 1,3-dipoles initially takes place at the thiocarbonyl 
group. Thus, 5-phenyl-3H-l,2-dithiole-3-thione with a-chlorobenzylidenephenylhydra- 
zine in boiling xylene gives 3,5-diphenyl-2-(thiobenzoylmethylene)-A4-l,3,4-thi- 
adiazoline. 60,6 ’ 
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Ph us 1 

- j + Y . p h  0 s ~ P h  150.C 

A N , N  Ph S 
+ 

PhKCHN Ph Ph 

The reaction path may be represented in two ways: as cycloaddition of the 1,3-dipole 
to the thiocarbonyl group or as electrophilic attack at the exocyclic sulfur atom with sub- 
sequent closure of a thiadiazoline ring and opening of the dithiole ring. The product 
structure was confirmed by desulfurization with Raney nickel (y-phenylpropylaniline is 
formed) and by independent synthesis, i.e. condensation of diazoacetophenone with 33-  
diphenyl-A4- 1,3,4-thiadiazoline-2-thione and further treatment of the ketone obtained 
with phosphorus pentasulfide. 

The reaction of trithiones with nitrile oxides leads to formation of 3H- 
1,2-dithiole-3-0nes,~* 

Intermediate spiranes of similar structure are isolated as products of the interaction of 
3-aryl-l,4,2-dithiazoline-5-thiones with benzonitrile oxide.63 

3H- 1,2-Benzodithiole-3-thione and tetrachloro-o-benzoquinone gives spiro- 1,3- 
tetrachlorbenzodioxolo-2,3’-[3H-1,2]benzodithiole; a rationalization of the reaction 
pathway has not been presented.64 
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288 V. N. DROZD AND N. S. ZEFIROV 

The initial reaction of trithiones with carbenes and nitrenes probably proceeds as a 
[2 -t 21-cycloaddition to the thiocarbonyl group or as an electrophilic attack at the exocy- 
clic sulfur atom. The thermal or photochemical reactions with diphenyldiazomethane 
proceed with loss of a sulfur atom and formation of 3-diphenylmethylene-3H-1,2-dithi- 
oles; in the first case tetraphenylethylene is also obtained while the second gives tetra- 
p h e n ~ l t h i i r a n e . ~ ~ . ~ ~  The reaction with diazoketones goes along the same pathway: 

H 
150'C 'Ins -k N,CHCOPh 

Ar  S' 

The reaction with diazoacetic ester gives a 1 : 1 and 1 : 2 adduct mixture: 

C0,Et 
I 

R' 
150.C 

* 
-S, -N ,  Ar  

vs -I- N,CHCO,Et 
A r  

FN,CO,Et t H *  15'*'t CH,CO,Et 

R '  AcOH 
RIP C (C0,Et 1 , R'- S 

Ar PY - Ar S" Ar S' 
lT& + CH,(CO,Et), 

The independent synthesis of the first adduct was achieved by condensation of 1,2-di- 
thiolium salts and malonic ester and that of the second by thermal condensation of the 
starting thione with diethyl diazosu~cinate .~~ The interaction of diphenyldiazomethane 
with 3H-1,2-benzodithiole-3-selone (3 hrs, 60°C) unexpectedly proceeds with extrusion 
of the endocyclic sulfur atom and formation of 3-diphenylmethylene-3H-1,2-benzothia- 
selenole while 3H-1,2-benzodithiole-3-thione labelled with 35S at the exocyclic sulfur atom 
reacts mainly with ejection of this particular atom.67 

The reaction between 5-p-anisyl-3H- 1,2-dithiol-3-thione and 1-diazo-1H-2-naph- 
thalenone at  150°C gave 1-(5-p-anisyl-1,2-dithiolium-3)-2-naphtholate (7% yield), inde- 
pendently synthesized from 3-p-anisyl-1 ,Zdithiolium perchlorate and p-tetralone with 
subsequent dehydrogenation of the ketone formed with sulfur at 200°C.65968 

0 

p - MeOC,H, 

The reaction with diazoketones has been used for the synthesis of 2,6-bis( 1 ,Zdithioli- 
dene-3)-cyclohexanethione which is of certain theoretical interest.69 
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s-s s-s h s-s s-s 0 P' s,, s-s s s-s 

R w s  + N , c H i R l  - R A y p R  *,&+.(.pR' 
The treatment of 4-phenyl- and 3H-1,2-benzodithiole-3-thiones with stabilized car- 

benes and nitrenes led to the synthesis of the first stable thiocarbonyl ylides and imides 
which can be accounted for by the additional delocalization of the positive charge by the 
dithiole ring.70J71 

* -  
N, C(Tos1, S-C (Tos), S-c (Tos), 

Cu ( Ac CHAc) 

+ -  
S - N  TOS S - N T O S  

CH,OH 

Upon heating or in the presence of acid  chloride^,'^ t h i ~ l s , ~ ~  or  secondary 
a m i n e ~ ~ ~  these thiocarbonyl ylides lose a sulfur atom giving the corresponding imines, 
while a mixture of two imines is formed in their interaction with primary a m i n e ~ . ~ ~  It has 
been shown by 35S label experiments that the reaction involves extrusion of the thiocar- 
bony1 sulfur atom.7' In the case of the corresponding selenocarbonyl ylides the reaction 
follows another pathway, i.e. extrusion of the endocyclic sulfur atom and formation of 
3H- 1,2-thiaselenole-3-imines. 75,76 

It should be noted that the oxidation of 3H-1,2-benzodithiole-3-selone by benzoyl 
peroxide also triggers a rearrangement and formation of 3H-1,2-benzothiaselenole-3- 

The transformation of thiones to imines can also be carried out using N,N-di- 
chlorosulfamides78 or N,N-dichlorobenzamides.79 The reaction between trithiones and 
ethyl azidoformate also leads to  imines 

R'  N C0,Et 

+ N , C O , E t  b 

R 

The same treatment transforms 4-phenyl-3H- 1,2-dithiole-3-one 2-carbethoxy-4- 
phenyl-l,2-thia~olidone.~~ 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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Ph 

-t N,CO,Et 
S' 'C0,Et 

3H-1,2-Dithiol-3-ones or -thiones and phosphoranes react by substitution of the exo- 
cyclic heteroatom by a methylene group:81 

+ Ph,P=CHR t qcHR + Ph3P=X 
Ph ux Ph 

x = o .  s 

2.2 3H-I, 2,4-Dithiazole-3-thiones and -imines 

The behavior of 3H-1,2,4-dithiazole-3-thiones, the 4-aza analogs of trithiones in reactions 
with acetylenes is very similar. 

The reaction with arylacetylenes gives a mixture of 2-thioacylimino- 1,3-dithioles and 
3-aza- 1 ,6,6aSIv-trithiapentalenes with a 3- to 10-fold predominance of the former; 
moreover the latter are not formed at all in the presence of HC1.g2,83 

L 12+21 N - II 
RA S/' 

s-s s 

R k N U A r  - 

EtAr + RMe 

s-s -s  

R A N U A  

0 s-s 

R A N Q A r  
RCOCI 4- pJ .cI- - 

NH2 Ar 

The 3-aza-1 ,6,6aSIV-trithiapentalene structure was proven by independent synthesis: 
condensation of 3-amino- 1 ,Zdithiolium chlorides with acyl chlorides and further treat- 
ment of the amides obtained with phosphorus pentasulfide. 

Interaction with the more active acetylenic dienophiles acetylenedicarboxylic acid es- 
ters, 14.63.83-86 dibenz~ylacetylene,~~ p r ~ p y n a l , ' ~  and hexafluor0-2-butyne~~ gives only 2- 
thioacylimino- 1,3-dithioles; use of excess acetylenedicarboxylic estersg3 or dibenzoylace- 
t ~ l e n e ~ ~  under more severe conditions leads to 1:2 adduct formation. 
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SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 291 

R'=OAlk , Ph 

The isomeric 1,3,4-dithiazole-2-thiones do not react with (see, however 
63). It should be noted that a relatively rapid rotation around the C=N bond (on the 
NMR time scale) has been observed in 2-thioacylimino- 1,3-dithiole~.~~ 

Dehydrobenzene takes part in sigmatropic additions like the acylacetylenes.28 

3H- 1,2,4-Dithiazole-3-alkyl(aryl) imines react with acetylenedicarboxylic acid esters 
even in the 

C0,Me 

'N L J C O z M e  Me,N Me, N 
R 

i-NR + Me0,CC 5 CC0,Me - 
Like trithiones, 3H-1,2,4-dithiazole-3-thiones react photochemically with 0 1 e f i n s ~ ~ ' ~ ~  

e.g. 

The structure of the adduct between 5-phenyl-3H-l,2,4-dithiazole-3-thione and cyclo- 
hexene has been proven by acid hydrolysis which leads to cis-l,2-cyclohexenetrithiocar- 
bonate and benzoic acid. The N-thioacyldithioimidocarbonates thus obtained can be 
used as heterodienes in [4+2]-~ycloadditions.~~~~~ 
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60"/. 
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Y= COMe co 0 
CO, Me II 

70% C N P h  Y CONH, C Ph, 

C N  

COPh 

C 
COPh 0 

V V V 

COPh pht$NPh N PhU; N>y 

s s  

R R  R R  
u S s s o  I 

R R R R  

The greater activity of the 3H-1,2,4-dithiazole system in sigmatropic additions as com- 
pared to the 1 ,2-dithiole system is indicated by the fact that 3H-1,2,4-dithiazole-3-imines 
react thermally with olefins containing electron-withdrawing groups (60-90°C, 3 hrs)." 

s R'N--H, 

A N A S°CHY 
- CH, 

R 
+ I I  

R A  S 0  CHY 

R = M e s ,  NR', Y=COAlk. CO,Alk, C N  

The stereospecificity of the reaction is evident in the case of sigmatropic addition to 

The sigmatropic addition to nitriles of these systems is also unique." 
fumaric and maleic acid esters. 

S S-N 
R" 

+ 111 
N +NR'  C - 

K N A N A RII Me,N AS/S N Me,N 
R' 

Sigmatropic addition of ketenes to 5-aryl-3H-1,2,4-dithiazole-3-thiones follows the 
same pathway and is as facile as with tr i thi~nes. '~ 

The number of heterocumulenes reacting in the same manner with 3H-1,2,4-dithiazole- 
3-imines is greater. These reactions were studied mainly by the groups of Goerdeler and 
Oliver. 

It was found in 1972 that the orange-colored substances formed by autoxidation of 
1,1,5-trisubstituted 2,4-dithiobiurets in solution can be synthesized by interaction of 5- 
N,N-dialkylamino-3H-l,2,4-dithiazole-3-imines with N,N-dialkylthiocarbamoyl isothio- 
cyanates .92193 
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co s 

293 

i - P r  N = C =  N P r  -i C O l  

or 

s-s-s-s 

It has been discussed which of the structures-monocyclic or tricyclic with two hyper- 
valent central sulfur atoms-is closer to the real structure of the compound. X-Ray struc- 
ture determinations have shown that the former is closer since the distance between the 
central sulfur atoms is 2.2 A while the distance between the central and the terminal ones 
is 1.8 A. Yet, the contribution of the latter is also important since the molecule is planar, 
all four sulfur atoms are aligned and the 2.8 8, distance is considerably smaller than the 
sum of two van der Waals radii of covalent ~ u l f u r . ~ ~ - ~ ~  It should also be noted that sub- 
stitution of one of the central sulfur atoms by a NMe group forces one thiocarbamoyl 
group out of the plane of the 

The reaction has been extended to isothiocyanates of various  structure^.^^'^^ 
Relative to 5-ethoxy-3H-l,2,4-dithiazole-3-phenylimine they show the following order 

of reactivity: RCO-NCS > RS(NR)-NCS > R-NCS (R = Alk and Ar).98 
In contrast to imines 5-N,Ndimethylamino-3H-1,2,4-dithiazole-3-thione does not 

react with isothiocyanates.86 
carbon disul- Other heterocumulenes have also been used, namely isocyanates, 

fide,86,99 carbon oxysulfide, carbon dioxide, and ~arbodi imides,~~ e.g. 

92,98,99 

s s-s C S ,  

A N  A J + s  
R N C O  N , 7 N M e  .- 

S S - N R  
c-- 

i - P r , N  
Me 

i - P r ,  N K , A N W o  i - P r , N  A s /  
I M e  

s s-s 5 S - N P r - i  

i - P r , N  i -Pr ,N A N  A N L O  Me i - P r , N  ‘N ’N Me ‘NPr -i 
Me 

The reactivity of these heterocumulenes decreases in the order: R-NCS > R-NCO 
> CS2 > RN=C=NR > COZ;’~ more active heterocumulenes can replace the less ac- 
tive ones in their adducts. The imine reactivity in reactions with heterocumulene changes 
as follows: alkylimines > arylimines > acylimines = N,N-dimethylaminoimines. Thus, 
in contrast to the N-methylimine, 2-ethoxy-3H-l,2,4-dithiazole-3-phenylimine does not 
react with carbon disulfide and diisopropylcarbodiimide and its adduct with methyl iso- 
cyanate dissociates upon heating.99 3H- 1,2,4-Dithiazole-3-alkylimines react with carbon 
disulfide exothermally, arylimines react only upon heating while carbethoxy- and N,N-di- 
methylaminoimines do not react at 
3H-1,2,4-Dithiazole-3-alkyl- and arylimines interact with sulfenes giving five-mem- 

bered sultams’OO the structure of which has been confirmed by desulfurization with Raney 
nickel with the formation of the corresponding sulfamides. 
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- s-T/R” N i / R e  - R”CH,SO,NHR’ 
OaC,NEt 

.yNR: RIlCH,SO,Ci (RCH=SO,) R AN W N / s o ,  R A yS 
R’ ( R = H ,  R ’ = P h )  

When one considers the limiting structures (IIIa) and (IIIb) of 3H-1,2,4-dithiazole-3- 
imine it appears likely that dimerization is possible with the first molecule acting as dipo- 
larphile and the second as 173-dipole. This dimerization is actually observed upon heating 
of 5-N7N-dimethylamino-3H-1,2,4-dithiazole-3-alkylimines.97 

Me, N 

- S  

The thermal decomposition of 5-N,N-dimethylamino-3H- 1,2,4-dithiazole-3-phen- 
ylimine proceeds intermolecularly due to an electrocyclic process involving electrophilic 
attack of the endocyclic sulfur on the phenyl ring.97 

2.3. Isothiazoline-3- and -Sthiones and their imines 

Isothiazoline-3- and -5-thiones react with dienophiles via sigmatropic addition with 
opening of the isothiazoline ring due to S-N bond cleavage. N-Alkyl-’o’”02 and N-aryliso- 
t h i a z o l i n e - 5 - t h i o n e ~ ~ ~ ” ~ ~ ~  readily react with acetylenedicarboxylic acid esters and diben- 
zoylacetylene while 2,4-diphenylisothiazoline-5-thione also reacts with N-phenylmalei- 
nimide (76% yield).Io2 

R”’= O A l k .  Ph 
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0 
Ph t N P h  - phq-ph 

0 H 
P h  Ph 0 

The reaction of 3-methyl-2-phenyl-4-carbethoxyisothiazoline-5-phenylimine with ace- 

Isothiazoline-5-imines react with heterocumulenes such as isocyanates, carbon disul- 

' tylenedicarboxylic acid esters proceeds similarly to give isothiazoline-5-thiones. lo' 

fide, and carbon dioxide, with the reactivity order RNCO > CS2 > C02. 

C0,Me C0,Me - 
Me ' V > C  0 , Me 

Me LfNPh + 111 4: 
; E t 0 2 C  

C0,Et Ph Ph C0,Me 

While N-alkyl-, N-aryl- and N-benzoylimines react with methyl isocyanate, N-benzo- 
ylimines do not enter into the reaction with carbon disulfide and carbon dioxide, and 
N-alkyl- and N-arylimines with a carbethoxy group in position 4 do not react with the latter.99 

Isothiazoline-3-thiones and -5-thiones react with acetylenecarboxylic acid esters to 
form a 1 : 1 adduct which is more active as a diene than the starting thione and thus a 1 : 2 
adduct is always formed in this reaction.*' 

Me0,C C0,Me , 
RBI C0,Me R" C02Me 

P h  R8)i--JR:i + C0,Me - [ p h v - c o ~ M ]  MeO,CC=CO,Me, Ph s ~ ~ ~ c o ~ ~ e  R' 

$O,Me 

R' 
# 

RIB= A l k  , Ar 

The reaction of phenacylidenetriphenylphosphorane with 2-methyl-5-phenyl-isothia- 
zoline-3-thione is a sigmatropic addition with subsequent extrusion of triphenylphos- 
phine oxide.102 

Me H @ Me 
FOPh rh @ -Ph,PO 

'h flM: S' + [ tH PPh, - OCPPh, i-' H ] -phuxp23 Ph 0 - P h  G s p h  

The reaction of the same thione with benzonitrile oxide gives an unstable adduct which 
decomposes to yield 2-methyl-5-phenylisothiazoline-3-one and phenyl isothiocyanate. lo4 
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R’ NCO 

2.4 A3-I,2, 4-Thiadiazoline-5-imines 

R’ NCS R’NCNR’ 

A3-l ,2,4-Thiadiazoline-5-imines react readily with various heterocumulenes by sigma- 
tropic addition, methylimines being more reactive than phenylimines. Heterocumulenes 
exhibit the following order of reactivity: PhNCO, MeNCO > Me2N-CO-NCS > 
PhNCS > MeNCS S i-Pr-NCS > t-Bu-NCS.”’ 

R‘N S-N 

R‘ 

t R’CN 

R“ S-NR’ NRI 
P h  ‘NANANAPh R‘ 

cs, R’N s-s 
K A A  ___) 

R’N S-S R’CON CS 

P h  ‘ N A N A N C O R ’ -  
R’ R’ Ph . N  NR’ 

R ’ N  S-NR’ R’N S-NR’ R ’N S-NR’ 

P h  K , A N &  Ph k N A N A S  P h  K N ANANR3 
R’ R‘ R’ 

Analogously, 3H- 1,2,4-dithiazoline-3-imines and A3- 1,2,4-thiadiazoline-5-imines rep- 
resent yet another heterocyclic system which reacts with nitriles according to the same 
pattern. lo’ 

Upon heating A3- 1,2,4-thiazolidine-5-imines lose their sulfur atom giving the corre- 
sponding carbodiimide which cycIoadds to another molecule of the starting compound. 

2.5 4-Imino-4,S-dihydro-l,2,S’v,3-oxathiazole 2-oxides 

The interaction of 2,5,5-trimethyl-4-p-tolylimino-4,5-dihydr~-1,2,S*v,3-oxathiazole 
2-oxide with isocyanates and ketenes is a sigmatropic addition involving cleavage of the 
C-0 bond of the ring; the formation of a sulfonyl group evidently promotes the 
reaction.’” 

R = EtOCO, PhSO, R ’ =  1-Bu . R’=CN 
R’NCO R’ = RZ = P h  1 
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In the case of isocyanates two regioisomers are formed due to the participation of both 
C=O and RN=C bonds in the ring formation. The relative reactivity of isocyanates 
follows the order: PhS02NCO > PhCONCO > PhNCO. Phenyl and t-butyl isothiocya- 
nate, dicyclohexyl-carbodiimide, dimethyl acetylenedicarboxylate, methyl acrylate, acry- 
lonitrile, methyl vinyl ketone, nitriles, ketones, thioketones, enamines, and isonitriles do 
not enter into the reaction. 

3. 1,3-DITHIOLANE-2-THIONES AND RELATED COMPOUNDS IN 
CY CLOSUBSTITUTIONS 

As has been noted in the Introduction, 1,3-dithiolane-2-thiones and related compounds 
react with acetylenes, activated by electron-withdrawing groups, by cyclosubstitution: 

+ I l l  
2 

The first example of this reaction was found in 1965 by Easton and Leaver who ob- 
tained 4,5-dicarbomethoxy-l,3-dithiole-2-thione in almost quantitative yield by heating 
1,3-dithiolane-2-thione with dimethyl acetylenedicarboxylate at 140°C.13”7 This reaction 
was utilized for the synthesis of tetrathiafulvalenes. , 

4-Acetylamino- 1,3-dithiolane-2-thiones react in DMSO at 80°C.110 Similar reactions 
take place with hexafluoro-2-butyne and cyanoacetylene; acetylene itself gives 1,3-dithio- 
lane-2-thione in 2-36 yield. The reaction of bromocyanoacetylene is anomalous.”’ 

108,109 

$O,Me Me0,C 

MeO,C 

C 
111 c: 

c 
140°C 

C0,Me 

The stereospecificity of the reaction was studied by observing the interaction of trans- 
and cis-4,5-diphenyl- 1,3-dithiolane-2-thione with dimethyl acetylenedicarboxylate: pure 
trans-stilbene is obtained in the first case, and a mixture of cis- and trans-isomers in the 

Dehydrobenzene obtained by oxidation of 1-aminobenzotriazole with lead tetraace- 
tate or by thermal decomposition of diphenyliodonium-2-carboxylate reacts with 1,3-di- 
thiolane-2-thione to give 1,3-benzodithiole-2-thione in 13 and 9% yield, respectively. 13’17 

Tolane and methylphenylacetylene react similarly, but only upon photochemical exci- 
tation of the acetylene.112 

second. 13,17,111 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



298 V. N. DROZD A N D  N. S. ZEFIROV 

The reaction of 1,3-dithiole-2-thiones with enamines, paralleling the case of 3H-1,2-di- 
thiole-3-thiones, is not a cyclosubstitution, but starts as a nucleophilic attack of the 
p-C-enamine atom at the C-4(5)-thione atom to give lY3-dithiocine-2-thiones in the case 
of 1-pyrrolidinocyclopentene and 4,5,6,7-tetrahydrobenzothiophenes in the case of 
1-pyrrolidinocyclohexene. ' I 3  

S 

+ 

S 

P = 3  

i 
In 1967 Noel and Vialless reported the interaction of 3-aryl- 1,4,2-dithiazoline-5- 

thiones with dimethyl acetylenedicarboxylate to be a cyclosubstitution as proven by the 
isolation of a nitrile. However, later Behringer et al. could not confirm these re~u1ts.l~ 

C0,Me 

111 

C0,Me 

M e 0 2 C  

M e0,C 

- -t A r C N  
t: 
c 

At k02 C 
2 R I C E  CC0,AIk 

( R'=CO,AIk) Alk02C 
R 

At k02 C, 

Al  k02C 
' 

2 R I C E  CC0,AIk 

( R'=CO,AIk) 

1,3-Dithiolane-2-alkylirnines react with esters of acetylenedicarboxylic, propiolic, and 
phenylpropiolic acid; the corresponding arylimines do not react with the less active phen- 
ylpropiolic acid  ester^."^ 

In excess acetylenedicarboxylic acid ester the A4-l ,3-thiazoline-2-thione formed adds 
two molecules of the ester to the thiocarbonyl group giving a spirane. The structure of the 
corresponding A4- 1,3-thiazoline-2-thiones was confirmed by an independent synthesis 
from a-halogenocarbonyl compounds and dithiocarbamates. 

0,s-Ethylenedithiocarbonate reacts with dimethyl acetylenedicarboxylate with forma- 
tion of 4,5-dicarbomethoxy-l,3-dithiole-2-one, another example of cyclosubstitution."' 
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S;O,Me Me0,C 
C toluene 
111 
F Me0,C C H ,  
C0,Me 

The authors suppose that the driving force of the reaction is the transformation of the 
thionocarbonate group into a thiolocarbonate group which is accompanied by a 24 kcall 
mol energy gain. Indeed, S,S'-ethylenedithiocarbonate and 0,O'-ethylenethiocarbonate, 
under the same or even more severe conditions do not enter into the reaction. 

5-Cyano-4-aryl- 1,3-0xathiole-2-phenylimines similarly react with dimethyl acetylene- 
dicarboxylate to give the corresponding thiazoline and cyanoarylacetylenes; the authors 
suppose the intermediate formation of unstable bicyclic adducts with hypervalent sul- 
fur115 and thus this [2'+( 1,2,3)]-sigmatropic addition is considered as two consecutive 
reactions of [2'+3cu]-cycloaddition and cyclofragmentation. 

The interaction of 1,3-diselenane-2-selone with dimethyl acetylenedicarboxylate was 
used for the synthesis of tetraselenafulvalene.1'6 

111 

Ih(eO,CkNKOAC Ph 
{ PhN*O/'CN 
C0,Me Ph J 

3' 

F 
C + 111 

CN 

i O , M e  

The similar reaction of 1,3-diselenolane-2-thione gives 4,5-dicarbomethoxy- 1,3-thia- 
selen0le-3-selone"~ while 1,3-thiaselenolane-2-thione and 1,3-dithiolane-2-selone form 
the same mixture of 4,5-dicarbomethoxy- 1,3-dithiole-3-selone and ly3-thiase1enole-3- 
thione'18 due to a reversible reaction in the reaction mixture: 

C0,Me 

C 
Me0,C I C0,Me 

I 
C 

111 C + S Me0,C rJse + 'I' C 

C 0 2 M e  I 
C 0 , M e  

Inspection of the 2-thiazoline systems leads to the expectation that both the nitrogen or 
the sulfur atom of the ring will participate in the formation of the bond with the dieno- 
phile which leads to the formation of two regioisomers: 

\ 

g x s  - C 2  H, ln=2.L)  Ill + 

Y 1 .  -CP Hn(n=2.4) -- X L N -  

Though such reactions are not known for these systems, their aza-analog, the A2-1,3,4- 
thiadiazoline system, reacts in this manner since the course of the reaction is facilitated by 
the cleavage of an N-N bond which is weaker than an N-C bond. The reaction of 
2-alkylthio-A2-1,3,4-thiadiazoline-5-thiones with acetylenedicarboxylic and propiolic 
acid esters takes place with participation of the nitrogen atom of the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



300 V. N. DROZD A N D  N. S. ZEFIROV 

C0,Alk 

lit 
C 

R, N - N  Alk0,C 

S 
- 

AS SR'l R' 

+ d 

I? 
R'=C02 Alk, H R = A l k  . A r  

The reaction with phenylpropiolic acid esters is similar if N-4 carries an alkyl substitu- 
ent; with an aryl substituent the reaction proceeds mainly with participation of the ring 
sulfur atom.'I4 

follours:28 

The reaction with dehydrobenzene also occurs at the sulfur atom. 
The independent synthesis of the 1,3-benzodithiole-2-imines formed was achieved as 

Nucleophilic carbenes formed by thermolysis of 2-alkoxy-3-p-nitrophenyl-5-aryl- 
1,3,4-thiadiazolines react with diethyl acetylenedicarboxylate without opening of the thi- 
adiazoline ring and with migration of the p-nitrophenyl group to a carbon atom of the 
acetylenedicarboxylic acid ester. ' I 4  

aNo2 $O,Et 
I-N - c 

C0,Et Et0,C CO,E 

4-Aryl-2-benzoyl-A2-1,3,4-thiadiazoline-5-imines also react with reactive acetylenes, 
dialkyl acetylenedicarboxylates, and dibenzoylacetylene, giving the corresponding 2-aryl- 
aminothiazoles i.e. the cyclosubstitution involves the sulfur atom and not the ring 
nitrogen. 120~121 

I 

On the other hand, in the presence of a phenyl group in position 2 one observes simple 

3,CDiphenylthiazoline-Zimine reacts with acetylenes in a similar way.'22 
addition of dibenzoylacetylene to the imino group.'*' 

t 

H Ar 
N-N [ R c o ~ ~ N ~ N  ] - R c o ~ ~ N H ~ r  PhCOCN 

Ar. 

HN A S ' C O P r  RCO >COPh RCO 

5: OR 

il + 
7 
COR 
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Ar \N-N Ar \N -N 

P h CO C H=C-N 'SAPh 
I 

PhCO 

'SAPh- HN 
PhCOC=CCOPh -k 

COR H R  

- [ : I ; L S - - N  NYNYMe ] __c_ RocxlNHR ROC 
+ MeCN R \ N - - T ( M e  1: 

111 + c. HN 
COR 

A'- 1,2,4-Thiadiazoline-5-imines readily react with reactive acetylenes with ring sulfur 120,122 
atom participation, but the reaction proceeds with cleavage of the S-N bond. 

Hector's bases for which the structure of 4-aryl-3-arylimino-5-imino-l,2,4-thiadiazo- 
lines was assumed previously, react with reactive acetylenes by cyclosubstitution with 
participation of the ring sulfur atom and the unsubstituted imino group to form 2-aryl- 
aminothiazoles and N-arylcyanamides. 

120,122 

R '  
+ ArNHCN 

X ' N H A r  HN ROC 
- 

R-OMe , R'=CO,Me 
R=Ph, R'=COPh 
R=OMe. R'=Ph 

The reactions with dimethyl acetylenedicarboxylate and dibenzoylacetylene in chloro- 
form take place at room temperature, with methyl phenylpropiolate 48 hrs boiling in 
dichloroethane is required. The independent synthesis of the 2-arylaminothiazoles 
formed was accomplished as follows: 

Ph 

PhCOCHCIC02Me + ArNHCSNH2 

It should be noted that the proposed intermediates with hypervalent sulfur have never 
been observed (for details, see 123). The formation of the first stable structures of this 
kind was proposed for the adducts of Hector's bases with N-arylcyanamides. 12' 

However, X-ray analysis124 and 13C-NMR12S showed that :he real structure of these 
adducts is different from the one initially proposed. 126 

A ~ N H  
I Ar'HNy N H y Ar N yNHAr 

N-S-N HN 
iI + 

N 
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PhNCO 
? 

V. N. DROZD AND N. S. ZEFIROV 

t-Bu Nc:c=co 
PhNCS 

II 
Thus, the framework N-S-N with hypervalent sulfur is not present in this case 

though the S-NAr distance (2.54 A) is less than the sum of the van der Waals radii of 
nitrogen and sulfur (3.35 A). 

Later X-ray studies showed that Hector’s base obtained by oxidation of phenylurea has 
the molecular structure of 5-imino-4-phenyl-3-phenylimino-4H-l,2,4-thiadiazoline in 
the crystalline Thus, it was established that the 1 : 1 adduct of this Hector’s 
base with carbon disulfide obtained as early as 1908,129 possesses the molecular structure 
of 5-( I ,2-diphenylguanidino)-3H- 1 ,2,4-dithiazole-3-thioneI 30-132 

N-S N H ,  S-S 

The reaction of 4-alkyl-5-arylimino-1,2,3,4-thiatriazolines with acyl isothiocyanates 
and sulfenes generated in situ is a cyclosubstitution with participation of the endocyclic 
sulfur atom and the exocyclic nitrogen atom with extrusion of a nitrogen molecule. 

In turn, the sultams so formed may react further with phenyl isocyanate, phenyl isothi- 
ocyanate, and t-butylcyanoketene in the same manner, but with elimination of ~u1fene . l~~ 

I I  
N\N ‘NPh 

Me 1 
- [RCH=SO,] 

4. CONCLUDING REMARKS 

In this review we have tried to demonstrate the synthetic importance of [2+( 1,5)]-sigma- 
tropic addition-elimination reactions for five-membered heterocycles with exocyclic 
double bonds. In conclusion we should like to emphasize that the formal logical consid- 
eration and classification of sigmatropic addition processes can serve as a starting point 
for the explanation of the reaction paths of a large number of heterocycles as well as for 
the search for new types of processes (cf: 8,9). 
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Ph, C - S  

'C' 
II 
N Ts 

General equations for sigmatropic addition-elimination (1) and sigmatropic oligoaddi- 
tion and oligofragmentation (2) (j,k > 1) were given in paper.6 

(1) 
(2) 

'Ai + I j  - I k e I j  - 'Ai - I k  

P'Ai + I j  - I k d I j  - fAi)p - I k ;  p 2 2 
It follows that we are dealing with families of related processes described by different 

symbolic Thus, we have considered eight-centered [2+( 1,5)]-sigmatropic addi- 
tion-elimination processes. It is obvious that the [2+( 1,3)]-six-centered process is the 
simplest isodesmic sigmatropic addition-elimination. In fact, such reactions are encoun- 
tered in the literature. 

Within this framework it is of interest to consider the interaction of the three-mem- 
bered heterocyclic system in diaziridinimines with dimethyl acetylenedicarboxylate 
which first involves a sigmatropic addition; then follows the addition of another two 
molecules of acetylenedicarboxylic acid e ~ t e r . ' ~ ~ ' ' ~ ~  

Diaziridinimines readily react with phenyl isocyanate by sigmatropic add i t i~n . "~  
N+Me Me 

R '  

R R Y  - 
RC =CR - 

)-$N:U-t 2 R C E C R  - R$&-t A 
l e  - N -N - Bu- t 

R =CO,Me t i e  Me R R 

N, Pr -i Pr-i 
I 

Et, N , .Me ?,-! \Ts 

NYs 
M e  C EC NEt, 

CPh,  

t;' 
Me-C-0  

Me CHO 1 I 
w 

O N  + PhNCO - X >N-R' 
Ph 'N R' - N - N - R '  

I? 

Reactions of 3,3-diphenylthiirane-2-arylsulfonylimines depending on the reagents can 
follow three different pathways the two latter reactions constituting [2+( I ,3)]-sigma- 
tropic additi011s.l~~ 

Thus, the definition of the [2+( 1,3)]-sigmatropic addition-elimination process as a 
classificational unit has promoted the search for reactions of this type. 

M e , N  H 
I 1  

H---C - 6 - - - P h  

Ph,C S 
E-Ph CH=CHNMe, I I 

I 'C' 
II 
N T s  
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L1 S 
OC,I CG 

Fe' I 
OC'I \ s  

L2 

+ 
C0,Me 
A 
iii 

C0,Me 
F 1 s  

Transformations of interest were found among organometallic compounds of transi- 
tion metals as for example the interaction of q2-CSz-iron complexes with dimethyl 
acetylenedicarboxylate. '38-140 

The reaction consists of a [2+( 1,3)]-sigmatropic addition with participation of the ex- 
ocyclic sulfur atom and simultaneous opening of the starting three-membered heterocy- 
cle, a metal-carbene complex being formed, and a competing insertion of an acetylenedi- 
carboxylic acid ester molecule into an Fe-S bond with formation of a new five-membered 
metallocycle. The adduct of the first type is formed faster, but the equilibrium between 
the two adducts is determined by the electron-donating properties of the phosphine 
ligands L' and Lz. 

We have not considered sigmatropic additions to carbocyclic systems (e.g. methylene- 
c y ~ l o p r o p a n e ~ ~ ~ )  in the presence of transition metal compounds which involve simul- 
taneous opening of the initial ring although these reactions are important both practically 
and theoretically. 14' 

$O,Me 
C + 111 - 6 s  

\S c R -C 

PhCH, C0,Me 

Six-centered [2+2+(1,1)]- and eight-centered [2+2+( 1,3)]-processes are the simplest 
examples of an isodesmic sigmatropic oligoaddition-oligofragmentation as described by 
Eq. (2). Such reactions were found by V. N. Drozd and 0. A. Popova when investigating 
the interaction of dimethyl acetylenedicarboxylate with dithiocarboxylic benzyl and ally1 
 ester^.'^+'^^ 

The authors proposed the following mechanism for these reactions: '45 - - 
CO, Me 

R C S , R i  + MeO,CCfCCO,Me - [ R - C f Z T  ks 0 C 0 , M e  1- I 
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305 SIGMATROPIC ADDITIONS AND CYCLOSUBSTITUTIONS 

On the other hand, A. Senning put forward the interesting suggestion that the driving 
force of the reactions is the preceding rearrangement of the dithioesters into unstable 
di t hiiranes: 46 

It is important to stress again that the formal-logical approach is used as a purely classi- 
ficational tool and does not deal with the description of the real mechanisms of the 
reactions. 

The reactions considered above were found mainly in five-membered heterocycles 
representing isoelectronic heteroanalogs of tropone for which the contribution of the 
polar structure with the negative end of the dipole at the exocyclic heteroatom and the 
positive charge within the heterocycle is considerable. It seems possible that a non-syn- 
chronous addition really takes place with initial nucleophilic attack of the negative dipole 
end on the triple bond of the acetylene with further electronic rearrangement within the 
zwitterion formed. L’abbk et al. suggested to call such compounds “masked 1,3-di- 

For calculation of synchronous sigmatropic addition reactions of 3H- 1,2-di- 
thiole-3-thione and its aza-analogs to acetylenes by the PMO method in the CND0/2 
approximation see 147. 

There also exist some other mechanistical possibilities. For example, A. Senning con- 
siders the intermediate formation of dithiiranes from 3H-1,2-dithiole-3-thiones in the 

107,133 

pre-equilibrium step in the reaction of these t hiones with acetylenes . 46 

C02Me 

R v2 C 0 2  Me 

Me0,CCSC C0,Me 
/ 

R ’  

In conclusion we would like to note that though the first examples ot sigmatropic addi- 
tion and cyclosubstitution were found only 15 years ago this field of organic chemistry is 
developing extremely rapidly and one should expect new synthetic and theoretical dis- 
coveries in the course of this development. 
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